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Executive summary

Wave penetration inside a harbour is one of the main challenges that port planners and engineers had
to tackle in recent years. Wave conditions near the harbour entrance and inside the harbour basins
determine vessels’ safe sailing and mooring, possibly causes unwanted vessel movements, and
unequivocally regulate the execution of port operations. Wave penetration can be described in a
complete way by means of physical scale modelling. However, the construction of a physical scale
model is expensive and time consuming. For this reason, in recent past maritime and port engineers
have used several numerical models to describe wave penetration in ports, affected by multiple
processes such as diffraction, partial reflection, etc.

In this study, the simulation of wave penetration with the non-hydrostatic model SWASH is
examined. To validate the numerical model, output of an open benchmark dataset of Deltares
(Deltares, 2016) is used, consisting of physical scale model tests of schematic port layouts. As wave
penetration is a summation of physical processes, each process should be described accurately by
SWASH. This thesis focuses on assessing how SWASH models wave penetration per wave process
first separately by means of simplified models and then combined in a model describing the full
harbour layout resulting to the final wave field inside a port. As the amount of processes influencing
wave penetration increases for higher layout complexity, the research was targeted at the simplest port
layout considered in the benchmark dataset (Deltares, 2016). Moreover, only regular waves were
taken into account, as in this case wave penetration becomes less complex. Thus, when comparing
computational results to measurement results differences are most easily identified.

The main topics of interest of the formulated research questions are the ability of SWASH to simulate
wave propagation, wave celerity and the effect of two dominant wave processes: reflection and
diffraction. Hence, the first part of the research aimed to obtain knowledge about these topics from the
measurements. Consequently, this information was used as comparison material to evaluate the
SWASH results.

To better understand the influence of reflection the waves, two simplified one-dimensional SWASH
models were designed. The first model simulated reflection in front of a gravel slope, located outside
the harbour basin, and the second model reflection in front of the harbour basin end, consisting of a
gravel slope and a concrete quay wall behind it. The results suggest that outside the basin the
reflection off the gravel slope has a minor effect in comparison to the reflection off a vertical quay
wall. Inside the harbour basin, wave reflection played a dominant role on the resulting wave field
there. It should be emphasised that the standing wave heights were altering fast within a short
horizontal distance. As a consequence, the precise wave height values were strongly influenced by the
exact location of the output points examined.

The importance of diffraction inside the harbour was demonstrated by a simplified two-dimensional
model in which the harbour end, at which waves get reflected, was not included. The information that
could be obtained from the measurements about the wave height changes due to diffraction was
limited. However, the initial trends due to diffraction were also identified in SWASH. From the
comparison of the wave height in the SWASH model, influenced only by diffraction, to the respective
measured value, it was confirmed that the total measured wave penetration inside the harbour was
significantly influenced by diffraction. Nevertheless, reflection off the harbour end played also an
important role inside the basin and both wave processes should be modelled accurately to reproduce
the wave field in the measurements.

The comparison of the measurements to the results of the final SWASH model, which included the
full version of the simplest physical model, showed that the overall wave field pattern is in agreement.
The numerical model was able to reproduce the diffraction and reflection patterns observed in the



measurements. At many output locations in SWASH the measured wave height values were simulated
with high accuracy. On the downside, at other locations the measured and the modelled wave height
deviated significantly. The large deviations can be explained by the fact that the standing wave
patterns change within a short distance and thus the wave height can vary significantly at the area
close to a specific output point. It may be possible that the measured wave height at a specific point
can be identified in SWASH in the region close to the exact point coordinates. All in all, it was
concluded that for non-breaking, relatively low waves, with  wave-height-to-water-depth ratio lower
than 0.2, the accuracy of SWASH in modelling the wave processes of reflection and diffraction is
sufficiently well for engineering purposes. For relatively high waves and/or breaking waves,
numerical instabilities were detected. It is assumed that the numerical instabilities can be attributed to
the relatively low number of grid cells per wave length. However, this assumption has not been
verified within this study.

This study advances our understanding of the wave penetration simulation in SWASH. The approach
followed allows investigating the ability of the model to simulate, separately and combined, two wave
processes which predominantly contribute to wave penetration in harbour: reflection and diffraction.
With further validation to guarantee the model stability, the strategy of this thesis can be a useful tool
to understand the performance of SWASH in modeling wave penetration per wave process and in
combination. The knowledge obtained enlightens the possible reasons leading to deviations between
the measurements and the model outputs. This can be valuable assistance in the course of further
improving the model accuracy. The next step would be to apply the technique of examining wave
penetration in SWASH as a summation of different wave processes in more complex layouts and
wave conditions.



Executive summary in Greek/ ITepiinyn

H xopotikn dieicdvon amoterel pia amd 11 KupLOTEPES TPOKANGELG OV Ol GYESIOOTEG KOl UMY OVIKOL
Mpévov kadlodvior vo ovIHET®ORTicovY Ta TeAevTainn xpovia. Ot Kupotikég cuvOnKeg Kovid otnv
€l6000 TOL Alpévo Kot péoa oTn AMpEvoAekdvn kabopilovv TNV acoAn TAEDOT KOl TPOGOEST TV
TAOlOV, EVOEXOUEVMG TTPOKOAODY OVETIOOUNTEG KIVAGELS TOVG Kot adtappisPfimnta pvbuilovv v
eKTELEST] TV OpacTNPLOTHT®V ToL AMpéva. H kopatiknm dieicdvon dvvatar va meptypagel TANP®S e
YPNOM EVOC PLOIKOD OPOIOHOTOC. TTapoia avTd 1 KOTAGKELT] EVOC VOPULAIKOD OUOIOUATOG Eivol
damavnpn kot ypovoPopa. o avtd 10 Adyo, To TEAevTaio YpOVIC, Ol VOuTNYol pnyavikoi kot ot
VOPOAVAKOL unyovikol AMPEV@V XPNGIUOTOIOVV S1APOopa aptOUNTIKG LOVTEAN Y10l VO TEPTYPAYOLY TNV
KUMOTIKY Oleicdvon ota Apdvia, 1 omoia ennpedletor ano TANBdpa dadikacidv Omwg mepibiaon,
UePIKN avaxioon KA.

Xmv mopovoo peiétn egetdleton M mPOGOROI®ON TG KLUOTIKNG Olelodvuong e ypnon Tov pn-
vopooTatTIKoD apuntikov poviélkov SWASH. TNa v emPefoaidon g opfotTag Tov poviéhov
ypnooronkay to amoteAéopata £vog onueiov avagopdg cuvorov dedopuévev (Deltares, 2016),
elebbepa dwwbéoipa, Ta omoia mEPAAUPAVOVY TO TEPAUATO GE VA PLGIKO OHOIOUN GYNUOTIKOV
dwraéemv Apéva. Kabbg n xopotikn dieicdvon etvar évag cuvdvacuds euoikmy diepyacimv, Kabe
emUEPOLE dlepyacio mpémel va. umopel vo meptypaei pe okpifeo oand to SWASH. H mopovca
dmlopotikn eotalel omv afloddynon tov Tpoémov pe tov omoio to SWASH meprypdost v
KUHOTIKT 01ElGOVoT avA KOUATIKY dlepyacio, TPATA EEXMPIGTA LLE XPTOT] ATAOVGTEVUEVOV LOVTEADY
Kot VOTEPO CLVOVOACTIKA GE £V LOVTEAO OV TEPAOUPAvVEL TNV TANPN Sdtaén AéEva, 00NYmVTOG
07O TEMKO KOLOTIKO TEdi0 eVTOC Kol TANGIOV Tov Alpéva. Kabdc o aplBpdc tov guoik®mv dlepyaciov
oV nNPeAlovy TV KLHOTIKY d1eicdvoT avéavel OTav 1 d1dtasn Tov AMUEVA YIVETOL IO TOADTAOKT, 1|
épevva eotioce oty amiovotepn Owdtaln Aéva mov TEPIAOUPAVOTAY GTO GUVOAO OedouéEvmV
(Deltares, 2016). Eminpocfétmg, Lovo LOVOYp®UOTIKOL KOUOTIGHOL EARPONGaY LITOYN Kabmg 68 avTh
TNV TEPIMTMON Ot S10PopEG LeTaEh aplfunTIKOV OTOTEAECUATOV KO TIG LETPNCE®V eVTOmILOVTOL TTLO
€0KOAQL.

Ta xopo Oépota evOOPEPOVTOG TOV EPELVNTIKAOV EPMTACEMV TOV OlOUOPPOONKav glvar m
dvvatotta tov SWASH va mpocopoidoel v kupatikr] deiodvon, v ToypdTNTe  TOV
LOVOYPOUOTIKOV KUUATIOUOV KOl TNV EMdpacn V0 Kuplopymv KOUOTIKOV OlEPYACIDV: TG
avaxiaong ko ¢ mepibloaong. Emopévag, 10 mpdto HEPOG TG £PELVOG OTOYXEVE OTN GLAAOYN
TANPOQOPI®V Vit oUTE TO OEpOTO OO TIG UETPNOEIS. XTN OLVEXEW, Ol TANPOPOPiEG OVTEG
oLYKPIONKAY [E TO ATOTEAEGIOTA TOV APOUNTIKOD LOVTELOL TPOKELUEVOL Vo, aloloynOel n amddoon
tov SWASH.

Mo v keAdtepn KoTovomon tng emidopacng TG avakAoong TV KVpdtwv, 600 OTAOVGTELUEVA
povootdotato povtédo onuovpyndnkav oto SWASH. To mpdto HOVTEAO TpocGouoimve TNV
avaKiaon amd €vo KEKAMUEVO TPAVEG LE TETPEG, ELPPICKOUEVO EKTOC TNG AUEVOAEKAVNG, EVA TO
O0g0TEPO HOVTEAO TPOGOUOIMVE TNV OVAKANGY OTO KAEWOTO TEAOG 1TNG ALLEVOAEKAVNG, 7OV
OTOTELODVTAV OTTO EVAL TPOVEG IE TETPEC Kol £VAL KPNTLOOTOLO atd oKLPAdEU aKpPOC 0md Ticw. Ta
amoteléoata 0150V OTL GTIV TTEPLOYT EKTOC TNG AUEVOLEKAVNG 1| EidpaCT TNG aviKhaong amd 1o
KEKMUEVO TTPOVEG LLE TETPEG EIVAL LIKPT) GE GYECT] LLE TNV EMOPOOT EVOS KATAKOPLPOV KPNTIOOTOLY{OV.
Evtoc g Mpevorexdvng, n Kopotiky avakiaon dtedpapotilel kupiapyo polo 610 TEMKO KOUATIKO
nedio. A&ilel va TovioTel OTL TO VYOG KOUOTOC TOV GTUCIU®OV KUUAT®V UETOPOAAOTAV GTUOVTIKG
EVTOG HIKpOoL 0ptOVTION SLCTNUATOG. ZUVETMG, ol akpiPeig TIHég Tov Hyovug KOpATog ennpedlovtal
évtova amo Vv akpipn 0éon Teov onueiov mov eEetdlovtal.

H eridpaon g mepibiacng eviog Tov Auévo avadeiydnke Héocw evog AmAOVGTEVUEVOL LOVTEAOD TO

omoio Ogv mepleAduPfove 10 KAEWOTO GKPO TOV ApEvE, GTO OMOI0 To. KOpato ovakAdvtol.Ot
TANPOQPOPIEC TOL TPOEKLYAY OO TIC UETPNOELS GYETIKG UE TIG OAAOYEC TOV VYOLG KOUATOS AOY®

Xi



nepiBlaonc Nrav meplopopéves. [apodia avtd ol apyikés téoelg Adym mepiblaong eviomioTnKay Kot
oto SWASH. Aznd 1 ovykpion tov Oyovg kdpotog oto SWASH, eanpeacuévo povo omd 1o
Qoawvopevo tng mepiblaong, pe v avtiotoyyn petpnbeico Ty, emPePordbnke 6Tl M GLVOAIKN
petpnBeioa kopotikn deicdvon emnpedleTon acntd and v mepibiacn. Qotodco, Kol 1 avdkioon
0T0 KAEOTO GKPO TOL Apéva dadpopatilel onuoviikd polo evtog tng Alpevorekdvng. Emopévag,
glval amopaitnto vo Tpocopoldvovtal pe akpifeta kot ot 000 diepyacieg, mepiBlaon Kot avakiaon,
®ote va avorapaydel 6To LOVTEAO TO KUHOTIKO TEDIO TV LETPCEWDV.

H ovykpion tov petpnoemv pe to amoteAéopata Tov teAMkol poviédov oto SWASH, 1o omoio
meplEAauPove Ty TANPN €KS0oN TG AmAoVOTEPNG O1ATAENG AMpéva, £DE1EE OTL €V YEVEL TO KOUOTIKG
nedla elvar oe cvppovia. To aplBuntkd povtého elvar ev yével ce B€0m Vo TPOGOUOUDGEL TIC
petpnOeioeg TWES, MOV ATOTEAOVV GLUVOLANSO 3V0 KLPlOPXOV EUIVOUEV®V: TNG TEPIBAAONG Kot TNV
avaxiaonc. e moAlég Béoeic kataypagng amotedecpdtov oto SWASH o petpnbeiceg tiuég tov
Vyovug KOpaTog meptyphpovtol pe peydin akpifeia. Amd v dAAn mhevpd, ce apketéc Bécelg ot
petpnbeioeg TWéG TOL VYOLG KOHOTOG KOl Ol OvTIoTOYES TWEG TOL opluntkod povtédov
TopoVGLaLovy oNUovTIKn amokAion. A&ilel va onpelwbel 0Tl 6TV TOPOLGH TPOGEYYIOT Ol LETPNGELC
kot to. omoteréopato Tov SWASH cuykpivovtar otic axpifeig 0écelg TV UeTpNTIKGOV OpYavmV.
Opowg, o0nwg mpoavaeépbnke, oto apluntikd poviédo mopatnpninke OTL T0 VYOG GTO GTAGILN
Kopoto aAlalel evtog pkpng oplovilog amootaong. Emopévag, 10 dyog kbHaTog evOogyeTol va
SlpEPEL ONUAVTIKG GTNV TEPLOYN KOVTA GTO ouvyKekpuuévo onueio mov efetdletan. Avty 1
TOPOTPNON amoTeAEl ol koA eENynon yia 11§ anokAGElg Tov Tapatnpidnkav ce opketd onueio.
Eivot mBavo 1o petpnBév Hyog kdpatog o€ pia cuykekpipévn tonobecia va gvioniletal oto SWASH
oV TEPLOYN Kovtd oty okpiPr tomobecio mov e&etaletar. Ev yével, coumepaivetal 0Tl Yo pun-
Bpavopevovg, oyetikd acbevels KLpOTIGHOVS, pe AOYO VYOLC-KOUATOG-Tpoc-Pdbog HikpdTEPO TOL
0.2, 1 akpipera Tov SWASH omnv mpocopoinscn Tov KOHATIKGOV SIEPYICIOV TG AVAKANCNG KOl TNG
nepibhaong ivor emapkmdg akpPng yioo LEAETES UnyovikoD. o GYETIKA 10 LPOVG KUUOTIGHODS Kaum
Opavodpevoug KopoTIopove, mapoatnphonkay aplBuntikés aotabeieg. Osmpeitar 6Tl o1 apOuNTIKEG
aoTAOELEG LITOPOVV VO 00d000VV GTOV GYETIKA YApNAG aptBpd KeEMMV avd PiKog KOUATOG.

H mapodca Epguva dievphvel TV KaTavonoTn TS TPOCOUOIMGNE TG KULOTIKNAG Oleicdvuong LEG® Tov
aplBuntcod povtédov SWASH. H zmpocéyyion mov akorovbrfnke emitpénet tn Siepedvnon g
KOVOTNTOG TPOCGOUOIMGONG TOL HOVTEAOV, EEXPIOTA Kol 6 GLVOVAGUO, V0 KLHOTIKGOV SlEPYUCLDV
7OV GUUPBAALOVY TPOTAPYIKG GTNV KVUATIKT S1EIGOVOT 68 MUEVES: TNV avdkhaoT Kot TV Ttepibiaon.
Me emumiéov emainbevomn, mov Ba eEacparicer v aplBuntiky otabepdtnta TOL HOVTEAOL, M
GTPATNYIKN TNG TAPOVCAG SIMAMUATIKNG LITOPEL VO AMOTELECEL EVA YPNGLLO EPYOAEID KATOVONONG TNG
amodoong tov SWASH oty meptypagn TG KLUOTIKAG O1eicduong avl KUUOTIKY Olepyacio Kot
ovvolkd. H omoktnOeica yvaoon dwemtilel oyetcd pe tovg mboavodc AOYovg mov 0dnNyovuv G€
OTOKAIGELS OVOLESO OTIC UETPNOELS Kot TO oplBuntikd omotehéopato. Mmopel vo amoteAécel
moAOTYUN PonBelor oty mopeion Pertictonoinong g akpifelog tov poviélov. To emduevo Prua
umopel va. givarl 1 epappoyn g Tapovcag uebddov eEftaomng e kopatikig dieicdvong oto SWASH
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Chapter 1 Introduction

Financially, downtime in ports is of major importance as it refers to the period of time when normal
port operations cannot be executed. Depending on the type of vessels in a port there are limits to a
number of wave parameters below which safe sailing and mooring is guaranteed. Moreover, during
severe wave conditions it may not be safe for vessels to stay at a berth. The wave field inside a
harbour is one of the most important parameters required to estimate the downtime of a port. Other
factors influencing a port’s downtime may be wind conditions, collapse of a structure or damage
repair operations (Allsop, 1998).

Different phenomena affect the wave penetration into ports including diffraction, refraction, shoaling,
reflection and transmission (Holthuijsen, 2007). The importance of each wave process depends on the
design and the special characteristics of a specific port. Complex geometry and specific bathymetry
influences, such as the effect of dredged entrance channels, may also play a role. Other processes that
influence wave propagation into ports are harbour oscillations, low frequency waves, wave breaking,
dispersion and non-linear wave-wave interactions. It is obvious that calculating the wave field inside a
port area is not straightforward.

Wave penetration can be described in a complete way by means of physical scale modelling. The high
costs and the long construction process of a scale model, as well as the need to check alternative port
layouts in early design stages may lead an engineer to use numerical tools. Several types of numerical
wave models can potentially be used to predict wave penetration. Even though the wave models have
generally been validated in detail for wave propagation and wave growth in open water, validation of
their performance for representing wave penetration into harbours has been rather limited.

1.1 Problem description

A numerical wave model is considered suitable depending on the application for which it is applied.
To assess the model performance on a specific application, it is common practice to compare the
model results to measurements. In this thesis the application examined is wave penetration in
harbours. A set of experiments in a physical scale model conducted by Deltares in 2014 aimed to form
a complete dataset for numerical model validation for wave penetration in ports (Deltares, 2016). The
available datasets include test series of three schematic port layouts. A certain part of the datasets has
been used previously by a few master students in Delft University of Technology for their graduation
thesis (e.g. Van Mierlo, 2014, Monteban, 2016 etc.).

A limited number of tests for the most complex port layout (layout 3) and spectrum wave conditions
are simulated with the mild slope model PHARQOS (Deltares, 2013), the Boussinesq type model
TRITON (Deltares, 2008) and the non-hydrostatic wave model SWASH (Zijlema, Stelling and Smit,
2011) by Van Mierlo (2014). One test from the same sub-dataset and a different test also for layout 2
with spectral wave conditions have been used by Monteban (2016) to compare the performance of the
Boussinesg-type model MIKE 21BW (DHI, 2007) to the non-hydrostatic wave model SWASH. The
computed values by the models are considered accurate if the relative bias percentages and/or the
mean absolute percentage error are less than +15% deviating from the measured values. In both
master theses, the performance of the models regarding the wave height of primary waves was
examined.



The performance of the non-hydrostatic model, SWASH, for modelling wave penetration in ports is
chosen to be studied in this thesis. As both master students, Van Mierlo and Monteban, modelled a
part of the dataset of the schematic port layouts using SWASH their work is carefully examined and is
considered a stepping stone for this thesis. According to both students’ conclusions, SWASH has been
proven able to describe accurately the propagation of primary waves. The wave height of primary
waves was predicted with an error lower than 15%. Finally, if two vertical layers are used, the model
is considered robust and no numerical instabilities are expected.

In the aforementioned theses, tests for the most complex layouts were examined. This means that a lot
of physical processes influence simultaneously the wave field that enters the harbour. Therefore, the
final errors in wave prediction inside the port are attributed to a group of processes modelled in
SWASH. Using the previous work results it is not possible to evaluate if SWASH is able to describe
accurately each wave process that contributes to the total wave penetration. To improve the model
performance and obtain more accurate results it is necessary to find the reasons causing the errors.
Moreover, the errors can be related to the ability of the model to describe the governing wave
processes influencing wave penetration.

1.2 Strategy

This thesis focuses on explaining how SWASH models wave penetration per wave process and
finding the possible factors causing errors in the predictions. To better understand the performance of
SWASH in calculating waves in ports, it is necessary to identify which physical processes contribute
to wave penetration. As wave penetration is a summation of physical processes, each process should
be described accurately by SWASH. As the complexity of the layout increases, the amount of
processes influencing wave penetration is also increased. To be able to identify the separate wave
processes, the research is therefore focused on the simplest port layout. In the chosen layout the most
important wave processes involved in wave penetration are examined separately and combined.

The previous theses focus on complex wave conditions. The water level time series used as input in
SWASH are derived form a JONSWAP spectrum (Hasselmann et al., 1973). This means that the
water level entering the domain consists of a series of superpositioned regular waves with different
characteristics and duration. As every few seconds the wave characteristics are changing, it is not
possible to check if the model can perform well for all wave heights and wave periods. An alternative
approach is to study only monochromatic wave conditions. If only regular waves are taken into
account, wave penetration becomes less complex and when comparing computational results to
measurement results differences are most easily identified.

The strategy of this thesis is to decompose the test cases in very simplified models for which
behaviour of waves can be predicted in advance. This means that the simplified tests will be
performed for regular wave conditions in simplistic layouts to obtain results, which can be more
easily understood and related to specific wave processes.



1.3 The dataset of schematic port layouts (Deltares, 2014) and the
selection of specific group of tests

The open benchmark dataset of schematic port layouts (Deltares, 2016) is designed for examining
wave penetration in ports. Three different layouts are studied. The layouts and the relevant physical
processes are increasing stepwise in complexity. The simplest layout, layout 1, consists of a main
harbour basin. In addition to the main basin, in layout 2 a side basin is included. In the most complex
layout, layout 3, a breakwater is added at the harbour entrance. The three harbour layouts and the
relevant wave process contributing to wave penetration in each case are presented in Table 1.1.

Table 1.1 The three schematic port layouts of the physical model and the wave processes that influence wave
penetration (Adapted from Van Mierlo, 2014).

Layout 1 Layout 2 Layout 3
Wave processes influencing ‘ | LW &
wave penetration
esmHarbour contour —— Breakwater
at the main basin end v v v
) at the harbour head walls v v ¥
Reflection
at the side basin end - v v
at the breakwater slope - - v
Diffraction as waves enter the main basin v v v
as waves enter the side basin - v v
Refraction over the breakwater - - v
Transmission | through the breakwater - - v
l(jsacrikl)lc::lttjirons v v Y
Transversal in the main basin v v ¥
reflections in the side basin - v v

With respect to the geometry, a real port may be complex, consisting of multiple basins. For
simplicity the layout examined in detail is Layout 1. A sketch of Layout 1 as constructed in the
physical scale model is presented in Figure 1.1. By choosing a simple layout the amount of wave
processes involved in wave penetration is minimized.

The governing wave processes taking place in the harbour basin of Layout 1 are stated in Table 1.1.
The processes that consider influencing mainly the wave field are reflection in the main basin and the
harbour head walls and diffraction as waves enter the harbour. The harbour oscillations and the
transversal reflections are considered to have a minor effect. In the area outside the harbour basin
reflection at the outer slopes 2a and 2b are considered of major importance. The transversal
reflections at slopes 3a and 3b influence mainly the adjacent area. These transversal reflections are not
important for in the mooring area and the harbour entrance and thus they can be ignored. As the water
depth in the physical model is constant wave processes, such as shoaling and refraction are not
relevant for the specific layout.
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Figure 1.1-Sketch of physical scale model for Layout 1 in prototype scale. The scale used is scale 1:45. (Figure
adapted from Deltares, 2016).

The wave conditions examined for the three layouts are by increasing complexity: monochromatic, bi-
chromatic and spectral (JONSWAP spectrum). Only for layout 3 various sea and swell wave
conditions are examined. In reality, a port is attacked by a wave spectrum, which is the summation of
regular waves with different wave heights, periods and wave directions. Regular waves, also called
monochromatic waves, are the simplest waves forms used as initial step of defining the majority of
wave theories. To keep the cases as simple as possible this thesis is focused on studying the
monochromatic wave conditions approaching the harbour with a 90° angle of incidence.

From the tests performed in the physical scale model, seven tests are selected to be studied and
modelled in SWASH. In the following table basic information about the seven tests that have been
conducted in the physical scale model (Deltares, 2016) is presented. To provide general conclusions
the selected tests cover a wide range of wave heights and periods.

Table 1.2-The characteristics of the selected set of tests in prototype scale.

1 90

Monochromatic 0.99 7.51 19.8

Monochromatic 1 1.44 10.00 19.8 90
Monochromatic 1 2.39 16.97 19.8 90
Monochromatic 1 2.97 5.03 19.8 90
Monochromatic 1 3.02 8.99 19.8 90
Monochromatic 1 2.75 15.03 19.8 90
Monochromatic 1 1.94 4.49 19.8 90

During the experiments the water level time series are measured at 21 measurement locations. The
measurement devices are placed in the centre of the harbour and in the mooring areas close to the
quay walls as well as in the area in front of the harbour. A complete overview of the full dataset and
the measurement locations is provided in Section 2.2 . Moreover, the details about the seven selected
tests are discussed in Section 2.3 .



1.4  Research questions

The open benchmark dataset for wave penetration in ports conducted in Deltares in 2014 includes a
wide range of layouts and wave conditions (Deltares, 2016). This thesis is focused on a specific set of
tests for the simplest layout and the simple monochromatic wave conditions. As described in Section
1.3, the selected set of tests consists of 7 cases. The following research questions are referring to this
specific set of tests.

Question 1: How accurate can SWASH reproduce wave propagation, the incoming wave height and
the wave celerity of individual waves measured in the physical scale model tests?

Question 2: Can wave reflection and diffraction, measured in the physical scale model tests,
be modelled accurately by SWASH?

Question 3: Can a two-dimensional SWASH model representing the simplest layout of the physical
scale model tests, describe the wave height changes (temporally and spatially) in the measured water
level time series?

1.5 Research approach

The approach formed to answer the research questions stated in the previous section consists of data
analysis and numerical modelling. The strategy followed is discussed separately for each question. An
essential remark is that the analysis of the measured data and the SWASH simulations are conducted
in prototype scale. This choice is clarified in Section 2.5 . It should be mentioned that all the graphs in
this report are in prototype scale.

Question 1: How accurate can SWASH reproduce wave propagation, the incoming wave height
and the wave celerity of individual waves measured in the physical scale model tests?

SWASH outputs can be considered as accurate, if they are in agreement with the measurements.
Hence, the first step is to examine the wave propagation, the wave celerity and the incoming wave
height in the measurements. Ideally the propagation of waves in one direction is inspected in a wave
flume. Alternatively, a line of measurement devices perpendicular to the wave maker is studied as it is
considered to resemble a wave flume. It is assumed that the simple monochromatic waves follow the
linear wave theory. It is anticipated that the waves travel from the wave maker towards the closest
measurement locations without any disturbance. After the waves at measurement locations start to be
influenced by diffraction and reflections at the different structures, the measurement devices signal
does not any longer match with the incoming wave maker signal. The undisturbed part of the time
series is used in the calculations of the incoming wave height.

The aforementioned approach is also applied in SWASH. A 1D SWASH model representing the same
line of measurement devices used in the measurements analysis is created. As in the 1D model waves
propagate in one direction it is considered to represent a wave flume. In the 1D model the geometry of
the physical scale model is reproduced. Moreover, the wave conditions are the same as in the
experiments. Finally, the SWASH results are compared to the measured water level time series. This
enables the assessment of SWASH performance.

Question 2: Can wave reflection and diffraction, measured in the physical scale model tests,
be modelled accurately by SWASH?

As discussed in Section 1.2, a group of wave processes governs wave penetration in layoutl.
Modelling in SWASH the full layout 1 results in a wave field influenced by many wave processes
simultaneously. To investigate the impact of each wave process it is necessary to consider simplified



SWASH models focusing on one wave process at a time. As simplified SWASH models are defined
the models containing only a part of the full layout. The design of a simplified model aims to focus on
a specific wave process, which is consider as dominant and to minimize the influence of other wave
phenomena.

This approach of dividing the complex phenomenon of wave penetration into simplified cases leads to
the formulation of 2 sub-questions.

Sub question 2a. : Is it possible to accurately reproduce the correct amount of reflection in SWASH,
using the porosity and stone values from the scale model?

Sub question 2b. : Is it possible to accurately reproduce the diffraction of wave energy into a harbor
basin in SWASH?

Based on, the travelling time of the waves from a specific location to another it is possible to estimate
the time interval during which the water level time series at the different wave gauges are influenced
by a specific wave process (e.g reflection, diffraction). By doing so, it is possible to divide the
measured and simulated time series in separate parts, in which one part consists of only incoming
waves and another part consists of a combination of incoming, diffracted and reflected waves. By
analysing these different parts of the time series separately, the impact of each individual physical
process on the wave height changes can be identified.

Sub question 2a. : Is it possible to accurately reproduce the correct amount of reflection in SWASH,
using the porosity and stone values from the scale model?

There are two different cases of reflection at a gravel slope. The first case is at the outer slopes outside
the harbour. The second case is reflection at the end of the harbour basin. In the latter case the waves
get reflected at the inner gravel slope and the concrete wall located behind it. The two cases are
treated separately. It is worth mentioning that the inner and the outer slope consist from the same
material and are constructed with the same technique in the physical scale model. Hence, the two
slopes are considered to have the same properties for porosity and stone size diameter.

1. Reflection off the outer gravel slope

As a first step a simplified 1D model representing only the reflection phenomenon off the outer slope
is designed. Initially the porosity and stone size values used in the physical scale model are defined in
the SWASH simulation. Consequently, the changes in reflection for runs with different porosity and
stone size values are investigated. In all cases, the measured time series are used to evaluate the
simplified SWASH model performance. For every SWASH case it is examined if the main trends due
to reflection in the water level time series are reproduced. Finally, a conclusion about the optimal
values for SWASH simulations for both parameters is drawn.

2. Reflection off the harbour end

A 1D SWASH model is created representing a cross section including the inner slope and the concrete
wall behind it. The output locations are chosen to be the same as in the cross section line in the
physical scale model. As a result, SWASH outputs can be compared to the measurements. A critical
view is required as the measurements are also influenced by other processes, such as diffraction. The
goal is to identify the basic trends due to reflection in front of the harbour end.

The changes of the water level time series due to reflection in the two aforementioned cases can be
compared. Moreover, it is also possible to investigate if the impact of reflection is larger in the outer
gravel slope case or in the case of the inner slope and the concrete wall at the harbour end.



Sub question 2b. : Is it possible to accurately reproduce the diffraction of wave energy into a harbor
basin in SWASH?

The objective of this sub question is to study the diffraction phenomenon irrespective of reflections.
For this purpose the following assumption applies: from the moment waves enter the harbour basin in
until the arrival of the reflected wave from the harbour end, the waves measured by the wave gauges
at the measurement locations are only influenced by the phenomenon of diffraction. This time interval
is determined in the measurements and it is used to obtained information about the wave height
changes due to diffraction. However, this time interval may not be long enough to come to
conclusions regarding the impact of diffraction on the wave height.

In SWASH a 2D model that helps demonstrate the influence of diffraction on the wave field inside
the basin is created. This means that the inner gravel slope and the concrete wall at the end of the
harbour basin, on which waves get reflected, are removed. The model includes only the side concrete
walls and the head walls at the harbour basin entrance. The simulated time in SWASH should be
longer than the calculated interval in the measurements for which diffraction is the dominant process.
If the duration of the time series part used to calculate the wave height influenced by diffraction is
larger, the results are considered more reliable. Apart from the wave height calculation, the effects of
diffraction in the water level can be determined qualitatively, by visual inspections of the time series
inside the basin. Finally, the SWASH results can be compared to the measurements to evaluate
SWASH performance in describing diffraction.

Question 3: Can a two-dimensional SWASH model representing the simplest layout of the physical
scale model tests, describe the wave height changes (temporally and spatially) in the measured water
level time series?

To answer the final research question, a 2D SWASH model representing the full simplest layout
(layout 1), as constructed in the physical scale model is required. The goal is to model simultaneously
in SWASH all wave processes taking place in the measured tests. The wave height changes in
SWASH should be compared to the measured values quantitatively as well as qualitatively by
observing the main water level trends. The performance of the simplified models focusing on a certain
wave process at a time can be compared to the performance of the full model simulating all the
prevailing wave processes. Conclusions about which processes play a dominant role in the final wave
field can be drawn.

Figure 1.2 summarises the general approach followed in this thesis to address the research questions.
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Figure 1.2 — Work flow diagram (source of the photo of Layout 1: Deltares).



Chapter 2 Literature Review

An overview of the background information necessary to address the complex phenomenon of wave
penetration in ports is provided in this chapter. Firstly, the physical processes contributing to the
formation of the wave field in ports are summarised in Section 2.1 Secondly, key information about
the open benchmark dataset of port layouts provided by Deltares, part of which is studied in depth in
this thesis, is presented in Section 2.2 . The characteristics of the aforementioned dataset subset
studied in this thesis are deliberated in Section 2.3 . The previous work done using a part of the open
benchmark data set is briefly discussed in Section 2.4 . Moreover, Section 2.5 deals with the
comparison of the numerical wave models regarding the application of wave penetration. Finally, the
role of scaling in a physical scale model experiment and the decision of working in prototype scale
are explained in Section 2.6 .

2.1 Wave processes related to wave propagation in ports

The most important wave processes related to wave propagation in harbours are in presented in Table
2.1.These phenomena occur in the shallow area connected to the port, in the entrance channel and
inside the port area are described. A brief description of the most important wave processes related to
wave propagation in harbours is attempted in Appendix A. For a more complete and detailed
explanation of the relevant phenomena the reader is referred to Holthuijsen (2007).

Table 2.1 - Governing processes in wave propagation in ports
1. Shoaling

2. Refraction

3. Reflection

4, Transmission

5. Diffraction

6. Wave breaking

7. Low frequency waves
8. Harbour oscillations
9. Dispersion

10. Non-linear wave-wave interactions

2.2 Overview of the full open benchmark dataset of schematic port
layouts (Deltares, 2016)

To validate the ability of wave models to reproduce wave penetration, field measurement datasets are
usually used. These datasets are often limited in duration and space, refer to present situations instead
of future designs and they are unlikely to include extreme conditions. On the contrary, scale model
tests provide higher measurement accuracy than field measurements and allow testing of specific and
well defined conditions. However, the majority of scale model measurements are performed for
commercial projects, they are usually confidential or they do not include all the necessary details for
validation purposes.

Deltares proposed an alternative method to validate numerical wave penetration models by using a
collection of open benchmark datasets (\Van der Ven et al., 2018). There is a set of experiments
performed in physical scale model basins that include a wide range of controlled wave conditions and
several measurement points at strategic locations of the layout. The available datasets include test
series of schematic port layouts. The dataset of this project (Deltares, 2016) is studied in detail in this



master thesis. The most important information about the experiments, which are relevant for this
thesis, is summarised in this section.

The modelled port is fictitious and consists of a main basin, a closable side basin and an optional
breakwater. The dataset obtained can be used to validate cases for different wave penetration
software. The physical model is constructed in the extended directional wave basin of Deltares (Delta
Basin), which has outer dimensions of 50x50m and a 40m wide wave maker. The tests are performed
at scale 1:45 for three schematic layouts presented in Figure 2.1.

Layout 1 Layout 2 Layout 3

717

emmmHarbour contour ——Breakwater

Figure 2.1 - The three layouts of the physical model considered for the dataset (Adapted from Van Mierlo, 2014).

In total, 56 tests are included in the dataset. To represent mild as well as severe wave conditions, a
wide range of incoming wave heights (0.5m to 9.5m) and wave periods (4.5s to 17s) is incorporated.
The wave conditions applied on each test are provided in Appendix B. The four different types of
wave conditions applied in the tests are described below.

1. Monochromatic
Monochromatic wave conditions are the simplest wave conditions for validation purposes.

2. Bi-chromatic
In case of Bi-chromatic wave conditions low frequency waves are generated. Moreover, the
primary waves can be chosen such that low frequency component induces a particular harbour
basin oscillation (seiche).

3. Spectral
The most realistic wave field is the application of a JONSWAP spectrum, using a distribution in
frequency and in some cases a directional spreading.

4. Sea and Swell (applied only for Layout 3)
Finally, a combination of a sea state from one direction with a swell from a different direction is
also included in the dataset.

The incoming waves are imposed at the offshore boundary by a wave maker consisting of 100
individual paddles (Figure 2.2). The paddles can force spread waves into the basin. To avoid excess
reflection against the side gravel slopes 3, paddles (1-5) and (96-100), located at the external sides of
the wave maker, are not used in full power. Additionally, the wave maker is equipped with an ARC
(Active Reflection Compensation) to prevent re-reflection by absorbing nearly all the wave energy
hitting the wave maker.

For each test, the incoming wave field is saved in a txt file. This file contains the water surface
elevation time series generated by the wave maker displacements in the physical model. For the
analytical steps about deriving the files the reader in referred to Appendix B, Van Mierlo (2014). It is
worth mentioning that the wave maker displacements signal is created before the start of the
experiments. Hence, the signal is not influenced by the active reflection compensation imposed on the
maker.
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A top view of Layout 1, on which this thesis is focused, is provided in Figure 2.2. Moreover, the
properties of the structures in Layout 1 shown in Figure 2.2 are presented in Table 2.2.

1350
nner slope 1
1125 main
Harbour mntnurcb basin
(concrete)
£ 900
-
outer slope 2a outer slope 2b
675
450
slope 3a slope 3b
225
wave maker |
o 225 450 675 900 1125 1350 1575 1800

x(m)

Figure 2.2- Top view of the physical scale mode in prototype sca

le (scale 1:45). This figure is a repetition of Figure 1.1.

Table 2.2 - The properties of the structures in Layout 1 in prototype scale.
Quay wall Inner slope 1 Outer slopes 2a and 2b Slopes 3a and 3b
. Concrete block
Material (Block length: 45m) Gravel Gravel Gravel
Width [m] 0.3 2.8 5 1.8
Height [m] 1.3 0.7 0.7 0.9
Stone size [m] - 0.675 0.675 0.675
Slope Vertical 1:2 Front 1:4, Back 1:3 1:2

Measurement devices are placed in front and inside the port. A total of 16 wave height probes
(accuracy 0.5%) were used to measure the wave heights and five directional wave height probes (1%
accuracy) provided information about the wave heights and the x and y velocities. The measurement
set up is presented in Figure 2.3 and the exact locations of the measurement devices are included in

Appendix B.
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Figure 2.3-Measurement setup in the scale model (wave gauge 3 is located between wave gauges 4 and 24). Outer
slopes 3a and 3b are not shown. (Adapted from Van Mierlo, 2014)
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The devices are mainly placed close to the quay wall, where the ships are typically moored. The wave
height in these locations and in the middle of the basin is required to identify the harbour oscillations.
The incoming wave height is measured by 9 devices in front of the harbour area placed forming a
cross: a line parallel to the wave direction (gauges 10, 4, 3, 24 and 5) and a line perpendicular to it,
which is parallel to the wave maker (gauges 1, 23, 24, 25 and 2). Devices 17 to 20 (in total 6 wave
gauges) are placed inside the side basin measuring waves for layout 2 and 3. For layout 1there is a
wooden plate preventing waves from entering the side basin.

2.3 The characteristics of the selected dataset

The set of test selected to be studied in detail is presented in Table 2.3. All seven tests are performed
for monochromatic wave conditions, in layout 1 (Figure 2.4) and the angle of incidence is 90°. Since
layout 1 only has one main basin, it is considered the simplest layout to predict and understand the
behaviour of waves in the basin.

Table 2.3 - The characteristics of the seven selected tests. This table is a repetition of Table 1.1, including three
additional columns : the wave length L, the kd value and the wave steepness H/L.

100k Monochromatic 1 0.99 7.51 19.8 90 80.48 155 0.001
TO002 Monochromatic 1 144 10.00 19.8 90 120.74 1.03 0.012
100k Monochromatic 1 2.39 16.97 19.8 90 22559 055 0.011
10kl Monochromatic 1 2.97 5.03 19.8 90 39.38 3.16 0.075
TO11 Monochromatic 1 3.02 8.99 19.8 90 104.71 119 0.029
102 Monochromatic 1 2.75 15.03 19.8 90 197.05 0.63 0.014
TO13 Monochromatic 1 1.94 4.49 19.8 90 31.52 395 0.061

Figure 2.4 -Photograph of the physical scale model for layout 1. In the photograph is captured the start of test TOO1.
(source: Deltares)

It would have been reasonable to study full spectrum cases as they represent better the wave field that
enters in a port in reality. However, the purpose of this study is to find out if the numerical model is
capable of simulating a simple monochromatic wave and if the outputs are in agreement with the
theoretical expectations. Complex wave condition can be interpreted as a summation of individual
monochromatic waves. Although it is easier to understand the physical behaviour of only one
monochromatic wave it can be more difficult for the numerical model to describe it accurately. For
the monochromatic case the numerical diffusion effect is stronger. Moreover, the wave height and the
wave direction are constant in time and it is relatively easier to spot errors in the water level time
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series. On the other hand, in a spectrum the wave height and the wave direction vary in time. It is
possible that different errors in the simulation of individual waves might add up and the total final
error of the water level time series is smaller.

To better understand the physics of each test some physical parameters are also included in Table 2.3:
the wave length L, the kd value, the wave steepness H/L. The kd value is used as an estimate of the
computational effort required for each test. A rule of thumb is that tests with higher kd value are more
computationally demanding. Moreover, for higher kd values the non-linear effects become more
important. For each test the kd value is determined by the maximum water depth, which in all the
cases is 19.8m and by the wave period as it results from the wave maker motion. The wave steepness
is an indicator of the wave breaking. If the wave steepness exceeds the value 0.07, then waves start to
break.

There are several criteria to specify if the waves are in deep or shallow water. The basin criteria
according to Bosboom and Stive (2011) are presented in Table 2.4. The kd values criterion is used to
classify the waves of the seven tests in deep, intermediated or shallow water.

Table 2.4-Criteria for deep and shallow water waves with an error of the order of 1% (Bosboom and Stive, 2011).
Shallow water Deep water

d/Lo d/L kd d/Lo d/L kd
<0.015 <1/20(=0.05) <n/10 >0.5 >0.5 >n

The seven selected tests can be divided in three groups with similar values of specific parameters.
These parameters are the kd value, the wave length L and the wave steepness H/L. The first group
consists from test TO03 and T012 (Table 2.5). Both tests have a low kd value and represent
intermediate water conditions. However, their kd values are close to the shallow water limit (kd<
0.314). Moreover, the two tests have the longest waves, as their wave length values are close or
higher than 200m. The second group of tests consists of tests with average kd values from 1.03 to
1.55 (Table 2.6). These are tests TOO1, TO02 and TO11. Their wave conditions are classified in
intermediate water. Furthermore, their wave length values vary from 80 to 120m. The last group of
test are TO10 and T013 with kd values higher than = (Table 2.7). Both tests represent deep water
conditions. As the kd values are relatively high these test cases are considered computationally
demanding. Finally it is worth mentioning that for test T010 the waves have already started breaking
while in TO13 the wave steepness value is close to the breaking limit.

Table 2.5-The flrst group of tests for low kd values

qRe0Es | 225.59 0.55 Intermediate/shallow water 0.011
qpei | 197.05 0.63 Intermediate/shallow water 0.014 -

Table 2.6 — The second group of tests for average kd values. values

qpeer 80.48 1.55 Intermediate water 0.001
a2 120.74 1.03 Intermediate water 0.012 -
e 104.71  1.19 Intermediate water 0.029 -

Table 2.7 - The th|rd group of tests for high kd values

okl 39.38  3.16 Deep/Intermediate water 0.075
LUKE 3152 @ 3.95 Deep water 0.061 close to the breaklng limit
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2.4  Previous work using the benchmark test of schematic port layouts

A part of the dataset described in Section 2.2 has been processed by a humber of master students at
Delft University of Technology. The students selected certain tests to assess the value and accuracy of
numerical wave penetration models. Van Mierlo (2014) used the mild slope model PHAROS
(Deltares, 2013), the Boussinesqg type model TRITON (Deltares, 2008) and the non-hydrostatic wave
model SWASH (Zijlema, Stelling and Smit, 2011). Monteban (2016) worked with SWASH and also
the Boussinesq type model Mike21 BW (DHI, 2007). The non-hydrostatic phase resolving setting of
the wave model, XBEACH (Roelvink, 2010) was selected by Wong (2016) for wave penetration
simulations. SWASH and XBEACH are both non-hydrostatic wave models. In this thesis for the
category of non-hydrostatic models SWASH (version 3.14) is chosen to be studied in more depth.
Therefore, the literature review is focused only on two of the aforementioned thesis: in the thesis of
Van Mierlo and Monteban. The tests studied by Van Mierlo are T076, TO79, T080, T081, T084 and
TO085. The tests studied by Monteban are T035 and T079. For details about the wave conditions of the
aforementioned tests the reader is referred to Appendix B.

The main conclusions of the research of Van Mierlo and Monteban are in agreement: wave
penetration can be modelled quite accurately for practical engineering purposes, whereas long waves
and resonant modes are generally computed with less accuracy. Important remarks mentioned in these
MSc reports include data analysis methods (e.g. spectral resolutions), reflection settings in the
numerical models, numerical stability, the influence of layout inaccuracies in the physical scale model
and averaging of computed wave heights within a circle around a measurement location.
Consequently, further research is recommended on validating and improving numerical wave
penetration models.

2.5 The wave models performance in simulating wave penetration in
harbours

This section summarizes the work of two MSc students, F. Van Mierlo (2014) and D. Monteban
(2016) about the performance or wave models regarding the application of wave penetration. The
section starts with the criteria used to evaluate the models performance. The three wave models used
by Van Mierlo are presented in Section 2.5.2 , while the two wave models examined by Monteban in
Section 2.5.3 . The models are compared in terms of theoretical abilities and limitations as well as
about the simulation outputs. Lastly, the abilities and the restrictions for the wave model studied in
this thesis, SWASH, are discussed. A theoretical comparison of the available wave models and the
selection of the most suitable models to simulate wave penetration is provided in Appendix C.

2.5.1 Evaluation criteria of wave penetration simulation by a wave model

To evaluate the ability of a wave model in simulating wave penetration the following factors should
be taken into account:
o Ability to describe the most relevant processes related to wave penetration

e Model limitations, for example kd value, minimum water level
e Accurate predictions regarding:

+ primary waves (spectral waves) = low frequency waves = harbour oscillations
e Computational cost

Since this thesis focuses on monochromatic sea waves, the performance of the models regarding low
frequency waves and harbour oscillations is not relevant and thus is not discussed in the following
section. Information about the models abilities in simulating modelling of low frequency waves and
harbour oscillations can be found in the thesis of F. Van Mierlo(2014) and D. Monteban(2016).
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2.5.2 Comparison of PHAROS, TRITON and SWASH

In this thesis a subset of the dataset for schematic ports layouts (Deltares, 2014) is studied thoroughly.
A selection of physical model tests from the same dataset is simulated with PHAROS (Deltares,
2013), TRITON (Deltares, 2008) and SWASH (Zijlema, Stelling and Smit, 2011) by F. Van Mierlo.
Taking into account his findings a comparison of the three numerical models is attempted. The type of
the three wave models ass wells as the organisation that developed them is presented in Table 2.8. In
Table 2.9 selection of the most relevant processes modelled in the three models is shown.

Table 2.8 - Information about the three wave models used by Van Mierlo.

Wave model and Model type Developed  Capable to model (among other)

Acronym b _

PHAROS (Program for Mild slope Deltares harbour oscillations and wind waves penetration,

HARDbour Oscillations) in harbours with complex geometries

TRITON (-) Boussinesq Deltares wave propagation in nearshore regions and
harbours

SWASH (Simulating Non-hydrostatic ~ TU Delft waves transformation from offshore towards the

WAWves till Shore) shore or into a harbour

Table 2.9-Overview of the wave processes related to wave penetration that can be modelled in PHAROS, TRITON

and SWASH.(sources Deltares (2013) , Deltares (2008), The SWASH Team (2016).
Wave process PHAROS TRITON SWASH

Shoaling v v v
Refraction v v v
Diffraction W e v
Dispersion ¥ v v
Non-linear wave - v v
interactions

Wave breaking v v v
Wave run-up and run-down = 4 v
Partial reflection v v v
Transmission W - v
Wave-current interaction v - v
Wave induces currents - e v

According to Van Mierlo conclusions PHAROS is at least one order of magnitude faster than
TRITON and SWASH. SWASH is more efficient than TRITON as the parallelisation option requced
significantly the required computational effort. The following sketch provides some insight about the
accuracy and the computational efficiency of the three wave models examined.
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Figure 2.5-A comparison of the three wave models PHAROS, TRITON and SWASH regarding computational cost
and accuracy.
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Based on the simulations outcomes for the selected six tests, Van Mierlo concludes that TRITON and
SWASH can model primary waves more accurate than PHAROS. The errors in wave height for the
two models are on average less than 15%, for all examined wave conditions. It is mentioned that
PHARQOS overestimated the wave height in areas which sheltered from direct wave attack by
breakwaters and are enclosed by highly reflective boundaries. The overestimation is highly related to
the reflection coefficients that are set by the user. Moreover, numerical instabilities were observed in
TRITON simulations for significant wave heights (up to a quarter of the water depth). Therefore, the
wave height prediction by SWASH is more accurate for all the simulations, including tests with high
significant wave height.

Taking into account the errors in wave penetration predictions some conclusions the performance of
the three models can be drawn. PHAROS can be very useful for obtaining a quick estimate of wave
heights in ports. Its main advantages are computational efficiency and robustness. Attention should be
paid in determining the reflection coefficients. TRITON and SWASH should be preferred when
accurate values are necessary. Due to the numerical instabilities in TRITON performance, SWASH
can be considered more robust. Van Mierlo also mentions that for breakwaters in ports, the resulting
computation time for SWASH is significantly lower.

2.5.3 Comparison of MIKE 21 BW and SWASH

The same dataset of schematic port layouts was used, among others, from D. Monteban to compare
the performance of MIKE 21 BW (DHI, 2007) to SWASH (Zijlema, Stelling and Smit, 2011). The
model type of the two wave models are presented in Table 2.10 In the following paragraphs some of
his results and conclusions will be discussed.

Monteban compared the limitations of the two models. One of the main differences between SWASH
and MIKE 21 BW is the application range of kd value, show in in Table 2.10. Using 2 vertical layers
in SWASH can lead to more accurate results, but also to high computation cost. As in SWASH there
is no limit about maximum frequency the model is able to resolve the total wave spectrum. Moreover,
it can model sloping boundaries in full detail, as there is no minimum water depth restriction. On the
contrary, MIKE 21 BW is a commercial model which provides customer support and can be used
when the computational power is limited (i.e. the available computer has less than 10 processors).

Table 2.10 - Information about the two wave models used by Monteban. The application limits based on the kd value.

Wave model | Model type Developed Suitable model based on the kd value
by kd<0.5 0.5<kd<3.1 kd>3.1
MIKE 21 BW | Boussinesq DHI v v -
SWASH Non-hydrostatic | TU Delft e v v
(using 1 (using 2 (using 2 or more
vertical layer) vertical layers) vertical layers)

To avoid scaling effects Monteban started running his simulations at physical model scale, but the
results for both models show numerical instabilities, especially in MIKE 21 BW. The main problems
were a strange symmetrical pattern in front of the breakwater in SWASH and in MIKE 21 BW an
unwanted resonant standing wave in the side basin. A possible explanation can be that the models
work with double precision and for small scales rounding errors may be important. However, double
precision results in output files with significantly larger size.

The rest of the analysis was performed in prototype scale. The accuracy of predicting primary waves
(f >0.067 Hz) using prototype scale was considerably higher than for the simulations using physical
model scale. For both numerical wave models the deviation from the measured primary waves is
below * 15%. The significant wave height was computed with mean average percentage errors 8%
and 7.8% in SWASH and MIKE 21 BW respectively.
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2.5.4 Selection of using SWASH

Taking into account the relatively good performance of SWASH in describing wave penetration as
well as the recommendations of further investigating the wave height errors, it was decided to focus in
this thesis on the wave model SWASH. This thesis can be considered as a continuation of the theses
of F.Van Mierlo (2014) and D.Monteban (2016). While the previous theses aimed in examining the
performance of SWASH in describing wave penetration in a harbour under various complex wave
conditions, this thesis focuses more in understanding which of the wave processes influencing the
total wave penetration can be modelled accurately by SWASH. Whereas, in the previous theses more
complex port layouts and wave conditions were examined, in this thesis the simplest layout 1 and the
simplest monochromatic wave conditions are elaborated. By doing so, the amount of the relevant
wave processes is reduced and the wave penetration becomes less complex, making the identification
of the differences between the SWASH outputs and the measurement more straightforward.

SWASH has an open source code which can freely be downloaded from
http://SWASH.sourceforge.net. In previous theses version 3.14 is used. In this thesis the new version
of the software package SWASH 4.01 is used. In the two SWASH versions the method of solving the
shallow water equations remains the same. As the differences between the two versions are not
fundamental, it can be claimed that the main performance of SWASH regarding wave propagation
towards and inside the port is the same. Hence, it can be assumed that the main findings of the
previous research also hold for the current version.

According to the previous theses, SWASH has been proven to can describe the propagation of
primary waves with a good level of accuracy, as the errors are on average less than 15%.Based also
on the theoretical comparison (Table 2.9), the most important processes related to wave penetration
are included in SWASH. Moreover, it was mentioned that by using two vertical layers the model is
considered robust and no numerical instabilities are expected. Furthermore, it should be kept in mind
that SWASH is a computational demanding model. Nevertheless, the higher computational time is
considered acceptable, as this thesis is carried out for academic purposes and the time restrictions are
not so strict as in a commercial project.

2.6  Scaling

The physical scale model of port layouts is designed on model scale to be small enough to fit inside a
laboratory. However, the dimensions of a port in reality are much larger, for example two orders of
magnitude larger, than the physical scale model dimensions. A real port is described by prototype
scale. To switch from model scale to prototype scale and vice versa, scaling laws are applied.

2.6.1 Scaling laws

In hydraulic experiments, the most commonly used similitude laws are Froude and Reynolds
similarity. Reynolds similarity guarantees the correct scaling of inertia and viscous forces. The Froude
scaling assumes that gravity is the governing force balancing the inertia forces. The schematic port
layouts physical scale model was conducted based on Froude scaling. The most important scaling
factors for Froude scaling are presented in Table 2.11.

Table 2.11-Froude scaling. Note that a is the scaling factor when a scale 1 : a is used, py, is the density on model scale
and ps the density on full scale or prototype scale. (Monteban, 2016)

sical parameters  Unit Multiplication factor
Length [m] o
Volume [m’] o
Structural mass [ka] o * pt/ Pm
Time [s] Ja
Frequency [Hz] 1/Va
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2.6.2 Scale effects

Scale effects are observed when the employed scaling law does not correctly reproduce the physical
conditions from prototype at model scale. For the schematic port layouts physical scale model Froude
scaling is assumed as the correct scaling of gravity and inertia forces is important to model precisely
wave propagation. Other processes, such as viscosity, elasticity and surface tension are considered to
play a minor role and the fact that they are not scaled correctly is considered acceptable. However,
this can lead to scale effects related to the physical processes of wave penetration, wave transmission,
wave energy frictional dissipation and wave breaking dissipation.

To prevent significant scale effects on wave reflection, the physical model scale should be sufficiently
large. It is logical that for a small scale, for example 1:100, the scale effects are becoming important
and influence the examined application of wave penetration. On the contrary, constructing a physical
model based on a large scale, i.e. 1:10, is relatively costly and time consuming. The selected scale for
the schematic port layouts physical model is 1:45. This scale is considered large enough to consider
the scale effects as insignificant. Moreover, it the resulting construction cost is acceptable. This scale
is a good compromise and it is often used in this type of studies. For an analytical description of
scaling laws and scale effects the reader is referred to Frostick et al., 2011.

2.6.3 Selection of prototype scale for the measurement analysis and SWASH simulations

In this thesis it is chosen to perform the measurement analysis and SWASH simulations in prototype
scale. It is obvious that measured data and the numerical model data must be compared using the
same scale. To be consisted in the whole report, the information about the open benchmark dataset is
provided in prototype scale. Appendix B includes data about the harbour contour, the location of the
wave gauges and the wave conditions for all 56 tests conducted in prototype scale.

The use of prototype scale is supported by three arguments. Firstly, it is desirable to demonstrate
SWASH ability to model the wave phenomena related to wave penetration in real scale. After all, in
common engineering practice numerical models, such as SWASH, are used to describe or predict
wave penetrations for a real port design project. Secondly, as discussed in Section 2.6.2 scale effects
are considered significantly small or not relevant for the purpose of this thesis. Finally, the full scale
is chosen to avoid numerical instabilities, observed by Monteban (2016), when running the simulation
in model scale for SWASH.
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Chapter 3 Methodology of measurement
processing

The formulated research questions aim to evaluate SWASH performance regarding wave penetration.
For this purpose, the SWASH outputs should be compared to the physical scale model measurements,
as they considered representing reality.

The main topics of interest of the formulated research questions are the ability of SWASH to simulate
wave propagation, wave celerity and the effect of two dominant wave processes: reflection and
diffraction. Hence, it is desirable to obtain knowledge about these topics from the measurements. The
approach to analyse the measured data is amply illustrated in this chapter.

To begin with, the initial measurement processing required is briefly described in Section 3.1 . In
Section 3.2 the equation for calculating the wave celerity according to the linear wave theory is
provided. Furthermore, the approach used for calculating the wave celerity in the measurements is
extensively clarified. In addition, the method of calculating the fully developed incoming wave height
measured at the wave gauges is discussed. The wave gauges inside the harbour basin that are
influenced by diffraction are treated separately from the wave gauges outside the basin. In Section 3.3
is presented a methodology about determining the time moments when wave get reflected and when
they arrive at the measurement locations along the model centreline. Finally, in Section 3.4 the
method of determining the steady state at all measurement locations is presented.

3.1 Preliminary measurement processing

For each of the seven selected experiments, the water level in time is measured at 27 locations. To
obtain useful information from the data some initial preparations is done. The preliminary analysis of
the measurements includes the following three steps.

Step 1: Removing the average

According to theory, the mean water level at each wave gauge represents the still water level and
should be equal to zero. To achieve that the wave height meters are calibrated by setting the water
surface at two different levels. Nevertheless, in a laboratory experiment the average water level is
expected to deviate slightly from zero. This is also the case for the selected experiments. For water
level measurements it is common practice to set the water level oscillating around zero. The average
water level value is calculated separately at each wave gauge for each test. Then, the average water
level values are subtracted from the time series of each wave gauge for the seven selected tests.

Step 2: Detrending

After removing the average, a linear trend is observed in the measurements. This trend can be
attributed to the behaviour of the wave probes. The probe of each wave height meter device is
constructed of two parallel stainless steel rods. The rods act like electrodes of an electric conduction
meter (Deltares, 2016). As more and more waves are being measured the rods temperature is
increased linearly. This explains the linear increase of the still water level in time. However, this
linear trend does not represent the physical behaviour of the still water level which remains constants
during the experiments as no water is added or removed by the basin. Therefore, the linear trend is
also removed from the measured water level time series.

Step 3: Switching from model to prototype scale

After processing the measurements to oscillate around zero, the next step is to convert them into
prototype scale. As discussed in Section 2.6 , it is chosen the measurement analysis and the SWASH
simulations to be performed in prototype scale. The scale used in the open benchmark dataset of port

19



layouts is 1:45. Thus, the wave gauges measurements for the selected 7 tests are expressed in

prototype scale by multiplying the water level values with 45 and the time values by +/45 (for the
multiplication factors see Table 2.11).

An example of the water level time series after the initial processing is shown in Figure 3.1.
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Figure 3.1 The final time series oscillating around the still water level (dashed red line) at Point 11 for T001.

In Figure 3.1 it is observed that the water level does not show a constant behaviour. Waves reach at
Point 11 after the first 160 seconds. This time interval is describing the initial time when the wave
gauges are recording, but the wave maker has not started operating and the time required from the
waves to travel from the wave maker to the point. In this initial part from t=0s until t=160s, an offset
of approximately +0.01m is observed, while the water level is expected to be equal to zero. This
offset is considered small compared to the incoming wave height and thus can be ignored. As shown
in Figure 3.2, the wave height is gradually increasing until approximately t=240 s. This is because a
taper function is applied to the wave maker motion. By doing so, the waves enter the basing gradually
and the occurrence of shock waves is prevented.
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Figure 3.2-The initial part of the water level time series at wave gauge 11 for T0O1.

The wave height at Point 11 starts becoming lower at t=3750 s as shown in Figure 3.3. The wave
height is reduced gradually as a taper function is applied again to the wave maker’s motion. After
stopping the wave maker’s motion the water level is not reduced to zero and oscillating patterns still
can be observed. Although new waves are not generated from the wave maker, the already existing

20



waves in the basin continue propagating and get reflected at the port walls and the gravel slopes. From
Figure 3.1 it can be estimated that the water level drops to zero at t =6500 s approximately.

The reflections part at the end of the record shows that the waves get reflected at the harbour walls,
the damping slopes and the wave maker. This behaviour verifies that only a part of the wave energy is
absorbed by ARC (Active Reflection Compensation) applied at the wave maker. Moreover, at the
damping material at inner slope slopel and outer slopes 2 only a part of the wave energy is damped or
transmitted. The rest of the energy is re-reflected towards the experiment area. The same holds for the
concrete walls of the harbour. The only difference is that there is no wave energy transmission trough
the walls.
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Figure 3.3-The water level time series at wave gauge 11 for T001 when the wave maker stops operating.

In all the remaining five tests, apart from T010, the water level time series are similar to the time
series already presented in Figure 3.1.for wave gauge 11 and test TOO1: a time delay until the waves
reach the location, a gradual increase, a constant part (Figure 3.4), a gradual decrease and a long
period until the reflections in the basin become negligible and finally the water level drops to zero.
However, in the time series for test TO10 there is not a clear constant part as in the rest of the cases.
This is shown in Figure 3.5. This behaviour can be explained by the high H/L ratio, equal to 0.075, for
which wave breaking starts occurring.
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Figure 3.4- The measured water level time series at Point 11 for TOO1l. This figure is a repetition of Figure 3.1
including a read area that represents the constant part when a temporal steady state is reached.
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Figure 3.5-Water level time series at Point 11 for T010.

When the wave height in the measurements remains constant a temporal steady state is reached.
During the constant part the changes in the wave height are not significant. It is selected to study the
first 15 minutes (900 s) of the measurements. The first reason of this choice is that useful knowledge
can be obtained by studying either the first few minutes of the constant part or the whole constant
part. Secondly, the end part of multiple reflections is out of interest for engineering purposes. Finally,
as SWASH is a computationally demanding model, this choice aims to reduce the time required for
SWASH simulations.

3.2 Computation of the wave celerity in the measurements
3.2.1 Computation of the theoretical celerity according to the linear wave theory

The comparison of the wave celerity in the measurements and in SWASH is the objective of the first
research question. This section focuses on determining the wave celerity in the measurements. It is
assumed that the monochromatic waves in the examined experiments follow the linear theory. Instead
of calculating explicitly the wave celerity, first the theoretical celerity determined by linear wave
theory is calculated. Then it is examined if the theoretical wave celerity, calculated by using the wave
parameters of each test, is in agreement with the measurement outputs. By doing so the measurements
follow the linear wave theory and hence the measured and the theoretical celerity coincide.

The first step of the method is the calculation of the theoretical wave celerity according to

Equation 3.1. It is worth mentioning that the radian frequency in the formula results from the linear
dispersion relationship.

_L_w_ /E _8T
C=r=1= ktanhkd—21T tanh kd (3.1)

where: ¢ = the wave celerity (m/s) L= the wave length (m) T=the wave period (s)
w = radian frequency (rad/s) k= the wave number (rad/m)  d= the water depth (m)
g = gravitational acceleration (m/s?)
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3.2.2 An example of the calculation method of the wave celerity in the measurement: a
wave flume case

In every test the wave period and the water depth remain constant during the test. Assuming linear
waves, it holds that the wave celerity is considered constant during each test. The principles of motion

with constant speed are used to confirm that the computed celerity matches with the measurements.
The method is illustrated for a simple example in a wave flume.

In the wave flume depicted in Figure 3.6 there is a wave maker to the left, two wave gauges in the
middle and an outflow in the centre. The distance between the two wave gauges is equal to x. The
bottom of the flume is horizontal and the water depth is constant. A linear sinusoidal wave of constant
wave height is generated by the wave m. The wave gauges are measuring the water level in time.

wave maker

wave
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wave
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SWL
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N

outflow

Figure 3.6-A simple example of monochromatic waves in a wave flume.
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Figure 3.7-a. Water level in time at wave gauge 1, b. Water level in time at wave gauge 2.

As shown in Figure 3.7 a. and Figure 3.7 b., the time series in wave gauge 2 is exactly the same as in
wave gauge 1 simply shifted in time. The wave pattern arrives at Point 2 with a delay of At. For a
constant celerity, it holds: At=Ax/c. The wave celerity can be calculated by Equation 3.1. If the time
series at wave gauge 2 is shifted At seconds earlier in time, it coincides with the time series at wave
gauge 2. This can be illustrated by plotting the original time series at wave gauge 1 and the shifted
time series at wave gauge 2 in the same graph. The following graph can only be created if

measurements follow the linear theory and hence the measurements celerity is equal to the theoretical
celerity. In a different case, the two time series will not match.
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Figure 3.8-Original time series at wave gauge 1 and time series at wave gauge 2 shifted in time.
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To sum up, the method requires:
e assuming that linear wave theory applies

e computing the theoretical wave celerity by Equation 3.1

e plotting the times series of different points in the same graph by shifting them in time
e checking if there is a good agreement between the time series

e confirming that the initially assumed celerity is correct or not

3.2.3 The calculation method of the wave celerity in the measurements

The same process described in the example of Section 3.2.2 can be applied for the wave gauges in the
schematic port layout tests. For every point in model centre line (line AA’) the wave pattern is the
same as in the previous point shifted in time. Line AA’ is parallel to the basin length and is located in
the middle of the basin width dividing the basin in two symmetrical parts (Figure 3.9). Points 10, 4, 3,
5, 26, 11, 27 and 12 are considered to lie on this line.
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Figure 3.9-Model centre line (AA”) is located in the middle of the basin in terms of width. Outer slopes 3a and 3b are
not shown.

The times series of points on line AA” will be plotted in the same graph for Point 10 by shifting them
in time. Instead of Point 10, another location to shift the time series would be the wave maker.
However, there is no information when the wave maker started operating relative to the wave gauges
records. A possible estimation about the starting moment of the wave maker would introduce
additional errors in the process. Thus, the time series are not shifted at the wave maker location, but at
wave gauge 10, which is located closest to the wave make. By doing so, all the records are shifted
earlier in time.

The time for the wave to travel from Point 10 to every other point in line AA’, Ati9_point, IS
calculated as follows:

YPoint—yY
Aty0_point = % (3.2)

where: Ato_point * travelling time from Point 10 to another point.

c : the wave celerity for the selected test.
YPoint .y coordinate of the point in question.
Y10 .y coordinate of Point 10.
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The time series of wave gauges on line AA’ can be plotted at the same graph for Point 10 by shifting
each point time series earlier in time by At;o_point- The water level time series are expected to be the
same for the part of the measurements that is not influenced by reflections, as this phenomenon causes
changes in the wave height. To apply the proposed methodology it is required to define when the
wave records are starting to be influenced by reflections. The method used to determine the arrival of
the reflected waves is explained in Section 3.2.5 .

The methodology of computing the wave celerity in the measurements is elaborated here for T0O01.
The same approach is applied for the rest of the selected tests of which the results are presented in
Chapter 4 . Initially, the theoretical wave celerity is calculated. According to Equation 3.1 the wave
celerity is equal to ctg9; = 10.71 m/s. The output after shifting the time series of each point at line
AA’ earlier in time by At;g_point IS Presented Figure 3.10.
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Figure 3.10-T001, measured water level time series of points on Line AA’ shifted earlier in time to match with
Point 10. The vertical blued dashed line represents the arrival of reflected waves from outer slopes 2 at Point 5. The
vertical light brown dashed line represents the arrival of reflected waves from inner slope 1 at Point 12.

In Figure 3.10 the first vertical dashed line (colour: blue) represents the arrival of the reflected wave
from outer slopes 2 at Point 5, which is located closer to this slope. The rest of the points outside the
basin are expected to be influenced a few seconds later by the reflected waves from outer slopes 2.
The second vertical dashed line (colour: light brown) represents the arrival of the reflected wave from
inner slope 1 at Point 12, which is located closer to this slope. The rest of the wave records are
expected to be influenced a few seconds later by the reflected waves from slope 1. Detailed
information about how the reflection areas are defined is provided in Section 3.2.5 . A zoomed in part
of Figure 3.10 is shown in Figure 3.11, in which it is easier to observe the changes after the
reflections.

Focusing on the general trends of Figure 3.10 and Figure 3.11, it can be said that there is a good
match with regard to the wave period. This does not hold for the first 170 s, but this behaviour is
explained in Section 0. If the first 170 seconds are not taken into account, it is observed that the phase
shift between the time series of the different points is negligible (170-250 s) or there is a small time
shift (from 250 s until the end). The varying phase shift between the different points is detected after
the arrival of reflected waves from inner slope 1. Moreover, the wave height values vary significantly
mainly after the arrival of reflected waves. This holds especially in the case of reflections coming
back from inner slope 1. This phenomenon is reasonable as in the wave record not only the incoming
wave is measured, but also the reflected waves. However, after the first 500 seconds the wave height
at the different points and the phase shift between the time series of the points are remaining constant.
A temporal steady state has then been developed in the test.
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Figure 3.11- T001, measured water level time series of points on Line AA’ shifted earlier in time at Point 10. This
figure is a zoomed part of Figure 3.10.

The initial part of the wave records before the arrival of reflected waves, indicated by the vertical
dashed blue line at t=210s (Figure 3.11) is not disturbed by reflections. Therefore, it is expected this
initial part to be very similar to the wave signal generated by the wave machine. The result is
expected to be similar to Figure 3.8 for the wave flume case. Despite the expectations the part of the
measurements before any reflection is not exactly the same. There is a first part (t<170s ) in which the
time series do not match and a second part (170s<t<210s) where there is a good agreement between
the records. In the first part the wave height is varying, while in the second part it remains constant in
time.

It is important to realize that points outside the basin are influenced first by reflection at slope 2 and
later by reflection at slope 1. However, the points inside the basin are not influenced by reflection at
slope 2. This holds if perfect absorption of the ARC (Active Reflection Compensation) mode of the
wave maker is assumed. The first reflected waves recorded at the gauges inside the harbour basin are
coming from slope 1. The vertical dashed line representing reflected waves from slope 2 is not
relevant for points inside the harbour. Hence, it is useful to examine separately the two groups of
points: points inside the harbour basin and points outside the basin.

Figure 3.12 shows the time series of the points outside the harbour basin are plotted, while Figure
3.13 shows the time series of points inside the basin. In both group of points the same pattern is
observed: There is a not a good match of the initial part of the time series, but in the second part the
time series almost coincide. The good agreement in the second part indicates that for TO01 the
assumption of linear wave theory is correct and the wave celerity in the measurements is equal to the
theoretical wave celerity.
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Figure 3.12- T001, measured water level time series of points outside the harbour basin on Line AA” shifted earlier in
time at Point 10, before the arrival of the first reflected wave from outer slopes 2 (time axis: 50-210 s)
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Figure 3.13- T001, measured water level time series of points inside the harbour basin on Line AA’ shifted earlier in
time at Point 10, before the arrival of the first reflected wave from outer slopes 2 (time axis: 50-270 s)

According to Figure 3.12, the wave height reaches a constant value at t=135s for Point 4, while this
occurs at t=160s for Point 5. For all the points outside the basin the wave height remains constant
until the arrival of reflected waves from outer slope 3 at t=210s (blue dashed line). Thus, the duration
of the fully developed wave height part differs from a point to another. The comparison between the
different points becomes easier, if the time interval of the constant fully developed incoming wave is
longer. The constant wave height at the points outside the basin is determined in Section 3.2.5 .

As can be seen in Figure 3.13 for Point 26 the wave height remains constant from t=180s to t=210s
and for point 12 from t=195s to t=210s. Although the reflected waves starting influencing the records
after the dashed, light brown vertical line the waves are already influenced by diffraction as they enter
the harbour basin. The waves enter the basin a few seconds before the vertical dashed blue line, so
approximately at t=200s. The constant wave height at the points outside the basin is computed in
Section 3.2.6 .
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3.2.4 The behaviour of the taper function part

To interpret the behaviour of waves before the arrival of reflected waves, the wave signal generated
by the wave machine must be studied. To avoid a shock wave in the basin a taper function has been
applied at the start-up of the wave generator, so that the wave height increases gradually to finally
reach a constant value (Figure 3.14). Based on this observation the undisturbed incoming wave time
interval can be divided in the taper function part and the fully developed incoming part. It is worth
mentioning that the zero of the wave maker motion is not related to the zero of the wave gauges
records. It is not known when exactly the wave maker motion started relative to the wave records at
the wave gauges. However, the travelling time of a wave with celerity cpq9; from the wave machine
to wave gauge 10 is 19s. Therefore, it is estimated that the wave machine started generating waves at
approximately 80 s using the time reference of the wave records of the gauges.
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Figure 3.14 - Wave signal generated by wave maker motion for TO01. The time axis differs from the wave records.

In Figure 3.11, Figure 3.12 and Figure 3.13 the same trends are observed. In every case it is clear that
there is a good agreement in the constant fully developed incoming wave height. However, this is not
the case for the taper function part. It is observed that the wave celerity in the taper function part is
higher than celerity calculated based on the linear wave theory. Moreover, the wave amplitudes are
becoming smaller as the distance from the wave generator increases. For an increasing distance
between the examined point and the wave maker, the taper function part is becoming longer and the
increase of the wave height until it reaches the full developed incoming wave height is slower. All in
all, a non-linear behaviour is observed for the taper function part. It is important to realize that this
non- linear behaviour of the taper function part results in the distorted wave signal that is different
from the original signal of the wave maker and also changes from one point to another. This non-
linear effect explains the non-good agreement in the first part of the plot with the time series shifted at
Point 10 (Figure 3.11).

As it does not remain constant, the duration of the taper function has to be calculated at each point.
The beginning of the taper function is defined as the start point (first zero down crossing) of the first
wave with a wave height larger than 0.02m. This limit is set to exclude the part of the wave record
before the arrival of the waves generated from the wave machine. Before the wave arrival, the wave
gauges are measuring the still water level. As observed in Figure 3.11 the initial, still water level part
is not a straight horizontal line, but there are small fluctuations occurring. These fluctuations can be
described as white noise and are related to the accuracy of the measurement device and can be clearly
seen in Figure 3.15, in which is the first 100s of Figure 3.11lare shown. When the water level is
fluctuating it may change sign from negative to positive or the opposite and this is defined as zero
crossing. So waves defined in the still water level part are not realistic waves, but measurement errors.
The accuracy of the wave gauges used in the experiments is 0.5% of the measuring range (Deltares,
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2016). To avoid taking into account these non-realistic waves, the wave height threshold of 0.02m is
set.
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Figure 3.15-White noise observed during the first 100s of the time series of all points of line AA’ shifted earlier in
time to match with point 10. This figure is a zoomed part of Figure 3.10 and Figure 3.11.

The end of the taper function for Point 10 is the beginning of the first wave after which the wave
height remains constant. The wave height is considered constant if the following condition holds:

Hj—Hijyq

A (33)

where: i is the sequence number of the wave in the record (i.e., i = 1 is the first wave in the record,
i = 2 is the second wave, etc.).

In Figure 3.16 the start of the taper function for Point 10 is plotted by the vertical line 1a and the end
of the taper function by the vertical line 1b. For this figure the limitation of Equation 3.3 can be
explained. The wave height of the 6" wave the wave height of the 7" wave differ less than 2%. The
same holds for the wave height of the 7" and the 8" wave, and so forth. The beginning of the 6™ wave
is the end of the taper function. For the rest of the wave gauges the end of the taper function is
computed by adding the additional travelling time from 10 to the specific point Atyy_point
(Equation 3.2) to the ending time of taper function at Point 10. In the graphs of the time series of each
point the start of the taper function is defined as “Moment 1a” and the end of the taper function as
“Moment 1b”.
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Figure 3.16 - Measured water level time series at Point 10 for TO01. The taper function is defined between the two
blue vertical lines. The individual waves are indicated by numbers (1, 2, 3, 4 and so froth).
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It is essential to realize that the taper function part behaves in a different way than the fully incoming
wave part. Therefore, the two parts should be examined separately. However, it should be kept in
mind that the taper function is applied only at the first seconds of the wave machine signal and after
the occurrence of the first few reflections all the energy of this part is damped. So after this moment
the waves of the taper function part are not found in the basin while at the same time the wave
machine produces only waves with the fully developed wave height.

The interaction between the taper function part of the incoming wave and the corresponding reflected
wave, as well as the interaction between the fully developed incoming wave and the taper function
reflected wave result in maximum wave height values which are not critical for the wave field in the
harbour. On the contrary, the interaction between the fully developed incoming waves and the
corresponding reflected waves are of major importance as their summation can lead to high wave
height values. This case is critical for the safety of the vessels in the port. Consequently, this thesis is
mainly focused on the fully developed waves.

3.2.5 Calculation of the measured fully developed incoming wave height at the wave
gauges outside the basin

After the end of the taper function and before the arrival of reflected waves, the wave gauges outside
the basin measure only the constant full developed incoming wave height. The wave height for the
constant part should be equal to the incoming wave height coming from the wave machine. This
constant part measured at all the gauges can be used to verify the good agreement in terms of wave
height of the different time series plotted at the same graph.

It is expected that the time series of the different points, plotted in the same graph, do not coincide
perfectly in terms of height, as in the simplified example of the two wave gauges in the flume. As the
time series in the basin are measured data, errors are included in the records. The deviations in the
incoming wave height, calculated based on the time series of the different points are expected to be
within a limit of 2%.

By comparing the part of the different time series before the occurrence of reflections, information
about the incoming wave height can be obtained. It is necessary to verify that the incoming wave
height at the wave gauges locations is indeed equal to the wave height generated by the wave
machine. For this purpose, the average wave height of the part of the time series measuring only the
fully developed incoming wave is calculated at all the wave gauges. For a point outside the harbour
basin this part starts at the end of the taper function (Moment 1b in Figure 3.16) until the moment of
the arrival of the reflected wave from outer slopes 2. This latter moment is different for every wave
gauge. The method for calculating this arrival moment (later refer as Moment 2a) is explained in
Section 3.3.

In Table 3.1 the results for the five measurement locations outside the basin on model centre line AA’
are presented. At each wave gauge, the mean wave height is calculated after determining the wave
height of the individual waves is the wave record. The individual waves are identified by zero
crossing analysis. This process is explained in detail in Appendix B. It is worth mentioning that for
Point 5 there is no part of the wave record describing only the full developed incoming wave. This
can be attributed to the fact that the distance from outer slopes 2 to Point 5 is small compared to the
rest of the points. Therefore, the reflected waves come back within a short time and influence the
wave record and no solely incoming part can be distinguished.

Table 3.1 includes also the standard deviation determined from the wave height values at the four

wave gauges. Moreover, the last column of the table is the ratio ﬁmean,measured/Hinc,wave maker »
which can be used to compare the average incoming wave height measured at the wave gauges
outside the harbour basin to the incoming wave height generated by the wave maker. The two values
are considered to coincide if the ratio lies within the limits from 0.98 to 1.02.
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Table 3.1-Mean, measured wave height values for the incoming wave part at wave gauges outside the basin for T001.
For these gauges computation of average measured wave height and standard deviation. Comparison to the incoming
wave height generated by the wave maker.

T001

Point Hiean,measured (m)
10 0.99

4 1.00

3 1.01

24 1.01

5 -

Hmean,measured = 1.00 m
Std. deviation 0.01 m

8 o e = Cns i)

Hmean,measured/HinC,wave maker =1.012

For TO001, the ratio Hpeanmeasured/Hincwave maker 1S Smaller 1.02 and thus it is considered
acceptable. Moreover, the standard deviation of the wave height in the measurement locations is in
the order of centimetre. It can be confirmed that the wave signal generated from the wave machine for
TOO01 travels towards the harbour basin and it is represented in the signal before the occurrence of
reflections at the wave gauges 10, 4, 3 and 24 located outside the basin. The results for the rest of the
tests are discussed in Section 4.2 .

3.2.6 The influence of diffraction on the incoming wave height measured at the wave
gauges inside the basin

After the end of the taper function (Moment 1b in Figure 3.16) and before the arrival of reflected
waves, the wave gauges inside the basin measure only the constant full developed incoming wave
height. However, this part is not expected to be equal to the incoming wave height generated by the
wave maker, as it is influenced by diffraction. By comparing the part of the different time series
before the occurrence of reflections, information about the influence of diffraction on the wave height
can be obtained. For this purpose, the average wave height of the part of the time series undisturbed
from reflections is calculated at all the wave gauges. This part starts at the end of the taper function
until the moment of the arrival of the reflected wave from inner slope 1. This latter moment is
different for every wave gauge. The method for calculating this arrival moment (later refer as moment
4a) is explained in Section 3.2.5

In Table 3.2 the results for the four measurement locations inside the basin on line AA’ are presented.
At each wave gauge, the mean wave height is calculated after determining the wave height of the
individual waves is the wave record. The method of zero crossing analysis used for determining the
wave height is illustrated in Appendix C. In Table 3.2 there is a wave height value only for two of the
wave gauges. For Points 27 and 12, the reflected waves from inner slope 1 return within a short time
and influence the wave record and no solely incoming part can be distinguished. These points are
located close to the harbour end and the reflected waves arrive first at these locations.

Table 3.2 includes also the standard deviation determined from the wave height values at the two

wave gauges. Moreover, the last column of the table is the ratio Hincwave maker /ﬁmean,measured,
which can be used to compare the incoming wave height generated by the wave maker to the average
incoming wave height measured at the wave gauges outside the harbour basin.
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Table 3.2- Mean, measured wave height values for the incoming wave part at wave gauges inside the basin for T001.
For these gauges computation of average measured wave height and standard deviation. Comparison to the incoming
wave height generated by the wave maker.

T001

Point Hmean,measured (m)
26 0.93

11 0.81

27 -

12 -

Hmean,measured = 0.87m
Std. deviation 0.21m

Hinc,wave maker — 0.99m

Hinc,wave maker /Hmean,measured =0.88

For T001, the ratio Hpean measured/Hincwave maker 1S €qual to 0.88. This value is much smaller than
the limit 0.98 set for the points outside the basin. For this experiment, diffraction causes a reduction in
the wave height. Moreover, the standard deviation of the wave height in the measurement locations is
in the order of decimetre. So the spread is higher than for the points outside the basin. The results for
the rest of the tests are discussed in Section 4.3 .

3.3 Estimation of the reflection locations and the return time of the
resulting reflected waves at the measurement locations

In this chapter is described how to calculate the arrival of reflected waves at the wave gauges. The
units in all the equations provided are meters for length, m/s for the celerity and s for time.

3.3.1 Estimation of the arrival time of the incoming waves at the wave gauges

As explained by the example of the wave flume in Section 3.2 the travelling time from one location
or a point to another is calculated by assuming that the wave celerity is constant. It is important to
define which measured point will be the starting point for the calculations to which the additional
traveling time will be added to.

It can be claimed to use t=0s as a reference point for the calculations. However, t=0s is just the
moment when all the wave gauges started recording simultaneously and it does not coincide with the
start of the wave maker motion. Thus, t=0s is not related to the wave behaviour. An alternative option
would be to use the first zero-down-crossing at Point 10 as reference point. Point 10 is the first point
at which the incoming waves arrive, as it is the closest to the wave maker. The next step would be to
check how this zero-crossing pattern travels in space and arrives at different gauges. Though, this is
not possible due to the distortion of the wave pattern over taper function part of the incoming signal.
The part of the wave signal which does not alter during travelling is the fully developed incoming
wave part. Consequently, the chosen reference point for the calculations is the beginning of the fully
developed incoming wave at wave gauge 10 (t;o). To sum up, using as a reference point t;, and
assuming that the wave celerity c is constant , the arrival time of the fully developed incoming wave
arrives at a specific point (trqn, point) Can be calculated. This is done by adding to the reference
point the time for the wave to travel from Point 10 to the point examined (Equation 3.4).

YPoint—Y10 (34)

ted HH, Point = T10 T+ c
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3.3.2 The main reflection locations

By observing the water level time series as measured at all the wave gauges, it is obvious that the
wave height is not constant in time. It is observed that there are parts during which the wave height is
increasing, decreasing or remaining constant. An approach to explain these variations in the water
level time series is presented in this chapter. As reflection is one of the main wave processes
influencing the wave field, the approach is focussed on determining where the reflection occurs and
when the reflected waves are coming back at the measurement locations. The time intervals during
which the waves are only influenced by diffraction are also defined.

It is important to determine first the locations where reflection occurs. These locations, presented in
Figure 3.17, are the following:

1. Outer slopes 2a and 2b and harbour head walls ( at line y=693m )
2. Inner slope 1( y=1300m)
3. Wave maker
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Figure 3.17-The three most important locations where reflection occurs : 1. Outer slopes 2a and 2b and harbour head
walls, 2.Inner slope 1, 3.Wave maker. Axes units: m. In the picture outer slopes 3a and 3b are not shown.

As explained in Section 2.2 the paddles of the wave maker located in front of outer slopes 3a and 3b
(Figure 2.2) are not functioning in full power. As discussed also in Section 1.3, the influence of
reflection off slopes 3a and 3b is considered to be minor and therefore the two slopes are not included
in the reflection study in the following paragraphs.

3.3.3 The first reflection at the outer slopes 2 and the harbour head walls

The first location where the reflection occurs is the outer slopes 2a and 2b and tips of the concrete
quay walls of the harbour. For simplification it is considered that the reflection occurs at the
horizontal line at the y= 693 m which coincides with the line of the quay wall and the bottom line of
slope 2. It is assumed that the waves hit the structures on this line and return. In Figure 3.18 the
incoming wave lines and the reflected wave lines sketched are representing the crests of the waves.
The theoretical reflection line is interrupted by the harbour entrance in which no reflection occurs. So,
as the waves return, there is a lack of energy in front of the harbour basin. As sketched in Figure 3.18
the reflected waves will undergo diffraction. However, in the selected approach the curved lines
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caused by diffraction are simplified by straight lines. As the goal is to calculate when the reflected
waves will come back the use of straight lines is in favour of safety, as the waves arrive relatively
earlier if the curvature of the line is ignored. Moreover, the time difference between the arrival of the
curved line and the straight line will be small and not significant based on the accuracy achieved
while examining the phenomenon. It should be kept in mind that this is a simplified approach as in
reality the reflection over the cross section of the porous slope. Furthermore, it has to be clarified that
for simplicity the reflection occurring at line y= 693 m is most of the times referred as reflection at
outer slopes 2.
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Figure 3.18 The reflected waves undergoe diffraction (left panel). The reflected wave crestlines are simplified to
straight lines (right panel). Axes units: m.

For this reflection case the time for a wave to travel from the wave gauge hit outer slopes 2 and return
at the gauge is calculated. The arrival of the reflected wave at a specific wave gauge occurs at time
trouter,1st 1S Calculated by Equation 3.5. In the graphs of the time series of each point this moment is
defined as “Moment 2”. The reflected waves from outer slopes 2 influence directly only the points
outside of the basin. Thus, Equation 3.5 is applied for points with y coordinate smaller than 693m, so
for wave gauges located outside the harbour basin. It should be noticed that in the following equation
the term ygope 2 represents the reflection line at 693m, so it holds ygjope 2 = 693m.

Yslope 2~ YPoint

trouter,1st,Point = tfd.Hj . Point T 2 % (3.5)

3.3.4 The first reflection at the inner slope 1

The second location where reflection occurs is inner slope 1 at the closed end of the main harbour
basin. It is considered that the reflection occurs at a fictitious wall located at the cross section line
between the still water level (SWL) and the inner slope 1. A cross section parallel to the basin length
(Figure 3.19) provides more insight about the imaginary wall simplification. The grey wall located
close to x=0m is the real concrete wall at the closed end of the basin. The light brown slope depicts
the rubble mound slope. The light blue wall is the fictitious wall on which it is assumed that the
reflection takes place. The fictitious wall is located at 1300m.
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Figure 3.19 Cross section of the main basin including the fictitious wall at which reflection is assumed to take place.

It is important to point out that the incoming wave entering the basin and also the reflected wave
coming out of the basin are influenced by diffraction. However, for estimating the moments when the
wave reflects at inner slope 1 and returns at the wave gauges the diffraction phenomena are being
ignored here. Again, the curved lines are simplified and replaced by straight lines. This simplification
is shown in the right sketches of Figure 3.20 and Figure 3.21.
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Figure 3.21 Sketches of the simplified incoming wave height entering the basin and the reflected wave travelling out
of the basin. Outside the harbour basin the reflected waves will be influenced by diffraction (left panel). In the
simplified approach the crest lines are straight lines (right panel).Axes units: m.

For this reflection case the time for the wave to travel from a specific point to the slope, reflect and
then return at the point is calculated. The arrival of the reflected wave at a specific point occurs at
time tyinner,1st,point 1S Calculated by Equation 3.6. In the graphs of the time series of each point this

moment is defined as “Moment 4”. The term ygoneq represents the fictitious wall, so it
holds ygjope 2 = 1300m.

_ YSlope 1~YPoint
tr,inner,lst,point - tf.d.HinC,Point +2* c (3-6)

As shown in Figure 3.20, the incoming waves experience diffraction after entering the harbour basin.
For the reflection calculation simplifications are made and the influence of diffraction is not taken
into account. However, the wave gauges inside the basin are measuring the waves undertaking
diffraction. The waves inside the basin are only influenced by diffraction before the occurrence of
reflection at inner slope 1. To obtain information about the diffraction phenomenon only the wave
record from the arrival of the fully developed incoming wave until the arrival of the reflected wave at
inner slope 1 should be studied.

3.3.5 The second reflections at the wave maker and the third reflections at the slopes

The last location examined where reflection occurs is the wave machine. When the incoming waves
hit either inner slope 1 or outer slope 2, a part of the energy is damped and the rest of the energy
returns back through the reflected waves. The reflected waves travel towards the wave machine. The
wave machine is set in an ARC mode (Active Reflection Compensation mode), absorbing partially
the reflected wave energy. When the waves hit the wave board nearly all their energy is absorbed.
However, the remaining energy travels again in forms of waves towards the basin. It is the second
time that the wave gets reflected. In every reflection wave energy is lost. In other words, when the
waves hit either inner slope 1 or outer slope 2, the wave amplitude of the reflected wave is lower than
the incoming one. When the reflected wave hits the wave board, the reflected wave amplitude is
further decreased.

Both reflected waves at inner slope 1 and outer slope 2will travel towards the wave maker reflect and
come back. Both secondary reflected waves can influence all the wave gauges. This case differs from
the reflected wave caused by the first reflection at outer slope 2, because then the points inside the
main harbour basin are not influenced by the reflected wave.
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Figure 3.22 Left panel: A simplified approach as the reflected waves at outer slopes 2 hit the wave maker resulting
into new reflected waves. Right panel: A simplified approach as the reflected waves at inner slope 1 hit the wave
maker resulting into new reflected waves. Axes units: m.

The arrival of the new reflected wave at the wave maker resulting from the reflected wave at
outer slopes 2 occurs at time tyaker,outer,2nd- 1NiS Moment is calculated by Equation 3.7 for points
outside the harbour basin and by Equation 3.8 for points inside the basin. In the graphs of the time
series of each point this moment is defined as “Moment 3”.

_ Yslope 2~ YPoint YPoint ~Ymaker

tmaker,outer‘,an - tf.d.HinC,Point +2* + 2% c (3-7)
_ Yslope2—Y10 Y10~Ymaker |, YPoint—Y10

tmaker,outer,an - tf.d.Hinc,Point + 2% c + 2% c + c (3.8)

The new reflected wave is travelling towards outer slopes 2 and gets again reflected. This is the 3"
reflection this wave experiences. It is calculated by Equation 3.9. In the graphs of the time series of
each point this moment is defined as “Moment 5”. The reflected waves from outer slopes 2 influence
directly only the points outside of the basin. Thus, Equation 3.9 is applied for points with y coordinate
smaller than 693m.

Yslope 2~YPoint + 2 *YPoint_Ymaker (39)

trouter,3rd = tf.d.Him;,Point + 4 x e

After getting reflected at outer slopes 2 and later at the wave maker the wave travels towards inner
slope 1 and gets reflected for third time. The arrival of the reflected wave at inner slope 1 moment is
defined as “Moment 6” and influences only the points inside the basin. The exact time is calculated
by the following equation.

+ 2 YSlopeCZ_Y10 + 2 Y10_y(':maker +2 Yslope 1~YPoint (3.10)

trinner,2nd = tf.d.Hinc,Poin c

The arrival of the new reflected wave at the wave maker resulting from the reflected wave at inner
slope 1 occurs at time tyaker,inner,3rd IS Calculated by Equation 3.11. In the graphs of the time series
of each point this moment is defined as “Moment 7.
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Yslope 1~YPoint + 2 *YPoint_Ymaker
c

tmaker,inner,3rd = tf.d.Hy,c Point T 2 % (3.11)

3.3.6 The graph with the arrival moments of reflected waves

The graph created for all the wave gauges measuring for experiment TOO01 includes seven vertical
lines representing the seven characteristic moments in time (picture A in Figure 3.23)

All the aforementioned calculations for the reflected waves are executed for the fully developed
incoming wave. At every point the taper function part arrives before the fully developed wave. This
holds for any examined location at which reflection occurs. To calculate the moment when the
reflected taper function part comes back in every case the taper function duration at the specific point
is extracted from the moment when the reflected fully developed incoming wave arrives. The
moments 3 to 7 discussed previously take the suffix b which represents the arrival of the beginning of
the fully developed incoming wave part. The arrival of the beginning of the taper function part of the
incoming wave is represented by the suffix a. The calculation method is illustrated clearly by the
following equation.

ta,r,outer,Point = tb,r,outer,Point - taper funCtionPoint (3-12)

Picture B in in Figure 3.23 is the final plot with all the characteristic moments in time.
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Figure 3.23 The seven characteristic moments in time for the water level time series of point 10 for test TO01
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As observed in both pictures of Figure 3.23, after moment 7b the wave height remains constant. A
steady state has been developed in the basin for this specific experiment. This steady state condition is
detected in all the wave gauges records.

3.4 Computation of the steady state wave height at all measurement
locations

The characteristic moments indicating the arrival of reflected waves (Section 3.3 ) were determined
for the wave gauges located along the model centreline AA” (Figure 3.9). These lines help identifying
the part of the time series influenced by reflected waves off a specific structure and also the intervals
that are no influenced by reflected waves but are mainly influenced by diffraction. The analysis of the
water level time series at the rest of the measurement locations is less detailed. More precisely, at the
wave gauges that are not located along the model centreline, only the time moment when the steady
state part begins is determined.

The start of the steady state part is defined as the moment in time after which the wave height remains
constant until the end of the time series at t=900s. The wave height is considered constant if the
following condition holds:

% < 2% (3.13)
where: i is the sequence number of the wave in the record (i.e., i = 1 is the first wave in the record,

i = 2 is the second wave, etc.).

The same condition was used for defining Moment 1b (Equation 3.3). However, in this case an extra
restriction is applied. The wave height of the first individual wave after the beginning of the steady
state moment and the wave height of the final individual wave before the end of the time series at
t=900s should also differ less than 2%. This is done to guarantee than not only each wave does not
differ in terms of height form the previous one but also the wave height remains constant and does not
change gradually. To ensure that in between the two moments in time the wave height does not
change the graphs for all the points and all the tests are also visually inspected. Figure 3.24 shows two
examples of the steady state beginning moment for test TOO1: at Point 9, located inside the harbour
basin and at Point 25, located outside the basin.

In Section 4.1.3 it will be explained that for T010, in which wave breaking occurs a temporal steady
state condition is not reached. For this tests it was decided to consider as ‘steady state’ the last 300s of
the water level time series from t=600s to t=900s.

The time interval from the steady state beginning until the end of the time series at t=900s is used to
determine the constant steady state wave height at all points that are not located along the model
centreline. For the points along the model centreline the time interval from Moment 7b until t-=900s
is used. Subsequently, the steady state wave height at each location is divided by the incoming wave
height for the specific test examined. The incoming wave height generated by the wave maker is used,
because as it will be discussed in Section 4.2 it differs less than 2% from the average fully developed
wave height measured at the wave gauges outside the harbor basin. The ratio
Hateady stateifiracrion model/Hincoming 15 C@lCUlAted for all the seven tests. By dividing with the incoming wave
height the results for all the seven tests examined can be compared. To demonstrate how the wave
height differs at various locations it was decided to create a top view showing the steady state at each
output location. Figure 3.24 is a top view in which the value of the ratio at every point is indicated by
colours. The exact values of the ratio are presented in Table 3.3. The results for the remaining 6 test
are presented in Appendix E.
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Figure 3.24- The steady state beginning at water level time series generated by the 2D simplified SWASH model at
Point 9 and Point 25 for test T0O01.
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Chapter 4 Results of measurement analysis

In Chapter 3 the process followed to analyse the measurement outputs for TO01 is described in detail.
The same approach is applied to all the selected tests. In Section 4.1 the results for the remaining six
tests are presented. Possible similarities between the different tests are commented at the end of the
section. In Section 4.2 , the measured incoming wave height at the wave gauges outside the basin is
determined. Moreover, in Section 4.3 the influence of diffraction on the wave height as measured at
the wave gauges inside the harbour basin is discussed. Finally, in Section 4.4 the trends observed in
the measurements outside and inside the basin are explained based on the vertical lines representing
the arrival of reflected waves (determined in Section 3.3 ).

4.1 Computation of the wave celerity in the measurements

To confirm if linear theory holds and indeed the theoretical celerity matches with the measurements a
plot including the time series of points of model centre line AA’(Figure 3.9.) shifted earlier in time to
match with Point 10 is created. Two versions of this plot are presented for every test: one from 50 s to
600s and a zoomed version from 50s to 300s. The wave behaviour is discussed for all the cases. For
an overview of the incoming water level generated by the wave maker the reader is refer to
Appendix F. This is the signal that in theory is expected to arrive at the wave gauges. By comparing
the theoretical signal with the measurements, the plots with all the wave signals at Point 10 can be
more easily understood.

The values of the incoming wave height, the wave period and the theoretical wave celerity for the six
tests are presented in Table 4.1.

Table 4.1 The wave celerity according to linear wave theory and the characteristics of the seven selected tests.

: : Clinear Wave condition
TO0O1 0.99m 7.51s 10.71 m/s 1.55 Intermediate water 0.001
T002 144 m 10.00s 12.08 m/s 1.03 Intermediate water 0.012
TOO03 2.39m 16.97 s 13.29 m/s 0.55 Intermediate/Shallow water ~ 0.011
T010 2.97m 5.03s 7.83 m/s 3.16 Deep/Intermediate water 0.075
TO11 3.02m 8.99 s 11.65 m/s 1.19 Intermediate water 0.029
T012 2.75m 15.03s 13.11 m/s 0.63 Intermediate/Shallow water ~ 0.014
TO013 1.94 m 4.49 s 7.01 m/s 3.95 Deep water 0.061

4.1.1 Wave celerity in the measurements for T002

Figure 4.1 and Figure 4.2 are created assuming that the wave celerity equal to cpg9,=12.08 M/g. A
general remark for both figures is that the zero crossings as well as the wave crests and wave troughs
occur either at the same time or with a small time shift. However, this is not the case for the taper
function part. For all the points it holds that the taper function part travels faster than the wave celerity
CToo2 and the wave becomes smaller in amplitude. Until all the points reach the constant incoming
wave height at approximately 140s it is clear that the signals do not match. It is worth mentioning that
for the points outside the basin the constant incoming wave height has been reached relatively earlier
at 125s.

In Figure 4.2, the wave height for Point 5 starts decreasing (at t=150s) before the arrival of the
reflected wave from outer slopes 2 calculated using the celerity ctgo2- This can be attributed to the
fact that the reflected wave resulting from the taper function part has already arrived at Point 5. This
wave travels with a faster speed than the theoretical celerity used to determine the vertical dashed,
light brown line defining the reflected waves from slope 2. It is logical that this change is observed at
Point 5 which is closer to outer slopes 2. As the light brown dashed line of reflection off
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outer slopes 2 is calculated for this specific point the rest of the points are not influenced yet by the
reflected waves.
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Figure 4.1 Time series of all points of Line AA’ shifted earlier in time to match with Point 10, for T002.
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Figure 4.2 Time series of all points of Line AA’ shifted earlier in time to match with Point 10, for T002. This figure is
a zoomed part of Figure 4.1.

After the first reflections (blue and light brown dashed vertical lines) changes in the wave height are
detected for all the points. Significant changes in the wave height are observed for Points 24 and 5.
After the first dashed line the wave gauges are recording the summation of the incoming wave and the
reflected wave. The wave height of the resulting standing waves may be higher than the incoming
wave height, if the incoming and the reflected wave enhance each other or lower, if the waves cancel
each other. After the reflected waves arrival higher of lower wave heights are observed in the wave
record. The increase or decrease of the wave height is related to the location of the point. If at a
specific location the incoming and the reflected wave are in phase, the wave height is increased. On
the contrary, if they are out of phase the total wave height is decreased. It is worth mentioning that
after the blue dashed line the points outside the basin are influenced by reflection, while the points
inside the basin are influenced by diffraction. For the points inside the basin reflection plays a role
after the second vertical line representing the arrival of reflected waves from inner slope 1.
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After the first 510 seconds (coinciding with Moment 7b for Point 10) it can be noticed that the wave
height at the different points and the phase shift between the time series of the points is remaining
constant (Figure 4.1). For this specific experiment a steady state has been reached. It is worth
mentioning that the highest wave crest value is observed at Point 24 and the lowest at Point 5. The
difference between the two crest values is larger than 0.5m.

4.1.2 Wave celerity in the measurements for T003

From the selected monochromatic experiments, test TO03 is the test with the longest wave conditions
and the maximum wave period value. Moreover, the wave celerity for this test has the highest value,
Crooz =13.29 /. As the waves travel faster the number of wave crests before any reflection is only
5. In contrast, for a test with smaller wave speed, such as T002, the number of crests before any
reflections is 7. Due to the high speed the taper function disappears faster from the measurements.
Focusing on the taper function part (approximately from 85 s to 115s) the wave behaviour is clear: the
waves travel faster than the celerity based on the linear theory and the wave height is decreases over
the distance from the wave machine. This means that the wave height in the taper function part for
Point 12 is smaller than Point 27, which is located closer to the wave machine and so on.

An essential observation about the wave’s shape is that the crests are sharp and higher, while the
troughs are smooth and elongated. This is the typical form of the waves in shallow water. According
to Table 4.1, the waves in TO03 are indeed classified in intermediate to shallow water.

An important remark about the graphs for test TO03 is the shape of the wave troughs after the arrival
of reflected waves. For Points 10, 4 and 3, in the intervals of negative water level there are two local
minimum values. This effect is a result of the summation of two shallow water waves travelling in
opposite direction. At the locations of the three points, the peaks and the troughs of the incoming and
the reflected wave do not occur at simultaneously. This means that for some intervals the water level
for the incoming wave is negative and for the reflected wave positive and vice versa. This deformed
shape only for troughs observed for T0O03, can be attributed to the shallow water wave shape with
elongated troughs. As the crests are sharper and have shorter duration there is not enough time to
observe the distortion due to time delay of the reflected wave.
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Figure 4.3 Time series of all points of Line AA’ shifted earlier in time to match with Point 10, for T003.
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Figure 4.4 Time series of all points of Line AA’ shifted earlier in time to match with Point 10, for T003. This figure is
a zoomed part of Figure 4.3.

4.1.3 Wave celerity in the measurements for T010

Observing Figure 4.5 and Figure 4.6 it is difficult to detect sinusoidal individual waves. Both pictures
create the impression of chaotic wave field. The water level time series for TO10 is clearly different
than the previous tests examined. Overall, in both pictures the wave signals of the wave gauges appear
as random lines. This behaviour can be attributed to wave breaking. In T010 the wave height to wave
length ratio H/L exceeds 0.007 and the waves start breaking.

In Figure 4.6 it is observed that the waves are water level is varying from 1.8 to -1.2m. At the arrival
of the waves at Points 10, 4, 3, 24 a peak value is detected (140-150s) that is not shown in the signal
from the wave machine.

As shown in Figure 4.5, after t=350 s the wave crests become higher than 1.8 with peaks higher than
3m. Moreover, the wave troughs become lower than -1.2m with minimum values smaller than -2m. It
is clear after t=350 s, that the wave gauges with the higher wave height values are Point 10, 4 and 3,
which are all located outside the harbour basin. Contrary to the previous test examined for T010 a
steady state is not noticed.

Due to the difficulty to detect the individual waves it is not feasible to examine a match among the
water level signals at the different wave gauges. Therefore it is not possible to come to conclusions
whether the theoretical wave celerity is in agreement with the achieved wave celerity in the
experiment.
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Figure 4.5 Time series of all points of Line AA’ shifted earlier in time to match with Point 10, for T010.
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Figure 4.6 Time series of all points of Line AA’ shifted earlier in time to match with Point 10, for T010. This figure is
a zoomed part of Figure 4.5.

4.1.4 Wave celerity in the measurements for T011

In Figure 4.8 the most important observations made for the previous tests, apart from T010, can be
detected. Firstly, the taper function part (90-150s) travels faster than the theoretical celerity. As the
distance of the point from the wave machine increases, the decrease of the wave height of the taper
function part is also increased. Secondly, from 150 s until 184s, when the first reflected signal arrives,
there is a good agreement between the wave signals in terms of height and there is no phase shift
between the different time series. This verifies that the waves in the experiment travel with a celerity
equal to the theoretical celerity ctg;; = 11.65 m/s. After the arrival of the reflected waves from slope
2 and before the arrival of the reflected waves from slope 1, there is still a good agreement in terms of
phase shift as the zero crossings occur almost simultaneously. However, this is not the case for the
wave height which varies for the different points.
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In Figure 4.7 the same wave pattern is repeated for every wave gauge after t = 400s, so after this
moment a steady state is reached. Moreover, there is a wide spread of wave height values at the
different wave gauges. The highest peaks occur with decreasing order at Point 24, 3, 26, 11, 10, 27,
12 and finally at Point 4. It is worth mentioning that for TO11 there is a good agreement between the
measured wave signals and is relatively easy to detect the different trends. This is also the case for
TOO1. The difference between the wave celerity values for the tests is 8%, as ctg1; = 11.65 m/s and
Ctgo1 = 10.71 mfs.

For Points 4, 11, 27 and 12 there are two local minimums in the intervals of negative water level
instead of one minimum value, which would be the trough. The same behaviour was also observed for
a number of wave gauges for T003. For TO11 this behaviour occurs for the wave signal after the
arrival of the reflected wave from inner slope 1. This behaviour can be explained by the summation of
an incoming and a reflected wave.
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Figure 4.7 Time series of all points of Line AA’ shifted earlier in time to match with Point 10, for TO11.
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Figure 4.8 Time series of all points of Line AA’ shifted earlier in time to match with Point 10, for TO11. This figure is
a zoomed part of Figure 4.7.
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4.1.5 Wave celerity in the measurements for T012

The wave celerity for test TO12 is the second highest celerity for all the examined tests. Moreover, as
waves are in intermediate to shallow water (Table 4.1) for test TO12 the wave signal shows the
characteristic of shallow water waves with sharp, high crests and relatively flat, elongated troughs.
The taper function part behaviour is similar to the one described for the previous tests. The taper
function celerity is higher than the linear celerity, while the taper function wave amplitude decreases
over the distance from the wave maker. From t=110s to t=170s the time shift between the time series
is small. However, the agreement in terms of wave height is not so well, especially for Point 5.

Already before the arrival of reflected waves the wave trough are distorted. This can be explained by
the fact that the wave signal is a summation of the incoming and the reflected wave. The later arrives
with a time delay as reflection does not occur instantaneously. The fact that the distortion is observed
for a few points before the first dashed line can be attributed to the fact that the line is calculated using
the theoretical celerity. It is known that the reflected taper function parts travel faster. The distortion
of the wave trough is clear for Points 4, 24,5, 11 and 27.
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Figure 4.9 Time series of all points of Line AA’ shifted earlier in time to match with Point 10, for T012.
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Figure 4.10 Time series of all points of Line AA’ shifted earlier in time to match with Point 10, for T012. This figure
is a zoomed part of Figure 4.10.
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4.1.6 Wave celerity in the measurements for T013

In TO13 the kd value is 3.95, indicating a non-linear behaviour of the waves. This kd value is the
highest form all the seven tests. Moreover, for T013 the incoming wave height and the incoming wave
period are the minimum compared to the values for the other tests. In the Figure 4.11 and Figure 4.12
it is clear that there is not a good match in the wave records. Due to the chaotic wave field in TO13 it
is not possible to come to conclusions if the theoretical wave celerity is in agreement with the wave
celerity in the experiment.

Figure 4.11 and Figure 4.12 for T013 resemble Figure 4.5 and Figure 4.6 for T010. In the pictures of
both tests an impression of chaotic wave field is created. Although it is easier for TO13 to spot the
sinusoidal waves the measurements, still the time shift between the wave signals is so different that
the measurements undoubtedly do not match. A possible explanation of this wave signals is the waves
are becoming non-linear and the wave celerity deviates from the value calculated according to the
linear theory.

Figure 4.12 shows that before the occurrence of reflections the wave crests and the wave through
occur approximately for the same water level values. The wave height values start deviating close to
the first dash line for reflection from outer slopes 2. For example, the wave height at wave gauges 4
and 24 are increasing. Although in Figure 4.11 there is no good agreement in the wave signals as
observed in other tests, it can be claimed that after t=450s the wave patterns remain constant. The
peaks and troughs have constant amplitude and also the phase shift between the wave gauges signals
remains constant. A steady state seems to be reached.
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Figure 4.11 - Time series of all points of Line AA’ shifted earlier in time to match with Point 10, for T013.
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Figure 4.12 - Time series of all points of Line AA’ shifted earlier in time to match with Point 10, for T013. This figure
is a zoomed part of Figure 4.11.

4.1.7 Remarks about the wave celerity in the measurements for the selected tests

In the previous sections the graphs of the water level measured at the different wave gauges shifted at
Point 10 for all the seven selected test are studied in detail. Test TOO1 is described in Section 3.2 ,
while the rests of the tests are analysed in Sections 4.1.1 - 4.1.6 . The most important information
obtained from the analysis is summarised here.

The method of verifying the wave celerity by examining the agreement of the wave signals
shifted at the same locations cannot be applied for tests with wave height to wave length ratio
higher than the breaking limit 0.007 and for kd values higher than 3. For H/L values higher than
0.007 the waves are breaking. For kd values higher than 3 the waves become non-linear. In both
cases the picture of the different wave signals is chaotic and does not resemble the simple
example of the wave flume presented in Section 3.2 . This phenomenon is observed for tests T010
and T013. Both tests are classified to the third group of tests with high kd values in Table 2.7.

For the rest of the tests the method provides good results. The agreement of the wave signal is
examined for the time interval after the end of the taper function and before the arrival of the
reflected waves. For tests with low or average kd values (Table 2.5 and Table 2.6 respectively)
there is a good match in terms of wave height and the phase shift between the different wave
gauges time series is small or negligible. It can be confirmed that the wave celerity in the
measurements is equal to the theoretical wave celerity calculated according to the linear wave
theory.

For tests with low or average kd values it is observed that water level time series capturing the
taper function signal generated by the wave machine behaves different than the fully developed
incoming wave part. The taper function part travels faster than the theoretical wave celerity and
the wave crests and troughs are smaller in amplitude. As the distance of the point from the wave
machine increases, the decrease of the wave height of the taper function part is also increased.
These observations can be attributed to the non-linear behaviour of the taper function part.

The wave conditions for TO03 and T012 represent intermediate /shallow water. Both tests are
classified in the first group of tests for low kd values presented in Table 2.5. For these tests the
wave crests are sharper and higher, while the troughs are smooth and elongated .This is the
typical wave shape for shallow water.
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e Fortests TO03, TO11 and TO12 it is observed for many wave gauges signals that the wave troughs
are distorted showing two local minimums. This occurs after the arrival of reflected waves. Thus,
the wave gauges measure the summation of the incoming and the reflected wave. A possible
explanation of this deformed shape is the shallow water shape of the waves. The aforementioned
tests are classified into intermediate water, but their kd values are close to the shallow water limit.
As the crests are sharper and have shorter duration there is not enough time to observe the
distortion due to time delay of the reflected wave. Therefore, the distorted shape is observed only
for the wave troughs which are elongated and shorter in amplitude.

e For the six tests a steady state is reached. However, in one test, T010, a steady state is not reached
at the first 900s of the experiment. At a specific moment in time, which varies among the tests,
the wave patterns are repeated. The wave crests and trough amplitude as wells as the phase shift
between the different wave gauges signals remain constant.

4.2 Calculation of the fully developed incoming wave height at the
measurement locations

As discussed in Section 3.2.5 , the wave gauges measure the constant full developed incoming wave
height, for the time interval after the end of the taper function (Moment 1b) and before the arrival of
reflected waves (Moment 2a). The mean wave height measured within this interval (Hpean measured)
at the wave gauges outside the basin (gauges 10, 4, 3 and 5) is presented in Table 4.2. For Point 5
Moment 2a occurs before Moment 1b and no wave height can be determined. As Point 5 is the closest
to outer slopes 2, it is the first point to be influenced by the reflected waves.

In Table 4.2 the averaged measured incoming wave height ﬁmean’measured is calculated by averaging
the measured wave height Hyean measurea Values for each test. In the next row the standard deviation
of is presented. Hiyc wave maker 1S the fully developed wave height generated by the wave maker. The

ratio Hyean measured / Hinc.wave maker 1S Used to evaluate the agreement between the wave height
produced by wave maker and the measured value. If this ratio is within the limits from 0.98 to 1.02
the two terms are considered equal. This means that the two values differ less than 2%. A ratio value
from 0.98 to 1 means the measured wave height is lower than the wave height generated from the
wave maker, while for a ratio from 1 to 1.2 the measured wave height is higher. The results for the six
tests are included in the Table 4.2, while the results for TO01 can be found in Table 3.1.

Table 4.2 — The measured incoming wave height at the wave gauges outside the basin.

TO01 @ TO002
Hmeanmeasured (M) Point10 | 0.99 | 142 |237 |310 [3.00 (274 |104
Point4 |1.00 | 142 |238 |314 [3.09 (271 |1093
Point3 |1.01 (142 |236 |295 |3.06 |- 1.92
Point24 | 1.01 |140 |234 |263 |3.04 |- 1.90
Point5 |- - - - - -
ﬁmean’measure 4 (M) 1.00 |1.42 |236 |29 |305 |272 |1.92
Std. deviation (m) 0.01 | 0.01 | 0.02 |0.02 |0.04 |0.02 |0.02
Hincwave maker (M) 099 | 144 |239 |297 [3.02 |[275 |1.94

1.01 | 099 | 099 (100 |101 |[0.99 |0.99

l'lmean,measured/ l'linc,wave maker (_)

For the seven examined tests, the ratio ﬁmean’measured ! Hinc,wave maker 1S Within the limits from 0.98
to 1.02. For all the tests, excepted from TO11, the measured wave height is lower than the wave height
from the wave maker. Therefore, the average fully developed wave height measured at the wave
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gauges outside the harbor basin differs less than 2% from the corresponding wave height generated by
the wave machine. For all the cases the standard deviation of the measurement is in the order of
centimeter, with a maximum value of 0.04 for TO11. It can be supported that there is a good match in
terms of wave height between the measurements and the incoming wave signal. This verifies the good
agreement in terms of wave height before the arrival of reflected waves at the plots in which the time
series are shifted at Point 10.

4.3  The influence of diffraction on the incoming wave height measured at
the wave gauges inside the basin

Table 4.3 includes the same terms shown in Table 4.2 with the only difference that in Table 4.3 shows
the results for the wave gauges inside the basin. For the point inside the harbour basin the time
interval for which the wave height is not influenced by reflections, starts at the end of the taper
function (Moment 1b) and ends with the arrival of reflected waves from outer slopes 2 (Moment 4a).
Again the ratio ﬁmean,measured ! Hincwave maker 1S Used to compare the measured wave height to the
wave height generated by wave maker. However, in this case the two values are not expected to be
equal as diffraction plays a role inside the harbour basin. This ratio indicates the influence of
diffraction on the wave height. It should be kept in mind that for none of the tests it was possible to
determine a time interval that is not disturbed by reflections for Point 26, and in many cases for
Point 27.

Table 4.3 - The measured incoming wave height at the wave gauges inside the basin.

Point26 | 0.93 | 136 |269 |189 |297 |317 |201
Point11 | 0.81 | 140 |204 |013 |299 |198 |204

Hmean,measured (m)

Point 27 | - 1.02 |- - 218 | - 221

Point12 | - - - - - - -
Hppeanmeasured (M) 087 |1.26 |236 |1.01 |[271 |257 |2.09
Std. deviation (m) 021 |0.28 |046 |3.02 (061 |0.86 |0.23
e KTl 099 |144 |239 |297 |3.02 |275 |1.94

0.88 [ 088 |[0.99 |0.34 |09 |094 |1.08

l'lmean,measured/Hinc,wave maker (_)

For the seven examined tests, the ratio Hyean measured/Hinc,wave maker Varies from 0.341 to 1.078. It
should be noticed that the standard deviation of the measurement wave height varies from the order of
meter to decimeter. As shown in Table 4.3, the mean wave height values for a specific test may differ
significantly between the different points. For example, for T011 vary from 2.99 to 2.18. For test

T003, the ratio Hpean measured/Hincwave maker 1S 10w (0.991), but the wave heights vary by 0.46 m.
All in all, the high values of standard deviation indicate that critical view of the results is required.

It is known that the wave height inside the basin is influenced by diffraction. However, it is not safe to
determine the role of diffraction on the wave height from the measurements. There are several
problems in the approach followed. First, no information can be obtained from Point 12 and in some
cases from Point 27. The points are located close to the harbour end and there is no time interval
measuring the incoming wave height without the influence of reflection. Secondly, the measured
mean wave height varies significantly among the different gauges, as expressed by the high standard
deviation values. Moreover, the wave heights for the duration after the end of the taper function and
before the arrival of reflected waves from inner slope 1 are not constant (see also Section 4.4.2 ). The
phenomenon of diffraction is examined separately in Chapter 7 by a two-dimensional SWASH model.
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4.4  Characteristic moments at every wave gauge for all the tests
4.4.1 Wave gauges outside the harbour basin

The incoming wave height can be determined by the wave record at the following wave gauges
outside the basin: 10, 4, 3 and 24. For these points the duration between the end of the taper function
and the arrival of reflected waves is enough to determine the wave height of individual waves and
finally calculate the average value. However, as shown in Table 4.2, for TO12 the incoming wave
height cannot be determined at Point 3 and 24, because the time interval is not sufficiently long. For
all the examined tests, for wave gauge 5 there is not a time interval in the wave record measuring only
the fully developed incoming wave height.

The behaviour of the wave records are discussed in detail for two characteristic cases for T002. In
Figure 4.13 the water level time series for Point 24 are presented. The first measured zero crossing
occurs at moment 1la. The water level increases until the end of the taper function at moment 1b. For
the definition of moments 1a and 1b the reader is referred to Section 3.2.4 and Figure 3.16. From
Moment 1b to 2a the wave height remains constant. This is the time interval used to derive the
measured fully developed incoming wave height. This time interval is longer for points located
further for outer slopes 2.

After moment 3a the wave gauge measures the summation of the incoming wave and the reflected
wave from outer slopes 2. The wave height of the standing waves measured may be higher or lower
than the incoming wave height. The increase or decrease of the wave height is related to the location
of the point. If at a specific location the incoming and the reflected wave are in phase the wave height
is increased. On the contrary, if they are out of phase the total wave height is decreased.

After moment 5b the wave height starts decreasing. After moment 7b the wave signal remains
constant. As it is expected a steady state is developed.
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Figure 4.13 The measured water level time series at wave gauge 24 for test T002

In Figure 4.14 the water level time series for Point 5 is plotted. The taper function part is measured
from Moment la to Moment 1b. As Moments 1b and 2a are almost coinciding the time interval
between these moments cannot be used to determine the fully developed wave height. This is because
the wave gauge is the closest to outer slopes 2 and the harbour head walls and the reflected waves
arrive at the gauge within short time. After Moment 2b the wave height starts decreasing until 10
seconds before Moment 3a. From Moment 3a until Moment 4b there is a slight increase of the wave
height. It is reasonable to observe change in the wave height when the reflected waves arrive at the
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gauge. After Moment 7b the wave signal remains constant. Thus, it is considered that a steady state is
reached.
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Figure 4.14 The measured water level time series at wave gauge 5 for test T002.

For a full overview of the wave records for all the seven examined tests the reader is referred to
Appendix C.

4.4.2 Wave gauges inside the harbour basin

To study the effect of diffraction on the wave height, information about the incoming wave height at
the wave gauges inside the basin is required. However, for the points inside the basin the duration of
the wave record describing only the incoming wave height is not always long enough. At the point
with the furthest distance from the wave maker, Point 12, in every test the reflected taper function
wave arrives before the incoming wave can be fully developed. This is illustrated by the water level
time series for Point 12 for tests TO12 presented in picture D of Figure 4.15. For the majority of the
test cases at Point 27 there is no individual wave between the Moments 1b and 4a (picture C of Figure
4.15). For Points 26 and 11 the part of the wave record describing only the fully developed wave
height starts at Moment 1b and ends at Moment 4a. In pictures A and B of Figure 4.15, it is clear that
during this interval the wave height does not remain constant. The same behaviour is observed for the
rest of the selected tests cases. This behaviour is in conflict with the expectations as the wave signal
generated from the wave machine is constant after the end of the taper function part. Taking into
account the results about the measured incoming wave height inside the basin, it is clear that
information about the influence of diffraction inside the basin obtained from the measurements is
limited. However, this information can be useful in evaluating the SWASH ability to describe
diffraction examined in Chapter 7. Finally, it is worth mentioning that for all the four points inside the
basin a steady state is indeed reached after Moment 7b.
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Chapter 5 The influence of porosity and stone

size of a gravel slope on reflection simulated
with SWASH

Chapter 5 is the first of a series of chapters (Chapters 5 to 8) in which the setup and the output of
SWASH simulations are discussed. Chapter 5 focuses on answering to sub-question 2a. Sub-question
2a aims on testing whether the values of porosity and stone size of the gravel slopes in the physical
scale model can be used in SWASH simulations. The gravel slope properties for which the correct
amount of reflection is reproduced in SWASH are selected here. In this chapter the reflection off the
outer slopes located outside the harbour is assessed. Section 5.1 presents the cross section in the
physical scale model selected to be modelled in SWASH. In Section 5.2 the 1D model set up and the
examined nine runs for various settings are specified. The results of the model runs are discussed in
Section 5.3 . The resulting conclusions that help answering sub-question 2a are summarized in
Section 5.4 . Finally, some additional remarks based on the SWASH results are mentioned in Section
55.

5.1 The one-dimensional model in SWASH

With respect to sub-question 2a, gravel slopes reflection is considered to be modelled accurately, if
SWASH results are in agreement with the measurements. This means that the wave height trends
(increase, decrease or constant part) in time and in space should be reproduced. The steady state wave
height observed in the measurement should be reproduced by SWASH within an error of 20%.

To provide an answer to sub-question 2a, it selected to focus on a sub area of the full layoutl that
contains a gravel slope and for which the reflection phenomenon is dominant, while the rest of the
processes are expected to be negligible. The outer and the inner slopes in layout 1 consist from the
same material and are constructed with the same technique in the physical scale model. Hence, the
two slopes are considered to have the same properties for porosity and stone size. It is important to
mention that the gravel material used in the experiments for the schematic port layouts was previously
used in other experiments. The stone size is not measured before the specific experiment examined
but earlier. The stones may have been composed out of different rock grading over time. Thus, the
gravel sieve curve may have changed and the stone size (D,5o) may be slightly different then the
value described in the measurements report (Deltares, 2016).

The inner slope 1 is not selected to be modelled for two reasons. Firstly, the reflected wave at the end
of the basin results from the incoming wave that hits not only the inner slope 1, but also the concrete
wall behind it. Moreover, the measurement devices in front of the inner slope 1 are located inside the
harbour basin and thus are influenced also by diffraction. Therefore, it was decided to focus on the
outer slopes 2a and 2b.

As mentioned above, the aim within this chapter is to compare the SWASH water level time series to
the measured time series at a location that is only influenced by reflection. As discussed in Section
3.3, the reflected waves from inner slope 1 travel out of the basin and their energy gets diffracted
(Figure 3.26). It is assumed that the influence of diffraction is important in within in an angle of 15°
from the harbour entrance. In Figure 5.1 the cone of influence of diffraction in front of the harbour
exit is drawn. Wave gauges 1 and 2 lie out of the cone area. Therefore, it is assumed that wave gauges
1 and 2 are not influenced by the diffracted reflected waves from the inner slope 1.The reflected
waves from the harbour head walls are also spread by an angle of 15° due to diffraction. The area
influenced by this phenomenon is indicated by red lines. Again Points 1 and 2 are not expected to be
influenced by the reflection at the harbour head walls, as the lie out of the red lines.
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As shown in Figure 5.1, Point 1 is located in front of outer slope 2a and Point 2 in front of slope 2b.
Both wave gauges measure the summation of the incoming wave and the reflected wave from the
respective outer slopes. However, behind outer slope 2b the harbour side basin is located. The waves
that travel through outer slope 2b may get reflected on the concrete walls of the side basin, travel
again trough slope 2b and arrive at wave gauge 2. It is expected that this reflected wave is small in
amplitude, since the wave energy is damped two times when passing through the gravel slope. This
phenomenon might cause disturbance in the record of wave gauge 2. Therefore, it was chosen to
model the outer slope 2a and use the wave record of wave gauge 1 to evaluate SWASH outputs. In
Figure 5.1 the blue line represents the cross section chosen to be reproduced in the 1D SWASH
model. In this chapter outer slope 2a is described as outer slope 2, gravel slope or slope 2 for
simplicity.
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Figure 5.1 - The reflected waves from the harbour end are spread due to diffraction in the area between the two
green inclined lines forming an angle of 15° with the harbour exit. The reflected waves from the harbour head walls
are spread due to diffraction in the area between the two red inclined lines.
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5.2 The 1D SWASH model setup

The 1D SWASH model domain has a total length of 1152m. A sketch of the model bathymetry is
shown in Figure 5.3.The waves enter the domain at y=0m. The only structure included in the model is
the outer slope 2a. The porosity and the stone size of the gravel slope are equal to the respective
values of the gravel slopes in the physical scale model. Thus, the porosity is 0.4 and the stone size is
6.75m. At the end of the domain a sponge layer is defined. The model boundary behind the sponge
layer is set by default as a closed fully-reflective boundary.

An output location is specified at Point 1, as the water level time series at this location will be
compared to the measured time series. An extra output location, Point 30, is added behind the gravel
slope. This point does not exist as a measurement point in the scale model tests. Point 30 is added for
two reasons. The first reason is to confirm that the waves are damped after passing through the outer
gravel slope. The second reason is to check if the sponge layer placed at the left end of the cross
section (Figure 5.3) is sufficiently large to absorb the transmitted wave energy.
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Figure 5.3 — A sketch of the bathymetry of the 1D SWASH model.

Information about the grid resolution, the time step, the bathymetry, the number of layers (2 vertical
layers) and other modelling parameters as well as the SWASH command file are provided in
Appendix H. The only modelling parameter discussed in this section is the sponge layer length, as the
ability of the layer to absorb the wave energy will be examined.

According to SWASH user manual (The SWASH Team, 2016), the sponge layer should have a width
of 3 to 5 typical wave lengths to prevent reflections at the open boundaries. To reduce the domain size
and thus the computational effort, the sponge layer length was selected to be equal to the largest wave
length from all the selected experiments, i.e. TO03. The sponge layer width, thus, is equal to 225m to
achieve an integer number of cells in the x direction of the cross section. In Table 5.1 is shown that
for the rest of the tests this sponge layer might be equal up to 7.1 times the wave length. With the grid
boundary behind the sponge layer acting as a closed boundary, the sponge layer becomes double
effective as the waves reflect at that boundary and travel back through the sponge layer and their
energy gets again absorbed.

Table 5.1 -The number of waves that fit in the sionie Iaier for all the selected tests.

T001 80.48 2.8
T002 120.74 1.9
T003 225.59 1.0
T010 39.38 5.7
TO011 104.71 2.1
T012 197.05 1.1
T013 31.52 7.1
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From the seven selected tests, described in Section 1.3 it is chosen to study only one representative
test. TO10 and T013 are excluded as the ratio H/L is high and waves start breaking. The criteria taken
into account for the test selection are the wave height and the kd value. The goal is to choose
representative, average values and not very high or low values. The final test selected is T002, for
which the wave height value is an average value among the tests (H=1.44m). For T002, the kd value
is equal to 1.03, which indicates an average computational effort. Finally, according to Table 2.6, for
this kd value the waves are classified in intermediate water.

In total, nine runs with different combinations of parameter settings are examined: run 1 for the
original values of porosity and stone size, runs 2, 3 and 4, in which the porosity values are varied,
runs 5 to 8, in which the stone size values are varied and run 9, in which the outer slope is replaced by
a closed wall. The 9 runs are presented in the Table 5.2.

Table 5.2 The nine runs for various porosity and stone size values simulated with SWASH.

[ Run | Porosity (-) | Porosity change (%) | Stone size (m) | Stone size change (%

0.40 - 6.75

0.44 +10% 6.75 -
0.36 -10% 6.75 -
0.20 -50% 6.75 -
0.40 - 7.425 +10%
[ 6 | 0.40 - 6.075 -10%
0.40 : 10.125 +100%
| 8 | 0.40 - 3.375 -50%
0.001 -99.75% 0.045 -99.33%

As explained previously, the SWASH water level time series at wave gauge 1 should be compared to
the measured time series. The measured water level time series at wave gauge 1 for test TO02 are
shown in Figure 5.4. For the derivation of the vertical lines the reader is referred to Section 3.3 .
Vertical lines with suffix a represent the arrival of the beginning of the taper function part, while the
lines with suffix b represent the arrival of the fully developed wave. The measured incoming wave
height equals 1.48m (period between Moment 1b and 2a), which differs by 2.7% from the wave
height of 1.44m produced by the wave maker. After Moment 2a, the wave height starts to increase
until Moment 5b and then remains constant and equal to 2.34m.
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Figure 5.4 — Measured water level time series at Point 1 for T002.
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5.3 Results

The SWASH results for the nine runs described in Table 5.2 are the following:
e Water level time series at Point 1

e Water level time series at Point 30
e Envelope of the water level during the steady state part of the test (t > Moment 5b).

5.3.1 Water level time series at Points 1 and 30

The water level time series calculated by SWASH for Run 1, in which original values of porosity and
stone size are used, is presented in Figure 5.5. The wave height between moment 1b and moment 2a is
too short to determine the incoming wave height value. To have a quick estimate whether the
incoming wave height at the output location is in agreement with the wave maker wave height defined
in the SWASH boundary, the wave height of the first wave after Moment 1b is calculated. This wave
is indicated by a brown rectangle in Figure 5.5 and it is assumed that the influence of the reflection is
sufficiently small to be ignored. As shown in Figure 5.5, the increase of the wave height after moment
2a is barely visible. The calculated wave height of the first wave after Moment 1b is 1.47m, which
deviates by 2% from the wave maker incoming wave height imposed at the boundary (1.44m).
However, After moment 5b, a steady state has been developed during which the wave height,
steady state,point 1, 1S CONStant and equal to 1.518m. However, the respective value in the measurements is
2.34m. The final constant values of the steady state wave height (H seady state,point 1) fOr all the runs are
summarised in Table 5.3. Moreover, the difference of the measured H eady state point 1 @Nd the respective
value resulting from SWASH is included in the table.
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Figure 5.5 — Run 1, water level in time at Point 1 generated by SWASH for T002. The brown rectangle indicates the
first wave after Moment 1b.

Table 5.3 — The steady state wave heigt at Points 1 and 30 for the nine runs. In the fifth collumn the difference
between the wave height value at Point 1.

POFOSity Stone size Fl steady state, Point 1 Differ_ence from the measured IT[ steady state, Point 30
(-) (m) (m) H steady state, Point 1 (%) (m)

1 (original 0.40 6.750 1.52 35.0 0.58
0.44 6.750 151 35.0 0.67
0.36 6.750 1.53 34.0 0.49
0.20 6.750 1.64 30.0 0.15
0.40 7.425 1.52 35.0 0.62
0.40 6.075 1.52 35.0 0.55
0.40 10.125 1.50 36.0 0.83
0.40 3.375 1.15 51.9 <0.05m
0.001 0.045 0.20 92.0 <0.05m
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As indicated in Table 5.3 the constant wave height at Point 30, behind the gravel slope is sufficiently
small. This means that the larger part of the incoming wave energy either gets reflected at outer slope
2a or is damped while passing through the slope. In Figure 5.6 the times series for Run 1 is plotted.
After the end of the taper function part the wave height remains constant and nothing indicates the
arrival of reflected waves from the ends of the domain. This means that the wave energy transmitted
though the gravel slope gets absorbed by the sponge layer. This is the case for all the 9 runs.
Therefore, the sponge layer length is considered efficient.

0.8
04

[V}

I T 'li‘l\ff I “f
Jl r‘;“” M I u‘wﬂ‘lh‘nq\" l\uﬁ‘\“‘ﬁﬁm\'|l"\\‘n\ml""" |‘\u,|r“|\ml
. ”‘I‘ )”l""||"||"\\H”“” \H||' \\‘H ||”|" il il uhw |'”|||
H ‘ l”"”’ l H‘”“H l|||"| J JL‘UUJ 1‘1" \‘Jui l"|"ﬁ|L Wil “ “'

water level(m)

T
04

-0.8

-1.2

0 100 200 300 400 500 600 700 800 900
t(s)

Figure 5.6 — Run 1, Water level in time at Point 30 generated by SWASH for T002.

For runs 2 to 7, the water level time series at Point 1 show behaviour similar to run 1 with the original
values as the wave height increases slightly after Moment 2b and reaches a constant value after
Moment 5b. The first wave after Moment 1b is again compared to the incoming wave height imposed
at the boundary. The deviation is smaller than 3% verifying that no unexpected phenomena take place
during the wave propagation from the boundary to Point 1 and the incoming wave height is modelled
accurately by SWASH.

The highest H seady suate point 1 OF all the different settings examined is observed for run 4 and is equal to
1.64m. As for run 4 the porosity value is lower, the gaps between the stones are smaller and it is more
difficult for the waves to pass through them. Hence, a slightly larger amount of wave energy is
reflected. However, it the total wave height at Point 1 for run 4 is still much lower than the constant
wave height value of 2.34m calculated from the measured time series (Figure 5.4).

For Run 8 after the arrival of the reflected wave from the gravel slope 2 (Moments 2a and 2b) the
wave height starts decreasing until it becomes equal to 1.151m at the steady state. This means that a
higher amount of wave energy gets reflected when the gravel size becomes half that the initial value.
For this case the incoming and the reflected wave are cancelling each other at the location of wave
gauge 1. As for runs 1 to 7 the wave height is increasing, it means that for this test the node and
antinode pattern is shifted. The water level time series at Point 1 for runs 2 to 8 are presented in
Appendix H.

The last run is the wall case. The porosity and the stone size are so small that waves cannot pass
through the wall. At Point 30, located behind the gravel slope the water level remains equal to zero.
This means that there is no transmission and all the incoming wave energy gets reflected or
dissipated. As shown in Figure 5.7, after the arrival of the tapper function part of the reflected wave
(Moment 2a) the wave height starts decreasing. The incoming and the reflected wave are cancelling
each other. The constant wave height is equal to 0.195m. This value differs by 92% from the
measured wave height (Table 5.3).
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Figure 5.7- Run 9 (wall), Water level in time at Point 1 generated by SWASH for T002.
5.3.2 Envelope of the water level during the steady state of T002

If in the physical scale model the position of the slope or the location of wave gauge 1 is slightly
different, the water level time series can be different than the one generated by SWASH. Moreover,
for a node-antinode pattern of the standing waves that changes within a short length it is possible that
the measured wave height at Point 1 can be observed in the model at a different location, but close to
Point 1. To check the influence of standing wave patterns on the modelled wave signals, the wave
envelopes during the stationary part of the runs were examined. The envelopes for runs 1, 4, 8 and 9
are shown in Figure 5.8.

Additional information about the node antinode pattern and the theoretical envelope of the surface
level motion can be found in Appendix H. The results have been summarized in Table 5.4, which
includes maximum and the minimum water level at the whole area in front of the gravel slope. Only
for Runs 8 and 9 the wave height values are up to 2 and 3m respectively. It should be mention that run
9 is the extreme case of a wall. Only in this case the wave height can be up to the measured value of
2.34m. The settings of this run are not realistic for a gravel slope. For the rest of the runs the wave
heights are much lower than the measured value of 2.34m. This means that even if a region around
Point 1 is examined still the measurements and SWASH out puts differ significantly.

Table 5.4 — The maximum and the minimum values for the water level envelope determined for the stationary part of
the nine runs.

. : Max envelope Min envelope
“ e SEEre () water level ?n water level pm

1 (original) 0.40 6.750 0.87 -0.78
0.44 6.750 0.86 -0.79
0.36 6.750 0.88 -0.80
0.20 6.750 0.93 -0.85
0.40 7.425 0.87 -0.79
0.40 6.075 0.88 -0.79
0.40 10.125 0.88 -0.79
0.40 3.375 1.11 -0.98
0.001 0.045 1.65 -1.42
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Figure 5.8 — The envelope of the water level during the steady state part for run 1 (original porosity and stone size,
picture A), run 4 (picture B), run 8 (picture C) and run 9 (wall case, picture D).

54 Conclusions

In Chapter 5 sub-question 2a was assessed. It was examined whether the correct amount of reflection
can be reproduced in SWASH, using the porosity and stone values from the scale model. The
reflection off the outer slopes located outside the harbour was reproduced in a 1D SWASH model. In
total 9 runs with different porosity and stone size settings were studied.

To evaluate the amount of reflection produced by SWASH the measured steady state wave height at
Point 1 was compared to the respective value from the different SWASH runs. For all the runs the
steady state wave height at Point 1 was lower than the measured value. Using the original porosity
and stone size values the wave height was lower by 35%. For an increase or a decrease of the porosity
or the stone size by 10%, the steady state wave height remained lower by 34 to 36%. Even for the

extreme run of modelling the gravel slope as a concrete wall, the constant wave height at Point 1 is
92% lower than the measurements.

The next step was to examine if the measured wave height at Point 1 is observed in the SWASH
model at a different location, but close to Point 1. For this purpose, the wave envelopes during the
stationary part of the runs were examined. Only for the wall settings the wave height reaches up to the
measured value at wave gauge 1. This observation indicates that another phenomenon apart from
reflection at the outer gravel slope is influencing the wave record. It is assumed that the wave record
at wave gauge 1 is influenced by the reflection off the head walls at the harbour entrance. This
assumption is studied in detail in Chapter 7 .
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To sum up, it was not possible to reproduce in SWASH the measured amount of reflection off an
outer gravel slope, as according to SWASH results the measured records are likely to be influenced
by other wave processes. The process that it is expected to also influence the water level time series in
front of the outer gravel slope (e.g at wave gauge 1) is reflection off the head walls at the harbour
entrance. Therefore, it is chosen to use in the SWASH simulations the porosity and stone size values
of the physical scale model, converted to prototype scale. This choice is also supported by the results
of the SWASH runs for different settings. By changing the porosity or the stone size by +10% it was
observed that the resulting steady state wave heights at wave gauge 1 differ in the order of centimetre.
This shows that the created SWASH model is robust, as small changes in the gravel slope properties
do not lead to noteworthy changes in the results.

5.5 Remarks

Taking into account the 1D SWASH results discussed in the chapter, the most important remarks
regarding SWASH performance are summarised in this section. These remarks do not provide an
answer to the research question, but they are useful knowledge about setting up a SWASH model.

e The energy of waves travelling through the outer gravel slope in the 1D SWASH model is
damped. The wave amplitude for Point 30 behind the slope is approximately 2-3 times smaller
than the incoming wave height in front of the slope. SWASH is able to dampen the energy of
waves travelling through a gravel slope.

e For all the runs there in no standing wave pattern behind the gravel slope. This means that the

wave energy transmitted though the gravel slope gets absorbed by the sponge layer. The sponge
layer length is considered efficient.
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Chapter 6 Reflection off the harbour end

The aim of this chapter is to answer a part of research Question 1 about the wave celerity in SWASH
and a part of sub-question 2a about simulating the reflection at the harbour end with SWASH. For this
purpose, a 1D SWASH model is created representing the cross section at the model centre line
(Section 6.1).

Regarding Question 1, in Section 6.2 the wave celerity of individual waves in SWASH is determined
and compared to the measurements. In Section 6.3 the fully developed wave height at the output
location in SWASH is first compared to the measured value and afterwards to the wave height
generated by the wave maker, which is prescribed at the offshore SWASH boundary. The ability of
SWASH to reproduce the correct amount of reflection off the harbour end, examined in sub-question
2a, is treated in Sections 6.4 and 6.5. Section 6.4 presents the graphs with the vertical lines
representing the arrival of reflected waves (determined in Section 3.3 ). Moreover, the qualitatively
changes in the water level due to reflection are discussed. To evaluate quantitatively the SWASH
results, the steady state wave height in SWASH due to reflection off the harbour end is compared to
the measurements in Section 6.5. Finally, Section 6.6 summarises the conclusions based on the results
presented in the chapter.

6.1 The 1D SWASH model for reflection off the harbour end

A one-dimensional SWASH model is set up representing a cross section at the model centre line AA’
shown in Figure 6.1. This cross section includes the inner gravel slope and the concrete wall behind it.
The aim of this 1D model is to provide insight about modelling of reflection off the harbour end. A
sketch of the one-dimensional SWASH model is provided in Figure 6.2. The output locations along
line AA’ are the same as in the physical scale model (blue points in Figure 6.2). As a result, SWASH
outputs can be compared to the measurements.
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Figure 6.1 - Model centre line (AA”) is located in the middle of the basin in terms of width. This figure is a repetition
of Figure 3.9.

According to Section 5.4, the porosity and stone size values of the gravel slope in the physical scale
model should be used in the SWASH simulations. The model set-up settings and the SWASH
command file for this 1D model is presented in the Appendix H. It is worth mentioning that 2 vertical
layers are used, as the tests kd values range from 0.55 to 3.95. According to the SWASH user manual
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(The SWASH Team, 2016) and also Table 2.10, the use of two vertical layers leads to accurate
results.
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Figure 6.2 -Sketch of the 1D SWASH model representing a cross section in the middle of inner slope 1 and the
concrete wall at the basin end. The output locations are specified with blue colour.

6.2 Computation of the wave celerity in the one-dimensional SWASH
model

The one-dimensional SWASH model resembles a flume where waves propagate only in one direction.
This is the most suitable SWASH model to verify if the wave celerity in SWASH is equal to the wave
celerity in the measurements. To determine the wave celerity in SWASH, the approach discussed in
Section 3.2.3 is applied. The same method was applied to determine the wave celerity in the
measurements (Section 3.2.3 and Section 4.1 ). The method initially assumes that the waves follow
the linear theory and the theoretical wave celerity in determined. The next step is to create graphs
including all the water level time series at the output locations along line AA’ shifted at Point 10. The
agreement between the wave records is examined to verify if the initially assumption about linear
waves hold and the theoretical celerity is equal to the celerity in SWASH.

6.2.1 Results for the first and the second group of tests

For the first and the second group of tests (Table 2.5 and Table 2.6), the graphs of the water level at
the output locations along line AA’ shifted at Point 10 can be used to confirm if the waves in SWASH
are linear and their celerity is equal to the theoretical celerity. TO03 and T012 belong to the first group
of tests for low kd values, while test T001, T002 and T012 are included in the second group for
average kd values. The time series shifted at Point 10 for T002 (Figure 6.3) is a typical example of the
graphs created for the five tests. The rest of the graphs are presented in Appendix I.

In this section the most important observations for the five tests are discussed, taking into account the
remarks for the calculation of the wave celerity in the measurements.

e The method provides good results for the five tests. The agreement of the wave height and the
phase shift is examined for the time interval after the end of the taper function and before the
arrival of the reflected waves (light brown vertical dashed line in Figure 6.3). As can be observed,
for example, in Figure 6.3 for T002 the wave heights are in good agreement in the
aforementioned time interval. Moreover, the phase shift between the time series of the different
wave gauges is small or negligible. The same holds for the remaining four tests. Therefore, it is
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verified that the wave celerity in SWASH is equal to the theoretical wave celerity calculated
according to the linear wave theory. In Chapter 4 it was confirmed that the wave celerity in the
measurements follows the linear theory for these five tests. Overall, for the tests with low or
average kd value, the wave celerity in the measurements is equal to the wave celerity in SWASH.

e The behaviour of the taper function part is similar to the non-linear behaviour observed in the
measurements. Again the taper function part travels faster than the theoretical wave celerity.
Moreover, the wave amplitude decreases over the distance from the wave maker.

e The tests of the first group are classified to intermediate to shallow water waves. In the
measurement analysis is it observed that the wave have the typical shallow water shape. This is
the case also in SWASH: the wave crests are sharper and higher, while the troughs are smooth
and elongated.

e For all the tests a steady state is reached. At a specific moment in time, which varies among the
tests, the wave patterns are repeated. The wave crests and trough amplitude as wells as the phase
shift between the different wave gauges signals remain constant. This was also the case in the

measurements.
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Figure 6.3 - T002, measured water level time series of points on Line AA’ shifted earlier in time to match with
Point 10.

6.2.2 The application limits of the method

In the measurements, the method of verifying the wave celerity by confirming the agreement of the
wave signals shifted at the wave gauge 10 (Section 3.2.3) cannot be applied for all the tests T010 and
T013. Both tests are classified to the third group of tests with high kd values in Table 2.7. Moreover,
in TO10 the wave height to wave length ratio exceeds the breaking limit and thus the waves are
breaking.

In SWASH the method presented in Section 3.2.3 cannot be applied for T013, but can be used for
T010.As shown in Figure 6.4, for T013 is difficult to detect sinusoidal individual waves. The picture
creates the impression of chaotic wave field. In this case the non-linear effects are becoming
important. The high kd value for this test (3.95) indicates the non-linear behaviour of the waves. On
the contrary, in the graph for TO10 the wave signals are in good agreement in terms of phase shift
(Figure 6.5). However, for TO10 the agreement in terms of wave height is not good as the wave height
is decreased for an increasing distance from the wave maker due to wave breaking. As the distance of
the point from the wave machine increases, the wave height is reduced. The incoming wave height for
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T010 is 2.97m. Nevertheless, due to wave breaking the constant wave height at Point 12, which is the
closest to the harbour end, is equal to 1.66m. Consequently, a wave with a height 56% lower than the
incoming wave gets reflected at the harbour end. This wave height reduction can be related to the
wave breaking which leads to loss of energy.

All in all, the aim of research Question 1 is to compare the wave celerity in the measurements to the
celerity in SWASH. This cannot be done as the approach used to determine the celerity
(Section 3.2.3 ) cannot be applied for the third group of tests (Table 2.7). In the measurements the
method is not applicable for both tests T010 and TO13 and in SWASH for T013.
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Figure 6.4- T013, measured water level time series of points on Line AA’ shifted earlier in time to match with
Point 10.
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Figure 6.5 - T010, measured water level time series of points on Line AA’ shifted earlier in time to match with
Point 10.

An alternative method to compare the celerity in the measurements to the celerity in SWASH is
presented here. This method is used only for T010 and T013. It was chosen to examine the water level
time series only at Point 10 and 5. Point 10 is the closest to the wave maker, while Point 5 is the point
outside the basin, which has the largest distance from the wave maker. The measured time series of
those points and the time series in SWASH were synchronised based on the 1% zero-down crossing at
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Point 10 (Moment 1a).

The plots for T010 and TO13 are shown in Figure 6.6 and Figure

respectively.
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6.7

For TO10, at Point 10 there is a time shift between the measured and the modelled signal. So this
means that the first part of the signal does not follow linear wave theory, as expected. However, also
in the linear part the SWASH time series arrives after the measured signal. At Point 5 this delay
becomes bigger and the two signals are almost out of phase. The required time shift increases from
point to point going from the wave maker to the basin end. It can be supported that the celerity in
SWASH is lower than the measurements celerity.
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For TO13, the agreement between the measured and the SWASH water level time series is obviously
better than for T010. At Point 10 after the end of the taper function part the two signals almost
coincide. However, the taper function part in SWASH is smaller in amplitude than in the
measurements. At Point 5 the SWASH signals is shifted relatively earlier in time. This time shift is
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relatively small. It can be claimed that the agreement between the wave celerity in the measurements
and the wave celerity in SWASH is sufficient.

6.3 Comparison of the fully developed incoming wave height in the
measurements and in the 1D SWASH model

This section aims to compare the incoming wave height at the output locations outside the basin in
SWASH to the measured incoming wave height and to the incoming wave height generated by the
wave maker imposed at the offshore SWASH boundary. The incoming wave height at the output
points is calculated using the time interval from Moment 1b (end of the taper function) to Moment 4a
(arrival of reflected waves from inner slope 1). The results are shown in Table 6.1. It is worth
mentioning that this in the only case that information about the fully developed wave height at Point 5
can be derived. This happens because in the 1D SWASH model the outer gravel slopes 2 are not
included and the reflected waves off that slopes do not influence the record. Therefore, at Point 5
there is a sufficiently long time interval to determine the fully developed incoming wave height. The
table also contains the standard deviation value for the incoming wave height at the five output points
outside the harbour basin. The ratio in the last row of Table 6.1 expresses the difference of the mean
measured incoming wave height and the mean incoming wave height computed with SWASH. The
largest difference is observed for Test T010 in which the waves are breaking. For the rests of the tests
the difference may vary from 5% to 8%. The values are considered acceptable taking into account the
difficulty to describe numerically a monochromatic wave.

The fully developed incoming wave height generated from the wave maker is prescribed at the
SWASH offshore boundary for each experiment. It should arrive at the output locations. As presented
in Table 6.2, the difference between the fully developed incoming wave height entering the SWASH
domain and the wave height calculated at the output locations is smaller than 8%, excluding tests
T010. Thus the SWASH performance in describing the propagation of the simple monochromatic
waves in the computational domain is considered sufficient.

Table 6.1 — Comparison of the incoming wave height at the output locations outside the harbour basin in the
1D SWASH model (representing reflection at the harbour end) to the measurements.

T001 T002 TO003 TO10 TO11 TO12 TO13
Hincswasu Point10 | 108 1.52 255 | 262 | 325 | 283 2.08
(m) Point4 | 108 | 152 | 248 | 249 | 324 | 286 | 2.08
Point3 | 107 | 152 | 247 | 243 | 323 | 285 | 2.08
Point24 | 107 | 151 | 255 | 233 | 323 | 289 | 208
Point5 | 107 | 152 | 252 | 1.90 | 3.20 | 287 2.07

Hincswasa (M) 1.07 1.52 2.51 235 | 3.23 | 2.86 2.08
Std. deviation  (m) <0.01 | <0.01 | 0.04 0.27 0.02 0.02 0.01
Hinc,measured (m) 100 142 236 296 305 272 192

l'Iinc,SWASH - Hinc,measured

= 7% 7% 6% 20% 6%0 5% 8%

Hinc,measured
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Table 6.2 - Comparison of the incoming wave height at the output locations outside the harbour basin in the
1D SWASH model (representing reflection at the harbour end) to the incoming wave height generated by the wave
maker prescribed at the offshore SWASH boundary.

‘ T001 T002 T003 T010

T011 T012 T013

Hpeanswasy (M) 105 | 150 | 248 | 192 | 316 | 285 | 205

e (1) 0.99 1.44 2.39 2.97 3.02 2.75 1.94

Hmc SWI.:SH l'Iinc,wave maker 8% 5% 5% 21% 7% 4% 7%
inc,wave maker

6.4 Comparison of the measured water levels to the SWASH outputs

To begin with, in this section the wave height changes in the SWASH time series are related to the
characteristic moments in time described in Section 3.2.5 These moments indicate the arrival of the
incoming and the reflected waves in the measured signal at the wave gauges and can also be applied
on the time series produced from the 1D SWASH model (Section 6.1 ). The method is applied only
for the first and the second group of tests (Table 2.5 and Table 2.6) for which the wave celerity has
been determined in Chapter 6. For the third group (Table 2.7) of tests only the beginning and the end
of the taper function is determined. Subsequently, the time series produced from the 1D SWASH
model are compared to the measured time series in the physical model. The results for the wave
gauges out of the basin and the gauges inside the harbour basin are discussed separately. For a full
overview of the water level time series for all the five examined tests the reader is referred to
Appendix E.

6.4.1 Output points outside of the harbour basin

The modelled water level time series show similar trends. Figure 6.8 shows a typical example of a
produced time series. In all cases, from the first measured zero crossing (Moment 1a) the water level
increases until the end of the taper function at Moment 1b. From Moment 1b to 4a the wave height
remains constant. The water level start changing after Moment 4a and the changes are more
distinguishable after Moment 4b. If at the wave gauge location the incoming and the reflected wave
are in phase the wave height is increased. In contrast, if they are out of phase the total wave height is
decreased. This is the case at Point 24 presented in Figure 6.9. The wave height changes also after
Moments 6a and 6b. These are the moments defining the arrival of the re-reflected wave that has got
reflected for the second time at the wave machine. This is change in the wave height is clearly visible
at a certain location for T001 (Figure 6.9). For all the cases, after moment 7b a steady state has been
developed, as the wave patterns remain constant.

——4.1st reflection off inner slope 1
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Figure 6.8 - The water level time series generated by SWASH at Point 24 for test T002.
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To compare the measurements to the SWASH outputs the two time series are plotted in the same
graph for all output locations. Two characteristic plots are shown in Figure 6.9 and Figure 6.10. The
measured and the SWASH time series are synchronised on Moment 1a, which shows the first zero-
down crossing. Moments 4b, 6b and 7b are calculated based on the wave celerity and the locations of
the inner slope and the wave board. As the wave celerity and the model geometry are the same in the
physical model and in the SWASH model, the characteristic vertical lines for the measured signal and
for the SWASH outputs coincide. Focusing on Figure 6.9 it is observed that the measured wave height
is fully developed (140<t<200s) and then it increases until Moment 4a. This increase occurs before
the arrival of reflected waves form the inner slope (Moment 4a) and thus can be attributed to the
reflection off the harbour head walls and the outer slopes 2. As both structures are not included in the
SWASH model this change is not shown in the model signal. From Moment 6a and 6b both in the
measurements and in SWASH the wave height is decreasing. In both time series a steady state is
reached after Moment 7b. However, the wave height in SWASH is significantly lower. In Figure 6.10
some common features can be observed. Firstly, the decrease in the wave height from t=150s to 200s
is not shown in the measurement as it is expected to result from reflection at structures which are not
included in the SWASH model. Secondly, the measured and the modelled steady state wave height
are not in agreement. In this case the wave height in SWASH is higher.
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Figure 6.9- The measured water level time series and the time series generated by SWASH at Point 24 for test T002.
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Figure 6.10- The measured water level time series and the time series generated by SWASH at Point 5 for test T002.
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6.4.2 Output points inside the harbour basin

A typical example of the water level time series inside the harbour basin is shown in Figure 6.11. The
first measured zero crossing occurs at Moment 1a and the water level increases until the end of the
taper function at Moment 1b. From Momentlb to 4a the wave height does not remain constant. This
can be related to the non-linear taper function behaviour. The further away from the wave maker, the
lower the wave amplitude is. After Moment 4b, the water level start increase/reduction is clearly
distinguishable. If at the wave gauge location the incoming and the reflected wave are in phase the
wave height is increased. In contrast, if they are out of phase the total wave height is decreased
(Figure 6.11). For all the cases, after Moment 7b a steady state has been developed, as the wave
patterns remains constant.
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Figure 6.11 - The water level time series generated by SWASH at wave gauge 11 for test T002.

For some of the points inside the basin the duration of the wave record describing only the incoming
wave height is not always long enough (for most of the tests Point 27) or there is no such time interval
(observed at Point 27, see Figure 6.12 and also for Point 12). In Figure 6.12, Moment 4a occurs
simultaneously with Moment 1b .This means that the reflected taper function wave arrives before the
incoming wave can be fully developed.
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Figure 6.12 - The water level time series generated by SWASH at wave gauge 27 for test T002.
To investigate the agreement between the measurements and the SWASH outputs the respective time

series are plotted in the same graph for all output locations. Figure 6.13 and Figure 6.14 present the
measured and the modelled water level time series for Points 11 and 27. In Figure 6.13 the agreement
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between the measured and the SWASH time series is good in terms of wave height. This means that
reflection off the harbour end plays an important role in the final wave height inside the harbour.
Taking a closer look at the time series before Moment 4a the measured wave height is lower. This
small deviation can be explained by the influence of diffraction in the measurements which is not
modelled in this 1D SWASH model. For Point 27 (Figure 6.14) the agreement in terms of wave
height is relatively lower than for Point 11(Figure 6.13 ). However, it still considered sufficient taking
into account that the standing wave patterns are influenced by the exact location of the point (see also
Section 5.3.1).
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Figure 6.13 - The measured water level time series and the time series generated by SWASH at Point 11 for test T002.
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Figure 6.14 - The measured water level time series and the time series generated by SWASH at Point 24 for test T002.
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6.5 Comparison of the steady state wave height in the measurement and
in SWASH

In this section the final steady state wave height in the measurements will be compared to the
respective value in the SWASH model. The values at the points along the model centreline
(Figure 3.9), which were included in the 1D model are compared. It should be kept in mind that the
only wave process included in the SWASH model is reflection off the harbour end. This comparison
is done to quantify the influence of reflection off the harbour end in the total wave penetration.

As discussed in Section 1.3 , there are more wave processes involved. Outside the harbour basin
reflection off the harbour head walls and off the outer gravel slopes 2 are influencing the record.
Moreover, in Section 5.4 it was concluded that the reflected waves from harbour head walls are
probably playing the most important role in the wave field outside the harbour .This assumption will
be tested in Chapter 7. Inside the harbour diffraction is expected to influence the records. Therefore, it
is expected that only a part of the total wave penetration can be attributed to reflection off the harbour
end.

Table 6.3 and Table 6.4 contain the average wave height at the steady state situation (after Moment
7b) both for the measurement and SWASH simulations. For the seven selected tests, the wave height
is calculated at the wave gauges along line AA’. Moreover, the differences between the values in the
measurement and in SWASH are included. The difference percentage is calculated according to the
following equation:

H —
. steady state,measured—Hgteady state, SWASH
Difference (%) = Y

* 100 (6.1)

Hsteady state,measured

It is shown that the highest differences occur for the points outside the basin. This indicates that the
water level outside the basin is mainly influenced by other processes, such as the reflection off the
harbour head walls and the outer gravel slope. According to Section 5.4, the influence of reflection at
the harbour walls is expected to be higher than the reflection at the gravel slope.

On the contrary, the difference percentages for the gauges inside the basin are lower. The maximum
percentages range from 12.1% for TOO01 to 40.4% for T010. The high value for T010 can be related to
the wave breaking occurring during the test, which is a complex phenomenon and difficult to be
modelled accurately. The results show that the wave field inside the basin is significantly influenced
by the reflection at the harbour end. However, the differences are not small enough to assume that the
role of diffraction is not important.
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Table 6.3 — Comparison of the steady state wave height in the measurements and in the 1D SWASH model simulating reflection at the harbour end for T001, T002, T0O03 and T010.

T0O1 T002 T0O03 TO10
Measured  SWASH Difference | Measured SWASH Difference | Measured  SWASH Difference | Measured = SWASH Difference
gauge Hsteady state Hsteady state (%) Hsteady state Hsteady state (%) Hsteady state Hsteady state (%) Hsteady state Hsteady state (%)

1.07 1.09 2.5 1.22 1.60 31.3 1.35 231 70.8 2.38 2.71 13.9

4 1.24 1.17 6.0 1.76 1.67 4.9 3.21 2.42 24.6 2.35 2.51 6.5

3 1.02 1.11 9.3 1.95 1.39 28.8 2.04 2.09 2.9 4.26 2.44 42.8

24 1.13 1.16 2.7 2.03 1.42 30.0 3.60 291 19.2 2.61 2.47 5.2

5 1.16 1.00 13.2 0.74 1.40 90.1 2.88 2.24 22.3 4.38 2.09 52.3

Max percentage Outside 13.2 Max percentage Outside 90.1 Max percentage Outside 70.8 Max percentage Outside 52.3

Table 6.4 - Comparison of the steady state wave height in the measurements and in the 1D SWASH model simulating reflection at the harbour end for T011, T012 and T013.

1.07

1.38

2.72

TO11 TO012 T013
Measured  SWASH Difference | Measured SWASH Difference | Measured  SWASH Difference

5€ Hsteady state Hsteady state (%) Hsteady state Hsteady state (%) Hsteady state Hsteady state (%)
ol 10 4.58 3.23 294 4.13 3.02 26.9 2.37 2.14 9.7
4 1.30 3.22 148.7 1.61 3.11 93.4 2.36 2.22 5.8
3 4.65 3.21 31.0 4.17 2.97 28.7 1.71 2.11 23.0
24 4.90 3.26 335 1.28 2.88 125.0 2.11 2.21 4.7
D I 4.72 3.19 32.5 4.30 2.66 38.1 2.01 1.96 2.4
Max percentage Outside 148.7 Max percentage Outside 125.0 Max percentage Outside 23.0
26 2.98 3.35 12.7 3.92 2.83 27.9 2.12 2.10 1.0
27 2.70 3.20 18.7 2.60 2.65 1.5 2.14 2.03 4.9

D

Max percentage Inside 34.1 Max percentage Inside 37.6 Max percentage Inside 14.1

3.337 1.990

40.4
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6.6 Conclusions

In this Chapter a part of research question 1 and a part of the sub-question 2a are assessed. To answer
the questions a group of simulations for the seven selected tests were performed in a 1D SWASH
model reproducing the reflection off the harbour end (i.e. off the inner gravel slope and the concrete
wall behind it). The conclusions regarding each question are discussed separately.

The objective of research question 1 is to examine whether the wave celerity in the measurements is
equal to the wave celerity in SWASH. The method of examining whether the wave celerity is equal to
the celerity according to linear theory (Section 3.2.3 ) was applied on the SWASH results. It was
found that the method can be used only for the tests with low or average kd values (kd<3) and for
non-breaking waves. Thus, for the five examined tests (first and second group in Section 2.3 ) the
agreement of the wave signals shifted at the wave gauge 10 was confirmed. For these tests there is a
good agreement between the wave signals in terms of wave height and phase shift. Therefore, it can
be concluded that for the tests with low or average kd values (kd<3) and for non-breaking waves the
wave celerity in SWASH is equal to the wave celerity calculated according to the linear wave theory.
According to Chapter 4, the wave celerity in the measurements is equal to the theoretical wave
celerity. Finally, it can be concluded the wave celerity in SWASH is equal to the wave celerity in the
measurements.

However, for tests with high kd value (kd>3) two tests were examined: T010 for breaking waves and
T013 for non-breaking waves. For these tests an alternative approach was applied: the measured and
the SWASH water level time series were directly compared without assuming that linear theory holds.
It was concluded that for breaking waves the wave celerity in SWASH was significantly lower than
the measured value. For non-breaking waves the agreement between the measured celerity and the
celerity computed in SWASH was sufficiently good.

All in all, for kd values lower than 3 and non- breaking waves, the wave celerity in the measurements
is equal to the celerity in SWASH and also follows the linear theory. For kd values higher than 3 and
non-breaking waves the agreement between wave celerity in the measurements and the wave celerity
calculated by SWASH is sufficiently good, even though the linear theory does not hold. Finally, for
kd values higher than 3 and breaking wave the wave celerity in SWASH is significantly lower than
the measured celerity.

It is important to mention that the proposed methodology initially assumes a value for the wave
celerity and then this value is confirmed by visual inspection. The same technique was applied on the
measurement and on SWASH results. As the method requires visual inspection it is not possible to
give an error percentage for the wave celerity in the measurements and in SWASH. Thus, the answer
to the research question 1 about how accurate can SWASH model the wave celerity of individual
waves cannot be a percentage.

Apart from the wave celerity, research question 1 also refers to the ability of SWASH to describe
wave propagation and the incoming wave height. In this Chapter it was shown that in a simplified 1D
SWASH model the incoming wave height measured by the wave gauges matches the respective value
in SWASH. Moreover, from the comparison of the 1D SWASH results to the measurements a few
similarities are observed. The figures which include all the wave signal plotted at Point 10 for the
measurement and for SWASH show some common features: the taper function behaviour, the shallow
water wave shape and the final steady state developed at every wave gauge. Therefore, SWASH is
able to describe important aspects of wave propagation observed also in the measurements.

Sub-question 2a focuses on the ability of SWASH to reproduce the correct amount of reflection off
the harbour end. The porosity and stone size used in the 1D SWASH model are the values from the
physical scale model, as chosen in Chapter 5. The changes in the wave records after the arrival of
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reflected waves were judged qualitatively. The arrival of reflected waves (Moments 4a, 4b, 6a and 6b)
is visible at the wave records as the wave height changes slightly or significantly depending on the
location of the wave gauge. After plotting the measured water level time series and the respective
SWASH outputs in the same graph it was observed that the agreement in terms of wave height is
better for the points inside the harbour basin.

As discussed in Chapter 5, it is not possible to quantify the amount of reflection in the measurements
as they are also influenced by other processes. However, the constant, steady state wave height for the
measurements and in SWASH are compared to examine the relative importance of each process. The
differences for the points outside the basin were larger indicating that reflection off the harbour head
walls and reflection off the outer gravel slopes influence more the water level outside the basin. This
conclusion is in agreement with the assumption made in Section 5.4 that reflection off the harbour
head walls is probably the dominant process outside the harbour basin. This is assumption will be
examined in Chapter 7.

On the contrary, the differences inside the basin are smaller. The reflection off the harbour end plays
an important role in the wave field inside the harbour basin. The process of diffraction is also
expected to influence the wave penetration inside the harbour. The role of diffraction inside the
harbour will be studied in Chapter 7.
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Chapter 7 The role of diffraction inside the
harbour and the influence of reflection outside
the harbour

This chapter aims to provide an answer to sub-question 2a, referring to the influence of diffraction on
the wave height changes in the main harbour basin. Moreover, the influence of reflection off the
concrete harbour head walls in the area outside the harbour basin is also studied in detail. As
discussed in Chapter 5 and 6, this wave process is expected to be dominant outside the harbour basin,
even at locations outside the cone of influence based on the linear wave theory.

Section 7.1 presents the two-dimensional SWASH model created to demonstrate the influence of both
phenomena. Subsequently, in Section 7.2 the trends in the measured water level time series are
compared to the respective SWASH outputs. In Section 7.3 the incoming wave height at the output
location in SWASH is compared to the respective measured value and to the incoming wave height
generated by the wave maker, defined as input file in SWASH. Section 7.4 presents the change of the
steady state wave height at the different output locations in the SWASH model. Furthermore, the
steady state wave height values in the measurements and in the 2D SWASH model are compared in
Section 7.5 . Lastly, Sections 7.6 and 7.7 summarise the conclusions and the remarks of the chapter
respectively.

7.1 The simplified 2D SWASH model

To simulated only the influence of diffraction inside the harbour, the inner gravel slope and the
concrete wall at the end of the harbour (Figure 1.1) are not included in the simplified 2D model.
Moreover, the gravel slopes 2a and 2b as well as the gravel slopes 3a and 3b (Figure 1.1) are not
included in the model domain to guarantee that only reflection off the harbour head walls will
influence the area outside the harbour. The simplified 2D SWASH model includes only the side
concrete walls and the head walls at the harbour basin entrance, as depicted in Figure 7.1. It is named
‘simplified’ 2D model to differentiate it from the full layout 2D SWASH model studied in Chapter 8.

1800

1600 Sponge layer

(m)
g

x(m)

Figure 7.1 - Sketch of the simplified 2D SWASH model
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According to Section 5.5 , the sponge layer with a length of 225m is proven efficient to absorb the
wave energy behind the o outer gravel slope 2a. However, in this case the waves are not damped at a
gravel slope before leaving the domain. Thus, the sponge layer length is doubled to guarantee the
absorption of the waves. The sponge layer has a length of 450m. The number of waves that fit in the
sponge layer for each test is included in Table 7.1.

Table 7.1 -The number of waves that fit in the sionie Iaier for all the selected tests.

T001 80.48 5.6
T002 120.74 3.7
T003 225.59 2.0
T010 39.38 11.4
T011 104.71 4.3
T012 197.05 2.3
T013 31.52 14.3

The model settings and the command file for SWASH in presented in Appendix F. As discussed in
Section 6.1 , 2 vertical layers are used.

In Section 5.3 , it was observed that the wave amplitude at Point 1 calculated by the 1D SWASH
model, simulating only reflection off the outer gravel slope 2a is significantly lower than the
measured wave amplitude. It was hypothesised (Section 5.4 ) that the measured water level at wave
gauge 1 is likely to be influenced more by reflected waves coming from the harbour head walls than
by reflected waves coming from the outer gravel slopes.

In Figure 7.2, the theoretical cone of influence of the reflection is indicated by the red lines. Assuming
linear theory, the reflected waves from the head walls are spread by an angle of 15° due to diffraction.
To check if the area in front of the outer slope 2a is indeed influenced by reflected waves coming
from reflection at the adjacent head walls, additional output locations have been defined. These are
points 28, 29 and 31 to 35, specified with light blue colour in Figure 7.2 . Points 34 and 35 located in
front of the head wall are expected to be mainly influenced by reflection. Points 31 and 32 are
expected to be influenced due to diffraction of reflected waves. It needs to be verified if reflection off
the head wall plays an important role at Points 1, 28, 29 and 33, located outside of the theoretical zone
of influence.

To obtain an overview of the wave field in the harbour basin 23 extra points have been added inside
the harbour. The purpose of these points is to check how the wave height differs at various locations
in the harbour. The twelve wave gauges in the physical scale model (6-9, 11-16, 26 and 27 designed
with purple colour in Figure 7.2) form a rectangular grid inside the basin. The additional points
(40-62) are located on the vertices of a refinement of the existing grid. This results in 5 lines of output
locations parallel to the basin length and 7 lines parallel to the basin width. The exact locations of all
the additional points (29-35 and 40-62) can be found in the command file for the simplified 2D
SWASH presented in Appendix L (Section L.2.1). Finally, Figure 7.3 shows the output locations in
the 2D simplified SWASH model.
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Figure 7.2 — Sketch of the full layout 1 with the output points in SWASH. The locations of wave gauges in the
physical model are designed with blue colour. The extra points to check the influence of reflection at harbour head
walls are designed with light blue colour. The additional output locations inside the harbour are designed with purple
colour. The red line indicates the area influenced by the reflected waves from the harbour head walls.
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Figure 7.3 — The output locations in the 2D simplified SWASH model.

7.2  Comparison of the measured water levels to the SWASH outputs

The method described in Section 3.2.5 to calculate of the characteristic moments in time of the arrival
of the incoming and the reflected waves at the wave gauges is also applied on the time series
produced from the simplified 2D SWASH model. It should be noted that the method is applied for the
1% and the 2™ group of tests (Table 2.5 and Table 2.6) for which the wave celerity has been
determined in Chapter 6. For the 3" group (Table 2.7) of tests only the beginning and the end of the
taper function is determined. After determining the first zero-down crossing (Moment 1b) in the water
level time series at each point produced by SWASH the measurements and the SWASH outputs can
be plotted in the same graphs and the two time series can be compared.
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The output points outside the basin are expected to be influenced by reflection, while the points inside
the basin are expected to be influenced by diffraction and not by reflection. The results of the
aforementioned two groups of points are discussed separately. For a full overview of the water level
time series for all the seven examined tests the reader is referred to Appendix J.

7.2.1 Output points outside of the harbour basin

The most important changes in terms of wave height occur from moment 2a until moment 2b (see for
example Figure 7.4). These moments describe the arrival of the reflected waves from the head walls.
The wave height increases or decreases depending on whether the incoming and the reflected wave
enhance or cancel out each other. For all the points the water level changes are major for moments 2a
and 2b. The second largest changes in the wave amplitudes occur in between moments 3a and 3b,
which corresponds to the arrival of the re-reflected waves coming from the wave board.
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Figure 7.4 — The water level time series generated by the 2D simplified SWASH model at Point 24 for test T002.

The graphs including the measures time series and respective SWASH time series are created by
synchronising the Moment 1a in the measured signal with the Moment la determined in SWASH
time series (see for example Figure 7.5 and Figure 7.6). As described in Section 3.2.5 Moment 2b
represents the arrival of reflected waves from head walls, Moment 3b the arrival of the waves after the
2" reflection at the wave board and Moment, 5b of the waves after the 3" reflection on the head
walls. The calculation of these moments depends on the wave celerity and on the head walls and wave
board location. As the wave celerity in the measurements is equal to the celerity in SWASH (Section
6.6 ) and the geometry in the physical model and in the SWASH model are the same, the vertical lines
2b, 3b and 5b in the measurements and in SWASH coincide. Moreover, the SWASH outputs of the
1D model representing reflection at the harbour end are also included in the graph (see for example
Figure 7.5 and Figure 7.6). By doing so, the influence of reflection off the harbour head walls
(simulated by the simplified 2D model) and the influence of reflection off the harbour end (simulated
by the 1D model) can be examined in comparison to the measurements.

When comparing the three time series in Figure 7.5, it follows that the observed changes in the
measurements can better be explained by the time series of the 2D simplified model simulating
reflections coming from the head wall than by the time series of the 1D SWASH model simulating
reflections coming from the inner slope. According to Figure 7.5, the measured wave height and the
wave height produced by the 2D simplified SWASH model increases after t-200s and then decreases
until it reaches a constant state after Moment 5b. The wave height values in the “D SWASH time
series are relatively lower than the measured values. However, the agreement between the
measurements and the 2D simplified SWASH model output is much better than the agreement
between the measurements and the 1D SWASH model simulating the reflection off the harbour end
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(inner slope 1 and concrete wall). This observation indicates that the reflection at the harbour head

walls plays a more important role in comparison to the reflection at the inner slope 1 at the wave
gauges outside the basin in centreline AA’.
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Figure 7.5 - T002, Point 24: Comparison of the measured water level time series to the simplified 2D SWASH outputs
and also to the 1D SWASH (simulating reflection at the harbour end) model outputs.

Similar behaviour is observed for Point 5 (Figure 7.6). The 2D SWASH model time series follows the
measured one, as it also decrease after Moment 2b and remains constant after Moment 5b. Again the
agreement between the measurements and the 2D simplified model outputs is visibly better than the
agreement between the measurements and the 1D model outputs
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Figure 7.6 - T002, Point 5: Comparison of the measured water level time series to the simplified 2D SWASH outputs
and also to the 1D SWASH (simulating reflection at the harbour end) model outputs .

A problem observed for the tests of the 3 group (T010 and T013) is that the wave pattern does not
remain constant at the end of the time series. For the rest of the tests after this moment a steady state
is developed. However, this is not the case for T010 and T013. For example, for T0O10 and T013 at
wave gauge 5, after approximately t=600s, the wave height starts to decrease (pictures A. and B. of
Figure 7.7). This behaviour indicates that there is a numerical error in the calculation of the constant

waves. The error of the next time step is added to the previous error. Therefore, the total error is
increasing in time.
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Figure 7.7 - The water level time series generated by the 2D simplified SWASH model at Point 5 for test T0O10
(picture A) and for T013 (picture B).

7.2.2  Output points inside the harbour basin

As in the simplified 2D SWASH model reflection does not influence the waves inside the harbour the
characteristic vertical lines representing the arrival of reflected waves are not drawn in the SWASH
time series. The only moments determined for points inside the harbour are moments 1a (start of taper
function) and 1b (end of taper function). For most of the points examined for the seven different tests,
the water level trends are similar to point 27, shown in in Figure 7.8. After Moment 1b the wave
height increases, it remains constant for a few seconds (170< t <180s for Point 27) and then it drops
slightly (180s<t<220s). From t=220s until t=500s the wave height increases slightly. After t=500s a
steady state is reached.

The changes in the wave height before the steady state can be related to transversal reflections at the
walls parallel to the basin length, when waves enter inside the harbour. Moreover, the water level
inside the basin is also influenced by the head walls reflection: the incoming waves get first reflected
at the head walls, and then there is a second reflection at the wave maker. This new re-reflected wave
travels towards the harbour and influences the water level at wave gauges located inside the harbour.

L | L L | | | |
0 100 200 300 400 500 600 700 800 900
still water level — 1.wave arrival

Figure 7.8 - The water level time series generated by the 2D simplified SWASH model at Point 27 for test T002.
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As described in Section 7.2.1 , plots including the measured, the simplified 2D SWASH and the 1D
model (modelling the harbour end) time series are created for all points and tests. Examples of such a
plot are the pictures B of Figure 7.9 and Figure 7.10. Pictures A of the aforementioned figures include
only the measurements signal and the 2D simplified SWASH model time series. In picture A of it is
clear that the measured and the 2D SWASH time series are in very good agreement in terms of wave
height from t=190s until t=290s. After t=290s the wave height in the 2D SWASH model does not
decrease as observed in the measurements. The steady state wave height produced by the 2D
simplified model is relatively higher than the measurement. However, as shown in picture B of
Figure 7.9 the steady state wave height in the 1D SWASH model deviates slightly from the measured
wave height.
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Figure 7.9 —T002, Point 11: Comparison of the measured water level time series to the simplified 2D SWASH outputs
only (picture A) and also to the 1D SWASH (simulating reflection at the harbour end) model outputs (picture B).

From t=220s to t=350s in picture A of Figure 7.10 the time series produced by the simplified 2D
SWASH model and the measured signal show the same trends: a decrease of the wave height until
t=280s and then a small increase. However, the SWASH wave height is higher than the measured
wave height. The same holds for the wave heights in the steady state. For Point 27 (picture B of
Figure 7.10) the steady state wave height in the measurements is produced better in the 1D SWASH
model than in the 2D model. This was also the case for Point 11.
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Figure 7.10-T002, Point 27: Comparison of the measured water level time series to the simplified 2D SWASH outputs
only (picture A) and also to the 1D SWASH (simulating reflection at the harbour end) model outputs (picture B).

An important observation can be made for TO10 and T013. As shown in pictures A and B of
Figure 7.11, after t=500s approximately the wave height starts decreasing considerably. This
behaviour is not realistic and can be attributed to numerical error. However, the causes of the error
have not been further investigated in this thesis.
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Figure 7.11 - The water level time series generated by the 2D simplified SWASH model at Point 26 (picture A) and 11
(picture B) for test T010.
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7.3 Comparison of the fully developed incoming wave height in the
measurements and in the simplified 2D SWASH model

In the 2D simplified SWASH model, the incoming wave height at the output points outside the
harbour and along the model centreline (Figure 3.9) is calculated using the time interval from Moment
1b (end of the taper function) to Moment 2a (arrival of reflected waves from outer slopes 2). The
results are shown in Table 7.2. The table also contains the standard deviation value for the incoming
wave height at the five output points outside the harbour basin. The ratio in the last row of Table 7.2
expresses the difference of the mean measured incoming wave height and the mean incoming wave
height computed with the simplified 2D SWASH model. The largest difference is observed for Test
T010 in which the waves are breaking. For the rests of the tests the difference may vary from 3% to
6%. Taking into consideration the difficulty to describe numerically a monochromatic wave, the
deviations between the measurements and the SWASH outputs are considered relatively small. Thus,
SWASH is able to describe accurately the incoming wave height. It should be noticed that the
differences between the measured incoming wave height and the respective SWASH results is smaller
in the simplified 2D SWASH model than in the 1D model for reflection the harbour end
(Section 6.3).

Table 7.3 shows the difference between the fully developed incoming wave height prescribed at the
SWASH boundary that enters the SWASH domain and the measured incoming wave height
calculated at the output locations. Again the highest difference is observed for test T010 (35%). For
the remaining tests the differences range from 3 to 6% verifying the ability of SWASH to describe
accurately the propagation of the simple monochromatic waves in the computational domain.

Table 7.2 - Comparison of the incoming wave height at the output locations outside the harbour basin in the
simplified 2D SWASH model to the measurements.

‘ T001 T002 T003 TO10 TO11 T012 TO013

Hincswasy | Point10 | 1.06 | 151 | 246 | 215 | 316 | 283 | 205
(m) Point 4 1.06 1.50 244 2.01 3.15 2.84 2.05
Point 3 1.06 1.50 2.45 1.87 3.15 - 2.04
Point 24 1.01 1.46 2.35 1.67 3.13 - 2.04

Point 5 - - - - - - -
Hincswasa (M) 105 | 149 | 243 | 192 | 315 | 284 | 205
Std. deviation (m) 0.02 0.02 0.04 0.17 0.01 0.01 0.01
Hinemeasured (M) 100 | 142 | 236 | 296 | 305 | 272 | 1.92
Hinc,SW:lSH - Hinc,measured 4% 6% 3% 35% 3% 4% 6%

inc,measured

Table 7.3 - Comparison of the incoming wave height at the output locations outside the harbour basin in the
simplified 2D SWASH model to the incoming wave height generated by the wave maker prescribed at the offshore
SWASH boundary.

‘ T001 T002 T003 T010 TO11 TO12 T013

Hpeanswasy (M) 105 | 150 | 248 | 192 | 316 | 285 | 205
Hine.wave maker (M) 099 | 144 | 239 | 297 | 302 | 275 | 194

Hinc,SWASH - Hinc,wave maker 6% 4% 2% 35% 4% 3% 5%

Hinc,wave maker
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7.4  Top view of the steady state average wave height at all the points

To demonstrate how the wave height differs at various locations it was decided to create a top view
showing the steady state wave height at each output location. This graph shows the influence of
diffraction on the wave height inside the harbour basin and the influence of reflection off the harbour
head walls outside the basin.

For the points on the centreline line AA’ a steady state is considered to be reaches after moment 5b
until the end of the simulation (t=900s). For the rest of the point the beginning of the steady state part
is calculated according to Section 3.4 . The constant steady state wave height is determined for all
points. Subsequently, this value is divided by the incoming wave height for the specific test examined.
As explained in Section 7.3 the incoming wave height generated by the wave maker travels inside the
model domain and arrives at the output locations in the 2D SWASH model with an accuracy of 6%
(excluding test T010). Hence, the wave maker incoming wave height is used for the calculation of the
ratio Hqieaqy state aitracrion moaer/ Hincoming 10T @11 the seven tests. By dividing with the incoming wave height the
results for all the seven tests examined can be compared.
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Figure 7.12 - The steady state wave height at all the output points calculated by the 2D simplified SWASH model for
T002.

Figure 7.12 shows a top view plot, indicating with colours the value of the ratio at every point for
T002. The plots and the exact values of the ratio for all the tests can be found in Appendix J. It is
noted that the wave height changes inside the basin are mainly related to diffraction. For T002, the
ratio Heieady state difiracrion moder/Hincoming 1NSIAE the harbour basin varies from 0.72 to 1.23. Last, according to
Table 7.4, the ratio Hqeaqy statedifiracrion moae/Hincoming 1NSIAE the harbour basin varies from 0.58 to 1.34
among the tests indicating the important role diffraction plays inside the harbour. The tests of the 3"
group (T010 and TO13) are not included in Table 7.4 due to the numerical instabilities observed
(Section 7.3).

Table 7.4 — The variation of the ratio Hgieady state diffracrion model/ Hincoming inside the harbour basin and outside the cone of
influence of reflection off the harbour head walls.

l'lsteady state,diffracrion model /Hincoming

group of test
based on kd InS|de the harbour Out5|de the cone (Points 1,28,29)
~ Min | Max | Min [ Max |

T001 0.99 1.55 = 2"-average kd 0.43 1.29 0.91 119
T002 1.44 1.03 | 2"™-average kd 0.72 1.23 1.07 1.41
T003 2.39 0.55 1% -low kd 0.83 1.18 0.67 1.23
TO11 3.02 1.19 | 2"-average kd 0.58 1.28 0.78 1.36
T012 2.75 0.63 1%-low kd 0.72 1.34 0.60 1.34
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The changes in the wave height at the wave gauges outside the basin are related to reflections at the
harbour head walls. For T002, the rati0 Hqcaay state aittracrion moder/Hincoming at WaVve gauge 1(marked with a
circle in Figure 7.12) is equal to 1.41. This demonstrates that the water level at that location is highly
influenced by the reflection at the head walls. This confirms the assumption made in Section 5.4 that
another phenomenon apart from reflection at the outer gravel slope is influencing the wave record.
Moreover, as the change of the wave height by 41 % is important, it can be supported that the wave
height at wave gauge 1 is influenced more by the reflection off the head walls than the reflection at
outer slope 2a. This conclusion is also supported by the variation of the ratio
Hateady state diftracrion modet/Hincoming t POINtS 1, 28, 29 located outside the cone of influence of reflection off
the harbour head walls (Figure 7.12).

7.5 Compare to the measurements

As explained in Section 7.4 the ratio Heaqy state/Hincoming  NaS b€EN calculated based on simplified 2D
SWASH model results at all output locations for the seven selected tests. The same ratio is calculated
also for the measured time series and hence it is used to evaluate the SWASH results. In Figure 7.13
the ratio Hyeady state/Hincoming 1N the measurements and in the simplified 2D SWASH model are indicated
by colours for test T002. The exact ratio values are presented in Table 7.5. The last column shows the
in percentage the difference between the measured ratio and the ratio in SWASH (Equation 7.1). The
graphs and the tables for the remaining six tests are presented in Appendix J.

ratiomeasurements ~ ratiosimplified 2D SWASH model

Differencemeasurements—simplified = (7.1)

ratiomeasurements

Where ratio = Hsteady state/Hincoming

Looking at the colour patterns of Figure 7.13 it can be supported that the agreement between the
measurements and the simplified 2D SWASH model is good for test T0O02. In general, the values
inside the basin deviate less from 1, in comparison to the ratios outside the basin. For test T002, at
many output locations the agreement between the values of the ratio Hgieady state/Hincoming iN the
measurements and in SWASH is very good. For example, at Points 1,4,6,7,13,14,26 the difference
between the measured values and the values calculated by SWASH is lower than 15%. On the
contrary, at other locations, i.e. Point 5, 25, 9 the difference is larger than 40%. As mentioned in
Section 5.3.2 , the resulting standing wave patterns in front of a concrete wall change within a short
distance. This means that the steady state wave height in SWASH is highly depended on the exact
location of the point. Therefore, the wave height values may change significantly at the area close to a
specific point. This observation can explain the large differences spotted at a few output locations.
The same observations hold for the remaining tests presented in Appendix J.
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Figure 7.13 - Top view of the ratio Hgteady state/Hincoming @t the wave gauges locations. The colours indicate
the ratio values. At each location the left box shows the measurements result, while the right box shows
the simplified 2D SWASH model results.

Table 7.5 - The exact values of ratio Hgeeady state/Hincoming IN the measurements and in the simplified 2D
SWASH model.

Outside the harbour basin Inside the harbour basin

Wave | Measured 2D simpl. Difference | Wave Measured 2D simpl. Difference
Gauge Hsteady state Hsteady state (%) Gauge Hsteady state Hsteady state (%)

1 1.63 1.41 -14 6 1.12 1.16 4
2 1.54 1.26 -18 7 0.90 0.77 -14
3 1.36 1.05 -22 8 0.95 0.72 -24
4 1.22 1.21 0 9 1.37 0.73 - 47
5 0.50 0.77 54 11 0.99 1.16 17
10 0.81 0.99 23 12 0.96 1.16 21
23 0.46 0.84 17 13 1.17 1.17 0
24 1.41 1.27 21 14 0.79 0.78 -2
25 0.60 0.95 59 15 1.11 0.74 -33
[Max|=59 | 16 1.06 0.74 -30
26 1.28 1.19 -7
27 0.94 1.23 30

|[Max|= 47

7.6 Conclusions

Chapter 7 focuses on providing an answer to research question 2 examining whether the wave
phenomena of reflection and diffraction can be modelled accurately by SWASH. The simulation of
reflection in SWASH was also treated in Chapters 5 and 6. Chapter 7 is the only chapter in which the
role of diffraction is examined separately from the rests of the wave processes. To investigate the
influence of diffraction inside the harbour and reflection off the harbour head walls a simplified 2D
SWASH model was developed. The model included only the harbour head walls and the side concrete
walls of the harbour. The harbour end was removed to avoid reflection of the waves. The most
important information resulting from the work with this model is summarised in this section.

o For the points outside the basin, the changes in the water level after the arrival of reflected waves
from the head walls are higher than the changes in the water level after the arrival of reflected
waves from the inner slope 1, described in chapter 6. Therefore, for points outside the basin,
reflection off the harbour head walls plays a more dominant role than the reflection from the inner
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slope 1 inside the harbour. In addition, in Chapter 5 it was observed that the changes due to
reflection off a wall are larger than the changes due to reflection off the outer gravel slopes. All in
all, reflection off the harbour head walls is the dominant process outside the harbour basin.

At the output points inside the basin, the initial changes in measured water level time series due to
diffraction are reproduced in the simplified 2D SWASH model. This was not the case for the 1D
SWASH model simulating reflection off the harbour end. However, in both the 2D model
(diffraction) and the 1D model (reflection) the accuracy of the steady state wave height in
comparison to the measurements is acceptable. This observation indicates that that both
diffraction and reflection off the harbour end influence significantly the wave field inside the
harbour and should be modelled accurately to reproduce the wave field in the measurements.

From the comparison of the steady state wave height in the measurements and in the simplified
SWASH model including the full layout 1, it follows that the general wave filed pattern is
reproduced in SWASH. In many output points the difference between the measured wave height
and the wave height in SWASH is relatively small. However, at other output location the
agreement was not good showing that the final constant wave height in SWASH is sensitive to the
standing wave patterns. For standing wave patterns that change within a short distance the wave
height can vary significantly at the area close to a specific output point.

Remarks

The following remarks result from the work carried out in this chapter.

For T010 and for TO13 numerical instabilities are observed. At the output points the wave pattern
does not remain constant after moment 5b. This behaviour indicates that there is a numerical error
in the calculation of the constant waves. The total error is increasing in time, as the error of the
next time step is added to the previous error. A critical view is required examining the results of
the aforementioned tests.

Wave gauge 1 in theory is located outside the cone of influence of reflection at the harbour head
walls. However, it is proven that the water level at that location is highly influenced by the
reflection of the head walls. This confirms the assumption made in Chapter 6. Despite the initial
expectation, the wave height at wave gauge 1 is influenced more by the reflection off the head
walls that the reflection off outer gravel slope 2a.
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Chapter 8 Numerical simulation of wave
penetration for the full layout 1

The objective of this chapter is to provide an answer to research question 3, referring to the
performance of SWASH in simulating wave penetration in the full layout 1 (Figure 1.1). The ability
of a two-dimensional SWASH model to describe the wave height changes (temporally and spatially)
identified in the measured water level time series is examined. In Section 8.1 the bathymetry of the
2D SWASH model is introduced. The method of estimating the arrival of reflected waves presented in
Section 3.3 is again applied and the plots are shown in Section 8.2. Moreover, the aforementioned
section includes the graphs of the measured time series and the SWASH time series which are used to
compare the wave height changes in time. Section 8.3 compares the incoming wave height in the final
SWASH model simulating the full layout 1 first to the measured incoming wave height and then to
the wave height prescribed at the SWASH boundary. Furthermore, in Section 8.4 the ratio of the
steady state wave height in the final SWASH model divided by the incoming wave height is
compared: first to the respective results for the simplified 2D SWASH model presented in Chapter 7
and later to the respective measured values. Furthermore, Section 8.5 highlights the knowledge
obtained in Chapter 8 and answers to the research question 3. Finally, Section 8.6 points out the most
important remarks regarding the SWASH performance resulting from the work discussed in this
chapter.

8.1 The 2D SWASH model for the full layout 1

In this thesis wave penetration has been interpreted as a summation of physical processes. The wave
processes studied separately in Chapters 5 to 7. Other than for the previous chapters, here it is aimed
for to model all wave processes taking place in the experiments in SWASH simultaneously. For this
purpose a 2D SWASH model representing the full layout 1 (Figure 1.1) is constructed. Figure 8.1
shows a sketch of the SWASH model.
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Figure 8.1-Sketch of the 2D SWASH model representing the complete layout 1

Details about the model set-up and the chosen settings, such as the use of 2 vertical layers are
provided in Appendix L. The model output locations and the sponge layer length are specified as in
the simplified 2D SWASH model presented in Section 7.1 .
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8.2 Comparison of the measured water levels to the SWASH outputs

The method described in Section 3.2.5 for the calculation of the characteristic moments in time, when
the incoming and the reflected waves arrive at the wave gauges, is also applied on the SWASH time
series. After determining the first zero-down crossing (Moment 1a) the measured and the SWASH
time series can be synchronised based on Moment 1a and then plotted at the same graph. As discussed
in Section 7.2.1 , the characteristic moments in time depend on the wave celerity and on the physical
model geometry. As the wave celerity in the measurements is equal to the celerity in SWASH
(Section 6.6 ) and the physical model geometry is carefully reconstructed in SWASH, the vertical
lines 2b, 3b, 4b, 5b, 6b and 7b in the measurements and in SWASH coincide.

As discussed in the previous chapters, the wave processes that influence the water level time series
outside and inside the basin differ. Therefore, the results for the wave gauges outside and inside the
basin are discussed separately. For a full overview of the water level time series for all the seven
examined tests, the reader is referred to Appendix G.

8.2.1 Output points outside of the harbour basin

For the majority of the cases the time interval between Moments 1b and 2a that represents the
constant fully developed incoming wave is sufficiently long to calculate the incoming wave height.
The same holds for the measurements results, as discussed in Section 4.2. However, both in the
measurements and in SWASH it is not possible to determine the constant incoming wave at wave
gauge 5 for all the tests and at wave gauges 3 and 24 for T012, as the duration between the end of the
taper function and the arrival of reflected waves is not long enough. The fully developed incoming
wave height values in the measurements and in the 2D SWASH model of the full layout 1 are
compared in Section 8.3

The water level trends at the output locations along the centreline AA’ located out of the harbour
basin show similar trends. In all the cases from Moment 1a the wave height increases until it reaches
the fully developed wave height value (Moment 1b). From Moment 1b to 2a the wave height remains
constant. For points outside the basin, the most important changes in terms of wave height occur from
Moment 2b until Moment 3a (Figure 8.2), that represent the arrival of reflected waves from line
y=693m, where the harbour head walls and the outer slopes are located (Figure 3.17). In this time
interval, the wave height increases (Figure 8.2) or decreases (Figure 8.3) depending if the incoming
and the reflected wave enhance or cancel each other. The wave height may still change slightly after
Moments 6a and 6b (Figure 8.2 and Figure 8.3), but after Moment 7b it remains constant as a
temporal steady state is developed (Figure 8.2 and Figure 8.3).
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Figure 8.2 - The water level time series generated by the fully layout 1, 2D SWASH model at Point 24 for test T002.

92



‘M' A T
& |l
Lot || JMQ UHNWM\JWUW il Il M
v R R " o wm w

Figure 8.3 - The water level time series generated by the full 2D SWASH model at Point 5 for test T002.

The water level time series obtained from SWASH should be compared to the respective measured
time series. Two examples are presented here. The first example is for wave gauge 24 and T002
(H=1.44m, kd=1.03). The measured and the SWASH time series are synchronised on Moment 1a.
The changes in the measured and the modelled water level are similar. The wave height remains
constant before Moment 2b and then it increases until 3b. However, the increase is higher in the
measured time series. In both time series the wave height remains constant until Moment 5b and then
decreases slightly until 6b. Finally, in both cases a steady state is reached after moment 7b.The
measured steady state wave height (1.41m) differs only by 2% from the steady state wave height in
SWASH (1.44m). For T002, the steady state wave height in the measured signal and the SWASH
time series is in good agreement at Points 10, 4 and 24, located outside the basin (see also Section
8.4.2 . On the contrary, this is not the case for Points 3 and 5 (Figure 8.5). It is worth mentioning that
this observation holds about test T002 and that for the same points, but for different tests the
agreement between measurements and SWASH may vary.
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Figure 8.4 - T002, Point 24: Comparison of the measured water level time series to the full 2D SWASH outputs.

Figure 8.5 shows that at Point 5 SWASH is able to describe the decrease of the water level after
Moment 2b, observed in the measurements. After Moment 5b for both time series the changes of the
wave height are very small. However, the steady state wave height is SWASH (1.22m) is much larger
than the wave height in the measurements (0.93m). The deviation between the measured and the
SWASH steady state wave height can be related to the standing wave patterns. As discussed in
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Section 5.3.2 , for a node-antinode pattern of the standing waves that changes within a short length it
is possible that the measured wave height at a specific can be observed in the model at a different
location, but close to point.
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Figure 8.5 - T002, Point 5: Comparison of the measured water level time series to the full 2D SWASH outputs.

At the five output points outside the basin along the model centreline for test T010 (H=2.97m,
kd =3.16, H/h=0.2, H/L =0.075) the wave pattern the final part of the time series from t=600s until
t=900s does not remain constant. For instance, at Point 5 after approximately t=600s the wave height
starts decreasing (Figure 8.7). For other points, such as Point 3, the wave height is increasing. A
similar behaviour was also observed for T011 (H=3.015m, kd =1.19, H/h=0.2, H/L =0.029) as after
moment 7b the wave height does not remain constant. For example, at Point 4 for TO01 the wave
height starts decreasing after t=600s (Figure 8.6). For the rest of the tests of the 1 and the 2™ group
(Table 2.5 and Table 2.6) after this moment a steady state is developed.

This behaviour indicates that there is a numerical error in the calculation of the constant waves. The
error of the next time step is added to the previous error. Therefore, the total error is increasing in
time. It was attempted to solve the problem by adding more vertical layers which was expected to
improve the accuracy of the calculations. As shown in Figure 8.8, by using 4 vertical layers instead
of 2, the wave height reduction after t=600s is smaller. However, the wave height does not remain
constant. At many of the points the increase of the vertical layers does not improve the results (i.e.
Point 26 presented in Section 8.2.2).
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Figure 8.6 - The water level time series generated by the full 2D SWASH model at Point 4 for test T0O11.
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Figure 8.7 - The water level time series generated by the full 2D SWASH model at Point 5 for test T010.
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Figure 8.8 - The water level time series generated by the full 2D SWASH model at Point 5 for test TO10 using 4
vertical layers.

The numerical instabilities observed for T010 and TO11 can be attributed to numerical dissipation.
This means that the number of grid points per wave length is relatively low to describe well the
propagation of waves. For TO10 there are only 13 points per wave length, while for T011 there are 33
points per wave length (Appendix L). It is important to mention that the incoming wave height for
tests T010 and TO011 are the highest values among the seven selected tests. Thus, the values of the
ratio of wave height to water depth H/h are also the highest. As the waves are relatively higher the
number of grid point per wave length should be increased.

8.2.2 Output points inside the harbor basin

For the majority of the point for the 1% and the 2d group of test similar patterns are observed. A
typical example is the water level time series at Point 11 for T002 (H=1.44m, kd=1.03), shown in
Figure 8.9. The most important changes in the wave height occur from Moment 4a and until
Moment 4b. After Moment 7b the water level remains constant.

For the points inside the basin, the duration of the wave record describing only the incoming wave
height is not always long enough. For Point 12 in every test the reflected taper function wave arrives
before the incoming wave can be fully developed. For the majority of the test cases at Point 27 there
is no individual wave between the Moments 1b and 4a. This can be observed in Figure 8.10 which
shows the water level time series at Point 27 for T002. The same observation holds also for the
measured water level time series.
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Figure 8.9 - The water level time series generated by the full 2D SWASH model at Point 11 for test T002.
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Figure 8.10 - The water level time series generated by the full 2D SWASH model at Point 27 for test T002.

The water level time series obtained from full 2D SWASH model are compared to the respective
measured time series. Two examples are presented here. The first example (Figure 8.11) is for wave
gauge 11 and T002 (H=1.44m, kd=1.03). The measured and the SWASH time series are in good
agreement until Moment 4a. However, after this moment the wave height reduction observed in the
measurements is not represented in the SWASH time series. The measured steady state wave height
(after Moment 7b) is lower by 12.5% than the steady state wave height in SWASH.

The second example (Figure 8.12) is for wave gauge 27 and T002 (H=1.44m, kd=1.03). From
Moment 4a to Moment 6b the time series produced by the full 2D SWASH model and the measured
signal show the same trends: a decrease of the wave height until t=280s and then a small increase.
However, the SWASH wave height is higher than the measured wave height. The same holds for the
wave heights in the steady state (after Moment 7b). The measured steady state wave height (after
Moment 7b) is lower by 23% than the steady state wave height in SWASH. The difference of the
steady state wave height between the measurements and the SWASH results are discussed in
Section 8.4.2 .
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Figure 8.11 - T002, Point 11: Comparison of the measured water level time series to the full 2D SWASH outputs.
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Figure 8.12 - T002, Point 27: Comparison of the measured water level time series to the full 2D SWASH outputs.

As discussed in Section 8.2.1 numerical instabilities are observed for the tests with the highest
incoming wave height, T010 and TO11. For example, this behaviour is obvious for T010 at Point 26,
located inside the harbour basin (Figure 8.13). In Figure 8.14 it is clear that the problem is not solved
by increasing the number of vertical layers from 2 to 4 in the SWASH model.
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Figure 8.13- The water level time series generated by the full 2D SWASH model at Point 26 for test T010.
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Figure 8.14 - The water level time series generated by the full 2D SWASH model at Point 26 for test T010 using 4
vertical layers.

8.3 Comparison of the fully developed incoming wave height in the
measurements and in the full 2D SWASH model

The time interval from Moment 1b (end of the taper function) to Moment 2a (arrival of reflected
waves from outer slopes 2) is used to compute the incoming wave height in the full 2D SWASH
model at the output points along the model centreline (Figure 3.9) outside the harbour. The incoming
wave height at the five output points are presented in Table 8.1. As observed in the measurements
(Section 4.2 ), at Point 5 for all tests and at Points 3 and 24 the time interval is not long enough to
calculate a wave height value. Moreover, Table 8.1 includes the standard deviation value for the
incoming wave height at the five output points outside the harbour basin for all the seven selected
tests. The ratio in the last row of Table 8.1 shows the difference of the mean measured incoming
wave height and the mean incoming wave height computed with the simplified 2D SWASH model.
The results for tests TO10 and TO11l are not considered reliable as for those tests numerical
instabilities occur (Section 8.2 ). For the rests of the tests the difference may vary from 4% to 6%.
Due to the difficulty to simulate accurately monochromatic waves in a numerical model, the
deviations between the measurements and the SWASH outputs are considered relatively small.
Hence, SWASH is able to describe accurately the incoming wave height. It is worth mentioning that
the differences between the measured incoming wave height and the respective full 2D SWASH
model results differ by 0% to 2% from the simplified 2D SWASH model results. However, they differ
by 1% to 3% from the values in the 1D model for reflection the harbour end (Section 6.3 ).This shows
that the accuracy in terms of wave height is better in a 2D SWASH model rather than a 1D SWASH
model.

Table 8.1 - Comparison of the incoming wave height at the output locations outside the harbour basin in the full 2D
SWASH model to the measurements. For T010 and TO11 numerical instabilities occur.
00 00 00 0 0

Hincswasy (M) | Point10 | 1.06 1.48 2.50 2.15 3.15 2.86 2.06
Point4 | 1.05 1.52 2.47 2.01 3.20 2.85 2.06

Point 3 1.04 1.49 2.45 1.87 3.18 - 2.04

Point24 | 1.03 1.48 2.50 1.67 3.11 - 2.04

Point 5 - - - - - -
ﬁinC,SWASH (m) 1.05 1.50 2.48 1.92 3.16 2.85 2.05
Std. deviation (m) 0.01 0.01 0.03 0.20 0.04 | <0.01 | o0.01
Bk amesammes (D) 1.00 1.42 2.36 2.96 3.05 2.72 1.92

Hinc,SWASH - Hinc,measured 4% 6% 5% 35% 4% 5% 6%

Hinc,measured
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Table 8.2 presents the difference between the fully developed incoming wave height prescribed at the
SWASH boundary that enters the SWASH domain and the average measured incoming wave height
computed at the output locations. As discusses, the results for T010 and T011 should not be taken into
account due to the numerical instabilities observed (Section 8.2 ). For the remaining five tests the
differences range from 4 to 6%.This shows the ability of SWASH to describe accurately the
propagation of the simple monochromatic waves in the computational domain.

Table 8.2 - Comparison of the incoming wave height at the output locations outside the harbour basin in the full 2D
SWASH model to the incoming wave height generated by the wave maker prescribed at the offshore SWASH

boundary. For T010 and T011 numerical instabilities occur (columns with grey colour).
‘ TOOL  T002  TOO3 T012  TO13

Humean.swass (M) 105 | 150 | 248 | 192 | 316 | 285 | 2.05
Hinc,wave maker (m) 099 144 2385 297 3015 2745 1935

Hinc,SWASH - Hinc,wave maker

6% 4% 4% 35% 5% 4% 6%

Hinc,wave maker

8.4  The steady state wave height in the full 2D SWASH model

At points along the model centreline for both the measured time series and the time series calculated
by SWASH a steady state is considered to be reached after Moment 7b (arrival of reflected waves
experiencing their 3" reflection at inner slope 1). The steady state wave height is the average value of
the wave height of the individual waves for the time interval from Moment 7b until t=900s. For the
rest of the output points the steady state wave height is determined using the final part of the time
series until t=900s for which the wave height remains constant (difference smaller than 2%).

To compare the steady state wave height for all the tests, the ratio Hgteady state/Hincoming 1S
calculated. The incoming wave height value used is the one produced by the wave maker
(Hincoming,wave maker)- AS explained in Section 8.3 , the incoming wave height generated by the wave
maker prescribed at the offshore SWASH boundary, travels inside the model domain and arrives at
the output locations in the 2D SWASH model with an accuracy of 6%. This holds for the five selected
tests as in T0O10 and TO11 numerical instabilities occur.

The ratio Hyeaqy stareHincoming 1S CalCUlated for all the seven tests. By dividing with the incoming wave
height, the results for all the seven tests examined can be compared. In Section 8.4.1 the ratio
Hateady state/Hincoming At the different output points in the full 2D SWASH model are compared to the
respective ratio in the simplified 2D SWASH model. Moreover, in Section 8.4.2 the ratio
Hateady state/Hincoming At the different output points in the full 2D SWASH model are compared to the
measurements.

8.4.1 Comparison of the steady state in the simplified 2D SWASH model to the full 2D
SWASH model

The ratio Hyeaay stare/Hincoming  at €8CH output point in the full simplified 2D model is compared to the
respective ratio in the simplified 2D model. The output points are shown in Figure 8.15. The only
point which was excluded from this comparison was Point 30 which is located outside the physical
model area and was only used to verify whether the waves are damped after passing though outer
gravel slopes 2. This comparison between the two 2D SWASH models aims to validate how much the
steady state wave height changes after the addition of the gravel slopes in the domain.
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Figure 8.15 — The output locations outside and inside the harbour basin defined for both the full and the simplified
2D SWASH model.

The two 2D models are compared by the ratio Differences,_simprifieaWhich is calculated at each output
point according to the following equation.

(Hsteady State'/Hincoming) full™ (Hsteady state,/Hincoming) simplified

Differencegy)i—simplified = (8.1)

(Hsteady state, /Hincoming) full

The points outside the harbour basin are treated separately from the points inside the basin. The
minimum, the average and the maximum value of the ratio Differenceg,j—simpliriea@re calculated for
the points outside the basin outside the harbour. The results are shown in Table 8.3. Table 8.4 shows
the same results for the point inside the harbour basin. The columns for T010 and T011 are marked
with dark grey colour because they are excluded from the comparison due to the numerical
instabilities observed at the results (Section 8.2 ).

Table 8.3 — The difference between the ratio Hyieady state,/Hincoming @t the output points outside the harbour basin in the
full and the simplified 2D SWASH models for the seven selected tests. For T010 and T011 numerical instabilities
occur (columns with grey colour).

Output points outside the harbour basin
Differencef“"_simpliﬁed (%) TO001 TO002 T003 TO012 TO13
Min 0 0 2 0 0

Average 4 5 17 7 4
Max 11 14 32 20 11

Table 8.4- The difference between the ratio Hgeagy state,/Hincoming at the output points outside the harbour basin in the
full and the simplified 2D SWASH models for the seven selected tests. For T010 and T011 numerical instabilities
occur (columns with grey colour).

points inside the harbour basin

Differencey_simpiiriea(70) ERMLLYUE T002 TO003 T012 T013
Min 0 0 3 0 0
Average 2 3 11 7 2
Max 8 6 24 32 7
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In both tables the values vary from 0% to 32%. This means that there are output locations for which
the ratio does not change at all after adding the gravel slopes in the SWASH model. On the contrary,
there are a few locations where the difference between the ratios is significant. Overall, the
percentages outside and inside the basin vary within the same limits. As the average percentages are
relatively small, varying from, 2 to 17% it can be claimed that the differences between the full and the
simplified 2D SWASH model are relatively small. The reflections from the gravel slopes do not alter
significantly the steady state wave heights. This means that inside the basin diffraction is the process
which influences more the steady state wave height results in SWASH. Moreover, reflection off the
harbour head walls is the process which influences more the steady state wave height results in
SWASH.

8.4.2 Comparison of the steady state in the measurements and in the full 2D SWASH
model

For each test, a graph is created visualising the ratio Hyaay state/Hincoming 1N the measurements and the 2D
full SWASH model results. Each graph is accompanied with a table showing the exact values of the
ratio. The graphs and the tables for all the tests are included in Appendix K. In this section only the
results for TO02 (Figure 8.16 and Table 8.5) are discussed.

For test T002, it can be observed that the values of the ratio Hgieady state/Hincoming fOr the
measurements and for SWASH are in very good agreement at various output locations. For many
points, i.e. Point 4, 10, 24, 6, 13, 14, 26, the difference between the measured values and the values
calculated by SWASH is lower than 10%. However, at other locations, i.e. Point 5, 23, 25, 9 the
difference is larger than 40%. These large differences can be related to fact that the SWASH wave
height values are quite sensitive to the exact location of the point. As discussed in Section 5.3.2 , the
resulting standing wave patterns changes within a short distance. Therefore, the wave height values
may a change significantly at the region close to a specific point. This means that the measured wave
height at a certain point can be found in SWASH at a location close to the exact location of the point.
In general, the spatial wave pattern as indicated by the colours in Figure 8.16 is in good agreement
between the measurements and the SWASH outputs. It can also be observed that the wave heights
inside the basin are relatively lower than outside the harbour.

For T002, the values of the ratio for SWASH are constantly lower or higher than the measured values
(Table 8.5). Additionally, from the comparison of the graphs for the different test it is observed that
the wave height is not underestimated or overestimated at a specific wave gauge or for a certain group
of point (e.g. inside or outside the harbour basin).
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Figure 8.16 —2D full model results for T002: Top view of the ratio Hgeeady state/Hincoming @t the output locations
included in the measurements. The colours indicate the ratio values.

Table 8.5 - 2D full model results for T002: The exact values of ratio Hgeeady state/Hincoming @t the output locations
included in the measurements.

Outside the harbour basin Inside the harbour basin

Wave Measured 2D full Difference | Wave Measured 2D full Difference

Gauge Hsteady state/ Hsteady state/ (%) Gauge Hsteady state/ Hinc Hsteadv state/ (%)
Hinc Hinc Hinc

1 1.63 1.36 -16 6 1.12 1.13 2
2 1.54 1.19 -23 7 0.90 0.73 -19
3 1.36 1.02 -25 8 0.95 0.76 -20
4 1.22 1.20 -2 9 1.37 0.76 -45
5 0.50 0.71 44 11 0.99 1.12 13
10 0.81 0.87 8 12 0.96 1.22 27
23 0.46 0.87 90 13 1.17 1.14 -3
24 1.41 1.45 2 14 0.79 0.74 -7
25 0.60 0.95 59 15 1.11 0.77 -30
[Max|=1.63 | |[Max|=1.45 | [Max|=90 | 16 1.06 0.77 -28
26 1.28 1.23 -4
27 0.94 1.16 23

|[Max|=1.37 [Max|=1.23 | |Max|=45
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8.5 Conclusions

This chapter addresses research guestion 3. Question 3 examines the ability of a 2D SWASH model
representing the full geometry of the physical scale model to describe the wave height changes
(temporally and spatially) in the measured water level time. The conclusions regarding this question
are pinpointed in this section.

e The most important temporal trends observed in the measured water level time series can also be
observed in the water level time series of the two-dimensional SWASH model representing the
full layout 1. Firstly, the incoming wave height measured by the wave gauges is reproduced at the
output locations in SWASH with an error lower than 6%. Moreover, after plotting the measured
water level time series and the respective SWASH time series in the same graphs it was
confirmed that the wave height changes due to reflection and diffraction can be identified
qualitatively in SWASH. Finally, both in the measured signal and in SWASH a steady state is
developed in most tests, except for tests TO10 and TO11 in which SWASH did not reach a steady
state. For the rest of the tests the wave height remains constant during this final, steady state, part
of the time series.

e From the comparison of the steady state wave height in the measurements and in the SWASH
model including the full layout 1, it can be concluded that the overall spatial wave field pattern is
in agreement. At many output locations the exact wave height in the measurements is accurately
reproduced in SWASH. The difference between the measured wave height and the wave height
calculated by the 2D full SWASH model was lower than 10% and thus sufficiently small.
However, at a few output locations the exact wave height values were not described so well by
SWASH, as the measured and the modelled wave height deviated more than 40%. These large
deviations were attributed to the fact that the standing wave patterns change fast within a short
horizontal distance and thus the wave height can vary significantly in the area close to a specific
output point. It may be possible that the measured wave height at a specific point can be identified
in SWASH in the region close to the exact point coordinates.

e At the output points for tests TO10 and TO11, in which the wave height to water-depth ratio is
higher than 0.2, numerical instabilities were observed. At the end part of the time series the wave
height instead of being constant, increases or decreases gradually, or initially decreases and then
increases. This behaviour is not realistic and can be attributed to numerical error. An increase of
the number of vertical layers used in SWASH does not solve the problem. It is assumed that the
numerical instabilities can be attributed to the relatively low number of grid cells per wave length.
In cases where the amount of cells per wave length is low, it is not possible for SWASH to
capture accurately the wave shape and the numerical dissipation starts to influence the results.
However, this assumption has not been verified within this study.

8.6 Remarks

Apart from the results referring to research question 3 (Section 8.5 ) in this chapter additional
knowledge was obtained regarding the performance of SWASH. The most important information
obtained after studying in detail the outputs of the two-dimensional SWASH model for the full layout
1 are summarised.

e The incoming wave height at the output locations along the model centreline differ less than 2%
from the incoming wave height generated by the wave maker prescribed at the offshore model
boundary. The only exception is TO10 in which energy dissipation due to wave breaking leads to
lower incoming wave height values compared to the value imposed at the boundary.

e The steady state wave height for the SWASH model including only the harbour head walls and
the vertical walls off the harbour basin to the SWASH model including the full layout 1 is
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compared. After the comparison, it can be supported that diffraction inside the harbour basin and
reflection at the harbour head walls are two phenomena that mainly influence the final wave field
in SWASH.
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Chapter 9 Conclusions & Recommendations

This thesis examines the ability of SWASH to simulate the wave processes contributing to wave
penetration separately and combined. As wave penetration is a summation of physical processes,
each process should be modelled accurately by SWASH. To validate the numerical model, seven tests
(Table 1.2) from a dataset of a physical scale model of schematic port layouts (Deltares, 2016) were
studied. To reduce the amount of wave processes involved, the simplest port layout was chosen. This
is layout 1 presented in Figure 1.1. Monochromatic wave conditions were analysed as in this case
wave penetration becomes less complex and differences between the measurements and the
computational results were most easily identified. Subsequently, simplified models including one or
two wave processes were examined. Lastly, a SWASH model including all the wave processes
influencing wave penetration in layout 1 was studied.

This chapter highlights the scientific contributions of this study and presents the main outcomes in the
content of answers to the research questions and sub-questions formulated in Sections 1.4 and 1.5 .
Additionally, recommendations for future research are outlined.

9.1 Conclusions

The main findings of the three primary research questions which guided this study are summarized in
this section.

Question 1:  How accurate can SWASH model wave propagation, the incoming wave height
and the wave celerity of individual waves?

e In the physical scale model, the incoming wave height that is prescribed to the wave maker is
measured by the wave gauges. Also in SWASH the incoming wave height simulated inside the
domain matches the waves prescribed as boundary condition. Thus, no unexpected phenomena
are taking place during the propagation of the waves from the wave maker (in the physical model)
and the model boundary (in SWASH) towards the harbour.

e For kd values lower than 3 and wave height to wave length ratio lower than the breaking limit, it
can be confirmed that the wave celerity in the measurements and the wave celerity in SWASH are
in agreement and they are both equal to the wave celerity calculated according to the linear wave
theory. For kd values higher than 3 and non-breaking waves, the agreement between the wave
celerity in the measurements and the wave celerity calculated by SWASH celerity is sufficiently
good, even though the linear theory does not hold. Finally, for kd values higher than 3 and
breaking waves the wave celerity in SWASH is significantly lower than the measured celerity.

e The wave amplitude of the first waves generated by the wave maker is smoothly increasing from
zero to the full prescribed wave height. In this initial part of the wave maker signal a taper
function is applied. Both in the measurements and in SWASH simulations it was observed that
the taper function signal behaves different than the fully developed incoming wave part. Firstly,
the taper function part travels faster than the wave celerity of the fully developed part, which
matches to linear wave theory. Secondly, as the distance from the wave maker increases, the wave
height of the taper function part decreases. All in all, the behaviour of taper function part of the
waves is non-linear. In SWASH the same features were observed: the wave celerity of the taper
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function part is higher than the fully developed part and the wave height of the taper function part
decreases for an increasing distance from the offshore boundary representing the wave maker.
However, the agreement between the taper function part in the measurements and in SWASH was
not examined in detail in this thesis.

Question 2: Can wave reflection and diffraction be modelled accurately by SWASH?

Sub question 2a. : Is it possible to accurately reproduce the correct amount of reflection in
SWASH, using the porosity and stone values from the scale model?

An increase or decrease of the porosity of a gravel slope by 10% does not influence to a large
extend the water level in front of the slope. The same holds for changes of the stone size by 10%,
which result in lower constant wave height than in the measurements. It was proven that the
measured signal in front of the outer gravel slope was also influenced by the reflections off the
harbour concrete head walls. This means that there is no wave gauge measured signal which is
only influenced by the reflections off the gravel slope and can be used to calibrate the porosity
and stone size values in SWASH. Therefore, it was decided to use in SWASH simulations the
porosity and stone size values as described for the experiments, converted to prototype scale.

The arrival of reflected waves is visible both in measurements and in SWASH at every
observation point, as the wave height changes slightly or significantly depending on the location
of the observation point. The most important trends due to reflection are reproduced qualitatively
in the SWASH model. However, large deviations in the wave heights can be found.

For the points outside the harbour basin, the steady state wave height in the measurements and in
SWASH differ significantly, indicating that reflection off the harbour end does not play a
dominant role in the area outside the basin.

For the points along the centreline of layout 1 located inside the harbour basin, the difference
between the steady state wave height in the measurements and in SWASH varies from 12 to 40%.
This means that the reflection phenomenon explains a significant part of the total steady state
wave height. It can be concluded that reflection off the harbour end plays an important role in the
wave field inside the harbour basin.

Sub question 2b. : Is it possible to accurately reproduce the diffraction of wave energy into a
harbor basin in SWASH?

Information about the influence of diffraction on the wave height changes in the main harbour
basin cannot be derived from the measurements, as the time interval between the arrival of the
incoming and the reflected waves from the end of the harbour is not long enough.

In SWASH the effect of diffraction can be studied by removing the harbour end to avoid
reflection of the waves. From the comparison of the steady state wave height influenced only by
diffraction to the respective measured value it can be concluded that the wave penetration inside
the harbour basin is determined significantly influenced by diffraction. However, as discussed in
sub-question 2a, reflection off the harbour end is the dominant process inside the harbour. It
should be clarified that both processes, reflection off the harbour end and diffraction play an
important role in the wave penetration inside the harbour basin and none of them can be ignored.

Although information about diffraction in the measurements is rather limited, the initial trends
observed were compared to the SWASH outputs. From this comparison, it follows that the initial
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part of the SWASH time series as waves enter the basin is in good agreement with the part of the
measurements only influenced by diffraction.

The wave reflection off the harbour head walls is the phenomenon with the most important
influence on the wave field outside the harbour basin, even at locations outside the cone of
influence calculated according to the linear wave theory. The most important trends due to
reflection off the head walls can be identified in the resulting water level signals in SWASH.

All in all, it can be concluded that the accuracy of SWASH in modelling the wave processes of
reflection and diffraction is sufficiently well for engineering purposes.

Question 3: Can a two-dimensional SWASH model representing the full layout 1 describe the
wave height changes (temporally and spatially) in the measured water level time series?

The most important temporal trends observed in the measured water level time series can also be
observed in the water level time series of the two-dimensional SWASH model representing the
full layout 1. Firstly, the incoming wave height measured by the wave gauges is reproduced at the
output locations in SWASH with an error lower than 6%. Moreover, after plotting the measured
water level time series and the respective SWASH time series in the same graphs it was
confirmed that the wave height changes due to reflection and diffraction can be identified
gualitatively in SWASH. Finally, both in the measured signal and in SWASH a steady state is
developed in most tests, except for tests T010 and TO11 in which SWASH did not reach a steady
state. For the rest of the tests the wave height remains constant during this final, steady state, part
of the time series.

From the comparison of the steady state wave height in the measurements and in the SWASH
model including the full layout 1, it can be concluded that the overall spatial wave field pattern is
in agreement. At many output locations the exact wave height in the measurements is accurately
reproduced in SWASH. The difference between the measured steady state wave height and the
steady state wave height calculated by the 2D full SWASH model was lower than 10% and thus
sufficiently small. However, at a few output locations the exact wave height values were not
described so well by SWASH, as the measured and the modelled wave height deviated more than
40%. This observation is related to the method used in this thesis, comparing local values. The
large deviations can be explained by the fact that the standing wave patterns change fast within a
short horizontal distance and thus the wave height can vary significantly in the area close to a
specific output point. It may be possible that the measured wave height at a specific point can be
identified in SWASH in the region close to the exact point coordinates.

In all the examined measured water level time series a steady state is developed. In the majority
of SWASH water level time series also a steady state is developed. However, for some tests in
which the wave height to water-depth ratio is higher than 0.2 (tests T010, T011) the wave pattern
does not remain constant as numerical instabilities are observed. The total error was increasing in
time. An increase of the number of vertical layers in SWASH was not proven capable to solve the
problem. It is assumed that the numerical instabilities can be attributed to the relatively low
number of grid cells per wave length. In cases where the amount of cells per wave length is low, it
is not possible for SWASH to capture accurately the wave shape and the numerical dissipation
starts to influence the results. However, this assumption has not been verified within this study.
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9.2 Recommendations

During the course of this study several points of interest for further research were detected. These
topics are discussed in this section, which is divided in two parts. The first part exhibits
recommendations regarding the improvement of the approach and the methods applied in thesis. The
second part focuses on applying the existing methodology in different cases and other conditions.

To begin with, the numerical instabilities observed in two of the seven examined tests should be
further investigated. Their origin as well as appropriate prevention measures should be identified. It is
postulated that they are probably a consequence of the low number of cells per wave length for the
specific tests. Hence, the grid resolution should be decreased. It would be a nice idea to adapt the grid
size for each test based on the number of cells per wave length. However, this may be time consuming
as new input files and a new SWASH command files will have to be created for every case.
Alternatively, a researcher can select 3 different grid sizes and use the more suitable depending on the
wave height and wave length of the monochromatic waves examined. The wave height relatively to
the water depth influences the grid size as the number of cells per wave length in SWASH should be
increased for higher waves.

SWASH results for the standing wave patterns suggest that the wave height value may change
significantly within a short horizontal distance. This holds especially in front of a concrete wall as in
this case the reflection is higher. Therefore, it can be studied whether the wave height values
measured at a specific wave gauge can be identified within a short distance from the respective output
point in SWASH. As the standing waves height varies horizontally according to the wave length, the
distance from the output location can be a fraction of the wave length.

In this study, the celerity of monochromatic waves in the measurements as well as in SWASH was
determined as follows: Initially the celerity is estimated assuming that linear wave theory holds and
then the water level time series are shifted at a specific point. Subsequently, the agreement of the
water level time series in terms of the wave height and times shift is visually inspected to verify
whether the initially assumed celerity was correct. However, it was proven that this method cannot be
applied for kd values higher than 3 as for this cases non-linear effects start becoming important. It is
important to tackle this issue by improving the existing method. An alternative approach would be to
assume for higher kd values that a high order Stoke theory applies and then make an initial
assumption for the wave celerity. Moreover, as visual inspection can be depended on the judgement
of the engineer it will be useful to try to quantify when the agreement can be considered good,
average or not good. This can be done by setting limits for the wave height and the time shift
variations.

This study examined how accurately the main wave processes influencing wave penetration are
modelled in SWASH. These wave processes were examined separately and combined on simple wave
and layout conditions which form the basis for most complex cases. As the conclusions of these
research show generic trends, it is expected that they can be applied in other conditions. In other
words, this thesis approach can be applied for example for different angle of incoming waves inside
the basin, for more complex wave conditions (e.g. bi-chromatic, JONWSAP spectrum) and for more
complex layouts (layout 2 and 3 in Table 1.1). Finally, it would provide further insight about wave
penetration modelling with SWASH, to reproduce the results of this thesis using physical model scale
and examine whether this choice improves or not the agreement between the measurements and the
SWASH results.
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Appendix A Wave processes related to wave
propagation 1n ports

Shoaling

Shoaling is the variation of the amplitude of the waves in their direction of propagation due to depth-
induced changes of the group velocity in that direction. As the wave propagates into shallower water,
the group velocity is initially increasing and then decreasing. In stationary conditions the energy flux,
which is equal to the product of the wave group velocity and the wave energy per horizontal surface
area, must remain constant along the wave rays. Therefore, the wave amplitude is initially decreasing
and then increasing, over a flat sloping bottom. According to the energy flux balance, the wave
amplitude theoretically goes to infinity, as the group velocity approaches zero at the waterline. It is
obvious that the linear wave theory cannot longer be applied here and non-linear effects (e.g. wave
breaking) play a dominant role.

As the waves approach the coast the wave spectrum changes due to shoaling. The lower frequencies
are enhanced more than the higher frequencies and there is a slight shift of the spectrum towards
lower frequencies. Moreover, the peak of the spectrum and the significant weight height will be
higher. Typically the water depth inside the harbour is significantly smaller than the offshore water
depth and shoaling occurs. Shoaling is also relevant in case of a non-uniform bottom depth in the
harbour.

Refraction

Another phenomenon induced by the variations of water depth is refraction. Refraction is the turning
of waves towards shallower water due to depth-induced or current-induced changes of the phase
speed in the lateral direction, along the wave crests. Horizontal variations in water depth along the
wave crest correspond to phase speed variation along the crest.

c= /% tanh(kd) (A.1)

According to Equation A.1 the crest moves faster in deeper water than in shallow water. Therefore,
for a given time interval, the crest moves over a larger distance in deeper water than in shallower
water. This results to the wave turning towards the shallower region with the lower propagation
speed.

If due to refraction the wave rays converge, the wave amplitude increases. On the contrary, for
diverging wave rays there is a reduction of the wave amplitude. The local bathymetry determines if
the wave rays will converge or diverge.

Large scale refraction is related to sub-marine canyons or shoals. Small scale refraction occurs in the
outer area of a port, as is related to small-scale features such as shoals and channels that can be found
in coastal regions. The phenomenon of refraction can be important inside the harbour area if the
bottom depth is non-uniform.

Refraction plays an important role for ports with approach channels. An approach channel is designed
to be wide and deep enough for large ships to enter inside the harbour area. Based on the linear
refraction theory the waves can cross the channel if their approach angle is larger than a critical angle,
otherwise they will be reflected or transmitted. The critical angle can be determined by the Snell’s
law. Short waves can easily cross a channel, because their critical angles are very low. The longer the
wave, the higher the critical angle (capped at a certain angle), the faster a long wave will be caught in
a channel. For a more detailed description about processes involved in wave propagation in
navigation channels the reader is referred to De Jong et al. (2016).
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Reflection and transmission

When waves hit a structure or a coast, part of the wave energy will be reflected, dissipated or
transmitted. The balance between the three phenomena depends on the incoming wave characteristics
and the structure’s material, geometry and permeability.

Transmission refers to amount of water that passes through the structure as well as the overtopping
water quantity. The transmitted waves might have smaller wave heights and different wave periods
from the incident waves.

The reflection coefficient k. shows the percentage of the wave height that is reflected.

_ Hr

k, = m (A.2)

where  H, is the reflected wave height and H; is the incoming wave height.

The reflection coefficient ranges from 100% to 0%. For example, a vertical cliff or wall may reflect
almost the whole amount of the incoming wave energy. On the other hand, for relatively short waves,
there is almost no reflection on a gentle beach and the total amount of wave energy is dissipated. The
amount of reflected wave energy depends on the characteristics of the incoming wave: height, length
and direction. For example, the reflection is less when waves approach the obstacle under an angle.

The properties of the surface to which the waves collide also influence the amount of energy
reflected. The structure permeability, the geometry and the roughness are factors that play an
important role. Thompson et al. (1996) created a table including reflection coefficients for different
structures. The values varied significantly for different structure type, but also for each structure the
range of the reflection coefficient was relatively broad. In general, steeper slopes are related to higher
reflection coefficients.

In a harbour the waves will reflect at the breakwaters and the quay walls resulting in fully or partially
standing waves. At each point in front of the reflecting boundary, the wave motion will be the sum
two waves: the incident wave, propagating towards the wall and the reflected wave, propagating away
from the wall. At the antinodes the wave height may be twice the incoming wave height in case of
fully reflected waves. This may lead to unacceptable wave heights for sailing ships or for moored
ships at a berth.

A dimensionless parameter helpful to understand and predict the amount of energy reflected is the
Irribaren number or the surf similarity parameter (Battjes, 1974). It is applied to waves travelling
perpendicular towards a smooth structure and it is given by the following equation.

tana
= A.3
S = ol (A3
where &, is the Irribaren number, a is the bottom slope, Hy,,, is the incident wave height and L, is the
2
deep-water wave length (L,= gT‘;—T‘[LO, where Tp,_1 o is the wave period)

The Iribbaren number is the ratio of the slope steepness to the wave steepness and can be used to
predict the type of wave breaking, the amount of energy dissipation and also the reflection coefficient.

Diffraction

Diffraction is the turning of waves towards areas with lower amplitudes due to amplitude changes
along the wave crest. Due to diffraction the waves travel into the shadow zone of an obstacle resulting
to changes in wave direction and wave height. The phenomenon of diffraction has strong effects along

113



the geometric shadow line of obstacles such as islands, headlands and breakwaters. In ports
diffraction occurs at a breakwater tip or at an entrance of a basin and so wave energy penetrates in
their shadow area.

The effect of diffraction on long waves (low-frequency waves) is stronger than on short waves
(high-frequency waves). For example, long waves diffract more around the breakwater tip and a
larger amount of energy is distributed in the sheltered area behind the breakwater. Therefore, a shift of
energy density towards the lower frequencies is observed in the energy spectrum in the shadow zone
area. This results to a lower mean wave period in the sheltered region.

Diffraction may turn initially unidirectional, long-crested waves into different directions and areas.
Cross-seas occur in the regions where waves meet again. The wave height in these areas will be the
sum of harmonic waves from different direction and information about the phases is necessary.

Wave breaking

A non-linear process affecting waves in coastal waves is depth-induced wave breaking. Wave break is
also called surf breaking and it is still poorly understood and difficult to be modelled accurately.
When waves approach the shore the wave amplitude increases mainly due to shoaling. The ratio of
wave height to the to the water depth H/h the waves is becoming higher. The wave height cannot any
longer be considered small compared to the water depth. The water column under the wave front is
equal to h+H/2, while under the though it is equal to h-H/2. Thus the wave front propagates faster
than the trough and eventually the wave breaks. The process of breaking limits the wave height in
shallow water and is the main source of energy dissipation in the surf zone. For harbour designs
including beach areas wave breaking is relevant.

White-capping is the phenomenon of wave breaking when the ratio of wave height to the wave length
H/L exceeds a certain limit, i.e. the waves become too steep. As white capping mainly occurs in deep
water it is less relevant for the area close or in a harbour.

Low-frequency waves"

Low-frequency waves or infragravity waves (timescales roughly between 25 and 250s) are motions
generated by variations in wave height in time and space in wave groups of wind generated short
waves. They are called infragravity waves as they have lower frequencies than the short waves that
are free surface gravity waves. They are also called bound low frequency waves as they travel with
the wave group speed and their length is equal to the length of the wave group. Bound low frequency
waves occur when two high-frequency waves with similar or almost equal wave frequencies interact.
Low-frequency waves do not necessarily have to be bound but can also be free waves after breaking
of the short carrier waves and reflecting at the coast.The infragravity waves should always be taken
into consideration for a port design as they are related to resonance. When the length of low frequency
waves coincides with the harbour basin length, in other words, the infragravity wave frequency is
slightly different from the eigenfrequency of the basin, resonance may occur. Additionally, The low-
frequency waves could also lead to large vessel motions when the frequency coincides with or is
almost equal to one of the natural periods of a (moored) vessel.

The simplest example of bound long wave is for a wave group of bi-chromatic waves. A bi-chromatic
wave consists of two regular waves. If these two waves have a small difference-frequency a group
signal emerges. The surface elevation consists of a fast oscillating part based on the average radial
frequency of the two components and a slowly oscillating part, of which the timescale is based on the
difference between the frequencies of the two components. If the two components radial frequencies
are very close to each other the slow timescale can become very large.

A Bi-chromatic short wave field generates 1 long wave. In reality however we have a full spectrum of
waves of different frequencies. All the possible multiplications between 2 components in this

! Low frequency waves due to earthquake or land slide are not considered here.
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spectrum can interact and create a long wave. The full long surface elevation is going to be the
superposition of all these possible components, the total incoming bound long wave field.

In the nearshore there is an energy transfer from short wave frequencies to the lower frequencies. As
wave groups enter the surf zone, their groupiness is reduced by breaking. Therefore the forcing
mechanism, i.e. the variations in wave energy is weaker and the bound long waves can become
decoupled from the wave groups. The bound long waves are released and become freely propagating
long waves with speed given by the dispersion relationship.

Harbour oscillations

The eigenmodes of a harbour basin are determined by basins’ geometry and depth. When the wave
periods coincide with the eigenperiods (typical values between 0.5 to 30 minutes) of the basin
resonance could occur. This is most typical for low frequency waves. Inside the basin area standing
wave pattern can be developed. This means that in some locations the wave height will be amplified,
which may be a limiting factor for the port operations. As the wave height is maximum at antinodes
and minimum at nodes, strong horizontal currents arise, which might be unsafe for sailing or moored
vessels.

The lowest frequency mode in a harbour is of major importance and is referred as the Helmholtz
mode (Rabinovich, 2009). For this mode the wave length will be four times the basin length. In an
ideal open-ended rectangular basin there will be a node at the entrance and an anti-node at the closed
boundary.

Harbour oscillations are similar to the seiches in enclosed basins, such as lakes. Seiches can be
understood as a water body swaying back and forth. The main difference between the two phenomena
is that harbour is not fully closed, but partially, so the wave energy radiates out of the harbour. On the
contrary, in a closed basin energy dissipation is governing. Moreover, seiches are generated due to
external forcing mechanisms such as wind or atmospheric pressure.

Dispersion

Frequency dispersion, or simply wave dispersion, describes the phenomenon that wave celerity is a
function of the wave frequency and /or the wave amplitude. Equation A.4 is the linear dispersion
relationship and can be rewritten as in Equation A.5, as the phase velocity c is equal to the ratio w/k.

w? = gktanhkd (A. 4)

or ¢ = %tanh kd (A.5)

where w is the angular frequency (w = 2?“ where T is the wave period), k is the wave number

(k = ZT“ where L is the wave length), d is the water depth and g the gravitational acceleration.

According to wave dispersion the longer waves (low frequency waves) propagate faster than the short
waves (high frequency waves). This is valid in deep water where the depth is much larger than the
wave length and the wave height. For large values of d the term tanh(kd) in the equation A.5 is equal
to 1 and the phase velocity is not influenced by the depth, but from the wave length. In deep water the
individual waves with different frequencies travel in groups. The group celerity in deep water differs
from the individual phase speed.

As the waves approach the shallow water the water depth is small compared to the wave length and
the wave amplitude. The term tanh(kd) will be approximately equal to kd. This means that the water
depth determines the phase speed value and not the frequency. The waves become non-dispersive as
the phase celerity does not depend anymore on the frequency. The group celerity in shallow water is
equal to the individual phase speed.

115



Waves are generated offshore during a storm and consist of a large range of frequencies. Due to
frequency dispersion, the lower frequency/longer waves propagate faster towards the coast or a
harbour. This filtering effect becomes stronger for high directional spreading. Wind generated waves
will travel to different directions, only part of the wave energy will reach a specific area. As the waves
travel away from the storm, they become gradually more long-crested.

In shallow water high amplitude waves propagate faster than low amplitude waves. This nonlinear
effect is known as amplitude dispersion. As explained above in shallow water the celerity is highly
dependent on the water depth, which is relatively small compared to the wave amplitude. Amplitude
dispersion also is related to the wave steepness. In coastal areas and harbour regions both amplitude
and frequency dispersion should be taken into account.

Non-linear wave-wave interactions

If four wave components fulfil the resonance condition, energy transfer between them will occur.
These resonant interactions are called quadruplet wave-wave interactions and are relevant for deep
water, where they stabilize the wave spectrum shape.

Triad wave-wave interactions refer to the energy transfer and phase-coupling when three wave
components fulfil the resonance conditions. This requires that the sums of frequencies and wave
number vector of two freely propagating wave components are equal to the frequency and wave
number, respectively, of a third freely propagating wave component. The same holds for four wave
components. In addition, in case the sum of frequencies of three wave components may equal or
almost equal to the frequency of the fourth component, resonance occurs and energy transfers
between the waves. This phenomenon takes place in extremely shallow water, where the waves are
non-dispersive. (Holthuijsen, 2007)

Due to triad wave-wave interactions there is energy transfer to frequencies multiple times higher than
the peak frequency and to very low frequencies. This is presented in Figure A.1. The energy transfer
is enhanced as the wave steepness and amplitude increase and the waves become non-linear. The
wave-wave interactions may create an additional high frequency peak in the spectrum under fully
developed shallow water conditions and near the outer edge of the surf zone.
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Figure A.1 -The energy flow through the spectrum in shallow water (Holthuijsen, 2007).

As the non-linear wave-wave interaction can significantly alter the shape of the spectrum it, should be
taken into account when waves propagate towards a harbour and especially when the non-linearity of
the waves is important. In case that the port has an entrance channel not including the non-linear wave
interactions in the model can lead to underestimating the wave energy passing through the channel.
When waves enter water that is so shallow that the linear wave theory no longer holds, the non-linear
Boussinesq models (e.g. TRITON) and multilayer models (e.g. SWASH) can be used. These models
include shoaling, refraction, diffraction and reflections and also nonlinear wave-wave interactions.
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Appendix B Physical scale model data

This appendix contains information about the physical scale model of the open benchmark dataset of
schematic port layouts (Deltares, 2016). Section B.1 presents the wave conditions for all the examined
tests in prototype scale. Section B.2 includes the coordinates of the harbour layout. The coordinated of
the measurement locations are provided in Section B.3.

B.1 List of wave conditions for all the layouts in prototype scale

Table B.1 — Wave conditions in prototype scale (scale 1:45

[s], Angle Directional Steering file
cartesian spreading duration [s]
T001 1 Monochromatic 0.99 7.51 90 (n.a.) 3515
T002 1 Monochromatic 1.44 10.00 90 (n.a.) 4012
T003 1 Monochromatic 2.39 16.97 90 (n.a.) 5414
T004 1 Monochromatic 1.04 7.51 110 (n.a.) 3515
T005 1 Monochromatic 1.49 10.00 110 (n.a.) 4012
TO06 1 Bi-chromatic 1.44 8.25 90 (n.a.) 5313
1.44 11.74 90 (na)
T007 1 Bi-chromatic 1.44 9.06 90 (n.a) 5635
1.44 10.93 90 (na)
T008 1 Bi-chromatic 1.08 10.73 105 (n.a) 6292
1.08 9.39 75 (na)
T009 1 Bi-chromatic 1.08 10.73 95 (na) 6292
1.08 9.39 75 (na)
T010 1 Monochromatic 2.97 5.03 90 (n.a) 3012
TO11 1 Monochromatic 3.02 8.99 90 (n.a.) 3810
T012 1 Monochromatic 2.75 15.03 90 (n.a.) 5011
TO013 1 Monochromatic 1.94 4.49 90 (n.a.) 2911
T014 1 JONSWAP 1.44 10.00 90 (n.a)) 12014
TO015 1 Bi-chromatic 2.57 10.06 90 (n.a)) 8318
2.57 15.76 90 (na)
TO16 1 Bi-chromatic 2.61 10.06 90 (n.a.) 6842
2.61 12.07 90 (na)
T021 2 Monochromatic 0.99 7.51 90 (n.a)) 3515
T022 2 Monochromatic 144 10.00 90 (n.a)) 4012
T023 2 Monochromatic 2.39 16.97 90 (na.) 5414
T025 2 Monochromatic 1.49 10.00 110 (n.a.) 4012
T026 2 Monochromatic 1.49 10.00 70 (n.a.) 4012
T027 2 Monochromatic 2.97 5.03 90 (n.a.) 3012
T028 2 Monochromatic 3.02 8.99 90 (n.a.) 3810
T030 2 Monochromatic 1.8 4.49 90 (n.a.) 2911
TO031 2 Bi-chromatic 2.57 15.76 90 (n.a.) 8318
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257 10.06 90 (n.a.)
T032 2 Bi-chromatic 2.61 12.07 90 (n.a.) 6842

2.61 10.06 90 (na)
TO035 2 JONSWAP 4.77 10.00 90 (n.a.) 12014
TO036 2 JONSWAP 7.16 10.00 90 (n.a.) 12014
TO38 2 JONSWAP 2.21 10.00 90 c0s-2s with 12014
TO039 2 JONSWAP 2.39 10.00 70 (f'l.:) 12014
T040 2 JONSWAP 2.39 10.00 110 (n.a.) 12014
TO046 2 JONSWAP 2.34 10.00 90 (n.a.) 12014
T052 3 Monochromatic 1.44 10.00 90 (n.a.) 4012
T053 3 Monochromatic 2.39 16.97 90 (n.a.) 5414
T055 3 Monochromatic 1.49 10.00 110 (n.a.) 4012
T056 3 Monochromatic 1.49 10.00 70 (n.a.) 4012
TO057 3 Monochromatic 2.97 5.03 90 (n.a.) 3012
TO058 3 Monochromatic 5.99 8.99 90 (n.a) 3810
T059 3 Monochromatic 6.80 15.03 90 (n.a) 5011
T060 3 Monochromatic 1.8 4.49 90 (n.a) 2911

T061 3 Bi-chromatic 2.57 15.76 90 (na.)
257 10.06 90 (n.a.) 8318

T062 3 Bi-chromatic 2.61 12.07 90 (na.)
2.61 10.06 90 (n.a) o84z

T063 | 3 | Sea . 2.48 6.98 110 (na)
monocherlr:atlc 6212

nonoehromatic 0.54 15.03 70 (n.a.)

T064 3 Sea JONSWAP 4.82 6.98 110 (na.)
oowell | os4 15.03 70 (n.a) 9009
Tos | S JONSWAP 2.21 10.00 90 Cos'iz 4With 12014
T069 3 JONSWAP 2.39 10.00 70 (n.a.) 12014
T070 3 JONSWAP 2.39 10.00 110 (n.a.) 12014
TO76 3 JONSWAP 2.34 10.00 90 (n.a) 12014
Torg | 3 JONSWAP 446 | 10.00 9 cos2s W 12014
TO79 3 JONSWAP 4.77 10.00 90 (n.a) 12014
TO080 3 JONSWAP 7.16 10.00 90 (n.a) 12014
T081 3 JONSWAP 9.63 10.00 90 (n.a.) 12014
T083 3 Monochromatic 4.73 5.03 90 (n.a.) 3012
T084 3 JONSWAP 477 6.98 90 (n.a.) 9009
TO085 3 JONSWAP 4.55 15.03 90 (n.a.) 17012

TO086 3 Sea JONSWAP 4.77 6.98 110 (n.a.)
Ssvg:l'trm 1.71 15.03 70 (na.) 2009
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B.2 Harbour layout

The following table contains the x and y coordinates of the corners (measured from within the
harbour) of the concrete walls that form the harbour layout. The harbour layout itself and its location
in the wave basin are displayed in the following figure.

1800
1575 Table B.2 — Coordinates of the harbour layout.
Harbour X (m)
1350 ! i corner
D E
1125 | | | A 615.15 783.00
B 615.15 693.00
900
A L _JH C 705.15 693.00
675 B | C Flo6 D 705.15 1346.85
250 E 1094.85 1346.85
F 1094.85 693.00
225
G 1184.85 693.00
0 H 1184.85 783.00
0 225 450 675 900 1125 1350 1575 1800

Figure B.1 — Harbour contour.

B.3 Locations of wave gauges
The measurement set up for layout 1 is presented in Figure B.2. The exact locations of the wave
gauges in layout 1 are provided in the Table B.3.

Table B.3 — Measurement locations coordinates.

Wave X(m) (m)
= O wave -gauges gauge y
D water level elevation and velocity meters 1 447075 359505

1350 | lm 1345635 361755
I 896.400 307.575

2
3
1125 R 4 895.455 |  277.065
" 5 899.685 |  543.600
~ 6 811.485 |  743.940
7
8

300 4'
£ aravel 1| | g e 726.435 |  856.305
oo m 726.660 | 1020.645
5 9 728.190 1183.095
4s0 | . 1 10 896.175 203.715
! 2 ,?“5,3 = 2 11 900.000 856.350
25 | 10 1 12 900.360 1183.275
13 1072.350 715.500
0 AEDWBVE ’23:5" 9{‘;‘0 1i25 13750 1575 14 1072350 856350
xim 15 1071.315 1017.045
16 1072.080 1181.340
Figure B.2 — Measurement locations. 23 670.365 359.730
24 894.825 360.945
25 1121.175 360.450
26 900.000 715.500
27 899.775 1020.510
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Appendix C  Zero crossing analysis

Zero crossing analysis is performed to determine the individual waves. According to Holthuijsen
(2007) in a surface elevation record, a wave is the profile of the surface elevation between two
successive downward zero-crossings of the elevation. The definition with the downward crossings is
preferred instead of the up-crossing definition, because in visual estimates the height of the crest
relative to the preceding trough is normally considered to be the wave height. In addition, in a
breaking wave, the (steep) front, which is most relevant for the breaking process, is included in the
definition with downward crossings.

To find the wave characteristics based on a wave record requires averaging all of the individual wave
heights and periods in the record. For this purpose the duration of the record has to be short enough to
be stationary and at the same time long enough to obtain reasonably reliable averages. A typically
used duration is at sea is 15-30 min. For controlled conditions in laboratory and especially for
constant monochromatic waves, this time interval can be reduced. In Figure B.1 the zero crossings are
presented by stars. An individual wave is defined between the first and the following star. The wave
height H is defined as the vertical distance between the highest and the lowest surface elevation in a
wave. The period T of a wave is defined as the time interval between the start and the end of the
wave (the interval between one zero-down crossing and the next). Since this wave period is defined
with zero-crossings, it is called the zero-crossing period, T, (Holthuijsen, 2007).
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Figure C.1- Definition of an individual wave by zero-crossing analysis at point 10 for TO01. The wave height and
wave period are indicated. Horizontal axis: t(s), Vertical axis: water level (m).

After performing the zero crossing analysis and identifying the individual waves, the wave
characteristics at each measurement location can be determined. For each test at all measurement

locations the mean wave height and the mean wave period can be calculated. In a wave record with N
waves, the mean wave height H is defined as

H=_Y\H (B.1)

where i is the sequence number of the wave in the record (i.e., i=1 is the first wave in the record, i=2
is the second wave, etc.).
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The zero crossing analysis was applied for the following simple sinusoidal wave (Equation B.2) using
the same time step as in the measurements (in prototype scale). It was shown that the error in the
wave height was equal to 0.03% (Equation B.3) and thus sufficiently small for the calculations of the
wave height.

water level = 1 * sin (i—g * t) ,with At =0.1342
(B-2)

H—-Hzero crossing __ 2-1.9995
H 2

error = =0.03% (B-3)
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Appendix D Theoretical comparison of the
different wave model types

To select the models with the most accurate and efficient performance in modelling wave penetration
Van Mierlo (2014) compared different numerical models types. To be considered as capable to
predict waves in harbours, the models should include the most relevant wave processes such as
reflection, diffraction, shoaling and harbour oscillations. The different model types and their
advantages and disadvantages regarding the application of wave penetration are briefly described in
the following paragraphs. For a more analytical description the reader is referred to Van Mierlo
(2014).

A. Spectral wave models

The governing equations in a spectral wave model are the energy balance equations of the energy
transported by waves. The wave energy can be transferred in space, but also within the energy density
spectrum. They are developed to be efficient in deep ocean applications as they can describe wave
propagation over large distances. However, as they do not resolve individual waves, accurate model
of diffraction is as the phases of the individual waves are not calculated. Moreover, as energy spectra
are used, the generation of infragravity waves cannot be included. Therefore, this type of models is
not appropriate for wave penetration simulations.

B. Shallow water models, forced on primary wave group scale

This type of models solves the shallow water equations. This means that hydrostatic pressure is
assumed and this is an obstacle in modelling frequency-dispersive waves. Although this type of
models can accurately model the propagation of infragravity waves are not recommended to model
waves in a harbour area.

C. Mild-slope models

The mild-slope equation is derived from the potential flow theory by linearization. As it is an elliptic
partial differential equation it can be solved in the frequency domain. This wave model type can
approximate the wave spectra by adding waves with different frequencies and from different
directions based on the superposition principle. In the mild-slope models there is no limitation in the
maximum kd value and short waves propagating in deep water can be modelled accurately. As it is a
linear model type it cannot model non-linear waves and non-linear wave interactions. Due to the mild-
slope assumption there are restrictions in terms of wave amplitude, wave steepness and bottom slopes.

This type of models can very well be used to model wave penetration into harbour basins, because it
takes into account the most relevant wave processes and it is numerically very efficient. A large range
of conditions can be tested in a relatively short time period, whereas much more time is needed for
more complete and computationally demanding wave models. The accuracy of mild slope models is
often more than adequate for consultancy projects and the stages of projects in which wave
penetration modelling is performed. For additional information about the mild-slope models, the
reader is referred to De Jong et al, 2015.

D. Boussinesg-type models

Boussinesg-type equations are also derived by the potential flow theory. The vertical dimension is
eliminated for example with a perturbation series expansion of the velocity at the bottom. It is worth
mentioning that the free surface boundary conditions are not necessarily linearized. This class of
wave models can describe non-linear interactions. Boussinesg-type models are time demanding.
Moreover, there is a limitation of the maximum kd-value in the models, which usually can be up to 3
or 4. This model class is suitable for simulating wave penetration in harbours.
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E. Non-hydrostatic models

The non-hydrostatic models solve the shallow water equations in combination with a vertical
momentum equation. By adding a term for the non-hydrostatic pressure in the horizontal momentum
equation it is possible to accurately take into account the vertical structure of the flow. The water
depth is divided in the vertical direction. A different number of vertical layers correspond to different
maximum kd-value. This is a computationally demanding class of models. Moreover, non-linear wave
interactions can be taken into account.

F. Full free-surface Navier-Stokes models

This type of models is able to model nonlinear phenomena and wave breaking in particular, but it is
computationally demanding and has not been used in harbour applications.

Van Mierlo (2014) concluded that the wave model types which provide more reliable results about
wave penetration are mild slope models, Boussinesg type models and non-hydrostatic models. The
three model classes are presented in Table D.1. The second column of the table includes some
examples of operational wave models for each wave model class.

Table D.1 -The optimal classes of models for simulating wave penetration. The second column contains the
operational wave model chosen to be studied in detail by F. Van Mierlo (2014).

Type of wave model Wave model
Mild-slope PHAROS
Boussinesq type models TRITON
Non-hydrostatic models SWASH
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Appendix E  Measured water level time
series and steady state wave height

E.1 Measured water level time series

This appendix presents the measured water level time series for the seven tests including the
characteristic moments in time determined in Section 3.3. The points are presented according to their
position in line AA’. The first point is Point 10, which is the closest to wave maker. The last point is
Point 27 for which the distance from the wave maker is the maximum.
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Figure E.1 - Model centre line (AA’) is located in the middle of the basin in terms of width. This figure is a repetition
of Figure 3.9.
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Figure E.2 — Measured water level time series for TO01 at Point 10.
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Figure E.2 -Measured water level time series for TO01 at Point 26 (A), 11 (B), 27 (C) and 12 (D).
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Figure E.19 - Measured water level time series for T013 at Point 10.
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Figure E.21 - Measured water level time series for T012 at Point 27 (picture A) and at Point 12 (picture B).
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E.2 Measured steady state wave height

The ratio Heady statedifiracrion moae/Hincomng 15 Calculated for all the seven tests. By dividing with the
incoming wave height the results for all the seven tests examined can be compared. To demonstrate
how the wave height differs at various locations it was decided to create a top view showing the
steady sate at each output location. For each test a top view is shown in which the value of the ratio at
every point is indicated by colours. The exact values of the ratio are presented in accompanying
tables. The results for TOO1 are presented in the main text in Section 3.4.

1oor * Table E.1 - The exact values of the ratio Hgtoady state/Hincoming
Inner slope 1 Measurements in the measurements for T002.
w00l o = TOPF " Outside the harbour basin
Wave Measured Wave Measured
i Gauge H teady stat GauQe Hstead state
1 | m ﬂ i Steady state y
. 1 1.63 10 0.81
7] i 2 1.54 23 0.46
b R i g 3 1.36 24 1.41
E [ [iE] 4 1.22 25 0.60
600} 41 5 0.50
H
wol os Inside the harbour basin
o =] = 2 Wave | Measured Wave Measured
GauQe Hsteady state GaUge Hsteady state
= = “ 6 1.12 13 1.17
7 0.90 14 0.79
200 5&;0 B(;D 7l;l) 8(‘!0 B(IIO 10‘00 11‘0(] 12‘00 WEID(J 1nluu o, 8 O' 95 15 l : 11
xfm _ 9 1.37 16 1.06
Figure E.24— Top view of the ratio Hgieagy state/Hincoming | 11 0.99 26 1.28
in the measurements for T002. 12 0.96 27 094
1400 '®  Table E.2 - The exact values of the ratio Heaqy state/Hincoming
Inner slope 1 Measurements in the measurements for T003.
1200 n - 003 e Outside the harbour basin
Wave Measured Wave Measured
1000 E] - 1GaUge 1 1|g_|steady state 1OGaUge OH 5st7eady state
] 2 1.23 23 1.48
Lo Mo gt it 112 3 0.85 24 151
;E:: 3 7 13 [ B | 4 1.35 25 1.46
800 1 5 1.21
[5]
wol o Inside the harbour basin
m =] 7] B @ Wave Measured Wave Measured
@ GaUge Hsteady state GaUge Hsteady state
& e 6 1.39 13 1.03
7 1.27 14 1.11
21(}(] 560 BD‘D 7I;D 800 800 10‘00 11‘00 12‘!]0 1:;00 1400 o, 8 0'86 15 0'85
x(m) 9 1.16 16 0.87
Figure E.25— Top view of the ratio ﬁsteady state’/Hincoming 11 1.14 26 1.11
in the measurements for T003. 12 119 27 091
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y (m)

y (m)

1400

Table E.3 - The exact values of the ratio Hsteady state/ Hincoming
Inner slope 1 r(;a;urements in the measurements for T010.
1200} & 18 Outside the harbour basin
Wave Measured Wave Measured
0 & E .. | _Gauge Hsteady state Gauge | Heady state |
1 1.03 10 0.80
14 2 1.04 23 0.89
bt 3 1.43 24 0.88
Quter slope 2a = Outer slope 2b
4 0.79 25 0.99
600 1 5 1.47
[5]
ol Jos Inside the harbour basin
ol E 2 Wave Measured Wave Measured
= Gauge Hsteaay state Gauge Hsteady state |
- o6 0.85 13 0.93
7 1.00 14 1.09
9100 560 6(;0 760 Bll)l) 900 10.00 11‘00 12‘00 ISIOO 1400 o 8 115 15 115
x(m) _ 9 1.02 16 1.19
Figure E.26— Top view of the ratio Hyeagy state/Hincoming 11 0.93 26 112
in the measurements for T010. - .
12 0.92 27 0.95

1400

18

Table E.4 - The exact values of the ratio ﬁmady mteiﬂmmmmg

in the measurements for T0O11.
S o
1200 e Wave Measured Wave Measured
Gauge Hsteady state GauQe Hsteady state
1000 fi w |1 1.05 10 1.52
2 1.10 23 1.05
- R 154 24 1.63
Outer siope 2a - & Outer siope 2 4 0.43 25 1.07
5 1.57
600 41
H
“r m & @ ||® | Wave Measured Wave Measured
I GauQe Hsteady state GauQe Hsteady state
200 i 08 6 1.10 13 0.93
7 0.85 14 0.93
L o R 0.98 15 1.06
400 500 600 700 800 9_00 1000 200 1200 1300 1400 9 1.09 16 1.03
Figure E.27— Top view of the ratio H /H; i
ingthe measuremznts for TO11. siendysiste Hincoming 11 1.07 26 0.99
12 0.81 27 0.89

143



e A Table E.5 - The exact values of the ratio ﬁsteady state’ Hincoming
Inner slope 1 Measurements in the measurements for T012.
2 i Wave Measured Wave | Measured
GaUge Hsteadv state GaUge Hsteady state
1000 fs w1 033 10 151
2 0.67 23 0.77
- a g . I3 152 24 0.47
¢ Ouersipezs & Outer slope 2b 4 0.59 25 0.79
z 5 1.56
600 41
L]
“l - - Hos Wave Measured Wave Measured
l Gauqe Hsteady state GaUge Hsteady state
. - . |6 163 13 153
7 1.06 14 1.16
8 1.15 15 1.21
2‘]0 50‘0 Bl‘)l) T[l)D B(I!U 900 10‘00 11‘00 12‘[!0 ISIOO 1400 o, 9 105 16 069
- - D o 11 0.75 26 1.43
gure E.28— Top view of the ratio Hyteady state'Hincoming 12 1.00 27 0.95

in the measurements for T012.

Table E.6 - The exact values of the ratio ﬁsteady mmiHinmmmg

1400 e
pT— Nossrameris in the measurements for T013.
- T013 Outside the harbour basin
1200 e Wave Measured Wave Measured
Gau ge Hsteady state GauQe Hsteady state
1000 (E w |1 1.32 10 1.22
2 1.22 23 1.18
- 7 i IE 0.88 24 1.09
= Outer slope 2a 8 5 Outer slope 2b 4 1.22 25 1.29
- 5 1.04
600 | 41
E - -
Inside the harbour basin
“r m 5 g 0 Wave Measured Wave Measured
@ Gauqe Hsteady state GauQe Hsteady state
200 i) 06 6 0.99 13 1.01
7 1.17 14 1.06
S S 8 1.20 15 0.94
200 500 600 700 800 200 1000 1100 1200 1300 1400 . 9 1.11 16 0.97
x(m)
Figure E.29— Top view of the ratio Hsteady StmiHmmmmg 1 1.07 26 1.10
in the measurements for T013. 12 0.91 27 1.10
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Appendix F Wave maker signal

This Appendix includes the figures of the wave signal generated by wave maker motion for T002,
TO003, T010, TO11, TO12 and T013. As discussed in Section 2.2, these water surface elevation time
series are computed using the wave maker displacements in the physical model. The figures can be
helpful in understanding the shape of the water level time series, especially the parts of the series
undisturbed by reflection or diffraction. It is worth mentioning that the time axis in the following
graphs differs from axis in the wave records for the respective test.
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Appendix G Results of the 1D model for
reflection off outer gravel slope 2a

This Appendix contains additional information for Chapter 6. The water level time series at Point 1
and the water level envelopes for runs 2 to 9 are presented.
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In the experiments the incoming monochromatic wave travels inside the basin and gets reflected at the
gravel slope. Therefore, the water surface elevation measured at the wave gauges 1 is the summation
of the incoming and the reflected wave. In other words, inside the basin standing waves occur. For
100% reflection at a wall, there are some locations where the surface elevation is equal to zero
(nodes) and locations where the surface elevation reaches a maximum value (antinodes). It is
reasonable that at a measurement location close to an antinode the wave height will be larger than the
wave height at a location close to a node. In a real case where waves get damped at the slope and also
transmitted through it, there is a slight motion at the “nodes” locations. Still at the locations where
nodes are located for the same wave with full reflection, the envelope of the surface elevation has the
minimum amplitude. At the locations where antinodes are for the full reflection case, the envelope of
the surface elevation will have the maximum amplitude (Figure G.8)

ENVELOFE OF
SURFACE MOTION

ANTINODE

E — %

Cr=1.0

Figure G.8 - a. Complete reflection b. Partial reflection, United States (2008).
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The wave envelopes during the stationary part of the runs are shown in the following figure.
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Appendix H 1D SWASH MODELS
SETTINGS

H.1 The models set-up

The settings applied in the 1D SWASH models are described here. The various settings are discussed
in order of appearance in the command files presented in section H.2. For additional information
about the selected model set-up and possible alternative settings the reader is referred to the SWASH
user manual (The SWASH Team, 2016). As explained in Section 2.6.3, the SWASH models are in
prototype scale.

Initially, it is defined that the run will be one-dimensional, as the default option is two dimensional.
As a one dimensional model is less computationally demanding than a two dimensional case, a small
grid size (Ax=0.9m) can be chosen is chosen to obtain accurate results. According to the SWASH
manual for low waves, i.e. H/h<<1 (with H a characteristic wave height and h the still water depth) it
is sufficient to take 50 grid cells per wave length. On the contrary, for relatively high waves it is better
to take at least 100 grid cells per wave length. However, this high amount of grid cells results in a
high computational time. A practical rule of thumb is to choose at least 30 cells per wave length.

The following table summarises the grid cells per wave length for the chosen grid resolution.

Table H.1 — The ratio wave height to water depth H/h and the number of grid cells per wave length for each of the 7
selected tests.

Cells per wave length

0.99 19.8 0.1 80.48 0.9 89
1.44 19.8 0.1 120.74 0.9 134
2385 198 0.1 225.59 0.9 251
2.97 19.8 0.2 39.38 0.9 44
3015 19.8 0.2 104.71 0.9 116
2745 198 0.1 197.05 0.9 219
1935  19.8 0.1 31.52 0.9 35

The runs were in multi-layered mode and two equidistant vertical layers were used. The number of
layers is determined by linear wave dispersion for primary waves indicated by the kd value. The
higher the value of kd, the more vertical layers needed. According to the SWASH user manual (The
SWASH Team, 2016), for kd<7.7, two vertical layers are required to keep the relative error in the

normalized wave celerity (=c/,/gh ) lower than 1%. This error is acceptable for the application of
wave penetration examined in this thesis.

The model geometry and the structures properties are defined in 4 input files. The bathymetry file has
a constant depth value (19.8m) at all cells. The hydraulic structure file contains the values of the
height of each structure in the physical model. The geometry shown in Figure 2.2 and Table 2.2 is
carefully reconstructed. The structures and the water properties in the model are defined by using
porous layers. The concrete walls are modelled with a porosity of 0.001 and a stone size of 0.045m. A
porosity of 0.4 and a stone size of 0.675m are used to define the gravel slopes in the original run
(Table 5.2). The water is modelled with a porosity of 1 and a stone size of Om. The transition from the
gravel slope to the concrete wall is done using three layers of 2 cells each. The layer next to the gravel
slope has a porosity of 0.3 and a stone size of 5.06m.The second layer has a porosity of 0.2 and a
stone size of 3.38m. The last layer has a porosity of 0.1 and a stone size of 1.69m.This means that the
wall is shifted by 6 cells (0.12cm) from the end of the gravel slope. This is done to guarantee the
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stability of the model. The same technique was also applied in the 2D model in every transition from
a gravel slope to a concrete harbour wall.

The incoming wave height generated by the wave maker in the physical scale model is prescribed at
the offshore boundary of the model .The boundary behind the gravel slopes is defined as a closed
boundary.

Both the initial water level and velocity components are set to zero. Moreover, the non-hydrostatic
pressure is included in the shallow water equations. Using the default settings, the Keller-box scheme
is applied for the time integration of the non-hydrostatic vertical pressure gradient. SWASH always
accounts for energy dissipation due to wave breaking and no special command has to be specified.
Furthermore, the spatial discretisation employed for u/v and w momentum equations is specified.
Instead of the upwind scheme, in this application the standard central difference scheme is used.

In the 1D model simulating the reflection in front of outer gravel slope 2a a sponge layer is defined
behind the gravel slope and in front of the end of the domain. More details about the sponge layer
length defined in front of the model end boundary can be found in Section 5.2. However, in the 1D
model simulating the reflection at the harbour end, there is a concrete wall at the end of the harbour
basin and thus a sponge layer at the end of the domain is not required.

In SWASH the first order implicit Euler scheme is used for the time integration. Hence, a CFL
condition is required to guarantee numerical stability. According to the SWASH user manual (The
SWASH Team, 2016) the CFL condition for a 2 dimensional case is described by the following
equation. The one dimensional case is a simplified version of the aforementioned equation. . Due to
the restriction of the CFL condition and time step is again equal to At=0.020s.

Cr—At(\/_+\/u2+v)’—+%_1

where: Cr: Courant number
At: time step
AX, Av grid size in x- and y- direction
u,v: velocity components in x- and y- direction
d: water depth

The default range of the Courant number is 0.4 to 0.8. However, in case of wave interaction with
complex structures such as quay walls a maximum Courant number of 0.5 is recommend. In the
SWASH command file the Courant number is restricted within the range 0.2 to 0.5. As the time step
is controlled by the CFL limits, it might change over the simulation time.

Finally, as discussed in section 3.1, the total simulation time is 900 s (i.e. 15min). Each computation
took approximately 20 minutes on a 64-bit Linux cluster node with an Intel Xeon E3-1276 CPU @
3.6GHz and 32 GB RAM.

To obtain the water level time series at the output points of interest, text files of the water level values

every 0.10 s are requested as output. To create the envelope of the water level values, another output
file that has to be defined is the water level at all grid cells every 0.60 s.

H.2 The SWASH command files
H.2.1 Command file for the 1D model for reflection off outer gravel slope 2a

The SWASH command file for the 1D SWASH model simulating reflection off the outer gravel slope
2a discussed in Chapter 5 is the following.
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|*****************H EAD I N G*******************************************

PROJ 'model1D''1'

! *hkkkkhkkikkkkkhkkikhkikkik M O D E L I N P UT***************************************
MODE DYN ONED

CGRID REGULAR 0.00 0.0 0.0 1152.0 0.0 1280 0

VERTICAL 2

I

INPGRID BOT REG 0.00 0.00.0128000.91

READINP BOTTOM 45.'S2_1DmodelTM.bot' 1 0 FREE

INPGRID POROSITY REG 0.000.00.0128000.91

READINP POROSITY 1.'S2_1DmodelTM.por' 1 0 FREE

INPGRID PSIZE REG 0.00 0.0 0.0128000.9 1

READINP PSIZE 45. 'S2_1DmodelTM.psiz' 1 0 FREE

INPGRID HSTRUCTURE REG 0.000.00.0128000.9 1

READINP HSTRUCTURE 45. 'S2_1DmodelTM.hstr' 1 0 FREE

I

INITIAL ZERO

BOU SIDE W BTYPE WEAK SMOO 1 SEC UNIFORM SERIES 'Paddle45 5 _96_T002.tms'
BOU SIDE E BTYPE WEAK SMOO 1 SEC UNIFORM FOURIER000 0
SPON E 225.0

NONHYDROSTATIC

I

DISCRET UPW NONE

DISCRET CORRDEP NONE

I

TIMEI 0.2 0.5

! ***********************O UT P UT R EQ U ESTS**************************************
POINTS "puntl’ 359.50500000 0.00000000
POINTS 'punt2’ 361.75500000 0.00000000

POINTS 'punt30' 922.50000000 0.00000000

FRAME 'framel' 0.00 0.0 0.0 1152.0 0.0 1280 0

!

QUANTITY WATLEV 'WATLEV' 'WATLEV' -10 10 -999

QUANTITY HS 'HS' 'HS' 0 10 -999 0 25 MIN

!

TABLE 'puntl' HEAD '1Dmodel_p1l.thl' TSEC XP YP WATL OUTPUT 000000.000 0.10 SEC
TABLE 'punt30' HEAD '1Dmodel_p30.tbl' TSEC XP YP WATL OUTPUT 000000.000 0.10 SEC
I

:I'ABLE ‘framel' HEAD '1Dmodel_hs.fr' TSEC XP YP HS

TABLE 'framel' HEAD '1Dmodel_wl.fr' TSEC XP YP WATL VKSI VETA OUTPUT 000000.000
0.60 SEC

I

bOM PUTE 000000.000 0.020 SEC 001500.000
I

STOP
H.2.1 Command file for the 1D model for reflection off the harbour end

The SWASH command file for the 1D SWASH model simulating reflection off the harbor end,
discussed in Chapter 6 is the following.

|*****************H EAD I N G*******************************************

PROJ 'model1D' '1'

| **kkkhhhkhkhkhhihhhkkkx M O D E L I N P UT*-k**********-k**************************

MODE DYN ONED
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CGRID REGULAR 0.45 0.0 0.0 1360.8 0.0 1512 0
| CGRID REGULAR 0.01 0.0 0.0 30.24 0.0 1512 0 dx=0.02
VERTICAL 2

I

INPGRID BOT REG 0.45 0.0 0.0 1512 0 0.9 1

READINP BOTTOM 45. '1Dmodel TM.bot' 1 0 FREE

INPGRID POROSITY REG 0.45 0.0 0.0 15120 0.9 1

READINP POROSITY 1. '1DmodelTM.por' 1 0 FREE

INPGRID PSIZE REG 0.45 0.0 0.0 15120 0.9 1

READINP PSIZE 45. '1Dmodel TM.psiz' 1 0 FREE

INPGRID HSTRUCTURE REG 0.45 0.0 0.0 15120 0.9 1
READINP HSTRUCTURE 45. '1Dmodel TM.hstr' 1 0 FREE

I

INITIAL ZERO!

BOU SIDE W BTYPE WEAK SMOO 1 SEC UNIFORM SERIES 'Paddle45_5_96_T002.tms'l
NONHYDROSTATIC

|

DISCRET UPW NONE

DISCRET CORRDEP NONE

|

TIMEI 0.2 0.5

| Fikdekxkdokdkkkiokikkkkaxx QUTPUT REQUEST S**#iksikiskiieksrk ki dkikkk ok ikkkk
POINTS 'punt3' 307.57500000 0.00000000

POINTS "punt4' 277.06500000 0.00000000

POINTS "punt5’ 543.60000000 0.00000000

POINTS 'punt10' 203.71500000 0.00000000

POINTS 'punt1l’ 856.35000000 0.00000000

POINTS 'punt12’ 1183.28000000 0.00000000

POINTS 'punt24' 360.94500000 0.00000000

POINTS 'punt26' 715.50000000 0.00000000

POINTS "punt27' 1020.51000000 0.00000000
I

FRAME 'framel' 0.450.0 0.0 1360.8 0.0 1512 0
QUANTITY WATLEV 'WATLEV' 'WATLEV' -10 10 -999
QUANTITY HS 'HS' 'HS' 0 10 -999 0 25 MIN

I

TABLE 'punt3' HEAD '1Dmodel_p3.thl' TSEC XP YP WATL OUTPUT 000000.000 0.10 SEC
TABLE ‘'punt4' HEAD '1Dmodel_p4.thl' TSEC XP YP WATL OUTPUT 000000.000 0.10 SEC
TABLE 'punt5' HEAD '1Dmodel_p5.thl' TSEC XP YP WATL OUTPUT 000000.000 0.10 SEC
TABLE 'punt10' HEAD '1Dmodel_p10.tbl' TSEC XP YP WATL OUTPUT 000000.000 0.10 SEC
TABLE ‘'puntl1l' HEAD '1Dmodel_p11.tbl' TSEC XP YP WATL OUTPUT 000000.000 0.10 SEC
TABLE ‘'punt12' HEAD '1Dmodel_p12.tbl' TSEC XP YP WATL OUTPUT 000000.000 0.10 SEC
TABLE 'punt24' HEAD '1Dmodel_p24.tbl' TSEC XP YP WATL OUTPUT 000000.000 0.10 SEC
TABLE 'punt26' HEAD '1Dmodel_p26.tbl' TSEC XP YP WATL OUTPUT 000000.000 0.10 SEC
TABLE ‘'punt27' HEAD '1Dmodel_p27.tbl' TSEC XP YP WATL OUTPUT 000000.000 0.10 SEC
I

TABLE ‘framel' HEAD '1Dmodel_hs.fr' TSEC XP YP HS

TABLE 'framel' HEAD '1Dmodel_wl.fr' TSEC XP YP WATL VKSI VETA OUTPUT 000000.000
0.60 SEC

I

-COM PUTE 000000.000 0.020 SEC 001500.000
I

éTOP
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Appendix I  Results of the ID SWASH
model simulating reflection off the harbour
end

1.1 Wave celerity in the 1D SWASH model simulating reflection off the harbour
end
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1.2 Comparison of the measured water level times series to the outputs of the 1D

SWASH model simulating reflection off the harbour end

The first group of tests for low kd values is presented in Table I.1. The graphs comparing the
measured water level time series to the SWASH outputs are shown only for test TO03, as it is a
representative test of the group.

Table 1.1 — The first group of tests for low kd values. ThIS table is a repetltlon of Table 2.5.
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k2 197.05  0.63
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Figure 1.6 — T003, The measured water level time series and the time series generated by the 1D SWASH model
simulating reflection off the harbour end for Point 24 (picture A), 5(pict. B), 26(pict. C) and Point 11(pict. D).
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Figure 1.7 — T003, The measured water level time series and the time series generated by the 1D SWASH model
simulating reflection off the harbour end for Point 27 (picture A) and Point 12(picture B).
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The second group of tests for average kd values is presented in Table 1.2. The graphs comparing the
measured water level time series to the SWASH outputs are shown only for test T002, as it is a
representative test of the group.

Table 1.2 — The second group of tests for average kd values. This table is a repetition of Table 2.6.
Lim
80.48 155 Intermediate water 0.001 -
120.74 1.03 Intermediate water 0.012 -
10471 119 Intermediate water 0.029 .
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Figure 1.9 — T002, The measured water level time series and the time series generated by the 1D SWASH model
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The third group of tests for high kd values is presented in Table 1.3. The graphs comparing the
measured water level time series to the SWASH outputs are shown for test TO10 and test T013, as it
in the first case wave breaking occurs, while in the second the waves do not break.

Table 1.3 — The third group of tests for high kd values. This table is a repetition of Table 2.7.

Test | L[m] Wave conditions H/L Wave breaking
ek 39.38  3.16 Deep/Intermediate water 0.075 yes
Lokl 31.52 @ 3.95 Deep water 0.061 close to the breaking limit
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Figure 1.11 — T010, The measured water level time series and the time series generated by the 1D SWASH model
simulating reflection off the harbour end for Point 10 (picture A), Point 4 (picture B) and Point 3 (picture C).
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Figure 1.12 — T010, The measured water level time series and the time series generated by the 1D SWASH model
simulating reflection off the harbour end for Point 24 (picture A), 5(pict. B), 26(pict. C) and Point 11(pict. D).
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Figure 1.13 — T010, The measured water level time series and the time series generated by the 1D SWASH model
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Figure 1.15 — T013, The measured water level time series and the time series generated by the 1D SWASH model
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Figure 1.16 — T013, The measured water level time series and the time series generated by the 1D SWASH model

simulating reflection off the harbour end for Point 11 (picture A), Point 27 (picture B) and Point 12(picture C).

167



Appendix J  Results of the simplified 2D
SWASH model

J.1 Comparison of the measured water level times series to the simplified 2D

SWASH model outputs and to the 1D SWASH model about reflection at the
harbour end

The first group of tests for low kd values, presented in Table 1.1, includes tests T0O03 and T012. The
graphs comparing the measured water level time series to the SWASH outputs are shown only for test
TO003, as it is a representative test of the group.
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Figure J.1 - T003, Point 10 (picture A) and Point 4 (picture B): Comparison of the measured water level time series to
the simplified 2D SWASH outputs only and also to the 1D SWASH (simulating reflection at the harbour end) model
outputs.
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169



Point 26, TOO3 | 12
241

water level (m)
55 oo
w0 s O~ 00N
T T T T
)
T ——
—

Lo
o
T

=24

T
Measurements

o

simplified ?D SWASH

Al

700

800

Point 26, T003 |

water level (m)

T
Measurements

AREERED

1 1 1 | T

simplified ?D SWASH

A2

600

700

800 900

Point 11, TOO3 |

water level (m)

oo
N o
T

T
Measurements

simplified FD SWASH

0 100

700

800

Point 27, T003 s

T
Measurements

simplified FD SWASH

t(s)

- - -still water level — 1.wave arrival

700

800 900

Figure J.3 - T003, Point 26 (pictures A.1 and A.2), Point 11 (picture B) and Point 27 (picture C): Comparison of the
measured water level time series to the simplified 2D SWASH outputs only and also to the 1D SWASH (simulating

reflection at the harbour end) model outputs.

170



24

Point 12, T003

99
oh®
T

water level (m)
= OO
ERS
T

v, SA
BN ON
T

1
Measurements

bhdbadRaaadantattdidrtanandaadaaddasdd-

HARAALARRRLARA R I
T

simplified ?D SWASH

o

100

200

t(s)

300 400 500 600 700 800 900

Figure J.4 - T003, Point 12: Comparison of the measured water level time series to the simplified 2D SWASH outputs
only and also to the 1D SWASH (simulating reflection at the harbour end) model outputs.

The second group of tests for average kd values, presented in Table 1.2, includes tests T0O01, TO02 and
TO011. The graphs comparing the measured water level time series to the SWASH outputs are shown
only for test T002, as it is a representative test of the group.
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outputs.
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The third group of tests for high kd values, presented in Table 1.3, includes tests T010 and T013. The

graphs comparing the measured water level time series to the SWASH outputs are shown for both
tests, as in TO10 wave breaking occurs, while in T013 the waves do not break.
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Figure J.9 - T010, Point 24 (picture A), Point 5 (picture B), Point 26 (picture C) and Point 11 (picture D):
Comparison of the measured water level time series to the simplified 2D SWASH outputs only and also to the 1D

SWASH (simulating reflection at the harbour end) model outputs.
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Figure J.10 - T010, Point 27 (picture A) and Point 11 (picture B): Comparison of the measured water level time series
to the simplified 2D SWASH outputs only and also to the 1D SWASH (simulating reflection at the harbour end)
model outputs.
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SWASH (simulating reflection at the harbour end) model outputs.
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J.2 Comparison of the steady state in the measurements to the simplified 2D
SWASH model outputs
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Figure J.14 — T001, Top view of the ratio Hgeady state/Hincoming at the wave gauges locations. The colours

indicate the ratio values. At each location the left box shows the measurements result, while the right box
shows the simplified 2D SWASH model results.

Table J.1 - T001, The exact values of ratio Hgteady state/Hincoming 1N the measurements and in the simplified 2D

SWASH model.
Outside the harbour basin

Inside the harbour basin

Wave Measured 2D simpl. Difference Wave | Measured 2D simpl. Difference
Gauge Hsteadv state/ Hsteady state/ (%) Gaug Hsteadv state/ Hsteady state/ (%)
Hinc Hinc © Hinc Hinr:
1 1.20 1.19 -1 6 1.00 1.09 9
2 1.18 1.03 -13 7 1.27 0.69 -45
3 1.03 1.23 20 8 1.21 0.53 -57
4 1.26 1.20 -4 9 1.15 0.44 -61
5 1.17 0.96 -17 11 1.10 1.09 0
10 1.08 0.67 -38 12 1.03 1.29 25
23 1.28 1.45 13 13 1.07 1.04 -3
24 1.14 1.27 11 14 0.94 0.68 -28
25 1.32 1.40 6 15 0.87 0.54 -38
[Max|= 38 16 0.98 0.43 -57
26 1.07 1.09 1
27 1.20 1.13 -7
[Max|= 61
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Figure J.15 — T002, Top view of the ratio Hgteady state/Hincoming at the wave gauges locations. The colours
indicate the ratio values. At each location the left box shows the measurements result, while the right box
shows the simplified 2D SWASH model results.

Table J.2 — T002, The exact values of ratio Hgteady state/Hincoming 1N the measurements and in the simplified 2D
SWASH model.

Outside the harbour basin Inside the harbour basin

Wave | Measured 2D simpl. Difference | Wave | Measured 2D simpl. Difference
Gauge Hsteady state / Hsteady state / (%) Gauge Hsteady state / Hsteady state / (%)
Hinc Hinc Hinc Hinc

1 1.63 1.41 -14 6 1.12 1.16 4
2 1.54 1.26 -18 7 0.90 0.77 -14
3 1.36 1.05 -22 8 0.95 0.72 - 24
4 1.22 1.21 0 9 1.37 0.73 - 47
5 0.50 0.77 54 11 0.99 1.16 17
10 0.81 0.99 23 12 0.96 1.16 21
23 0.46 0.84 17 13 1.17 1.17 0
24 1.41 1.27 21 14 0.79 0.78 -2
25 0.60 0.95 0 15 1.11 0.74 -33
|[Max|= 54 16 1.06 0.74 -30
26 1.28 1.19 -7
27 0.94 1.23 30

|[Max|= 47

180



1400

er E] E]F]
1000 | i}
]
800 |-
E I_ E
)
600 [~
EE
400
@@ E | é E ] 2@
200 . @
Measurements 2D simplified
SWASH
0 n L . L . . L L
400 500 600 700 800 900 1000 1100 1200 1300

T003

x (m)

0.8

04

Figure J.16 — T003, Top view of the ratio Hgteady state/Hincoming at the wave gauges locations. The colours
indicate the ratio values. At each location the left box shows the measurements result, while the right box
shows the simplified 2D SWASH model results.

Table J.3 — T003, The exact values of ratio Hgteady state/Hincoming 1N the measurements and in the simplified 2D
SWASH model.
Outside the harbour basin \

Inside the harbour basin

Wave | Measured | 2D simpl. Difference | Wave Measured 2D simpl. Difference
Gauge Hsteady state / Hsteady state / (%) Gauge Hsteady state / Hsteady state / (%)
Hinc Hinc Hinc Hinc
1 1.19 1.23 4 6 1.39 1.13 -19
2 1.23 1.17 -5 7 1.27 0.95 -26
3 0.85 0.51 -40 8 0.86 0.87 1
4 1.35 1.12 -17 9 1.16 1.18 2
5 1.21 0.78 -36 11 1.14 1.12 -1
10 0.57 0.92 62 12 1.19 0.83 -30
23 1.48 1.14 -23 13 1.03 1.11 8
24 1.51 1.69 12 14 1.11 0.96 -14
25 1.46 1.07 -27 15 0.85 0.87 3
[Max|=82 | 16 0.87 1.15 32
26 1.11 1.06 -5
27 0.91 1.13 24
|[Max|= 47
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Figure J.17 — T010, Top view of the ratio Hgteady state/Hincoming at the wave gauges locations. The colours
indicate the ratio values. At each location the left box shows the measurements result, while the right box
shows the simplified 2D SWASH model results.

Table J.4 - T010, The exact values of ratio Hgteady state/Hincoming 1N the measurements and in the simplified 2D
SWASH model.
Outside the harbour basin \

Inside the harbour basin

Wave Measured 2D simpl. Difference | Wave Measured 2D simpl. Difference

Gauge Hsteady state/ Hsteady state/ (%) Gauge Hsteady state/ Hsteady state/ (%)
Hinc Hinc Hinc Hinc

1 1.03 0.85 -18 6 0.85 0.52 -40
2 1.04 0.59 -43 7 1.00 0.31 -68
3 1.43 0.68 -52 8 1.15 0.13 -88
4 0.79 0.66 -17 9 1.02 0.17 -84
5 1.47 0.26 -82 11 0.93 0.52 -44
10 0.80 0.72 -10 12 0.92 0.19 -79
23 0.89 0.71 -20 13 0.93 0.61 -34
24 0.88 0.61 -31 14 1.09 0.19 -82
25 0.99 0.80 -20 15 1.15 0.34 -71
[Max|=82 | 16 1.19 0.19 -84
26 1.12 0.16 -86
27 0.95 0.31 -67

[Max|= 88
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Figure J.18 — TO11, Top view of the ratio Hgteady state/Hincoming at the wave gauges locations. The colours
indicate the ratio values. At each location the left box shows the measurements result, while the right box
shows the simplified 2D SWASH model results.

Table J.5 - T011, The exact values of ratio Hgteady state/Hincoming 1N the measurements and in the simplified 2D
SWASH model.

Outside the harbour basin Inside the harbour basin

Wave | Measured 2D simpl. Difference | Wave Measured 2D simpl. Difference
Gauge Hsteady state/ Hsteady state/ (%) Gauge Hsteady state/ Hsteady state/ (%)
Hinc Hinc Hinc Hinc
1 1.05 1.00 - 4 6 1.10 1.04 -5
2 1.10 0.91 -17 7 0.85 0.78 -8
3 1.54 1.06 -31 8 0.98 0.69 -29
4 0.43 0.78 83 9 1.09 0.70 -36
5 1.57 1.30 -17 11 1.07 1.28 20
10 1.52 0.87 -42 12 0.81 0.98 21
23 1.05 1.49 20 13 0.93 1.04 11
24 1.63 1.35 21 14 0.93 0.80 -15
25 1.07 1.55 11 15 1.06 0.70 -34
[Max|=83 | 16 1.03 0.70 -32
26 0.99 0.76 -23
27 0.89 1.12 25
[Max|= 36
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Figure J.19 — T012, Top view of the ratio Hgteady state/Hincoming at the wave gauges locations. The colours
indicate the ratio values. At each location the left box shows the measurements result, while the right box
shows the simplified 2D SWASH model results.

Table J.6 — T012, The exact values of ratio Hgteady state/Hincoming IN the measurements and in the simplified 2D
SWASH model.
Outside the harbour basin

Inside the harbour basin

Wave | Measured 2D simpl. Difference | Wave Measured 2D simpl. Difference
Gauge Hsteady state / Hsteady state / (%) Gauge H steady state / Hsteady state / (%)
Hinc Hinc Hinc Hinc
1 0.33 0.60 80 6 1.63 1.32 - 19
2 0.67 0.67 0 7 1.06 1.20 14
3 1.52 1.72 14 8 1.15 1.10 -4
4 0.59 0.99 69 9 1.05 0.91 -13
5 1.56 1.73 11 11 0.75 1.02 37
10 1.51 1.50 0 12 1.00 0.93 -8
23 0.77 1.09 41 13 1.53 1.34 -12
24 0.47 0.72 55 14 1.16 1.18 2
25 0.79 1.19 51 15 1.21 1.10 -9
[Max|= 69 16 0.69 0.93 34
26 1.43 1.21 -16
27 0.95 0.97 2
[Max|= 37
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Figure J.20 — T013, Top view of the ratio Hgteady state/Hincoming at the wave gauges locations. The colours
indicate the ratio values. At each location the left box shows the measurements result, while the right box
shows the simplified 2D SWASH model results.

Table J.7 — T013, The exact values of ratio Hgteady state/Hincoming 1N the measurements and in the simplified 2D
SWASH model.
Outside the harbour basin

Inside the harbour basin

Wave | Measured 2D simpl. Difference | Wave Measured 2D simpl. Difference
Gauge Hsteady state / Hsteady state / (%) Gauge H steady state / Hsteady state / (%)
Hinc Hinc Hinc Hinc
1 1.32 1.18 -10 6 0.99 1.09 10
2 1.22 1.02 -16 7 1.17 0.76 -36
3 0.88 1.21 37 8 1.20 0.62 -49
4 1.22 1.22 0 9 1.11 0.52 -53
5 1.04 0.93 -10 11 1.07 1.07 0
10 1.22 0.66 -46 12 0.91 1.24 36
23 1.18 1.46 23 13 1.01 1.04 3
24 1.09 1.26 16 14 1.06 0.74 -30
25 1.29 1.40 8 15 0.94 0.62 -34
[Max|= 46 16 0.97 0.50 -48
26 1.10 1.04 -5
27 1.10 1.09 -1
[Max|=53
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Appendix K Results of the 2D SWASH
model representing the full layout 1

K.1 Comparison of the measured water level times series to the outputs of the
2D SWASH model representing the full layout 1

The first group of tests for low kd values, presented in Table 1.1, includes tests TO03 and T012. The
graphs comparing the measured water level time series to the SWASH outputs are shown only for test
TO003, as it is a representative test of the group.
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Figure K.1 - T003, Point 10 (picture A) and Point 4 (picture B): Comparison of the measured water level time series
to the full 2D SWASH outputs.
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Figure K.2 - T003, Point 3 (picture A), Point 24 (picture B), Point 5 (picture C) and Point 26 (picture D): Comparison
of the measured water level time series to the full 2D S
T

WASH outputs.
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Figure K.3 - T003, Point 11 (picture A), Point 27 (picture B) and Point 12 (picture C): Comparison of the measured
water level time series to the full 2D SWASH outputs.
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The second group of tests for average kd values, presented in Table 1.2, includes tests T001, T002 and
TO011. The graphs comparing the measured water level time series to the SWASH outputs are shown
only for test TO02, as it is a representative test of the group.
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Figure K.4 - T002, Point 10 (picture A), Point 4 (picture B) and Point 3 (picture C): Comparison of the measured

water level time series to the full 2D SWASH outputs.

190



1.2 - Point 24, T004 N ! Bo oo Fo

water level (m)
o
—T
=t
—t
——=
T
——
—
——

T
Measurements |

-04 - h
-0.8 ¥
12+ i | 3b al | i i i full SWASIH model -
0 100 200 300 400 500 600 700 800 900
A. t(s)
- - -still water level ——4.1st reflection off inner slope 1
——1.wave arrival 5.3rd refiection off outer slopes 2
——2.1st reflection off outer slopes 2 ——6.2nd reflection off wave board-inner slope 1
——3.2nd reflection off wave board-outer slopes 2 —7.3rd refiection off inner slope 1
1.2 - Point 5, To02 ' ! ! ! Measurements |
2b) 5b 6b b
08+ 1a 4
:E-: 0‘4 | ”“ ﬂ |
g o I
! |
[
.04+
08 B
3]
12 i i i i i i i full SWASIH model -
0 100 200 300 400 500 600 700 800 900
B. t(s)
1.2 [~ Point 26, Tooz ! ‘ ‘ ! Measurements |
6b il
08 1a |
E04r H
§ i
2 0
5 V
S04f
-08[ :
4b
12+ i : i ‘ ‘ ‘ full SWASH model a
] 100 200 300 400 500 600 700 800 900
C. t(s)
1.2 - Point 11, T002 ' ‘ ' Megsurements
6b 7b
08— 1a 1 i I I 11 I 1 1 i 1 i l
T 04 ﬂ
= 1
o W
i, j b |
P U
S04 |
08l [IREARI i » 1 v A
4b
12 i i ‘ i | ‘ [ ful SWASH model B
0 100 200 300 400 500 600 700 800 900
D t(s)

Figure K.5 - T002, Point 24 (picture A), Point 5 (picture B), Point 26 (picture C) and Point 11 (picture D):

Comparison of the measured water level time series to the full 2D SWASH outputs.
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Figure K.6 - T002, Point 27 (picture A) and Point 12 (picture B): Comparison of the measured water level time series
to the full 2D SWASH outputs.

The third group of tests for high kd values, presented in Table 1.3, includes tests T010 and T013. The
graphs comparing the measured water level time series to the SWASH outputs are shown for both
tests, as in TO10 wave breaking occurs, while in T013 the waves do not break.
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Figure K.7 - T010, Point 10: Comparison of the measured water level time series to the full 2D SWASH outputs.
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Comparison of the measured water level time series to the full 2D SWASH outputs.
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Figure K.10 - T013, Point 10 (picture A), Point 4 (picture B), Point 3 (picture C) and Point 24(picture D):

Comparison of the measured water level time series to the full 2D SWASH outputs.
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Figure K.11 - T013, Point 5 (picture A), Point 26 (picture B), Point 11 (picture C) and Point 27(picture D):
Comparison of the measured water level time series to the full 2D SWASH outputs.
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Figure K.13 -2D full model results for TO01: Top view of the ratio Hgeeady state/Hincoming @t the output
locations included in the measurements. The colours indicate the ratio values.

Table K.1 - 2D full model results for T001: The exact values of ratio Hgeady state/Hincoming at the output
locations included in the measurements.

Wave | Measured 2D full Difference Wave Measured 2D full Difference
Gauge Hsteady state/ Hsteady state/ (%) Gauge Hsteady state/ Hsteady state/ (%)
Hinc Hinc Hinc Hinc
1 1.20 1.27 6 6 1.00 1.07 7
2 1.18 1.11 -6 7 1.27 0.69 -45
3 1.03 1.21 18 8 1.21 0.51 -58
4 1.26 1.24 -1 9 1.15 0.42 -64
5 1.17 0.97 -17 11 1.10 1.05 -4
10 1.08 0.71 -34 12 1.03 1.24 20
23 1.28 1.46 14 13 1.07 1.03 -3
24 1.14 1.23 8 14 0.94 0.68 -28
25 1.32 1.44 9 15 0.87 0.54 -39
[Max|=34 | 16 0.98 0.40 -59
26 1.07 1.09 1
27 1.20 1.04 -14
[Max|= 64
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Figure K.14 -2D full model results for T002: Top view of the ratio Hgeady state/Hincoming at the output

locations included in the measurements. The colours indicate the ratio values.

Table K.2 - 2D full model results for T002: The exact values of ratio Hgeady state/Hincoming at the output
locations included in the measurements.

Outside the harbour basin Inside the harbour basin

Wave | Measured 2D full Difference Wave Measured 2D full Difference

Gauge Hsteady state/ Hsteady state/ (%) Gauge Hsteady state/ Hsteady state/ (%)
Hinc Hinc Hinc Hinc
1 1.63 1.36 -16 6 1.12 1.13 2

2 1.54 1.19 -23 7 0.90 0.73 -19
3 1.36 1.02 -25 8 0.95 0.76 -20
4 1.22 1.20 -2 9 1.37 0.76 -45
5 0.50 0.71 44 11 0.99 1.12 13
10 0.81 0.87 8 12 0.96 1.22 27
23 0.46 0.87 90 13 1.17 1.14 -3
24 1.41 1.45 2 14 0.79 0.74 -7
25 0.60 0.95 59 15 1.11 0.77 -30
[Max|= 90 16 1.06 0.77 -28
26 1.28 1.23 -4
27 0.94 1.16 23

|[Max|= 45
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Figure K.15 -2D full model results for T003: Top view of the ratio Hgeady state/Hincoming @t the output

locations included in the measurements. The colours indicate the ratio values.

Table K.3 - 2D full model results for T003: The exact values of ratio Hgeady state/Hincoming at the output
locations included in the measurements.

Outside the harbour basin Inside the harbour basin

Wave | Measured 2D full Difference Wave Measured 2D full Difference
Gauge Hsteady state/ Hsteady state/ (%) Gauge Hsteady state/ Hsteady state/ (%)
Hinc Hinc Hinc Hinc
1 1.19 1.13 -5 6 1.39 1.27 -9
2 1.23 1.07 -13 7 1.27 1.01 -21
3 0.85 0.59 -31 8 0.86 0.95 10
4 1.35 1.26 -6 9 1.16 1.05 -10
5 1.21 0.97 -20 11 1.14 1.00 -12
10 0.57 0.70 24 12 1.19 1.04 -13
23 1.48 1.33 -11 13 1.03 1.25 22
24 1.51 1.66 10 14 1.11 1.02 -9
25 1.46 1.29 -12 15 0.85 0.94 10
[Max|= 31 16 0.87 1.04 19
26 1.11 1.17 5
27 0.91 0.99 9
[Max|= 22
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Figure K.16 —2D full model results for T010: Top view of the ratio Hgeady state/Hincoming @t the output

locations included in the measurements. The colours indicate the ratio values.

Table K.4 - 2D full model results for T010: The exact values of ratio Hgeady state/Hincoming at the output
locations included in the measurements.

Wave | Measured 2D full Difference Wave Measured 2D full Difference

Gauge Hsteady state / Hsteady state / (%) Gauge H steady state / Hsteady state / (%)
Hinc Hinc Hinc Hinc
1 1.03 0.90 -13 6 0.85 0.47 -45
2 1.04 0.62 -40 7 1.00 0.29 -71
3 1.43 0.72 -50 8 1.15 0.19 -83
4 0.79 0.64 -20 9 1.02 0.16 -84
5 1.47 0.38 -74 11 0.93 0.57 -38
10 0.80 0.74 -7 12 0.92 0.21 =77
23 0.89 0.78 -13 13 0.93 0.60 -35
24 0.88 0.60 -32 14 1.09 0.17 -85
25 0.99 0.73 -26 15 1.15 0.33 -71
[Max|= 74 16 1.19 0.18 -85
26 1.12 0.23 -80
27 0.95 0.31 -67
|[Max|= 85
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Figure K.17 —2D full model results for TO11: Top view of the ratio Hgeady state/Hincoming @t the output
locations included in the measurements. The colours indicate the ratio values.

Table K.5 - 2D full model results for TO11: The exact values of ratio Hgeady state/Hincoming at the output
locations included in the measurements.

Outside the harbour basin Inside the harbour basin

Wave | Measured 2D full Difference Wave Measured 2D full Difference
Gauge Hsteady state/ Hsteady state/ (%) Gauge Hsteady state/ Hsteady state/ (%)
Hinc Hinc Hinc Hinc
1 1.05 0.96 -9 6 1.10 1.06 -3
2 1.10 0.87 -21 7 0.85 0.80 -6
3 1.54 1.16 -25 8 0.98 0.66 -32
4 0.43 0.80 87 9 1.09 0.70 -36
5 1.57 1.39 -11 11 1.07 1.22 14
10 1.52 0.73 -52 12 0.81 1.00 23
23 1.05 1.43 36 13 0.93 1.07 15
24 1.63 1.38 -15 14 0.93 0.81 -13
25 1.07 1.50 40 15 1.06 0.67 -37
[Max|=87 16 1.03 0.69 -32
26 0.99 0.83 -16
27 0.89 1.25 40
|[Max|= 37
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Figure K.18 —2D full model results for T012: Top view of the ratio Hgeady state/Hincoming @t the output

locations included in the measurements. The colours indicate the ratio values.

Table K.6 - 2D full model results for T012: The exact values of ratio Hgeady state/Hincoming at the output
locations included in the measurements.

Outside the harbour basin Inside the harbour basin

Wave | Measured 2D full Difference Wave Measured 2D full Difference
Gauge Hsteady state/ Hsteady state/ (%) Gauge Hsteady state/ Hsteady state/ (%)
Hinc Hinc Hinc Hinc
1 0.33 0.61 82 6 1.63 1.33 82
2 0.67 0.69 3 7 1.06 1.03 3
3 1.52 151 -1 8 1.15 0.96 -1
4 0.59 0.91 55 9 1.05 0.98 55
5 1.56 1.49 -5 11 0.75 0.94 26
10 151 1.67 11 12 1.00 1.04 3
23 0.77 1.01 31 13 1.53 1.33 -13
24 0.47 0.58 23 14 1.16 1.02 -12
25 0.79 1.06 34 15 1.21 0.98 -20
[Max|= 62 16 0.69 1.00 44
26 1.43 1.29 -10
27 0.95 0.94 -1
|[Max|= 62
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Figure K.19 -2D full model results for T013: Top view of the ratio Hgeady state/Hincoming @t the output
locations included in the measurements. The colours indicate the ratio values.

Table K.7 - 2D full model results for T013: The exact values of ratio Hgeady state/Hincoming at the output
locations included in the measurements.

Outside the harbour basin Inside the harbour basin

Wave | Measured 2D full Difference Wave Measured 2D full Difference
Gauge Hsteady state/ Hsteady state/ (%) Gauge Hsteady state/ Hsteady state/ (%)
Hinc Hinc Hinc Hinc
1 1.32 1.25 -5 6 0.99 1.07 8
2 1.22 1.10 -10 7 1.17 0.75 -36
3 0.88 1.16 31 8 1.20 0.59 -51
4 1.22 1.26 3 9 111 0.49 -56
5 1.04 0.91 -12 11 1.07 1.07 0
10 1.22 0.73 -40 12 0.91 1.19 30
23 1.18 1.45 23 13 1.01 1.03 2
24 1.09 1.26 15 14 1.06 0.73 -31
25 1.29 1.42 10 15 0.94 0.62 -34
[Max|= 40 16 0.97 0.47 -51
26 1.10 1.02 -7
27 1.10 1.03 -6
|[Max|= 56
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Appendix L 2D SWASH MODELS
SETTINGS

L.1 The models set-up

The majority of the 1D SWASH models settings, presented in Section H.1, are also applied in the 2D
SWASH models. Here only the additional or different settings are discussed.

1. Grid resolution

As a two dimensional model is more computationally demanding than the one dimensional case, a 3.5
times courser grid size (Ax=3.15m) is chosen. This choice reduces the required computational time.
Each computation took approximately 12 hours on two 64-bit Linux cluster nodes with an Intel Xeon
E3-1276 CPU @ 3.6GHz and 32 GB RAM. However, for a few test case, the new grid size results in
a low number of grid points per wave length as show in in Table L.1. This is related to the accuracy
problems observed for tests T010 and TO11 (see Chapter 8). For the aforementioned tests the wave
are relatively higher (H/h =0.2 instead of 0.1) and the number of grid point per cells should be higher.

Table L.1 — The ratio wave height to water depth H/h and the number of grid cells per wave length for each of the 7
selected tests.

Cells per wave length

N 099 198 0.1 80.48 3.15 26
144 198 0.1 120.74 3.15 38
2385 198 0.1 225.59 3.15 72
297 1938 0.2 39.38 3.15 13
3.015 198 0.2 104.71 3.15 g
2745  19.8 0.1 197.05 3.15 63
Lk 1935 198 0.1 31.52 3.15 10

2. Boundaries

The incoming wave height generated by the wave maker in the physical scale model is prescribed at
the offshore boundary of the model along the length from x= 45m to x=1755m. From x=0m to x=45m
and from x=1755m to x=1799.33 the boundary is defined as a closed wall. This choice is made
because in the physical scale model the first and the last five paddles are not used in full power
(Section 2.2).The remaining three boundaries are defined as closed boundaries.

3. Sponge layer

The sponge layer has a length of 450m. Full justification of this choice is provided in Section 7.1.

4. Time step

The time step chosen is equal to 0.050 s to satisfy the CFL condition. The explicit time discretisation
is applied in the simulations, resulting in an automatically selected time step which satisfies the CFL
limits. In the command file the Courant number is restricted within the range 0.2 to 0.5.

5. Output locations

The output locations shown in Figure 7.2 are used.
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L.2 The SWASH command files

L.2.1 Command file for the simplified 2D model

$*************H EADI N G****************************************

PROJ Teni' '1'

$***********MODEL INPUTn ** **k*x * k% * **x*x *%*
CGRID REG 0.675 0 0 1798.65 1827 571 580

VERT 2

$

INPGRID BOTTOM REG 0.675 00571 580 3.15 3.15

READINP BOTTOM 45. 'Harbouronly L1 grid007_big_sponge.bot' 1 0 FREE
INPGRID POROSITY REG 0.6750 0571 580 3.15 3.15

READINP POROSITY 1. 'Walls_only_L1 grid007_big_sponge.por' 1 0 FREE
INPGRID PSIZE REG 0.675 0 0 571 580 3.15 3.15

READINP PSIZE 45. 'Walls_only L1 grid007_big_sponge.psiz' 1 0 FREE
INPGRID HSTRUCTURE REG 0.675 0 0 571 580 3.15 3.15

READINP HSTRUCTURE 45. 'Walls_only_L1 grid007_big_sponge.hstr' 1 0 FREE

$
INITIAL ZERO

$

BOUND SEGMENT XY 0.675 045 0 BTYPE VEL UNIFORM FOURIER0000
BOUND SEGMENT XY 45 01755 0 BTYPE WEAK SMOO 1 SEC UNIFORM SERIES

'Paddle45 5 96 T002.tms'

BOUND SEGMENT XY 17550 1799.33 0 BTYPE VEL UNIFORM FOURIER 0000
BOUND SIDE E CCW BTYPE VEL UNIFORM FOURIER0000
BOUND SIDE W CCW BTYPE VEL UNIFORM FOURIER 0000

$
SPON N 450.45
$

NONHYDROSTATIC

$

DISCRET UPW MOM
DISCRET UPW WMOM

$
TIMEI 0.2 0.5
$

$************ OUTPUT REQUESTS *hkhkhkhkhkhkhkhkkhkkhkkhkkhkhhhkhkhhhhhkhkhhhhhhixx

POINTS "puntl’
POINTS 'punt2'

447.07500000

359.50500000

1345.64000000 361.75500000

POINTS 'punt3' 896.40000000  307.57500000
POINTS 'punt4’ 895.45500000 277.06500000
POINTS 'punt5’  899.68500000  543.60000000
POINTS 'punt6’ 727.65000000  715.50000000
POINTS 'punt7*  726.43500000 856.30500000
POINTS 'punt8' 726.66000000  1020.65000000
POINTS 'punt9’ 728.19000000  1183.10000000
POINTS 'punt10" 896.17500000  203.71500000
POINTS 'punt11l’ 900.00000000  856.35000000
POINTS 'punt12' 900.36000000  1183.28000000
POINTS 'punt13' 1072.35000000 715.50000000
POINTS 'punt14' 1072.35000000 856.35000000
POINTS 'punt15' 1071.32000000 1017.05000000
POINTS 'puntl6' 1072.08000000 1181.34000000
POINTS 'punt23' 670.36500000  359.73000000
POINTS 'punt24' 894.82500000  360.94500000
POINTS 'punt25' 1121.18000000 360.45000000
POINTS 'punt26' 900.00000000  715.50000000

205



POINTS 'punt27' 899.77500000  1020.51000000
$

POINTS 'punt28' 447.07500000 203.71500000
POINTS 'punt29' 447.07500000 543.60000000
POINTS 'punt30" 447.07500000 922.50000000
POINTS 'punt31' 558.72000000  203.71500000
POINTS 'punt32' 558.72000000  359.50500000
POINTS 'punt33' 558.72000000  543.60000000
POINTS 'punt34' 670.36500000  203.71500000
POINTS "punt35' 670.36500000  543.60000000
$

POINTS "punt40' 813.63400000 1182.57000000
POINTS "punt41’ 813.63400000  1100.98500000
POINTS "punt42' 813.63400000  1019.40000000
POINTS 'punt43' 813.63400000 937.86800000
POINTS 'punt44' 813.63400000  856.33500000
POINTS 'punt45' 813.63400000  785.91800000
POINTS 'punt46' 813.63400000  715.50000000
$

POINTS 'punt47' 986.02900000 1182.57000000
POINTS 'punt48' 986.02900000  1100.98500000
POINTS 'punt49' 986.02900000  1019.40000000
POINTS 'punt50" 986.02900000  937.86800000
POINTS 'punt51' 986.02900000  856.33500000
POINTS 'punt52' 986.02900000  785.91800000
POINTS 'punt53' 986.02900000  715.50000000
$

POINTS 'punt54' 727.23400000  1100.98500000
POINTS 'punt55' 727.23400000  937.86800000
POINTS 'punt56' 727.23400000  785.91800000
$

POINTS 'punt57' 900.03400000  1100.98500000
POINTS 'punt58' 900.03400000 937.86800000
POINTS 'punt59' 900.03400000  785.91800000

$
POINTS "punt60’
POINTS 'punt61’
POINTS 'punt62'
$

1072.02400000 1100.98500000
1072.02400000 937.86800000
1072.02400000 785.91800000

FRAME ‘framel' 0.675 0 0 1798.65 1827 571 580
FRAME ‘frame2' 0.675 0 0 1798.65 1827 57 58

$

QUANTITY WATLEV 'WATLEV' 'WATLEV"-10 10 -999

QUANTITY HS 'HS' 'HS' 0 10 -999 0 25 MIN

$

TABLE
TABLE

‘puntl' HEAD 'T002_pl.tbl' TSEC XP YP WATL VKSI VETA OUTPUT 000000.000 0.10 SEC
'punt2' HEAD 'T002_p3.tbl' TSEC XP YP WATL VKSI VETA OUTPUT 000000.000 0.10 SEC
TABLE 'punt3' HEAD 'T002_p3.tbl' TSEC XP YP WATL VKSI VETA OUTPUT 000000.000 0.10 SEC
TABLE 'punt4' HEAD 'T002_p4.tbl' TSEC XP YP WATL VKSI VETA OUTPUT 000000.000 0.10 SEC
*** same table created for all the output points****

TABLE 'punt60' HEAD 'T002_p60.tbl' TSEC XP YP WATL VKSI VETA OUTPUT 000000.000 0.10 SEC
TABLE 'punt61' HEAD 'T002_p61.tbl' TSEC XP YP WATL VKSI VETA OUTPUT 000000.000 0.10 SEC
TABLE 'punt62' HEAD 'T002_p62.tbl' TSEC XP YP WATL VKSI VETA OUTPUT 000000.000 0.10 SEC
$

TABLE 'framel' HEAD 'T002_hs.fr' TSEC XP YP HS

TABLE ‘framel' HEAD 'FT002_wl.fr' TSEC XP YP WATL OUTPUT 000010.000 5 SEC

$

COMPUTE 000000.000 0.050 SEC 001500.000

STOP
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L.2.2 Command file for the full layout 1 2D model

$*************H EADI N G****************************************

PROJ Teni''1'

$***********M O D E L I N P UT**************************************

$

CGRID REG 0.675 00 1798.65 1827 571 580

VERT 2

$

INPGRID BOTTOM REG 0.675 0 0 571 580 3.15 3.15

READINP BOTTOM 45. 'Bottom_grid007_big_sponge.bot' 1 0 FREE

INPGRID POROSITY REG 0.6750 0571 580 3.15 3.15

READINP POROSITY 1. 'Full_grid007_big_sponge.por' 1 0 FREE

INPGRID PSIZE REG 0.675 0 0 571 580 3.15 3.15

READINP PSIZE 45. 'Full_grid007_big_sponge.psiz' 1 0 FREE

INPGRID HSTRUCTURE REG 0.675 0 0 571 580 3.15 3.15

READINP HSTRUCTURE 45. 'Full_grid007_big_sponge.hstr' 1 0 FREE

$

INITIAL ZERO

$

BOUND SEGMENT XY 0.675 045 0 BTYPE VEL UNIFORM FOURIER 0000
BOUND SEGMENT XY 450 1755 0 BTYPE WEAK SMOO 1 SEC UNIFORM SERIES
'Paddle45_5 96 T002.tms'

BOUND SEGMENT XY 17550 1799.33 0 BTYPE VEL UNIFORM FOURIER000O
BOUND SIDE E CCW BTYPE VEL UNIFORM FOURIERO0000

BOUND SIDE W CCW BTYPE VEL UNIFORM FOURIER000O

$

SPON N 450.45

NONHYDROSTATIC

DISCRET UPW MOM

DISCRET UPW WMOM

TIMEI 0.2 0.5

$

Froddkdkkkkkk QUTPUT REQUESTS *kkadkkbkodkdkkokak ok

$

POINTS 'puntl’ 447.07500000 359.50500000

*** same coordinates defined for the simplified 2D SWASH model, as presented in L.2.1****
POINTS 'punt62' 1072.02400000 785.91800000

$

FRAME ‘framel' 0.675 0 0 1798.65 1827 571 580

FRAME ‘frame2' 0.675 0 0 1798.65 1827 57 58

$

QUANTITY WATLEV 'WATLEV' 'WATLEV' -10 10 -999

QUANTITY HS 'HS' 'HS' 0 10 -999 0 25 MIN

$

TABLE 'puntl' HEAD 'T002_pl.thl' TSEC XP YP WATL VKSI VETA OUTPUT 000000.000 0.10 SEC
*** same table for all the output points****

TABLE 'punt62' HEAD 'T002_p62.tbl' TSEC XP YP WATL VKSI VETA OUTPUT 000000.000 0.10 SEC
$

TABLE 'framel' HEAD 'T002_hs.fr' TSEC XP YP HS

TABLE 'framel' HEAD 'FT002_wl.fr' TSEC XP YP WATL OUTPUT 000010.000 5 SEC
$TABLE 'frame2' HEAD 'FT002_If.fr' TSEC XP YP WATL OUTPUT 000010.000 5 SEC
$

COMPUTE 000000.000 0.050 SEC 001500.000

STOP
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