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Executi ve summary

Wave penetration inside a harbour is afithe main challenges that port planners and engineers had

to tackle in recent years. Wave conditions near the harbour entrance and inside the harbour basins
det er mi n esafevsailling antl sm@oringpossibly cases unwantedressel movements, and
unequivocally regulate the execution of port operatidave penetration can be described in a
complete way by means of physical scale modellihgwever, the construction of a physical scale
model is expensive and tinbensumingFor this reasonin 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-Imgirostatic model SWASH is
examined.To validate the numerical model, output of an open benchmark dataset of Deltares
(Deltares, 2016) is usedonsisting of physical scale model tests of sct@nport layoutsAs wave
penetration is a summation of physical processes, each process should be described accurately by
SWASH. This thesis focuseon assessg how SWASH models wave penetration per wave process

first separately by means sfmplified nodels andthen combinedin a model describing the full

harbour layoutesulting to the final wave field inside a pofs the amount of processes influencing

wave penetration increases for higher layout complexity, the research was targeted at thepsirhplest
layout consideredn the benchmark dataset (Deltares, 2028dreover, only regular waves were

taken into account, as in this case wave penetration becomes less complex. Thus, when comparing
computational results to measurement results differenees@st 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 effetttwo dominant wave processa®flection and
diffraction. Hence, the first paof the research aimed to obtain knowledge about these topics from the
measurementsConsequently, His information was used as comparison material to evaluate the
SWASH results.

To better understand the influence of reflection the wawes simplified onedimensional SWASH
models were designed. The first modhulatedreflection in front of a gravel sloptcated outside

the harboumbasin and the second model reflection in front of the harti@sinend consisting of a

gravel slopeand a concrete quay wall behind it. The results suggest that outside the basin the
reflection off the gravel slope ka minor effect in comparison to the reflection offeatical quay

wall. Inside the harboubasin,wave reflection played a dominant rada the resulting wave field

there It should be emphasised that the standing wave heigate altering fast within a sho
horizontal distanceAs a consequencthe precise wave height values were strongly influenced by the
exact location of the outppbints examined.

The importance of diffraction inside the harbour was demonstratedsiyplified two-dimensional
model in which the harbour epat which waves get reflectedas not includedThe informatiorthat
could beobtained from the measuremertisout the wave height changes due to diffraction was
limited. However, the initial trends due to diffraction wetlso identifiedin SWASH. From the
comparison of the wave height in tB&/ASH model influenced only by diffractionto the respective
measued value it was confirmed that théotal measuredvave penetration inside the harbour was
significantly influenced by diffraction. Nevertheless, reflectafh the harbour end played also an
important role inside the basin and both wave processes shouhbdelled accuratelp 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 modghowed that the overall wavelfil 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 downsids,other locations the measured and the modelled wave height
deviated significantly.The large deviations can lexplainedby the fact that the standing wave
patterns change within a short distance and thus the wave height can vary significantly ea the ar
close to a specific output poirt.may bepossible that the measured wave height at a specific point
can be identified in SWASH in the region close to #&xactpoint coordinatesAll in all, it was
concluded thator nonbreaking, relatively low waves, with waveheightto-waterdepth ratio lower

than 0.2,the accuracy of SWASIh modelling the wave processes of reflection and diffraction is
sufficiently well for engineering purpose&or relatively high waves and/or breaking waves,
numerical instaltities were detectedt is assumed that the numerical instabilities can be attributed to
the relatively low number of grid cells per wave lengttowever, this assumption has not been
verified within this study.

This study advances our understandinghef wave penetration simulation in SWASH. The approach
followed allows investigating thability of the modeto simulate separately andombinedtwo wave
processesvhich 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 theilplesseasons leading to deviations between

the measurements and the model outputs. This can be valuable assistance in the course of further
improving the model accuracyfhe next step would be to apglye technique of examining wave
penetration in SWASHsaa summation of different wave processes in more complex layouts and
wave conditions.



«

28 ¢ w

d Uesgd aUs U
5

@y

©Q @ g CEow Ce
@
o

O ooQ O Co
CQ CcC*+ o
— o
L O+ COCO"
w
O o p g SO (D =
P oo C(-o-C!‘Q

‘LD q’\-l— C(C§
C e+ o
ST e w

C(
“m QC(

3 prpUu;Uo sL$W ¢
eYGUdJ;ﬁgu:qw M&sse@W}&ShﬂmcU nguUe Ud
3Y. agsuuet.burz wLbeUn;oeuﬁﬁLU‘YU 8L°J GJ el i
g B uyl.besa’?" aigl yUs;Lba»UstsL"Js Ud s (
ge UUsoafh "~ Uliase UsUhd oaUs “8Efsuos
0

Yo O S Co® Q@ T

o

C 3 sﬂJLaﬁilajg(J:IQUSJ‘gulY:BQJ Usg a»s

yPgs U UaUaUGU “aai 00Uy} d 9YUU3~q >9¢
9" 1@

Uq3 " Upaoliied ¥

Ui as aU.

(<))

P O ..

CCOm COom
cH o

P W OQ C
OO 4w w

U0 0°'p Usd eU0Uj el

O O C

Ci o
Q@ Q
>
0N+ o
T ac

yalUeeiOU0Ushdad Udd U aty OGdduilddl’ Lbeewgwatwtgd
vuuuu aeszaUSWABb[la @ “gd dlesU 3 ¢ giBUlsy &6 ] G|
= v i C

s v, o

C
ol
<&
(@)
C«
g

Q. Co

[an(q
(¢
(¢

g

™ X O C
o C >

Ce
C( (O]

oW @ O

¢ Uq;squsss‘Ytaeueqr
i'ghlUg g oUs ¥ 3

U o
U U sUsellh dh Ulsd dli Ustiessll
By JUe30Us e9oa3 e U Geyidd
UseaUav¥add, d o soe

g
U UessstGUUa HUs Ue iyae
16i 6)o9shaUsesg Uo ee
" Uds Usyjsbe dyilq
d

&%
&,
CEt

RO CCSCC™
® Q@

RO QP O @
QO

QL e 0 ™4 e
wWOEO O CCCe

W W Cow Co

AR SS <X

’U;sUa»Yst3U Ue oaaUsidUh
yjald “@6g jeyeagyUs U K Us

(e COC(
QR o

d@d g0 3 'OByda dieslgll >9ey3 U’ Ba Y
d

@
,_Q_eCo
= O
® QO

Xi



UyadolifidgUpdle; steysUd. YU} ha UgUY 65 Ujcosayd |
GUBWASH | " h Ud Gioeyostd UMASHi y&g§gd) BOEdyseg dfysae
UsshelUsealidd, UsgddUds W0 alslkees 6 qU  estbUl)bdlsliad d a U
e UWUp 6 U ougeeUWhtioudbeld } U a 00 Uds qUUagda0dd.Us d UsY
GU0es oaaUstlUR ¥Yoaye Usg oasey3U UGosUul) UsUUasUs GdeUs
UaszUs U330 UgBdBaecs i BBasWdsces Viile) aB@idld odUa0gs Y &P
Lt G000 30 U3U Uy UcdUa GUe e€63Uyae Us agelUUsafh ~ Ul
g Gioeysld Urs eUUjelUys eU UU U sUUayleUUU Us
“"UysUay¥YebUs U Uds ae) d yotked, Udedi @3&@@@&11%@&539’ oty
OtaU UasUs 60U GgedGr¥rsalU 03¢Gafylﬁl4°wgﬁaﬂaﬂUeeeUf] Usep agf 301 Ubye as a2
e0U; dd0aU0d Useyd, “6g U egUUasi 3 ﬂng:{]lﬂﬂg}l.lﬂquiULQBG o
UsvYodgUlRlRoaydodylbptled UOBENASHAz YOBB) ddUaa0d Us
iyegd oi ej0¥Bas UUk 90U e Uos ¥ag ﬂapdbﬁ@«lﬂlg;!ﬂijf]ww Uy <
eUU0y ddU0a g Usmywgdf oi ecUUsd oUs @5 U38L1303uLLyGaeeGgUg’
"UyeglisoYeeglh hledeeslisdls sjes adiids G0 3l el s+ dilla " cliyoos
alUs UU U’eUﬁWl&ngdJéJ;oLBeemUUa GUsd UsayosbUad dyaUs
vevyd, hrd jeUsUlGy); ddal, GUe UysdedUsah e83Uy:
9t e UUU UaaYsUs U3UhL@ULbU9({a$&3g’dngﬂBgtgg’[]sav'g;ljljég’ Us @
ioUlGy) Us GdeUsaUsoay aU(ds 'U;eeee a63UY aUe 0Ggo
"Uy UU0eydad U egUUaUa e5U aUae Uszeodld osU Usd U’
AKaszUs "~ sdUsh UsUBdAE, ldyssydgooWoy) sy 3SiVvASHs ~ 6 d Ul o
a0ds Uy sece ol U¥dlWald U&gosBaldlvg UWhse.” U) Uas U0
dy Ugfh e UBUemaghl, d Ue@eed)Us Geasi d, o8 8 UaigdfdFde g sagdgoay HRUU, 6
02 d Ue( awasy Ud 3 jeleesavyidy BWdleag 08 ¥eaUsl digs o U
“"UjyadalUtdd UasUs U Ujeaitd Us)omédgpgdgboéagtild ot
dy UgheUsesgd ogeUUsleasid, Uy 0UU0dyeddoaUs qUpadggdUs
UaUYdUsUd ¢ 6} eisdacbllUs8Ycabddpl Oedeh oaUsst 3 Us ¥
¢ Ujyei GU w3 UgsU tsUgyisU qgqugauguwa§qgqu00ﬁd
Uj sde delbxolipyB®ASH ¢ ~j elyoosild 8 g Ueea»egdeddaﬁ VI
saUshUqUUg jetieesavyidd Ueg e83Uyacgg, Updldkgwai Uy
"e6g Ugeb¥Yeaasgs ~JvyUUjcoeyY G:Udzs dgerdBdaeg 8o Jie
zU0 s &y daedUgdld UzUGGUaalUs Uds UypsdedUsoae 0UI
G0y U0dosee Udd " UjeialUd s avyeUUsosaed e 63 Ua 30 I
U AHuoeliedBWASHG Uds Uy soy Ulle Udd ogeUUsBpregUaliella g
dgeeasay¥Y. ¢ U eaUddUaidU o93t10d uUsUlGyUasUs GcUUsoa:
U eeaatilUsd UsyelUOGU GUsd eUUjetlUsd oaUs UU Uy sde
"6oi Used besedUsU GUds “"6j3UaU bUaUstGUs Begldd U
e 63 Ua 30 UasUs d UGUyesoe Udd "~ Ujei G§BFASHUdhUG g
*d YdyeoaslelU UsUGe Uyl 3 oggc Ulsad®UlWiee UsUUY3xUs
sai @26aUd oageUUsayd GgadealUd

Xii



Content s

ACKNOWLEDGMENTS ...ttt reeee e e e e ettt e e e e e s emms s e e e eatan e e e e et eetaeaesestan e eeestnnsaeeeesnsnnnn \Y
ACKNOWLEDGMENTS INGREEK/ A3 | AL BE&LARE. e VI
EXECUTIVE SUMMARY ittt eeeee et s e ettt e e e et emat s e e s aa bt e e s ee b e e teenesestaneeseasaneeeeernns IX
EXECUTIVE SUMMARY IN GREEK/ B ANAL S .0 & e e ees s XI
L0 ]I I I =V 1S T Xl
CHAPTER 1 INTRODUCTION ..ottt teeee et e ettt e e e e et s s e e e s estaa e e e s ssaasaeessnnmeataneesesransnnss 1
1.1 PROBLEM DESCRIPTION....cuuiittuttitteeitt ettt eaaeett e ee et es st eeeta e senmsan st eeetnaestnsstnaaaaesstnaessnessnnaessnns A
S Y 1 = 7 1 = ) PSSP 2
1.3 THE DATASET OFSCHEMATIC PORT LAYOUTS (DELTARES, 2014)AND THE SELECTION OFSPECIFIC GROUP
[ S 1 N 3
1.4 RESEARCH QUESTIONS.....ctuuuiiiittuneeteettsiessieseesesstaeesssstateessennretsnaessestaessestanomaeesssesssaeeeeesssaeneees 5.
1.5  RESEARCH APPROACH. ... ittt ettt tette ettt eeeeeeat e e et e e eat e e ean et atm—aaeeansaeatn s taneeetnseennnsansestnaaestneeranneeeen 5.
CHAPTER 2 LITERATURE REVIEW ...ttt et s e e e e e e e st e e sennesenaans 9
2.1 WAVE PROCESSES RELATE TO WAVE PROPAGATION IN PORTS . ..cuiiiitieeiiiieretneeeiimeereesnneeesneestnaeennnees 9
2.2 OVERVIEW OF THE FULLOPEN BENCHMARK DATAET OF SCHEMATIC PORTAYOUTS (DELTARES, 2016)9
2.3 THE CHARACTERISTICS @& THE SELECTED DATAET...uuuiiitietiiieeitiieetucaeeeetnaeeeansesanneestnaeesrmnnseessnneeeen 12
2.4 PREVIOUS WORK USING HE BENCHMARK TEST OFSCHEMATIC PORT LAYOUTS......ccueeiivieeeeineeerneeeenes 14
2.5 THE WAVE MODELS PERF®&MANCE IN SIMULATING WAVE PENETRATION IN HARBQURS.........ccvvunnennnn. 14
2.5.1 Evaluation criteria of wave penetration simulation by a wave madel................cccueeennee. 14
2.5.2 Comparison of PHAROS, TRITON and SWASH..........ccooi i eee e 15
2.5.3 Comparison of MIKE 21 BW and SWASH..........ccoiiiiiiiiier e 16
2.5.4  Selection of USING SWASH......oooi e 17
A TS o | N T 17
Tt R o 11 Vo T = TP 17
2.6.2  SCaAIE BIBCIS . it e aaeae e s et eeae it e e eearann 18
2.6.3 Selection oprototype scale for the measurement analysis and SWASH simulations.......18
CHAPTER 3 METHODOLOGY OF MEASU REMENT PROCESSING .......cccoooeiiiiiiiieececcee e 19
3.1 PRELIMINARY MEASUREMENT PROCESSING.....uuittuuiittuieettneitiaaaeesteeeanesssaeesstneeennnsnsessnneessnseesnnaees 19
3.2 COMPUTATION OF THE WA/E CELERITY IN THE MEASUREMENTS ... cctuiiiiteeitieeeiteeeeemmeneeeeaeeeanaeeeannnes 22
3.2.1 Computation of the theoretical celerity according to the linear wave theory................... 22

3.2.2 An example of th calculation method of the wave celerity in the measurement: a wave flume
case ééeééééecéééeceéééeeceéécecééeececéééeeceééee. 23
3.2.3 The céculation method of the wave celerity in the measurements..............ccuvvveeeeeeeennns 24
3.2.4 The behaviour of the taper funCtion part..............oooviiiiicciiic e e 28
3.2.5 Calculation of the measured fully developed incoming wave height at the wave gauges outside

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

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

basin ééééééecécéeéeééééceecéeééécecéeéeéeeceeéeeéeeeeesl
3.3 ESTIMATION OF THE RERECTION LOCATIONS AND THE RETURN TIME OFTHE RESULTING REFLEQED

WAVES AT THE MEASURBMENT LOCATIONS .....vvtteitteeesutereesnseeneasesaseeeessnseeesasseeesnsnnnsssessnssneessseeessnseessmnenns 32
3.3.1 Estimation of the arrival time of the incoming waves at the wave gauges....................... 32
3.3.2  The main reflection l0CAtIONS...........cooeiiiiiii e eeee s e eeeennes 33
3.3.3 The first reflection at the outer slopes 2 and the harbour head.walls..............cccooceeeee.. 33
3.3.4 The first reflection at the INNEr SIOPE.L........ooiiiiiiiiiiii e 34
3.3.5 The second reflections at the wave maker and the third reflections at the.slopes........... 36
3.3.6  The graph with the arrival moments of reflected waves..............ocoooiiic s 38

3.4 COMPUTATION OF THE SEADY STATE WAVE HEIGHT AT ALL MEASUREMENT LOCATIONS..........cccueneee 39



CHAPTER 4 RESULTS OF MEASUREMENT ANALYSIS ....oriiiiiiiiiee e e 41

4.1 COMPUTATION OF THE WA/E CELERITY IN THE MEASUREMENTS.....cotiiitrieinrreeenreresmeesnreeesnnneeesnnnesd 41
4.1.1 Wave celerity in the measurements TAO2............uuuuiiiiiiiiiiiicccciiiree e erreee e 41
4.1.2 Wave celerity in the measurements for TOO3..........uiiiiii e 43
4.1.3 Wave celerity in the measurements for TOLO...........uuiiiiiiiiiimmeiiee e 44
4.1.4 Wave celerity in the measuremefs TOLL.........cooiiuiiiiiiiiiiiimeeiee e eeeiereee e 45
4.1.5 Wave celerity in the measurements for TOL2 ...........ueiviiiiiiimmmiiiie e a7
4.1.6 Wave celerity in the measurements for TOL3..........uiiiiiiiiiiimmeiie e 48
4.1.7 Remarks about the wave celerity in the measurements for the selected tests................ 49

4.2 CALCULATION OF THE FULLY DEVELOPED INCOMING WAVE HEIGHT AT THE MEASUREMENT LOCATONS

4.3 THE INFLUENCE OF DIFIRACTION ON THE INCOMNG WAVE HEIGHT MEASURED AT THE WAVE GAUGES

1N ST = 1= =5 | 51
4.4 CHARACTERISTIC MOMENTS AT EVERY WAVE GAUGE FOR ALL THE TESTS.cuuuiiitnieieieieieeeenieeeeeenneens 52
4.4.1 Wave gauges outside the harbour basin............cccooi i, 52
4.4.2 Wave gauges inside the harbour basin..............ooooiiem e, 53
CHAPTER 5 THE INFLUENCE OF POR OSITY AND STONE SIZE OF A GRAVEL SLOPE ON
REFLECTION SIMULATED  WITH SWASH ...ttt et e et e e e eemae e e et s e et s e eaaeeeen 55
5.1 THE ONEDIMENSIONAL MODEL IN SWASH ...t ettt mre e et e s e e eaaas 55
5.2 THE LD SWASHMODEL SETUP.....uuittittititiete st temssaaeeta et s et s st sansaemta ettt easttseasesiaanrsesanees 57
LT T = {55 U I 5 T 59
5.3.1 Water level timeseries at PoiNtS 1 and 30.......coouuiiieiiii et eaas 59
5.3.2 Envelope of the water level during the steady state of TQQ2.............ccoovvvieemrrrreiiiiniiennnn. 61
LI S (0] N[ I 1] [ VPR 62
LT T m (LY 1Y 2 LSS 63
CHAPTER 6 REFLECTION OFF THE HARBOUR END .....uiiiiiii e 64
6.1 THE 1D SWASHMODEL FOR REFLECTIONOFF THE HARBOUR ENDL......ucvutivuiiniienieensrmneessnssensesnesannns 64
6.2 COMPUTATION OF THE WA/E CELERITY IN THE ONE-DIMENSIONAL SWASHMODEL .....covvviviinniinnennn 65
6.2.1 Results for the first and the second group Of tESES..........uvvieiiiiiiienii e 65
6.2.2 The application limits of the Method............oooi 66
6.3 COMPARISON OF THE FULY DEVELOPED INCOMING WAVE HEIGHT IN THE MEASUREMENTS AND INTHE
B S TAT 7N 1Y o= 69
6.4 COMPARISON OF THE MESURED WATER LEVELS © THESWASHOUTPUTS........covvvvevieiiieeeneiieneennnn O
6.4.1 Output points outside of the harbour basin............c.ooovvivccc e, 70
6.4.2 Output points inside the harbour basin.............ccooooiii e, 72
6.5 COMPARISON OF THE STEDY STATE WAVE HEIGHT IN THE MEASUREMENTAND IN SWASH................ 74
(ST ST G0 N[ HU 1] [ PR 76
CHAPTER 7 THE ROLE OF DIFFRACT ION INSIDE THE HARBO UR AND THE INFLUENCE OF
REFLECTION OUTSIDE T HE HARBOUR ....ouiiiiiiieee ettt et e et e e e s e e e e e beeenaeaes 78
7.1 THE SIMPLIFIED 2D SWASHMODEL .. cvuittiitniiie et eeee et e e st s et e st s sem s san s et s st s ean s st eansnnnens 78
7.2 COMPARISON OF THE MEASURED WATER LEVELS D THESWASHOUTPUTS.....uciviiieieieee e 80
7.2.1 Output points outside of the harbour basin...........c.eei e 81
7.2.2  Output points inside the harbour Basin............oocuviiiiiec s 83
7.3 COMPARISON OF THE FULY DEVELOPED INCOMING WAVE HEIGHT IN THEMEASUREMENTS AND INTHE
SIMPLIFIED 2D SWASHMODEL ...vuiiiiiiiiieiee e eieeet e e et e et e st e s mee st e eb e st e et e eb s st s snnnsstserasstesnns 86
7.4 TOP VIEW OF THE STEALY STATE AVERAGE WAVEHEIGHT AT ALL THE POINTS....ccviiiuiiiiieiieeeiieeneeennnaad 87
7.5 COMPARE TO THE MEASUREMENT S . ..uutttutittetttttetteetisensssesestessttssseesnessiasesssesnessnersneesnesteesaneens 88
ST 0] N[ I 1] [ 89
A = (=LY 1Y 2 L TS 90

8.1 THE2D SWASHMODEL FOR THE FULL LAYOUT L ..oeutiiiiiii et eeeee e e e e e eeee e e e eeanns 91
8.2 COMPARISON OF THE MESURED WATER LEVELS © THESWASHOUTPUTS......covvieiveeee e, 92
8.2.1 Output points outside of the harbour BaSIN...........cooviviiiiiice 92
8.2.2 Output points inside the harbor basin............ccccoiii e 95

Xiv



8.3 COMPARISON OF THE FULY DEVELOPED INCOMING WAVE HEIGHT IN THEMEASUREMENTS AND INTHE

FULL 2D SWASHMODEL ....cttetiuttititte et ittt ettt e e s s asteteeeeesasabseeaesteeeeesasbebeeaessansebseanteeeeessannbbeeeeessansneen 98

8.4 THE STEADY STATE WAVEHEIGHT IN THE FULL 2D SWASHMODEL ......ccceiiiiiiiiieeeiiiiieeniieeee e 29
8.4.1 Comparison of the steady state in the simplified 2D SWASH model to the full 2D SWASH

model é éééeecéééececéééececéééececééeeceéééeececeéeééeeeéeéee9
8.4.2 Comparison of the steady state in the measurements and in the full 2D SWASH moddl01

8.5 CONCLUSIONS.. .. .iiieeeeieeteettttat ettt s oo e e e e e e ettt e teeeee et eeeeete bbb e e e oo e e aaaaa e seeeeeaeaeeeessbntsnnnmmnnee 103
8.8 REMARKS. ... e e ettt ettt oo oo e e et e et teeee e e e e e ee e ettt babh e eeenaa et e e e e e aeeeeeeetetban e e renbanan 103
CHAPTER 9 CONCLUSIONS & RECOMM ENDATIONS ....cciiiiiiiiie sttt e s enne s 105
9.1 CONCLUSIONS. .. et etutttesiutteeessereesmesssseeesstaeesssseeesassssnansesssseeesssaeeesssesseassnnnsesessseeeesnsenessnsenessnnnsns 105
9.2 RECOMMENDATIONS. ...eetuttteeettreessstreesiannssesesassseeassesesassssaannesssesessssesessnsssessssemmaseessssesesnsseeesnseees 108
2] = 1@ 1] = ¥ 2 o SR 110
APPENDIX A WAVE PROCESSES RELATED TO WAVE PROPAGATI ON IN PORTS........... 112
APPENDIX B PHYSICAL SCALE MODEL DATA ..ottt smeesee e stee e sntae e snme e snaeeeans 117
APPENDIX C ZERO CROSSING ANALYSIS ...ttt sceentee e see st e e stae s smessntaeeannaeeesnnes 120

APPENDIX D THEORETICAL COMPARIS ON OF THE DIFFERENT WAVE MODEL TYPES ..122
APPENDIXE MEASURED WATER LEVEL TIME SERIES AND STEADY STATE WAVE

HEIGHT eeéééeeceééeeccéééeecééecéééeececeééceeéée . 124
APPENDIX F  WAVE MAKER SIGNAL ..ottt e s 145
APPENDIX G RESULTS OF THE 1D MODEL FOR REFLECTION O FF OUTER GRAVEL SLOPE
2A eeéééeecééeeccéééeecééecéééeeeceééceecéée 14t
APPENDIX H 1D SWASH MODELS SETTINGS .....oiitiiiiiiiiiiiiiii e 151
APPENDIX | RESULTS OF THE 1D SWASH MODEL SIMULATING REFLECTION OFF THE
HARBOUR END ...ooiiiiiiiiiiii it e e e e s sesns b nr e e 155
APPENDIX JRESULTS OF THE SIMPLIFIED 2D SWASH MODEL ......cccovvviiiiiiiiiiiee, 168

XV



Li st of filgures

Figure 1.1Sketch of physical scale model for Layout 1 in prototype scale. The scale used is scale

1:45. (Figure adapted from Deltar@O16).............uuuiiieiiieiiiiiieee e meee e e e 4
Figure 1.2 Work flow diagram (source of the photo of Layout 1: Deltares).........cccccvvvvvvvvieen... 8
Figure 2.1- The three layouts of the physical model considered for the dataset (Adapted from Van
Y=g o T 0 1 TSP 10
Figure 2.2 Top view of the physical scale mode in prototype scale (scale 1:45). This figure is a

(=T oL 01 i) I o [N = S PP 11
Figure 2.3Measurement setup in the scale model (wave gauge 3 is located between wave gauges 4
and 24) (Adapted from Van MIerlo, 2014)..........uuuieiiiiiiiiiiee e meee e 11
Figure 2.4-Photograph of the physical scale model for Layout 1. In the photograph is captured the
start of test TOOL. (SOUICE: DEIAIES).......cccoeiiii i erre e e e e e e e e e e e e e e e e e e e e e s aeees 12
Figure 2.5A comparison of the three wave models PHAROS, TRITON and SWASH regarding
computational COSt NG ACCUIACY. - ... ...uuuereiiieeeeiiiieee et e e e e e e e s s s s smene s r e e e e e e e e s s nnneaas 15
Figure 3.1 The final time series oscillating around the still water level (dashed red line) at point 11 for
10 RO EURP 20
Figure 3.2The initial part of the water level time series at wave gauge 11 for TOO1............... 20
Figure 3.3The water level time series at wave gauge 11 for TO01 when the wave maker stops

(o7 1=T =1 1] o TR PP 21

Figure 3.4 The measured water level time series at Point 11 for TOO1. This figure is a repetition of
Figure 3.1 including a read area that represents the constant part when a temporsiageeedy

(T2 Yot =T T TP PP PP PRSP PPPPPPIN 21
Figure 3.5Water level time series at Point 11 for TOLO..........ccvviiiiiiiiieeee e 22
Figure 3.6A simple example of monochromatic waves in a wave flume................cccoovcemnrnnne 23

Figure 3.7a. Water level in time at wave gauge 1, b. Water level in time at wave gauge.2...23

Figure 3.80riginal time series at wavwgauge 1 and time series at wave gauge 2 shifted in.tin3
Figuue39Model <centre | ine (AAOG) iirstermhsoionadth.e.d....i2d t he
Figure 3.16T 0 0 1 , measured water | evel time series of
match with Pait 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 SlIope 1 at POINT L2..........c..uuiiiiiiiiiiiere et 25
Figure 3.11T0O0 1, measured water | evel ti me series of
Point 10. This figure is a zoomed part of Figure 3.10..........coooiiiiiimmniiee e 26

Figure3.12T 001, measured water |l evel time series of
shifted earlier in time at Point 10, loeé the arrival of the first reflected wave from outer slopes 2

(tIME AXIS: BO2LO S).urruruuuuunnnunii e eimmmr e e et et e e et e eeeeeeeeeeee s eeeesaassaassaaaaaaaaaaeaeessaaansessssrsssrannrrrrrrres 27

Figure 3.13T001, measured water leveltisee r i es of points inside the
shifted earlier in time at Point 10, before the arrival of the first reflected wave from outer slopes 2

(BIME AXIS: BO270D S).urrururuuuunuuni e e eimmr e e et eeeee et eeeeeeteeeeesseeesaassaassaasaaaasaasassssaaansesssssssssensrrnnrnnns 27
Figure 3.14 Wave signal generated by wave maker motion for TOO1. The time axis differs from the
1T 2 AL (= 0 o £ 28

Figure3.13Whi t e noi se observed during the first 100s
shifted earlier in time to match with point 10. This figure is a zoomed part of Figure 3.10 and Figure

Figure 3.16 Measured water level time series at Point 10 for TOO1. The taper function is defined
between the two blue vertical lines. The individuaves are indicated by numbers (1, 2, 3, 4 and so
L1012 ) PP PP PRSP PR 29
Figure 3.17The three most important locations where reflection occur®uter slopes 2a and 2b
and harbour head walls, 2.Inner slope 1, 3.Wave maker. AXesS UNILS:.M..........ccccecciiiceeenennn. 33
Figure 3.18 The reflected waves underddfaction (left panel). The reflected wave crestlines are
simplified to straight lines (right panel). AXeS UNITSLM.......c.uuiiiiiiiiie i 34

XVi



Figure 3.19Cross section of the main basin including the fictitious wall at which reflection is
ASSUMEM 10 TAKE PlACE.. ... e rmmee e e e e e s me e e e e e e e ns 35
Figure 3.20° Sketches bthe incoming waves entering the harbour. In the harbour, waves are
influenced by diffraction (left panel). In the simplified approach the crest lines are straight lines (right
PANEI). AXES UNITS: M. e e e e e e et e e e e e e et e e e e e s eee e s s e e s s s e e s e e e eeaneeaan 35
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 willbedefl by
diffraction (left panel). In the simplified approach the crest lines are straight lines (right panel).Axes
8T €S o PSPPI 36
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 reflected waves. Axes units: m................. 37
Figure 3.23 The seven characteristic moments in time for the water level time series of point 10 for
LESS] A 1L PP PP PTPTTPPPPPPRP 38
Figure 3.24 The steady state beginning at water level time series generated by the 2D simplified
SWASH model at Point 9 arfebint 25 for test TOOL.........coooiiiiiiiiii e 40
Figure 3.25/ Top view of the ratid O O AQGANEA AT | E inGhe measurements for TOGMD

AAC

AAC

AAC

AAC

AAC

AAC

A/

Figure 4.1 Time seriesof allpoimesf Li ne AAd shifted earlier in
10 PSSR 42
Figure 4.2 Time series o fringindto rpatch with RPointd®, forlL i n e
T0O02. This figure is a zoomed part Of FIQUIE 4ul.......ooovvviiiiiiiiieeeee e 42

Figure 4.3 Time series of all points of LileA 6 s hi fted earlier in ti me
L1001 7SRO 43
Figure 4.4 Time series of arnhdtonpah with Pointdd, forLi n e
T0O03. This figure is a zoomed part Of FIQUIE 4.3........oovriiiiiiieeeeeeee e 44
Figure 4.5 Ti me s er iskifeedearieriatime to matdh with ®oind1f0, foL i n e
10 PSPPSR 45
Figure 4.6 Time series of al ItonmatohiwithtPsint d0f forL i n e
T010. This figure is a zoomed part Of FIQUIE 4A.5........oooiiiiiieee e 45
Figure 4.7 Ti me ser i e =dearferiatimetomatch with Roinb10,foL i n e
L1 PP PRSP 46
Figure 4.8 Time series of all p & with Pant 1®,ffor Li n e
TO11. This figure is @ zoomed Part Of FIQUIE A.Tu........coiiiiiiiiiieeee e 46
Figure 4.9 Time series o fringimdto rpatch with Rointd®, forlL i n e
10 PO OTPPPRRPPR a7
Figure 4.10 Time series of all p oi nPwist 10ofbr Li ne
T012. This figure is a zoomed part Of FIgUIe 4.10............uuiiiiiiiiiecee e 47

Figure 4.12-Ti me series of all p o in tinte 0 maté¢h withiPoired 1040k 6 s hi f
10 SRR 48

Figure 4.12Ti me seri es of all points of LRointd0,f&rAG s hi f
T013. This figure is a zoomed part Of FIQUIE 4.L7........ccooieiiiiii i eree e 49

Figure 4.13 The measured water level time series at wave gauget@gt fb002.............c.cevvvvneee 52

Figure 4.14 The measured water level time series at wave gauge 5 for test.T002................ 53

Figure 4.15 The measured water level time series for test TO02 at wave gauge 26 (picture A), at
wave gauge 11 (picture B), at wave gauge 27 (picture C) anavatgauge 12 (picture D).......... 54
Figure 5.1- The reflected waves from the harbour end are spread due to diffraction in the area
between th two green inclined lines forming an angle otv#h the harbour exit. The reflected
waves from the harbour head walls are spread due to diffraction in the area between the two red

INCHINEA IINES...ceeeieee e err e e et e e e et e e e e e e e e e e e e e s ammme s 56
Figure 5.21 Top view of layout 1. The blue line represents the cross section chosen to be reproduced
INthe 1D SWASH MOUEL.......ouiiiiiiiiiii e e e e eeas 56
Figure 5.3 A sketch of the bathymetry of the 1D SWASH model.................c s 57
Figure 5.4i Measured water level time series at Point 1 for TAQ2............ccvvvviiiieeeieeeeeeeennne 58
Figure 5.5 Run 1, water level in time at Point 1 generated by SWASH for TOO2.................. 59
Figure 5.6 Run 1, Watelevel in time at Point 30 generated by SWASH for TOOZ.................. 510]


file:///D:/maroudi/Desktop/TM_Progress_every%20week/Report%20formatted%20maroudi_main_report.docx%23_Toc8130958

Figure 5.7 Run 9 (wall), Water level in time at Point 1 generated by SWABHO002................. 61

Figure 5.8 The envelope of the water level during the steady state part for run 1 (original porosity

and stone sizicture A), run 4 (picture B), run 8 (picture C) and run 9 (wall case, picture.D)62
Figure6.-Model centre | i themiddla &f ¢ basinsn tdrnosofavidtd.dThis n

figure is a repetition Of FIQUIE 3.9.. ... e e e e e e e e e e e e e enenrend 64

Figure 6.2-Sketch of the 1D SWASH model megenting 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.calaus5

Figure 6.3T0 0 2, measured water | evel time series of

MALCH WIth POINT L0......eeeeiiii et eee e rene e e e e e e e e enens e e e e e e e e e e e annnes 66

Figure 647013, measured water | evel time series of
MALCH WIth POINT LQ....eeiiiiiiiiiiiiiiiie et eeet e e e e e e e s s s bbb s ennrsneeeaaeeeeennnnnnnnes] 6.7
Figure6.5T010, measured water | evel time series of
MALCH WIth POINT L0......eeeiiiiiie et eee e rena e e e e e e e e enensr e e e e e e e e e e e aannnne 67

Figure 6.6/ The measured and the SWASH water level time series synchronised at the first zero

down crossing at Point 10, fOr TOLO........uuuuiiiiiiiiiiimr e e eeee e e 68

Figure 6.7- The measured and the SWASH water level time series synchronised at the first zero

down crossing at Point 10, fOr TOLS.......uuuuuiiiiiiiiiiiiimre e e e eeee s e 68

Figure 6.8 The water level time series generated by SWASH at Point 24 for test.TQQ02........ 70
Figure 6.9 The measured water level time series and the time series generated by SWASH at Point 24

L0 ] =] S I 002 71
Figure 6.10 The measured water level time series and the time series generated by SWASH at Point 5
L0 B (S A 002 PO PPPPPPRPTP 71

Figure 6.11- The water level time series generated by SWASH at wave gauge 11 for test. TO@2.
Figure 6.12 The water level time series generated by SWASH at wave gauge 27 for test. TJ@2.
Figure 6.13 The measured water level time series and the time series generated by SWASH at Point

B {0 (=TS A 002 PSP 73
Figure 6.14 The measured water level time series and the time series generated by SWASH at Point
B (0 g (=Y A 1010 PP PPPPRR 73
Figure 7.1- Sketch of the simplified 2D SWASH mModel............coooiiiiiiimmmiiee e 78

Figure 7.2i 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 lidnt 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...............ouviiiiieeci e 80
Figure 7.3i The output locations in the 2D simplified SWASH model....................ciieeennns 80
Figure 7.4i The water level time series generated by the 2D simplified SWASH model at Point 24
LL0 T (=S A 100 2O UUPPIUPUORRRPPIN 81

Figure 7.5 T002, Pont 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.

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
.............................................................................................................................................. 832
Flgure 7.7- The water level time series generated by the 2D simplified SWASH model at Point 5 for
test TO10 (picture A) and for TO13 (PICTUrE B)........cooiiiiiiiiii e 83
Figure 7.8 The water level time series generated by the 2D simplified SWASH model at Point 27 for
LU TS A 100 PP 83
Figure 7.9/ TO02, Point 11: Comparison of the measured water level time series to the simplified 2D
SWASH outputs only (picture Aya also to the 1D SWASH (simulating reflection at the harbour
end) model OULPULS (PICTUIE B)........uuieiiiiiieeiiiieeee e e e e 84
Figure 7.10T002,Point 27: Comparisarf 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 OUIPULS (PICTUIE B)........uuriiiiiiieeiiiieeee e e e e e 85
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 TOL0........cooiiiiiiiie e 85



Figure 7.12 The steady state wave height at all the output points calculated by the 2D simplified
LYY a0 To [ I o 0102 87
Figure 7.13 Top view of the ratif O O AQ@AANEA AT &t thé v@ve gauges locations. The

colours indicate the ratio values. At each location the left box shows the measurements result, while

theright box shows the simplified 2D SWASH model resulis...............ccoooiiireeeiiinns 89
Figure 8.1Sketch of the 2D SWASH model representing the complete layout. 1.................... 91
Figure 8.2- The water level time series generated by the fully layout 1, 2D SWASH model at Point
P2 (0] g (=2 A 10 [0 PSSP PPPPPR 92
Figure 8.3 The water level time series generated by the full 2D SWASH model at Point 5 for test
107 SRS 93
Figure 8.4- T002, Point 24: Comparison of the measured water level time series to the full 2D

S TN o 10 01 o 10 TP 93
Figure 8.5 T002, Point 5: Comparison of the measured water level time series to the full 2D

S TN ] o 1001 o 10| TSP 94
Figure 8.6- The water level time series generated by the full 2D SWASH model at Point 4 for test
10 SRS 94
Figure 8.7- The water level time series generated by the full 2D SWASH model at Point 5 for test
10 PP PP PRP PP 95
Figure8.8- The water level time series generated by the full 2D SWASH model at Point 5 for test
TOL0 USING 4 VEITICAl [AYEIS..... ..t e e e 95
Figure 8.9- The water level time series generated by the full 2D SWASH model at Point 11 for test
L1007 TSP PP EPP TSP 96
Figure 8.10 The water level time sesgyenerated by the full 2D SWASH model at Point 27 for test
10 PO SO TPPRPPRRPPR 96
Figure 8.11- T002, Point 11: Comparison of the measured water tevel series to the full 2D

SWASH OUELPULS. ...ttt e ettt emeea s s s s s s e e e e e e e e e e eeeeeeeesmemsessssensrrnnnrennrennnsnnnns 97
Figure 8.12 T002, Point 27: Comparison of the measured water level time seriesfadl 2@

YL Y 01 U1 11 £ P 97
Figure 8.13The water level time series generated by the full 2D SWASH model at Point 26 for test
10 PSPPSR 97
Figure 8.14 The water level time series generated by the full 2D SWASH model at Point 26 for test
TOL0 USING 4 VEITICAI JAYEIS......eeeeiieeiiiee ettt e e e e e e e e e e e e e e e e e e e e e e e e e emeereeerereraee 98
Figure 8.15 The output locations outside and inside the harbour basin defined for both the full and
the simplified 2D SWASH MOGEL..........ooiiiiiiiiiieiee e 100
Figure 8.16 2D full model results for T002: Top view of theiaf O O AGRANEA Al htthé C
output locations included in thmeasurements. The colours indicate the ratio values............ 102

XiX



L1 st o f t abl es

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).........ccooviiiiiiimemiiiiiieeeee s 3
Table 1.2The characteristics of the selected set of tests in prototype.scale.........cccccovvvveeernnn. 4
Table 2.1- Governing processes in wave propagation in POMS...........ccovvvvvivveeeiiiiiee e, 9.
Table 2.2- The properties of the structures in Layout 1 in prototype scale.............cccoovivcemnnnne 11

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 steepnes?H/L.
Table 2.4Criteria for deep and shallow water waves with an error of the order of 1% (Bosboom and

I Y72 1 ) O SRR SS 13
Table 2.5 The first group of tests for low kd values.................oo oo 13
Table 2.6i The second group of tests for average kd values..........cccccciiccceiieeiiiiiieceee 13
Table 2.7i The third group of tests for high kd values..............cccumiiiieee 13
Table 2.8 Information about the three wave modelediby Van Mierlo.............ccccccvvvivviiviennn.... 15

Table 2.90verview of the wave processes related to wave penetration that can be modelled in
PHAROS, TRITON an@&WASH.(sources Deltares (2013) , Deltares (2008), The SWASH Team
220 ) PP PEEPRR 15

Table 2.10 Information about the two wave models used lynkéban. The application limits based

ON ThE KA VAIUE......oieeeieeeeeeeeeeeeee ettt mnneeaeeeeaeeaaeaaaeeeeeeeesananes 16

Table 2.13Froude scaling. Note thélis the scaling factor when a scale(is usedj , is the density

on model scale and the density on full scale or prototype scale. (Monteban, 2016).............. 17

Table 3.2Mean,measured wave height values for the incoming wave part at wave gauges outside the
basin for TOO1. For these gauges computation of average measured wave height and standard
deviation. Comparison to the incoming wave height generated by the wave.maker.............. 31

Table 3.2 Mean, measured wave height values for the incoming wave part at wave gauges inside the
basin for TOO1. For these gauges compomeof average measured wave height and standard

deviation. Comparison to the incoming wave height generated by the wave.maker.............. 32
Table 3.3- The exact values of the raijoO O AG@AAEA AT | E inGhe measurements for

L1 L 1 O OPPPP 40
Table 4.1 The wave celerifccording to linear wave theory and the characteristics of the seven
LTS LTt =T 0 I (] P UEEPRP R 3
Table 4.20 The measured incoming wave heightrat wave gauges outside the basin............. 50
Table 4.3 The measured incoming wave height at the wave gauges inside the.basin.......... 51
Table 5.1-The number of waves that fit in the sponge layer for all the selected tests............. 57

Table 5.2 The nine runs for various porosity and stone size values simulated with SWASH.58
Table 5.3 The steady state wave heigt at Points 1 and 30 for the ninbe scenarios. In he fifth collumn

the difference between the wave height value at POINL.L.........ccooooiiiiimniiiiiiieeccee e 59
Table 5.4 The maximum and the minimum values for the water level envelope determined for the
stationary part of the NINE FUNS...........uuuiiiiii e mnnr e e 61

Table 6.1 Comparison of the incoming wave height at the output locations outside the harbour basin
in the 1D SWASH model (representirgflection at the harbour end) to the measuremenits.....69

Table 6.2 Comparison of the incoming wave height at the output locations oti&derbour 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..............cc.eveee... 70

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 TO01, T0O02, TO03 and TO10....................75

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 TO11, TO12 an8.T01...........cceevvvvvvveeeeee . 5

Table 7.2-The number of waves that fit in the sponge layer for all the selected.tests............. 79

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.................ueueiccceeeeeeieeeieeeieeeeeeeeee 86

XX



Table 7.3 Comparison of the incoming wave height at the output locations outside the harbour basin
in the simplified 2D SWASH modeo the incoming wave height generated by the wave maker
prescribed at the offshore SWASH DOUNTANY............uviiiiiiiiiieeee e 86

Table 7.4i The variation of theatio( © O AQGMEAEAOIATABEE T AT indié the

harbour basin and outside the cone of influence of reflection off the harbour head walls.....87

Table 7.5 The exact values of ratio O O AARAEA Al in thé nizasurements and in the

SIMplified 2D SWASH MOUEL........coo i 89

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 TO10 and T011 numerical instabilities occur.

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 bydkie maker prescribed at

the offshore SWASH boundary. For T0O10 and TO11 numerical instabilities occur (columns with grey
o] Lo 1) 1S SRS UPREUPT . 99

Table 8.3i The difference between the rafioO O AGGRORT A1 &t thé aDtput points outside

the harbour basin in the full and the simplified 2D SWASH models for the seven selected tests. For
T010 and TO11 numerical instabilities occur (columns with GEBGUI).............cooviviiiiiiierieeeenee. 100

Table 8.4 The difference between the ratioO O AGGKORT A1 &t thé dDtput points outside

the harbour basin in the full and the simplified 2D SWASH models for the seven selected tests. For

T010 and TO11 numerical instabilities occur (columns with grey colour).............................100
Table 8.5 2D full model results for T002: The exact values of rati® O AAGANEA Al &tthé C
output locations included in the MEASUIEMENTS...........uuiiiiiiiire e eeer e 102

XXi



L1 sthbafeva at

Abbreviation
1D

2D

ARC

m

PHARQOS

s

SWASH

SWL

Description

onedimensional
two-dimensional

Active Reflection Compensation
meter

Program forHarbourOscillations
second

Simulating WAVves till $ore

Shallow water level

Ons

XXii



Chapterll nt roducti on

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 belevhich safe sailing and mooring is guarantebtbreover, during

severe wave conditions it may not be safe for vessels to stay at aTderthvave field inside a

harbouris one of the most important parameters required to estimatiowretime of a portOther

fact ors influencing a portés downtime may be win
repair operationfAllsop, 199§.

Different phenomenaffect the wave penetrationtinports including diffraction, refraction, shoaling,
reflection and transmsson (Holthujsen, 2007). The importance of each wave process depends on the
design and the special characterst€ a specific port. Complex geometry and specific bathymetry
influences, such as the effect of dredged entrance channels, may also jdayther processes that
influence wave propagationtmports are harbour oscillations, low frequency waves, wave breaking,
dispersion and nelinear wavewave interactions. It is obvious that calculating the wave field inside a
port area is not straigtuifward

Wave penetration can be described in a complete way by means of physical scdiagndtiel 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 agireser 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 detfr wave propagation and wave growth in open watalidation 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 appliatiohich it is applied

To assess the model performarmre a specific applicationit is common practice to compare the

model results to measurements. In this thesis the application examined is wave penetration in
harbous. A set of experiments in a physical scale model conducted by Deltaresiaigted to form
acomplete dataset for numerical model validation for wave penetration in(peitares, 20&). 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 studienBelft University of Technologyor their graduation

thesis (e.g. Van Mierlo, 2014, Monteban, 2016 etc.)

A limited number of tests fathe most complex port layoutaffout 3) and spectrum wave conditions

are simulatedwith the mild slopemodel PHAROS(Deltares, 2013)the Boussinesq type model
TRITON (Deltares, 2008and the nothydrostatic wave model SWAS(ijlema, Stelling and Smit,
2011)by Van Mierlo (2014). One test from the same-dataset and a different tedso for layout 2

with spectralave onditionshave beemsedby Monteban (2016) to compare the performancthef
Bousshesgtype modelMIKE 21BW (DHI, 2007)to thenonhydrostatic wave mode&SWASH The
computedvalues 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 measurednvaloids.
master theseghe performance of the models regardihg wave height foprimary waveswas
examined



The performance of the ndrydrostatic modelSWASH, 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 tleehematic port layoutssingSWASHtheir work is carefully examined and is
considered a stepping stone for this thesizordingtobotts t ud e nt s 6 SWASHIltas heeni on s |,
proven able to describe accurately the propagation of primary wakieswave hight of primary

waves was predicted with an error lower than 15%. Findiltya vertical layers are usethe model

is considered robust and no numerical instabilities are expected.

In theaforementionedheses, tests for the most complex layouts wgeanined. This means that a lot

of physical processes influence simultaneously the wave field that entdrartioair Therefore, the

final errors in wave prediction inside the port are attributed to a group of processes modelled in
SWASH Using the previos work results it is not possible to evaluat&\WASHis able to describe
accurately each wave process that contributdbedotalwave penetrationTo improve the model
performance and obtain more accurate results it is necessary to find the reasimg the errors.
Moreover, he 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 h&WASH modek wave penetratioper wave procesand
finding the possible factors causing errors in the predictiongetterunderstandhe performanceof
SWASHIn calculatingwaves in portsit is necessary to identify which physical processes contribute
to wave penetratiorAs wave penetration is a sumtioa of physical processesach process should
be describedaccurately bySWASH As the complexity of the layout increases, the amount of
processes influencing wave penetration is also incredsethe able to identify the separate wave
processes, the rearch is therefore focused on the simplest port layouhe chosen layouhé most
important wave processew/olved inwave penetration are examined separately and combined.

The previous thesdscus oncomplex wave conditions. The water level tinegiss used as input in
SWASH are derived form aONSWAP spectrum(Hasselmann et al., 1973)his means that the
water level entering the domain consists of a seriesipérpositionedegular waves with different
characteristics and duration. As every feaconds 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
acount, wave penetration becomes less compled when comparing computational results to
measurement results differences are most easily identified

The strategy of this thesis is to decompose the test cases in veryfisimpiodels for which
behaviourof waves can be predicted in advance. This means that the simplified tests will be
performed for regular wave conditions in simplistic layouts to obtain resutlieh can bemore
easily understood and related to specific wave processes.



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

The open benchmark dataset of schematic lpgduts Deltares,2016)is designed for examining

wave penetration in ports. Three different layouts are studiteel.layoutsand the relevant physical
processes are increasing stepwise in compleXite simplest layoutalyout 1, casists of a main
harbour basinin addition to the main basin, in layout 2 a side basin is indlultethe most complex
layout, hyout 3, abreakwater is added at the harbour entrance. The three harbour layouts and the
relevantwave process contributirtg wave penetration inagh case are presentediablel.1.

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

Layout 1 Layout 2 Layout 3
Wave processes influencing ‘ | LW Q
wave penetration
esmHarbour contour —— Breakwater
atthe main basirend v v v
) at the harbour head walls v v ¥
Reflection
at theside basirend - v v
at the breakwater slope - - v
Diffraction as waves enter the main basi v v v
as waves enter the side basir - v v
Refraction overthe breakwater - - v
Transmission | through the breakwater - - v
Sggil?IZ:;ns 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 layoutexamined in detail is Layout. JA sketch of Layout 1 asonstructed in the
physical scale model is presentedFigure 1.1. By choosing a simple layout the amount of wave
processes involved in wave pendtratis minimized.

The governing wave processes taking place in the harbour basin of Layout 1 are Statad 1ril.

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 naffect. 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 br in the mooring area and the harbour entrance and thus they can be i§sdredwater

depth in the physical model is constant wave processes, such as shoaling and refraction are not
relevantfor the specific layout
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Figure 1.1-Sketch of physical scale model for Layout lin 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: monochtamatic,
chromatic andspectral JONSWAP spectrunm. Only for layout 3 various sea and swell wave
conditions are examineth reality, a port is attacked by a wave spectrum, which is the summation of
regular waves with different wave heights, periods and wanestihns. 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 condiins approaching the harbour with & 8fgle of incidence.

From the tests performed in the physical scale model, seven tests are selected to be studied and
modelled inSWASH In the following table basic information about the seven tsts have been
conducted in the physical scale model (Deltares, 2&1pjesented. To provide general conclusions

the selected tests cover a wide range of wave heights and periods

Table 1.2-The characteristics of theselected set of test® prototype scale.

90

Monochromatic 1 0.99 7.51 19.8

Monochromatic 1 144  10.00 19.8 90
Monochromatic 1 239  16.97 19.8 90
Monochromatic 1 2.97 5.03 19.8 90
Monochromatic 1 3.0 8.99 19.8 90
Monochromatic 1 275 1503 19.8 90
Monochromatic 1 1.9 4.49 19.8 90

During the experiments the water level time series are measured at 21 measurement. |dt@&tions
measurement devices are placed in the centre of the harbour and in the mooring areas close to the
guay walls as well as in the area in front of the harbducompleteoverview of the full dataset and

the measurement locations is providiedection2.2. Moreover, the details about the seven selected
testsare discussed iSection2.3.



1.4 Researchquestions

The open benchmark dataset for wave penetration in ports conducted in Deltares in 2014 includes a
wide range of layouts and wave conditigBeltares, 2016)This thesis is focused on a specific set of

tests for the simplest layout and the simple monochromatic wave conditions. As desc8betibim

1.3, the selected seff tests consists of 7 cases. The following research questions are referring to this
specific set of tests.

Question 1:How accurate caBWASH reproducenave propagatignthe incoming wave heigland
the wave celerity of individual waveseasured ithe physical scale modegsts?

Question 2 Can wave reflection and diffractiprmeasured in the physical scale model tests,
be modelled accurately [BWASH?

Question 3 Can atwo-dimensionalSWASH model representing tisemplest layout othe physical
scale model testslescribe 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 pestmneonsists of data
analysis and numerical modellinbhe strategy followeds discussed separatdty each questiarAn
essentiatemarkis thatthe analysis of thaneasured datand theSWASH simulationsare conducted

in prototype scale. This choice is kfeed in Section2.5. It should be mentioned that all the graphs in
this report are in prototype scale.

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

SWASH outputscan be considereds accurateif they arein agreement with the measurements.
Hence, the first step is to examireetwave propagatiorhe wave celerity and the incoming wave
heightin the measurementtdeally the propagation of waves in one direction is inspected in a wave
flume. Alternatively, a line ofneasurement devicgerpendicular to the wave maker is studisdt is
considered to resemble a wave fluritds assumed that the simple monochromatic waves follow the
linear wave theorylt is anticipated that the waves travel from the wave maker towards the closest
measurement locations without any disturbaidter the waves at measurement locations start to be
influenced bydiffraction and reflections at the different structures, the measurement devices signal
does not any longer match with the incoming wave maker Isigiha undisturbed pawof the time
serieds used in the calculations of the incoming wave height.

The aforementioned approach is also applied in SWASHD SWASH modelepresentinghe same

line of measuremerdevicesusedin themeasurements analysis is creat®slin the 1D model waves
propaate in one direction it is considered to represent a wave flume. In the 1D hwdebmetrpf

the physical scale modek reproduced. Moreover, the wave conditions are the same as in the
experimentsFinally, the SWASH results are compared to the nrealswater 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 discussedn Section 1.2, a group of wave processes governs wave penetration in layoutl.
Modelling in SWASH the full layout 1 results in a wafteld influenced by many wave processes
simultaneouslyTo investigate the impact of each wave process it is necessary tdecasimplified



SWASH models focusing on one wave process at a time. As simplified SWASH models are defined
the models containing only a parttbe full layout. The design ofamplified model aims téocus on

a specificwave process, which is consider @dminant and to minimize thiefluence of other wave
phenomena.

This approach of diding the complex phenomenonwévepenetration into simplified cases leads to
the formulation of 2 suljuestions.

Sub question 2a. Is it possible to accuratehgproduce 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 onthe travellingime 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 reflectidiffraction). 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 part$ the time series separatelpe impact of eacindividual physical
proces®n the wave height changes can be identified.

Sub question 2a. Is it possible to accurately reproduce the correct amount of reflecti@WASH
using the porosity and stonalues 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 reflectedat the inner gravel slope and the concrete wall located behifthdttwo cases are

treated separately. It is worth mentioning that the inner and the outer slope tronsishe same

material and are constructed with the same technique in the physadalnsodel. Hence, the two

slopes are consided to have the same propertiesgorosity and stone size diameter.

1. Reflection offthe outer gravel slope

As a first step a simplifiedD modelrepresentingnly the reflection phenomenarff the outer slope
is designed. Initially theorosity and stone size valugsed inthe physical scale modate defined in
the SWASH simulationConsequently, the changes in reflection famswith different porosity and
stone size values are investigatéd all cases, theneasuredime seriesare used to evaluate the
simplified SWASHmodel performance.df everySWASH caseit is examinedf the main trends due
to reflection in the watelevel time series are reprodect Finally, aconclusion about the timal
values forSWASH simulations for both parameteisdrawn

2. Reflection offthe harbour end

A 1D SWASHmodelis createdepresenting aross section including the inner slope andcibrecrete

wall behind it. The output locationsare chosen to bthe sameas inthe cross section line in the
physical scale modeRs a result, SWASH outputs can be comparethéomeasurements. A critical

view is required as the measurements are also influenced by other processes, such as diffraction. The
goal is to dentify the basic trends due to reflection in frontre harbour end

The changesfdhe water level time series dte reflection in the twaforementionedases can be
comparedMoreover, itis alsopossible to investigate if the impact of reflectisriarger in the outer
gravel slope case or in the case of the inner slope and the concrete wall at the harbour end.



Sub question 2Db: Is it possible to accurately reproduce the diffraction of wave energy into a harbor
basin iInSWASHI

The objectiveof this sub question is to study the diffraction phenomenon irrespective of reflections
For this purpose the following assumption applies: from the moment waves erftartibarbasin in

until the arrival of the reflected wave from tharbourend, the waves measured by the wave gauges

at the measurement locations are only influenced by the phenomenon of difffltiotime interval

is determined in the measurements and it is used to obtained information about the wave height
changes due tdliffraction. 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 modethat helps demonstrate the influencgdiffraction on the wave field insid

the basinis created This means thahe inner gravel slopand the concrete wall #he end of the
harbourbasin on which waves geeflected are removedThe model includes only the side concrete
walls and the head walls at tharbourbasinentrance The simulatedime in SWASHshould be
longer than thealculated interval ithe measurements for which fdéfction is the dominant process

If the duration of the time series part used to calculate the wave height influenced by diffraction is
larger, the resudtare casidered 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 theiretreasts to evaluate
SWASH performance in describing diffraction.

Question 3 Can atwo-dimensionalSWASH 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 questian2D SWASH model representinghe full simplest layout

(layout 1), as constructed in the physical scatodelis required The goal is to model simultaneously

in SWASH all wave processedaking placein the measured test¥he wave height changes in
SWASH should be compared to the meaduvalues quantitatively as well as qualitatively by
observing the main water level trendifie 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
prevaiing wave processes. Conclusions about which processes play a dominant role in the final wave
field can be drawn

Figure1l.2 summariseshe general apprah followed in this thesis taddress the research questions.
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Figure 1.27 Work flow diagram (source of the photo of Layout 1: Deltares).



Chapter2L 1 t er ature Revi ew

An overview of the background information necessary to address the complex phenomenon of wave
penetration in ports is provided in this chapférstly, the physical processes contributing to the
formation of the wee field in ports are summaeg in Secttn 2.1 Secondly key information about

the open benchmark dataset of port layquisrided by Deltares, part of which is studied in depth in

this thesis, ispresented in Sectio.2 . The characteristics of the aforementioned dataset subset
studied in this thesis are deliberaiadsection2.3. The previous work done using a part of the open
benchmark data set is briefly discussed in Sec#egh. Moreover, Section 2.5 deals with the
comparison of the numerical wave models regarthiegapplication ofvave penetratianFinally, the

role of scaling in a physical scale model experiment and the decision of working in prototype scale
are explained in Sectidh6.

2.1 Wave processes related to wave propagation in ports

The most important wave processes related to wave propagatiarbious are in presented ihable
2.1.These phenomenaccur in the shallow area connected to the port, in the entrance channel and
inside the port area are describAdorief description of the most important wave processes related to
wave propagation irharbous is attemptedn Appendix A. For a more completand detailed
explanation of the relevant pi@mena the reader is refertedHolthuijsen (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. Nonlinear wavewave interactions

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

To validate theability 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 donditOn 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@awusually 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 dataséan der Ven et al., AB). 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 schematjgort layouts. The dataset of this projdoe(tares 2016)is studied in detail in this



master thesis. The most important informatidoowt the experimentsvhich are relevant for this
thesisjs summaried in ths section

The modelled port is fictitios 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 modislconstructed in the extended directional wave basin of Deltares (Delta
Basin), which has outer dimensions of 50x50m and a 40m wide wave maker. Tlaegpstformed

at scale 1:45 for three sahatic layouts presented igure2.1.

Layout 1 Layout 2 Layout 3

717

emmmHarbour contour ——Breakwater

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

In total, 56 tests are included in the dataskd. 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 tas provided in Appendix B. Thieur different typs of

wave conditiongppliedin the tests ardescribed below.

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

2. Bi-chromatic

In case ofBi-chromaic wave conditions low frequency waves are generated. Moreover, the
primary waves can be chosen such that low frequency amnpanduces a particuléwarbour
basin oscillation (seiche).

3. Spectral
The most realistic wave fielid the application of a JON®AP spectrum, using a distribution in
frequency and in some cases a directional spreading.

4. Sea and Swellapplied 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 thdataset.

The incoming waves are imposed at the offshdreundary by a wave maker consistinfy 100
individual paddlegFigure2.2). The paddles can force spread waves intdotisin.To avoid excess
reflection against the sidgavel slopes$, paddleq1-5) and (96100), located at the external sides of
the wave makerare not used in full poweAdditionally, the wave makeis equiped with an ARC
(Active Reflection Compensationd prevent raeflection by absorbing nearly all the wave energy
hitting the wave maker.

For eachtest the incoming wave fields saved in axt file. This file contains the water surface
elevation time gs@es generated by the wave maklsplacementsn the physical model. Fahe
analytical steps about deriving the fikb® reader in referred to Appendix B, Van Mierlo (2014). It is
worth mentioning that the wave makeisplacements signal is created befdhe start of the
experiments. Hence, the signal is not influenced by the active reflechiopensation imposed on the
maker
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A top view of Layout 1 on which this thesis is focused provided inFigure 2.2. Moreover,the
properties of the structures in LayouslHown inFigure2.2 are presetedin Table2.2.
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Figure 2.2- Top view of thephysicalscale moden prototype scale (scale 1:45This figure is aepetition 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 Slopes3a and 3b
Material (Bf)gﬂclgitgetr? f;l:]) 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 deviceare placed in front and inside thgort 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 velddigeseasurement

set up ispresented irFigure 2.3 and theexact locations of the measuremeanvides arencluded in
Appendix B

1575
O wave gauges

D water level elevation and velocity meters
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Fat 3
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Figure 2.3-Measurementsetup in the scale modellwave gauge 3 is locatk between wave gauges 4 and 24). Outer
slopes 3a and 3b are not showifAdapted from Van Mierlo, 2014)
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The devices are mainly placed close to the quay, wakre the ships are typically moored. The wave
height in these locations and in the middle of the basin is required to identifgrth@uroscillations.

The inconing wave height is measured byd8vices in front of thédnarbourarea 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). D&vi¢es20 (in total 6 wave
gauges) are placed inside the side basin measuring fi@vieyout 2 and 3. For layout lthere 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 presenfabla2.3. All seven tests are performed

for morochromatic wave conditions, iayout 1(Figure2.4) and the angle of incidence is®9GBince

layout lonly hasone main basin, it is considered the simplest layout to predict and understand the
behaviourf waves in the basin.

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

90

Monochromatic 1 0.99 7.51 19.8 80.48 155 0.001
Monochromatic 1 1.44 10.00 19.8 90 120.74 1.03 0.012
Monochromatic 1 2.39 16.97 19.8 90 22559 0.55 0.011
Monochromatic 1 2.97 5.03 19.8 90 39.38 3.16 0.075
Monochromatic 1 3.02 8.99 19.8 90 104.71 1.19 0.029
Monochromatic 1 2.75 15.03 19.8 90 197.05 0.63 0.014
Monochromatic 1 1.4 4.49 19.8 90 3152 3.95 0.061

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

It would have been reasonablestadyfull spectrumcases as they represéetter the wave éld that
entersin 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 expectation€omplex wave conditio can be interpreted as summation of individual
monochromatic waves. Although it is easier to understand the phymtalviourof only one
monochromatic wave it can be more difficult for the numerical model to describe it accurately. For
the monochromat 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 andhtieedivection 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 serisssmaller.

To betterunderstandhe physics of each test some physical paramateralso included ifiable2.3:

the wave length L, the kdalue, the wave steepness Hilhe kdvalue 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 demandingvioreover, for higher kd values the nbnear effects become more
important. For each ést 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 themeadermotion. The wave steepness

is an indicator of the wave breaking. If the wave steepness exceeds the va|ukehQvaves start to
break.

There are several criteria to specifithe waves are in deep or shallow water. The basin criteria
according to Bosboom and Stive (2011) are present@dbie2.4. 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) < /10 >0.5 >0.5 >

The seven selected tests can be divided in three groups with similar values of specific parameters.
These paramets are the kd value, the walengthL and the wave steepnelél. The first group
consists from test TO03 and TOXZable 2.5). Both tests have a low kd value and represent
intermediate water conditions. However, their kd values are closeetshllow water limit(kd<

0.314). Moreover, the two tests have tbhagest waves, as their wave length values are close or
higher than 200mThe second group of tests consists of tests with average kd values from 1.03 to
1.55 (Table 2.6). These are tests TO01, TO02 and TO1l. Their wave conditions are classified in
intermediate water. Furthermore, their wave length values vary from 80 to. TA@mast group of

test are T0O10 and TO13 with kd values higher thaiable 2.7). Both tess representeep water
conditions. As the kd values are relatively high these test cases are considered computationally
demanding. Finally it is worth mentioning that fortt&910 the waves have already started breaking
while in TO13 the wave steepness value is close to the breaking limit.

Table 2571 The flrst group of tests for low kd values

Jjelekf | 225.59 0.55 Intermediate/shallow water 0.011
ez 197.05 0.63 Intermediate/shallow water 0.014 -

Table2.67 The second group of tests for averaged values. values

ekt 80.48 1.55 Intermediate water 0.001
e 120.74 1.03 Intermediate water 0.012 -
Jpeiiie 104.71 1.19 Intermedate water 0.029 -

Table 2.7 The third group of tests forhigh kd values

eskes 39.38 3.16 Degp/Intermediate water 0.075
ekkel 3152 3.95 Deep water 0.061 close to the breakmgmhlt
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2.4 Previous work using the benchmark test of schematic port layouts

A part of the dataseatescribed irSection2.2 has been processed by a number of master students at
Delft University of Technology. The studerstdected certaineststo assess the value and accuracy of
numerical wave penetration modelgan Mierlo (2014) used the mild slopmodel PHAROS
(Deltares, 2013)the Boussinesq type model TRITGReltares, 2008and the nothydrostatic wave
model SWASH (Zijlema, Stelling and Smit, 2011Yonteban (2016) worked witBWASH and also

the Boussinesq type model Mike21 B\WHI, 2007) The norhydrostatic phase resolvirsgtting of

the wavemodel, XBEACH (Roelvink, 2010)was selected by Wong (2016) for wave pengmnat
simulations.SWASH and XBEACH are both nehydrostatic wave models. In this thesis for the
category of nothydrostatic modelSWASH (version 3.14)is chosen to be studied more depth.
Therefore, thditerature reiew is focused only on two of the aforementioned thesishe thesis of
Van Mierlo and MontebarThe tests studied by Van Mierlo are TO76, T0O79, T080, T081, T084 and
T085. The tests studied by Monteban are T035 and T079. For details about the wai@nsoofdihe
aforementioned tests the reader is referred to Appendix B.

The main conclusions of theesearchof Van Mierlo and Montebarare in agreement: wave
penetration can be modelled quite accurately for practical engineering purposes, whereavésng

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 influeéayout 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 nodels performance in simulating wave penetration in
harbours

This section summarizes the work wio MSc students, F. Van Mierlo (2014) and D. Monteban
(2016) about the performance or wave models regarding the application of wave peneliagion.
section garts with the criteriausedto evaluate the models performance. The three wave models used
by Van Merlo are presented in Secti@rb.2, while the two wave modeksxamined by Monteban in
Section2.5.3. The models are compared in terms of theoretical abilities and limitations as well as
about the simulation outputs. Lastly, takilities and the restrictions for the wave model studied in
this thesis, SWASH, are discussed. A theoretical comparison of the available wave anodtie
selection othe most suitablenodelsto simulate wave penetration is provided in Appendix C.

2.5.1 Evaluation citeria of wave penetratiosimulation by avave model

To evaluate the ability of a wave model in simulating wave penetrgi®miollowing factors should
be taken into account:
9 Ability to describe the most relevant processes related to wave qigoretr

1 Model limitations, for example kd valuminimum water level
9 Accurate predictions regarding:

+ primary wavegspectral waves) # low frequency waes = harbouroscillations
1 Computational cost

Since this thesifocuseson monochromatic sea waveetperformance of the models regarding low
frequency waves and harbour oscillatiaasot relevant and thus is not discussed in the following
section. Information about the models abilities in simulating modelling of low frequency waves and
harbour osciltions can be found in the thesis oiMan Mierlo(2014) and DMonteban(2016).
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2.5.2 Comparison of PHAROS, TRITON ai8WASH

In this thesis aubset of thelataset for schematic ports layo(Reltares, 2014is studied thoroughly.
A selection of physical model tests frometlsamedatasetis simulated with PHAROSDeltares,
2013) TRITON (Deltares, 200Band SWASH (Zijlema, Stelling and Smit, 2018y F. Van Mierlo.
Taking into account his findings a comparison of the three nurharadels is attemptedhe type of
the three wave models ass wells as the organisation that developed them is preJaiile®i@ In
Table2.9 selection of the most relevant processes modelldtkithree models shown

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

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

Acronym _ _

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

HARbour Oscillations) in harbours with complex geometries

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

SWASH (Simulating Non-hydrostatic TU Delft waves transformatiofrom offshore towards th

WAVves till Shoré 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 (@8), The SWASH Team (2016).

~ 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 inducescurrents - e v

According to Van Mierlo conclusionPHAROS is at least one order of magnitude faster than
TRITON andSWASH SWASH s more efficient than TRITOMsthe parallelisatiomptionrequced
significantly therequired computational efforThe following sketch provides some insight about the
accuracy and the computational efficiency of tire¢ wave modelsxamined.

FREZo=-EBp-owIOon

PHAROS

Figure 2.5-A comparison of the three wave models PHAROS, TRITON an&WASH regarding computational cost
and accuracy.

-1

ACCURACY
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Based orthe simulations outcoméder the selected six tests, Van Miedoncludeghat TRITON and
SWASH can model primary waves more accurate thar\RES. The errors in wave height for the

two models are on average less than 15%, foexaiminedwave conditionslt is mentioned that
PHAROS overestimated the wave height in areas which sheltered from direct wave attack by
breakwaters and are enclosedhighly 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 waptih)dd herefore, the

wave height prediction b8WASH 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 threemodels 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 a@8WASH should be preferred when
accurate values are necessary. Due to the numerical instabilities in TRITON perforS\atceH

can be considered more robust. Van Mierlo also mentions that for breakwaters in ports, the resulting
computation time foSWASHis signiicantly lower.

2.5.3 Comparison of MIKE 21 BW an8WASH

The same dataset of schematic port layouts was used, among others, from D. Monteban to compare
the performance of MIKE 2BW (DHI, 2007 to SWASH (Zijlema, Stelling and Smit, 2011The

model type of the two wave models are presentélthbie2.10 In the following paragraphs some of

his results and conclusions will be discussed.

Monteban compared tHieitations of the two model€ne of the main differenedetweenrSWASH

and MIKE 21BW is the application range of kd valughow in inTable2.10. Using 2 vertical lagrs

in SWASHcan lead to more accurate results, but also to high computatiosast SWASHthere

is no limit about maximunfrequencythe models able to reaslve the total wave spectrurivloreover,

it can modekloping boundaries in full detads thee is no minimum water depth restriction. On the
contrary, MIKE 21BW is a commercial model which provides customer support and can be used
when the comutational power is limited @. 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 (using2 (using2 or more
vertical layer) | vertical layes) vertical layes)

To avoid scaling effects Monteban started running his simulations at physical model scale, but the
results for both models show numerical instabilities, especially in MIKB\®1 The main problems

were a strange symmetrical pattern in front of the breawatSWASH and in MIKE 21BW 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 outptites with significantly larger size.

The rest of the analysis waerformed inprototype scale. The accuracy of predicting primary waves

(f >0.067 Hz)using prototype scaleas considerably higher thdor the simulations using physical
model scale. For both numerical wave modbksdeviation from the measured primary waves is
below £ 15% The significant wave height was computed with mean average percentage errors 8%
and 7.8% irSWASHand MIKE 21BW respectively
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2.5.4 Selection ousingSWASH

Taking into account theelatively good performance of SWASH in describingve penetration as

well as the recommendations of further investigating the wave height errors, it was decided to focus in
this thesis on # 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 veooydex wave
conditions, this thesifocusesmore in understanding which of the wave processes influencing the
total wave penetration can be modelled accurately by SWABt¢reas, in the previous theses more
complex pat layouts and wave conditiomgere examined, in this thesis the simplesydat 1 and the
simplest monochromatie/ave conditions arelaborated By doing s¢ the amount of the relevant
wave processes is reduced and the weareetration becomes less complex, making the identification

of the dfferences between the SWASH outputs and the measurement more straightforward.

SWASH has an open source code which can freely be downloaded from
http://SWASH sourceforge.netn previous theses version 3.14 is used. In this thiesisew version

of the software packag®WASH4.01 is usedin the two SWASH versions the method of solving the
shallow water equations remains the sae.the differences between the two versi@ms not
fundamentalit can be claimed that the main performance of SWASH regarding wave propagation
towards and inside the port is the same. Hericean beassumd that the main finding of the
previous research also hold for the current version.

According to the previous theseSWASH has been proven to can describe the propagation of
primary waveswith a good level of accuracy, as the errors are on average less thaaiééalso

on the theoretical comparisdiable 2.9), the most important processes relatedwave penetration

are included in SWASHMoreover, it was mentioned that by usitwgp vertical layers the model is
considered robust and mumerical instabilities are expectédirthermore, it should be kept in mind

that SWASH is a computational demanding modellevertheless, 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 degigme model scale to be small enough to fit inside a
laboratory. However, the dimensions of a port in reality are much ldoyezxampletwo orders of
magnitudelarger, than the physical scale model dimensions. A real isodescribed 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@fia and viscous force$he Froude
scaling asumes that gravity is the governing force balancing the inertia fdrbesschematic port
layouts physical scale model was conducted based on Froude sdékéngiost important scaling
factors for Froudecaling arepresented iMable2.11.

Table 2.11-Froude scaling. Note thatUis the scaling factor when a scalé : Uis used,} ., is the density on model scale
and } s the density on full scale or prototype scalgMonteban, 2016)

parameters  Unit Multiplication factor
Length [m] U
Volume [m] V3
Structural mass [ka] C* (/imi
Time [s] A
Frequency [Hz] oI
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2.6.2 Scaleeffects

Scale effects are observedhen the employe scaling law does not correctly reproduce the physical
conditions from prototype at model scdi@r 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, suchisE®sity, elasticity and surface tensiare cosideral to

play a minor role and the fact thidiey are not scaled correcily considered acceptablelowever,

this can lead to scale effects related to the physical processes of wave penetration, wave transmission,
wave energy frictional dissipation angve breaking dissipation.

To prevent significant scale effects on wave reflection, the physical model scale should be thyfficien
large. It is logical that foa small scale, for example 1:100, the scale effects are becoming important
and influence thexamined application of wave penetration. On the contcanystrudihg a physical
model based onlarge scale, i.e. 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 tencoggider

the scaleeffects asnsignificant. Moreover, it the resulting construction cost is aed®#@t This scale

is a good compromise and it is often used in this type of stu@@Esan analytial description of
scaling laws and scatdfects the reader is referred to Frostick et al., 2011.

2.6.3 Selection of prototype scale for the measurement analydiS\WASH simulations

In this thesis it is chosen to perforimetmeasurement analysis @®d/ASH simulationsin prototype
scale.lt is obvious that measured daad the numerical model data mis&t comparedising the
same scale. To be congdtin the wholeeport, the information abotthte open benchmark dataset is
providal in prototype scale. AppendB includes data about tHerbourcontour, the location of the
wave gauges and the wave conditions fob@llests conducted in prototype scale.

The use ofprototypescale is supported by three argumefisstly, 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, sucBVHASH, are usd to describe or predict
wave penetrations for a real port design projgetondlyas discussed iBection2.6.2scale effects

are considered significantly small oot relevant for the purpose of this thesimally, the full scale

is chosen to avoidumerical instabilitiesobserved by Monteban (2016), when running the simulation
in model scale fo BWASH
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Chapter3Met hodol ogy of me
processing

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

The main topics of interest of thermulated 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 measurgiments
approach to analyse the measured data is amply illustrated in this chapter.

To begin with,the initial measurement processing requiredriefly describedin Section3.1. In

Section 3.2 the equation for calculating the wave celerity according to the linear wave theory is
provided. Furthermore, the approach used fidcudating the waveelerity in the measurements is
extensively clarifiedin 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 thintiesiion 3.3

is presented a methodology about determining the time moments when wave get reflected and when
they arrive at the measurement locati@ang the model centrelind-inally, in Section 3.4 the

method of determining the steady state at all measurement locations is presented.

3.1 Preliminary measurement processing

For eachof the seven selectezkperimers, the water level in tim is measured at 27 locatiofi®
obtain useful information from the data some initial preparatisdone.The preliminary analysis of
the measurements includes the following three steps.

Step 1: Removing the average

According totheory the mean water levedt each wave gaugepresert the still water leveland
shouldbe equal to zerdlo achieve thathe wave height meters are calibrated by setting the water
surface at two different level&leverthelessin a laboratoryexperiment the average water level is
expected to deviate slightlyom zero.This is also the case for the selected experimé&mswater
level measurementsig common practice to set the water level oscillating around Z&average
water level value is calculated separately at each wave gauge for eadlne¢gsthe average water
level values are subtracted from the time serfesach wave gauge for the seven selected tests

Step 2: Detrendng

After removing the average, a linear trend is observed in the measuremigistdrend can be
attributed to thebehaviourof the wave probes. The probe of each wave height nietdce is
constructed of two parallel stainless steel rods. The rods act like eleatfcaie®éectric conduction
meter Deltares 2016). As more and more waves are being measured the terdperature is
increased linearly. This explains the linear increase of the still water level in time. However, this
linear trend does not represent the phydieddaviourof the still water level which remains constants
during the experiments as no waigradded 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 iseid tteem into
prototype scale. As discussed in Sec®d, it is chosen the measurement analysis andGWASH
simulations to be performed in prototype scalee scale used in the open benchmark dataset of port
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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 withahd the time values by (for the
multiplication factors se@able2.11).

An example oflie water level time series after théial processings shown irFigure3.1.
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Figure 3.1 The final time series oscillating around the still wéer level (dashed red line) at Bint 11 for TOO1.

In Figure3.1 it is observed that thevater level does not show a constant behavidiiaves redt at

Point 11 after the firsii60 secondsThis time irterval isdescribingthe 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 initialfpam t=0s until t=160san 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 iyastenivn

in Figure 3.2, the wave height is gradually increasing until approximated0 s.This is because a

taper function is applied tthewave maker motion. By doing so, the waeeser the basing gradually
andthe acurrence of shock waves is prevented.
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Figure 3.2-The initial part of the water level time series at wave gauge Tor TOO1.

The wave height atdht 11 starts becoming lowett t=3750s as shown inFigure 3.3. The wave

height is reduag gradually as a taper function is appli/dy ai n t o t h enotionaAftes mak e r
stopping the wave maekienotdesluceddotzeramand osdilaingwattermesstill | e v
can be observed. Although new waves are not generated from the wave maker, the already existing
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waves in the basin continue propagating and get reflected at the port walls and the gravel slopes. From
Figure3.1it can be estimated that the water level drops to zeroG&@-sapproximately.

The reflections parat the end of the recoshows 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
dampng material atnner slope slopgkeandouter slope® only a part of the wave energy is damped or
transmitted. The rest of the energy iseflected towards the experiment area. The same holds for the
concrete walls of the harbour. The only differencth& 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 TO01 when the wave maker stops operating.

In all theremaining five tests, apart fo T010,the water level time series are similar to time
seriesalready presenteith Figure 3.1.for wave gaugdl and tesT001 a time delay until the waves
reachthe lccation, a gradual increasa constant parfFigure 3.4), a gradual decrease and a long
period until the reflections in the basin become negligible and fitlaiywater level drops to zero
However,in the time series falest TO10 there is not aedr constant phas in the rest of the cases.
This is shown irFigure3.5. This behaviourcan be explained by the high H/L ratio, equal to 0.075, for
whichwave breaking starts occurring.
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Figure 3.4- The measured water level time series at Point 11 for TOO1. This figure is a repetition of Figure 3.1
including a read area thatrepresents the constant part whe atemporal steady stae is reached

21



——water level time series
still water level

water level (m)

-3 . : ! 1 1 |
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
t(s)

Figure 3.5-Water level time series at Bint 11 for TO10.

When the wave height in the measurements remains corsstaniporalsteady state is reached.
During theconstant part the changes in the wave height are not significant. It is selectety tihatu

first 15 minutes (900)s0f the measurement$he first reason of this choice is thateful knowledge

can be obtained by studying either the first few minutethefconstant 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 rédutiene required for
SWASHSsimuldions.

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 @M/ASH is the objective of the first
research question. Théectionfocuses b determining the wave celerity in the measuremettss
assumed that the monochromatic waves in the examined experiments follow the lineatribtay.

of calculating explicitlythe wave celerity, first the theoretical celerity determineditgar 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 dylnig so the measurements
follow the linear wave theory and hence the measured and the theoretical celerity coincide.

The first step of the method ithe calculation of the theoretical wave ciile according to
Equation3.1 It is worth mentioning thahe radian frequency in the formula results from the linear
dispersion relationship.

H= ¢ fUVHEEH 2 HT (3.1)

where: ¢ = the wave celerifyn/s) L= the wave length (m) T=the wave period (s)
1 =radian frguency (rad/s) k= the wave number (rad) d=the water depth (m)
g = gravitational acceleration (@)
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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 tiesdasting linear
waves, it holds thahe wave celerity is considered constant during each test. The principles of motion
with constant speed are used to confirm thatcomputed celerity matches with the measurements.
The method is illustrated for a simple example in a wave flume.

In thewave flume depicted ifrigure 3.6 there is a wave maker to the |eftvo wave gauges the
middle and an outflowin the centre The distance between the twawe gauges is equal to x. The
bottom of the flume is horizontal and the water depth is congtdimear sinusoidal wave of constant
wave height is generated by the waweThe wave gauges are measuring the water level in time.

wave wave
wave maker gauge 1 gauge 2

N /_\ ‘T/E'WL 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 inFigure3.7 a. andFigure3.7 b., the time series in wave gg2 is exactly the same as in
wave gauge 1 simply shifted in tmThe wave pattern arrives atift 2 with a delay ofg. For a
constant celerity, it holdgd=gx/c. The wave celerity can be calculatedHguation3.1 If the time

series at wave gauge 2 is shiftgdseconds 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 themsagraph. The following graph can only be creaifed

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.

23



To sum up, the method requires:
1 assuming that linear wave theory applies

computing the theoretical wave celerity Bguation3.1

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

confirming that the initially assumed celerity is correchot

=A =4 =4 =4

3.2.3 The calculation method ofie wave celerity in tle measurements

The same process described in the examip8ection3.2.2can be applied for the wave gauges in the
schematic port layout tests. For every pointriadel centre line I( i n e) thA wave pattern is the
same as in the previous point shifted in time.
the middle of the basin width dividing the basin in two symmetrical paigsife3.9). 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 (A A)as located inthe middle of the basin in terms of width Outer slopes 3a and 3b are
not shown.

The times series of pointsn | i ne A A inwhe $ame goapfor PdinblObly shidting them

in time. Instead of Point 10, another location to skiifé 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 thprocess. 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 fromoit 10 to every dter pointi n I i ne® AA G6s,
calculated as follows:

30 _— (3.2)
where: 30 Dravelling time from Bint 10 to another point.

c : the wave celerity for the selected test.

U : y coordinate of the point in question.

U . y coordinate of Bint 10.
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The time series of wave gauges on | i GQlyshifthkd c an
each point time seriezarlier in timeby 30 . 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 ecords are starting beinfluenced by reflections. The method used to determine the arrival of

the rdlected waves is explained Section3.2.5.

The methodology of computing the wave celerity in the measuremeelabisrated heréor TOO01.
The same approach is applied for the rest ofdékected testsf which the results are presented in
Chapter 4. Initially, the theoretical wave celerity is calculated. Accordinge¢qoation3.1 the wave
celerity is equal té\ p & d 7O The output after shifting the time series of each point at line
AAO ear |l iye® i nispresemedFigbre3.10.

0.8

] ' T T T T T
Point 10

Point 4 : Y it |
Paint 3 . . '[\|} \E"!” Fl\ IUI\ T iu{"{

0.6

Point 26

Point 11 |
04 Point 27 '

Point 12 ‘
-~ ~zeroline ‘
{|

_02F i i -
E \
5 ) "){‘|‘ i {
5 AT w} It b
g A I :
= \1 i

0.2 l uili ‘

! |
| | iy
0 {l,‘ ;J v: Hit
bl i :u\‘.l“'ft ‘
06 ' | LR | | | L | AR |
06 i i SARR | 7
: "{M‘H,\Hl\lwl" '
- - -arrival of reflected waves from outer slopes 2, calculated for Point 5 |
- = -arrival of reflected waves_hum inner slopeIW, calculated for Point 12| ) | ) ) | |
08 I ; AL
50 100 150 200 250 300 350 400 450 500 550 600
t(s)
Figure 3.10-TO01, measured water levelitne seriesof points onLi ne AA®6 shifted earlier in

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 lin@olour: blue)represents the arrival of the reflected wave
from outer slopes 2t Roint 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 waveatéosiope<.

The second vertical dashed li@lour: light brown)epresents the awal of the reflected wave from
inner dope 1 at Bint 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 sl|Detailed
information about how the reflecticareas are defined is provided in Sec8dh5. A zoomed in part

of Figure 3.10 is shown inFigure 3.11, in which it is easier to observe the changes after the
reflections.

Focusing a the general trends ¢figure 3.10 and Figure 3.11, it can be said that there is a good
match with regard to the wave period. This slo®t hold for the first 170, ut thisbehaviouris
explained inSectionO. If the first 170 seconds aretrtaken into account, is observed that thehase

shift between the time series of the different points is negligible-25009 or there isa small time

shift (from 29 suntil the end). The varying phase shift between the different points is detected after
the arrival of reflected wagdrom innerslope 1. Moreover, the wave height valvasy significantly
mainly after the arrivabf reflected waves. This holdspgecally in the case of reflectionsoming

back from innerlepe 1. This phenomenon is reasonable as in the wave record not only the incoming
wave is measured, but also the reflected wadewever, after the first 500 seconds the wave height
at the differenpoints and the phase shift between the time series of the pognésnaining constant.

A temporalsteady state haBenbeen developed in thest
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Figure 3.11- TO01, measured water level times er i es of points on LineoimM®OThishi fted
figure is a zoomed part ofFigure 3.10.

The initial part of the wave records before the arrivateffected waves, indicated by the vertical
dashed blue line at t=210Bigure3.11) is not disturbed by reflection$herefore, it is expected this
initial part to be very snilar to the wave signal generated by thhave machineThe result is
expected to be similar teigure 3.8 for the wave flume cas®espite the expectations the part of the
measurements before any reflection is not exactly the same. There is a fifstipd@s$ )in which the
time series do not matand a second pafl70s<t<210sWwhere there is a good agreement between
therecords. In the first part the wave height is varyimgile in the seond part it remains constaint
time.

It is important to realize that points outside the basin are irdeabfirst by reflection at slope 2 and

later by reflection at slope 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 imssumedThe first reflected waves recorded at the gauges insideatfi®urbasin are
coming from slope 1. The vertical dashed line representing reflected waves from slope 2 is not
relevant for points inside thiearbour Hence, it is useful to examine segtely the two groups of
points: points inside thiearbourbasin and points outside the basin.

Figure 3.12 showsthe time series of the points outside tharbourbasin are plottedyhile Figure

3.13 showsthe time series of points inside the basin.both group of points the same pattern is
observed: There ia 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 tmunenents is equal the
theoretical wave celerity.
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Figure 3.12- TO01, measured water level time series of pointutside the harbour basinon Li ne AA®6 shi fted e
time at Point 10, before the arival of the first reflected wave from outer slopes 2 (time axis: 5210 9
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Figure 313-T0O0 1, measured water | evel time series of points insi
time at Point 10, before the arrival of the first reflected wave fromouter slopes 2 (time axis: 5270 9

According toFigure 3.12, the wave height reaches a constaitie at t=135%or Point 4, while this
occurs at t=160s foPoint 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 dashedlimey, he duration

of the fuly developed wave heighgart differs from a point to anothefhe comparison between the
different points becomes easiérthe time interval of the constant fully developed incoming wave is
longer.The constant wave height at the points outside the basin is determined in $&ckon

As can be seem Figure 3.13 for Point 26 the wave height remains constant from t=180s to t=210s

and pr point 12from t=195s to t=210s. Although the reflected waves starting influencing the records
after the dashed, light brown tieal 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 thesbesinpiuted in
Section3.2.6.
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3.2.4 Thebehaviar of the taper function part

To interpret thebehaviourof waves before the arrival of reflected waves, the wave signal generated
by the wavemachinemust be studied. To avoa shock wave in the basin & functionhas been
appliedat the starup of the wavegenerator so that the wave height increaseadyially to finally
reach a constant valugigure 3.14). Based on this observation the undisturbed incoming wave time
interval can be divided in the tapfurction part and the fully developed incoming part. It is worth
mentioning that the zero of the wawgaker motion is not related to the zero of the wayaiges
record. It is not known when exactly th@ave makemotion started relative to the wave recortls a
the wave gauges. However, the travelling time of a wave with celferity from thewave machine

to wave gaugd0is 19s Therefore, it is estimated that the wamachinestarted generaig waves at
approximately 80 ssing the time reference of the veanecords of the gauges.

0.8 I I
Waves by wave maker motion
zeroline

0.6 - 1

04 Il ‘I\ \“I \“I o N \I‘| \I‘| |"‘ I‘\ I‘I I |‘| I‘I | n|
0.2 ‘,.‘,‘,"‘w‘|\|\|\|\|\|\|‘|‘\|\|\\“‘

‘ | | | [
AU Ly
O_=__T_.__\T_I‘L_‘I__L_I__L___L___L___|_._.|_ ............. ‘____|____|----'----L---|--|--|-—r—|——|— « H=0.99m -
- Vol

water level (m)

0.2 Llﬁn‘\|\|\|\|\|\|\‘I‘I‘I““
-04 ) I | ‘, \‘. [ N oo |J |

-0.6 - 1

0.8 | | I I
0 20 40 60 80 100 120 140 160

t(s)

Figure 3.14 - Wave signal generated by wave makemotion for TO01. The timeaxis differs from the wave records.

In Figure3.11, Figure3.12 andFigure3.13 the same trends are observed. In every case it is clear that
there is a good agreement in the condtialit developed incoming wave height. Howevdristis not

the case for the tap functionpart It is observed thathe wave celerityin the taper function pais
higher thancelerity calculated based on the linear wave theldigreover, the wave aplitudes are
becomingsmaller as the distance from the wave generator incredsmsan increasing distance
between the exami point and the wavmaker, the tagr function part is becoming longer and the
increase of the wave height until it reaches the full developed incoming wave height is slbvmer

all, anontlinear behaviouris observed for the peer function part. Itd important to reali that this
non linear behaviourof the tagr function part results in the distorted wave signal that is different
from the original signal of the wawmakerand also changes from one point to anotfibis non
linear effect explainghe nongood agreement in the first part of the plot with the time sehiéed at
Point 10 Figure3.11).

As it does not remainonstant, the duration @he taer function has to be calculated at epomt.

The beginning of the peer 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 theewaxe r
before the arrival of the waves generated fromwhee machineBefore the wave arrival, the wave
gauges are measuring thél stater level. As observed iRigure3.11 theinitial, still water level part

is not a straight horizontal linéut there are small fluctuations occurrifidnesefluctuatiors can be
described as white noise and are related to the accuracy of the measuremeiindesécebe clearly

seen inFigure 3.15, in which isthe first 100sof Figure 3.11are shownWhen 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 measurensent er
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 ecountthesenonrealisticwaves,the wave height thresholdf 0.02mis
set.
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Figure 3.15-White noise observed duringthe first 100sof thet i me seri es of all points of
time to match with point 10. This figure is a zoomed part ofFigure 3.10and Figure 3.11.

The end of the fger furction 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:

< 2% (3.3

where i is thesequence numberf the wave inthe record(i.e.,i = 1 is the first wave in the record,
i = 2 is the second wave, etc.).

In Figure3.16 the start of the f@er function for Point 10 is plotted by the vertiiake 1a and the end

of the tagr function by the vertical line 1l=or this figure the limitation of Buation3.3 can be
explained. The wave heigbf the 8" wave the wave height of thd Wave differ less than 2%. The

same holds for the wave height of tHeahd the 8 wave, and so forth. The beginning of tHevéave

is the end of the taper functiokor the rest bthe wave gaugeshe end of tk tager function is
computed by adding the additional travelling time from 10 to the specific poad

(Equation3.2) to the ending time of tger function at Bint 10. In the graphs of the time serieeath

point the start of the per fun¢ i on i s deEnhedaas af Mo érfuectoeasd o f
AMoment 1bo.

087
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Figure 3.16 - Measured water level time series at Point 10 for TOOI he 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 esential to realize that the tapfunction part behaves in a different way than the fully incoming
wave part. Therefore, the two parts should be examinedatelya However, it shodl be keptin

mind that the tagr function is applied only at tHest seconds of the wave machisignal and after

the occurrence of the first few reflections all the energy of this part is damped. Sthiaftaoment

the waves bthe tger function part are not found in the basin while at the same time the wave
machineproduces only waves with the fully developed wave height.

The interaction between the &apfunction part of the incoming wave and the corresponding reflected
wave, as well as the interaction between the fullyetigyed incoming wave and thep& function
reflected wave result in maximum wave height values which are not cfdictde wave field in the
harbour On the contrary, the interaction between thdyfaeveloped 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 th&€paodequently, this thesis is
mainly focused o 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 @#aigks

the basinmeasure onlyhe 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 agreemmastahweive
heightof the different time series plotted at the same graph.

It is expectedhat the time series of the different pojrmotted in the same graptio not coincide
perfectlyin terms of heightas in the simplified example of tiho wave gauges in the flumas the
time series in the basin are measured,datars are included in the records. The deviationthe
incoming wave height, calculated based ontiime series of the different points are expected to be
within alimit 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 indeedhletpu 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 outdidebiber

basin thispart stats at the end of the tapfunction(Moment 1b inFigure 3.16) until the moment of

the arrival of the reflected wave froouterslopes 2. This latter moment is diffent for everywave

gauge. The method for calculating this arrival moment (later reféd@ment 2) is explained in
Section3.3.

In Table3.1 the results for the fiveneasuremeribcations outside the basotmmodel centré i ne AAOG
are presentedit each wave gauge, the mean wave height is calculated after determining the wave
height of the individual waves is the wave record. The individuatewaare identified by zero
crossing analysis. This process is explained in detail in Appendixi8worth mentioning thatadir

Point 5there is no part of the wave record describing only the full developed incoming wave. This
can be attributed to the fathat the distance fromuterslopes 2 to Foint 5 issmall compared to the

rest of the points. Therefore, the reflected waves come back within a short time and influence the
wave recordand 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 T &

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 rdi@s within the limits from 0.980 1..
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Table 3.1-Mean, measured wave height values for the incoming wave part at wave gauges outside the basin for TO01.
For these gauges computation of average measured wave heightl standard deviation. Comparison to the incoming

wave height generated by the wave maker.

T0O1

Point ( 3 (m)

10 0.99

4 1.00

3 1.01

24 1.01

5 -

C & = 1.00 m

Std. deviation = 0.01 m

( & = 0.99m

(G Y (G =1.012
For TOO1, theratio (| R T & is smaller 1.02 and thusit is considered

acceptable. Moreover, the standard deviation of the wave height in the measurement locations is in
the order otentimete. It can be confirmed that the wave signal generated fromwdlve machine for

TOO1 travels towards thaarbourbasinand it is represented in the sigtforethe occurrence of
reflections at the wave gauges 10, 4, 3 and 24 located othisith@sin. Tie results for the rest of the

tests are discussed in Sectb@.

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 functigivoment 1bin Figure 3.16) and before the arrival of reflected
waves, the wave gauges inside the basin measure only the constant dldbddvincoming wave
height. However, this part is not expected to be equal to the incoming wave height generated by the
wave maker, as its influenced by diffractionBy comparing the part of the different time series
before the occurrence of reflectigmsformation about thafluence of diffraction on the wave height
canbe obtained. For this purpose, the average wave height of the part of the timerstisesbed

from reflectionsis calculated at all the wave gaugéhis part stes at the end ofhe tar function

until the moment otthe arrival of the reflected wave fromner slope 1This latter moment is
different for everywave gauge. The method for calculating this arnmament (later refer as moment

44) is explained irBection3.2.5

In Table3.2 the results for the founeasuremerbcations iside the basio n | i are preseht@d.

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 Agmdix C. InTable3.2 there is a wave height value onbyrftwo of the

wave gauges. Fordihts 27 and 12the reflected wavefsom inner slope teturnwithin a short time

and influence the wave recoethd no solely incoming part can be distinguishBukese 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 tabldasratio( I A ,
which can be used to compare the incomingenaeight 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 wagauges inside the basin for TOO1.
For these gauges computation of average measured wave height and standard deviation. Comparison to the incoming
wave height generated by the wave maker.

TOO1

Point ( B (m)
26 0.3
11 0.81
27 -
12 -
C i = 0.87m
Std. deviation = 0.21m
( & = 0.99m
( & /(G- =0.88
For TOO1, theatio ( 3 P (G is equal to 0.88. This value much smallethan

the limit 0.8 set for thepoints outside the basiRor this experiment, diffraction causes a reduction in
the wave heightVloreover, the standard deviation of the wave height in the measurement locations is
in the order ofdecimetre So the spread is higher than for the pointsidetthe basinThe results for

the rest of the tests are discussed in Sedtidn

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 reflegtes 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 bythe example of the wave flunie Section3.2 the travelling time from one location
or a point to another is calculateg assuminghat thewave celerity is constant. It is important to
define whichmeasued pointwill be the starting point for the calculations to which the additional
traveling time will be added to.

It can be claimed to use0s as a reference point for the calculations. Howetels is just the
moment when all the wave gauges startmbrding simultaneously and it does not coincide with the
start of the wavenakermotion. Thus, t=0s is natelated to the wavbehaviour An alternative option
would be to usehe first zeredown-crossingat Point 10 as reference poiRint 10 is thdirst point

at which the incoming waves arrive, assithe closest to theave makerThe next stepvould be to
check how this zerorossingpattern travelsn space and arrives at different gaugesough this is

not possible de to the distortion ofhe wave pattern ovetaper function part of théncomingsignal.

The part of the wave signal which does not alter during travelling is the fully developed incoming
wave part. Consequentlthe chosemeference point for the calculatioissthe beginning ofhe fully
developed incoming wave atave gaugel0 O ). To sum up, using as a reference pdint and
assuming that the wave celerity c is constant , the arrival tirtteedtilly developed incoming wave
arrives at a specific poinQ§s ) can be calculated. This is done by adding to the reference
pointthe time forthewave to travel fronPoint 10 to the point examingBquation3.4).

Gss i o —- (3.4)
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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 timeidtobserved that there are parts during whighwlave height is
increasing, decreasing or remaining constant. An approach to explain these variations in the water
level time series is presented in this chapter.réffection is one of the main wave processes
influencing the wave fieldthe approach ifocussed on determining where the reflection occurs and
when the reflected waves are coming back at the measurement locakiertime intervalsiuring

which the waves arenty influenced by diffraction are also defined.

It is important to determine 8t the locations where reflection occurs. These locatimmesented in
Figure3.17, are the following:

1. Outer slopes 2a and 2b and harbour head watlirfe y=693n)
2. Inner $ope1( y=1300m)
3. Wave maker

1575
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Inner slope 1
y=1300m
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________ 6) P86
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Figure 3.17-The three most important locations where reflection occurs : 1. Outerlspes 2a and 2b and harbour head
walls, 2.Inner dope 1, 3.Wave makerAxes 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 powehs discussed also in Section 1iBe influenceof
reflection offslopes 3a and 3b is considered&ming and therefore thevo slopesare 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 theer slopea and 2band tigs of the oncrete

quay walls of theharbour 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 isassumedhat thewaves it the structureon this line andreturn In Figure 3.18 the
incoming wave lines and the reflected wave lines sketched are representing the crests of the waves.
The theoretical reflectionne is interrupted by thiearbourentrance in which no refléon occus. So,

as the waves returthere is a lackf energy in front of théarbourbasin. Assketchedn Figure3.18

the reflected waves will undergo fildction. However, in the selected approach the curved lines
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caused by diffractiormre simplified by straight lines. As the goal is to calculate when the reflected
waves will come back the use of straight lines i¢avour of safety, as the waves arrivelatively

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 exanining the phenomenon. It shoule kept in mind that this is a simplified approach as in
reality the reflectiorover the cross section of the porous slépethermore,tihas to be clarified that

for simplicity the reflection occurring at line y= 693 m is most of the times referreeflastion at
outerslopes 2.
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e incoming waves crestline reflected waves crestline — — — reflection line (breakwater tips and slope 2)

Figure 3.18 The reflected wave undergoe diffraction (left pane). The reflected wave crestlines are simplifiedo
straight lines (right panel). Axes units: m.

For this reflection case the time for a wave to travel from the wave gaugatdrisiopes 2 andreturn

at the gauge is calculated. The arrival of the reflected \maeespecific wave gaugecurs at time

Or  is calculated byEquation3.5. In the graphs of the time series of each point this moment is
defined as fAMoment fdmouterTshhme? inflednde aicettly ahly theapoiets
outside of the basin. ThuEquation3.5is applied for points witty coordinate smaller thad93m, so

for wave gauges located outside the harbour bassholild be noticed that the following equation

the termU represents the reflection line at 6930 itholdsU ¢ w o8l

Or  # # G (2 — (35)
3.3.4 The first reflection at the inner slope 1

The second location where reflection occuriniter slope 1 athe closed end of the malarbour
basin. It is considered that theflection occurs at dictitious wall located at the cross sectiine
between the still water lev€EWL) andthe innerslope 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 basihgftherown slope depicts
the rubble mound slope. THight blue wall is the fictitious wall on which it is assumed that the
reflection takes plac&he fictitious wall is located at 136
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Figure 3.19 Cross section of the main basin includingtte 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 atnner slope 1 andeturnsat the wave gauges the diffraction phenomena are being

ignoredhere Again the curved lines ar@mplified and replaced by straight lines. Thisplification
is shown in the right sketches@igure3.20 andFigure3.21.
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ofthe incoming wavesentering the harbour. In the harbour, waves are influenced by
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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. Outsidethe harbour basin the reflected waves will be influeced by diffraction (left panel). In the
simplified approach the crest linesare 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
thenreturnat the point iscalculated. The arrival of the reflectedaive at a specific poinbccurs at
timeO; § & is calculated byequation3.6. In the graphs of the time series of each point this

mome n t i s def i nedTheaterm B Mo mepresents 4thifictitious wall, so it
holdsU pom8l
Oh k& Qs § (2 —mM8 (3.6)

As shown inFigure3.20, the incomingwaves experience difiction after entering thigarbourbasin.

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 atinner slope 1To obtain information about the diffraction phemnon only the wave
record from the arrival of the fully developed incoming wave until the arrival of the reflected wave at
innerslope 1 should be studied.

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

The last locatiorexamined where reflection occurs is the wanechine When the incoming waves

hit eitherinner slope 1 orouterslope 2, a part of the energy is damped and the rest of the energy
returns back through the reflected waves. The reflected waves travel tdle@miavemachine The

wave machineis set in @ ARC mode (Active Reflection Compensation modajysorbing partially

the reflected wave energy. When the waves hitvthee board nearly atheir energy is absorbed.
However, the remaining energy travels agai 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 wioetisthe
waves hit eitheinnerslope 1 outerslope 2 the wave amplitude of the reflected wave is lothan

the incoming one. When the reflected wave hits ilaee boardthe reflected waveamplitudeis
further decreased

Both reflected waves dtner slope 1 anduterslope 2vill travel towards thevave makerreflect and

come back. Both secondary reflected waves can influence all the wave gauges. This case differs from
the reflected wave caused by the first reflectiomwter slope 2, because thehet points inside the
mainharbourbasin are not influenced liye reflected wave.
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Figure 3.22 Left panel: A simplified approach as the reflected waves aputer slopes 2 hit the wave makerresulting
into new reflected waves. Righpanel: A simplified approach as tre reflected waves ainner slope 1 hit the wave
maker resulting into new reflected wavesAxes units: m.

The arrival of the new reflected wave at tvave makerresulting from the reflected wave at
outerslopes 2 occurs atimeO R n . This moments calculated byEquation3.7 for points
outside theharbourbasin and byEquation3.8 for points inside the basin. In the graphs of the time

series of each point this moment is defined as
O % n Oss G2 +q? (37
O % n Oss qz +¢2 + (3.8)

The new reflected wave is travelling towamlster slopes 2 and gets again reflected. This is th& 3
reflection this wave experiences. It is calculatecEquation3.9. In the graphs of the time series of

each pointths moment i s defined as ffoloumeslopes?2 iGflienceT he r
directly only the points outside of the basin. THeguation3.9is applied for points with y coordinate

smaller than 693m.

TZ

O v Qs +qz (3.9)

After getting reflected aputerslopes 2 and later at thevave makeithe wave travels towardaner
slopel and gets reflected for third time. The arrival of the reflected wawvsetslope 1 moment is

defined as AMoment 60 and influences only the
by the following equation.
G n  Gss 4 + G +C (3.10)

The arrival of the new reflected wave at thave makeresulting from the reflected wave ianer
slope loccurs at timeO R n Is calculated b¥quation3.11 In the graphs of the time series
of each pointthismoe nt i s defined as AMoment 70.
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O % & Ggs i G2 + ¢z (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 TOO1 includes seven vertical
lines representing the sevelnaracterisc moments in time (picture A iRigure3.23)

All the aforementioned calculations for the reflected waves are executed for the fully developed
incoming wave At every pointthe tar function partarrivesbefore the fully developed wavé&his

holds for any examined location at which reflection occurs. To calcul@enbment when the
reflected taer function part ames back in every case thedafunction duratin at the specific point

is extracted from the moment when the reflected fully developed ingomviave arrives. The
moments 3 t@ discussed previously take thdfsub which represents the arrival of the beginning of
the fully developed incoming wave parhe arival of the beginning of the jpeer function part of the

incoming wave is represented by thdfigua. The calculation method is illustrated clearly by the
following equation

Ownr Onn  # OAPDBGI AOGET 1 (312

Picture B in inFigure3.23is the finalplot with all the characteristic moments in time
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As observedn both pictures ofFigure 3.23, after moment 7b the wave height remains constant. A
steady state hagbn 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 arrivatedfected waves (Sectioh3) were determined

for the wave gauges | oc at Rgire3D). Thesg lindgs ihedp idemifdirey | cent
the part of the time series influenced by reflected waves off a specific structure and also the intervals

that are no influenced by reflected wavesdmat manly influenced by diffractionThe analysis of the

water level time series at thest of the measurement locatidgadess detailed. More precisely, at the

wave gauges that are not located along the model cenjretilyethe time moment when théady

state part begins is determined.

The start of the steady state part is defiretth@ momentn time after which the wave height remains
constantuntil the end of the time series at t=900%e wave height is considered constant if the
following condition holds:

< 2% (3.13

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

The same conditiomasused for defininghloment 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 heightlle 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 condtdaeamot

change graduallyTo ensure that in between the two moments in time the wave height does not
changehe graphs for all the points and all the tests are also visually inspeigiedk 3.24 shows two
examplesof the steady stateeginning momentor testTOO1: at Bint 9, located inside the harbour
basinandat Point 25, located outside the basin.

In Section4.1.3it will be explained that for T010n which wave breaking occurs a temporal steady
state condition is not reached. For this tests i
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 theconstant steady state wave heightll pointsthat are not located along the model
centreline For the points along the model centreline the time interval from Moment 7b-g80i0s

is used.Subsequentlythe steady state wave height at each locasiativided by the incoming wave
height for the specific test examindthe incoming wag height generated by the wave maker is used,
because as it will be discussed in Sectidhit differs less than 2% fronthe average fully developed
wave height meased at the wave gauges outside the harbor badihe ratio

( P I is calculated for all the seven tests. By dividing with the incoming wave
height the results for all the seven tests examined can be comparddmonstite how the wave
height differs at various locations it was decided to create a top view showing thessttealyeach
output location.Figure3.24 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 presentdalate3.3. The results for the remaining 6 test
are presented in Appendix E.
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Figure 3.24- The steady state beginning atvater level time series generated bthe 2D simplified SWASH model at
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ChapterdResul t s of measur ¢

In Chapter 3he process followed tanalysehe measurement outputs for TOO1 is described in detail.
The same approach is applied to all the selected tes$ection4.1 theresultsfor the remaining six

tests argresented. Possible similarities between the different tests are commented at the end of the
section In Section4.2, the measuredncoming wave height at the wave gaugesside the basin is
determinedMoreover, h Sectiord.3 the influence of diffraction on the wave height as measured at
the wave gaugessidethe harbour basin is discussé&ahally, in Sectiond.4 the trends observed in

the measuments outside and inside the basin are explained based wertical lines representing

the arrival of reflected waves (determinedsattion3.3).

4.1 Computation of the wave celerity in the measurements

To confirm iflinear theory holds and indedk theoretical celerity matches with the measurements a
plot including the time series of points afodel centreil n e (FAgéé3.9.) shifted earlier in time to

match with Bint 10 is created. Two versions of this plot are presdoteevery test: one from 50 s to
600sanda zoomed versiofrom 50s to 300s The wavebehaviouris discissed for all the caseBor

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 g&ygesmparing

the theoretical signal with theaasurements, the psotvith all the wave signals atdit 10can be

more easily understood.

The values of the incoming wave height, the wave period and the theoretical wave celéniysfrr
tesk are presented ifable4.1.

Table 4.1 The wave celerity according to linear wave theory and theharacteristics of the venselectedests.
Eirowmi Mt Wi 7 Wave condition

TOO1 0.99m 7.51s 10.71 m/s 1.55 Intermediate water 0.001
T002 1.44m 10.00 s 12.08 m/s 1.03 Intermediate water 0.012
TOO03 2.39m 16.97 s 13.29 m/s 0.55 Intermediate/Shallow watel 0.011
TO10 297 m 5.03s 7.83 m/s 3.16 Deep/Intermediate water 0.075
TO1l1 3.02m 8.99 s 11.65 m/s 1.19 Intermediate water 0.029
TO12 2.75m 15.03 s 13.11 m/s 0.63 Intermediate/Shallow water 0.014
TO013 1.99m 4.49 s 7.01 m/s 3.95 Deep water 0.061

4.1.1 Wavecelerity in the measurements fB002

Figure 4.1 and Figure 4.2 are created assuming that thave celerity equal té =12.08! JOA
general remik for both figuress that the zero crossings asll asthe wave crests and wave troughs
occur either at the samani or with a small time shift. However, this is not the case for the taper
function part. r al the points it holds that the tapfuncton part travels fastehanthe wave celerity

A andthe wavebecomessmaller in amplitudeUntil all the points reach the constant incoming
wawve height at approximately 14@ds clear that the signals do not match. It is worth mentioning that
for the points outidethe basin the constant incoming wave height has beehegaelatively earlier

at 125s

In Figure 4.2, the wave height for Point 5 starts decreagiagt=150s)before the arrival of the
reflected wave fronouter slopes 2 calculated using the celerily . This can be attributed to the
fact thd the refleted wave resulting from the tapfuncton part has already arrived atift 5. This
wave travelswith a faster speed than the theoretical celerity used to determine the \dashal,
light brownline defining the reflected waves from slope 2. It is logibat this change is observed at
Point 5 which is closer toouter slopes 2. As thelight brown dashed line of reflectioroff
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outerslopes 2 is calculated for this specific poirite rest of the points are not infheed yet by the
reflected waves.
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a zoomed part ofFigure 4.1.

After the first reflectiongblue and light brown dashed vertical lineslanges in the wave height are
detectedor all the points Significant changes in ¢hwave height are observed favifts 24 and 5.

After the first dashed line the wave gauges are recording the summation of the incoming wave and the
reflected waveThe wave height of the resulting standing waxesy be higherthan the incoming

wave heightjf the incoming and the reflectadaveenhance each other lower,if the waves cancel

each other. Rer the reflected wawearrivalhigher of lower wave heights are observed in the wave
record. The increase or decrease of the wave height is rétated location of the pointf kat a
specificlocationthe incoming andhe reflected wave are in phagbe wave height is increased. On

the contrary, if they are out of phase the total wave height is decrdtasediorth mentioning that

after the blue dashed line the points outside tienbare 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 waveiinensiope 1
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After the first 5D secondgcoinciding with Moment 7b for Point 1®) 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 Wavecelerity inthe measurements fd003

From the selected monochromatic experimetetst 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,

A

13.299j ;. As the wavesravel 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 theetdpinction disappears faster from theasurements.
Focusing on the tagp function part (approximately from 85 s to 115s) the wave behaviour is clear: the
wavestravel faster than the celerity based on the linear theory and the wave heighteiases over

the distance from the wave machifdis means that the wave heightthe taper function part for

Point 12 is smaller thanoiht 27, which is located closer to the wave machine and so on.

An essential observation about the w@vehape is that the crests are sharp tagder, while the

troughs are smooth arelongated. This is the typical form of the waves in shallow waigzording
to Table4.1, the waves irfT003 areindeedclassified in intermediate to shal water.

An important remark about the graphs for test TO03 is the shape of the wave troughs after the arrival
of reflected waved-or Points 10, 4 and 3in the intervals of negative water level there are two local
minimum valuesThis effect is a result of the summation of two shallow water waves travelling in
opposite direction. At the locations of the three pointsptaks and the troughs of the incoming and

the reflected wave do not occur at simultaneously. This means thadrf® intervals the water level

for the incoming wave is negative and for the reflected wave positive amdetisa. fis deformed

shape only for troughsbserved for TO0O3¢can be attributed to the shallow water wave shape with
elongated troughs. As th@ests 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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4.1.3 Wave celerity in the measurements for T010

ObservingFigure4.5 andFigure4.6 it is difficult to detect sinusoidal individual wave3oth pictures
create the impression of chaotic wave fidlde water level time series for TO10 isatly different

than the previous tests examiné&lerall, in both pictures the wave signals of the wave gauges appear
as random lines. This behaviour can be attributed to wave brelakifi@l0 the wave height to wave
length ratioH/L exceeds 0.007 andeahwaves start breaking.

In Figure4.6 it is observed that the waves are water level is varying from :B2m. At the arrival
of the waves at Points 10, 3, 24 a peak value is detected (1480s) that is not shown in the signal
from the wave machine.

As shown inFigure4.5, aftert=350 s the wave crests become higher than 1.8 with peaks higher than
3m. Moreover, the wave troughs become lower #ia2m with minimum values smaller tha2m. It

is clear aftet=350s, that the wave gauges with thigher wave height values areiRt 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 individuavaves it is not feasible to examiaematch among the
water level signals ahe different wave gauges. Therefore it is not possible to come to conclusions
whether the theoretical wave celerity is in agreement with #uhievedwave celerity in the
expeiment.
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4.1.4 Wavecelerity in the measuremts forT011

In Figure 4.8 the most important observations made for the previous tests, apart from T010, can be
detected. Firstly, the taper function part-8Ds) 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 increase8econdly, fom 150 s until 184s, when the first reflected signal arrives,
there is a good agreement between the wave sigmatsms 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 celerily p @ um/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 alsiostltaneously. 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 wae gauges. The highest peaks occur wehreasing order &oint 24, 3, 26, 11, 10, 27,

12 and finally atPoint 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 wiiffezads. This islso the caséor

TOO1. The difference between the wave celerity values for the tests is 80, as p @ um/sand

A P & an/s

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 trouiiee same behaviowasalso observed for

a number of wave gauges f@003. For TO11 this behaviour occurs for the wave signal after the
arrival of the reflected wave froimnerslope 1. This behaviour cdie explainedy the summation of

an incoming and a reflected wave.

S T T - T T T T
Point 10 |
Point 4 i |
Point 3 ! |
Point 24 |
2 ({—Point5 |
Point 26 H
Point 11 ‘ | }
Point 27 | |
— point12| | | g
1 zeroline | | || h A 1 ! \
(
= |\ {
E ﬂ I | | i, il T
3 Al | | '
i |
Ry — gt AR L
o LRI "\“‘g\““w‘r‘ayﬂ!‘y,“-‘-“,‘..‘y|rv 1
© VEH B AR
B | ‘ { ) i1
{ [
8 Tt : e L
l" i I | ‘\ . I |
24 ! ik ;
| il R
| ;
— — ~arrival of reflected waves from outer slopes 2, calculated for Point 5
arrival of reflected waves from inner ‘slope 1 L for Point 12
3 | | | I | I | | I I I
50 100 150 200 250 300 350 400 450 500 550 600
t(s)
Figure47Ti me series of al/l points of Li rPentAaT04lhi fted earl i er
3 - T T : T - T
Point 10| | |
Point 4 I }‘ A
Point 3 i
Point 24 | i
2 Point 5 i A f
Point 26 | 1
Point 11| ! i 1
Point 27 | I o N
Point 12| | I i
1 H~—-zeroline |
- [ | [ | |
2 '
20 e -
5 ‘ ‘
© It
= |
At RIR!
CAn I
M |
2 3
arrival of reflected waves from outer slopes 2, calculated for Point 5‘ 3
arrival of reflected waves !mT inner slope 1, for Point 12| i
3 T I
50 100 150 250 300
t(s)
Figure48Ti me series of all points of Li nPeint 20Af@ TO4h Thi figerelis ear | i er

a zoomed part ofFigure 4.7.

46



4.1.5 Wavecelerity in the measurements fbd12

The wave celerity for test TO12 is the second highest celerity for all the examined tests. Maeover,
waves are in intermediate to shallow wat€alfle 4.1) for test TO12the wave signal shows the
characteristic of shallow water waves with sharp, high crestgaatively flat elongated troughs.
The taper function part behaviour is similar to tree described for the previous testéie taper
function celerity is higher than the linear celerighile the taper function wavemplitude decreases
over the distance from the wave makemom t=110s to t=170s the time shift betweleatime series

is small. However, the agreement in terms of wave height is not so well, especi&byfios.

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 inogrand 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 calciigted us
the theoretical celerity. It is known that the reflected taper function parts travel faster. The distortion
of the wave trough is clear f®oints 4, 24, 5, 11 and 27.
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4.1.6 Wavecelerity in the measurements o913

In TO13 thekd value is 3.95, indicating a ndimear behaviour of the waves. This kd value is the
highest form all the seven teskdoreover, for T013 the incoming wave height and the incoming wave
period are the minimum compared to the values for the otherltethe Figure4.11 andFigure4.12

it is clear that there is not a good match in theevacords. Due to the abiic 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.

Figure4.11 andFigure4.12 for TO13 resembl&igure4.5 andFigure4.6 for TO10. In the pictures of

both tests an impression of chaotic wave field is created. Although it is easier for TO13 to spot the
sinusoidh waves the measurements, still the time shift between the wave signals is so different that
the measurements undoubtedly do not maighossible explanation of this wave signalghis waves

are becoming nctinear and the wave celerity deviates from tladue calculated according to the
linear theory.

Figure 4.12 showsthat 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 firg dash line for reflection fromuterslopes 2. For example, the wave height at waaeiges 4

and 24 are increasin@lthough in Figure 4.11 there is no goodgreement 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 stdy stateseems to beeached.
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4.1.7 Remarks about theavecelerityin the measurementsr the selected tests

In the previous sections the graphs of the water level measured dfehentliwvave gauges shifted at
Point 10 for all the seven selected test are studied in detail. Test TOO1 is described in B2¢tion
while the rests of the tests are analyse®entiors 4.1.1- 4.1.6. The most important information
obtained from the analysis is summaribede

1 The method of verifyjng the wave celerity by examinintpe 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 th&or3HL values higher than
0.007 the waves are breaking. For kd values higher than 3 the waves becedinearoim both
cases hie picture of the different wave signals is chaotic and does not resemble the simple
example of the wave flume presentedeaction3.2. This phenomenon is observed for tests T010
and TO13Both tests are classified to the third group of tests with high kd valdesbie2.7.

9 For the rest of the tests the method provides good reshiksagreement of the wave signal is
examined for the time intervalfter the end of the taper function and before the arrival ef th
reflected wavesFor testswith low or average kd value3gble 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 celetitylated according to the linear wave
theory.

1 For testswith low or average kd valuasis observed that water level time series capturing the
taper function signal generated by the wave machine behaves different than the fully developed
incoming wavepart. 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 fundtiemagiso increased.

These observations can be attributed to thelim@ar behaviour of the taper function part.

1 The wave conditions fof003 andT012 represent intermediatshallow water Both tests are
classified in thdirst group of testdor low kd valuespresented irmable 2.5. For thesetests the
wave crests are sharper and higher, while the troughsnamettsand elongated .This is the
typical wave shape fohallow water.
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9 Fortests TO03, TO11 and TO12 it is observed for many wave gauges signals that the wave troughs
are dstortedshowing two local minimums. This occurs after the arrival of reflected waves. Thus,
the wave gauges measure the summation of tt@nrimg and the reflected wave. A possible
explanation of this deformed shapehe 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 walkerefore, the distorted shape is observed only
for the wave troughs which are elongated and shorter in amalitud

1 For the six tests a steady state is reacHedever, in one test, TO10, a steady state is not reached
at the first 900s of the experimeritt a specific moment in time, which varies among the tests,
the wave patterns are repeated. The wave crestsargh 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 ibection3.2.5, the wave gauges measure toastant full developed incoming wave
height, for the time interval after the end of the taper fundqfidoment 1b)and before the arrival of
reflected wavegMoment 2a) The mean wave height measured within this intergal ( 5 )

at the wave gauges outside the basin (gauges 10, 4, 3 and 5) is presdiatglé 42. For Roint 5
Moment2a occurs before Moment 1b and no wave height can be determmBaint 5 is the closest
to outer slopes 2, it is the first point to be influenced by the reflected waves.

In Table4.2 theaveraged measured incoming wave hefght is calculated by averaging

the measured wave height j values for each test. In the next row the standard deviation
of is presented. is the fully developed wave height generated by the wave mEker.
ratio ( R I( is used to evaluate the agreement between the wave height

produced by wave maker and the measured valubislfratiois within the limits from 098 to1.02

the two terms are considered equdlis means thahe two values differ less th&do. 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 higkeeesults for the six

tests are included in theable4.2, while the results for TO01 can be foundleble3.1.

Table 4.217 The measured incomingvave heightat the wave gauges outside the basin
TOO1 ‘ TOO2 TO03 TO10 TO11 TO12 TO13

( R (m) Point 10| 0.99 | 1.42 | 2.37 [3.10 |3.00 |2.74 | 1904
Point4 |1.00 | 1.42 | 238 |3.14 [3.09 |2.71 | 1093
Point3 [ 1.01 |1.42 |2.36 |2.95 |3.06 |- 1.92
Point24|1.01 | 1.40 | 2.34 | 2.63 |3.04 |- 1.90
Point5 | - - - - - -

C ﬁ (m) 1.00 | 1.42 | 236 | 296 |3.05 |2.72 |1.92

Std. deviation (m) 0.01 | 0.01 |0.02 |0.02 |0.04 |0.02 |0.02

( =& (m) 099 (144 |239 |[297 |32 |27 |19H4

1 ar Hue 1 AR R M 1.01 | 0.9 [0.99 [1.00 [1.01 |0.99 |0.99

For the seven examined tests, o (| 3 I g is within the limits from 0.98
to 1.02.For all the tests, excepted from T011, the measured wave height is lower than the wave height
from the wave makerTherefore, theaverage fully developed wave height measured at the wave
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gauges outside the harbor basin differs less than 2% from thepm déasg wave height generated by
the wave machine. For all the cases the standard deviation ofeth®urement is in the order of
centimeter, with a maximum value of 0.04 for TOltlcan be supported that there is a good match in
terms of wave height beegn the measurements and the incoming wave sifinialverifies the good
agreement in terms of wave heiggafore the arrival of reflected waves at the plots in whhiehtime
series are shifted abit 10.

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

Table4.3 includes thesame termshown inTable4.2 with the only difference that imable4.3 shows

the results for the wave gges 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 theratio ( R I i is 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 heightt should bekept in mind that for none of the tests it was possible to
determine a time interval that is tndisturbed by reflections fordht 26, and in many cases for

Point 27.

Table 4.3 - The measured incoming wee height at the wave gauges @ide the basin.

( R (m) Point26 | 0.93 | 1.36 | 2.69 | 1.89 | 297 |3.17 |2.01
Point11 | 0.81 | 1.40 |2.04 | 0.13 | 299 |1.98 |2.04
Point27 | - 1.02 |- - 2.18 | - 2.21
Point12 | - - - - - - -

C i (m) 0.87 |1.26 |2.36 |1.01 |2.71 | 257 |2.09

Std. deviation (m) 0.21 | 0.28 | 0.46 | 3.02 |0.61 |0.86 |0.23

( & (m) 0.99 | 144 |239 | 297 |3.02 |2.75 |1.94

1 HHE Hr T AT 0.88 | 0.88 |0.99 | 0.34 [0.90 |0.94 |1.08

For the seven examined tedt®e ratio (- 3 (G varies from 0.341 to 1.078. It
should be noticed th#tte standard deviation of the measuremmate height variedom the order of
meterto decimeter As shown inTable4.3, the mean wave height values for a specific test may differ
significantly between the diffen¢ points. For example, for TO11 vary from 2.99 to 2.18. For test

T003, the ratiq R P (G is low (0.991), but the wave heights vary by 0.46 m.
All'in all, the high values of standard deviatiodicate thatritical view of the reslts 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 ofliffraction on the wave height from the measuremeriisere are several
problems in the approach followedrdt, no irformation can be obtained fronoiAt 12 and in some

cases from &nt 27. The points are located close to the harlemd and there is no time interval
measuring the incoming wave height without the influence of reflection. Secdhdlyneasured

mean wave height varies significantly among the different gauges, as expressed by the high standard
deviation values. Moreovethe wave heights for the duration after the end of the taper function and
before the arrival of reflected wavesrtannerslope 1 are not constant (see é&wtion4.4.2). The
phenomenon of diffraction is examined separately in Chapter Tvby-dimensionaSWASHmodel.
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4.4 Characteristic moments at every wave gauge for all the tests
4.4.1 Wave gauges outside the haubbasin

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 theaiubeetweea the end of the tagp function

and the arrival of reflected waves is enough to determine the wave height of individual waves and
finally calculatethe average valueHowever, as shown iitable 4.2, for T012 the incoming wave
height cannot be determinetiPoint 3 and 24because the time interval is not sufficiently loRgr

all theexaminedests for wave gaugé® there is not éime interval inthewave record measuriranly

the fully developed incoming wave height.

The behaviour of the wave records are discussed in detail for two characteristic cas¥2fdn

Figure 4.13 the water level time series for Point 24 are presented. The first measured zero crossing
occurs at momerita. The water level increases until the end of the taper function at moméiar 1b.

the definition of moments 1a and 1b the reader is referred to Segtbhand 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 forouterslopes 2.

After moment 3a the wave gaugeeasureshe summation of the incoming wave and the reflected
wave from outerslopes 2. The wave height of thetanding wavesneasurednay be higher or lower
than the incomingvave height The increase or decrease of the wave height is rdlatielocation

of the point. 1 at a specificlocationtheincoming andhereflected wave are in phattee 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 decreasifter 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 Figure4.14 the water level time series for Point 5 is plotted. The tap®stion part is measured

from Moment la to Mment 1b. AsMoments 1b and 2a are almost coinaidihe time interval
between thesmoments cannot be used to determine the fully developed wave height. This is because
the wave gauge is the closestaster slopes 2 and the harbour head walls and the reflected waves
arrive at the gauge within short timafter Moment 2b the wave height starts éeging until 10
seconds before Moment 3a. From Moment 3a untiiridnt 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. AfteMoment 7b the wave signal remains constant. Thus, it is consithateal 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 testsatther ris referred to
Appendix C.

4.4.2 Wave gauges inside the hadodasin

To study the effect of diffraction on the wave height, information about the incoming wave height at
the wae gauges inside the basin is required. However, for the points inside théhieadimation of

the wave record describiranly the incoming wave heigli¢ not always long enougtt the point

with the furthest distance from the wave malint 12, in ewvery test the reflected tap function
wavearrives before the incoming wave can be fully developéik is illustrated byhe water level

time series for Bint 12 for tests TO1presented imicture D ofFigure4.15. For themajority of the

test cases atdit 27 there is10 individual wave between thedvhents 1b and 4iCture C offFigure

4.15). For Rints 26 and 11 the part of the wave record describing only the fellglaped wave
height starts dvloment 1b and ends atdvhent 4a. Irpictures A and B oFigure4.15, 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 theaigpecas the wave signal
generated from the wawmachine is constant after thedeof the taper function parfaking into
account the results about the measured incoming wave height inside theitb&siclear that
information about the influence of diffraction inside the basin obtained from the measurénents
limited. However, this information can be useful in evaluating the SWASH ability to describe
diffraction examined in Chapter 7. Finally, it is worth mentignihat for all the four points inside the
basin a steady state is indeed reached after Moment 7b.
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Figure 4.15 - The measured water level time series for test TO0O2 wave gauge 26 (picture A), at wave gauge 11
(picture B), at wave gauge 27 (picture C) and at wave gauge 12 (picture D).
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Chapter5T he 1 nfl uence of |
siak a gravel sosl ionpuel aotr
wi SWASH

Chapter 5 is the first of series othapters (Chapters 5 to B) which the setup and the output of
SWASH simulationsrediscussedChapter Socuseson answeing to subquestion 2aSub-question

2a aimson testingwhetherthe values of porosity and stone size of the gravel slopes irhjisécal
scale model can be used $WASH simulations.The gravel slope properties famhich the correct
amount of reflection is reproduced in SWASke selectechere. In this bapter the reflection off the
outer slopedocated outside the harboig asses=d. Section5.1 presentsthe cross section in the
physical scale model selected torhedelledin SWASH In Section5.2the 1Dmodel set up anthe
examined nine runs for various settings are specified. The results of the model runs are discussed in
Section5.3 . The resulting conclusions that help answering-gubstion 2a are summarized in
Section5.4. Finally, some additional remarkaded on the SWASH results are mentioned in Section
5.5.

5.1 The onedimensional model InSWASH

With respect to sulquestion 2a, gravel slopes reflection is consideoelet 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 measuenhshould be reproduced by SWASH within an error of 20%.

To provide an answer to swjuestion 2ajt selected to focus on a sub area of the full layoutl that
contains a gravel slope and for which the reflection phenomenon is domitmilet the rest othe
processesare expected to baegligible. 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 consitgl to have the same propertfes 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 ealier. The stones may have been composed out of differentgrackngover time. Thus, the

gravel sieve curve may have changed and the stone$ize) (may be slightly different then the

value described in the measurements report (Deltares, 2016).

Theinner slopel is not selected to be modelled for two reasons. Firstly, the reflectedawvéwe end

of the basin results frotte incoming wave that hits not orilye inner slopd, but alsahe concrete

wall behind it.Moreover, the measurement devicegront ofthe inner slopd. are located inside the
harbourbasinand thus are influenced also by diffractidierefore, itwas decided tdocus on the

outer slope®a and 2b

As mentioned abovéehe aim within this chapter is to compahe SWASHwater level time series to

the measured time serias a location that is onlinfluencedby reflection As discussed ifsection

3.3, the reflected waves fromner slope liravel out of the basin and their energy gets diffracted
(Figure 3.26). It isassumedthat the influence of diffraction is important in within in an angle df 15

from the harbour mrance.ln Figure5.1 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. Theref®essiimed thatvave gauges

1 and 2are not influenced by thdiffracted reflected wavedgrom the inner slope The refected

waves from the harbour head walls are also spread by an anglé didiel 5odiffraction. 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 heatlsyas the lie out of the red lines.
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As shown inFigure5.1, Pointl is locatedn front of outer slope 2a andit 2 in front of slope 2b.

Both wave gages measure the summation of the incoming wave and the reflected wave from the
respective outer slopes. However, behind outer slope 2b the harbour sidis basated The waves

that travel through outer slope 2y get reflected on the concrete watlikthe side basin, travel
again trough slope 2b and arrive at wave gauge 2. It is expected that this reflected wave is small in
amplitude sincethe wave energy idamped two times whepasing through the grael slope. This
phenomenon might caushsturbance in the record of wave gauge 2. Thereforayas chosen to
model the outer slope 2a and use the wave record of wave gauge 1 to evaluate SMASHN

Figure 5.1 the blue linerepreserd the cross sectioohosen to beeproduced in thdD SWASH

model. In this chapter outer slope 2a is described as outer fppgeavel slope or slope fr
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
greeninclined lines forming an angle of 18with the harbour exit. The reflected waves fromthe harbour head walls
are spread due to diffraction in the area between the two red inclined lines.
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Figure 5.2 7 Top view of layout 1. The blue line represens the cross sectionchosen to bereproduced in the 1D
SWASH model.
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5.2 The 1D SWASH model setup

The 1D SWASH model donmaihas a total length of 1152rA. sketch of themodel bathymetry is
shown inFigure5.3.The waves enter the domain at y=0rhe only structure included in the model is
the outer slope 2a. The porosity and the stone size of the gravel slope are d¢heakspective
values of thegravel slopes in the physical scale moddius, the porosity is 0.4 and the stone size is
6.75m.At the end of the domain a sponge layer is defifidét model boundary behind the sponge
layer is set by default as a closed fuiflective boundary.

An output location isspecifiedat Point 1, as the water level time series at this location will be
compared to the measured time serfesextra output location, Point 30, is added behind the gravel
slope. This point does not exist as a measuremertt ipdime scale model tests. Pointi80added for

two reasonsThe frst reason is to confirm that the waves are damped after passing through the outer
gravel slope. Thesecondreason is to check if the sponge layer placed at the left end of the cross
section Figureb.3) is sufficiently large to absorb thensmitted wave energy
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outer slope 2a

w

‘—f-““' ponge layer

0

-10

N

-20 0 200 400 600 800 1000

y(m)
Figure 5.31 A sketch of the bathymetry of the 1D SWASH model

Information about the grid resolution, the time step, the bathymetry, the number of(Rayertical

layers) and other modelling parameters as well as the SWASH command file are provided in
AppendixH. The only modelling parameter discussed in this section is the sponge layer length, as the
ability of the layer tabsorkthe wave energwill be examined.

According toSWASH user manua(The SWASH Team2016),the sponge layeshouldhave a width

of 3to 5 typical wave lengths to prevent reflections at the open boundaries. To reduce the domain size
and thus the computationafatft, the sponge layer length weslected to be equal to tlagestwave
lengthfrom all theselected experiments, i.e. TOO3e sponge layer width, thus, is equal to 225m to
achieve an integer number of cells in the x direction of the cross sdatibable 5.1 is shownthat

for therest of thetests this sponge layer might be equal up to 7.1 times the wave Mfitftlihe grid
boundary behind the sponge layating as a closed boundarythe spongdayer becomes double
effedive as the waves reflect at thavundary and travdback through the sponge layer atioeir
energyget again absorbed

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

TOO1 80.48 2.8
T002 120.74 1.9
T003 225.59 1.0
T010 39.38 5.7
TO11 104.71 2.1
T012 197.05 1.1
TO13 31.52 7.1
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From the seven selected testescribed in Sectioh.3 it is chosen to study only one representative

test. TO10 and TO13 are excluded as the ratio H/L is high and waves start breaking. The criteria taken
into account ér the tes selection are the wave height atice 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 @ average value among the tests H4n). For TO02the kd value

is equal to 1.03, which indicates an average computational effort. Fiaetlyrding toTable 2.6, for

this kd value the waves are classifiedntermediate water.

In total, nineruns with different combinations of parameter settirge examinedrun 1 for the
original values of porosity and stone sirmens 2, 3 and 4in which the porosity values are varied,
runs 5to 8, in which the stonsize values are varieahdrun 9, in which the outer slope is replaced by
a closed wall. The 9 rgrare presented in tfi@ble5.2.

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

___Run___| Porosity () | Porosity change (% Stone size chang@

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 previous|ythe SWASHwater 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 inFigure 5.4. For the derivation of the vertical lindbe reader is referred to Secti8i8 .

Vertical lines with suffix a represent the arrival of thgibaing of the tapefunction 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 prodied 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 5.41 Measured water leveltime seriesat Point 1 for TO02
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5.3 Results

The SWASH results forthe nineruns described iTable5.2 are the following:
1 Water level time series &bint 1

1 Water leveltime series aPoint 30
1 Envelope of the water levdlring the geady state part of the t§st> Moment 5b).

5.3.1 Water level time series abts 1 and 30

The water level time series calculated®WASHfor Run 1, in whichoriginal values of porosity and

stane sizeare usedis presented ifrigure5.5. 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 afsmiht 1b is calculated. This wave

is indicated by a brown rectanglefigure5.5 and it is assumed that the influence of the reflection is
sufficiently snall to be ignoredAs shown irFigure5.5, the increase of the wave height after moment

2a is barely visibleThe calculated wave heigbf the first waveafter Moment 1hs 1.47m, which
deviates by 2% fronthe wave maker incomingvave heightimposed at the boundarii.44m).
However, After moment 5b, a steady state has been developed during whichatiee height,

( steady staweoint 1,IS CONStant aneéqual to 1.518mHowever, the respectivalue inthe measurements is
2.34m.The final constant values of tisteady statevave height(( swady stwoint ) fOr all theruns are
summarigd inTable5.3. Moreover, the difference of the measu(egeaq saweoint 1 2Nd the respective

value resulting from SWASH is included in the table.

t(s)
- = -still water level 3.2nd reflection off wave board-outer slope 2a

—1.wave arrival 5.3rd reflection off outer slope 2a

——2.1st reflection off outer slope 2a

Figure 557 Run 1, water level in time at Point 1generated by SWASH for TO02The brown rectangle indicates the
first wave after Moment 1b.

Table 5.3 7 The steady state wave heigt at Rats 1 and 30 for the nire runs. In the fifth collumn the difference
between the wave height value at Point. 1

POfOSlty Stone siz§ steadv state Point 1 Dlﬁerence from the measured 8 steady state Point 30
( ) (m) € steady state Point 1 (%) (m)

1 (original 0.40 6.750 1 52 35.0 0.58
0.44 6.790 1.51 35.0 0.67
0.36 6.790 1.53 34.0 0.49
0.20 6.790 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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