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Abstract

This master thesis is a contribution to the Dynamics of Beaches project, which is a
part of the EU funded Human Capital and Mobility program (HCM).

In this study, the 3D-effects of detached segmented submerged breakwaters, in the
nearshore zone, primarily on the hydrodynamic processes and only secondarily on the
morphodynamics, are investigated. First the results of previous laboratory
experiments, performed in a wave basin by Delft University of Technology, are
discussed. After that, the outcomes of different series of simulations with the 2DH
version of the numerical model DELFT3D (Delft2D-MOR), developed by Delft
Hydraulics, are analysed. The primary aim of these simulations is to investigate
whether the model is able to reproduce the basin experiments. The secondary aim is to
analyse the effects of different submerged breakwaters configurations on the
hydrodynamic processes.

From the laboratory experiments, it resulted that the submerged breakwaters induce
wave breaking and consequently wave energy dissipation. The effect of the
submerged breakwaters, in dissipating wave energy, weakens as the wave height
becomes small compared to the submergence of the crest of the structures.

A water volume is transported over the submerged breakwaters shorewards. Then a
longshore current in the direction of the gaps develops, due to a longshore gradient in
the average water level sloping down from the submerged breakwaters to the gaps. A
strong off-shore current through the gaps can be observed. In comparison with the
tests without submerged breakwaters, a larger amount of sediment from the shoreface
is transported seawards through the gaps.

From the experiments, it seems that the overall effects of segmented submerged
breakwaters are more harmful than beneficial. Although the basin condition is
different from a prototype condition, the use of segmented submerged breakwaters as
a protection tool for sandy coast should be carefully studied.

Comparing Delft2D-MOR output with the basin experiments, some positive
conclusions can be drawn. In the area close to the submerged breakwaters, the
numerical model correctly reproduces the current field and the pattern of the average
water level. In agreement with the measurements, sediment is transported seawards
through the gaps.

Nevertheless, some discrepancies with the measurements are found. Erosion at the lee
side of the submerged breakwaters is overestimated. This is due to the high dissipation
concentrated in this area and to the low resolution of the computational grid.
Furthermore, the retreat of the shoreline is not modelled, yielding an unrealistic trough
at the shoreline. Improvements to Delft2D-MOR are requested mainly in the area
landwards of the submerged breakwaters.

The flow field has been analysed while enlarging the exposure ratio (ratio of gap

width to the sum of submerged breakwater length and gap width) artificially from zero
(one single breakwater, no gap) to unity (no submerged breakwater).
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In the region around the submerged breakwaters, the longshore and cross-shore
currents first increase, until an exposure ratio of approximately two third is reached,
then a constant decrease can be observed. Since sediment transport and current field
are closely correlated, the presence of gaps seems to be more harmful than the
situation without submerged breakwaters.

By decreasing the off-shore distance of the structures, the efficiency in dissipating
energy seems to be reduced.

Abstract-I1

e




Acknowledgements

I would like to express my deep gratitude to Dr. Ir. Jan van de Graaff for his guidance
and his advises with respect to the contents as well as to the organizational aspect of

this thesis.
I am sincerely grateful to Ir. Stephan van der Biezen for his time and for many helpful

discussions.
I am indebted to Dr. Ir. Dano Roelvink. Thanks to him, I did not get lost in the
labyrinth of the numerical model Delft2D-MOR.

A special thank to Dr. Ir. Giuseppe Passoni for his encouraging support and
constructive comments.

I greatly appreciated the cooperation with Jasper Schaap. He encouraged me during
his graduation and he kept encouraging me also later.

My heartfelt gratitude is for my parents. They support me throughout my whole study
and in particular during my graduation abroad.

At last a special thank to Ari for his patience and support. He helped me to get
through this long year. Thank you!

Acknowledgments-I




Table of Contents

Volume I: Analysis

Abstract
Acknowledgments
1. INTRODUCGTION....cocrcereerreerssnnecssnssssnsssssssssssssssssssssssssssssssssssssassssnasassnssssossessasassss 1
1.1 Submerged BreakWater............coeecviriieniiiiiniiiiiiiii e 1
1.2 The Dynamics of Beaches project.........cccoviiieniiniiniiiiiiniiicccisecsce 2
1.3 Object Of the StUAY ...eocviiieieiieiee s 2
1.4 General layout of the repOrt ........coveeeviriiiiiiiici e 3
2. LAYOUT OF THE TESTS ...t crriineiinnnisninnisssssiosiiossssesssesssssssosssssssansssssssssssassass 4
2.1 INtrOAUCTION ..o iiiiiee ettt et e ettt cttt e e s et e e e s b et e e e e e e sabaae e s s maenessaaabeeeas 4
2.2 Laboratory of Fluid Mechanics at the Delft University of Technology............... 4
3. REVIEW OF RELEVANT THEORIES ......ccccovntinnniincnrcnssnicssncsssssssessensesansessanes 11
3.1 INtLOAUCTION c.vveivveeeeiie ettt e e e s e e s e bte b e e s s e e sebeeeenn e e saae s e sebeseennaees 11
3.2 Regular waves and linear theory ...........coeeviiininieieccccnce 11
3.2.1 Fluid particle VEIOCIHIES .....c.cerveerririiirrccecrcrcirni e 12
3.2.2 Water particle diSplacements.......c.ccveririrririericin it 13
3.2.3 MASS TIANSPOTT ..ovveiniiiiiiiieitieiees st e st bbb b s re e b s e bb e ba e s bne s rn e abseabsenr e erseesee s 15
3.2.4 The governing equations of the nearshore circulation.............cocoovvninineinn, 17
3.2.5 The radiation stress and the wave-induced water level variation ..........c.cccccoeiniiinnninnnnn, 18
3.2.6 Contribution of regular waves and CUITENE ............ccoeerirciinmiiinic e 24
3.3 NEAISHOIE CUITEIES. .. ueeeiviieeiteeesivreeeireeerreeestreeestnesesesersreesssesesbnesssseeesnsessanssesennes 25
3.4 On the submerged breakWater..........oovevveeiieiiiiecteeceeeeer e 28
4. RESULTS OF THE WAVE SET-UP MEASUREMENTS .....cccoccvinnnnrrinnnrinne 31
4.1 General INTOAUCTION. .. .uvviiieiieee et e e et e cerr e e e ete s e e rerre s s e sabreeessareneessenanenesonens 31
B2DASYLAD ..ot e et st e e e e e e e nneae e 31
42,1 INTFOQUCTION ...ovviivieiiicieeie et e e et e et e e tte e e e e sreese e e e e s bee bt et e sbsems e ems e e e e ebesabsabs s besabesanesnneerasaves 31
4.2.2 THE PIOZIAIM ...vevveviivereieitereesestreesaesees s esess e sebesesasesessereesseeescenenssasabosssbesbessenssrsrasssreansanabes 31
B3 RESUILS ..ottt te e et e et st e e s ar e nn e e nt s sans 32
43,1 INTEOAUCHION ..eoovieiiiieiee et ettt e sr e et e st s s eeeneeesnessabesesanesabaeesnneneans 32
4.3.2 TEST A - without submerged breakwaters ...........ccovviniiniiiiniii 33
4.3.3 TEST C - two submerged breakWaters..........coverrerincvciiiiiiiiie e 35
4.3.4 TEST D - three submerged breakwaters.........ccocevierecrienencniiiic i 43
4.4 Conclusions and recommendation ..........cceecveeeiiuieeniieenieeerieeeee e 48
5. THE NUMERICAL MODEL DELFT3D....ccccccinnniinnncnnnissssnnsnesssssssesscsssancssenes 50
5.1 INtPOAUCTION ...ttt et e e sate st et eeie e e s eebbe e snenessaas 50
S52DEI2ZD-MOR ...oooiii et s 50
5.3 The combined MOAEL.......coouvvviiiiiriiie e e 51
5.4 Data COMMUNICATION ......oiiiviiieiieeiiieeeieeeeieeestreeseresieeesbseesieeesssreesnseesnenesanas 52
5.5 The Morsys MOAUIE.........cccuirieiiiriiiiirieientciei s 52
5.6 The wave module WAVES ...t 52
5.7 The flow module TRISULA ....oriiii et eanee e 53

Table of Contents-1




5.8 The transport module TRSTOT .......ccooviiiiiiiii 53

5.9 The bottom MOdUIE BOTTOM ...ttt esesevivsrere e seeestneneneses s 53

6. CALIBRATION HISWA WAVE PARAMETERS....iiiriiciiinnnnneeniercsssnens 54
0.1 I OUCTION .eevevevevivsvivseeesserereseeeereeeeterereeseseaeaesaeeeseeeissasssssassssnssssnnnssnnnnnsnnnnnsssns 54
6.2 Wave REIZHE ....c.eoveeeiieiceccte e 54
6.3 Directional spreading (DSPR).....cc.cocooiiiiiiii 55
6.4 Breaking ParameterS......c.ooevveerererieeiniiiiinsienae et ese et 55

7. 2DH SIMULATION, FIXED BOTTOM PROFILE ..........ccvvurrreinrenrnerennicsnnaes 57
T 1 TtEOAUCTION cvve ettt ettt et et et e e e e e eeeeeeesesesab bbb ase s baaasraes 57
7.2 TRE PIOCESS TIEC.....eeeiviierieereriieiice ittt 57
T3 INPUL FIIES oot 58
T.3.1 WAVE TI1E oeoveeee oot e tetes s s eeaa et et s eesiabbbeseserasnntsesaarsbbbaaeeaeeeeaasbban e e e e e e s bbbbbbeeeesseasnrres 58
7.3.2 FLOW INPUL.c.cveeietiireee ettt ettt s stk bbbttt 60

7 R ESULIES ovveeeeeeesssassssaeeseaes e sestaeeneseeea e e earaeera et rerearaaartaraaaaraaaanaaaaaaaeaeaaaaaaaaeas 61

T AT TNETOAUCTION 1vvvveeeeereceeiiete e s e erteeeeeesi bt e estsearbrseeasaeasabssas s nssetetaesesanmnanseassesssonsnraanensaesarses 61

7.5 Simulation A3 - no submerged breakwater............ccocoviviiinniii 62
7.6 Simulation C3 - two submerged breakwaters ..........cccccovvrevviiniiiiiiiiiine 65
7.7 Simulation D3 - three submerged breakwaters ..o 69
7.8 ConclUuSIONS And FEIMATKS ...eeeeeer ettt irrreseeeeeraraerasaetaeaeeaeaeeereereeereeees 73
8. 2DH SIMULATION, MOBILE BOTTOM PROFILE.........ivnnicnenccnanen. 75
8.1 THEFOAUCTION vvvvvereerereeeeeeeeerieeeeteteeeeteeereteetaetteteeesteretestsssrsssssarsbassssnsnansnsnsannssrenares 75
8.2 USEd PrOCESS trEE...cuuiviiiiieiieiieieeiietet ettt et 75
8.3 INPUL dESCIIPLION ..oovvvieiieie ettt 76
B R ESUILS oiiieeei ittt et ee e e e s ettt eeeeeeee e s as ettt s eartarsereasatnrerartnnraratbaeaeanraseraranne 77
8.4.1 Simulation A3 - without submerged breakWaters...........c.cocovviiiirnnninnice s 78

8.4.2 Simulation D3 - three submerged breakwaters...........oovviiiriviiinminiin i 81

8.5 ConcluSiONS AN TEMATKS .vvvvvvveieeeeeeeeeeeeeettr et eeeeetereieiereeteeaeieesetassaesasasaasaarasaseerenes 85
9. 2DH SIMULATION, DIFFERENT CONFIGURATIONS.....ccccccccinurcrrunssannsnns 87
0.1 T tEOQUCTION .. vttt bt e s beeaaeeeeeessessbaeesesasasaaeasesasaeeeeresseneeseennneenens 87
0.2 THe EXPOSUIE TALIO ... .ciueereerieeeieeienieerenitete st st sin e sa ettt erb e 87
9.3 SIMUIALION SEL-UP ..eovveerieerieierienienterie et ercere sttt s s et s tr e ssaans 87
9.4 Different exposure ratios reSULS ........coccevieiieiiiiiniiiiiiii e 88
9.5 Results of the simulations with different X g.......cccoconiiniiiniiniii, 94
9.6 Conclusions and recoOmMmMENdatioNS......c.uvviireviiiviiririeeeiereereeeeeeerereeereerererereereenes 100
10. CONCLUSIONS AND RECOMMENDATIONS...coccetrtiiessssssnnnssssasanesssssses 103
10T TEOQUCTION ettt ettt e e s e s sssb bt et s e s et bararebaseeesesenantrnnarneaaeenns 103
1.2 CONCIUSIONIS .. as s eae s e v asaeaaraeeesessassasssraneerarenanesesasasenenes 103
10.3 ReCOMMENAATIONS - oo eeeeeree e e eee e e s e e sressnsransenssssrsrasssssnsnnnssnsnsnnns 104

L. RETCTEIICES cuuverreerereneansvssssoroscrssssassassssssassanssseresssssssssssssatsssnesssssssssssssnnnssssssssssssnssesssssss I
I1. Reference - Useful Background Information .......cnneinniensininniccnisenisnnes 11

Table of Contents-I1

it




Volume II: Appendices

Appendix Al. Graphics TEST Al - Average Water Level ....cievnnnvecnnaanen. Al-1
Appendix A2. Graphics TEST A2 - Average Water Level ........ccvrrvceninnnenee A2-1
Appendix A3. Graphics TEST A3 - Average Water Level ....ervecvnennicncnnnees A3-1
Appendix B1. Graphics TEST C1 - Average Water Level........ccaeennereccuncnnans B1-1
Appendix B2. Graphics TEST C2 - Average Water Level.......cuoienccennnennnes B2-1
Appendix B3. Graphics TEST C3 - Average Water Level........c.cceeerueencneenne B3-1
Appendix C1. Graphics TEST D1 - Average Water Level .......cvuvreencccnncene. C1-1
Appendix C2. Graphics TEST D2 - Average Water Level ......cccceevernvivnnnccnnens C2-1
Appendix C3. Graphics TEST D3 - Average Water Level .......uueeveenvannnnnene C3-1
APPENDIX D. HISWA .....uoiiiivennicsiininsississsnsnissnissssssssesssessssssssssssssssssssassses D-1
D.1 Physical back@round ...........ccooeeiiriininii s D-1
D.2 Surf dissipation and White-capping .......c..ccccevvverircieiiiniiiiiiniiiieenee e D-2
D.3 Numerical background ...........coceeeieerianiinninieneceei e D-3
D.4 Grid definition .......cocevrieieniiiiii et D-4
D.5 Directional SPreading .........cceereecveiierierniierieniinenieeerese et D-5
D.6 Fundamental limitation of HISWA ..........cocoooiiiiiiiis D-6
APPENDIX E. TRISULA ....coovinineciinsnnssnssscssnisnnssessnssssssssssssssssssssssessessasssnsssnssns E-1
E.1 Physical background.............cceoieeiiiiiiiiiinienieeeereceece e E-1
E.2 Numerical background.........c...coceveeneriineniiiciiccieiicnecsccicsi s E-2
E.3 The staggered grid ........cocuevereiiiimirinicin e E-2
E.4 Drying and flooding procedure on tidal flats..........cccoceeveriienienininniiniicinnnns E-2
E.5 The numerical model boundaries.........ccocccoveeeiiriiiniiniiniiiine E-3
E.6 Mass fIuxX SWItCh......ccoiiiiiic e E-3
APPENDIX F. TRSTOT ...ccooeiiviinissensnsssessunssenssecsesssnsssissessassasssassssssssssssessasnsasasans F-1
F.1 Brief description of Bijker’s formula..........c.ccoooviinniiniiniinniiin, F-1
F.1.1 Bed 1080 trANSPOIT ........oooveivree e ieeeeesese s ssssessenses s ssesssss e s s ss s F-1
F.1.2 Suspended 10ad tranSport.........coeecvirieiieoreneennc e F-2
APPENDIX G. BOTTOM....uuciniriininrnisecssnsnnssnsssessnsssmsnsssnsssassssssssssssssassnsssssossenss G-1
G.1 Physical background ..............oocvviiiniiiioieniiee e G-1
G.2 Numerical background ............cccevieviiniiiniinnirceeci e G-1
Appendix H3. Figures Simulation A3 - Fixed bed............covcurvvurnvenriernrnnreannen. H3-1
Appendix I1. Figures Simulation C1 - Fixed bed ........ccocceeenuvrevcernnvnricccnnrinennnns I1-1
Appendix I2. Figures Simulation C2 - Fixed bed.......cconvurnnernrrircnencecncnnnncennen 12-1

Table of Contents-III




Appendix I3. Figures Simulation C3 - Fixed bed........cccvvviveivnnsenriinnsncsnnsessenns 13-1

Appendix L1. Figures Simulation D1 - Fixed bed .......coceovvrirensensessunsecsecsanssenes L1-I
Appendix L2. Figures Simulation D2 - Fixed bed........c.cccoecvevuurvcsensercvursvcranane L.2-1
Appendix L3. Figures Simulation D3 - Fixed bed..........cevrrrreurrvvvvrrvcvceneens L3-1
Appendix M1. Figures Simulation A3 - Movable bed .......c.cccvrvisecrrsnricrvenenne Mi1-1
Appendix N1. Figures Simulation D3 - Movable bed .......cccceevvivirverensncscennns N1-1
Appendix P01. Figures Simulation EO1 ........ccvvivneinrincnenisninnnninssssnsenssnesanes PO1-I
Appendix P02. Figures Simulation E02 .........ccvienriircnneinnncssnncnnscscssnesasssssssnss P02-1
Appendix P03. Figures Simulation E03 ...........ccccovininininccrnniincnssisssesssssssansnsas P03-1
Appendix P04. Figures Simulation E04 .........ccoovvviivvinnnninnnnvnnissensnssssssseosens P04-1
Appendix P0S. Figures Simulation EO5 .......eiiiirniiiennenncenneecsnessnnsssennsns P0O5-1
Appendix P07. Figures Simulation E07 .....cccicinnincnnnniccnisennessnsnnnesesssesens P0O7-1
Appendix P09. Figures Simulation E09 ........ccvivcinveernnnnecrnneesssssneeseesssnennes P09-1
Appendix Q1. Figures Simulation X01 ......c.ccccevrinereensenninnncssessnssncssssssnesasessasnses Q1-1
Appendix Q2. Figures Simulation X02 .......ccccccceirviinrecrninnnrssissnecsstossnessasesssnens Q2-1
Appendix Q3. Figures Simulation X03 ......c.cccreniininnninnsnnissssesnnscssesansnnne Q3-1

Table of Contents-IV



1. INTRODUCTION

1.1 Submerged breakwaters

Beaches can be considered as the natural defence of the inland. The problem of
preventing the erosion of sandy beaches is of particular interest for many countries
where the coasts are densely populated. The gradient in the longshore sediment
transport is considered one of the main factors of the retreat of the shoreline.
Considering the sediment balance of a part of the coast (see Figure 1.1-1), if more
sediments are transported away than into this part, the total amount of the sediment
will decrease yielding the dangerous phenomenon mentioned above.

SEA
portion of the coast -
- under consideration
Sa . - Sb
- B S
. - a . b
LAND Sa < Sb erosion

Figure 1.1-1 Transport mass balance

One approach for shoreline stabilization is the adoption of detached submerged
breakwaters located outside or inside the surf zone. These structures present less
environmental impacts than other methods as emerged breakwaters or seawalls due to
the fact , for instance, that they allow better water exchange between the inner and the
outer zones of them. The required stability is lower than at non-overtopped structures,
since wave energy can pass over the crest, yielding lower wave forces on the armour
layer of the seaward slope. Besides, in comparison with artificial beach nourishments,
they are less expensive.

However, the existing knowledge about the effects of these constructions is still very
limited.

This study intends to improve the knowledge about the influence of discontinuous
submerged breakwaters on the hydrodynamics. The results presented in this report
derive from the analyses of data obtained by laboratory experiments and by using a
numerical model.

.
- ] impermeable core




1.2 The Dynamics of Beaches project

This work is a contribution to the Dynamics of Beaches project, which is a part of the
Human Capital and Mobility program (HCM). The subject of this project is the
research into the physical processes involving the nearshore region.

Six European Universities are cooperating in this scheme:
I. Aristotele University of Thessaloniki (Greece)

II. University of Ghent (Belgium)

II. University of Liverpool (United Kingdom)

IV. University College of Cork (Ireland)

V. Delft University of Technology (The Netherlands)

VI. University Politecnico de Catalunya (Spain)

Different areas have been investigated by means of experiments conducted in four of
the Universities mentioned above. The tests concerned:

- Hydrodynamics: water motion

- Morphodynamics: bed and suspended transport and bottom profile development

- Structural effects: hydrological and morphological effects of the submerged
breakwater on the inshore zone

This study deals with the outcomes of the laboratory experiments carried out at the
Delft University of Technology. They consist of 3D movable bed tests in a wide basin
with regular unidirectional waves.

1.3 Object of the study

e The primary aim of this work is to estimate the 3D effects of the submerged
breakwaters on hydrodynamics. In order to do this, first the outcomes of laboratory
experiments, carried out with different wave heights and different breakwater
configurations, are analysed. To calculate the average water level, time series of the
surface elevation are used.
By comparing the development in time of the bottom profile to the different pattern
of the average water level, the behaviour of the wave set-up is investigated.
Since the experiments were performed mainly to analyse the morphological effect
of submerged breakwaters, the hydrodynamic measurements were not very detailed
over the whole basin. Therefore, in order to supply extra data a numerical model
named DELFT3D, developed at Delft Hydraulics, is implemented.

¢ The secondary aim is to investigate the influence of the ratio between the length of
the submerged breakwater and the width of the gap (the so-called exposure ratio)
on the hydrodynamics. For this purpose, a series of simulations is carried out by
means of the numerical model DELFT3D.

e The last aim of this work is to analyse the hydrodynamic effect of different off-
shore distances of the submerged breakwater from the mean shoreline. This is
obtained by means of the numerical model DELFT3D.




1.4 General layout of the report
This section concerns a brief review of the contents of this study.

The report consists of two volumes. The first volume (Volume I: Analysis) deals with
the text of the work.

The second volume (Volume II: Appendices) contains the graphics of the outcomes
and a brief description of the used numerical model. The text of the first volume,
when it is necessary, refers to the graphics and to the description presented in the
second volume.

The contents of this volume (Volume I: Analysis) are described in the following.

Chapter 2 describes the layout of the laboratory experiments performed at the Delft
University of Technology. A short description of the wave basin and of the equipment
used for the tests is presented.

Chapter 3 gives a brief review of the basic theory of the nearshore circulation.
Some knowledge about the purpose and the influence of the submerged breakwater on
the inshore zone is illustrated.

In Chapter 4 the measured wave set-up is discussed. A short description of the
program DASYLab, used to calculate the average water level from the raw wave
signal recorded during the laboratory experiments, is presented.

Chapter 5 concerns a brief description of the numerical model Delft2D-MOR.
In Chapter 6 the calibration of HISWA wave parameters is discussed.

Chapter 7 deals with the outcomes of the simulations carried out with a fixed bed. The
analysis of the results follows a brief description of the input of the numerical model.
The calculated wave set-up and current field are compared with the measurements.

In Chapter 8 the outcomes of the simulations performed with a movable bed are
discussed. The hydrodynamic aspect of the results is described in more detail
compared with the morphodynamics. The measurements are taken as a reference for
the comparison with the computations.

In Chapter 9 the simulations carried out with different submerged breakwater
configurations are analysed. First different ratios of submerged breakwater length to
gap width are investigated, then the off-shore distance of the submerged breakwater
from the mean shoreline has been changed.

Finally, in Chapter 10 some conclusions are drawn and recommendations for further
research are made.




2. LAYOUT OF THE TESTS

2.1 Introduction

The set-up of the experiments had to meet general standards within the framework of
the Dynamics of Beaches project.

The 3D tests should be comparable to the 2DV tests which were already done (see
Claessen and Groenewoud (1995)), therefore the experimental 2DV set-up was taken
as an example.

Three different series of experiments have been made, viz.:

A - without breakwaters

C - with one breakwater split up in two parts of 12 m and 6 m, with a 3 m gap in
between

D - with one breakwater split up in three parts of 6 m each, with gaps of 3 m

Each series can be divided again in three, according to the different wave heights
used.

The initial bottom profile and the design of the submerged breakwater are the same
for each experiment.

Each experiment lasted 7.5 hours divided in four time intervals:

Interval1: 00-05 h 0.5 hours
Interval2: 05-15 h 1  hours
Interval3: 1.5-35 h 2 hours
Interval4: 35-75 h 4  hours

Table 2.1-1 shows the wave conditions used for the tests.

Test Series Wave Height |Wave Period
[m] [s]

Al,C1, D1 0.08 1.55
A2,C2,D2 0.10 1.55
A3,C3,D3 0.12 1.55

Table 2.1-1 Wave conditions

2.2 Laboratory of Fluid Mechanics at the Delft University of Technology

The wave basin

To carry out the experiments, use was made of the equipment of the Laboratory of
Fluid Mechanics at the Delft University of Technology. The dimension of the basin
can be seen in the Figure 2.2-1.

The basin was supplied with the wave paddles extended over the entire width, in order
to generate regular unidirectional waves.

In the lowest part of the basin a concrete 1:13 slope was built to guarantee the stability
of the breakwaters. Landward of the submerged breakwaters a 1:15 slope of sand
constituted the area investigated by the tests.




Both the shorter sides of the basin consisted of brick walls.
The first series of tests were carried out without breakwaters in order to obtain a

reference for the tests with breakwaters.

For the second series of tests a breakwater split up in two parts of 12 m and 6 m with a
gap of 3 m in between was placed in the basin. The last series of tests were carried out
by means of a breakwater split up in three parts of 6 m each with 3 m of gaps.

For each tests, the still water level is equal to 0.57 m at the wave generator.

The layout of the two configurations is illustrated in Figure 2.2-2.

_ wave paddles

7| concrete profile

R
>

14m sand profile

v

© 288m
Figure 2.2-1 Layout of the basin (Delft)

wave paddles

' P ! ‘ P
0 65 185 21.5 275 0 35 95 125 185215 215

816 1034 14 16

All dimensions in

0
§ submerged breakwater sand slope < /| concrete profile
) m

Figure 2.2-2 Plan view & Cross-section of the two configurations (Delfi)

The submerged breakwater
The design of the breakwater was made by the University of Ghent. According to this,

the construction was statically stable with a permeable core, although for simplicity an
impermeable core was built. Van der Meer & Daemen (1994) and Davier and Kriebel
(1992) demonstrated that the permeability of the structure (underneath the armour
layer) did not show significant influence on the stability of the structure itself.




For the impermeable core 18 triangular prefab concrete elements were used. The
armour layer consisted of 2 layers of stone based on the formula of Van der Meer
which is not exact, but on the safe side.

Characteristics of the armour layer for the prototype breakwater:

— average rock mass: Wy, = 1416 kg

— dimension: D = 0812m

— rock density p 2650 kg/m’

I

In order to conform to the scale of the model of 1:15 a D ;= 0.05 m was used which
complied with the stability condition. In Figure 2.2-3 the cross-section of the
breakwater built for the experiments is shown.

Scale of the
breakwater 1:15
| 0.34 L 0.16 | 0.45 .
/ 1 0.57
' o047
1:15
[ ] 017

0.96

armour layer impermeable core  All dimensions in m
D,=0.05m

e
]

Figure 2.2-3 Scale model of the submerged breakwater

The scale of the model

The initial slope of the sand profile had to be 1:15, therefore, at the end of every
experiment, time was employed to restore the above mentioned slope. The ratio
between bed transport and suspension transport was supposed to be close to the value
in the prototype situation. Because of this, the sand which was used had a D, of 75
pum. This diameter is quite small in comparison with the sand which normally
constitutes beaches. On the other hand, by using scaled down wave parameters but
unscaled sand parameters, the decrease in the wave energy would cause less sediment
transport in comparison with bed transport. Besides, the aim of the tests was not to
represent the proper scale relationships according to any prototype, therefore, not
many efforts were made in this direction.

The instruments

To carry out the measurements, use was made of a movable bridge extended over the
entire width of the basin. All the equipment was positioned on it, except for two wave
probes placed in fixed positions in the corners of the basin.




By moving the bridge it was possible to analyse every cross-section. In Figure 2.2-4
the location of the equipment can be seen and in Figure 2.2-5 a picture of the basin is
shown.

The measurements concerned the bottom profile, the flow velocity and the wave
height.

In order to register all the data in a personal computer, the analogue output signals
coming from the equipment had to be digitized by an analogue-digital converter.

This section deals with the equipment without going into specific details. For further
information about this subject, reference is made to De Later (1996).
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Figure 2.2-5 Delft wave basin




The PROFO

The instrument used for the bottom profile measurements was an Electrical Profile
Follower (PROFO). It is based on the appreciable difference of the electric
conductivity between water and bed material. By means of a servomechanism, the tip
of the probe is maintained at a constant distance above the bed. The profo was placed
on a trolley which could be moved over the bridge in a horizontal direction with a
constant speed, following in this way the profile of the bed continuously.

The instrument consists of a probe made of stainless-steel completely insulated dipped
vertically into the water. The compensation electrode is constituted by a stainless-steel
ring interrupting the insulation about 15 mm from the tip of the needle. The measuring
electrode is placed at the tip, completely insulated.

Considering the electrodes on the needle and the plate-electrode (the bed of the basin)
in the fluid, the electrical resistance between them is a function of the area of the
electrodes and the conductivity of the fluid. If the area between the measuring
electrode and the non-conductive bed decreases, the resistance of the conductive fluid
increases rapidly. A potentiometer mounted on the probe registers this difference and
restores the needle to its original position. The accuracy of the probe is of 0.2 mm.

Calibration of the profo

The calibration of the instrument had to be made every day. It did not have a
warming-up period. A special step-wise construction was made to calibrate it and was
put under water. The profo was positioned above each step and the output signal
(Volts) was registered. Once the vertical position of the calibration construction was
measured by using a gauge, the relation between the output signal and the vertical
position itself could be determined.

The EMS

In attempt to measure the fluid velocities, use was made of Electromagnetic fluid-
velocity meters (EMS). The longshore and the cross-shore current could be
determined. A magnetic field was generated by a pulse current through a small coil
inside the body of the sensor. The voltages produced by the conductive fluid moving
across the magnetic field are sensed by two pairs of diametrically opposed platinum
electrodes. These voltages are proportional to the sine and cosine of velocities parallel
to the plane of the electrodes.

The EMS works until a distance of approximately 5 mm above the bottom and in a
range variable from 0 to + 1 m/s or from 0 to + 5 m/s. The maximum error is + 1% of
the selected full scale with respect to calibrated conditions. The zero-flow stability is
better than 0.01 m/s per day.

The velocity data

Four EMS were mounted on the bridge on steady positions. Therefore, the velocities
were measured for every experiment at the same y-coordinates.

The y-positions were: y = 4.86 m, 5.71 m, 6.66 m, 8.41 m (see Figure 2.2-4) in
accordance with 2DV flume tests, which were also carried out by Delft University of
Technology.

The first three locations were situated landward of the breakwaters while the last was
positioned seaward, in order to measure currents around the breakwater.




Due to the shallow water it was impossible to measure more landward than y = 4.86
m.

The cross-sections measured were the same for the A series of tests as for C series,
while they were different for D series:

e Tests A&C x=3m,65m,12.5m,20m,24.5m
e TestD x=125m,14m,155m,17m, 18.5m,20 m

During the tests four different depths were supposed to be measured, but because of
bottom changes during the tests, it was sometimes only possible to carry out
measurements in the two highest positions only.

To be able to analyse the measurement it was necessary to register for at least 4
minutes. Every measurement of a cross-section (wave heights and current velocities)
took about 5 minutes and at the end the velocity meters were put in the new position.
It has to be said that some measurements resulted not to be accurate because the
EMSI1 (y = 4.86 m) and the EMS2 (y = 5.71 m) touched the bottom profile due to its
development in time.

Calibration of the EMS

The calibration of the EMS was made previously by Delft Hydraulics. It had a
warming-up period of at least half an hour. A standard calibration formula was used
for the velocity meters, therefore, the calibration factors were not computed. The
offset in x-direction and in y-direction was derived by means of a zero-measurement
at the beginning of every time interval.

The wave probe

The wave heights were measured by means of a wave probe. The instrument is
composed of two parts: a gauge with an integral pre-amplifier and a separate main-
amplifier. A small box contains the pre-amplifier. Under this box two parallel
stainless-steel roods constitute the gauge.

By knowing that the electric resistance measured between the two rods is inverse
proportional to the specific conductivity of the water, the wave height could be
determined.

A platinum reference-electrode was installed between the lower tip of the two rods to
avoid the effect of conductivity fluctuations.

The main amplifier was supplied with several ranges from 0.05 m to 0.5 m. The error
of each range was less than + 0.5 %. The interference between several probes working
simultaneously could be neglected for distances larger than 0.2 m. Sometimes the
immersion of the gauge probably changed after the calibration leading to results
visually out of range.

The wave height measurements

Six wave probes were used during the experiments. Two of them were positioned
steadily in the corners of the basin, in front of the wave generator. The other four
probes were situated on the bridge, in line with the EMS. Therefore, wave heights and
current velocities were measured simultaneously for each cross-section. Every 5
minute a new series of measurements was registered.




Calibration of the wave probes

The wave probes were calibrated every day after a warming-up period of half an hour.

The following procedure was adopted for the calibration:

1. The platinum reference-electrode must be positioned at least 0.04 m under the zero-
position, i.e. the lowest expected water level.

2. The pointer of the indicating meter of the main amplifier must indicate the centre-
scale position corresponding with 0.000 Volt output.

3. Five different immersion-depths were measured (see Table 2.2-1).
For y = 6.66 m, 8.41 m and for the corners the depths were: -0.1 m, -0.05 m, 0 m,
+0.05 m, +0.1 m.
For y = 5.71 m, 4.86 m the depths were: -0.05 m, -0.025 m, 0 m, +0.025 m, +0.05
m.
Nine measurements were carried out changing the immersion of the wave probe.
These different signals were used for the calibration.
A linear relation exists between the signals and the position.
The calibration determines the relation (direction coefficient) between these
magnitudes.

4. The average direction coefficient was determined (Sum/8).

5. The average of the three values, obtained for the zero-position, was taken as the
offset.

6. All the signals of the wave probes were recorded by means of a data-acquisition
program called DasyLab. The calibration was complete when the calibration
factors were installed into this program.

Immersion-depth signal direction coefficient
0.05/ difference signal
[Volt] [m/Volt]
zero-position a
+0.05 b 0.05/(b-a)
+0.1 c 0.05/(c-b)
+0.05 d 0.05/(d-c)
zero-position e 0.05/(e-d)
-0.05 f 0.05/(f-e)
-0.1 g 0.05/(g-)
-0.05 h 0.05/(h-g)
Zero-position i 0.05/(i-h)

Table 2.2-1 Immersion depth for the wave probes calibration
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3. REVIEW OF RELEVANT THEORIES

3.1 Introduction
In this chapter a brief review of the basic theory of the nearshore circulation is given,
in order to supply the reader with a support to understand the arguments will be

discussed later more easily.

The basic assumption of the following theories is irrotational flow which implies that
there are no internal shear stresses.

The fundamental equations for unsteady irrotational flow in the vertical plane (see
Figure 3.2-1) are the continuity equation and the Euler equation of motion, which
yield the Bernoulli equation:

o 1.3
272

l(fﬁé)z+_§+g2:0 (3.2.1-1)

) +
where ¢ = potential function
P = pressure
g = acceleration of gravity
p = fluid density

The Section 3.2 reviews the basic equations about regular waves and in the Section
3.3 irregular waves will be examined.

3.2 Regular waves and linear theory

In nature waves are neither regular nor sinusoidal. However, the results obtained by
the study of this type of water waves are very useful due to the relative simplicity of
this theory, and to the reasonable similarity to reality.

The simplest theory used to describe these waves is the linear or Airy theory.
According to this theory, the wave profile is simplified to a linear sinusoidal wave
form.

As an example of more complex and more accurate theories, the non-linear theory can
be mentioned, as the higher order Stockes theories. Both linear and non-linear theories
belong to the small-amplitude wave theory. They are not accurate in shallow water,
when h/L is very small (the definition of the symbols is explained in Figure 3.2-1). To
overcome this, special wave theories have been developed, as, for instance, the
cnoidal wave theory. This theory belongs to the finite-amplitude wave theories.

The equations described in the following are based on the linear theory.

The non-linear terms (0¢/0x)? and (0¢/0z)? in the Equation (3.1-1) can be neglected,
yielding the linear Bernoulli equation:

3 P
— 4 gz=0 3.2.1-1
m+p+gz ( )
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Figure 3.2-1 Definition of the symbol

3.2.1 Fluid particle velocities
Consider the potential function ¢:

_ Hcosh[k(h+2z)]
b= inh [k

= w/k = wave celerity

2n/T = angular frequency

2n/L = wave number

= wave period

wave length

wave height

water depth to still water surface
vertical coordinate (see Figure 3.2-1)

= horizontal coordinate (see Figure 3.2-1)

sin(wt - kx) (3.2.1-1)

where

XN MR g O
I

By taking the derivatives of the Equation (3.2.1-1) the horizontal and vertical fluid
velocities can be obtained:

_ wH cosh [k(z+ h)]

h(wt - kx 3.2.1-2
> sinh/kny  OSH(@1—R) ( )
wH sinh [k(z+h)] .
= nh(wt — kx 3.2.1-3
> sinhjkny  Snn(@!— k) ( )
where U = horizontal fluid velocity at depth z below surface, at distance x and
at time t
W = vertical fluid velocity at depth z below the surface, at distance x and
at time t

=
I

wave height
® = angular frequency
t = time

These equations show the local fluid velocity components any distance (z + h) above
the bottom. The following features can be pointed out (see Figure 3.2.1-1):
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the orbit described in each point by the velocity vector (V) is elliptical

the horizontal and vertical velocities are 90° out of phase

the maximum positive horizontal velocity (U) occurs under the wave crest

the maximum horizontal velocity (U) in the negative direction occurs under the

wave trough

o the vertical velocity (W) is maximum upward at the zero-downward crossing of the
wave profile

e the vertical velocity (W) is minimum downward at the zero-upward crossing of the
wave profile

e the horizontal velocity (U) is zero at the point of zero elevation of the water level

o the vertical velocity (W) is zero under the wave crest and the wave trough

e the fluid velocity near the bottom is essentially horizontal (W=0).

—_—
——— Ly S .
....__)/7// ’ ¢ ) - e - ‘-V[
= =N
8] :j - W
= P Y
= 4=y

Figure 3.2.1-1 Local fluid velocities

3.2.2 Water particle displacements

Water particles generally move in elliptical paths in shallow water and in circular
paths in deep water (see Figure 3.2.2-1). If the mean particle position is considered to
be at the centre of the ellipse or circle, than vertical particle displacement with respect
to the mean position cannot exceed one-half the wave height (see Figure 3.2.2-2).
Considering the instantaneous particle position x + A, z + B, the displacement
component (A,B) can be obtained by integrating the velocity with respect to time:

Ax,z,t = J-UX+A,Z+Bdt (322-1)

Bx,z,t = ij+A,z+Bdt (322-2)

Since the wave height is supposed to be small, A and B can be neglected in U , ., , .5
and in W ,, ,, 5 with respect to x and z. Thus, substituting Equations (3.2.1-2) and
(3.2.1-3) and integrating, gives:

_Hcosh[k(z+h)]
2 sinh /K]

sinh (@ — kx) (3.2.2-3)
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_ Hcosh [k(z+1h)]
2 sinh [khJ

cosh(wt — kx) (3.2.2-4)

where A = horizontal fluid particle displacement at depth z below the water
surface, at distance x and at time t
B = vertical fluid particle displacement at depth z below the water

surface, at distance x and at time t

) 7_ ______________ ﬁ\j_ F; ‘\7

Shallow water \ [
| /

f Transitional
1 depth

Figure 3.2.2-1 Orbital motion in shallow and deep water
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Figure 3.2.2-2 Water particle displacement from mean position for shallow water
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3.2.3 Mass transport

Non-breaking waves

Mass transport is a non-linear effect because the equations involved contain terms of
H? (square wave height). Nevertheless these equations can be obtain by means of the
Airy wave theory.

The fluid particles do not describe exactly closed orbital trajectories in case of small-
amplitude (sinusoidal) surface waves propagating in a perfect non-viscous
(irrotational) oscillatory flow (see Figure 3.2.3-1). The particles have a second-order
Lagrangian velocity (‘Stokes’ drift U) in the direction of wave propagation, due to the
fact that the horizontal orbital velocity increases with height (z) above the bed (see
sketch in Figure 3.2-1 for the definition of the symbols). Therefore, a particle at the
top of an orbit beneath a wave crest is faster in the forward direction than it is in the
backward direction at the bottom of the orbit beneath a wave trough.

For waves propagating in a horizontally unbounded domain, the depth-integrated
mass flux (m?%/s) yields:

0 2
— 1 H
M, = [U(2)dz= g5 (3.23-1)
o 8 ¢
where M, = mass flux in a Lagrangian way
FS = Stokes drift velocity determined by applying linear wave
theory and averaging over the wave period
H = wave height
c = wave celerity

For waves propagating in a horizontally bounded (e.g. a wave flume) domain it is
appropriate impose a condition of zero mass flux (M, = 0) at each location (x).

The mass flux (m%s) at a fixed location (x) in an unbounded domain can be
determined in an Eulerian way:

1757

M, =— U(t,z)d. 3.2.3-2
=7 Juead: (3:232)

M, = mass flux

T = wave period

U = instantaneous horizontal velocity at height z

n = water surface elevation displacement from the mean water level

In the region between the wave crest and trough of sinusoidal waves, an asymmetry of
horizontal velocity indicates that more fluid moves in the wave direction under the
crest than in the trough region. Under the wave trough level of a sinusoidal wave, the
time-averaged value of the horizontal velocities in a fixed point is zero.
Applying the linear wave theory for small amplitude sinusoidal waves, yields:

1 H?

M,=g—— (3.2.3-3)
8 ¢
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The Lagrangian and the Eulerian method yield the same depth-integrated mass
transport, while the vertical distribution of the mass transport velocities is different for
both methods.

Figure 3.2.3-1Closed and non-closed particle orbits

For real fluids with viscosity v, there is a time-averaged net downward transfer of
momentum into the boundary layer by viscous diffusion (v&U/Jz ), causing a mean

Eulerian flow (Zf—e) in addition to the Lagrangian Stokes drift (Longuet-Higgins
(1953)).

The mean Eulerian flow can be seen as the mean velocity of the orbit centres.

The total mass transport velocity is defined as:

U,=U,+U,

Figure 3.2.3-2 shows the velocity profile over a smooth plane bottom according to
Longuet-Higgins.

wave propagation

3
m L

Figure 3.2.3-2 Mass transport in non-breaking waves

Breaking waves

Mass transport is also generated by breaking waves. Above the trough level there is a
net mass transport in onshore direction which can be estimated (see Steetzel (1993)
and Svendsen (1984)) as:

2 2

1 H H
M=g—""+Q,K p— 3.2.3-4
g 8 ¢ O,K.p T, ( )
where M = the mass flux
H,. = the rms-wave height
Q, = portion of breaking waves
K. = dimensionless quotient of roller area and H*__
T, = peak wave period

In Equation (3.2.3-4), the additional term on the right side is due to the effects of wave
breaking.

Figure 3.2.3-3 shows the velocity profile for a two dimensional situation (e.g. a wave
flume). The return current, also called the undertow, is represented by the mean
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velocity below the wave trough (T, ), flowing in the opposite direction of the wave
propagation.

wave propagation

Figure 3.2.3-3 Mass transport in breaking waves

3.2.4 The governing equations of the nearshore circulation

The two-dimensional problem considered is sketched in Figure 3.2.4-1, which also
explains the definition of variables.

The equations to be satisfied are based on the principle of the hydrodynamics of
conservation of mass, momentum and energy, integrated over depth and averaged
over a wave period T.

Conservation of mass
The general conservation of total mass per unit area reads:

ap(hy*b) i 0”/\7:'

=0 i=1,2 3.2.4-1
ot ox, ( )
where (1,2)= horizontal co-ordinates (X, y)
b = mean surface elevation
M, = time averaged mass flux
Horizontal momentum equation
The horizontal momentum reads:
2N ob
xo_ L pZl 3.2.4-2
o pgh, +b) o ( )
where b = mean surface elevation
S..= radiation stress

XX

The so-called radiation stress represents the net (time averaged) force the waves exert
on a water column. The radiation stress concept will be discussed further in the
Section 3.2.5.

In Equation (3.2.4-2) the mean bed shear stress has been neglected, due to the fact that
this term is mainly relevant for sediment transport which is not an argument of this
section.

The energy equation
The energy equation for wave motion only (neglecting the current terms), is:
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OE,
=D (3.2.4-3)

ox

where E; = mean energy flux
D = gain in energy (D < 0 for dissipation)

The definition of E; is:
h+b
l 2 2 2
E, = [P, +p @ W) Ju dz (3.2.4-4)
-hy
where P,= dynamic pressure

The dynamic pressure, defined on the basis of the local mean water depth, yields:

P,=pg(z—b)+P (3.2.4-5)

where P = absolute pressure

Figure 3.2.4-1 Definition sketch

3.2.5 The radiation stress and the wave-induced water level variation

Waves influence the average condition of the flow in which they propagate. The
passage of the crest and of the trough causes fluctuation in the time-averaged values of
pressure and velocity (see Figure 3.2.5-1). By integrating these values over the depth,
a positive result is found, which means that the waves cause a positive contribution to
the mass and to the momentum balance in the horizontal direction. The effect of the
mass transport is balanced by an undertow, while the wave-induced contribution to the
mean balance of momentum can be observed in an increase of the local average water
level. This phenomenon is explained by the theory of the “radiation stress” developed
by Longuet-Higgins and Stewart. In the following only a brief discussion is given (see
Van der Velden (1995) and Van Rijn (1990)).

It is generally accepted that linear wave theory does not properly describe the
radiation stress in the surf zone. Other theories have been used, as the solitary wave
theory, cnoidal wave theory or hyperbolic wave theory, but they do not work properly
either.
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Due to this, the linear wave theory, which is the most easily accessible, will be used in
the present section.

Waves normal to coastline (no current)
Considering the momentum balance in x-direction, which is the wave propagation
direction (see Figure 3.2.5-1):

7 d o 7
—(pU) = ———(P+pU?)=——pUV |- pUW 3.2.6-1
—(p0) == (PepU?) = o0V )= 2 (pUW) (3.26-)
where U = instantaneous velocity in x-direction
V = instantaneous velocity in y-direction
W = instantaneous velocity in z-direction
P = absolute pressure
p = fluid density
In the following the time averaging is defined by ,le.:
— 1 ¢
= [ ar (3.2.6-2)
where T = wave period
. ks = —
:: S ‘V‘ 777777 v
X o Y [ e
v —» ‘ D
Peve
L |
O coast

Figure 3.2.6-1 Radiation stress for normal approaching waves

In reality, the radiation stress is neither a true stress (force per area, N/m?), nor a true
force (force per unit length, N/m), but a force over the entire depth.

The components of the radiation stress are defined as the integral over a wave period
T, over the depth (z = -h to z = 1) of the momentum balance (Equation 3.2.5-1), minus
the hydrostatic fluid pressure in the absence of waves (see Figure 3.2.5-2 for the
definition of the reference frame):

_ [ N i
S = | (P+pU?)dz [, Pz (3.2.6-3)
n
S, = | (pUV)dz (3.2.6-4)
where P, = hydrostatic fluid pressure at height z below surface

The hydrostatic contribution is equal to:
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[ paz=1 d——(i) B 3.2.6-5
|, Pz = | pgzdz=|7)pg (3.2.6-5)

The component S,, is zero when the waves are propagating normal to the coast (V=0).

The same procedure applied to the y-direction leads to the S,

n 0
=[P+ py?dz— [ Pz (3.2.6:6)

The unit of measure is Newton per unit width (N/m).
By means of using linear theory the radiation stress, in case of waves propagating
normal to the coastline (V=0), can be expressed as follows:

1.1 1
S,=(2n-—)—pgH?=(2n-=)E (3.2.6-7)
278 2
11 s 1
S, = (n——z)gng = (n—;)E (3.2.6-8)
= (3.2.6-9)
h _ 1L+ (2kh) fio of locity and phase velocit
ere = — = i
w =5 sin 2kh) ratio of group velocity and phase velocity
H = wave height

1
E = gng2 = wave energy

In deep water, by means of the usual approximations (n=1/2), the radiation stress
becomes:

S, = (% E (3.2.6-10)

S =0 (3.2.6-11)

In shallow water (n=1):

S = (%) E (3.2.6-12)
S, = G—) E (3.2.6-13)

The radiation stresses are influenced by the wave height, via the wave energy. In deep
water this is the only influencing factor, while in transitional water depth the water
depth, h, the wave length, A , or simply n are also important. In shallow water, it
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seems that the radiation stress depends only upon the wave energy, however, the wave
energy itself is very dependent upon the water depth when wave breaking occurs.

Considering waves propagating in a domain with constant depth and assuming no
energy losses (constant wave height). The radiation stress components S, and S, are
constant, which means that there is no change of momentum.

Wave set-down in non-breaking waves

The equations previously written are approximately valid in case of a bottom profile
gradually varying. By balancing the forces acting on the fluid in x-direction, the
following equation is derived:

’

ds dh
—=+gth+h' =0 3.2.6-14
g ) (3.2.6-14)
where S,,= radiation stress
h = still water level
h' = water level variation with respect to the still water level

The previous equation shows that the gradient of the radiation stress is balanced by
the gradient of the hydrostatic pressure due to the average water level variation.

By using the energy flux balance, neglecting dissipation effects (d(Ecn)/dx = 0) and h'
<< h, Equation (3.2.5-14) can be integrated over the offshore zone, with the initial
condition h' = 0 in deep water, yielding:

kH’®

M 2.6
8sinh(2kh) (3.2.6-15)

h =

local wave height

2w

where H
k = —— = wave number
L
h

L
= local wave length
local mean water depth

H

Approaching the breaker line, S, increases causing a positive gradient in the radiation

stress (——" >0). According to the relation:
ds dn’'
. S— h+h' 2.6~
T pg(h+h') >0 (3.2.6-16)
it follows that:
an’ <0 3.2.6-17
dx (3-2.6-17)

Therefore, Equation (3.2.5-15) yields a set-down of the average water level (h'
decreases).
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Equation (3.2.5-15) is valid up to the breaker line. Further landward, the assumption
of negligible energy dissipation is not reliable. Measurements of h' are in good
agreement with the predicted value, apart from close to the breaker line.

Adopting the approximation valid for the shallow water, the wave height at the
breaker point can be determined as follows (with the breaking condition H, = vh,):

B, == —yH, (3.2.6-18)

where h',,= water level variation with respect to the still water level at the
breaker line
H,,= wave height at the breaker line
h,, = local mean water depth at the breaker line
y = H,,/h, = breaker coefficient (= 0.8 for spilling breakers)

Predicted hj -values are however often approximately 50% smaller than hy -
measured values.

Wave set-up in breaking waves
In the surf zone, with breaking waves, the shallow water approximation yields the

relation:

S,==FE (3.2.6-19)

Assuming valid the relation H(y) = y (h(y) + h’(y)) with y constant, the following
equation is defined:

3 3
E,ogH2 =—pgrith+h) (3.2.6-20)

XX

S :igz
2 16

Approaching the coast, S, decreases due to the decrease in the water depth h, yielding
a negative gradient in the radiation stress (—c-i-g—i"— <0).

X
For Equation (3.2.5-14) to be satisfied, the average water level increases (h' rises), 1.e.:

ds., dn’

2= —pg(Hh)—= >0 (3.2.6-21)

which implies

an'

0 3.2.6-22
> (3.2.6-22)

This phenomenon is called wave set-up.

Substitution of Equation (3.2.5-20) in the momentum equation (3.2.5-14), yields:
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—%(%yz(h+h’)+h’)=0 (3.2.6-23)

which means:

%7 2(h+h')+h' =const.=K (3.2.6-24)

By applying the boundary conditions at the breaking line, with simple mathematical
passages the value of the constant K can be determined (K = 5/16 H,,). With this
result, from the relation (3.2.5-24) it follows that:

5 3
= —-—yH 3.2.6-25

The maximum value is obtained for H = 0 (see Figure 3.2.5-2):

5
How=c 7 Hy, (3.2.6-26)

The total variation Ah' of the average water level in the surf zone can be determined
by balancing the forces over the entire breaker zone (see Figure 3.2.5-3):

Hydrostatic Force + Radiation Stress = Hydrostatic Force along the bottom

1 3 I

~ pghi, +=— pgy° by, == pehy, by, + DI') (3.2.627)
3, 03

Av=2yh, =<7 H, (3.2.6-28)

The Equation (3.2.5-24) can be expressed also as follows:

5 3
167 —§72h
W= 3 (3.2.6-29)
1+=y°
o7

which shows a linear water level rise in the surf zone in case of a plane sloping
bottom.

The wave set-up is a phenomenon due to the action of many waves acting for a
sufficient period to guarantee an equilibrium condition (~ 1 hour). Wave groups move
a great amount of water towards the coast, but part of it returns seaward during
intervals between different wave groups.

If the wave conditions change along the coast, the wave set-up varies consequently.
The different wave conditions can be determined by refraction or diffraction or, as in
the situation analysed in this report, by the presence of discontinuous barriers as
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submerged breakwaters. The variation in the water level between points on the coast
causes pressure gradients along the shoreline. An important contribution to the
longshore current is constituted by this pressure gradient.
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Figure 3.2.6-2 Wave-induced water level variation & radiation component Sxx

3.2.6 Contribution of regular waves and current

The previous sections dealt with the characteristic of waves alone. Very often a
current is flowing in the direction of or at an angle to the wave propagation. The
presence of a current influence the wave characteristic as, in their turn, waves affect
certain current characteristics.
A current following the waves enlarges the wave length and reduces the wave height.
A current opposing the waves yields an increased wave height and a decreased wave
length which entails that the wave is steepened.
The wave frequency will change since the wave celerity will change. The wave
celerity, in the absence of current, reads:
2 3.2.6-1

c= k (3.2.6-1)
where ¢ = wave celerity

® = wave frequency

k = 2n/A = wave number
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For currents and waves ¢ will change in ¢’, which reads:
c=c+V, (3.2.6-2)

where V, = current velocity component in the direction of the wave propagation

The frequency will change in ®’, given by:

o =ck=(c+V)k=w+kV, (3.2.6-3)

The term kV, is often called the Doppler effect.

Laboratory experiments show a distinct influence of the waves on the current velocity
profile. Figure 3.2.6-1 presents current velocities over the water depth measured with
and without waves.

The most remarkable effects are:

e a decrease of near-bed velocities in case of a following current as well as in case of
an opposing current

e an increase of near-surface velocities in case of an opposing current, whereas a
slightly decrease in case of a following current

e the effects are most noticeable in case of relatively large waves in combination
with weak current

Wave Wave
propagation o propagation
A e
i A [
‘iCurrent {} | Current | /‘
|alone //=<— ; alone |/«
e [ — i/ .
i V Cptx;lrent § V" Current against
// with waves ”// waves
| e o
Following current Opposing current

Figure 3.2.6-1 Influence of waves on current velocity profile

3.3 Nearshore currents

Nearshore currents in the littoral zone are predominantly wind and wave-induced
motions superimposed on the wave-induced oscillatory motion of the water. The net
motions have generally low velocities, nevertheless, they are important on
determining littoral transport since they transport whatever sand is moved by the
wave-induced water motion.

Wave-induced water motion

In idealised deep water waves, water particles have a circular motion in a vertical
plane perpendicular to the wave crest. This motion does not reach deep enough to
affect sediment on the bottom. Towards shallower water, where waves are affected by
the bottom, the circular motion turns into elliptical, and water at the bottom begins to
move. In shallow water, the ellipses elongate into nearly straight lines.
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At breaking, particle motion becomes more complicated, but even in the surf zone the
water moves forward and backward in paths that are mainly horizontal, with brief but
intense vertical motions as the breaker crest passes.

Since the wave-induced water particle motion is the main cause for the sediment to
move, it is useful to know the length of the elliptical path traveled by the water
particles and the maximum velocity and acceleration obtained during this orbit.

For sediment transport the shallow water condition is the most important. Assuming
the small-amplitude theory, the horizontal length of the path moved by the water
particle as a wave passes in shallow water is approximately:

HT./gd
4=V 3.3-1
> ( )
where 2A = horizontal length of the path
H = wave height
T = wave period
d = water depth

The maximum horizontal water velocity reads

H\gd
o = j (33-2)

The term under the radical is the wave speed in shallow water.

Fluid motion in breaking waves

During most of the wave cycle in shallow water, the particle velocity is approximately
horizontal and constant over the depth, although at the moment of breaking, there is a
significant vertical velocity as water is brought into the crest of the breaker.

The maximum particle velocity under a breaking wave is approximated by the solitary
wave theory to be:

Upmae = C =+ 8(H +d) (3.3-3)

where H+d = distance measured from the crest of the breaker to the bottom

Fluid motions at breaking cause most of the sediment transport in the littoral zone.
The bottom velocities and turbulence at breaking stir up more bottom sediment in
comparison with currents in the surf zone, which are normally characterised by
velocities too low to move sediment at rest. The suspended sediment can now be
transported in the surf zone.

Onshore-Offshore currents

Water in the nearshore zone is divided by the breaker line into two distinct water
masses between which there is only a limited exchange of water.

Some of the mechanisms for the exchange are the mass transport velocity in shoaling
waves, the wind-induced surface drift, the wave-induced set-up, the currents induced
by irregularities on the bottom, the rip currents and the density currents.
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The resulting flows are significantly influenced by, and act on, the hydrography of the
surf and nearshore zones.

Wind and wave induced water drift, pressure gradients at the bottom due to set-up,
density differences due to suspended sediment and temperature and other mechanisms
produce patterns of motion in the surf zone that require continued observation to
detect.

Diffuse return flows can be visible in aerial photos as fronts of turbid water moving
seaward from the surf zone.

Rip currents are the mechanism most noticeable of the exchange between offshore and
the surf zone. Rip currents are concentrated jets that carry water seaward through the
breaker zone. When long, high waves produce wave set-up on the beach, the resulting
rip currents are more intense. In addition to rip currents, there are other localised
currents directed seaward from the shore. Some are due to concentrated flows down
gullies in the beach face, and others can be attributed to the interaction of waves and
edge wave phenomena.

The Longshore current

The longshore current flows parallel to the shoreline and is limited mainly between
the zone of the breaking waves and the shoreline. Most longshore currents are
generated by the longshore component of motion in waves obliquely approaching the
coast.

The situation analysed in the report is characterised by waves perpendicularly
approaching the coast. Due to the tips of the submerged breakwaters the waves
diffract causing a variation in the direction of propagation. However, it is observed
that the order of magnitude of the diffraction is small and consequently the longshore
component of the resulting motion is small as well. Besides, in literature, diffraction is
hardly mentioned concerning the effects of a submerged breakwater.

In case of a non-uniform coast, additional driving forces are generated due to the
variations in wave conditions and wave set-up. The presence of submerged
breakwaters will also cause additional wave height and direction changes. In the
previous section the wave set-up has been examined. The water level variation with
respect to the still water level ( h') was found to be dependent on the wave height H
and in general it is also dependent on the angle ¢ for oblique approaching waves. If
the wave height and the angle vary along the coast, due for instance to the presence of
obstacles, like submerged breakwaters, the wave set-up and the wave set-down
consequently vary, resulting in a slope of the average water level along the coast
(6h'/0y, where y is the direction of the axis parallel to the shoreline). The resultant
water surface slope will supply an additional driving force for the longshore current
computations.

A further additional contribution follows from a gradient in the normal stress acting
on a plane perpendicular to the shoreline (S,,). The additional driving force will be
proportional to 8S,,/0y which is dependent on both d¢/0y and oH/dy.

In case of a non-uniform coast, the nearshore current system, consisting of longshore
currents, onshore and off-shore directed currents (rip currents), can be determined by
the continuity equations and motion equation, including the wave-induced
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components related to mass flux and to momentum flux. The interaction between the
waves and the current often is neglected.

3.4 On the submerged breakwater

In a coastal area where tide excursions are limited, submerged breakwaters can be
used to protect the beaches from the strong eroding wave action.

Submerged breakwaters are statically stable structures characterised by the crest
usually below low-tide levels. They are generally shore-parallel and built nearshore,
where bottom induced changes occur in wave parameters.

The main purpose of these structures is to reduce the offshore sediment movement.
However, they can also interrupt the onshore movement caused by ‘beach building’
waves. They are also used to protect and stabilise beach nourishment works. A
submerged breakwater allows better water exchange between the inner and outer
zones of it reducing the waterlogging area compared to the emerging breakwater’s.

In the presence of a submerged breakwater the hydrodynamics and the
morphodynamics change remarkably. Wave heights are reduced passing over the
structure as well as the wave velocities, but the effects on waves are relatively small
compared with the reduction caused by emerged breakwaters.

Laboratory experiments performed in a wave flume, show that the submerged
breakwater is an excellent holding tool for the sand contained in the surf zone (Chiaia
(1992)), although they did not reduce the retreat of the shoreline. Nevertheless, the
wave eroding action on the emerged beach is notably attenuated.

The submerged breakwater’s net effect on onshore-offshore transport processes has
not been quantitatively established. Consequently, it is not known whether the
submerged breakwater’s overall effect is beneficial or harmful (U.S. Army Corps of
Engineers (1994)).

With reference to Figure 3.4-1, the following parameters are the most commonly used
in submerged breakwaters' studies: the crest width B, the crest height of the structure
h,, the water depth h in front of the breakwater, the freeboard R,, which is defined as
the difference h, - h, the nominal diameter of armour layer stones, the incident wave
height H,, the reflected wave height H, and the transmitted wave height H. An
important coefficient to be taken into account when discussing transmission energy is
the transmission coefficient K,, defined as the ratio between the transmitted wave
height and the incident wave height (K, = H/H,). Moreover, also the reflection
coefficient must be considered, which reads as the ratio between the reflected wave
height and the incident wave height (K, = H/H)).

Dissipation of energy in the presence of submerged breakwaters depends on many
factors as the crest width, the freeboard, the ratio of breakwater length to gap width,
the permeability of the structures.

Waves approaching the coast increase due to the wave shoaling phenomenon. Waves
are affected by the bottom when the water depth becomes less than approximately half
the wave length. At a certain water depth the wave height or the wave steepness
becomes so large that the wave breaks, causing wave energy dissipation. Submerged
breakwaters force breaking of incoming waves and dissipate effectively the wave
energy.

Hattori and Sakai (1994) highlight the influence of the return flow over the crest upon
the incoming waves. Permeability of the structure plays an important role in reduction
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of the strength of this return flow yielding changes in the breaker height and breaking
position as well as the breaker type.

Large scale vortices are generated by the breaking waves (Petti et al. (1994)). These
vortices play an important role in sediment transport since sediment particles can be
trapped in them thereby loosing their normal settling rate.

Dean et al. (1995) pointed out that the crest height and the offshore distance of the
submerged breakwaters are two important aspects in the design of the structure. If the
crest height is too low, so much water is allowed to flow over the breakwater that
resulting longshore current flows will outweigh the benefit of a small reduction in
wave height and cause beach erosion landward of the breakwater. Moreover, the
longshore currents are inversely proportional to the offshore distance of the structure.

}L(Hm or Hs)

s.w.l. B . H, (Hm or Hs)

hC
K= H/H,

Figure 3.4-1 Governing variables related to wave transmission

Set-up behind submerged permeable breakwaters

For a deeply submerged breakwater, where no energy dissipation is considered, an
analytical first order solution of set-up has been given by Longuet-Higgins (1967).
Considering the conservation of vertical momentum flux above the still water level, it
yields:

Hik, Hyk,

- _ 3.4-1
8sinh2k,D, 8sinh2k,D; (34D

= set-up behind the submerged breakwater

: sum of the square of the incident and reflected wave heights
transmitted wave height

wave number

= water depth

where

Il

O~ .o ™
3
Il

The numerical subscripts denote parameters before (1) and behind (2) the submerged
breakwater.

A simple derivation of P utilises the set-down of the mean water level 1, attendant
with the shoaling of the water waves:

__Hk 3.42
1= gsinh 2kD (3:4-2)

At a breakwater, the set-down due to the incident and reflected waves is necessarily
different from the set-down behind the structure due to the transmitted waves, since
the wave heights and the water depth will not be the same. The difference in the two
set-downs is the set-up P.
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Dalrymple and Dean (1971) have shown that the increased water level can be
predicted reasonably well considering the momentum flux and the mass transport over
the breakwater. For the set-up on a submerged breakwater on which the waves are
breaking, two contributions to the total pile-up must be considered: the momentum
flux contribution and the continuity pile-up, caused by the wave-induced overtopping
flow of water and return flow over and through the breakwater.

Circulation and modified currents

If the breakwater crest is low enough to allow overtopping, water carried over the
breakwater will raise the water level behind it, causing flow around the breakwater. In
the case of multiple breakwaters, overtopping generates a net seaward flow of water
through the gaps.

Seelig and Walton (1980) developed a simple theory in the case of segmented
submerged breakwaters. Water is transported over the structure until either a gap or
the breakwater ends are reached. Then the impounded water is released to the offshore
region. According to Seelig and Walton’s approach it is possible to estimate the
strength of the seaward flowing currents.

To reduce return currents the crest elevation may be raised, the gaps between the
segments may be enlarged or the permeability of the structure may be increased.
Laboratory experiments with segmented submerged breakwaters pointed out the
importance of the ratio between the breakwater length and the gap width upon the
wave transmission and sediment transport (Sawaragi (1992)).

A strong return flux through the breakwater gap develops which carries sediment
offshore and reduces the sand level behind the structure.

Effect on longshore transport

The effect of submerged breakwaters on longshore sediment transport is in general
smaller than the emerging breakwaters’. The efficiency depends on the angle under
which waves approach the structures. In cases of a small breaking wave angle, the
presence of submerged breakwaters effect rather significantly the longshore sediment
transport.
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4. RESULTS OF THE WAVE SET-UP MEASUREMENTS

4.1 General introduction

In this chapter the measurements of the average water level carried out from the
laboratory experiments are discussed.

Section 4.2 briefly describes the program DASYLab, a program designed for data-
acquisition and data-processing. It was used to calculate the average water level from
the recorded signals during the experiments.

In the other sections, the tests are analysed separately. Only a qualitative analysis is
presented. The description of each test is accompanied by a series of plots, which
shows the development of the averaged water level. The reader is suggested to consult
the appropriate appendix, to better understand the analysis of the results.

4.2 DASYLab

4.2.1 Introduction

The output signal made by the wave probes was more or less in the form of a sine
because regular waves were generated during every experiment. It was necessary to
average this raw signal to be able to analyse the development of the wave set-up in
space and in time. In order to do this, use was made of a program called DASYLab.
Each position was measured for more than ten times. The three minutes recordings
were gathered in several files by DASY Lab and could also be reproduced or replayed
in the computer program itself.

DASYLab is a data acquisition, process control, and analysis system. In spite of its
complexity and high performance, DASYLab can be used easily. A measuring,
process control, or a simulating task can be set up directly on a PC screen by selecting
and connecting modular elements. Several module functions are provided by
DASYLab. To assess the average water level use was made of a sequence of
mathematical functions, which will be briefly explained in the following.

4.2.2 The program

The average water level is determined by means of the cumulative timely average of
the signal recorded during the test. In Figure 4.2.2-1 a DASYLab worksheet shows
the sequence of the modules used.

e Read Data: this module represents the operation of reading the files which contain
the output signals of the wave probes.

e Raw signal: the output signal before any operation is shown on a graph for each
wave probe.

e Scaling: due to the small order of magnitude of the wave set-up it was necessary
to change the scale of the output signal from cm into mm. This result was
obtained by simply multiplying the raw signal by 10.

e Average: this module calculate the cumulative average of the raw signal over a
fixed number of samples, determining the average water level.
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e Probe07. Probe08. Probe09, Probe011, Probe012, Probe013: the results of the
cumulative averages are written in different files referring to the different wave
probes. In this way it was possible to know which wave probes the average water
level refers to.

The other modules represent specific operations performed in order to comply the
program requirements, therefore they are not dealt with in this occasion.
For further detail, reference is made to the DASY Lab manual.
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Figure 4.2.2-1 DASY Lab worksheet

4.3 Results

4.3.1 Introduction

Towards the breaker line and in the surf zone, the average water level varies due to the
gradient in the radiation stress.

Higher waves are more affected by the submerged breakwater, whereas small waves
pass unhindered. Therefore, in the case of waves high enough to sense the presence of
the structure, a longshore variation in the pattern of the wave set-up could be observed
between the zone landward of the breakwater and the zone in line with the gap. This
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average water level gradient constituted a positive contribution to the longshore
current.

The different cross-sections were measured in order to point out the influence of the
submerged breakwaters on the wave heights and consequently on the average water
level.

Since the bottom profile varies during the experiments as a consequence of the
sediment transport, the average water level did not stay constant. Therefore, attention
was paid to the variation of the values in every cross-section.

For each test, the still water level is equal to 570 mm at the wave generator.

Some measurements were visually out of range and they have been neglected in
further analyses. Probably in those cases, the vertical position of the measurement
equipment had been changed after calibration.

No measurements were carried out between the shoreline and y = 4.86 m (see Figure
2.2-4), hence no evolution of the average water level in this part of the basin is
available. Each cross-section is handled separately if clear differences in the average
water level between them are found.

4.3.2 TEST A - without submerged breakwaters

Layout
Measured cross-sections: X = 3m, 6.5m, 12.5m, 20 m, 24.5 m.
Figure 4.3.2-1 shows the basin and the measured cross-sections (dotted lines).

y-axis

X-axis

Figure 4.3.2-1 Layout Test A

TEST A1,H = 0.08 m

Graphics: Appendix Al, from Al-1 to A-15

Interval 00:00 - 07:30

Since there are not submerged breakwaters, every cross-section shows the same
average water level development.

The regular waves break always at the same line, causing a trough in the bottom
profile around y = 4 m, which is more landwards than the last measured position.
Therefore, it is not possible to analyse the wave set-up.

The wave height in this test is small in comparison to the water depth, consequently
the bottom profile has not undergone many changes during the whole experiment. As
a consequence of this, the average water level shows almost the same behaviour
during the 7.5 hours of wave action (test duration).

During the whole experiment, the order of magnitude of the wave set-down is
approximately 4 mm for each cross-section.
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TEST A2,H = 0.10 m

Graphics: Appendix A2

Interval 00:00 - 00:30

Cross-sectionx = 3 m

Graphic: A2-1.

The bottom profile has hardly changed after half an hour and the average water level
presents a set-down towards the breaker line, around y = 4.3 m, of approximately 4
mm.

Interval 00:30 - 01:30

Cross-sections x=6.5m, 12.5m,20m, 24.5m

Graphic: from A2-2 to A2-5.

The wave height is bigger than the previous experiment (Al, H = 0.08 m) and the
bottom profile is clearly influenced at the end of the second interval. A pronounced
trough is developed around y = 4.5 m and the average water level shows a set-down
towards the breaker line located around y = 5.5 m. The order of magnitude of the set-
down is about 6 mm for every cross-section, apart from cross-section x = 6.5 m
(Graphic A2-2). In this cross-section, the pattern of the average water level seems to
be uniformly shifted upwards, probably due to a variation in the vertical position of
the measurement equipment after calibration. Landwards of the breaker line, the
beginning of the wave set-up can be seen.

Interval 01:30 - 03:30

Graphics: from A2-6 to A2-10.

During this interval, the bottom profile does not show many changes in the whole
basin. The trough appears to be less pronounced and the bar is increased, causing the
beginning of the wave set-up more seaward.

Interval 03:30 - 07:30

Cross-sections x=3m, 6.5m

Graphics: A2-11, A2-12.

A wave set-down of approximately 4 mm develops towards the breaker line around y
= 6 m. However, compared with the other cross-sections, it seems that the mean water
level pattern is shifted uniformly upwards. An explanation for this might be the
influence of the side of the basin on the wave field.

Cross-sections x =12.5m, 20 m, 24.5 m

Graphics: form A2-13 to A2-15.

During this interval, according to the changed bottom profile, which shows a more
pronounced bar, the wave set-up is more evident. The order of magnitude of the wave
set-down is about 6 mm for every cross-section.
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TEST A3, H=0.12 m

Graphics: Appendix A3

Interval 00:00 - 00:30

Cross-section x =3 m

Graphic: A3-1.

Half an hour after the start of the experiment, the bottom profile already presents a
marked trough around y = 4.5 m. The average water level shows a set-down, towards
this point, of approximately 5 mm.

Interval 00:30 - 01:30

Graphics: from A3-2 to A3-5.

During this interval, the development of the bottom profile is almost the same for each
cross-section. Consequently, the pattern of the average water level in the whole basin
does not change in the whole basin. The average water level decreases towards the
trough, positioned around y = 4.5 m. The wave set-down is of approximately 5 mm.
Considering the development in time of the average water level at the position y =
5.76 m (shorewards, next to the last one), for every cross-section a constant increase
can be seen, which might be due to a downwards shift of the measurement equipment
during the experiment.

Interval 01:30 - 03:30

Graphics: from A3-6 to A3-10.

The bottom profile has undergone small changes compared to the previous interval.
The bar, which has become more pronounced induces breaking more seawards and the
beginning of the wave set-up can be seen around y = 5.7 m.

Interval 03:30 - 07:30

Graphics: from A3-11 to A3-15.

In the last 4 hours, the bottom profile has been changing quite significantly. At the
end of the 7.5 hours of the experiment it can be noticed that the bar is increased and
stretched more seaward. Due to this change, the waves break sooner and the average
water level starts rising around y = 6.6 m instead of y = 5.7 m of the previous interval.
The order of magnitude of the wave set-down is approximately 50 mm, which is
clearly too big. Probably in this case, the vertical position of the wave probes changed
after calibration.

4.3.3 TEST C - two submerged breakwaters

Layout
Two submerged breakwaters of 12 m and 6 m each, with a gap of 3 m in between.
Measured cross-sections: X = 3m in the gap between the right side of the basin

and the longer breakwater
X = 6.5m inthe left corner of the longer breakwater
X = 12.5m behind the middle of the longer breakwater
X = 20m  in the middle of the gap between the two
breakwaters
X = 24.5m behind the middle of the shorter breakwater.
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Figure 4.3.3-1 shows the basin, the submerged breakwaters and the measured cross-
sections (dotted lines).

y-axis

T
.
.
v
X

X-axis
Figure 4.3.3-1 Layout Test C

TEST C1, H=0.08 m

Graphics: Appendix Bl

Interval 00:00 - 00:30

Cross-sectionx=3m

Graphic: B1-1.

The bottom profile hardly changes after the first half hour of the experiment.
Approaching the coast, the average water level shows a wave set-down of
approximately 4 mm.

Interval 00:30 - 01:30

Graphics: from B1-2 to B1-6.

Due to the small wave height compared to the water depth, the presence of the
submerged breakwaters seems not to have much influence on the wave field.
However, a slight set-up can be seen in line with the crest of the submerged
breakwaters (graphics B1-4 and B1-6). Then, the average water level shows a wave
set-down towards the shore line of approximately 2 mm.

The cross-section x = 6.5 m (graphic B1-3), is probably influenced by the large gap
and shows a constant wave set-down towards the breaker line of approximately 2 mm.
In the cross-section x = 3 m (graphic B1-2), without submerged breakwaters, a wave
set-down towards the breaker line, located around y = 5.5 m, can be seen. Also in this
case, the order of magnitude is approximately 2 mm. The cross-section x = 20 m
(graphic B1-5) shows a bigger wave set-down (about 4 mm). In the cross-section (x =
3 m), the strong return current, flowing through the gap, probably influences the
incoming waves.

Interval 01:30 - 03:30

Cross-sections x =3 m, 20 m

Graphics: B1-7, B1-10.

In the cross-section x = 3 m (graphic B1-7), at the end of the third interval, a large
amount of sediment has been transported seaward by the action of the waves, causing
a pronounced bar that influences the average water level. The wave set-up begins
around y = 5.7 m.

After 3.5 hours of wave action, the bottom profile presents hardly any changes in the
cross-section X = 20 m (graphic B1-10). The behaviour of the average water level is,

36

il




however, different in comparison to the situation in the previous interval. An early
wave set-up around y = 5.7 m can be seen in the last time series, probably due to the
increase of the return flow during the third interval.

In the cross-sections x = 3 m, the order of magnitude of the wave set-down is
approximately 2 mm, while in the other (x = 20 m) the wave set-down is bigger (about
5 mm).

Cross-sections x=6.5m, 12.5m,24.5m

Graphics: B1-8, B1-9, B1-11.

The bottom profile does not change much from the situation of the previous interval.
The cross-section x = 12.5 m (situated behind the middle of the larger breakwater,
graphic B1-9) presents more irregularities than the other cross-sections. This pattern is
probably due to the strong longshore current behind the longer breakwater, which
develops even with a small wave height. The average water level presents a gentle set-
up landwards of the submerged breakwater followed by a steep set-down approaching
the breaker line. The cross-section x = 24.5 m (graphics B1-11), behind the smaller
breakwater, has also a rather irregular bottom profile and the average water level
shows the same behaviour.

The cross-section X = 6.5 m (graphic B1-8) presents a linear wave set-down which
starts seawards of the submerged breakwater and extends towards the breaker line
around y = 4 m. This cross-section is located at the tip of the structure and it is
influenced by the larger gap.

The wave set-down for every cross-section is approximately 4 mm.

Interval 03:30 - 07:30

Cross-sections x =3 m, 20 m

Graphics: B1-12, B1-15.

The bottom profile presents an increase of the bar due to the sediment transport in the
longshore direction from behind the two breakwaters. At the end of the last interval,
the water depth seaward of the bar decreases due to a downslope translation of the bar
and consequently the wave set-up starts more seaward, around y = 6.6 m. The pattern
of the average water level is approximately the same for both cross-sections. The
order of magnitude of the wave set-down is smaller for the cross-section in line with
the larger gap (about 3 mm) (graphic B1-12), than for the other (approximately 5
mm). An explanation for this might be the stronger return current in the larger gap (x
= 3 m), influencing the incoming waves.

Comparing the mean water level development in the case with and without submerged
breakwaters (graphics Al-11 and Al-14), some differences can be highlighted.
Without breakwaters, during the whole experiment, only a wave set-down was
measured, which means that dissipation occurs only closer to the shoreline than the
last measurement location. On the contrary, with breakwaters, breaking occurs also at
a greater distance from the shoreline, because of smaller water depth in the gaps.
Therefore, when waves finally break on the shore, less energy is dissipated with a
beneficial effect on the shoreline. Nevertheless, it seems that the retreat of the
shoreline is not smaller in the case with submerged breakwaters, probably due to the
great amount of sediment transported in cross-shore direction by the return current
flowing through the gaps.
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Cross-sections x =6.5m, 12.5m.24.5m

Graphics: B1-13, B1-14, B1-16.

Hardly any changes are visible in the bottom profile, apart from the cross-section x =
12.5 m (graphic B1-14) where it appears that a considerable amount of sediment is
transported in longshore direction towards the gaps. Therefore, the overall behaviour
of the average water level does not change from the former interval, apart from cross-
section x = 12.5 m. Here, the wave set-up is more pronounced behind the submerged
breakwater, followed by a steep wave set-down of about 4 mm.

During the whole experiment, a longshore gradient, sloping down from the middle of
the submerged breakwaters towards the gaps, can be seen. At the left side of the basin,
due to the larger gap, this gradient is smaller than at the right side. At the beginning of
the test, the difference is more pronounced than after 7.5 hours, in agreement with the
development of the bottom profile.

TESTC2,H=0.10 m

Graphics: Appendix B2

Interval 00:00 - 00:30

Cross-sectionx =3 m

Graphic: B2-1.

After half an hour the bottom profile did not change remarkably.

The average water level shows a wave set-down of approximately 3 mm towards the
breaker line, around y = 4.5 m.

The measurement at y = 6.66 m (the second position shorewards), seems to be
unreliable.

Interval 00:30 - 01:30

Cross-sections x =6.5m, 12.5m, 24.5m

Graphics: B2-2, B2-3, B2-5.

At the end of the second interval, the cross-section x = 6.5 m (graphic B2-2) has a
pronounced trough around y = 4 m. Passing over the crest of the submerged
breakwater, the mean water level rises, followed by a wave set-down, starting around
y = 6.6 m. The order of magnitude of the wave set-down is approximately 4 mm.

The other cross-sections present a less marked trough situated more landward and a
wave set-down starting around y = 5.7 m. The difference in the average water level
between the two sides of the submerged breakwater is for every cross-section about 3
mm.

Cross-sections x =20 m

Graphic: B2-4.

This cross-section, in line with the smaller gap, has a deep trough around y =4 m and
an early wave set-up can be seen, followed by a wave set-down towards the breaker
line. The order of magnitude of the set-down is approximately 5 mm.

The same cross-section, in the situation without submerged breakwaters (graphic A2-
4), shows a more pronounced bar, which induces breaking more seawards. After 1.5
hours, the reduced wave energy, due to the presence of the submerged breakwaters,
seems to have a beneficial effect on the sediment transport in cross-shore direction,
which appears to be less than in the case without submerged breakwaters. However,
this situation inverts after 3.5 hours of simulated wave action.
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Interval 01:30 - 03:30

Cross-sectionx =3 m

Graphic: B2-6.

After 3.5 hours, the pattern of the bottom in the larger gap shows a characteristic
ogee-shape. At the beginning of the interval, the average water level starts rising
rather seaward, around y = 5.7 m, while at the end of the 3.5 hours, only a wave set-
down, of approximately 6 mm, can be seen. Compared with the cross-sections
analysed in the previous interval, the wave set-up is more gentle.

In the case without submerged breakwater (graphic A2-6), only a wave set-down can
be seen and less amount of sediment is transported seawards. The strong return
current which develops through the larger gap, seems to have a damaging effect on the
shoreline.

Cross-sections x=6.5m, 12.5m,24.5m

Graphic: B2-7, B2-8, B2-10.

The bottom profile has not undergone many changes and the pattern of the average
water level remains almost the same as the previous interval. The order of magnitude
of the wave set-down (about 2 mm) is smaller than the previous interval. In this case,
it seems that the measured positions shifted uniformly downwards after calibration.

Cross-section x =20 m

Graphic: B2-9.

At the end of the interval, a pronounced trough can be noticed around y = 4 m. This is
probably due to the strong return current which flows back through the gaps. The
sediment, brought in suspension by breaking, is transported seawards.

The last time series presents a wave set-up starting around y = 5.7 m, according to the
changed bottom profile. Also in this case, the wave set-up is more gentle compared to
the cross-sections in line with the submerged breakwaters.

In the situation without submerged breakwaters, the bottom profile does not show a
trough close to the shoreline (graphic A2-9). The presence of the submerged
breakwater influences the behaviour of the average water level in the gap.

Interval 03:30 - 07:30

Cross-sectionx =3 m

Graphic: B2-11.

At the end of the last interval, the bar is shifted more seaward and the average water
level starts rising around y = 6.6 m. The wave set-down is approximately 3 mm.

This situation is rather similar to the situation without submerged breakwater,
although it is the results of different processes. The influence of the structures on the
larger gap seems to weaken during the experiments.

Cross-sectionx =6.5m,24.5m

Graphic: B2-12, B2-15.

The bottom profile hardly changes from the situation in the former interval.
Consequently, the pattern of the average water level shows the same behaviour and
also the wave set-down is of the same order of magnitude.
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Cross-sectionx=12.5m

Graphic: B2-13.

A considerable amount of sediment has disappeared, transported in longshore
direction towards the gaps. The average water level rises landward of the submerged
breakwater and decreases towards the breaker line in the same position as the previous
interval. The entire shape shifts downward in accordance with the downward shift of
the profile. The order of magnitude of the wave set-down (approximately 2 mm) does
not increase much, compared to the previous interval.

Cross-section x =20 m

Graphic: B2-14.

The trough has almost disappeared and an amount of sediment is settled seaward,
which has been transported towards the gap from behind the two submerged
breakwaters.

The seaward settlement of sediment causes a seaward shift of the start of the wave set-
up, towards a position around y = 6.6 m.

During the last interval, the differences between the situation with and without
submerged breakwaters (graphic A2-14) become less noticeable. However, the
sediment transported is greater in the case with submerged breakwaters and the retreat
of the shoreline is larger.

Summarising, during the whole experiment, a longshore gradient in the mean water
level, sloping down towards the gaps, can be seen. In agreement with the development
of the bottom profile, the longshore differences in the average water level between the
gap and the submerged breakwaters become less pronounced during the last interval.

TEST C3,H=0.12m

Graphics: Appendix B3

Interval 00:00 - 00:30

Cross-sectionx=3m

Graphic: B3-1.

Already after half an hour a rather considerable amount of sediment is transported
seaward, causing a pronounced bar. Following the development of the bottom profile,
the first time series show a wave set-down (approximately 2 mm) towards the breaker
line, situated more landward than the last measured position, which is at y = 4.86 m.
The average water level seems not to be influenced by the submerged breakwater
(large gap).

The last time series present a wave set-up already at y = 6 m, where the waves start
breaking. In this case, the wave set-down is about 3 mm.

Interval 00:30 - 01:30

Cross-sectionx = 6.5 m

Graphic: B3-2.

This cross-section is situated at the tip of the longer submerged breakwater. Due to the
strong longshore current which develops behind the breakwater towards the gaps, the
bottom profile presents more irregularities than the profile of the cross-section situated
in the middle of the breakwater.
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After half an hour of wave action, the wave set-down still appears landward of the
breakwater, but later the average water level shows only a linear wave set-up,
approaching the shoreline.

Cross-sections x =12.5m, 24.5 m

Graphics: B3-3, B3-5.

The waves start breaking on the top of the breakwaters and keep on breaking
approaching the coast. Due to the development of the waves the average water level
begins rising in front of the breakwater towards the shore line. The gradient in the
mean water over the longer submerged breakwater (graphic B3-3) is bigger
(approximately 8 mm), than over the shorter breakwater (graphic B3-5), where it is
approximately 4 mm. This is probably due to the return current which flows back
through the gap, influencing the wave field at the tip of the submerged breakwater (x
= 24.5).

Cross-section x =20 m

Graphic: B3-4.

At the end of the second interval, the bottom profile presents the characteristic ogee-
profile shifted seaward.

The average water level shows a set-down (about 5 mm) approaching the breaker line,
around y = 5.7 m and a wave set-up landward. More seawards, the average water level
is influenced by the submerged breakwater.

Interval 01:30 - 03:30

Cross-section x =3 m

Graphic: B3-6.

During this interval, the bottom profile has not been changing much. It can be noticed
that the average water level starts rising around y = 6.6 m, in line with the bar in the
bottom profile. The order of magnitude of the wave set-up is approximately 8 mm.
The wave set-down is about 5 mm.

Cross-section x = 6.5 m

Graphic: B3-7.

The bottom profile does not change much, apart from the increased sediment settled
close to the submerged breakwater. The average water level presents an early wave
set-up followed by a short set-down, finishing with a wave set-up approaching the
shoreline. This pattern can be explained by the fact that the waves start breaking over
the crest of the breakwater, stop breaking landwards of it, due to the water depth
which is still high and they start breaking again when the water depth becomes
shallower.

Cross-sections x =12.5m,24.5m

Graphics: B3-8, B3-10.

After 3.5 hours hardly any changes in the bottom profile can be seen. The average
water level shows an early, rather steep wave set-up around the breakwater, followed
by a wave set-up with a smaller gradient.
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Cross-section x =20 m

Graphic: B3-9.

The bottom profile has not undergone many changes and the behaviour of the average
water level presents the same pattern as the former interval. The order of magnitude of
the wave set-down does not change either.

Interval 03:30 - 07:30

During this interval, the measurement equipment probably moved downwards.
Therefore, the pattern of the average water level, compared to the previous interval,
appears to be shifted upwards.

Cross-section x =3 m

Graphic: B3-11.

A considerable amount of sediment has been transported partly towards the left side
wall of the basin (facing the wave generator) and partly seawards, causing the increase
of the bar. According to the changes in the bottom profile, the wave set-up is shifted
from y = 6.6 m more landward, towards a position around y = 5.7 m. The order of
magnitude of the wave set-down does not change much during the interval, remaining
approximately 5 mm.

During the whole experiment, in this cross-section, the average water level shows the
same behaviour as in the situation without submerged breakwaters (graphics A3-1,
A3-6, A3-11). Nevertheless, the amount of sediment transported seawards, in the
latter case, is smaller than in the situation with breakwaters. With submerged
breakwaters, the retreat of the shoreline is much larger, due to the strong return current
flowing through the gap.

Cross-section x =6.5 m

Graphic: B3-12.

A retreat of the shoreline can be noticed, caused by the longshore and cross-shore
sediment transport. The pattern of the mean water level is almost the same as the one
of the previous interval.

Cross-section x=12.5m

Graphic: B3-13.

Comparing the bottom profile at the end of 3.5 hours to the one at the end of 7.5 hours
of wave action, shows that a considerable amount of sediment has been transported in
the longshore direction. The wave set-up becomes less steep at the end of the interval,
due to the deeper water depth.

Cross-section x =20 m

Graphic: B3-14.

The bottom profile has been changing considerably during the last interval and at the
end of 7.5 hours, it can be noticed that the pronounced trough has almost disappeared.
After 6 hours of experiment, the breaker line is shifted seaward and this causes a wave
set-up starting around y = 6.7 m, while at the beginning of the interval the average
water level starts rising around y = 5.7 m. The wave set-down is approximately 2 mm.
The comparison between this situation and the situation without submerged
breakwaters shows the same behaviour of the average water level, although the retreat
of the shoreline is much more pronounced in this case.
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Cross-section x =24.5m

Graphic: B3-15.

A retreat of the shoreline, together with a sediment transport in cross-shore direction,
can be seen. Due to the generation of a bar, the average water level shows a set-up
starting before the breaker line which keeps on rising towards the shoreline.

For each interval, a longshore gradient in the average water level, sloping down from
the middle of the submerged breakwaters towards the gaps, can be seen. At the left
side of the basin, due to the less influence of the submerged breakwater in the middle
of the larger gap, this gradient is steeper than in the right side. During the experiment,
in agreement with the changed bottom profile, the longshore differences in the mean
water level become less pronounced.

With respect to the previous experiments (C2), the same pattern of the average water
level shifted upwards can be seen, due to the higher wave height.

From the comparison between the situation with and without submerged breakwaters
it results that the effects of the structures are not beneficial, since a greater amount of
sediment is brought from the shoreline into the basin.

4.3.4 TEST D - three submerged breakwaters

Layout
Three submerged breakwaters of 6 m each with gaps of 3 m.
Measured Cross-sections: x = 12.5m in the left corner of the centre submerged
breakwater
x = 14m  behind the centre submerged breakwater
x = 15.5m behind the middle of the centre submerged
breakwater
x = 17m  behind the centre submerged breakwater
x = 18.5m in the right corner of the centre submerged
breakwater
x = 20m  inthe gap
Figure 4.3.4-1 shows the layout of the basin, the submerged breakwaters and the
measured cross-sections (dotted lines).

y-axis

X-axis

Figure 4.3.4-1 Layout Test D
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TEST D1, H=0.08 m

Graphics: Appendix C1

Interval 00:00 - 00:30

Cross-sectionx =12.5m

Graphic: C1-1.

The wave height is too small to cause clear changes in the bottom profile only after
half an hour of wave action. The average water level shows that the breakwater is not
‘felt’ by the waves which pass over it unaltered. Because of probe locations, only a
wave set-down towards the breaker line can be seen. Its order of magnitude is
approximately 5 mm.

Interval 00:30 - 03:30

Graphics: from C1-2 to C1-6.

The behaviour is approximately the same for each cross-section. The bottom profile
hardly changes. A little amount of sediment is transported seaward. The pattern of the
average water level shows a clear set-down towards the breaker line. For the cross-
sections in line with the submerged breakwaters (graphics from C1-2 to C1-5), the
order of magnitude of the wave set-down is approximately 3 mm. In the cross-section
in line with the gap (graphic C1-6), the wave set-down is around 4 mm.

Hardly any changes in the average water level in longshore direction are noticeable.

Interval 03:30 - 07:30

Graphics: from C1-7 to C1-12.

The pattern of the bottom profile after 7.5 hours of wave action (graphic C1-12),
shows that sediment is transported towards the gap. The average water level presents
no changes during the whole experiment, due to the small height of the waves.

In the cross-section x = 20 m (graphic C1-12), located in the gap, the wave set-up
during the last interval is shifted more seaward. This behaviour is due to formation in
the gap of a bar, caused by the sediment transport in longshore direction, from behind
the breakwaters towards the cross-section x = 20 m. In the other cross-sections, only
the wave set-down of approximately 4 mm can be seen. The measurements position
more seawards probably shifted upwards after calibration.

As a consequence of the different average water level in the cross-sections in line with
the gap (x = 20 m) and over the submerged breakwater, a longshore gradient,
decreasing from the submerged breakwaters to the gap, can be observed.

Comparing the development in time of the average water level in the cross-section x =
20 m, for the situation with and without submerged breakwaters (graphic Al-4, A1-9,
A1-14), shows hardly any differences.

The presence of the submerged breakwater does not have much influence on the wave
field, due to the small wave height.

TESTD2,H=0.10 m

Graphics: Appendix C2

Interval 00:00 - 03:30

Graphics: from C2-1 to C2-12.

Since the wave is high enough to be modified by the submerged breakwater, breaking
occurs passing over the structure and consequently the average water level starts
rising.
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The wave set-up is followed by a set-down leading to the breaker line, located around
y = 4 m. The waves do not immediately react to the presence of the submerged
breakwaters, but a time-lag can be seen. The wave set-up seems to be shifted
landwards compared to the crest of the submerged breakwater. This behaviour is
similar for every cross-section.

In the cross-section in line with a gap (graphic C2-6 and C2-12), the pattern of the
average water level seems to be influenced by the presence of the submerged
breakwater, showing a slight set-up.

A small longshore gradient in the average water level, decreasing from the middle of
the submerged breakwaters towards the gap, can be observed.

Interval 03:30 - 07:30

Cross-sections x =12.5m. 14m, 15.5m, 17m, 18 5m

Graphics: from C13- to C2-18.

During this interval the bottom profile has undergone some changes. A loss of
sediment can be seen in each cross-section.

Due to the changes in the bottom profile, the wave set-up has been shifting seaward.
At the end of 7.5 hours, a linear set-up can be noticed, starting before the breakwaters
towards the shoreline.

Cross-section x =20 m

Graphic: C2-7.

This cross-section is situated in the middle of the gap. During this interval, the bottom
profile has been changing, due to the interaction between sediment transported in
cross-shore direction and the amount of sediment transported by the longshore current
from behind the breakwaters to the gap.

The simultaneous presence of these two factors leads to a profile which shows a
pronounced bar shifted more seaward. According to this, at the end of the last interval,
the average water level starts rising more seaward than after 3.5 hours. The wave set-
down is approximately 3 mm.

The comparison with the situation without submerged breakwaters (graphics A2-4,
A2-9, A2-14), shows rather similar behaviour. Nevertheless, especially after 7.5
hours, it can be seen that the amount of sediment transported seawards is greater in the
case with submerged breakwaters.

TESTD3,H=0.12 m

Graphics: Appendix C3

Interval 00:00 - 00:30

Cross-section x-12.5 m

Graphic: C3-1.

Around the submerged breakwater, the average water level rises, due to the breaking
of the waves on the submerged breakwater crest. The wave set-up is followed by a set-
down which starts around y = 5.7, since the waves stop breaking in the lee side of the
breakwaters. The breaker line is actually more landward.

Interval 00:30 - 01:30
Cross-sections x=12.5m, 14m_ 155m, 17m, 185 m
Graphics: from C3-2 to C3-6.
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The bottom profile does not change much from one cross-section to another.

The behaviour of the average water level is approximately the same for this section of
the basin. Landwards of the breakwater there is a steep set-up followed by a milder
slope. This pattern is probably due to the fact that the waves start breaking over the
breakwater crest and go on breaking towards the shore line. The different gradient of
the slope is probably determined by the sudden change in the bottom profile due to the
breakwater.

The difference in the average water level before and after the submerged breakwater is
of the same order of magnitude (approximately 6 mm) for each cross-section.

Cross-section x =20 m

Graphic: C3-7.

The bottom profile presents the characteristic ogee-shape. The waves break first
seaward around y = 8 m and then around y = 6.6 m, due to the bar in the bed profile.
An early wave set-up can be seen followed by a wave set-down and finally by the
wave set-up which leads to the shore line. The order of magnitude of the wave set-
down is 2 mm. Comparing this order of magnitude with the previous one (6 mm, for
the cross-sections in line with the submerged breakwaters), shows that a longshore
gradient in the average water level occurs, sloping down from the middle of the
submerged breakwater to the gap. This matches with the pattern of current field,
which details a return current flowing back through the gaps and a longshore current
developing from behind the middle of the submerged breakwater to the gaps.

Interval 01:30 - 03:30
At the end of the third interval, the bottom profile is different for some cross-sections,
due to the sediment transport in longshore direction.

Cross-section 12.5 m

Graphic: C3-8.

This cross-section borders an ending of the breakwater. An amount of sediment is
transported towards the gap, as a consequence of the longshore current. The return
current, flowing through the gap, causes the development of a bar seaward.

Due to the considerable energy loss, which occurs close to the shoreline, the average
water level, right behind the submerged breakwater, decreases rather quickly towards
the breaker line, around y = 4.5 m.

The wave set-down is approximately 4 mm.

Cross-sections x =14 m, 15.5m. 17m

Graphics: C3-9, C3-10, C3-11.

These cross-sections are located behind the submerged breakwater and they show
almost the same pattern. The bottom profile does not present a pronounced bar and the
amount of sediment transported away is not much. The average water level shows a
set-up, landwards of the submerged breakwater, which is not so steep as in the
previous interval and a set-down towards the breaker line, around y = 4 m. The
breaker line is shifted seawards, in agreement with the changes in the bottom profile.
The order of magnitude of the set-down is approximately the same (2 mm) for each
cross-section.
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Cross-section x = 18.5m

Graphic: C3-12.

This cross-section borders the right corner of a breakwater. The amount of sediment
lost during the third interval, at this side of the breakwater, is less than at the left side
of the submerged breakwater. This asymmetry in the behaviour is due to the
asymmetry in the basin: the distance between the left breakwater and the left side of
the basin (facing the wave generator) is 3.5 m, while the distance between the right
breakwater and the right side of the basin is only 1.3 m. The longshore current behind
the structures is pointed to the left. The bottom profile presents a large bar around y =
5 m. The waves do not break over the bar but landward and according to this, the
average water level, after an early wave set-up passing over the breakwater, shows a
set-down towards the breaker line. The order of magnitude of the set-down is 6 mm.

Cross-section x =20 m

Graphic: C3-13.

After 3.5 hours, the bottom profile presents a pronounced trough around y =5 m and a
considerable amount of sediment settled seaward which forms a bar. According to the
changed profile, the average water level shows a set-up starting more seaward, around
y =6.6 m.

The wave set-down is approximately 4 mm.

Interval 03:30 - 07:30

Cross-section x-12.5 m

Graphic: C3-14.

This cross-section, which borders the left corner of a submerged breakwater, shows a
different bottom profile compared to the other cross-sections over the same
submerged breakwater (x = 14 m, 15.5 m, 17 m and 18.5 m). The profile presents
many irregularities due to the interaction of the current around the breakwater ending,
and the incoming waves. A considerable amount of sediment has settled next to the
structure. Due to the development of the bottom profile during the interval, the
average water level shows different patterns.

For the first 2.5 hours, the average water level presents a set-up around the crest of the
submerged breakwater, followed by a set-down, approximately 5 mm, towards the
breaker line.

Later, the breaker line is shifted more seaward because the set-up begins around y =
5.7 m and the set-down is now approximately 3 mm.

At the end of the 7.5 hours, the waves start breaking before the submerged breakwater
and keep on breaking towards the shore line. According to this, the average water
level presents a linear wave set-up starting around y = 8.5 m. The difference in the
average water level from the positions seawards and landwards of the submerged
breakwater is approximately 2 mm.

Cross-sections x=14m, 15.5m, 17m

Graphics: C3-14, C3-15, C3-16.

These cross-sections (in line with the submerged breakwater) present almost the same
behaviour of the previous interval. A set-up due to the submerged breakwaters can be
seen, followed by a set-down leading to the breaker line around y = 4 m. The order of
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magnitude of the wave set-down (approximately 4 mm) is bigger than the one of the
previous interval, probably due to the shift of the breaker line more seawards.

Cross-section x = 18.5 m

Graphic: C3-16.

For this cross-section, the last interval does not produce many changes in the bottom
profile and the average water level shows almost the same pattern of the former
interval. The wave set-up starts around the breakwater followed by the wave set-down
approaching the breaker line around y = 4 m. Only the last time series shows a wave
set-up starting more seawards.

The order of magnitude of the wave set-down is the same of the previous interval
(approximately 6 mm).

Cross-section x =20 m

Graphic: C3-17.

The bottom profile does not change remarkably. The pattern of the average water level
and the order of magnitude are almost the same as the ones of the former interval.
Comparing the development in time of the average water level in this cross-section,
for the situation with and without submerged breakwaters (graphics A3-4, A3-9, A3-
14), shows rather similar behaviour. The wave set-up starts almost at the same
position, but the order of magnitude is smaller with submerged breakwaters. After 7.5
of wave action, indeed, the bottom profile shows a milder slope and less sediment is
transported seawards. This phenomenon might be due to the reduced wave energy
over the whole basin, caused by breaking over the submerged breakwater.

The average water level decrease in longshore direction from the middle of the
submerged breakwater towards the gap. The gradient is rather pronounced, which
means that a strong current develops around the tip of the submerged breakwater.

4.4 Conclusions and recommendations

The measurements made during the experiments are concentrated around the
submerged breakwater, in a band of 3.55 m, from y = 8.41 m to y = 4.86 m. This is,
for most of the profile shapes, the part of the cross-shore section just before the
breaker line. Therefore, the measurements mainly give information on the influence of
the submerged breakwaters on the wave set-down landwards of the structures.

Since only few cross-sections in the basin and few positions in each section were
measured, the data set available is not detailed enough to give a 3D ‘picture’ of the
wave set-up in the basin. Moreover, it appears to be necessary having data also in the
area closest to the shoreline. Therefore, further laboratory experiments with more
detailed measurements would be useful, in order to supply these extra data.

Up to now, very little can be said about the pattern of the wave set-up in the basin and
about the influence of the submerged breakwaters on it.

However, comparing the different measured cross-sections highlights that a longshore
gradient in the average water level, sloping down towards the gaps, occurs behind the
submerged breakwaters. This gradient leads to longshore current towards the gaps.
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Considering the pattern of the mean water level around the crest of the submerged
breakwaters, it seems that there is a time-lag between the moment of waves pass over
the crest of the breakwaters and the moment of breaking occurs.

From the comparison between the experiments without (Al, A2, A3) and with two
submerged breakwaters (C1, C2, C3), it is not clear whether the effects of the
submerged breakwaters are beneficial or detrimental, since the retreat of the shoreline
was more pronounced in the latter case. However, with three submerged breakwaters,
especially in the case with a higher wave height (D3), the sediment transport in the
cross-section in line with a gap seems to be reduced, due to the decreased wave energy
and so less retreat of the shoreline was observed.

When observing the wave energy spectrum during the experiments, it is seen that in
addition to the peak at the frequency corresponding to the time period of 1.55 second,
an other peak develops at a lower frequency, which entails the presence in the basin of
waves of longer period than the one generated by the wave generator. The long wave
amplitude is amplified in shallow water due to a ‘resonance’ situation. Therefore, the
measured average water level can be influenced by the long waves generated within
the basin.

Since standing waves are logically generated in the basin (see Sand (1982)), further
research is recommended upon this subject in order to highlight the influence of these
lower frequency waves on the average water level.
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5. THE NUMERICAL MODEL DELFT3D

5.1 Introduction

The influence of submerged breakwaters upon the average water level and the current
field has been investigated by means of the numerical model DELFT3D. This
program is able to simulate two-dimensional (2D, depth-averaged) and three
dimensional (3D) phenomena in which the horizontal scales are larger than their
vertical length scales. The present work has been carried out using a 2D application
which is called Delft2D-MOR, in the following.

Waves, currents and bottom changes are strongly correlated and influence each other.
Therefore, the program consists of separate modules for the physical processes
connecting together in various combinations.

Delft2D-MOR is created to model irregular waves, whereas the experiments made at
the Delft laboratory were carried out with regular waves. Hence, before going ahead
with the calculations, it has been necessary to calibrate the wave parameters to
describe the wave field as close as possible to a regular wave field.

A further problem which had to be solved is the fact that diffraction is not modeled by
the program. To go round this obstacle, use is made of the directional spreading of
wave energy, which will be briefly described in the Appendix D.

Since the input values for the calculations are based upon the layout adopted for the
experiments, additional complications are generated due to the small dimensions of
the involved magnitudes (wave heights, wave period, dimension of the basin, etc.).
This circumstance entails the assumption of orders of magnitude for some parameters
which have not literature references.

In this chapter the general structure of the Delft2D-MOR modelling system will be
presented together with the separate modules. Delft2D-MOR stands for the part of
DELFT3D modeling system suitable for morphological application.

A brief description of the programs used within the modules will be presented in the
related appendices. Further detail can be found in Delft Hydraulics (1996a).

5.2 Delft2D-MOR

The modelling system Delft2D-MOR simulates physical processes by a mathematical
model. The available physical processes account for one or more of the following
physical effects and for their interactions:

waves
flow

sediment transport
bed level variations

The modeling system describes the development in time of the physical process,
starting from a given initial state.
The mathematical model description consists of equations for a 2DH area.
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5.3 The combined model

Two different module combinations have been used in the computation of the wave
set-up, as it is shown in Figure 5.3-1.

Figure 5.3-1 Different module combinations used in the computation

The first combination of the modules has been used on the assumption that the bottom
profile is fixed during the calculations.

Once the bathymetry is given, the wave computation starts. The resulting wave-
induced forces serve as input for the flow module.

Since nothing changes in the input bottom profile, there is no need to restart the
simulation, which stops after the flow computation.

The second scheme does take into account bottom changes, therefore, the sediment
transport module and the bottom module must be included in the simulation. Two
different main routes (A and B) are presented for the computation of the bed level
changes. If there is no information available on the waves and flow field, first a wave
and flow computation have to be made on the initial bathymetry (route A). These
computations are made on the assumption that the bottom level is invariant during the
wave and flow computation.

The next step is the determination of the sediment transport rate (route C). At the end
of one cycle the computed bottom changes are superimposed to the original
bathymetry. After this the next cycle starts.

If wave and flow information are available, then the route B is followed under the
following assumption. It is assumed that for small change of the bottom level the
wave height and flow pattern remain constant. This results in a simple computation of
the new flow velocities, by dividing the constant flow rate by the new depth values.
By means of this “continuity correction” the computation time reduces considerably.

The routes which should be followed in the program must be specified by a user-
supplied process tree.

The process tree is built from the bottom up. First it starts with the elementary
subprocesses, which contains the actual calls to the modules. Higher processes are
built up by combining elementary processes. A process and a lower process are linked
by a “branch” and the processes themselves are called “nodes”.

A branch is a controller for the node below it, which means that it determines whether
the subprocess has to be activated or not.
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The execution of a simulation is now the climbing up and down the branches of the
tree. Starting from the top it is checked whether the node below at the left side has to
be executed. This procedure is repeated downwards until it can not go further.
An example of a tree structure is given in Figure 5.3-2. The numbering is from the left
to the right, starting with all the end nodes and going back up to the root node.

“ Rootnode 6

~ controller V.

|

Suhplfogegjg 5

controllert. Dy - g

| subprocess ?

Figure 5.3-2 Example of a tree structure

5.4 Data communication

Relevant data used by the various modules are stored in a communication file. This
file has a nefis structure (NEutral Flle System). By means of a communication file all
inter-module data exchange takes place.

5.5 The Morsys module

The control module morsys steers the execution of the processes within Delft2D-
MOR program. In the input file used by morsys (morf.case) reference is made to the
input files of the modules to be called:

md-wave.case  for the wave module (WAVES)
md-flow.case  for the flow module (TRISULA)
md-tran.case for the transport module (TRSTOT)
md-bott.case for the bottom change module (BOTTOM)

5.6 The wave module WAVES

The wave module is the physical subprocess module which simulates the propagation
of waves and gives as a result, the distribution of wave parameters and current-driving
terms.

Due to the very significant role of waves within the morphological evolution of a
coastal area it is important predicting the wave field well. Waves stir up the bottom
material and bring it into suspension. Moreover, they are responsible for currents
yielding the sediment transport.
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The wave module makes use of the HISWA model (see Appendix D). HISWA, which
stands for HIndcast Shallow water WAves, is a numerical model for prediction of
stationary, short-crested waves in shallow water (Holthuijsen et al., 1989).

General structure

The input and output of the wave modules are defined by the user by means of
switches.

These switches determine the way the bottom depth, water level and current velocity
are taken into account by the module.

In Appendix D an example of an input file for the wave module is presented.

The succeeding procedure is generally followed. Every time the process tree starts the
wave module, the bottom and flow data are read from a user-specified file (in general
the communication file). Since the flow data computed by TRISULA is available on a
staggered grid (Appendix E), the data must be interpolated onto the HISWA input
grid. Next the HISWA computation can be executed, followed by the interpolation of
the results back onto the TRISULA grid.

5.7 The flow module TRISULA

The flow module is the physical subprocess module which simulates the non-steady
flow and water level variation from a tidal, a wave or meteorological forcing. The
flow module in Delft2D-MOR consists of the Delft3D-FLOW model (in the following
called TRISULA as it was formerly known).

TRISULA allows a 2D-horizontal or a 3D flow field computation, including the
effects of waves, wind and density differences. Within DELF2D-MOR the 2DH
version of the flow simulation field is available.

The bottom profile will be assumed fixed. The module reads the wave parameters
from the communication file of WAVES.

In Appendix E a brief description of TRISULA is given.

Communication file
The TRISULA module writes to the communication file the water level, discharge

components and velocity components.

5.8 The transport module TRSTOT

The transport module determines the sediment transport using the time-dependent
flow and wave field. The magnitude of the sediment transport will be computed by
means of a selected sediment transport relation. In the present study Bijker’s formula
is used. This formulation does take into account a bed load and a suspended load
component of the total sediment transport.

In Appendix F a short description of Bijker’s formula can be found .

5.9 The bottom module BOTTOM

The bottom module calculates the bottom changes from the transport rates following
from the transport module. The new bottom profile is superimposed to the original
bathymetry. A description of the procedure used is given in Appendix G.
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6. CALIBRATION HISWA WAVE PARAMETERS

6.1 Introduction

The following chapter will present a brief review of the wave parameters' calibration,
for further details reference is made to Schaap (1997).

In HISWA the effect of breakwaters and other obstacles are modelled. Nevertheless,
the energy dissipation induced by the obstacles is not used to generate current, but is
simply “taken out” from the further calculations. Therefore, the result current field 1s
not accurate behind an obstacle. To be able to reasonably describe the current field,
the submerged breakwaters have to be represented as variations in the bottom profile.
This choice entails that the energy dissipation over the breakwater has to be modelled
by means of the breaking parameters, instead of the transmission coefficient K..

The assumption of non-physical values for some of the wave parameters are therefore

inevitable.

6.2 Wave height

As input value for the incident wave height, HISWA requires the significant wave
height, which is a statistic parameter defined as the average height of the one-third
highest waves. This value is not proper for describing a monochromatic wave field.
Since monochromatic waves and irregular waves are very different phenomena, the
most satisfactory way to relate their height parameters seems to depend on the
particular application (Shore Protection Manual (1984)).

In the situation analysed a rational approach is to equate the average total wave energy
in both monochromatic and irregular wave trains. For sinusoidal, non-breaking waves
it reads:

H - H m0 ( 6 2 1)
=5 X
where H = monochromatic wave height
H,, = significant wave height of irregular waves

In deep water H,, is approximately equal to H, whereas in shallow water and for
breaking waves, the difference between H,,, and H, can be 30%.

A precise computation of the relationship in shallow water is much more difficult.
Therefore, equation (6.2-1) is considered a reasonable approximation.

The work presented in this report deals mainly with the wave set-up, as already said
before. The wave set-up is a phenomenon involving the action of a train of many
waves. Considering an irregular wave field, it is necessary to select which wave
height has to be used to calculate the wave set-up. The very high waves in the
spectrum are too infrequent to make a significant contribution in establishing wave
set-up. For this reason, the use of the significant wave height H; is recommended
(Shore Protection Manual (1984)).

If the wave energy, dissipation and, hence, driving forces are to be represented, H,,

value (H,,, = H,, / \2) gives the best representation.

rms
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In HISWA the wave height H = 0.12 m has been modelled as H; = 0.17 m.

6.3 Directional spreading (DSPR)

DSPR is an acronym for directional spreading. This function enables the simulation of
the phenomenon of diffraction which is not modeled by HISWA (see Appendix D).

To choose a magnitude for the directional spreading, another computer model, named
CREON, is used as a reference. CREON, developed by Delft University of
Technology and Rijkswaterstaat, is able to model both regular and irregular waves
and does take into account diffraction.

Contrary to the situation with emerged breakwaters, in the case of submerged
breakwaters, diffraction is not one of the most important phenomena. The outcome of
the calibration confirms this, leading to a rate of directional spreading which is rather
small.

The result of the calibration yields a directional spreading of 10.2 degrees (ms = 30).

6.4 Breaking parameters

The breaking parameters which have to be set after calibration are the deep water
breaking index 7,, the shallow water breaking index v, and the dissipation coefficient
.

The calibration is based on the assumption that the chosen parameters would be
considered correct if the wave field generated by HISWA satisfactory correspond to
the measured wave field.

The shallow water breaking index 7, is defined as the ratio between the maximum
wave height H,, which can exist at the given depth, and the water depth h (H,/h). By
modifying this coefficient the maximum wave height H,, changes consequently. This
variation yields the shifting offshore or onshore (decreasing or increasing of ¥y,
respectively) of the breaker line.

The dissipation coefficient o determines directly the magnitude of the wave
dissipation (see Equation D.2-3). Therefore, by increasing this coefficient the bottom
induced wave breaking increases.

The calibration shows that a better accuracy in modelling of the dissipation at the
submerged breakwater (high values of o), causes small inaccuracies in reproducing
the wave field farther behind the obstacle and vice versa.

At the first instance the choice of the coefficients is mainly due to the fact that this
study deals with the effects of a submerged breakwater on hydrodynamics (and
morphodynamics). Moreover, the wave field further behind the breakwaters has not
been measured and the actual knowledge about the developing of the wave heights
close to the shoreline is very little. Consequently, there are not many data available for
calibration purpose in this region.

For these reasons it seems wiser to model the dissipation at the submerged breakwater
as accurate as possible and thus chose high values of .

The result of the calibration yields v, = 1.0, v, = 2.0, o = 8.
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Especially v, = 2 and o = 8 are, in fact, completely out of reasonable range (y, ~ 0.8

and o = 1 are usual).

Figure 6.4-1 show the comparison between HISWA calculation and measured wave

heights in a cross-section with

breakwater, while in Figure 6.4-2 a cross-section

without breakwater can be seen (from Schaap (1997)).
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Fig. 6.4-1 Wave height comparison between measurements and HISWA computation - cross-section in
line with a submerged breakwater (from Schaap (1997))
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Fig. 6.4-2 Wave height comparison between measurements and HISWA computation - cross-section in

line with a gap (from Schaap (1997))
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7. 2DH SIMULATION, FIXED BOTTOM PROFILE

7.1 Introduction

The first set of simulations is carried out on the assumption that the bottom profile is
invariant during the calculation.

The simulations described in the following are performed with regular, normal
incident waves. The layout of the calculations is based on the configurations of the
experiments described in Chapter 2, Section 2.1.2. Three series of simulations are

carried out (see Table 7.1-1).

Wave Wave height | No breakwater | Two breakwaters | Three breakwaters

period A C D
T=1.55s H=0.08m Al Cl Dl
T=155s H=0.10m A2 C2 D2
T=155s H=0.12m A3 C3 D3

Table 7.1-1 Wave condition used for the simulation

The first sections will describe the input used for the computations. After this, the
results of the simulations will follow.

7.2 The process tree

The process tree presented in Figure 7.2-1 is used in order to determine the wave
field. The process to be simulated, represented by the root node number 4, exists in
one execution of subprocess 3. Subprocess 3 is simulated by the wave module
(HISWA). The flow module (TRISULA) is executed as a stand alone module, using
the wave field generated by the process tree.

First a wave computation is made by executing one time (stop criterion of controller I)
the wave module. The communication file so created will be read by the flow module.
TRISULA will start each time until a stationary flow field is reached, which occurs
when the change of the flow velocity is negligible.

At the end of the flow computation the wave-induced current and the wave set-up are

known.
The effect of flow on waves is not taken into account.

<§u?pmcess (3?)

[HISWA’

TRISULA

Figure 7.2-1 Used process tree
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7.3 Input files

7.3.1 Wave file

The input grid

The input grid for the wave module consists of a rectangular grid with dimension 14.1
by 29.5 m, covering the entire area of interest. The shorter side is parallel to the wave
propagation (the x-direction), while the longer side is parallel to the shoreline (the y-
direction). The mesh sizes are 0.10 m in the x-direction and 0.50 m in the y-direction.
In all grid points the bottom depth is given according to the experiment layouts. The
depth values are positive downwards, the submerged breakwaters are represented by a
variation in the bottom depth.

Figure 7.3-1 shows the different grids.

In this case, the x- and y-axis are respectively the y- and x-axis of the basin of the
laboratory experiments.

Input grid HISWA
----------- TRISULA grid
————————— Computational grid HISWA

Figure 7.3-1 Different grids used for the computation

Computational grid and boundary conditions

In contradiction with the basin, along lateral sides it is necessary to implement open
boundaries, since the wave model does not permit reflective boundaries along these
sides. This implies that along each lateral side of the grid a region exists where the
wave field is disturbed by an import of zero energy from the lateral boundaries
(Figure 7.3.1-1). Therefore, the computational grid is taken, in y-direction, longer than
the area of interest (the input grid).

Outside the input grid, HISWA assumes that the bottom level and the friction
coefficient are identical to those at the nearest boundary of the input grid. For the
current and wind velocity, 0 m/s is taken for points outside the input grid.

The mesh size in y-direction is chosen equal to the Ay of the input grid (0.50 m).

The mesh size in x-direction is now determined by both the conditions of numerical
stability imposed to the HISWA computation (Appendix D, Equation D.3-1) and to
the TRISULA computation (Section 7.4), i.e. Ax equal to 0.2 m.
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Figure 7.3.1-1 Disturbed region in the computational grid

Wave data

The wave height and the wave period in HISWA should respectively be given as the
significant wave height H, (see Chapter 6, Section 6.2) and the peak wave period T,
According to the different experiments done, different significant wave heights are
given:

H,=2H=017Tm for H=012m
H,=\2H=0141m for H=010m
H,=2H=0113m for H=008m

The wave period is T, = 1.55 s for every experiment and therefore, for each

computation.
The waves are approaching normal to the shoreline which entails a wave direction of

0° in HISWA module.
The spreading factor ms (see Chapter 6, Section 6.2) is taken equal to 30.

Dissipation due to wave breaking

The wave-breaking induced dissipation is computed according to the energy
dissipation model of Battjes and Jansen (1978).

Outside the breaker zone the wave decay is rather weak and the time-mean dissipated
power D, can be neglected entirely.

Inside the surfzone, the dissipation of wave energy in the breaking process is
dominant.

The mean dissipation of breaking random waves per unit area, reads:

a
D, =% pf, O, (7.3.1-1)

where D, = time-mean dissipated power per unit area; the subscript b states
for “breaking”-induced
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o = calibrated parameter (see Chapter 6, Section 6.4)
mean wave frequency

Q, = fraction of broken waves

H_. = maximum possible wave height

-t
il

max

The fraction of broken waves reads:

1-9 _ _[ Hj (7.3.1-2)
mo,  \H

max

The maximum possible wave height reads:

2
kh
H_ = Z"—tanh(—}i‘—) (73.1-3)
k Va
where v4 = breaker coefficient for deep water =1
v, = breaker coefficient for shallow water = 2
k = wave number

h = water depth

The water level
The initial water level is taken constant and equal to the still water level. In HISWA

the water level is defined relative to the horizontal plane from which the bottom
depths are measured. The still water level corresponds to the value zero.

7.3.2 Flow input

Input grid

The TRISULA input grid has dimension of 14.2 m by 30 m, larger than the HISWA
input grid, due to the fact that TRISULA makes use of a staggered grid (see Appendix
E). The mesh sizes are equal to the HISWA’s input grid (0.1 m in x-direction and 0.5
m in y-direction).

Water level
The initial water level is defined at 0 m.

Bottom friction
For a depth-averaged flow, the shear stress on the bed induced by a turbulent flow is

assumed to be given by a quadratic friction factor law:

7,=p ng uf’ (7.3.2-1)
2D

where C’, = 2D-Chézy coefficient
18] depth-averaged horizontal velocity

The 2D-Chézy coefficient is determined according to the White-Colebrook’s
formulation and reads:
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12h
C,p = 1810g,0(—l;—) (7.3.2-2)

5

where h = total water depth
k, = Nikuradse roughness length

S

The Nikuradse roughness length k_ is taken equal to 0.01 m to take into account the
bed forms.

Eddy viscosity
A uniform horizontal eddy viscosity equal to 0.1 m?/s is applied in the model.
Since a 2DH version of the model is used, the vertical eddy viscosity is not important.

Numerical stability
For the computational time step in TRISULA it is required that the Courant number is

smaller than 10:

At
o*=ﬂ/ghzx-le (7.3.2-3)

The mesh size in x-direction Ax is equal to 0.2 m. This fact leads to have a very small
time step At equal to 0.06 s. Nevertheless to ensure a reasonable accuracy in the
computation the mesh Ax can not be chosen larger.

The computation time step is taken 2 minutes which means 200 computational steps
each time the flow module is started by the process tree.

Initial and boundary conditions

To get a well-posed problem, a set of initial and boundary conditions for water levels
and horizontal velocities must be specified. It is assumed that initially the model is at
rest (‘cold start’). The velocities are zero everywhere.

Open boundaries are introduced to obtain a limited computational area. Along the
seaward boundary an open boundary is chosen characterised by a constant water level.
Waves can cross open boundaries unhampered and without reflections. In a model this
property must be included in the boundary conditions. A weakly reflective boundary
condition is chosen in order to reduce the spin-up time of the model.

The assumption of an open boundary condition at the seaward boundary, allows water
to come into the basin, in contradiction with the laboratory layout.

In order to compensate the increased average water level, which is approximately 0.01
m, the water level condition at the seaward boundary is taken equal to -0.01 m below
the zero level (still water level).

Further and more detailed explanations about the module can be found in the
TRISULA manual.

7.4 Results

7.4.1 Introduction
In the following sections the results of the simulations are discussed.
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A description of the outcomes, performed with a wave height of 0.12 m, is detailed. In
order to better understand the analysis, the reader is suggested to refer to the
appropriate appendices, in which a series of figures, taken from the computations, is
included. These figures are obtained by means of a graphical program named GPP,
which is able to use output data of Delft2D-MOR. It has to be noticed that in these
plots the axis-system has somewhat changed. The origin, which represents the
seaward boundary, is equal to 100 for both the y- and x-axis.

Some Excel figures are included in the text. In this case, the orientation followed is
the same of the basin of the laboratory experiment defined in Chapter 2, Section 2.2.
A qualitative comparison with the measurements, carried out during the laboratory
experiments, is illustrated, presenting the possible causes for the discrepancies
between simulation outcomes and measurements.

The computations performed with a wave height of 0.10 m will not be described, due
to the fact that the results obtained are rather similar to the ones related to the
simulation with 0.12 m wave height. The smallest wave height (H = 0.08 m) seems
not to be highly influenced by the submerged breakwaters. Therefore, only the plots
concerning the simulations are given in the appendices.

The stationary situation is achieved already after 2 minutes (see Figure 7.4.1-1 and
Figure 7.4.1-2). After this time, the changes in the flow velocity and of the water level
are already negligible. In fact, the stationary situation in the case of a rigid bed is
reached even before two minutes; nevertheless, in order to avoid instability in the
computations with a movable bed, the TRISULA computation lasts more than the
minimum time requested to obtain a stationary field. The computation is then stopped,
yielding the water level and the current field. These results are the initial states for the
further simulations carried out by means of the sediment transport and bottom change
modules (see Chapter 8).

History velocity y-direction History water level
0, 0.004
-0.01 ., 0.003 L
-0.02 4 0.002 +
— — 0001 +
= 0.03 S E o
E 0w, = i
Z .
Z 0. £ 0001
2 g -0.002
2 0064 $ 00
-0.07 - 0004 |
-0.08 - -0.005 |
-0.09 . -0.006 S—
00.00.0 01.00.0 02.00.1 00.00.0 01.00.0 02.00.1
mm ss.0 mm.ss.0
Figure 7.4.1-1 History velocity in y-direction Figure 7.4.1-2 History water level at one
at one location location

Through out the following sections, ‘left’ and ‘right’ of the basin, if not otherwise
specified, will be referred to while facing the shoreline.

7.5 Simulation A3 - no submerged breakwater
The figures are included in Appendix H3.

Wave field
The contour map of the initial wave field is illustrated in Figure H3-1.
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Without submerged breakwaters there is no longshore variation in the wave field.
Approaching the shoreline, the wave heights increase due to shoaling. This
phenomenon is made more clear by the wave height distribution over one cross-
section plot in Figure 7.5-1. Due to a regular wave field approaching perpendicularly
to the shoreline, a shore-parallel breaker line develops. The wave height decay agree
with this, showing for every cross-section the same development.

The wave force distribution plotted in Figure H3-2 confirms the regularity of the wave
field, as every longshore-section is characterised by the same pattern.

The energy dissipation contour map is illustrated in Figure H3-3. Also in this case,
due to the regular wave field, no longshore variations in the wave energy dissipation
pattern can be seen.

When the water becomes shallower the waves start breaking inducing wave energy
dissipation (see Figure 7.5-2).

Simulation A3 - Initial wave height distribution
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Figure 7.5-1 Initial wave height distribution over one cross-section
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Figure 7.5-2 Initial dissipation curve over one cross-section
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Initial average water level

The contour map of the initial average water level is presented in Figure H3-4.
Without submerged breakwaters the average water level is uniform over the entire
basin, increasing towards the shoreline, in the breaking zone.

No longshore gradient occurs in the mean water level, therefore no longshore current
is generated.

In Figure 7.5-3 the development of the average water level over one cross-section is
shown. The mean water level approaches the breaker line unaltered, whereas,
according to the radiation stress theory, a wave set-down should be developed in this
area. The explanation of this phenomenon can be sought in the way the average water
level is computed by the numerical model. The driving forces of wave-induced
currents and consequently the mean water level, are determined in terms of the wave
energy dissipation rather than in terms of the radiation stress. In the following, a brief
explanation of this approach is given. Indeed, as the radiation stress tensor can be a
rapidly varying function of the spatial coordinates, numerical differentiation can lead
to poor results. Moreover, a large part of the driving force per unit volume can be
shown not to generate current (the irrotational part) and it is omitted from the force
computation. According to Dingemans et al. (1987), the rotational part of the wave-
induced force per unit mass is closely proportional to the wave energy dissipation per
unit area. Furthermore, examples show that the formulation of the driving force in
terms of the wave energy dissipation is more robust than the approach in which the
forces are obtained by numerical differentiation of the radiation stress tensor.

Since wave dissipation occurs only in breaking phenomena, the average water level
presents a horizontal profile until the breaker line and, then, it starts rising.

Flow computation

The current field is plotted in Figure H3-5. The irregularities in the flow field are
probably a consequence of small inaccuracies which occur during the simulation. It
has to be noticed that the order of the magnitude of the arrows plotted in Figure H3-5
is so small that the irregularities are considered negligible.

Simulation A3 - Initial average water level
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Figure 7.5-3 Initial average water level over one cross-section without submerged breakwater
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7.6 Simulation C3 - two submerged breakwaters
The figures are included in Appendix I3.

Wave computation

The contour map of the initial wave field is detailed in Figure 13-1. The influence of
the submerged breakwaters upon the wave height can be seen. The incoming wave
starts breaking on the crest of the structure causing a decay in the wave height.
Although wave diffraction is not accounted for in the program, the use of the
directional spreading seems to lead to reasonable results for the area in the lee of the
breakwaters.

Since the length of the two submerged breakwaters is different, different behaviour
over the two structures is to be expected. It is, indeed, interesting to observe the
development of the wave heights over the longer submerged breakwater. The wave
heights gradually decays from the corners to the middle of the structure, showing a
rather large area in which the influence of the tips of the submerged breakwater is not
felt. The wave heights are smaller compared with the area behind the shorter
submerged breakwater.

The consequence of the different lengths of the structures is illustrated also in the
wave height distribution details in the Figure 7.6-1. In the lee side of the longer
submerged breakwater (x = 12.5 m), the wave height shows a slower increase
compared to the wave height behind the shorter submerged breakwater (x = 24.5 m).
Approaching the shoreline, the presence of the structure weakens, yielding a quite
uniform pattern along the coast.

The increased wave height, in the region landwards of the structures, is due to the fact
that waves stop breaking. This phenomenon might be caused by a shortcoming of the
wave model. As characterised by Svendsen et al. (1978), in the region right after
breaking, for a horizontal distance of several times the water depth at the breaking
point, a rapid transition of wave shape takes place. After that, a well-organised, quasi-
steady breaking motion develops.

In HISWA the rapid transitions of wave shape in the region right after breaking is not
taken into account. In fact, close behind the submerged breakwaters the bottom depth
is deep enough to let waves unchanged. Since the bottom depth is the only parameter
which is checked by HISWA as breaking condition, when the depth increases, the
waves stop breaking, to start again closer to the shoreline.

The situation detailed above can be also observed if considering the pattern of the
wave force (Figure 13-2). Just behind the submerged breakwater, the wave force
reached its maximum due to the great dissipation induced by breaking. The sheltered
area is characterised by wave force almost equal to zero, whereas towards the
shoreline it slowly increases. The zone in line with the gap presents a homogeneous
increase in the wave force approaching the coast.

In line with the gap, the wave height development presents a slight increase towards
the breaker line due to shoaling, followed by a normal final decay closer to the coast,
while breaking occurs. In the gap, the wave height is smaller than in the same cross-
section in the situation without submerged breakwaters (see again Figure 7.5-1).

The wave height in the area close behind the submerged breakwaters is much smaller
than in the area of the gaps.
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Simulation C3 - Initial wave height distribution
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Figure 7.6-1 Initial wave height distribution over different cross-sections

The energy dissipation contour map is plotted in Figure I3-3. The maximum energy
dissipation occurs over the breakwaters as Figure 7.6-2 details. The energy
dissipation, in line with the longer submerged breakwater, presents a smaller increase
approaching the shoreline due to the less diffraction.

In line with one gap the energy dissipation pattern shows a mild regular increase
towards the breaker line.

The same amount of wave energy has to be dissipated in every cross-section.
Therefore, the area under the three dissipation curves should be the same. Although
from the figure it is hard to say, probably this is the case, since the development of the
dissipation curve at the shoreline is not known.

Simulation C3 - Intial dissipation curve
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Figure 7.6-2 Initial dissipation curve over different cross-sections

Computed average water level
The contour map of the initial average water level is illustrated in Figure 13-4.
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In the area seawards of the submerged breakwaters, the average water level shows a
slight decrease. This phenomenon can not be called ‘wave set-down’, as the average
water level is determined in terms of the wave energy dissipation. An explanation
might be that, due to the presence of the submerged breakwater, water has to be
‘forced’ to flow towards the seaward side of the submerged breakwater, to be able to
pass over it. As a consequence, in the area seawards of the submerged breakwaters, a
gradient in the mean water level sloping down from the gaps towards the middle of
the structures, occurs. The circulation cells, developed around the tips of the
submerged breakwaters, confirm this circumstance.

Figure 7.6-3 shows the development of the average water level over different cross-
sections. In the lee of the submerged breakwaters, the average water level remains
horizontal for some distance, since waves stop breaking due to the increased water
depth.

The consequence of the different lengths of the submerged breakwaters, found in the
wave heights pattern, can be noticed in the average water level as well. Right
landwards of the longer structure, where the influence of the diffraction is not felt, the
average water level shows higher levels in comparison with the area behind the
shorter breakwater.

In the gap (see also Figure 7.6-3), the average water level is influenced by the
presence of the submerged breakwaters, showing a wave set-up starting later than in
the case without submerged breakwaters (see Figure 7.5-3).

In comparison with the cross-sections in line with the submerged breakwaters, the
mean water level rises more slowly towards the shoreline due to the influence of the
mild slope of the bottom.

Closer to the shoreline the development of the mean water level is similar to the
breakwater cross-section’s.

Simulation C3 - Initial average water level over different cross-sections
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Figure 7.6-3 Initial average water level over different cross-sections

The longshore gradient in the average water level is noticeable in Figure 7.6-4. In the
area close behind the submerged breakwaters the difference in the wave set-up is
higher, whereas it becomes less pronounced landwards, as the influence of the
structure over the waves is almost negligible.
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The large gap on the right side of the basin generates a pronounced gradient in the
wave set-up, sloping down towards it, which will induce a very strong current.

Simulation C3 - Initial average water level
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Figure 7.6-4 Simulation C3 - 3D view initial average water level

Flow computation

The initial flow field is detailed in Figure 13-5. Due to the longshore gradient in the
average water level, a longshore current develops towards the gaps. Closer to the
shoreline, the magnitude of the current decreases remarkably, although the influence
of the longshore current is still noticeable.

Two circulation cells form around the tips of the submerged breakwaters which do
agree with the flow field observed during the laboratory experiments.

In the area landwards of the submerged breakwaters, the velocities point towards the
gaps, in agreement with the slope of the gradient in the average water level. Seawards
of the tips of the structures, the lower mean water level induces the current towards
the middle of the submerged breakwaters yielding the above mentioned circulation
cells. The same pattern is noticeable in Figure 7.6-5 in which the depth-averaged
velocities, measured during the first 1.5 hours of the laboratory experiment, are
shown.

The different lengths of the submerged breakwaters effects also the current field,
which shows smaller values landwards of the middle of the longer submerged
breakwater.

Over the submerged breakwaters a strong current develops, as a consequence of the
breaking, which will induce a remarkable erosion at the toe of the structures.

The gap at the right side of the basin, facing the shoreline, generates a stronger current
which is matched by the pattern of the average water level.

The current is much stronger in this case than in the case without submerged
breakwaters (Figure H3-5).

By analysing the average return flux illustrated in Figure 13-6 it is possible to forecast
the initial development of the bottom profile. Close to the shoreline the direction of
the arrows clearly indicates the presence of an offshore sediment transport. Going
towards the submerged breakwaters the velocities start bending in the direction of the
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gaps; this will yield a longshore sediment transport which in turn will generate a
strong erosion right landwards of the submerged breakwaters. The magnitude of the
return flux increases going towards the gaps.

Depth-averaged velocities - t = 0:00h - 1:30h
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Figure 7.6-5 Test C3 - Measured depth-averaged velocities

By comparing the outcomes of this simulation with the outcomes of the simulations
with smaller wave heights (cases C1 and C2, figures in Appendix I1 and Appendix
I2), the patterns of the wave and the flow field and of the mean water level are
approximately the same, while the order of magnitude is smaller.

7.7 Simulation D3 - three submerged breakwaters

The figures are included in Appendix L3.

Wave computation

The contour map of the initial wave field is visible in Figure L3-1. The influence of
the breakwaters upon the wave height can be seen; when waves feel the breakwater
they start breaking, which entails a decay in the wave heights. Close behind the
structures, a decrease from the tips to the middle of the breakwaters can be seen. The
influence of the submerged breakwaters weakens towards the shoreline and
consequently the longshore variation in the wave heights lessens.

The wave force distribution (see Figure L3-2) shows the influence of the tips of the
breakwaters on the direction of the waves. The arrows around the breakwaters slightly
bend towards the middle of the structures.

The wave height distribution, detailed in Figure 7.7-1, shows the wave height decay
over the cross-sections in line with one submerged breakwater (x = 15.5 m) and with
one gap (x =20 m).

Approaching the submerged breakwater, the wave height has undergone a small
increase, followed by a steep decay due to breaking. In the region behind the structure,
the wave height slightly increases. After that, the final decay towards the shoreline
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takes place. As already explained in the previous simulation (see Section 7.6, wave
computation), this evolution is probably due to a shortcoming of the wave model.

The wave height decay over the cross-section in the gap is quite different. The wave
approaches the breaker line, slightly increasing its height due to shoaling. Compared
to the simulation without submerged breakwaters (Figure 7.5-1), a smaller wave
height can be seen, due to the influence of the submerged breakwaters.

Closer to the shoreline the waves break, yielding a slow and steady decay in the wave
height.

The wave height right behind the submerged breakwater is much smaller than the
wave height in the cross-section in line with the gap.

Simulation D3 - Initial wave height distribution
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Figure 7.7-1 Initial wave height distribution over different cross-sections

The energy dissipation contour map is plotted in Figure L3-3. The maximum energy
dissipation occurs over the breakwaters (see Figure7.7-2). Waves approach the
submerged breakwater unaltered, therefore, no dissipation takes place in the zone
seawards of the structure. The high peak in the dissipation curve corresponds to the
position of the submerged breakwater, characterised by a sudden change in the bottom
depth which induces breaking. Nevertheless, after this point the dissipation rapidly
falls to zero which means that the waves stop breaking.

The pattern of the dissipation curve referring to the breaker line close to the coast
shows a milder increase and decrease due to the breaking induced by a gentle
variation of the slope.

The dissipation curve over the cross-section in the middle of one gap presents the
same mild increase and decrease of the second half of the previous curve. In this case,
though, the breaker line is more seaward and the dissipation is bigger.
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Simulation D3 - Initial dissipation curve
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Figure 7.7-2 Initial dissipation curve over different cross-sections

Computed average water level

The contour map of the initial average water level can be seen in Figure L3-4.
Approaching the submerged breakwaters, a slight decrease can be seen, which is not
due to the wave set-down, as the average water level is determined in terms of the
wave energy dissipation.

Over the crest of the submerged breakwater the waves start breaking yielding an
increased average water level. Close behind the structure the waves stop breaking to
start again closer to the shoreline. This behaviour is reflected in the average water
level, see Figure 7.7-3. After the initial increase of the mean water level, the pattern
shows a horizontal line which indicates that no wave dissipation occurs (the waves
stop breaking). Close to the shoreline the average water level rises, since the waves
start breaking again.

In line with the gaps, the average water level presents a development quite different
(see again Figure 7.7-3). The wave set-up starts more seaward, but the mean water
level rises slower towards the shoreline. This phenomenon can be explained by
considering the mild slope of the bottom. In the situation without submerged
breakwaters (Figure 7.5-3), the average water level rises later.

Simulation D3 - Initial average water level over different cross-sections
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Figure 7.7-3 Initial average water level over different cross-sections
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The longshore gradient in the water level is evident in Figure 7.7-4. The difference in
the wave set-up is higher in the area behind the submerged breakwaters. This gradient
will induce a strong longshore current pointed towards the gap (see Figure L.3-5),
which in turn will cause a very big sediment transport.

Closer to the shoreline the differences become smaller, since the influence of the
submerged breakwaters lessens towards the coast.

Simualtion D3 - Initial average water level
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Figure 7.7-4 Simulation D3 - 3D view initial average water level

Flow computation

In the area around the tips of the submerged breakwaters two circulation cells develop
(see Figure L3-5), in agreement with the flow field observed during the laboratory
experiments. The gradient in the average water level is matched by the flow field. The
water flows back through the gaps generating a strong current towards them. The
lower average water level right seawards the submerged breakwater forces the current
at the tips of the structures towards this point, generating as a result, the two
circulation cells.

Towards the shoreline the current lessens. Nevertheless, a weak longshore current,
pointed towards the gaps is still noticeable.

The current field is not symmetrical to the submerged breakwater due to the
asymmetry of the layout of the basin. The velocities do not split up towards the gaps
in the exact middle of the structures in agreement with the measured depth-averaged
velocities represented in Figure 7.7-5. The larger gap at the right side of the basin
creates a stronger current which forces the velocities towards this area.

The current field is stronger than the current field obtained in the simulation without
submerged breakwaters (Figure H3-5).

Since the return flux is the main driving force for the sediment transport, it is possible
to draw some conclusions about the development of the bottom profile from the
directions and the magnitudes of the arrows plot in Figure L3-6.

In the area close to the shoreline the arrows indicate the presence of an offshore
current which will cause an offshore sediment transport. Landwards of the submerged
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breakwaters the velocities bend towards the gap yielding a longshore sediment
transport which will induce in turn erosion at the toe of the structures.
Towards the gaps the current is stronger which will entail a large accretion in these

regions.
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Figure 7.7-5 Test D3 - Measured depth-averaged velocities

By comparing the outcomes of this simulation with the outcomes of the simulations
with smaller wave heights (cases D1 and D2, figures in Appendix L1 and Appendix
L2), the patterns of the wave and flow field and of the mean water level are
approximately the same, while the order of magnitude is smaller.

7.8 Conclusions and remarks

The comparison of the computation results with the measurements highlights some
discrepancies in the outcomes. Multiple factors cause these differences.

Nevertheless, the pattern of the current field computed and measured is quite
matching. The measurements pointed out a strong return flux generated through the
gaps between the submerged breakwaters and this phenomenon does agree with the
outcomes of the simulations.

The average water level is very difficult to compare due to the limited measurements
and to the shortcomings of Delft2D-MOR.

Although in the simulations, waves immediately react to the presence of the
submerged breakwater, whereas in reality there is a time-lag before the structure
influences the wave field, the pattern of the simulated average water level around the
submerged breakwaters is rather coherent with the measured one. The gradient in the
longshore direction generates a strong current as it is pointed out in the test results.

In the simulations, once the waves have passed the crest of the submerged
breakwaters, they immediately stop breaking. This phenomenon represents an
important shortcoming of the wave module, which limits the possibility of improving
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knowledge about the influence of the submerged breakwaters on the average water
level in the breaker zone.

In shallow water the equipment used during the laboratory experiments is in general
not able to carry out measurements, therefore, it is very important to improve the
numerical model to reasonably simulate the wave pattern in this area.

It is worth to remind that the program Delft2D-MOR is still in a developing stage.
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8. 2DH SIMULATION, MOBILE BOTTOM PROFILE

8.1 Introduction

In this chapter the results of the simulations, carried out with sediment transport and
bottom changes included, are discussed.

The first section will deal with the Delft2D-MOR input file. After this, the results of
the computations performed with three submerged breakwaters and without
submerged breakwaters will be analysed.

8.2 Used process tree
The process tree used to determine the wave set-up and the bottom profile variations
is presented in Figure 8.2-1.

f
¢/ Subprocess 5
controller \ ‘
”HISWA 'Subﬁfocess g
_ TRISULA |
. nodel controlle’r~11,// . ((eontroller T

.

SED
TRANSPOR

node 2 ‘

Figure 8.2-1 Used process tree

The process to be simulated here (represented by the root node 6) exists in one
execution of subprocess 5. Subprocess 5, in turn, is simulated by the wave-flow
module and subprocess 4. This last subprocess is alternately simulated by the
sediment transport and the bottom module.

First a computation is made by executing in sequence the wave and the flow module
once (stop criterion of controller I). This procedure does not differ from the one
explained in the previous chapter (see Chapter 6, Section 6.2), apart from the fact that
in this case the TRISULA module is run directly within the same elementary
subprocess. This situation must not confuse the reader. The reason way in the
previous simulations two separate modules have been used, is simply to allow the user
to become more familiar with the program itself.

When, after the first computation, the wave-driven current and the wave set-up are
known, the others two modules are started. The wave and flow data are now used by
the sediment transport module to compute the sediment transport rate which in turn is
used to update the bed-level in the bottom module.

If the specified simulation time is not yet reached (controller V), the sediment
transport and the bed-level computation will be repeated maximally 30 times
(controller IIT) with use of the “continuity correction” (see Chapter 5, Section 5.3).
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After this, the simulation comes back to HISWA and TRISULA modules to update
the wave and flow field.

The transport and bottom modules are executed with the automatic time step
procedure described in Appendix G. Controller IV will stop the transport and bottom
computation if the maximum of 30 executions or if the specified time of controller V
is reached.

8.3 Input description
Since the input files concerning the wave and the flow module are the same as the
ones presented in the previous chapter, the reader is referred to Chapter 7 for any

details.
In the following section the input files for the transport and the bottom module will be

briefly illustrated.

Transport and bottom input

Transport formula

To implement the chosen transport formula (Bijker with wave effect, see Appendix
F), the user must specify the parameter b in the input file of the TRSTOT module.
This parameter, in the bed load formula, depends on the relative activity of the waves
(breaking or not) which is expressed in the ratio H,,/h. Two values can be given to
the coefficient b: one for shallow water (high values of H,,/h) and one for deep water
(low values of H,,/h ), while for the intermediate water depth, the b value is linearly
interpolated. The following values refer to shallow and deep water respectively (wave
height H=0.12 m):

b =35 H_/h>0.79
b =2 H_/h < 0.08

Furthermore, the following values are used:

dyy =75 [um] = median diameter

dy, = 100 [um] = particle size larger than 90% of the weighted material
w = 0.006 [m/s] = fall velocity of the grains

p, = 2650 [kg/m’]= sediment density

p = 1000 [kg/m’]= water density

e =04 [ = porosity of bed material

% = 1.0e-6 [m*/s] = kinematic viscosity of water

r, = 0.025 [m] = roughness length

Physical slope effect

The Bijker formula does not take into account the effect of the bed-level gradient. By
means of a multiplication factor, depending on the bed-level gradient, this effect can
be included. The correction term reads:

P
%ﬂ+%2? (8.4.1-1)
AY

76




The sediment transport after the correction of the physical slope is given by:
S=aS (8.4.1-2)

where S’ = [m’sm] = sediment transport according to the Bijker formula
The coefficient o, is assumed equal to 1.

Numerical stability
To ensure stability in the used numerical scheme for the bottom computation,

numerical diffusion must be brought into it. This is obtained by introducing a slope-
dependent correction term like the physical slope correction term. The stability term

o, reads:

(8.4.1-3)

oz
a": 1 + ann 5;

The sediment transport rate will be multiplied by this expression. For the coefficient
a,, a number of options are available. A coefficient based on the bed level celerity
b,S/h is used, in which S is the sediment transport rate, h is the water depth and b, is a
constant to be chosen properly.

The following option is used:

a,,= 05, (éh—) dl (8.4.1-4)
where b, = 5.0 = power of transport relation
a,= 1.0 = stability coefficient
dl = local grid cell length
h = averaged water depth over the time interval used in the bottom
computation

The sediment transport including the physical slope effect and the numerical stability
correction term yields:

S=aas (8.4.1-5)

The computation is carried out by means of the automatic time step option (see
Appendix G).
The maximum Courant number for the time step calculation is chosen equal to 0.8.

8.4 Results
The layout of the computations is shown in Table 8.4-1:

Time period | Wave height | No breakwater | Three breakwaters
A D
T=155s H=0.1 m A2 D2
T=155s H=0.12m A3 D3

Table 8.1-1 Wave condition used for the simulation
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This section will concern only the outcomes of the simulations A3 and D3. The results
of the other computations are rather similar to the previous ones, respectively.
Therefore, they will be omitted in this work.

For further analysis, reference is made to Schaap (1997).

The simulations last 7.5 hours, the same as the laboratory experiments. After 7.5
hours the bottom profile of the model should have undergone the same variations as
the basin bottom profile. Nevertheless, it will be noticed that the results of the
simulations do show some discrepancies.

A cause for these discrepancies might be the shortcomings of the program itself.
Though the sediment transport is not a topic of this study, this aspect of the simulation
will be briefly considered in the following.

A more detailed analyses about sediment transport can be found in the master thesis of
Schaap (1997).

During the computations it was observed that the water depth, taken into account to
determine the optimal time step (see Appendix G), was too close to the shore line,
yielding a very small computational time step. In order to avoid this, the grid
enclosure, used by TRISULA to limit the computation domain, is taken shorter than
the bottom grid in y direction. Nevertheless, the accuracy of the simulation does not
diminish since in very shallow water the equations used by the program are not valid.
The landward boundary for the flow field computation during the 7.5 hours is
determined by the initial shoreline. Delft2D-MOR is not able to model the retreat of
the shoreline. This shortcoming will imply inaccuracies in the outcomes, mainly
influencing the sediment transport.

Through out the following sections, ‘left” and ‘right’ of the basin, if it is not otherwise
specified, will be referred while facing the shoreline.

It is not possible to draw any quantitative considerations from the outcomes due to the
presence of the inaccuracies mentioned above.

8.4.1 Simulation A3 - without submerged breakwaters

Transport and bottom computation

The contour map of the initial bottom profile is plotted in Figure M1-1.

After half an hour of simulated wave action, as the initial sediment transport, which is
shown in Figure M1-2, is rather small, the bathymetry does not present any significant
changes (see Figure M1-3). Nevertheless, it can be seen from the increase of the
‘layer’ characterised by bottom depths minor than 0.3 m, that sediment is already
transported seawards.

In Figure 8.4.1-1 the development of the bottom profile during the simulation is
plotted. After half an hour a shortcoming of the program is already visible. The fixed
location of the shoreline causes the development of a trough close to the coast, which
will increase remarkably during the simulation, reaching its maximum at the end of
the simulation. The bottom profile measured during the laboratory experiment, visible
in Figure 8.4.1-2, shows a considerable retreat of the shore line with sediment
transported seaward.

Considering the bottom profile after 1.5 hours from the beginning of the simulation
showed in Figure M1-4, the sediment is transported seawards uniformly over the
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whole basin. Only at the left side a longshore component in the sediment transport can
be noticed, probably due to an amplification of a numerical noise.

In Figure MI1-5, the contour map of the bottom profile after 7.5 hours from the
beginning of the simulation can be seen. The bottom profile shows a uniform milder
slope.

The interference in the left side of the basin is amplified, yielding more remarkable
irregularities in the bathymetry. Nevertheless, the order of magnitude of the longshore
sediment transport is still very small, see Figure M1-6. After 7.5 hours the equilibrium
profile has not been reached yet, which implies that the interference, now restricted to
the left side of the basin, if the wave action lasted longer, could be propagated in the
whole basin, distorting the results of the simulation.

Simulation A3 - Bottom depth development - x=20 m
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Figure 8.4.1-1 Simulation A3 - Development bottom profile over one cross-section
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Figure 8.4.1-2 Test A3 - Development bottom profile over one cross-section

Wave computation
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The computer model was run for a 7.5 hours simulation. The bottom topography
changed considerably. With that bottom profile, the following results are discussed.
The contour map of the wave field after 7.5 hours of wave action is represented in
Figure M1-7. Approaching the shore line, the wave height increases caused by
shoaling, followed by a constant decrease started in line with the breaker line (see
Figure 8.4.1-3). This pattern is the same for every cross-section due to the simualted
regular wave field. An exception is represented by the area close to the left wall of the
basin. Here, the behaviour of the wave height is different due to the interference
caused by a numerical noise.

The wave force distribution detailed in Figure M1-8 confirms the regularity of the
wave height pattern previous observed.

When the water becomes shallower, the waves start breaking. This is confirmed by
the contour map of the wave energy dissipation (see Figure M1-9). In Figure 8.4.1-4
the comparison between the initial dissipation curve and the dissipation curve after 7.5
hours can be seen. The dissipation at the end of the simulation is smaller and less
concentrated due to the generated bar visible in the bottom profile, which allows
waves to keep on breaking towards the shore line.

Simulation A3 - Wave height distribution after 7.5 hours
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Figure 8.4.1-3 Wave height distribution after 7.5 hours over one cross-section
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Figure 8.4.1-4 Initial distribution curve and after 7.5 hours over one cross-section

Average water level and flow computation
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The contour map of the average water level after 7.5 hours of simulation is plotted in
Figure M1-10.

No longshore differences in the whole basin can be observed, apart from a region in
the left side of the basin, due probably to a numerical noise.

However, the distortion is very small and its influence on the outcomes over the
whole basin, can be neglected.

In Figure 8.4.1-5 is shown the average water level development over one cross-
section. Although the pattern does not change compared with the initial development,
the magnitude of the wave set-up decreases remarkably due to the milder slope of the
bottom.

Simulation A3 - Average water level after 7.5 hours
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Figure 8.4.1-5 Average water level after 7.5 hours over one cross-section

8.4.2 Simulation D3 - three submerged breakwaters

Transport and bottom computation

The initial contour map of the bottom profile is represented in Figure N1-1.

After half an hour of wave action the bathymetry shows already remarkable changes
(see Figure N1-2). Sediment is accumulated in the gaps between the submerged
breakwaters and erosion occurs in the lee side of the structures.

The development of the bottom profile over the cross-section in line with the
breakwater is illustrated in Figure 8.4.2-1.

After half an hour from the beginning of the computation, two significant
shortcomings of the program are already visible. First of all, the impeded retreat of the
shoreline results in the development of a trough close to the shore line. A large
amount of sediment does not come into the basin from the shoreline, in contradiction
with the measurements, leading to an unrealistic bottom profile evolution.

The second limitation of the program can be found in the pattern of the bottom profile
right behind the submerged breakwater.

As it has been explained in the general remarks of the previous chapter (see Chapter 7,
Section 7.4.2), HISWA is not able to model the quasi-steady breaking motion. This
shortcoming has a big influence in the sediment transport which is very high right
landwards of the submerged breakwaters (see Figure N1-3). The dissipation induced
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by the breaking phenomenon over the structure does not disperse towards the coast,
but it is concentrated right landwards of the submerged breakwater. Therefore, a
considerable amount of sediment is brought in suspension by the waves in this area
and transported by the current towards the gaps, giving as a result, a strong erosion at
the toe of the submerged breakwaters in the lee side.

In Figure N1-4 this is illustrated by the bottom profile after 1.5 hours. The area eroded
at the shore side of the submerged breakwater is enlarged remarkably and
consequently the shoal in the gaps between the structures increases.

Close to the shore line the bathymetry does not present remarkable variations.

The contour map of the bottom profile after 7.5 hours is detailed in Figure N1-6. The
erosion, in the area just behind the submerged breakwaters, is highly increased
reaching the bottom of the basin in some zones. The shoal in the gaps is extremely
deepened (see again Figure 8.4.2-1).

The comparison with the measured bottom profile during the laboratory experiments
(Figure 8.4.2-3 and 8.4.2-4) reveals the need of improving the model mainly in the lee
side of the submerged breakwater.

The 3D view of the bottom profile of the basin after 7.5 hours of simulated wave
action is shown in Figure 8.4.2-5.

The development of the bottom profile in the simulation without submerged
breakwater shows that the trough close to the shore line deepens faster than the trough
in the simulation performed with submerged breakwater. This result agrees with the
fact that the submerged breakwater influences the magnitude of the cross-shore
sediment transport by reducing the wave energy.

In Figure 8.4.2-6 the contour map of the calculated erosion and accretion which occur
in the basin after 7.5 hours is shown, while in Figure 8.4.2-7 the measured ones after
the same interval is given. Although it is not possible to draw quantitative
conclusions, it is noticeable that the model reproduces reasonably well the area where
accretion occurs and overestimates the erosion.

Simulation D3 - Bottom profile development - x=15.5 m
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Figure 8.4.2-1 Simulation D3 - Development bottom profile over one cross-section in line with a
submerged breakwater
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Simulation D3 - Bottom profile development - x=20 m
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Figure 8.4.2-2 Simulation D3 - Development bottom profile over one cross-section in line with a gap

Test D3 - Measured bottom profile - x=15.5 m
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Figure 8.4.2-3 Test D3 - Development bottom profile over one cross-section in line with a submerged
breakwater

Test D3 - Measured bottom profile development - x=20m
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Figure 8.4.2-4 Test D3 - Development bottom profile over one cross-section in line with a gap
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Simulation D3 - Bottom depths after 7.5 hours of wave action
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Figure 8.4.2-5 Simulation D3 - 3D view bottom depths afier 7.5 hours of wave action
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Figure 8.4.2-6 Contour map computed accretion/erosion after 7.5 hours of wave action [values in cm]
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Contour map measured accretion/erosion during 7.5
hours of wave action

1520
10-15
n5-10
B0-5
5.0
-10--5
-15--10
-20--15

—_—

y

Figure 8.4.2-7 Contour map measured accretion/erosion dfter 7.5 hours of wave action [values in cm]

Since the bottom profile after 7.5 hours of simulated wave action shows an unrealistic
pattern, it is not useful to illustrate the outcomes of the hydrodynamic processes,
which are obviously not reliable.

8.5 Conclusions and remarks

In this chapter the outcomes of the simulations performed with a movable bed have
been analysed.

Although some discrepancies with the results of the laboratory experiments have been
highlighted, the program has been found to reasonably well reproduce the current
field and the average water level in both the simulations with and without submerged
breakwaters.

The simulation without submerged breakwaters underlines the need of improving the
program in the area close to the shore line, since the impeded retreat of the shore line
generates an unrealistic bottom profile evolution in this region.

The outcomes of the simulation with three submerged breakwaters pointed out that
the sector in the lee side of the structures needs further research. In fact, due to the
wave energy dissipation concentrated right behind the submerged breakwaters, an
excessive erosion takes place in this area, yielding an unrealistic development of the
bottom profile.
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However, the average water level does show a pattern which satisfactory agrees with
reality. Around the submerged breakwaters the gradient in the average water level,
sloping down towards the gaps, generates a strong current towards them. Sediment
transport evolves in cross-shore and longshore direction, yielding the developing of
shoals in the gaps. The pattern of the flow field and the return current are in good
agreement with the observed reality.

Delft2D-MOR is a very complex numerical model and its sensibility to different
parameters is still under investigation.

As already said, the actual knowledge of the phenomena induced by a submerged
breakwater is not thorough. Therefore, the laboratory experiments, on a scale 1:15,
were made to improve this knowledge. If it was possible to give an exact
interpretation of the outcomes, Delft2D-MOR could be implemented based on an
accurate data set and its improvement might be less difficult. In this case, however,
the discrepancies found between calculations and measurements are more complex to
investigate, since it is not always evident whether they are a consequence of the
shortcomings of the numerical model itself or of the inaccuracies in the data set.
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9. 2DH SIMULATION, DIFFERENT CONFIGURATIONS

9.1 Introduction
The present chapter concerns the outcomes of simulations performed with different

submerged breakwater configurations.

The following section explains the meaning of the terms and the symbols used in this
chapter. Section 9.3 deals with the simulation set-up. In the last sections the
hydrodynamic aspects of the results are discussed.

9.2 The exposure ratio

Wide gaps permit more wave energy to penetrate into the area behind both the
emerged and the submerged breakwaters, thus maintaining some level of longshore
sand transport. The ratio of gap width to the sum of breakwater length and gap width
is called the exposure ratio (U. S. Army Corps of Engineers (1994)):

G
E= 9.2-1
L+G ( )
where E = exposure ratio
G = gap width
L = breakwater length

The definition of the symbols are detailed in Figure 9.1-1
Experiments have been conducted in Japan on wave-induced flow patterns around a
submerged breakwater with length L, gap width G and distance from the shoreline X

(Sawaragi (1992)).

submerged
breakwaters~..

initial shoreline

Figure 9.1-1 Definition sketch of a plane arrangement of submerged breakwaters

9.3 Simulation set-up

The domain of the computations consists of a basin based on the one used in the
laboratory experiments described in Chapter 2, Section 2.1.2. The length of the basin
is equal to 30 m and the width to 14.1 m. Three identical submerged breakwaters have
been located at different positions on a fixed bed. The still water level is fixed to 570
mm. The submergence of the crest of the structures have been maintained equal to 0.1
m below the still water level for every simulation.

Each computation is performed with regular waves of 0.12 m high and with a wave
period of 1.55 s.
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The same parameters settings as the previous chapters have been used.

The process tree and the Delft2D-MOR input file, used for the simulations, are
described in Chapter 7.

The first series of simulations is carried out with different exposure ratios and a
distance from the shoreline equal to 6.4 m, as detailed in the Table below.

Simulation E00 | EO1 | E02 | EO3 | EO4 | EO5 | EO7 | E09
Exposure ratioE | 0.0 |0.1 02 |03 |04 |05 ]0.7 109
G [m] 0 1 2 3 4 5 7 9

L [m] 29 |9 8 7 6 5 3 1
X [m] 64 |64 |64 |64 |64 |64 |64 |64

Table 9.1-1 Simulation layout with different exposure ratios

The second series is performed with different positions of the submerged breakwaters
from the shoreline and an exposure ratio equal to 0.3 (see Table 9.1-2).
The submerging of the crest has been maintained equal to 0.1 m for each simulation.

Simulation X01 | X02 X03
E 0.3 0.3 0.3
X i [m] 7.45 14.30 3.00
L/X 4 ~1 I<<2 | ~2

Table 9.1-2 Simulation layout with different off-shore distance Xoff

In the following sections, the hydrodynamic aspects of the outcomes are analysed.

In order to better understand the analysis, a series of figures is included in the
appropriate appendices. Some Excel figures are illustrated in the text. For both the
figures in the text and in the appendices, the same criteria as the previous chapters are
used.

9.4 Different exposure ratios results

Simulation E01
Figure 9.4-1 shows the layout of the simulation.

. x[m] _
I T

-
{

B k3 8
1 i

3 shoreline

Figure 9.4-1 Simulation E0I- layout

The pictures indicated with the code P01 are included in Appendix PO1.

88




In the gaps, due to the low resolution of the TRISULA computational grid, only one
grid point is computed. Therefore, the resulting flow and wave field are not very
accurate.

Flow computation

The resulting flow field is given in Figure PO1-1. The influence of the narrow gaps
upon the current field is limited. The velocities are small over the whole basin; a
slight increase is noticeable towards the gaps resulting in two weak circulation cells
around the tips of the submerged breakwaters.

Figure P01-2 shows the return flow field. The current over the submerged breakwaters
is pointed seawards. The magnitude of the longshore component, right behind the
structures, is very small. The sediment transport, which is mainly driven by the return
flow, will be predominant in the off-shore direction.

This configuration can be classified as 2D, since it is similar to the one with a single
long submerged breakwater (see Figure PO1-3 and P01-4).

The contour map of the wave energy dissipation shown in Figure P0O1-5 and PO1-6
confirms this. There are hardly any longshore differences in line with the submerged
breakwaters. The dissipation in the gaps is probably due to the influence of the
structures and to the low resolution of the computational grid.

Computed average water level

The contour map of the average water level is given in Figure PO1-7. The sudden
change in the bottom depth induces breaking. The resulting wave set-up increases
towards the shoreline. A longshore gradient in the average water level, decreasing
from the middle of the submerged breakwaters towards the gaps, occurs.
Nevertheless, due to the narrow widths of the gaps, this gradient becomes almost zero
immediately landwards of the submerged breakwaters.

Figure 9.4-2 shows a 3D view of the average water level in the basin. The
development of the average water level is similar to the one obtained by means of a
single detached submerged breakwater (Figure 9.4-3).

Simulation E01 - Average water level
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water level [mm]

Figure 9.4-2 Simulation EQI - 3D view average water level
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Simulation E00 - Average water level
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Figure 9.4-3 Simulation with one submerged breakwater - 3D view average water level

Simulation E02
Figure 9.4-3 shows the layout of the simulation.
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Figure 9.4-3 Simulation E02 - layout
The pictures indicated with the code P02 are included in Appendix P02.

Flow computation

The resulting flow field is given in Figure P02-1. Comparing this figure with the
previous flow field, shows an increase in the velocities landwards of the submerged
breakwaters and towards the gaps. The circulation cells around the tips of the
structures are more pronounced.

The wider widths of the gaps cause an increased return flow field (see Figure P02-2).
Over the crest of the submerged breakwaters, the current is partly pointed seawards
and partly landwards, as a consequence of the enlarged influence of the gaps.

Computed averaged water level

The average water level contour map is shown in Figure P02-3. The gradient in the
longshore direction, sloping down from the middle of the submerged breakwaters to
the gaps, is more pronounced and a slight decrease in the water level right seawards of
the structures is visible.
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The 3D view of the average water level details the pattern described above (Figure
9.4-4).

Simulation E02 - Average water level

TR LY
BERBRE e
sstiuussatli

SR

T

water level [mm}

LSS 8%
! \‘!‘.‘;‘3\\;;:!«»:;:
it‘.‘nﬂ“‘“\\/

g8

s Z

Figure 9.4-4 Simulation E02 - 3D view average water level

Simulation E03
Figure 9.4-5 shows the layout of the simulation.
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Figure 9.4-5 Simulation E03 - layout

The pictures indicated with the code P03 are included in Appendix P03.

Flow computation

The resulting flow field, given in Figure P03-1, shows some differences with the
previous outcomes. A strong current evolves towards the gaps and, consequently, the
velocities split up in the middle of the submerged breakwater. Two circulation cells
develop around the tips of the structures. A significant longshore current occurs in the
lee side of the submerged breakwaters.

The exposure ratio equal to 0.3 outlines the change between the configuration
comparable with one single submerged breakwater and the multiple system
configuration.
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Figure P03-2 shows the return current field. The water flows back through the gaps,
therefore, over the crest of the submerged breakwaters, the velocities are heading
landwards.

Computed averaged water level
The contour map of the average water level is given in Figure P03-3. A longshore
gradient develops in line with the crest of the submerged breakwaters, decreasing
towards the gaps, and it weakens to the shoreline. Figure 9.4-6 gives a 3D view of the
average water level in the basin.

Simulation E03 - Average water level
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Figure 9.4-6 Simulation E03 - 3D view average water level

Simulations E04, E05, E07

By enlarging the exposure ratio from 0.4 to 0.7, the return flow through the gaps
varies. First it is noticeable an increase, then, as a consequence of the reduced
influence of the submerged breakwaters, the return current decreases. The evolution of
the current pattern and the mean water level can be observed in the figures presented
in Appendix P04, P05, P07 respectively.

Simulation E09
Figure 9.4-7 shows the layout of the simulation.
N s x [m] 3 8 ® z
o i ] i I 1
e
X = = =

= shoreline

Figure 9.4-7 Simulation E09 - layout
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The pictures indicated with the code P02 are included in Appendix P02.

Flow computation

The average flow field is given in Figure P09-1. Two circulation cells around the tips
of the submerged breakwaters develop, although the magnitude of the velocities is
very small. Higher values of the current field occur over the crest of the submerged
breakwaters, pointed towards the shoreline.

The longshore current, developed landwards of the submerged breakwaters, weakens
to the gaps.

The return flow field is shown in Figure P09-2. The current is dominant in the cross-
shore direction and it is almost not influenced by the submerged breakwaters. The
efficiency of the submerged breakwater is very small in comparison to the large width
of the gaps.

Figure P09-3 shows the wave energy dissipation. Comparing this figure with the
results of the previous simulations, shows that over the submerged breakwaters the
order of magnitude of the dissipation does not change.

Computed averaged water level

The average water level contour map, given in Figure P09-4, shows that there are
hardly any longshore variations in the mean water level. This situation is comparable
with the one without submerged breakwaters.

The predominance of the gaps upon the submerged breakwaters is made more clear by
the Figure 9.4-10.

Simulation E09 - Average water level
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Figure 9.4-10 Simulation E09 - 3D view average water level
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9.5 Results of the simulations with different X

Simulation X01 (X ;= 7.45 m)
The layout of the simulation can be seen in Figure 9.5-1.
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Figure 9.5-1 Simulation X01- layout
The pictures indicated with the code Q1 are included in Appendix Q1.

The submerged breakwaters are positioned at the beginning of the slope.

Figure 9.5-2 shows the development of the wave height over two cross-sections, one
in line with a submerged breakwater (x = 15 m) and the other over a gap (x =20 m). It
seems that the submerged breakwater influences the evolution of the wave height over
the gap.

The wave energy dissipation curve is given in Figure 9.5-3. The high value of
dissipation, concentrated over the crest of the submerged breakwaters, causes the
development of a strong current towards the shoreline.

In Figure Q1-1 the average flow field can be seen. The velocities are split up from the
middle of the submerged breakwaters to the gaps, since a strong return flow takes
place through them, yielding the evolution of two circulation cells around the tips of
the structures.

The influence of the gaps weakens only very close to the shore line.

Figure Q1-1a gives a detail of the flow pattern near the coast. The velocities, headed
towards the middle of the submerged breakwaters, cause two circulation cells in the
opposite directions of the ones generated around the tips of the structures.

The average return flow field is plotted in Figure Q1-2. A strong return flow in off-
shore direction develops close to the shoreline. An opposite current occurs behind the
submerged breakwaters. The sediment transport, mainly driven by the return current,
will probably be higher in a cross-shore than in a longshore direction.

Right behind the submerged breakwaters, the longshore gradient in the average water
level slopes down to the gaps (see Figure Q1-3). Close to the shore line the situation
reverses. The average water level is higher in the area in line with the gaps, where
waves did not break yet, whereas is smaller in the lee side of the submerged
breakwaters. The 3D view of the average water level, shown in Figure 9.5-4, gives
prominence to this pattern.
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Simulation X01 - Wave height distribution
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Figure 9.5-2 Simulation X01 - Wave height distribution over different cross-section

Simulation X01 - Dissipation curve
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Figure 9.5-3 Simulation X01 - Dissipation curve over different cross-sections
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Figure 9.5-4 Simulation X01- 3D view average water level
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Simulation X02 (X ;= 4.30 m)
The layout of the simulation can be seen in Figure 9.5-5.
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Figure 9.5-5 Simulation X02 - layout
The pictures indicated with the code Q2 are included in Appendix Q2.

The development of the wave height is given in Figure 9.5-6, where one cross-section
is taken in line with the submerged breakwater (x = 15 m) and the other in line with a
gap (x = 20 m). Approaching the breaker line, the wave heights increase due to
shoaling.

When the structures are located closer to the shore line, the wave energy dissipation
over the submerged breakwater decreases. This can be observed by comparing the
dissipation curve given in Figure 9.5-7 with the dissipation curve of the previous
simulation, as given in Figure 9.5-3.

One possible cause might be the different ratio between the crest width and the wave
length, which influences the efficiency of the submerged breakwaters. The crest width
is constant for each simulation, whereas the wave length varies along the slope.
Another explanation could be the different water depth, right seawards of the
submerged breakwater. In the first case, the depth suddenly varies from 0.57 m to 0.10
m, while in the second case, it decreases from about 0.3 m to 0.10 m.

The average flow field, shown in Figure Q2-1, presents two circulation cells around
the tips of the submerged breakwaters. As a consequence of the smaller dissipation,
the velocities are weaker over the whole basin, compared with the previous
configuration. A longshore current develops close to the shoreline, weakening from
the middle of the submerged breakwaters towards the gaps.

No circulation cells develop near the shoreline.

Figure Q2-2 shows the average return flow field. Over the submerged breakwater, the
return current is partly directed seawards and partly landwards. Right behind the
structure, it is noticeable small velocities headed landwards.
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Simulation X02 - Wave height distribution
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Figure 9.5-6 Simulation X02 - Wave height distribution over different cross-section
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Figure 9.5-7 Simulation X02 - Dissipation curve over different cross-sections

The mean water level is given in Figure Q2-3. The gradient in the longshore direction
in the area behind the submerged breakwaters is smaller, compared with the one of the
previous computation and decreases towards the gaps.

Figure 9.5-8 gives a 3D view of the average water level in the basin.
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Simulation X02 - Average water level

598 -

593

588-

583

water level [mm}

578

573 -

275 375 - T (I — -

8 ; :.,, TP
) 975 1075 75 1275

1375
R

Figure 9.5-8 Simulation X02 - 3D view average water level

Simulation X03 (X ;=3 m)
The layout of the simulation can be seen in Figure 9.5-9.
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Figure 9.5-9 Simulation X03 - layout
The pictures indicated with the code Q3 are included in Appendix Q3.

The wave height development over different cross-sections is given in Figure 9.5-10.
Approaching the shoreline, the wave heights increase due to shoaling.

Figure 9.5-11 shows the development of the wave energy dissipation over two
different cross-section, one in line with a submerged breakwater (x = 15 m) and one in
line with a gap (x = 20 m). The dissipation, induced by the submerged breakwater, is
smaller compared with the results of the previous simulations. Also in this case, both
the ratio of crest width to the wave length and the water depth in front of the structure
are different from the ones of the previous computations.

It is interesting to notice that dissipation occurs before the structure is reached by the
waves, probably due to the bottom induced breaking, since the same pattern of the
dissipation curve can be seen over the gap. Then, over the crest of the submerged
breakwater more breaking occurs, resulting in a peak in the dissipation curve.
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The flow field is given in Figure Q3-1. Two circulation cells develop around the tips
of the submerged breakwaters. Near the shoreline, a longshore current flows from the
middle of the structures towards the gaps.

Figure Q3-2 shows the average return flow field. The velocities, over the submerged
breakwaters, are directed seawards and only a weak longshore current develop in the
lee side of the structure towards the gaps.

It seems that in this case, the efficiency of the submerged breakwaters, in reducing the
off-shore sediment transport, is quite reduced.

The sediment transport will be mainly in off-shore direction, passing over the crest of
the submerged breakwaters.

Simulation X03 - Wave height distribution
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Figure 9.5-10 Simulation X03 - Wave height distribution over different cross-sections

Simulation X03 - Dissipation curve
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Figure 9.5-11 Simulation X03 - Dissipation curve over different cross-sections

The average water level is shown in Figure Q3-3. The longshore gradient, decreasing
from the middle of the submerged breakwaters towards the gaps, is rather pronounced
close to the tips of the structures and weakens rapidly towards the shoreline. This is
made more clear by the 3D view of the mean water level of Figure 9.5-12.
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Simulation X03 - Average water level
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9.6 Conclusions and recommendations

In this chapter the effects of different submerged breakwaters configurations on the
hydrodynamics have been investigated. The simulations are performed with regular,
perpendicularly incident waves with a wave height H of 0.12 m and a time period T of
1.55s.

The first series of simulations concerned different exposure ratios.

Figure 9.6-1 details the average velocity in cross-shore direction as function of the
exposure ratio, in one point located in the middle of one gap. When negative values
are observed, it means that the velocities are pointed seawards.

Figure 9.6-2 shows the average velocity in longshore direction as function of the
exposure ratio, in one point located behind one submerged breakwater.

By enlarging the exposure ratio, starting form E = 0.0, a strong return flow through
the gaps develops (Figure 9.6-1) and a longshore current takes place right behind the
submerged breakwaters (Figure 9.6-2).

Both the cross-shore and the longshore current increase until an exposure ratio of
approximately 0.4 has been reached and later, they decrease. It has to take into
account that the exposure ratio does not vary continuously, but a step of 0.1 has been
taken.

In the region around the submerged breakwaters, detached submerged breakwaters
seem to have negative effects on the current field. Velocities, both the longshore and
cross-shore component, result greater than the velocities in the case without
submerged breakwaters and in the case with one single structure.

Beneficial effects can be observed closer to the shoreline, where the velocities and
consequently the sediment transport are, in general, reduced.

When the gap width becomes too large, compared with the submerged breakwater
length, the efficiency of the structures weakens.

Further research with a movable bed is suggested.
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The wave energy dissipation over the submerged breakwater appears to be not
affected by the different exposure ratios, which means that the wave field, landwards
of the submerged breakwater, does remain constant.

Average velocity in cross-shore direction as function of the exposure ratio
in one point P (x =20,y =6.3)
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Figure 9.6-1 Average velocity in cross-shore direction as function of the exposure ratio
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Figure 9.6-2 Average velocity in longshore direction as function of the exposure ratio

The second series of simulation was performed with different off-shore positions of
the submerged breakwaters.

When the submerged breakwaters are located at the beginning of the slope (most
seaward position), different circulation cells evolve: in one direction, around the tips
of the submerged breakwaters, due to the velocities heading for the gaps, and in the
opposite one, close to the shore line.

By decreasing the off-shore distance, it seems that the efficiency of the structure has

been reduced.
Also in this case, simulations with movable bed should be carried out in order to

investigate the morphological effects.
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The crest width of the submerged breakwater has been maintained constant during
each simulation. By varying the off-shore distance of the structures, the wave length
right behind the submerged breakwater was not constant. Due to the different ratio of
wave length to crest width, it was difficult to compare the outcomes of the
simulations. Therefore, further investigations upon the effect of different ratio of wave
length to width crest is suggested.

Furthermore, simulations with different exposure ratios coupled with different off-
shore distances should be performed.
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10. CONCLUSIONS AND RECOMMENDATIONS

10.1 Introduction

In this study, the 3D-effects of detached submerged breakwaters primarily on the
hydrodynamic processes in the nearshore zone and only secondarily on morphological
ones have been investigated.

The phenomena induced by a submerged breakwater are complex and not well-known
yet. Due to this lack of knowledge, it was very difficult to correctly model the induced
effects in a numerical model. Therefore, the conclusions presented in the following
are to be considered only as a qualitative first step for further research.

10.2 Conclusions

Regarding the measurement data, the following can be concluded:

1. In general, the submerged breakwaters induce wave breaking and consequently
wave energy dissipation.

2. Wave breaking does not occur at the crest of the structures. Instead, a time-lag can
be noticed. This can be seen in the average water level, which starts rising more
landwards of the submerged breakwaters. Therefore, the dissipation is concentrated
closer to the coast and the resulting flow, near the shoreline, causes large sediment
transport in cross-shore direction, which might increase the retreat of the shoreline
itself instead of reducing it.

3. The efficiency of the submerged breakwaters, in dissipating wave energy, seems to
be influenced by the submergence of the crest. In the experiments with the smaller
wave heights, indeed, the wave set-up is not visible, since breaking does not occur
over the crest of the submerged breakwater.

4. A longshore gradient in the average water level, sloping down from the middle of
the submerged breakwaters to the gaps, is observed. The strong resulting velocities,
flowing back through the gaps, cause a large amount of sediment to be transported
seawards. Moreover, the longshore current, developed in the lee side of the
submerged breakwaters, might increase the sediment transport in this direction.

5. From the limited laboratory experiments results, it is difficult to say whether the
overall effects of the submerged breakwater are beneficial or harmful.

Regarding the numerical modeling study, the following conclusions can be drawn:

1. The outcomes of the simulations lead to some agreement with the measurements.

2. The laboratory experiments were performed by means of regular, unidirectional
waves, while HISWA can only reproduce an irregular wave field. Nevertheless,
from calibration is followed that a high value of the dissipation coefficient (o = 8)
yields a wave height development in good agreement with the measurements.

3. In the area close to the submerged breakwaters, the comparison between the
computations and the measurements shows that the numerical model correctly
reproduces the current field and the pattern of the average water level.

4. HISWA is not able to model diffraction, although in the case of submerged
breakwaters with big submergence of the crest (which is the case analysed in the
report), its effects can be approximated by means of the directional spreading.
However, this yields some inaccuracies in the results.
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The calculated accretion and erosion pattern at the end of 7.5 hours of wave action
and the measured one show some similarities, which means that the sediment
transport phenomenon is probably reproduced to some degree.

The return current increased remarkably while enlarging the exposure ratio.

By decreasing the off-shore distance, it seems that the efficiency of the structure
has been reduced.

10.3 Recommendations

1.
2.

Further experiments, with different submergence of the crest, should be done.

In HISWA, the dissipated energy over an obstacle (if the ‘obstacle function’ is
implemented) is only ‘taken’ out from the simulation and it is not used to induce
wave forces and currents. In order to avoid this, the submerged breakwater is
modeled as a variation in the bottom profile elevation, which entails, in turn, that
the transmission relation cannot be used. Hence, the adoption of the obstacle
function would be very useful.

HISWA is not able to model the quasi-steady breaking motion, yielding to an
unrealistic pattern of the wave height behind the submerged breakwaters. Here, the
waves stop breaking and shoaling occurs, while, in reality, the waves probably
propagate like bores. A subject for further research might be the development of
HISWA in order to reproduce this behaviour over submerged obstacles.

Erosion at the lee side of the submerged breakwaters is overestimated, as a
consequence of the high dissipation concentrated in this area. Another reason for
this might be the low resolution of the TRISULA computational grid. TRISULA
calculates velocities only at ‘velocity points’, while interpolates them at the ‘water
level points’. If a velocity point is located over the submerged breakwaters, then
the computed high velocity, caused by the small water depth, influences the low
velocity in a water level point further behind the structure, where the water depth is
higher. Better results would probably be obtained with a higher resolution of the
computational grid.

The impeded retreat of the shoreline is a very important limitation of the program.
A deep trough develops close to the shoreline, yielding to an unrealistic
development of the bottom profile. Improvements of the numerical model are
mainly necessary in the area landwards of the submerged breakwaters.

Further research, with movable bed, is recommended to improve the knowledge
about the morphological effects of different exposure ratios.

Further research is recommended in order to analyse the influence of different off-
shore distances combined with different exposure ratios.
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A3-1







L-Ev

[w] sixe-£

TS
4 $'0oye
4 0°0 Pyt ——

0€:00 - 97:00 — @~
$T:00 - 07:00 —V —
91:00 - 01:00 —©O—
90:00 - 10:00 —B— a

o =

0€:00 - 00:00 [BAII3UT - WE=X UOIIS-SSOID - £V I SHL

- 00L

oIs

r 0TS

r0gs

rovs

08¢

09¢

0LS

08¢

- 06§

- 009

019

079

[wuw] y3rey sjyoid

[wrux] [oAS] Iojem UBIN



Mean water level [mm)]

Profile height [mm]

TEST A3 - cross-section x=6.5 m - interval 00:30 - 01:30

620
610
600 |
590 -
580 -
570 s W],
560 | —A—00:33 - 00:38
550 4 00:56 - 01:03
-y 01:23 - 01:30
540 .
530 -
520 -
510 -
700 -
after 0.5h
after 1.5h
-~ s.w.lL

y-axis [m]

A3-2




Mean water level [mm)]

Profile height {[mm]

620 -

610

600 -

590 -

580

570

TEST A3 - cross-section x=12.5 m - interval 00:30 - 01:30

[E——

560

550 |

540 -

530

520

510 -

700 -

p—

S ——— A 00:39 - 00:42
~@—01:03 - 01:09

after 0.5 h
after 1.5h

- - s.w.L

e

4 6 8 10 12
y-axis [m]

A3-3




Mean water level [mm]

Profile height [mm]

620

610

600

590

580

570 |

560 -

550 -

540 -

530 -

520 -

510 -

700 -

TEST A3 - cross-section x=20 m - interval 00:30 - 01:30

e

A

A3-4

y-axis [m]

12

e §.W.LL
—~A—00:43 - 00:48
—@—01:09 - 01:13

after 0.5 h
after 1.5h

- -s.w.l




Mean water level [mm)]

Profile height [mm]

620

610

600

590

580 -

570

560 -

550 -

540

530 -

520

510 -

700

TEST A3 - cross-section x=24.5 m - interval 00:30 - 01:30

A3-5

10

12
y-axis [m]

—s.w.l
—A—00:49 - 00:54
—@—01:13-01:18

after 0.5 h
after 1.5h

~s.w.l.




Mean water level [mm)]

Profile height [mm]

620

610

600 -

590

580 -

570

TEST A3 - cross-section x=3 m - interval 01:30 - 03:30

560 -

550

540 -

530

520

510

700 -

A3-6

y-axis [m]

12

s.w.h.

——01:33 - 01:36
—&—01:39 - 01:44
—3¢—01:45-01:49
~¥— 01:50 - 01:55
—Q—01:58 - 02:02
..... +-—02:27 - 02:30
—- 02:59 - 03:03
..... - 03:04 - 03:09
- @—03:10-03:15

after 1.5 h
after 3.5 h

- —s.w.L




Mean water level [mm)]

Profile height {mm]

620

610

600

590

580

570

560

550 -

540 -

530 -

520 -

510

700 -

TEST A3 - cross-section x=6.5 m - interval 01:30 - 03:30

;;;;; e .
Rﬁ,ﬁl A 02:04 - 02:08

—@—02:32 -02:35
—@—03:18-03:23

after 1.5 h
after3.5h

-s.w.lL

12

y-axis [m]

A3-7




Mean water level [mm]

Profile height [mm]

620

610

600 -

590

580
560
550 -
540
530 -
520 -

510

700 -

TEST A3 - cross-section x=12.5 m - interval 01:30 - 03:30

—s.w.l.

’\h\\g

—A—02:08 - 02:12
—4p—02:36 - 02:42
—@— 03:24 - 03:29

after 1.5h
after3.5h

- 8.w.l

y-axis [m]

A3-8




Mean water level [mm)]

Profile height [mm]

620

610 .

600

590

580

570

560 -

550 4

540

530 -

520 -

510

700 -

TEST A3 - cross-section x=20 m - interval 01:30 - 03:30

y-axis [m]

A3-9

R AN
—a-02:12 - 02:15
—4—02:43 -02:48

after 1.5h
after 3.5 h

-s.w.l.




Mean water level [mm)]

Profile height [mm]

620

610

600 -

590

580

570 -

560 -

550 -

540 -

530 -

520 -

510

700 -

TEST A3 - cross-section x=24.5 m - interval 01:30 - 03:30

A3-10

10

y-axis [m]

12

—A—02:16 - 02:19
—@—02:50 -02:58

after 1.5h
after3.5h

s.w.l.




Mean water level [mm)]

Profile height {mm]

620

610 -

600 -

590 -

580

570 -

560

550

540

530

520 4

510

700 -

TEST A3 - cross-section x=3 m - interval 03:30 - 07:30

A3-11

e § WL
--A~—03:31-03:36
—&—03:38 - 03:43
—3¢—03:44 - 03:49
—%— 03:50 - 03:54
- 03:55 - 03:59
e 04:25 - 04:30
wo-em—05:04 - 05:10
~f3—05:44 - 05:49
- 4—06:15 - 06:20
- 06:45 - 06:50
-- @ 07:16 - 07:19

after 3.5h
after 7.5 h

- A A




Mean water level [mm]

Profile height [mm]

620

610

600 -

590 -

580 -

570

560

550

540
530 -
520 -

510 -

700 -

TEST A3 - cross-section x=6.5 m - interval 03:30 - 07:30

A3-12

y-axis [m]

12

A AR

- A— 04:00 - 04:04
——04:32-04:36
—3-05:10 - 05:15
—@—05:50 - 05:54
______ - 06:21 - 06:25
oo 06:51 - 06:55
—@—07:20-07:24

after 3.5 h
after 7.5 h

-s.w.l.




Mean water level [mm]

Profile height [mm]

620

610

600

590

580 -

570

560

550 -

540

530

520

510

700 -

TEST A3 - cross-section x=12.5 m - interval 03:30 - 07:30

A 04:06 - 04:10

A3-13

y-axis [m]

—O—04:37 - 04:41
—3¢—05:16 - 05:20
—¥—05:55-05:58
- @ 06:26 - 06:30
- 06:56 - 06:59
- @— 07:25-07:30

after 3.5h
after 7.5 h

s.w.l.

12




Mean water level [mm]

Profile height [mm]

620 -

610

600 -

590

580 -

570

560 -

550 |

540

530

520 4

510

700 -

TEST A3 - cross-section x=20 m - interval 03:30 - 07:30

A3-14

y-axis [m]

12

~A—04:11 - 04:16
—@—04:43 - 04:46
—3¢—-05:21 - 05:26
~¥— 05:59 - 06:03
-~ 06:31 - 06:35
- @—07:01 - 07:05

after 3.5 h
after 7.5 h

-s.w.l




Mean water level [mm)]

Profile height [mm]

620

610

600 -

590

580

570

560

550

540 -

530 -

520 -

510

700 -

TEST A3 - cross-section x=24.5 m - interval 03:30 - 07:30

A3-15

10

y-axis [m]

i

12

8. WL

A 04:17 - 04:21
- - 04:50 - 04:55
—3—-05:27 - 05:32
—¥— 06:04 - 06:08
— 4 06:36 - 06:41
- @—07:06 - 07:11

after3.5h
after 7.5 h

- —s.w.l







Appendix Bl. Graphics TEST C1 - Average Water Level

B1-1







Mean water level [mm]

Profile height [mm]

572

571

570 4

569

568

567

566 -

565 -

564

563 .

562 -

700 -

TEST C1 - cross-section x=3 m - interval 00:00 - 00:30

———————— —s.w.L

-3 00:00 - 00:05
- A 00:07 - 00:13
—4p—00:14 - 00:20

— @ 00:22 - 00:29

after 0.0 h
after 0.5h

- s.w.l

12

y-axis [m]




Mean water level [mm]

Profile height [mm]

572

571 .

570

569 -

568 -

567 -

566

565 -

564 -

563 -

562 -

700 -

TEST C1 - cross-section x=3 m - interval 00:30 - 01:30

| S -_y/,/l

— M 00:32 - 00:37

after 0.5 h
after 1.5h

- - sawll.




Mean water level [mm)]

Profile height {mm]

572

571 4

569 -

568 -

567 -

566

565 -

564 |

563 -

562

700 -

TEST C1 - cross-section x=6.5 m - interval 00:30 - 01:30

B1-3

~ i 00:38 - 00:43

A&~ 01:05 - 01:09

after 0.5 h
after 1.5h

- —sw.l




Mean water level [mm]

Profile height [mm]

572

571

570

569 -

568

567 -

566 -

565

564

563 -

562

700 -

TEST C1 - cross-section x=12.5 m - interval 00:30 - 01:30

............ s.w.l.
...... M 00:44 - 00:48
—A—01:10-01:14
e /7.\\‘\\“
~~~~~~ S — _..__ﬁ.._.u,m_,::::!
.
B e after 0.5 h
after 1.5h
- —s.w.l
y-axis [m]

B1-4




Mean water level [mm)]

Profile height [mm]

572 -

571 -

570

569

568

567 4

566

565 -

564 -

563

562 -

700 -

TEST C1 - cross-section x=20 m - interval 00:30 - 01:30

R s.w.l.
- - 00:49 - 00:56
—A—01:15 - 01:20
\%*:;__.//
B after 0.5 h
after 1.5h
~s.w.l

12

y-axis [m]




Mean water level [mm]

Profile height [mm]

572

571

570

569

568 -

567 -

566

565

564 -

563 -

562 -

700 -

TEST C1 - cross-section x=24.5 m - interval 00:30 - 01:30

B1-6

y-axis [m]

12

e S WL
— M 00:57 - 01:02

—A—01:21 -01:27

after 0.5 h
after 1.5h

-s.w.l




Mean water level [mm]

Profile height [mm]

580

578

576 -

574

572

570

568 -

566 |

564 -

562 -

560

700 -

TEST C1 - cross-section x=3 m - interval 01:30 - 03:30

10

12
y-axis [m]

-------- —s.w.l

-}~ 01:31 - 01:36
—A—01:37 -01:42
--—01:43 - 01:47
—%—-01:48 - 01:50
- 02:26 - 02:30
o 02:55 - 02:57
- @—03:22 - 03:26

after 1.5h
after 3.5 h

s.w.l.




Mean water level [mm]

Profile height [mm]

580 -

578

576 |

574 |

572

570

568 -

566 -

564 -

562 -

560

~3
(=
<

<

TEST C1 - cross-section x=6.5 m - interval 01:30 - 03:30

y-axis [m]

12

——s.w.l

-~ 01:51 - 01:53
—A— 02:31 - 02:35
-3¢ 02:58 - 03:02
—-@--03:27 - 03:30

after 1.5h
after 3.5 h

- -s.w.l




Mean water level [mm)]

Profile height [mm]

580

578

576

574 -

572

570

568 .

566

564

562

560 -

700 -

TEST C1 - cross-section x=12.5 m - interval 01:30 - 03:30

»»»»»» —s.W.L

»»»»» M- 01:55-01:59

A 02:36 - 02:40

e 3¢ 03:03 - 03:04

after 1.5h
after3.5h

s.w.l.




Mean water level [mm]

Profile height [mm]

580

578 -

576

574 |

572 4

570

TEST C1 - cross-section x=20 m - interval 01:30 - 03:30

568

566 -

564

562

560 -

700 -

B1-10

y-axis [m]

12

- § WL
-B—-02:12-02:16
—A-—02:41 - 02:44

@ 03:09 - 03:13

after 1.5h
after 3.5 h

—s.w.l.




Mean water level [mm]

Profile height [mm]

580

578 -

576

574 -

572

570

568 4

566 -

564

562 -

560

700 -

TEST C1 - cross-section x=24.5 m - interval 01:30 - 03:30

B1-11

10

y-axis [m] 12

e § WL

—--02:17 - 02:22
A~ 02:46 - 02:50
—@—03:14-03:18

after 1.5h
after 3.5 h

s.w.l.




Mean water level [mm]

Profile height [mm]

572

571

TEST C1 - cross-section x=3 m - interval 03:30 - 07:30

570

569 -

568 -

567

566

565 -

564

563

562

700 -

B1-12

y-axis [m]

12

—f3-03:31 - 03:35
—A—03:37 -03:41
—3—03:42 - 03:48
—¥—03:50 - 03:55
—0O—04:20-04:24
e 04:50 - 04:55
—w—05:24 - 05:29
- 05:55 - 05:59
—4—06:27 - 06:33
—4g— 07:00 - 07:02
—B—-07:26-07:30

after 3.5 h
after 7.5 h

~s.w.l.




Mean water level [mm}

Profile height [mm]

572

571

570 f—e

569 -

568 -

567 -

566 -

565

564 -

563 -

562 -

700

TEST C1 - cross-section x=6.5 m - interval 03:30 - 07:30

B1-13

10

y-axis [m]

12

———s.w.l.

——03:55 - 04:00
—A— 04:26 - 04:30
~~~~~ ¥~ 04:56 - 05:01
—@— 05:30-05:34
vvvvv ©~— 06:00 - 06:05
—fe—06:34 - 06:38
— i 07:03 - 07:08

after 3.5 h
after 7.5 h

- -sw.l




Mean water level [mm]

Profile height [mm]

572 -

571

570

TEST C1 - cross-section x=12.5 m - interval 03:30 - 07:30

569

568 -

567 -

566

565

564 -

563 -

562 -

700 -

B1-14

y-axis [m]

12

————s.w.l

-3 04:01 - 04:06
—A—04:31 - 04:36
~X—05:02 - 05:06
—¥—05:35 - 05:39
—0O—06:07 - 06:11
--&p-—06:39 - 06:44
- @ 07:08 -07:13

after 3.5h
after 7.5 h

A A




Mean water level [mm)]

Profile height {mm]

572 -

571 -

570

TEST C1 - cross-section x=20 m - interval 03:30 - 07:30

569 -

568 -

567

566 -

565 -

564 -

563 -

562

700 -

B1-15

y-axis [m]

A

12

—3—04:07 - 04:11
—A— 04:37 - 04:42
-3¢ 05:10 - 05:14
~¥— 05:40 - 05:45
—0—06:13 - 06:17
- 4p— 06:45 - 06:49
-@—07:14-07:19

after3.5h
after 7.5 h

- —s.w.L




Mean water level [mm)]

Profile height [mm]

572 4

571 4

570

TEST C1 - cross-section x=24.5 m - interval 03:30 - 07:30

———s.w.l

O 04:12 - 04:14

569

568 -

567 -

566 -

565

564 -

563 -

562 -

700 -

B1-16

y-axis [m}]

— A 04:43 - 04:48
-~ 05:15-05:19
—%— 05:46 - 05:51
—0—06:19 - 06:24
----- 4+ 06:50 - 06:55
-y 07:20 - 07:24

after3.5h
after 7.5 h

s.w.l.

12




Appendix B2. Graphics TEST C2 - Average Water Level

B2-1







Mean water level [mm]

Profile height [mm]

TEST C2 - cross-section x=3 m - interval 00:00 - 00:30

572
571
- §.W.L
570
- A~ 00:01 - 00:05
569
— 3¢ 00:07 - 00:12
568 - —¥~00:15 - 00:20
= —@—00:21 - 00:30
566
565 .
564 .
563
562 -
700 -
iiiii after 0.0 h
after0.5h
-s.w.l.
O .
. A 6 3 10 12
y-axis [m]

B2-1




Mean water level [mm)]

Profile height [mm]

572

571 4

570

TEST C2 - cross-section x=6.5 m - interval 00:30 - 01:30

569 -

568 -

567 -

566

565 -

564 -

563 -

562 -

700 -

B2-2

10

y-axis [m]

- 00:31 - 00:36

- A— 00:56 - 01:01

1

12

3¢ 01:22 - 01:26

after 0.5 h
after 1.5h

s.w.l.




€-cd

[w] sixe-A
4! 0
" 0 -
X
=]
h
)
s z
aQ
g g1 soye 5
. e 7
Yy soeye g
- 00L
r 798
- €95
+9s .
- 69 m
<
95 &
a
F 95
a
S
- 89§ =
0£:10- LT:10 —X— RSN —
. : - 695 m
80:10 - £0:10 —V— =
200 - L€:00 M- R .
e - IS
s

0€:10 - 0€:00 [BAINUI - W G*T[=X UOYIIS-$S0Id - 7)) LSAL



Mean water level [mm)]

Profile height [mm]

572 -

571 -

570

569 -

568 -

567 -

566 -

565

564

563

562

700 -

TEST C2 - cross-section x=20 m - interval 00:30 - 01:30

s.w.l.

— MR 00:43 - 00:47
—A—01:09-01:13

after 0.5 h
after 1.5h

- - s.w.lL

8 10 12
y-axis [m]

B2-4




Mean water level [mm)]

Profile height [mm]

572

571

570

569 -

568 -

567

566 -

565 -

564 -

563

562 -

700 -

TEST C2 - cross-section x=24.5 m - interval 00:30 - 01:30

B2-5

y-axis [m]

12

-------- —s.w.lL
—l— 00:48 - 00:53
—A—01:14-01:19

after 0.5 h
after 1.5h

- - -sawll




Mean water level [mm]

Profile height [mm]

572 .

571

570 o

569 *
568 -
567 -
566 -
565 -
564 -

563

562 -

700 -

TEST C2 - cross-section x=3 m - interval 01:30 - 03:30

e §.WLL

—i—01:31-01:36

~-A—01:37-01:43
—3—01:45 -01:50
—3-—01:52 - 01:57
-~ 02:23 - 02:28

e 02:54 - 02:58

after 1.5 h
after 3.5 h

s.w.lL

12

y-axis [m]

B2-6




Mean water level [mm]

Profile height [mm)]

572

571 -

570 4

569 -

568

567 -

566

565

564 -

563

562 -

700 -

TEST C2 - cross-section x=6.5 m - interval’ 01:30 - 03:30

Z N

B2-7

X

y-axis [m]

12

T

g 01:58 - 02:02

- 02:29 - 02:34

— ¥ 02:59 - 03:05

after 1.5h
after 3.5h

- - s.w.l




TEST C2 - cross-section x=12.5 m - interval 01:30 - 03:30

572 -
571 -
] —sw.L

—_— 570 b /g \ .
E — - 02:03 -02:08
:_. 569 - —A—02:34 - 02:38
[
> . )
B s | —3—03:07 - 03:13
i
B!
S se7-
§ 566 -

565 -

564

563

562 -
— 700 -
E -
E
5 after 1.5h
.8b
2 after 3.5h
L)
Eg‘ -s.w.l.
S .

0 12

B2-8




Mean water level [mm)]

Profile height [mm]

572

571

570 1

569

568 -

567 -

566 -

565 |

564 -

563 -

562 -

700 |

TEST C2 - cross-section x=20 m - interval 01:30 - 03:30

»»»»»»»»»»»»»» SEA AR

—Ji—02:10 - 02:14
—A—02:39 - 02:44

—3¢—-03:14-03:19

after 1.5h
after3.5h

- s.w.l

12

y-axis [m]

B2-9




Mean water level [mm]

Profile height [mm]

572

571

569 |
568
567

566
565 -
564 -
563

562 -

700 -

TEST C2 - cross-section x=24.5 m - interval 01:30 - 03:30

A AR

B2-10

y-axis [m]

—— 02:15 - 02:19
—A—02:45 - 02:50

3 03:20 - 03:25

after 1.5h
after3.5h

s.w.l.

12




Mean water level [mm]

Profile height [mm]

572 4

571

570 -

569 -

568 -

567 -

566 -

565 -

564 |

563 -

TEST C2 - cross-section x=3 m - interval 03:30 - 07:30

562 -

700 -

(=

B2-11

10

y-axis [m]

12

— 8. WL
— i 03:35 - 03:41
—A—03:42 -03:48
—¢—03:50 - 03:54
N~ 04:24 - 04:29
- @ 04:58 - 05:03
- 05:29 - 05:33
- 06:00 - 06:06
e 06:47 - 06:53
oy~ 07:17 - 07:23

after 3.5h
after 7.5 h

- -sw.l




Mean water level [mm]

Profile height [mm]

572 -

571 -

570

TEST C2 - cross-section x=6.5 m - interval 03:30 - 07:30

569 -

568 -

567 -

566 -

565

564 -

563 -

562 -

700 -

y-axis [m]

B2-12

e swl
—il-— 03:58 - 04:03
A~ 04:30 - 04:35
—3¢—05:04 - 05:08
—~¥--05:34 - 05:38
- @~ 06:07 - 06:12

~4—06:54 - 06:59

after3.5h
after 7.5 h

- -s.w.lL

12




Mean water level [mm]

Profile height [mm]

572 -

571 -

570 4o

569 -

568

567

566

565 -

564 -

563 -

562 -

700 -

TEST C2 - cross-section x=12.5 m - interval 03:30 - 07:30

------ —s.w.l

/. u_,\ — - 04:04 - 04:09

n

—A—04:36 - 04:41
3 05:09 - 05:14
—¥— 05:39 - 05:47

—@—06:13 - 06:18

—--06:59 - 07:03

after 3.5 h
after 7.5 h

-s.w.l.

y-axis [m]

B2-13




Mean water level [mm]

Profile height [mm]

572

S71 l

570 |-

569

568

567 -

566 -

565

564 .

563 -

562 J

700 -

TEST C2 - cross-section x=20 m - interval 03:30 - 07:30

P 8 10 12
y-axis [m]

B2-14

- S.W.L
~ il 04:10 - 04:15
—A—04:42 - 04:47
~3--05:15 - 05:19
~¥~—05:47 - 05:52
—~@—06:19 - 06:24

o 07:04 - 07:09

after3.5h
s a fter 7.5 h

- s.w.l




Mean water level [mm)]

Profile height [mm]

572

571

570 b
569

568 -

567

566 -

565

564

563

562

TEST C2 - cross-section x=24.5 m - interval 03:30 - 07:30

B2-15

10

y-axis [m]

1

12

+ & % X > ®

—5.W.L

- 04:15 - 04:21

- 04:47 - 04:52

05:20 - 05:25

—05:52 - 05:57

-06:34 - 06:39

-07:10- 07:15

after3.5h
after 7.5 h

~s.W.L







Appendix B3. Graphics TEST C3 - Average Water Level

B3-1







Mean water level [mm)]

Profile height [mm]

577

575 4

573 -

571

TEST C3 - cross-section x=3m - interval 00:00 - 00:30

—s.w.l

—A— 00:01 - 00:06

569 -

567 -

565 -

563

700 -

B3-1

y-axis [m]

—ap—00:07 - 00:13
—i}—00:15 - 00:18
—¥—00:22 - 00:30

after 0.0 h
after 0.5 h

- -sw.l

12




Mean water level [mm]

Profile height {mm]

TEST C3 - cross-section x=6.5 m - interval 00:30 - 01:30

577
575
573
STLL s.w.l.
—&—00:31 - 00:37
569 n
4 A\ ‘ .
— A —4— 00:56 - 01:01
3 " ‘
\\* —3—01:23 - 01:28
567 -
565 -
563 -
700 -
after0.5h
after 1.5h
- - —-sw.l
0
. ) A 6 8 10 . 12
y-axis [m]

B3-2




Mean water level [mm]

Profile height [mm]

577

575

573 -

571

TEST C3 - cross-section x=12.5 m - interval 00:30 - 01:30

569

567

565 -

563 -

700 1

B3-3

10

y-axis [m]

——s.w.l

—A—00:37 - 00:42

12

- 01:02 - 01:07

after0.5h
after 1.5h

- ~s.w.l




Mean water level [mm)]

Profile height [mm]

577

575

573 -

571

569

567 -

565 -

563

700 -

TEST C3 - cross-section x=20 m - interval 00:30 - 01:30

B3-4

10

y-axis [m]

12

[ s.w.l.
—A—00:43 - 00:48
4 01:09 - 01:15

after 0.5 h
after 1.5h

- ~sw.l




Mean water level [mm]

Profile height [mm)]

577

575

573

571

569

567 -

565 -

563 -

700 -

TEST C3 - cross-section x=24.5 m - interval 00:30 - 01:30

—sw.l

B3-5

10

y-axis [m]

—a&— 00:49 - 00:54

~—4p—01:16 - 01:21

after0.5h
after 1.5h

- s.w.l

12




Mean water level [mm]

Profile height [mm]

577

575

573

571 .

569 |

567 -

565 -

563 -

700 -

TESTC3 - cross-section x=3 m - interval 01:30 - 03:30

B3-6

10

y-axis [m]

——sw.l

—&—01:32-01:37
4 01:38 - 01:44
—3¢—01:46 - 01:51
—N-—-02:23 - 02:28
- - 02:57 - 03:03

after 1.5 h
after 3.5 h

A A




Mean water level [mm)]

Profile height [mm]

577 -

575

573 -

571

TEST C3 - cross-section x=6.5 m - interval 01:30 - 03:30

AAAAA ~-s.w.l.

569 -

567 4

565

563 -

700 -

B3-7

— A 01:52-01:57
— @ 02:29 - 02:34
—3¢-— 03:04 - 03:09

after 1.5 h
after3.5h

- —s.w.l

10 12
y-axis [m]




Mean water level [mm)]

Profile height [mm]

577

575 A

573

571 -

569

567

565 -

563 -

700 -

e

TEST C3 - cross-section x=12.5 m - interval 01:30 - 03:30

e §. WL

—a&—01:58 - 02:02

B3-8

y-axis [m]

—4— 02:35 - 02:40
—3—03:10 - 03:15

T after 1.5h

after 3.5h

— - -sw.l

12




Mean water level [mm)]

Profile height [mm]

577

575 -

573

571

TEST C3 - cross-section x=20 m - interval 01:30 - 03:30

569 -

567 -

565

563 -

700 -

B3-9

y-axis [m]

12

—— S W.I

—A—02:12 - 02:16
——02:41 - 02:47
—3—03:16 - 03:21

after 1.5h
after 3.5 h

-s.w.l.




—

g

%9 after 15h
2 —— after 3 5
%o‘ gwl
- 0 e T ) o e .

0 2 A 6 8 10 12
y—ax‘\s fm}
8310



Mean water level [mm]

Profile height [mm]

577 ,

575 -

573

571

569 .

567 4

565 -

563 -

700 -

TEST C3 - cross-section x=3 m - interval 03:30 - 07:30

B3-11

10

y-axis [m]

12

—— 5wl

4~ 03:31-03:34
i 03:59 - 04:03
——04:27 - 04:31
,,,,, - 04:59 - 05:03
- 05:26 - 05:34
— g 05:59 - 06:04
—A—06:27 - 06:31
~f3--06:58 - 07:03

after 3.5 h
e after 7.5 h

s.w.l.




Mean water level [mm]

Profile height [mm]

577

575 4

573

571 -

569

567 -

565

563

700 -

TEST C3 - cross-section x=6.5 m

B3-12

- interval 03:30 - 07 :30

..... —sw.l

AAAAA _03:35-03:39

- @ 04:04 - 04:08

- 04:32 - 04:37

v 05:04 - 05:08
—@—0535- 05:39

...... - 06:04 - 06:08

T

12
y-axis [m]}

A 06:32 - 06:37

after 3.5 h
somrmmmnen 3 fter 7.5 Bt
~s.w.l



Mean water level [mm)]

Profile height {mm]

577 -

575 -

573 -

571

TEST C3 - cross-section x=12.5 m - interval 03:30 - 07:30

569 -

567 -

565

563 -

700 -

B3-13

—A—03:40 - 03:44
—4—04:09 - 04:14
—3— 04:38 - 04:43
—A—05:09 - 05:14
—@— 05:40 - 05:45
— - 06:09 - 06:14
~3 -~ 06:38 - 06:43

after 3.5 h
after 7.5 h

~ - sw.lL




Mean water level [mm]

Profile height [mm)]

51

575 |

573

571

569 -

567 |

565 -

563

700 -

TEST C3 - cross-section x=20 m - interval 03:30 - 07:30

B3-14

y-axis [m]

T

12

e S.W.LL

— A 03:45 - 03:46
@ 04:15-04:19
—3¢— 04:49 - 04:53
X 05:15 - 05:19
—@— 05:46 - 05:50
e 06115 - 06:20

after 3.5 h
after 7.5 h

s.w.l.




Mean water level [mm)]

Profile height [mm]

577 .

575

573

571

569

567

565 -

563 -

700

TEST C3 - cross-section x=24.5 m - interval 03:30 - 07:30

B3-15

10

y-axis [m]

12

OexXe»

-sw.l

- 03:51 - 03:56
- 04:20 - 04:26
- 04:54 - 04:58

05:20 - 05:24

- 05:51-05:56
- 06:21 - 06:25

after 3.5 h
after 7.5 h

- sow.l







Appendix C1. Graphics TEST D1 - Average Water Level
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