Hydrodynamic Modelling of Wave Interactions with Sea Dikes on
Shallow Foreshores: A Systematic Approach by Physical and Numerical
Modelling
Vincent Gruwez

Doctoral dissertation submitted to obtain the academic degree of
Doctor of Civil Engineering

Supervisors
Prof. Peter Troch, PhD - Prof. Andreas Kortenhaus, PhD

Department of Civil Engineering
Faculty of Engineering and Architecture, Ghent University
June 2021

ISBN 978-94-6355-500-5
NUR 956, 950
Wettelijk depot: D/2021/10.500/48

Members of the Examination Board

Chair
Honorary Prof. Ronny Verhoeven, PhD, Ghent University

Other members entitled to vote
Corrado Altomare, PhD, Universitat Politècnica de Catalunya, Spain
Prof. Giorgio Bellotti, PhD, Università degli studi Roma Tre, Italy
Prof. Adam Bezuijen, PhD, Ghent University
Prof. Tom De Mulder, PhD, Ghent University
Prof. Bas Hofland, PhD, Technische Universiteit Delft, the Netherlands

Supervisors

Prof. Peter Troch, PhD, Ghent University
Prof. Andreas Kortenhaus, PhD, Ghent University

Expression of thanks
As I write this, we are nearing – what I hope posterity will remember as – the end
of the covid-19 pandemic, that has affected people worldwide for more than 16
months (and counting). Although I am certainly (by far) not among those worst
affected, the sudden occurrence of the pandemic near the end of my PhD trajectory,
for sure added to the challenge. So, it has been quite a PhD journey...that – even
so – went by very quickly, as journeys go when you enjoy them and a lot has
happened. Along the way, I encountered many familiar but also new people, who
played important parts in achieving my PhD aspirations.
First of all, I would like to thank my supervisors Prof. Peter Troch and Prof.
Andreas Kortenhaus for selecting me for the PhD research position as part of the
CREST project and providing me with sufficient independence and responsibilities.
Peter specifically, for being a mentor throughout the entire PhD trajectory and
being supportive from start to finish; Andreas specifically, for the highly valued
feedback.
I would also like to thank my PhD colleagues, who from the beginning made
me feel as part of their group, and for their friendship. More specific thanks go
to: Brecht, for sharing his OpenFOAM experience, which gave me a running start
with CFD modelling; Max, for including me in the WALOWA project, the shared
research interests, and being a great neighbour (both in the office and in the
Bonifantenstraat); Ine and Dogan: for our collaboration on the physical modelling;
David, Gael, Timothy and Nicolas, for our cooperation in organising the intensive
Coastal Engineering course project work exercise; Koen, for our co-supervision
of several master thesis students; Tim, Panagiotis, Philip, Carlos, Minghao and
Joe for being who you are. My other colleagues also deserve a big thank you:
Tom, Herman, Dave and Sam for their expert technical assistance in the physical
modelling; Ellen and Lien, for the chats and taking care of the administrative tasks.
Finally, also my thanks go to the master thesis students I supervised, in particular
Hilario, Lien and Benoit for their valuable work on CREST-related research.
Outside of our research group, I am grateful for the very fruitful collaboration
with Dr. Corrado Altomare and Dr. Tomohiro Suzuki on the numerical modelling
comparisons (respectively, they are responsible for the DualSPHysics and SWASH
modelling reported in Chapter 4 of this dissertation). Also thanks to the many
CREST partners for the exchange of ideas, with a special thanks to Prof. Jaak
Monbaliu (KULeuven) and Tina Mertens (VLIZ) who brought together the entire
Belgian coastal research community in a successful, big and collaborative research
effort. Moreover, I would like to thank the CREST partners from Maritime Access

v

Division, Coastal Division and Flanders Hydraulics Research for believing in our
Artificial Dike concept (thanks go to SBE and IMDC for the cooperation on the
detailed design) and making it a reality in the Living Lab Raversijde project, which
will enable further research related to dikes on shallow foreshores for years to
come. I am also grateful to the examination board members, whose meticulous
review reports and insightful questions led to very interesting discussions in the
internal defence. Last but not least, I am grateful to IMDC, the company that
was my employer for more than seven years prior to my PhD research, for fostering
a working environment where it is actively promoted to look beyond the state-ofthe-art and where consequently my interest in research has grown over the years
prior to starting the PhD research.
On a personal level, I’m very grateful to my family who have been cheering me
on from the start. Especially my mother, who also lent a hand in our household
on more than one occasion during the final months, helping me to free up time
to finish the PhD. To my sons Arthur and Felix (at the time of writing aged
2 years and 6 weeks, respectively): by the time you can read English you will
probably already be bored hearing my stories of how you were brought into this
world and the challenges we faced during the many lockdowns in the final year
of the PhD (aside from the pandemic, entirely self-inflicted of course: babies be
babies and toddlers be toddlers). Know that you brought (and continue to bring)
much happiness and love into our lives. Finally, I am most grateful to the love
of my life, Annick Heugens. Annick, if it was not for you, I probably would not
have started the PhD journey at all. Your constant support, encouragement and
rock-solid belief in me were instrumental not only in my decision to start but also
to successfully finish the PhD. You did all that while also bringing into this world
two perfect sons and being a great mother to them. Especially during the final year
you also bravely endured my stressful moods, my absence and the list of things to
do ”after the PhD” that kept growing. So, I’m happy to say: we’re now ”after the
PhD”, bring on that list.
Vincent Gruwez
June 2021

vi

Funding acknowledgement
This PhD research was part of the fundamental strategic research project ”CREST
– Climate REsilient coaST. Wave action in a changing climate: effects on the
dynamics of the coast and implications for future safety strategies” (http://www.
crestproject.be/en), funded by the Flemish Agency for Innovation by Science and
Technology (formerly known as IWT, now part of VLAIO, Flanders Innovation &
Entrepreneurship), grant number 150028.

vii

Contents
1 Introduction
1.1 Background and context . . . . . . . . . . . . . . . . . . . . . .
1.1.1 Historical origins of sea dikes with shallow foreshores at the
Belgian coast . . . . . . . . . . . . . . . . . . . . . . . .
1.1.2 The hybrid beach-dike coastal defence system . . . . . . .
1.2 Problem statement and main objectives . . . . . . . . . . . . . .
1.3 Methodology and outline . . . . . . . . . . . . . . . . . . . . . .

1
1
1
3
5
5

2 State-of-the-art and knowledge gaps
2.1 Definitions and governing physical processes . . . . . . . . . .
2.1.1 Definitions and key parameters . . . . . . . . . . . . .
2.1.2 Governing physical processes . . . . . . . . . . . . . .
2.2 Physical modelling . . . . . . . . . . . . . . . . . . . . . . . .
2.2.1 Relevant existing datasets . . . . . . . . . . . . . . . .
2.2.2 Wave generation/absorption and spurious waves . . . .
2.3 Empirical modelling . . . . . . . . . . . . . . . . . . . . . . .
2.3.1 Relative magnitude of infragravity waves . . . . . . . .
2.3.2 Spectral wave period at the dike toe . . . . . . . . . .
2.3.3 Wave overtopping . . . . . . . . . . . . . . . . . . . .
2.3.4 Overtopped bore impact forces . . . . . . . . . . . . .
2.4 Numerical modelling . . . . . . . . . . . . . . . . . . . . . . .
2.5 Specific objectives derived from the identified knowledge gaps

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

7
7
7
10
14
14
17
19
19
20
22
23
25
26

3 Physical modelling and detailed analysis
3.1 Physical modelling . . . . . . . . . . . . . . . .
3.1.1 Model set-up . . . . . . . . . . . . . .
3.1.2 Test program and wave generation . . .
3.1.3 Instrumentation and measurements . . .
3.2 Data processing . . . . . . . . . . . . . . . . .
3.2.1 Surface elevation . . . . . . . . . . . .
3.2.2 Wave overtopping . . . . . . . . . . . .
3.2.3 Bore impact force . . . . . . . . . . . .
3.3 Analysis of hydrodynamics . . . . . . . . . . .
3.3.1 Importance of wave generation methods
3.3.2 Wave transformations over the foreshore
3.4 Empirical modelling . . . . . . . . . . . . . . .

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

27
28
28
29
34
38
38
40
41
45
46
51
52

ix

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.

52
56
61
62
69

4 Numerical modelling
Validation of RANS modelling for wave interactions with sea dikes on
shallow foreshores using a large-scale experimental dataset . . . .
Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.2.1 Large-scale laboratory experiments . . . . . . . . . . . . .
4.2.2 Numerical model . . . . . . . . . . . . . . . . . . . . . .
4.2.3 Validation method . . . . . . . . . . . . . . . . . . . . . .
4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.3.1 Time series . . . . . . . . . . . . . . . . . . . . . . . . .
4.3.2 Wave characteristics . . . . . . . . . . . . . . . . . . . . .
4.3.3 Model performance and pattern statistics . . . . . . . . .
4.3.4 Bore interactions and impact . . . . . . . . . . . . . . . .
4.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.4.1 Wave transformation processes until the dike toe . . . . .
4.4.2 Importance of differences in wave generation methods . . .
4.4.3 OF Model performance for impacts on a dike-mounted vertical wall . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
An inter-model comparison for wave interactions with sea dikes on shallow
foreshores . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.6 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.7 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.7.1 Large-scale laboratory experiments . . . . . . . . . . . . .
4.7.2 Numerical models . . . . . . . . . . . . . . . . . . . . . .
4.7.3 Data sampling and processing . . . . . . . . . . . . . . .
4.7.4 Inter-model comparison method . . . . . . . . . . . . . .
4.8 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.8.1 Time series comparison . . . . . . . . . . . . . . . . . . .
4.8.2 Spatial distribution of wave characteristics . . . . . . . . .
4.8.3 Model performance and pattern statistics . . . . . . . . .
4.8.4 Skill target diagrams . . . . . . . . . . . . . . . . . . . .
4.8.5 Snapshots . . . . . . . . . . . . . . . . . . . . . . . . . .
4.8.6 Computational cost . . . . . . . . . . . . . . . . . . . . .
4.9 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.9.1 Inter-model comparison of wave transformation processes .
4.9.2 Application feasibility of the numerical models for a design
case . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.10 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

73

3.5

3.4.1 Relative magnitude of infragravity waves
3.4.2 Spectral wave period at the dike toe . .
3.4.3 Wave overtopping . . . . . . . . . . . .
3.4.4 Maximum overtopped bore impact force
Conclusions . . . . . . . . . . . . . . . . . . .

x

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

74
74
74
76
76
79
84
87
87
88
90
95
99
99
100
101
103
105
105
106
109
109
109
114
115
116
116
119
119
126
127
129
131
131
136
138

5 Conclusions and recommendations
143
5.1 Summary of key findings . . . . . . . . . . . . . . . . . . . . . . 144
5.2 Recommendations for future research . . . . . . . . . . . . . . . . 147

A Numerical convergence analyses
A.1 Model Convergence Statistics
A.2 Convergence Analyses . . . .
A.2.1 OpenFOAM . . . . .
A.2.2 DSPH . . . . . . . .
A.2.3 SWASH . . . . . . .

.
.
.
.
.

.
.
.
.
.

References

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

151
151
152
152
154
154

157

xi

List of Figures
Figure 1.1 Satellite image of the Belgian coast (©Google Earth). . .
Figure 1.2 Typical view from the dike promenade at the Belgian coast.
From left to right: the sea, beach, dike, promenade and apartment
buildings (©Tim Van de Velde, accessed via Google Images). . .
Figure 1.3 Example of a hybrid beach (yellow line) – dike (red line)
coastal defence system along the Belgian coast (Raversijde). . . .
Figure 1.4 Schematised cross-section of the hybrid beach-dike coastal
defence system (with q: mean wave overtopping discharge, Vi : individual wave overtopping volume, p: pressure, F : wave force, HWS:
High Water Spring, MHW: Mean High Water, MLW: Mean Low
Water). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Figure 1.5 Outline of the dissertation. . . . . . . . . . . . . . . . . .
Figure 2.1 Definition sketch of the problem cross-section with an overview
of the hydraulic and geometric parameters. The top cross-section
schematises the field situation, while the bottom cross-section is an
artificial situation used to determine the incident wave conditions.
The offshore location is defined by ho > 4Hm0,o (Hofland et al.,
2017). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Figure 2.2 Classification of bore interaction patterns on the promenade
(reprinted from Streicher, Kortenhaus, Marinov, et al. (2019)). . .
Figure 2.3 Classification of bore impact types (reprinted from Streicher,
Kortenhaus, Marinov, et al. (2019)). . . . . . . . . . . . . . . . .
Figure 2.4 Ranges of the non-linearity parameter S for the superharmonics superimposed on the validity of wave theories according to
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S and the graph of Le Méhauté (adapted from H. C. Lara (2018)). 35
Figure 3.5 Surface elevation η time series of six repeated tests measured
by the reference wave gauge (x = 3.00 m) and the difference ∆η
of each time series with their mean over all six repeated tests. Case
with foreshore 1/50 (scale 1:35), (a) for test RS06 (|∆η|max =
0.029 m, σ = 0.003 m), and (b) for test RS11 (|∆η|max = 0.007 m,
σ = 0.001 m). . . . . . . . . . . . . . . . . . . . . . . . . . . . .
38
Figure 3.6 Calculated incident wave spectra at (a) the wave paddle and
(b) dike toe position for test RS01 and foreshore slope 1/50 (1:35).
In (a) the spectra calculated with and without high-pass frequency
fsep are shown and in (b) the spectra with and without the seiche
bin levelled off. . . . . . . . . . . . . . . . . . . . . . . . . . . .
41
Figure 3.7 Load cell measured force time series clipped for F > F84th−percentile
(magenta line) and the polynomial fit (red dashed line) as a baseline
estimation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
43
Figure 3.8 Comparison of the filter settings applied in this work (Filter
A) with the filter technique applied by Streicher (2019) (Filter B)
(adapted from De Vos (2019)) . . . . . . . . . . . . . . . . . . .
44
Figure 3.9 Comparison of the two co-located LC measurements for test
RS06, slope 1/50 at scale 1:25. (a) Overview of a few impacts, (b)
zoom to the maximum force peak. . . . . . . . . . . . . . . . . .
44

xiv

Figure 3.10 Normalised wave spectra offshore in front of the wave paddle
(blue line) and at the dike toe (red line) for an RF01 equivalent test
from the ’UGent3’ dataset ((a) and (c)), and for test RF01 from
the ’UGent-CREST’ dataset ((b) and (d)) (foreshore slope 1/35,
model scale 1:25). The seiche frequencies are indicated with black
arrows where they are apparent as local peaks in the wave spectrum
(adapted from Monbaliu et al. (2020)). . . . . . . . . . . . . . .
Figure 3.11 Normalised wave spectra offshore in front of the wave paddle (blue line) and at the dike toe (red line) for first order wave
generation test RF01 ((a) and (c)), and for second order wave generation test RS01 ((b) and (d)) from the ’UGent-CREST’ dataset
(foreshore slope 1/35, model scale 1:25). Horizontal black lines are
added as a visual aid for the comparison (adapted from Monbaliu
et al. (2020)). . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Figure 3.12 Comparison of the wave characteristics measured over the
complete foreshore for the HSR tests with application of first (i.e.,
RF05) and second (i.e., RS05) order wave generation. . . . . . . .
Figure 3.13 The dimensionless spectral wave period in function of the
dimensionless water depth at the dike toe. Comparison of tests
RF/RS01, RF/RS05 and RF/RS11 to the prediction formula of
Hofland et al. (2017), see Equation (2.16) . . . . . . . . . . . . .
Figure 3.14 The dimensionless mean overtopping discharge Q in function of the dimensionless freeboard. Comparison of tests RF/RS01,
RF/RS05 and RF/RS11 to the prediction formula (2.23) of Altomare et al. (2016). . . . . . . . . . . . . . . . . . . . . . . . .
Figure 3.15 Comparison of (a) Vmax and (b) Fmax as a result of first
order (q1st ) and second order (q2nd ) wave generation (i.e., for tests
RF/RS01, RF/RS05 and RF/RS11). The numerical model results
for Vmax of the remaining offshore conditions from Table 3.1 are
from a SWASH model validated with the laboratory experiments,
discussed extensively by H. C. Lara (2018). . . . . . . . . . . . .
Figure 3.16 Comparison of the wave characteristics measured over each
tested foreshore ((a)–(d)) for the HSR tests with high water level:
RS06, RS09 and RS11. All values are provided in prototype scale
for ease of comparison. Note: the strange wave setup noted in
front of the dike for cot θ = 80 (d) is thought to be an error in
the measurements (possibly in the offset calibration phase for the
shallow water WGs). . . . . . . . . . . . . . . . . . . . . . . . . .
Figure 3.17 Comparison of the wave spectra at selected locations along
each tested foreshore ((a)–(d)) for the HSR test RS06. The dike
toe location is represented by the blue lined spectra. . . . . . . .
Figure 3.18 Comparison of empirically modelled and experimentally observed (i.e., ’UGent-CREST’ data) relative magnitude of infragravity waves H̃ig . The full black line represent perfect agreement and
the dashed lines the ±20% error. The normalised root-mean-square
error (Equation (3.1)) and relative bias (Equation (3.2)) are provided.

xv

47

49

50

50

51

51

53

54

55

Figure 3.19 The ’UGent-CREST’ data for the relative spectral wave period Tm−1,0,t /Tm−1,0,o as a function of the relative water depth at
the dike toe h̃ compared to the prediction formula (2.16) of Hofland
et al. (2017) (full black line) and its root-mean-square variation error bands (dotted black lines). . . . . . . . . . . . . . . . . . . .
Figure 3.20 Same as Figure 2.5, but datasets with first order wave generation and no long wave AWA removed, and ’UGent-CREST’ data
added. All data presented here were obtained with second order
wave generation and long wave AWA. The full black line is the fitted prediction formula (2.16) with (a) the original value for c = 0.2
and with (b) an adapted power c following Equation (3.4). The
dashed black lines are the (a) original and (b) adapted root-meansquare variation error bands (adapted from Hofland et al. (2017)).
Figure 3.21 The dimensionless wave overtopping discharge Q in function
of the dimensionless freeboard with shallow foreshore correction and
equivalent slope. The experimental wave overtopping results (OVT)
of the ’UGent-CREST’ tests with second order wave generation for
foreshore slopes 1/20, 1/35, 1/50 and 1/80 are compared to the
prediction formula of Altomare et al. (2016) with the equivalent
slope concept. . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Figure 3.22 A dimensionless maximum impact force in function of a
dimensionless freeboard. The experimental wave impact results
(WIF) of the ’UGent-CREST’ tests with second order wave generation for foreshore slopes 1/20, 1/35, 1/50 and 1/80 are compared
to the prediction formulae of (a) Equation (2.25) (no error bounds
were provided by Van Doorslaer et al. (2017)) and (b) Equation (2.26).
Figure 3.23 (a) Linear correlation between the dimensionless maximum
impact force and the dimensionless overtopping discharge Q (only
the data for ht = 1.30 m and Gc = 20 m are plotted here). (b)
A dimensionless maximum impact force in function of the dimensionless freeboard of Figure 3.21 with all ’UGent-CREST’ WIF data
and fitted line with Equation (3.5) to the data with ht = 1.30 m
and Gc = 20 m only. . . . . . . . . . . . . . . . . . . . . . . . .
Figure 3.24 Linear regression for (a) the influence factor γr,ig of the relative magnitude of infragravity waves and (b) the influence factor
γr,prom of the relative promenade width. The equation and coefficient of determination of the fitted line are provided in the graph.
Figure 3.25 A dimensionless maximum impact force in function of a dimensionless freeboard: (a) before and (b) after applying the influence factor γr,ig . Only ’UGent-CREST’ data for Gc = 20m is
plotted in both graphs. . . . . . . . . . . . . . . . . . . . . . . .
Figure 3.26 A dimensionless maximum impact force in function of a dimensionless freeboard (including influence factor γr,ig ): (a) before
and (b) after applying the additional influence factor γr,prom . Only
’UGent-CREST’ data for cot θ = 35 is plotted in both graphs. . .

xvi

58

60

61

63

65

65

66

67

Figure 3.27 The dimensionless maximum bore impact force in function of
the dimensionless freeboard with shallow foreshore correction based
on the equivalent slope and influence factors γr,ig and γr,prom .
The experimental wave impact results (WIF) of the ’UGent-CREST’
tests with second order wave generation for foreshore slopes 1/20,
1/35 (including Gc = 10, 20 and 30 m), 1/50 and 1/80 are compared to the newly fitted prediction formula (3.9). . . . . . . . . .
Figure 4.1 Overview of the geometrical parameters of the wave flume
and WALOWA model set-up, with indicated wave gauge locations.
Reprinted with permission from Streicher et al. (2017). . . . . . .
Figure 4.2 (a) WGs deployed along the flume side wall to measure η;
(b) PWs; (c) ECM to measure Ux ; (d) WLDMs installed on the
promenade to measure η; (e) Hollow steel profile attached to two
LCs and (f) aluminium plate equipped with pressure sensors (PS)
to measure Fx and p. . . . . . . . . . . . . . . . . . . . . . . . .
Figure 4.3 Definition of the OF 2DV computational domain, with coloured
indication of the model boundary types. The still water level (SWL)
is indicated in blue (z = 4.14 m). The number in each of the mesh
subdomains of the model domain (demarcated by black dotted lines)
is the refinement level β applied in each subdomain (for β = 0, 1,
2, and 3: ∆x = ∆z = 0.18 m, 0.09 m, 0.045 m, and 0.0225 m).
Note: the axes are in a distorted scale. . . . . . . . . . . . . . . .
Figure 4.4 Comparison of the η time series at all sensor locations (a-j),
including ηLW in (a-f) (bold lines). The zero-reference is the SWL
for (a-f) and the promenade bottom for (g-j). . . . . . . . . . . .
Figure 4.5 Comparison of Ux time series at all sensor locations (for the
PWs in (a, c–e); for the ECM in (b)). The zero-reference is the
promenade bottom at the sensor locations. For OF, both Ux at the
measured height above the promenade and the depth-averaged U x
time series are shown. . . . . . . . . . . . . . . . . . . . . . . . .
Figure 4.6 Comparison of Fx time series for the vertical wall. The
experiment is the LC force measurement. . . . . . . . . . . . . . .
Figure 4.7 Comparison of p time series for all vertical pressure sensor
locations (for PS01-13 in (a-m)), PS01 being the bottom PS and
PS13 the top-most PS. . . . . . . . . . . . . . . . . . . . . . . .
Figure 4.8 Comparison of Hrms between OF and (R)EXP up to the
dike toe. From top to bottom: Hrms,sw for the SW components,
Hrms,lw for the LW components, Hrms for the total η, the wave
setup η, and finally an overview of the sensor locations, SWL, and
bottom profile. . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Figure 4.9 Index dr of REXP and OF with EXP up to the dike toe.
From top to bottom: dr,sw for ηSW , dr,lw for ηLW , dr,tot for η,
and finally an overview of the sensor locations, SWL, and bottom
profile. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

xvii

68

77

78

81

88

89
89

90

91

92

Figure 4.10 Comparison of R for η of REXP and OF with EXP up to
the dike toe. From top to bottom: Rs w for ηSW , Rlw for ηLW ,
R for η, and finally an overview of the sensor locations, SWL, and
bottom profile. . . . . . . . . . . . . . . . . . . . . . . . . . . . .
93
Figure 4.11 Index dr of REXP and OF with EXP from the dike toe up to
the vertical wall. From top to bottom: dr for η and Ux , and finally
an overview of the sensor locations, SWL, and bottom profile. . .
94
Figure 4.12 Index dr of REXP and OF with EXP, for p at the vertical
wall (horizontal axis). . . . . . . . . . . . . . . . . . . . . . . . .
95
Figure 4.13 Snapshots of selected key time instants chronologically over
the first main impact (a-f). The OF snapshot (left) is compared to
the equivalent EXP snapshot from the side view (centre) and top
view (right) cameras. In the OF snapshots, the colours of the water flow indicate the velocity magnitude |U | according to the colour
scale shown at the top. The red arrows are the velocity vectors,
which are scaled for a clear visualisation. Each OF snapshot has
two inset graphs: at the top is a time series plot of Ux (for EXP
and U x for OF) (a-c) or Fx (d-f), in which a circle marker (o) and
a plus marker (+) indicate the time instant of the numerical and
experimental snapshot, respectively. Along the vertical wall, Ux (ac) or p (d-f) is plotted at the respective ECM sensor location or
each PS location (the vertical axis is z[m]). Along the promenade,
four vertical grey dashed lines indicate the sensor locations on the
promenade, of which the WLDM gauges are also visible in the experimental snapshots (topped by blue plastic bags). The location
of the ECM is at the second vertical grey dashed line from the left.
The time instant of the numerical snapshot is provided by tOF . . .
98
Figure 4.14 Snapshots of selected key time instants chronologically over
the second main impact (a-f). See the caption of Figure 4.13 for
further descriptions. . . . . . . . . . . . . . . . . . . . . . . . . .
99
Figure 4.15 (a) Overview of the geometrical parameters of the wave
flume and WALOWA model setup, with indicated WG locations.
Reprinted from (Streicher et al., 2017). (b) Front view of the vertical wall on the promenade with indication of the LCs and PS array. 110
Figure 4.16 Definition of the DSPH 2DV computational domain, with
coloured indication of the model fixed and movable boundaries. The
still water level (SWL) is indicated in blue (z = 4.14 m). Note: The
axes are in a distorted scale. . . . . . . . . . . . . . . . . . . . . 111
Figure 4.17 Definition of the SWASH computational domain, with coloured
indication of the model boundaries. The wavemaker and weakly reflective boundary is positioned at the most offshore wave gauge
WG02 location (x = 43.5 m). The SWL is indicated in blue
(z = 4.14 m). Note: The axes are in a distorted scale. . . . . . . 113
Figure 4.18 Comparison of the η time series at selected sensor locations
(a-e). The zero-reference is the SWL for panels (a-d) and the
promenade bottom for panel (e). Note: ηLW is shown as well, but
only for EXP (bold dotted lines in panels (a-d)). . . . . . . . . . . 117

xviii

Figure 4.19 Comparison of the ηLW time series at selected sensor locations (a-d). The zero-reference is the SWL. . . . . . . . . . . . . 117
Figure 4.20 Comparison of the Ux time series at the ECM location. The
zero-reference is the promenade bottom. . . . . . . . . . . . . . . 118
Figure 4.21 Comparison of the Fx time series at the vertical wall. The
experiment is the load cell force measurement. . . . . . . . . . . . 118
Figure 4.22 Comparison of the p time series at selected sensor locations
(a-e), PS01 being the bottom PS (a) and PS13 the top-most PS (e).118
Figure 4.23 Comparison of the root mean square wave height Hrms between each numerical model and the (repeated) experiment up to
the toe of the dike. From top to bottom: Hrms,sw for the short
wave components, Hrms,lw for the long wave components, Hrms
for the total surface elevation, mean surface elevation or wave setup
η and an overview of the sensor locations, SWL and bottom profile. 120
Figure 4.24 Comparison of dr , evaluated for REXP, OF, DSPH and
SW1L with reference to EXP, up to the toe of the dike. From
top to bottom: dr,sw for ηSW , dr,lw for ηLW , dr,tot for η, and
finally an overview of the sensor locations, SWL, and bottom profile. 122
Figure 4.25 Comparison of R evaluated for η (of REXP, OF, DSPH
and SW1L with reference to EXP) up to the dike toe. From top
to bottom: Rsw for ηSW , Rlw for ηLW , R for η, and finally an
overview of the sensor locations, SWL, and bottom profile. . . . . 122
Figure 4.26 Comparison of dr , evaluated for η and Ux (of REXP, OF,
DSPH and SW1L with reference to EXP) from the toe of the dike
up to the vertical wall. From top to bottom: dr for η and Ux , and
finally an overview of the sensor locations, SWL, and bottom profile. 123
Figure 4.27 Comparison of dr evaluated for p (of REXP, OF, DSPH and
SW1L with reference to EXP) at the vertical wall (horizontal axis). 125
Figure 4.28 Numerical model skill target diagrams (target: EXP) for selected sensor locations along the flume. All markers are colour-filled
according to the dr colour scale. The circles represent the mean
value of all markers for a specific model. The data points of REXP
are not plotted for clarity, but only the mean (black circle). (a)
Target diagram with pattern statistics for η at locations WG04, 07,
13, 14 and averaged pattern statistics over WLDM01-WLDM04 for
the promenade (OF: circles, DSPH: squares; and SW1L: triangles)
and Ux at the ECM location (pentagrams). The magenta arrows
indicate the markers representing the model performance of η on
the promenade (WLDM02). (b) p at approx. equidistant locations PS01, 03, 05, 07, 09, 10-13 (OF: circles, DSPH: squares; and
SW1L: triangles) and Fx (pentagrams). Note: the target diagrams
have different axis ranges. . . . . . . . . . . . . . . . . . . . . . . 127

xix

Figure 4.29 Numerical comparative snapshots of the water flow on the
dike per time instant (a-d). Colours are the velocity magnitude
|U | according to the colour scale shown at the top of each figure.
The red arrows are the velocity vectors, which are scaled for a clear
visualisation. Each model snapshot has two inset graphs: at the
top is a time series plot of Fx in which a marker indicates the time
of the snapshot, and along the vertical wall p is plotted at each
pressure sensor location (vertical axis is z [m]). . . . . . . . . . .
Figure 4.30 Figure 4.29 continued (a-b). . . . . . . . . . . . . . . . . .
Figure 4.31 Numerical comparative snapshots of the water flow on the
dike per time instant (a-b). Colours are the velocity magnitude
|U | according to the colour scale shown at the top of each figure.
The red arrows are the velocity vectors, which are scaled for a clear
visualisation. Each model snapshot has two inset graphs of Ux at
the ECM location on the promenade: at the top is a time series plot
of Ux in which a marker indicates the time of the snapshot, and
next to the vertical wall the numerical Ux -profile is plotted over the
water column at the ECM location (vertical axis is z [m]) together
with the single point Ux measurement by the ECM (+marker). . .
Figure A.1 OF model grid resolution convergence analysis of the η time
series at the WG locations along the flume up to the dike toe
(WG14) based on (a) the normalised bias, (b) the residual normalised standard deviation, (c) the residual correlation coefficient,
and (d) the normalised mean-absolute-error. The reference is the
finest mesh with a refinement level in the surface elevation zones
βsez of 3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Figure A.2 OF model time step convergence analysis based on maxCo
for the mesh with βsez = 2. The reference is the lowest maximum Courant number applied (maxCo = 0.15). See caption of
Figure A.1 for the description of (a-d). . . . . . . . . . . . . . . .
Figure A.3 DSPH model inter-particle distance dp convergence analysis
of the η time series at the WG locations along the flume up to the
dike toe (WG14), based on (a) the normalised bias, (b) the residual
normalised standard deviation, (c) the residual correlation coefficient, and (d) the normalised mean-absolute-error. The reference
is the highest resolution simulation with dp = 0.02 m. . . . . . . .
Figure A.4 Same as Figure A.3 but for the SW1L model grid resolution
convergence analysis. See caption of Figure A.3 for the description of (a-d). The reference is the finest grid model result with a
horizontal grid cell resolution of ∆x = 0.10 m. . . . . . . . . . . .

xx

140
141

142

153

153

154

155

List of Tables
Table 2.1 Frequency ranges of interest of the wave spectrum for calculation of m0 for Hm0 , with fsep the separation frequency between low
frequency (or infragravity) waves and high frequency (or sea-swell)
waves. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Table 2.2 Classification of the foreshore depth based on ht /Hm0,o (reproduced from (Hofland et al., 2017)) . . . . . . . . . . . . . . .
Table 2.3 Significance of each wind wave-related physical process in
each type of domain (reproduced from (Battjes, 1994)). . . . . .
Table 2.4 Overview of relevant existing datasets. LW AWA: long wave
active wave absorption, HSR: high spatial resolution surface elevation measurements, OVT: wave overtopping measurements at the
dike crest (q: mean overtopping discharge, Vi : individual wave
overtopping volumes), WIF: wave impact force measurements on a
dike-mounted vertical wall (F : wave impact force on dike-mounted
vertical wall, p: wave impact pressures along the vertical wall). . .
Table 2.5 Parameter ranges for applicability of Equation (2.12) (Lashley, Bricker, et al., 2020). . . . . . . . . . . . . . . . . . . . . . .
Table 2.6 Calibration coefficients for Equation (2.16) as determined
by Hofland et al. (2017) for long- (σ = 0◦ ) and short-crested
(σ = 25◦ ) waves. . . . . . . . . . . . . . . . . . . . . . . . . .
Table 2.7 Overview of the wave flume datasets used for fitting Equation (2.16) for long-crested waves (adapted from Hofland et al.
(2017)). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Table 2.8 Parameter ranges for applicability of Equation (2.23) (Altomare et al., 2016). . . . . . . . . . . . . . . . . . . . . . . . . .
Table 2.9 Overview of empirical models for the prediction of the maximum impact force on a vertical wall, with a promenade in front and
mounted on top of a dike. The overview consists only of (statistical) empirical models that are based on the wave conditions at the
dike toe and the dike geometry parameters (updated and adapted
from Streicher (2019)). . . . . . . . . . . . . . . . . . . . . . . .
Table 2.10 Parameter ranges for applicability of empirical models for
F1/250 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

xxi

9
10
11

16
20

20

21
23

24
25

Table 3.1 Test program for the 2D laboratory experiments of the UGentCREST dataset (values provided at scale 1:25). RS (or RF): random
second (or random first) order wave generation, HSR: high spatial
resolution surface elevation measurement test, OVT: (individual)
wave overtopping test, WIF: wave impact force test. Tested Gc values are colour-coded in black (to indicate which Gc was used
for the HSR and WIF tests) blue (to indicate which Gc-values, in
addition to the black value, were tested for foreshore slope 1/35)
and green (to indicate for which Gc-value the OVT tests were done).
Table 3.2 Inter-distance of the wave gauges positioned between the
wave paddle and foreshore toe, used for the non-linear reflection
analysis. The distances are provided relative to WG01, which was
positioned closest to the wave paddle. . . . . . . . . . . . . . . .
Table 3.3 Comparison of calculated Tm−1,0,t values for different FFT
block sizes using WaveLab and the % change in calculated Tm−1,0,t
between consecutive (increasing) window sizes. Results for WIF test
RS01 on foreshore slope 1/35 at model scale 1:25. Values provided
at model scale. . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Table 3.4 First mode seiche frequencies fseiche for each wave flume
geometry as calculated with Merian’s formula (Equation (2.11)).
Values for ho are provided at model scale 1:25 . . . . . . . . . . .
Table 3.5 The coefficient of variation CV (σ/µ) of Hm0,t and Tm−1,0,t
for the 5 repeated tests (rep) and 9 tests with different seed numbers
(seed) of the offshore incident wave train realisation for test RS01
(cotθ = 35) and test types OVT and WIF. . . . . . . . . . . . . .
Table 3.6 Ranges of the governing parameters for the ’UGent-CREST’
dataset. All values provided for model scale 1:25. Note: ξm−1,0,t is
calculated with the equivalent slope (Equation (2.20)) and Lm−1,0,t
with Equation 2.5. . . . . . . . . . . . . . . . . . . . . . . . . . .
Table 3.7 The mean µ, standard deviation σ and coefficient of variation
CV (σ/µ) of q and Fmax for the 5 repeated tests (rep) and 9 tests
with different seed numbers (seed) of the offshore incident wave
train realisation for test RS01 (cotθ = 35) (adapted from De Vos
(2019)). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Table 3.8 Comparison of the normalised wave height and spectral wave
period at the dike toe (without dike present) between extremely
shallow foreshore tests (ht /Hm0,o = 0.06) without (’UGent3’) and
with LW AWA (’UGent-CREST’). The comparison between tests
with first and second order wave generation is done for tests RF01
and RS01 of the ’UGent-CREST’ dataset. . . . . . . . . . . . . .
Table 3.9 Evaluation of the criterion Equation (2.18) for all test conditions (rows) and each foreshore slope (last four columns). Values
not meeting the criterion (≥ 0.62) are indicated in bold. . . . . .

xxii

30

37

39

40

40

42

45

48

57

Table 4.1 Hydraulic parameters for the WALOWA bichromatic wave test
(EXP) and its repetition (REXP): ho is the offshore water depth,
ht the water depth at the dike toe, Hm0,o the incident offshore
significant wave height, Rc the dike crest freeboard, fi the SW
component frequency, ai the SW component amplitude, and βm
(= a2 /a1 ) the modulation factor. . . . . . . . . . . . . . . . . . .
78
Table 4.2 Proposed classification of the relative refined index of agreement d′r and corresponding rating. . . . . . . . . . . . . . . . . .
86
Table 4.3 Pattern and model performance statistics for all η measurement locations. . . . . . . . . . . . . . . . . . . . . . . . . . . .
92
Table 4.4 Pattern and model performance statistics for all Ux measurement locations on the promenade. . . . . . . . . . . . . . . . . .
93
Table 4.5 Pattern and model performance statistics for all p (PS) and
Fx (LC) measurement locations. . . . . . . . . . . . . . . . . . .
95
Table 4.6 Description of the snapshots shown in Figures 4.13 (main
impact 1) and 4.14 (main impact 2). . . . . . . . . . . . . . . . .
96
Table 4.7 Model performance and pattern statistics evaluated for η of
REXP, OF, DSPH, SW1L and SW8L at measured location WG14
(dike toe location). . . . . . . . . . . . . . . . . . . . . . . . . . 121
Table 4.8 Model performance and pattern statistics evaluated for η of
REXP, OF, DSPH, SW1L and SW8L averaged over all measured
locations on the promenade (WLDM01-WLDM04) and for Ux at
the measured location ECM. . . . . . . . . . . . . . . . . . . . . 121
Table 4.9 Model performance and pattern statistics evaluated for p and
Fx of REXP, OF, DSPH, SW1L and SW8L at the respective measured locations PS05 and LC. . . . . . . . . . . . . . . . . . . . . 125
Table 4.10 Chronological list (in the EXP time frame) and description of
the numerical model snapshots shown in Figures 4.29, 4.30 and 4.31.128
Table 4.11 Grid resolution, number of cells and approximate computational times of each applied numerical model. . . . . . . . . . . . 130

xxiii

Nomenclature
Latin symbols I
Ac
B
C
Cg
F
Fmax
F1/250
Gc
H
Hm0
L
Lslope
N
R
R2
Rc
Rc,prom
Ru2%
S
S
Tm−1,0
Tp
U
Vi

dike crest freeboard
bias
wave celerity
wave group celerity
force
maximum impact force
average force from 1 in 250 impacts
promenade width
wave height
spectral wave height
wave length
horizontal length for equivalent slope calculation
number of samples
correlation coefficient
coefficient of determination
freeboard
promenade crest freeboard
run-up at dike
non-linearity parameter
variance-density
spectral wave period
peak wave period
flow velocity
individual overtopping volume

xxv

m
U nit
m/s
m/s
kN/m
kN/m
kN/m
m
m
m
m
m
−
−
−
m
m
m
−
m2 /Hz
s
s
m/s
m3 /s/m

Latin symbols (II)
a1 , a2
c
c1 –c4
fAW A,lc
fn
fseiche
g
h
hwall
n
p
q
sm−1,0
t
tn
x
y
z

bichromatic short-wave amplitudes
calibration parameter
calibration coefficients
lower cut-off frequency of AWA-system
resonance frequency
first mode seiche frequency
gravitational acceleration (= 9.81)
water depth (for SWL)
wall height
transition slope angle
pressure
mean overtopping discharge
wave steepness calculated with Tm−1,0
time
resonance period structure
cross-shore horizontal space coordinate
longshore horizontal space coordinate
vertical space coordinate

xxvi

m
m
m
Hz
Hz
Hz
m/s2
m
m
−
kP a
l/s/m
−
s
s
−
−
−

Greek symbols
∆
∆t
∆x
∆y
∆z
Σ

difference
time step
grid spacing in X-direction
grid spacing in Y -direction
grid spacing in Z-direction
sum

s
m
m
m

α

dike slope angle
volume fraction
promenade slope angle
dynamic impact amplification factor
normalised bed slope parameter
mesh refinement level
modulation factor bichromatic waves
peak enhancement factor JONSWAP spectrum
mean response influence factor
reduction or influence factor overtopping/force calculation
difference
bichromatic short-wave modulation
equivalent slope overtopping calculation
water surface elevation
flow thickness
foreshore slope angle
transition slope angle
mean value
surf-similarity parameter
pi-number = 3.14159
fresh water density = 1000
standard deviation
radial frequency

−
−
−
−
−
−
−
−
−
−
−
−
−
m
m
−
−
U nit
−
−
kg/m3
U nit
U nit

αp
αim
β
βm
γ
γ
γr
∆
δ
δe
η
θ
θtr
µ
ξ
π
ρ
σ
ω

Other symbols
◦

angle

degrees

xxvii

Subscripts
α
θ
σ

influence dike slope angle
influence foreshore slope angle
influence directional spreading

b
fs
h
ig
lw
o
prom
ss
sw
t
v

mean breaking location
influence foreshore slope
influence initial water depth
infragravity wave component
long wave component
offshore
influence promenade width
sea-swell wave component
short wave component
dike toe
vegetated cover
Abbreviations

(LW) AWA
CV
DSPH
ECM
FFT
HSR
IAT
IWC
JONSWAP
LC
OF
OVT
PWA
RMSE
SWL
TAW
WALOWA
WG
WIF

(Long Wave) Active Wave Absorption
Coefficient of variation
DualSPHysics
Electromagnetic Current Meter
Fast Fourier Transform
High Spatial Resolution η measurement test
Impact Analysis Toolbox
Incident Wave Conditions test
Joint North Sea Wave Project (Hasselmann et al., 1973)
Load Cell
OpenFOAM®
OVerTopping measurement test
Passive Wave Absorption
Root Mean Square Error
Still Water Level
Tweede Algemene Waterpassing
WAve LOads on WAlls
Wave Gauge
Wave Impact Force measurement test

xxviii

Samenvatting
Laaggelegen stedelijke kustgebieden worden almaar kwetsbaarder voor overstromingsrisico’s als gevolg van de toenemende zeespiegelstijging door de klimaatsverandering. De Belgische kust vormt hierop geen uitzondering, en wordt gekenmerkt
door een hybride strand-dijk kustverdedigingssysteem dat hoogbouw op de kruin en
het achterliggende land beschermt tegen overstromingen. Dit systeem is historisch
ontstaan uit een aanvankelijke fixatie van de kustlijn door harde zeedijken, die het
morfodynamische evenwicht van een natuurlijk strand-duinsysteem verstoord hebben en daardoor bij stormen erosie van de stranden veroorzaakten. Om dit te compenseren, zijn strandsuppleties de standaardpraktijk geworden om deze geërodeerde
stranden regelmatig aan te vullen. Hoewel deze praktijk al bestaat sinds de tweede
helft van de 20ste eeuw, zijn ontwerprichtlijnen en toetsmethodieken voor de beoordeling van de kustveiligheid voor dit specifieke type kustverdedigingssysteem pas
in de afgelopen decennia ontwikkeld en geoptimaliseerd. Het resulterende typische
hybride kustverdedigingssysteem van strand en dijk is hier een lokaal voorbeeld,
maar ook aanwezig langs veel vergelijkbare kustlijnen in laaggelegen kustgebieden
wereldwijd.
Het hybride strand-dijk kustverdedigingssysteem dat in dit werk van belang is,
bestaat uit een steile dijk (i.e., ∼ 1/2) met een licht tot steil hellend voorliggend
strand (i.e., 1/90 - 1/20), of - kort gezegd - een zeedijk op een ondiep voorland.
Het beschermt hoogbouw die zich in de buurt van de dijkkruin bevindt met slechts
een promenade van beperkte breedte (i.e., 10 - 30 m) tussenin. Het strand of het
voorland voor de dijk wordt een ondiep voorland genoemd wanneer de korte stormgolven aanzienlijk in golfhoogte reduceren door diepte-geı̈nduceerde golfbreking
voordat ze de zeedijk bereiken. Echter, lange golven groeien over het algemeen in
golfhoogte door shoaling gelijktijdig met de brekende korte golven langsheen het
ondiepe voorland naar de dijkteen toe. Op de dijkteenlocatie (i.e., het overgangspunt tussen de voorlandshelling en dijkhelling) hebben de invallende golfcondities
(i.e., golfhoogte Hm0,t en golfperiode Tm−1,0,t ), daarom een belangrijke bijdrage
van zowel de korte als de lange golven. Dit is in tegenstelling tot de offshore locatie,
waar invallende stormgolven worden gedomineerd door korte golven. Het is deze
combinatie van korte en lange golven bij de dijkteen die een belangrijke, maar nog
onvoldoende onderzochte, invloed heeft op de golfinteracties met de zeedijk (i.e.,
golfoverslag en -impact). Ook het effect van de hellingshoek van het voorland zelf
op deze processen is onvoldoende onderzocht.
Ontwerp- en toetsmethodieken zijn gebaseerd op fysische, empirische en numerieke modellering. Het belangrijkste doel van dit onderzoek is om een significante
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bijdrage te leveren aan de verbetering van deze voornoemde methoden voor het
specifieke geval van een dijk met een ondiep voorland. Dergelijke verbeteringen
zijn cruciaal om het wetenschappelijke inzicht in de betrokken fysische processen
te bevorderen en om ontwerpmethoden verder te optimaliseren, zodat onnodig
conservatisme of catastrofale onderschatting verder wordt vermeden. Bijgevolg
is de hydrodynamische modellering in dit proefschrift gebaseerd op twee verschillende maar even belangrijke en complementaire benaderingen die worden toegepast
in kustwaterbouwkundig onderzoek: (1) fysische modellering en afgeleide (semi-)
empirische modellen, en (2) numerieke modellering.
Wat de fysische modellering betreft, zijn proeven op kleine schaal uitgevoerd in
de golfgoot van de Vakgroep Civiele Techniek aan de Universiteit Gent. Dit resulteerde in een nieuwe dataset (genaamd ’UGent-CREST’) van 414 proeven, inclusief
herhalingen. Deze fysische modelleringstestreeks combineert voor het eerst een variatie van de voorlandshelling (i.e., 1/20, 1/35, 1/50 en 1/80), metingen met hoge
ruimtelijke resolutie (HSR) van de golfverheffing langsheen het voorland tot aan de
teen van de dijk, (individuele) golfoverslagmetingen over de dijkkruin en metingen
van de golfimpact op een (niet-overtopbare) verticale muur. Een ander belangrijk
kenmerk van deze proeven is dat tweede orde golfgeneratie wordt toegepast in
combinatie met actieve golfabsorptie die ook in staat is gereflecteerde lange golven
te absorberen (LW AWA). Er wordt aangetoond dat deze golfgeneratie- en absorptiemethoden (in tegenstelling tot de eerste orde theorie zonder LW AWA) cruciaal
zijn om toe te passen in de huidige context zodat een onnatuurlijke toename van
de golfcondities aan de dijkteen, en de daaruit voortvloeiende golfinteracties met
de dijk, wordt vermeden. De HSR-testen laten voor het eerst (op basis van fysische modellering) een significante toename zien van de lange golfenergie aan de
dijkteen, veroorzaakt door sterke reflectie tegen de steile dijkhelling.
Vervolgens wordt de dataset ’UGent-CREST’ gebruikt om empirische modellen
af te leiden, te verbeteren of te verifiëren. Het state-of-the-art empirisch model
voor de voorspelling van de relatieve grootte van de lange golfhoogte ten opzichte
van de korte golfhoogte aan de dijkteen, H̃ig , blijkt de ’UGent-CREST’ data te
onderschatten met ∼ 20% voor de invallende golfcondities aan de dijkteen (dus
zonder dijk aanwezig, wat een belangrijk geval is wanneer het kan dienen als input
voor empirische overslag- en impactkrachtmodellen). Verder blijkt dat het stateof-the-art empirisch model voor de spectrale golfperiode aan de dijkteen, Tm−1,0,t ,
(toepasbaar op licht hellende voorlanden) dit overschat met een factor tot 2 voor
steilere ondiepe voorlanden. De originele dataset waarop het model werd gebaseerd,
wordt kritisch beoordeeld, waarbij enkel de datasets met tweede orde golfgeneratie
en LW AWA worden behouden om te combineren met de ’UGent-CREST’-dataset.
Op basis van deze gecombineerde dataset is het empirische model aangepast om
de voorspellingsnauwkeurigheid te verbeteren en de toepasbaarheid uit te breiden
naar steile voorlandshellingen. Vergelijking van de ’UGent-CREST’ dataset met de
state-of-the-art empirische formule voor de voorspelling van het gemiddelde overslagdebiet over de dijkkruin, q, bevestigt de voorspellingsnauwkeurigheid. Toch
wordt nog steeds een resterend effect van de voorlandshelling waargenomen, dat
vooral duidelijk is voor hogere (dimensieloze) vrijboorden, waar de formule q onderschat voor de steilst geteste voorlandshelling (i.e., 1/20) en deze overschat voor
de mildst geteste voorlandshelling (i.e., 1/80). Ten slotte wordt een nieuw empi-
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risch model voor de voorspelling van de (quasi-statische) maximale impactkracht,
Fmax , afgeleid uit de ’UGent-CREST’ dataset. Invloeden worden gevonden van
het getal van Iribarren, van H̃ig , van de hellingshoek van het voorland en de promenadebreedte op Fmax , waarmee in het nieuwe empirische model rekening wordt
gehouden.
Wat de numerieke modellering betreft, wordt eerst een meerfasig Reynoldsgemiddelde Navier-Stokes (RANS) model voor twee onsamendrukbare en onmengbare vloeistoffen (water en lucht), interFoam van OpenFOAM® met olaFlow golfrandvoorwaarden (OF), gevalideerd (voor de eerste keer) voor golfinteracties met
een dijk op een ondiep voorland, inclusief golfimpacten op de verticale muur op de
dijk, met behulp van grootschalige proeven (EXP) uitgevoerd in de Deltares Deltagoot. Om de nauwkleurigheid van het OF-model te kwantificeren in vergelijking
met EXP, werd Willmott’s verfijnde overeenkomstindex, dr , aangepast zodat een
nieuwe prestatiestatistiek wordt verkregen (de relatieve index van overeenkomst,
d′r , genaamd), die rekening houdt met de experimentele onzekerheid (maar vereist dat een herhaalde test beschikbaar is). Op basis van bepaalde waarden voor
d′r wordt een classificatie in modelprestatiescores (i.e., Uitstekend, Zeer Goed,...,
Slecht) voorgesteld om de kwantificering van de modelprestatiebeoordeling te verbeteren. Een Zeer Goed resultaat wordt bereikt door OF vergeleken met EXP voor
alle relevante ontwerpparameters (i.e., de golfverheffing η over de vooroever en op
de promenade, de horizontale stroomsnelheid op de promenade Ux , de golfimpactdruk p, en horizontale kracht Fx ), wat voor het eerst de toepasbaarheid van OF
aantoont voor het ontwerp van hybride strand-dijk kustverdedigingssystemen.
Vervolgens wordt een inter-modelvergelijking uitgevoerd tussen drie open source
numerieke modellen: (i) het gevalideerde OF-model, (ii) het zwak samendrukbare
SPH-model DualSPHysics (DSPH) en (iii) het niet-hydrostatische NLSW-model
SWASH. Dit wordt gedaan om te onderzoeken welk type van deze drie numerieke
modellen het meest nauwkeurig en in de praktijk het meest toepasbaar is voor het
modelleren van golfimpacten op verticale wanden op een zeedijk met een ondiep
voorland. Algemeen wordt de beste modelprestatie bereikt door OF, maar vereist
echter wel de hoogste rekenkost (in de orde van dagen voor een korte tijdreeks van
∼ 20 golven). Hoewel DSPH (rekentijd in de orde van uren) de beste reproductie
van de golfhoogte tot aan de dijkteen behaalt, zorgt een accumulatie van fouten
voor de golfopzet en golffase in de brandingszone en nabij de dijkteen voor een lagere modelprestatie dan OF bij de dijkteen en voor de processen op de dijk. Hoewel
SWASH (rekentijd in de orde van minuten) een veel eenvoudiger model is dan zowel
OF als DSPH, blijkt het zeer vergelijkbare resultaten te geven voor de golftransformaties tot aan de dijkteen (wat een verificatie is van bestaand onderzoek) en ook
voor de processen op de dijk en impacten op de verticale wand (nieuw resultaat).
Vooral wanneer quasi-statische maximale krachtpieken het meest interessant zijn
(e.g., voor gebouwen met een lage eigenfrequentie), kan SWASH worden gebruikt,
het computerrekenkundig meest efficiënte model van de drie geteste modellen. Dit
betekent bijvoorbeeld dat SWASH kan worden ingezet om (quasi-statische) Fmax
datasets aanzienlijk uit te breiden, zodat het empirische model voor Fmax verder kan worden verbeterd, terwijl dit praktisch minder haalbaar is met de meer
tijdrovende fysische modellering of OF/DSPH-simulaties. Voor complexere dijkgeometrieën (e.g., stormmuur op de promenade, golfdempend bassin, enz.) blijven
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de modelprestaties van SWASH voor de voorspelling van Fmax echter onzeker.
Ten slotte wordt geconcludeerd dat de onderzoeksresultaten die in dit werk zijn
bereikt de state-of-the-art uitbreiden voor zowel de fysische modellering met de
afgeleide empirische modellen, als de numerieke modellering van de hydrodynamica
van golfinteracties met zeedijken op ondiepe voorlanden, met belangrijke implicaties
voor toekomstige verbeteringen van zowel ontwerprichtlijnen als toetsmethodieken
voor hybride kustverdedigingssystemen van strand en dijk. Om af te sluiten wordt
uiteindelijk een uitgebreid overzicht gegeven van aanbevelingen voor toekomstig
onderzoek op basis van de belangrijkste bevindingen die in dit proefschrift zijn
bereikt.
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Summary
Low-lying coastal urban areas are increasingly vulnerable to flood risks due to
climate change induced sea level rise. The Belgian coast is no exception to this,
which is characterised by a hybrid beach-dike coastal defence system that protects
high-rise buildings on the crest and the hinterland against flooding. This system
originated historically from an initial fixation of the coastline by hard sea dikes,
which disturbed the morphodynamic equilibrium of a natural beach-dune system
and consequently caused erosion of the beaches during storms. To compensate for
this, beach nourishments have become standard practice to replenish these eroded
beaches on a regular basis. Although this practice already exists since the second
half of the 20th century, design guidelines and safety assessment methodologies
for this specific type of coastal defence system are only in recent decades being
developed and optimised. The resulting typical hybrid beach-dike coastal defence
system is here a local example, but is also present along many similar coastlines in
low-lying coastal areas worldwide.
The hybrid beach-dike coastal defence system of interest in this work, consists
of a steep-sloped sea dike (i.e., ∼ 1/2) fronted by a mildly to steeply sloped
foreshore (i.e., 1/80 – 1/20), or – in short – a sea dike on a shallow foreshore. It
protects high-rise buildings that are in close proximity of the dike crest with only a
promenade of limited width (i.e., 10 – 30 m) in between. The beach or foreshore
in front of the dike is called a shallow foreshore when the short storm waves are
significantly reduced in wave height due to depth-induced wave breaking before
they reach the sea dike. However, long waves generally grow in wave height by
shoaling along the shallow foreshore concurrently with the breaking short waves.
Therefore, at the dike toe location (i.e., the transition point between the foreshore
slope and dike slope), the incident wave conditions (i.e., wave height Hm0,t and
wave period Tm−1,0,t ) have important contributions from both the short and long
waves, which is contrary to the offshore location, where incident storm waves are
dominated by short waves. It is this combination of short and long waves at the
dike toe that has an important, but still insufficiently researched, influence on the
wave interactions with the sea dike (i.e., overtopping and impact). Also the effect
of the foreshore slope angle itself on these processes is insufficiently explored.
Design and safety assessment methodologies depend on a range of engineering
tools, including physical, empirical and numerical modelling. The main goal of
this research is to provide significant contributions to the improvement of all three
stated methods for the specific case of a dike with a very shallow foreshore. Such
improvements are crucial to advance the scientific understanding of the governing
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processes involved and to further optimise design methods so that unnecessary
conservatism or catastrophic underestimation is reduced. Consequently, the hydrodynamic modelling in this dissertation is based on two distinct but equally
important and complementary approaches applied in coastal engineering research:
(1) physical modelling and derived (semi-) empirical models, and (2) numerical
modelling.
In terms of the physical modelling, small scale tests were carried out in wave
flume of the Coastal Engineering Research Group, Department of Civil Engineering
at Ghent University. This resulted in a new dataset (called ’UGent-CREST’) of 414
tests, including repetitions. This physical modelling test series combines for the first
time a variation of the foreshore slope angle (i.e., 1/20, 1/35, 1/50 and 1/80),
high spatial resolution (HSR) measurements of the surface elevation along the
foreshore until the dike toe, (individual) wave overtopping measurements over the
dike crest and overtopped bore impact force measurements on a dike-mounted nonovertoppable vertical wall. Another important characteristic is that second order
wave generation is applied in combination with active wave absorption including
for reflected long waves (LW AWA). It is shown that these wave generation and
absorption methods are crucial to use (as opposed to first order theory without
LW AWA) to prevent non-natural increase of wave conditions at the dike toe and
consequent interactions with the dike, because of build-up of unwanted long wave
energy. The HSR tests show for the first time (based on physical modelling) a
significant increase of long wave energy at the dike toe, due to strong reflection
against the dike slope.
Subsequently, the ’UGent-CREST’ dataset is used to derive, improve or verify
empirical models. The state-of-the-art empirical model for the prediction of the
long wave height relative to the short wave height at the dike toe, H̃ig , is demonstrated to underestimate the ’UGent-CREST’ data by ∼ 20% for incident wave
conditions at the dike toe (i.e., without a dike present, which is an important case
as (potential) input for overtopping and impact force empirical models). Furthermore, it is found that the state-of-the-art empirical model for the spectral wave
period at the dike toe, Tm−1,0,t , (applicable to mildly sloped foreshores) overestimates it by a factor of up to 2 for steep-sloped shallow foreshores. The original
dataset to which the model was fitted is critically reviewed and only second order
wave generation with LW AWA datasets are retained to combine with the ’UGentCREST’ dataset. Based on this combined dataset, the empirical model is adapted
to improve its prediction accuracy and to extend its application to steep-sloped
foreshores as well. Comparison of the ’UGent-CREST’ dataset to the state-ofthe-art empirical formula for the prediction of the mean overtopping discharge
over the dike crest, q, verifies its prediction accuracy. Even so, still a residual
effect of the foreshore slope angle is found, which is especially clear for higher
(dimensionless) freeboards, where the formula underestimates q for the steepest
tested foreshore slope (i.e., 1/20) and overestimates it for the mildest tested foreshore slope (i.e., 1/80). Finally, a new empirical model for the prediction of the
(quasi-static) maximum overtopped bore impact force, Fmax , was derived from
the ’UGent-CREST’q
dataset. Influences are found of the surf similarity parameter
2
)), H̃ig , the foreshore slope angle and
ξm−1,0,t (= tan δe / 2πHm0,t /(gTm−1,0,t

the promenade width (normalised by the wave length at the dike toe) on Fmax , all
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of which are taken into account in the new empirical model.
In terms of the numerical modelling, first a Reynolds-averaged Navier-Stokes
(RANS) multiphase solver for two incompressible and immiscible fluids (water and
air), interFoam of OpenFOAM® with olaFlow wave boundary conditions (OF),
is validated (for the first time) for wave interactions with a dike on a shallow
foreshore, including bore impacts on the dike-mounted vertical wall, using largescale experiments (EXP) conducted in the Deltares Delta Flume. To quantify the
OF model performance compared to EXP, Willmott’s refined index of agreement,
dr , was adapted so that a new model performance statistic is obtained (called
the relative index of agreement, d′r ), that takes the experimental uncertainty into
account (but requires that a repeated test is available). Based on value ranges of
d′r , a classification into model performance ratings (i.e., Excellent, Very Good,...,
Bad) is proposed to improve the quantification of the model performance analysis.
A model performance rating of Very Good is achieved by OF compared to EXP
for all relevant design parameters (i.e., the surface elevation η over the foreshore
and on the promenade, the horizontal flow velocity on the promenade Ux , the bore
impact pressure p, and horizontal force Fx ), which demonstrates for the first time
OF’s applicability for the design of hybrid beach-dike coastal defence systems.
Then, an inter-model comparison is conducted between three open source numerical models: (i) the validated OF model, (ii) the weakly compressible SPH
model DualSPHysics (DSPH) and (iii) the non-hydrostatic NLSW equations model
SWASH. This is done to investigate which type of those three numerical models
is most accurate and most applicable in engineering practice for modelling bore
impacts on sea dikes and dike-mounted walls in the presence of a shallow foreshore. The best overall model performance is achieved by OF, but requires the
highest computational cost (in the order of days for a short time series of ∼ 20
waves). Although DSPH (calculation time in the order of hours) manages the best
reproduction of the wave height until the dike toe, accumulation of errors in the
wave setup and wave phase in the surf zone and near the dike toe causes a lower
model performance than OF at the dike toe and for the processes on the dike. Even
though SWASH (calculation time in the order of minutes) is a much more simplified
model than both OF and DSPH, it is shown to provide very similar results for the
wave transformations until the dike toe (which is a verification of existing research)
and even for the processes on the dike and impacts on the vertical wall (new result). Especially when quasi-static maximum force peaks are of most interest (e.g.,
for stiff buildings with low natural frequency), SWASH can be used, which is the
computationally most efficient model of the three tested models. This means that
SWASH can be used to significantly extend (quasi-static) Fmax datasets so that
the empirical model for Fmax can be further improved, much more easily than
carrying out more time-consuming physical modelling or OF/DSPH simulations.
However, for more complex dike geometries (e.g., storm wall on the promenade,
stilling wave basin, etc.) the model performance of SWASH for the prediction of
Fmax remains uncertain.
Finally, it is concluded that the research results achieved in this work extend the
state-of-the-art for both the physical modelling and derived empirical models, and
the numerical modelling of the hydrodynamics of wave interactions with sea dikes
on shallow foreshores, with important implications for future improvements to both
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design guidelines and safety assessment methodologies for hybrid beach-dike coastal
defence systems. Finally, a thorough overview is provided of recommendations for
future research based on the key findings attained in this dissertation.
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Chapter 1

Introduction
As an introduction to this work, first the background and context of the subject
at hand are provided, by giving the historical origins of a sea dike with a shallow
foreshore at the Belgian coast and by discussing its composition and how it protects
the hinterland against flooding during storm conditions. This is followed by the
problem statement and main objectives of the research in this dissertation. Finally
the methodology and outline of the dissertation is provided.

1.1
1.1.1

Background and context
Historical origins of sea dikes with shallow foreshores at
the Belgian coast

Being part of the Rhine-Meuse-Scheldt Delta, the Belgian coast is historically very
dynamic. For thousands of years, the hinterland was protected naturally from the
sea by a belt of dunes. However, during the late Middle Ages, the slow destruction of these dunes due to sand mining, settlements and overgrazing (by rabbits)
became prevalent (Augustijn, 2008; Soens, 2005). Many attempts were made to
fixate the inherently dynamic coastline locally with sea dikes, which were meant
to compensate for the loss of coastal protection against flooding that the dunes
previously provided. These dikes were unsuccessful to protect against severe storm
surges on the long term due to lack of knowledge at the time and their poor maintenance because of wars. During the period 1375 – 1424 several storm surges
occurred of which flooding events in 1394 (the “Sint-Vincentiusnacht”) and 1404
(the first “Sint-Elisabethsvloed”) were the most devastating. This prompted an
increase of investment in strengthening the existing dikes (Soens, 2005) and their
interconnection between Dunkirk and Sas van Gent (see Figure 1.1). From the 15th
century on, the sea and human interventions (i.e., impoldering, dike construction,
dredging, shore protection works, etc.) reshaped the coast along this dike, resulting in a straightening and fixation of the Belgian coastline (VlaamseBaaien2100,
2010).
From the end of the 19th century on, the Belgian coastal land-use planning
was still much less restrictive than the neighbouring countries, which caused a very
1
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high degree of local coastal development. These coastal developments increased
considerably after the Second World War, with the rise of middle-class mass-tourism
and consequent construction of apartment buildings on the sea dike (Dubois, 2000).
This resulted in the typical Belgian coastal appearance as it is known today (see
Figure 1.2): an almost continuous row along the coastline of high-rise apartment
buildings fronted by a promenade, a sea dike and a beach. Along the 67 km
long coast this beach-dike-promenade-building cross-section is only sporadically
interrupted by harbours (i.e. Nieuwpoort, Ostend and Zeebrugge, see Figure 1.1)
and (dike-fronted) dunes. The Belgian coast is relatively short, but represents a
significant touristic, socio-economic and cultural value for the densely populated
country.

Zeebrugge harbour
Sas van Gent

Raversijde
Ostend harbour

Nieuwpoort harbour

Dunkirk

Figure 1.1: Satellite image of the Belgian coast (©Google Earth).

After the storm surge and floods of the devastating storm of 1953, it became
apparent that the hard dike structures alone do not provide sufficient protection,
due to their fixed crest level and erosive natural beaches. Furthermore, because
of the general absence of a dune, the natural equilibrium in the sand balance is
disrupted and the coastal dynamics are unable to supply sufficient sand to the
system to fully compensate for the erosion of sand from the beach during storms.
Mid-20th century, the dry beach was completely eroded at many places along the
Belgian coast, enabling the sea to reach the dike during high tide. Since the
1970’s, beach nourishment was adopted as a complementary coastal protection
scheme (Hanson et al., 2002): millions of cubic meters [m3 ] of sand were artificially
supplied to the beach, which pushed the sea again further away from the sea dikes.
Placing a beach nourishment in front of hard structures, such as sea dikes, increases
short-term flexibility with respect to sea level rise as nourishments can be carried
out comparatively faster than the drastic and expensive structural works needed to
heighten and adapt existing dikes.
Most recently, the Masterplan for coastal safety (afdeling Kust & Research,
2011) identified the weak locations along the Belgian coast in terms of flood risk
and presented a flood risk management plan, that resulted in coastal protection
works to ensure protection against flooding of the Belgian coastal zone and hin-
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Figure 1.2: Typical view from the dike promenade at the Belgian coast. From left to
right: the sea, beach, dike, promenade and apartment buildings (©Tim Van de Velde,
accessed via Google Images).

terland by storm surges with a return period of 1000 years and for an expected
sea level rise until 2050. These coastal protection works mostly include beach
nourishments, but locally also in combination with structural adaptations to the
sea dike itself (e.g., heightening of the dike crest, (removable) storm walls on the
promenade, stilling wave basins,etc.).
Nowadays, most of the Belgian coast is therefore protected from flooding by a
hybrid beach-dike coastal defence system, which consists of a sea dike with a very
shallow foreshore. The resulting typical hybrid beach-dike coastal defence system
is here a local example in Belgium, but is also present along many similar coastlines
in low-lying coastal areas worldwide.

1.1.2

The hybrid beach-dike coastal defence system

Coastal areas around the world are subjected to increased flood risks due to sea
level rise, which is expected to intensify and reach 1 m (and likely more) by the
end of this century (Englander, 2014; IPCC, 2019). Hybrid soft-hard coastal defence structures are regarded by the IPCC with high agreement as a key promising
protection from these increased risks. This type of structure combines a sandy
beach (soft) and a steep-sloped impermeable dike (hard) to protect dike-mounted
buildings and the hinterland (see Figure 1.3).
Many low-lying coastal urban areas (e.g., Belgium, The Netherlands, Denmark,
Germany, France, UK, and many more internationally) are already protected from
flooding during storms (caused by storm surge and waves) by so-called sea dikes
with a shallow foreshore. A cross-section of such a coastal defence system typically
consists of a building constructed on top of a sea dike with a promenade (i.e.,
10–30 m wide) and a steep dike slope (i.e., ∼ 1/2) with a (nourished) beach or
mildly sloped shallow foreshore in front (see Figure 1.4; and see Section 2.1.1 for
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Figure 1.3: Example of a hybrid beach (yellow line) – dike (red line) coastal defence
system along the Belgian coast (Raversijde).

the scientific definitions of these terminologies).
Wave-structure
interaction zone

Wave transformation zone

Offshore

overtopping
HWS + storm surge

Nourished beach

Dike toe
Eroded beach
(slope ≈ 1/80 – 1/20)

impact
Dike

MHW
MLW

Building

Promenade
(slope ≈ 1/100)

Dike (slope ≈ 1/2)

Figure 1.4: Schematised cross-section of the hybrid beach-dike coastal defence system
(with q: mean wave overtopping discharge, Vi : individual wave overtopping volume, p:
pressure, F : wave force, HWS: High Water Spring, MHW: Mean High Water, MLW:
Mean Low Water).

During mild weather conditions, the sea mostly interacts with the foreshore
alternating between high and low tide. During severe storm conditions, however,
the nourished beach is being eroded and storm surge increases the water level
beyond the high water (spring) level, so that the sea reaches the dike slope and
waves can interact (i.e., overtopping and impact) with the sea dike, promenade and
building. Here the added value of the nourished beach to the coastal protection
system during storms comes into play: the beach acts as a shallow foreshore of the
dike, meaning that it reduces the water depth significantly, forcing the sea-swell
(ss) waves (i.e., ‘short’ wind generated waves with wave periods T ≈ 1 s — 20 s)
to break, so that their wave height is significantly reduced before they reach the
dike. In contrast however to the aforementioned ss waves, infragravity (ig) waves
(i.e., ‘long’ waves, free or bound to the ss waves, with T ≈ 20 s — 300 s) grow
in wave height due to shoaling and energy transfer from the ss waves, increasing
their importance in the wave attack on the dike during storm conditions. It is this
situation and cross-section that is of interest to the present work.

1.2. Problem statement and main objectives
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Problem statement and main objectives

Safety assessments (Suzuki et al., 2016) and design guidelines (e.g., EurOtop (Van
der Meer et al., 2018)) for hybrid beach-dike coastal defence systems (see Section 1.1.2) rely on empirical formulae, neural network prediction tools (not considered further in this work), physical and numerical modelling. Originally, these
assessment and design methods have been primarily developed for dikes in deeper
water conditions (i.e., without a shallow foreshore). It is only recently that these
methods are being tested and extended towards beach-dike coastal defence systems or dikes with shallow foreshores. The present work aims to contribute in
the improvement of and to further increase knowledge on hydrodynamic modelling
of wave interactions with sea dikes on a shallow foreshore. The hydrodynamic
modelling in this dissertation is based on two distinct but equally important and
complementary approaches applied in coastal engineering research: (1) physical
modelling and derived (semi-) empirical models, and (2) numerical modelling.
Consequently, the two main research objectives of this dissertation are:
• Main objective 1 (MO1): to investigate experimentally the effect of the foreshore slope angle on wave interactions with sea dikes on shallow foreshores
and improve existing empirical models for the prediction of the wave interaction processes with the sea dike.
• Main objective 2 (MO2): to determine the performance of Reynold-averaged
Navier-Stokes (RANS) numerical modelling for wave interactions with sea
dikes on shallow foreshores, including in comparison to the performance
of smoothed-particle hydrodynamics (SPH) and non-hydrostatic non-linear
shallow water (NLSW) equations methods.

1.3

Methodology and outline

In Figure 1.5 a flowchart is presented of the outline of the dissertation. Based on
the two main objectives put forward in this work (see Section 1.2), the state-of-theart in the scientific literature on these subjects is explored in Chapter 2, where at
the same time the knowledge gaps are identified, from which several more specific
objectives are derived (see Section 2.5). Research towards achieving those specific
objectives is then described in two chapters: one for each MO.
The specific objectives related to MO1 or the physical modelling and improvement of empirical models are handled in Chapter 3. The previously unexplored
effect of the foreshore slope angle on the wave interactions is investigated using
physical modelling in a wave flume. The model set-up (including instrumentation),
test program and applied wave generation and absorptions methods are described.
The processing of the obtained data is discussed into detail. The resulting physical modelling dataset is then used to investigate the influence of wave generation
and absorption methods on the wave interactions with the sea dike and to investigate the hydrodynamics over the different tested foreshore slopes. Finally, the new
physical model dataset is used to verify or improve empirical modelling for wave
parameters at the dike toe location and for wave interactions with the dike.
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In Chapter 4, the specific objectives for MO2 are worked out. This chapter
consists of two main parts: (1) the first part consists of the validation of RANS
numerical modelling using large-scale flume tests of wave interactions with a sea
dike on a shallow foreshore, (2) while the second part goes into a detailed intermodel comparison of the validated RANS model with numerical models based on
the SPH and non-hydrostatic NLSW methods. Model performance and pattern
statistics are used to quantify the comparisons performed in both parts.
Finally, the dissertation is concluded by Chapter 5 with the key results and
recommendations for further research.
CH1 – Introduction
Background and context

Problem statement and objectives

Methodology and outline

CH2 – State-of-the-art
Definitions and governing physical processes
Physical modelling

Empirical modelling

Numerical modelling

Knowledge gaps and specific objectives

MO2

MO1

CH3 – Physical modelling and detailed analysis
Physical modelling

Empirical modelling

2D model setup & overview tests
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Figure 1.5: Outline of the dissertation.

Chapter 2

State-of-the-art and
knowledge gaps
To begin with in this chapter, the geometry related definitions for a hybrid beachdike coastal defence system are introduced, together with an overview of the governing physical processes and concepts related to the hydrodynamics of waves
propagating over the beach and interacting with the sea dike (Section 2.1). Secondly, a state-of-the-art review of physical (Section 2.2), empirical (Section 2.3)
and numerical modelling (Section 2.4) is provided in relation to wave interactions
with sea dikes on shallow foreshores. Finally, based on knowledge gaps identified
throughout the state-of-the-art (i.e., numbered by knowledge gap i.j, with i the
number of the main objective in Section 1.2 and j the number of the knowledge
gap), specific objectives for the PhD dissertation are derived in Section 2.5.

2.1

Definitions and governing physical processes

In this section, the definitions of key parameters related to the cross-section of
interest are provided, followed by a discussion on the physical processes that are
most important to consider in this work.

2.1.1

Definitions and key parameters

The coastal flood defence system of interest in this work, consists of a nourished
beach in front of an existing dike with a promenade and high-rise building on the
crest (see Figure 1.4). During design storm conditions (i.e., for a return period
of 1000 years) the nourished beach erodes to a straight profile1 (see dashed line
1 This is a common assumption in engineering practice and physical modelling, based on numerical modelling using XBeach (Roelvink et al., 2009). In the safety assessment methodology
of Suzuki et al. (2016), the eroded beach profile at the end of the storm is used (including extra
erosion to account for model uncertainties), which is considered to be a conservative assumption.
Large scale physical model tests have shown that also local scour at the dike toe occurs due to
wave reflection (Saponieri et al., 2018). This is of importance to the water depth at the dike toe
ht , one of the main parameters considered in this work.
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in Figure 1.4) to form a shallow foreshore to the sea dike. This cross-section
then corresponds to an impermeable steep-sloped sea dike with a milder sloped
shallow foreshore. The key parameters and geometrical characteristics of this crosssections are further schematised in Figure 2.1 and are provided here following the
standardised terminology and definitions of the EurOtop manual (Van der Meer
et al., 2018).
dike crest

dike toe

q, Vi

F

Gc
Ac

SWL

tan

vertical wall

offshore

p

tan
tan

foreshore

Hm0,o
Tm-1,0,o

dike

promenade

Hm0,t
Tm-1,0,t
ht

SWL

ho
tan

no dike structure (horizontal)

Figure 2.1: Definition sketch of the problem cross-section with an overview of the hydraulic and geometric parameters. The top cross-section schematises the field situation,
while the bottom cross-section is an artificial situation used to determine the incident
wave conditions. The offshore location is defined by ho > 4Hm0,o (Hofland et al., 2017).

The offshore zone is defined by the offshore water depth ho for which no depthinduced wave breaking occurs (Hofland et al., 2017), or:
ho > 4Hm0,o

(2.1)

where subscript ”o ” signifies the offshore location and the spectral significant wave
height Hm0 is defined by:
√
Hm0 = 4 m0

(2.2)

with the spectral moment mi defined as:

mi =

Z

f2

f i S(f ) df

(2.3)

f1

with i = 0 for m0 (which is also equal to the variance of the water surface elevation
ση2 ), f1 and f2 determined by the frequency range of interest (Table 2.1) and S(f )
the spectral density of the water surface elevation η relative to the mean water
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level. In the offshore zone also the spectral wave period Tm−1,0,o is defined to
complete the set of offshore incident wave conditions. The spectral wave period is
defined by:
Tm−1,0 =

m−1
m0

(2.4)

where the spectral moments m−1 and m0 are calculated with Equation 2.3 for
i = −1 and i = 0, respectively. For a single-peaked wave spectrum, Tm−1,0,o
is often approximated by Tm−1,0,o = 0.9Tp,o (with Tp the peak wave period) in
engineering practice. The offshore incident wave conditions are usually obtained
from a spectral wave model (e.g., SWAN (Booij et al., 1999)).
Table 2.1: Frequency ranges of interest of the wave spectrum for calculation of m0 for
Hm0 , with fsep the separation frequency between low frequency (or infragravity) waves
and high frequency (or sea-swell) waves.

frequency range
[−]

subscript
[−]

f1
[Hz]

f2
[Hz]

complete
low frequency
high frequency
infragravity
sea-swell

none
lf
hf
ig
ss

0
0
fsep
0.005
fsep

∞
fsep
∞
fsep
1

The beach or so-called foreshore with slope angle θ in front of the dike is char2
acterised by being at least one deep water wave length Lm−1,0,o = gTm−1,0,o
/(2π)
2
(with g = 9.81 m/s the gravitational acceleration) long and by a slope of maximum tan θ = 1/10 (typical values along the Belgian coast from East to West are
between 1/20 and 1/90).
The transition point between the foreshore slope and the dike slope is defined as
”the toe of the dike” or in short ”dike toe”, and is indicated with subscript ”t ”. The
water depth at this location ht determines the degree in which the foreshore affects
wave transformations along the foreshore (more on this in Section 2.1.2). Hofland
et al. (2017) made a classification of the shallowness of the foreshore depth based
on ht normalised with Hm0,o (see Table 2.2). For shallow foreshore depths (i.e.,
ht
Hm0,o < 4), depth-limited wave breaking severely affects the wave conditions at the
dike toe, implicating that the incident wave conditions need to be determined at the
dike toe for application of empirical models for the prediction of wave interactions
with the dike. These incident wave conditions at the dike toe (i.e., Hm0,t and
Tm−1,0,t ) are obtained by considering a cross-section where the dike is removed
to disregard the wave reflection from the dike slope (see the lower cross-section in
Figure 2.1) and can be obtain either by physical/numerical modelling or empirical
models. For Hm0,t empirical models exist (Goda, 2000, 2009), but are known to
still contain many uncertainties for shallower foreshore depths (Van der Meer et
al., 2018). In contrast, the spectral wave period Tm−1,0,t can be estimated by an
empirical model applicable to shallow foreshores (see Section 2.3.2). The shallow
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water wave length is calculated based on the solitary wave model (Suzuki et al.,
2017):

Lm−1,0,t = Tm−1,0,t

q
g (ht + Hm0,t )

(2.5)

Table 2.2: Classification of the foreshore depth based on ht /Hm0,o (reproduced from
(Hofland et al., 2017))

classification
[−]

range
[−]

deep
shallow
very shallow
extremely shallow

ht
Hm0,o

>4
ht

1 < Hm0,o < 4
ht
0.3 < Hm0,o
<1
ht
Hm0,o < 0.3

The dike consists of a smooth and impermeable slope between tan α = 1/1 and
1/8. The freeboard of the dike crest is determined by Ac . At the crest of the dike,
the transition is made to a promenade with a very gentle slope of tan αp = 1/50
– 1/100. The promenade width Gc is typically between 10.0 m – 30.0 m along the
Belgian coast. Finally, at the end of the promenade usually high-rise buildings are
found, which is schematised here as a non-overtoppable vertical wall.

2.1.2

Governing physical processes

The governing physical processes considered in this dissertation are focussed on
the hydrodynamics of waves along the hybrid beach-dike coastal protection system during storm conditions (i.e., energetic waves and storm surge). The eroded
beach or foreshore is assumed to be fixed2 , so that sediment transport and beach
morphodynamics are not considered further here.
Battjes (1994) categorised the most important physical processes per type of
domain (i.e., oceans, shelf seas, nearshore and harbours), see Table 2.3. For the
present study, mainly the nearshore domain is of interest. Therefore, all physical
processes named in Table 2.3 play a role in some order of significance for waves
propagating over the foreshore until the dike toe.
Offshore, sea-swell (ss) waves are generated by the wind and the wave energy
is spread over multiple frequencies (i.e., irregular waves, T = 1 – 20 s, f = 0.05 –
1.00 Hz) and directions (i.e., directional spreading with a directional standard deviation σ of about 15◦ − 30◦ ). Non-linear four-wave interactions (i.e., quadruplets)
redistribute energy over the wave spectrum in deep and intermediate water (van
2 In engineering practice this assumption is made when the morphodynamics of the beach
in front of the dike are not modelled simultaneously with the hydrodynamics (i.e., because of
the increased complexity, scale effects,...). This is considered to be acceptable when following a
conservative approach (e.g., by assuming the eroded beach profile at the end of the storm (Suzuki
et al., 2016)).
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Table 2.3: Significance of each wind wave-related physical process in each type of domain
(reproduced from (Battjes, 1994)).
Process

Oceans

Shelf seas

Nearshore

Harbours

Wind input
Whitecapping
Quadruplet-interactions
Bottom friction
Depth refraction/shoaling
Depth-breaking
Current refraction
Triad-interactions
Diffraction

DDD
DDD
DDD
-

DDD
DDD
DDD
DDD
SS
M
M
-

M
M
M
SS
DDD
DDD
SS
SS
M

SS
M
DDD

DDD
SS
M
-

Dominant
Significant, but not dominant
Minor importance
Negligible

Legend:

Vledder et al., 2001). Wind waves might break in deep water (i.e., whitecapping)
when reaching a wave steepness limit.
Oblique incidence of waves into shallow water causes the waves to refract
to the direction perpendicular to the bottom contours. As waves approach the
coast and shallower water, they also start to shoal (shortening, heightening and
steepening of the wave) and eventually start to break after a wave steepness limit
is reached (i.e., depth-limited breaking). The type of wave breaking (i.e., spilling,
plunging, collapsing and surging) depends on the Iribarren, surf similarity or breaker
parameter ξm−1,0,o :

ξm−1,0,o = q

tanθ
2πHm0,o
2
gTm−1,0,o

(2.6)

which is the ratio of the slope of the structure (here foreshore) to the square root
of the wave steepness sm−1,0,o = Hm0,o /Lm−1,0,o . The wave breaking process
generates a lot of turbulence in the surf zone resulting in energy loss and therefore
wave height reduction. Especially in the swash zone, turbulence is not only generated by wave breaking (bore-related turbulence), but also by the presence of the
bottom (bed-related turbulence) (Chardón-Maldonado et al., 2015).
Nonlinear wave-wave interactions (i.e., triad-interactions) in the shoaling and
breaking zones, cause wave energy transfer to the sub- and super harmonics. The
subharmonics are long waves or infragravity (ig) waves (T = 20 – 200 s, f =
0.005 – 0.05 Hz (Herbers et al., 1994)), which are bound to the incident ss wave
group and therefore propagate at the ss wave group celerity Cg . These so-called
forced long waves dissipate shortly after short wave breaking begins (Baldock,
2012). Another process which generates – not forced but free – long waves, both
towards the offshore and shoreline directions from the breakpoint, is the time-
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varying position of the breakpoint produced by incident wave groups (Baldock &
Huntley, 2002; Symonds et al., 1982). The dominant ig wave generation processes
on a given foreshore slope are dependent on the normalised bed slope parameter
(Battjes et al., 2004):
tan θ
β=
ωlw

r

g
h

(2.7)

where ωlw is the radial frequency representative for the long wave motion at a
characteristic water depth h (usually h = hb is chosen, with hb the mean breaker
depth to deliver βb ). According to Battjes et al. (2004), βb < 0.30 corresponds to
a mild-slope regime where shoaling of bound long waves is the main contributor to
ig wave growth. Conversely, for βb > 1.00 a steep-slope regime is in effect, where
the moving breakpoint-generated ig waves are dominant. For 0.30 < βb < 1.00
both generation mechanisms contribute significantly to the ig wave growth and
neither mechanism can be considered to be dominant. All incident long waves
are eventually reflected at the shoreline (or dike slope) as free waves in offshore
direction, forming leaky waves, or become trapped due to refraction (i.e., edge
waves) (Janssen et al., 2003).
Changes in wave height along the foreshore also affect the mean water level.
Longuet-Higgins and Stewart (1964) defined the radiation stress as the excess flow
of momentum due to the presence of the waves. The wave height increases in the
shoaling area and therefore also the wave energy and radiation stress. This results
in a depression of the mean water level or a so-called ”wave set-down”. In the
surf zone, the opposite happens due to wave breaking and an increase of the water
level occurs (i.e., ”wave set-up”).
Although depth-limited wave breaking is the dominant wave dissipation mechanism in the surf zone, bottom friction also contributes to the wave dissipation,
especially for long waves. However, Lashley, Bricker, et al. (2020) found that
Hm0,ig,t is insensitive to a realistic variation in bottom friction. Finally, interactions of the waves with (tidal) currents are also present (i.e., current refraction
and wave blockage), and shoals in the bathymetry (or other obstacles) cause wave
diffraction, but are not further considered here.
Beyond the dike toe, waves or broken bores reflect on or run up the dike slope
and overtop the dike crest. The ig wave energy at the toe of the dike contributes
to the wave overtopping, and becomes very important in case of shallow foreshores
with a mild slope. For conditions in which the amount of energy in ig waves at the
dike toe is significant, the influence on the mean wave overtopping discharge q is
also significant: van Gent and Giarusso (2003) observed that q increased by a factor
of almost 5 compared to overtopping calculations where the ig wave energy was
filtered out. However, the directional spreading of the wave energy was found to
affect significantly the amount of ig wave energy in shallow water (or at the dike toe
in this case). Even slight directional spreading can already reduce the amount of
ig wave energy to 10% of the amount generated by uni-directional waves (Okihiro
et al., 1992), however the effect is not yet fully investigated.
On the promenade, turbulent bores interact with each other and finally impact
on the vertical wall at the end of the promenade (Chen et al., 2015). Streicher,
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Kortenhaus, Marinov, et al. (2019) identified five types of bore interaction patterns
(see Figure 2.2): (1) Regular, (2) Collision, (3) Plunging breaking, (4) Sequential
overtopping and (5) Catch-up bore pattern.

Figure 2.2: Classification of bore interaction patterns on the promenade (reprinted from
Streicher, Kortenhaus, Marinov, et al. (2019)).

Streicher, Kortenhaus, Marinov, et al. (2019) also verified and found that most
bore impacts cause a double-peaked force impact signal on the vertical wall (with
force peaks F1 and F2 ), with similar magnitude for both peaks. They identified
three possible types of impacts on the vertical wall (i.e., impulsive, dynamic and
quasi-static) dependent on the ratio F1 /F2 and the impact rise time tr,F 1 (see
Figure 2.3).

Figure 2.3: Classification of bore impact types (reprinted from Streicher, Kortenhaus,
Marinov, et al. (2019)).

However, two-thirds of the bore impacts on the vertical wall were found to be
of a quasi-static type, including the maximum impact force Fmax . Chen et al.
(2015) also found that the quasi-static force peak F2 = Fqs is more important for
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the stability of the building than the (much) shorter duration (i.e., 0.01 – 0.1 s)
dynamic peak F1 = Fdyn . However, smaller elements of buildings, such as windows
and doors, have a higher natural frequency and are affected by such short duration
dynamic impacts. These impulsive and dynamic impact forces are stochastic by
nature and therefore difficult to reproduce/predict (Jacobsen et al., 2018). That
is why a dynamic impact amplification factor should be applied to the calculated
maximum quasi static force peak for the design of such elements (Chen et al.,
2017):
Fdyn = αim Fqs

(2.8)

where αim is an amplification factor, recommended by Chen et al. (2017) to be
αim ≥ 2.5. More research is needed to determine suitable αim -values for specific
(local) structural elements of buildings.

2.2

Physical modelling

In this section, an overview is provided of the existing datasets that are most
relevant to this study. In addition, the state-of-the-art on wave generation and
absorption methods in physical modelling is discussed related to the suppression of
spurious waves.

2.2.1

Relevant existing datasets

To fully study the hydrodynamics of waves propagating over the foreshore and
interacting with the sea dike, a combination is required of currently two separate
fields of study: (1) the study of cross-shore wave transformation and hydrodynamics
over a beach and (2) the study of wave overtopping and wave impact forces on an
impermeable steep-sloped dike. In Table 2.4, an overview is provided of existing
datasets for both these fields of study.
Wave dynamics on mildly sloped beaches determine in large part the morphodynamics of the beach. That is why it has recently been studied more actively by
conducting surface elevation measurements at a high number of locations along the
beach, up to and, in some cases, including the swash zone (Boers, 1996; Ruessink
et al., 2013; van Dongeren et al., 2007). This high spatial resolution measurement
of surface elevations (HSR) allowed a detailed analysis of the wave dynamics, in
particular the non-linear wave-wave interactions and the behaviour of the ig waves,
by decomposition into incident and reflected components (Almar et al., 2014; Guza
et al., 1984; van Dongeren et al., 2007).
A very extensive overview of existing physical modelling of wave interactions
with a sea dike (and other related studies in terms of bore impact forces) is already
provided by Streicher (2019). Physical modelling of wave overtopping (OVT) on
dikes with shallow foreshores and impact on dike-mounted vertical walls (WIF) are
of most interest in the present work. In Table 2.4, only the existing datasets that
are referred to later in this work are included, and an update is provided with the
most recent studies. Also physical modelling research where the incident wave
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conditions (IWC) at the dike toe location was determined, is of interest as well.
In recent studies, physical model datasets have been extended by (validated) numerical modelling to increase the dataset size for the analysis of physical processes
(Masselink et al., 2019; Nguyen et al., 2020) or for the benefit of improving empirical prediction models (De Finis et al., 2020; Hofland et al., 2017; Lashley, Bricker,
et al., 2020). These numerically generated datasets are therefore also included in
Table 2.4.
Currently, it remains little explored what happens when an impermeable steepsloped dike is placed in the inner surf zone close to the swash zone on a mildly sloped
beach, both in terms of impact on the wave dynamics over the beach and the wave
interactions with the dike. Only Lashley, Bricker, et al. (2020) briefly discussed the
effect on the wave dynamics over the foreshore based on one numerical simulation
for a foreshore slope of 1/50, where for phase-resolving numerical models the HSR
of the surface elevation is inherently available. They identified a standing wave
pattern in the ig wave frequency band, indicating strong ig wave reflection from
the sea dike. Based on a cross-correlation analysis between the envelop of the ss
waves and the filtered surface elevation time series for the ig waves ηig (Janssen
et al., 2003), they could also identify that for the considered test both the ss
wave group forced and moving breakpoint forced ig wave generation mechanisms
contribute to the development of ig waves. However, these observations remain
unverified by physical modelling.
Although the mean overtopping discharge q has been studied for dikes with a
shallow foreshore (Altomare et al., 2016), the individual overtopping volumes Vi
have not been researched as extensively for the shallow foreshore case (see (Koosheh
et al., 2021) for a complete overview). Nørgaard et al. (2014) were the only ones
that considered the effect of shallow water waves on Vi , but that study was limited
to one foreshore slope (i.e., 1/98), considered a rough rubble mound breakwaters
instead of a smooth impermeable dike and did not include very to extremely shallow
foreshore depths. Only datasets ’UGent1’, ’UGent2’ and ’UGent3’ (see Table 2.4)
contain relevant measurements of Vi , but were limited to one foreshore slope only
(i.e., 1/35) and used 1st order wave generation without LW AWA. These Vi data
also remain unanalysed.
From Table 2.4 it is striking that most of the physical modelling of wave interactions with a sea dike in the presence of a shallow foreshore has been limited
to a foreshore slope of 1/35, with only one study by Van Gent (1999) considering
milder sloped foreshores (i.e., 1/100 and 1/250) for wave overtopping. However,
the foreshore slope is a key parameter in βb (see Equation 2.7), which determines
the dominant ig wave generation mechanism. In addition, Lashley, Bricker, et al.
(2020) showed that the foreshore slope affects the relative magnitude of the ig
wave height, defined by:

H̃ig =

Hm0,ig,t
Hm0,ss,t

(2.9)

The effect of the foreshore slope or H̃ig on wave interactions with a sea dike in the
presence of a shallow foreshore remains uninvestigated.
So clearly, there is still a need to conduct 2D wave flume physical modelling
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Van Gent (1999)
Van Gent (1999)
Van Gent (1999)
Van Gent (1999)
Nørgaard et al. (2014)§
Bellotti et al. (2015)
Chen et al. (2016)
Altomare et al. (2016), FHR13 116
Altomare et al. (2016), FHR00 025
Hofland et al. (2017)
Hofland et al. (2017)

van Dongeren et al. (2007)
Ruessink et al. (2013)

Boers (1996)

small
large
small
large

small
small
small
small
small
mid
small
small
small
proto
small

small
small

small

1/35
1/35
1/2.3
1/1–1/50
1/35

1/100
1/250
1/100
1/250
1/98
1/28†
1/35
1/35
1/35
1/100
irreg.
(∼
1/10,
1/200)
0
1/20
1/35
1/35∗

JONSWAP

UGent
GWK
UGent
Deltares

Deltares
Deltares
Deltares
Deltares
AU
CIEM
FHR
FHR
FHR
numerical (NH-XBeach)
Deltares

TU Delft
Deltares

TU Delft

(−0.18)–0.48
0.06–0.80
0–1.00
(−3.00)–3.00
0.10–0.54

2.50–7.00
3.05–7.35
0.05–0.66
0.04–0.86

0.34–2.52
0.34–2.52
0.67–2.52
0.67–2.52
2.00–5.59
4.12–6.82
0.15–0.83
(−0.05)–0.20
(−0.14)–0.25
0.08–2.52
1.34–1.37

beach (no dike)
beach (no dike)

beach (no dike)

0, 10, 24

0
0

0
0
0
0
0, 12, 16, 20,
31.5

0
0
0
0

0
0
0
0
0
0
0
0
0
0, 25
5, 22

0
0

0

336

40
24

11
8
18
3885
125

28
21
8
22

12
12
30
12
162
14
49
45
21
9
2

8
8

3

# tests

2nd

1st
1st
2nd
2nd
1st, 2nd (σ =
◦
0 )
1st
n/a

1st
1st
1st
1st

2nd
2nd
2nd
2nd
2nd
1st
1st
1st
1st
2nd
1st

2nd
2nd

2nd

order of
wave gen.

yes‡

yes
yes‡

no
no
no
yes‡
yes

no
no
no
yes

yes
yes
yes
yes
yes
no
no
no
no, yes‡
yes
no

yes
yes

yes

LW AWA

yes

no
no

no
no
no
no
no

no
no
no
no

no
no
no
no
no
no
no
no
no
no
no

yes
yes

yes

HSR

yes

no
yes

yes
yes
yes
yes
yes

no
no
yes
yes‡

yes
yes
yes
yes
yes
no
yes
yes
yes‡
yes
yes

no
no

no

IWC

no

no
q, Vi

q, Vi
q, Vi
no
no
q, Vi

no
q
q, Vi
no

q
q
q
q
q, Vi
q
no
q
q
no
no

no
no

no

OVT

no

F
no

F
F
no
no
F

F
F
F
F, p

no
no
no
no
F, p
F, p
F
no
no
no
no

no
no

no

WIF

σ [◦ ]

bichromatic
JONSWAP,
bichromatic, ig
JONSWAP
JONSWAP
Double peaked
Double peaked
JONSWAP
JONSWAP
JONSWAP
JONSWAP
JONSWAP
JONSWAP
JONSWAP

UGent
UGent
COAST
numerical (NH-XBeach)
FHR

0.55–5.00

3.84–5.14
0.50–1.00

ht /Hm0,o

JONSWAP
JONSWAP
JONSWAP
JONSWAP,
bichromatic
JONSWAP
JONSWAP
JONSWAP
JONSWAP
JONSWAP

numerical (NH-XBeach)

numerical (IH2VOF∗∗ )
numerical (SWASH)

lab./num.

JONSWAP

JONSWAP
JONSWAP

spectrum

Table 2.4: Overview of relevant existing datasets. LW AWA: long wave active wave absorption, HSR: high spatial resolution surface elevation
measurements, OVT: wave overtopping measurements at the dike crest (q: mean overtopping discharge, Vi : individual wave overtopping volumes),
WIF: wave impact force measurements on a dike-mounted vertical wall (F : wave impact force on dike-mounted vertical wall, p: wave impact
pressures along the vertical wall).
1/ cot θ

Van Doorslaer et al. (2017)
Van Doorslaer et al. (2017)
Kortenhaus et al. (2017), UGent1
Streicher et al. (2017), WALOWA
small
small
small
proto
small

scale

Streicher (2019), UGent2
Streicher (2019), UGent3
Masselink et al. (2019)
Masselink et al. (2019)
Altomare et al. (2020)
mid
proto

0
1/35–
1/1000
1/10–
1/1000

Source, test ID

De Finis et al. (2020)
Nguyen et al. (2020)

proto

irreg.
(∼
1/20,
1/70)
1/35
1/80

Lashley, Bricker, et al. (2020)

§ Overtopping and impact forces were measured for a crown wall on top of a rubble mound breakwater instead of a smooth impermeable dike of interest here.
† A sandy moveable foreshore with horizontal part over 132 m (prototype) until the dike toe.

‡ IWC at the dike toe were estimated using a SWASH model with a Sommerfeld radiation boundary condition at the wave generation boundary (Zijlema et al., 2011), a NH-XBeach model (Roelvink et al., 2018) with an absorbing-generating boundary
condition (Dongeren & Svendsen, 1997), which absorbs reflected (long) shallow water waves and therefore resembles LW AWA behaviour (see Section 2.2.2).
∗ A sandy moveable foreshore with a prominent transition slope 1/10.
∗∗ IH2VOF is a single phase (i.e., water only) RANS model (J. L. Lara et al., 2011).
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of wave interactions (i.e., wave transformations, (individual) overtopping, impact
force) with a dike on a shallow to extremely shallow foreshore, with a variation of
the foreshore slope, including steeper-sloped foreshores than are currently available,
where HSR measurements of the surface elevation are included to allow a waveby-wave analysis of the surf zone hydrodynamics over the foreshore in front of the
dike (knowledge gap 1.1).

2.2.2

Wave generation/absorption and spurious waves

It has long been known that wave generation based on first order wave theory causes
generation of unwanted or spurious long and short waves that contaminate the wave
field because they don’t occur in the field (Barthel & Mansard, 1988). However,
many wave overtopping studies have accepted this, because these spurious waves
were either negligible (i.e., for deep foreshore conditions) or had limited effect
on averaged parameters, such as the averaged wave run-up or mean overtopping
discharge.
Even so, second order wave generation theory was developed to suppress these
spurious waves (Sand, 1982; Schäffer, 1996). Since then, it has been shown that
spurious free long waves introduced by first order wave generation, do significantly
affect individual (maximum) wave events, such as: (1) maximum wave run-up for
irregular waves propagating on a beach (Barthel, Mansard, & Funke, 1983) and
(2) maximum individual overtopping volume for a focussed wave group interacting
with a dike on a shallow foreshore (Orszaghova et al., 2014).
Applicability of first and second order wavemaker theory was further investigated based on the non-linearity parameter S for the superharmonics by Eldrup
and Lykke Andersen (2019):
S = 2 HG+
nm

(2.10)

where H is the wave height and G+
nm the second order surface elevation transfer
function for the superharmonics with fn = fm = fp for irregular waves (Schäffer,
1996). Ranges of the non-linearity parameter S are shown in relation to the wave
theory areas in the graph of Le Méhauté (1976) (see Figure 2.4). Taking H =
Hmax = 2Hm0 (conservative assumption), Eldrup and Lykke Andersen (2019)
found that first order and second order wavemaker methods for irregular waves are
applicable for S < 1.2 and S < 2, respectively. When these limits are respected
the generated wave field at the wave paddle was found to be acceptable (i.e., with
limited contamination by spurious free waves). However, it is important to note
that this is only useful to determine the accurate generation of the superharmonics
and not the subharmonics.
In Section 2.1.2 it was established that the ig wave height grows over the
foreshore and can even become dominant over the breaking or broken ss waves
at the dike toe, depending in the foreshore depth (see also Section 2.3.1). The
ig waves eventually reflect from the dike slope back towards the wave paddle. In
case of first order wave generation, also the spurious free long waves reflect back
towards the wave paddle. In addition, excitation of the eigenfrequency of the
combined flume and model set-up (i.e., seiching) introduces long waves as well.
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Figure 2.4: Ranges of the non-linearity parameter S for the superharmonics superimposed
on the validity of wave theories according to Le Méhauté (adapted from Eldrup and Lykke
Andersen (2019) and Le Méhauté (1976)).

Seiche periods can be calculated by Merian’s formula, adapted for a variable water
depth along the flume:
Z xt
2
p
dx
(2.11)
Tn =
n gh(x)
0

where xt is the alongshore position of the dike toe with reference to the wave
paddle zero position, n is the seiche mode (n = 1, 2, 3, ...), g is the gravitational
acceleration (= 9.81 m/s2 ) and h(x) is the water depth along the wave flume.
When these reflected long waves are not absorbed by the wave paddle, they
are re-reflected. Especially during long experiments (typically 1000 wave tests) the
artificial build-up of long wave energy in the flume experiment due to re-reflection
against the paddle can distort a measurement of overtopping or wave impact loads.
Therefore re-reflection of such long waves against the wave paddle needs to be minimised to prevent their energy build-up in the wave flume. Recent advances in active
wave absorption (AWA) have made it possible to absorb such reflected long waves
optimally (Lykke Andersen et al., 2016), only limited by the wave paddle stroke
length. However, many wave overtopping experiments have used AWA systems
that are only optimised for absorption of reflected short waves, again because reflected long waves were either negligible (i.e., for deep foreshore conditions) or had
limited effect on averaged parameters, such as the mean overtopping discharge.
Still, in many physical modelling studies that include a shallow foreshore, first
order wave generation without LW AWA was applied based on those same assumptions (see Table 2.4). It is therefore crucial that an analysis is done on the
importance of second order wave generation and LW AWA for wave transformations
and interactions with sea dikes in the presence of a shallow foreshore (where long
or ig waves are expected to be important), to determine the limitations of those
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first order datasets for the analyses in this work. Such an analysis is still missing,
in particular for irregular wave trains and the effect on the wave conditions at the
dike toe, wave overtopping and impact force on the vertical wall (knowledge gap
1.2).

2.3

Empirical modelling

In this section, the state-of-the-art is provided on empirical models for the prediction
of: (1) the relative magnitude of ig waves at the dike toe H̃ig , (2) the spectral wave
period at the dike toe Tm−1,0,t , (3) the mean overtopping discharge over the dike
crest q, and (4) the maximum overtopped bore impact force on the dike-mounted
vertical wall Fmax .

2.3.1

Relative magnitude of infragravity waves

Lashley, Bricker, et al. (2020) provided a prediction formula for the relative spectral
wave height of infragravity waves at the dike toe H̃ig :
0.5
γσ γh γθ γv γα
H̃ig = 0.36 Hm0,o

(2.12)

where H̃ig is defined by Equation 2.9 and γ are influence factors with subscripts
σ, h, θ, v and α indicating the influence of respectively: the directional spreading,
the initial water depth at the dike toe, the foreshore slope angle, vegetation and
the dike slope. For the present case of interest, wave reflection on the dike is
not considered to obtain incident wave conditions at the dike toe (i.e., incident
wave conditions at the dike toe: γ α = 1), and no influence of the vegetation is
considered (i.e., γ v = 1). So for their expressions, reference is made to Lashley,
Bricker, et al. (2020). However, the influence factors for variation of the directional
spreading σ, the water depth at the dike toe ht and the foreshore slope angle θ are
of interest and were respectively described by:
γ σ = 1 − 0.01 · σ

(2.13)

γ h = 1.04 · exp(−1.4 · ht ) + 0.9 · exp(−0.19 · ht )

(2.14)


−0.44

,
1.56 − 3.09 · (cotθ)
0.18
γ θ = 0.51 · (cotθ) ,


1.62 · (cotθ)−0.08 ,

cotθ ≤ 100
cotθ > 100, ht /Hm0,o ≥ 0.2
cotθ > 100, ht /Hm0,o < 0.2

(2.15)

The applicability of Equation (2.12) was derived from the conditions modelled
by Lashley, Bricker, et al. (2020) in Table 2.5.

20

2. State-of-the-art and knowledge gaps

Table 2.5: Parameter ranges for applicability of Equation (2.12) (Lashley, Bricker, et al.,
2020).

Parameter

Range of applicability

◦

σ[ ]
cot θ [−]
cot α [−]
ht /Hm0,o [−]
sm−1,0,o [−]

0–24
10–1000
2–10 & ∞ (no dike)
0.05–5.00
0.005–0.036

It is clear that the empirical model 2.12 already takes into account the influence
of the foreshore slope angle (see Equation 2.15). However, the data to obtain the
variation in foreshore was obtained by a validated numerical model only, so that
it should still be verified based on a variation of the foreshore slope with physical
modelling (knowledge gap 1.3).

2.3.2

Spectral wave period at the dike toe

Hofland et al. (2017) derived the first prediction formula for the spectral wave
period at the dike toe Tm−1,0,t from the datasets in Table 2.7 (see Figure 2.5):
Tm−1,0,t
− 1 = c1 exp(−c2 h̃) + c3 exp(−c4 h̃)
Tm−1,0,o

(2.16)

in which Tm−1,0,o is the offshore spectral wave period, c1 – c4 are calibration
coefficients provided for both long- and short-crested waves in Table 2.6, and h̃ is
the relative water depth at the dike toe:

h̃ =

ht
Hm0,o



cotθ
100

c

(2.17)

where c is a calibration parameter (i.e., c = 0.2).
Table 2.6: Calibration coefficients for Equation (2.16) as determined by Hofland et al.
(2017) for long- (σ = 0◦ ) and short-crested (σ = 25◦ ) waves.

σ
[◦ ]

c1
[−]

c2
[−]

c3
[−]

c4
[−]

0
25

6
6

4
6

1
0.25

1
0.75

Equation (2.16) is valid for mildly sloped foreshores only, defined by the following criterion:
tan θTm−1,0,o

r

g
Hm0,o

< 0.62

(2.18)
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which was based on Equation (2.7) and assuming hb = 2Hm0,o , flw = 1/(5Tm−1,0,o )
and βb < 0.35.
Table 2.7: Overview of the wave flume datasets used for fitting Equation (2.16) for
long-crested waves (adapted from Hofland et al. (2017)).
Source

1/ cot θ

spectrum

lab.

ht /Hm0,o

# tests

order of wave gen.

LW AWA

Van Gent (1999)
Van Gent (1999)
Van Gent (1999)
Van Gent (1999)
Chen et al. (2016)
Altomare et al. (2016),
FHR13 116
Altomare et al. (2016),
FHR00 025

1/100
1/250
1/100
1/250
1/35
1/35

JONSWAP
JONSWAP
Double peaked
Double peaked
JONSWAP
JONSWAP

Deltares
Deltares
Deltares
Deltares
FHR
FHR

0.34–2.52
0.34–2.52
0.67–2.52
0.67–2.52
0.15–0.83
(−0.05)–0.20

12
12
30
12
49
45

2nd
2nd
2nd
2nd
1st
1st

Yes
Yes
Yes
Yes
No
No

1/35

JONSWAP

FHR

(−0.14)–0.25
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1st

Yes†

† T
m−1,0,t values were estimated using a SWASH model with a Sommerfeld radiation boundary condition at the wave generation boundary, which
absorbs reflected (long) shallow water waves (Zijlema et al., 2011) and therefore resembles LW AWA behaviour.

10
Chen ea (2016), 1:35
Van Gent (1999), 1:100
Van Gent (1999), 1:250
Van Gent (1999), 1:100, double-peaked
Van Gent (1999), 1:250, double-peaked
Altomare (2016), 1:35, FHR13_116
Altomare (2016), 1:35, FHR00_025
y=1+6exp(-4x)+1exp(-1x)
deep water limit
μ-2σ
μ+2σ

9
8

Tm-1,0,t / Tm-1,0,o

7
6
5
4
3
2
1
0
-0.5

0.0

0.5

1.0
1.5
ht / Hm0,o(cotθ / 100)0.2

2.0

2.5

3.0

Figure 2.5: Experimental data of the spectral wave period Tm−1,0,t as a function of
the relative water depth at the dike toe h̃ for long-crested waves on a straight mildly
sloped foreshore. The full black line is the fitted prediction formula (2.16) and the dashed
black lines are the root-mean-square variation error bands (reprinted from Hofland et al.
(2017)).

Recently, Nguyen et al. (2020) have shown that the empirical model 2.16 underestimates Tm−1,0,t by a factor of ∼ 0.5 for very gently sloping foreshores (i.e.,
cot θ > 250). However, it is presently still unknown how the prediction formula 2.16
performs for steep-sloped foreshores (i.e., cases exceeding the limit provided by
Equation 2.18) (knowledge gap 1.4).
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2.3.3

Wave overtopping

The first empirical model for wave overtopping on dikes with shallow foreshores
was reported by Van Gent (1999):
q
q

3
gHm0,t



Rc
= 10 exp −
Hm0,t γr,f γr,β (0.33 + 0.022ξm−1,0,t )
c



(2.19)

where c is a fitting coefficient (c = −0.92, with σ = 0.24), Rc is the dike crest freeboard (here: Rc = Ac ), γr,f is the reduction coefficient due to the slope roughness,
γr,β is the reduction coefficient due to incident wave obliqueness, and ξm−1,0,t is
the breaker parameter (2.6) calculated for the dike slope tan α, H = Hm0,t and
T = Tm−1,0,t .
Altomare et al. (2016) adapted Equation (2.19) by introducing the equivalent
slope concept, where the slope used in the calculation of ξm−1,0,t is replaced by
an equivalent slope:

tan δe =

1.5Hm0,t + Ru2%
Lslope

(2.20)

where Lslope is the horizontal length between the locations corresponding with
SW L − 1.5Hm0 and SW L + Ru2% , calculated by:
Lslope =

Ru2% + ht
1.5Hm0,t − ht
+
tan α
tan θ

(2.21)

and Ru2% is defined by:

Ru2% = min

(

1.65γb Hm0,t ξm−1,0,t
γb Hm0,t
4.0 − √ 1.5

(2.22)

ξm−1,0,t

Since Equation (2.22) contains ξm−1,0,t (evaluated with the equivalent slope
(2.20)), the wave run-up needs to be calculated iteratively, with a starting value of
Ru2% = 1.5Hm0 . Equation (2.19), with the new ξm−1,0,t including the equivalent
slope, was then recalibrated, leading to a new fitting coefficient cnew = −0.791
(σ = 0.294):
q
q

3
gHm0,t

cnew

= 10



Rc
exp −
Hm0,t (0.33 + 0.022ξm−1,0,t )



(2.23)

This improved prediction formula was reported to be applicable for the parameter ranges provided in Table 2.8. Altomare et al. (2020) further extended the
applicability of Equation 2.23 to short-crested waves by introducing a reduction
factor. They found that q for short-crested waves is reduced by almost one order
of magnitude compared to long-crested waves.
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Table 2.8: Parameter ranges for applicability of Equation (2.23) (Altomare et al., 2016).

Parameter

Range of applicability

cot θ [−]
cot α [−]
ht /Hm0,o [−]
sm−1,0,o [−]

20–250
2–6
(−0.88)–2.38
≤ 0.01

Although the prediction model is applicable for a wide range of foreshore slopes,
the model is not verified yet by a physical modelling dataset with different foreshore
slope angles tested in the same laboratory with the same incident offshore wave
conditions (knowledge gap 1.5).

2.3.4

Overtopped bore impact forces

In engineering practice, for the design of coastal structures, Fmax is of interest,
where usually F1/250 (i.e., the average of the four highest wave impact forces
for a wave train of 1000 waves) is calculated instead of Fmax , to obtain a more
stable characteristic maximum force. Streicher (2019) provided an overview of
all available (semi-) empirical models for the calculation of the (maximum) impact
force on the vertical wall by bore-like flow, including from tsunamis and overtopping
by regular and irregular waves (see his Table 2.6). However, most of these empirical
models depend on the flow layer thickness, flow velocity and run-up height along
the vertical wall, which are often parameters that are not known beforehand in the
design of buildings on a dike with a shallow foreshore.
In Table 2.9, an overview is provided of the empirical and statistical prediction
models that are based on the wave conditions at the dike toe and the dike geometry
parameters. For a dike with a shallow foreshore, Chen et al. (2015) have proposed
the first empirical model that can estimate Fmax based on the wave conditions
at the dike toe (i.e., Hm0,t and Lt ) and the dike geometry (i.e., Ac and Gc ).
However, this model was based on physical model tests with regular waves only.
Chen et al. (2016) subsequently formulated a statistical prediction formula for
irregular waves, by fitting a Generalised Pareto distribution to the upper 10% of the
impact force distribution to obtain a more stable value for Fmax . Similarly, Van
Doorslaer et al. (2017) (approach 1b) fitted a Weibull distribution to a number
of the highest impact forces equal to 20% of the number of overtopped waves.
However, in both cases still important scatter was found in the fitting of the
parameters, most probably due to the small sample size and accumulation of errors
in the empirical fitting (Streicher, 2019).
In a different approach, Streicher (2019) found a linear relation between a
non-dimensionalised Fmax and q, leading to the following empirical model:
Fmax
= 3827.4
ρgAc Hm0,t

q
p

ght Lm−1,0,t Gc

!

(2.24)

where Lm−1,0,t is calculated with Equation 2.5. However, this empirical model
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still requires to calculate the mean overtopping discharge q by e.g. Equation 2.23,
which might be an unnecessary intermediate step. Streicher (2019) also formulated
a statistical method to derive a design maximum impact force, by combining tests
with similar q-values (thereby overcoming the limitation of small sample sizes),
and fitting a Weibull distribution to the upper 15% of the combined impact force
distribution.
Table 2.9: Overview of empirical models for the prediction of the maximum impact force
on a vertical wall, with a promenade in front and mounted on top of a dike. The overview
consists only of (statistical) empirical models that are based on the wave conditions at the
dike toe and the dike geometry parameters (updated and adapted from Streicher (2019)).
Reference

Statistical

Model scale

Geometry

Waves

Input parameters

Impact types

Chen et al. (2015)

no

small

regular waves

Hm0,t ,
Ac ,
Gc , Lt , α

dynamic,
static

quasi-

Chen et al. (2016)

yes

small

irregular waves

Hm0,t ,
Ac ,
Gc , Lt , α

dynamic,
static

quasi-

Van Doorslaer et al.
(2017), approach1a
Van Doorslaer et al.
(2017), approach1b
Streicher (2019)

no

small & large

irregular waves

Hm0,t , Rc

small & large

irregular waves

Hm0,t , Rc , α

yes

small & large

irregular waves

Hm0,t , Ac , q,
ht , Gc , Lt

dynamic,
static
dynamic,
static
dynamic,
static

quasi-

yes

De Finis
(2020)

no

small & large

shallow foreshore,
dike, promenade,
non-overtoppable
wall
shallow foreshore,
dike, promenade,
non-overtoppable
wall
dike, promenade,
overtoppable wall
dike, promenade,
overtoppable wall
shallow foreshore,
dike, promenade,
non-overtoppable
wall
dike, promenade,
overtoppable wall

irregular waves

Hm0,t ,
Rc ,
Gc ,
hwall ,
Lt , α

dynamic,
static

quasi-

et

al.

quasiquasi-

For dikes with a predominantly deep foreshore, it was Van Doorslaer et al.
(2017) (approach 1a) who developed a non-statistical empirical model based on
irregular wave conditions at the dike toe and dike geometry:


F1/250
Rc
= 7.8 exp −2.02
ρgRc2
Hm0,t

(2.25)

where ρ is the density of water (1000 kg/m3 ) and Rc is the freeboard calculated
by Rc = Ac + Gc / cot αp + hwall (with Gc the promenade width and hwall the
height of the vertical wall).
Most recently, De Finis et al. (2020) extended the dataset used by Van Doorslaer
et al. (2017) with data from simulations of a validated numerical model and came
up with an improved empirical model:
F1/250
= 0.947 exp −1.407
ρgGc Rc



Rc
Hm0,t ξm−1,0,t

0.753 

Gc
hwall

0.468 !

(2.26)

for which the 95% error prediction interval is reported in (De Finis et al., 2020).
The parameter ranges for application of both these deep foreshore empirical models
are provided in Table 2.10. It is clear that these prediction formulae are expected
to not be applicable in case of dikes with a very to extremely shallow foreshore
(because no tests were done for ht /Hm0,o < 1.0). Also, both models were based
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Table 2.10: Parameter ranges for applicability of empirical models for F1/250 .

Parameter
Hm0,t [m]
Tm−1,0,t [s]
sm−1,0,t [−]
cot θ [−]
ht /Hm0,o [−]
ξm−1,0,t,α [−]
cot α [−]
Ac /Hm0,t [−]
Rc /Hm0,t [−]
cot αp [−]
Gc /Lm−1,0,t [−]
hwall /Hm0,t [−]

Range of applicability
Equation (2.25) Equation (2.26)
0.08–0.16
1.59–2.25
0.010–0.036
∞
2.5–7.0
2.32–4.79
2, 3
0.224–1.224
0.91–2.07
∞
0.13–0.25
0.50–1.03

0.08–0.45
1.07–3.74
0.010–0.073
∞
2.5–7.0
1.23–4.79
2, 3
N/A
0.36–2.51
55, ∞
0.02–0.95
0.23–1.62

on tests with an overtoppable vertical wall, and therefore don’t include the limit
case of a non-overtoppable wall (that represents a building on top of the dike).
From the above, it is clear that there still remains a need for a (non-statistical)
empirical model to predict Fmax on a (non-overtoppable) vertical wall on top of
a dike with a shallow foreshore, that is based on the wave conditions at the dike
toe and dike geometry parameters alone. In addition, none of the state-of-the-art
empirical models in Table 2.9 have explicitly considered the effect of the foreshore
slope angle on Fmax (knowledge gap 1.6).

2.4

Numerical modelling

For the state-of-the-art literature review and identification of knowledge gaps, reference is made to the introductions of the peer-reviewed papers included integrally
in Chapter 4 (see Section 4.1 and Section 4.6). The knowledge gaps identified in
those sections are summarised here:
• Knowledge gap 2.1: there is still a lack of research on RANS model validation for wave impacts on sea dikes and dike-mounted walls in presence of a
shallow foreshore, which also includes a detailed quantitative analysis based
on both model performance and pattern statistics.
• Knowledge gap 2.2: there is still a lack of research on inter-model comparisons of distinctly different numerical wave modelling methods (i.e., the
RANS, SPH and non-hydrostatic NLSW methods) for the combined processes leading to bore impacts on sea dikes and dike-mounted walls in presence of a very shallow foreshore, which also includes a detailed quantitative
analysis based on both model performance and pattern statistics. It is yet unclear whether computationally expensive methods, such as RANS and SPH,
are strictly necessary to provide a good prediction of Fmax or whether more
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simplified methods, such as non-hydrostatic NLSW methods, can already
provide an acceptable result.

2.5

Specific objectives derived from the identified
knowledge gaps

Based on the knowledge gaps identified in the previous sections of this chapter,
more specific objectives for the present dissertation are derived:
• Specific objective 1.1 (SO1.1): to investigate the importance of second order
wave generation and long wave AWA in physical modelling for wave interactions with a sea dike on a shallow foreshore.
• Specific objective 1.2 (SO1.2): to verify the empirical model for the prediction of H̃ig (Equation 2.12), in which the effect of the foreshore slope angle
is already taken into account, but only based on (validated) numerical modelling.
• Specific objective 1.3 (SO1.3): to verify/improve the empirical model for the
prediction of Tm−1,0,t (Equation 2.16), in case of steep-sloped foreshores.
• Specific objective 1.4 (SO1.4): to verify the empirical model for the prediction of q (Equation 2.23), in which the effect of the foreshore slope angle is
further investigated.
• Specific objective 1.5 (SO1.5): to conceive an empirical model for the prediction of Fmax (for non-overtoppable walls on sea dikes with a shallow foreshore) that is based on wave conditions and geometrical parameters alone,
in which also the effect of the foreshore slope angle is taken into account.
• Specific objective 2.1 (SO2.1): to validate a two-phase (water-air) RANS
model for modelling bore impacts on sea dikes and dike-mounted walls in
presence of a very shallow foreshore.
• Specific objective 2.2 (SO2.2): to investigate which type of numerical model
(i.e., the RANS, SPH or non-hydrostatic NLSW) is most accurate and most
applicable in engineering practice for modelling bore impacts on sea dikes
and dike-mounted walls in presence of a very shallow foreshore.
These specific objectives are provided with a code (i.e., SOi.j, with i the number
of the main objective in Section 1.2 and j the number of the knowledge gap
identified in Chapter 2), to which will be referred to where the research conducted
to achieve them is further described (see Chapters 3 and 4) and in the conclusions
(see Chapter 5).

Chapter 3

Physical modelling and
detailed analysis
This chapter discusses the physical modelling conducted, the data processing and
analysis, covering specific objectives SO1.1 – SO1.5. The model setup and a first
analysis of the data were published as:
Gruwez, V., Vandebeek, I., Kisacik, D., Streicher, M., Altomare, C., Suzuki, T.,
Verwaest, T., Kortenhaus, A., & Troch, P. (2018–May 26). 2D experiments of
wave dynamics in front of and over a sea dike with a very shallow foreshore.
Proceedings of the 7th International Conference on the Application of Physical
Modelling in Coastal and Port Engineering and Science (Coastlab18), 1–10
Gruwez, V., Vandebeek, I., Kisacik, D., Streicher, M., Verwaest, T., Kortenhaus,
A., & Troch, P. (2018). 2D overtopping and impact experiments in shallow foreshore conditions. Proceedings of 36th Conference on Coastal Engineering, 1–13
Monbaliu, J., Mertens, T., Bolle, A., Verwaest, T., Rauwoens, P., Toorman, E.,
Troch, P., & Gruwez, V. (2020). CREST Final scientific report: Take home messages and project results (VLIZ Special Publication). Retrieved June 22, 2020,
from http://www.vliz.be/nl/imis?module=ref&refid=322160
Compared to those publications, in this chapter the data processing and analysis
are further detailed. Furthermore, the importance of wave generation methods in
physical modelling of dikes with shallow foreshores is explored and the empirical
models from Section 2.3 are verified or adapted to extend their application.
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3.1

3. Physical modelling and detailed analysis

Physical modelling

In this section the model setup, test program, wave generation and instrumentation
of the physical modelling campaign are described and motivated.

3.1.1

Model set-up

The small-scale laboratory experiments were carried out in the 30.0 m long, 1.0 m
wide and 1.2 m high wave flume of the Coastal Engineering Research Group, Department of Civil Engineering at Ghent University. It has a piston-type wave
maker controlled by both in-house developed software for first-order wave generation with Active Wave Absorption (AWA), and the AwaSys7 software (AAU,
2018) for second-order wave generation, including AWA.
The geometry of the modelled cross-shore profiles consisted of a dike fronted
by a very shallow foreshore, based on Figure 2.1. The selection of foreshore slopes
was based on the range of actual foreshore slopes occurring along the coast of
Belgium (i.e., tan θ = 1/20–1/90). A beach slope of ∼1/35–1/40 is often stated
as being a limit between steeply and mildly (or low) sloping beaches (Hofland et al.,
2017; Ruessink et al., 2013) for the energetic wave conditions during storms along
the coasts of North-West Europe. The difference between both types of slopes
is that the wave non-linearity has a different character. Even if the foreshore is
considered to be very shallow, this mostly pertains to the water depth at the toe of
the dike and not to the non-linear behaviour of the waves over the foreshore slope.
The range of tests here covers both steep foreshores and mildly sloping foreshores
to cover the complete range of non-linear behaviour in combination with the very
shallow foreshore in front of the dike.
The dike had a tan α = 1/2 slope, followed by a tan αp = 1/50 sloping promenade over 20 m (prototype) and a vertical, non-overtoppable wall that represents
the high-rise buildings typically found along the Belgian coast. The dike toe and
crest were respectively positioned at +6.70 m TAW and +9.00 m TAW (in prototype and TAW is a Belgian reference level ”Tweede Algemene Waterpassing”,
which is based on a mean low water level measured at Oostende, Belgium). For
the wave impact force (WIF) tests with foreshore slope 1/35, the promenade width
Gc was varied as well (i.e. 10 m, 20 m and 30 m in prototype). Model scales
1:25 and 1:35 (assuming Froude similarity) were used to be able to accommodate
foreshore slopes between 1/20 and 1/80 in the wave flume (see Figure 3.1). These
geometry characteristics were chosen to be representative for dikes with shallow
foreshores along the Belgian coast. The end of the foreshore slope was connected to
the flume bottom by a 1/10 transition slope. This transition ended approximately
0.05 m above the bottom to allow a connection with the return flow channel along
the bottom of the flume. Foreshore slope 1/50 was modelled in both scales to
be able to take into account the differences due to scale effects. The dike and
transition slopes were built using smooth plywood, whereas the fixed bed foreshore
was built up with bricks that supported a wooden frame. This was finished with a
top layer of a sand-cement mixture levelled to the required slope (see Figure 3.3a).
In the very shallow part of the foreshore slope up to the dike toe, a small trough
was created in the middle of the flume width by an aluminium u-profile embedded
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in the screed top-layer. This was necessary to be able to flush mount the wave
gauges and perform measurements with them in this area.
A separation wall was installed over approximately 8.0 m from the dike toe
dividing the flume locally over this length into two channels (see Figure 3.3a):
a main channel 0.75 m wide and a small channel 0.25 m wide (see Figure 3.2
and Figure 3.3e). Kamphuis (1999) investigated the effects of the length of a
separation wall (i.e. 27 m, 18 m and 9 m over a foreshore slope of 1/50) on the
long wave energy at the toe of the dike and found none. In the main channel,
the dike slope was always present. Consequently, it is where the wave overtopping
(see Figure 3.3d) and wave impact force measurements (see Figure 3.3c) were
conducted. In the small channel no dike was constructed, but instead a horizontal
levelling-off at the dike toe level was installed (see Figure 3.3e). The horizontal
part ended in dissipative material, applied over 0.3 m and consisting of a hexagonal
plastic mesh of alternating upwards and downwards ∼20◦ slanted ribbed tubes (see
Figure 3.3e), which acted as passive wave absorption (PWA) to limit the wave
reflection as much as possible. Behind this dissipative material a free space of a
couple of meters was present with again dissipative material at the end of the flume
to further aid the PWA (see Figure 3.3f). The purpose of the small channel was
to be able to measure the incident wave conditions (IWC) at the toe of the dike,
simultaneously with each overtopping (OVT) and wave impact force (WIF) test.
For foreshore slopes 1/50 (at model scale 1:35) and 1/35 (at model scale 1:25),
this small channel set-up was extended over the complete flume width for a couple
of tests to be able to investigate its performance. Conversely, the dike geometry,
including promenade and vertical wall, was constructed over the complete flume
width for the high spatial resolution (HSR) surface elevation measurement tests.
This was done to obtain a correct behaviour in the flume of the wave reflection
against the dike, and therefore to be able to make unambiguous measurements of
the surface elevations along the complete length of the foreshore (before and after
the end of the separation wall).

3.1.2

Test program and wave generation

Table 3.1 provides an overview of all the test conditions. The main test program
consisted of random waves with correct reproduction of second order bound sub
and super harmonics (RS: Random waves, Second order wave generation). The
generated offshore significant wave height Hm0,o and peak wave period Tp,o were
varied to represent low-, intermediate and high-energy sea states. Two water levels
were tested: +7.00 m TAW and +8.00 m TAW (in prototype), represented by water
depths at the wave paddle ho of 0.65 m and 0.69 m respectively (at scale 1:25).
All generated surface elevation time series were derived by an inverse FFT
from a JONSWAP spectrum with peakedness factor γ of 3.3. The wave phases
were determined randomly (deterministic method), but with a fixed seed number
to obtain the same wave phase combinations for all conditions over all tested
foreshore slopes. The duration of the tests was usually ∼1000 waves long, with
some exceptions due to time constraints.
The most energetic conditions tested (RS01), in combination with the lowest
tested water level, represent the nearshore wave conditions expected during a super
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Test ID
[−]
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.69
0.69
0.69
0.69
0.69
0.69
0.69
0.69
0.69

ho
[m]
0.20
0.20
0.20
0.20
0.12
0.08
0.08
0.20
0.20
0.20
0.12
0.12
0.08
0.08
0.06
0.04

Hm0,o
[m]
2.4
2.4
2.0
1.6
1.6
2.4
2.4
2.4
2.0
1.6
1.6
2.4
2.4
2.4
2.4
2.4

Tp,o
[s]

cot θ
[−]
20, 35, 50 (1:25), 50 (1:35),
35, 50 (1:25)
20, 35, 50 (1:25), 50 (1:35),
20, 35, 50 (1:25), 50 (1:35),
20, 35, 50 (1:25), 50 (1:35),
20, 35, 50 (1:25), 50 (1:35),
35, 50 (1:25)
20, 35, 50 (1:25), 50 (1:35),
20, 35, 50 (1:25), 50 (1:35),
20, 35, 50 (1:25), 50 (1:35),
20, 35, 50 (1:25), 50 (1:35),
20, 35, 50 (1:25), 50 (1:35),
20, 35, 50 (1:25), 50 (1:35),
35, 50 (1:25)
20, 35, 50 (1:25), 50 (1:35),
20, 35, 50 (1:25), 50 (1:35),

Short test: ∼100 waves instead of ∼1000 waves.

RS01
RF01
RS02
RS03
RS04
RS05
RF05
RS06
RS07
RS08
RS09
RS10
RS11
RF11
RS12
RS13

80
80
80
80
80
80
80
80
80
80
80
80
80

ht /Hm0,o
[−]
0.06
0.06
0.06
0.07
0.10
0.15
0.15
0.26
0.26
0.26
0.43
0.43
0.65
0.65
0.87
1.30

Gc
[m]
0.0, 0.4, 0.8,
0.0, 0.8
0.0, 0.4, 0.8,
0.0
0.8
0.0, 0.4, 0.8,
0.0, 0.8
0.0, 0.4, 0.8,
0.0, 0.4, 0.8,
0.0, 0.4, 0.8,
0.0, 0.4, 0.8,
0.0, 0.4, 0.8,
0.0, 0.4, 0.8,
0.0, 0.8
0.0, 0.4, 0.8,
0.0, 0.4, 0.8,

1.2
1.2

1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2

Yes†
No
No
No
Yes†
Yes
Yes
Yes†
No
No
Yes†
No
Yes
No
No
No

HSR
[−]

Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

OVT
[−]

Yes, Yes
Yes
No
No
No
Yes, Yes
Yes
Yes, Yes
Yes, Yes
Yes, Yes
Yes, Yes
Yes, Yes
Yes, Yes
Yes
Yes, Yes
Yes, Yes

WIF
[−]

Table 3.1: Test program for the 2D laboratory experiments of the UGent-CREST dataset (values provided at scale 1:25). RS (or
RF): random second (or random first) order wave generation, HSR: high spatial resolution surface elevation measurement test,
OVT: (individual) wave overtopping test, WIF: wave impact force test. Tested Gc -values are colour-coded in black (to indicate
which Gc was used for the HSR and WIF tests) blue (to indicate which Gc-values, in addition to the black value, were tested for
foreshore slope 1/35) and green (to indicate for which Gc-value the OVT tests were done).

†

bottom level [m]
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Figure 3.1: Tested cross-shore bottom profiles, consisting of a dike geometry, different
foreshore slopes tan θ ((a)-(e)) and a transition slope (tan θtr = 1/10) towards the flume
bottom ((c) and (e)). Bottom level z (flume bottom at z = 0.0 m) is shown by the grey
line over the cross-shore distance x from the wave-maker zero position (x = 0.0 m). The
wave gauge positions (diamonds) are plotted at the highest water level tested and the
plusses are the positions and heights of the ECM for the HSR tests.

storm of return period 1000 years. These are the official design and safety check
conditions for sea defence structures along the Belgian coast (afdeling Kust &
Research, 2011). In test condition RS05, the significant wave height was lowered
compared to RS01 to a value which is estimated to closely representing the real
(in a 3D environment) long wave energy content at the toe of the dike. This
was done as a way to take into account the effect of directional spreading on the
amount of wave energy transfer to the infragravity wave band over a very shallow
foreshore in a 2D wave flume (Suzuki et al., 2016; Suzuki et al., 2014). The
other test conditions were chosen in such a way that a range of relative water
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Figure 3.2: Model setup in the wave flume for the OVT tests with foreshore slope 1/50 at model scale 1:25 (adapted from H. C. Lara (2018)).
Dimensions are provided in [cm].
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depths (ht /Hm0,o ) at the toe of the dike was obtained relevant for comparison to
the Tm−1,0,t prediction formula (2.16) (i.e., 0.06 – 1.30, from extremely shallow
to shallow foreshore depths). Similarly, the test conditions provide a broad range
of mean overtopping discharges and wave impact forces for comparison to the
empirical formulae provided in Section 2.3.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.3: Model set-up pictures: (a) view on the 1/50 foreshore slope and separation
wall towards the dike, (b) first array of 7 wave gauges and one co-located ECM for the
HSR tests, (c) model set-up for WIF tests, (d) model set-up for OVT tests, (e) view on
the small separated channel without dike and with dissipative material, and (f) view on
the free space behind the dissipative material in the small channel and on the dissipative
material at the end of the flume.

All sea states were tested for the OVT and WIF laboratory experiments, except
for some conditions where no wave impacts were expected to occur in case of the
WIF tests. Because of the many repeated tests necessary for the HSR laboratory
experiments, the tested conditions were limited to three, conducted for both water
levels, providing results for six hydrodynamic conditions. In addition, the test
duration was reduced from ∼1000 waves to ∼100 waves for four of those six
conditions. IWC laboratory experiments were only done for foreshore slope 1/50
at model scale 1:35 and foreshore slope 1/35 at model scale 1:25 (not indicated in
Table 3.1).
It was already established that infragravity waves play an important role at the
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toe of a dike with a very shallow foreshore (see Section 2.1.2). Therefore, to be able
to realistically represent the long waves at the toe of the dike, second-order wave
generation was used for this study, so that spurious free sub (and super) harmonics
were suppressed (see Section 2.2.2). The AWA-system used by the AwaSys7 software requires a wave gauge mounted on the wave maker face, providing control of
the generated waves when performing model tests where reflections are significant,
with broad banded absorption capabilities for irregular waves (Lykke Andersen et
al., 2016). The user specifies the range of frequencies, defined by a low and high
cut-off frequency, between which the AWA-system is most effective. The bounds
of this range are limited by and depend on the wave conditions to be generated and
the characteristics of the wave maker, such as the available stroke length of the
paddle. The relatively long available stroke length (i.e., 1.40 m) allowed a low value
for the low cut-off frequency fAW A,lc : within the range of 0.021 – 0.050 Hz for the
generated conditions. This caused the AWA-system to absorb most of the reflected
infragravity waves, preventing their re-reflection at the paddle. Depending on the
geometry of the foreshore, the first mode seiche frequency fseiche was calculated
to be between 0.020 – 0.040 Hz (see Table 3.4). So those low attained values for
the low cut-off frequency also prevented excessive build-up of seiche energy in the
flume (see Section 3.2.1). Finally, the AWA-system was kept active for five minutes
after the end of each test to allow the system to absorb the remaining reflected
waves and therefore help make the water still again as quickly as possible for the
next test. This laboratory experiment represents the first application in this wave
flume of second order wave generation and a long wave optimised AWA-system as
implemented by the AwaSys7 software.
In addition to the second order generated random waves, some tests were repeated on the 1/35 and 1/50 foreshore (scale 1:25) using first order wave generation
(RF: Random waves, First order wave generation) to investigate the effect on the
wave transformation wave interactions with the dike (see Table 3.1). The resulting
dataset is called ’UGent-CREST’ from here onwards.
In Figure 3.4 the non-linearity of the tested wave conditions is visualised and
the validity of the applied wavemaker theory is checked (see Section 2.2.1). Only
tests RS01 and RS06 exceed the limit for the non-linearity parameter of S ≤ 2, for
the second order wave generation theory to be applicable without introducing too
much spurious waves. However, they are close to the limit and considering that
the conservative assumption of H = Hmax = 2Hm0 was made, also for these tests
the amount of spurious super harmonic waves generated by the wave paddle was
considered to be acceptable. On the other hand, the test RF01 exceeds the limit
of S < 1.2, for the first order wave generation theory to be applicable and for this
case, non-negligible generation of spurious superharmonic waves was expected in
addition to the generated spurious free long waves.

3.1.3

Instrumentation and measurements

The data acquisition system DHI Wave Amplifier 102E was used to record surface
elevations η at 40 Hz by typical resistance type wave gauges (WG) and velocities
Ux by a Valeport (Model 802 with disc diameter 0.032 m) electromagnetic current
meter (ECM). The measurement set-up was different for each type of laboratory
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Figure 3.4: Applicability of first and second order wavemaker theory for the conducted
test conditions based on the non-linearity parameter S and the graph of Le Méhauté
(adapted from H. C. Lara (2018)).

experiment:
• High spatial resolution tests (HSR): Here the complete dike geometry was
included over the complete width of the flume. The concept of HSR laboratory experiments is to repeat a test several times for different locations
of WGs (and ECM), to obtain a high spatial resolution dataset along the
complete length of a beach slope, in this case the foreshore up to the dike
toe. A reference WG was kept at exactly the same location at all times to
allow synchronization of all the repeated tests into one homogenous dataset
per hydrodynamic condition. The attained repeatability was acceptable, with
maximum differences of 0.003 – 0.040 m between the surface elevation measurement of the reference WG of each session and their mean over all sessions,
and a standard deviation of 0.001 – 0.004 m, depending on the wave conditions tested (see Figure 3.5). 14 additional WGs were used at different
locations along the foreshore between repeated tests, of which 7 were 0.30 m
long and 8 were 0.50 m long. Seven gauges of each type were put together on
separate rails (see Figure 3.3b), which were moved by hand between repeated
tests. The short wave gauges were deployed mainly in the inner surf zone up
to the dike toe where the relatively short length still allows measurements of
the surface elevation without clipping. They were first calibrated in deeper
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water and then flush mounted in the aluminium u-profile in the bed over the
very shallow area, where an offset was applied. Conversely, the longest WG’s
were primarily used where the highest wave heights were expected: from the
wave paddle over the shoaling and the outer surf zone. These were calibrated
at their measurement locations. Inter-WG distances of 0.20 – 0.40 m were
used for the 1:35 model scale tests and 0.28 – 0.56 m for the 1:25 scale
tests. The shortest WG-spacing was applied from the end of the shoaling
zone across the surf zone where the wave transformation changes occur most
rapidly, whereas the longest spacing was deemed sufficient from the foreshore
slope toe to the shoaling zone (similar to the HSR laboratory experiments
by Boers (1996)). These WG-spacings were considered to be sufficient to
allow the decomposition of incident and reflected long waves following e.g.
van Dongeren et al. (2007) or Almar et al. (2014). The amount of measured
locations depended on the foreshore slope, where the mildest slope 1/80 required the most locations (i.e., 105, see Figure 3.1e) and the steepest slope
1/20 required the least (i.e., 41, see Figure 3.1a). To be able to measure all
these locations, respectively 8 to 4 repeated tests were necessary. The ECM
was mounted vertically (i.e., disc horizontally, see Figure 3.3b), allowing only
the horizontal velocities (in the xy-plane) to be measured, with the x-axis
directed along the flume. This was necessary, because the instrument shape
did not allow an xz-plane orientation of the sensor without disturbing the
waves too much. It was always collocated with a WG to allow a decomposition of the incident and reflected long waves following Guza et al. (1984).
Only one ECM was available, delivering as many data locations as repetitions
of the test condition (see Figure 3.1). The ECM had a maximum sampling
frequency of 16 Hz, but the analogue signal was recorded at 40 Hz in the
WG data acquisition system, so that the ’clean’ separately recorded digital
signal at 16 Hz could be synchronized to the WG’s afterwards.
• Overtopping tests (OVT): For these tests, only the foreshore slope and dike
slope of 1/2 was present in the main channel of the flume (see Figure 3.2 and
Figure 3.3d) and no dike was present in the small channel (see Figure 3.1e) to
allow a simultaneous measurement of the incident wave conditions at the dike
toe. Seven wave gauges were located between the wave maker and the foreshore slope toe for (non-) linear reflection analysis purposes (see Figure 3.2).
Of those, three gauges were spaced according to the recommendations made
by Mansard and Funke (1980). The inter-WG distances of the remaining
WGs (see Table 3.2) were determined following Lykke Andersen et al. (2019)
to allow a non-linear reflection analysis (Eldrup & Andersen Lykke, 2019).
Then another two WGs were placed at the toe of the dike: one in the main
channel (with dike) and one in the small channel (without dike). Finally,
an in-house made resistive wave gauge was located at the crest of the dike,
which was used to help record individual overtopping events. A basin with
scale and pump was placed inside the wave flume behind the dike crest according to the weigh cell technique described by Victor and Troch (2010),
which was necessary to allow measurements of individual wave overtopping
volumes.
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Table 3.2: Inter-distance of the wave gauges positioned between the wave paddle and
foreshore toe, used for the non-linear reflection analysis. The distances are provided
relative to WG01, which was positioned closest to the wave paddle.

WG ID

WG inter-distance relative to WG01 for
Tp,o = 2.4 s Tp,o = 2.0 s Tp,o = 1.6 s

[−]

[m]

[m]

[m]

WG01
WG02
WG03
WG04
WG05
WG06
WG07

0.00
0.07
0.20
0.45
0.75
1.31
1.99

0.00
0.07
0.20
0.45
0.75
1.20
1.99

0.00
0.07
0.20
0.45
0.79
1.31
1.99

• Wave impact force tests (WIF): The dike geometry as described before was
entirely present in the main channel of the flume for these tests (see Figure 3.3c) and again, no dike was present in the small channel (see Figure 3.3e)
to allow a simultaneous measurement of the incident wave conditions at the
dike toe, with the same PWA set-up as for the OVT tests. The same WG
set-up was put in place as the OVT tests, except for the WG at the dike
crest. Instead, three WGs were flush mounted on top of the promenade (see
Figure 3.3c) to measure the flow depths and to be able to derive the flow
velocity on the promenade. The WGs on top of the promenade were placed
similarly as done by Streicher et al. (2016): one 0.05 m from the dike crest,
one 0.05 m from the vertical wall and the middle one was 0.25 m from the
vertical wall (at 1:25 model scale). Two 3 kg load cells, of the 1042 model
by Tedea-Huntleigh, were installed at the vertical wall to obtain two simultaneous measurements of the wave impact force (at a sampling frequency
of 1000 Hz). This was to investigate the variability of the wave force measurement along the width of the main channel in the flume. 0.10 m wide
aluminium plates were attached to the load cells and were flush mounted
with the plywood of the vertical wall. The load cells with aluminium plates
were spaced 0.20 m from each other and were fixed as rigidly as possible via
steel beams to the flume walls. Some gap width of a couple of millimetres
was allowed with the plywood, to avoid them touching each other and influencing the measurement. No impact pressures were measured, because
of the practical challenges to measure them accurately at the model scales
applied (Kortenhaus et al., 2017) and because it was not strictly necessary
for the objectives of the research.
• Incident wave conditions (IWC): In the set-up for these laboratory experiments, no dike was present over the complete width of the flume. Instead,
passive wave absorption material was placed over the entire width, thereby
removing the wave reflection from the dike. However, one important difference with the PWA set-up of the OVT and WIF tests was that the dissipative
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material was placed much closer to the end of the flume (to accommodate
wave gauges for a reflection analysis). It is found that this PWA set-up was
less efficient in dissipating long waves (as evidenced by more long wave energy
in the wave spectra at the dike toe in the IWC results than in the OVT/WIF
results), so that still too high reflection coefficients were obtained (i.e., in
the range of 0.38–0.66). The IWC test results are therefore not considered
further and such a PWA set-up is discouraged for future IWC tests.
The test program from Table 3.1 corresponds to 414 tests conducted in total,
including repetitions.

(a)

(b)

Figure 3.5: Surface elevation η time series of six repeated tests measured by the reference
wave gauge (x = 3.00 m) and the difference ∆η of each time series with their mean over
all six repeated tests. Case with foreshore 1/50 (scale 1:35), (a) for test RS06 (|∆η|max =
0.029 m, σ = 0.003 m), and (b) for test RS11 (|∆η|max = 0.007 m, σ = 0.001 m).

3.2

Data processing

In this section the post-processing of the data measured by the instruments in
the laboratory experiment is discussed. All data processing was conducted using
Matlab® scripts developed by the author, unless otherwise specified.

3.2.1

Surface elevation

The η time series measured by the WG’s were clipped at the beginning by ∼ 200 s
and the end ∼ 300 s to remove the wave build-up and cool-down periods, resulting
in a time series of a fully developed sea state for the wave conditions imposed at
the wave paddle. The time series were linearly detrended to remove the mean η
(i.e., wave setup) and possible drift in the signal.
To obtain the offshore incident η time series achieved in the wave flume by the
wave paddle, a reflection analysis was done using the WaveLab software (AAU,
2020). Considering the non-linearity of the generated waves (see Figure 3.4), it
was decided to carry out a non-linear reflection analysis (Eldrup & Andersen Lykke,
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2019) based on the measured η times series of the seven WG’s located in front of
the wave paddle (see Figure 3.2). The incident η time series at the toe of the dike
was obtained from WG10 in the small channel section, without dike present.
The variance-density spectra were calculated by 100 s long, 50% overlapping
Hamming-windowed FFT blocks. This resulted in a frequency resolution of ∆f =
0.01 Hz, which is consistent with Hofland et al. (2017). This window size affected
mostly the calculated values for Tm−1,0,t , especially for smaller window sizes. The
choice of the window size is a trade-off between a good spectral resolution (requiring
a large window size) and a small variance of the estimator (requiring a small window
size) (Rossi et al., 2020). This was tested in an analysis using WaveLab (see
Table 3.3), where the FFT block with sample size (or window size) of 4096 samples
corresponds most closely to the size applied here (i.e., 100 s · 40Hz = 4000). From
Table 3.3 it is indeed clear that the calculation of Tm−1,0,t is influenced by more
than 10% for smaller window sizes (between consecutive window sizes), but that
it does not change as much anymore (i.e., ∼ 6%) for FFT block size 4096 and
higher. The present choice is therefore found to be acceptable.
Table 3.3: Comparison of calculated Tm−1,0,t values for different FFT block sizes using
WaveLab and the % change in calculated Tm−1,0,t between consecutive (increasing)
window sizes. Results for WIF test RS01 on foreshore slope 1/35 at model scale 1:25.
Values provided at model scale.

FFT block size [−]

512

1024

2048

4096

8192

16384

Tm−1,0,t [s]
Increase compared to previous

6.39
-

7.64
20%

8.60
13%

9.63
12%

10.20
6%

10.94
7%

The separation of the wave spectra into the low and high frequency, or infragravity and sea-swell components was done following Table 2.1, with fsep = fp,o /2
(where fp,o is the offshore peak frequency) (Lashley, Bricker, et al., 2020). The
calculation of the offshore incident wave characteristics was based on the sea-swell
part of the wave spectrum. Excluding the low frequency part of the wave spectrum did not affect the value for Hm0,o much, but did have an important effect
on Tm−1,0,o . This is especially true for the tests with the highest generated wave
heights, that contained the most wave energy in the bound long wave frequency
range (see Figure 3.6a). The bound long wave energy was not taken into account
for these calculations, since these wave characteristics are usually obtained from
spectral numerical models (e.g., SWAN (Booij et al., 1999)) when applying empirical models to obtain nearshore quantities (e.g., Tm−1,0,t , q,...). The obtained
Tm−1,0,o -values also correspond much better to the relation Tm−1,0 = Tp /1.1,
recommended by Van der Meer et al. (2018), when lacking a value for Tm−1,0,o .
The first mode seiche frequency fseiche was determined with Equation (2.11)
for each of the geometries tested in Table 3.4. As stated previously in Section 3.1.2:
the AWA-system applied and the available wave paddle stroke allowed to absorb
reflected long waves with frequencies near fseiche . Still, in some cases first mode
seiche wave energy was observable in the wave spectrum (i.e., when fseiche was less
than fAW A,lc , see Figure 3.6b). To remove it, the wave energy in the frequency
bin with a local peak closest to this seiche frequency was levelled off, meaning that
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it was reduced to the mean of the wave energies from the surrounding bins (see
Figure 3.6b), to prevent loss of ig wave energy.
Table 3.4: First mode seiche frequencies fseiche for each wave flume geometry as calculated with Merian’s formula (Equation (2.11)). Values for ho are provided at model scale
1:25

tan θ (scale)
[−]
1/20
1/35
1/50
1/50
1/80

fseiche for ho = 0.65 m
[Hz]

fseiche for ho = 0.69 m
[Hz]

0.031
0.026
0.023
0.022
0.019

0.037
0.032
0.029
0.027
0.024

(1:25)
(1:25)
(1:25)
(1:35)
(1:35)

Based on the repeated tests for case RS01 (5 repetitions of the same wave train
and 9 with different realised wave trains), the coefficient of variation was calculated
for the incident wave conditions at the dike toe (see Table 3.5) and was found to
be within acceptable ranges (Van der Meer et al., 2018) for both the OVT and
WIF tests.
Table 3.5: The coefficient of variation CV (σ/µ) of Hm0,t and Tm−1,0,t for the 5
repeated tests (rep) and 9 tests with different seed numbers (seed) of the offshore incident
wave train realisation for test RS01 (cotθ = 35) and test types OVT and WIF.

CV [%]
for Hm0,t for Tm−1,0,t
test type

rep

seed

rep

seed

OVT
WIF

1.3
1.1

2.5
1.2

0.5
1.0

4.4
4.4

Finally, in Table 3.6 an overview is provided of the tested range of the governing
geometric and wave parameters, calculated based on the wave spectra as described
in this section.

3.2.2

Wave overtopping

Both the mean overtopping discharge q and the individual overtopping volumes
Vi were post-processed using the Matlab® toolbox created by Victor (2012). For
more details on this process, reference is made to Sánchez (2018).
The test repeatability was checked for the mean overtopping discharge (see
Table 3.7) and was found to be acceptable (Van der Meer et al., 2018) for both
the test repetitions with the same realised offshore incident wave train (i.e., CV =
2.6%) as the repeated tests with different realised wave trains (i.e., CV = 5.1%).
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(a)

(b)

Figure 3.6: Calculated incident wave spectra at (a) the wave paddle and (b) dike toe
position for test RS01 and foreshore slope 1/50 (1:35). In (a) the spectra calculated with
and without high-pass frequency fsep are shown and in (b) the spectra with and without
the seiche bin levelled off.

3.2.3

Bore impact force

The processing of the bore impact force measurements by both load cells A an B
was discussed extensively by De Vos (2019). The impact analysis toolbox (IAT)
developed in Matlab® by Streicher (2019) was adapted and applied. Here an
overview is provided of the most important steps, choices and main differences
with the force data processing of Streicher (2019):
1. The raw measured force time series exhibited drift, as a result in changing
conditions in the environment during the test (e.g., temperature changes,...).
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Table 3.6: Ranges of the governing parameters for the ’UGent-CREST’ dataset. All
values provided for model scale 1:25. Note: ξm−1,0,t is calculated with the equivalent
slope (Equation (2.20)) and Lm−1,0,t with Equation 2.5.

Parameter
Hm0,o [m]
Tp,o [s]
sm−1,0,o [−]
cot θ [−]
ξm−1,0,o [−]
Hm0,t [m]
Tm−1,0,t [s]
sm−1,0,t [−]
ξm−1,0,t [−]
ht /Hm0,o [−]
cot α [−]
Ac /Hm0,t [−]
cot αp [−]
Gc /Lm−1,0,t [−]
hwall [m]

’UGent-CREST’
0.041–0.206
1.60–2.44
0.006–0.059
20–80
0.05–0.64
0.024–0.072
1.96–13.26
0.0001–0.0066
1.30–7.15
0.06–1.28
2
0.56–3.78
50
0.055–0.43
∞

The baseline correction was achieved by subtracting the polynomial best-fit
to the noise band of the signal (see Figure 3.7). In this work, the force peaks
in the signal were temporarily removed by applying a low-pass cut-off to the
signal corresponding with a certain F percentile value that was determined
iteratively until visually a good polynomial fit was obtained and local bias in
the polynomial fit toward the force peaks was minimised.
2. To remove the oscillations in the force signal due to the natural frequency
responses of the LC set-up, filtering was applied to the signal. Instead of
applying a bandpass filter for each of the natural frequencies (as done by
Streicher (2019), see Filter B in Figure 3.8), it was chosen to apply a lowpass third order Butterworth filter with a cut-off frequency of 15 Hz for both
model scales 1:35 and 1:25 (see Filter A in Figure 3.8). This corresponds
to a frequency of respectively 2.5 Hz and 3 Hz in prototype which is larger
than the natural frequency of ∼ 1 Hz for typical buildings along the Belgian
coast (De Rouck & Trouw, 2019). This filter was necessary to remove the
spurious oscillations in the force signal due to the natural frequency response
of the rigidly fixed LC set-up (i.e., the natural frequencies derived from a
hammer test were found to be in the range of 20–75 Hz) and the electrical
frequency of 50 Hz. Unfortunately, the LC set-up appears to have had low
natural frequencies relative to the frequencies associated with impulsive/dynamics impact peaks. Therefore, one of the consequences of having to apply
such a relatively low cut-off frequency was that the high-frequency impulsive
and dynamic force impact peaks were reduced to their quasi-static part (see
Figure 3.8). Aside from the fact that this filter was necessary to remove all
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Figure 3.7: Load cell measured force time series clipped for F > F84th−percentile (magenta line) and the polynomial fit (red dashed line) as a baseline estimation.

natural frequency responses of the LC set-up from the signal, it was also a
deliberate choice in this work to remove hereby the impulsive/dynamic parts
of the force peaks as well. These high frequency impacts are a result of highly
stochastic processes associated with such impacts (Jacobsen et al., 2018),
meaning that these impacts have a very low repeatability and add to the variability of Fmax . Indeed, removing the predominantly stochastic part of the
impact peak, improved the repeatability of Fmax (i.e., from CV = 10% in
Streicher (2019) to CV = 6% here in Table 3.7). Finally, it should be noted
that most Fmax values (∼ 3/4) were found by Streicher (2019) to be from
a quasi-static impact type and that therefore most Fmax values were not affected by this. In effect, by applying this filter, the dataset was homogenised
to quasi-static impacts only. In this work, it is therefore proposed to consider
impulsive/dynamic impacts separately, by e.g. applying a dynamic impact
force safety factor to Fmax for cases where such impact types are of interest
(see Section 2.1.2).
3. To obtain a set of independent force peaks for a given test, the peak per
individual impact event was algorithmically identified. An individual impact
event usually has more than one (local) peak. So, to prevent the algorithm
selecting more than one peak of a single event, a minimum time interval of
1.5 s between peaks was imposed. In addition, a high-pass threshold was
determined visually to include as many of the small impact peak events as
possible. In the works of both Chen (2016) and Streicher (2019) another
2
high-pass threshold defined by 1/8ρgHm0,t
(or the mean wave power at the
toe of the dike) was applied to the force peaks. For the lower water level
tests in the present test series, however, Fmax was often lower than this limit,
which would have prevented their further use in the analysis. In this work, it
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Figure 3.8: Comparison of the filter settings applied in this work (Filter A) with the filter
technique applied by Streicher (2019) (Filter B) (adapted from De Vos (2019))

was therefore decided not to apply such a high-pass threshold, to maximise
the amount of data available for the analysis.
4. During each WIF test, two impact force signals were obtained from two separate, but co-located LC’s (see Figure 3.3c). The processed time series for
both LC’s are compared in Figure 3.9. Although the general shape of the
impact force signals is very similar between the LC’s, some clear differences
are visible indicating that bore impact force measurements in a wave flume
have a variability along the fume width. This uncertainty was found to be
caused by 3D model effects, where the long-crested wave bore was not perfectly hitting the vertical wall in a perpendicular way (apparent from visual
observations and the time lag between the signals) and the inherent stochastic and 3D character of the process itself. For any given model setup in
Figure 3.1, the LC with the highest mean Fmax over all tests was chosen
for further analysis, ensuring consistency over each test series and particular
model setup.

(a)

(b)

Figure 3.9: Comparison of the two co-located LC measurements for test RS06, slope
1/50 at scale 1:25. (a) Overview of a few impacts, (b) zoom to the maximum force peak.

3.3. Analysis of hydrodynamics

45

5. Finally, a characteristic force should be chosen as a stable representative
for Fmax to be used in the design of coastal structures. Typically, F1/250
is derived based on the average of the 0.4% highest impacts (Goda, 2000;
Streicher, 2019; Van Doorslaer et al., 2017), which corresponds to the average of about the 4 highest measured force impacts for a deep foreshore test
with ∼ 1000 waves (De Finis et al., 2020). In deep foreshore conditions both
definitions indeed provide similar values, since the amount of impacts is high
enough, approaching the amount of incoming waves. However, in the case
of the shallow foreshores considered here, the number of measured impacts
per test of ∼ 1000 waves rarely exceeded 250 and was significantly less for
the low water level and/or low wave height tests (i.e., even less than 10 in
some cases), making F1/250 virtually indistinguishable from Fmax (Streicher,
2019). In the further analysis, Fmax is therefore used for all tests instead
of F1/250 , to increase consistency in the data. An important part of the
stochastic variability of Fmax due to dynamic impacts, was already removed
by applying the low-pass filter, discussed in point 2, causing a good repeatability for the same wave train. To investigate the remaining variability of
Fmax , the same test was repeated nine times, while changing each time the
random realisation of the offshore incoming wave train. A non-negligible variability of Fmax was found (i.e., CV = 21%, see Table 3.7). How to obtain
a stable characteristic value of Fmax without having to generate wave trains
longer than ∼ 1000 waves, especially for cases with few impact events, still
remains an open research question. In this work, however, it is not further
explored and this variation is taken into account in the conclusion of the
analysis.
Table 3.7: The mean µ, standard deviation σ and coefficient of variation CV (σ/µ) of q
and Fmax for the 5 repeated tests (rep) and 9 tests with different seed numbers (seed)
of the offshore incident wave train realisation for test RS01 (cotθ = 35) (adapted from
De Vos (2019)).

q
[l/s/m]
µ
σ
CV [%]

3.3

Fmax
[kN/m]

rep

seed

rep

seed

16.12
0.42

15.88
0.81

17.95
1.07

11.70
2.45

2.6

5.1

6.0

21.0

Analysis of hydrodynamics

In this section the importance of the wave generation methods applied in this laboratory experiment on the hydrodynamics of a dike with a shallow foreshore is
investigated. The hydrodynamics over the foreshore in terms of the wave transformations are analysed as well.
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Importance of wave generation methods

To demonstrate the importance of active absorption of long waves in 2D wave flume
experiments (see Section 2.2.1), a comparative study was conducted between test
RF01 and a test with the same incident wave conditions from the ’UGent3’ dataset
(see Table 2.4). The ’UGent3’ tests were similar to the laboratory experiments presented in this chapter in terms of geometry (i.e. same foreshore slope 1/35, water
depth ht and dike geometry at the same model scale 1:25) and wave conditions,
but had important differences in both how waves were generated (i.e., first order
wave generation) and how the reflected waves were absorbed by the wave paddle. Waves were generated using in-house UGent developed software for first-order
wave generation with Active Wave Absorption (AWA) tuned to absorb reflected
short waves, but no long waves. For the ’UGent-CREST’ laboratory experiments
an AWA-system including both short and long wave absorption was applied instead
for both first and second order wave generation (see Section 3.1). The AWA in the
applied wave generation software was optimised for absorbing reflected long waves
(in addition to short waves) as much as possible (within the limits of the stroke
length of the paddle).
Test RF01 was chosen for this analysis because it had an extremely shallow foreshore, where the contribution of the long waves to the total wave energy at the dike
toe was expected to be highest, and because it had similar incident wave conditions
to one of the ’UGent3’ tests. This test was also chosen because it used first order
wave generation so that the effect of long wave AWA could be evaluated solely.
The offshore wave spectrum and wave spectrum at the dike toe were compared for
both tests in case of both with and without the dike (see Figure 3.10). Although
the offshore incident wave conditions were similar between both tests, they were
not exactly the same, so that the wave spectra in this figure were normalised by
the maximum spectral density value of the offshore wave spectrum.
With the active absorption of long waves disabled (see Figure 3.10a), a long
wave energy peak near the calculated first mode seiche frequency (i.e., fseiche =
0.03 Hz see Table 3.4) can be observed even for the offshore measurement. Even
higher seiche modes are clearly visible as well, up to at least mode n = 4 (see arrow
indicators in Figure 3.10a). When the active absorption of long waves is enabled
(see Figure 3.10b), seiche mode energy peaks are no longer (easily) discernible
in the wave spectrum, not even the first (most energetic) mode. This indicates
that the seiche waves were absorbed, effectively preventing seiche energy build-up
or excessive seiching in the wave flume. In addition, this comparison shows that
the wave energy in the infragravity frequency band is also lower when the AWA is
able to absorb reflected infragravity waves as well, further reducing the spurious
long wave energy at the toe of the dike. This is even less trivial considering the
offshore incident significant wave height was lower in case of the test without long
wave AWA (i.e., Hm0,o = 0.16m) compared to the run with long wave AWA (i.e.,
Hm0,o = 0.20m), meaning that more energy transfer occurred to the infragravity
wave band (see Equation (2.12)) in the case of the test with long wave AWA. Due
to this difference in offshore wave height, no direct comparison could be made to
estimate the effect on q and Fmax . However, it is likely that the higher long wave
energy at the toe of the dike in the test without long wave AWA allowed more
short waves to overtop the dike, consequently causing higher values for q, Vmax
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Seiche
Seiche
modes
modes

(a) without long wave AWA and with dike

(b) with long wave AWA and with dike

st seiche
1st1seiche
mode
mode

(c) without long wave AWA and no dike

(d) with long wave AWA and no dike

Figure 3.10: Normalised wave spectra offshore in front of the wave paddle (blue line)
and at the dike toe (red line) for an RF01 equivalent test from the ’UGent3’ dataset ((a)
and (c)), and for test RF01 from the ’UGent-CREST’ dataset ((b) and (d)) (foreshore
slope 1/35, model scale 1:25). The seiche frequencies are indicated with black arrows
where they are apparent as local peaks in the wave spectrum (adapted from Monbaliu
et al. (2020)).

and Fmax .
In the case where no dike was present for the same test conditions, the seiche
modes are less obvious in the wave spectrum at the dike toe (see Figure 3.10c),
because the highly reflective dike was removed and replaced by passive absorption
material. Still, the first seiche mode is apparent for the test without long wave
AWA. In addition, the long wave energy was also generally higher than the test
with long wave AWA (see Figure 3.10c and Figure 3.10d), with a 10% higher value
for Hm0,t /Hm0,o for the ’UGent3’ test. The spectral wave period at the dike toe
Tm−1,0,t is therefore also affected by this: a 14% higher value for Tm−1,0,t /Tm−1,0,o
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was found for the ’UGent3’ test.
Table 3.8: Comparison of the normalised wave height and spectral wave period at the dike
toe (without dike present) between extremely shallow foreshore tests (ht /Hm0,o = 0.06)
without (’UGent3’) and with LW AWA (’UGent-CREST’). The comparison between tests
with first and second order wave generation is done for tests RF01 and RS01 of the
’UGent-CREST’ dataset.

dataset (test ID)
[−]
’UGent3’
’UGent-CREST’ (RF01)
’UGent-CREST’ (RS01)

Hm0,t /Hm0,o
[−]

Tm−1,0,t /Tm−1,0,o
[−]

0.273
0.245
0.229

5.37
4.70
4.45

Next, the influence of first order wave generation on wave conditions at the dike
toe and on the structural responses compared to second order wave generation is
investigated as well. In Figure 3.11, the effect of first order wave generation is
mostly observable by a decreased and increased wave energy in the long wave
energy frequency band in front of the wave paddle and at the dike toe respectively.
At the wave paddle, spurious long waves generated by the first order method were in
counter-phase to the long waves bound to the short wave group (see Section 2.2.2),
explaining the reduction in long wave energy at that location. The
√ spurious long
waves were free waves travelling at their own celerity (Clw = gh = 2.5m/s
in shallow water), while the bound long waves travelled at the short wave group
velocity (Cg,sw = 2.0m/s in transitional water). The free long waves therefore
propagated faster relative to the bound long waves at least until the breaking
point. In the surf zone, the bound long waves dissipate together with the short
waves and free long waves are generated by the moving breakpoint mechanism as
well (especially for a steep-slope regime, see Section 2.1.2) and propagated at the
same celerity as the spurious free waves. In any √case, in the surf zone the short
waves are in shallow water so that Cg = C = gh and the bound long waves
propagate at the same celerity as both the short wave group and the free long
waves. Consequently, the spurious free waves transitioned from being in counterphase at the wave paddle to (more) in phase with the bound long waves, thereby
increasing the long wave energy at the dike toe location (H. C. Lara, 2018). Again
the effect is most noticeable for the case with dike present, because of strong
reflection against it.
Indeed, considering now the HSR tests for RF/RS05 (i.e., the only HSR test
conducted with both first and second order theories, see Table 3.1), reveals that the
low frequency significant wave height Hm0,lf,1st increased relative to Hm0,lf,2nd
from the wave paddle until the breakpoint of the short waves (see Figure 3.12).
Consequently both Hm0,lf,t,1st and Tm−1,0,t,1st were higher at the toe of the dike
than their second order counterparts. Both the short wave significant wave height
Hm0,hf and wave setup η were less affected, because for the wave conditions of
test RS05, the non-linearity parameter S was less than 1.2 so that not too many
spurious superharmonics were generated (see Figure 3.4), and because the wave
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(a) 1st order and with dike

(b) 2nd order and with dike

(c) 1st order and no dike

(d) 2nd order and no dike

Figure 3.11: Normalised wave spectra offshore in front of the wave paddle (blue line)
and at the dike toe (red line) for first order wave generation test RF01 ((a) and (c)),
and for second order wave generation test RS01 ((b) and (d)) from the ’UGent-CREST’
dataset (foreshore slope 1/35, model scale 1:25). Horizontal black lines are added as a
visual aid for the comparison (adapted from Monbaliu et al. (2020)).

setup is mostly determined by the offshore significant wave height Hm0,o (which
is dominated by Hm0,hf,o ) (Gomes da Silva et al., 2020).
The effect on Tm−1,0,t is also visualised in Figure 3.13 for tests RF/S01, RF/S05
and RF/S11, compared to the prediction formula (2.16) for long-crested waves.
Indeed, for all of the tests, Tm−1,0,t was higher for first order wave generation
cases. Actually, the first order results compare better with the prediction formula,
which is discussed further in Section 3.4.2.
Also the mean wave overtopping q is affected, with first order wave generation
causing higher q-values (see Figure 3.14) and with a larger difference for increasing
dimensionless freeboard. In this case, however, both first and second order wave
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Figure 3.12: Comparison of the wave characteristics measured over the complete foreshore for the HSR tests with application of first (i.e., RF05) and second (i.e., RS05) order
wave generation.
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Figure 3.13: The dimensionless spectral wave period in function of the dimensionless
water depth at the dike toe. Comparison of tests RF/RS01, RF/RS05 and RF/RS11 to
the prediction formula of Hofland et al. (2017), see Equation (2.16)

generation data fit the prediction equation 2.23 well.
Finally, the effect on the individual maximum overtopping volume Vmax and the
maximum bore impact force Fmax is evaluated in Figure 3.15. It is clear that the
increased long wave energy at the dike toe for first order wave generation induced
more extreme responses, especially for the higher values. This is a confirmation of
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Figure 3.14: The dimensionless mean overtopping discharge Q in function of the dimensionless freeboard. Comparison of tests RF/RS01, RF/RS05 and RF/RS11 to the
prediction formula (2.23) of Altomare et al. (2016).
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the same observations made by Orszaghova et al. (2014) for Vmax of a transient
wave group.
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Figure 3.15: Comparison of (a) Vmax and (b) Fmax as a result of first order (q1st ) and
second order (q2nd ) wave generation (i.e., for tests RF/RS01, RF/RS05 and RF/RS11).
The numerical model results for Vmax of the remaining offshore conditions from Table 3.1
are from a SWASH model validated with the laboratory experiments, discussed extensively
by H. C. Lara (2018).

3.3.2

Wave transformations over the foreshore

The HSR measurements of the surface elevation along the complete foreshore
allows a detailed analysis of the wave transformation up to the toe of the dike and of
the effects the presence of the dike. The cross-shore evolution of the high frequency
significant wave height Hm0,hf , the low frequency significant wave height Hm0,lf ,
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the spectral wave period Tm−1,0 and the wave setup η are presented in Figure 3.16,
for all foreshore slopes and the highest tested water level, where the effect of the
dike is expected to be highest. The trends of the significant wave height (hf and lf)
evolution over the foreshore are similar to those obtained in laboratory experiments
over a regular beach without dike (Ruessink et al., 2013) (see their Figure 5): the
short waves shoaled and eventually broke over the decreasing water depth, while
long waves shoaled and energy was transferred to them from the short waves.
However, in the present case a steep sloping dike was located in the inner surf zone
close to the swash zone, and some differences can be observed in this area. One
notable example is in front of the dike, where Hm0,lf strongly increases, instead
of remaining constant or slightly decreasing towards the swash zone in the case
of a beach. This hints at strong reflection of the long waves due to the presence
of the steep sloping dike, due to all incident long waves being in phase with their
reflected counterpart at the reflection point (i.e., the dike slope). The same was
observed by Lashley, Bricker, et al. (2020), but their analysis was mainly based
on a (validated) numerical model, while here it is confirmed based on laboratory
measurements only.
The cross-shore evolution of the wave spectrum is shown in Figure 3.17 for
test RS06 for the same water depths along the foreshore (i.e., the offshore water
depth ho , the breaking depth hb = 2Hm0,o , a water depth in the surf zone hsurf
and the water depth at the dike toe ht ). Again similar observations can be made
compared to a beach without dike (see their Figure 7 of Ruessink et al. (2013)),
where non-linear energy transfer occurs in the shoaling and surf zones towards the
infragravity frequencies or subharmonics (i.e., f < 0.042 Hz) and twice the peak
frequency (i.e., f = 0.167 Hz) or the superharmonics. At the dike toe mostly long
wave energy remains for all tested foreshore slopes, except 1/20 (see Figure 3.17a),
where two distinctive peaks appeared in both the infragravity band and primary
short wave band. The foreshore slope affected the size of the breaking zone, which
became shorter for steeper foreshore slopes (see Figure 3.16), and caused a nonnegligible energy content of the primary short waves still to be present at the toe
of the dike. These short waves were then also likely reflected strongly by the dike
(see the strong increase of Hm0,hf at the dike toe in Figure 3.16a). An important
consequence of these differences in the wave spectra at the dike toe, is that the
spectral wave period at the dike toe Tm−1,0,t decreases for steeper foreshore slopes
(also observed in Figure 3.16). This is further investigated in Section 3.4.2.

3.4

Empirical modelling

In this section, the empirical models from Section 2.3 are evaluated for the ’UGentCREST’ dataset and are adapted to extend their application when necessary.

3.4.1

Relative magnitude of infragravity waves

The empirical model of Lashley, Bricker, et al. (2020) for the relative magnitude
of infragravity waves H̃ig (see Equation (2.12)) is evaluated here for the ’UGentCREST’ data (without dike present, because an evaluation is done on the ability
of Equation (2.12) to predict the incident H̃ig at the dike toe, of relevance in
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Figure 3.16: Comparison of the wave characteristics measured over each tested foreshore
((a)–(d)) for the HSR tests with high water level: RS06, RS09 and RS11. All values are
provided in prototype scale for ease of comparison. Note: the strange wave setup noted
in front of the dike for cot θ = 80 (d) is thought to be an error in the measurements
(possibly in the offset calibration phase for the shallow water WGs).

Section 3.4.4). The same validation metrics as used by Lashley, Bricker, et al.

900

54

3. Physical modelling and detailed analysis

hb = 9.5 m

30

S [m2/Hz]

S [m2/Hz]

50

ho = 17.3 m

40

hsurf = 4.7 m
ht = 1.3 m

20
10

ho = 17.3 m
hb = 9.8 m

40

hsurf = 4.8 m

30

ht = 1.3 m

20
10

0

0
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0

0.05

0.1

0.15

f [Hz]

(a) cot θ = 20 (model scale 1:25)
50

0.25

0.3

0.35

0.4

(b) cot θ = 35 (model scale 1:25)
50

ho = 17.3 m
hb = 10.4 m

40

hsurf = 5.2 m

30

ht = 1.3 m

20

S [m2/Hz]

S [m2/Hz]

0.2

f [Hz]

ho = 17.3 m
hb = 10.5 m

40

hsurf = 5.3 m

30

ht = 1.3 m

20
10

10
0

0
0

0.05

0.1

0.15

0.2

0.25

0.3

0

0.05

f [Hz]

0.1

0.15

0.2

0.25

0.3

f [Hz]

(c) cot θ = 50 (model scale 1:35)

(d) cot θ = 80 (model scale 1:35)

Figure 3.17: Comparison of the wave spectra at selected locations along each tested
foreshore ((a)–(d)) for the HSR test RS06. The dike toe location is represented by the
blue lined spectra.

(2020) are applied here for a consistent comparison:

N RM SE =

Rel.bias =

q

1
N

PN

P −O
O

i=1 (Pi

O

− Oi )2

(3.1)

(3.2)

where Pi (i = 1, ..., N ) are the predicted values based on the empirical model and
Oi are the observed values from the laboratory experiment, N is the number of
data in the dataset, and the overline sign signifies the mean of the variable.
Lashley, Bricker, et al. (2020) fitted their model to a laboratory experimental
dataset of 12 tests and numerical dataset of 672 simulations. The resulting empirical model was considered to be accurate (i.e., N RM SE = 0.098 and following
N RM SE < 0.15 for sufficient accuracy) and showed a slight systematic underestimation (Rel.bias = −0.07). The ’UGent-CREST’ data are compared to this
empirical model in Figure 3.18. A higher value is obtained for N RM SE (= 0.221),
mostly caused by a clear systematic underestimation (Rel.bias = −0.14). This indicates that the model is not sufficiently accurate for the ’UGent-CREST’ data
without a dike (because N RM SE > 0.15). Still, most of the data fall within the
20% error band, which seems acceptable when considering the wide range of parameters that were varied in their study, including vegetation, directional spreading
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and reflection from the dike, all of which was not considered in the ’UGent-CREST’
data used here.
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Figure 3.18: Comparison of empirically modelled and experimentally observed (i.e.,
’UGent-CREST’ data) relative magnitude of infragravity waves H̃ig . The full black line
represent perfect agreement and the dashed lines the ±20% error. The normalised rootmean-square error (Equation (3.1)) and relative bias (Equation (3.2)) are provided.

Lashley, Bricker, et al. (2020) have mentioned it as well that the relative spectral wave height of infragravity waves at the dike toe H̃ig is similar to T m−1, 0, t, in
that it also represents a relative contribution of the ig waves. Indeed, by combining
Equations (2.2) and (2.9), H̃ig can also be expressed as:
H̃ig =

m0,ig,t
m0,ss,t

(3.3)

which is similar to the definition of Tm−1,0 (see Equation (2.4)). However, where
Tm−1,0 represents the relative contribution of the ig waves to the wave period, H̃ig
represents the same but for the wave height. Based on Equation (2.15) it is clear
that H̃ig is highly dependent on the foreshore slope angle. Therefore, H̃ig might
be an important parameter to reflect the influence of the foreshore slope angle on
wave interactions with a dike on a shallow foreshore.
For future research, it is recommended to refit the prediction formula (2.12) to
both numerical and physical model data, but only for data without a dike to obtain
a better prediction formula for the incident H̃ig at the dike toe. Certainly when
the influence of H̃ig,t on wave interactions with the dike is investigated (e.g., see
Figure 3.24a), a more accurate prediction for the incident case would be a critical
requirement.
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Spectral wave period at the dike toe

The ’UGent-CREST’ dataset is now compared to the prediction formula for Tm−1,0,t
(see Equation (2.16)) and long-crested waves (see Table 2.6). No first order wave
generated data were selected, to prevent artificial increase due to spurious long
waves (see Section 3.3.1). Incident wave conditions at the dike toe (i.e., no dike
present) were measured for three separate model configurations: OVT, WIF and
IWC. Comparing the wave spectra at the toe of the dike revealed that the passive
absorption method used in the IWC test setup was less efficient at absorbing very
long waves than the setup used in both OVT and WIF tests (see Section 3.1.3).
In addition, for the OVT tests also more long wave energy was observed compared
to WIF tests, which was found to be caused by long wave disturbances due to the
sudden return flow as a result of activation of the pump to empty the overtopping
basin when full (hereafter referred to as the ’pump effect’). Therefore, only WIF
data were selected because overall they showed the least spurious long waves at
the dike toe due to residual reflection or the ’pump effect’ (no overtopping was
measured during the WIF tests). However, some test ID’s with the lower water
level were not performed in case of the WIF tests (see Table 3.1), because no
or very few and small impacts were expected. For those cases the data of OVT
were used instead since the amount of overtopping was limited and the pump did
not activate or only a few times at most, causing a negligible effect on the lower
frequency range of the spectrum.
In the case of foreshore slope 1/50, data is available at two different model
scales (i.e., 1:25 and 1:35). It was found that approximately the same values were
obtained for Tm−1,0,t between both scales except for RS01, RS02 and RS03, which
provided lower values at scale 1:25 than 1:35 (see Figure 3.19, for the lowest h̃values). This is explained by the fact that those tests had the highest offshore wave
height (see Table 3.1) and were influenced by the transition slope of 1/10 at scale
1:25 (see Figure 3.1c and Figure 3.2), shortening the surf zone width compared
to model scale 1:35 where no transition slope was necessary. Since the amount of
energy transfer to the bound long waves depends on the surf zone width, it follows
that a lower value for Tm−1,0,t was obtained at scale 1:25. Therefore, the data
from scale 1:35 for foreshore slope 1/50 were selected in the further analysis.
One of the model effects in a laboratory wave flume is that there is a nonrealistic wave set-down in the offshore area in front of the wave paddle due to the
wave setup in front of the dike and the finite water mass available in the closed
flume (see the setup near x = 100 m in Figure 3.16 and also a more detailed
discussion on this topic in Section 4.4.2). This offshore wave set-down therefore
represents the real SWL that needs to be considered, not only for Ac , but also
for ht . A sensitivity analysis is performed based on the highest wave set-down at
the wave paddle that was observed for cot θ = 80 (i.e., the lowest water mass
available) and test RS01 (i.e., the test with the highest Hm0,o , the lowest ht and
therefore the highest wave setup η at the dike toe): η o = −0.13 m. The corrected
water depth at the dike toe is then ht,corr = ht + η o = 0.32 − 0.13 = 0.19 m,
so that ht /Hm0,o decreases from 0.064 to 0.038. Since this example represents
the worst case in the ’UGent-CREST’ dataset, the effect is therefore considered
to be negligible for the present Tm−1,0,t analysis (also consistent with the data
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processing by Hofland et al. (2017)).
Based on this selection of data, the applicability of Equation (2.16) is verified.
The criterion for shallow foreshore is met (i.e., ht /Hm0,o < 4, see Table 3.1), but
the mild-slope criterion (see Equation (2.18)) is not always fulfilled (see Table 3.9).
Especially the steepest slope tested (i.e., 1/20) was too steep for Equation (2.16)
to be applicable. Indeed, when the data are plotted together with the prediction
curve (see Figure 3.19), the prediction is shown to overestimate, not only for 1/20,
but for most of the data. Moreover, the data for which the prediction formula was
expected to be applicable (i.e., mostly the data for cot θ = 50 and 80) largely skirt
the lower boundary of the 90% confidence interval or falls just outside of it. This is
inconsistent with the fact that the prediction formula was fitted to data including
similar wave conditions to the tests considered here on a foreshore slope of 1/35
(see Table 2.7).
Table 3.9: Evaluation of the criterion Equation (2.18) for all test conditions (rows) and
each foreshore slope (last four columns). Values not meeting the criterion (≥ 0.62) are
indicated in bold.
Test ID
[−]

ho
[m]

Hm0,o
[m]

Tm−1,0,o
[s]

cot θ = 20
[−]

cot θ = 35
[−]

cot θ = 50
[−]

cot θ = 80
[−]

RS01
RS02
RS03
RS04
RS05
RS06
RS07
RS08
RS09
RS10
RS11
RS12
RS13

0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65

0.20
0.20
0.20
0.12
0.08
0.20
0.20
0.20
0.12
0.12
0.08
0.06
0.04

2.2
1.8
1.5
1.5
2.2
2.2
1.8
1.5
1.5
2.2
2.2
2.2
2.2

0.76
0.64
0.51
0.66
1.21
0.76
0.64
0.51
0.66
0.99
1.21
1.39
1.71

0.44
0.36
0.29
0.38
0.69
0.44
0.36
0.29
0.38
0.56
0.69
0.80
0.98

0.31
0.25
0.20
0.26
0.48
0.31
0.25
0.20
0.26
0.39
0.48
0.56
0.68

0.19
0.16
0.13
0.16
0.30
0.19
0.16
0.13
0.16
0.25
0.30
0.35
0.43

One characteristic that those data have in common is that they were all conducted in the same wave flume, using first order wave generation without long
wave AWA1 . In Section 3.3.1 it was shown that spurious long waves generated by
first order wave generation artificially increase Tm−1,0,t compared to second order
wave generation (see Figure 3.13) and that having no LW AWA increases Tm−1,0,t
even further due to build-up of re-reflected long waves (see Table 3.8). One exception is dataset FHR00 025 which still applied first order wave generation, but for
which numerical modelling (using SWASH) was performed to obtain the incident
wave conditions at the dike toe. SWASH uses boundary conditions that resemble
LW AWA behaviour. Indeed, those datapoints have lower values for Tm−1,0,t than
dataset FHR13 116 which did not have LW AWA. However, those data still have
generally higher values for Tm−1,0,t than the 1/35 first order generated data of
’UGent-CREST’ (compare FHR00 025 in Figure 2.5 with first order data in Fig1 It should be noted that PWA was used in the sections without dike. However, over about
57% of the flume width a dike was always present (see their Figure 2 of Chen et al. (2016)), so
that (spurious) long waves were at least partially reflected.

58

3. Physical modelling and detailed analysis

ure 3.13a). This could be explained by the fact that SWASH has been known
to overestimate Tm−1,0,t (see their Figure 5 of Suzuki et al. (2017)). Hofland
et al. (2017) recognised these limitations of the data and investigated long wave
build-up, but assumed the effects could be neglected. Here it is shown that those
spurious processes in fact have a larger impact than was initially expected.
Therefore, it is argued here that only datasets using both second order wave
generation and LW AWA can be used for fitting the prediction formula to. All
data of Van Gent (1999) (see Table 2.7) and the selected data of ’UGent-CREST’
meet those criteria and are used here to propose an adapted prediction formula for
Tm−1,0,t and long-crested waves.
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Figure 3.19: The ’UGent-CREST’ data for the relative spectral wave period
Tm−1,0,t /Tm−1,0,o as a function of the relative water depth at the dike toe h̃ compared to the prediction formula (2.16) of Hofland et al. (2017) (full black line) and its
root-mean-square variation error bands (dotted black lines).

As found by Lashley, Bricker, et al. (2020), H̃ig is dependent on the foreshore slope, with distinctively different behaviour for cot θ < 100 and cot θ ≥ 100
(and ht /Hm0,o < or > 0.20) (see Equation (2.15) and their Figures 15 and 17),
physically explained by differing dominant long wave generation and dissipation
mechanisms (see Section 2.1.2). Tm−1,0,t is related to H̃ig , in that it is also a
measure of the amount of infragravity wave energy relative to higher frequency
wave energy. A similar dependency on cot θ for Tm−1,0,t is therefore likely. Based
on this, the normalisation of cot θ by foreshore slope cot θ = 100 in the original
description of the relative water depth h̃ (see Equation (2.17)) is still deemed to
be a fitting choice. Originally, the foreshore slope correction factor (cot θ/100)c
(with c = 0.2) was applied to ht /Hm0,o in the original dataset to reduce spreading between the steeper and milder sloping foreshore data (see their Figure 4 of
Hofland et al. (2017)). The same strategy is followed here, where the value for the
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power c is chosen differently for slopes steeper than 1/100, with a negative value
providing the best fit:

c=

(

−0.7,
0.2,

cot θ < 100
cot θ ≥ 100

(3.4)

where the value c = −0.7 was obtained iteratively until the highest coefficient of
determination R2 was achieved.
In Figure 3.20 the prediction formula using the original and adapted value for
power c is compared with the currently selected data. The proposed adapted power
c clearly reduces the spreading of the data and improves the fit of the prediction
formula (i.e., increase of R2 from 0.50 to 0.90), making it applicable to both
mild and steep sloping foreshores, and consequently not being limited anymore by
Equation (2.18).
In the ’UGent-CREST’ dataset a variation of the wave steepness was included
(see tests RS01-RS02-RS03, RS06-RS07-RS08 and RS09-RS10 in Table 3.1). However, only a very limited effect of the offshore wave steepness on Tm−1,0,t was
observed (see the low spreading of the data points for the same value on the xaxis and the same foreshore slope in Figure 3.19). Instead, a larger effect of the
foreshore slope angle was found (see the higher spreading of the data points for
the same value on the x-axis for different foreshore slope angles in Figure 3.19).
Therefore, it makes sense to make Tm−1,0,t dependent on ht /Hm0,o and the foreshore slope angle only, instead of ht /Hm0,o and a surf-similarity parameter such
as proposed by Hofland et al. (2017) (see Equation (2.18)).
Even though the prediction formula has been improved, it could still be further
developed based on the following observations of limitations and recommendations
for further research:
• The new adapted formula underestimates Tm−1,0,t for h̃ > 0.5 and cot θ ≤ 50.
More data is necessary to extend the dataset for steeper foreshore slopes and
extremely shallow foreshores. The dependency of c on cot θ could then be
further explored. Possibly also the fitting coefficients c1 – c4 of Equation 2.16
(see Table 2.6) should be recalibrated as well. Existing and very extensive
datasets of laboratory experiments and numerical modelling of steep fore reefs
from Masselink et al. (2019) and steep foreshores from Lashley, Bricker, et
al. (2020) could be used to extend the steep foreshore slope data (see Table 2.4). If necessary, a SWASH model validated to the ’UGent-CREST’
laboratory experiments could be used as well, to further extend the dataset.
• The present work has shown that changing the coefficient c for steep foreshore slopes (cot θ < 100) extends the applicability of the prediction formula. Nguyen et al. (2020) have shown that for very gently sloping foreshores (cot θ ≥ 500) the prediction formula underestimates Tm−1,0,t . It is
advised to further investigate the dependency of c to the foreshore slope for
cot θ > 100 as well, to extend the prediction formula to very gently sloping
foreshores as well (e.g., with numerical data for very gently sloping foreshores
from Nguyen et al. (2020) and/or Lashley, Bricker, et al. (2020)).

60

3. Physical modelling and detailed analysis

10

Van Gent (1999), 1:100

9

Van Gent (1999), 1:250
Van Gent (1999), 1:100, double-peaked

8

Van Gent (1999), 1:250, double-peaked
Gruwez et al. (2018), 1/20 (1:25)

Tm-1,0,t / Tm-1,0,o

7

Gruwez et al. (2018), 1/35 (1:25)

6

Gruwez et al. (2018), 1/50 (1:35)

5

Hofland et al. (2017)

4

μ-2σ

Gruwez et al. (2018), 1/80 (1:35)
deep water limit
μ+2σ

3
2
1
0
-0.5

0.0

0.5

1.0
1.5
ht / Hm0,o(cotθ / 100)0.2

2.0

2.5

3.0

(a) original (R2 = 0.50)
10

Van Gent (1999), 1:100

9

Van Gent (1999), 1:250
Van Gent (1999), 1:100, double-peaked

8

Van Gent (1999), 1:250, double-peaked
Gruwez et al. (2018), 1/20 (1:25)

Tm-1,0,t / Tm-1,0,o

7

Gruwez et al. (2018), 1/35 (1:25)

6

Gruwez et al. (2018), 1/50 (1:35)

5

Hofland et al. (2017)

4

μ-2σ

Gruwez et al. (2018), 1/80 (1:35)
deep water limit
μ+2σ

3
2
1
0
-0.5

0.0

0.5

1.0
1.5
ht / Hm0,o(cotθ / 100)c

2.0

2.5

3.0

(b) adapted (R2 = 0.90)

Figure 3.20: Same as Figure 2.5, but datasets with first order wave generation and no
long wave AWA removed, and ’UGent-CREST’ data added. All data presented here were
obtained with second order wave generation and long wave AWA. The full black line is
the fitted prediction formula (2.16) with (a) the original value for c = 0.2 and with (b)
an adapted power c following Equation (3.4). The dashed black lines are the (a) original
and (b) adapted root-mean-square variation error bands (adapted from Hofland et al.
(2017)).

• The Tm−1,0,t prediction formula (2.16) for long-crested waves was improved
for steeper foreshore slopes by adaptation of the power c. For short-crested
waves a similar effect is expected, but still needs to be verified by laboratory
experiments and/or numerical modelling. Again, the dataset of Lashley,
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Bricker, et al. (2020) contains also short-crested (numerical) data that might
be relevant to this study.

3.4.3

Wave overtopping

The ’UGent-CREST’ dataset is compared with the prediction formula (2.23) for
the mean overtopping discharge q of Altomare et al. (2016) (see Figure 3.21). All
applicability criteria of Table 2.8 are met for all ’UGent-CREST’ overtopping tests
(see Table 3.6). The result of the comparison is that most of the ’UGent-CREST’
data fall within the 90% error bounds, confirming the applicability of the prediction
formula to this dataset.
Within the ’UGent-CREST’ dataset, differences are noted between the two
tested model scales for foreshore slope 1/50 in Figure 3.21. However, these are
mostly explained by the fact that the as-built dike crest height was higher for the
dike geometry at model scale 1:25 than 1:35, which caused a difference in Ac of
0.22 m (in prototype).
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Figure 3.21: The dimensionless wave overtopping discharge Q in function of the dimensionless freeboard with shallow foreshore correction and equivalent slope. The experimental wave overtopping results (OVT) of the ’UGent-CREST’ tests with second order wave
generation for foreshore slopes 1/20, 1/35, 1/50 and 1/80 are compared to the prediction
formula of Altomare et al. (2016) with the equivalent slope concept.

In terms of differences between the foreshore slopes, it is noticed that an influence of the foreshore slope is still apparent but not taken into account in the
empirical model, with q being underestimated for the steepest tested foreshore
slope (i.e., 1/20) and overestimated for the mildest tested foreshore slope (i.e.,
1/80), especially for the higher dimensionless freeboards tested (i.e., > 4 on the
x-axis of Figure 3.21). Even though the foreshore slope angle is already (partially)
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taken into account by the equivalent slope concept (see Equation (2.20)), there
still seems to be a residual effect of the foreshore slope angle that has not yet been
taken into account in the empirical model. Also for very gentle foreshore slopes
(i.e., for cot θ > 250, which falls outside the range of applicability, see Table 2.8),
Nguyen et al. (2020) found that the model did not predict q well (i.e., a severe
underestimation for cot θ > 250). This further establishes that a residual influence
of the foreshore slope angle is still present which is currently not taken into account by the empirical model. An adaptation of the formula was not explored in
this work, but it is recommended to advance future research in this direction.
The individual overtopping volumes Vi are available in the ’UGent-CREST’
dataset, but beyond the influence of the order of wave generation on Vmax (see
Section 3.3.1) they were not analysed further in this work. However, it is strongly
recommended to advance research for individual overtopping for a dike with a
shallow foreshore and the effect of the foreshore slope angle as well. The ’UGentCREST’ dataset is recommended to be used for that research, especially for a
prediction formula of Vmax . The ’UGent1’, ’UGent2’ and ’UGent3’ datasets also
include Vi measurements for a very similar tested geometry and hydrodynamic conditions (see Table 2.4). However, these tests were influenced by spurious long waves
and long wave energy build-up due to application of first order wave generation
without LW AWA (see Section 3.3.1).

3.4.4

Maximum overtopped bore impact force

The two main types of existing Fmax prediction formulae are either empirical,
linking Fmax (or F1/250 ,...) directly to the wave conditions at the dike toe and
dike geometry parameters, or more statistical in nature by assuming a certain fitted
distribution to arrive at a more stable value for Fmax (see Section 2.3.4). While
statistical prediction models exist for dikes on both deep and shallow foreshores,
non-statistical empirical models are currently only available for dikes with a deep
foreshore. In addition, to be able to derive a statistical prediction model, a sufficient
number of impact events are required in each test of a physical model dataset, or
alternatively, sufficient tests are needed with a similar q to be able to combine them
and increase the number of samples (following the method of Streicher (2019)),
which in neither case was true for the ’UGent-CREST’ dataset. Also, the ’UGentCREST’ dataset could not be combined with the other available shallow foreshore
datasets, because the Fmax -values obtained in those datasets were affected by the
first order wave generation applied and – in most cases – lack of LW AWA (see
Table 2.4 and Section 3.3.1). Finally, non-statistical empirical models generally
require fewer calculation steps. Therefore, to investigate the effect of the foreshore
slope angle on Fmax , in a first instance a non-statistical empirical model for dikes on
a shallow foreshore is explored in this work, based on the ’UGent-CREST’ dataset
only.
The existing non-statistical empirical models for the prediction of Fmax discussed in Section 2.3.4 are only applicable to dikes with a deep foreshore and are
not expected to predict the results from the present tests for dikes with very shallow
foreshores well (i.e., compare Table 2.10 and Table 3.6). To verify this, the maximum overtopped bore impact force Fmax , as calculated in Section 3.2.3, is com-
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pared to Equation (2.25) and Equation (2.26) in Figure 3.22. In this comparison
it is taken that F1/250 = Fmax (see Section 3.2.3), Rc = Ac + Gc / cot αp + hwall ,
and ξm−1,0,t is calculated based on the dike slope tan α (i.e., ξm−1,0,t,α ). Since the
’UGent-CREST’ tests considered a non-overtoppable wall, the wall height would
be hwall = ∞. However, to be able to compare with Equation (2.25), it should be
prevented that Rc = ∞; and to compare with Equation (2.26), it should additionally be prevented that Gc /hwall = 0. For the wall height, therefore, the highest
value tested by Van Doorslaer et al. (2017) and De Finis et al. (2020) was chosen
instead (i.e., hwall = 3 m in prototype). The ’UGent-CREST’ data used for the
analysis in this section, are all WIF second order tests without repetitions. Only for
the model setup with foreshore slope 1/35, data is available for varied promenade
widths Gc (see Table 3.1).
Indeed, the empirical model of De Finis et al. (2020) (hereafter DF) overestimates all ’UGent-CREST’ data points significantly by more than one order of
magnitude for most data (see Figure 3.22b, R2 = −143.16), with none of the
data points captured within the 95% error bounds and with the data showing a
large scatter. On the other hand, the model of Van Doorslaer et al. (2017) (hereafter VD) is found to underestimate the ’UGent-CREST’ data points by about one
order of magnitude, but seems to represent the data better with a much higher
R2 -value (i.e., R2 = −0.67, see Figure 3.22a) and a lower scatter of the data.
The difference in behaviour between the VD and DF models could be explained by
the inclusion of ξm−1,0,t,α in the DF model, which is generally much higher in the
case of shallow than for deep foreshore conditions. This comparison confirms that
none of the presently available non-statistical empirical models can predict Fmax
for dikes with a shallow foreshore in a sufficiently accurate manner. Therefore, here
a new (non-statistical) prediction formula is proposed to increase the accuracy for
dikes with shallow foreshores.
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Figure 3.22: A dimensionless maximum impact force in function of a dimensionless
freeboard. The experimental wave impact results (WIF) of the ’UGent-CREST’ tests
with second order wave generation for foreshore slopes 1/20, 1/35, 1/50 and 1/80 are
compared to the prediction formulae of (a) Equation (2.25) (no error bounds were provided
by Van Doorslaer et al. (2017)) and (b) Equation (2.26).
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The non-dimensionalisation of the force and freeboard as proposed by VD, was
used as a starting point, since a relatively good linear correlation is found in the
semi-logarithmic plot (i.e., R = −0.72). One difference is in the definition for
the freeboard, where Rc,prom = Ac + Gc / cot αp is used here instead (because
hwall = ∞). In an extensive non-dimensional analysis by DF, the dimensionless
force Fmax /(ρgRc2 ) was also found to produce the best fit to their data for the
dimensionless freeboard Rc /Hm0,t (see their Figure 13). Much of the spreading of
the data observed in VD’s dimensionless plot is found to be caused by the different
foreshore slopes, especially for higher dimensionless freeboards, where differences
are noted of more than one order of magnitude (see Figure 3.22a).
It was previously established by Streicher (2019) that the maximum impact force
Fmax and the averaged overtopping discharge q are strongly correlated for certain
non-dimensionalisations (that are not considered further here). Indeed, comparing
in Figure 3.23a the dimensionless force chosen here with the dimensionless averaged overtopping
discharge typically used for overtopping empirical formulae (i.e.,
q

3
), a strong linear correlation is found as well when considering
Q = q/ gHm0,t
only the data of the tests with the high water level and the same promenade width
(i.e., R = 0.86). Therefore, the same non-dimensionalisation of the freeboard as
used in the state-of-the-art empirical model for the averaged overtopping discharge
in case of dikes with shallow foreshores (see Section 2.3.3) is applied here as well
(see Figure 3.23b), with ξm−1,0,t calculated based on the equivalent slope (Equation (2.20)). Indeed, the spreading of the data is much reduced, especially for
the high water level tests (see data for dimensionless freeboard values between 1.5
and 3.5 in Figure 3.23b). However, the remaining data points, belonging to the
tests with the lower water level and variation of the promenade width, still show
a large spreading. This indicates that the water depth at the dike toe ht and the
promenade width Gc also have an important effect on Fmax that is not taken into
account yet in the dimensionless freeboard.
First, the new model with Equation (3.5) is fitted to the data, but only for the
highest tested water level (ht = 1.30 m) and a fixed promenade width (Gc = 20 m):



Rc,prom
Fmax
a1
= 10 exp −a2
2
ρgRc,prom
Hm0,t (0.33 + 0.022ξm−1,0,t )

(3.5)

where a1 = 1.497 (σ = 0.092), a2 = 1.387 (σ = 0.092) and ξm−1,0,t is calculated
with the equivalent slope concept. This model is already a significant improvement
over VD, with a much higher coefficient of determination (i.e., R2 = 0.89, see
Figure 3.23b).
Next, the remaining influences of both ht and Gc are investigated on the basis of
an analysis of influence factors introduced in the denominator of the dimensionless
freeboard (see Equation (3.6)), similar to the reduction factors γr applied in the
case of the averaged overtopping discharge prediction formula (2.19).


Rc,prom
Fmax
a1
=
10
exp
−a
2
2
ρgRc,prom
Hm0,t γr (0.33 + 0.022ξm−1,0,t )

(3.6)
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Figure 3.23: (a) Linear correlation between the dimensionless maximum impact force
and the dimensionless overtopping discharge Q (only the data for ht = 1.30 m and
Gc = 20 m are plotted here). (b) A dimensionless maximum impact force in function of
the dimensionless freeboard of Figure 3.21 with all ’UGent-CREST’ WIF data and fitted
line with Equation (3.5) to the data with ht = 1.30 m and Gc = 20 m only.
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Figure 3.24: Linear regression for (a) the influence factor γr,ig of the relative magnitude
of infragravity waves and (b) the influence factor γr,prom of the relative promenade width.
The equation and coefficient of determination of the fitted line are provided in the graph.

First, the influence of ht is considered by expressing the influence factor γr,ig as
a function of a non-dimensionalised ht . Several non-dimensionalisations of ht were
investigated (e.g., ht /Hm0,o , ht /Rc,prom and variations thereof), but no sufficient
correlation for the present dataset was found. Instead, the relative magnitude of
the infragravity waves H̃ig (see Equation (2.12)) was considered multiplied by the
same foreshore slope correction term applied in the dimensionless water depth h̃
(i.e., (cot θ/100)c in Equation (2.17)) for the prediction formula of Tm−1,0,t . The
same value for the power c as in Equation (3.4) also provides here the highest
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coefficient of determination for the linear fit in Figure 3.24a (i.e., R2 = 0.62).
Presently, this could only be checked for cot θ < 100 and therefore value c = −0.7
is kept here. The influence factor γr,ig is then given by:

γr,ig = 0.804 + 0.168 H̃ig



cot θ
100

−0.7

(3.7)

The physical explanation of this influence factor is that Fmax increases for an
increasing infragravity wave height relative to the short wave height at the dike
toe (i.e., H̃ig ): an increased ig wave height allows the short waves to momentarily
break less (during the crest of the ig waves) and more easily overtop the dike crest,
causing a higher Fmax . In addition, the influence itself of H̃ig on Fmax appears to
be dependent on the foreshore slope as well, explaining the need for the foreshore
slope correction term. Possibly, there is an optimum H̃ig value that causes Fmax
that is different for each foreshore slope angle, but presently there is insufficient
data available to confirm this.
Applying the influence factor γr,ig to Equation (3.6) for Gc = 20 m data only,
decreases slightly the coefficient of determination (i.e., from R2 = 0.89 to R2 =
0.84), but improves the fit of the prediction formula significantly for the data points
with dimensionless freeboard values greater than 4 (see Figure 3.25).
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Figure 3.25: A dimensionless maximum impact force in function of a dimensionless
freeboard: (a) before and (b) after applying the influence factor γr,ig . Only ’UGentCREST’ data for Gc = 20m is plotted in both graphs.

The influence of the promenade width Gc was previously taken into account
by DF in their dimensionless freeboard as a factor Gc /hwall (see Equation (2.26)).
However, for non-overtoppable walls (i.e., hwall = ∞) this factor is reduced to 0,
and is therefore not applicable here. Van Doorslaer et al. (2015), on the other
hand, took the influence of Gc into account by a reduction factor γr,prom as
a function of Gc /Lm−1,0,t in their prediction model for q in the case of crestmodified dikes with deep foreshores. This dimensionless promenade width also
makes sense from a physical standpoint, where longer waves are less affected by
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a short promenade width (i.e., low values for Gc /Lm−1,0,t ) or, conversely, where
wide promenades dissipate shorter waves more before reaching the wall (i.e., high
values for Gc /Lm−1,0,t ).
Therefore, in the present analysis, the influence factor γr,prom is also taken as a
function of Gc /Lm−1,0,t (see Figure 3.24b). Even though γr,prom clearly decreases
for increasing Gc and Gc /Lm−1,0,t , the linear fit has a relatively low coefficient of
determination (i.e., R2 = 0.25), due to high spreading of the data and because
only very few data points for the lowest tested water levels are available. This
linear fit is used anyway, since no more data is available to investigate this further,
and is determined by:

γr,prom = 1.057 − 0.471



Gc
Lm−1,0,t



(3.8)

Applying the influence factor γr,prom to Equation (3.6) (in addition to γr,ig )
for foreshore slope cot θ = 35 data only, slightly increases the coefficient of determination (i.e., from R2 = 0.92 to R2 = 0.94) (see Figure 3.26).
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Figure 3.26: A dimensionless maximum impact force in function of a dimensionless
freeboard (including influence factor γr,ig ): (a) before and (b) after applying the additional
influence factor γr,prom . Only ’UGent-CREST’ data for cot θ = 35 is plotted in both
graphs.

The final form of the proposed new empirical model for the prediction of the
maximum overtopped bore impact force Fmax on a non-overtoppable wall on top
of a dike with a shallow foreshore (see application ranges in Table 3.6) is then
provided by:


Rc,prom
Fmax
a1
(3.9)
= 10 exp −a2
2
ρgRc,prom
Hm0,t γr,ig γr,prom (0.33 + 0.022ξm−1,0,t )
with a 95% error band described by a1 ± 1.96σ (i.e., σ = 0.182), which was
obtained by assuming power a1 to be normally distributed and calculating the
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standard deviation σ of the residuals of the data to the fitted line in logarithmic
scale. In a design, the deterministic form of the empirical model is recommend
to be used, with a1 + σ. The new empirical model is shown together with the
’UGent-CREST’ data in Figure 3.27. Compared to Figure 3.22a, the coefficient of
determination has increased significantly (i.e., from R2 = −0.67 to R2 = 0.90)
with the scatter of the data much reduced around the prediction line.
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Figure 3.27: The dimensionless maximum bore impact force in function of the dimensionless freeboard with shallow foreshore correction based on the equivalent slope and
influence factors γr,ig and γr,prom . The experimental wave impact results (WIF) of the
’UGent-CREST’ tests with second order wave generation for foreshore slopes 1/20, 1/35
(including Gc = 10, 20 and 30 m), 1/50 and 1/80 are compared to the newly fitted
prediction formula (3.9).

Even though the new prediction formula (3.9) fits the ’UGent-CREST’ dataset
well, it could still be further developed based on the following observations of
limitations and recommendations for further research:
1. In the data processing to obtain Fmax (see Section 3.2.3), a low-pass filter
was applied that removed both the natural frequency responses from the LC
set-up and the stochastic part of the force peaks in case of high frequency
impulsive/dynamic bore impacts. Still, such short-duration force peaks associated with impulsive and dynamic peaks are of interest to building parts
with higher resonance frequencies (i.e., windows, doors, etc...). In those
cases, a dynamic impact force safety factor should be applied to Fmax (see
Section 2.1.2). Since the dynamic impact forces were disturbed by the natural frequencies of the LC set-up in the present dataset, this factor was not
evaluated in this study. However, it is recommended to further investigate
suitable values for this factor.
2. The spreading of the values with a dimensionless freeboard larger than 4 is
still high in Figure 3.27, because only very few such data were available in
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the ’UGent-CREST’ dataset. More such data is necessary (experimentally
or numerically) to improve the model further. It is expected that with more
such data, the influence factors γr,ig and γr,prom can be determined more
accurately as well.
3. In Section 3.2.3 it was shown that the observed Fmax still has a relatively
high CV of about 20% for repeated tests with different irregular wave train
realisations (see Table 3.7), mostly because the amount of overtopping events
(and therefore impacts) was limited. This means that Fmax , calculated based
on the newly proposed prediction formula (3.9) should be increased by at least
20% to take this variation into account. To reduce this uncertainty, it should
be investigated further how to obtain a more stable characteristic value for
Fmax that is independent from the realisation of the wave train of ∼ 1000
waves (e.g., by developing a statistical prediction method such as by Chen
et al. (2016)).
4. Given the fact that the new prediction model was found beginning from the
dimensionless force and freeboard from the VD model for deep foreshores, it
seems feasible that a unified empirical model can be obtained, applicable to
dikes with deep and shallow foreshores both.
5. The new prediction model is valid for long-crested waves only. In case of
short-crested waves, the directional spreading is expected to have a significant
reducing effect on Fmax , similar to what was found for q in case of shortcrested waves by Altomare et al. (2020). An additional challenge for the
case of short-crested waves is expected to be the added uncertainty due to
an alongshore variation of Fmax .

3.5

Conclusions

In this chapter, the effect of the foreshore slope angle on wave interactions with
sea dikes on shallow foreshores was investigated by wave flume experiments for
different foreshore slope angles, where the wave transformations over the foreshore,
the overtopping and the bore impact forces on the dike-mounted vertical wall
were measured. The resulting dataset was then used to verify or improve existing
empirical models for the prediction of the wave interaction processes with the sea
dike.
In the following list, the key findings from this chapter are summarised. When
a key finding is related to a specific objective listed in Section 2.5, it is indicated
between parentheses (i.e., (SOi.j) with i the number of the main objective in
Section 1.2 and j the number of the knowledge gap identified in Chapter 2).
• A new experimental dataset is available (designated ’UGent-CREST’) of 2D
wave flume physical modelling of wave overtopping and impacts on dikes
with a shallow foreshore, with for the first time a combination of a variation
in the foreshore slope, including steeper and milder sloped foreshores (i.e.,
1/20, 1/35, 1/50 and 1/80) than the slope of 1/35 typically tested in the
past, and second order wave generation with LW AWA to prevent build-up of
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(spurious) long wave energy. The dataset also includes high spatial resolution
measurements of surface elevations along the foreshore slope (for the first
time applied for this type of cross-section), allowing a more detailed study
of the infragravity waves and their effect on wave interactions with sea dikes
on shallow foreshores.
• (SO1.1) Based on a comparison of similar tests from the ’UGent3’ (no LW
AWA) and ’UGent-CREST’ (including LW AWA), it was confirmed that active wave absorption in physical models should include absorption of both
reflected long waves and seiches when testing coastal structures with a very
shallow foreshore. Otherwise, build-up of long wave energy will significantly
affect the measurements of incident wave conditions at the dike toe and wave
interactions with the sea dike.
• (SO1.1) In addition, it was found that the spurious (i.e., not occurring in the
field) long waves, introduced by first order wave generation at the offshore
boundary in nearshore experimental and numerical models, affect the spectral
wave period at the dike toe, the maximum individual overtopping volume, the
mean wave overtopping discharge and the maximum impact force. Second
order wave generation prevents such spurious long waves and is therefore
recommended, especially when considering extreme individual events.
• It was confirmed that long waves feature strong reflection from a dike with
shallow foreshore, while they might break on mildly sloped beaches in the
surf zone and reflect much less from the shoreline in case no dike is present.
The presence of the dike therefore affects long wave reflection significantly.
This was observed for the first time based on physical modelling.
• (SO1.2) An existing prediction formula for H̃ig (see Equation (2.12)) was
compared to the ’UGent-CREST’ dataset. It was found that the model
generally underestimates H̃ig by about 20% for the case of incident wave
conditions at the dike toe (i.e., without dike).
• (SO1.3) An existing semi-empirical formula for Tm−1,0,t (Hofland et al.,
2017) was compared to the ’UGent-CREST’ dataset, and the model returned
an overestimated value, especially for the case of steep shallow foreshore
slopes (i.e., up to a factor of 2). A critical review of the datasets used to
derive the prediction formula was performed and it was found that datasets
based on first order wave generation without LW AWA provided overestimated values for Tm−1,0,t . Therefore only datasets based on second order
wave generation including LW AWA were combined with the ’UGent-CREST’
dataset. A modification of the formula has been carried out, making it applicable and more accurate for use in cases with steeper shallow foreshore
slopes. In addition, it was found that the offshore wave steepness did not
affect Tm−1,0,t much, so that Tm−1,0,t is more dependent on ht /Hm0,o and
the foreshore slope angle only, rather than ht /Hm0,o and a surf-similarity
parameter such as proposed by Hofland et al. (2017).
• (SO1.4) It was found that most of the ’UGent-CREST’ data fall within the
90% error bounds of the prediction formula of Altomare et al. (2016) for q
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(see Equation (2.23)), confirming the applicability of the prediction formula
to this dataset. However, a residual influence of the foreshore slope was still
noted that is not taken into account yet by the empirical model, especially
for dimensionless freeboards greater than about 4 (see Figure 3.21), where
q for the steepest tested foreshore slope (i.e., 1/20) was found to be underestimated and overestimated for the mildest tested foreshore slope (i.e.,
1/80).
• Low-pass filtering of the measured signal of the impact forces was applied, effectively removing mostly the stochastic (non-repeatable) part of the dynamic
impact force peaks Fdyn and therefore reducing them to their quasi-static
component Fqs . This improved the repeatability of Fmax significantly. Such
repeatability was shown to be important to reduce uncertainty in the prediction formula derived from the physical model experiments. It is noted that
the applied filtering is acceptable when considering loading of buildings with
a low resonance frequency (i.e., up to ∼ 3 Hz). However, short-duration
force peaks associated with impulsive and dynamic peaks are still of interest to building parts with higher resonance frequencies (i.e., windows, doors,
etc...). In those cases, a dynamic impact force safety factor should be applied
to the quasi-static Fmax (see Section 2.1.2).
• (SO1.5) A new (non-statistical) empirical model for the prediction of the
maximum overtopped bore impact force Fmax on a non-overtoppable wall
mounted on a dike with a shallow foreshore was developed that is based
on wave conditions and geometrical parameters alone (see Equation 3.9). A
significant effect of the foreshore slope angle in addition to the dike geometry
(i.e., promenade width) on the maximum wave impact force was discovered
and taken into account in the model. However, in Section 3.2.3 it was shown
that the observed Fmax still has a relatively high CV of about 20% for
repeated tests with different irregular wave train realisations (see Table 3.7),
mostly because the amount of overtopping events (and therefore impacts)
was limited. This means that Fmax , calculated based on the newly proposed
prediction formula (3.9) should be increased by at least 20% to take this
uncertainty into account.
For an overview of the recommendations for future research, reference is made
to Chapter 5 where also the link with the key findings of the numerical modelling
research of Chapter 4 is made.

Chapter 4

Numerical modelling
This chapter discusses the numerical model setup, analysis methods, RANS model
validation (SO2.1) and the inter-model comparison (SO2.2). The following peerreviewed publications are included integrally into the current chapter:
Gruwez, V., Altomare, C., Suzuki, T., Streicher, M., Cappietti, L., Kortenhaus, A.,
& Troch, P. (2020b). Validation of RANS Modelling for Wave Interactions with Sea
Dikes on Shallow Foreshores Using a Large-Scale Experimental Dataset. Journal of
Marine Science and Engineering, 8 (9), 650. https://doi.org/10.3390/jmse8090650
Gruwez, V., Altomare, C., Suzuki, T., Streicher, M., Cappietti, L., Kortenhaus, A.,
& Troch, P. (2020a). An Inter-Model Comparison for Wave Interactions with Sea
Dikes on Shallow Foreshores. Journal of Marine Science and Engineering, 8 (12),
985. https://doi.org/10.3390/jmse8120985
It is noted that the RANS model validation and inter-model comparison was
based on the WALOWA large scale physical modelling (Streicher et al., 2017)
instead of the smaller scale tests of Chapter 3. This decision was made because
the large scale tests reduced the scale effects compared to the small scale tests
and included measurements of the pressure distribution (not available in the small
scale tests), allowing a more detailed validation of the bore impacts on the vertical
wall.
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Validation of RANS modelling for wave interactions
with sea dikes on shallow foreshores using a largescale experimental dataset
Vincent Gruwez, Corrado Altomare, Tomohiro Suzuki, Maximilian Streicher, Lorenzo
Cappietti, Andreas Kortenhaus and Peter Troch

Abstract
In this paper, a Reynolds-averaged Navier–Stokes (RANS) equations solver, interFoam of OpenFOAM® , is validated for wave interactions with a dike, including a
promenade and vertical wall, on a shallow foreshore. Such a coastal defence system
is comprised of both an impermeable dike and a beach in front of it, forming the
shallow foreshore depth at the dike toe. This case necessitates the simulation of
several processes simultaneously: wave propagation, wave breaking over the beach
slope, and wave interactions with the sea dike, consisting of wave overtopping, bore
interactions on the promenade, and bore impacts on the dike-mounted vertical wall
at the end of the promenade (storm wall or building). The validation is done using rare large-scale experimental data. Model performance and pattern statistics
are employed to quantify the ability of the numerical model to reproduce the experimental data. In the evaluation method, a repeated test is used to estimate
the experimental uncertainty. The solver interFoam is shown to generally have a
very good model performance rating. A detailed analysis of the complex processes
preceding the impacts on the vertical wall proves that a correct reproduction of
the horizontal impact force and pressures is highly dependent on the accuracy of
reproducing the bore interactions.
Keywords: validation; wave modelling; shallow foreshore; dike-mounted vertical
wall; wave impact loads; OpenFOAM

4.1

Introduction

Low-elevation coastal zones often have mildly to steeply-sloping sandy beaches
as part of their coastal defence system. For countries in north-western Europe,
coastal urban areas typically have high-rise buildings close to the coastline. These
buildings are usually fronted by a low-crested, steep-sloped, and impermeable sea
dike with a relatively short promenade, where the long (nourished) beach in front
of the dike acts as a mildly sloping shallow foreshore. This type of coastal defence
system therefore combines hard and soft coastal protection against flooding. Such
hybrid approaches are regarded by the Intergovernmental Panel on Climate Change
(IPCC) with high agreement as a promising way forward in terms of response to sea
level rise (IPCC, 2019). Along the cross-section of this hybrid beach-dike coastal
defence system, storm waves undergo many transformation processes before they
finally hit the buildings on top of the dike. Along the shallow waters of the mildly
sloping foreshore in front of the dike, sea/swell or short waves (hereafter SW,
O(101 s)) shoal and eventually break, transferring energy to both their super- and
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subharmonics (or long waves: hereafter LW, O(102 s)) by nonlinear wave-wave
interactions. Further pre-overtopping hydrodynamic processes along the mildly
sloping foreshore include wave dissipation by breaking (turbulent bore formation)
and bottom friction, reflection against the foreshore and dike, and wave run-up
on the dike slope. Finally, waves overtop the dike crest, and post-overtopping
processes include bore propagation on the promenade, bore impact on a wall or
building, and reflection back towards the sea interacting with incoming bores on
the promenade.
For the (structural) design of storm walls or buildings on such coastal dikes, the
wave impact force expected for specific design conditions needs to be estimated.
Semi-empirical formulas, mostly based on physical model tests, are commonly used
in practice to assess wave forces and pressures on coastal defences, at least in a
preliminary design phase. However, semi-empirical formulas are usually restricted
within very specific ranges of application, currently limiting force prediction to
dikes with deep foreshore depths (De Finis et al., 2020; Van Doorslaer et al.,
2017). Such formulas do exist for dikes with very/extremely shallow foreshore
depths as well (Chen et al., 2016; Streicher et al., 2018), but their application is
also strictly limited. For the final design, therefore, often detailed experimental
campaigns are required (Gruwez, Vandebeek, Kisacik, Streicher, Verwaest, et al.,
2018). Alternatively, during the last decade, numerical modelling of these combined
processes has become feasible (Altomare, Crespo, et al., 2015; Altomare et al.,
2018; De Finis et al., 2020; Suzuki et al., 2017; Torres-Freyermuth et al., 2010;
Xiao et al., 2009). Numerical modelling is also able to provide a detailed and
accurate assessment of a specific case. Moreover, numerical models can provide
information on physical quantities that are difficult to measure in a scaled model
or in prototype (e.g., detailed velocity fields, pressure distributions, etc.).
To study fully two-dimensional vertical (2DV) complex fluid flows, computational fluid dynamics (CFD) techniques are typically applied. Relatively new meshfree Lagrangian numerical methods, such as Smoothed Particle Hydrodynamics
(SPH) (Violeau, 2012) and the particle finite element method (Oñate et al., 2011),
have been recently validated and applied to several coastal engineering problems
(Altomare, Crespo, et al., 2015; Didier et al., 2014; Domı́nguez et al., 2019; StGermain, Nistor, Townsend, et al., 2014; Subramaniam et al., 2019), showing much
promise. However, different from Eulerian grid-based methods, multi-phase airfluid SPH models are still quite scarce and have a high computational cost (Mokos
et al., 2017). The more traditional Eulerian numerical methods are already more
consolidated. For example, volume-of-fluid methods (VOF) based on the Reynoldsaveraged Navier–Stokes equations (RANS) have been widely employed during the
last decades. Using RANS models, processes such as wave transformation (Higuera
et al., 2013b; Torres-Freyermuth et al., 2010; Torres-Freyermuth et al., 2007), wave
overtopping (An et al., 2013; Ingram et al., 2009; Xiao et al., 2009), and wave impact on coastal structures (De Finis et al., 2020; Kleefsman et al., 2005; Vanneste
et al., 2014; Wenneker et al., 2011; P. Xie & Chu, 2019) have been modelled
and validated, but never before at the same time (to the knowledge of the authors). They are computationally very expensive to apply, but have shown their
value particularly for wave-structure interaction phenomena involving complex geometries. In addition, two-phase water-air RANS models allow taking the effects
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of air entrapment on the wave impact processes into account (Liu et al., 2019;
Wemmenhove et al., 2015).
Validation of numerical models is crucial before they can be reliably applied.
Even though plenty of works have been published on numerical modelling and validation of individual processes previously listed, there is still a lack of literature
about RANS model validation for wave impacts on sea dikes and dike-mounted
walls in presence of a very shallow foreshore. The main goal of this paper is to
validate a two-phase (water-air) RANS model for this specific case. Such a modelling approach is deemed necessary to fully resolve the 2DV complex fluid flows
of overtopped waves and bore interactions on top of the promenade. The RANS
solver (interFoam) for two incompressible fluids within the open source CFD toolbox OpenFOAM® is chosen because of its increasing popularity for application to
wave-structure interactions. Validation of this numerical model is done by reproducing large-scale experiments of overtopped wave impacts on coastal dikes with a
very shallow foreshore from the WAve LOads on WAlls (WALOWA) project (Streicher et al., 2017). The large-scale nature of these experiments reduces the scale
effects significantly compared to small-scale experiments, which can be particularly
important to the wave impacts on the dike-mounted vertical wall, especially in case
of plunging breaking bore patterns and impulsive impacts (Streicher, Kortenhaus,
Hughes, et al., 2019).
The paper is structured as follows. First, the methods used in the paper are
explained in Section 4.2, starting with the experimental model setup and a description of the tests used for the validation. This is followed by a description of the
applied RANS model and the numerical model setup. Finally, the statistical model
performance methods applied in this study are discussed. Next, in Section 4.3 the
results of the qualitative and quantitative numerical model validation are provided,
including a comparison of model snapshots at key time instants during impacts on
the vertical wall. This is finally followed by Section 4.4 with a discussion on these
results and the conclusions in Section 4.5.

4.2
4.2.1

Methods
Large-scale laboratory experiments

The laboratory experiments (Froude length scale 1:4.3) were done during the research project WALOWA in the Deltares Delta Flume, which is 291 m long, 9.5 m
deep, and 5 m wide. This wave flume is equipped with a piston-type wave maker
capable of up to second-order wave generation (in the frequency range 0.02 –
1.50 Hz) and includes active reflection compensation (ARC), which is an active
wave absorption (AWA) system to minimise reflections against the wave paddle.
For a detailed description of the model setup, reference is made to Streicher et al.
(2017). The WALOWA dataset is open access and is described by Kortenhaus
et al. (2019).
The model geometry consisted of a moveable sandy foreshore with a transition
slope of 1/10 and a slope of 1/35 up to the toe of the dike (Figure 4.1). The
smooth impermeable concrete dike had a front slope of 1/2, a promenade width
of 2.35 m with an inclination of 1/100 in order to help drain the water in case of
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wave overtopping, and finally a 1.60 m high wall. The wall height was designed to
be high enough to prevent wave overtopping during testing, but small amounts of
overtopped water could still be returned via a recirculation drainage pipe behind
the wall.

Figure 4.1: Overview of the geometrical parameters of the wave flume and WALOWA
model set-up, with indicated wave gauge locations. Reprinted with permission from
Streicher et al. (2017).

The WALOWA dataset includes both bichromatic and irregular wave tests. For
validation of the numerical model, the bichromatic wave test Bi 02 6 (EXP) and its
repetition Bi 02 6 R (REXP) were selected (Table 4.1). The bichromatic wave tests
have the advantage to be relatively short in time, while still considering the effects of
wave dispersion and bound LWs, and are therefore more representative of irregular
waves than monochromatic waves. In this way, even numerical models with a high
computational demand are able to simulate the tests in a reasonable amount of
computational time. This specific bichromatic wave test was chosen because it is
the only test that was conducted shortly after a foreshore profile measurement and
at the same time immediately followed by its repetition and another foreshore profile
measurement (Saponieri et al., 2018; Streicher, Kortenhaus, Gruwez, Suzuki, et
al., 2019). Since these bichromatic wave tests are relatively short in duration and
only limited changes (O(10−2 m)) were noted between the profile measurements
before and after (Saponieri et al., 2018), a fixed bed is a reasonable assumption
for the numerical modelling. In addition, the repeated test makes validation of the
numerical model possible relative to the experimental uncertainty.
During these tests, three bichromatic wave groups were generated with first
order wave control over 125 s, including 10 s of tapering at the beginning and end
of the wave generation. Plunging breakers occurred on the 1/10 transition slope
(i.e., deep water Iribarren number ξ0 = tan θ/(H/L0 )1/2 with θ the foreshore
slope angle, H the wave height, and L0 the deep water wave length (Battjes,
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Table 4.1: Hydraulic parameters for the WALOWA bichromatic wave test (EXP) and
its repetition (REXP): ho is the offshore water depth, ht the water depth at the dike
toe, Hm0,o the incident offshore significant wave height, Rc the dike crest freeboard, fi
the SW component frequency, ai the SW component amplitude, and βm (= a2 /a1 ) the
modulation factor.
Test ID
[−]

Duration
[s]

ho
[m]

ht
[m]

ht /Hm0,o
[−]

Rc
[m]

f1
[Hz]

a1
[m]

f2
[Hz]

a2
[m]

βm
[−]

Bi 02 6 (EXP) &
Bi 02 6 R (REXP)

209

4.14

0.43

0.33

0.117

0.19

0.45

0.155

0.428

0.951

1974): 0.5 < ξ0 ≈ 0.7 < 3.3) and spilling breakers on the 1/35 foreshore slope
(ξ0 ≈ 0.2 < 0.5). Considering this was a test of a dike with a very shallow foreshore
depth (Table 4.1: 0.3 < ht /Hm0,o < 1.0 (Hofland et al., 2017)), the wave energy
at the toe of the dike was dominated by LW energy.
The measurement setup consisted of instruments to measure the water surface
elevation along the flume and on the promenade, the velocity of the overtopped
flow on the promenade, and the impact pressure and force on the vertical wall
(Figure 4.2). All measurements were sampled at 1000 Hz frequency and were
synchronized in time.

Figure 4.2: (a) WGs deployed along the flume side wall to measure η; (b) PWs; (c) ECM
to measure Ux ; (d) WLDMs installed on the promenade to measure η; (e) Hollow steel
profile attached to two LCs and (f) aluminium plate equipped with pressure sensors (PS)
to measure Fx and p.

The water surface elevation η (with the vertical origin at z = ho ) was measured
with resistance-type wave gauges (WG) deployed at seven different locations along
the Delta Flume side wall (Figures 4.1 and 4.2a). WG02–WG04 were installed over
the flat bottom part of the flume close to the wave paddle. These wave gauges
were positioned to allow a reflection analysis following the method of Mansard and
Funke (1980). WG07 was installed along the transition slope; WG11 and WG13
along the foreshore slope. WG14 was installed close (∼ 0.35 m) to the dike toe.
The data of WG11 are not considered further in the present analysis because of
faulty data. Furthermore, to remove unwanted noise in the η signals measured
by the other WGs from the wave paddle up to the dike toe, a low-pass 3r d order
Butterworth filter with a cut-off frequency of 1.50 Hz was applied. This frequency
is well above the frequencies of the super-harmonics of the primary waves and
frequency components due to triad interactions between the primary components
and the difference frequency, which gain energy in the shoaling and surf zone (van
Dongeren et al., 2007).
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Flow layer level measurements η on the promenade were obtained by four
resistance-type water level distance meters (WLDM01–WLDM04, Figure 4.2d).
Flow velocity measurements on the promenade were obtained by four paddle wheels
(PW01–PW04, Figure 4.2b), measuring the horizontal flow velocity Ux in one direction (i.e., towards the wall) 0.026 m above the promenade. Additionally, a bidirectional electromagnetic current meter (ECM, Figure 4.2c) was installed at the
same cross-shore location as WLDM02 and PW02 to obtain directional information of the incoming or reflected flow. The ECM disc was positioned 0.03 m above
the promenade and sampled the horizontal velocity at 16 Hz. Further detailed
information on the sensor setup on the promenade and the post-processing of the
η and Ux data measured on top of the promenade was provided by Cappietti et al.
(2018). During return flow, positive Ux values were possibly incorrectly measured
by the PWs, indicated by the ECM that measured negative Ux values during return
flow (compared to the measurements of the co-located PW02). This will be further discussed in the comparison with the numerical model result (Section 4.3.1).
However, no such co-located measurements are available for other paddle wheels
than PW02, so no correction of the PW measurements during return flows was
attempted.
The overtopped wave impacts on the wall were measured by horizontal force
Fx and pressure p measurement systems integrated into the wall. The horizontal
impact force was measured by two compression-type load cells (LC) connecting
the same hollow steel profile to the very stiff supporting structure (Figure 4.2e).
Impact pressures were measured by 15 pressure sensors (PS). The first 13 PSs
were spaced vertically over a metal plate flush mounted in the middle section of
the steel wall, with PS14 and PS15 placed horizontally next to PS05 or the fifth
PS from the bottom (Figure 4.2f). The initial post-processing of the Fx and p
signals, including baseline correction and filtering, is discussed by Streicher (2019).
Additional filtering was applied to remove the high frequency oscillations caused by
stochastic processes during dynamic or impulsive impacts, so that the signal can be
reproduced by a deterministic numerical model (Jacobsen et al., 2018). To achieve
this, an additional 3rd order Butterworth low-pass filter with a cut-off frequency
of 6.22 Hz was necessary. This corresponds to a cut-off frequency of 3.0 Hz at a
prototype scale, which is still well above the natural frequency of about 1.0 Hz for
typical buildings found along, e.g., the Belgian coast (De Rouck & Trouw, 2019).
Furthermore, local spatial variability over the width of the flume of the resultant
Fx (i.e., derived from the LCs and pressure integrated) and p (i.e., PS05, PS14,
and PS15) time series was found to be low (not shown). This spatial variability
over the width of the experimental flume was therefore further neglected in the
quantitative numerical model validation: for Fx , the LC-derived signal was used
and for p, the PS05 signal was used.

4.2.2

Numerical model

4.2.2.1

Model description

In this work, OpenFOAM v6 (Foundation, 2018) was applied and validated, or
more specifically interFoam, a solver of the RANS equations, where the advection
and sharpness of the water–air interface are handled by an algebraic VOF method
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(Berberović et al., 2009) based on the multidimensional universal limiter with explicit solution (MULES) (Deshpande et al., 2012; Larsen et al., 2019; Roenby et
al., 2017). InterFoam with MULES has already been successfully applied for wave
propagation (Larsen et al., 2019), wave breaking (Brown et al., 2016; Devolder
et al., 2018; Higuera et al., 2013b; Larsen & Fuhrman, 2018; Martins et al., 2017),
wave run-up (Higuera et al., 2013b; Martins et al., 2017), wave overtopping (Karagiannis et al., 28–2015; Raby et al., 2019), and bore impact on a vertical wall (P.
Xie & Chu, 2019).
Several open source contributions of boundary conditions for wave generation
and absorption exist for interFoam, of which the main developments are IHFOAM
(Higuera et al., 2013a), olaFlow (Higuera, 2018), and waves2Foam (Jacobsen et
al., 2012). In the present study, olaFlow was chosen, which was found to be the
most computationally efficient (Higuera et al., 2013a; Vyzikas et al., 2018; Windt
et al., 2019) and feature complete package at the time of the simulations presented
in this paper.
The turbulence is modelled by the k − ω SST turbulence closure model (Menter
et al., 2003), which has been shown to be one of the most proficient in modelling
wave breaking (Brown et al., 2016). Two-equation turbulence closure models are
known to cause over-predicted turbulence levels beneath computed surface waves,
leading to unphysical wave decay for wave propagation over constant water depth
and long distance (Devolder et al., 2017; Larsen & Fuhrman, 2018; Mayer & Madsen, 2000). Turbulence modelling was therefore stabilized in nearly potential flow
regions by Larsen and Fuhrman (2018), with their default parameter values (Larsen,
2018, August 31/2019). Hereafter, the OpenFOAM numerical model as presented
here is simply referred to as OF.
4.2.2.2

Computational domain and mesh

Wave breaking is an inherently three-dimensional (3D) process due to the formation
of 3D vortices extending obliquely downward in the inner surf zone (Ting & Kirby,
1994). Even so, many examples exist where the wave kinematics during wave
breaking could be approximated well by vertical two-dimensional (2DV) RANS
modelling (Brown et al., 2016; Devolder et al., 2018; Larsen & Fuhrman, 2018;
Lin & Liu, 1998; Martins et al., 2017; Torres-Freyermuth et al., 2010; TorresFreyermuth et al., 2007; Z. Xie, 2013). To reduce the computational time as much
as possible, OF is therefore applied in a 2DV configuration (i.e., cross-shore section
of the wave flume).
The OF model domain (Figure 4.3) starts at the wave paddle zero position
(x = 0.00 m) and ends on top of the vertical wall (x = 178.80 m). The bottom
boundary is at its lowest point (z = 0.00 m) along the flume bottom between the
wave paddle and the foreshore toe, and extends up to z = 7.20 m, well above
the maximum measured surface elevations along the flume. The bottom is further
defined by the measured foreshore and dike geometry as described in Section 4.2.1.
The vertical wall is included up to its height of 1.60 m including the top which was
given a slight inclination towards the model boundary to allow overtopped water
(limited to mainly spray in this case) to exit the model domain.
The computational domain is discretised into a structured grid. To optimise the
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computational time, a variable grid resolution is applied, where a higher resolution
is defined only where it is necessary. This is mostly the areas of the model domain
where the water-air interface is expected to pass (Roenby et al., 2017; Vyzikas
et al., 2018). The expected location of the free surface along the flume during
the entire test was estimated first by a fast preliminary one-layer depth-averaged
SWASH calculation (not shown: see (Gruwez et al., 2020a) for the SWASH model
setup description). The minimum and maximum η along the flume and over the
complete test duration were obtained from the SWASH model result to define areas
in which mesh refinement should be done. These locations are delineated by the
dotted lines in Figure 4.3, defining several areas around the still water level (SWL).
In front of the wave paddle, the refinement area is slightly higher to accommodate
the stabilisation of the newly generated waves, after which the refinement zone can
decrease in height when the waves have fully developed. Then, the refinement area
is increased in height again to allow room for wave shoaling and incipient wave
breaking on the foreshore. The upper limit can subsequently be lowered again due
to wave breaking, but the lower limit is extended to include the bottom boundary.
This is done to properly resolve the entrained air pockets that have been shown
to travel towards the bottom during the breaking process in the inner surf zone
(Jacobsen et al., 2014). The height of the refinement zone on the dike was defined
based on the maximum measured water level in the experiment by the WLDM’s
on the promenade and extended to the upper model boundary along the vertical
wall to resolve the run-up and splashing against the vertical wall.

Figure 4.3: Definition of the OF 2DV computational domain, with coloured indication of
the model boundary types. The still water level (SWL) is indicated in blue (z = 4.14 m).
The number in each of the mesh subdomains of the model domain (demarcated by black
dotted lines) is the refinement level β applied in each subdomain (for β = 0, 1, 2, and 3:
∆x = ∆z = 0.18 m, 0.09 m, 0.045 m, and 0.0225 m). Note: the axes are in a distorted
scale.

In terms of the grid cell size in these refinement zones, about 20 cells are
typically recommended over the wave height H of a regular wave (i.e., H/∆z = 20,
with ∆z being the vertical cell size) (Roenby et al., 2017; Windt et al., 2019).
Applied to the wave heights of the primary wave components of the bichromatic
wave in Table 4.1, a minimal vertical cell size of ∆z = 0.045 m to 0.043 m is
obtained. Smaller wave heights in the bichromatic wave group are less resolved
with this choice, but this is deemed acceptable because of their relatively low
steepness. A value of ∆z = 0.045 m was chosen, because the water depth at the
wave paddle ho is divisible by it (i.e., ho /∆z = 4.14/0.045 = 92), meaning that
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the SWL can lie perfectly along cell boundaries, or in other words, α-values between
0 and 1 are thereby minimised at the start of the simulation, which simplifies the
initialisation of the SWL and is beneficial for an effectively still SWL at the start
of the simulation.
The mesh maintains an aspect ratio ∆x/∆z of 1 (with ∆x being the horizontal
cell size) throughout the entire computational domain, which has been shown
necessary for accuracy (Jacobsen et al., 2014; Jacobsen et al., 2012; Roenby et al.,
2017) and numerical stability in this study. One exception is a higher aspect ratio
along the bottom and wall, where layers were locally added to the mesh to resolve
the boundary layer. Six layers were added over the vertical cell size along those
boundaries, with a growth rate of 1.2, leading to a maximum aspect ratio of 18.
Outside the refinement zones, in the air and water phases, the mesh can be
coarser (Roenby et al., 2017; Windt et al., 2019). The structured mesh was given
a base grid resolution of 0.18 m. This base resolution is multiplied by a refinement
ratio r, here defined as:
1
(4.1)
2β
in which β signifies the refinement level. Each refinement level effectively refines
every cell into four new cells. The applied refinement levels are provided for each
mesh subdomain in Figure 4.3. For the air in the model domain, the base resolution
was assumed (β = 0), except for a small area over the dike (β = 1). In the
water phase, refinement level 1 was assumed (∆x = ∆z = 0.09 m) and was
further refined in the zone of the surface elevation up to the dike toe (level 2 or
∆x = ∆z = 0.045m). Close to the inlet boundary, however, a lower refinement
level was necessary for numerical stability (β = 1) over a very short distance (0 m <
x < 0.50 m) where locally high water velocities (i.e., low Courant numbers and
low time steps) at the interface can occur due to the wave generation. On the dike
up to the wall, the mesh was refined even more (level 3 or ∆x = ∆z = 0.0225 m)
to resolve thin layer flows, the complex flows of bore interactions, and impacts on
the vertical wall. In addition, a refinement level 3 was necessary to resolve the
experimental pressure sensor locations along the vertical wall.
The mesh was generated by applying the cartesian2DMesh algorithm of cfMesh
(Juretić, 2016), which resulted in a mesh with 318381 cells, for the refinement levels
indicated in Figure 4.3.
The adaptive time stepping is controlled by a predefined maximum Courant
number maxCo (Co = ∆t|U |/∆X, where ∆t is the time step, |U | is the magnitude of the velocity through that cell, and ∆X is the cell size in the direction
of the velocity (OpenCFD, 2019)) and a maximum Courant number in the interface cells maxAlphaCo. Generally maxCo = maxAlphaCo is chosen, as well
as in this paper. Larsen et al. (2019) have shown that a relatively low maxCo
(∼ 0.05) is necessary to obtain a stable wave profile over more than five wave
periods’ propagation duration. Here, however, a maxCo of 0.25 is used to balance
the accuracy and computational costs. Since the primary waves of the bichromatic
wave group only propagate over about three wave lengths up to the mean breaking
point location (xb =∼ 120 m), this is considered an acceptable assumption. Both
the refinement level in the refinement zones around the surface elevation zones
r=
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(βsez ) and the maxCo were verified in a convergence analysis (Appendix A.1).
4.2.2.3

Boundary conditions

Since the model domain represents a 2DV simulation, no solution is necessary in
the y-direction, and the lateral boundaries of numerical wave flume were assigned
an ’empty’ boundary condition. Non-empty boundary conditions were defined for
the remaining boundaries in the xz-plane (Figure 4.3).
The bichromatic waves from Table 4.1 were generated at the inlet by applying
a Dirichlet-type boundary condition: the experimental wave paddle velocity was
imposed. The paddle displacement time series is used by olaFlow to calculate the
wave paddle velocity by a first-order forward derivative (Higuera, 2016). Since
the reflection in the numerical wave flume is expected to behave close to, but not
exactly the same as in the experiment, the theoretical paddle displacement without
ARC was selected and the AWA by olaFlow was activated instead. In addition
to the paddle displacement, the surface elevation at the wave paddle is provided,
which allows olaFlow to trigger the AWA with fewer assumptions (Higuera, 2016).
The AWA implementation in olaFlow is most effective for shallow water waves.
The primary components of the bichromatic wave group are intermediate waves
for the water depth at the wave paddle, but their reflection is expected to be low,
since most of their wave energy dissipates over the foreshore in the surf zone.
However, reflected free long (infragravity) waves are expected to be non-negligible
(Section 4.3.2). They are shallow water waves and are by definition absorbed
well by the AWA system in olaFlow, preventing their re-reflection and therefore
replicating the behaviour of the ARC in the experiment.
Both the bottom and wall boundaries are fixed boundaries, including the sandy
foreshore (Section 4.2.1), along which the velocity vector field U has a Dirichlettype boundary condition (U = (0, 0, 0) m/s), while the pressure p and α are given a
Neumann boundary condition. Along the foreshore, dike and wall, no-slip boundary
conditions are assumed and a continuous scalable wall function based on Spalding’s
law (Spalding, 1961) is implemented. The six boundary layers that were previously
added in the mesh along these no-slip fixed boundaries make sure that the scalable
wall function criterion for the dimensionless wall distance z + (i.e., 1 < z + < 300)
is complied with. For the remaining boundary conditions, initial conditions, and
solver settings, the same settings were chosen as those reported by Devolder et al.
(2018).
The OF simulations were run in parallel on a 24-core Intel Xeon E5-2680
(2500 M Hz) computer with 128 GB of RAM. The scotch decomposition algorithm was used to divide the mesh into equal amounts of cells for each processor,
while minimising the number of processor boundaries (Foundation, 2018). The
cells along the inlet patch were forced onto the same processor, which benefits
the computational efficiency. In this setup, the simulation required a CPU time of
about 85 h.
4.2.2.4

Data sampling and processing

The same data were sampled in OF at the same cross-shore locations as in the
experiment (Section 4.2.1). Applying the same sampling frequency of 1000 Hz in
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OF, however, would increase the calculation time to unpractical levels because it
affects the time stepping. Instead, a sampling frequency of 80 Hz was maintained
throughout, which is a compromise between the temporal resolution of the output
data and the calculation time.
To obtain η in OF, α was recorded at a fixed interval over a vertical line at
each wave gauge location. In post-processing, η was then obtained by vertical
integration of α, thereby excluding air inclusions produced in the surf zone, but
taking into account all water volumes (i.e., even air-borne water, e.g., in case
of plunging waves, spray). This corresponds best to how η in the experiment was
measured: resistive wave gauges give a response proportional to the wire wet length
(Kimmoun & Branger, 2007), thereby similarly excluding air pockets. However,
it is acknowledged that some uncertainty remains regarding how resistive type
wave gauges measure the free surface in the presence of air–water mixtures along
the gauge. This could lead to discrepancies in the numerical–experimental model
comparisons in the surf zone and on top of the promenade (Lowe et al., 2019).
The resulting numerical time series were filtered in the same way as the experimental data (Section 4.2.1) and were synchronised to the experimental time reference. The synchronisation was done based on the η time series at the three most
offshore located wave gauges (i.e., WG02–03–04) by means of a cross-correlation.
The obtained numerical–experimental time lags for each of these WG locations
were subsequently averaged and rounded to the nearest multiple of the time series
time step. This time lag was then used to synchronise all numerical time series to
the experimental time reference. This makes sure that numerical errors (such as
phase lag), which are important for model validation, were retained.
Furthermore, to investigate the model performance for the SW and LW components separately, the η time series were separated into ηsw and ηlw by applying a 3rd -order Butterworth high- and low-pass filter, respectively. A separation
frequency of 0.09 Hz was employed, which is in between the bound long wave
frequency (f1 –f2 = 0.035 Hz) and the lowest frequency of the primary wave components (f2 = 0.155 Hz).

4.2.3

Validation method

The validation of the numerical model OF to the large-scale experiment EXP is
done both qualitatively and quantitatively. The qualitative validation entails a
comparison of the time series of the main measured parameters. However, it is
recommended to apply model performance statistics as well for a more quantified
and objective validation (Sutherland et al., 2004). Therefore, general numerical
model performance will be evaluated by applying a skill score or dimensionless measure of average error, such as Willmott’s refined index of agreement dr (Willmott
et al., 2012):

dr =

(

M AE
cM AD
cM AD
M AE − 1

1−

M AE ≤ cM AD
M AE > cM AD

(4.2)

where c is a scaling factor and is taken equal to 2 to obtain a balance between the
number of deviations evaluated within the numerator and within the denominator
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of the fractional part of dr ; M AE is the mean absolute error defined by:

M AE =

N
1 X
|Pi − Oi |
N i=1

(4.3)

with N the number of samples in the time series, and P the predicted time series
together with the pair-wise-matched observed time series O (for i = 1,2,...,N ),
and M AD is the mean-absolute deviation:

M AE =

N
1 X
|Oi − O|
N i=1

(4.4)

where the overbar represents the mean of the time series. This model performance
index dr is bounded by [−1.0, 1.0] and, in general, more rationally related to model
accuracy than other existing model performance indices or skill scores. For the
purposes of this paper, dr is used as a general measure of the model performance,
and a dr value of 0.5 is already considered to be a poor model performance. Since
it is a single measure of model performance, it can be more easily used to evaluate,
for example, the spatial model performance over the length of the wave flume.
Because a repetition of the selected experimental test is available (REXP),
dr can be evaluated between REXP and EXP as well. This can serve as a limit
above which a dr value of the numerical model signifies that the numerical model
performance cannot be improved beyond the experimental model uncertainty due
to model effects, etc. Therefore, similar to the relative errors as defined by van
van Rijn et al. (2003), a relative refined index of agreement d′r is proposed here
which provides the performance of the numerical model relative to the experimental
model uncertainty:

dr =

(

M AEnum −M AErexp
cM AD
cM AD
M AEnum −M AErexp − 1

1−

M AEnum − M AErexp ≤ cM AD
M AEnum − M AErexp > cM AD

(4.5)

where the subscripts num and rexp indicate that the statistic is evaluated for the
respective numerical and repeated experimental data, and c is again taken equal to
2. When the numerator M AEnum −M AErexp is negative (i.e., < 0), the numerical
error compared to the experiment is smaller than the experimental uncertainty,
which means that the numerical model performance cannot be improved. In that
case M AEnum −M AErexp = 0 is forced, so that d′r = 1. A classification of model
performance based on ranges of d′r values and corresponding rating terminology is
proposed in Table 4.2.
To obtain more insight into where the error of the model originates from,
pattern statistical parameters are considered as well. They are here explained in
terms of what they represent for a time series of η. The first additional statistical
parameter is the standard deviation σ, which is a measure of the wave energy or
wave height of a η time series. The normalised standard deviation is given by:
σ∗ =

σp
σo

(4.6)
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Table 4.2: Proposed classification of the relative refined index of agreement d′r and
corresponding rating.

d′r classification
[−]

Rating
[−]

0.90 - 1.00
0.80 - 0.90
0.70 - 0.80
0.50 - 0.70
0.30 - 0.50
(−1.00) - 0.30

Excellent
Very Good
Good
Reasonable/Fair
Poor
Bad

where σp and σo are the standard deviations of the predicted and observed time
series, respectively. Another important statistical parameter is the bias B, given
by:
B =P −O

(4.7)

The bias indicates whether the model under- or over-predicts the observation,
but provides no further assurances on the accuracy of the model result. The bias
represents the difference in wave setup between two η time series. It is normalised
by the standard deviation of the observed time series:
B∗ =

B
σo

(4.8)

The correlation coefficient R, is defined by:

R=

1
N

PN

i=1 (Pi

− P )(Oi − O)
σp σo

(4.9)

which is a measure of the phase similarity between two time series and the wave
periods in the case of η time series.
The length of the time series used for the analysis is based on the duration
of the generated bichromatic waves including tapering (i.e., 125 s), beginning at
the first time step when the baseline is first significantly exceeded (i.e., indicating
arrival of the first wave). Since the experimental and numerical time series have
different sampling frequencies, the time series with the highest sampling frequency
was interpolated to the time steps of the time series with the lowest sampling
frequency.
For some locations where wetting and drying occurs (i.e., on the dike, promenade, and vertical wall), the measurement regularly returned to the baseline or
zero-line meaning that as a bore passed by, reflected against the wall and ran back
down the dike slope, intervals were created in the time series of (near-) zero values.
Including these ’non-event’ times in the statistical analyses would bias the statistics
by:
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• unnecessarily penalising the numerical model performance for an experimental measurement error. For example, in the experimentally measured and
processed time series of p and Fx , often some residual instrumental noise or
oscillations persisted during such non-event (or ’dry’) times;
• unnecessarily rewarding the model performance towards (almost) perfect
agreement. For example, during the time between impacts no water reaches
the wall and model performance would be perfect during such times (disregarding measurement noise).
It was therefore decided to focus the analysis on the event instances when
the values of the time series (either experimental or numerical, to penalise phase
differences or impacts not modelled by the numerical model) are larger than a
certain threshold above the baseline. The threshold for each such time series is
chosen to be as low as possible, but higher than the residual noise in the experiment.

4.3
4.3.1

Results
Time series

The numerical model results are first compared qualitatively in the time domain to
the experimental measurements of test EXP. The surface elevations η are compared
in Figure 4.4, the horizontal velocity Ux on the promenade in Figure 4.5, and the
total horizontal force Fx and pressures p on the vertical wall in Figures 4.6 and
4.7, respectively.
The η time series compare very well between OF and EXP (Figure 4.4), especially at the beginning of the simulation, but more discrepancies start to show over
time and further along the flume. Overall, frequency dispersion, the non-linear wave
transformation processes (i.e., SW shoaling (Figure 4.4d), breaking (Figure 4.4e,f),
energy transfer to the subharmonic bound LW (Figure 4.4d-f)), overtopping (Figure 4.4g), bore interactions, and reflection processes (Figure 4.4g-j) seem to be
well-represented by OF.
The simulated Ux on top of the promenade appears to significantly underestimate the experimental measurements (Figure 4.5). This underestimation mostly
disappears when using the OF depth-averaged velocity U x instead, which is done
for the remainder of the validation. In addition, OF shows much better correspondence to the ECM than the PWs during return flow of a reflected bore (Ux < 0).
This confirms that the PWs did not measure correct velocities during those instances (e.g., 57 s ≤ t ≤ 63 s in Figure 4.5b-c).
In terms of Fx and p on the vertical wall, OF generally reproduces the timing of the impact events, including the evolution over time (Figures 4.6 and 4.7).
However, the EXP time series peak values appear to be underestimated by OF for
both Fx and p, and for a few impacts, the first dynamic impact peak is not entirely
captured either (e.g., t = 82 s and 140 s). In the experiment, the lowest PSs were
loaded more often than the PSs positioned higher up the vertical wall, because of
different bore impact run-up heights. The lowest PSs also registered the highest
values, indicating a mostly hydrostatic pressure distribution along the vertical wall
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Figure 4.4: Comparison of the η time series at all sensor locations (a-j), including ηLW
in (a-f) (bold lines). The zero-reference is the SWL for (a-f) and the promenade bottom
for (g-j).

(Streicher, Kortenhaus, Marinov, et al., 2019). Both these observations were reproduced by OF. Validation of the pressure distribution along the vertical wall is
further investigated in Section 4.3.4.

4.3.2

Wave characteristics

Based on the η time series the root mean square wave height Hrms is calculated
in the time domain and represents a characteristic wave height and measure of the
wave energy. The evolution of Hrms , the short- and long-wave components (i.e.,
Hrms,sw and Hrms,lw ), and the mean surface elevation η or wave setup over the
wave flume up to the toe of the dike are displayed in Figure 4.8. The experimental
repeatability of Hrms appears to be near-perfect, since the EXP and REXP data
points are almost indistinguishable. The OF results for these wave characteristics
are available along the complete distance from the wave paddle until the toe of
the dike location. The numerical results seem to follow the experiments very
well, although some discrepancies can be seen. The total and SW wave heights
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Figure 4.5: Comparison of Ux time series at all sensor locations (for the PWs in (a, c–e);
for the ECM in (b)). The zero-reference is the promenade bottom at the sensor locations.
For OF, both Ux at the measured height above the promenade and the depth-averaged
U x time series are shown.

Figure 4.6: Comparison of Fx time series for the vertical wall. The experiment is the LC
force measurement.

(Hrms and Hrms,sw , respectively, in Figure 4.8) decrease in the OF result from
the wave paddle up to the toe of the foreshore and underestimate the EXP wave
height along this distance. Over the foreshore, the SWs start to shoal until their
steepness becomes too high and, according to OF, start to break about 11 m from
WG07 towards the dike. The location of incipient wave breaking (or decrease in
Hrms ), xb , cannot be validated with the experiment, because of insufficient wave
gauges in the wave breaking zone. In any case, the EXP wave height increase
due to shoaling (WG07) and decrease due to breaking (WG13-14) are reproduced
well by OF. However, over the foreshore, OF slightly underestimates the wave
amplitude. The experimental LW wave height (Hrms,lw in Figure 4.8) is slightly
underestimated by OF in front of the wave paddle (WG02-WG04), and at the dike
toe (WG14). In terms of the wave setup η the wave set-down observed in the
experiment offshore from the foreshore toe is not reproduced by OF (η OF remains
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Figure 4.7: Comparison of p time series for all vertical pressure sensor locations (for
PS01-13 in (a-m)), PS01 being the bottom PS and PS13 the top-most PS.

close to zero). Further along the flume in the surf zone, however, η is better
predicted by OF, showing a smaller overestimation.

4.3.3

Model performance and pattern statistics

In this section, the model performance and pattern statics introduced in Section 4.2.3 are applied to obtain a quantitative numerical model performance eval-
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Figure 4.8: Comparison of Hrms between OF and (R)EXP up to the dike toe. From top
to bottom: Hrms,sw for the SW components, Hrms,lw for the LW components, Hrms
for the total η, the wave setup η, and finally an overview of the sensor locations, SWL,
and bottom profile.

uation. Tables 4.3 and 4.4 provide the pattern and model performance statistics
for all sensor locations along the flume up to the vertical wall. The evolution of
dr and R at the WG locations along the wave flume up to the toe of the dike is
visualised for ηSW (dr,sw and Rsw ), ηLW (dr,lw and Rlw ), and η (dr,tot and R) in
Figure 4.9 and Figure 4.10 respectively, and of dr for η and Ux on the promenade
in Figure 4.11.
The evolution of dr,tot along the flume is very similar for both REXP and OF
(Figure 4.9 and Table 4.3): it remains constant until the shoaling zone (WG02WG07), decreases over the surf zone (WG07-13), and increases back up to the
dike toe (WG13-14). This indicates that the decreased experimental model repeatability of the surface elevation in the surf zone is at least part of the cause of
the decreased numerical model performance. The relative model performance d′r
for η is consequently fairly constant, corresponding to a model performance rating of Very Good, which remains consistently so up to the last sensor location in
front of the vertical wall. Considering ηSW and ηLW separately reveals that dr,sw
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mostly follows the same trend as dr,tot , and that dr,lw,OF clearly has a different
behaviour: dr,lw,OF is not as high as dr,sw,OF in front of the wave paddle (i.e.,
dr,lw,OF =∼ 0.70 and dr,sw,OF =∼ 0.85 at WG02-WG04), but steadily increases
towards the dike toe, while dr,lw,rexp remains relatively constant, causing d′r to
slightly increase as well.

Figure 4.9: Index dr of REXP and OF with EXP up to the dike toe. From top to bottom:
dr,sw for ηSW , dr,lw for ηLW , dr,tot for η, and finally an overview of the sensor locations,
SWL, and bottom profile.

Table 4.3: Pattern and model performance statistics for all η measurement locations.

The pattern statistics B ∗ and σ ∗ represent the accuracy of the respective wave
setup and wave height from offshore until the dike toe and confirm the qualitative observations made in Section 4.3.2. However, spatial information about the
accuracy of the numerical wave phase modelling was not included previously, and
is shown separately here in Figure 4.10. The SW phase accuracy of OF decreases
significantly over the surf zone (R =∼ 0.90 to ∼ 0.60), while it increases for the
LWs (R =∼ 0.85 to ∼ 0.97). The total wave phase prediction accuracy of OF
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Table 4.4: Pattern and model performance statistics for all Ux measurement locations
on the promenade.

decreases at WG13 because it is located at a node of the standing long waves in
front of the dike (Figure 4.8), thus Rsw has a higher weight in R there. Conversely,
the dike toe (WG14) is located at an antinode, and therefore Rlw has higher weight
in R than Rsw , leading to an increase of R again at the dike toe.

Figure 4.10: Comparison of R for η of REXP and OF with EXP up to the dike toe.
From top to bottom: Rs w for ηSW , Rlw for ηLW , R for η, and finally an overview of the
sensor locations, SWL, and bottom profile.

Along the promenade, the dr for η and Ux is shown in Figure 4.11 and at first
sight seems to indicate that the OF model performance for Ux is much worse than
that for η, primarily for comparisons with the PW measurements, but also for the
ECM measurement. Taking into account the experimental uncertainty, however,
the model performance rating for Ux of ECM is actually Very Good (d′r,ECM in
Table 4.4), which is the same as the OF model performance rating for η on the
promenade (d′r,W LDM 01−04 in Table 4.3). For the PW measurements, the OF
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Figure 4.11: Index dr of REXP and OF with EXP from the dike toe up to the vertical
wall. From top to bottom: dr for η and Ux , and finally an overview of the sensor locations,
SWL, and bottom profile.

rating for Ux is still worse (Reasonable/Fair to Bad), but was explained before by
the fact that the PWs had faulty positive Ux measurements during return flow
(Section 4.3.1).
∗
Although the wave setup at the dike toe is overestimated by OF (BW
G14 >
∗
0), η on the promenade is on average underestimated (BW LDM 01−04 < 0) as
is Ux (B ∗ < 0). Conversely, the bore wave height is well-represented on the
∗
promenade (σW
LDM 01−04 =∼ 1.00), while the wave height is underestimated at
∗
the dike toe (σW
G14 = 0.89). The surface elevation phase difference between
OF and EXP observed at the dike toe (RW G14 = 0.91) is carried over on the
promenade (RW LDM 01−04 =∼ 0.90), but higher phase differences are detected
for Ux (RECM = 0.73).
Finally, the model performance in terms of p and Fx is evaluated at the vertical
wall (Figure 4.12 and Table 4.5). Both REXP and OF show the highest model performance at the lowest pressure sensor location and a more or less linear decreasing
model performance at PS locations higher along the vertical wall. The relative difference between the dr of REXP and OF increases more along the vertical wall,
leading to a numerical model performance rating from Very Good for PS01-PS06,
to Good for PS05-PS11, and finally to Reasonable/Fair at the highest PS locations
(PS12-PS13) (Table 4.5). Considering that the bottom PSs registered the highest p values and are therefore the most determinative in the calculation of Fx , it
follows that the numerical model performance for Fx is rated Very Good as well.
The pattern statistics in Table 4.5 reveal the remaining numerical errors to be that
p and Fx are generally underestimated by OF (i.e., B ∗ < 0.00 and σ ∗ < 1.00)

4.3. Results

95

and that the impact events still slightly mismatch in time between OF and EXP
(R < 1.00).

Figure 4.12: Index dr of REXP and OF with EXP, for p at the vertical wall (horizontal
axis).

Table 4.5: Pattern and model performance statistics for all p (PS) and Fx (LC) measurement locations.

4.3.4

Bore interactions and impact

To explain some of the numerical successes and failures encountered in the reproduction of the experimental bore impacts on the vertical wall, a detailed analysis
is done of a selection of individual impact events and the bore interactions leading
up to them. The analysis is based on an investigation of snapshots at important
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time instants during the first two largest impact events in the modelled time series
(Figure 4.7). The first (t =∼ 56 s) and second (t =∼ 82 s) main impact events
are chosen because they are good examples of a respective successful and less
successful numerical reproduction of the experimental impacts.
Numerical snapshots of the flow on the dike, including the velocity distribution
along the vertical cross-section at the ECM location or the pressure distribution
along the vertical wall, are compared in Figures 4.13 and 4.14 to the equivalent experimental data and snapshots based on side and top view video images. Key time
instants of overtopped bore behaviour are selected during these two main impacts
and are listed chronologically in Table 4.6. Some of the key time instants occur
at slightly different times in each model (due to slight wave phase differences). In
those cases, the key time instants were selected from each model result based on
identifiable features in the bore interaction images, the Ux time series or the Fx
time series (e.g., peaks, troughs,. . . ), making sure a relevant comparison is made
of the bore interaction and the velocity or pressure profile.
Table 4.6: Description of the snapshots shown in Figures 4.13 (main impact 1) and 4.14
(main impact 2).

Main Impact 1

Figure

Description

Figure 4.13a
Figure 4.13b

Pre-impact of small overtopped wave.
Pre-collision of large overtopped bore and small wave
reflected from vertical wall.
Collision of large overtopped bore and reflected small
wave.
Impact on vertical wall of high velocity spray from
overturned bore.
Dynamic impact of overturned bore on vertical wall.
Quasi-static impact of overturned bore on vertical
wall.

Figure 4.13c
Figure 4.13d
Figure 4.13e
Figure 4.13f

Main Impact 2

Figure
Figure
Figure
Figure

4.14a
4.14b
4.14c
4.14d

Figure 4.14e
Figure 4.14f

Very small overtopped bore.
Impact of small overtopped bore on vertical wall.
Impact of large overtopped bore on vertical wall.
Impact of large overtopped bore on vertical wall, continued.
Impact of large overtopped bore on vertical wall, continued.
Return flow of large bore reflected from vertical wall.

The first series of impacts mainly occurred while the LWs overtopped and reflected on the dike-wall structure for the first time. A good indication of this time
period is when η at the dike toe (Figure 4.4f) was larger than the freeboard (i.e.,
47 s ≤ t ≤ 70 s). During the LW overtopping/reflection, several SWs propagated
on top of the LW crest, overtopped the dike, and impacted the vertical wall along
with the LWs; after a very small first overtopped bore (t =∼ 48 s in Figure 4.6),
a second larger bore impacted and reflected on the vertical wall (t =∼ 52.5 s).
While the reflected second bore returned seawards, a third small wave overtopped
and headed towards the vertical wall (Figure 4.13a, termed ’sequential overtopping
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bore pattern’ by Streicher, Kortenhaus, Marinov, et al. (2019)). This small wave
then reflected against the vertical wall, while a very large turbulent bore overtopped
the dike crest (Figure 4.13b). At that moment the small wave and large bores were
propagating in opposite directions on the promenade. Eventually they collided, and
the larger incident turbulent bore was forced to overturn (Figure 4.13c). This collision also caused spray to be ejected at a high velocity from the overturning wave
tongue (see (x, z) = (178.3 m, 4.9 m) in Figure 4.13c). This airborne water volume
hit the vertical wall first and separately from the main overturning wave tongue
(see (x, z) = (178.5 m, 4.95 m) in Figure 4.13d), causing a local pressure peak at
the location of PS10 (see the p-profile in Figure 4.13d). Subsequently, the main
overturning wave hit the wall, causing a dynamic force peak Fx,1 (Figure 4.13e),
and ran vertically up the wall temporarily reducing Fx during maximum run-up
(not shown). The following run-down and reflection from the wall correspond to a
second force peak Fx,2 , this time of quasi-static nature (Figure 4.13f). This type
of bore interaction was called a ’plunging breaking bore pattern’ by Streicher, Kortenhaus, Marinov, et al. (2019), which (in this case) caused a quasi-static impact
(Fx,1 /Fx,2 < 1.20, according to Streicher, Kortenhaus, Marinov, et al. (2019)).
This is valid for both the experiment and the numerical model result, indicating
that OF was able to reproduce these processes leading to a very similar shape of the
pressure distribution along the vertical wall (see pressure profiles in Figure 4.13d-f)
and time evolution of F x (see time series graph insets in Figure 4.13d-f). Comparing Ux,ECM from EXP with the velocity profile from OF at the ECM location
(see velocity profiles in Figure 4.13a-c) reveals that OF locally, but consistently
underestimated Ux at the vertical measurement position of the ECM, which was
also observed in Figure 4.5b.
The second series of impacts occurred during the second LW overtopping and
reflection event (Figure 4.4f-j: 74 s ≤ t ≤ 100 s). Again, SWs propagated on top of
the LW crest, bringing bore interactions to the promenade. This time, however, the
bore interaction pattern modelled by OF that caused the main impact was different
from the pattern observed in EXP. First, a very small bore overtopped the dike crest
and was immediately followed by a much larger bore. In EXP, the smaller bore was
overtaken by the larger bore (Figure 4.14b-c, termed ’catch-up bore pattern’ by
Streicher, Kortenhaus, Marinov, et al. (2019)), leading to a quasi-static impact. In
the result from OF, however, the very small wave overtopped sooner (Figure 4.14a),
so that it had time to reflect against the wall (Figure 4.14b) before colliding with
the incoming larger bore (not shown). OF therefore modelled a collision bore
pattern instead of a catch-up bore pattern, greatly reducing the first impact force
peak of the main impact (by ∼ 65% compared to EXP, Figure 4.14c). This also
clearly affected the pressure profiles along the vertical wall: during the first Fx
peak, p is severely underestimated, but the distribution is still similar, with a local
peak at PS04. The p-profiles differentiate more at the Fx peak of the OF result
(Figure 4.14d) and at the quasi-static Fx peak in the EXP result (Figure 4.14e). In
the experiment, a quasi-hydrostatic pressure profile was measured, at both those
time instants. In the OF result, however, a pressure peak is found at PS06, caused
by a vortex formed at the foot of the vertical wall upon which a strong flow impinged
on the wall at that location. After reflection of the bore, both models correspond
again, showing a hydrostatic pressure profile along the wall (Figure 4.14f).
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Figure 4.13: Snapshots of selected key time instants chronologically over the first main
impact (a-f). The OF snapshot (left) is compared to the equivalent EXP snapshot from
the side view (centre) and top view (right) cameras. In the OF snapshots, the colours of
the water flow indicate the velocity magnitude |U | according to the colour scale shown at
the top. The red arrows are the velocity vectors, which are scaled for a clear visualisation.
Each OF snapshot has two inset graphs: at the top is a time series plot of Ux (for EXP
and U x for OF) (a-c) or Fx (d-f), in which a circle marker (o) and a plus marker (+)
indicate the time instant of the numerical and experimental snapshot, respectively. Along
the vertical wall, Ux (a-c) or p (d-f) is plotted at the respective ECM sensor location
or each PS location (the vertical axis is z[m]). Along the promenade, four vertical grey
dashed lines indicate the sensor locations on the promenade, of which the WLDM gauges
are also visible in the experimental snapshots (topped by blue plastic bags). The location
of the ECM is at the second vertical grey dashed line from the left. The time instant of
the numerical snapshot is provided by tOF .
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Figure 4.14: Snapshots of selected key time instants chronologically over the second
main impact (a-f). See the caption of Figure 4.13 for further descriptions.

4.4
4.4.1

Discussion
Wave transformation processes until the dike toe

In Sections 4.3.1 and 4.3.2 it was already established that OF is capable of reproducing the wave shoaling and breaking processes in terms of evolutions in η and
Hrms . This section discusses the processes related to the LW transformations over
the foreshore as modelled by OF and their correspondence to observations in EXP.
The modulation factor βm of the SWs is high for the considered bichromatic
wave conditions (Table 4.1), indicating that the incident bound LW amplitude was
relatively high as well. Furthermore, the normalised bed slope parameter βb can
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be calculated (van Dongeren et al., 2007):
tan θ
βb =
ωlw

r

g
hb

(4.10)

where tan θ is the foreshore slope (= 1/35), ωlw is the radial frequency of the
bound LW (= 2π(f1 −f2 )), g the gravitational acceleration, and hb a characteristic
breaking depth (= 2.12 m at xb = 115 m). A value of 0.28 is obtained, which
means that the bound LW shoaling had a mild slope regime (βb < 0.3), so that
the growth rate of the incoming LWs was much higher than that given by Green’s
Law (conservative shoaling), indicating significant energy transfer from the primary
SWs to the bound LW (Battjes et al., 2004). Additionally, in a mild-slope regime,
LW shoreline dissipation and shoreline reflection are high and low, respectively
(van Dongeren et al., 2007). However, the beach considered here is not a beach
by itself, but acts as a foreshore to a steep-sloped dike. Consequently, no such
expected decrease in LW energy towards the shoreline is observed (i.e., Hrms,lw in
Figure 4.8). Indeed, the dike was positioned in the shoaling zone of the long waves,
thereby preventing the LWs from breaking. Instead, LWs reflected against the dike,
indicated by the oscillations of Hrms,lw towards the dike in the OF result, which
implies the presence of a (partial) standing wave system. Wave gauges WG13 in
the inner surf zone and WG14 at the dike toe were positioned at a node and antinode of this standing wave system. This is also clearly visible in the η time series
plot, where ηLW is much closer to zero at WG13 (Figure 4.4e) than at WG14
(Figure 4.4f). In the surf zone the LW previously bound to the wave group became
a free wave, travelling at its own wave celerity. Due to first order wave generation
at the boundary, other spurious free LWs were generated as well at the wavemaker
and propagated as free waves towards the dike (Barthel, Mansard, Sand, et al.,
1983). During a standing LW crest at the dike toe, the LWs themselves overtopped
the dike (i.e., when η > freeboard Rc = 0.117 m, Figure 4.4f) thereby temporarily
aiding several breaking SWs to overtop the crest of the dike (the wave length of the
free LWs was more than five times longer than the primary SW components in the
inner surf zone). These results have illustrated OF’s ability to reproduce the wave
energy transfer to the subharmonics and LW transformations over the foreshore
until the dike toe. All these observations also confirm that the contribution of LWs
to the processes on the dike, including the wave impact loading on the vertical
wall, is very important in the case that is considered here.

4.4.2

Importance of differences in wave generation methods

Although the overall OF model performance was rated to be Very Good, a few differences between the OF and EXP results remain to be explained. One of the largest
OF inaccuracies was an underestimation of the wave height, primarily observed at
the offshore WG locations (WG02-WG04, see Figure 4.8 and Table 4.3), suggesting
an underestimation of the incident wave energy and/or numerical diffusion. The
underestimation was likely caused by differences between the numerical wave generation method with static boundary in OF and the physically moving wave paddle
in the EXP (Higuera, 2016). The wave boundary condition by olaFlow allows for
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a tuning factor to be applied to Ux and η at the boundary, to overcome a possible
underestimation of the incident wave height. Such a calibration of the OF model
(with a tuning factor of 1.13) was found to solve the underestimation of the wave
height (not shown), but introduced or exacerbated other errors, finally leading to
lower values of dr and decreased model performance ratings for Ux,ECM and Fx .
Another remaining discrepancy between OF and EXP is found in η which was
primarily overestimated by OF in the offshore region (Figure 4.8). Also, after calibration of the incident wave height to EXP, Hrms (and consequently η) increased
in the surf zone, exacerbating the η overestimation there (not shown). The root
cause of this difference is likewise related to the different wave generation methods
applied in EXP and OF. In the experimental wave flume, the finite body of water
and conservation of mass caused water mass to be redistributed from offshore to
the surf zone during build-up of the wave setup, thereby causing a lowering of the
mean water level in the offshore region. This process developed differently in OF
because of the static boundary condition including AWA. The AWA assures a constant mean water level at the boundary (Higuera et al., 2013a; Torres-Freyermuth
et al., 2010), meaning that a net water mass is added to the computational domain
until a quasi-steady state is achieved when wave setup is fully developed (Jacobsen
et al., 2012). In this case, OF’s method is closer to the field condition, where
generally a large enough body of water is available to supply water mass for the
wave setup to develop without noticeably lowering the offshore mean water level.
Nevertheless, in the context of the validation, this difference in η is the cause of
many of the remaining inaccuracies in the OF result compared to EXP, because
the waves propagated in slightly different mean water depths, which affected the
non-linear wave-wave interactions and wave phases in the surf zone. Consequently,
it is believed to be the root cause of the strong decrease of Rsw observed in the
surf zone (i.e., locations WG13-14 in Figure 4.10).
These two remaining inaccuracies in the OF results compared to EXP (i.e.,
underestimation of Hrms and overestimation of η) are both attributable to the
differences in wave generation methods applied. Although an overall Very Good
model performance rating was achieved by OF, it is expected that even better
results can be obtained by applying a closed dynamic wave boundary condition
in OF, which mimics the EXP wave paddle movement. However, application of
the dynamic boundary condition of olaFlow proved to be highly unstable for the
present case, and no result was achieved to confirm this hypothesis.

4.4.3

OF Model performance for impacts on a dike-mounted
vertical wall

The accuracy of a numerical wave model to reproduce wave overtopping over a
dike with a very shallow foreshore depends on the quality of the incident waves at
the dike toe location (Suzuki et al., 2017). The same should therefore hold true
for impacts on a dike-mounted vertical wall by such overtopped waves.
The overall Very Good model performance of OF in terms of p and Fx at the
vertical wall can be explained by a generally correct reproduction of bore interactions over the promenade of the dike. Conversely, discrepancies (even small ones)
in bore interactions between OF and EXP can lead to significant differences in the
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impact type on the vertical wall, and consequently in p and Fx (Section 4.3.4).
∗
∗
and
In addition, the much lower values of BOF
and ROF compared to BREXP
∗
∗
RREXP for Ux,ECM (i.e., BREXP = −0.02 and RREXP = 0.87, BOF = −0.25
and ROF = 0.73 in Table 4.4) indicate an important contribution of the underestimation of Ux and of phase differences in Ux between OF and EXP to the remaining
errors in the impact prediction by OF. The bore interactions on their part depend
on the wave conditions at the dike toe location. This is illustrated by the calibrated
OF model results, which were found to improve the wave height reproduction at
the dike toe compared to the OF model (Section 4.4.2), while errors increased for
the wave setup and wave phases at the dike toe location, leading to a lower model
performance for the processes on the dike (not shown).
Even when the incident wave conditions at the dike toe would be perfectly
reproduced, other model limitations would still contribute to residual errors in the
numerical results for the wave impacts on the vertical wall:
• 3D effects in EXP (i.e., irregular and oblique wave fronts, wave breakinginduced 3D vortex formation), which are unreproducible by a 2DV RANS
model.
• Water-air mixing in bores and air pressure fluctuations in entrained air pockets by overturning wave impacts on the wall, which are both processes not
resolved by a multiphase numerical model of two incompressible and immiscible fluids.
• The applied VOF method, which is known to smear the water-air interface
over several grid cells and to cause high spurious velocities in the air phase
(Larsen et al., 2019). These limitations may be (partially) overcome by
applying the following recent developments:
– An alternative geometric VOF method, isoAdvector, has been developed
to obtain a sharper interface (Roenby et al., 2016; Roenby et al., 2016,
November 22/2019), specifically with applications for marine science
and engineering in mind (Roenby et al., 2017). However, the sharper
interface may lead to a larger error in the velocity near the water surface
(Larsen et al., 2019) and the method is currently mainly tested and validated for wave propagation, but not yet for wave breaking, overtopping,
and wave impact, all processes essential for this study.
– Spurious velocities may be avoided by implementing, e.g., the ghost
fluid method (Vukčević et al., 2017), although such an implementation
is currently not available in any of the open source OpenFOAM versions.
• The turbulence model, which has been carefully chosen as the state-of-the-art
(Section 4.2.2.1), but is still limited by its inherent assumptions.
• Douglas and Nistor (2015) have shown that (compared to a dry-bed condition) a bore propagating over a thin layer of water on the bed (i.e., wet-bed
condition) can substantially increase the steepness and depth of the borefront and consequently affect the impact of the bore on the wall. The nearbed resolution of the OF grid along the promenade might not have been able
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to correctly reproduce wet-bed bore propagation in cases of a very thin layer
of water, possibly even modelling a dry-bed bore propagation instead.
• Differences between OF and EXP in the treatment of friction on the bed of
the promenade. The no-slip boundary condition and applied wall function
in OF modelled a boundary layer, which lowered Ux close to the bed more
than was measured in EXP. On average, Ux was underestimated by OF at
the measurement locations of the PWs and ECM close to the promenade
bed (Figure 4.5, B ∗ in Table 4.4 and Figure 4.13a-c).
Errors in the reproduction of the impact type and the first two model limitations listed above are also apparent in the numerical reproduction of the pressure
distribution along the vertical wall: higher up the wall a decreasing OF model
performance rating of p was observed (Figure 4.12, Table 4.5). The highest PS
locations are the most sensitive to errors in the impact and run-up patterns along
the vertical wall and to overly simplified water-air mixture modelling.

4.5

Conclusions

A RANS multiphase solver for two incompressible and immiscible fluids (water and
air), interFoam of OpenFOAM® with olaFlow wave boundary conditions (OF),
was applied in 2DV for bichromatic wave transformations over a cross-section of a
hybrid beach-dike coastal defence system, consisting of a steep-sloped dike with a
mildly-sloped and very shallow foreshore, and finally wave impact on a vertical wall.
OF was not validated before in this context, where (prior to impact) waves undergo
many non-linear transformations and interact with a dike slope and promenade.
A large-scale experiment of bichromatic waves and its repetition were selected
for this validation. The repeated test allowed us to assess the accuracy of the
measurements, uncertainty due to model effects, and variability due to stochastic
processes in the experiment.
The validation consisted of both qualitative and quantitative comparisons. Pattern and model performance statistics were employed for the quantitative validation. Based on Willmott’s refined index of agreement dr , calculated for OF and the
repeated test REXP with reference to the first test EXP, a relative refined index
of agreement d′r was proposed, which takes the experimental uncertainty, derived
from REXP, into account in the numerical model performance evaluation. Based
on value ranges of d′r , a classification into model performance ratings was proposed
as well.
After a convergence analysis of the most important numerical parameters (i.e.,
grid resolution and CFL number), and without calibration of the numerical model, a
model performance rating of Very Good was achieved by OF compared to the experiment for all relevant design parameters (i.e., η, Ux , p, and Fx ), which demonstrates
OF’s applicability for the design of such hybrid coastal defence systems. Remaining discrepancies were found to be mainly caused by the different wave generation
methods applied in OF (static boundary) and EXP (moving wave paddle), which
caused an underestimation of the incident wave energy and an overestimation of
the wave setup in OF compared to EXP. Consequently, when applying OF for a design of a hybrid coastal defence system, the incident wave energy is recommended
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to be calibrated, while the wave setup development for a static boundary condition
with AWA in OF is actually closer to the field condition compared to EXP (finite
water mass).
A detailed comparison of snapshots at key time instants of bore interactions
leading up to two selected bore impacts on the vertical wall revealed that slight
errors in wave phases can lead to very different bore interaction patterns on the
promenade and finally to different bore impact types on the wall.
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An inter-model comparison for wave interactions with
sea dikes on shallow foreshores
Vincent Gruwez, Corrado Altomare, Tomohiro Suzuki, Maximilian Streicher, Lorenzo
Cappietti, Andreas Kortenhaus and Peter Troch

Abstract
Three open source wave models are applied in 2DV to reproduce a large-scale
wave flume experiment of bichromatic wave transformations over a steep-sloped
dike with a mildly-sloped and very shallow foreshore: (i) the Reynolds-averaged
Navier–Stokes equations solver interFoam of OpenFOAM® (OF), (ii) the weakly
compressible smoothed particle hydrodynamics model DualSPHysics (DSPH) and
(iii) the non-hydrostatic nonlinear shallow water equations model SWASH. An
inter-model comparison is performed to determine the (stand-alone) applicability of the three models for this specific case, which requires the simulation of many
processes simultaneously, including wave transformations over the foreshore and
wave-structure interactions with the dike, promenade and vertical wall. A qualitative comparison is done based on the time series of the measured quantities
along the wave flume, and snapshots of bore interactions on the promenade and
impacts on the vertical wall. In addition, model performance and pattern statistics
are employed to quantify the model differences. The results show that overall, OF
provides the highest model skill, but has the highest computational cost. DSPH is
shown to have a reduced model performance, but still comparable to OF and for a
lower computational cost. Even though SWASH is a much more simplified model
than both OF and DSPH, it is shown to provide very similar results: SWASH exhibits an equal capability to estimate the maximum quasi-static horizontal impact
force with the highest computational efficiency, but does have an important model
performance decrease compared to OF and DSPH for the force impulse.
Keywords: inter-model comparison; wave modelling; shallow foreshore; dikemounted vertical wall; wave impact loads; OpenFOAM; DualSPHysics; SWASH
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Introduction

Urban areas situated along low elevation coastal zones need to be protected against
wave overtopping and flooding during storm conditions. Moreover, many existing
sea dikes protecting such coastal urban areas need to be adapted to be prepared for
the effects of sea level rise, which is one of the most challenging problems currently
facing coastal communities around the world. A hybrid soft-hard coastal defence
system is a promising solution in this context (IPCC, 2019). Such a coastal defence
system consists of a soft mildly-sloped—usually nourished—beach that acts as a
shallow foreshore to a hard steep-sloped sea dike. In many cases, structures on
top of the sea dike (e.g., storm walls and buildings fronted by a promenade) are
still in danger of being loaded by overtopping storm waves. In the design of these
structures, such wave loading needs to be considered. However, this is a challenging
task, because along the cross section of a hybrid beach–dike coastal defence system,
storm waves are forced to undergo many transformation processes before they reach
the structures on the dike. These hydrodynamic processes include shoaling, wave
dissipation by breaking (turbulent bore formation) and bottom friction, energy
transfer from the sea/swell or short waves (hereafter SW) to their super- and
subharmonics (or long waves: hereafter LW) by nonlinear wave–wave interactions,
reflection, wave run-up and overtopping on the dike, bore impact on a wall or
building, and finally reflection back towards the sea interacting with incoming
bores on the promenade.
Therefore, typically experimental modelling is done for this specific case (Gruwez,
Vandebeek, Kisacik, Streicher, Verwaest, et al., 2018). However, numerical modelling has become a possibility as well by applying computational fluid dynamics
(CFD) techniques. In particular, Gruwez et al. (2020b) have already shown that
numerical modelling with a Reynolds-averaged Navier-Stokes (RANS) model (i.e.,
interFoam of OpenFOAM® ) can provide very similar results to large-scale experiments of overtopped wave impacts on coastal dikes with a very shallow foreshore
(i.e., from the WAve LOads on WAlls (WALOWA) project (Streicher et al., 2017)).
Yet, such Eulerian numerical methods require often expensive mesh generation and
need to implement conservative multi-phase schemes to capture the nonlinearities
and rapidly changing geometries. Conversely, meshless schemes can efficiently handle problems characterised by large deformations at interfaces, including moving
boundaries and do not require special tracking to detect the free surface. Methods
such as smoothed particle hydrodynamics (SPH) (Sibilla, 2013) and the particle
finite element method (PFEM) (Oñate et al., 2011) are examples, of which SPH is
the most commonly applied in coastal engineering applications (Gotoh & Khayyer,
2018). In SPH, the continuum is replaced by particles, which are calculation nodal
points free to move in space according to the governing dynamics laws. Although,
differently from Eulerian grid-based methods, multiphase air-water SPH models
are still quite scarce and have a high computational cost (Colagrossi & Landrini,
2003; Mokos et al., 2017). Several studies on coastal engineering applications
based on single-phase SPH have been published during the last decades, for example, wave propagation over a beach (Monaghan J. J. & Kos A., 1999), solitary
waves (Domı́nguez et al., 2019), modelling of surf zone hydrodynamics (Lowe et
al., 2019), wave run-up on dikes (Subramaniam et al., 2019), tsunamis forces (St-
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Germain, Nistor, Townsend, et al., 2014) and wave forces on vertical walls and
storm walls (Altomare, Crespo, et al., 2015; Didier et al., 2014). Still, single-phase
SPH is also inherently expensive computationally, therefore high-performance computing is required. In particular, graphics processing units (GPUs) are employed to
accelerate the computations, as, for example, in GPU-SPH (Hérault et al., 2010)
and DualSPHysics (Crespo et al., 2015).
Up to now, it has been assumed that numerical models based on the full NavierStokes (NS) equations (i.e., RANS and SPH) are necessary for the current case,
particularly for the complex two dimensional vertical (2DV) flows occurring on the
dike and promenade in front of the structure (or vertical wall) on top of the dike.
However, bores impacting vertical walls have also been modelled before with more
simplified numerical models. Overtopped bores propagating over a promenade and
impacting a vertical wall show many similarities to tsunami bore impacts on vertical walls. Tsunami bore impacts on vertical walls have been numerically modelled
by P. Xie and Chu (2019) using shallow-water-hydraulics (SWH) equations, with
a hydrostatic pressure assumption, and have shown results consistent with experiments. The nonlinear shallow water (NLSW) equations have been applied before
for the modelling of wave overtopping on steep-sloped impermeable dikes (Hu et
al., 2000) and for violent overtopping of steep-sloped seawalls (Shiach et al., 2004),
but the lack of frequency dispersion was identified as the limiting factor to be able
to correctly reproduce wave grouping. Beyond simple bore propagation, wave frequency dispersion has been added to the NLSW equations in several ways. One
such example is OXBOU, a one-dimensional horizontal (1DH) hybrid BoussinesqNLSW model (Orszaghova et al., 2012), in which the Boussinesq equations treat
the frequency dispersion prior to wave breaking. Whittaker et al. (2018) applied
this model for the propagation of a transient focussed wave group, wave breaking,
overtopping and loading on an inclined seawall with a steep foreshore. They found
that when the hydrodynamic contributions are sufficiently small, the perturbed
hydrostatic pressure force gives an accurate approximation to the experimentally
measured horizontal force. Another example is SWASH, a non-hydrostatic NLSW
equations model, where frequency dispersion is resolved by approximation of the
vertical gradient of the non-hydrostatic pressure together with a vertical terrainfollowing grid in a multi-layer approach (Zijlema et al., 2011). It has been shown to
be a very efficient and accurate method for the simulation of wave transformations
over a (barred) beach (Smit et al., 2013), including transfer of wave energy to the
LWs (Rijnsdorp et al., 2014), and mean overtopping discharge (Suzuki et al., 2017)
and maximum individual overtopping volume (Suzuki et al., 2020) over dikes with
a very shallow foreshore. However, SWASH has never been validated before for
(overtopped) bore impact loading on vertical walls.
To help identify and highlight the (dis)advantages of different types of numerical models relative to each other, inter-model comparisons are typically performed.
Vanneste et al. (2014) compared a RANS model (FLOW-3D) with DualSPHysics
and SWASH for the application of wave overtopping and impact on a quay wall
with berm and storm wall on top. They found a qualitatively good correspondence of the wave overtopping and impact on the storm wall for FLOW-3D and
DualSPHysics, without an attempt to assess the hydrostatic pressure result from
SWASH. They showed that a one-layer SWASH model was not able to accurately
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predict the wave overtopping in such a case. Buckley et al. (2014) compared
SWASH with SWAN (Booij et al., 1999) and XBeach (Roelvink et al., 2009) for
application to irregular wave transformations in reef environments, where the formation of LWs was also found to be important and was reproduced by SWASH
and XBeach. St-Germain, Nistor, Readshaw, et al. (2014) compared DualSPHysics
and SWASH for monochromatic wave transformation and overtopping on a dike
with a shallow foreshore based on numerical snapshots and included a visual validation of surface elevation time series with a physical experiment. In addition, they
made a numerical comparison of an irregular wave case. Both models appeared
to give similar results for the bulk parameters. However, their comparison was
mostly qualitative and therefore not quantified with model performance statics.
Park et al. (2018) did a laboratory validation and inter-model comparison of two
RANS models: a single-phase model (ANSYS-Fluent) and a two-phase model (IHFOAM, part of the open source CFD toolbox OpenFOAM® (Higuera et al., 2014a,
2014b; IHFOAM Team, n.d.)). They investigated non-breaking, impulsive breaking, and broken monochromatic wave interactions with elevated coastal structures,
and found that the numerical accuracy of wave shoaling and breaking processes
played a key role for the accuracy of the forces and pressures on the structure.
Both models provided similarly good results, but validation was again mostly limited to a qualitative visual comparison of time series. One exception was the model
performance in terms of force and pressure, which was quantified by calculating
a normalised residual impulse of force/pressure. González-Cao et al. (2018) both
validated and inter-compared DualSPHysics and IHFOAM to experiments of breaking monochromatic waves impacting a vertical sea wall with a hanging horizontal
cantilever slab, placed on a steep foreshore. They applied model performance and
pattern statistics and showed that both models provide comparable results, with
IHFOAM narrowly obtaining higher skill scores for low and medium resolutions,
whereas for high spatial resolutions both models provided a similar level of accuracy. Finally, Lashley, Zanuttigh, et al. (2020) applied a broad range of wave
models, including both SWASH and OpenFOAM® , to irregular wave overtopping
on dikes with shallow mildly sloping foreshores (similar to the case considered in
this paper). They found that accurate modelling of the LWs was essential to obtain
accurate results for the mean overtopping discharge q and that the most computationally expensive model is not always necessary to obtain an accurate result.
However, the analysis was strictly limited to the bulk parameters of wave transformation until the dike toe and q, and did not consider time series nor individual
wave related events.
Therefore, clearly there is still a lack of literature about inter-model comparisons
of numerical wave modelling for the combined processes leading to wave impacts
on sea dikes and dike-mounted walls in presence of a very shallow foreshore, which
also includes a detailed quantitative analysis based on both model performance
and pattern statistics. The main goal of this paper is to investigate which type of
numerical model is most accurate and most applicable in practice for the considered case. Three open source wave models are selected for standalone application,
each representing one of the most popular in its category: (i) a RANS model (i.e.,
interFoam of OpenFOAM® ), (ii) a weakly compressible SPH model (i.e., DualSPHysics) and (iii) a non-hydrostatic NLSW equations model (i.e., SWASH). We
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chose to investigate the performance of each model as stand-alone for the present
work in order to provide a detailed overview of model capabilities and limitations
applied to wave-structure interaction phenomena in very shallow water conditions.
The RANS model is the same one as presented by Gruwez et al. (2020b), which was
validated with large-scale experiments of overtopped wave impacts on coastal dikes
with a very shallow foreshore from the WALOWA project (Streicher et al., 2017).
In this paper, the same experiment and RANS model are used as a basis for the
inter-model comparison with the (until now untested for this case) DualSPHysics
and SWASH models. The analysis is done both (i) qualitatively, based on a comparison of the time series of the main measured parameters and snapshots of bore
interactions and impacts on the dike, and (ii) quantitatively, based on model performance and pattern statistics, to critically assesses the performance of all three
models to reproduce the large-scale experiment. The computational cost of each
numerical model is also evaluated in terms of computational and model setup time.
Finally, the results are discussed by comparing to results of the numerical models
for the individual processes in other available literature, and the applicability of
each numerical model for a design case is investigated.

4.7
4.7.1

Methods
Large-scale laboratory experiments

Experimental tests to study overtopped wave loads on walls were undertaken in
the Deltares Delta Flume. The model, at Froude length scale 1/4.3, consisted of a
sandy foreshore and a concrete sea dike with promenade (Figure 4.15). On top of
the promenade a vertical wall was positioned. The water surface elevation η was
measured using wave gauges (WG) positioned over the wave flume and promenade,
the horizontal velocity Ux with an electromagnetic current meter (ECM) positioned
on the promenade (Cappietti et al., 2018), and the horizontal wave impact force
Fx and pressures p by load cells (LC) and pressure sensors (PS), respectively. Both
bichromatic and irregular wave tests were conducted with active reflection compensation (ARC), of which the repeated bichromatic wave test Bi 02 6 (Table 4.1)
was chosen for the inter-model comparison. The test included mostly plunging
breakers on the 1/10 transition slope and spilling breakers on the 1/35 foreshore
slope in front of the dike. All other relevant details of the tests and the processing
of the experimental data used in this paper for the inter-model comparison are
provided by Gruwez et al. (2020b). For further information on the experimental
model setup, the reader is referred to the work in (Streicher et al., 2017). The
WALOWA experimental dataset is available open access (Kortenhaus et al., 2019).

4.7.2

Numerical models

4.7.2.1

OpenFOAM

The OpenFOAM® model and model setup as described by Gruwez et al. (2020b)
is used. To summarise, and citing the work in (Gruwez et al., 2020b), the solver
interFoam of OpenFOAM® v6 is applied, ”where the advection and sharpness of

110

4. Numerical modelling

Figure 4.15: (a) Overview of the geometrical parameters of the wave flume and
WALOWA model setup, with indicated WG locations. Reprinted from (Streicher et al.,
2017). (b) Front view of the vertical wall on the promenade with indication of the LCs
and PS array.

the water–air interface are handled by the algebraic volume of fluid (VOF) method
based on the multidimensional universal limiter with explicit solution (MULES)”
(see Section 4.2.2.1). The boundary conditions for wave generation and absorption
are managed by olaFlow (Higuera, 2018), while ”the turbulence is modelled by
the k − ω SST turbulence closure model” that was ”stabilised in nearly potential
flow regions by Larsen and Fuhrman (2018), with their default parameter values”.
Hereafter, OF refers to the OpenFOAM® numerical model as presented by the
authors of (Gruwez et al., 2020b).
4.7.2.2

DualSPHysics

In the present study, DualSPHysics v5.0 (DualSPHysics Team, 2019), based on the
weakly compressible SPH method (Crespo et al., 2015), is applied, with the Wendland kernel (Wendland, 1995) which controls the interactions between the particles based on a smoothing length hSP H ; and with artificial viscosity (Monaghan,
1992), tuned with parameter αav , which represents the fluid viscosity, prevents
particles from interpenetrating, and provides numerical stability for free surface
flows (Dalrymple & Rogers, 2006). Moreover, employing the artificial viscosity
scheme has been shown to exhibit interesting features related to the turbulence
field under breaking waves (Lowe et al., 2019). The weakly compressible SPH
method requires that the speed of sound is usually maintained at least 10 times
higher than the maximum velocity in the system (managed by the empirical coefficient coeffsound). One consequence is that numerical pressure noise tends to
develop (Molteni & Colagrossi, 2009). To combat this, a density diffusion term
(DDT) was introduced in the continuity equation (Molteni & Colagrossi, 2009).
This so-called δ-SPH approach increases the smoothness and the accuracy of pressure profiles. The δ-SPH method is applied in this study, by using the improved
DDT of (Fourtakas et al., 2019) where the dynamic density is substituted with
the total one. The modified Dynamic Boundary Conditions (mDBC) are employed
for the fluid–boundary interactions (English et al., 2019). Waves are generated by
means of moving boundaries that mimic the movement of a laboratory wavemaker.
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The model also has its own embedded wave generation and absorption system
capable for generation of random sea states, monochromatic waves and multiple
solitary waves (Altomare et al., 2017; Domı́nguez et al., 2019). Hereafter, the
DualSPHysics numerical model as presented here is simply referred to as DSPH.
The DSPH 2DV model domain extends from the wave paddle, over the foreshore
and dike up to the vertical wall on top of the promenade (Figure 4.16). Some
distance behind the vertical wall is also included to allow limited wave or splash
overtopping without recirculation of the overtopped water. The boundary of the
model domain and vertical wall consists of fixed particles. The water area, bounded
by the still water level (SWL) and the fixed bottom, consists of particles that are
allowed to move freely according to the SPH governing equations. The particles of
the wave paddle move back and forth in the x-direction to reproduce the realised
wave piston motion of the experiment including ARC. All fixed or wave paddle
prescribed moving particles provide a boundary for the fluid particles according to
the mDBC.

Figure 4.16: Definition of the DSPH 2DV computational domain, with coloured indication of the model fixed and movable boundaries. The still water level (SWL) is indicated
in blue (z = 4.14 m). Note: The axes are in a distorted scale.

Unlike OF, where a variable grid resolution over the studied domain is used,
no likewise or adaptive refinement is implemented in DSPH yet, being still one of
the unresolved questions in SPH, also defined within the main SPHERIC Grand
Challenges (Vacondio et al., 2020). The resolution in DSPH is determined by
the initial particle spacing dp. Previous experience has shown that at least ten
particles per regular wave height (i.e., H/dp ≥ 10) are necessary to obtain an
accurate regular nonlinear wave profile and propagation (Rota Roselli et al., 2018).
However, to resolve the thin layer flows on the promenade, the water phase particles
are assigned an initial particle spacing of dp = 0.02 m, leading to a total of 1309056
particles in the model domain. This choice is confirmed by a grid convergence
analysis in Appendix A.2.2.
All simulations were carried out employing αav = 0.01, which is most commonly
used for sea wave modelling (Altomare, Crespo, et al., 2015), and hSP H /dp =
2.12, where the smoothing length is calculated
in DSPH according to the initial
√
interparticle distance as hSP H = coef h 2dp in 2DV. In the present calculations,
coef h = 1.8 was assumed (usually in the range 1.2 to 1.8 (Rota Roselli et al.,
2018)). The recommended and default density diffusion parameter value of 0.1 was
chosen. The results of a sensitivity analysis of these parameters showed negligible
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influence (not shown). The so-calculated kernel size is equal to 0.051 m, which
can be considered as the effective model resolution since, citing Lowe et al. (2019),
”the kernel size effectively reduces the model resolution by smoothing the results
over the length-scale hSP H ”. It is therefore twice the finest resolution used on the
promenade in the OF model (i.e., ∆x = ∆z = 0.0225 m).
The symplectic position Verlet time integrator scheme was employed for time
integration, with a variable time step dependent on the Courant-Friedrich-Lewy
(CF L = 0.18) condition, the forcing terms and the diffusion term of Monaghan J.
J. and Kos A. (1999). The DSPH simulations were run on a NVidia GeForce GTX
TITAN Black with 2880 CUDA cores and FP64 (double) performance of 1.882
TFLOPS.
4.7.2.3

SWASH

In this study, SWASH v5.01 is applied. SWASH (Simulating WAves till SHore) is
based on the nonlinear shallow water equations with addition of non-hydrostatic
terms. It employs an implementation of the equations of mass and momentum conservation similar to incompressible RANS models, but with a significantly reduced
vertical resolution. In the x-direction, the computational domain is discretised in
equally sized grid cells and in z-direction the water column is divided into a fixed
number of vertical layers K, each with a thickness of ∆z = h/K (where h is the
local water depth). During wave breaking, SWASH does not model air inclusions
and simulates it in a more simplified way, without overturning waves and turbulent
vortices, applying a shock-capturing scheme. Moreover, for low vertical resolutions
(K < 10), the bore front is approximated in a hydrostatic front approximation
(HFA), by analogy of the turbulent bore to a hydraulic jump and by ensuring
conservation of mass and momentum (Smit et al., 2013). For a complete model
description and numerical implementation reference is made to the works in (Rijnsdorp et al., 2014; Smit et al., 2013; Zijlema et al., 2011). Hereafter, the SWASH
numerical model as presented here is referred to as SW1L or SW8L depending on
the amount of vertical layers K applied (respectively, K = 1 and K = 8).
In SWASH, no boundary condition exists that replicates the wave paddle motion
from an experiment. The SWASH 2DV model domain therefore starts at the first
experimental wave gauge (i.e., WG02, x = 43.5 m) so that the incident wave time
series obtained from a reflection analysis can be applied as a boundary condition for
the incident waves. The domain extends further horizontally up to some distance
past the top of the vertical wall where overtopped water is allowed to exit the
domain (Figure 4.17). The model domain is vertically bounded by the free surface
(z = η(x, t)) and a fixed bottom.
In the horizontal direction, rectilinear cell sizes are used. For relatively high
waves, 100 grid cells per wave length are recommended (SWASH Team, 2018).
The shortest of the two primary components of the bichromatic wave group has a
wave length of approximately 30 m (or ∆x = 0.30 m) for the water depth at the
wave paddle and about 12 m (or ∆x = 0.12 m) for the water depth at the toe of
the dike. A grid size of 0.2 m is therefore assumed, which is confirmed by a grid
convergence analysis in Appendix A.2.3. To obtain a correct total water depth in
each cell in the vicinity of the steep dike slope and the vertical wall, a bottom level

4.7. Methods

113

Figure 4.17: Definition of the SWASH computational domain, with coloured indication
of the model boundaries. The wavemaker and weakly reflective boundary is positioned
at the most offshore wave gauge WG02 location (x = 43.5 m). The SWL is indicated in
blue (z = 4.14 m). Note: The axes are in a distorted scale.

in the cell centres is necessary, which is taken equal to the upper-right corner of
each computational cell (by activating BOTCel SHIFT mode in SWASH), thereby
preventing errors due to bottom interpolation.
The number of vertical layers is determined by the value of kho (where k is the
wavenumber) (SWASH Team, 2018). For both primary wave components, kho is
below 1.0 and a one-layer approach (or depth-averaged, K = 1) is acceptable with
respect to frequency dispersion. Although a one-layer approach also appeared to
be sufficient in terms of accuracy of water surface elevation for the wave-structure
interactions with the dike and vertical wall, a second SWASH simulation was done
as well using eight layers (K = 8) to resolve more the flow on top of the dike
and in front of the wall. This allows a comparison of the velocity field in the
snapshot comparisons with the other two numerical models (Section 4.8.5) and an
evaluation of the model performance of a multi-layer model. Discretisation of the
vertical pressure gradient is done by the implicit Keller-box scheme for SW1L, while
the explicit central differences layout was applied for SW8L to ensure robustness.
The input at the wavemaker boundary of SWASH is the incident η time series
obtained at WG02 by a reflection analysis using the three offshore wave gauges
(WG02, 03 and 04), and following the method of Mansard and Funke (1980) as
it is implemented in WaveLab (AAU, 2020). Note that the inter-distances of the
three wave gauges were not optimised for the considered bichromatic waves, but
still the reflection analysis was found to provide a reasonable incident time series.
In addition, a calibration factor of 0.95 is applied to the incident surface elevation
time series to match the amount of wave energy with the experiment in WG02
(see Section 4.8.2) introduced into the computational domain. The wavemaker
boundary has a weakly reflective boundary condition, which is a numerical active
wave absorption system emulating the effects of the experimental ARC. At the
outlet boundary past the top of the vertical wall, a Sommerfeld radiation condition
is applied, which allows overtopped water to leave the domain. A Manning’s
roughness coefficient n value of 0.019 is applied for the entire domain (default
value), for both the sand bottom and dike.
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Data sampling and processing

Data sampling and processing of the OF model results and synchronisation of
the numerical results to the experimental data were discussed by Gruwez et al.
(2020b) and remain valid here. The same methods were applied to the DSPH
and SW1L/SW8L model results. Of interest to repeat here is that a 3rd -order
Butterworth low-pass filter with a cut-off frequency of 6.22 Hz (i.e., 3.0 Hz at
prototype scale which is larger than the natural frequency of 1.0 Hz of typical
buildings along the Belgian coast) was applied to the Fx and p time series of both
the experiment and numerical model results. This removed the high frequency
oscillations caused by stochastic processes during dynamic or impulsive impacts,
so that the experimental signal can be reproduced by the deterministic numerical
models (Jacobsen et al., 2018).
For the water surface elevation measurement, both the OF and DSPH methods
have uncertainties in a breaking region, where the free surface is complex and
air/void inclusions are present. However, experimental instruments, such as the
resistive wave gauges applied here, can suffer from similar uncertainties (Lowe et
al., 2019). In the case of SW1L/SW8L, no air or void inclusions are modelled and
η is available explicitly from the governing equations.
The pressure was sampled in OF at the PS locations along the vertical wall,
while Fx was calculated by integration of p along the height of the LC (by using
the OpenFOAM® library ”libforces.so”). In DSPH, p is calculated by interpolating
the fluid particle pressure at a distance from the wall equal to hSP H and forces
are calculated as the summation of the acceleration values (solving the momentum equation) multiplied by the mass of each boundary particle belonging to the
vertical wall. In SWASH, the total pressure, including both the hydrostatic and
non-hydrostatic pressures, exhibited strong oscillations in the grid cells closest to
the vertical wall (not shown). Contrary to OF and DSPH, the (numerical noise)
oscillations were not removed completely by the applied filtering, with significant
residual – and in some cases even exacerbated – spurious oscillations. No immediate explanation was found to their root cause. In any case, it was found
that these oscillations are attributable to the non-hydrostatic part of the pressure. Therefore, they disappeared entirely when only considering the hydrostatic
pressure. The SW1L/SW8L p and Fx time series are therefore limited to the hydrostatic part in further analyses. For SW1L, the hydrostatic pressures at the pressure
sensor locations were then calculated by ρg(η − zP S ), where ρ is the water density
(1000 kg/m3), g the gravitational acceleration (9.81m/s2 ), η is taken from the
grid cell closest to the vertical wall (which represents most closely the bore run-up
height against the vertical wall) and zP S is the z-coordinate of the considered
pressure sensor. For SW8L, the hydrostatic pressure was interpolated between the
8 vertical grid cell values closest to the PS locations. The horizontal impact force
Fx was obtained by integration of the hydrostatic pressure along the vertical wall.
Furthermore, citing the work in (Gruwez et al., 2020b), ”to investigate the
model performance for the SW and LW components separately, the η time series
were separated into ηSW and ηLW by applying a 3rd order Butterworth high- and
low-pass filter, respectively. A separation frequency of 0.09 Hz was employed,
which is in between the bound long wave frequency (f1 − f2 = 0.035 Hz) and the
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lowest frequency of the primary wave components (f2 = 0.155 Hz).”

4.7.4

Inter-model comparison method

The inter-model comparison is done qualitatively by comparing the time series
of the main measured parameters between the numerical model results and the
experimental data. The same model performance and pattern statistics used in
Section 4.2.3 are applied here for the quantitative model performance of DSPH
and SW1L/SW8L and the numerical inter-model comparison.
For easier and faster selection of the best model performance between different models, pattern statistics can be visualised in one graph. The Taylor diagram
(Taylor, 2001) is such an example, which makes use of the relation between the
normalised standard deviation σ ∗ (Equation (4.6)), the correlation coefficient R
(Equation (A.3)) and the root mean square error (RM SE). While this diagram
allows a straightforward comparison of the performance for amplitude (represented
by σ ∗ ) and phase (represented by R) between different models, no information
about the bias is provided. Moreover, the Taylor diagram relies heavily on the
(centred) RM SE, which is known to be misleading, because it is biased by extremes or outliers in the dataset and is dependent on the data sample size (Willmott
et al., 2009). Minimising the RM SE therefore does not always lead to an improved
model performance (Jolliff et al., 2009). Alternatively, Jolliff et al. (2009) therefore
proposed a skill target diagram, based on the normalised bias B ∗ (Equation (4.8))
and the model skill score S:



1+R
(σ ∗ − 1)2
S = 1 − exp −
0.18
2

(4.11)

which has a scale between 0 and 1 (lower values present a better model prediction),
and allows to independently move σ ∗ and R closer to 1. In a skill target diagram,
B ∗ is taken as the Y-axis of the target diagram and Sσd as the X-axis, with σd
being the sign of the standard deviation difference:
σd = sign(σp − σo )

(4.12)

Positive and negative X-axis values therefore indicate respectively a higher or a
lower standard deviation (or wave height when the considered variable is η) of the
modelled time series compared to the observed time series. The closer the model
point is to the diagram origin, the better the model performance is to represent
the observation. The total model skill score based on this diagram can then be
summarised as the distance ST from the origin of the target diagram or:
ST =

p
(B ∗ )2 + S 2

(4.13)

which is bounded by [0, 1]. The closer ST is to zero, the better the skill of
the model is to reproduce the pattern of the experimental measurements. The
main advantages of a skill target diagram are that it clearly visualises the pattern
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statistics, and that it provides more insight into different aspects of the model performance than a general numerical model performance statistic, such as Willmott’s
refined index of agreement dr .
So far, none of the statistics mentioned provide specific information on the
model performance of the peak forces and duration of the wave-induced force
on the vertical wall. However, both are of high significance to structural damage
(Bullock et al., 2007), and their model performance should be assessed as well. The
model performance to reproduce the experimental peak forces of each independent
wave impact event during the test is evaluated by a dr -value between predicted
and observed maximum horizontal force per impact event Fx,max (i.e., dr,F x,max ).
The duration of the wave impact can be evaluated by the impulse of the total
horizontal force I:

I=

Z

tN

Fx (t)dt

(4.14)

0

where tN is the total duration of the test. To evaluate the model performance, a
normalised predicted impulse is considered:

I∗ =

Ip
Io

(4.15)

where Ip and Io are the predicted and observed force impulses calculated by
Equation (4.14), respectively. The observed total horizontal force impulse is overestimated, equal to or underestimated by the prediction when I ∗ > 1, I ∗ = 1 or
I ∗ < 0, respectively. Note that I ∗ is evaluated for the complete Fx time series,
so that phase differences are disregarded by this parameter. Therefore, I ∗ purely
evaluates the correspondence of the total impulse on the vertical wall during the
complete test.

4.8
4.8.1

Results
Time series comparison

The three numerical model results are first compared qualitatively in the time domain to each other and to EXP. For the sake of brevity, not all measured locations,
but a selection of sensor locations is presented here. Sensor locations were selected to be representative for different areas along the flume with clearly different
physical behaviours of the waves. In Figure 4.18, the time series of η are compared at measurement location WG04, representing the offshore waves between the
wave paddle and foreshore toe; WG07, representing the wave shoaling and incipient
breaking area; WG13, representing the surf zone; WG14, representing the inner surf
zone and toe of the dike location; and WLDM02, representing the bore interaction
area on the promenade. For clarity, the ηLW time series are shown separately in
Figure 4.19. The time series of Ux are compared in Figure 4.20 at the ECM location on the promenade. For the numerical models, actually the depth-averaged
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horizontal velocity U x is shown instead, as it was shown to deliver a better correspondence to EXP than Ux for OF. The same was found to be the case for DSPH
(not shown), and SW1L only provides U x , since it is a depth-averaged model. In
Figure 4.21, the time series of Fx are compared to the LC measurements, and
in Figure 4.22 the time series of p are compared at the PS locations selected at
approximately equidistant positions along the array (i.e., 0.28 m from PS01 up to
PS09 and 0.24 m up to PS13).

Figure 4.18: Comparison of the η time series at selected sensor locations (a-e). The
zero-reference is the SWL for panels (a-d) and the promenade bottom for panel (e).
Note: ηLW is shown as well, but only for EXP (bold dotted lines in panels (a-d)).

Figure 4.19: Comparison of the ηLW time series at selected sensor locations (a-d). The
zero-reference is the SWL.

From these figures, it is immediately clear that all three numerical models
provide results that are very close to EXP. Especially for η, differences appear to
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Figure 4.20: Comparison of the Ux time series at the ECM location. The zero-reference
is the promenade bottom.

Figure 4.21: Comparison of the Fx time series at the vertical wall. The experiment is
the load cell force measurement.

Figure 4.22: Comparison of the p time series at selected sensor locations (a-e), PS01
being the bottom PS (a) and PS13 the top-most PS (e).

be very small with more significant differences in the surf zone (Figure 4.18c,d)
and on top of the dike (Figure 4.18e). Further differences are revealed when
comparing the η time series of the LW components only. OF does not correspond
as well to EXP in the offshore zone (Figure 4.19a) compared to the other two
numerical models. In the surf zone, however, OF shows better correspondence
to EXP together with SW1L, while DSPH starts to diverge more from EXP for t
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greater than approximately 120 s (Figure 4.19c,d).
Reproducing Ux appears to be more challenging than η for all numerical models.
Most of the positive Ux peak values (i.e., flow towards the vertical wall) are reproduced, while some of the return flow durations (i.e., t for Ux < 0) are modelled
longer by OF than SW1L, with DSPH being in between (Figure 4.20). Unfortunately, return flow velocities were often not captured by the ECM measurements
in EXP, mostly by too thin flow layers (no data).
For the F x (Figure 4.21) and p time series (Figure 4.22), differences become
more distinctive. DSPH shows (small) negative or sub-atmospheric p peaks, not
observed in EXP, that occur before some of the dynamic impact peaks and mostly
for the lowest PSs (Figure 4.22a). Both OF and DSPH appear to underestimate
most peak values for both Fx and p, while phase differences with EXP are most
apparent for DSPH and SW1L.

4.8.2

Spatial distribution of wave characteristics

The evolution of the root mean square wave height Hrms , the SW and LW components (i.e., Hrms,sw and Hrms,lw ), and the mean surface elevation η (wave
setup) over the wave flume up to the toe of the dike are compared in Figure 4.23.
All models agree on the general evolution of the Hrms curves along the flume.
The wave height slightly decreases from the wave paddle up to the toe of the
foreshore, more so in case of OF than DSPH (with DSPH closest to EXP): from
the wave paddle location to the foreshore toe, Hrms decreases about 10% more
for OF than DSPH. SW1L shows a similar behaviour from its offshore boundary
(i.e., at WG02) until the foreshore toe and corresponds most with DSPH. On the
other hand, SW shoaling is overestimated by both DSPH and SW1L (Hrms,sw at
WG07 in Figure 4.23). In the surf zone, DSPH reproduces the energy loss due to
SW breaking best of all three numerical models (i.e., closest result to (R)EXP for
Hrms,sw at WG13 and WG14 in Figure 4.23), while SW1L overestimates and OF
underestimates Hrms,sw there.
The LW wave height Hrms,lw evolution along the flume in the experiment is
also reproduced by all three numerical models. An unexpected peak appears in
the DSPH result near x = 126 m, which is not found in the results by OF and
SW1L. Moreover DSPH significantly overestimates Hrms,lw at WG13, while OF
underestimates Hrms,lw at the dike toe (WG14).
Overall, DSPH provides the best correspondence with (R)EXP for Hrms followed by SW1L, while OF clearly underestimates it for all measured locations. In
terms of the wave setup η, however, SW1L shows the best correspondence with
(R)EXP, while OF and DSPH, respectively, over- and underestimate it until at
least WG07. In the inner surf zone, OF corresponds better with (R)EXP for η
together with SW1L, while DSPH significantly overestimates it (η at WG13-14 in
Figure 4.23).

4.8.3

Model performance and pattern statistics

More than a qualitative validation and evaluation of inter-model performance is not
possible with the time series comparison of Section 4.8.1, especially when visually
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Figure 4.23: Comparison of the root mean square wave height Hrms between each
numerical model and the (repeated) experiment up to the toe of the dike. From top to
bottom: Hrms,sw for the short wave components, Hrms,lw for the long wave components,
Hrms for the total surface elevation, mean surface elevation or wave setup η and an
overview of the sensor locations, SWL and bottom profile.

almost no discernible and consistent trends of distinction between the model results
can be made. The model performance and pattern statistics then become very
useful for a quantitative evaluation. As dr provides a single dimensionless measure
of average error, it is suitable to provide insight into the spatial variation of model
error in the flume. In addition to the dr of each numerical model, the dr of
the repeated experiment (REXP) is also included in this analysis. A numerical
model dr higher than the dr of REXP means that the numerical error cannot
be reduced further compared to the experimental repeatability error and a near
’perfect’ model performance would be achieved with regard to the experiment.
Therefore, a relative refined index of agreement d′r and a corresponding rating was
defined which provides the performance of the numerical model relative to the
experimental model uncertainty. Tables 4.7 and 4.8 provide the dr -values and the
pattern statistics at key locations (dike toe and on the promenade, respectively). It
is noted that the statistics for η reported in Table 4.8 were averaged over the four
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measured locations (WLDM01-WLDM04), for the sake of brevity and because it
better represents the statistics for the processes on the promenade. The evolution
of dr and R at the WG locations along the wave flume up to the toe of the dike is
shown, respectively, in Figures 4.24 and 4.25, for ηSW (dr,sw and Rsw ), for ηLW
(dr,lw and Rlw ) and for η (dr,tot and R), and of dr for η and Ux on the dike in
Figure 4.26.
Table 4.7: Model performance and pattern statistics evaluated for η of REXP, OF, DSPH,
SW1L and SW8L at measured location WG14 (dike toe location).

Table 4.8: Model performance and pattern statistics evaluated for η of REXP, OF, DSPH,
SW1L and SW8L averaged over all measured locations on the promenade (WLDM01WLDM04) and for Ux at the measured location ECM.

Offshore, DSPH has the best model performance (WG02-04 in Figure 4.24,
rated Excellent) followed by OF (rated Very Good), and this continues to be so
up to the shoaling zone (WG07), although the rating for DSPH drops slightly to
Very Good. On the other hand, while SW1L starts offshore with a (relative) model
performance similar to OF (rated Very Good), a notable decrease in (relative) model
performance occurs in the shoaling zone (WG07, rated Good). All models show
a generally decreasing trend of dr,tot over the surf zone (WG07-13) and increases
back up to the dike toe (WG13-14). Over the surf zone, DSPH gradually becomes
the least performing numerical model (WG13-14, rated Good) followed by SW1L
(WG13, rated Good). The relative model performance of SW1L increases back
to Very Good at the dike toe (WG14). The performance of OF is not as good
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Figure 4.24: Comparison of dr , evaluated for REXP, OF, DSPH and SW1L with reference
to EXP, up to the toe of the dike. From top to bottom: dr,sw for ηSW , dr,lw for ηLW ,
dr,tot for η, and finally an overview of the sensor locations, SWL, and bottom profile.

Figure 4.25: Comparison of R evaluated for η (of REXP, OF, DSPH and SW1L with
reference to EXP) up to the dike toe. From top to bottom: Rsw for ηSW , Rlw for ηLW ,
R for η, and finally an overview of the sensor locations, SWL, and bottom profile.
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Figure 4.26: Comparison of dr , evaluated for η and Ux (of REXP, OF, DSPH and SW1L
with reference to EXP) from the toe of the dike up to the vertical wall. From top to
bottom: dr for η and Ux , and finally an overview of the sensor locations, SWL, and
bottom profile.

as DSPH in the offshore area (WG02-04), but becomes the highest of all three
numerical models in the surf zone (WG13-14, rated Very Good) and continues to
perform the best on the dike as well (Figure 4.26), where the dr of η remains more
or less constant for all models, with exception of DSPH which increases slightly
back to a rating of Very Good.
Separating η into the SW and LW components reveals that dr,sw mostly follows
the same trend as dr,tot , with the exception that DSPH performs better than
SW1L at the dike toe for dr,sw (Figure 4.24). On the other hand, dr,lw clearly
has a different behaviour: OF does not reproduce the incident LWs as good as
DSPH and SW1L, but its LW performance steadily increases towards the dike toe
(Figure 4.24), where the LW energy increases (Figure 4.23). SW1L shows the
overall best LW performance as it shows similar dr,lw values offshore to DSPH and
similar values to OF in the surf zone. It is also revealed that the increase in SW1L
error at WG07 is mostly caused by a decrease in ηSW performance. Even though
SW1L shows the least performance in modelling ηSW over the foreshore, that does
not seem to affect its capability of reproducing the LW shoaling and energy transfer
from the SW to LW components, with a similar accuracy to OF for modelling ηLW
in the surf zone. Increased accuracy of SWASH of the SW modelling can be
obtained however, with increased vertical resolution: the SW8L model exhibits
much better performance in the shoaling zone (i.e., SW1L: dr,sw,W G07 = 0.73,
SW8L: dr,sw,W G07 = 0.86, not shown), and attains the same model performance
for η at the toe of the dike as DSPH (dr,sw,W G14 = 0.53). However, because of
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the smaller wave height of the SW components at the dike toe compared to the
LW components (Figure 4.23), this improvement only slightly increases the overall
model performance at the dike toe (Table 4.7, SW1L: dr,sw,W G14 = 0.85, SW8L:
dr,sw,W G14 = 0.86).
The pattern statistics B ∗ and σ ∗ in Table 4.7 represent, respectively, the accuracy of the wave setup and wave amplitude at the toe of the dike, and spatial
information of these errors could already be derived implicitly from the η and Hrms
graphs in Figure 4.23. Both were already discussed in Section 4.8.2. The result
is that at the toe of the dike, DSPH has the best result of the three numerical
models in terms of reproduction of the wave height (Table 4.7, σ ∗ = 1.02), but
the worst result in terms of the wave setup (Table 4.7, B ∗ = 0.21). OF has the
worst result for the wave height (Tabl 4.7, σ ∗ = 0.89), while delivering a close
second-best result with SW1L for the wave setup (Table 4.7, B ∗ = 0.05). SW1L
provides the lowest wave setup error (Table 4.7, B ∗ = 0.04).
However, in the previous, spatial information about the accuracy of the wave
phase modelling is missing and is shown separately in Figure 4.25. From this figure
it is clear that DSPH introduces the largest error in wave phases over the surf
zone up to the dike toe, and that the error is mostly due to phase errors in the
SWs. Additionally, an important contribution of phase error is present in the ηLW
result of DSPH as well, which is not observed in the other numerical model results.
Consequently, at the toe of the dike the phase error is largest for DSPH (i.e., lowest
R value in Table 4.7). However, at the dike toe the difference with SW1L is small,
while OF provides the best phase correspondence with EXP.
On top of the dike, the dr of Ux is provided in Figure 4.26 and Table 4.8, and
indicates a lower model performance for all three numerical models than obtained
for η. However, for the relative model performance d′r this difference significantly
reduces, so that the same rating is obtained for Ux as for η in case of DSPH and
OF (Table 4.8, rated Very Good). SW1L (and SW8L) has the lowest d′r for Ux
and rating (Table 4.8, rated Good). Although the wave setup at the dike toe is
overestimated by each numerical model (Table 4.7, B ∗ > 0), η on the promenade
is generally underestimated and Ux as well (Table 4.8, B ∗ < 0). The bore wave
height is best represented by OF (indicated by σ ∗ ), closely followed by DSPH and
SW1L. Phase differences are observed for all numerical models (i.e., R < 1.00 in
Table 4.8), but are lowest for OF, followed by DSPH and SW1L.
Next the dr -values of the pressures at the vertical wall are compared in Figure 4.27 and the statistics in Table 4.9. Again, all models show a lower model
performance than REXP, and OF obtained the highest value followed by SW1L
and DSPH, both of which have very similar model performance along the PS array.
Model performances of all models tend to decrease and converge to each other
towards higher sensor locations on the vertical wall.
The dr value of Fx for each model is shown in an overview table (Table 4.9)
together with the other pressure and force related statistics. Even though OF has
the highest model performance in terms of the Fx time series (Table 4.9, dr,F x =
0.76), the force peaks are better estimated by SW1L (Table 4.9, dr,F x,max,OF =
0.85 and dr,F x,max,SW 1L = 0.88), while it has the largest errors in the Fx time
series (Table 4.9, dr,F x = 0.64). Moreover, SW1L underestimates the total impulse
∗
∗
much more than OF does (Table 4.9, IOF
= 0.85 and ISW
1L = 0.62). DSPH
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Figure 4.27: Comparison of dr evaluated for p (of REXP, OF, DSPH and SW1L with
reference to EXP) at the vertical wall (horizontal axis).
Table 4.9: Model performance and pattern statistics evaluated for p and Fx of REXP,
OF, DSPH, SW1L and SW8L at the respective measured locations PS05 and LC.

has a similar model performance as OF for the force peaks Fx,max , while I ∗ is
in between OF and SW1L and its overall model performance for Fx is similar to
SW1L. Consequently, the relative model performance for Fx is rated Very Good for
OF and Good for DSPH and SW1L. While the model performance slightly increases
for SW8L compared to SW1L at the dike toe (Table 4.7) and on the promenade
(Table 4.8), this does not translate into a better model performance for the wave
impact on the vertical wall; in fact, almost every Fx statistic is lower for SW8L
than for SW1L (Table 4.9).
Pattern statistics (B ∗ , σ ∗ and R) are included as well in Table 4.9. They
indicate that all numerical models underestimate the wave impact force and exhibit
phase differences. OF shows the least overall underestimation (i.e., B ∗ closest to
zero) and the least phase differences (i.e., highest R), while DSPH has the highest
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σ ∗ value. The results for Fx are slightly worse for the multi-layer model SW8L
compared to the single layer model SW1L, except for σ ∗ .

4.8.4

Skill target diagrams

After the spatial inter-model comparisons of the previous sections, based on the
model performance and pattern statistics, the pattern statistics are visualised here
together in a skill target diagram (Figure 4.28). The selection of observed locations
that is considered for these diagrams, is the same as that for the time series plots.
This is to prevent as much as possible a biased evaluation of the model skill in the
target diagram, because a particular area had more sensors (i.e., the offshore area
for η and the lower half of the pressure sensor array for p). One exception is η on the
promenade, for which the pattern statistics were averaged over the four measured
locations (WLDM01-WLDM04), and therefore the values from Table 4.8) are used
here as well. The general model performance is visualised by a circle with a radius
equal to the mean of the ST skill scores or distances from the origin of each model
data point in the target diagram of either η (Figure 4.28a) or p (Figure 4.28b).
The repeated experiment (REXP) is visualised in the skill target diagrams as well,
but only by the mean skill circle for η and p. This circle is included to have a
reference of the experimental repeatability error. For both Ux and Fx only one
representative observed location is available. They are visualised as pentagrams
together with the model data points for η and p, respectively.
None of the mean skill circles of the three numerical models have a smaller
radius than the REXP circle, which means that none of the models has an ideal
model skill relative to the experimental repeatability. In case of η, the model skill
circle of DSPH is largest, and therefore DSPH has the lowest overall model skill,
followed by the smaller circles of SW1L and OF (highest model skill), respectively.
However, the Ux pentagrams suggest a better Ux model skill of DSPH than SW1L.
For p, OF remains the numerical model with the highest model skill, followed by
DSPH and SW1L. The Fx pentagrams have the same ranking.
In the η skill target diagram, the numerical model skill for the location on
the dike is indicated by an arrow. The remaining numerical model skill scores
are those of the measured locations along the flume up to the dike toe. For
OF, they are positioned in the top left quadrant, which means that the wave
energy is underestimated (σd < 0) and the wave setup is slightly overestimated
(B ∗ > 0) (both confirmed by Figure 4.23). For DSPH, the wave energy is mostly
overestimated (σd > 0). The two points furthest removed from the origin are
the measured locations in the surf zone (i.e., WG13-14), where high B ∗ and low
R-values (or wave phase differences) are the largest contributors to the decreased
DSPH model skill in this area. SW1L generally shows an overestimation of the wave
energy (σd > 0) and increased wave phase differences (lower R) in the shoaling and
surf zones. Generally, SW1L has the best wave setup results (lowest B ∗ values).
The Ux skill of all numerical models is one of a clear underestimation (pentagrams
in lower left quadrant), of both the mean value (B ∗ < 0) and standard deviation
(σd < 0), and increased phase difference (low R-values). The same is valid for p
and Fx , where all numerical model skill points are also positioned in the lower left
quadrant.
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(a)

(b)

Figure 4.28: Numerical model skill target diagrams (target: EXP) for selected sensor
locations along the flume. All markers are colour-filled according to the dr colour scale.
The circles represent the mean value of all markers for a specific model. The data points
of REXP are not plotted for clarity, but only the mean (black circle). (a) Target diagram
with pattern statistics for η at locations WG04, 07, 13, 14 and averaged pattern statistics
over WLDM01-WLDM04 for the promenade (OF: circles, DSPH: squares; and SW1L:
triangles) and Ux at the ECM location (pentagrams). The magenta arrows indicate the
markers representing the model performance of η on the promenade (WLDM02). (b) p
at approx. equidistant locations PS01, 03, 05, 07, 09, 10-13 (OF: circles, DSPH: squares;
and SW1L: triangles) and Fx (pentagrams). Note: the target diagrams have different
axis ranges.

4.8.5

Snapshots

The numerical models applied in this paper typically have a higher spatial resolution of the physical parameters of interest (e.g., η, U , p) than an experiment.
This allows a comparison of snapshots between the numerical models. To allow
a comparison of the velocity field, the multi-layered model SW8L is used instead
of SW1L. The first main impact series is most appropriate for such a comparison,
because accumulation of errors is lowest at the beginning of the test. Snapshots
of the flow on the dike and the pressure distribution along the vertical wall are
compared in Figures 4.29-4.31. A few key time instants in the Fx and Ux time
series were selected during this series of impacts and are listed chronologically in
Table 4.10. These time instants were selected from each model result independent of time, because due to phase errors these key time instants have occurred at
(slightly) different times between the models.
The first main impact was identified by Gruwez et al. (2020b) to be caused by
a plunging breaking bore pattern impacting on the vertical wall. The overturning
wave arose when a large incoming bore collided with a smaller bore that was reflected against the vertical wall only a few moments before. This collision occurred
at different locations on the promenade for each model and explains the timing
mismatch of the Fx impact peak with EXP (see Fx graph insets in Figure 4.29c).
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Table 4.10: Chronological list (in the EXP time frame) and description of the numerical
model snapshots shown in Figures 4.29, 4.30 and 4.31.
Time instant

Figure

Description

1

Figure 4.29a

2

Figure 4.31a

3

Figure 4.29b

4
5

Figure 4.29c
Figure 4.29d

6
7

Figure 4.30a
Figure 4.31b

8

Figure 4.30b

Dynamic Fx peak of the small wave impact preceding
the main bore impact.
Local positive Ux peak at the ECM location preceding
the dynamic force peak of the main bore impact.
Local Fx peak preceding the dynamic force peak of
the main bore impact.
Dynamic Fx peak of the main bore impact.
Local Fx minimum between the dynamic and quasistatic force peaks of the main bore impact.
Quasi-static Fx peak of the main bore impact.
Local negative Ux peak at the ECM location after the
quasi-static force peak of the main bore impact.
Local Fx minimum after the quasi-static force peak of
the main bore impact.

The timing of the smaller bore impact corresponds with EXP in case of OF and
SW8L, but is late for DSPH (time instant 1, Figure 4.29a). For all numerical models, the large incoming bore arrived later than was observed in EXP. This means
that the collision between the reflected small bore and incoming large bore was
timed differently for each model, with repercussions for the subsequent impact of
the overturned wave on the vertical wall.
The best result is obtained by the OF model, which modelled a correct timing
of the smaller bore reflection against the wall, but the late arrival of the larger
incoming bore (i.e., by approximately 0.3 s) caused the collision to occur further
from the wall than in the EXP (time instant 2, Figure 4.31a). Nevertheless, for
the impact on the wall (time instants 3 and 4, Figure 4.29b,c), OF is able to –
albeit mostly qualitatively – reproduce the shape of the pressure distribution which
is distinctly different from a hydrostatic pressure distribution: both the pressure
peak at PS10 for time instant 3 and the general shape of the pressure distribution
at time instant 4 are captured by the model. We direct interested readers to the
work in (Gruwez et al., 2020b) for a more detailed description of this comparison.
DSPH has a very similar result, but the timing of the smaller bore was late as
well (i.e., by approximately 0.7 s), meaning that the collision with the larger bore
occurred closer to the wall than observed in EXP (time instant 3, Figure 4.29b).
Although the model did not capture the pressure peak at PS10 for time instant 3,
it did manage to approach the pressure distribution qualitatively as well during the
dynamic impact (time instant 4, Figure 4.29c). Although SW8L managed to get
the timing of the smaller bore impact right (time instant 1, Figure 4.29a), the larger
bore impacted the wall much later than in EXP (i.e., by approximately 1.2s). This
means that no interaction between the bores was modelled on the promenade. In
any case, SWASH is a depth-integrated model, so it is inherently not able to model
overturning waves explicitly. Moreover, only hydrostatic pressure distributions are
provided by the model to avoid spurious numerical oscillations. However, even with
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those limitations, SW8L (and SW1L) still managed to predict an Fx peak during
the dynamic impact (time instant 4, Figure 4.29c), but the pressure distribution
remains hydrostatic and therefore no local pressure peaks were captured at all.
After the dynamic impact (time instant 4), the bore ran up the vertical wall
(time instant 5, Figure 4.29d) and reflected, causing a second quasi-static Fx peak
(time instant 6, Figure 4.30a). In both the OF and DSPH results, a clockwise
vortex formed near the bottom of the wall during the run-up process. However, in
case of DSPH, this vortex was much stronger and lasted during the quasi-static
Fx peak as well. The p distribution of EXP was mostly hydrostatic, except for
a small local peak at PS06 (time instant 5), which seems to have been captured
qualitatively by DSPH. On the other hand, the strong vortex modelled by DSPH
also caused a non-hydrostatic p distribution during time instant 6, while it was
mostly hydrostatic in EXP. In this time instant, again OF was closest to the EXP
observation. SW8L was not successful in correctly predicting the wave run-up
against the vertical wall during reflection of the large impacting bore (time instant
5) and consequently underestimated p and Fx more than the other numerical
models for time instants 5 and 6. During return flow (time instant 8, Figure 4.30b)
the pressure distribution was mostly hydrostatic, and all numerical models were able
to predict the p distribution well. Only DSPH shows a pressure decrease near the
bottom of the wall (PS01), possibly caused by the persistent vortex modelled there,
but now further removed from the wall compared to the previous time instants 5
and 6.
In terms of U , generally similar velocity field patterns are found for all three
numerical models with differences mostly explained by (small) phase differences of
the individual bores interacting on the promenade or limitations in the physics it can
represent (in case of SWASH). Considering the velocity profile at the ECM location
during a maximum incident U x event (time instant 2, Figure 4.29b) followed by a
maximum return flow Ux event (time instant 7, Figure 4.31), it can be seen that
all numerical models underestimate Ux of EXP close to the bottom for the incident
bore (time instant 2), while OF predicts it very well, DSPH slightly underestimates
it, and SW8L overestimates it during the return flow (time instant 7).

4.8.6

Computational cost

Not only the model performance is of importance in practical applications of numerical models, but also the computational cost that it requires. An overview is
provided in Table 6 of the model resolution, total amount of grid cells/particles and
corresponding computational cost for the computational hardware applied. The numerical convergence analyses in Appendix A showed that the main characteristics
of η at the toe of the dike would not change more than 5% by increasing the grid
or initial particle distance resolution beyond the values provided in Table 6. For
OF, this was achieved by ∆x = ∆z = H/20 = Lm,t /260 (with H the wave height
and Lm , t the mean wave length of the SW components at the dike toe), for DSPH
by dp = H/50 = Lm,t /585 and for SWASH by ∆x = Lm,o /170 = Lm,t /60 (with
Lm,o the mean wave length of the SW components offshore).
Because of its Lagrangian description of the NS equations, DSPH has the
advantage that it can be highly parallelised and is therefore able to make use of
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the many computational cores available in GPUs. On the other hand, OF and
SWASH can be run in a parallelised way as well, but only on CPU cores, which are
typically much less numerous. Different hardware and different amounts of cores are
applied for each model, so only a qualitative comparison of the computational cost
is possible. However, the applied hardware is in each case currently representative
of what is typically available at research labs. OF and DSPH were run on multiple
cores (CPU and GPU respectively) and SWASH on a single core.
Because the flow in the vertical dimension is fully resolved by OF and DSPH
in addition to the horizontal dimension and at a much higher resolution, their
computational cost is significantly higher than for the depth-averaged SW1L model.
The increase of calculation time compared to SW1L is about 5000 times in case
of OF and 1000 times for DSPH even though DSPH has more than 4 times the
computational points than the OF model grid. Adding eight vertical layers to
the SWASH model (SW8L) leads to a factor 7 increase in calculation time (on
a single core machine). Although it will not affect this conclusion, it should be
noted, however, that the SWASH computational domain is about 25% shorter
compared to OF and DSPH, because waves are generated at the WG02 location
in the SWASH model (Figure 4.17).
Table 4.11: Grid resolution, number of cells and approximate computational times of
each applied numerical model.

In the computational cost, the model setup time should also be included. This
depends on the experience of the practitioner, so the model setup time is only discussed here in general terms based on experienced practitioners for each respective
model. SWASH is the most straightforward in this respect and requires the least
’hands-on’ time. The model setup of DSPH is also quite straightforward, where
SPH particles are initially created on nodes of a regular lattice in a few seconds.
The model domain boundaries and the water volume are defined by particles in
DSPH, while an intricate mesh is needed for Eulerian models such as OF. Fortunately, the mesh generation for OF has been made much smoother thanks to
automatic mesh generation algorithms such as cfMesh as applied here. Still, OF is
found to require the most model setup time (i.e., typically more than double). This
is certainly the case when a variable grid resolution is used because the refinement
zones need to be defined beforehand, and this can only be done accurately by having a reliable estimation of the location of the surface elevation. This is most easily
obtained from a fast SWASH model result (at least for the wave propagation until
the dike toe), or alternatively by introducing refinement zones iteratively between
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OF model runs.

4.9

Discussion

4.9.1

Inter-model comparison of wave transformation processes

4.9.1.1

Wave transformation processes until the dike toe

The main prerequisite for a numerical model to obtain accurate results of the
processes on the dike (i.e., wave overtopping (Suzuki et al., 2017) and bore interactions (Gruwez et al., 2020b)) is that the wave transformation and wave setup
are predicted well towards and particularly at the dike toe.
Because DSPH was the only model able to reproduce the wave paddle motion exactly as in the experiment (note: OF has the functionality, but numerical
instabilities prevented its successful application (Gruwez et al., 2020b)), it is not
surprising that it was the best performing model in terms of η from offshore up
to the shoaling zone (Figures 4.23 and 4.25, WG02-WG07). In the EXP, Hrms
decreased slightly (4%) between the offshore region (Figure 4.23, WG02-WG04)
and the shoaling zone (WG07), indicating an energy loss greater than the Hrms
gain due to shoaling, possibly due to bottom friction and/or model effects (e.g.,
lateral wall friction, sediment transport on the sandy slope). However, too few
EXP measurement locations were available in this area to confirm this. In any
case, all three applied numerical models agreed that Hrms first decreased towards
the foreshore toe, and then increased due to SW shoaling (Figure 4.23). In case
of both OF and SW1L, the Hrms decrease was more pronounced than DSPH and
could be explained by wave energy losses due to bottom friction to a certain degree (i.e., in OF by the no-slip boundary and in SW1L by parameterised bottom
friction). However, these energy losses cannot be explained by the bottom friction alone due to the relatively short propagation distance from the offshore model
boundary to the foreshore toe of less than three wave lengths. Viscous and/or
diffusive numerical schemes could have contributed as well, especially in the case
of OF (Larsen et al., 2019), which mostly used second order discretization schemes
but also included a first order scheme (i.e., Euler time discretisation for the volume
fraction of the VOF method) for numerical stability reasons (Gruwez et al., 2020b).
Such numerical diffusion was limited as much as possible in each model by a careful selection of parameters and schemes, which is a balancing exercise between
model accuracy and efficiency. DSPH is presently unable to model bottom friction
and the numerical diffusion was least noticeable of all three models, causing the
Hrms overestimation at WG07 by DSPH. SW1L/SW8L tended to overestimate
the shoaling (mostly for the LWs) so that an overestimation similar to DSPH at
WG07 was obtained. Clearly OF suffered most from (numerical) energy losses, as
it started with approximately the same wave energy at the wave paddle as DSPH,
but underestimated EXP at WG07. DSPH and OF did agree on the location of
the mean breaking point (xb =∼ 120 m, Figure 4.23) and simulated both spilling
and plunging breakers, also observed in EXP. Indeed, both models previously have
been shown to predict the breaking point (and hydrodynamics) similarly well for
both spilling and plunging breakers (i.e., OF (Brown et al., 2016) and DSPH (Lowe
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et al., 2019)). SW1L/SW8L, on the other hand, predicted the breaking point to
be located more offshore (by about 10 m). Contrary to OF and DSPH, SWASH
does not explicitly model the turbulent wave front during the breaking process, but
treats it at the sub-grid level instead by assuming similarity to a hydraulic jump
(Smit et al., 2013). SW1L/SW8L therefore did not reproduce the overturning
of the wave front. Moreover, the vertical resolution (or K) for both SW1L and
SW8L was too low to be able to model wave breaking without the use of the HFA,
which has been shown before to cause the breaking point to be predicted too much
offshore in case of plunging breakers (see their Figure 5 in (Smit et al., 2013)).
Based on these observations, the breakpoint was most likely better predicted by
OF and DSPH than by SW1L/SW8L. Although, it should be noted that SWASH
has the potential to match the breakpoint location in Hrms by increasing K to 20
layers (Smit et al., 2013) (not tested). In the surf zone, DSPH and SW1L/SW8L
predicted very similar wave heights until the dike toe and both models ended up
slightly overestimating Hrms,EXP at the dike toe, SW1L more than DSPH (σ ∗ in
Table 4.7). The evolution of Hrms was also very similar for OF, but the values
were lower because Hrms at the breakpoint was lower as well, with OF the only
model that underestimated Hrms,EXP at the dike toe.
Both wave set-down and set-up were overestimated by DSPH compared to
EXP. This overestimation in the shoaling and the surf zone was mostly caused by
the overestimation of the wave height and therefore radiation stresses in the same
areas. The overestimation of the offshore wave set-down (Figure 4.23, WG02-04)
was a result of the overestimation of the wave setup in the surf zone, and because of
mass conservation and a finite water mass available in the computational domain.
Over about the final 5 m towards the dike toe, the wave setup suddenly increased,
causing locally an even higher overestimation of the wave setup and the worst
correspondence there with EXP of all three numerical models. This is most likely
related to the small water depth this area relative to the particle size dp. Indeed,
a similar increase in wave setup was noted by Lowe et al. (2019) in the shallowest
water depths near the shoreline and exacerbated for increasing dp values (see their
Figure S1b of (Lowe et al., 2019) in their supplementary material). The mismatch
of the mean water level between OF and EXP was already explained by Gruwez
et al. (2020b) to be a result of the static wave boundary condition treatments and
the general underestimation of the wave height. At each measurement location,
the wave set-down/up was best predicted by the SW1L model.
The accuracy of the wave phases was best for DSPH and approximately equal
for OF and SW1L in the offshore zone (Figure 4.25, WG02-WG04). However, in
the surf zone towards the dike toe, DSPH had the most wave phase errors (Figure 4.25, WG13-WG14), mostly caused by both the SWs (Figure 4.4d,e) and LWs
(Figure 5c,d) lagging behind those of EXP. In case of SW1L/SW8L, the wave phase
accuracy decreased at WG07 (Figure 4.25), where the SWs were leading those of
EXP near its predicted breaking point (Figure 4.4b). This trend mostly continued
in the surf zone until the dike toe (Figure 4.4d,e), where SW1L/SW8L obtained a
slightly better phase accuracy than DSPH (Figure 4.25 and R in Table 4.7). The
simplified wave breaking modelling with the HFA is thought to be the main cause
for the increased phase errors of the ηSW result in the surf zone observed for SW1L
in Figure 4.25.
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The observed numerical model accuracy for the reproduction of the wave amplitude, wave set-up and wave phase of the EXP at the dike toe, lead to OF having
the highest model performance at the dike toe, followed by SW1L and DSPH (dr in
Table 4.7). Although DSPH achieved the best wave amplitude result, the errors in
both wave setup and wave phase caused it to have the lowest model performance
at the dike toe location. OF also achieved the best overall model skill in terms of η
over the foreshore (and promenade), with the mean skill circle having the smallest
radius in the target diagram (Figure 4.28a), again, respectively, followed by SW1L
and DSPH.
It should be noted, however, that the results of all three models remain very
close to each other right up until the dike toe, which is reflected in the model performance rating for η: at the dike toe it was Very Good for both OF and SW1L,
while it was Good for DSPH, but only because the d′r value fell just below the
limit for a Very Good rating (i.e., d′r,W G14,DSP H = 0.79 < 0.80, Table 4.7). This
means that all three numerical models are shown to be able to represent frequency
dispersion, and the nonlinear wave transformation processes: SW shoaling (Figure 4.4b), breaking (Figure 4.4c,d) and energy transfer to the subharmonic bound
LW (Figure 4.4b-d). This is a confirmation of what has been proven before by
Torres-Freyermuth et al. (2010), Torres-Freyermuth et al. (2007) for RANS modelling, by Lowe et al. (2019) for DualSPHysics and Rijnsdorp et al. (2014) for
SWASH.
4.9.1.2

Bore interactions on the promenade and impacts on the vertical
wall

The numerical model performances obtained for η at the dike toe were maintained
along the promenade, except for DSPH which showed an improved model performance to match with SW1L closer to the vertical wall (Figure 4.26). Because of
SW breaking over the foreshore, transfer of energy to the LW, LW shoaling and
reflection against the steep slope of the dike, the LW wave height became almost
twice the SW wave height at the dike toe location (Figure 4.23, WG14). Indeed,
Van Gent (1999) and Hofland et al. (2017) have shown that the wave energy is
dominated by LWs at the toe of a dike with a very or extremely shallow foreshore.
Therefore, the LWs at the dike toe had a dominant effect on the wave overtopping
processes on the dike (Gruwez et al., 2020b), which is a confirmation of the same
observation made by Lashley, Zanuttigh, et al. (2020). During each crest of the
LWs at the dike toe, the freeboard decreased significantly and the broken or breaking SWs were able to overtop the dike crest much more easily. Consequently, the
bore interactions on the promenade depended mostly on the SWs instead. This
is shown by the fact that the model performance of DSPH for ηLW at the dike
toe was lower than SW1L (Figure 4.24), while it was higher than SW1L for ηSW
at the same location, and the model performance for the total η increased on the
promenade for DSPH relative to SW1L (Figure 4.26). This was mostly because of
a better wave amplitude and phase accuracy by DSPH than SW1L/SW8L on the
promenade (Table 4.8, σ ∗ and R, respectively). Moreover, in terms of Ux for the
bore interactions on the promenade, DSPH had a higher model performance than
SW1L and was comparable to OF. In any case, the highest model performance for
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both η and Ux on the promenade was achieved by OF. This is mostly indicated by a
higher phase accuracy than both DSPH and SW1L/SW8L and a higher amplitude
accuracy than SW1L/SW8L (Table 4.8, R and σ ∗ , respectively). OF obtained the
highest phase accuracy on the promenade as a result of the highest wave phase
accuracy achieved at the dike toe (Figure 4.25, WG14), especially because of the
SW phase accuracy (i.e., Rsw ) at the dike toe which was notably higher for OF
than both DSPH and SW1L/SW8L. At the dike toe, DSPH had the highest error
in η by overestimating it (Table 4.7, B ∗ = 0.21) more than OF and SW1L/SW8L.
Nevertheless, on the promenade DSPH underestimated η with a very similar result
∗
as OF and SW1L (Table 4.8, BW
LDM 01−W LDM 04 = −0.04). A possible cause
for this change in behaviour is that thin layered flows with a water depth on the
promenade were not captured by DSPH because the water depth was smaller than
a couple of particles high. The fact that SW1L/SW8L was also able to achieve
a Very Good model performance for the overtopped flow layer thickness on the
promenade (Table 4.8) indicates that a very good wave overtopping accuracy has
been demonstrated as well, which is a confirmation of previous validation works
on wave overtopping over a dike with a shallow foreshore modelled with SWASH
(Suzuki et al., 2017; Suzuki et al., 2020).
Therefore, what seems to matter the most for the accuracy of the processes
on the dike is to obtain a good model performance at the toe of the dike. A
correct wave phase and wave setup at the dike toe is more important for a correct
wave impact simulation than a correct wave amplitude at the dike toe. Indeed,
OF had the best overall performance at the dike toe, with the best wave phase
and close second best wave setup prediction (Table 4.7), while underestimating
the wave amplitude, and showed the best model performance in terms of η and
Ux on the promenade (Table 4.8), and consequently also for Fx and p at the
vertical wall (Table 4.9, Figures 4.27– 4.28b). Conversely, DSPH had the best
wave amplitude, but the worst wave setup and phase prediction at the dike toe and
showed a lower performance in terms of Fx at the vertical wall. In addition, the
snapshot comparison of the first series of impacts at the vertical wall (Section 4.8.5)
confirmed that the wave phase accuracy was critical to obtain the correct bore
interaction pattern on top of the promenade, which was – in its turn – shown
to be vital to the accuracy of the impact itself. Likewise, SW1L showed similar
SW phase errors at the dike toe (Figure 4.25, Rsw ), which consequently caused
phase errors in the overtopped bores (R for SW1L/SW8L is mostly lower than OF
and DSPH for both η and Ux in Table 4.8) and their impacts on the vertical wall
(R for SW1L/SW8L is mostly lower than OF and DSPH for both p and Fx in
Table 4.9). In Section 4.8.5, this manifested itself in the SW8L result by a clear
phase difference in the Ux time series (Figure 4.31) and in the Fx time series of
the main impact (Figure 4.29c), which were both a result of a phase error in η for
the largest bore of the first wave group arriving at the dike toe (see t =∼ 55 s in
Figure 4.18d).
In the context of the design of vertical walls on top of the dike (e.g., storm
walls and buildings), the accurate prediction of the force peak per impact event
Fx,max and the total horizontal force impulse I is of particular interest. The model
performance for Fx,max was found to be similar for all three applied numerical
models (Table 4.9, dr,F x,max ). However, for I ∗ important differences were noted,
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with the best total impulse prediction obtained by OF, followed by DSPH and
SW1L/SW8L, respectively. For SWASH, the best result was obtained by the depthaveraged model SW1L. Adding vertical resolution (i.e., SW8L) generally improved
the model performance for η along the wave flume (not shown, except at the dike
toe in Table 4.7) and η and Ux along the promenade (Table 4.8). However, SW8L
unexpectedly decreased the model performance for Fx compared to SW1L, with
slightly worse performance for Fx,max and a higher error in I ∗ (Table 4.9). The
cause for this is unclear, but this might indicate that SW1L’s good estimation of Fx
could be – in part – caused by chance due to numerical errors (e.g., overestimation
of the wave height at the toe of the dike, Table 4.7, σ ∗ > 1.00). Nevertheless, the
SW1L/SW8L model results show that SWASH can provide similar or only slightly
worse model performance for Fx compared to OF and DSPH, including the best
estimation of Fx,max per impact event, albeit with an important underestimation
of I.
This comparison shows that SWASH, with a hydrostatic assumption for the calculation of Fx , is able to provide a similarly accurate prediction of Fx (especially
Fx,max ) compared to more complex and computationally expensive RANS or SPH
models. P. Xie and Chu (2019) already showed that with the hydrostatic pressure assumption, a tsunami bore impact force on a vertical wall can be obtained
similar to OF (which includes non-hydrostatic effects as well) and experimental
data. This is confirmed and extended here for overtopped bore impacts on dikemounted vertical walls, determined from the SW1L/SW8L results based on the
hydrostatic pressure only. Still, SW1L/SW8L had a lower model performance than
OF and DSPH for Fx , most probably due to the hydrostatic pressure assumption.
Indeed, while Whittaker et al. (2018) found that the perturbed hydrostatic pressure gives an accurate approximation to the pulsating horizontal force on a gently
sloped seawall, they expected the hydrodynamic contributions in Fx to increase
in importance for steeper slopes (including vertical walls), particularly in the case
of breaking waves. In addition, it is important to note that a low-pass filter was
applied to both the experimental and numerical p and Fx time series that mostly
removed high frequency oscillations in the dynamic impact peak of the double
peaked signal caused by a bore impact (Section 4.7.3). Because these oscillations
are stochastic by nature, not even REXP was able to reproduce them exactly and
they cannot be reproduced by deterministic numerical models (which is why they
were filtered out). However, in both the OF and DSPH results such high-frequency
oscillations were present in the unfiltered signals (not shown). Although it is unclear whether they are caused by numerical errors or actual physical processes (or
a combination thereof), it still might suggest that they are able to represent this
phenomenon in some capacity. Conversely, in the case of SW1L/SW8L, even in
the unfiltered Fx signal no such high-frequency oscillations were observed, because
of the hydrostatic assumption.
Finally, OF is the only numerical model considered here that simulated both the
water and air phases, albeit as incompressible and immiscible fluids. Although OF
had the best overall model performance and some influence of the air was noted
(especially for plunging wave impacts on the vertical wall), no immediate proof has
been found that the air phase contributed positively to the model performance for
the parameters considered in this paper. It is estimated that if there would have
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been a contribution (positive or otherwise), the effect would be small compared
to the relatively larger errors in wave setup, height and phase. The fact that OF
includes the air phase was actually more cumbersome to the simulation than an
advantage. Indeed, spurious velocities in the air phase near the water-air interface
caused significantly reduced time steps and consequently a large increase in computational cost (Larsen et al., 2019; Roenby et al., 2017). Although, as discussed
by Gruwez et al. (2020b), these spurious velocities can be overcome thanks to
recent developments in OpenFOAM® (Vukčević et al., 2017) (however, presently
not available open source).

4.9.2

Application feasibility of the numerical models for a design case

This section provides recommendations on which of the three numerical models
to use when, during the design of a structure on a dike with a shallow foreshore,
a numerical model is used as an alternative to or complementary to experimental
modelling in a wave flume. In such a case, typically a maximum expected wave
impact force Fmax and corresponding impulse I for given design conditions has to
be predicted. Generally, two methods can be used to achieve this:
• Modelling of a short-duration focused wave group. This method has been
developed recently (Whittaker et al., 2018; Whittaker et al., 2017) based
on the NewWave approach (Tromans, 1991) and aims to reproduce the extreme event that causes Fmax in an irregular wave train, thereby significantly
reducing the test duration.
• Modelling of an irregular wave train of sufficiently long duration (i.e., 1000
waves or more) to obtain statistically relevant results for Fmax .
In this paper, bichromatic waves were used for the inter-model comparisons,
which included many of the wave transformation processes found in irregular waves
and focused wave groups (e.g., frequency dispersion, and transfer of wave energy
to sub- and superharmonics), so that this case still provides a good indication of
how each numerical model would perform in terms of accuracy in each of these
design methods.
Disregarding for a moment the numerical model performances for the estimation
of Fmax (more on that later), the computational time necessary to achieve a
result becomes the determinative factor in the choice between the three considered
models. In the first method, a single wave group is modelled to obtain a certain
focus location relative to the structure. Such a test duration has a similar length
to the test considered here. For this design approach a standalone application
of all three considered numerical models is therefore possible. However, many
combinations of the focus location and phase at focus might be necessary to obtain
the ’true’ Fmax for a given offshore design wave state (Whittaker et al., 2018),
which would be more challenging (in terms of runtime) for standalone application
of especially OF, but also DSPH.
In the second method, an irregular wave train typically needs to be modelled
for a much longer duration (i.e., 1000 waves or about a 55 times longer duration
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than the test considered here). The high computational time or resources that this
currently would require, proves unpractical for both OF and DSPH (i.e., in terms
of time: approximately 190 days and 35 days, respectively, based on Table 4.11),
especially in case of coastal structures with a shallow foreshore where the lengthy
foreshore needs to be included in the computational domain. Moreover, in case of
DSPH an increase in errors in the η results was noted in the surf zone compared
to EXP towards the end of the simulation (i.e., for t > 120 s in Figure 4.18c-e,
Figure 4.19c,d). For longer simulations it is possible that this accumulation of errors continues and exacerbates. A smaller particle size might solve this, but would
increase the calculation time significantly. Therefore, similar to OF, DSPH would
benefit from (adaptive) mesh refinement or variable resolution (Vacondio et al.,
2016) to reduce the computational cost and increase the accuracy near and on
top of the dike. Alternatively, coupling or hybridization with a computationally
less demanding but accurate model regarding the wave transformations over the
foreshore until the dike toe (e.g., SWASH (Suzuki et al., 2017)) is a possibility as
well. Such a coupling would dramatically reduce the required computational time
necessary to model this type of cross section, making longer simulations of 1000
irregular waves a practical possibility. For DSPH, such a hybridization with SWASH
is already available (Altomare, Domı́nguez, et al., 2015). Work in this direction
for OF has been initiated by Vandebeek, Gruwez, et al. (2018) and Vandebeek,
Toorman, et al. (2018). The authors actively encourage further development and
validation of these coupling approaches, especially since the coupling zone in current developments is located in the pre-breaking area, so that still a large area of
the foreshore needs to be included in the model domain of DSPH and OF. Challenges remain in moving the coupling zone more towards the dike toe location,
which would achieve the highest reduction in computational cost without losing
too much accuracy for the processes on the dike. As opposed to both OF and
DSPH, standalone application of SWASH for this method is definitely practically
feasible for both a single layer and multi-layer approach, at least purely from a
computational cost standpoint (i.e., for SW1L and SW8L approximately 1 h and
6 h, respectively, for an irregular wave train of 1000 waves, based on Table 4.11,
and with even faster calculation times for parallel runs).
Another consideration in the choice between the three considered numerical
models is of course the accuracy of the numerical model in the estimation of Fx
itself. In terms of I, SWASH clearly underperformed compared to both DSPH
and OF. Therefore, when I is important, OF is the recommended model to apply (i.e., highest value for I ∗ , Table 4.9). However, the inter-model comparison
provided in this paper has shown that all three models have a similar model performance in terms of estimation of Fx,max for individual impact events (Table 4.9,
dr,F x,max ). This means that for the estimation of Fx,max , SWASH is actually
the most recommended model to apply, because of the lowest computational cost.
Although, it is important to note that this conclusion is only valid for a relatively
straightforward geometry of a dike slope, promenade and vertical wall. For more
complex geometries of dikes (e.g., presence of roughness elements, small storm
walls with or without parapets, etc.), all numerical models considered in this paper remain untested and especially the simplified model SWASH is expected to
be insufficiently accurate, because the importance of vertical flows would increase.
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However, a meshless approach could potentially be the most capable to capture
nonlinearities of fluid–structure interactions derived from extremely complex dike
geometries.
Finally, the snapshot comparisons in Section 4.8.5 have shown that the p distributions modelled by OF resembled most closely to EXP during each stage of
a bore impact on the vertical wall and is therefore recommended when pressure
distributions are of particular interest. It is estimated that DSPH should be capable
of the same when the bore interactions are modelled more correctly by lowering
the wave phase error. On the other hand, because the non-hydrostatic effects in p
needed to be disregarded due to numerical discrepancies, SW1L/SW8L is limited
to hydrostatic p distributions.

4.10

Conclusions

Three open source CFD models were applied in 2DV to reproduce large-scale wave
flume experiments of bichromatic wave transformations over a cross-section of a
hybrid beach-dike coastal defence system, consisting of a steep-sloped dike with a
mildly-sloped and very shallow foreshore, and finally wave impact on a vertical wall:
(i) the RANS solver interFoam of OpenFOAM® (OF), (ii) the weakly compressible
SPH model DualSPHysics (DSPH) and (iii) the non-hydrostatic NLSW equations
model SWASH (depth-averaged (K = 1): SW1L, and multi-layered (K = 8):
SW8L).
The inter-model comparison of those three numerical models to the experiment
(EXP) demonstrated that they are all capable of modelling the dominant wave
transformation (i.e., propagation, shoaling, wave breaking, energy transfer from
the SW components to the bound LW via non-linear wave–wave interactions) and
the wave–structure interaction (i.e., individual wave overtopping, bore interactions,
and reflection) processes involved leading up to the impacts on the vertical wall,
albeit with a varying degree of accuracy. Based on a time series comparison, all
three applied numerical models initially appeared to have a good correspondence
of η, Ux , p and Fx to EXP. However, consistent differences between the models
were hard to distinguish in this purely qualitative way.
The accuracy was subsequently quantified more objectively by employing model
performance statistics and the nature of the errors was exposed by pattern statistics.
These statistics were plotted over the wave flume to provide spatial insight into
the model performance, and the pattern statistics were plotted in a skill diagram,
which visualised both the model performance and pattern statistics in a summarised
way. In all statistics, the original EXP was used as the comparison reference, so
that the repeated experiment (REXP) statistics could be used as reference for an
ideal numerical model performance. While none of the numerical models managed
to achieve such an ideal model performance, a rating of Good to Very Good was
achieved by all three of them for most parameters and measured locations.
The best overall model performance was achieved by OF, but required the
highest computational cost. Although DPSH managed the best reproduction of
the wave height until the dike toe, accumulation of errors in the wave setup and
wave phase in the surf zone and near the dike toe caused a lower model performance
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than OF at the dike toe and for the processes on the dike. From this, it followed that
accurate modelling of the wave setup and wave phases at the dike toe seem to be
most important for accurate modelling of the bore interactions on the promenade.
An analysis and comparison of snapshots of the numerical results on the dike
revealed that these bore interactions are determinative for the impacts on the
vertical wall.
Even though SWASH is a much more simplified model than both OF and
DSPH, it is shown to provide very similar results for the wave transformations until
the dike toe and even for the processes on the dike and impacts on the vertical
wall. When the impulse of the force on the structure is of lesser importance,
SWASH is even most recommended for this application, because it is able to predict
Fx,max relatively accurate for each individual impact, with a significantly reduced
computational cost, compared to OF and DSPH. However, SWASH is limited to
hydrostatic pressure profiles for the impacts on the vertical wall, which is not always
valid during more dynamic impact events. In addition, when the force impulse is
of importance and more accurate and detailed wave–dike interactions are needed,
OF is most recommended for this application.
For future work, it is suggested to investigate whether the same conclusion is
valid (particularly regarding applicability of SWASH) in the case of more complex
dike geometries.
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(a) Time instant 1

(b) Time instant 3

(c) Time instant 4

(d) Time instant 5

Figure 4.29: Numerical comparative snapshots of the water flow on the dike per time
instant (a-d). Colours are the velocity magnitude |U | according to the colour scale shown
at the top of each figure. The red arrows are the velocity vectors, which are scaled for a
clear visualisation. Each model snapshot has two inset graphs: at the top is a time series
plot of Fx in which a marker indicates the time of the snapshot, and along the vertical
wall p is plotted at each pressure sensor location (vertical axis is z [m]).
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(a) Time instant 6

(b) Time instant 8

Figure 4.30: Figure 4.29 continued (a-b).
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(a) Time instant 2

(b) Time instant 7

Figure 4.31: Numerical comparative snapshots of the water flow on the dike per time
instant (a-b). Colours are the velocity magnitude |U | according to the colour scale shown
at the top of each figure. The red arrows are the velocity vectors, which are scaled for a
clear visualisation. Each model snapshot has two inset graphs of Ux at the ECM location
on the promenade: at the top is a time series plot of Ux in which a marker indicates the
time of the snapshot, and next to the vertical wall the numerical Ux -profile is plotted over
the water column at the ECM location (vertical axis is z [m]) together with the single
point Ux measurement by the ECM (+marker).

Chapter 5

Conclusions and
recommendations
The research in this dissertation aimed to contribute in the improvement of and to
further increase knowledge on hydrodynamic modelling of wave interactions with
a sea dike on a shallow foreshore. Such improvements are crucial to advance the
scientific understanding of the governing processes involved and to further optimise
design methods so that unnecessary conservatism or catastrophic underestimation
is reduced.
The hydrodynamic modelling was based on two distinct but equally important
and complementary approaches applied in coastal engineering research: (1) physical modelling and derived (semi-) empirical models, and (2) numerical modelling.
The research started with an establishment of the scientific state-of-the-art on
these subjects and an identification of knowledge gaps, upon which more specific
objectives (SO) were identified.
In terms of physical modelling, the effect of the foreshore slope angle on wave
interactions with sea dikes on shallow foreshores was investigated by wave flume
experiments for different foreshore slope angles, where the wave transformations
over the foreshore, the overtopping and the bore impact forces on the dike-mounted
vertical wall were measured. The resulting dataset was then used to verify or improve existing empirical models for the prediction of the wave interaction processes
with the sea dike.
In terms of the numerical modelling, first a Reynolds-averaged Navier-Stokes
(RANS) multiphase solver for two incompressible and immiscible fluids (water and
air), interFoam of OpenFOAM® with olaFlow wave boundary conditions (OF), was
validated for wave interactions with a dike on a shallow foreshore, including bore
impacts on the dike-mounted vertical wall, using large-scale experiments (EXP).
Then, an inter-model comparison was conducted between three numerical models:
(i) the validated OF model, (ii) the weakly compressible SPH model DualSPHysics
(DSPH) and (iii) the non-hydrostatic NLSW equations model SWASH (depthaveraged (SW1L) and with 8 vertical layers (SW8L)). This was done to investigate
which type of those three numerical models is most accurate and most applicable
in engineering practice for modelling bore impacts on sea dikes and dike-mounted
143
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walls in the presence of a shallow foreshore.
In the following sections a complete overview is provided of all key findings
obtained in this dissertation, followed by recommendations for further research.

5.1

Summary of key findings

In the following list, the key findings of this research are summarised and numbered
by Ci.j (with i the number of the main objective in Section 1.2 and j the number
of the key finding). When a key finding is related to a specific objective listed in
Section 2.5, it is indicated between parentheses (i.e., (SOi.j) with i the number of
the main objective in Section 1.2 and j the number of the knowledge gap identified
in Chapter 2).
C1.1 A new experimental dataset is available (designated ’UGent-CREST’) of 2D
wave flume physical modelling of wave overtopping and impacts on dikes
with a shallow foreshore, with for the first time a combination of a variation
in the foreshore slope, including steeper and milder sloped foreshores (i.e.,
1/20, 1/35, 1/50 and 1/80) than the slope of 1/35 typically tested in the
past, and second order wave generation with LW AWA to prevent build-up of
(spurious) long wave energy. The dataset also includes high spatial resolution
measurements of surface elevations along the foreshore slope (for the first
time applied for this type of cross-section), allowing a more detailed study
of the infragravity waves and their effect on wave interactions with sea dikes
on shallow foreshores.
C1.2 (SO1.1) Based on a comparison of similar tests from the ’UGent3’ (no LW
AWA) and ’UGent-CREST’ (including LW AWA), it was confirmed that active wave absorption in physical models should include absorption of both
reflected long waves and seiches when testing coastal structures with a very
shallow foreshore. Otherwise, build-up of long wave energy will significantly
affect the measurements of incident wave conditions at the dike toe and wave
interactions with the sea dike.
C1.3 (SO1.1) In addition, it was found that the spurious (i.e., not occurring in the
field) long waves, introduced by first order wave generation at the offshore
boundary in nearshore experimental and numerical models, affect the spectral
wave period at the dike toe, the maximum individual overtopping volume, the
mean wave overtopping discharge and the maximum impact force. Second
order wave generation prevents such spurious long waves and is therefore
recommended, especially when considering extreme individual events.
C1.4 It was confirmed that long waves feature strong reflection from a dike with
shallow foreshore, while they might break on mildly sloped beaches in the
surf zone and reflect much less from the shoreline in case no dike is present.
The presence of the dike therefore affects long wave reflection significantly.
This was observed for the first time based on physical modelling.
C1.5 (SO1.2) An existing prediction formula for H̃ig (see Equation (2.12)) was
compared to the ’UGent-CREST’ dataset. It was found that the model
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generally underestimates H̃ig by about 20% for the case of incident wave
conditions at the dike toe (i.e., without dike).
C1.6 (SO1.3) An existing semi-empirical formula for Tm−1,0,t (Hofland et al.,
2017) was compared to the ’UGent-CREST’ dataset, and the model returned
an overestimated value, especially for the case of steep shallow foreshore
slopes (i.e., up to a factor of 2). A critical review of the datasets used to
derive the prediction formula was performed and it was found that datasets
based on first order wave generation without LW AWA provided overestimated
values for Tm−1,0,t (see also C1.2 and C1.3). Therefore only datasets based
on second order wave generation including LW AWA were combined with the
’UGent-CREST’ dataset. A modification of the formula has been carried out,
making it applicable and more accurate for use in cases with steeper shallow
foreshore slopes.
C1.7 (SO1.4) It was found that most of the ’UGent-CREST’ data fall within the
90% error bounds of the prediction formula of Altomare et al. (2016) for q
(see Equation (2.23)), confirming the applicability of the prediction formula
to this dataset. However, a residual influence of the foreshore slope was still
noted that is not taken into account yet by the empirical model, especially
for dimensionless freeboards greater than about 4 (see Figure 3.21), where
q for the steepest tested foreshore slope (i.e., 1/20) was found to be underestimated and overestimated for the mildest tested foreshore slope (i.e.,
1/80).
C1.8 Low-pass filtering of the measured signal of the impact forces was applied, effectively removing mostly the stochastic (non-repeatable) part of the dynamic
impact force peaks Fdyn and therefore reducing them to their quasi-static
component Fqs . This improved the repeatability of Fmax significantly. Such
repeatability was shown to be important to reduce uncertainty in the prediction formula derived from the physical model experiments and for validation
of deterministic numerical models. It is noted that the applied filtering is
acceptable when considering loading of buildings with a low resonance frequency (i.e., up to ∼ 3 Hz). However, short-duration force peaks associated
with impulsive and dynamic peaks are still of interest to building parts with
higher resonance frequencies (i.e., windows, doors, etc...). In those cases,
a dynamic impact force safety factor should be applied to the quasi-static
Fmax (see Section 2.1.2).
C1.9 (SO1.5) A new empirical model for the prediction of the maximum overtopped bore impact force Fmax on a non-overtoppable wall mounted on a
dike with a shallow foreshore was developed that is based on wave conditions
and geometrical parameters alone (see Equation 3.9). A significant effect of
the foreshore slope angle in addition to the dike geometry (i.e., promenade
width) on the maximum wave impact force was discovered and taken into
account in the model. However, in Section 3.2.3 it was shown that the observed Fmax still has a relatively high CV of about 20% for repeated tests
with different irregular wave train realisations (see Table 3.7), mostly because
the amount of overtopping events (and therefore impacts) was limited. This
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means that Fmax , calculated based on the newly proposed prediction formula (3.9) should be increased by at least 20% to take this uncertainty into
account.
C2.1 Based on Willmott’s refined index of agreement dr (see Equation (4.2)), a
new model performance statistic called the relative refined index of agreement d′r was proposed (see Equation (4.5)), that takes the experimental uncertainty, derived from a repeated test, into account in the numerical model
performance evaluation. Based on value ranges of d′r , a classification into
model performance ratings (i.e., Excellent, Very Good,..., Bad) was proposed
as well. This increases the quantification of model performance analyses.
C2.2 (SO2.1) A RANS multiphase solver for two incompressible and immiscible fluids (water and air), interFoam of OpenFOAM® with olaFlow wave boundary
conditions (OF), was validation for wave interactions with a dike on a shallow foreshore, including bore impacts on the dike-mounted vertical wall, using
large-scale experiments (EXP). OF was not validated before in this context,
where (prior to impact) waves undergo many non-linear transformations and
interact with a dike slope and promenade. A model performance rating of
Very Good was achieved by OF compared to the experiment for all relevant
design parameters (i.e., η, Ux , p, and Fx ), which demonstrates for the first
time OF’s applicability for the design of such hybrid coastal defence systems.
C2.3 (SO2.1) Remaining discrepancies in the comparison between OF and EXP
were found to be mainly caused by the different wave generation methods applied in OF (static boundary) and EXP (moving wave paddle), which caused
an underestimation of the incident wave energy and an overestimation of the
offshore wave setup in OF compared to EXP. Consequently, when applying
OF for a design of a hybrid coastal defence system, the incident wave energy is recommended to be calibrated, while the wave setup development for
a static boundary condition with AWA in OF is actually closer to the field
condition compared to EXP (because of the finite water mass).
C2.4 (SO2.1) A detailed comparison of snapshots at key time instants of bore
interactions leading up to two different bore impacts on the vertical wall (see
Section 4.3.4) revealed that even slight errors in wave phases by OF compared
to EXP led to very different bore interaction patterns on the promenade and
finally to different bore impact types on the wall.
C2.5 (SO2.2) In the inter-model comparison, the best overall model performance
relative to EXP was achieved by OF, but required the highest computational
cost (in the order of days for a short time series of ∼ 20 waves). Although
DPSH (calculation time in the order of hours) managed the best reproduction
of the wave height until the dike toe, accumulation of errors in the wave setup
and wave phase in the surf zone and near the dike toe caused a lower model
performance than OF at the dike toe and for the processes on the dike. Even
though SWASH (calculation time in the order of minutes) is a much more
simplified model than both OF and DSPH, it was shown to provide very
similar results for the wave transformations until the dike toe (which is a
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verification of existing research) and even for the processes on the dike and
impacts on the vertical wall (new result).
C2.6 (SO2.2) When the impulsive or dynamic part of the impact force on the
structure is of lesser importance (i.e., in case of rigid buildings), SWASH
is the most recommended for this application, because it is able to predict
Fx,max relatively accurate for each individual impact, with a significantly
reduced computational cost, compared to OF and DSPH. However, SWASH
is limited to hydrostatic pressure profiles for the impacts on the vertical wall,
which is not always valid when dynamic impact events are relevant (i.e., in
case of local structural elements with higher natural frequencies). So when
the force impulse is of importance and more accurate and detailed wave–dike
interactions are needed, OF is most recommended for this application. DSPH
can be considered as a good alternative to OF, with only slightly worse model
performance, but with the advantage of a lower calculation time, especially
when coupled to SWASH.
Based on this overview of key findings, it can be concluded that the research
presented in this dissertation has achieved the (specific) objectives it set out to do.

5.2

Recommendations for future research

Although a long list of achievements has been described already in Section 5.1, the
research triggered additional questions and ideas, which are listed hereafter in more
detail in the form of recommendations for future research. When a recommendation
is related to a key finding, it is indicated between parentheses (i.e., (Ci.j) with i the
number of the main objective in Section 1.2 and j the number of the key finding
listed in Section 5.1).
• (C1.1, C1.4) Further research into the role of the dike in the strong reflection
of long waves, should lead to better insight into changes in the hydrodynamics
and influence on the surf zone morphodynamics during storm conditions, as
compared to a regular beach without dike (de Bakker et al., 2015; de Bakker
et al., 2016). This is possible with the current physical model dataset ’UGentCREST’, thanks to the HSR measurements of the surface elevation. However,
it is also recommended to do this with the numerical model SWASH, that
was validated for wave transformation processes until the dike (C2.5), so that
the available physical dataset can be extended with many more variations in
foreshore slope, water depth and offshore incident wave conditions.
• (C1.6) The new adapted formula 2.16 underestimates Tm−1,0,t for h̃ > 0.5
and cot θ ≤ 50. More data is necessary to extend the dataset for steeper foreshore slopes and extremely shallow foreshores. The dependency of c on cot θ
could then be further explored. Possibly also the fitting coefficients c1 – c4
of Equation 2.16 (see Table 2.6) should be recalibrated as well. Existing and
very extensive datasets of laboratory experiments and numerical modelling
of steep fore reefs from Masselink et al. (2019) and steep foreshores from
Lashley, Bricker, et al. (2020) could be used to extend the steep foreshore
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slope data. If necessary, a SWASH model validated to the ’UGent-CREST’
laboratory experiments could be used as well, to further extend the dataset.
• (C1.6) The present work has shown that changing the coefficient c for steep
foreshore slopes (cot θ < 100) extends the applicability of the prediction formula 2.16. Nguyen et al. (2020) have shown that for very gently sloped foreshores (cot θ ≥ 500) the prediction formula 2.16 underestimates Tm−1,0,t . It
is advised to further investigate the dependency of c to the foreshore slope
for cot θ > 100 as well, to extend the prediction formula to very gently sloped
foreshores (e.g., with numerical data for very gently sloped foreshores from
Nguyen et al. (2020) and/or Lashley, Bricker, et al. (2020), see Table 2.4).
• (C1.6) The Tm−1,0,t prediction formula (2.16) for long-crested waves was
improved for steeper foreshore slopes by adaptation of the power c. For
short-crested waves a similar effect is expected, but still needs to be verified
by laboratory experiments and/or numerical modelling. Again, the dataset
of Lashley, Bricker, et al. (2020) contains also short-crested (numerical) data
that might be relevant to this study.
• (C1.7, C1.9) A clear residual effect of the foreshore slope is still noted in
the comparison of the ’UGent-CREST’ overtopping data with the prediction formula (2.23) for q. Separately, Nguyen et al. (2020) found that the
model did not predict q well for very gently sloped foreshores (i.e., a severe
underestimation for cot θ > 250). This further establishes that a residual
influence of the foreshore slope angle is still present which is currently not
taken into account by the empirical model. An adaptation of the formula
is recommended to advance future research in this direction. Because the
dimensionless F max is linearly correlated to the dimensionless q (see Figure 3.23a), one promising idea is to apply an influence factor similar to γr,ig
(see Equation (3.7)), based on H̃ig , which proved to be effective in taking
the effect of the foreshore slope angle into account in the new prediction
formula (3.9) for Fmax .
• (C1.7) The individual overtopping volumes Vi are available in the ’UGentCREST’ dataset, but beyond the influence of the order of wave generation
on Vmax (see Section 3.3.1) they were not analysed further in this work.
However, it is strongly recommended to advance research for individual overtopping for a dike with a shallow foreshore and the effect of the foreshore
slope angle as well, because of its increasing importance in design and safety
assessment methodologies (together with the flow depth and velocity on top
of the promenade). The new ’UGent-CREST’ dataset is recommended to
be used for that research, especially for a prediction formula of Vmax . The
existing ’UGent1’, ’UGent2’ and ’UGent3’ datasets also include Vi measurements for a very similar tested geometry and hydrodynamic conditions (see
Table 2.4). However, these tests were influenced by spurious long waves and
long wave energy build-up due to application of first order wave generation
without LW AWA (see Section 3.3.1).
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• (C1.8) In the data processing to obtain Fmax (see Section 3.2.3), a lowpass filter was applied that removed both the natural frequency responses
from the LC set-up and the stochastic part of the force peaks in case of
high frequency impulsive/dynamic wave impacts. Still, such short-duration
force peaks associated with impulsive and dynamic peaks are of interest to
building parts with higher resonance frequencies (i.e., windows, doors, etc...).
In those cases, a dynamic impact force safety factor αim should be applied
to Fmax (see Equation 2.8). Since the dynamic impact forces were disturbed
by the natural frequencies of the LC set-up in the present dataset, this factor
could not be evaluated in this study. However, it is recommended to further
investigate suitable values for this factor.
• (C1.9, C2.6) The spreading of the values with a dimensionless freeboard
larger than 4 is still high in Figure 3.27, because only very few such data
were available in the ’UGent-CREST’ dataset. More such data is necessary
to improve the model further. It is expected that with more data, the influence factors γr,ig and γr,prom can be determined more accurately as well.
Additional data could be generated by further physical modelling or by numerical modelling using the computationally efficient SWASH model which
was shown in this work to provide a good prediction for the (quasi-static)
maximum bore impact force Fmax .
• (C1.9, C2.6) In Section 3.2.3 it was shown that the observed Fmax still has
a relatively high CV of about 20% for repeated tests with different irregular
wave train realisations (see Table 3.7). To reduce this uncertainty, it should
be investigated further how to obtain a more stable characteristic value for
Fmax that is independent from the realisation of the wave train of ∼ 1000
waves. This could be further investigated by, e.g., modelling very long time
series (i.e., >> 1000 waves), using the computationally efficient SWASH
model (which was shown in this work to provide a good prediction for the
(quasi-static) maximum bore impact force Fmax ), and developing a statistical
prediction method such as by Chen et al. (2016).
• (C1.9) Given the fact that the new prediction model (3.9) was found beginning from the dimensionless force and freeboard from the VD model for
deep foreshores (Van Doorslaer et al., 2017), it seems feasible that a unified
empirical model can be obtained, applicable to dikes with deep and shallow
foreshores both.
• (C1.9) The new prediction model (3.9) for Fmax is valid for long-crested
waves only. In case of short-crested waves, the directional spreading is expected to have a significant reducing effect on Fmax , similar to what was
found for q in case of short-crested waves by Altomare et al. (2020). An
additional challenge for the case of short-crested waves is expected to be
the added uncertainty due to an alongshore variation of Fmax . The physical
modelling dataset of Altomare et al. (2020) also included force impact measurements (see Table 2.4) and could be used for this recommended research.
• (C1.5, C1.9) The new prediction model (3.9) for Fmax requires calculation
of the incident H̃ig . However, Equation (2.12) was found to underestimate
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this by about 20%, which is problematic in this context. A recalibration of
Equation (2.12) to both numerical and physical model data (including the
’UGent-CREST’ data), but only for data without a dike, is advised for this
application.
• (C2.5, C2.6) SWASH was found to provide similar results to the more complex models OF and DSPH for wave interactions with a dike on a shallow
foreshore, including bore impact forces on the dike-mounted vertical wall. It
is recommended to investigate whether the same conclusion is valid in the
case of more complex dike geometries, such as for example storm walls on
top of the promenade, stilling wave basins,...
• Although it was not included in this work, the author contributed significantly
to the preliminary and detailed design of a field measurement setup with an
”artificial dike” concept (Gruwez et al., 2019), that led to the realisation of
a unique field measurement campaign called ’Living Lab Raversijde’ (LLR)
at Raversijde (see Figure 1.1). On the initiative of the Flemish government
(MOW), research infrastructure and in situ measurements at Raversijde will
be provided over a period of 10 years (2021 - 2030) for the purposes of research to advance our knowledge on the Flemish (Belgian) coastal protection
against flooding. This substantial investment by MOW (i.e., more than EUR
2 million) facilitates research on wave interactions with a sea dike on a shallow foreshore during storm conditions by way of construction of an artificial
dike near the high water line with a lower dike crest level, allowing approximately five overtopping events to be measured per storm season. In addition,
detailed hydro- and morphodynamic monitoring over the nearshore coastal
zone seaward of the LLR site will be provided. Once these field data become
available, it is highly recommended to validate the physical, empirical and
numerical modelling discussed in this work with field measurements.

Appendix A

Numerical convergence
analyses
The OF result is influenced by many of its settings, of which the spatial discretisation of the model domain and time stepping are the most important (Larsen et al.,
2019). The same is valid for DSPH and SWASH. Their convergence analysis is
presented here. The numerical model convergence analysis is based on η at the
experimental wave gauge locations over the wave flume up to the dike toe, since
it is the most important driver of model performance of the subsequent processes
on the dike. The wave force at the vertical wall is not suitable as reference for the
grid convergence analysis, because relatively small differences in wave phase can
cause very different types of bore interactions on the promenade and therefore very
different resulting bore impacts (Section 4.3.4).

A.1

Model Convergence Statistics

For the convergence analysis, four customised statistical error indicators are considered, among which the first three are defined to reflect several aspects of the η
time series considered (i.e., wave setup, wave height and wave phase):
• Freeboard normalised bias, N B:
NB =

B
Rc

(A.1)

in which Rc is the freeboard, and B is the bias (4.7). The bias or difference in
the wave setup is normalised with the freeboard which is one of the governing
parameters for waves overtopping a dike (Van der Meer et al., 2018).
• Residual error of the normalised standard deviation, RN SD:
RN SD = 1 − σ ∗

(A.2)

in which σ ∗ is given by (4.6) and in which the observed time series is the
reference time series and the predicted time series is the considered time
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series. A positive RN SD signifies a higher wave height and a negative
RN SD signifies a lower wave height compared to the reference.
• Residual error of the correlation coefficient, RCC:
RCC = 1 − R

(A.3)

in which R is the correlation coefficient, given by (4.9), between the reference
time series and time series of interest. Lower RCC values indicate better
phase correspondence of the considered time series to the reference.
• Normalised mean absolute error, N M AE, given by:
N M AE =

M AE
· 100%
Omax − Omin

(A.4)

in which M AE is the mean absolute error, given by (4.3), and Omax and
Omin are the respective maximum and minimum values of the reference time
series.
The closer these statistics are to zero, the lower the difference between the
considered and reference time series.

A.2
A.2.1

Convergence Analyses
OpenFOAM

The grid convergence analysis varies the refinement level in the surface elevation
zone βsez up to the dike toe (i.e., βsez = 0, 1, 2, 3; Figure 4.3) and uses the mesh
with the highest level (i.e., βsez = 3 or ∆x = ∆z = 0.0225 m) as the reference
to which the other (coarser) resolution simulations are compared to. Convergence
is achieved when no other significant changes are observed compared to a finer
grid resolution model. The time stepping convergence analysis uses the run with
the lowest maxCo number (i.e., maxCo = 0.15) as the reference to which other
temporally coarser simulations (i.e., maxCo = 0.45, 0.25) are compared to. The
statistical error indicators from Section A.1 are provided in Figures A.1 and A.2.
All errors are close to or less than 5% at the toe of the dike for βsez = 2 (i.e., ∆x =
∆z = 0.045 m) and maxCo = 0.25. Even though maxCo = 0.45 does not show
much higher errors than a value of 0.25, maxCo = 0.25 was preferred, because
higher maxCo simulations were found to be prone to numerical instabilities. In any
case, as long as the maxCo number cannot be defined separately for the air and
water phases, the time step is mostly determined by the high spurious velocities
that occur at the water-air interface. Because these spurious velocities are much
higher (2 - 3 times) than the velocities in the water phase, much lower Courant
numbers are actually obtained in the water phase (Roenby et al., 2017). This
also explains why only limited differences between the tested maxCo values are
observed here.
Moreover, the N M AE shows in both cases a similar value at the toe of the dike
(WG14) to that of the ∼ 3% obtained between EXP and REXP. The remaining
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numerical error is therefore assumed acceptable, and the mesh resolution and time
stepping can be considered sufficiently converged for those settings (βsez = 2;
maxCo = 0.25).

Figure A.1: OF model grid resolution convergence analysis of the η time series at the WG
locations along the flume up to the dike toe (WG14) based on (a) the normalised bias, (b)
the residual normalised standard deviation, (c) the residual correlation coefficient, and (d)
the normalised mean-absolute-error. The reference is the finest mesh with a refinement
level in the surface elevation zones βsez of 3.

Figure A.2: OF model time step convergence analysis based on maxCo for the mesh
with βsez = 2. The reference is the lowest maximum Courant number applied (maxCo =
0.15). See caption of Figure A.1 for the description of (a-d).
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DSPH

Rota Roselli et al. (2018) identified the most important parameters that influence the model accuracy in terms of nonlinear wave propagation, among them the
smoothing length hSP H , the artificial viscosity parameter αav and the initial particle distance dp. However, the current case also includes wave transformations over
a beach with decreasing water depth towards the dike, for which dp is found to be
the most important parameter. The convergence analysis for DSPH is therefore
focused on dp (Figure A.3).

Figure A.3: DSPH model inter-particle distance dp convergence analysis of the η time
series at the WG locations along the flume up to the dike toe (WG14), based on (a) the
normalised bias, (b) the residual normalised standard deviation, (c) the residual correlation
coefficient, and (d) the normalised mean-absolute-error. The reference is the highest
resolution simulation with dp = 0.02 m.

Three initial particle distances (i.e., dp = 0.04 m, 0.03 m, 0.024 m) are compared to the finest resolution (i.e., dp = 0.02 m). In Figure A.3 it is shown that
for dp = 0.024 m, most statistical errors stay close to 5% at the toe of the dike,
but approaches 8% for the N B, which is too high to be able to assume a converged state. This indicates that the resolution might still be too low to be able to
sufficiently resolve the wave setup at the toe of the dike (∼ 0.05m based on the
experimental result). To check convergence of N B an even higher resolution of
dp = 0.01 m would be needed. However, this resolution was not practically feasible
due to the huge amounts of data and computational costs involved. Therefore, the
initial inter-particle distance dp of 0.02 m is assumed to be a sufficiently converged
resolution and is used for the analysis.

A.2.3

SWASH

In case of the SWASH model, the convergence analysis is focused on the grid resolution. Grid cell sizes ∆x = 0.2, 0.4 and 0.8 m are considered, and the convergence
statistics are applied with reference to the finest resolution (∆x = 0.1 m). The
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result in Figure A.4 shows that the convergence errors of ∆x = 0.2 m stay within
∼ 5% of the finest resolution. A resolution of ∆x = 0.2 m is therefore used for
the analysis. The same conclusion is valid for both SW1L and SW8L (not shown).

Figure A.4: Same as Figure A.3 but for the SW1L model grid resolution convergence
analysis. See caption of Figure A.3 for the description of (a-d). The reference is the finest
grid model result with a horizontal grid cell resolution of ∆x = 0.10 m.
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T., & Verwaest, T. (2015). Applicability of Smoothed Particle Hydrodynamics for estimation of sea wave impact on coastal structures. Coastal
Engineering, 96, 1–12. https://doi.org/10.1016/j.coastaleng.2014.11.001
Altomare, C., Domı́nguez, J. M., Crespo, A. J. C., Suzuki, T., Caceres, I., &
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Vukčević, V., Jasak, H., & Gatin, I. (2017). Implementation of the Ghost Fluid
Method for free surface flows in polyhedral Finite Volume framework.
Computers & Fluids, 153, 1–19. https://doi.org/10.1016/j.compfluid.
2017.05.003
Vyzikas, T., Stagonas, D., Buldakov, E., & Greaves, D. (2018). The evolution
of free and bound waves during dispersive focusing in a numerical and
physical flume. Coastal Engineering, 132, 95–109. https://doi.org/10.
1016/j.coastaleng.2017.11.003
Wemmenhove, R., Luppes, R., Veldman, A. E. P., & Bunnik, T. (2015). Numerical
simulation of hydrodynamic wave loading by a compressible two-phase
flow method. Computers & Fluids, 114, 218–231. https://doi.org/10.
1016/j.compfluid.2015.03.007
Wendland, H. (1995). Piecewise polynomial, positive definite and compactly supported radial functions of minimal degree. Advances in Computational
Mathematics, 4 (1), 389–396. https://doi.org/10.1007/BF02123482
Wenneker, I., Wellens, P., & Gervelas, R. (2011). VOLUME-OF-FLUID MODEL
COMFLOW SIMULATIONS OF WAVE IMPACTS ON A DIKE. Coastal
Engineering Proceedings, 1 (32), 17. https://doi.org/10.9753/icce.v32.
structures.17
Whittaker, C. N., Fitzgerald, C. J., Raby, A. C., Taylor, P. H., & Borthwick, A. G. L.
(2018). Extreme coastal responses using focused wave groups: Overtopping and horizontal forces exerted on an inclined seawall. Coastal Engineering, 140, 292–305. https://doi.org/10.1016/j.coastaleng.2018.08.004
Whittaker, C. N., Fitzgerald, C. J., Raby, A. C., Taylor, P. H., Orszaghova, J., &
Borthwick, A. G. L. (2017). Optimisation of focused wave group runup
on a plane beach. Coastal Engineering, 121, 44–55. https://doi.org/10.
1016/j.coastaleng.2016.12.001
Willmott, C. J., Matsuura, K., & Robeson, S. M. (2009). Ambiguities inherent in
sums-of-squares-based error statistics. Atmospheric Environment, 43 (3),
749–752. https://doi.org/10.1016/j.atmosenv.2008.10.005
Willmott, C. J., Robeson, S. M., & Matsuura, K. (2012). A refined index of model
performance. International Journal of Climatology, 32 (13), 2088–2094.
https://doi.org/10.1002/joc.2419
Windt, C., Davidson, J., Schmitt, P., & Ringwood, J. V. (2019). On the Assessment
of Numerical Wave Makers in CFD Simulations. Journal of Marine Science
and Engineering, 7 (2), 47. https://doi.org/10.3390/jmse7020047
Xiao, H., Huang, W., & Tao, J. (2009). Numerical modeling of wave overtopping
a levee during Hurricane Katrina. Computers & Fluids, 38 (5), 991–996.
https://doi.org/10.1016/j.compfluid.2008.01.025

REFERENCES

173

Xie, P., & Chu, V. H. (2019). The forces of tsunami waves on a vertical wall and
on a structure of finite width. Coastal Engineering, 149, 65–80. https :
//doi.org/10.1016/j.coastaleng.2019.03.013
Xie, Z. (2013). Two-phase flow modelling of spilling and plunging breaking waves.
Applied Mathematical Modelling, 37 (6), 3698–3713. https://doi.org/10.
1016/j.apm.2012.07.057
Zijlema, M., Stelling, G., & Smit, P. (2011). SWASH: An operational public domain
code for simulating wave fields and rapidly varied flows in coastal waters.
Coastal Engineering, 58 (10), 992–1012. https : / / doi . org / 10 . 1016 / j .
coastaleng.2011.05.015

