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ABSTRACT

The work highlights the importance of directiongresading effects on wave overtopping estimation in
shallow and mild sloping foreshores. Wave shorste@ness leads, in general, to a reduction of mean
overtopping discharges on coastal structures.dmpthsent work, the case of a sea dike with gémtéshore

in very and extremely shallow water conditions malgsed. Physical model tests have been carriegnout
order to investigate the effect of directional slieg on overtopping and incident wave charactesistn

the present experimental campaign, the effect offewapreading has only been investigated for
perpendicular wave attack. Results show that daeat spreading is proved to cause a reductiorvefege
discharge of sea dikes with gentle and shallowstowee. Expressions for the reduction factor foectional
spreading are derived, fitted on the tested databd®e use of this reduction factor leads to mam@iEte
prediction and avoids overtopping overestimatiamwéver reduction-factor formulations are overtoppin
formula depending.

KEYWORDS: Wave overtopping; directional spreading; reductewtor; shallow foreshore; sea dike.

1 INTRODUCTION

Coastal areas worldwide are at risk because ofrgpdigenic and natural hazards, which are expected t
increase due to changing climate (Weissal, 2012). Effects of the climate change, such as#zzlevel
rise and the occurrence of more severe and freaiemms represent major threats to coastal defefites
mean sea level has been increasing during thecéadtiry on average of 1-2 mm/year, tendency that is
worsening during the last few decades (Jevregal, 2006). Besides, the 2@entury has seen already a
number of severe storms causing damage and floadbniglwvide. Examples of these storms are: the iNort
Sea flood of 1953, considered to be the worst ahtlisaster of the 20th century both in the Netrais,
Belgium and the United Kingdom, claiming 2,551 vand leading to damages for more than 0.6 bn USD;
Xynthia in 2010 (63 casualties and damages for rtiae 1.4 bn USD); Xaver in 2013 (15 casualte$,3

bn USD). Worldwide, the Hurricane Katrina causedral25 bn USD damages and 1,800 casualties only in
USA in 2005, probably the most destructive hurrecam the latest 20 years in USA, followed by Harvey
(2017, 68 fatalities and 125 bn USD damages) amdiy562012, 233 fatalities 68.7 bn USD). In the same
geographical area, in 2017 the Hurricane Mariac&tand devastated Dominica, the U.S. Virgin Islarachsl
Puerto Rico, with over 3,000 fatalities and 91.61USD damages. All the aforementioned events ategju
few examples of a long list of severe weather dimB that are likely to occur again, enhanced Hey t
climate change. In particular, low-lying countrige ones of the most exposed areas to wave ovartppp
and sea flood. These countries are characterisatbhsely populated and low-elevation coastal atteats
despite the increasing risk for flooding, are elgraing a continuous population growth. In many dow
elevation coastal areas, very shallow, long andlgéoreshores lie in front of the coastal protes. Only a
few studies are available in literature on wave rgping prediction for such a beach layout and
specifically in combination with sea dikes (van Getal, 2007; Altomareet al, 2016; Suzuket al, 2017).
These studies analysed the case of long-crested w@nditions, being based on wave flume experirhenta
campaigns or 2DV numerical modelling. However sitof high importance to understand the influence of
gentle and shallow foreshores for real three-dinoeasé sea states (short-crested waves) on wave
transformation and wave overtopping. Guza & Fedder®012) demonstrated influence of directional
spreading for wave run-up and Suzuki et al. (2GhHwed one for wave overtopping by phase resolving
wave models. However, those were limited to the enical modelling. While numerical solvers can help
characterise wave transformation and overtoppingliort-crested waves (Zijlene al, 2011; Roelvinket



al., 2009), not many data are available for a propedehvalidation are available for the aforementtbne
conditions with shallow and gentle foreshores un@etistic sea states, i.e. short-crested wavegsi¢di
model tests have been usually carried out for &iraes lying on horizontal bottom and deep or inexirate
water conditions ate the toe, not taking into actdhe influence of gentle and shallow foreshomresg.(
Ngrgaard et al., 2014; van Gent and Van der Weif,92 Besides, the behaviour of free and bound
infragravity waves over a sloping bottom (Jansseal, 2003; Battjest al, 2004; van Dongereat al,
2007) under realistic sea states will be of interés would be important to take into account the
characteristics of free and bound long waves, whi@minate the hydrodynamics in the shallow foreshor
in order to understand overtopping phenomena itiasthéoreshore condition better.

Physical model tests have been carried out inliaBosv-water wave basin at Flanders Hydraulics Rede
(FHR) in Antwerp, Belgium, to analyse the influerafedirectional spreading on wave overtopping aost{p
overtopping processes on sloping sea dikes with faBshore slope in case of very and extremelilasha
water conditions (Hoflancet al, 2017). The experimental campaign is part of tHREST (Climate
REsilience coast) project (http://www.crestprojeeten), a Belgian-funded project and the goal atiwvis

to increase the knowledge of coastal processeshmarand landward.

In the present work, the influence of wave shoestedness on mean overtopping discharge is distusse
The results are compared with existing semi-emgiriormulae from literature. This work aims at
representing a first step towards a more compréensderstanding of wave overtopping of sea dfkes
cases with very and extremely shallow foreshorestdueal three-dimensional sea states.

2. SHALLOW WATER CRITERIA

The foreshore can be defined as the part of thbesehathymetry in front of the dike toe, that cause
processes like wave breaking and refraction. Thetmecent criterion to define the shallowness @ th
foreshores has been published by Hofl@bdil. (2017). The authors characterise the shallownétkeo
foreshore by means of the ratio of the still watepth near the structurl, by the offshore wave height,
Hmoo, In deep waters (Figure 1). Table 1 shows theesrg foreshore shallowness as in Hoflatdal.
(2017). These criteria allow avoiding misinterptieta of the shallowness as for cases with non-bngak
swells on deep foreshores. In the present reseeaishs from very shallow to extremely shallow fbogss,
which imply heavy wave breaking, have been modelled
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Figure 1. Layout for the definition of offshore ato@ conditions. The offshore conditions are intkdaby the offshore spectral wave
period T.1 00and the offshore wave height,é1, The conditions at the toe of a possible structreeindicated by the spectral wave
period, T,.1 0, the wave height at the tog,5t and the water depth at the toe andstill water level (SWL) is indicated, as well.

Table 1. Ranges of foreshore shallowness (Hoferad, 2017)
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A new set of formulas for the wave period calculatat the toe of the dike were proposed by Hofletnall.
(2017). For long-crested waves, the increase ofsgeetral period from offshore to the toe of thiedis
expressed by:

Inrot g -6 exp(—4h) + exp(—h) (1)

Tim-1,0,0
where T.100and T,10:are the spectral wave period offshore and at dkeréspectively and & is new
parameter for relative water depth defined as ¥aito

ot (cotG)O'Z )

Hmo,o \ 100

being coty the foreshore slope, ranging between 35 and 25ddiitand et al. (2017) For short-crested
waves, a formula with similar shape was presented:

Tm-10t _ 1 — g exp(—6h) + 0.25 exp(—0.75h) 3)

Tim-1,00

3. AVERAGE WAVE OVERTOPPING ASSESSMENT IN EXISTING LITERATURE

Wave overtopping occurs when sea waves run up aodstences which are not high enough to prevent
flows over their crest. Wave overtopping is a veoynplex phenomenon because it varies in time aadesp
during the same storm event. It is common pra¢ticessess the mean or average overtopping disctiege
can be defined as the ratio between the total velahwater that overtops a coastal defence by thation

of the storm event. Hence, mean wave overtoppingdsly used worldwide as one of the most important
design criteria for coastal defences. It is a saripit meaningful parameter. Mean overtopping depaod
only on the local wave conditions, but also ondie geometry (crest elevation, presence of stoatsver
blocks, etc.). In areas characterized by gentle sihadlow foreshores, the foreshore slope affecs #ie
overtopping discharge (Altomare et al., 2016), beeaof the provoked heavy breaking and propagation
the resulting broken waves on the same foreshore.

Average overtopping can be estimated by means wierigal or experimental modelling or by employing
semi-empirical formulas, which rely and are fitted experimental results or in situ measurementss Th
section offers a brief review of those semi-empiriormulas that might be applicable to the caswa¥e
overtopping on sea dikes with very or extremelyllelhaforeshores.

3.1 Goda (2009)

Goda (2009) proposed a set of unified formulasttier prediction of the mean rate of wave overtopmhg
smooth impermeable coastal structures both forirgoand vertical structures. For that scope, hdyaad a
specific dataset derived from the database of thduBded CLASH project (in total 1254 data), comsidg
only cases with smooth, impermeable faces. Exclddmd the calibration datasets were also the déta o
vertical walls with re-curved wave walls or broadsts, and the data with oblique wave incidencgléaof
wave attack not being 0°). Goda used also 198 testied out at Kansai University, Japan, by (Taaretd
al. 2001) that presented dike slopes of 1:3, 1:5 anaid foreshore slopes equal to 1:10 and 1:30. &ew
conditions at the toe were provided in this lattataset, reason why Goda calculated the predictad w
height at the toe by means of the method presént@doda, 2006).In Goda (2009), the author showed t
existing exponential formulas have a tendency &restimate large overtopping rates and underestitoat
overtopping rates, when calibrated with the exgdaataset. He used the simple well known expaoaienti
formula for wave overtopping:

d =Q=exp[—(A+B Re )] (4)

H
/gHrg;w,t mot

whereq is the mean overtopping discharge expressed’ls/m R, is the freeboardi o, is the incident
spectral wave height at the dike tgas the gravity acceleration. The author redefitrecoefficients A and
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B not just as constant values, but as functiortheflike slope, the foreshore slope and the diroaless toe
depth.

A = Agtanh|(0.956 + 4.44tanb) - (hy/Hypo + 1.242 — 2.032tan’259)]  (5)
B = Bytanh[(0.822 — 2.22tan®) - (hy/Hyo, + 0.578 + 2.22tand)] (6)

with:
Ay = 3.4 — 0.734cota + 0.239cot?a — 0.0162cot3a (7)
By = 2.3 — 0.5cota + 0.15cot?a — 0.011cot3a (8)

being 6 the foreshore angle with the horizontalthe still water depth at the dike toe anthe dike slope
angle. The Eqgs.(5-8) are valid in the ranged o<7. Both A and B coefficients increase up to a camist
value if the relative toe depth increase. The platess reached fon/Hmo: bigger than 3.0 in both cases.
However, all collected data are characterized byreensionless toe depbiaHno bigger than 1.0, therefore
lacking of data for very and extremely shallow wa@nditions.

32 Maseetal. (2013)

Mase et al. (2013) proposed a set of formulae éardikes with very shallow foreshore and even eargrg
toe. Their formulae are based on deep-water wageacteristics. They first calculate the expectadup
and then define an imaginary slope used for ovpit@pcalculation. The imaginary slope is introdut¢ed
overcome the difficulties in schematizing compleiked geometries. Wave breaking depth is also an
important parameter for the application of theirtlmel. Uncertainties in the calculation of the bragk
depth and aspects like neglecting the wave dineatispreading occurring between offshore locatiwh the
dike toe, make the use of their formulae of restd@pplication.

3.3 Van Gent (1999) modified by Altomare et al. (2016)

Altomare et al. (2016) introduced the concept otireglent slope in shallow water conditions. The
equivalent slope is applied to re-assess the suifasity parameter, which will be used in the aegping
formula that keeps the original structure as preddsy van Gent (1999). The influence of water depttine
toe, foreshore slope and dike slope are considerading the equivalent slope. The authors suggasse

the equivalent slope when the ratigH.o.is smaller than 1.5, otherwise the dike slope aiiguld be
considered for further calculations. Hence, it $swamed that the foreshore starts to influence theew
overtopping when the toe depth is smaller thartiins the incident wave height. The authors use filan
CLASH database and data obtained at experimentapaigns at Flanders Hydraulics Research and Ghent
University (in total 279 data with shallow or veshallow foreshore conditions). The relative toetdep
ranges between -0.25 m and 3.65 m. The new equivslepe concept can be applied also to casesyof dr
toe (= negative water depth at the toe). Mean wawertopping can be assessed using the following
equation:

R¢
Hpmo,£(0.33+0.022&m_1 0)

1_ = (Q=10%xp|-

3
1,-9Hm0,t

The c exponent in Eq. (9) is assumed to be normallyibisted: under the hypothesis the mean value of
results equal to —0.791 and the standard deviatisr0.294. The dike or structural slope to caleutae surf
similarity parameteré,.1 o has to be replaced hi/H,0<1.5. In such a case, the average slope between the
point on the foreshore with a depthlobH,,;and the run-up leveét,,s, can be expressed as follows:

9)

_ (1.5Hmo t+Ru29)
tanasy = (1.5Hmo t—ht)-cotO+(he+Ry29) cota (10)

For the calculation, both structure and foreshoeeagsumed to have a straight slope without a beefimed

by cotx andcotd respectively. Therefore, the expressioidpf obecomes:
tanagr

fm—l,O - m

(11)



beingsn.1 0the wave steepness.

3.4 EurOtop (2018)

While being already a worldwide reference for wanxeertopping assessment, EurOtop (2018) provides
limited information on wave overtopping for veryaow water cases because of the lack of extensive
databases on such cases. For very shallow wates,dhe equation of Altomaet al. (2016) is reported in
(EurOtop, 2018). For very steep slopes up to vartialls a new formula is proposed in EurOtop (2018
which the coefficients of the formula depend ondhie slope. For slopes steeper than 1:2 (V:H)etliean
influence of the slope angle, for more gentle sldpe is no influence based. This formula is aupto
vertical walls only when there is no influence bétforeshore. Therefore, the dike slope might @lay
important role, leading to conclusions similar he bnes from Goda (2009). Nevertheless, the formoés

not cover cases with very shallow waters.

4 EXPERIMENTAL CAMPAIGN

Physical model experiments have been carried othidrwave basin equipped with multi-directional wav
generation system at FHR. Within the framework lid CREST project, the wave basin was employed
primarily to study the effects of wave overtoppizgd post-overtopping processes (e.g. overtoppingewa
layer characteristics and force) of the short-edstss of the waves in very and extremely shallatemw
conditions with the presence of a gentle foreshore.

4.1 Wave basin setup and generation system

The wave basin at Flanders Hydraulics Researcir.® m wide and 23.2 m long (Figure 3) having a T-
shape where the two side zones are conceived awv ahore-parallel current generation and to place
damping material as passive absorption systemeffbetive model area in front of the wave generatdr2

x 20 m. The maximum operating depth is 0.55 m. Bhsin is equipped with a multi-directional wave
generation system, comprising 30 piston paddlesh(gmddle 0.4 m wide) with electric actuators. The
independent movement of the paddles allows botht-shested and oblique waves to be generated. The
maximum paddle stroke is 1.1 m. The system has beitnand installed by HR Wallingford, togetherthvi

the wave generation software HR Merlin, which engbadeflection compensation system. Resistive wave
gauges placed on each piston paddle are employedetsure the free surface and correct the paddle
movement in order to absorb the reflected wave corapts. The maximum regular wave height that can be
generated is 0.25 m, 0.13 m in case of signifieeaate height for random sea states. The extended bas
method (Dalrymple, 1989) can be used instead ofrthee conventional method to generate oblique long-
crested waves. Three different wave spectra carsée, namely JONSWAP, Pierson-Moskowitz and TMA.
A user defined spectrum can be specified as whb. few system also allows generating solitary wawels
focused wave groups.

The physical model tests consisted in 3D experimeiith a fixed bed. A 1:35 foreshore slope wastbuil
concrete, representing an average (eroded) padbileg the Belgian coast. The foreshore starts3& . far
from the position of the wave paddles at rest axtdrels for 8.89 m. Before the foreshore a 1:10 jV:H
transition slope was built. At the end of the fora®, a 1:2 (V:H) slope sea dike is located (Fig2reThe
axis origin is at the wave paddle position at r&idth dike and promenade are built in high density
polyurethane. The dike height, measured vertidatiyn the toe to its seaward edge is 0.05 m in tbdeh
scale. The model is split into two different stuatgas after the dike, see Figure 3: on the righgrtopping
boxes are installed right after the dike cresttlanleft a 1:50 (V:H) promenade of 0.4 m widthristalled.

At the end of the promenade a vertical wall, matl®\C, is installed, modelling the fagade of builgis
built along the coastline.

Detailed measurements of wave propagation and ftranation on the foreshore and overtopping with
impact loading on the buildings on top of the sik& thave been gathered during the experiments. Mewe
those data are not part of the present analystedd, we focus only on average overtopping diggsant
was thereby verified the negligible influence oé thsymmetric layout in the basin on the incidenveva
characteristics at the toe of the dike (see netis®.

In total 56 instruments have been employed. Thes aised for the present study comprise: one stay-arr
consisting in 7 wave gauges to measure the incoféstiore wave field and wave directionality; seveswe
gauges located at the toe of the dike to measererélve characteristics at that location (W&-7 in Figure

5



3); three stainless steel overtopping tanks to oreasverage and individual overtopping equipped \aiad
cells and one Baluff magnetostrictive linear positsensor. Load cells, four per overtopping tan&asare
the variation in weight due to the water overtogpamd flowing into the tank. Baluff transducers mea
the distance between a position magnet, whichoatifig with the free surface and the head end ef th
sensing rod: knowing the area of tank is then jptessd calculate the wave-by-wave overtopping vaum
Usually employing load cells avoid noise typicatioé Baluff measurement for overtopping and thastrbe
filtered out, which derives from high frequency erlievel oscillations within the tank.

0.8 -

wave generator 1/10 slope 1/35 slope 1/2 slope - dike
0.6 -
(14.34, 0.484)
Eo4t
I 14.24, 0. .
(14.24,0.434) overtopping box
0.2 (5.35,0.18)
I 1]
(3.55,0) oad cells
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-2 0 2 4 k] 114 12 14 16 18
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Figure 2. Cross section of foreshore and dike peoflorizontal dimensions are distorted.
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Figure 3. Plan view of the experimental layout (moscale).

4.2 Wave conditions

Froude similarity is applied to scale down the ptgpe conditions and layout. The employed modelesca
was 1:50. Hereafter all wave conditions and reswilisbe expressed in prototype scale (1:1). Stoimaye
conditions, having a return period of 1,000 andQ@,yeargVerwaest et al.2008), have been chosen to be
reproduced in the wave basin. Target offshore wearghts of 3 m, 4 m and 5 m with peak periods 0610
and 12 s have been modelled. The offshore watel Maries between +7 m TAW and +8 m TAW in
prototype, which correspond to a water depth ol 22.and 23.1 m respectively. TAW stands for Tweede
Algemene Waterpassing (Second General LevellinButch), which is the Belgian standard datum level.
The still water depth at the toe of the dike isamen 0.5 m and 1.5 m. The seaward edge of thecddst is

at +9 m TAW which correspond to a freeboard betwkeemand 2 m.

The wave conditions being generated are summansddble 2. The wave-generation software did not
allow combining directional spreading and obliquené herefore, the main direction of short-crestades
was perpendicular to the dike. In total 125 testsencarried out. Forty-six tests employed longiectsvave
waves, 26 of which with perpendicular wave prop@agafobliqueness equal to 0°). Test cases with-long
crested oblique waves (23 in total) are not analysehe present work.



Table 2. Offshore target wave characteristics otgiype scale.

Water level [m] Fho.o[M] TpolS] Spreading [°]

22.1 (+7 m TAW) 3.0 10

23.1 (+8 m TAW) 4.0 12 0, 12, 16, 20,31.5
5.0

Repeatability has been checked in terms of locakveanditions at the toe of the dike and mean oppihg
discharges. Two different wave conditions, corresfiing to significant wave height offshore of 3 nddnm
and for +7 m TAW water level have been repeatedetitiimes. The calculated coefficient of variatwn
defined as the ratio between standard deviatiamd mean value u, has been calculated, resulgoal ¢o
1%, 2% and 5% for wave height, period and overtogpespectively, within acceptable ranges (EurQtop
2018).

A preliminary check on the influence of wave getieratheory on wave transformation and overtopiag
been carried out. Second-order wave generationdlyaincluding correction for bound long waves) has
been employed to generate and absorb long-crestedswHowever, the generation of second-order short
crested waves was not available in the used vedididR Merlin software and almost all cases of shor
crested waves have been generated employing filst-gheory. In a second phase, time series obmist
displacement including bound long-wave correctioaven been generated externally for the case
corresponding to kh~3 m, T,~10 s and directional spreading of 12° and 16° wiétter level equal to +7

m TAW. These wave conditions have been selecteddbas the expected overtopping discharge, namely
around 0.5-1 I/'s/m. The time series have been bgethe generation software to generate second-order
short-crested waves. It is worthy to notice thatthis specific case, accurate absorption of loagev
components is not guaranteed. Five different semdbers have been used for each wave conditions. The
coefficient of variation¢’ =o/u) of wave height, period and overtopping has bestmated based on the
different seeding and resulted #i(Hmo)=1-3%, ¢'(Tm-1,0)=3-4%, ¢'(q)=19-30%, respectively. The
differences due to wave order generation theoryg teeen quantified. For long-crested waves, a remuct
wave height of 5% was measured using a second-evaee theory. Variation in period and overtopping
discharges were around 6%. Small differences atabdevel were measured (£5%), being in the odder
the accuracy of the magnetostrictive linear positsensor, which might lead to differences in wave
transformations and, hence, on wave overtoppingeaslly for wave conditions characterised by the
presence of a saturated surf zone, as highlightdcBet al. (2009). For short-crested waves, no significant
variation of local conditions was measured betwbest- and second-order wave theory. The lack of a
proper wave generation and absorption system foorgkorder short-crested waves could mask the
influence of directional spreading. Neverthelebg, differences in overtopping using different gatien
theories in the specific case above fall within timeertainties related to the seed number as tescim
Williams et al. (2019), where variability of the overtopping disad was found between 20% and 75%.
Hence, despite the model limitations due to theeggion software, the effect of the wave orderftwther
analysis was neglected.

After executing all tests and having acquired atag the model (including dike, walls and overtoigpi
tanks) has been removed and only the foreshore slap been left. A horizontal bottom followed bggiae
absorption material have been placed on the rdarddithe foreshore slope. Such a configuratiomaqiees
to damp the wave reflection and allows measuriegrhident wave conditions at the location corresiiag

to the dike toe. Note that the well-known reflent@nalysis methods (e.g. Mansard and Funke) arfuliypt
applicable to the condition at the toe of the dikéhis campaign since the waves are highly noedinDue
to the non-uniform spatial distribution of wave ¢iigiand period, the average of the spectral waighhand
mean period over all 3 gauges in front of overtoggianks (WG, 5-7) is used for mean wave overtopping
assessment. The spatial variability of local caad# is mostly due to small construction uncertaiof the
foreshore, which result in slightly different watiepth at the toe, and other model effects (suckfietion
from the later guiding walls). The coefficient cdnation has been employed to quantify the unaastalue
to spatial distribution, resulting’(H mo)=0.6-6.6% ands’(T m.1,0t)=0.3-4%. The influence of it has been
quantified in terms of mean overtopping dischargeneans of Eq. (9), showing variation of q of atsinb.7
times, largely within the uncertainties of the faten prediction. The range of conditions at the dibe is
shown in Table 3.



Table 3. Measured overtopping and incident wavesatteristics at the position of the dike toe esped in
prototype scale.

Water depth at the dike tge
[m]

Ho,([m] Tm-104(8] q [I/s/m]

0.46-1.53 0.61-1.51 19.96- 62.47 0.25-173.7

4.3 Scaleeffects

The employed small model scale could result inifigant scale effects on wave overtopping due tdese
tension and viscous forces in some cases. Theemtki of viscous forces and surface tension has been
analysed by calculating the Reynolds and Weber eurfiy wave overtopping (Rend We) respectively
and by comparing the results with the critical tsninamely R@l@ and Weg>10. For further details, see
also EurOtop (2018). Only 5 tests did not satibfyy ¢ondition R@>10°’. The Weber number as calculated for
all tests varies between 25 and 39, bigger tharctitieal limit of 10. The 5 tests with I3<e103 have been
excluded from further analysis, resulting in a date of 97 tests with negligible scale effectsviscous
forces and surface tension.

The tested water levels and wave heights at thetstie toe are relatively small (of ca. 1cm), faliog
typical guidelines on wave run-up and overtoppirgdelling. To exclude model effects e.g. the watgptd
and wave height and need to be in the correct garagerecommended in EurOtop (2018) and Frostiek et
(2011): water depth h>5cm and wave heighi¥2cm. Since this is not the case here where extyeme
shallow waters lead to very small values of watgptd and incident wave height at the dike toe id@ho
scale, further model effects cannot be completdldrout. Hence, it is recommended, whenever plessi
validate the results at a larger scale if a quigatibn at prototype scale of average dischargmiisued for
such structural layout and for design purposes.

5 RESUL TS AND DISCUSSIONS

5.1 Averageovertopping discharge

The results in terms of average wave overtoppisghdirge are summarized and discussed in the present
section. First a general overview of all resuligjuding long-crested and short-crested wavesvisngiLater

on, a more detailed analysis of the influence airsbrestedness is carried out. Finally, the resale
compared versus the prediction of Eq. (9) and &Q.The measured average discharge (expressesinm I/

is plotted against the incident wave height at ibe in Figure 4. Bigger the wave height, larger the
overtopping discharge, however differences can limady noticed between long-crested cases (diamond
markers), which gives the larger overtopping disgbs, and short—crested test cases (circle markers)
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Figure 4. Average overtopping discharge versusdeut spectral wave height at the dike toe (prototygeditions). Data are split
in two groups: very shallow water conditions (0.35d#1) and extremely shallow water conditions{§#0.3).

The data plotted gather in two groups correspondasgectively to very (0.3¥Hy0<1.0) and extremely
(h/Hmo<0.3) shallow water conditions. The former groupresponds to initial still water level of +8 m
TAW and toe depth of 1.5 m. The latter one is ctt@résed by +7 m TAW and toe depth of 0.5 m. Mean
overtopping discharge fdw/Hn0<0.3 is one or more order of magnitude smaller tin@none measured for
0.3</Hmo<1.0. Main reason is the increase of the dimensgmlifreeboardR/Hyo, due to both the
increase of the dike crest freebo&adand reduction of the incident wave height at tleedaused by heavier
wave breaking.

5.2 Shallownessregime

As previously mentioned, the wave conditions attteehave been defined as very or extremely shakow
first check on the application of Eq. (1) and R).Was made based on the surf-similarity-like paatamp,
defined as follows:

ﬁb = 9Tm.1,0,o ﬁ (12)

Hofland’s equations can be applied3if<0.62. This threshold characterises mild slopesreishoaling of
bound long waves is the dominant generation meshafdr infragravity waves. The value pf for each
test case is depicted in Figure 5 versus the velatiater depth at the toe/Hh,, While all data are
characterized by mild slope afig is always minor than 0.62, the data are still gagt in two groups
corresponding to very and extremely shallow waterditions.

10
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Figure 5. Surf-similarity-like parameter functiof relative water depth at the toe.

The importance of water levels on overtopping itssate clarified in Figure 6 where the variationtloé
discharge with the relative toe deptiiHn o, iSs depicted. As for Figure 4, the data are cleadit in two
groups: very shallow water cases ((hB<4n0<1.0) and extremely shallow water cask#<0.3). This
distinction is very important since the existingnimlas will perform differently for the two regimeas
described in the following sections. Within a regiovertopping decreases whefidh, . increases, however
the influence is bigger for extremely shallow watenditions, where the discharge can differ of samker
of magnitude, suggesting a different behaviourdifferent water depths to be further investigateot (art
of the present research). Therefore, the watehdshe toe is playing an important role, as alsticipated
by Goda (2009).
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Figure 6. Dependence of discharge on the ragid y o

Finally the measured spectral wave period at thenhts been compared with predictions from Hofleinal.
(2017). The period evolution from offshore to the bf the dike has been compared with Eq. (1) and3.
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The results are depicted in Figure 7. Both pldtdong-crested and short-crested waves follow the
predictions and fall within the confidence interval

8 T

T T T
1 O long-crested waves
O short-crested waves
== Eq.1 long-crested (Hofland et al., 2017)
Eq.2 short crested (Hofland et al., 2017)
8' - = —Eq.1 +2"¢ (Hofland et al., 2017)

t "m-10,0

Tm41 0 l/T

Figure 7. Evolution of the spectral wave period asction of relative water depth and comparison viditmulas from Hofland
et al. (2017)

5.3 Influence of the short-crestedness on overtopping and wave char acteristics

The results of long-crested perpendicular and stredted wave cases are compared in this sectiés. |
expected that larger spreading values lead to l@wertopping discharges according to Guza & Fedufers
(2012). The influence of the directional spreadsighown as ratio of short-crested values by cpoeding
long-crested wave cases (Figure 8). Wave heightpamishd at the dike toe correspond to the averdge o
WG 5-7. Overtopping discharge is averaged over treettvave tanks. The directional spreading measured
in deep water is shown (using the star-array datajear distinction between the two different watsvels
can be noticed in the top and bottom plots of Fag8r the influence of the spreading is bigger twedr
water depth (+7 m TAW) than for higher water defdtB m TAW). The distinction between the two water
levels is noticeable especially for wave height amdrage overtopping. The wave period reduces #s we
with the spreading, however it is not possible istiniguish clearly between higher and lower wagsels.
Values of the wave height and wave overtoppingnagireater than 1 can be noticed in the figure,tdube
fact that different seeding numbers have been ussdme cases leading to different wave charatitesiat

the toe and different overtopping discharges. B@ugh the results are quite scattered, the infleesf
wave spreading can be seen clearly. The overtoptisuharge reduces up to 1 order of magnitudediar |
water levels. The wave height decreases 10% andi2@terage for water levels equal to +8 m TAW and
+7 m TAW, respectively. The maximum wave perioduetbn is about 35%. In general, the lower wave
periods for short-crested waves than for long-egkstaves confirm that the wave transformation ded t

mechanism leading to the release of infra-gravigwes act differently whether the spreading is prese
not.

12
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Figure 8. Reduction of measured wave height (topyewreriod (middle) and average overtopping (bottamjunction of the
measured directional spreading

The decrease of wave overtopping due to the wawst-shestedness has been assessed in terms of
reductions factors. Besides directional spreadsngroved to have on wave transformation and localew
characteristics at the toe of the dike, this is enbugh to explain overtopping reduction. Directiion
spreading is expected to affect the whole procéswawes running up the dike and overtopping it, if
compared with similar incident wave conditions o long-crested waves. The general way to cateula
the value of the reduction factors is to assumegual to ratio of mean discharge of the test witleee
reduction takes place with reference test.gfljowever the requirement is that the wave contiat the
toe of the two tests must be the same (EurOtop8)20lhis condition was not met in this investigatio
Hence, two different expressions of the reductamidr are proposed in the present work, derivedEtpr(9)
and Eq. (4), respectively. The reader must congfurthis approach has the limitation that eaclucgon
factor formulation is formula depending. For Eg), {Be reduction factor for each test has beerutatied as
follows:

Yo =3 exp(R —Ry) (13)

R
whereR* = < andQ = meas

Himo t meas(0.3340.0228 1 0,meas) 10¢ gHr";lo t meas

The subscripts and O indicate the short-crested wave case and theereferlong-crested wave case,
respectively. Employing Eq. (4), the reduction ¢ads expressed as follows:

Yo = o2 expl(A+BR) | — (A+BR) ;] (14)

R
whereR = [ c ] andQ = —Jmeas
mo,t,meas gH?nO,t,meas

The coefficients A and B are calculated based o E8) for each test case. In this the differemetveen
local condition at the toe is taken into account.
The results are plotted in Figure 9 together wihlbest fits which are expressed by the followiqgagions.

For Altomareet al. (2016):
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exp(—0.0460), for <03
Yo = mO.oht (15)
exp(—0.0140), for 0.3 < - <0.1
For Goda (2009):
exp(—0.0530), for T <03
Yo = ' (16)

exp(—0.020), for 0.3 < HL <0.1

mo,o

The R for each fit is indicated in the figures: low armey is shown only when Eq. (4) is applied for
extremely shallow water conditions. This was expelet because of the lack of data in such conditions
employed by Goda (2009) to derive the expressioisenA and B coefficients. Figure 9 confirms thear
distinction for 0.3<WHm0<1 and HHn0 <0.3, as shown previously is in Figure 8. Largevevapreading
leads to stronger reduction of wave overtopping,this reduction is more pronounced f@iHg <0.3 than

for 0.3<h/Hn <1, at least within the range of the tested conulgi
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Figure 9.Calculated reduction factors for wave shanestedness employing Eq. (9) (a) and Eq.(4) éspectively. The solid
lines indicate the best fit: red for extremely $tnalwaters (ES) and blue for very shallow waters (VS).

5.4 Averageovertopping prediction

The results of mean overtopping discharge are coadpaith predictions employing Eqg. (4) and Eq. (9).
Distinction is made between long-crested (depidgtetigures as diamonds) and short-crested wavescase
(circles). Both formulas take into account combinmeitlence of the foreshore slope, dike slope arwall
water depth for overtopping assessment, howewdifferent ways:

1. van Gent (1999)as modified by Altomaee al. (2016): equivalent or average slope is calculated
assessing the wave run-up by iteration and usggj.ir§9).

2. Goda (2009): coefficients A and B are calculatednisans of Eqgs. (5-8) and used in Eq. (4) to
assess mean overtopping discharge.

Reduction factors for directional spreading havenbapplied for overtopping prediction. The revigeg(9)
can be expressed as follows:

q Rc
=Y¥,10%x [—
lgnz,,, Yo P17 Honoc(033%0.02260 1.0

(17)

meanwhile Eq.(4) can be now expressed as:
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\/7 = Yy€eXp [— (A + B HRC )] (18)
gH‘rs;‘LO,t mo,t

Wherey, is expressed by Eqgs. (15) and (16).

The comparison between measured mean overtoppiehalge and predicted one is depicted in Figure 10
for Eg.(9) and Eq.(17). The left plot shows the surad and calculated discharge using Eq. (9) with n

reduction factors. Overtopping of short-crested e@gais overestimated when the reduction factor is no
applied. Values of wave overtopping discharge adoirl/s/m, often assumed as threshold for struktura
design, are better predicted when the reductiolfdor short-crestedness is applied.
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Figure 10. Comparison between measured overtoppischdirge and calculated discharge using Eq.(9) @&J &q. (17) with
the application of the reduction factors for dinectal spreading (b).

When Goda (2009) is applied — see Figure 11a rdbelts are good for high water level (i.e. verglkiw
water conditions). However, for low water levek(iextreme shallow water conditions) all resulestsio
diverge significantly: Eq. (4) over predicts the anedischarge of about 10 times. This is due to the
inaccuracies in the calculation of the coefficieAtand B, the expression of which is extrapolatedviery
low values ofh/Hno INn @any case, it is evident also from Figure 14t tshort-crested wave cases require a
further correction in the formula in order to beoperly predicted. The right plot Figure 11 show the

measured discharge versus the one predicted usjnglB). The prediction improves significantly when
reduction factors are applied.
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The accuracy of the prediction has been evaluateddans of the error estimator proposed in GodaqRo0
The geometric mean is expressed as follows:

X = exp [%Zﬁvzl lnxi] with x; = ﬁ (19)

where N is the number of datassgand Geas;are the i-th predicted and measured mean overigppi

discharge, respectively. The geometric standardatiem is calculated as the exponential value & th
standard deviation of the logarithm:

65D = exp{[L 214 ((nx?~tnze)?)] ] (20)

The geometric standard deviation expresses how rheltdata are scattered around the geometric mean.
Considering a quantity normally distributed, 90%tloé¢ data will be contained in the range betwegh
(1.64 x GSD) andx; X 1.64 x GSD. Table 4 lists all results for geometric mean atahdard deviation for

the aforementioned formulas, together with theesres of the range prediction assuming the ovemgppi
normally distributed and the 90% confidence intervehe errors are shown for the two foreshore
shallowness regimes, namely 0.3Hho <1 and KHH.,<0.3. The application of the reduction factors
improves globally the prediction, giving minor es@nd narrower prediction intervals.

Table 4. Error calculation: geometric mean anddseshdeviation

No reduction factors With reduction factor
Formula ForeShore 90% Qs{qmeas 90% Qs{qmeas
shallowness Xg GSD interval prediction Xc GSD interval
prediction
hy
van Gent (1999) 03 <p-—<1 163 | 157 0.63-4.20 113|155 0.45-2.89
as modified by ’
Altomare et al. n
(2016) t <03
Hioo 1.59 1.57 0.62-4.08 0.99 1.54 0.39-2.50
Goda (2009 03 < <1
oda (2009) = Hmoo 124 | 122 0.62-2.50 0.99 1.15 0.52-1.86
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g 03 362 | 150 1.47-8.91 210|  1.49 0.86-5.14

6 CONCLUSIONS

The influence of directional spreading on overtogpiof sea dike with gentle foreshore in very and
extremely shallow water conditions is analysechi present work. Physical model tests were caaigdn

the multi-directional wave basin of Flanders HydicauResearch. Main focus was to characterise tneew
transformation and wave overtopping on sea dikes aampare long- and short-crested wave cases. The
results show a clear influence of the directionpleading (i.e. wave short-crestedness) on wave
transformation and, hence, on wave overtopping:enNsight at the dike toe is smaller, wave pericattsin
and resulting wave overtopping discharge is redixgedlmost one order of magnitude if compared taio
crested wave cases. A preliminary analysis on wander for generation was carried out, while the
generation of second-order short-crested wavesnaembedded in the generation software. The aisalys
showed that the differences in overtopping usingosd- or first-order generation fall within the
uncertainties related to the seed number. Therefbre effect of wave order was neglected in this
investigation. However, it is recommended not taegalize this assumption outside the conducted
experimental campaign and tested conditions.

The effect of directional spreading has been apdlymly for tests with main direction perpendiculathe
dike crest. A few tests with oblique wave conditidrave been simulated, but only for long-crestedesa
due to limitations of the wave generator. Thereftnese tests have been excluded from the anagdishe
combined effect of obliqueness and short-crestedisegot taken into account and would require fmth
studies. A detailed analysis of the short-crestedtemests has allowed defining new expressionghier
reduction factory,, for directional spreading that despite the ladgt scatter from which is derived, proves
to improve significantly the overtopping predictionthe tested range of wave conditions. Yet, aeréing

the particular model layout and the relative smadidel scale employed for this experimental campaign
namely 1:50, it is recommended that the new fadmrsvave spreading are employed within the ranige o
tested conditions and for very similar layouts. iBes, it is advised to perform experimental campait
larger model scale for a better assessment oflgessiale effects on the studied phenomenon.
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Highlights

1. The effect of short-crestedeness on average overtopping of sea dikes with gentle foreshores
in very and extremely shallow waters in studied.

2. Experimental campaign is carried out in the multi-directional wave basin at Flanders
Hydraulics Research, focusing on 3D effects for very and extremely shallow waters.

3. The results are compared against existing semi-empirical approaches.
4. A correction factor for short-crestedness is proposed.

5. The results show a clear reduction of wave overtopping discharge and influence on local
wave characteristics due to short-crested waves.



