THE INFLUENCE OF A CROWN WALL ON WAVE OVERTOPPING OVER
BREAKWATERS
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This paper investigates the influence of a crown wall on wave overtoppingbble mound breakwateExistingdata
is used tanodify the EurOtopovertopping formulaipdatedby Eldrup et al(2022)to coverthe influence of the crown
wall. The effect ofraising the wall above the armour crésevated walljr lowering the wall below the armour crest
(lowered wall)is investigatedA crown wall at the armour crest level is considered as the referenc8gasereasing
the elevation okitherthe armour crest or the crown wadlvertopping is reducednd by lowering either of them,
overtopping increase$he influence of the crown wall heiglelevatedr loweredcompared to the armour creistnot
considered accurately the present design guidelines and thus corrections are sugdestezh elevated wall, a
modified crest width has been defined, tétdredescribe the presence of the armour crest in front of theRealthe
lowered wall the effective freeboard might be taken as the average of the wall and armour freEbeangisovement
compared to exting methodsis significant, especiallfor breakwaters witta large elevated wall.The proposed
modifications tathe EurOtop Manuahcrease the range of applicability with respect toahé configuration.
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INTRODUCTION

The EurOtop Manual hasn recent decadesecomethe most commonly usedtandard for
predicting wave overtopping on coastal structuféerefore, it is essentitliat themanual isupdated to
maintain its steus asstateof-the-art within the field.The idea of EurOtop Live has been invented for
this (seewww.manualovertopping.co New studies on wave overtopping should eithalidate or
aim to improve the predictions given in the EurOtop Manual.

It is well known that wave overtopping is highly influenced by itf@dentwave parameterand
structural parameters like the crest freeboard, front slope amgieurunit type,crest width, andrown
wall configuration. However, the influence of these paramégeirs some casesot fully understood

The formula given by EurOtof2018)for nonbreaking waveswvhich is applicabléor steep rubble
moundsis givenin Eq. (1):

n pPR'Y . ,

Hereq s the average overtopping discharge yp@t width at the crest rear shoulder (seeurédl),
g is the acceleration of gravitydmo is the spectral significant wave heigR%- is the used freeboard
height depending on the situation (seeuédl). In EurOtop(2018)R; is used ashe freebard, butto
make iteasierto describehe different crest layoutR:» has been adopted in the present papekdis
theinfluence factofor the roughness and permeability of the armour lageluding the wave steepness
influence (surging waves) fromEg. The ef fect of wayvaedConbludésghei ty i s g
effect of the crest width, see E.
The influence of the crest widih in EurOtop(2018)suggested to bealculated with the formula by
Besley(1999)with coefficients for rock slopes
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Here G is the width of the crest. The equation shows tivatrtopping will reduce exponentially if

the creswidth (G;) is larger than 0. #3mo.
The influence of the varying roughness factor filsanOtop(2018)is given by Ed3.
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Eq 3 provide aroughness factahatis constanf o k.10 <35 andthenincreases linearly frordmod
=% at3mio=5t OmodF 1 at3mi,0= 10. It should be noted that fpermeable structurgkg. 3 has a
maximum of 0.6.
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Figure 1. Definition of crest level used by EurOtop (2018). For cases without a wall a) shows the water that
gets over the breakwater while b) and c) also includes the water getting through the permeable crest. The
cases c), d) and e) shows the different wall configuration and the location for overtopping measurement.

Studies have been carried out recently to impmvealidate the EurOtop formula. Christensen et
al. (2014)found that the influence of the wave period was underestimated in EW(ZD@P) and they
proposed to use a varying roughness factor. Eldrup and Lykke And@G&8) used thesuggeted
correction by Christensen et é2014)and the crest widtimfluence factoby Besley(1999)to recalibrate
the roughnesk a c tr forrdidferemtarmour unitypes.

Recently,Eldrup et al.(2022)improved the predictions of the EurOtop method by investigating the
influence of the wave period, front slope angle and crest widitir study was conducted structures
either without a crown walland with overtopping measured at the rear shouldégufe 1-a) or
alternatively with a wall athe armour crest levéFigure 1-d). These twostructures alsosethe sane
crest freeboardutit can be expected that overtoppisglightly larger inFigure 1-d as the wall blocks
the water flow and leads it upwardde effect of this has not bestudied.They found that the roughness
influence factorof the structure was always influenced by the wave period and not only for breaker
parameters larger thdive as given byEurOtop(2018) cf. Eq.3. The new roughness factor is given in
Eq.4.
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Eldrup et al. (2022) also found that the influence of the crest widtitcreasedwith the relative
freeboard This is in contrast to the correction fact@; by Besley(1999) where the influencés
indepene@n of the relative freeboard’ he discharge correction fact@; used byEurOtop(2018)was
thus changed to ainfluence factorffor the crest wdth, and thus imodifies the relative freeboardee
Egs. 5 andé6.
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Both influence factors were added to the 4hoeaking waves formula in EG.
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Therecent studyoy Eldrup et al(2022)has onlyconsidered the reference cagdth R; = Ac. The
present papesimsto validate orextendtheir study tocase with elevated R. > A:) and lowered R <
Ac) walls.

EXISTING METHODS FOR WALL INFLUENCE

Van Doorslaer et a(2018)used the data by De Meyere and Vantonfgtd7)and De Keyzer and
De Kimpe(2018)to investigatehe influence of crest width, wave perioddancrownwall on the wave
overtopping discharge. The influence of the crest width and the wave period was in their study described
by the paramete®Bd/Lm10, Se€e EgB. They wused data with fronthey sl ope an
did not include the influence of the front slope angle, which was found important by Eldru(262al
Furthermore, when using E8,. the influence of the wave period vanishasnarrow crests. Thiseems
not physically corregtbut furtherdata would be needed to verify this.

Van Doorslaer et a(2018)comparedstructures with identical wialreeboardR: and found that by
lowering thearmour cresf; so that the wall was elevat¢éigure 1-e), higherovertoppingdischarges
than the reference cag¢figure 1-d) was measuredThe reason is that for the elevated wall, the
unprotected part leads to lemsnourmaterial to dissipate the wave energiie unprotected part of the
wall hyan can be seen in Figugand calculated by Eq.

Whencomparing the reference case to an elevated wall with both having theAgau for the
elevated walR: > Ac. Then it islogical that the geometry with the elevated wall has lower overtopping
discharge over the wall as the measurement point of overtopping also is different.
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Figure 2. Definition of the unprotected wall height hya.

Van Doorslaer et a(2018)also observethat, for identical wall freeboarg;, the overtopping was
reducedwhen thdevel of thearmourcrestA: was increased so that the wall iewer than the armour
crest(Figure 1-c) compared to the refence Figure 1-d). This reduction in wave overtopping was due
to the extra armour material in front of the wall dissipating the incoming wave energy.

Whencomparing theeference case to a lowered walbth hae the saméA, but for the lowered
wall R; < Ac. Then the structure with tHewered wallhasa higher overtopping over the wallhich is
logical, knowing that the measurement point of overtopping is different.

Overall it can be concluded that both the wall and annfimeboardareinfluencing the overtopping.
Overtopping may be reduced lay increase in any of the two freeboaisor R.. Based on these
observations, they established Bgwhich includes the effect of the wall.

r T[8T(p00U‘[&X‘ITT0LV (8)
h

9
r Aﬁﬁxarpc—@— 9)

Van Doorslaer et ak2018)included both influence factors in the overtopping formulanon

breaking waves as given in Ef.
I p&Y  °
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Ozbahceci and Bilyay2018) conducted tests with rock slopes having a front slope of 1:2, a crest
width of approximately Bnso and waveswith sn10 = 0.0260.043 Both elevated and lowered walls
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relative to the armour crest lewgérestudied Basedheronthey observed similar wall influence ¥an

Doorslaer et al(2018) Ozbahceci and Bilyaf2018)included this influence by a discharge correction
factor similar to what Beslef1999)developed for armour crest width correction, seelHq.
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The overtopping formula ifEq. 11 used byOzbahceci and Bilyay2018) does not include the
influence of the wave perioglven thought could beexpected to have an influence on their results, but
unfortunately their data was not available to verify thisthe overtopping formula they usele crest
width factor by Besley1999) These choicemight have an infience on their developedest wall factor
Cac. Since the data used later has a large variatiamest width and wave steepness, it is decided to
apply the Cac factor developed by Ozbahceci and Bily@p18) on the wave overtopping prediction
formula proposed by Eldrugt al.(2022) Instead of usindR:+ in the overtopping formuldhe crest level
R: is used as the influence of the wall is includedin. The modified Ozbahcei and Bilyay(2018)
overtopping formula, including the influentactorars a n dy cambe seen in Edl2
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DATA FOR PRESENT ANALYSIS

A database with existing overtopping data for lowered and elevated walls is established and used to
evaluate existing methods and improve them where neAdgderia for the data sets included has been
thatthereference casgR: = Ac) has also been test. Gherwise it is not possible to investigatkedirect
influenceof the wall. The used datancludesboth deep water conditionls/Hno > 4 and shallow water
conditionsh/Hmo > 1. The parameter rangef theused datareshown in Table1 and2.

Pedersel(1996)tested different front slope angles, a largeeatsiof wall heights above the armour
level, and different crest widthBor most of his tests, the breakwater was armoured with rocks, but tests
with cubes and dolos were algerformedBased on the tesBedersef1996)developed an overtopping
formula, but the fitting was done on a linear overtopping scale instead of the usual logarithmic. For this
reasonthis formula is not considered ihe present study. Only femefront slopeanglecot(U) = 1.5the
reference caseasbeen tested bpederset(1996) Thus structures wittcot(U) = 1:2.5 and 1:3.5re not
included in the development of tipgesentwall influencefactor, but they are instead onlyused for
evaluationof the final formulae

De Meyere and Vantomm@017) performedtests with rock slopes having a front slomegle
cot(U) = 1.5. Various configurations fothe crest width combined with elevated and lowered walls
relative to the armour crest lewgerestudied De Keyzer and De Kimp@018)performed similar tests
asDe Meyereand Vantomme&2017) but testedHARO and XblocPlusunits instead of rockdg:or the
present study, only tests with the HARO units waoasidered



COASTAL ENGINEERING 2@2 5

Table 1. Range of parameters for used datasets with elevated walls (R. > A.). Wave conditions refer to those
at the toe of the structure. For the Pedersen (1996) data, Tm.10 Was not provided but estimated by Tp.1,0= Tp/1.1.

Relative . Relative ) Front
Relative Relative water Breaker Wave
crest . wall slope No.
Database . crest height, - depth at the toe, parameter, | steepness,
width, RJH height, h/H angle, > S tests
Gc/HmO /1m0 Rc/Ac m0 cot m-1,0 m-1,0
Pedersen (1996)| %o | 09371 278 | 1421 | 288 e2a |15 2% | 1ssis2s| 0000 | 110
De Meyere and " . .
vantomme | %700 | 1187207 | 1251 | 2037746 | 15 |3351620| 0020 | 62
(2017) . : .
De Keyzer and . . .
De Kimpe 022 |oriass | B2N | 3281629 15 |51 73| 00000 | a0
(2018) : : :

Table 2. Range of parameters for used datasets with lowered walls (R; < A¢). Wave conditions refer to those
at the toe of the structure. For the Pedersen (1996) data, T.10 Was not provided but estimated by Tp.10= Tp/1.1.

Relative Rglrig\t/e Relative | Relative water :Irémé Breaker Wave No
Database crest width, heigh wall height, | depth at the toe, FI) parameter, | steepness, :
Gc/Hmo eight, RJ/A h/Hmo ang'e, 3m-1,0 Sm-1,0 tests
(o m RC/HmO Cl C m co t m-1, m-1,

De Meyere and 0.011 i
Vantomme 0.467 3.96|0.3071 0.91{0.247 0.62| 2.6071 5.39 15 3.487 6.45 3 60

0.037

(2017)

De Keyzer and 0.005 i
De Kimpe 0.577 4.82|0.357 1.09|0.287 0.64| 3.3671 8.41 15 3.677 9.56 i 39

(2018) 0.033

EVALUATION OF EXISTING METHODS

Figure 3 showsthe presented existing data comparegrtmdictions by Eg6, 10 and12 using o =
0.40 for rock ando = 0.47 for HARO as given byEurOtop(2018)for permeablsstructuresThe figure
shows that for a lowered walR{ < A;) the formula byWan Doorslaer et a(2018)andEldrup et al.
(2022) give most data inside the confidence band, while the formula by Ozbahceci and @iDaB)
give data below and above the confidence band.

For thereferencecase(R: = Ac), Eldrup et al.(2022)predictions are closest to the prediction line. It
should be noted that for this cag = 1 and thus, theodified Ozbahceci and Bilya§2018)formula
and theEldrup et al(2022)formulagive identical results for the reference calee predictions byan
Doorslaer et al(2018) arealso close to the prediction line but with slightly kargleviationdor the
Pedersen (1996) datampared tdldrup et al(2022)

For theelevated wall R. > Ac), the predictions by Ozbahceci and Bily@p18)have thesmallest
deviations while the predictions by Van Doorslaer et @018)and Eldrup et al(2022) are deviating
more The prediction by Van Doorslaer et al. (2018) aislgeviating for the €dersen (1996) data, the
Eldrup et al. (2022) are deviating also for the other datavever,neither of the predictions provide
accurate estimates for the elevated wall and thus improvements are.needed



6 COASTAL ENGINEERING 2@2

Eq. (10), Van Doorslaer et al. (2018)
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Figure 3. Comparison of the three used data sets to overtopping predictions by Eq 6, 10 and 12 for the three
different wall configurations. Roughness factors given by EurOtop (2018) for permeable core is used
corresponding to ‘¢ = 0.40 for rock armour and *; = 0.47 for HARO armour. The dashed lines show the 90%
confidence band given by EurOtop (2018).

DATA ANALYSIS METHODOLOGY

The existing data iaffected by different crest widthsoughness factors (wave steepness and armour
types)and front slopedn order to studyhe influence of the crown walkparately from these effegits
is necessary to compare it to a reference case not influenced by the crown wall. The influermestf the
width can be included by E§. The influence of the wave steepnassl front slopean be described
with Eqg.4, but as noted by Eldrup et &022)the permeability of the breakwaj¢his is the combination
of armour layerunderlayer(s and core may havea significantinfluence on the effeadf the wave
steepnesslhereforeEq.4 is used to fit @ for each reference structu@asedon the EurOtop formula,
a t octnabécalcolated for each teRir the reference structutemsed on EG3. Fromo the influence
factor including the wave steepnessasculatel byxs= & /with 9. given byEq. 5.
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Figure4 shows an example of tlealculatedys for the data by De Meyere and Vantom(2617)

and the predicted curve IB3q.4 using af i t toeO#4.Table3s hows t he f jfareaehd v al ues
dataset.

1.2 T

De Meyere & Vantomme (2017), Armour Type: Rock 1:1.5
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Figure 4. Ex amp | e o f. Sdiid ltné ehdwsEq. 4 using 9or = 0.44 while dashed line shows Eq. 4 using
recommended roughness factor in EurOtop, 2 = 0.40.

Table3.F i t t;galuesofor each dataset based on Eq. 4.
Database EurOtop (2018) recommendation Flttedf;ct):ltjgrhness
Pedersen (1996) 0.40 for permeable core 0.44
De Meyere and Vantomme (2017) 0.40 for permeable core 0.44
De Keyzer and De Kimpe (2018) 0.47 for permeable core 0.42

Figure5 shows the dimensionless overtoppfogeach dataset for the reference cd$e relative
freeboardused in the figuréncludesas a n dw. The figure shows that only a few data points are
outside the 90% confidence band. Thasqguite accuratelescription of the reference modisl
obtained Thereby it is possible to investigate tlr#luence of the wall fofowered and elevated walls.
Thiswill be based onthe fitted roughness factors from the reference structure.
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Figure 5. Evaluation of Eg. 6 for the reference case based on the fitted !¢ values for each data set. The dashed
lines show the 90% confidence band given by EurOtop (2018).

ELEVATED WALL

EurOtop(2018)suggests$or elevated walls to usthe wall cresfreeboardR., butFigure6 shows
that this leads to overtopping beingnderestimated significantlyrhus the obtained overtopping
reduction by elevating the crest wall is not as large as if both the wall and armour crest freeboard is
increased.
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Figure 6. Evaluation Eq. 6 for the elevated wall case. The dashed lines shows the 90% confidence band given

by EurOtop (2018).

Further analysishowedthatthe crest width influence is differeffibr an elevated wakkompared
to thereferencecase Figure 7 showsthe data byDe Meyere and Vantomm@017) separated into
different crest widths. The figure shows that the different crest widthdusteredand that thevidest
crestdeviateghe most Thus,the crest widthinfluenceis overestimateéor elevated walls
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RC >AB, De Meyere & Vantomme (2017), Armour Type: Rock 1:1.5
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Figure 7. Overtopping predictions for the elevated wall case for data by De Meyere and Vantomme (2017). Data
is coloured based on the crest width. The dashed lines show the 90% confidence band given by EurOtop
(2018).

The crestwidth for the reference case is givas the horizontal width at the levehere the
overtopping is measureghown a$s. in Figure8. To compare that to thelevated waltase the crest
width is in the present paper suggesteteadaken athefictitioushorizontalwidth of the crest at the
wall freeboardevel. The modified crest widtls." is shown inFigure 8, andcan be calculatedyb
Eq 14.

O A0 0

O jAamo o Aip A0 b 14
Rc>Ac RC:AC
Ge
Gc* . h\wIICOt(a)
d[ ﬂl
h\]’al] N 1 Ge 1

Figure 8. Definition of crest width G, and modified crest width G.” for elevated walls shown in red.

The modified crest width should be usadhecrest width influence factor Hyldrup et al(2022)
To completehe crest width factofor the different wall configurationgn extendedversion is given as
Jewt IN EQ. 15.
PRI 0 .
r e EIpEﬁ)AQDﬂEﬁ)LbO—fp (15)
Figure 9 shows the predicted overtopping using thedified crest widthinfluence factorfrom

Eq. 15. With this factorincludedthe separation into crest widthne longervisible and the datare
inside the confidence band.
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Figure 9. Overtopping predictions for elevated wall case for data by De Meyere and Vantomme (2017) using
the modified crest width influence factor 2.+ Data is colored based on the crest width as in Fig. 7. The dashed
lines show the 90% confidence band given by EurOtop (2018).

Figure 10 showsthat even when using the modified crest widtlslight underpredictioris still
presenfor thePederserf1996)dataat large relative freeboardshe dataabovethe confidence band
is characterizedy havinghwa/Hmo > 1.2 which is an unusuatiesignas thewaveloads on the wall
may be very highMore data and further studies are neetteidivestigate the underprediction of the
overtopping under such conditiohefore additional influence factors astablished

Figure 10. Overtopping predictions for elevated wall case for all datasets including the new crest width
influence factor. The dashed lines show the 90% confidence band given by EurOtop (2018).

LOWERED WALL

Figurellshowsthe predicted overtoppirfgr lowered walls using thitted ot from Table3. Most
of the data are within the confidence bamden using the recommendati®y = 0.5R:+0.5A; (see
definition in Figure3) givenby EurOtop(2018) Thus, the adjustments made to the crest width are not
needed for the lowered wall.






