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This paper describes the wave overtopping measumsnoé small scale maritime breakwater
in sea level rise scenarios which are supposedendh program GICC (Gestion et Impacts du
Changement Climatique - Management and Impacts liofia® Change). Many reinforced
solutions have been carried out with the purposmiserve the overtopping rate; among them,
the influence of raising freeboard crest is analyZehe test results are compared with results
from literature and with the empirical models prese by Owen (1980), Van der Meer (1998)
and Besley (1999). Since then, a guideline is psedofor a better prediction of wave
overtopping with various types of high crown-wall.
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INTRODUCTION

One of the expected consequences of climate changlee sea level and ocean rise. This
variation of the mean sea level and the effectsigad by the increase of wave heights in front of
structure leading to increasing of wave overtopgiegind the protected marine breakwater, and thus t
flood hazards as well as uncertainties in explioitadf sheltered areas not included in the spesifins
of the original design. To preserve the human #is/in the coastal areas or/and harbor facilitthe
strength of the existing coastal protections havbed reinforced in particular from the point of wi®f
the flood caused by overtopping. This question lhesn the objective point of the national program
GICC-SAO POLO (a program managed by the Ministry Eafology, Sustainable Development,
Transportation and Housing) in 2010 and 2011.

The “Laboratoire Ondes et Milieux Complexes” of Umisity of le Havre had to study
experimentally reinforcement solutions for maritiroeeakwater. Three water level scenarios were
examined: a reference scenario with a water hdight7 m at toe of the structure, a "normal" scenari
with a water level elevation to 0.5 m (h = 7.5 m)ia "extreme" scenario with raising the water lege
1m(h=8m).

In this respect, the crest elevation of a coastatsire is an important design parameter as it is
directly related to the amount of wave overtoppiRginforcement design of the crest elevation of a
seawall, usually vertical crown wall and recurveven wall are applied because of their easy
construction and immediate solution for engineerifigerefore, the tests are carried out with these t
crest configurations for limiting the volume of etapping in the elevation of mean water level whigh
modeled in small scaled wave flume.

WAVE OVERTOPPING IN INITIAL CONDITION

For studying the effect of overtopped wave in matiersea level, it has been chosen a
breakwater with Antifer armour type. The geometnyg anaterial choice are determined, for armour’s
stability, by formula Van der Meer (1998) and, faave overtopping discharge, by formula TAW (2002)
with arbitrary bathymetry, wave condition and meeater level. The 2D experimental investigations at
small-scale was all performed in a wave flume ofizéng, 0.88 m wide, and 1.2 m height at Universit
of Le Havre (France).
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Fig. 1. Cross section of model Antifer breakwater.

The initial conditions are:

- band of offshore wave period : 7 5, 1l1s

- range of offshore significant wave height: 5 ils;, 10 m
- seabed slope in front of structure: 2%

- water depth at toe structure: h=7m

- acceptable overtopping discharge: q = 50 I/s/m

- armour layer: artificial block in Antifer type

Experimental condition

The wave flume’s dimensions and tested wave canditiead us to choose the scale of 30.5.
The seabed slope is 2%. The “non-infinite” watepttlecondition in wave paddle is considered for
reproducing the wave in deep water. All of resuitsthis paper are presented in deep water wave
conditions because of the assumption that thene imfluence of raising sea level on wave condifion
offshore climate.

The table 1 shows the tested wave conditions waighinitial water depth at the toe of structure
h=7 m in prototype scale.

Table 1: Significant wave height and mean waveqgkai the finite depth used in all tests.

Tu=75 Tm=8s T.=9.4s T.=104s

h=7m | HF4.5;5.7,6.5;6.9| k4.9;5.7,6.8;7.5;7.8;8.1 J#5;6.2;7.3;84 E=4.7,5.8;7.3

For an offshore sea state in prototype, a JONSWydetsum with a peak-enhancement factor of
3.3 is used.

Antifer blocks have been chosen as armour laydrredkwater. In practical design, the optimal
placement method need to adapt to both of two timmdi ensuring the armour stability (includingdes
movement of the second layer and sliding of thst fiayer) and limiting the overtopping wave due to
layer’s porosity.

The placement techniqgue was made from the Fren@7{20work. The author assesses the
impact of 17 different placement methods, with eliéint packing densities, on the stability of Antife
block armour layers. These placement methods aviledi into regular, irregular and alternative
placement methods.

Based on researches above, the alternative plateestmique has been chosen with first layer
in regular placement for avoiding the sliding doafrthe whole armour just in the beginning moment of
test, and second layer with irregular placemerirpie with high porosity as possible. The geomefry
the Antifer block is presented in Figure 2 and €abl

Fig. 2. The oblique, plan view and cross-séah of the Antifer block.
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Fig. 3. Image of model Antifer breakwater after ingallation.

Table 2. The characteristics of the model Antifer abe blocks.

a(cm) | b(cm) | h(cm) r(cm) siem) | m(g) | V(cm) | rykg/m®
Antifer 54 51 54 0.75 0.15 314 128 2450

Table 3. The block number, porosity values and padkg density values.

Total number of block i\ 274
Packing densityy . 57%
Layer thickness, t 12.5cm
Layer thickness coefficientpk 1.24
Real porosity, P 54%

The overtopping discharges were measured on whiolh wf wave flume equal to 0.88m by a
tank with cylindrical collector tube associatedtwién electric pump and a flow meter (Figure 4). The
overtopping water was continuously re-injectedhat $easide. This system is capable of measuring and
draining 800 litters maximum in 1956 seconds of tesation that corresponds to 3 hours storm period
situ.
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Fig. 4. Breakwater model with system measuring ovéwpping volume

Predicted models

In this section, the results are compared betwéenobtained values in present tests with
predictions deduced from semi-empiric formulae OW&880), Van der Meer et al. (1998) and Besley
(1999).
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The formulae presented by Owen (1980) and Van deerMt al. (1998) are well known and
widely used. These formulas originally are basedextensive data sets from model tests with smooth
impermeable sloping structures. By applying a rédacfactor for the slope roughness, the formulas a
applicable to rock slopes.

Owen — Besley formula

The wave-overtopping formula by Owen (1980) readS'

g/ gH. T, = a.exp( (1)
3 xpt B—rr J— p

With validity range 0.05 <R3— < 0.3, in which, H = Hyo is significant incident wave
T/ OH,

height at toe of structurg, (note thaty has the same meaning in Van der Meer et al. (1298jJula) is a
surface roughness reduction factor which takesastmunt the combined effect on slope roughness and
permeability, g by are empirically derived dimensionless coefficiemtiose values depend on the
breakwater slope, thus for 1:1.5 seawall slopevétiee 3= 8.84.10°and Kh=19.9 are considered.

To take account of a permeable crest, Besley (139@jgests multiplying the predicted
overtopping rate from the Owen formula with a redhrefactor:

C, = 306exp - 1.5% 2)

Valid for C,/Hs> 0.75 where ¢ is the crest berm width, if fHs< 0.75 the reduction of wave
overtopping is negligible (G 1).
Hence, an Owen — Besley combination formula caexlpmessed by:

q/ gHT, = C.a.exp(
. QT\/—gr

The Figure 5 compares the measured on predictedndionless overtoppingy = 49 _in
gH, T,

mo

3)

05
relation to the dimensionless crest freebogq’d:i Som  with Som :Z'OH—;“O. The best fitting is
m0 210 g m

obtained for roughness factor valge 0.4.

Owen-Besleyformula
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Fig. 5. Measured and predicted comparison in Owerofmula with crest berm reduction factor as
proposed by Besley in small scale tests.

Van der Meer — Besley formula

The wave-overtopping formula presented in Van deeivet al. (1998) and TAW (2002) is:
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0,067 R 1
[\ gHm® = ——=x_, ,9,exp(- 4,75 (4)
VNG = g R To  00a 9
With a maximum of:q/ 1/ gH mo® = 0.2 exp¢ 2,6i 1 ) (5)
Hoo 919
and breaker parameter - _ftana (6)
2:tj—|m0
ng?—l,O

H.is significant wave incident height at toe of stuwe. Reduction factorg, ,g.g, ,g, include
effects of a berm, surface roughness, oblique watt@ck and a vertical wall on top of the slope,
respectively. It is noted thgt = 1 for the case of non-vertical wall on top of slope.

In adding the Besley (1999) roughness berm redudiéetors, the Van der Meer — Besley
formula can be expressed by:

0,067 R 1

q/+gHm® = G.——=x, , .9, eXp(- 4,75 ) (@)
Jtana oo HmO Xn1,0909.9 4

Where:C,_ = 306exp - 1.5CH:W 8

S

In both formulas, Owen and Van der Mégve proposed a value of surface roughness reductio
factors in the rangg = 0.5 — 0.55 for the case of rough rock slope.

When Eq.(7) formula is used for comparison with talvoratory experiment, the calculated
overtopping rate is more important than measureskan in figure 6 fog = 0.4 (the same value of Owen
- Besley's model). This problem is left for furthdiscussion with another model test with the same
conditions of offshore wave and type of work.

Vander Meer - Besleyformula

0.1 0.2 0.3 04 0.5 0.6

d
.7

Fig. 6. Measured and predicted comparison in Van deMeer formula with crest berm reduction
= R= R
\/gH mO0 HmOXm— 10

Verification by the measurement in situ breakwater

factor as proposed by Besley in small scale flumg€ 0.4,Q =

Actually, there are many researches in purposesterchinate the adequate roughness fagtor
(or g) used for model semi-empiric. The breakwaters f&nttypes are studied in different scales;
however the result is still contradictory. The scaffect among many model tests seems to be one of
these main reasons. Therefore, Troch et al., 20@4ied out their field measurements of wave
overtopping over an Antifer armour breakwater aettegge, Belgium during the period 1999-2003.
Wave heights range between#2.6 and 3.9 m at toe of structure for wave redard typical storm
duration of 1 hour to2 hours and peak periods rangetween J= 7 and 10 s.
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In retaining the roughness valugs=0.5 as proposed by many scientists, the prevéutisors
find the correlation between measured and predieafite when both Owen - Besley and Van der Meer -
Besley formulae are used with this Antifer configtion.

Furthermore, to overcome the scale effect in lailooyameasurement Lykke Andersen et al.
(2011) have examined this effect by comparing @pging discharges in small scale and large scale
tests. They have proposed a coefficient of scafecefy to resolve the difficulties in accurate
reproduction of prototype conditions for waves astducture in the wave flume when prototype
conditions are not known in sufficient details. $aemodel tests were designed to avoid as many model
effects as possible. Investigating overtopping magasure in three levels of scale model: prototype
measurement at Zeebrugge and Ostia breakwatee, $aade of 1:7 and small scale measurement of 1:40
carried out in Aalborg University, with four brealiter crest geometries: low crown wall, normal crown
wall, high crown wall and vertical wall.

As seen in the Figure 5, with the least square otefor Owen — Besley’'s model, it can be
inferred thaty (small scale¥ 0.4. The guidelines of using the reduction festaf scale effect in paper of
Lykke Andersen et al. (2011), in case of rubble mbbreakwater with a low crown wall, angl ef wave
condition from 0.01 — 0.03 in this test, the vabfeg,= 0.82 is chosen. Therefore, the value of surface
roughnesg (in prototype) = 0.49 is determined adequate wlith data in prototype measurement at
Zeebrugge. The valug (or g) = 0.5 is proposed for the best agreement betvieenprediction by
empirical formula and result in full scaled measoweat in Zeebrugge's data. As regards the Van der
Meer — Besley formula comparison, the overestinmaitiopredicting wave overtopping in both small and
large scale is required the lower valuggaised in future researches.

SEA LEVEL RISE AND SOLUTIONS OF REINFORCEMENT

The first idea to conserve the overtopping spediiic with an anticipated mean sea level is to
increase the height of the crest wall. This solutid reinforcement is examined in this section ti@o
scenarios of sea level raising 0.5 mand 1 m.

Depth waterh = 7 m and rising sea heightto h =7.5 m:

In first steps of changing sea climate scenarioglaaation of 0.5 m in sea level is assumed. In
this experiment, the water depth at the toe oftilemkwater increases from h =7 mto h = 7.5 m. The
overtopping is measured with the method describedprevious section. In this experiment the rgisih
the crown wall’s crest (Fig. 7) was obtained stgstep with an increment of 1 cm in model scal8 (@.
in prototype scale). When the measured overtopgischarge reached a level close of the initial dine,
raising of the crown wall was stopped.

Initial Rc

Sea level rise
Initial sea level

Fig. 7. Cross section of crown wall to adapting sdavel rise.

In case of 0.5m sea level rise, a raising crest @fal.5 m seems an optimal solution in these
experiments. The Fig. 8 shows the results of oppitey discharge in initial conditions of sea leaatl of
crown wall height; for 0.5 m sea level rise andi@icrown wall height; for 0.5 m sea level risedaam
increasing of the wall height of 1.5m. It can beedbthat the chosen wall raising allows to conséimee
initial overtopping discharge on the all range @we period T, = [7 s — 10.4 s] and on the all range for
the tested wave heightH
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Fig. 8. Measured average overtopping rate before anafter installing reinforced wall cases:

@ Th=7s;(b) T,=8s;(c) T,=9.3s; (d) T,=10.4 s.

Depth water h = 7 m and rising sea height to h = 8 m:

In this extreme condition of 1 m sea level rise, dvertopping discharge can become very large.
Some tests carried out with only raising of thegheof crown wall in the same manner of previouseca
led to a non-realistic wall. Thus, the using okaurved wall has been chosen with a geometry pregen
in Fig. 9.

Fig. 9. Cross section of recurved crown wall

An interesting result observed in Fig. 10 is theurged crown wall having more efficient in
sustaining the wave overtopping for low wave perfdd and 8 s) than for long wave period (9.3 s and
10.4 s).

In circumstance of lower wave period {E 7 s, 8 s), the tests are conducted for findhngy t
optimal crest wall height. As seen in the testltesa Fig. 10, for conserving the initial threstialalue of
mean overtopping discharge q, the additional resivall height of 1.2 m will not be ensured thespaf
of structure with acceptable overtopping dischamyech is defined in EurOtop (2007) for each levedia
type of structure. In the other hand, the additioegurved wall height of 1.8 m will reduce more
overtopping volume than expected, thus this lesm@umical solution is inconvenient for construction
design. Finally, the use the 1.5 m (in prototyp®urved crown wall in these tests group of shortesa
seems to be rational. For long wave period grosfs t&ith T, = 9.3 s and 10.4 s, in the same manner of
analyse, the 1.8 m in height of additional recurwedl will satisfy our expectation.
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Fig. 10. Measured average overtopping rate beforend after installing reinforced wall cases:
@Th=7s;(b) T,=8s; (c) T,=9.3s; (d) T,=10.4 s.

The experimental results within the ranges 7§, 11sand5 m Hy, 10 m show that the
reinforcement of the structure have to be:
- “normal” scenario for 0.5 m sea level rise: 1.5 mast wall rise
- extreme scenario for 1 m sea level rise: 1.8 mteval rise with recurved part
as seenin Fig. 11

crest wall rise

— «
. ] and recurved 0 ¥
J— crest wall rise o § c part 25
5 N 9 i3el ™
= g2aa Tm, Hs N EL —Z
initial wall crest /\‘ Avg initial wall crest -
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E g
\ \
- for 0.5 m sea level rise: 1.5 m crest wall rise - for 1 m sea level rise: 1.8 m crest wall rise wehurved part

Fig. 11. Reinforcement results for the two scenar®of sea level rise

EXTRAPOLATED FORMULA OF OVERTOPPING

In the following, the purpose is answering the ¢joesthat predicted overtopping formula can
be extrapolated in case of new configuration oktcreall which has been installed. From there, the
influence of existing vertical wall on top of théoge is examined by the coefficiegit This factor is
accompanied in formula Owen - Besley which has@ldiness with presented test in small scale wave
flume.

1

_ R
q/ gHT,=C.qexp -
3P By Iom a4
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High crown wall for raising mean sea level to h = m:

The tests with vertical crown wall have been cargait in succession additional of crest wall.
The wave height and wave period are used the sameevious section with range;fftom 5 mto 9 m
offshore and }=7 s, 8 s, 9.3 s and 10.4 s respectively. Indhie, the influence of the crown wall on
top of slopey, is examined.

Fig. 12. Measured and predicted comparison in OwenBesley formula with first steps of sea and

05
crest elevationsgg = 0.42 Q* = a R* R S Sy = ZPHrzno ).
gHmOTm HmO Zp ng

From the graph in Fig. 12, the cluster of testauealwith the predicted formula permits the
authors can infer the valugg, = 0.42 in formula Owen - Besley with the least squamethod. In the
previous section, the valg= 0.4 is determined in case of without crest ondbglope. Therefore, the
value g, considers the existence of additional influencestrconfiguration factog, = 1.05. The
coefficientg, > 1 can be concluded that this crest configuratofess efficient than initial low wall
configuration in reducing the overtopping dischar§aying otherwise, the new reinforcement solution
reduces less quantity of wave overtopping volunaa thxisted breakwater configuration which have the
same crest freeboard..RThis is explained by the physical way that thevevéas more breaking and
stopping by crest berm in low wall crest than ighhivall crest which has the clearance between lagan
wall for waves penetrate easily without losing tregiergy.

Recurved crown wall for raising sea height to h = 8n:

Recurved crown wall applied for extreme case obingi sea level reduces more waves
overtopping as expectation than previous solutidre same manner of analysing the efficiency of this
reinforcement method, the influence crest confiianais considered in figure 13:

(a) (b)

Fig. 13. Measured and predicted comparison in OweBesley formula with second steps of sea and crest
05

elevations: (a)gg = 0.33for x, < 3.5and (b) gg = 0.42for X, 3.5 (Q =94 g=R 5
V gHmOTm HmO Zp
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About recurved wall configuration, tlggevaluation is separated in two rangegpfThe values
Xm > 3.5 corresponds to surging waves with periogs=T9.4 s and 10.3 s and the valugs< 3.5
corresponds to plunging waves with periods=T7 s and 8 s. As result, the valuegpf= 1.05 can be
applied for surging wave. Especially, for shorteeident waves the value gf = 0.83 (< 1) proves that
due to its recurved part, this reinforcement canfigion decreases the overtopping more efficietfidyn
the breakwater with higher armour’s crest A

For this reason, in the closed sea having permastenter incident waves, the recurved crown
wall need to be considered to apply in design beead its low cost and convenience for construction
Table 4 presents the guide of using fagten design with various types of crest walls.

Table 4. Summary for influence crest configuratiorfactor gj.

Breakwater with a low crown| Breakwater with a high crown| Breakwater with a high recurved
o wall wall crown wall
>
©
2
n
S Plunging:g, = 0.83 ifx,, < 3.5
3 g=1 g, =1.05
L Surging:g, = 1.05 ifx,, 3.5

CONCLUSIONS

The average overtopping rates in these tests hese tompared with predicted values from the
widely used prediction formulae from Owen (19804 avian der Meer (1998) with reduction factor
Besley (1999). Applying a correction factgy it's successful to obtain reliable field datacimmparison
with presented test model just in case of Owen @damFor application of these formulae to in situ
Antifer breakwater, the value of reduction factor the surface roughness of armoured layer usgd-is
0.49. Van der Meer formula, however, will give mengdently overtopping discharge than tests in smal
scale model which leaves for further discussiorhv@ihother model test with the same condition of
offshore incident wave and type of work.

So far, both vertical and recurved crown wall haeen used in the reinforced solutions, with
normal and high rising of sea level due to climat@nging, to conserve initial wave overtopping
discharge in storm duration of 3 hours. In genétralan be concluded that the recurved crown wadl &
better resistance than vertical one in withstandhgy wave overtopping, moreover, the recurved wall
sustains more efficiently in short wave overtoppiingn in long wave overtopping.

Finally, former researches of many authors abaueffects of various type of breakwater’s crest
in overtopped wave have been introduced. In thpepaauthors present a factyrwhich expresses the
influence of crest configuration on overtoppingegatTo have more reliable estimation of crest &ffat
is preferable in the future to continue carrying more tests with various solutions of crest type.
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