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ABSTRACT

This paper contributes to a better knowledge on the distribution of individual wave overtopping volumes in
shallow-water wave conditions. Results from new two-dimensional physical model tests on typical rubble-
mound breakwater geometries indicate that the formulae by Besley (1999) are underestimating the number of
individual overtopping waves in non-Rayleigh-distributed, shallow-water wave conditions. Additionally, the
proposed shape factors by Franco et al. (1994), Van der Meer and Janssen (1994), Victor et al. (2012) in the
two-parameter Weibull-distribution, which is normally used for describing individual wave overtopping vol-
umes, have been seen to over predict the largest overtopping volumes in depth-limited waves. Correction
terms based on the incident wave height distributions are introduced in the present paper to modify the existing
formulations by Besley (1999), Franco et al. (1994), Van der Meer and Janssen (1994), and Victor et al. (2012).
The modifications significantly improve the predictions of the largest overtopping volumes in shallow-water

wave conditions.

Wave height distribution

1. Introduction

Wave overtopping can affect buildings, persons etc. located behind a
sea defence structure and is usually specified as a design parameter
with a specific return period. Normally, the average wave overtopping
rate, ¢, is used as a design parameter. However, in recent time Franco
et al. (1994) suggested instead to use the individual wave overtopping
volumes as design criteria, such as the maximum individual wave
overtopping volume during a design storm, Vmax, since this is believed
to provide a better design measure than the average overtopping rate.
The reason is that the largest overtopping volumes during the storm
will most likely cause the damages to buildings etc. in the hinterland.
The EurOtop manual by Pullen et al. (2007) provided tolerable individ-
ual wave overtopping levels.

Several researchers have suggested probability distribution func-
tions for individual wave overtopping volumes on coastal defence struc-
tures; Franco et al. (1994), Van der Meer and Janssen (1994), Besley
(1999), Pullen et al. (2007), Lykke Andersen et al. (2009), and Victor
et al. (2012). Many studies are, however, based on relatively deep-
water wave conditions, and are believed to provide conservative predic-
tions of the largest individual wave overtopping volumes in depth-
limited conditions.

It should, however, be mentioned, that the depth-limitation effects
have gained an increasing attention in recent time. As an example,
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Pullen et al. (2007) used the first negative moment ofthe energy spec-
trum, T_i,o, in many ofthe design formulae instead ofthe commonly
used peak period, 7p. The reason is that T_10 is proportional to the
wave energy flux and is thus more appropriate than 7p to introduce
the effects ofchanges in the energy spectra in shallow water wave con-
ditions, c.f. Van Gent (2001 ).

This paper presents a review ofthe state ofart knowledge including an
evaluation of the performance of existing formulations in depth-limited
wave conditions by comparing them against new two-dimensional phys-
ical model tests in shallow-water wave conditions. Based on this, mod-
ifications are suggested to more effectively account for the effects of
shallow-water wave conditions in existing distribution functions for in-
dividual overtopping wave volumes from previous studies.

2. Existing knowledge

The probability ofwave overtopping is defined by (1) in which Nowis
the number ofindividual overtopping waves and Nwis the total number

ofwaves.

AT W)
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The number of individual overtopping waves can be predicted from
(2) given by Besley (1999) where 7 is the mean wave period in the
time domain, Hs is the significant wave height in the time domain at
the toe ofthe structure, and ¢ is the average overtopping rate.
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Other formulations for prediction of Noware presented in Pullen et al.
(2007). However, these exclude the effect of the crest berm B, which is
included in ¢ in (2). Thus, since different B are evaluated in the present
study, as explained later, solely the formulation in (2) is considered in
the present paper.

A study on the probability distribution ofindividual wave overtopping
volumes was carried out by Franco et al. (1994) for vertical wall breakwa-
ters. They found that the distribution ofthe individual wave overtopping
volumes is well fitted by a two-parameter Weibull distribution. The
non-exceedance probability is thus given by (3) where Vis the mean
volume perindividual overtopping wave. Aand b are the scale factor
and the shape factor, respectively. ¥} is the individual wave overtopping
volume.

Fosvy = 1-exp  VIVXO N

By using the Weibull plotting position formula, F(Vj) = 1 —i/
(Now + 1). the distribution function can be expressed by (4), cf.
Lykke Andersen et al. (2009).

1/6
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The maximum individual wave overtopping volume per meter
width, Vmax, can be determined by setting the rank i to 1 which leads

Jgeach (1:5) Breakwater mode! Wave gauges
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to the expression (5). This is similar to the formulation for Vmax presented
in Pullen et al. (2007) except that they used Now instead of Now + 1.
Lykke Andersen et al. (2009) noted that the formulation in Pullen et al.
(2007) would predict Vmax/V = 0 for Now = 1 and thus their formula-
tion is only valid for Now> 5-10. However, since many coastal protection
structures are designed to obtain small Now solely the formulation in (5)
is considered in this paper.

[LaQVOW+ 1)] 1/£tV )

The mean individual wave overtopping volume V is given by (6)
which introduce a new expression for Va3X Vmtdl is the total overtopping
wave volume per meter width during a storm.

y ~ total
Now
1/6 ©®

iVOW

The mean value ofa Weibull distribution, fiv, given by (7), has to
be equal to the mean individual wave overtopping volume and thus
sets a relationship between for Aand b. Fis the mathematical gamma

function.

Vv=AT(1+-b) =V (7)

From this, the relation between A and b is obtained given by (8)
which is illustrated in Fig. 1.

1
A= (8)

r(i +5

b was found by Franco etal. (1994) and Van der Meer and Janssen
(1994) to be approximately 0.75 for respectively caisson breakwa-
ters and dikes in relatively deep water. The shape factor was assumed
to be constant for geometrical changes of the structures. However,
according to Pullen et al. (2007), b is likely to increase in shallow-water
wave conditions.

Victor et al. (2012) did a more detailed analysis on the values of b,
based on two-dimensional physical model tests, in which the shape factor
was fitted to the distribution of measured individual wave overtopping
volumes in each dataset. The aim was to improve the knowledge on
the probability distribution of individual wave overtopping volumes on
steep, low-crested smooth structures such as floating wave energy
converters. The effect of slope angle, non-Rayleigh-distributed inci-
dent waves, relative crest freeboard, and wave steepness was evalu-
ated. A prediction formula for b was suggested based on the trends in
the findings, and was concluded to fit relatively well to the b-values
obtained from the different tests, although with some scatter. The
tests by Victor et al. (2012) indicated an exponential decreasing trend
of the shape factor b for increasing relative crest freeboard in the
range 0.1 < K¢/FlmO < 1.69 (i.e. for relative small freeboards), where
HmoO is the significant wave height based on frequency domain analysis
and Rcis the crest height. Additionally, a linear increase in b was ob-
served for an increasing slope angle in the range 0.36 < cota < 2.75
(i.e. for relatively steep slopes). The non-Rayleigh-distributed waves
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Fig. 2. Layout of model test in 2D wave flume.
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Table 1
Test ranges for deep-water and shallow-water wave conditions (Norgaard et al, 2012b).

Test series ft [m] Hno [m] A101s] fw fr[-] AdHmo H Hno/f-10[—]
Shallow-water 0.300-0.360 0.150-0.180 1.826 0.500 1.00-1.600 0.047-0.061
Deep-water 0.500-0.560 0.100 1.826 0.179-0.200 0.800-1.400 0.027-0.028

resulted in larger values of b, but within the applied range of Hm0/h be-
tween 0.04 and 0.38 (for steep low-crested uniform slopes) the effectof
shallow-water wave conditions was concluded to be within the scatter
ofthe empirical coefficients in the prediction formula. Finally, the influ-
ence from the wave steepness was concluded to be negligible. The pre-
diction formula by Victor et al. (2012) is given by (9).

b f~rr~— cota™) = exp(—2 0 +0.56+ 0.15cota )
WmO / \% "m0/

3. Physical model tests

The physical model tests used forthe presentanalysis are further de-
scribed and interpreted in Norgaard et al. (2012a, 2012b), concerning
wave loads and stability of rubble mound crown wall superstructures,
respectively. The present paper will, however, solely deal with the mea-
sured wave overtopping. The tests are performed in a 25 m long and
1.5 m wide wave flume at Aalborg University, illustrated in Fig. 2. The
length scale is approximately 1:30. Three resistance type wave gauges
are installed near the toe ofthe breakwater to measure the surface ele-
vation and to separate reflected and incident waves. The wave gauges
are positioned based on suggestions by Klopman and van der Meer
(1999), and the reflected and incident spectra are determined based
on the approach by Mansard and Funke (1980).

3.1. Considered wave conditions

Waves are generated based on the three parameter JONSWAP
spectra defined by Hm0, the peak frequency fp (=1 / Ip), and the
so-called peak enhancement factory. Atleast 1000 waves are gener-
ated in each test. The wave generation paddle is a hydraulically driv-
en piston mode generator, and the software AwaSys (Aalborg
University, 2010) is used to generate waves with simultaneously ac-
tive absorption of reflected waves. Test ranges for the deep and
shallow-water wave conditions are specified in Table 1,respectively.
The water depth h is increased in steps in the “deep-water case”
(resulting in changing Hm0/h ratios), and both ft and Hmf are stepwise
increased in the ‘Shallow-water case” (the Hm0/h ratio is maintained).
Ac is illustrated in Fig. 3.

3.2. Structure geometries

The armor layer consists of rock units with Dn50 = 40 mm, and the
filter layer consists ofrock units with Dnso = 20 mm. The armor layer is

designed to remain stable in all tests. The core consists ofrelative coarse
material (DnSo « 5 mm) for both the deep and shallow-water configu-
rations. The reason for the coarse core material is, as suggested by
Burcharth et al. (1999), to compensate for the scale effects due to the
non-turbulent flow in the model core material. Scale and model effects
will be discussed more in details in a later section.

Different R/Acratios are tested by raising the wall height. The wave
conditions in Table 1 are repeated for each modification ofthe structure.
The ratios of the tested structure geometries are listed in Table 2. Defi-
nitions used in the table are illustrated in Fig. 3.

A photo from the shallow-water model test set-up is shown in Fig. 4.
The pressure transducers and the “sliding section" in the photo are fur-
ther described in Norgaard et al. (2012a, 2012b).

3.3. Determination of wave overtopping

The set-up for determining the average overtopping rate and the
individual overtopping wave volumes is illustrated in Fig. 5. The
overtopping waves are directed into the box by means of a ramp,
and the overtopped volumes are measured by use of a depth gauge
installed inside a perforated pipe to dampen the surface elevation
due to slushing in the box after an overtopping event. A pump in
the overtopping box is programmed to start and stop when the
water level reaches a certain predefined level. The run-time of the
pump is stored in a data file and based on the pump capacity the ac-
cumulated overtopping volume is determined by compensating for
the draining from the pump. The volume ofthe overtopping box isad-
justed to each test series in order to have sufficient changes in water
levels by individual wave overtopping and sufficient volume. If the
overtopping box is too large compared to the wave overtopping in the
specific test it is difficult to determine the individual overtopping vol-
umes with sufficient accuracy due to too small changes in the water
level in the box after an overtopping event.

An example ofthe processing ofthe overtopping signals is shown in
Fig. 6. The dashed lines in Fig. 6 (left) illustrate pump operations. The
individual overtopping volumes are identified from the cumulative
overtopping volume time series. The individual volumes and the num-
ber of overtopping volumes are obtained from an algorithm, which
identifies fast changes in the volume ofthe box. This approach isvalidat-
ed before the tests where specific water volumes are released and after-
wards correctly detected. Moreover, the individual overtopping wave
volumes and number of overtopping volumes obtained from the algo-
rithm are compared to F; and Now obtained by visual inspections of
the accumulated overtopping wave volume time series after each test.
The circles in Fig. 6 (right) illustrate the maximum individual wave
overtopping volume in the specific example.

Fig. 3. Illustration of geometrical definitions (Norgaard etal, 2012b).



18 JOH Nergaard et al. ; Coastal Engineering 83 (2014) 15-23

Table 2
Ranges ofstructure dimensions for the breakwater model (Norgaard et al., 2012b).

Re[m] Ac[m] cot(a) B[m] RJAA-]  Ac/B[~]
Shallow-water  0.20-0.29  0.20-0.24 1.5 024  1.00-1.33  0.83-1.00
Deep-water 0.1-0.19  0.1-0.14 1.5 0.17  1.00-1.70  0.59-0.82

4. Method of analysis and remaining content of paper

Initially, the wave height distributions in the deep-water and shallow-
water tests are determined and compared to existing wave height distri-
bution functions.

Secondly, the measured average wave overtopping rates g from the
model tests are compared to predictions by the CLASH Overtopping Neu-
ral Network (van Gentet al,, 2007) to evaluate whether the Overtopping
Neural Network is capable of providing good predictions in both deep
and shallow water wave conditions. This is important since predicted
q are used also for prediction of IM® ley, cf. (2), and thus Vm3X

The predicted values ofJVo* leyare then compared to the N™Sdeter-
mined in the model tests, and modification to the Besley formula is in-
troduced for the shallow water conditions.

Finally, the performance ofthe shape factors b by Franco etal. (1994),
Van der Meer and Janssen (1994), and Victor et al. (2012) is evaluated
forestimation of Vmaxin deep-water and shallow-water wave conditions
by comparison with Vmaxdetermined in the tests. A correction term is in-
troduced to account for shallow water wave conditions.

Scale and model effects in the laboratory tests are discussed after the
analysis.

5. Wave height distribution in tests

Two examples of measured deep-water and shallow-water wave
height distributions are shown in Fig. 7 (left) and (right), respectively.
The individual wave heights are measured at the wave gauges near
the breakwater toe, c.f. Fig. 2. A Rayleigh distribution and a Battjes and
Groenendijk (2000) distribution are compared to the data. The tests are
divided into deep-water wave conditions, Hm/h < 0.2, and shallow-
water depth-limited wave conditions, Hm0/h > 0.2. As seen, the Rayleigh
distribution fits well to the deep-water waves, but it is significantly
overestimating the highest waves in the shallow-water wave conditions.
The Battjes and Groenendijk (2000) distribution fits to the data very
well in both the deep-water and shallow-water wave conditions in
the example.

ivertopping DOx

Fig. 4. Photo oflaboratory test set-up.

Ramp Resistance type surface-
eleuation gaugev-".

Pump

Fig. 5. Overtopping tank installed behind the breakwater.

In Fig. 8 (left) and (right),the measured and predicted values ofH1/10,
based on the Rayleigh distribution and Battjes and Groenendijk (2000)
distribution, respectively, are compared for all tests. HI/10 is the average
ofthe 1/10 highest incident waves and is evaluated since it will later
be used to incorporate the effects of shallow water wave conditions
in existing formulae. As seen, the Rayleigh distribution fits well to the
deep-water waves but over predicts H*/w in shallow-water wave condi-
tions. The Battjes and Groenendijk (2000) distribution provides very
good predictions in both the deep and shallow-water wave conditions.

6. Evaluation of design tools for determination of
average overtopping rate

The state of art tool CLASH Overtopping Neural Network (van Gent
et al.,, 2007) is evaluated to determine its ability for prediction of ¢ in
deep and shallow-water wave conditions. The overtopping neural net-
work is based on more than 10,000 model tests collected and performed
during the EC funded CLASH project. Measured average overtopping
volumes from the present tests are compared to the predicted volumes
in Fig. 9. Aroughness coefficient ofjf = 0.5 isused for prediction ofq as
recommended in the manual. As seen, a good agreement between mea-
sured and predicted ¢ is obtained for the evaluated deep-water and
shallow-water wave conditions except for the smallest rates.

7. Evaluation of measured number of individual wave overtopping
wave volumes against existing knowledge

Fig. 10 shows a comparison ofthe measured number ofindividual
overtopping waves in each test with predictions given by Besley
(1999) in (2). Itis seen that the formula by Besley (1999) gives a rel-
atively good estimation of Now for HmO/h < 0.2, but provides an un-
derestimation of Now for non-Rayleigh-distributed incident waves.
The underestimation is due to the fact that in deep water wave con-
ditions the individual overtopping wave volumes are characterized
by a few large volumes and many smaller volumes, c.f. the Rayleigh
distribution. Contrarily, the individual overtopping wave volumes in
shallow water wave conditions are more uniformly distributed with
many relatively large overtopping wave volumes. Thus, less overtopping
waves are needed in shallow-water wave conditions to obtain the same
g as indeep-water wave conditions. This leads to a higher number ofin-
dividual overtopping waves in shallow-water wave conditions com-
pared to the deep-water wave conditions.

A correction factor related to non-Rayleigh-distributed waves is thus
needed to the Besley (1999) formula in order to expand the validity to
non-Rayleigh-distributed waves. The correction is based on the incident
wave height distribution, here characterized by the ratio Hm/HI/W. The
choice ofHi/io seems reasonable, because typically 5-10% ofthe waves
in the design conditions give overtopping. Moreover, HI/10is a relatively
statistically robust parameter and in the present case well predicted by
the Battjes and Groenendijk (2000) wave height distribution.

As seen from Fig. 11 (left), the ratio between predicted and measured
number ofindividual overtopping waves JV™as/JVo“ ley increases approx-
imately linearly with HmO/HI/W. HI/I0 in Fig. 11 is the measured values,
but it could as well be predicted from the Battjes and Groenendijk
(2000) distribution. By using the least-square method, a linear fit is
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Fig. 6. (left) Overtopping time series in model scale measured from the depth gauge in the overtopping box. Dashed lines illustrate the operation ofthe pump, (right) Accumulated wave

overtopping time series in model scale and illustration of Vimax detection.

performed on the data in Fig. 11 (left) resulting in the correction fac-
tor Cl (Hm/H1/10), given by (10). Based on the Rayleigh distribution,
the ratio HmO/ffi/io can be calculated as Hm0/ffi/io = 0.848 since H33 =
Hm0O m0.927 as proposed by Holthuijsen (2007) has been used. The line-
ar fit is thus constrained with N™* /JVo“ley = 1, meaning that no correc-
tion is performed for perfectly Rayleigh-distributed waves. Moreover,
since JV™™ /I[VOWBesley « 1 for Hm0/h < 0.2 Cl is solely fitted to the
data for HmO/h > 0.2.

,Besley
for  ffjno/ffi/io —0.848 or Hmo/h<0.2
i = 6.65- *9.02
M/10 for fW H, |l 0.848 and ffjno/*>0-2
10

It should be noted that the correction term Cl is only validated
within the tested range: 7.3 m10~7 < Q» < 6.19 mIO-5.The correction
should be smaller for higher @, since Now/Nw < 1.

In Fig. 11 (right), the modified predicted numbers of individual
overtopping waves, JVIMd, are plotted against the measured numbers
ofindividual overtopping waves, The performances ofthe original
formula and the modified formula for determination of/Noware evaluat-
ed based on the correlation coefficients, p, and the standard deviations
a As seen, the modified Now seems to be well predicted for both inci-
dent Rayleigh and non-Rayleigh-distributed waves.

8. Individual wave overtopping volumes

The predicted maximum individual wave overtopping volume using
(6), Miax, based on Nff,S, is plotted against the measured maximum

HmO/h * 0.2 (deep water)

A Measured
— Rayleigh
=0 10 Battjes & Groenendijk {2000}

e 0

in Fig. 12. is deter-
mined using two different values ofthe shape factor; » = 0.75 in accor-
dance with Franco et al. (1994), Van der Meer and Janssen (1994), and
b(RdHmO, a) by Victor et al. (2012), as presented in (9). It should be

mentioned that the formulation for b by Victor et al. (2012) is not cali-

individual wave overtopping volume,

brated against tests on porous, rough rubble-mound slopes. However,
in contrast to the shape factor by Franco et al. (1994), itincludes the in-
fluence from the relative freeboard and the slope angle, and is therefore
used for comparison. Moreover, as mentioned before, the shape factor
by Franco et al. (1994) is based on vertical breakwaters.

As seen, Vg~ is relatively well predicted for deep-water waves in
Fig. 12 (left) where a slightly better performance is obtained for the
shape factor presented by Victor et al. (2012). However, when eval-
uating the non-Rayleigh-distributed incident waves in Fig. 12 (right),
VOfax is over-predicted. This indicates that a correction term for the
wave height distribution in shallow water wave conditions is needed
in the shape factor.

In Fig. 13 (left) is shown the b-factor as function of HmW/H1/10. b is
determined by a least-square fit against the 30% highest individual
wave overtopping volumes, V, > V30% in each test. The reason for
evaluating V, > V30%is to maintain a sufficient accuracy in the deter-
mination of V) in the model tests with the lowest amount of wave
overtopping. When V, become too small the detected overtopping
wave volume is less accurate. Fig. 13 (right) shows the modification
factor C2 fitted to the measured individual wave overtopping vol-
umes. C2 is used to modify the formula for estimation of b by Victor
et al. (2012) to include the effect of non-Rayleigh-distributed inci-
dent waves, see (11). The linear fits in Fig. 13 (left) and (right) are
constrained in [x,y] = [0.848,0.75] and [x,y] = [0.848,1], respec-
tively, meaning that no corrections are performed for perfectly
Rayleigh-distributed waves. Again, since b « 0.75 and C2 « 1 for

Hm0/h = 0.5 (shallow water)

10
f Measured

— Rayleigh
Battjes & Groenendijk (2000)

(H/Hnmr

Fig. 7. Distribution of measured wave heights near the breakwater toe in (left) deep-water wave conditions and (right) shallow-water wave conditions.
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Fig. 8. Comparison of measured and predicted Hm 0 in deep and shallow-water wave conditions in model scale based on (/eft) Rayleigh distributed incident waves and (rightz) based on

Battjes and Groenendijk (2000) distributed incident waves.

HmO/h < 0.2 the shape factor and correction factor are solely based
on the data for HmO/h > 0.2.

cota, expl —2.0 +0.56 + 0.15cota

Hl/lO

C2 11
Hl/lO

As obtained in the study by Victor et al. (2012), some scatter
is present in the fitted h-factors. Most tests in shallow-water wave
conditions were performed with Hm0/h « 0.5, which explains the
fragmentation ofthe two data sets for the deep water and shallow-
water wave conditions in Fig. 13. However, still a clear tendency is
observed from the fitted line where high values of HmO/HI1/W results
in high h-factors, which is also identified in the study by Victor
etal. (2012) and mentioned in Pullen et al. (2007). The linear modi-
fication functions for b and C2 are given in (12) and (13), respective-
ly. The h-factor in (12) replaces the h-factor in (11) by Victor et al.

Evaluation of Overtopping Neural Network

10

mo

mo
10"

C()o
107
10
107 10°
Ved. P/S/m]

Fig. 9. Comparison of measured average overtopping rates in model scale with predictions
from the “Overtopping Neural Network” in non-Rayleigh and Rayleigh-distributed waves.

(2012), and the multiplication factor C2 in (13) is used in combina-
tion with (11).

0.75 for HmO/H 1/10< 0.848 or Hm0//i<0.2

. 61 °™ .08
u/io iJio for  OmO/H 1y10>0.848 and Hm0/h>0.2
(12)
for < 0.848 or HmO/h<0.2

2 S108+ -  -m13.9
1/10 M/10 for Hmo/Hi/io>0~* an<l H,0 /i 0.2

(13)

The modified predicted maximum individual wave overtopping
volumes are plotted against the measured maximum individual
wave overtopping volumes in Fig. 14, using b in accordance with
(12) and C2 in accordance with (13). As seen, a relatively good
agreement is obtained between measured and predicted maximum
overtopping volumes for both modified shape factors. However, the
shape factor by Victor et al. (2012) modified using (13) is expected
to provide better predictions in case of low R¢/HmO-ratios and for

0.2

Eq, 2
o H_ #4
mo

0.15 X H g

0.05

Fig. 10. Evaluation of measured Nowagainst the formula by Besley (1999).
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Fig. 11. (left) Influence from fin/ff1/10 on Now. (middle) Correlation between measured and predicted Nowwithout introducing the effects of depth limited wave conditions, (right) Eval-
uation of modification factor for including the effect on non-Rayleigh-distributed incident waves in estimation of Now.

front slopes which significantly differ from the evaluated slope of
cot(a) = 1.5.

Evaluated ranges for ¢ in Fig. 9, the modified Now in Fig. 11, and the
modified I/max in Fig. 14, are summarized in Table 3.

It should be kept in mind that no variation is performed on the slope
angle in the model tests and that the breakwater profile is a traditional
high crested profile with a roughness ofy; « 0.5. The effect of varying
slope angles is, however, included in the prediction formula for b by
Victor et al. (2012), 0.36 < cota < 2.75.

9. Scale and model effects in model tests

Briganti et al. (2005) described the full-scale measurements of wave
overtopping at the Italian Rome yacht harbor breakwater in Ostia, locat-
ed in depth-limited wave conditions. They highlighted the several non-
conservative scale and model effects related to wave overtopping in
small-scale. Among others, they noted the expected scale effects related
to heavy wave breaking in small scale and the model effects ofneglected
perpendicular winds in small scale, which for the considered structure
in full-scale increased the average overtopping rate by a factor 5 for an
increase ofa factor 2 in wind speed. Only little effect from cross wind
was observed.

De Rouck et al. (2007) compared the prototype measurements
from the Zeebrugge rubble mound breakwater with model test data in
2-D and 3-D. They stressed the needs for accurate modeling ofthe per-

meability ofarmor and core material since this was seen to have a high

Hm07h <0.2

ym

° Eq. 6 &8, b=0.75

1

10" 10
VPrr%el)? [V/m]

influence on especially the run-up level. To separate scale effects from
wind effects and other uncertainties regarding prototype conditions
Lykke Andersen et al. (2011) carried out comparative tests in large
and small scale and identified a significant scale effect on mean
overtopping discharges on rubble mounds.

The influence from scale effects on Nowand Vmax has not been inves-
tigated in details. However, Lykke Andersen et al. (2009) indicated that
the scale effects on these parameters are not significant.

10. Conclusions

Individual wave overtopping volumes are measured in physical
model testing of a rubble mound breakwater with a crown wall. The
measured average overtopping rates from the present model tests are
compared to predicted rates from the Overtopping Neural Network
(van Gent et al., 2007) where a relatively good agreement is found for
both deep-water and shallow-water wave conditions.

Existing state ofthe art tools for estimation of maximum individual
wave overtopping volumes are seen to perform very well in deep-
water wave conditions. However, in shallow-water wave conditions,
the formula by Besley (1999) is seen to under predict the number ofin-
dividual overtopping waves. This is due to the fact that individual wave
overtopping volumes in shallow-water wave conditions are more even-
ly distributed compared to deep-water waves. Thus, a correction factor
is introduced, based on the incident wave height distribution, described
by the ratio; Hm0/H 1/10.

/
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Fig. 12. Correlation between measured and predicted U/max in model scale in (lef) deep-water wave conditions and (right) shallow-water wave conditions.
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Fig. 13. Influence from non-Rayleigh-distributed waves on (left) b and (right) C2 (V> V30%.
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Fig. 14 Evaluation ofpredicted maximum individual wave overtopping volumes in model scale with (/efi) /maxpredicted using (6) and modified hin accordance with (12) and (right) Vm

predicted using (6) and modified 4 in accordance with (11) and (13).

The suggested shape factors by Franco etal. (1994), Van der Meer
and Janssen (1994), and Victor et al. (2012) in the two-parameter
Weibull distribution used for the estimation of individual wave
overtopping volumes are seen to insufficiently describe the distribu-
tion of individual wave overtopping wave volumes in depth-limited
waves. The existing formulae significantly over-predict the largest
individual wave overtopping volumes. Thus, correction terms are
suggested based on the HmO/Hi/i0-ratio.
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Table 3
Investigated parameter ranges in modified design formulae for vmax-

Parameters Ranges
Hwh 0.19-0.55
B0 0.9-2.0

3.3-4.6
NOWNw 0.006-0.12
(Tnghk) 7.729 w10_7-6.19 +10-5
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