
Coastal Engineering 83 (2014) 15-23

ELSEVIER

Cont en t s  lists available at  ScienceDi rect

Coastal Engineering

j o u r n a l  h o m e p a g e :  w w w . e l s e v i e r . c o m / l o c a t e / c o a s t a l e n g

S

Coastal
Engineering

Distribution of individual wave overtopping volumes in shallow water 
wave conditions

CrossMark

Jorgen Quvang Harck Norgaard *, Thomas Lykke Andersen, Hans F. Burcharth
D epartment o f Civil Engineering, Aalborg University, Sobngaardsbolmsvej 57, DK-9000, Denmark

A R T I C L E  I N F O

Article history:
Received 15 November 2012 
Received in revised form 27 August 2013 
Accepted 18 September 2013 
Available online 16 October 2013

Keywords:
Rubble-mound breakwater 
Wave overtopping 
Individual overtopping volumes 
Maximum overtopping volume 
Physical modeling 
Wave height distribution

A B S T R A C T

This p a p er con tribu tes  to  a  b e tte r  know ledge on  th e  d istribu tion  o f indiv idual w ave overtopp ing  vo lum es in 
shallow -w ate r w ave conditions. Results from  n e w  tw o-d im ensiona l physical m odel te sts  on  typical rubb le- 
m o u n d  b reak w ate r g eom etries ind icate  th a t  th e  form ulae b y  Besley (1999) a re  u n d erestim atin g  th e  n u m b er of 
indiv idual overtopp ing  w aves in non-R ayleigh-distributed , shallow -w ater w ave conditions. Additionally, the  
p ro p o sed  shape  factors by  Franco e t  al. (1994), V an d e r M eer and  Janssen  (1994), V ictor e t al. (2012) in  the  
tw o -p a ra m e te r W eibu ll-d istribu tion , w h ich  is norm ally  u sed  for describ ing  indiv idual w ave overtopp ing  vol­
um es, have b een  seen  to  over p red ic t th e  la rgest overtopp ing  vo lum es in  d ep th -lim ited  w aves. Correction 
te rm s  b ased  o n  th e  inc iden t w ave h e ig h t d istribu tions a re  in troduced  in  th e  p re sen t p a p er to  m odify  th e  existing  
fo rm ulations by  Besley (1999), Franco e t  al. (1994), Van d e r  M eer an d  Janssen  (1994), and  V ictor e t  al. (2012). 
The m odifications significantly im prove th e  p red ic tions o f th e  la rgest overtopp ing  vo lum es in  shallow -w ater 
w ave conditions.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

W ave overtopping can affect buildings, persons etc. located behind a 
sea defence structure and is usually specified as a design param eter 
w ith  a specific re tu rn  period. Normally, th e  average wave overtopping 
rate, q, is used  as a design param eter. However, in recent tim e Franco 
e t al. (1994) suggested instead to use th e  individual w ave overtopping 
volum es as design criteria, such as the  m axim um  individual wave 
overtopping volum e during a design storm , Vmax, since this is believed 
to  provide a b e tte r design m easure th an  th e  average overtopping rate. 
The reason is th a t the  largest overtopping volum es during the  storm  
will m ost likely cause th e  dam ages to buildings etc. in the  hinterland. 
The EurOtop m anual by Pullen e t al. (2007) provided tolerable individ­
ual w ave overtopping levels.

Several researchers have suggested probability d istribution func­
tions for individual w ave overtopping volum es on coastal defence struc­
tures; Franco e t al. (1994), Van der M eer and Janssen (1994), Besley 
(1999), Pullen e t al. (2007), Lykke A ndersen e t al. (2009), and Victor 
e t al. (2012). M any studies are, however, based on relatively deep- 
w ater wave conditions, and are believed to provide conservative predic­
tions o f the  largest individual w ave overtopping volum es in dep th- 
lim ited conditions.

It should, however, be m entioned, th a t th e  depth-lim itation effects 
have gained an  increasing a tten tion  in recent tim e. As an  exam ple,

* Corresponding author at. D epartm ent of Civil Engineering, Aalborg University, 
Sohngaardsholmsvej 57, DK-9000, Denmark Tel: +4524846077.

E-mail addresses: jhn@civil.aau.dk (J.Q.H. Norgaard), tla@civil.aau.dk 
(T. Lyldce Andersen), hansburcharth@gmail.com (H.F. Burcharth).

0378-3839/$ -  see front m atter © 2013 Elsevier B.V. All rights reserved. 
http://dx.doi.Org/10.1016/j.coastaleng.2013.09.003

Pullen e t al. (2007) used th e  first negative m om ent o f th e  energy spec­
trum , T _i,o , in m any of th e  design form ulae instead of th e  com m only 
used peak period, Tp. The reason is th a t T_ 10 is proportional to  the  
w ave energy flux and is thus m ore appropriate  than  Tp to introduce 
the  effects o f changes in th e  energy spectra in shallow  w ater w ave con­
ditions, c.f. Van Gent (2001 ).

This paper presents a review of the  state o f a rt knowledge including an 
evaluation of the perform ance of existing formulations in depth-lim ited 
wave conditions by comparing them  against new  two-dimensional phys­
ical m odel tests in shallow -w ater w ave conditions. Based on this, m od­
ifications are suggested to m ore effectively account for the  effects of 
shallow -w ater w ave conditions in existing d istribution functions for in ­
dividual overtopping w ave volum es from  previous studies.

2. Existing knowledge

The probability o f w ave overtopping is defined by ( 1 ) in w hich Now is 
the  num ber o f individual overtopping w aves and Nw is th e  total num ber 
o f waves.

NP = i V  i j )1 0W AT V 1 )
' vw

The num ber o f individual overtopping w aves can be predicted from 
(2) given by Besley (1999) w here  Tm is the  m ean w ave period in the  
tim e dom ain, Hs is th e  significant w ave height in th e  tim e dom ain a t 
the  toe o f th e  structure, and q is the  average overtopping rate.
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Fig. 1. Relation between A and b.
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O ther form ulations for prediction of Now are presented  in Pullen e t al. 
(2007). However, these exclude the  effect o f the  crest berm  B, w hich is 
included in q in (2). Thus, since different B are evaluated in th e  p resent 
study, as explained later, solely th e  form ulation in (2) is considered in 
the  p resen t paper.

A study on the probability distribution of individual wave overtopping 
volumes was carried out by Franco e t al. ( 1994) for vertical wall breakw a­
ters. They found that the distribution of the  individual wave overtopping 
vo lum es is w ell fitted  by a tw o -p a ra m e te r  W eibull d is trib u tio n . The 
n o n -ex ceed an ce  p robab ility  is th u s  given by (3) w h e re  Vis th e  m ean  
vo lum e per ind iv idual o v e rto p p in g  w ave. A and  b a re  th e  scale factor 
and th e  shape factor, respectively. V¡ is the  individual w ave overtopping 
volume.

F(V>V¡) =  1 - e x p
vf/vx 61

(3)

By using  th e  W eibull p lo tting  position  form ula, F(V¡) =  1 — i / 
(Now + 1 ) .  th e  d is trib u tio n  function  can be expressed  by (4), cf. 
Lykke A ndersen  e t al. (2009).

—Ln
1/6

=  A-[Ln(N0W +  -i)-Ln(i) 1/6 (4)

The m axim um  individual wave overtopping volum e per m eter 
w idth, Vmax, can be determ ined by setting th e  rank i to 1 w hich leads

to the expression (5). This is similar to the  form ulation for Vmax presented 
in Pullen e t al. (2007) except th a t they  used Now instead of Now +  1. 
Lykke Andersen e t al. (2009) noted th a t the  form ulation in Pullen e t al. 
(2007) w ould predict Vmax/V =  0 for Now =  1 and thus their form ula­
tion is only valid for Now > 5-10. However, since m any coastal protection 
structures are designed to obtain small Now solely the  form ulation in (5) 
is considered in this paper.

[Ln(JV0W +  l) ]1/ftV (5)

The m ean individual w ave overtopping volum e V is given by (6) 
w hich introduce a new  expression for Vm3X. Vmtal is the  total overtopping 
w ave volum e per m eter w idth  during a storm.

y    ^  total

~  Now

iV 0W

1/6
( 6 )

The m ean  value of a W eibull d istribu tion , fiv , given by (7), has to 
be  equal to  th e  m ean  indiv idual w ave o v ertopp ing  vo lum e and  th u s 
se ts a re la tionsh ip  b e tw een  for A and  b. F is th e  m athem atical gam m a 
function.

1 \  T7Vv = A T ( 1 + - b ) = V (7)

From this, th e  relation betw een  A and b is obtained given by (8) 
w hich is illustrated in Fig. 1.

A =  -
1

r ( i  +5
( 8 )

b w as found by Franco e ta l .  (1994) and Van d e r M eer and  Janssen  
(1994) to be ap prox im ate ly  0.75 for respectively  caisson b reak w a­
ters and dikes in relatively deep water. The shape factor was assum ed 
to  be constant for geometrical changes o f the  structures. However, 
according to Pullen e t al. (2007), b is likely to increase in shallow -water 
wave conditions.

Victor e t al. (2012) did a m ore detailed analysis on the values of b, 
based on two-dimensional physical m odel tests, in which the  shape factor 
was fitted to the  distribution o f m easured 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  sm oo th  stru c tu res  such as floating w ave energy  
converters . The effect o f  slope angle, non-R ayle igh -d istribu ted  inci­
d e n t w aves, relative c rest freeboard , and w ave s teepness w as evalu ­
ated . A p red ic tion  form ula for b w as suggested  based on th e  tren d s  in 
th e  findings, and  w as concluded  to  fit re la tively  w ell to th e  b-values 
o b tained  from  th e  d ifferen t tests , a lthough  w ith  som e scatter. The 
tests by Victor e t al. (2012) indicated an  exponential decreasing trend  
of the  shape factor b for increasing relative crest freeboard in the  
range 0.1 <  Kt/FlmO <  1.69 (i.e. for relative small freeboards), w here  
Hm0 is th e  significant w ave height based on frequency dom ain analysis 
and Rc is th e  crest height. Additionally, a linear increase in b was ob­
served for an  increasing slope angle in th e  range 0.36 <  c o ta  <  2.75 
(i.e. for relatively steep slopes). The non-R ayleigh-distributed waves

Jgeach (1:5) Breakwater mode! Wave gauges W ave paddle. 
Horizontal
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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 e t al, 2012b).

Test series ft [m] Hno [m] ^—1,0 Is] f w  ƒ»[-] Ac/Hm o H H no/f-1,0 [ — ]

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 o f b, bu t w ith in  th e  applied range o f Hm0/h b e ­
tw een  0.04 and 0.38 (for steep low -crested uniform  slopes) th e  effect o f 
shallow -w ater w ave conditions was concluded to be w ith in  th e  scatter 
o f th e  empirical coefficients in the  prediction formula. Finally, th e  influ­
ence from  the w ave steepness w as concluded to be negligible. The p re­
diction form ula by Victor e t  al. (2012) is given by (9).

b f~rr~—, cota^) =  e x p ( —2 . 0 + 0 .5 6  +  0 .1 5 c o ta  (9)
WmO /  V "m 0/

3. Physical model tests

The physical m odel tests used for th e  p resen t analysis are further d e ­
scribed and in terpreted  in Norgaard e t al. (2012a, 2012b), concerning 
w ave loads and stability o f rubble m ound crow n wall superstructures, 
respectively. The p resen t paper will, however, solely deal w ith  th e  m ea­
sured w ave overtopping. The tests are perform ed in a 25 m  long and 
1.5 m  w ide w ave flume a t Aalborg University, illustrated in Fig. 2. The 
length scale is approxim ately 1:30. Three resistance type w ave gauges 
are installed near the  toe o f  th e  breakw ater to m easure the  surface ele­
vation and to separate reflected and incident waves. The w ave gauges 
are positioned based on  suggestions by Klopman and van der Meer
(1999), and th e  reflected and incident spectra are determ ined based 
on the  approach by M ansard and Funke (1980).

3.1. Considered wave conditions

W aves a re  gen era ted  based  on th e  th ree  p a ram ete r JONSWAP 
spec tra  defined  by Hm0, th e  peak  frequency  fp ( = 1  /  Tp), and  th e  
so-called  peak  e n h an cem en t factor y. At least 1000 w aves are  g e n e r­
a ted  in each  test. The w ave gen era tio n  padd le  is a hydraulically  d riv ­
en  p iston  m ode genera to r, and  th e  softw are  AwaSys (Aalborg 
U niversity, 2010) is used  to  g en era te  w aves w ith  sim ultaneously  ac­
tive  abso rp tio n  o f reflected  w aves. Test ranges for th e  deep  and 
sh a llo w -w ate r w ave cond itions a re  specified in Table 1 , respectively. 
The w a te r  d e p th  h is increased  in steps in th e  “deep-water case" 
(resu ltin g  in changing  Hm0/h ra tios), and  b o th  ft and Hm0 a re  stepw ise  
increased  in th e  “shallow-water case” ( th e H m0/h ratio  is m ain ta in ed ). 
Ac is illu stra ted  in Fig. 3.

3.2. Structure geometries

The arm or layer consists o f rock units w ith  Dn 5o =  40 mm, and the 
filter layer consists o f rock units w ith Dn so =  20 mm. The arm or layer is

designed to rem ain stable in all tests. The core consists o f relative coarse 
m aterial (Dn 5o «  5 m m ) for bo th  th e  deep and shallow -w ater configu­
rations. The reason for the  coarse core m aterial is, as suggested by 
Burcharth e t al. (1999), to com pensate for the  scale effects due to  the  
non-tu rbu len t flow in th e  m odel core material. Scale and m odel effects 
will be discussed m ore in details in a later section.

Different Rc/Ac ratios are tested  by raising th e  wall height. The wave 
conditions in Table 1 are repeated  for each m odification of th e  structure. 
The ratios o f the  tested  structure geom etries are listed in Table 2. Defi­
nitions used in the  table are illustrated in Fig. 3.

A photo from  the shallow -w ater m odel tes t set-up is show n in Fig. 4. 
The pressure transducers and th e  “sliding section" in th e  photo are fur­
th er described in Norgaard e t al. (2012a, 2012b).

3.3. Determination of wave overtopping

The se t-up  for d e te rm in in g  th e  average o v ertopp ing  ra te  and th e  
individual o v ertopp ing  w ave volum es is illu stra ted  in Fig. 5. The 
overtopp ing  w aves are  d irec ted  in to  th e  box by m eans o f  a ram p, 
and th e  o v ertopped  volum es are  m easu red  by use  o f a d e p th  gauge 
installed  inside a pe rfo ra ted  pipe to d am p en  th e  surface elevation  
due  to  slushing in th e  box afte r an  o v ertopp ing  event. A pum p in 
th e  o v ertopp ing  box is p rog ram m ed  to  s ta rt and stop  w h en  th e  
w a te r  level reaches a certa in  p redefined  level. The ru n -tim e  o f th e  
pum p is s to red  in a da ta  file and  based on th e  pum p capacity  th e  ac­
cu m ula ted  o v ertopp ing  vo lum e is d e te rm in ed  by com pensa ting  for 
th e  d ra in ing  from  th e  pum p. The volum e o f the  overtopping box is a d ­
justed  to each tes t series in order to have sufficient changes in w ater 
levels by individual w ave overtopping and sufficient volume. If the  
overtopping box is too large com pared to th e  w ave overtopping in the 
specific tes t it is difficult to determ ine the  individual overtopping vol­
um es w ith  sufficient accuracy due to too small changes in the  w ater 
level in th e  box after an  overtopping event.

An exam ple o f the  processing o f th e  overtopping signals is show n in 
Fig. 6. The dashed lines in Fig. 6 (left) illustrate pum p operations. The 
individual overtopping volum es are identified from  the  cum ulative 
overtopping volum e tim e series. The individual volum es and th e  num ­
ber o f overtopping volum es are obtained from an algorithm, w hich 
identifies fast changes in th e  volum e o f the  box. This approach is validat­
ed before the  tests w here specific w ater volum es are released and after­
w ards correctly detected. Moreover, th e  individual overtopping wave 
volum es and num ber o f overtopping volum es obtained from  the  algo­
rithm  are com pared to V¡ and Now obtained by visual inspections of 
the  accum ulated overtopping w ave volum e tim e series after each test. 
The circles in Fig. 6 (right) illustrate th e  m axim um  individual wave 
overtopping volum e in the  specific exam ple.

MWL

Fig. 3. Illustration of geometrical definitions (Norgaard e t al, 2012b).
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Table 2
Ranges of structure dimensions for the breakwater model (Norgaard e t al., 2012b).

Rc [m] Ac [m] cot(a) B[m] R J A A - ] Ac/B[~]

Shallow-water 0.20-0.29 0.20-0.24 1.5 0.24 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-w ater and shallow- 
w ater tests are determ ined and com pared to existing wave height distri­
bution functions.

Secondly, th e  m easured average w ave overtopping rates q from the  
m odel tests are com pared to predictions by the  CLASH Overtopping Neu­
ral Network (van Gent e t al„ 2007) to  evaluate w h e th er the  Overtopping 
Neural Network is capable o f  providing good predictions in bo th  deep 
and shallow  w ater w ave conditions. This is im portan t since predicted 
q are used also for prediction o f JV®“ ley, cf. (2), and thus Vm3X.

The predicted values o f JVo“ ley are th en  com pared to the  1V™“5 de te r­
m ined in the  m odel tests, and m odification to  th e  Besley form ula is in ­
troduced for the  shallow w ater conditions.

Finally, the  perform ance of the shape factors b by Franco e t al. (1994), 
Van der M eer and Janssen (1994), and Victor e t al. (2012) is evaluated 
for estim ation of Vmax in deep-w ater and shallow -w ater wave conditions 
by com parison w ith Vmax determ ined in the  tests. A correction term  is in­
troduced to account for shallow w ater wave conditions.

Scale and m odel effects in th e  laboratory tests are discussed after the  
analysis.

5. Wave height distribution in tests

Two exam ples o f m easured deep-w ater and shallow -w ater wave 
height distributions are show n in Fig. 7 (left) and (right), respectively. 
The individual wave heights are m easured a t the wave gauges near 
the breakw ater toe, c.f. Fig. 2. A Rayleigh distribution and a Battjes and 
Groenendijk (2000) distribution are com pared to the data. The tests are 
divided into deep-w ater wave conditions, Hm0/h <  0.2, and shallow- 
w ater depth-lim ited wave conditions, Hm0/h > 0.2. As seen, the  Rayleigh 
distribution fits well to the deep-w ater waves, bu t it is significantly 
overestim ating the highest waves in the  shallow -water wave conditions. 
The Battjes and  G roenendijk  (2000) d is trib u tio n  fits to th e  da ta  very 
w ell in b o th  th e  d e ep -w a te r and sh a llo w -w ate r w ave conditions in 
th e  exam ple.

Fig. 4. Photo of laboratory test set-up.

Ramp R esistance  type surface- 
eleuation g a u g e v -^ .

Pump

Fig. 5. Overtopping tank installed behind the breakwater.

In Fig. 8 ( left) and (right), the  m easured and predicted values o f H1/10, 
based on th e  Rayleigh distribution and Battjes and Groenendijk (2000) 
distribution, respectively, are com pared for all tests. H1/10 is the  average 
o f th e  1 /10 h ig h es t incid en t w aves and  is ev aluated  since it w ill la te r 
be  used  to in co rpora te  th e  effects o f  shallow  w a te r  w ave conditions 
in existing formulae. As seen, the  Rayleigh distribution fits well to the  
deep-w ater w aves bu t over predicts H^/w  in shallow -w ater w ave condi­
tions. The Battjes and Groenendijk (2000) d istribution provides very 
good predictions in bo th  th e  deep and shallow -w ater w ave conditions.

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

The state  o f a rt tool CLASH Overtopping Neural Network (van Gent 
e t al., 2007) is evaluated to determ ine its ability for prediction o f q in 
deep and shallow -w ater w ave conditions. The overtopping neural n e t­
w ork is based on m ore than  10,000 m odel tests collected and perform ed 
during the  EC funded CLASH project. M easured average overtopping 
volum es from th e  p resen t tests are com pared to th e  predicted volum es 
in Fig. 9. A roughness coefficient o f j f  =  0.5 is used for prediction o f q as 
recom m ended in th e  manual. As seen, a good agreem ent betw een m ea­
sured and predicted q is obtained for th e  evaluated deep-w ater and 
shallow -w ater w ave conditions except for the  sm allest rates.

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

Fig. 10 show s a com parison  of th e  m easu red  n u m b er o f individual 
o v ertopp ing  w aves in each  te s t w ith  p red ic tions given by Besley
(1999) in (2). It is seen  th a t th e  form ula by Besley (1999) gives a re l­
a tively  good estim a tio n  o f Now for Hm0/h <  0.2, b u t p rovides an  u n ­
d e restim atio n  o f Now for non-R ayle igh -d istribu ted  incid en t w aves. 
The u n d e res tim a tio n  is due  to  th e  fact th a t  in deep  w a te r w ave co n ­
d itions th e  indiv idual o v ertopp ing  w ave vo lum es are  characterized  
by  a few  large vo lum es and  m any  sm aller volum es, c.f. th e  Rayleigh 
distribution. Contrarily, the  individual overtopping w ave volum es in 
shallow w ater wave conditions are m ore uniform ly distributed w ith 
m any relatively large overtopping w ave volumes. Thus, less overtopping 
waves are needed in shallow -w ater w ave conditions to obtain th e  same 
q as in deep-w ater w ave conditions. This leads to  a higher num ber o f in­
dividual overtopping waves in shallow -w ater wave conditions com ­
pared to th e  deep-w ater w ave conditions.

A correction factor related to non-R ayleigh-distributed w aves is thus 
needed to the  Besley (1999) form ula in o rder to expand th e  validity to 
non-R ayleigh-distributed waves. The correction is based on th e  incident 
w ave height distribution, here characterized by th e  ratio Hm0/H1/W. The 
choice o f Hi/io seem s reasonable, because typically 5-10% o f th e  waves 
in the  design conditions give overtopping. Moreover, H1/10 is a relatively 
statistically robust param eter and in th e  p resen t case well predicted by 
th e  Battjes and Groenendijk (2000) w ave height distribution.

As seen from Fig. 11 (left), the  ratio betw een  predicted and m easured 
num ber o f individual overtopping waves JV™as/JVo“ ley increases approx­
im ately linearly w ith Hm0/H1/W. H1/10 in Fig. 11 is the  m easured values, 
bu t it could as well be predicted from  th e  Battjes and Groenendijk
(2000) distribution. By using th e  least-square m ethod, a linear fit is

ivertopping DOx
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Overtopping volume timeseries Time series o f accumulated overtopping volume
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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 of the pump, (right) Accumulated wave 
overtopping time series in model scale and illustration of Vmax detection.

perfo rm ed  on th e  da ta  in Fig. 11 (left) resu lting  in th e  correc tion  fac­
to r Cl (Hm0/H1/10), given by  (10). Based on th e  Rayleigh d istribu tion , 
the  ratio Hm0/ffi/io can be calculated as Hm0/ffi/io =  0.848 since H3/3 =  
Hm0 ■ 0.927 as proposed by Holthuijsen (2007) has been used. The line­
ar fit is thus constrained w ith N™“ /JVo“ ley =  1, m eaning th a t no correc­
tion is perform ed for perfectly Rayleigh-distributed waves. Moreover, 
since JV™“ /JV0WBesley «  1 for Hm0/h <  0.2 C l is so lely  fitted  to  th e  
d a ta  for Hm0/h > 0.2.

, rBesley c i

c i  = -6 .6 5 - •9.02
M /1 0

for ffjno/ffi/io — 0.848 or Hmo / h < 0.2

for f W H ,  |(l 0.848 and ffjno/^>0-2

( 10)

It should  be no ted  th a t th e  co rrec tion  te rm  Cl is only va lida ted  
w ith in  th e  tested  range: 7.3 ■ 1 0 ~ 7 < Q» <  6.19 ■ IO- 5 . The correction 
should be sm aller for higher Q, since Now/Nw <  1.

In Fig. 11 (right), the  modified predicted num bers o f individual 
overtopping waves, JV™d, are plotted against th e  m easured num bers 
o f individual overtopping waves, The perform ances o f the  original 
form ula and the  modified form ula for determ ination  o fNow are evaluat­
ed based on th e  correlation coefficients, p, and th e  standard deviations 
a  As seen, the  m odified Now seems to be well predicted for bo th  inci­
d en t Rayleigh and non-R ayleigh-distributed waves.

8. Individual wave overtopping volumes

The predicted m axim um  individual w ave overtopping volum e using 
(6), Mïax, based on Nff,“5, is plotted against the  m easured m axim um

individual w ave overtopping volume, in Fig. 12. is de te r­
m ined using tw o different values o f the  shape factor; b =  0.75 in accor­
dance w ith  Franco e t al. (1994), Van der M eer and Janssen (1994), and 
b(Rc/Hm0, a )  by Victor e t al. (2012), as presented  in (9). It should be 
m entioned th a t th e  form ulation for b by Victor e t al. (2012) is not cali­
brated against tests on  porous, rough rubble-m ound slopes. However, 
in con trast to the  shape factor by Franco e t al. (1994), it includes the  in ­
fluence from the relative freeboard and th e  slope angle, and is therefore 
used for comparison. Moreover, as m entioned before, th e  shape factor 
by Franco e t al. (1994) is based on vertical breakwaters.

As seen, V g ^  is re la tively  w ell p red ic ted  for d e ep -w a te r w aves in 
Fig. 12 (left) w h ere  a slightly  b e tte r  perform ance is o b ta ined  for th e  
shape factor p re sen ted  by V ictor e t  al. (2012). H ow ever, w h en  eval­
u a ting  th e  non-R ayle igh-d istribu ted  inciden t w aves in Fig. 12 (right), 
VOfax is o v er-p red ic ted . This ind icates th a t  a co rrec tion  te rm  for th e  
w ave h e ig h t d is trib u tio n  in shallow  w a te r w ave conditions is needed  
in th e  shape factor.

In Fig. 13 (left) is show n  th e  b-facto r as function  of Hm0/H1/10. b is 
d e te rm in ed  by a least-square  fit against th e  30% h ighest individual 
w ave o v ertopp ing  volum es, V, > V30%, in each test. The reason  for 
evaluating  V, > V30% is to m ain ta in  a sufficient accuracy in th e  d e te r ­
m ination  o f V) in th e  m odel tes ts  w ith  th e  lo w est a m o u n t o f w ave 
overtopping . W h en  V, becom e too sm all th e  d e tec ted  overtopp ing  
w ave vo lum e is less accurate. Fig. 13 (right) show s th e  m odification 
factor C2 fitted  to  th e  m easu red  indiv idual w ave overtopp ing  vo l­
um es. C2 is used  to m odify th e  form ula for estim a tio n  of b by  Victor 
e t al. (2012) to include th e  effect o f non-R ayle igh-d istribu ted  inci­
d e n t w aves, see (11). The linear fits in Fig. 13 (left) and  (right) a re  
co nstra ined  in [x,y] =  [0.848,0.75] and  [x,y] =  [0.848,1], re sp ec­
tively, m eaning  th a t  no corrections are  perfo rm ed  for perfectly  
R ayleigh-d istribu ted  w aves. Again, since b «  0.75 and  C2 «  1 for

Hm0/h * 0.2 (deep water)

 ̂ Measured
10

f Measured
—  Rayleigh —  Rayleigh

Battjes & Groenendijk {2000} €  10' Battjes & Groenendijk (2000)■Q 1 0

Hm0/h = 0.5 (shallow water)

(H/Hmr

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 H m 0  in deep and shallow-water wave conditions in model scale based on (left) Rayleigh distributed incident waves and (right) based on 
Battjes and Groenendijk (2000) distributed incident waves.

Hm0/h <  0.2 th e  shape  factor and co rrec tion  factor a re  solely based 
on th e  d a ta  for Hm0/h > 0.2.

(2012), and th e  m ultip lication  factor C2 in (13) is u sed  in co m bina­
tion  w ith  (11).

co ta ,
H1/10

■ C2

exp I —2.0

H1/10

+  0.56 +  0.15 c o ta

( 11 )
u/io - 6.1

0.75
O  m n 8.08

i / i o

for Hm0/H 1/10<  0.848 o r H m0/ / i < 0.2

for Om0/H 1y10> 0.848 and  H m0/ h > 0.2

( 12)

As o b tained  in th e  study  by V ictor e t al. (2012), som e sca tter 
is p re sen t in th e  fitted  h-factors. M ost tests in sha llo w -w ate r w ave 
conditions w ere  perform ed w ith  Hm0/h «  0.5, w hich  exp lains th e  
fragm en ta tion  o f th e  tw o  d a ta  sets for th e  deep  w a te r  and  shallow - 
w a te r  w ave conditions in Fig. 13. H ow ever, still a clear ten d en cy  is 
observed  from  th e  fitted  line w h ere  h igh va lues o f Hm0/H1/W resu lts 
in high h-factors, w hich  is also identified  in th e  s tu d y  by Victor 
e t al. (2012) and  m en tio n ed  in Pullen e t al. (2007). The linear m od i­
fication functions for b and  C2 are  given in (12) and (13), re sp ec tiv e ­
ly. The h-facto r in (12) replaces th e  h-factor in (11) by V ictor e t  al.

C2

Evaluation o f Overtopping Neural Network
10

mO

mO
110

ÓO °-310'

10 •2 .0
10 ' 10

V e d . P/S/m ]

1 /10
- 10.8 +  - -■ 13.9

M /10

for <  0.848 or H m0/ h < 0.2

for Hmo/Hi/io> 0 ^ ^  an<1 H,,,o /i 0.2

(13)

The m odified pred ic ted  m axim um  individual w ave overtopp ing  
vo lum es are  p lo tted  against th e  m easu red  m axim um  individual 
w ave overtopp ing  volum es in Fig. 14, using  b in accordance w ith  
(12) and C2 in accordance w ith  (13). As seen, a re la tively  good 
ag reem en t is o b ta ined  b e tw een  m easu red  and  pred ic ted  m axim um  
o v ertopp ing  vo lum es for b o th  m odified shape  factors. H ow ever, th e  
shape  factor by  Victor e t al. (2012) m odified using  (13) is ex pected  
to  provide b e tte r  p red ic tions in case o f low  Rc/Hm0-ratios and  for

0.2
 Eq, 2

o H Zi­mo
X H J Ym00.15

z

z

0.05

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. Fig. 10. Evaluation of measured Now against the formula by Besley (1999).
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fron t slopes w hich  significantly  differ from  th e  ev aluated  slope o f 
c o t( a )  =  1.5.

Evaluated ranges for q in Fig. 9, the  m odified Now in Fig. 11, and the  
m odified l/max in Fig. 14, are sum m arized in Table 3.

It should be kept in m ind th a t no variation is perform ed on the  slope 
angle in th e  m odel tests and th a t the  breakw ater profile is a traditional 
high crested profile w ith a roughness o f y¡ «  0.5. The effect o f varying 
slope angles is, however, included in the  prediction form ula for b by 
Victor e t al. (2012), 0.36 <  c o ta  <  2.75.

9. Scale and model effects in model tests

Briganti e t al. (2005) described th e  full-scale m easurem ents o f wave 
overtopping a t th e  Italian Rome yacht harbor breakw ater in Ostia, locat­
ed in depth-lim ited  w ave conditions. They highlighted th e  several non­
conservative scale and m odel effects related to wave overtopping in 
small-scale. Among others, they  noted th e  expected scale effects related 
to  heavy w ave breaking in small scale and th e  m odel effects o f neglected 
perpendicular w inds in small scale, w hich for the  considered structure 
in full-scale increased th e  average overtopping rate by a factor 5 for an 
increase o f a factor 2 in w ind speed. Only little effect from cross w ind 
w as observed.

De Rouck e t al. (2007) com pared th e  prototype m easurem ents 
from  th e  Zeebrugge rubble m ound breakw ater w ith  m odel tes t data in 
2-D and 3-D. They stressed the  needs for accurate m odeling of the  per­
m eability o f arm or and core m aterial since this was seen to have a high

influence on especially the  run-up level. To separate scale effects from 
w ind effects and o ther uncertainties regarding prototype conditions 
Lykke A ndersen e t al. (2011) carried ou t com parative tests in large 
and small scale and identified a significant scale effect on m ean 
overtopping discharges on rubble m ounds.

The influence from  scale effects on Now and  Vmax has no t been inves­
tigated in details. However, Lykke A ndersen e t al. (2009) indicated th a t 
the  scale effects on  these param eters are no t significant.

10. Conclusions

Individual w ave overtopping volum es are m easured in physical 
m odel testing  of a rubble m ound breakw ater w ith  a crow n wall. The 
m easured average overtopping rates from  th e  p resen t m odel tests are 
com pared to  predicted rates from  th e  Overtopping Neural Network 
(van Gent e t al., 2007) w here a relatively good agreem ent is found for 
both deep-w ater and shallow -w ater wave conditions.

Existing state  o f th e  a rt tools for estim ation of m axim um  individual 
w ave overtopping volum es are seen to perform  very well in deep- 
w ater w ave conditions. However, in shallow -w ater wave conditions, 
the  formula by Besley (1999) is seen to under predict the  num ber o f in ­
dividual overtopping waves. This is due to the  fact th a t individual wave 
overtopping volum es in shallow -w ater w ave conditions are m ore even­
ly distributed com pared to deep-w ater waves. Thus, a correction factor 
is introduced, based on th e  incident w ave height distribution, described 
by th e  ratio; Hm0/H1/10.
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Fig. 1 4  Evaluation ofpredicted maximum individual wave overtopping volumes in model scale with (left) l/max predicted using (6) and modified h in accordance with (12) and (right) Vm 
predicted using (6) and modified b in accordance with (11) and (13).

The suggested  shape  factors by  Franco e ta l .  (1994), Van d e r M eer 
and Jan ssen  (1994), and V ictor e t  al. (2012) in th e  tw o -p a ra m ete r 
W eibull d is trib u tio n  used  for th e  estim a tio n  o f individual w ave 
overtopp ing  v o lum es are  seen  to  insufficiently  describe  th e  d is trib u ­
tion  o f individual w ave o v ertopp ing  w ave vo lum es in d ep th -lim ited  
w aves. The ex isting  form ulae significantly  o v er-p red ic t th e  largest 
indiv idual w ave o v ertopp ing  volum es. Thus, co rrec tion  te rm s are 
suggested  based  on th e  Hm0/Hi / i 0-ratio .
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Table 3
Investigated parameter ranges in modified design formulae for V m ax-

Parameters Ranges

Hmo/h 0.19-0.55
Ec/HmO 0.9-2.0

3.3-4.6
N0w/Nw 0.006-0.12
q/(TmgHs) 7.729 ■ 10_7-6.19 • IO-5
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