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Several studies showed that the probability distribution of the wave-by-wave (individual) overtopping vol-
umes of traditional sea defense structures is described by a Weibull distribution with a shape factor b=0.75.
Those structures typically feature relatively large crest freeboards. For the particular design applications of
overtopping wave energy converters and smooth dikes in severe storm conditions, knowledge is required
on the probability distribution of the individual overtopping volumes of smooth structures with relatively
low crest freeboards. This study contributes to a better knowledge on that distribution by analyzing the
individual overtopping volumes obtained from new experiments on smooth structures with relatively
small crest freeboards (0.10bRc/Hm0b1.69) and relatively steep slopes (0.36bcot αb2.75). Furthermore,
the characteristics of the corresponding probability distributions are compared to the existing formulations
for traditional sea defense structures and submerged dikes or levees. The probability distribution of the
individual overtopping volumes for the tested structures also appears to be well described by a Weibull
distribution. However, the shape factor b and probability of overtopping Pow (related to the scale factor of
the Weibull distribution) are both dependent on the relative crest freeboard and the slope angle. Both b
and Pow increase for decreasing relative crest freeboard: b reaches values up to 1.5, while Pow approaches
the value of 1.0 (all waves overtop the crest of the structure). Moreover, both the shape factor and probability
of overtopping decrease for increasing slope angle. Therefore, two new prediction formulae are proposed for
b and Pow based on the new experiments. Finally, based on the relation between the relative 2% run-up height
Ru2%/Hm0 and the probability of overtopping Pow, a new prediction formula for Ru2%/Hm0 is proposed, bridging
the gap between steep slopes and vertical walls adjacent to relatively deep water.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The crest height design of sea defense structures can be deter-
mined by the allowable average overtopping rate q=[m³/s/m].
Extensive research has been carried out in the past on the
overtopping behavior of many different types of sea defense
structures – smooth dikes, rubble mound structures and vertical
walls – resulting in a wide variety of available prediction methods
of average overtopping rates q. On the other hand, when considering
the effects of wave overtopping on e.g. persons and cars behind the
crest of a sea defense structure and on grass erosion resistance,
wave-by-wave (individual) volumes Vi [m³/m] and more specific
the maximum individual volume Vmax [m³/m] provide a better design
measure than q (Franco et al., 1994). Consequently, the probability
distribution of the individual overtopping volumes was studied in
the past for sea defense structures, which typically feature high
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crest freeboards and either mild slopes or vertical walls. Recently,
Hughes and Nadal (2009) investigated such probability distribution
for dikes with negative crest freeboards. It appears that there is a
lack of knowledge on the probability distribution of individual over-
topping volumes for structures featuring smooth slopes with low
(positive) crest freeboards. Such structures emerge for example in
the case of overtopping wave energy converters (Kofoed, 2002)
(steep slopes) and in the case of smooth dikes subject to severe
storm (design) conditions (milder slopes). The probability distribu-
tion of smooth slopes featuring relatively low crest freeboards and
relatively steep slopes is studied in the current paper.

The main conclusions of a number of important past studies on the
probability distribution of individual overtopping volumes for coastal
structures are presented and discussed in Section 2. The study in cur-
rent paper is based on an analysis of the probability distribution of the
individual overtopping volumes for smooth impermeable steep
slopes with low crest freeboards, measured during new experiments.
The test set-up and test matrix of the new experiments are described
in Section 3. The test results of the new experiments for the probabi-
lity distribution of the individual volumes are shown and compared
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Table 1
a′ as a function of the shape factor b for a two-parameter Weibull distribution, with b
ranging between 0.60 and 2.0.

Shape factor b [−] Coefficient a′

0.60 0.66
0.75 0.84
0.90 0.95
1.05 1.02
1.20 1.06
1.35 1.09
1.50 1.11
1.65 1.12
1.80 1.12
1.95 1.13
2.00 1.13
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to existing formulations for coastal structures (Section 2) in
Sections 4 and 5. The shape of the distribution is discussed in
Section 4, while the overtopping probability – which is an important
parameter for the scale of the distribution – is treated in Section 5.

2. Existing formulations for probability distribution of individual
overtopping volumes

2.1. Probability distribution of individual overtopping volumes for sea
defense structures

One of the first studies on the probability distribution of individual
overtopping volumes for coastal structures was made by Van der
Meer and Janssen (1994) based on an investigation on wave overtop-
ping at sloped coastal structures. The conclusion was drawn that the
exceedance probability of each overtopping volume PV [−] (related
to the number of overtopping waves Now [−]) is well fitted by a
two-parameter Weibull distribution function:

PV ¼ P Vi≥V½ � ¼ exp − V
a

� �b
 !

: ð1Þ

The coefficient b [−] determines the shape of the distribution and
is therefore referred to as the shape factor. The shape factor b was
assigned a constant value of 0.75 for sloped coastal structures by
Van der Meer and Janssen (1994). The corresponding value of the
scale factor a [m³/m] is equal to:

a ¼ 0:84
q NwTm

Now
¼ 0:84

qTm

Pow
: ð2Þ

Tm [s] is the average wave period, while Pow is the probability of
wave overtopping is defined by Eq. (3), i.e. the proportion of the
number of overtopping waves Now and the number of waves Nw [−].

Pow ¼ Now

Nw
: ð3Þ

Identical formulations for a and b were used by TAW (2002) and
more recently by the Overtopping Manual (EurOtop, 2007).

Eq. (2), found by Van der Meer and Janssen (1994) is mathemati-
cally derived below. The derivation starts from the definition of the
average overtopping rate q as the proportion of the total overtopping
volume V0 [m³/m], i.e. the sum of individual volumes Vi, and the sum
T0 [s] of the wave periods of each wave in the wave train Ti [s]:

q ¼ V0

T0
¼ ∑Vi

∑Ti
¼ ∑Vi

NwTm
ð4Þ

⇒
q NwTm

Now
¼ ∑Vi

Now
: ð5Þ

The right hand side of Eq. (5) equals the measured mean overtop-
ping volume, denoted by �Vmeas [m³/m]:

�Vmeas ¼
∑Vi

Now
¼ V0

Now
: ð6Þ

Based on the definition of a two-parameter Weibull (Eq. (1)), the
theoretical average overtopping volume is expressed by:

�V theor ¼ E V½ �Weibull ¼ aΓ 1þ 1
b

� �
: ð7Þ

Γ stands for the mathematical gamma function, for which values
are available in tabled form in literature. When the two-parameter
Weibull distribution properly characterizes the individual overtop-
ping volumes, the expressions for �Vmeas (Eq. (6)) and �V theor

(Eq. (7)) are equal to each other. Accordingly, the following relation-
ship exists between a and b:

a ¼ 1
Γ 1þ 1

b

� � qNwTm

Now
: ð8Þ

The coefficient a is proportional to the average overtopping
volume, consequently scaling the individual volumes in Eq. (1). This
explains the name scale factor of the coefficient a. Larger values of
Vi correspond to larger values of the scale factor a.

The coefficient 1=Γ 1þ 1
b

� �
in Eq. (8) is referred to as a′ [−]. Values

of a′ are given in Table 1 for a shape factor b ranging from 0.60 to 2.0;
a graphical representation is shown in Fig. 1. The value of b is
expected to be within this range of b-values for structures with a pos-
itive crest freeboard (see e.g. Besley, 1999). The upper boundary
(b=2.0) corresponds to a Rayleigh distribution.

The relationship between the coefficient a′ and the shape factor b
is accurately expressed using a hyperbolic tangent fit (Eq. (9)) for the
range of application of b in Table 1 and Fig. 1 (the corresponding
value of the determination coefficient r2 is 0.96).

a′ ¼ 1:13tanhð1:132bÞ: ð9Þ

The value of a′ corresponding to b=0.75 equals 0.84 (Eq. (2)). For
values of 1.5≤b≥2.0, a′ reaches a maximum of approximately 1.13.

A more detailed analysis of the shape factor b has been carried out
by Besley (1999) based on a number of datasets restricted to more
limited types of sea defense structures. The applicability of the two-
parameter Weibull distribution for sea defense structures has been
confirmed for all tested structures. Furthermore, Besley (1999) did
not focus on an “average” value of the shape factor b, but fitted values
of b to each dataset. The shape factor appears to be dependent on the
wave steepness sp=2πHs/(gTp2) [−] and on the occurrence of impact-
ing waves (Table 2). A dependency on the slope angle a′ has also been
noticed by Besley (1999). However, no distinct pattern has been rec-
ognized for the effect of the slope angle on b. Hence, its effect is not
present in Table 2. The values of the scale factor corresponding to
the shape factors in Table 2 are calculated based on Eq. (8).

The more detailed analysis by Besley (1999) results in values of
the shape factor b for smooth sloping structures and vertical walls
subjected to non-impacting waves that are mostly within the range
0.60≤b≤0.90. Since the average value b=0.75 of this interval is
identical to the shape factor derived by Van der Meer and Janssen
(1994) and Franco et al. (1994), one may question the usefulness of
using different shape factors over the constant value 0.75. Therefore,
a shape factor b=0.75 is normally applied for smooth structures,
which means that the effect of the wave steepness and the type of
smooth structure (either sloping or vertical) are neglected.



Fig. 1. Coefficient a′ as a function of the shape factor b for a two-parameter Weibull dis-
tribution, with b ranging between 0.60 and 2.0.

89L. Victor et al. / Coastal Engineering 64 (2012) 87–101
Bruce et al. (2009) concluded that the effect of the wave steepness
on the shape of the Weibull distribution is unclear for rubble mound
breakwaters, based on a large dataset of experiments with those
structures. A detailed analysis showed that the shape factor of the dis-
tribution is most accurately represented by its average value:
b=0.74. Hence, the test results for rubble mound breakwaters also
provided little support to change the generally applicable shape fac-
tor b=0.75.

In conclusion, the average value of the shape factor b is approxi-
mately 0.75 for the different types of sea defense structures (sloped
smooth, vertical and rubble mound breakwaters). The corresponding
probability distribution is determined by Eqs. (1) and (2). Only the
probability of overtopping Pow is unknown in Eq. (2). A number of ex-
pressions for Pow are available in literature, as discussed in the next
Section 2.2.

2.2. Probability of overtopping Pow for sea defense structures

Van der Meer and Janssen (1994) and Franco et al. (1994) as-
sumed the run-up heights of the considered structures are Rayleigh
distributed and gave the following expression for the probability of
overtopping Pow:

Pow ¼ exp − 1
χ

Rc

Hmo

� �2� �
: ð10Þ

The value of the coefficient χ [−] in Eq. (10) is related to the
relative 2% run-up height Ru2%/Hmo [−]:

χ ¼ Ru2%

Hmo

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−ln 0:02ð Þ

p ≈0:51
Ru2%

Hmo
: ð11Þ

Van der Meer and Janssen (1994) derived the following well-
validated expression for the relative 2% run-up height of sloping
smooth structures:

Ru2%

Hmo
¼ 1:5γhγfγβγbξp ð12aÞ
Table 2
Shape factor b by Besley (1999).

sp=0.02 sp=0.04

Vertical wall, non-impacting waves 0.66 0.82
Vertical, impacting waves 0.85 0.85
Smooth sloping structures 0.76 0.92
for breaking waves, with a maximum for non-breaking waves of:

Ru2%

Hmo
¼ 3:0γhγfγβ : ð12bÞ

The breaker parameter ξp [−] is defined by tanα=
ffiffiffiffiffi
sp

p
. The corre-

sponding expressions for the coefficient χ are:

χ¼ 0:76γhγfγβγbξp ð13aÞ

with a maximum of:

χ¼ 1:52γhγfγβ : ð13bÞ

The γ-factors are influence or reduction factors which take into ac-
count the effects of a shallow foreshore (γh), the slope roughness (γf),
oblique wave attack (γβ) and a berm (γb). Eqs. (13a)–(13b) gives the
mean of a stochastic parameter with variation coefficient σ/μ=0.06.

Based on a larger number of experimental datasets with sloped
coastal structures, TAW (2002) derived a slightly different expression
for the relative 2% run-up height with the breaker parameter based
on the mean spectral wave period Tm-1,0 [s]:

Ru2%

Hmo
¼ 1:65γhγfγβγbξm−1;0 ð14aÞ

with a maximum of:

Ru2%

Hmo
¼ 1:0γfγβγb 4:0− 1:5ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ξm−1;0

q
0
B@

1
CA: ð14bÞ

The range of application of Eqs. (14a)–(14b) for γbξm−1, 0 is:
0.5bγbξm−1, 0b 8.0 to 10.0. The reliability of Eqs. (14a)–(14b) is
expressed by considering Eqs. (14a)–(14b) as the mean of a
stochastic parameter Ru2%/Hmo with variation coefficient σ/μ=0.07.
In contrast to the constant maximum relative 2% run-up height for
non-breaking waves in Eq. (13b), a continuously increasing relative
2% run-up height is predicted by Eq. (14b) for large values of the
breaker parameter.

The formulations by (TAW, 2002) are inserted in the Overtopping
Manual, (EurOtop, 2007).

Instead of using an expression for Ru2%/Hmo of vertical walls, Franco et
al. (1994) used a bestfit of their experimental test results for verticalwalls
in relatively deep water to Eq. (10), resulting in a coefficient χ=0.91.

2.3. Probability distribution of individual overtopping volumes for
negative crest freeboards

Hughes and Nadal (2009) investigated the probability distribution
of individual overtopping volumes for levees or dikes subjected to
combined wave overtopping and storm surge overflow. Accordingly,
the tested structures featured negative crest freeboards, with
−2.0bRc/Hmob0.0. The overtopping probability Pow is 1.0.

Individual overtopping volumes have been identified based on the
time series of the water depth measured at a location on the crest of
the tested structures. The distribution of the individual overtopping
volumes still fits the two-parameter Weibull distribution (Eq. (1)),
with values of the shape factor b ranging between 1.0 and 3.5 for
the 27 tests carried out by Hughes and Nadal (2009). The values
diverge strongly from the shape factor b=0.75, but submerged levees
or dikes are also very different from emerged dikes.

The measured average overtopping rate qws consists of both a
component related to wave overtopping (qw) and a component due
to surge overflow (qs). Hence, Eq. (4) is no longer valid. Furthermore,
the relationship between the scale factor a and shape factor b



Fig. 2. Theoretical probability distributions of individual wave overtopping volumes for
�Vmeas ¼0.008 m³/m with b=0.75, 1.0, 2.0 and 3.0.
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established in Eq. (8) is only valid when the scale factor is determined
based on the component of the average overtopping rate due to wave
overtopping qw. However, since only the total average overtopping
rate qws was measured, Eq. (8) is not applicable. Instead, two inde-
pendent expressions for the shape factor (Eq. (15)) and scale factor
(Eq. (16)) were derived.

a ¼ 0:79 qwsTp ð15Þ

b ¼ 15:7
qs

gTpHmo

 !0:35

−2:3
qsffiffiffiffiffiffiffiffiffiffiffiffi
gH3

m0

q
0
B@

1
CA

0:79

: ð16Þ

Note that Eq. (15) resembles Eq. (2) relatively well, taking into ac-
count the value of the overtopping probability Pow=1.0. Only the
characteristic wave period is different. This confirms the validity of
Eq. (15).

3. Applicability of existing formulations to steep low-crested slopes

3.1. General

The existing formulations for the probability distribution of the
individual overtopping volumes (Section 2) mainly apply to
the neighboring structures (from a geometrical point of view) of the
steep low-crested slopes with positive crest freeboard considered in
this paper. Correspondingly, these formulations allow to draw a num-
ber of conclusions concerning the probability distribution of the indi-
vidual overtopping volumes of steep low-crested slopes.

First, the probability distribution is expected to be well described
by a two-parameter Weibull distribution (Eq. (1)). Furthermore,
since the structures feature positive crest freeboards, no surge over-
flow occurs. This means Eq. (4) is still valid. The expected values for
the shape factor b and for the probability of overtopping b are
discussed in Sections 3.2 and 3.3 respectively.

3.2. Shape factor b

Based on the existing formulations, the following conclusions are
drawn concerning the value of the shape factor of the Weibull distri-
bution for steep low-crested slopes:

• both for vertical walls and mildly sloping dikes with relatively high
crest freeboards, the value of the shape factor b is approximately
0.75. Since the effect of the slope angle on b is unclear (Besley,
1999), the shape factor for steep slopes with relatively high crest
freeboard is expected to be b=0.75 as well;

• on the other hand, since structures with negative crest freeboards
correspond to values of the shape factor larger than 1.0, the shape
factors for the structures with relatively low relative crest
freeboards are expected to be larger than 0.75.

These conclusions point at a dependency of the shape factor on the
relative crest freeboard. In order to show the effect of a shape factor
larger than 0.75 on the probability distribution of the individual over-
topping volumes, four examples of a theoretical two-parameter
Weibull distribution are given in Fig. 2: with shape factor b=0.75
(dash-dotted line), b=1.0 (dotted line), b=2.0 (short-dashed line)
and b=3.0 (long-dashed line).

The dotted line corresponds to the exponential curve. The short-
dashed line shows the Rayleigh distribution (i.e. the distribution of
the wave heights in deep water) which is a straight line in Fig. 2
since the horizontal axis is scaled according to a Rayleigh distribution.
The theoretical distribution with b=3.0 is also shown in Fig. 2; this is
a value of the shape factor found by Hughes and Nadal (2009) for
negative crest freeboards.
When b=0.75, large part of the overtopping volumes are relatively
small, while only a small percentage of the volumes is very large
(EurOtop, 2007). Such distribution is typical for sea defense structures,
for which the average overtopping rate is largely determined by a small
number of very large overtopping volumes (EurOtop, 2007).

On the other hand, the overtopping volumes are more evenly dis-
tributed when b becomes larger: a larger percentage of overtopping
volumes contributes considerably to the average overtopping rate.
Since the values of the shape factor found by Hughes and Nadal
(2009) are of the order of 2.0 and 3.0, a more even distribution of the
overtopping volumes applies for structures with a negative crest
freeboard.

Furthermore, a small value of the shape factor corresponds to larger
maximum volumes. This means that the value of the shape factor is
important for the design of sea defense structures. Applying a smaller
shape factor results in a more conservative approach For example, an
overprediction of the largest overtopping volumes corresponds to
flow velocities that are too large. This results in overly safe dimensions
of slope protections and crest freeboards.
3.3. Probability of overtopping acoeff

The probability of overtopping Pow for sloping structures is tradition-
ally related to the relative crest freeboard and the relative 2% run-up
height, determined for non-overtopped structures (Section 2.2).

The commonly used formula for the relative 2% run-up height
Ru2%/Hm0 in Eqs. (14a)–(14b) predicts a continuous increase in
relative 2% run-up height for increasing value of the breaker parame-
ter (Fig. 3). However, this equation has been derived from tests by
Van Gent (2001) on dikes with shallow foreshores, resulting in
small values of the wave steepness and thus large breaker parame-
ters, not on tests with steep slopes. When the large breaker parame-
ters are due to steep slopes, the value of Ru2%/Hm0 is expected to
decrease towards the theoretical value for vertical walls (dotted line
in Fig. 3) which is positioned significantly below the predictions by
Eqs. (14a)–(14b). The dotted line is also positioned significantly
below the prediction line of Eqs. (13a)–(13b).

The theoretical relative 2% run-up height for vertical walls in Fig. 3
is determined as follows. Wave reflection at non-overtopped vertical
walls is presumed to be 100%. Accordingly, the theoretical run-up
height for a wave at a vertical non-overtopped wall is equal to its
wave height. Hence, the run-up height distribution follows the
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Fig. 3. Predicted relative 2% run-up height as a function of the breaker parameter for a
wave height Hm0=0.100 m and a wave period Tp=1.534 s.
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wave height distribution. Assuming that the wave heights follow a
Rayleigh distribution, a fixed relationship exists between Ru2% and
Hm0:

Ru2%

Hm0
¼ H2%

Hm0
¼ 1:4: ð17Þ

Based on Eq. (11) and the value χ=0.91 found by Franco et al.
(1994) for vertical walls in relatively deep water, the relative 2%
run-up height for those vertical walls is approximately 1.8. This
value is slightly larger than the theoretical value in Eq. (17).

In conclusion, a decrease in Ru2%/Hm0 is expected to occur for steep
slopes toward the theoretical value for vertical walls (Eq. (17)).

Both the value of the shape factor b and the expression of the
probability of overtopping Pow require further investigation for
steep low-crested slopes. This investigation has been carried out
based on the UG10 test series. A description of these test series is
given in the next section.

4. Description of the test set-up and test matrix of the new
experiments

The new experiments were carried out at the Department of Civil
Engineering at Ghent University (Belgium) in a wave flume with
dimensions 30 m×1 m×1.2 m (length×width×height), which is
equipped with a piston-type wave generator. The tested structures fea-
ture smooth impermeable steep slopes extending to the seabed and
low crest freeboards. The amount of overtoppedwater was determined
using the weigh cell technique (e.g. Franco et al., 1994; Schüttrumpf,
2001). The test set-up of the new experiments is particularly designed
Fig. 4. Definition sketch of the test set-up of the new experiments. A cross-section along the
for active wave absorption.
to measure large wave-by-wave overtopping volumes accurately. A
definition sketch of the test set-up is shown in Fig. 4.

In order to study the independent effects of the relative crest free-
board Rc/Hm0, slope angle α and wave steepness sm−1, 0 on the prob-
ability distribution of the individual overtopping volumes, broad
ranges of those three parameters were used during the experiments.

A varying crest freeboard was achieved by changing the water depth
ht between 0.50 m, 0.53 m and 0.55 m. The corresponding values for the
crest freeboard Rc are 0.07 m, 0.05 m and 0.02 m respectively. The slope
angle of the tested structures was varied between cot α = 0.36 (70°)
and cot α = 2.75 (20°) (nine slopes). Each of the slope angles is com-
bined with three crest freeboards.

The different geometries have been subjected to irregular waves,
generated using a piston-typewave paddle. A summary of the combina-
tions of spectral significant wave height Hm0 and peak period Tp during
the UG10 test series is shown in Table 3. A parameterized JONSWAP
spectrum with peak enhancement factor 3.3 is applied. At least 1000
waves have been generated for each experimental test, in
order to obtain values of the average overtopping rate that are
statistically independent of the number of waves of the test.

In total, 364 irregular wave tests have been carried out. The results
are gathered in a dataset referred to as the UG10 dataset. The corre-
sponding ranges of application for the relative crest freeboard
Rc/Hm0, slope angle α and wave steepness sm−1,0 are: 0.10≤Rc/
Hm0≤1.69, cot α∈ [0.36,0.58,0.84,1.00,1.19,1.43,1.73,2.14,2.75] and
0.02≤sm−1,0≤0.05. The ranges partly overlap those for sea defense
structures, allowing a validation of the new test results against existing
knowledge for sea defense structures. Due to the steep slopes, the
major part of the new test results corresponds to non-breaking
waves (i.e. approximately for ξm−1, 0>2.0 (EurOtop, 2007)) on the
slope of the structure: 2.0bξm−1, 0>21.5.

It should be noted that the wave heights of the new experimental
tests with large significant wave heights Hm0 did not fit a Rayleigh
distribution, but a composite Weibull distribution described by
Battjes and Groenendijk (2000). This composite Weibull distribution
features lower probabilities of occurrence for the largest wave heights
compared to a Rayleigh distribution. Consequently, the deviations
from the Rayleigh distribution are caused by depth induced breaking
of the largest waves in the wave trains for the new experimental tests
with large significant wave heights.
5. Probability distribution of individual overtopping volumes for
UG10 test series

Individual overtopping volumes have been determined accurately
for each test of the UG10 test series based on the weigh cell signal.
Successively, a Weibull plot has been generated for each test of the
UG10 test series (1) in order to verify if these volumes follow a
two-parameter Weibull distribution, and (2) to determine the scale
factor a and shape factor b of that Weibull distribution. This
methodology was also applied when deriving the expressions of the
length of the flume is shown. WG stands for wave gage, AWA stands for wave gage used



Table 3
Test matrix of UG10 test series.

9 slope angles

3 crest freeboards

Hs [m] Tp [s]
1.022 1.278 1.534 1.789 2.045

0.020 W01
0.033 W11 W12
0.067 W21 W22 W23
0.100 W32 W33 W34
0.133 W43 W44 W45
0.167 W54 W55
0.185 W65

Fig. 5. Weibull plot for a test of the UG10 dataset with Hm0=0.100 m, Rc=0.020 m,
Tp=1.789 s and cot α=1.0. The corresponding relative crest freeboard is Rc/
Hm0=0.20.

Fig. 6. Individual overtopping volume Vi against the exceedance probability PV for a test
of the UG10 dataset with Hm0=0.100 m, Rc=0.020 m, Tp=1.789 s and cot α=1.0
with its best Weibull fit. The theoretical two-parameter Weibull distributions with
b=0.75, b=1.0 and b=2.0 are added. The horizontal axis is scaled according to a
Rayleigh distribution.
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probability distribution for the traditional sea defense structures in
Section 2.1. The principle of a Weibull plot is explained in the follow-
ing Section 5.1.

5.1. Weibull plot for UG10 tests

The method to generate a Weibull plot is explained hereafter. It is
based on Eq. (18). Based on Eq. (1), the following expression is found
for the individual overtopping volume:

V ¼ a − lnPvð Þð Þ1b: ð18Þ

By taking the logarithm of its both sides, Eq. (18) is converted
into:

log V ¼ logaþ 1
b
log − lnyð Þ: ð19Þ

The theoretical exceedance probability PV is approximated by the
empirical exceedance probability P̂V (Eq. (20)), denoted by y.

P̂V ¼ y ¼ m
N þ 1

: ð20Þ

By setting log a=λ and 1/b=ψ, Eq. (19) can be rewritten as:

log V ¼ λþ ψ log − lnyð Þ: ð21Þ

Eq. (21) is the basic equation for the Weibull plot, which consists
of a plot of log V for all measured individual overtopping volumes as a
function of log(− ln y). When the data points follow a linear trend in
the Weibull plot, the distribution of the individual overtopping
volumes fits a two-parameter Weibull distribution. Based on
Eq. (21), the scale factor a is related to the intersection point of the
linear trend line with the vertical axis of the Weibull plot, while the
shape factor b is linked to the slope angle of that trend line.

An example of aWeibull plot is given in Fig. 5 (lowprobability of ex-
ceedance is to the right of Fig. 5) for a test of the UG10 dataset with
Hm0= 0.10 m, Rc=0.02 m, Tp 1.79 s and cot α=1.0. The corresponding
relative crest freeboard is Rc/Hm0=0.20. The general trend described by
the data points in Fig. 5 is linear, and the conclusion is drawn that the
individual volumes fit a two-parameter Weibull distribution. The data
points corresponding to the example in Fig. 5 are also plotted in a
graph similar to Fig. 2 (Fig. 6), with a Rayleigh scale on the horizontal
axis.

The small overtopping volumes deviate most significantly from
the linear trend and affect the slope angle of the corresponding linear
trend line to a large extent. On the other hand, Fig. 6 shows that the
contribution of the small volumes to the probability distribution is
actually rather limited. Accordingly, the characteristics of the Weibull
plot have been determined without considering the small overtop-
ping volumes.
It has been emphasized by Van der Meer and Janssen (1994) and
Besley (1999) that the two-parameter Weibull distribution is particu-
larly a good fit at higher values of the individual volumes and thus is
able to accurately represent extremevalues of Vi, both for sloped sea de-
fense structures and vertical walls. Hence, the coefficients a and b are
traditionally determined by only considering a particular percentage
of the largest individual volumes. For example, theWeibull distribution
is only fitted to individual volumes Vi > �Vmeas for smooth dikes by Van
der Meer and Janssen (1994) and for vertical walls studied by Besley et
al. (1998), since this gave the most reliable estimates of Vmax. An
identical approach has been applied by Bruce et al. (2009) for rubble
mound breakwaters.

On the other hand, when studying the distribution of individual
volumes for the optimization of OWECs, all volumes should be
considered since the design of the reservoir and turbines is based
on realistic simulations of individual wave overtopping volumes and
not on the maximum volume. However, the small volumes should
also be left out of the linear regression analysis for OWECs, since
these volumes distort the slope angle of the linear trend line in the
Weibull plot.
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Furthermore, a constraint on the possible combinations of a and b
is established by the relationship between a and b in Eq. (8). For large
values of b (but smaller than 2.0) the value of a′ is approximately con-
stant (Fig. 1). This means that the intersection point of the linear
trend line of the data points with the vertical axis of the Weibull
plot is approximately constant for large values of b of say 1.5bbb2.0.

Eventually, the coefficients a and b have been determined for the
tests of the UG10 test series based on a Weibull plot of the individual
overtopping volumes withVi > �Vmeas. The correspondingWeibull dis-
tributions are referred to as the best Weibull fits. A best Weibull fit
has been determined for each test of the UG10 dataset.

The shape factor for the example shown in Fig. 5, only taking into
account the individual volumes Vi > �Vmeas, equals b=1.2. The best
Weibull fit for that particular example is added to Figs. 5 and 6.
Based on Fig. 6, this fit is positioned in between the long-dashed
line corresponding to the two-parameter Weibull distribution for
sea defense structures (b=0.75) and the short-dashed line of the
theoretical Rayleigh distribution (b=2.0), close to an exponential
distribution.
Fig. 8. Graph of individual overtopping volume Vi against the exceedance probability PV
for a test of the UG10 dataset with Hm0=0.185 m, Rc=0.045 m, Tp=2.045 s and
cot α=0.58 with its best Weibull fit. The theoretical two-parameter Weibull distribu-
tions with b=0.75, b=1.0 and b=2.0 are added. The horizontal axis is scaled accord-
ing to a Rayleigh distribution.
5.2. Effect of non-Rayleigh distributed wave heights on shape factor b

Among the 364 UG10 tests considered for studying the probability
distribution of steep low-crested slopes, a number of tests correspond
to non-Rayleigh distributed wave heights (Section 4). Although the
sea state is categorized as non-breaking, depth-induced breaking of
the largest waves occurs, limiting the value of the maximum
individual volume. In accordance to Fig. 2, a decrease in the largest in-
dividual volumes corresponds to an increase in the value of the shape
factor b.

The differences in the Weibull distribution between a test with
Rayleigh distributed wave heights and a test with non-Rayleigh
distributed wave heights are clear when comparing Figs. 5 and 7 on
the one hand, and Figs. 6 and 8 on the other hand. Although both
tests correspond to identical slope angles and a similar value of the
relative crest freeboard, the shape factor in Figs. 5 and 6 is 1.2,
while it is 1.4 for the case shown in Figs. 7 and 8. The probability
distribution in Fig. 8 is a little flatter, due to the non-Rayleigh
distribution of the wave heights. The linear trend line of the largest
volumes clearly deviates from the linear trend line followed by the
medium-sized overtopping volumes. Furthermore, the smallest
individual volumes are not accurately described by theWeibull distri-
bution derived based on the individual overtopping volumes Vi larger
than �Vmeas (Fig. 8).
Fig. 7. Weibull plot for UG10 test results with Hm0=0.1185 m, Rc=0.045 m,
Tp=2.045 s and cot α=1.0. The corresponding relative crest freeboard is Rc/
Hm0=0.24.
The example in Figs. 7 and 8 shows that when the wave heights
are not Rayleigh distributed, the distribution of the individual over-
topping volumes is more accurately described by using two Weibull
distributions, similar to the distribution of the wave heights (Battjes
and Groenendijk, 2000).

The differences in the wave height distribution between the UG10
tests in Figs. 6 and 8 are explicitly shown in Figs. 9 and 10. The wave
heights in Fig. 9 (corresponding to the example in Fig. 6) clearly fol-
low the Rayleigh distribution, while the wave heights in Fig. 10 (cor-
responding to the example in Fig. 8) clearly deviate from the Rayleigh
distribution.

The observation that tests with non-Rayleigh distributed wave
heights corresponds to larger values of the shape factor b should be
kept in mind when studying the effects of the slope angle, relative
crest freeboard and wave steepness on the shape factor b of the
Weibull distribution of the individual overtopping volumes for steep
low-crested slopes. These effects have been studied based on the
best Weibull fits for the 364 tests of the UG10 test series, as discussed
in the following three Sections 5.3 to 5.5.
Fig. 9. Probability distribution of individual wave heights for UG10 test with
Hm0=0.10 m, Rc=0.020 m, Tp=1.789 s and cot α=1.0. The corresponding relative
crest freeboard is Rc/Hm0=0.20.



Fig. 10. Probability distribution of individual wave heights for UG10 test results with
Hm0=0.185 m, Rc=0.045 m, Tp=2.045 s and cot α=1.0. The corresponding relative
crest freeboard is Rc/Hm0=0.24. Fig. 12. Effect of slope angle on the shape factor b for 1.3 bRc/Hm0b1.5.
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5.3. Effect of slope angle on shape factor b

A clear effect of the slope angle on the shape factor b is distin-
guished for the test results of the UG10 dataset with 0.8bRc/
Hm0b1.0 which corresponds to Rayleigh distributed wave heights at
the toe of the structure (Fig. 11). The shape factor increases from
0.8 for cot α=0.36 to 1.07 for cot α=2.75, approximately following
a linear trend line.

Based on similar graphs for other ranges of Rc/Hm0 (e.g. Figs. 12
and 13), it appears that the dependency of the shape factor on the
slope angle for steep low-crested slopes in general follows a linear
trend line, increasing for decreasing slope angle. Fig. 12 shows the
effect of the slope angle on the shape factor of the Weibull
distribution for relatively large crest freeboards. The linear increasing
trend is clearly visible. This is in contrast to the findings by Besley
(1999) that a clear effect of the slope angle on the shape factor b
could not be distinguished for sea defense structures. On the other
hand, the average value of the shape factor in Fig. 12 is still equal to
0.75, i.e. the value traditionally used for sea defense structures
(Section 2.1).

The general conclusion of the linear trend line is also valid for tests
of the UG10 test series with non-Rayleigh distributed wave heights
(marked in black in Fig. 13). The corresponding shape factors are
Fig. 11. Effect of the slope angle on the shape factor b for 0.8 bRc/Hm0b1.0.
larger than the shape factors for the tests with Rayleigh distributed
wave heights (see Section 5.2).

Approximately all data points in Fig. 13 correspond to a shape
factor larger than 1.0. This is due to the relatively small crest free-
boards of those data points. The effect of the relative crest freeboard
on the shape factor b is discussed in the next Section 5.4.
5.4. Effect of relative crest freeboard on shape factor b

The effect of the relative crest freeboard on the shape factor b for
the UG10 test results with Rayleigh distributed wave heights is
shown in Fig. 14. For a particular slope angle, an increase in relative
crest freeboard causes a decrease of the shape factor b, until it
approximately reaches a constant for Rc/Hm0>1.2. The data points
approximately follow a negative exponential trend line for each
value of the slope angle α.

The data points corresponding to tests with Rc/Hm0>1.2 are in
general positioned around the shape factor b=0.75, confirming the
validity of the predicted characteristics for the Weibull distribution
of sea defense structures (Section 2.1) for steep slopes with
relatively large crest freeboards (see also discussion on Fig. 12 in
Section 5.3).
Fig. 13. Effect of slope angle on the shape factor b for 0.40 bRc/Hm0b0.45.



Fig. 14. Effect of the relative crest freeboard on the shape factor b, for UG10 test results
with Rayleigh distributed wave heights.

Fig. 16. Effect of the relative crest freeboard on the shape factor b, for UG10 test results
with Rayleigh distributed wave height and non-Rayleigh distributed wave heights.
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On the other hand, the majority of the data points with Rc/Hm0>
1.2 are positioned above the horizontal line corresponding to
b=0.75. Furthermore, the deviation increases with a decreasing rela-
tive crest freeboard Rc/Hm0 (Fig. 14) up to values of b=1.8 for very
low relative crest freeboards. These values are positioned in between
the value of b=0.75 for traditional sea defense structures and the
values of b for negative crest freeboards (Hughes and Nadal, 2009)
as suggested in Section 3. When the relative crest freeboard is larger
(e.g. for traditional sea defence structures) only the largest waves
overtop the crest of the structure. A decrease in relative crest free-
board results in overtopping of a larger percentage of the waves, in-
cluding the medium-sized waves. Consequently, the probability
distribution of the wave-by-wave overtopping volumes is more
even distributed.

The different shape of the best Weibull fits of the individual over-
topping volumes between small relative crest freeboards and large
relative crest freeboards is illustrated by comparing Figs. 6 to 15.
The data points in Fig. 15 correspond to a relative crest freeboard
Fig. 15. Probability distribution of individual wave overtopping volumes for UG10 test
results with Hm0=0.067 m, Rc=0.07 m, Tp=1.28 s and cot α=0.58. The correspond-
ing relative crest freeboard is Rc/Hm0=1.04.
Rc/Hm0=1.04 (with cot α=1.0), while the relative crest freeboard
in Fig. 6 is only 0.20 (with cot α=0.58). The solid line of the best
Weibull fit in Fig. 15 is positioned near the dash-dotted line
corresponding to b=0.75, as expected for the larger relative crest
freeboard. The value of the shape factor is b=0.7, which is much
smaller than the value of 1.2 found for the example in Fig. 6.

The shape factors of the UG10 tests with non-Rayleigh distributed
wave heights are larger than for the tests with Rayleigh distributed
wave heights (Fig. 16). Nevertheless, a similar effect of the relative
crest freeboard on the shape factor b is observed.

5.5. Effect of wave steepness on shape factor b

When plotting the shape factor b as a function of the wave steep-
ness sm−1, 0 [−] for test results of the UG10 dataset with cot α=1.0
and Rc=0.045 m and Rayleigh distributed wave heights (Fig. 17),
no clear effect of the wave steepness on the shape factor of the Wei-
bull distribution can be distinguished. Based on similar graphs for
other sets of slope angle and crest freeboard, the general conclusion
is drawn that the effect of the wave steepness on the shape of the
Weibull distribution of the individual volumes for steep low-crested
slopes is negligible compared to the effects of the slope angle
(Section 5.3) and the relative crest freeboard (Section 5.4). This is in
contrast to the findings by Besley (1999) that an increase in the
Fig. 17. Effect of the wave steepness on the shape factor b, for UG10 test results with
cot α=1.0 and Rc=0.045 m—Rayleigh distributed wave heights.



Fig. 18. Effect of slope angle on the coefficient C1 of Eq. (23).
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value of the shape factor occurs for increasing wave steepness
(Table 2). Note that the effect of the wave steepness on the shape of
the Weibull distribution for rubble mound breakwaters has also
been neglected (Bruce et al., 2009).

5.6. Prediction formula for shape factor b of Weibull distribution for steep
low-crested slopes

Based on Sections 5.3 to 5.5, the shape factor b of the
two-parameter Weibull distribution of the individual overtopping
volumes for steep low-crested slopes appears to be a function of the
slope angle and the relative crest freeboard. The effect of the wave
steepness on b is negligible.

The shape factor b describes a decreasing exponential trend for
increasing relative crest freeboard that is quasi-parallel for each
value of the slope angle (Fig. 16). The exponential trend lines become
horizontal for relatively large crest freeboards; the corresponding
values of the shape factor decrease for increasing slope angle
(Fig. 12). Accordingly, the following expression is valid for the
shape factor b (f1 and f2 are random functions here):

b ¼ exp −C1
Rc

Hm0

� �
þ C2

C1 ¼ f 1 cotαð Þ
C2 ¼ f 2 cotαð Þ

:

8>><
>>: ð22Þ

Since the trend lines for each slope angle in Fig. 16 are
quasi-parallel, the dependency of C1 on the slope angle is expected
to be rather weak. Based on Section 5.3, f2 is expected to be a linear
function of cot α, increasing for an increasing value of cot α.

Values of C1 and C2 have been determined based on a non-linear
regression analysis of the shape factors of the UG10 test results, for
each category of the slope angle, containing both tests with Rayleigh
and non-Rayleigh distributed wave heights. The corresponding values
are given in Table 4 and visually shown in Figs. 18 and 19.

Table 4 confirms that the dependency of the coefficient C1 on the
slope angle is relatively weak. It approximates the constant value of
2.0 (Fig. 18). Furthermore, the coefficient C2 increases linearly for
increasing value of cot α (Fig. 19).

Eventually, the following prediction formula for the shape factor b
for steep low-crested slopes has been found based on the UG10 test
results:

b ¼ exp −2:0
Rc

Hm0

� �
þ 0:56þ 0:15 cot αð Þ: ð23Þ

Measured and predicted values of the shape factor are shown in
Fig. 20. The reliability of Eq. (23) is expressed by applying an rmse
value of 0.10. Accordingly, the 90% prediction interval is determined
by b±1.645 rmse; this interval is added to Fig. 20.

The shape factor corresponding to the horizontal part of the expo-
nential function in Eq. (23) for cot α=0.0 and for relatively large
crest freeboards equals 0.56. This value is closer to the value of 0.66
Table 4
Values of C1 and C2 (Eq. (22)) for UG10 test results.

cot α C1 C2

2.75 1.92 0.93
2.14 2.07 0.91
1.73 1.90 0.83
1.43 1.79 0.76
1.19 1.97 0.71
1.00 2.55 0.75
0.84 2.64 0.74
0.58 1.90 0.60
0.36 1.91 0.59
suggested by Besley (1999) for vertical walls under non-impulsive
wave attack (Table 2) than to the value of 0.75 suggested by Franco
et al. (1994) for vertical walls with a large relative crest freeboard
in relatively deep water.

The validity of Eq. (23) is confirmed when plotting experimentally
determined shape factors and predicted values of Eq. (23) as a func-
tion of the relative crest freeboard for cot α=2.75 (Fig. 21) and
cot α=0.36 (Fig. 22).

Since the coefficients C1 and C2 are based on all UG10 test results,
the effect of the distribution of the wave heights (Rayleigh or non-
Rayleigh) is included in the scatter of the shape factor of the Weibull
distribution for the individual overtopping volumes of steep low-
crested slopes.

The shape of the Weibull distribution of the individual overtopping
volumes for steep low-crested structures is determined based on
Eq. (23). In order to determine the scale factor a (Eq. (2)), knowledge
on the probability of overtopping Pow of steep low-crested slopes is
required. This is the subject of the next Section 6.

6. Overtopping probability for smooth impermeable steep slopes
with low crest freeboards

The expressions for the probability of overtopping Pow in
Section 2.2 are based on a Rayleigh distribution of the run up heights,
requiring the wave heights to be Rayleigh distributed as well. It is
unclear if the run-up heights are Rayleigh distributed when the
wave heights are not Rayleigh distributed. Since the structures
studied in this paper feature relatively low crest freeboards, the effect
Fig. 19. Effect of slope angle on the coefficient C2 of Eq. (23).



Fig. 20. Comparison between measured and predicted (Eq. (23)) shape factors.

Fig. 22. Effect of the relative crest freeboard on the shape factor b (measured and pre-
dicted by Eq. (23)) for UG10 test results with cot α=0.36.
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of non-Rayleigh distributed wave heights on Pow is expected to be
relatively small.

The effects of the slope angle, relative crest freeboard and wave
steepness on the probability of overtopping for the UG10 test results
are discussed in the following three Sections 6.1 to 6.3.

6.1. Effect of slope angle on Pow

Translating the relative 2% run-up height in Fig. 3 to probabilities of
overtopping using Eqs. (10) and (11) results in Fig. 23, towhich specific
measured values of Pow for the UG10 dataset are added for a given rela-
tive crest height of Rc/Hm0 0.45. The effect of the slope angle on the
probability of overtopping is clearly visible. A significant decrease in
Pow occurs for increasing slope angle from the values predicted by
Eqs. (12a)–(12b) and Eqs. (14a)–(14b) toward the theoretical value
for vertical walls. This trend also occurs for tests of the UG10 test series
with non-Rayleigh distributed wave heights (Fig. 24).

Based on Fig. 23, it is clear that when the breaker parameter
increases due to a decrease in the wave steepness (heavily breaking
waves on very depth-limited foreshores, see Van Gent, 2001), an in-
crease in the probability of overtopping occurs. On the other hand,
Fig. 21. Effect of the relative crest freeboard on the shape factor b (measured and pre-
dicted by Eq. (23)) for UG10 test results with cot α=2.75.
when an increase in breaker parameter occurs due to an increase in
the slope angle, a decrease in the probability of overtopping is to be
expected. When the slope becomes steeper, more energy is lost
through wave reflection. Hence, a smaller percentage of the waves
is able to run up the slope and to overtop the crest of the structure.

The value of Pow for vertical walls is related to the theoretical value
of the relative 2% run-up height given in Eq. (17). Based on Eqs. (10)
and (11), the corresponding expression for the probability of over-
topping for vertical walls is found:

χ ¼ 0:51⋅1:4 ¼ 0:71 ð24aÞ

⇒Pow ¼ exp − 1:4
Rc

Hm0

� �2� �
: ð24bÞ
Fig. 23.Measured and predicted probabilities of overtopping for UG10 test results with
Hm0=0.100 m, Rc=0.045 m and Tp=1.534 s versus the breaker parameter—Rayleigh
distributed wave heights.



Fig. 24.Measured and predicted probabilities of overtopping for UG10 test results with
Hm0=0.167 m, Rc=0.045 m and Tp=1.789 s versus the breaker parameter—non-
Rayleigh distributed.

Fig. 26. Effect of relative crest freeboard on probability of overtopping for UG10 test re-
sults—Rayleigh distributed versus non-Rayleigh distributed wave heights.
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Note that Franco et al. (1994) found a value of χ=0.91 for vertical
walls in relatively deep water, resulting in a probability of overtop-
ping that is larger than calculated by Eq. (24b):

Pow ¼ exp − 1:1
Rc

Hm0

� �2� �
: ð24cÞ

Eqs. (24b) and (24c) show that the probability of overtopping is
according to a Rayleigh distribution. The effect of the relative crest
freeboard on Pow is studied in Section 6.2.

6.2. Effect of relative crest freeboard on Pow

A decrease in the relative crest freeboard Rc/Hm0 causes an in-
crease in Pow for a specific slope angle (Fig. 25). This is valid for all
UG10 tests, with both Rayleigh and non-Rayleigh distributed wave
heights (Fig. 26). The probabilities of overtopping for tests of the
Fig. 25. Effect of relative crest freeboard on probability of overtopping for UG10 test
results, categorized by the slope angle.
UG10 test series with non-Rayleigh distributed wave heights are posi-
tioned among the values of Pow for the tests with Rayleigh distributed
wave heights. This confirms that the effect of the wave height distribu-
tion is small for relatively small crest freeboards.

There are two physical bounds for Pow that are clearly visible in
Figs. 25 and 26: Pow becomes 1.0 for a zero relative crest freeboard
(all waves overtop the crest of the structure) and 0.0 for very large
relative crest freeboards (no waves overtop the structure), the last
dependent of the slope angle.

The predicted effect of the relative crest freeboard on the probabil-
ity of overtopping is shown in Fig. 25 for the theoretical value of Pow
for vertical walls (Eqs. (24b) and (24c)) and for the probability of
overtopping related to the relative 2% run-up height predicted by
Van der Meer and Janssen (1994) (Eqs. (25a)–(25b)). The UG10
data points are largely positioned in between the prediction lines
corresponding to Eqs. (24b) and (25b).

χ ¼ 0:51⋅3:0 ¼ 1:53 ð25aÞ
⇒Pow ¼ exp − 0:65

Rc

Hm0

� �2� �
: ð25bÞ

6.3. Effect of wave steepness on Pow

The effect of the wave steepness sm−1, 0 on the probability of over-
topping Pow is shown in Fig. 27 for the tests of the UG10 dataset with
Fig. 27. Effect of wave steepness on probability of overtopping for UG10 test results
with cot α=1.0, Rc=0.045 m and Hm0=0.067 m, 0.100 m and 0.133 m. Data catego-
rized by the wave height.



Table 5
Values of C3 for UG10 test results.

cot α C3

2.75 0.79
2.14 0.80
1.73 0.86
1.43 0.96
1.19 0.96
1.00 1.08
0.84 1.16
0.58 1.20
0.36 1.34
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cot α=1.0, Rc=0.045 m and Hm0=0.067 m, 0.100 m and 0.133 m.
The data points are categorized by the wave height. Based on
Fig. 27, the effect of the wave period on Pow is considered to be negli-
gible compared to the effects of the slope angle (Section 6.1) and the
relative crest freeboard (Section 6.2). Similar graphs for other sets of
cot α= and Rc/Hm0 confirm this conclusion.

6.4. Prediction formula for probability of overtopping Pow for steep low-
crested slopes

Based on Fig. 25, the increase in Pow with a decrease in relative
crest freeboard Rc/Hm0 for a particular slope angle is assumed to be
well described by a Rayleigh distribution using the relative crest free-
board:

Pow ¼ exp − C3
Rc

Hm0

� �2� �
: ð26Þ

The expression in Eq. (26) is similar to Eq. (10), with χ=1/C3. It
takes into account the two physical bounds given in Section 6.2.
Due to the negligible effect of the wave steepness on the probability
of overtopping, C3 [−] is not a function of the wave steepness. Since
Eq. (26) contains the relative crest freeboard, C3 is expected to be
only a function of the slope angle. Indeed the values of Pow of the
UG10 test results are accurately described by a Rayleigh distribution
for each category of the slope angle. However, when plotting the
values of C3 obtained by C3 ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

− ln Powð Þð Þp
= Rc=Hm0ð Þ against the

relative crest freeboard (Fig. 28), one may conclude that C3 is still a
function of the relative crest freeboard. The values of C3 are approxi-
mately independent of the relative crest freeboard for Rc/Hm0>0.4,
but increase considerably when the relative crest freeboard decreases
to very low values.

On the other hand, the probability of overtopping Pow is expected to
be approximately equal to 1.0 for very small relative crest freeboards.
This means that the large values of C3 in Fig. 28 are introduced by
the small relative crest freeboards Rc/Hm0 in the expression
C3 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
− ln Powð Þð Þp

= Rc=Hm0ð Þ.
Hence, the coefficient C3 is assumed to be independent of the relative

crest freeboard, determined by the values of C3 with Rc/Hm0>0.4
(Fig. 28).

The corresponding values of C3 are given in Table 5 for each value of
the slope angle and shown in Fig. 29. These values are valid for tests
Fig. 28. Effect of the relative crest freeboard on the coefficient C3 of Eq. (27).
both with and without Rayleigh distributed wave heights (part of the
scatter).

Based on Fig. 29, the values of C3 appear to be accurately described
by a linear function of the cotangent of the slope angle (Eq. (27)). The
reliability of Eq. (27) is expressed by applying an rmse value of 0.13
(Rc/Hm0>0.4). The corresponding 90% prediction interval is added
to Fig. 29.

C3 ¼ 1:4−0:30 cotα C3 > 0:65ð Þ : ð27Þ

Note that Eq. (27) takes the theoretical value of 1.4 for vertical
walls (Eq. (24b)) (cot α=0.0). Furthermore, Eq. (27) approximately
becomes equal to 0.65 (i.e. the value of C3 for milder slopes with
non-breaking waves predicted by Van der Meer and Janssen (1994)
(Eq. (25b))) for cot α=2.5. For slopes milder than that value, Pow
should be predicted based on the existing formulations for Pow of
Van der Meer and Janssen (1994). Accordingly, the restriction
C3>0.65 is added to Eq. (27).

The corresponding expression for the probability of overtopping is:

Pow ¼ exp − 1:4−0:30 cotαð Þ Rc

Hm0

� �2� �
: ð28Þ

The rmse value based on the measured and predicted values of Pow
equals only 0.073, which shows that the predictions agree well with
the measurements. This is also illustrated by the two graphs below
(Figs. 30 and 31). Fig. 30 is similar to Fig. 21 (relative crest freeboard
Rc/Hm0=0.45) to which the predicted values by Eq. (28) (together
with its 90% prediction interval) have been added. Fig. 31 shows a
similar graph for a larger relative crest freeboard: Rc/Hm0=1.04.
Fig. 29. Effect of the slope angle on the coefficient C3 of Eq. (27).



Fig. 30.Measured and predicted probabilities of overtopping for UG10 test results with
Hm0=0.100 m, Tp=1.534 s and Rc=0.045 m versus the breaker parameter.
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In both figures, the predicted probabilities of overtopping of Eq. (28)
approach the data points of the UG10 test results quite accurately. Fur-
thermore, the predictions tend toward the theoretical probability of
overtopping for very large values of the breaker parameter (i.e. the as-
ymptotic case of a vertical wall) and intersect the prediction line by
Van der Meer and Janssen (1994) approximately at ξm−1,0=3.0. Both
figures illustrate the validity of Eq. (28) within the ranges of application
of the UG10 test series.
6.5. Prediction formula for relative 2% run-up height Ru2%/Hm0 for steep
low-crested slopes

Based on the expression for C3 in Eq. (27), Eq. (11) and taking into
account χ=1/C3, the following expression for the relative 2% run-up
Fig. 31.Measured and predicted probabilities of overtopping for UG10 test results with
Hm0=0.067 m, Tp=1.534 s and Rc=0.070 m versus the breaker parameter.
height has been derived for steep low-crested slopes in relatively
deep water:

Ru2%

Hm0
¼ 1

0:71−0:15 cotα
: ð29Þ

It is important to note that the relationship between Ru2%/Hm0 and
Pow established by Eqs. (10) and (11) is based on knowledge concern-
ing Ru2%/Hm0 (non-overtopped structures) applied to structures with
a limited amount of wave overtopping (Franco et al., 1994; Van der
Meer and Janssen, 1994). This means that deriving an expression for
Ru2%/Hm0 based on measurements of cot α is only valid for sloped
structures with relatively large crest freeboards. When the relative
crest freeboards are smaller, the expression derived for Ru2%/Hm0 is
only approximate. Since the UG10 test results feature steep low-
crested slopes, the expression for the relative 2% run-up height in
Eq. (29) only approximates the values of Ru2%/Hm0 for steep slopes
in relatively deep water. Due to the fact that the coefficients C3
(Section 6.4) are determined for the UG10 test results with
Rc/Hm0>0.4 that are only slightly dependent of the relative crest free-
board (Fig. 28), the deviations between the real values of Ru2%/Hm0 for
steep slopes in relatively deep water and their predictions by Eq. (29)
are expected to be relatively small.

A figure similar to Fig. 3 is shown in Fig. 32, to which the predic-
tions by Eq. (29) have been added. The new prediction formula
clearly confirms the expected decreasing trend of the relative 2%
run-up heights for steeper slopes with increasing slope angle in rela-
tively deep water (Section 3.3).

7. Conclusions

The probability distribution of the individual overtopping volumes
of steep low-crested slopes has been investigated based on the UG10
test results and through a comparison with existing formulations
from literature.

Similar to traditional sea defense structures, the individual over-
topping volumes appear to follow a two-parameter Weibull probabil-
ity distribution, characterized by a scale factor a and a shape factor b.
The scale factor a of the Weibull distribution is closely related to the
probability of overtopping Pow, which has also been studied based
on the UG10 test results.

Both the shape factor b and the probability of overtopping Pow
appear to depend on the slope angle and relative crest freeboard.
The effect of the wave steepness is negligible.
Fig. 32. Predicted relative 2% run-up heights with Hm0=0.100 m, Tp=1.534 s and
Rc=0.045 m versus the breaker parameter.
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The effect of the relative crest freeboard on the shape factor of the
Weibull distribution is described by a negative exponential function.
When Rc/Hm0b1.2, values of the shape factor b>0.75 (typical value
for traditional sea defense structures) have been found for the UG10
test results (up to b=1.5), both for milder and steeper slopes.
Accordingly, a smaller maximum volume Vmax and a larger
percentage of medium-sized overtopping volumes occur for low-
crested structures compared to structures with a relatively large
crest freeboard. This means that the design of traditional structures
with small relative crest freeboards is conservative when applying
the value of the shape factor for traditional sea defense structures
b=0.75. Furthermore, b follows a linear increasing trend for a
decreasing slope angle, even for relatively large crest freeboards. A
prediction formula (Eq. (23)) has been derived based on the UG10
test results, which takes into account these effects.

The values of the overtopping probability Pow determined for the
UG10 test results with steep slopes appear to be overpredicted by the
commonly used empirical prediction formulae from literature. This is
due to the fact that the existing prediction formulae of Pow for larger
breaker parameters are based on tests with small values of the wave
steepness induced by heavily breakingwaves on very depth limited sit-
uations. For deeper water and ξm−1,0≈3.0, Pow is more or less con-
stant. When larger breaker parameters of ξm−1, 0>≈3.0 are caused
by larger slope angles, a decrease in probability of overtopping occurs
which is described by a linear function of the cotangent of the slope
angle. Furthermore, the effect of the relative crest freeboard on Pow is
described by a Rayleigh distribution of Rc/Hm0, decreasing from
Pow=1.0 for a zero crest freeboard (all waves overtop the structure)
to Pow=0.0 for large relative crest freeboards (no waves overtop the
structure). Similar to b, a prediction formula has been derived that
takes into account these effects.

Based on this prediction formula and the relationship between the
relative 2% run-up height Ru2%/Hm0 and Pow established in literature
for sloped structures with limited wave overtopping, a new prediction
formula has been proposed for Ru2%/Hm0 at steep slopes in relatively
deep water. Since this formula is based on the UG10 test results
that feature relatively small crest freeboards, the new predictions
of Ru2%/Hm0 are only approximate. Nevertheless, these predictions
indicate that a decrease in the relative 2% run-up height should
occur for steep slopes in relatively deep water with increasing slope
angle.

The importance of the distribution of the incident wave heights
has been investigated, both for the shape factor b and for the proba-
bility of overtopping Pow. When the wave heights are not Rayleigh
distributed, slightly larger values of the shape factor are found,
while the effect of the wave height distribution on the probability of
overtopping appears to be relatively small. The effect of the distribu-
tion of the wave heights is part of the scatter on the new prediction
formulae for b and Pow based on the UG10 test results.

The improved knowledge on the probability distribution of
low-crested structures achieved in this paper allows to carry out
more realistic simulations of wave-by-wave overtopping volumes in
order to optimize the design of the reservoir and the turbine control
strategy of OWECs.

Moreover, this knowledge is applicable to sea defense structures in se-
vere storm conditions, when a low crest freeboard occurs. Applying a
shape factor b>0.75 results in more realistic (lower) maximum overtop-
ping volumes thanwhen applying the shape factor b=0.75 for traditional
sea defense structures with relatively large crest freeboards.
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Glossary

a: scale factor of Weibull distribution [m³/m]
b: shape factor of Weibull distribution [−]

a′: 1/Γ(1+1/b) [−]
C1, C2: coefficients Eq. (22), prediction formula b [−]
C3: coefficient Eq. (26), prediction formula Pow [−]
g: acceleration due to gravity [m/s²]
Hs: significant wave height [m]
Hm0: spectral wave height of the incident waves at the toe of the structure [m]
m−1: first negative moment of the incident wave spectrum [m²s]
m0: zeroth moment of the incident wave spectrum [m²]
Now: number of overtopping waves [−]
Nw: number of incident waves [−]
OWECs: Overtopping Wave Energy Converters
q: average overtopping rate [m³/s/m]
rmse: root-mean-square error [−]
Pow: probability of overtopping [−], defined by Now/Nw

PV: exceedance probability of overtopping volume V [−]
Rc: crest freeboard, i.e. the vertical distance between the crest of the structure and the
still water level [m]
Ru2%: 2% run-up height [m]
sp: wave steepness defined by sp=2 π Hs/(g Tp

2) [−]
sm−1,0: wave steepness defined by sm−1, 0=2 π Hm0/(g Tm−1, 0

2 ) [−]
T0: sum of the wave periods of each wave in the wave train [s]
Ti: wave period of individual wave in wave train [s]
Tm: mean wave period [s]
Tm−1,0: spectral incident wave period at the toe of the structure defined by Tm−1,0=m−1/
m0 [s]
Tp: peak incident wave period [s]
V0: total overtopping volume [m³/m]
Vi: individual overtopping volume [m³/m]
Vmax: maximum individual overtopping volume [m³/m]
�Vmeas: measured mean overtopping volume [m³/m]
�V theor : theoretical mean overtopping volume [m³/m]
α: slope angle of the structure [rad]
χ: Coefficient relating Pow to Rc/Hm0 (Eq. (10)) [−]
Γ: mathematical gamma function
μ: mean value of parameter
σ: standard deviation [−]
ξm− 1, 0: breaker parameter, defined by ξm−1;0 ¼ tanα= ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

sm−1;0
p

[−]
ξp: breaker parameter, defined by ξp ¼ tanα=

ffiffiffiffiffi
sp

p
[−]

http://www.overtopping-manual.com
http://www.overtopping-manual.com
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