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The amount of wave overtopping at coastal structures such as vertical caisson breakwaters is strongly dependent
on the angle of wave attack. The reducing effects of oblique waves on wave overtopping compared to perpen-
dicular wave attack has been studied by means of three-dimensional wave basin tests. In these physical model
tests the caisson breakwater has been exposed to wave conditions with wave angles between perpendicular and
very oblique waves (i.e. 0°-75° in steps of 15°). Short-crested and long-crested waves have been tested and
analysed. Also, crossing bimodal conditions have been studied with directional wind waves approaching the
breakwater under a different angle than the simultaneous unidirectional swell conditions. Vertical caisson
breakwaters with and without a recurved parapet (also referred to as a bullnose or a recurved wave return wall)
have been tested. The measurements showed the large influence of oblique waves on wave overtopping. Also, the
influence of a recurved parapet can be large although the influence reduces for larger wave angles. Guidelines
have been proposed to account for the influence of oblique waves on wave overtopping at vertical caisson
breakwaters with and without a recurved parapet, as well as for crossing bimodal conditions with simultaneous
sea and swell conditions from different directions.

1. Introduction

Severe wave overtopping at vertical caisson breakwaters and sea-
walls may cause a threat to people, accessibility, infrastructure and
equipment at the crest and landside of the breakwater. Therefore, the
crest level of vertical caisson breakwaters and seawalls is often based on
estimates of the wave overtopping during storms. Wave overtopping is
affected by the water levels, the wave loading, and the geometry of the
structure. One of the important effects of the wave loading is the angle
between the waves and the structure. Perpendicular wave loading leads
to the largest amount of wave overtopping. However, in many circum-
stances the wave direction of the dominant waves is not perpendicular.
In order to assess the required crest level for vertical breakwaters and
seawalls under oblique wave attack, information is required on the
reduction of wave overtopping due to the angle between the waves and
the structure.

For vertical caisson breakwaters (examples are shown in Fig. 1)
limited data are available to estimate the reducing effects of oblique
waves. Therefore, new physical model tests in a wave basin with oblique
waves have been performed for three types of wave loading: (a) Short-
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crested waves with a pre-defined amount of directional spreading, (b)
Long-crested (unidirectional) waves, and (c) Bimodal crossing wave
conditions that consist of (short-crested) wind waves from one mean
wave direction in combination with simultaneous (unidirectional) swell
waves from another wave direction.

To reduce wave overtopping at vertical caisson breakwaters or at the
crest wall at the top of a rubble mound breakwater, often use is made of a
recurved parapet at the top of the seaward side of the front wall. Adding
recurved parapets on top of existing caisson breakwaters can be a so-
lution to adapt existing caisson breakwaters to account for effects of sea
level rise. Fig. 1 (lower-mid and lower-right) show examples of a
recurved parapet, also referred to as a bullnose or a recurved wave re-
turn wall. The influence of oblique waves is potentially affected by the
presence of a recurved parapet, and therefore this aspect of oblique
waves has been studied here for vertical caisson breakwaters with and
without a recurved parapet.

The structure of the paper is as follows. First a selection of literature
for caisson breakwaters is discussed in Section 2. In Section 3 the new
physical model tests are presented. In Section 4 the analysis of the data
and new guidelines to account for oblique waves for vertical caisson
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breakwaters, are presented. Finally, conclusions are drawn, and rec-
ommendations are provided.

2. Wave overtopping at caisson breakwaters

For the design of caisson breakwaters not only the amount of wave
overtopping is relevant, but also their stability with respect to horizontal
forces and vertical uplift forces. For some caisson structures inside a
port, or close to a harbour approach channel, the wave reflection by
vertical caisson breakwaters plays a role. To reduce wave reflection by
the vertical caisson breakwater and to reduce the forces on the front
wall, the front wall can be constructed as a perforated wall with one or
multiple energy dissipation chambers inside the caisson. The present
research is focussed on unperforated caisson breakwaters.

2.1. Forces on caisson breakwaters

In the design of caisson breakwaters often configurations are selected
that do not lead to high impulsive wave forces since impulsive wave
forces are generally significantly larger than the so-called non-impulsive
wave forces. For instance, a rubble mound berm in front of a caisson
breakwater often leads to impulsive wave forces and therefore a berm in
front of a caisson breakwater is generally omitted. Since configurations
leading to impulsive wave loads on the caissons itself are generally
omitted, the present research on wave overtopping is focussed on cais-
son breakwaters that do not lead to impulsive wave loads on the caisson
itself. Based on E.A. manual (1999), non-impulsive loading is expected if
(h/Hpmo)? Sm-1,0 > 0.25 where Hy,y is the spectral significant wave height
of the incident waves at the toe of the structure Hi=H,o (m), h is the
water depth in front of the structure (m) and sp,.1,0 is the wave steepness
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(Sm-1,0 =21 Hmo/gT,zn_l,o where Ty,.1 0 is the spectral mean wave period).

To assess forces on caisson breakwaters several methods are avail-
able. Guidelines and valuable information to estimate horizontal forces
and vertical uplift forces are available, e.g. Goda (1974, 1985, 2010),
Takahashi (1996), Tabet-Aoul and Lambert (1998) and Franco et al.
(1998). Physical model tests are generally accepted as the most accurate
way to obtain estimates of forces on specific caisson breakwaters with
conditions and configurations that have not been tested before. Based on
available data from physical model tests also data-driven methods can
be used to obtain estimates within the ranges of the relevant parameters
of the data. See for instance Van Gent and van den Boogaard (1998) for
the description of an Artificial Neural Network to obtain estimates of the
forces on caisson breakwaters. Estimates of forces on caisson breakwa-
ters can also be obtained by performing numerical model computations,
see for instance Takahashi et al. (2002) and Castellino et al. (2018). To
reduce wave overtopping a recurved parapet can be applied. Castellino
et al. (2018) and Martinelli et al. (2018) studied the forces on recurved
parapets. It was shown that impulsive wave loads can occur on recurved
parapets, also for cases with non-impulsive wave loads on the front face
of the caisson breakwater.

2.2. Wave overtopping predictions

After the pioneering research with respect to wave overtopping by
Goda (1971), Battjes (1974) and Owen (1980), various formulae have
been developed to predict wave overtopping at caisson breakwaters.
Many of these formulae can be rewritten as follows:

R\
szl (2]
g}[f*0 14 HmO

Fig. 1. Vertical caisson breakwater under construction (upper panel), corner section (lower-left panel), and recurved parapets (lower-mid and lower-right panels;

courtesy M. Castellino).
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where ¢ is the mean wave overtopping discharge (m3/s/m), g is the
acceleration due to gravity (m/s?), R is the crest height (including the
height of a parapet, if present) relative to the still water level (m), Hp is
the spectral significant wave height of the incident waves at the toe of
the structure H=H,,o (m), y denotes the influence factor for effects such
as the influence of the angle of wave attack (y4) and/or the influence of a
recurved parapet (yp) and b and c are coefficients. Note that Q = q/
(gH30)% is the non-dimensional wave overtopping discharge. Eq. (1)
will be applied and discussed more in detail in the section describing the
analysis of the test results.

Based on available data from physical model tests also data-driven
methods can be used to obtain estimates of wave overtopping dis-
charges for conditions within the ranges of the relevant parameters of
the data. See for instance Van Gent et al. (2007) and Den Bieman et al.
(2020) for data-driven methods to estimate wave overtopping at coastal
structures including caisson breakwaters. Within parameter ranges that
are well covered by the data, these methods generally outperform
empirical expressions but the dependency of wave overtopping on the
most important parameters is less clearly visible than expressed in
empirical expressions.

2.3. Shallow water

Often caisson breakwaters are more economical for relatively deep-
water conditions while rubble mound breakwaters are often more
economical for shallow water conditions. Therefore, the present tests are
focussed on conditions with relatively deep water at the toe, thus
without important wave breaking before the waves reach the break-
water. For conditions with shallow water in front of the caisson break-
water, Goda (2009) proposed an expression, using ¢ = 1 in Eq. (1), where
the coefficients a and b depend on the relative water depth at the toe of
the structure (Hpyo/h) to incorporate the effect of shallow water in front
of the caisson breakwater.

2.4. Recurved parapet

A recurved parapet (or bullnose or recurved wave return wall) can
reduce wave overtopping. A recurved parapet consists of an overhang
(with a length B,) where the underside has the shape of a sector of a
circle (with a radius R). After wave uprush along the vertical face of the
structure, the water deflects seaward due to the overhang. The angle at
the end of the circular part of the overhang is referred to as the exit angle
ag (where cos o = (R-B;)/R). Fig. 2 shows a shape of a recurved parapet
with the definition of the main parameters, here with an exit angle of
90°. The shape of the recurved parapet affects the influence on wave
overtopping. Relatively low overtopping discharges go together with
relatively thin layers of water reaching the parapet, resulting in an
important effect on the amount of wave overtopping. For relatively high
overtopping discharges the size of the parapet may be relatively small
compared to the layers of water reaching the parapet, which can lead to
a relatively small reduction in wave overtopping by the parapet.

To account for the effects of a recurved parapet on wave overtopping
two types of methods have been proposed. The first method (hereafter

Br

—_——————————

Exit angle

7

Fig. 2. Shape of recurved parapet.
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“Method 1”) is taking the influence of a recurved parapet into account by
using a reduction factor in the general expression of wave overtopping
as expressed in Eq. (1), which means that the ratio y, = In (Quithout
parapet)/In (Quith paraper) is used. This can be seen as a correction of the
value for b in Eq. (1) to account for the presence of the recurved parapet.
This method is for instance applied by Franco and Franco (1999) in their
study on the influence of oblique waves on wave overtopping at caisson
breakwaters. The second method (hereafter “Method 2”) is based on
predicting the ratio between the amount of overtopping with and
without a recurved parapet: (Kortenhaus et al., 2003; Pearson et al.,
2004): k = Quith parapet/ Quithout paraper- This can be seen as a correction of
the value for a in Eq. (1) to account for the presence of the recurved
parapet.

Fig. 3 illustrates the two methods with the non-dimensional over-
topping discharge on the logarithmic vertical axis and the relative
freeboard on the linear horizontal axis. The black line in Fig. 3 reflects
Eq. (1) usinga=0.1,b =3 and c = 1 (i.e. values close to those applied by
Franco and Franco, 1999). The green line illustrates Eq. (1). using y, =
0.85 to account for the presence of a specific recurved parapet (“Method
17). In contrast to Method 2, for Method 1 no clear empirical expression
reflecting the influence of the shape of the parapet is available. The
black-dashed line in Fig. 3 illustrates Eq. (1). using a correction k = 0.2
on the coefficient a (“Method 2”). A constant factor for k as applied for
the black-dashed line does not adequately reflect the influence of a
recurved parapet since the parapet has a relatively large influence on
lower overtopping discharges while for high overtopping discharges the
influence is relatively low. Thus, a constant factor for k is not appro-
priate. Kortenhaus et al. (2003) and Pearson et al. (2004) proposed three
regimes for the influence factor k using Method 2, where no effect of the
parapet (k = 1) is present for low freeboards (low values of R./H;), a
factor that is close to a constant value (k = 0.2) for high freeboards, and
a transition regime in between where the factor k again depends on the
freeboard. The red line in Fig. 3 illustrates the method proposed by
Pearson et al. (2004) for a configuration of the recurved parapet that has
been used in the present study. The magnitude of the layers of water
reaching the recurved parapet are not only dependent on the freeboard
(R./Hjy) but also on for instance the angle of wave attack. Therefore, the
method proposed by Kortenhaus et al. (2003) and Pearson et al. (2004)
is less suitable to be applied in combination with a reduction factor for
oblique wave attack y = yg in Eq. (1); the transition from one regime of k
to another is likely to depend not only on the freeboard and shape of the

1E-1 ¢
162
g 1E-3 E
2 i
T
&) L
T 164 |
|| —Formula without parapet \
1ES E| —Formula with gamma=0.85
F| - —Formula with k=0.2
| —Formula with 3 k-regimes
1E-6 M N T T T N RS
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Rc/HmO

Fig. 3. Illustration of methods to account for the effects of a parapet on the
amount of wave overtopping.
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parapet, but also on the angle of wave attack. For this reason, Method 2
has not been applied in the present study.

The influence of the shape of the parapet was studied in detail by for
instance Kortenhaus et al. (2003) and Pearson et al. (2004). Martinelli
et al. (2018) more specifically demonstrated the importance of the exit
angle of recurved parapets on wave overtopping. For an exit angle of 90°
the effectiveness of the recurved parapet is optimal with respect to the
reduction in wave overtopping (yet with a potential increase of wave
forces). The present research is focussed on a comparison between a
configuration without a recurved parapet and a recurved parapet with
an exit angle of 90°.

2.5. Oblique waves

Here, an overview is given of available expressions to take the in-
fluence of oblique waves on wave overtopping into account for so-called
non-impulsive wave loading on caisson breakwaters. For impulsive
wave conditions Napp et al. (2004) provides guidance. The influence of
oblique waves on wave overtopping discharges at caisson breakwaters
under non-impulsive wave loading has been studied by Franco and
Franco (1999); expressions for long-crested waves and for short-crested
waves were proposed (in combination with Eq. (1) using ¢ = 1). For
long-crested waves:

yp = cos B for 0° < B < 37° and yp = 0.79 for p > 37° 2)

For short-crested waves (rewritten to exclude the influence of
directional spreading on the discharge for perpendicular waves):

yp = 1 for 0° < B < 20° and yp = cos (P - 20°) for f > 20° 3

Goda (2009) proposed the following expression, also in combination
with Eq. (1) using ¢ = 1:

¥p = 1-0.0096IBl+ 0.000054 B @

EurOtop manual (2007), hereafter EM2007, proposed the following
expression using Eq. (1) with ¢ = 1:

vp = 1-0.0062Ifl for 0° < B < 45° and yp = 0.72 for f > 45° 5)

EurOtop manual (2018), hereafter EM2018, proposed the following
expression, rewritten here to match with Eq. (1). In EM2018 Eq. (1) is
used with ¢ = 1.3. For long-crested waves:

yp = (1-0.00621BN)' 3 for 0° < B < 45° and yp = 0.72'* = 0.652 for p > 45°(6)
For short-crested waves:
yp = (1-0.0033IB)"* for 0° < B < 80° and yp = 0.736"* = 0.671 for p > 80°(7)

Fig. 4 shows Egs. (2)-(7). Fig. 4 shows that all expressions except
those by Franco and Franco (1999) show an important reduction already
for small wave angles. A relatively strong influence for small wave an-
gles was not observed for sloping coastal structures, see for instance Van
Gent and Van der Werf (2018) for rubble mound structures with a crest
wall and Van Gent (2020) for dikes. Due to lack of data for large wave
angles either the expressions are not extrapolated to large angles or a
constant value is proposed for large wave angles, leading to sharp
transitions from one part of the expression to a horizontal line. Only the
expression by Franco and Franco (1999) for short-crested waves and the
expression by Goda (2009) show more natural shapes without sharp
transitions.

Note that all expressions shown in Fig. 4 are for the reduction factor y
in the exponential part of expression of Eq. (1) such that the actual in-
fluence of the wave angle on the overtopping discharge is much larger
than the linear scale shown in Fig. 4 could suggest.

Coastal Engineering 164 (2021) 103834

Influence oblique waves on overtopping discharge
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Fig. 4. Influence factors for oblique waves and non-impulsive conditions (LC:
for long-crested waves; SC: for short-crest waves).

2.6. Crossing seas

Crossing seas are wave conditions with simultaneously another wave
condition from another wave direction. For more information on
crossing seas, see for instance Petrova et al. (2013) and Petrova and
Guedes Soares (2014). All available expressions for wave overtopping at
caisson breakwaters are for single sea states of wind generated waves.
For wave loading conditions that consist of two simultaneous sea states
of incident waves, each from a different wave direction, Van der Werf
and van Gent (2018) proposed an influence factor for crossing seas (y#),
while if the wave loading consists of a wind waves plus swell, a method
is proposed to account for the swell conditions by reducing the effective
freeboard. Van der Werf and van Gent (2018) tested a sloping structure
(with wave angles § = +45°). See also Vieira Leite et al. (2019) for tests
with crossing seas and a sloping structure. For caisson breakwaters no
prediction method for multiple sea states is available. Therefore, in the
present tests also conditions with sea conditions from one direction and
simultaneous swell conditions from another direction are included.

3. Physical model tests
3.1. Test set-up

The physical model tests on vertical caisson breakwaters were per-
formed in the Delta Basin at Deltares. The multi-directional wave
generator consists of 100 paddles and is equipped with active reflection
compensation. This means that the motion of the wave paddles com-
pensates for the waves reflected by the caisson breakwater, preventing
them to re-reflect at the wave paddles and propagate towards the model,
causing an unrealistic amount of wave energy and an unrealistic wave
field in the wave basin. The active wave absorption system accounts for
3D effects and short-waves effects. This means that the direction of the
reflected waves propagating towards the wave board is accounted for
and that the reflected waves propagating towards the wave board are
absorbed accounting for short-waves effects and not only for long-waves
effects. For coastal structures such as caisson breakwaters that cause a
significant amount of wave reflection, this system is essential to prevent
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that the measurements are disturbed by unphysical re-reflected waves.
The applied wave generation and wave absorption method is based on
Wenneker et al. (2010).

Fig. 5 shows the layout of the model in the wave basin with the wave
generator at the bottom of the figure. The foreshore was horizontal. The
length of the vertical caisson breakwater was 22.1 m. The angle between
the structure and the wave generator was 17°. The side wall at the right-
hand side of Fig. 5 was used to obtain the required wave conditions over
the entire length of the structure via reflection against this side wall. At
four positions wave overtopping discharges were measured, three along
the trunk of the breakwater (q1 to ¢3 in Fig. 5) and one close to the
corner of the breakwater (g4 in Fig. 5). The mean overtopping discharge
was measured by collecting the overtopping water via an overtopping
chute (each over a width of 0.80 m) into overtopping boxes that were
constructed inside the caisson (see also Fig. 6). A pumping system was
installed in each box, but these were not used during a test since the
overtopping boxes were large enough to collect all overtopping water
during a single test.

Fig. 6 shows the cross-section of the tested structure without a
recurved parapet. The green dashed lines indicate the actual profile of
the modelled caisson breakwater. The overtopping box was constructed
inside the caisson breakwater. For those test series where a recurved
parapet was used the configuration of the parapet as shown in Fig. 2
with R = 8 mm, B, = 8 mm and an exit angle of 90° was used. The caisson
was fixed on an impermeable concrete bed. The upper-left panel of Fig. 7
shows the model in the dry wave basin; the panel below shows an
overview of the model in the wave basin with the wave generator on the
right-hand side (with long-crested waves). The other panels of Fig. 7
show details of the model and overtopping events during a test with
oblique waves (i.e. long-crested waves with an incident wave angle of
45° and the largest wave steepness).

Coastal Engineering 164 (2021) 103834
3.2. Test programme

Waves were measured on the horizontal foreshore by using a direc-
tional wave gauge (GRSM) such that incident and reflected waves can be
separated (see also Fig. 5). Calibration tests without the structure in
position were performed and the analysis was based on the measured
incident waves at the position of wave overtopping box q2. The spectral
incident significant wave height H;,o and the spectral wave period Tm.-1,0
were obtained from the measured wave energy spectra. In all tests a
JONSWAP wave spectrum (with a peak enhancement factor of 3.3) has
been applied for the sea states. All tests consisted of 1 000 waves. Each
configuration was tested with a constant target wave steepness of either
Sm-1,0 = 0.02 or sp.1,0 = 0.04. For each wave steepness three different
wave heights were tested. Tests were performed with long-crested waves
(unidirectional waves) and with short-crested waves (multi-directional
waves). In all tests with short-crested waves the amount of directional
spreading was constant (normal distribution with 6 = 25°). The wave
directions that were tested were g = 0°, 15°, 30°, 45°, 60° and 75°,
where 0° corresponds to perpendicular wave attack. This leads to 36
tests per series of tests.

In addition, also tests with a combination of two simultaneous wave
conditions were performed, one with a short-crested sea state and one
with a long-crested swell condition. In these bimodal conditions the sea
conditions were identical to those described above (with sp.1,0 = 0.02 or
Sm-1,0 = 0.04) while the swell conditions were generated using a Pierson-
Moskowitz spectrum with a target wave height of Hpg.swell = 0.04 m and
a constant wave steepness of either sp.1,0 = 0.0012 or sp,.1,0 = 0.0061. In
these bimodal tests the selection of combined wave directions was: fseq
= 0° with Sgyen = 0°, 30° and 60°, fseq = 30° With Bgyen = 0°, and feq =
60° with fgyer = 0°. The combination of fsq = 0° with fgen = 60° was
tested for both values of the wave steepness; the other combinations
were tested with sp,.1,0 = 0.0061 only. Thus, in total 36 conditions with
bimodal conditions were tested.

Wave damping gravel beach

. 6l
Wave directions: 0°  15° 30”45

Overtopping boxes (4x)

Caisson breakwater

Vertical wall
(same height as Cajsson
breakwater)

75°

o

Fig. 5. Physical model set-up in wave basin.
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Fig. 6. Tested cross-section.

Table 1 shows the six test series, each with 36 test conditions. Two
series have been performed with short-crested waves without a parapet,
using two different water levels leading to two different freeboards. Two
series have been performed with a recurved parapet, again using two
different water levels leading to two different freeboards. One series
with long-crested waves has been performed and one series with
crossing seas. This results in a total of 216 tests of which three tests did
not result in any wave overtopping. Table 2 shows the ranges of the most
important parameters of the test programme.

3.3. Discussion of test set-up

Mase et al. (2002) addressed the presence of stem waves for
(reflecting) vertical structures for conditions where the angle between
the structure and the direction of wave propagation is small. Stem waves
can potentially develop along the structure due to the interaction be-
tween incident and reflected waves. The height of the stem wave in-
creases as the wave travels along the structure. For irregular waves a
maximum increase in amplitude is reached after a number of wave
lengths. For monochromatic incident waves the stem wave can rela-
tively easily develop for small angles between the reflecting structure
and the direction of wave propagation; for irregular waves the magni-
tude is smaller but can still reach a height twice the incident wave
height. However, it is assumed that for short-crested waves (the vast
majority of tests in the present test programme) the resonance between
incident and reflected waves is much less than for long-crested (unidi-
rectional) waves. Nevertheless, if stem waves occur these should be
taken into account since they would also occur in reality. The influence
of stem waves on the amount of overtopping, generally the result of the
higher (non-linear) waves in the wave energy spectrum, is unknown. In
the present test programme stem waves could potentially occur for the
conditions where the angle between the structure and direction of
propagation is 15° (in the test programme this is denoted by g = 75°).

4. Analysis of test results
4.1. Comparison between trunk sections and corner section

Three overtopping boxes were positioned in the trunk of the break-
water and one close to the tip of the breakwater (hereafter: corner), see
also Figs. 5-7. Fig. 8 shows the comparison between the measured dis-
charges at the trunk (i.e. the mean of the discharges at the three trunk
sections q1, g2 and ¢3) and at the corner (q4) for the data of the test
series with short-crested waves, with and without a recurved parapet (i.
e. Series A to D). If the discharges at the corner would be equal to those at
the trunk, the data would have been on the full red lines in Fig. 8, with
linear axes in the left panel to focus on the higher discharges, and log-
arithmic axes in the right panel. However, the data are closer to the red
dashed lines since the overtopping discharges at the corner are on
average somewhat higher than at the trunk. The physical process
causing the observed somewhat higher overtopping discharge at the
corner compared to the trunk is yet unknown. However, [to and Tani-
moto (1971) reported an expression and diagrams (see also Goda, 1985,
Figs. 3.40, 3.44 and 3.45) that indicates that surface elevations increase
near the corner. The higher discharge can be accounted for by using y =
Yeorner = 1N Quunk/In Qeomer = 1.05 in Eq. (1) (dashed lines in Fig. 8
indicate this value). For perpendicular wave attack the increase at the
corner sections appears to be somewhat smaller (ycomer = 1.03). Negli-
gible systematic differences occurred between the three trunk sections;
the average differences between the discharges measured in the three
overtopping boxes in the trunk are: In Qg1/In Q42 = 1.001 and In Qg2/In
Qg3 = 1.002 for discharges larger than Q = 107°. In the further analysis,
average of the four overtopping boxes has been used after accounting for
the corner effect using ycomer = 1.05 (also for perpendicular wave attack)
for overtopping box g4 to obtain representative values for the trunk.
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Fig. 7. View of the model in the dry wave basin in the upper-left panel, an overtopping event in the upper-right panel, overviews of the model in the wave basin in
the next two panels with the wave pattern of incident and reflected waves (clapotis gaufré), and images of overtopping events in the lowest two panels.

4.2. Short-crested waves and structure without recurved parapet

Fig. 9 shows the data for the series with short-crested waves without
a recurved parapet (Series A and B) with the non-dimensional discharge
at the logarithmic vertical axes and the non-dimensional freeboard at
the horizontal axes. The lines and curves in Fig. 9 will be explained later
in this section.

The graphs in Fig. 9 show a clear dependency of the overtopping
discharges on the angle of wave attack. The differences between dis-
charges for perpendicular wave attack with g = 0° (red) and the most
oblique waves with = 75° (black) can reach an order of magnitude. For
the same overtopping discharge, the required crest height can be about
half a significant wave height lower for the most oblique waves
compared to the required crest height for perpendicular waves.

The left panels in Fig. 9 show the data for the lower wave steepness
(sm-1,0 = 0.02) while the right panels show the higher wave steepness
(sm-1,0 = 0.04). Although for several conditions there are clear differ-
ences between tests with a lower and with a higher steepness, the in-
fluence of the wave steepness is for most tested conditions not
significant, at least clearly less than the differences observed as a result
of the variations in freeboard and angle of wave attack. As indicated by
Eq. (1), previous research also did not show a clear systematic de-
pendency on the wave steepness for non-impulsive wave loading (the
wave steepness or wave period is not present in Eq. (1)). The further
analysis described here does not focus on a better description of the

influence of the wave steepness; other parameters are more important.

Obviously, also the dependency on the freeboard is clear for each of
the angles of wave attack. The dependency on the freeboard is expressed
by Eq. (1). First the coefficients have been calibrated based on the tests
for perpendicular wave attack. This has been done both for a value c = 1
and for a value ¢ = 1.3. Use is made of the following error-measure,
referred to as RMSE:

"l'e‘“ 1 measure - 1 calculate 2
RMSE:\/Z,_l (108 (@) — 108( Q) .

Niests

where nggs is the number of tests on which the RMSE is based, Q are the
non-dimensional values of the measured and calculated overtopping
discharges [Q = q/(gH>0)">]. The RMSE is only based on measured
overtopping values larger than Q = 10~ since smaller values are often
less relevant and scale effects may be present. Table 3 shows the RMSE
values for perpendicular wave loading in the last-but-one column. The
values for a are equal to those proposed by Franco et al. (1994) for ¢ =
1.0 and by EM2018 for ¢ = 1.3. The calibrated values for b are somewhat
smaller than proposed before (Franco et al., 1994, proposed b = 4.3
using ¢ = 1.0 while EM2018 proposed b = 3.04 using ¢ = 1.3).

To account for the effects of oblique waves use is made of the
following expression, see also Van Gent (2014, 2020) and Van Gent and
van der Werf (2019):
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Fig. 7. (continued).

Table 1

Test series.
Series  Main characteristics R. (m)
A Short-crested waves; no recurved parapet 0.200
B Short-crested waves; no recurved parapet 0.220
C Short-crested waves; with recurved parapet 0.167
D Short-crested waves; with recurved parapet 0.187
E Long-crested waves; no recurved parapet 0.220
F Crossing seas (Sea: short crested, Swell: long-crested); no 0.220

recurved parapet

Table 2

Parameter ranges of the test programme (model scale).
Parameter Symbol Values/Range
Water depth (m) h 0.530-0.600
Freeboard (m) R, 0.167-0.022
Non-dimensional freeboard (—) R./Hpmo 1.2-2.9
Incident wave height at toe: sea states (m)  Hpo 0.076-0.155
Incident wave height at toe: swell (m) Hyo-swell 0.036-0.042
Wave steepness: sea states: Sm-1,0 0.015-0.041

Sm1,0 = 27 Hpo/gTma,0 ()
Wave steepness: swell: Sm-1,0-swell 0.0013-0.0070
Sm-1,0 = 27 Himo/8T1,0 (—)

Wave angles at structure of sea states (°) B 0, 15, 30, 45, 60, 75
Wave angles at structure of swell (°) Bswell 0, 30, 60
Number of waves (—) N 1000

Overtopping discharge (1/s/m) q 0-0.20
Non-dimensional overtopping discharge (=) Q = q/(gH30)°° 0-0.0012

vs=(1 —cB)coszﬁ—t-cﬂ 9

The optimal value for the coefficient cs depends on the expression in
which it is used, including the value of the coefficient c in Eq. (1). For
short-crested waves without a recurved parapet the optimal values are

cy=0.75if c=1isused in Eq. (1) (y =yp) and cs = 0.70 if c = 1.3 is used.
The calibration of Egs. (1) and (9) (based on Series A and B) leads to the
RMSE in the last column of Table 3. Table 3 shows that the differences
between the RMSE using ¢ = 1 or ¢ = 1.3 hardly show any difference.

The values of Table 3 are used in Figs. 9 and 10. The upper graphs in
Fig. 9 show lines using ¢ = 1 in Eq. (1). while the lower graphs show
curves using ¢ = 1.3 in Eq. (1). Fig. 9 indicates that the data do not
clearly support the use of one value for c in favour for another; both
values can be used to estimate the dependency on the freeboard. Fig. 10
shows the measured discharges versus the calculated values using Eqgs.
(1) and (9) with @ = 0.2, b = 3.9, ¢ = 1.0 and ¢ = 0.75 in the upper
panels and a = 0.047,b = 2.57, c = 1.3 and ¢y = 0.70 in the lower panels.
The left panels show the data using linear axes (to focus on the higher
discharges) and the right panels show the same data using logarithmic
axes. Fig. 10 shows a reasonable match between the measured and
calculated discharges. For the higher overtopping discharges (see left
panels) there seems to be no influence of the wave steepness, while the
lower discharges for the lower wave steepness (see right panels) are on
average overpredicted; the lower steepness leads to somewhat lower
discharges than the corresponding conditions with a higher steepness.
Nevertheless, the match for discharges larger than Q = 107> is quite
good (note that Q = 10~ corresponds to a discharge of ¢ = 1 1/s/m for
waves with Hpo = 10 m, or to ¢ = 0.032 1/s/m for waves with Hgp =1 m;
smaller discharges are often less relevant).

4.3. Recurved parapet

In the test programme one shape of the recurved parapet has been
used (with an exit angle of 90°, see Fig. 2). Therefore, the influence of
the presence of a recurved parapet can be studied but not the influence
of the shape of the parapet itself. Based on the tests with and without a
recurved parapet the influence factor of the recurved parapet y =y, = In
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Quithout parapet/In Quith paraper can be determined based on the conditions
with perpendicular short-crested waves (using Series A to D, see
Table 4).

For oblique waves it appeared that the influence of the recurved
parapet reduces for larger wave angles. This seems reasonable since for

waves propagating along the structure ( = 90°) the parapet is expected
not to affect the flow over the structure as it does for smaller wave an-
gles. The following expression to account for the combined effects of
oblique waves and of a recurved parapet appears to lead to a good match
with the test results, leading to a maximum effect of the recurved
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Table 3
Short-crested waves without parapet: RMSE for perpendicular wave attack and
RMSE for all wave directions.

Coefficient ¢ in Eq. (1) a b c RMSE-perp. RMSE-all
c=1.0 0.2 3.9 0.75 0.182 0.240
c=13 0.047 2.57 0.70 0.182 0.245

parapet for perpendicular waves (f = 0°) and no effect of the recurved
parapet for waves propagating along the structure (f = 90°); note that y
=ypypin Eq. (1):

V5= (1 —;—ﬂ)coszﬂ +

P

Sp
yp

(10)

Fig. 11 shows Eq. (10) for the structures with and without the
recurved parapet. A less effective recurved parapet, for instance a
similar recurved parapet but with a smaller exit angle than the tested
exit angle of 90°, would result in a higher value of y, (i.e. 0.85 <y, < 1)
and for such a recurved parapet the curve for y; would be between the
two curves shown in Fig. 11. A recurved parapet that would be more
effective than the one tested (y, < 0.85) would result in a curve for y4
above the upper one in Fig. 11. For all shapes of the recurved parapet,
the combined influence of oblique waves and a recurved parapet results
in a value of y = y4 7, = c for waves propagating along the structure (f =
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90°). Note that long-crested waves can reach the structure under this
mean wave angle (f = 90°) but short-crested waves cannot; a mean wave
angle of the incident waves of f = 90° is impossible for short-crested
(multi-directional) waves since a part of the (offshore) directions
would not reach the structure leading to a smaller mean angle of the
incident waves.

Fig. 12 shows the measured versus the calculated overtopping dis-
charges, using Egs. (1) and (10), (see also Table 4). The left panel, with
linear axes, shows that the match between both is reasonably good
although the larger discharges are somewhat underestimated for some
of the wave angles (mainly for # = 15° and 30°). The right panel of
Fig. 12, with logarithmic axes, shows that for the smaller discharges
(mainly for f = 75°) the discharges are somewhat overestimated.
Nevertheless, the match for discharges larger than Q = 107> is quite
good.

Table 4
Short-crested waves with parapet: RMSE for perpendicular wave attack and
RMSE for all wave directions.

Coefficient c in Eq. a b s " RMSE- RMSE-
(10) perp. all
=10 0.2 3.9 0.75 0.89 0.112 0.192
0.047 2.57 0.70 0.85 0.105 0.178
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Fig. 10. Measured versus calculated overtopping discharges using a = 0.2, b = 3.9, ¢ = 1.0 and ¢4 = 0.75 in Egs. (1) and (9) in the upper panels and a = 0.047, b =
2.57, ¢ = 1.3 and ¢; = 0.70 in the lower panels; left panels with linear axes, right panels with logarithmic axes.
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Influence oblique waves on overtopping discharge
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Fig. 11. Influence of short-crested oblique waves for structures with and
without a recurved parapet (¢ = 1.3 in Eq. (1)).
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4.4. Long-crested waves

To analyse potential differences between long-crested waves (uni-
directional waves) and short-crested waves (multi-directional waves),
Series E has been performed with long-crested waves.

For long-crested waves the value for the coefficient b in Eq. (1) ap-
pears to be slightly larger than for short-crested waves (Table 5). Note
that the calibration of the coefficient is based on conditions with
perpendicular waves (ie. six tests) and that the values for b are also
affected by a single test with a discharge that deviates from the trend
through the other five tests with perpendicular waves. For oblique
waves the discharges for the most oblique waves (f = 75°) are signifi-
cantly lower than for the other wave directions. If stem waves (see also
Section 3.3) would be the cause of these deviations from the trend, the
effect of stem waves would be a reduction in overtopping discharge.

The optimal values for the coefficient c; to account for the effects of
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oblique waves are somewhat higher than those for short-crested waves.
This is different from other observations where the influence of oblique
waves on the overtopping discharges either are the same for long-crested
waves (e.g. Van Gent and van der Werf, 2019, for a crest wall on top of a
rubble-mound breakwater) or smaller (e.g. Franco and Franco, 1999, for
a caisson structure). The RMSE are clearly larger for long-crested waves
than for short-crested waves. This larger scatter is also visible in Fig. 13,
where the left panel (linear axes) focusses on the larger overtopping
discharges. The right panel (logarithmic axes), shows that the scatter is
large for the low overtopping discharges, especially for the most oblique
waves (f = 75°).

4.5. Crossing seas

For some locations dominant sea states go together with swell.
However, all available expressions for wave overtopping at caisson
breakwaters are for single sea states of wind generated waves. For wave
loading conditions that consist of two simultaneous conditions, each
from a different wave direction, Van der Werf and van Gent (2018)
proposed a method to account for the swell conditions by reducing the
effective freeboard. However, that method was developed for sloping
structures. Using the same method for vertical caisson breakwaters
would lead to the following expression for bimodal wave conditions that
consist of a sea and swell component:

.
( R, — C.vwelleUﬁrwe//> }

Hyo
where H,, is the spectral wave height of the incident waves of the wind
waves (thus excluding the swell condition), Hpyo.-sweir is the spectral wave
height of the incident waves of the swell, y; denotes the influence factor
for the angle of wave attack based on the wave angle of the wind waves
(thus independent of the direction of swell), y, denotes the influence of a
recurved parapet (y, = 1 in case no recurved parapet is present), co-
efficients a, b and ¢ are those obtained for single sea states (i.e. wind

q
gH?nO

an

=a exp{
Vg Vp

Table 5
Long-crested waves: RMSE for perpendicular wave attack and RMSE for all wave
directions.

Coefficient ¢ in Eq. (1) a b c RMSE-perp. RMSE all
c=10 0.2 4.0 0.8 0.330 0.280
c=13 0.047 2.7 0.8 0.315 0.278
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Fig. 12. Measured versus calculated overtopping discharges for structures with (denoted by “BN™) and without recurved parapet or bullnose (denoted by “no BN™) (a
= 0.047, b = 2.57, ¢ = 1.3, ¢y = 0.70 and y, = 0.85 in Eqgs. (1) and (10); left panel with linear axes, right panel with logarithmic axes.
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Fig. 13. Measured versus calculated overtopping discharges for long-crested waves (a = 0.047, b = 2.7, c = 1.3 and c; = 0.8 in Egs. (1) and (9); left panel with linear

axes, right panel with logarithmic axes.

waves) and cgyep is the coefficient to account for the reduced effective
freeboard due to the presence of swell (Van der Werf and van Gent,
2018, proposed csyel = 0.5 based on tests with a sloping structure). The
swell is included in Eq. (11) as an increase of the water level (or decrease
of the effective freeboard) that is close to half of the height of the swell
component, irrespective of the direction of the swell. This way, the effect
of the swell is accounted for as an increase of the water level to a level
that is close to the crest level of a representative wave of the swell for
which Hpy is used; the wind waves propagate towards the structure as if
the water level is (temporarily) higher due to the presence of swell.
Based on the present tests the optimal value for cgye appears to be cgyen
= 0.4 (RMSE for cgyey = 0, 0.3 or 0.5 are higher, see also Table 6 to
illustrate this).

The conditions including swell can be compared to conditions
without swell since the values of Re- 0.4 Hpyo.swen are 0.204 m for all
conditions with swell (Serie F: R, = 0.22 m; Hpg_swet = 0.04 m) while the
corresponding tests without swell have been tested as well (Series A: R,
= 0.20 m; Hyg.swet = 0 m), thus the effective freeboard is similar (0.204
m versus 0.200 m). The left panel of Fig. 14 shows the comparison of the
tests with and without swell. The rather good match between both in-
dicates that the swell can indeed be accounted for using the reduced
freeboard R - 0.4 Hpo-swei- Using Eq. (11) leads to the comparison be-
tween measured and calculated discharges shown in the right panel of
Fig. 14 and the RMSE shown in Table 6. Fig. 14 and the RMSE show that
sea states in combination with swell can be accounted for accurately
using Eq. (11) with Eq. (9) (i.e. Eq. (10) with y, = 1).

4.6. Discussion of results

Fig. 15 shows all overtopping discharges measured for long-crested
waves, short-crested waves, combinations of sea and swell, and for
caisson structures with and without recurved parapet (with recurved
parapet is denoted by “BN”). The discharges are for trunk sections. For

Table 6
RMSE using the same coefficients in Egs. (9) and (11) for bimodal wave con-
ditions (cswey = 0.4 is optimal).

Coefficient ¢ a b cp RMSE
in Eq. (11)
Cswell Cswell Cswell Cswell
= =03 =04 =0.5
1.0 0.2 3.9 0.75  0.303 0.165 0.147 0.150
1.3 0.047 257 0.70 0.314 0.169 0.153 0.165
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corner sections the discharges are larger than for trunk sections, and this
increase can be accounted for by incorporating an influence factor y omer
in Eq. (1) or Eq. (11) (ie. for a corner section the value b should be
divided by ycorer = 1.05). For example, for waves with Hpo = 5 m that
lead to ¢ = 10 1/s/m at the trunk, the discharge would become q = 13.7
1/s/m at the corner section. Whether higher overtopping discharges than
at the trunk can be tolerable depends on the presence of facilities near
the corner.

Fig. 15 shows that Eq. (11) with Eq. (10) to account for the influence
of oblique waves describes most of the data accurately. The conditions
with long-crested waves approaching under the most oblique wave
angle (f = 75°) contribute the most to the scatter. As discussed, the
potential reason is the presence of stem waves for these very oblique
long-crested waves.

Eq. (10) describes the influence of oblique waves on wave over-
topping at caisson breakwaters. Without recurved parapet this expres-
sion is equal to Eq. (9). To provide further insight into the spreading in
the results using the proposed method, the value of y4 that would lead to
a perfect match between the measured and the calculated discharge is
calculated for each test. This means that all potential inaccuracies of the
applied overtopping formula (Eq. (11)), the applied method to account
for a recurved parapet (i.e. one value of y, for all conditions), and the
applied method to account for oblique waves (Eq. (10)), all affect the
obtained values of y4 (thus not only inaccuracies in the method to ac-
count for oblique waves affect these values). Fig. 16 shows the resulting
values for y; for (a) Short-crested waves, including the conditions with
simultaneous sea and swell, for the structures without recurved parapet,
(b) Short-crested waves, for the structures with a recurved parapet, and
(c) Long-crested waves. The corresponding curves of Eq. (11) are shown
here using ¢ = 1.3 in Eq. (10). On average the curves provide a trend
through the data-points except for some of the tests with the most
oblique wave angle (long-crested waves with g = 75°). Note that some of
the shown data points are for discharges lower than Q = 1075; those they
have not been used in the calibration of the coefficients, since very small
discharges may not be of practical relevance or may be affected by scale-
effects.

Eq. (11) is an extension of Eq. (1) to account for the simultaneous
presence of sea and swell. Eq. (1) has been used for single sea states (i.e.
wind waves) by various authors using different values for a, b and c.
Table 7 shows these values and the corresponding RMSE based on the
data for single sea states and without recurved parapet. Table 7 shows
the RMSE for the methods that have been developed over the last de-
cades. From the existing methods, the one by Goda (2009) appears to be
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Table 7
Comparison between various methods for data on single sea states and without
recurved parapet.

Reference a b c 75 -LC 73 -SC RMSE-LC RMSE-SC
Franco and 0.116 3.0 1.0 Eq.(2) Eq. (3) 0.613 0.669
Franco (1999)
EM (2007) 0.04 2.6 1.0 Eq. (5) Eq. (5) 0.451 0.388
Goda (2009) 0.027 2.3 1.0 Eq. (4 Eq. (4) 0.447 0.352
EM (2018) 0.047 3.04 1.3 Eq.(6) Eq. (7) 1.196 0.685
Proposed 0.2 39 1.0 Eq.(10): Eq.(10): 0.280 0.240
here c;=0.80 ¢;3=0.75
(c=1):
Proposed here 0.047 257 1.3 Eq.(10): Eq.(10): 0.278 0.245
(c=1.3) c¢;=0.80 c;=0.70

the most accurate one for long-crested wave and for short-crested waves
while the EM2018 shows the lowest accuracy.

Note that the two proposed options (either c =1 or ¢ = 1.3 in Eq. (1)
or Eq. (11)) lead to the lowest two values for RMSE. The differences
between these two sets with ¢ = 1 or ¢ = 1.3 are so small that they can be
considered as negligible. Note that the RMSE for structures with a
recurved parapet are lower than those without recurved parapet. In the
present tests the conditions with long-crested perpendicular waves lead
to somewhat different discharges than those for short-crested waves.
This leads to slightly different values for the coefficient b. Since the
values for long-crested waves are based on only a few data-points it is
advised to use the b-values obtained for short-crested waves also for
long-crested waves. Nevertheless, in Table 7 the RMSE values for long-
crested waves are those with modified values for b (i.e. 4.0 and 2.7 for
long-crested waves instead of 3.9 and 2.57 for short-crested waves, for ¢
=1 and ¢ = 1.3 respectively).

Of course, the relatively good performance of the proposed method is
affected by the fact that the coefficients have been calibrated based on
the present data-set. In contrast to earlier methods, the proposed method
allows to include the combined effects of oblique waves and a recurved
parapet, and it also deals with the effects of a combination of sea and
swell.

5. Conclusions and recommendations

Wave overtopping at vertical breakwaters and seawalls has been
studied using physical model tests in a wave basin. The influence of
oblique waves on the amount of wave overtopping has been measured
for caisson breakwaters with and without a recurved parapet (also
referred to as a bullnose or a recurved wave return wall). The reduction
in wave overtopping discharge is large for very oblique waves. The effect
of a recurved parapet on the overtopping discharge can be large but
reduces for larger angles of wave attack. Adding a (recurved) parapet or
crown wall on top of an existing caisson breakwaters can be a solution to
adapt existing caisson breakwaters to account for effects of sea level rise.

Crossing bimodal seas with simultaneous sea and swell conditions
from different directions have been tested. It appears that the swell
component affects the overtopping in a similar way as an increase of the
water level; simultaneous swell can be accounted for by reducing the
effective freeboard with a factor 0.4 times the wave height of the swell
component.

Existing prediction methods have been extended and calibrated
based on the present data-set. The new prediction method (i.e. Eq. (11)
with Eq. (10) to account for oblique waves) provides estimates of
overtopping discharges at trunk sections of vertical breakwaters and
seawalls with or without a recurved parapet, for oblique wave attack of
single sea states (i.e. wind waves, short-crested or long-crested) and for a
combination of simultaneous wind waves and swell conditions. The
influence of the recurved parapet is accounted for by incorporating an
influence factor y, and the influence of oblique waves is accounted for by
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an influence factor y; that depends also on y;. At the corner section of the
caisson breakwater the overtopping discharge appeared to be somewhat
larger than at the trunk sections. The increase of overtopping discharges
at corner sections can be accounted for by an influence factor ycomer =
1.05 (for a trunk section use yomer = 1):

¢
L_ = b Re—0.4 Hyno—sweit
=a €X -

with yﬂ:( —%)coszﬁ + ;—"
»

12)

»

with for short-crested waves eithera=0.2,b=3.9,c=1,c;=0.75ora
=0.047, b = 2.57, ¢ = 1.3, ¢y = 0.7. Hpy is the spectral wave height of
the incident waves of the wind waves (thus excluding the swell denoted
by Hmo-swell)- The method is valid for wave angles of 0° < # < 75° and for
caisson breakwaters with freeboards of 1.2 < R./Hpyo < 2.9. The ex-
pressions were derived based on conditions with so-called non-impul-
sive wave loading with (h/Hpmo)? Sm1,0 > 0.25. This corresponds to
caisson breakwaters in relatively deep water, for which caisson break-
waters are often regarded as a feasible solution. Although rubble mound
structures are often more feasible for less deep water, it is recommended
to verify the validity of the proposed method also for caisson break-
waters in shallower water, potentially leading to impulsive loading. For
impulsive wave loading also the influence of the wave period (wave
steepness) should be studied.

The physical model tests showed overtopping discharges at the tip
(corner) of the vertical caisson breakwater that were larger than at the
trunk. It is recommended to analyse this increase at the corner in more
detail, not only for a horizontal foreshore as studied here, but also for
conditions with more complicated bathymetries.

To reduce wave reflection, perforated caisson breakwaters can be a
suitable solution. Whether the influence of oblique waves on the
reduction in wave overtopping for perforated caisson breakwaters is
similar to the influence for unperforated caisson breakwaters, could be a
topic for future research. Use can be made of initial data and insights by
Franco and Franco (1999) with respect to wave overtopping at perfo-
rated caissons under oblique waves.

The present study is based on tests with a caisson breakwater with
and without a recurved parapet. The shape of the parapet has not been
varied in the present study. It is recommended to verify the validity of
the derived expressions to account for oblique wave attack also for other
geometries of the parapet.
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Glossary

ag: exit angle of a recurved parapet [°]

p: angle of wave attack of wind waves: p = psea [°]

Pswell: angle of wave attack of swell [°]

y: influence factor [—]

ycorner: influence factor for a corner section compared to a trunk section [—]

yp: influence factor for a parapet [—]

y#: influence factor for crossing seas [—]

yp: influence factor for the angle of wave attack [—]

o: directional spreading (normal distribution) [°]

Br: protruding part of a (recurved) parapet [m]

g acceleration due to gravity [m/s2]

HmO: significant wave height of the incident waves based on the wave energy spectrum
[m]

h: water depth [m]

k: ratio between overtopping discharges with and without a parapet [—]

N: number of waves [—]

Q: non-dimensional mean overtopping discharge: Q =q /(gHm03)0.5 [-]

q: mean overtopping discharge [m3/s/m]

Rc: freeboard (crest height relative to the still water level) [m]

R: radius of a recurved parapet [m]

sm-1,0: wave steepness based on the wave height HmO and the spectral wave period Tm-
1,0: sm-1,0 = 2r HmO / gTm-1,02[-]

Tm-1,0: spectral mean wave period based on the ratio of the spectral moments m.; and mp
of the incident wave spectrum [s]
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