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Summary

Crownwalls are often placed on top of vertical composite breakwaters to reduce overtopping. Adding
a seawards facing overhang (recurve or bullnose) at the top of crownwalls has successfully reduced
overtopping even further without increasing the freeboard of the crownwall. Vertical breakwaters are
often placed in deep water conditions meaning that the structure is subjected to non-breaking waves.
However, studies have shown that recurved crownwalls can be subjected to impulsive wave loads due
to the Confined-Crest Impact (C-CI) phenomenon (Castellino et al., 2018a). The confinement of the
wave, by the recurve, creates the impulsive nature of the force, as at the moment the wave is deflected
seawards, at a high-speed flow, the incoming wave crest stops the return flow. These large impulsive
pressures can cause the failure of crownwalls, as happened to the recurved crownwall in Civitavecchia
Harbour, Italy.

Various recurves and overhangs have been designed and applied to vertical breakwater crown-
walls. The effects of different geometries have also been studied, such as different exit angles, radii
and lengths of overhang. Crownwalls with a fully curved face are most often used in seawalls where
they are subjected to wave load by breaking waves, but using the fully curved shape for a vertical break-
water crownwall has recently been tested with physical model tests by Dermentzoglou (2021). That
study showed that wave loading on the fully curved crownwall was increased compared to a vertical
crownwall. This thesis aims to investigate further the wave loading by non-breaking waves and the
dynamic response of a fully curved crownwall and compare it to the well-known shape of a recurved
crownwall. Pressure-time series from CFD numerical simulations of three different wave states will
be analysed to determine how the structure is loaded, as the wave load can be quasi-static, dynamic
or impulsive. It will also be investigated whether the C-CI phenomenon occurs for the fully curved
crownwall as it does for the recurved crownwall. Through offline one-way coupling of CFD-generated
pressure-time series and a FEM model, the dynamic response of the fully curved crownwall will be
analysed. This is the same method as used by Dermentzoglou et al. (2021) in their analysis of the
recurved crownwall. The dynamic analysis will show whether the fully curved crownwall fails under the
wave load by these wave states and its structural performance can be compared to that of the recurved
crownwall under the same wave loading. In this thesis, it will also be investigated whether the wave
load acting on the fully curved crownwall can be accurately calculated with the extension of Castellino
et al. (2021) to the Goda method, for static wave load on recurved crownwalls.

Through CFD numerical simulations, wave pressure on the crownwall is measured for 100 s for
three regular wave states: W5 with wave height H = 5m and wave period T = 8s, W6 with H = 6m

and T = 8s and W7 with H = 7m and T = 11s. To obtain the total force, the pressure distribution at
each time is integrated over the height of the crownwall. The pressure distributions at the moment of
maximum total force show that for W6 and W7, the C-CI phenomenon is evident as there is a pressure
increase at the top of the curve of the crownwall. For W5, however, the pressure distribution resembles
the trapezoidal distribution. Due to the considerable wave steepness of W6, 6%, and the relatively
large vertical wave velocity, 2.4m/s, the largest wave hits the crownwall differently from other waves,
which results in a maximum pressure located just above the centre of the curve and a relatively large
total force. Waves with force and pressure impacts with an impulsive impact type are found in all
three wave states. By integrating the pressure- and force-time series over the impact duration, the
impulses can be determined. Both the force and pressure impulses are found to be much less variable
than the maximum force and pressure values. The C-CI phenomenon is stronger for the recurved
crownwall than the fully curved crownwall as the confinement of the wave is greater. However, due to
the momentum the wave gains travelling up the fully curved face, the pressure and total force acting
on the fully curved crownwall are larger. A more in-depth analysis of the CFD-generate wave load of
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the fully curved crownwall is needed to understand better, for example, the loading by steep waves and
the C-CI phenomenon for the fully curved shape.

The crownwall is modelled via the finite element analysis software Diana FEA 10.5. The model is in
2D with plane-strain elements and a linear material model for concrete in strength class C35/45. The
crownwall is modelled both with (supported) and without (unsupported) an additional supporting wall
behind it. The impulse duration of the pressure impulses in W6 and W7 are less than four times the
natural period of the structure and are, therefore, in the dynamic domain of the crownwalls. Dynamic
linear analysis of the unsupported and supported crownwalls shows that the tensile stresses in the
centre of the curve of the crownwall exceed the tensile strength of the concrete for W6 and W7. For the
recurved crownwall, the tensile stresses did not exceed the tensile strength of the concrete for any wave
state. Nonlinear analysis of the fully curved crownwall further showed that cracks propagate through the
entire cross-section of both the unsupported and supported crownwalls at the centre of the curve. This
indicates total failure of the crownwalls. Having an additional supporting wall behind the crownwall did
not significantly affect the failure, although the cracks were more concentrated in one area in the cross-
section. The significant difference in the structural response of the fully curved and recurved crownwalls
was found to be due to the significant difference in the bending moment exerted on the critical cross-
section by the wave load. The width of the fully curved crownwall at the centre of the curve is equal
to the width of the recurved crownwall, which also reduces the structural resistance. It is evident that
steel reinforcement bars are needed to increase the structure’s bending resistance or the width of the
crownwall needs to be increased. Re-entrant corners and sharp changes in boundary conditions should
also be avoided as they cause singularities in the stress field. Regarding the geometry of the curve of
the crownwall, these results support the findings of other studies that increasing the radius of the curve
increases the wave load.

The static wave load is calculated with the Goda method, using the extension of Castellino et al.
(2021) to account for the C-CI phenomenon. The calculation method overestimates the wave load of
all wave states, but the resulting pressure distribution is relatively close to the pressure distribution
at the moment of maximum pressure as measured by the CFD numerical model. The largest differ-
ence is however for W6, where the pressure distribution is affected by the large wave steepness and
vertical wave velocity, and does therefore not have the maximum pressure in the top of the curve of
the crownwall, as assumed by the calculation method. The method is therefore considered useful for
the preliminary design of fully curved crownwalls with wave steepness less than 6% and vertical wave
velocity less than 2.4m/s. However, as the wave load is transient and the pressure impulses are in the
dynamic domain of the structure, the dynamic response can not be ignored in the final design. This can
be done either with a dynamic analysis or by applying a sufficiently large dynamic amplification factor
(DAF) to the static analysis. It should be kept in mind though that using a DAF to estimate the dynamic
amplification might be an oversimplification of the dynamic response of the crownwall, as it is not an
SDOF system.

It is concluded that the fully curved crownwall is less favourable than the recurved crownwall. For
the same wave states, the fully curved crownwall is subjected to larger wave forces than the recurved
crownwall. The fully curved crownwall is also larger than a recurved crownwall, with the same freeboard,
and therefore requires more use of concrete. Due to the shape of the fully curved crownwall, the
maximum tensile stresses are 2.5-3 times higher than those in the recurved crownwall. More use
of steel reinforcement bars is therefore also needed. It would, however, be interesting to investigate
further fully curved crownwalls on vertical breakwaters with different geometries, such as a different
radius of the curve, to see if their design can be improved.
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1
Introduction

Breakwaters are frequently needed to create safe navigation and mooring conditions inside ports and
harbours. These breakwaters can either be rubble mound or composite vertical breakwaters made
of concrete caissons on top of a rubble mound foundation (Takahashi, 2002). The latter type is often
used to protect harbours in deep water conditions in the Mediterranean Sea, where waves are usually
non-breaking (De Girolamo et al., 2019). Crownwalls can be placed on the crests of rubble mound
breakwaters and on top of vertical breakwaters to reduce the breakwater’s required crest height and
overtopping discharges (Pedersen & Burcharth, 1993; EurOtop, 2018).

Asmeans to reduce wave overtopping even further, crownwalls are often designed with an overhang
or bullnose (i.e. rectilinear or recurved crownwall) or with a fully curved face. The seaward-facing over-
hang at the top of the structure confines and deflects up-rushing water from the incoming wave, signifi-
cantly reducing overtopping without increasing the height of the crownwalls (EurOtop, 2018; Castellino
et al., 2018a; Dermentzoglou, 2021). However, studies have shown that wave loading increases com-
pared to a vertical crownwall. The time and space distribution of the wave pressures on the crownwall
then become important, as the forces acting upwards under the overhang are impact loads with short
impulse duration which may cause a significant dynamic response in stiff structures such as crownwalls
(Kortenhaus et al., 2003; Kisacik et al., 2012; Castellino et al., 2018a; Chen et al., 2019). Figure 1.1
shows three examples of curved crownwalls. The figure on the top left shows a slender reinforced con-
crete crownwall with a curved face constructed in the harbour of Málaga, Spain, on a vertical composite
breakwater (Negro et al., 2018). The other two figures show typical curved crownwalls from The United
Kingdom, which are part of a seawall (Google, n.d.; Castellino et al., 2018b).

In this thesis, the focus will be on vertical breakwater crownwalls in deep water conditions. Struc-
tural failures of such crownwalls have been reported in Civitavecchia Harbour in Italy (see figure 1.3a)
(Castellino et al., 2018a), on Pico Island in Azores (Martinelli et al., 2018), in Strand in South Africa
(Schoonees et al., 2014) and on the island of Albrán in Spain (Valdecantos et al., 2014). Sliding and
overturning are also known failure mechanisms of vertical breakwater crownwalls, as such failures have
been reported in Spain (Valdecantos et al., 2014; Negro et al., 2018). There is still a lack of design
standards for recurved walls (Castellino et al., 2018a) and in light of these failures, there is increased
interest in understanding the structural behaviour of curved crownwalls in order to improve their design.

1



1.1. Literature review 2

(a) Málaga, Spain (Negro et al., 2018). (b) Penhryn Bay, Wales (Google, n.d.).

(c) Scarsborough, England (Castellino et al., 2018b).

Figure 1.1: Examples of fully curved concrete crownwalls.

1.1. Literature review
Many studies have been made on wave loads on vertical seawalls and crownwalls and their dynamic
response. Bagnold (1939) was one of the first to study impulsive pressures from breaking waves on a
vertical seawall, which was done by laboratory tests in a flume. He showed that due to thin cushions
of air in breaking waves, the shock pressures on the vertical seawall are much greater than normal
hydrostatic pressures. Bagnold (1939) also found that pressure impulses are more easily predictable
than the maximum pressure for breaking wave impacts, as the impulse is independent of the thickness
of the air cushions. Further research on impulsive wave forces on upright breakwaters and their dy-
namic response was later performed by, i.e. Oumeraci et al. (1992), Oumeraci and Kortenhaus (1994),
Goda (1994), Shimosako et al. (1994), Takahashi et al. (1998) and more recently Cuomo et al. (2010,
2010). They studied the dynamic response of composite breakwaters, which gave guidelines for further
research and the dynamic design of these types of structures. Oumeraci and Kortenhaus (1994) high-
lighted the importance of dynamic analysis of vertical breakwater under impulsive wave load, showing
that for an impulse duration larger than the structure’s natural period, the response of the structure was
amplified by dynamic effects. They also found that for impulsive loads with a duration shorter than 25%
of the structure’s natural period, the load shape did not affect the response but rather that the area
under the load curve, the impulse, determines the response.

In 1978, Ramkema (1978) found that for the design of storm surge barrier gates with a protruding
element (overhang), Bagnold’s piston model (Bagnold, 1939) would be the most appropriate mathe-
matical model to describe wave impacts by standing waves on the structure. Ramkema added to this
model and took into account the compressibility of air.

Cooker and Peregrine (1990, 1995) developed a mathematical model to predict pressure impulses
on a vertical breakwater due to breaking waves, pressure-impulse theory, based on the findings of
Bagnold (1939), that pressure impulses are more constant than maximum pressure for a given wave
state. Wood and Peregrine (1996) then showed that the pressure-impulse theory could analytically
predict pressure impulses on coastal structures with overhangs. Later, Kisacik et al. (2012, 2014) used
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small-scale model tests to analyse the wave loading by breaking waves on a vertical structure with a
horizontal overhang, with the Pier of Blankenberge (Belgium) as a reference for such a structure. Based
on the pressure-impulse theory, they developed a prediction model for the upwards impact loads acting
on the horizontal overhang. The small-scale test results showed that two individual impulsive impacts
act on the structure for every incoming wave, the first on the vertical wall and the second on the corner
between the vertical wall and horizontal overhang.

Chen et al. (2019) developed a new method to determine the reaction forces of hydraulic structures
with an overhang subjected to impulsive wave loading, where the pressure impulse is the primary
design variable. They found that the calculated pressure impulses with Cooker and Peregrine (1995)
pressure-impulse theory agreed with the physical model test results. Pressure impulses by standing
wave impacts on vertical structures with a relatively short overhang (i.e. storm surge barrier gates) at
water level height have been studied by De Almeida et al. (2019) and De Almeida and Hofland (2020,
2021). Their studies showed that for a shorter overhang, the impact loads were higher and less variable
with a shorter load duration. Additionally, they found that the pressure impulses over the width of the
structure were less variable than the maximum pressure values. The pressure-impulse theory may be
used for preliminary load estimations on vertical structures with short overhangs under wave loading
by standing waves (De Almeida & Hofland, 2021). The pressure-impulse theory has further been used
by Tieleman et al. (2021) to predict impulsive wave loads by standing waves on a flood gate, as they
found that the response of the flood gate was in better correlation with the pressure impulses than the
maximum pressure values.

Figure 1.2: Exit angle, length of
overhang Br and radius R of a

recurved crownwall (van Gent, 2021).

The effects of recurved parapets on the wave load and overtop-
ping of vertical seawalls have also been studied. Figure 1.2 shows an
example of a recurved parapet where Br is the length of the overhang
and R is the radius of the curve (van Gent, 2021). In the figure, the
exit angle of the recurve is 90°. Kortenhaus et al. (2003) found that
recurved parapets on vertical seawalls can reduce overtopping sig-
nificantly and that wave loading, by non-impulsive waves, increases
by a factor of 1.1-1.8 with an increasing exit angle (see figure 1.2)
for seawalls with freeboard to wave height ratio Rc/Hs < 1.5. With
physical model testing on a vertical wall with a seaward-facing over-
hang/bullnose, Pearson et al. (2005) found that the wave load was
highly impulsive and that the horizontal forces were increased by a
factor of 2 compared to a vertical wall. Large-scale experiments by
Stagonas et al. (2014, 2020) on breaking wave impacts on a vertical seawall with a recurved parapet
showed that for an increasing exit angle and overhang length, the wave load also increased. How-
ever, they found that once the exit angle was up to 90°, increasing the length of the overhang did not
significantly increase loading.

1.2. Background
Castellino et al. (2018a) has studied the large impulsive forces on recurved parapets under non-breaking
deep water wave conditions. Using Computational Fluid Dynamic (CFD) simulations, this numerical
study compared wave pressures and forces acting on a recurved parapet to the wave pressures and
forces acting on a vertical wall of the same height and in the same wave conditions. The recurved
crownwall in the study replicates the crownwall in Civitavecchia Harbour, which failed during a storm
(see figure 1.3a). As Figure 1.3b shows, the recurved parapet rests on a concrete caisson on a flat
seabed with a constant 20 m water depth at the toe (still water level).

The results show that vertical and horizontal forces acting on the entire structure significantly in-
crease when the top of the breakwater is shaped as a recurve and the load is impulsive. These large
impact loads acting on recurved concrete crownwalls can lead to failure, as happened to the crownwall
in Civitavecchia Harbour. Like Kortenhaus et al. (2003) and Stagonas et al. (2014, 2020), Castellino
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et al. (2018a; 2018b) also found that a larger angle of the recurve resulted in a larger load increase.
It was found that the maximum force increase, compared to a vertical breakwater, occurs when the
opening angle of the recurved parapet is 90° and that when the radius of the curve is increased, the
forces acting on the parapet also increase. However, the effect of the increase in radius was not as
much as that of the increase in exit angle. In the same way, overtopping volumes decreased with the
increasing exit angle (Castellino et al., 2018a).

(a) Failure of recurved crownwall in Civitavecchia Harbour.
(b) Confined-crest impact; pressure distribution of a recurved

crownwall compared to a vertical crownwall.

Figure 1.3: Study of Castellino et al. (2018a) on the wave loading of the recurved crownwall in Civitavecchia Harbour, which
failed in a storm in 2015.

The confinement of the up-rushing water by the overhang generates large impulsive pressures, defined
by Castellino et al. (2018a) as confined-crest impact (from now on referred to as C-CI). When the wave
has reached the top of the crownwall and is deflected seawards by the recurve, it gains momentum,
which increases both the horizontal and vertical forces acting on the breakwater. The confinement of
the wave creates the impulsive nature of the force, as at the moment the wave is deflected seawards,
at a high-speed flow, the incoming wave crest stops the return flow (Castellino et al., 2018a). The C-CI
phenomenon affects the whole breakwater, not only the recurved top part, as shown in figure 1.3b, as
pressure increases all along the height of the crownwall and down to z = −10m. The impulsive pressure
at the top of the recurved parapet can be up to ten times larger than the pressure inflicted on a purely
vertical wall (Castellino et al., 2018a). The existence of the C-CI phenomenon has been confirmed by
Martinelli et al. (2018) with physical model testing of the same recurved shape of a crownwall for both
regular and irregular waves. The results of the physical model tests showed very similar force values
and impact shapes to those of the numerical model for the same wave states. The influence of the
exit angle could also be seen with the physical model tests, where increasing the exit angle lead to an
increase in wave load (Martinelli et al., 2018). For calculations of static wave loading, the method of
Goda (1974) is most widely used, as well as the extended Godamethod by Takahashi (2002). However,
Martinelli et al. (2018) found that the total force calculated with Goda’s formulae greatly underestimated
the measured total forces on the recurve crownwall. Castellino et al. (2021) proposed a method to
extend the Goda’s formulae for vertical breakwaters such that it could be valid for recurved crownwalls.

Dermentzoglou (2021) investigated which equations could be used to predict overtopping and load-
ing from non-breaking waves on a fully curved crownwall. For waves with U

Rc/H
< 14.9, where U is

Ursell’s number, Rc the freeboard of the crownwall and H the wave height, he found that the Goda’s
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formulae could be used to predict the wave load. However, for waves with U
Rc/H

> 14.9, wave impacts
occurred, and Goda’s formulae underestimated the wave load. Dermentzoglou (2021) also found that
pressure impulses were more predictable than maximum pressures, further supporting the use of the
pressure-impulse theory to predict wave loading on structures subjected to wave impacts.

To better understand the dynamic response of recurved parapet crownwalls to C-CI loading, Der-
mentzoglou et al. (2021) carried out a Finite Element analysis of the same crownwall as investigated by
Castellino et al. (2018a) and Martinelli et al. (2018). Offline one-way coupling of the CFD pressure time
series by Castellino et al. (2018a) and a time-varying Finite Element analysis was used in the study.
Three different concrete classes (C25/30, C30/37 and C35/45) were tested to investigate the effects of
material properties on the structural behaviour and to try to determine what caused the failure of the
Civitavecchia crownwall. At the time of the failure of the crownwall, it was estimated that the maximum
wave, causing the failure, had a wave height of 5 m and a wave period of 8 s. The FEM analysis results
of Dermentzoglou et al. (2021) did however not show a failure of the recurved crownwall for a wave
state with those wave characteristics, suggesting that the crownwall might be built of concrete with a
strength class lower than C25/30. For a wave state with a wave height of 7 m and wave period of 11 s,
small cracks of 0.22 mm in width formed in the front face of the crownwall, with concrete strength class
C25/30, and propagated halfway through the cross-section (Dermentzoglou et al., 2021).

1.3. Aims and objectives
Fully curved crownwalls are frequently used in seawalls, see figures 1.1b-1.1c, where they are sub-
jected to broken waves. However, there are gaps in the knowledge of the loading and structural be-
haviour of fully curved concrete crownwalls on vertical breakwaters subjected to non-breaking waves.
The design of the shape of the fully curved crownwall comes from Sapienza University of Rome, see
figure 1.4, and is the same shape as studied by Dermentzoglou (2021). He showed, with physical
model tests, that wave impacts occur for regular waves with steepness s = 3 − 4%. This study aims
to further increase the knowledge on the wave loading and dynamic response of concrete crownwalls
with a fully curved face under wave loading by non-breaking waves. The following research question
and sub-questions have been formed:

What is the 2D dynamic response of a crownwall with a fully curved face to impulsive wave
loading by non-breaking waves?

• How does the wave loading and dynamic response of a fully curved crownwall compare to that
of a recurved crownwall?

• How does is effect the structural response of the crownwall to add a supporting wall behind it?
• How accurately does the extended Goda method for C-CI wave load by Castellino et al. (2021)
estimate the wave load on the fully curved crownwall?

• How can this knowledge be used to give design recommendations regarding the geometry of
curved crownwalls?

This study is connected to the 2D FEM analysis of Dermentzoglou et al. (2021) on a recurved crownwall.
Numerically generated pressure-time series of the same wave states as used by Dermentzoglou et al.
(2021), will first be analysed to determine the loading of the structure. By analysing the pressure
distribution along the height of the two different shapes of crownwall, important insight can be gained
into the shapes’ effects on the structures’ loading. As Dermentzoglou et al. (2021) has shown, the wave
load may be impulsive for some wave states and it is important for the structural analysis to evaluate
the impulse duration, Td, compared to the natural period of the structure Tn. Through offline one-way
coupling, the pressure-time series will be applied to a FEM model in Diana FEA 10.5 and a dynamic
structural analysis will be performed. The results of the structural analysis will be compared to the
results of Dermentzoglou (2021) to estimate the structural performance of the fully curved crownwall
compared to the recurved crownwall. To estimate the applicability of the extension by Castellino et al.
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(2021) to the Goda method to account for the C-CI phenomenon, the static load on the fully curved
crownwall will be calculated and compared to the maximum pressure distribution of the numerically
generated pressure-time series. Structural static analysis will also be performed for the calculated
static wave load and the resulting displacements and stresses compared to those of the dynamic linear
analysis.

1.4. Scope and structure of report

Figure 1.4: Fully curved crownwall (gray
shape) compared to recurved crownwall

(blue dashed line).

The structural analysis will be performed in 2D for normally inci-
dent regular waves. Therefore, three-dimensional effects, such
as oblique waves and the finite length of the crownwall, are
excluded. The three wave states have wave steepness s =

3.7 − 6% and dimensionless freeboard Rc/H = 0.92 − 1.30. As
shown in figure 1.3b, the seabed is assumed to be flat.

The only failure mechanism studied is a structural failure of
the crownwall, i.e. cracking. Sliding or overturning will not be
accounted for in the FEM model. Due to the one-way coupling
of the numerically generated wave load and the FEM model, the
deflection of the structure is not accounted for in the wave load.
That means that the wave load might be slightly overestimated at
the top of the crownwall, where deflection is assumed to be the
largest. To be consistent with the FEM model of Dermentzoglou
et al. (2021), no reinforcement bars will be included in the FEM
model.

The structure of the report is as follows. In chapter 2, the nu-
merical model used to generate the wave load is introduced, and
wave characteristics and the method used to analyse the pres-
sure and force impacts are described. Chapter 2 also includes
a description of the FEM model in Diana FEA, a mesh sensitivity analysis, modal analysis, Rayleigh
damping coefficients and a description of the chosen nonlinear model. In chapter 3, the results of the
analysis of the wave load and the static and dynamic structural analyses are presented. In chapter
4, a comparison is made between the recurved and fully curved crownwalls. The differences in wave
loading and structural response are discussed. Chapter 5 discusses the results of the structural analy-
sis of the fully curved crownwall, the stability of the crownwall and how the geometry of the curve has
effects on the loading. Finally, in chapter 6, the conclusions of the thesis are presented, the research
questions are answered, and design recommendations are given.



2
Methods

In this chapter, the wave load and FEM model will be introduced. In order to be able to compare the
fully curved crownwall to the recurved crownwall, the wave states used in this thesis are the same as
the ones used by Castellino et al. (2018a) and Dermentzoglou et al. (2021) in their analyses of the wave
load and structural response of the recurved crownwall. The crest freeboard and the overhang length
of the fully curved and recurved crownwalls are also the same, Rc = 6.5m and Br = 1m respectively.
The same FEM modelling software, Diana FEA 10.5, as was used by Dermentzoglou et al. (2021) is
also used in this study, with the same material properties and the same boundary conditions.

2.1. Wave load
2.1.1. Wave characteristics and pressure time series

Figure 2.1: Wave characteristics: H is wave
height, T is wave period and L0 is the deep water
wave length. Rc is the freeboard and d is the
water depth at the toe of the breakwater.

The 2D pressure time series were obtained from numeri-
cal simulations in the IHFOAM solver (Higuera et al., 2014)
which is based on OpenFOAM® (Higuera et al., 2013a,
2013b) and includes the incompressible 3D Reynolds-
averaged Navier-Stokes (RANS) conservation equations
(Castellino et al., 2018a). Some basic assumptions that
were made regarding the numerical simulation are that the
seabed and the structure are impermeable and water and
air are incompressible. The numerical model set-up is fur-
ther described in Castellino et al. (2018a).

Table 2.1 shows the three wave states that are used in
the analysis and their corresponding wave height (H), wave
period (T ), deep water wave length (L0), wave steepness
(s = H/L0), relative freeboard (Rc/H), wave height over
water depth (H/d) and the Ursell number (U ). These are
non-breaking regular waves. The water depth (d) in front
of the crownwall is 20 m and the seabed is assumed flat.
These variables are visualized in figure 2.1. The deep wa-
ter depth and non-breaking wave conditions are typical for
vertical breakwaters on the Mediterranean coast, e.g. in the harbour of Civitavecchia, Italy (Castellino
et al., 2018a).

7



2.1. Wave load 8

Table 2.1: Wave characteristics of numerically simulated wave conditions.

Wave state H T L0 s Rc/H H/d U

[-] [m] [s] [m] [%] [-] [-] [-]

W5 5 8 100 5 1.30 0.25 4.9
W6 6 8 100 6 1.08 0.3 5.9
W7 7 11 189 3.7 0.92 0.35 16.4

A total of 131measuring points (probes) are located all along the front face of the caisson and crownwall
that measure pressure over a time of 100 s. On the vertical part of the wall, the distance between the
probes varies from 0.25 m to 0.1 m (the probes are closer together near the curve), while on the curved
part, there is a probe at every 5°. As only the crownwall is modelled in the FEM model, only the top 56
probes are considered and re-numbered such that probe one is located at the bottom of the crownwall
and probe 56 at the top, see Figure 2.2. To reduce computational time, only the first 80-85 s of the
pressure time series are applied to the FEM model, as the last two waves in all three wave states are
relatively smaller than the first 6-8 waves and purely quasi-static. Figure 2.2 shows the pressure time
series from wave state 7 for three different measuring points on the face of the crownwall. It can be
seen how the maximum instantaneous pressure values increase higher up in the curve and how the
impact profiles take the well-known shape of a church roof, with an initial maximum impact pressure
PIm followed by a slowly varying quasi-static pressure with a second peak Pqs+ (see also figure 2.4).

Figures 2.3 show the time series of the total force acting on the crownwall. The total force, FT , is
simply the integral of the pressure along the height of the wall at each moment in time. It can be seen
that for wave states 5 and 6, where the waves have a period of T = 8s there are eight waves in the first
80 seconds of the time series, while for wave state 7, where the waves are longer and have a period of
T = 11s, there are a total of 6 waves. The wave load will be further analysed and discussed in chapter
3.1.

Figure 2.2: Pressure time series at different measuring points on the fully curved crownwall for W7.
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(a) FT of W5 (H = 5m, T = 8s). (b) FT of W6 (H = 6m, T = 8s).

(c) FT of W7 (H = 7m, T = 11s).

Figure 2.3: Total time series of the total force of the three wave states.

2.1.2. Pressure impacts and loading domain

Table 2.2: Definition of pressure impact types
(Huang et al., 2022).

Pressure impact types PIm/Pqs+

Quasi-static < 1.2

Dynamic 1.2− 2.5

Impulsive > 2.5

Kortenhaus and Oumeraci (1999) developed a method to
identify different types of wave impacts from a force time
series. According to this method, an impact can be defined
as impulsive if the maximum horizontal force is larger than
2.5 times the maximum quasi-static horizontal force:

FH,max/FH,qs+ > 2.5.

Streicher et al. (2019) later added to this method a definition
of a dynamic impact, where the ratio between the two force
values is in the range of 1.2-2.5. This method can also identify the type of pressure impacts based on a
pressure time series (Huang et al., 2022). Table 2.2 shows the definition of the pressure impact types
and figure 2.4 shows the pressure time series of the three largest wave impacts at measuring points
23, 33 and 49 for W7. This method is used to identify the pressure impact type along the height of the
crownwall for all three wave states.
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Figure 2.4: Pressure time series at measuring points 23, 33 and 47 for W7 (H = 7m, T = 11s).

The impulse, IP , and impulse duration, Td, can now be determined for the pressure impacts that are
defined as dynamic or impulsive by table 2.2. First, a beginning and end point of the impulse in time
need to be determined (ta and tb respectively) and the impulse is then taken as the integral of the
pressure-time series between those two points (Cooker & Peregrine, 1995):

IP =

∫ tb

ta

P (t) dt (2.1)

Various different methods have been introduced to determine impulse duration of force and pressure
impacts (Cooker & Peregrine, 1990; Oumeraci & Kortenhaus, 1994; Wood et al., 2000; Cuomo et al.,
2010). Using a low-pass filter with a specific cut-off frequency, fcut, to separate the high-frequency
impulsive load from the low-frequency quasi-static load has become a widely used method (Chen et
al., 2019; De Almeida & Hofland, 2020; Huang & Chen, 2020). The cut-off frequency can be determined
by using a continuous 1D wavelet transform (CWT) (Chen et al., 2019; Huang & Chen, 2020) or as a
function of the frequency of the incident waves (De Almeida & Hofland, 2020). Dermentzoglou (2021)
has also shown that a smoothing function can be used to separate the impulse from the quasi-static
load.

As mentioned by De Almeida and Hofland (2020), due to significant variations in pressure impact
profiles, there is no single method to determine the pressure impulse. To address this, they developed
a method based on various pressure impact profiles obtained by physical model tests of wave loading
on a vertical wall with an overhang that can be used consistently to define pressure impulses. After the
quasi-static and impulsive parts of the load have been split using a low-pass third-order Butterworth
filter, the beginning of the impulse is defined as the point where the pressure becomes larger than
20% of the maximum quasi-static pressure (Pqs+) and the end of the impulse is defined as the point
where the difference between the original pressure-time series and the filtered quasi-static pressure-
time series becomes less than 20% of Pqs+ (De Almeida & Hofland, 2020). The cut-off frequency for
the low-pass third-order Butterworth filter, used by De Almeida and Hofland (2020), is set equal to two
times the frequency of the incident wave.

Figure 2.5 shows the energy spectrum of the pressure-time series of W7 at probe 51 at the top of
the curve of the crownwall. The incident wave frequency for this wave state is fW7 = 0.09Hz. The
red line in figure 2.5 represents the second harmonic of the incident wave, or the frequency equal to
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two times fW7. As the figure shows, there is still quite some energy in higher harmonics and therefore,
cut-off frequencies equal to five (blue line), ten (green line) and twenty (orange line) times fW are also
tested for all three wave states.

Figure 2.5: Energy spectrum of the pressure-time series of W7 (H = 7m, T = 11s) at probe 51. The red, blue, green and
orange lines represent frequencies equal to two, five, ten and twenty times the frequency of the incident wave, respectively.

Figure 2.6 shows the results of the low-pass filtering with the different cut-off frequencies. For fcut =
2fW7 and fcut = 5fW7 (red and blue lines respectively), the filtered pressure series do not follow the
quasi-static part of the original series very well. For the larger cut-off frequencies (green and orange
lines), the filtered series follow the quasi-static part of the original pressure series well, but a second
peak is formed at the location of the impulse. This is not coherent with the method of De Almeida and
Hofland (2020), so low-pass filtering can not be used in this analysis to separate the impulsive and
quasi-static parts of the load. The impulse durations will instead be determined by hand, using the first
derivative of the pressure-time series to help determine the beginning and end points, ta and tb.

Figure 2.6: Original pressure-time series of the maximum pressure impact of W7 at probe 51. Filtered pressure-time series
with different cut-off frequencies: fcut = 2fW7 in red, fcut = 5fW7 in blue, fcut = 10fW7 in green and fcut = 20fW7 in

orange
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Figure 2.7 shows how the derivative method is used for four different probes on the crownwall and the
pressure-times series of the largest wave in W7. For the upper part of the curve, see probe 51 in figure
2.7a, the increase in pressure is sharp and the beginning of the impulse, ta, is taken as the point where
the pressure rises above zero. For probes lower on the wall, the rise in pressure is not as sharp and the
first derivative is used to determine where the slope of the pressure-time series starts to increase and
that indicates the beginning point of the impulse (see 2.7d-2.7h). Similarly, for the endpoint tb, the first
derivative is used to determine where the slope decreases. A line is then drawn between ta and tb and
the impulse, IP , is equal to the integral of the pressure-time series above that line. This method is not
as consistent as the method of De Almeida and Hofland (2020) and there is always some uncertainty
when choosing the beginning and end points by hand, but using the first derivative of the pressure-time
series offers a vital guideline and reduces uncertainty. As this method is quite time-consuming, only
the time series of the pressure at probes 9, 23, 28, 33, 37, 42, 47 and 51 are analysed. These probes
should give a good idea of the loading conditions along the wall.

Table 2.3: Loading domains (Chen
et al., 2019).

Loading domain Td/Tn

Quasi-static ≥ 4

Dynamic 0.25− 4

Impulsive < 0.25

The next step is to consider the structure’s natural period and de-
termine the loading domain of the wave load. By looking at the ratio
between the pressure impulse duration, Td, and the natural period of
the structure, Tn, the impulses can be divided into three loading do-
mains: quasi-static, dynamic and impulsive (Humar (2002), cited by
Chen et al. (2019)). Table 2.3 shows how each domain is defined by
the ratio between Td and Tn. Determining the loading domain is an im-
portant step, as the type of structural analysis is heavily dependent on
it. If the wave load is in the dynamic domain of the crownwall, a time
history analysis of the dynamic response of the structure is needed,
while for a wave load in the quasi-static domain, a simple static analysis is sufficient (Chen et al., 2019).
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(a) Pressure impulse at probe 51. (b) Norm. pressure impulse and the 1st derivative at probe 51.

(c) Pressure impulse at probe 37. (d) Norm. pressure impulse and the 1st derivative at probe 37.

(e) Pressure impulse at probe 23. (f) Norm. pressure impulse and the 1st derivative at probe 23.

(g) Pressure impulse at probe 9. (h) Norm. pressure impulse and the 1st derivative at probe 9.

Figure 2.7: To the left: pressure time series for the largest wave in W7, showing the beginning and end points of the impulse
(ta and tb) and the impulse (IP ) is the area above the black line. To the right: the pressure normalized with the maximum

pressure (PIm), the first derivative of the pressure normalized with the maximum derivative and the red circles indicate how the
derivative is used to help determine the beginning and end points of the impulse.
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2.2. Finite element model
2.2.1. 2D Model set-up and assumptions
The crownwall is modelled in 2D in the XY plane with plane-strain elements, meaning that the out-
of-plane strain components are zero and there will be no out-of-plane deformation. This model type
is suitable for modelling infinitely long structures (DIANA FEA BV, 2021), an assumption made for the
crownwall in the 2D analysis. The model thickness is 1m and the mesh type is quadrangle/hexahedron
with a quadratic mesh order.

Figure 2.8 shows the dimensions and boundary conditions of the fully curved crownwall. Like the
crownwall in Civitavecchia, it is assumed that the fully curved crownwall is constructed on top of a
precast concrete caisson. In practice, the precast concrete caissons are transported to the location of
the seawall, where the crownwall is either cast in situ on top of the caissons or precast and placed on
top. Therefore, the crownwall is not rigidly connected to the caissons and can slide under large hori-
zontal loading. For simplicity, in this analysis, the connection between the crownwall and the caisson
is modelled as a fully rigid connection and the crownwall is not allowed to slide. This assumption might
lead to slightly larger stresses in the concrete than can be expected in reality because if the wall slides,
some of the energy of the wave load acting on the crownwall will be dissipated by the sliding motion
and therefore, less energy goes into deflecting the vertical part of the crownwall.

Figure 2.8: Rigidly supported fully curved crownwall with a freeboard height of 6.5 m. Two models are made of the wall with
different boundary conditions: with a stiff boundary interface representing an additional supporting wall, supported (lower); and

without a stiff boundary interface, unsupported (upper)
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In Civitavecchia harbour, an additional concrete wall was constructed behind the crownwall (Derment-
zoglou et al., 2021). Dermentzoglou et al. (2021) modelled this additional wall as a boundary interface
with high stiffness. In this analysis, the fully curved crownwall is modelled with two different boundary
conditions, as shown in Figure 2.8, with and without this stiff boundary interface. The two models will
be referred to as the supported and unsupported crownwall, respectively. In this way, the analysis re-
sults of the supported crownwall can be directly compared to the results of Dermentzoglou et al. (2021)
as the same boundary conditions are used. The effect of the additional wall can then be estimated by
comparing the results of the analyses of the unsupported and supported walls. The boundary interface
has a normal stiffness of 1 · 1012 N/m3 and a shear stiffness of 1 · 106 N/m3.

No reinforcement bars will be included in the analysis of the crownwall. In that way, high tensile
stress areas can be identified from the linear analysis and the number of reinforcement bars needed
can be estimated. If the linear analysis results show tensile stresses that are larger than the tensile
strength of the concrete, a nonlinear analysis will be performed to determine crack formation. According
to Eurocode 2 (EN 1992-1-1, 2004), the crownwall is in exposure class XS3 (tidal, splash and spray
zones) and should therefore be constructed from concrete in strength class C35/45. The Young’s
modulus for this strength class is E = 34 GPa (EN1992-1-1, 2004), the mass density of concrete is
taken as ρ = 2400 kg/m3 and the Poisson’s ratio as ν = 0.2.

2.2.2. Mesh sensitivity analysis

Figure 2.9: Meshing of the crownwall in Diana FEA with mesh
size 0.2 m. Mesh refinement in the curve of the crownwall

where cracks are expected.

A structural eigenvalue analysis is performed to
determine the first five eigenfrequencies of the
structure for varying mesh sizes. The change
in eigenfrequencies with mesh refinement is then
used to determine the structure’s sensitivity to the
mesh size. This is done only for the unsupported
wall and the same mesh size is used for the sup-
ported wall. Figure 2.10 shows the results of the
mesh sensitivity analysis. The figure shows on
the right y-axis in blue, the eigenfrequencies nor-
malized with the eigenfrequency for a 1 m mesh
for each eigenmode. It can be seen that there
are relatively small changes in the eigenfrequen-
cies when the mesh size is reduced, as for the
smallest mesh size of 0.05 m, the eigenfrequen-
cies are 96-98% of the eigenfrequency for a mesh size of 1 m, depending on the mode. Figure 2.10
also shows, on the left y-axis in black, the number of elements for each mesh size. The element count
increases exponentially with decreased element size, which also increases the computational time of
the analysis. A mesh size of 0.2 m is chosen for the model with regard to the convergence of the
eigenfrequencies and the number of elements.

Figure 2.9 shows the meshed FE model. On the curved front face of the crownwall, nodes are
located according to the measuring points in the CFD model, such that the pressure time series can be
applied correctly to the FE model. Additional nodes are added in the curve of the wall to have a finer
mesh where cracks are expected.
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Figure 2.10: Results of mesh sensitivity analysis. A mesh size of 0.2 m is chosen, shown in red markers, with regard to the
convergence of the eigenfrequencies and the number of elements.

2.2.3. Modal analysis and effective mass
Figures 2.11 and 2.12 show the results of the structural eigenvalue analysis for the chosen mesh size of
0.2 m. There is a resemblance between the modal shapes of the two crownwalls but the unsupported
crownwall has lower eigenfrequencies than the supported crownwall, which is the result of the lower
stiffness of that crownwall. For similar eigenfrequencies, the crownwalls have similar modal shapes
as expected, where eigenmodes 1, 2, 4, 5 and 6 of the unsupported crownwall resemble eigenmodes
1 to 5 of the supported crownwall. In modes 1-5 of the unsupported crownwall and modes 1-4 of the
supported crownwall the vertical part of the crownwall is activated while in modes 5 and 6, respectively,
the back of the slab of the crownwall is also activated. It can be seen that themodal shape of eigenmode
3 of the unsupported crownwall (see figure 2.11c) does not exist when the wall is supported.

(a) Mode 1 - 32.8 Hz (b) Mode 2 - 89.1 Hz (c) Mode 3 - 153.2 Hz

(d) Mode 4 - 178.0 Hz (e) Mode 5 - 263.5 Hz (f) Mode 6 - 299.2 Hz

Figure 2.11: The first six eigenmodes of the unsupported crownwall.
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(a) Mode 1 - 42.6 Hz (b) Mode 2 - 118.5 Hz (c) Mode 3 - 166.5 Hz

(d) Mode 4 - 284.8 Hz (e) Mode 5 - 296.3 Hz

Figure 2.12: The first five eigenmodes of the supported crownwall.

Table 2.4 shows the effective modal mass in the X-direction of each eigenmode, the percentage of
the effective mass of the total mass of the structure and the cumulative percentage of the effective
mass after each mode. The effective mass is a good indicator of the importance of each mode to the
dynamic response of the structure. For both crownwalls, the first eigenmode is the dominant mode
for the vertical part of the wall, as for the unsupported crownwall, mode 1 has the largest effective
mass and for the supported crownwall, the only mode with a larger effective mass is mode 5 which
only shows deformation of the slab. It can be assumed that the wave load, exerted on the crownwalls
in this analysis, will have limited to no effect on the slab of the crownwall. It is more interesting to see
that for the first eigenmodes, where the vertical part is activated, the mass percentage of the effective
mass of each mode is larger for the unsupported crownwall. So, the supported crownwall is stiffer than
the unsupported crownwall and there is less energy contained in each eigenmode involving the vertical
part but more energy in the eigenmode that involves the back of the slab.

Table 2.4: Effective modal mass in the X-direction of the first five to six eigenmodes of the two crownwalls.

Crownwall Eigenfrequency Effective mass Mass percentage Cumulative mass percentage
[Hz] [kg] [%] [%]

Unsupported

32.8 15647 18.4 18.4
89.1 11944 14.1 32.5
153.2 4716.4 5.6 38.1
178.0 7997.7 9.4 47.5
263.5 13242 15.6 63.1
299.2 14635 17.2 80.3

Supported

42.6 8727.6 10.3 10.3
118.5 5178.9 6.1 16.4
166.5 308.8 0.4 16.8
284.8 2383.2 2.8 19.6
296.3 32538 38.3 57.9
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2.2.4. Rayleigh damping
For the dynamic analysis, damping needs to be assigned to the models. Rayleigh damping is adopted
to determine the damping matrix of the structure (C̄), which is calculated as being linearly proportional
to the mass (M̄ ) and stiffness (K̄) matrices:

C̄ = αM̄ + βK̄.

Here, α and β are Rayleigh damping coefficients. The damping ratio, ζn, is dependent on these two
coefficients and the n-th eigenfrequency, fn (Paultre, 2013):

ζn =
α

4πfn
+ βπfn.

Table 2.5 shows the frequencies and damping ratios used for the calculation and the resulting damping
coefficients for both crownwalls, unsupported and supported. The frequency f1 is chosen as a fre-
quency slightly lower than the first eigenfrequency of the structure and f2 is chosen as the frequency
where the cumulative effective mass of the structure has reached 90% of the total mass. For these two
frequencies, the damping ratio ζn is set equal to 5%.

Table 2.5: Rayleigh damping coefficients.

Crownwall f1 f2 ζ1 ζ2 α β

[Hz] [Hz] [%] [%] [s−1] [s]

Unsupported 25 600 5 5 15.08 2.5465 · 10−5

Supported 35 950 5 5 21.21 1.6158 · 10−5

Figure 2.13 shows the damping ratio as a function of frequency for both crownwalls, the unsupported
wall in blue and the supported wall in orange, where the circles indicate the first five eigenfrequencies.
The figure shows how for 25 Hz and 35 Hz the damping ratio equals 5%, for the unsupported and
supported walls respectively. For the first eigenfrequencies, the damping ratio is around 4% for both
walls and for the second to the fifth eigenfrequencies, the ratio is about 2− 3%.

Figure 2.13: Damping ratio as a function of frequency, where the circles indicate the first five eigenfrequencies of the
crownwalls.
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2.2.5. Nonlinear model
A total strain-based crack model was selected as the nonlinear cracking model. The development of
the constitutive model was based on the Modified Compression-field Theory by Vecchio and Collins
(1986) and the 3D extension of that theory by Selby and Vecchio (1993). The total strain-based model
is a so-called smeared crack model, which models cracking as a distributed effect over a specific area
and the cracked material is assumed to be in a continuum. This makes it possible to describe the
tensile and compressive behaviour of the cracked material with a stress-strain relation. An alternative
to a smeared crack model is a discrete crack model. When using the discrete crack model, the crack
is modelled as a displacement-discontinuity using an interface element to separate two solid elements.
This a more accurate method to model cracks, as they are defined as a geometrical discontinuity in the
concrete, but the smeared crack concept is more suitable for the finite element displacement method
and requires less computational effort (Rots, 1991; DIANA FEA BV, 2021).

There are two possible approaches for the total strain-based model, the fixed crack approach and
the rotating crack approach. The fixed crack approach evaluates the stress-strain relation in a fixed
coordinate system and the crack’s orientation is assumed constant. The rotating crack approach eval-
uates the stress-strain relation in a constantly rotating coordinate system that turns with the direction
of the principal strain. As the name indicates, the crack’s orientation continuously rotates as well. In
the fixed crack approach, the crack may be loaded in shear and therefore, shear retention needs to
be assumed, which is not required for the rotating crack approach (Rots, 1991; Naeimi & Moustafa,
2017; DIANA FEA BV, 2021). For the model’s simplicity, the rotating crack approach is chosen for the
analysis.

The compressive behaviour of the concrete is defined according to the compression curve in Eu-
rocode 2 (EN 1992-1-1, 2004) presented in figure 2.14a. The compressive strength of the concrete is
the same as for the linear material model, fcm = 43MPa, the strain at maximum stress is εc1 = 0.00225

and the strain at ultimate stress is εu = 0.0035 for concrete C35/45 (EN 1992-1-1, 2004). For the tensile
behaviour of the concrete, a linear tension softening curve based on the fracture energy Gf is chosen
and can be seen in figure 2.14b. Fracture energy is defined as the energy absorbed per unit area of
the crack as it forms (Słowik, 2019) and it can be computed with the following equation from the Model
Code 20210 (Fib, 2013):

Gf = 73fc
0.18.

This gives Gf = 144N/m for concrete C35/45. For smeared crack models, it is also common to relate
the tensile behaviour to the crack bandwidth h, defined as the width over which the cracks are spread.
As figure 2.14b shows, the area under the tension softening curve equals the fracture energy divided
by the crack bandwidth. Govindjee’s projection method is used for the crack bandwidth specification,
which considers the crack’s direction and the element’s size in that direction.

(a) Compression curve as defined in
EN 1992-1-1.

(b) Linear tension softening curve
based on fracture energy.

Figure 2.14: Compressive and tensile material behaviour for the total strain crack model (DIANA FEA BV, 2021).
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Results

3.1. Wave load
3.1.1. Pressure impacts and loading domain
Figure 3.1 shows the pressure distribution at the moment of maximum total force for each wave of the
three wave states. The localized maximum pressure is defined as the maximum pressure value along
the height of the crownwall at the moment of the maximum total force. For waves 6 and 7 of wave state
5 (figure 3.1a), the pressure distribution resembles a trapezoidal distribution with maximum pressure
values at the bottom of the wall. However, there is still a slight increase in pressure at the top of the
curve (around probes 41-49). This indicates that the wave reaches the top of the curve, so the load
has a small impulsive part but is mostly quasi-static. For wave 3, the largest wave of wave state 5, the
maximum pressure, occurs at probe 45 at the top of the curve of the crownwall.

As figures 3.1b-3.1c show, for these larger waves characterized by impulsive load, the maximum
pressure occurs at probes 47-49, and the pressure distribution is characterized by theC-CI phenomenon
(Castellino et al., 2018a). For W6, wave 3, shown in yellow in figure 3.1b, results in the maximum pres-
sure at probe 38. The pressure distribution at the moment of maximum total force for this wave is
entirely different from any other wave in all three wave states. To investigate this further, figure 3.3
shows individual time frames of the video from the CFD model of wave 3 in W6 and figure 3.2 shows
the time series of the total force of that wave. The red dots in figure 3.2 mark the force at the time of
each time frame in figure 3.3. Figure 3.3 shows that for time t=34-34.4s, the water level at the face
of the crownwall is increasing with the incoming wave crest. However, as the wave has not yet hit
the curve of the crownwall, the total force is only slightly increasing as shown in figure 3.2. At time
t=34.6s, the wave first hits the centre of the curve and then, at nearly the same instance, the lower part
of the curve. The maximum total force is reached at time t=34.7s but at that time the wave has not yet
reached the top of the curve as can be seen from figure 3.2e. At time t=35s, see figure 3.2f, the wave
has reached the top of the crownwall, is deflected seawards and the total force is decreasing again. As
figures 3.2d-3.2f show, the water column never completely fills the curve of the crownwall. Using linear
wave theory, the maximum vertical velocity of each wave state can be computed using equation 3.1.

uz = ωa
sinh[k(d+ z)]

sinh(kd)
cos(ωt− kx) (3.1)

where the angular frequency is ω = 2π/T , the wavenumber is k = 2π/L and the amplitude is a = H/2.
The maximum vertical wave velocity of W6 is uz,W6 = 2.4m/s while for W5 and W7, the maximum
vertical wave velocity is uz,W5/7 = 2.0m/s. So, the maximum vertical velocity of W6 is 20% larger than
the maximum vertical velocities of W5 and W7. As shown in table 2.1, W6 has the steepest waves with
wave steepness s = 6% while W7 has the smallest steepness of s = 3.7%. Due to the large vertical

20
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velocity component and the large wave steepness the largest waves of W6 hit the crownwall in this
manner instead of flowing up the curve.

(a)W5 (H = 5m, T = 8s). (b)W6 (H = 6m, T = 8s).

(c)W7 (H = 7m, T = 11s).

Figure 3.1: Pressure distribution along the height of the crownwall at the moment of maximum total force for each wave in the
three wave states. The red dots on the crownwall represent the 56 probes and the grey dashed lines show the location of the

maximum pressure for the largest waves.

Figure 3.2: Time series of the total force of wave
3 in W6. The red dots represent each time frame

in figure 3.3.

(a) Time frame at t=34s. (b) Time frame at
t=34.3s.

(c) Time frame at
t=34.4s.

(d) Time frame at
t=34.6s.

(e) Time frame at
t=34.7s.

(f) Time frame at t=35s.

Figure 3.3: Time frames of the video from the CFD model of wave 3 of W6.
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The third and largest wave state, W7, is the only one with a relative freeboard, Rc/H, smaller than
1 (see table 2.1). The large waves in W7 flow more smoothly up the curve of the crownwall than
the waves in W6 and the water column fills the whole curve. The maximum pressure of the three
largest waves occurs at probes 48 and 49. This is consistent with Dermentzoglou (2021) results, which
showed with physical model tests on a fully curved crownwall under non-breaking wave loading, that
higher and longer waves result in more significant loading and generate larger impacts. The shapes of
the pressure distributions also compare well with the results of Dermentzoglou (2021).

The wave impacts are now analysed and defined as either quasi-static, dynamic or impulsive ac-
cording to the conditions given in table 2.2 for the ratio between the maximum impact pressure and
quasi-static pressure (PIm/Pqs+). Waves that only show very small or no pressure at probe 51 are not
included in this analysis, as they are not of interest regarding the structural analysis of the crownwall.
The study includes wave 3 in W5; waves 3, 4, 5, 6 and 7 in W6 and waves 2, 3 and 4 in W7. The results
are in table 3.1, where for each wave it is specified at which probes it is the quasi-static, dynamic or
impulsive type. When compared to figure 3.6 of the total forces acting on the crownwall and figure 3.1
of the pressure distribution for the three largest waves of each wave state, it can be seen that as the
waves get larger, they have an impulsive impact type at a larger portion of the wall. Most of the pressure
impacts are defined as impulsive for the upper part of the curve but otherwise dynamic. However, the
largest waves of W6 and W7 are defined as impulsive for the whole curve and are only dynamic at the
lower part of the vertical part of the crownwall. The smallest wave of W6 is the only quasi-static wave,
at the bottom of the crownwall.

Table 3.1: Pressure impact types at different probes on the crownwall.

Wave state Wave number Quasi-static Dynamic Impulsive

W5 3 - 1-29 30-51

W6

3 - 1-5 6-51
4 1-2 3-34 35-51
5 - 1-27 28-51
6 - 1-30 31-51
7 - 1-32 33-51

W7
2 - 1-11 12-51
3 - 1-31 32-51
4 - 1-26 27-51

The eigenfrequencies of the crownwalls first eigenmode are 32.8Hz and 42.6Hz, for unsupported and
supported wall respectively (see chapter 2.2.3). The natural periods of the two crownwalls are therefore
Tn,unsup = 1/32.8Hz = 0.030s and Tn,sup = 1/42.6Hz = 0.024s. Table 3.2 shows how the impulses
are defined in the quasi-static, dynamic and impulsive domain of the crownwalls based on the impulse
duration, according to the conditions given in table 2.3.

Table 3.2: Impulse duration for each loading domain of the crownwalls according to conditions given in table 2.3.

Crownwall Tn Quasi-static Dynamic Impulsive
[s] [s] [s] [s]

Unsupported 0.030 ≥ 0.12 0.0075 - 0.12 < 0.0075
Supported 0.023 ≥ 0.096 0.0060 - 0.092 < 0.0060

The impulse durations for the waves in table 3.1 are determined according to the derivative method
described in chapter 2.1.2, where the derivative of the pressure impacts is used to determine the begin-
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ning and end points of the impulses. The results are shown in figure 3.4. The one wave in W5 is shown
in yellow, the waves in W6 are in various shades of blue, and the waves in W7 are in various shades
of green. The wave impacts defined as impulses in table 3.1 are shown as diamonds and the dynamic
impacts are shown as circles. The red dots on the crownwall indicate the probes. As stated before,
this analysis is only performed for probes 9, 23, 28, 33, 37, 42, 47 and 51 as it is quite time-consuming.
The black solid and dashed lines in figure 3.4 show where the dynamic and quasi-static domains of the
unsupported and supported crownwalls split, at Td = 0.12s and Td = 0.096s respectively. Impulses to
the right of the black lines are in the dynamic domain, and impulses to the left of the lines are in the
quasi-static domain. No impulses reach the impulsive domains. The figure shows that those pressure
impulses in the dynamic domain are in the top part of the curve, where the maximum pressures occur
for most waves. The longest impulse durations are around the centre of the curve for all the waves
rather than in the lower part. That is because, in the centre of the curve, the pressure rises more quickly
than in the lower part of the crownwall, and therefore the impulse begins earlier.

Figure 3.4: Impulse duration along the wall height for the waves in table 3.1.

As the unsupported crownwall has a longer natural period, there are more impulses in the dynamic
domain of that crownwall than the supported crownwall. All three waves of W7 have at least one
pressure impulse in the dynamic domain of the unsupported crownwall, and the largest wave (wave 2)
has impulses in the dynamic domain from the centre of the curve to the top. The three largest waves
of W6 (waves 3, 5 and 6) also have at least one pressure impulse in the dynamic domain, while the
two smaller ones (waves 4 and 7) and the one wave of W5 are only in the quasi-static domain. For
the supported crownwall, the largest two waves of W7 and the largest wave of W6 are in the dynamic
domain at the top of the curve, while all other waves are only in the quasi-static domain. The wave with
the longest impulse duration is wave 4 of W6, the smallest of the nine waves and the only wave defined
as quasi-static at the bottom of the wall in table 3.1. These results confirm that a structural dynamic
analysis of the crownwalls is needed for W6 and W7, but a dynamic analysis will also be performed for
W5.



3.1. Wave load 24

Figure 3.5 shows the resulting impulses (using equation 2.1) along the height of the wall. The
largest impulses are for wave 3 in W6, which coordinates with the pressure distribution at the moment
of maximum pressure shown in figure 3.1b. However, at the very top of the curve, the largest impulses
are for wave 2 of W7, which is the largest overall wave. For all the waves, the largest impulses are
above the centre of the curve, around probes 37-42, where the impulse duration is longer than at the
very top and the pressure is larger than lower in the curve. The impulses are found to be much less
variable for W6 and W7 than the maximum pressure values. This is in accordance with the findings of
i.e. Bagnold (1939), De Almeida and Hofland (2020), and Dermentzoglou (2021) which all found that
the variability in pressure impulses was much less than the variability in the peak pressures of wave
impacts.

Figure 3.5: Impulses along the wall height for the waves in table 3.1.
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3.1.2. Force
The total force, FT , is simply the integral of the pressure along the height of the wall at each moment
in time. Table 3.3 shows the maximum total force (FT ,max) of each wave, the ratio between the max-
imum total impact force and the maximum quasi-static force (for those waves that have an impulsive
and quasi-static part), the impact type according to table 2.2 and the impulse. The derivative method
described in chapter 2.1.2 and used for the pressure impacts is also used for the force impacts to de-
termine the beginning and end points of the force impulses. For W5, only the largest wave is impulsive
with an impulse of 34 kNs, W6 has four impulsive waves and W7 has three. As was found for the pres-
sure impulses, the force impulses of W6 and W7 are much less variable than the maximum total forces.
The large force impulse of wave 3 in W6 can again be explained by the unique pressure distribution
shown in figure 3.1b, as that wave has high pressure along the height of the crownwall and the impulse
duration is relatively long.

Figure 3.6 shows the time series of the total force acting on the crownwall for each wave state and
the horizontal and vertical components. It can be seen from the figures that for each wave state, the
quasi-static part of the load is relatively constant while the impulsive part varies greatly. The waves
that result in the largest instantaneous total force are the 2nd or 3rd waves for all three wave states.
This is consistent with the findings of Martinelli et al. (2018), where the force time series obtained by
a physical model test of a recurved crownwall under wave loading were compared to the force-time
series obtained by the numerical model test of Castellino et al. (2018a).

With increasing wave height, the wave load increases, as expected. It is interesting to see that the
increase in wave height has more effect on the maximum instantaneous total force (the impact) than
on the quasi-static part of the force, as the maximum total force (FT,max) of W6 is 245% larger than
the maximum total force of W5. However, the maximum quasi-static force (FT,qs+) is only 135% larger.
This might be explained by the fact that the waves in W5 are big enough to fill the curve of the crownwall
but not big enough to result in an impact at the top of the curve (C-CI). When both the wave height and
wave period are increased, it is the other way around where FT,max for W7 is about 130% larger than
W6 and FT,qs+ is about 160% larger. This can also be seen from the results in table 3.3, where the
ratio FT,max/FT,qs+ for waves in these two wave states with similar FT,max is greater for waves in W6
than in W7. It is difficult to say for sure what is causing this based on only these two wave conditions.
Still, it can be assumed that when the waves are big enough for C-CI to occur at the top of the curve,
increasing the wave height and wave period has a greater impact on the quasi-static part of the load
than the impulsive part.
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Table 3.3: Maximum total force, impact type and impulse for each wave.

Wave state Wave number FT,max
FT,max

FT,qs+
Impact type Impulse

[-] [kN] [-] [-] [kNs]

W5

1 55 - Quasi-static -
2 110 - Quasi-static -
3 580 3.5 Impulsive 34
4 185 1.2 Dynamic -
5 240 1.5 Dynamic -
6 255 1.6 Dynamic -
7 265 1.6 Dynamic -
8 170 1.2 Dynamic -

W6

1 84 - Quasi-static -
2 175 1.2 Dynamic -
3 1420 6.2 Impulsive 81
4 365 2.0 Dynamic -
5 735 4.0 Impulsive 36
6 565 3.0 Impulsive 35
7 490 2.6 Impulsive 34
8 205 1.3 Dynamic -

W7

1 225 - Quasi-static -
2 1890 5.1 Impulsive 62
3 950 2.6 Impulsive 44
4 1160 3.6 Impulsive 45
5 265 1.3 Dynamic -
6 185 1.1 Quasi-static -

The total force can be split into horizontal and vertical components, as the load acts horizontally and
vertically at the curved part of the crownwall. The horizontal component is much larger than the vertical
component for all wave states, which is expected. Another factor to consider for the vertical force is
the effect of the fully curved shape of the wall. The wave pressure acting on the lower part of the curve
(probes 22-33) results in a negative vertical force acting downward, while the pressure acting on the
top of the curve (probes 35-51) results in a positive vertical force acting upwards. So, if the waves
are not large enough to put much pressure on the uppermost part of the curve, the result might be
a small downward-acting vertical force. This is the case for W5, where only one wave in the wave
series is big enough to result in a total vertical force acting upwards. For the three intermediate waves
(waves 5, 6 and 7), the pressure on the upper part of the curve almost fully compensates the pressure
on the lower part of the curve and the total vertical force is close to zero at the moment of maximum
pressure (see figure 3.1a for the pressure distribution). The total vertical force acts downward for the
four smallest waves (waves 1, 2, 4 and 8). For W6 and W7, the three smallest waves also result in a
downward-acting total vertical force, while the larger waves result in an upward-acting force.
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(a) Total force of W5. (b) Horizontal force of W5. (c) Vertical force of W5.

(d) Total force of W6 (e) Horizontal force of W6. (f) Vertical force of W6.

(g) Total force of W7. (h) Horizontal force of W7. (i) Vertical force of W7.

Figure 3.6: Time series of the total, horizontal, and vertical force.

Figure 3.7: Total and vertical force of the largest wave in W7.

The time series of the total force for the three
wave states all show a change in the slope of the
force when it is increasing. The force slowly in-
creases at the beginning of the wave and then
the slope of the force series rises sharply. The
largest wave in W7 is taken as an example in fig-
ure 3.7. The wave starts acting on the crownwall
at time t1. At the moment of the increase in the
slope of the total force series, time t2, the wave
has reached the curve of the crownwall and a neg-
ative vertical force can be seen. At t3, the wave
has reached the top of the curve and the verti-
cal force becomes positive. The pressure then
increases and reaches a maximum at t4 (see fig-
ure 3.1c for the pressure distribution at that time),
which results in the maximum total force. As the
wave is deflected seawards by the crownwall and
the water level falls, the pressure reduces again,
creating a slowly varying quasi-static force until no force is acting on the crownwall anymore at time t5.

The point of application of the total force can be calculated using a weighted average of the force
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along the height of the wall for each wave j (Castellino et al., 2021):

zj =

∑56
i=1 PiAizi
PiAi

(3.2)

where Pi is the pressure at each probe i, Ai is the area surrounding each probe and zi is the vertical
distance from the bottom of the crownwall to the probe. Figures 3.8a-3.8c show the point of application
of the maximum total force for the three largest waves in each wave state. It can be seen that the largest
wave in W7 is the only wave that results in a slightly upward total force, at about 2° angle compared
to horizontal. The second and third largest waves in W7 also have the point of application close to the
centre of the curve, but the total force is angled slightly downward. The maximum total force of the two
largest waves of W6, waves 3 and 5, is located at almost the same location between probes 33 and 34,
but wave 3 (the largest) has a lower point of application. The dominant factor in the location of the point
of application is the pressure distribution (Dermentzoglou, 2021). As figure 3.1b shows (and has been
discussed before), the pressure distribution of wave 3 in W6 is different from all other waves, which
explains this relatively low point of application. For W5, the point of application of the maximum total
force of the largest wave is located between probes 31 and 32. The total force of the second and third
largest waves of W5 has a point of application in the lowest quarter of the curve, which is in accordance
with the trapezoidal pressure distribution (see figure 3.1a).

(a)W5 (H = 5m, T = 8s). (b)W6 (H = 6m, T = 8s). (c)W7 (H = 7m, T = 11s).

Figure 3.8: Point of application of the maximum total force of the three largest waves in each wave state.

3.2. Static analysis
The loads considered for the static analysis of the crownwall are the structure’s self-weight, hydrostatic
pressure and static wave pressure. Diana FEA considers the self-weight based on the input value of
the mass density of concrete ρ. The hydrostatic pressure is computed as PW = ρW gd, where ρW is
the mass density of seawater, g is the acceleration due to gravity, and d = 20m is the water depth in
front of the crownwall. The method by Goda (1974) is widely used to calculate static wave pressure
on vertical composite breakwaters. As a means to account for the C-CI phenomenon, Castellino et al.
(2021) developed an extension to Goda’s formulas, such that it can also be used for the static analysis
of vertical breakwaters with a recurved parapet. The total static wave pressure is indicated by PR and
can be calculated using the following equation:

PR = PV (1 + p̃) (3.3)

where PV is the wave pressure acting on a vertical wall calculated with the Goda method and the factor
p̃ = PR/PV is the parameterized wave pressure distribution, developed by Castellino et al. (2021).
Three different equations are given for p̃ for three different heights along the wall: p̃1 at S.W.L, p̃2 at
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the centre of the curve and p̃3 at the top of the curve. As the method was developed for a recurved
crownwall but is used on a fully curved crownwall, some minor changes were made regarding applying
the equations. The entire calculation method, assumptions and results can be found in appendix A.
Figure 3.9b shows the three different pressure distributions that make up the total static load of W7
on the crownwall. Figure A.1 shows the static wave pressure on a vertical wall calculated with Goda’s
formulas PV , figure 3.9b shows the parameterized wave pressure distribution for the curved crownwall
p̃ and figure 3.9c shows the hydrostatic pressure PW .

(a) Static wave pressure. (b) Parameterized wave pressure distribution. (c) Hydrostatic pressure.

Figure 3.9: Three pressure distributions that are combined into the total static pressure on the crownwall (W7: H = 7m,
T = 11s).

When the total static wave pressure PR has been computed using equation 3.3, the hydrostatic pressure
is added to obtain the total static pressure on the crownwall. Figure 3.10 shows these results for the
three wave states and the maximum pressure distribution of the CFD-generated pressure time series
at the moment of maximum total force. It can be seen that the static pressure distribution, using the
extended Goda method, fits quite well with the maximum pressure distribution for all wave states. The
static maximum pressure at the top of the curve is slightly overestimated for all wave states and the
pressure distribution along the whole wall for W5 and W7. Another thing that differs from the calculated
static pressure is that the calculation method assumes that there will be pressure on the top of the
crownwall above the curve. But as the CFD-generated pressure series shows, there will not be any
pressure there as the curve deflects the wave seawards. Table 3.4 shows the maximum pressure, total
force and point of application of the total force on the crownwall as a vertical distance from the bottom
of the crownwall (equation 3.2), for the static load and CFD-generated wave load. The calculated
maximum pressure is 2-11% larger than the maximum pressure of the CFD-generated pressure series,
where the smallest difference is for W5 and the largest difference is for W6. The total force of the
static load is however 5-35% larger, where the smallest difference is for W6 and the largest difference
is for W5. This is due to the fact that the pressure difference along the height of the crownwall is the
largest for W5, although the maximum pressure at the top is quite accurately estimated. The point of
application of FT,static is also 0.1-0.5m higher than of FT , where the largest difference is for W6. For
both W6 and W7, FT,static is located above the centre of the curve and is acting upwards, at about 10°
angle compared to horizontal.



3.2. Static analysis 30

(a)W5 (H = 5m, T = 8s). (b)W6 (H = 6m, T = 8s). (c)W7 (H = 7m, T = 11s).

Figure 3.10: Total static pressure distribution shown as light blue surface and the pressure distribution at the moment of
maximum pressure for each wave state shown as a dark blue line.

Table 3.4: Results of static load calculations compared to the CFD-generated wave load. Pmax is maximum pressure, FT is
the total force and z is the the point of application of the total force as the vertical distance from the bottom of the crownwall.

Wave state H T Pmax,static Pmax FT,static FT zstatic z

[m] [s] [kPa] [kPa] [kN] [kN] [m] [m]

W5 5 8 92 90 785 580 4.3 4.2
W6 6 8 245 220 1495 1420 5.0 4.5
W7 7 11 384 360 2210 1890 5.1 4.7

The static wave and water pressure are applied to the FEM model in the same way as the CFD-
generated pressure-time series. Static analysis is then performed for both the self-weight and the wave
and water pressure, on both crownwalls and for all wave states. Figure 3.11 shows an example of the
resulting stress distribution in the Y-direction of the two static load cases for W7 and the unsupported
crownwall. It can be seen that the location of the centre of gravity of the head of the crownwall causes it
to tilt to the left, causing compression in the front and tension in the back. As the wave load causes the
crownwall to deflect to the right, there are tension stresses in the front and compressive stresses in the
back, opposite to the self-weight. The displacements and stresses at each node for the two load cases
are added to obtain the final results. The self-weight, therefore, reduces the maximum stresses and
displacements but it has minimal effects on the stress and displacement distribution. The stress and
displacement distributions of the final results will be identical to the resulting distribution of the static
water and wave pressure (figure 3.11b-3.11d), as the self-weight results in much smaller displacements
and stresses. The final results are in table 3.5. The table shows the maximum compressive and tensile
stresses in global X- and Y-directions and the total displacement of probe 52 (see figure 2.2).

Comparing the results of the unsupported and supported crownwalls it can be seen that the tensile
stresses in both X- and Y-direction are almost equal while the compressive stresses increase by about
70-100% in the X-direction and 55-80% in the Y-direction. The compressive stresses occur in the back
of the crownwall. Therefore, it is fitting that adding the stiff boundary interface at the back face of the
crownwall has greater effects on the compressive stresses than the tensile stresses. As figure 3.11
shows the high compressive stresses in the supported crownwall are much more localized than the
high compressive stresses in the unsupported crownwall. Due to the higher stiffness of the supported
crownwall, the displacement of probe 52 is about 30% less for all wave states. The tensile stresses
in the Y-direction of W6 and W7 exceed the tensile strength of the concrete, fctm = 3.2MPa, which
indicates that cracking will occur. The stress distribution of the stresses in the Y-direction, presented in
figures 3.11b and 3.11d, show that the maximum tensile stresses are in the front of the crownwall, in the
centre of the curve. These results are later compared to the results of the dynamic analysis, to estimate
how reasonable it is to use the extended Goda method for the design of fully curved crownwalls.
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(a) Unsupported crownwall: self-weight. (b) Unsupported crownwall: static water and wave pressure of W7.

(c) Supported crownwall: self-weight. (d) Supported crownwall: static water and wave pressure of W7.

Figure 3.11: Stress distribution of stresses in Y-direction as a result of applying self-weight and static water and wave pressure
of W7.

Table 3.5: Static analysis results: maximum compressive (σc) and tensile (σt) stresses in global X- and Y-directions in the
unsupported and supported crownwalls, for each wave state, and the total displacement of point 52 (uXY,P52).

Crownwall Wave state H T σc,XX σt,XX σc,Y Y σt,Y Y uXY,P52

[m] [s] [MPa] [MPa] [MPa] [MPa] [mm]

Unsupported
W5 5 8 -1.15 0.41 -1.45 1.68 0.77
W6 6 8 -2.66 1.24 -3.41 5.00 2.18
W7 7 11 -3.95 2.00 -5.22 7.89 3.41

Supported
W5 5 8 -1.93 0.41 -2.25 1.64 0.54
W6 6 8 -5.24 1.24 -6.17 4.91 1.58
W7 7 11 -8.09 1.99 -9.56 7.77 2.49

3.3. Dynamic analysis
3.3.1. Dominant mode
To identify the dominant mode of the unsupported and supported crownwalls a so-called virtual impact
hammer test is performed. A time-varying triangular impulsive horizontal force is subjected to the top
part of the crownwalls, the displacement time series is recorded at 43 points on the structures (see
figure 3.14) and through Fourier transform the energy density spectrum of each point can be analysed.
This samemethod was used by Dermentzoglou et al. (2021) to identify the dominant mode of a recurved
crownwall. The force has a peak value of 800 kN and a duration of 2 ms (the same values as used by
Dermentzoglou et al. (2021)). The duration is chosen such that the force is in the impulsive domain of
the crownwalls: duration <7.5 ms for the unsupported crownwall and duration <6 ms for the supported
crownwall.
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Figure 3.12 shows the displacement time series in the x-direction of points 8, 16 and 34 of both
the unsupported and supported crownwalls. The displacements are recorded for 7s to allow all the
oscillation to damp down, but in the figures, only the first second is shown so that the most significant
vibrations at the beginning of the time series can be seen more clearly. It can be seen that the displace-
ments of the unsupported wall are larger than those of the supported wall and that the displacement
at point 34, in the slab, is almost zero for both walls. It can also be seen that the period of the vibra-
tion of the unsupported crownwall is longer than that of the supported crownwall and the vibrations
take slightly longer to die out. This is directly related to the eigenmodes of the two structures, as the
unsupported crownwall has lower eigenfrequencies and therefore longer natural periods.

Figure 3.13 shows the energy density spectrum, on a logarithmic scale, of the 43 points. All density
spectrums are in grey except the density spectrums of points 8, 16 and 34, which are shown in the same
colours as the displacement time series: blue, orange and purple, respectively. The black dashed lines
indicate the first five to six eigenfrequencies of the crownwalls. For both walls, it can be seen that
there are clear energy peaks at the first eigenmode and another one close to the second eigenmode.
The points at the top of the crownwall (6-16) have larger energy than points lower in the crownwall,
as they have larger displacements. For the unsupported crownwall (figure 3.13a), there is a uniform
reduction in energy between points, but for the supported crownwall (figure 3.13b), there is a visible
gap in the spectrum at frequencies below 200 Hz. That is because the supporting wall greatly reduces
the displacements of the points in the lower part of the vertical part of the crownwall (points 5-25).

(a) Displacement time series of the unsupported wall.

(b) Displacement time series of the supported wall.

Figure 3.12: Displacement time series in the x-direction of points 8, 16 and 34.
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(a) Energy density spectrum of the unsupported wall.

(b) Energy density spectrum of the supported wall.

Figure 3.13: Energy density spectrum, on a logarithmic scale, of all 43 points in light grey, points 8, 16 and 34 are shown in
same colours as their displacement series in figure 3.12. The black dashed lines indicate the first five eigenfrequencies of the

crownwalls.

The dominant mode of each point is defined as the frequency with the largest energy. For the unsup-
ported wall, the dominant mode for most points is eigenmode 1. The only points with another dominant
mode are points 29, 36, 38 and 43, which all have eigenmode 5 as the dominant mode and are all in
the slab of the crownwall. For the supported wall, all points in the vertical part of the crownwall and in
the front of the slab have eigenmodes 1 or 2 as the dominant mode. The points in the back of the slab
have eigenmodes 4 or 5 as the dominant mode. Figure 3.14 shows the results where dominant mode
1 is shown in red, mode 2 in orange, mode 3 in purple, mode 4 in blue and mode 5 in green. This is in
accordance with the effective mass shown in table 2.4, where it can be seen that the first eigenmode
of both structures has the largest effective mass for the vertical part of the structure. The figures show
that the unsupported crownwall has slightly more energy in the first eigenmode, as was expected given
that the effective mass in the X-direction was 18.4% for the unsupported crownwall but 10.3% for the
supported crownwall. For the supported crownwall, eigenmode 5 has the largest effective mass in
the X-direction out of the first five eigenmodes, with 38.3% of the total mass of the structure activated.
However, for the unsupported crownwall, eigenmode 6, which shows activation of the back of the slab,
had 17.2% of the total mass of the structure activated. The results reflect this difference between the
two crownwalls well, as the supported crownwall has eigenmode 5 as the dominant mode for most of
the slab and it can be assumed that the slab plays a more critical role in the dynamic response of the
supported crownwall than the unsupported crownwall.
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(a) Dominant modes of the unsupported crownwall.

(b) Dominant modes of the supported crownwall.

Figure 3.14: The impact hammer time varying force, F , and the results of the dominant mode analysis.

3.3.2. Linear analysis
A linear dynamic transient analysis is performed for the unsupported and supported crownwalls, under
wave loading from all three wave states. Concrete is weak in tension and the static analysis showed
that for W6 and W7, high tensile stresses occur in the centre of the curve of the crownwall. As pressure
impulses of W6 and W7 are in the dynamic domain of the crownwalls, a dynamic analysis is needed
to evaluate the structural response. The linear analysis results will be used to compare the response
of the crownwall to different wave states and see how the added supporting wall affects the dynamic
response.

Figure 3.15 shows the wave pressure-time series and the resulting displacement-time series of
probe 52 in XY-direction, for both crownwalls, for the largest wave in W7. The dark blue line shows the
pressure-time series at the centre of the curve, the light blue line indicates the pressure-time series at
the top of the curve, the orange line shows the displacement-time series of the unsupported crownwall
and the dark orange line shows the displacement-time series of the supported crownwall. It can be seen
that when the wave has reached the centre of the curve, the deflection of the top of the crownwall starts.
It slowly deflects until the wave has reached the top of the curve when both the deflection and pressure
increase sharply. At the moment of maximum pressure, the displacements also reach a maximum.
The crownwalls then vibrate with the frequency of their first eigenmodes, 32.8 Hz for the unsupported
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crownwall and 42.6 Hz for the supported crownwall. This is due to the fact that the first eigenmode
has its maximum modal ordinate at the top of the structure and as can be seen in figure 3.16, the
displacements due to the wave load are largest at the top and the displacement distribution replicates
the modal shape of the first eigenmode (see figures 2.11a and 2.12a). The maximum displacement
of the supported crownwall is about 35% smaller than the maximum displacement of the unsupported
crownwall.

Figure 3.15: Pressure- and displacement-time series.

Figure 3.16 shows a contour plot of the displacements in the XY-direction of both the unsupported and
supported crownwall at the moment of maximum deflection for W7, as well as the pressure distribution
and the location of the total force at that moment. The vertical part of the unsupported wall is entirely
free to deflect, while the supported wall can only deflect above the supporting wall. That means that
the bending moment arm from the point about which they can deflect to the horizontal load is much
smaller for the supported wall and therefore, the displacements are smaller. The eigenvalue analysis
has also shown that the supported wall is stiffer and so, it is fitting that for the same applied force the
displacements are smaller for the stiffer wall.
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Figure 3.16: Displacement contour plots of W7 at the moment of maximum deflection, unsupported crownwall to the left and
supported crownwall to the right. Also shown is the pressure distribution and the location of the total force at that moment.

The main results of the analysis are shown in table 3.6. The table shows the wave height (H) and wave
period (T ) of the wave states, the maximum compressive and tensile stresses in the X-direction (σc,XX

and σt,XX ), maximum compressive and tensile stresses in the Y-direction (σc,Y Y and σt,Y Y ) and the
total displacement of probe 52 at the top of the curve (uXY,P52). The mean compressive strength of
concrete in strength class C35/45 according to Eurocode 2 (EN 1992-1-1, 2004) is fcm = 43MPa and
the mean tensile strength is fctm = 3.2MPa. It can be seen that none of the maximum compressive
stresses (σc, shown as negative values) exceeds the compressive strength of the concrete, while for
W6 and W7, the maximum tensile stresses (σt, shown as positive values) in the Y-direction exceed
the tensile strength of the concrete for both the unsupported and supported crownwall. There is a
significant increase of 210-280% in both compressive and tensile stresses between W5 and W6 for
both crownwalls. At the same time, the increase in stresses is about 30-40% between W6 and W7
for both crownwalls. This is in correlation with the increase in the wave load between the wave states,
as the increase in maximum total force (see table 3.3) between W5 and W6 is much larger than the
increase in maximum total force between W6 and W7.

When the results of the unsupported and supported crownwalls are compared, it can be seen that in
the X-direction, the compressive stresses increase by 70-75% while the tensile stresses stay the same
or reduce by about 15% when the crownwall is supported by an additional wall. For the Y-direction, the
compressive stresses increase by about 55-60% while the tensile stresses stay the same or reduce by
15%. The effects of the additional supporting wall are therefore greater on the compressive stresses
than on the tensile stresses and greater in the X-direction than Y-direction. The additional supporting
wall acts as a support in the X-direction which explains why the compressive stresses are more affected
by its presence. The reduction in tensile stresses when the supporting wall is added might be explained
by the bending moment reduction mentioned at the beginning of this chapter, which also causes the
decrease in displacements.

Figures 3.17 and 3.18 show contour plots of the stress distribution in X- and Y-direction in the vertical
part of the crownwall and the front part of the slab at the moment of maximum tensile stresses, as well
as the pressure distribution and the location of the total force at that moment. The maximum stresses
occur simultaneously as the maximum pressure and maximum total force. For W7, as mentioned in
chapter 3.1.2, the point of application of the total force of the largest wave is just above the centre of
the curve. Only the contour plots for W7 are presented here, but the contour plots for all wave states
are presented in appendix B.
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Table 3.6: Linear analysis results: maximum compressive (σc) and tensile (σt) stresses in global X- and Y-directions in the
unsupported and supported crownwalls, for each wave state, and the total displacement of point 52 (uXY,P52).

Crownwall Wave state H T σc,XX σt,XX σc,Y Y σt,Y Y uXY,P52

[m] [s] [MPa] [MPa] [MPa] [MPa] [mm]

Unsupported
W5 5 8 -0.98 0.31 -1.23 1.33 0.61
W6 6 8 -3.05 1.18 -3.85 5.04 2.18
W7 7 11 -3.89 1.61 -4.99 7.20 3.05

Supported
W5 5 8 -1.64 0.33 -1.90 1.34 0.40
W6 6 8 -5.14 1.03 -5.93 4.56 1.40
W7 7 11 -6.85 1.39 -8.06 6.50 2.03

Figure 3.17: Stresses in Y-direction at the moment of maximum tensile stresses, the pressure distribution and total force at
that moment. Unsupported crownwall to the left and supported crownwall to the right.

Figure 3.18: Stresses in X-direction at the moment of maximum tensile stresses, the pressure distribution and total force at
that moment. Unsupported crownwall to the left and supported crownwall to the right.

The maximum tensile stresses (shown in red in figure 3.17) in Y-direction are located in the centre of the
curve of both crownwalls and as they exceed the tensile strength of the concrete for W6 andW7, cracks



3.3. Dynamic analysis 38

are expected to form at that location. For the unsupported crownwall, the back side of the crownwall
is all in compression in the Y-direction and the maximum compressive stresses (shown in blue) are
located just above the re-entrant corner of the wall. In the X-direction (figure 3.18), the maximum tensile
stresses are located in the bottom half of the curve, while the maximum compressive stresses are in
the re-entrant corner. The localized maximum compressive stresses that can be seen in the re-entrant
corner of the unsupported crownwall in the X-direction and just above the added supporting wall of the
supported crownwall in bot X- and Y-directions are so-called singularities. That means that the stresses
at these locations will not converge to a finite value and if the mesh size is reduced (h-refinement) or the
mesh order increased (p-refinement), the stresses will increase. However, the compressive stresses
are still far from the maximum compressive strength of the concrete and are therefore not of great
concern. For the supported crownwall, the maximum tensile stresses in the X-direction are located in
the top half of the curve for W7, opposite to the unsupported crownwall, but for W5 and W6, they are
a singularity located directly above the maximum compressive stresses above the added supporting
wall.

3.3.3. Nonlinear analysis
Nonlinear analysis is performed to analyse the cracking of the concrete structures, for cases where
the tensile stresses exceed the concrete’s tensile strength. That occurs for wave states 6 and 7, both
the unsupported and supported crownwall. These cases will be referred to as cases W6-U, W6-S,
W7-U and W7-S, for simplicity, where U represents the unsupported crownwall and S the supported
crownwall.

To reduce computational time, only the largest waves of W6 and W7 are applied to the models in
the nonlinear analysis. The time series of the total force of these two waves are shown in figure 3.19,
W6 to the left and W7 to the right. As discussed in chapter 3.1.2, the maximum total force of W6 is
1420 kN with a point of application just below the centre of the curve of the crownwall and the maximum
total force of W7 is 1890 kN with a point of application just above the centre of the curve. The pressure
distribution at the moment of the maximum total forces of these two waves are very different, as has
been discussed in chapter 3.1.1 and can be seen in figure 3.1. The maximum pressure of the largest
wave of W6 is 220 kPa at probe 38 (just above the centre of the curve), while the maximum pressure
of the largest wave of W7 is 360 kPa at probe 48 (at the top of the curve).

(a)W6 (H = 6m, T = 8s). (b)W7 (H = 7m, T = 11s).

Figure 3.19: Time series of the total force of the largest wave of W6 and W7 that are applied to the nonlinear models in Diana
FEA.

Figure 3.20 shows the wave pressure-time series of W7 and the resulting time series of stresses in the
Y-direction at the centre of the curve of the unsupported crownwall, case W7-U, where the maximum
tensile stresses occur. The dark blue line shows the pressure-time series at the centre of the curve,
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the light blue line indicates the pressure-time series at the top of the curve, the yellow line indicates
the stress-time series of the linear analysis and the orange line indicates the stress-time series of
the nonlinear analysis. The black dashed line indicates the tensile strength of the concrete, fctm =

3.2MPa. It can be seen that shortly after the wave reaches the centre of the curve, at time t=27.77s,
the compressive stresses reduce and when the wave has reached the top of the curve, at time t=27.87s,
the stresses go from being compressive (negative) to being tensile (positive). The linear and nonlinear
analyses result in equal stresses until the tensile stresses exceed the tensile strength of the concrete,
at time t=27.93s. Then cracks form in the nonlinear model and the tensile stresses sharply reduce.
The tensile stresses increase slightly at the moment of maximum pressure, at time t=27.94s, before
sharply decreasing again. In the linear model, the stresses keep increasing and reach a maximum
tensile stress of 7.20 MPa at the moment of max pressure, then vibrate and damp down. The same
behaviour can be seen in the results of the other nonlinear models, the supported crownwall under the
wave load of W7 (W7-S) and both crownwalls under the wave load of W6 (W6-U and W6-S).

Figure 3.20: On the left axis in blue: wave pressure of W7. On the right axis in orange and yellow: resulting stresses (in the
Y-direction) of the unsupported crownwall, case W7-U, in the centre of the curve where maximum tensile stresses occur.

Force-displacement graphs are presented in figure 3.21, where the total force of the wave load is on
the y-axis and the total displacement of probe 52 at the top of the curve of the crownwall is on the x-axis
(see figures 3.23i-3.23l). The two figures on the left are the results of the linear analysis, for W6 and
W7 and both crownwalls, and the figures on the right are the results of the nonlinear analysis. For both
the linear and nonlinear results, the displacement of probe 52 is zero until the force has reached about
350 kN, which is the moment the wave crest has reached the centre of the curve. This could also be
seen in figure 3.15 where it was shown that the top of the crownwall did not start deflecting until the
wave had reached the centre of the curve. For the linear analysis, the crownwalls deform elastically as
the displacements increase when the force increases and when the force decreases, the wall vibrates
and the displacements eventually return to the initial value.

The slope of the force-displacement graph indicates the stiffness of the structure, as it is defined
as the change in force over the change in displacement. It is known from the eigenvalue analysis
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that the supported crownwall is stiffer than the unsupported crownwall. This can also be seen from all
four force-displacement graphs, as the initial slope of the force-displacement graph of the supported
crownwall (dark orange line) is steeper than the slope of the unsupported crownwall. The area under
the force-displacement graphs indicates the energy absorbed by the structure from the wave force as it
deforms. The results of the linear analysis show that there is more energy absorbed by the unsupported
crownwall than the supported crownwall and more energy exerted on the structures by W7 than W6.

In the nonlinear model, the displacements also increase linearly with the increasing force, but due
to the opening of cracks, the displacements keep increasing even though the force is reducing. For
W6, figure 3.21b, the cracks open at the moment of the maximum total force. However, for W7, figure
3.21d, the cracks open before the maximum force is reached. Therefore, there is a sudden increase in
the force-displacement graphs for W7 at the moment the cracks open. When the total force is down to
350 kN, the displacements reach maximum and start to reduce again. Eventually, they return to their
initial value. There is therefore no permanent displacement of the top part of the crownwall above the
cracked cross-section. For W6, when the total force is around 750 kN and the displacements around
10-15 mm, there is an increase in the force that can also be observed in figure 3.19a, which creates
a hump in the force-displacement graph. Similarly, for W7, when the displacements are around 20-25
mm, there is a sharp decrease in the force which creates a dent in the force-displacement graph. The
loops in the force-displacement graphs of W7 are due to the maximum quasi-static force. As shown
in figure 3.19b, the force reaches a maximum quasi-static value of about 370 kN and due to that the
displacements slightly increase again.

(a)W6 linear analysis. (b)W6 nonlinear analysis.

(c)W7 linear analysis. (d)W7 nonlinear analysis.

Figure 3.21: Force-displacement diagrams for probe 52 at the top of the curve of the crownwall. To the left are the results of
the linear analysis and to the right are the results of the nonlinear analysis. The results of the unsupported crownwall are

shown in light orange and the results of the supported crownwall are in dark orange.



3.3. Dynamic analysis 41

In figure 3.22 the resulting maximum crack widths in the Y-direction and the total displacement of probe
52 are presented in time, of both crownwalls for W6 (figure 3.22a) and W7 (figure 3.22b). The pressure-
time series of the largest waves of W6 and W7 are again presented in blue in the same way as in
figure 3.20. The crack widths and displacements are shown in green and orange respectively, where
the results of the unsupported wall (cases W6-U and W7-U) are shown in light green/orange and the
results of the supported wall (cases W6-S and W7-S) in dark green/orange. The crack width contour
plots at three different moments in time are presented in figure 3.23. These moments are A: opening
of cracks, B: maximum crack widths and C: closing of cracks in the front. The displacement contour
plot at moment B is also presented as well as the location of the total force at each moment in time.
These moments in time are also marked in figure 3.22 with black dots and the allocating letter. The
crack widths shown in figure 3.22 are the sum of the crack widths at all nodes with positive crack widths
in the front face of the crownwalls. For this reason, the maximum crack widths, at time B, in figure 3.22
show larger values than in figure 3.23. For W6, the maximum total crack widths are 22 mm and 29
mm for the unsupported and supported walls, respectively, and for W7 they are 48 mm and 38 mm
respectively.

(a)W6 (H = 6m, T = 8s).

(b)W7 (H = 7m, T = 11s).

Figure 3.22: On the left axis in blue: wave pressure of W6 and W7. On the right axis in orange: resulting displacement of
probe 52 of both crownwalls. On the right axis in green: resulting crack widths in the front face of the crownwalls, where

maximum cracks occur.

In figure 3.23, each row of figures represents a moment in time (A, B or C) and each column represents
the load case and crownwall type (W6-U, W6-S, W7-U or W7-S). At time A, when cracks start to open
in the front face of the crownwalls (see figures 3.23a to 3.23d), the wave pressure of W6 has exactly
reached maximum, but for W7 the wave pressure is still increasing, as discussed before. So, when
the crownwalls are subjected to the maximum pressure of W7, the crack widths in the front face of
the crownwalls are already up to 3 mm. As suspected, the supported crownwall starts to crack at the
location where the added support wall ends at probe 35, while the initial cracks of the unsupported
crownwall are more widely spread around the centre of the curve at probes 31-34. The cracks then
propagate through the whole cross-section of the crownwalls, all the way to the backside.
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(a)W6, time A: cracks in
unsupported wall

(b)W6, time A: cracks in
supported wall

(c)W7, time A: cracks in
unsupported wall

(d)W7, time A: cracks in
supported wall

(e)W6, time B: cracks in
unsupported wall

(f)W6, time B: cracks in supported
wall

(g)W7, time B: cracks in
unsupported wall

(h)W7, time B: cracks in
supported wall

(i)W6, time B: displacements of
unsupported wall

(j)W6, time B: displacements of
supported wall

(k)W7, time B: displacements of
unsupported wall

(l)W7, time B: displacements of
supported wall

(m)W6, time C: cracks in
unsupported wall

(n)W6, time C: cracks in
supported wall

(o)W7, time C: cracks in
unsupported wall

(p)W7, time C: cracks in
supported wall

Figure 3.23: Development of cracks in the unsupported and supported crownwalls for W6 and W7. Time A is the moment
cracking starts, time B is the moment of maximum cracking and time C is the moment that the cracks in the front of the wall

close again and cracks in the front open. The displacement contour plots at the moment of maximum cracking (time B) are also
shown.

It can be seen from figure 3.22 that for cases W6-S and W7-S, the crownwall reaches maximum crack
width (point B on the dark green line) sooner than the unsupported wall (point B on the light green line).
The explanation for this very slight difference in the response of the crownwalls is likely the fact that,
as discussed in chapter 3.3.2, the whole vertical part of the unsupported crownwall can deflect while
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only the top part of the supported crownwall is free and therefore the response is slightly delayed for
the unsupported crownwall. Another thing to take into account regarding this is that cracks are more
widespread in the unsupported wall than in the supported wall, as can be seen in figure 3.23, which
may also cause the unsupported crownwall to reach the maximum total crack width and displacement
a little later.

When comparing the response of the crownwalls to the two wave states in figure 3.22, it can be
noticed that for W6 the supported crownwall (case W6-S) shows larger total crack width and displace-
ments, while for W7 it is the unsupported crownwall (case W7-U). This can also be seen in the force-
displacement graphs in figure 3.21. The reason for this can be found in the location of the cracks.
By looking at figures 3.23e and 3.23f it can be seen that the crack in the unsupported crownwall is
located at probe 31 while the crack in the supported crownwall is much higher at probe 35. There-
fore, the mass above the cracked cross-section is 24% larger for the unsupported crownwall and the
cross-section at the location of the crack is 15% wider, which results in smaller crack widths and dis-
placements. For W7, the crownwalls crack at similar locations, figures 3.23g and 3.23h. Two cracks
are formed in both crownwalls, at probes 34 and 31 for the unsupported crownwall and probes 35 and
34 for the supported crownwall. The masses above the cracked area are therefore almost equal. Still,
the unsupported crownwall being less stiff results in larger displacements and larger total crack width
in the front face.

For W6, the cracks in the front face close about the same time as the wave pressure on the top part
of the curve reduces to zero, for both case W6-U andW6-S. The cracks do not open again even though
the pressure is still acting on the centre of the curve. For W7, the crack width reduces after reaching a
maximum and then increases again when the pressure reaches maximum quasi-static pressure. The
cracks in the front face of both crownwalls then close about the same time as the pressure at the top of
the curve reduces to zero, as with W6, although the cracks in the supported wall close slightly earlier
than the cracks in the unsupported wall. The total opening time of the cracks for W6 is 0.8 s and for
W7 it is 2-2.2 s.

When the cracks in the front of the crownwalls have closed, the walls start to vibrate. This vibration
can be seen in figure 3.20 of the stress-time series of the unsupported crownwall under wave load from
W7, where the stress-time series starts to vibrate at about t=30.2 s, which is the time the cracks in the
front close. The frequency of the vibrations are about 0.5-2 Hz lower than the eigenfrequency of the
first eigenmodes of the two crownwalls meaning that the vibrations of the crownwalls are a bit slower
in the cracked state than before cracking. This is because of the small cracks that are open in the back
of the crownwalls. They cause a reduction in the structure’s stiffness, but as the crack widths are very
small, the reduction is also small.



4
Comparison to a recurved crownwall

The results of the analysis of the wave load acting on the fully curved crownwall and the results of the
dynamic structural analysis are now compared to former studies on recurved crownwalls. Castellino et
al. (2018a, 2018b) andMartinelli et al. (2018) have studied the wave load acting on recurved crownwalls
of vertical breakwaters, both with numerical and physical studies. The CFD-generated pressure-time
series of wave states 5, 6 and 7 for the recurved crownwall, produced and analysed by Castellino
et al. (2018a), are used for the comparison of the wave load on the two crownwalls. The analysis
of the wave load on the fully curved crownwall indicates that the C-CI phenomenon (Castellino et al.,
2018a) is observed for W6 and W7 but it is not as evident for W5. The wave load acting on the fully
curved crownwall can now be compared to the wave load, by the same three wave states, acting on
the recurved crownwall. Figure 4.1 shows the pressure distribution at the moment of maximum total
force for the largest waves acting on the fully curved crownwall and the recurved crownwall. The fully
curved crownwall is shown in grey and the pressure distribution is in black. The recurved crownwall is
shown in blue (transparent) and the pressure distribution is in blue. For the fully curved crownwall, the
largest waves are wave 3 of W5, wave 3 of W6 and wave 2 of W7. For the recurved crownwall, the
largest waves are wave 2 of W5, wave 4 of W6 and wave 2 of W7. It can be seen that at the moment
of the maximum total force, the pressure along the height of the crownwall is in general larger for the
fully curved crownwall than for the recurved crownwall. The curved face ”catches” the incoming wave
and the weight of the water in the curve adds pressure to the lower part of the curve. The wave also
gains momentum as it travels up the curve of the fully curved crownwall, which it does not gain at the
vertical part of the recurved crownwall where it can be seen that the pressure decreases with height.

The localized maximum pressure is defined as the maximum pressure value along the height of the
crownwall at the moment of the maximum total force. For W5, the localized maximum pressure is larger
for the recurved crownwall than for the fully curved crownwall even though it is the opposite for pressure
acting on the rest of the crownwall. The C-CI phenomenon is stronger for the recurved crownwall, as
the pressure increase at the top of the crownwall is larger than for the fully curved crownwall. In the
study of Castellino et al. (2018a), where the wave pressure on the recurved crownwall was compared
to the wave pressure on a vertical wall, it was found that the threshold value for the C-CI phenomenon
to occur is a relative freeboard Rc/H = 1.62 and for waves with Rc/H ≤ 1.3 (W5) the phenomenon is
evident. For the fully curved crownwall, these threshold values of the relative freeboard, for the C-CI
phenomenon to occur and be evident, seem to be lower. That means that for recurved and fully curved
crownwalls with the same freeboard, Rc, a larger wave height, H, is needed for the C-CI phenomenon
to occur at the fully curved crownwall than the recurved crownwall. This is due to the fact that the
confinement of the crest of the wave is greater for the recurved crownwall as the wave is free to travel
up the crownwall until it reaches the bullnose at the very top. For the fully curved crownwall, the wave
has to travel a longer distance and the shape of the curve softens the pressure increase at the top.
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(a)W5 (H = 5m, T = 8s). (b)W6 (H = 6m, T = 8s). (c)W7 (H = 7m, T = 11s).

Figure 4.1: Pressure distribution along the wall height for the fully curved and recurved crownwalls at the moment of the
maximum total force. Pressure on the fully curved crownwall in black and the recurved crownwall in blue.

Figure 4.2 shows the total force, vertical force, horizontal force and maximum pressure of the fully
curved (FC) crownwall normalized with the values of the recurved crownwall (R):

Fratio = FFC/FR

Pratio = PFC/PR

The normalized total force is shown as a solid black line with asterisk markers and the normalized
pressure as a solid black line with x markers. The normalized horizontal and vertical forces are shown
as dashed black lines with circle and diamond markers, respectively. Values above the blue dashed
line indicate that the force or pressure acting on the fully curved crownwall is larger than on the recurved
crownwall, and the opposite for values below the blue dashed line. The figure clearly shows that the
difference in the total force is the smallest forW5, withFT,ratio = 1.35, and largest forW6, withFT,ratio =

2.5. This is in accordance with the pressure distribution in figure 4.1, as the smallest difference is in
the pressure distribution of W5 but the largest difference is in the pressure distribution of W6. For
W7 the difference in the maximum total force is FT,ratio = 2.05. However, when the average of the
maximum total force of all waves in each wave state is considered, the difference between the fully
curved and recurved crownwalls is less. For W5, FT,ave,ratio = 1, for W6 FT,ave,ratio = 1.6 and for W7
FT,ave,ratio = 1.7.

The difference in the localized maximum pressure values is much less than the difference in the
total force for W6 and W7 but for W5 the difference is the same, except the maximum pressure act-
ing on the fully curved crownwall, is 35% smaller than the maximum pressure acting on the recurved
crownwall. For the maximum pressure of W6 Pmax,ratio = 1.08 and for W7 it is Pmax,ratio = 1.14.
For the average maximum pressure of all waves in each wave state, the difference between the fully
curved and recurved crownwalls is slightly larger, opposite to the average maximum force. For W5,
Pmax,ave,ratio = 0.5 and for W6 and W7 Pmax,ave,ratio = 1.2. So, on average, the maximum pressure of
waves in W5 is two times smaller for the fully curved crownwall while the maximum force is on average
equal to the recurved crownwall. For W6 and W7, the maximum pressure of each wave is on average
20% larger for the fully curved crownwall while the maximum force of each wave is on average 60-70%
larger. However, for the structural analysis of the crownwalls, the maximum value of the wave force is
what matters as that results in the largest stresses in the structure.
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Figure 4.2: The wave load acting on the fully curved crownwall normalized with the wave load acting on the recurved
crownwall as a function of freeboard over wave height.

For the horizontal component of the total force, the normalized values follow the same trend as the nor-
malized total force, where the smallest difference between the horizontal force acting on the fully curved
and recurved crownwalls is for W5 and the largest difference for W6. But for the vertical component
of the total force, the distribution of the normalized values resembles the distribution of the normalized
maximum pressure values. This was expected, as the vertical component only exists at the curved
parts of the crownwall, so the pressure at the top of the curve, where the maximum pressure occurs,
has high influence on the vertical force. For W5, where Pmax,ratio < 1 also FV,ratio < 1. The largest
difference is for W7 where FV,ratio = 1.9 and for that wave state FV,ratio > FH,ratio. This is also the
wave state that has the strongest C-CI phenomenon for the fully curved crownwall.

Figure 4.3 shows the time series of the total force of the largest wave of each wave state acting
on the fully curved (in black) and recurved (in blue) crownwalls. As the largest waves do not occur
at the same time for both crownwalls, the time series of the recurved crownwall was moved a few
seconds back or forth such that the maximum force would align in time with the maximum force of the
fully curved crownwall. One apparent difference between the two time series, which can be seen for
all wave states, is the change in slope of the fully curved force-time series as the force is increasing.
As discussed in chapter 3.1.2, the force acting on the fully curved crownwall increases faster after the
wave has reached the curve. For the recurved crownwall, the force increases steadily until the wave
has reached the bullnose at the top of the crownwall and force becomes impulsive.
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(a)W5 (H = 5m, T = 8s). (b)W6 (H = 6m, T = 8s). (c)W7 (H = 7m, T = 11s).

Figure 4.3: Time series of the total force of the largest wave of each wave state for the fully curved and recurved crownwalls.

Table 4.1 shows the maximum total force, the force impulse, the maximum pressure and the pressure
impulse of the largest wave of each wave state for the fully curved and recurved crownwalls. All max-
imum force and pressure impacts were of an impulsive type according to the criterion given in table
3.1, that is, the maximum instantaneous force or pressure is over 2.5 times larger than the maximum
quasi-static force or pressure. The pressure impulse was calculated for probe 47 on the fully curved
crownwall and probe 70 on the recurved crownwall, see figure 4.4. These probes were chosen because
most waves have the maximum pressure at these probes. However, one exception is the largest wave
of W6 acting on the fully curved crownwall as it has the maximum pressure at probe 38. Therefore, the
Pmax and IP values in table 4.1 are not at the same probe for that wave. As for the maximum force
and pressure values, the difference in the force impulses between the two crownwalls is bigger than
the difference in pressure impulses. It is interesting to see that even though the maximum pressure
of W5 is larger for the recurved crownwall the pressure impulse is smaller. That is due to a longer
impulse duration of the pressure impulses of the fully curved crownwall. The same can be seen in
figures 4.3a-4.3c, where the force impulses of the fully curved crownwall have a longer duration.

Table 4.1: Wave load acting on the fully curved and recurved crownwalls and maximum tensile and compressive stresses:
maximum total force FT,max, force impulse IF , maximum pressure Pmax, pressure impulse IP , maximum compressive (σc)

and tensile (σt) stresses in X- and Y-direction.

Crownwall Wave
state

H T FT IF Pmax IP σc,XX σt,XX σc,Y Y σt,Y Y

[m] [s] [kN] [kNs] [kPa] [kPas] [MPa] [MPa] [MPa] [MPa]

Fully
curved

W5 5 8 580 34 90 5.9 -1.64 0.33 -1.90 1.34
W6 6 8 1420 81 220 4.7 -5.14 1.03 -5.93 4.56
W7 7 11 1890 62 360 8.5 -6.85 1.39 -8.06 6.50

Recurved
W5 5 8 430 10 135 3.4 - - - -
W6 6 8 560 11 185 4.2 -2.14 0.58 -3.34 1.49
W7 7 11 915 17 315 4.9 -5.22 0.72 -6.65 2.64

In their analysis of the recurved crownwall, Dermentzoglou et al. (2021) found that the pressure im-
pulses of W6 and W7, at probe 70, were in the dynamic domain of the recurved crownwall, the same
as was found for the fully curved crownwall. The dominant mode of the vertical part of the recurved
crownwall was the first eigenmode with the eigenfrequency fn1,R = 56.6Hz. The first eigenmode of
the supported fully curved crownwall was also the dominant mode of the vertical part, but the eigen-
frequency is 14Hz lower or fn1,FC = 42.6Hz. This indicates that the recurved crownwall is a stiffer
structure and that the natural period of the vibrations, Tn, is shorter. Because the pressure impulse
durations of the recurved crownwall, Td,R, are shorter than those of the fully curved crownwall, Td,FC ,
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the ratio between the impulse duration and natural period of the structures, for the largest waves of W6
and W7, is about the same for both structures: Td/Tn ≈ 3− 4. As figure 4.5 shows, the modal shapes
of the first eigenmodes of the structures are identical, where only the top of the crownwall above the
additional supporting wall is deflecting.

(a) Fully curved crownwall. (b) Recurved crownwall.

Figure 4.4: Top part of the crownwalls showing the probes where maximum pressure occurs for most waves. Pressure
impulse (IP ) values in table 4.1 are calculated at these probes.

Table 4.1 also shows the results of the linear analysis of the supported fully curved crownwall and the
results of the linear analysis of Dermentzoglou et al. (2021) on the recurved crownwall. Unfortunately,
the results of the linear analysis of the recurved crownwall under the wave load of W5 are not available.
However, a comparison of the results of W6 and W7 can give valuable insight on the effect of the
shape of crownwalls on the dynamic response and failure. The stress distributions of stresses in X-
and Y-direction for W7 of both the fully curved and recurved crownwalls are presented in figure 4.6.
There it can be seen that in the X-direction, that the maximum compressive stresses (blue) are located
just above the additional supporting wall for both structures. The maximum tensile stresses (red) are
also located just above the additional supporting wall and both crownwalls have high tensile areas at
the top of the curves. In Y-direction, maximum compressive stresses are again located just above the
additional supporting wall and the maximum tensile stresses are located at the same height but in the
front face of the crownwalls.

(a) First eigenmode of the supported fully curved crownwall with
eigenfrequency fn1,FC = 42.6Hz.

(b) First eigenmode of the recurved crownwall with eigenfrequency
fn1,R = 56.6Hz (Dermentzoglou et al., 2021).

Figure 4.5: Modal shape of the first eigenmode of the two crownwalls.
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(a) Fully curved crownwall: stress distribution in X-direction. (b) Recurved crownwall: stress distribution in X-direction
(Dermentzoglou et al., 2021).

(c) Fully curved crownwall: stress distribution in Y-direction. (d) Recurved crownwall: stress distribution in Y-direction
(Dermentzoglou et al., 2021).

Figure 4.6: The stress distribution in X- and Y-direction at the moment of maximum stresses for W7.

It is evident from the results presented in table 4.1 and figure 4.6 that smaller stresses occur in the
recurved crownwall than the fully curved crownwall. None of the maximum stresses that occur in the
recurved crownwall exceed the compressive or tensile strength of the concrete, fcm = 43MPa and
fctm = 3.2MPa respectively. Similar to figure 4.2 for the wave load, figure 4.7 shows the maximum
stresses of the fully curved crownwall normalized with the maximum stresses of the recurved crownwall
for W6 and W7, as a function of Rc/H. Compressive stresses are shown in blue, tensile stresses are
in red, the results of W6 are dashed lines with circle markers and the results of W7 are solid lines
with diamond markers. The difference in maximum stresses is larger for W6 than W7, similar to the
difference in total force, except for the tensile stresses in the X-direction. The maximum tensile stresses
in the Y-direction of the fully curved crownwall are 3 and 2.5 times larger than those of the recurved
crownwall, for W6 and W7 respectively, which is larger than the difference in the wave force (see figure
4.2). These are the most crucial stresses, as for the fully curved crownwall, they are larger than the
tensile strength of the concrete.
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Figure 4.7: The maximum stresses of the fully curved crownwall normalized with the maximum stresses of the recurved
crownwall as a function of freeboard over wave height.

To better understand the loading and structural response of the two different shapes of crownwalls, the
loading on the top parts of the crownwalls is analysed further. Figure 4.9 shows the point of application
of the horizontal (FH,top) and vertical (FV,top) wave forces acting on the crownwalls above the additional
supporting wall at the moment of maximum total wave force. The figure also shows the centre of mass
of the top part of the two crownwalls (Wtop). The critical cross-section of the crownwalls is where
the supporting wall ends, as it has been shown that at that location the largest tensile stresses occur
(figures 4.6c-4.6d) and the fully curved crownwall cracks (figures 3.23f and 3.23h). Dermentzoglou et al.
(2021) found that for a recurved crownwall made of concrete in strength class C25/30 under wave load
of W7, cracks occur in that cross-section. The width of the critical cross-section is almost the same

Figure 4.8: Calculation method for the horizontal
and vertical forces.

for both crownwalls, bcritical = 1.7m and bcritical = 1.6m for
the fully curved and recurved crownwall respectively. As
the crownwalls are fully supported below the critical cross-
section, only the top part of the crownwalls, which are free to
deflect, are considered here. To determine the vertical and
horizontal forces, equations 4.1 and 4.2 were used. The
pressure P at each probe i, at and above the critical cross-
section, was multiplied by the area A surrounding the probe
to obtain the total force acting on that specific part of the
crownwall. Each total force was then split into its horizontal
and vertical components by multiplying with the cosine or
sinus of the angle φ, which is the orientation of each probe.
The total horizontal and vertical forces are then simply the
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sum of all the horizontal and vertical forces at each probe. To obtain the point of application of the
forces, the weighted average of the forces is used as shown in equations 4.3 and 4.4. The method is
visualized in figure 4.8 with probe 47 as an example, where all variables are presented. The vertical
and horizontal wave forces are shown as blue arrows, the centre of gravity is shown as a black ”X”
and the self-weight of the top of the crownwalls as a black arrow. The bending moment of each force
is taken about the centre of the critical cross-section, shown as a red dot. The bending moment arms
aH , aV and aW are also shown in the figure, for the horizontal force, vertical force and self-weight,
respectively.

FH,i =

56∑
i=35

PiAicos(φi) (4.1)

FV,i =

56∑
i=35

PiAisin(φi) (4.2)

z =

∑56
i=35 FH,izi∑56
i=35 FH,i

(4.3)

x =

∑56
i=35 FV,ixi∑56
i=35 FV,i

(4.4)

Figure 4.9: Fully curved (left) and recurved (right) crownwalls, the point of application of the horizontal (FH,top) and vertical
FV,top wave forces above the additional supporting wall at the moment of maximum total force and the centre of mass and
self-weight (Wtop) of the top part of the two crownwalls. The bending moment is taken about the centre point of the critical

cross-section (bcritical).

Table 4.2 shows the results of the force and bending moment calculations. It can be seen that for the
fully curved crownwall FV,top and FH,top are almost equal, as the curve is nearly a perfect quarter of
a circle. But for the recurved crownwall, the horizontal force is larger, for all wave states, as a large
part of the front of the crownwall is vertical. For the recurved crownwall, the bending moment arms of
the vertical and horizontal wave forces are equally long, and as FH,top > FV,top the horizontal wave
force has a larger impact than the vertical wave force acting up under the bullnose. For the fully curved
crownwall it is the opposite, as the vertical and horizontal forces are almost equal but aV > aH , so the
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vertical wave force has more impact. As figure 4.9 indicates, the self-weight of the top part of the fully
curved crownwall is 60% larger than the top part of the recurved crownwall and the bending moment
arm to the centre of mass, aW , is 130% longer. This means that the fully curved crownwall has a larger
bending moment to the left, created by the top mass, which works against the bending moment to the
right, created by the wave load. The total vertical force is the result of the upwards-acting vertical wave
force and the downwards-acting self-weight. It can be seen from the results in table 4.2 that the total
vertical force, at the moment of the maximum total force, is acting upwards for both crownwalls and all
wave states as FV,top > Wtop. This will also add to the tensile stresses in the whole cross-section.

Table 4.2: Loading of the top of the crownwalls, dark grey area in figure 4.9, above the critical cross-section. FV , FH : vertical
and horizontal wave forces acting on the crownwalls above the critical cross-section. Wtop: self-weight of the top parts. aV ,
aH and aW : the bending moment arms of each force. MV , MH and MW : the resulting bending moments. Mtot: total

bending moment.

Crownwall Wave
state

FV,top aV MV FH,top aH MH Wtop aW MW Mtot

[kN] [m] [kNm] [kN] [m] [kNm] [kN] [m] [kNm] [kNm]

Fully
curved

W5 175
2

350 180
1.2

215
-145 0.7 -100

465
W6 460 920 490 590 1410
W7 695 1390 650 780 2070

Recurved
W5 100

1.4
140 160

1.4
225

-90 0.3 -30
335

W6 140 195 220 310 475
W7 235 330 370 520 820

Figure 4.10 visualizes the results presented in table 4.2. The figure showsMratio = MFC/MR, similar
to figures 4.2 and 4.7, as a function of Rc/H. As mentioned above the difference in maximum tensile
stresses in Y-direction between the two crownwalls was larger than the difference in the maximum
total force. However, as can be seen from the figure, the difference in the total bending moment, Mtot,
between the fully curved and recurved crownwalls is the same as the difference in the maximum tensile
stresses for W6 and W7. This is because the total bending moment at the moment of the maximum
total force is most influential on the stresses in the critical cross-section. The bending moment arm to
the vertical wave force, aV , is 43% longer for the fully curved crownwall than the recurved crownwall,
while the bending moment arm to the horizontal wave force, aH , is 25% shorter. The difference in FV,top

is also larger than the difference in FH,top, therefore the difference in MV is larger than the difference
in MH .
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Figure 4.10: The maximum stresses of the fully curved crownwall normalized with the maximum stresses of the recurved
crownwall as a function of freeboard over wave height.
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Discussion

5.1. Failure modes of the fully curved crownwall
Figure 5.1 shows three possible failure mechanisms of the fully curved crownwall. Only one failure
mode has been investigated in this study, structural failure. The other two failure modes are rigid
body movements, sliding and overturning. These three failure mechanisms have occurred in vertical
breakwater crownwalls, for example, the structural failure of the crownwalls in Civitavecchia Harbour,
Italy (Castellino et al., 2018a), Ferrol Priorino Cape Harbour, Spain (Negro et al., 2018) and the port of
the island of Alborán, Spain (Valdecantos et al., 2014), and the sliding and overturning of the crownwalls
in the ports of Bermeo andMotril, Spain (Valdecantos et al., 2014; Negro et al., 2018). Figure 5.3 shows
some of these failures.

(a) Structural failure, cracking. (b) Sliding. (c) Overturning.

Figure 5.1: Three possible failure mechanisms for crownwalls.

Figure 5.2: Distribution of stresses in
the critical cross-section for case

W7-U.

Figure 5.2 shows the stress distribution in the critical cross-section of
the crownwall at the moment of maximum total force from the linear
analysis (see chapter 3.3.2). This is the distribution of stresses in the
Y-direction, σY Y , in the unsupported crownwall under wave loading
byW7 (caseW7-U). The figure also shows the total bending moment,
Mtot, and total vertical force, FV,tot, acting on the crownwall at that
moment. As shown in chapter 4, there is a total bending moment
acting to the right due to the large wave forces and a total vertical
force acting upwards, at the moment of the maximum total force. The
vertical force will create tension in the entire cross-section but the
bending moment will create tension in the front half and compression
in the back half of the cross-section. Concrete is weak in tension, so,

54
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to design a fully curved crownwall that has sufficient bending moment resistance, two things can be
done. Steel reinforcement bars can be added to increase the tensile strength of the concrete, as
steel has high tensile strength. Another measure that can be taken is to increase the width of the
critical cross-section of the structure. Stresses are defined as force (F ) per cross-sectional area (Ac):
σ = F/Ac. Therefore, by increasing the cross-sectional area of the crownwall, the stresses can be
decreased. As the aim of the study was to, among else, compare the results of the analysis to the
results of Dermentzoglou et al. (2021), reinforcement bars were not included in the FEM model as
there were none included in their model of the recurved crownwall. That was because the recurved
crownwall in Civitavecchia Harbour, Italy, was not constructed with reinforcement bars in the front of
the crownwall but only in the back, as can be seen in figure 1.3a (Castellino et al., 2018a). However,
reinforcement bars will be needed for the fully curved crownwall to avoid failure due to tensile cracking.
The reinforcement bars have to be located in the curved front face of the crownwall and cover the entire
part of the cross-section that is in tension at the moment of maximum stresses.

When comparing the results of the linear and nonlinear analysis of the unsupported and supported
crownwalls, it is evident that the additional supporting wall does not have much influence on the struc-
tural failure of the crownwall. Both crownwalls show severe cracking for W6 and W7, as the cracks
propagate through the entire cross-section. The tensile stresses will be lower in a supported crownwall,
but when it comes to extreme waves of wave height larger than 6-7m, C-CI occurs and both the un-
supported and supported crownwalls showed failure. The cracks occurred at or near the centre of the
curve, which was also the case for a curved seawall in Strand, South Africa (Schoonees et al., 2014).

Figure 5.3: Structural failure in the port of the island of Albrán
(top) and sliding and overturning of crownwalls in the ports of
Bermeo (middle) and Motril (bottom), Spain (Valdecantos et al.,

2014).

The assumption was made, in this study, that
the crownwall is rigidly connected to the concrete
caisson it rests on to simplify the FEM model and
be coherent with the model of Dermentzoglou
et al. (2021). However, hand calculations can
quickly check whether the fully curved crownwall
will slide or rotate under the wave loading of the
three wave states. The role of the additional sup-
porting wall behind the recurved crownwall in Civ-
itavecchia harbour was to increase the weight
of the crownwall and stop it from sliding. It is
therefore worth checking whether the fully curved
crownwall will also slide, as it is larger and has
10% more self-weight. The stability calculations,
assumptions and results are in appendix C. The
calculations show that under wave load from W6
and W7, the crownwall will slide and rotate, while
for W5 it is stable, both with and without the
additional supporting wall. To resist sliding un-
der wave load from W7, the unsupported crown-
wall must have more than double its current self-
weight. For the design of the fully curved crown-
wall, it should therefore be considered whether
the wave conditions of W6 and W7 are likely to
occur at the location and take appropriate mea-
sures in the design.

Regarding the geometry of curved crown-
walls, studies on the radius and opening angle of
crownwalls with a seawards facing overhang have shown that for a larger opening angle and a larger ra-
dius, the total force on the emerged part of the crownwall increases (Kortenhaus et al., 2003; Castellino
et al., 2018a; Martinelli et al., 2018). For recurved crownwalls, the opening angle was found to have
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greater influence than the radius (Castellino et al., 2018b). The opening angle of recurved and fully
curved crownwalls is the same, see figure 4.9, as the top of the curve of the overhang of both crown-
walls is horizontal. The radius, however, is much larger for the fully curved crownwall (rFC = 2.4m)
than the recurved crownwall (rR = 1m). The results of this analysis are therefore in comparison to
other studies on the effect of a larger radius on the loading of crownwalls. To decrease the loading on
the fully curved crownwall, the opening angle might be reduced from 90° to a smaller angle, although
that will affect overtopping negatively (Castellino et al., 2018a).

5.2. Extended Goda method and static analysis
The load calculated by the extension of Castellino et al. (2021) to the Goda method (Goda, 1974) for C-
CI wave loading and the CFD-generated wave load have been briefly compared in chapter 3.2. There it
was found that the difference in maximum pressure was 2-11% and the difference in the total force was
5-35%, where the static load was larger than the CFD-generated load and the point of application of
the total force was 0.1-0.5m higher. For comparison, the Goda method usually overestimates the wave
force on a vertical wall by about 10% (Van Der Meer et al., 1994). Now the static FEM analysis results
can be compared to the results of the dynamic linear analysis. It can be seen from figures 3.11 and
3.17 that the stress distributions are identical for the two analyses. Figure 5.4 shows on the y-axis the
maximum stresses and displacement of probe 52 of the static analysis normalized with the maximum
stresses and displacements of the dynamic linear analysis:

σratio =
σstatic

σdynamic

uxy,ratio =
uxy,static

uxy,dynamic

On the x-axis, themaximum total force calculated with the extendedGodamethod is normalized with the
maximum total force of the largest wave in each wave state. The results of the unsupported crownwall
are shown in red and the supported crownwall in blue. Normalized tensile stresses, in X- and Y-direction,
are shown as a circle and diamond, respectively and normalized compressive stresses are shown as
asterisks and ’x’ for the X- and Y-direction, respectively. The normalized displacements of probe 52 are
shown as squares. The tensile stresses in the Y-direction are the most crucial, so they have a larger
marker than other results.

The figure shows that for W5, the difference in force is larger than the difference in the static and
dynamic analysis results, as all markers are to the right of the dashed diagonal line. For W6 and W7,
the normalized total forces are also larger than most of the normalized stresses/displacements of the
unsupported crownwall (red markers). For the supported crownwall (blue markers), it is the other way
around, wheremost of the normalized stresses/displacements are larger than the normalized total force.
This may be due to the high point of application of the static load, as it is located above the additional
supporting wall and may affect the supported crownwall more than the unsupported crownwall. For W5,
where the point of application of the total force was similar for both the static and dynamic load, the
normalized stresses and displacements are all in a similar range of 1.2-1.35. However, for W6 and W7,
where the point of application of the total force was higher for the static load, the normalized results for
the supported wall are larger than the normalized results of the unsupported wall.
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Figure 5.4: Stresses and displacements (of probe 52) of the static analysis normalized with the stresses and displacements of
the dynamic analysis shown on the y-axis. The total force calculated with the extended Goda method normalized with the total

force of the CFD-generated wave load.

In general, the results for stresses and displacements of the static analysis are larger than the results
of the dynamic analysis. The normalized tensile stresses in the Y-direction (the diamonds in figure 5.4)
are the most important results to discuss. For W6, the static analysis results in tensile stresses 0-7%
larger than the dynamic analysis results. For W7, the static analysis results are 9-20% larger, and
for W5, the static analysis results are about 25% larger for the unsupported and supported crownwall,
respectively. For the unsupported crownwall, it can be seen that the normalized displacements and
normalized tensile stresses in the Y-direction are almost equal or equal for all wave states. For the
supported crownwalls, the normalized displacements are slightly larger than the normalized tensile
stresses.

These results are promising for the usefulness of the extension of Castellino et al. (2021) to the
Goda method to calculate the wave load for the static analysis of fully curved crownwalls. Regarding
the tensile stresses, they are overestimated in all cases except for the unsupported crownwall under
wave load from W6. It is preferable that the static method overestimates the wave force and response
of the structure in order for the design of the structure to be on the safe side. It can therefore be
estimated that for wave states with lower steepness and lower vertical wave velocity (W5 and W7), the
method is more appropriate than for wave states with steeper waves. For steeper waves with higher
vertical wave velocity, as in W6, the waves don’t always run smoothly up the curve of the crownwall
which may result in a different pressure distribution along the height of the crownwall.

One other thing to consider when comparing these results of the static and dynamic analysis is the
possible amplification of the stresses and displacements due to the dynamic response of the structure in
the dynamic analysis. In the design of hydraulic structures, it is common to use a dynamic amplification
factor (DAF) to account for dynamic effects. For single degree of freedom (SDOF) systems, the DAF
is simply the ratio between the dynamic and static response of the system, usually displacement or
stresses, see equation 5.1 (Oumeraci & Kortenhaus, 1994). The static load or its response are then
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multiplied with the DAF to ensure a structurally sound design.

DAF =
udynamic,max

ustatic
(5.1)

Here, udynamic,max represents the maximum displacement from a dynamic analysis and ustatic is the
displacement from a static analysis. The fully curved crownwall is, however, not an SDOF system as
it has multiple eigenmodes which may be activated simultaneously and the response of the structure
will be a superposition of several eigenmodes (Sleeuwaegen, 2020). According to Oumeraci and Ko-
rtenhaus (1994), it can be assumed that systems with more than one eigenmode are SDOF systems
if the wave load has an impulse duration larger than 10% of Tn (Td ≥ 0.1Tn) and if the load is close to
uniformly distributed over the front face of the structure. The first condition is fulfilled for the crownwall
but not the latter condition.

The DAF method should therefore only be used in the preliminary design of the fully curved crown-
wall and not the final design, as it might underestimate the dynamic response of the structure. Cal-
culating the DAF for the response of the crownwall to the three wave states can give an indication
of whether the dynamic effects, mass and damping, amplify or reduce the response of the crownwall.
The CFD-pressure time series is applied statically to the FEM model in Diana, meaning that dynamic
effects are excluded. Using the resulting displacement of probe 52 in equation 5.1 it is found that
the DAF for the three wave states is 1.1-1.3, which means that due to dynamic effects, the stresses
and displacements are amplified by 10-30% depending on the loading. Therefore, it can be assumed
that if the static load calculated with the extended Goda method were to be applied dynamically, the
resulting displacements and stresses would increase by about 10-30%. These DAF values are in a
similar range (1-1.5) as Oumeraci and Kortenhaus (1994) found in their dynamic analysis of caisson
breakwaters under impulsive loading by breaking waves, where 1.5 < Td/TN < 3.
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Conclusion

In deep water conditions, curved crownwalls are often placed on top of vertical breakwaters to reduce
wave overtopping. This thesis aimed to analyse the wave load of non-breaking waves on a fully curved
crownwall and the dynamic response of the structure. This was to examine the difference in wave
loading and dynamic response of a fully curved crownwall and a recurved crownwall. A fully curved
crownwall with this specific shape has never been constructed on a vertical breakwater in non-breaking
wave conditions but is more commonly used in seawalls where the wave load is by breaking or broken
waves. In contrast, the shape of a recurved crownwall, with a seawards facing overhang at the top of
the crownwall, has been widely used. e.g. in Civitavecchia Harbour. Another aim of the thesis was to
estimate how well the extension by Castellino et al. (2018a) to the Goda method could estimate the
static wave load on the crownwall. The extension was intended to be used for recurved crownwalls
under C-CI wave loading. The following research question and sub-questions were formed and are
answered in this chapter in the order they are listed.

What is the 2D dynamic response of a crownwall with a fully curved face to impulsive wave
loading by non-breaking waves?

• How does the wave loading and dynamic response of a fully curved crownwall compare to that
of a recurved crownwall?

• How does is effect the structural response of the crownwall to add a supporting wall behind it?
• How accurately does the extended Goda method for C-CI wave load by Castellino et al. (2021)
estimate the wave load on the fully curved crownwall?

• How can this knowledge be used to give design recommendations regarding the geometry of
curved crownwalls?

The analysis of a 2D CFD-generated pressure-time series of three different wave states showed that
for the two largest wave states, W6 withRc/H < 1.08 andW7 withRc/H < 0.92, the C-CI phenomenon
was evident in the pressure distribution along the height of the crownwall. However, the wave state
with the lowest wave height, W5 with Rc/H = 1.3, had more of a trapezoidal pressure distribution and
the pressure increase at the top of the crownwall was limited. Due to the considerable wave steepness
of W6, s = 6%, the largest wave hits the crownwall differently from other waves, which results in a
maximum pressure located just above the centre of the curve and a relatively large total force. Both the
force and pressure impulses are found to be much less variable than the maximum force and pressure
values. This indicates that the pressure-impulse theory might be suitable to evaluate the wave loading
on fully curved crownwalls, e.g. as proposed by De Almeida and Hofland (2021).

Compared to the wave load by the same non-breaking wave states on the recurved crownwall, the
analysis showed that the wave load is increased for the fully curved crownwall. The C-CI phenomenon
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is stronger for the recurved crownwall as there is a larger increase in pressure at the top of the crownwall
than for the fully curved crownwall. However, the pressure over the height of the crownwalls is larger
for the fully curved crownwall due to the momentum the wave gains as it travels up the curved front face.
Thus, themaximum total force acting on the fully curved crownwall is 35-150% larger than themaximum
total force acting on the recurved crownwall for all wave states. The difference in themaximum pressure
is much less than in the total force for W6 and W7, about 15-20%, where the maximum pressure of
the fully curved crownwall is larger. For W5, the difference in the maximum pressure is equal to the
difference in the total force, about 35%, but the maximum pressure of the recurved crownwall is larger
than the maximum pressure of the fully curved crownwall. In conclusion, the confinement of the wave
crest is largest for the recurved crownwall, which results in a more significant pressure increase at the
top of the crownwall, but as the pressure over the full height of the crownwall is larger for the fully curved
crownwall, the fully curved crownwall is subjected to a larger total force.

Two FEMmodels were made in Diana FEA of the fully curved crownwall with different boundary con-
ditions; one was only rigidly supported at the bottom, while the other was supported by a stiff boundary
interface, reaching halfway up the vertical part of the crownwall. The stiff boundary interface replicates
an additional supporting wall behind the crownwall. Pressure impacts were analysed for those waves
of each wave state that reached the very top of the curve of the fully curved crownwall. By estimating
the impulse duration, Td, of the pressure impacts and comparing it to the natural period, Tn, of the two
crownwalls, it was found that both W6 and W7 had waves in the dynamic domain of the structures, with
0.25 < Td/Tn < 4. Therefore, dynamic analysis was required to accurately evaluate the structural re-
sponse of the crownwalls to the wave load. For the largest wave of W5, the pressure impulse durations
were longer than four times the natural frequency of the structures, which means the wave was in the
quasi-static domain of the crownwalls. Dynamic analysis was, however, performed for all wave states.

The linear analysis results show that when the fully curved crownwall is supported by an additional
wall, the compressive stresses increase while the tensile stresses and displacements decrease. The
decrease in displacements, and tensile stresses, of the top part of the crownwall, can be explained by
the increased stiffness of the supported crownwall. The increase in the compressive stresses is due to
the sharp change in boundary conditions where the additional supporting wall ends, as very high local-
ized compressive stresses (singularities) occur at that location. For W6 and W7, the tensile stresses
in the Y-direction, in the centre of the curve of both crownwalls, are larger than the tensile strength of
the concrete. Nonlinear analysis was performed for the largest waves in W6 and W7, which showed
severe cracking in both the unsupported and supported crownwalls. The maximum total crack widths
for the unsupported crownwall are 22 mm and 48 mm for W6 and W7, respectively, while the maximum
total crack widths in the supported crownwall are 29 mm and 38 mm. The supported crownwall cracks
at the centre of the curve, for both W6 and W7, at the location where the supporting wall ends, where
the cross-section is the narrowest. The unsupported crownwall cracks below the centre of the curve
for W6, which is why the crack widths are smaller than for the supported crownwall. For W7, the unsup-
ported crownwall cracks at two locations around the centre of the curve. Therefore, it can be concluded
that for wave heights of 6-7m, both the supported and unsupported crownwall fail as cracks propagate
through the whole cross-section. The fully curved crownwall must be steel reinforced concrete to not
fail due to tensile cracking.

Comparing the results of the structural analysis of the supported fully curved crownwall and the
results of the structural analysis of Dermentzoglou et al. (2021) on a supported recurved crownwall, it
could be seen that the tensile stresses in the fully curved crownwall were up to 3 times larger than the
tensile stresses in the recurved crownwall. The maximum tensile stresses in the recurved crownwall
are below the concrete’s tensile strength, and the wall did not crack under wave loading by W6 and
W7. The large difference in the tensile stresses was linked to the large difference in the total bending
moment by the wave load and self-weight of the top part of the crownwalls. There is a longer distance
from the centre of the most critical cross-section to the point of application of the total vertical force for
the fully curved crownwall. Combined with much larger wave forces, the bending moment created on
the wall is much larger. One advantage of the geometry of the fully curved crownwall, compared to
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the recurved crownwall, is the size and shape of the top part, as it creates a 3.7 times larger bending
moment to the left, compensating for the bending moment by the wave load. However, the increase in
the bending moment by the self-weight is not large enough to fully compensate for the increased wave
load on the fully curved crownwall compared to the recurved crownwall.

As a means to account for the C-CI phenomenon, Castellino et al. (2021) developed an extension
to Goda’s formulas, such that it can also be used for the static analysis of vertical breakwaters with
a recurved parapet. Based on the results of this study, the method is considered suitable to estimate
the C-CI wave load on a fully curved crownwall for preliminary static analysis, for wave states with
wave steepness s ≤ 6% and vertical wave load uz ≤ 2.4m/s. For waves with a larger wave steepness
and vertical wave velocity, e.g. W6, the pressure distribution may differ from the C-CI phenomenon
and the maximum pressure may not be at the top of the curve as assumed by the calculation method.
The calculated total force is overestimated for all wave states by 5-35% and static analysis results
(the maximum tensile stresses) are overestimated by 9-25%, for W5 and W7. The maximum tensile
stresses in the unsupported crownwall for W6 are however underestimated. But, as the wave load is
transient and, as shown in this study, pressure impulses of W6 and W7 are in the dynamic domain of
the structure, the dynamic effects of the structure should be considered for the final design. That can
be done either with a dynamic analysis or by applying a sufficiently large DAF to the static analysis.
It should be kept in mind though that using a DAF to estimate the dynamic amplification might be an
oversimplification of the dynamic response of the crownwall, as it is not an SDOF system.

The width of the cross-section of the fully-curved crownwall at the centre of the curve is the weakest
part of the structure. Both the supported and unsupported crownwalls cracked at that location, as it is
the narrowest part of the structure and has to take on all forces and moments exerted on the top part.
Widening the narrowest part of the crownwall, at the centre of the curve, would reduce stresses and the
chances of structural failure. However, if a sufficient amount of reinforcement bars are implemented
in the design, widening the wall might be unnecessary. A cost-benefit analysis would be helpful to
estimate what the optimal width is, based on the required amount of reinforcement bars.

In the re-entrant corner of the unsupported crownwall and at the location where the additional sup-
porting wall ends, singularities occurred in the stress field. Sharp corners and sharp changes in bound-
ary conditions should be avoided to avoid these large localised stresses. Re-entrant corners can be
constructed with a certain small radius (fillet) and if additional supporting walls are needed, after a crown-
wall has been constructed, it should support the entire height of the crownwall or the width should be
slowly decreased with height. Regarding the geometry of the curve of the crownwall, the results of
this study support the findings of previous studies that an increase in the radius of the curve increases
the wave load on the crownwall. It would be interesting to perform a parametric study of fully curved
crownwalls, to investigate the effects of different radii and exit angles of the curve and how that might
affect the wave load and overtopping.

Based on the results of this analysis, it can be concluded that fully curved crownwalls are less
favourable than recurved crownwalls on vertical breakwaters. A fully curved crownwall, with the same
freeboard (Rc) as a recurved crownwall, is a larger structure, so it requires more use of concrete. Due
to larger tensile stresses, the fully curved crownwall also requires more steel reinforcement bars than
the recurved crownwall. The construction of a fully curved crownwall will therefore cost more than that
of a recurved crownwall. Following is a list of suggestions for future research:

1. Wave load: A more in-depth analysis of the results of the CFD-generated wave load on the fully
curved crownwall would be necessary to understand better, for example, the loading by steep
waves and the nature of the C-CI phenomenon. It would also be interesting to compare over-
topping volumes of the fully curved and recurved crownwalls, to estimate which shape is more
effective in reducing overtopping.

2. Crownwall geometries: Investigating further the effects of different radii of the curve of the fully
curved crownwall. By, for example, changing the radius of the curve such that the critical cross-
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section is made wider, might reduce the wave load on the structure and the maximum tensile
stresses at the centre of the curve. This, however, might negatively affect the crownwalls perfor-
mance with regard to overtopping as the exit angle will be smaller.

3. Rigid body movements: The FEMmodel used in this thesis did not account for rigid body move-
ments, such as sliding and overturning. Modelling the crownwall with a friction interface instead
of rigid connections would be interesting to investigate further sliding and overturning failures as
they are known failure mechanisms of vertical breakwater crownwalls. This can be modelled in
Diana FEA 10.5, by modelling the interface between the crownwall and the concrete caisson as
a Coulomb friction interface. To allow for overturning of the crownwall, a specific tension cut-off
value can be set such that when the normal traction in the interface reaches that tensile value the
connection between the crownwall and the caisson is broken (DIANA FEA BV, 2021). For linear
analysis of the crownwall with a nonlinear friction interface, the crownwall might have to be mod-
elled with nonlinear material properties at the interface. It is, therefore, recommended to first start
with a linear interface, then move to a Coulomb friction interface without a tension cut-off criteria
(modelling only sliding) and model the bottom of the crownwall with nonlinear material properties.
Finally, when that model has been validated and is working correctly, add the tension cut-off cri-
teria (modelling sliding and overturning). It may be argued that, since the wall is more likely to
slide than overturn (see appendix C), it is enough only to model the Coulomb friction interface,
without the tension cut-off criteria. This assumption would simplify the already complicated model.

4. 3D analysis: In this 2D analysis, it was assumed that the crownwall had infinite length, however,
crownwalls have a finite length that depends on whether they are cast in situ or precast. A 3D
FEMmodel of the crownwall could be used to study the dynamic reaction to oblique wave loading
and the effects of the finite length of the crownwall. The method developed by Mares-Nasarre
and van Gent (2020) to estimate the wave loading by oblique waves on crest walls could be used
in this 3D analysis. The method estimates the reduction in the maximum wave force due to the in-
coming angle of the waves and estimates the spatial distribution along the length of the crownwall.
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A
Static wave load

A.1. Goda’s method
The following calculation method of a static wave load on a vertical wall is an extended Goda method
by Takahashi (2002).

η∗ = 0.75(1 + cosθ)λ1HD (A.1)

p1 = 0.5(1 + cosθ)(λ1α1 + λ2α2cos
2θ)ρgHD (A.2)

p3 = α3p1 (A.3)

p4 = α4p1 (A.4)

pu = 0.5(1 + cosθ)λ3α1α3ρgHD (A.5)

in which:

α1 = 0.6 + 0.5

(
4πh/LD

sinh(4πh/LD)

)2

(A.6)

α2 = max

(
(1− d/hb)(HD/d)2

3
,
2d

Hd

)
(A.7)

α3 = 1− (h′/h)

(
1− 1

cosh(2πh/LD)

)
(A.8)

α4 = 1− h∗
c/η

∗ (A.9)

h∗
c = min(η∗, hc) (A.10)

where:
η∗ is the elevation at which the wave pressure is exerted
θ is the angle of the incident wave, normally incident waves have θ = 0°
p1 is the wave pressure at SWL
p3 is the wave pressure at the toe of the wall
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p4 is the wave pressure at the top of the wall
pu is the uplift wave pressure acting on the bottom of the caisson
λ1,2,3 are modification factors dependent on the shape of the structure, for a vertical

wall λ1 = λ2 = λ3 = 1

HD is the design wave height
LD is the design wave length
d is the water depth above the top sill
hb is the water depth at a distance of 5HD from the wall
h′ is the water depth above the wall foundation plane
h is the water depth in front of the sill
hc is the freeboard of the wall, hc = R = 6.5m

Figure A.1 shows the parameters used in the Goda method and the wave pressure distribution. For this
analysis, it is assumed that the seawall rests on a flat seabed, so h = hb = h′ = d = 20m, and as only
the crownwall is being analysed the uplift pressure pu is not calculated. The results of the calculations
can be seen in table A.1.

Figure A.1: Goda wave pressure distribution (figure from Voorendt and Molenaar (2020)).

Table A.1: Results of Goda’s formulas for wave pressrue on a vertical wall.

Wave state H T p1 p3 p4

[m] [s] [kPa] [kPa] [kPa]

W5 5 8 33.5 17.6 4.5
W6 6 8 40.2 21.2 11.2
W7 7 11 60.8 49.5 23.2

A.2. Extended Goda method for curved parapets
The following method was developed by Castellino et al. (2021) as an extension to the Goda method
(Goda, 1974) for recurved parapets, to account for the C-CI phenomenon. The total static wave pres-
sure on a recurved parapet is indicated by PR and can be calculated using the following equation:

PR = PV (1 + p̃) (A.11)
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where PV is the wave pressure acting on a vertical wall calculated by the Goda method and the factor
p̃ = PR/PV is the parameterized wave pressure distribution. Figure A.2 shows the location of the three
different p̃ parametrization factors and figures A.3a and A.3b show the equations for p̃2 and p̃3. As
figure A.2 shows p̃1 is set equal to 1.

Figure A.2: Location of the parametrization factors p̃1, p̃2 and p̃3 (figure from Castellino et al. (2021)).
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(a) p̃2 as a function of p̃3.
(b) p̃3 as a function of the wave height H, wave length L and the

overhang length l.

Figure A.3: Values of p̃2 and p̃3 for different geometries of the recurved crownwall and different wave conditions. Equations
are given for the linear fitting line and the upper confidence band of the 95% confidence interval. Figures from Castellino et al.

(2021)

Figure A.4: Definition of the overhang length l for
the recurved crownwall Castellino et al., 2021 and

the fully curved crownwall.

For the recurved parapet, the overhang length is calculated
as l = r(1 − cosα), where r is the radius of the curve and
α is the opening angle, see figure A.4. For the fully curved
parapet, the overhang length is taken as the horizontal dis-
tance from the vertical part of the crownwall to the top of the
curve as shown in figure A.4.

For each wave state, p̃2 and p̃3 are calculated using the
equation for the linear fitting line and for p̃3 the equation for
the upper confidence band is also used. The total static
wave pressure, PR, can then be calculated using equation
A.11. It can be seen from figure A.5 that for wave states 6
and 7 the pressure distribution that results from using the
upper confidence band for p̃3 fits better to the pressure dis-
tribution of the CFD generated pressure time series at the
moment of maximum pressure. However, for W5 the static
wave pressure distribution looks wrong, as the maximum
pressure is at the location of p̃2 but not at p̃3 as it should.
From figure A.3a it can be estimated that the equation for the lower confidence band of the 95% confi-
dence interval is:

p̃2,low = 0.26p̃3.

So, for W5 the equation for the linear fitting line is used for p̃3 and the equation for the lower confidence
band is used for p̃2.
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(a)W5 (H = 5m, T = 8s). (b)W6 (H = 6m, T = 8s). (c)W7 (H = 7m, T = 11s).

Figure A.5: Results of the extended Goda method Castellino et al., 2021 compared to the pressure distribution at the moment
of max. pressure of the CFD-generated pressure time series (blue line). Results of linear fitting lines in bright red, results of

linear fitting line for p̃2 and upper bound equation for p̃3 in dark red and for W5 results of lower bound equation for p̃2 and fitting
line for p̃3 in orange.
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B
Linear analysis results

B.1. Wave state 5

(a) Contour plot of displacements in x-direction, unsupported wall. (b) Contour plot of displacements in x-direction, supported wall.

(c) Contour plot of displacements in y-direction, unsupported wall. (d) Contour plot of displacements in y-direction, supported wall.

(e) Contour plot of displacements in xy-direction, unsupported wall. (f) Contour plot of displacements in xy-direction, supported wall.
Figure B.1: Contour plots of displacement for the unsupported (to the left) and supported (to the right) crownwalls at the

moment of maximum pressure of W5.
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(a) Contour plot of stresses in x-direction, unsupported wall. (b) Contour plot of stresses in x-direction, supported wall.

(c) Contour plot of stresses in y-direction, unsupported wall. (d) Contour plot of stresses in x-direction, unsupported wall.
Figure B.2: Contour plots of stresses for the unsupported (to the left) and supported (to the right) crownwalls at the moment of

maximum pressure of W5.
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B.2. Wave state 6

(a) Contour plot of displacements in x-direction, unsupported wall. (b) Contour plot of displacements in x-direction, supported wall.

(c) Contour plot of displacements in y-direction, unsupported wall. (d) Contour plot of displacements in y-direction, supported wall.

(e) Contour plot of displacements in xy-direction, unsupported wall. (f) Contour plot of displacements in xy-direction, supported wall.
Figure B.3: Contour plots of displacement for the unsupported (to the left) and supported (to the right) crownwalls at the

moment of maximum pressure of W6.
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(a) Contour plot of stresses in x-direction, unsupported wall. (b) Contour plot of stresses in x-direction, supported wall.

(c) Contour plot of stresses in y-direction, unsupported wall. (d) Contour plot of stresses in y-direction, supported wall.
Figure B.4: Contour plots of stresses for the unsupported (to the left) and supported (to the right) crownwalls at the moment of

maximum pressure of W6.
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B.3. Wave state 7

(a) Contour plot of displacements in x-direction, unsupported wall. (b) Contour plot of displacements in x-direction, supported wall.

(c) Contour plot of displacements in y-direction, unsupported wall. (d) Contour plot of displacements in y-direction, supported wall.

(e) Contour plot of displacements in xy-direction, unsupported wall. (f) Contour plot of displacements in xy-direction, supported wall.
Figure B.5: Contour plots of displacement for the unsupported (to the left) and supported (to the right) crownwalls at the

moment of maximum pressure of W7.
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(a) Contour plot of stresses in x-direction, unsupported wall. (b) Contour plot of stresses in x-direction, supported wall.

(c) Contour plot of stresses in y-direction, unsupported wall. (d) Contour plot of stresses in y-direction, supported wall.
Figure B.6: Contour plots of stresses for the unsupported (to the left) and supported (to the right) crownwalls at the moment of

maximum pressure of W7.
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Stability

The following unity checks need to be fulfilled in order for the crownwall to be resistant to sliding (equa-
tion C.1) and overturning (equation C.2).

µW

FT,H
> 1 (C.1)

MW

MFT,V
+MFT,H

> 1 (C.2)

Here, µ is the friction coefficient,W is the self-weight of the crownwall, FT,V and FT,H are the maximum
vertical and horizontal wave force,MW is the bending moment of the self-weight about point A in figure
C.1 and MFT,V

and MFT,H
are the bending moments by the vertical and horizontal wave forces. All

forces are indicated in figure C.1. It is assumed that the interface between the concrete caisson and
the crownwall is a rough interface with a friction coefficient µ = 0.7 (EN 1992-1-1, 2004). Table C.1 and
C.2 show the results of the stability calculations. The width of the additional supporting wall is unknown
but based on photos from Civitavecchia harbour it is assumed to have a width of 2m. The weight of the
additional wall is accounted for in the self-weight of the supported crownwall.

Figure C.1: Stability of crownwall. FT,V and FT,H are the vertical and horizontal components of the total wave force, W is the
self-weight of the crownwall and µW is the friction force. The bending moments are taken at point A.
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Table C.1: Sliding results.

Crownwall Wave state H T FT,H W µW Unity check
[m] [s] [kN] [kN] [kN] [-]

Unsupported
W5 5 8 455

830 580
1.3 > 1

W6 6 8 1095 0.5 < 1
W7 7 11 1400 0.4 < 1

Supported
W5 5 8 455

960 670
1.5 > 1

W6 6 8 1095 0.6 < 1
W7 7 11 1400 0.5 < 1

Table C.2: Overturning results.

Crownwall Wave state H T MFT,V
MFT,H

MW Unity check
[m] [s] [kNm] [kNm] [kNm] [-]

Unsupported
W5 5 8 1010 1700

5810
2.1 > 1

W6 6 8 2900 4410 0.8 < 1
W7 7 11 5000 5780 0.5 < 1

Supported
W5 5 8 1010 1700

6625
2.4 > 1

W6 6 8 2900 4410 0.9 < 1
W7 7 11 5000 5780 0.6 < 1

Based on these preliminary hand calculations on sliding and overturning, the fully curved crownwall
will slide and rotate under wave loading of W6 and W7, even when the additional supporting wall is
included. In order to resist sliding under the wave load of W7, the crownwall will have to have more
than double its current self-weight.
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