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Abstract: Wave overtopping occurring in offshore wind renewable energy structures such as tension
leg platforms (TLPs) or semi-submersible platforms is a phenomenon that is worth studying and
preventing in order to extend the remaining useful life of the corresponding facilities. The behaviour of
this phenomenon has been extensively reported for linear coastal defences like seawalls. However, no
referenced study has treated the case of cylindrical structures typical of these applications to a similar
extent. The aim of the present study is to define an empirical expression that portrays the relative
overtopping rate over a vertical cylinder including a variety of bull-nose type mitigation structures to
reduce the overtopping rate in the same fashion as for the linear structures characteristic of shoreline
defences. Hydrodynamic interaction was studied by means of an experimentally validated numerical
model applied to a non-impulsive regular wave regime and the results were compared with the case of
a plain cylinder to evaluate the expected improvement in the overtopping performance. Four different
types of parapets were added to the crest of the base cylinder, with different parapet height and
horizontal extension, to see the influence of the geometry on the mitigation efficiency. Computational
results confirmed the effectivity of the proposed solution in the overtopping reduction, though the
singularity of each parapet geometry did not lead to an outstanding difference between the analysed
options. Consequently, the resulting overtopping decrease in all the proposed geometries could
be modelled by a unique specific Weibull-type function of the relative freeboard, which governed
the phenomenon, showing a net reduction in comparison with the cylinder without the geometric
modifications. In addition, the relationship between the reduced relative overtopping rate and the
mean flow thickness over the vertical cylinder crest was studied as an alternative methodology to
assess the potential damage caused by overtopping in real structures without complex volumetric
measurements. The collection of computational results was fitted to a useful function, allowing for
the definition of the overtopping discharge once the mean flow thickness was known.

Keywords: wave overtopping; overtopping discharge; cylindrical structure; numerical wave flume;
bull-nose; parapet; wave return wall

1. Introduction

Overtopping is a nonlinear phenomenon that occurs when a wave or a fraction of a
wave surpasses a fixed or floating structure and generates a layer of water over its crest
that can cause flooding or surface damage. It is a well-established phenomenon, and it is
considered in the design phase of fixed and floating structures in the marine energy sector
because it can damage the structures or facilities mounted on top, other than modifying the
expected oscillation response to the incident wave train affecting the operation of the wind
turbine [1–3]. The standard measures taken against overtopping are developed for defence
structures like breakwaters, dikes or seawalls, which are implemented in marine structures
exposed to waves such as shoreline promenades, ports or harbours.
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In order to develop effective designs of protective structures, there has been a continu-
ous effort to study, understand and characterise overtopping. The study of overtopping
was carried out independently by different research groups during its first stages, but the
development of the CLASH project introduced a common database and a standardised
methodology to study overtopping [4]. After the completion of the project, the EurOtop
manual [5] was published in 2007, gathering all the information from different databases
in a single collection and proposing the corresponding representative unified analytical
predictive models. The EurOtop manual became the main reference for overtopping, and a
second edition was published in 2018 [6] with new findings and improvements.

The methodology employed by most groups that study overtopping is to measure
the overtopping discharge over a scaled physical model tested in an experimental wave
flume or a numerical wave flume (NMF) by using computational fluid dynamics (CFD)
calculations. The elements required for both the experimental and the numerical procedures
are a wavemaker system, a wave height measuring system and a procedure to measure the
overtopped water volume.

On the one hand, the experimental procedure implies wave generation by a pulsating
paddle with piston-type linear motion and/or a reciprocating oscillation of a flap around
a hinge. The generated wave at one end of the flume develops and propagates towards
the specific structure under study and the opposite end of the flume where wave reflection
may occur [7]. To minimise the effect of reflection, passive and active absorption systems
are normally used. Sometimes the effective time intervals of the tests are limited to the
periods where a reflected wave travels backwards to the generation system and back again
to the testing area after re-reflection on the wavemaker [8]. There are different systems to
measure the generated waves by monitoring the free surface position to infer the incident
wave height, period and wavelength. With regard to overtopping characterisation, a
calibrated tank is placed at the end of the main structure to measure and accumulate the
overtopped liquid volume or mass. As an example, representative recent experimental
tests in flumes measure the overtopping discharge over specific structures occurring in the
case of tsunami-types waves generated in the sea or onshore from glacier calving [9–11].

On the other hand, in the case of the computational approach, the simulations are per-
formed by numerically solving the conservation laws of fluid motion that can be expressed
in either the Eulerian or the Lagrangian approach. The Eulerian approach discretises the
working volume into a fine mesh formed by cells containing nodes where the solutions
of the equations are numerically calculated following the finite volume method. On the
other hand, the Lagrangian approach manages fluid particles or blobs, to which fluid
equations are applied, with models such as smoothed particle hydrodynamics (SPH) [12].
Different representative late examples of the application of the Eulerian approach based
on the volume of fluid (VOF) method [13] (based on Reynolds-averaged Navier–Stokes
(RANS)) have succeeded in describing and evaluating the overtopping discharge over
structures to study the influence of the associated hydraulic load and erosion, geometry
design influence, damaged/upgraded state of breakwaters and corresponding modification
of the overtopped layer thickness and its velocity [14–18]. Moreover, the SPH method has
been proven to be a successful alternative for studying overtopping on different seawalls,
decks and dams [19,20].

The different structure options and the corresponding parameters to mitigate the
overtopping phenomenon are reported in [5]. In search of overtopping prediction by repre-
sentative models, van de Meer et al. [21] proposed to use a reunified Weibull-type function
valid for the whole range from zero freeboard conditions, different wave breaking/non-
breaking conditions, diverse nature of the foreshore, composite structures and variation
of the slope. The last updates on the issue were incorporated in the second edition of the
EurOtop manual [6]. Special mention should be made to Zanuttigh and Formentin for their
renowned study about extreme and admissible overtopping discharges using a special neu-
ral network [22] and the impact of crown walls with parapets [23,24]. Some other research
works regarding overtopping address the forces acting on the defence structures due to
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wave impacts, which are studied to ensure the physical integrity of the structure; research
by Van Doorslaer and De Rouck [25,26] and those by Martinelli and Castellino et al. [27–29]
are worth highlighting in relation to the evaluation of wave return walls.

With regard to the different solutions applied to reduce overtopping discharge under
extreme sea states, it is common practice to modify the foreshore by introducing break-
waters, slopes, promenades or wave run-ups [18,30–32]. These solutions are specifically
designed to prevent inland flooding, and are out of the applicability to the vertical struc-
tures installed in offshore floating systems. For that reason, this study focuses on common
geometric modifications of the main structure facing the wave front, like chamfers, recurved
walls or parapets [33–39]. More specifically, among all these types of geometry, parapets
have been chosen in this study because they represent the main option applied to vertical
walls and they are reported to work properly. In this case, the reduction of overtopping is
based on the flow deflection provoked by the parapet that sends back the up-rushing water
volume in the direction of the wave that is coming in.

The procedure followed in this campaign is based on numerical simulations of the
overtopping discharge over a fixed vertical cylinder with parapet rings mounted on top,
for comparison with results obtained in previous research [40], where the overtopping
discharge was defined for a plain cylinder in the same wave conditions and base geometry
(i.e., diameter or free-board range). The computational configuration in the CFD model
used here follows the same RANS-VOF arrangement as the one already validated with
the corresponding experimental campaign [40]. This way, the expected overtopping rate
reduction is evaluated to analyse whether the proposed structural modifications are a viable
alternative to prevent over dimensioning the main cylindrical structures in real facilities in
search of overtopping performance of the final structure configuration.

An additional secondary aspect treated here is the study of the relation between the
relative overtopping discharge and nondimensionalised mean flow thickness of the water
sheet flowing over the structure. This approach would offer a practical methodology to
assess overtopping discharges by a simple measurement of water elevation on the crest
of the platform instead of mounting complex water collection structures to measure the
overtopped volume. The instantaneous height of the flow thickness could be measured
with a wave probe in a simpler and cost-effective way.

This study is the basic step and fundamental basis before tackling the problem of
overtopping subjected to floating structures typical of offshore energy technologies with
these cylinder-based geometric characteristics like TLP or semi-submersible platforms.

2. Theoretical Background

The total overtopping discharge over a structure may contain three different wave
overtopping contributions: green water overtopping, white water overtopping and over-
topping due to spray. Green water overtopping is characterised by the non-impulsive
regime where the wave height is enough for the wave to form a continuous layer over
the structure. Contrarily, white water overtopping occurs in the impulsive regime when
waves break against the area of the structure facing the incoming wave front, producing
large masses of water mixed with entrained air that move over the structure because of
the momentum and inertia of the water moving mass. Spray overtopping accounts for the
interaction between wave crests and wind, its contribution being considered negligible in
normal engineering contexts.

Wave overtopping is affected by a multitude of properties that contain both the
characteristics of the sea state and the structure’s geometry and foreshore. The primary
factors considered in the analysis of sea state effects on overtopping include wave period
(T), wave height (H), water depth (h) and wave steepness (s) at the base of the structure.
Additionally, geometric attributes of the structure are considered, such as the berm, the
foreshore slope and, specially, the crest freeboard (Rc), which is associated with the height
of the structure (Hc). The crest freeboard is known to be a critical parameter in the study of
wave overtopping. In the case of the use of parapets as overtopping mitigation structures,
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additional key parameters influencing the phenomenon are the parapet height (hr) and the
horizontal extension of the parapet (Br) (Figure 1).
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Figure 1. Main parameters that affect the overtopping phenomenon in a vertical wall including a
parapet. (Original elaboration based on Figure 7.21 of EurOtop manual [6]).

Describing wave overtopping is challenging because of its nonlinear nature and, thus,
it is not well represented by simple analytical models. The evaluation of wave overtopping
for a specific structure typically involves the utilisation of empirical expressions derived
from CFD simulations or experiments with scaled physical models. Both methods are
particularly valuable in assessing wave overtopping, as this phenomenon is influenced by
a variety of factors with interconnected impacts that are difficult to predict. The empirical
approach contains a simple representation of the underlying physics of the phenomenon,
often presented as an equation that correlates dimensionless parameters specific to the
process (e.g., overtopping discharge, wave attributes and structural geometric factors).

The main objective parameter in this analysis is the mean overtopping flow discharge
q (m2/s), which accounts for the average liquid volume per unit time and transversal hori-
zontal length of structure passing over, which is usually presented in its nondimensional

form (by dividing by
√

gHm0
3), known as the relative overtopping rate. The significant

wave height (Hm0) equals four times the root mean square displacement of the free surface,
which is equivalent to the average height of the 1/3 highest waves of a series of irregular
waves, and g is the acceleration of gravity.

The dependence of the relative overtopping rate is normally defined as a function of
the crest freeboard Rc, being the elevation difference between the structure crest and the
still water level (SWL), which is given, again, in a nondimensionalised form (by dividing
by the significant wave height Hm0) known as the relative freeboard.

To assess the wave overtopping accurately, it is necessary to identify the wave–
structure interaction regime because different processes and outcomes may occur in differ-
ent scenarios. Specifically, when dealing with vertical walls with structural modifications,
overtopping can occur under two distinct regimes: non-impulsive and impulsive conditions.
Non-impulsive conditions happen when wave heights are relatively modest compared
with the depth at the base of the structure, and the wave steepness remains low, staying
far from the point of breaking. In such a situation, overtopping waves generate smoothly
evolving loads, and water flows gently over the structure. In contrast, impulsive conditions
happen at vertical or steep walls when wave heights significantly exceed local water depths
and show a high wave steepness. In this scenario, the waves crash against the structure,
giving rise to a fast, vertical and jet-like flow of water that jumps over the structure due to



J. Mar. Sci. Eng. 2024, 12, 1441 5 of 22

momentum and inertia. The likelihood of having impulsive or non-impulsive overtopping
is discriminated by employing the “impulsiveness” constant defined in Equation (1) [6]:

h∗ =
h2

Hm0Lm−1,0
(1)

where Lm−1,0 = g(Tm−1,0)
2/2π is the deep-water wavelength corresponding to the wave

energy period Tm−1,0. From h∗ > 0.23 onwards, waves are considered non-impulsive.
Another effect that may have a decisive influence is the existence of a sloping foreshore

at a shallow or intermediate depth because it may cause shoaling and/or breaking during its
propagation towards the structure susceptible to overtopping. All these different responses
corresponding to different regimes are summarised in Figure 2.
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In addition, it is noticeable in Figure 2, on the one hand, the difference between the
relative overtopping discharge produced over a linear vertical wall (green line) and the
one produced over a cylindrical structure (red line) and, on the other hand, the reduction
introduced by a parapet (blue line) with respect to the reference vertical wall (green line).
The objective here is to account for the overtopping reduction expected for a cylindrical
structured with similar parapets mounted below the crown of the cylinder under the same
non-impulsive wave regime.

The widespread empirical model for predicting wave overtopping takes the form of a
Weibull function (2) proposed by van der Meer et al. [6]:

q√
gHm0

3
= a·exp

[
−
(

b
Rc

Hm0

)c]
(2)

Parameter Rc/Hm0, known as the relative freeboard, is the governing parameter of Equation (2),
together with the significant wave height. Equation (2) is the nondimensionalised expression
covering the whole range of the relative freeboard. Parameters a, b and c depend on the
case study, including the different wave regimes mentioned before, and are determined
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from empirical results obtained either experimentally or numerically. This is an important
equation when evaluating whether tolerable overtopping limit is surpassed or not under a
certain harsh sea state. Even if only the tolerable limits are well defined for coast defences
in [6] (for example, a larger yacht in a port with some facilities installed on deck has a limit
of q < 5 L/s per m for Hm0 > 5 m), as it is not yet publicly established for floating offshore
wind turbines, this design criterion will be of high relevance towards the implementation
of the technology to make it commercially competitive.

In the case of studying regular waves, the resulting overtopping discharge is known
to overestimate the results obtained with the Rayleigh distribution, characterised by the
corresponding significant wave height; a factor between 2.3 and 2.8 is reported in [43].
Consequently, the results obtained with regular waves can be taken as conservative values
of the corresponding ones obtained with the spectra characterised by the same significant
wave heights in such a comparison.

The reference equations to predict overtopping with no influence of the foreshore
and under non-impulsive regular waves for a vertical wall [6] (3) and a vertical cylinder
without any parapet [40] (4) are as follows:

q√
gHm0

3
= 0.047·exp

[
−
(

2.35
Rc

H

)1.3
]

(3)

Q√
gH3D

= 0.0478·exp

[
−
(

2.74
Rc

H

)1.9
]

(4)

The introduction of a parapet to the geometry is expected to result in a drop in the
overtopping flow discharge over the structure, and to correspondingly modify the previous
expressions. However, the effectiveness of the mitigation structure is highly related to the
value of the relative freeboard. Within a low relative freeboard regime (Rc/H ≤ 0.5), the
parapet becomes easily submerged under the overtopped water flow, whereas, in a high
relative freeboard regime (Rc/H > 1.0), there is a maximum performance of the parapet
because of the resulting effective seaward projection of the incoming wave. Between these
two differentiated regimes, there is an intermediate regime (1.0 ≥ Rc/H > 0.5) with a
medium efficiency in the overtopping reduction.

Consequently, the best way to account for the reduction due to the introduction of a
parapet is defined in the EurOtop manual [6] as a piecewise regression (Figure 2). This same
approach has been followed for the cylindrical case accounting for the intermediate and low
relative freeboard range covered in this piece of research with the following fitting function:

Q√
gH3D

=


a· exp

[
−
(

b Rc
H

)c]
, Rc

H ≤ 0.5

d· exp
[
−
(

e Rc
H

) f
]

, Rc
H > 0.5

 (5)

Other than the overtopping flow rate, the overtopping flow thickness δ is also studied
in this campaign. This parameter defines the thickness of the liquid layer passing over the
main structure during an overtopping event. In the particular case of the cylinder, it is
evaluated at the centre of the crest (the axis of the cylinder). The average flow thickness δ
is computed by averaging the instantaneous signal of the variable over the time interval
taken by the interaction under study ∆t:

δ =
1

∆t

∫ ∆t

0
δ(t)dt (6)

This parameter will be computed, and its relationship with the overtopping discharge
addressed in Section 4.
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3. Aims and Methods

The objective of the present study is to determine the relationship between the geomet-
ric characteristics of the cylinder with the selected options of parapet and wave overtopping
discharge. As a result, a model based on predictive equations for fixed vertical cylinder
with parapets will be proposed.

In this campaign, a numerical model that was used and experimentally validated
in a previous campaign [40] was used for the analysis. That research study conducted a
numerical calculation of wave overtopping on a fixed vertical cylinder affected by regular
waves, and the corresponding experimental analysis for its validation. In the current study,
the experimentally validated numerical model was used to analyse the consequence of the
specific geometry modification of the parapet mounted on the top part of the cylinder.

3.1. Test Programme

All the simulations were executed with regular waves, considering wave heights
from H = 0.065 m to 0.160 m and period T = 1.3 s. The period was not varied because its
influence has been reported to be negligible on the dimensionless representation of the
overtopping discharge [40]. In fact, no dependence on the period or wavelength was stated
in the empirical models represented in Figure 2 and the corresponding well-established
Equations (2)–(4). The values were determined through the application of Froude similitude
with a reduction scale factor of 1:100 corresponding to wave heights of 6.5 m to 16 m and a
period of 13 s of extreme sea state. These wave conditions are typical of Beaufort numbers
in the range 9–11, which correspond to a violent storm. A constant water depth of h = 0.32
m for the model was maintained in all the experiments.

The cylinder showed a diameter of D = 0.11 m, which was 11 m in full scale. Four
different cylinder heights were simulated, covering a range of freeboard Rc from 0.02 to
0.07 m in the empirical model (Table 1), by taking into account the design parameters of the
ballast cylindrical columns of the NATULUS-10 floating offshore wind turbine [44]. The
wave height H was varied within the aforementioned range for each individual freeboard
case in order to manage a uniformly distributed range of relative freeboard Rc/H values
with overlapping transition frames between cases. A broad range was studied for the
relative freeboard between 0.14 and 0.78, amounting to 24 values (6 values of wave height
for each freeboard case).

Table 1. Wave sets used in this campaign.

Rc (m) Rc/H

Case 1 0.020 0.143, 0.167, 0.200, 0.222, 0.267, 0.308
Case 2 0.037 0.229, 0.282, 0.319, 0.367, 0.431, 0.489
Case 3 0.053 0.333, 0.381, 0.427, 0.458, 0.533, 0.593
Case 4 0.070 0.500, 0.538, 0.583, 0.636, 0.700, 0.778

It is customary in the study of parapets to define the height of the parapet hr as a function
of the crest freeboard Rc, and the horizontal extension of the parapet Br as a function of the
height of the parapet hr [24,33]. The studies used as references for geometric ratios in parapets
in search of better overtopping performance [34] recommend beginning the study of parapets in
the range of hr/Br ∈ [0.5, 1]. Therefore, the four geometries studied here were chosen to study
both limit ratios with two different parapet heights (Table 2 and Figure 3).

Table 2. Geometries studied in this campaign.

hr (m) Br (m)

Geometry 1 0.021 0.021
Geometry 2 0.021 0.042
Geometry 3 0.028 0.028
Geometry 4 0.028 0.056
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Figure 3. Visualisation of parapet geometries. The total height represented is the maximum crest
freeboard. The axial-symmetric cross-section is represented.

Each of the four parapet geometries was exposed to the same wave campaign, amount-
ing to a total of 96 computational cases. The range of “impulsiveness” considered during
the experiments started at 0.243 and went up to 0.466, all of them greater than the limit
value of 0.23 and consequently belonging to the non-impulsive regime. “Impulsiveness”
and breaking waves were closely related. And, because the objective was to characterise
the non-impulsive regime, the test campaign covered the non-breaking regime. In this case,
the breaker index, H/h, showed a minimum value of 0.203 and a maximum of 0.500, which
implied that the waves were not limited by water depth. Moreover, the value of the depth
to wavelength ratio of h/λ = 0.159 used in this campaign was far from the range of shallow
waters (h/λ < 0.05), where shoaling phenomenon may occur and the treatment should
account for a certain foreshore influence.

The Ursell number (Equation (7)) is a dimensionless number calculated as the quotient
of the nonlinear term of finite height and the linear term of small height of the analytical
solution of the wave elevation [45] and it is defined as:

Ur = Hλ2/h3 (7)

The Ursell number provides ranges of validity for different wave approximation
methods. In cases where the Ursell number is low, Ur ≪ 1, simplified linear wave theory
can be applied. However, the Ursell number range for this experimental campaign was
between 3.85 and 23.36. For this range of the Ursell number, the second order Stokes’ wave
theory could be applied according to the validity limit given by:

Ur <
8π2

3
∼= 26.3 (8)

This is the reason why Stokes’ wave theory was implemented in the initial and
boundary conditions of the computational model instead of the Airy linear theory.

The overtopping discharge was computed as the mean volumetric flow rate that
crossed the vertical cross-sectional plane over the crest of the structure containing the
axis of the cylinder, normal to the advancing direction of the wave. For the sake of
direct comparison with the base case, the region of the plane above the diameter of the
cylinder was considered, without including the extension caused by the addition of the
parapet, which was assumed to be a non-usable portion of the top horizontal platform. The
instantaneous volumetric flow rate crossing the region was integrated, yielding the total
volume Vo. An example of a computational test can be observed in Figure 4.

The values for the mean overtopping flow rate Q and the corresponding mean over-
topping discharge q were determined by taking into account the total time interval ∆t when
water overtopped the structure and the cylinder diameter, D, as:

q =
Q
D

=
Vo

∆t · D
(9)

Then, this value was nondimensionalised in search of generalisation by using wave height
H to obtain the relative overtopping discharge

(
q/
√

gH3
)

.
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Figure 4. Exported flow rate signals: (a) instantaneous flow rate, (b) accumulated overtopped volume.
(Case: Rc/H = 0.538, H = 0.13 m, Geometry 4).

In addition, the evolution flow thickness δ with time was determined at the centre of
the top surface of the cylinder (Figure 5). The mean value was computed afterwards by
integration (Equation (6)). For both analyses, a time interval ∆t of 5 periods, implying 5
overtopping events, were computed for all cases.
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Figure 5. Exported flow thickness signals: (a) instantaneous flow thickness, (b) integrated value over
time. (Case: Rc/H = 0.538, H = 0.13 m, Geometry 4).

The definition of the relationship between the overtopping water volume and the
overtopping flow thickness may enable experimental determination of overtopping without
using a specific device to accumulate and read the overtopped water volume by employing
wave probes located on top of the main structure.

3.2. Numerical Model

The commercial software STAR CCM+ (v17.02) was used to create and implement
the numerical model, which was an application of the finite volume method, where the
computational field was divided in small cells and flow equations were numerically solved
for each cell.
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3.2.1. Governing Equations

This section covers the conservation equations that were numerically applied to each
cell. The specific model solved the mass conservation equation for an incompressible fluid,
where there was no time derivative term attributed to variable density:

∂Ui
∂xi

= 0 (10)

In addition, the conservation of momentum was addressed through the Reynolds-
averaged Navier–Stokes equation:

∂Ui
∂t

+
∂
(
UiUj

)
∂xj

=
1
ρ

∂

∂xj

(
−pδij + 2µSij − ρu′

iu
′
j

)
+ Fi + Si (11)

Sij =
1
2

(
∂Ui
∂xj

+
∂Uj

∂xi

)
(12)

where i, j = 1, 2, 3 are the subscripts of the three Cartesian components, Ui is the ith time-
averaged velocity component and u′

i is the pulsations of the velocity component resulting
from turbulence. ρ is fluid density, δij is the Kronecker delta function, p is the pressure,
Fi stands for the ith component of the external field force per unit mass (in this case the
weight of the fluid) and Si is a specific sink or source of the ith component of momentum if
needed. Sij stands for the viscous tensor defining the shear stress components coming from
average velocity gradients for an incompressible flow.

The additional viscous terms coming from the pulsating velocity components char-
acteristic of the turbulent behaviour can be associated with the main flow pattern and its
averaged velocities, following the Boussinesq hypothesis for incompressible flow:

−ρu′
iu

′
j = µt

(
∂Ui
∂xj

+
∂Uj

∂xi

)
− 2

3
ρktδij (13)

where µt is the eddy viscosity and kt =
1
2 u′

iu
′
i is the turbulent kinetic energy. The new term

on right of the Equation (13) was included to make the Boussinesq definition valid when
all three terms of the diagonal of the turbulent tensor were added in −ρu′

iu
′
i. These, µt and

kt, were two new parameters characteristic of the turbulent flow that can be derived from a
turbulent model. The selected model was the standard low-Re K-epsilon, which added two
new transport equations for the evaluation of the two unknowns, as described in detail
in [40].

As for phase interaction, the case studied in this campaign involved very large masses
or parcels of fluid of each fluid with a very well defined interface due to the nature of non-
impulsive non-breaking waves. These simple conditions were appropriately represented
by the volume of fluid (VOF) method [13], stating the conservation of phases:

∂α

∂t
+∇ ·

(
α
→
U
)
= 0 (14)

where α represents the volume fraction of water and (α − 1) is the volume fraction of air. The
material properties of density and dynamic viscosity were computed by a weighted average:

ρ = αρwater + (1 − α)ρair (15)

µ = αµwater + (1 − α)µair (16)
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3.2.2. Computational Domain and Boundary Conditions

The computational field (Figure 6) was the reference configuration of the base case
defined in [40]. It consisted of a parallelepiped 0.3 m wide, 0.7 m high and 5 wavelengths
long. The length of the domain was subdivided into three zones: one wavelength upstream
of the cylinder and three wavelengths downstream of the cylinder, where a damping model
was applied at the final two wavelengths. The width of 0.3 m represented one half of the
total width of the flume because a symmetry plane condition was applied at the middle
plane (i.e., only one symmetric half of the problem was simulated). This size of 0.6 m
guaranteed that the transversal horizontal dimension was wide enough in comparison
with the diameter of the cylinder of 0.11 m (larger than 5:1) to neglect the effects of the
lateral walls of the flume in the wave–structure interaction [46].
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Regarding the boundary conditions, a non-slipping impermeable wall condition was
used for all the surfaces of the cylinder and the parapet, and for the side surface and the
bottom of the flume. A constant pressure outlet at atmospheric pressure was defined for
the top surface.

Regarding wave generation, a velocity inlet boundary was defined at the position
of the wave inlet on the left-hand side of the numerical flume according to the theory
of high-order Stokes that defines the free surface elevation η(x, t), the velocity potential
(x, z, t) and the pressure field [47]. The velocity field there was defined from the velocity
potential as Ui =

∂ϕ
∂xi

. At the wave outlet section, on the right-hand side of the numerical
flume, the hydrostatic pressure due to the water column was imposed in addition to the
upstream damping region to prevent wave reflection. The details of the corresponding
equations affecting the wave inlet, wave outlet and damping region are presented in [40].

3.2.3. Mesh

The meshing models used to discretise the wave flume were based on hexahedral
cells in the whole volume (except the regions close to curved surfaces). The base size of
the cells in the flume was 0.075 m for those regions far from regions showing pressure and
velocity gradients. More refined cells were used near the free surface to capture the wave
propagation and, in the surroundings of the cylinder, the parapet and the region above the
crest where overtopping phenomenon had the greatest impact in the modification of the
fluid flow pattern (Figure 7). The total number of cells in the meshing model amounted to
an average of 1.25·106 cells. The specific refinement for each region is stated in Table 3.

Table 3. Hexahedral mesh refinement.

∆x/λ ∆y/λ ∆z/λ

Region 1 1/150 1/150 1/300
Region 2 1/75 1/75 1/150
Region 3 1/300 1/300 1/1200
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Figure 7. Mesh of the numerical wave flume: (a) general overview, (b) detailed view around the
cylinder and the parapet and (c) detailed view above the crest.

More specifically, there were four different zones with higher resolutions correspond-
ing to the free surface range of the first half of the tank (region 1), which included the wave
generation and the wave propagation after the overtopping phenomenon; the free surface
range of the second half of the tank (region 2), where wave damping was imposed; the
volume directly on top of the cylinder (region 3), where overtopping was measured; and the
volume surrounding the vertical cylinder (region 4), the volume where waves interacted
with the cylinder. As for the mesh in region 4, a variable mesh size with a maximum
base size corresponding to 1/8 of the base size of the flume (0.075 m) was selected; its
objective was to both correctly mesh the cylinder perimeter and to expand isotropically and
radially to fit with the other meshing regions. Mesh definition was chosen so that numerical
damping had little to no effect on the waves that were created. The requirements for the
damping zone were not as strict and the mesh thus included half the cells per wavelength in
all three directions. Moreover, it has been proven that a larger cell size improves damping
because it increases numerical dissipation [48].

The time step size, which separated each successive time iteration, was chosen to
ensure it satisfied the Courant–Friedrichs–Lewy condition. This selection was based on the
dimensions of the cells and the waves’ celerity. A maximum Courant number of 0.33 was
permitted. This choice, coupled with a second-order temporal discretisation, resulted in a
well-defined interface between the two phases and effectively mitigated any undesirable
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smearing effects because of numerical diffusion and the typical smearing effect in the
definition of the interface.

3.2.4. Initial Conditions

The initial conditions of the simulations were given by the interphase location, fluid
velocity and pressure distributions. The initial position of the waves (Figure 8) were defined
such that there was a wave trough placed at the cylinder axis, helping the convergence of
the solution from the first iteration.
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4. Results and Discussion

All 96 cases defined in Section 3 were computed with the numerical model described
in the previous section. As an example of an individual run, some snapshots of the scalar
water volume fraction were presented at different times of an overtopping event to compare
the progress of the wave over the crest of the cylinder with and without parapet (Figure 9).
An example of the quantitative computation of the evolution of the overtopping flow
discharge and flow thickness with time is presented in Figure 10 for both cases.

The different behaviour of the continuous layer of water flowing over the crest of
the cylinder, known as green water contribution, was noticed when comparing situations
without (a–c) and with parapet (d–f), as shown in Figure 9. The parapet induced a change
in the direction of the flow by diverting it backwards and laterally outwards during the
run-up process, leading to a net reduction of the overtopped volume over the crest. The
evolution of the computed overtopping discharge with time (Figure 10) for this particular
case showed a net reduction greater than 20% in the peak values of the discharge and
greater than 30% in the peak value of the flow thickness.

All the data obtained using the numerical model in each test, as in the particular
case presented above, were fitted to have an analytical expression representative of the
overtopping behaviour characteristic of the specific geometry. Given the non-impulsive
regime of the experiment and the lack of influence by the foreshore, the relative overtop-
ping rate could be evaluated with a Weibull-type Formula (2). More specifically, given
the regime of studied parapets, the relative overtopping rate data were fitted using a
piecewise Equation (5) by taking into account the two lower relative freeboards of the three
different overtopping regimes occurring with parapets. The value of 0.5 for the relative
freeboard was preserved to establish the change from the low relative freeboard regime
to the intermediate relative freeboard regime. The tendencies resulting from the fitting
process to the overtopping data of each of the four different geometrical modifications
of the vertical cylinder can be observed in Figure 11, together with the corresponding
coefficient of determination. The corresponding fitting parameters are presented in Table 4.
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Figure 9. Volume fraction of water at the symmetry plane and free surface shape evolution with time:
(a–c) plain cylinder and (d–f) cylinder with parapet. Left: longitudinal symmetry plane; bottom:
transversal symmetry plane; right: 3D view. (Relative freeboard Rc/H = 0.538, height H = 0.13 m,
parapet geometry 4).
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Figure 10. Comparison of the evolution of the overtopping phenomenon with time for a cylinder with
and without parapet: (a) instantaneous overtopping discharge, (b) accumulated overtopped volume,
(c) instantaneous flow thickness and (d) flow thickness integrated over time. (Relative freeboard
Rc/H = 0.538, height H = 0.13 m, parapet geometry 4).

Table 4. Fitting parameters of the piecewise Weibull equation for each geometry.

a b c d e f

Geometry 1 0.0449 3.07 1.9 0.0062 1.74 6.9
Geometry 2 0.0703 4.74 1.1 0.0051 1.73 7.8
Geometry 3 0.0578 3.85 1.3 0.0066 1.79 6.2
Geometry 4 0.0543 3.76 1.4 0.0048 1.71 8.2

The overtopping reduction resulting from the four parapet options followed a similar
pattern, with a moderate reduction in the low relative freeboard regime, which became
very pronounced in the intermediate relative freeboard regime (Rc/H > 0.5). If we compare
the results obtained for the four geometries in the same graph (Figure 12a), one can observe
that Geometries 2 and 4 were slightly better than Geometries 1 and 3, pointing out the
advantage of using a ratio of the height of the parapet to its horizontal extension of hr/Br
= 0.5 over the value of 1.0. In addition, the increase by one-third (33%) of the lengths of
the parapet when comparing Geometry 1 with Geometry 3 or, separately, Geometry 2 with
Geometry 4 did not lead to any significant variation in the overtopping.
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However, one should bear in mind that the inherent dispersion in the data sets
of the numerically predicted overtopping rate was very significant in this type of test
due to the highly nonlinear nature of the overtopping phenomenon and the increasingly
high statistical uncertainty of the overtopping discharge for higher relative freeboards
with smaller overtopping. Thus, the previously addressed distinctive behaviour fell well
within the admitted statistical uncertainty if a common unique regression was used for
the four geometries (Figure 12b). The corresponding dispersion resulting from the fitting
procedure was performed according to very well-established standards in the field [21].
The covariance matrix of the fitting constants was used to define the bounding curves
containing the data with a certain confidence level. Assuming that the uncertainty of the
fitted parameters followed a normal distribution, the exceedance lines were calculated
as ai + 1.64·σ and ai − 1.64·σ, with ai being the ith fitting parameter and σ its standard
deviation. This was equivalent to using a 90% confidence interval band in the calculation
of the fitting parameters.

The resulting Weibull piecewise expression representing the overtopping reduction
for cases hr/Br ∈ [0.5, 1] from the fitting to the individual computational points (Figure 12b)
was as follows:

Q√
gH3D

=


0.0558· exp

[
−
(

3.76 Rc
H

)1.4
]

, Rc
H ≤ 0.5

0.00544· exp
[
−
(

1.73 Rc
H

)7.4
]

, Rc
H > 0.5

 (17)

The coefficient of determination of this unique regression line showed a reasonable
value of R2 = 0.8517 and all the points were well withing the range of 90% confidence
interval.

The uncertainty of each fitting parameter is given in Table 5.

Table 5. Fitting parameters of each geometry.

a b c d e f

0.0558 3.76 1.4 0.00544 1.73 7.4

σ(a) σ(b) σ(c) σ(d) σ(e) σ(f)

0.0107 0.586 0.29 0.00231 0.0853 1.1

Figure 13 shows a good correlation of the individual computational results with
the corresponding values given by the previous regression line defined in Equation (17),
where all the points fell inside the band, limiting the range of 10 times and 0.1 times the
calculated values.

As far as the mean flow thickness δ was concerned, the individual cases obtained
by computing the individual signals (Figure 10c,d) coming from all the tests and ge-
ometries were analysed with a non-dimensional approach. The overall tendency of the
non-dimensional flow thickness δ/H generated by the overtopping phenomenon followed
a marked exponential dependency on the relative freeboard Rc/H (Figure 14). In the
same way as for the overtopping discharge, it was difficult to distinguish between the
phenomenon generated by the different parapet geometries (Figure 14a), and the use of
a unique expression resulted in being a reasonable approach, where the majority of the
numerical results fell within the 5% exceedance band.

Here, the direct relationship between the relative average flow thickness and the
relative freeboard suggested in [40] by following an exponential tendency was certified:

δ

H
= 0.1515·exp

(
−4.16

Rc

H

)
(18)
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This fitting expression showed a reasonable value of the coefficient of determination
of R2 = 0.9661.

It can be observed how the parapet-type mitigation structure induced a net reduction
of the flow thickness in comparison with the plain cylinder. The quantitative reduction
could be evaluated by simultaneous consideration with the flow thickness attributed to the
cylindrical case, with no influence of foreshore and non-impulsive conditions [37]:

δ

H
= 0.1769·exp

(
−4.11

Rc

H

)
(19)

This result confirmed the viability of deriving the overtopping reduction by computing
the reduction of the flow thickness [40]. In Figure 15, a direct linear relationship between
the two variables is very well correlated.
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The relationship between nondimensionalised flow thickness and relative overtopping
rate in this case was:

Q√
gH3D

= −0.00229 + 0.5009· δ
H

(20)

Here, in the linear regression, a negative independent term was allowed (Figure 15a),
addressing the fact that, even at a very low overtopping discharge close to zero, a certain
water layer existed over the crest with very low flow velocity. This effect could be noticed
by simultaneously analysing the flow thickness and the corresponding overtopping rate,
as shown in Figure 10. The correlation of the predicted values by linear regression with the
corresponding values coming from the numerical calculation was reasonably acceptable
(Figure 15b), with a coefficient of determination of R2 = 0.9661, by taking into account the
high dispersion attributed to this type of phenomenon.

5. Conclusions

In the present study, a computational model was used to characterise the overtopping
reduction produced by different geometric options of overtopping mitigation structures
installed at the top of a reference fixed cylinder. The selected mitigation structure was a
parapet with a variable height to extension ratio of hr/Br ∈ [0.5, 1].

The computational model followed the same configuration used to characterise a plane
cylinder in previous research, which was used as the basis of the present study. The wave
characteristics were the same as for the reference cylinder, belonging to the non-impulsive
regime without influence of the foreshore in the intermediate water depth range.

A total of 96 individual computational cases were run with four different parapets, with
different relative freeboard values ranging from 0.143 to 0.778. In the same way as for linear
defence vertical walls, the inclusion of a parapet led to a comparative net reduction of the
overtopping discharge, and the result was successfully modelled by a Weibull piecewise function.
This expression reported that the overtopping reduction produced by the parapet became very
noticeable in the intermediate relative freeboard regime, for values of Rc/H > 0.5.

The nondimensionalised mean flow thickness was calculated at the centre of the crest
of the structure by indicating a direct relationship with the overtopping discharge. This flow
thickness parameter was reduced in relation to the reference cylinder without a parapet
when comparing the same relative freeboard cases. A direct relationship between the
nondimensionalised mean flow thickness and the relative overtopping rate was determined,
showing a good alternative of indirect estimation of the overtopping discharge without
needing a complex quantification of overtopped volume in real full scale structures.
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Among the different geometric options, the selection of greater parapet extension Br
in comparison with the parapet height hr seemed to produce a slightly higher performance
in overtopping reduction. However, this difference did not prove a meaningful distinction
considering the statistical dispersion of the results, and a unique formulation was attributed
to the group of parapets considered in this study.

This study may be considered the basis for future characterisation of the overtopping
phenomenon in a more complex environment where cylindrical components used in
floating offshore structures are exposed to extreme waves and, as a consequence, moving
with the six degrees of freedom but constrained by the mooring system at the same time.
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