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T he most violent breaking waves cause the largest
platform forces at sea, however it is unknown which
wave in a sea state leads to these forces if run-up

is included. Offshore inspection platforms give access to
wind turbine monopiles. They are positioned above mean
sea level. Wave interaction with monopiles leading to run-
up causes vertical impact forces on inspection platforms.
Predicting the vertical impact is challenging. The objec-
tive of this article is to find the wave in a sea state that
causes the largest vertical impact force on a horizontal
platform. It is hypothesized that breaking waves will cause
the largest vertical forces. Detailed numerical OpenFOAM
Volume-of-Fluid simulations are performed to investigate
wave breaking interaction with structures. long-crested
wave propagation was considered in 2D with a schema-
tized inspection platform, composed of a horizontal deck
and a vertical wall above mean sea level – the minimum re-
quirements to still cause wave run-up and a vertical impact.
This simplified numerical setup results in high resolution
particle velocities that we require for further investigation
with the kinematic breaking criterion. A potential flow
solver, OceanWave3D, was used to generate a three-hour
sea state representative of North Sea conditions. From
the sea state, 17 waves were selected based on the kine-
matic breaking criterion and their surface elevation. The
selected waves were fed into an OpenFOAM domain with
and without structure to determine their breaking index,
particle velocities and forces on the structure. This is the
first study to use the breaking index as a screening param-
eter for critical wave selection. The three waves causing
the largest forces on the structure were simulated again
with the structure present at various horizontal positions
relative to the point of wave overturning. The wave with
the highest surface elevation and the highest breaking in-
dex overturning one third of the peak wave length before
the inspection platform caused the largest vertical forces.
This is due to the strong relation between impacts loads
and the free surface particle velocity

1 Introduction

It is estimated that there will be a total number of 30, 000
wind turbines installed by 2030 globally (Gourvenec and Sykes,
2021). This prediction is a positive development for the off-
shore wind business and the global need for green energy. How-
ever, the knowledge about wave interaction with monopiles is

still incomplete as reported damage to inspection platforms
demonstrates that the predicted impact forces were exceeded,
see Figure 1 (Damsgaard, Gravesen, and Andersen, 2007).

Figure 1: Wave run-up at Horns Reef (Damsgaard, Gravesen,
and Andersen, 2007)

Estimated source of problem due to breaking waves
Monopiles are mostly located in intermediate water depths.

Therefore, depth-induced wave breaking may occur due to
the specific bathymetry (Aggarwal et al., 2020). From litera-
ture (Tang et al., 2020), it is known that breaking waves have
larger hydrodynamic loads compared to non-breaking waves .
Based on these references, it is hypothesized that the largest
hydrodynamic loads are caused by breaking waves.

Waves breaking is caused due to focusing and bathymetry
Wave breaking in literature is discussed in relation to depth-

induced breaking and wave focusing. Depth-induced breaking
in irregular waves is too complex to capture by means of simple
geometric properties (Aggarwal et al., 2020). Wave breaking
might occur in irregular waves due to the effect of focusing.
Focusing can occur when two wave groups cross each other
at specific angles and produce a vertical upward jet McAllister
et al., 2018. Crossing wave groups could be the mechanism
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behind the Draupner freak wave event, which inflicted damage
to the Draupner platform. Less nonlinear is the energy transfer
and subsequent breaking during unidirectional focusing when
wave components are created in such a way that they are in
phase at a specific location. This is described in more detail in
Bos and Wellens, 2021, presenting a method that uses discrete
wave packets of different frequency to create a focused break-
ing wave. Alberello and Iafrati, 2019 found that simulations
underpredict the velocity close to the wave crest compared to
measurements. Higher resolutions seem necessary in order to
capture the most relevant details of the flow.
Explanation need for new kinematic breaking criterion
Monopiles are subject to irregular waves. Wave breaking

in irregular waves can best be described with a unified break-
ing criterion. The kinematic breaking criterion states that if
the horizontal particle speed is at 85% of the wave speed, the
wave will surely break (Barthelemy et al., 2018). Derakhti,
Banner, and Kirby, 2018 further investigated the kinematic
breaking criterion and found that the breaking strength can
be quantified by taking the time derivative of the kinematic
breaking criterion. Craciunescu and Christou, 2020 later dis-
cussed that their results where in good agreement with the
breaking strength definition according to Barthelemy et al.,
2018. Craciunescu and Christou, 2020 also found that focused
breaking waves lose less than 20% of their energy during break-
ing. The kinematic breaking criterion was investigated further
by Varing et al., 2021, contributing that the vector norm of the
particle velocity leads to better results compared to using only
the horizontal component of the particle velocity at the free
surface.
Relation monopile inline forces and wave breaking
As the wave breaks, it first hits the monopile before reaching

the inspection platform. While the knowledge of vertical wave
impact forces on inspection platforms is incomplete (Bredmose
and Jacobsen, 2011), the knowledge of inline wave forces
on monopiles is also not entirely understood. Paulsen et al.,
2019 were not able to formulate an all-encompassing relation
between surface elevation and inline forces; in defining the
slamming coefficient they found that waves with smaller wave
height may lead to larger forces than waves with larger wave
height. In Tai et al., 2019 for monopiles and Bos and Wellens,
2021 for a horizontal cylinder that was free to move, it was
found that there is a significant difference in monopile inline
forces in breaking waves for different relative structure posi-
tions compared to the point of wave overturning.
Monopile impacts leading to wave run-up
Wave interaction with monopiles on many occasion leads to

wave run-up. PENG, Wellens, and Raaijmakers, 2012, did a
study on the comparison between a CFD model and the results
of Damsgaard, Gravesen, and Andersen, 2007 and found that
wave run-up is strongly dependant on the wave nonlinearity.
Ramirez et al., 2013 improved the formulations of Damsgaard,
Gravesen, and Andersen, 2007 and observed that there was no
significant difference for model tests at different scale. Garborg
et al., 2019 performed a meta-analysis of the existing literature
and confirmed that steep nonlinear waves produce the highest
run-up. A recent publication, Grue and Osyka, 2021, found
that the highest run-up was achieved when the wave breaks
violently just behind the monopile. One of the latest devel-
opments in monopile foundation structures is the composite
bucket foundation (CBF). However, this structure lead to larger
run-up compared to standard monopile foundations structures.

This may be due to the arc transition piece which retains the
water particle kinetic energy Zhang, Yu, and Zhao, 2022.

Literature platform impacts due to run-up is lacking
Literature exists on platform loads due to run-up, but the

exact relationships between wave breaking kinematics and im-
pact loads is unknown. Experimental investigation of irregular
wave interaction with a monopile and inspection platform was
done by Andersen, Lykke, and Brorsen, 2007. They observed
that irregular and potentially breaking waves caused more
slamming compared to regular waves. Damsgaard, Gravesen,
and Andersen, 2007 discovered that loads on a horizontal plat-
form were twice as high compared to a conical platform with
a bottom slope of 45 degrees. Additionally they concluded
that the loads on a porous platform were up to 70% smaller
compared to closed platforms. Large scale model tests of im-
pact forces in irregular waves are described in Andersen et al.,
2011. The associated loads were highly sensitive to the de-
tailed wave breaking kinematics. A numerical investigation
of wave interaction with a monopile and an inspection plat-
form was performed by Bredmose and Jacobsen, 2011. It was
found that the lowest platform elevation resulted in the highest
forces. They also mentioned that the point of wave overturning
was influenced by the grid resolution. Almeida and Hofland,
2021 did an analysis on standing wave impacts on a vertical hy-
draulic structures with overhangs. They observed that irregular
wave impacts had a large range of different time dependent
load curves. The setup used by Almeida and Hofland, 2021 is
similar to a setup with the cross-section of a monopile with an
inspection platform. The amount of reflection for walls with
overhangs, however, would be unrealistic for monopiles.

Up to date platform literature exists without monopile
There is recent literature on the interaction between extreme

waves and structures above the mean waterline, but these
neglect the run-up on the monopile. Stansberg, 2020 and
Bunnik, Scharnke, and Ridder, 2019 both concluded that the
wave growth rate dη/dtwas a reasonable approach for sea state
screening of wave-in-deck slamming loads for a fixed structure.
Moideen et al., 2020 and Filip, Xu, and Maki, 2020 both left
out the structure beneath the offshore platform and considered
wave interaction with the platform in 2D. Filip, Xu, and Maki,
2020 again found that the force on the platform is related to the
wave steepness. Moideen et al., 2020 observed that breaking
waves lead to vertical forces two times larger than non-breaking
waves. With the freely suspended horizontal cylinder in Bos
and Wellens, 2021 it was found that an aerated wave impact
after breaking lead to more energy transfer compared to a
flip-through impact.

Problem analysis
The largest force on a platform without foundation structure

is caused by plunging breaking waves Moideen et al., 2020,
while the largest run-up is achieved if the wave breaks violently
behind the monopile Grue and Osyka, 2021. However, the
existing literature is inconclusive about which wave in a sea
state leads to the largest hydrodynamic load on an offshore
inspection platform.

Objective research
This research tries to find the mechanism behind vertical

wave loads on inspection platforms during wave interaction
with a single wave in long-crested wave propagation. The
effects of wave crossing and wave reflection are left out by care-
fully designing the platform undergoing the load. The focus of
the research is on the relation between wave parameters and
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the inspection platform loads, leading to the objective which
is to select the wave from a sea state that leads to the largest
vertical wave load on a inspection platform. When formulated
as a research question, it reads:

Which wave from a sea state leads to the largest hydrodynamic
loads on a monopile inspection platform?

The research question has two main aspects, which, when
formulated as sub-questions, are:

• Which waves lead to the largest hydrodynamic loads?
• How does the position of the structure, with respect to a

representative location in the breaking wave, influence
the hydrodynamic loads?

Theoretical approach and it’s novelties
We choose to adopt a numerical approach so that it is pos-

sible to obtain high-resolution kinematic data together with
the details of the free surface at every horizontal position. The
waves are considered to be long-crested and the numerical
domain is chosen to be two-dimensional (2D). Commonly used
wave parameters such as wave height and wave steepness are
used to select waves, but also the updated breaking criterion
presented in Varing et al., 2021 is investigated. For the investi-
gation a new method for calculating the global crest speed in
irregular waves is developed. Our study is the first to consider
breaking index and breaking strength (Derakhti, Banner, and
Kirby, 2018) as a screening method to find the waves in a sea
state that lead to the largest hydrodynamic force on a structure.
In order to focus on the parts of monopile and inspection plat-
form that induce the essential mechanisms leading to a vertical
load on the platform, the structure is modelled as an inverted
L as such:

L

and positioned at various locations with respect to
the incipient point of breaking, where the wave starts to over-
turn. The effects of air compression, friction and turbulence
are neglected as they are a matter of further research. Hence
the investigation is done numerically.
Reading guide
section 2 describes the numerical setup of this research with

a potential flow solver for wave propagation that feeds time
signals with the kinematics of the selected wave to the Volume-
of-Fluid (VOF) solver. A new method for determining single
wave breaking events and a method for calculating the global
wave crest speed is described in section 3. Results of wave
propagation in both the potential flow solver and the VOF
solver are shown in section 4. The relation between wave
parameters and hydrodynamic loading on offshore platforms is
elaborated upon in section 5, after which the main conclusions
are summarized in section 6.

2 Numerical approach

The problem of wave interaction with the offshore inspection
platform is solved numerically. The numerical domain con-
sists of a fully nonlinear potential flow solver coupled with a
fully nonlinear Navier–Stokes volume of incompressible fluid
method. The outer domain is modeled with OceanWave3D
(Engsig-Karup, Bingham, and Lindberg, 2009), the inner do-
main is modeled with OpenFOAM (Jacobsen, Fuhrman, and
Fredsøe, 2012). The coupling method used between the two
models is described in Paulsen, Bredmose, and Bingham, 2014.

A sketch of the numerical domain including the 2D representa-
tion of the structure,

L

is seen in Figure 2.

2.1 Governing equations Potential flow solver

The wave propagation simulations in OceanWave3D are done
in 2D with irrotational and incompressible flow. The velocity
potential relates to the fluid velocities in the following way

u = ∇ · ϕ, (1)

with ϕ being the velocity potential, the velocity vector u and
the and the nabla operator, ∇ relate to the horizontal and
vertical fluid velocities the following way

u = (ux, uz) , (2)

∇ =

(
∂

∂x
,
∂

∂z

)
. (3)

This leads to the kinematic free surface condition (Paulsen,
Bredmose, and Bingham, 2014), which is stated as

∂η

∂t
= −∂η

∂x

∂ϕ̃

∂x
+
∂ϕ̃

∂z

(
1 +

(
∂η

∂x

)2
)
, (4)

with η the free surface elevation and t the time. The velocity
potential at the free surface is described with

ϕ̃ = ϕ|z=η . (5)

The dynamic free surface condition reads (Paulsen, Bredmose,
and Bingham, 2014)

∂ϕ̃

∂t
= −gη − 1

2

(∂ϕ̃
∂x

)2

−

(
∂ϕ̃

∂z

)2(
1 +

(
∂η

∂x

)2
) , (6)

with g the acceleration of gravity. The bathymetry has a no
penetration boundary condition.

Problems with mathematical description
As the wave approaches it’s overturning point, the wave front

becomes steeper. This means the local wave steepness, ( dη
dx)

approaches negative infinity prior to the point of overturning.
This generates an infinite surface elevation growth rate

(
dη
dt

)
.

Mathematically this is formulated as

lim
dη
dx→−∞

dη

dt

(
dη

dx

)
= ∞∂ϕ̃

∂x
+∞2 ∂ϕ̃

∂z
. (7)

Description breaking filter for continuous computations
OceanWave3D uses a filter to assure that surface elevation

growth rate values do not approach infinity. If the following
condition is met ∂w

∂t < −γg, a compact spatial Savitzky–Golay
filter is applied for local energy removal, with γ ∈ [0.5; 1] being
a user defined parameter. This filter is not accurate for wave
overturning, but it guarantees continuous computation beyond
a breaking event (Paulsen, Bredmose, and Bingham, 2014).

2.2 Governing equations VOF solver

OceanWave3D is coupled with an in inner domain which is able
to simulate wave breaking. This inner domain is setup with
the Wave2Foam OpenFOAM volume-of-Fluid solver toolbox
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Figure 2: Sketch numerical wave tank

(Jacobsen, Fuhrman, and Fredsøe, 2012). The fluid is mod-
eled as an incompressible two-phase flow with the respective
conservation of mass equation.

∇ · u = 0. (8)

OpenFOAM makes no distinction between 2D and 3D simula-
tions. Therefore the velocity components u and the ∇ operator
are stated as (Jacobsen, Fuhrman, and Fredsøe, 2012)

u = (ux, uy, uz) , (9)

∇ =

(
∂

∂x
,
∂

∂y
,
∂

∂z

)
. (10)

Since this setup is done in 2D, the results in y-direction are
neglected. The conservation of momentum equation states

∂ρu
∂t

+∇ · (ρu)uT = ∇p∗ − (g · x)∇ρ, (11)

u and x are the fluid velocity and position vectors, while ρ
stands for the fluid density. In Equation 11 it is seen that
the physical viscosity is neglected, therefore only numerical
viscosity is present. The modified pressure, p∗ is defined as

p∗ = p− ρg · x, (12)

Here, p is the total pressure. The local fluid density ρ is defined
by the scalar water volume fraction α, which has the following
relation with the local volume density

ρ = αρw + ρa(1− α). (13)

The subscripts w and a stand for water and air. After solving
for the velocity field, α is computed from

∂α

∂t
+∇ · uα+∇ · urα(1− α) = 0. (14)

The relative compression term ur is used on the free surface
to remove nonphysical values. A more detailed explanation of
the governing equations is given in Jacobsen, Fuhrman, and
Fredsøe, 2012.

2.3 Boundary conditions

The two solvers are coupled at two different locations. There
is coupling at the inlet and at the outlet zone. This implies that
both coupling zones in OpenFOAM have a target wave that

comes from the simulations in OceanWave3D. Within the cou-
pling zones the free surface elevation and the particle velocities
are relaxed for each time step with the following equations

η(x, t) = ξ(σ)ηtarget(x, t) + (1− ξ(σ))η(x, t)computed,

u(x, t) = ξ(σ)utarget(x, t) + (1ξ(σ))u(x, t)computed,
(15)

preventing reflection of structure-induced disturbances at do-
main walls. The relaxation factor ξ(σ) is defined as

ξ(σ) = 1− exp(σ3.5 − 1)

exp(1)− 1
, σ [0, 1] , (16)

with σ the normalized horizontal coordinate along the coupling
zone. The value is zero at the location of the inlet and outlet,
while the value is one at the boundary between the coupling
zones and the inner OpenFoam domain. A representation of
the coupling zones is seen in Figure 2.

Boundary conditions Oceanwave3D
The OceanWave3D boundary conditions are setup with a

wave generation zone and a relaxation zones (Engsig-Karup,
Bingham, and Lindberg, 2009). The wave generation zone pro-
duces a sea state based on a chosen JONSWAP spectrum. Due
to the bathymetry of the setup, waves reflected towards the
wave generation zone are removed by the relaxation technique
(Paulsen, Bredmose, and Bingham, 2014). Wave reflection due
to the finite length of the domain is removed with a relaxation
zone at the end of the domain. To guarantee effective simula-
tions, the wave generation and relaxation zone demand a range
longer than one peak wave length. The zones are depicted in
Figure 2.

Boundary conditions OpenFOAM
The inner OpenFoam boundary conditions have a simplified

setup to guarantee a short simulation duration. The boundary
conditions for the bathymetry and the structure are set at a slip
and no penetration boundary condition, as friction is neglected
in this study. The pressures for the bottom, inlet and outlet have
a zero-gradient boundary condition while the top of the domain
has an atmospheric pressure. Since there is no friction with
the sea wall and turbulence is turned off, the fluids particles
only endure numerical energy dissipation. This leads to larger
velocities at the sea wall compared to physical experiments,
these effects are a matter of further research.
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Figure 3: Critical wave moments in time

3 State of the art wave breaking for-
mulations

A wave has three critical moments in time: Breaking onset
(Barthelemy et al., 2018), the incipient point and the impinge-
ment point (Ma et al., 2020). The breaking onset is defined
as the point of no return, after which breaking is inevitable
(Barthelemy et al., 2018); the incipient point is defined as
the point where wave overturning starts and where the wave
front is vertical (Ma et al., 2020); the impingement point is
defined as the location where the wave crest hits the water sur-
face. These critical moments are quantified with the kinematic
breaking criterion B as stated in Barthelemy et al., 2018 and
improved by Varing et al., 2021. Varing et al., 2021 define the
kinematic breaking criterion as

B =
||u||m
Cx

. (17)

Here, ||um|| is defined as the maximum occurring free surface
particle velocity magnitude,

||u||m = max
(√

u2x + u2y

)
. (18)

The symbols ux and uy stand for the horizontal and vertical
free surface velocity. The wave speed, Cx is described with the
linear dispersion relation

Cx =

√
g · tanh(k · h(x))

k
. (19)

The water depth h(x) depends on the bathymetry and the wave
number k. The wave number k relates to the wave speed as
follows

k =
ω

Cx
, (20)

in which ω is the angular wave frequency. The breaking onset is
quantified with B being equal to 0.85 (Barthelemy et al., 2018);
the incipient point is reached when the kinematic breaking
criterion is close to one (Varing et al., 2021); the impingement
point (Ma et al., 2020) has a kinematic breaking criterion
greater than one, as the particles have overtaken the wave. An
overview of these critical moments is shown in Figure 3.
Reading guide
Derakhti, Banner, and Kirby, 2018 discovered a relation be-

tween the kinematic breaking criterion and the wave breaking
strength. This phenomena is described in subsection 3.1. Sub-
section 3.2 and subsection 3.3 describe the application of the
theory on the results of the numerical methods.

3.1 Breaking index and breaking strength

Breaking index formulation

Derakhti, Banner, and Kirby, 2018 observed a relation be-
tween the time derivative of the kinematic breaking criterion
and the level to which a wave undergoes plunging breaking.
The non-dimensional level of wave breaking is abbreviated to
’breaking index’ and reads

Γwave = T · dB
dt
, (21)

with T being the wave period. This research further enhances
the method by inserting Equation 17 into Equation 17, as
Derakhti, Banner, and Kirby, 2018 used the horizontal particle
velocity instead of the magnitude.

Breaking acceleration formulation
The breaking index not intuitive, and is better understood

if it’s dimensional form is multiplied by the wave speed. This
results in a formulation of breaking acceleration

Cx
∂B

∂t
=
d||u||m
dt

−B
dCx

dt
. (22)

Equation 22 implies that the water particle acceleration minus
the wave acceleration times the kinematic breaking criterion
is equal to the breaking acceleration. Thus if water particles
accelerate and the wave crest decelerates, the wave experi-
ences positive wave breaking acceleration. The exact relation
between wave loads on structures and wave breaking accelera-
tion is a matter of further research.

Breaking strength as defined in literature
Derakhti, Banner, and Kirby, 2018 found a relation between

the breaking strength (ϵ) and the breaking index evaluated at
Bx = 0.85. The breaking strength, or wave energy dissipation
rate per unit area of wave, was defined in Duncan, 1983 as

ϵ = b · ρC
5
x

g
. (23)

Here, ρ equals the fluid density, g the gravitational acceleration,
Cx the crest speed, and b a dimensionless constant, also known
as the breaking strength parameter. Derakhti, Banner, and
Kirby, 2018 found the following empirical relation for b

b = 0.034 (Γwave − 0.3)
2.5
. (24)

Aminimum breaking index of 0.3 is needed for this formulation.
Otherwise ϵ and Γwave are not related.

3.2 Wave breaking OceanWave3D

Defining new breaking onset criterion Oceanwave3D
Equation 17 requires the wave crest speed for breaking onset

determination,. This is challenging in a sea state, as different
wave components have different velocities. Therefore a local
wave speed is determined in OceanWave3D with a local wave
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number. This is done with a partial Hilbert transform (Kurnia
and Groesen, 2014)

H(η) =
−1

π
lim
τ→0

∫ ∞

τ

η(x+ x′)− η(x− x′)

x′
dx′, (25)

with η the surface elevation. The spatial Hilbert transform is
taken with respect to x for each time step. By definition the
Hilbert transforms makes a phase angle shift of 90 degrees
compared to the original data. Therefore the following relation
is derived with the Hilbert transform (Kurnia and Groesen,
2014)

tan(ω) =
H(η)

η
. (26)

This makes the angular wave frequency ω solely dependent
on the surface elevation η and therefore independent of time,
leading to the rewritten spatial derivative relation

∂ω

ωx
=

cosω2

η2

(
η
∂H(η)

∂x
−H(η)

∂η

∂x

)
. (27)

The relation for the local wave number and the cosine function
of the angular frequency squared are defined as followes

k =
∂ω

∂x
, (28)

cosω2 = η2/(η2 +H2(η)). (29)

By inserting these two relations into Equation 27, the following
equation is derived for the local wave number that exclusively
depends on η

k =
1

η2 +H2(η)

(
η
∂H(η)

∂x
−H(η)

∂η

∂x

)
. (30)

Equation 30 leads to local wave numbers being defined over the
full spatial domain. By inserting Equation 30 into Equation 19,
the wave speed is determined for each x coordinate.

Errors and limitations local wave speed
Due to the nature of the Hilbert transform some values for

Cx become infinite. These values need to be filtered for the
breaking onset determination. Generally this is seen at wave
troughs, therefore these values have little influence on the
breaking estimation.
Calculation breaking onset Oceanwave3D
OceanWave3D generates a free surface velocity potential and

a surface elevation for each time step and x-coordinate. The
horizontal particle velocity is determined by taking the partial
derivative of ϕ̃ in x. The growth rate dη/dt is determined by
taking the time derivative of the surface elevation. The vertical
free surface particle velocity is determined with Equation 5.
With the horizontal and vertical components known, the break-
ing onset is determined with the local wave speed as stated in
Equation 17.

Determination Breaking events and breaking index

From OceanWave3D all breaking onset events are determined
in the total space and time domain. Since in OceanWave3D
wave overturning is approximated Equation 7, a filter is applied
to ensure robustness (Paulsen, Bredmose, and Bingham, 2014).
This raises questions about the accuracy of results after a break-
ing event. Therefore, a second filter is placed on the results to

determine a single wave breaking event. Below, a description
of a breaking onset event is provided, followed by a description
of a single wave breaking event and its corresponding breaking
index.

Determination breaking event
A wave breaking event is defined by the coordinates xa and

ta where Equation 17 holds true,

B(x, t) > 0.85 at

{
x = xa

t = ta.
(31)

The value xa is defined as the spatial coordinate of the breaking
event and ta is defined as the time coordinate of the breaking
event.

Figure 4: Breaking event oceanwave3D

Figure 4 shows η, B and max(B) for four time steps, η and
B at the first time step correspond to the leftmost blue dot for
max(B). The surface elevation and breaking criterion data for
the fourth time step correspond to the rightmost blue dot. In
Figure 4 it is seen that time step one has no breaking events
over its x domain. The wave at the second time step has one
break event at the blue coordinate. The waves at the third
and fourth time step have multiple break events as the blue
coordinate only depicts its maximum value.

Determination single Breaking event
A single wave breaking event is here defined as a breaking

event without the influence of a previous breaking event for
a chosen time and space interval. The following conditions
determine a single wave breaking event

B(x, t) < 0.85 at

{
xb < x < xa

tb < t < ta.
(32)

Equation 32 depends on two user defined parameters xb and tb.
Parameter xb is estimated with the corresponding local wave
speed,

xb = xa − Ca · (ta − tb), (33)

with Ca being the wave speed at position xa. This leads to a
simplified single wave breaking event condition with one user
defined parameter ta

B(x, t) < 0.85 at

{
xa − Ca · (ta − tb) < x < xa

tb < t < ta.
(34)
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Using tb = dt · 8 was found to give good results, with dt being
the OceanWave3D time step and dx the OceanWave3D cell size.
This is a modeling choice and the influence of the breaking
filter as described in Paulsen, Bredmose, and Bingham, 2014
is a matter of further research.

Figure 5: Sketch working mechanism algorithm break events

Figure 5 is a visual representation of Equation 34 in time and
space. The coordinates in surface B must satisfy Equation 34.
Only then the breaking at xa can be interpreted as a single
wave breaking event according to Equation 31. The second
blue dot in Figure 4 depicts a single wave breaking event.
Calculation Breaking index in Oceanwave3D
The breaking index is calculated by taking a linear fit of the

maximum occurring B values at each time step. The breaking
index is determined with the interpolation range 0.85 < B < 1.
In Figure 4 the second blue dot from the left correspond to a
value just above 0.85 and the fourth dot corresponds to a value
just above 1. Therefore the dimensional breaking index dB/dt
in Figure 4, is calculated by determining the slope between
the second and third blue dot in time.

3.3 Wave breaking OpenFoam

Stansell and Macfarlane, 2019 defined three different defi-
nitions of wave speed: (i) linear wave theory, (ii) a Hilbert
transform and (iii), the speed of a wave crest, all these meth-
ods were inconvenient for this setup, therefore a new method
is presented (vi), ’the virtual incipient point wave speed’, which
is a modification of method (iii). The linear wave theory is
not applicable for an irregular wave field. Therefore a Hilbert
transform is used to define a local wave speed for non-breaking
irregular waves (subsection 3.2).
Local wave speed method is not usable in OpenFOAM
A Hilbert transform is a type of Fourier transform and conse-

quently needs evenly distributed coordinates. Since the free
surface elevation and particle velocities are extracted with an
isosurface at a volume fraction ratio of α = 0.75, there are
unevenly distributed coordinates. After and at the incipient
point, the surface elevation, η has multi-valued x-coordinates.
Hence interpolating the surface elevation for evenly distributed
coordinates will results in data loss. Therefore determining a
Hilbert transform for near-breaking and overturning waves is
in this case impossible.
Wave crest tracing is difficult for irregular waves
The method of wave crest tracing was unsuitable as well. The

irregular wave field caused locally varying surface elevation
peaks at the wave crest. Determining the wave speed by taking
the time derivative of the horizontal distance of the highest

surface elevation peaks did not lead to the global wave speed.
A method is presented for wave speed determination based
on the isosurface generated surface elevation. The method
performs three actions: (i) the sorting of the surface elevation,
(ii) the incipient point determination and (iii), the wave speed
determination based on on a virtual incipient point.

Explanation on first step algorithm: sorting
The first step of the algorithm sorts the surface elevation,

eta based on a nearest neighbour algorithm with the velocity
components indexed correctly. OpenFOAM sorts the isosurface
generated surface elevation coordinates beforehand in positive
x direction. This results in sorted surface elevation values
based on their horizontal coordinate. At wave overturning the
surface elevation is a multi valued function of the horizontal
position. Hence at wave overturning OpenFOAM does not sort
the surface elevation correctly. An algorithm is written which
sorts the surface elevation, η for the following condition

|η(i) − η(i−1)| > 0.05m, (35)

with 0.05m a tuning parameter. This results in the sorting pro-
cess working solely on places of wave overturning, air bubbles
or water droplets. The nearest neighbour algorithm sorts the
data based on the following condition

min

(√(
x(i) − x(i−1)

)2
+
(
η(i) − η(i−1)

)2)
, (36)

with x and η the horizontal and vertical coordinates of the
isosurface. Air bubbles and water droplets are removed in the
sorting process.

Explanation on second step algorithm: incipient point
The second step of the algorithm determines the incipient

point coordinate (xinc, zinc) with

zinc = η(x) at dη
dx

> 5, (37)

with dη/dx the local wave steepness and 5 a tuning parameter.
In Figure 6 the incipient point is depicted as the green dot.

Figure 6: local wave steepness

Explanation on third step algorithm: wave speed
The third step in the algorithm determines the wave speed

with the proposed virtual incipient point xvinc

C(n)
x =

x
(n)
vinc − x

(n−1)
vinc

dt(n)
, (38)
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C
(n)
x and x(n)vinc stand for the global wave speed and horizontal

virtual incipient point coordinate at the current time. The
parameter x(n−1)

vinc stands for the virtual incipient point at a
previous time. The initial condition is known due to step two
of the algorithm and is stated as x(0)vinc = xinc. The virtual
incipient point prior in time x(n−1) is calculated with

x
(n−1)
vinc = max

(
η(n−1)(x) ∩ zinc

)
,
{
x < x

(n)
vinc

}
. (39)

Equation 39 describes that the maximum horizontal intersec-
tion value is taken for the crossing between the surface eleva-
tion (η(n−1)(x)) at time t(n−1) and the vertical incipient point
height (zinc), provided that the horizontal intersection value
x
(n−1)
vinc at time t(n−1), is lower than the current the horizontal

coordinate x(n)vinc at the current time t(n). The Virtual incipi-
ent points are linearly interpolated from an upper and lower
nearest data point. With the horizontal coordinate known, the
wave speed is calculated by inserting Equation 39 into Equa-
tion 38. In Figure 7 the method is visualized with the free
surface contour at different times. The green dots correspond
to the virtual incipient points at each time interval.

Figure 7: Data points needed for calculating breaking criterion

Particle speed determination
The particle velocities are taken at the positions of an isosur-

face interpolated at α = 0.75 as it gave the least velocity data
noise. In Figure 7 the dashed line stands for the magnitude
of the particle velocities while the red dots corresponds to its
maximum values.
Determination Breaking index
A visualization of the kinematic breaking criterion and break-

ing index are shown in Figure 8, with the green dots the global
wave speed as depicted in Figure 7, the red dots the maximum
particle velocities as depicted in Figure 7, the blue dots are
the kinematic breaking criterion values as determined in Equa-
tion 17. The breaking index dB/dt is determined by taking a
linear-fit of the time derivative of B, for a range between B>0.9
and the incipient point. This is depicted as the black line in
Equation 17.
Explanation on verification breaking method
Varing et al., 2021 observed a point of wave overturning at

a value of B = 1.05. They considered ||u||m/c ≈ 1 a robust
estimator for wave overturning for both solitary and quasi-
regular breaking waves in shallow water conditions. The newly
presented method is verified in section 4.

Figure 8: Breaking index as a function of time

4 Results undisturbed waves

After wave simulation in OceanWave3D, the simulation is re-
done in OpenFOAM without structure. This section describes
the results from the undisturbed wave analysis in Ocean-
Wave3D and OpenFOAM and their differences. The breaking
onset, incipient point and the moment prior to impingement
are seen in Figure 9 at 2.9s, 4.5s and 6.1s.
Environmental conditions OCW3D
OceanWave3D has a numerical domain with a length of

1000m. In the wave generation zone the water depth is 38m.
In the relaxation zone the water depth is 30m. Between the
locations 400m and 600m the water depth decreases with a
ratio of 1 : 21. A visualization is shown in Figure 2. Ocean-
Wave3D distributed its cells over the varying water depth. A
total of 15 cells are chosen in vertical direction with more cells
distributed at the free surface. The horizontal cells have a
spacing of 1m. The time step in Oceanwave3D is set at 0.1s.
The wave generation zone and relaxation zones have a length
200m. A 3-hour-design-storm is simulated with a significant
wave height of 10m and a peak period of 10s (λp = 145m).
These parameters correspond to a 100-year storm, see Fig-
ure 10.

Grid specification VOF method
The OpenFOAM domain has a length of 300m. The inlet is

located at 100m before breaking onset as calculated in Ocean-
Wave3D. The inlet coupling zone is 50m and the outlet coupling
zone is 30m Figure 2. The cells in OpenFoam have a cell size of
0.2m in x and z direction. The top 25% cells in the air phase and
the bottom 12.5% cells are stretched in z-direction to reduce
the number of cells. The middle of the domain near the free
surface consists of square cells. The OpenFOAM bathymetry
is made using the ’edges’ command in the ’blockMesh’ file to
create an even cell size distribution. The time step is based
on the Courant number and the output has a time interval
equivalent to the OceanWave3D time step (0.1s).

4.1 Results Oceanwave3D

The approach (subsection 3.2) has detected a total of 343 break-
ing events occurring between 340m and 640m, for waves with
a minimum surface elevation of 5.5m. The waves are selected
for future analysis based on their maximum surface elevation
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Figure 9: OceanWave3D and OpenFOAM free surface simulation Wave A

Figure 10: Environmental contour lines for the northern North
Sea, including an indication of critical wave impact area
(dashed pink) taken from Stansberg, 2020

and their breaking index. An overview of the selected waves
is shown in Table 1, with letters further in the alphabet cor-
responding to increasingly smaller surface elevations. From
Table 1 it is seen that breaking occurs independently of bottom
geometry due to the effects of wave focusing (Bos and Wellens,
2021). This further emphasises the importance of the kine-
matic breaking criterion (Barthelemy et al., 2018). Additionally
it is seen that the breaking index (Γwave) is unrelated to the
maximum surface elevation (η) at breaking onset (B = 0.85).
There is a slight correlation between the wave particle velocity
and the maximum surface elevation at the moment of breaking
onset - higher waves typically have higher particle velocities.

4.2 Results OpenFOAM

The OpenFoam results are divided into three subsets: (i) the
relation between breaking onset and wave overturning, (ii) the
relation between the breaking index and maximum occurring
particle velocities and (iii) a clarification for the high particle
velocities after breaking, for the wave with the highest particle
velocities. From Table 2 the method of breaking identification
in section 3 is verified, as the division of |u|m with Cx at the
incipient point leads to a mean breaking criterion of 1.066 with
a RMS error of 10.63%. Varing et al., 2021 found a value of 1.05

Table 1: Oceanwave3D data at B = 0.85

Wave x η Cx ||u||m dB/dt Γwave

(m) (m) (m/s) (m/s) (1/s) (-)

A 582,16 10,29 11,15 9,55 0,11 0,83

B1 372,75 9,57 10,02 8,76 0,12 0,80
B2 470,94 9,36 10,37 8,90 0,12 0,80
B3 512,02 9,26 10,24 8,76 0,05 0,32

C1 600,00 8,89 10,19 8,74 0,01 0,30
C2 441,88 8,65 10,06 8,66 0,24 1,52
C3 353,71 8,64 9,60 8,38 0,58 3,60
C4 364,73 8,25 9,72 8,27 0,49 3,03
C5 348,70 8,09 9,24 7,99 0,33 1,96

D1 397,80 7,71 8,65 7,61 0,35 1,96
D2 549,10 7,43 8,81 7,79 0,53 2,99
D3 522,04 7,41 9,68 8,59 0,54 3,35
D4 455,91 7,06 8,79 7,71 0,52 2,94
D5 501,00 7,03 9,17 7,84 0,61 3,60

E 458,92 6,45 6,45 5,82 0,49 2,87

F1 372,75 5,97 8,21 7,21 0,58 3,07
F2 477,96 5,72 7,95 7,06 0,62 3,16

for solitary breakers with a RMS error of 3.2%. This difference
may be due to the time step of 0.1s, the tuning parameter in
Equation 37 or the nature of irregular waves. This is a matter
of further research.

Relation Breaking onset and incipient point

Table 2 shows significant differences between breaking onset
and the incipient point. The breaking onset has a different loca-
tion compared to the incipient point, there is a slight increase
in surface elevation at the incipient point, there is a mean de-
crease in wave speed at the incipient point, while there is an
increase in free surface particle velocity.

Difference in location breaking onset and incipient point
A relation for the location of breaking onset and the incipient

point is investigated from the presented data in Table 2. The
relation is shown in Figure 11. In Figure 11 a weak relation
is seen between the location of the incipient point and the
maximum surface elevation at breaking onset. There seems
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Table 2: OpenFoam undisturbed wave Results

Breaking onset Breaking index Incipient point max velocity
Wave x η Cx ||u||m dB/dt Γwave x η Cx ||u||m ||u||m ||u||ndm

(m) (m) (m/s) (m/s) (1/s) (-) (m) (m) (m/s) (m/s) (m/s) (-)

A 587.49 10.19 14.41 12.33 1.20 13.63 621.16 10.38 11.78 16.52 30.06 2.55
B1 382.64 9.34 14.74 9.34 0.85 8.70 385.27 9.39 12.69 13.03 25.56 2.01
B2 476.50 8.99 14.21 8.99 0.14 1.37 494.09 9.13 14.77 14.51 17.17 1.16
B3 461.00 9.60 9.88 9.94 0.12 0.73 485.00 9.20 14.22 14.43 19.78 1.39

C1 600.62 8.17 13.83 11.86 0.40 4.09 620.56 8.66 12.19 13.81 23.71 1.95
C2 443.11 8.00 13.08 11.13 0.37 3.21 453.44 8.28 12.75 13.65 17.29 1.36
C3 356.35 8.25 12.83 11.71 0.58 4.84 358.80 8.31 11.67 11.93 22.12 1.90
C4 365.35 7.36 10.92 11.06 0.90 6.29 370.15 7.58 11.60 11.99 23.39 2.02
C5 348.65 8.09 10.61 9.55 0.27 1.84 351.78 7.98 10.02 10.10 16.72 1.67

D1 396.56 7.36 11.17 10.09 1.41 10.17 397.56 7.38 10.08 10.46 20.09 1.99
D2 549.59 6.84 11.28 10.27 1.08 7.90 553.19 6.97 10.82 11.87 19.39 1.79
D3 523.18 6.76 12.87 11.12 0.64 5.48 524.40 6.80 11.12 12.22 21.71 1.95
D4 445.07 5.85 11.54 10.06 0.13 0.98 457.00 6.34 12.58 12.59 15.42 1.23
D5 499.27 6.46 6.46 8.79 1.13 6.39 500.20 6.50 9.36 9.23 18.48 1.98

E 460.29 5.54 11.20 10.68 1.05 7.55 460.31 5.54 11.20 10.68 18.07 1.61

F1 372.98 5.03 9.26 8.82 0.59 3.47 374.95 5.17 9.15 9.51 16.60 1.81
F2 466.77 5.18 11.46 10.18 0.49 3.60 480.25 5.34 8.97 11.68 17.17 1.91

Figure 11: Relation breaking onset and wave overturning

to be no relation with the free surface particle velocity, wave
speed and breaking index. It is seen that at breaking onset a
wave may instantly overturn or at a distance of approximately
30m (1/5λp).

surface elevation, wave speed and particle velocity
At the incipient point the surface elevation has increased on

average with 1.7% with a RMS error of 2.7%. The wave speed
decreases on average with 0.2% with a RMS error of 18%, this
implies that a wave can endure acceleration or deceleration. It
is estimated that strong plunging breakers have stronger wave
speed deceleration, but this is a matter of further research. The
free surface particles are accelerated with 18.2% compared to
their breaking onset value with a RMS error of 17.2%, which
implies the particles velocities are always higher at the incipi-
ent point compared to breaking onset. The exact mechanism
leading to these values is a matter of further research.

Relation Breaking index and maximum particle velocity

An analysis is performed for the maximum occurring parti-
cle velocity after the incipient point and its relation with the
breaking index. In Table 2 the breaking index, Γwave and the
maximum non-dimensional free surface particle velocity, ||u||ndm
are shown, determined according to

||u||ndm =
max(||u||m|0<t<∞)

Cx|inc
, (40)

with ||u||m|0<t<∞ the maximum free surface particle veloc-
ity and Cx|inc the wave velocity measured at the incipient
point. The relation between the breaking index and the non-
dimensional maximum free surface particle velocity is shown
in Figure 12. In Figure 12 a relation is shown between the

Figure 12: Maximum measured free surface velocity

breaking index and the maximum particle velocities. Generally
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waves with a high breaker index lead to high particle velocities.
The relation between breaking index and non-dimensional
particle velocities is approximated as

max(um|0<t<∞)

Cx|inc
= 1 + 0.365 · Γ0.490

wave. (41)

Equation 41 has one as its minimum value, as the weakest
spilling breaker has a breaking index close to zero, the RMS
error is 33.3%.
Maximum particle velocity in space
Figure 13 displays the maximum occurring free surface par-

ticle velocity ||u||m in space with the data sorted in time. In
Figure 13 the maximum particle velocities occur after the in-
cipient point, as zero in the horizontal axis corresponds to
the point of overturning. It is seen that the maximum free
surface particle velocities for this plunging breaker occur ap-
proximately 50m (1/3λp) after the incipient point. It is also
seen that this plunging breaker has a strongly decelerating
wave speed before the moment of overturning. It is observed
that the free surface particle velocities become more chaotic in
time after reaching the maximum value of 30m/s.

Figure 13: Free surface velocity wave A

Summarizing results breaking index relations
Summarizing, the breaking index can provide an estimate

of the maximum particle velocities after the incipient point,
based on data from before the moment of wave overturning.

Explanation high particle velocities after breaking

In Table 2 it is seen that wave A has the highest particle ve-
locities, Here we will discuss the driving mechanism behind
these large particle velocities. Table 3 and Figure 14 display
the water particle velocities, u ·α at nine moments in time with
keeping the x-axis fixed. Table 3 displays the corresponding
maximum water particle velocities for each moment in time.
Analysis time panel 1 and 2
In Figure 14 at panel one and two, it is seen that the wave

becomes steeper and that the particle velocities become larger.
There is horizontal and vertical acceleration. The wave is not
overturning, therefore there is no negative downward velocity
(−Uz). Breaking onset occurs somewhere between the second
and third panel.
Analysis time panel 3

The incipient point is displayed at panel three. It is seen that
the wave has a double vertical front. This implies the wave
breaks due to the effects of wave focusing (Bos and Wellens,
2021), as two wave components break at the same time. This
phenomena seems strange, but is a known occurrence among
surfers, called the ’wave step’ (SurferToday, 2019), which cor-
responds to the lower breaking wave as seen in Figure 15

Figure 15: Breaking wave at Shipstern Bluff, Tasmania, picture
is taken with permission by Stuart Gibson

Analysis time panel 4
The moment prior to impingement is seen at panel four. In

Table 3 a negative vertical wave velocity is observed, as the
wave crest is about to hit the water surface. The horizontal
particle velocities are still increasing. At panel four the upper
part of the wave overtakes the wave step and forms a split jet
prior to impingement.

Analysis time panel 5 and 6
After the impingement point, the water particles bounce

off directed away from the water surface. This is due to the
incompressibility of water. In Table 3 at panel five and six it is
seen that there is a large vertical upward motion due to this
particle bounce. The wave crest jet adds water particles to the
bouncing particles, which consequently form a large detached
body of water displayed at panel six. This body of water has
relatively high velocity components.

Analysis time panel 6 and 7
Gravity pulls down the large body of water at panel six,

which results in the large downward velocity seen at panel
seven. Since the wave beneath the crest jet is moving forward,
a surface slope is formed at panel seven.

Analysis time panel 7, 8 and 9
Gravity pulls down on the detached body of water at panel

seven. As the large amount of water falls down it hits the
surface slope. This results in a ’waterslide’ mechanism. This
’waterslide’ mechanism leads to high horizontal water particle
velocities, as seen in panel eight. The high particle velocities at
panel eight become more chaotic and swirls are formed. This
results in velocity loss due to numerical dissipation and the
formation of a new wave, birthed out of the breaking wave.
Craciunescu and Christou, 2020 observed from their experi-
ment a 20% energy loss of these newly formed waves compared
to the wave before breaking. The exact (numerical) energy
dissipation is not relevant for our consideration because in this
study breaking waves interact with the structure after breaking.

Explanation high free surface particle velocities
This breaking mechanism is the driving factor for the high

free surface particle velocities in focused plunging breakers.
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Table 3: Wave A, maximum water particle velocities (m/s) at different time stamps and a fixed horizontal domain

Ux 9,8 12 16 18 24 22 22 34 23
+Uz 5,7 6,6 7,5 7,6 10 10 6,1 8,0 10
−Uz 0,0 0,0 0,0 9,3 12 6,6 8,4 10 7,3

Um 9,9 12 17 20 26 23 22 34 23

Figure 14: Wave A water particle velocities at different time stamps and a fixed horizontal domain

Multiple waves were analyzed and similar formations were
seen for the plunging breakers B1, C1 and c4 (Table 2). A
validation of this mechanism is a matter of further research.

Discussion OpenFoam results

From Figure 11 it is seen that an irregular wave may overturn
between breaking onset and a distance of 1/5λp. Between the
point of breaking onset and the incipient point, the breaking
index, Γwave is calculated. There is a relation between the
breaking index and the maximum occurring particle velocities -
The higher the breaking index the larger the particle velocities
occurring in positive space and time direction. This effect is due
to the incompressibility of water, which causes the impinging
wave jet to detach off, away from the water surface. This water
jet turns into a floating body of water. This body of water falls
back on the water surface and leads to large horizontal velocity
components. These large horizontal velocity components turn
into swirls and form a newly shaped wave, birthed out of the
focused plunging breaker. This setup has no turbulence, a
cell size of 0.2m and no compression of air. Hence, physically
after the impingement point, air is entrapped and eddies occur.
These effects will results in energy dissipation. For the correct
modeling of air entrapment and turbulence a finer mesh is
needed.

4.3 Differences in methods OceanWave3D
and OpenFOAM

The waves in OpenFOAM are coupled to OceanWave3D 3s
(3/10Tp) to 4s (4/10Tp) before breaking onset is measured in
OceanWave3D (Figure 9). This corresponds to the minimum
time needed for the correct coupling of breaking waves. The
presented method for wave speed calculation (subsection 3.3)
is verified with the data presented in Varing et al., 2021. It is
assumed that the OpenFOAM results are more valid compared
to the OceanWave3D results for steep breaking waves so that
the difference of OceanWave3D with OpenFOAM is considered
an ’error’. An overview of the errors is shown in Table 4, with
ψ a placeholder variable for the wave parameters calculated in
OpenFOAM (OF) or in OceanWave3D (W3D). For each wave

Table 4: Difference OpenFoam and Oceanwave3D

B = 0.85
|ψOF − ψW3D| ϵη ϵCx

ϵ|u|m ϵx ϵdB/dt ϵΓ
ψOF η Cx um λp dB/dt Γ

ϵ(%) 8,4 23.7 21.2 3.3 59.9 60.3
ϵmax(%) 20.7 42.7 45.5 35.2 298.9 201.5

parameter the mean RMS error, ϵ is given and the maximum
RMS error, ϵmax.

Difference in surface elevation
In Table 4 a mean RMS error of 8.4% is seen for the surface

elevation at breaking onset. Figure 9 shows that OceanWave3D
overpredicts the generated wave in OpenFOAM. To make a
distinction between isosurface interpolating errors and mathe-
matical solver differences, the surface elevation is compared for
different breaking criterion values. The OceanWave3D surface
elevation results are interpolated at the OpenFOAM surface ele-
vation coordinates. The difference is taken for each coordinate
and each time step up imtill the incipient point, which results
in roughly 142.000 surface elevation data points. The results
are shown in Figure 16. In Figure 16 the results are made non-
dimensional by dividing by the peak surface elevation, ηpeak,
which is 5m. It is seen that waves with gentle slopes (B < 0.3)
have a mean error of 2.5%. This means the proposed method
of isosurface interpolation leads to an error of 0.125m. The
error in surface elevation scales positively with the breaking
criterion.

Difference in wave speed and particle velocity
In Table 4 a difference of 23.7% is seen for the wave speed,

with a maximum RMS error of 42.7%. The free surface parti-
cle velocity has a mean RMS error of 21.2% and a maximum
RMS error of 45.5%. This implies that OceanWave3D under-
estimates the wave speed and free surface particle velocities
with approximately 22% compared to the OpenFOAM results
at breaking onset.

Difference Breaking onset location
Table 4 states that the breaking onset location has a mean

RMS error of 3.3%, which is significantly lower than the wave
speed and particle velocity errors. This is unexpected as the
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Figure 16: Difference Oceanwave OpenFoam wave A

breaking onset location is dependent on the wave speed and
particle velocity (Equation 17). In Figure 17 the velocity errors
are plotted for max(B) at each time step up to the incipient
point. From Figure 17 it is observed that the velocity errors

Figure 17: Difference numerical methods (wave A)

are proportional. Since the kinematic breaking criterion is
calculated by the free surface particle velocity divided by the
wave speed (Equation 17), the velocity differences cancel out.
This explains the relatively low difference in B (Figure 17).
The OpenFOAM-OceanWave3D breaking onset error range is
approximately between 1/3λp and 1/15λp, this implies that
the breaking onset in OceanWave3D can occur at roughly 10m
before breaking onset in OpenFOAM. Additionally, the break-
ing onset in OceanWave3D can occur around 50m after the
breaking onset is measured in OpenFOAM. With this setup
it is concluded that OceanWave3D is able to predict break-
ing onset comparatively well, due to the velocity errors being
proportional.
Difference in breaking index
The breaking index error in Table 4 is 59.9% for the dimen-

sional variant and 60.3% for the non-dimensional value. There-
fore it is concluded that OceanWave3D is not able to predict
the level of which a breaking wave undergoes plunging and
its accompanied maximum particle velocities in a VOF-solver
(OpenFOAM). However, OceanWave3D is able to determine if

and where a wave will break.
Discussion differences OceanWave3D and OpenFOAM
OceanWave3D is a fast tool to make an estimation of the

breaking onset location and the accompanied surface eleva-
tion. For this setup it was concluded that OceanWave3D is not
able to determine the breaking index as it underestimates the
wave velocities leading to a wrong breaking index. For breaking
wave screening in OceanWave3D it is advised to re-simulate the
undisturbed wave in a VOF-solver for breaking index and max-
imum particle velocity estimation. An OceanWave3D grid with
a higher resolution may lead to less differences in wave speed,
free surface particle velocities and breaking index calculation.
A validation experiment is needed to determine the correct
wave parameters and to make a grounded statement on the
mathematical correctness of OceanWave3D and OpenFOAM
for steep breaking waves.

5 Results waves and structure

This section describes the wave-induced loads and fluid-
structure interaction with the sea wall and platform. The
simulation setup and the calculation of the slamming loads is
introduced in subsection 5.1. For each wave, the structure is
placed at its incipient point to be able to compare wall velocity
and loads (subsection 5.2 and subsection 5.3). Then for the
three waves with the largest forces on the platform when posi-
tioned at the incipient point, the horizontal position of the wall
is varied around the original position in order to investigate the
effect of position on the maximum force on the platform. (sub-
section 5.4 and subsection 5.5). A sensitivy study is described
in subsection 5.6. To conclude this section an analysis for wave
screening in OceanWave3D is discussed in subsection 5.7.

5.1 Simulation setup with structure

theoretical simulation setup
The 3D monopile is approximated as a 2D

L

-profile to find
the fundamental mechanisms leading to vertical loads on the
platform. Figure 18 gives a sketch of the 2D structure. The

Figure 18: Sketch of the theoretical approach

structure has a wall length Lw = 9.6m. The sea wall has a
thickness of tw = 1.6m. its bottom is placed d = 3.2m above
mean sea level to prevent interaction with the waves preceding
the breaking wave. The platform is placed at elevation Hpm =
12.8m relative to mean sea level. The platform has a length
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Lpm = 4.6m with thickness tpm = 1.6m. The structure is
placed first at the incipient point xinc. Then its position is
varied with a distance x Lrelative to xinc. The water depth
h is a function of x and waves with surface elevation η are
generated in the coupling zone ( section 2). For presenting
pressures and other output it is convenient to define an axis
system (xpm, zw), with its origin where the largest pressure is
expected.

Simulation setup OpenFoam

The cells of the structure are removed from the domain with
the ’castellatedMesh’ function. No snapping is used as this
generates non-rectangular cells. Refinements zones were not
used, as these influence the point of overturning (section 5.6).
The mesh near the structure is shown in Figure 19.

Figure 19: Grid around structure

Background information slamming
The wave impacts on the structure can be considered slam-

ming, slamming is a complex phenomenon which was first
analyzed by Von Karman, 1929 and improved by Wagner, 1932.
A simplified second order slamming case of a parabolic shape
of water hitting a flat plate was investigated by Korobkin, 2007,
The wetted length was derived as

c(t) = 2
√
t+O(t3/2) (t→0), (42)

with t the impact time and c the wetted length. To estimate
the pressure on the platform, the water velocity along the sea
wall just before platform impact is needed, therefore a time
derivative of Equation 42 is required. For our applications, it
is nearly impossible to determine the platform loads analyti-
cally because the shape of the wave does not satisfy a function
like Equation 42 that we can take the time derivative of. Our
approach is to find the time dependent force by means of nu-
merical simulation with OpenFOAM and integrating pressures
along the contour of the platform

Ft =

∫ Lpm

0

p dxc, (43)

with p the time dependent pressure distribution on the platform,
Ft the time dependent platform force and xc the horizontal
coordinate along the length of the platform (Figure 18). The

maximum local pressure, force and moment are calculated
with

P = max (p) , (44)

F = max (Ft) , (45)

M = max (Ft · xF ) , (46)

with xF the centroid of the force integration along the plat-
form. It was necessary to output the pressures at the cell faces
(Figure 19) during run-time and post-process the integrals our-
selves, instead of outputting the force directly, to get a correct
slamming force estimate.

5.2 Wall velocities at the wave incipient point

It is challenging to obtain a fair comparison of the wave impact
loads between different waves, because wave breaking is a
highly chaotic phenomenon. The assumption is made that
placing the structure at the incipient point of the breaking wave
initially will allow us to compare the loads of different waves
with each other. The assumption is tested by systematically
varying the horizontal position of the structure for the three
waves that yield the largest impact loads on the structure.

Relation free surface particles sea wall and platform
Before the wave hits the platform, it hits the vertical wall.

We aim to analyse the relationship between the undisturbed
wave velocities and the vertical run-up velocities along the
vertical wall. The results in Table 2 show a weak relation of
the undisturbed free surface particle velocity with the run-up
velocity along the wall. The results are also shown in Figure 20.
From the results in Figure 20, the following relation is obtained

Figure 20: Relation undisturbed wave velocity and maximum
run-up velocity along the wall at the incipient point

for estimating the vertical run-up velocity along the wall for
given undisturbed free surface particle velocity

Uz · α = 2.56 · ||u||m, (47)

with Uz ·α the vertical run-up velocity. The coefficient of deter-
mination equals R2 = 0.28. This implies that in the interaction
with the vertical wall the water particles are accelerated to a
velocity approximately 2.5 times their undisturbed free surface
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Table 5: Incipient point structure data for transposed coordinate system xpm and zwall, with xM = xFatM

Wall velocity Maximum Loads Centroids Critical time stamps
Wave Uz · α Uz P F M zUz·α zUz xF xM tUz·α tp tF tM

(m/s) (m/s) (MPa) (N/m) (MN m/m) (m/s) (m/s) (m) (m) (s) (s) (s) (s)

A 56,20 135,89 2,15 1,11 1,78 2,59 7,21 0,33 2,00 0,20 0,24 0,24 0,47
B1 29,59 34,65 0,93 0,59 0,59 2,28 2,49 0,33 1,49 0,51 0,59 0,60 0,94
B2 38,87 47,16 1,22 0,30 0,10 2,24 3,05 0,17 0,82 0,55 0,61 0.617 0.967
B3 15,08 19,79 1,13 1,43 1,43 1,39 0,79 1,00 1,00 0,95 0,98 0,98 0,98

C1 32,41 37,97 1,20 0,44 0,12 2,32 4,29 0,21 0,30 0,44 0,52 0,52 0,53
C2 29,62 39,60 0,83 0,40 0,11 3,26 3,87 0,27 0,27 0,48 0,61 0,61 0,61
C3 44,11 57,80 0,91 0,21 0,12 4,97 5.39 0,10 0,97 0,20 0,34 0,34 0,88
C4 39,65 77,71 0,62 0,13 0,07 6,01 6,21 0,09 0,60 0,16 0,34 0,34 0,54
C5 33,24 70,23 0,43 0,06 0,02 6,36 6,75 0.37 0,37 0,15 0,38 0,58 0,58

D1 28,98 78,90 0,30 0,05 0,01 6,63 7,25 0,06 0,31 0,11 0,39 0,39 0,61
D2 36,31 77,28 0,43 0,09 0,02 6,54 7,29 0,08 0,38 0,10 0,33 0,33 0,49
D3 27,45 80,45 0,32 0,11 0,04 7,27 7,85 0,26 0,49 0,06 0,38 0,53 0,61
D4 34,09 46,82 0,41 0,07 0,02 6,09 6,30 0,07 0,83 0,18 0,40 0,41 0,61
D5 17,23 33,75 0,13 0,04 0,04 8,41 0,16 0,16 0,16 0,10 0,66 0,68 0,68

E 24,83 73,05 0,20 0,03 0,00 7,29 8,41 0,05 0,05 0,06 0,44 0,44 0,51

F1 18,73 43,66 0,00 0,03 0,00 7,66 8,29 0,04 0,13 0,06 0,59 0,59 0,61
F2 27,68 44,64 0,32 0,06 0,01 6,96 8,16 0,07 0,77 0,10 0,40 0,40 0,58

velocity. The low coefficient of determination may result from
not including the shape of the wave in the analysis (Korobkin,
2007). The horizontal platform limits the development of the
run-up, adding an additional level of complexity to the analy-
sis. After impact with the horizontal platform, there does not
seem to be a relation of the air and water velocities along the
platform anymore.
Velocity distribution along the sea wall wave C3
In Figure 21 the total fluid and water particle velocities are

shown for wave C3 at different moments in time. The velocities
can be distinguished from each other by scaling them with
volume fraction α. Wave C3 is selected from Table 5, because
waves A and B features too many droplets for a consistent
analysis. The time start when a value of α = 0.5 is measured
at any vertical location along the wall (note that zwall = 0 is
actually in the middle of the grid cell in the corner that connect
to both the wall and the platform, so 0.1m away from where
the wall and platform themselves meet, see Figure 21). The
free surface configuration of the wave impact at t = 0.098s
with the wall forces air particles towards the platform with a
high vertical velocity. The water particles reach their maximum
velocity at 0.2s, 5m below the platform. The velocity distri-
bution when the vertical impact force is at maximum at time
t = 0.335s is also shown. At that moment a droplet of water
has disconnected from the main body of water and induces the
maximum pressure load.
Location maximum velocity sea wall
The maximum velocity in either air or water occurs on av-

erage 6m below the platform with a RMS error of 38%. The
maximum vertical water velocity along the wall is reached on
average at 0.26s with a RMS error of 91.71%. Figure 22 shows
the relation between the undisturbed maximum surface ele-
vation of the wave and the vertical position of the maximum
velocity along the wall. In Figure 22 the data approximately
follow a linear relation between position of maximum velocity
and location of maximum run-up velocity with a coefficient of
1, so that zmax(Uz) = η with a R2 value of 0.7068.

Figure 21: Vertical velocities along sea wall wave C3

Discussion wall velocity results
There is weak relation between the maximum measured

wall velocity and the maximum undisturbed free surface ve-
locity, while there is a strong relation between the location of
maximum wall velocity and the maximum undisturbed surface
elevation. The large scatter in the run-up velocity is likely
caused by the shape of the wave impacting the structure (Ko-
robkin, 2007), but also the presence of the horizontal platform.
A multivariate analysis with the breaking index may lead to a
better approximation of the maximum wall particle velocities.
This is a matter of further research.

5.3 Loading at the wave’s incipient point

In Table 5 the maximum loads are given together with the
times that they occur (time again starts when a value α = 0.5
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Figure 22: Relation undisturbed maximum surface elevation
of the wave and the maximum run-up velocity location along
the wall

is measured at any vertical location along the wall). In order
of occurrence: (i) the maximum velocity along the wall at
occurs on average at t = 0.26s with a RMS error of 91.71%;
(ii) the maximum local pressure is observed in the corner of
the structure on average at t = 0.48s with a RMS error of
36.07%, (iii) the maximum force on the platform takes place
at t = 0.50s with a RMS error of 34.05%, shortly after the
maximum local pressure takes place, and (iv) the maximum
overturning moment occurs at 0.66swith a RMS error of 25.2%,
some time after the maximum force occurs. The signals of
velocity, pressure, force and moment for wave A are shown in
Figure 23 as a function of time.

Figure 23: Time signals of vertical velocity along the wall,
pressure in the corner, force and overturning moment on the
platform for wave A

Explanation Maximum loading order
Figure 23 also shows the maxima of the signals and the time

at which they occur. An explanation for the difference in times
at which the maxima of the loads take place can be given in
terms of the centroids of the integration of the pressure in
space along the platform. In Figure 24 the spatial distribu-
tion of the pressure is visualized for the critical moments in
time. First the water in the overturning jet protruding from the

Figure 24: Pressure distributions wave A at critical moments
in time

wave hits the wall, where some moments later the maximum
vertical velocity along the wall takes place. The run-up propa-
gates towards the platform, where, at the moment the run-up
reaches the platform, the maximum pressure occurs. As the
run-up transports more water towards the corner while the
velocities and pressures are still fairly high, the maximum force
on the platform takes place with a centroid of the pressure
integration close to the origin of the platform. As more water
accumulates in the corner of wall and platform, the velocities
and pressures become lower, but the centroid of the pressure
integration shifts to a distance further away from the origin of
the platform. This mechanism leads to the occurrence of the
maximum overturning moment.

Maximum local pressure analysis

In Figure 25, wave parameters η, the maximum free surface
elevation, um, the maximum absolute particle velocity at the
free surface and Uz, the maximum vertical run-up velocity,
are plotted against the maximum pressure on the platform for
those wave parameters. The relation with the wave speed is not
displayed as it is approximately equal to the particle velocity
at the incipient point (Varing et al., 2021). The breaking index
is not displayed as the data near the incipient point is too
scattered. From Figure 25 approximate relations are obtained
for the maximum local pressure with the surface elevation,
the free surface particle velocity and the wall run-up velocity.
The pressure as a function of surface elevation relation then
becomes

Pinc = 88.84 · η4.29inc , (48)
with Pinc the maximum local pressure (Pa). The surface ele-
vation, ηinc is measured at the undisturbed wave’s incipient
point. The relation has a coefficient of determination of 0.90.
The relation with the undisturbed particle velocity is

Pinc = 7.94 · |um|4.46inc , (49)

in which |um|inc represents the maximum free surface particle
velocity at the incipient point. The accompanied coefficient
of determination equals 0.89. The relation with the run-up
velocity along the wall is

Pinc = 441.46 · U2.08
z,inc, (50)
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Figure 25: Relation wave parameters (maximum surface eleva-
tion η, maximum free surface particle velocity um and maxi-
mum run-up velocity Uz) versus local maximum pressure on
the platform

withUz,inc the maximum run-up velocity. The relation between
run-up velocity and pressure has a R2 value of 0.50, which is
lower than for the relation between undisturbed free surface
particle velocity and pressure. This was contrary to expecta-
tions. The lower coefficient of determination could be due to
the large scatter in Figure 20 for the relation between the free
surface particle velocities and the maximum run-up velocity,
but it is a matter of further investigation. There seems to be
a weak relation with the wave speed as it has a coefficient of
determination of 0.349 (not shown in figures). As mentioned,
the breaking index data was too scattered and no relations
were found.

Discussion wave parameters and platform pressure
From the results it is concluded that the wave surface eleva-

tion and the free surface particle velocities are a good screening
parameters for determining the maximum local pressures on
the platform, when the platform is placed at the incipient point.
The run-up velocity has a weak relationship with the maximum
local pressure and the wave speed has a weaker correlation
compared to the free surface particle velocity. There is no
relation with the breaking index. The weak relation with the
run-up velocity raises questions on the relation between run-up
and platform pressures. Additional research is needed for de-
termining the relation between the maximum run-up velocity
and the maximum local pressure, with and without a platform.
Future run-up studies are advised to redo experiments without,
but also with a platform present, as the largest run-up may not
lead to the largest local pressure.

Maximum slamming force analysis

In Figure 27, wave parameters η, um and Uz are plotted against
the force induces by the waves with these parameters. From
the data in Figure 25, the relation between force and surface
elevation could be approximated as

Finc = 1.55 · η5.80inc , (51)

with Finc the force on the platform in (N/m). The coefficient
of determination is 0.66. The relation between force and undis-

Figure 26: Relation wave parameters and platform force

turbed particle velocity is

Finc = 0.26 · |um|5.49inc , (52)

The coefficient of determination for this relation is 0.61. The
maximum force on the structure could not be related to the
run-up velocity and no relation could be found between force
and wave speed or breaking index.
The coefficients of determination for the relations between

force andwave parameters are lower than those for the pressure
and the wave parameters, which likely means that an important
parameter is missing from this analysis. Using the free surface
elevation gives the most reliable estimate of the platform force,
while the reliability of using the free surface particle velocity
is only fair.

Maximum overturning moment analysis

In Figure 25 the wave parameters η, um and Uz are plotted
against the overturning moment induced by the wave. The

Figure 27: Relation wave parameters and maximum platform
moment

relation between overturning moment and surface elevation is
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approximated as

Minc = 1.55 · η5.81inc , (53)

with Minc the overturning moment in (MNm/m). The coef-
ficient of determination is 0.70. The relation with the undis-
turbed particle velocity is estimated as

Minc = 0.26 · |um|5.49inc , (54)

with a coefficient of determination of 0.61. The coefficients of
determination for the overturning moment are similar to those
of the force. This is not unexpected as the equation for the
force, (Equation 45), is similar to Equation 46
Discussion wave parameters and overturning moment

on platform
From the analysis with the wave parameters it is concluded

that the surface elevation is the best screening parameter for
the maximum moment at the wave’s incipient point. The free
surface particle velocity gives a relatively good relation. There
is no relation with the wave speed, breaking index and par-
ticle velocities along the wall. It is unknown if the platform
endures more structural stress due to the local pressure force
or moment.

Discussion results incipient point loading

The wave surface elevation and maximum free surface particle
velocity are considered to be good screening parameters for
estimating the wave impact loads with the platform at the
incipient point. The wave speed and the breaking index can not
be used for determining the maximum loads. The correlation
between the maximum run-up velocity and the platform loads
was considered to be insufficient. Multivariate analysis could
lead to better wave parameter relationships. In future run-
up studies it is advised to investigate the run-up thickness in
combination with the run-up height, with and without the
presence of a platform.

5.4 Loading for various platform locations

It can be concluded from subsection 5.3 that the waves with
the highest particle velocities and largest surface elevation
lead to the largest loads on the platform when placed at the
incipient point. To investigate the sensitivity of the load for
the position of the platform with respect to wave’s position
of breaking Bos and Wellens, 2021, wave A, B2 and B3 are
selected to determine the effects of varying the horizontal
position of platform and wall on the maximum loads. The
platform is placed at 38 different locations for Wave A, 37
different locations for wave B2 and 31 different locations for
wave B3. The approach is done in two steps. In the first
step, the structure is shifted in horizontal direction from its
original position at the incipient point with intervals of 5m
between the position 1/3λp in front of where the breaking
wave overturns and 2/3λp behind that position. In the second
step, the resolution is increased near where the loads are at
maximum with intervals of 1m.

Highest loads are observed for wave A
It can be found from Table 6 that wave ’A’ leads to the highest

loads compared to wave B2 and B3. Figure 28 depicts the
fluid structure interaction for wave A at nine different platform
positions. Themaximum loads occur if the structure is placed at

x L= 685m, 64m after the wave’s incipient point. The second
highest load for wave A occurred at a platform location of
x L= 665m, 44m after the incipient point. The highest load for
a platform position before the incipient point was observed at
x L= 614m, 7.2m before the incipient point (not displayed in
(Figure 28). The loads follow a similar pattern in time as was
described in subsection 5.3, with the maximum run-up velocity
occurring first, followed by the maximum local pressure on
the platform. Then the maximum force on the platform takes
place, just before the maximum moment.

Pressure platform location analysis

In Figure 29 the maximum local pressures are displayed for var-
ious platform locations. The maximum pressures that occur for
waves A, B2 and B3 are compared. InFigure 29 the maximum
pressure for wave A occurs with the platform 64m behind the
incipient point. The highest pressure with the platform before
the incipient point occurs at −8.2m. For wave B2 the highest
pressure is obtained with the platform at 40.91m. With wave
B2, the platform could not be shifted to all intended positions,
because otherwise a preceding wave would interact with the
structure and our intention was to consider the loads in single
waves only. The highest pressure for wave B2 was measured for
a platform position 5.1m before the incipient point. For wave
B3 a single pressure peak was observed with the platform at a
position 15m before the incipient point.

Explanation why wave A has the highest pressure
There are multiple maxima in the lines that connect the max-

ima of pressure on the platform as a function of the horizontal
position of the platform. The second maximum of maximum
pressure is explained by means of the breaking index. From
Figure 12 and Figure 13 it is observed that the breaking index
and the maximum particle velocities are related - the higher
the breaking index, the larger the particle velocities after wave
overturning. Higher particle velocities in a wave lead to higher
pressures on a rigid object. Wave A has the highest breaking in-
dex of the wave considered leading to the largest pressure peak
at 64m. Wave B2 is a weaker plunging breaker, with a lower
breaking index, which leads to a second pressure maximum
equally large as the pressure maximum before the incipient
point. Wave B3 does not have a second maximum of maximum
pressure due to the low breaking index.

Force platform location analysis

In Figure 30 the maximum force on the platform in waves A,
B2 and B3 is displayed for varying horizontal positions of the
platform. In Figure 29 three maxima of the maximum force are
observed for wave A. The first maximum occurs for a platform
position 8.2m before the incipient point, the second maximum
43.8m after the incipient point. The third and highest force
maximum occurs with the platform positioned 64m after wave
overturning. Wave B2 has two maxima of maximum force.
The first maximum occurs when the platform is at a position
6.09m before the incipient point, while the second maximum is
obtained 40.9m after the incipient point. Wave B3 has a single
maximum of maximum force on the platform with a platform
placement of 10m behind the incipient point.

Explanation why wave A causes the highest Force
Wave A, B2 and B3 have a similar force maximum around

−8m, which is highest for wave A. The first maximum compares
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Table 6: Wave A: loads on the platform for different horizontal positions of the platform

x L 570 590 605 625 645 665 685 700 715 m

Uz 17.64 23.44 32.17 69.19 55.24 35.33 96.13 50.21 26.45 m/s

P 0.51 0.77 1.54 2.56 3.40 2.12 4.43 2.77 1.13 MPa
F 0.44 0.68 0.93 1.15 1.35 3.93 7.12 2.37 1.34 MN 1

m
M 0.66 1.17 1.41 1.88 2.05 3.84 14.63 1.52 0.97 MN m

m

xF 1.21 1.19 1.21 1.28 0.28 0.98 2.05 0.64 0.63 m
xM 1.73 1.83 2.00 1.91 2.10 0.98 2.05 0.64 0.93 m

tUz·α 0.62 0.54 0.45 0.13 0.17 7.64 0.27 0.30 0.75 s
tp 0.69 0.56 0.46 0.16 0.21 7.71 0.30 0.32 1.11 s
tF 0.92 0.77 0.64 0.33 0.22 7.71 0.38 0.33 1.11 s
tM 1.02 0.85 0.73 0.39 0.52 7.71 0.38 0.33 1.12 s

Figure 28: Wave A: pressure distributions in the water for various horizontal positions of the platform

Figure 29: Comparison of maximum pressure on the platform
in wave A, B2 and B3 for varying horizontal position of the
platform

well with the results of Grue and Osyka, 2021, who observed
that the highest run-up was achieved for a wave breaking vio-
lently just behind a monopile. The second and third maxima
can be explained with the breaking index, just as the maxi-
mum pressures on the platform. Wave A and B2 have a second
maximum in forces for a platform located approximately 42m
after the incipient point. The fluid structure interaction for the

Figure 30: Comparison of maximum force on platform in waves
A, B2 and B3 for varying horizontal platform positions

second maximum of maximum force on the platform for wave
’A’ is in panel six (from the left) of Table 6. That panel shows a
comparatively thick run-up tongue directed towards the plat-
form. For that same simulation, Table 6 reports a relatively low
run-up velocity, wheres the largest run-up velocity in the table
does not lead to the highest force. This is an indication of the
importance of the thickness of the run-up tongue for the force
on the platform.
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Relation loads and undisturbed free surface velocity

subsection 5.3 described the relation between the free surface
particle velocities and the hydrodynamic loads. That relation
is now investigated for waves A, B2 and B3. The parameters
are made non-dimensional by dividing them with values of the
parameters at the incipient point.

Figure 31: Relation maximum free surface particle velocity
and loads wave A

Loads and particle velocity relation wave A
Figure 31 shows the relation for the maximum free surface

particle velocity |u|m, the maximum local pressure P and the
maximum platform force F for wave A. A pattern is observed:
twomaxima are observed for themaximum free surface particle
velocity, corresponding to the second and third maximum in
forces, with a phase shift of 10m. No direct relation is found
between the forces and the maximum free surface particle
velocities with the platform just before the incipient point.

Observation largest loads before incipient point
The maximum forces with a platform placement before the

incipient point of the breaking wave is found at 614m. This
corresponds to a value of approximately 1/20λp before wave
overturning. At this platform a maximum pressure of 3.43MPa
is obtained, and a maximum force of 2.28MN/m. The cen-
troid of the pressure integral along the platform is located at
0.39m. The aforementioned maxima are all obtained for wave
A. The reason why the maximum of the force with a platform
position before the incipient point is obtained for specifically
that platform position cannot be related to the magnitude of
the free surface particle velocities alone. The reason becomes
more clear if the force maximum is explained also with the
direction of the free surface particles at the free surface, see
Figure 32.
Observation particle velocities at first loads peak
In Figure 32 the undisturbed wave is depicted for three plat-

form locations, 605m, 614m and the incipient point 621.4m,
before the impact with wall and platform take place. The figure
shows the position of the free surface together with the direc-
tion of the free surface particles velocities. The blue arrows
represent the free surface particle velocities at the moment
before impact with platform and wall placed at the incipient
point. The purple arrows correspond the free surface parti-
cle velocities at the moment before impact with the structure

Figure 32: Undisturbed free surface particle velocities for wave
A at three platform locations

placed 7.4m before the incipient point (the force peak as seen in
Figure 31), the red arrows correspond to a platform placement
16.4m before the incipient point.

Explanation loads peak
The free surface configuration and free surface particle ve-

locities for the platform position that leads to the largest force
on the platform is depicted in Figure 31 with purple arrows.
Apparently, when the free surface velocity is directed towards
the corner between wall and platform just before impact (pur-
ple arrows), it lead to a larger maximum force than when the
free surface velocity direction is more vertical (red arrows), or
more horizontal (blue arrows).

Figure 33: Undisturbed free surface particle velocities for wave
B2 at three platform locations

Loads and particle velocity relation wave B2
From Figure 33 a similar pattern for wave B2 is observed

as for wave A. It was not possible to find a third maximum in
the representation of the force on the platform as a function of
it position, because at the platform positions needed for that
the wall started interfering with preceding waves. For wave
B2 similar loads as function of position are seen before the
incipient point as for wave A, with a maximum force measured
for a platform located 6.1m before that point.
Loads and particle velocity relation wave B3
Wave B3 has no second maximum in the relation between

force and platform position, see Figure 34. The likely explana-
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Figure 34: Relation maximum free surface particle velocity
and loads wave B3

tion is that the maximum free surface particle velocity stays
constant after the incipient point. After 50m from the incipient
point of the wave, the free surface particle velocities increase
due to the chaotic wave breaking effects. This has no effect
on the structure due to the low breaking index. Wave B3 is a
breaking wave with low breaking index, but a breaking wave
nonetheless so that there is a force maximum at the same
platform position as for wave A, before the incipient point.

Discussion loads for various platform locations

From the results it is concluded that the wave with the highest
breaking index and the highest surface elevation, overturning
approximately 4/9λp before the structure, induces the largest
force on the platform. The maximum force is approximately
6.5 times larger than the force with platform placement at the
incipient (Figure 31). The second largest force on the structure
is estimated with a structure placement of 3/10λp after the
incipient point.
A force maximum is observed for all breaking waves with

a platform placement 1/15λp before the incipient point. This
corresponds to the observationsmade by Grue and Osyka, 2021.
This force has a value ranging between 1.5 and 3 times it’s
incipient point force. The force maximum occurs for a specific
configuration of free surface and platform position, in which
the free surface elevation and both magnitude and direction
of the free surface velocity are thought to be the most relevant
parameters.

In our approach the effects of turbulence, mixing of air and
water, air compression and 3D effects are neglected. These ef-
fects may result in lower loads. However, it is estimated that the
loads after the incipient point remain significant, as a second
peak in energy transfer was also observed for aerated breaking
wave impacts with a cylinder Bos and Wellens, 2021. The low
energy loss for aerated wave impacts could be explained with
the results from Craciunescu and Christou, 2020. Craciunescu
and Christou, 2020 observed an energy loss of only 20% after
breaking for focused breaking waves.

5.5 Free surface configuration and distribu-
tion of pressure during impact

The intention now is to zoom in to the moment of the impact
of wave A and to study the pressure distribution in detail.
Figure 35 shows the free surface configuration and the pressure
distribution in the corner between platform and wall for three
key moments: when the run-up velocity is at maximum, the
pressure is at maximum and when the force is at maximum
(which is almost equal to when the overturning moment is at
maximum).
Free surface and pressure at time of maximum run-up

velocity
In Figure 35 at time 0.274s after the moment the first occur-

rence α = 0.5 is registered near wall and platform, the fluid
configuration and pressure distribution are shown in the two
graphs on the left at the moment the maximum wall velocity
occurs. The figure is zoomed in with respect to panel 7 (from
the left) in Figure 14. Close examination of the graph on the
left of Figure 35 at time stamp 0.274s reveals a small jet form-
ing directed towards the platform, with a maximum velocity
along the wall of 96.13m/s
Free surface and pressure at time of maximum local

pressure
At time 0.301s the maximum local pressure is reached. This

is shown in the two graphs in the middle of Figure 35 as a
dark red area in the corner between platform and wall. This
pressure zone in the corner of the structure generates fluid
flow in negative x-direction along the bottom of the platform.

Free surface and pressure at time of maximum force.
The maximum force and overturning moment occur (nearly)

simultaneously at time 0.378s. In the graphs on the right of
Figure 35 a zone with higher pressures is observed both water
and air. The water encloses an air pocket. Because of the
assumption of incompressibility of the air, the pressure in the
air becomes equal to the pressure in the surrounding water
the moment the air pocket is formed. This is likely different
from what happens in reality.

Discussion
The configuration of the fluid and the pressures at key mo-

ments during the impact are discussed. Evolution of the free
surface and pressure with the jets forming near the corner
between platform and wall could resemble what happens in
surf waves when they break and is called wave ’spit’ (Howler-
magazine, 2018). During surfing it can launch a surfer into
the air; in the confined space near platform and wall it leads
to high pressures and large forces. In a physical environment
three dimensions are present, which would cause air pockets
to be formed differently – if formed at all – and cause jets to
be directed in y-direction. It is our impression that without
air pockets the forces will not be much different from what is
simulated here.

5.6 Sensitivity study

The sensitivity of the results, in terms of maximum force mainly,
to changes in configuration of the domain has been investigated.
The variation involve the configuration of the coupling zones
and the cell size in OpenFOAM. The size of the coupling zones
is varied as well as the position of inlet (end of inlet coupling
zone) and position of outlet (start of outlet coupling zone)
relative to x L. With the selected coupling zone dimensions,
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Figure 35: Detailed fluid configuration and pressure for wave A at x L= 685, for the moments of maximum run-up velocity,
maximum pressure and maximum force

then, a grid sensitivity study is performed. The sensitivity
study is done for wave B2 with the position of the platform at
x L= 502m.

Outlet coupling zone sensitivity
A total of 24 variations were chosen for the outlet coupling

zone, with the coupling zone size ranging from 10m to 200m.
No convergence was found. The standard deviation for the
pressure was equal to 8.6%, with a maximum observed error
of 22.0%. The standard deviation for the force was equal to
0.94%. Although no convergence was found, it was concluded
that a relatively small outlet coupling zone can be chosen with
an outlet position close to the structure without increasing the
error in force. An outlet coupling zone size of 30m (1/5λp)
was chosen, with a minimum distance between the structure
and position of the outlet of 10m (1/15λp).
Inlet coupling zone sensitivity
A total of 21 variations were examined for the inlet coupling

zone. The size of the coupling zone was varied between 10m
and 450m. No formal convergence was found for the inlet
zone either. The standard deviation for the platform pressure
was found to be 10.69% and the standard deviation for the
platform force was estimated at 10.04%. A maximum pressure
error was observed for 23.60% and a maximum force error
was measured to be 43.90%. Based on the variations with the
inlet coupling zone, a size of 50m (1/3λp) was chosen, with a
minimum distance of 50m (1/3λp) between inlet and position
of the structure. For this configuration of the inlet the error
in the maximum force was not larger than 5% compared to a
much longer coupling zone size.

Grid sensitivity study

A grid sensitivity study was performed in which the sensitivity
was investigated of the position of the incipient point, the
maximum local pressure on the platform and the maximum
force. The analysis makes use of the method of Eça L., 2014.
From Figure 36 we find that no formal grid convergence is

found for the position of the incipient point. A finer mesh leads
to wave overturning closer to the inlet (Figure 2). This is in
conflict with the observations made by Bredmose and Jacobsen,
2011. There, the incipient point shifted further downstream
for for a finer mesh. The reason why our simulation results are
different from earlier work is not yet understood.

Figure 36: Incipient point relative to position of platform and
wall for different grid sizes.

Figure 37: Maximum loads sensitivity study, data is made non
dimensional with method described by Eça L., 2014

From Figure 37 no grid convergence is found either for the
maximum local pressure and force. No grid convergence for
the maximum loads is partly caused by the position of the
incipient point, which has an effect on the loads (subsection 5.4.
OpenFOAM is a low order method therefore finer meshes have
lower numerical dissipation. This could lead to higher velocities
and therefore higher loads. Another reason for the lack of
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grid convergence on the loads, is the short time duration of
slamming. The pressure and force peaks as seen in Figure 23
happen at a small time scale. Finer meshes have a smaller time
step due to the Courant number. The load maxima shown in
Figure 23 could be missed with larger time steps. A final reason
for the lack of convergence could be that wave breaking is a
chaotic process. The choice is made to perform all simulations
with a cell size of 0.2m as a compromise between accuracy and
time required for the simulations. Validation with experiments
is required to determine and adequate grid size.

5.7 Critical wave selection process

The objective of this paper is to find which wave selected from a
sea state leads to the largest hydrodynamic loads on a monopile
inspection platform. From subsection 5.4 a procedure for wave
selection can be derived. That procedure is elaborated upon
here.
OpenFOAM critical wave selection
In subsection 5.4, the maximum force on the platform was

measured with the platform position at a distance of 4/9λp
relative to the wave breaking point for a plunging breaker
with a high breaking index. The first maximum force for all
breaking waves is measured with the platform positioned at
1/15λp before wave overturning. This leads to the following
range for critical wave selection

F L= max at


−1

3
λp + xinc < x L, max(ηinc)

2

3
λp + xinc > x L, max(ηinc) ∪max(Γ)

,

(55)
with F Lthe maximum force on the platform, λp the peak
wave length, xinc the location of wave overturning and x L

the structure placement. The waves with the highest surface
elevation measured at the incipient point in the set of breaking
waves is represented asmax(ηinc). The waves with the highest
breaking index from the set of breaking waves is represented
as max(Γ). The union of the two wave sets uses the symbol ∪.
In horizontal space, it is not necessary to look for waves with
an incipient point further than −1/3λp and 2/3λp away from
the position of the platform (Equation 55).
Critical wave selection irrespective of cell size
In section 5.6, it was discussed that grid convergence could

not be obtained for the incipient point. Based on the results,
a maximum error for the incipient point of 1/15λp could be
estimated. Taking this error into account as a safety factor on
the limits of the region near the platform in which breaking
waves need to be considered, leads to

F L= max at


− 6

15
λp + xinc < x L, max(ηinc)

11

15
λp + xinc > x L, max(ηinc) ∪max(Γ)

.

(56)
Presenting the critical range for the onset of wave break-

ing
In subsection 4.2 it was found that wave overturning can

take place directly after onset of breaking or within a distance
of 1/5λp behind the position with the onset of breaking. In
subsection 4.2 little difference was observed for the maximum
surface elevation between breaking onset and wave overturn-
ing. Therefore the following critical wave selection range is

presented for breaking onset

F L= max at


− 9

15
λp + xB85 < x L, max(ηB85)

11

15
λp + xB85 > x L, max(ηB85) ∪max(Γ)

,

(57)
with ηB85 the maximum surface elevation measured at the
position with the onset of breaking.

Wave screening range potential flow solver
From subsection 4.3 it was concluded that the error for

the surface elevation was minimal at breaking onset. Ocean-
Wave3D overestimates the surface elevation compared to Open-
FOAM. It was also observed that the onset of breaking in Open-
FOAM could take place in a region of−1/3λp to 1/15λp around
the position with onset of breaking in OceanWave3D. From
subsection 4.3 it was found that the breaking index could not
reliably be found with the results of OceanWave3D. Therefore
the range of critical wave selection for maximum platform
forces becomes

F L= max at

−2

3
λp + xB85 < x L, max(ηB85)

λp + xB85 > x L, max(ηB85)
, (58)

with xB85 the position of the onset of breaking and ηB85 the
maximum surface elevation at that position in OceanWave3D.

Discussion screening range
A wave selection procedure was discussed to identify the

wave in simulation results of OceanWave3D that leads to the
maximum force on a platform in a 2D setup of OpenFOAM.
Wave selection requires the use of OpenFOAM to obtain the
breaking index from undisturbed (without structure) wave sim-
ulations. An improved wave breaking model in OceanWave3D
could make it possible to perform wave selection with Ocean-
Wave3D alone, which would make the selection procedure
significantly more efficient.

6 Conclusion

The objective of this research was to find which wave selected
from a sea state leads to the largest hydrodynamic loads on a
2D representation of a monopile inspection platform. It was
found that the wave with the highest surface elevation and
the largest breaking index leads to the largest hydrodynamic
loads if it overturns within a distance of approximately 1/3λp
before the location of the platform, with λp the wave length
associated with the peak frequency of the spectrum. This leads
to the following wave selection range for breaking waves in
OceanWave3D

−2

3
λp + xB85 < x L< λp + xB85,

with xB85 the location of breaking onset and x Lthe location
of the structure. Waves with the highest surface elevation mea-
sured at the position of the onset of breaking are selected. All
waves selected need to be simulated in OpenFOAM without
structure to determine the breaking index, incipient point and
maximum free surface particle velocity of the waves, because
reliable estimates of these parameters from the OceanWave3D
results could not be obtained. The horizontal location of max-
imum free surface particle velocity is important as there is a
phase shift of approximately 1/15 to 1/10λp with the position
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of the platform that experiences maximum platform forces.
The incipient point is of importance as there is a phase shift
between the platform position with a force maximum and the
incipient point location of approximately 1/15λp. The breaking
index is a reliable predictor for which wave yields the maxi-
mum free surface particle velocities. As a converged solution
for the maximum force on the platform could not be found in
the grid sensitivity study, a validation experiment is needed to
determine an adequate cell size for the OpenFOAM simulations.
The lack of grid convergence could be caused by the shifting of
the point of overturning, or by the chaotic nature of the wave
breaking process, among other reasons.

The loads on the platform follow a pattern in time and space
for all distances between platform position and incipient point
of the breaking waves: a maximum run-up velocity is mea-
sured along the wall, a maximum local pressure is measured
in the corner between platform and wall, a maximum force is
measured shortly after the local pressure is at maximum, and,
finally, a maximum overturning moment on the platform is
measured. The first impact is observed in the corner between
the wall and the platform. Therefore a platform placement
with an opening between platform and wall may result in
smaller loads. This opening could be considered a ventilation
gap as described in Almeida and Hofland, 2021. The relation
between the opening and the maximum loads is a matter of fur-
ther research. Additionally it is unknown if a platform reaches
its stress limit state due to the maximum local pressure, the
maximum force or the maximum moment. This is matter for
future study.

There seems to be a good relation between the free surface
particle velocities for the undisturbed breaking wave and the
measured platform Force. No (good) relation was found for
the run-up velocity at the wall and the loads on the platform.
It is estimated that the run-up thickness and the water particle
accelerations are of importance as these have an influence on
the added mass of the impact and therefore the loads on the
platform. It is advised for run-up studies to measure the run-
up thickness besides the run-up height with and without the
presence of a platform - a maximum run-up height may not
result in the largest platform forces.
The force on the platform during a wave impact can be

approximately 6.5 times higher than the force with the platform
positioned at the incipient point of the breaking wave. The
setup was done in 2D without the effects of air compression,
turbulence, andwave reflection. The 2D to 3D scale up relations
with different physical settings may result in different loads.
However the loads are estimated to remain significant because
that was also found in Bos and Wellens, 2021. There seems to
be an optimum direction of the free surface particle velocities
just before impact to obtain themaximum force on the platform.
The work has been done for a single storm event and for a slope
of 1:21. More slopes and different storm settings need to be
investigated.
The novel method for determining the breaking index with

a virtual incipient point for irregular waves is verified with
the results from Varing et al., 2021. However, the RMS error
of the breaking index in our work is higher compared to the
results from Varing et al., 2021. It must be verified if this is
due to the nature of irregular waves, due to numerical errors in
OpenFOAM, or due to the method of determining the breaking
index with a virtual incipient point.

Oceanwave3D uses a user defined parameter γ for breaking

wave energy removal. It is highly recommended to replace
this value with the kinematic breaking criterion. A breaking
criterion higher than one corresponds to theoretical wave over-
turning and B = 0.85 corresponds to the onset of breaking.
Therefore, it is advised to keep the default setting of the newly
defined breaking filter parameter (B) at 1.

Because of the difference in surface elevation between Ocean-
Wave3D and OpenFOAM before, during and after breaking, the
correctness of the surface elevation in OceanWave3D after the
activation of the Savitzky-Golay filter for wave breaking must
be further investigated by means of a physical experiment.
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