
Estimation of breaking wave properties and their interaction

with a jacket structure

Ankit Aggarwal∗1, Hans Bihs1, Seimur Shirinov1, and Dag Myrhaug2

1Department of Civil and Environmental Engineering, Norwegian University of
Science and Technology (NTNU), 7491 Trondheim, Norway

2Department of Marine Technology, Norwegian University of Science and Technology
(NTNU), 7491 Trondheim, Norway

Journal of Fluids and Structures, 2019, 91 , pp. 102722.
DOI: http://dx.doi.org/10.1016/j.jfluidstructs.2019.102722

Abstract

The numerical investigation of breaking wave interaction with jacket type offshore wind tur-
bine substructures is quite challenging due to multiple jacket members and the complicated
hydrodynamics of breaking waves around and inside the jacket. The present study is focused
on investigating breaking wave forces and hydrodynamics on a jacket using a computational
fluid dynamics (CFD) based numerical model. The breaking wave forces on a jacket mounted
on a slope are investigated in a numerical wave tank. The experimental and numerical free
surface elevations and wave forces are compared to validate the numerical model. The breaker
indices and geometric profile properties for different wave steepness cases are correlated with
force peaks. Further, the effect of changing the jacket location with respect to the wave
breaker is investigated for different jacket locations for different wave steepness cases. In gen-
eral, the force peaks are maximum when the fully grown breaker tongue impacts the jacket
legs with large momentum. The influence of the jacket location on the wave-induced impact
force rise time for both force peaks is also investigated in detail. The statistical analysis shows
that the lognormal distribution is suitable to predict the breaking wave force statistics. The
complex free surface features including the wave breaker tongue, secondary wave jet, chute
like phenomenon and rejoining of the secondary wave jet with the free surface are observed
during the interaction of breaking waves with the jacket. The role of horizontal velocity
components in estimating the peak wave loads is further explored both deterministically and
probabilistically.
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1 Introduction

The increasing demand in developing technology for offshore wind energy has stimulated the
research towards offshore wind turbine substructures that would be able to withstand harsh
environmental conditions. Among the offshore wind turbine (OWT) substructures, monopiles
are most widely used worldwide. Due to the proximity to the coast, monopiles are easy to
fabricate, to transport and to install in shallow waters (EWEA , 2015). However, monopiles
require more material tonnage in deeper water depths, where installation and transportation
also become expensive (Damiani et al., 2016). Several studies have also shown that monopiles
are progressively unfeasible as projects are located in deeper water depths and use larger
turbine sizes (Musial et al., 2006; De Vries et al., 2011). In such scenarios, other substructures
like jackets can be used. They can provide the needed structural stiffness by concentrating
the mass away from the neutral axis (Damiani et al., 2016). Breaking wave loads are one
of the most important environmental loads to be considered during the design of OWTs.
The wave breaking process is generally initiated by changing water depths from deeper to
shallower water. The breaking waves are characterized by the overturning wave crest. When
the overturning wave crest impacts the structures with a large mass of water, it exerts high
impact forces which can be crucial for the design of OWTs.

Semi-empirical formulas are applied in the offshore wind energy industry worldwide to es-
timate breaking wave loads by introducing slamming wave coefficients. Goda et al. (1966) sug-
gested an additional impact load term in the Morison equation for breaking wave loads. Some
experiments were conducted in the past to estimate the slamming coefficients for monopiles
including the studies by Sarpkaya (1979); Sawaragi and Nochino (1984); Tanimoto and Shiota
(1986); Apelt and Piorewicz (1987); Wienke et al. (2000); Irschik et al. (2004); Ros (2011);
Burmester et al. (2017). The slamming coefficients estimated by these researchers have shown
a considerable degree of scatter (from π to 2π). This scatter induces uncertainty in the cal-
culation of breaking wave loads. All the above mentioned studies regarding slamming wave
loads are limited to monopiles. Jacket structures are more complex due to multiple members,
joints and different member orientations (Aashamar, 2012). The strong non-linear wave hy-
drodynamic processes like wave shoaling, wave breaking, wave decomposition and interaction
of the multiple members and joints in the jacket structure make it quite challenging to accu-
rately estimate the breaking wave loads on the jacket members (Loukogeorgaki et al., 2016).
The design guidelines (ISO 21650 (2007), DNVRP-C205 (2010), API RP 2A-WSD (2007) and
ISO 19902 (2007)) provide only limited information about the jacket design under breaking
wave loads. Arntsen and Gudmestad (2014) conducted experiments to measure the breaking
wave loads due to plunging wave breakers on a jacket structure. They measured the struc-
tural response in their experiments. Later, studies were conducted by Ying et al. (2018) and
Jose et al. (2016) to estimate the wave-induced breaking wave loads from the experimentally
measured structural response.

Numerical modelling with Computational Fluid Dynamics (CFD) can be used to study
breaking waves and associated wave forces. Many important hydrodynamic flow details can
be modelled with CFD, which are difficult to measure in the experiments, by the use of the
higher-order numerical schemes, sharp representation of the free surface and accurate closure
of the turbulence. Several researchers have applied CFD in the past to study breaking waves
and associated forces (Lin and Liu, 1998; Zhao et al., 2004; Hieu et al., 2004; Christensen,
2006; Jacobsen et al., 2012; Mo et al., 2013; Bihs et al., 2016b; Alagan Chella et al., 2017).
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Christensen et al. (2005) modelled total wave forces and wave run-up due to breaking waves
in shallow waters with a Navier-Stokes (NS) solver and the volume-of-fluid (VOF) method.
Bredmose and Jacobsen (2010) performed simulations for a monopile with the open-source
software OpenFOAM based on the NS equations and the VOF method for free surface without
an explicit turbulence model. In the simulation, breaking waves were generated using the
focussed wave group method. A similar approach was employed by Bredmose and Jacobsen
(2011) to study the vertical wave impacts on offshore wind turbine inspection platforms with
the OpenFOAM. Choi et al. (2015) analysed the breaking wave loads on vertical and inclined
cylinders with CFD to study the dynamic amplification factor due to structural response.
Their model is based on NS equations and it employs the VOF method for the free surface.
Kamath et al. (2016) studied the effect of the wave breaker location on the wave impact
forces for a monopile by using the Reynolds-Averaged Navier-Stokes (RANS) equations based
numerical model REEF3D. They reported that the maximum wave impact forces are obtained
when the breaking wave tongue impacts the cylinder just below the wave crest. Hildebrandt
and Schlurmann (2012) investigated breaking wave loads on tripod legs using ANSYS-CFX
and compared their results for free surface elevation and wave forces with the experiments.
Their numerical results showed a good agreement with experimental data. Jose and Choi
(2017) conducted a numerical study to model the breaking wave forces on jacket structures.
They also estimated the slamming coefficients for local jacket members, and compared their
numerical results with the experiments by Arntsen and Gudmestad (2014) to validate their
numerical model. The numerical results were fairly accurate, although some peaks in the wave
impact forces were not captured correctly and the breaking wave kinematics was underresolved
as the overturning jet was absent. The wave breaker location can have a significant effect on
the wave impact loads due to the multiple scenarios of the jacket-breaker tongue interaction.
To the best of the authors’ knowledge, there have been no CFD studies to investigate the
effect of the breaker location on the wave impact forces for a jacket structure.

The goal of the present work is to study the breaking wave characteristics and to investigate
the effect of the breaker location on wave impact loads for a jacket structure. The numerical
simulations are performed with the CFD module of the open-source hydrodynamics model
REEF3D (Bihs et al., 2016a; Bihs and Kamath, 2017). In the past, the numerical model
has been successfully applied to various coastal and marine engineering problems including
breaking waves and breaking wave forces (Aggarwal et al., 2016, 2018a; Bihs et al., 2016b;
Alagan Chella et al., 2017; Ahmad et al., 2018). The numerical model employs higher-order
numerical schemes capable of capturing the complete breaking process. It is quite difficult for
numerical models to generate an accurate mesh around the jacket structure due to the struc-
tural complexity of the jacket. The current approach uses a ghost cell immersed boundary
method (GCIBM) to implement an accurate mesh around the jacket. In the current study,
the numerical model is first validated for the breaking wave interaction with the jacket struc-
ture by comparing the numerical free surface elevation at different wave gauge locations with
the experiments by Arntsen and Gudmestad (2014). The numerical breaking wave force is
compared with the experimental wave force for validation purposes. Two-dimensional simu-
lations are carried out in order to investigate the breaking wave characteristics and wave crest
deformations including the breaking height index, the breaker depth index and the geometric
wave profile properties for different incident wave steepnesses. Three-dimensional simulations
are carried out in order to estimate the breaking wave loads under four different wave impact
scenarios. The jacket is placed at four different distances with respect to the breaker loca-
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tion and these scenarios are evaluated for four different incident wave steepnesses each. The
evolution of wave harmonics during wave shoaling, wave breaking and wave decomposition
processes and their effect on slamming loads is analysed. The role of the breaker location
and the incident wave steepness on the rise-time of the slamming loads is investigated for all
cases. Various free surface flow features during the interaction of breaking waves with the
jacket structure including the primary wave jet, rejoining of the primary wave jet with the free
surface and generation of the secondary wave jet are also discussed. Further, the statistics
of the slamming load rise-time, breaking wave force and horizontal velocity components are
further investigated by estimating the most suitable probabilistic distribution fit.

2 Numerical Model

2.1 Governing Equations

The open-source hydrodynamics model REEF3D (Bihs et al., 2016a; Bihs and Kamath, 2017)
based on the Reynolds-Averaged Navier-Stokes equations (RANS) defined for incompressible
fluids is used. The governing momentum conservation equations and the continuity equation
are:

∂ui
∂xi

= 0 (1)

∂ui
∂t

+ uj
∂ui
∂xj

= −1

ρ

∂P

∂xi
+

∂

∂xj

[
(ν + νt)

(
∂ui
∂xj

+
∂uj
∂xi

)]
+ gi (2)

where ui is the velocity averaged over time t, ρ is the fluid density, P is the pressure, ν is the
kinematic viscosity, νt is the eddy-viscosity, i and j denote the indices in x and y direction,
respectively and gi is the acceleration due to gravity.

For the spatial discretization, the fifth-order finite difference Weighted Essentially Non-
Oscillatory (WENO) scheme in multi-space dimensions is used (Jiang and Shu, 1996). The
third-order TVD Runge Kutta scheme is implemented for time discretization (Shu and Oscher,
1988). Adaptive time stepping is applied in order to control the CFL-number and to compute
the time step size (Griebel et al., 1998). The pressure in the Navier-Stokes equations is calcu-
lated using the projection method (Chorin, 1968). The HYPRE conjugate gradient solver in
combination with the multigrid preconditioning is utilized to solve the Poisson pressure equa-
tion (Falgout and Yang, 2002). The present study uses the k−ω model (Wilcox, 1994) along
with the RANS equations for turbulence closure. The numerical model employs a Cartesian
grid approach in order to apply higher-order discretization schemes. A ghost cell immersed
boundary method (GCIBM) is implemented to consider irregular and non-orthogonal solid
boundaries (Berthelsen and Faltinsen, 2008). This approach allows straightforward meshing
around the complex jacket structure. For capturing the free surface, the level set method
approach (Osher and Sethian, 1988) is used. The level set function gives the closest distance
to the interface and the two phases are distinguished by the change of the sign. The function
can be written as:

φ(~x, t)


> 0 if ~x is in phase 1

= 0 if ~x is at the interface

< 0 if ~x is in phase 2

(3)
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2.2 Wave force computation

The total wave force (F ) in the numerical model is calculated by integrating the pressure and
the normal component of viscous stress tensor τ over the surface Ω of the structure. This
procedure is performed discretely by evaluating the pressure p and τ for all individual cell
surface of the structure:

F =

∫
Ω

(−np+ n.τ)dΩ (4)

3 Results and discussion

3.1 Computational setup

The experiments were conducted as a part of the WaveSlam project (Arntsen and Gudmestad,
2014) at the large wave flume (GWK) in Hannover with the aim to study the breaking wave
forces on a jacket structure. The experiments were conducted at a scale of 1:8 with the
Thornton bank wind farm, which is located on the Belgian coast in water ranging from 12
m to 27 m deep. The large wave flume in Hannover is 300 m long, 5 m wide and 7 m deep.
The slope of the bottom of the ramp is 1:10. The diameter of each jacket member is 0.14 m.
The jacket is located 200 m from the wave generator at the end of the slope. Incident regular
waves with heights H between 1.60–1.70 m and periods T between 4.0–6.0 s are generated.
To simulate the experimental setup, the numerical simulations are conducted in two parts to
reduce computational costs. First, the numerical simulation is conducted in a two-dimensional
(2D) numerical wave tank (NWT) without jacket. The 2D NWT is 100 m long and 7 m deep
with a water depth d of 4.3 m (Fig. 1a) to model the wave propagation and the breaking
process. The waves in the 2D NWT are generated with the relaxation method (Mayer et al.,
1998) and absorbed with the active wave absorption method.

The numerical simulations with the jacket structure are conducted in a 3D NWT. The 3D
NWT is 38 m long, 5 m wide and 7 m deep. The water depth is d = 4.3 m and the jacket with
each members’s diameter D = 0.14 m is mounted on top of the slope as in the experiments
(Fig. 1b). The jacket can be seen in Fig. 1c. The waves at a distance of -28 m from the
wavemaker in the 2D NWT are reconstructed in the 3D NWT at x = -28 m (beginning of
the 3D NWT) using the free surface reconstruction technique (Aggarwal et al., 2018b). The
reconstructed waves in the 3D NWT are then identical to the waves in the 2D NWT. The
wave gauges are placed at x = -28 m (W1), -7 m (W2), -5 m (W3), -3 m (W4), -2 m (W5),
1 m (W6) and 5 m (W7) to measure the free surface elevations; velocity probes are placed at
the free surface at x = -23 m (P1), -16.5 (P2), -2 m (P3), -1 m (P4), 0 m (P5), 0.5 m (P6),
3.5 m (P7) and 7 m (P8) to measure the particle velocities. The list of simulation cases for
the validation of the numerical model and to investigate the effect of breaker location can be
seen in Table 1 and Table 2, respectively.

3.2 Validation of the numerical model

Grid convergence study The grid convergence study is carried out for the free surface
elevation measured at the wave gauge at x = -2 m (see Fig. 1 for the coordinate system).
The numerical simulations are performed with a wave height H = 1.60 m and a wave period
of T = 5.55 s (case S1, Table 1) for four different grid sizes dx = 0.20 m, 0.10 m, 0.05 m and
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No.
Wave height

H(m)

Wave period

T (s)

Steepness

s

Breaking point

xb(m)

S1 1.60 5.55 0.033 1.64

S2 1.50 4.60 0.045 1.45

S3 1.60 4.60 0.048 1.10

S4 1.70 4.60 0.051 0.90

Table 1: Simulation cases for 2D NWT with different incident wave steepnesses

0.025 m. Fig. 2a presents the comparison of the numerical and experimental wave free surface
elevation versus time with different grid sizes dx for case S1 at W5 (x = -2 m). It appears that
the numerical results with dx = 0.20 m and 0.10 m underestimate the peak wave amplitude
by 10 % and 8 %, respectively. Also, the location of the wave peak in the time-series is not
accurately presented. The error in the computation of the wave peak locations with dx =
0.20 m and 0.10 m are 0.11 % and 0.09 %, respectively. On refining the grid size to dx =
0.05 m, the peak wave amplitude errors and peak wave amplitude location errors between
the experimental and numerical results reduce to 2.6 % and 0.03 %, respectively and the
numerical model is able to represent the experimental free surface elevation with a reasonable
accuracy at this grid size dx = 0.05 m. On the refinement of the grid size to dx = 0.025 m, the
results are not improved further, indicating that the numerical results are converged at dx =
0.05 m. Thus, dx = 0.05 m is chosen for the following simulations. Fig. 2b presents the peak
wave amplitude errors and peak wave amplitude location errors between the experimental and
numerical results versus dx. It can be seen that both errors reduce significantly on refining
dx from 0.20 m to 0.05 m and this decrement becomes insignificant on the further refinement
of dx to 0.025 m. Fig. 3 presents the comparison of the numerical and experimental wave
free surface elevation versus time at different wave gauges (W3, W4 and W5) for case S1 with
dx = 0.05 m. The time-step is calculated based on the CFL number in the numerical model
(Bihs et al., 2016a). The numerical model is able to model and compute the free surface
elevation at different wave gauges located over the slope. The wave propagation over slopes
is characterized by a complex wave shoaling process which is correctly represented by the
numerical model. The peaks of the wave amplitude and locations of the amplitude peaks
are accurately modelled. The wave crests become sharper compared to the wave troughs due
to the shallower water depths during wave shoaling as shown by the both experimental and
numerical results.
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Cases
Steepness

s

Wave height

H (m)

Wave period

T (s)

x

(m)

A1

0.048

1.60 4.60 0

A2 1.60 4.60 0.5

A3 1.60 4.60 1.0

A4 1.60 4.60 1.5

B1

0.051

1.70 4.60 0

B2 1.70 4.60 0.5

B3 1.70 4.60 1.0

B4 1.70 4.60 1.5

C1

0.033

1.60 5.55 0

C2 1.60 5.55 0.5

C3 1.60 5.55 1.0

C4 1.60 5.55 1.5

D1

0.035

1.70 5.55 0

D2 1.70 5.55 0.5

D3 1.70 5.55 1.0

D4 1.70 5.55 1.5

Table 2: Simulation cases for the investigation of effect of wave breaker location on breaking

wave forces in 3D NWT
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Figure 1: Setup of the numerical wave tank used in the present study (a) 2D NWT (b) 3D
NWT (c) jacket
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Figure 2: Grid convergence study for wave free surface elevation at x = -2 m (W5) (a) η at
different dx; black crosses for experimental; green dotted for dx = 0.025 m; black dotted for
dx = 0.05 m; red dotted for dx = 0.10 m; blue dotted for dx = 0.20 m (b) % errors versus
dx; dots for peak wave amplitude error; triangles for peak wave amplitude location error
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Figure 3: Comparison of the experimental and numerical wave free surface elevation time-
series for case S1 at (a) W3 (x = -5 m) (b) W4 (x = -3 m) (c) W5 (x = -2 m). Red solid line
presents numerical; black crosses for experimental

Validation of breaking wave force After the numerical model is validated for the free
surface elevation, the validation study for the total breaking wave force on the jacket is
performed. The simulations are run for cases S1, S2, S3 and S4 with dx = 0.05 m. The jacket
is placed exactly at the location as in the experiments. Fig. 4 presents a comparison of the
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normalized numerical and experimental breaking wave force versus time for cases S1-S4 with
dx = 0.05 m. Wave steepness is given by:

s =
2πH

gT 2
(5)

Waves impact the jacket structure at different locations for cases S1-S4 as shown in Fig.
5. The wave forces are normalized with the following equation (Eq. 3.2.2):

F̂ =
F

ρgD3
(6)

where ρ is the water density and D is the diameter of the jacket members.
The numerical model is able to compute the total breaking wave loads on the jacket

structure with a good accuracy as seen in Figs. 4a, 4b, 4c and 4d. The first and second force
peaks are estimated with errors of 2.3 % and 2.7 % for case S1, 2.9 % and 2.5 % for case
S2, 1 % and 1.7 % for case S3 and with errors of 0.8 % and 2.7 % for case S4, respectively.
The breaking waves impact the front face of the jacket first which leads to the first peak.
Then, they interact with the rear face, resulting in the second force peak in the force time
series (Fig. 5). There are some minor discrepancies in the troughs of the numerical and
experimental wave force signal, but since the focus of the present study is to investigate the
peak breaking wave loads, further simulations are continued with dx = 0.05 m. Further, in
order to verify the repeatability of numerical simulations, 4 trial runs are conducted for case
S4 (Fig. 4e). The numerical results with all of the trial runs are almost the same and are in
a good agreement with the experimental data, which further verifies the repeatability of the
numerical results for breaking wave forces on jackets.

Spatial evolution of horizontal velocity Fig. 6 presents the normalized horizontal veloc-
ity versus the distance along the NWT for cases S1 to S4. The horizontal velocity components
are normalized according to the following equation:

û =
u√
gd

(7)

The horizontal velocity component is highest for the waves with the largest wave steepness.
For all cases, the maximum horizontal velocity is attained at the breaker tongue during the
wave breaking process. In general, the velocity increases during shoaling up to the point where
the wave crest becomes unstable and the wave breaks. For case S4 (largest wave steepness
case), the maximum û is larger by almost 23 % compared to case S1 (lowest wave steepness
case). Due to the larger horizontal velocity at wave breaking, waves impact the jacket with a
larger momentum resulting in larger wave-induced impact loads. After the wave breaking has
occurred, the horizontal velocity reduces due to the loss of wave energy during the breaking
process. This process is evidently similar for all cases (S1 to S4).

Figure 6: Variation of the horizontal velocity component during the breaking wave interaction
with the jacket for cases S1-S4. White circles for case S1; black circles for case S2; white
squares for case S3; black squares for case S4
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Figure 4: Comparison of the experimental and numerical normalised breaking wave force
time-series for case (a) S1 (s = 0.033) (b) S2 (s = 0.045) (c) S3 (s = 0.048) (d) S4 (s
= 0.051) (e) S4 (s = 0.051) with multiple numerical runs for verifying the repeatability of
numerical simulations under dynamic wave loadings. For Figs. 4a to 4d: Red solid line
presents numerical results and black crosses show experimental results

3.3 Breaking wave characteristics and wave profile geometric properties

The breaker depth index (γb) and breaker height index (Ωb) are used to investigate the break-
ing characteristics. They are defined as:

γb =
Hb

db
; Ωb =

Hb

Ho
(8)
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(a) (b)

(c) (d)

(e)

Figure 5: Different wave impact locations for case (a) S1 (s = 0.033) at t = 22.16s (b) S2 (s
= 0.045) at t = 22.21s (c) S3 (s = 0.048) at t = 21.33s (d) S4 (s = 0.051) at t = 21.47s.

where db is the depth at breaking, Hb is the local wave height at breaking and Ho is the
offshore input wave height.

Kjeldsen and Myrhaug (1978) defined the steepness and asymmetry parameters for the
local wave crest asymmetry at breaking: the wave crest front steepness (ε), the wave crest
rear steepness (δ), the horizontal asymmetry factor (µ) and the vertical asymmetry factor (λ)
as seen in Fig. 7. The present study uses these steepness and asymmetry parameters to study
the geometric properties of breaking waves over different slopes.

Fig. 8 presents the breaker depth index (γb) (Fig. 8a) and the breaker height index (Ωb)
(Fig. 8b) versus the distance at which the waves break (xb) for cases S1–S4. It is observed
that γb and Ωb decrease as xb increases. When the wave steepness increases, the breaking
location shifts offshore (i.e., xb decreases) as observed in Table 1 and Fig. 1, and the waves
break with a larger breaker height Hb. The waves with lower steepness s break more onshore
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Figure 7: Definitions of wave profile geometry (Kjeldsen and Myrhaug, 1978) (a) crest front
wave steepness ε; (b) crest rear wave steepness δ; (c) vertical asymmetry factor λ; (d) hori-
zontal asymmetry factor µ

at shallower water depths and experience more deformation. In all the cases Ωb > 1, which
means that the waves grow more than the incident H during the shoaling process and have a
higher Hb than incident H for all cases. Figs. 9a, 9b, 9c and 9d present the crest front wave
steepness (ε), the crest rear wave steepness (δ), the horizontal asymmetry factor (µ) and the
vertical asymmetry factor (λ), respectively, versus xb for cases S1–S4. In general, the crest
front steepness (ε) and the crest rear steepness (δ) decrease (with maximum at xb = 1.1 m) as
xb increases (as the wave breaking location shifts onshore). The wave crest becomes steeper
and more skewed, when waves propagate for longer distances over the flat part of the slope. It
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is noticed from Figs. 9c and 9d that the values of λ almost remain the same with changes in
xb except at xb = 1.1 m, but the values of µ decrease slightly as xb increases. The maximum
value of δ and the minimum value of λ at xb = 1.1 m could possibly be due to the interaction
of the almost vertical wave crest with the front legs of the jacket for case S3 (s = 0.048) as
shown in Fig. 5c. The front face of the wave crest becomes very steep without much change
in the rear face of the wave crest due to more offshore wave breaking.
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Figure 8: Variation of the breaker indices versus wave breaking location xb (a) breaker depth
index γb (b); breaker height index Ωb
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Figure 9: Variation of the wave profile geometric parameters versus wave breaking location
xb (a) crest front wave steepness ε; (b) crest rear wave steepness δ; (c) vertical asymmetry
factor λ; (d) horizontal asymmetry factor µ
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Fig. 10 shows the bar representation of the first and second force peaks versus breaker
depth index (γb), the breaker height index (Ωb), the crest front wave steepness (ε), the crest
rear wave steepness (δ), the horizontal asymmetry factor (µ) and the vertical asymmetry
factor (λ) for cases S1–S4. Both, the first and second force peaks follow the similar trend for
γb (Fig. 10a). They are reduced by almost 24 % and 36 %, respectively, when γb increases to
1.02. Both force peaks increase on the further increment of γb. A similar trend is observed for
the force peak value as Ωb increases (Fig. 10b). This is due to the shift in the wave breaking
location towards deeper water as discussed in the previous section, demonstrating that the
wave breaking location plays an important role in estimating the wave-induced impact force
peaks. When the overturning wave crest impacts the front legs of the jacket, the first force
peak is larger than the second one, while when the overturning wave crest impacts the rear
legs of the jacket, the second force peak is larger than the first one. The trends of force peaks
F̂p versus crest front wave steepness (ε) and the crest rear wave steepness (δ) are similar to
that of the breaker indices (Figs. 10c and 10d, respectively). For the horizontal asymmetry
factor (µ) and the vertical asymmetry factor (λ), the peak forces first increase, then decrease
to the minimum value and then increase again on the further increment of µ and λ (Figs. 10e
and 10f, respectively). The wave profile geometric properties represent the deformation, i.e.,
the asymmetry and skewness of the wave crest profile, which further depend on the incident
wave steepness and wave breaking location.

When waves approach the shallower water depths, their wave height and wave length
change. The wave length becomes shorter and the wave height and wave energy increase
during the shoaling process. This process continues until the fluid particle velocity exceeds
the wave crest velocity which leads to wave breaking. Fig. 11 presents the computed free
surface profile with velocity variations during the wave propagation over the slope at t = 22.7
s, 22.9 s, 23.05 s, 23.2 s, 23.27 s and 23.39 s, respectively. When the waves propagate over the
slope, they undergo shoaling which is observed by the increase in wave crest height. As the
waves propagate further over the slope, the wave crest becomes almost vertical at the onset
of wave breaking as seen in Fig. 11a; a small water jet is generated at the wave crest and the
profile of the wave crest becomes highly deformed and asymmetric. When the fluid particle
velocity at the wave crest exceeds the wave celerity, an overturning motion of the wave crest is
induced (Fig. 11b). The overturning wave crest breaks with the encasement of an air pocket
(Fig. 11c), referred to as the splash-up phenomenon and another small jet of water in the
downstream direction is generated (Figs. 11d, 11e and 11f).
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Figure 10: Bar representation of the first and second force peaks versus (a) breaker depth
index γb (b) breaker height index Ωb (c) crest front wave steepness ε; (d) crest rear wave
steepness δ; (e) vertical asymmetry factor λ; (f) horizontal asymmetry factor µ. White bar
for first force peak and black bar for second force peak

3.4 Influence of jacket location with respect to the breaker location

The wave breaker location with respect to the OWT substructures has a significant effect on
the magnitude of slamming wave loads. This has been shown previously by Irschik et al. (2004)
and Kamath et al. (2016) for monopiles. This section of the paper is focused on exploring
the effect of changing the distance of the jacket with respect to the wave breaking location
on the breaking wave forces and the associated properties. Four different jacket locations are
investigated for four different incident wave steepnesses. The list of the simulation cases for
different wave loading cases can be seen in Table 2. The value of x is 0 when the front legs
of the jacket are placed at the start of the flat part of the seabed (refer to Fig. 1 for details).
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(a) (b)

(c) (d)

(e) (f)

Figure 11: Computed wave profile with the horizontal velocity variation (m/s) during the
wave propagation over sloping seabed (case S4) at (a) 22.7 s (b) 22.9 s (c) 23.05 s (d) 23.2 s
(e) 23.27 s (f) 23.39 s

The present study investigates a total of 16 different wave loading scenarios with values of x
= 0.0 m (A1, B1, C1 and D1), 0.5 m (A2, B2, C2 and D2), 1.0 m (A3, B3, C3 and D3) and
1.5 m (A4, B4, C4 and D4). The alphabetic letters A, B, C and D are the cases with different
wave steepnesses s = 0.048, 0.051, 0.033 and 0.035, respectively, while numbers 1, 2, 3 and 4
indicate different locations of the front legs of the jacket x = 0.0 m, 0.5 m, 1.0 m and 1.5 m,
respectively (Fig. 12).
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Figure 12: Different jacket locations with respect to the breaker (a) front and rear jacket legs
(refer to Fig. 1c for jacket details) (b) different locations of the front legs of the jacket
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Free surface changes In order to understand the breaking wave interaction with the jacket,
the free surface changes at different time steps are presented in Fig. 13 for case D2 (x = 0.5
m, s = 0.035), where the wave breaks in the vicinity of the front legs of the jacket. It can
be observed in Figs. 13a, 13b that as the waves propagate over the slope, they undergo
wave shoaling until the wave crest becomes unstable and overturns signifying wave breaking
(Figs. 13c and 13d). The interaction of the wave crest with the jacket also generates a highly
turbulent free surface (Fig. 13d). The overturning wave crest develops further and interacts
with the rear jacket structure and causes the secondary force peak (Figs. 13e and 13f). A
breaking wave jet and a chute like phenomenon can be observed due to the interaction of
the breaking wave crest with the rear legs of the jacket (Figs. 13g and 13h). On further
propagation, the primary breaking wave jet rejoins the free surface and a secondary jet is
generated due to the splash up phenomenon (Figs. 13i and 13j). This secondary wave jet is
generated after the jacket and hence does not contribute towards the wave force for this case.

Fig. 14 presents the free surface changes at different time steps for case D4 (x = 1.5 m, s
= 0.035). The front legs of the jacket are placed at x = 1.5 m from the location where wave
breaking is initiated (Figs. 14a and 14b). Here, the fully developed overturning wave crest
impacts the front legs of the jacket resulting in larger computed wave forces in this case than
for case D2 (x = 0.5 m, s = 0.035). The overturning wave crest impacts the jacket with a
large mass of water with large wave crest velocities (Figs. 14c and 14d). The semi-circular
wave crest due to the wave-jacket interaction is less prominent in this case compared to case
D2 (Fig. 13, x = 0.5 m, s = 0.035). The broken wave and the generated secondary wave
jet interact with the rear jacket legs (Figs. 14e and 14f), and on further wave propagation,
the secondary jet rejoins the free surface (Figs. 14g and 14h). The wave jacket interaction
is quite different for the two wave impact scenarios presented above. The overturning wave
crest on the front jacket legs leads to a larger primary peak of the wave impact force (case
D2) compared to the vertical wave crest where wave breaking has just been initiated (case
D4). Also, in case D4, the secondary wave jet generated as a result of the rejoining primary
wave jet with the free surface also contributes to a secondary force peak unlike case D1, where
the secondary jet is generated after the wave crest has propagated past the rear jacket legs.
These features will be discussed further in the next section.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

Figure 13: Computed wave profile during wave breaking with the velocity variation on the
jacket for case D2 (x = 0.5 m, s = 0.035) at t = (a) 34.5 s (isometric-view) (b) 34.5 s (top-
view) (c) 35.05 s (isometric-view) (d) 35.05 s (top-view) (e) 35.20 s (isometric-view) (f) 35.20
s (top-view) (g) 35.35 s (isometric-view) (h) 35.35 s (top-view) (i) 35.50 s (isometric-view) (j)
35.50 s (top-view)
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(a) (b)
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(i) (j)

Figure 14: Computed wave profile during wave breaking with the velocity variation on the
jacket for case D4 (x = 1.5 m, s = 0.035) at t = (a) 28.9 s (isometric-view) (b) 28.9 s (top-
view) (c) 29.05 s (isometric-view) (d) 29.05 s (top-view) (e) 29.20 s (isometric-view) (f) 29.20
s (top-view) (g) 29.35 s (isometric-view) (h) 29.35 s (top-view) (i) 29.50 s (isometric-view) (j)
29.50 s (top-view)
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Effect on wave forces Fig. 15 presents the normalized total breaking wave force for different
incident wave steepnesses with different jacket locations (cases A1-D4). For cases A1 (x = 0.0
m, s = 0.035), A2 (x = 0.5 m, s = 0.035), A3(x = 1.0 m, s = 0.035) and A4 (x = 1.5 m, s =
0.035), the maximum first force peak is computed for case A3, because the overturning wave
crest impacts the front legs of the jacket (Fig. 15a). When the waves impact the rear legs of
the jacket, the waves have already broken as shown in Fig. 13, and hence the second force
peaks are lower than the first force peaks for cases A1, A2, A3 and A4. For cases B1–D4,
the wave breaking is initiated at the front legs of the jacket, but the overturning wave crest
impacts the rear legs of the jacket due to which the second force peaks are larger than the
first force peaks; the second forces peaks are maximum for cases B4 (Fig. 15b), C4 (Fig. 15c)
and D4 (Fig. 15d). The overturning wave crests impact the rear legs of the jacket with a
large mass of water (Figs. 13 and 14). The force peak values are lowest for cases A1 (Fig.
15a), B1 ((Fig. 15b)), C1 ((Fig. 15c)) and D1 ((Fig. 15d)), where waves are still shoaling
and not breaking. In general, the force time plots for all cases exhibit two main peaks. The
wave breaking location and impact of the overturning wave crest are the major factors which
determine the magnitude of the peak breaking wave forces.

Figs. 16a and 16b present the normalized first and second force peaks versus the distance
x. It can be observed that the value of the first force peak is highest for case A3 (x = 1.0 m),
where the overturning wave crest impacts the front legs of the jacket; the increase in the peak
magnitude is 40 % compared to case A1 (x = 0.0 m). In general, the first force peak value
increases when the front legs of the jacket are located in the proximity of the overturning
wave crest (Fig. 16a). The value of second force peak is highest for case D4, because the wave
breaking location shifts further offshore, and the overturning wave crests impact the rear legs
of the jacket. This value increases by 52 % on changing the x from 0.0 m to 1.5 m. Also, the
value of the second peaks is larger than the first force peaks for cases B1 – D4 (Fig. 16b).
The variation of the first and second force peaks versus wave steepness is presented in Figs.
17a and 17b, respectively. Both first and second force peaks increase with the increment in
wave steepness. When the wave steepness s increases, the increase in the first force peak value
with s is largest for the impact scenario 1 (x = 0.0 m). The first force peak increases by 28
% at s = 0.05 compared to at s = 0.03 for the impact scenario 1 (x = 0.0 m). For the second
force peaks, the effect of increasing s is most noticeable for the impact scenario 4 (x = 1.5
m). The second force peak magnitude is larger by 61 % at s = 0.05 compared to at s = 0.03
for the impact scenario 4. This is due to both the higher incident wave energy (i.e., incident
wave heights) and the impact of the overturning wave crest on the rear jacket legs.

Statistics of breaking wave forces In order to investigate the statistics of the break-
ing wave forces, the cumulative distribution functions (CDFs) for breaking wave forces are
analysed. Fig. 18 presents the cumulative distribution functions (CDFs) for the normalized
breaking wave force peaks F̂b. The breaking wave forces are normalized with their correspond-
ing root-mean-square (rms) values. Two different distributions: the Weibull distribution and
the lognormal distribution, are tested. The lognormal probability density function (PDF) is
given by:

p(x) =
1

xσl
√

2π
exp{−(lnx− µl)2

2σ2
l

} (9)
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Figure 15: Time-variation of the normalized wave force F̂ for cases (a) A1–A4 (s = 0.048)
(b) B1–B4 (s = 0.051) (c) C1–C4 (s = 0.033) (d) D1–D4 (s = 0.035). Red dotted line for x
= 0 m; black dotted line for x = 0.5 m; black solid line for x = 1.0 m; blue dotted line for x
= 1.5 m.
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Figure 16: Variation of the normalized force peak F̂p versus x (a) first force peak (b) second
force peak. White circles for s = 0.048 (case A); black circles for s = 0.051 (case B); triangles
for s = 0.033 (case C); crosses for s = 0.035 (case D)
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Figure 17: Variation of the normalized force peak F̂p versus s (a) first force peak (b) second
force peak. White circles for x = 0 m; black circles for x = 0.5 m; triangles for x = 1.0 m;
crosses for x = 1.5 m

where µl and σl represent the log mean and log standard deviation of x, respectively; the best
fit values of µl and σl are given in Table 3.

The Weibull PDF is given by:

p(x) =
b

a
(
x

a
)b−1exp{−(

x

a
)b} (10)

where b is the shape parameter and a is the scale parameter; the best fit values of a and b
are presented in Table 3.

Figs. 18a and 18b indicate that the lognormal distribution is relatively more appropriate
for both the first and second force peaks due to a better fit with the numerical data compared
to the Weibull distribution. However, both the lognormal and the Weibull distributions are in
reasonable fit with the data. This is also obvious by comparing the log-likelihood (LL) values
in Table 3, i.e., the LL values can be used to compare the best fit between two distributions.
A relatively higher LL value gives a better distribution fit for the data (Kececioglu, 1993).
However, both the first and second force peaks in the range of F̂b = 0.92-1 are not predicted
correctly by any of the probabilistic distribution functions.
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Figure 18: CDF fits in Weibull scale for the normalized (a) first force peaks; (b) second force
peaks. Black circles for numerical data; black dashed line for lognormal fit; solid black line
for Weibull fit (for details of the CDF fits, see Table 3)

Evolution of wave harmonics When waves propagate over sloping seabeds, they undergo
wave shoaling, wave breaking and wave decomposition processes as explained above. During
the wave transformation, their energy level at different frequencies change and higher wave
harmonics are generated. Fig. 19 presents the evolution of the wave spectral density dur-
ing wave shoaling (Fig. 19a) and wave breaking (Fig. 19b). The wave spectral density is
normalized with the spectral peak value of the incident wave spectrum, and the frequency is
normalized with the peak frequency fp. It is observed in Fig. 19a that energy from the first-
harmonic (H1) at f/fp = 1 is transferred towards the second harmonic at f/fp = 2 during
wave shoaling, as waves propagate over the slope (x= -7 m). The value of H1 is reduced by
almost 25 % and H2 is increased by almost 100 %. As the wave propagate further (x = -5 m),
H1 reduces further and major portion of the energy from H1 is transferred towards H2 and
a minor portion towards H3 at f/fp = 3. During wave breaking as shown in Fig. 19b, the
contribution of higher-harmonics H2 and H3 in the spectral wave density increases further.
A small energy transfer towards fourth-harmonic H4 at f/fp = 4 is also observed. The first-
harmonic peak H1 reduces by almost 70 % at x = 5 m after wave breaking compared to the
incident wave spectrum at x = -28 m. Some of the incident wave energy is dissipated during
wave breaking in form of turbulence and heat, while a certain portion of energy is transferred
towards higher-harmonics (H2, H3 and H4). These phenomena of wave energy transfer and
wave energy dissipation during wave shoaling and wave breaking can also be clearly noticed
in Fig. 20, where the evolution of wave harmonics with the distance along the NWT is shown.
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Figure 19: Evolution of wave spectral density over frequency for case A3 during (a) wave
shoaling (x = -28 m to -5 m) and (b) wave breaking (x = -2 m to 5 m). fp is the peak
frequency (0.22 Hz)
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Figure 20: Evolution of wave harmonics over distance along the NWT for case A3 during
(a) wave shoaling (x = -28 m to -5 m) and (b) wave breaking (x = -2 m to 5 m). Ŝp is
the normalised spectral peak value; H1 is the first-harmonic at f/fp = 1; H2 is the second-
harmonic at f/fp = 2; H3 is the third-harmonic at f/fp = 3; H4 is the fourth-harmonic at
f/fp = 4

Effect of the breaker location on wave-induced impact force rise time Figs. 21a
and 21b present the normalized rise times for both the first and second force peaks versus
the distance x. The rise times are normalized with the total wave impact duration in each
case. In general, the rise time for the first force peak decreases as the distance x increases.
The value of tr/td is highest for case B1, where the rise time of the first force peak is 28 %
of the total impact duration (Fig. 21a). This value is least for case D4, where the rise time
is only 19 % of the total impact duration. For the second force peak, tr/td is maximum, i.e.,
10 % of the total wave impact duration for case C2 (Fig. 21b). In general, the rise time for
the second force peak is not affected much by the change in jacket location. Further, the
variations of the normalized rise times of the first and second force peaks versus the incident
wave steepness are presented in Figs. 22a and 22b, respectively. The rise time for the first
force peak is highest for the wave impact scenario B (x = 0.5 m), where tr/td is 28 % of the
total impact duration; tr/td is not affected much by changing the wave steepness s for this
wave impact scenario. For case D4, tr/td is minimum where the front legs of the jacket are
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placed at x = 1.5 m with an incident wave steepness of s = 0.035 (Fig. 22a). For the second
force peak, tr/td is maximum with tr/td = 10 % of the total impact duration for x = 1.0 m
(Fig. 22b).
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Figure 21: Variation of the normalized rise time tr/td versus x of the (a) first force peak (b)
second force peak. White circles for s = 0.048 (case A); black circles for s = 0.051 (case B);
triangles for s = 0.033 (case C); crosses for s = 0.035 (case D)

t r/
t d

0.18
0.20
0.22
0.24
0.26
0.28

s
0.035 0.040 0.045 0.050

(a)

t r/
t d

0

0.05

0.10

s
0.035 0.040 0.045 0.050

(b)

Figure 22: Variation of the normalized rise time tr/td versus s of the (a) first force peak (b)
second force peak. White circles for x = 0 m; black circles for x = 0.5 m; triangles for x =
1.0 m; crosses for x = 1.5 m

Fig. 23 presents the CDFs for the normalized wave-induced impact rise time (t̂r) of both
first (Fig. 23a) and second force peaks (Fig. 23b); tr is normalized with the rms value trms.
Figs. 23a and 23b indicate that both the Weibull distribution and the lognormal distribution
show a reasonable fit for the rise times of first and second force peaks (for details of the CDF
fits, see Table 3). However, the Weibull distribution is slightly a better fit for the first force
peaks, while, the lognormal distribution is slightly a better fit for the second force peaks.

Spatial evolution of the horizontal velocity components during wave-jacket inter-
action During the shoaling and breaking processes, the wave-induced velocities vary due to
the change in water depth and wave heights. In order to understand this, the variations in
the peak horizontal velocity components are investigated at different velocity probes located
along the length of the NWT (Fig. 1a). Fig. 24 presents the normalized horizontal velocity
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Figure 23: CDF fits in Weibull scale for the normalized wave-induced impact rise times of the
(a) first force peak; (b) second force peak. Black circles for numerical data; black dashed line
for lognormal fit; solid black line for Weibull fit (for details of the CDF fits, see Table 3)

versus the distance along the NWT for all 16 cases (case A1 to D4). In general, the normal-
ized horizontal velocity û (normalized as in Eq. 6) increases during the wave shoaling process
and reaches its maximum value at the fully developed wave breaker tongue during the wave
breaking process. This can also be observed in Fig. 25. Fig. 24a shows that when the front
legs of the jacket are mounted at x = 0 m (cases A1, B1, C1 and D1), the horizontal velocity
values are highest for case B1 due to the largest wave steepness. This difference becomes
significant for the maximum velocities, where û for case B1 (largest wave steepness) is larger
by almost 29 % compared to case C1 (lowest wave steepness). When the wave breaker tongue
impacts the jacket at these high velocities with a large mass of water, they exert a high impact
force with a very short rise time (see Sec. 3.4.2). When the front legs of the jacket are placed
at the toe of the flat part (x = 0 m), most of the wave breaking process occurs inside the
jacket structure. When the jacket is placed at x = 0.5 m, the waves for case B2 reach their
maximum wave height at the front legs of the jacket. The difference between the maximum of
û for cases B2 and C2 becomes almost 26 % (Fig. 24b). The value of the maximum velocities
for these cases with the jacket at x = 0.5 m is larger compared to the jacket at x = 0.0 m.
When the front legs of the jacket are placed further away at x = 1.0 m (Fig. 24c) and at 1.5m
(Fig. 24d), the difference between the maximum of û for cases B3-C3 and B4-C4 becomes 31
% and 22 %, respectively.

It can be noticed that the largest values of û is obtained, when the front legs of the jacket
are placed at x = 1.5 m (cases A4, B4, C4 and D4) and the maximum value is obtained for case
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B4 (s = 0.051). The horizontal velocity components at the front and rear legs and horizontal
braces of the jacket are always larger compared to the horizontal velocity components outside
the jacket structure. This phenomenon can be further noticed in Fig. 25 which presents the
snapshots of the interaction of the breaking wave velocity vectors with the jacket at different
time steps for case C3 (x=1.0 , s=0.033). The wave crest reaches its maximum height and
impacts the front legs of the jacket as shown by the velocity vectors with larger velocities
(Fig. 25a). When the wave crest further interacts with the jacket, it gains more momentum
due to larger velocities and interacts with the horizontal braces of the jacket as seen in Figs.
25b and 25c. After the main wave crest has propagated past the rear legs of the jacket, the
secondary jet propagating over the rear horizontal members reattaches to the main wave crest
with the encasement of an air pocket during the reattachment process (Fig. 25d).
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Figure 24: Variation of the horizontal velocity component during the breaking wave interaction
with the jacket when the jacket is placed at (a) x = 0 m (cases A1, B1, C1 and D1); (b) x
= 0.5 m (cases A2, B2, C2 and D2); (c) x = 1.0 m (cases A3, B3, C3 and D3); (d) x = 1.5
m (cases A4, B4, C4 and D4). White circles for s = 0.033; black circles for s = 0.035; white
squares for s = 0.048; black squares for s = 0.051
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(a) (b)

(c) (d)

Figure 25: Vector representation of the wave velocity during the wave-jacket interaction for
case C3 (x=1.0 , s=0.033) at (a) t = 19.06 s (b) 19.22 s (c) 19.48 s (d) 20.09 s

Fig. 26 presents the CDFs for the normalized horizontal velocity component (û), here u
is normalized with its rms value urms at the wave breaker tongue (maximum velocity) (Fig.
26a) and after the splash up phenomenon (Fig. 26b). Figs. 26a and 26b indicate that the
lognormal distribution gives the best fit for û compared to the Weibull distribution at the
both velocity probe locations (at the wave breaker tongue and after the splash up). However,
it can be clearly observed in Fig. 26b and from the values given in Table 3, that the value of
standard deviation is larger for the velocity measurements after wave breaking. This could
be due to the possible wave non-linearity and wave decomposition processes occurring as a
result of wave breaking.
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Figure 26: CDF fits in Weibull scale for the normalized peaks of the horizontal velocity
component (a) at the breaker tongue (maximum values); (b) after wave breaking. White
circles for numerical data; black dashed line for lognormal fit; solid black line for Weibull fit
(for details of the CDF fits, see Table 3)

Weibull Lognormal
a b LL σl µl LL

Normalized maximum
horizontal velocity

0.68 9.43 18.40 -0.43 0.11 19.45

Normalized horizontal velocity
post breaking

0.49 18.01 33.51 -0.74 0.06 34.45

Normalized first
force peak

0.51 13.43 26.78 -0.52 0.05 27.67

Normalized second
force peak

0.67 19.23 15.67 -0.79 0.13 18.97

Normalized rise time for
first force peak

1.04 11.00 13.38 -0.11 0.11 12.68

Normalized rise time for
second force peak

0.98 1.87 -9.93 -0.31 0.03 -9.75

Table 3: Table listing the details for different statistical parameters for the Weibull and
lognormal distributions
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4 Conclusions

A two-phase CFD model is used for the numerical investigation of breaking wave forces on
a jacket structure mounted on a slope. The numerical model is validated by performing
a grid convergence study for breaking regular wave free surface elevation. The numerical
results for the free surface wave elevation at different wave gauge locations and total breaking
wave forces are compared with the experiments by Arntsen and Gudmestad (2014) and a
good agreement is obtained with the experimental data for the free surface elevation and
the wave force. An extensive numerical analysis is performed in a two-dimensional (2D)
numerical wave tank (NWT) with different wave steepness cases to investigate the breaking
characteristics including breaker indices and geometric profile properties. The wave breaking
location and incident wave parameters play an important role in influencing the breaker indices
and geometric profile properties.

Further, the numerical analysis is performed in a 3D NWT to investigate the effect of the
breaker location on the slamming wave loads for 16 different cases with different incident wave
steepnesses at different locations of the front face of the jacket with respect to the breaking
point. Further, the role of the wave breaking location, the overturning wave crest and the
horizontal velocity component on the force peaks and their rise times is investigated. The
following conclusions can be drawn from the study:

• In general, the breaker height index and breaker depth index decrease, when the wave
breaking location shifts farther onshore. Also, the waves undergo more deformation due
to more interaction of wave crests with the slope as noticed by the decrease in the crest
front wave steepness, crest rear wave steepness and horizontal asymmetry factor as the
wave breaking shifts onshore.

• The primary force peak is highest when the overturning wave crest impacts the front
legs of the jacket compared to the cases when front legs of the jacket are mounted at
the location where the wave crest is vertical and the wave breaking is initiated. As,
expected the primary force peak is larger for the cases with larger wave steepnesses.

• Generally, the second force peak is highest when the front legs of the jacket are placed
at a distance of 1.5 m from the toe end of the slope. Here, the overturning wave crests
impact the rear legs of the jacket and thus, a larger second force peaks.

• The normalized relative rise times of the first and second force peaks are strongly de-
pendent on the location of the jacket with respect to the breaking point. In general, the
rise times are shortest when the front legs of the jacket are placed at a distance of 1.5
m from the toe end of the slope.

• When waves propagate over sloping seabeds, the contribution of the first harmonic peak
in the wave spectrum decreases by almost 70 % after wave breaking compared to the
incident wave spectrum. This wave energy is dissipated during wave breaking in form
of turbulence and heat, while a certain portion of the energy is transferred towards
higher-harmonics (i.e., associated with the second, third and fourth peaks in the wave
spectrum).
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• When the overturning wave crests reunite with the free surface, a secondary water jet
is generated due to the splash up phenomenon. This secondary water jet contributes to
the second force peaks for the cases when it impacts the rear jacket legs. In general, a
highly turbulent free surface is observed around the jacket legs during the wave jacket
interaction process.

• The lognormal distribution can be used to estimate the statistics of horizontal velocity
components and both the first and second breaking wave force peaks during the wave-
jacket interaction. Both the Weibull and the lognormal distributions show reasonable
fits for the rise times of both the first and second force peaks.
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