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Floating breakwaters are an interesting alternative to bottom-fixed structures due to their lower cost and
environmental impact. Nonetheless, structural failures in the module connections are frequent. Accurate analysis
of the hydrodynamic response is therefore crucial to their structural design. This article reports on numerical
modelling of the forces on the module connectors in a modular pontoon breakwater. The study case was an array
of five pontoons with elastic mooring lines under regular and irregular oblique waves. A 3D Boundary Element
Method (BEM) solver was applied to find the velocity potentials and to characterize the frequency-domain
response. The time-domain response of the floating breakwater is calculated along with the forces in the
elastic mooring lines and module joints. Nonlinear hydrodynamic effects were reproduced by calculating the
Froude-Krylov and hydrostatic forces over the instantaneous wetted surface at each time step. The response of
the modular array under regular waves was then compared with previous experiments. After calibrating
connector stiffness, the numerical and experimental results were in good agreement. Finally, the floating
structure’s response to regular and irregular waves was compared. The results revealed that simulation of only
regular waves underestimates maximum connection forces by one order of magnitude.

1. Introduction
Breakwaters attenuate waves in harbour areas providing safe har
bourage and minimizing port operation downtimes Lopez et al., 2015.
The foundations of these massive constructions are commonly laid on
the seabed at the expense of high environmental impact. Alternatively,
several typologies of floating breakwaters have been proposed as a
low-cost and environmentally-friendly solution (McCartney, 1985).
Among the different configurations of floating breakwaters, the most
common types are the box, pontoon, Y-frame, mat, tethered and hori
zontal plates (Fig. 1). This study focused on pontoon floating breakwa
ters, which consist of several concrete modules moored to the seabed
and connected to each other by flexible connectors.
An example of this typology is the modular floating breakwater in
the Port of Figueras in the Eo River estuary in northern Spain (Fig. 2).
The local port authorities have reported frequent structural failures in
this breakwater after extreme wind waves, starting with the module
connectors breaking. This causes the unrestrained modules to undergo
very strong relative movement, resulting in collisions between adjacent
modules and reduction in the wave dissipation efficiency of the

breakwater. It may be inferred from this observation that the pontoon
design installed at the Port of Figueras is unable to withstand the local
wave conditions due to excessive module connector forces (Cebada and
López, 2020).
Similar structural damage, in which the connections appear to be the
Achille’s heel in their design, has been reported in other floating
breakwaters worldwide (Martinelli et al., 2008). Analysis of the module
connector forces is therefore of paramount importance for an integrated
and sustainable design. The floating breakwater response and internal
forces in the connectors can be studied with physical and/or numerical
models.
The hydrodynamic response of these structures, and particularly,
their wave transmission coefficients (e.g. Cheng et al., 2020; Dong et al.,
2008; Ruol et al., 2013), are commonly tested with physical models in
wave tanks. However, research on the structural response of floating
breakwaters is scarce. Apart from wave transmission, Martinelli et al.
(2008) studied the loads in moorings and connectors of different floating
breakwater layouts. Peña et al. (2011) carried out physical model tests
on a pontoon similar to that of the Port of Figueras under regular waves,
and analysed the mechanical loads on the mooring lines and the module

* Corresponding author.
E-mail address: mario.lopez@uniovi.es (M. López).
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Fig. 1. Main types of floating breakwaters.

Fig. 2. Floating breakwater at the Port of Figueras (Spain): location (left) and pictures of the structure after connector breakage (right).

connectors. Ferreras et al. (2014) also studied the effect of the mooring
typology and the module layout on the structural behaviour of modular
pontoons under regular waves, and applied the results to the design of a
breakwater similar to the one at the Port of Figueras. More recently,
image processing algorithms have been applied to study the hydroelastic
and structural responses of a modular pontoon under the action of
perpendicular and oblique regular waves (Loukogeorgaki et al., 2017).
The structural response of other types of floating breakwater, such as the
box subtype, have also been studied experimentally (Loukogeorgaki
et al., 2014).
Several different approaches to numerical modelling analysis have
been applied to wave-structure interaction of floating breakwaters
during the last few decades. 2D modelling is the most widely used
methodology, but it cannot reproduce the wave obliquity responsible for
severe loads on module connections (Martinelli et al., 2008). Traditional
2D linear methods include the finite element method (FEM) (Elchahal
et al., 2009; Sannasiraj et al., 2001), the element-free Galerkin method
(Lee and Cho, 2003), and the boundary element method (BEM) (Wil
liams et al., 2000). Other novel techniques applied to pontoon-type
floating breakwaters are the Navier-Stokes solvers, which include two
well-differentiated groups: the finite volume method, based on struc
tured Eulerian meshes, and the volume of fluid technique for tracking
the liquid-gas interface (Ji et al., 2018), and smoothed-particle

hydrodynamics based on Lagrangian mesh-free methods (Liu and
Wang, 2020). Both solvers include nonlinear hydrodynamic effects in
the wave-structure interaction solution, but at a high computational
cost.
3D models based on potential flow theory have therefore been pro
posed to evaluate complex layouts with mooring lines and connection
elements. Abul-Azm and Gesraha (2000) studied the hydrodynamic
properties of a long rigid pontoon floating in oblique waves with only
three rigid-body degrees of freedom (DoF) in the frequency domain. 3D
hydrodynamic linear models have been used to assess the performance
of hinged floating breakwaters under the action of normal regular waves
(Loukogeorgaki and Angelides, 2005), as well as for several different
wave headings (e.g. Diamantoulaki and Angelides, 2010; Teng et al.,
2014). Cable-moored hinged floating breakwaters were analysed by
coupling the hydrodynamic formulation of the floating body with static
and dynamic analysis of the mooring lines (Diamantoulaki and Angel
ides, 2011). This approach was applied to the performance of a
pontoon-type floating structure under the effects of regular waves with
particular focus on mooring line tension and the hydroelastic structural
response (Loukogeorgaki et al., 2015). A similar approach was applied
to solve the forces on the connectors in an array of box-type floating
breakwaters under irregular waves (Ćatipović et al., 2019).
In addition to these frequency-domain models, time-domain solvers
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Fig. 3. Main floating breakwater elements and dimensions (in [m]). M denotes the module number, J is the joint number and Con is the connection number. Based on
Peña et al. (2011).

array was simulated under oblique regular waves to calibrate connector
stiffness and possible hydrodynamic drag in the fins. Then and as a
novelty, more realistic irregular wave conditions were simulated and the
results compared with those under regular waves. For this purpose, a set
of random realizations under irregular waves were carried out to obtain
statistics on the maximum instantaneous forces in the connections.
The remainder of the paper is structured as follows. Section 2 de
scribes the numerical modelling approach applied, including the
pontoon geometry, frequency and time-domain analyses, and calibra
tion of the numerical model. The results are presented and discussed in
Section 3. Finally, conclusions are drawn in Section 4.

Table 1
Geometrical and mechanical properties of the modular pontoon.
Property

Axis

Value

Length (m)
Beam (m)
Height (m)
Draft (m)
Depth (m)
Displacement (t)
Centre of gravity (m)

X
Y
Z
Z
Z
–
X
Y
Z
X
Y
Z
X
Y
Z
X
Y
Z

19.90
4.00
1.80
0.40
6.75
40.00
0
0
− 0.21
0
0
− 0.42
60.94
1253.82
1303.98
1.23
5.60
5.70

Centre of buoyancy (m)
Inertia (t⋅m2)
Radius of gyration (m)

2. Materials and methods
In this study, we analysed the dynamic response of a pontoon-type
modular floating breakwater on waves to estimate the module
connector forces, a key point in its structural design. The studied
breakwater, previously analysed by Peña et al. (2011), was an array of
five floating pontoons interconnected with hinged joints and moored to
the seabed with elastic lines at a water depth of d = 6.75 m. The detailed
geometrical properties of the array are summarized in Fig. 3 and Table 1.
The approach was implemented in Aqwa (ANSYS, 2016), a numeri
cal simulation environment that has been applied successfully to the
study of other floating marines structures, such as platform-riser
coupling systems (Wang and Liu, 2018) and complex structures such
as the Mid Water Arch (Hill et al., 2014), or wave energy converters
(López et al., 2017). Moreover, it has already been applied to a floating
pontoon module under regular waves (Chen et al., 2017).

based on potential flow theory have also been applied. Chen et al. (2012)
applied a 2-D model to analyse the transmission coefficient, motion
response, and mooring forces of a pontoon-plate floating breakwater
under regular waves. Later, the 3D motion response performance of a
single moored pontoon and the forces in the mooring system were
analysed under regular waves with different wave headings Chen et al.,
2017. Nonetheless, there are no time-domain simulations of floating
pontoon arrays under more realistic wave conditions in the literature.
This study dealt with 3D numerical modelling in the time domain of a
modular pontoon breakwater studied experimentally by Peña et al.
(2011). The objective was to accurately estimate the forces in the con
nectors, a critical element in the design of these structures. The forces in
the elastic mooring lines and the module connectors were considered
along with the instantaneous Froude-Krylov and hydrostatic forces
beneath the incident wave surface to include nonlinear effects. First, the

2.1. Frequency domain analysis
The floating module response in the frequency domain was charac
terized using Aqwa Line, a 3D BEM code that applies potential flow
theory assuming an ideal fluid, and irrotational flow. The breakwater
modules are assumed to be rigid bodies with little oscillation, and in this
case, with zero forward speed. Under these assumptions, and a Cartesian
3
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for R = (X2 + Y2)0.5.
For frequency domain analysis of the wave response of a single
module in the array, its wetted surface (S0) was meshed into 12,000
0.35 ± 0.10-m plane quadrilateral diffracting panels (Fig. 4). A second
mesh of 3000 0.50 ± 0.10-m diffracting panels was used to reduce the
computational cost of time-domain simulation of the complete pontoon
array, which would require solving the frequency-dependent hydrody
namic coefficients first and then meshing the full geometry (explained in
Section 2.2).
Once the potentials had been determined, the dynamics of a freefloating module subjected to wave action was modelled as a massspring mechanical system. Motion response in the frequency domain is
governed by:
[
]
− ω2 (M + A) − iωB + C ⋅ χ = f(ω)
(7)

Fig. 4. The individual floating module panel models for the frequency domain
analysy (upper panel) and for the time domain analysis (lower panel).

where: M is the structural matrix; A is the added mass matrix, which
accounts for the effect of acceleration induced by the floating body on
the nearest fluid particles; B is the linear damping matrix, which ac
counts for the wave radiation phenomenon of oscillating floating bodies;
C is the hydrostatic stiffness matrix; χ is the motion amplitude of the
floating module in each DoF; and f(ω) is the vector of unitary forces and
moments (frequency dependent) acting on the mean wetted surface (S0).
Matrices A and B are frequency-dependent hydrodynamic co
efficients, which depend on the geometry of the body and water depth as
given by:
∫
ρ
A=
Im[φr ]ndS, and
(8)

reference system X = (X,Y,Z), the motion of the fluid around the mod
ules is defined by the velocity potential:
[
]
φ(X, t) = Re φ(X)e− iwt
(1)
where: t is the time, ω is the angular frequency, Re denotes “the real part
of” and φ is the velocity potential expressed as a function of the spatial
coordinates. This potential is commonly distributed in three different
terms: incident potential (φI), diffracted potential (φd) and potential
radiated by the m structure due to its own motion at the jth degree of
freedom (DoF). Assuming six DoFs and M interacting structures, these
velocity potentials are related as follows:
[
]
M ∑
6
∑
φe− iωt = φI + φd +
φrm xjm e− iωt
(2)

ω

∫
B= − ρ
S0

m=1 j=1

• On the free surface (Z = 0)

∂φ
=0
∂Z

(3)

where g is the gravitational acceleration.

⎛

• The surfaces of the pontoon modules are impermeable, so the ve
locity of the particles in contact with them is equal to the velocity of
the body

∂φ / ∂n = u⋅n

B11
⎜0
⎜
⎜0
B=⎜
⎜0
⎜
⎝ B51
0

(4)

where ∂/∂n represents variation in the direction normal to the module
surface and n is the unitary vector normal to the body surface.

(5)

• The radiation condition, where fluid perturbation is dissipated at
long distances from the floating module
lim(φ) = 0
R→∞

0
B22
0
B42
0
0

0
0
B33
0
0
0

0
B24
0
B44
0
0

B15
0
0
0
B55
0

⎞
0
0 ⎟
⎟
0 ⎟
⎟
0 ⎟
⎟
0 ⎠
B66

(11)

The linear hydrostatic stiffness matrix C is given by the geometry of
the floating pontoon (CoG position and wetted surface) and the density
of the fluid. Since the CoG is above the centre of buoyancy (CoB) and
both are aligned on the vertical axis, then C = CT. Additionally, due to
the symmetry of the pontoon with respect to both vertical planes, all C
components are null except for those in the main diagonal associated
with vertical motion (Faltinsen, 1993). For a single pontoon this is
⎛
⎞
0 0 0
0
0
0
⎜0 0 0
0
0
0⎟
⎜
⎟
⎜ 0 0 0.80 0
0
0⎟
⎟
C=⎜
(12)
⎜0 0 0
0.94 0
0⎟
⎜
⎟
⎝0 0 0
⎠
0
26.28 0
0 0 0
0
0
0

• The velocity potential on the seabed (Z = d) is equal to zero

∂φ
=0
∂Z

(9)

Re[φr ]nj dS

respectively, where: Im denotes “the imaginary part of”, Re denotes “the
real part of”, and ρ is the seawater density. If the pontoon module is
considered a floating body with zero forward speed and no current, then
A and B are symmetric (Faltinsen, 1993). Due to the symmetric geom
etry of the pontoon around the vertical planes (XZ and YZ) the terms
outside the main diagonals (related to these planes) of both matrices are
null, so that
⎛
⎞
A11 0
0
0
A15 0
⎜0
A22 0
A24 0
0 ⎟
⎜
⎟
⎜0
0
A33 0
0
0 ⎟
⎜
⎟
A=⎜
(10)
A42 0
A44 0
0 ⎟
⎟
⎜0
⎝ A51 0
0
0
A55 0 ⎠
0
0
0
0
0
A66

where xj represents the motion of the floating body around the jth DoF.
The velocity potential of the fluid was estimated by applying the BEM,
which transforms the partial derivative problem formulated into inte
grable surfaces. The forces in the analysis were applied using the pul
sating Green function for finite water depth (Green, 2008), satisfying the
following conditions:

− ω2 φ + g

S0

(6)
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with units in [MN m− 1] for i = j = 1,2,3 or [MN⋅m rad− 1], for i = j =
4,5,6.
The term f(ω) in Eq. (7) contains the frequency-dependent unitary
force and moment vector applied over the mean wetted surface (S0).
This encompasses the following forces: wave incidence forces, also
called Froude-Krylov forces fI(ω), and diffraction forces fd(ω), both
considered excitation forces, and radiation forces fr(ω). These forces are
estimated based on the velocity potentials as:
∫
(13)
f I (ω) = − iωρ φI ndS

where pst (t) = − ρgz(t) is the instantaneous static pressure.
Incident wave forces fI(t) are also dependent on the instantaneous
wetted surface and are calculated for each time step as:
∫
f I (t) = pdyn (t) ndS
(19)
St

where pdyn(t) is the dynamic pressure on the body calculated by the
Wheeler stretching method (Elchahal et al., 2009).
Diffraction forces include contributions from all the diffracting
panels (those contained in the mean wetted surface, S0), and are found
with:
∫
pd (t) ndS
(20)
f d (t) = −

S0

∫
f d (ω) = − iωρ

φd ndS

(14)

φrn nm dS

(15)

S0

S0

∫
f r (ω) = − iωρ
S0

where pd(t) = iωρφde− iωt is the diffraction pressure in which the
quadratic terms are neglected.
Past motions of the floating body, also called the “memory effect”
(Cummins, 1962), are captured by the radiation force term fr(t). This is
found by the convolution impulse-response function and inertia due to
the added mass for an infinite frequency (A∞):
∫t
f r (t) = − A∞ ẍ(t) −
H(t − τ)⋅ẍ(τ)dτ
(21)

Once the harmonic response has been solved, the amplitude of the
motions in each DoF can be expressed by the Response Amplitude
Operator (RAO), which is defined as the response amplitude of the body
motion (at each DoF) divided by half the incident wave amplitude (H):
RAOj =

2χ j
H

(16)

0

The natural oscillation frequencies, or natural modes, which cause
resonance vibrations, can be found with the RAOs. The natural periods
of a free floating pontoon tend to infinity for DoFs on the horizontal
plane (surge, sway and yaw), since no restoring forces are acting on the
structure, while the natural modes contained on the vertical plane are
expected to be lower, since gravity acts as a restoring force (Faltinsen,
1993).

where H is the impulse-response function:
∫
∫
2 ∞
sin(ωt)
2 ∞
H(t) =
B(ω)
dω =
[A(ω) − A∞ ]cos(ωt) dω

π

ω

π

0

(22)

The term fm(t) corresponds to the force on the mooring lines. Each
mooring line is modelled as a linear-elastic cable. The instantaneous
traction force on these elements is estimated as:
{
0
if  L(t)  ≤ L0
f m (t) =
(23)
Km (L(t) − L0 ) if  L(t)  >  L0

2.2. Time domain analysis
Time domain simulations were carried out for the complete module
array to analyse the forces on the floating pontoon connectors accu
rately. First, simulations were conducted under regular wave conditions
to calibrate the model with the experimental results of Peña et al.
(2011). Then, structural performance was analysed under realistic
irregular wave conditions, and the results were compared to regular
waves.

where: L(t) is the instantaneous cable length, L0 is the starting cable
length, and Km = 30 kN m is the mooring line stiffness. According to
Peña (Peña et al., 2011), these mooring lines have a cable pretension of
30%.
The term fc(t) includes the 6 DoF forces on the connection elements
(Con) (Fig. 3), which are modelled as rigid elements connected to the
floating modules through one joint at each end. These joints allow ro
tations between the floating module and the connection elements but
not translations. The restoring moment (M) in each connection element
is given by:
⎡
⎤
Krx 0
0
[
][
]
⎣
M= −
0
Kry 0 ⎦ 0, GT Up − Uc
(24)
0
0
Krz

2.2.1. Numerical modelling description
Aqwa-Naut was used to account for the variation in the instanta
neous wetted surface of the floating bodies and then reproduce
nonlinear hydrodynamic effects. Therefore, the complete geometry of
the modules was meshed, rather than just meshing the mean wetted
surface (Fig. 4). The Froude-Krylov and hydrostatic forces over the
instantaneous wetted surface of the pontoons were recalculated for each
simulation time step along with the forces in the connectors and the
mooring lines. The numerical modelling procedure is described below.
x is the displacement of a floating pontoon from its hydrostatic
equilibrium. The numerical approach can be described with the
following motion equation:
M ⋅ ẍ = f h (t) + f I (t) + f d (t) + f r (t) + f c (t) + f m (t) + f dr (t)

0

where Krx, Kry and Krz are the rotation stiffness around the main axis, GT
is the unitary change-of-basis matrix from the local axes to the main
axes, and Up and Uc are the translation and rotation matrices of the
pontoon and connectors, respectively. Given the geometrical disposition
of the pontoons and connectors, rotation around X and Z is also
restricted and, thus, only the stiffness of the Y axis (Kry) requires
calibration.
The time domain simulations explain the nonlinear damping by the
pontoon fins modelled using Morison disc elements on the lower half of
each fin. The drag forces (fdr) on these elements are computed as

(17)

The total instantaneous force applied over all of the panels consists of
hydrostatic forces fh(t), Froude-Krylov forces fI(t), diffraction fd(t), ra
diation fr(t), connection forces between pontoons fc(t), mooring forces
fm(t) and drag fdr(t).
The nonlinear hydrostatic force fh(t) acting on the instantaneous
wetted surface, S(t), is calculated as the balance between the gravita
tional forces fg(t) and the upward buoyant forces as:
∫
f h (t) = f g (t) + ρg
pst (t)ndS
(18)

(
)
1
f dr = ρDCd αuRMS uf − us
2

(25)

where D is the disc diameter (set according to fin area); Cd is the char
acteristic drag coefficient considered one parametric variable for

S(t)
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Fig. 5. Examples of the Pierson-Moskowitz power density spectrums used for
the simulations in the time-domain under irregular wave conditions.

calibration; α is a linearization parameter α = (8/π)0.5 (Borgman, 1967);
uRMS is the root mean square velocity between fluid and structure, and uf
and us are the relative velocity between fluid and floating structure,
respectively.
2.2.2. Numerical model calibration
Drag coefficient Cd and stiffness Kry in the numerical model were
unknown and required calibration. The results from the experiments in
(Peña et al., 2011) were used to this purpose. The experimental data
corresponded to six experiments under regular waves with same wave
height of H = 0.6 m and wave heading direction of ϴ = 30◦ , and six
different wave periods of T = [2.70, 3.10, 3,50, 3.70, 3.85, 4.25] s. These
cases were reproduced with the numerical model for different combi
nations of Kry and Cd to calibrate their values. In view of the water depth
and wave conditions, the exciting forces on the pontoons were modelled
with the second-order Stokes wave theory.
For each simulation, the average amplitude of the moments around
the vertical axis, Mz(t), was obtained after the ramping period. Then, the
normalized root mean square error (NRMSE) between the amplitudes of
Mz(t) obtained numerically and experimentally for the six cases was
computed and assigned to the corresponding pair of Kry and Cd values.
Accordingly, it was assumed that the lower is the NRMSE, the better is
the fit of the simulations to the experiments.
2.2.3. Irregular wave conditions
Once the panel model was calibrated, the behaviour of the floating
breakwater under long-crested irregular waves was analysed using the
Pierson-Moskowitz spectrum, which presents a power spectral density
(PSD) that is often defined as (DNV, 2017):
(
( )− 4 )
5
5 ω
PSD(ω) = Hs2 ω4p ω− 5 exp −
(26)
16
4 ωp
where Hs is the significant wave height given by
√̅̅̅̅̅̅
Hs = 4 m0

Fig. 6. Components of the added mass matrix (A) of a free-floating module:
diagonal elements (upper and intermediate panel) and off-diagonal elements
(lower panel).

(27)
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with m0 the zeroth spectral moment (i.e., the area under the spectral
curve); and ωp = 2πTp− 1 is the spectral peak frequency, with Tp the peak
wave period. More information regarding the derivation of the PiersonMoskowitz spectrum can be found in (Pierson and Moskowitz, 1964).
Eq. (26) was used to simulate six irregular wave sea states with
equivalent wave energy to the six regular wave conditions analysed by
Peña et al. (2011). The heading direction for the long crested irregular
waves was also maintained from regular waves (ϴ = 30◦ ). This approach
allows comparison between the behaviour of the pontoon array under
irregular and regular waves. Regular waves present the same wave en
ergy as an irregular wave spectrum with equivalent root mean square
wave height, which is defined as
√̅̅̅̅̅̅̅̅
HRMS = 8m0
(28)
Considering Eqs. (27) and (28) it results Hs = (2⋅HRMS)0.5. Therefore,
a value of HRMS = H = 0.6 m was considered for the simulations under
irregular waves, which results Hs = 0.84 m. As for the peak wave period,
equivalent values from the regular wave simulations were used, i.e. Tp =
T = [2.70, 3.10, 3,50, 3.70, 3.85, 4.25] s. Fig. 5 shows the PiersonMoskowitz spectrums for several of the sea states simulated.
Additionally, 20 random wave phase spectrums were used to carry
out random realizations of each sea state and subsequently calculate
statistical parameters relating to the maximums (DNV, 2018). In order to
guarantee wave stationarity while minimizing the computational costs,
the duration of the simulations was 2000 s. Note that although 3 h is as a
standard time between registrations of sea states when measuring waves
(Faltinsen, 1993), a sea state can be described as a stationary random
process for time periods in the range from 20 min to 3–6 h (DNV, 2017).
As for the duration of the time step, it was 0.01 s.
3. Results and discussion
This section discusses the results of numerical simulation of the
floating pontoon breakwater. First, the frequency response of a single
free-floating module at different wave frequencies and wave heading
directions is described. Then, the time response of an array of hinged
modules moored to the seabed by elastic lines to regular and irregular
oblique waves is presented along with calibration of the numerical
model.
3.1. Frequency domain analysis of a free-floating module
3.1.1. Hydrodynamic coefficients
The hydrodynamic coefficients of a single free-floating pontoon were
calculated for a combination of 100 angular frequencies (between ωmin
= 0.10 and ωmax = 8.00 rad s− 1) and 25 wave heading directions (at
equal Δϴ = 15◦ intervals). The frequency-dependent coefficients found
are described below.
The coefficients in added mass matrix A are shown in Fig. 6. Among
the first three diagonal elements in A, which relate longitudinal forces to
translational accelerations in the same direction, the highest value was
for the vertical mode with A33 = 522.80 t at the lowest frequency. As for
the coefficients corresponding to the horizontal translations, A22 peaked
at ω ≈ 1.40 rad s− 1 with 99.48 t, while A11 was below 5.00 t over the
entire frequency range. These results are consistent with the geometry of
the module, which has a lower cross-sectional area in the longitudinal
than in the transverse direction (Fig. 3).
The diagonal elements of A, which relate moment to rotational ac
celeration, were highest in pitch mode, where A55 = 110.00 t m2 rad− 1
at ω = 0.67 rad s− 1. Vertical rotation peaked at ω = 1.70 rad s− 1 where
A66 = 47.41 t m2 rad− 1, while rotation around the longitudinal axis was
negligible (A44 ≈ 0).
Fig. 7 shows the variations in hydrodynamic damping matrix B with
coefficient frequency. The transverse and vertical translational mode
values were highest with B22 ≈ B33 ≈ 150 kN s m− 1 around ω = 2.40 rad

Fig. 7. Components of the hydrodynamic damping matrix (B) of a free-floating
module: diagonal elements (upper and intermediate panel) and off-diagonal
elements (lower panel).
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Fig. 8. Response Amplitude Operators (RAOs) without viscous damping effects as a function of the angular frequency (ω) for the 6-DoF and three wave heading
directions (ϴ = 0, 45 and 90◦ ).

s− 1 and ω = 1.20 rad s− 1, respectively. The hydrodynamic damping for
rotation around these axes peaked at about the same frequencies with
B55 = 600 kN m s rad− 1 and B66 = 710 kN m s rad− 1. In the longitudinal
axis modes (B11 and B44), damping was rather limited over the full range
of frequencies analysed. All coefficients approached zero at low fre
quencies except for motion-induced damping in heave direction (B33).
Coefficients B11, B22, B33 and B24 also tend to zero at high frequencies
within this interval.
As the floating module has zero forward speed and currents are ab
sent, A and B are symmetric. Furthermore, because the body is sym
metrical through both vertical planes, the only nonzero off-diagonal
elements in these matrices are those with subindexes 15 and 24. A15
peaked at ω = 0.60 rad s− 1 with 105.20 t m, while A24 was lower with a
maximum of 41.77 t m. The B15 damping coefficient peaked at around ω
≈ 3.30 rad s− 1 with 110 kN m, decreasing to zero at lower frequencies. A
similar pattern was found for B24, which peaked at ω ≈ 3.45 rad m− 1
with 10 kN m.

translations, a resonant frequency of around ω ≈ 2.00 rad s− 1 was found
for the ϴ = 90◦ wave heading, which corresponds to an RAO3 ≈ 1.75 m
m− 1. Apparent peaks at around the same frequency were found for the
other two heading directions, but the response was attenuated to less
than one in these cases. The response tended toward one at the lowest
frequencies (the body oscillates with waves) and tended to zero at the
highest.
The highest rotational response was found with roll and a normal
heading direction, with a resonant frequency of about ω ≈ 2.30 rad s− 1.
Pitch mode showed two resonant frequencies at ω ≈ 1.30 and 2.30 rad
s− 1 for the longitudinal wave heading direction, while in the oblique
direction, single resonant frequency was around ω ≈ 1.80 rad s− 1.
3.2. Time domain analysis of an array of pontoon modules
3.2.1. Time-domain results under regular waves and numerical model
calibration
Once the frequency response of a single module had been charac
terized, an array of five pontoon modules was simulated in the timedomain under oblique regular waves. The mooring lines and the
hinged connections between modules were included in the analysis. The
test conditions reproduced were: wave height of H = 0.6 m, six wave
periods of T = [2.70, 3.10, 3,50, 3.70, 3.85, 4.25] s, and wave heading
direction of ϴ = 30◦ . The six test cases were simulated for 100 s with a
0.01 s time step in 145 different combinations of Cd and Kry, for a total of
870 simulations. Fig. 9 shows an example of a time series of axial forces,
N(t), and yaw moments, Mz(t), for a simulation with T = 3.5 s, Cd = 0 and
Kry = 286.50 MN rad− 1.
The error surface found from the 162 NRMSE values is shown in

3.1.2. Response Amplitude Operators (RAOs)
Once a hydrodynamic database with the coefficients in A, B and C
had been compiled, the modal response of the free-floating module was
characterized with Eq. (7). Fig. 8 shows the RAOs for each DoF and three
representative wave directions (ϴ = 0, 45, and 90◦ ). Note that sway,
heave, and roll were only activated for normal heading waves (ϴ = 90◦ ),
the same applies to surge, heave and pitch for longitudinal heading
waves (ϴ = 0◦ ).
As expected for a free-floating body, the translational responses on
the horizontal plane (surge and sway) increased with the wave period
and there were no apparent resonant frequencies. Regarding vertical
8
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Fig. 9. Time series of axial forces (N) on the connections of joint J2 (upper panel) and yaw moments on the same joint (Mz) (lower panel). Red circles show the
amplitudes after the wave ramp period. Simulation parameters: H = 0.6 m, T = 3.5 s, θ = 30◦ , Cd = 0 and Kry = 286.50 MN rad− 1. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 10. Normalized Root Mean Square Error (NRMSE in [%]) between Mz obtained for regular wave conditions in the experiments by Peña et al. (2011) and in this
work with numerical modelling.

Fig. 10. As observed, the simulation error estimate grew with Cd. In fact,
for the same Kry, the error was minimized when Cd tended to zero, which
suggests that the hydrodynamic drag of the side fins is negligible. The

results showed a clear pattern in the variation in NRMSE with Kry. The
deviation in simulations from the experimental tests increased when this
parameter was extreme, reaching an NRMSE over 24%. In other words,
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On another note, the results for irregular waves showed a significant
increase in the maximum moments with respect to the results for regular
waves. In fact, the values obtained under irregular waves were one order
of magnitude higher than those obtained under regular waves. For
instance, the simulation of a regular wave with T = 3.85 s resulted in a
maximum value of Mz = 0.91 MN m, while the simulations of an
irregular wave sea state of equivalent wave energy and Tp = 3.85 s
showed average maximum values of Mz = 6.77 ± 0.42 MN m (Fig. 11).
These results underscore the importance of including irregular wave
conditions in the analysis of the forces and moments of floating pontoon
breakwater connections, and discrepancies are wider for regular waves.
4. Conclusions
The performance of a modular pontoon floating breakwater with
elastic mooring lines was examined in the time-domain, focusing on the
forces and moments on the hinged connections between the modules,
which are of paramount importance in their design. The numerical
modelling approach applied found the hydrodynamic response of the
floating structure in the frequency-domain with a BEM solver first, and
then the time-response using the convolution integral method. The
instantaneous forces on the structure were recomputed at each simula
tion step, including the drag forces on the module fins, and the FroudeKrylov and hydrostatic forces on the wetted surface, which reproduced
nonlinear effects. The rotational stiffness of the module connections and
the drag forces on the fins of the pontoon were calibrated by comparing
the results from the simulations with experimental results found previ
ously. Once the model had been calibrated, the response of the array to
long-crested irregular waves was compared to monochromatic waves
with equivalent energy. Several conclusions of interest can be drawn
from the results.
The numerical modelling approach applied can accurately estimate
the force system in the connections between the pontoons in a hinged
array. In fact, the values of the moments in the joints between modules
found with the time-domain numerical model are in good agreement
with the results from previous experimental tests in a wave tank.
From the calibration of the numerical model, it may be inferred that
the rotational stiffness of the connections strongly influences simulation
results. The best fit of numerical to experimental results was given by
Kry = 286.50 MN rad− 1 (with NRMSE = 19%). Far from this value, the
model was no longer able to accurately reproduce the forces on the
pontoon module connections. On the contrary, the drag forces on the
fins are negligible, as the drag coefficient that minimized the error be
tween the numerical and experimental results was zero (Cd = 0).
With the same wave energy, the maximum moments in the connec
tions were always higher for irregular than for regular waves, with
values one order of magnitude higher. These results highlight the need
for take irregular wave theory into consideration in future design and
verification of these structures.
Summarizing, the force system of an array of pontoons was solved in
the time-domain with a BEM numerical model which also applies
nonlinear hydrodynamic effects. As a novelty the approach, was applied
to model the structure’s response not only to oblique regular waves, but
also to irregular waves. The calibration with the results from previous
experimental work showed a good agreement, which confirms that the
methodology is reliable and feasible to estimate the connection forces on
these structures. Importantly, it was concluded that irregular wave
conditions should be taken into consideration in future studies to avoid
underestimating the forces on the connection elements between mod
ules, a key issue in the design of this type of floating breakwater.

Fig. 11. Maximum Mz for different wave periods found experimentally by Peña
et al. (2011) under regular waves, numerically under regular waves and
numerically under irregular waves (statistics are provided in boxes: the red
central marks indicate the median, the bottom and top edges indicate the 25
and 75th percentiles, the whiskers extend to the most extreme data points not
considered outliers, and the outliers are plotted individually using the red ’+’
marker symbol. Simulation parameters: Cd = 0 and Kry = 286.50 MN rad− 1.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

if the connections in the numerical model are too rigid or too flexible, it
is unable to accurately reproduce the force system between the pontoon
modules.
Kry = 286.50 MN rad− 1 and Cd = 0 minimized the error estimate with
an NRMSE = 19%. The Mz found with the numerical model for these
values was in good agreement with the results from previous experi
mental work (Fig. 11). The numerical model is therefore able to repro
duce the behaviour of the floating breakwater and, particularly, the
forces in the connection system, which is a key issue in its design.
3.2.2. Time-domain results under irregular waves
The time-domain numerical model calibrated in the previous section
was used to simulate the behaviour of the same pontoon array, but under
more realistic wave conditions. Long-crested irregular waves were
reproduced with the Pierson-Moskowitz spectrum (Eq. (26)) preserving
the wave energy from the six regular wave conditions in the regular
wave analysis. The sea states were for single values of the significant
wave height and the wave heading direction (Hs = 0.84 m and ϴ = 30◦ ,
respectively), and six different values of the wave peak period (Tp =
[2.70, 3.10, 3,50, 3.70, 3.85, 4.25] s). As an example of the results,
Fig. 12 shows samples of the time series of the water surface elevation,
η(t), the axial forces in the connectors, N(t), and the moments around the
vertical axis in a joint, Mz(t), for a particular simulation.
A total of 20 random simulations of each sea state were conducted to
obtain their corresponding maximum values of Mz and obtain the sta
tistics for each sea state, which are summarized in Fig. 11. With an
unique exception, the maximum moments exceeded Mz = 6.00 MN m for
all simulations. The highest values were found for the sea state with Tp
= 2.7 s, with an average maximum value of Mz = 7.71 ± 0.52 MN m,
while the lowest maximums corresponded to the sea state with Tp = 3.5
s, with an average maximum value of 6.70 ± 0.58 MN m. The latter
values represent a difference in the maximum values of Mz of about 15%
between both sea states. In case of regular waves, the differences be
tween the cases with the lowest and highest moments were much lower:
if for T = 2.7 s the maximum was Mz = 0.45 MN m, the maximum was
Mz = 0.98 MN m for T = 3.7 s, which represents a 118% variation. These
results suggest a low influence of the peak wave period in the extreme
values of Mz.
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Fig. 12. Time series of water surface elevation (upper panel), axial forces in connections, N(t), in joint J2 (central panel) and yaw moment, Mz, in J2 (lower panel) for
an irregular wave with Hs = 0.84 m and Tp = 3.5 s. As an example and for the sake of clarity, only the first 500 s of the simulation are shown.
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