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A B S T R A C T

Predictions of the wave-induced response of floating structures that are moored in a harbour or coastal waters
require an accurate description of the (nonlinear) evolution of waves over variable bottom topography, the
interactions of the waves with the structure, and the dynamics of the mooring system. In this paper, we present
a new advanced numerical model to simulate the wave-induced response of a floating structure that is moored
in an arbitrary nearshore region. The model is based on the non-hydrostatic approach, and implemented in
the open-source model SWASH, which provides an efficient numerical framework to simulate the nonlinear
wave evolution over variable bottom topographies. The model is extended with a solution to the rigid body
equations (governing the motions of the floating structure) that is tightly coupled to the hydrodynamic
equations (governing the water motion). The model was validated for two test cases that consider different
floating structures of increasing geometrical complexity: a cylindrical geometry that is representative of a wave-
energy-converter, and a vessel with a more complex shaped hull. A range of wave conditions were considered,
varying from monochromatic to short-crested sea states. Model predictions of the excitation forces, added mass,
radiation damping, and the wave-induced response agreed well with benchmark solutions to the potential
flow equations. Besides the response to the primary wave (sea-swell) components, the model was also able
to capture the second-order difference-frequency forcing and response of the moored vessel. Importantly, the
model captured the wave-induced response with a relatively coarse vertical resolution, allowing for applications
at the scale of a realistic harbour or coastal region. The proposed model thereby provides a new tool to
seamlessly simulate the nonlinear evolution of waves over complex bottom topography and the wave-induced
response of a floating structure that is moored in coastal waters.
1. Introduction

Accurate predictions of the wave-induced response of floating struc-
tures moored in coastal regions or harbours are important to ensure
safe operations (e.g., loading and offloading of moored ships). Such
predictions pose a challenging problem to numerical models due to
the range of scales and physical phenomena involved. At local scales
that span a few wave lengths, an accurate description of interactions
between the waves and the floating structure (e.g., the scattering and
radiation of waves) is required to accurately determine the wave forces
that act on the structure. At large scales of typically many wave
lengths, predicting the wave field in the vicinity of the floating structure
requires an accurate description of the wave evolution from deep to
shallower water in typically complex nearshore regions with variable
bottom topography (e.g., due to the presence of entrance channels,
breakwaters and quay walls). This includes linear wave processes like

∗ Corresponding author.
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the refraction, diffraction, and reflection of waves. Furthermore, non-
linear interactions among sea-swell waves can also be significant in
intermediate to shallow water and may transfer energy to relatively
low wave frequencies (e.g., Longuet-Higgins and Stewart, 1962; Hassel-
mann, 1962). Although these so-called infragravity waves are generally
an order of magnitude smaller than the sea-swell waves, they have
periods that may match the eigenperiod of a harbour and/or mooring
system (e.g., Bowers, 1977; Okihiro et al., 1993; Thotagamuwage and
Pattiaratchi, 2014; Cuomo and Guza, 2017) and as a result may disrupt
safe operations (e.g., Van der Molen et al., 2006; van der Molen
et al., 2016). As an example, industry guidance for long-term moored
nearshore structures (e.g., DNV GL, 2019) explicitly recommends that
wind–waves, infragravity waves and seiches all be considered in design.
An accurate description of the nonlinear wave field is thus critical for
accurate predictions of the wave-induced response of floating structures
in waters of restricted depth.
vailable online 12 August 2022
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Over the past decades, various numerical methodologies have been
developed to predict the wave-induced response of floating structures
moored in coastal waters. Due to the range of scales involved, most
existing models separately solve for the evolution of waves in the
coastal region and the wave–structure interactions. With this approach,
a wave propagation model accounts for the evolution of the waves as
they propagate from deeper towards shallower water where the floating
structure is moored. Subsequently, a hydrodynamic model that solves
for the wave–structure interactions provides the hydrodynamic coeffi-
cients (i.e., the excitation forces, added mass, and radiation damping)
that are subsequently used to solve the equations of motion that govern
the wave-induced response of the moored floating structure.

Initial efforts used linear models to predict the wave-induced re-
sponse of moored floating structures (e.g., Van Oortmerssen, 1976;
Sawaragi and Kubo, 1982). The local sea-state at the floating structure
can, for example, be obtained from a model based on the mild-slope
equations (Berkhoff, 1972) that can simulate the linear evolution of a
wave field in a complex harbour geometry (e.g., Ohyama and Tsuchida,
1994). Assuming small waves and motions, a linear hydrodynamic
model (e.g., based on the Boundary Element Method, BEM) can be
combined with a frequency domain solution to the rigid-body equa-
tions to predict the wave-induced response of the moored floating
structure (e.g., Kumar et al., 2016). However, the assumption of small
waves and motions that allow for the use of linear theory can be overly
restrictive as various forms of non-linearity can be important in such
simulations.

For example, realistic mooring systems may introduce non-linearity
even when motions are small (e.g., Bingham, 2000). As a result, time-
domain solutions to the equation of motion (Cummins, 1962) that
account for the full non-linearity of the mooring system are generally
preferred when computing the response of a moored floating struc-
ture. The excitation of infragravity waves by non-linear interactions
(i.e., second-order difference-frequency interactions) among sea-swell
waves introduces an additional source of non-linearity. For floating
structures moored in open water, higher-order hydrodynamic models
can be used to intrinsically account for the impact of infragravity waves
on the wave–structure interactions (e.g., You and Faltinsen, 2015). For
more complicated coastal geometries such as a harbour, appropriate
wave propagation models can be used to account for their impact. For
example, Van der Molen et al. (2006) used a dedicated infragravity
wave model to predict the response of a moored ship-shaped ves-
sel that was dominated by these low-frequency waves. Alternatively,
Boussinesq-type wave models can provide the excitation force from
both sea-swell and infragravity waves (Bingham, 2000; Van der Molen
and Wenneker, 2008).

With this work, we propose an alternative method to predict the
response of moored floating structures in realistic coastal and harbour
regions. Our aim is to develop a single model that can seamlessly
simulate the nonlinear evolution of waves in a complex nearshore
region and predict the wave-induced response of a moored floating
structure. Our numerical methodology is based on the non-hydrostatic
approach. Non-hydrostatic wave-flow models were originally designed
to simulate the evolution of (nonlinear) waves in coastal and oceanic
waters (e.g., Yamazaki et al., 2009; Zijlema et al., 2011; Ma et al., 2012;
Cui et al., 2012). Numerous studies have shown that non-hydrostatic
models can accurately describe various relevant nearshore wave dy-
namics, including the steepening and eventual breaking of waves in the
surf-zone (e.g., Smit et al., 2013, 2014; Bradford, 2011; Derakhti et al.,
2016) and the excitation and dynamics of infragravity waves (e.g.,
Rijnsdorp et al., 2014, 2015; de Bakker et al., 2016). Furthermore,
several studies have also shown that the non-hydrostatic framework can
be extended to account for the wave–structure interactions with fixed
(non-moving) floating obstacles (e.g., Rijnsdorp and Zijlema, 2016; Ma
et al., 2016, 2019; Ai et al., 2019). One of the key features of non-
hydrostatic models is that they can describe these processes accurately
2

while retaining computational efficiency by describing the free-surface
as a single-valued function of the horizontal coordinates (e.g., Ca-
sulli and Stelling, 1998) combined with the use of efficient numerical
schemes (e.g., Stelling and Zijlema, 2003). In particular, a few vertical
layers are typically sufficient to capture the (nonlinear) evolution and
breaking of waves in nearshore regions (e.g., Stelling and Zijlema,
2003; Bai and Cheung, 2013; Smit et al., 2014), allowing for applica-
tions at the spatial scales of a realistic coastal region (e.g., Gomes et al.,
2016; Risandi et al., 2020; Rijnsdorp et al., 2021).

In this paper, we present an extension to the non-hydrostatic wave-
flow model SWASH (Zijlema et al., 2011) to capture the wave–structure
interactions and the wave-induced response of a moored floating struc-
ture. Our approach is based on the initial effort by Rijnsdorp and
Zijlema (2016), who extended SWASH to account for the interactions
between waves and a non-moving floating structure (i.e., the diffraction
problem). Here, we build on this methodology and extend the model
with a solution to the rigid body equations that is tightly coupled to the
hydrodynamic equations in order to capture the wave-induced response
of the moored structure and to account for the radiation of waves by
a moving structure (Section 2). We validate the proposed model for
the wave-induced response of floating structures that are moored in
open water (Section 3). Model predictions are compared with a fre-
quency domain solution to the rigid body equations with hydrodynamic
coefficients from models that solve the potential flow equations. We
validate our model for the response to the primary (sea-swell) wave
components for various wave conditions, ranging from monochromatic
waves to short-crested sea states. To validate the model for the non-
linear response, we also consider the second-order difference frequency
loads and motions of a ship-shaped vessel that is moored in open water.
In Section 4, we summarize and discuss the findings of this work and
conclude that the proposed model is able to capture the wave-induced
response with a resolution that allows for model applications at the
scale of a realistic harbour or coastal region.

2. Numerical methodology

2.1. Governing equations

The governing equations of the model are the Euler equations for an
incompressible fluid of constant density. The fluid is bounded between
the seabed 𝑧 = −𝑑(𝑥, 𝑦) at the bottom interface and the free-surface
= 𝜁 (𝑥, 𝑦, 𝑡) or a floating structure 𝑧 = 𝑆(𝑥, 𝑦, 𝑡) at the top interface, in
hich 𝑡 is time and (𝑥, 𝑦, 𝑧) are the Cartesian coordinates. The governing
quations read,
𝜕𝑢
𝜕𝑥

+ 𝜕𝑣
𝜕𝑦

+ 𝜕𝑤
𝜕𝑧

= 0, (1)

𝜕𝑢
𝜕𝑡

+ 𝑢 𝜕𝑢
𝜕𝑥

+ 𝑣 𝜕𝑢
𝜕𝑦

+𝑤𝜕𝑢
𝜕𝑧

+ 𝑔
𝜕𝜁
𝜕𝑥

+
𝜕𝑝
𝜕𝑥

= 0, (2)

𝜕𝑣
𝜕𝑡

+ 𝑢 𝜕𝑣
𝜕𝑥

+ 𝑣 𝜕𝑣
𝜕𝑦

+𝑤𝜕𝑣
𝜕𝑧

+ 𝑔
𝜕𝜁
𝜕𝑦

+
𝜕𝑝
𝜕𝑦

= 0, (3)

𝜕𝑤
𝜕𝑡

+ 𝑢 𝜕𝑤
𝜕𝑥

+ 𝑣 𝜕𝑤
𝜕𝑦

+𝑤𝜕𝑤
𝜕𝑧

+
𝜕𝑝
𝜕𝑧

= 0, (4)

n which u = (𝑢, 𝑣,𝑤) represents the velocity components in the
artesian directions, 𝜁 is the free-surface or piezometric head, 𝑝 is the
on-hydrostatic pressure (normalized by the water density), and 𝑔 is
he gravitational acceleration.

The vertical interfaces of the fluid are assumed to be a single valued
unction of the horizontal coordinates (i.e., the seabed, the free-surface
nd the hull of the structure). Here, the kinematic boundary conditions
rescribe that the fluid velocity is equal to the material derivative of the
espective interface. This results in the following kinematic boundary
ondition at the three interfaces,

−𝑑 = −𝑢−𝑑
𝜕𝑑
𝜕𝑥

− 𝑣−𝑑
𝜕𝑑
𝜕𝑦

, (5)

𝑤𝜁 =
𝜕𝜁

+ 𝑢𝜁
𝜕𝜁

+ 𝑣𝜁
𝜕𝜁

, (6)

𝜕𝑡 𝜕𝑥 𝜕𝑦
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𝑤𝑆 = 𝜕𝑆
𝜕𝑡

+ 𝑢𝑆
𝜕𝑆
𝜕𝑥

+ 𝑣𝑆
𝜕𝑆
𝜕𝑦

, (7)

here the subscript indicates the 𝑧−location of the velocity compo-
ents. The velocities at the surface of the structure follow from the
otions of the rigid body,

𝑆 = dX
d𝑡 + d𝛩

d𝑡 ×
(

r − r𝑐
)

, (8)

in which X = (𝑋, 𝑌 ,𝑍) and 𝜣 =
(

𝜃𝑥, 𝜃𝑦, 𝜃𝑧
)

represent the translative and
otational motions of the floating structure, respectively, and r and rc
re the position vector on the wetted surface of the structure and the
entre of gravity, respectively.

To close the set of equations that describe the fluid motion, a global
ontinuity equation is derived by vertically integrating the local conti-
uity equation (Eq. (1)) and applying the relevant kinematic boundary
onditions at the vertical interfaces that bound the fluid. In the region
here the fluid is bounded by the water surface this results in,

𝜕𝜁
𝜕𝑡

+ 𝜕
𝜕𝑥 ∫

𝜁

−𝑑
𝑢d𝑧 + 𝜕

𝜕𝑦 ∫

𝜁

−𝑑
𝑣d𝑧 = 0, (9)

nd in the case the fluid is bounded by the structure this equation reads,

𝜕𝑆
𝜕𝑡

+ 𝜕
𝜕𝑥 ∫

𝑆

−𝑑
𝑢d𝑧 + 𝜕

𝜕𝑦 ∫

𝑆

−𝑑
𝑣d𝑧 = 0, (10)

here 𝜕𝑆
𝜕𝑡 follows from the kinematic boundary condition at the hull

Eq. (7)).
The motions of a floating structure are described using the rigid

ody equations that follow from Newton’s second law,

d2X
d𝑡2

= F, (11)

Id
2𝛩

d𝑡2
= M, (12)

in which 𝑚 is the mass and I =
(

𝐼𝑥, 𝐼𝑦, 𝐼𝑧
)

are the moments of inertia of
the structure. F =

(

𝐹𝑥, 𝐹𝑦, 𝐹𝑧
)

and M =
(

𝑀𝑥,𝑀𝑦,𝑀𝑧
)

are all external
forces and moments, respectively, that act on the body. In this work,
we include the hydrodynamic loads and the forces from the mooring
configuration. The hydrodynamic loads are computed by integrating
the pressure over the surface of the body. The moorings considered in
this work are modelled as linear spring–dampers,

𝐹𝑀 = 𝐶 +𝐾𝑙 + 𝐵 𝜕𝑙
𝜕𝑡
, (13)

where 𝐶 is a (constant) pretension, 𝐾 and 𝐵 are the spring and damping
coefficient, respectively, and 𝑙 is the extension of the mooring line.

2.2. Numerical implementation

The resulting set of equations (Eqs. (1)–(4) and (11)–(12)) that
describe the motion of the fluid and the floating structure represents
a coupled problem. We adopt a partitioned approach to solve the
governing equations, in which both sets of equations are treated inde-
pendently. The coupling between the fluid and the structural equations
is provided by the kinematic boundary conditions at the fluid–structure
interface and the hydrodynamic forces that act on the structure. In this
work, we use an implicit (or strongly coupled) approach to solve the
fluid–structure interactions (e.g., Matthies and Steindorf, 2003; Boraz-
jani et al., 2008). This implies that the kinematic boundary conditions
and hydrodynamic forces depend on the implicit body motions and
water pressure, respectively. To include these contributions a number
of iterations are required during each time step until convergence is
reached (see Fig. 1 for a flow diagram of the coupling algorithm).
Convergence is reached when changes to the body motions and surface
elevation within the iterative procedure are smaller than a user-defined
tolerance 𝜖 (which was set to 𝜖 = 1×10−6 in all simulations of this work).

With the partitioned approach, both sets of equations are imple-
3

mented in separate modules within the code. The flow equations are u
Fig. 1. Flow diagram of the iterative procedure to solve the coupled fluid–structure
interaction problem. The superscript of the variables indicates the time level, with 𝑛
indicating the current time step (or initial value) and 𝑛 + 1 at the next time step.

olved according to the general methods used in SWASH (e.g., Zijlema
t al., 2011), and the rigid body equations are solved using an algorithm
or simulating structural dynamics. In the following two sub sections,
e present a brief description of the numerical methods that were used

o solve both sets of equations.

.2.1. Hydrodynamic equations
In SWASH, the equations governing the fluid motion are discretized

n a curvilinear horizontal grid with a constant number of terrain
ollowing layers in the vertical. Flow variables are positioned on the
rid based on a staggered arrangement (See Zijlema and Stelling, 2005,
008; Zijlema et al., 2011, for more details). To include the moving
loating structure, we build on the implementation of Rijnsdorp and Zi-
lema (2016) that accounted for the presence of a non-moving floating
tructure. In that work, the global continuity equations (Eqs. (9)–(10))
ere recast into a single form following Casulli and Stelling (2013)

o account for the pressurized flow underneath the structure and the
etting and drying of the hull. In combination with the semi-implicit
-method for the temporal discretization, this allows us to capture the
imultaneous occurrence of pressurized and free-surface flows. Further
etails regarding the temporal and spatial discretization of the various
erms can be found in Rijnsdorp and Zijlema (2016).

The pressure projection algorithm was used to account for the non-
ydrostatic pressure (e.g., Chorin, 1968; Van Kan, 1986). This method
plits the time-integration into two parts: the hydrostatic and non-
ydrostatic step. In the hydrostatic step, the global continuity equation
Eqs. (9)–(10)) is solved to compute the surface elevation and piezomet-
ic head, and an intermediate flow field. In the non-hydrostatic step
he velocity field is corrected based on the non-hydrostatic pressure
hat is computed from the Poisson equation, which results from the
ubstitution of the momentum equations (Eqs. (2)–(4)) in the local
ontinuity equation (Eq. (1)). The global continuity equation is solved

sing a Newton-type iterative solver (Brugnano and Casulli, 2009),
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and the Poisson equation is solved using a pre-conditioned BiCGSTAB
solver.

With the terrain following grid system, the top layer follows the
hull of the floating structure, and the kinematic boundary conditions at
the hull (Eq. (7)) are imposed directly at the fluid–structure interface.
To keep the methodology simple and efficient, we do not account for
the body motions in the flow grid. This implies that we linearize the
kinematic boundary conditions at the hull of the floating body, analo-
gous to, for example, linear potential flow theory and the BEM. With
this approach however, the model does not intrinsically account for
the hydrostatic restoring forces and moments. The hydrostatic restoring
forces and moments were explicitly included as external forces based
on analytical relations that account for linear changes in the buoyancy
force due to the body motions (e.g., Faltinsen, 1990).

2.2.2. Rigid body equations
The equations describing the motions of the rigid body are solved

using the generalized-𝛼 method (Chung and Hulbert, 1993), an implicit
cheme that is based on the Newmark method (Newmark, 1959). For
xample, for an arbitrary displacement 𝑋 of a rigid floating body, the
igid body equation (Eq. (11)) is discretized as,
(

𝛼𝑚𝐴
𝑛 + (1 − 𝛼𝑚)𝐴𝑛+1) = 𝛼𝑓𝐹

𝑛 + (1 − 𝛼𝑓 )𝐹 𝑛+1. (14)

The displacement and the velocity of the floating body is subse-
uently computed as,
𝑛+1 = 𝑋𝑛 + 𝛥𝑡𝑉 𝑛 + 𝛥𝑡2

(

(1 − 𝛽)𝐴𝑛 + 𝛽𝐴𝑛+1) , (15)

𝑉 𝑛+1 = 𝑉 𝑛 + 𝛥𝑡
(

(1 − 𝛾)𝐴𝑛 + 𝛾𝐴𝑛+1) . (16)

In these equations, 𝐴 and 𝑉 are the acceleration and velocity of
the body; and 𝛼𝑓 , 𝛼𝑚, 𝛽, and 𝛾 are numerical parameters that control
the accuracy and numerical dissipation of the method. The external
force acting on the body 𝐹 includes the contributions from the hydro-
dynamics and mooring lines. The force in the mooring lines depend
on the motions of the floating body through Eq. (13). To account
for the implicit contributions in the mooring line force, we used an
iterative approach to solve the generalized-𝛼 scheme. As mentioned
before, the implicit contribution from the hydrodynamic forces and
moments was included through several iterations over the flow and
rigid body equations (as illustrated in Fig. 1). In all simulations of
this work that considered a moving floating structure, the numerical
parameters were set at 𝛼𝑓 = 𝛼𝑚 = 𝛽 = 0.5, and 𝛾 = 0.25.

3. Test cases

The proposed model was validated for two floating structures of
increasing complexity. In the first test case, we validated the model
for the wave-induced response of a moored floating cylinder. This test
case is representative of a point-absorber type wave-energy converter
that is moored in coastal waters (with dimensions that were smaller
than a typical wave length). In the second test case, we considered
the wave-induced response of a ship-shaped vessel that is moored in
open water of intermediate depth. The vessel had a more complex hull
form than the structure of the first test case, with dimensions that were
comparable to the typical wave length.

For both test cases, we validated the developed model for the
diffraction problem, radiation problem, and the wave-induced response
of the floating structure. The floating structures were subject to a
range of sea states, varying from monochromatic waves to short-crested
irregular waves, considering both the linear response to the primary
wave field (Sections 3.1–3.2) and the nonlinear response associated
with waves generated by second-order difference interactions (Sec-
tion 3.3). Model predictions were compared to benchmark solutions to
the potential flow problem; a semi-analytical solution for the moored
floating cylinder and a BEM solution for the moored ship.
4

3.1. Moored floating cylinder in open water

This test case considers the interaction of waves with a floating
cylinder, representative of a simplified wave-energy converter, that is
located in water of 10 m depth. The cylinder had a radius of 10 m,
a height of 8 m, a draft of 4 m, and a density of 1∕4 of the water
density (𝜌 = 1000 kg∕m3). The cylinder was moored to the sea-bed with
three tethers at a still-water depth of 10 m. The tethers were equally
distributed around the cylinder and point towards its centre of gravity
with a vertical inclination of 45 deg. The tethers included a constant
pretension to counteract the positive buoyancy of the cylinder, with a
spring coefficient equal to 5 × 104 N m−1 and a damping coefficient of
5× 105 N s m−1 (no attempt was made to optimize these coefficients to
maximize power-take-off).

In the following, we compare model predictions with a bench-
mark solution based on the potential flow equations for the diffraction
problem, the radiation problem, and the wave-induced response of
the cylinder. The wave-induced response was computed based on a
frequency domain solution to the linearized rigid body equations (e.g.,
Sergiienko et al., 2018; Rijnsdorp et al., 2018). The excitation forces
and hydrodynamic coefficients (i.e., added mass and radiation damp-
ing) were obtained from an eigenfunction expansion solution to the
linearized potential flow equations (based on the work of Jiang et al.,
2014b,a; Sergiienko et al., 2017, 2018).

In the SWASH simulations, the cylinder was located in a rectangular
domain. The dimensions of the numerical domain were chosen to
minimize the influence of side-wall reflections. For the long-crested
diffraction and response simulations, the model domain spanned 700 m
× 416 m. Waves were generated at the western boundary using a source
function (Vasarmidis et al., 2019, 2020). To minimize the influence of
re-reflections, sponge layers were positioned along all boundaries of the
domain (see Fig. 2a for an illustrative sketch). The sponge layers had a
width of 150 m at the eastern and western end of the domain, and were
50 m wide along the northern and southern boundaries. For diffraction
and response simulations with a short-crested sea state, we used a
700 × 2016 m domain with cyclic lateral boundaries and a weakly-
reflective wavemaker at the western side of the domain (see Fig. 2b
for an illustrative sketch). For the radiation problem, the numerical
domain spanned 350 × 350 m, with sponge layers of 150 m at all lateral
boundaries to absorb the waves radiated by the moving cylinder. With
these model set-ups we found that the influence of side-wall reflections
was minimal.

A rectilinear grid was used with a minimum horizontal grid resolu-
tion of 𝛥𝑥 = 𝛥𝑦 = 2 m that ensured at least 20 points per (peak) wave
length and 10 points per cylinder diameter in the region of interest.
Away from the region of interest, we used a coarser 𝛥𝑦 of 4 m to reduce
the computational effort required. Two vertical layers were used in all
cases, which was sufficient to capture the dispersion characteristics of
the various sea-states. The time step was set at 1∕200 of the (peak) wave
period. For simulations with monochromatic waves, model results were
analysed for 5 wave periods after spin-up. For the simulation with the
irregular sea state, model results were analysed for a duration of 60 min
(360 peak wave periods) after a spin-up time of 5 min.

3.1.1. Monochromatic waves
We considered monochromatic waves with varying period (𝑇 =

4−14 s with 1 s increments) and a constant amplitude of 𝑎 = 0.01 m. In
the following comparison, we only consider the loads and motions that
are non-zero in the case of monochromatic incident waves (i.e., surge,
heave and pitch). Model predictions were compared with the semi-
analytical solutions for the exciting forces (the diffraction problem), the
added mass and radiation damping (the radiation problem), and the
wave-induced response of the floating body (the response amplitude
operators (RAO) of the body).

First, we compare model predictions with the semi-analytical so-

lution for the diffraction and radiation problem. Predictions of the
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Fig. 2. Sketch of the numerical domain used in the SWASH simulations for two example set-ups. Panel (a) shows an example of the model-setup for a floating body (cylinder)
that is subject to long-crested sea state, and panel (b) shows the model-setup for a floating body (ship) that is subject to a short-crested sea-state.
Fig. 3. Comparison between the SWASH predictions (markers) and semi-analytical potential flow solution (lines) for the diffraction problem (left panels), radiation problem (middle
panels), and wave-induced response (right panels) of the floating cylinder. In panel a–c (diffraction problem) and panel g–i (wave-induced response), the black line and circles
indicate the amplitude of the signal (left axis) and the red line and crosses indicate the phase difference with the incident wave signal (right axis). In panel d–f (radiation problem),
the black line and circles indicate the added mass coefficient (left axis), and the orange line and squares indicate the radiation damping coefficient (right axis).
amplitude of the excitation load agreed well for the range of wave
periods considered (black line and markers in Fig. 3a–c), although the
amplitude of the surge force 𝐹𝑥 was slightly over predicted and the
amplitude of the pitch moment �̂�𝑦 was slightly under predicted. The
model also captured the phasing of the excitation load, except at the
lowest wave period for �̂�𝑦 (red line and markers in Fig. 3a–c).

In Fig. 3d–f, we compare the hydrodynamic coefficients for the
radiation problem (i.e., added mass and radiation damping). The hy-
drodynamic coefficients in SWASH were calculated based on the hydro-
dynamic loads from the radiation simulations (which did not include
the hydrostatic restoring force as the flow grid was not updated based
on the body motions). The hydrodynamic coefficients were computed
from the load signals by taking the part of the hydrodynamic force
that is in phase with the body velocity (radiation damping coefficient)
and the part that is in phase with the body acceleration (added mass
coefficient). Comparing the resulting coefficients with those from the
semi-analytical solution to linear potential theory shows that SWASH
captured their typical magnitude for all three degrees of freedom
(Fig. 3d–f). Agreement was typically best for heave, and discrepancies
were typically larger for surge and pitch.

To validate the model for the wave-induced response, we compared
model predictions with a linear frequency domain solution based on the
5

excitation forces (Fig. 3a–c) and hydrodynamic coefficients (Fig. 3d–f)
from the semi-analytical LPF solution. In the SWASH simulations, the
flow grid was not updated following the body motions (i.e., linearizing
the kinematic boundary conditions on the hull), and the hydrostatic
restoring forces and moments were computed based on the formu-
lations of Faltinsen (1990). The RAO and the phasing of all three
degrees of freedom were found to be in excellent agreement with
the reference solution (Fig. 3g–i). The model recovered the correct
frequency dependent response, including an increased response in surge
and pitch around 𝑇 ≈ 9 s, and an increased response in pitch at shorter
wave periods (𝑇 < 5 s).

3.1.2. Long-crested irregular waves
Next, we consider the excitation forces and wave-induced response

for a long-crested irregular wave field. We considered irregular waves
with a JONSWAP frequency distribution with a significant wave height
of 𝐻𝑠 = 1 m and a peak period of 𝑇𝑝 = 10 s. Fig. 4 shows the
power spectra components of the excitation forces and the (non-zero)
components of the body motion. Power spectra were computed without
smoothing, thereby providing a comparison for each wave frequency
that was considered in the model. To allow for a quantitative com-
parison, representative bulk load or motions (

√

𝑚 ) and mean period
0



Coastal Engineering 177 (2022) 104195

6

D.P. Rijnsdorp et al.

Fig. 4. Comparison between the SWASH predictions (red lines) and semi-analytical potential flow solution (black lines) for the excitation force (top panels), and wave-induced
response (bottom panels) of the floating cylinder that is subject to a long-crested sea state. Bulk parameters based on spectral moments are included for each component in their
respective panel. The thin grey line represents the incident wave spectrum.

Fig. 5. Comparison between the SWASH predictions (red lines) and semi-analytical potential flow solution (black lines) for the excitation forces (panel a–c) and moments (panel
d–e) of the floating cylinder that is subject to a short-crested sea state. Bulk parameters based on spectral moments are included for each force and moment component in their
respective panel. The thin grey line represents the incident wave spectrum.

Fig. 6. Comparison between the SWASH predictions (red lines) and semi-analytical potential flow solution (black lines) for the wave-induced response of the floating cylinder that
is subject to a short-crested sea state. Bulk parameters based on spectral moments are included for each body motion in their respective panel. The thin grey line represents the
incident wave spectrum.
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) were computed from the spectral moments 𝑚𝑛 (as indicated in

each panel), with 𝑚𝑛 = ∫ 𝑓 𝑛PSD d𝑓 (in which PSD is the power spectral
density of the respective parameter).

The power spectra of the excitation forces were in good agree-
ment with the LPF solution (Fig. 4a–c). Consistent with the results
for monochromatic waves, 𝐹𝑥 was slightly over estimated whereas
̂ 𝑦 showed a slight underestimation. Differences between the bulk

load (4
√

m0) and mean load period (𝑚−1
𝑚0

) were <15%, confirming the
general agreement between SWASH and LPF. The predicted response
showed a comparable agreement for all three degrees of freedom, with
differences between the bulk parameters <5% (Fig. 4d–f).

.1.3. Short-crested irregular waves
As a final scenario as part of this test case, we validated SWASH for

short-crested sea state. Short-crested irregular waves were generated
or a JONSWAP spectrum (with 𝐻𝑠 = 1.0 m and 𝑇𝑝 = 10 s) with a cosine
irectional distribution cos𝑚 (𝜃) with power 𝑚 = 4 (corresponding to a
half-width) directional spreading of ≈25◦). In SWASH, short-crested
ea states are generated by means of a superposition of a large number
f long-crested harmonic waves with a certain amplitude, frequency,
hase, and direction (See Rijnsdorp et al., 2015, for more details). To
llow for a direct comparison with SWASH, the LPF based solutions
ere computed based on the target wave components with which the
umerical wavemaker in SWASH was forced. Power spectra for all load
nd motion components were computed with fifteen 50% overlapping
indows.

Due to the directional spreading of the wave field, the sway force
nd roll moment were non-zero (Fig. 5b and d), with a bulk magnitude
hat was approximately half of the surge force and pitch moment,
espectively (Fig. 5a and e). The excitation forces and loads from
WASH and the linear potential flow solution were generally in good
greement for all five non-zero components, and the bulk load and
ean load period parameters differed by <15% (Fig. 5). A comparable

greement between models was found for the wave-induced response
Fig. 6). Discrepancies between the two models were typically larger
or sway and especially roll, for which differences between the bulk
otions were 16% and 38%, respectively.

.2. Moored ship in open water – first order response

In the second test case, we consider the interactions of long-crested
nd short-crested head seas with a ship-shaped vessel that is moored in
pen water 28.6 m deep. SWASH predictions were compared with re-
ults from the BEM code DIFFRACT (e.g., Sun et al., 2015; Eatock Tay-
or and Chau, 1992), (with a frequency-domain solution to the rigid
ody motions where necessary). For a linear calculation, the mean
ubmerged hull of the vessel and the interior water-plane must be
eshed. DIFFRACT employs isoparametric quadratic elements and the

ormulation employed avoids irregular frequencies. The main particu-
ars of the hull are given in Table 1, and Fig. 7 provides a sketch of the
ull that was used in the BEM code (Fig. 7a) and in SWASH (Fig. 7b).
he hull possessed two planes of symmetry and the vertical position of
he centre of gravity of the vessel was located at 𝑧 = 3.5 m (i.e., above
he mean free surface).

SWASH simulations for the diffraction problem and for the response
o long-crested sea states were conducted in a domain that spanned
850 × 1016 m in the 𝑥 and 𝑦−directions, respectively. Similar to
he previous test case, waves were generated using a source function
n combination with sponge layers to minimize the influence of re-
eflections at the domain boundaries (see Fig. 2a for an illustrative
ketch). Sponge layers were positioned at the western and eastern
oundaries (500 m wide), and the lateral (northern and southern)
oundaries (100 m wide). For the radiation simulation, the domain
panned 1500 × 1100 m, with 500 m wide sponge layers along all
ateral boundaries to absorb radiated waves. With this model set-up
7

e found negligible influence from side-wall reflections. To accurately
Table 1
Main particulars of the ship-shaped vessel.

BEM SWASH

Length between perpendiculars 𝐿𝑝𝑝 (m) 226 226
Breadth (m) 43 43
Draft (m) 11.5 11.5
Waterplane area (m2) 9 320.6 9 440.3
Displacement (m3) 108 100 104 532

simulate the short-crested sea state, we used a larger basin (spanning
1850 × 5016 m in the 𝑥 and 𝑦−directions, respectively) with cyclic
lateral boundaries and a weakly-reflective wavemaker at the western
side of the domain (see Fig. 2b for an illustrative sketch).

For all simulations, a rectilinear grid was used with a minimum
horizontal grid resolution of 𝛥𝑥 = 𝛥𝑦 = 4 m that ensured at least
20 points per wave length in the region of interest and 10 cells along
the vessels breadth. Two vertical layers were used, and the time step
was set at 1∕200 of the (peak) wave period. For the regular wave
simulations, model results were analysed for 10 wave periods after
model spin-up. For the long-crested and short-crested wave simulations,
model results were analysed for a duration of 60 min (240 peak wave
periods) after model spin-up.

In all response simulations (of SWASH and the frequency-domain
solution), a soft spring mooring (𝐾 = 609 kN/m) was included in surge
and sway to counteract the mean drift force. Due to the low stiffness,
the motions of the moored body at the primary wave frequencies were
not affected by the inclusion of this mooring (not shown).

3.2.1. Monochromatic waves
The ship-shaped vessel was subject to a range of small amplitude

(𝑎 = 0.01 m) monochromatic waves with varying period (𝑇 = 6 − 30 s
ith 2 s increments). Fig. 8 shows a comparison between the SWASH
nd BEM results for the diffraction and radiation problems. SWASH
aptured the typical magnitude and phase of the excitation forces (𝐹𝑥
nd 𝐹𝑧) and moment (�̂�𝑦) for the considered range of wave periods
Fig. 8a–c). Discrepancies between the two models were typically larger
or the radiation problem (Fig. 8d–i). Nonetheless, SWASH captured
he variation and typical magnitude of the added mass and radiation
amping for all degrees of freedom (i.e., the diagonal contributions of
he radiation damping matrix). Discrepancies were largest for roll, for
hich the added mass 𝐴𝜃𝑥 was under predicted whereas the radiation
amping 𝐵𝜃𝑥 was generally over predicted (especially for lower periods,
ig. 8g). Note that given the relatively small breadth of the vessel with
espect to its length, roll hydrodynamic coefficients are at least an order
f magnitude smaller compared to the other two rotational degrees of
reedom (pitch 𝜃𝑦 and yaw 𝜃𝑧).

Consistent with the diffraction and radiation problem, SWASH cap-
ured the vessel motion RAO amplitudes and phasing in surge, heave
nd pitch for the considered range of monochromatic head waves
Fig. 9). This includes the relatively small response at low wave pe-
iods, and the increased response towards longer wave periods. The
odel also recovered the increased response of all three motions near
= 10 s.

.2.2. Long-crested irregular waves
Following the comparison for monochromatic waves, we consider

more realistic long-crested irregular wave field (JONSWAP spectral
hape) with 𝐻𝑠 = 1 m and 𝑇𝑝 = 15 s. For the diffraction problem, a
omparison between the power spectra (computed without smoothing)
f the non-zero force and moment components shows that the SWASH
redictions were in good agreement with the BEM solution (Fig. 10a–
). The general agreement between SWASH and the BEM solution is
onfirmed by the bulk loads (4

√

m0) and mean load periods ( m−1
m0

) mea-
sures (with maximum differences <5%). The two models show a similar
agreement for the wave-induced response in surge, heave and pitch
(Fig. 10d–e). SWASH captured the frequency variation and magnitude
of all three motions, as confirmed by the bulk load parameters which

differed by <10%.
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Fig. 7. Sketch of the hull of the moored ship-shaped vessel used in the BEM (panel a) and SWASH (panel b) simulations. The thick red line in both panels indicate the waterline
contour.
Fig. 8. Comparison between SWASH (markers) and BEM (lines) for the diffraction problem (panel a–c), and the radiation problem (panel d–h) of the moored ship-shaped vessel in
open water. In panel a–c (diffraction problem), the black line and circles indicate the amplitude of the signal (left axis) and the red line and crosses indicate the phase difference
with the incident wave signal (right axis). In panel d–i (radiation problem), the black line and circles indicate the added mass coefficient (left axis), and the orange line and
squares indicate the radiation damping coefficient (right axis).
Fig. 9. Comparison between SWASH (markers) and BEM (lines) for the wave-induced response of a ship-shaped vessel moored in open water subject to monochromatic head
waves. The black line and circles indicate the amplitude of the respective motion (left axis) and the red line and crosses indicate the phase difference with the incident wave
signal (right axis).
3.2.3. Short-crested irregular waves
As a final comparison for the linear wave-induced response, we

consider a short-crested sea state with a JONSWAP shape and a cos𝑚 (𝜃)
directional distribution. Similar to the previous test cases, the sea state
had a significant wave height of 𝐻𝑠 = 1 m and a peak period of
𝑇𝑝 = 15 s. The power of the directional distribution was 𝑚 = 4
which results in a one-sided directional spreading of 𝜎𝜃 ≈ 25◦. To
allow for a direct comparison with SWASH, the BEM based solutions
8

were computed based on the target wave components with which the
numerical wavemaker in SWASH was forced. Power spectra for all load
and motion components were computed with fifteen 50% overlapping
windows.

SWASH captured the typical frequency dependence of the excitation
forces and moments (Fig. 11), except for the roll excitation moment
𝑀 (Fig. 11d). Accordingly, both the bulk excitation force and period
𝑥
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Fig. 10. Comparison between SWASH (red line) and BEM (black line) for the diffraction problem (top panels) and wave-induced response (bottom panels) of a ship-shaped vessel
moored in open water subject to a long-crested sea-state (head waves). Bulk parameters based on spectral moments are included for each component in their respective panel.
The thin grey line represents the incident wave spectrum.
Fig. 11. Comparison between SWASH (red line) and BEM (black line) for the diffraction problem of a ship-shaped vessel moored in open water subject to a short-crested sea-state.
Bulk parameters based on spectral moments are included for each component in their respective panel. The thin grey line represents the incident wave spectrum.
Fig. 12. Comparison between SWASH (red line) and BEM (black line) for the wave-induced response of a ship-shaped vessel moored in open water subject to a short-crested
JONSWAP sea-state (head waves). Bulk parameters based on spectral moments are included for each component in their respective panel. The thin grey line represents the incident
wave spectrum.
measures were in good agreement (discrepancies <6%) for the three ex-

citation forces (Fig. 11a–c) and the pitch and yaw moments (Fig. 11e–f).

For the roll excitation moment, SWASH predicted a broader frequency
9

distribution compared to the BEM solution, with smaller spectral lev-
els near the peak frequency of the incident waves (𝑓𝑝) and larger
spectral levels at frequencies larger than 𝑓𝑝. The roll moment can
be decomposed into contributions from the heave and sway exciting
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forces. For this hull and sea state, we found that the two individual roll
contributions were of opposing sign with a magnitude that was several
times larger than the resulting roll moment (i.e., 4

√

𝑚0 ≈ 5 × 107 kN m
for 𝑀𝑥 from 𝐹𝑧 and 𝐹𝑦 versus 4

√

𝑚0 ≈ 1 × 107 kN m for the total 𝑀𝑥).
As a result, 𝑀𝑥 was sensitive to minor deviations in the underlying
contributors. This sensitivity was confirmed by a grid sensitivity test
(see Appendix), which showed that the SWASH predicted roll moment
was sensitive to the horizontal grid resolution, with improving agree-
ment for finer horizontal grid resolutions. In contrast, the roll excitation
moment was not found to be sensitive to the vertical grid resolution.

Consistent with the excitation forces and moments, the wave-
induced motions of the moored vessel were generally in good agree-
ment (Fig. 12). Discrepancies were largest for the roll motion 𝜃𝑥, for
which the BEM model predicted a peaked response at the resonance
frequency (𝑓 ≈ 0.07 Hz). Although SWASH did capture a peaked
response at the same frequency, the spectral levels of the roll motion
were smaller. As a result, the SWASH predicted roll period was in good
agreement with the BEM result, whereas the SWASH predicted bulk
roll motion was a factor 3 − −4 smaller compared to the BEM result
(Fig. 12d). Similar to the roll excitation moment, the roll response
was found to be sensitive to the horizontal grid resolution of SWASH
(see Appendix). For the three translations (surge, sway and heave)
and two remaining rotations (pitch and yaw), SWASH captured the
frequency dependence and magnitude well, as indicated by relatively
small differences (<15% between the bulk motion parameters (Fig. 12)).

3.3. Moored ship vessel in open water — second order response

As a final test case, we consider the second-order response of a
ship that is moored in open water. We consider the same set-up as
in Section 3.2.2, with a ship moored at 28.6 m depth that is subject
to a long-crested irregular wave field with 𝐻𝑠 = 1 m and 𝑇𝑝 = 15 s.
Here, we will focus on the low-frequency second-order response of the
moored ship that arises due to non-linearity of the incident wave field
(i.e., the presence of low-frequency infragravity waves that are excited
by difference interactions between the primary components), scattering
of these waves and second-order contributions to the hydrodynamic
forces due to (nonlinear) products of first-order quantities (e.g., Van der
Molen and Wenneker, 2008). The nonlinear contributions are intrinsi-
cally accounted for by SWASH, but need to be explicitly accounted for
in the BEM model.

3.3.1. BEM model set-up
To solve for the second-order difference-frequency forces and re-

sponses we employ the BEM code DIFFRACT, which has been exten-
sively validated for second-order computations (e.g. Zang et al., 2006;
Sun et al., 2013). For the complete second-order computation, the
mean free surface must be meshed out to a given radius – here taken
to be 500 m – beyond which the forcing due to the nonlinear free
surface boundary condition was represented by simplified forms in two
annular regions, with the outer region being the far-field asymptotic re-
gion. In the second-order problem, first-order body motions contribute
to second-order forces, so that the second-order hydrodynamic force
on the fixed vessel is not the same as that on the floating vessel.
However, in the present case these differences were minor. DIFFRACT
computes elements in the quadratic transfer function (QTF) matrix
through bichromatic (pair-wise) computations. The QTF matrix was
sufficiently smooth to be interpolated, and the force/response spectra
computed directly in the frequency domain. In this case an 8 × 8 QTF
matrix was sufficient, though finer frequency spacing was employed
as a check. The correction to the second-order heave force detailed
by Eatock Taylor (1989) and Chen (2006) must be included to give
good comparisons at low frequencies.
10
Fig. 13. Wave spectra of the linear and nonlinear surface elevation signals. The grey
and black line indicate the target first-order (subscript L) and second-order (subscript
NL) signal with which the wavemaker is forced, and the red and blue line indicate
the first-order and second-order surface elevation signals inside the SWASH domain
(obtained with the phase-separation methodology).

3.3.2. SWASH methodology
We used a similar SWASH model setup as in Section 3.2.3 with an

extended domain in 𝑦−direction (with a total length of 5016 m) to
minimize the influence of side-wall reflections. Waves were generated
by a weakly reflective wavemaker with a second-order correction for
difference interactions to account for bound infragravity waves at the
boundary (e.g., Rijnsdorp et al., 2014). With this wavemaker, the
generation of spurious free waves is suppressed at sub-harmonic fre-
quencies. Although spurious free waves were excited at super-harmonic
frequencies (e.g., Fiedler et al., 2019), they had a negligible effect on
the wave-excitation loads and body motions.

To distinguish between the first- and second-order wave motion, ex-
citation loads and body motions predicted by SWASH; we employed the
phase separation method (e.g., Fitzgerald et al., 2014). This methodol-
ogy assumes that the nonlinear wave-driven processes can be described
by a Stokes-type perturbation expansion, and has been successfully
applied to study both nonlinear wave processes (e.g., Orszaghova et al.,
2014; Whittaker et al., 2017; Zhao et al., 2017) and nonlinear wave
dynamics of fixed and moving structures (e.g., Fitzgerald et al., 2014;
Chen et al., 2021; Orszaghova et al., 2021). To separate the primary and
second-order contributions with this methodology, we ran a simulation
with two different wavemaker signals that are out of phase (i.e., all
wave frequencies of the second wavemaker signal are phase shifted by
180◦ relative to the first wavemaker signal). Ignoring third and higher
order components (which were negligibly small in the simulations
of this work), this methodology allows estimations of the first-order
(subscript L) and second-order (subscript NL) contributions to time-
signals of the surface elevation, excitation loads (forces and moments)
and body response as,

𝑋L = 1
2
(𝑋0 −𝑋180),

𝑋NL = 1
2
(𝑋0 +𝑋180),

in which 𝑋 is the time-signal of interest, and the subscript indicates the
phase shift (in degrees) of the wave components in the corresponding
simulation.

3.3.3. Results
The spectra of the linear and nonlinear surface elevation signals

(𝜁L and 𝜁NL, respectively) inside the SWASH domain confirm that the
generated wave field compares well with the target wave spectrum
with which the wavemaker was forced (Fig. 13) at the sub-harmonic
frequencies (𝑓 < 0.05 Hz). The nonlinear energy spectrum starts
to deviate from the target spectrum for 𝑓 > 0.05 Hz with larger
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Fig. 14. Comparison between the first-order (dashed lines) and second-order (solid lines) results of SWASH (red lines) and BEM (black lines) for a ship-shaped vessel moored in
open water that is subject to a long-crested JONSWAP sea-state (head waves). The top panels show the non-zero excitation forces (i.e., the diffraction problem) and the bottom
panels show the non-zero body motions. Bulk parameters based on low-frequency (0 < 𝑓 < 0.04 Hz) spectral moments (indicated by subscript lf) of the second-order signals are
included for each component in their respective panel.
spectral energy levels around 2𝑓𝑝 associated with sum interactions be-
tween primary wave components. These second-order super-harmonic
frequencies were not included in the wavemaker signal resulting in
additional spurious free waves at 𝑓 > 𝑓𝑝. However, the energy levels
of second-order wave components were several orders of magnitude
smaller than the energy levels of the primary (linear) wave components
at the primary wave frequencies (𝑓 > 𝑓𝑝∕2), indicating that the second-
order super harmonic wave components did not significantly affect the
ship hydrodynamics.

The second-order excitation loads were (at least) an order of mag-
nitude smaller than the first-order loads for all three non-zero compo-
nents (Fig. 14a–c). The nonlinear excitation load from SWASH agreed
well with the second order BEM solution at the subharmonic frequen-
cies (𝑓 < 0.05 Hz) in terms of the spectral shape and spectral levels. The
second-order contributions in both models exceeded the linear response
for 𝑓 < 0.04 Hz. To quantify the agreement between the two models,
we computed the bulk parameters by integrating the second-order
spectra over a low-frequency (lf) band where the second-order response
exceeded the linear response (𝑓 < 0.04 Hz). The bulk parameters
(4√𝑚0,lf and 𝑚−1,lf

𝑚0,lf
) of the two models differed <16%, confirming the

good agreement between the SWASH and BEM model.
For the BEM results it is straightforward to separate the second-

order Froude–Krylov force due to the incident bound waves, the addi-
tional force due to scattering of these waves (with an inhomogeneous
free surface boundary condition), and quadratic forces due to products
of first order terms. As might be expected, BEM results confirmed that
the Froude–Krylov terms dominated the second-order forces in heave
and pitch, however, in surge the quadratic and Froude–Krylov terms
were of similar magnitude. The second-order forces due to scattering of
the second order incident potential were small in the range 𝑓 < 0.04 Hz.

Both models predicted a second-order vessel response in heave and
pitch that is several orders of magnitude smaller compared to the
linear response (Fig. 14e–f). The spectral shape and spectral levels,
as well as the bulk parameters indicate that both models predicted
a similar second-order heave and pitch response (with differences in
bulk parameters <10%). In contrast with heave and pitch, both models
predicted a second-order surge response that was an order of magnitude
larger compared to the linear response with a distinctive peak at a
11
resonant frequency of 𝑓 ≈ 0.01 Hz (Fig. 14a). SWASH predicted a
similar second-order surge response compared to the second-order BEM
solution with a resonant response at 𝑓 ≈= 0.01 Hz. SWASH however
underpredicted the BEM surge magnitude by about 40%. We further
note that the model captured particular features of the motion spectra,
such as the bump in the pitch spectrum at the surge natural frequency
that is associated with pitch–surge coupling (Fig. 14f).

4. Discussion and conclusions

In this paper we proposed a new numerical model based on the
non-hydrostatic framework to predict the wave-induced response of
a floating structure that is moored in a coastal or harbour region.
The methodology was implemented in the open-source non-hydrostatic
model SWASH, an efficient tool to simulate the nonlinear evolution
of waves over variable bottom topography. In this work we have
extended SWASH with a solution to the rigid body equations (governing
the motions of the floating structure) that is tightly coupled to the
hydrodynamic equations (governing the water motion) to simulate the
wave-induced response of a moored floating structure.

The model was validated for two test cases, (1) a moored floating
cylinder that is representative of a wave-energy-converter (with dimen-
sions that are small relative to the wave length), and (2) a moored
ship-shaped vessel (with dimensions approximately equal to the wave
length). We tested the model for the diffraction problem, radiation
problem, and the wave-induced response of the two floating structures.
We considered a range of sea-states, varying from monochromatic
waves up to more realistic short-crested sea states. First, we compared
model predictions with a benchmark potential flow solution for the
(first-order) primary wave-components (sea and swell waves). Predic-
tions of the excitation forces (diffraction problem) and hydrodynamic
coefficients (radiation problem) were compared to a semi-analytical
and a BEM solution to the linear (first-order) potential flow prob-
lem. The predicted wave-induced response was similar compared to a
frequency domain solution using linear potential flow theory. Model
predictions were in good agreement with the linear reference solutions
for both floating structures for the variety of wave conditions that were
considered.
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The model accounts for the fully nonlinear kinematic boundary con-
dition at the free surface, combined with linearized kinematic boundary
conditions at the hull of the structure (as the flow grid is not adapted for
the motions of the floating structure). The latter formally restricts the
method to small motions of the structure with respect to the flow grid.
When this assumption is satisfied, the model intrinsically accounts for
various non-linear effects that may contribute to the wave-induced re-
sponse of a moored floating structure. This includes non-linear Froude–
Krylov contributions from higher-order wave components (e.g., due to
bound infragravity waves), quadratic terms (e.g., due to the wetting
of the hull), and the scattering of higher-order wave components. We
confirmed this by comparing the model for the second-order (difference
frequency) hydrodynamic loads and motions of a ship-shaped vessel
moored in open water. SWASH predictions were in satisfactory agree-
ment with a second-order BEM solution for both the low-frequency
excitation loads and response of the moored structure. In particular, the
SWASH model was able to capture the resonant low-frequency response
in surge.

The inherent inclusion of various nonlinear effects sets the SWASH
model apart from BEM models based on a perturbation expansion
approach, which require the application of higher-order formulations
(e.g., You and Faltinsen, 2015) or coupling to nonlinear wave propa-
gation models such as Boussinesq-type models (e.g., Bingham, 2000;
Van der Molen and Wenneker, 2008) to account for nonlinear ef-
fects. Perturbation-type BEM models are inherently limited to weakly
nonlinear sea-states as the assumptions of the perturbation approach
may be violated in extreme sea states. Fully nonlinear potential flow
models (e.g., Ma and Yan, 2009; Yan et al., 2019; Hu et al., 2020), for
example using the Finite Element Method (FEM), can also intrinsically
account for nonlinear wave–structure interactions but are typically not
applied in extensive coastal regions. By solving the fully nonlinear
kinematic boundary condition at the water surface (similar to FEM),
the proposed model is able to resolve fully nonlinear waves and we
expect that it provides enhanced predictions over BEM based models for
more extreme sea-states. In addition, SWASH has the ability to simulate
currents, either large scale or wave-driven, with additional effects on
the wave field and vessel.

Mooring lines introduce an additional source of nonlinearity, even
when motions of a moored structure are small. In this work, we
modelled mooring lines as linear spring–dampers. Such a simple rep-
resentation of a mooring line is not necessarily sufficiently accurate
to capture the wave-induced response of real moored structures (e.g.,
Bingham, 2000). Although not included in this work, the proposed
model can be extended with more accurate representations of mooring
lines. For example, with future work the model can be coupled to
dynamic mooring line models (e.g., Palm et al., 2016; Hall and Goupee,
2015) to provide a more sophisticated representation of the mooring
line dynamics.

The major limitation of the proposed model is the relatively coarse
schematization of the hull of the floating structure due to the use
of a single valued function for the vertical fluid boundaries (i.e., the
free-surface and the hull, see Section 2). The model cannot represent
complex hull features such as a bulbous bow, in contrast with existing
methodologies that provide a more detailed schematization of the hull
(e.g., BEM models). The agreement between SWASH and reference
solutions for two relatively simple hulls (Sections 3.1–3.2) indicates
that the model will be able to capture the net hydrodynamic loads and
body motions of a structure when the influence of complex hull features
on the hydrodynamics is relatively small.

A further limitation is that the model is not able to capture details
of flow separation from body surfaces or turbulent flow fields due to a
relatively coarse spatial resolution. Similar to potential flow models,
the influence of viscous damping on the body motions will need to
be explicitly included through appropriate parametrizations (e.g., Bing-
ham, 2000). As is well known, such viscous effects will be significant
12

for low-frequency surge response and roll motion. The low-frequency t
horizontal motions may also require additional damping to represent
wave-drift damping. If representing viscous effects more directly is
desired, CFD models including appropriate turbulence models are likely
better suited to simulate the wave–structure interactions (e.g., Hadžić
et al., 2005; Wilson et al., 2006; Chen et al., 2021), though at far greater
computational cost.

With the aforementioned modelling assumptions, we believe that
the model is suited to simulate the response of a range of floating
structures that are moored in both sheltered regions and in open
water of restricted depth. As long as the motions of the structure are
relatively small (which is generally a reasonable assumption for moored
structures), the model does not impose any restrictions on the wave
nonlinearity and is thus in principle able to deal with energetic sea
states as long as viscous effects can be parametrized appropriately.
Importantly, the model captured the wave–structure interactions and
wave-induced response with a coarse vertical resolution (i.e., only
two vertical layers were used in the simulations of this work) for all
test cases considered here. This implies that the model retains this
favourable property of the non-hydrostatic approach when modelling
the wave-induced response of floating bodies. Such coarse resolutions
allow for model applications at the scale of a realistic harbour or
coastal region (≈ (1 − 10) km2). The computational requirements of
he proposed methodology is in fact comparable to wave-propagation
odels based on Boussinesq-type equations and the non-hydrostatic

pproach. For example, the simulations considered in this work took
bout twice as long as conventional SWASH simulations excluding the
loating structure. This work thereby presents a new modelling tool
o seamlessly simulate the nonlinear evolution of waves from deep to
hallow water over complex bottom topography and the wave-induced
esponse of a floating structure that is moored in coastal waters.
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We conducted a grid sensitivity test to understand the influence
f the grid resolution on the SWASH predictions using the test case
hat considers a ship moored in open water that is subject to a short-
rested irregular sea-state (Section 3.2.3). In this test case, significant
iscrepancies were observed between the SWASH and BEM predicted
oll exciting moment and roll response (Figs. 11d–12d). We repeated

he same simulation but with a finer horizontal and vertical grid
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Fig. A.1. Bulk parameters of the excitation loads (�̂� = 4
√

𝑚0 and 𝑇 𝐅 = 𝑚−1∕𝑚0), panel (a–b) and of the body motions (�̂� = 4
√

𝑚0 and 𝑇 𝐗 = 𝑚−1

𝑚0
, panel c–d) as a function of the

horizontal grid resolution 𝛥𝑥. The bulk parameters from SWASH (subscript SWASH) are normalized by the results from the BEM simulations (subscript BEM). Colours indicate the
different load and motion component (as indicated by the legend between the panels).
Fig. A.2. Bulk parameters of the excitation loads (�̂� = 4
√

𝑚0 and 𝑇 𝐅 = 𝑚−1∕𝑚0), panel (a–b) and of the body motions (�̂� = 4
√

𝑚0 and 𝑇 𝐗 = 𝑚−1

𝑚0
, panel c–d) as a function of the

vertical grid resolution (number of layers). The bulk parameters from SWASH (subscript SWASH) are normalized by the results from the BEM simulations (subscript BEM). Colours
indicate the different load and motion component (as indicated by the legend between the panels).
Fig. A.3. Sensitivity of the SWASH predictions (coloured lines) to the horizontal grid resolution (𝛥𝑥 = 1−4 m, with a constant vertical resolution of 2 layers) for the roll excitation
moment (Diffraction problem) and the roll motion (wave-induced response) of a ship-shaped vessel moored in open water subject to a short-crested JONSWAP sea-state (head
waves). The black line indicates the reference BEM solution, and the thin grey line indicates the incident wave spectrum. Bulk parameters based on spectral moments are included
in both panels. The colour of the SWASH results reflects the horizontal grid resolution, as indicated by the panel with bulk parameters.
resolution. We considered a horizontal grid resolution of 𝛥𝑥 = 4 m (the
original resolution), 𝛥𝑥 = 2 m and 𝛥𝑥 = 1 m, with a constant vertical
resolution of two layers. To test the sensitivity to the vertical resolution,
2 layers (the original resolution), 3 layers and 5 layers were considered,
with a constant horizontal grid resolution of 𝛥𝑥 = 2 m.
13
To quantify the sensitivity of the results to the grid resolution, we
compared the bulk parameters (4

√

𝑚0 and 𝑚−1
𝑚0

) for all 6 excitation
loads (forces and moments) and all 6 body motions as a function of
the horizontal grid resolution (Fig. A.1) and the vertical grid resolution
(Fig. A.2). The excitation loads and body motions were relatively
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insensitive to the vertical grid resolution, with relatively small changes
in both bulk parameters (less than ≈15% relative to the BEM solution)
when increasing the number of vertical layers (Fig. A.2). Changes in the
period measure (𝑚−1

𝑚0
) were especially small, indicating that the vertical

esolution did not significantly affect the spectral shapes. Most of the
ulk parameters were also relatively insensitive to the horizontal grid
esolution, except for the roll moment and roll motion (Fig. A.1). In
articular, the magnitude of the roll moment and roll motion increased
or a finer grid resolution (Fig. A.1a–b), although the period measure of
𝑥 and 𝜃𝑥 was less affected (Fig. A.1c–d). This suggest that the spectral

levels of 𝑀𝑥 and 𝜃𝑥 increased for finer horizontal grid resolutions, but
that the spectral shape remained roughly intact.

To gain further insight in the effect of the horizontal grid resolution
on the spectral shape of the roll moment and response, Fig. A.3 shows
the spectra of 𝑀𝑥 and 𝜃𝑥 for the considered 𝛥𝑥. For increasingly
ine grid resolutions, 𝑀𝑥 indeed increased over a wide spectral range
nd better matched the BEM solution near the peak incident wave
requency 𝑓𝑝 (Fig. A.3a). However, 𝑀𝑥 was increasingly over predicted
or 𝑓 > 𝑓𝑝, resulting in an over prediction of the bulk roll moment
or the finest grid resolution whereas the period measure changed
arginally (Figs. A.1c and A.3a). The SWASH predicted roll response

howed a peaked response at 𝑓 ≈ 0.07 Hz, in accordance with the BEM
olution (Fig. A.3b). For increasingly fine horizontal grid resolutions,
WASH better captured the magnitude of the roll motion, although
he bulk roll motion still under predicted the BEM bulk roll motion by
bout 40% (Fig. A.3b).
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