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A B S T R A C T

Wave impact on offshore and coastal structures, such as oil and gas rigs, offshore wind turbine platforms,
breakwaters, flood protection systems and wave energy converters, involve complex wave-structure interac-
tions. These interactions are particularly challenging for flexible structures and may result in structural damage
in extreme cases. Some studies found reduced wave forces on flexible compared to rigid walls. However,
the technical literature includes inconclusive results on this aspect and an accurate understanding of wave-
structure interaction is still lacking. The present study comprehensively investigates wave-structure interaction
with the numerical toolbox solids4foam to resolve this shortcoming. The numerical pressures, forces and plate
deformations have been successfully validated with new and already available laboratory experiments, e.g. the
numerical plate displacement deviates less than 35% from the laboratory observation. 117 two-dimensional
(2D) tests of waves impacting plates of different stiffnesses located in the open sea (offshore) and on the coast
(onshore) were then conducted, complemented with 2 three-dimensional (3D) tests with offshore plates. For
most of the offshore and onshore tests, the plate stiffness had a negligible effect on the upwave force. However,
for the most flexible offshore plates, the downwave water depth increased due to plate deformation, resulting
in up to 40% smaller total forces on the flexible than the rigid plates. This was also confirmed in the 3D tests.
The response of the offshore plates was then successfully examined in view of the Euler–Bernoulli beam theory.
In the onshore tests, the wave force showed two peaks confirming previous observations. The second force peak
was up to 3.3 times larger than the first one, with the rigid plates not necessarily resulting in the largest peaks.
New semi-theoretical correlations to predict wave forces on onshore plates are finally suggested, as a simple
function of the offshore wave energy. Such findings enhance the physical understanding of wave-structure
interaction and are aimed at supporting the design of coastal and offshore structures.
1. Introduction

1.1. Background

Waves pose a challenge for a range of coastal structures. These
include oil and gas rigs, offshore wind turbine platforms, breakwa-
ters, flood protection systems and Wave Energy Converters (WECs).
Such structures may experience significant deformations under wave
loading leading to a mutual interplay between the waves and the
structure, referred to as Wave-Structure Interaction (WSI). WSI resulted
in structural damage and even failure in extreme cases. For example,
an offshore platform in the Gulf of Mexico collapsed during the 2002
hurricane Lili (Moan, 2018) and the Dawlish seawall breached in 2014
due to a severe storm (Dawson et al., 2016).

Analytical, laboratory and numerical modelling of WSI traditionally
addressed rigid structures (Sainflou, 1928; Cross, 1967; Mallayachari
and Sundar, 1995; Higuera et al., 2014; Attili et al., 2021). Never-
theless, recent applications, e.g. the use of deformable materials for
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WECs (Chaplin et al., 2012; Collins et al., 2021) and vegetation for
shore protection (van Veelen et al., 2021), raised the need to model
the structure as flexible, making WSI even more significant.

Some researchers (Linton et al., 2013; Rao et al., 2017; Zhang
et al., 2019) observed benefits, e.g. reduced wave forces, when a
deformable rather than a rigid wall is used. A few studies (Laya et al.,
1984; Yuan and Huang, 2015) suggested reduction terms in the Morison
equation (Morison et al., 1950), providing wave loading on stationary
rigid cylinders, if the cylinders are moving. This opens up promising
potential solutions by partially or fully replacing rigid coastal structures
with flexible ones. However, current studies are still inconclusive;
elastic walls showed larger wave pressures and forces under certain
conditions compared to rigid ones (Mai et al., 2020).

An accurate understanding of the plate flexibility effect on wave
loading is still a major challenge and an exhaustive analysis involving
rigid and flexible structures is lacking. The present study focuses on an
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extensive investigation of WSI mimicking a range of real applications.
This relies on numerical modelling of waves impacting rigid and flexi-
ble plates, located either offshore or onshore, using an available toolbox
in foam-extend 4.0 (FE 4.0).

1.2. Previous work

1.2.1. Laboratory studies
Most laboratory studies of WSI have been conducted for the valida-

tion of numerical models. The most relevant benchmark cases include
dam break waves involving elastic gates (Antoci et al., 2007), waves
impacting rigid and flexible walls (Kimmoun et al., 2009; Linton et al.,
2013; Didier et al., 2014) and dam break waves impacting flexible
obstacles (Liao et al., 2015).

Kimmoun et al. (2009) conducted laboratory experiments of soli-
tary waves impacting a flexible plate. Wave breaking was initiated
in proximity of the plate in most tests, resulting in a complex wave-
plate interaction. The wave-plate impact and the plate deflection were
recorded, establishing a new database for numerical validation. Linton
et al. (2013) conducted large-scale experiments in a 104 m long, 3.66 m
wide and 4.57 m deep flume to investigate tsunamis impacting timber
walls. The most flexible wall experienced smaller forces compared to
stiffer walls. The measured peak forces were in good agreement with
the equation (Cross, 1967)

𝐹𝐼 = 1
2
𝜌𝑤𝑔ℎ

2
𝑠 + 𝐶𝑓 𝜌𝑤ℎ𝑠�̄�

2
𝑠 , (1)

redicting the force on a vertical and rigid wall due to a surge, where
𝑤 is the water (subscript 𝑤) density, 𝑔 the gravitational acceleration,
𝑠 the shore (subscript 𝑠) water depth, �̄�𝑠 the depth-averaged velocity
nd 𝐶𝑓 is a force coefficient related to the inclination of the free water
urface.

Mai et al. (2020) experimentally investigated the effects of the
tructural elasticity during wave impacts on a vertical plate and ver-
ically falling plate impact onto a water surface. In both cases, the
tructural elasticity had an effect on the impact load. Reduced forces
nd pressures were observed in the slamming tests for the elastic
lates compared to rigid ones at high impact velocities only. The wave
oading on the flexible plates was smaller than on the rigid plate
nder certain conditions, namely for high aeration waves. For slightly
reaking waves, however, the elastic plates showed larger pressures
nd forces.

Large-scale laboratory tests have been conducted by Krautwald et al.
2022) to analyse the failure of rigid and elasto-plastic buildings under
xtreme wave loadings. These involved waves transforming into bores
nd impacting onshore buildings. For small wave heights, the structure
tiffness had a negligible effect on the measured forces. For increasing
ave heights, the elasto-plastic structures showed less pronounced

orce peaks compared to rigid ones. However, the forces were similar
or both structures during the second stage of the impact, with the
eformable structure experiencing even larger forces in some cases.

To the best of the authors’ knowledge, a comprehensive benchmark
ase for wave impact on flexible structures is still lacking. This should
rovide the wave parameters, e.g. water surface elevation, pressure
nd force, as well as the plate displacement and/or deformation. In
ddition, the effect of the structure elasticity on the wave force is still
ncertain requiring further study.

.2.2. Numerical modelling
Given the maturity of Computational Fluid Dynamics (CFD) and

omputational Structural Dynamics (CSD), numerical modelling has
een increasingly applied to WSI phenomena (Liu and Zhang, 2019).
oth mesh-based, e.g. the Finite Volume Method (FVM, Tuković et al.,
018), and mesh-free, e.g. Smoothed Particle Hydrodynamics (SPH, Di-
ier et al., 2014), methods have been successfully applied with ei-
her monolithic (Rao et al., 2017; Liu and Zhang, 2019) or parti-
2

ioned (Sotiropoulos and Yang, 2014) coupling approaches. In the
onolithic approaches the fluid and solid governing equations are
olved within a single solver. On the other hand, partitioned techniques
ndividually solve the fluid and solid domains with an exchange of
nformation at the fluid-solid interface.

Mesh-based methods are highly reliable for both CFD and CSD and
lso computationally efficient. However, they may become inaccurate
or large deformations. He and Kashiwagi (2012) proposed a mixed
ulerian Lagrangian method monolithically coupled with a Finite El-
ment Method (FEM). Solitary waves impacting elastic plates were
nvestigated, showing that the hydroelastic behaviour strongly depends
n the plate stiffness. Several models have been developed in the Open-
OAM (OF) framework (Higuera et al., 2013; Chen et al., 2014; Higuera
t al., 2014; Hu et al., 2016; Rege and Hjertager, 2017; Tuković et al.,
018; Cardiff et al., 2018; Chen et al., 2019; Chen et al., 2020; Romano
t al., 2020; Di Paolo et al., 2021; Hu et al., 2022), showing a great
otential in tackling WSI phenomena (Huang et al., 2022).

Mesh-free approaches typically handle moving interfaces and large
eformations more efficiently than mesh-based methods. However,
hey show instabilities and inaccuracies in the structural stresses (Liu
nd Zhang, 2019) and are more computationally expensive (Kumar
t al., 2015). New developments in the SPH method have been pre-
ented by Antoci et al. (2007), Didier et al. (2014), Huang et al.
2018), Khayyer et al. (2018), Sun et al. (2019) and O’Connor and
ogers (2021). These have been validated with benchmark cases such
s dam break waves involving an elastic gate (Antoci et al., 2007),
wave impacting an offshore wall (Didier et al., 2014) and a dam

reak wave impacting a flexible obstacle (Liao et al., 2015). Overall,
PH models showed the capability of capturing the physics of WSI
henomena, with some deviations related to the structural response in
ost cases (Antoci et al., 2007; Sun et al., 2019; O’Connor and Rogers,
021).

Mesh-based and mesh-free methods have eventually been coupled
o combine their strengths. In these hybrid approaches, however, the
luid-solid coupling is even more challenging. This concerns partic-
larly the energy balance at the interface (Degroote, 2013). Kumar
t al. (2015) developed an SPH-FVM model within the OF framework,
howing a good agreement for a dam break experiment. However,
he solid analysis was not provided. A Moving Particle Semi-implicit
MPS, Khayyer et al., 2019) method was coupled with FEM by Rao et al.
2017). This approach was used to investigate solitary waves impacting
igid and flexible plates. Results showed larger pressures acting on the
igid than on the elastic plates. Zhang et al. (2019) proposed a coupled
PS-FEM approach to investigate regular waves interacting with a

orizontal plate. Comparisons with laboratory observations indicated
he capability of this approach to accurately solve WSI phenomena.

The open source software OF is robust, stable and supports two-
hase flows with a range of turbulence models and wave theories.
iven the reliability and flexibility of the OF models, the available

oolbox solids4foam (Cardiff et al., 2018) was used in the present
tudy. This toolbox is capable of modelling both the fluid and structure
ith a partitioned coupling (Section 2). This numerical model has
lready been successfully applied to fluid-solid interaction phenomena
Mohammadi et al., 2021; Girfoglio et al., 2021). However, further
alidation is required, being one of the shortcomings addressed in the
resent study.

.3. Aims and structure

The present study is aimed at:

• Validating the numerical model solids4foam with new laboratory
experiments and the one from Kimmoun et al. (2009).

• Providing new physical insight into linear and solitary waves
impacting plates of different stiffnesses and inclinations located
in the open sea (offshore).

• Providing new physical insight into broken solitary waves impact-

ing plates of different stiffnesses located on the coast (onshore).
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The remainder of this article is organised as follows. The numerical
model is presented in Section 2 along with the numerical set-ups and
the test programme. The laboratory experiments are discussed in Sec-
tion 3. Section 4 includes the validation of the numerical toolbox along
with the numerical wave forces and plate responses for the offshore
and onshore tests. In Section 5, the results are discussed and compared
with existing prediction methods. The main conclusions are then sum-
marised in Section 6. The appendices include the convergence tests
(Appendix A), the Euler-Bernoulli beam theory for the offshore tests
(Appendix B) and new correlations for the onshore plate displacements
and stresses (Appendix C).

2. Numerical model

The numerical investigation was conducted with the open source
toolbox solids4foam (Cardiff et al., 2018) implemented in FE 4.0 (Open-
FOAM extension, 2016). This toolbox solves fluid-solid interaction
phenomena employing the FVM discretisation for both domains and
with a partitioned coupling approach.

2.1. Governing equations and coupling method

The fluid was modelled as an incompressible Newtonian fluid satis-
fying the continuity and the Reynolds-Averaged Navier-Stokes (RANS)
equations

∇ ⋅ �̄� = 0 (2)

𝜌𝜕�̄�
𝜕𝑡

+ 𝜌(�̄� ⋅ ∇)�̄� = −∇�̄� + 𝜌∇ ⋅ (𝜇∇ ⋅ �̄� − 𝐮′𝐮′) + 𝜌𝐠 + 𝑓𝜎 , (3)

where �̄� = (�̄�𝑥, �̄�𝑦, �̄�𝑧) is the mean fluid velocity vector, �̄� the mean
pressure, 𝜌 the fluid density, 𝜇 the fluid dynamic viscosity, 𝐮′𝐮′ the
turbulent stress tensor, 𝑡 the time, 𝐠 the gravitational acceleration
vector and 𝑓𝜎 the surface tension force per unit volume (Brackbill et al.,
1992). The tensor 𝐮′𝐮′ is defined according to the turbulence model
considered (Ferziger, 1987; Jasak, 1996). The 𝑘-𝜀 model (Launder and
Spalding, 1974) has been used herein. This standard model ensures fast
convergence and reliability in modelling fully-turbulent processes.

Eqs. (2) and (3) were discretised into a set of algebraic equations
and solved with the PIMPLE loop (Aguerre et al., 2013). The Courant-
Friedrichs-Lewy (CFL) convergence condition (Courant et al., 1928)

𝐶 =
�̄�𝑥Δ𝑡
Δ𝑥

+
�̄�𝑦Δ𝑡
Δ𝑦

+
�̄�𝑧Δ𝑡
Δ𝑧

≤ 1 (4)

was used to control the time integration. In Eq. (4), 𝐶 is the Courant
number and Δ𝑥, Δ𝑦 and Δ𝑧 are the cell sizes in the 𝑥, 𝑦 and 𝑧 direction,
respectively. The initial time step Δ𝑡 was dynamically adapted to satisfy
the CFL condition throughout the simulation, with the mean 𝐶 typically
not exceeding 0.012.

The water-air flows herein were solved by employing the Volume
Of Fluid (VOF) method (Hirt and Nichols, 1981) with the fraction of
volume 𝛼; 𝛼 varies from 0 to 1, with 𝛼 = 0 denoting air (subscript 𝑎),
𝛼 = 1 water and 0 < 𝛼 < 1 the air-water interface. In the present study,
𝛼 = 0.5 was used to track the water surface. The physical properties 𝜌
and 𝜇 are computed as

𝜌 = 𝜌𝑤𝛼 + 𝜌𝑎(1 − 𝛼) (5)

𝜇 = 𝜇𝑤𝛼 + 𝜇𝑎(1 − 𝛼). (6)

Once Eqs. (2) and (3) were solved, 𝛼 was updated based on the
transport equation
𝜕𝛼
𝜕𝑡

+ ∇ ⋅ (�̄�𝛼) + ∇ ⋅ [𝛼(1 − 𝛼)𝐮𝑟] = 0. (7)

The compression term ∇ ⋅ [𝛼(1 − 𝛼)𝐮𝑟], where 𝐮𝑟 is the compression
velocity vector, was introduced by Weller et al. (1998) to reduce the
numerical diffusion.
3

d

The waves were generated with the toolbox waves2Foam (Jacobsen
et al., 2012). The wave generation was based on the relaxation zone
technique, consisting of a relaxation function applied to evaluate �̄� and
𝛼 inside the relaxation zone (Jacobsen et al., 2012). A relaxation zone
of 3 times the wave length 𝐿 was used in all tests of the present study
(Fig. 1a).

A Lagrangian approach was adopted for the solid domain. In the
present study, large displacement kinematics were considered along
with the Neo-Hookean elastic constitutive law. The momentum equa-
tion is

𝜌𝑠
𝜕2𝐝𝑠
𝜕𝑡2

+ ∇ ⋅ [(𝐽𝐃−𝑇
𝐹 ) ⋅ σ𝑠] = 𝜌𝑠𝐠, (8)

here 𝐝𝑠 is the solid (subscript 𝑠) displacement vector, 𝜌𝑠 the solid
ensity, 𝐃𝐹 = I + (∇𝐝𝑠)𝑇 the deformation gradient, with the identity
atrix I, 𝐽 the determinant of 𝐃𝐹 and σ𝑠 the stress tensor in Voigt
otation.

The fluid-solid coupling was performed through a partitioned ap-
roach. The fluid domain was solved with a Dirichlet condition for
he mean velocity vector �̄� at the interface and the solid with a stress
oundary condition (Cardiff et al., 2018). For each time step, the
luid velocity and pressure fields were updated with Eqs. (2) and (3)
hrough the PIMPLE loop (Aguerre et al., 2013), and Eq. (7) was solved
o track the water-air interface. Thereafter, the fluid forces acting
n the solid were evaluated and applied to the solid interface. The
raction Neumann condition was employed at the solid interface, where
he boundary condition for the displacement was set as ‘‘solidTrac-
ion’’ (Cardiff et al., 2018). The solid domain was solved, then the new
olid velocities were transferred to the fluid using an under-relaxation
echnique (Cardiff et al., 2018). This involved multiplying the new
olid velocities by a relaxation factor ≤1 to optimise the numerical
onvergence. Consequently, the fluid mesh was updated and the loop
as performed until convergence was achieved.

.2. Numerical set-up and test programme

Linear and solitary waves impacting plates located either offshore
r onshore were investigated with the 2D set-ups shown in Fig. 1. These
dealised wave types represent a range of real-world applications, from
ind waves to more extreme cases such as tsunamis. In the offshore

ests, the plate was located 4𝐿 from the upstream boundary of the flume
Fig. 1a). The plate, with a height 𝑙 = 30 m and thickness 𝑠 = 2 m, was
ixed on a substructure with height 𝑙𝑠 = 35 m and submerged by 25, 50
r 75% of 𝑙. This design is related to the concepts of the MOSE mobile
ate (Erbisti, 2014) and Oyster WEC (Lagoun et al., 2010).

Young’s moduli 𝐸 = 1, 30 and 1000 GPa were used, modelling
xtreme scenarios of real applications, with 𝐸 = 1 GPa representing
variety of plastics and 𝐸 = 1000 GPa as an upper bound for rigid

lates. Inclinations of the plate 𝛽 = 60, 75 and 90◦ were investigated.
inear and solitary waves with various wave amplitudes 𝑎, heights 𝐻
nd periods 𝑇 were simulated within a total of 72 tests (Table 1). A
esolution of Δ𝑥 = Δ𝑧 = 0.15 m in a 25.00 m × 32.00 m refined area
Appendix A) was employed, with Δ𝑥 = Δ𝑧 = 0.60 m in the remainder
f the domain (Fig. 1a).

In the onshore tests, the plate was located on the horizontal section
f the shore at a distance of 𝐿𝑠 = 4 m from the transition point (Fig. 1b).
n inclination of the shore of 𝛽𝑠 = 30◦ was used, as a typical value for

he friction angle of sand. Water depths of ℎ = 2, 3 and 4 m were
nvestigated, resulting in freeboards of 𝑧𝑓 = 0, 1 and 2 m. For each
ave condition, 5 plates with different 𝐸, boundary conditions and

hicknesses were used (Table 2), resulting in a total of 45 tests. For
he Rigid (R) and ‘‘Top Free’’ (TF) cases the plate was fixed to the
oundation and the top end was free to move. In the ‘‘Roller Support’’
RS) case the plate was fixed to the foundation and the horizontal

isplacement 𝑑𝑥 at the top end was prevented. The fundamental natural
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Fig. 1. Side views of the numerical set-ups: (a) offshore and (b) onshore.
Table 1
Test programme for the 2D numerical tests.

Parameter Symbol Unit Offshore Onshore

Water depth ℎ m 42.5, 50.0, 57.5 2, 3, 4
Plate height 𝑙 m 30 3
Plate inclination 𝛽 ◦ 60, 75, 90 90
Young’s modulus 𝐸 GPa 1, 30, 1000 1, 1000
Plate thickness 𝑠 m 2 0.15, 0.30
Dimensionless rigidity 𝐸𝑠3∕(12𝜌𝑤𝑔ℎ4) – 0.006 to 20.830 0.112 to 1.433 × 104

Plate density 𝜌𝑠 kg/m3 1500, 8000 1500, 8000
Plate boundary condition – – Top free Top free, roller support
Shore freeboard 𝑧𝑓 m – 0, 1, 2
Shore length 𝐿𝑠 m – 4
Shore inclination 𝛽𝑠 ◦ – 30

Linear waves

𝐻 m 2.62 to 3.55 –
𝐻∕ℎ – 0.046 to 0.080 –
𝑇 s 6, 8, 10 –
𝑇 (𝑔∕ℎ)0.5 – 2.48 to 3.84 –

Solitary waves 𝑎 m 3.56 to 3.75 0.9, 1.2, 1.5
𝑎∕ℎ – 0.06 to 0.09 0.225 to 0.750

Number of tests – – 72 45
2

f
w
o
o
P
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o
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Table 2
Classification of the 5 plates used in the onshore tests.

Notation 𝐸 (GPa) 𝜌𝑠 (kg/m3) 𝑠 (m) Boundary condition 𝑓𝑠 (Hz)

R 1000 8000 0.30 Top free 60.20
RS1 1 1500 0.30 Roller support –
RS2 1 1500 0.15 Roller support –
TF1 1 1500 0.30 Top free 4.40
TF2 1 1500 0.15 Top free 2.20

frequency 𝑓𝑠 of the plates R, TF1 and TF2 (Table 2) was computed
s (Gibson, 2007)

𝑠 =
(1.875)2

2𝜋𝑙2

√

𝐸𝑠2

12𝜌𝑠
. (9)

resolution of Δ𝑥 = Δ𝑧 = 0.0250 m, with Δ𝑥 = Δ𝑧 = 0.0125 m in a
.40 m × 3.00 m refined area, was used (Fig. 1b).

The simulations were run on the High Performance Computing
HPC) cluster Augusta at the University of Nottingham using 40 Central
rocessing Units (CPUs) and 150 GB of memory. In the offshore layout
≈0.1 million cells), the solitary wave tests took up to approximately
0 h to simulate 30 to 33 s and linear wave tests took 34 h for a
imulation time of 110 s. Onshore tests (≈0.5 million cells) required
4

p to 20 h to simulate 6 to 10 s. a
.3. 3D simulations

3D simulations have been conducted with the 15 m wide wave
lume shown in Fig. 2. The plate, with the same width as the flume,
as 30 m high with 𝑠 = 0.30 m and supported at both ends. A volume
f water with depth ℎ𝑑 = 15 m was retained downwave (subscript 𝑑)
f this plate. This scenario mimics a section of the hull of a Floating
roduction Storage and Offloading (FPSO) unit.

The simulations involved flexible and rigid plates with 𝐸 = 2 ⋅ 102

nd 2 ⋅ 104 GPa, respectively, impacted by a solitary wave with 𝑎∕ℎ =
.07. The density of the plate was 𝜌𝑠 = 8000 kg∕m3 in both cases. A
esolution of Δ𝑥 = Δ𝑦 = Δ𝑧 = 0.15 m was used in a 30.00 m ×
5.00 m × 30.00 m refined volume, with Δ𝑥 = Δ𝑦 = Δ𝑧 = 0.60 m in the
emainder of the domain resulting in ≈6 million cells. The numerical
ank boundaries at 𝑦 = −7.5 and 7.5 m were modelled as smooth walls.
he simulations were again run on Augusta using 40 CPUs and 120 GB
f memory. The rigid plate test took approximately 28 h and the flexible
ase 150 h to simulate 30 s.

. Physical model

Laboratory experiments were conducted in an approximately 15 m
ong, 0.245 m wide and 0.460 m deep flume, as shown in Fig. 3a.
artesian coordinates (𝑥, 𝑦, 𝑧) are used in this study, with the origin

t the still water surface. The tests involved linear and solitary waves
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Fig. 2. 3D simulations: (a) lateral view and (b) section AA of the 3D numerical set-up with the hull of a FPSO unit.
Fig. 3. Experimental set-up: (a) side view of the wave flume and plate, (b) frontal view of the plate (dimensions in m) and (c) overview of the flume with the instrumentation.
impacting a 0.55 m × 0.24 m plate. The flume was equipped with a
piston-type wave maker. The plate was located 11.43 m downwave the
wave maker and supported by a movable angled ramp, enabling several
plate inclinations 𝛽. A gap of 2.0 to 2.5 mm between the plate and the
lateral walls of the flume allowed for a free movement of the plate.
A 4 mm thick acrylic (Young’s modulus 𝐸 = 3.30 GPa) and a 3 mm
thick stainless steel plate (𝐸 = 200 GPa) were used in the tests to model
flexible and rigid structures.

The water surface elevations were recorded at 3 locations with
resistance-type Wave Gauges (WGs, Fig. 3a). They recorded at 100 Hz
with an accuracy of ±1 mm. An array of MPXV5004GC7U (RS Compo-
nents UK) Precision Pressure Transducers (PPTs) was used to measure
the water pressure at the plate. Each PPT was attached to the lateral
wall of the flume and connected with a water-filled pipe to the plate.
The locations of the pressure measurements is shown in Fig. 3b. The
PPTs sampled at 100 Hz with an estimated accuracy of ±10 Pa. Both
the WGs and PPTs were calibrated daily by changing the still water
levels.

Load Cells (LCs) have been manufactured in-house to measure the
wave forces on the plates. These consisted of stainless steel S beams
equipped with fibre optic strain gauges and the data were interrogated
with a FS22SI BraggMETER. The 4 LCs were located at the corners of
the plate and fixed to the movable angled ramp (Fig. 3a). They have
been individually calibrated resulting in an overall accuracy of ±0.3 N.
The force was recorded at 1 kHz. In addition, KFWB Series Waterproof
Strain Gauges (SGs) were mounted on both the upwave and downwave
sides of the acrylic plate to measure deflections (Fig. 3b). They recorded
at 100 Hz with an accuracy of ±10−6.
5

Table 3
Main parameters in the validation with 2 laboratory experiments.

Experiment ℎ (m) 𝑎 (m) 𝑠 (m) 𝐸 (GPa) 𝜌𝑠 (kg/m3) 𝛽 (◦)

1 0.250 0.064* 0.003 200.000 8000 90
2 0.250 0.064* 0.004 3.300 1200 90

*Values were observed at WG1 in tests conducted without the plate.

4. Results

4.1. Offshore

4.1.1. Validation of solids4foam with new laboratory experiments
The validation of solids4foam for rigid plates was addressed in Attili

et al. (2021). The numerical model for flexible plates is validated
herein with 2 new laboratory experiments (Section 3) of solitary waves
impacting a stainless steel and a plastic plate. An overview of the main
experimental parameters is given in Table 3. The numerical set-up
consisted of a 3D wave flume mimicking one half (0.00 m ≤ 𝑦 ≤ 0.12
m) of the experimental flume given the symmetry of the wave field and
plate. Small strains were considered for the plates in these simulations
with the linear elastic constitutive law.

To accurately model the dynamics of the acrylic plate by reducing
computational cost, a plate with 𝑠 = 0.008 m, 𝐸 = 412.5 MPa and
𝜌𝑠 = 600 kg∕m3 was used in the simulation. This has the same flexural
rigidity 𝐸𝐼 and natural period 𝑇𝑠 as the laboratory plate where 𝐼 is the
moment of inertia. A mesh resolution of Δ𝑥 = Δ𝑦 = Δ𝑧 = 0.0040 m was
used for the fluid domain in both experiments and Δ𝑥 = Δ𝑦 = Δ𝑧 =
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Fig. 4. Comparison of the experimental and numerical water surface elevations 𝜂∕ℎ at all 3 WGs for experiment 1 (a, c, e) and 2 (b, d, f) of Table 3.
.0015 m and Δ𝑥 = Δ𝑦 = Δ𝑧 = 0.0020 m were employed for the solid
omain in experiment 1 and 2, respectively.

The relative water surface elevations 𝜂∕ℎ observed at the 3 WGs
Fig. 3a) are shown in Fig. 4 for both experiments. The wave travelled
long the flume, impacted the plate and was reflected. During wave
mpact, vibrations of the pipes connecting the PPTs were observed in
he laboratory tests. As a result, oscillations of the pressure 𝑝, which
re not directly related to wave pressures, were observed, as shown
n Fig. 5. However, as also revealed by low-pass filter analyses, these
scillations follow the overall trend of the wave pressure such that these
easurements are still valuable. In the end, the laboratory measure-
ents were not low-pass filtered to avoid attenuating significant high

requencies due to plate vibrations.
The comparison between laboratory and numerical results shows a

ood agreement for 𝜂∕ℎ and 𝑝∕(𝜌𝑤𝑔ℎ) (Figs. 4 and 5a, b, c, d). The
ncident and reflected waves, as well as their superposition, are well
aptured by the numerical model with less than 12% deviations. The
umerical (subscript 𝑛𝑢𝑚) 𝑝𝑛𝑢𝑚 at PPT1, 2, 3 and 6 shows similar trends
s the experimental (subscript 𝑒𝑥𝑝) 𝑝𝑒𝑥𝑝, apart from the previously
entioned oscillations. The normalised root mean square error was

omputed as

𝑅𝑀𝑆𝐸 =

√

1
N
∑N

i
(

𝑝𝑛𝑢𝑚,i − 𝑝𝑒𝑥𝑝,i
)2

(

𝑝𝑒𝑥𝑝,𝑚𝑎𝑥 − 𝑝𝑒𝑥𝑝,𝑚𝑖𝑛
) , (10)

where N is the number of the considered 𝑝 values and the subscripts
𝑚𝑎𝑥 and 𝑚𝑖𝑛 stand for the maximum and minimum values.

Deviations of less than 7.6% were observed for 𝑝𝑒𝑥𝑝 across the plate
between PPT2, 5, 6 and 7 in experiment 1. This was confirmed by
the numerical results, where 𝑝𝑛𝑢𝑚 showed negligible deviations (<1%)
etween 𝑦 = 0.00 m and 𝑦 = 0.10 m. However, reduced 𝑝𝑛𝑢𝑚 were
bserved in proximity of the plate sides as a result of larger velocities
ue to the gaps between the plate and the flume walls. This effect
nduced 24.5% smaller 𝑝𝑛𝑢𝑚 at 𝑦 = 0.12 m than at 𝑦 = 0 m. Similar

results were observed in experiment 2.
6

The 3D experimental and numerical total forces 𝐹3𝐷 = 𝐹3𝐷,𝑢−𝐹3𝐷,𝑑 ,
where 𝐹3𝐷,𝑢 is the upwave (subscript 𝑢) and 𝐹3𝐷,𝑑 the downwave force,
are compared in Fig. 5e, f. The force is overestimated by the numerical
simulations by up to 18 and 33% for experiment 1 and 2, respectively.
These deviations may be explained by the inability of the numerical
model to fully capture the 3D effects due to the lateral gaps. The
numerical simulations tend to overpredict the laboratory 𝑝 in proximity
of the gaps, as indicated by the comparison at PPT7, resulting in larger
𝐹3𝐷 on the plate.

Fig. 6 shows the numerical and experimental strain 𝜀𝑧𝑧 at the up-
wave SGb and SGc (Fig. 3b) for experiment 2. The largest deformations
of the plate were observed at SGb followed by SGc. This behaviour
is captured in the numerical simulation, however, with up to 45.2
and 59.7% deviations for SGb and SGc. The overestimation of the
wave force in combination with the absence of physical damping in
solids4foam (Section 4.2.1) may explain the observed deviations. To
sum up, the validation of solid4foam with new laboratory tests showed
its capability of capturing the water surface elevation and the wave
pressures well, however, it overestimates the wave forces and plate
deformation.

4.1.2. A numerical representative test
Fig. 7 shows an offshore test with wave impact and reflection. In

the present study, 𝑡 = 0.0 s is the instant when the wave front reaches
the plate. The horizontal (subscript 𝐻) relative forces acting on a rigid
and flexible plate with 𝐸 = 1000 and 1 GPa, respectively, for a linear
wave with 𝑎∕ℎ = 0.038 and 𝑇 (𝑔∕ℎ)0.5 = 3.54, are shown in Fig. 8a.

Both the force acting on the upwave side of the plate 𝐹𝐻,𝑢 and
the total force 𝐹𝐻 = 𝐹𝐻,𝑢 − 𝐹𝐻,𝑑 due to the hydrostatic and wave
pressures are shown in Fig. 8a. The stiffness of the plate results in
negligible deviations of 𝐹𝐻,𝑢∕(𝜌𝑤𝑔ℎ2). On the other hand, slightly larger
deviations, of up to 6%, are observed for 𝐹𝐻∕(𝜌𝑤𝑔ℎ2). These are due to
the increase in the downwave water depth ℎ𝑑 for the flexible plates.

The time series of the relative 𝑑𝑥∕𝑙 are shown in Fig. 8b.
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Fig. 5. Comparison of the experimental and numerical pressures 𝑝∕(𝜌𝑤𝑔ℎ) at (a) PPT1 (𝑛𝑅𝑀𝑆𝐸 = 0.097) and 2 (𝑛𝑅𝑀𝑆𝐸 = 0.085), (c) 3 (𝑛𝑅𝑀𝑆𝐸 = 0.041) and 6 (𝑛𝑅𝑀𝑆𝐸 = 0.078)
and (e) force 𝐹3𝐷∕(𝜌𝑤𝑔ℎ3) for experiment 1 and 𝑝∕(𝜌𝑤𝑔ℎ) at (b) PPT1 (𝑛𝑅𝑀𝑆𝐸 = 0.108) and 2 (𝑛𝑅𝑀𝑆𝐸 = 0.115), (d) 3 (𝑛𝑅𝑀𝑆𝐸 = 0.094) and 6 (𝑛𝑅𝑀𝑆𝐸 = 0.102) and (f)
𝐹3𝐷∕(𝜌𝑤𝑔ℎ3) for experiment 2 of Table 3.
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Fig. 6. Comparison of the experimental and numerical strains 𝜀𝑧𝑧 at SGb and SGc for
xperiment 2 of Table 3.

.1.3. Numerical run-up and force
The maximum dimensionless run-up heights 𝑅∕ℎ are shown in

ig. 9a versus 𝑎∕ℎ for the linear and solitary wave tests. Overall, 𝑅∕ℎ
increases with increasing 𝑎∕ℎ, following a linear trend in the solitary
wave tests. The most deformable plates show slightly smaller 𝑅∕ℎ with
delays compared to the rigid plates, however, with small deviations.
The numerical 𝑅𝑛𝑢𝑚∕ℎ are compared with predicted (subscript 𝑝𝑟𝑒𝑑)
𝑅𝑝𝑟𝑒𝑑∕ℎ based on the equations included in Table 4 (Fig. 9b). The linear
wave tests were predicted with the theoretical equation from Miche
(1951) and the empirical equation of Müller (1995) was used for
solitary waves, with 𝐿 = 2𝜋ℎ∕(0.75𝑎∕ℎ)0.5 (Lo et al., 2013). The linear
wave 𝑅 ∕ℎ are well predicted by Miche (1951) for 𝛽 = 90◦, while
7

𝑛𝑢𝑚 a
Table 4
Run-up height 𝑅 prediction equations of Miche (1951) and Müller (1995).

Reference 𝑅∕ℎ Wave type

Miche (1951) 𝐻
ℎ

(

90◦
𝛽

)1∕2

Linear waves

Müller (1995) 1.25
( 𝑎
ℎ

)5∕4 ( 𝑎
𝐿

)−3∕20
(

90◦
𝛽

)1∕5

Solitary waves

deviations of up to 116% are observed for 𝛽 = 60 and 75◦. These
deviations are due to the assumption of complete wave reflection in the
theoretical equation. In contrast, the incident waves are only partially
reflected from sloped walls (Ursell et al., 1960). The equation of Müller
(1995) successfully captures the solitary wave tests, with relatively
small deviations.

Fig. 9c, d shows the relative 𝐹𝐻,𝑢∕(𝜌𝑤𝑔ℎ2) and 𝐹𝐻∕(𝜌𝑤𝑔ℎ2) versus
∕ℎ. 𝐹𝐻,𝑢∕(𝜌𝑤𝑔ℎ2) decreases with increasing 𝑎∕ℎ for all tests and in-
reases with increasing 𝑇 in the linear wave tests. However, 𝑇 has

small influence on 𝐹𝐻,𝑢. The plate stiffness results in negligible
eviations of 𝐹𝐻,𝑢∕(𝜌𝑤𝑔ℎ2) for the investigated conditions. The larger
𝑑 observed for the flexible plates result in larger forces acting on the
ownwave side and consequently smaller 𝐹𝐻 . As shown in Fig. 9d,
his effect is relatively small for most of the tests. In a few tests with
= 1 GPa, the plate deformation induced up to 16% larger ℎ𝑑 , with

arger 𝑝𝑑 acting on the plate, compared to 𝐸 = 1000 GPa. As a result, 𝐹𝐻
or 𝐸 = 1 GPa was up to 40% smaller than for 𝐸 = 1000 GPa under these
onditions. The data in Fig. 9 will be further discussed and compared
ith available prediction methods in Section 5.

.1.4. Numerical plate response
In the offshore tests the natural period of the plate 𝑇𝑠 varied from

.24 to 3.11 s. This was estimated as 1∕𝑓𝑠 (with 𝑓𝑠 from Eq. (9)) with

reduced plate density due to the initial submergence. In the solitary
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Fig. 7. Snapshot series of a 2D linear wave impacting a plate with 𝑎∕ℎ = 0.038, 𝑇 (𝑔∕ℎ)0.5 = 3.54, 𝑠 = 2.00 m and 𝐸 = 1.00 GPa showing the mean velocity �̄� =
√

�̄�2𝑥 + �̄�2𝑧, pressure
contours (MPa) and horizontal displacement 𝑑𝑥.
Fig. 8. Offshore tests: time series of the relative (a) total 𝐹𝐻∕(𝜌𝑤𝑔ℎ2) and upstream 𝐹𝐻,𝑢∕(𝜌𝑤𝑔ℎ2) forces and (b) horizontal displacement 𝑑𝑥∕𝑙 at the top end of the offshore plates
(Fig. 1a) with 𝐸 = 1 and 1000 GPa and 𝛽 = 90◦ for a linear wave with 𝑎∕ℎ = 0.038 and 𝑇 (𝑔∕ℎ)0.5 = 3.54.
wave tests, the wave exerts a quasi static loading on the plate. The ratio
𝑇 ∕𝑇𝑠 is relatively large as 𝑇 → ∞ and the plate does not oscillate over
the loading time. On the other hand, the ratio 𝑇 ∕𝑇 = 1.92 to 42.16
8

𝑠

is relatively small for the linear wave tests. In these tests, the wave
impact is of short duration and the plate oscillates with a period close
to 𝑇 (Fig. 8b). No resonance has been observed in the investigated tests.
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Fig. 9. Offshore tests: (a) relative run-up height 𝑅∕ℎ versus 𝑎∕ℎ, (b) predicted 𝑅𝑝𝑟𝑒𝑑∕ℎ with (Miche, 1951) for the linear and Müller (1995) for the solitary wave tests (Table 4)
ersus the numerical 𝑅𝑛𝑢𝑚∕ℎ, (c) upwave 𝐹𝐻,𝑢∕(𝜌𝑤𝑔ℎ2) and (d) total 𝐹𝐻∕(𝜌𝑤𝑔ℎ2) forces versus 𝑎∕ℎ for the different plates shown in Table 1.
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Fig. 10a shows the maximum 𝑑𝑥,𝑚𝑎𝑥∕𝑙 versus 𝑎∕ℎ observed in all
offshore tests. The largest 𝑑𝑥,𝑚𝑎𝑥∕𝑙 were observed in the solitary wave
tests and overall 𝑑𝑥,𝑚𝑎𝑥∕𝑙 decreases for smaller ℎ with constant 𝑎. The
maximum relative stress component 𝜎𝑧𝑧,𝑚𝑎𝑥∕(𝜌𝑠𝑔𝑙) observed along the
inner fibre (upwave) versus 𝑎∕ℎ are shown in Fig. 10b for the solitary
wave tests. 𝜎𝑧𝑧,𝑚𝑎𝑥∕(𝜌𝑠𝑔𝑙) were observed at or close to the foundation
of the plate. The flexible plates show larger 𝜎𝑧𝑧,𝑚𝑎𝑥∕(𝜌𝑠𝑔𝑙) compared to
the rigid plate.

Based on the Euler-Bernoulli beam theory, 𝑑𝑥 and 𝜎𝑧𝑧 can be pre-
dicted as shown in Appendix B. The maximum predicted 𝑑𝑥,𝑚𝑎𝑥,𝑝𝑟𝑒𝑑 with
Eq. (B.11) versus the numerical 𝑑𝑥,𝑚𝑎𝑥,𝑛𝑢𝑚 are shown in Fig. 10c. The
coefficient of determination is applied as

𝑅2 = 1 −
∑

i
(

𝑌𝑛𝑢𝑚,i − 𝑌𝑝𝑟𝑒𝑑,i
)2

∑

i
(

𝑌𝑛𝑢𝑚,i − 𝑌
)2

, (11)

here 𝑌𝑛𝑢𝑚,i and 𝑌𝑝𝑟𝑒𝑑,i are the numerical and predicted values and 𝑌
s the mean of 𝑌𝑛𝑢𝑚,i. The theoretical model tends to overpredict the
umerical observations with deviations of up to 149%, whilst in other
ests 𝑑𝑥,𝑚𝑎𝑥,𝑛𝑢𝑚 is underestimated by Eq. (B.11).

The observed deviations are partially due to the violation of some
f the assumptions for the beam equation. The critical distributed load
as assumed static in the beam theory analysis. Conversely, the critical
ave pressure distribution is momentarily applied to the plate as a

onsequence of the dynamic nature of the wave loading. Therefore, the
eam theory represents an upper bound estimate of the time varying
late deflections. A further assumption in Appendix B is that the run-
p height 𝑅 corresponds to 2𝑎. However, this overestimates 𝑅𝑛𝑢𝑚 by
p to 50%, also contributing to the observed deviations. On the other
and, an estimation of the plate slope 𝑑𝑥,𝑚𝑎𝑥∕𝑙 ≤ 0.12 reveals that the

small slope assumption is satisfied in all tests. A significantly improved
agreement and 𝑅2 values can be achieved by applying an empirical
prefactor of 1/2 to 𝑑𝑥,𝑚𝑎𝑥,𝑝𝑟𝑒𝑑 , as shown in Fig. 10d.

4.1.5. Numerical 3D tests
Negligible deviations of the main parameters, e.g. 𝑝 and 𝑑𝑥, have

een observed across the plate width in the 3D tests (Section 2.3).
9

Fig. 11a shows the relative upwave 𝐹3𝐷,𝐻,𝑢∕(𝜌𝑤𝑔ℎ3) and total
𝐹3𝐷,𝐻∕(𝜌𝑤𝑔ℎ3) forces on the 3D rigid and flexible offshore plates. As
observed in the 2D simulations (Fig. 8a), the stiffness of the plate results
in negligible deviations of 𝐹3𝐷,𝐻,𝑢, with slight deviations of 𝐹3𝐷,𝐻 of less
than 2%. These are again due to the increase of ℎ𝑑 , and consequently
𝑝𝑑 (Fig. 11b), for the flexible plate.

Fig. 11c, d shows the relative displacements 𝑑𝑥∕𝑙 and stresses
𝜎𝑧𝑧∕(𝜌𝑠𝑔𝑙) along 𝑧∕ℎ during the maximum 𝐹𝐻,3𝐷. As expected, the
rigid plate shows negligible 𝑑𝑥∕𝑙 compared to the flexible plate. The
maximum 𝑑𝑥,𝑚𝑎𝑥∕𝑙 was observed near the centre of the plate at the
nstant during the maximum 𝐹𝐻,3𝐷. The maximum 𝜎𝑧𝑧,𝑚𝑎𝑥∕(𝜌𝑠𝑔𝑙) were
bserved at the bottom of the plates, with a deviation between the rigid
nd flexible plates of 7% only.

.2. Onshore

.2.1. Validation of solids4foam with an available laboratory experiment
The numerical model was further validated with a laboratory soli-

ary wave experiment from Kimmoun et al. (2009). The experimental
et-up consisted of a flume with a 1:15 sloped shore and a 1.00 m
igh plate (Fig. 12a). A solitary wave with 𝑎∕ℎ = 0.12 impacting a
lastic plate with 𝑠 = 5.0 mm, 𝐸 = 3.25 GPa and 𝜌𝑠 = 1190 kg∕m3 is
iscussed herein. The plate was fixed at the bottom end and supported
t 𝑧 = 0.872 m. The water surface and plate deflections were recorded

with 2 cameras. A mesh resolution of Δ𝑥 = Δ𝑧 = 4.0 mm was used for
the fluid and Δ𝑥 = 2.5 mm and Δ𝑧 = 2.0 mm for the solid domain. A
simulated time of 6 s took approximately 12 days of computation time
with 40 CPUs and 500 GB of memory.

The wave overturned in front of the plate and entrapped an air
pocket when impacting the plate. This resulted in a complex wave-plate
interaction (Peregrine, 2003; Bredmose et al., 2015). Fig. 12b shows
the experimental and numerical snapshots at 𝑡 = 0.03 s, where 𝑡 = 0.00
s is the instant when the wave reaches the plate. The water surface
elevation is captured well in the simulation, however, the volume of
the air pocket is smaller than in the laboratory experiment.

The plate displacements 𝑑𝑥 at 𝑧 = 0.35 m are compared in Fig. 12c.

The experimental and numerical 𝑑𝑥 show similar trends, apart from
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Fig. 10. Plate response for offshore tests: (a) relative maximum displacement 𝑑𝑥,𝑚𝑎𝑥∕𝑙 versus 𝑎∕ℎ, (b) relative maximum vertical stress component 𝜎𝑧𝑧,𝑚𝑎𝑥∕(𝜌𝑠𝑔𝑙) versus 𝑎∕ℎ for the
solitary wave tests and (c, d) comparison between 𝑑𝑥,𝑚𝑎𝑥,𝑛𝑢𝑚∕𝑙 and (c) 𝑑𝑥,𝑚𝑎𝑥,𝑝𝑟𝑒𝑑∕𝑙 (𝑅2 = −0.42) and (d) 𝑑𝑥,𝑚𝑎𝑥,𝑝𝑟𝑒𝑑∕(2𝑙) (𝑅2 = 0.94).

Fig. 11. 3D simulations of offshore tests: (a) relative forces 𝐹𝐻,3𝐷∕(𝜌𝑤𝑔ℎ3) and 𝐹𝐻,𝑢,3𝐷∕(𝜌𝑤𝑔ℎ3) versus 𝑡(𝑔∕ℎ)0.5, (b) relative pressures 𝑝𝑢∕(𝜌𝑤𝑔ℎ) and 𝑝𝑑∕(𝜌𝑤𝑔ℎ) along 𝑧∕ℎ at 𝑦 = 7.5
m, (c) relative displacements 𝑑𝑥∕𝑙 and (d) relative stresses 𝜎𝑧𝑧∕(𝜌𝑠𝑔𝑙) at the inner fibre along 𝑧∕ℎ at 𝑦 = 7.5 m during the maximum force for 𝐸 = 2 ⋅ 102 and 2 ⋅ 104 GPa.
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Fig. 12. Validation of solids4foam with an experiment of Kimmoun et al. (2009): (a) experimental set-up, (b) comparison between the laboratory and numerical snapshots at
𝑡 = 0.03 s and (c) horizontal plate displacement 𝑑𝑥 at 𝑧 = 0.35 m (after Attili et al., 2022).
some deviations. For 𝑡 ≤ 0 s, 𝑑𝑥 < 0 m was measured in the laboratory
experiments, while 𝑑𝑥 = 0 m is expected. The two peaks of 𝑑𝑥 observed
in the laboratory experiments at 𝑡 ≈ 0.08 and 0.45 s are captured in
the simulation, with deviations of up to 35%.

Once the wave was reflected and propagated towards 𝑥 ≤ 0 m, the
plate oscillated with a certain frequency, as shown in Fig. 12c for 𝑡 ≥ 0.6
s. In this phase, the comparison reveals that the laboratory results are
affected by a relatively larger damping than the simulation results.
In the latter, damping is due to numerical effects only, e.g. temporal
discretisation, as physical damping is not modelled in solids4foam.
The damping ratio based on the logarithmic decrement of 𝑑𝑥 can be
evaluated as

𝜁 = 1
√

√

√

√

√

√

√

1 +

⎛

⎜

⎜

⎜

⎝

2𝜋

ln 𝑑𝑥,i
𝑑𝑥,i+1

⎞

⎟

⎟

⎟

⎠

2
(12)

with 𝑑𝑥,i and 𝑑𝑥,i+1 as the displacements of two successive peaks. For
0.6 s ≤ 𝑡 ≤ 1.4 s, the averaged 𝜁 resulted in 0.058 and 0.022 for the
laboratory and numerical 𝑑𝑥, respectively. The larger 𝜁 and the negative
𝑑𝑥 for 𝑡 ≤ 0 s shown in the laboratory experiments, in addition to the
assumption of incompressible fluid in the simulation, may explain the
observed deviations.

4.2.2. A numerical representative test
Fig. 13 shows a snapshot series of an onshore test for a solitary wave

with 𝑎∕ℎ = 0.4 impacting the plate TF2 (Table 2). A water column
following the wave run-up was observed in front of the plate, which
collapses after its kinetic energy is transformed into potential energy
(Fig. 13c, d).

4.2.3. Numerical force
The horizontal force 𝐹𝐻 acting on the plate shows a first peak

𝐹𝐼 at the initial impact followed by a second peak 𝐹𝐼𝐼 (Fig. 14a, b),
confirming previous laboratory observations (Linton et al., 2013; Didier
et al., 2014). 𝐹𝐼𝐼 is a consequence of the collapse of the water column
following the wave run-up at the plate. All tests show a double peak
11
apart from the 5 tests with 𝑎∕ℎ = 0.225 and 𝑧𝑓∕ℎ = 0.000. In these tests
a single peak of 𝐹𝐻 was observed, most likely due to the relatively small
𝑎∕ℎ and large wave length 𝐿.

𝐹𝐼𝐼 is up to 3.3 times larger than 𝐹𝐼 , apart from the tests with 𝑎∕ℎ =
0.75 (Fig. 14b). In these tests, due to the relatively large steepness 𝑎∕𝐿 =
0.09, surging breaking was observed in proximity of the shore. This
resulted in a violent impact on the plate. Fig. 14c, d shows 𝐹𝐻∕(𝜌𝑤𝑔ℎ2)
versus 𝑎∕ℎ and 𝑧𝑓∕ℎ. 𝐹𝐻∕(𝜌𝑤𝑔ℎ2) increases with increasing 𝑎∕ℎ for a
constant 𝑧𝑓 . For a constant 𝑎, 𝐹𝐻∕(𝜌𝑤𝑔ℎ2) decreases with increasing
𝑧𝑓∕ℎ, except for the tests with 𝑎∕ℎ = 0.75.

An important finding of this study is that the rigidity of the onshore
plate tends to have a negligible effect on 𝐹𝐻 (Fig. 14c, d). The largest
deviations between the 5 plates under constant wave conditions are
observed for large 𝑎∕ℎ and/or small 𝑧∕ℎ. Plate R does not necessarily
result in the maximum 𝐹𝐻 , with deviations of the flexible plates in
relation to plate R of up to 3.0% and 17.7% for 𝐹𝐼 and 𝐹𝐼𝐼 , respectively.
As a result, the design of flexible onshore plates can be based on design
approaches for rigid plates combined with a safety factor of 1.2 to
account for the observed force variations.

4.2.4. Numerical plate response
The plate deformation depends on the flexural rigidity and the

wave loading. The plate R shows negligible horizontal displacements
𝑑𝑥. Maximum deformations were observed for the most flexible plates,
namely RS2, TF1 and TF2 (Table 2). Fig. 15a, b shows 𝑑𝑥∕𝑙 along the
centroidal axis and 𝜎𝑧𝑧∕(𝜌𝑠𝑔𝑙) along the inner fibre of the plate for a
representative test with 𝑎∕ℎ = 0.4 at the instant when 𝐹𝐼𝐼 occurred.
The plates RS2 showed a maximum 𝑑𝑥,𝑚𝑎𝑥 near the centre, while this
is observed at the top end for TF1 and TF2. Note that 𝑑𝑥,𝑚𝑎𝑥 do not
necessarily occur at the instant when the maximum 𝐹 are observed.

Plate TF2 shows the largest 𝜎𝑧𝑧∕(𝜌𝑠𝑔𝑙) due to the largest defor-
mation. For all 5 plates, the largest 𝜎𝑧𝑧∕(𝜌𝑠𝑔𝑙) are observed at the
fixing point of the plate. The maximum 𝑑𝑥,𝑚𝑎𝑥∕𝑙 and 𝜎𝑧𝑧,𝑚𝑎𝑥∕(𝜌𝑠𝑔𝑙) are
shown as a function of 𝑎∕ℎ in Fig. 15c, d for plates RS2, TF1 and TF2.
Overall, both 𝑑𝑥,𝑚𝑎𝑥∕𝑙 and 𝜎𝑧𝑧,𝑚𝑎𝑥∕(𝜌𝑠𝑔𝑙) increase with increasing 𝑎∕ℎ
for a constant 𝑧𝑓∕ℎ. 𝑑𝑥,𝑚𝑎𝑥∕𝑙 of TF1 are close and/or slightly larger than
𝑑𝑥,𝑚𝑎𝑥∕𝑙 of RS2. In contrast, 𝜎𝑧𝑧,𝑚𝑎𝑥∕(𝜌𝑠𝑔𝑙) of TF1 are smaller than for
RS2. Once the wave was reflected, the plate oscillated with a certain
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Fig. 13. Snapshot series of a 2D solitary wave impacting an onshore plate with 𝑎∕ℎ = 0.40, 𝑠 = 0.15 m and 𝐸 = 1.00 GPa showing the mean velocity �̄� =
√

�̄�2𝑥 + �̄�2𝑧, pressure contours
(kPa) and horizontal displacement 𝑑𝑥.
frequency 𝑓𝑠. As expected, plates TF1 and TF2 oscillated with 𝑓𝑠 close
to their natural frequencies (Table 2), namely at 𝑓𝑠 = 4.55 and 2.27 Hz.

5. Discussion of results

5.1. Offshore

5.1.1. Force
The numerical 𝐹𝐻,𝑢,𝑛𝑢𝑚∕

(

𝜌𝑤𝑔ℎ2
)

in the offshore tests are compared
with predictions based on Evers et al. (2019) and Heller et al. (2009).
The prediction equation of Evers et al. (2019) has been slightly modi-
fied into

𝐹𝐻,𝑢 = [1 − 1.5(𝑎∕ℎ)]1∕6(1∕2)𝜌𝑤𝑔(2𝑎 + ℎ − 𝑙𝑠)2, (13)

to disregard the trapezoidal section of 𝑝(𝑧) acting on the substructure
at −ℎ ≤ 𝑧 < (−ℎ + 𝑙𝑠). The comparison in Fig. 16 reveals that 𝐹𝐻,𝑢,𝑛𝑢𝑚
are captured by the prediction method of Evers et al. (2019), operating
on the safe side for all tests. The solitary wave tests are predicted
well by Eq. (13), with deviations of less than 22% for all investigated
stiffnesses. The linear wave tests show the largest underestimations,
namely up to 73%. These deviations are likely due to the fact that
12
Eq. (13) relies on more extreme waves, including Stokes 5th order,
cnoidal and solitary waves (Attili et al., 2021; Hess et al., 2023).

5.2. Onshore

5.2.1. Transformation into overland flow
Once the waves run-up the shore, they transformed into overland

flows before impacting the plates (Fig. 17). The overland flow is
characterised by the depth ℎ𝑠 and the depth-averaged velocity �̄�𝑠. These
are defined at 𝑥 = 𝑧𝑓 cot 𝛽𝑠 + 𝐿𝑠∕2 in the present study. The first
force peak 𝐹𝐼 (Fig. 14a, b) can be theoretically predicted as a function
of ℎ𝑠 and �̄�𝑠 with Eq. (1) (taken from Cross, 1967). Fig. 10a shows
the predicted 𝐹𝐼,𝑝𝑟𝑒𝑑∕(𝜌𝑤𝑔ℎ2) based on Eq. (1) versus the numerical
values 𝐹𝐼,𝑛𝑢𝑚∕(𝜌𝑤𝑔ℎ2) for the tests with plate R. 𝐹𝐼,𝑝𝑟𝑒𝑑 was predicted
assuming 𝐶𝑓 = 1 and with the numerical ℎ𝑠 and �̄�𝑠 resulting in the max-
imum 𝐹𝐼,𝑝𝑟𝑒𝑑 . The comparison shows a good agreement between 𝐹𝐼,𝑝𝑟𝑒𝑑
and 𝐹𝐼,𝑛𝑢𝑚, however, the predictions of ℎ𝑠 and �̄�𝑠 remain challeng-
ing. Fuchs and Hager (2015) proposed empirical equations to predict
ℎ𝑠(𝑥) and �̄�𝑠(𝑥), which, however, result in unsatisfactory agreements in
the present study with deviations of up to 117%. Further guidelines for
the prediction of ℎ𝑠 and �̄�𝑠 can be found in design standards (ASCE/SEI
7-16, 2017). In the following section, 𝐹𝐼 and 𝐹𝐼𝐼 are directly related to
the offshore wave energy 𝐸 such that ℎ and �̄� are no longer required.
𝑤 𝑠 𝑠
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Fig. 14. Plate forces at the 5 plates shown in Table 2 for onshore tests: relative force 𝐹𝐻∕(𝜌𝑤𝑔ℎ2) versus 𝑡 with (a) 𝑎∕ℎ = 0.40 and (b) 𝑎∕ℎ = 0.75 and (c, d) 𝐹𝐻∕(𝜌𝑤𝑔ℎ2) versus
(c) 𝑎∕ℎ and (d) 𝑧𝑓 ∕ℎ.
Fig. 15. Plate response for the 5 plates (Table 2) in the onshore tests: (a) dimensionless horizontal displacement 𝑑𝑥∕𝑙 and (b) vertical stress component 𝜎𝑧𝑧∕(𝜌𝑠𝑔𝑙) along 𝑧∕ℎ at
(𝑔∕ℎ)0.5 = 2.64 with 𝑎∕ℎ = 0.4 and maximum (c) 𝑑𝑥,𝑚𝑎𝑥∕𝑙 and (d) 𝜎𝑧𝑧,𝑚𝑎𝑥∕(𝜌𝑠𝑔𝑙) versus 𝑎∕ℎ.
s
f
R

When a wave propagates and runs-up a slope, its offshore wave en-
rgy is transformed into potential and kinetic energies of the overland
low. A portion of the wave energy is consumed during this process
y various mechanisms, including bottom friction, reflection from the
13

d

hore and wave breaking. The energy associated with the reflection
rom the shore was found to be negligible in the study of Li and
aichlen (2003) and von Häfen et al. (2022) found that the energy
issipated by wave breaking is proportional to 𝑎.
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Fig. 16. Comparison of the predicted 𝐹𝐻,𝑢,𝑝𝑟𝑒𝑑∕(𝜌𝑤𝑔ℎ2) (Evers et al., 2019) and
umerical 𝐹𝐻,𝑢,𝑛𝑢𝑚∕(𝜌𝑤𝑔ℎ2) for the linear and solitary (encircled) wave tests.

The wave energy per unit width 𝐸𝑤 is composed of the kinetic and
otential energies. According to Li and Raichlen (2003), 𝐸𝑤 of a solitary
ave is

𝑤 = 8

3
√

3
𝜌𝑤𝑔(𝑎ℎ)3∕2. (14)

he total energy per unit area of the overland flow 𝐸𝑜𝑓 due to the
inetic and potential components is

𝑜𝑓 = 1
2
𝜌𝑤ℎ𝑠�̄�

2
𝑠 + 𝜌𝑤𝑔ℎ𝑠(ℎ + 𝑧𝑓 + ℎ𝑠∕2). (15)

Based on the energy balance, it can be assumed that 𝐸𝑤 is directly
roportional to 𝐸𝑜𝑓 . By employing a least-square approach algorithm,
he following equation has been derived (Fig. 18b)

𝐸𝑜𝑓

[𝜌𝑤𝑔(ℎ + 𝑧𝑓 + 𝑎)2]
= 5

2
𝐸𝑤

[𝜌𝑤𝑔(ℎ + 𝑧𝑓 + 𝑎)3]
− 0.06. (16)

The intercept 0.06 in Eq. (16) takes the energy consumed by bottom
friction, reflection from the shore and wave breaking into account. The
forces 𝐹𝐼 and 𝐹𝐼𝐼 observed at the 5 plates (Table 2) were also expressed
as a function of 𝐸𝑤 as (Fig. 18c, d)

𝐹𝐼

[𝜌𝑤𝑔(ℎ + 𝑧𝑓 + 𝑎)2]
= 5

4
𝐸𝑤

[𝜌𝑤𝑔(ℎ + 𝑧𝑓 + 𝑎)3]
− 0.04, (17)

𝐹𝐼𝐼

[𝜌𝑤𝑔(ℎ + 𝑧𝑓 + 𝑎 + 𝑙)2]
= 2

3
𝐸𝑤

[𝜌𝑤𝑔(ℎ + 𝑧𝑓 + 𝑎)3]
− 0.02. (18)

The constants in Eqs. (17) and (18) have been optimised based on
a least-square approach algorithm. Eqs. (17) and (18) capture the
numerical results well and most of the data deviate less than ±30%.
Eq. (17) underestimates the tests with 𝑎∕ℎ = 0.75 by a factor of up to
2.43. Once again, the surging breaking and relatively violent impact
on the plate may be the reason for the observed deviations. In this
case, advanced turbulence models could provide more accurate results
(Larsen and Fuhrman, 2019; Xie and Chu, 2019). Similar correlations
are shown in Appendix C to predict 𝑑𝑥,𝑚𝑎𝑥 and 𝜎𝑧𝑧,𝑚𝑎𝑥.

Eqs. (17) and (18) can be used to predict the maximum surge forces
on onshore buildings and infrastructures. To apply these equations,
the main dimensionless parameters need to be within the investigated
ranges, namely 0.225 ≤ 𝑎∕ℎ ≤ 0.750, 1 ≤ 𝐿𝑠∕ℎ ≤ 2, 0 ≤ 𝑧𝑓∕ℎ ≤ 1
and 𝛽𝑠 = 30◦. However, Eqs. (17) and (18) may still provide good
preliminary estimates when these limitations are moderately violated.

5.2.2. Run-up height
The maximum run-up heights 𝑅 at the onshore plates are predicted

relative to the shore height (ℎ + 𝑧𝑓 ) as (Fig. 19)
𝑅 = 9 𝑎 − 0.6. (19)
14

(ℎ + 𝑧𝑓 ) 2 (ℎ + 𝑧𝑓 ) i
As discussed for Eqs. (17) and (18), a requirement for applying
Eq. (19) is that the dimensionless parameters in nature are within the
investigated ranges and 𝛽𝑠 = 30◦. For solitary wave transformation
nto overland flow, 𝛽𝑠 has an effect on the bottom friction, e.g. smaller
𝑠 result in larger propagation distances, and on the reflection from
he shore. For relatively steep slopes, the energy dissipated by bottom
riction and reflection from the shore is negligible compared to the
nergy dissipated by wave breaking (Li and Raichlen, 2003). As a
esult, 𝑎 is the most important parameter, such that Eq. (19) provides
reasonable prediction of 𝑅 even for 𝛽𝑠 ≠ 30◦. However, for rough

lopes and relatively small 𝛽𝑠, the energy dissipation due to bottom
riction would have to be taken into account such that Eq. (19) may
verestimate 𝑅.

. Conclusions

Waves impacting rigid and flexible plates were investigated based
n laboratory and numerical modelling. This study was motivated by
he limited knowledge of Wave-Structure Interaction (WSI) effects and
he need to further investigate the effect of the plate stiffness on wave
orces. The main conclusions are summarised hereafter.

Small-scale laboratory tests of wave impact on offshore plates of
ifferent stiffnesses were conducted to validate the numerical model
olids4foam. This resulted in a good agreement with the laboratory
bservations for 2 representative tests, apart from the strain where
eviations of up to 59.7% have been observed. The numerical model
as further validated with a solitary wave impacting an onshore flex-

ble plate experiment from Kimmoun et al. (2009). A total of 117
umerical tests were conducted to investigate wave impacts on offshore
nd onshore plates with 2D set-ups. These involved a range of linear
nd solitary waves with plates of different stiffnesses. The standard 𝑘-𝜀
odel has been used because the turbulence effect was small in the

ffshore tests and fully turbulent flows were observed in the onshore
ests. However, more advanced models, e.g. the Re-Normalised Group
-𝜀 and Shear Stress Transport 𝑘-𝜔 models, should be employed for
ore complex processes with strong turbulence and air entrainment

Larsen and Fuhrman, 2019; Xie and Chu, 2019).
The simulations were conducted assuming elastic plates, hence, no

nergy dissipation due to the material was taken into account. This ap-
roximation is suitable for real applications, where energy dissipation
s expected to be relatively small.

In the offshore tests, the linear wave run-up heights 𝑅 were up to
16% overpredicted by the equation of Miche (1951) whilst the solitary
ave 𝑅 were in good agreement with predictions from the equation
f Müller (1995) (Fig. 9b). The upstream horizontal forces 𝐹𝐻,𝑢 were
aptured by the prediction method based on Evers et al. (2019) for all
nvestigated stiffnesses. The total forces 𝐹𝐻 were up to 40% smaller
or the tests with Young’s moduli 𝐸 = 1 GPa than for tests with
= 1000 GPa. These deviations were mostly due to an increase in the

ownstream water depth ℎ𝑑 as a consequence of the plate deformation.
he offshore plate responses were successfully analysed based on the
uler-Bernoulli beam theory (Appendix B). Solitary wave impact on 3D
igid and flexible plates was also simulated. Negligible deviations of the
ressures have been observed across the plate width. Once again, the
late stiffness had negligible effects on the wave forces, with relatively
mall deviations observed in the total force.

The force acting on the onshore plates showed a first 𝐹𝐼 and second
𝐹𝐼𝐼 peak, confirming available laboratory observations (Linton et al.,
2013; Didier et al., 2014). With the exception of a few tests where
surging breaking was observed, 𝐹𝐼𝐼 was up to 3.3 times larger than
𝐼 . The rigidity of the plate had a negligible effect on the wave force

n most of the tests (Fig. 14c, d). For constant wave conditions, the
argest deviations between the 5 plates (Table 2) were observed for
arge wave amplitude relative to the water depth 𝑎∕ℎ and/or small

relative shore freeboard 𝑧𝑓∕ℎ. The rigid plate did not necessarily result

n the maximum wave forces, with deviations of the flexible plates
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Fig. 17. Sketch with the main parameters of a solitary wave and its transformation to overland flow.
Fig. 18. Overland flow: (a) comparison of the predicted (Cross, 1967) and numerical 𝐹𝐼∕(𝜌𝑤𝑔ℎ2) (𝑅2 = 0.93) at plate R, (b) energy of the overland flow 𝐸𝑜𝑓 ∕[𝜌𝑤𝑔(ℎ + 𝑧𝑓 + 𝑎)2]
ith Eq. (16) (𝑅2 = 0.98) for plate R, (c) 𝐹𝐼∕[𝜌𝑤𝑔(ℎ + 𝑧𝑓 + 𝑎)2] with Eq. (17) (𝑅2 = 0.90) versus the wave energy 𝐸𝑤∕[𝜌𝑤𝑔(ℎ + 𝑧𝑓 + 𝑎)3] and (d) 𝐹𝐼𝐼∕[𝜌𝑤𝑔(ℎ + 𝑧𝑓 + 𝑎 + 𝑙)2] versus
𝑤∕[𝜌𝑤𝑔(ℎ + 𝑧𝑓 + 𝑎)3] with Eq. (18) (𝑅2 = 0.96) for all 5 plates in Table 2.
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Fig. 19. Dimensionless run-up 𝑅∕(ℎ + 𝑧𝑓 ) versus the dimensionless wave amplitude
∕(ℎ + 𝑧𝑓 ) with Eq. (19) (𝑅2 = 0.75).
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i

n relation to the rigid one of up to 3.0 and 17.7% for 𝐹𝐼 and 𝐹𝐼𝐼 ,
respectively.

The solitary wave transformation into overland flow was also anal-
ysed for the onshore tests. New semi-theoretical correlations based
on the solitary wave energy were derived. These provide the wave
forces for both 𝐹𝐼 and 𝐹𝐼𝐼 and plate responses, including the horizontal
isplacement and vertical stresses. In addition, the maximum 𝑅 were
pproximated in function of 𝑎, ℎ and 𝑧𝑓 .

To sum up, the flexible plates did not necessarily result in smaller
ave forces compared to the rigid ones for the investigated conditions.

n the offshore tests, the plate stiffness had a negligible effect on the
pwave forces. However, smaller total forces were observed for more
eformable offshore plates. Based on that, the actual stiffness of the
late needs to be taken into account for the design of offshore plates.
he total forces on the onshore plates were unaffected by the plate
tiffness in most tests. Up to 17% deviations were observed in a few
ests, however with the rigid plate not always resulting in the largest
orce. Therefore, the design of both rigid and flexible onshore plates
an be based on design approaches for rigid plates combined with a
afety factor of 1.2 to account for the observed force variations within
his study.

Ongoing and future work will focus on the scaling and scale effects

n WSI phenomena. This, along with the findings of Attili et al. (2021)
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Fig. A.1. Convergence tests: semi-logarithmic diagramme for the relative (a, c) force 𝐹𝐻,𝑢∕(𝜌𝑤𝑔ℎ2) and (b, d) horizontal displacement 𝑑𝑥∕𝑙 with the number of cells and mesh size
Δ𝑥 = Δ𝑧 for an (a, b) offshore and (c, d) onshore test.
and of the present article, are aimed at enhancing the physical under-
standing and modelling as well as support the design of coastal and
offshore structures.
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Appendix A. Convergence tests

Convergence tests were conducted for both the offshore and onshore
set-ups (Fig. 1). Resolutions of Δ𝑥 = Δ𝑧 = 0.075, 0.150, 0.300 and
0.600 m were investigated in the offshore case. The finest resolutions
Δ𝑥 = Δ𝑧 = 0.075, 0.150 and 0.300 m were used in a 25 m × 32 m
refined area only (Fig. 1a), with larger meshes Δ𝑥 = Δ𝑧 = 0.300 and
0.600 m in the remainder of the domain.

Convergence tests were conducted with a solitary wave with 𝑎∕ℎ =
0.073 and 𝐿 = 2𝜋ℎ∕(0.75𝑎∕ℎ)0.5 = 1346 m (Lo et al., 2013) impacting
a plate with 𝐸 = 1 GPa. 𝐹𝐻,𝑢∕(𝜌𝑤𝑔ℎ2) and 𝑑𝑥∕𝑙 are shown versus the
number of cells and mesh sizes in Fig. A.1a, b. Δ𝑥 = Δ𝑧 = 0.150 m
was used for the main tests as convergence is achieved. This resulted
in negligible differences (<1%) with Δ𝑥 = Δ𝑧 = 0.075 m, for both 𝐹𝐻,𝑢
and 𝑑𝑥, requiring approximately 1/4 of the computational time.

A solitary wave with 𝑎∕ℎ = 0.4 and 𝐿 = 2𝜋ℎ∕(0.75𝑎∕ℎ)0.5 =
34.4 m (Lo et al., 2013) impacting plate RS2 (Table 2) has been
simulated to investigate the optimal mesh resolution for the onshore
tests. Resolutions of Δ𝑥 = Δ𝑧 = 0.0063, 0.0125, 0.0250 and 0.0500 m
were investigated. The finest resolutions Δ𝑥 = Δ𝑧 = 0.0063 and
0.0125 m were used in a 1.40 m × 3.00 m area surrounding the
plate, while Δ𝑥 = Δ𝑧 = 0.0250 m was used in the rest of the domain
(Fig. 1b). 𝐹𝐻,𝑢∕(𝜌𝑔ℎ2) overall decreases with rougher resolutions, while
𝑑𝑥∕𝑙 increases (Fig. A.1c, d). Δ𝑥 = Δ𝑧 = 0.0125 m resulted in the
optimal mesh resolution. This shows deviations of only 0.9% and 0.4%
for 𝐹𝐻,𝑢∕(𝜌𝑤𝑔ℎ2) and 𝑑𝑥∕𝑙, respectively, in relation to Δ𝑥 = Δ𝑧 = 0.0063
m and required 1/2 of the computational time.

Appendix B. An application of the Euler-Bernoulli beam theory for
offshore plates

The Euler-Bernoulli beam theory describes the behaviour of beams
under axial forces and bending (Timoshenko, 1983). By assuming that
plane beam sections remain plane and perpendicular to the deformed
neutral axis and the slope d𝑑𝑥 ∕ d𝑧 is small, the beam deflection results
in

𝐸𝐼
d4𝑑𝑥 = 𝑝(𝑧). (B.1)

d𝑧4
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Fig. B.1. Sketch with the main parameters and pressure distribution of a wave impact on offshore plates.
Table B.1
Boundary conditions at the 4 significant points for the offshore plate of Fig. B.1.

Point 0 Point 1 Point 2 Point 3

𝑑𝑥(𝑧1 = 0) = 0 𝑑𝑥(𝑧1 = ℎ) = 𝑑𝑥(𝑧2 = 0) 𝑑𝑥(𝑧2 = 2𝑎) = 𝑑𝑥(𝑧3 = 0) –
d𝑑𝑥
d𝑧1

|

|

|

|𝑧1=0
= 0

d𝑑𝑥
d𝑧1

|

|

|

|𝑧1=ℎ
=

d𝑑𝑥
d𝑧2

|

|

|

|𝑧2=0

d𝑑𝑥
d𝑧2

|

|

|

|𝑧2=2𝑎
=

d𝑑𝑥
d𝑧3

|

|

|

|𝑧3=0
–

– 𝑀(𝑧1 = ℎ) = 𝑀(𝑧2 = 0) 𝑀(𝑧2 = 2𝑎) = 𝑀(𝑧3 = 0) 𝑀(𝑧3 = 𝑙 − ℎ − 2𝑎) = 0
– 𝑄(𝑧1 = ℎ) = 𝑄(𝑧2 = 0) 𝑄(𝑧2 = 2𝑎) = 𝑄(𝑧3 = 0) 𝑄(𝑧3 = 𝑙 − ℎ − 2𝑎) = 0
𝜎

𝜎

In Eq. (B.1), 𝐼 = 𝑏𝑠3∕12 is the moment of inertia of the beam cross-
section, with 𝑏 as the beam width, and 𝑝(𝑧) represents a distributed
static load. The moment curvature relation is

𝑀 = −𝐸𝐼
d2𝑑𝑥
d𝑧2

(B.2)

nd the shear force is evaluated as

= −𝐸𝐼
d3𝑑𝑥
d𝑧3

. (B.3)

n the present study the bending moment in the beam is defined
ositive when it produces a compressive stress at the downwave face
f the beam.

Based on the numerical observations, the offshore plate response
ay be assumed quasi-static as it is in phase with the excitation and
o transient oscillations emerge. Under these assumptions, Eq. (B.1)
an be applied to the offshore plates where 𝑏 = 1 m and 𝑝(𝑧) due to
ydrostatic and wave pressures is approximated as shown in Fig. B.1,
ith 𝑝 = 𝜌𝑤𝑔2𝑎[1 − 1.5(𝑎∕ℎ)]1∕6 (Heller et al., 2009; Evers et al., 2019).
y integrating Eq. (B.1) between points 0-1, 1-2 and 2-3 (Fig. B.1) the
ollowing 3 equations were obtained

𝐼𝑑𝑥(𝑧1) = 𝑝
𝑧41
24

+ 𝐶1
𝑧31
6

+ 𝐶2
𝑧21
2

+ 𝐶3𝑧1 + 𝐶4,

for 0 ≤ 𝑧1 < ℎ, (B.4)

𝐸𝐼𝑑𝑥(𝑧2) = 𝑝
(

1 −
𝑧2
10𝑎

) 𝑧42
24

+ 𝐶5
𝑧32
6

+ 𝐶6
𝑧22
2

+ 𝐶7𝑧2 + 𝐶8,

for 0 ≤ 𝑧2 < 2𝑎 and (B.5)

𝐸𝐼𝑑𝑥(𝑧3) = 𝐶9
𝑧33
6

+ 𝐶10
𝑧23
2

+ 𝐶11𝑧3 + 𝐶12,

for 0 ≤ 𝑧3 ≤ (𝑙 − ℎ − 2𝑎) . (B.6)

For the sake of conciseness, the substructure has been omitted
herein and 𝛽 = 90◦ has been used. In the presence of a substructure
(Fig. 1a), Eqs. (B.4) and (B.6) are valid for 0 ≤ 𝑧1 < (ℎ − 𝑙𝑠) and
0 ≤ 𝑧3 < (𝑙 − ℎ + 𝑙𝑠 − 2𝑎), respectively. For 𝛽 < 90◦, Eqs. (B.4) to (B.6)
rely on the 𝑥- and 𝑧-axis rotated clockwise by (90◦ − 𝛽) compared to
𝛽 = 90◦.
17

s

Table B.2
Values for the constants in Eqs. (B.4), (B.5) and (B.6).

Constant Value

𝐶1 −𝑝ℎ − 𝑝𝑎

𝐶2 𝑝 ℎ
2

2
+ 𝑝ℎ𝑎 +

𝑝
6
(2𝑎)2

𝐶3 0
𝐶4 0
𝐶5 −𝑝𝑎
𝐶6

𝑝
6
(2𝑎)2

𝐶7 𝑝 ℎ
3

6
+ 𝑝 ℎ

2

2
𝑎 + 𝑝 ℎ

6
(2𝑎)2

𝐶8 𝑝 ℎ
4

8
+ 𝑝 ℎ

3

3
𝑎 + 𝑝 ℎ

2

12
(2𝑎)2

𝐶9 0
𝐶10 0

𝐶11 𝑝 ℎ
3

6
+ 𝑝 ℎ

2

2
𝑎 + 𝑝 ℎ

6
(2𝑎)2 +

𝑝
24

(2𝑎)3

𝐶12 𝑝 ℎ
4

8
+ 𝑝 ℎ

3

3
2𝑎 + 𝑝 ℎ

2

3
(2𝑎)2 + 𝑝 ℎ

6
(2𝑎)3 +

𝑝
30

(2𝑎)4

A number of boundary conditions can be imposed at points 0, 1,
2 and 3 (Table B.1). These include zero displacement and rotation at
point 0, continuity of the displacement, rotation, moment and shear
force at points 1 and 2 and zero moment and shear force at point 3.
These boundary conditions result in a system of 12 linear equations
with 𝐶i, for i = 1,… , 12 unknowns, with the solution shown in
Table B.2.

The Euler-Bernoulli beam equation can also be used to describe the
distribution of the vertical stresses at the inner fibre of the beam

𝜎𝑧𝑧(𝑧) =
𝑠
2
𝐸
d2𝑑𝑥
d𝑧2

. (B.7)

By combining Eq. (B.7) with the second derivatives of Eqs. (B.4) to (B.6)

𝜎𝑧𝑧(𝑧) =
𝑠
2𝐼

(

𝑝
𝑧2𝑠1
2

+ 𝐶1𝑧𝑠1 + 𝐶2

)

, for 0 ≤ 𝑧𝑠1 < ℎ, (B.8)

𝑧𝑧(𝑧)=
𝑠
2𝐼

[

𝑝
(

1−
𝑧𝑠2
6𝑎

) 𝑧2𝑠2
2

+𝐶5𝑧𝑠2 + 𝐶6

]

, for 0 ≤ 𝑧𝑠2 ≤ 2𝑎 and (B.9)

𝜎𝑧𝑧(𝑧) = 0, for 𝑧3 > 0. (B.10)

The comparisons between the numerical and predicted 𝑑𝑥∕𝑙 and
𝑧𝑧∕(𝜌𝑠𝑔𝑙) based on Eqs. (B.4) to (B.6) and Eqs. (B.8) to (B.10), re-

pectively, with the constants in Table B.2, are shown in Fig. B.2 for
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Fig. B.2. Comparison of the predicted and numerical (a) 𝑑𝑥∕𝑙 (𝑛𝑅𝑀𝑆𝐸 = 0.27) and 𝜎𝑧𝑧∕(𝜌𝑠𝑔𝑙) (𝑛𝑅𝑀𝑆𝐸 = 0.22) for a linear wave test with 𝑎∕ℎ = 0.027, 𝑇 (𝑔∕ℎ)0.5 = 4.13, 𝐸 = 1 GPa
and 𝛽 = 90◦, (b) 𝑑𝑥∕𝑙 (𝑛𝑅𝑀𝑆𝐸 = 0.10) and 𝜎𝑧𝑧∕(𝜌𝑠𝑔𝑙) (𝑛𝑅𝑀𝑆𝐸 = 0.09) for a linear wave test with 𝑎∕ℎ = 0.046, 𝑇 (𝑔∕ℎ)0.5 = 3.84, 𝐸 = 1 GPa and 𝛽 = 90◦, (c) 𝑑𝑥∕𝑙 (𝑛𝑅𝑀𝑆𝐸 = 0.14)
and 𝜎𝑧𝑧∕(𝜌𝑠𝑔𝑙) (𝑛𝑅𝑀𝑆𝐸 = 0.10) for a solitary wave test with 𝑎∕ℎ = 0.073, 𝐸 = 1 GPa and 𝛽 = 90◦ and (d) 𝑑𝑥∕𝑙 (𝑛𝑅𝑀𝑆𝐸 = 0.04) and 𝜎𝑧𝑧∕(𝜌𝑠𝑔𝑙) (𝑛𝑅𝑀𝑆𝐸 = 0.17) for a solitary wave
test with 𝑎∕ℎ = 0.062, 𝐸 = 30 GPa and 𝛽 = 60◦.

Fig. C.1. Plate response in the onshore tests: maximum relative (a) displacement 𝑑𝑥,𝑚𝑎𝑥𝐸𝑠3∕(𝜌𝑠𝑔𝑙5) with Eq. (C.1) (𝑅2 = 0.93) and (b) stress 𝜎𝑧𝑧,𝑚𝑎𝑥𝑠2∕(𝐸𝑙2) with Eq. (C.2)
(𝑅2 = 0.93) for plates RS and (c) 𝑑𝑥,𝑚𝑎𝑥𝐸𝑠3∕(𝜌𝑠𝑔𝑙5) with Eq. (C.3) (𝑅2 = 0.95) and (d) 𝜎𝑧𝑧,𝑚𝑎𝑥𝑠2∕(𝐸𝑙2) with Eq. (C.4) (𝑅2 = 0.96) for plates TF versus the dimensionless wave energy
𝐸𝑤∕[𝜌𝑤𝑔(ℎ + 𝑧𝑓 + 𝑎)3].
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4 representative tests. The maximum 𝑑𝑥,𝑚𝑎𝑥 at the plate top end results
from Eq. (B.6) with 𝑧𝑠3 = 𝑙 − ℎ + 𝑙𝑠 − 2𝑎 in

𝑥,𝑚𝑎𝑥 = 12
𝐶11(𝑙 − ℎ + 𝑙𝑠 − 2𝑎) + 𝐶12

𝐸𝑠3
. (B.11)

While such an application of the static Euler-Bernoulli beam theory
provides a reasonable prediction of the offshore plate responses, future
studies should include time varying load distributions for more complex
wave-plate interactions.

Appendix C. Correlations of the onshore plate response

The maximum 𝑑𝑥,𝑚𝑎𝑥 and 𝜎𝑧𝑧,𝑚𝑎𝑥 are expressed as a function of the
ffshore wave energy 𝐸𝑤 for the onshore tests. For the roller support
lates the following equations have been derived (Fig. C.1a, b)

𝑑𝑥,𝑚𝑎𝑥𝐸𝑠3

𝜌𝑠𝑔𝑙5
=

(

𝐸𝑤

[𝜌𝑤𝑔(ℎ + 𝑧𝑓 + 𝑎)3]

)2

− 8.0 ⋅ 10−4, (C.1)

𝜎𝑧𝑧,𝑚𝑎𝑥𝑠2

𝐸𝑙2
= 1.2 ⋅ 10−4

(

𝐸𝑤

[𝜌𝑤𝑔(ℎ + 𝑧𝑓 + 𝑎)3]

)

− 4.4 ⋅ 10−6. (C.2)

For the top free plates, 𝑑𝑥,𝑚𝑎𝑥 and 𝜎𝑧𝑧,𝑚𝑎𝑥 are expressed as (Fig. C.1c, d

𝑑𝑥,𝑚𝑎𝑥𝐸𝑠3

𝜌𝑠𝑔𝑙5
= 19.0

(

𝐸𝑤

[𝜌𝑤𝑔(ℎ + 𝑧𝑓 + 𝑎)3]

)2

− 0.04, (C.3)

𝜎𝑧𝑧,𝑚𝑎𝑥𝑠2

𝐸𝑙2
= 2.3 ⋅ 10−3

(

𝐸𝑤

[𝜌𝑤𝑔(ℎ + 𝑧𝑓 + 𝑎)3]

)2

− 3.6 ⋅ 10−6. (C.4)

Notation

𝑎 Wave amplitude, m
𝑏 Beam width, m
𝐶 Courant number
𝐶𝑓 Force coefficient in Cross (1967)
𝐶1,2,…12 Constants of the offshore plate displacement,

Nm0,1,2 or 3

𝐃𝐹 Deformation gradient
𝐝 Displacement vector, m
𝑑𝑥 Plate displacement component along 𝑥-axis, m
𝐸 Young’s modulus, N/m2

𝐸𝑜𝑓 Overland flow energy per unit area, J/m2

𝐸𝑤 Offshore wave energy per unit width, J/m
𝐹 Force on plate per unit width resulting from a

wave and hydrostatic pressure, N/m
𝐹𝐼 First force peak on plate per unit width resulting

from a surge, N/m
𝐹𝐼𝐼 Second force peak on plate per unit width

resulting from a surge, N/m
𝐹3𝐷 Force on plate resulting from a wave and

hydrostatic pressure, N
𝑓𝑠 Natural frequency of a plate, Hz
𝑓𝜎 Surface tension force per unit volume, N/m3

𝐠 Gravitational acceleration vector, m/s2
𝑔 Gravitational acceleration, m/s2
𝐻 Wave height, m
ℎ Water depth, m
I Identity matrix
𝐼 Moment of inertia, m4

i Index for the i-th data value
19
𝐽 Determinant of 𝐃𝐹
𝑘 Turbulent kinetic energy, m2/s2
𝐿 Wave length, m
𝐿𝑠 Shore length, m
𝑙 Plate height, m
𝑙𝑠 Substructure height, m
𝑀 Bending moment, N m
N Number of the considered pressure values
𝑛𝑅𝑀𝑆𝐸 Normalised Root Mean Square Error
𝑝 Pressure, N/m2

�̄� Mean pressure, N/m2

𝑄 Shear force, N
𝑅 Wave run-up height, m
𝑅2 Coefficient of determination
𝑠 Plate thickness, m
𝑇 Wave period, s
𝑇𝑠 Natural period of the plate, s
𝑡 Time, s
�̄� Mean fluid velocity vector, m/s
𝐮′𝐮′ Turbulent stress tensor, N/m2

�̄� Depth-averaged velocity, m/s
𝐮𝑟 Compression velocity vector, m/s
�̄�𝑥, �̄�𝑦, �̄�𝑧 Mean fluid velocity component along 𝑥-, 𝑦- and

𝑧-axis, m/s
𝑥, 𝑦, 𝑧 𝑥-, 𝑦- and 𝑧-axis, m
𝑌 Observed values
𝑌 Mean of numerical values
𝑧𝑓 Shore freeboard, m
𝛼 Fraction of volume
𝛽 Plate inclination, ◦

Δ𝑡 Time step, s
Δ𝑥,Δ𝑦,Δ𝑧 Cell sizes, m
𝜀 Turbulence energy dissipation rate, m2/s3
𝜀𝑧𝑧 Strain component of the plate along 𝑧-axis
𝜁 Damping ratio
𝜂 Water surface elevation, m
𝜇 Fluid dynamic viscosity, Ns/m2

𝜋 Mathematical constant
𝜌 Density, kg/m3

𝝈𝑠 Stress tensor, N/m2

𝜎𝑧𝑧 Normal plate stress component along 𝑧-axis, N/m2

𝜔 Turbulence energy dissipation rate, m2/s3

ubscripts

𝑎 Air
𝑑 Downwave
𝑒𝑥𝑝 Experimental
𝐻 Horizontal
𝑚𝑎𝑥 Maximum
𝑚𝑖𝑛 Minimum
𝑛𝑢𝑚 Numerical
𝑝𝑟𝑒𝑑 Predicted
𝑠 Shore, solid
𝑢 Upwave
𝑤 Water

bbreviations

CFD Computational Fluid Dynamics
CFL Courant-Friedrichs-Lewy
CPU Central Processing Unit
CSD Computational Structural Dynamics
FE 4.0 Foam-Extend 4.0
FEM Finite Element Method
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FPSO Floating Production Storage and Offloading
FVM Finite Volume Method
HPC High Performance Computing
LC Load Cell
MPS Moving Particle Semi-implicit
OF OpenFOAM
PIMPLE Combination of Pressure Implicit Splitting Operator

(PISO) and Semi-Implicit Method for Pressure-Linked
Equations (SIMPLE)

PPT Precision Pressure Transducer
R Rigid Plate
RANS Reynolds-Averaged Navier-Stokes
RS Roller Support
SG Strain Gauge
SPH Smoothed Particle Hydrodynamics
TF Top Free
VOF Volume Of Fluid
WEC Wave Energy Converter
WG Wave Gauge
WSI Wave-Structure Interaction
2D Two-dimensional (flume)
3D Three-dimensional (basin)
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