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ABSTRACT

This work provides a novel approach that combines computational fluid dynamics
(CFD) with computational solid mechanics (CSM) to dynamically simulate the
fully coupled hydroelastic interaction between nonlinear ocean waves and a
submerged-horizontal-plate breakwater (SHPB). Based on a systematic series of
simulations, it is shown that the wave damping performance of an SHPB can be
evidently improved by an appropriate extent of deformation, which can be achieved
through the design of its bending stiffness by varying elasticity and/or aspect ratio.
The wave attenuation effect is found to be maximized when an SHPB has a
deformation amplitude close to the incident wave amplitude. By accounting for the
hydroelastic effect through the fully coupled CFD+CSM approach, this work
presents a new computational technique that supports the design of deformable
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1 INTRODUCTION

A submerged-horizontal-plate breakwater (SHPB) is a thin
plate that is placed in a certain water depth and spans in the
horizontal direction, as shown in Figure 1. The purpose of an
SHPB is to attenuate wave attacks on coastal or offshore
infrastructures. Compared to other types of wave-control
devices, e.g. rubble mound breakwaters, SHPBs require much
less material cost and can work in relatively deep waters to
avoid being damaged by severe ocean surface waves.
Meanwhile, SHPBs have little impact on the marine
environment and water circulations (Graw, 1993; Yu, Isobe, &
Watanabe, 1995), and the problems causing stability risks that
are faced by conventional breakwaters e.g. scour and
liquefaction (Sumer & Fredsge, 2000; Celli, Li, Ong, & Di
Risio, 2019) are of minimal concern for SHPBs. Despite these
benefits, the performance of SHPBs is very sensitive to the
incoming wave condition and its own physical characteristics
(Yu, 2002). Therefore, advanced design approaches are
required to understand and optimize the performance, before
SHPBs can be widely utilized.

Early studies of SHPB were mostly in analytical
approaches. The work of Heins (1950) is considered as one of

offshore and coastal structures.

the first studies on a semi-infinite width plate interacting with
waves in a finite water depth. The reflection and transmission
coefficients were derived using the Wiener-Hopf method.
Greene & Heins (1953) then extended the analytical solution
to infinite water depth. Burke (1964) further developed a
mathematical method for a submerged finite-width plate based
on the Wiener-Hopf method. Later, alternative analytical
methods such as matched asymptotic expansions (Siew &
Hurley, 1977; Patarapanich, 1984) and the eigenfunction
expansion method (ljima, Ozaki, Eguchi, & Kobayashi, 1970;
Liu & Iskandarani, 1991; Wang & Shen, 1999) have also been
applied to relevant problems. Mohapatra & Shoo (2014) used
the eigenfunction expansion method to derive the linear wave
interaction with a floating and submerged elastic plate system
based on the assumption that the surface water waves and
structural response are of small amplitudes.

The analytical solutions mentioned above were only limited
to solving linear or weakly nonlinear waves interacting with
SHPBs. However, the interaction between propagating waves
and an SHPB usually leads to significant nonlinearities (He,
Xu, Gao, & Ren, 2018a). In this context, numerical approaches
have been applied to study the nonlinear wave-SHPB
interaction in recent years. Liu, Huang, & Tan (2009) modelled
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the transmission of nonlinear waves over the SHPB using a
numerical wave tank and the boundary element method. Qi &
Hou (2003) modelled the same problem using the
computational fluid dynamics (CFD) method, in which CFD
showed a great capability of simulating nonlinear wave
behavior over the plate. Jin, Liu, He, & Li (2014) applied a
two-phase CFD solver to investigate the performance of a rigid
and fixed SHPB in waves, and found that a relatively thin plate
has better wave damping performance than a thick one. He,
Xu, Gao, & Ren (2018b) and He, Gao, Xu, Ren, & Wang
(2019) applied a CFD approach in terms of the smoothed
particle hydrodynamics method (a Lagrangian based mesh-
free method) to investigate the effect of non-breaking and
breaking waves on a fixed SHPB. He, Xu, Gao, & Ren (2018a)
and Fu, Zhao, Wang, & Yan (2021) performed numerical
simulations of waves interacting with a heaving SHPB; both

Incoming waves

of the works have found that a heaving plate can be more
effective than a fixed one in most of the submerged conditions.
Rather than commonly studied horizontal plate, Yueh,
Chuang, & Wen (2018) proposed a concept of submerged
wavy plate breakwater, which seems to have better wave
attenuating performance in certain situations with proper
design, but the practicalities such as manufacturing cost and
structural strength need to be further investigated. In these
CFD studies, although the nonlinear wave effect could be
modelled and the flows were simulated with least assumptions
(for analytical studies it is common to simplify the flow to
Euler flows by neglecting its viscosity), the long thin SHPB
plates were all assumed as rigid bodies, because CFD itself
does not include structural solutions to account for the SHPB
elasticity.

Sea surface Damped waves

Submerged plate

Supporting leg (more or fewer legs may be used)

FIGURE 1. Sketch of a submerged-horizontal-plate breakwater; in real life, the device can be approximately 20 m long, 100 m wide and 0.4 m thick
(Okubo, Takahashi, Kojima, & Moritaka, 1994; Wang, 2017; He, Gao, Xu, Ren, & Wang, 2019).

In fact, the contemporary rigid-body assumption is not
realistic enough for SHPB modelling. As SHPBs are thin
plates that are fixed underwater and span in the horizontal
direction, their response to waves can be governed by elastic
deformations. A deforming SHPB may lead to very different
wave damping performance, as the dynamic structural
deformation will also change the surrounding flow field.
Although the concept of SHPB has been proposed since the
1950s, hydroelastic design of such structures has never been
conducted, mainly due to the lack of a computational approach
to fully investigate the two-way interaction between the non-
linear free-surface waves and the deformable structure.

In this context, the present work intends to incorporate CFD
with an additional set of computational structural mechanics
(CSM) solutions to account for the wave-induced SHPB
deformation and fully simulate the wave-SHPB interaction.
Particularly, the present work will couple CFD and CSM via a
fully two-way fluid-structure interaction (FSI) algorithm.

In terms of FSI approaches, most contemporary FSI
simulations, e.g. McVicar, Lavroff, Davis, & Thomas (2018),
Masoomi & Mosavi (2021), adopted a combination of
numerical methods/software that uses a finite-volume based
tool for fluid solutions (Zhu, Gu, & Chen, 2007) and a finite-
element based tool for structural analyses (Park, Kim, & Kim,
2019); this requires an intermediate tool for coupling and data
mapping as also pointed out by Huang & Kwon (2020).
Therefore, such combined approaches usually increase the
computational complexity and the usage of computational
memory, and further impose limitations on the mechanism of
coupling, which is the principal reason for the simulations to
be restricted as one-way coupling, i.e. finite-volume fluid
solutions are interpolated into the finite-element model for
structural analyses, but the deformed structure does not
provide feedback to update the fluid solutions.

Some other works have imported fluid and solid solutions
to the same software (although still using different discretizing
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methods) and realized a weakly two-way coupling of FSI, e.g.
Di Domenico, Groth, Wade, Berg, & Biancolini (2018); Groth,
Cella, Costa, & Biancolini (2019). In weakly two-way
coupling, per time step the fluid solution is first passed to the
solid part to induce the solid deformation and then the solid
deformation is used to update fluid mesh; however, the
velocity and pressure of the fluid field are not further solved
based on the updated fluid mesh. This is only applicable when
the solid deformation is very small. If the deformation is large,
the weakly coupling approach will induce errors due to
inconsistent dynamic and kinematic features between fluid and
solid at the interface, as the fluid and solid domains are not
sufficiently coupled.

Alongside the one-way coupling and weakly two-way
coupling computational approaches, some analytical studies
have been able to establish fully coupled solutions, e.g.
Coutand & Shkoller (2005), Muha & Cani¢ (2013), and
Meylan (2021), but a disadvantage of the analytical
approaches is that they are not capable of considering
nonlinear wave-structure interactions or accommodating
arbitrary polyhedral geometries that are however essential for
modern engineering purposes. Overall, as mentioned in Di
Domenico, Groth, Wade, Berg, & Biancolini (2018), it is still
ongoing work for the field to develop FSI approaches that are
capable of modelling engineering problems with high fidelity.

In order to model the present wave-SHPB interaction
problem, first, it is essential to model the FSI as two-way
coupling, because the interest is to predict the changed wave
field in the presence of a deforming SHPB. On top of a two-
way mechanism, the coupling procedure needs to go through
sufficient iterations to satisfy the dynamic and Kinetic
conditions, i.e. fully coupling the waves and the deforming
structure. Moreover, for the present problem, the waves are
required to be modelled as two-phase flows that contain a
nonlinear free surface between air and water. The modelling of
multi-phase flows is a key gap for most of the available FSI
tools, especially the tools that incorporated a fully coupled
approach e.g. Richter (2013) who used a fully Eulerian
formulation, van Loon, Anderson, van de Vosse, & Sherwin
(2007) who used arbitrary Lagrangian-Eulerian formulation,
and del Carre, Mufioz-Simon, Goizueta, & Palacios (2019)
who used an unsteady vortex lattice method. In these works,
the fluid can only be modelled as a single-phase flow, which
was mainly designed for aeroelastic problems but not
applicable to model offshore wave-structure interactions.

To meet these challenges, the present work introduces a
fully coupled hydroelastic CFD+CSM approach to simulate
the FSI between waves and an SHPB. The present approach is
developed in OpenFOAM which is an open-source C++
framework for the development of CFD-based solvers (the
implementation is described in detail in the report of Huang
(2018)), and is built upon the initial finite-volume FSI
framework of Tukovic, Cardiff, Karac, Jasak, & Ivankovic
(2014). To the best of the authors’ knowledge, the present
approach is the first integrated model that is able to fully
couple ocean waves with deformable structures in the finite-
volume based framework, and it has initially revealed

promising capabilities in modelling floating sea ice in ocean
waves (Huang, Ren, Li, Tukovic, Cardiff, & Thomas, 2019).
It is worthwhile to mention that, in Huang, Ren, Li, Tukovic,
Cardiff, & Thomas (2019), the sea ice is semi-rigid and freely
floating, thus the wave-induced deformation and hydroelastic
behavior was inconspicuous. Therefore, the present study for
the first time adopts such a CFD+CSM approach to tackle a
hydroelastic interaction  containing large  nonlinear
deformations, which can occur to the side-mounted SHPBs in
waves. An utmost computational challenge of the present work
is to couple large nonlinear deformations of structures with
free-surface wave motions and iterate the solutions until
achieving a fully coupled and accurate manner. The applied
CFD and CSM equations are solved through discretization and
the solutions are second-order accurate in both space and time,
where the numerical interpolation uses the solution at the
current grid/time and those from the adjoint two cells/previous
two time levels, instead of from only one adjoint cell/previous
time level. The present approach is also capable of
accommodating arbitrary polyhedral meshes, which makes it
applicable to modern industrial applications. In addition, the
meshes of fluid part and solid part are geared in the same
computational domain rather than connected through a
multiplier (van Loon, Anderson, van de Vosse, & Sherwin,
2007), which replicates the case with high fidelity and can
avoid the multiplier to bring about uncertainty.

The present paper starts by demonstrating the CFD+CSM
approach to build a computational model for the hydroelastic
interaction between ocean waves and offshore/coastal
structures. Based on the unique capability of the new model, it
is applied to simulate a deformable SHPB in the process of
wave attenuation, and a series of verification studies (grid
convergence studies) and validation against existing
experiments are presented. Then, by varying the elasticity and
aspect ratio of an SHPB and comparing the waves
downstream, the role of SHPB deformation in the process of
wave attenuation is derived. In particular, an innovative design
strategy is provided on utilizing the SHPB deformation to
maximize its wave damping performance.

2 COMPUTATIONAL APPROACH

The present CFD+CSM simulation approach solves both fluid
and structural domains, alongside an FSI algorithm to stitch
the solutions together. In order to fulfil this, the whole
simulated domain is split into two sub-regions, i.e. the fluid
sub-region (including air and water) and the solid sub-region
(the SHPB structure). These two sub-regions are connected via
the interface in between. The fluid sub-region simulates a
desirable wave field and predicts the wave evolution, whilst
the solid sub-region represents a thin elastic SHPB placed at a
vertical distance to the water surface and solves its
deformation. The computational practicalities are explicated as
follows.
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2.1 Computational domain

A rectangular fluid domain is established in a two-dimensional
Cartesian x-y coordinate system, as shown in Figure 2. The
computational domain is assumed as two-dimensional (i.e.
uniform in the spanwise direction) based on the condition that
the device is side-mounted and spans extensively in the profile
direction to cover the protected coastline, and the considered
incoming waves are only propagating along the landwards
direction. This two-dimensional assumption has also been used
in contemporary SHPB studies, e.g. Jin, Liu, He, & Li (2014),
Yueh, Chuang, & Wen (2018), He, Gao, Xu, Ren, & Wang
(2019), Fu, Zhao, Wang, & Yan (2021). It is deemed to have a
negligible influence on the results of the present study, as will
also be validated in Section 3 against three-dimensional
experiments. Such a simplification in dimension can
significantly save the computational cost thus allowing a large
number of simulation cases to be performed and thereby
sufficiently study the influential parameters.

In Figure 2, the x-axis denotes the horizontal direction
whilst the y-axis denotes the vertical direction. The domain
size is 12 m in length and 0.4 m in height. It contains water to
a depth of D and above which is air. The top and bottom
boundaries of the domain are defined as a static pressure
condition and a no-slip wall to model the atmosphere and the

wave
generation
zone

Atmosphere

seabed, respectively. The left and right boundaries of the
domain are set as wave inlet and outlet, in which regular waves
propagate towards the x-positive direction. The incoming
waves are simulated using the second-order Stokes theory as
implemented in the “waves2Foam” toolbox (Jacobsen,
Fuhrman, & Fredsge, 2012) developed in the OpenFOAM
framework. This toolbox has been successfully applied to
simulate waves for multi-physics problems such as the wave-
structure-seabed interaction (Li, Ong, & Tang, 2018; 2020).

An elastic plate is placed underneath the free surface, which
represents an SPHB, as shown in Figure 2. The vertical
distance from the plate to the undisturbed water surface is
denoted as d; the length and thickness of the SHPB are denoted
as L and h, respectively. The SHPB plate has its left and right
boundaries clamped while its top and bottom boundaries are
fully flexible. The clamped condition at two edges is
considered since strong support is needed to keep the
breakwater plate in place even in rogue waves. Meanwhile, it
is assumed that the spacing between supporting legs is not
large enough to allow a notable deformation between two legs
in the spanwise direction (as shown in Figure 1). At upstream
and downstream of the plate, two wave gauges are positioned
to record the free surface variance in the time domain.

wave
absorption
zone

1.5m

o X

2.2 Computational method

In the present computational process, the fluid (air and water)
and solid (SHPB) sub-regions are discretized into non-
overlapping cells using the finite volume method, allowing the
calculation of corresponding fluid and structural solutions in
the spatial domain. The discretized fluid mesh and solid mesh
are shown in Figure 3. The optimal mesh densities for both the
sub-regions are investigated through convergence studies, to
be presented in Section 3. The fluid mesh is built to obtain CFD
solutions, e.g. pressure/velocity fields and the location of free
surface, through solving the Navier-Stokes equations together
with the volume of fluid (VOF) method. The solid mesh is built

Qutlet

Sez;Bed

FIGURE 2: The computational model: in a numerical wave tank, a submerged horizontal plate is placed, whose upper and lower boundaries are
deformable, while left and right boundaries are clamped. The domain is designed in a model scale to allow validation against experiments, whilst the
scale factor is approximately 1:30 to real life.

to obtain CSM solutions, i.e. SHPB deformation. The
deformation solution is fully nonlinear, solved based upon the
conservation of momentum which applies the St. Venant
Kirchhoff hyperelastic method to express the stress. The
mathematical formulae of the CFD and CSM equations are
given in Appendices A and B.

It is noted that this study does not include a turbulence
model since no turbulent phenomenon is expected to occur for
the present simulated conditions. For the main computational
wave condition, the Reynolds number is approximate 6 x 10%,
using the maximum orbital velocity at the plate depth (v' = 0.1
m/s assumed from the Stokes wave theory), which is far below
the critical Reynolds number where the flow becomes
turbulent on a plate (= 5 x 10%). Also, the Keulegan-Carpenter
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number (KC = v' T,, /L) is relatively small with a value of 0.2
for such wave condition, where v' is the again the maximum
orbital velocity at the plate depth and T,, is the wave period. A
value of KC smaller than 1 indicates that the flow does not
separate from the plate (Sumer & Fredsge, 2006), thus no
turbulence effect is considered in the present study.

To acquire the transient status for both fluid and solid sub-
regions over a sufficient time duration, the total solution time
is discretized into certain segments of time steps. The size of
each time step is ascertained by the Courant number (Co =
vAt/Ax), where At denotes the time step size, v is the flux
speed through the shared face between two neighboring cells,
and Ax is its distance between the centers of these two cells.
There exists a maximal value of v/Ax in the whole domain for
each time step, with which the time step size is automatically
determined following the constraint of Co < 1. Comparing to
setting a fixed time step size, this self-optimizing algorithm for
the time step size significantly improves the computational
efficiency.

(a) Combined fluid and solid mesh

(b) Zoom-in fluid mesh around the left edge of the plate

(c) Zoom-in solid mesh around the left edge of the plate
FIGURE 3. Mesh layout of the model with blue denoting fluid mesh and
red denoting solid mesh. Green lines indicate the interface boundaries at
both the fluid and solid sub-regions. The fluid domain above the plate
contains the free surface between water and air, thus the fluid mesh above
the plate is set to be denser than the fluid mesh below the plate.

2.3 CFD+CSM coupling algorithm

The CFD and CSM solutions are coupled via a partitioned
scheme proposed by Tukovic, Karac, Cardiff, Jasak, &
Ivankovic (2018), where the fluid and solid solutions are
obtained by turns, and the kinematic and dynamic conditions
are matched at the fluid-solid interface. The kinematic

condition states that the wvelocity and displacement are
continuous across the interface as expressed in Equations (1)
and (2); the dynamic condition states that forces are in
equilibrium at the interface as expressed in Equation (3).

Vriuid = VUsolid 1)
Uryia = Usolid 2
N Ofyig = N~ Ogglia (3)

where v is the velocity vector, u is the displacement vector, n
is the normal vector at the interface, and o is the stress tensor.

A two-way fully coupling procedure is achieved in this
work. First, the pressure and velocity fields are solved in the
fluid sub-region through CFD, giving the fluid force on the
interface. The fluid force field on the interface provides a
boundary force for the solid sub-region, where Equation (3) is
satisfied. Then, the deformation of the solid body is solved
through CSM. The deformation induces displacements of all
the solid cells, and the derivative of the displacement field of
the interface gives a velocity field, which is passed back to the
fluid sub-region, where Equation (1) is satisfied. For each time
step, iterations are performed until Equation (2) is satisfied.
The iteration procedure is illustrated in Figure 4 and described
as follows:

1) At the beginning of every time step, the displacement of
the solid sub-region is updated using the results of the previous
time step. Then, the Aitken coupling scheme is employed for
improving the convergence speed during the coupling
procedure, which uses an Aitken Relaxation Factor (ARF) to
minimize the numerical residual:

Y.(Res;-ARes;)
Y.(ARes;j-ARes;)

ARF,,, = ARF; x [1 - @)

where i is the ith iteration. The residual (Res) is calculated by
the solid interface displacement minus the fluid interface
displacement (SID — FID). Following Equation (4), ARF is
updated according to Res. Then the fluid mesh is updated based
on the new ARF value:

Fluid Mesh;,; = Fluid Mesh; + ARF;,; X Res; (5)

Then the derivative of FID is computed to obtain the
velocity of the fluid interface, and this interface velocity
induces the mesh motion for the fluid domain.

2) Using the updated mesh, the new velocity and pressure
fields within the fluid sub-region are calculated using the fluid
solver.

3) The velocity and pressure results are used to calculate
the fluid force at the interface, and then the force field on the
interface is transferred from the fluid sub-region to the solid
sub-region.

4) Having the fluid force on the interface, the induced solid
deformation is calculated by the structural solver, recorded as
the displacement of all cells in the solid sub-region.

5) SID is then obtained from the boundary cells’
displacements and then compared with FID to update Res. The
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solver enters the next timestep when Res is smaller than the
prescribed residual criterion.

In this work, the criterion for Res is restricted to be smaller
than 1 x 10® m, which is achieved by averagely 20 FSI
iterations per time step. Verification of the proposed procedure

Previous timestep

has been conducted against a commonly used FSI benchmark
case, as presented in Appendix C.

Update fluid interface

Fluid solver: obtain the
pressure and velocity
fields

Solid solver: obtain
structural deformations

SID —FID :—Rh No

Calculate fluid-induced force on the interface

Pass the force as a boundary condition for solid

Update solid interface displacement (SID)

displacement (FID)

Relaxation based on the Aitken scheme

Check if Res < Criterion?

Next timestep

FIGURE 4. Solution procedure of the FSI inner loop.

3 VALIDATION AND VERIFICATION

The validation and verification of the wave-SHPB model were
performed as follows. First, a grid convergence study was
carried out for the numerical wave tank without an SHPB, in
order to ensure the desired wave field is achieved with a
minimized computational cost. Then, a thin plate was placed
in the numerical wave tank and the wave-induced plate
deformations are simulated and validated against existing
experiments. Finally, the wave transmission and reflection
induced by an SHPB were validated against existing
experiments.

3.1 Grid convergence study for wave modelling

The accuracy and computational cost of wave modelling are
affected by the fluid mesh density. Sensitivity tests were
performed to find out the optimal grid numbers, for which
various cell numbers per wave height (M) were used with M =
5 - 15. Meanwhile, 100 cells per wavelength were held, which
is the minimal cell number matching with M =5 - 15 to secure
an error of less than 1% (Connell & Cashman, 2016). The
corresponding free surface elevations were recorded using the
probe downstream as illustrated in Figure 2. It is shown in
Figure 5 that, with M > 10, the targeted wave field can be
obtained and stably propagate downstream. Since there is no
obvious difference between the results from M =10 and M =
15, M =10 is chosen as the vertical fluid mesh density in the
free surface region, which can minimize the computational
cost and meanwhile maintain the computational accuracy.

[ M=5 -- M=10 —M=15]

e 031
=
g
S 0305
>
2
503
Q
L‘CE
F ]
2 0295
Q
2
= 029
6 6.5 7
Time (s)

FIGURE 5. Downstream free surface elevation obtained using various
cell numbers per wave height. The simulated wave condition is with Tw =
1.1sand H=0.02 m.

3.2 Validation of deformation solution

There is a lack of experimental data for detailed measurement
of the deformation of a submerged plate. However, Sree, Law,
& Shen (2017) reported the measurement for the wave-induced
deformations of a similar plate placed at the water surface.
Therefore, the experiment of Sree, Law, & Shen (2017) was
reproduced to validate the accuracy of the present
computational approach in modelling the plate deformation in
waves. Four sets of solid mesh were used to ascertain a suitable
density to discretize the thin plate, consisting of 200 - 800 cells.
Wave-induced deformations in terms of the non-dimensional
vibration amplitudes (plate vibration amplitude a divided by
its thickness h) were measured over the plate, as presented in
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Figure 6. The experimental condition is Tw = 0.7 sand H =
0.017 m. The plate is 1 m long and 0.01 m thick, and the
rheological properties of the plate are with density p = 910
kg/m?®, Young’s modulus E = 870 MPa and Poisson’s ratio v =
0.3.

It can be seen in Figure 6 that the model prediction with the
four sets of mesh generally agrees with the measurements. The
discrepancy between computational and experimental is
minimal and does not notably change as long as the solid cells
are more than 400. Thus a grid number of 400 were employed
to discretize the solid sub-region for further simulations, which
consists of 100 cells in the plate length direction times four
cells per plate thickness.

03 - CN=200

—CN=800

-- CN=400
< Exp.

e
)
G

o
o

o

Vibration amplitude divided
by plate thickness (-)
= =
V3 G

0.1 0.3 0.5 0.7 0.9
Distance from the left edge (m)

FIGURE 6. Plate deformation obtained with varying cell numbers (CN)
for the solid mesh, comparing with the measurements of Sree, Law, &
Shen (2017). The plate length is 1 m in total and the x-axis shows the
measured distance from its left edge.

3.3 Validation of wave interactions with an SHPB

The simulation of wave reflection and transmission in the
presence of an SHPB was validated against the experiments of
Liu, Huang, & Tan (2009). The SHPB investigated in their
experiments was 0.6 m long and 0.01 m thick, made by a
Perspex material (polymethyl methacrylate) with pgiq =
1180 kg/m®, E = 2.3 GPa and v = 0.316. The selected
experimental conditionsare D=0.3m,d=0.1m,H=0.02m
and a range of incident wave periods Ty, = 0.8 - 1.5 s. The
reason for these selections was that these conditions were
reported by Liu, Huang, & Tan (2009) to present drastic wave-
SHPB interactions, and the most conspicuous wave attenuation
was produced within this range.

In the present simulations, the wave transmission and
reflection effects are represented by changes of free surface
elevations at the two probe locations as shown in Figure 2. The
free surface elevations were analyzed using the fast Fourier
transform (FFT) to extract the wave amplitude at the dominant
frequency, i.e. the fundamental amplitude. The definition of
reflection and transmission coefficients (R and T) is the same
as that in Liu, Huang, & Tan (2009), where T is the ratio of
fundamental amplitude downstream to incident wave
amplitude; R is calculated by the absolute difference between
fundamental amplitude upstream and incident wave amplitude,
dividing by incident wave amplitude, because the upstream

wave field is a superposition of incident waves and reflected
waves:

R = |aupstream_aincident (6)
Aincident
T = Zdownstream (7)
Qincident

The validation of the wave-SHPB interaction is shown in
Figure 7, presenting good accuracy for all the tested wave
range, and the maximal wave damping point appears at the
same wave period as that in Liu, Huang, & Tan (2009).

---Computational
x Experimental
0.8
—_ 0.6 x,"x_"‘)s\x
< Tl X
~ 0.4 %
L
0.2
-
0
0.5 1 1.5 2
Incident wave period (s)
(a) Reflection coefficient
: X ---Computational
0.8 ~><“\X x Experimental
X
0.6 e
= 04
0.2
0
0.5 1 1.5 2

Incident wave period (s)

(b) Transmission coefficients
FIGURE 7. Comparison of reflection and transmission coefficients
between computational and experimental (Liu, Huang, & Tan, 2009) data.

4 HYDROELASTIC ANALYSES
DESIGN OPTIMIZATION

Based on the validated CFD+CSM approach, this section
investigates the role of hydroelastic deformation in the wave-
SHPB interaction process. By simulating two SHPBs made
respectively by stiff and flexible materials and comparing the
waves downstream, it is demonstrated that utilizing the SHPB
deformation can significantly enhance the wave attenuation.
Subsequently, through conducting a systematic series of
simulations, a design strategy for the SHPB’s elasticity and
aspect ratio is presented for optimizing the wave damping
performance.

AND
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(a) Time =to

(b) Time = to+ 1/4T\

(c) Time = to+ 1/2Tw

(d) Time =to+ 3/4Tw
Displacement Magnitude (cm)

0.0 0.

2 0.4 0.6
MI‘HIHJIIIiHHIIIIIU\HJH

0.8

FIGURE 8. Comparison of wave-SHPB interaction between the flexible (left) and stiff (right) materials. The applied wave condition in this figure is
Tw=1.1sand H =0.02 m. In the subfigures, in red beneath the free surface is the water phase while in blue above the free surface is the air phase.

4.1 The hydroelastic effect

To analyze the influence of SHPB deformation on its wave
damping performance, simulations were conducted with two
SHPBs respectively with flexible and stiff materials. The
selected flexible material is a common rubber type with E = 50
MPa, and the stiff one is a Perspex material whose E = 2.3 GPa.
Both materials have p_ ., = 1180kg/m®and v = 0.316
(Engineering Toolbox, 2003). The SHPB geometry is kept at
0.6 m long and 0.01 m thick to be in line with the validation
study.

As shown in Figure 8, whilst the rubber material (left-hand
side) presents notable deformations following the wave
motion, the Perspex material (right-hand side) presents a semi-

rigid behavior under the wave impact. The flexible plate bends
upward/downward when a wave trough/crest arrives upon it.
The maximal displacement amplitude occurs around the
middle point of the plate. Figure 8(d) shows that the maximal
displacement occurs when the flexible plate bends downward;
the magnitude is around 0.75 cm, ~75% of the plate thickness
or the incident wave amplitude.

The wave damping performance of these two materials was
found to be significantly different, in which the flexible
material reveals to be much better. Figure 9 compares the time-
series free surface elevation measured downstream, which
shows a notably reduced wave motion by applying the flexible
material. This indicates that a notable plate deformation may
significantly enhance the wave damping performance. Figure
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10 decomposes the downstream waves in different frequencies
by FFT, which shows the reduced wave amplitude mainly
attributes at its fundamental frequency, i.e. the incident wave
frequency.

The influence of SHPB deformation on wave transmission
has been further investigated over a range of incident wave
periods, as shown in Figure 11. It shows that a flexible plate
can have a better wave attenuation effect than a very stiff one
for all the examined wave periods. The hydroelastic effect is
conspicuous as the wave transmission coefficient is reduced by
approximately half. This difference is of great importance
because wave damping is the utmost purpose of such
breakwater structures. With the present CFD+CSM approach
accounting for the SHPB deformation in the interaction
process, it becomes feasible to investigate the influence of
SHPB’s deformation on its wave damping performance, which

is expected to be an important advancement for the SHPB
design.
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FIGURE 9. Comparison of downstream free surface elevation between

the flexible and stiff materials. The applied wave condition in this figure
isTw=11sand H=0.02 m.
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FIGURE 10. Comparison of downstream wave amplitude at different
frequencies, between the flexible and stiff materials. f/fo denotes the
breakdown frequencies of downstream waves normalized by the incident

wave frequency i.e. fo= 1/Tw. The applied wave condition in this figure is
Tw=11sand H=0.02 m.
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FIGURE 11. Comparison of the transmission coefficient between
flexible and stiff materials.

4.2 The influence of elasticity

Following the finding that the SHPB deformation can
significantly influence the associated wave attenuation, the
next step is to investigate how to design the hydroelastic
response of an SHPB so as to optimize its wave damping
performance. To achieve this purpose, simulations were
performed with subtle variations of Young’s modulus that are
close to the rubber material.

The SHPB deformation is shown as periodic vibrations
following the incident waves. Figures 12 and 13 present the
maximum deformations (upward and downward) of the plates
with different E applied. In these two figures, it can be seen
that changing Young’s modulus by 5 MPa can induce a
pronounced difference in the SHPB vibration magnitude,
which may further induce an influential change in the
downstream wave field. Hence, it is essential to investigate the

sensitivity of the downstream wave to the elasticity of an
SHPB.
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(a) E =35 MPa

() E =35 MPa

(b) E = 30 MPa

(b) E = 30 MPa

(c) E=25 MPa
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FIGURE 12. Snapshots when the SHPB reaches its upward deformation
limit, for varying elasticity.

To analyze in detail the influence of SHPB deformation on
the wave attenuation, Figure 14 shows the FFT breakdown of
the downstream wave profiles with several selected E values
for the SHPB. It shows that the wave amplitude at the
fundamental frequency reaches a negligible level when E =30
MPa; the downstream wave amplitude at the fundamental
frequency is larger when either a larger or lower E was applied.
This suggests the existence of an optimal E for a specific SHPB
design task. Meanwhile, the wave amplitude at the secondary
frequency decreases with a smaller Young’s modulus in the
whole examined range. This indicates that a larger deformation
can better break the secondary wave profile, but this is
inapplicable to the fundamental wave profile.

As the design purpose of SHPB is to minimize the total
wave energy that can transmit downstream ( W, ), the
downstream wave energy was integrated over the frequency
domain, as expressed in Equation (8).

(e

Was = =) a2 df ®)
where a is the wave amplitude at the specific frequency.

In this context, optimizing the SHPB performance
essentially means minimizing Wy, . For this purpose, the
relation between W, and the deformation amplitude of the
SHPB is established. The deformation amplitude of an SHPB
(asypg ) is calculated as the average of its upward and

(c) E=25 MPa
Displacement Magnitude (cm)

0.0 0.35

0.7 1 1.4
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FIGURE 13. Snapshots when the SHPB reaches its downward
deformation limit, for varying elasticity.

downward deformation limits, and the correlation between
agypp and Wy, is shown in Figure 15. Table 1 provides the
tested conditions and results in detail. Figure 15 reveals a
nonlinear relationship between agypp and Wy, , i.e., Wy
decreases with the SHPB deformation getting stronger, reaches
the minimum when asypg/Ainciden: = 1, and then starts to
increase again. This signifies a potential optimal strategy to
minimize the transmissible wave energy over an SHPB.
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FIGURE 14. Comparison of downstream wave amplitudes at different
frequencies, with a range of E applied to the SHPB. The applied wave
condition in this figure is Tw = 1.1 sand H = 0.02 m.

Asupp/ Fincident

FIGURE 15. Downstream wave energy normalized by incident wave
energy (Wys/Winciaene) @S @ function of deformation amplitude of the
SHPB normalized by the incident wave amplitude (aspyg/%incident)s
which changes due to varying E of the SHPB. The applied wave condition
in this figure is Tw = 1.1 sand H = 0.02 m.

TABLE 1. Downstream wave energy obtained with different Young’s moduli applied to the SHPB. The applied wave condition

isTw=1.1sand H=0.02 m.

Young’s modulus  SHPB deformation

SHPB deformation

Amplitude of the deformation Downstream wave

of the SHPB upward limit downward limit energy over incident
wave energy
E (MPB.) aup (Cm) Agown (Cm) Asgp = é(aup + adown) (Cm) st/VVincident
20 1.10 1.48 1.29 0.190
25 1.03 1.40 1.21 0.076
30 0.90 1.23 1.07 0.044
35 0.77 1.08 0.92 0.060
40 0.65 0.96 0.80 0.082
50 0.41 0.75 0.58 0.141
75 0.19 0.47 0.33 0.361

4.3 The influence of aspect ratio

To further analyze the FSI effect and derive a generic optimal
strategy for SHPB design, the aspect ratio (AR = L/h) of the
SHPB has been varied to investigate the effect on the wave
damping. Using a rubber SHPB as the basis, and the AR was
varied in a range of 40 to 120, from a relatively thick plate that
occurs minimal wave-induced deformation, to a relatively thin
plate that bends dramatically with the wave motion, as shown
in Figure 16. It is obvious that the larger AR, the larger
vibration amplitude for the plate (noting that a larger vibration
amplitude does not necessarily lead to a greater wave damping
performance). In each sub-figure of Figure 16, the downward
amplitude is generally larger than the upward amplitude,
which is because of the nonlinear wave effect; this also
demonstrates again that the present CFD and CSM solutions
are nonlinear. Table 2 further calculates the amplitude of plate
deformation and the downstream wave energy for all tested
ARs.

Figure 17 plots the relation between the nondimensional
asypp and W, whilst varying AR. It can be seen that the trend
agrees very well with that in Figure 15. This confirms that the

essential reason for the changed wave damping performance is
the SHPB’s vibration amplitude, which can result from
changing either E or AR or both, i.e. its bending stiffness. The
optimal condition is unified: when the vibration amplitude is
close to the incident wave amplitude, the downstream wave
energy is minimized to a level of less than 10% of the incident
wave energy. Thus, it is a very important and beneficial step to
perform the hydroelastic design so that an SHPB can damp
waves to such a level, as the FSI effect appears to be sensitive
and neglectful design could easily allow more than 40% wave
energy to pass.

Combining the influences of E and AR further indicates the
underlying mechanism between the hydroelastic FSI and the
wave damping performance: the plate deformation can act as
an obstacle for the wave flow, and the obstacle is most
effective when the plate bends to the same extent as the wave
heaves, showing a resonant behavior that eliminates most of
the incident wave. The plate can be too stiff to show the FSI
effect, or too flexible that performs a compliant behavior to the
waves; in either of the situations, a large portion of the wave
energy can still pass, which results in an unideal wave damping
performance.
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The above results demonstrate a strategy to perform
hydroelastic SHPB design, by selecting appropriate E and AR
so that the breakwater device can undertake a desirable
deformation to minimize the downstream waves. In the design
circles, it is recommended to analyze the deformation of SHPB
in the primary wave condition that it is expected to operate at,
with a target of asypg/Aincigens =1. The present CFD+CSM
approach provides a practical and robust tool to perform the
design task. In particular, this approach overcomes the
limitation of previous computational works that only can
assume SHPBs as rigid, and this advancement has shown to be
significant.
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FIGURE 16. Upward and downward limits of the wave-induced SHPB

deformation, obtained with plates of different aspect ratios. The applied
wave condition in this figure is Tw = 1.1 sand H = 0.02 m.
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FIGURE 17. Downstream wave energy normalized by incident wave
energy (Wys/Winciaene) @S @ function of deformation amplitude of the
SHPB normalized by the incident wave amplitude (asypg/@incident)s
which changes due to varying AR of the SHPB. The applied wave
condition in this figure is Tw = 1.1 sand H = 0.02 m.

TABLE 2. Downstream wave energy obtained with different aspect ratios applied to the SHPB. The applied wave condition is

Tw=1.1sand H=0.02 m.

Aspect ratio of the  SHPB deformation =~ SHPB deformation ~ Amplitude of the deformation Downstream wave
SHPB upward limit downward limit energy over incident
wave energy

AR (') aup (Cm) Agown (Cm) Asppp = %(aup + adown) (Cm) st/VVincident

120 1.25 1.62 1.44 0.362

100 1.10 1.36 1.28 0.177

90 0.97 1.29 1.13 0.115

80 0.75 1.04 0.90 0.083

60 0.41 0.75 0.58 0.141

48 0.24 0.28 0.26 0.268

40 0.13 0.13 0.13 0.379
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5 DISCUSSION

This section discusses the applicability of the presented
computational approach in the practical engineering of SHPB,
including potential limitations, the corresponding solutions,
and future works.

1) The scale of the present simulations. The present study
is conducted in a model scale for the purpose of validation
against available experiments. In principle, the present
CFD+CSM approach can likewise be applied to full-scale
investigations. One advantage of CFD studies is the ability to
overcome the scale restriction of laboratory studies. Provided
the verification and validation in this work, it is feasible to use
the present model to directly conduct simulations in the real
scale of a design task. This is easily achievable by enlarging
the domain and the structure, adjusting mesh sizes, and
applying wave conditions of the target geographical location.
Regarding the findings, this work demonstrates that the wave
damping performance can be maximized when an SHPB is
deformed at the same amplitude as the incident wave. This
finding can be extended to the full scale (such that the
wavelength and SHPB length are tens of meters) based on the
Froude similarity, i.e. Froude number (Fr = v/\/ﬁ) is the
same for model and full scales, where g is the gravitational
acceleration. Although the disparity of Reynolds number
between the two scales could alter the findings, the present
investigated wave-structure interactions are mainly due to
gravity/inertia forces, and the Reynolds (viscous) effect is
fairly small in this case. Therefore, the derived optimal
condition is expected to be applicable to full-scale SHPBs.

2) Other influential factors. In addition to the present
analyzed factors in terms of the elasticity and aspect ratio, the
wave-structure interaction could also be affected by other
factors such as water depth, since the seabed can have a
considerable effect on the wave motion. This is not a concern
for the CFD+CSM model, as it can automatically incorporate
the seabed boundary according to the design condition, and the
principle of designing the SHPB to have a similar vibration
amplitude as the dominant wave should be the same. For the
effect of plate length, since it has been examined in many
previous studies using a rigid-plate assumption, e.g. Liu,
Huang, & Tan (2009), He, Gao, Xu, Ren, & Wang (2019), it is
not repeated in the present work which focuses on obtaining
novel insights into the hydroelastic interaction. The conclusion
regarding the influence of plate length is that the wave
damping is most effective when the SHPB’s length is
approximately half of the wavelength. Depending on the
specific scenario, material damping may also affect the results
if it is significant. In the present case, material damping may
be negligible because the continuous and periodic incitation
from waves makes the damping over time inconspicuous,
which can be corroborated by e.g. the validation of Meylan,
Bennetts, Cavaliere, Alberello, & Toffoli (2015), where the
experimental-theoretical comparison shows that an elastic
model without material damping can well replicate a thin
plate’s deformation in continuous waves. However, material
damping may be significant when investigating the vibration

of a structure due to a short and strong impact, where the
vibration decays over time e.g. under seismic loads. In that
case, material damping can be considered in the present
computational model by adding a damping term in the
structural governing equations, as the proposed open-source
model has full flexibility to also consider additional material
properties.

3) Realistic ocean wave conditions. In the realistic ocean
environment, incoming waves can be a series of wave trains
that are constitutive of different wavelengths and heights, thus
itis recommended to apply a representative wave condition for
the target geographical location and use the present
CFD+CSM approach to evaluate the SHPB design
accordingly. As a more advanced solution, it is possible to
dynamically control the SHPB vibration to optimize the
performance in varying sea conditions. Real-time control of
such large and flexible structures can be potentially achieved
with effective methodologies such as the wavelet-hybrid
feedback-least mean square algorithm (e.g. Adeli & Kim,
2004; Kim & Adeli, 2005) or machine learning algorithms
(e.g. Anderlini, 2018). Once the SHPB is installed in a real
ocean environment, continuous monitoring of such a large-
scale structure is of high importance to optimize the
performance, reduce structural risks, and improve maintenance
and repair strategies. Wavelet transform is a powerful tool to
deal with complex signals from the sea, which can consist of
dynamic disturbances due to waves, winds, marine structures,
and other noisy environmental signals. Methodologies based
on the wavelet transform have been proposed for monitoring
the condition of large structures (e.g. Zhou & Adeli, 2003;
Amezquita-Sanchez & Adeli, 2015a, 2015b; Perez-Ramirez,
Amezquita-Sanchez, Adeli, Valtierra-Rodriguez, Camarena-
Martinez, & Romero-Troncoso, 2016; Amezquita-Sanchez,
Park, & Adeli, 2017).

4) Future works. The present model has been applied to
the case study of an elastic SHPB. The design has mainly
focused on optimizing the wave attenuation performance of the
elastic SHPB body, whilst the supporting legs are assumed as
fixed boundary conditions at two sides. Further component
designs such as the structural analysis of the supporting legs
under wave loads should be performed since the design of the
support legs is crucial to avoid the risks of structural failure for
the whole SHPB system. Other future work includes
performing the study in three-dimensional and in irregular
(random) or oblique waves. Moreover, additional experimental
validation will be beneficial.

6 CONCLUSIONS

An integrated CFD+CSM approach has been presented to fully
simulate the hydroelastic interaction between nonlinear ocean
waves and a deformable SHPB device. The feasibility and
accuracy of this new approach have been validated against a
series of previous experiments. Based on the validated model,
a novel study has been conducted on the effect of the structural
deformation of an SHPB on its wave damping performance.
This study has shown that a deformable SHPB can have an
evidently better wave damping performance than a rigid one.
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However, the wave damping performance is quite sensitive to
the SHPB’s bending stiffness: The plate can be too stiff to
show the FSI effect, or too flexible that performs a compliant
behavior to the waves; in either of the situations, a large
portion of the wave energy can still pass, which results in an
unideal wave damping performance. Thereby, systematic
simulations have been conducted to work out the optimal
condition for an SHPB in a regular-wave condition, through
varying the elasticity and aspect ratio of the device and
investigating the corresponding wave damping performance.
The derived optimal condition states the SHPB to vibrate at an
amplitude that is close to the incident wave amplitude, leading
to a resonant behavior that can damp the majority of the wave
energy.

Based on the above achievements, two major contributions
of the paper are summarized: (a) the present work has
demonstrated a valid computer-aided approach that can
perform hydroelastic offshore and coastal designs, which
provides a significant advancement than previous methods
based on the rigid-structure assumption; (b) the present work
has for the first time demonstrated a hydroelastic design
methodology for coastal breakwaters and showed that the
deformation of the structure has a significant effect on the
wave-damping performance.

As for the present hydroelastic CFD+CSM approach, it can
also be used to simulate other deformable marine structures in
waves or currents, such as to predict the deformations of large
offshore platforms, bridges, wind turbines, and their
corresponding influences on the surrounding wave field.
Similarly, the method can be used to model wave energy
converters that are based on a deforming mechanism, e.g. the
bulge type (Chaplin, Heller, Farley, Hearn, & Rainey, 2012).
As demonstrated, this two-way fully coupled approach allows
the process of fluid-structure interaction to be simulated
dynamically, manifesting the transient flow field whilst the
structure is deforming. This is expected to be a great
improvement to contemporary design approaches used in the
coastal and offshore industries.

APPENDIX A: CFD EQUATIONS

The fluid sub-region is governed by the Navier-Stokes
equations for incompressible, isothermal and Newtonian flow,
as expressed in Equations (A1) and (A2).

V-v =0
+V:-(pvv) = =VP + V-7 +pg

(A1)

9(pv) ( A2)

at

where v is velocity vector, P is pressure, p is the density and
T =pu(Vv + Vo7) is the viscous stress in which u is the
dynamic viscosity, and g is the gravitational acceleration set at
9.81 m/s?.

The VOF method is used to capture the free surface between
air and water. The VOF method introduces a passive scalar
field o, which denotes the fractional volume of a cell occupied
by a specific phase. In this model, a value of a = 1 corresponds

to a cell full of water and a value of o = 0 indicates a cell full
of air. Thus, the free surface, which is a mix of these two
phases, is formed by the cells with 0 < a < 1. The velocity of a
free-surface cell is calculated based on the velocities of the
nearest water cell and air cell, as expressed in Equation (A3)
(Weller, 2002), and the evolution of free surface with time is
solved by the advection equation of «, as expressed in Equation
(A4) (Rusche, 2003). Furthermore, the local density and
viscosity are determined according to Equations (A5) and
(A6).

V = AVyqter + 1- a)vair (A3)

';—': +V-(va)+ V- [v,a(l—a)]=0 (A4)
P = APwater + (1 - a)pair (AS)

U= Apwarer + (1 — @gir (A6)

where v, 4:er and v,;,-are the velocities of the nearest water
cell and air cell respectively and v, = v,,qter — Vair IS the
relative velocity between them (Vukéevi¢, 2016). In this study,
Pwater = 1000 kg/m3, Pwater = 1 % 10° N-s/mz, Pair = 1
kg/mé, and p,;,- = 1.48 x 105 N-s/m? The VOF method can
also be used for more than two phases, e.g. three phases; an
example can be seen in Yaqub & Pendyala (2018), where the
authors studied three phases of air, oil and water.

APPENDIX B: CSM EQUATIONS

The solid sub-region is governed by conservation of
momentum, where the stress is given by the nonlinear St.
Venant Kirchhoff hyperelastic law, as implemented in Cardiff,
Karac, Jaeger, Jasak, Nagy, Ivankovic, & Tukovic (2018). The
mathematical model in the total Lagrangian form (reference
configuration) can be written as:

d s0u r
fﬂsozida (E) av = jgn- (2Z-F)ds+ jgpsolidgdv
(B1)

where u is the displacement vector, and F = | + (Vu)T is the
deformation gradient tensor, and | is the second-order identity
tensor and 2 is the second Piola-Kirchhoff stress tensor, which
is related to the Cauchy stress tensor ¢ through Equation (B2).

1

— Ly . fT
_detFF Z-F

o (B2)

The stress/strain relationship of the SHPB is dictated as
below,

2 =2GS+Atr(S)I (B3)
where the Green-Lagrange strain tensor is S = %[Vu +

(V)T +Vu- (Vu)T] , and G and A are the Lamé’s
coefficients, related to the material properties of Young’s
modulus E and Poisson’s ratio v, as:
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E
G= 2(1+v) (B4)
A=—2E (B5)

T (1+v)(1-2v)

APPENDIX C: VERIFICATION OF THE FSI
APPROACH AGAINST A BENCHMARK

Verification of the present CFD+CSM approach has been
conducted against the famous FSI benchmark case proposed
by Turek & Hron (2006). The case was named “FSI3” in the
reference. Since the full description is lengthy, only the most
salient points are given here.

The computational domain is divided into two parts, as
shown in Figure C1, in which blue denotes the fluid mesh and
red denotes the solid mesh. From the left boundary, a parabolic
velocity profile is generated and moving towards the right. The
flow interaction with a rigid cylinder structure (shown as the
white circle in Figure C1), which generates a vortex-induced
vibration for the elastic long beam. The velocity profile of the
flow and the vortex-induced vibration are displayed in Figure
C2. It can be seen that the flow field dynamically changes with
the deformed slender structure (comparing subfigures (a) and
(b)), indicating a two-way coupling of FSI is used in the
present approach.

FIGURE C1. Mesh setup for the verification case.

(a) Upwards deformation

(b) Downwards deformation

FIGURE C2. Screenshots of the simulation.

The displacement of the middle point of the beam tail is
measured and compared with the benchmark data, where the
calculation using the present approach shows almost identical
results as in the benchmark Figures on Page 259 of Turek &
Hron (2006), which verifies the present FSI approach very
well.
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FIGURE C3. Numerical results of the displacement for the middle point
of the tail using the present CFD+CSM model.
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