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Abstract

The paper aims at providing an up-to-date review on several latest advancements related to
particle methods with applications in coastal and ocean engineering. The latest
advancements corresponding to accuracy, stability, conservation properties, multi-phase
multi-physics multi-scale simulations, fluid-structure interactions, exclusive coastal/ocean
engineering applications and computational efficiency are reviewed. The future
perspectives for further enhancement of applicability and reliability of particle methods for

coastal/ocean engineering applications are also highlighted.
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multi-scale, fluid-structure interactions, floating bodies, coastal hydrodynamics, coastal

sediment transport, computational efficiency

1. Introduction

Due to their meshfree, Lagrangian nature, particle methods have been considered as
potentially robust computational tools for a wide range of scientific and engineering
applications. In particular, these new generation computational methods are intrinsically
suitable to solve engineering problems characterized by complex physics involving moving
boundaries and highly deformed interfaces such as those encountered in coastal and ocean
engineering. During the past two decades, a great number of studies have been conducted
on development and application of particle methods, including SPH [Smoothed Particle

Hydrodynamics; Gingold and Monaghan, 1977] and MPS [Moving Particle Semi-implicit;



Koshizuka and Oka, 1996] methods, for different fields of engineering including
coastal/ocean engineering. These studies were mainly focused on enhancement of
stability/accuracy as well as extension of applications.

Up to now, many studies have portrayed potential applicability of particle methods in
coastal/ocean engineering. Examples include simulations related to wave breaking [e.g.
Farahani and Dalrymple, 2014], wave overtopping [e.g. Shao et al., 2006], wave run-up
[e.g. Shadloo et al., 2015], wave impact [e.g. Altomare et al., 2015], wave-induced
nearshore circulation system [Farahani et al., 2014], violent sloshing [e.g. Gotoh et al.,
2014], oil spilling [e.g. Violeau et al., 2007; Duan et al., 2017], green water on ships [e.g.
Le Touzé et al., 2010], sediment transport [e.g. Gotoh and Sakai, 2006] and fluid-structure
interactions [e.g. Colagrossi et al., 2015; Wei et al., 2015]. Several important key features
of particle methods for coastal/ocean engineering applications have been highlighted in a
number of review papers [Koshizuka, 2011; Shadloo et al., 2016; Gotoh and Khayyer,
2016; Violeau and Rogers, 2016; Gotoh and Okayasu, 2017].

Particle methods applied for free-surface fluid flows can be categorized into two
categories of weakly compressible and incompressible ones. The weakly compressible
particle methods such as Weakly Compressible SPH [WCSPH; e.g. Colagrossi and
Landrini, 2003; Dalrymple and Rogers, 2006] or Weakly Compressible MPS [WCMPS; e.g.
Tayebi and Jin, 2015] methods solve an appropriate equation of state in a fully explicit
form. The incompressible particle methods such as MPS or Incompressible SPH [ISPH; e.g.
Shao and Lo, 2003] methods solve a Poisson Pressure Equation (PPE) through a

Helmholtz-Leray decomposition [Foias et al. 2001] and application of Chorin's projection



method [Chorin, 1968]. Hence, they can be referred to as projection-based particle
methods.

Several comparative studies have investigated the performance of ISPH with respect to
WCSPH [e.g. Lee et al., 2008]. In general, projection-based particle methods are expected
to possess higher levels of accuracy, especially in terms of pressure calculation and volume
conservation, provided that accurate/consistent differential operator models are applied
along with careful implementations of boundary conditions [Gotoh and Okayasu, 2017].

This paper aims at reviewing several latest advancements made in the field of particle
methods, with applications in coastal/ocean engineering. The ongoing studies and existing
challenges will be also highlighted. The latest advancements correspond to accuracy,
stability and conservation properties, multi-phase multi-physics multi-scale simulations,
Fluid-Structure Interactions (FSI), exclusive coastal/ocean engineering applications
(floating bodies, coastal hydrodynamics, coastal sediment transport) and computational

efficiency.

2. Latest advancements
2.1. Accuracy, stability, conservation properties
The governing equations corresponding to free-surface fluid flows are the continuity and

Navier-Stokes equations written in a continuous framework as follows:
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where u denotes particle velocity vector; ¢ stands for time; p represents fluid density; p
symbolizes pressure; g signifies gravitational acceleration vector and v represents laminar
kinematic viscosity. It should be noted that Eq. (1) is written in the form of a compressible
flow. In general, particle-based simulations of the incompressible fluid flows have been
carried out in two different frameworks of fully-explicit WCSPH and semi-implicit
projection-based methods such as MPS and Incompressible SPH (ISPH). In the framework
of WCSPH, the relation between pressure and density is established via application of an

equation of state, in a general form as:
p=plp) (3)

In the literature, various forms of equations of state have been employed e.g. stiffened
equation of state (Eq. 4) [Monaghan, 2012] or linear form of equation of state based on

Taylor expansion of pressure around reference density p, (Eq. 5) [Antuono et al., 2010].
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where p,, signifies the reference density, p, denotes the ambient pressure, and c is the speed
of sound.

In projection-based particle methods, pressure is obtained based on enforcing the
constraint of incompressibility, i.e. Dp/Dt equal to zero (Eq. 1), at each particle and at each
calculation time step through application of Helmholtz-Leray decomposition and within a

prediction-correction procedure. At the end of each time step a Poisson Pressure Equation

PPE) is solved as:
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where At corresponds to calculation time step, k represents calculation step number, i and j
denote target and neighboring particles, respectively, m signifies particle mass, w;
symbolizes kernel function and r; denotes relative position vector of neighboring particle j
with respect to target particle i. In Eq. (6), the superscript * corresponds to the pseudo time
step k+1/2 (the end of prediction step of the two-step prediction-correction solution
process).

There are several different categories of schemes presented in the context of particle
methods to achieve more accurate solutions to the abovementioned equations. In addition,
there are several important studies on conservation properties of particle methods including

energy, momentum and volume conservations, that will be briefly reviewed in this section.



In the context of Weakly Compressible SPH (WCSPH), the so-called 3-SPH [Antuono
et al., 2010 and 2012], Riemann SPH [Inutsuka 2002; Gao et al., 2012; Rafiee et al., 2012;
Cercos-Pita et al., 2016] and higher-order accurate SPH [e.g. Colagrossi et al., 2011; Le
Touzé et al., 2013; Litvinov et al., 2015; Meringolo et al., 2017] have been proposed for
enhanced levels of accuracy and stability. Le Touzé et al. [2013] investigated different
numerical aspects in simulation of free surface flows by using WCSPH, where the effects
of numerical errors in creation of acoustic wave frequencies in the pressure field and the
choice of sound speed were discussed. In addition, Le Touzé et al. [2013] highlighted the
necessity of utilization of several numerical schemes (artificial viscosity, corrective term
for tensile stability and Periodic density reinitialization) for robustness and accuracy of the
WCSPH method.

In the framework of projection-based particle methods, refined differential operator
models have been presented to achieve a more accurate projection by using higher-order
and more consistent schemes as described in the review paper by Gotoh and Khayyer
[2016]. Several studies have been conducted on comparing the stability/accuracy of ISPH
with respect to WCSPH in simulation of 2D free-surface fluid flows, e.g. Rafiee et al.
[2012] and Zheng et al. [2014]. Jian et al. [2016] carried out a comparative study on 3D
WCSPH and ISPH methods in terms of numerical efficiency and accuracy, in simulation of
dam-break flows impacting fixed and movable structures. Zheng et al. [2017a] compared
several consistency-related corrections for pressure gradient calculation to achieve a more

accurate estimation of wave impact pressure.



For both WCSPH and projection-based particle methods (e.g. ISPH, MPS), a distinct
category of schemes, the so-called particle regularization schemes, has been developed to
enhance the regularity of particle distributions that would improve the accuracy, stability
and convergence properties. One of the well-known and robust particle regularizing
schemes with extended application to free-surface flows, corresponds to the so-called
Particle Shifting (PS) scheme initially proposed by Xu et al. [2009] and then extended to a
generalized form by Lind et al. [2012]. The PS scheme is founded on Fick's diffusion law
and a Taylor-series expansion for evaluation of particle quantities in new positions. This
scheme has been applied in both WCSPH [e.g. Sun et al., 2017] and ISPH [e.g. Leroy et al.,
2015] frameworks.

As another particle regularization scheme, the so-called DS (Dynamic Stabilization)
[Tsuruta et al., 2013] scheme tends to regularize particle distributions by generating
minimum required inter-particle repulsive force to keep them regularly spaced. This
repulsive force is generated in a radial and anti-symmetric, and thus momentum
conservative manner. Khayyer et al. [2017a] carried out a comparative investigation on
accuracy and conservation properties of the DS and PS schemes, in simulations of both
internal and free-surface flows in the context of ISPH method, where the superior
momentum conserving property of DS with respect to PS was shown numerically. The PS
was found to have relatively higher energy conservation properties and this indicated the
need for proposal of an enhanced DS. Khayyer et al. [2017a] also proposed an improved
shifting scheme referred to as Optimized PS (OPS) for accurate and consistent

implementation of particle shifting for free-surface flows.



In the framework of WCSPH, Adami et al. [2013] proposed a particle velocity
correction together with a consistent additional term in the momentum equation in order to
take the required modification of the advection velocity into account. The scheme was
proven to be effective in enhancing the accuracy and stability of internal flows. However,
extensions to free-surface flows do not appear to be straightforward. Oger et al. [2016D]
proposed a specific transport velocity within an ALE formalism, where the method was
shown to be robust and accurate for both internal and free-surface flows. Sun et al. [2017]
proposed an enhanced version of 6-SPH scheme with a particle shifting technique as well
as special treatment for particles that are close to the free-surface region. The o-SPH has
been further enhanced by implementation of a so-called TIC (Tensile Instability Control)
for stable/accurate simulation of high Reynolds number flows [Sun et al., 2018].

As for recent advancements related to conservation properties, Antuono et al. [2015]
investigated the energy balance in the 6-SPH [Antuono et al. 2010 and 2012]. They focused
on the dissipative effect of a diffusive operator inside the continuity equation through
performing a number of test cases. They eventually concluded that the dissipative effect
corresponding to diffusive operator is generally small and is activated when spurious
high-frequency acoustic components are stimulated. Cercos-Pita et al. [2016] conducted a
thorough study on several consistency conditions for a set of different existing diffusive
terms that are incorporated in the mass conservation equation. Also equivalence between
the diffusive term of the mass variation rate equation, used in the SPH Riemann solver, and
the diffusive term in the conservation of mass equation, used in 6-SPH was proved. All the

considered diffusive terms by Cercos-Pita et al. [2016] were shown to bring about a



challenge related to Thermodynamic consistency close to the boundaries where a physical
energy dissipation could not be guaranteed.

Cercos-Pita et al. [2017] studied the energy conservation properties of SPH in the
presence of fluid-solid interactions. Consistent solid boundary conditions were set by
extensions of the pressure and velocity fields on the solid particles. It was shown that, in
the presence of solid particles, the energy equation of the particle system includes some
extra terms depending on the pressure-velocity field extensions. It was found that these
terms are globally dissipative being thus consistent with Second Law of Thermodynamics,
yet, conjectured to result in extra dissipations.

Meringolo et al. [2017] presented a filtering technique based on Wavelet Transform for
high-frequency acoustic noises associated with weakly compressible SPH. They
highlighted that in cases of violent impact problems, special care should be devoted to the
filtering procedure, since removal of the acoustic component is not always possible
depending on the continuity or discontinuity of mechanical energy.

In the context of projection-based particle methods, the skew-adjointness of gradient and
divergence operators is required for an exact projection [Cummins and Rudman, 1999]
which is also a necessity for an exact energy conservation. Violeau [2012] highlighted the
skew-adjointness of gradient and divergence operators for energy conservation. Khayyer et
al. [2017b] conducted a detailed study on energy conservation properties of
projection-based particle methods, i.e. MPS and ISPH and highlighted the significance of
Taylor-series consistent pressure gradient models and enhancing effect of the
consistency-related Gradient Correction (GC) scheme in providing enhanced energy

conservation.
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Xu and Lin [2017] proposed a new two-step projection ISPH method by including
calculated pressure fields at both current (#) and subsequent (z+1) time steps in the
projection process. Accordingly, pressure gradients at both current and future time steps
were utilized with an equal weight in calculation of an updated intermediate velocity prior
to obtaining particle positions for future time step #+1. The updated intermediate velocity
and pressure fields were then interpolated using a second-order consistent (C2)
kernel-based interpolation to result in the final velocity/pressure fields at time step #+1. The
model was verified in simulation of a few test cases including linear and solitary wave
propagations in constant water depth and nonlinear wave transformation over a submerged
breakwater. The new two-step projection ISPH was shown to possess superior energy
conservation properties with respect to the traditional two-step projection-based one. Also,
in the context of projection-based particle methods, the concept of Space Potential Particles
(SPP) was developed by Tsuruta et al. [2015] by introducing a potential in void space to
improve the local volume conservation and reproduce physical motions of particles in the

vicinity of free-surface through a particle-void interaction.

2.2. Multi-phase, multi-physics, multi-scale simulations

Multi-phase flows, or flows characterized by distinct physical phases, are widely
encountered in a variety of problems associated with coastal/ocean engineering. In general,
multi-phase flows in coastal/ocean engineering comprise of multi-phase solid-liquid flows
and multi-phase liquid-gas flows. Presence of multiple simultaneous physical phenomena is
another important matter in coastal/ocean engineering problems, leading to so-called

multi-physics simulations. Another important issue regarding flows in coastal/ocean

11



engineering corresponds to the different physical scales being involved ranging from micro
to macro scales. From computational aspects, development of adaptive codes that can take
in different computational resolutions and thus can reliably model different physical scales,
would be of crucial importance. In this section, we review the latest advancements related
to multi-phase solid-liquid flows, multi-phase gas-liquid flows, as well as multi-physics and

multi-scales simulations.

2.2.1 Multi-phase solid-liquid flows

Typical examples of multiphase solid-liquid flows encountered in coastal/ocean
engineering include sediment transport and scouring that are of great importance, for
instance, in coastal morphological computations and design of coastal infrastructures. In
view of computational difficulties involved in tracking movable interfaces as well as
challenges in proper handling of interface discontinuities and appropriate implementation
of interface boundary conditions, simulation of multi-phase solid-liquid flows has been
among the challenging problems in coastal/ocean engineering.

In the context of particle methods, treatment of solid-liquid flows for sediment transport
is usually made within two distinct groups, namely, integrated continuum-based modeling
and continuum-discrete modeling where continuum fluid models are coupled with discrete
soil models. As for integrated continuum-based methods, a continuum particle-based model
for fluid is integratedly combined with another continuum particle-based model for soil
through incorporation of an appropriate soil model, e.g. by treating soil as a non-Newtonian
fluid [e.g. Razavitoosi et al., 2014] or an elastic-viscoplastic material [e.g. Ghaitanellis et

al., 2018].
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In the framework of integrated particle-based modeling of multi-phase solid-liquid flows,
Gotoh and Sakai [2006] presented a set of coastal engineering-related results by an
integrated liquid-solid MPS-based method. Among other works, Ghaitanellis et al. [2018]
coupled an elastic-viscoelastic model with SPH to model non-cohesive sediment transport.
A Drucker-Prager’s criterion was used as the yielding criterion below which the deviatoric
stresses were calculated based on a linear elastic model. A shear-thinning non-Newtonian
fluid model was set for the sediments beyond the yield stress. Bui and Nguyen [2017]
coupled SPH for pore-fluid (incompressible) with an elasto-plastic solid model in a
deformable porous medium.

As for continuum-discrete modeling, one of the most common applications of
particle-based methods in modeling solid-liquid interactions corresponds to the coupling in
between SPH/MPS and Discrete Element Method (DEM) methods. Ren et al. [2013]
developed a 2D DEM-SPH model for simulation of wave-structure interaction on a slope
and evaluated the hydraulic stability of the armor blocks on rubble-mound breakwaters.
Canelas et al. [2016] integrated the advanced contact mechanics theories with SPH and
presented a so-called DCDEM (Distributed Contact Discrete Element Method)-SPH for
resolved, accurate simulations of fluid-solid phases.

Harada et al. [2017] applied DEM-MPS coupling model for simulation of swash beach
process and highlighted the significance of seepage flow in this process. Fig. 1(a) presents
the computational domain corresponding experiments by Ma et al. [2004]. Both fluid and
DEM particle sizes are considered as dy = 5.0E-3 m. The Young’s modulus and Poisson’s

ratio are set as £ = 5.0E+6 Pa and vy, = 0.3, respectively. Permeable bed surface is
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composed of gravel particles with 0.15 m thickness (4. = 0.15 m) in Fig. 1(b-c), and gravel
and plastic particles with 0.20 m thickness (4, = 0.15 m) in Fig. 1(d-e), corresponding to
experiment by Ma et al. [2004]. The frictional coefficient, g, is set 0.577 for gravel and 0.3
for plastic particles. Fig. 1(b-c) illustrates a qualitative comparison of exfiltration process
between simulation and experiment by Ma et al. [2004]. As shown in this figure, the
exfiltration process of dye is reproduced well by DEM-MPS coupling model, which
validates the accuracy of DEM-MPS coupling model for reproduction of seepage flow. Fig.
1(d-e) portrays typical snapshots of particles together with horizontal velocity distributions,
where DEM-MPS coupling model is shown to have a potential in simulating the movement
of bed surface as well as to reproducing the seepage flow inside a permeable bed.

Indeed, the choice of selection of either integrated continuum-based or
continuum-discrete modeling would depend on the problem of interest and the behavior of
targeted soil. For instance, as for granular materials, discreteness of the system and
consideration of rotational degrees of freedom may become crucially important and in such
a case, DEM can be considered as an appropriate tool provided that accurate prediction of
input parameters are made [Coetzee, 2017]. A challenge in continuum-discrete modeling
would be related to precise implementation of a mathematically sound and physically
consistent coupling in between continuum-based fluid model and discrete soil model. As
for integrated continuum-based models, selection of appropriate constitutive equations that
can well describe the rheological properties of granular materials, for instance, would be of
significant importance. An integrated continuum-based approach is expected to provide a

more manageable framework for accurate implementation of a mathematically sound,
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physically consistent coupling, with more accurate imposition of fluid-soil interface

boundary conditions.

2.2.2 Multi-phase liquid-gas flows
The liquid-gas multi-phase flows are of great importance in many significant phenomena in
coastal/ocean engineering such as hydrodynamic slamming, violent sloshing and violent
aerated wave impacts. Numerical simulation of the mentioned liquid-gas multiphase flows
is among the most challenging topics for coastal engineers. In fact, the complexities
involved in multi-phase problem mainly arise from the sharp/abrupt density variation at the
phase interface that would lead to a mathematical discontinuity of density and accordingly
a discontinuous pressure gradient field. At the same time, for multi-phase flows
characterized by large deformations of phase interfaces, particle methods provide a
substantial potential of flexibly/conservatively handling sharp interfaces without a need for
an interface capturing scheme (e.g. VOF, Level-set, etc.). In addition, compared to
mesh-based methods, particle methods can provide superior results for violent multi-phase
flows characterized by air entrapment/entrainment due to their meshfree Lagrangian
features. Indeed, for a precise modeling of multi-phase liquid-gas flows in the context of
coastal/ocean engineering, e.g. estimation of energy dissipation corresponding to breaking
waves [Mori and Kakuno, 2008, Stagonas et al., 2011], an appropriate surface tension
model should be incorporated.

There have been several attempts for development of accurate particle-based multiphase
methods that can deal with mathematical discontinuity of density at the phase interfaces. In

most of the conducted studies, specific numerical treatments were considered at the phase
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interface in order to improve the stability. Such numerical treatments include artificial
repulsive pressure force [Monaghan and Rafiee, 2013], artificial surface tension force
[Colagrossi and Landrini, 2003], particle shifting scheme [Lind et al., 2015 and 2016b;
Mokos et al., 2017] or density smoothing schemes [Gotoh and Khayyer, 2016]. In the
context of projection-based particle methods, Khayyer and Gotoh [2016] developed an
extended version of ECS scheme to minimize the projection-related errors in an air-water

compressible—incompressible multi-phase calculation for wave slamming.

2.2.3 Multi-physics simulations

In many problems encountered in coastal/ocean engineering multiple simultaneous physical
phenomena exist. Examples include, FSI (Fluid-Structure Interactions), coastal-related heat
diffusion problems such as diffusion of heated effluents and fluid flow interactions with
porous media.

One of the most interesting multi-physics applications of particle-based methods in
coastal engineering corresponds to fluid flow interactions with porous media, which is of
great importance in evaluation of stability and reliability of several important coastal
infrastructures. Although in some studies, interactions between fluid flow and porous media
have been modeled in pore-scale [e.g. Ovaysi and Piri, 2012], simulation of fluid flow
interactions with porous media from macroscopic viewpoint is of particular interest. In the
macroscopic modeling, the effects of porous media can be considered by including linear
and non-linear resisting force terms in the momentum equation [e.g. Ren et al., 2014; Gui et

al., 2015].
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In the context of projection-based methods, Shao [2010] presented an ISPH-based model
for simulation of wave interactions with porous media. The effect of porous media was
represented by additional friction force terms in the Navier-Stokes equation. Khayyer et al.
[2017c] developed an Enhanced ISPH-based numerical method for simulation of fluid flow
interactions with saturated porous media. Taking advantage of a set of enhanced schemes
[Gotoh and Khayyer, 2016; Gotoh and Okayasu, 2017], the ISPH-based method provided
an accurate representation of fluid flow-porous media interface without any special
boundary treatment.

More complexities arise in simulation of fluid flow interactions with unsaturated porous
media. Peng et al. [2017] considered the concept of volume fraction in the framework of
so-called mixture theory, in order to provide a more rigorous representation of interface
treatment. The approach by Peng et al. [2017] can be extended to reproduce fluid flow
interactions with unsaturated porous media. The concept of variations of particle volume
was incorporated in a multi-resolution MPS method by Ikari et al. [2017] for fluid flow
interactions with unsaturated porous media. In the study by Bui and Nguyen [2017], the
interaction with porous media as well as the deformation of porous media were well
reproduced by incorporating elastic-plastic behavior of porous media.

In another interesting study related to multi-physics simulations, Kazemi et al. [2017]
developed a 2D SPH-based method for simulation of depth-limited open channel turbulent
flows over hydraulically rough bed. The model was founded on the solution of
Navier—Stokes equations with incorporation of a shear stress term corresponding to the bed

form-induced drag, along with a turbulence shear stress term obtained by modified version
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of SPS model. A mixing-length approach was proposed instead of standard Smagorinsky

method for calculation of eddy viscosity in the modified SPS turbulence model.

2.2.4 Multi-scale simulations

The need for huge amount of computational power, in terms of both computational
processing, i.e. Central Processing Unit (CPU) or Graphic Processing Unit (GPU), as well
as computational memory, i.e. Random Access Memory (RAM), has been always among
the great challenges in particle-based simulations of complex phenomena in coastal/ocean
engineering, especially for 3D calculations. On the other hand, most critical phenomena for
which spatial resolution refinements are required usually occur inside a limited region of
the whole computational domain. Hence, development of multi-resolution schemes for
implementation of particle methods on a multi-scale computational system would lead to
considerable improvement of computational efficiency as well as adaptivity.

In the framework of SPH, dynamic particle refinement algorithms in two and three
dimensions are developed and validated by Vacondio et al. [2013] and Vacondio et al.
[2016], respectively. In the mentioned studies, coarse particles in low resolution area,
namely “mother particles”, are to be split into sets of finer particles namely “daughter
particles”, when mother particles enter high resolution area. Xiong et al. [2013]
implemented Adaptive Particle Splitting and merging (APS) technique for SPH method on
GPU. Particle splitting and merging were set based on a prescribed criterion. Hu et al.
[2017b] further enhanced the APS technique by utilizing higher order interpolation scheme

in merging process and applied the multi-resolution SPH-based simulation of
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fluid-structure interactions. Sun et al. [2017] proposed an algorithm for repositioning the
particles in multi-resolution simulations by using a generalized particle-shifting scheme.

As for application of multi-resolution schemes in projection-based particle methods,
Tsuruta et al. [2016] developed a multi-resolution scheme for implementation of
MPS-based model on sets of particles with multi-scale refinements. Tang et al. [2016]
developed improved multi-resolution scheme by utilizing averaged influence length as well
as employing a modification parameter in weight averaging process. Shibata et al. [2017]
proposed overlapping particle technique, based on which separated domains of high and

low resolutions were connected to each other by considering an overlapping region.

2.3. Fluid-structure interactions

A great number of substantial problems associated with coastal/ocean engineering are
entangled with highly interactive systems including violent fluid flows and structures.
Interactions between wind induced waves and coastal structures, hydrodynamic slamming
of marine vessels, tsunami/storm surge impact on onshore structures are instances of
essential FSI challenges in the field of coastal/ocean engineering.

With respect to the intrinsic properties of most challenging FSI problems in
coastal/ocean engineering (e.g. existence of violent free-surface flows, presence of
large/abrupt hydrodynamics loads and consequently large structural deformations), particle
methods e.g. SPH or MPS have the merits of being robust candidates for computational
modeling of these important phenomena. Therefore, in recent decades, many efforts have
been devoted to development of particle-based methods for modeling the FSI problems

related to coastal and ocean engineering.
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In general, fluid-structure interactions can be divided into two major categories of fluid
flow interactions with rigid structures and deformable ones. In the following subsections,
the state-of-the-art of research on particle-based simulation of fluid flow interactions with

rigid and deformable structures is described.

2.3.1 Fluid flow interactions with rigid structures

As for fluid flow interactions with rigid structures, Gomez-Gesteira et al. [2005] simulated
wave overtopping on the decks of fixed offshore platforms and ships by using the SPH
method and investigated the effects of presence of horizontal deck on wave kinematics. Le
Touzé et al. [2010] employed SPH method for reproduction of green water phenomenon
(flooding of a ship's deck) in two different scenarios. The first scenario corresponded to the
interaction between a vessel and undulating travelling waves. The second scenario was
related to the transient flooding behavior immediately after a side collision between two
vessels.

Marrone et al. [2011] studied the wave pattern generated by high speed slender ships
with sharp stems based on 2D+t approach. According to 2D+t method, the longitudinal
gradients of flow quantities of interest were assumed to be small compared with vertical
and transverse gradients. Accordingly, the steady 3D problem was simplified, leading to
equations mathematically equivalent to those governing the unsteady 2D free-surface flow
generated by a deformable body in the vertical plane transverse to the ship.

Marrone et al. [2012] carried out a precise analysis on 3D wave pattern generated by a
ship in stationary forward motion with specific attention to the bow breaking wave using a

3D parallel SPH solver. Gao et al. [2012] applied a 2D SPH model for simulation of regular
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wave slamming on an open-piled structure. The model benefitted from kernel normalization
(Corrected Smoothed Particle Method) and Riemann solver to discretize the continuity and
Navier-Stokes equations. Barreiro et al. [2013] studied nonlinear behavior of fluid flow
interacting with a rigid structure by using WCSPH (DualSPHysics code). The results of
simulations were verified with respect to analytical solutions and experimental data. The
model was used for simulation of complex wave-structure interaction, by reproducing a
case study in real scale.

Altomare et al. [2014] performed 3D SPH-based simulations by using DualSPHysics
code on run-up and wave interaction with a rubble mound breakwater. The response of
armoured structure due to periodic wave was studied. The reproduced run-up heights were
validated with respect to empirical solutions and experimental data. Altomare et al. [2015]
implemented SPH (DualSPHysics) for simulation of wave action on coastal structures
including vertical quays and storm return walls. The results of the simulation of regular and
random wave interaction with vertical quay walls and storm return walls were verified with
respect to semi-empirical solutions and experimental data. Wei et al. [2015] studied the
impact of a tsunami bore on simplified bridge piers using SPH method on GPU. The effects
of the shape and orientation of bridge pier with respect to free surface were carefully taken
into account. The lea wake unsteady flow regimes and hydrodynamic force were
investigated. Gong et al. [2016] proposed a two-phase liquid-gas WCSPH method for
fluid-structure interactions with an improved solid boundary treatment for the considered
rigid structures. Zheng et al. [2017b] presented an improved solid boundary treatment of
ISPH by using a Simplified Finite Difference Interpolation (SFDI) scheme for the 2D

wave-structure interaction problems.
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Lind et al. [2015] investigated the impact of a rigid horizontal plate onto a wave crest as
well as a flat water surface by using a two-phase Incompressible-Compressible SPH
(ICSPH) method where a projection-based ISPH for the liquid phase was coupled with a
WCSPH for the gas phase. The coupling was made based on the imposition of kinematics
from water phase on the air phase and imposition of pressure from the air phase on the
water phase at the interface. The results obtained from numerical simulations were
compared with experimental measurements. From the obtained results, it was concluded
that air cushioning is of significant effect in case of impact on a flat water surface and this
effect is reduced in case of waves, as the ratio of wave height to wave length increases.

Marrone et al. [2017] employed SPH for reproduction of the impact of smooth and
corrugated panels on the water surface. Experimental studies on wet drop tests for both flat
and corrugated panels were carried out and variations of pressures during the impact were
investigated at several reference points along the panel surface. The model was first applied
to the simulation of water entry test of a flat panel with a deadrise angle of 4°. Then, the
slamming of Mark III type panel (a corrugated insulation panel), usually utilized in LNG
tanks, was reproduced.

Fig. 2(a) shows the schematic side and bottom views of the modeled Mark-III insulation
panel along with the position of pressure probes, for instance P53. Three sets of SPH-based
simulations were conducted by Marrone et al. [2017] including 2D simulation with a
single-phase model, 3D simulation with a single-phase model and 2D simulation with a
two-phase model. Fig. 2(b) illustrates the snapshots corresponding to water impact of Mark
III type corrugated insulation panel at ¢ = 0.025 s. The presented snapshots portray the

robustness of SPH for detailed modeling of complex ocean engineering problems. Fig. 2(c)
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presents the results corresponding to the time history of pressure at probe P53 (close to the
panel edge). From the presented figure, the most accurate results correspond to the
two-phase SPH model, even if for P53, air cushioning is not expected to be essential.

Aristodemo et al. [2017] carried out numerical and experimental studies related to
impacts of solitary waves on a submerged horizontal circular cylinder. The numerical study
was performed by using a diffusive WCSPH. The acoustic waves produced within the
numerical simulation of pressure field were filtered through the application of Wavelet
Transform. The hydrodynamic coefficients in the Morison and transverse semi-empirical
equations were calibrated based on the consistency in between experimental and numerical
forces and kinematics at the cylinder.

Lind et al. [2017] conducted a study on the -capabilities of multiphase
Incompressible-Compressible SPH (ICSPH) [Lind et al., 2015] in estimation of the impact
pressures due to the focused wave slamming on a fixed horizontal deck. The numerical
results were verified against experimental data. Experiments were carried out in a flume of
17 m length, 1.3 m width and 1.0 m height. The study was limited to single focused wave
interaction with the deck.

Fig. 3(a) illustrates a schematic sketch of the experimental conditions related to the
deck along with the positions of pressure transducers (P1-P6) in the study by Lind et al.
[2017]. The experimental conditions were adjusted as close as possible to a
two-dimensional case, providing a consistent setup with numerical simulations. The
computational domain is also portrayed in Fig. 3(a). The numerical simulation was
initialized at 0.5 s before the focal time #r = 21.36 s with the wave profile for the water

phase provided by the linear theory. The boundaries of the water domain J6Q,, were set
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based on the predefined analytical pressure boundary conditions obtained from the linear
wave theory, all through the domain, except at the intersection 0Q,,NdQ,, where the water
boundary pressure was determined by the air phase (Fig. 3a). A buffer zone was designated
at the outer region of the air phase at which air velocity was reduced using an exponential
damping function. The dimensions of both the water and air phases, 09, and 0Q,
respectively, varied in time, but initial setup was as 0Q,, = [7.5, 8.5] m x [0.3, 0.5 + #] m
and 0Q, =[7.6, 8.4] m X [0.5 + », 0.75] m where # denotes the wave elevation at initial time
to=tr =0.5s.

Fig. 3(b) and (¢) depict the particles distribution as well as pressure contours obtained
from Lind et al.'s ISPH-based simulations without and with considering the air phase,
respectively, at £ = 21.039 s. From Fig. 3(¢), air cushion has undergone a rapid collapse,
due to the continued increase in ambient fluid pressure field from the progressing wave.
This collapse is followed by a nearly horizontal slam of the water surface. On the other
hand, Fig. 3(b) demonstrates progression of a contact line that continues to run smoothly
along the deck underside with no significant slam event evident. Fig. 3(d) presents the
pressure time history at P2 (Fig. 3a) in comparison with the experiment. It should be
mentioned that the experimental results presented in this figure are not filtered. From Fig.
3d), the ICSPH has performed well in reproducing the envelope of the experimental time
series, including the duration of the impact.

Bouscasse et al. [2017] carried out SPH-based simulations on fluid flow impacting a
cylinder at or close to the free surface with Reynolds number of 180. The vortex formation
patterns were studied for Froude numbers in between 0.3 and 2.0, based on the diameter,

and for submergence-diameter ratios in between -0.5 and 2.5. Ferrand et al. [2017]
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presented an extension to the unified semi-analytical boundary conditions for SPH with
Riemann solver for setting the unsteady open boundaries with complex shapes in confined
and free-surface flows. The method was validated in simulation of water waves generation

and free outlets.

2.3.2 Fluid flow interactions with deformable structures

The computational methods developed for simulation of fluid flow interactions with
deformable elastic structures in the context of particle methods can be classified into two
major categories as: 1) FSI solvers developed by coupling the particle methods with other
computational methods (either analytical or numerical) and ii) integrated fully-Lagrangian
particle-based (meshfree) FSI solvers. As for the first category, i.e. partially particle-based
FSI solvers, several efforts have been made for developing coupled solvers that
concurrently benefit from appropriate Lagrangian formulation of particle-based methods
along with taking advantage of straightforward and well-developed configurations of other
computational frameworks. For example, Liang et al. [2017] employed Incompressible
SPH method to investigate the impact of solitary waves on movable seawalls, represented
as spring-controlled objects.

One of the most common strategies for computational FSI has been conducted by
coupling the particle-based methods and Finite Element Method (FEM). In this regard,
Fourey et al. [2010] coupled Weakly Compressible SPH (WCSPH) with FEM in simulation
of violent interactions due to hydroelastic slamming. Fourey et al. [2017] made a
comprehensive study on convergence and robustness of SPH-FEM coupling and presented

an efficient coupled method for violent FSI modeling.
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Integrated particle-based FSI solvers, i.e. fully-Lagrangian meshfree coupled FSI solvers,
are advantageous from different perspectives. First, an integrated fully-Lagrangian
meshfree solver can potentially lead to precise and consistent imposition of fluid-structure
interface boundary conditions. In addition, an integrated framework is advantageous from
the viewpoint of adaptivity (multi-resolution modeling) and applicability. Also, in view of
prominent capabilities of particle methods for both fluid and structural dynamics, e.g.
fracture mechanics, an integrated FSI solver can be effectively further developed. As for
integrated particle-based FSI solvers, Antoci et al. [2007] developed an integrated
SPH-based coupled model for interaction between inviscid fluid flows with deformable
structures. Oger et al. [2010] coupled WCSPH method with a hypoelastic SPH-based
structure model in simulation of several test cases associated with hydroelastic slamming.

In the context of projection-based particle methods, Rafiee and Thiagarajan [2009]
developed a fully-Lagrangian meshfree FSI solver by coupling a simplified
projection-based incompressible SPH model with a hypoelastic SPH-based structure model.
The term simplified is highlighted here, as the PPE in the work of Rafiee and Thiagarajan
[2009] was solved in an explicit manner through an assumption of negligible pressure time
variations. Hwang et al. [2014] developed an enhanced fully-Lagrangian FSI solver based
on coupling between projection-based MPS method and a linear elastic structure model.
The structure model was based on conservation equations of linear and angular momenta,
for an isotropic linear elastic solid. The equation for conservation of linear momentum is

described as:
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where, u represents velocity vector, psstands for density of structure particle, s denotes the
stress tensor of structure particle, ¢ is the strain tensor, Fr,, s corresponds to the interaction
force acting on interface from fluid (F) to structure (S) particles and I symbolizes the unit
tensor. In Eq. (8), s and us are Lame’s constants, i.e. mechanical properties of the material,

calculated from Young’s modulus, Es, and the Poisson’s ratio, vs, as follows:
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Conservation of angular momentum is involved in the solution process according to Eq.

(10).
Dﬂt(zw)szgt(mmu)s (10)

where I, @ and m represent moment of inertia, angular velocity vector and mass of particle,

respectively.
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Recently, Khayyer et al. [2017¢] and [2017d] have presented some results of newly
developed FSI solvers by coupling an enhanced projection-based Incompressible SPH fluid
model with a SPH-based structure model as well as an enhanced MPS fluid model with a
MPS-based structure model, referred to as Enhanced ISPH-SPH and Enhanced MPS-MPS,
respectively. An important fact in development of these newly developed FSI solvers
corresponds to exact satisfaction of fluid-structure interface boundary conditions including
continuity of normal stress. Fig. 4 shows some qualitative simulation results of
hydrodynamic slamming tests on Solid Glass (SG) fiber single skin panel [Allen, 2013] by
Enhanced ISPH-SPH and MPS-MPS FSI solvers. In the experiment, the panels of 1.03 m
length and 0.6 m width were being carried on a rig capable of driving either with constant
or variable velocities in the range of deadrise angles from 0° up to 40°. The extremities of
the panel were simply supported by a fixture frame, setting an unsupported area of 0.99 m
by 0.485 m between simply supported edges of the test fixture. The lower supported edge
was representative of keel while the upper as chine. The 9.5 mm thick SG panel was of 1.52
kNm bending stiffness and 4.4E+04 kN/m shear stiffness. With respect to the experimental
restraining conditions, for 2D simulations the panel was restrained at two points leading to
a free span of 0.485 m, representing the inner edges of the fixture frame, as shown in Fig.
4(a). The initial particle spacing in simulations was set as 0.0019 m.

Fig. 4(b-e) demonstrates a set of snapshots corresponding to the test case of SG
slamming at water surface with a velocity of 4 m/s (v =4 m/s, v is the vertical component
of velocity) by Enhanced MPS-MPS and ISPH-SPH FSI solvers at = 20 ms and ¢ = 24 ms,
respectively. From the presented figure, high-level performance of FSI solvers in

reproduction of stable/smooth stress/pressure fields is evident. The results were also
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compared against experimental data in terms of time histories of structural deflection and

hydrodynamic pressure field at specific measuring points.

2.4. Exclusive applications for coastal/ocean engineering problems

Particle methods have been directly and exclusively applied to solve several important
coastal/ocean engineering problems. Indeed, the fully-Lagrangian meshfree features of
particle methods would make them excellent candidates to solve problems that are not easy
to be precisely/flexibly targeted by conventional grid-based methods. Examples include,
simulation of floating bodies (especially those under extreme sea states), aerated wave
breaking, violent wave impacts, surf/swash zone hydrodynamics and sediment transport. In
the following subsections, several exclusive applications of particle methods for
coastal/ocean engineering problems are reviewed. These exclusive applications are divided
into three categories of floating bodies, coastal hydrodynamics and coastal sediment

transport.

2.4.1. Floating bodies

One of the most interesting applications of particle methods for coastal/ocean engineering
corresponds to the modeling of floating objects including those moored to the sea bottom.
In this regard, particle methods are especially well suited for violent fluid flows interacting
with floating bodies of complex geometries, due to their meshfree Lagrangian features, as
highlighted by Liu and Liu [2015]. Gomez-Gesteira et al. [2012a] described the SPH-based
formulations used in SPHysics along with enhancements in terms of density filtering,

Arbitrary Lagrange-Euler (ALE) schemes and Riemann solvers. Also boundary conditions
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employed in SPHysics capable of handling floating objects in fluid-structure interactions
were introduced. They presented the results of simulation of wave evolution by
conservative and non-conservative Riemann solvers. Bouscasse et al. [2013] applied a
Weakly Compressible SPH (WCSPH) solver for simulation of nonlinear interaction of
water waves and floating bodies. Ghost-fluid technique was used for imposition of no-slip
boundary condition on the solid surface. They developed an explicit synchronous algorithm
for coupling the fluid and rigid bodies.

Bilotta et al. [2014] developed a SPH-based model for simulation of 3D dam-break on a
natural topography with floating objects. The boundaries were set according to unified
semi-analytical boundary model of Ferrand et al. [2012] based on a re-normalizing factor
for enforcing the boundary terms. This factor depends on the local shape of a wall and on
the position of a particle relative to the wall. The 3D SPH simulations were conducted by
CUDA-enabled GPUs, leading to high computing performance.

Ren et al. [2015] studied nonlinear interactions between waves and floating bodies by
WCSPH method. They proposed an improved treatment algorithm for moving boundary of
the floating body based on the Dynamic Boundary Particles (DBPs). The DBPs follow the
same equations of continuity and state as the fluid particles, but not the same momentum
equation. The forces exerted on the floating body boundary particles were estimated using
the volume integration of the stress tensors. Ren et al. [2017] simulated the nonlinear
interactions between waves and moored floating breakwater by using WCSPH. Solid
boundaries were treated as two layers of DBPs. The mooring line system was modeled as a

light spring model and the gravity effect and volume of the mooring lines were neglected.
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The interactions between waves and structures were modeled by setting a series of SPH
particles on the boundary of the structure.

Lind et al. [2016a] employed ISPH for evaluation of the hydrodynamic loads due to
breaking/non-breaking waves, within inertia-dominated ranges of waves. The
hydrodynamic wave-induced forces on the bodies of relatively small diameter (with respect
to wave length) were calculated based on Froude-Krylov force, along with an additional
term associated with added mass. According to the results of their study, breaking wave
force magnification was consistent with the experiment in case of fixed vertical column
exposed to regular waves on a small slope. For the case of focused waves, the peak forces
due to initial interaction were reported to be in good agreement with the experiment. Fig.
5(a) and (b) demonstrate the formation of plunging wave breaker of focused wave with jet
impacting the cylinder. The wave maker input was validated and good agreement was
obtained in reproducing the wave elevation in front of the cylinder as it can be observed in

Fig. 5(c) (especially before and at the instant of plunging jet impact, # ~ 11.8 s at Fig. 5a).

In addition, the estimated forces by using the concept of Froude-Krylov were in relatively
good agreement with those measured in the experiment (Fig. Sd). It was concluded that,
despite the relatively high velocities of the plunging jet (see Fig. 5b), in this case, taking
just undisturbed flow field into consideration does make sense and results in a reasonable
agreement in terms of the total loading on the cylinder. In the case of taut moored
hemispherical buoy exposed to steep focused waves, the loads and motion without

snatching were likely to be approximately independent of added mass coefficient.
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Crespo et al. [2017] applied a well-known open source SPH-based code, namely,
DualSPHysics, for simulation of interaction between sea waves and an Oscillating Water
Column device (OWC). The effect of mooring systems on a floating offshore OWC was
studied by using WCSPH. The simulations were conducted in single-phase. The setup of
the computational domain is shown in Fig. 6. The configuration and dimensions of the
OWC was set based on computational purposes rather than realistic OWC. The channel was
of 12.8 m width and 190 m length, with a 57 m distance in between piston and the OWC.
The maximum depth was 10 m with a flat region of 80 m connected to a beach of 8° slope.
The floating OWC device itself was 3 m tall and 2.2 m wide with a 1 m tall opening. The
device was supported by a squared floating structure. The whole system was exposed to
open sea extreme wave conditions and was moored to the sea bottom by four lines with a
total length of 14 m and a wet volumetric density of 7850 kg/m’. The initial particle
spacing was set as 0.15 m, leading to a total number of 3,700,000 particles. Regular waves
(H=18m, T=9.0s,d=10 m with L = 81 m) were reproduced as preliminary results of
free-surface oscillations inside an offshore floating OWC in an open ocean. A 3D
numerical tank was designed with a passive wave absorption in form of dissipative beach at
the end of the tank and an active wave absorption system (AWAS) to absorb any reflected
wave energy from the impact with the external front wall of the floating OWC. Open
periodic boundaries were used in the direction perpendicular to the incoming wave
direction. Fig. 6(a-f) demonstrates snapshots corresponding to the velocity field at different
instants of the simulation. As it can be seen, by modeling only regular non-breaking waves
with the use of an active wave absorption system, a regular pattern of surface oscillations

could be obtained.

32



Canelas et al. [2017a] proposed an integrated framework for modeling
fluid-structure-structure coupled systems, by implementing the Project Chrono library in
the DualSPHysics code. They applied the coupled method into several cases as fully jointed
WaveStar Wave Energy Converter (WEC) with a non-linear power take-off system, a tidal
turbine with two relative degrees of freedom and a water mill allowed for rotation due to
the impact of a water jet. The DVI implementation of Project Chrono provided precise
Coulomb friction modeling for sticking, rolling and sliding contacts. Fig. 7 shows a
WaveStar machine idealized as a WEC driving a set of half-submerged buoys. Under
normal operating conditions, a trivial linear analysis model can be used to recover the
machine response, but CFD or experimental set-ups were required to analyze extreme
conditions. With setting the regular wave maker, 2" order waves of the same amplitude as
the height of the buoys and a wavelength equal to their distance were generated, causing
breaking at the buoy locus.

By introducing a Rigid Module and Flexible Connector (RMFC) multi-body system
within a multi-phase SPH-based method, Shi et al. [2018] reproduced the failure process of
a flexible floating oil boom. Simulations of the dynamics of a flexible floating boom
containing industrial gear oil were conducted under the action of combined waves and
currents. Good agreements were achieved in between SPH simulation results and the
experimental data in terms of the ambient wave—current field, hydrodynamic responses of
the floating body and evolution process of the oil slick for the flexible boom. Fig. 8
portrays a set of snapshots illustrating different stages of oil slick propagation due to
variation of current velocity. The figure depicts the capability of SPH in reproducing fluid

current interaction with a flexible floating oil boom.
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The dimensions of the boom in the experiment conducted by Shi et al. [2018], presented
in Fig. 8, were set as; floater diameter equal to 0.1 m, skirt length as 0.1 m and skirt
thickness as 0.005 m. The skirt of the flexible boom comprised of 4 modules connected by
freely-rotating connectors. The computational domain for SPH-based simulations was set
as 10.0 m length with the floating boom placed in the middle of the flume. A 0.02 m thick
slick of industrial gear lubricant CKC680 with molecular viscosity and reference density
being 1625 mm*/s and 890 kg/m’ was spread on the upper layer of water surface within a
length 1m at the upstream side of bloom. The initial particle spacing was set as 0.005 m for

all the particles.

2.4.2. Coastal hydrodynamics

With respect to crucial properties of coastal/ocean hydrodynamics characterized by
violent/complex free surface flows, e.g. in wave breaking, overtopping, run-up, wave
impact, green water, etc., Lagrangian meshfree particle methods have been proven to be
excellent computational candidates [Violeau and Rogers, 2016; Gotoh and Okayasu, 2017].
Accordingly, many efforts have been dedicated to development of particle-based
computational methods for application in crucial problems associated with coastal
hydrodynamics.

Dalrymple and Rogers [2006] presented the capabilities of SPH method in reproduction
of breaking waves on beaches in two and three dimensions, green water overtopping on
decks, and wave-structure interaction. The method was enhanced with Shephard filtering
scheme, new time stepping and Sub-Particle-Scale turbulence model [SPS; Gotoh et al.,

2001]. Crespo et al. [2008] implemented SPH method for simulation of wave propagation
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toward the coast and for analyzing the nature of overtopping on coastal structures under
storm condition. Li et al. [2012] investigated the propagation of solitary wave in shallow
water by using WCSPH method. The model was verified for the case of incident solitary
wave propagating on various bed configurations. The fission processes of both
non-breaking and breaking solitary waves were studied. Gomez-Gesteira et al. [2012b]
examined the efficiency of SPHysics by reproducing creation of waves by landslides,
dam-break propagation over wet beds and wave-structure interaction.

Farahani and Dalrymple [2014] studied the turbulent vortical structures under broken
solitary waves by using the SPH method. They investigated the generation mechanisms and
geometric configurations of coherent structures under broken solitary waves. Marrone et al.
[2015] investigated the energy dissipation involved in liquid impacts in both of the
frameworks of the weakly compressible SPH (WCSPH) and incompressible models
(Level-Set Finite Volume Method). They carried out their study on the impact of two water
jets in 1D and 2D framework, representing the prevalent phenomena during the evolution
of plunging wave breaker, being responsible for a considerable amount of the energy loss.
Altomare et al. [2015] presented a hybrid SWASH (Simulating WAve till SHore)-SPH
model for real coastal applications, and more specifically, for interaction of sea waves with
coastal structures. In that study, a one-way coupling in between SWASH wave model and
DualSPHysics was carried out with a hybridization point where the information of the
generated waves obtained by SWASH were passed to DualSPHysics. Waves in
DualSPHysics were generated by means of a moving boundary whose displacement in time

was reconstructed using the velocities provided by SWASH.
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Wen et al. [2016] developed a WCSPH-based method in closure with SPS turbulence
model (Gotoh et al. [2001]) for 3D simulation of wave interaction with coastal structures.
The model was applied to simulate wave interactions with a vertical breakwater and a
vertical cylinder. The developed SPH code enabled the construction of an appropriate
numerical wave basin, allowing simulation of larger wave fields than those considered in
commonly developed SPH models.

Makris et al. [2016] performed a numerical study on the propagation and breaking of
shore-normal, nonlinear and regular waves. The 2D kinematics and dynamics of wave
induced regimes in a surf-zone were reproduced by using SPHysics. Altomare et al. [2017]
performed comprehensive simulations on wave generation and absorption for second-order
long-crested monochromatic and random waves by using WCSPH-based DualSPHysics
code. A piston-type wave maker was considered and second-order regular and random
waves were generated along with passive and active wave absorption systems. Passive
absorption was produced by using a damping system to prevent wave reflection from fixed
boundaries of the numerical flume. The active wave absorption was designated to prevent
spurious reflection from the wave maker. These implementations were validated with
theoretical solutions and experimental results, in terms of water surface elevation, wave
orbital velocities, wave forces and capacity for damping the re-reflection inside the fluid
domain.

Zhang et al. [2017] presented a low-dissipation WCSPH method for modeling violent
free surface flows by modifying the Riemann solver, ensuring minimized numerical
dissipation for expansion or compression waves. In addition, wall boundary conditions

based on the one-sided Riemann solver were imposed capable of handling violent
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breaking-wave impacts. Yeganch-Bakhtiary et al. [2017] conducted a study on the
hydrodynamics of standing waves interacting with a caisson breakwater by a 2D WCSPH
model. The effects of wall steepness on the wave hydrodynamics were investigated by
consideration of the patterns of steady streaming for both fully and partially standing
waves.

In the context of projection based methods, Akbari [2017] carried out simulations on
wave overtopping by using SPH method for various coastal structures. The viscosity of
surface particles was modified based on the concept of surface viscosity [Xu, 2010]. The
value of the introduced surface viscosity depended on flow velocity, velocity gradient,
modeling condition and shape of the utilized kernel. The proposed model was verified in
simulation of different cases of dam break, solitary wave breaking and wave overtopping

over vertical and sloping seawalls.

2.4.3. Coastal sediment transport
Sediment transport regimes caused by coastal hydrodynamics have been always as
important challenges in coastal engineering. Thus, several studies have targeted simulation
of these important phenomena within Eulerian, Lagrangian or hybrid frameworks. In this
regard, particle methods can be appropriate candidates for reproducing problems associated
with sediment transport, specially when they are carefully and consistently coupled with
other Lagrangian methods, e.g. DEM [Discrete Element Method; Cundall and Strack.,
1979].

As for integrated two-phase particle-based methods, Gotoh and Sakai [2006] presented a

review on the schemes developed for particle methods with applications for coastal
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sediment transport. Ikari et al. [2010] developed an erosion model by incorporation of an
elasto-plastic constitutive equation in MPS-based model for time-dependent analysis of
large deformations of soil, due to wave induced erosion in sea cliffs. The mentioned model
was further enhanced by utilizing sub-particle-scale suspended sediment load model
together with advection-diffusion equation by Ikari et al. [2015].

Ran et al. [2015] developed an ISPH-based two-phase solid-liquid model in closure with
SPS turbulence model to simulate the scour process due to dam break flows. The erosion
model was set according to the formulations proposed by Ikari et al. [2010], based on the
effective pick-up flow velocity concept. Wang et al. [2016] presented an ISPH Simulation
of scour behind seawall due to continuous tsunami overflow. The concepts of numerical
turbid water particle and clear water particle were proposed to deal with the
sediment-entrained flow. The initiation of sediment particle movement was determined by
consideration of the concept of critical shear stress.

Fourtakas and Rogers [2016] employed a two-phase solid-liquid model based on 6-SPH
for simulation of global erosion processes including yielding, shear and suspension layer.
The Herschel-Bulkley-Papanastasiou (HBP) model was employed to reproduce the
rheological characteristics of the yielded sediment layer as a non-Newtonian fluid along
with a Drucker-Prager yield criterion at the fluid-soil interface. The model was verified in a
3D dam break over a non-cohesive erodible bed simulation.

Shi et al. [2017] proposed a two-phase solid-liquid SPH-based model to reproduce the
sediment motion in free surface flows. The water and the sediment were modeled as two
miscible fluids and the multi-fluid system was discretized by a single set of SPH particles.

The Macdonald-Tait equation of state was proposed for defining the pressure at the
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sediment-water mixture. Ghaitanellis et al. [2018] coupled a multi-fluid formulation of SPH
with an elastic-viscoelastic constitutive equation to model non-cohesive sediment transport.
A shear-thinning non-Newtonian fluid model was set for the yielded sediment while
Drucker-Prager’s criterion was assigned as the yielding criterion. The model was verified in
a 2D soil collapse test case and a dam break over mobile bed.

Regarding coupling the particle methods developed for continuum mechanics and DEM,
Sun et al. [2013] proposed a coupled DEM-SPH method, with conservative momentum
transformations on the basis of a variational approach. Canelas et al. [2016] proposed a
unified discretization of rigid solids and fluids with resolved representation of solid-fluid
phases. Based on coupling between SPH and a variation of DEM (Distributed Contact
DEM or DCDEM), a coupled SPH-DCDEM method was developed. The SPH-DCDEM
discretization, allows for application of contact theories to arbitrary geometries of rigid
solids with exact transfer of momentum. Canelas et al. [2017b] presented impressive and
highly-resolved simulations of stony debris flows by using their SPH-DCDEM method.

Harada et al. [2017] developed a DEM-MPS coupled method for reproduction of swash
beach sediment transport processes and highlighted the effect of infiltration/exfiltration in
sediment transport regimes corresponding to a gravel beach. Prominent capabilities of
coupled DEM-MPS for modeling problems with complex moving boundaries, such as the
water surface of the breaking wave and the surface of the bottom movable bed within
swash zone were described. Harada et al. [2018] investigated the formation/deformation
processes of step series on the riverbeds in mountain areas by using coupled DEM-MPS
method. They showed the capabilities of DEM-MPS coupled method as a promising tool

for investigating morphological dynamics of the step series. The exfiltration process of dye
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was reproduced well by DEM-MPS that validated the accuracy of this coupling approach

for reproduction of seepage flow.

2.5. Enhancement of computational efficiency

One of the most challenging issues related to particle methods corresponds to the required
high computational costs, that may downgrade their efficiency in terms of applications for
practical/critical engineering problems. Therefore, within recent years, great efforts have
been devoted to the development of parallel computing techniques, especially GPGPU
(General-Purpose computing on Graphics Processing Unit), for improvement of
computational efficiency.

In the framework of weakly compressible SPH, thanks to its explicit algorithm,
implementation of parallel computing technique is relatively straightforward and therefore
several studies have been dedicated to this subject, so far. In this regard, Hérault et al.
[2010] implemented SPH on GPU for free surface flows by using the Compute Unified
Device Architecture (CUDA), resulting in considerable speed-ups (by up to two orders of
magnitude faster than the equivalent CPU-based simulation). Crespo et al. [2011] presented
SPH-based code of DualSPHysics either based on GPU or CPU implementation.
Application of GPU resulted in remarkable speedups in computations (by up to two orders
of magnitude). They utilized single GPU-card instead of single-core CPU for simulations,
dealing with computational domains with numbers of particles beyond one million.
DualSPHysics GPU portion was comprehensively validated in a variety of problems
associated with coastal/ocean engineering, e.g. by Altomare et al. [2014] and [2017],

Dominguez et al. [2013], Barreiro et al. [2013], Fourtakas and Rogers [2016], Crespo et al.
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[2015] and [2017]. Oger et al. [2016a] highlighted various key issues corresponding to
massive parallelization of explicit particle methods on MPI (Message Passing Interface;
process parallel computing)-based distributed memory parallelization.

In the context of projection-based particle methods and through a pioneering study, Hori
et al. [2011] implemented MPS method on GPU. In their study, the speedup was limited by
only one order of magnitude, mainly due to iterative procedure of the solution of Poisson
Pressure Equation (PPE). The same order of speedup was achieved in other GPU
implementations of projection-based particle methods, e.g. GPU implementations of MPS

[Kakuda et al. 2013] and ISPH [Qiu, 2014].

3. Future perspectives

In general, particle methods have shown a great potential for presenting substantial
contributions to significant problems associated with coastal/ocean engineering, due to their
meshfree Lagrangian formulations. However, in spite of prominent advancements achieved
in enhancement of stability and accuracy of particle methods, further rigorous and
comprehensive investigations must be conducted in order to develop these new generation
computational methods into thoroughly reliable and robust design tools for practical
engineering purposes.

In this regard, Smoothed Particle Hydrodynamics European Research Interest
Community (SPHERIC) has identified a set of so-called Grand Challenges towards
comprehensive development of particle methods including: convergence, consistency,
stability, boundary conditions, adaptivity, coupling to other models and applicability to the

industry. Although, particle-based methods have been subjected to substantial
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enhancements in terms of stability, accuracy and boundary conditions, there is still much to
be done in regard to convergence and adaptivity [Violeau and Rogers, 2016].

Convergence, i.e. consistency of the discretized form of differential equation with
corresponding continuous form, is one of the challenging aspects of particle methods which
has to be scrupulously studied in future. In fact, due to the difficulties involved in achieving
higher orders of convergence, researchers have mainly focused on enhancement of
accuracy rather than convergence itself. Therefore, increasing the global order of
convergence to the same order of general mesh-based methods, is still an ongoing
development [Lind and Stansby, 2015; Shadloo et al., 2016].

Regarding stability enhancement, advancements of stabilization schemes such as the
Particle Shifting [Lind et al., 2012], Optimized Particle Shifting [Khayyer et al., 2017a] or
Dynamic Stabilization [Tsuruta et al., 2013] are to be undertaken, in order to guarantee the
methods' stability for a wide range of applications. The probable adverse effects of
stabilizing schemes in terms of conservation and convergence must be carefully and
rigorously studied.

As for the accuracy aspect, despite significant improvements, the problem of unphysical
pressure fluctuations remains to be not meticulously resolved. Further enhancements of
accuracy are expected to be achieved, thanks to the profound and thorough studies that are
being conducted accordingly. Further refinement of differential operator models, such as
gradient and Laplacian operators, corresponding to the terms that directly appear in the
considered governing equations, and applications of higher-order accurate numerical

solution processes (e.g. higher-order projection methods) are instances of prospective
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advancements that are likely to be conducted for enhancement of accuracy of particle
methods.

As for energy conservation properties of particle methods, special focus should be given
to revision/derivation of formulations with respect to an energy-based framework. Energy
conservation properties are to be considered as one of the most essential aspects for
validation of newly developed schemes in all aspects of particle method applications, e.g.
multi-phase flows, FSI simulations, coupled methods, boundary conditions and etc.

With respect to the application of particle methods into practical purposes related to
coastal/ocean engineering, more attractive aspects of the development for industrial
projects will be emphasized here as adaptivity, multi-phase/multi-scale simulations, Fluid
Structure Interaction (FSI), advancement of coupling schemes and turbulence models. In
this regard, one of the prospective features of interest for development of particle-based
methods corresponds to the advancement of adaptive multi-resolution schemes, leading to
significant improvements in computational efficiency. In future, substantial developments
are expected for particle-based multi-resolution schemes, both in terms of efficiency and
performance. Application of the advanced versions of multi-scale schemes will be
accompanied by rigorous considerations regarding conservations of volume, momentum
and energy.

As for the multiphase simulations, especially those characterized by large density ratios,
the currently developed particle methods consider some numerical treatments, such as
stabilizers or smoothing schemes. In future, more mathematically sound, physically
rigorous schemes are to be developed for particle-based simulation of multiphase flows,

with specific attention to detailed physics of the problem as well as conservation properties
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in terms of volume, momentum and energy. Particle methods are expected to be applied in
simulation of complex multi-phase phenomena including phase transitions, for instance,
that are currently beyond their capabilities.

As for Fluid-Structure Interactions (FSI) corresponding to deformable structures, further
enhancements are to be achieved in particle-based structure models in terms of stability,
accuracy and conservation properties. Prevalent instabilities in terms of stress state
instability and rank deficiency are to be perfectly removed by incorporation of relevant
consistent schemes (e.g. combined use of Lagrangian kernels for tensile instability and
stress points for rank deficiency). Implementation of implicit solvers for particle-based
structure models will potentially bring about further enhancements of stability as well as
accuracy. Particle-based models are expected to be further developed for reliable simulation
of complex/challenging problems characterized by material discontinuities, including
fracture mechanics and dynamics of composite structures. More consistent coupling
schemes are to be developed with rigorous considerations for exact satisfaction of
fluid-structure interface boundary conditions. Multi-scale simulations are expected to gain
more interest in practical particle-based FSI simulations, mainly for achievement of
physically-consistent computationally-efficient simulations.

As for coupling of particle-based methods and other computational frameworks,
regardless of the specific application (e.g. sediment transport, scouring, erosion, FSI), the
most important issue is related to treatment of interfaces and more specifically, accurate
implementation of boundary conditions at the (phase and/or computational) interfaces. In
future, more advanced (physically-consistent, mathematically-sound and

numerically-accurate) coupling schemes are to be developed, with gradual enhancement of
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conservation properties related to momentum, energy and volume [Canelas et al., 2016;
Harada et al., 2017]. The coupled methods should be validated through more challenging
problems, with inclusion of complex mutual interactions in between different phases. By
coupling/merging particle methods with other computational frameworks, the resulting
hybrid methods [e.g. Voronoi-SPH by Fernandez-Gutierrez et al., 2017; SPH-FEM by
Fourtakas et al., 2017; Finite Volume-SPH by Marrone et al., 2016; ALE (Arbitrary
Eulerian-Lagrangian)-ISPH by Lind and Stansby, 2016; ALE-LSMPS (Least Squares
MPS) by Hu et al, 2017a; and ELI (Eulerian-Lagrangian Incompressible)-SPH by
Fourtakas et al., 2018] will simultaneously take advantage of prominent privileges included
in different frameworks, complementing the shortcomings of each framework.

In regard to turbulence modeling, up to now, several studies have incorporated different
types of turbulence models in the context of both explicit particle methods [e.g. Issa et al.,
2010] and the semi-implicit projection-based ones [e.g. Shao and Lo, 2003; Gotoh and
Sakai, 2006; Leroy et al., 2015]. Research on proper modeling of turbulence by either
time-averaged [e.g. Violeau and Issa, 2007] or spatially-averaged [e.g. Sub-Particle-Scale;
Gotoh et al., 2001] turbulence models is continuously advancing [e.g. Mayrhofer et al.,
2015].

In all cases, it is important to keep the developed numerical methods free of any
numerical term with constants that require calibration. This important issue is also
highlighted in the review paper by Violeau and Rogers [2016]. Indeed, prior to any
practical application, rigorous verification of particle-based codes must be conducted by

consideration of appropriate benchmark tests with exact analytical solutions in terms of
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reproduced velocity/pressure together with comprehensive investigations on conservation

and convergence properties.

4. Concluding remarks

Recent advancements corresponding to particle-based computational methods, particularly
for coastal/ocean engineering applications are discussed, in both frameworks of Weakly
Compressible SPH (WCSPH) and projection-based particle methods, including
Incompressible SPH (ISPH) and Moving Particle Semi-implicit (MPS) methods. Latest
achievements related to particle methods and corresponding to enhancements of stability,
accuracy, energy conservation, multi-phase, multi-physics and multi-scale simulations,
Fluid-Structure Interactions (FSI), exclusive coastal/ocean engineering applications and
computational efficiency are reviewed. The key issues and substantial challenges in each
category are highlighted. Prospective features for further development of particle methods
as reliable and robust computational methods for practical engineering purposes are

discussed.
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Fig. 1 (a) Computational domain corresponding to the simulation of exfiltration process of dye by DEM-MPS,
(b-¢) comparisons of exfiltration process between simulation and experiment by Ma et al. (2004), (d-e) particle
distributions together with horizontal velocity distributions corresponding to wave breaking and backwash

[Harada et al., 2017]
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Fig. 2 (a) Schematic side and bottom views of the modeled Mark-III insulation panel along with the position
of pressure probes, (b) typical snapshots corresponding to water impact of Mark III type corrugated insulation
panel at # = 0.025 s from different views, (c) time history of pressure at probe P53 obtained from 2D and 3D

single-phase SPH, 2D multi-phase SPH vs. experiment [Marrone et al., 2017]
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Fig. 3 (a) Schematic sketch of the deck along with the positions of pressure transducers [Lind et al., 2017],
(dimensions are in centimeter); (b) and (c) typical snapshots of particle distributions and pressure contours
close to P1 at # = 21.039s, without and with considering air phase, respectively, (d) time histories of unfiltered

pressure measured at P2 in the experiment vs. ICSPH simulation results by Lind et al. [2017]
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Fig. 4 Qualitative evaluation of the results of simulation by Enhanced MPS-MPS and Enhanced ISPH-SPH in
hydrodynamic slamming test of SG panel in case of v =4 m/s [Allen, 2013]; (a) setup of the benchmark test,
and typical snapshots illustrating the stress (o,,)/pressure (p) fields at =20 ms and at ¢ = 24 ms reproduced by

(b,d) Enhanced MPS-MPS [Khayyer et al., 2017d], and (c,e) Enhanced ISPH-SPH [Khayyer et al., 2017¢]
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Fig. 5 (a) and (b) typical snapshots showing particle distribution and contours of horizontal velocity at ¢ =
11.83 s and ¢ = 11.96 s, respectively, obtained from the simulation of plunging wave breaker of focused wave
impacting the cylinder, experimental and numerical results corresponding to (c) the free-surface elevation in
front of the cylinder and (d) the total horizontal force on the cylinder for focused wave case F15 (the dashed

lines denote experimental measurements, the black lines correspond to ISPH) [Lind et al., 2016a]
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Fig. 6 Typical snapshots corresponding to different instants of the simulation of interaction between sea waves

and floating OWC (Oscillating Water Column device) in the open sea [Crespo et al., 2017]



Fig. 7 A Multi-physics SPH-based model representing the system of a Wave Energy Converter (WaveStar)

reproduced by DualSPHysics [Canelas et al., 2017a]
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Fig. 8 The evolution process of oil slick contained by a floating boom subjected to currents with different

velocities (U,) - experiments and SPH simulations by Shi et al. [2018]
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