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Abstract

An improved Relaxation Zone (RZ) method has been implemented in the meshless SPH-based
DualSPHysics model. Final purpose of this work is to have a general wave generation scheme that allows
coupling SPH-based models to other models, e.g. Eulerian based wave models, besides employing the RZ
as alternative wave generation in SPH as a stand-alone scheme. Using RZ in SPH, the movement of the
fluid particles is controlled by correcting their orbital velocity by means of a weighting function in a
specified generation area. In the present work, the new technique is used to couple DualSPHysics to the
non-hydrostatic wave-flow model SWASH. The results of RZ employed both as stand-alone wave
generation technique and as coupling framework with SWASH model are validated for wave generation
and wave reflection for monochromatic waves. Then, the method is tested successfully for generation and
absorption of irregular waves. Finally, the coupling between DualSPHysics and SWASH using RZ is
validated against experimental data concerning the wave flow impacts on vertical walls. A procedure for a
proper design of the RZ (i.e. shape of the weighting function, size of the RZ) is described in the present
work. Overall, the results indicate that the proposed improved RZ technique is among the most effective
alternatives for wave generation in SPH-based models for coastal engineering application.

Keywords: Smoothed Particle Hydrodynamics; Relaxation Zone; Coupling algorithm; Wave generation
and absorption; SWASH; Wave-Structure interaction.

1 Introduction

Meshless methods are getting popular in coastal engineering as result of the developments of numerical
techniques and computation technologies in the last decades and are more and more often employed to
study free-surface flows and wave-structure interaction phenomena [1]. Models based on the so-called
Smoothed Particle Hydrodynamics (SPH) [2,3] method are becoming very popular among researchers for
their capacity to simulate highly nonlinear free-surface flows (e.g. [4]). However the computational cost of
the SPH models is still huge, even compared with one of the most expensive wave models, e.g. RANS-
VOF models [5]. In particular, one of the SPH models, namely DualSPHysics [6], significantly improved
the computational time by using GPU (Graphics Processing Unit) and multi-GPU techniques [7,8],
although the computational cost is still high and thus it is not always easy to apply it to realistic coastal
engineering projects.



In order to overcome this limitation, a coupling to computationally less demanding wave models was
introduced and proved to be useful for coastal engineering applications, as for example in [9]. On the one
hand, less demanding computational models (e.g. Boussinesq models, Non-Linear Shallow Water equation
models) are accurate enough for wave transformation at a reasonable computational cost but not very
accurate for wave-structure interaction due to their assumptions (e.g. depth integrated feature). On the
other hand, SPH models are capable of generating accurate results for both wave transformation and
wave-structure interaction [10,11] while these are computationally too expensive to cover a large domain
at affordable time duration.

Coupling to other models is actually identified as one of the SPHERIC Grand Challenges from the
Ercoftac Special Interest Group for SPH (SPHERIC, http://sphetic-sph.otrg/). More and mote attempts
to enhance the SPH capability of modelling real engineering problems by means of coupling techniques
have been presented during the last years (e.g. [12,13]). Previous attempts to couple DualSPHysics with
wave propagation models can be found in [14,15]. In [14] SWASH model is hybridized with
DualSPHysics. SWASH is a model based on layer-averaged Non-Linear Shallow Water equations with
non-hydrostatic pressure and is much less demanding computationally. The wave propagation is calculated
by SWASH and wave-structure interaction is calculated by DualSPHysics. In this way, the drawbacks of
each model are overcome. Waves are generated in DualSPHysics by means of moving boundaries that
move accordingly to the velocity input from SWASH. However, the displacement of the moving
boundary in DualSPHysics does not take into account any compensation for the reflected waves that
might reach the generation zone: therefore, this method does not allow wave generation over longer time
periods. This problem is solved by activating AWAS (Active Wave Absorption System) at the wave
generation [16] in DualSPHysics used as stand-alone model, but there is no similar implementation for the
coupled model. In [15] a two-way coupling methodology between a fully nonlinear potential flow wave
propagation model and DualSPHysics was introduced. Boundary moving blocks are used in DualSPHysics
to generate and absorb waves. However, there are two main limitations in the methodology proposed by
[15]: i) the vertical orbital velocities are not coupled; ii) the horizontally moving boundaries slowly drift
away from each other, limiting the simulation time. All the three approaches ([14—16]) implement moving
boundaries (hereafter MB) mimicking piston-type wavemakers for generating waves in SPH. Therefore,
the implementations are rather different with respect to the RZ method here presented, which prevents
the use of moving boundaries. The differences are following described:

e In [14] the MB real time displacement is reconstructed on the basis of the velocity time series
calculated by SWASH model in a specific point of the fluid domain: the method, even though
very efficient and accurate to study phenomena such as wave run-up on gentle beaches, has a
strong limitation for highly reflective cases. In fact, re-reflection at the MB is not prevented,
limiting the application of the technique to low-reflective cases or to a very short time series.
Instead, RZ technique allows a coupling where the reflected waves are compensated inside the
relaxation zone. In this way, both highly reflective cases and long wave time series can be
generated, without biasing the results for extra spurious wave energy introduced in the system by
wave re-reflection.

e In [15] the MB is discretized in moving blocks that move only horizontally and the movement of
which can generate a drift. The drift will cause detachment of one block with the contiguous one
which is only prevented by limiting the simulation in time.

e In [16] the MB mimics an experimental piston-type wavemaker with reflection compensation
employing the correction proposed by [17] based on shallow-water linear theory. It is a pure wave
generation and absorption technique, to be used only in DualSPHysics as stand-alone model.
Instead, the RZ method can be employed as coupling framework between the DualSPHysics
model and a wave propagation model (e.g. SWASH).

To summarize, [10] presented a wave generation technique in SPH with no coupling, meanwhile [14]
described the implementation of a coupling based on MB which lacks of active wave absorption system to
prevent wave re-reflection. Instead, a coupled model between DualSPHysics and SWASH with reflection
compensation seems to be a promising model for coastal engineering application but still there is a
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limitation for shallow foreshore applications (e.g. [18,19]). In principle the coupling point should be
outside the breaking zone since AWAS is based on the linear theory and thus it could only be applied to
non-breaking area where non-linear effects are limited. Ideally the coupling point is placed as close to the
target structure as possible. This indicates that the coupling point for the shallow foreshore case (where
the distance between coastal structures and breaking zone is big) needs to be in the breaking zone,
otherwise the efficiency of the coupling model is limited.

As seen above for a specific hybridization between DualSPHysics and SWASH, the coupling between the
two numerical models relies on the method used to transfer information from one model to another and
on the technique that each model implements to generate sea waves but also to absorb wave reflection. In
particular, three kinds of wave generation techniques can be identified for numerical wave tanks [20]: MB
wave generation, static-boundary and internal wave generation. The first mechanism mimics the wave
generation as in experimental facilities, implementing a moving boundary as a numerical wave-maker that
generates and absorbs waves, e.g. [21]. This type of wave generation is ideal for SPH models because of
their Lagrangian nature and, hence, has been implemented in DualSPHysics [16]. The second mechanism
corresponds to static wave generation and absorption (i.e. Dirichlet-type boundary conditions). Examples
include RANS [22,23], NLSW models (e.g. SWASH: [24]) and potential flow models [25]. Examples of
internal wave generation exist for RANS [26] and potential flow models [27]. In SPH, Liu et al. [2§]
proposed a non-reflective internal wavemaker algorithm, where a momentum source term derived from
the Boussinesq equations is employed and added into the Lagrangian form of Navier—Stokes equations for
an Incompressible SPH model. For Weakly Compressible SPH, [29] presented a momentum source
function derived from the linear wave theory. Recently a wave generation method based on the so-called
Relaxation Zone (RZ) technique has been introduced in SPH [30]. The authors refer to this approach as
“source generation” in SPH. However, this sounds not appropriate since it is basically an application of
the RZ to a meshless method. Some very early works having a similar kind of wave generation method
can be found in literature, for example for solitary wave generation as presented by [31], where the authors
specify the initial wave conditions by applying the analytical solution for wave profile and horizontal wave
velocity to the SPH fluid particles. Note that what presented in [30] is different from the method of [32],
which actually uses source generation with the boundary integral equation method (BIEM) to generate
nonlinear gravity waves in Eulerian methods. Therefore, the approach presented in [30] will be redefined
as RZ hereafter. Unlike the source generation with BIEM and MB wave generators such as piston-type
wave-makers, RZ is a numerical method in which the movement of the particles is controlled by a
weighting function (l.e. C function) in a specified generation domain. Since RZ is a pure numerical
method, it might be applied to cases in which MB cannot be used (e.g., sea dikes with very shallow and
mild foreshore slopes). A part from the aforementioned wave generation techniques, it is worth to
mention the open boundary conditions (OBCs) as a very specific implementation for SPH and meshless
methods in general [33,34]. Very recently, [35] proposed a SPH numerical wave flume with wave
generation and wave absorption techniques based on the non-reflective open boundary conditions,
capable of generating solitary waves, linear and second-order regular waves. Yet, the second-order bound
long wave generation and active wave absorption of irregular waves was not considered in [35].

The aim of the present work is to validate a revised RZ technique which moves beyond [30], by
implementing the concept in DualSPHysics with relevant improvements. In fact, even though [30]
introduced the RZ in the SPH-based models, it is limited only to regular waves, whereas random waves
(i.e. real sea states) are not modelled. Furthermore, the accuracy of the method is not assessed in case of
highly reflective wave conditions, which always represent the most critical situation to judge the
performance of a wave generation and absorption techniques, either in a numerical scheme or an
experimental set up. Hence, the RZ has been improved and optimized with respect to the one proposed
in [30] as follows:

) the weighting function C has been re-defined in a more general way, assuming a hyperbolic
functional, the shape of which can be varied depending on the case study;
i) the effectiveness of the C function has been analyzed in depth with reference to wave generation

and wave absorption;



1if) a method to design the RZ has been established and it is proposed in this work; a drift
correction is introduced to compensate the mass transport as predicted by Stokes’ 20 order
solution in order to avoid the unphysical decrease of the water level in the RZ;

iv) the RZ has been extended to study test cases characterized by highly reflective conditions;
V) the RZ has been validated not only for monochromatic waves as in [30] but also for irregular
waves;

vi) finally, the RZ technique has been applied for coupling DualSPHysics with a less computational-
expensive wave propagation model, such as SWASH.

In this work the applicability and the limitations of this method for wave transformation and wave
reflection compensation are discussed. To this end, we define a geometrical layout that includes a highly
reflective condition, namely a vertical wall. Once the RZ is validated for DualSPHysics as stand-alone
model, the method is extended to the coupling case to SWASH, and the basic behavior is investigated.
Final aim of the work is, in fact, to employ RZ not only as internal wavemaker in DualSPHysics where
other wave generation techniques fails, but also and most of all as a mean to couple SPH models to
Eulerian grid-based methods. Despite some attempts to enhance the SPH capability of modelling
engineering problems by means of coupling techniques, the present work comprehensively analyze the
performance of the coupling technique for real engineering cases and different wave conditions.

2  Numerical models

2.1  The SPH-based DualSPHysics model

Smoothed Particle Hydrodynamics is a fully Lagrangian and meshless method [3], where the fluid is
discretised into a set of particles or nodal points. Physical quantities of each particle, such as position,
velocity, density and pressure, are computed as an interpolation of the values of the neighbouring particles.
The contribution of the nearest particles is computed depending on the distance between particles and
using a weighted kernel function (W). The area of influence of the kernel function is defined using a
characteristic length called smoothing length (hspr). In addition, the kernel presents compact support to
avoid contributions with other particles beyond that distance. In general, SPH methods can be grouped
into two main categories: Weakly Compressible and Incompressible. Weakly Compressible SPH (WCSPH)
methods solve an appropriate equation of state (Tait’s equation) in a fully explicit form (e.g. [36]) whereas
Incompressible SPH (ISPH) methods solve a Poisson pressure equation by applying project-based
methods. A comprehensive review of the latest advancements in the context of WCSPH and ISPH
methods in terms of model stability, accuracy, energy conservation, boundary conditions and simulations
of multiphase flows and fluid—structure interactions is presented in [1].

The WCSPH DualSPHysics code is used in this work. DualSPHysics [37,0] is an open-source code
developed by the University of Vigo (Spain) and the University of Manchester (UK) in collaboration with
experts from all around the globe that can be freely downloaded from www.dual.sphysics.org.. The code is
written in two languages, namely C++ and CUDA, and optimised to use the parallel processing power of
cither CPUs and/or GPUs [7], thus making the study of real engineering problems possible [38—40]. In
what follows the governing equations implemented in the software are introduced; then, the boundary
condition treatment and extra functionalities such as wave generation and absorption are described.

2.1.1  SPH formulation
The discrete SPH Lagrangian system of governing equations of weakly compressible flow, following
Monaghan [41], is:
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being 7 time, r position, v velocity, P pressure, ¢ density, 7 mass, g=(0,0,-9.81) m-s2 the gravitational

acceleration and W, the kernel function that depends on the distance between particles 2 and 4. The
Quintic kernel [42], where the weighting function vanishes for inter-particle distances greater than 2hspy,
was adopted for the present study. I is the viscous term according to the artificial viscosity proposed in
[41]. Besides the most classical diffusion schemes such as the artificial viscosity, DualSPHysics implements
the so-called 8-SPH scheme as well, as proposed by [43], in order to increase accuracy of the pressure
field.

The system is closed by the addition of Tait’s equation of state
7
P=B (pJ -1 ®
Po

where p=7 is the polytropic constant and B=ca?gs/y, being gy the reference density and ¢ the numerical
speed of sound. More details about formulation can be found in [6]. In addition, recently an automatic
optimization framework to find the set of SPH parameters in DualSPHysics for an accurate wave
propagation modelling was proposed in [44]. Specific parameters that have been used in the simulations

presented in this work can be also found in [10].

2.1.2  Boundaries

In the DualSPHysics code, boundaries are described using a discrete set of boundary particles that exert a
repulsive force on the fluid particles when they approach the boundary particles. A dynamic boundary
condition [45] is used, where the boundary particles satisfy the same equations as the fluid particles;
however, they do not move according to the forces exerted on them. Instead, they remain fixed (fixed
boundary) or move according to some externally imposed movement (moving boundary such as gates,
flaps...). Using this boundary condition, when a fluid particle approaches a boundary particle and the
distance between them decreases beyond the kernel range, the density of the boundary particles increases
giving rise to an increase in pressure. This results in a repulsive force being exerted on the fluid particle

due to the pressure term in the momentum equation.

2.1.3  Wave generation and active wave absorption in DualSPHysics

The implementation of long-crested wave generation and absorption in DualSPHysics as stand-alone
model is described and validated in [16]: the waves are generated by means of moving boundaries that aim
to mimic the movement of a piston- and flap-type wavemakers as in physical facilities. Both first- and
second-order wave generation theories have been implemented. For monochromatic waves that means to
include super-harmonics. For random waves, sub-harmonic components (bound long waves) are
considered to suppress spurious long waves. Two standard wave spectra are implemented and used to
generate random waves: JONSWAP and Pierson-Moskowitz spectra. The generation system allows having
different random time series with the same significant wave height (Hmo) and the same peak period (T}),
just defining different phase seeds.

To absorb the reflected waves at the wavemaker and prevent the introduction of extra spurious energy in
the fluid domain, the so-called Active Wave Absorption System (AWAS) has been implemented in
DualSPHysics. The water surface elevation 1 at the wavemaker position is used and transformed by an
appropriate time-domain filter to obtain a control signal that corrects the wave paddle displacement in
order to absorb the reflected waves every time step. The position in real time of the wavemaker is
obtained through the velocity correction of its motion. Further details on AWAS in DualSPHysics are
reported in [16].



2.2 SWASH model
The SWASH model [24] is an open-source non-hydrostatic wave-flow model (available at
swash.sourceforge.net). The basic mass and momentum balance of incompressible fluid with a free-
surface are implemented. The model can be used in one-layer and in multi-layers. The governing equations
for one-layer calculation are the non-linear shallow water equations, including a non-hydrostatic pressure
term. The governing equations for multi-layer calculation applied in this study, where the vertical plain is
divided into two or more layers, are shown below:
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where 7 is time, x and z are the horizontal and vertical coordinates, # and » are the velocity in x- and z-
direction, respectively. py and p. are the hydrostatic and non-hydrostatic pressures and Zu, Zug, Tizy T L€
the turbulent stresses (both normalized by the density).

The numerical method in SWASH model is based on an explicit, second-order accurate finite difference
scheme where the mass and momentum are strictly conserved at the discrete level. The SWASH model
uses sigma coordinates. A full description of the numerical model, BCs, numerical scheme and
applications are given in [40].

3  Relaxation Zone (RZ) method

Relaxation zone (RZ) methods are typically implemented in mesh-based models (e.g. [47]) for wave
generation/absorption. Only recently, [30] extended this methodologies to SPH. The method presented in
[30] lays the groundwork for the implementation of a more generic wave generation and absorption
method in DualSPHysics model. We refer here to implementation in 2DV or quasi-3D, which
corresponds to the generation of long-crested waves in experimental wave facilities. A generation zone is
arranged within the computational domain and particle velocities in the generation zone are forced to
follow the orbital velocities of target waves. In [30] the particle velocity is controlled by analytical solution
with a weighting C function, the shape of which resembles a cubic spline. The use of a weighting function
prevents potential particle disorder due to the discontinuity of particle velocities at the interface between
the RZ and main computational region. The velocities in the RZ are expressed as follows:

u; = Cua' + (1 - C)upl- (8)
w; = CWa' + (1 - C)Wpi (9)

where u; and w; ate the controlled horizontal and vertical velocities, U,; and wg; ate the horizontal and
vertical velocities calculated from the wave theory, Up; and Wp; are the actual horizontal and vertical
velocities calculated in the numerical model. DualSPHysics leaves the option to the user to use either the
horizontal velocity only or both horizontal and vertical velocities to correct the particle kinematics. For all
cases described in this paper, only the horizontal velocity has been used, namely Eq. (8), having verified
that the differences with cases that use both velocity corrections are negligible. A damping area (i.c.
passive absorption, see [16]) is introduced behind the RZ to eliminate unnecessary reflected waves from
the rear side. It was finally verified that the spatial continuity of the pressure/density and velocity field is
guaranteed at the interface between the RZ and the main fluid domain. Further evidence of it can be
found in [48], where the continuity of both density and velocity field is shown for a case study of wave
generation and wave impact on coastal defenses. The details are omitted here for sake of simplicity.



3.1 Weighting C function
Since the performance of the wave generation and reflection absorption can be decided by the shape of
the C function, an arbitrary weighting function is introduced in the form of a hyperbolic function. For a
specific width of the relaxation zone, Wz, the C function can be expressed as follows:

tanh( (=24 )8 )-tanh( (22— )8 )\~ {tann (@ +¥) B)-tanh((1-v)B)}
C(x,l/),ﬂ) ={ ((WRZ ) ) ((WRZ ) )} ,With _1 Sﬁﬁ 1 (10)
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Figure 1. Shape of the weighting function C for different values of ¥ and g
The value assumed by the function depends on the set of values chosen for the ¥ and f parameters and
on the distance from the center of the RZ, being zero at both extremes. The variation of the two
parameters allowed exploring the performance of the RZ depending on the shape of C, as discussed in
Section 4.2 of the present work. By changing ¥ and f in the equation, the shape of the C function can be
modified. Figure 1 shows some examples of the newly developed C function curve. The shape with
1=0.3 and =3 is quite similar to the one proposed by [30].

3.2 Effective width (Wfy)
The performance of the relaxation zone technique to generate waves and to compensate wave reflection is
related to effective width of the RZ. To take into account the effect that the C function exerts on it, it is
possible to use a method to understand which part of the generation domain is responsible for generation
behavior. The effective width of the RZ (W,ff), which is the area that rules the generation skill, is here
introduced:

Wesr = (x2 — x1)Wgz [m] (11)

where

2
x; 11 C(x,, B) = threshold U W—x 5[~1,0]

RZ

x5 || C(x,y, B) = threshold U 2 3 [0,1]
Wz
The scheme for the RZ and indication of the effective width are depicted in Figure 2. The area bounded
by the red dashed line corresponds to the RZ. The waves generated within the RZ will propagate in both
directions along the x-axis. At the right side of the RZ there is the main fluid domain where the waves will
freely propagate. At the left-side of the RZ, bounded by a blue dashed line, it’s the damping area, where
the waves that are propagating behind the RZ will be absorbed. This extra fluid area is necessary to
guarantee continuity in the fluid domain inside the RZ.
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It is assumed that not the entire RZ zone contributes in the same way to the wave generation, but only the
part of it where the tails of the C function might have negligible contribution. This has been verified trying
to correlate the accuracy (l.e. error) in wave generation with the size of the generation zone and the
dimensionless wave length (Wkz/L); however, the correlation was very poor. When a threshold is defined
in order to consider only W,instead of Wrz, the correlation between the error and the RZ domain
increases. See Section 4.2 for detailed error analysis.

DAMPING
@ threshold
.( _____

>

I 'x[m]

[l
W

A
Y
A

Figure 2. Scheme of RZ (red dashed line) and indication of the effective width in case of wave generation. The damping area
behind the generation zone is indicated by a dashed blue line. A threshold for the C function is defined (1) and determines the
values assumed by the function (2,3) which define the effective width of the relaxation zone (4)

For wave reflection it is expected that the tails of the RZ might affect the compensation of the reflected
waves, being that the first part of the RZ that is encountered by the waves when they are travelling back.
For this reason the definition of the effective width for wave reflection, Wsr, has been modified as
follows (see Figure 3):

xW
Werrr = ZRZ [m] (12)
where
x =1 —|x1]) for x; Il C(x,¥,B) = threshold
A A
C z [m)]
'
!
|
T : A
: C = f(,%,8)
DAMPING E d
: ! @ x; @ threshold
1 TP ]l === === —_————————
] ! ! 5
< i >< i > Yo x4 0 I x[m]
Wrz

A

Figure 3. Scheme of RZ (red dashed line) and indication of the effective width in case of wave reflection. The dashed blue line
indicates the damping behind the RZ. A threshold for the C function is defined (1) and determines the value assumed by the
function (2) which defines the width of the RZ tail affecting wave reflection compensation (3)

8



3.3 RZ for model coupling

One of the interests concerning practical applications in coastal engineering is how the RZ method works
for coupling DualSPHysics to wave propagation models, particularly to SWASH, for which a different
hybridization technique was already implemented in [14]. As described earlier, the particle velocity in the
RZ is controlled by the analytical solution with a weighting function C. However, for the coupling,
SWASH output can be used in the RZ, instead of the analytical solution. Eq. (8) and Eq.(9) are used to
express the velocities in the relaxation with the only difference that the values of the horizontal and
vertical velocities calculated from the wave theory, Us; and W, are replaced by ug; and wg;, which are the
horizontal and vertical velocities calculated in SWASH.

With reference to the coupling, SWASH is employed using a multi-layer approach: the time series of the
velocity per each SWASH layer is used. Performing a multi-layer calculation, the velocity of the SPH fluid
particles in the RZ is calculated by a smooth interpolation of the average velocity of each layer in SWASH,
where the velocity is considered uniform in each layer at a certain time. During the interpolation
procedure, the velocity is considered applied to the center of each layer. The velocity of the lowest layer
(i.e. closest to the sea bottom) is extended uniformly up to the bottom. For the particles on the free-
surface, the velocity is assumed the same as the average velocity of the uppermost layer in SWASH
simulation. It has to be noticed that the vertical dimension of each layer varies in time depending on the
instantaneous water surface elevation. This means that the vertical coordinate of the center of each layer
(where the velocity is assumed as applied) varies in time. This variation is taken into account for the
interpolation procedure. The optimal number of layers in SWASH has been investigated in [14]. Similar
investigation has been carried out in the present work, showing that there is an increase in the model
accuracy up to 8 layers, after which the improvement is negligible. Therefore, an 8-layer calculation has
been performed for all cases presented in the next sections. To reconstruct the velocity profile in the RZ,
several measurements along the direction of wave propagation are need in SWASH to cover the whole
generation area. After several trials, a number varying between 20 and 40 measurement sections in
SWASH covering the whole RZ yielded an accurate velocity profile. After vertical interpolation for each
of these positions, a horizontal interpolation is performed as well, hence the whole RZ is covered and
orbital velocity values (Ug; and Wg;) are applied to all SPH fluid particles in the RZ. Finally, interpolation
in time is needed as well, because of the calculation time step in DualSPHysics being smaller than the
corresponding one in SWASH.

3.4  Drift correction

Non-linear effects cause a drift in the particle displacement far from the generation zone. This drift is
actually the mass transport predicted by Stokes at 2°d order solution for monochromatic waves. The
particles experience a drift velocity that can be expressed by

U(z) = $E2DEC20 _ (2i)f %M (13)

n 7

This fact leads the water level in the fluid domain to increase, because particles are pushed out of the
generation zone. The water level in the generation zone consequently decreases. The increase water level
in the main numerical domain, outside the generation zone, has been estimated in terms of volume
variation. An example of the cumulative volume increase in time is reported in Figure 4 (drift=OFF),
together with the predicted one, if Eq. (13) is used. One can see that measured volume increase matches
the predicted one. This confirms that above assumption.

To avoid unrealistic increase of water level outside the generation zone, a correction to prevent this drift
has been implemented. This correction is proportional to the velocity as predicted by Stokes’. For the case
of irregular waves, the correction is calculated and applied for each single wave that forms the wave train.
The wave height and period used for the correction calculation are calculated using zero-down crossing
method. Results using the correction treatment for the drift are depicted in Figure 4 (drift=ON). If,
without correction, the increase in volume in the main fluid domain was about 3.5% for this specific



example, the volume increase with correction is almost zero. This has been verified for several cases, with
different wave conditions and fluid domain sizes.

4
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Figure 4. Cumulated volume related to the total one due to drift: with no correction (red) and with correction treatment (blue).

4  Applicability of RZ for wave generation and reflection compensation for regular waves
Applicability of RZ to a highly reflective condition is investigated here as one of the benchmark tests. The
highly reflective condition is practically the most critical case for the reflection absorption. Therefore,
once a model is validated for wave generation and reflection absorption under such a condition, it
guarantees that the model works properly in most of the coastal engineering applications.

4.1  Model setting

411  Calculation domain and applied waves

The performance of RZ method is tested for regular waves. The reason of using regular waves is that it is
straightforward to recognize even small influences on the free surface caused by possible inaccuracies in
generation and absorption. Figure 5 shows the model setup for the sensitivity analysis of wave generation
(with damping area at both sides of the domain) and applicability test under highly reflective conditions
(without damping area at the right-hand side). For the applicability tests, 20 wave gauges were placed close
to the right-hand side wall equally distributed over a length of I./2. These measutement points have been
used to reconstruct the reflection pattern (i.e. standing wave) in front of the vertical wall.

Ten different wave conditions have been tested. The values of wave height H, wave period T and water
depth d are reported in Table 1 together with the wavelength I and wave steepness. The wave conditions
have been chosen in order to cover a wide range of wave steepness, from 1.08% (low steepness) to 3.52%
(high steepness). Note that the wave conditions are limited to the regime of Stokes 224 order theory
(Figure 6).

The initial interparticle distance for each simulation has been selected accordingly to [16], in particular
H/dp = [8, 12]. A sensitivity analysis on the model resolution has been conducted. It will be shown later
on in this work, for the cases of random waves.

10



z [m]

———— WG,
N\
\ ‘A\ /
: \/ / i
. \/ \U :
1 1
1 1
DAMPING : d : DAMPING
q i
1 1
1 1
i P Wag* x L ) L x [m]
L
& 2 >
2 [m]
WG, WG,
NN . H .........
: J o\ H H
1
1
DAMPING: d
1
1
0
L L
L i Wrg! x5 i

Figure 5: Model set-up of the sensitivity analysis for wave generation (upper panel) and applicability test under the highly
reflective condition (lower panel). RZ (red area), damping areas (blue dashed lines). WG1-WG, indicate the wave gauges for
reflection analysis in the highly reflective case.

Table 1: Wave conditions applied to the benchmark test

Case Wave height Wave period Water depth  Wave length  Wave steepness

[m] [s] [m] [m] [7%]
1 0.100 1.60 0.80 3.55 2.82
2 0.125 1.60 0.80 3.55 3.52
3 0.075 1.60 0.80 3.55 211
4 0.100 1.80 0.80 4.22 2.38
5 0.100 1.40 0.80 2.88 3.47
6 0.100 1.60 1.00 3.73 2.68
7 0.100 1.60 0.60 3.27 3.06
8 0.040 2.00 0.40 3.69 1.08
9 0.100 3.00 1.00 8.69 1.15
10 0.030 1.70 0.30 2.71 1.11
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Figure 6: Tested wave conditions plotted in Le M¢haute diagram for wave generation and applicability test under the highly
reflective condition.

412  Method for wave reflection analysis

For the highly reflective cases (i.e. vertical wall without sponge layer at the right-hand side of the domain),
reflected waves and re-reflected waves are analysed to investigate the performance of RZ. Note that the
‘reflected waves’ means the waves reflected one time at the vertical wall, and ‘re-reflected waves’ includes
reflection (if applicable) at the generation zone. The time window, At, between each reflection and re-
reflection event has been identified, characterised by the initial time #, %..., # (see Figure 7).
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Figure 7: Time window for reflected waves and re-reflected waves. Azindicates the time between each reflection and re-reflection
event.
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4.2  Model applicability using arbitrary C function

4.2.1  Wave generation

Before analysing highly reflective cases, the accuracy of RZ in only wave generation mode has been
assessed. Initially a combination of P and g equal to 0.35 and 5 respectively with IWrz=L has been used
for wave generation. The dimension of the main numerical domain outside the RZ zone is equal to 2L.
For all cases the free-surface elevation was accurately modelled, independently of the wave height and
wavelength. Results can be seen in Figure 8, where the free-surface elevation and orbital velocities are
plotted for test cases 1-5. The horizontal and vertical orbital velocities have been measured at x=L and
z=d/2, where d is the water depth. The free-sutface elevation has been measured at x= L. The results
demonstrate that RZ is able to generate the target waves accurately. Cases 6-10 present the same level of
accuracy of those shown in Figure 8 and therefore are omitted for sake of simplicity.

Casgel Casel Casel
0.1 0.2 0.1
= i
= T
- DW\M & ¢ =
= 5 S
0.1 : - : Ny p— : : 0.1
E 10 12 14 E 10 12 14 E 10 12 14
CasgeZ Case? Case?
0.1 0.2 0.1
L Y
= B
E o F o0 g o0
& 5 S
0.1 : : : 02— - : 0.1
E 10 12 14 E 10 12 14 E 10 12 14
Casged Cased Cased
0.05 0.1 0.1
o .
ey il .
E 0 g 0 £ 0
= = S
0.05 L— : : 0.1 - : 0.1
E 10 12 14 E 10 12 14 E 10 12 14
Casged Cased Cased
0.1 0.2 0.1
o =
o = )
= D/\/\/\/\ = ol
5 = S
0.1 : : : Ny p— : : 0.1
E 10 12 14 E 10 12 14 E 10 12 14
Casgeb Caseh Caseh
0.1 0.2 0.1

7 [m]
u [m/s]
w [m/s]

0.1 . - ; 02 L : ; 0.1 . ; ;
g 10 12 14 g 10 12 14 g 10 2 14

time [g] time [s] time [s]
Theory
= =" "Num.

Figure 8. Water sutface elevation measured at x=L and orbital velocities measured at x=L and z=d/2 for test cases 1 to 5.

In Section 3.2, the effective width of the RZ has been introduced (W), stating that the performance of
the RZ to generate waves and to compensate wave reflection might be related to W,z All ten cases have
been simulated varying Wz (between 1./12 and L), ¥ (0.1-0.7) and g (5, 7, 9), obtaining 900 numerical
simulations. For each simulation the accuracy has been estimated using the following error parameter:
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|Hsp—Hrh|
€= (mean%’lm) - 100 [%] (14)

where Hypy is the numerical wave height and Hj is the target theoretical wave height. The error parameter
is related to the effective dimension of the RZ as expressed by Eq. (11), in which the threshold value has
been assumed as C=0.15, after having explored different values between 0 (=whole C function, Wrz=Wy)
and 0.9. The variation of e with the non-dimensional quantity W,;/L is depicted in Figure 9. The figure
shows that the error decreases up to a value of Wy/L equal to 8 %, after which the numerical model
predicts the waves with a difference of only 2-3%. It is important to notice that the accuracy of the RZ
increases as the wave steepness decreases: for Cases 8-10, the error is actually independent on the size of
the RZ zone. Related to the smoothing length, the etror is less than 10% of Aspr when W/ L is equal or
larger than 8 %. The choice of ¥ and g for wave generation determines the shape of the weighting
function C and, therefore, the ratio between value of W,y and Wrz once the threshold is fixed. For any
combination of Y and g, Figure 9 shows that it is finally the effective dimension of RZ related to the wave
length that plays the major role. In the following section the procedure to set the source generation zone
and the C function is described.
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Figure 9. Error in wave height measured at x=L as function of the effective size of the RZ zone.

422 Design of RZ for wave generation

In this section the procedure for RZ setup in DualSPHysics for wave generation of regular waves is
explained based on the results above discussed. A threshold C=0.15 has been used and, based on Figure 9,
it is assumed that for W/1.20.08 the numerical error is below 3%. Therefore, an abacus has been
reconstructed (see Figure 10): each isoline in the abacus corresponds to a different ratio between the
effective size of the RZ and the RZ dimension, £4=W/ Wrz Then, the procedure for the RZ design can
be summarized as follows:

1. Calculate L, wavelength, based on wave period and water depth.
2. Determine the effective size of the RZ, as Wrr = 0.08 - L

3. Select the isoline in the abacus (kesr € [0.80,0.90] is suggested)
4. 'Then, calculate Wz = Wepr/kess

5. According to your choice of £ fix the value of P (ot ) to determine from the abacus the right
value of § (or P).
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Figure 10. Abacus for design Wz parameters for a value of threshold C=0.75

For random waves, the wavelength L can be replaced by L, being the wavelength calculated employing
the peak period T;. However it is recommended to use wider RZ for random than for regular waves, in
order to consider lower frequency components of the wave spectra.

423  Wave reflection

The compensation of reflected wave energy is a key aspect of wave generation, for physical models and
numerical models. Without a proper and efficient reflection compensation there will be an undesirable
increase of wave energy in the numerical/expetimental domain that will bias the results of the model. To
prevent the re-reflection of the waves that, after a first reflection at the coastal structure, reach the
generation system, an absorption technique must be implemented. In DualSPHysics this has been done
implementing an Active Wave Absorption System (AWAS) when moving boundaries are used to generate
waves. For RZ, in principle, there is no need of implementing any absorption technique since every time
step the orbital velocity is imposed to the fluid particles in the RZ zone, as expressed by Egs. (8) and (9).
Nevertheless, the accuracy of RZ to absorb reflected wave needs to be demonstrated. To do that, the
same cases as in Table 1 have been simulated, but removing the damping at the right-hand side of the
domain. In this way, the waves are reflected back towards to the RZ zone by the boundary particles
forming the vertical wall that limits the fluid domain, as depicted in Figure 5. Case 1 has been selected for
a detailed analysis on wave reflection compensation. Initially, the dimension of the main numerical domain
and Wrz have been set equal to L. Different shapes of the weighing function C have been analyzed,
resulting the best value of § equal to 5 and the best values for ¥ ranging between 0.23 and 0.32. In case of
vertical wall, total reflection is expected with the formation of standing waves with nodes and antinodes.
The free-surface elevation at the antinode (x=L) is plotted in Figure 11 and compared with the theoretical
one for waves belonging to 2°d order Stokes’ theory. At long term, the RZ compensates the wave
reflection efficiently: the time series of numerical free-surface elevation matches the theoretical one.
However, a transitional phase is present at the beginning of the time series, when the RZ seems to react to
the reflected waves. The duration of this phase is equal to about 10 wave periods in case of main domain
size equal to L, however it has been verified that increasing the domain size, the duration of the
transitional phase decreases, because it depends directly on the time that the waves need to propagate after
each reflection. The water surface elevation at the node (x=3/4L) is not plotted but it was verified that it
matches the expected one, with the amplitudes at node very small as predicted by the second-order
solution.
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Figure 11. Wave profile at antinode (x=L) for Case 1 with highly reflective conditions
The numerical error has been quantified as follows:
end
— _ Zi=ng \EREHAL
R end—ng,
with
B (HSPH.ti+At_2CR'HTh) 100 [%]
. = ' 0
R ti+At 2CR-Ho,

(15)

(16)

whete 7, is the number of cycles (each cycle=Ar in Figure 7) excluded because of the transitional phase
shown as example in Figure 11; # is the initial time of each i#) reflection time window; At, as represented
in Figure 7, Hyprs+as is the wave height averaged over each At at the antinode location; 2CR*Hg, is the
theoretical wave height at antinode, where CK is the theoretical reflection coefficient, equal to 1 in case of
full reflection. The results of er for each At are depicted in Figure 12: after the first transitional phase, the
numerical error is small, namely between -5% and 8%, being this range still smaller than the smoothing

length value.
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Figure 12. Accuracy of wave reflection (Case 1)
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424  Design of RZ for wave reflection

In this section the procedure for RZ setup in DualSPHysics for wave reflection of regular waves is
explained for highly reflected cases (e.g. vertical walls, steep dikes, non-overtopped structures). In Section
3.2, the effective width of the RZ for wave reflection has been introduced (Wyr). To evaluate the
performance of the RZ in case of highly reflected cases, all ten cases in Table 1 have been simulated
varying Wrz (L/2 and L), P (0.05-0.5) and g (2-9) and the physical time per simulation has been set equal
to 150 s, obtaining 1200 numerical simulations. After several trials, a threshold C=0.0005 has been
selected.
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Figure 13. Error in reflected wave height as function of the effective size of the RZ zone for highly reflective cases (Case 1). The
primal set of parameters is marked with a red dot.

Figure 13 shows the numerical error in the reflected wave height as function of the effective size of the
RZ zone for Case 1. The optimal set of parameter is marked with a red dot and corresponds to p=0.08,
=5 and Wegr=0.030L. Similar values are obtained for the other test cases.

A linear relationship between the ratio IWr/L and the wave energy flux has been noticed (Figure 14). The
wave energy flux for each test case has been calculated as follows:

e=f=ibLy (7

where E is the total wave energy (=pgH?L/8), L the wavelength, d the water depth and H the incident
wave height.
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Once is known the wave specific energy flux, one can select the value of W from Figure 14 and the size
of the RZ, Wk, can be calculated as follows:

= TesrR (18)

RZ ™ 1 |x,

where x; is calculated in order to get C(x1,¥,B) = 0.0005. In general, it has been verified that a
combination of values of ¥ and § relatively small, namely 1<0.4 and <5, makes the velocity cortection as
expressed in Eq. (8) and Eq. (9) smooth, allowing particles to vary slowly their own velocity to
approximate the theoretical one once they are close to the center of the RZ zone.

4.3  Model applicability using RZ to couple DualSPHysics and SWASH

43.1  SWASH model setting

Numerical simulations were carried out with SWASH. The numerical test layouts described were
reproduced in the SWASH numerical domain. The grid size in the x-direction was set as 0.02 m for all
cases. The model was run with 8 layers in the vertical direction. The incident wave time series was
prescribed at the wave boundary in the numerical model simulations with a weakly reflective boundary
condition. A Sommerfeld radiation condition and a sponge layer was applied at the end of the numerical
flume in order to minimize the effect of the reflection. The numerical time step is automatically changed
during SWASH calculations to satisfy the Courant—Friedrichs—Lewy (CFL) condition. No bottom friction
was used in all numerical simulations. The non-hydrostatic pressure term was applied with the classical
central differencing scheme. Explicit time integration was used with a time step restriction set to a
maximum Courant number of 0.5.

4.3.2  Wave generation

Test Case 1 has been selected for RZ applied for coupling DualSPHysics to SWASH. Same case setup and
characteristics as of RZ only have been used. The only difference is that the target orbital velocities are
extrapolated by SWASH instead of being calculated using the 2°d order Stokes’ wave theory. An example
of the DualSPHysics free-surface elevation is depicted in Figure 15, together with SWASH solution. The
case refers to Wrz=L/2,9 = 0.50 and § = 6, with size of main numerical domain equal to 2L. The
numerical error, calculated using Eq. (14) is plotted in Figure 16 as function of W/L, for 180 different
combinations of ¥ and f and Wrz. The model accuracy varies accordingly to Figure 9: for W/L >0.08
the error is about 2-4%. Thus, same procedure to setup the RZ zone as described in Section 4.2.2 can be

18



used. It is worthy to notice that it is recommended to apply only 10% of the drift correction when
SWASH velocities are used as input for the RZ, because the velocity field in SWASH differs from the
theoretical one prescribed by Eq. (14) which does not predict the undertow.
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Figure 15. Wave profile at x=L (Case 1) for RZ applied for coupling between DualSPHysics and SWASH
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Figure 16. Wave height error at x=L (Case 1) for RZ applied for coupling between DualSPHysics and SWASH

43.3  Wave reflection

Wave reflection compensation for RZ applied to couple DualSPHysics and SWASH has been tested for
Case 1. Results of the time series at antinode are depicted in Figure 17. A transitional phase is present as in
the case of RZ only. After this phase, the model responds efficiently to absorb the reflected waves and the
error varies between -10% and 1% approximately depending on the values used for ¥ and g with similar
behaviour to the one shown in Figure 12. At the node the oscillation of the water surface is practically
zero, as expected.
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Figure 17. Wave profile at antinode (x=L) for RZ applied in the case of coupling between DualSPHysics and SWASH in highly

5

reflective conditions

Extension to irregular wave generation for real sea states
So far, the application and accuracy of RZ has been discussed for cases with regular waves only.
Extension to irregular wave cases are discussed in the present section. A JONSWAP spectrum has been
used to generate an irregular wave train with significant wave height H,0=0.10 m, peak period 1,=1.60 s
for a water depth d=0.80 m. A stretched algorithm as described in [16] is used to define the bandwidth. As
for the parameters, it has been used the following set Wrz=L,, ¥ = 0.50 and f = 6 and drift correction
value equal to 1.05. A total duration of 500 s has been simulated, corresponding roughly to 350 waves,

using a TITAN X graphic card.

First, DualSPHysics as stand-alone model has been used. The waves are generated by means of the RZ

technique. The numerical free-surface elevation is plotted in Figure 18 for the first 100 s of simulation, as
measured at I, from the RZ zone. The theoretical time series is also represented for comparison.
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Figure 18. Free-surface elevation in case of irregular waves measured at x=1_, comparison between RZ and target signal.
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5.1.1  Convergence analysis

A sensitivity analysis on the initial interparticle distance, dp, has been performed. Five cases, using the
previous parameter setting, have been simulated with dp equal to 1/6, 1/8, 1/10, 1/12 and 1/16 of the
significant wave height H,. Spectral parameters such as the significant wave height, H,0 (=4+/ ) and the
spectral petiod T,.10 (Z72.1/mo) have been calculated and compared with the ones detived from the
theoretical time series. The results are reported in Table 2, together with the total number of fluid particles
Np and the computational runtime. The wave spectra for all cases are depicted in Figure 19. All measures
refer to x=L, (distance from RZ). In general, the target wave conditions are accurately predicted in the
range of dp/H used for the present analysis, with an error on H, that varies between 4% and 5%. Lowest
accuracy is attained for dp=H,o/6. Due to the small differences between dp=Hmo/8 and dp=H,0/16, a
reasonable compromise between model accuracy and computational runtime has been found using
dp=H,0/10. The choice of this value is also corroborated by [16] and [44] .

Table 2. Sensitivity analysis: spectral parameters for different dp in comparison with the target wave conditions
SPH dp/Hmo[] Np  Runtime[h] Hmo[m] Tp[s]  Twio]s]
1 1/6 49914 3.4 0.0950 1.628 1.629
2 1/8 71568 55 0.0952  1.628 1.542
3 1/10 140225 11.9 0.0957  1.628 1.509
4
5

1/12 205344 19.2 0.0960  1.628 1.526
1/16 355068 40.7 0.0959  1.628 1.508

TARGET 0.1003  1.628 1.460
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Figure 19. Sensitivity analysis: wave spectra in case of irregular waves, comparison between RZ results and theoretical spectrum.

An extra case has been simulated for H,o/dp=10, where the piston-type wave generator [16] has been used

instead of the RZ to generate the same irregular wave time series. The goal was to compare the accuracy

of both generation systems as implemented in DualSPHysics. The wave spectra for the RZ and piston-

type models are depicted in Figure 20 together with the one calculated on the target wave time series. The
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calculate values of H,g, T) and T).10ate also plotted. Both generation techniques are demonstrated to be
accurate. They actually give very similar results.
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Figure 20. Wave spectra in case of irregular waves, comparison between RZ, piston-type generation (MB) and theoretical results
for Case 1 and H,,0/dp=10.

When RZ is applied to couple DualSPHysics to SWASH model, the velocity data from SWASH are used
as input for the relaxation zone. Notice that the resulting orbital velocities might be slightly different from
those prescribed by theory, being the velocity in SWASH the average velocity per each layer used in the
vertical discretization of the water depth. Then, the drift correction (equal to 0.50 in this specific case) has
been applied. The water surface elevation measured at x=L in the SPH domain and the one acquired from
SWASH simulation are plotted in Figure 21.
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Figure 21. Free-surface elevation in case of irregular waves measured at x=L, comparison between RZ applied to model coupling
and SWASH results.

Finally, a case in highly-reflective conditions has been modelled to assess the response of the RZ to
reflected waves in case of random wave trains. The horizontal velocity field in SPH domain at t=244.4 s is
plotted in Figure 22a together with five measurements points (black dots) where the water surface
elevation has been measured. The location of these numerical wave gauges was x=[4.43 m, 4.61 m, 4.86 m,
5.18 m, 5.53 m]. The same case, but with damping area at the right-hand side of the domain to model
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wave generation only and prevent wave reflection is depicted in Figure 22b. By comparing the velocity
field inside the RZ (red box), it can be noticed that the reflected waves are well absorbed. In fact, moving
from the right edge of the RZ towards its center, the velocity pattern in the highly reflective case tends to
the same velocity pattern as in the case where reflection is prevented. This demonstrates that the
correction applied to the particle velocity as expressed by Eq.(8) and by using the weighting function
defined by Eq.(10) is working propetly and the target incident wave field is generated. It is worth noting
that the size of the damping areas, RZ and main fluid domain in this case, has been set-up for validation
purposes only, whereas for application cases the model layout has to be optimized in order to find a trade-
off between RZ accuracy, model resolution and computational cost.
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Figure 22. Snapshot of DualSPHysics simulation implementing RZ applied to couple DualSPHysics and SWASH for Case 1:
horizontal velocity field in case of highly reflective conditions (a) and wave generation only (b). The red box indicates the RZ. The
black dots are the five measurement points for free-surface elevation for wave reflection analysis.

Reflection analysis has been carried out using WaveLab v.3.742 from Aalborg University to separate the
incident and reflected waves. The incident wave characteristics have been therefore calculated starting
from the signal at the five above-mentioned measurement points. The results are reported in Table 3
together with the target wave conditions and the results from the RZ case presented in Figure 20 for wave
generation only. The incident wave characteristics for the highly reflective case are almost identical to the
case shown in Figure 21, that corresponds to a case with no wave refection, and they are very similar to
the target wave conditions: the numerical errors are in the order of 3% for spectral wave height, peak
period and spectral period. These results as the previous one for wave generation only (see Figure 21),
demonstrate that the RZ, also applied for coupling width SWASH, can be extended to cases of random
waves.

Table 3. Measured wave conditions for the Case 1 when RZ is applied to couple DualSPHysics and SWASH: comparison
between highly reflective and generation-only case.

Setup Hino [m] T, [s] To-10 [8] Tt
Highly reflective 0.097  -2.8% 1.60 +3.2% 1.52 +3.4%
Generation only 0.096  -4.0% 1.63 +5.1% 1.54 +4.7%

Target 0.100 - 1.55 - 1.47 -




6 Case study

The coupling between SWASH and DualSPHysics by means of the RZ method is here applied to a case
study consisting of wave overtopping flow impacts on sea dikes with vertical walls in shallow water
conditions. RZ-SWASH is validated against experimental data for post-overtopping processes. The case
of study consists of a multi-functional sea dike with gentle and very shallow foreshore [49,50]. Physical
model tests were carried out in a 4.0 m wide, 1.4 m deep and 70.0 m long wave flume at Flanders
Hydraulic Research, Antwerp (Belgium). The experimental campaign was carried out within the
framework of the project “Hydraulic impact of overtopping waves on a multi-functional dike (1.1.1)”
(UNESCO code 330506, Pr. No. 12176 -Technologiestichting STW, The Netherlands). The case study is
a typical case from the Belgian and Dutch coastline, where buildings are constructed on the top of the
dike. One of the major goals of the project was to characterize the forces exerted by overtopping waves
on the buildings along the coastline.

The geometrical model layout is depicted in Figure 23. The model scale was 1:25. The experimental setup
comprises a 1:35 foreshore slope, starting at x=13.2 m, followed by a 1:3 sloping dike with a 0.1 m height.
The reference frame used in this work has the origin of x at the neutral position of the wave paddle and
the origin of z is set at the bottom of the flume. A vertical wall, mimicking the presence of a building on
the sea dike, was located 0.50 m landwards with respect to the crest edge of the dike.
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Figure 23. Layout of the physical model at FHR.

Not only forces on the vertical wall, but also layer thickness and velocity of the overtopping flows were
measured. Notice that as the overtopping waves are meant those that occur at the dike crest and that can
travel further up to the vertical wall. The wall is, in fact, high enough to prevent any traveling waves to go
over it. A detailed analysis of the velocity field of the overtopping flows on the dike crest was carried out
for regular test cases. Therefore, one regular wave case from those studied in [49] has been used for the
present analysis. The wave height at the wavemaker is equal to 0.2 m, the wave period 4 s. The water
depth in the flume is 1 m at the wavemaker, resulting in an offshore wavelength of 12.0 m.

6.1  Numerical modelling

The numerical modelling of the above described case study comprises a previous analysis where SWASH
model has been validated against the physical model results: wave propagation, transformation and
breaking have been accurately modelled and the conditions at the toe of the dike are reproduced as in the
physical model test. Then SWASH has been coupled to DualSPHysics to model the wave impact. The
quantities measured and compared with the experimental results are: free-surface elevation, overtopping
flow thickness at three different locations along the dike crest and wave forces on the vertical wall. Both
free-surface elevation and layer thickness were measured in the physical model by means of resistive wave
gauges. The wave forces were measured in the physical model by means of two tension-compression load
cells, model Tedea-Huntleigh 614.

A previous attempt to simulate numerically this case was presented by [51], where the hybridization
technique based on MB as proposed by [14] was employed. Main limitation of this work was the
incapability of the MB hybridization technique to compensate wave reflection at the MB, fact that obliged
to shorten the time series with respect to the experimental one. RZ-SWASH is here proposed to
overcome that limitation, while keeping the model accuracy.
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The first step for the DualSPHysics-SWASH coupling applications encompasses a preliminary SWASH
modelling that aims to get the incident wave conditions to be transferred from SWASH to DualSPHysics.
The RZ has been located between x=22.00 m and x=26.00 m (Figure 24b). To get the incident wave
conditions from SWASH at the location of RZ, it has been necessary to modify the foreshore geometry in
SWASH, namely removing the foreshore after x=26.00 m, adding an horizontal bottom and sponge layer
in order to get only the incident wave components in the region where the RZ is placed (Figure 24a). Thus,
spurious reflected components will be prevented and only incident wave velocity information will be
passed from SWASH to DualSPHysics.
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Figure 24. Layout of the flume at FHR and indication of the RZ location for the RZ-SWASH approach: a) SWASH model setup
for incident wave conditions; b) coupling area location; ¢) couple model setup.

A sensitivity analysis on the RZ width has been performed. A width equal to 4 m that (approximately
1/3*L) has resulted accurate enough for wave generation and absorption. The hydraulic boundary
conditions for DualSPHysics in the RZ has been reconstructed by interpolation of the horizontal velocity
calculated at each SWASH layer. Finally, DualSPHysics has been employed to model the part of domain
between the damping zone at the left-hand side of the RZ zone and the dike (Figure 24c). The optimal
width of the damping zone has been assessed, being equal to L/2. The damping is located at a distance
from the left-hand edge of the RZ equal to L./8. An initial interparticle distance p=0.003 m has been used
leading to 1,269,820 SPH fluid particles. Sixty seconds of physical time have been simulated in the TITAN
X graphic card, taking 27.2 h.

The numerical and experimental free-surface elevation, layer thickness and wave forces exerted on the
vertical wall are plotted in Figure 25, showing that the numerical solution resembles the experimental
accurately. The differences that still exist between numerical model and the experiments can be partly
explained because of the highly turbulent and stochastic nature of the overtopping wave impact, that
makes the experimental test not repeatable and not strictly two-dimensional (the wave front after breaking
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is not completely perpendicular to the direction of the wave propagation). Refer to [52] for further
discussions on model inaccuracy and effect of non-repeatability on wave impact modelling. Some re-
reflection pattern is noticed very close to the wall. Some numerical reflection might be noticed, which
increases the magnitude of the last two impacts with respect to the experimental results. Besides, a certain
asymmetry of the free-surface elevation, specifically related to the wave trough, is noticeable in Figure 25a.
It is worth to remember that the RZ is located close to the breaking zone, facts that might induce
unwanted non-linear effects. Further optimization of the RZ setup for very shallow water cases with
heavy wave breaking can smooth this difference. This optimization is not performed for the present work.
Yet, the results demonstrate that the application of RZ-SWASH allows shortening the SPH domain and
improving model efficiency. To run the same model by employing DualSPHysics as stand-alone model
and using the same model resolution would require 114.7 h (=5 days) for 3,389,266 fluid particles. The
results of employing DualSPHysics as stand-alone model to reproduce the case study are reported in [48]
and are omitted here for sake of simplicity. Here we want to stress that a significant reduction in the
computation time is achieved by using RZ-SWASH. However, one has to remind that the reduction is
case-dependent: the closer is the RZ to the analyzed structure the smaller is the SPH domain, resulting in a
faster model execution. In the presented case a speed-up of 4.2 times has been attained.

Finally the horizontal velocity field on the dike crest and close to the vertical wall is depicted in Figure 26
for the RZ-SWASH case. The experimental velocity was reconstructed employing a Bubble Image
Velocimetry technique (BIV). The analyzed area corresponded to the last 50 cm of dike crest, close to the
wall. Experimental and numerical velocity magnitude are plotted using the same color gradient in Figure
26. The snapshots correspond to t=45.95 s, time when, after an initial impact, the following fluid wedge
has risen up the face of the wall, reached the maximum run-up height and is started to be reflected back.
During this stage, the momentum of the fluid flow is inverted due to the flow deflection. This can be
noticed looking at the negative (i.e. oriented seawards) horizontal velocity that characterizes the fluid flow
close to the vertical wall. Notice that the generated overtopping flow on the dike is a highly aerated flow,
due to the wave breaking processes that occur on the foreshore before the dike. Nevertheless, only the
fluid phase is modelled with DualSPHysics at the present stage. The absence of the air-phase in the
numerical model can therefore explain the slight differences between numerical and experimental results.
Yet, the numerical model provides results in agreement with the physical model tests.
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Figure 25. Results of water-surface elevation (a), overtopping layer thickness (b) and wave force (c) using RZ-SWASH: numerical
(red dahs-dot line) vs experimental (black solid line)
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Figure 26. Results of horizontal velocity field on the dike crest using RZ-SWASH at t=45.95 s: experimental (a) vs numerical (b)

7  Conclusions

Relaxation Zone (RZ) technique has been implemented in DualSPHysics and tested the performance of
wave generation and wave reflection compensation for 2°d-order Stokes’ waves. In order to optimize the
performance of RZ, an hyperbolic C function which generalizes and extends the one proposed by [30] is
implemented. The model performance of RZ depends on the shape of the C function and the parameters
related to the width of the RZ. The optimum values for RZ width and the ¥ and f§ parameters that define
the C function are determined through more than 2,000 simulations for both wave generation and wave
reflection compensation. Ten different regular wave cases have been simulated, covering a wide steepness
range between 1.08% and 3.52%. To assess the accuracy for wave generation only, damping areas are
introduced in the SPH domain, in order to avoid any re-reflection towards the RZ. Meanwhile, to analyze
the response of the RZ to reflected waves, the SPH domain comprises a fully-reflective vertical wall,
which represents the most critical layout for wave reflection compensation. Overall the new RZ technique
shows a very good performance in wave generation. It has been proven that the performance depends on
the correlation between the generation width and the shape of the C function and a method to design the
RZ has been presented. It is also demonstrated that the influence of the width of the RZ decreases as the
wave steepness decreases, being the numerical error almost independent on the RZ width for very low
steepness values, namely around 1%. For wave reflection, a first transitional phase is present in the free-
surface elevation, which requires a few waves to be dissipated, with consequent extra computational cost
due to the need to generate longer wave trains in order to achieve a stable solution. However, after the
transitional phase, the reflected waves are properly absorbed by the RZ. A method to design the RZ in
case of highly-reflective cases is also proposed.

Then, the RZ is extended to couple DualSPHysics model to the wave propagation model SWASH (RZ-
SWASH), proving similar accuracy as the RZ as stand-alone method. Finally, the new technique is
extended to irregular wave cases for the generation of real sea states. The new RZ-SWASH method has
been tested and compared also with physical model results for post-overtopping processes on sea dikes.
Despite some model inaccuracies that can be solved by further optimization of the RZ setup, it can be
concluded that RZ-SWASH allows reducing significantly the computational time, four times smaller than
the DualSPHysics stand-alone model for the case here investigated, and provides reasonable results in
terms of wave transformation in a shallow foreshore, overtopping flow velocities and wave force on a
vertical wall on a dike.

All results indicate that the Relaxation Zone technique can be one of the important alternative for wave

generation in SPH-based model for coastal engineering application. It is worthy to remind here the

implementation of RZ does not aim at replacing the most classical Moving Boundary (MB) generation

technique in DualSPHysics. It is always preferable use MB in case of deep and intermediate water and
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when the numerical domain is not so extensive so that the computation can be performed at affordable
costs and time. However, there are critical cases in coastal engineering where using MB would require to
model very large domains to ease the processes of wave transformation and breaking, wave-wave
interaction, release of bound wave components, energy wave spreading, etc. In those cases, it would be
better to move towards the coastline the zone where in the model the waves are generated. To do that,
alternative generation techniques are required, where MB fails or become inaccurate. RZ is one of those

technique, especially because it is meant to link DualSPHysics with a faster and cheaper wave propagation
model, like SWASH.
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