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Abstract
Ongoing climate change is a significant threat to coastal communities. To understand potential risks during extreme storm
events, detailed post-overtopping processes are investigated using DualSPHysics and SWASH with a newly developed
approach. It is a calibrated-based wave generation: a target incident wave is first obtained from the validated SWASH
model, and DualSPHysics creates the target incident wave by adjusting the offshore wave and bathymetry conditions. This
one-way coupling process makes the DualSPHysics computation efficient enough to apply 3D simulation. With a vertical
wall at the end of a room located at the end of the promenade in a mild and shallow foreshore, the present model shows
a good correspondence on the wave force with the literature. After confirming the efficiency and accuracy of the present
model, the 3D simulation with furniture inside the room was conducted and visualized with the state-of-the-art visualization
technique. Based on the visualization, the potential risks during the extreme storm event are further discussed in this paper.
The present work shows a further capability of DualSPHysics to deal with wave–object–structure interaction based on the
latest developments in an efficient way. The developed model can be further used to understand the potential risks of ongoing
climate change.
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1 Introduction

Wave overtopping is one of the most significant concerns
in urbanized coastal communities since it increases the risk
for the people’s safety and damages properties and urban
assets. It is expected that such risks will be increased due
to the ongoing Sea Level Rise [1, 2]. Further understanding
of post-overtopping processes (e.g. overtopping discharges,
overtopping volumes, flow depth, flow velocity, drag forces)
will help to optimize people’s safety and properties [3, 4].

However, detailed post-overtopping processes on a prom-
enade/dike located in mild and shallow foreshores are not
fully understood yet due to limited study cases. Shallow fore-
shore refers to shallow water conditions at the toe of the
dike with a foreshore before it causing heavy wave break-
ing [5]. Limited information is available on the relationship
of post-overtopping processes such as average overtopping
discharge, overtopping volume, flow depth and velocity for
mild and shallow foreshore conditions, even in EurOtop
[6], one of the most used overtopping manuals in Europe.
The bound infragravity waves are transformed into free long
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waves in shallow foreshores and influence the overtopping
processes significantly [7, 8]. Neglecting infragravity waves,
the process on the shallow foreshore will not be accurately
represented. The flow behaviour on the dike in shallow fore-
shores is not the same as in the deepwater cases in the existing
studies [9]. Among the limited study, it has to be highlighted
that Stansby et al. [10] predicted overtopping volumes for
solitarywaveswithBoussinesq/shallowwater, SPHandVOF
modelling. Hunt-Raby et al. [11] provide well-defined data
on overtopping flow based on the solitary and focussedwave.
Thesewould be a goodvalidation data set for the further study
of overtopping flow.

One of the difficulties in the study of flow properties on
the dike is velocity measurement. Overtopping flow is typ-
ically thin and repeats in wet and dry conditions during the
overtopping event. Therefore, it is not easy to measure flow
velocity accurately in physical models and field measure-
ments. In many cases, the flow velocity is measured using
two wave gauges. Apart from the tip and individual wave
propagation velocity (by tracking crests/through), no flow
velocity information can be measured. This problem does
not occur in numerical modelling due to its nature: one can
output all detailed hydraulic and hydrodynamic properties
in numerical models at any region of the defined numerical
domain. In addition to the need formodellingwave–structure
interaction [12], it is now well documented that waterborne
debris is also responsible for increased damage [13] and
needs to be modelled. In order to obtain detailed informa-
tion on wave–structure–objects interaction, mesh-based and
mesh-less methods are being used for coastal engineering
practices. Recent studies show good capabilities of smoothed
particle hydrodynamics (SPH)models to deal with wave–ob-
jects interaction [13, 14] and even debris flows by expanding
the SPH method with a distributed-contact discrete element
method (DCDEM) [15] and with project Chrono [16]. Such
numericalmodels are helpful to understand post-overtopping
processes where overtopping flow, objects (e.g. debris) and
structure interaction is essential. However, they need a large
domain due to the (very) long foreshore when it is applied
to the mild and shallow foreshores. In addition, wave–objec-
t–structure interaction is a 3D problem, hence requiring even
higher computational resources.

Recently, Suzuki et al. [17] investigated the risk on the
dike/promenade in mild and shallow foreshore by means of
SWASH [18], which is based on the nonlinear shallow water
equation with non-hydrostatic pressure term. The computa-
tion is not expensive compared to CFDmodels, but is similar
to Boussinesq models [19, 20]. It allowed us to understand
overall overtopping wave–structure interaction in 2DV, yet
the work was limited to simple bathymetry configurations
due to the nature of a depth-integrated model (e.g. not pos-
sible to calculate the effect of the ceiling of a room).

Coupling models is useful to overcome the shortcomings
of both models [21]. On the one hand, wave propagation is
calculated by such depth-integrated models (e.g. SWASH,
Boussinesq models [22]), and on the other hand, the detailed
run-up and wave–structure interaction are solved by high-
end numerical models (e.g. OpenFOAM [23], DualSPHysics
[24–26]). With regard to coupling models in SPH, Altomare
et al. [27] first introduced the multi-layered piston concept
to couple SWASH and DualSPHysics [28]. It is a one-way
coupling method in which the velocity field calculated with
SWASH is passed to DualSPHysics at a specific coupling
location by means of a moving boundary. The information
from SWASH is interpolated along the water depth to assign
the horizontal component of the orbital velocity at each
boundary particle, depending on its z-coordinate. Further
coupling techniques based onDualSPHysics were developed
in recent years. For example, Altomare et al. [29] introduced
improved relaxation zone method. In this method, the move-
ment of the fluid particles is controlled by correcting their
orbital motion based on a weighting function in a specified
generation area. Verbrugghe et al. [30] developed a two-way
coupling method for wave propagation and wave–structure
interaction in a deepwater condition based on open boundary
conditions (i.e. inflow/outflow). However, none of the model
is fully applicable or validated for simulating wave overtop-
ping in mild and shallow foreshores when the coupling point
comes to very/extremely shallow water—e.g. at or close to
the toe of the dike. The limitation of those models for gener-
ating waves at the toe are related to the high nonlinearity in
very shallow water and limited volume of the water mass in
the DualSPHysics domain. Using open boundaries in Dual-
SPHysics [31] for nonlinear wave generation [32] can be a
good option. However, the method is not yet validated for
such highly nonlinear waves at a very shallow (or even dry)
coupling point including reflection from the dike. Usui et al.
[33] developed a theoretical paddle movement to generate
an arbitrary wave shape in a wave flume, but it is only appli-
cable to a flat bottom profile. Similarly, a development of a
theoretical paddle movement might be possible, but it will
not be easy due to the fact that the wave transformation is
highly nonlinear in the shallow/dry zone.

In order to overcome the issues shown above, a novel
calibration-based wave generation method was developed
in this study as an alternative. It enables to simulate the
post-overtopping processes of an individual wave on the
dike/promenade in mild and shallow foreshores efficiently.
The technique is helpful to calculate wave–structure inter-
actions. For example, the maximum wave force estimation
acting on a coastal structure can be obtained based on
the present method. Also, it can be applied to understand
wave–object interaction in 3D.
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Fig. 1 Overview of the shallow foreshore and dike (left panel) and zoom of the promenade area (right panel). The diamond marker indicates the
position of the output point of unobstructed flow depth and velocity

The paper is structured as follows. First, the methods used
in the paper are explained in Sect. 2. Next, in Sect. 3, the cali-
bration is conducted for the present study cases. In Sect. 4, the
post-overtopping processes of the 3D overtopping flow–ob-
ject–structure interaction in an apartment on a dike in a mild
and shallow foreshore are simulated based on the calibrated
paddle movement. The simulated results are analysed and
visualized to understand better the state-of-the-art visualiza-
tion technique in the 3D environment [34]. The calibration
method, computational cost and potential risks of the post-
overtopping processes are discussed further in Sect. 5.

2 Methods

2.1 DualSPHysics

The numerical model used for this study is DualSPHysics.
See detailed governing equation and numerical techniques
in [28]. This paper used a newly developed boundary condi-
tion, the modified dynamic boundary condition (hereafter
mDBC; [35]). The typically used boundary conditions in
DualSPHysics, DBC [36], become too repulsive in dry-to-
wet conditions and complex pre-processing techniques are
needed to reduce the gap created between fluid and struc-
ture/bathymetry [37]. Without mDBC, this gap makes the
simulation of bore propagation on the promenade interact-
ing with free objects less straightforward. On top of using
mDBC, the coupling of DualSPHysics and Chrono-Engine
[38] is used for modelling the object–object interaction [39].
Canelas et al. [39] validated the fluid–structure–structure
model based on physical experiments. With this method, the
collisions of furniture/structure are properly modelled. The
second novelty in DualSPHysics formulation used in this
work is the density diffusion term (DDT) by Fourtakas et al.
[40]. This stabilizationmechanism improves the density field
and allows for long simulations.

2.2 Calibration-based wave generationmethod

In this study, post-overtopping processes in an apartment
room situated at the end of the promenade in a mild and

shallow foreshore are simulated with DualSPHysics based
on the calibration-based wave generation method.

As a first step, the target wave needs to be created with
an available resource, for example, a computationally less
expensive numerical wave model or a physical model. In
this study, wave transformation in a shallow foreshore and
overtopping over a dike with a promenade in 2DV were sim-
ulated in SWASH (Fig. 1). It generates the time series of
incident (i.e. unobstructed) flow depth and velocity at a tar-
get point, see the diamond maker in Fig. 1. It is noted that the
SWASH simulations applied to this study correspond to the
cases from [17]: no calculation was conducted for this study
(except preliminary testing cases to get incident wave con-
dition at the coupling point, see details in 3.1), but the time
series of free surface and velocity of existing calculations
are extracted. These time series are treated as target incident
waves for DualSPHysics simulation. As a second step, the
target wave needs to be reproduced by a numerical model.
It is noted that the numerical model needs to be capable of
dealingwithwave–structure–object interaction. In this study,
DualSPHysics is selected since it is possible of dealing with
wave–structure–object interaction without extra calculations
(i.e. objects can be calculated as a cluster of particles, which
directly interact with fluid particles within DualSPHysics).
Calibration is an iterative process, and thus, tests are repeated
until a satisfactory result is obtained. In the DualSPHysics
model, waves are generated as a movement of a piston as a
standard method [41, 42], and therefore, the paddle move-
ment together with the water level is modified during the
calibration. When the target wave time series at the specified
location is reproduced, the calibration process is completed.
In our case, the target is the time series of overtopping dis-
charge q, which is derived from a product of the flow depth
and horizontal flow velocity at the end of the promenade. It
is noted that only horizontal flow is relevant in our case since
it is shallow water flow.

2.3 Data selection

According to Suzuki et al. [17], the average overtopping
discharge q and maximum individual overtopping volumes
Vmax had a strong relationship; therefore, simulating an
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Table 1 Selected cases and
overtopping flow properties
during the maximum overtopping
event. Numbers used in the case
name are properties of the test
condition. See details in Suzuki
et al. [17]

Case Class Actual average q
(l/s/m)

Vmax
(l/m)

hmax (m) umax (m/s)

RSK_Q_7_4_12_65_95_20 1 l/s/m 0.7 1799 0.21 3.6

RSK_Q_7_5_12_65_90_20 10 l/s/m 10 7123 0.35 5.8

RSK_Q_8_4_12_69_90_20 100 l/s/m 89 19,037 0.74 7.4

Fig. 2 Vmax and q for the selected wave overtopping cases and entire
data from Suzuki et al. [17]

individual overtopping flow in the time window Vmax can
represent a maximum overtopping event during 1000 waves
of a specific class of average overtopping discharge.

In this study, three cases from three classes of the overtop-
ping discharge are selected to simulate the post-overtopping
processes, namely ‘1 l/s/m’, ‘10 l/s/m’ and ‘100 l/s/m’, see
Table 1. As can be seen in the table, the actual overtopping
discharges selected were not precisely the same as the name
of the classes, but they are close enough to represent these
overtopping discharges, see the scatters of the Vmax for dif-
ferent q in Fig. 2. The time series of water surface elevations
and velocities in the maximum wave overtopping event in
the selected cases are shown in Fig. 3. These are used as
inputs for the calibration of incident waves at the end of the
promenade. They will be reproduced in DualSPHysics and
the calibrated paddle motion in 2DV, which are used to sim-
ulate the post-overtopping event in a room of an apartment
building located at the end of the promenade in 3D.

2.4 Model settings

Once the target waves are obtained from the SWASH mod-
elling, calibration is conducted using DualSPHysics in 2DV.
The calibration aims to obtain a proper wave paddle motion

Fig. 3 Time series of water
surface elevations and velocities
measured at the end of the
promenade during the maximum
overtopping event in the selected
wave overtopping cases
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Fig. 4 Time series of flow depth
(upper panel), velocity (middle
panel) and q (lower panel) for the
preliminary test and target

that generates target incident overtopping flow at the spec-
ified location. The distance between the toe and the initial
paddle position should not be too long to keep the computa-
tional time short enough. In our work, the wave paddle was
placed 27 m away from the toe of the dike (which corre-
sponds to 12% of offshore wavelength). In our calibration,
the promenade and dike slope were set the same as in reality.
The toe depth was selected deeper than the reality to keep
the necessary amount of water (Vmax and water mass not
passing to the overtopping measurement point) in a limited
calculation domain, while the depth is kept constant for the
wave generation (Fig. 5). The input parameter for the cal-
ibration is the depth at the toe (i.e. SWL) and the paddle
motion (i.e. paddle position in time). For the simplicity of
the calibration process, the piston was not ML piston (multi-
layered piston [27]), but just a single wave board. Otherwise,
the paddle movement for each layer needs to be calibrated,
whichmakes the calibration process muchmore complicated
without benefit, especially for shallow foreshore conditions,
in which the velocity profile is almost uniform.

The parameters/settings used in the DualSPHysics simu-
lations are as follows. Coefficient to calculate the smoothing
length, Coefh is 1.5 as suggested in [43], density diffusion
term DDT is [40] with value 0.1, and artificial viscosity is
0.01. In order to have some bottom friction effect, multipli-
cation factor of viscosity value with boundary, viscobound-
factor 2 is used [44]. The initial interparticle distance, Dp
are 0.025, 0.04, 0.05 m, for 1 l/s/m, 10 l/s/m and 100 l/s/m,
respectively.

3 Calibration

3.1 Preliminary testing

Before starting the calibration, the coupling method of [45]
was applied to check whether the coupling method works for
the case of 10 l/s/m when the coupling point is very shallow.
For this test, one-layered paddle motion was obtained from
SWASH incident wave simulation (i.e. the bathymetry is flat-
tened at the coupling point, see details in [45]) by integrating
the time series of the velocity at the fixed location (i.e. 27 m
away from the toe of the dike) and it was applied to the pis-
ton in DualSPHysics model. Figure 4 shows the flow depth,
velocity and q of this preliminary test. As shown in the figure,
the flow depth is highly overestimated. The error can be gen-
erated because of four possible reasons: (1) the paddlemotion
is based on the velocity measured at the fixed point, while
in reality, the paddle position is moved in time (i.e. velocity
at the actual position of the paddle at each moment will be
necessary), (2) the paddle reached the toe of the dike during
the generation, and thus, water between the dike and the pad-
dle was squeezed and eventually gives higher water surface
elevation at the promenade, (3) the actual water surface ele-
vation at the moment of the initial time step (i.e. snapshot at
the domain between the paddle and overtopping point in the
SWASHmodelling) is not constant, and (4) the time window
which has to be used for the coupling is unknown a priori.
Minor differences can lead to different consequences. For this
reason, it is unsure that inlet/outlet [32] can be directly used
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Fig. 5 Bathymetry, initial paddle position of the wave paddle and water levels in DualSPHysics modelling (water levels are ones from successful
calibration, and actual bathymetries and water levels used in SWASH modelling [17]; all relative levels based on the crest of the dike)

Fig. 6 Calibrated flow depth,
velocity and q for 10 l/s/m case

to obtain a good result, and therefore, the coupling method
is not further explored in this study.

3.2 Calibration results

The paddle motion and water level were first calibrated for
the 10 l/s/m case, by tuning the paddle velocity and the initial
water level (Fig. 5). The first trial reduced the velocity of the
paddle movement used in the last section, which gave higher
flow depth. At the same time, the water level was increased
to generate the wave with a limited stroke of the paddle.
After some iterations, a good incident wave was obtained,
see Fig. 6. This case matches the target time series of the
water surface elevation and the velocity from SWASH. The
time series of instantaneous q is also following the target
curve. After the target paddle movement was obtained for

the case 10 l/s/m, two extra cases, namely the 1 l/s/m and
100 l/s/m were also calibrated. On this occasion, the same
paddle movement was used, but only the different water lev-
els are tested for the calibration since these are in the same
overtopping regime (i.e. overtopping over a dikewith a prom-
enade in a shallow foreshore) and give similar overtopping
patterns as shown in Fig. 3. As shown in Fig. 7, the results
show a good agreement with this approach. The calibration
results suggest that the water level change is a crucial aspect
since the volume of water in the domain affects different
overtopping volumes in the studied regime. By changing the
water level, the volume of water inside the model domain is
decided, while the shape of the overtopping was well main-
tained by the paddle movement calibrated for the 10 l/s/m
case.
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Fig. 7 Calibrated flow depth, velocity and q for 1 l/s/m and 100 l/s/m case

In order to evaluate the overall performance of the exe-
cuted calibration, Willmott’s refined index of agreement dr
is applied to the time series of q here, following the evalua-
tion method in Gruwez et al. [23]. The dr can be calculated
based onMAE (mean absolute error) and MAD (mean abso-
lute deviation), ranging from − 1 to 1. It gives 0.72, 0.71
and 0.80, respectively, for 1 l/s/m, 10 l/s/m and 100 l/s/m.
They fall into ’Good’ and ’Very Good’ defined by [23]. It is
recommended that the calibration be more than 0.7 so that
the calibrated time series represents the target time series.

Note that the DualSPHysics calculations for the calibra-
tion were not time-consuming: the computational time for
one run was 7 min using GeForce RTX 2080 Ti.

4 Modelling of wave–object–structure
interaction

4.1 Model schematization

Based on the calibrated paddle motion and water levels, 2DV
wave–structure interaction and 3D wave–object–structure
interaction are modelled. 2DV wave–structure interaction is
based on an extended bathymetry with an apartment room
at the end of the promenade to see water surface elevation
and force acting on the room’s back wall. 3D wave–objec-
t–structure interaction modelling included some furniture in
the room on top of the extended bathymetry in 3D. The fur-
niture is not a fixed object, but can be freely moved when
critical forces are exerted on it. See the schematization in
Fig. 8. The furniture modelled in this simulation are a sofa, a
coffee table and a TVwith a cabinet. The furniturewas repro-
duced by a cluster of particles which represent the geometry
of each object extracted from STL files. The density of all the

furniture is set the same, 700 kg/m3, for simplicity. Note that
the aim is not to perform a strict validation of the movement
of specific items of furniture. The interparticle distance of
the furniture was the same as the one for fluid. The small-
est object (the coffee table) has dimensions of 0.8 × 0.8 ×
0.45 m, and the largest object (the sofa) measures approx.
2.3 × 1.1 × 0.85 m. The maximum water level is 0.3 m in
10 l/s/m case (dp � 0.04 m), and thus, around 8 particles
covered the depth. Canelas et al. [39] demonstrated that the
DVI models show a good representation of the motion of the
object even with the lowest resolution H/dp � 3.

In these simulations, it is assumed that the apartment win-
dows have already broken, and thus, there is no obstruction
at the entrance of the room. See example calculations of win-
dow failure in Chen et al. [46]. It indicates that the window’s
strength is a function of the configuration and location of the
window.

4.2 Force estimation with the calibrationmethod

The 2DV simulation is very similar to the physical model
case of Chen et al. [47], namely with a shallow foreshore
and a dike with a promenade. At the end of the promenade, a
high vertical wall is situated. The measurement of the force
acting on the wall is available. In this section, the validity
of the numerical model of the present study is investigated
using the physical model test results. The input of the force
estimation from Chen et al. [47] is relatively simple. It links
the force to the maximum wave run-up height on a vertical
wall. The force is estimated with the equation below.

F � 0.33ρgh2 (1)

where F is force, ρ the water density, g the gravitational
acceleration and h the wave run-up height.
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Fig. 8 Schematization of 2DV
and 3D modelling

Fig. 9 Maximumforce acting on the backwall of the roomwith different
overtopping discharge

In order to have the wave run-up value on each modelling
of the present study (i.e. 1 l/s/m, 10 l/s/m and 100 l/s/m), one
extra numerical simulationwas conducted,which is 100 l/s/m
case. In this case, thewave run-up is interrupted by the ceiling
of the room, and therefore, the wave run-up value is not valid
in the existing case. To obtain the wave run-up value, the
room configuration was replaced with a high wall (i.e. no
overtopping and no ceiling). For 1 l/s/m and 10 l/s/m cases,
wave run-up is not reached the ceiling, and thus, the wave
run-up values are directly obtained in the existing models.

Figure 9 (black dots) shows the maximum force measured
in the 2DV without furniture and force estimation based on

Chen et al. [47]. The differences between the DualSPHysics
simulation and Chen’s estimation of 1 l/s/m, 10 l/s/m and
100 l/s/m are 12, 21 and 17%, respectively. It is noted that
a range of 20% error can be considered acceptable for wave
impact cases, according to Altomare et al. [48]. From this
result, it can be concluded that the estimated forcing on the
vertical back wall by DualSPHyics is valid in practice. Even
though the other physical parameters such as water surface
elevations and velocity simulated in the present model are
not validated here, we assume that themodel represents these
properly.

Figure 9 (red dots) shows the maximum force measured
in 3D with furniture. In this case, the force acting on the
back wall is reduced due to the obstruction of the furniture.
It is a different behaviour compared to Wüthrich et al. [49],
which shows that the debris can increase the force on the
structure. The structural shape can partly explain this: the
present study used a closed room while Wüthrich et al. [49]
used the building with openings (i.e. the building consists
of pillars and beams). In the present model, the incoming
bore first hit the furniture, and the momentum of the bore
is slightly reduced. Then consequently, the bore containing
the furniture hit the wall. The process is visualized with the
state-of-the-art visualization technique in the next section.

4.3 Visualization of wave–object–structure
interaction

In order to understand the post-overtopping process bet-
ter, the 3D wave–object–structure simulation is visualized
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Fig. 10 Snapshot of overtopping
event a 1 l/s/m: furniture are
moved except sofa and
b 10 l/s/m: all the furniture are
moved

Fig. 11 Snapshot of overtopping
event 100 l/s/m: a bore
propagating on the promenade,
b bore is interacting with
furniture, c furniture hit to the
wall at the end of the room, d the
room is filled with water,
e reflected wave brings the
furniture to offshore, f one object
reached the dike slope

with the state-of-the-art visualization technique [34]. Such
detailed visualization provides an opportunity for profes-
sionals, the general public and possible stakeholders to
understand the post-overtopping event qualitatively. It helps
discuss the overtopping risks and possible measures for
the countermeasures (e.g. evacuation strategies). The three
videos cover a wide range of overtopping events, from 1 to
100 l/s/m. To the authors’ knowledge, it is the first time to
visualize such different levels of the overtopping events in a
comprehensive way. Note that the eyepoint of the 3D image
is 1.60m from the bottom, assuming a person of 1.70–1.75m
tall.

Figure 10 shows snapshots of the overtopping events
of 1 and 10 l/s/m. Most of the furniture (except sofa: a
few cm drift) is moved by the bore during the overtopping

event 1 l/s/m. 10 l/s/m case makes all the furniture moved.
Figure 11 shows snapshots of the overtopping event of the
case 100 l/s/m. As seen in the figure, the overtopping wave is
quite energetic in this case: the bore canmove all the furniture
and make them hit the wall behind. Even though the incident
flow depth is around 0.7m, when it is combinedwith the bore
propagation velocity, furniture obstruction and wave reflec-
tion at the wall behind, the highest water level goes up to the
ceiling filling most of the room with water (see Fig. 11d).
Note that the cross-sectional view at the bottom figure rep-
resents the highest water level in the whole width in practice
(whole domain in y-direction since it is like a side view of
wave flume with a certain width), and therefore, the water
level is not that high for entire y-direction. The water level in
the y-direction is not uniform due to the 3D effect induced by
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Table 2 Difference of number of particles and simulation time for traditional method and calibration method (assuming dp� 0.05 m and the domain
is from the case of Suzuki et al. [17])

Method Model Order of magnitude of number of
particles

Real time to be simulated (s) Simulation
time

Traditional
method

Full simulation in 3D and 1000
waves

370 million 12,000 Not tested

Calibration
method

Simulation in 2DV and target time
window

0.03 million 40 7 min

Full simulation in 3D and target
time window

1.2 million 40 8 h

the furniture (if there is no furniture, then the wave remains
uniform in the y-direction).

As a result of realistic visualization, it is now recognizable
how violent is the overtopping waves for different overtop-
ping discharges. The videos are available as Supplementary
Information.

5 Discussions

5.1 Calibrationmethod

The quality of the calibration method is decided by the qual-
ity of the input data (either numerical model or physical
model) and numerical models which calculate the wave–ob-
ject–structure interaction. Therefore, the selection of the
models is essential. On top of that, the calibration quality
also influences the result. It is recommended to calibrate
the model until dr ≥ 0.7 is obtained to maintain the qual-
ity of the method. It is noted that the input model SWASH in
this study has been well validated for the wave transforma-
tion and overtopping over dikes and individual overtopping
volume with the shallow foreshores configuration [18, 50].
The DualSPHysics model has also been validated well for
wave–structure interactions, as stated earlier.

It is underlined that the calibration method is feasible
for the combination of two numerical models, as shown in
this study, and for a combination of a physical model and a
numerical model. For example, the incident wave obtained
from a physical model can be reproducedwith the calibration
method. In contrast to a coupling of two numerical models,
physical models cannot provide all the velocity and water
surface elevation in time at the coupling point. Therefore,
calibration is an excellent alternative to reproduce a target
wave.

During the calibration, quick visualization will help to
reduce the number of trials. For example, visualization will
help to understand at what moment the paddle needs to be
accelerated.

In the calibration process in this study, it was necessary
not only to calibrate the paddle movements but also to mod-
ify the bathymetry to adjust to the wave generation system in
DualSPHysics, and to change the water levels. It is arbitrary,
but in turn, it shows different calibration possibilities. It is
not confirmed in our study, but the calibration can be com-
pleted only by changing with paddle displacement without
any water level change. One can explore this possibility with
a fixed water level. However, due to the high nonlinearity of
the wave propagation on the dry impermeable structure, it
is helpful to keep the possibility that the water level can be
changed. Eventually, it increases the possibility to obtain the
desired wave at the target point. Further optimization might
be useful when a more efficient method is necessary.

5.2 Computational cost

Based on our experience, the first calibration takes more time
(e.g. 10 times try and error), but the second one will be faster.
It is because one starts to know how the change of the move-
ment of the paddle affects the water surface elevation. It
is very similar to calibration of incident wave in physical
modellings—calibration is typically accelerated as cases are
increased. As mentioned earlier, good results were obtained
based on Willmott’s refined index for different overtopping
discharge cases only by changing the water levels.

As noted earlier, one run in our simulation took 7 min (~
0.03 million fluid particles and the time window of 40 s),
and the 3D simulation with furniture took 10 h in the case of
100 l/s/m (dp � 0.05 m). Both were simulated with GeForce
RTX 2080 Ti. In total, the simulation time is minimal com-
pared to the conventional method, which models the whole
domain and entire time window (i.e. 1000 wave periods for
wave force estimation). See Table 2 for the comparison.
As can be seen, the traditional method is not feasible with
DualSPHysics, in practice. The computational cost and the
memory used for the simulation can also be saved by limiting
the domain using the calibration method.
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5.3 Discussion on overtopping risks

As shown in the 3D simulation, the furniture can be moved
by the overtopping bore. Even though the total force acting
on the wall is reduced due to the obstruction of the flow by
the furniture in this configuration, such furniture movement
is an extra risk factor for people. The velocity of the furniture
measured in the simulation goes up to 5m/s. In theworst-case
scenario, peoplemight be pressedbetween furniture andwall.
The pressure of the corner of the furniture can be extremely
high accidentally (e.g. largemass furnituremove fast heading
with the corner). It is a great threat for people inside the
building. No wonder people are already evacuated in such
a situation, but it is useful that any numerical model can
predict such physics. The other phenomenon that deserves
to be studied is that one piece of furniture (the TV shelf)
goes offshore due to the return flow within 10 s after the bore
hitting in the 100 l/s/m case. As indicated in Suzuki et al.
[17], reflectedwave from thebackwall is oneof the additional
risks for the overtoppingwaves for human stability, but return
flow drawing to the sea will be another potential risk for
people’s safety.According to [17], the negative velocity reach
3 m/s for their 15 l/s/m case. One benefit of the numerical
model is to be used to communicate such different risks with
local communities—dissemination of scientific knowledge
is an important topic for disaster prevention/evaluation. It
can be better achieved by the state-of-the-art visualization
technique, as stated earlier.

6 Conclusions

In the present work, a calibration-based wave generated
method is proposed and applied to 3D overtopping flow–ob-
ject–structure interaction. As for the target wave input for the
calibration method, three cases from Suzuki et al. [17] are
selected, which have links to average overtopping discharges
with different orders of magnitude (i.e. 1 l/s/m, 10 l/s/m and
100 l/s/m). It is noted that these inputs were calculated using
SWASH, which was already validated on the overtopping
cases under shallow foreshore conditions in the literature.
As preliminary testing, a selected time series of the horizon-
tal velocity extracted from the incident wave run in SWASH
was applied to obtain the target wave time series at the tar-
get point, following the coupling methodology of Altomare
et al. [27]. However, the obtained results do not match the
target wave time series mainly because the coupling point is
very shallow. See details of the difficulties in Sect. 3.1. After
that,we tested the calibration-basedwavegenerationmethod.
The method needs some iterations changing the input paddle
movement and water levels until the target wave is obtained.
Following some try and error, we obtained the acceptable
target wave time series with a limited error in h, u and q, for

all three cases. The calibrated paddle movements and water
levels are first applied to the 2DV simulations without furni-
ture. Based onChen et al. [47], the force calculation using the
calibration method is validated. The result indicates that the
calculated force acting on the backwall iswithin the expected
range. After this confirmation, the model is further applied to
the 3D configuration with furniture. With furniture, the mea-
sured wave force acting on the back wall is slightly reduced
due to the momentum lost during the interaction between the
incoming bore and the furniture. The process is confirmed
with the state-of-the-art visualization technique. It provides
much qualitative information on the post-overtopping pro-
cesses of the overtopping wave, making it possible to discuss
further the risks of the overtopping wave hitting a room with
furniture.

The present work not only confirms the accuracy and the
efficiency of the proposed calibrationmethod, but also shows
the usefulness of the state-of-the-art visualization technique.
The calibration method is also applicable to physical model
input, theoretically. The computational cost is much reduced,
as shown in Table 2, owing to the efficient methodology pro-
posed in the present study, and thus, it is possible to apply the
present methodology to wave–object–structure interaction
in 3D configuration. It reduced the number of the parti-
cle to 1/300 (i.e. 370 to 1.2 million) and the computational
time window to 1/300 (i.e. 12,000 s to 40 s) in our case.
Wave–object interaction can relatively easily be modelled in
DualSPHysics since the model deals with the floating object
as a cluster of particles. Based on the visualization, further
potential risks are also detected.

In conclusion, the present work shows the capability
of DualSPHysics to deal with complex interactions (e.g.
wave–object–structure interactions) using the latest develop-
ments with the proposed calibration method. It is an essential
step for coastal engineering to understand additional risks and
develop countermeasures against ongoing climate change.
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