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• Multi-GPU computation
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WP3: synthetic data generation



Setup TOD-IHC
1/45 scaled bathymetry
3D reconstructution of the bathymetry from field data.


This is the setup that we would consider for our validations.




Mono-dispersed SPH implementation  
Coupling to improve the physics 

Single phase 

Open source SPH solver

A breakwater under a solitary wave

A platform for wind energy under 
regular waves

DualSPHysics

- CPU/GPU Implementation (C++/Cuda) 

- Highly parallelized for GPU units (only one so far) 

- Pre- and Post-processing tools  

- Open source 

Features

Domínguez, J.M., Fourtakas, G., Altomare, C. et al. DualSPHysics: from fluid 
dynamics to multiphysics problems. Comp. Part. Mech. 9, 867–895 (2022). 

https://doi.org/10.1007/s40571-021-00404-2 

https://doi.org/10.1007/s40571-021-00404-2


• More than 1000 blocks


• Complex bathymetry


• The blocks move only after 
long sea-states


• Fully-3D simulation

Setup TOD-IHC
1/45 scaled bathymetry

Wave basin arranged in Santander for this project



Setup TOD-IHC
1/45 scaled bathymetry
3D reconstructution of the bathymetry from field data.


We would need the configutation in the TOD




Numerical TOD-UPC
Multi-GPU simulation

Resolution dp=L/10 
100 M particles 

Run on 4 GPU (V100) 

Fully 3D 
Example of a solitary wave 

Note: L is the meaningful size of a block (5.00 m)




Getting blocks in
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Open source multiphysics library

From Project Chrono
Multi-body support 
Smooth and non-smooth contacts 
Kinematic and dynamic restrictions

Martínez-Estévez, I. et al. (2023). Coupling of an 
SPH-based solver with a multiphysics library. 

Computer Physics Communications, 283, 108581. 
https://doi.org/10.1016/j.cpc.2022.108581 Courtesy of Salvatore Capasso

Supports general featured bodies

https://doi.org/10.1016/j.cpc.2022.108581


Open source multiphysics library
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et al., 2019b), ii) relaxation zones (Altomare et al., 2018) employed 
either as stand-alone generation method or as coupling method with 
other phase-resolving models, iii) inlet/outlet open boundaries (Ver-
brugghe et al., 2019) developed initially for two-way coupling with 
wave propagation models but also suitable for stand-alone wave gen-
eration, and iv) multi-layered piston wavemaker (Altomare et al., 
2015b) coupled with external method (hereafter called ML-piston). This 
last method is the one employed in the present simulations. The 
ML-piston consists of a set of boundary particles that are bound together 
however they do not move as a whole rigid body, but rather have hor-
izontal movements, which are reconstructed on the basis of the velocity 
time series that have been previously resolved in SWASH model (Zijlema 
et al., 2011) or any other model employed for wave propagation. In this 
work, OpenFOAM is employed for the purpose. The first model provides 
information of the velocity field along the water depth at a specified 
location along the wave propagation (i.e. coupling location), allowing 
accurately reconstructing the velocity profile in DualSPHysics. For 
models like SWASH this means to work in a multi-layered mode, while 
models like OpenFOAM provides velocity field for each mesh or nodal 
point that discretises the depth. The velocity time series reconstructed at 
each point along the water depth are then interpolated to assign velocity 
to each boundary particle of the ML-piston. This coupling technique is a 
1-way offline coupling with no reflection compensation, for which it is 
suitable only for low-reflective cases or very short time series used, such 
as the modelling of the main pulse of a single solitary wave. 

2.4. Project Chrono library 

The Project Chrono library (Tasora et al., 2016) is coupled with 
DualSPHysics to solve the fluid-structure interaction problem with me-
chanical constrains applied on rigid bodies. A first description and 
validation of the coupling between DualSPHysics and Chrono can be 
found in Canelas et al. (2018), where a simply supported platform was 
exposed to a dam break leading to the collapse and partial transport of 
the structure. Moreover, the same authors presented a new structured 
version of the DualSPHysics code coupled to the multiphysics library 
using a co-simulating environment in Martínez-Estévez et al. (2023), 
improving the applicability to industrial problems. A rigorous validation 
of the collision detection algorithm has been already conducted in 
Martínez-Estévez et al. (2023), following the experimental setup pro-
posed in Hagemeier et al. (2021). Good agreement was found between 
the numerical vertical component of a fully submerged sphere falling 
down and impacting the bottom surface of the tank made of steel. 

The smooth dynamics model, available in Project Chrono, deals with 
discontinuous frictional contacts and kinematic restrictions. The first 
ones are of interest in this work since the interaction between the 
different Tetrapods of the breakwater and those Tetrapods interacting 
with the mound are solved by that collision detection algorithm. In 
particular, the smooth contact code implemented (single-core) in 
Chrono 4.0.0 module is used in this work. The collision detection is 
activated when the distance between two approaching objects is less 
than a minimum distance defined by the user. Therefore, Project Chrono 

uses the outer envelope surface of those objects to detect collisions in 
terms of surfaces (not in terms of particles). The normal force (Fn) is 
solved using the following expression: 

Fn = knδ3/2
n n̂ − cnδ3/2

n vn (10)  

where kn is the normal stiffness, cn is the normal damping, vn is the 
normal component of the relative velocity at the point of contact, δn is 
the normal overlap, and n is the unit vector pointing from one particle 
centre to the other (or from one surface object to the other). Note that 
values of normal stiffness and damping depend on the user definition of 
the material properties like Young’s modulus, Poisson’s ratio and coef-
ficient of restitution. On the other hand, the tangential force (Ft) follows 
the Coulomb friction condition that defines a maximum allowable force ⃒⃒
Ft,max

⃒⃒
= μs|Fn|, but it can be written in a general way as: 

Ft =min
[

μs|Fn|
δt

|δt|
, − ktδ1/2

n δt − gtδ1/4
n vt

]
(11)  

with μs as the coefficient of static friction that defines when passing from 
tangential sticking to tangential slipping, kt is the tangential stiffness, vt 
is the tangential component of the relative velocity at the point of 
contact, and δt is the tangential displacement vector. The normal and 
tangential forces computed on each body as result of the collision are 
included in the basic equations of the rigid body dynamics in order to 
compute the final motion of the solids. A complete description of the 
formulation can be found in Sunday et al. (2020). 

Based on the above-described approach, the friction coefficient be-
tween different Tetrapods and the friction coefficient between them and 
the mound of the breakwater needs to be defined for the materials that 
collide. In this research, the values measured during the experimental 
campaign are used. However, it should be mentioned that the contact 
models implemented in the version of Project Chrono used here, do not 
consider the kinetic friction coefficient and the solver only accounts for 
the initial static friction coefficient (μs), which is also used when the 
rigid body is already moving. 

3. Experimental campaign 

A series of physical tests to analyse the movement of Tetrapods units 
against solitary waves were carried out in the facilities of Fudo Tetra 
Corporation in Japan. In this research, some of those tests are chosen to 
validate the numerical tool where the displacement of the units during 
the simulation is compared with physical experiments, as shown in the 
following sections. 

A wave flume of 55 m in length, 1.2 m in width, and 1.5 m in height 
was used for the experiments. The facility is equipped with a piston-type 
wave generator. The layout of the flume is shown in Fig. 2. The position 
of the experimental wavemaker in the pulled state was defined as x = 0 
m. A fixed seabed of mortar with a slope of 1/30 was built from x = 19.0 
m (19 m from the wave paddle). A foundation mound and Tetrapods 
were installed at x = 39.0 m on the slope. The water depth was 0.80 m at 
the offshore uniform depth and 0.083 m at the centre of the structure. 

Fig. 2. Layout of the wave flume during the experiment.  
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Wave gauges were installed at seven locations (WG1 to WG7) to measure 
the water surface elevation. 

The Tetrapods are regularly placed in a single row on the mound, as 
shown in Fig. 3. The Tetrapod model (scale was assumed to be 1:50) was 
made of mortar, 7.7 cm in height, 126 cm3 in volume and 0.3 kg in mass, 
resulting in a density of 2.38 g/cm3. The friction coefficient between 
Tetrapods is 0.65. The mound was impermeable, with a polyvinyl 
chloride (PVC) panel attached to the mound surface. The friction coef-
ficient between PVC and the blocks was measured prior to the 

experimental campaign as following described. 
A Tetrapod model was placed on a shallow container with a PVC 

panel attached, and the load was measured by pulling it horizontally 
with a nylon string. The force gauge was pulled at a speed of about 1.2 
cm/s. The shallow container was filled with a thin layer of water to 
maintain the wet condition. The measurements were repeated 10 times. 
Fig. 4 shows the time series of the friction coefficient calculated by 
dividing the pulling force by the self-weight of the block. The average 
value for 5 s, excluding 1 s at the start of the movement, was calculated, 
and 0.32 was obtained as the average of the 10 measurement results. The 
friction coefficient obtained in this way is used in the numerical 
simulations. 

The experiments on block movement due to solitary wave action was 
carried out as follows. The wave heights of the solitary waves were 
varied to 2.6 cm, 4.5 cm, and 6.4 cm at the offshore uniform depth (WG1 
in Fig. 2). Hereinafter, the three different waves are named according to 
the wave height at WG1. The number of moved blocks and the 
displacement of each block were measured. In this study, the blocks that 
moved more than one block height (7.7 cm) defined a damage condition, 
and the damage rate was calculated. The displacement distance was 
obtained by analysing the images taken by a video camera from above. 
The blocks were placed again at the initial position after each wave 
action. The experiment was repeated three times at each wave height 
rank. Fig. 5 shows the movement of the blocks after the solitary wave 
action. It was observed that the blocks slid toward the shore and fell off 
the mound in the case of large wave height. The results of the first of 

Fig. 3. Side view and plan view of the structure.  

Fig. 4. Measurements of the coefficient of friction in the laboratory.  

Fig. 5. Displacement of the blocks after the solitary wave action.  
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Wave gauges were installed at seven locations (WG1 to WG7) to measure 
the water surface elevation. 

The Tetrapods are regularly placed in a single row on the mound, as 
shown in Fig. 3. The Tetrapod model (scale was assumed to be 1:50) was 
made of mortar, 7.7 cm in height, 126 cm3 in volume and 0.3 kg in mass, 
resulting in a density of 2.38 g/cm3. The friction coefficient between 
Tetrapods is 0.65. The mound was impermeable, with a polyvinyl 
chloride (PVC) panel attached to the mound surface. The friction coef-
ficient between PVC and the blocks was measured prior to the 

experimental campaign as following described. 
A Tetrapod model was placed on a shallow container with a PVC 

panel attached, and the load was measured by pulling it horizontally 
with a nylon string. The force gauge was pulled at a speed of about 1.2 
cm/s. The shallow container was filled with a thin layer of water to 
maintain the wet condition. The measurements were repeated 10 times. 
Fig. 4 shows the time series of the friction coefficient calculated by 
dividing the pulling force by the self-weight of the block. The average 
value for 5 s, excluding 1 s at the start of the movement, was calculated, 
and 0.32 was obtained as the average of the 10 measurement results. The 
friction coefficient obtained in this way is used in the numerical 
simulations. 

The experiments on block movement due to solitary wave action was 
carried out as follows. The wave heights of the solitary waves were 
varied to 2.6 cm, 4.5 cm, and 6.4 cm at the offshore uniform depth (WG1 
in Fig. 2). Hereinafter, the three different waves are named according to 
the wave height at WG1. The number of moved blocks and the 
displacement of each block were measured. In this study, the blocks that 
moved more than one block height (7.7 cm) defined a damage condition, 
and the damage rate was calculated. The displacement distance was 
obtained by analysing the images taken by a video camera from above. 
The blocks were placed again at the initial position after each wave 
action. The experiment was repeated three times at each wave height 
rank. Fig. 5 shows the movement of the blocks after the solitary wave 
action. It was observed that the blocks slid toward the shore and fell off 
the mound in the case of large wave height. The results of the first of 

Fig. 3. Side view and plan view of the structure.  

Fig. 4. Measurements of the coefficient of friction in the laboratory.  

Fig. 5. Displacement of the blocks after the solitary wave action.  
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Fig. 5 Numerical setup for wave impact on the tetrapod row.

In order to follow the suggested approach for the use of MESH-IN, a
preliminary simulation that comprises the full-scale wave flume is run;
the flume is configured with similar proportions as the ones presented
in 1. Thus, during this step, the velocity field and the wave profile
to be included in the wave-structure impact simulation are calculated.
We have implicitly assumed that the flume presented in the previous
section was scaled at 1:50-ratio, meaning that the geometry was scaled
up considering Froude’s similitude rules. The same relationship has
been applied to the wave condition reported in Table 3. Note that for
this simulation, the objective of which is to evaluate the incident wave
at the location of choice, the bathymetry comprises the mound but not
the tetrapod units. Note that, given the initial sensitivity results shown
in Figure 4 an initial cut-out of 10 seconds has been applied to the five
input data series.

Table 3 Wave conditions for this numerical investigation (real
scale).

Wave period: T [s] ! •
Wave height: H [m] 2.25
Water depth: d [m] 40.0

The second step foresees the use of MESH-IN this time to impose
the boundary conditions on a 3D domain, which in this case is quite
straightforward due to the pseudo-2D nature of the wave generation
and propagation up to the point of contact with the breakwater. The
numerical setup follows from the configuration depicted in Figure 5.
Five layouts are created by progressively The distance between the
coupling location and the mound, XMESH�IN shown in Figure 5, is
progressively reduced. For the largest simulation, corresponding to
the Case 1 in Table 4, five rendered views are proposed in Figure 6.
The images focus on the mound location to showcase the process from
when the solitary wave is approaching (frame b)) to the final config-
uration of the tetrapod units, fully displaced by the wave loads (frame e)).

The full potential of the proposed techniques is highlighted by process-
ing the data output of the five 3D simulations in which the coupling
interface progressively moves towards the tetrapod row. Table 4 provides
an overview of the performed simulations and summarizes their main
features relevant for a performance discussion. For the five cases, the
consistency of their outcome is quantified by comparing the statistics of
the final units displacement for each case. Figure 7 aggregates the results

Table 4 Summary of the MESH-IN performance.

Case XMESH�IN
[m]

Time [s] Particles
[⇥106]

Runtime
[h]

Mitsui et al. 5.50 30 17.0 75
1 1.50 25 2.50 70
2 0.50 25 1.40 55
3 0.25 25 1.25 13
4 0.16 25 1.00 9.1
5 0.08 25 0.90 8.2

in terms of boxplots per each simulation, showing overall consistent
values for both mean values (red lines) and dispersion around the mean
(upper and lower bound of the blue boxes). In detail, Case 1 and 2 are in
almost perfect agreement, showing very good consistency in predicting
the tetrapod row scattering process. For the remaining cases, in which
the coupling position is closer to WG7, and thus to the toe of the mound,
the model overestimates the total translation of the units. This must be
due to some wave components that are reflected by the stepped profile

a) Initial configuration of the tetrapods.

Time=0.00 s

b) Wave crest approaching the row of tetrapods.

Time=18.00 s
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We have implicitly assumed that the flume presented in the previous
section was scaled at 1:50-ratio, meaning that the geometry was scaled
up considering Froude’s similitude rules. The same relationship has
been applied to the wave condition reported in Table 3. Note that for
this simulation, the objective of which is to evaluate the incident wave
at the location of choice, the bathymetry comprises the mound but not
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The images focus on the mound location to showcase the process from
when the solitary wave is approaching (frame b)) to the final config-
uration of the tetrapod units, fully displaced by the wave loads (frame e)).

The full potential of the proposed techniques is highlighted by process-
ing the data output of the five 3D simulations in which the coupling
interface progressively moves towards the tetrapod row. Table 4 provides
an overview of the performed simulations and summarizes their main
features relevant for a performance discussion. For the five cases, the
consistency of their outcome is quantified by comparing the statistics of
the final units displacement for each case. Figure 7 aggregates the results
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in terms of boxplots per each simulation, showing overall consistent
values for both mean values (red lines) and dispersion around the mean
(upper and lower bound of the blue boxes). In detail, Case 1 and 2 are in
almost perfect agreement, showing very good consistency in predicting
the tetrapod row scattering process. For the remaining cases, in which
the coupling position is closer to WG7, and thus to the toe of the mound,
the model overestimates the total translation of the units. This must be
due to some wave components that are reflected by the stepped profile

a) Initial configuration of the tetrapods.
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Further considerations
First comprehensive test

1400 blocks

dp=L/6

11 Million particles

8 hours to run


Solitary wave impact on a newly 
formed mound of 1400 blocks



Further considerations
Concluding remarks

• Fluid simulation for big coastal area (Multi-GPU)


• Targeting domain reduction doable for short events (Multi-scale)


• Enriching simulations with complex coastal structure comes with many 
options


• To be seen what works best for blocks (balance of resources)
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