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I. INTRODUCTION

Extreme hydrodynamic events, such as tsunamis ([[1]], [2]]),
usually have a significant impact on coastal environments both
anthropised and natural. These events are very likely to entrain
in the resulting flow a large number of solid objects such
as cars, containers, vessels etc. Their impact with structures
in anthropised areas can substantially increase the loading,
potentially causing additional damage as documented after the
the 2011 Tohoku event ([3]]). Correctly estimating these loads
is often crucial for sustainable and optimised designs of coastal
structures and infrastructures ([4f], [5]) due to their higher risk
of damage due to e.g., containers transport hazard ([3], [6]).

Smoothed Particles Hydrodynamics (SPH) based numerical
models are a very good alternative to other Eulerian mesh-
based methods to simulate this type of problems since large
deformations and transport processes do not need complex
techniques to be implemented. Coupling SPH models with
DEM, e.g. CHRONO project have demonstrated the capability
in accurately simulating debris transport ([[7]-[9]]). This study,
by using a novel set of laboratory experiments, aims at: (I)
validating the ability of this numerical strategy to represent
complex constraint conditions for the impacting debris, and
(II) investigating the complex fluid-debris-structure interaction,
including post impact rotation of the debris and subsequent
impacts.

II. GOVERNING EQUATIONS

The SPH solved used in the present study is DualSPHysics
([10]) based on the Weakly Compressible Smoothed Particle
Hydrodynamics method with the fluid phase governed by the
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Navier Stokes equation for which the mass and momentum
conservation equations in a Lagrangian framework for a particle
a can be written, respectively, as:
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These equations are applied by using a summation extended to
all the particles b = 1,...,N; with Nj the number of particles
inside a weighting function called smoothing kernel W to which
it is also associated a smoothing length h,. m, p, v and P are,
respectively, the mass, the density, the velocity vector, and the
pressure of a particle. In Eq.[I] the second term on the right-hand
side is the Density Diffusion Term (DDT, [[11]]). Here, d4 is a free
parameter, cg is the speed of sound at the reference density taken
with a value of at least 10 times the reference velocity of the
simulation due to the weakly compressible hypothesis and U,
is an artificial dissipation term that follows [12] formulation.
In Eq. [2} T, groups all the dissipative terms for which two
formulations are available ([[10]), both used herein to analyse
their effect on the impact forces accuracy, i.e. the artificial
viscosity formulation and the formulation that applies a viscous
dissipation term in laminar regime plus a large eddy simulation
sub-particle scale model (Laminar+SPS). Finally, g = (g, = 0
m/s? , g, = 0 m/s?, g, = —9.81 m/s?) is the gravitational
acceleration.
To handle solid-solid impacts, DualSPHysics is coupled
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Fig. 1.

([13])) with CHRONO using its DEM-P formulation. This formu-
lation solves deformable contacts by using the penalty method
(), which calculates collisions between solids considering an
overlapping distance. When an overlapping between two solid
is detected then the tangential and normal forces are calculated

applying the hertzian contact theory. The flow chart in Fig. [I]

explains the coupling process between the two models ([13])).

III. METHODOLOGY

The novel set of laboratory experiments (Fig. [2) that are herein
used for the numerical validation consist of dam-break generated
flows mobilising a single debris (reproducing the dimensions
of a 1:40 scale 20 ft container), positioned slightly above the
flume bottom (+0.01 m) and tethered by four strings (one at each
corner) to obtain a pendulum-like constrained motion, impacting
a vertical structure on initial dry conditions. Different container
materials, i.e., aluminium, HMWPE and pine wood, were tested.
The structure consists of a 6.3 kg hollow acrylic cuboid equipped
with a 6-axis Force-Torque Transducer (FTT, ~ 1 kg) inside its
base. Everything was connected to the flume bottom using a
series of metal rods and plates resulting in a total weight of
11.9 kg for the entire structure. Here, the same experimental
setup as described in [4], with impoundment depths of hy = 0.2
m and 0.4 m, was used.

DualSPHysics coupled with CHRONO ([15]]) was used to
simulate the experimental setup. DualSPHysics solved the hy-
drodynamics of the problem while CHRONO was used to
solve solid-solid and solid-constraint interactions in its DEM-
P formulation. The four constraint lines were represented as
non-stretchable mooring lines with no internal dissipation us-
ing MoorDynPlus (based on Moordyn, [16]]). The FTT was
simulated using CHRONO with a spring-damper constraint on
the dam-break propagation direction. The remaining 5 degrees
of freedom (dof) of the structure were instead locked as first
attempt. The debris was defined as a rigid, floating object
with 6 dof. The forces extracted are the structural response
calculated for the spring-damper constraint consistently to what
was directly measured by the FTT.

Additionally, the offline coupling technique MESH-IN ([8]))
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Fig. 2.  Experimental setup for the constraint debris impact; (a) planimetric
view of the facility and numerical domain, (b) close-up of the structure and
constraint debris, (c) snapshot of sample laboratory experiments at the moment
of impact between debris and structure.

was applied to improve resolution and decrease computational
time close to the impact area. A minimum initial inter-particle
distance dp = 0.005 m was used only close to the impact zone
reducing the computational time from 23 h (with the entire
domain with dp = 0.01 m) simulating the entire setup to only
4.7 h with MESH-IN.

IV. RESULTS AND DISCUSSION
The described approach allowed to compare the structural re-
sponse between simulations and experiments. The experimental
natural oscillation frequency is used to estimate an initial value
for the stiffness coefficient of the spring constraint by using the
following equation valid for a spring mass system:

W= s 3)
m

where w = 27 f, is the angular frequency of the spring with
f the oscillation frequency of the system, k the spring stiffness
and m the mass of the structure. f = 70£2.2 Hz was estimated
in the laboratory for dry conditions. For the damper a damping
of ¢ = 150 Ns/m was used following [17]], which numerically
analysed the same structure.

The initial validation of the impact forces is conducted
for the HMWPE container and hy = 0.40 m, after analysing
the effect of different mass contributions. Fig. 3] shows the
effect of different natural oscillation frequencies of the structure
starting from f = 72.2 Hz, which corresponds to the upper
boundary of the measured values in the laboratory. It should be
noted that slightly different natural frequencies were measured
even with small changes in water depth in the laboratory. Due
to this, an in-depth analysis was carried out by varying the
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natural frequency of the structure in the simulations. Fig. [3]
shows that the best correspondence between simulation and
laboratory measurements for the oscillation period is reached
for f = 76 Hz. Note that, only the first peak is found to
be underestimated by the numerical model compared to the
laboratory measurements. This is estimated to be caused by a
different fluid-structure interaction before the container impact,
see e.g. —0.05 s < t' < 0 s, likely caused by the lack of
additional dof on the structure. This possible cause was found
by simulating a case without flow. A prescribed initial velocity
was used for the debris so that the impact velocity would match
the case with flow. In this additional case the simulated forces,
shifted for the hydrostatic one, resulted in a better agreement
with the laboratory measurements.

V. CONCLUSIONS

The present study shows that DualSPHysics+CHRONO are
accurate in reproducing debris-structure impact forces and struc-
tural response. However, it is planned to further improve the
results by analysing the effect of the laminar+SPS formulation
in force estimation, adding dof to the structure and compare the
results for the remaining two types of debris materials. These,
more in-depth, results will be presented at the conference.
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