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ABSTRACT

In addition to tsunami wave loading, tsunami-driven debris can cause significant damage to coastal
infrastructure and critical bridge lifelines. Using numerical simulations to predict loads imparted
by debris on structures is necessary to supplement the limited number of physical experiments
of in-water debris loading. To supplement SPH-FEM (Smoothed Particle Hydrodynamics-Finite
Element Method) simulations described in a companion PEER report, fluid-structure-debris sim-
ulations using the Particle Finite Element Method (PFEM) show the debris modeling capabilities
in OpenSees. A new contact element simulates solid to solid interaction with the PFEM. Two-
dimensional simulations are compared to physical experiments conducted in the Oregon State
University Large Wave Flume by other researchers and the formulations are extended to three-
dimensional analysis. Computational times are reported to compare the PFEM simulations with
other numerical methods of modeling fluid-structure interaction (FSI) with debris. The FSI and
debris simulation capabilities complement the widely used structural and geotechnical earthquake
simulation capabilities of OpenSees and establish the foundation for multi-hazard earthquake and
tsunami simulation to include debris.
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1 Introduction

Background for research on tsunami-driven debris is followed by a brief introduction to the gov-
erning equations and formulation of the Particle Finite Element Method for fluid-structure-debris
interaction.

1.1 BACKGROUND AND MOTIVATION

Tsunami induced loading has been responsible for failure and collapse of coastal infrastructure in
recent events such as the 2004 Indian Ocean Tsunami, and the 2011 Tohoku Tsunami. In the Indian
Ocean tsunami in Sri Lanka and Thailand, debris impact was one of the main causes of structural
damage, Rossetto et al. (2007). Field surveys of 2011 Japan Tohoku Tsunami have shown that in
the port of Sendai-Shiogama, 60% of containers stored in the terminal were transported by tsunami
waves over the harbor apron, Goseberg et al. (2017). Due to the container weight and dimensions,
transport becomes a significant threat to coastal infrastructure.

In addition to hazard quantification, current structural engineering research has focused on
other aspects of tsunami loading on structures, not just debris. The horizontal and vertical hydro-
dynamic forces induced by steady flows and wave impact forces at the leading edge of the arriving
water mass are also important forces to consider, Yeh et al. (2014). Different types of forces can
be identified, such as hydrostatic forces determined by the flow depth, hydrodynamic forces deter-
mined by flow depth and velocity, and debris impact forces determined by debris velocity, mass,
and stiffness, Charvet et al. (2014). The development of new ASCE Minimum Design Loads for
Building and Other Structures ASCE (2022) and bridge design specifications, Lynett et al. (2021),
reflects the growing emphasis of designing coastal infrastructure to resist tsunami load effects.

Experiments have been conducted to investigate the impact of moving debris on structures
Stolle et al. (2020); Riggs et al. (2013); Aghl et al. (2014); Ko et al. (2015). The experiments
contain in-air and in-water tests with single and multiple objects, and investigated different debris
sizes and geometry and impact angles. In addition to experiments, analytical studies and numerical
simulations help quantify debris impact forces on structures. Since many uncertain factors affect
debris loading, particularly velocity and flow conditions, experiments are difficult to repeat and
numerical simulations can help guide the design of meaningful experiments. Analytical relation-
ships between debris mass and impact velocity and impact loads imparted by individual objects
on rigid structures have been proposed, Haehnel and Daly (2004); Como and Mahmoud (2013);
Paczkowski et al. (2012). Impact and debris loading have also been simulated using various nu-
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merical methods, Nistor et al. (2017). One-way solid-fluid coupling moves solids through the fluid
and obtains the solid response without affecting the fluid. Different methods are used to track
and model the solids, such as discrete element method (DEM), smoothed-particle hydrodynam-
ics (SPH), and moving particle simulations (MPS). These models assume a rigid structure, which
is not sufficient when engineering demand parameters such as deformations and local forces are
required for structural design and assessment.

1.2 PARTICLE FINITE ELEMENT METHOD (PFEM)

The Particle Finite Element Method (PFEM) assumes a Lagrangian formulation for both structural
and fluid domains, Oñate et al. (2011); Zhu and Scott (2014), and provides a good alternative for
two-way modeling of debris, fluid, and structure interaction. For PFEM, the governing equation
for the conservation of momentum at all points in the structural domain is

ρv̇i =
∂σij

∂xj

+ ρbi (1.1)

where xi, ui and vi are the coordinates, displacements, and velocities, respectively, of the material
point and ρ and bi are the material density and body acceleration. The constitutive equation is a
general nonlinear function of the displacements and velocities

σij = σij(ui, vi) (1.2)

where σij is the Cauchy stress tensor. Any constitutive model can be used in this formulation,
making it straightforward to incorporate hysteresis and viscosity in the constitutive response Simo
and Hughes (1998).

The fluid is assumed to be incompressible Newtonian flow, for which conservation of mo-
mentum is identical to that for the structural domain in Eq. (1.1). The conservation of mass equa-
tion enforces incompressibility of the fluid

∂vi
∂xi

= 0 (1.3)

and the Cauchy stress tensor is decomposed into spherical and deviatoric parts

σij = sij − pδij (1.4)

with the Kronecker delta, δij , and the average stress (pressure), p = σii/3, which is positive for
compression. The deviatoric stress, sij , is defined in terms of the strain rate by

sij = 2µ

(
εij −

1

3
εvδij

)
(1.5)

where µ is the viscosity, εij is the strain rate, and εv is the divergence of the velocity field, which
may be non-zero for compressible or quasi-incompressible flows

εij =
1

2

(
∂vi
∂xj

+
∂vj
∂xi

)
, εv = εii =

∂vi
∂xi

(1.6)
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Conditions for the entire boundary of the structural and fluid domains can be split into the
natural boundary conditions on the surface, Γt,

σijnj = ti (1.7)

where ti is the surface traction and nj is the unit vector normal to the boundary surface and the
essential boundary condition on the surface, Γv,

xi = xp
i (1.8)

where xp
i is the prescribed coordinates. All points on the surface of both the structural and fluid

domains satisfy either natural or essential boundary conditions.

In the classic PFEM, the fluid and structure are combined in the moving mesh of both
domains. Although the moving mesh makes the interaction straightforward to implement, it has the
limitation of small time steps and mesh distortion. A fixed fluid mesh was proposed Becker et al.
(2015) to allow for larger time steps and to alleviate mesh distortion. A background mesh approach
has been proposed Zhu and Scott (2022) for more computationally efficient interaction between a
fixed fluid mesh and a moving structural mesh. Both debris and structures are modeled as moving
structural meshes, the fluid-debris and fluid-structure interactions are included in the interaction
between the fixed fluid mesh and the moving structural mesh. The debris-structure interaction is
handled through contact elements between them. Since the background mesh approach keeps track
of locations of all structures and debris on the background grid, it is straightforward to detect the
contact and to create contact elements between debris and structures.

All implementation and simulations presented in this work utilize the OpenSees software
framework (McKenna et al. (2010)) and the OpenSeesPy Python module (Zhu et al. (2018)).
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2 Two-Dimensional Modeling

A debris impact experiment (Ko et al. (2015)) was conducted at the Large Wave Flume (LWF) O.
H. Hinsdale Wave Research Laboratory (HWRL) at Oregon State University (OSU). As shown in
Fig. 2.1, the LWF is 110 m long, 3.7 m wide, and 4.6 m deep. The piston wavemaker, located at x
= 0, has a maximum stroke length of 4 m and a maximum speed of 4 m/s. Two wave gauges were
placed at x = 24.87 m and x = 35.83 m to record the wave heights and velocities with acoustic
doppler velocimeters (ADVs).

Figure 2.1: Dimensions of OSU Large Wave Flume.

2.1 NUMERICAL MODEL OF WAVE FLUME

The OpenSeesPy PFEM model contains 143,874 fluid elements, 143,648 fluid velocity degrees of
freedom (DOFs), 74,116 fluid pressure DOFs, 1,518,361 fluid particles, and 72 elements for debris
as shown in Fig. 2.2. The water is modeled as fluid particles in red which move on the background
mesh. The debris and the column are modeled with beam-column elements on the right side of the
flume. The wavemaker is modeled as beam-column elements with prescribed displacements and
velocities.
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Figure 2.2: Numerical model of wave flume and wave maker in PFEM.

The numerical model for SPH consisted of 14,571 shell elements and 1,193,075 particles
with particle size of 1 cm as shown in Hasanpour et al. (2021, 2022); Hasanpour (2023); Hasanpour
et al. (2023).

The motion of the wavemaker is shown in Fig. 2.3, where the displacement was increased
from 0 m to 4 m in 60 seconds. The fitted curves for displacement and velocity are applied to
the nodes of the wavemaker beam-column elements to simulate the wavemaker motion in the
analysis. In OpenSeesPy, the prescribed displacements and velocities are imposed in the horizontal
direction.

Figure 2.3: The wavemaker motion in experiment and its fitted curve for simulation.
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2.2 SIMULATION OF WAVE PROPAGATION

The analysis was first run without debris in order to verify the free surface height and wave veloc-
ities at the two wave gauges locations. As shown in Fig. 2.4, the PFEM results from OpenSeesPy
show very close response histories compared with the experiment Ko et al. (2015) and the SPH
results Hasanpour et al. (2021) for both wave heights and velocities.

Figure 2.4: Comparison of free surface and wave velocities at wave gauges 1 and 2 between
experimental results, SPH, and the PFEM in OpenSeesPy.

2.3 SIMULATION OF TSUNAMI DRIVEN DEBRIS

In the experiment, the debris is an aluminum 1:5-scale model of a 1.22 x 0.49 x 0.58 m shipping
container. In the analysis, the debris is modeled as 2D corotational elastic beam-column elements.
The model allows the large displacements of the debris. Since the debris is rigid in the experiment,
a high elasticity is applied in the simulation and no deformation will be observed. As shown in
Fig. 2.5, the debris is initially placed 3.5 m to the left of the column and right above the water
surface.

To match the conditions of the experiment, the following model adjustments and checks
were made:
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Figure 2.5: Initial location of debris relative to column in OpenSeesPy simulation of debris
impact.

• According to the experiment, the debris stays in its initial location until the wave comes.
However, the PFEM numerical simulations, as well as simulations performed using SPH
Hasanpour (2023), show the debris will move a small distance to the left before the wave
arrives and will change the time of debris impact on the column accordingly. In the physical
experiment, the debris was also kept in place by a vertical beam setup. Therefore, this motion
could be physical or numerical due to the finite mesh size of the water which forms gaps
between water particles when the wave was propagating. These gaps are much smaller in
the physical experiment but relatively large and comparable to the mesh size of the problem.

Therefore, a temporary fix condition is applied in the x-direction at two left corners of the
debris. Once the waves arrives, the temporary fix conditions are removed, allowing the debris
to move freely. Although we can reduce the mesh size to make the numerical simulation
closer to the physics, a temporary fixity solves the problem with minimum efforts.

• The draft of the debris measured in the experiment was 0.09 m. The OpenSeesPy PFEM
simulation matches the experimentally observed value as shown in Fig. 2.6. This check
ensures the body forces applied to the debris model match the weight of debris from the
experiment and that the 2D simulation replicates 3D draft effects.

• When the wave hit the column in the experiment, fluid will flow around the base of the
obstacle. However, the numerical simulation is 2D, and all fluid will impact, or dam up
behind the obstacle. To circumvent this issue of 2D simulation, fluid-structure interaction
(FSI) between the column and the fluid was turned off, but the column can still interact with
the debris. The implementation of PFEM in OpenSeesPy was changed to select structures to
be able to interact with the fluid so that the column can interact with the debris but not the
fluid. This change also improves the impact forces.

As shown in Fig. 2.7, contact elements, which simulate solid-solid interaction, are formed
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Figure 2.6: Initial draft of the debris.

between the debris and the column. The figure shows the water freely moving through the
column without blockage.

Figure 2.7: The interaction between column and debris and non-interaction between column
and water.

• As indicated in the Ko and Cox experiment, a guide wire was used in order to prevent the
yaw. Pitching and off-center impact was observed in some cases but were discarded because
they were not considered “good” trials for the experiment. It is straightforward to simulate
the guided debris in OpenSeesPy by fixing the rotational degrees of freedom of the debris
nodes. As shown in Fig. 2.7, even at the time of impact with the column, the debris keeps its
original orientation, i.e., the debris translates and impacts the column without rotating.
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2.3.1 Compare debris velocity with experiments and SPH

The comparison of debris velocity history with Hasanpour (2023) using SPH is shown in Fig. 2.8.
The speed of four corners of the debris are recorded and compared with the experimental data.
Though the debris velocity was estimated visually based on videos recordings in the experiment, a
good match can be seen for the time that debris starts moving, the impact time, and peak velocity.
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Figure 2.8: Comparison of debris velocities between PFEM OpenSeesPy simulations, exper-
imental results, and SPH.

2.3.2 Compare impact forces with experiments and SPH

The impact forces of the debris on the column are shown in Fig. 2.9. Similar to the SPH-FEM
simulations in Hasanpour et al. (2021, 2023), large spikes are observed in the response history of
impact force. These spikes can be attributed to the high stiffness assigned to the debris model in
order to simulate rigid behavior. In addition, the impact force is a highly random process. However,
it is promising that the two simulation approaches show good agreement on the peak force, which
is about 30% difference and is often the only response quantity of interest for impact loading.
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Figure 2.9: Comparison of impact forces between PFEM OpenSeesPy experimental data,
and SPH.

2.3.3 Mesh Sensitivity and Run-time

The results shown in Figs. 2.8 and 2.9 are for a PFEM background mesh size of h=0.04 m. The
average runtime for this mesh size (2D analysis) is 3.1×10−5 seconds per element per iteration per
time step with one core for FEM part computation of PFEM and 2.6×10−6 seconds per particle
per time step with four cores for particles part computation of PFEM. The total runtime is 17 hours
for FEM part computation with 143,874 fluid elements and 72 debris elements, and 7.7 hours for
particle part computation with 1,518,361 fluid particles.

To assess the sensitivity of the results to mesh size, the simulations are repeated with a
larger mesh of h=0.05 m. As shown in Figs. 2.10 and 2.11, the coarser mesh (h=0.05 m) gives
generally good results but the wave arrival time and the impact time are delayed by about 0.3
sec. As the mesh size increases, the system becomes stiffer and the fluid moves with a smaller
velocity. The average runtime for this mesh size (2D analysis) is 1.6×10−5 seconds per element
per iteration per time step with one core for FEM computation of PFEM and 2.7×10−6 seconds
per particle per time step with four cores for particles computation of PFEM. The total runtime is
5.7 hours for FEM part computation with 91,663 fluid elements and 72 debris elements, and 5.1
hours for particle part computation with 971,254 fluid particles.
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Figure 2.10: The comparison of debris velocities for h=0.05 m.

2.4 ADDITIONAL LESSONS LEARNED FROM PFEM SIMULATIONS

This section details additional modeling considerations and implementation details, above and
beyond the modeling issues previously described, e.g., fixing debris rotations and “turning off”
FSI for the column in 2D simulations. These items will help other researches avoid similar pitfalls
when performing PFEM analyses with OpenSeesPy.

• The contact element for debris and structure impact was implemented with a small frictional
damping force which leads to large momentum for the debris in the opposite directions of its
movement. By comparing with experimental results, after impact, the debris stays close to
the column and has subsequent smaller impacts. The implementation of the contact element
was improved with larger frictional damping and the results are greatly improved.

• In PFEM, the number of fluid particles are not associated with the mesh size or the number of
fluid elements. This gives flexibility for choosing particles based on the specific problems,
and the number of particles becomes problem dependent. In modeling the whole flume
analysis as this experiment, experience shows that the number of particles can be related to
the number of cells of the background mesh. A cell is a square in 2D or a cube in 3D with
its length as the mesh size for the background mesh.
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Figure 2.11: The comparison of impact forces for h = 0.05 m.

A starting point is to select the number of particles in each dimension for each cell. Assuming
three particles in each dimension, for 2D, it is 9 particles each cell, and 27 particles each cell
for 3D problems. Usually, the number of particles in each dimension is between 3 and 4 for
problems with wave generations. For dam break problems, this number is suggested to be
between 2 and 3. These values are only advisory. The researchers should experiment with
different values for their specific problems. Fewer particles run efficiently for the analysis
but may reduce the wave amplitude and lose wave energy but too many particles might also
overestimate the wave volume and exhaust significant computing resources.
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3 Initial 3D Implementation and Testing

While the 2D debris modeling capabilities were fully implemented in OpenSees at the start of
this project, the 3D capabilities were still under development. As the project progressed, more
3D debris capabilities were added, particularly a 3D contact element in OpenSees. This chapter
presents preliminary results of 3D debris modeling with the PFEM in OpenSeesPy.

3.1 SIMPLE TEST CASE

A simple 3D test case with 4252 debris elements, 180 contact elements, and 38308 fluid elements,
was developed to match the 2D debris-fluid-structure interaction model shown in the previous
chapter in Fig. 2.7 and the impact force shown in Fig. 2.9.

Since the 3D contact element is not fully tested and a full flume 3D PFEM analysis with
debris is time consuming in OpenSeesPy, currently only the moment of impact is modeled to test
the 3D contact and interaction as shown in Fig. 3.1. The debris model (green) is moving to the
left with a prescribed impact velocity and interacting with a fixed column through a layer of 3D
contact elements (yellow). This simple example serves as a good starting point to test the 3D
contact element formation between the debris and the column through the background mesh, and
to test the impact forces generated by the contact elements.

As shown in Fig. 3.2 for the same model with the background mesh turned on, the contact
interface can be found quickly in the background grids between the debris and the column, which
is fixed and not visible in the figure above. The contact elements are created at the gap between
the two solids with the same mesh size of the background mesh.

Two cases are tested for the 3D model with impact velocity vI=0.85 m/s and vI=0.9 m/s,
and standing water depth 0.3 m. As shown in Fig. 3.3, the impact duration is as short as 2 ms for the
experiment and 4 ms for the numerical results. Considering the measuring tolerance, the 3D results
give good prediction for the impact duration. A maximum impact force is calculated based on the
initial velocity and the stiffness of debris and capped during the impact leading to the horizontal
line of the numerical results, which also match the peak impact forces found in the experiment. The
results show that the newly developed 3D contact mesh and elements can represent the interaction
between the debris and the structure. However, due to the rectangular pulse-like response shown
in Fig. 3.3, the dynamic formulation of the 3D contact element requires further investigation.
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Figure 3.1: The 3D interaction between column and debris. (Yellow - contact elements;
Green - debris elements; Blue - fluid elements)

Figure 3.2: The 3D interaction between column and debris with the background mesh turned
on. (Yellow - contact elements; Green - debris elements; Blue - fluid elements)
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Figure 3.3: The 3D impact forces compared with experiments.
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3.2 WAVE ONLY FULL FLUME ANALYSIS

To further test the 3D fluid analysis in preparation for future 3D debris studies using the PFEM
in OpenSees, a 3D wave only analysis is performed for the OSU large wave flume. The analysis
involves the full flume and the motion of a gate which is lifted in the experiment for generating the
waves as described in Shafiei et al. (2016).

The full flume model is shown in Fig. 3.4, where a gate is holding the water tank on the
left. A column is placed downstream in the flume. Since the wave only analysis is performed, no
debris model is implemented.

Figure 3.4: The 3D wave only analysis with full flume.

The motion of the gate and the wave propagation in the first few seconds are shown in
Fig. 3.5 (a)-(d), which simulates the gate lifting process of the experiment.

Once the wave reaches the column, a normal 3D fluid-structure interaction can be seen in
Fig. 3.6 and the fluid is able to move freely around the column. Recall that for 2D analysis, the
FSI had to be “turned off” for the column, so that water could continue to flow instead of damming
behind the column.

The average runtime for the 3D analysis is 1.9×10−5 seconds per time step per element for
FEM computations of PFEM with one core and 1.22×10−5 seconds per time step per particle for
particle computations of PFEM with four cores. Using this metric of time per step per element,
the FEM 3D computation appears to be faster than 2D because there are more boundary elements
for 3D. Because the boundary elements have fixed displacements and their state determination is
trivial, the run time per element reduces.

This simple example shows the capability of the 3D background mesh and that fluid el-
ements are able to interact with 3D structural models for a full flume simulation. Further devel-
opment is needed to involve the 3D debris models and contact elements in OpenSeesPy PFEM
analyses.
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(a) (b)

(c) (d)

Figure 3.5: The gate lifting and wave propagation.

(a) (b)

Figure 3.6: The 3D fluid-structure interaction between the wave and the column.
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4 Modeling Recommendations and Future
Work

To model the flow-driven debris impact on structures, the following recommendations are made
based on the analysis of this work.

• The debris is defined as normal nodes and elements. Therefore, the mass of debris can be
modeled as either element or nodal mass.

• Damping effects for the structural elements can be modeled using standard approaches, e.g.,
Rayleigh or modal damping for dynamic response that precedes fluid flow. Additional vis-
cous damping is inherent once the fluid and structure domains interact.

• Since the debris has large displacements, in OpenSeesPy, co-rotational geometric transfor-
mation can be used to describe the large displacement and possibly large deformation, e.g.,
to model crushing of the debris.

• To simulate 3D effect in 2D analysis, for example, fluid can flow around a column, the FSI
for single structure in OpenSeesPy can be turned off. The user can decide which structure to
interact with the fluid.

• The contact element implemented in OpenSeesPy simulates line-to-line contact between
debris and structures, which is generally more accurate than point-to-line and point-to-point
contact.

For future work, the three-dimensional debris model and contact model will be extended to
support full flume analysis for 3D debris-fluid-structure interaction. Various 3D shapes for debris
will also be implemented for quick model building. Further investigation of the 3D contact element
response and its accuracy compared to point-based contact formulations will be made.
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