AN ABSTRACT OF THE DISSERTATION OF

Mohsen Azadbakht for the degree of Doctor of Philosophy in Civil Engineering
presented on December 10, 2013.
Title: Tsunami and Hurricane Wave Loads on Bridge Superstructures
Abstract approved:
_______________________________________________________
Solomon C. Yim

Abstract:
This dissertation examines tsunami and hurricane wave loads on bridge
superstructures. Tsunamis have caused significant damage to coastal communities
in recent years. For example, the 2011 Great East Japan Earthquake and resulting
Tohoku Tsunami destroyed infrastructure along the east coast of Japan including
bridge superstructures. Recent hurricanes have also caused extensive damage to
coastal bridges in the southern US coastal areas along the Gulf of Mexico. Several
coastal highway bridges were completely destroyed and many more experienced
substantial damage during Hurricane Katrina in 2005.

The first part of this study examines the tsunami loads on five California and
three Oregon coastal bridges. Finite element (FE) models are used to simulate the
tsunami loads on these bridges. The FE model includes water and air as a twophase gravity flow separated by a water free-surface, and a bridge superstructure
modeled as a rigid body. The quantities of interest include horizontal and vertical
forces and overturning moment. Simulations and analyses are conducted for two
tsunami load stages: (1). initial impact and overtopping, and (2). full inundation.
The first stage starts from the time when the tsunami water free-surface elevation
reaches the low chord of the bridge superstructure, and the water free-surface
rises and reaches the top of the bridge barrier where it overtops the bridge and
flows on the bridge deck, and until the bridge is totally inundated. The second
stage begins when the bridge first becomes fully inundated (i.e. end of first stage)
and until all the important events: (a) the maximum tsunami water velocity, (b)
the maximum tsunami momentum flux, and (c) the maximum tsunami mass flux,
have occurred. In the first part of stage 1, initial impact and overtopping leads to a
combination of lateral (horizontal) and uplift (upward vertical) forces. The
maximum uplift force during this stage is found to occur when the tsunami water
free-surface elevation reaches the top of the bridge barrier right before the water
overtopping the bridge and starting to flow onto the bridge deck. The maximum
tsunami horizontal and downward vertical loads are found to occur approximately
simultaneously when the tsunami flow reaches the landward side of the bridge
cross-section and overtops the barrier. It is observed that the time interval

representing the initial impact of the tsunami on the bridge superstructure leads to
the maximum horizontal force, downward vertical force, and overturning
moment. The overall maximum uplift force is found to be in tsunami scenarios
where the bridge superstructure is totally inundated, i.e. in stage 2, if total
inundation actually occurs. A design procedure is proposed to compute the
maximum horizontal and vertical forces on bridge superstructures based on the
simulation results. Good agreement between numerical predictions and formula
estimations of the tsunami forces is observed.
The second part of this study examines the influence of trapped air on
resultant wave forces under different wave conditions for a variety of bridge
geometries. Both two and three-dimensional model numerical simulations are
performed using a validated finite element model in which two different
approaches are used to model the air. The first model is a two-phase simulation
containing water and air with associated densities and equation of states while in
the second model a single-phase (water only) simulation is conducted. The
difference in resulting wave forces is totally attributed to presence of the trapped
air. Wave uplift forces are found to be 57%-88% smaller for a wide range of wave
periods when the effect of the trapped air is neglected. Moreover, the
effectiveness of the presence of air vents in reducing the air pressure between
girders and the resulting wave forces is evaluated. Numerical results indicate that
the uplift wave forces acting on the bridge superstructures can be reduced by
about 56% on the average using air vents.
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1. CHAPTER 1:

GENERAL INTRODUCTION

1.1 Background and Objective
Tsunamis have caused significant damage to coastal communities in recent years.
For example, the 2011 Great East Japan Earthquake and resulting Tohoku Tsunami
destroyed infrastructure along the east coast of Japan including bridge superstructures.
Many of coastal bridges that failed due to the 2011 Tohoku tsunami were reported to
have resisted the preceding earthquake. This indicates that the current design
specification (mainly for truck loads and seismic loads) does not provide bridges with
sufficient strength to resist the tsunami loads. In the Pacific Northwest, a large seismic
event, is expected to occur along the Cascadia Subduction Zone (CSZ) once every 500
years (Goldfinger et al. 2003). Considering the last large seismic event in CSZ which
occurred in 1700, many of the coastal bridges are at risk of being severely damaged in a
large seismic event in near future. Highway bridges, as an important part of
transportation system, have a significant role in maintaining access to coastal
communities after a tsunami. Therefore, tsunami-resistant design of these superstructures
is crucial. Although the scientific community has been interested in the behavior of
bridges during hurricanes and storm surges over the past few years few comprehensive
studies have been conducted regarding measuring tsunami forces on bridges.
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This dissertation presents the findings of an extensive research on understanding
and numerical simulation of the tsunami loads on bridge superstructures. Tsunami
loadings on several California and Oregon coastal bridges are studied. Findings are used
to develop a tsunami load estimation method for bridge superstructures.
In addition to tsunamis, recent hurricanes have caused extensive damage to
coastal bridges in the southern US coastal areas along the Gulf of Mexico. Several coastal
highway bridges were completely destroyed and many more experienced substantial
damage during Hurricane Katrina in 2005 (Padgett et al. 2008). The cost of replacement
and repair of these infrastructures was reported to be over $1 Billion. A review of
previous studies of wave forces on coastal highway bridges indicated the importance of
the trapped air between the bridge girders on the resultant wave force on bridges. This
dissertation provides the results of a parametric study conducted to investigate the
influence of the trapped air on the resultant wave forces under various wave field
conditions and bridge geometry characteristics. In addition, the effectiveness of the
presence of air vents in reducing the air pressure between girders and the resulting wave
forces is evaluated. The results of this study help engineers better understand the wave
loads on bridge superstructures and enable them to design future bridges more safely by
including the trapped air effect.

1.2 Scientific Contribution of the Dissertation
Chapter 2 presents the results of a study conducted to estimate tsunami loads on
selected California coastal bridges. The manuscript discusses the critical time intervals
during a tsunami event and how they could result in different loading conditions on
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bridge superstructures. Then a description of a finite element (FE) Model developed to
simulate the tsunami loads on bridge superstructures is provided. The FE model is
validated by comparing the numerical results with available experimentally measured
hydrodynamic loads on bridges. The validated model is then used to simulate tsunami
loads on five selected California coastal bridges. The manuscript also presents the results
of a study conducted to evaluate the tsunami loads on bridges in the case of failure of the
first seaward bridge girder. A design procedure is proposed to compute maximum
horizontal and vertical forces on bridge superstructures based on the simulation results.
Good agreement between numerical predictions and formula estimations of the tsunami
forces is achieved.
Chapter 3 presents results of a study conducted to compute the tsunami loads on
four selected bridges on the Oregon coast. The manuscript discusses different rupture
models of the Cascadia Subduction Zone and resulting tsunami scenarios. The flow
conditions in six tsunami scenarios are discussed. For each tsunami scenario, the tsunami
free-surface elevation is compared to the corresponding bridge elevation. For cases in
which water reaches the bridge superstructure elevation, simulations are performed using
a well-validated FE model. One of the studied bridges is selected to evaluate the effect of
various bridge geometry characteristics on resultant tsunami loads including box-girder
cross-section vs. deck-girder cross-section, bridge deck with slope and without slope, and
closed railing system vs. open railing system. Modifications were made to a previously
proposed tsunami loads design procedure (see Chapter 2) to widen the application scope.
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Good agreement between numerical predictions and formula estimations of the tsunami
forces is achieved.
Chapter 4 presents the results of a study conducted to evaluate the effect of the
trapped air between bridge girders on wave forces on bridge superstructures during a
hurricane event. The manuscript first discusses the importance of the effect then provides
details of FE models developed to assess the trapped air effect on wave forces. FE models
are validated by comparing the numerical results with experimental measurements of a
large-scale experiment on wave force on coastal bridges. Results of a parametric study
show the significant effect of the trapped air in increasing the wave forces for various
wave field conditions and bridge geometries. The results are compared to AASHTO
recommendations for bridges vulnerable to coastal storms. The manuscript also provides
the results of a study conducted to determine the effectiveness of bridge deck ventilation
in reducing the wave forces on bridge superstructures during a hurricane event.
Appendix A provides a summary of a study conducted on Spencer Creek Bridge,
Oregon. Tsunami horizontal and vertical loads are computed for different scenarios using
two tsunami models. Structural response of the bridge is computed under maximum
tsunami loads. Although the bridge was not originally designed for tsunami loads, it is
shown it resists the predicted horizontal tsunami load by a large margin. However, the
vertical capacity of the connections between bridge superstructure and substructure
barely passed the predicted tsunami uplift load.
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Appendix B provides a summary of a methodology proposed to estimate the
tsunami loads on coastal structures. The methodology is explained through a case study
of a building damaged during 2011 Tohoku Tsunami. The methodology includes tsunami
generation and propagation modeling, flow impact on local structures simulation, and use
of LIDAR surveys to validate the numerical predictions.
Appendix C presents a general discussion on fluid-structure interaction modeling
using LS-DYNA. It also provides modeling guidelines to setup a computational domain
for simulating tsunami loads on bridge superstructures.

6

2. CHAPTER 2:

SIMULATION AND ESTIMATION OF TSUNAMI LOADS ON
BRIDGE SUPERSTRUCTURES

Mohsen Azadbakht and Solomon C. Yim
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2.1 Abstract
This study examines the estimated tsunami loads on five California coastal
bridges. The quantities of interest include horizontal and vertical forces and overturning
moment. The simulations and analysis are conducted for two stages: 1. initial impact and
overtopping and 2. full inundation. The first stage starts from the time when tsunami
water free-surface elevation reaches the low chord of the bridge superstructure, and water
free-surface rises and reaches the top of the bridge barrier where it overtops the bridge
and starts to flow on the bridge deck, and until the bridge is totally inundated. The second
stage is when the bridge first becomes fully inundated (i.e. end of first stage), and until
the most critical events: (a) the maximum tsunami water velocity, (b) the maximum
tsunami momentum flux, and (c) the maximum tsunami mass flux, have occurred. The
first part of initial impact and overtopping stage leads to a combination of lateral
(horizontal) and uplift (upward vertical) forces. The maximum uplift force during the
stage 1 is found to occur when the tsunami water free-surface elevation reaches the top of
the bridge barrier right before water overtopping the bridge and starting to flow onto the
bridge deck. It is observed that the time interval representing the initial impact of the
tsunami on the bridge superstructure leads to the maximum horizontal force, downward
vertical force, and overturning moment. The overall maximum uplift force is found to be
in tsunami scenarios where the bridge superstructure is totally inundated (i.e. in stage 2, if
total inundation actually occurs). Analyzing a deck-girder bridge with a failed (i.e.
removed) first seaward girder shows a 15% reduction in the maximum horizontal force.
Uplift force is found to be approximately 25% larger for the bridge with a failed first

8

girder. A design procedure is proposed to compute the maximum horizontal and vertical
forces on bridge superstructures based on the simulation results. Good agreement
between numerical predictions and formula estimations of the tsunami forces is observed.
The proposed design procedure is intended to provide estimations of tsunami loads on
bridge superstructures.
Keywords: Tsunami load, bridge superstructure, flow velocity, free-surface elevation,
California coastal bridges
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2.2 Introduction
Tsunamis have caused significant damage to coastal communities in recent years.
For example, the 2011 Great East Japan Earthquake and resulting Tohoku Tsunami
destroyed infrastructure along the east coast of Japan including bridge superstructures
(Iemura et al. 2005, Kawashima 2012, Yashinsky 2012). More than 300 bridges were
washed away due to the Tohoku Tsunami with wave heights estimated to be between 5
and 15 m in different regions (Akiyama et al. 2012, Maruyama et al. 2012). It was
reported that most of the bridges survived the earthquake but were completely destroyed
after being hit by tsunami (Akiyama et al. 2012), indicating that the current design
specification does not provide bridges with sufficient strength to resist the tsunami loads.
Highway bridges, as an important part of transportation system, have a significant
role in maintaining access to coastal communities after a tsunami. Therefore, tsunamiresistant design of these superstructures is crucial. Although the scientific community has
been interested in the behavior of bridges during hurricanes and storm surges over the
past few years (e.g. Douglass et al. 2006, Robertson et al. 2007a and b, Okeil and Cai
2008, Cuomo et al. 2009, Sheppard and Marin 2009, Bradner et al. 2011, Jin and Meng
2011, Gullett et al. 2012) few comprehensive studies have been conducted regarding
measuring (or estimating) tsunami forces on bridge superstructures. Most of these studies
are either limited to surveys conducted after past major tsunamis explaining the failure
mechanisms (e.g. Iemura et al. 2005, Akiyama et al. 2012, Kawashima 2012, Kosa 2012)
or small scale experimental studies not covering a wide range of wave types and bridge
configurations (e.g. Kataoka 2006, Sugimoto and Unjoh 2007, Kosa et al. 2010).
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2.2.1

Literature review
A comprehensive literature review on the response of coastal bridges during past

tsunamis is provided here, including field surveys conducted after recent major tsunamis,
observed bridge failure mechanisms, experimental and numerical studies on tsunami
loads.
2.2.1.1 Tsunami field surveys and observed bridges failure mechanisms
Different bridge failure mechanisms under tsunami loads are identified and
discussed in this section. These finding are results derived from field surveys conducted
after past major tsunamis.
Bridge superstructure-substructure connection failure – This type of bridge failure is
most likely during tsunami and hurricane events. Figure 1 shows an example of failure of
these connections during the 2011 Great East Japan Earthquake and the (following)
Tohoku Tsunami. As a typical failure of bridges during tsunami and hurricane events,
standing piers along with washed off superstructure are elements indicating the weakness
of the connections between the superstructure and the substructure. This type of failure is
a result of both horizontal and uplift forces acting on the bridge superstructure. The
damaged shear keys and scratch-mark evidence of sliding bridge girders on piers and pile
caps demonstrate that the uplift forces were not high enough, in some cases, to
completely lift the bridge decks from its supports. However it has been reported in some
cases that the uplift force on a bridge superstructure was responsible for lifting the bridge
decks from its piers where the lateral (drag) force subsequently pushed them off the
supporting piers. The intact stoppers installed to prevent the bridge superstructure from
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such excessive longitudinal and transverse displacements were believed to prove this
hypothesis (Akiyama et al. 2012).
Failure of bridge abutments, supporting piers and foundations – In addition to failure of
the bridge connections which caused the superstructure to be washed away after being hit
by a tsunami in many cases, failure of the bridge piers was also reported in some cases
(Maruyama et al. 2012).These types of failure are related to the bridge substructure and
will not be further discussed in this article as the present work focuses on the tsunami
load on bridge superstructures. However, an interesting observation regarding the failure
of bridges under tsunami and hurricane induced loads is pertinent to the location of the
dislocated bridge decks. In the case of hurricanes, although these decks have been found
to be dislocated landward to some extent, they are relatively close to the centerline of
bridge while for tsunamis the dislocated decks were found to be far from their original
location indicating a substantial difference between the horizontal force components of
tsunamis and hurricanes. Failure of a concrete deck at the mid-span, as a result of
pounding between superstructure and substructure observed in Hurricane Katrina, is
believed to be caused by repeated lift and drop actions (Okeil and Cai, 2008). This type
of failure, which has not been reported in past tsunami surveys to the best of writers’
knowledge, can be considered as another evidence for low horizontal component of the
wave force during hurricanes compared to tsunamis.
2.2.1.2 Experimental Studies
After the 2004 Indian Ocean Tsunami, a number of experimental studies were
carried out to evaluate the tsunami loads on bridge superstructures (e.g. Kataoka 2006,
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Lukkunaprasit et al. 2008, Sugimoto and Unjoh 2008, Kosa et al. 2010, Zhang et al.
2010). Experiments were performed where tsunami flows were modeled as solitary
waves using a wavemaker (Araki et al. 2010) or releasing water from an elevated water
tank (Lukkunaprasit et al. 2008). Kataoka (2006) observed a sudden impulsive force on
the bridge model due water impact followed by a slowly decreasing drag force. It was
found that wave breaking has a significant effect on the magnitude of the impulsive force.
The results also showed a relatively constant downward force on the bridge model after
the impact. Sugimoto and Unjoh (2007) found that higher still water level resulted in
higher lift force on the bridge model. They reported that the bridge models dropped off
the supports when the drag force and lift force exceeded a certain threshold value. This
threshold was roughly determined as the magnitude of the drag force larger than the selfweight of the bridge model and the lift force equal to twice the self-weight.
Lukkunaprasit et al. (2008) studied the effect of the perforations in the girders and
parapets on reducing the tsunami horizontal force. Tsunami flows were generated by
releasing water from an elevated water tank to a wave flume. The horizontal force on the
bridge deck was computed by subtracting the force acting on the pier (measured from a
separate experiment) from the total force acting on the bridge model. Pressures on the
perforated model were found to be close to pressures on the solid model while the
resulting horizontal forces in the perforated model were smaller compared to the solid
model. The percentage of reduction in peak horizontal force was close to the
corresponding percentage of area reduction in the perforated model.
Araki et al. (2010) compared the uplift force measurements due to impact of the
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two types of the waves on a bridge model, namely, breaking wave and post breaking
wave. The results showed that the magnitude of both the horizontal and uplift force was
higher in the cases of breaking waves. Araki et al. also suggested that any study on fluid
impact force on bridge should take into account the dynamic response of the bridge as the
duration of the impact force is very short. Kosa et al. (2010) investigated the effect of the
different wave forms, breaking and nonbreaking, on the resulting tsunami force on
bridges. It was observed that the location of the bridge with respect to the point where the
wave breaks can affect the resulting forces. It was observed that for two waves with
approximately the same height the breaking wave led to a higher horizontal force while
the nonbreaking wave resulted in a larger uplift force. It was also observed that the
breaking wave led to a relatively constant downward force while water was overtopping
the bridge. Zhang et al. (2010) provided the results of a study on using fairing to reduce
the tsunami hydrodynamic force on bridges. For a bridge model without fairing, a high
horizontal surge force followed by a relatively constant drag force was measured. The
magnitude of the drag force was found to be 1/3 of the impact force. Similar behavior
was observed for vertical force time history. A downward vertical force was measured
after the wave overtopped the bridge. The results showed a significant reduction in the
maximum horizontal force after using the fairing. No obvious reduction pattern for
maximum vertical force was observed. Kerenyi et al. (2009) studied the hydrodynamic
loads on the inundated bridge decks. Experimental results for a 6-Girder bridge model
showed the minimum drag coefficients about 1.0 while the bridge was totally inundated
but close to water free-surface. For higher inundations depths, drag coefficients of
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approximately 2.0 were measured. Lift coefficients were found to be negative for all
cases. More information of this study is provided in the numerical model validation
section.
2.2.1.3 Numerical Studies
Lau et al. (2011) conducted an experimental study and a numerical investigation
to estimate tsunami forces on bridge decks. The model composed of both superstructure
and supporting pier. Force time histories were divided into two parts, the impulsive phase
referring to the maximum force and the slowly-varying phase showing the relatively
constant force after wave impact on the bridge. The vertical force time history showed
uplift force during wave impingement on the model and a relatively constant downward
force when the wave overtopped the bridge model. Yim et al. (2013) computed tsunami
loads on the Spencer Creek Bridge on the US Highway-101 at Newport, Oregon.
Tsunami scenarios were generated based on the possible rupture models of Cascadia
subduction zone. Maximum tsunami vertical forces were found to be 1.6 to 2.7 times
larger than the corresponding horizontal forces.

2.2.2

Objectives
This article presents results of a study on numerical simulations of tsunami forces

on selected bridge superstructures along California coast line. Tsunami flow conditions
for these selected bridges were provided by the California Department of Transportation
(Caltrans). These data sets are used as a boundary condition in a finite element model
(FEM) to compute the fluid flow field surrounding the bridge superstructure and the
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resulting horizontal and vertical forces time histories as well as overturning moment
acting on the bridge superstructures. The materials presented here are based on research
results submitted to Caltrans in a technical report (Yim and Azadbakht 2013).

2.3 Tsunami Flow Field Generation and Critical Time Intervals
Tsunami flow fields including water free-surface elevation from the mean sea
level (MSL) and horizontal velocity components near the bridge sites were provided by
Caltrans. These tsunami flow fields were developed for various return periods up to 2,500
years based on distant tsunami sources, and were calculated based on earthquakes sources
only (Caltrans 2010). Deformation and displacement of the ocean floor caused by
earthquake were used to compute the change in water free-surface elevation. Long wave
approximation theory is used to model the propagation of the tsunami towards the coast.
According to this theory the vertical acceleration of water is negligible compared to
gravity acceleration resulting in uniform velocity in water column which travels in
horizontal direction governed by a two-dimensional shallow water equation. The finite
difference method is used to solve the equations (Caltrans 2010).
Time histories of tsunami free-surface elevation and horizontal velocity
components from the resulting simulations are used as boundary conditions to generate
tsunami flow field at the location of the bridge superstructure. Implementation of the
boundary condition in the FE model is explained in detail later in the numerical modeling
section. The velocity input boundary is set sufficiently far away from the bridge
superstructure such that the domain of influence of the presence of the bridge
superstructure does not overlap the input boundary but sufficiently close to maximize the
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tsunami loads and minimize the computational domain. Since the tsunami water freesurface elevations in data sets from Caltrans were lower than the elevation of the bridges,
the maximum water free-surface elevation was scaled up to 5, 10, 15, 20, and 25 feet
above the bridge elevation, and the rest of the tsunami water free-surface elevation time
history was scaled up accordingly. The scaling process was intended to provide a set of
tsunami flow fields that can be used as representative tsunamis for the selected bridges.
These scaled tsunami flow fields correspond to return periods that are at least 2,500
years, but most likely much longer, to provide insight on maximum tsunami loading on
the bridges. The tsunami horizontal velocity components at the boundary were scaled
using square root of the length scale factor used to increase the tsunami water freesurface elevation (based on dimensional analysis and similitude theory). Figure 2 shows,
for example, the tsunami free-surface elevation and the water velocity component normal
to the bridge superstructure at the location of the Salmon Creek Bridge. Considering the
location of the State of California, negative normal velocities in tsunami profiles (see
Figure 2b) generally represent the tsunami flow during the drawdown when water travels
from east to west. In some cases the absolute values of these negative velocities were
higher than the positive ones and, therefore, were used in the tsunami load simulations.
Tsunami flow durations are usually on the order of hours, thus in order to capture
the behavior of the structure under several impacts and inundations during the entire
process, multiple time durations should be analyzed in detail. Since it is impractical to
perform a large-domain computational fluid dynamics (CFD) analysis from beginning to
end for such a long duration, it is decided to perform the simulations for a set of time
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intervals representing the most critical scenarios such that the simulation time intervals
essentially cover all the important features of the entire tsunami load duration. The time
intervals simulated and analyzed in this study contain the following stages:
1. Initial impact and overtopping – this stage starts from the time when tsunami
water free-surface elevation reaches the low chord of the bridge superstructure,
and water free-surface rises and reaches the top of the bridge barrier where it
overtops the bridge and starts to flow on the bridge deck, and until the bridge is
totally inundated; and
2. Full inundation – this stage is when the bridge first becomes fully inundated (i.e.
end of first stage), and until all the important events: (a) the maximum tsunami
water velocity (V), (b) the maximum tsunami momentum flux (H*V2), and (c) the
maximum tsunami mass flux (H*V), have occurred. Because the flow
characteristics vary relatively slowly in this stage, the analysis can be performed
quasi-statically (i.e. steady state flow).
H is the tsunami water free-surface elevation above the mean sea level and V is the
tsunami horizontal velocity (i.e. corresponding values in Figures 3a and b, for example).
The magnitude of H and V for each bridge was provided by Caltrans. The initial impact
time interval represents an interval during which the first tsunami impact on the bridge
cross-section occurs. Since there may be several “initial” impacts during a tsunami due to
a series of “waves” hitting the bridge superstructure during a tsunami, the time interval
that contained the highest flow velocity is selected to perform the CFD analysis.
Note that the maximum tsunami velocity, momentum flux and mass flux in stage 2
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might occur simultaneously. In that case one simulation is conducted to compute the
tsunami load on bridge superstructure. Otherwise, there may be as many as three different
simulations for stage 2.
For cases when stages 1 and 2 overlap (i.e. when impact on the bridge
superstructure occur at the same time as the maximum water velocity, momentum flux,
and mass flux), a single model is utilized to model both stages. In other cases separate
analyses are performed.

2.4 Numerical Modeling and Model Validation
2.4.1

Numerical Modeling
A finite element analysis (FEA) code, LS-DYNA, is used to perform the CFD

analysis and compute the horizontal and vertical forces and overturning moments on
selected bridge superstructures due to tsunami loading. The numerical code solves the
Navier-Stokes (NS) equations to obtain the pressure field and consequently forces on the
structure. An arbitrary Lagrangian-Eulerian (ALE) formulation was used to track the
fluid particles on the fluid free-surface (Hallquist 2006). The code solves the NS
equations and models multi-physics contact and impact. The ability to solve the NS
equations allows the model to capture all the effects related to fluid viscosity and rotation
of the fluid particles. This feature, for example, makes the numerical code able to model
wave breaking and fluid impact on the structure, which are crucial in modeling the
tsunami loads on the structure.
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2.4.1.1 Governing Equations
In the ALE description, an arbitrary referential coordinate is introduced in
addition to the Lagrangian and ALE coordinates (Souli and Benson, 2010). The material
time derivative of an arbitrary function g with respect to the reference coordinate can be
described as:

dg ( X , t ) g ( x, t )

 (v  w). grad g ( x, t )
dt
t

(1)

where X is the Lagrangian coordinate, x is the ALE coordinate, v is the particle
velocity, w is the grid velocity of the numerical simulation. The ALE differential form of
the conservation equations for mass, momentum, and energy are:
Mass:


  div(v )  (v  w) grad (  )  0
t

Momentum:



Energy:



v
  (v  w). grad (v )  div( )  f
t

e
t

  (v  w). grad (e)   : grad (v )  f . v

(2)

(3)

(4)

where  is the mass density, f is body force vector, and e is the total energy.  denotes
the total Cauchy stress given by:
T

   pI   ( grad (v )  grad (v ) )

(5)
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where p is the pressure, I is the identity tensor,  is the dynamic viscosity, and (v  w) is
the convective velocity across the grid.
An equation of state with a linear polynomial form is used to define the initial
thermodynamic state of the material, with the pressure given by:
p  C0  C1  C2 2  C3 3  (C4  C5  C6 2 ) E

(6)

where C06 are user-defined constants, E is initial energy per initial volume, and the
volumetric parameter  is defined as:


1
1
V

(7)

0


(8)

where V is relative volume given as:
V

with  0 as the reference mass density (which might be different than the current mass
density if the material experiences compression or expansion throughout the simulation).
The constant C1 in Equation 6, when used by itself, is the elastic bulk modulus.
Providing this constant only and setting all other constants to zero is sufficient to define
the equation of state if the pressure is not significantly influenced by temperature
changes.
2.4.1.2 Model Description
Two different FE models are used for numerical simulations (see Figure 3). The
different parts of the FE model domains in both models are also shown. These two
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different models are used because of the different tsunami flow fields in stages 1 and 2.
In the model developed for stage 1 (see Figure 3a), both water free-surface elevation and
flow velocity change with time while in stage 2 the goal is to achieve a constant tsunami
flow depth and velocity as the bridge is already fully inundated (see Figure 3b). For both
models, the domain consists of two parts: (i) a fluid part which includes both water and
air domains, and (ii) a bridge superstructure. In this study, the bridge superstructure is
modeled as a rigid body, consisting of the bridge deck, supporting girders, and the end
barriers which are continuous along the bridge longitudinal direction. Bridge rails are not
modeled because 2D FE models cannot capture the 3D effects related to open spacing
bridge railings. This assumption was opted because in reality tsunami flow can pass
through an open railing system facing minimal resistance except in the presence of debris
possibly carried by tsunami water blocking the open spaces between the rails. Note that
the effect of debris is not included in this study. Both the water and the air are modeled as
compressible flows. The mass densities of water and air are 64 and 0.075 lb/ft3,
respectively. The computational domain is constructed using 8-node hexahedron solid
elements. The mesh size and the computational time step are about 2 in and 5E-5 sec,
respectively, for all bridges studied here. The number of elements in the FE models varies
from 30,000 to 100,000 approximately for the different bridges.
Two different approaches are used to model the air in the FE domain. Since in the
model developed for stage 1 the effect of the air trapped under the bridge and between
girders is very important in increasing the uplift force, a material representing the real air
is modeled. For the stage 2 models the bridge is totally inundated during the simulation
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and the presence of the air on top of the water free-surface does not affect the resulting
hydrodynamic loads and moments. For this modeling, a single-phase simulation is
performed and the air domain is modeled as a void part. This void part has no
materialistic representation by itself and simply provides an empty mesh domain for the
adjacent fluid material to flow in during the simulation if needed. The use of this method
over the conventional water-air domain results in significantly less computational time.
The resulting overturning moment is computed about the center of gravity of the bridge.
A sketch demonstrating the positive directions used to calculate the time history of the
horizontal and vertical forces is shown in Figure 4.
Tsunami Velocity and Depth Boundary Condition Implementation – To model the initial
impact of the tsunami on bridge superstructure (i.e. stage 1), the bridge is placed on top
of the body of water then the water surges toward it. Since the duration in which the
tsunami water level rises from the ground elevation to the low chord of the bridge (i.e.
elevation of lowest point on the bridge superstructure) is not of interest in this study, the
still water level is set at a few inches below the low chord. This elevation, which is
different for each bridge, is controlled by the bridge elevation. The geometry and
elevation of each bridge is provided in detail in later sections.
To simulate the tsunami depth change, water free-surface elevation in the FE
model should change as a function of time. This is implemented by assigning velocity to
the nodes on the left boundary (Figure 5). Suppose the water free-surface elevation and
the horizontal velocity, obtained from the scaled data sets, during the initial impact on a
bridge are 11.5 ft and 5.3 ft/s, respectively. To simulate this situation in the numerical
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model, velocity of the input boundary nodes located above this elevation is set to zero,
whereas the velocity at and below this elevation is set to the 5.3 ft/s. Figure 5, for
example, shows the velocity of the input boundary nodes at the elevation equal to 11.5 ft.
The figure shows about 182 sec after the simulation starts, the water level reaches 11.5 ft
where the tsunami velocity is about 5.3 ft/s. Note that the velocity is zero before the time
182 sec which means that water is not being pumped from the left input boundary at the
nodes located at 11.5 ft elevation and above. Same approach is used for all nodes on the
left boundary. Hence, the tsunami flow is simulated in accordance to its actual depth and
velocity.
To model stage 2, as the flow depth is higher than the bridge elevation, a fully
inundated bridge is used as an initial condition for the simulation. Here, the initial
boundary condition is defined through setting the water depth and the input velocity at
the left boundary of the computational domain. These water depth and velocity are
directly taken from the scaled data sets (i.e. H and V from the graphs 3a and b, for
example). The process to find and set boundary condition for each simulation starts with
the selection of the bridge. Then the tsunami flow field data (H and V in the scaled data
sets provided by Caltrans in this case) is examined. Durations in which the bridge is
inundated are then found by comparing the bridge elevation with the tsunami free-surface
elevation. For these durations the time that, for example, the maximum tsunami flux
occurs is found (through determining the maximum value of H*V2). The corresponding
values of H and V are then used in the FE model (where H is water depth and V is the
input velocity at left boundary nodes as defined earlier).
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Table 1 presents the maximum tsunami flow velocity for simulations conducted
for stage 1 for all the bridges. Note that the water depth ranges from the low chord
elevation to approximately the top of bridge barrier for each bridge. Table 2 provides the
tsunami flow velocity and depth for simulation regarding stage 2, where V, HV, and HV2
represent times when the maximum tsunami flow velocity, mass flux, and momentum
flux occur, respectively. For example, 20-HV-HV2 represents a tsunami scenario where
the tsunami water free-surface elevation is 20 ft above the bridge and the maximum
tsunami mass flux and momentum flux occur simultaneously.

2.4.2

FE Model Validation
An evaluation of the accuracy of the developed FE model is presented in this

section. Predictions of the model are compared to experimental measurements of drag,
lift, and moment coefficients from Kerenyi et al. (2009).
2.4.2.1 Experimental setup and measurements
Kerenyi et al. (2009) studied current loads on inundated bridge decks and
obtained hydrodynamic lift, drag and moment coefficients. Results of a 6-Girder bridge
model showed a minimum drag coefficient of about 1.0 was obtained for total inundation
close to water free-surface. For higher inundation depths, the drag coefficient increased to
approximately 2.0. The Lift coefficient was found to be negative for all cases meaning
that the inundated bridge decks were subjected to downward hydrodynamic forces. The
measured range of the lift coefficient was between -1.0 and -1.5 when the inundated
bridge was close to the free surface. The lift coefficient approached zero for higher
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inundation depths.
2.4.2.2 Numerical simulations
A 3D FE model of a section of the 6-girder bridge in Kerenyi et al. (2009) was
developed accounting for cross-section variations (see Figure 6). Taking advantage of
symmetry to minimize the computational time, a strip of the bridge consisting of half of
the bridge segment length containing the rail and the gap was modeled (Figure 6a and b).
The width and height of the cross section are 10.2 in (26 cm) and 2.3 in (5.8 cm),
respectively, and the segment length (in the longitudinal direction) is 1.2 in (3.05 cm).
The deck thickness and the girder height are 0.28 in (7 mm) and 1.18 in (3 cm),
respectively. Figure 6c shows the positive directions of the computed forces and
overturning moment. A FE domain similar to the one shown in Figure 3b is developed in
which the water is modeled as a compressible flow with the mass density of 62.3 lb/ft3
(998.2 kg/m3). The computational domain is constructed using 8-node hexahedron solid
elements. The mesh size and the computational time step are about 0.1 in (2.5 mm) and
5E-5 sec, respectively.
A comparison between drag, lift, and moment coefficients measured from the
experiment and the numerical predictions is presented in Table 3.
The experimental measurements are for a case with Froude number equal to 0.28
and the inundation ratio of 3 meaning that the difference between water level and the low
chord elevation of the bridge was 3 times the height of the bridge specimen in the
experiment. The Froude number,
velocity,

, the water depth,

√

,

was defined based on the current

, and gravitational acceleration,

, in the experiment,
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where

and

were 15.32 in/s (0.44 m/s) and 9.84 in (0.25 m), respectively. The drag,

lift, and moment coefficients were obtained from the computed horizontal and vertical
forces and moment through Equations 9-11.
(
(

)

(9)

)

(10)

(
where
force,

= drag coefficient,
= lift force,

)
= lift coefficient,

(11)
= moment coefficient,

= drag

= moment, ρ= density of water, v= flow velocity, W= width of

the bridge section, L= length of the bridge section, and H= height of the bridge section.
Table 3 shows good agreement between experimental measurements and
numerical simulation results. A temporal convergence test was performed by reducing by
the time step by an order of magnitude from 5E-5 sec to 5E-6 sec, and obtained identical
results to three significant figures. This shows that the original time step chosen is
sufficiently small for the quantities of interest examined.

2.5 Results and Discussion
The results of the FE simulations of the tsunami forces on the five selected
California (CA) bridges (located at Mad River Slough, Salmon Creek, Old Creek, Malibu
Lagoon and Agua Hedionda Lagoon) are presented in this section. Note that the
maximum values of the horizontal and vertical loads and overturning moment obtained
for each water free-surface elevation come from possibly different time intervals
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corresponding to different water free-surface elevation and flow velocity.

2.5.1

Mad River Slough Bridge
The Mad River Slough Bridge is a precast I-girder bridge with elevation of 8 ft - 8

in located in the north of Arcata Bay, Eureka, with cross-section of 43 ft - 6 in wide and
the girder height, deck thickness, and barrier height are 3 ft - 1 in, 8 in, and 2 ft - 8 in,
respectively. The superstructure is supported by 6 I-girders where the center-to-center
spacing between girders is 7 ft. A total of 15 simulations are performed to study the
tsunami loading on this bridge. For each water free-surface elevation three simulations
were performed: the initial impact time interval, the time when maximum tsunami flow
velocity occurs, and the time when maximum tsunami momentum flux and mass flux
occur. A detailed examination of the tsunami free-surface elevation and velocity profiles
identifies that both the maximum tsunami momentum flux and the mass flux occur at a
same time, thus only one simulation is needed to cover both time intervals. Since the
maximum free-surface elevation that characterizes the selected flow field is for the case
without the presence of the bridge, and the maximum elevation may occur at different
times than the maximum momentum flux, mass flux, and velocity, the water free-surface
elevation, the maximum flow field elevation should be considered a “nominal” value.
The simulated maximum flow elevation in the presence of the bridge superstructure
should not be expected to equal to nominal value above the bridge. The tsunami flow
field during the stage 1 of the Mad River Slough Bridge for a free-surface elevation of 5
ft above bridge elevation is shown in Figure 7.
The following tasks are performed: (1) detailed examination of the resulting force
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time history in each simulation; (2) comparison between different force time histories
obtained from different time intervals; and (3) comparison between different force time
histories obtained from different water free-surface elevations. For simplicity of
presentation and to avoid repetition, details of all three tasks are discussed for this bridge
only. For the other four bridges, only the most important item, namely, comparison of
maximum forces and moment (Task 3), is discussed in detail. Interested readers are
referred to the report (Yim and Azadbakht 2013).
Task (1) Detail Examination of Time Histories: Tsunami force time histories obtained
from all 15 simulations for this bridge can be classified in two categories: tsunami impact
during the stage 1; and tsunami forces on bridge superstructure during stage 2. Figure 8
show the tsunami force time history on the Mad River Slough Bridge for the scaled
tsunami water free-surface elevation of 5 ft above the bridge elevation during stage 1.
Figure 8a shows a gradual increase in both horizontal and uplift forces due to tsunami
impact and accumulation of water on the seaside of the bridge superstructure. During this
time the horizontal force is a combination of a hydrostatic force caused by the presence
of the water, and a drag force due to resistance of the bridge superstructure against the
tsunami flow. The uplift force continues to increase as the water free-surface elevation
rises and the air between the bridge girders is trapped. These forces increase with time
until the free-surface elevation reaches the top of the bridge barrier and water starts to
overtop the bridge leading to ponding on the deck. At this time the horizontal force
reaches a relatively steady state and the vertical force begins to change direction from
upward (an uplift force) to downward. As a result of water overtopping and ponding on
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the bridge, this downward force increases when the tsunami free-surface elevation rises
due to the larger amount of the water which overtops the bridge. The simulation
continues until the water reaches and overtops the landward bridge barrier, and the forces
become steady for a short duration. The same trend was observed for tsunami loads on
the other four bridges during stage 1. For stage 2, the simulations focus on the “quasistatic” (or steady state) horizontal and vertical forces and overturning moment on the
bridge superstructure for a given combination of tsunami flow depth and velocity. The
results are defined constant values of forces and moment.
Task (2) Comparison between different time intervals: For this bridge, a comparison
between resultant forces and moments on this bridge for the two stages reveals that the
maximum horizontal force, downward vertical force, and overturning moment always
occur during the stage 1. The maximum uplift force is found to always occur in stage 2
when the bridge is fully inundated, the time interval representing maximum momentum
flux and mass flux in this case. Results also show that the maximum absolute overturning
moment is clockwise (negative) for a left to right flow.
Task (3) Comparison between different wave elevations: Figure 9 shows the maximum
horizontal and vertical forces and overturning moments on the bridge for five different
tsunami free-surface elevations. Results obtained from the time histories do not show a
substantial difference between the maximum horizontal force, downward vertical force,
and overturning moment for the five elevations. This suggests that these loads are
primarily controlled only by the instantaneous tsunami flow depth during the stage 1
(which ranges from low chord to top of bridge barrier), when the velocity is relatively
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low and does not change drastically during the simulation. As shown in Figure 9, the
maximum uplift force gradually increases as the tsunami free-surface elevation increases.
This increase in the maximum uplift force is due to higher flow velocity for tsunami
scenarios with higher water free-surface elevations.

2.5.2

Salmon Creek Bridge
The Salmon Creek Bridge is a concrete slab bridge with elevation of 15 ft - 9 in

located in the north of Bodega Bay, Santa Rosa with cross-section of 45 ft - 6 in width.
The slab thickness and the barrier height are 1 ft - 9 in and 2 ft - 8 in, respectively.
Fourteen simulations are performed and analyzed. For the tsunami water free-surface
elevations of 5 and 10 ft above the bridge, all four different time intervals occur in the
same interval thus requiring only one simulation for each elevation to obtain the tsunami
force time histories. For the free-surface elevations of 15, 20, and 25 ft above the bridge,
four simulations are conducted for each free-surface elevation as the critical time
intervals occur at different times. Figure 10 shows the maximum horizontal and vertical
forces and overturning moments as a function of the nominal free-surface elevations.
Note that the maximum horizontal force and downward vertical force do not change
significantly for the different water elevations. However, the uplift force increases with
nominal free-surface elevation and the associated flow velocity. The overturning
moments in both clockwise and counter-clockwise directions are observed to be
significant as the different flow conditions from the time tsunami reaches the low chord
of the bridge to the time when it overtops the landward bridge barrier create different
moments.
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2.5.3

Old Creek Bridge
The Old Creek Bridge is a T-Girder bridge with 18 ft - 6 in located in the north of

San Luis Obispo, with cross-section of 39 ft - 8 in width. The girder height, deck
thickness, and the barrier height are 3 ft - 8 in, 6.75 in, and 1 ft - 8 in, respectively. The
bridge superstructure is supported by 5 T-girders where the center-to-center space
between girders is 8 ft - 9 in. Sixteen simulations are performed for this bridge, one for
tsunami free-surface elevation 5 ft above bridge, three for tsunami water free-surface
elevation 10 ft above bridge as maximum tsunami flow velocity occurs during the stage1,
and four simulations for tsunami water free-surface elevations 15, 20, and 25 ft above the
bridge as all the intervals occur at different times. Figure 11 shows the maximum
horizontal and vertical forces and overturning moments for five different water freesurface elevations. Negative overturning moments are found to be dominant as the
tsunami flow generates clockwise moment on the bridge for the left to right flow
direction. As shown in Figure 11, both uplift and downward vertical forces gradually
increase in magnitude as free-surface elevation increases. However, the horizontal forces
and overturning moments do not show a significant change.

2.5.4

Malibu Lagoon Bridge
The Malibu Lagoon Bridge is a CIP (cast in place) box-girder bridge with

elevation of 16 ft - 4 in located west of Santa Monica, with a cross-section of 88 ft in
width. The deck thickness and barrier height are 4 ft and 2 ft - 11 in, respectively. A total
of 14 simulations were performed for this bridge. Figure 12 shows the maximum
horizontal and vertical forces and overturning moments on the bridge for five different
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water elevations. Note that the magnitudes of the resultant force and moments are of the
same order, except for the results of tsunami free-surface elevation of 5 ft above bridge.

2.5.5

Agua Hedionda Lagoon Bridge
The Agua Hedionda Lagoon Bridge is a Concrete Slab bridge with elevation of 23

ft - 8 in located in the north of Santa Diego, with a cross-section of 158 ft in width. The
deck thickness and barrier height are 1 ft - 7 in and 1 ft - 3 in, respectively. A total of 10
simulations are performed, two for each tsunami water free-surface elevation. Figure 13a
shows the maximum horizontal and vertical forces, and overturning moments for each
nominal free-surface elevation. Note that the horizontal force and uplift force do not
change significantly for the range of tsunami free-surface elevations considered. Results
show a gradual increase in the downward vertical force as the tsunami water free-surface
elevation rises. As shown in Figure 13b, overturning moments in both directions
(clockwise and counter-clockwise) are important. This is a result of the geometry of the
bridge. Large width of the bridge provides large moments arms for the vertical forces
acting on both ends of the bridge. These forces could be a result of ponding the water on
the bridge deck or slamming forces due to water pouring on the seaside of the bridge
deck or water climbing the right end barrier. The magnitude of these forces with respect
to each other defines the direction of the final overturning moment. For tsunamis that
flow from left to right, ponding of water on seaside (left) of the bridge deck can result in
a positive overturning moment (counter-clockwise). As the overtopping continues and the
entire deck begins to be inundated, the horizontal velocity of the flow could create a
negative overturning moment (clockwise).
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2.6 Causes for Tsunami Downward Vertical Force on Bridge
Superstructures
The downward vertical load obtained from the numerical simulations is a
combination of the following components:
1. Hydrostatic load due to weight of the water on the bridge deck while the bridge
is not totally inundated and the effect of the buoyancy force is not significant yet;
2. Hydrodynamic load at the seaward end (left end, with the overall tsunami flow
going from left to right) due to rapid vertical deceleration as the horizontal flow overtops
the bridge barrier (as shown by red arrows in Figure 14), and the vertical velocity quickly
becomes zero at the top face of the deck when the flow becomes horizontal again. This
vertical deceleration adds a large hydrodynamic downward force on the deck;
3. Similarly, the hydrodynamic load at the landward end (right end) where the
horizontal flow bends upward, exerting a very high local pressure on the surface of the
deck as it provides the reaction force needed to accelerate the water from zero to a high
vertical velocity;
4. Downward vertical force due to the water current passing around the bridge
superstructure. This force remains relatively unchanged as the bridge superstructure starts
to be totally inundated; and
5. Hydrodynamic pressure at the outer edge of a curved flow that is significantly
higher than that in the middle and particularly compared to that in the inner edge
(NCFMF 1969). This higher pressure at the two outer edges (the areas of the deck
adjacent to the barriers) adds to the downward force. These causes (1 through 5) are
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believed to be responsible for the hydrodynamic load induced by the highly nonlinear
complex flow resulting in a significantly larger load than the hydrostatic load.

2.7 Conditions for Net Tsunami Uplift Force on Bridge Superstructure
Most of the experimental studies conducted to evaluate the tsunami forces on
bridge superstructures have used solitary waves to model the tsunami (e.g. Kataoka 2006
and Araki et al. 2010). This approach might not be the most complete way to examine the
tsunami loads on a bridge superstructure as it covers only a portion of the entire
phenomenon. As discussed earlier, the tsunami load phenomenon can be divided into two
stages. The resulting tsunami load components acting on the bridge superstructure during
these two stages could be quite different. The initial impact in stage 1 can lead to a net
uplift force as the rise of the tsunami free-surface and impact on the bridge superstructure
from below creates an uplift force (Figure 15a). In addition to the hydrodynamic
component of the uplift force, partial inundation of the bridge superstructure can also
induce an uplift force. This uplift force can be magnified due to the effect of air trapped
below the deck between girders and diaphragms. However, when the water reaches the
top of the bridge barrier and overtops it, uplift force becomes a downward force due to
fluid impact on the upper surface of the bridge deck and the weight of the water on bridge
deck when the bridge is partially inundated (Figure 15b). Stage 2 could result in both
uplift and downward vertical force depending on bridge geometry, flow velocity, and
inundation depth of the bridge superstructure. For fully inundated bridges, the uplift force
is mainly due to buoyancy caused by the pressure difference between top and bottom of
the bridge superstructure (Figure 15c).
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2.8 Effect of Failure of First Seaward Girder on Tsunami Loads
The effect of failure of the first seaward girder on tsunami loads on a deck-girder
bridge, the Mad River Slough Bridge, is examined in this section by rerunning the
tsunami flow simulations (10 in this case) on the damage bridge. Figure 16a shows a
sketch of the bridge with the first girder removed. A comparison between maximum
computed forces and the overturning moment, respectively, is provide in Figure 16b and
c. A 15% reduction in maximum horizontal force is observed for the bridge with the first
girder removed. The uplift force is found to be approximately 25% larger for the bridge
with the first girder removed. This is because missing the first bridge girder increases the
space beneath the bridge on the seaward side which leads to a larger uplift force due to
the increased flow around a large cavity underneath the bridge. The substantial increase
in magnitude of the (negative) overturning moment is a result of higher uplift force at the
location of the failed girder. Since this force acts at the seaward end of the bridge,
considering the large moment arm between this end and the center of gravity of the
bridge, it exerts a much larger (negative) overturning moment on the damaged bridge
compared to that of the intact case.

2.9 Tsunami Load Estimation Method for Bridge Superstructures
Currently there is a lack of technical literature on measurement or estimation of
tsunami loads on bridge superstructures for practical design. Existing empirical formulas
are available to determine wave loads on bridge decks, but they are limited to storm
waves under hurricane conditions that have much smaller temporal (wave period) and
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spatial scales (wave lengths) than tsunami waves (e.g. Bea et al. 1999, Douglass et al.
2006, AASHTO 2008, Jin and Meng 2011). As a complex phenomenon, a tsunami can
impose a wide range of loads on bridge superstructures as it contains different types of
waves from a single solitary wave to a complex pattern of breaking waves. It can also be
considered as a current when it fully inundates a bridge superstructure. Thus, due to the
time dependent fluid loads, a load estimation method should cover a range as wide as
possible. Although in some cases the already available wind-induced wave load
estimation methods could be modified to serve as a preliminary method to predict
tsunami loads, but because of their fundamental difference in flow nature, it is not
recommended to adopt them as a basis to develop the tsunami load estimation methods.

2.9.1

Proposed Tsunami Load Estimation Method
The method proposed here estimates the maximum horizontal and vertical loading

on a bridge superstructure in a tsunami event and considers both initial impact (stage 1)
and total inundation (stage 2) time intervals as the critical time periods representing the
entire process. After analyzing the simulation results of the five bridges under various
tsunami scenarios, it is found that the maximum horizontal and downward vertical loads
occur approximately at the same time for many of the cases. At this time the tsunami
flow has overtopped the bridge and the flow has reached the landward barrier generating
a slamming load on it. Figure 17 shows this situation and the different parameters used in
the load estimation method discussed later in this section. At this time, since the bridge is
not totally inundated, both hydrostatic load due to the weight of the water on the bridge
deck and hydrodynamic slamming load caused by tsunami wave impacting the top
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surface of the deck generate a downward vertical load. After the bridge is completely
inundated, the buoyancy force becomes the dominant hydrostatic force.
Proposed formulas to estimate the maximum horizontal and vertical loads are
presented in Equations 12-14:

(
(
(

)
)

)
(

(

(

where:
: Maximum horizontal force,
: Maximum downward vertical force,
: Maximum uplift Force,
: Empirical downward vertical force coefficient,
: Empirical uplift force coefficient,
: Hydrostatic horizontal force,
: Hydrostatic downward vertical force,
: Drag force,
: Slamming vertical force,
: Buoyancy force,
: Lift force,
: Drag coefficient,

(12)
)
)

)

(13)
(14)
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: Lift coefficient,
: Slamming coefficient in vertical direction,
ρ: Density of water,
g: Acceleration of gravity,
V: Volume of the bridge per 1 ft length,
: Height of the bridge superstructure,
: Width of the bridge superstructure,
: Height of the bridge barrier,
: Effective length of bridge deck for vertical slamming force,
: Height of the bridge girder,
: Thickness of the bridge deck,
: Low chord elevation of the bridge superstructure,
h: Tsunami water free-surface elevation resulting in maximum horizontal and downward
vertical hydrostatic forces.
v: Tsunami flow velocity,
: Difference between tsunami water free-surface elevation and low chord of the bridge.
Note that for box-section bridges the height of girder ( ) is zero and low chord
elevation ( ) is calculated from the bottom of the bridge deck.
Due to large time scale (hence the quasi-static nature) of a tsunami, free-surface
elevation can be assumed approximately uniform over the nominal bridge width.
Therefore, it is reasonable to assume that, in most cases, the entire bridge is inundated
when the tsunami free-surface elevation (h) reaches a certain elevation at the seaward
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side. Here h is tsunami water free-surface elevation resulting in maximum horizontal and
downward vertical hydrostatic forces during stage 1. This parameter is found to have a
significant effect on the maximum horizontal and downward vertical forces. In addition,
this value is found to be very difficult to predict as it represents a threshold where the
tsunami can induce maximum horizontal and downward vertical forces. It is observed
from the simulations (e.g. Figure 7), h varies from the seaside of the bridge superstructure
where it is responsible for maximum horizontal force to the top of the bridge deck where
it generates the maximum downward vertical load. To simplify the proposed tsunami
load estimation method, the value of h is assumed to be constant across the bridge width.
This value is recommended as twice the height of the bridge barrier above the deck (see
Figure 17). It is observed from the simulations that when the tsunami free-surface
elevation rises above this value, the landward side of the bridge (right end in simulations)
begins to be totally inundated resulting in a significant reduction in both the maximum
horizontal force and the downward vertical force. However, this assumption might
conservatively lead to a slightly higher downward vertical force as simulations showed
that the free-surface elevation on top of the bridge deck responsible for maximum
downward vertical force is usually lower than the free-surface elevation on the seaside of
the bridge.
As shown in Equation 13, the slamming force is proportional to 4 times the bridge
barrier height. This factor is used because the flow overtopping bridge is practically
horizontal at the middle section of the bridge deck and generates little or no
hydrodynamic vertical force. Table 4 and Table 5 provide the empirical coefficients used
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in Equation 12 and 13. The force coefficients in Table 5 are mainly used to obtain best
possible correlation between the proposed method estimations and the numerical results.
Figure 18-Figure 20 show the comparison between formula estimation and
numerical prediction of the maximum horizontal, downward vertical force, uplift force,
respectively. According to Figure 18, in 92% of the tsunami scenarios studied here,
maximum horizontal forces can be estimated with less than 30% error compared to
simulation results using the recommended approach. Maximum downward forces are
found to be estimated with less than 40% error in 64% of the cases. Figure 20 shows that
the recommended approach can estimate the maximum uplift forces with less than 30%
error in 72% of the tsunami scenarios analyzed in this research.
The main source of disparity between the numerical results and the load
estimation method estimations of maximum horizontal force and downward force is the
estimation of the h parameter. The load estimation method is shown to provide much
more accurate prediction of the tsunami loads if more precise estimation of h is available.
For Figure 21 and Figure 22, the value of h is directly obtained from the simulations.
These figures show the tsunami load estimation results are much closer to the
numerically predicted forces using the exact computed value for the h parameter and
updated empirical force coefficients based on this new value.
Note that in the load estimation method proposed, an attempt is made to use the
known hydrostatic and hydrodynamic forces such as buoyancy, slamming, and drag to
reach the best possible agreement between the numerical simulation results and the
empirical estimations while keeping it simple and easy to use for design engineers. All
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the empirical coefficients are calibrated with these goals in mind. Designers may include
their own load factors and design parameters depending on the nature of the problem to
ensure that the load capacity is always consistent with the demand.

2.9.2

An Application Example
An example demonstrating how the recommended equations can be used to

estimate the maximum horizontal force, maximum downward vertical force, and the
maximum uplift force on a bridge superstructure during a tsunami event is shown in this
section. First the tsunami flow field condition is defined. This includes the tsunami freesurface elevation and the flow velocity normal to the bridge cross-section. These two
values should be selected for several time intervals. As the simulations showed, the
maximum horizontal force and the maximum downward vertical force occur during the
initial impact time interval (stage 1). Thus, the tsunami flow field condition required to
estimate these force is selected based on the tsunami free-surface elevation and the flow
velocity during the stage 1. To determine the maximum uplift force, time intervals in
which maximum tsunami mass flux and momentum flux (stage 2) were recorded is
considered. The maximum uplift force obtained from stage 2 is the overall maximum
uplift force.
The methodology is summarized below step by step:
1. Define the tsunami free-surface elevation and horizontal velocity time histories in
the north and east directions.
2. Define the horizontal velocity time history normal to bridge cross-section.
3. Determine the durations in which tsunami free-surface elevation reaches the low
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chord of the bridge and continues to rise and overtops the bridge, i.e. stage 1.
4. Determine the maximum tsunami velocity during stage 1. This is the flow velocity
during the initial impact time interval.
5. Determine the time intervals in which the maximum tsunami mass flux and
momentum flux occur, i.e. stage 2. Tsunami free-surface elevations during this
stage are higher than the bridge elevation so that the entire bridge is inundated.
6. Determine the maximum horizontal force and maximum downward vertical force
according to the flow velocity obtained from stage 1.
7. Determine the maximum uplift force in stage 2.
Suppose a bridge is located in tsunami zone, the density of water is 64 lb/ft3 (or
0.002 Kip-s2/ft4), the acceleration of gravity is 32.17 ft/s2, and the bridge geometry
characteristics are provided below:
bridge reference elevation (
girder height (

): 9 ft,

): 3 ft,

deck thickness (

): 0.7 ft,

barrier height (

): 2.5 ft,

width of bridge cross-section ( ): 50 ft,
height of bridge cross-section (

): 6.2 ft.

bridge volume per foot: 70 ft3/ft
The tsunami flow conditions are assumed as follows:

43

flow velocity during stage 1: 15 ft/s.
flow velocity during stage 2: 8 ft/s.
ft
ft
= 3 + 0.7 + 2.5 = 6.2 ft
ft
(
(

)(

)

)(

)(

)

( )(

)(

)(

)

Kip/ft
(

)

((

(

)(

)(

)

(

(

)
)(

)

)

( )(

)(

)(

))

Kip/ft
(
((

)(

)(

)

( )(

)(

)(

))

Kip/ft

Therefore, the estimated maximum tsunami horizontal force, downward vertical force,
and uplift force are:
Kip/ft
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Kip/ft

Kip/ft

2.10 A Note on Computational Efforts
The simulations were performed on three computing platforms. First is a parallel
cluster system of 1,344 compute nodes. Each compute node has 20 GB memory and
consists of 2.8 GHz dual Intel Xeon Nehalem-EP quad-core processors. The simulations
were conducted on 8 or 16 compute nodes depending on the problem and simulation
time. The second is a 2.8 GHz 2-processsor Intel Xeon X5660 workstation having 6 cores
per CPU and the 192 GB memory in total. The third one is a 3.1 GHz 2-processsor Intel
Xeon E5-2687W workstation having 8 cores per CPU and the 256 GB memory in total.
More than 200 simulations were performed over a year and half including preliminary
modeling and troubleshooting. Each simulation took 3-10 days to complete.

2.11 Concluding Remarks
Modeling, validation, simulation, analysis and approximate tsunami load
estimation based on a study of five representative bridges approximately evenly
distributed along the California coast are summarized here. A finite element model was
developed for computational fluid dynamic simulation of tsunami load and validated
against experimental measurements of hydrodynamic loads on inundated bridges.
Simulations were performed for each bridge and tsunami horizontal and vertical forces
and overturning moment time histories were computed for five different tsunami
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scenarios with respect to nominal inundation heights. For each nominal height, two
loading stages representing initial impact and full inundation were simulated and
analyzed. Based on the analyses, a new method for estimating tsunami loads on bridge
superstructures was proposed. The main findings are as follows:
1. The initial stage of tsunami loading on a bridge superstructure leads to a
combination of lateral (horizontal) and uplift (upward vertical) forces. These forces
gradually increase as the tsunami free-surface elevation rises.
2. The horizontal force is due to hydrostatic force caused by an accumulation of water
on the seaside of the bridge superstructure and a drag force due to resistance of the
bridge superstructure against the tsunami flow.
3. The maximum uplift force during the initial impact time interval is found to occur
when the tsunami free-surface elevation reaches the top of the bridge barrier right
before water overtopping the bridge and starting to flow onto the bridge deck.
Afterward, the uplift force acting on the partially inundated bridge is
counterbalanced by the weight of water ponding on the deck and slamming force
caused by the tsunami hitting the upper surface of the bridge deck. The resultant
vertical force is downward and increases in magnitude as the tsunami free-surface
elevation and flow velocity increase.
4. It is observed that the time interval representing the initial impact of the tsunami on
the bridge superstructure leads to the maximum horizontal force, downward vertical
force, and overturning moment.
5. Comparing the resultant forces for different tsunami nominal heights reveals that the
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maximum horizontal force, downward vertical force, and overturning moment do not
change significantly for the nominal heights examined. This is because the maxima
of these loads occur in the initial impact time interval where flow depth is limited to
the range from the low chord of the bridge to top of the bridge barrier.
6. The overall maximum uplift force is found to be in the full inundation stage when
the bridge superstructure is totally inundated.
7. The maximum uplift force is observed to increase for higher tsunami nominal
heights in which the corresponding flow velocity is higher.
8. The analysis of a deck-girder bridge with a failed (i.e. removed) first seaward girder
for ten different loading conditions (i.e. water depths and flow velocities) shows an
approximate 15% reduction in maximum horizontal forces. However, the
corresponding uplift forces are found to be approximately 25% larger.
9. New design equations are proposed to estimate the maximum horizontal and vertical
forces on bridge superstructures based on an analysis of the simulation results. Good
agreement between estimations obtained from the recommended design equations
and numerical predictions of the tsunami forces is observed.
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Table 1. Tsunami flow field at stage 1 for different bridges.
Tsunami flow velocity (V, ft/s) for each scenario (Water elevation above bridge in
ft)
5

10

15

20

25

Mad River Slough Bridge

5.17

5.42

5

5.25

5.83

Salmon Creek Bridge

4.68

5.27

5.32

4.47

4.75

Old Creek Bridge

5.75

5.83

6.25

6.42

5.39

Malibu Lagoon Bridge

3.11

3.72

3.93

4.83

4.83

Agua Hedionda Lagoon Bridge

3.14

6.23

8.62

10.2

10.1
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Table 2. Tsunami flow field at stage 2 for different bridges.
Tsunami Scenario (Water elevation above bridge in ft/time interval)

, ft

V, ft/s

Mad River Slough Bridge
5-HV-HV2

20.2

7.42

10-HV-HV2

25.1

8.25

15-HV-HV2

30.1

9.08

20-HV-HV2

35

9.83

25-HV-HV2

40.1

10.5

15-HV

26.5

5.83

20-HV

30.1

6.25

25-HV

33.7

6.58

10-HV

31.7

5.67

15-HV

36.2

6.08

20-HV

40.5

6.42

25-HV

42.3

7.17

10-HV

28.6

3.42

15-HV2

31.3

3.75

20-HV2

35.2

4.0

25-HV2

39.2

4.25

5-V-HV-HV2

28.4

4.16

10-V-HV-HV2

29.3

7.67

15-HV

33.1

8.17

20-HV

37

8.58

25-HV

29.4

12.75

Salmon Creek Bridge

Old Creek Bridge

Malibu Lagoon Bridge

Agua Hedionda Lagoon Bridge
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Table 3. Comparison between drag, lift, and moment coefficients measured from the
experiment and the numerical simulation.

Drag coefficient (

)

Lift coefficient ( )
Moment coefficient (

)

Experimental Measurements

Numerical Results

2.00

2.11

-0.080

-0.067

-0.022

-0.027

Table 4. Empirical coefficients for tsunami load estimation.
Drag coefficient (

)

2.00

Lift coefficient ( )

1.00

Slamming coefficient in vertical direction (

)

2.00

Table 5. Empirical force coefficients for tsunami load estimation.
Uplift force coefficient (

)

Downward vertical force coefficient (

0.77
)

0.53
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Figure 1. Utatsu Bridge failure during 2011 Great East Japan Earthquake and the
subsequent Tohoku Tsunami (Photo by Yim).
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Figure 2. (a) Tsunami water free-surface elevation and water velocity components in
(b) normal to the bridge direction, (c) in north direction, and (d) in east direction at
the location of the Salmon Creek Bridge.
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Figure 3. Finite Element Models of Mad River Slough Bridge Superstructure, (a)
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Figure 7. Screen captures of Mad River Slough Bridge, Water surface elevation 5 ft
above bridge elevation, stage 1.

6

10

Horizontal Force
Vertical Force

2

Force (Kip/ft)

5

Overturning Moment (Kip-ft/ft)

4

0
-2
-4
-6
-8

0
-5
-10
-15
-20
-25
-30
-35
-40

-10

-45
0

25

50

75

100

125

150

175

200

225

250

0

25

50

75

100

125

Time (s)

Time (s)

a.

b.

150

175

200

225

250

Figure 8. (a) Tsunami forces and (b) overturning moment time histories on the Mad
River Slough Bridge, Water surface elevation 5 ft above bridge elevation, stage 1.

60

15

Horizontal Force
Downward Vertical Force
Uplift Force
Overturning Moment

Force (Kip/ft)

10

0

5

-15

0

-30

-5

-45

-10

-60

-15
0

5

10

15

20

Overturning Moment (Kip-ft/ft)

15

-75
30

25

Water surface elevation above bridge (ft)

Figure 9. Maximum horizontal and vertical forces and overturning moment on Mad
River Slough Bridge for five different water elevations.
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Figure 10. a) Maximum horizontal and vertical forces and b) overturning moment
on Salmon Creek Bridge for five different water elevations.
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Figure 11. Maximum horizontal and vertical forces and overturning moment on Old
Creek Bridge for five different water elevations.
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Figure 12. Maximum horizontal and vertical forces and overturning moment on
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Figure 13. (a) Maximum horizontal and vertical forces and (b) overturning moment
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Figure 14. Sketch demonstrating the tsunami flow direction on bridge deck.
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Figure 15. Graphical demonstration of the net forces acting on a bridge
superstructure during tsunami event (a) initial impact before overtopping the
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the bridge.
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3. CHAPTER 3:

ESTIMATION OF CASCADIA LOCAL TSUNAMI LOADS ON
PACIFIC NORTHWEST BRIDGE SUPERSTRUCTURES

Mohsen Azadbakht and Solomon C. Yim
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3.1 Abstract
Time histories of Cascadia Subduction Zone (CSZ) local tsunami horizontal and
vertical loads and overturning moment on four selected Oregon coastal bridges are
computed for different load scenarios. These scenarios, containing the tsunami freesurface elevation and flow horizontal velocity components, are developed based on
various CSZ rupture models. One of the bridges is selected to evaluate the effect of
various bridge geometry characteristics on resultant tsunami loads. Maximum tsunami
horizontal and downward vertical loads are found to occur approximately simultaneously
when the tsunami flow reaches the landward side of the bridge cross-section and overtops
the barrier. A comparison between tsunami loads on a deck-girder bridge and a boxgirder bridge under identical tsunami flow condition reveals that on box-girder bridges:
(a) maximum horizontal loads are slightly larger, (b) downward vertical loads are
smaller, and (c) uplift loads are significantly larger. It is shown that bridge cross-sections
with a seaward slope (landward side of bridge cross-section is higher than the seaward
side and tsunami travels landward) can be beneficial in reducing the uplift force. An
analysis of a deck-girder bridge with a closed railing system shows an increase in the
maximum tsunami horizontal, downward vertical and uplift loads in comparison with an
identical bridge but with an open railing system. Modifications are made to a previously
proposed general method to estimate the specific local tsunami loads on Pacific
Northwest coastal bridges based on results of computed tsunami loads. The modified
tsunami load estimation method is shown to be reasonably accurate in estimating the
tsunami loads on bridge superstructures.
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Cascadia Subduction Zone.
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3.2 Introduction
Tsunamis have damaged coastal infrastructure particularly in recent years. More
than 300 bridge superstructures suffered extensive damage during The 2011 Great East
Japan Earthquake and resulting Tohoku Tsunami (Iemura et al. 2005, Kawashima 2012,
Yashinsky 2012). These bridges were reported to have experienced little or no failure
during the preceding earthquake (Akiyama et al. 2012). The extent of damage to these
bridges due to the tsunami indicates the necessity of including tsunami load in bridge
design specifications.
Goldfinger et al. (2003) reported that, on the average, a large seismic event in
Cascadia Subduction Zone (CSZ) occurs once every 500 years. The most recent event in
the CSZ occurred in 1700, therefore, there is a relatively high probability that a large
seismic event will occur in the near future capable of damaging the infrastructure
including bridges along the Pacific Northwest coast. Since these bridges, mostly built in
the 1950-70’s, were not designed to resist such large seismic or tsunami loads, they are at
risk of being severely damaged during these events.
Although the scientific community has been interested in the behavior of bridges
during hurricanes and storm surges over the past few years (e.g. Douglass et al. 2006,
Robertson et al. 2007a and b, Okeil and Cai 2008, Cuomo et al. 2009, Sheppard and
Marin 2009, Bradner et al. 2011, Jin and Meng 2011, Gullett et al. 2012) few
comprehensive studies have been conducted regarding measuring tsunami forces on
bridge superstructures. Most of these studies are either limited to surveys conducted after
past major tsunamis explaining the failure mechanisms (e.g. Iemura et al. 2005, Akiyama
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et al. 2012, Kawashima 2012, Kosa 2012) or small scale experimental studies not
covering a reasonable range of wave types and bridge configurations (e.g. Kataoka 2006,
Sugimoto and Unjoh 2007, Kosa et al. 2010).

3.2.1

Literature review
This section provides a literature review on the response of coastal bridges in past

tsunamis. It includes field surveys conducted after recent major tsunamis, observed
bridge failure mechanisms, experimental and numerical studies on tsunami loads.
Failure of bridge superstructure-substructure connections is most likely in tsunami
and hurricane events. Figure 23 shows an example of the failure of these connections
during the 2011 Great East Japan Earthquake and the subsequent Tohoku Tsunami.
Standing piers along with washed off superstructure are evidence indicating weakness of
the connections between the superstructure and the substructure. This type of failure is a
result of both horizontal and uplift forces acting on the bridge superstructure.
After the 2004 Indian Ocean Tsunami, a number of experimental studies were
carried out to evaluate the tsunami loads on bridge superstructures (e.g. Kataoka 2006,
Lukkunaprasit et al. 2008, Sugimoto and Unjoh 2008, Kosa et al. 2010, Zhang et al.
2010). In an experimental study, Kataoka (2006) reported a sudden impulsive force on
the bridge model due water impact followed by a slowly decreasing drag force. He found
that wave breaking has a significant effect on the magnitude of the impulsive force. He
also observed a relatively constant downward force on the bridge model after the impact.
Sugimoto and Unjoh (2007) observed that higher still water level in the experiments
resulted in higher lift force on the bridge model. They found that the bridge models
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dropped off the supports when the drag force and lift force exceeded a certain threshold
value. This threshold was roughly determined as the magnitude of the drag force larger
than the self-weight of the bridge model and the lift force equal to twice the self-weight.
In an experimental study, Araki et al. (2010) compared the uplift force measurements due
to impact of the two types of the waves on a bridge model, namely, breaking wave and
post breaking wave. They showed that the magnitude of both the horizontal and uplift
force was higher in the cases of breaking waves. Araki et al. also suggested that any study
on fluid impact force on bridge should take into account the dynamic response of the
bridge as the duration of the impact force is very short.
Kosa et al. (2010) investigated the effect of the different wave forms, breaking
and nonbreaking, on the resulting tsunami force on bridges through an experimental
study. They observed that the location of the bridge with respect to the point where the
wave breaks can affect the resulting forces. They also showed that for two waves with
approximately the same height the breaking wave led to a higher horizontal force while
the nonbreaking wave resulted in a larger uplift force. It was also observed that the
breaking wave led to a relatively constant downward force while water was overtopping
the bridge. Zhang et al. (2010) provided the results of an experimental study on using
fairing to reduce the tsunami hydrodynamic force on bridges. For a bridge model without
fairing, a high horizontal surge force followed by a relatively constant drag force was
measured. They found the magnitude of the drag force to be 1/3 of the impact force. A
downward vertical force was measured after the wave overtopped the bridge. The results
showed a significant reduction in the maximum horizontal force after using the fairing.
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Kerenyi et al. (2009) studied the hydrodynamic loads on the inundated bridge decks.
Experimental results for a 6-Girder bridge model showed the minimum drag coefficients
about 1.0 while the bridge was totally inundated but close to water free-surface. For
higher inundations depths, drag coefficients of approximately 2.0 were measured.
Lau et al. (2011) conducted an experimental study and a numerical investigation
to estimate tsunami forces on bridge decks. The model composed of both superstructure
and supporting pier. Force time histories were divided into two parts, the impulsive phase
referring to the maximum force and the slowly-varying phase showing the relatively
constant force after wave impact on the bridge. The vertical force time history showed an
uplift force during wave impingement on the model and a relatively constant downward
force when the wave overtopped the bridge model.

3.2.2

Objectives
Results of a study on numerical simulations of tsunami forces on selected coastal

bridges located on Highway 101 in the Siletz Bay area on the Oregon Coast are presented
in this article. The locations of these bridges are shown in Figure 24. Cheung et al. (2011)
developed a set of tsunami scenarios for probabilistic design of bridge superstructures
which were used in numerical computation of the tsunami loading on these 4 bridges.
These tsunami scenarios are developed based on several rupture scenarios of the CSZ and
include water free-surface elevation and horizontal velocity components normal and
tangential to the bridge orientation (Cheung et al. 2011). Tsunami horizontal and vertical
forces time histories as well as overturning moment acting on bridge superstructures are
computed. One of the bridges is selected to evaluate the effect of various bridge geometry
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characteristics including deck-girder and box-girder, open and closed railing systems and
significant variations in bridge cross-section slopes on resultant tsunami loads.
Modifications are made to the method proposed by Azadbakht and Yim (2013) to
estimate the specific local tsunami loads on Pacific Northwest coastal bridges based on
results of computed tsunami loads. The updated tsunami load estimation method is shown
to be reasonably accurate in estimating the tsunami loads on bridge superstructures.

3.3 Rupture Models, Tsunami Scenarios, and Tsunami Flow Field
Data
The input tsunami flow fields, defined as water surface elevation and velocity
time histories for the simulation models, were obtained from tsunami numerical models
developed by Cheung et al. (2011). The nonlinear shallow-water model by Yamazaki et
al. (2009) was utilized to capture the physics of hydraulic processes – wave overtopping,
hydraulic jump formation, and bore propagation – describing flow conditions at the
selected bridge sites.
The development of a rupture model based on 500-year return period CSZ
earthquake scenarios from the National Seismic Hazard Maps is illustrated in Figure 25.
The rupture boundaries extend approximately 1,100 km from Cape Mendocino in
northern California to Vancouver Island in British Columbia. The western boundary of
the rupture is specified along the trench at the base of the continental slope. Additional
conditions were provided by Wang et al. (2003) to define the eastern rupture boundaries
at the midpoint of the transition zone (MT) and the base of the transition zone (BT).
Moreover, a global analog (GA) of shallow-dipping subduction zones, from Tichelaar
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and Ruff (1993), was used to define the eastern rupture boundary at 123.8°W at 30 km
depth.
Flow field conditions of four hours duration for a 500-year Cascadia tsunami
event at the Siletz Bay were provided in six different tsunami scenarios. These scenarios
were based on four rupture configurations at moment magnitude (Mw) 9.0 and two
additional rupture configurations at moment magnitude 8.8 and 9.2. The first
configuration assumes the rupture occurs within the locked zone (LZ, black line in Figure
25) only. The eastern rupture occurs at the midpoint of the transition zone (MT, orange
line in Figure 25) and at the base of the transition zone (BT, pink line in Figure 25). The
fourth rupture configuration is assumed to occur at 30 km depth based on global analog
(GA, blue line in Figure 25). The Mw 8.8 and 9.2 rupture configurations were also based
on the global analog. A relative weight distribution representing the probability of
occurrence for the rupture configurations (0.1, 0.2, 0.2 and 0.5 for LZ, MT, BT and GA,
respectively) and moment magnitudes (0.6, 0.2 and 0.2 for Mw 9.0, 8.8 and 9.2) were
assigned based on the logic tree in the Pacific Northwest seismic source model in Cheung
et al. (2011). As an example, Figure 26 shows the tsunami free-surface elevation at the
location of the Drift Creek Bridge during the tsunami scenario LZ Mw 9.0.
Tsunami flow durations are usually on the order of hours, thus in order to capture
the behavior of the structure under several impacts and inundations during the entire
process, multiple time durations should be analyzed in detail. Since it is impractical to
perform a large-domain computational fluid dynamics (CFD) analysis from beginning to
end for such a long duration, it is decided to perform the simulations for a set of time
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intervals representing the most critical scenarios such that the simulation time intervals
essentially cover all the important features of the entire tsunami load duration. The time
intervals simulated and analyzed in this study contain the following stages:
1. Initial impact and overtopping – this stage starts from the time when tsunami
water free-surface elevation reaches the low chord of the bridge superstructure,
and water free-surface rises and reaches the top of the bridge barrier where it
overtops the bridge and starts to flow on the bridge deck, and until the bridge is
totally inundated; and
2. Full inundation – this stage is when the bridge first becomes fully inundated (i.e.
end of first stage), and until all the important events: (a) the maximum tsunami
water velocity (V), (b) the maximum tsunami momentum flux (H*V2), and (c) the
maximum tsunami mass flux (H*V), have occurred. Because the flow
characteristics vary relatively slowly in this stage, the analysis can be performed
quasi-statically (i.e. steady state flow).
Note that H is the tsunami water free-surface elevation and V is the tsunami horizontal
velocity. The initial impact time interval represents an interval during which the first
tsunami impact on the bridge cross-section occurs. Since there may be several “initial”
impacts during a tsunami due to a series of “waves” hitting the bridge superstructure
during a tsunami, the time interval that contained the highest flow velocity is selected to
perform the CFD analysis.
Note that the maximum tsunami velocity, momentum flux and mass flux in stage 2 might
occur simultaneously. In that case, one simulation is conducted to compute the tsunami
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load on bridge superstructure. Otherwise, there may be as many as three different
simulations for stage 2.
For cases when stages 1 and 2 overlap (i.e. when impact on the bridge
superstructure occur at the same time as the maximum water velocity, momentum flux,
and mass flux), a single model is utilized to model both stages. In other cases separate
analyses are performed. Table 6 presents the maximum tsunami flow velocity for
simulations conducted for stage 1 for all the bridges. Note that the water depth ranges
from the low chord elevation to approximately the top of the bridge barrier or maximum
tsunami height (from input data) during stage 1, whichever is smaller. Table 7 provides
the tsunami flow velocity and depth for simulation regarding stage 2.

3.4 Numerical Modeling
A finite element analysis (FEA) code, LS-DYNA, is used to perform the CFD
analysis and compute the horizontal and vertical forces and overturning moments on
selected bridge superstructures due to tsunami loading. The numerical code solves the
Navier-Stokes (NS) equations to obtain the pressure field and consequently forces on the
structure. An arbitrary Lagrangian-Eulerian (ALE) formulation was used to track the
fluid particles on the fluid free-surface (Hallquist 2006). The code solves the NS
equations and accurately models multi-physics contact and impact. For convenience, the
governing equations of the numerical model and the details of the numerical results are
presented here. Numerical model validation against experimental measurements was
presented in detail in Azadbakht and Yim (2013).
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3.4.1.1 Governing Equations
In the ALE description, an arbitrary referential coordinate is introduced in
addition to the Lagrangian and ALE coordinates (Souli and Benson, 2010). The material
time derivative of an arbitrary function g with respect to the reference coordinate can be
described as:

dg ( X , t ) g ( x, t )

 (v  w). grad g ( x, t )
dt
t

(1)

where X is the Lagrangian coordinate, x is the ALE coordinate, v is the particle
velocity, w is the grid velocity of the numerical simulation. The ALE differential form of
the conservation equations for mass, momentum, and energy are:
Mass:


  div(v )  (v  w) grad (  )  0
t

Momentum:



Energy:



v
  (v  w). grad (v )  div( )  f
t

e
t

  (v  w). grad (e)   : grad (v )  f . v

(2)

(3)

(4)

where  is the mass density, f is body force vector, and e is the total energy.  denotes
the total Cauchy stress given by:
T

   pI   ( grad (v )  grad (v ) )

(5)
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where p is the pressure, I is the identity tensor,  is the dynamic viscosity, and (v  w) is
the convective velocity across the grid.
An equation of state with a linear polynomial form is used to define the initial
thermodynamic state of the material, with the pressure given by:
p  C0  C1  C2 2  C3 3  (C4  C5  C6 2 ) E

(6)

where C06 are user-defined constants, E is initial energy per initial volume, and the
volumetric parameter  is defined as:
 

1
1
V

(7)

0


(8)

where V is relative volume given as:
V

with  0 as the reference mass density (which might be different than the current mass
density if the material experiences compression or expansion throughout the simulation).
The constant C1 in Equation 6, when used by itself, is the elastic bulk modulus.
Providing this constant only and setting all other constants to zero is sufficient to define
the equation of state if the pressure is not significantly influenced by temperature
changes.
3.4.1.2 Model Description
Two different FE models are used for numerical simulations (see Figure 27). The
different parts of the FE model domains in both models are also shown. These two

82

different models are used because of the different tsunami flow fields in stages 1 and 2.
In the model developed for stage 1 (see Figure 27a), both water free-surface elevation
and flow velocity change with time while in stage 2 the goal is to achieve a constant
tsunami flow depth and velocity as the bridge is already fully inundated (see Figure 27b).
For both models, the domain consists of two parts: (i) a fluid part which includes both
water and air domains, and (ii) a bridge superstructure. In this study, the bridge
superstructure is modeled as a rigid body, consisting of the bridge deck, supporting
girders, and the end barriers which are continuous along the bridge longitudinal direction.
Bridge rails are not modeled because 2D FE models cannot capture the 3D effects related
to open spacing bridge railings. This assumption was opted because in reality tsunami
flow can pass through an open railing system facing minimal resistance except in the
presence of debris possibly carried by tsunami water blocking the open spaces between
the rails. Both the water and the air are modeled as compressible flows. The mass
densities of water and air are 64 and 0.075 lb/ft3, respectively. The computational domain
is constructed using 8-node hexahedron solid elements. The mesh size and the
computational time step are about 2 in and 5E-5 sec, respectively, for all bridges studied
here.
Two different approaches are used to model the air in the FE domain. Since in the
model developed for stage 1 the effect of the air trapped under the bridge and between
girders is very important in increasing the uplift force, a material representing the real air
is modeled. For the stage 2 models the bridge is totally inundated during the simulation
and the presence of the air on top of the water free-surface does not affect the resulting
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hydrodynamic loads and moments. For this modeling, a single-phase simulation is
performed and the air domain is modeled as a void part. This void part has no
materialistic representation by itself and simply provides an empty mesh domain for the
adjacent fluid material to flow in during the simulation if needed. The use of this method
over the conventional water-air domain results in significantly less computational time.
The resulting overturning moment is computed about the center of gravity of bridge. A
sketch demonstrating the positive directions used to calculate the time history of the
horizontal and vertical forces is shown in Figure 28.
Tsunami Velocity and Depth Boundary Condition Implementation – To model the initial
impact of the tsunami on bridge superstructure (i.e. stage 1), the bridge is placed on top
of the body of water then the water surges toward it. Since the duration in which the
tsunami water level rises from the ground elevation to the low chord of the bridge (i.e.
elevation of lowest point on the bridge superstructure) is not of interest in this study, the
still water level is set at a few inches below the low chord. This elevation, which is
different for each bridge, is controlled by the bridge elevation. The geometry and
elevation of each bridge is provided in detail in later sections.
To simulate the tsunami depth change, water free-surface elevation in the FE
model should change as a function of time. This is implemented by assigning velocity to
the nodes on the left boundary (Figure 29). Suppose the water free-surface elevation and
the horizontal velocity, obtained from the scaled data sets, during the initial impact on a
bridge are 11.5 ft and 5.3 ft/s, respectively. To simulate this situation in the numerical
model, velocity of the input boundary nodes located above this elevation is set to zero,
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whereas the velocity at and below this elevation is set to the 5.3 ft/s. Figure 29, for
example, shows the velocity of the input boundary nodes at the elevation equal to 11.5 ft.
The figure shows about 182 sec after the simulation starts, the water level reaches 11.5 ft
where the tsunami velocity is about 5.3 ft/s. Note that the velocity is zero before the time
182 sec which means that water is not being pumped from the left input boundary at the
nodes located at 11.5 ft elevation and above. Same approach is used for all nodes on the
left boundary. Hence, the tsunami flow is simulated in accordance to its actual depth and
velocity.
To model stage 2, as the flow depth is higher than the bridge elevation, a fully
inundated bridge is used as an initial condition for the simulation. Here, the initial
boundary condition is defined through setting the water depth and the input velocity at
the left boundary of the computational domain. These water depth and velocity are
directly taken from the input data sets. The process to find and set boundary condition for
each simulation starts with the selection of the bridge. Then the tsunami flow field data
(H and V in the input data sets) is examined. Durations in which the bridge is inundated
are then found by comparing the bridge elevation with the tsunami free-surface elevation.
For these durations the time that, for example, the maximum tsunami flux occurs is found
(through determining the maximum value of H*V2). The corresponding values of H and
V are then used in the FE model (where H is water depth and V is the input velocity at
left boundary nodes as defined earlier).
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3.5 Results and Discussion
Results of the numerical simulations conducted to compute tsunami loads on three
selected bridges are provided in this section. (None of the six tsunami scenarios
developed based on different ruptures models of CSZ reach the Siletz River Bridge
located at the southeast of the Siletz Bay, and thus, tsunami load simulations were not
performed for this particular bridge.)

3.5.1

Millport Slough Bridge
The Millport Slough Bridge is a deck-girder bridge located at the south end of the

Siletz Bay. The bridge elevation is 20.0 ft with cross-section of 75 ft - 2 in width. The
girder height and deck thickness are 4 ft and 8 in, respectively. The bridge superstructure
is supported by 12 girders where the center-to-center space between girders is 6 ft - 3 in.
The tsunami maximum free-surface elevations for four out of six scenarios developed
based on the ruptures models of the CSZ exceed the low chord of the bridge. The tsunami
free-surface elevation in two of these five tsunami scenarios, GA Mw 9.2 and LZ Mw 9.0
is high enough to reach the top of the bridge superstructure and overtops it. The third
tsunami scenario, MT Mw 9.0, barely reaches the bottom of the bridge girders. Since the
tsunami flow velocity during the fourth scenario, BT Mw 9.0, is almost zero, the tsunami
loads are deemed minimal and no simulation is performed for this case. Therefore, three
simulations are conducted to compute the tsunami horizontal and vertical loads as well as
the overturning moment on this bridge. All different time intervals (maximum tsunami
momentum flux, mass flux, and flow velocity) occur at the time of initial impact, i.e.
stages 1 and 2 overlap, which means only one simulation for each tsunami scenario is
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sufficient to cover all the time intervals. As an example, Figure 30 presents the tsunami
flow field at the Millport Slough Bridge under tsunami loading scenario GA Mw 9.2.
Figure 31 shows the corresponding tsunami horizontal and vertical load time histories as
well as the overturning moment. A gradual increase in the tsunami horizontal and vertical
force due to tsunami impact and accumulation of water on the seaside of the bridge
superstructure is observed. During this time the horizontal force is a combination of the
hydrostatic force due to the presence of the water, and a drag force due to the resistance
of the bridge superstructure against the tsunami flow. The uplift force continues to
increase as the water free-surface elevation rises. These horizontal and uplift forces
increase with time until the free-surface elevation reaches the top of the bridge barrier
and water start to overtop the bridge and pond on the deck. At this time the vertical force
begins to change direction from upward (uplift force) to downward. Since this downward
vertical force is caused by the water overtopping the bridge, a higher tsunami free-surface
elevation (corresponding to larger amount of water overtopping the bridge) results in a
larger downward vertical force. The simulation continues until the water reaches and
overtops the landward bridge barrier. At this time a reduction in magnitude of the
downward vertical force is observed.
Table 8 provides the maximum tsunami horizontal and vertical loads and
overturning moments on the Millport Slough Bridge under all the tsunami scenarios
studied. Note that the maximum of all forces and moment (except uplift) occurs in the
GA Mw 9.2 scenario, while the LZ Mw 9.0 scenario produces the largest uplift force.
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3.5.2

Drift Creek Bridge
The Drift Creek Bridge is a deck-girder bridge located at the east of the Siletz

Bay. Bridge elevation is 20 ft – 10 in. with cross-section of 51 ft - 2 in width. The girder
height and deck thickness are 4 ft and 8 in, respectively. The bridge superstructure is
supported by 9 girders where the center-to-center space between girders is 5 ft - 6 in.
Three out of six tsunami maximum heights developed based on the ruptures models of
CSZ exceed the low chord of the bridge. The tsunami free-surface elevation in two of
these five tsunami scenarios, GA Mw 9.0 and LZ Mw 9.0, is higher than the top of the
bridge superstructure and overtops it. The third tsunami scenario, MT Mw 9.0, induces
very small loads on the bridge as the tsunami water barely reaches the low chord
elevation of the bridge and the corresponding flow velocity is also very small. Three
simulations are performed to compute the tsunami horizontal and vertical loads as well as
the overturning moment on this bridge. All the time intervals containing the maximum
tsunami momentum flux, mass flux, and flow velocity discussed earlier occur almost
immediately after the time of initial impact. Therefore, one simulation is sufficient for
each tsunami scenario to compute the horizontal and vertical forces and the overturning
moment. Based on the simulation results (not shown here to avoid repetition), it is
observed that the characteristics of horizontal and vertical force were practically identical
to those of the Millport Slough Bridge. For example: a gradual increase in both horizontal
and uplift forces until the free-surface elevation reaches the top of the bridge barrier and
water start to overtop the bridge and pond on the deck; change in direction of the vertical
force afterward from upward (uplift force) to downward. Table 9 presents the maximum
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tsunami horizontal and vertical loads and overturning moments on Drift Creek Bridge
under all tsunami scenarios studied. Tsunami scenarios of GA Mw 9.0 and LZ Mw 9.0
lead to maximum forces and moment.

3.5.3

Schooner Creek Bridge
This bridge is a deck-girder bridge located at the north of the Siletz Bay. Bridge

elevation is 26 ft – 6 in with cross-section of 75 ft - 2 in width. The girder height and
deck thickness are 4 ft and 8 in, respectively. The bridge superstructure is supported by
14 girders where the center-to-center space between girders is 5 ft - 6 in. Five out of six
tsunami maximum heights developed based on the ruptures models of CSZ exceed the
low chord of the bridge. Tsunami free-surface elevation in two of these five tsunami
scenarios, GA Mw 9.0 and BT Mw 9.0, is not sufficiently high to reach the top of the
bridge superstructure and overtop it. However, small horizontal and vertical loads are
exerted on the bridge due to tsunami impact on the bottom of the bridge girders. Three
out of five tsunami scenarios, GA Mw 9.2, LZ Mw 9.0 and MT Mw 9.0, lead to total
inundation of the bridge. Seven simulations are performed to compute the tsunami
horizontal and vertical loads as well as the overturning moment on this bridge for the five
tsunami scenarios. For the two tsunami scenarios, GA Mw 9.2 and LZ Mw 9.0, two
simulations are conducted for each scenario because the initial impact and the tsunami
maximum momentum flux, mass flux, and flow velocity occur at different times. This
requires two simulations, one for stage 1 and the other for stage 2. The characteristics of
the time histories of horizontal and vertical forces and overturning moments for stage 1
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(not shown here for brevity) were found to be practically identical to those of the Millport
Slough Bridge and the Drift Creek Bridge, thus no further explanation is needed.
For the two simulations performed for the stage 2, the net vertical force is found
to be downward. This is due to the bridge cross-section slope. As shown in Figure 32, the
tsunami flow induces a downward force on the bridge superstructure which is much
higher than the buoyancy force of the structure. However, if the slope of the bridge crosssection is landward (seaward side of bridge cross-section is higher than the landward side
and tsunami travels landward), a much higher uplift force is expected as the tsunami flow
pushes the bridge superstructure upward. Table 10 provides the maximum tsunami
horizontal and vertical loads and overturning moments on Schooner Creek Bridge under
all tsunami scenarios studied. The maximum horizontal force occurs in tsunami scenario
MT Mw 9.0 whereas the maximum downward vertical and uplift forces occur in LZ Mw
9.0. Both maximum magnitude of positive and negative moment occur in tsunami
scenario MT Mw 9.0.

3.6 Effect of Bridge Type on Tsunami Loads
To study the effect of the bridge type on the resultant tsunami loads, simulations
are performed again for the Schooner Creek Bridge for a box-girder cross-section. Figure
33 shows the two bridge cross-sections. The maximum tsunami horizontal, downward
vertical, and uplift forces on these bridges are provided in Figure 34. The maximum
horizontal forces are 29% larger, on the average, on the box-girder bridge compared to
the deck-girder bridge (Figure 34a). The maximum downward vertical forces are 38%
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smaller for box-girder bridges (Figure 34b), while the maximum uplift forces are 173%
larger (Figure 34c). The substantially larger buoyancy force on the box-girder bridge is
the cause of the drastic increase in the uplift forces as well as a reduction in the
downward vertical forces (Figure 34b and c). This change is more noticeable for tsunami
scenarios of GA Mw 9.2, LZ Mw 9.0, and MT Mw 9.0 in which the tsunami free-surface
elevation is sufficiently high to totally inundate the bridge superstructure. For stage 2 of
GA Mw 9.2, LZ Mw 9.0, the deck-girder bridge cross-section leads to a downward
vertical force because the buoyancy force is not large enough to overcome the negative
lift force caused by tsunami. On the other hand, the large buoyancy force due to a larger
amount of water being displaced by the box-girder cross-section is higher than the
negative lift force. Therefore, the net tsunami vertical force is upward when the whole
box-girder cross-section is inundated.

3.7 Effect of Rail Type on Bridge Tsunami Loads
The effect of bridge rail type on the resultant tsunami loads is studied in this
section for a reinforced concrete highway bridge barrier with (a) open rails, and (b)
closed rails. An open rail let the tsunami flow through the rail with minimal resistance.
On the other hand, for a closed rail continuous along the bridge longitudinal direction, the
tsunami water has to overtop it to reach, flow onto and pass the bridge deck. To study the
effect of these two rail types, all simulations for the Schooner Creek Bridge are
performed again for a closed railing system along the bridge cross-section. Figure 35
shows the difference between the two bridge cross-sections. As observed in the figure,
the bridge with the closed rails (Figure 35b) has a larger area of projection in the vertical
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plane (Av) which is expected to increase the overall tsunami loads. A comparison
between maximum tsunami horizontal, downward vertical, and uplift forces is provided
in Figure 36. Note that, two simulations are performed for each of tsunami scenarios of
GA Mw 9.2 and LZ Mw 9.0, one for stage 1 and the other for stage 2. The figure shows
an average increase of 33%, 15%, and 77% in the maximum tsunami horizontal,
downward vertical, and uplift forces, respectively. The increase in maximum horizontal
force is due to the larger area of projection of the bridge cross-section in the vertical
plane which leads to a higher hydrostatic force as well as a higher drag force. Results also
show that the downward vertical load is significantly larger (due to slope of the bridge)
for the cases in which the bridge superstructure is totally inundated (i.e. stage 2). Tall
bridge rails along with a seaward slope of the bridge cross-section (where the landward
side of bridge cross-section is higher than the seaward side and tsunami travels landward,
as shown in Figure 32) leads to a much higher downward force. Overall, the results
suggest that a closed railing system for bridges located in a tsunami hazard zone can
substantially increase the maximum tsunami forces experienced by the bridge.

3.8 Effect of Bridge Cross-section Slope on Tsunami Loads
A slight slope is used in many of the highway bridges to drain water from the
surface of the bridge deck. The effect of this slope on tsunami loading is studied here
through the case study of the Schooner Creek Bridge which has a cross-section slope of
4% (Figure 37a). Simulations are rerun for an identical bridge but with a zero crosssection slope (Figure 37b). The maximum tsunami horizontal, downward vertical and
uplift forces on two bridges cross-sections are provided in Figure 38. The maximum
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tsunami horizontal forces are found to be 10% smaller when the bridge deck has no slope
due to a smaller projection area of the bridge cross-section on the vertical plane for the
zero slope bridge. The effect of the bridge deck slope is higher when the bridge is totally
inundated (i.e. stage 2). In these cases, i.e. GA Mw 9.2, LZ Mw 9.0, the horizontal drag
force is larger as the area of projection of the bridge superstructure in the vertical plane
increases. Figure 38b shows, on the average, an 11% reduction in the maximum
downward forces. It also shows when the bridge is totally inundated no downward force
is experienced by the bridge because the negative lift force on a horizontal bridge deck is
not high enough to overcome the buoyancy force, thus the net tsunami vertical force is
upward. Figure 38c shows that when the bridge superstructure is totally inundated, the
bridge cross-section with no slope leads to a net uplift force, as the tsunami vertical force
due to the negative lift force is smaller than the buoyancy force. It is concluded that the
bridge cross-sections with a seaward slope are beneficial in reducing the tsunami uplift
force, although they slightly increase the horizontal force. Note that a bridge crosssection with a landward slope (i.e. landward side of bridge cross-section is lower than the
seaward side and tsunami travels landward) can lead to totally different tsunami forces.
Most importantly, for a landward slope bridge, the tsunami could push the bridge deck
upward leading to a significantly larger uplift force.

3.9 Tsunami Load Estimation Method for Bridge Superstructures
The tsunami load estimation method proposed by Azadbakht and Yim (2013) is
employed here to compare the numerical results with formula estimations of the proposed
method. The proposed method (summarized here for convenience and completeness)
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estimates the maximum horizontal and vertical loading on a bridge superstructure in a
tsunami event and considers both initial impact (stage 1) and total inundation (stage 2)
time intervals as the critical time periods representing the entire process. The load
estimation method assumes that the maximum horizontal and downward vertical loads
occur approximately at the same time. At this time the tsunami flow has overtopped the
bridge and the flow has reached the landward barrier generating a slamming load on it.
Figure 39 shows this situation and the different parameters used in the load estimation
method discussed later in this section. At this time, since the bridge is not totally
inundated, both hydrostatic load due to the weight of the water on the bridge deck and
hydrodynamic slamming load caused by tsunami wave impacting the top surface of the
deck generate a downward vertical load. After the bridge is completely inundated, the
buoyancy force becomes the dominant hydrostatic force.
Proposed formulas to estimate the maximum horizontal and vertical loads are
presented in Equations 9 - 11:
(
(
(

)
)

)
(

(

(

where:
: Maximum horizontal force,
: Maximum downward vertical force,

,
)
)

(9)
)

(10)
(11)
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: Maximum uplift force,
: Empirical downward vertical force coefficient,
: Empirical uplift force coefficient,
: Hydrostatic horizontal force,
: Hydrostatic downward vertical force,
: Drag force,
: Slamming vertical force,
: Buoyancy force,
: Lift force,
: Drag coefficient,
: Lift coefficient,
: Slamming coefficient in vertical direction,
ρ: Density of water,
g: Acceleration of gravity,
V: Volume of the bridge per 1 ft length,
: Height of the bridge superstructure,
: Width of the bridge superstructure,
: Height of the bridge barrier,
: Effective length of bridge deck for vertical slamming force,
: Height of the bridge girder,
: Thickness of the bridge deck,
: Low chord elevation of the bridge superstructure,
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h: Tsunami water free-surface elevation resulting in maximum horizontal and downward
vertical hydrostatic forces.
v: Tsunami flow velocity,
: Difference between tsunami water free-surface elevation and low chord of the bridge.

Note that for box-section bridges the height of girder ( ) is zero and low chord
elevation ( ) is calculated from the bottom of the bridge deck.
Table 11 and Table 12 provide the empirical coefficients used in Equations 9 and
10. The force coefficients in Table 12 are mainly used to obtain best possible correlation
between the proposed method estimations and the numerical results. Parameter h is
tsunami water free-surface elevation resulting in maximum horizontal and downward
vertical hydrostatic forces during stage 1. To simplify the proposed tsunami load
estimation method, the value of h was assumed to be constant across the bridge width.
This value was recommended as twice the height of the bridge barrier above the deck
(Azadbakht and Yim 2013).
The proposed design method was calibrated for situations in which the tsunami
free-surface elevation was sufficiently high to reach and overtop the bridge deck. Thus, in
those tsunami scenarios when the tsunami water free-surface elevation is lower than the
top of the bridge elevation, the proposed method is not applicable for estimation of the
horizontal and downward vertical loads. Therefore, some modifications need to be made.
A new equation (Equation 12 below in lieu of Equation 9) to estimate the maximum
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tsunami horizontal load when the tsunami elevation is lower than the top of the bridge
elevation is proposed here.
,

(12)

Figure 40 and Figure 41 present a comparison between formula estimation and
numerical prediction of the maximum horizontal and downward vertical forces,
respectively, using Equation 9, 10 and 12. For these figures, the value of parameter h is
directly obtained from the simulations. These equations slightly underestimate the
horizontal and downward vertical forces by approximately 15%.
Figure 42 and Figure 43 show the comparison between numerical results and the
estimations of the proposed method for the simplified value of the parameter h. Since the
bridges studied here (except the Millport Slough Bridge) have a noticeable seaward slope
of about 4% (see Figure 32), additional modifications are needed to address this issue.
The value of parameter h is assumed as five times the height of the bridge barrier above
the deck. This modification accounts for the bridge cross-section slope. Due to large time
scale (hence the quasi-static nature) of a tsunami, free-surface elevation can be assumed
approximately uniform over the nominal bridge width. Therefore, it is reasonable to
assume that, in most cases, the entire bridge is inundated when the tsunami free-surface
elevation (h) reaches a certain elevation at the seaward side. At this time the tsunami
horizontal force is much lower as the hydrostatic component on each side cancels one
another, and the drag force is the only horizontal force acting on the bridge. However, the
assumption on h might conservatively, lead to a slightly higher downward vertical force
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as the simulations showed that the free-surface elevation on top of the bridge deck
responsible for maximum downward vertical force is usually lower than the free-surface
elevation on the seaside of the bridge. On the other hand, it also can lead to an
underestimation of the downward vertical force if the tsunami free-surface elevation at
the seaside of the bridge is much higher than the estimated value of the parameter h.
The second modification is regarding the lift coefficient when the bridge is totally
inundated (i.e. stage 2). This coefficient is estimated to be -2.5 after comparing the
numerical results and the design method predictions. This negative lift coefficient means
that seaward slope of the bridges is responsible for smaller tsunami uplift forces, and in
some cases, has turned the direction of the vertical force from upward to downward.
Figure 44, which provides the results for the maximum uplift forces, shows a
reasonable agreement between numerical results and the predictions of the proposed
design method (Equation 11). Due to the significant seaward slope of these bridges, the
negative lift force in some cases is dominant compared to buoyancy force, thus the net
vertical force is downward (negative).

3.10 Concluding Remarks
Time histories of the Cascadia Subduction Zone (CSZ) local tsunami horizontal
and vertical loads and overturning moment on three selected Oregon coastal bridges
(Millport Slough Bridge, Drift Creek Bridge, and Schooner Creek Bridge) were
computed for different load scenarios. These scenarios, containing the tsunami freesurface elevation and horizontal flow velocity components, were developed based on
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CSZ rupture models provided by Cheung et al. (2011). The Schooner Creek Bridge was
selected to evaluate the effect of various bridge geometry characteristics on resultant
tsunami loads. Modifications are made to the method proposed by Azadbakht and Yim
(2013) to estimate the specific local tsunami loads on Pacific Northwest coastal bridges
based on results of computed tsunami loads. The modified tsunami load estimation
method is shown to be reasonably accurate in estimating the tsunami loads on the bridge
superstructures. Findings of the present study are enumerated as follows:
1. Results show that the maximum tsunami horizontal and downward vertical loads
occur approximately simultaneously at which time the tsunami flow has reached the
landward side of the bridge cross-section and overtopped the landward bridge barrier.
2. The magnitude of the tsunami horizontal and downward vertical loads is significantly
affected by the water free-surface elevation at the seaside of the bridge cross-section
(parameter h, the tsunami water free-surface elevation resulting in maximum
horizontal and downward vertical hydrostatic forces).
3. The initial impact of a tsunami on a bridge superstructure does not lead to a
significant uplift force when the bridge cross-section has a seaward slope (i.e.
landward side of bridge cross-section is higher than the seaward side and tsunami
travels landward). This uplift force is found to be higher when the slope of the bridge
cross-section is zero.
4. A comparison between the tsunami loads on a deck-girder bridge and a box-girder
bridge under identical tsunami flow condition revealed that: (a) the maximum
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horizontal loads are slightly larger on box-girder bridge, (b) the downward vertical
loads were smaller, and (c) the uplift loads were significantly larger.
5. Analyses of a deck-girder bridge with closed railing system showed an average
increase of 33%, 15%, and 77% in the maximum tsunami horizontal, downward
vertical, and uplift forces, respectively, compared to the corresponding open rail
system.
6. The slope of the bridge cross-section was found to have a significant effect on the
tsunami loads on bridge superstructures. Analyses showed that the bridge crosssections with a seaward slope (landward side of bridge cross-section is higher than
the seaward side and tsunami travels landward) can be beneficial in reducing the
uplift force. A negative lift generated by the tsunami flow pushing bridge deck
downward is found to dominate the buoyancy force in some cases.
7. It is recommended that bridges be designed at least for the buoyancy force as the
minimum tsunami uplift force. It is important in design to assume this uplift force to
occur simultaneously with the maximum tsunami horizontal force when deciding
whether the bridge superstructure connections to substructure are adequate.
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Table 6. Tsunami flow field at stage 1 for different bridges.

V, ft/s

Tsunami Scenario
Millport Slough Bridge
GA Mw 9.2

11.3

LZ Mw 9.0

9.3

MT Mw 9.0

3.9

Drift Creek Bridge
GA Mw 9.2

21.3

LZ Mw 9.0

18.2

MT Mw 9.0

5.3

Schooner Creek Bridge
GA Mw 9.0

8.7

GA Mw 9.2

11.0

LZ Mw 9.0

13.5

MT Mw 9.0

14.3

BT Mw 9.0

11.7

Table 7. Tsunami flow field at stage 2 for Schooner Creek Bridge.

Tsunami Scenario

, ft

V, ft/s

GA Mw 9.2

41.5

14.1

LZ Mw 9.0

40.1

13.7
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Table 8. Maximum tsunami forces and overturning moments on Millport Slough Bridge.
Tsunami

Horizontal

Vertical

Uplift

Positive

Negative

Scenario

Force

Downward

Force

Overturning

Overturning

(Kip/ft)

Force

(Kip/ft)

Moment (Kip-ft/ft)

Moment (Kip-ft/ft)

(Kip/ft)

GA Mw 9.2

2.79

-7.98

0.49

52.19

-4.08

LZ Mw 9.0

2.36

-6.89

0.57

43.13

-1.75

MT Mw 9.0

0.06

-0.01

0.02

2.11

-0.82

Table 9. Maximum tsunami forces and overturning moments on Drift Creek Bridge.
Tsunami

Horizontal

Vertical

Uplift

Positive

Negative

Scenario

Force

Downward

Force

Overturning

Overturning

(Kip/ft)

Force

(Kip/ft)

Moment (Kip-ft/ft)

Moment (Kip-ft/ft)

(Kip/ft)

GA Mw 9.0

5.06

-8.76

0.57

10.85

-22.00

LZ Mw 9.0

4.31

-9.34

0.49

17.12

-16.44

MT Mw 9.0

0.03

0.00

0.01

0.65

-1.04
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Table 10. Maximum tsunami forces and overturning moments on Schooner Creek Bridge.
Tsunami

Horizontal

Vertical

Uplift

Positive

Negative

Scenario

Force

Downward

Force

Overturning

Overturning

(Kip/ft)

Force

(Kip/ft)

Moment (Kip-ft/ft)

Moment (Kip-ft/ft)

(Kip/ft)

GA Mw 9.0

1.11

-1.38

1.99

29.59

-53.43

GA Mw 9.2

6.64

-16.09

1.39

242.76

-307.36

LZ Mw 9.0

7.88

-18.14

0.83

171.25

-200.26

MT Mw 9.0

7.90

-17.77

0.68

277.49

-328.62

BT Mw 9.0

3.51

-2.23

1.04

194.27

-74.16

Table 11. Empirical coefficients for tsunami load estimation.

Drag coefficient (

)

2.00

Lift coefficient ( )

1.00

Slamming coefficient in vertical direction (

)

2.00

Table 12. Empirical force coefficients for tsunami load estimation.

Uplift force coefficient (

)

Downward vertical force coefficient (

0.77
)

0.53
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Figure 23. Utatsu Bridge failure during 2011 Great East Japan Earthquake and the subsequent
Tohoku Tsunami (Photo by Yim).
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Schooner Creek Bridge

Drift Creek Bridge

Siletz River Bridge

Millport Slough Bridge

Figure 24. Location of the selected bridges in Siletz bay area (Source: Google Maps).
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Figure 25. Boundaries of the Cascadia Subduction Zone inferred from the 2008 National Seismic
Hazard Map. Black line: locked zone (LZ); Orange line: middle of transition zone (MT); pink line:
base of transition zone (BT); and blue line: 30-km depth based on global analog (GA).
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Water surface elevation at Drift Creek Bridge
Tsunami scenario LZ Mw 9.0
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Figure 26. Tsunami free-surface elevation at the location of the Drift Creek Bridge during the
tsunami scenario LZ Mw 9.0.
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Figure 27. Finite Element Models of (a) Millport Slough Bridge, first approach and (b) Schooner
Creek Bridge, second approach.

111

75  2
FV
M C .G .

5  7

FH
C.G.

Figure 28. Sketch demonstrating positive directions used to calculate the time history of horizontal
and vertical forces and overturning moments.
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Figure 29. Input velocity of the nodes with 11.5 ft elevation at the left boundary.
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Figure 30. Tsunami flow field at the Millport Slough Bridge, tsunami scenario GA Mw 9.2.
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Figure 31. (a) Tsunami horizontal and vertical loads and (b) overturning moment time histories on
Millport Slough Bridge, tsunami scenario GA Mw 9.2.
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Figure 32. Screen capture of the Schooner Creek Bridge, tsunami scenario LZ Mw 9.0, total
inundation time interval.
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a.

b.
Figure 33. (a) Deck-girder bridge cross-section and (b) box-girder bridge cross-section.
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Figure 34. Comparison of maximum tsunami (a) horizontal, (b) downward vertical, and (c) uplift
loads on Schooner Creek Bridge considering deck-girder and box-girder bridge cross-sections.
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Figure 35. Schooner Creek Bridge model with (a) open railing system and (b) closed railing system.
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Figure 36. Comparison of maximum tsunami (a) horizontal, (b) downward vertical, and (c) uplift
loads on Schooner Creek Bridge considering open rail and closed rail bridge cross-sections.
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Figure 37. Schooner Creek Bridge model with (a) 4% deck slope and (b) no deck slope.
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Figure 38. Comparison of maximum tsunami (a) horizontal, (b) downward vertical, and (c) uplift
loads on Schooner Creek Bridge considering two bridge cross-sections with deck slope and without
slope.
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Figure 39. Sketch demonstrating different parameters used in the tsunami load estimation method.
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Figure 40. Comparison between formula estimation and numerical prediction of the maximum
horizontal forces (Using exact value for parameter h).
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Figure 41. Comparison between formula estimation and numerical prediction of the maximum
downward vertical forces (Using exact value for h parameter).
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Figure 42. Comparison between formula estimation and numerical prediction of the maximum
horizontal forces.
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Figure 43. Comparison between formula estimation and numerical prediction of the maximum
downward vertical forces.
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Figure 44. Comparison between formula estimation and numerical prediction of the maximum uplift
forces.
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4. CHAPTER 4:

EFFECT OF TRAPPED AIR ON WAVE FORCES ON COASTAL
BRIDGE SUPERSTRUCTURES

Mohsen Azadbakht and Solomon C. Yim
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4.1 Abstract
Recent hurricanes have caused significant damage to coastal bridges of southern
US coastal areas along the Gulf of Mexico. Previous studies have identified trapped air
between bridge girders as a significant factor in increasing wave uplift loads on coastal
bridge superstructures. The objective of this study is to investigate and quantify this
effect. A numerical parametric study is conducted to examine the influence of this
trapped air effect on resultant wave forces under different wave conditions for a variety
of bridge geometry. Numerical results show that the wave loads on a bridge deck
superstructure are sensitive to the amount of trapped air between the bridge girders. Wave
uplift force is found to be 57%-88% lower for a wide range of wave periods when the
effect of the trapped air is neglected. In addition, the effectiveness of the presence of air
vents in reducing the air pressure between girders and the wave forces is evaluated. For a
given size bridge deck air vents, the amount of reduction in the vertical wave force acting
on the bridge was found to be higher when the vents are located at the end of the bridge
deck span. Numerical results indicate that the vertical (uplift) wave forces acting on the
bridge superstructures can be reduced by about 56% on the average using deck air vents.
This reduction can be further enhanced by increasing the size of the deck vent. Numerical
results of the computational analyses of the wave forces on coastal bridge superstructures
are also compared to estimations of the wave force computed from design expressions in
AASHTO. It is found that while AASHTO estimations of the horizontal wave force are
accurate, estimations of the vertical forces are less consistent and can deviate from overly
conservative for larger waves to under predicting for smaller waves.
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Keywords: Bridge Superstructures, Wave, Forces, Height, Period, Trapped Air Effect,
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4.2 Introduction
Recent hurricanes have caused significant damage to coastal bridges in the
southern US coastal areas along the Gulf of Mexico. For example, several coastal
highway bridges were completely destroyed and many more experienced substantial
damage during Hurricane Katrina in 2005 (Padgett et al. 2008). Figure 45 shows the
extent of the damage to U.S. 90 Biloxi Bay Bridge after Hurricane Katrina in 2005. The
cost of replacement and repair of these infrastructures was reported to be over $1 Billion
(Padgett et al. 2008). After the hurricane, extensive research studies were conducted in
recent years to examine wave forces on coastal bridges both experimentally and
numerically (e.g. Douglass et al. 2006, Bradner 2008, Bradner et al. 2011, Robertson et
al. 2007a and b, Robertson et al. 2011, and Jin and Meng 2011). A review of previous
studies of wave forces on coastal highway bridges indicated the importance of the
trapped air between the bridge girders on the resultant wave force on bridges (Sheppard
and Marin 2009b, Bozorgnia et al. 2010, and Cuomo et al. 2009). While there is a body
of literature on wave forces on bridge superstructures, few studies to date have focused
on the evaluation of the effect of trapped air.
A literature review of studies investigating different aspects of the wave loading
on coastal bridges is presented in this section. Failure modes of the coastal bridges under
wave loading and numerical and experimental investigations on wave loads on bridge
superstructures as well as current methods of predicting the wave loads on coastal bridges
are also examined.
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Robertson et al. (2007a and b) reported inundation due to storm surge and windinduced wave actions as the primary cause of damage to coastal infrastructure. The space
bounded between girders and diaphragms was defined as the potential trapped air volume
as the water level reaches the bottom of the bridge girders. Robertson et al. (2011)
provided information on a bridge damaged in Hurricane Katrina where the curvature of
the bridge resulted in wedging of deck segments against each other, thus preventing them
from falling off the supporting bents. Robertson et al. (2011) believed that the
hydrodynamic uplift force from Douglass et al. (2006) was valid when the surge level
was at or below bottom of the bridge girders. Okeil and Cai (2008) reported damage of
anchorages between superstructure and substructure. Failure of a concrete deck at midspan, as a result of impact between superstructure and substructure seen during Hurricane
Katrina, was believed to be due to repeated lift and drop actions. Okeil and Cai (2008)
also recommended using partially grated deck as a possible countermeasure to reduce
loads on deck because it would permit the trapped air to escape. Cuomo et al. (2009)
performed a set of experimental studies to measure wave loading on the bridge
superstructures. They found that the quasi-static upward loads on bridge deck were lower
when decks had air vents. These air vents were believed to be effective in reducing the air
pressure and consequently reducing the load on bridge deck. These air vents led to higher
quasi-static downward loads on bridge decks. Wave impact pressures on bridge deck
were found to be reduced when air vents in the bridge deck were used. Cuomo et al.
(2009) also reported that the compressed air pocket trapped between girders and
diaphragms could decrease the wave impact pressure as part of the wave energy was
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dissipated in compressing the air. They also reported that this trapped air could change
the Froude scaling ratio between the model and the prototype as the air atmospheric
pressure was not scaled in the model. Jin and Meng (2011) used both computational fluid
dynamics (CFD) and potential flow models to numerically compute the maximum
horizontal and vertical loads on the bridge superstructure for a number of different bridge
elevations. They found the maximum vertical loads to be 4-6 times larger than the
corresponding maximum horizontal loads.
Douglass et al. (2006) provided a set of equations to estimate horizontal and
vertical wave loads on bridge decks where each load component consists of two parts, a
slowly-varying load and an impact load. Marin and Sheppard (2009a) enumerated the
drag, inertia, buoyancy, and slamming forces as forces acting on a structure due to the
presence of an accelerating fluid with a free-surface. They provided a set of mathematical
expressions to calculate these forces. An experimental study using a 1:8 scale model of
an old I-10 Escambia Bay Bridge (Pensacola, Florida) was used to determine drag and
inertia coefficients. Marin and Sheppard (2009a) presented a comparison between the
computed vertical force from the provided equations and vertical resistance of the
damaged bridge. They also showed that the wave loads were greater than the resistance
of the bridge in the locations where the bridge decks were displaced.
Sheppard and Marin (2009b) reported the air trapped between girders acted as the
spring in a spring-mass system. These air pockets reduced the magnitude of slamming
force and increased the duration of the wave force. In the experimental study, they
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obtained slamming forces by subtracting the quasi-static (low frequency) forces from the
measured forces. Sheppard and Marin (2009b) reported that the presence of the trapped
air increased both the buoyancy and the inertia forces with increasing effective volume of
the structure. It was also observed that the steeper waves and larger-spaced girders led to
less trapped air. The magnitude of the vertical slamming force was observed to be
reduced for the model with smaller number of girders. Air pockets were deemed to act as
an extension of the structure surface and also act like a spring resulting in less magnitude
and larger duration of force. The oscillations in the slamming force were reported to be
equal to the number of air chambers (number of girders minus one) provided that the
wave has enough energy to generate the multiple slamming forces before being totally
dissipated (Sheppard and Marin 2009b).
Huang and Xiao (2009) investigated wave loading on the Escambia Bay Bridge
during Hurricane Ivan using numerical simulations. They used the Reynolds averaged
Navier–Stokes equations (RANS) with a k-ε closure model to simulate wave–bridge
interactions. In Huang and Xiao (2009), the water motion was modeled as an
incompressible flow. They validated their model by comparing their numerical
predictions with experimental data in French (1969) on solitary wave loading on a flat
plate. The validated model was used to simulate wave loading on the Escambia Bay
Bridge under different wave conditions. In the first scenario, the bridge was placed at a
location higher than the surge water level. For the second scenario the low chord of
bridge (bottom of girders) was put at the surge water level and the bridge was initially
partially inundated in the third scenario. Huang and Xiao (2009) found that the maximum
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horizontal and uplift forces did not occur at a same time. It was also shown that for cases
where the maximum uplift force was less than the weight of the bridge deck, the
maximum horizontal force was large enough to move the simply supported bridge deck
laterally.
Bozorgnia et al. (2010) utilized a commercial CFD code, STAR CCM+, to
simulate wave loads on coastal bridges. They validated their model through a comparison
with French’s (1969) experimental results on solitary wave loading on a flat plate. Then,
they developed a 2D numerical model of the I-10 Bridge across the Mobil Bay under
various wave loads. Bozorgnia et al. (2010) found the wave load time history to be a
combination of impulsive and quasi-static forces. The magnitude of the horizontal
impulsive forces was observed to be about 2.5 times the magnitude of the quasi-static
forces, while the magnitudes of the vertical impulsive forces and the quasi-static forces
were relatively similar. In order to investigate the effect of the trapped air, Bozorgnia et
al. (2010) modeled the air vents as slits in the bridge deck and rails. They reported a
significant reduction in uplift forces due to the presence of the air vents, ranging from
53% to 71% of the positive quasi-static forces. Bozorgnia et al. (2010) observed that air
vents also reduced impulsive forces. They reported that when air vents are present, the
time histories of vertical wave loads showed fewer oscillations. However, it did not
influence the overall behavior of the horizontal wave forces.
Yung et al. (2010) studied pressures on a solid wall during a liquid impact event
and showed the importance of the trapped air pockets and their compressible nature
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during water impacts. They performed a set of experimental tests on sloshing in liquid
natural gas (LNG) tanks and showed that impact pressures caused by water wave
breaking on solid walls, in room temperature, can be oscillatory due to the presence of
trapped air pockets. Yung et al. (2010) reported these trapped air pockets behaved like
springs. They also showed that a mixture of water and steam did not lead to oscillation in
the pressure. This was concluded to be a result of condensation of the gas during impact.
Yung et al. (2010) also reported a significant increase in loads when the air pressure was
near vacuum. This was believed to be due to a sudden transfer of the wave impact
momentum to walls in the cases where air pockets were not present.
Gullett et al. (2012) discussed some possible retrofit options such as utilizing
vents in order to reduce the amount of trapped air. They used the equations proposed by
Bea et al. (1999) to estimate wave forces on bridges. These equations determine total
force as a combination of buoyancy, drag, inertia, and slamming forces on bridge based
on the horizontal and vertical components of fluid velocity and acceleration and model
geometry. Gullett et al. (2012) used experimental measurements from Bradner (2008) and
performed a calibration study to obtain drag, inertia, and buoyancy coefficients. They
also conducted a set of numerical simulations for the Biloxi Bay Bridge, Mississippi
under different storm conditions and compared the results to AASHTO (2008) equations.
They found that for the amount of trapped air equal to 20% (in accordance to definition
of amount of the trapped air in AASHTO (2008)), good agreement was found between
numerical simulation results and AASHTO predictions. For the amount of trapped air
more the 20%, the numerical simulation results were lower than the AASHTO
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predictions while for the amount of trapped air less than the 20%, the numerical
simulations led to higher forces than AASHTO predictions.
Bozorgnia and Lee (2012) performed a set of 2D and 3D CFD simulations and
provided a comparison with experimental measurements of Bradner (2008) on wave
forces on bridge superstructures. They used the commercial software, STAR CCM+, to
conduct CFD simulations. They found that the magnitude of the resulting wave forces
were sensitive to mesh size and computational time step. They also reported that wave
force time histories were more oscillatory when smaller time steps were used for
simulations. They concluded that 2D simulations were not able to capture the air
movement in transverse direction, resulting in non-oscillatory wave force time histories,
whereas the 3D simulations showed the presence of these oscillations in wave forces.
The objective of this study is to investigate and quantify the effect the trapped air
between bridge girders on the wave loads on bridge superstructures. A parametric study
is conducted to investigate the influence of this trapped air on resultant wave forces under
various wave field conditions and bridge geometry characteristics. In addition, the
efficacy of the presence of air vents in reducing the air pressure between girders and the
wave forces is evaluated. Section 3 presents a description of the numerical model
developed in this study and validation via comparison with experimental results. Section
4 provides an in-depth discussion on the effect of the trapped air on wave-bridge
superstructure interaction. It also presents the results of a parametric study to quantify the
TAE on uplift wave forces on bridge superstructures. The third part of this section
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defines a parameter which quantifies the TAE on the uplift wave forces on bridge
superstructures. Section 5 evaluates the effectiveness of bridge deck ventilation in
reducing the uplift wave forces. Section 6 provides a comparison between numerical
results of the current study and recommendations of the AASHTO (2008). Finally,
Section 7 summarizes the conclusions derived from this study.

4.3 Numerical Modeling and Model Validation
4.3.1

Experimental Setup and Measurements
Bradner et al. (2011) performed an experimental study on a 1:5 scale model of the

I-10 Bridge over the Escambia Bay, Florida damaged under Hurricane Katrina. A photo
of the experimental setup is provided in Figure 46. The length (normal to wave
propagation direction), width (parallel to wave propagation direction) and height of the
bridge model were 3.45, 1.94, and 0.28 m, respectively. The water depth ranged from
1.61 to 2.17 m. Rigid and flexible connections were used between the bridge
superstructure and substructure. Two sets of springs with different stiffness were installed
between the bent caps and the reaction frame. These springs were used to model the
stiffness of the bridge substructure. Six load cells were used to record the wave loading
on the bridge specimen, two for horizontal loading and four for the vertical loading.
Bradner et al. (2011) performed a finite-element analysis considering the properties of the
real bridge and supporting substructure to determine the fundamental period of the
structural system. The resulting fundamental period was used to obtain the stiffness of the
springs representing the bridge substructure. Different combinations of wave height,
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wave period, still water level (SWL) and bridge clearance (i.e. the distance between the
bottom of the bridge girder and the SWL) were studied. The (very high-frequency)
response of the reaction frame supporting the bridge specimen was eliminated from the
wave loading records by setting a low-pass filter determined according to the natural
frequency of the reaction frame system measured in an impact test. Bradner et al. (2011)
concluded that the wave height had the most significant effect on the resulting wave
loads. The second important factor was the elevation of the SWL. Higher wave heights
led to larger wave forces. Measured vertical forces were found to be 3-5 times greater
than the corresponding horizontal forces. It was also observed that the higher SWL led to
larger wave forces until it reached the bottom of the bridge girders. Further rise in the
SWL resulted in a decrease or no change in the measured forces. Vertical forces
measured in the rigid and flexible setups were found to be similar. However, the
horizontal force responses between the two setups were quite different. The horizontal
force response of the flexibly supported bridge deck is smooth and oscillatory, with
significant negative value as a result of the dynamic response of the structure. The
maximum horizontal and vertical forces for rigid setup were found to occur at
approximately the same time but for the flexible setup there was a time shift between the
maxima of the horizontal and vertical forces. Pressure spikes were observed in some test
cases, but they did not have much influence on the measured load response. It was
concluded that the short duration of these pressure spikes along with its irregular
distribution over the structural surface were the reasons why they did not lead to high
impact loads on the structure.
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4.3.2

Numerical Modeling
A finite-element analysis (FEA) code, LS-DYNA, is used to perform the CFD

analysis and compute the wave loading on coastal bridges. The numerical code solves the
Navier-Stokes (NS) equations to obtain the pressure field and consequently forces on the
structure. An arbitrary Lagrangian-Eulerian (ALE) formulation with a modified adaptive,
unstructured grid was used to track the fluid particles on the fluid free-surface (Hallquist
2006). The advantages of using this model over other available CFD analysis codes is its
ability to include the highly nonlinear violent motions and the effect of viscosity by
solving the NS equations and accurately model multi-physics contact and impact instead
of potential flow equations which are often used in the ocean and coastal engineering
community. This feature, for example, makes the numerical code better able to model
fluid impact on the structure (than structured, non-adaptive gridded codes), which are
crucial in modeling the wave loading on the bridge superstructures.
4.3.2.1 Governing Equations
In the ALE description, an arbitrary referential coordinate is introduced in
addition to the Lagrangian and ALE coordinates (Souli and Benson, 2010). The material
time derivative of an arbitrary function g with respect to the reference coordinate can be
described as:

dg ( X , t ) g ( x, t )

 (v  w). grad g ( x, t )
dt
t

(1)

where X is the Lagrangian coordinate, x is the ALE coordinate, v is the particle
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velocity, w is the grid velocity of the numerical simulation. The ALE differential form of
the conservation equations for mass, momentum, and energy are:
Mass:


  div(v )  (v  w) grad (  )  0
t

Momentum:



Energy:



v
  (v  w). grad (v )  div( )  f
t

e
t

  (v  w). grad (e)   : grad (v )  f . v

(2)

(3)

(4)

where  is the mass density, f is body force vector, and e is the total energy.  denotes
the total Cauchy stress given by:
T

   pI   ( grad (v )  grad (v ) )

(5)

where p is the pressure, I is the identity tensor,  is the dynamic viscosity, and (v  w) is
the convective velocity across the grid.
An equation of state with a linear polynomial form is used to define the initial
thermodynamic state of the material, with the pressure given by:
p  C0  C1  C2 2  C3 3  (C4  C5  C6 2 ) E

(6)

where C06 are user-defined constants, E is initial energy per initial volume, and the
volumetric parameter  is defined as:
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1
1
V

(7)

0


(8)

where V is relative volume given as:
V

with  0 as the reference mass density (which might be different than the current mass
density if the material experiences compression or expansion throughout the simulation).
The constant C1 in Equation 6, when used by itself, is the elastic bulk modulus.
Providing this constant only and setting all other constants to zero is sufficient to define
the equation of state if the pressure is not significantly influenced by temperature
changes.
4.3.2.2 Simulation Results
A two-dimensional (2D) FE model is developed in LS-DYNA to perform the
CFD simulations. The FE model of the experimental setup in Bradner (2008) is presented
in Figure 47 where the bridge clearance is half of its height (distance between bottom of
bridge girder and top of deck). The bridge superstructure is modeled as a rigid body.
Stokes fifth-order wave theory (Fenton 1985) is used to generate the wave at the inflow
(left) boundary condition. In order to study the effect of air trapped between bridge
girders, two different approaches are used to model the air in the FE domain. The first
model contains the “real” air with associated density and equation of state while in the
second model a single-phase simulation is conducted. The air domain is modeled as a
void part for the second approach. This void part simply defines a meshed domain for the
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adjacent fluid material to flow into as needed during the simulation. This approach
represents a situation where the air trapped between the bridge girders has no effect on
the wave forces on the bridge and imposes no resistance against waves striking the
bottom of the bridge deck from below.
The experimental measurements of the wave force on the bridge superstructure
with a rigid setup provided in Bradner (2008) are used to validate the numerical
simulation results. The total horizontal and vertical wave loads acting on the bridge are
computed and compared against experimental measurements in Figure 48. The force
measurements obtained from the experimental setups with two different SWLs are used
here. In the first setup, the low chord (bottom of girders) elevation of the bridge model is
higher than the SWL elevation. The bridge model clearance in this case is equal to half of
the bridge model’s height. In the second setup, the bridge model is placed at the SWL
elevation. Numerical simulations with these two bridge clearances are conducted for
various wave heights while the wave period is held constant at 2.5 sec.
Figure 48 shows good agreement between numerical simulations results and the
experimental measurements of both horizontal and vertical wave forces acting on the
bridge model. The results demonstrate that the experimental behavior is essentially twodimensional, and the 2D numerical model employed here can accurately predict the wave
forces on the bridge superstructures.
Furthermore, in order to establish a more detailed validation of the numerical
model, experimental measurements of wave force and pressure time history presented in
Bradner (2008) are compared to the predictions of the present numerical model. Figure
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49 depicts the time histories of the total horizontal and uplift wave forces and pressure
time history on the bridge specimen. These time histories are from a case where the low
chord (bottom of girders) of the bridge specimen was set at the SWL and wave height and
wave period were 0.5 m and 2.5 sec, respectively. The experimental measurement of the
pressure time history in Figure 49c corresponds to the center of the outer face of the
offshore external girder. As observed from the figure, the numerical model predictions of
both the horizontal and uplift forces match well with experimental measurements. Both
time histories of the experimental measurement and numerical computation of the uplift
force illustrate five reasonably distinguishable oscillations. Note that the five oscillations
correspond to the sequential compression of the trapped air in the five air chambers in a
6-girder bridge. These results are in good agreement with findings of Sheppard and Marin
(2009b). Numerical computation of the pressure time history also shows very good
agreement with the experimental results.
Findings of this section proved that, in the case of having diaphragms as deep as
the bridge girders (e.g. experimental setup in Bradner (2008)), the trapped air behaviors
in each section in the cross flow direction (i.e. normal to the wave propagation direction)
are practically identical. This is due to the fact that the diaphragms block the transverse
(cross flow) movement of the trapped air, thus a 2D numerical model can successfully
duplicate the physical behavior in a 3D setup. For the quantities of interest considered,
namely horizontal and uplift forces and pressure on the superstructure, 3D modeling and
analysis, which is computationally much more expensive, are not necessary.
Regarding the validation of the void model, there are no experimental
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measurements of the wave loads on bridge superstructures available since the “void”
condition is unrealistic. To validate the single-phase model, numerical results of twophase and single-phase simulations are computed and compared for a case where the
effect of trapped air is minimal. Figure 50 shows the model developed to compute the
uplift wave force on a flat plate. The plate is 9.7 m wide and 2.54 m in height. Plate is
placed 0.50 m above the SWL where the water depth is 8 m. Simulation is conducted for
a case where the wave height is 3 m and the wave period is 8 sec.
Since there is practically no trapped air effect in this numerical “experimental”
setup, both two-phase and single-phase models should predict identical wave load on the
plate. Figure 51a and b show the uplift wave loads obtained for the two-phase flow and
single-phase flow for the response to the second cycle of the incoming periodic wave
train, respectively. Figure 51c and d show a direct comparison of computed force time
histories, and the same data filtered through a low-pass filter, respectively. The
comparisons indicate that both FE models lead to practically the same result, validating
the single-phase model with no TAE. Note that the simulation ignoring the TAE shows
more high frequency peaks whereas the one incorporating the air effect depicts a much
smoother force time history, as the air serves as a damping mechanism. These results are
in agreement with findings of Yung et al. (2010).
After the single-phase model is validated, another set of numerical simulations is
performed for scenarios in which the effect of the trapped air between bridge girders is
neglected. As shown in Figure 48, the vertical (uplift) wave force acting on the bridge
model is significantly influenced by the presence of the trapped air between the bridge
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girders as the simulation results of the vertical force for the cases neglecting the TAE
clearly underestimate the vertical wave forces. It can also be observed from Figure 48
that the increasing effect on vertical wave forces due to the trapped air is higher for
smaller waves where the wave crest elevation is lower than the bridge deck elevation. In
these cases, most of the uplift force is due to the compression of the air trapped between
bridge girders. During the passage of the wave under the bridge superstructure, the air in
each chamber (space between bridge girders) is compressed, resulting in an uplift force
on the bridge. On the other hand, when the wave is higher, the sudden impact of waves
can reach the bottom of the bridge deck. During this process, part of the air trapped
between bridge girders is compressed while the rest of it is pushed into and becomes
mixed with the water.
Simulation results in Figure 48 also show that the effect of the trapped air is more
prominent for the cases with higher bridge clearance. This suggests, although the total
wave vertical forces are smaller for higher bridge clearances but the TAE is more
significant. This behavior is similar to the wave-bridge interaction in the cases where
bridge clearance is lower and the wave height is smaller, as explained earlier.

4.4 Numerical Parametric Study
Upon validating the single-phase and two-phase flow models, the effect of the
trapped air on the dynamics of fluid flow field is examined in the first part of this section.
The second part presents the results of a parametric study to quantify the TAE on the
uplift wave forces on bridge superstructures. The third part defines a parameter which
quantifies the TAE on the uplift wave forces.
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4.4.1

Trapped Air Effect on the Hydrodynamics
The water flow field is highly influenced by the amount of trapped air between

the bridge girders during the wave actions as the amount of the trapped air can
significantly increase the uplift force acting on the bridge superstructure. Furthermore,
the presence of these air pockets is believed to decrease the magnitude of the impact
component of the wave force (Cuomo 2009). This trapped air is also reported to be
responsible for increasing the duration of the wave force action on the bridge
superstructure (Sheppard and Marin 2009a and b). Figure 52 shows the hydrodynamic
flow field of two numerical simulations when the wave height and wave period are 2 m
and 8 sec, respectively. The results of a single-phase simulation where the effect of the
trapped air between the bridge girders is neglected are shown on the left while results of a
two- phase simulation in which the air is modeled properly are provided on the right. As
shown in the figure, the trapped air between the bridge girders imposes a resistance
against the wave impacting the bridge superstructure, and for this particular case,
preventing it from reaching the bottom of the deck and significantly modifying the wave
profile under the bridge superstructure (see Figure 52e). Note that the single-phase
modeling of the wave field does not take the effect of the trapped air between the bridge
girders into account and is not able to capture this phenomenon (see Figure 52b). In fact,
Figure 52b shows an almost perfect sinusoidal wave profile when the wave crest is under
the bridge superstructure. On the other hand in two-phase simulation (Figure 52e), the
wave is completely distorted by the presence of the bridge and the wave elevation
underneath the bridge deck is flattened out due to air pressure between girders. In
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addition, the vertical wave loads acting on the bridge superstructure are found to be
substantially higher in the case of the two-phase modeling. A comprehensive comparison
between the resulting wave loading of a single-phase and a two-phase numerical
modeling is presented in next section.
Figure 53 andFigure 54 provide the results of a simulation performed for a 6girder bridge under wave loading. Figure 53 shows the hydrodynamic wave field in the
left column along with the pressure plots of the trapped air between girders in the right
column. The pressure plots (right column) in Figure 53 clearly show how the air pressure
changes between the bridge girders as the wave passes under the bridge. As the wave
impacts the bridge from the left, the air pressure starts to rise where the first air chamber
(Figure 54a) experiences the maximum pressure. As the wave continues to propagate
under the bridge, the air chambers between adjacent girders reach their maximum
pressure sequentially. Figure 54a shows that the peak pressure in each air chamber occurs
after the previous one. The overall maximum air pressure is found to occur in air chamber
2. Observe that the pressure in each air chamber gradually decreases as the wave passes
under the bridge and the wave energy is dissipated through interaction with the air and
interference of the viscous flow field by the fixed bridge superstructure. It also shows that
there are no abrupt changes in the air pressure in the bridge chambers. Instead, the
pressure varies smoothly with a gradual rise and fall pattern.
The total horizontal and vertical (uplift) wave forces acting on the bridge
superstructure are provided in Figure 54b. As shown in the figure, the maximum
horizontal and vertical wave forces occur at the same time approximately. While the time
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history of the vertical force does not show any impact force, the time history of the
horizontal force contains an impact force. However the amount of this impact force is not
large in comparison with the maximum force.

4.4.2

Parametric Study Results
The effect of the trapped air is investigated by comparing the resultant forces

acting on the bridge superstructure in two scenarios:
1. the effect of the trapped air is taken into account in the FE model and a twophase (air-water) simulation is carried out, and
2. the air is not modeled and a single-phase (water only) simulation is performed.
The difference between the resulting wave forces is totally attributed to the
presence of the air between the bridge girders during the wave loading on the bridge
superstructure. A range of wave periods, wave heights, and number of bridge girders is
studied to quantify the TAE during several different wave field conditions and bridge
superstructure geometries.
A constant water depth of 8 m is employed in all the simulations. The width (in
the wave propagation direction) of all the bridges studied here is 9.7 m. The bridge deck
thickness and height of the girders are 0.25 m and 1.15 m, respectively. Spacing between
the bridge girders varies from 1.42 m to 2.64 m depending on the number of the girders.
The low chord elevation of the bridge, defined as the elevation of the bottom of the
bridge girders, is set at the still water level to maximize the TAE.
Both the water and the air are modeled as compressible flows. The mass densities
of water and air are 1000 and 1.2 kg/m3, respectively. The computational domain is
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constructed using 8-node hexahedron solid elements. The mesh size and the
computational time step are 125 mm and 3E-4 sec, respectively. The time step was
approximately 10 times smaller for the validation study simulations due to smaller bridge
geometry and smaller mesh size in computational domain. It also should be stated that no
mesh gradation was utilized in this study. The number of elements is 150,000
approximately in 2D models while this number goes up to 893,000 and 1,787,000 for two
3D models developed to study air ventilation effect.
A comparison between the numerical simulation results with the original time
step (3E-4 sec) and simulations with 10 times smaller time step showed no noticeable
difference in the results. This is because the original time step is chosen to be sufficiently
small and convergence has been achieved.
It is assumed the bridge is supported by transverse diaphragms which are as deep
as the longitudinal girders. This assumption along with setting the low cord elevation of
the bridge at the still water level maximizes the TAE. The diaphragms block any
transverse movement of the entrapped air between bridge girders, thus making a 2D
modeling of the wave-bridge superstructure interaction including the TAE reasonable.
Figure 55 shows the numerical results of the 4-girder bridge under different wave
field conditions with and without the TAE. Note that there is a substantial (up to an order
of magnitude) difference between the vertical wave forces obtained from the two cases.
The no TAE case resulted in approximately 88% smaller maximum vertical (uplift) wave
forces compared to the case including the effect of the trapped air between the bridge
girders when the wave period is 4 sec. For larger wave periods of 6 and 8 sec, the
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maximum vertical wave forces are found to be 75% and 63% smaller, respectively, when
the TAE is neglected in the simulations. For the 5-girder and 6-girder bridge models this
TAE is slightly lower. For the wave periods of 4, 6 and 8 sec, the maximum vertical wave
forces on the 5-girder bridge are 86%, 75%, and 59% smaller, respectively, when the
TAE is neglected in the simulations (see Figure 56). Results also show that for the wave
periods of 4, 6 and 8 sec, the maximum vertical wave forces on the 6-girder bridge are
79%, 73%, and 57% smaller, respectively, when the effect the trapped air is neglected in
the simulations (See Figure 57).
The results suggest that the presence of trapped air is important in increasing the
vertical wave force especially for wave conditions in which the waves do not reach the
bridge deck. Note that, with no bridge model clearance (i.e. SWL right at the bottom of
the girders), only waves with 3 m height can reach the bottom of the bridge deck.
Hence, in situations where waves are not sufficiently high to reach the bridge
deck, the vertical force is mainly a result of compression of the air during the passage of
the wave under the bridge superstructure. This compression of the air between the girders
pushes the bridge deck upward resulting in uplift force. On the other hand, when the
presence of the air is neglected, since the wave crest doesn’t reach the bridge deck, a
minimal vertical force is exerted on the bridge superstructure due to wave impact and
buoyancy on the girders that push the bridge superstructure upward.
Another important factor which influences the effect of the trapped air on the
vertical wave force acting on bridge superstructures is the wave period. According to the
simulation results provided in Figure 55-Figure 57, the TAE is higher for the waves with
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relatively shorter period. It is found that the magnifying effect due to the presence of the
trapped air decreases with increasing wave period. The reason is that higher waves with
longer time periods can reach the bottom of the bridge deck pushing it upward. At the
same time, longer time period (corresponding to longer wave length) allows the waves to
have longer contact duration and larger total contact width across the bridge
superstructure resulting in a higher uplift force.
Another important factor in understanding the numerical simulation results is the
ratio of the wave length to bridge width. This ratio is 2.5, 4.5, and 6.5 approximately
when the wave periods are 4, 6, and 8 sec (for the assumed water depth of 8 m),
respectively. Results show that the higher the wave length to bridge width ratio, the
smaller the effect of the trapped air becomes as explained above. In these situations most
of the uplift force comes from the water impact and buoyancy on the bridge girders with
trapped air playing a less important role.
A comparison between the maximum horizontal forces acting on the bridge
models in the two different cases, with and without TAE, reveals that the maximum
horizontal forces tend to be slightly lower when the effect of the trapped air is neglected.
Although a consistent pattern is not observed in reduction of the maximum horizontal
force due to neglecting the presence of the trapped air between the bridge girders, this
decrease in horizontal forces is relatively higher for wave conditions in which the wave
period is shorter (corresponding to shorter wave length).
It is observed that the presence of the trapped air partially prevents the incoming
wave from instantaneous flooding the chambers between the girders, thus inducing a
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higher free-surface level on the seaward side (see Figure 58). This leads to, in some
cases, a noticeably higher horizontal force on the seaward side of the bridge
superstructure than the landward side.

4.4.3

Effect of Trapped Air on Vertical Wave Force of Bridge Superstructure
A parametric study was conducted to evaluate the effect of the trapped air

between bridge girders on the magnitude of the wave forces acting on the bridge
superstructures. The numerical simulation results show that the presence of the air
trapped between the bridge girders is very effective in increasing the maximum vertical
(uplift) forces acting on the bridge models. However the degree of effectiveness of the
trapped air varies with range of wave periods, wave heights, and number of bridge
girders. An accurate estimation of the TAE is very useful in predicting the wave forces on
bridge superstructures as well as in deploying countermeasures to reduce the total wave
force by decreasing the effect of trapped air. To further examine this effect in a
systematic way, a dimensionless trapped air effect parameter

is introduced as

follows:

(9)
where:
is the trapped air effect (TAE) parameter;

is the vertical wave force

computed from the two-phase numerical simulation considering the TAE; and
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is the vertical wave force computed from the single-phase numerical
simulation not considering the TAE.
The TAE parameter,

, is designed to show the degree of effectiveness of the

trapped air between bridge girders in increasing the vertical (uplift) wave force acting on
a bridge superstructure considering various wave periods, wave heights, and number of
bridge girders. The values of the

for different bridge geometries as well as various

wave conditions are shown in Figure 59 for 4, 5 and 6-girder bridge models. Note that the
value of TAE parameter,

, is sensitive to both wave heights and wave periods and

less sensitive to number of girders supporting the bridge deck. However,

is

relatively constant when the wave period is 4 sec regardless of the height of the wave and
the number of girders. Results show that the TAE parameter,

, is responsible for

approximately 85% of the vertical wave force when the wave period is 4 sec. For the
wave period of 6 sec results show that, on the average, the TAE parameter,

, is 75%

for the three bridge geometries and different wave heights. It shows a reduction in the
effectiveness of the trapped air in increasing the vertical wave forces on bridges in
comparison with results of 4 sec-period waves. The TAE parameter,

, is at its lowest

for the wave period of 8 sec where it is 60%, on the average, for different bridge
geometries and wave heights.
Although

is found to be sensitive to the wave period such that it decreases

as the wave period increases, it is most sensitive to the wave height among different
factors studied in this research. The degree of sensitivity of

to wave height is highly
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influenced by the wave period. Results reveals that,

is less sensitive to changes in

the wave height for shorter wave periods while the reduction in

could be dramatic

as the wave height with longer period increases. This means when the wave height and
period increase simultaneously, the effect of the trapped air between bridge girders
experiences a significant decline.
Although Figure 59 only provides results for a specific bridge setup, it is useful in
predicting the effect of trapped air for different bridge geometries, wave heights, and
wave periods. Design engineers may use this information in estimating the total wave
loads acting on bridge superstructures. An accurate estimation of the TAE parameter,
, is necessary in developing countermeasures such as bridge deck vents to reduce
the uplift wave force on bridge superstructures. This parameter indicates the maximum
amount of vertical (uplift) wave force that can be eliminated from the total vertical force
using countermeasures such as vents to release the trapped air between bridge girders. As
explained in the next section, the total vertical load acting on bridge superstructures can
be significantly reduced using properly located bridge deck vents.

4.5 Effect Bridge-Deck Ventilation on Vertical Wave Forces
A set of numerical simulations using three-dimensional (3D) models of the bridge
superstructure is conducted to assess the effectiveness of venting the bridge deck in
reducing the vertical wave forces on bridge superstructures. 3D models are needed
because the air vents are small in dimension compared with the length of the deck, the air
flow behavior varies significantly in the longitudinal direction of the bridge deck (parallel
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to the girders), thus making the venting effect local and three-dimensional. A selected
number of air vents were positioned at the end of the bridge spans to examine their
capability in reducing the vertical wave forces. Figure 60a and b show the bridge crosssectional geometry and overall configuration. Figure 60c shows the two strips used for
FE modeling. The vent area is 3% of the area of the bridge deck in modeling. As shown
in Figure 60c, the center strip is bounded between centerlines of two adjacent vent rows
(shown in yellow) whereas the end strip is bounded between bridge diaphragms and the
centerline of two external vent rows (shown in black). Due to presence of the
diaphragms, these centerlines are symmetry planes where ideally there is no transverse
movement of the air. The total wave uplift force on the vented bridge deck is obtained by
3 times the force on center strip and 2 times the force on end strips normalized by the
total length of the span between diaphragms to obtain an equivalent uplift force per unit
length of bridge superstructure.
Figure 61 depicts the velocity vector plots of the center strip of the 3D model of
the bridge superstructure. For this particular simulation the wave height and wave period
are 1 m and 4 sec, respectively. The snapshots in Figure 61 show the velocity plot when
the maximum uplift force occurs, and how the trapped air is released through the air vents
which ultimately leads to a lower uplift wave force on the bridge superstructure. Note the
water free-surface rise between the bridge girders due to the partial evacuation of the
trapped air from the chamber through the vents. Time histories of the uplift forces on
both 3D models of center and end strips are shown in Figure 62a. The normalized uplift
force (per unit length) on the vented superstructure is compared with the corresponding
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uplift force on the intact bridge (without ventilation) in Figure 62b. Note the oscillations
in uplift force are more noticeable when the bridge deck is vented. This is due to presence
of the vents which help sequentially release the trapped air in adjacent chambers between
bridge girders.
Figure 63 presents the results of the numerical simulations conducted using the
3D model of the vented bridge deck in comparison with cases where the trapped air effect
is either totally included or neglected in analyses using the 2D models presented earlier.
The 5-girder bridge model is used for a series of numerical simulations. Results are
provided here for three selected wave periods of 4, 6, and 8 sec as well as for three wave
heights 1, 2, and 3 m.
Figure 63 shows a significant reduction in the uplift wave forces on the vented
bridge deck, with the vertical wave forces decreased by 56% on the average for all three
wave periods studied here. This reduction is higher for the shortest wave period which is
63%. The average reductions in the uplift force are 55% and 50% when the wave periods
are 6 and 8 sec, respectively. These results suggest that the uplift wave forces acting on
the bridge superstructure can be reduced substantially using air vents. This reduction can
be further enhanced by increasing the size of the vents.

4.6 Comparison with AASHTO Recommendations
The American Association of State Highway and Transportation Officials
(AASHTO 2008) provide a set of design expressions to estimate the wave forces on
coastal bridges. Estimations of the maximum horizontal wave force and the vertical wave
force are provided along with their associated vertical and horizontal component,
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respectively. These design formulas are the result of analysis of a set of experimental
measurements of the wave forces on bridge models. Empirical factors are used in these
design equations to match the wave forces measured during laboratory experiments. The
maximum horizontal and vertical forces are expressed in English (American) units as
follows:
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The design expression for the maximum quasi-static vertical force accounts for
different degrees of air entrapment between bridge girders (AASHTO 2008). The
parameter TAF in the Equation 11 is computed based on the percentage of the air trapped
between bridge girders during the passage of the design wave. This trapped air
percentage is referred to %AIR in AASHTO (2008). The %AIR depends on the wave
crest elevation as well as the girder height and the bridge clearance from the storm water
level. AASHTO (2008) recommends minimum and maximum values for the parameter
%AIR based on the relative height of the bridge girders to the supporting diaphragms.
In spite of these recommendations, the final decision on the amount of this
parameter to be used in wave force calculations is left to designer. Therefore, the

154

numerical results of the vertical wave forces obtained from the computational analyses in
this study are compared to design expression estimations with the trapped air parameter
%AIR ranging from 0 to 100%. Figure 64 show a comparison of the horizontal and
vertical wave forces, with the range of the maximum vertical force due to the change in
the parameter %AIR shown as the shaded area. Note that the design expression of the
maximum quasi-static vertical force can lead to an underestimation of the forces for
waves with relatively small wave heights. In these cases, the formula estimation of the
wave force considering the maximum %AIR could underestimate the vertical force up to
100% while the amount of underestimation are lower for other wave field conditions. On
the other hand, for larger wave heights, use of the maximum %AIR value could result in
a substantial overestimation of the vertical force. As shown in Figure 64, this
overestimation could be up to 200% for some cases. This indicates that there is room for
improvements in determining the %AIR to provide a better estimation of the wave forces
on bridge superstructures.
A comparison of the numerical calculations of the horizontal wave forces against
maximum quasi-static forces estimations of AASHTO for various wave periods, wave
heights, and bridge superstructure geometries is also provided in Figure 64. As shown in
the figure, the design expression of the maximum horizontal force could lead to a
reasonable estimation of the wave forces on bridge superstructures. It is found that the
design expression of maximum horizontal force could overestimate the wave force for
relatively short period waves.
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4.7 Concluding Remarks
A comprehensive study was conducted to evaluate the effect of trapped air in
increasing the vertical wave forces on coastal bridge superstructures. A range of wave
conditions, i.e. wave period and wave height, was studied as well as different bridge
superstructure geometries. The effect of the trapped air was assessed by comparing the
numerical results of single-phase (water) and two-phase (air-water) flow simulations.
Single-phase simulations represent the situation where the air trapped between the bridge
girders has no effect on the wave forces on the bridge and imposes no resistance against
waves striking the bottom of the bridge deck from below. The two-phase simulations
provide a simulation considering real properties of air and water. The effectiveness of the
bridge deck vents in reducing the uplift forces caused by the trapped air between bridge
girders (i.e. the trapped air effect) was investigated. The numerical results of the
computational analyses of the wave forces on coastal bridge superstructures were also
compared to estimations from the AASHTO design expressions. The following are the
findings of the presented study:


It was clearly shown that, in the case of having diaphragms as deep as the bridge

girders (e.g. experimental setup in Bradner (2008)), the trapped air behaviors in each
section in the cross flow direction (i.e. normal to the wave propagation direction) are
practically identical. This is due to the fact that the diaphragms block the transverse
(cross flow) movement of the trapped air, thus a 2D numerical model can successfully
duplicate the physical behavior in a 3D setup.


The water flow field is highly influenced by the amount of trapped air between
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the bridge girders during the wave actions as the amount of the trapped air can
significantly increase the uplift force acting on the bridge superstructure.


Single-phase simulation neglecting the trapped air effect showed almost perfect

sinusoidal wave profile when the wave crest is under the bridge superstructure, while in
two-phase simulations including the trapped air effect, the trapped air between the
bridge girders imposed a resistance against the wave impacting the bridge
superstructure, and for a particular case, preventing it from reaching the bottom of the
deck and significantly modifying the wave profile under the bridge superstructure.


Single-phase simulations neglecting the effect the trapped air resulted in much

lower vertical (uplift) wave forces compared to two-phase simulations. The vertical
(uplift) wave forces were found to be 57%-88% lower for the range of wave periods
considered when the effect of the trapped air was neglected.


The results suggest that the trapped air effect is important and is responsible for

increasing the vertical wave force especially for wave conditions in which the waves do
not reach the bridge deck. In these situations the vertical force is mainly a result of
compression of the air during the passage of the wave under the bridge superstructure.


The trapped air effect is higher for waves with relatively shorter period. The

dynamic amplification due to the presence of the trapped air decreases with increasing
wave period.


The higher the wave length to bridge width ratio, the smaller the effect of the

trapped air.


Maximum horizontal forces tend to be slightly lower when the effect of the
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trapped air is neglected.


Although the trapped air effect is found to be sensitive to the wave period and that

it decreases as the wave period increases, it is most sensitive to the wave height among
the factors studied in this research. The degree of sensitivity of the trapped air effect on
wave height is highly influenced by the wave period. Results reveals that, the trapped air
effect is less sensitive to changes in the wave height for shorter wave periods while the
reduction in the trapped air effect could be significant as the wave height with longer
period increases.


Bridge deck air vents were found to be effective in reducing the uplift forces.

Results showed that the vertical wave forces were decreased by 56% on the average
using a vent with area of 3% of the deck area located at the end of the bridge span.


A comparison of the numerical calculations of the horizontal wave forces against

the maximum quasi-static force estimations of AASHTO showed that the design
expression of the maximum horizontal force could lead to a reasonable estimate of the
wave forces on bridge superstructures. However, the design expression for maximum
horizontal force could overestimate the wave force for short period waves.


The AASHTO design expression for the maximum quasi-static vertical force may

underestimate the forces for waves with small wave heights. On the other hand, for
larger wave heights, use of the maximum %AIR value could substantially overestimate
the vertical force. This indicates that there is room for improvements in determining the
%AIR to provide a better estimation of the wave forces on bridge superstructures.
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Figure 45. Failure of the U.S. 90 Biloxi Bay Bridge during the Hurricane Katrina (Photo by Yim).

Figure 46. Experimental setup to measure wave forces on coastal bridge (Bradner 2008).
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Uplift Force
Horizontal Force
C.G.

a. Bridge model with positive directions of horizontal and uplift wave forces shown

b. FE domain including water and air and bridge superstructure

Figure 47. FE Model developed to simulate the wave impact on bridge superstructure.
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Figure 48. Comparison of the experimental measurements and numerical predictions of the
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Uplift Force

Figure 50. FE model used to computed wave uplift force on a flat plate.
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a. t=23 sec

d. t=23 sec

b. t=24.9 sec

e. t=24.9 sec

c. t=27 sec

f. t=27 sec

Figure 52. Comparison of the single-phase and two-phase numerical simulations of the wave loading
on bridge superstructures. (a-c): single-phase, (d-f): two-phase simulation.
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Figure 53. Comparison of air pressure between bridge girders during wave passage.
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169

60

Horizontal Force_With Air
Vertical Force_With Air
Horizontal Force_Without Air
Vertical Force_Without Air

Maximum Wave Force (KN/m)

50

40

30

20

10

0
0.5

1

1.5

2

2.5

3

3.5

Wave Height (m)

a. 4-Girder Bridge, Wave period = 4 s
160

Horizontal Force_With Air
Vertical Force_With Air
Horizontal Force_Without Air
Vertical Force_Without Air

Maximum Wave Force (KN/m)

140

120

100

80

60

40

20

0
0.5

1

1.5

2

2.5

3

3.5

Wave Height (m)

b. 4-Girder Bridge, Wave period = 6 s
160

Horizontal Force_With Air
Vertical Force_With Air
Horizontal Force_Without Air
Vertical Force_Without Air

Maximum Wave Force (KN/m)

140

120

100

80

60

40

20

0
0.5

1

1.5

2

2.5

3

3.5

Wave Height (m)
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Figure 55. Maximum wave forces acting on the 4-girder bridge model for different wave conditions.
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Figure 56. Maximum wave forces acting on the 5-girder bridge model for different wave conditions.

171

60

Maximum Wave Force (KN/m)

50

Horizontal Force_With Air
Vertical Force_With Air
Horizontal Force_Without Air
Vertical Force_Without Air

40

30

20

10

0
0.5

1

1.5

2

2.5

3

3.5

3

3.5

3

3.5

Wave Height (m)

a. Wave period = 4 s
160

Maximum Wave Force (KN/m)

140

Horizontal Force_With Air
Vertical Force_With Air
Horizontal Force_Without Air
Vertical Force_Without Air

120

100

80

60

40

20

0
0.5

1

1.5

2

2.5

Wave Height (m)

b. Wave period = 6 s
160

Maximum Wave Force (KN/m)

140

Horizontal Force_With Air
Vertical Force_With Air
Horizontal Force_Without Air
Vertical Force_Without Air

120

100

80

60

40

20

0
0.5

1

1.5

2

2.5

Wave Height (m)

c. Wave period = 8 s
Figure 57. Maximum wave forces acting on the 6-girder bridge model for different wave conditions.
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a. With trapped air

b. Without trapped air
Figure 58. Effect of trapped air on horizontal force.
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Figure 59. Comparison of TAE parameter for different bridge geometries and wave conditions.
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Figure 60. (a) Bridge deck without ventilation, (b) 3D model of bridge deck supported by bents,
(c) 3D FE model of the middle strip, (d) location of bridge deck vents, (e) 3D FE model of the end
strip.
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a. Front view of velocity vector plot of the bridge with vents

b. Oblique view of velocity vector plot of the bridge with vents

Figure 61. (a) Front and (b) oblique view of the velocity vector plot of the bridge with vents.
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Figure 63. Comparison of vertical wave forces on the 5-girder bridge superstructure for different
types of bridge deck vents considering various wave periods.
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Figure 64. Comparison of numerical calculations of wave forces against estimations of AASHTO
considering various wave periods, wave heights, and bridge superstructure geometries.
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5. CHAPTER 5:

GENERAL CONCLUSIONS

The main findings of the work presented in this dissertation are provided below in
two sections. The first section summarizes the findings related to tsunami loading on
bridge superstructures and the second section summarizes the conclusions of the study on
hurricane waves on bridge superstructures.

(A) Concluding Remarks on Tsunami Loading on Bridge Superstructures


The initial stage of tsunami loading on a bridge superstructure leads to a

combination of lateral (horizontal) and uplift (upward vertical) forces. These forces
gradually increase as the tsunami free-surface elevation rises.


The horizontal force is due to hydrostatic force caused by an accumulation of

water on the seaside of the bridge superstructure and a drag force due to resistance of
the bridge superstructure against the tsunami flow.


The maximum uplift force during the initial impact time interval is found to occur

when the tsunami free-surface elevation reaches the top of the bridge barrier right
before water overtopping the bridge and starting to flow onto the bridge deck.
Afterward, the uplift force acting on the partially inundated bridge is counterbalanced
by the weight of water ponding on the deck and slamming force caused by the tsunami
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hitting the upper surface of the bridge deck. The resultant vertical force is downward
and increases in magnitude as the tsunami free-surface elevation and flow velocity
increase.


It is observed that the time interval representing the initial impact of the tsunami

on the bridge superstructure leads to the maximum horizontal force, downward vertical
force, and overturning moment.


Comparing the resultant forces for different tsunami nominal heights reveals that

the maximum horizontal force, downward vertical force, and overturning moment do
not change significantly for the nominal heights examined. This is because the maxima
of these loads occur in the initial impact time interval where flow depth is limited to the
range from the low chord of the bridge to top of the bridge barrier.


The overall maximum uplift force is found to be in the full inundation stage when

the bridge superstructure is totally inundated.


The maximum uplift force is observed to increase for higher tsunami nominal

heights in which the corresponding flow velocity is higher.


The analysis of a deck-girder bridge with a failed (i.e. removed) first seaward

girder for ten different loading conditions (i.e. water depths and flow velocities) shows
an approximate 15% reduction in maximum horizontal forces. However, the
corresponding uplift forces are found to be approximately 25% larger.


Results show that the maximum tsunami horizontal and downward vertical loads

occur approximately simultaneously at which time the tsunami flow has reached the
landward side of the bridge cross-section and overtopped the landward bridge barrier.
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The magnitude of the tsunami horizontal and downward vertical loads is

significantly affected by the water free-surface elevation at the seaside of the bridge
cross-section (parameter h, the tsunami water free-surface elevation resulting in
maximum horizontal and downward vertical hydrostatic forces).


The initial impact of a tsunami on a bridge superstructure does not lead to a

significant uplift force when the bridge cross-section has a seaward slope (i.e. landward
side of bridge cross-section is higher than the seaward side and tsunami travels
landward). This uplift force is found to be higher when the slope of the bridge crosssection is zero.


A comparison between the tsunami loads on a deck-girder bridge and a box-girder

bridge under identical tsunami flow condition revealed that: (a) the maximum
horizontal loads are slightly larger on box-girder bridge, (b) the downward vertical
loads were smaller, and (c) the uplift loads were significantly larger.


Analyses of a deck-girder bridge with closed railing system showed an average

increase of 33%, 15%, and 77% in the maximum tsunami horizontal, downward
vertical, and uplift forces, respectively, compared to the corresponding open rail
system.


The slope of the bridge cross-section was found to have a significant effect on the

tsunami loads on bridge superstructures. Analyses showed that the bridge cross-sections
with a seaward slope (landward side of bridge cross-section is higher than the seaward
side and tsunami travels landward) can be beneficial in reducing the uplift force. A
negative lift generated by the tsunami flow pushing bridge deck downward is found to
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dominate the buoyancy force in some cases.


New design equations are proposed to estimate the maximum horizontal and

vertical forces on bridge superstructures based on an analysis of the simulation results.
Good agreement between estimations obtained from the recommended design equations
and numerical predictions of the tsunami forces is observed.


It is recommended that bridges be designed at least for the buoyancy force as the

minimum tsunami uplift force. It is important in design to assume this uplift force to
occur simultaneously with the maximum tsunami horizontal force when deciding
whether the bridge superstructure connections to substructure are adequate.

(B) Concluding Remarks on Hurricane Wave Loading on Bridge Superstructures


It was clearly shown that, in the case of having diaphragms as deep as the bridge

girders (e.g. experimental setup in Bradner (2008)), the trapped air behaviors in each
section in the cross flow direction (i.e. normal to the wave propagation direction) are
practically identical. This is due to the fact that the diaphragms block the transverse
(cross flow) movement of the trapped air, thus a 2D numerical model can successfully
duplicate the physical behavior in a 3D setup.


The water flow field is highly influenced by the amount of trapped air between

the bridge girders during the wave actions as the amount of the trapped air can
significantly increase the uplift force acting on the bridge superstructure.


Single-phase simulation neglecting the trapped air effect showed almost perfect

sinusoidal wave profile when the wave crest is under the bridge superstructure, while in
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two-phase simulations including the trapped air effect, the trapped air between the
bridge girders imposed a resistance against the wave impacting the bridge
superstructure, and for a particular case, preventing it from reaching the bottom of the
deck and significantly modifying the wave profile under the bridge superstructure.


Single-phase simulations neglecting the effect the trapped air resulted in much

lower vertical (uplift) wave forces compared to two-phase simulations. The vertical
(uplift) wave forces were found to be 57%-88% lower for the range of wave periods
considered when the effect of the trapped air was neglected.


The results suggest that the trapped air effect is important and is responsible for

increasing the vertical wave force especially for wave conditions in which the waves do
not reach the bridge deck. In these situations the vertical force is mainly a result of
compression of the air during the passage of the wave under the bridge superstructure.


The trapped air effect is higher for waves with relatively shorter period. The

dynamic amplification due to the presence of the trapped air decreases with increasing
wave period.


The higher the wave length to bridge width ratio, the smaller the effect of the

trapped air.


Maximum horizontal forces tend to be slightly lower when the effect of the

trapped air is neglected.


Although the trapped air effect is found to be sensitive to the wave period and that

it decreases as the wave period increases, it is most sensitive to the wave height among
the factors studied in this research. The degree of sensitivity of the trapped air effect on
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wave height is highly influenced by the wave period. Results reveals that, the trapped
air effect is less sensitive to changes in the wave height for shorter wave periods while
the reduction in the trapped air effect could be significant as the wave height with
longer period increases.


Bridge deck air vents were found to be effective in reducing the uplift forces.

Results showed that the vertical wave forces were decreased by 56% on the average
using a vent with area of 3% of the deck area located at the end of the bridge span.


A comparison of the numerical calculations of the horizontal wave forces against

the maximum quasi-static force estimations of AASHTO showed that the design
expression of the maximum horizontal force could lead to a reasonable estimate of the
wave forces on bridge superstructures. However, the design expression for maximum
horizontal force could overestimate the wave force for short period waves.


The AASHTO design expression for the maximum quasi-static vertical force may

underestimate the forces for waves with small wave heights. On the other hand, for
larger wave heights, use of the maximum %AIR value could substantially overestimate
the vertical force. This indicates that there is room for improvements in determining the
%AIR to provide a better estimation of the wave forces on bridge superstructures.
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Future Research
The findings of this dissertation, in some cases, are limited to results of twodimensional (2D) simulations of bridge superstructures. It is recommended that threedimensional (3D) analyses of the whole bridge superstructure be conducted wherever
there are reasons to surmise that the problem being investigated has 3D effects that may
have significant influence on the physical behavior and the resulting estimated design
values.
It is also recommended this study be extended to include the effect of bridge
substructure, e.g. bridge bents, columns, and abutment, in the modeling and analysis. In
this case, a 3D modeling is inevitable as tsunami or wave interaction with the bridge
substructure cannot be simplified into a 2D model.
It is recommended that 3D simulations be conducted to examine the effect of the
gap between bridge rails on resulting tsunami loads. This study could be further extended
to investigate and ultimately determine the best rail type which would lead to minimal
resistance against tsunami flow. These simulations could also be used to examine the
sensitivity of mesh size and time step.
Bridge superstructures have been modeled as a rigid in this research. It is
recommended that a study be conducted to examine the effect of the elasticity of the
bridge superstructure on the resulting tsunami loads.

186

Another aspect that is recommended to be explored is the soil-structure
interaction during a tsunami event. As tsunami arrives at the location of a bridge,
loosening the soil supporting the bridge foundation is likely, which ultimately results in
lower resisting capacity of bridge structural system under tsunami loads.
Considering that finding the tsunami or wave loads on bridges can only provide
insight about one side of demand-capacity balance, the resistance of the bridges should
also be investigated under the estimated tsunami or wave forces. This would help provide
information on how safe the current highway bridges are in case of a tsunami or
hurricane event.
Taking one step further, a natural extension of this work is to include the effect of
the potential motion of the bridge superstructure under extreme tsunami or wave loads. A
very small displacement of the superstructure may significantly reduce the instantaneous
fluid pressure when the coupled fluid-structure interaction effect is taken into account.
To examine the scale effect of physical tsunami load experiments, it is
recommended that a set of large-scale experiments be conducted focusing on tsunami
loads on bridges. The literature review presented in the dissertation shows that a strong
need for such experiments. These experiments can be used not only to verify the design
method proposed here and other similar works, but also to help design engineers better
understand the hydrodynamics.
Finally, regarding the entire analysis process of verification and validation, it is
recommended that sources of uncertainties in both numerical simulations and the design
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procedure development process be studied and their influence on the accuracy of the
simulation results be evaluated from an uncertainty quantification and analysis
perspective.
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7. APPENDIX A:

Tsunami Design Load Estimate for Coastal Infrastructure:
A Case Study for Spencer Creek Bridge, Oregon

This manuscript provides tsunami design criteria for coastal infrastructure using a
case study of the Spencer Creek Bridge on the US Highway-101 at Newport, Oregon.
Horizontal and vertical tsunami loads on the bridge deck are computed using two tsunami
models, COMCOT and FVWAVE. The tsunami flow field containing the tsunami water
free-surface elevation and velocity at the location of the bridge by considering different
fault configurations and three possible rupture models along Cascadia subduction zone is
described in Cheung et al. (2011). Results of FVWAVE model were found to be more
conservative than the COMCOT model in this case study due to its higher prediction of
both the tsunami free-surface elevation and the horizontal velocity. The free-surface
elevation of tsunami and the corresponding velocities, which are predicted differently in
each of the tsunami generation models, have a significant influence on the resulting
horizontal and vertical forces from the FE analyses.
While base-shear forces induced by wave loads on the typical cross-section of the
bridge deck are provided in this study, no wave loads on the columns are considered.
This is due to the fact that the 2D model cannot simulate the effects of fluid forces of the
flow around the columns, which are necessarily three dimensional.
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After comparing the maximum horizontal and vertical tsunami loads with the
bridge resisting capacity, it is also concluded that the new Spencer Creek Bridge designed
based on the current seismic design provision in the bridge design specifications is able to
resist the tsunami loads predicted for the various tsunami scenarios considered. The
horizontal resisting capacity largely exceeds the tsunami load, while the vertical resisting
capacity is just above the tsunami load. A majority of the capacity comes from the
connections that are not intended to resist the upward vertical loadings, but rather to
resists the horizontal loads. The analysis also shows that some of the structural elements
in the superstructure could be damaged locally due to the absence of design requirements
for the tsunami loads.
One of the main goals in the bridge design is to have the bridge superstructure
remain functional after a major earthquake and/or tsunami event, therefore the bridge can
be used for post-event operations traffic. When the tsunami loading criteria are included
in the bridge design specifications, the connection and structural element designs would
be improved and ensure no significant damage and no-collapse of the bridge under
tsunami loads. More information is provided in Yim et al. (2013a).

Reference:
Yim, S. C., Azadbakht, M., Nimmala, S., Wei, Y., and Potisuk, T. (2013a). Tsunami
Design Load Estimate for Coastal Infrastructures: A Case Study for Spencer Creek
Bridge, Oregon. Journal of Bridge Engineering, submitted.
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8. APPENDIX B:

Tsunami Modeling, Fluid Load Simulation, and Validation Using
Geospatial Field Data

This manuscript outlines the steps of a novel analysis procedure which integrates
state-of-the-art tsunami modeling approaches, geospatial and seismic data, and multiphysics fluid-structure-interaction software to develop site-specific probabilistic design
loads for tsunamis. The methodology is demonstrated through a case-study involving the
2011 Tohoku earthquake and tsunami. While the case-study is in the form of a post-event
forensic evaluation, the methodology presented applies equally well to pre-event
prediction for building design.
The key to the integrated analysis is a tsunami model that can accurately describe
the generation, propagation, and inundation processes, providing a linkage between
seismic source parameters and site-specific flow conditions through a digital elevation
model. The LIDAR data provides critical geospatial information to relate field
observations, topographic mapping, and structural damage to develop and validate
numerical models. The dense quantity of measurements enables one not only to virtually
explore the site, but also improves quantification of damage. The computed flow
conditions and captured building configurations allow analysis of building structure
performance for forensic studies or design of new structures. A designer can implement
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this methodology for probabilistic design through a sample of tsunami events with
assigned occurrence probabilities through a logic tree approach. The cohesive and
scalable approach performs simulations across a wide range of scales, enabling structural
engineers to take full advantage of the detail available in recent advances in both tsunami
modeling and computational structural mechanics.
The current practice uses bare-earth topography in tsunami inundation prediction.
The presence of buildings modifies the flow field and loading on structures. With
buildings retained in the LIDAR data post-processing, additional nested grids at
resolution finer than 10 m can be implemented in NEOWAVE to describe tsunami flows
in built environment. Procedures for automated building extraction and segmentation
from LIDAR point clouds are continually evolving. Additionally, ground-based LIDAR
captures details of building facades, including locations of windows, which could also be
incorporated into a full 3D analysis that accounts for these second order-effects. While in
the case-study, the building was treated as rigid body; however, it is recommend that for
future studies, when structural properties are available, a fluid-structure-interaction
analysis should be conducted with the presented methodology. The availability of the
quantitative information from the post-event assessment and the LIDAR survey of
tsunami-induced structural damage improve the capability to validate full-scale fluidstructure contact load numerical models employed here. Finally, in the future,
computational abilities, analytical models, and detailed geospatial information may
progress to the point that an entire analysis can be performed seamlessly in a single
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numerical simulation considering all scales of interest from the tsunami source to the
structure. More information is provided in Yim et al. (2013b).

Reference:
Yim, S. C., Olsen, M. J., Cheung, K. F., Azadbakht, M. (2013b). Tsunami Modeling,
Fluid Load Simulation, and Validation Using Geospatial Field Data. Journal of
Structural Engineering, in press.
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9. APPENDIX C:

Fluid-Structure Interaction (FSI) Modeling in LS-DYNA

Various computational fluid dynamics (CFD) software packages are available and
currently being used in the ocean and coastal engineering communities. These compute
codes employ different methods and techniques to solve for pressure fields in the fluid
domain and compute the resultant fluid loading on structural systems. Some of these
codes, such as WAMIT use a boundary element method to solve the potential flow
equations while others such as STARCCM+ use finite volume method to solve the
Navier-Stokes equations.
Among these codes, LS-DYNA, a nonlinear Multiphysics code, solves the
Navier-Stokes equations using the finite element method. The code was originally
developed for highly-transient, highly-nonlinear loadings such as explosion-induced
loads on structures. While during the past decades the code was extended to model
different loading conditions for applications in a variety of industries and disciplines, the
ability of the code to accurately model contact and impact problems has remained to be
its premier feature. The arbitrary Lagrangian-Eulerian method used in LS-DYNA gives
this code the ability to take advantage of both the Lagrangian formulation widely used in
structural mechanics solvers and the Eulerian formulation used in fluid solvers. However,
one of the most difficult challenges that users who employ LS-DYNA to solve fluid-
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structure interaction (FSI) problems face, is the high computational time needed to solve
problems. This high computational cost seems to impose some limitations on the
applicability of the code for a variety of situations.
This section provides a review on modeling approaches used in the dissertation to
model tsunami and wave loading on bridge superstructures. A typical fluid impact load
problem considered here comprises of two parts: a fluid part and a structure part. The
fluid part can be water, air, etc. and essentially any material that is considered to have a
fluid-like behavior. These materials are defined such that they can resist no shear stresses
without undergoing a deformation. Unlike solid materials, fluids deform under shear
stresses no matter how small these stresses are. The structure part of the problem can be
bridges or coastal buildings.
A list of the keywords typically used in fluid impact load modeling using LSDYNA is provided below:

SECTION_SOLID_ALE
This card defines type of element formulation used for modeling the fluid.
Element formulations 11 and 12 have been used in modeling the bridge superstructures
under tsunami and wave loading. The element formulation 11 is used when two or
more fluids are modeled in FE domain while the element formulation 12 is employed
when model contains a single fluid material.
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MAT_NULL
This card is used to model the materials which have a fluid-like behavior. Both
air and water are modeled using this card. It requires fluid density and viscosity as the
main parameters to model the fluid.

EOS_LINEAR_POLYNOMIAL
This card specifies the equation of state for each fluid in the FE domain. These
equations define the initial thermodynamic state of the material. These properties are
defined here via providing the elastic bulk modulus for each fluid.
INITIAL_VOID_PART
This card is used to define the air domain as void at the beginning of the
simulation. This void domain is defined as an empty mesh that could be filled with
water as simulation progresses.

ALE_MULTI-MATERIAL_GROUP
This card is used to define and differentiate between fluid materials in the FE
model.

This

card

when

used

with

the

element

formulation

11

in

SECTION_SOLID_ALE, is responsible for defining the interface between fluid
materials.

202

CONTROL_ALE
This card determines solution parameters for Arbitrary Lagrange-Eulerian
(ALE) calculations.

CONTROL_TERMINATION
This card defines the termination time of the simulation.

DATABASE_BNDOUT
This card is used to generate outputs of the simulation such as reaction forces,
displacements, velocity and accelerations, and energy outputs.

DATABASE_BINARY_D3PLOT
This card is responsible to create the graphic outputs of the simulation.

DATABASE_BINARY_RUNRSF
This card is used to generate a set of restart files from the simulation. If
simulation stops due to hardware or software problems, simulation can be resumed
from the last restart file written.

DATABASE_FSI
This card writes the fluid-generated force components on structures. These
forces could be defined to be reported on a set of parts, a single part or a set of
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structural segments.

BOUNDARY_PRESCRIBED_MOTION_SET
This card is used to apply input velocity to a section in the FE domain. It has
been used throughout the present study to generate the tsunami velocity at inflow
boundary and also to create waves in the FE domain.

SET_NODE
This card is used to create a set of nodes that share a same feature. For example,
a set of nodes at the inflow boundary can be defined and to which the velocity could be
applied.

LOAD_BODY_PARTS
This card determines which parts of the FE model are intended to be exposed to
loads. In FSI models here, the only load source is gravity. Thus, this card defines
whether gravity acts on the whole domain or a part of it.

LOAD_BODY_Y
This card is used to define the body forces in the FE model via specifying
acceleration in model (e.g. application of gravity forces in model in Y direction).

LOAD_BODY_Z
This card is used to define the body forces in the FE model via specifying
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acceleration in model (e.g. application of gravity forces in model in Z direction).

LOAD_SEGMENT_SET
This card can be used to apply pressure on a set of segments in the FE model.

SECTION_SOLID
This card is used to define the element formulation for the structural part of the
FE model.

MAT_RIGID
This card is used to define the rigid material for bridge superstructure in the FE
model.

DEFINE_CURVE
This card allows user to create an arbitrary curve that can be used in defining an
input velocity, a loading function, etc.

SET_SEGMENT
This card is used to create a set of segments in the FE model. These segments,
for example, can be generated from face of SOLID or SOLID_ALE elements for
various applications, such as applying pressure to a structure.
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SET_PART
This card can be used to create a set of parts in the FE model. For example,
both air and water domains can be defined as a single part set and then be used as
MASTER part set in CONSTRAINED_LAGRANGE_IN_SOLID card.

CONSTRAINED_LAGRANGE_IN_SOLID
This card could probably be the most frequently visited/checked card when
dealing with FSI problems in LS-DYNA. This card is responsible for defining the
interaction between structure (referred to as “LAGRANGE” in card title) and fluid
(referred to as “SOLID” in card title).
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SLAVE box represents the structure that is going to be coupled to fluid. It can
be defined through a part, part set or segment set. MASTER represents the fluid part
which could be defined as a part or part set. NQUAD defines the number of coupling
points between SLAVE and MASTER parts. CTYPE defines the type of coupling
between fluid and structure. DIREC determines the coupling direction which could be
in compression only, compression and tension and in all directions. MCOUP specifies
which fluid material to be coupled with the structure if the number of fluid materials is
more than one in the FE domain. The default value for the rest of the parameters in this
card could be used in many cases. However, if leakage occurs (when coupling force is
not sufficient and the fluid material passes through the structure), a combination of
modified values for PFAC, FRCMIN, ILEAK, PLEAK, and PFACMM could be used
to help resolve the leakage issue.

A note on filtering the numerical results
In cases that the numerical results contained noises (high frequency content),
results were filtered using a low pass filter with a cut-off frequency determined in
accordance with the problem being investigated. For tsunami loading on bridge
superstructures, most of the numerical results required no filtering as the amount of the
high frequency content was minimal. However, for some cases filtering was used with
a cut-off frequency of 1-10 Hz. For hurricane wave loading on bridges, numerical
results obtained from the two-phase approach (“with air”) contained little or no high

207

frequency content and the raw force time histories were presented in the thesis.
Numerical results computed from the single-phase approach (“without air”) showed
more high frequency content and were filtered with a cut-off frequency of 1-10 Hz.
The filtered force time histories from the single-phase approach and raw force time
histories from the two-phase approach showed a similar pattern in terms of high
frequency content.

Tsunami loads on bridge superstructures - modeling guidelines
In addition to the description of the finite element (FE) model provided in
Chapter 2, other modeling details on setting up the computational domain is discussed
here. The domain size is chosen carefully for each bridge based on the size of the
bridge cross-section and the tsunami flow field condition. For modeling stage 1, the
space below the bridge superstructure is determined based on the elevation of the
bridge from the ground where the lowest nodes in the FE domain indicate the ground
level. The space on top of the bridge superstructure is determined in accordance with
the height of the tsunami when it hits the bridge. This space should be sufficiently large
such that the tsunami impacts and passes the bridge without reaching the top boundary
of the computational domain. The spaces on the left and right boundaries of the bridge
superstructure are modeled to be approximately as wide as the bridge cross-section
width where the bridge itself is centered in the domain. This provides sufficient space
for the tsunami flow to travel before reaching the ends of the domain. This is especially
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important during tsunami back flow which occurs at the left (inflow) side of the
domain after hitting the bridge. To model the stage 2 of tsunami loading, a much larger
domain has to be set up. In this stage, the length of the domain could be as large as 10
times the bridge cross-sectional width and the water depth is determined from the
tsunami input data. The large domain provides the necessary space between inflow
(left) boundary and the bridge which is crucial in order to achieve the predicted
constant flow depth and velocity. Regarding the nodal boundary condition, a rule of
thumb is to fix the translational degree of freedoms of each node on the boundary in
the direction normal to the plane it is located on. For example, nodes on the left
boundary of the domain should be fixed in the x direction whereas the nodes on the
bottom of the domain representing the ground should be fixed in y direction. A 2D
modeling also requires that all the nodes be fixed in z direction.
The numerical results of the FE model used to simulate the tsunami impact on
bridge superstructures were validated against the available experimental measurements
of the hydrodynamic loads on the bridge superstructures. Moreover, a time-step
convergence test was carried out to ensure the accuracy of the numerical results.

