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Abstract

Recent major earthquake events that occurred in the Indian Ocean (2004),
Chile (2010) and Japan (2011) generated tsunami waves of significant heights, which
inundated nearby coastal cities causing extreesruction and loss of human lives.
Many coastal bridges were inundated by the tsunami and although they were able to
withstand the earthquake, they were damaged by the subsequent waves. In particular,
the tsunami inundation damaged 81 bridges on the cb&umatra in 2004 and 252
bridges in Japan in 20Hccording to ossite investigations (Unjoh 2007 and Maruyama
2013arespectively. The main damage occurred in the connections of the superstructure
to the substructure causing the bridge deck to beatedeand washed away. This
damage pattern was observed for different types of bridges includingretesebridges,
I-girder composite bridges, Pgirder bridges and begirder bridges. These unforeseen
events demonstrated the vulnerability of bridgetstmami inundation.

The main objectives of this study were to (a) understand the tsunami inundation
mechanism of coastal bridges, (b) evaluate the accuracy of existing simplified
predictive equations for tsunami loads, (c) identify the difference in tlukgeb
response when subjected to unbroken solitary waves and more realistic turbulent bores,
(d) investigate not only the total waves forces but also the distribution of these forces
in each bearing and connection in order to determine the max forceatlat e
connection has to withstand, (e) shed light on the physics of the dynamie wave
structure interactioand how it is affected by trdynamic characteristics of the bridge,

() gain an insight into the role of aantrapment and nonlinear wage interation



for bridges with diaphragms, (g) examine the tsunami forces for different types of
bridges including-girder bridges with crosBames and diaphragms as well as-box
girder bridges, (h) investigate possible mitigation strategies, such-asnésrinthe

deck, and (i) develop a high quality database that can be used for validation of CFD
and FSI models, and development of recommendations and design guidelines for
establishing tsunanmresilient bridges.

To this end, advanced flustructure interaction(FSI) analyses, which
considered both the hydrodynamics and structural dynamics, were conolutt®d
DYNA using HighProcessing Computing (HPC). Three different wave types and four
different bridge configurations were simulated in the analyses and imgressults
were obtained. To complement these analyses and advance thef-titatart large
scale hydrodynamic experiments were conducted in the Large Wave Flume of the O.H.
Hinsdale Wave Research Laboratory at Oregon State University. Twelve
configurdions of a 1.5 scalegirder composite bridge, several wave heights between
0.36m and 1.40m, two water depths and a total of 270 runs were tested in the LWF in
order to meet the objectives of the project.

The results of the study demonstrate (a) the dexity of the tsunami
inundation mechanisrwith the existence ofolur different phasessmong whicha
phase with a largeverturningmoment and a distinct rotational bridge mode at the
time of the first impact of the tsunami wave on the bridge where tipailsme
horizontal and upit tsunami loads are maximized, introducing the largest tension in
the offshore bearings for most of the wafiegsase 1), a phase with a pure uplift of the

bridge and a governing translational bridge mode as all the chambéres lfidge



i
become inundated and the qustsitic component of theplift force is maximized
(Phase 3)introducingthe maximum tension in marhearings,and a phase with a
downward forcavhen the wavdits the top side of the deck, introducing significant
compression especially in the onshore bearifRfmse 4)(b) the dependence of the
tsunami forces on the wave type with the bores introducing larger horizontal forces
than vertical ones and the solitary waves the oppositethe insufficiency of the
current research approach of examining the tsunami effects on bridges via the
calculation of the total tsunami forces on the deck and the need to examine the forces
in each connection and bridge member in ordeeatly understand the effects of the
complexwavestructure interactiond) the significance of thaertial forces and the
bridge dynamic characteristiosn the fluid-structure interactiorand the forces
introduced in the connectionshear keys and substructuweth the very stiff bridge
configurationsvitnessing larger connection forces than the applied loaddaybore
heightsdue to dynamic amplificatione) the increase of the total uplift forces in
bridges with diaphragms due to the-amntrapment and éhcomplex effect o the
bridge connectionglue to thenonlinear wavaair interaction, which is also different
for solitary waves and bore§) the variation of the tsunami loads for different types
of bridgeswith the boxgirder bridge witnessingplift forcesup to5 times larger than
the onesapplied on an-pirder bridge with crosframes,and @) the effectiveness of
air-vents in the bridge deck as a métion measure against tsunanssaeell astheir
limitations, the importance of the distance oéthents from the diaphragms and the
girders forming the chamberand the existence aignificant3D effects even in the

case of 2D wave propagation with impact of wees normal to the igige span.
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Chapter 1: Introduction

1.1Background

In the last two decades humanity has withessed large magnitude earthquakes with
epicenters in the ocedimdian Ocean 2004, Chile 2010 and Japan 204kich generid
tsunami waves of significant heights that caused unprecedented damage on coastal
communities. Ports, buildings and infrastructure were severely damaged and bridges were
washed away, cutting lifelines and hindering the efforts of rescue team to phnelfpdi®
the people in needn the 2004 Indian Ocean Tsunami 81 bridges located on the coast of
Sumatra were washed away as found by Unjoh (2067)he 2011Great East Japan
Earthquaken Japan, many bridges were able to withstand the strong shakingydrow
approximately 100 of them failed due to the tsunami inundasoestimated by a report
published by (EERI Oct. 2011A detailed survey of the coastal areas by Maruyama et al

(2013), found that actually 252 bridges were washed away or moved lbguitiami.

The most severe and common type of failure in these bridges was the breaking of the
connections between the superstructure and the substructure, which resulted in the
unseatingand wash oudf the lridge deck by the tsunami waves. Th@nage patrn was
observed for different types of bridges including (a) bridges with-gied¢rs and cross
frames (e.g Koizumi Bridge, Fig.-1), (b) bridges with prstressed (PC) girders and
diaphragms (e.g. Utatsu Bridge, Fig2), (c) boxgirder bridges (e.gTsuya Railway
Bridge, Fig. 12), and (d) steel truss bridges (Figl}l Another common type of damage

included the scour of piers and baeklls.



These unforeseen events demonstrated the vulnerability of buildings and bridges to
tsunami waveand highlghted the need to study and understand their effects on structures.
Advancing this understanding is essential for developing recommendations and design

guidelines for tsunanmesilient structures.

Original

location :

Figure 11: Damaged bridges after the 2011 tsunami in Japan: (a) Koizumi bridge teft
(source: EERI Oct. 2011) and (b) Bridge in Rikuzentakata on the right (source: EERI Sept. 2011)

Figure 12: Damaged bridges after the 2011 tsunami in Japakitéagubridge onthe left andb)
Tsuyarailway bridge on the right (adapted frofashinski. M 2012)



1.2 Literature Review

The extensive damage of bridges in recent tsunaiiggered the response of the
society and research world in an attempt to improve thaersteading of tsunami
inundation of bridgesT'he academic community from aroutiet world has responded to
this need and several studies hdeen published in recent years. These studasded
(i) on-site surveys and damage analysis (Kosa 2012, Kamva2012 Kasano et al 2012,
Kawashima and Buckle 2013) (ii) smaltale experiments in wave flumesd. Hayashi
2013, Lau et al 2011, Maruyama et al 20%eiffert et al 2014 and (iii) numerical
simulations €.g. Hayatdavoodi et al 2015, Bricker and Nakayama 2014, Kataoka and

Kaneko 2013Nakao et al 2013(im et al 2011, Azadbakht 2013, Istrati and Buckle 2014).

1.2.1 Onsite surveys and experimental studies

Onssite investigationsonducted by various researamainsanalyzed the failed
bridges and revealed that the overflow can occur either in the form of transverse drag due
to large horizontal wave forces or in the form of uplift and overturning due to the
combination of large vertical and horizontal tsunamcésr (Kawashima 201Fu et al
2013,Kawashima and Buckle 2013y addition, the study by Kasano et al (2012), which
investigated the performance of the bridges in the Tohoku area after the 2011 tsunami,
revealed that concrete bridges are less suscepildenami inundation than steel bridges
due to their increased weight and thus inertia.

Some of thexperimental studies investigated tsunami loadéabislabs (Seiffert
et al 2014)decks with girdergLau et al, 2011Araki et al 2011 Maruyama et al2013;

Rahman et al 2014jayatdavoodi et al, Part 12014 and boxshaped decks (Hayashi,



2013) Others examined the use of perforations in the girders and parapets as means for
reducing the horizontal tsunami load, and revealed a reduction of thertatizoad
approximately equal to the reduction of the projected area (Lukkunaprasit 2008). Some of
the studies simulated the tsunami waves via unbroken solitary waves, while others via
turbulent boresln most of these experiments, the researchers cotestitheir bridge
models from acrylic, wood or ste#hey eitheisupported the deck rigidly from top/bottom
of the deck or allowed thdeck to move freely on the supportand measured both
pressures and forcdsurthermore, they were all smaltale expements with scale factors
ranging from 1:100 to 1:35.

Hoshikuma et al (2013) conducted experiments to study the tsieffeunis on
bridges at a scale of 1:20. They examined several differesssections,ncluding flat
slabs and decks with two or fogirders,in an attempt to give insight into the forces that
varioustypes of bridges have to withstand. In this experimenttre was created via
opening of a gate and release of water (dmeak approachkpecimensvere made of
acrylic or wood and the were connected rigidly to a pieat the middle of the
supergtucture These experiments demonstrated that the offshore bearings were uplifted
while the onshore were compressed meaning that there exists significant overturning
moment. In addition, trappedr between girders and a rotating flow in the chambers was
observed during the inundation of the bridge.

The largestcale experimerb datewas conducted by Bradner et al (20Mhere
they examined the performance of a 1.5 scaleespessed bridge witkix girders under
the impact of hurricane waves. The study found a nonlinear dependence of both regular

and random wave forces on the wave height and water depth, with the toresebbeing



also dependent on the wave peridtbmentum flux was also identified as a promising
parameter for the development of analytical predictive model of hurricane wave. forces
This study was unique because it examined for the first time boghdaand a flexible
substructurgso that the effect of dynamic wast&ucture interaction could be studied.
Interestingly, the study revealed ththe bridge with a flexible substructure had to
withstand larger horizontal forces than the rigid substructorellifthe tested wave heights
(Higgins 2013).

Another interesting observation made by previous researchers (e.g. Douglass et al
2004 and Lau et al 2011) included the exis
Asl ammi ngo i n ttime of the initielingpacuof the) wave bn the foridge,
followed by aslowlyw ar yi ng f or c e -s(taaltsioc oc)a lolfe ds miagl ul aesri
longer duration. Douglass et al (2004) developed empirical equations for predicting the
horizontal and verticavarying forces based on a hydrostatic reference force. The study
focused on the varying loads since the impact load has a short duration compared to the
response of the structure and it is often not considered important by structural engineers.
However, tley suggested appropriate coefficients for calculating both the varying and the
impact loads of hurricane wave. For the varying loads the suggested coefficients were equal
to 1 in both directions, while for the impact loads they were 3 in the vertical enthé
horizontal direction, which indicated how much larger the impact loads could be.

Similarly, Lau et al (2011) developed an empirical method for predicting the loads
applied on the bridge by turbulent bores, using again a reference force as wiéxy done
Douglass et al (2004). However, for the case of bores these researchers proposed the

calculation of impulsive forces only in the horizontal direction and not in the vertical one.



The recommended coefficients for the slowbrying and impulsive loadsexe 1 and 1.5
respectively, meaning that the latter loads could be 2.5 times larger than the former ones.
It must be noted that in the aforementioned approaches the impulsive coefficients had to
be added to the coefficients of the varying loads in ordealtulate the impact/impulsive
forces. Despite the fact that these impact loads have been observed in previous studies,
their effect on structures has not been thoroughly studied or understood. Interestingly, in
offshore engineering the horizontal wavasiming force has been identified to be affected

by the dynamic characteristics of the deck of offshore platforms (Bea et al 2001).

1.2.2 Numerical and analytical studies

Apart from the experimental studies, several numerical analysedbbameconducted
to studythe tsunami effects on bridge®Among others, Lau et al (2011) conducted
Computational Fluid Dynamicanalyses using FLOW 3D, Hayatdavoodi et al (2014) and
Bricker et al (2012) used OPENFOAM, and Kataat al (2013) used CADMASURF
In the first two cases, the researchdrged to match the CFD analyses with their
experimental results. In thetter case, the researchers took the tsunami effects (stresses,
forces,moments) directly from the CFD analyses, which considersttheture as a rigid
boundary and calculates the forces from integradigmressures, and compared their results
with the bridge capacity, in asttempt to explain the failure/survival of certain bridges
during the2011 Japan TsunamiAnother research group (Yim et al, 20kbnhducted
numerical studies with a FEMased multphysics softwarg@rogram called LDYNA
and calculated the tsunami loads fdsralge made of a rigid materialhe advantage of

using multiphysics software like L®YNA, compared to pure CFD software, st it



can solvehe fluid flow around the structure as wellths equilibrium of the structure and

its response, while the disadvantage is generally the associated high computational cost. In
order to avoid this cost Yim et al (2011) modeled tinecture with a rigid material and
pinned supports, and calated the total applied tsunami loads without considering the

bridge flexibility and dynamics.

Murakami et al (2012) calculated the pressures from the CFD software
CADMASSURF/3D and then rappliedthese pressures as external loads dexable
bridge model, sitting on bearings represented by efaasiic springs. This is a more
realistic approach because it includesftagibility of the deck and the connections when
it applies the externatsunami load, however, it still neglects the bridge dynamic
characteristics when calculatitfye tsunami loads using CFD softwatstrati and Buckle
(2014) conducted advanced flestructureinteraction (FSI) analyses in LIBYNA using
an equivalent 2D badigemodel with flexible deck and flexible connections, which showed
that the dynamic characteristics of the bridge can afeth the external tsunami load
applied on the bridge, as well as the forces irctmmectionsln addition, the study showed
the existence of a rotational mode during the impact of tsunami waves, which put the
offshore bearings in tension and the onshore ones in compression, increasing consequently
the demand on the offshore connectidrigese analyses revealed the significanceidfe
dynamics and FSI, however, due to the simplified 2D bridge modefastnoted that
further 3D FSI analyses should @enducted and the numerical results should be validated

againstexperimental data.



More recently Motley et al (2015), developed &bd 3D CFD numerical models of a
1:20 scale bridge model in OpenFOAM to examine the effect of the bridge skewness.
Several skew angldsetween 0 and0 degreesvere examinedThe study simulated the
bridge as a rigid boundary and calculated the appliadl fiom integration of pressures. It
revealed that the skew bridge is subjected to pitching and spinning moments and that there
exists a force normal to the abutments that could lead to unseating, however the vertical
forces were not dependent on the skagle. Another, recent study conducted by Wei and
Darlymple (2016), simulated the same 1:20 scale straight bridge as Motley et al (2015),
using the weakly compressible Smoothed Particle Hydrodynamics (SPH) method in
GPUSPHThe study focused on comparisaithe numerical model with the experimental
results obtained by Hoshikuma et al (2013) and on further numerical analyses for studying
the possibility of mitigating the tsunami effects bridges via the use of an offshore

breakwater or the existence of aretbridge on the seaward side of the main bridge.

Apart from the experimental and numerical studies conducted smédytical studies
are also available in the literature. Hayatdavooditmekin (2015a&b) and Lo et al (2014)
calculated analytically # waveforces on a submerged horizontal plate for waves in
shallow water. Théormer authors used the theory of directed fisitets and solved the
Level | GreeilNaghdi equations, while the latter ones used the Isteglfowwater wave
theory. Both studis compared the analyticeblutions with experimental data and good

results were obtained.



1.2.3 Studies focusing on the role of air

Another topic that has also attracted the attention of the reseanatrdusride is the
trapped air between the girdefsa bridge McPherson (2008) studied experimentally the
hurricane induced waverces on a 1:20 scale bridge model and observed that during the
inundation of the bridgevater could not fill completely the chambéestween the girders
due to the presencaf trapped air. He developgaredictive force equations where he
considered additional hydrostatforce-buoyancy, assuming that 50% of the volume
between girdersvere filled with air.Azadbakht, M (2013 investigated numerically via
2D analyses the imptof hurricane wavesn bridges andHayatdavoodi et al (2014),
Seiffert et al (2015)nvestigated experimentally (1:35 scale) the impact of solitary waves
on coastal bridgeand all studie®bserved that the agntrapmenbccurring between the
girderscansignificantly alterthe water flow field during the wave inundation causing a
significant increase in the uplifif the air is allowed to escape, either through the ends of
the bridge or through holes in the deck then the uplift forces caedoeed sigificantly
(Haytdavoodi 2014)This seems to be in agreement with miuenerical study conducted
by Bozognia et al (2011), where it wstsown that the awwents could reduce significantly
both the impulsiveand the quasstatic forces, with a larger reduati@f the quasstatic
forces that could be up to 70%, depending on the ratio s/H, wherévisave amplitude

and s is the distance of the bottom of the girdénéostill water surface.

According to Bricker and Nakayama (2014) wéenducted a numeritatudy of the
tsunami forces induced on thiatsu Bridge in Japan, the trapped air between the girders
increasedhe buoyancy of the bridge deck to such a degree that if the air vawgdoeen

removed then the bridge might not have faildreover anexperimental study by Cuomo
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et al (2009) of a bridge at 1s®ale, revealed that the holes in the bridge deck reduces the
wavepressures on the deck slab but increases the ones on the longiedimzl. It was
noted that the trapped air is compressed utigeimpulsive wave loads which acts as a
cushioning effect and results baththe reduction of the max impulsive load and in the
increase of thioad duration. Despite this reduction, this case might be more gevéne
structure due to the longer @dtion. Last but not leastXu et al (2016 conducted 2D
numerical work to study the effect of air venting holes in the bridge deck and concluded
that such a countermeasure can reduce significantly the upliftifdtroduced by solitary

waves but it can also increase the horizontal force

1.3 Objectives and Scope of Research

As discussed in the previous section most of the experiraétdggnami effects on
bridges to datdave been conducted at a sntalmedium scale using very stiff bridge
models that could not account for the actual bridge properties and dynamic characteristics
(material, flexibility, inertia). In addition, smadicale experiments might be associated with
significant scale effects since the atmospheric pressure canruati®e i the experiments
(Martinelli et al 2010). Especially in the case that trapped air is compressed in a chamber
significant distortion of the scale can occur (Takahashi et al 1985). These facts coupled
with the fact that(a) the numerical studieso date have focused on identifying the
maximum total applied tsunami forces via CFD analyses neglecting the response of the
bridge, (b) most of the numerical investigations and available predictive equations of the
total tsunami load have not been validatedere validated with smaficale experiments,

(c) no guidance exists on estimating the individual connections forces, and (d) the effect of
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the shorduration slamming/impact force on bridges has not been yet thoroughly studied
and understood, suggest theed for advanced FSI numerical analyses and-kErgle

hydrodynamic experimentslherefore, the main objectives of this project are to:

1 Understand the tsunami inundation mechanism of coastal bridges

1 Evaluate the accuraf existing simplified preditve equationgor tsunami loads
and develop new simplified methods if required

1 Examinethe capability ofadvanced fluiestructure interactiomnalyses to capture
the performance of bridges during tsunami inundation

1 Identify the difference in the bridgesponse when subjected to unbroken solitary
waves and more realistic turbulent borasd the relationship between the forces
and the various hydrodynamic parameters

1 Investigatenot only the total waves forces but also the distribution of these forces
in the bearings, shear keyand bent capo-column connections in order to
determine the max force that eaclmigection has to withstand

1 Shed light on th@hysics of the dynamic waxatructure interactioandthe role of
the dynamic characteristics of the Iyl including the flexibility of the
superstructure, substructure and connections, as well as the inertia.

1 Gain an insight into the role of aégntrapment and nonlinear wagg interaction,
which was seen in previous studies to occur when bridges wiphrdigims were

impacted by waves.
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1 Determinethe variation of tsunanforcesfor different types of bridgescluding
I-girder bridges with croséramesanddiaphragmsas well as bosgirder bridges
and examine which types arere susceptible to tsunafailure

1 Investigate possible mitigation strategies, such ageaits in the deck, and provide
recommendations for measures to increase the tsunami resilience of coastal bridges,

1 Develop a high quality database that can be used for (i) examining tha@cobir
existing empirical predictive equations for tsunami loads, (i) validating
hydrodynamic models, available CFD methods and FSI capabilities of numerical
codes, and (iii) development of recommendations and design guidelines for

establishing tsunanresilient bridges.

The main scope of this research is to increase the understanding of tsunami inundation and
associated effects on bridges, and contribute towards the development of tsasilgni
coastal bridges. This effort is expected to ultimately help save hunmemndind support

coastal communities.

1.4 Overview of the Dissertation

This dissertation has been organized in ten chapters, as follows:

Chapter 1 presents a literature review on the tsunami inundation of coastal bridges,

identified research needs and objestivf this particular study.

Chapter 2 evaluates the accuracy of several existing simplified predictive tsunami

force equations based on recorded failure modes of a bridge in Japan. The second part of
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the chapter focuses on advanced fistidicture interaon (FSI) analyses of the same

bridge during the impact of different types of waves.

Chapter 3 describes the largeale hydrodynamic experiments in the O.H. Hinsdale
Wave Research Laboratory, including the design and construction of the bridge specimens,
the determination of the flume bathymetry and testing program, and the instrumentation of

both the flume and the bridge model.

Chapter 4 focuses on the determination of the dynamic characteristics of the bridge
configurations via the use of hammer impdests, freevibration tests, analytical

calculations and modal analyses.

Chapter 5 presents results from the hydrodynamic experiments ofgingei
bridge with crosdrames and steel bearings, focusing on the determination of the
inundation mechanismhé horizontal and vertical forces introduced in the connections, the
difference between the effects associated with unbroken solitary waves and bores, the role

of the slamming component of the force, and the quality of the experimental data.

Chapter 6 fouses on the role of the dynamic flestfucture interaction by
presenting and comparing experimental results for several configurations with different
flexibilities in the connections and the substructure. Detailed comparison of the applied
tsunami load asvell as the bridge response in terms of connection and inertia forces,
moments, accelerations and displacements is included for the various bridge

configurations.
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Chapter 7 presents the tsunami effects on-gmder bridge with diaphragms.
Comparison othe wave effects on this type of bridge with the ones of a similar bridge
with crossframes is also included in order to determine the role edranapment for both

solitary waves and bores.

Chapter 8 focuses on the variation of tsunami forces for thifeeent bridge types
including kgirder and boxgirder bridges. The role of the contact between the bridge with

elastomeric bearings and the shear keys is also discussed.

Chapter 9 presents results from multiple bridge configurations, in order to examine
the efficiency of akvents in reducing the tsunami forces. In addition, the effect of the
number of akvents is examined and the significance of 3D effects identified. The chapter
finishes with a discussion on countaeasures and retrofitting approashagainst

tsunamis.

Chapter 10 summarizes the work conducted herein, lists conclusions, provides

recommendations and discusses potential future work.
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Chapter 2: Dynamic FSI analyses and analytical calculations for the
Utatsu Bridge in Japan

2.1Introduction

As discussed in the previous chapter, during the 2011 Great East Japan Earthquake
close to 100 bridges failed due to tsunami inundation. Many of these bridges have been
investigated and the observed damage has been identified. This meédhegsbdridges
could be used as case studies to evaluate the accuracy of various simplified equations and
approaches for predicting the tsunami loawld the observed failure modésthis chapter,
the Utatsu Bridgé a prestressed concrete bridge tsaffered significant damage during
thetsunami inundation in 201 will be used as a case study. Tamagedridgewith the

remaining piers ishown in Figure 2.

The UtatsuBridge was selected asaase studybecause it consisted of three
different tyges of spans, two of which were swept away from the piers and e#ubnof
seemed to haweitnessed different failure mode. Adlustratedin Figure 22, spans S3
S7had eleven girders with88mheight, while spans $812had four girders with a height
approximately twice as mucas the former girder Spans S&7 were found next to the
piers with the girders sitting on the soil, while spansS38 were ugside down with the
deck sitting on the soilMoreover, as shown in Figure3 the remaining pier PBad
damaged steel stoppers with the onshore stopper missing, while7piexd intact steel
stoppers. These two observations indicate that spa8§ &8ght have failed due to a large

lateral force, while spans S812 due to a large uplift force (combinedh overturning).
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Figure2-1: Remaining piers of Utatsu Bridge after the 2011 Great East Japan Earthquake
andTsunami (source: I. G. Buckle)

4
(=1
[=

1200

0
'
(=2
(=]
~J|oC
|
(=3[}
[=] =}
.
(=]
(=)

h

268 1200
F=o00
v
880 265

1717 | 266

Rotation occurs to S3~S4

S3~S4 and S5~S7 flow as a whole
S8~S10 are inverted

Isatomae Bay

Figure2-2: Crosssections of the bridge deck (top) and position of deeks(bottom)of
Utatsu Bridgeafter the 2011 Great East Japan Earthquake and Tsuadapitéd from Fu
et al2013)
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Figure2-3: Remaining pier P3 (left) and P7 (right) of Utatsu Bridge after the Gresat Ea
Japan Earthquake (sourd@shinskiM. 2012and Kawashim&. 2012respectivey)

2.2 Analytical Calculations

2.2.1 Resistance of bridge connections

In an attempt to explain the failure modes, this section will present results from
simple analytical calculations that were conducted to predict the resistance of the bridge
against tsunami loads. Since the exact properties of the bearings are not kedateral
and vertical capacity of the connections will be estimated using the JRA provisions.
According to JRA (1964, 1971) the lateeald vertical resistance for which the bearing

connections should be designed for are:

"OMQ &7 0 G'Q (2.1)

OO HZ0 Z®OQ (2.2)
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WhereWd is the weight of the bridge,lKandKv arethe seismic coefficienanda is the

overstrength factor. In the tables below it has been assume#hk&t25 Kv=0.1, and

a=2. Apart from the forces, the overturning resistance of the bridge is also calculated. The

point of rotation is assumed to be at the laite girder, and the overturning resistance is
calculated at this point by considering the contribution frombtidge weight (M1) and

the bearing connectiorfp12), as srown below:

0p Q2 OO (2.3)

0¢ 00 Q0 (2.4)

WhereWbr is the width of the bridgesbr,vi is the vertical resistance of each bearing
connection and his the horizontablistance of each bearing from the potential point of
rotation The overturning resistand42 was calculated in two ways. In the first wayyas
assumed that all the bearings reach their capacity, whilee second way is assumed
that only the offshie beariigs reach their capacignd therest of the bearings have a

different vertical force, which varies linearly from the offshore to the onshore bearings,

with the maximum value equal to the capacity of the bearings (at the offshore girder) and

the mnimum value equal to zero at the point of rotatibable 21 shows the calculated
lateral, vertical and overturning resistance for kgges ofspansin this table, there is a
lower bound (M1 only) and an upper bound (M1+M2) for the overturning resestas

expected, due to their larger weight, spanss38 have a larger resistance.
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Table 21: Estimated resistance of bridge during tsunami inundation

Lateral Resistance

Spans S3S7 S8S12
Lateral resistancef bridge (KN) 800 1800
Vertical Resistance
Deck Weight (KN) 1600 3600
Vertical Capacity of Barings (KN) 320 720
Vertical Capacity/ Bearing (KN) 29 180
Deck Resistance to Uplift 1920 4320
Overturning Resistance
Overt. Resistance due to Weight 6640 14940

Overt.Resistance due to Bearings
all bearings yield 1338 2392
only seaward bearing yielg 938 1491

Deck Overturning Resistance
Lower Bound (KN)| 6640 14940
Upper Bound (KN) 7978 17332

2.2.2Tsunami loadss. Bridge resistance

For the calculation of the tsunami loadsitially only the drag force and the
buoyancy areansidered The drag coefficient is calculae@sing the JRA specifications.
In these calculations the inclinations of the bridge in negleEdthe calculatiof the
dragtwo different velocities were used, which were estimated to be v=4.4m/s and 6.0m/s
in the stutes by Fu et al 2012 and2013) Table 22 shows thathe drag force did not
exceed the estimated lateral resistancenyf of the bridge sparesenwhen the velocity

was 6 m/s.Similarly, the calculated buoyancy was much smaller than the estimated
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resistance evewhenit is assumed that 50% of the volume of the chambers between the
girders had trapped air. Therefore, this indicates that the dragiagdrty cannot explain

the observed failure modes.

The next step of the analytical calculations considered additsingblified
equations available in the literature. In particular, two sets of equations (Doaglalss
2006 and McPherson 2008), which were initialveloped for predicting the hurricane
wave forces were used. Moreover, four other sets of equations (Lau et al 2011, Yim et al
2011, Fu et al 2012, and AzadbaRbtl3) that were developed for tsunami wavesiaed
for this case studyinterested readers can find the exact equations iarthmal studies
mentioned above, however forevity reasons the equations will not be presentedrhere
These simplified equations were used to calculate the forces andntsofor increasing
levels of inundation until the restance of the bridge is reachaad the results are shown
in Appendix A. For he calculation of the moment the point of application of the forces had
to be determinedLum et al (2011) and Yim& Azadbakht (2013ppplied the resultants of
the wave forces at the center of mass of the brikhgnis study the horizontal load was
appliedat the midheight of the bridge and the vertical for@ethe midwidth. Thus, the

overturning moment at the locatiohrotation is calculated from:
D&V QI'EE Ol O woilc 8 (25)
Where Hbr is the height of the bridge.
Comparison of the predictive tsunami loads with the estimated resistance of the

bridge (Appendix A), identified the most possible failure mode for each type of span.

These failure modes are shown in Tabi&. 2nterestingly, a horizontal failure mode was
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predicted using the simplified predictive equationsDoluglass et al (2006), Lau et al
(2011), Fu et al (2012) and Azadbakht (2018pd a overturning (or uplift) failure mode

by McPherson (2008) and Yim et al (2011). Even more interesting it is the fact that all
these equations predict the same failure for both types of spans, whiclomdramst to the
observed damaged of the bridge discussed in the previous section. It must be noted that for
all the equations as the water elevation increased the overturning resistance was exceeded
always before the uplift resistance, and that is theoreaghy in Table 23 for some
equations botHailure modesoverturning/upliftare mentionedMoreover, some of the
equations predicted failure of the spans before the bridge was totally inundated, which is
not correct because the video footagalyzedn Fu et al (2013)evealed that the bridge

had not failed even when it was fully inundat&tie exact water elevation at which the

bridge failed could not be identified by the previous video.

The inability to predict the observddilure modes using theredictive tsunami
equations might be explained by the fact that some of the above simplified methods (i)
consider only the height of the wave and neglect the velocity, (ii) have been developed for
different types of wavesiait do not match the flow chatadsticsobserved at the location
of the Utatsu Bridgeand(iii) have been developed based on srsadlle experiments with
possible significant scale effects or fattale 2D numerical analyses that could not capture
all the effects of the awvavestrudure interaction and have not been validated against
experiments. In additiothere might also exighaccuracies in the simplified approach that

was used herein to calculate the resistance of the bridge
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The unsuccessful effort to predict the obsenestlife modes via comparison of
several available tsunami predictive equations with the estimated resistance of the bridge
indicates that the tsunami inundation of bridges is a complex phenomenon that it still not
fully understoodMore advanced methods fdetermining the tsunami effects on bridges

need to be developed.

Table 22: Simplified calculations of tsunami loadad resistance of bridge

LateralDirection
Spans S3S7 S8S12
Drag Force
v=6.0m/s 430 2030
v=4.4m/s 230 1087
LateralResistancef bridge (KN) 800 1800
Vertical Direction
Spans S3S7 S8S12
Buoyancy of bridge 673 1515
Buoyancy of trapped air 580 2500
Buoyancy of bridge+50% trapped air 963 2765
Deck Resistance to Uplift 1920 4320

Table 23: Predicted failure mode a&fpans using simplified equations

Spans
Predictive equations S3S7 S8S12
Failure Type Failure Type

Douglasset al(2006) Horizontal Horizontal
McPherson (2008) Overturning/Uplift | Overturning/Uplift
Lau et al (2011) Horizontal Horizontal
Yim etal (2011) Overturnng/Uplift | Overturning/Uplift
Fu et al (2012) Horizontal Horizontal
Azadbakht (2013) Horizontal Horizontal
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2.3Dynamic fluid-structure interaction analyses

2.3.1 Introductionandobjective

Given the fact that the analytical calculationsspraed in the previous section could
not explain the observed failure modes of the Utatsu Bridge, the next step in this study was
to develop an advanced computational bridge model subjected to tsunami inundation. The
computational analyses were expectegrvide a better insight into the tsunami effects
than the simplified approach presented in the previous sedtimnliterature reviewn
chapter ldemonstrated that there have beenductedseveral interesting studies so far,
that have contributed substantially towards understanding tsunami effects on bridges.
However,in all these analyses the bridge was considered bridge, which means that the
bridge flexibility and the structural dynamicseme not considered during the wave
structure interactionThe use of the rigid models can be possibly attribate¢l) the
widespead belief of many researchdtzat CFD analyses with rigid structures give
conservative estimates of tsundunices (ii) the high computational cost of includitige
structural flexibility and considering the dynamic flugdructureinteraction in these
analyses, and (iithefact that the field of FSI it is still at its infancy and available methods

have not been validatedanst experiments of wave inundation of bridges.

Experience with other types of dynamic loading, such as earthquake, has shown
that the flexibility and generally the dynamic characteristics of the structure (mass,
damping), substantially affexthe load that the structure has to withstand. Therefore, in
this study, the objective is to model explicitly the flexibility of the superstructure and its

connections, and investigate the dependence of tsufaaoes on bridge flexibility,
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especially dung the first impact of the wave, whigh expected to be ampulsive
phenomenonAlthough most of the studies to date have focused on the maximum total
tsunami loadsjn this studyexamination of the forces in each bearing conneadson
believed to be otitmost significance and is expected to shed light on the failure of the
connections in recent tsunamis. To achieve these objectives advanced dffaamnic
structure interaction analysesf different models were conducted in -DNA.
Description of thewumeical methodthe modelsand the assumptions, as well the observed

behavior and results are presented in the following section.

2.3.2 The concept ofl@iid-structure interaction

Fluid-structure interaction (FSI) is the interaction of a movable or deformable
structure with a fluid flow Bungartz(2006)). In particular, FSI is traditionally considered
a twoway coupling where the structure is affected by the pressure and/or viscous forces of
the fluid, while the fluid is influenced by the shape of the structudetanvelocity (CD
Adapco (2013)). Thistwway coupling can be either Astro
on the specific application. According to
call eacidiomplcioupl!l i ng i s tramssiemsimulatiend anfl io cased y n a mi
where relatively light or compliant structures interact with a relatively heavy fluid. On the
ot her hand, Aweako coupling Iis genwatatal | vy a
solutions where the velocity of thewstture is close to zero. However, in many applications

it is not clear in advance which type of coupling is required and analysts should try both.
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For the numerical analyses presented herein axsyoFSI| coupling will be used to capture

the transient nate of the tsunami wave impact on the bridge.

2.3.3 The ALE method for FSI problems

In LS-DYNA there exist various solvers that can be used to study FSI effects. One
of those- the Arbitrary Lagrangian EulerianALE) solver is usually recommended for
short duration and highly transient phenomena such as explosion®, tivadluids are
compressibleThis method combines the Lagrangfanmulationi which is common for
simulating the structural behavioandthe Eulelian formulationi which is common for
simulating the fluid flow. In the ALE method an arbitrary referential coordinate system is
introduced and the mesh is allowed to move relative to the motion of théAmuelet et
al 2003 Souliet al2009 Souli andBenson 201 The fluid-structure interactiors handled
through a coupling algorithm which can be constrheded or penaltpased. One of its
limitations is that it is applicable only to laminar flow. It cannot account for fluid boundary
layer effectgdrag) because it does not solve the full Na@trkes equations (LBYNA
AWG 2013). In addition, the method is generally appropriate for very short duration
phenomena since it is an explicit algorithm that uses a very small time step (usually in the
range of 10° to 10° sec) which is automatically defined based on the element size and

speed of sound in the specific material.

Experience has shown that the ALE solver loarsensitive to the penalty coupling
spring, the stiffness of which can create inmate results, introduce instabilities and

reduce the time step. Therefore, the user should try to find the most appropriate value for
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the penalty stiffness and make sure the results are not dependent on the chosen value.
Moreover the ALE solvercansensiive to the number of elements and mesh size and even
when a stable solution has been established, a minor change can create instabilities. Due to
these factors, a stable solution that is independent of the mesh size and the penalty stiffness,
for relativdy long duration phenomena (in the range of seconds) such as the impact of
tsunami waves on bridges, is computationally very expensive. Howsesre of
advantageare the factthat the stver (a) uses a monolithic FSI approach ideal for strongly
coupled FSI problems, (b)can simulate multiphase flow, andcj can capture the
compressibility effects of the fluids, which makes it promising for studying the tsunami

impact on coastal bridges.

2.3.4 Numerical Moded in LSDYNA

The numerical studies described brelosed a model based on the dimensions of
the Utatsu Bridgeln particular, a concrete-girder section similar to the one of the spans
S8S12was simulatedBased on available evidence, a superstructure width of 8.25m,
height of 2.1m, and a girdehitkness of 0.3m was estimate@ihree dimensional FSI
analyses should be conducted to rigorously study the interaction of tsunami waves with a
bridge structure. However, it is generally common practice in @&D to conduct 2D
analyses before moving to 3D. $hs because 2D analyses are much faster and can give
an idea of what to expect from the more advanced 3D analyses. The 2D analyses also serve
as a rational check for the 3D analysés. this end equivalent 2D FSI analyses were

conducted in LDYNA. Althoughthe ALE method in LDYNA has a 2D formulation,
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it was decided to use the 3D formulation, and the whole-s@st#on in XZ was modeled
along with a slice of finite length in the Y direction. In other words, an equivalent 2D model
was analyzed, usingBsolids elements instead of shells that would be normally used in
2D analysesFor the bridge both *MAT_ELASTIC and *MAT_RIGID were used, while
for the water and air *MAT_NULL was usebh order to define the initial thermodynamic

state of the fluid materials an equation of state (EOS) of a polyntymalvas used.

Since the goal of this study was to investigate the interaction of the bridge with the
waves and the role of the bridge flaikty, particular attention was given to the flexibility
of the deck and the flexibility of th@onnectionsThe bearings were modeled as uncoupled
springs with a horizontal stiffness of 875KN/m and a vertical stiffness of 8. 75<N/n.
Using the aboverosssection, four different cases were modeled: (i) a rigid superstructure
with pinned supports (RP), (ii) a rigid superstructure supported on springs (RS), (iii) a
flexible superstructure with pied supports (FP), and (iv) a flexible superstructure
suypported on springs (FS)able 24 summarizes the four bridge cas&.models used

Rayleigh viscous damping assuming 5% damping in the first two modes.

Regarding the simulation of the tsunami waves three different models were
developed. The focus this numerical studis not to provide equations for tsunami loads,
but ratherto look at the dynamic response of the structure when impactedvibgve
Therefore, in Model 1, which was the simplest one, the full development of the tsunami
wave was not simutad, in an attemptto reduce thecomputational domain and
consequently the requiretbmputational time of the analysda this model,which is

shown in Figure 2, the tsunami wave was simulatecaasncoming volume of water with
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an initial velocity of Tn/s thatcould reachthe top of the bridge In model2, shown in
Figure 25, a more realistic representation of the tsunami waves was pursued via the use of
the dam brealapproachin this case, a volumef water was initially at restind gravity
was appkd to it to allow the water to flow towards thedgeas a bore. Téacomputational

domain was 55m long and 9.3m high, resultm¢pnger computational times.

The last and biggest model, was model 3, whiohsisted of a computational
domain 135m lon@nd 11.85m highThis bigger model was more realistic beca{#et
used again the dafareak approach(b) ithad a larger amount of watiat could inundate
the bridge, (bt he di stance from the | ocation of
significantly longer anéllowed the wave to break multiple times and convert into a bore
before itreached the bridgand ¢) the bridge was locatext a higher elevation aridrther
from the outflow boundaryo minimize boundary effectDifferent mesksizes were
examined for all three models. For the smallest model, model 1, mesh sizes between 15cm
and 3.75cm were examined, however for the two larger models the smallest mesh size was
7.5cm in order to keep the computational tistep as large as possbA typical time
step used in the analyses was-B0%ec.For the smaller models the analyses were run on
desktopDel | Optifl ex 990 P60 RRUGBAGHZ with8dolEs Cor e
however the largest models were run on a cluster. The commatiatiime of the analyses
ranged bewveen a few hours up to 180h&ince it has been seen in the literature (éim
al. 2011) that there is a high amplitude and sldariation force at the time of the initial
impact of the wave on the structure, it was dedito focus on the initial impact, to study

the most significant effects of transiettuctural and fluidlynamics.



Table 24: Bridge models used in the FSI analyses

Connection Type
Pins (Rigid) Springs (Flexible)
Superstructure Rigid RP RS
Type Flexible FP FS

1LTS-DYNA Iéeyword deck by LS-PrePost

Figure2-4: Simplified FSIModel 1

Figure2-5: FSIModels 2 (top) and 3 (bottom)
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2.3.5 Modal Analyses of the bridgaodels

In order to understand the dynamic behavior of the equivalent 2D model a modal
analysis was conducted prior to the FSI analyses. The first ten modal periods are shown in
Table 2-5 and the first four vibration modes are shown in Fig@&sand 2-7, for the
flexible deck with pins and springs respectively. As can be observed from the table, the
flexible deck with springs, is the most flexible case and has the longest modal periods, as
expectedIn addition, itcanbe seen that the first 10 modes have peiitise range of 0.1
sec to 0.004 sec which are generally small numbers. However, since the largss¢pime
used in the FSI analyses is around-b8ec, this means that the dynamic effectsliaien
modes can be capturdd.the discussion below, therder from the left, which is the first
girder to be impacted by the tsunami, is referred to as girder No. 1, the right end girder as

No. 4, while girders No. 2 and No. 3 will be the interior ones.

Table 25: Natural periods (in sec) for the three bridged®ls

Rigid deck &springs| Flexible deck & pins Flexible deck & springs
Mode 1 9.67E02 5.91E02 1.12E01
Mode 2 9.84E03 1.04E02 2.62E02
Mode 3 9.66E03 9.84E03 2.50E02
Mode 4 8.00E03 2.13E02
Mode 5 6.44E03 1.75E02
Mode 6 6.29E03 1.11E02
Mode 7 5.97E03 1.07E02
Mode 8 5.01E03 1.03E02
Mode 9 4.68E03 9.51E03
Mode 10 4.49E03 8.48E03
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LS-DYNA eigervatues st time 100000840 LS-DYNA eigenvalues ot time 100000640
Froae teat Foqe s

LS-ONA sigenvaluss ot tme 100000840 LEOMNA sigervaiues st me 10000080

Figure2-6: First four vibrations modes of a fldste superstructure with pinned
connections

1
LEDYNA sigonvabons ot thwe 100000840 LS-DYMA olzoaions 1 e 100000640

LS-DYNA sigerrvatues st time 100000840 LS-DYNA eigenvalues st tine 100000640
Freas 38338 Faqe e

Figure2-7: First four vibrations modes of a flexible sugeusture with spring connection
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2.3.6 Observed behavior

Figures 28 showsscreenshatfrom one of the simulation®r model 2while the
wave is inundating the bridgAfter the application of thgravity the wave starts flowing
towards the location of the bridge aridrts breakings a plunging type before it reaches
the bridgeAs the inundation process begins, the wave impacts first the offshore girder and
the offshore overhang and then it imsathe second girder and the deck of theHamber.
As the wave propagates all girders and chambesomeinundated by the wave.
Interestingly, during the inundation trapped air can be observed in all chambers, interacting
with acounterclockwiserotaing wave flowinside the chambers. €frappedair between
the girders of the bridgandthe rotating flow after the impact of tsunami bores created
using the danbreak experiment was also observed in the experimental study conducted by
Nakaoet al R013).After the occurrence of the rotating flow in all chambers, the bridge is

overtopped by the wawgith air still remaining trapped in trhambers.

Figure 29 shows similar screenshots for the largest model, model 3. In this model,
after the application dhe gravity the wave breaks multiples times and by the time it arrives
at the bridge location is has transformed into a gsi@sidy boreThis model simulates a
large initial volume of water which leads to longer inundation tinodésthe bridge
comparedd the previous model. However, a similar inundation mechanism with trapped
air, counterclockwise rotating flow in the chambers, uplift and a downward splash on the
top of the deckan be observedrigure 210 shows the timistories of the horizontal and
vertical applied tsunami load calculated in-DS'NA by integrating the pressures. This

graph demonstrates (a) the existence of a ghgdtion peak in the horizontal load at the
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time of the initial impact(b) a simultaneousplift load (positive)with alonger duration
and a smaller amplitude than the horizotald and (c) a downward loaghegative)as

the bridge deck is overtopped by the wave.

Figure2-8: Screenshots of FSI analysis for Model 2 with 7.5cm mesh size, from
LS-PrePost
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Figure2-9: Screenshots of FSI analysis for Modelish 15cm mesh sizérom
LS-PrePost
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Figure2-10: Time-histories of applied horizontal and vertical tsunami load from Model 3

2.3.7 Applied tsunami loads am@sultant connection forces

As mentioned in the previous section the applied tsunami loads were calculated in
LS-DYNA by integrating the pressures on the surface of the bridge. In addition, since these
were FSI analyses the dynanequilibrium of the bridge during tsunami inundation was
considered and the forces in the bearings calculatédure 2-11 showsthe applied
tsunami load(red color)and the sum of the connection forcégreen color)in both
directionsfor model 1and tvo bridge configurationsone with pinned connections and the
other one with springst can be interestingly seen that the total connection forcasnme
cases are larger than the applied laad in other cases loweand thiscan probably be
attributedto the dynamic response of the brid@jeis means that the practice of obtaining
the maximum external wave load from a pure CFD analysis and applying it statically on a
bridge model for finding the connection forces, might yieldcanservative results.
Interestingly in the same figure can be obsentldt although the horizontal applied

tsunami load is similar in both the case with springs and the one withtipensplift
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tsunami load seems to changethe two casesThis indicates that there might exist a
dependence of not only of the applied wave load on the dynamic characteristics of the
bridge. These observations were based on a specific value of the spring stiffness and a
simple representation of the wave, megritmt parametric analyses with additional values

of the stiffness and more wave types and should be conducted in the future in order to
verify the behavior. This behavior should also be compared with hydrodynamic
experiments to ensure that the numeriesluits are not artificially affected by various

numerical parameters.

It must be also noted thahspection of the models and the fringe plots revealed
that in the case of model 1, although an initial velocity of 7m/s was assign&ly N8
accelerated thigow so that the wave impacted the bridge with a velocity three to four times
higher. This is a numerical issue in-IX¥NA that has also n observed by Yim et al
(2011). Models 2 and 3 did not seem taffer from this numerical issue, and the waves

impacted the bridgat morereasonable velocities.

Figure 2-12 shows thasunami forces in thbearingconnections fothree bridge
configurationg RS, FP,FS). It is clearly seen that the flexibiliaffectssignificantly how
much fore@ is taken by each coection. Inparticular, for the bridge cases with springs
(RS, FS) all the bearings aeguallysharing the total horizontal tsunami load, however for
the bridge with pinnedonnectionshe offshore bearings angtnessing significantly larger
maximumhorizontal forces(by a factor of 2)than the rest of the bearingghis seems
reasonable sindbe maximum horizontal forceeems to occuat the initial impact of the

tsunami wave on the offshore girdethich means thdhe offshore bearings attee closest
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to thelocation ofthe load application and thus they attnactre forces than the rest of the
bearings.This is an important finding because it indicates that for bridges with steel
bearings, the offshore bearings and connections should be desigttesitfial estimated
horizontal tsunami load and should not be assumed that it will be equally distributed to all

the connections.

An even more interesting finding can be obtained via examination of the vertical
forces in eachearing For all thebridge cafigurationsexamined heiia, at the time othe
initial impact of the wave,the offshore and onshore bearings are under tension and
compression respectively, while thearings of the interior girdecsn be either in tension
or in compression depending the wave type and the flexibility case. In particular, the
first bearing always takes the largeglift force, which can be several times larger than
the uplift taken by therest of thebearings In particular,for the bridge with a flexible
superstruatre (with pins and springs) the offshore bearings seattrecctmost-if not all-
of the total uplift force applied on the bridge, however fdret bridge with rigid
superstructure and springs the total uplift force is shared by the bearings of thestwo fir
girders impaatd by the tsunami wavé his distributionof forces in the connections,
demonstratethatat the initial impact of the wave on the bridbere is significant rotation
of the superstructure, which jifggs the larger vertical forci the offshorebearingsand
the outof-phase forces in the offshore and onshore bearifigs is an important finding
because it indicates that for bridgespacted by boresthe offshore bearings and
connections should be designed farger tensile forceshat the rest of the bearings,

otherwise they could fail first and lead to a progressive collapse mechanism.
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Figure2-11: Time-histories of applied tsunami load and resultant connection forces for
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It shall be clarified that Figure-¥1 and 712 were obtained directly form ES
PrePost and have signs that are opposite to the sign of FidOrarveaning that uplift has

a negative sign in the two graphs.

Tables2-6 shows theratios of themaximumapplied tsunami load, maximum total
forces in the connections (reactions), and maximum forteinffshore bearingbgtween
the different bridge configurations, for both models 1 andil& external vertical load
refers to uplift while the maximum connectioforce refers to théensileforce in the
offshore bearing after the suhttion of the weight componerithis table shows thdhe
bearing flexibilitytends to reduce both the horizontal and the vertical tsunami loads when
the superstructure is simulatasi flexible (FP and FS) for both model 1 and 2, however the
effect on the horizontal forces is not consistent in the two models when a rigid
superstructure is used. In addition, the inconsistent effect of the bearing flexibility between
the two models islso observed for the maximum total forces in the connectidns. T
inconsistent effect can be probably attributethe fact thathe two models are simulating
the tsunami inundation with different approaches (initial velocity vs-diegak), which
could excite different modes of the structui2espite the inconsistent effect on the total
connection forces, the effech the forces in the offshore bearings is very consistent with
the bearing flexibility resulting in smaller horizontal and vertical forceshe latter

bearingdor both wave types and bridge superstructures.
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Table 26: Maximum tsunami forces for Model 1

Model 1 Model 2
Ratios RS/RP FS/IFP RS/RP FS/FP
Max Applied Load
Horizontal 0.82 0.96 1.18 0.86
Vertical 0.64 0.59 0.81 0.85
Max SumReactions
Horizontal 0.65 1.08
Vertical 1.23 0.67
Max Con. Force
Horizontal 0.29 0.68
Vertical 0.82 0.83

The previous observations arensideredsignificant and could probably explain why so
many bearings and connections failed in Japan during0the TsunamiHowever, it must

be pointed out that in this paper the role of FSI on tsunami forces on bridges was studied
based on simplified 2D bridge models timaight not capture accurately the dynamic
behavior of a full 3D bridge modelTherefore, these results sibe verified with 3D FSI
analyses that will more accurately capture the dynamic bmhafthe bridge. In addition,

more realistic waves should be used in ordenture thathe tsunami waves are simulated
accurately. However, due to the complexitytloé FSI analyses, these numerical results
should also bealidated against other numerical software tools and ideally with an FSI
experiment.To this endthe second part of this study focdse conducting largscale

hydrodynamic experiments, which wtesented in the following chapters.
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2.4Summary

The first part of this chapter focused on analytical calculations for predicting the
tsunami loads and expected resistance on a specific bridge. Utatsu Bridge, a bridge that
was extensively damaged in the 20Great East Japan Earthquake was used as a case
study. This bridge had two types of spans with different number of girders and a different
height, which seemed to have failed in different ways. The spans with a larger number of
girders and a smaller heigtranslated horizontally shearing the steel stoppers, while the
other type of spans seemed to have been uplifted and overturned leaving the stoppers with
minor damage at some piers and no damage at others. Simplified equations for predicting
the tsunamidrces on bridges were selected from the literature and used for Utatsu Bridge.
In addition, a simple approach for estimating the resistance of the bridge against horizontal,
vertical and overturning failure considering both the weight of the bridge aadigapf
the bearings was implemented. Comparison of the estimated tsunami loads with the
resistance of the bridge using the simple analytical calculations, could not explain the
observed failure modes of the two bridge spans, indicating that the tsumengiaiion of
bridges is a complex phenomenon that it still not fully understood. More advanced methods

for determining the tsunami effects on bridges need to be employed.

To this end, three numerical models were developed dwdnaed fluidstructure
interaction analyses were conducted using the ALE method HDYSA. The three
numerical models were different in size and used different ways to simulate the tsunami
inundation, with the first model using a small volume of water with initial velocity and the
other two models using the ddmneak approach for creating bores. These were equivalent

2D models with four different bridge configurations, which switched between a rigid and
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a flexible superstructure, and between pinned and flexible bearings, in osfedyahe
effect of theflexibility of the superstructure and tkennectionsReview of the inundation

process and the calculated tsunami forces demonstrated the existence of:

1 a shortduration peak in the horizontal loadtla¢ time of the initial impact

1 a simultaneous uplift load with a longer duration and a smaller amelthan the
horizontal load

1 trapped air between the girders of the bridge interacting with a cezlotdwise
rotating wave flow in the chambers, and

1 adownward load as the bridgeclés overtopped by the wave

The advanced FSI analyses also revetiatthe total forces the connections were
in some cases high#ran the applied loatalculated from the integration of pressures),
and thigs probablydueto the dynamic responsétbe bridgeBoth the superstructure and
substructure flexibility seemed to influence thgpliedtsunami loads and the tsunami
forces in each connectiolm particular for the bridge models with springs all the bearings
are equally sharing the total lmwntal tsunami load, however for the bridge with pinned
connections the offshore bearings are witnessing maximum horizontal forces that are twice
as much as in the rest of the bearings. In addition, for both the bridge models with pins and
springs, the ugt forcesin the offshore bearingsere significantly largethan theuplift
taken by theest of thebearingsAs a matter of fact, ithe former case the offshore bearings
attracted all the uplift force at the initial impact of the wave on the brifligis. is an

important finding because it indicates that for bridges impacted by bores, the offshore
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bearings and connections should be designed for larger tensile forces that the rest of the

bearings, otherwise they could fail first and lead to a progeessiNapse mechanism.

Given the fact that the previous FSI analyses used simplified 2D models, the results
presented in this chapter should be verified against 3D FSI anahaesvill more
accurately capture the dynamic beloawf the bridge. In additiordue to the complexity
of the FSI analyses, these numerical results should alsealated against other

numerical software tools and ideally whigdrodynamicexperimers.
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Chapter 3: Large scalehydrodynamic experiments in the O.H. Hinsdale
Wave Research Laboratory

3.1lIntroduction

The advanced fluidtructure interaction analyses presented in teipus chapter
yielded interesting results and gave an insight into the forces that the bridgectons
have to withstand during tsunami inundation. The offshore bearings were seen to take
larger vertical forces than the rest of the bearings due to the existence of a large moment
that resulted in the rotation of the bridge. Moreover, the analyse®rstrated the
significance of the bridge flexibility and the dynamic fhattucture interaction (FSI) when
the bridge was impacted by tsunami waves. Since the field of FSl it is at its infancy meaning
that most of the available computational method® mt been validated for the impact of
a multiphase fluid on a flexible bridge with significant displacements, and given the fact
that the specific FSI method in H{3YNA that was used by the author for the previous
analyses was dependent on several nuraleparameters, it was considered necessary to

validate these results with hydrodynamic experiments.

As was stated in the first chapter of this dissertation, the likelihood of significant
scaleeffects in smaiscale experiments has been highlighted irviptes studies. This
likelihood emanates from (a) the difficulty of properly scaling the stiffness of the structure
and (b) the inability to scale the atmospheric pressure (Martinelli et al 2010), as well as
from (c) the distortion of the scale when theisicompressed by a wave (Takahashi et al
1985). Therefore, in an attempt to advance the-sfatiee-art it was deemed critical to

conduct the hydrodynamic experiments at the largest possible scale. Other major reasons
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for conducting largescale experimes, in addition to minimizing the scaédfects, was the

fact that they will allow (i) the construction of the bridge with the same material as the
prototype ones (reinforced concrete and structural steel), (ii) the use of design methods and
components agsed in current practice (e.g. shear studs, deck reinforcement, shear keys,
crossframes, bearings, bent caps), and (c) smaulation of the flexibility of the

superstucture, substructure and connections in the ipossibly realistiavay.

3.2Bridge specimen
3.2.1 Design of composite bridge

For the hydraulic experiments conducted in this study a composite bridge model
with four I-girders was designed and constructed at a 1:5 scale. -ftheni@& dimensions
of the bridge deck are 3.45m length and 1.94dthwirhese dimensions were intentionally
chosen to be equal to the ones of the bridge used in the study by Bradner et al (2010), so
that comparisons between the two experiments can be conducted. That study focused on
the effects of hurricane waves ooastal bridges and it was unique because (a) it was the
first study conducted at such a large scale and (b) it considered the dynarrstrélaidre
interaction via the simulation of the substructure flexibility using equivalent horizontal
springs. Inteestingly, the aforementioned study revealed that the horizontal flexibility
increased both the horizontal and vertical forces that the bridge had to withstand (Higgins

et al (2013).

Given the inplane dimensions the bridge and all the components wergnéesi

assuming that the structure was located on the West Coast of the US in a Seismic Zone 3
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and a site class B. This was done because there is a likelihood of tsunamis inundating the
west coast if a large magnitude earthquake occurs along the Cascallietisuozone. In

the preliminary phase of the design of the bridge specimen it was decided to use a
composite steel bridge instead of an RC bridge with concrete girders in order to avoid
possible cracking of the girders during the shipping of the bridge Reno to Corvallis.
Moreover, the steel components (girders, cfomsies, gusset plates) could be more easily
modified than the concrete ones during the experiments in order to examine different

configurations (e.g. adding/remiag diaphagms, adding aoffit slab).

The prototype bridge was analyzed following the AASHTO LRFD Bridge Design
Specifications (2012) and the resultant forces and moments were scaled down to a 1.5 scale
and were used for the design of the model bridge specimen. All the loachetiors and
requirements specified in AASHTO were considered in order to design a realistic bridge
in accordance with the current practice. Loads considered included dead, live, wind, fatigue
and earthquake among others. For the seismic design, respecisa &g several cities on
the west coast (e.g. San Francisco, Seattle, Anchorage) were generated using the USGS
website. The chosen response spectra had As=0.8&4,.89 and §1=0.33g. Limit states

for strength, constructability, service, fatigue aratfure were considered.

As shown in Fig3-1 thebridge has fousteel girdersvhich areconnected with.-
shapecrossframes at the end supports and at third poifite. steel girders were W8x13,
and were readily available in the US marl&htgle anglesvere used at the intermediate
crossframes to satisfy slenderness ratios and prevent local buckling and lateral torsional

buckling during the construction process. At the supports double angles were used as cross
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frames in order to resist the large forcksing the extreme event. The detailing of the
crossframes is shown in Figure& The details of all the bridge components are shown in

Appendix B.

For the shear connectors both the strength and the fatigue limit state were
considered. Twolear connectrs with 0.95cm diameteeach and a pitch of 5.1cm were
welded on the flange of each girdar order to achieve theomposite behavior with the
deck. The pitch of the shear connectors was kept constant along the whole length of the
girders, as shown in §re 31. The deckvas constructed with concrete amasreinforced
with a steel wire with #3 rebar spaced at 0.10m in both directibhs reinforcement was
placed at the mitheight of the concrete slabhe thickness of the slab is 5.1 cm, the haunch
is 1.0 cm and height of the steel girders is 21.3Ewor. the design of the slab and its
reinforcement, service limit states, strength limit states and extreme events (including
vehicular collision) were taken into account. In addition to the limit statesfisgeloy
AASHTO, the RC bridge deck was also checked against the live load that the bridge would
have to withstand during the preparation of the experiments to ensure that it will not fail

when several students were standing on the bridge.

Two different bearingtypes were designed and used for connecting the
superstructure to the substructure, including steel bearings as well as plain elastomeric
bearing pads. The elastomeric bearings were designed per Method A of AASHTO (2012)
to allow forthermal expansion. The bearing dimensions were 6.5 cm diameter and 1.27 cm
height, and were manufactured by Scougal Rubber Corporation, who conducted material

testing to meet all the AASHTO Specifications. Shear keys were also designed to take the
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lateralearthquake load and transfer it to the bent caps. The shear keys consisted of steel
angles L6x 6 x (1/2) with two stiffeners 0.95cm thick each. Tablé 8hows a summary

of the main characteristics of the bridge model.

Table 31: Summary of bridgeharacteristics

Bridge Type

I-girder Composite Bridge

Deck Type

Reinforced Concrete

Deck Dimensions

3.45m x 1.95m x 0.05m

Deck Reinforcement

Steel wire with #3 rebar spaced a
0.10m in both directions

Girders W8x13, height=0.21m
Girder Stiffeners Welded steel plates, 0.635cm thic
Crossframes Steel angles L1x1x1/8

Steel angles L6x6x(1/2) with two
Shear keys stiffeners 0.95cm thick each
Shear Studs 2 at 5.1cm with D=0.95cm

Steel bearings

HSS 8x2x(5/16)

Elastomeric bearing pads

Circularwith D=6.5cm, H=1.27cm

Bent caps

HSS 7x5, L=2.5m

Weight of bridge deck

12.62kN
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3.2.2Construction othe composite bridge

The bridge specimen was designed by UNR and was constructed by Reno Iron
Works (RIW).Figure 33 shows the steel components of the bridge during their assembly
at the facilities of RIW. The stiffeners were welded to eaginder, while the singlangle
intermediate crosBames were welded to gusset plates, and once both components were
ready then the gusset plates were bolted to the stiffeners of the girders forming the frame
of the bridge. Following the completion of the assembly of the steel members, the bridge
frame was moved in the yard and formwork was attached, as shown in Fguih8

steel wire was installed at the rheight of the deck before the concrete pouring.

Figure3-3: Assemblyof the bridge steel members at the facilities of Reno Iron Works
(RIW)
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Figure3-4: Bridge with formwork before the concrete pouring at RIW

3.2.3Assembly in the Larg&caleStructures Laboratory at UNR

Since the experimental setup was very complex and consisted of a large number of
connecting elements and bolted connections with regular sized holes (only 1/8 in larger
than the bolt sizes) was critical for the success of the project to ensure that everything
will fit together. Therefore, the two rddlSS7x5bent caps that were initially designed and
constructed by Bradner et al (2010) were shipped from OSU to UNR. In order to
accommodatehie new bridge type the bent caps had to be modified by welding two steel
plates on top of the bent caps. These plates were machined to a very tight tolerance in order
to meet the flatness requirements set by the load cells manufacturer, which were attached
between the girders and the bent caps. Additional connecting plates between the bent caps

and the load cells as well as between the load cells and the bearings were also designed and
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constructed, as shown in figuret3Once the fitting process and thetmmentation of the
bridge was successfully completed in the La8gale Structure Laboratory at UNRsS

shown in Figures -5 and 36 - all the components were disconnected and shipped

separately to Oregon State University.

Figure3-5: Four steel bearings connected to the bent cap€top sheatkey in contact
with the top plate of the elastomeric bearings and thedan(topright), and details of
the connections between the girders, steel bearings, load cells and bent cap,(bottom)
during thepre-testassembly in the Larg8cale Structures Laboratory at the University of
Nevada, Reno
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Figure3-6: I-girder bridgeconnected to the steel bent capsing thepretestassembly
in the LargeScale Structures Laboratory at tieiversity of Nevada, Reno
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Figure3-7: Instrumenting the bridge with strain gageshe LargeScale Structures
Laboratory at the University of Nevada, Reno

3.3 Hydrodynamic experiments
3.3.1Facility

The experiments were conducted in the Large Wauen&l(LWF) at the O.H.
Hinsdale Wave Research Laboratory (HWRL) at Oregon State University. The flume is
104.24 m long, 3.66 m wide, and 4.57 m deep, and is shown in Figuréh& maximum
depth for tsunamiype wave generation is 2 m, and the maximum waaight for this
depth is 1.40m. The LWF is equipped with a pistyjpe dryback wavemaker that has a
4.2m maximum stroke hydraulic actuator, which can generate both regular and random
waves, as well as solitary waves, to simulate hurritgpe and tsunarrtype waves. The

flume is equipped with a powered carriage spanning transversely the flume, which is
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supported on the flume walls and has a Gtapacity crane for installation of experimental
specimens in the flume. Moreover, the LWF has a movable/aljadtathymetry made of

20 square configurable concrete slabs. The flume includes a series -bblesltwith
vertical patterns every 3.66m along the flume for supporting test specimens as well as the

concrete bathymetry slabs.

Side View
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Figure3-8: Large Wave Flme (LWF) facility with default bathymetry in the O.H.
Hinsdale Wave Research Laboratory at OSU (sounttg://wave.oregonstate.edu/large
waveflume)

3.3.2Flume bathymetry and bridge location in the LWF
3.3.2.1CFD and onavay FSI analyses

As wasdiscussed in the first chapter of this dissertation several of the studies
conducted to date have simulated the tsunami waves as bores, while other studies used
unbroken solitary waves due to their simplicity and available mathematical description.

Briggset al (2009)escribe the tsunami waves as long gravity waves that are changing in
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height and shape as they reach shallow waters, due to the beach slope and bathymetry.
These waves can break, ending up traveling ashore either as rising tides or beagsg)gndi

that at the location of coastal bridges it might be more realistic to simulate the tsunami
waves as bores than unbroken solitary waves. Nonetheless, one of the goals of this
experiment was to use both unbroken solitary waves and bores, in an attedepttify

the differences in the tsunami forces introduced by the two different wave types.

Various studies have been conducted to study the complex phenomenon of wave
breaking, among whiclPeregrine (1983) and Ghosh et al (2007) presented a detailed
description of the different phases encountered by a plunging wave, including the onset of
wave breaking, wave overturning, plunge point, oblique spligsisecondary plunge and
multiple splashup events. Following these multiple plunging and splagbs events, a
guastistate bore will eventually form. Although, there exist multiple wave breaking criteria
(e.g. Munk 1949 and Grilli et al 1997) that could predict when the breaking will start, it is
still unknown (a) how much time and distance will take ftbmonset of the breaking until
the formation of the bore, and (b) how much will be the height of the Betermining

these two unknowns was critical for the design of the hydrodynamic experiments.

To this end, several Computational Fluid Dynamics (CiiDjlels of the whole Large
Wave Flume at OSU were developed, as shown in Fig@eaBd extensive numerical
analyses were conducted. The parametric CFD analyses examined different bathymetries

with slopes of 1:12, 1:24 and 1:36, and aimed to identify:

1 Theappropriate combination of slopes/bathymetry that pelimit the testing cd

wide range oboth unbrokersolitary wavesandbores
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1 The optimumdistanceof the bridgespecimen from the wavemaker, which will be
determined by the distance required forfibrenation of the bores,

1 The elevation of the bridge specimen, which will be determined by (a) the height
of the quassteady bores, (b) the vertical pattern of holes along the flume, and (c)
the goal to inundate the bridge as much as possible, and

1 The required wave matrix that will be able to impact the bridge

The CFD analyses were conducted inr®NA (Hallquist 2014) again. However, this

time the new incompressible solver, called ICFD (Del Pin et al 2014), was used instead of
the compressible one. Theriner code has significant advantages over the latter one for
problems involving water wave propagation and-Badace flow, because it is an implicit
code allowing the user to specify the thstep based on the CFL condition, reducing
consequently theequired analysis time by an order of magnitude in some cases. The code
solves the NavieBtokes equations, uses the Level Set Method for tracking the fluid
interface and includes various turbulence models, such as the Large Eddy Simulation

(LES), making ittherefore possible to simulate the wdoreaking.

Another useful capability of the new solver is the coupling with the mechanical
solver in LSDYNA for solving fluid-structureinteraction (FSI) problems. For the FSI
coupling a partitioned approach isedsmeaning that the fluid and solid equations are
uncoupled. Both onevay and tweway FSI coupling can be implemented. In addition, both
weak and strong coupling can be achieved, depending on whether the mechanical solver

runs explicitly or implicitly. Thecode uses an ALE approach for simulating the motion of
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the structure in FSI problems, allowing it to handle large displacements of the solid body

during the interaction with a fluid.

In the 2D computational model of the LWF, the bridge structure wadateduas
a rigid boundary, which means that the wavielge interaction and bridge response were
not considered in order to reduce the computational time. The wavemaker was simulated
using shell elements (Figurel®) that moved horizontally with a predmed motion. The
wavemaketwater interaction was simulated via erway FSI, meaning that the wavemaker
affected the fluid but the fluid did not affect the motion of the wavemaker. Since the
wavemaker had to undergo significant displacements in the modeh wére in the range
of 3.5m for the largest waves, special commands were used to allow the surface nodes to
move with the wavemaker using an ALE approahwas done for the volume mesh of

the fluid - otherwise the analyses failed prematurely.

The prescribed motion assigned to the wavemaker in th®lYSIA model was the
actual motion that the wavemaker will undergo in the experimental tests, and this was
calculated using the solitary wave generation theory. The wave generation theory used by
the pistortype wavemaker in the LWF of the O.H. Hinsdale Wave Research Laboratory,
is the one described by Goring and Raichlen (1980) and Hughes (1993). Readers are
welcome to examine the derivation and all the details of the theory by accessing the above
studies.For the purpose of this dissertation only the main equations for calculating the

displacement of the wavemaker are presented below:



60

WEOD —20 0O WE (3.1)
&) 20 Q (3.2)

- 0z0
0 (3.3

T2°Q

In the above three equations, h is the water depth, H is the wave height, g is the gravitational
acceleration, c is the celerity of the wave and Xo(t) is the wavemaker displacement history.
Since Xo(t) is on both sides of equation 3.1, this means that particular water depth

and wave height the displacement of the wavemaker can be calculated numerically (e.g. in

Matlab) via iterations.

CFD models with different fluid mesh sizes were developed, starting from a mesh
size of 10cm and going down to 1.25cas shown in Figure-BO0. In addition, different
time-steps were also examined ranging between 0.01sec and 0.0025sec. In a 104.24m long
and 4.57m deep flume the 10cm mesh was considered a reasonable starting point.
However, the results revealed that ef@na large solitary wave with H=1.20m in a 1.16
water depth, breaking did not occur, despite the fact that the wave height/water depth ratio
exceeded the 0.78 limit introduced by Munk (1949). This indicated that the 10cm could

not resolve accurately theeesurface of the wave, and the mesh size was reduced.

Figure 311 shows the contours of the fluid velocities close to the wavemaker for
two CFD models, (a) one with a 10cm mesh size and 0.01lsecti@peand (b) another
one with a finer mesh equal tcb2m and a timastep equal to 0.0025sec. Some relatively

small differences can be noticed in the fsegface of the fluid. As the wave propagates
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along the flume and reaches the second flat section where h=1.16cm the model with the
fine mesh starts brealg as expected (Figureld), while the model with the coarse mesh
does not break. Following the first plunging the wave in the former model keeps breaking
with multiple splaskups and plunges, while the wave in the latter model still does not
break, as stwn in Figure 312. The different models demonstrated that the viaeaking

was very dependent on the mesh size and thediepe and most of the parametric studies
were conducted using the 2.5cm mesh size. The model with the 1.25cm mesh size was also
predicting the wave breaking and was capturing even more local fluctuations and details
than the model with the 2.5cm mesh size, however it was computationally too expensive.
Figure 314, shows the snapshots of the wave propagation and breaking, withetheriat
described by multiple plunges, as was observed in the experimental study by Ghosh et al

(2007).

The computational analyses were run on the High Performance Computing Cluster
at UNR, using up to 106ores per analysi§.he analysis time ranged bewvel day to
several days depending on the mesh size anddiegpeThe results of the numerical
analyses stwed that a 1:12 slope followdsy a horizontal bathymetry 40.2m prand
another 1:12 slope at tleed was the most appropriate. Thepsl@t the bginning would
causean increase of the wave height due to shoaling, anddatereaking othe wave in
some cases, while the slogiethe end would dissipate teeergy of the wave. In addition,
theoptimum location for the bridgeas between bays 14 ah8, in order to kow for the

bore to form aftethe wave breaking and still inundate the bridge.
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LS-DYNA keyword deck by LS-PrePost

Time= 17975 Fringe Legend
Contours of Fluid velocity (magnitude) 4,088e+00
min = 0, at node #20815

max = 4.08762, at node #18817 38830400
Contours of 3.679e+00

min=0, at elem# 0

max=0, at elem# 0 3.474e+00

3.270e+00
3.066e+00
2.861e+00
2.657e+00
2.453e+00
2.248e+00
2.044e+00
1.830e+00

1.226e+00 _|
1.022e+00
8.175e-01
6.131e-01
4.088e-01
2.044e-01
0.000e+00 _|

Figure3-9: Full-scaleCFD model of the Large Wave Flume at Oregon State University,
with the adjusted bathymetry and the bridge specimeniBY.SA (to scale)

Figure3-10: Close image of two CFD models with 10cm (left) and 2.5cm (right) fluid
mesh size respectively at the location of the wanader.



63

LS-DYNA keyword deck by LS-PrePost "
Time = 255 Fringe Levels

Contours of Fluid velocity (magnitude) 0.000e+00 4.741e+00
8

min = 0, at node #513
max = 4.74092, at node #31830 0.000e+00 4.504e+00

LS-DYNA keyword deck by LS-PrePost
Time = 254

Contours of Fluid velocity (magnitude) X 4.725e+00
min = 0, at node #20815

max = 4.72474, at node #401728 4.489¢+00

Fringe Levels

Figure3-11. Snapshot of the contours of the fluid velocities close to the wavemaker for
two CFDmodels with 10cm (top) and 2.5cm (bottom) mesh size respectively
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LS-DYNA keyword deck by LS-PrePost

Time = 9.51 Fringe Levels
Contours of Fluid velocity (magnitude) 0.000e+00 6.000e+00
min = 0, at node #6592

max = 6.00037, at node #31412 0.000e+00 5.700e+00

LS-DYNA keyword deck by LS-PrePost :
Time = 9.51 Fringe Levels

Contours of Fluid velocity (magnitude) X 7.247e+00
min = 0, at node #20815
max = 7.24704. at node #298466 : 0.885¢+00

Figure3-12 Snapshot of the contours of the fluid velocities at t=9.51sec, for two CFD
models with 10cm (top) and 2.5cm (bottom) mesh size respectively
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LS-DYNA keyword deck by LS-PrePost

Time= 1143 Fringe Levels
Contours of Fluid velocity (magnitude) 0.000e+00 5.017e+00
min = 0, at node #6592

max = 5.01715, at node #34680 0.000e+00 4.766e+00

LS-DYNA keyword deck by LS-PrePost :

Time= 11435 Fringe Levels
Contours of Fluid velocity (magnitude) X 7.878e+00
min = 0, at node #20815
max = 7.87753, at node #177575 : 7.484e+00

Figure3-13: Snapshot othe contours of the fluid velocities at t=11.43sec, for two CFD
models with 10cm (top) and 2.5cm (bottom) mesh size respectively
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Figure3-14: Snapshot of the contours of the fluid velocities during the wave propagation
and breakingfor the CFD model with 2.5cm mesh size and a wave with H=1.20m and
d=2.0m
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3.3.2.2Preliminary hydrodynamic testing without the bridge specimen

The parametric CFD analyses presented in the previous section identified the
optimal bathymetry and bridge laton. However, given the fact that the plunging wave
breaking is a very complex phenomenon that was seen to be dependent in the
computational analyses on both the mesh size and thestepet was decided to perform
preliminary wave tests in the Large WaFlume before the installation of the bridge.
These experimental tests identifi¢ke onset of breaking point, the location of the
formation of the quassteady bore, and its height, confirming visually the estimations
found with the numerical moddhterestingly, although according to the simple solitary
wave breaking criteria (Munk 1949) the wave breaking should have happened between bay
4 and 5, it was observed in the preliminary wave tests that the onset of breaking actually
happens further down, tveeen bays 8 and 9, and the gustelady bore is formed after bay
12. Therefore, the bridge was installed between bays 14 and 15 and the bathymetry was a
combination of two inclined sections with a 1:12 slope and a flat section, as was determined

by the CID analysesThe final bathymetry and bridge locatiareshown in Figure 5.

iston type wave-maker esistance wave gages -Acoustic wave gages
1 2 /R 3 4 5 6 9 10 11 12 /- 13 /-Adluitab\t‘ slabs
/ / | | I —| ‘ £ / ]
z#" - ! i I ! el =] . S =
I - T
TR
\-AD\.'s \-Bridge model

Figure3-15: Crosssection of thd.arge Wave Flume (LWHR)epicting the bathymetry,
bridge location and flume instrumentation
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3.3.3Testing frame and installation in the flume

Steel bent caps with an HSS7x5 section where used, as in Bradner et al (2010).
Although the bridge was not designed for tsunami loads but was instead designed according
to existing guidelines and current praetithe load cells, the rails, the carriages and the
connections below the bent cap had to be designed for the tsunami loads to avoid any
damage during the tsunami experiments and ensure proper measurement of the parameters
of interest. To this end a numeal model of the bridge with all the major components was
developed in the commercial software CSI Bridge (2017) licensed by Computer &
Structures. Inc, as shown in Figurd@. The total horizontal and vertical tsunami loads
were estimated based on thaitable literature, and were applied on the bridge as static
loads to find the distribution in each connection. These forces were multiple times larger
than the forces introduced by the hurricane waves tested by Bradner et al (2010), which
exceeded the capity of the rails and the carriages. Therefore, the bent caps were
furthermore modified by adding additional connections (carriages, load cells and steel

plates) between the tesame and the bent caps.

Figure 317 shows the final experimental setup at the bridge location. The main
components include the test frame (W18x76), which is bolted to the walls of the flume, the
rails with the rollers (carriages), the bent caps, the horizontal links/springsednags
(steel/elastomeric), the shear keys and the bridge deck. The rails with the rollers should not
provide any resistance due to negligible friction, so that the horizontal stiffness of the
substructure is represented by the horizontal springs/littkehed to the bent cap.
Moreover, vertical and horizontal load cells were installed both at the level of the bent caps

and at the level of the girders, and are shown with yellow and goderrespectively.
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The load cells below the girders were addedrder to capture the vertical force
that each bearing and connection has to withstand, while the load cells below the bent caps
were added in order to find the forces that will go into a tedemn bent. The other
significant reason for using load kselt both levels, was to check the quality of the
experimental data and gain confidence in the obtained information. If the tsunami vertical
load was a static load then the total vertical force calculated by the load cells at the two
levels would be theasne. Therefore, comparison of the timstories of the recorded total
vertical forces from the two sets of load cells is expected to give an insight into the dynamic

effects. To distinguish between the vertical forces measured below the girders and below

the bent cap, the former ones wil/| be refe
connectionso or fAbearingso while thap | atte
connectionso or fApierso. | t heimaxial stiffiess waso t e d

not modeled in the experimental setup. Similarly to the case with the vertical forces,
horizontal forces were recorded in both the shear keys and the substructure links/springs,
in order to verify that the friction at the radller interface has a negligible effect, and

increase the confidence in the experimental data.

Once the bathymetry and the bridge location were finalized, the set up of the

experiments in the large wavel flume started, following the steps below:

1 Installationof the concrete slabs to form the bathymetry of the flume
1 Installation of the flume instrumentation with simultaneous installation of the test

frame at the bridge location
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Installation of the rails on the test frame, connection of the load cells tollérs ro

and then connection of both components to the rails.

Installation of the bent caps on the vertical load cells (Figtir&)3

Addition of new steel plates on the top face of the bent caps, connection of the
vertical load cells to these plates, andatiation of the bearings on the load cells
Moving the bridge in the flume using the crane and installation of top of the
bearings (Figures-38 and 319)

Installation of the pressure gages, accelerometers and displacement transducers on
the bridge, and aaistic probes in the flume at the location of the bridge

Filling of the LWF with water (Figure-20)

Figure3-16: Numerical Model of the bridge setup in CSI Bridge
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Figure 317: Crosssection of the experimental setup at the bridge location deptbéng
major components (testaime, bridge specimen, bent caps and connecting elements)

Figure3-18: Installation of the bent cap on the load cells that were connected to the test
frame
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Figure3-19: Installation of the bridge with steel bearingghe LWF
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Figure3-20: View of the bridge specimen with the LWF empty (top) and filled with
water (bottom) before the hydrodynamic tests
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3.4Wave Matrix

In the preliminary design phase of the hydrodynamic experiments three different
water depths wereonsidered including 1.80m, 1.90m and 2.0m. However, for the finalized
bathymetry (Figure 35) the CFD models with the refined mesh revealed that the bores
could not fully inundate the bridge when the water depth was 1.80m, and consequently this
case waslropped from the wave matrix. A shown it Tabk2 &nd Table 3 two water
depths were used including the 1.90m and 2.0, and a range of waves with heights between

0.36m to 1.40m.

It must be noted that the experiments were conducted in two different, stéttpes
each stage having a different wave matrix. As shown in TaBlén3he first stage, two
water depths and two types of wavesnbroken solitary waves and bofieswith input
heights between 0.36M70m for the former waves and between 0.8040m br the
latter ones. In the second stage of the experiments only a 2.0m water depth was examined,
however three different wave typesinbroken solitary waves, a longer wave with an error
function (erf=10sec), and turbulent boiiesind additional wave heitdh were tested. In

total 420 hydrodynamic tests were conducted in the LWF.
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Table3-2: Wave heights and water depths tested in the first stage of the experiments

Water Depth (m) | Wave height (m) Wave Type

0.46 Solitary
0.52 Solitary
0.65 Solitary

1.90 0.80 Bore
1.00 Bore
1.10 Bore
1.30 Bore
0.36 Solitary
0.42 Solitary
0.55 Solitary
0.70 Solitary

2.00 0.90 Bore
1.00 Bore
1.20 Bore
1.40 Bore

Table3-3: Wave heights and water depths tested in the second stagesgptrenents

Water Depth (m) Wave height (m) Wave Type

0.36 Solitary
0.42 Solitary
0.50 Solitary
0.55 Solitary
0.62 Solitary
0.70 Solitary

2.00 0.80 Bore
0.90 Bore
1.00 Bore
1.20 Bore
1.40 Bore
Unbroken with erf T=10s
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3.5 Structural Matrix

In the current experimental study, twelve bridge configurations of a straight bridge
were tested. Seven of these test cases were focusing on the effedbraddgbdlexibility
on the dynamic wavestructure interactiorand the tsunamiofces introduced in the
connections. Details of these configuratians shown in Table Bothtest cases ST1 and
ST2have a rigid link (rod) at the substructure level, which does not allow the bent cap to
move laterally. The difference between the twofmurationslies in the connection of the
girder to the load cells on top of the bent caps, which in the former case is established with
steel bearingwhile in the latter this is done with elastomeric bearings (flexibleg. steel
bearings in ST1 restt all degrees of freedom, while elastomeric bearings with the shear
keys in ST2allow rotations and vertical displacements of the bridge but restrict the
horizontal displacement€omparison of these two bridge cases is expected to give an

insight into tle role of the flexibility of the connections during the tsunami inundation.

Test cases ST3 and ST4 are different than the two previous cases since the
substructure flexibility is now modeled explicitly using a linear horizontal medium spring
(flexible) anda soft spring (very flexible) respectively instead of a rigid rod, as a link
between the bent cap and the bracket connected to the flume wall. These springs were first
designed and usday Bradner et al (2010)yhere the stiffness of the medium spring was
selected to represent the scaled fundamental period of the protetgp&ridge over
Escambia Bay. The spring stiffness was 458 kN/m for the medium spring and 107kN/m
for the soft spring. Ladiut not leasttest case ST11 was similar to case ST2 howeer
shear keys were removed and the bridge deck was allowedate and translate both

vertically and horizontallyrestricted only by th#éexibility of the elastomeric bearings.
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Bridge configurations ST2B and ST3B were conducted in the second $tidfige o
experiments, and were similar to the configurations ST2 and ST3, respectively, of the first
stage. The main difference was that in the first stage each bent cap was connected to the
test frame via three load cellsepresenting a threeolumn berit while in the second stage
only 2 load cells were used below the beap, representing a twalumn bent. The
middle connection was dropped in the second stage because the measured uplift forces
were smaller than the ones predicted by the simplified preelitsunami equations used
in the design of the first stage. The second stage was also beneficial because it provided
the chance to subject the bridges to additional wave heights and wave types, and to repeat
previous wave heights in an attempt to chebk tepeatability of the measured

hydrodynamic and bridge parameters.

The other five bridge configurations shown in Tabig, 3ocused on the second
part of the objectives presented in chapter 1, which included (a) the deciphering of the role
of the airertrapment in bridges with diaphragms, (a) the determination of the variation of
tsunami forces for different bridge types, such-gsder and bosgirder bridges, and (c)
the investigation of the use of aients in the deck as a mitigation strategy agasusmamis.
Bridge configuratior8T5 is similar to ST2 but in addition wooden diaphragms are attached
at the location of the crodgmmes. The diaphragms are sealed with caulk and are
consequently expected to trap the air between the girders when themwagates the
chamberBridge configuration ST6 was built based on configuration ST5 with the addition
of a thick wooden slab at the bottom. This soffit slab was connected to teesgirdd the

diaphragms, forming thus a bgxder bridge. It must be noté that the goal for this
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configuration was to simulate the geometry of a -goser, and not the exact

superstructure flexibility of an actual bgyrder.

Bridge configuration ST7 is similar to ST5 but this time eight2&in dianeter
holes were drilledn the deck. The total area of the-a@nts was 0.85% of the deck area.
Comparison of the data from the aforementioned configurations will shed light on the
effectiveness of the awrents in reducing the uplift tsunami forces for bridges with
diaphragmsln an attempt to study the effect of the number of/airts 18 more holes were
drilled in the deck forming bridge configuration ST9. Last, in bridge case ST10 the
diaphragms were removed in order to examine if the venting would have an effect on the

uplift forces thatHgirder bridges with crosBames have to withstand.

Table3-4: Bridge cases focusing on the role of the dynamic faaidcture interaction

Substructure Stiffness Connection Type
I%r;dsgees F\’_igid Med_ium So_ft Ste_el Elasto_meric ?(23? cgr? rr: ;g{%ns
link spring | spring | Bearings| Bearings

ST1 W W () 3

ST2 W w () 3

ST3 W w W 3

ST4 w w W 3
ST11 ) w 3
ST2B o W w 2
ST3B w W w 2
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Table3-5: Bridge cases focusing on thale of airentrapment, the variation of tsunami
forces relative to the bridge type, and the use e¥eiits as countaneasures against

tsunamis
Substructure| Connection
g Stiffness Type H

Bridge Shear . ) Venting
Cases o Elastomeric | Keys Diaphragmsy - Soffit (%)

Rigid link X

Bearings

ST5 w w w w
ST6 w w w w w
ST7 w w w w 0.85
ST9 w w w w 1.70
ST10 w W W 1.70

3.6Instrumentation

3.6.1Flume Instrumentation

Since one of objectives of the current study was the development guagty
database that could be used for validation of hydrodynamic models and CFD methods by
research groups around the world, the wave flume was heavily instrumented. Wave
hydrodynamics were measured in the experiments using redigteewave gages,
acoustic probegressure gages and ADVsdn particular, 13 resistivéype wave gages
were irstalled along the length of tHeime to measure the fresurface elevation and
capture the praggation of the waves (shoaling) and the complexipimeenon of plunging
wave breakingMoreover, 5acoustic probewere installed at the location of thedge to
track the overtoppingrocess, and 16 Vectridd ADVs were installed at four different
locations in orderd measure the flowelocities and dermine the velocity profile. In

addition, two pressure gageere added at the same locatwith two velocityprofiles, to
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measure the hydrodynamic pressure. Tabtei8 showing the bays of the Large Wave
Flume that were instrumented, the correspondisguments and their exact location. The
acoustic probes are not shown in this table because they were not installed at the exact
location of a bay, but were instead installed in an array between bays 14 and 15, with two
probes installed in front of and tued the bridge and the rest installed along the width of

the bridge. Similarly two wave gages are also not included since they were installed in an
array between bays 8 and 9. It is worth mentioning that all the instruments were surveyed

in order to identy the exact location and facilitate the comparison with numerical codes.

Table3-6: Flume instrumentation and corresponding locations

Bay 3 4 6 7 8 9 10 11 12 13 17

Distance | 17.73| 21.49| 28.80| 32.44| 36.10| 39.66| 43.01| 47.09| 50.74| 54.38| 68.92

Wave | 2 | A | A | A | A| A| A| A| A| A A

gauges

Pressure i ) i A i ) ) ) ) A )

gauges

Elevation 1.224 1.211

(m)

ADVs - A - A - - - - - A A

E'e"a(t:g;‘ 0.923 1.243 1.233| 1.506
1.846 1.844 1.84 | 1.824
2.461 2.469 2.137| 2.128
2.756 2.766 2.452

2.752
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3.6.2Bridge Instrumentation

In addition to the extensive flume instrumentation, the bridge was extensively
instrumented in order to measure both the tsunami impact pressures, as well as the bridge
response in terms of accelerations, displacements, strains and forces, and obtalatasefu
for (a) the development of new and (b) validation of existing FSI methods. To this end, 12
pressure gages were installed on the steel girders and on the concrete deck to capture the
impact pressures at certain locations, shown in Fgl and Fig.3-22. In addition, 3
biaxial accelerometers together with 2 vertical and 2 horizontal string pots were installed
on top of the concrete deck, to capture the bridge response along the horizontal and vertical
axis. The accelerometers were installed at threations on the top surface of the bridge
deck, two of which were next to the offshore and onshore lifting lugs. Vertical string pots
were installed at similar locations with the two aforementioned accelerometers (offshore
and onshore lifting lugs), sodhboth type of instruments can capture the rotation of the

bridge.

The horizontal string pots were attached to stiff tubes, which were bolted to the two
bent caps, to measure their displacements ()3 For the bridge configuration ST11
two Novotechiks displacement transducerere added between the bridge deck and the
stiff tubes to measure the relative displacement between the deck and the bent caps.
Moreover, 24 strain gages were installed on the steel-tnarsgs to get an estimation of
the fores carried by each member, and understand the load path from the girders to the

connections.
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Furthermore, 16 submersible load cells were installed to measure the forces in
certain members and connections. In particular, existiAg@Rand 50kip load cels were
used for measuring the vertical forces below the bent caps aig Ifad cells were used
to measure the horizontal forces in the rigid links and flexible springs. Additionaily, 10
kip load cells were purchased and installed below each girderlessvea the shear keys.
Due to the long lead time of the additional load cells, part of the experiments were

conducted without the load cells at the shear keys.

Tsunami Wave 7
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—
] ; i v iH [
o o o o
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3.861m
Adjustable Slab
,—lo 5 o o
1 : ;,| . e 4 ﬂ;‘ . :
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Figure 321: Crosssection of the experimental setup at the bridge location depicting the
major components and the bridge instrumentation
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Figure3-22: Plan viewof the experimental setup at the bridge locatlepicting the

location of the load cells and pressure gages installed on the bridge

3.7 Data acquisition system

To accommodate tHarge number of instrumentation and the need to have certain

parameters recorded at different rates than other ones, three different DAQ modules were

utilized. Two DAQs were part of the O.H. Hinsdale Wave Research Laboratory (HWRL)

equipment and the thildAQ was a portable one that was borrowed from the Earthquake

Engineering Laboratory at UNR. From the two HWRL DAQs, the master DAQ was

sampling at a rate of 50Hz and was storing data from the flume instrumentation (e.g. wave
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gages and acoustic probes), hhe slave DAQ sampled at 10000Hz and stored data from
the bridge instrumentation (pressures, accelerations, load cells, string pots). The UNR
DAQ stored also data from the rest of the bridge instrumentation including strain gages
and load cells, and santed at a rate of 5000Hz to 6000Hz. The higher sampling rate of the
bridge instrumentation was selected in order to capture the impulsive response of the

bridge.

3.8 Summary

This chapter has described the design of laagde hydrodynamic experiments of
tsunami inundation of a coastal bridge, to complement previous FSI analyses and gain an
insight into the complex physics of was&ucture interaction. The experiments were
conducted at the largest possible seaie1:5 scale in order to (a) avoid possible scale
effects associated with smaltale experiments and (b) use a realistic bridge model made
out of the same material as prototype bridges, with structural membec®mpdnents
according to current practice, and simulation of the flexibility of the superstructure,
substructure and connections in the most possibly realistic way. Therefore, a composite
bridge model with four steel-dirders and irplane dimensions 3.45m 1.94m was
designed at the University of Nevada, Reno and constrbgtedno Iron Works. The steel
girders were connected with crefsames at third points and at the end supports. The bridge
deck was made of concrete, reinforced with a steel wire amiected to the steel girders
via shear studs to ensure a composite behavior. Two different bearing types were designed

and used for connecting the superstructure to the substructure, including steel pesirings
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well as plain elastomeric bearing padshia latter case steel shear keys were also designed
to transfer the large seismic lateral forces from the deck to the supports. The bridge and all
components were designed according to AASHTO LRFD Bridge Design Specifications

(2012), assuming that the brelgvas located on the West Coast in a Seismic Zone 3.

The hydrodynamic experiments were conducted in the Large Wave Biutine
O.H. Hinsdale Wave Research Laboratory (HWRL) at Oregon State University. The bridge
with the bent caps and most of the assedi@bmponents were passembled in the Large
Scale Structures Laboratory tae University of Nevada, Rerto ensure proper fitting,
disassemblednd then shipped to OSU for testing in the HWRL. One of the objectives of
the project was to examine bothlmoken solitary waves and turbulent bores, in order to
identify possible differences between the wave effects on coastal bridges caused by the two
wave types. Since wadareaking is a complex phenomenon, especially the plurtgpe
one, despite the studieonducted to date on this topic and the available wave breaking
criteria that could predict the onset of wave breakingethee still two major unknowns
In particular,the two unknowns includ@) the time and distance thaill take from the
onset ofthe breaking until the formation of the bore, andtfi® height of the bore, and
both of these unknowns wexgitical for the successfuldesign of the hydrodynamic
experimentsTo determine these unknowns several moglelsh different mesksizes and
time-steps; of the Large Wave Flume with the wavemaker and the bridge were developed
in LS-DYNA and extensive parametric FSI analyses were conducted usingaagne
coupling of the ICFD and Mechanical solvers. These analyses determined (a) the
appropriate ombination of slopes/bathymetry that will permit the testing of a wide range

of both unbroken solitary waves and bores, (b) the optimum distance of the bridge
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specimen from the wavemaker, (c) the elevation of the bridge specimen, and (d) the
required wavenatrix that will be able to impact the bridgéhe wave matrix included two
waterdepths(1.90m and 2.00mand treetypes of wave$ unbroken solitary waves

longer wave with an error function (erf=10sec), and turbulent boveh input heights

betwe@ 0.36m1.40m

In the HWRL hydrodynamic experiments the bridge was connected to the bent
caps, which were supported via linear guide rails and rollers on a test frame bolted to the
walls of the flume. In this experimental setup the piers were not explmitideled,
however their flexibility was simulated via the use of horizontal links/springs. Moreover,
vertical load cells were installed both below the bent caps and below each girder, in order
to capture the vertical force that each bearing and connéetsoto withstandComparison
of the total verticaforces from the two sets of load cells are expected to (a) identify the
role of dynamics and (b) increase the confidence in the experimental data. Horizontal load
cells were installed at the level of thent cap and on the shear keys in order to measure
the horizontal tsunami forces introduced in the bridge connections. In addition to the
connection forceghe bridge was extensively instrumented in order to measure the tsunami
impact pressures, as wel the bridge response in terms of accelerations, displacements
and strains. Apart from the extensive instrumentation of the bridge specimen, the flume
was also heavily instrumented with resistive wave gages, acoustic probes, pressure gages,

and ADVs to mesure the wave hydrodynamics.

The structural matrix of the experiments included twelve bridge configurations of

a straight bridge. Seven configurations focused on the effect of the bridge flexibility on the
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dynamic wavestructure interaction and the tsunduorices introduced in the connections.

The role of the flexibilitygenerated bya) the bearings, (b) the existence/removal of the
shear keys, and (c) the substructure, was comprehensively studied. The other five
configurations focused on (a) the role bé tairentrapment in bridges with diaphragms,

(b) the variation of tsunami forces for different bridge types, suckgaddr bridges with
crossframes and diaphragms, as well as-goxler bridges, and (c) the investigation of the

use of airvents in theleck as a mitigation strategy against tsunamis. Apart from a physical
insight into the aforementioned topics, the wide range of experiments with the extensive
instrumentation of both the flume and the bridge specimen are expected to develop a high
guality database that can be used by research groups around the world for: (i) examining
the accuracy of existing empirical predictive equations for tsunami loads and development
of new ones, (ii) devefament calibraton and validaton of hydrodynamic models, @F
methods and FSI approachesstructures with significant inertia and large displacements,
and (iii) development of recommendations and design guidelines for establishing tsunami

resilient bridges.
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Chapter 4: Dynamic characteristics of thebridge

4.1 Hammer impact Tests
4.1.1 Horizontal direction

In an attempt to identify the dynamic characteristics of the bridge, impact hammer
tests were conducted prior to the hydrodynamic experiments. In particular, twelve
hammer tests were done to coddferent bridge specimens (ST2, ST3, ST11 and ST15)
and two directions. In most of the cases the input force was recorded by instrumentation
attached to the hammer and the response of the bridderms of accelerationwas
measured using accelerometattached to the deck. In some cases, in addition to the
acceleration of the bridge deck, horizontal forces in the shear keys and substructure link
as well as vertical forces in the bearings and bent cap connections were also measured.
Based on the recded time histories FFTs were generated and the excited frequencies

were identified.

In all these tests an 8lb hammer with two different tip materialeod and
rubber was used and the sensitivity to the tip material was examined. As shown in Figure
4-1 the wood tip introduced a higher magnitude and lower duration impact pulse than the
rubber tip-as expected since it is a significantly stiffer mateaald distributed the
impact energy over a large range of frequencies up to 1000Hz, while the rubber tip
resulted in a smaller range up to 400Hz. The aforementioned numbers correspond to a
horizontal impact on the side of the overhang for the bridge with elastomeric bearings,
shear keys and a rigid substructure (ST2). The duration of the impact was 0.G0%llsec

0.0017sec for the rubber and wood impact case respectively. As shown in F&yane 4
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Table 41 the different impact materials resulted in a different bridge response with the
wood exciting a small number of low natural frequencies and a large nofrtiigh
frequencies up to 751.88Hz and the rubber exciting a larger number of frequencies
mainly in a lower range up to 266.25Hz. Interestingly, the two tests also excited several
common modes and the corresponding frequencies determined by the tvemtiffer
hammer tests were similar (e.g. 30.13Hz and 31.88Hz) with a maximum difference up to
6.7%. This indicates that despite the different materials there is repeatability and

consistency in the measurements.

The relatively small difference between the freqcies from the two tests can be
possibly justified by the friction generated between the shear keys and the girders during
the impact, which can be affected by the impact rate. In addition, since the horizontal
impact was at the edge of the overhangraotcat the center of mass, this is expected to
have introduced moment in the system causing a slight rotation of the bridge with sliding
of the girder on the shear keys, after which the bridge did not come to rest at the exactly
same initial position, chgmng slightly the point of contact between the shear keys and
girders for the next hammer test. The last possible reason for the differences between the
frequencies is the automatic procedure that was developed in Matlab for identifying the

local maxima irthe FFTs.
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Table 41: Sample of excited frequencies (Hz) during two horizontal hammer tests with
different tip material for the bridge wittlastomeric bearings, shear keys and rigid
substructure (ST2)

Hammer Test #9 Hammer Test #10
Wood Rubber
(td=0.0017sec) (td=0.0051sec)
15.75 17.25
30.13 28.13
43.75 31.88
49.50 39.63
103.00 42.75
176.63 46.38
182.13 53.50
204.13 60.75
262.13 74.25
272.25 77.63
337.25 104.13
399.50 109.38
543.25 169.38
558.38 182.13
646.75 207.13
658.88 243.88
726.50 263.13
751.88 266.25

4.1.2 Vertical direction

Inspection of the recorded frequencies by the two hammer tests revealed that the
most appropriate hammer tip material was the rubber since the frequencies of interest
were in the lower range. Therefore, for the hammer tests in the vertical directiohenly t
rubber tip was used. Since most of the bridge configurations had elastomeric bearings
with shear key$ apart from ST1 that had steel bearings and ST11 that had elastomeric
bearings without shear keyshe vertical hammer tests were conducted onlypie

bridge configuration, namely ST3. In particular 4 different hammer tests were conducted
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in the vertical direction, with two hammer tests impacting at the center of the bridge deck
and two other tests impacting at the overhang. The former tests teen@tatg to excite

a vertical translation mode and the latter ones a rotational mode along the longitudinal
axis. In these two groups of tests the bridge acceleration was recorded at the center of the

bridge in one test and at the edge of the overhargifotlowing test.

As shown in Figures-4 and 45, despite the fact that the impact pulse was
similar in shape and duration concentrating the energy in the same range of frequencies
for all vertical tests, the location of impact as well the locatioh@fé¢cording of the
bridge response affected the frequencies that were excited and also the contribution of the
main modes in the response. Nonetheless, as shown in Tapteete were multiple
modes which were excited in all four tests and the correspgrfrequencies obtained
from the FFTs of the bridge response were similar in all tests with a differen2&61%
Interestingly the fundamental mode had a similar frequency in all four 24s88(22.13
22.00 and22.00 indicating that the vertical trafational mode and the rotational mode

along the longitudinal bridge axis have very close frequencies.
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Table4-2: Sample of excited frequencies (Hz) during vertical hammer tests for bridge

case ST3
Hammer Test #5 Hamr;g rTest Hammer Test #7 Hamr;se rTest
21.88 22.13 22.00 22.00

- - - 33.88
52.25 53.00 53.13 52.75
61.38 62.00 61.38 61.75
80.63 80.38 79.63 80.38

- - 95.88 94.25

- - - 104.50
144.63 142.63 141.75 146.25
150.69 - 150.38 -

- 180.75 - 179.25
188.13 188.13 188.88 188.00
204.06 197.13 - -

- - - 228.13
238.06 240.25 238.00 237.25

- - 261.25 261.63

- 272.63 - 272.13
288.38 - - -
365.00 - - -

- - - 373.50

4.2 Hammer tests vs analytical calculations

The excited fundamental frequencies obtained from all hammer tests and for
different bridge cases are shown in Tabl& 4t must be noted that the two fundamental
frequencies shown fdrammer test #13 were determined from the FFTs aflikar key
forces and the horizontal deck acceleration respectively. In most of the cases that multiple
hammer tests (with different tip materials or different point of impact) were conducted
for the saméridge specimen and in the same direction there was very good agreement in
the fundamental frequencies, however in one or two cases the numbers were different. In

order to understand the possible reasons for this difference and clarify which frequency
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corresponds to each mode it is important to compare the results from the hammer tests
with simple hand calculations. In this view, hand calculations were conducted using the
measured weight of the bridgehich was 2838Ibf and the elastomeric bearing stéBs

(shear, axial, bending) was calculated using the properties provided by Scougal Rubber,
the manufacturer of the bearings. Moreover, the medium substructure spring that was
initially designed and used in the study by Bradner et al (2010) was subjeetddlt

tests prior to the hydrodynamic tests and the stiffness of one spring was determined to be
equal to 1216In/in which is slightly less than the 1307Ib/in (458kN/m /2=229kN/m)

reported by the previous researchers.

Using the aforementioned propertaasd assuming that the bridge behaves as an
SDOF with a rigid deck and a spring with a stiffness equal to the shear stiffness of all
bearings in bridge case ST11 and to the stiffness of the two substructure springs in bridge
case ST3, the horizontal fundami& frequencies are 5.43Hz and 2.18Hz respectively.
Following a similar procedure in the vertical direction and assuming that the vertical
flexibility comes only from the bearings neglecting thus the friction between the girders
and the shear keys, a fuardental vertical translation frequency equal to 20.59Hz is
obtained. This vertical fundamental frequency is in a good agreement with the hammer

tests that gave 21.88F22.0Hz.

In the horizontal direction the comparison between the hand calculations and
hammer tests is not as good as in the vertical direction, with the hammer tests giving
7.63Hz and 3.25Hz for bridge cases ST11 and ST3, and the hand calculations giving

5.43Hz and 2.18Hz respectively. The difference in the horizontal frequency of case ST11
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can be possibly justified by the inaccuracy in estimating the shear stiffness of the
bearings. For the hand calculations the static shear modulus at 50%¢kRnkg3ised

and the 5.43Hz frequency was obtained, however in order to get 7.63Hz as in the hamme
tests a shear modulus twice as the one given by the manufacturer should be used. It is
well known in the literature that the dynamic shear moduéusl shear stiffness
consequentlydepends significantly on (a) the strain level and (b) the strainFate.

example, in the Natural Rubber Technical Information Sheet of the Malaysian Rubber
Producersdo Research Association, it is dem
and a shear modulus of 0.86MPa (at 50% strain) has a dynamic shear modulus at 1%
strain and 1Hz excitation equal to 1.68MPa, which is almost two times higher. Therefore,
the higher frequency of ST11 measured in the hammer tests is due to the short duration of
the impact and the strain level to which the bearings were subjected ghlee hi

frequency measured also in case ST3 might also mean a higher dynamic stiffness of the
substructure springs that were made of steel or the existence of some friction in the rails
or the excitation of a different frequency that the one assumed inridechkulations.

The exact reason for the difference will be identified in the following sections.



Table4-3: Fundamental natural frequencies obtained from hammer tests for different

bridge cases

97

Bridge Case | Hammer # Material Dlirrnerz%%tn Fre(ﬁluzincy

9 Wood Horizontal 15.75
ST2 10 Rubber Horizontal 17.25

13 Rubber Horizontal | 21.29& 22.66

4 Rubber Horizontal 3.25

5 Rubber Vertical 21.88
ST3 6 Rubber Vertical 22.13

7 Rubber Vertical 22.00

8 Rubber Vertical 22.00
ST11 11 Wood Hor?zontal 7.63

12 Rubber Horizontal 7.63

1 Rubber Horizontal 3.63
STIS 2 Rubber Horizontal 2.63

4.3 FreeVibration Tests

In addition to the hammer tests, fr@bration tests were conducted for the

flexible bridge cases including ST3, ST11 and ST15. Thevilgation tests were

implemented in two different ways, (a) slowly pushing and pulling the bridge

horizontally until esonance is reached and then letting the bridge vibrate, and (b) using a
wire to deform the bridge and then cutting of the wire. Interestingly as seen in ¥gble 4

for case ST11 the two methods seem to give different values for the fundamental
horizontalmodes ranging from 5.63Hz in the first method to 7.69Hz in the second

method. This indicated again that the slow application of displacement in the first method
compared to the abrupt release of the bridge in the second method, as well as the different
level of strains to which the bearings were subjected, influenced significantly the bearing

stiffness and subsequently the fundamental period.
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Notably, the second free vibration method and the hammer test shéwguias
4-6 and 47 seem to yield similawuhdamental frequencies. Tabl&4erifies the
observations from visual inspection of the figures and shows a fundamental frequency of
7.63Hz for the Hammer Test and the 7.69Hz for the seconeMipe&tion method. The
same table reveals an excellent agreet of horizontal fundamental frequencies between
the hand calculations and the first-fgbration method with the lowate application of
displacement for both bridge cases ST3 and ST11, verifying that the strain level and
strain rate are the two reasoior the differences seen initially. The hammer tests; free
vibration tests and hand calculations have identified (i) the fundamental vertical
frequency for all bridge cases with elastomeric bearings (21.85Hz) , (ii) the fundamental
horizontal frequencydr bridge case ST3 (2.19Hz), and (c) a range for the fundamental
horizontal frequency of case ST11 (5.63H89Hz) depending on the strain level and

strain rate.

Table4-4: Fundamental natural frequencies obtained from\filetion tests for
different bidge cases

Bridge Free Vibration Method Direction Frequency
Case # (Hz)
ST3 3 PushPull Horizontal 2.19

4 PushPull Horizontal 5.63

ST11 5 Quick- Horizontal 7.69

Release
ST15 1 PushPull Hor?zontal 2.13
2 PushPull Horizontal 2.13
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Figure4-5: Bridge Deck Acceleratiohlistories (left) and FFTs (right) for Free Vibration
Test #5for the bridge with elastomeric bearingsd no shear keys (ST11)

Figure4-6: Bridge Deck Acceleratiolistories (left) and FFTs (right) for Hammer Test
#12for the brdge with elastomeric bearingad no shear keys (ST11)

Table4-5: Fundamental natural frequencies (Hz) obtained from hammer tests, free
vibration tests and hand calculations for different bridge cases

Fundamenta| Bridge Hammer [Free Analytical

) Vibration .
mode Specimen Tests Calculations
Tests
Horizontal ST3 3.25 2.19 2.18
Translation | ST11 7.63 5.63 and 7.69 5.43
Vertical 21.88 and

Translation ST3 22.0 ) 20.59









































































































































































































































































































































































































































































































































































































































































































































































