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Abstract

The task of thishesisis to determine ithe response dafritical and essential
bridges designed using the AASHTO LRFD Bridge Design Specificatonld meet
performance requiremenighen subjected to the moderatgsmichazard present in the
state of Alabama. The design procedures for theserete superstructubgidges
involve a displacemeriiased design found in tRASHTO Guide Specificatios for
LRFD Seismic Bridge DesigrDisplacemenbased design procedures in bridges can
provide an economical and efficient design. Howeveavaatto using the
displacemenbased design procedures of the Guide Specificatalates to its
inapplicalility for critical or essential bridgesThis thesis will provide an analysis of
designed bridge behavior in the state, and determine if this belmeamreptable for
bridges classified as critical or essential. Recommendations and conclusions relating to

design wil | al so be provided for bridges
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Chapter 1: Introduction

1.1 Problem Statement

The evaluation and determination of geologic seismic behavior and hazard is a
constantly updatingrocess. New research and updated geologic analysis technologies
results in greater understanding of seismic hazaedslting in updated codes and
specificatiors. Recent research has resulted in an increased understanding of the
seismicity of the Southeast Unitechféts. This regiohas beefknown to have a
relatively low seismicity, resulting in its classificationaamoderate seismic hazarone
Alabama is one of the states in this region that has had its seismic imaxhfied
recently. Thesemodificationsmake their way into the seismic design specifications in
the form of increased seismic loads and increasenic design categories.

The Alabama Department of Transportation (ALDOT) is currently using the 17
edition of the American Association of State Highway and Transportation (AASHTO)
Standard Specificatia{Standard Specificati@for Highway Bridges2002) for the
design of precast prestressed concrete briftgeake state. Originally these
specifcations weredesignedising allowable stress design (ASD) theang havébeen
updated to incorporate principles of Load and Raste Factor Design (LRFD These
specificatiors, however, haveot been updated since 200&s a result of this lack of
updating, ALDOT has been forceddadopt a nevbridge design specificationThe new

design specificatiom selected werthe AASHTO LRFD Design SpecificatioflsRFD



Bridge Design Specifications, 2009), these specifications are based on LRFD principles
and regularly updated with the helprew research. Major changes in the recent
specificatiors revolve around the area of seismic design, prompting an update to

ALDOTOs seismic design criteria.

1.2 Problem Overview

In an effort to update seismic bridge design procedures, the Alabama Department
of TransportatiofALDOT) hasinvestigatedhe use of the ASHTO Guide
Specificatiors for LRFD Seismic Bridge DesigifPASHTO, 2011) This document use
displacemenbased criteria in theeismicdesign of highway bridges. The document was
created for use in any region of the United States, and has been tailored to account for the
most seismically active zone#é downside to using this document is its exclusion of
criteria foripechoomamdefiecsiéati al 0 bridge
are determined based on the brigigele as a transportation lifeline after a major
destructive event.

ALDOT requested that a study and analysis be performed on various highway
bridges desiged according to the guide specificaBomhese analyses assess the
behavior and performance of each of these bridges during seismic eveatsshated
to the hazard present in Alabama. Results of these analyses provide a recommasdation
to whethe or not the Guide |[@cificatiors canbe used as a design tool for critical and
essential bridges in the state of Alabarii&e followingdocumenprovides anoverview
of the work done leading up to the bridge analysis, as well as the analysis itsék and t

conclusions and recommendations obtained from the results of the an@lysisext



chapter of this thesjsrovides a background for recent seismic bridge damage found

around the world, as well as the bridge behaviors seen dursmgisavents. This

chapteralso providsinformation regarding seismic hazards in Alabama. The third

chapter of this thesis provides an overview of the methodology and procedure used in the
analyses performed for the presented research. Modeling decisions and hazard
evaludion/selection are also presented in this chapter. The fourth chapter of this thesis
presents the results taken from the analyses performed, as well as indicated some of the
key pieces of data that relate to bridge performance during seismic evenfmal he

chapter of this thesis provides conclusions and recommendations obtained from analysis

of the observed results of this research.



Chapter 2: Literature Review

2.1  Bridges in Seismic Events

2.1.1 Function of Bridges

Bridges serve a variety of importgmirposes in the realm of transportation
infrastructure. Bridges provide a transportation connection between two points that could
not be connected using standard roadways. They are planned and engineered far in
advance of construction. They are oftes thost expensive sections of transportation
systems per mile, aratelikely to control the capacity of the transportation system
(Barker & Puckett, 2007)In order for a transportation system to function, all of its
collective parts must function, thus if a bridge fails, the entire system fails.

Highway systems provide transportation for all ground vehicles and are used by
both civilian and military ground vehicles. They provide transportation for goods,
services, people aremergency services. In the event of the failure of these systems, the
flow of these aforementioned items would be drastically reduced, if not halted
completely. This fact illustrates the importance of preserving the functionality of these

systems and tlirerespective components.

2.1.2 Bridge Components
Typical components that are present in most bridges induders, deck
abutments, foundations and bents/piers. The focus of this papestrsicturalconcrete

4



highway bridges, which consist of all the@sfmentioned components. Starting from the
ground up, these bridges consist of a foundation system, connecting the soil beneath the
bridge with the substructure of the bridge. This substructure consists of abutments,
elements that connect roadway to ltiglge, as well as vertical columns and the beams,
called bent caps, which span horizontally between and connect their tops. These
ACol-Bennt Capo frames are called fiBentsodo an
the bridge. Standaddighway Bridgesuperstructures consisti@inforced concrete
decking that rests on girders. These superstructures are broken into spans, sections of
superstructure that are supported on either end by substructure.

In the case of the bridges in this research, a few oeteels can be included in
the description of bridge components. The prestressed concrete girders are simply
supported at eagndand rest on elastomeric beagipads. These bearing padst on
the surface of abutments and bent caps. These paddailowvement of the girders
relative to the substructure. Girders are also given lateral stability and stiffness with the
addition of cast in place reinforced concrete web walls. Both the bent caps and the
columns that support them consist of cast atelreinforced concrete. These are the

maincomponents tharefocused on in this paper.

2.1.3 Seismic Events

Among the many events that threaten to damage and posaidg thdailure of
bridge systems, earthquakes and other seismic related phenometizehaacity to do
significant damage in many areas throughout the United States and around the world.

Chen & Duan definearthquakes iBridge Engineering Seismic Desiga



A n at uoccarting proadbanded vibratory ground motions that
are due to a number of causes, including tectonic ground motions,
volcanism, landslides, rockbursts, and nmaade explosions, the most
important of which are caused by the fracture and sliding of rdckga

tectonic faults within the Earthodéds c¢crus

Ground motion is a primary result of earthquakes, but it is not tharapbct
worth mentioning. Tsunamis, like the one tbeturredoff the coast of Japan as a result
of the 2011T @ h cEkrihquakegan caus damage on par or greater thia@a resulting
ground motions of earthquakes. Fissures, like those caused in Taiwan during@te Chi
event (September 211999),0pen in the soil and rock near the site of an earthquake as a
result of displacemenhat occurs along faultdeep underground. These fissures can
cause massive displacement differentials in any structure that rests above them, often
resulting in large scale damage. Liquefaction is also an important event that can result in
certainso |l t ypes dur i lngyefaationhas beert widglyuadd & descrilie a
range of phenomena in which the strength and stiffness of a soil deposit are reduced due
to the generation of pore water pressure. It occurs most commonly in loose, saturated
s a n (Chked & Duan, 2000) These occurrences are difficult to account for because they
are hard to accurately predict in both frequency and scale.

Earthquake ground motiomdso trigger other destructive events. Landslates
lateral spreading can cause damage to structures and roadways, and are produced by
ground motions in certain soil conditions. Mamade disasters can also result from

damage caused by ground motions, an example beimgdlagion leak of the Fukashima



nuclear reactor that occurred as aresult ofthe Z0#lh o k u Ear t hquake .
common result of widespread damage in populated areas affected by large ground
motions. Structural collapse can also occur in severe ground motions, resulting in
massive economic costs as well as the possibility of human casualties.

Earthquakes present a large economic and safety hazard for many urban areas
around the world. Regions affected by severe seismic events usually require emergency
aid as well as viablerays of transporting civilians away from the areas that have become
unsafe or unfit for habitation. The importance of having functioning transportation
systems is highlighted in situations like this. Bridges and roadways are not immune to
damage howeveand steps must be taken to ensure their survival and function after

seismic events.

2.1.4 Seismic Behavior of Bridges

Bridges react to ground motions in much the same way as buildings and other
structures. Ground motions transfer forces into the foundafitire bridge due to the
bridgesnatural inertial resistance to movement. These foundation forces transfer through
the substructure of the bridge and eventually reach the connection between super and
substructure. The forces are then transferred thrthegimterface of the super and
substructure. The result of these forcedeiformationof the effected components of the
bridge. This movement can be defined by a combination of displacements, velocities and
accelerations.

In the case of simple highwayrder bridges, some generalized behavior can be
described. Due to the supersubstructure connection consisting of friction bearing

pads, itcan beassuned that the superstructwskdes with respect to the substructure.

Fi



The overall systerbehavslike two separate systems interfacing with one another at the
bearing pad loations. The superstructupehavs like a stiff beam (simply suppad),
while the substructureehavslike a rigid frame consisting of columns and beams. The
largest proportiomf masss located in the superstructure, giving it more inergésponse
to ground motioraccelerations

Bridges, like all structure$iave certain characteristics that can be used to predict
seismic behavior. Mass distribution gives an indicatioto &®w the structure will
respond to forces in the form of motion. Stiffness helps to predict the distribution of
forces throughout the structure. A fundamental structural peaipdrameter that
dictates dynamic behaviaran be establishagsing a redtion of both of these
parameters.The fundamental structural period representime interval of structure
oscillation. If a loading function was applied to a structure whose pisrgachilar to that
of the fundamental structural peridte structureexperiencea buildup of energy, often
with little way of dissipating that energy. These loading cases can continue until either
the stiffness or the mass of the system changes, or the properties of the loading conditions
change. Cases like these cansmacertain ground motions to become more damaging to
certain bridges. Many highway bridges have fundamental periods within the range where
earthquakemotions contairsignificant energy. This explains the existence of dissimilar
bridges having very diffrent responses to the same ground motion and it also highlights
the importance of bridges having the ability to dissipate energy during a ground motion

through the use of targeted damage zones.



2.1.5 Seismic Damage to Bridges

Seismic damage in bridges canddaded into two classegrimary and
secondarydamage. Primary damage is described as bridge damage caused directly by
earthquake ground shaking or deformation. Secondary damage is described as bridge
damage that was caused by other fagloedamagéhat resulted fronground shaking or
deformation(Chen & Duan, 2000) An example of pmary damage would be a span
becoming unseated as a result of ground motions, and the resulting girder damage caused
by the spans impact with the ground would be considered secondary damage.

This sectiorhasemphasis placed on three critical examplesrihary damage
that are typically associated with earthquake bridges failures: 1) Foundation Failure, 2)
Span Unseating and 3) Column Failure. Each of these failures have been documented in
earthquakes around the world, and are a primary concern irelatedign, especially in
regions with moderate to high seismic hazards.

Foundation failure is a broad title meant to encompass any failure of soils or
foundation elements. According to Chen and Duan, reports of foundation failures during
earthquakes are hwery common, except for cases involving liquefaction. They do
speculate that underground foundation failures may remain undetected, keeping a
significant number of failures unreported. Despite being rarely reported, foundation
failures remain a critiddailure mode of bridges, whose importance should not be
overl ooked. AFoundati on dnauceddperalameadingi at ed
has probably been the single greatest caus
(Chen & Duan, 2000) Examples of foundation failure and lateral spreadiegulting

from 2010 Maule Earthqualaan be seen in the following figures presente &y et al.



(2011). Figure 2.1 displays a bridge abutment that has displaced enobgheto
separated from one of its support pilé=igure 2.2 contains a photograph taken of the
settlement of a bridge foundatiathis bridge, the eastern approach to Llacolen bridge, is
discussed later in this section due to a span unseating. Examfdesadsdtion settlement
that did not result in bridge collapse can be found in Figure 2.3 and Figure 2.4. An
example of lateral spreading can be seen in Figure 2.5, which can cause additional

foundation loading pressures.

Settled 1.3 ft (0.4 m);
separated .82 {1 (0.25 m)

Figure 2.2: Ground settlement and lateral movement of eastn approach to Llacolen bridge
(Yen, et al. 2011)
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Figure 2.3: Column settlement under approach to Juan Pablo Il bridggYen, et al. 2011)

Bridge !
)

Cracks

Scttlcmgnts

Figure 2.4 Differential settlement underneath first span over water at northern end of Juan Pablo Il
bridge (Yen, et al. 2011)
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Flgure 2. 5 Lateral spreadlng and ground failure at old Ramadlllas brldge(Yen et aI 2011)

Unseating of spans is a commonly observed phenomenon in bridges that fail
during earthquakes. This behavior is especially prevalent in simply supported bridges
with shorter spans and seat widths. Unseating refers to the girders of a span becoming
dispaced to a large enough degree resulting in a complete loss of vertical support
provided by the bent cap that they are resting on. This situation results in a massive loss
in vertical strengttand overall stabilityor the span, and can cause other eldmeha
bridge to become damaged or fail. If enough of the girders experience unseating, a total
collapse of the span may occur.

Earthquakes that occurred in California during the 80s and 90s highlighted this
downside of simply supported, simple span ¢pesland resulted in design changes away
from these types of bridges. These types of failures have also been observed around the

world in recent years. THgaihwa Bridge a reinforced concrete bridge with a 500 meter
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long viaduct and a height of 30 metaras constructed in 2004 in China, experienced a
span unseating and collapse during the 2008 Wenchuan Earthquake. This unseated slab
can be seen in Figure 2.6. Reconnaissance indicateal ldat of sufficient support

length along with insufficient restiners wa®bserved for this bridge, as well as other
damaged bridges in the regi@rn, et al. 2008) An eastern approach span of the

Llacolen Bidgeand multiple spans of the Tubul BridgeGoncepcionChile

experiencedEan unseating during the 2010 Maule Earthquake as seen in Figure 2.7 and

2.8(Yen, et al. 2011)

Figure 2.6: The unseatedslab of Baihwa Bridge(Lin, et al. 2008)

vz rcwlsuw'w\‘ TS

Bailey bridge

Figure 2.7: Unseating of simply supported span in eastern approach to Llacolen Bridge
(Yen, et al. 2011)
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Figure 2.8: Unseated spans of the Tubul Bridg€Yen, et al. 2011)

Modern seismic design practices in bridge engineering seek to allow displacement
and inelasticity to absordnd dissipatenergy from ground motions. Columns are
designed to contain areas of high ductilitgttivill form plastic hinges during ground
motions. These plastic hinge zones rely on strong connecting elements (e.g., bent caps,
foundations) tallow yielding to the hinge zoneithout failure of other elementdf this
behavior does not occur propedyonrductile columnor connectiorfailure could result.
Column failure is the last damage case discussed in this Chapter. Failure of a load
carrying member, such as a column, can result in severe damage to total failure of a
bridge. Column failure is tén the primary cause of bridge collaj€den & Duan,
2000) In regions of high seismicity it is important to design and detail reinforced
concrete columns with ductility and inelastic deformation in mind. Most damage to
columns can be attributed to inadequate detailing, resulting in limited deformation
capacityand energy dissipation. Detailing inadequacies can produce many different
failures within a column, including a combination of flexural, shear, splice or anchorage
failures(Chen & Duan, 2000) Proper detailing is meant to provide both flexural
strength, as well as shear strength to a column. A flexural failure of a column occurs

when tke column rotational capacity is exceeded, eithestbgng ground motions or
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excessive deflections of the bridge. Flexural failures can be identified by broken or
elongated rebar seen at hinge zones, as well as rebar completely uncoupled from any
concrete. An example of a flexural column failure candansn Figure 2.7 as a result of

the 2011 Christchurch Earthquake, this particular column first experienced shear failure
that weakened it, resulting in a flexural failuhee to rebar bucklinVotherspoon, et al.
2011) A shear failure occurs in a column when the shear resistance of the column is
exceeded; a difficult failure to design for given that the shear strength of a column can be
diminished during a bridges response to a ground motion. Another factor that makes
desiging for shear failure difficult is the fact that the shear forces resisted by a column
relate directly to the stiffness of the bridge, thus a stronger column will be subjected to a
larger shear force. Shear failures are identified by steep diagonahgrémoughout the
center or ficoreo of a reinforced concrete
entire diameter athe core, and in some casEsnpletely dilate the core into discrete

blocks of concret¢Chen & Duan, 2000) An example of shear failure can be seen in

Figure 2.8, in the case of a column supporting the Juan Pablo Il Bridigaepcion

Chile.
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Figure 2.9: Moorehouse Avenue Overbridge pier flexural buckling failure(Wotherspoon, et al. 2011)

Figure 2.10: Shear failure in column at north end of Juan Pablo Il Bridge(Yen, et al. 2011)

2.2 Modeling and Analysis Method

The focus of tt8 project involved analyzing the behavior of specific bridges
modeled using computer software. The software chosen wiasi@g 15, a structural
design and analysis program with the capability of nonlinear dynamic response history
analysig(Computer and Structures Inc., 201Ziven the need for an accurate model of
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bridge behavior during ground motions, as well as accurate analysis of nonlinear
elements, the Timeélistory Analysis method was selected for usthia projet. This
methodrequires accurate bridge informatidiStructural and Geotechnicdtpm design
documents, as well as an accurate suite of scaled ground motions meant to simulate

earthquake events.

2.3 Ground Motion Selection

Time history analyses of nbmear structures require an input of acceleration data
in order to function. Many factors are involved in the selection of acceleration data, chief
among them being probable hazard associated with the location of the structure being
analyzed. Sectiond.. 4 of AASHTOGOG s sgates teerequirpneents fora c at i o
Nonlinear Time History Method Analysis (NTHM). AASHTO requires at least three
ground motions be used for NTHM, with less stringent performance requirements being
placed on analysis involwg seven or mor@AASHTO, 2011) For this particular project
a range of seven to ten ground motions were selected for two different levzdsda
designlevel hazard, meant to represent the hazard of a 1,000 yerdr(&an selected
ground motions), and a maximum credible earthquake (MCE) hazard, meant to represent
the seismic hazard of a 2,500 year event (seven selected ground maofioms).
probabilistic exceedance of these levels are 7% in 75 years and 2% iar§0 ye
respectively. The selection process is similar to the process us&btyiguezMarek

(RodriguezMarek, 2007)
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2.3.1 Selection and Scaling

Ground motions have a variety of unique characteristicsted to beccounted
for when seleted fora Time History Analysis.Each ground motion neetis have
similar parameters to that of the chosen hazBatameters like Peak Ground
Acceleration (PGA\ distance fom the fault and site class akused in selectionfo
ground motions. Accepted ground motiorerethen scaled according tesponse

factors discussed in the next chapter.

2.4  Modeling Considerations

Accuracy of bridge models is an important aspéctisplacemenbased and
performancebased design. Massaatiffness make up the majority of calculation
parameters used during nonlinear time history analysis, and taking account of these
parameters and how they behave is paramount. Changes in stiffness are the primary
nonlinear behaviors thareaccounted foin bridge models for these types of analysis.

Without these behaviors, accurate results cannot be recorded.

2.5 Summary

This chapter reviewebe functions of bridges, and the role they play during a
seismic event Seismc bridge behavior and damagéeen highlighted in this chapter
an effort to focus attention on key design concepts, as well as provide an overview on the
complexities of seismic bridge analysis. The practices and guidelines set forth by
AASHTO and other design aids take into actamany different scenarios and factors in

an attempt to ensure both survival and function of bridges under seismic loads. The
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methalology and philosophies outlined in this chami@ntinue to be used throughout the

remainder of this project and thesis.
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Chapter 3: Analysis Procedure
3.1 Introduction
The first part of this thesis is the overview of information that has been selected
for use in the project detailed within. The factors that led to the selection of ground
motions, bridges, model connection dgs and material behaviare alldiscussed, as
well as simplifications that were chosen to expedite the analysis prdoéssnation
was selected using research and procedures from proggicised in the past, as well

as engineering judgment.

3.2  Selecton of Bridges

All bridges analyzed in this project were selected from a list of existing highway
bridges in the state of Alabama@he seismic design details used in the anallyaise
been updated to the mo $StideSpedfieationin adkritda i on o f
analyze designs according to current ¢adewell as anticipate future bridge design in
the state. The bridge selection process revolved around threefactgos:seismic
hazard(based on locationkoil condition and bridge geometrgeverhighway bridges
were considered for this analysis, but only five were chosen based on the aforementioned

factors.
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3.2.1 SeismicHazard

The geography of Alabama is not constant throughout, although some
generalizations can be made for the purposei®ptioject. The southern portion of the
state tends to rest on deep layers of sandy soils. These regions also tend to have little
exposure to seismic activity. The hazard originates in the Northwest region of Alabama
(New Madrid Fault Zone), or in theauntainous region at the border of Alabama,

Georgia and Tennessee (East Tennessee Seismic Zone). Bridges in South Alabama tend
to face a greater wind hazard than a seismic hazard. This information, in combination
with soil conditions, led to the elimitian of most of the southern bridge designs.

Bridges that were selected for use in this project tended to be located in the northern
section of the state where the foundation conditions were similar to what would be
expected in the areas of highest setstyli Selected bridges outside of this region still

displayed characteristics consistent with bridges in the region.

3.2.2 Soil/Geologic Conditions

Geotechnical data became a defining factor in the selection of applicable bridges.
Soil classifications at site locations can play a major role in overall earthquake hazard and
structural performance. Soil information was included along with the bridgs p
provided by ALDOT for this project. This soil information was used in the bridge
selection process because it not only correlated tb the dlgcaidnsn the state, but
also correlated to the foundation types used in the bridges.

Geological prperties helped create expected soil conditions throughout the state

in regions without specific data. Basic generalizations were determined for different
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regions of the state, and helped classify bridges, as well as estimate which bridges could
be designe in specific regions. The more mountainous regions of Alabama tended to
have a soil layer between ten to thirty feet deep, resting on a hard rock layer.

Foundations for these particular bridges consisted of drilled shafts that founded the bridge
to therock layer. Other locations in northern Alabama consisted of deeper soil layers,

but still utilized similar foundation systems. Regions in central Alabama with similar soll
conditions included bridges with pile group foundations, these bridges were also
considered to be constructible in areas of higher seismicity, and thus were not dismissed
in the selection proces3.he bridges selected were bridges that could be constructed in
higher hazard regions of Alabama, whalBocontained foundations that ageitable for

soil found in these regions.

3.2.3 Bridge Geometry

A bridgeds geometry contributes signifi
with tall columns and long spans will have a lower stiffness compared to a bridge with
shorter spans and shortetwans. In addition to component lengths, component
dimensions aralso a factor in bridge response. For the purpose of this project it was
important to collect a range of bridge geometry in order to realistically account for a
spectrum of possible bridgkesigns. Bridge configurations that included steel girders or
concrete girdrs with changing thicknessegm not considered for this project. Bridges
that did not include bearing pad supports were also excluded from this project due to
significant anafsis effort being placed on bearing pad behavior and the goaep

connection.
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3.2.4 Final Selection

A total of five bridge designs were selected for use in this project, all meeting the
conditions requiredA list of these bridges and their locatsren be seen ifable3.1
A map of the bridge locations can be seen in Figure Bhk. Little Bear Creek Bridge
was selected due to its location in the North West corner of the state, as well as its usage
of two different girder sizes and bearing paésalong its three span These
discontinuities provideunique dynamic behavior, like a tendency for a structure to
deviate from its first mode shape. The soil conditions at this particular site consisted of a

relatively shallow soil layer, as to be expatin this region of the state.

Table 3.1: Bridge Locations

Number Bridge Location
1 Little Bear Creek Russellville
2 Scarham Creek Albertville
3 Norfolk Southern RR Gadsden
4 Oseligee Creek Lanett
5 Bent Creek Road Auburn
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Figure 3.11: Bridge Locations

The Scarham Creek Bridge wié® second bridge selectft this project. The

Scarham Bridge contained the tallest and largest bent columns, making it one oféghe mo

flexible bridges. Concretaratswereusel in the bent design in an effort to reduce the

unbraced length of the columns. These struts presented a unique opportunity for dynamic

element observation, since they appédan have been overdesigned for the purpose of

stability and safety. Qardesigns like these can actually become harmful to earthquake
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response if members are not detailed accordingly, so this conaifida this particular
bridge an important one to analyze. The site conditions remain typical for the region, and
the bridge $ supported by drilled shaft foundations.

The third bridge that was selected was the Norfolk Southern Railroad Bridge, a
section of 159 that spans above railroad tracks. The geometry of the Norfolk Bridge
represents a typical highway bridge. It considtisvo similar spans supported by a
typical three column bridge bent. The soil conditions present at this location resulted in
the bridge being supported amriven pile grougooting foundations.This was the first
bridge selected with these foundations, as well aglibmfirst bridge selected thages
rectangular columns instead of circular columns.

The first bridge selected outside of the northern area of Alabama was the Oseligee
Creek Bridge. This bridge consists of three evenly spaced 80 ft. spans that are supported
by two column bents. The foundation of the bridge consists wérpile foundations
that extendall the way tdbedrock. Soil at this location was determined to have poor
strength, and showed susceptibility to scour. The geometry of this bridge was an
important factor in the selection of this bridge, but its soil conditions may cause it to
behave differently than expected.

The last and largest bridge selected for theséyaes was the Bent Creek Bridge,
located in Lee County. This bridge contains two bridge spans supported by fifteen
girders each and a single five column bridge bent. The mass and stif$sesstedvith
this bridge made it an attractive option for lgse within this project.The bridge itself
is not located in a region of seismicity, but it was deemed plausible that this design could

be reused in a more seismic region of AlabaBtane of the drawbacks regarding a
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bridge this &e involve modeling aacerns. This is the second bridge to be supported on

apile footing foundations.

3.3 Selection of Ground Motions

After the selection of bridges igfformed, adeterminatiorof seismic hazard and
the ground motios that represent them must keefprmed. A total of ten scaled ground
motions (GMs) wee selected for the worst desitgvel hazard present in the state of
Alabama. Theroceduraused to seledhese ground motions involved the following
tasks:

1. Perform a probabilistic seismic hazard analysis (PpidAeach hazard

location.

2. Collect GMs that contain values and propersi@silar to those highlighted by

the PSHA.

3. Obtain a design spectra for tleeationsfrom the PSHA based on a Uniform

Hazard Spectrum (UHS) with a probability of exceedance of 795 iyears.
4. Select 712 GMswith a spectral shapgbat best match the UHS.
5. Apply scalingto the ground motions from (3) to fit the target spectra obtained

from (2).

3.3.1 Probable Seismic Hazard AnalysigPSHA)

The PSH analyses for this project were performed using the tools provided by the

United States Geological SurvdyGS (https://geohazards.usgs.gov/deagqint/2008/

Details regarding the specific the procedures and calculations used by these tools can

be found at the USGS webs{tdSGS 2013) A PSHA requires some information to run,
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including site location, shear wave velocity of the top 30 meters of a seij,@nd a
seismic event return period for the hazard. #A09f 760 m/s, corresponding to a site
class of B, was selected for Alabama, and a return period of 1000 years was selected,
being input as a 5% exceedance probability in the next 50 years (similar petiod
correlating to the 7% exceedance in the next 75 years as specified in AASHE®).
results of a PSHA analysis can be seen in the form of a deaggregatiahiploéllows
the user to see the contributions from faults and other soumestgt onto a 8
dimensional plot. The horizontal axis of the plot represents event magnitude; the vertical
axis of the plot represents distance between event epicenter and location. The height of
each bar represents the portion of contribution an event Wwasds thehazard of a
location. Figure3.2 displays the deaggregation plot for Muscle Shoals, Alabama.
From a PSHA performed for four different locations in Alabama, it was
determined that the two locations that had the highest seismic hazards werdtbast
and northwest corners of the state, with a probabilistic peak ground accel@r&m)yof
0.09095g and®.07557g, respectively. It can be observed in Figure 3.3 that Bridgeport
experiences a bimodal distribution meaning that the hazard is digfimearily by a
magnitude 5.5 earthquake at a distance of 50 km (30 miles) or a magnitu@eal &
distance of 350 km (210 miles). Using this information, a bin of about 40 earthquakes
was selected using the Pacific Earthquake Engineering ReseBtER)Eenter
database, a collection of ground motions recoatednd the world. Theseaund
motions were then sorted by various parameters such as distance from fault, event

magnitude, ground conditions, response spectrum behavior and PGA.
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3.3.2 Uniform Hazard Spectrum (UHS)

A UHS was calculated for the two most critical locations in Alabamthe form
of aDesign Response Spectr{PRS). These DRSs were calculated using maps and
equations present in Secti os TBe.twblocafionsAASHT O
selected for the creation of a UHS were Bridgeport, Alabam&/asdle Shoals
Alabama. Both locations were assumed to have soil corresponding to a site.class C
Table32provi des the site data obtained from A
bridge periods were assumed to be in the range of zero to three seconds, a8 the U
was plotted accordingly. The target spectra for the bridges are displayedie3.4
and Figure 3.5vhich shows that the hazard spectra for the two sites and the resulting
average response from the ground motions selected in the next sectiorclodtes. It
can be observed that the DRS for each site remain similar to the other, despite the
geographic distance between the two sites. The DR8uscle Shoalshows a greater
hazard for bridges of higher periods, while the Bridgeport site shayhslgllarger
hazard for stiffer bridges. This behavior can be explained by the expected event distance
between event epicenter and site location, with close proximity events typically
producing motions with higher frequencies. These higher frequenoigsnsitend to
produce higher responses in stiff structures; however these high frequency motions
dissipate energy as they travel. Longer frequency motions tend to travel longer distances
and produce higher responses in flexible structures. Due toffiieedi hazards present

for t he state, both DRS6s were used in the
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Table 3.2 Hazard Map Data

Hazard Values from map (g) Sitecoefficients Final Acceleration Valueg
Location PGA S S Fea | R | K As Ss S
Bridgeport, AL| 0.111 0.221 | 0.068 | 1.2 1.2 | 1.7 | 0.1332] 0.2652| 0.1156
Florence, AL 0.089 | 0.213 | 0.078 ( 1.2 | 1.2 | 1.7 | 0.1068| 0.2556| 0.1326

Targeted Design Response Spectrum

= Design Spectrum Bridgeport
mma Scaled AVGGround Motion

=== Design Spectrum Muscle Shoals

Acceleration (g)

Natural period (s)

Figure 3.4: Targeted Design Spectrum
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|
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Figure 3.5: TargetedMCE Spectrum

3.3.3 Ground Motion

Initially a set of 40 ground motions were selected for possible use in this project
and needed to be reduced to assst 0f7-12. The initial constraints that led to the
selection of these initial 40 included the following:

1. A PGA betweerD.007 and0.020g
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2. A site Vszpthat did not correlate to a site class of A, E or F.
3. An evert magnitude between 5.5 and 7.5
4. Exclusion of anysubduction zone events

After an initial 40 were selected, properties of the GMs were analyzed in order to
create a diverse suite of motions. The first parameter used to eliminate motions was
simply to limit the number of motions used from each event.r€aweration of a ground
motion data set with many GMaken from a single event can b&agectd behaviors, as
well as harnperformance criteria of certain bridges that may have a unique response to
the over selected event. It was decided to limigtieeind motions a single event could
contribute to two. This condition provided a decent reduction in the set of ground
motions.

The next parameter included in GM elimination was the analysis of response
spectrum produced by each GM. The behavior of eathimmon 6 s RS was e x ami
especially between a natural periodd and 3 seconds. Values these criteriavere
not specifically defined, and ground nwis were eliminated based engineering
judgment. The main factamvolved inthis selection proceswvas theompilationof a
diverseresponse spectm. Similar responses resulted in ground motions being
eliminated, as well as responses deemed too weak or two severe to be feasibly
incorporated into this analysis. Any GM that needed to be scaleddoyoa less thaf.5
or greater than 2 wadso eliminated. Tabl@.3 displays some of the properties
associated with the téBMs selected for this analysis. The RS of esglbctedsM can
be seernn Figure3.6 and Figure 3,7aswell as their average and the DRSstfa two

hazard sites in Alabamasround motions that represent the hazard present in Alabama
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can be difficult to acquire, due to a scarcity of recorded ground motions in geological

conditions found in the Eastern ithd States.

Table 3.3:Ground Motion Data

Rupture
NGA distance
Event # Event Year Station Magnitude | Mechanism (km) Vsadm/s)

San Fernando LA- Hollywood

68 1 1971 Stor FF 6.61 Reverse 22.8 317
San Fernando

70 2 1971 | Lake Hughes # 6.61 Reverse 27.4 425

Niland Fire
186 Imperial Valley| 1979 Station 6.53 Strike Slip 36.9 208
Parkfield-

333 Coalingad1 1983 | Cholame 8W 6.36 Reverse 51.8 257
N. Palm Anza- Tule Reverse

512 Springs 1986 Canyon 6.06 Oblique 52.1 685

832 Landers 1992 Amboy 7.28 StrikeSlip 69.2 271

Station #2 NTS

1741 Little Skull Mnt.| 1992 | Control Point 5.65 Normal 24.7 660
Kocaeh

1147 | Turkey 1 1999 Ambarli 7.51 Strike Slip 69.6 175
Kocaeh

1165 | Turkey 2 1999 Izmit 7.51 Strike Slip 7.2 811

1107 Kobe 1999 Kakogawa 6.9 Strike Slip 22.5 312
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An additional two ground motions were also initially included in the selected
GMs, but have subsequently been eliminated. These ground motions were synthetic
ground motions created as a prediction of future ground motions associated with a large

scale NewMadrid fault event. These GMs used soil conditions and behavior associated
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with Memphis, and the GMs indicated behavior associated with large columns of sand, a
geotechnical feature that is not associated with the regions being analyzed in this project.
A list of the final ground motions selected as well as their associated scaling factors can

be seen in Table 3.4.

Table 3.4: Ground Motion Scaling

Ground Motion DesignLevel Scale Facto| MCELevel Scale Facto
San Fernando 1 1.10 1.20
San Fernando 2 1.10 1.45
Imperial Valley 1.59 2.20
Coalingad1 1.70 -
N. Palm Springs 1.95 -
Landers 1.40 1.95
Little Skull Mnt. 1.50 -
Kocaeli Turkey 1 0.65 1.10
Kocaeli Turkey 2 0.95 1.50
Kobe 0.62 0.95

3.4  Selectionof Modeling Elements

Computer models of existing structures, especially ones used for complicated
analysis, require a balance of accuracy in geometry, behavior, and functionality. A
model that includes every detail of a structure may be consideredta¢turtanot
practical for the purpose of analysis. A structure simplified so much as to neglect
important aspects of behavior may also be deemed impractical for analysis. It is with

these ideas in mind that the models for this project were designed.
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3.4.1 Superstructure Modeling

The bridge modelg/ereinitially constructed using information taken from plans
provided by ALDOT. This information helps to build the initial geometry of the entire
bridge using the Bridge Designer toolbar found in CSI Bridfjais process includes the
specificatiors of bridge spans, bents, abutments, deck geometry, girder gepbhegiry
cap dimensions, bent column dimensions and span support conditions. Each parameter
was imported into the bridge builder as the provided degigd indicated. Once this is
done a modeling option is presented that
superstructure. The first options present are a three dimensional meshed superstructure
composed of smaller elements, representing eatipaoent of the deck, web walls and
girders. A second option is that of a spine model, a model that calculates the stiffness of
the overall superstructure, and simplifies it into a single beam element. The spine model
also neglects inelastic behaviorstthey be associated with large or deep elements.
Typically elements of simply supported spans behave elastically in dynamic motions,
elements like bridge decks and girders. Attempts at using the complex mesh model
resulted in slow analysis with an evedtéailure. This led to acceptance of the
simplified spine model. The overall performance of the spine model may not contain the
accuracy present in the meshed tkatgeensional model, but the meshed model also
accounts for and records information thatuhd not be used at the conclusion of the
analysis. Superstructure behavior was also not a cause for concern in this analysis
compared to the behavior of the substructure and connections. Thus it was acceptable to

use a spine approximation for modelirfglte bridges in this project.
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Bridges that are designed as simply supported typically contain expansion joints
at support locations. These joints consist of a small gap between spans that allows for the
expansion and contractions due to thermal and temmg displacementss well as
rotations at the end of the spart®r modeling considerations these elements needed to
have their behavior represented due to their importance in longitudinal motions. This
was accomplished by placing gap elements betwe@m alements. These gap elements
are specified as linear elements that only activate after they have compressed a certain
distance. Once the springs are activated they function like a compression spring with a
stiffness of 5000 kips/in. This stiffnessmeant to transfer a large force for a small
amount of compressive displacement over the entire span element. A similar procedure

was also performed for the expansion joint located at the abutments.

3.4.2 Substructure Model

A primary focus of this project ihe observation and analysis of substructure
behavio under the effects of a desigvel GMs. With this in mind special precautions
were taken to ensure accurate modeling and behavioral considerations pertaining to the
substructure of each bridge, bagimg with the foundation. The analytical models
incorporate geotechnical properties of each bridge in the form of-lmelér
foundations. These foundation springs have been calculated using a static pushover
analysis detailed in work done Byane(2013. Stiffness associated with each of the six
degrees of freedoims modelecat each foundation location. These miiltear springs do
not contain a specific failure limit, due to the beloawaf the spring elements in

CSIBridge. The foundation displacemts must be noted for final analysis in order to
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determine whether the displacements and rotations exceeded those generated in the soil
structure interaction model.

Columns represent the next aspect of the bridge models that needed to be
carefully modetd. Column behavior in bridges is highly dependent on accurate detailing
of the column and its connections to other elements. For this analyasisassumed that
detailing in the columns is consistent with that specifigd ASHTO. Accurate
detailingwithin columns resudin ductile plastic hinging at points determirzy
AASHTO. These hinges and their behavior are accounted for in the bridge models using
the fAidefine hinge functiono. Hi nges ar e
with defined lengths. Hingearespecified to account for multiple directions of behavior,
as well as different controlling behavior limits. Shear hinges behave in the directions of
shear and act as a sudden,-dawtile failure. Shear hinges were consideréeklan in
this project, but for a different element. The behavior needed for plastic hinges in
columns results from a ductile interacting flexemalal hinge. This hinge type accounts
for rotational and axial behavior within the element. This hinge tyas selected for the
purpose of this analysis; however this particular hinge type is subdivided further by
which directional movement it should include as well as which method is used for
behavior determination. A biaxial direction was selected dus taore accurate
application in a model that is subjected to dynamic GMs in two different global
directions. The selection of behavioral analysis method for the column is a more
complex issue that required supplementary study and testing.

The first optionthat was applicable for hinge analysis was the use of a Caltrans

specified hinge. This particular hinge type uses a simplification to determine various
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capacities of a plastic hinge in an effort to alleviate design computations as well as
provide a congeative estimation of hinge behavior. The backbone curve @altaans

Hinge can beeen inFigure3.8 andcan be observed to display a linear elastic behavior at
low rotations, followed by a sequence of inelastic behaviors meant to represent yielding
ard eventual failuref a hinge. It is recommended tisagnificanthysteresishould be
avoidedwhen using Caltrans Hinges in dynamic analy@smputers & Structures inc.

2012) An analysis was performed on a simm@éforced concrete moment frame using
Caltrans Hinges. The frame was loaded with a lateral force and results were measured to
determine the applicability of the Caltrans Hinge compared to the second hinge analysis

option, the Fiber Hinge.
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Figure 3.8: I dealized Caltrans Hinge

A Fiber Hinge analysis is a type of finite element analysis used in the
determination of hinge behaviors and capacities. It operates under the theory that a real

structural element can be modeled as a collection of smaller indhaetements, and that
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the smaller the individual elements get, the more accurate the behavior of the collection
of elements becomes. The fiber hinge model is the more complex option among the two
hinge analyses. Sections of the cross section of a merédivided into sections of
concrete and steel. Each section is analyzed based on the material properties and location
of each fiber in ordeto determine crossection behavior and capacities at given loading
conditions. Figure3.9 displaysa backbone curve resulting from a fiber hinge analysis.
fiThe fiberhinge model is more accurate in that the nonlinear material relationship of
each fiber automatically accounts for interaction, changes in menotion curve, and
plastic axial strainA tradeoff is that fiber application immore computationally
i nt e MGomputers & Structures inc., 2012)

An analysis was performed on a simple reinforced concrete moment frame using
plastic hinges. The frame was loadeth a lateral force and results were compared to
that of the Caltrans Hinge. The resulting capacities were similar, indicating that both
hinges estimated similar strengths; howetre displacements indicated that the fiber
hinge was a muciore rotatimally flexible hinge. It was determined that both hinge
types were viable and later testing would show that fiber hinges resulted in more

favorable numerical analysis behavior.
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Figure 3.9 Fiber Analysis Backbone Curve

In order to use a plastic hingemodeling, characteristics of the hinging element

need to be specified in detail. A typical frame element in CSI Bridge and SAP 2000 can

be specified with just crossection geometry, concrete strength, reinforcement layout and

steel properties. An agrate hinge will require a more-gtepth property specification.

The Section Designer tool was used to create columns in the modeling for this project.

Column designs included specification of longitudinal and shear reinforcement as well as

spacing andlear cover distances. Concrete was subdivided into confined and

unconfined sections to be analyzed using the Ma@defined and Mandednconfined

concrete properties. An axial load was also specified on the columns in the creation of a

backbone curve foeach section. These properties help to establish nonlinear behavior

where nonlinear behavior is expected.
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Bent caps andbutmentsthe last remaining substructure elements, were modeled
as elastic frame elements. They are assumed to have adeqaiitegcatd design
strength to avoid any nonlinear hinging that may cause instabilities in the bridge
structure. The size of these elements depth and stiffness should allow them to resist
moments transferred from the bent columns, allowing the use osgusption.
Abutments were also assumed to be supported with fixed foundation connections for the
purpose of this project. This property was determined when the geotechnical behavior of

these elements was not considered a major concern for this project.

3.4.3 Connection Modeling

In addition to substructure behavior, connection behavior between the anger
substructure was also a primary focus in this analysis. Special attention was paid to the
behavior occurring in this region, and the impact each of thefsaviors contributed to
that of the overall bridge. As statedSection2.1.2, the bridges in tis project all contain
a girderto-elasbmeiic bearing pad connection at the end of eaamsghis connection
detail can beseen in Figur&.10. Eachof these karing pads ismade from layers of
elastomeric material interspersed with thin steel plates (steel shims). These shims act to
reduce bulging of the elastomeric material when subjected to vertical lpéidsting
thethicknessof each individual layer of elastomeric material. It is with this in mind that
all bearing pads are initiallselectegdmeaning that the overall thickness of a single
bearing pad is determined from tm@ountof vertical load thait is designed to resist.
Additional design is performed in regards to rotational capacity of the girders along with

bearing pad dimensions allowing for enough longitudinal girder expansion/contraction.
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Figure 3.10 Example Bearing Pad Configuration(Alabama DOT, 2012)

Elastomeric bearing patiickness results in more flexible behawiuring lateral
shearing regardless of the number of steel
deformation in a lateral directiaran be determineaccording tdequation3.1 The
dimensionf each bearing pad are extrapolated from bridge design drawimdjs

Shear Modlus (G)of 135 psiwas selected from values foundarCaltrans design memo

(Caltrans, 294). Thedeflection equation will eventually change at larger forces, but can

be used for thpurposeof modeling because the shear experienced in these bearing pads
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are limited to a ceiling value determined by eventual slipping between the beading
and the girder A forcedisplacement relationship for a bearing in shear can be seen in

Figure3.11, with a plateau being reached at the point of slipping.

— Equation 3.1
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Figure 3.11 Example Bearing Pad ForceDisplacement Relationship

Research performed on a connection detail in use by the lllinois DOT, similar the
one used by ALDOT, observed a friction coefficient between 0.2 and @isShearing
padsteel plate friction connection; howeyeyclical loading resulted in reduced values
due to degradation of the rigidness of the bearing pad sBtsegiman, et al. 2012)
Dynamic friction coefficierg of 0.2and 0.4 vereselected for a lower and upper bound in
this analysisThe process of implementation can be found later in this chapter. All of
these factors contributed to the creating of fatisplacement plots for each bearing bad
in use for this projecand these plots were implemented into the model using-multi

46



el astic plastic kinetic |ink elements. Th
refers to the behavior these links exhibit during unloading. A plastic link element

recognizes unloadgof a link and follows a different stiffness than the one used in the

loading process. The manner of which an unloading stiffness is determined varies
depending on the type of plastic Iink, wit
of a friction connection.

Each bridge model is meant to be loaded in a longitudinal direction (direction of
travel) and a transverse direction (perpendicular to direction of travel). The connection
that resists motion in the longitudinal direction consists soledyliearing pad, but there
is an additional connection detail in the lateral direction that is also considered in the
model Figure3.12displaysa v i e w o ftypidalcdn@egtions consisting of both
a bearing pad and a clip angéh anchor boltsneant to limit movement in the lateral
direction. This clip angle system consists of steel clip angles fastened to the girder via
small threaded inserts and fastened to either abutments or bent caps via anchor bolts. For
the purpose of this analysis itassumed that the small threaded inserts that transfer
longitudinal or tensile forces from girder to clip angle are not sufficiently embedded
within the girder to provide any real resistance. This configuration results in & single
level longitudinal conngtion system; howevethe anchor bolt provides the clip angles
with sufficient stiffness to resist transverse forces when the movement is towards the
angle. The overall failure of this clip angle system is determined to occur when the
anchor bolts havexperienced nominal shear strength capacity. This limit state was
deemed conservative, and also selected above a failure state of the clip angles themselves

due to the girders eventual collision with the anchor bolt in the event of a clip angle
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failure. Equation3.2was usedo determine the shear capacity of an anchor bolt,

assuming adequate embedment was provided for the bolt.
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Figure 3.12 Clip Angle Connection Detail

Equation 3.2

Model ing the anchor boltds contribution
proved to be a difficult challenge. Several options were attempteadppeared accurate
in both behavior and geometry. The first option was the creation a frame element that
acted as a fuse element, failing in shear. The frame element would act in parallel with the
bearing pad link, and contain a shear hinge. This limgaon was modified to
incorporate two frame elements acting in parallel with one another, and connected to the

bearing pad link via gap links. These gap links allow only one frame element to be
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loaded in shear for each direction of transverse movenidoretically this system

would mimic the real life behavior of the bridge during transverse movement in an
accurate way. The implementation of this modeling option proved to behave differently
than anticipated. Shear hinging resulted in the elemeémg Isplit into two different

elements causing instabilities in the analysis, as well as the frame elements collecting
additional forces and moments despite releases being implemented into the system as a
measure of preventing that behavior from occurring.

The second option implemented for modeling the transverse restrainer connection
was the use of multinear elastic links in place of frame elements. These elements
require force displacement data in order to implement. Initial shear stiffness eqaoations
anchor bolts resulted in an incredibly stiff system. Implementing the calculated shear
stiffness values into elastic links created a system with large stiffness changes, resulting
in numerical instability within models. These stiffness equations theremodified to
account for displacements within the clip angle configuration, resulting in the selection of
an overall displacement of 0.55 inches between loading and failure of all clip angle
systems. This displacement was also meant to create artdretiseen all bridge
models. The resulting model functioned, but still resulted in some numerical instability
during some of the ground motions. It was also observed that this model did not
accurately replicate shear failure behavior in the model, aedvdink element was
selected, the muHinear plastic link element. This new link element has the capability to
apply failure and strength degradation that is expected with the behavior of this

connection; as well as continue to function after losgrehgth, instead of causing a

numerical instability. A Akinematico pl as
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did not match up with the expected behavi

was selected instead, based on its behawaiching that of the expected behavior of the
system. The Pivot link requires additional inputs in order to shape the unloading and
reloading properties of the link; all Pivot factors for this link were set to zero in order to
achieve desired behaviof.he implementation of this link resulted in reduced numerical
failures in many of the bridge analyses, and was selected as the best option for modeling
the clipangle connection.

The implementation of connection elements into the bridge models regnired a
additional step. A simplification was made to combine connection elements together to
form a single connection element in place of multiple connection models. This
simplification was made in order to reduce overall complexity of the models. It was
assimed that the bridge deck remains nearly rigid in its plane during ground motions,
allowing the use of this simplification. Bridges that contain bents with more than two
columns use an altered version of this simplification, multiple simplified connediion
each column location.

The final step in the modeling process for each bridge is the creation of behavioral
limits. The focus of the analysis in this project is centered on bridge behavior, but certain
information cannot be accurately known. Thig fasulted in the creation of two
different versions of each bridge model, a lower limit model and an upper limit model.
The principal difference between each of these models is the friction coefficient between
bearing pad and girder surface. The lowaurid model assumes slipping to occur at a
friction coefficient of 0.2. The upper bound model assumed a coefficient of 0.4. The

actual behavior of the bridge should fall somewhere between these two models. Another
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important range of uncertainty occurdli prediction of system damping present within
each bridge model. A method for determining and specifying a damping factor was
established and implemented based on Rayleigh damping. The theory behind this
damping method can be foumd(Chopra 2007) A model analysis was performed for

each bridge model, with certain elements altered to remain stiff or flexible, and natural
periods were recorded at the first and third mode shape for movement in lateral and
longitudinal diretions. These natural periods were correlated to a damping factor of 2%
and entered into a CSl table that calculated Raleigh damping factors. These factors are

applied to the model during the analysis procedure.

3.5 Analysis Method

The TimeHistory Analyss method was selected for use in this project. This
method of analysis functiors/ running a model, composed of stiffness and mass
properties, through a series of subsequent analyses. These analyses involve the
application of a single acceleration vatoghe model and then calculating the models
response to that acceleration using the equations of motion. The resulting model is then
subjected to a subsequent acceleration that represents the next acceleration value of a
given time history. This process repeated until the model has experienced the entire
acceleration time historyA Hilber-HughesTaylor Time htegrationMethod was used in
order to apply each ground acceleration history to the modeie. history analysis

results are recorded asesponse history.
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3.5.1 Pre-Analysis Procedure

Before the Nonlinear Time History Analysis was preformed, certain steps were
taken to ensure accurate results. The bridge models were preloaded with self weigh
loading in order to account forgelta effects. Aonlinear Time History Analysis is able
to incorporate filelta effects into its analysighusthis loading step results in the
consideration of ywelta behaviors. An additional 20 seconds of zero acceleration was
addedo the end of eaclBsM used in analsis in order toobserve the free vibration of
each bridge after an event. This allowed for the observation and recording of residual
response in each bridge. With these steps preformed analysis was then able to be

performed.

3.5.2 PostAnalysis Procedure

After analysis was complete, steps needed to be taken to ensure completed results.
All analyses were examined to have run through the entirety of their associated ground
motions. If the examined results did not result in a complete analysisaskenated
model was examined for adequate modal behavior. If this check did not indicate a reason
for failure, the nonlinear analysis parameters were altered and the analysis was performed
again. This process was iterated until a completed response wadegepensistent
incomplete analyses were observed. A final alteration of the time integration method was

considered and applied for a few cases that did not result in complete analysis.

3.6  Overview of Bridge Models

The following section will include theetlails used to create each bridge model,

and an overview of theodifications and features of each bridge. Simplifications will be

52



explained and justified. Expected behavior is also included in the description of each

bridgeas wel |l as the bridgeds natural ©periods

3.6.1 Little Bear Creek Bridge

This bridge carries the two lanes of State Road 24 over Little Bear Creek in
Franklin County.It is a three span bridge with spans of unequal lengths. Thesmate
lengths are 85 feet and the interior span is 130 feet. The outer spans support the 7 inch
concrete deck witBix Type Il Girders and the interior span supports the decksuith
BT-72 Girders. Each of threx Type Il girders rests upoB0. 5 0 b&aring pads
These bearing pads were calculated to slip after an avéx&deition coefficient)
displacement 00.5670 c or r el at ilB.1pkigs per lmearisghpadbhe clip f
angle/anchor bolt configuration for the transverse connectioninedtanchor bolts with
a diameter ol.25 0 . These bolts wer e mhokippse Eaehdof wi t h e
thesixBT-72gi rders rests upon 24.50 X 90 beari ng¢
calculated to slip after an avera@e3(friction coefficien} displacement 01.18%
correlating to a shear 8B kips per bearing pad. The clgmgle/anchor bolt
configuration for the transverse connection contained anchor bolts with a diameter of
1.5 . These bolts wer e nadkips|Asitplificationtwasa s hear
also modeled for this bridge using a redesignedattigie/anchor bolt configuration for
the transverse connection at each span which contained anchor bolts with a diameter of
1.750 . These bolts wer e mMkips.Thetvo bridge piersas s he ar
arex466 x 76 and supported by two circular
of concrete cover. The columns are reinforced longitudinally with 24 #11 bars and

transversely with #5 hoops uniformly spaced@inches from the bottom of thenge
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zoneto the top of the foundatigmnd spaced at 6 inches inside the hinge.zbine

average clear height of Bent 2 is 12.06 feet and 16.88 feet for Bent 3. All columns are
supported on drilled shafts 5 feet in diametére Toncrete cover of the drilled shafts is 6
inches but the longitudinal reinforcement in the drilled shatft still aligns with the
longitudinal reinforcement of the column.

This bridge model contairessinglegirder connection to represesix girder
conrections. The selection afsingle connection representing sotal connections
results in aniscalculaion of the gravity moments imparted into the bent columns in a
conservative fashionA nonrectangular member was selected to model the bent caps,
and a gap link was established to model possible impact stiffness between the deeper
girder and this abutmen®lastic hinges were modeled at the top and bottom column

locations. The CSiBridge model for this bridgen be seen in Figure 3.1

54



Figure 3.13: Little Bear Creek Bridge Model

The overall model of this bridge was found to be moderatéfyin the context of
the other bridges modeled duestwrtercolumns and stiff foundationDifferences in
mass between spans could result in secondary mode shapes dictating dynamic behavior in
the transverse directiorModal analysis of the model revealed a first mode natural period
of 0.470 seconds in the transverse direction Arf@l8seconls in the longitudinal
direction. The third mode natural periods of the fixed version of this bridge resulted in a
natural period 00.140 seconds in the transverse direction @rid4 seconds in the
longitudinal direction The Af i xed v eelisawersian ofidhe bridgg emodeto d
in which all bearing pad connections and all expansion joints are fixed, and these
connections do not allow movement along any degree of freedom. This ultra stiff bridge
model attempts to maximize the possible stiffrefahie bridgé geometry resulting in

the lowest possible natural period obtainable from the bridge. The third mode natural
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period of the Afixed versiono of the bridg
the bridge could obtain, and this nben is used as a stiffness boundary for the

calculation of damping.Foundation behavior for thiructurecould result in hinging

forming in the foundations, but that cannot be predicted in this particular model which

specifies hinges in the columnlgn

3.6.2 Oseligee Creek Bridge

TheOseligee Creek Bridge istao lane bridgehatcarries County Road 1289
over Oseligee Creek in Chambers County. It is a three span bridge with equal span
lengths of 80 feet. The 7 inconcrete deck is supported by fdype Il girders. Each
of thefour girders rests upoR0. 50 x 9 0 .bHhese bdanng pags averes
calculated to slip after an avera@e3(friction coefficient) displacemenf 0.660
correlating to a shear @fl kips per bearing pad. hE clipangldanchor bolt
configuration for the transverse connection contained anchor bolts with a diameter of
1.7% .These bolts were modeled with a shear capa€i®p.9kips. The two bridge
piers are 306 x 46 x 506 and supported by t
inches of concrete cover. The columns are reinforced longitudinally with 1L Bas and
transversely with #fhoops uniformly spaced at 12 inchesnfrthebottom of the hinge
zoneto the rock linewith the hinge zone being reinforced with #4 ties at 6 inch spacing
The average clear height of Bent 2 is 17.98 #and 25.83 feet for Bent &ll columns
are supported on drilled shafts 3.5 feet in ditanwith concrete cover of 3 inches.

This bridge model contairesssingleconnection to represefdur girder
connections. The selectionafkingle connection representifagir total connections

results in miscalculategravity moments imparted intodhbent columns in a
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conservative fashion. Plastic hinges were modale¢de top andditom column

locations. The C&ridge model for this bridge can be seen in Figurd.3.1

Figure 3.14 OseligeeCreek Bridge Model

The overall model of this bridge wésund to bemoderately flexible in the
context of the other bridges modelguke toa 100% scour condition that was selected by
geotechnical analysis of the bridgeitial modal analysis of this bridge shewtiff
bridgebehaviorhowever bridge geometof the model results in more flexible behavior
after hinge formationThis behavior combined witkecond order effects could result in
column buckling, however a bridge with these conditions helps to diversify the overall
bridge suit. Modal analysis ofhe model revealed a first mode natural peab@.689
seconds in the transverse direction arilb6seconds in the longitudinal direction. The
third mode natural periods of the fixed version of this bridge resulted in a natural period

of 0.154seconds in the transverse direction Grb2seconds in t# longitudinal
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direction. The combination ¢ll, flexible substructure anshortspan lengths could

result in dissimilar behaviors in super and substructure, resulting in possible higher forces
at the connection location. Foundation behavior fordbidd result in hinging forming

in the foundations, but that cannot be predicted in this particular model which specifies
hinges in the column only. Large foundation rotations could result dsectmd order

effects as well as large moments occurring in the substructure

3.6.3 Norfolk Southern Railroad Bridge

The bridge oveNorfolk Southern Railroad is©é southbound$9 bridge in
Etowah County, a twdane bridge that crosses over a Norfolk Southrailroad line and
a state highway. It is a twgpan bridge with unequal span lengths of 125 feet and 140
feet. Nine modified BI54 girders support a 6 inch concrete deck that is 46.7%videt
Each of the ningirdersrestsupo2 4 . 50 x @ads Thesedearing gadspvere
calculated to slip after an avera@e3(friction coefficient) displacemenf 1.132
correlatingto a shear 081.5 kips per bearing padlhe clip-angle/anchor bolt
configuration for the transverse connection contained aridits with a diameteof
1.37% .These bolts were modeled with a shear capa€ihg kips. The only bridge pier
is 536 x 4.506 x 46 and support @eecdupnst hr ee
are reinforced longitudinally with twelve #11 barsd transversely wit#4 ties uniformly
spaced at thches from the bottorhinge zondo the tophinge zone, with a spacing of 4
inches inside each hinge zoriEhe average clear height of the columns is 25.25 feet.
The bridge is supported on drivengile The pil e cap is 8.506 x 8

is supported by 7 HP 12x53 steel piles.
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This bridge model contairtereegirder connections to represent ngjieder
connections. The selectionmdltiple connectios representing ninetal connetions
results in the miscalculation gfavity moments imparted into the bent columns in a
conservative fashion. Plastic hinges were modeled abphand bottontolumn

locations The CSiBridge model for this bridge cands®en in Figure 358

Figure 3.15 Norfolk Creek Bridge Model

The overall model of this bridge was found to be initially stiff due to the large
column diameters and the strut members; however bridge geometry of the model results
in more flexible behavior after hinge formation. Mbdaalysis of the model revealed a
first mode natural periodf 0.415seconds in the transverse direction Gnd5seconds
in the longitudinal direction. The third mode natural periods of the fixed version of this

bridge resulted in a natural period@®133seconds in the transverse direction Arx86
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seconds in the longitudindlrection. The combination short, stiffsubstructure and

large span lengths could resultdissimilar behaviors in super and substructure, resulting
in possiblehigherforces at the connection location. Foundation behavior for this bridge
is difficult to predictbut a triple column bent should limit foundations rotations in the

lateral direction.

3.6.4 Scarham Creek

The ScarhanCreek Bridgeis two lanes and carries State Route 75 over Scarham
Creek in MarshalCounty. It is a four span bridge with equal span lengths of 130 feet. The
7 inchconcrete deck is supported by 8X-72 girders.Each of the sixjirders rests upon
24 .50 x p&ds. Thesesbearing pads were calculated to slip after an avgage (
friction coefficient) displacement of 1. 33
pad. The clipangle/anchor bolt configuration for the transverse connection contained
anche bolts with a diameter of 2.50. These
87kips. The bridge pier at bents 2 and 4 are 4C(«
X 6.506 x 7.5.06 Bents 2 and 4 ardieameeuwipor t ed
3 inches of concrete cover. Bent 3 is supported by two circular columns 6 feet in diameter
with 3 inches of concrete coveAll columns are reinforced transversely with #6 hoops at
a spacing of 6 inches at the top and bottom hinge zonespandd at 12 inches at all
other regions All columns are supported on drilled shafts, which are six inches larger in
diameter than the columns. It is assumed that the plastic hinge will form at this transition,
so the clear height of the columns is m&ad from the bottom of the bent cap to the
transition between the column and drilled shaft. The average height of columns is 34.02

feet at Bent 2, 59.17 feet at Bent 3, and 32.16 feet at Bent 4. Because of the height of the
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columns, struts are providetapproximately mieheight of the columns and span the

full length between columns with a thickness of 3.5 feet. The strut at bents 2 and 4 are 6

feet deep and 10 feet deep at bent 3.

This bridge model containedsangle connectioto represent sigirder
connections. Theelection of aiagle connection representing $otal connections
results in the miscalculatiaof gravity moments imparted into the bent colunims

conservative fashion. Plastic hinges were modeled at the column locations atbove an

below strut locations due to the large deguid stiffness of the struts. Behaviors at these

locations are of particular concern during ground motiditee CSiBridge model for this

bridge can be seen Figure 3.8.

Figure 3.168 ScarhamCreek Bridge Model
The overall model of this bridge was found toitigally stiff due tothe large
column diameters and the strut members; however bridge geometry of theresodis|
in more flexible behavior after hinge formatioModal analysis othe model revealed a
first mode natural period & 760 seconds inte transverse direction and 103&conds

in the longitudinal directionThe third mode natural periods of the fixed version of this
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bridge resulted in a natural period@800 secondsn the transverse direction a@40
seconds in the longitudinal directiohe combination ofall substructure and largpan
lengthscould result irsimilar behaviors in super and substructure, resulting in possible
lower forces at the connection loaat. Foundation behavior for this bridgedifficult to

predict, given the unpredictability of this bridges behavior as it enters the inelastic range

3.6.5 Bent CreekRoad

TheBent Crek Road Bridge in Lee Couniy a fivelane bridge that crosses over
Interstate 85 with two spans of 135 feet. Each span is compriiéeerf modified BT-
54 girders spaced approximately 5.33 feet apart that support a 6 inch concrete deck that is
80.75 feet wide. The only bridgequaei er i s 7
columns 3.5 feet in width. The columns are reinforced longitudinally with 12 #11 bars
and transversely wit#4 ties uniformly spaced atif.ches from the bottom of the bent to
the top of the pile cap foundatioexcept for plastic hinge zone regiwwhich are
reinforced with #4 ties at a spacing of 4 inchHse average clear height of the columns
is 20.1 feet. The bridge is supported on d
each pile cap is supported by 9 HP 12x52 steel (itlash of tle fifteen girders rests
upon 24. 50 x. Thase heairgmpads vgere padcdlaged to slip after an
averag€g0.3 friction coefficient) displacemenf1l . 18550 correl ating to
per bearing pad. The clgngleAnchor bolt configuration for the transverse connection
contained anchor boltsith a diameterofl . 7 5 0 . These bolts were |
capacity of @ kips.

This bridge model contained fiveodeledconnections to represefifteen girder

connectios. This simplification was chosen due to the bridge bent contdimang

62



columns, instead of a configurationtafo columnsfound in other bridges. A selection

of a single connection representififteen total connections woulcesult in dramatically
miscalculatingthe gravity loads and moments imparted into thetlzcolumns. The
selection of fiveconnections resulted in a more complex model then the other bridges,
and it was predicted that analyproblems could ariselhe CSBridge model for this

bridge can be seen Figure 317.

Figure 3.17: Bent Creek Bridge Model

The overall model of this bridge was found to be rather stiff, despite its large
mass. Modal analysis of the model revealed a first mode natural peridd b7 seconds
in the transvise direction an@.933 seconds in the longitudinal directiofhe third
mode natural periods of the fixed version of this bridge resulted in a natural period of

0.108 seconds in the transverse direction@h@3 seconds in the longitudinal direction.
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The combination of stiff substructure and large superstructure mass could result in large
forces at the connection location. Foundation behavior for this bridge may also be
inconsistent to the other bridggisen a pile cap foundation group located undehsa

largeand stoubridge bent.

3.7  Determination of Capacities

Overall dynamic bridge performance is meadung displacements and internal
member forces as they relate to specified capacities. Some of these capacities are
specified in design documents and codes, and others vary from project to project. This
section will provide details regarding capacitie®stdd for use in this project.

Foundation informatioprovided for this project was analyzed usihg
geotechnicahnalysissoftwareFB-Multipier (BSI, 2013) This information included a
displacement limit on all foundation degs of freedom. These limits could not be
implemented in the modeling of the bridges, but they are used in the bridge evaluation
procedure after analysig.he horizontal displacement and rotation capacities for each
foundation are displayed in Tat8éb. Any recorded foundation rotation or displacement

exceeding these limits will be classified as a foundation failure.
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Table 3.5 Foundation Capacities

Foundation Displacement and Rotation Limits
Transverse Direction Longitudinal Direction
Displacement Rotation Displacement Rotation
(in.) (rad.) (in.) (rad.)
Little Bear Creek 0.54 0.005 052 0.0054
Norfolk RR 2 0.022 3 0.0072
Scarham (Bent 1 & 3 0.58 0.002 0.55 0.002
Scarham (Bent 2) 0.71 0.003 0.7 0.003
Oseligee 0.2 0.0032 0.23 0.003
Bent Creek 14 0.035 1.4 0.03%

Bearing pad capacity is determined in terms of displacement. Although there
exists a limit of shear fordbat each bearinggal is capable of resisting, this limit does
not intrinsicadly represent a failure criterioof the bearing pads, it simply represents the
force in which slipping occurs within the system. The actual capacity that is of concern
in this element is the displacement that occurs between the girder and the bearing pad. It
was determined that the linfor differential movement between these two elements be
set to the dimension of the bearing pad in that direction. Any deflection beyond this limit
would result in unseating of thggrder.

Bolt strength capacity was conservatively estimatgdgEquaton 3.2 Dueto
analysis concerns the limit specified for a bolt failure was selected as 95% of the
calculated valueThis 95% attempts to account for any values not recorded by the
analysis software that may trigger failure of the bolt link, and isn&atnt to account for
any loss of strength or safety factor correlated to a failure miéaidure of the clip
angleanchor rod system does not result in overall structural failure, but its performance
was monitored due to its importance in connection beha¥able3.6 containsall

calculated bolt strengths for the bridge designs selected.

65



Table 3.6 Calculated Bolt Strengths

Bolt Shear Capacities
IndividualBolts(kips)
Little Bear Creek 61
Norfolk RR 48
Scarham 61
Oselgee 78
Bent Creek 87

A commonly recorded criterion of seismic behavior in structures and structural
elements is ductility. Ductility in structures can refer to a variety of terms; however, in
this analysis, it refers to the degree in which a structure can deform relaténtoat
yield. The ductility of bridge bents was selected agdicator of overall bridge
performance. In order to determine the overall ductility of a bridge bstateaof initial
yielding needed to be determined within each bridge bent. A backbone curve was created
for each fiber hinge used in the bent columns,apaint of nominal strength was
isolated. The rotation that correlated to this point was recorttdsedn Equation3.3
to determinghe angle of rotation of the plastic hinges. Tdakulatedangle of rotation
was applied at midpoint of each hinge locaiimeach bridge bent, and the overall
displacement differential between the center of thé &&mand the foundation was
calculated. This displacement was used as a measure of a ductilibA @hdximum
ductility capacity was also determined for eachdmibased on pushover analysis
performed in a previoutaskof this projectLaw, 2013) The initial ductility
displacements and the maximum ductility capacities caebe in Tabl&.7. AASHTO
specifies a range of acceptable ductility demandbdats in section 4,%vith a ductility

limit of six or less for bets consisting of multiple columns. The lesser of AASHTO and
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Lawbés ductility Iimit was selected as a

bents.
— - — Equation 3.3
Table 3.7 Bent Displacement Limits
Bent Displacements
Transverse Direction Longitudinal Direction
Ductility of 1| Pushover Limit| Ductility | Ductility of 1| Pushover Limit| Ductility
(in.) (in.) Limit (in.) (in.) Limit
Little BearCreek (Bent 1) 0.56 2.70 4.82 0.56 1.60 2.85
Little Bear Creek (Bent 2 0.91 13.5 6.00 0.91 252 2.77
Norfolk RR 1.71 4.00 2.32 1.71 6.63 3.89
Scarham (Bent 1 & 3) 1.00 9.80 6.00 2.05 2.20 1.08
Scarham (Bent 2) 3.30 25.6 6.00 5.59 3.60 0.64
Oseligee 0.41 6.75 6.00 0.41 6.30 6.00
Bent Creek 1.79 2.45 1.37 1.79 4.57 2.56

Lastly a serviceability limit was established for the residual displacements of the
models. Determining the state of functionality of a bridge after being subjected to a
ground motion is a key factor in performance classification. Critical and es$eitigds
should be open to emergency vehicles and be open for security and defense purposes
immediately after the design earthquake, with critical bridges also being open to all
traffic (AASHTO 2009) The value for resighl span displacements that was selected as
an upper limit was one inch in either direction. This value was determined from
engineering judgment. A residual displacement exceeding one inch could indicate
substructure damage or a localized failure atraeotion zone.

This concludes the third Chapter of this thesis. This chapter explained the process
of bridge and ground motion selection for use in the Time History analysis that was
performed in this research. Ground motion scaling was describebeafidal scaling
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values selected were presented. An overview of the detailing of each bridge was given,
along with information used in the modeling process in the form of strength and
deflection capacities. Each of these pieces of information were $ieerta create and

analyzebridge models, and the results of these aralgan be found in the next chapter.
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Chapter 4: AnalysisResults and Discussion

4.1 Introduction

This section will present the results from the time history analyses performed on
eachbridge model. Some sections will compare the results taken from specific bridges,
while other sections will simply provide an overview of observed behaviors and trends.
Unigue behavior or abnormalities will also be examined. Explanations for observed
phenomena will also be provided when necessary. This section will provide insight into

the bridges analyzed as well as the ground motions used in the analysis

4.1.1 Description of Results Presented

Each of the five bridgesaganalyzed in four ways. Each brielgvas modeled as
an upper limit bearing pad configuration (coefficient of friction of 0.4), and a lower limit
bearing pad configuration (coefficient of friction of 0.2). Each bridge model incoegbrat
soil interaction springs that provide foundation flekiy. Both of these bridge models
were then analyzed using ten desigvel ground motionand seven MCHevel ground
motions applied in both the longitudinal and transverse direction. The results of each
analysis have been recorded and graphed 0aigCAD (PTC, 2007) Maximum span
and bent displacements are recorded for each bridge analysis, as well as maximum
foundation displacements and rotations. Bolt shears and bearing displacements are also
recorded at each conniemn location, with the largest value being used to calculate

demand capacity ratios. Each response history analysis performed is categorized based
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on the results recorded. Analyses that didrestlt in completionverererun using

altered analysis cotraints in an effort to eliminate numerical instabilities that occur

during analysis. After numerous iterations of attempted analysis, motions that did not

result in completiorare recorded in their state of farthest completion. The analysis is
classifial as one of the following: 1) Complete: indicating that the entire analysis was
completed, 2) Numerical: indicating that no elements appeared to have failed but the
analysis could not be completed due to numerical convergence issues and 3) Failure:
indicaing a numerical failure that either results from a structural failure within the model,

or a set of recorded results that indicated possible future structural failure of the model
during continued analysi s. Dat axcludedk en f r o
from statistical analysis of each bridge due to the unknown behaviors of the model during
anal ysi s. Data taken from analyses deemed
each bridge given predictable behaviors or data related to tathaehave already

occurred. All major structural component failures are recorded and highlighted for each
analysis. Foundation information is displayed as a demand/capacity value in reference to
displacements and rotations. The demand/capacity \ata&an from each analysis as

the maximum demand/capacity value out of each of the bents for the entirety of each
ground motion. The value associated with
demand/capacity value that contains the highest bearing pad tatkmagitudinal

displacement recorded from the displacements of every bearing pad in the bridge during
the entirety of the ground moti on. AnBent
displacement between bent displacement and its respectivéatian displacement. The

value representing ABent Ductilityo is the
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divided by the displacement determined as the bent displacement relating to nominal
moment capacity occurriBgatatusa hhdgeatasth
shear demand present in all anchor bolts within the model compared to the shear capacity

of the anchor bolts in the model. All values indicateBahd font represent values that

exceed their acceptable limits.

4.1.2 Limits of Brid ge Behaviors

Each bridge is analyzed for the purpose of determining behavigstabdgy.

This acceptable bridge behaviobesed on many different criteria stemming from the
limits specified inSection3.6. The average response of each maglaked to determine
that modelgperformance In the event that a model contains numerous numerical
failures, a prediction of overall behavieibe made, but recommendations for that bridge
arenot be made unlegsrther completd analysis is performed.

Each bridge resuis checked for failures or exceedance of capacity limits. A
classification of each of these resudtsnade in the event of a capacity limit being
exceeded. The following behaviaeeclassifiael as resulting in structural failure: 1)
excessive span or bent deflections (values are dependent on bridges), 2) bearing pad
capacities exceeding a value of #Alo, 3) Be
Section 3.6 A residual displacement of span or bents that exceeds Isiolassified as
a failure on the grounds of a serviceability limit being exceeded. Bolt fadateo
addressed, bus notconsdereda structural failure due to the anchmlts only providing
a nonessential barrier to transverse displacement. Bridges that contain multiple
instances of structural failuresedeemed to have inadequate behavior. Bridges that

contain only one or two structural failure analysis caseslassified as having
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acceptable behavior. This is deemed allowable due to overall analysis results being
evaluated as an average of bridge response, and a small amount of failure cases are

allowable in a large number of analyses.

4.2 Bent Creek Road Bridge

Results show that the average behavior of the Bent Creek Road Bridge was
favorable for most aspects of the lggdcomponents. No desidevel (1,000 year
hazard) or MCHevel (2,500 year hazard) events resulted in specific structural failures;
however one event may lead to possible structural failures. Foundation failures occurred
in six of the desig#evel longitudinal events; howevehe occurrence of these failures is
not consistent with other structural behavior during the events. Substrudiasedoe
appears to be adequate at column and bent locations with the exception of foundation
displacement capacities in the longitudinal direction of the bridge. Bolt failure was the
most frequent behavioral occurrence in the connection during transvetise.mAn
additional observation regarding the analysis of this bridge is the large number of
numerical failures present in the data. This result is thought to have occurred due to the
complexity of the bridge model. Judgments needed to be made regérelimclusion or
exclusion of these results. A moredapth analysis of each set of analysis results is

provided in the next sections.

4.2.1 Transverse Motion

The transverse analysis for this bridge resulted in sstifftstructural behavior.
SeeTable4.1 and Bble 4.2 for amverview of the desigievel transverse result8olt

failure and low bent displacements indicate a stiff substructure able to transfer large loads
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to the connection. Both frictions modelspended similarly to the desigaevel

transverse ground motions, showing low foundation rotations and low residual
displacements. Overall desigvel bent ductility did not exceed a value of 1, likely due
to the stiff bridge bent. Thirteen of the twenty dedgyrel ground motions ran

succasfully with this bridge model, with a larger number of incomplete analyses
occurring in the upper limit frictiomodel. Six of the seven desigvel ground motions
that did not run successfully were classified as numerical failures. No data examined
from these six ground motions indicatestractural failure before thenalysis ceased.

The one desigievel analysis failure that was classified as such displayed bolt failure
prior to the onset of larger ground motions during the Coalinga record. éstasted

that larger shaking, given the existing bolt failure, may result in larger displacements of
deck sections. These displacements could result in failure of the structure, or at least a
suspension of serviceability. Another numerical failure @ng Valley) displayed

similar bolt status to the Coalinga event, but had already withstood the majority of its

associated ground motion, and wassfulnot cl

designl evel anal ysi s r esulntvwereasaddoctassigythe i ngl e

designlevel behavior of this model.
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Table 4.1:Results Overview forLower Limit Friction Bent Creek Transverse Model

Friction
Bent Creek ".2"
Max
Max Bent Residual Residual
Ground Run Run Foundation Bearing Bent Bolt Span Disp. Span Bent Disp.
Transverse Motion Motion Status | Time Capacity (D/R) Capacity | Ductility | Status | Disp. (in.) (in.) Disp. (in.) (in.)
San Fernando 1 Design Comp. | 48.00 0.086 0.0006 0.090 0.623 0.994 1.170 1.009 0.048 0.105
San Fernando 2 Design Comp. [ 50.00 0.034 0.0000 0.022 0.191 0.535 0.367 0.294 0.002 0.000
Imperial Valley Design Num. | 38.32 | 0.067 0.0001 0.065 0.470 0.966 0.877 0.750
Coalinga Design Fail. 16.25 0.058 0.0016 0.091 0.471 0.987 1.183 0.759
North Palm Springs Design Comp. [ 40.00 0.069 0.0000 0.065 0.464 0.996 0.872 0.732 0.001 0.001
Landers Design Comp. [ 70.00 0.040 0.0000 0.027 0.235 0.659 0.452 0.364 0.001 0.001
Little Skull Mountain Design Comp. [ 132.00 | 0.032 0.0000 0.022 0.191 0.542 0.374 0.296 0.000 0.001
Kocaelil Design Num. | 36.06 [ 0.006 | 0.0000 0.004 0.033 0.033 0.064 0.051
Kocaeli 2 Design Comp. | 48.00 0.106 0.0001 0.138 0.984 0.999 1.815 1.608 0.401 0.392
Kobe Design Comp. | 60.00 0.051 0.0000 0.036 0.316 0.885 0.607 0.493 0.042 0.026
Mean 0.0595 | 0.0003 0.0614 0.4345 | 0.8246 0.8549 0.6943 0.0706 0.0752
Standard Deviation 0.0261 | 0.0006 0.0424 0.2705 | 0.2103 0.5100 0.4485 0.1472 0.1448
Relative Stand Deviation 43.87% | 191.63% | 69.07% | 62.25% | 25.51% | 59.66% 64.60% 208.29% 192.41%

Table 4.2:Results Overview forUpper Limit Friction Bent Creek Transverse Model

Friction
Bent Creek ".4"
Max
Max Bent Residual Residual
Ground Run Run Foundation Bearing Bent Bolt Span Disp. Span Bent Disp.
Transverse Motion Motion Status | Time Capacity (D/R) | Capacity | Ductility | Status | Disp. (in.) (in.) Disp. (in.) (in.)
San Fernando 1 Design Comp. | 48.00 0.083 0.0001 0.094 0.677 0.931 1.247 1.097 0.121 0.059
San Fernando 2 Design Comp. | 50.00 0.034 0.0000 0.022 0.191 0.535 0.367 0.294 0.001 0.001
Imperial Valley Design Num. | 26.18 0.067 0.0001 0.065 0.470 0.966 0.877 0.750
Coalinga Design Comp. | 52.00 | 0.070 | 0.0001 0.096 0.654 0.999 1.332 1.137 0.071 0.005
North Palm Springs Design Num. 6.50 0.005 0.0000 0.003 0.029 0.082 0.057 0.045
Landers Design Comp. | 70.00 0.040 0.0000 0.027 0.235 0.659 0.452 0.364 0.001 0.001
Little Skull Mountain Design Comp. | 132.00 | 0.032 0.0000 0.022 0.191 0.542 0.374 0.296 0.001 0.001
Kocaelil Design Num. | 36.06 | 0.006 [ 0.0000 0.004 0.033 0.093 0.064 0.051
Kocaeli 2 Design Comp. | 48.00 0.086 0.0001 0.095 0.679 0.999 1.266 1.092 0.108 0.024
Kobe Design Num. | 18.28 0.049 0.0001 0.036 0.316 0.885 0.612 0.495
Mean 0.0576 | 0.0000 0.0593 | 0.4379 | 0.7774 | 0.8397 0.7132 0.0504 0.0152
Standard Deviation 0.0292 [ 0.0000 0.0377 0.2560 | 0.3546 0.4879 0.4279 0.0567 0.0233
Relative Stand Deviation 50.62% | 100.57% | 63.56% | 58.47% | 45.61% | 58.10% 59.99% 112.47% 153.50%

A total of fourteen MCElevel events were applied to this bridge model. See
Table 4.3 and Table 4fdr anoverview of the MCHevel transverse result©verall

bent ductility did not exceed a value of 1.2, likely due to the stiff bridge bent. Ten of the
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FourteerMCE-level ground motions ran successfully with this bridge model, with an
equal number of incomplete analyses occurring in both friction models. Three of the four
ground motions that did not run successfully were classified as numerical failures. No
dataexamined from these three ground motions indicadraficantstructural failure

before the analysis ceased. The one analysis failure that was classified as such displayed
bolt failure prior to the onset of larger ground motions during the first Kicemerd. It

was estimated that larger shaking, given the existing bolt failure, may result in larger
displacements of deck sections. These displacements could result in failure of the
structure, or at least a suspension of serviceability. Succesafysis results and ¢h
singl e nAf ai |-lavelgrouncemotioswere dsedstd apssify the Mdével
behavior of this model. All successful analyses resulted in acceptable bridge behavior in
the transverse direction of loading, however the cemiyl of the model makes it

difficult to analyze and thus state any solid conclusions regarding overall bridge
behavior. A solution to this would be to continue simplifying the model by reducing the

number of modeled connections.

Table 4.3 MCE-Level Results Overview forLower Limit Friction Bent Creek Transverse Model

Friction

Bent Creek 2"
Max Max Residual

Ground Run Run Foundation Bearing Bent Bolt Span Bent Span Residual
Transverse Motion Motion Status Time Capacity (D/R) | Capacity | Ductility | Status Disp. Disp. Disp. Bent Disp.
San Fernando 1 MCE Comp. 48.00 0.072 | 0.0000 0.071 0.512 0.964 0.958 0.814 0.044 0.036
San Fernando 2 MCE Comp. 50.00 0.043 | 0.0000 0.029 0.257 0.722 0.494 0.399 0.000 0.000
Imperial Valley MCE Num. 30.00 0.082 | 0.0001 0.089 0.627 0.968 1.162 1.004
Landers MCE Comp. 70.00 0.104 | 0.0002 0.155 1.104 0.962 2.091 1.924 0.672 0.600
Kocaeli1 MCE Fail. 99.14 0.129 | 0.0001 0.153 1.111 0.988 2.017 1.801
Kocaeli 2 MCE Comp. 48.00 0.149 | 0.0001 0.163 1.193 0.965 2.156 1.920 0.162 0.203
Kobe MCE Comp. 60.00 0.139 [ 0.0000 0.158 1.154 0.989 2.079 1.864 0.525 0.449
Mean 0.1026 [ 0.0001 0.1170 0.8513 | 0.9367 1.5651 1.38%4 0.2806 0.2576
Standard Deviation 0.0389 [ 0.0001 0.0533 0.3782 | 0.0955 0.6796 0.6356 0.3007 0.2609
Relative Stand Deviation 37.89% | 90.03% | 45.57% | 44.43% | 10.20% 43.42% 45.74% 107.14% 101.29%
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Table 4.4 MCE-Level Results Overview forUpper Limit Friction Bent Creek Transverse Model

4.2.2 Longitudinal Motion

Friction

Bent Creek a
Max Max Residual

Ground Run Run Foundation Bearing Bent Bolt Span Bent Span Residual
Transverse Motion Motion Status Time Capacity (D/R) | Capacity | Ductility | Status Disp. Disp. Disp. Bent Disp.
San Fernando 1 MCE Comp. 48.00 0.072 0.0000 0.071 0.511 0.964 0.955 0.812 0.002 0.001
San Fernando 2 MCE Comp. 50.00 0.043 0.0000 0.029 0.257 0.722 0.494 0.399 0.001 0.001
Imperial Valley MCE Num 17.23 0.107 0.0001 0.122 0.894 0.968 1.642 1.446
Landers MCE Comp. 70.00 0.096 0.0001 0.143 1.102 0.991 2.064 1.850 0.002 0.068
Kocaeli1 MCE Num. 30.64 0.008 0.0000 0.005 0.047 0.131 0.089 0.071
Kocaeli 2 MCE Comp. 48.00 0.141 0.0001 0.159 1.168 0.965 2.141 1.887 0.585 0.456
Kobe MCE Comp. 60.00 0.112 0.0002 0.129 0.940 0.984 1.743 1.522 0.133 0.013
Mean 0.0828 0.0001 0.0942 0.7028 | 0.8179 1.3041 1.1410 0.1445 0.1077
Standard Deviation 0.0450 0.0001 0.0595 0.4349 | 0.3175 0.7997 0.7188 0.2528 0.1967
Relative Stand Deviation 54.39% | 117.48% 63.18% | 61.88% | 38.82% 61.32% 62.99% 174.94% 182.68%

Analysis of the Bent Creek Bridge under longitudinal ground mopooxgided

mixed behavioral resultsTable 4.5andTable4.60r ovi d e

an

over vi

designlevellongitudinal analysis Both friction models exhibited numerical failures

(nine in total) as well as conflicting completed results. Six of theeelsompleted

designlevel analyses exhibited large foundation displacements. This foundation

behavior does not seem to be supported by forces within the recorded model data

however, and its existence may be the result of errors propagated within gfssanal

The remaining successful desilpvel analyses indicate vesynalldisplacements;

ew

however the overall behavior of the structure may not be adequately described with the

results obtained.

76

of



Table 4.5 Results Overview forLower Limit Friction Bent Creek Longitudinal Model

Friction
Bent Creek e
Max Max Residual | Residual
Span Bent Span Bent
Ground Run Run Foundation Bearing Bent Disp. Disp. Disp. Disp.
Longitudinal Motion Motion Status | Time Capacity (D/R) | Capacity | Ductility (in.) (in.) (in.) (in.)
San Fernando 1 Design Comp. | 48.00 6.702 0.0436 0.297 5.213 1.363 0.995 0.492 0.164
San Fernando 2 Design Comp. | 50.00 2.846 0.0416 0.216 2.246 0.982 0.664 0.719 0.072
Imperial Valley Design Num. | 5.82 0.048 | 0.0081 | 0.053 0.038 0.240 0.121
Coalinga Design Comp. | 52.00 6.590 0.0603 0.341 5.526 1.565 1.020 0.694 0.135
North Palm Springs Design Num. 7.29 0.048 0.0176 0.100 0.110 0.453 0.263
Landers Design Num. | 11.15 0.048 0.0045 0.025 0.075 0.114 0.067
Little Skull Mountain Design Comp. | 132.00 0.048 0.0000 0.000 0.038 0.001 0.000 0.001 0.000
Kocaelil Design Num. | 21.70 0.048 0.0276 0.150 0.204 0.681 0.431
Kocaeli 2 Design Comp. | 48.00 0.803 0.0740 0.376 0.708 1.736 1.179 0.767 0.107
Kobe Design Comp. | 60.00 0.219 0.0299 0.175 0.365 0.799 0.602 0.613 0.017
Mean 2.8681 | 0.0416 | 0.2341 2.3492 1.0742 0.7432 0.5477 0.0832
Standard Deviation 3.0916 | 0.0256 | 0.1371 2.4607 0.6321 0.4263 0.2847 0.0658
Relative Stand Deviation 107.79% | 61.55% | 58.55% | 104.75% | 58.84% 57.36% 51.98% 79.07%

Table 4.6 Results Overview forUpper Limit Friction Bent Creek Longitudinal Model

Friction
Bent Creek A"
Max Max Residual | Residual
Span Bent Span Bent
Ground Run Run Foundation Bearing Bent Disp. Disp. Disp. Disp.
Longitudinal Motion Motion Status | Time Capacity (D/R) | Capacity | Ductility (in.) (in.) (in.) (in.)
San Fernando 1 Design Comp. | 48.00 5.781 | 0.0651 0.372 4.666 1.719 1.302 0.819 0.181
San Fernando 2 Design Num. | 34.28 0.186 | 0.0416 0.229 0.447 1.044 0.728
Imperial Valley Design Num. 5.82 0.048 | 0.0081 0.053 0.038 0.240 0.121
Coalinga Design Comp. [ 52.00 5.937 | 0.0760 0.419 4.773 1.949 1.524 0.985 0.184
North Palm Springs Design Num. 7.29 0.048 | 0.0176 0.100 0.110 0.453 0.263
Landers Design Num. | 11.15 0.048 | 0.0045 0.025 0.075 0.114 0.067
Little Skull Mountain Design Comp. [ 132.00 | 0.048 | 0.0001 0.000 0.038 0.002 0.001 0.001 0.000
Kocaelil Design Num. | 21.70 0.048 | 0.0276 0.150 0.204 0.681 0.431
Kocaeli 2 Design Comp. | 48.00 3.431 | 0.0743 0.382 2.807 1.773 1.313 0.787 0.185
Kobe Design Comp. [ 60.00 0.132 | 0.0282 0.176 0.357 0.800 0.605 0.055 0.109
Mean 3.0658 | 0.0487 0.2698 2.5284 1.2489 0.9430 0.5294 0.1318
Standard Deviation 2.8923 | 0.0334 0.1780 2.2695 0.8280 0.6335 0.4643 0.0804
Relative Stand Deviation 94.34% | 68.47% | 65.97% | 89.76% | 66.30% 66.75% 87.70% 60.98%

A total of fourteen MCHevel events were applied tois bridge model. See
Table 4.7 and Table 4f8r anoverview of the MCHevel longitudinal resultsBent
ductility was inconsistent throughout the analysis, with large and salabs being
recorded at the MClevel. Eight of the fourteen MCGEevel ground motions ran
successfully with this bridge model, with an equal nuntbéncomplete analyses

occurring in both friction models. All of the ground motions that did not run successfully
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were classified as numerical failures. No data examined from these ground motions
indicated a large structural failure before the analysésed. One case of residual
deformation exceedance was recorded, and seven cases of foundation displacement
exceedance were recorded. These large foundation displacements were recorded as a
result of unexpected and sudden foundation movement. Theszcdiments could result

in failure of the structure, or at least a suspension of serviceability.

Table 4.7 MCE -Level Results Overview forLower Limit Friction Bent Creek Longitudinal Model

Friction
Bent Creek "2"
Residual

Ground Run Run Foundation Bearing Bent Max Span Max Bent Span Residual
Longitudinal Motion Motion Status | Time Capacity (D/R) Capacity | Ductility Disp. Disp. Disp. Bent Disp.
San Fernando 1 MCE Comp. 48.00 0.730 [ 0.0430 0.263 0.570 1.204 0.911 0.409 0.198
San Fernando 2 MCE Num. 1.58 0.048 | 0.0025 0.013 0.053 0.060 0.028
Imperial Valley MCE Num. 6.60 0.048 [ 0.0207 0.116 0.188 0.527 0.284
Landers MCE Comp. 70.00 7.468 | 0.0534 0.595 6.080 2.589 1.893 0.802 0.323
Kocaeli1l MCE Num. 20.52 0.048 | 0.0132 0.073 0.150 0.329 0.200
Kocaeli 2 MCE Comp. 48.00 3.009 | 0.1098 0.545 2.423 2.591 1.837 0.741 0.014
Kobe MCE Comp. 60.00 3.551 | 0.0436 0.375 2.941 1.733 1.223 1.033 0.175
Mean 2.1289 | 0.0409 0.2829 1.7722 1.2905 0.9108 0.7463 0.1775
Standard Deviation 2.7764 | 0.0355 0.2307 2.2320 1.0488 0.7744 0.2576 0.1269
Relative Stand
Deviation 130.41% | 86.89% 81.54% 125.95% 81.27% 85.03% 34.52% 71.51%

Table 4.8 MCE-Level Results Overview forUpper Limit Friction Bent Creek Longitudinal Model

Friction

Bent Creek ".4"
Residual

Ground Run Run Foundation Bearing Bent Max Span Max Bent Span Residual
Longitudinal Motion Motion Status | Time Capacity (D/R) Capacity | Ductility Disp. Disp. Disp. Bent Disp.
San Fernando 1 MCE Comp. 48.00 3.309 | 0.0564 0.372 2.634 1.725 1.273 0.737 0.036
San Fernando 2 MCE Num. 1.58 0.048 [ 0.0025 0.013 0.053 0.060 0.028
Imperial Valley MCE Num. 6.60 0.048 | 0.0207 0.116 0.188 0.527 0.284
Landers MCE Comp. 70.00 13.604 | 0.0726 0.769 11.112 2.586 1.702 0.509 0.068
Kocaelil MCE Num. 20.52 0.048 | 0.0132 0.073 0.150 0.329 0.200
Kocaeli 2 MCE Comp. 48.00 8.072 | 0.0944 0.484 6.492 2.278 1.600 0.888 0.205
Kobe MCE Comp. 60.00 7.092 | 0.0525 0.429 5.688 2.001 1.530 0.826 0.074
Mean 4.6031 | 0.0446 0.3223 3.7596 1.3580 0.9451 0.7400 0.0958
Standard Deviation 5.2149 | 0.0337 0.2707 4.2040 1.0275 0.7398 0.1660 0.0747
Relative Stand
Deviation 113.29% | 75.47% 83.97% 111.82% 75.67% 78.28% 22.43% 78.04%
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4.3  Scarham Creek Bridge

Results show that the average behavior of the Scarham Briegle was
favorable for desigtevel events. This behavior does not carry over to th&NéQel
behaviors. Desigievel events raulted in behaviors typical with flexible bridges,
including larger span displacements and bent deflections. Foundation performance for
this bridge was mixed, and dependentevent direction. All desigievel analyss
performed for this bridge succeedadcompleting except for the second San Fernando
ground motion applied to the upper liffiiiction model in the longitudinal direction.
Substructure behavior appears to be adequate at column, strut and bent cap locations with
the exception of foundatiafisplacement capacities in the longitudinal direction of the
bridge. Connection behavior also appears to be adefoatehe results of each design
level analysis. Bearing pad slippage was minimal in both directions of loading, and did
not approach levs indicative of unseating. A more-depth analysis of each bridge

model 6s results is proved in the next sect

4.3.1 Transverse Motion

The transverse analysis for this bridge resulted in flexible structural beh®éer.
Table 4.9and Table 4.1(for an overview of the desigievel transverse result$digh
bent displacements are indicative of a flexible substructure able to accommodate large
deflections. This behavior is in keeping with tall column bridge bents, like the ones
present in the ScarhaBridge. Excessive deflections were a concern for the transverse
motion of this bridge, in both span and bent locations. A hallmark of long period
structures is large deflections, especially during certain ground motions. Results from
both friction moctls indicated desiglevel deflections that were within acceptable limits
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for this bridge, however the magnitude of these deflections may not be acceptable for
other bridges in thiproject. All transverse desigavel analyses of the Scarham Creek
Bridgeran successfully. One very important observation of the recorded data from both
friction models of this bridge is the fact that every single data point is the same for the
transverse direction motions. The only difference between both bridge modhels is t
change in bearing pad friction factor. Both models behave in exactly the same manner
during events that do not allow friction slips to occur. This information points to a

variety of possible conclusions. The first conclusion assumes a very fleg#iad pad

in use at each connection, one that is able to accommodate all connection motion without
reaching a slipping point. A second conclusion could be made indicating that the
stiffness of both the substructure and superstructure were so simildretihasulting

differential movement between the two at the connection zones was minimal and did not
cause slipping. This second conclusion is not supported by shear bolt behavior however;
which did carry a significant load at the connection locatiorsuRe seem to favor the

first conclusion, but the lack of slipping is still noted.

Table 4.9 Results Overview forLower Limit Friction ScarhamCreek Transverse Model

Friction
Scarham n2r
Max
Max Max Bent Residual Residual
Ground Run Run Foundation Bearing Bent Bolt Column Span Disp. Span Bent Disp.

Transverse Motion Motion Status | Time Capacity (D/R) Capacity | Ductility | Status Shear Disp. (in.) (in.) Disp. (in.) (in.)
San Fernando 1 Design Comp. | 48.00 0.286 0.4461 0.023 2.322 0.848 1761.905 4.341 3.742 0.015 0.008
San Fernando 2 Design Comp. | 50.00 0.255 0.3800 0.023 1.877 0.746 1735.696 3.652 3.104 0.031 0.039
Imperial Valley Design Comp. | 60.00 0.134 0.1747 0.020 0.905 0.565 1379.593 1.676 1.367 0.010 0.007
Coalinga Design Comp. | 52.00 0.190 0.2618 0.020 1.408 0.696 1626.783 2.798 2.381 0.034 0.027
North Palm Springs Design Comp. | 40.00 0.144 0.2140 0.020 1.071 0.567 1430.486 2.049 1.669 0.012 0.009
Landers Design Comp. | 70.00 0.317 0.5033 0.024 2.643 0.943 1853.291 4.846 4.235 0.041 0.017
Little Skull Mountain Design Comp. | 132.00 0.055 0.0750 0.018 0.376 0.184 1174.141 0.736 0.597 0.011 0.008
Kocaeli1 Design Comp. | 170.00 0.335 0.5500 0.026 2.823 0.991 2010.688 5.219 4.549 0.104 0.041
Kocaeli 2 Design Comp. | 48.00 0.256 0.3700 0.022 1.864 0.768 1759.118 3.541 3.018 0.017 0.014
Kobe Design Comp. | 60.00 0.111 0.1638 0.020 0.733 0.308 1327.181 1.413 1.185 0.013 0.010
Mean 0.2084 | 0.3139 0.0215 1.6023 | 0.6615 | 1605.8882 3.0270 2.5846 0.0288 0.0181
Standard Deviation 0.0950 | 0.1593 0.0025 0.8366 | 0.2610 | 265.8816 1.5342 1.3605 0.0286 0.0130
Relative Stand Deviation 45.57% | 50.74% | 11.48% | 52.21% | 39.46% 16.56% 50.68% 52.64% 99.35% 71.50%
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Table 4.10 Results Overview forUpper Limit Friction ScarhamCreek Transverse Model

Friction
Scarham 4"
Max
Max Max Bent Residual Residual

Ground Run Run Foundation Bearing Bent Bolt Column Span Disp. Span Bent Disp.
Transverse Motion Motion Status | Time Capacity (D/R) | Capacity | Ductility | Status Shear Disp. (in.) (in.) Disp. (in.) (in.)
San Fernando 1 Design Comp. | 48.00 0.286 0.4461 0.023 2.322 0.848 1761.905 4.341 3.742 0.015 0.008
San Fernando 2 Design Comp. | 50.00 0.255 0.3800 0.023 1.877 0.746 | 1735.696 3.652 3.104 0.031 0.039
Imperial Valley Design Comp. | 60.00 0.134 | 0.1747 0.020 0.905 0.565 1379.593 1.676 1.367 0.010 0.007
Coalinga Design Comp. | 52.00 0.190 0.2618 0.020 1.408 0.696 | 1626.783 2.798 2.381 0.034 0.027
North Palm Springs Design Comp. | 40.00 | 0.144 | 0.2140 0.020 1.071 0.567 | 1430.486 2.049 1.669 0.012 0.009
Landers Design Comp. | 70.00 0.317 | 0.5033 0.024 2.643 0.943 | 1853.291 4.846 4.235 0.041 0.017
Little Skull Mountain Design Comp. | 132.00 | 0.055 0.0750 0.018 0.376 0.184 1174.141 0.736 0.597 0.011 0.008
Kocaeli1 Design Comp. | 170.00 | 0.335 0.5500 0.026 2.823 0.991 2010.688 5.219 4.549 0.430 0.315
Kocaeli 2 Design Comp. | 48.00 0.256 | 0.3700 0.022 1.864 0.768 | 1759.118 3.541 3.018 0.017 0.014
Kobe Design Comp. | 60.00 0.111 0.1638 0.020 0.733 0.308 | 1327.181 1.413 1.185 0.013 0.010
Mean 0.2084 | 0.3139 0.0214 1.6023 | 0.6615 | 1605.8882 3.0270 2.5846 0.0614 0.0455
Standard Deviation 0.0950 | 0.1593 0.0023 0.8366 | 0.2610 | 265.8816 1.5342 1.3604 0.1300 0.0952
Relative Stand Deviation 45.57% | 50.74% | 10.91% | 52.21% | 39.46% | 16.56% 50.68% 52.64% 211.69% 209.21%

A total of fourteen MCHevel events were applied to thisdge model. All
transverse MCHevel analyses of the Scarham Creek Bridge ran successfully. Only one
case of limit exceedance was reported and the results can barfolatde 7.11 and
Table 7.12. Resultsetween the two friction models are the same with the exception of
the Landers MCE event. This event in the upper friction limit model results in a high
foundation rotation case similar to the cases recorded for longitudinal motion. All
residual displacements are below the 10
structure post event.

Table 4.11 MCE-Level Results Overview forLower Limit Friction ScarhamCreek Transverse

Model

Friction

Scarham gy
Max Max Max Residual

Ground Run Run Foundation Bearing Bent Bolt Column Span Bent Span Residual
Transverse Motion Motion Status | Time Capacity (D/R) | Capacity | Ductility | Status Shear Disp. Disp. Disp. Bent Disp.
San Fernando 1 MCE Comp. 48.00 0.306 | 0.4732 0.024 2.536 0.926 1785.350 4.746 4.068 0.017 0.010
San Fernando 2 MCE Comp. 50.00 0.318 | 0.5100 0.024 2.553 0.967 1921.752 4.897 4.183 0.023 0.027
Imperial Valley MCE Comp. 60.00 0.190 | 0.2381 0.021 1.305 0.793 1520.694 2.387 1.956 0.008 0.006
Landers MCE Comp. 70.00 0.305 | 0.4258 0.025 2.565 0.983 1953.014 5.384 4.390 0.615 0.727
Kocaelil MCE Comp. 170.00 0.308 | 0.4700 0.027 2.585 0.994 1714.110 5.025 4.215 0.438 0.351
Kocaeli 2 MCE Comp. 48.00 0.335 | 0.4067 0.027 3.095 0.979 2172.828 5.808 5.009 0.200 0.103
Kobe MCE Comp. 60.00 0.172 | 0.2382 0.021 1.152 0.436 1462.366 2.090 1.775 0.016 0.012
Mean 0.2762 | 0.3946 0.0241 2.2558 | 0.876% 1790.0164 4.3338 3.6565 0.1881 0.1766
Standard Deviation 0.0661 | 0.1120 0.0025 0.7300 | 0.1816 250.3800 1.4756 1.2623 0.2462 0.2724
Relative Stand Deviation 23.93% | 28.38% | 10.43% | 32.36% | 20.71% 13.99% 34.05% 34.52% 130.89% 154.25%
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Table 4.12 MCE-Level Results Overview forUpper Limit Friction ScarhamCreek Transverse

Model

Friction

Scarham ".4"
Max Max Max Residual

Ground Run Run Foundation Bearing Bent Bolt Column Span Bent Span Residual
Transverse Motion Motion Status | Time Capacity (D/R) | Capacity | Ductility | Status Shear Disp. Disp. Disp. Bent Disp.
San Fernando 1 MCE Comp. 48.00 0.306 | 0.4732 0.024 2.536 0.926 1785.350 4.746 4.068 0.017 0.010
San Fernando 2 MCE Comp. 50.00 0.318 | 0.5100 0.024 2.553 0.967 1921.752 4.897 4.183 0.023 0.027
Imperial Valley MCE Comp. 60.00 0.190 | 0.2381 0.021 1.305 0.793 1520.694 2.387 1.956 0.008 0.006
Landers MCE Comp. 70.00 0.363 | 1.5600 0.058 4.863 0.997 1848.441 7.307 5.368 0.293 0.640
Kocaelil MCE Comp. 170.00 0.308 | 0.6367 0.028 2.585 0.957 1928.681 7.244 5.558 0.754 0.428
Kocaeli 2 MCE Comp. 48.00 0.335| 0.4233 0.025 3.095 0.979 2172.574 5.809 5.007 0.557 0.349
Kobe MCE Comp. 60.00 0.172 | 0.2382 0.021 1.152 0.496 1462.366 2.090 1.775 0.016 0.012
Mean 0.2845 | 0.5828 0.0287 2.5841 | 0.8738 1805.6941 4.9257 3.9878 0.2382 0.2103
Standard Deviation 0.0735 | 0.4543 0.0132 1.2346 | 0.1798 246.4877 2.0954 1.5536 0.3078 0.2601
Relative Stand Deviation 25.83% | 77.95% | 46.08% | 47.78% | 20.58% 13.65% 42.54% 38.96% 129.22% 123.71%

4.3.2 Longitudinal Motion

The longitudinal analysis for this bridge resulted in fairly consistesignlevel
results. SeeTable 4.13nd Table 4.14or anoverview of he desigrevel transverse
results. Maximum span displacements of about 2.5 inches occurred for most ground
motions in each bridge model, and bent displacements hovered around 2 inches. These
results are to be expected in bridges with such tall columns. Bent ductility appears to
remain béow the established maximum for the second and fourth bent(in6fies),
with only one desigtevel ground motion, (San Fernando 2) causing a ductility in excess
of this limit. Foundation capacity for this bridge exceeds the displacement limit set by
geotechnical data. This foundation disgaent is present in all desigvel events, and
is thus a conclusive failure in the longitudinal direction of this briddeesé&
deformations at foundatielevel are a result of shear forces carried by the sudistay

and not a product of excessive moments or structural failures.
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Table 4.13 Results Overview forLower Limit Friction ScarhamCreek Longitudinal Model

Table 4.14 Results Overview forUpper Limit

Friction
Scarham "
Max Max Residual | Residual
Max Span Bent Span Bent
Ground Run Run Foundation Bearing Bent Column Disp. Disp. Disp. Disp.
Longitudinal Motion Motion Status | Time | Capacity (D/R) | Capacity | Ductility | Shear (in.) (in.) (in.) (in.)
San Fernando 1 Design Comp. | 48.00 | 1.685 | 0.2917 0.278 0.787 968.259 2.927 2.459 0.413 0.355
San Fernando 2 Design Comp. [ 50.00 | 1.868 | 0.3976 0.239 1.081 1046.208 3.682 3.174 0.453 0.267
Imperial Valley Design Comp. | 60.00 | 1.698 | 0.2767 0.195 0.714 973.824 2.729 2.453 0.372 0.250
Coalinga Design Comp. | 52.00 | 1.692 | 0.2185 0.182 0.695 971.426 2.341 1.900 0.405 0.275
North Palm Springs Design Comp. | 40.00 | 1.648 | 0.1456 0.125 0.520 952.760 1.535 1.249 0.062 0.060
Landers Design Comp. | 70.00 | 1.703 | 0.2891 0.234 0.765 975.806 3.013 2.445 0.211 0.131
Little Skull Mountain Design Comp. | 132.00 | 1.600 | 0.0814 0.042 0.385 932.183 0.689 0.592 0.172 0.050
Kocaelil Design Comp. | 170.00 | 1.744 | 0.3006 0.223 0.782 993.502 3.023 2.638 0.240 0.123
Kocaeli 2 Design Comp. | 48.00 | 1.718 | 0.2314 0.206 0.657 982.143 2.620 2.002 0.050 0.002
Kobe Design Comp. [ 60.00 1.663 | 0.2282 0.180 0.672 958.920 2.380 1.971 0.296 0.178
Mean 1.7019 | 0.2461 | 0.1905 0.7058 | 975.5031 | 2.4938 2.0882 0.2674 0.1691
Standard Deviation 0.0706 | 0.0878 | 0.0663 0.1819 | 30.0148 0.8453 0.7362 0.1448 0.1152
Relative Stand Deviation 4.15% | 35.66% | 34.80% | 25.77% 3.08% 33.90% 35.25% 54.17% 68.11%

Friction ScarhamCreek Longitudinal Model

Friction
Scarham ".4"
Max Max Residual | Residual
Max Span Bent Span Bent
Ground Run Run Foundation Bearing Bent Column Disp. Disp. Disp. Disp.
Longitudinal Motion Motion | Status | Time | Capacity (D/R) | Capacity | Ductility | Shear (in.) (in.) (in.) (in.)
San Fernando 1 Design Comp. | 48.00 | 1.722 | 0.3486 0.207 0.889 984.097 3.294 2.961 0.010 0.002
San Fernando 2 Design Fail 445 | 1.640 | 0.4037 | 0.235 1.108 949.414 3.950 3.342
Imperial Valley Design Comp. | 60.00 | 1.744 | 0.2974 0.215 0.959 993.480 3.203 2.680 0.131 0.094
Coalinga Design Comp. | 52.00 | 1.690 | 0.2340 0.135 0.764 970.624 2.328 2.038 0.217 0.129
North Palm Springs Design Comp. | 40.00 | 1.653 | 0.1456 0.119 0.520 954.562 1.535 1.247 0.174 0.051
Landers Design Comp. | 70.00 | 1.757 | 0.3303 0.211 0.962 998.828 3.277 2.847 0.112 0.061
Little Skull Mountain Design Comp. | 132.00 | 1.600 | 0.0814 0.042 0.385 932.183 0.689 0.592 0.172 0.050
Kocaelil Design Comp. [ 170.00 | 1.787 | 0.3242 0.210 0.976 | 1011.495 3.447 2.837 0.022 0.063
Kocaeli 2 Design Comp. | 48.00 | 1.707 | 0.2398 0.174 0.701 977.714 2.592 2.165 0.103 0.022
Kobe Design Comp. | 60.00 1.726 | 0.2342 0.167 0.904 985.809 2.727 2.054 0.165 0.081
Mean 1.7026 | 0.2639 | 0.1714 0.8168 | 975.8206 | 2.7042 2.2762 0.1229 0.0614
Standard Deviation 0.0575 | 0.0975 [ 0.0587 0.2248 | 24.4181 0.9780 0.8447 0.0700 0.0376
Relative Stand Deviation 3.38% | 36.94% | 34.26% 27.53% 2.50% 36.17% 37.11% 56.94% 61.27%

A total of fourteen MCHevel events were applied tois bridge model. See

Table 4.15 and Table 4.16r anoverview of the MCHevel longitudinal resultsOnly

six of the fourteen analyses were completed with all incomplete analyses showing signs

of possible structural failure. I$ idifficult to classify the MCHevel of behavior for this

bridge as acceptable given the large amount of unknowns found in the results.
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from the conservative judgment, rather than an observed failudelitional study of
taller bent bridges at the MGEvel may be required in order to gather eoformation

on cases similar to this analysis case.

Table 4.15 MCE-Level Results Overview forLower Limit Friction ScarhamCreek Longitudinal

Model

Friction

Scarham ]
Residual | Residual

Ground Run Run Foundation Bearing Bent Max Column Max Span Max Bent Span Bent
Longitudinal Motion Motion Status | Time | Capacity (D/R) | Capacity | Ductility Shear Disp. Disp. Disp. Disp.
San Fernando 1 MCE Comp. 48.00 [ 1.697 | 0.3033 0.280 0.840 973.314 3.198 2.698 0.431 0.348
San Fernando 2 MCE Fail 4.39 | 1.647 | 0.3700 0.315 0.844 952.314 3.820 3.299
Imperial Valley MCE Comp. 60.00 | 1.721 | 0.3089 0.233 0.829 983.621 3.118 2.701 0.170 0.150
Landers MCE Comp. 70.00 [ 1.770 | 0.3303 0.291 0.835 1004.557 3.215 2.864 0.437 0.278
Kocaelil MCE Fail 24.36 | 1.802 | 0.5199 0.809 2.462 1018.009 3.559 5.110
Kocaeli 2 MCE Fail 7.62 | 1.819 | 0.3119 0.323 0.757 1025.210 3.409 2.812
Kobe MCE Comp. 60.00 | 1.668 | 0.2864 0.247 0.792 960.924 3.037 2.475 0.049 0.075
Mean 1.7320 | 0.3472 0.3568 1.0514 988.2784 3.3366 3.1369 0.2718 0.2128
Standard Deviation 0.0666 | 0.0806 0.2021 0.6230 28.2847 0.2768 0.9056 0.1938 0.1231
Relative Stand
Deviation 3.84% | 23.21% | 56.62% 59.25% 2.86% 8.30% 28.87% 71.30% 57.86%

Table 4.18 MCE -Level Results Overview forUpper Limit Friction ScarhamCreek Longitudinal

Model

Friction

Scarham ".4"
Residual

Ground Run Run Foundation Bearing Bent Max Column Max Span Max Bent Span Residual
Longitudinal Motion Motion Status | Time | Capacity (D/R) | Capacity | Ductility Shear Disp. Disp. Disp. Bent Disp.
San Fernando 1 MCE Comp. 48.00 | 1.761 | 0.8685 0.451 1.797 1000.505 3.425 3.805 1.139 0.622
San Fernando 2 MCE Fail 3.87 | 1.641| 0.2634 0.161 0.829 949.502 2.515 2.217
Imperial Valley MCE Fail 10.55| 1.760 [ 0.3517 0.231 1.026 1000.349 3.719 2.879
Landers MCE Fail 22.89 | 1.740 | 0.3578 0.208 1.222 991.567 3.595 3.160
Kocaelil MCE Fail 22.52| 1.779 | 0.5199 0.706 1.061 1008.230 3.529 2.960
Kocaeli2 MCE Fail 7.11| 1.666 | 0.3272 0.223 1.062 960.427 3.806 3.219
Kobe MCE Comp. 60.00 | 1.740 | 0.3058 0.205 0.957 991.848 3.224 2.652 0.076 0.042
Mean 1.7268 | 0.4278 0.3121 1.1363 986.0612 3.4017 2.9846 0.6075 0.3320
Standard Deviation 0.0523 | 0.2103 0.1976 0.3146 22.2177 0.4350 0.4951 0.7517 0.4101
Relative Stand
Deviation 3.03% | 49.17% 63.30% 27.68% 2.25% 12.79% 16.59% 123.73% 123.53%

4.4  Norfolk Southern Railroad Bridge

Results show that the average behavior of the Norfolk Southern Brakge w
favorable for design and MCIevel events. Desiglevel events resulted in behaviors
typical with stiff elastic bridges, including smaller sparptisements and bent

deflections. Foundation performance for this bridge was acceptable in both directions of
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motion. All desigrlevel analysis performed for this bridge succeeded in completing in

the lateral direction. Tee desigrevel analyses perfored in the longitudinal direction

failed toresult in completion Substructure behavior appears to be adequate at column

and bent cap locations. Connection behavior also appears to be adequate from the results

of each analysis with anchor bolts failifyt no cases of unseating. Bearing pad

slippage was minimal in both directions of loading, and did not approach levels indicative

of unseating. Amoreide pt h anal ysis of each bridge mo

next sections.

4.4.1 Transverse Motion

The transverse analysis for this bridge resultestifhstructural behavior. See
Table 4.17and Table 4.18or anoverview of the desigtevel transverse resultd.ower
bent displacements are indicative of a stiff substructure. This behavideisping with
triple column bridge bents, like the ones present in the Norfolkh8ouRailroad Bridge.
Designlevel results from both friction models indicated residual deflections that were
within acceptable limits for this bridge. AHansverse dégn-level analyses of the
Norfolk Southern Railroad Bridge ran successfully. Many anchor bolt failures can be
observed in the transverse analyses. These failures are a result of high levels of forces
being transferred between the super and substrudttiie bridge. This is more common
in bridges with stiffer substructures, since the superstructure of each bridge is simply
supported with long span lengths and generally behaves in a more flexible manner.

Overall these results are in keeping with thelfpted behaviors of this bridge.
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Table 4.17 Results Overview forLower Limit Friction Norfolk Southern Railroad Transverse Model

Friction
Norfolk n2"
Max
Max Max Bent Residual Residual

Ground Run Run Foundation Bearing Bent Bolt | Column Span Disp. Span Bent Disp.
Transverse Motion Motion Status | Time Capacity (D/R) Capacity | Ductility | Status | Shear | Disp. (in.) (in.) Disp. (in.) (in.)
San Fernando 1 Design Comp. | 48.00 0.124 0.0095 0.115 0.768 0.981 28.022 0.973 0.941 0.049 0.162
San Fernando 2 Design Comp. [ 50.00 | 0.083 | 0.0004 0.040 0.554 0.798 | 17.716 0.810 0.717 0.020 0.018
Imperial Valley Design Comp. | 60.00 0.125 0.0143 0.146 0.816 0.982 19.424 1.221 1.019 0.066 0.181
Coalinga Design Comp. [ 52.00 0.124 0.0005 0.049 0.768 0.986 20.088 1.000 0.942 0.017 0.052
North Palm Springs Design Comp. | 40.00 0.115 0.0007 0.050 0.715 0.997 18.315 0.985 0.877 0.019 0.000
Landers Design Comp. | 70.00 0.141 0.0101 0.160 0.869 0.990 23.942 1.305 1.070 0.060 0.183
Little Skull Mountain Design Comp. | 132.00 | 0.014 0.0005 0.011 0.133 0.221 17.246 0.223 0.185 0.019 0.014
Kocaelil Design Comp. | 170.00 | 0.147 0.0148 0.194 0.950 0.991 32.714 1.769 1.193 0.326 0.153
Kocaeli 2 Design Comp. | 48.00 0.138 0.0173 0.216 0.861 0.990 20.060 1.748 1.059 0.070 0.198
Kobe Design Comp. | 60.00 0.092 0.0007 0.042 0.612 0.846 18.093 0.849 0.768 0.030 0.027
Mean 0.1104 | 0.0069 0.1024 0.7046 | 0.8782 | 21.5621 1.0882 0.8771 0.0676 0.0988
Standard Deviation 0.0394 | 0.0070 0.0732 0.2332 | 0.2412 | 5.1289 0.4567 0.2817 0.0932 0.0826
Relative Stand Deviation 35.65% | 101.77% | 71.47% | 33.10% | 27.47% | 23.79% 41.97% 32.12% 137.84% 83.53%

Table 4.18 Results Overview forUpper Limit Friction Norfolk Southern Railroad Transverse Model

Friction
Norfolk ".4"
Max
Max Max Bent Residual Residual
Ground Run Run Foundation Bearing Bent Bolt | Column Span Disp. Span Bent Disp.

Transverse Motion Motion Status | Time Capacity (D/R) Capacity | Ductility | Status | Shear | Disp. (in.) (in.) Disp. (in.) (in.)
San Fernando 1 Design Comp. [ 48.00 0.124 0.0088 0.107 0.768 0.983 27.118 0.973 0.941 0.010 0.049
San Fernando 2 Design Comp. [ 50.00 0.083 0.0004 0.040 0.554 0.798 17.716 0.810 0.717 0.020 0.018
Imperial Valley Design Comp. | 60.00 0.125 0.0119 0.121 0.816 0.982 22.432 1.120 1.019 0.013 0.031
Coalinga Design Comp. | 52.00 0.124 0.0005 0.049 0.768 0.986 20.088 1.000 0.942 0.017 0.052
North Palm Springs Design Comp. | 40.00 | 0.115 0.0007 0.050 0.715 0.997 | 18.315 0.985 0.877 0.018 0.001
Landers Design Comp. | 70.00 0.539 0.0054 0.136 3.173 0.993 37.700 1.481 3.837 1.014 3.602
Little Skull Mountain Design Comp. | 132.00 | 0.014 0.0005 0.011 0.133 0.221 17.246 0.223 0.185 0.019 0.014
Kocaeli1 Design Comp. [ 170.00 [ 0.112 0.0160 0.176 0.747 0.991 28.415 1.496 0.949 0.021 0.103
Kocaeli 2 Design Comp. | 48.00 0.118 0.0114 0.150 0.754 0.990 29.420 1.407 0.952 0.032 0.023
Kobe Design Comp. [ 60.00 0.092 0.0007 0.042 0.612 0.846 18.093 0.849 0.768 0.030 0.027
Mean 0.1446 | 0.0056 0.0881 0.9039 | 0.8787 | 23.6542 1.0343 1.1187 0.1194 0.3920
Standard Deviation 0.1425 | 0.0060 0.0563 0.8216 | 0.2415 | 6.7916 0.3814 0.9850 0.3144 1.1282
Relative Stand Deviation 98.51% | 105.47% | 63.86% | 90.90% | 27.48% | 28.71% 36.87% 88.05% 263.32% 287.78%

A total of fourteerMCE-level events were analyzed with this bridge model. See
Table 419 and &ble 4.D for anoverview of the MCHevel transverse result#\
majority of these MCE results indicated lower bent displacements and span
displacements with a single exceptidrhis behavior is in keeping with triple column
bridge bents, like the ones present in the Norfolk Southern Railroad Bridge. The Landers

event for the lower friction limit model resulted in behavior that is indicative of span
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unseating. A high bearing pdtsplacement was recorded as well as a high residual

displacement. High residual displacement was also recorded in the upper bound friction

model during the same grountbtion. All transverse desigervel analyses of the

Norfolk Southern Railroad Bridgan successfully. Many anchor bollldiaes were

observed in the MCHevel transverse analyses. This is more common in bridges with

stiffer substructures, since the superstructure of each bridge is simply supported with long

span lengths and generallghaves in a more flexible manner. Overall these results are

in keeping with the predicted behaviors of this bridge, and the average behavior of these

models indicateacceptable behavior at the Mdé&vel.

Table 419: MCE -Level Results Overview forLower Limit Friction Norfolk Southern Railroad
Transverse Model

Friction

Norfolk "2
Max Max Max Residual

Ground Run Run Foundation Bearing Bent Bolt Column Span Bent Span Residual
Transverse Motion Motion Status Time Capacity (D/R) Capacity | Ductility | Status Shear Disp. Disp. Disp. Bent Disp.
San Fernando 1 MCE Comp. 48.00 0.128 0.0092 0.109 0.783 | 0.979 26.267 0.974 0.954 0.043 0.148
San Fernando 2 MCE Comp. 50.00 0.124 0.0138 0.173 0.771| 0.978 30.382 1.441 0.947 0.051 0.017
Imperial Valley MCE Comp. 60.00 0.222 0.0088 0.195 1.383 | 0.996 22.689 2.006 1.699 0.411 0.420
Landers MCE Comp. 70.00 0.434 0.0542 1.492 2.977 | 0.986 34.799 14.166 6.326 13.606 5.907
Kocaelil MCE Comp. 170.00 0.240 0.0263 0.274 1.506 | 0.910 30.369 2.176 1.882 0.883 0.050
Kocaeli 2 MCE Comp. 48.00 0.271 0.0053 0.219 1.624 | 0.993 20.615 2.161 1.986 0.516 0.525
Kobe MCE Comp. 60.00 0.189 0.0054 0.164 1.165| 0.947 21.888 1.610 1.439 0.337 0.370
Mean 0.2295 0.0176 0.3750 1.4584 | 0.9698 26.7156 3.5048 2.1762 2.2639 1.0624
Standard Deviation 0.1055 0.0177 0.4950 0.7481 | 0.0310 5.3084 4.7212 1.8762 5.0097 2.1450
Relative Stand Deviation 45.97% | 100.84% | 132.00% | 51.30% | 3.20% 19.87% | 134.70% 86.21% 221.29% 201.89%

Table 4.20: MCE -Level Results Overview forUpper Limit Friction Norfolk Southern Railroad
Transverse Model

Friction

Norfolk ".4"
Max Max Max Residual

Ground Run Run Foundation Bearing Bent Bolt Column Span Bent Span Residual
Transverse Motion Motion Status | Time Capacity (D/R) | Capacity | Ductility | Status Shear Disp. Disp. Disp. Bent Disp.
San Fernando 1 MCE Comp. 48.00 0.128 | 0.0084 0.102 0.783 | 0.979 25.533 0.974 0.954 0.003 0.069
San Fernando 2 MCE Comp. 50.00 0.124 | 0.0147 0.198 0.833 | 0.978 31.423 1.828 1.080 0.281 0.115
Imperial Valley MCE Comp. 60.00 0.178 | 0.0059 0.163 1.129 | 0.996 24.991 1.721 1.402 0.018 0.081
Landers MCE Comp. 70.00 0.353 | 0.0053 0.402 1.267 | 0.971 34.230 4.577 1.618 3.399 0.348
Kocaelil MCE Comp. 170.00 0.293 | 0.0064 0.243 1.847 | 0.995 40.217 2.582 2.276 0.096 0.283
Kocaeli 2 MCE Comp. 48.00 0.234 | 0.0125 0.208 1.452| 0.993 28.246 2.028 1.812 0.097 0.123
Kobe MCE Comp. 60.00 0.173 | 0.0126 0.175 1.085| 0.963 27.853 1.627 1.342 0.148 0.048
Mean 0.2117 | 0.0094 0.2130 1.1994 | 0.9821 30.3562 2.1911 1.4978 0.5775 0.1524
Standard Deviation 0.0862 | 0.0038 0.0942 0.3683 | 0.0129 5.4184 1.1564 0.4513 1.2476 0.1159
Relative Stand Deviation 40.72% | 40.62% | 44.22% | 30.71% | 1.31% 17.85% 52.77% 30.13% 216.05% 76.00%

87



4.4.2 Longitudinal Motion

The longitudinal analysis for this bridge resulted in fabdysistent resultsSee
Table 4.2 and Tble 4.2 for an overview of the desigevel longitudinalresults.
Maximum span displacements of aba@uhch occurred for most desidgvel ground
motions in each bridge model, and bent displacements hoarredd 1.1 inches. These
results are to be expected in bridges with such stiff substrudBemet ductility appears to
remain well bedw the established maximur®.89. Foundatiorcapacity for this bridge
does not exceed the displacement limit set lofagnical data. Recorded column shears
for this model appear to be incorrectly recorded due to very small recorded values when
compared to every other analysis performed éendiapter. Three of the desilgvel
analyses performed on the models resuhieghalysis failure, with the Kocaeli 1 event
resulting in possible structural failure. The results from this event only last for 22.52
seconds of the applied ground motion, but they already exhibit reasonable bridge
response before the largest acceleratare even applied. A judgment was made to
classify these results as a possible structural failure. Despite this, overall behavior of this

bridge appeartw be sufficient in the desigevel longitudinal direction.
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Table 4.21: Results Overviav for Lower Limit

Friction Norfolk Southern Longitudinal Model

Friction
Norfolk 2"
Max Max Residual | Residual
Max Span Bent Span Bent

Ground Run Run Foundation Bearing Bent Column Disp. Disp. Disp. Disp.
Longitudinal Motion Motion Status | Time Capacity (D/R) | Capacity | Ductility | Shear (in.) (in.) (in.) (in.)
San Fernando 1 Design Num. | 17.44 0.061 | 0.2009 0.180 0.593 3.332 1.564 0.891
San Fernando 2 Design Comp. [ 50.00 0.066 0.3339 0.500 0.670 7.527 2.272 1.263 0.245 0.110
Imperial Valley Design Comp. | 60.00 0.066 | 0.1801 0.233 0.382 6.051 1.078 0.595 0.214 0.094
Coalinga Design Comp. [ 52.00 0.065 | 0.2494 0.405 0.741 6.556 1.749 1.146 0.333 0.191
North Palm Springs Design Comp. | 40.00 0.063 | 0.1871 0.276 0.462 3.271 1.155 0.668 0.327 0.194
Landers Design Comp. | 70.00 0.352 | 0.2065 0.376 0.762 306.738 1.622 1.073 0.707 0.229
Little Skull Mountain Design Comp. | 132.00 | 0.063 0.0379 0.074 0.178 3.079 0.284 0.185 0.044 0.046
Kocaelil Design Comp. | 170.00 | 0.064 | 0.2286 0.340 0.560 7.162 1.486 0.835 0.262 0.127
Kocaeli 2 Design Comp. | 48.00 0.064 | 0.1968 0.318 0.549 8.072 1.367 0.817 0.343 0.176
Kobe Design Comp. | 60.00 0.063 | 0.1427 0.278 0.454 4.119 1.169 0.656 0.283 0.157
Mean 0.0963 | 0.1959 0.3109 0.5288 39.1749 1.3536 0.8043 0.3064 0.1471
Standard Deviation 0.0961 | 0.0800 [ 0.1196 0.1855 | 100.3530 [ 0.5458 0.3295 0.1756 0.0577
Relative Stand Deviation 99.79% | 40.85% | 38.46% | 35.08% | 256.17% | 40.32% | 40.97% 57.30% 39.19%

Table 4.2: Results Overview forUpper Limit

Friction Norfolk Southern Longitudinal Model

Friction
Norfolk ".4"
Max Max Residual | Residual
Max Span Bent Span Bent

Ground Run Run Foundation Bearing Bent | Column Disp. Disp. Disp. Disp.
Longitudinal Motion Motion | Status | Time Capacity (D/R) | Capacity | Ductility | Shear (in.) (in.) (in.) (in.)
San Fernando 1 Design Comp. | 48.00 0.063 | 0.2356 0.295 0.493 3.870 1.259 0.730 0.036 0.028
San Fernando 2 Design Comp. | 50.00 0.275 | 0.3686 0.536 0.779 285.206 2.425 1.450 0.225 0.276
Imperial Valley Design Comp. | 60.00 0.065 | 0.1871 0.250 0.427 6.588 1.099 0.627 0.040 0.037
Coalinga Design Comp. | 52.00 0.086 | 0.2910 0.507 0.924 13.648 2.216 1.459 0.214 0.131
North Palm Springs Design Num. 8.10 0.061 | 0.2425 0.346 0.624 2.613 1.515 0.946
Landers Design Comp. | 70.00 0.320 | 0.2647 0.371 1.181 288.173 2.041 1.437 0.486 0.027
Little Skull Mountain Design Comp. | 132.00 | 0.063 | 0.0379 0.074 0.178 3.096 0.284 0.185 0.044 0.046
Kocaeli1 Design Fail. 22.52 0.062 | 0.3298 0.401 0.651 2.690 1.857 1.232
Kocaeli 2 Design Comp. | 48.00 0.064 | 0.2217 0.298 0.501 10.761 1.359 0.793 0.025 0.001
Kobe Design Comp. | 60.00 0.063 | 0.1690 0.249 0.421 4.074 1.043 0.599 0.041 0.035
Mean 0.0983 | 0.2171 | 0.3054 0.5970 | 41.6123 | 1.3949 0.8828 0.1389 0.0726
Standard Deviation 0.0900 | 0.0895 0.1278 0.3175 | 99.7030 0.6290 0.4512 0.1628 0.0905
Relative Stand
Deviation 91.52% | 41.24% | 41.85% | 53.18% | 239.60% | 45.09% | 51.11% | 117.21% | 124.68%

A total of fourteen MCHevel events were applied to this bridge model. See

Table 423 andTable 424 for anoverview of the MCHevel longitudinal resultsTen of

the fourteen analyses ran completely. Three of the four that didswit in completion

were determined to cause possible failure in the form of eventual span unseating. The

displacements of the bearing pads in these analyses were relatively high at the time of

analysis failure. This combined with the fact that these analysis ceaseddeetavas of
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the largest ground motion accelerations were applied to the models lead to the prediction

of possible unseating. This was determined due to high recorded bearing displacements

during sections of the ground motion that proceeded larger graahdn accelerations

that were never applied in the analysis. The overall behavior of this bridge appears to be
acceptable for critical and essential bridgesd the problem of unseating should become

reduced due to the adoption of increased seat widtHature designs

Table 4.23 MCE-Level Results Overview forLower Limit Friction Norfolk Southern Longitudinal

Model

Friction

Norfolk 27
Residual

Ground Run Run Foundation Bearing Bent Max Column Max Span Max Bent Span Residual
Longitudinal Motion Motion Status | Time Capacity (D/R) Capacity | Ductility Shear Disp. Disp. Disp. Bent Disp.
San Fernando 1 MCE Comp. 48.00 0.063 | 0.2425 0.363 0.596 5.178 1.578 0.895 0.051 0.004
San Fernando 2 MCE Comp. 50.00 0.064 | 0.3810 0.563 0.811 8.467 2.542 1.505 0.099 0.119
Imperial Valley MCE Comp. 60.00 0.065 | 0.2660 0.361 0.488 6.479 1.639 0.953 0.218 0.109
Landers MCE Comp. 70.00 0.350 | 0.2314 0.439 0.842 316.381 1.924 1.286 0.171 0.360
Kocaeli1 MCE Fail. 23.40 0.067 | 0.3131 0.493 0.861 3.548 2173 1.352
Kocaeli 2 MCE Fail. 6.95 0.061 | 0.3048 0.370 0.568 2.696 1721 1.091
Kobe MCE Comp. 60.00 0.063 | 0.2120 0.364 0.658 4.725 1.565 1.001 0.379 0.230
Mean 0.1046 | 0.2787 0.4219 0.6890 49.6392 1.8775 1.1548 0.1836 0.1645
Standard Deviation 0.1084 [ 0.0585 0.0801 0.1488 117.6375 0.3651 0.2287 0.1268 0.1354
Relative Stand
Deviation 103.58% | 20.97% | 18.99% 21.60% 236.98% 19.45% 19.81% 69.04% 82.34%

Table 4.24 MCE-Level Results Overview forUpper Limit Friction Norfolk Southern Longitudinal

Model

Friction

Norfolk ".4"
Residual

Ground Run Run Foundation Bearing Bent Max Column Max Span Max Bent Span Residual
Longitudinal Motion Motion Status | Time Capacity (D/R) Capacity | Ductility Shear Disp. Disp. Disp. Bent Disp.
San Fernando 1 MCE Comp. 48.00 0.064 | 0.2536 0.325 0.538 6.219 1.395 0.820 0.031 0.016
San Fernando 2 MCE Num. 15.26 0.325 | 0.3907 0.577 0.848 121.211 2.593 1.569
Imperial Valley MCE Comp. 60.00 0.064 | 0.2633 0.336 0.550 9.397 1.543 0.943 0.026 0.001
Landers MCE Comp. 70.00 23.185 | 0.3575 0.509 27.825 438.334 3.154 1.645 0.556 0.138
Kocaeli1 MCE Fail. 21.58 0.063 | 0.2882 0.372 0.694 2.932 1.638 1.115
Kocaeli 2 MCE Comp. 48.00 0.072 | 0.2536 0.381 0.762 14.259 1.711 1.180 0.108 0.070
Kobe MCE Comp. 60.00 0.063 | 0.2217 0.355 0.613 5.940 1.523 0.925 0.093 0.051
Mean 3.4052 | 0.2898 0.4078 4.5473 85.4702 1.9366 1.1709 0.1628 0.0552
Standard Deviation 8.7226 | 0.0616 0.0964 10.2653 161.2800 0.6675 0.3221 0.2228 0.0538
Relative Stand
Deviation 256.15% | 21.24% 23.64% 225.74% 188.70% 34.47% 27.51% 136.86% 97.50%
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4.5 OseligeeCreek Bridge

Results show that the average behavior of the Oseligee Creek Bridge was mixed
for design and M E-level events. Desiglevel events resulted in behaviors typical with
flexible bridges, including larger span displacements and bent deflections. These larg
span deflections and bent deflections also lead to some cases of collapse of the bridge
model. Foundation performance for this bridge was also mixed, and varied frontceven
event. All design and MCEevel analysis performed for this bridge succeeaded
completing except for one transverse analysis at each level. Substructure behavior
appears to be inadequate at column and foundation locations due to the large scour
situation recommended by geotechnical information. Connection behavior appears to be
adequate from the resalbf each analysis, with desitgvel unseating only occurring in
cases of bridge collapse. Amoredre pt h anal ysi s of each bri dc

<

proved in the next sections.

45.1 Transverse Motion

The transverse analysis for thisdge resulted in flexible structural behavior. See
Table 425 and Table 4.26or an overviewof the desigrevel transverse result$ligh
bent displacements are indicative of a flexible substructure able to accommodate large
deflections. This behawias in keeping with tall column bridge bents, like the ones
present in the 100% scour condition of the Oseligee Creek Bridge. Excessive deflections
were a concern for the transverse motion of this bridge, in both span and bent locations.
These deflectios led to the collapse of thawer limit friction bridge model duringhe
designlevel Landers event. A hallmark of long period structures is large deflections,

especially during certain ground motions. Results from both friction models indicated a
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majarity of designlevel deflections that were within acceptable limits for this bridge.

The ductility for both models exceeds the limit statedable 3.70f Section 3.Gluring
thesecond San Fernando event, leoer the limit established for ductility of this bridge

did not incorporate a 100% scour case. This 100% scour case could alter the limits
established by the static pushover analySistransverse desigtevel analyses of the
Oseligee Creek Bridge ranccessfully with the exception of the Landers ground motion
applied to the uppédimit friction model This desigrevel event was assumed to cause a
collapse failure due to the results observed from the previous model, as well as the results
recordedbefore the analysis ceased. Excessive foundation rotations were also observed
in 14 of the 20 degn+level transverse analyses, with a few other recorded rotations
approaching the rotational limits. Ground motion analyses that exhibit these large

foundaton rotations also tended to exhibit bolt failures at the connection locations.

Table 4.25 Results Overview forLower Limit Friction OseligeeCreek Transverse Model

Friction
Oseligee N
Max
Max Max Bent Residual Residual

Ground Run Run Foundation Bearing Bent Bolt Column Span Disp. Span Bent Disp.
Transverse Motion Motion Status | Time Capacity (D/R) | Capacity | Ductility | Status Shear | Disp. (in.) (in.) Disp. (in.) (in.)
San Fernando 1 Design Comp. | 48.00 0.098 1.0917 0.245 3.566 0.985 492.010 2.087 1.473 0.188 0.073
San Fernando 2 Design Comp. | 50.00 0.120 1.4006 0.389 5.342 0.985 558.379 3.095 2.205 0.082 0.028
Imperial Valley Design Comp. | 60.00 0.106 | 1.1223 0.182 3.389 0.991 515.962 1.832 1.405 0.068 0.054
Coalinga Design Comp. | 52.00 0.102 | 1.1040 0.253 3.991 0.995 514.999 2.159 1.645 0.071 0.022
North Palm Springs Design Comp. | 40.00 0.101 1.0336 0.196 3.213 1.000 509.962 1.858 1.333 0.051 0.009
Landers Design Comp. | 70.00 0.199 | 3.0673 | 79.975 27.572 0.999 | 1909.399 | 786.149 11.267 587.008 6.838
Little Skull Mountain Design Comp. | 132.00 | 0.022 | 0.1084 0.017 0.455 0.347 361.541 0.320 0.188 0.000 0.000
Kocaeli1l Design Comp. | 170.00 | 0.101 1.0428 0.050 3.054 0.996 498.337 1.710 1.267 0.003 0.002
Kocaeli 2 Design Comp. | 48.00 0.116 | 1.2355 0.220 3.693 0.997 521.881 2.198 1.532 0.099 0.042
Kobe Design Comp. | 60.00 0.085 0.7951 0.034 2.147 0.686 | 1525.157 1.276 0.891 0.248 0.047
Mean 0.1050 | 1.2001 8.1561 5.6422 0.8981 | 740.7628 | 80.2684 2.3207 58.7818 0.7115
Standard Deviation 0.0430 | 0.7426 | 25.2349 | 7.8078 | 0.2166 | 525.0808 | 248.0220 3.1863 185.5998 2.1527
Relative Stand Deviation 40.93% | 61.88% | 309.40% | 138.38% | 24.11% | 70.88% | 308.99% | 137.30% 315.74% 302.55%
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Table 4.26 Results Overview forUpper Limit Friction OseligeeCreek Transverse Model

Friction
Oseligee ".4"
Max
Max Max Bent Residual Residual
Ground Run Run Foundation Bearing Bent Bolt Column Span Disp. Span Bent Disp.
Transverse Motion Motion Status | Time Capacity (D/R) | Capacity | Ductility | Status Shear | Disp. (in.) (in.) Disp. (in.) (in.)
San Fernando 1 Design Comp. | 48.00 0.099 1.1070 0.148 3.554 0.986 | 495.895 1.819 1.468 0.304 0.188
San Fernando 2 Design Comp. | 50.00 0.088 0.9694 0.359 5.141 0.979 | 517.882 3.138 2.116 0.010 0.002
Imperial Valley Design Comp. [ 60.00 0.107 1.1193 0.187 3.389 0.994 | 512.425 1.855 1.406 0.108 0.057
Coalinga Design Comp. | 52.00 0.104 1.1162 0.251 3.719 0.969 | 522.410 2.155 1.539 0.034 0.009
North Palm Springs Design Comp. | 40.00 0.103 1.1193 0.179 3.827 0.985 | 517.922 1.863 1.584 0.038 0.009
Landers Design Fail 35.03 0.009 1.3089 0.335 2.914 0.994 | 1749.252 3.469 1.188
Little Skull Mountain Design Comp. [ 132.00 | 0.022 | 0.1076 0.017 0.464 0.345 362.162 0.327 0.192 0.000 0.000
Kocaeli1 Design Comp. | 170.00 | 0.097 0.9572 0.046 2.909 0.914 | 494.917 1.645 1.204 0.003 0.003
Kocaeli 2 Design Comp. | 48.00 0.115 1.2538 0.172 3.691 0.988 | 521.406 2.260 1.531 0.067 0.105
Kobe Design Comp. | 60.00 0.070 0.5872 0.033 2.050 0.658 | 452.858 1.194 0.852 0.000 0.004
Mean 0.0813 | 0.9646 0.1726 3.1658 | 0.8810 | 614.7129 1.9726 1.3079 0.0627 0.0419
Standard Deviation 0.0370 | 0.3606 0.1193 1.2380 | 0.2145 | 401.6717 0.8934 0.5105 0.0974 0.0652
Relative Stand Deviation 45.49% | 37.38% | 69.09% | 39.11% | 24.35% | 65.34% 45.29% 39.03% 155.43% 155.58%

A total of fourteen MCHevel events were analyzed withig bridge model. See

Table 4.27and Table 4.28or anoverview of the MCHevel transverse resultsligh

bent ductilities can be observed in these results, as well lagduigdation rotations.
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important to consider the 100% scour condipwesent in this bridge. A reduction in this

scour amount would result smallerdeflections and a more rigid bridge.

Table 4.27 MCE -Level Results Overview forLower Limit Friction OseligeeCreek Transverse

Model

Friction

Oseligee Ri2Y
Max Max Max Residual

Ground Run Run Foundation Bearing Bent Bolt Column Span Bent Span Residual
Transverse Motion Motion Status Time Capacity (D/R) | Capacity | Ductility | Status Shear Disp. Disp. Disp. Bent Disp.
San Fernando 1 MCE Comp. 48.00 0.088 | 0.8532 0.370 4.408 0.984 488.994 3.041 1.811 0.001 0.004
San Fernando 2 MCE Comp. 50.00 0.116 | 1.3211 0.623 7.554 0.986 589.055 5.049 3.099 0.100 0.033
Imperial Valley MCE Comp. 60.00 0.115 | 1.2599 0.257 3.670 0.995 525.915 2.209 1.522 0.041 0.013
Landers MCE Comp. 70.00 0.114 | 1.4343 0.717 7.496 0.992 1674.884 6.938 3.073 2.127 1.554
Kocaelil MCE Comp. 170.00 0.194 | 2.7278 0.429 7.303 0.986 673.276 3.961 3.019 0.354 0.000
Kocaeli 2 MCE Comp. 48.00 0.164 | 2.1896 0.342 6.378 0.986 636.391 3.338 2.638 0.006 0.023
Kobe MCE Comp. 60.00 0.097 | 1.1162 0.260 3.864 0.980 492.120 2.100 1.593 0.040 0.016
Mean 0.1269 | 1.5574 0.4284 5.8103 | 0.9869 725.8052 3.8051 2.3936 0.3813 0.2348
Standard Deviation 0.0383 | 0.6608 0.1778 1.7684 | 0.0050 424.4309 1.7148 0.7246 0.7794 0.5818
Relative Stand Deviation 30.18% | 42.43% | 41.51% | 30.43% | 0.51% 58.48% 45.07% 30.27% 204.44% 247.84%
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Table 4.28 MCE-Level Results Overview forUpper Limit Friction OseligeeCreek Transverse

Model

Friction

Oseligee ".4"
Max Max Max Residual

Ground Run Run Foundation Bearing Bent Bolt Column Span Bent Span Residual
Transverse Motion Motion Status | Time Capacity (D/R) | Capacity | Ductility | Status Shear Disp. Disp. Disp. Bent Disp.
San Fernando 1 MCE Comp. 48.00 0.139 | 1.7339 1.593 8.055| 0.997 1678.787 14.866 3.288 1.726 1.940
San Fernando 2 MCE Comp. 50.00 0.173 | 2.3180 0.421 7.154 | 0.995 1901.130 3.984 2.954 1.679 0.689
Imperial Valley MCE Comp. 60.00 0.112 | 1.2263 0.208 3.942 | 0.987 527.159 2.184 1.631 0.135 0.053
Landers MCE Comp. 70.00 0.011 | 1.6391 0.042 0.463 | 0.979 1508.386 0.431 0.192 0.132 0.066
Kocaeli1l MCE Comp. 170.00 0.153 | 2.0000 0.422 5.439 | 0.980 1375.549 3.498 2.250 2.146 0.265
Kocaeli 2 MCE Comp. 48.00 0.121 | 1.4709 0.320 5.812 | 0.999 586.393 3.003 2.397 0.054 0.058
Kobe MCE Comp. 60.00 0.094 | 1.1162 0.183 3.659 | 0.987 483.933 2.024 1.513 0.009 0.013
Mean 0.1147 | 1.6435 0.4554 4.9330 | 0.9893 1151.6196 4.2842 2.0322 0.8401 0.4406
Standard Deviation 0.0527 | 0.4227 0.5196 2.5246 | 0.0079 601.7111 4.8077 1.0346 0.9576 0.7024
Relative Stand Deviation 45.96% | 25.72% | 114.10% | 51.18% | 0.80% 52.25% | 112.22% 50.91% 113.98% 159.44%

4.5.2 Longitudinal Motion

The longitudinal analysis for this bridge resulted in fairly consistent results. See
Table 4.2%nd Table 4.30for an overview of the desigievel transverseesults.
Maximum span displacements of about 2 inches occurred for most ground motions in
each bridge model, and bent displacements hovered around 1 inch. These results are to
be expected in bridges with such tall columns. Bent ductility remains bedéow th
establishednaximum (6, with largerductility occurring in the upper limitiction
model Foundation capacity for sordesignrlevel analyses of this bridge exceeds the
rotational limit set by geotechnical data. This foundatiortinytas present ithree
designlevel events, two of which also cause collapse of the bridge. These collapse
events also show span unseating and high residual displacements, both behaviors support

the conclusion of bridge collapse.
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Table 4.29 Results Overview forLower Limit Friction OseligeeCreek Longitudinal Model

Table 4.30 Results Overview forUpper Limit

Friction
Oseligee 2R
Max Max Residual | Residual
Max Span Bent Span Bent
Ground Run Run Foundation Bearing Bent | Column | Disp. Disp. Disp. Disp.
Longitudinal Motion Motion Status | Time Capacity (D/R) | Capacity | Ductility | Shear (in.) (in.) (in.) (in.)
San Fernando 1 Design Comp. | 48.00 0.071 | 0.5780 0.447 2.122 10.342 2.305 1.170 0.044 0.052
San Fernando 2 Design Comp. | 50.00 0.080 | 0.6728 0.504 2.512 11.138 2.475 1.549 0.352 0.018
Imperial Valley Design Comp. | 60.00 0.061 | 0.4373 0.391 1.588 10.781 1.607 0.887 0.063 0.003
Coalinga Design Comp. | 52.00 0.063 | 0.4281 0.320 1.439 10.407 1.453 0.835 0.370 0.028
North Palm Springs Design Comp. | 40.00 | 0.055 | 0.3731 0.272 1.307 10.540 1.417 0.721 0.024 0.039
Landers Design Comp. | 70.00 0.073 | 0.5872 0.618 2.242 10.594 3.215 1.281 1371 0.018
Little Skull Mountain Design Comp. | 132.00 | 0.037 | 0.2006 0.147 0.728 10.260 0.724 0.443 0.083 0.015
Kocaeli1 Design Comp. | 170.00 | 0.065 | 0.4587 0.353 2.125 10.701 1.683 1.050 0.056 0.027
Kocaeli 2 Design Comp. | 48.00 0.078 | 0.6697 0.658 2.673 11.807 3.280 1.584 0.504 0.004
Kobe Design Comp. | 60.00 0.053 0.3211 0.253 1.138 10.215 1.326 0.694 0.199 0.075
Mean 0.0635 | 0.4727 | 0.3964 1.7876 | 10.6785 | 1.9487 1.0213 0.3066 0.0279
Standard Deviation 0.0129 | 0.1540 | 0.1625 0.6391 0.4830 0.8422 0.3757 0.4097 0.0223
Relative Stand
Deviation 20.38% | 32.58% | 40.98% | 35.75% | 4.52% 43.22% 36.78% | 133.62% | 79.90%

Friction OseligeeCreek Longitudinal Model

Friction
Oseligee ".4"
Max Max Residual | Residual
Max Span Bent Span Bent
Ground Run Run Foundation Bearing Bent Column Disp. Disp. Disp. Disp.
Longitudinal Motion Motion Status | Time Capacity (D/R) | Capacity | Ductility | Shear (in.) (in.) (in.) (in.)
San Fernando 1 Design Comp. | 48.00 0.096 | 0.8899 0.438 3.299 10.324 2.359 1.779 0.422 0.217
San Fernando 2 Design Comp. | 50.00 0.108 | 1.1223 0.523 3.477 10.903 2.983 2.133 0.224 0.090
Imperial Valley Design Comp. | 60.00 0.066 | 0.4954 0.277 1.613 10.402 1.630 1.039 0.063 0.033
Coalinga Design Comp. | 52.00 0.124 | 1.8685 3.781 24.891 | 117.009 2.912 7.636 2.912 2.512
North Palm Springs Design Comp. | 40.00 0.075 | 0.6391 0.321 1.963 11.240 1.817 1.164 0.030 0.033
Landers Design Comp. | 70.00 0.112 | 1.5291 4.392 37.605 | 128.021 3.104 8.918 3.086 6.413
Little Skull Mountain Design Comp. | 132.00 | 0.038 | 0.2100 0.124 0.728 10.255 0.756 0.449 0.080 0.010
Kocaeli1 Design Comp. | 170.00 | 0.105 1.0917 0.422 3.137 12.322 2.579 1.583 0.029 0.006
Kocaeli 2 Design Comp. | 48.00 0.093 0.9602 0.657 3.747 11.664 3.211 2.347 0.033 0.013
Kobe Design Comp. | 60.00 0.066 | 0.5015 0.292 1.453 10.214 1.488 0.863 0.155 0.048
Mean 0.0883 | 0.9308 | 1.1227 8.1913 | 33.2353 2.2839 2.7911 0.7034 0.9375
Standard Deviation 0.0263 | 0.5034 | 1.5754 | 12.5551 | 47.1309 0.8248 2.9636 1.2166 2.0739
Relative Stand Deviation 29.79% | 54.08% | 140.33% | 153.27% | 141.81% | 36.11% | 106.18% | 172.96% | 221.22%

A total of fourteen MCHevel events were applied to this bridge model. See

Table 4.3 and Table 4.3fr anoverview of the MCHevel longitudinal resultsAll

MCE-level analyses of this bridge were completed, and most resulted in acceptable
bridge behavior. Four cases of residual displacements exceeding the linit ofwe r e

recorded, including threeases of bridge collapse. An additional case of span unseating
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was also recorded. The recorded foundation rotations of the upper limit friction model

were also very high in some cases.

Table 4.31: MCE-Level Results Overview forLower Limit Friction Osdigee Creek Longitudinal

Model

Friction

Oseligee "2?
Residual

Ground Run Run Foundation Bearing Bent Max Column Max Span Max Bent Span Residual
Longitudinal Motion Motion Status | Time Capacity (D/R) | Capacity | Ductility Shear Disp. Disp. Disp. Bent Disp.
San Fernando 1 MCE Comp. 48.00 0.071 | 0.5810 0.449 3.155 10.215 2.295 1.243 0.189 0.037
San Fernando 2 MCE Comp. 50.00 0.089 | 0.8043 0.831 3.112 11.794 3.922 1.783 0.382 0.010
Imperial Valley MCE Comp. 60.00 0.073 | 0.6116 0.444 2.321 10.783 2.217 1.278 0.473 0.070
Landers MCE Comp. 70.00 0.082 | 0.6728 4.054 29.851 272.679 3.436 8.247 2.855 3.916
Kocaelil MCE Comp. | 170.00 0.083 | 0.7523 0.666 3.435 10.853 3.242 1.491 0.147 0.055
Kocaeli 2 MCE Comp. 48.00 0.080 | 0.6575 0.945 4.628 11.131 4.433 2.114 0.262 0.050
Kobe MCE Comp. 60.00 0.061 | 0.4281 0.401 1.911 10.212 2.154 1.146 1.030 0.064
Mean 0.0772 | 0.6439 1.1129 6.9161 48.2381 3.1005 2.4716 0.7626 0.6002
Standard Deviation 0.0093 | 0.1225 1.3137 10.1500 98.9707 0.9058 2.5694 0.9693 1.4623
Relative Stand
Deviation 12.07% | 19.02% | 118.05% 146.76% 205.17% 29.21% 103.96% 127.11% 243.61%

Table 4.2: MCE -Level Results Overview forUpper Limit Friction OseligeeCreek Longitudinal

Model

Friction

Oseligee ".4"
Residual

Ground Run Run Foundation Bearing Bent Max Column Max Span Max Bent Span Residual
Longitudinal Motion Motion Status | Time Capacity (D/R) | Capacity | Ductility Shear Disp. Disp. Disp. Bent Disp.
San Fernando 1 MCE Comp. 48.00 0.100 | 1.0183 0.511 3.539 10.655 2.555 1.915 0.718 0.191
San Fernando 2 MCE Comp. 50.00 0.129 | 1.4740 0.563 3.733 14.612 3.284 1.831 0.266 0.140
Imperial Valley MCE Comp. 60.00 0.102 | 1.0550 0.408 3.091 11.482 2.314 1.480 0.159 0.081
Landers MCE Comp. 70.00 1.473 | 1.8135 4.667 41.169 125.317 3.367 9.459 3.177 7.235
Kocaeli 1 MCE Comp. | 170.00 0.277 | 4.8746 5.097 39.118 379.941 3.423 8.910 3.261 8.900
Kocaeli 2 MCE Comp. 48.00 0.121 | 1.4037 1.005 4.924 14.827 4.769 3.130 0.020 0.021
Kobe MCE Comp. 60.00 0.085 | 0.7951 0.362 2.122 10.212 2.004 1.177 0.169 0.088
Mean 0.3267 | 1.7763 1.8017 13.9564 81.0067 3.1022 3.9859 1.1100 2.3794
Standard Deviation 0.5097 | 1.4076 2.1181 17.9181 138.3884 0.9228 3.6063 1.4574 3.9157
Relative Stand
Deviation 156.01% | 79.24% | 117.56% 128.39% 170.84% 29.75% 90.48% 131.29% 164.56%

4.6 Little Bear Creek Bridge

Results show that the average behavior of the Little Bear Creek Brage w
favorable for degin and MCElevel events. Super and substructure behaviors of this
bridge were found to have acceptable behavior. Foundation performance for this bridge

was mixed, and dependent event direction. Most desidavel analysis performed for
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this bridge suceeded in completing except for four ground motions applied in the

transverse direction. Substructure behavior appears to be adequate at column, strut and
bent cap locations with the exception of foundation displacement capacities in the
transverse diren of the bridge. Connection behavior also appears to be adequate from
the results beach analysis with one desigvel case of unseating being recorded. This

bridge had three separate models analyzed in the transverse direction, two of which
containa newly designed anchor bolt configuration, while the third contains a previously
designed anchor bolt configuration. Amoredire pt h anal ysi s of each

results is proved in the next sections.

4.6.1 Transverse Motion

The transverse analysis for this bridge resultestifhstructural behavior. See
Table 433, Table 4.34 and table 4.38r an overview of the desigievel transverse
results. Each of the three connection details used in this model behaved in ptabtxze
manner during all desigievel ground motions. No bolt failure was recorded, and the old
bolt configuration consists of smaller anchor bolts than the new configuration. This old
configuration results in a connection that is less stiff, and sohevtweal effects of this
stiffness change can be observed. The model containing the old configuration
experienced higher bent displacements, higher span displacement and higher bolt
demands then that of the newer bolt configuration. Higher residuahcispents were
also observed in the older bolt configuration. These results make sense given that
structures with less strength and/or stiffness have a tendency for higher displacements.
Results from all tnasverse models indicated desigrnel deflectios that were within

acceptable limits for this bridge. Small residual displacements occurred in each ground
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motion as a result of the survival of the anchor bolts as well as the lower levels of
ductility that occurred during eachaymd motion. Transverskesignlevel analyses of

the Little Bear Creek Bridge ran successfully with the exception of the Landers event.
There was also an analysis failure in the upipat friction model containinghe new

bolt configuration. This failure occurred during fireat San Fernando event. Large
foundation deformations were recorded in the transverse direction for every design event
except the Little Skull Mountain event. This Little Skull Mountain event has generally
resulted in lower bridge response throughbig project. The exact cause of these large
foundation displacements can be assumed to have been caused by weaker foundation
capacity and a bridge with a relatively
components may have caused large forces to deatline foundation level during

motion.

Table 4.33 Results Overview forLower Limit Friction Little Bear Creek Transverse Model

Friction
Little Bear Creek 2"
Max Max
Max Span Bent Residual Residual
Ground Run Run Foundation Bearing Bent Bolt Column Disp. Disp. Span Bent Disp.
Transverse Motion Motion Status | Time Capacity (D/R) | Capacity | Ductility | Status Shear (in.) (in.) Disp. (in.) (in.)
San Fernando 1 Design Comp. | 48.00 2.354 | 0.3953 0.024 1.396 0.581 259.906 3.550 2.148 0.003 0.005
San Fernando 2 Design Comp. | 50.00 | 2.334 | 0.43%6 0.022 1.573 0.529 | 255.101 3.773 2.178 0.001 0.004
Imperial Valley Design Comp. | 60.00 1.206 | 0.1793 0.012 0.641 0.299 134.007 1.776 1.007 0.005 0.003
Coalinga Design Comp. | 52.00 1.651 | 0.2475 0.016 0.875 0.380 183.425 2.439 1.418 0.000 0.001
North Palm Springs Design Comp. | 40.00 1.251 | 0.1812 0.013 0.668 0.322 139.298 1.838 1.046 0.001 0.001
Landers Design Num. | 27.36 | 2.667 | 0.5412 0.028 1.805 0.684 295.194 4.332 2.580
Little Skull Mountain Design Comp. | 132.00 | 0.631 | 0.0977 0.008 0.361 0.201 69.433 0.864 0.508 0.000 0.000
Kocaelil Design Comp. | 170.00 | 2.729 | 0.4673 0.025 1.593 0.603 300.714 3.969 2.347 0.005 0.012
Kocaeli 2 Design Comp. | 48.00 | 2.257 | 0.3934 0.024 1.276 0.598 | 249.961 3.555 1.998 0.003 0.003
Kobe Design Comp. | 60.00 0.976 | 0.1433 0.011 0.552 0.257 107.446 1.442 0.827 0.001 0.000
Mean 1.7100 | 0.2827 0.0171 0.9930 0.4189 | 188.8102 | 2.5786 1.4974 0.0021 0.0032
Standard Deviation 0.7340 | 0.1412 0.0065 0.4711 | 0.1593 | 80.6738 1.1564 0.6834 0.0019 0.0037
Relative Stand Deviation 42.93% | 49.95% | 38.03% | 47.44% | 38.02% | 42.73% | 44.85% 45.64% 92.69% 115.54%

98



Table 4.34 Results Overview forUpper Limit Friction Little Bear Creek Transverse Model

Friction
Little Bear Creek ".4"
Max
Max Max Bent Residual Residual
Ground Run Run Foundation Bearing Bent Bolt Column Span Disp. Span Bent Disp.

Transverse Motion Motion Status | Time Capacity (D/R) | Capacity | Ductility | Status Shear | Disp. (in.) (in.) Disp. (in.) (in.)
San Fernando 1 Design Num. | 22.01 2.354 | 0.3953 0.024 1.395 0.581 259.828 3.544 2.146
San Fernando 2 Design Comp. | 50.00 2.333 0.4396 0.022 1.573 0.528 255.064 3.773 2.178 0.001 0.000
Imperial Valley Design Comp. | 60.00 1.208 0.1790 0.012 0.641 0.299 134.221 1.776 1.008 0.005 0.003
Coalinga Design Comp. | 52.00 1.649 0.2457 0.015 0.877 0.378 183.276 2437 1.416 0.001 0.003
North Palm Springs Design Comp. | 40.00 1.251 0.1812 0.013 0.669 0.322 | 139.301 1.838 1.046 0.001 0.001
Landers Design Num. | 26.81 2.676 | 0.5283 0.028 1.799 0.683 296.308 4.335 2.604
Little Skull Mountain Design Comp. | 132.00 | 0.631 0.0977 0.008 0.361 0.201 69.433 0.864 0.508 0.000 0.000
Kocaeli1 Design Comp. | 170.00 | 2.898 | 0.4784 0.026 1.621 0.639 319.989 4.248 2.512 0.044 0.031
Kocaeli 2 Design Comp. | 48.00 2.258 | 0.3934 0.024 1.277 0.598 250.024 3.556 1.998 0.005 0.005
Kobe Design Comp. | 60.00 0.976 | 0.1431 0.011 0.552 0.257 | 107.448 1.442 0.827 0.000 0.000
Mean 1.4725 | 0.2399 0.0151 0.8500 | 0.3692 | 162.6811 2.2410 1.2830 0.0019 0.0017
Standard Deviation 0.6405 | 0.1293 0.0059 0.4300 | 0.1447 | 70.3444 1.0823 0.6151 0.0022 0.0018
Relative Stand Deviation 43.50% | 53.87% | 39.20% | 50.59% | 39.20% | 43.24% 48.29% 47.94% 116.82% 107.99%

Table 4.35 Results Overview forUpper Limit Friction Little Bear Creek Transverse Modelwith Old

Bolts
Friction
Little Bear Creek ".4"
Max
Max Max Bent Residual Residual
Ground Run Run Foundation Bearing Bent Bolt Column Span Disp. Span Bent Disp.
Transverse Motion Motion Status | Time Capacity (D/R) | Capacity | Ductility | Status Shear | Disp. (in.) (in.) Disp. (in.) (in.)
San Fernando 1 Design Comp. | 48.00 2.221 0.3639 0.031 1.309 0.639 244,733 3.448 2.027 0.005 0.002
San Fernando 2 Design Comp. | 50.00 2.356 | 0.4581 0.026 1.618 0.633 256.994 3.858 2.228 0.005 0.004
Imperial Valley Design Comp. | 60.00 1.283 0.1884 0.017 0.677 0.428 | 142.614 1.924 1.086 0.007 0.005
Coalinga Design Comp. | 52.00 1.499 | 0.2235 0.018 0.835 0.451 166.765 2.286 1.289 0.007 0.004
North Palm Springs Design Comp. | 40.00 1.159 | 0.1688 0.021 0.621 0.519 | 129.902 1.927 0.988 0.002 0.002
Landers Design Num. | 27.01 2.667 0.5098 0.033 1.755 0.813 295.667 4.415 2.580
Little Skull Mountain Design Comp. | 132.00 | 0.644 | 0.0992 0.015 0.368 0.319 70.952 0.904 0.521 0.000 0.000
Kocaelil Design Comp. | 170.00 | 2.720 | 0.4655 0.035 1.625 0.859 300.356 4.053 2.367 0.002 0.001
Kocaeli 2 Design Comp. | 48.00 2.207 0.3879 0.028 1.259 0.683 245.046 3.585 1.974 0.000 0.001
Kobe Design Comp. | 60.00 0.974 | 0.1398 0.017 0.526 0.372 | 107.606 1.449 0.789 0.001 -0.002
Mean 1.6735 | 0.2772 | 0.0232 0.9821 | 0.5448 | 184.9964 2.6037 1.4743 0.0034 0.0020
Standard Deviation 0.7196 | 0.1418 0.0070 0.4786 | 0.1727 | 78.9187 1.1506 0.6819 0.0028 0.0020
Relative Stand Deviation 43.00% | 51.17% | 30.23% | 48.73% | 31.70% | 42.66% 44.19% 46.26% 80.97% 98.22%

A total of twentyone MCElevel events were analyzed with this bridge model.
See Rble 4.36Table4.37 and table 4.3®r an overview of the MCHevel transverse
results. Each of the three connection details used in this model behaved ioegtedote
manner during most MGEevel events. Two cases of collapse and span unseating were
recorded for MCHevel events; however these results are takam finalyses that did

notresult in completion A total of seven events did not result in a complete analysis,
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with three resulting in data that suggests structural failure. Foundation displacement

capacity is exceeded in all transvers€B®levents, jusike the desigrevel results.

Table 4.36 MCE -Level Results Overview forLower Limit Friction Little Bear Creek Transverse

Model

Friction

Little Bear Creek N
Max Max Max Residual

Ground Run Run Foundation Bearing Bent Bolt Column Span Bent Span Residual
Lateral Motion Motion Status Time Capacity (D/R) | Capacity | Ductility | Status Shear Disp. Disp. Disp. Bent Disp.
San Fernando 1 MCE Num. 14.51 2.497 | 0.4267 0.026 1.490 0.627 275.069 3.766 2.283
San Fernando 2 MCE Comp. 50.00 2.884 | 0.6317 0.027 2.186 0.650 316.127 4.799 2.783 0.004 0.005
Imperial Valley MCE Comp. 60.00 1.677 | 0.2678 0.017 0.918 0.428 185.918 2.639 1.458 0.033 0.020
Landers MCE Num. 22.16 2.503 | 0.4211 0.027 1.487 0.650 277.383 3.773 2.265
Kocaelil MCE Comp. 170.00 3.578 | 0.7628 0.036 2.401 0.887 397.417 5.662 3.293 0.091 0.093
Kocaeli 2 MCE Fail 23.51 4331 | 1.2634 12.654 59.610 0.991 416.514 12.764 32.495
Kobe MCE Comp. 60.00 1.298 | 0.1933% 0.017 0.759 0.415 142.944 2.019 1.140 0.007 0.004
Mean 2.6810 | 0.5668 1.8291 9.8360 | 0.6642 287.3388 5.0605 6.5309 0.0336 0.0305
Standard Deviation 1.0452 | 0.3645 4.7734 | 21.9565 | 0.2145 100.8447 3.6108 | 11.4725 0.0405 0.0423
Relative Stand
Deviation 38.98% | 64.31% | 260.97% | 223.23% | 32.30% 35.10% 71.35% | 175.67% 120.51% 139.01%

Table 4.37 MCE-Level Results Overview forUpper Limit Friction Little Bear Creek Transverse

Model

Friction

Little Bear Creek ".4"
Max Max Max Residual

Ground Run Run Foundation Bearing Bent Bolt Column Span Bent Span Residual
Lateral Motion Motion Status | Time Capacity (D/R) | Capacity | Ductility | Status Shear Disp. Disp. Disp. Bent Disp.
San Fernando 1 MCE Num. 12.01 2.491 | 0.4341 0.026 1.497 0.627 274.381 3.767 2.281
San Fernando 2 MCE Comp. 50.00 2.885 | 0.6317 0.027 2.186 0.650 316.135 4.799 2.783 0.000 0.012
Imperial Valley MCE Comp. 60.00 1.674 | 0.2678 0.017 0.918 0.428 185.575 2.639 1.458 0.022 0.017
Landers MCE Fail 39.51 6.282 | 1.5312 10.437 31.778 0.947 680.943 24.092 16.503
Kocaelil MCE Comp. 170.00 3.575 | 0.7204 0.036 2.311 0.888 397.610 5.555 3.278 0.055 0.056
Kocaeli 2 MCE Comp. 48.00 3.189 | 0.7185 0.035 2.243 0.853 349.186 5.305 2.967 0.041 0.004
Kobe MCE Comp. 60.00 1.298 | 0.1939 0.017 0.757 0.416 142.918 2.017 1.138 0.007 0.005
Mean 3.0564 | 0.6425 1.5136 5.9557 | 0.6870 335.2496 6.8821 4.3440 0.0251 0.0187
Standard Deviation 1.6354 | 0.4447 3.9350 | 11.4043 | 0.2166 176.5650 7.7043 5.4189 0.0229 0.0216
Relative Stand Deviation 53.51% | 69.22% | 259.98% | 191.49% | 31.53% 52.67% | 111.95% | 124.74% 91.26% 115.48%

Table 4.38 MCE -Level Results Overview forUpper Limit Friction Little Bear Creek Transverse
Model with Old Bolts

Friction

Little Bear Creek-Old ".4"
Max Max Max Residual

Ground Run Run Foundation Bearing Bent Bolt Column Span Bent Span Residual
Lateral Motion Motion Status Time Capacity (D/R) | Capacity | Ductility | Status Shear Disp. Disp. Disp. Bent Disp.
San Fernando 1 MCE Num. 24.51 2.343 | 0.3916 0.033 1.396 0.683 258.183 3.663 2.149
San Fernando 2 MCE Comp. 50.00 2.910 | 0.65%4 0.032 2.222 0.786 319.602 4.874 2.842 0.005 0.001
Imperial Valley MCE Comp. 60.00 1.793 | 0.3048 0.027 1.033 0.636 199.631 2.828 1.601 0.005 0.006
Landers MCE Fail 22.51 3.195 | 0.9328 0.381 4.242 1.033 311.538 6.168 3.567
Kocaeli1 MCE Comp. 170.00 2.865 | 0.5116 0.292 1.958 0.972 321.904 5.839 3.055 0.192 0.083
Kocaeli 2 MCE Comp. 48.00 3.114 | 0.7074 0.037 2.202 0.914 344.173 5.323 2.928 0.019 0.006
Kobe MCE Comp. 60.00 1.301 | 0.1921 0.025 0.746 0.533 142.812 2.027 1.083 0.004 0.001
Mean 2.5029 | 0.5285 0.1182 1.9714 | 0.7936 271.1205 4.3890 2.4610 0.0451 0.0194
Standard Deviation 0.7217 | 0.2565 0.1514 1.1536 | 0.1866 74.8786 1.5768 0.8827 0.0824 0.0356
Relative Stand Deviation 28.83% | 48.54% | 128.17% | 58.52% | 23.51% 27.62% 35.93% 35.87% 182.64% 183.48%
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4.6.2 Longitudinal Motion

The longitudinal analysis for this bridge resulted in fairly consistent results. See
Table 439 and Talde 4.40for an overview of the desigievel transverse results.
Maximum span displacements of about 2.5 inches occurred for most ground motions in
each bridge model, and bent displacembntgered around 1.5 inches. These results are
larger than expected, and yngoint to possible amplified bridge response. Bent ductility
appears to remain below the establishedimam for the second ber2.{7), with only
one ground motion, (Landers) causing a ductility in excess of this limit. ekbéss in
the uppetimit frictionmo d edlucilisy appears to have been caused due to a collapse of
a bridge bentResults show that this desitgvel event also contains large foundation
displacements and a large case of span end displacements, resulting in unseating. Despite
the results of the aforementioned event, all other events appear to behave in an acceptable
manner. Foundation behavior in the longitudinal direction appears to suggest low shears
and moments within bent columns. Bearing pad displacements also inditsti@nto
movement and slipping, given maximum demand capacity ratios of about 0.4 for each
model. Lastly the residual displacements in this direction are below the acceptable limit
in all but two cases, the case of collapse and the Coalinga analysidoviéndimit

bearing pad model.
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Table 4.39 Results Overview forLower Limit Friction Little Bear Creek Longitudinal Model

Friction
Little Bear Creek Ry
Max Max Residual [ Residual
Max Span Bent Span Bent

Ground Run Run Foundation Bearing Bent Column Disp. Disp. Disp. Disp.
Longitudinal Motion Motion Status | Time Capacity (D/R) | Capacity | Ductility | Shear (in.) (in.) (in.) (in.)
San Fernando 1 Design Comp. | 48.00 [ 0.008 | 0.1676 0.345 0.857 149.824 1.313 0.668 0.579 0.218
San Fernando 2 Design Comp. | 50.00 [ 0.008 | 0.1786 0.559 0.780 144.559 2.345 0.730 0.296 0.204
Imperial Valley Design Comp. | 60.00 [ 0.005 | 0.1399 0.415 0.674 130.554 1.638 0.563 0.176 0.197
Coalinga Design Comp. | 52.00 [ 0.008 | 0.1995 0.474 0.873 159.838 2.095 0.592 1.357 0.179
North Palm Springs Design Comp. | 40.00 [ 0.006 | 0.1710 0.357 0.737 115.856 1.308 0.524 0.611 0.194
Landers Design Comp. | 70.00 [ 0.006 | 0.1342 0.513 0.754 124.155 2.323 0.720 0.955 0.181
Little Skull Mountain Design Comp. | 132.00 [ 0.003 | 0.0531 0.118 0.314 77.611 0.366 0.190 0.153 0.109
Kocaelil Design Comp. | 170.00 [ 0.007 | 0.1713 0.524 0.729 129.000 2.197 0.706 0.143 0.186
Kocaeli 2 Design Comp. | 48.00 [ 0.006 | 0.1357 0.477 0.675 116.030 1.844 0.516 0.101 0.215
Kobe Design Comp. | 60.00 [ 0.005 | 0.1041 0.287 0.646 105.904 1.002 0.480 0.303 0.190
Mean 0.0062 | 0.1455 | 0.4068 0.7039 | 125.3332 | 1.6431 0.5688 0.4674 0.1873
Standard Deviation 0.0015 | 0.0426 | 0.1338 0.1560 23.6488 0.6472 0.1612 0.4139 0.0305
Relative Stand
Deviation 24.86% | 29.27% | 32.90% | 22.16% 18.87% 39.39% 28.34% | 88.56% 16.29%

Table 4.4Q Results Overview forUpper Limit Friction Little Bear Creek Longitudinal Model

A total of fourteen MCHevel events were applied tbis bridge model. See
Table 4.41and Table 4.2 for anoverview of the MCHevel longitudinal resultsAll of
the MCElevel analysesverecompleted, resulting in acceptable bridge behavior. A
single case of residual displacemerteedance was observed in the lower bound friction

model during the Landers event.
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