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ABSTRACT

Deterioration Effects on Progressive Collapse of Bridges

Chih-Shiuan Lin

Progressive collapse is a failuneechanisnthat causedocal damageof one structural elemerio
progress throughout the whole structure leadingptiapseof the entire structurdrecent catastrophic
structural collapsgin the world have drawn attention from structural engineers to the importance of
desigring structures that will continue to be operational eaftar somelocal failures occur. For some
bridgetypes, although thalesign ofeach singlenemberfollows the properdesign standardthey still
cannotprovide sufficientdegreeof redundancy tavithstanda local failurewithout the total collapse
of theentire structuragystem

In this study two trusstype bridgesa half-through pedestriabridge anda throughtruss bridge
areinvestigated The design configuration®llow the AASHTO specificatios) and tey are usually
classifiedasfracturecritical, nonredundant tsuctures Furthermore, raditional design and evaluation
procedures genalty classify througkruss bridges asingleload-pathstructuresHowever, due to the
configuration of this bridge typealternative load pathis the bridge could existindicatng that this
type of structural systenmasthe ability to continue sustairg further loadsafter one of its members
reaches itslltimatecapacityby using different load paths

It is important to note thasincethe structuralload-carrying capacitystrongly depend on the
location of the damagedarea the progressive collapse mechanism of a structure could change
substantially under different damagenditions For the pin-connectedoedestriarbridge mode| the
analysis showed that the failure of a local menbeot responsible far h e s collapgsg lestead,
it is the global buckling (instability) of top chord systématled the bridge to collapsé. modified 2D
structure wasstudiedto properlymatchthe buckling load and its associated deformed shdfie
those obtained imhe 3D modeb $op chord systemThe conclusions of this studyerified that the
collapse mechanism of thigpe ofbridge is linked to the instability of the top chord systéor the



same pedestrian bridge witbeamtype connectionthe bridgés failure mechanism idnstead
associated witlhe local buckling of an upper choetementthatled the bridge to collapsé& herefore
the pedestrian bridgeshould not be ®nsidereda fracturecritical structure since the failure
mechanismshat led tats collapsewere associated witlargecompression forceis the upper chord

Looking at deterioration effects on bridge performanoerosionis one of the dominant causes
of deterioration in steel bridges due to aggressive environment and inadequate mainfEmance.
effects of corrosion damagmuld alter significantlythe bridge behavior depending tre extent of
deterioratioron the bridgestructure Comprehensiveonlinear analysesere conductetb investigate
the changesin collapse mechanismeonsideringvarious corroson level anddifferent corroded
locations Results from thaleteriorated pedestrian bridg@alyses showed that the deterioration of
corrodedtop chordmembes could significantly reduce the loawhrrying capacityf the bridgeand
lead thestructure to sudden catastrophic faileken for a load lower than the one used in the original
design

For thethroughtruss bridgemode| the cases witha corrodedmiddle diagonamemberrevealed
similar load-carrying capacitiesnd collapse mechanisms to thedamagedoridge. Thesemodels
showsimilar collapse mechanissrelatedto the bendingfailure of the middle bottom chord anthe
local buckling ofthe middle top chordWhen thecorrosionof the top chord element isevere the
collapse mechanism of the bridigestill linked to thebuckling failureof upper chordogether with the
bending failure of the middle bottom chotdowever, theloadcarrying capacity of this damaged
bridge could drop considerably when compareth&t of theundamagedanodel Among all the cases
analyzed in this studyhe corrosion of theend poselement represents the most critical case: lileee,
results indicated a considerable decrease inotdmcarrying capacit of this damaged bridge model
whencompared tahat of the undamaged bridge

In addition this study also focusedn theeffectsof supportsettiemers on the load-carrying
capacity andn the collapsemechanism of deteriorated bridgéiswasfound that, evenwith only a
slight differential settlementsupport,the bridge model with a localized corroded diagonal element
reacledits ultimate capacitynuchearlierin theloading procesthan the bridge with fixed boundarjes

with a reduction of theriginal load-carrying capacityf about15%.
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Chapter 1. Introduction

Chapter 1

Introduction

1.1  Problem statement and objectives

Civil engineers have served in different roles and capacities in service to society throughout the
history of civilization. Conventionally, the main objective atructural designer is to optimize the
designof a structural system so thedichstructuralmember is able to sustain the code specified forces
by interacting with the adjacent membdfmwever,some fructures, although optimallydesigned to
meet member design criteaspecifiedin design specificationgannotprovide sufficientdegreeof
redundancy tavithstanda local failure failure thatcould lead to the progressive collapse tffie entire
structuralsystem

Catastrophic failure of bridgeshave been reportedorldwide: among thosethe [-95 Mianus
River Bridge in June 1983 (ConnecticldSA), the 140 Bridge in 2006 (Quebec, Canad#je
Jiujiang Bridge in June 2007 (Guangdong, Chirtag F35W Bridge collapsed in August 2007
(Minnesota, USA)the 5 Skagit River Bridgein 2013 (WashingtonUSA), and more recenly the
Morandi Bridge in August 2018 (Gwa, Italy). Thee incidents have attracted the interest of the
structural engineering community to tihaportance of ensuring structural safetly bridges,after
someinitial local damageand to the importance of redundancy ke tloadcarrying systemin
addition,theyfurther highlight the importance of performing analyses of structural failure mechanism,
redundancy antbbustness of a structural systeam a part of the initial design process

According to ASCE 710 guidelines (ASCE 2010), progressive collapse of structures is
characterized by the failure of a local comporidiat could initiate a cascading series of events that
could result inthe partial or total collapse of the structureny load that exceedghe capacity ¢ a

critical member will cause additional local failurégat can eventually propagate through thehole
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structure. Therefore, for progressive collapse analysstructuresit is essential to understand the
local member failurenechanisntogether with the overall mechanism of the bridge

In the design of building structuresyd important documents were developsal to provide
guidelines in the design phase on hovpreventpr ogr essi ve col |l apse: AProgr
and desiggui del i nesdo published by the US Gener al Ser
feder al buil dings, and the document #ADesign of b
the Unified Facilities Criteria of the Department of Defense (DoD 2088\ever, here is no current
consisteh requirement forbridge structural resistancagainstprogressive collapsntegratedinto
structural design specifications addition, theydo not specify any further design objective or rule to
follow for such tye of analysis andhow these specifications are implemented in individual cases is
l eft to the e Whenreeakatirgsthe pafety gimexistimg. structures, geneitiaky
contributions of a systembs rerddundancy to struct.t

Up to now, the method of redundancy rating hasyetbeen clearly defined and does not exist in
the bridge design or evaluation specificatiodecording to AASHTO specification (2012), a
fracturecritical member (FCM) is described agomponent irtension whose failurenay lead tahe
collapse of the bridgén other words, for a fractueritical bridge, the critical tension element of this
bridge has single load path (no alternate load paths), and its failure would resiétéollapse of the
entirebridge structure.

In this study,a half-through pedestriabridge and a throughtruss bridge arénvestigated their
design configurationdollow the AASHTO specification, and these bridge types are generally
regarded asfracturecritical, nonrredundant tuctures according to the Federal Highway
Administration(FHWA). In addition, traditional design and evaluation procedures generally classify
steel througHruss bridges asingleloadpathstructureAASHTO 2011)

However, their structurdbad-carrying capacitystronglydepend on thelocation ofthe damaged
components.Hence, the progressive collapse mechanism of such a structure could change
substantially under different damage scenarid®e existence of alternaé load pathss usually
referred to as redundandndicaing the possibility for the redistribution of loads anthe ability of a
structural system to continue sustamfurther loadsafter one of its members reaches utsmate
capacity(Ghosn and Mses 1998)Structural collapsecould beavoidedfor a structural system that

possessed sufficient redundancy. However, it is not clear what loading wagddssary to cause the
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collapse.

In an attempt to address the lack of codified critandof a quantifiable definition for redundancy
classification in inspection standayd®mprehensivestudes were conducted to help alleviate this
problem(Ghosn and Moses 189Ghosn and Yang 20)4n their studiesthe approactof incremental
structural analysi was proposed. Theyhave calibratedsystem factorgegardingfour limit states
(member failure, ultimate, functionality, and damaged conditiminjridge configurations under
corresponding loading conditions to evaluate the redundancy ratios of thedystiggms. These ratios
are deterministic and can explain teelundancy classification of a bridg® to preserguidelinesfor
the redundancy analysis and evaluatioditferentbridge systers

Numerousinvestigatiors were performed toevaluae thestructuralredundancyand loadcarrying
capacityin throughtrussbridgesupestructures (Liu et al. 201&hosn and Yang 2014iorillo et al.
2016) However, in theistudiesin order to discover the alternative load paths of the damaged bridges
(disabk the conventional load path and change the redistribution of the load), individual members
were completely removed in the numerical analysis to simth@&eassumedamagescenariosThe
assumption of the complete removal of a main component was overeatnge

Recent and mgoing research have focused on deteimgiand evaluatinghe failure mechanisms
and redundancygf typical steel girder bridges (Park et al. 2012; Lin et al. 2013; Lam et al. 2014).
their investigations, the assumed damage samnafithe bridgewvere limited to particular forms and
locations ofdamage athe bottom flange and web at the mid span of the girders.

Nagatani et al. (2009Yamaguchi et al. (2011Tha et al(2014), Lam et al. (2014), and Lin et al.
(2013 2016 conductedexperimental studes and numerical analyses to investigate structural
redundancy in trusg/ped bridges. In their studies, failuoé a membemwas determinedt the first
occurrence of yielding and the structural behavior afterfdilare of atruss component was not
discussedimplying over conservativestimations

Furthermore, a comprehensive study to investigate thdimeer progressive collapse mechanism
and the corresponding ultimate strength of simplified -tivoensional steel truss idges was
performed by Miyachi et al. (2012). The results of their study showed that bridge models collapsed
due to buckling of compressive members insteatefailure oftension elemest

Over the last twenty years, great attention has been givea tetbrmination of our infrastructure

system. Buildings and bridges are aging because of their exposure to harsh environments as well as to
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humaninduced hazards. In an increasingly large transportation infrastructure system, the risk of
failures for aged bridgesis increasing.Steel bridges are commonly affected by corrosion due to
environmental exposure and inadequate maintenamcktheirstructuralintegrity could beseriously

at risk.

To further investigate thetructuralperformance of deterioratedidiges subjected to extensive
corrosion, comprehensivesearch studies were carried out to evaluate the residual capacity of the
corroded steel girder bridges (Rahgozar 2009; Sharifi and Paik 30alifi and Rahgoz&010; van
de Lindt and Ahlborn 2005)n these bridges, the effects of corrosion appear as a uniform reduction of
the thicknessver the complete exposure surface. However, there are limitations on the behaviors and
capacities of the corroded elements,tlas corrosiondoesnot manifest uniformly over the entire
element In this regard experimental investigations on the evaluation of shear buckling behavior and
residual strength of locally corroded steel girders were also conducted (Kim et al. 201s8hgfoou
particular corrosion patterns and specimemsfortunately,their failure modes were not clearly
elaborated.

Ahn et al. (2013ab) performed experiments anmtbrlinear numericalinvestigationson the
buckling behavior and failure mode§corrodedplate girdersonsideringvarious localizeatorrosion
patterns The results of the analyses indicatdtht theresidualshear capacity of the plate girders
drastically decreasedvhen the degree of localizecbrrosion increased regardless of boundary
condtion and geometric characteristics of the girders

From all these analysgscan be concluded th#te effects of corrosion damage alter considerably
the loadcarrying capacity of a bridgeepending on the briddgpe andonthe locatiols and extent of
deterioration

This dissertation explores the stafethe-artin nonlinearprogressivecollapseanaly®s of bridge
structuresby systematicallyevaluaing ther structural failuremechanismandload-carnjing capacity,
andby identifying the bridge3s critical membersDifferent deteriorated members with different levels
of deterioration have been considered and their contributions to the progressive collapse of the bridge
have been evaluated.

In addition, taditional structural design assunteat bridge structures are fixed d@heir supports
and neglects the effect of foundation settlements. However, the interaction effects between the soil,

foundation, andgupestructure ge generally quite significant.
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The flexibility of the soil volume un@rneath the suppocauses differential settlement at support
points under the application dhe loads coming from the bridge superstructustich a settlement
leads to the redistribution @he internalforces and stresses ihe variousstructural memhs. The
problem of settlements ibridge structures and foundations Heeenstudiedfor quite sometime.
However, the studpf bridge foundation settlementas been primarily focused approach slabs
(Zhang 1999; Jones et al. 2008; Barr et al. 2@&yvsirikul et al. 2015).Su and Wang (2014)
conducted research on the structural behavieasfin-placeconcrete box girddoridgesunder given
foundation settlements. In their study, Aorear numerical analysegereperformedto investigate the
acceptable levels of briddeundationdifferential settlements and tstudy the stressésduced on the
bridge girders byarious settlementconditions In addition, Ni Choine et al. (201@&xploredthe
impactof corrosioncoupled with foundation settlesnt onthe structural performance of a deteriorated
concrete integrabridge.

In the current literatureno considerationhas beergiven to the progressive collapsé bridge
structureghat presenboth localized corrosioand supportsettiemers. It is the goal of this study to

shed some light on such an important topic.

1.2 Dissertation outline

The chapters of this dissertatidisplaythe work done to achieve the objectives of this research study.
Each of these chapters deals with separate but inheremtgrated tasks. The outline of this
dissertation is as follows:

In Chapter 2the structural behavi@and failure mechanisof two pedestrian bridge modelvith
different connection typesn the top chord (pinand beantonnected)were investigatedBoth the
geometricas well asmaterial nonlinearitiesvere consideredThe progressive collapse procedure of
the pedestrian bridges was analyzed in detail to fully understand the critical members, this bridge
collapse mechanism, and the associated-¢a@agling capacity. Ananalytical solution of a 2D truss
system was deriveid order to obtain thbuckling load and its corresponding deformation. fdsailts
of such analysiagreed wellvith the deformationof the upperchord system athe 3D bridgemodelat
the collapse point

Chapter3 presentsthe general classification of corrosidnduced problems that occur in steel

5
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bridges A review of the current stataf-the-art on thecorrosivity of carbon steelss conductedto
determine the corrosion resistanoé steel alloys The thickness lossnduced by corrosion is
calculated as a function of tlegposure time for a carbon steel componentwiaatexposed to the five
specified corrosivity categoriemdthe service life of such steel memlvesis estimated asfunction
of the environment corrosivity and time of exposure

In Chapter 4 we identify the collapse mechanism arttie load-carrying capacityof the target
pedestrian bridge accounting for different levels of corrosion damfagmmprehensive studpf
nonlinear numerical realyseswas conducted to analyzbe deteriorationfactors that affect the
capacity and failure moden the two bridge configuratiors. The factors include the magnitude of
imperfections,the location and extent of the corroded regiamd severity of corrosion. Different
localized corrosiorscenariosvere simulated by reducing the thickness arpanding the area of the
corroded portioof thecomponents

Using the results from the previous chapt&bapter 5 presents a comprehenstedy ofthe
progressive collapse analyses for a thretrghsbridge recently built in TaiwanThe nonlinear finite
elementmodel of the bridge accounts for botlgeometric and material nonlinearitiekhe analyss
focusal on thedeterioration scenariosf various membercorrosioncases and their impaoin the
bridges collapse mechanismifferent collapse mechanisntg the throughtrussbridges and their
corresponding critical membengereinvestigated and identified.

Chapter 6extends the investigation dhe influence of boundary settlemanbon the collapse
mechanisms and loazhrrying capacities of various deteriorated bridge scendtesto localized

corrosion as presenteth Chapter 5The model used in this study was rifedl by introducing a

deformable soil domain under one of the supports to simulate the differential settlement of support.

Chapter 7 summarizes the accomplishments of this dissertatbmffers guidelines fdiuture

research work on this subject.
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Chapter 2

Progressive Collapse Analysis of

Pedestrian Bridges

2.1 Introduction to progressive collapse

Most of us have an inherent understandhghe definition of instability, which means when a small
increasan load results in a large displacement. If a change in displacement is sufficiently large, or is
in a critical part of a structure, local efementinstability may cause the total collsg of an entire
structure.

Failure can be as obvious and catastrophic as a total coligpsalefined as the behavior of a
structure when it crosses a limit stateeaning when it has gone beyond the limit of its structural
usefulness. There are manyckuimit states to consider, such as excessive deflection, large rotations
at joints, the cracking of metal or concrete, corrosion, and excessive vibration under dynamic loads.
What we consider here is the limit state in which a structure passes fromleatstaan unstable
condition. The spread of an initial local failure from element to elentkat results in the eventual
collapse of an entire structure or a disproportiondgetye part of it is known as progressiv@lapse
Progressive collapse invas a series of failures that letwlthe partial collapse of a structure that
causes force redistribution to the remaining structural elements and may lead to total collapse in a
structure.

The progressive collapse of structures is characterizedriggaring eventhat is usually different
to that oftheresultingwidespreadollapse Initial triggering events may include a gas exploshdast,
foundation failure, vehicle or ship/barge impact, fire, earthquake, wind loads. Analyzing a

s t r u c togressi@ Jailufe mequires assessing the response of a structure due to the failure or
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damage of one or more elements of its strucfur® 2004). Progressive collapse may occur in any
type of framed structure, including steel concreteframed buildingstruss structures, and bridges.
Furthermore, progressive collapse is not necessarily related to any one type of structural material (Lim
2004) Numerousdncidentson the progressive collapsd bridges and building structurésvebeen
widely reportedthroughout historyThere was damoustotal collapse oh suspension bridgdue to
strongwind in 1940;the TacomaNarrows Bridge in WashingtoState USA fell after only four
monthsof service. The suspected source that triggered the collegseilure of the plate girders
used to stifferthis bridge The Viadotto Cannavino Bridgen Italy, which isa fourspan continuous
girder bridge, partially collapsed during its construciiod972 The triggeringevent was a formwork
failure, and thecollapse waslue to a lack of robustness in the structural system

In April 1995 abomb attack incident happened in Oklahoma City (Figure 2.1), causing half of the
Alfred P. Murrah Federal Buildintp collaps, which led to the death of 168 peopkince then,te
US federal government has establishedesal changes to the philosophy and practicsooktruction

specificationgo guardagainstfuture terrorist attackon federal buildings.

Figure2.1: Collapse of the Alfred P. Murrah Federal building (CBS News)

On December 13, 2000, authorities temporarlysed the Hoan Bridga Milwaukee, Wisconsin
due to buckling of the northbound lanes, which led the span to nearly colamseof et al2005).
The interior and east exterior girders were fractured to full depth, and the web had séveratiss;
there had been no evidence of fatigue cracking prior to the fracture initiation and no observable

damage prior to the sudden fracture. Figlipds an underside view of the fractures.
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Figure2.2: Visible fractures of Hoan bridg&Visconsin 2000 (FHWA 2001)

In addition, the terrorist attack on September2lD1 casedthe collapseof thetwin towers of the
World Trade Centen New York City and more than D00 civilians lost their lives. The impact
initiated local failures followd by the capacity loss over the complete towas the failures
progressedit led tot h e st totalcctlapseeThis revealeiow a design may be safe under
expectedtircumstances but may become unstable under extreme and unforesigealvstances.

The F35W Bridge over the Mississippi river in Minnesota collaggseddenly during the evening
rush hour orAugustl, 2007, as shown in Figug&s3, resultingin 13 deaths and 14i&jured people.
Investigations showethe existenceof a fracture ina gusset plateat a certainpanel point; this
observation together with the insufficient design strength of theegpsaste causethe memberto
yield at rush houwhenthe traffic volume was enormous and the total collapse of-&%M Bridge

(NTSB 2008).

Figure2.3: Collapse of the-B5W Bridge, Minnesota, 2007
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Numerous researchers have studied the problem of progressive collapse via different approaches.
For buildings,one focus has been on designs that reduce the pofent@bgressive collaps&arly
research,such asFrangopol and Curley (1987), discussadd described the concepts of the
progressiveness of structural damagjbey proposed several approaches to evaluatesthestural
redundancy byrobabilisticmeasuresMoreover,in their paper theydistinguishe fail-safe structures
from weakestink structuresby introducing the alternate load path theory. Another resqaaposed
by Ghosn and Moses (1998) defined the resistance to progressive cdhaysedicatedhatasthe
ability of a structure to carry loads after the failure of one of itsnneéments. Ettouney and
DiMaggio (1998) and Ettouney et al. (2004) indicated the importance of investigating global effects
when evaluating the potential for performing structural progressive collapse analysis and examined
when the global response of anuEged structurevas necessaryResearch by Marjanishvili and
Agnew (2006) considered linear, nonlinear, static, and dynamic analyses of a building frame structure
and compared the responses of several complex analysis methods. They concludeldethat
performing progressive collapse analysis of simple structtimesjynamic analysis ressilvere more
accuratewhile the linear static analysis wasasie but still sufficiently accurate Starossel(2007)
described the typology and classification of the progressive collapse of structures, and the
development of a theoretical treatment for different collapse types.

Ellingwood et al. (2007) provided steps for rekalysis approachés progressive diapse, which
included threat definitiorgvent control, and structural design to resist postulated evanextensive
review of design methods to enhancba i | di ngds r esi st anmwasprodided, pr ogr e
including the indirectmethod (provithg sufficient tie forces), the specific local resistameethod
(designing key elements to withstand abnormal loads) tlemdlternate load path method (allowing
for the redistribution of a loaith the event of the loss of a key elemeit)addition, Gerasimidis and
Baniotopoulos (2011¢onducteda study on the progressieellapseanalysis of a cablstayedsteel
roof to calculatethe structural robustness under a suddahle lossThey concludedthat the use of
dynamic amplification factorsariesat differentlocations of the cablstayedstructurebased orthe

location ofa cablelossand on the type and location of the response heirggtigaed.

10
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2.2  Standardsand requirements

There is no currentonsisteh requirement for structural resistanegainstprogressive collapse
integratednto structural design specificationslany documents such #se National Building Code
of Canada 1996), ASCE7-02 (2002) and ACI318 Building Code(2002) include significant
information on progressive collapse,tyhese have no particular guidance or general applicability.
The ASCE guideline- 02 (2002) states: Afé buildings and str
structural integrity, which is the quality of being able to sustain local damage with the retrasta
whole remaining stable and not being damaged to an extent disproportionate to the original local
damage é0o. The guidelines does not specify any
analysis and checking and how these specificationgsraemented in individual cases is left to the
engineerdé6s judgment .

The document ASCE-10( 201 0) defines progressive coll apse
failure from element to element, eventually resulting in the collapse of an entire structare o
di sproportionately | arge part of it.o The failu
redistribution in the structural system due to
boundary conditions. This commentary also defines tyemeral approaches for reducing the
possibility of progressive collapse, namely the Direct Design and Indirect Design approaches. The
direct design method enables one to explicitly consider resistance to progressive collapse during the
design process andhd capability for a structure to provide sufficient strength to resist localized
damage, in which they include the Alternative Load Path (ALP) method and the Specific Local
Resistance (SLR) method.

The indirect design method shoas implicit consideratiorof resistancdor progressive collapse
by specifying minimum levels of strengttontinuity, and ductility (Ellinwood 1981)The ACI code
(ACI 2002)introducedstructural integrity concepts and requirements to implement this approach. In
addition, the AIE Building Code (AISC 1999) considethe structural integrity concept implicitly,
where it specifies that a ductile steel bar can resist axial tension load without fracturethee to
materid &tsain hardening property.

For building structures, researphovided by National Institute of Building Sciences (NIBS) and
the Unified Facilities Criteria of the Department of Defense (DoD) have reviewed and updated

structural design specifications such as the current criteria to mitigate the possibility oingpleeal
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damage and progressive collapse (D2P). Moreover, theU.S. General Service Administration
(GSA) (2003)has proposed guidelines for linear procedures that recommend the removal of the main
element of federal buildings that is susceptible tidsm damage. The procedure requires checking the
demanidcapacity ratio (DCR) for each member in the structure and removing all members with an
excessive DCR value in areas beyond specified allowable collapse regions, and this procedure
classifies structue with such elements as highly likely to undergo progressidéapse. The
Eurocode 8 (2004) published bye ComitéEuropéen de Normalisatimphasizes thienportanceof
designingouildings toavoid andorevent the spread of potential lodaimage.

In addition,a memagandum published bghe Federal Highway AdministratidiFHWA) with the
subject fAiClarification of Requirements for Fractuferitical Members, defined a Fractureritical
Member (FCM)as fia steel membein tension, or suglement within abuilt-up member that is in
tensionwhose failure is expected to result in the collapse of the bédgein 2012). Moreover,
refering to the National Bridge InspectioStandards (NBIS) and AASHTO Manual for Bridge
Evaluation(MBE) Secondedition (2010) identifying FCM is required to studyie redundancy rating
andto evaluate a bridgs structureFurthermoreAASHTO LRFD Bridge Design Specificatio®@xth
Edition (2012)describesan FCM asfia component in tension whose failure is expected to resihiein
collapse of the bridge or the inability of the bridge to perform its fun@tmemphasize the inability of
a bridge to safely carry some degree of traffic (live loadenin a damaged stagéilthough the
definition indicates that the failure of alCM may lead tostructuralcollapse, the required loading
level for a collapsdo occurremainsunclear(thelive load level might be less than the full design live
load for the strength limit state load combinatioihe definition leaves mucko engineering

judgment and there are disagreemetttsut what type of members should be classifideiGids.

2.3 Introduction to pedestrian bridges

Pedestrian bridges, also known fastbridgesor overpassesare simply bridge® whether crossing

over land or watér designed for foot traffic rather than vehicle traffathorities typically construct

such bridges in dense traffic areas and aim to help pasgseress the streefacilitating connestion
between buildingsPedestrian bridges are also built over railroad tracks, rivers, parking lots, canyons,

and other areas where walking could be perilous or even imposBdalestrian bridges can help
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evacuate crowds and slow traffic, thereby bettar s ur i ng p.eHoweVee a weldesmried t vy
pedestrian bridge could also enhance the urban estloetieven become a landmarkuch as the

Millennium Footbridgehatcros®sthe River Thames in London, Yldsshownin Figure 2.4.

Figure2.4: Millennium Bridge, London, UKhttps://failures.wikispaces.com/)

Pedestrian bridges can be made of wood, rplastic,or metal and they can serve bdtimctional
and decorative purposes. Steel is a penpuonaterial in civil engineering structures and is widely used
in highrise buildings, largspan highway bridges, and city bridges due to its material uniformity,
high strengthlight weight, and easy construction among various attributes.

Typical pedestan bridges arenot designear intended to carry highwatyaffic, just pedestrians,
cyclists, equestrian riders, and light maintenance vehidiegsy can have different designs depending
on the ideas of their designer, local obstacles to overcome, aifabéey materialsuch as underslung,

half-through and througtruss typesas shown irFigure 2.5.
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HALF-THROUGH TRUSS 4

,’.‘\\
N

THROUGH TRUSS ‘

Figure2.5: Truss desig types

In a halfthrough truss bridge, the traffic is only partially inside the structural envelope. The trusses
arelower than the traffic envelope and there cannot be any braeithge top chordso to allow traffi¢
this indicates that a halthrough bridges i n t he form of a -shapedbforyphd and
The Pratt Trusss atypical halfthrough trusghatis a parallelchord truss with diagonalthat tilt

towards the center of the spdmat areseparated by vertical membgas shown in Figure @&.

(a) Pratt Tusspedestrian bridg at Racine, WI, USA

14
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(b) Pratt Truspedestrian bridge at Albert Lea, MN, USA

Figure2.6: Phote of half-throughtype truss pedestrian bridges (Wheeler, LLC)

2.4  Target bridge description

According to the LRFD guide specifications for the design of pedestrian bridges (AASHTO 2009), a
singlespan trusdype pedestrian bridgs illustratedherein and it will be used to show the results of

our analysesThe bridge is21.95m (72 ft) long and 3.2 m (10.5 ft) wide. Its cressction and

sideview are shown in Figure2( a) and (b), respect i vsedvgequalThe tru

height of 1.524 m (5 ftandequal spacing 0£.83m (6 ft); the width ofthe concrete decksi3.05m

(10 fi).

=

>

-
>

10 ft 0 in. Deck Width —\

4ft6in
5ft0in
q_ - q Chords

"
*

1
|-
I+

\— Floor beam

v 10ft 6in. q_ — ( Trusses

(a) Crosssection
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Symm@
(‘LSpan

uo U1 u2 U3 u4a us V]¢}

|5ft0in.|

LO L1 L2 L3 L4 L5 L6

12 Panels@ 6ft0in.=72ft0in. Span

(b) Sideview
Figure2.7: Example pedestrian bridge (a) craeextion (b) sideview

In addition, the floor beams are desigmed¢ombination with the concrete slab. The steel used for

all floor beams, stringers, and truss members is ASTM A500 Grade B with 7,850rkgés density

(77 kN/ m® specific weighty 200 GPa modul us of el asti cipity, and

strain hardening material with 315 MPa yield strength and 400 MPa ultimate strength at 0.23 strain.

The stresisstrain relationship is illustrated in Figuré82Table 2.1lists Member designations, member

types and section typegsed in the bridge ued investigation

TP T

opupT

v

0.001575 0.23

Figure2.8: Stresgstrain diagram of ASTM 500 Grade B steel

16



Chapter 2. Progressive Collapse Analysis of Pedestrian Bridges

Table2.1: Member details o& pedestrian bridge

Member

Designation

Member type

Section type

Top chord

uo-u1
u1-uz2
u2-u3
u3-u4
U4-Us
U5-U6

HSS ¢

o uip o

Box

End post

Uo-LO

HSS ¢

o uipo

Box

Bottom chord

LO-L1
L1-L2
L2-L3
L3-L4
L4-L5
L5-L6

HSS ¢

o uip o

Box

Vertical posts

uo-LO
Ul-L1
uz2-L2
U3-L3
u4-L4
U5-L5
U6-L6

HSS v

o uvip o

Box

Diagonals

Uo-L1
Ul-L2
u2-L3
us-L4
U4-L5
U5-L6

HSS 1

o pIt

Box

17
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2.5 Bridge design specifications

2.5.1 Deflections

Thedeflection of a bridge should be investiga(@@ASHTO 2012)in the design stagdhe maximum
deflection due to an unfactored pedestrian live load must be smaller than 1/360 of the bridge span

length.

2.5.2 Design forceof lateral frame

The design specificationsegulate300 pounds per linear foot (horizontal) for truss verticaith
reference t@Galambos (1998). This establisttee minimum lateral strength of verticals based on the

necessargegree of lateral support firetop chord to resighe maximum design compssive force.

2.5.3 Stability of the top chord

Theconnectiorbetween thdloor beamandvertical membemay beconsideredisa rigid connection,

which provides lateral support to thestdaped frame made of the floor beam and the corresponding
verticals,as slown in Figure 2. The lateral stiffness of the-fdlame can be determined by using
numerical analysis procedure (separate FE model analysis) to evaluate the stability of the top chord,
where the detailed descriptions are shown in later section (see 8tR)n

Proper detailing must be secdréo ensure that the connection is fully rigid at service loads to

correctly predict when the top chord will buckle (Galambos 1998).

Figure2.9: Rigid connection betweedhefloor beam and vertical
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2.5.4 Lateral torsional buckling resistance

Flexible structural systems that have potential tendencies towards a&brisaravior include twin
I-girders and singléub girders, which are flexural membessability issues in such member types are
commonly addressed bgoking atLateral Torsional Buckling (LTB), whiclccurs when an applied
load causes both lateral displacement and twisting of a meifrdections that are composed of two
flanges and one vilewere arranged to maximize the moment of inertia in the major axis and
consequentlytheir outof-plane stiffness can be significantly less than thplame stiffness. When
bent about their major axishe compression flange tries to deflect laterally from its original position,
whereas the tension flange tries to keep the member straight. The compressiomiignigeckle as
it moves laterally, which leads the cresection to twist about its longitirdl axis.

When evaluating the stability of twindirder systems without a composite deck or lateral bracing,
Yura and Widianto (2005and Yura et al. (2008)ave Equation(2.1), whichprovides a reasonable

estimate of thglobalbucklingmoment

0 0 — 070 (2.1)
where
0 Nominal in-plane flexural resistance of one girder
0 Critical elastic lateratorsional buckling moment of one girder
Y  Spacing betwengirders
‘O  The modulus of elasticity of steel
0 Effective buckling length for laterdbrsional buckling
‘O Outof-plane moment of inertia of one girder
‘O In-plane moment of inertia of one girder
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2.5.5 Compressive resistance

The nominal compressivesistance of a compositelumn that satisfieghe provisions oAASHTO

specifications Aticle 6.9.5.2AASHTO 2012)and AISC (2010%hall betaken as:

For _ 225
0 T Y, O
(2.29
For _ 225
5 X 0
(2.2b)
where
oo ,
- T+

0 The rominalcompressive redisnce
Slendernessatio

| Radiusof gyration

0  Effective length

» Specifiedminimum yield strength

0 Grosscrosssectional areaf the member

0 Lengthof member

‘O Modulusof elasticityof steel

20



Chapter 2. Progressive Collapse Analysis of Pedestrian Bridges

2.6 Structural modeling of pedestrian bridges

2.6.1 Elementdescriptions

Different types of elements are employedmodel a pedestrian bridge and obtain system responses
based on the major structural behavior.

Truss ElementA truss element is a twimrce member that is subjected to either tension or
compression axial loads. The only degree of freedom for a trum3 é@bement is the axial
displacement at each node. The cresstional dimensions and material properties of each element are
usually assumed constant along its length. The element may interconnect dienémsional (D)
or threedimensional (2D) corfiguration; truss elements are typically used to analyze truss structures.

Beam ElementA beam element is a flexible member that is subject to lateral loads and moments.
They generally have six degrees of freedom at each node, including three transiatiotisee
rotations.

An accurateanalytical model and methodology is important when designing bridge structures.
This study generated a sophisticated finite element model of the target pedestrian bridge using the
commercial structural analysis program 4hba (\ersion6.14) to examine its structural responSdwse
structural behaviors of two intaceg@estrian bridge modehlere investigateth which the essential
differences were the two connection types for the elements of the top ¢hergpin-connected and
beamconnected typs),as shown in Figure 20.

In the pin-connecedtype (translational basic) model (Model 1), the modeled structure comprises
9,199 nodes. The total number of degrees of freedom amoud®,7@9 and the megs of the foor
system (i.e. the longitudinal stringers and lateral floor beams) were modeled using theoteee
Timoshenko opesection beam elements (B320S), with two Gauss points per elevhesmiwhile
the end posts and verticals were modeled using-titbde Tmoshenko beam elements (B32). Both
the B320S and B32 3D elements integratéJintegrationpointson the cross sectionfive equally
separated itbothflanges and three symmetrically along the height of the Whis. feature does not
affect the resultof a pure compression member, while, Bormember with the uniaxial bending
condition, the loading is not symmetric and the stresses aramifmmm in the componenin addition,
this integration point feature allows part of the sectionreachthe hardaing zone, while the

remaining portion stays in the elastic range, generating the possibility of inelastic loss of stability
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mechanism.Furthermore the top and bottom chords and the diagonals were modalsthg
threedimensional linear twcenode first-order truss elements (T3D2)The translational basic
connection componentas selected, which indicated this twode connection elemen€QNN3D2

has the property to affetite translational degrees of freedom of the elements connected at that node.
Here we also need to nethat the jointghatconnet the floor system and the verticals were modeled

with rigid constraintsto account for the sectimverlapping of the beam elements

\
|
|
. |
Plr}connectedI
|

Verticals

Topchord  (B32) S |
(1302832 | |
I S R 0

~

(B32)

Bottom chord
g (T3D2)
Stringers

(B320S)

Diagonals

Floor beam (T3D2)

(B320S)

Figure2.10: Configuration oftheintactbridge model

On the contraryModel 2 is abeamconnecedtype modelcomprised of 7,659 elementswith
21,541nodces in total The floor system (stringers and floor beamssinodeled usin®320Selements
to representthe open section. The top chordse modeled using threeode Timoshenko beam
elemens (B32) while the bottom chords and diagonate modeledusing a linear twaode truss

element (T3D2).
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2.6.2 Boundary conditions

Deciding on proper boundary conditions is very important in structural analysis. Good modeling of the
support conditions at theearings and expansion joints requires the careful consideration of continuity
for their three translational displacements and rotations. In static analysis, it is common to make the
simple assumption that the supports have fixed, pinned (hinge), orbolladary conditions without
considering the soil/foundation stiffneSghis interaction will be the focus of the last chapter of this
thesis.

The boundary conditions of the target pedestrian bridge finite element model follow AASHTO
Specifications(AASHTO 2012). The hinge boundary is assumeat one endConstraired in three
translational directiolswhile the oller boundary is modelefibr the other end of the bridgee. the

vertical and lateral movements are restraimgidlongitudinal movemeris allowed.

2.6.3 Dead loads and live loads

The bri dge 6 dividee iatatwolcategalies: thee dead load of truss membekd J[and the
dead load of deck and floor systemsL@). DL1 represents the weight of steel truss while2
represents the weigluf the steel floor system plus theeight of the concrete deck. For the target
bridge,DL1 is appliedas a uniformly distributed dead load of 62 plf per truss (905.2 N/m/truss) on
each node ofhe lower chord ofhe truss (1,655.43 N/nodéjor DL2, letés assume that the dead load

of 25 psf for the deck and floor systamequally distributed to each stringss toobtaina uniform

dead load of each stringef 478.75 N/m(478.75 N/m/stringer)The two types oflead loadused in

the analysis of this pedeistn bridgeare shown in Figures 21 (a) and (b).

===
7 e

S ! e =" jlf&i/k’ o Tl B
= * (a) K rﬁéﬁ?“”l

¥
e}

<A

(b)

Figure2.11: (a) Truss dead load; (b) dead load of the deck and floor system

According to thefourth edition of the AASHTO LRFD code provisions AASHTO 2009),

pedestrian bridgeshouldbe designedio handlea 90 psfuniform live load; this loading shouldbe

23



Chapter 2. Progressive Collapse Analysis of Pedestrian Bridges

patterned to produce tmeaximum loading effecfor the target bridge, aominal pedestrian live load
of 1,641.32 (N/m) is assumeghually distributed to each stringer in the longitudinal direction.
addition, the @ide Specifications forthe Design of PedestrianBridges (AASHTO 2009) states:
fiConsideation ofthe dynamic loadllowanceis not requiredwith this loading. Thebridge live load
used in this analysis illustrated in Figure 22, the detailed calculation of dead and live loads for the

target pedestrian bridge is shown in Tabl 2.

Figure2.12: Pedestrian live loagosition

Table2.2: Pedestrian loading types

Load type Load details Detailedcalculation
Truss dead load)(1) 1,655.43 (N3 113 2 =36,419.46 (N)
Dead load Deck and floor systenD(2) 478.75 (N/my 21.95 (m} 8 = 84,051.65 (N)
Total dead loagDL1+DL 2) 120,471.1 (N)
Live load Pedestrian live load (LL) 1,641.32 (N/mj 21.95 (my 8 = 288,158 (N)
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2.7  Progressive collapse analysis of a pedestrian bridge

This analysis examinethe behavior ofthe threedimensional (3D) finite element model af
pedestrian bridge creatéd Abaqus (version 6.14ubjected to a continuously increasing load system
until failure is reachedFirst, the dead load including the weight of the steel trusses, floor beams,
stringers, and deck system is applied to the struclimen the live loadis applied in an incremési
fashion until the total live load is reached. If the bridge is still standing (as expected during normal
condition), additional live load is applied until the bridge structure (&ilsrillo et al.2016) Failure
was deemed to happen when the analy@igd not converge at an incremental load .step

Thevon Mises plasticity model is most suitable for evaluating the ultimate load capacity of steel
structural systems in nonlinear static analysis. Vdme Mises stresg, , which is obtained from the

stress tensor at every point of the structtakes the form

” - .. o wo o O] t t (2.3)

where, , , ,and, are respectively the normal stress components itXthé¢ andZ directions.
T is the shear stress component inYrdirection applied on the plane normal to ¥axis, T is
the shear stress component in Zhdirection applied on the plane normal to ¥aexis, andt is the
shear stress componentthe Z direction applied on the plane normal to thewxis (Fiorillo et al.
2016).

Nonlinear static analysigere performed usingbaqus(version 6.14)by applying incremental
loads on the structure (load contrdi}.the end of each incremenhet computer program adjusted the
material 6s stiffness and wahse clkoewde rwhtehtahre rt hteh emavtad
Both the geometric and material nonlineariti@sre taken into account when determining the
structural behavior and briddailure load. The associated member forces of sustructure were
carefully reviewed to confirm their correctness andrtiember resistance factors werat employed
to obtain the nominal bridge capacity.

The analysis startby applying the dead loads a the structure; then the live loads follow
incrementally until the bridge collapsdshis load application process can be expressed in terms of the

nominal dead load, DL, plus the specified live load, LL, times a scaling factan the form:DL
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Y 3 LL, where y is the load amplification coefficient, which indicates the number of live loads
applied to the bridge structure.

The progression of the bridge deformation until collapse usiegproposed load proceduise
illustrated inFigure 213 (a)i (e) for the pirconnected bridge model (Model, 1pgether with the von
Mises stressedAfter the total dead load, DL (= 120.5 kNyas applied to the bridge model, the
deformed shapeonfigurationis as shown in Figure 231(a) The highest von Mises stress for the
bridgemodel at such a load step was 0.56 MPa, which was observedthirdhtoor beam close to
the second verticathis was well below the yield stress (315 MPa), and the deformations were in the
elastic rangeAfter introducing the live loadFigure 2.13 (b) shows the bridge deflection under the
effect of the dead load and of the unfactared= 1) live load (= 288.2 kN). The maximum von Mises
stress was observed at the same location, i.ethttee floor beam connected to the second vertical,
which showedan increased von Mises stress of ®&81Pa (nearly 63% of the yield stresshis
confirmed that, also for this level of loatthe model remained in elastic conditidm.Figure 2.13 ),
as the live load increased by a factpr= 1.34, the vorMisesstressreached the value @46 MPa,
still below the yielding stressshowingthatthe bridgeremainedin elastic condition. Howevemwith
0.2% additionaincrement of live loady = 1.342) the analysis stoppedhe maximumvon Mises
stress 246 MPapproximately78% of yield stressWwasstill observed at the third floor beam close to
the connected second verticaldicatingthatthe whole bridge modetaselastic However, as shown
in Figure 2.13d), the deformed shape of the bridge clearly indicates the beginning of instability of the
upperchord.

5, Mises

Multiple section points

(fwg: 75%)
315.0E+06
288.8E406
262.5E+06
236.3E+06
210.0E+06
183.8E+06
157.5E+06
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105.0E+06

421.4E+00
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Figure2.13: Collapse prgressand final deformation ahe pin-connectedridgemodel

From the analysis, axial forces were obsenmadhe top chords, and becausigis modelis a
pin-connectedype and under downward loadingse top chordactedas compression members that
only sustained compressive axial foréagure 2.8 displaysthe axial forces of each top chord
memberat the final loadingstep The largestaxial force(4.63® 10° N) wasat the central top chord

member(T6); it was mucHower than itsnominalcapacity(1.06¢ 10° N).
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Figure2.14: Axial force of the top chord in the intact Model 1 at &t loading step

Thedesign forcedsfound in the pedestrian bridge design specifications, AASHTO 2@866)the
axial force capacitjn eachmainmember vereexamiredin Table 23 andFigure 2.15a)i (d), where
the vertical axis represents the value of the axial force and the haorizontal axis represents the load steps.
Load steps from 0 to 1 refer to the dead load stage, while nugreater thard indicatethelive load
steps. Figure 2.15 (g)lots the axial force for six top chord membengaching maximum values
between 13N and 463kN. When checking the top chord nominal member capacity, it is evident
that the largest axial force component (T6, #BI3, is well below its capacity (43% member capgc
Figure 2.15 (b) shows the axial tension forceshefbottom chords, with values that are beltheir
capacity(up to 40% of its capacity). Furthermore, Figure 2.15aj(d) represent the axial fagsof
the diagonals and verticals, includinie end post, and their largest axial forces are 177.5, 93.3, and
113.4kN, respectivelyup to 27, 10, and 11% of their capacity)

In Figures 2.15, the axial forces observed inandbottom chords, diagonaland verticalsio not
reat their own nominal cagities. Furthermore, the axial force curves in@gassentially blinearly,
from the beginning ofheload application until théinal incremental stepthis clearly indicateghat
the pedestrian bridgdid not collapse due to memisereaching their tilmate capacityat the last

incremental load step.
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Table2.3: Member design force and axial force capacity of each member

Member Member design force Axial force capacity
Top chord 63 10°(N) 1.063 10° (N)
Bottom chord 63 10° (N) 1.06% 10° (N)
Diagonals 2.38: 10° (N) 6.6 10° (N)
Verticals 1.252 10° (N) 9.33 10°(N)
End post 1.523 10° (N) 1.063 10° (N)
L o® Top Chords Aial Force _.° _ Bottom Ghords Axial Force
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Figure2.15: Axial forcesin each member
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We now examinghe top chordsystem lateratleformatiors for the different incrementabteps
which showlarge laeral deformations as shown in Figure 2.1haf theappliedload is DL+1.33
LL, the lateral deformation starshowing a zhape configuration, typical of impending instabjlity
plottedas a dded line in Figure 2.6. With just 1%additionallive load, the deformatiorincreased
significantly, as shown by the dast line, and with an additional @% live load it became even
larger.Thefinite elementoridgemodel exhibied asignificartly large lateral deformatioaf the entire
top chordbefore the analysagrminated at this load stepferring thatsucha st r wdldapser e 6 s

might be related tmstability in the top chord system.
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Figure2.16: Lateral deformation shape thietop chord systerin different load steps

Figure 2.17 displays the lateral displacement load histotlye tip node othe verticals observed
in the fifth (V5) and middle (V6yerticds asa function of the appliedoad steps. The figure clearly
shows that théateral displacemestincreas linearly from thestartof load application up to the end of
the application of the dead load (step 1). Then, they continue still as linear when the live load is
applied until tle pointcorrespondingo 1.32 times the live load (step 2.32} this point, abrupt and
dramatic increassin the lateral displacements in opposite directions were observed at the upper tips

of both V5 and V6 members, which stariegmediately prior to th bridge Ofalure. Therefore they
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can confim that the bridge collapsed because of stability losthe top chord system. In addition,

Abaqusinterruptedsuch analysis with a message displaying negative eigenvalthes system matrix,

which is a clear indication dheloss of stability

The above informatiom n d i

cates that

t he

bridge

structureods

local memberthat reached its capacitinstead,it reveals that a certaimstabiity mechanismwas

triggeredand ledto the global systentailure.
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Figure2.17: Lateral displacement of the tip of the connection of top chord and vertical as a function of

the load steps

Prior to the analytical study difie instability phenomenon in the upper chord of truss system, it is

interesting to discuss the results ofotrer progressive collapse analysis that was conducted by

assuminghe top chord members as rigidr&&or the pin-connecteeype bridge(model1) with the

same material, loading, and boundary conditi@®isiilar conclusions were obtaineds shown in

Figure 2.B which depicts large lateral deformai®of the top chords in the last few incremental

loading steps
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Figure2.18: Lateral deformation shape of top chords in the last few loading steps

The valuef the axial forcein each top chord member, labeled T& and shown in Fig. 291

showed thatboth models havalmost the samexial force magnitudes(only 1% difference)

Therefore,we canconcludethat the rigidity of top chordmembersdid not affect thi lateral

defornmation shapgor axial forces.
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Figure2.19: Axial force of the rigid top chorchodelat the last loading step
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2.8 Stability analysis of the trusstype bridge system

2.8.1 Multi-degreeof-freedom systems

The analytical derivation and calculation of critical (buckling) load and its corresponding deformed
shape are essential and necesgaryully understanding the failure and collapse mechanisms of the
pedestriarbridgetruss system

Prior to analyzing the analytical solution of a trtygse bridge, a threspan structure made of
three rigid barsof equallengthlL, is analyzedas afundamentakxample; the threspan structure is
placed between a roller at one end and a pin at the dthercenter bar is connected to the two edge
bars with pinsand each interiorpinned joint is constrained laterally by an elastic spring with
coeffident k, asshown in Figure2.20 In a typical static equilibrium problemnder axial loadsthe
st r u cstiflessidHassumeand beindependent of the applied laathis assumption is valid in the

structure prior to buckling.

Figure2.20: The threespan pinconnected simply supported structure

P

o b
A

3—;\."\—1 ) ©

Buckling analysis assumes small deflectidsisder axial compressive for¢® the deformations at

each node are respectively expresset| aadU,, as shown in Figure 21.

R, Rq
P 1 L L L l P
a
b 4 A C
ks, k5,

Figure2.21: Deformed shape of the thrspan structure
ThelateralreactionforcesR, andR; at both ends can be calculatedifmposing the equilibrium of the

moments at poirth andpoint cto obtainy -1 and’Y -
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Then, by taking the moments about poiatnapoint d, we obtain
BO mNY o0 Q0 Q@ ¢b

B0 myY o0 @ ¢ @O

and substituting the expressionsdf and Y , leads to

Q0 ., ¢ QD

— U — T
0 kY ~ o

¢ QD QL .,

— — U] mn

o o

Eliminating the reaction forcdeads toa linear homogeneous algebraic equation system; rearranging
this system in a matriform:

— 0 —
T (2.4)
— —p Tt
Equation (2.4) can be rearranged in an equivalent form as
- 0 m T T
. _ om0 T T (29

form that is more convenient to handle when looking at the associate eigenvalue problem

The eigenvalue problem associated with Equation (2.5) can be expressed as

(Ke 23Ky =10 (2.6)
where
Ke ; thisis the stiffness matrix associated with the contributions ofatieeal springs
Kg ;’T f],T ; thisis thegeometricaktiffness matrix

3 is the eigenvalue

pis the eigenvector
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Let usnow return to the linear homogeneous systerqfation(2.5), the increase of axial force
P results in the increase of lateral deformation and the decrease of system siffthesaxial force is
equal to the systein$oad-carrying capacity, which is the buckling load, thestemstiffness will
become zeroAccordingly, the buckling load wilbe the load that makehe systemstiffness matrix
singular (Galambos 2008)herefore, Equation (2) hasa nontrivial solution of g which indicates
that the deflectionsi andl, are not all zero, if and only the determinant of the system stiffness

matrix becomes zero.

AAO T (2.7)

0 —0 — T (2.8)
whose solutions are
0 —No Q0 (29)

The smaller of the two critical loads is of interesttstructural engineer, and thabstitution of the
smallercritical load in Equation Z.results in the configuration of the first buckled mode shapéh
is expressed as

Q=) P (2.10)

e
\l/

(a) First mode

and illustrated in Figure 22 (a)

while the substitution of the larger critical load shows the second buckled mode shape, which is shown

as
R = 1 P .11
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and displayed in Figure 2.22 (b)

1 /

(b) Second mode

Figure2.22: Configurationof the buckled mode shape

For this threespan structure, if the axial force is equal to the buckling load (critical load) of the
structuralsystem an instabilitymechanismis triggered which leadsto global systemfailure. The

buckled mode shape is similar to that of the specification in the design guideline (Galambos 1998).

2.8.2 Ideal 12spantop chord model

Now that we have understood the buckling behavior of a simpbe 8ystem, 1é6 focus our attention

on a more complicate system that can represent the upper chord of the pedestrian truss bridge
previously analyzed. Hereye can modethe upper chord of the truss bridge structure as-spaf
system andthe analysis follovs the same modeling procedusise mentioned inprevious section we

model it as an equally spaced simply supported structure comprised of-dénpigcted rigid bars as
shown in Fig. 23. The verticals of the truss bridge system are simulated by elastic laterakspring
with equal stiffnessk except for the middle verticas Uk (1 | p), where| denotesthe
contribution factor of the middle vertichketween two sparte resist lateral displacemerithe factor

] is assignedhere becausehe diagonals do not have contribution to thece distribution ofthe

middle verticalelementfor the 12span pedestrian truss bridge

"\—O o
1‘\_4) o
;'\_‘) o
/LO —h
/\_0 [iL]
f'\_cJ =
-9 -
/-0 3

AR AR EIYY Y

Figure2.23: The 12span pirconnected simply supported structure

We conducthe buckling analysisvith theassumption ogmall deflectiomas mentioned previously
Under the axial compressive forBethe deformations at each node are exprességd as as shown

in Fig. 224.
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Figure2.24: Deformed shape of thE2-span structure

We can calculate the latenaactionforcesR, andR, at both endsasPU,/L andPU,./L by simply
taking their moments with respect toodes band m, respectively, in the deformednfiguration We

derive the equilibrium equations for this-diégreesof-freedom system as follows:

BO wnNYod O ©°°'Y (2.12a)
BD Yo G °'Y 4 (2.12b)
BO mnNYgdh @0 O © - ¢d0 QO 0 (2.12¢)
BO wnNYed @ 0 O © 9 ¢b @ 0 O (2.12d)
BO mNYodl @cd @O G © - o0 @cd @O 0 (2.12¢€)
BO mnNYod @ ¢0 @ 0 & © - o0 @ ¢ @ 0 0 (2.121)
BO 7wt Qaod @cd O G ©°© 9 0 Qod e QO 0 (2.129)
BO mnYtd Q@0 @ c¢cd @ od O © 9 0 VO Q ¢d Q@ ob U (2.12h
BO mnN-1 v Q10 Qad @cd QO U (2.12i)
BO mnN-1 v @0 Qe¢d @ o0 @ 10 0 (2.12))
BO 7N-1 o0 Qud Q10 Qaod Qcd QO U (2.12k)

B0 i - pd QO QPcgd Qaod QIO @ wd

| Red @x0 QW Qb @ pli @ pp (2.121)
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BO 1N pd @pp Qpl Qb QY @ xd

| Qed Qud Q10 Qod @ ¢ @ (2.12m
The static equilibrium equations for this system under axial fogige the form as

Ko (Ke K9 @=0 (2.13

whereK ( Ke K isthe stiffness matrixK representing the contribution from the lateral springs,

has the following structure

Q0 T ] ] ] i i i I B m .

o ]
R T T T T T T T T T QU.’.
) GQU Q0 T T T T T T T s o
i T Tt Tt Tt Tt Tt Tt Tt Tt Q0 ¢ Qo
11 0Q0 Qb Qb I Tt Tt Tt T i T
Ke=11 m Tt i i i Tt Tt Tt Q0 Qb Qb
HTQd oQd c¢cd Qb = Tt Tt Tt Tt I T 0
I T i i i T T Q0 cQb dQb Tk
I pQd 1tQ0 dQ0 c¢ad Qb T T T T i o
Qb ¢CQd dQ0 10 VD @ QO Q0 Yyad Qb p O p MY
Up @0 p™MD QO ¢gQbd xQ0 @ Qb vQd tQd cQd Qb QY

while thegeometricaktiffness matriX<y is represented as

¢) 0 mmTAO AN N TTTN T .
I(ylnT T MM oMoT O ¢O Il,lj
o mod Mmoo W
UL 1 S (O S 1 1 S 1 S | VIR 1 SR VIS
PR VTR G VT G S S 1 A 1 SO 1 SRS | S

Kg=uym mmnmnmnmnmnOnn 105
Mo M T NO N TNRHNTMTN T 0
HMT T TN TMNO T T T Vn
e " m n mO T nnmn TwN
Un maonnnnunnmnn pol
Upd n mnm nnnmnnmnun 0V

The vectorpcontaining the unknown nodal deflections is represented by
®=1hhhhhhhHAH A

while 0 indicated the null vector.
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An increase of axial forc® results inan increase of lateral deformation antbnsequentlya
decrease ofhe system stiffnesK. If the axial force is equal to they s t leati@asying capacity,
the systemstiffness becoms zero.According tothis principle, the buckling load will be thitad that
makes the systemstiffness matrix singularTherefore, Equation 24lhasthe nontrivial solution g
which means that the deflectiog Uy; are not all zerpif and only if thesystem stiffness matrx 6 s
determinanbecomes zerdVe can then calculate the buckling Idagdfrom Equation (2.4).

For simplicity,let P/kL = b so thatA AIQ 3K, =0 is expressed as follows

¢ P ! nomMm M WM W M WM T T

T 1SN | S SN | N | SRS | SN | SRS | SR a p
a ¢ P 1 S S | SRS | SR | S | S | T

T 1 S | SRS | NS | NS | SRS | SR | SRR P a ¢
1 O IS p 4 WM WM W W T T T

AAO = LS | SRS | S SRS | SR | R p IS 1, © m (2.15)

u T o C p T WM W W W W T

T noom o om om m P C o u T
@ v T c ¢ p M WM W W W T

p ¢ o T LV @4 X Y o PpEW PG pp
PG PP PTM ® Y X ®4 UL T O ¢ P

To obtain a closetbrm solution of Equation (25) is quite cumbersome, if not impossible. Instead, a
numerical solution can be obtained if a valuejofs chosen. For the case GF 1 (e.g. all the lateral
supports have the same stiffnei® decomposition of the above determinant leadantbl-order

polynomial equationvith unknownb, whichleads to the following polynomial equation:
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pTit 0T Of¢ CTmET XXGCE&TM poxciym pt Yuipg
PICUPO® TOQUPG PpOoQET quCT ¢Of p¢g ™ (2.16)

Thefirst root is obtainedsbh; = 0.2543 and this leads tioe critical (buckling) loadP,

Po = bikL = 0.254%L (2.17)

The corresponding deformed shape to the buckling loateisbuckled modeshapeillustrated in

Figure 225.

7 .
T80 WY
ﬁ ¥ ?; Tﬁ)Ltl
I] |:| IF& Tt x-:lp
1 T T QAP
0 e g w
R = : Yuropon (2.18)

T @ L T @ U

Figure2.25: Configurationof the first buckled mode shape

Figure 2.26 shows the relationship betwdeandUfor pin-connected bridges with two, three and
twelve spandy solvingtheir corresponding characteristic equations Hegiation (2.%5). It is found
that themagnitude obuckling loadb,kLi ncr eases as U increases and dec
increases A s U = iAg nd Hatdral csapport between twaeighboring spans, theentire
pin-connected bridge system is unstable, as expdetedhetwo- and threespan halthroughbridge,
assumed thahe overall lateral stiffness is maintgntributed by theertical membergi.e. U 13, we

found thatthe calculated buckling loads by the proposed analytical approach are exactly same as those
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by finite element method throughbaqus So are the cases bf Gs5. This proves the accuracy of

buckling load (0.2544.) obtained by the proposed approach for the twspan bridge.

0.5 T T T T T T T .
-------- 2-span analytical solution

O 2-span numerical (o = 0.5)

B 2-span numerical (« = 1) R
0.4 r|— — 3-span analytical solution 7

3-span numerical (a = 0.5) =
A 3-span numerical (a = 1) A
— 12-span analytical solution -

03| O 12-span numerical (o = 0.5) _- - ]

@ 12-span numerical (a = 1) P

Q‘_ D _- -
-
02 A 1
oo
e
R
i
.‘i./
>
01 Z 1
Il 1 1 1

O 1 1 1 Il 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Lateral spring stiffness factor o

Figure2.26: b, for differentspans andalues ofU

2.8.3 Lateral stiffness of Ushaped verticals

According to AASHTO Specifications Article 7.1 the truss verticals should be adequate to resist the
lateral forcesoto limit lateral deformatios(AASHTO 2009). FurthermoreEquation 217 shows that

the buckling | oad of the top chord membher i S
transverse Hrame that contains the vertical components and floor lpramdes the lateral support

of the target bridge structur&€herefore, it is necessary to evaluate the lateral stiffness provided by the
U-frame in trusgype pinrconnected bridges.

A series of finite element models are constructed to determine thal latéiness k of the
Uframe with fl oor beam | erLgashshown irfFigure @2.f £B.9 ent
denotes that the floor beam is connected near the bottom of the verticals. The rigidity of floor beam
Elyis twice that of vertical El Figure 2.8 shows the lateral deformation at the top efréime due to
the unit load at the same location and direction. The lateral stiffm_ersw(/J ) of the Uframe with
differentd ar e as s ho3n Aincreddes, the stiftnes®inciases and then decreases,

reaching the =0D4rgest value at d
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Figure2.27. U-framewith the floor beam irdifferent elevations
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Figure2.28: Lateratforcedeformation othe U-frame
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Figure2.29: Lateral stiffness of the {ffame with the floor beam different locations
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We comparedhe above resultsvith the solutiors used in the bridge design codesverify the
finite element solutio(AASHTO 2009. According to the code formulahe deflectiona of the

U-frametakes the form

Q|
I

(2.19)

where the first terms the deflection due tthe floor beam rotation and the second tasnthe
deflectioncaused bythe verticalsunderunit force Thereforewe evaluateghe lateral stiffnessc  of

the Uframewith

K — — (2.20)

Whend = 1, thecalculated stiffness is 4.9¢ 10° (N/m), which is close to the finite element
solution k as shown in Figure 28For the target bridgej equals to 0.9.

The stiffness k from the finite element modat used to calculate the buckling load Rg =
0.254%L = 3.96 10°(N). Upon mmpaing the bucklinganalyss results of the 3D model of the target
bridge with those of the ideal 2D model, we found thagn though both buckleteformation shaps
were similar in the middle six teghord members, the system buckling I16ad= 4.63 10°N) of the
3Dmodel was 15% larger thah, (= 3.962 10°N) in the 2D ideal modelThis can beattributedto the
variable axial force at each top chord, which the 2D ideal model igntdnegefore, we modified the

2D modelby applyingadditionalvariable jointloads as described in the following section

2.8.4 Modified 12-span pin-connectedmodel structure

In the ideal 2D model structu(Eigure 2.2) the axial forcas the same ieach membehowever this
is not true in a truss structyrE@nce, at the joints, there are contribusiohthe diagonalsTo solve this
problem we apply an additional variable axial lodd) ateachjoint (i = 1, 2, E, Niin); it takes the

form

(Y

Y0 oNQ ¢ 0 (2.21)
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whereF; and F; arethe axial force of thefirst (T1) and of thay, top chordmember respectively,
forcesthatareobtained from the 3D model at the final loading stefs noted that the axial force at
each top chord is theumof the applied joint loads from the first top chord to the designated top chord.
Table 24 lists the walues of these additional loadad Figure R0 shows the ariable applied joint
loads and axial forcesf the finewlyd defined 2D element modelisedto study instabilityof the upper
chord

Table2.4: Variable applied joint loads and axial forces

Accumulation Axial force

Span Top chord membei Applied joint load L
P P ppiec of joint loads of top chord
1 T1 0 0 P
o~ d X 0 Xpd w - . o
2 T2 Yo SBXIX v 6 ™D 0 ] 1.84P
P WY ¢
o o T MW X O . . o
3 T3 yp DITAVXOX we o W 253
P WY
o TYNMTod T M s _ "
4 T4 Yo —— 0 ™Y 0 Y0 2.91P
P WY
o ® v gt Pmy . - o
5 TS yp =~ BUSCTUTE o 5 v 3.2
PE WY Q
o T L XT® L - . o
6 T6 yp XV XBULCE o6 O W 3.3P
P WY ¢
R, Ry
p l L L L L L L L L L L L L l p
? ~. 01 s ) S10 JVIH”
0.8ap b AB__Z % J&‘ O Os o7 J O J ’ 4m o0sap
. 0.69pC 4 3 ‘;_____' 'J J‘ . ?’-_/’ K 0.eop
RS IVEETRS | 4 4 Ah $i0aap [0
k&, 5 0.08pP g 0.08pP 5 kb1,
2 10
ké‘3 ké‘4 ké‘S ké‘g k69

aks, 07

Figure2.30: Modified 12-spanrigid-bar system added with additional variable joint loads
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Following the same procedure as equilibrium Equations (2.1/% new geometricstiffness matrix

looks like
c®D pHD T T T T T Tt T T o
o~ T T T T T T Tt T o D R
[N} 5 v 5 ]
IR THWw do T T T T T T T T .
ot mo T U T s s s @6 T™Wo oo,
NI O TP e T T T Tt T T T o,
K= m T o m s T T &P WP ™o 1D
Uy v ™M WY TT™Wo o8 D s s s s s T 0N
NI ¥ s s s I T o8D ™WO TT™WYP ™Ww vy on
gD ™M T™WYP 1T™Wo WY o0 T[ 1 T[ T[ mon
U on T I I T T T Tt T T pon
Uupo T T T T T T Tt T T n U
(2.22)
and this will lead to anodified system stiffness matrik,, as
Kmn=
@9 p pd s s b s s b m i i
Q0 Q0 7 -
L1 L1 T T Tt Tt T T DfﬂJU QWU P
" " } 00 00
o) O % W ® 0
a5 S a5 P a0 b i b b i b b
@ 6 ™ O oD
rTr l;I s s i s s s s 0 0 P Q0 S
o o ™ o ™ § &P b s s b b b
0 o ¢ oo P 1) ) n " "
S50 T T W )0
m T n n T n n Qo w P oo ¢ s °
VL TR % W ™ § ™™ 0 o] D
o ¢ w0 ° Tav ¢ o P 1) n T n n n n
o8 D TS O ™ ™ O v D
n n n n n Ty oo P s ¢ Tas 0 oo ¢
[0 TR] TiEp @ ™ ™ & T8t oD §
o Y oo ¢ o 0 v ¢ Tas P T n n n o
K
P ¢ c T v Q X U] ® p a0 PP
po
o5 PP pm ® ] X ] v T o G P
(2.23)

Again, for P/KL = b, and | 1 we may calculate the critical buckling loBg ., by setting deK,, = 0.

which leads to the following polynomial equation

WCTMEWPPT  pPoQUTIEAGE P LV OTT @WPFIC TP P P @

XOXWUPH @ CUTT CRYT PTOTCBIW X P WG P& KX

CCWX@EpWUiX pPOYBYTIY QUG pg T (2.24)
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In this casethe first root ofb is obtainedas b = 0.0802 which is much smaller thahe one
corresponding tdhe unmodified system (0.2543)he correspondingnodal displacements in the
deformed shapep, ., , are listedbelow and illustrated in Figure 2, this agrees well with the

deformed shape of the 3D model at the last loading step as shown in F&flre 2.

Tp N T8tp @\
T Tmypdb
[ I | 1

|1| N IT[EQ ¢ w.fp
Ot 1 T®X T
hop 1T X XP

(pm,cr = IQII (] |,| 11 p I,I (2$)

iy 1 m& X Xro
Ty 11 x 11T
Men T o o
i, it U g g gip
U, Umsip oY

@ X X X X

Figure2.32: Deformed shape of the 3D model at the last loading(&ippview)

The buckled shape comparison between the tweph? structures is shovim Figure 2.33 where
the buckled mode ofhe original ideal 12span structure is depicted asdashed line, while the

modified 12span is illustrated aa solid line. The axial forces of the top chords for the modified
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structure, the original t8pan strature, and the 3D model (poonnected) are listed in Table 2\8e
found that when using the modified schentbe buckling load$,, ., calculated for each top chord
(T1i T6) arenow close to the axial forces observébm the pirconnectedBD model inFigure 2.4
with 10% error. Thus, we may conclude that the main reason for the collapseof-tomnected

trusstype pedestrian bridge systeis the instability of the top chord member under compression

rather than the failure of the tension membershie traditional sense as stated in previous studies.

(AASHTO 2010, 2012; Coron et al. 2005)-win 2012)
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Figure2.33: Comparison ofhebuckled mode shape

Table2.5: The axial force of each top chord member

Span Top chord Pmer = O..(-)802<L P, = 0.254%L Axial force
member (Modified) (3D model)
1 T1 0.080XL = 1.25* 10° (N) 3.96¢ 10°(N) 1.37 10°(N)
2 T2 0.147&L=2.30° 10° (N) 3.966 10°(N) 2.54 10°(N)
3 T3 0202%L =3.16* 10° (N) 3.96° 10°(N) 3.44 10°(N)
4 T4 02334L =3.63 10° (N) 3.96° 10°(N) 4.09 10°(N)
5 5 0259&L = 4.04 10° (N) 3.960 10°(N) 4.46> 10° (N)
6 T6 0.266%L=4.15 10° (N) 3.96¢ 10°(N) 4.63 10° (N)
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2.9 Progressive collapsanalysis ofbeam-connectedmodel bridge

Now let’s look into the failure mode of the same pedestrian bridge but using a model that has the
upper chord modkd with beam elements, and the progression of the bridge deformation until
collapse.We applied thesame incremental loading proceducethe beam cenected model of the
bridge until the model reactiéts loadcarrying capacityThe deformed shapes at different load levels
are presented iRigure 236 (a)i (d), together with theon Mises stressesigure 236 (a) shows the
deformed shape of the bridgeodel under total dead load withet highest von Mises strest54 MPa

at thethird floor bearmextto the second vertical hisindicaesthatthe modd @esformationsarein

the elastic rangeBy amplifying the live loadup to 3.19times theoriginal value,the yield stressis
reached for the firdime (Figure 2.36 (b)). Here, the stress in mhiddle section of théourth floor
beamreaches the yield stress (315 MRad so the bridge, even though it is still standing, it has
reached the masticrange Figure 2.36 (c) depicts a model widHive load factor y = 3.43 at this

load condition,yielding was observed at outer layer of middle top chord T6 and the von Mises
configuration shows moreomponents yielded onmé floor beams (fronthe third floor beam tahe
eleventh floor beajn However, yielthg occursonly in some portion®f the lower central part of the
floor beamsand remains in the early stagdereforethefloor beans are still capable of carrying the
load and do not appear to bee dominant reason for this modetollapse.Finally, as shown in
Figure 2.36 (d), when the live loadnplification factor reache3.53, the accumulated deformations
produced a more significant geoniesit changethat affeded theend results (secoratrder effects)
Member buckling was observatithe middle top chord (T6yherecompressivaxial force at the last

load stepreached th@ominalbucklingcapacity value (1.06 10° N) of the elementin this model, the
resuls of this analysisindicatedthat inelastic buckling caused by partial yielding of fibers in the

crosssection othe middle top choratause the collapseof this bridge model
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Figure2.34: Deformed shapeof a bearconnected model bridge differentloading step
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2.10 Failure criteria of membea's under axial force and bending moment

When using the beam element to represent the upper chord, there is now an interaction between the
axial force and the two bending moments that affect the strength of thesenti&s. This problem
was not a concern when we modelled the upper chord with #lements.

Many researchers have investigated the plastic strength of typicalsegmssubjected to the
combined action of axial force and bending mome8tmtathadaporn and Chen (19¢#pposed
mathematical equations to calculate the plastic axial strength and full plastic moments for some typical
rectangular shapes anghaped steel sections. Chen and Atusta (1972) devettipednathematical
equations to draw full yield surfaces for stealt®ms such as widtange (I-shapedyand doubleveb
sections.

The above methodpresentprecise solutions; however, they are relatively complicated when
considering threglimensional frame cases that combine axial forces and biaxial moments. Following
Lee and Tseng1983), Duan and Chen (1989, 1990) revised the empificedula to check the
capacityof a memberwith an I-shapedcrosssectionthat was subject to both bending moment and
axial force Under the assumptiatatthe > and wraxes arethe strong and wealones respectively,

the interaction formulasf uni-axial bendingnoment and axial force take the form

—  p — (2.26a)

— p — (2.26b)

whered and 0 are the respectivieending momeistof the membeaboutthe ¢ and ¢» axes and
0 and0 arethdr respectiveplastic momentapacitiesn the ¢> and & axes 0 is theapplied
axial force,0 and0 are the member axial force capacity aldhg strong axis and alonthe
weak axis. These axial force capacities were computed with the same procedure as the ultimate
compressive strength considering global bucklingaddition,Duan and Chen (1989, 199®oposed
a general expression to describe the interaction curve of many dayubigetric steel crossectional
shapes, including-shaped, thiswalled circular sections, thiwalled rectangular, box shapesnd

solid circular sections. The forof expres®n depending othe section type, comprises four factors
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| ,1 ,T ,andl related to crossection shapes arateadistribution, which carbe describedas

follows;
a p N a p N p 1 p N s (227)

where the nomlimensional quantitiesfy 070 , the ratio of theappliedaxial force to themember
axial force capacityd 0 70 , the ratio of thew axis bending moment to the corresponding
plastic moment capacityd 0 70 , the ratio of thew- axis bending moment to the
corresponding plastic moment capacity. and| are the factors addressing the contribution of
member capacityn the threedimensional space; arjd andl define the shape of the interaction
curve along the strong and weak axisspectively In addition,an alternative interaction expression

for Equation (2.2), proposed by Duan and Chen (1989) can be written as in Equa8h (2.

por —— — p (2.28
where
0 0 p — ,isthe moment capacity considering the effect of the axial force equal to
P —
0 0 p — ,isthe moment capacity considering the effect of the axial force equal to
P —

The authorspropose two similar formulas for a member with symmethim-walled box
crosssectionas shownn Equation 229, where they have almost the sab@havioras an ishaped
section (wideflange) bent about its strong ax@ (). The first formula to check the member capacity
for a symmetric thirwalled boxshaped section is written as in Equatior2@d). The second formula
was proposed by Duan and Chen (1988)which the crossectional strength of the thimalled box
type ®ction depends on its width-depth ratio,i.e. 6 B/H, which influenceshe parametes |
andl . The expression fof takes the forny r 2 0.56. For a square box crosgction,

thewidth-to-depth ratio is 1 (wher® B/H = 1) and so we have [ 1.5
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Theinteraction curvef bendingmoment and axial force take the form

— — T Efpg p — hp (2.29)

— — p - (2.2%)

The AISC interaction equatiorare made by extensely evaluatng the predictions using the
proposed equation and comipgr them with the exact inelastic formulasbtainedby previous
researchers&salambos and Ketter (1961), Tebedge and Chen (1974), A(s888), and Chen and
Zhou (1987). Inthe 1986 edition of AISC.RFD Specification for Structural Steel Buildings (AISC
1986), the equations were developed based on numerous exact inelasticcdleam solutions
(Kanchanalai 1977; Bjorhovde et al. 1978) dhe bilinear interaction equations lkénding moment

and axial force for the symmetric cressction wer@btained in the form:

— - — — pAEIO ™ (2.309)

. _ _ oxkiom (2.300)

Figures 2.35 and 2.3&how the interaction cunaf the nondimensional axial strength) 70 , and
flexural strengthb 70  aboutthe waxs for someselected top chorchembergT4, T5, and T6)
and the curved70 -0 F0  in the selected element of the top chord as the load is incrementally
increased on the bridg&igure 2.35shows thatwhen increasing the loadn the bridge the T6
member is dominated kihie axial force whichincreases gradually. The T6 member startgi¢ld at
the outside layerand with the increase akial force it expands tdheinterior sectionof the element
Until the axial force is great enough that the entire esession reaches yield stress, there would be
no resistance to bending momenhus, he more the yielding we havihe less moment thenember
could take When the axial force reacharound 90% of its axial force capacity while the moment
reache 5% of its moment capacityhe extreme fiber reaches the yield linWith the increment of
load, the member sustains further axial force and monaewtthe interaction curve continues until it
reaches anembercapacityformula at the last incremental step wtiba T6 member buckles this
state However, membersT4 and T5 respectively meain within the interaction curvat the last
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loading stepvhen the axial force reachi@0% and 90% of its axial capacis shown in Figure 26.

This confirms our findings that the collapsebalamtype bridges is due to the buckling failure of one

critical membeinstead of the failure of a tension component
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Figure2.36: Interaction curves of4 (left) and T5 (right) members

Furthermore, sinceeither partialnor total collapse of the pedestrian bridgeas caused by the

failure of tension componest this bridge structureis not categorizedas fifracturecriticald in the

traditionalclassification However, this pedestrian bridge is classifiedid@mageetriticalo since the

buckling failure of a compression component (middle top chord T6) is associated with the

load-carrying capacity of the bridge.
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2.10.1  Summary of results

According to the analyses, the results of pedestrian bridges consitteviigferent connection types

are summarized as follows.

1. For the 3D pirconnectedbridge (Model 1), the result of the analysis showed that the model
remains elastic until the lalstad step (load factor level of 1.34). Prior to brelge &faslure, the top
chord system producedamatic lateral displacementgile none of its top chord members reaches
their member capacity. We found thiaetollapse othis bridge structurevas rot due to the failure
of a local membethat reached its capacityfherefore, amodified 2D structure was made to
properly simulatéts buckling load andhe associateddeformed shape of the 3D Moddklupper
chord systemWe can conclude that the collgpmechanism of this bridggpe is linked to the
instability (global buckling) of the top chord system.

2. For the 3D bearmonnected case (Model 2), the lezatrying capacity of this bridggpeincreased
to a load factor level of 3.53. This level is muahgerthanthat of the pirconnected model. The
main difference between the two models is that the top chord system of Model 1 can only sustain
axial force while the Model 2 is able to resist both axial force and bending moment. This makes
Model 2becone a strongerstructurewith the capabilityto reach inelastic stage and to sustain more
live loads than Model 1. The failure mechanism of beammectedbridge structure is the local
buckling of an upper chorltading tothe bridge to collapse due stablity loss in thetop chord

system.
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2.11 Conclusions

The nonlinear static analysigsult of target pirconnected pedestrian bridge depicts todapse
progress and deformation shapé&be global behavior of the target bridigelicates thait will not
collapse due to local member failulaestead, top chord system showaedignificantly large lateral
def ormati on, i nf er r i ng mdchamism wasicaubed imgtalsility indhe top r e 6 s
chord system.

Analytical study of the truss system was conducted to derive and calibrate the buckling load and
its associated buckled shape, whatables thelobal buckling behaviors of truss system to have
good description ofthe collapse mechanismof the finite elementnodel. In addition, he collapse
process and failure mechanism of the pedestrian bridges with two connection typas/esigaed
and compared. df the pin-connected bridge, global buckling of the top chord system exists and this
leads to ustablefailure of the bridge sysem. For the beamconnected bridge, the failureechanism
of suchbridge typeis due to the local buckling @ top chord, whicheads tothe whole bridgeto

collapse It is found that neither of the analyzed pedestrian bridges is fragitical structue.
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Chapter 3

Corrosion of Steel Bridges

3.1 Introduction

Corrosion is one of the dominant causes of deteriordtiogteel bridges due tthe aggressive
environment and inadequate maintenance (Kagsel Nowak198%). Corrosionis a timebased
process that generally takes several years to degelffigient deterioration to cause concefhcan
threaten the longerm function and integrity of a steel bridge. The result of this deterioregian
progressive deteriorain of a bridge structure over a long peri@hd the main effect of corrosion is

the loss of surface material resulting inntér member sections. Tlexisence of the deteriorated
members could significantly reduce the lazdrying capacity of the bridge systgi@heitasi and
Harris 2016. The effect of corrosion on a bridge damage alter considerably and highly related with
thelocation and extent of deterioration of corroded memlt&irsictural steel will corrode if le&ither
unprotected or inadequately protectddm the natural environment df subjected tosevere

atmospheric conditions.

3.2  Review ofbridge failure casesinked to corrosion

Corrosion has received much attentiover the past few decades as a major cause of structural
damage and failureAcrossthe world,authorities often attributbridge failures and fatigueracking
problems or collapseacrossthe worldto corrosionas itincreases the probability of member loss,
particularlyin older bridges (Khuyen 2016for example, th&oint Pleasant (Silver) Bridge over the
Ohio River collapsed obecember 15, 1967 during rush hour trafapsingthe death of 46 people.
The bridge was an eyebar chaimspended structure aitd main cause of collapg&igure 3.1) was

corrosion cracks in a single eyepahich leado its separation from the suspension chain
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E&Zﬁ , 23181
.‘ /{/ |

Figure 3.1: Collapse of Silver Bridge, Ohi@ecember 15, 196(NTSB 1970)

On June 28, 1983, the Mianus River Bridge e®blhighway in Connecticut collapsethree
peopledied and anothethreesustainednjuries. That failure wasdue to the corrosion of components
in a pinhanger assembly. The accumulation of corrosion products shifted the direction of the hanger
on the pin causinga misalignment thisincreased the stress range in the potouning for a fatigue
crack which ledtot h e failune.6Assuspended span of the northbound section of the bridge

collapsed andell into the river belowas shown in Figurg.2 (NTSB 1984)

Figure3.2: Collapse of Mianus River Bridg€onnecticut, 1983

In 2007, corrosioninduced fracture within diagonal members was found in two Japanese highway
steeltruss bridgesas shown in Figue8.3 and3.4 (Lin 2013} fortunately those failures did not lead to
devastating collapse of the twodhges and received great attention and research interest on thee ®ridg

potential collapse due to member corrogiBhimoi et al. 2015Khuyen 2018.
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Figure3.4: Honji Ohashi Bridge, Japan, 2007
However, a 5#earold steel truss bridge across Tokushima and Kagawa prefedtudzgpan.as
shown inFigure 35, reportedly collapsedh November 200 because of severe corrosiontlie truss

members

=) -

A (M2 EM NS

Figure3.5: Collapsed steel truss bridgdapan 2007
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In addition a bridge in Japathat had onlyserved 23 years still collapsed in 2009 tosevere
corrosionin the steel plate girde, as shown in Figur8.6. Therefore, it is essential that the location,
area, and degree of corrosiona steel bridge should hevestigatedo evaluate its residuatrength

andstructural integrityKim et al.2013)

Figure3.6: Collapsed steel girder bridge, Japan, 2009

3.3 Corrosion classification in bridges

3.3.1 Common forms of corrosion

The corrosiorphenomenomf materialss mainly regulated bywo factors the materiatharacteristics
and the environmental variabléhe four environmental variables of interest are the air temperature,
salinity, sulfur dioxide concentration and the timef-wetness (TOW).Metal corrosion is the
deterioration of a metal resulg from a reaction with the environmethtatleads to the degradation of
such metal.

There are various forms of metal corrosion, depending on how the corrosion process develops on
the surface (unifornvs. localized corrosion), on the state of stress in the material (stress corrosion,
fatigue corrosion), on the presence of different metals, etc. Figure 3.7 shows a brief classification of

the different types of corrosion.

59



Chapter 3. Corrosion of Steel Bridges
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Figure3.7: The main forms of corrosiofiRoberdge, 2000; Landolfo et al. 2010)

3.3.2 Uniform corrosion

Uniform corrosio® also known as general corrostbproceeds at the same raterossthe metal
surface It appears as a homogeneous attack over large surface areas of a material resyéngrial a
thinning of the element anid the most prevalent foraf corrosion that can be found on steel bridges.

Steel bridgeshowuniform rust ovetargesurfacs asshown in Figure 3.

Figure3.8: Uniform corrosion (NCHRP 1990)

3.3.3 Crevice corrosion

Crevice corrosion is a localizégpe of corrosionand one of the most common forms on steel bridges

it is linked todifferencesbetweenthe environmets inside and outside the crevidérevices between
steel members can collect wateeating an environment that can speed up dramatically the corrosion
process The presence afhloride ionsbooss crevice corrosionWeathering steeis exceptionally
susceptible to crevice corrosicas that steel type réés on an oxide film for protectionThe
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contamination of chloride that occurs in cregit® the main caustr destroyng these oxide films.
The use of wathering stel is notrecommendedn bridges that are eithén saltwater areas oin
environmentsvith high amounts of chlorine

This type of corrosiortan be visually observed within gaps such as atbegdge openings of
built-up members with multiptply plates,between backo-back angles used for bracing members,

between lacing bars and adjoining components, and between closely spaced eyebars.

Figure3.9: Crevice corrosion (NCHRP 1990)

3.3.4 Deposit attack

Deposit attack isa type oflocalized corrosion that usually occurs on bridges at locations of debris
depositghat harba moisture. The debris often consists of road dirt or trash depositdt sarfece,

coal dust in mining areas, graiother byproduds in farm regions, or salts from deicing agents in
northern or higkaltitude regions. One of the magimmontypes of deposiis bird excrement, which
contains acids that attadke steel andthe protective coatings acceleiray the corrosion of steel

membersFigure 3.0 shows a ommon deposit att&aon a steel bridg.

Figure3.10: Deposit attack (NCHRP 1990)
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3.3.5 Pitting corrosion

A pitting attack occurs where there are chemical or physical changarétal such as imperfections
in the metallurgy of steel, at paint protection flaws, or commonly under deposits of foreign miaterial
is restricted to aery localized areaf the material where corrosion will develop pitting attack is
seriousas itcauses the formation of deepevicesinto the steel surfae. Pitting can be dangerous since
it can lead to stress concentrations and cause failure by cratkigasily obserablein areasvhere
debris harbors moisture on a surface, such as depodtigt,afrash, or bird excrement as shown in

Figure 3.1.

Figure3.11: Pitting (NCHRP 1990)

3.3.6  Stress corrosioncracking

Stress corrosion cracking & fracture mechanism induced by the interaction of mechanical stresses
and corrosive environmenAreas of higher stress, usually at grain boundaries, when in the presence
of a corrosive environment, corrode at a faster rate than areas of lower strébasamiluces the
interaction of cracking.

The growth of crack formationsually occurs in a corrosive environment that$ga the sudden
failure of normally ductile metals subjected to tensile stress. Corrosion causes the initiation of
discontinuities inthe metal which act as a stress raigeand leads to cracks. The adjacent metal
surface generally revisanodamage Stress corrosion crackingust be identifiedhrough microscopic

inspection (see Figure 2)1
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Figure3.12 Stress corrosion (NCHRP 1990)

3.4 Corrosion forms and locations

Multiple forms of corrosion condition may occir steel bridges. Usually, more than om#l form
togetherat a specific location on a structure. The following sections illustrate typical locations and

forms of corrosive attack cabridge.

3.4.1 Locations of corrosion on stringer spans

Figure 3.B illustrates potential locations of corrosion attack on stringanspSection AA indicates
how localized corrosion can completely penetrate a steel compddection BB illustrates the
location of crevice corrosion between the deck and strin§ection GC shows how uniform
corrosion can caugbeloss of web thickassin stringers.

Crevice corrosionvill most likelyoccu between the concrete deck slab and the stringers. It occurs
at cracks in thaleck, which allows water to flow through the deck to the stringer. Deattaitks
occurat the flange to web joints ostiffener to flange connections duette deposition of debris or

bird excrement. Uniform corrosion may occur on stringeereasexposed to water spray.
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Figure3.13: Locations of possible corrosi@ttack on stringer spafisCHRP 1990)

3.4.2 Locations of corrosion on throughgirder spans

Figure 3.8 showsthe locations of potential corrosion atk@con throughgirder spansCrevice
corrosion mayccurbetween mating metal surfac&ection AA indicates crevice corrosion between

the stiffener angles and girder web and between the concrete barrier and steel girder stiffener angles.
Detail B shows crevice corrosion between the girder bottom flange and a connection angle. In Section
A-A, pitting mayform wherewaterfrom the roadwayplasheshe steel during stormst most likely

occus where watecollects In Detail B,adeposit attackvill likely occurin joints where debris might

collect or birds roost.

. 4 CREVICE
CORRDSION — .

~—DEPOSIT ATTACK

-
) 45%’:5 CORRGSION
SECTION A-A

THRU GIRDER SPAN DETAIL B

Figure3.14: Potential corrosion attack on througinder spangNCHRP 1990)
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3.4.3 Locations of corrosion on through trusses

Figure 3.5 showsthelocations of potential corrosion attes on through trusses. Pitting may occur on
exposedmembers where surface protectioas beerabraded by debris such as sand or that is
stirred up by trafficA deposit attack as shown Section AA and Detail B mayccurwhere debris

accumulateswhile crevice corrosion is possible betwede mating surfaces of builtip members.
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SECTION A-A

Figure3.15: Potential corrosion attack on through trug®¢SHRP 1990)

3.4.4 Locations of corrosion on truss connections and truss floor beams

Figure 3.5 (a) showsthe potential locations of corrosion attack on truss connections. Crevice
corrosionoccurred inSections AA, B-B, and DD,; it occursboth between members and the gusset

plateandatthe mating surfaces of components of buit members. Section-C shows damage from
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adeposit attackCorrosion has eaten right through thesset plate at Section@ thisis common in

cases of severe deposit attack. Truss connections are prone to dépokitbacause of their
complexity.

Figure 3.5 (b) showsthe locations of potential corrosion atkacon truss floor beams. Pitting may

occur on surfaces exposed to water accumulation such as the floor beam bottom flange and the floor
beam top flange adjeaat to the roadwaywhile uniform corrosion mighbccuron the floor beam webs

while this surface is exposed to moistuiedoesnot collect water. Deposit atesc may occur at
connections prone to debris accumulation or bird roogtimdcrevice corrogn may occur between

mating surfaces.
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Figure3.16: (a) Potential locations of corrosion ataon truss connectior(®) Locations of potential
corrosion attaks on truss floor beams (NCHRP 1990)

3.4.5 Typesof corrosion on stringer-floor beam connections

Figure 3.7 illustrates potential types of corrosion attack on strisilper beam connections. Crevice
corrosion, pitting, and deposit atkacareidentifiableat these locations. Crevice corrosion may occur
at mating surfacebetweenconnecting memberand pitting is obserable at each of these details.
Deposit attack locations aasindicated on fixed connection C and expansion connectighig&form

of corrasion occurs at locatiorthat areprone to debris accumulation or bird roosting. Usually, the
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more complex the detail, the more likely it issaffer corrosion attack. Complex details gather more
debris and have more locations where water can collegig&tfloor beam connections as shown in
expansion connections B and C are more complicatedvandntextra attention during corrosion

inspections.
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EXPANSION CONNECTION A

L
T
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EXPANSION CONNECTION B
EXPANSION CONNECTION C

Figure3.17: Potential types of corrosion attack stringerfloor beam connections

3.5 Corrosion rates, corrosivity classification and corrosion modeling

3.5.1 Corrosion rates in North America

The United States has l@oad variety of climates and covewarious exposure zondhat differ
considerably with regard to temperature, humidity, solar radiation, air pollution, and airborne salts.
Corrosion engineers have categorized four classes for the generalengromment surrounding of a
structure as follows:

1. Rural (Mild): Environments with low pollution in the form of sulfur dioxide, low humidity and

rainfall, absetichemical fumes, usually located inlarithey have ittle-to-no exposure to natural
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airborneor applied deicing salts.

2. Urban (Moderate)densely populated areagw industrial activitiesand medium corrosive agent
contamination such as sulfur dioxides.

3. Industrial (High) An environment in which a bridge is exposed to occasional airborne salts or
deicing salt runoff.

4. Marine (Severe)High salt content from pimity to the seacoast or from deicing salt, high
humidity and moisture.

Bridgesin the immediate proxiity of the coastare consideredo bein a severe environment
most studies also classifareas withina fewmi | es of t he endransméntsEhese A mar i n
general classifications are of some limitade for bridge designers as a basic referemdeen
determining the appropriate level of corrosion protectidiridge requires. However, many bridges
will not fall directly into any of the abh@ categories. Some bridges mitiatiocated in intermediate
climates with moderate pollution and moderate humidity, while others may suffer from high humidity,
high sulfur dioxide, and salf here isusuallylarge variation in the environment even witlirvery
small geographic area. Salt and moisture levels may differ considerably from one end of a bridge
structure to the other.

Table 3.1shows section loss data developed in a comprehensive study coriduk@éd 1964 by
the American Society for Testing and Materials (ASTM). This study was worldwidehisupaper
only presengd the North American results. For each locationx &-inch panelsof carbon steel and
zinc, normally used as a protective agemére eachexposeé to atmospheric conditionf®r one and
two years, and the mass loss was converted to a uniform value expressed as mils per year per side.

The table show the general increase in corrosion rates when moving from rural to marine
exposure sites, with a rapincrease irtherate as the environméntsalt and moisture content increas

in marine environments (Cobuen al. 1968.
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Table3.1: Corrosion rates for carbon steel and zinc throughout North America

Carbon Steel Zinc

Loss Loss Loss Loss

Location e Macro— {rpils per [I'I.'Iils per [I'I.'Iils per [I'I.'Iils per
nvironment side per  side per | side per  side per

1yr.) 2yr.) 1yr.) 2yr.)
Narman \Wells, Northwest Territories Rural 0.02 012 0.01 0.0
Phoenix, AZ Rural 0.26 0.36 0.02 0.02
Saskatoon, Saskatchewan Rural 0.24 045 0.02 0.02
Morenci, M| Rural 1.05 1.54 0,05 0,09
Potter County, PA Rural 0.86 1.62 0.04 0,10
State College, PA Rural 0.99 1.81 0.05 0.09
Durham, NH Rural 1.39 215 0.07 012
South Bend, PA Semi-Rural 1.57 262 0.08 0.14
Esquimalt, British Columbia Rural Marine 0.68 1.05 0.02 0.04
Ottawa, Ontario Urban 0,99 1.55 0.04 0.09
East Chicago, IN Industrial 4.36 6.66 0.1 0.14
Halifax (Federal Bldg.), Nova Scofia Industrial 54 8.96 031 0.58
Brazos River, TX Industrial Marine 4.23 7.35 0.08 0.14
Daytona Beach, FL Marine 8.21 23.32 0.09 0,16
Point Reyes, CA Marine 12.41 39.52 0.08 012
Kure Beach, NC (800 ft. from coast) Marine 3.35 11.50 0,10 0,16
Kure Beach, NC (80 ft. from coast) Marine 28.05 42,11 0.26 0.50
{f:::ap;}l'(ennedy, FL (0.5 mi. from Marine 162 6.80 0.06 0.09
Sape g:\’:;’f:g} FL (60 yd. from coast, Marine 241 1037 | 042 035
Cape g:\’:;’f::} FL (60 yd. from coast, Marine 279 1299 | o014 0.32
gﬁ)ﬂf‘:ggﬁ}:}nﬁ'— (60 yd. from coast, Marine 752 3482 | 045 033

Figure 3.18 illustrates this data by plottinghe average section loger material for each exposure
condition using only thewo-year exposure data.
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Figure3.18: North America corrosion rates for carbsteel and zinc

Since this study waperformedin the early 1960s inhe US at the height of industrialization,

69



Chapter 3. Corrosion of Steel Bridges

pollution was near its peak, and the corrosion ratesid likely beconser vati ve in t
environment. However, in other locations, althoulgl gross corrosion ratdid decline inland, the

corrosivity remaned relatively high several miles from the coast. Furthermore, storms can carry
airborne salts miles inland. These data and the experiences from past bridge perflzadans¢o the

concluson that the corrosivity of a specific location is highly ssigecific, depending on proximity to

the ocean, wind patterns, storm frequency, and height above the water.

3.5.2 European Standard EN 12500 classification

The methodology for the quantitative evaluation of the corrosivity of specific enviraamers
carried out in AThe Eur opean tBavauesohtmedlassfidatidn2 50 0/ 2 (
determination and estimation othe corrosiveness of atmspheric environments by assessing the

standard fothe mass loss of specimens afteydar field test exposurfer four materialgi.e. carbon

steel, copper, zinc, and aluminurithe corrosivity classification isstedin Table 3.2.

Table3.2: Mass loss (g/A) for 1-year field test exposure in the five corrosivity classeisd5]
orderedrom the least to the most corrosive (EN 12500/2000)

MASS LOSS g/m’ .
Corrosiveness category

Carbon Steel Zinc Copper Aluminum
<10 =0.7 <09 Negligible Very low Cl
10-200 0.7-5 0.9-5 =0.6 Low Cc2
200400 5-15 5-12 0.6-2 Medium C3
400-650 15-30 12-25 2-5 High C4
650-1,500 30-60 25-50 5-10 Very high C5

In addition, for cases where field test data are not availabidassification of thedegree of
corrosiveness (from very low to very high)tbetypical outdoor atmosphere in specific environments
(such as drandcold zones, rural areas, small towns, urban areas, coastal areas, and industjial zones

has also been pposed by the European Committee for Standardization (CGSNhown as Table 3.3.
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Table3.3: An extract of EN 12500/2000 from the corrosivity qualitative classification

Corrosiveness category Typical outdoor atmospheric environments

Dry or cold zones; very low pollutants contamination; time of wetness ver
Cl Very low Y ylowp ' Y
low, e.g., desert, Antarctic zone.

Temperate zone; low pollution (SO, [pg/m’] < 12), e.g., rural areas and
C2 Low small towns.
Dry or cold zones; short damp periods, e.g., desert, sub-artic zones.
Temperate zones; medium pollutant contamination (12 < SO, [ugfm‘] < 40);
low chloride influences, e.g., urban areas, coastal area characterized by low
chloride deposition rate.
Tropical zones with low pollution.

C3 Medium

Temperate zones; high pollution levels (40 < SO, [ug/m®] < 80); important
chloride influences, e.g., polluted urban areas, industrial areas, costal areas
(no splashing zones), de-icing salt influence.

Tropical zones with medium pollution level.

Temperate zones; very high pollution levels (80 < SO, [ug/m’] < 250);

C4 High

. strong chloride deposition rates, e.g., industrial zones, coastal and sea areas
C5 Very high £ . P &
(no splashing zones).

Tropical zones with high pollution levels and/or strong chloride influences.

3.5.3 Standard ISO 9223 classification

The widely used specificatiothe ISO 9223 standard fdhe classification of the corrosivity ahe
atmospheredefines five corrosivity categories from C1 (mild) to C5 (severe) with an additional
category, C5M (severe marine) for maritime exposure gdaach class is defined byhe guiding
values of three key factors: tired-wetness, sulfur dioxide concentratji@md chloride deposition rate.
Table 3.4 lists the anticipated corrosion natrgefor eachcategory The ISO 9223 specification has
gainedpopularity for offshore and utility structuresnd a growinghumberof coatirg suppliers and

researchereeferto this classificatioio produceperformance data and recommending materials.

Table3.4: Carbonsteel corrosion rates for various environments according to ISO 9223

Carbon Steel Corrosion Rate

Ell\r'il'ﬂl]_'lﬂenr ;o
(mils per year)
Cl1 0.05
C2 <1
C3 1to2
Cc4 2to3
Cs 3to 8
C5M 8to 28
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3.6  Modeling of corrosion

Variouscorrosionmodek of steel material were reviewduthis section.t is generally recognized that
a corrosion prediction model for structural engineering applinatishould provide information
concerning the thickness loss by a metal over time as a function wiettfeanismef the phenomena
and the influencing parametdfie. the specific material der an exposure atmosphgrelrhe model

should alsaccount foithe statistical variation of variables (Cascini 2014)

3.6.1 Corrosion depth model

As for prediction models, only models for uniform corrosion, namely, general corrosion that proceeds
at the sameate o the surface ofhemateria) will be considered.

Literature reviewsKayser and Nowak 1989&andolfo et al. 2010; Cascini et al. 2014) mentio
that models for uniform corrosion provide the corrosion rate as the mass loss per unit area per unit
time, or the rate of penetration expressed in terms of the thickness loss. Corrosion models can be

described as the corrosion depth as a function of time in the following exponential function:

00 1o (3.1)

where 'O 0 is the corrosion penetration or thickness lpsn); t is the exposure time (years); A is the
corrosion rate in the first year of exposure; & the empirical coefficients determined from the
regression analysis of fielsleasured dataAfter the formaion of corrosion products on the metal
surface, the initial corrosion rate usually decreasethe long term. If B is smaller than 0.5, the
corrosion products show protective, passivating characteristics.

Different simplified models have been developethwhe aimof consideing the environmental
variables that may influence the corrosion rate. The constant coefficients A and B of suchthaddels
predid the corrosion loss as a function of time omlgre based on collected data franfield test
(Albrecht and Naeemi 1984 herefore, the estimatiarf the corrosion rate is often inaccurate if the

modelis used for different environments from the arsed to calibrate thaitial model

3.6.2 Standard ISO 9224 classification

An early development of general models has been provided by International Standard Corrosion of

Met al s and Al l oys 1 Cor r os i v whiclydefmds guadingnalgsep tf e r e s
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short and longterm of corrosion rates for metals exposeth®s atmospherélhis standard proposes
an average corrosion rate during the first 10 years of exposure and a {@rgn corrosion rate
after 10 years of exposure.

I0S 9224 can be used &stimatethe service life ofa material. As in other pecifications, this
standard classifieve corrosivity categorieprogressingrom theleast to the most severe corrosive
conditiors, namely, C1, C2, C3, C4, and C5. Categories C1, C2, and C3 are classified as very low,
low, and medium corrosivity; C4 dnC5 are high and very higtorrosivity. Figure 319 providesa

representation dhe corrosivity band (C1 to C5) for carbon and weathering steel.

_ 4
2 .| ©
=
E ]
E )
5 E 300
= O e c4
= = 250
£ E
5 = 200
et
o o
7] &
& Z 10 c3
=
g 5 1m0
fr} B
o
= o 50 c2
S =]
= o o e £l
] 10 20 [} 10 20
time [years] time [years]

Figure3.19: Corrosion depth as a function of time tanrrosivity classega) Carbon steel and (b)
weathering steel for different corrosion classes

According to the I0S 9224 specification, the upper kweer bounds on thickness loss for any

corrosivity category argiven by

oo 1 (3.2a)
for the first 10 years of exposure (dotted lines in Fig@ré@and 3.2) and

0o pmd O pi (3.2b)

for exposure beyond 10 years (solid lines in Figur28 &nd 321), where O= thickness loss, mnt;=

time (years);i = average corrosion rate (mm/year); and = steadystate corrosion rate (mm/year).
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Figure3.20: Medium corrosivity band for weathering steel
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Figure3.21: Medium corrosivity band for carbon steel

In smilar researcttonduced by Albrecht et al. (1989), before the ISO 9224 standard was issued,
the thickness loss for weathering steel in a variety of bridgése contiguous United States had an

upper bound ofheform
C m™uv 0 pTEITTY UL (3.3)
The dashed line in Figure ®.Mdicates the corrosion rate for exposure beyond the first yeatheith
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conclusi on:

66weathering

steel

corroding at

a ra

develop a normal, protective rust coating. When such corrosion rates are anticipated, weathering steel

shoul d not be

used

i n Hdbesechtet a. (20@B) propasedn évéragdRe sear C

allowancefor corrosion losses of 0.0075 mm/year over a-4€ér service life. An average 0.0075

mm/year corrosion rate for the high corrosivity category C4 is consistent with the upper bound rate to

satisfythe peformance of |I0S 9224.

3.6.3 Modified ISO 9224 classification

The 1ISO 9224 standard ment®h h a t

60t he

cCorrosi

on

rate of

first 1ror isytleof weatbeding steel. To improve this inaccurddgrecht et al. (2003)

modified the thickness loss formula

For the first year of exposure

O pQ

and for exposure beyond the first year shown as solid lines in Figutesngl3.4,

O

pQa o]

pi

(3.4a)

(3.4b)

carbo

In Figures3.20 and 3.2, the shaded area between the lower and upper bounds indicates the medium

corrosivity category C3 bands for weathering and carbon siedlies 3.5 and 3.6provide the

corrosion rates and thickness losses at 1, 10, and 20 years of exposure according to ISO 9224 and the

modiyed ISO 9224.

Table3.5: Corrosion rates for medium corrosivity category C3

CORROSION RATE (mm/year)

ISO Standard Modified ISO
0224 Standard 9224
Average Steady state Steady state

0 to 10 =10 Modified =1

vears vears Otol year

Steel type  Bounds Fau Plin year Plin
Weathering  Upper 0.008 0.005 0.035 0.005
Lower 0.002 0.001 0.011 0.001

Carbon Upper 0.012 0.006 0.066 0.006
Lower 0.005 0.0015 0.0365 0.0015
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Table3.6: Thickness loss for medium corrosivity category C3

Thickness Loss (mm)

Steel type Method Bound 1 vwyear 10 years 20 years
Weathering I1sO Upper 0.008 0.08 0.13
ISO Lower 0.002 0.02 0.03
ISO modified Upper  0.035 0.08 0.13
ISO modified Lower 0.011 0.02 0.03
Carbon ISO Upper 0.012 012 0.18
ISO Lower  0.005 0.05 0.065
ISO modified Upper  0.066 0.12 0.18
ISO modified Lower 0.0365 0.05 0.065

3.7  Application of corrosion rates and corrosivity caegories

According to the guiding values of thickness loss for the corrosiléigsifications of atmospheres in
ISO 9224 mentioned in previous sectiom& now considerthe corrosion rate of carbon steal a

medium corrosivity rate (C3Y.he thickness loss for the first 10 years of expostirh(s

OO0 p® t < 10 year (3.5a)

For thickness loss fararbon steel elemengspogdbeyond 10 years (i the equation is
00 pcmedo pT tO 10 years (3.5b)
By following the same procedurtie corrosion rate of carbon stestia high corrosivity (C4)the
thickness loss for the first 10 years of exposure is

006 o1 t < 10 year (3.6a)

Thethickness loss expressifor more tharl0 years of exposure is presented as

OO0 omnmngmMO pTt tO 10 years (3.6b)

Furthermore, fothe very high corrosivity (C5) case, the thickness loss function for the first 10 years

can be shown as

OO0 1Tm® t < 10 year (3.7a)
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The corrosion rate function foilne C5 case beyond 10 yearsexposure is

OO0 TNNMWMMO pTm tO 10 years (3.7b)

The loss of material due to uniform corrosion results in the reductittveeéction properties of a
member, such abe crosssectional area, section modulus, moment of inestidradius of gyration,
thus causing a reductiarf the capacityof themember As a consequencehd stiffness of membeis
also reduced due to loss of materaid thismay cause significant deflectioAt severe degrees of
corrosion, the capacity of a steel membaulddrop below the service loads.

The corrosion deptfO or thickness los®f a memberfor a specificx percent corrosion rates

formed adollows:

O =i [} i b (38)
where i dgs the radiusof an equivalentcircular crosssection memberthat has the same
crosssectional area of the intact member; p is the radiusof the same circular member

corresponding to the remaining cressctiond area undeix percentage of the area thickness loss,

which can be denoted as

T (3.92)

— " pnmab (3.9b)
where @ is the sectionalthickness corrded percentageand 0 i ‘Q & gndicates the crossection
area oftheuncorrodednember.

For the case dhepedestrian bridgehownin Chapter 2, we concluded thae failure mechanism
for the pin-connected pedestrian bridge (ModeMis due to global buckling dhetop chord system
under compressiormherefore the critical members were the steel bars used in the top chord of the
truss.These elements are maaé carbon steel material (ASTM 500 Grade Bije top chord member
labeled HSS 63 5/16 hal an equivalent cressectional area equal to 0.003377%(mand this
corresponded to an equivalent round shape sectioadids i ,paccording toEquation 3.9, of
0.03278 m (32786m).

Now we want tocalculatethe corrosionconditiors versus the exgare time of the bridge
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members

According to the selected corrosion specifications or standards umdggecific corrosivity
environment, along with th@roper formula to estimate theorrosion depth predictiors of the
corrosion deptfand of the time to reachvtereconducted fothe selected membeaf the top chord of

the truss For examplefor the categoryf most interestthe corrosivity C3 case (medium corrosivity),

the predictionof the corrosion depth of a top chord member with 5% thickness redustisr830.2

(¢ m)This numbemwas then plugged into the left side of the corrosion rate function in Equao

and wepredicedthatthe time (years) fothis corresponding corrosion depites 128.4 yearsTable

3.7 presents the number of years necessary to reach a certain corrosion depth in different corrosivity

conditions for the element of the top choifdhe pedestrian bridge.

Table3.7: Carosion rateandcorresponding time with different corrosivity categories

Corrosion depth percentage

5% | 10% | 20% | 30% | 50% | 55% | 60% | 70% | 80% | 90% | 95%

C3 | 128.4| 270.4| 566.8| - - - - - - - -

C4 | 36.5| 79.1|118.9|262.7| - - - - - - -

C5 21 | 40 8.7 25 | 723 | 85,5 | 99.4 | 130.3| 167 | 214.6| 248.4

(Unit: years)

From Table 3.7 we sethat for a top chord member exposed domedium corrosivity C3
environment, the exposure time for sueimember to redueits thicknessy even5% (i.e. slight
member thickness lgsis almost130 yearsThis period is much longdghanthe expected life service
of the traditional design service life of steel bedd75i 100 years).However, when the same
component is exposed to an environment with a higher corrosivity(ckssategories C4 or ¢5he
exposure time for a top chord labeletsS 6 3 5/16 with 5 percent thickness loss may drop
significantly from 128.4 years under niegh corrosivity (C3) to 36.5 yeamwhen exposed to high
corrosivity (C4) and 2.1 yeanwhen exposed to very high corrosivity (C5) (see Table 3.7). This
demonstrates thgeverity ofenvironmental effes; namely outdoor atmosphengays an essential role
in the degree of deterioration for carbon steel.

According to Table 3.7, the anticipated exposure timgHeisevere corrosivity category C5 for
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the carbon steel top chord componéaites close to 100 yeasredue 60% of its member thickness,
which isconsidered severe damage conditiéor sucha member.

However, in realitybridge failure maye caugd by a combination ofactors, such as corrosion
deterioration, increased service loads, andck of proper maintenanc@his interaction between
different causes could further reduce the service life of a brielgeexample, tte bridge failure case
mentionedpreviously showed thatxtensive corrosiowas found in a steel plate girder bridge in Japan,
where the complete petration of the steel girder due to corrosion took only a short pg&igeary
to occur after the bridge was put into service (Kim at el. 20m@8)catingthat this bridge had only

servedaservice lifeof less than halbf the design service lifetimexd 75 100 years.

3.8 Conclusions

Corrosion is one of the majeauses of deterioration in steel bridgBsper formula to estimate the

corrosion deptfof the critical membeand thecorrespondingime to reach itvereinvestigatedor the

target pedestriabridge. The following conclusions can be drawn based on the analyzed results and

related discussions:

1. The common forms of corrosiomere briefly described. From ttanalysis of real case studies, it
appears thaheir occurrence in steel bridgesmsobseved between the concrete deck slab and the
stringers, at thetringerfloor beam connections and the truss connections.

2. The majority of corrosion models are calibratdzthsedon the data fromfield experimental
measurementHence, hey are stronglyinfluenced by the location, condition and duratioh
exposureFrom here, the need to calibrate such models is on the basis of geographical information.

3. Various corrosion models of steel materialin the literature were proposed with the aim of
providing te thickness loss for differemlasses oenvironmentcorrosivity. Thickness loss of
structural steel could vary considerably when it is exposed to different enviranment

4. Corrosion model were properly selected for theritical element of the top chorah the target

pedestrian bridgé&determined in Chapter ®) predictits member thickness loss.
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Chapter 4

Finite Element Analysis ofCorroded
Pedestrian Bridges

4.1 Introduction

The structural integrity of steel bridges is generally influencedth®ycorrosion effect,and
numerousnvestigationson thestructural performance dfeterioratedstructureshave beemperformed
lately (Dunbar et al. 2004; Sharifi and Rahgozar 2010; Lial.e2011) However, regardless of its
importance, a method for evaluating the collapse mechanism of a corroded steel bridge is still lacking.

Researchers haveonductedfield investigations indicating that in moist environrteeralmost
complete corrosiorof steel components was detectedsomelocalized areaswhile the remaining
portion of the componentemainedunaffected (Shi et al. 2014). The configuration of common
corrosion patterns of a web at the support is showhRigure 41 (Ahn et al. 2013)and similar
corrosion patterns were observed in corroded steel bridgassen ifrigure4.2 (Ahn et al. 2013Kim

et al. 2013.

Sccli_on B Sccti—on A

(a) Corrosion pattern of a web
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(b) Corroded girder web

Figure4.1: Corrosionpattern of corrosion of plagirderweb at supportAhn et al. 2013)

Figure4.2: Severe orrosionpatternson steel bridges

4.2  Nonlinear finite element analysis

The objective ofthis studyis to present an approathinvesticate and identify the collapse and
failure mechanisms of pedestrian bridges affected by structegahdatiordue tocorrosioneffects.
The corrosion types may be categorized into general andziedabrrosion depending on whether
corrosion occurs uniformly over a large area or if instead, it develops over a confined smalharea.
structural integrity of steel bridges with general corrosion can be determined by dealing with
uniformly corroded sectits Nevertleless, in reality, since the corrosion shape and form are usually
not uniform, there is difficulty in identifying and evaluating the location and degree of corrosion (Kim
et al. 2013).

In bridges a combination otorrosion damagis usuallydetectedarourd bearings or supporfse.
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local corrosiof, such as the wekdgeof floor beamsand it is linkedo multiple factors such as poor air
circulation (causng high humidity), sediment and depositions, dust or @wildup, and the wetness
from waterleakag (Kayser and Nowak 198%hn et al.2013.

In this thesis, @omprehensive study was performed to investigate multiple factors influencing the
load-carrying capacity of the deteriorated bridges duthédocalized corrosion of steel components.
The paramaters considered includél) the location of the corroded region along the floor sysiam
top chord (2) therate of corrosionand(3) theextent of thecorrodedregion Corrosion was simulated
by reducing the thickness of the cresstion along a smiasegment of a structural member, so to
simulate the effect of localized corrosion.

The structural failure behavioend collapse mechanisof bridgesaccounting for local corrosion
on various deteriorated member geometnesre investigatedand were caegorized intovarious
corrosion casesEach analysis was implemented by altering multiple parameters while maintaining
other parameters constanthélassessment and investigation of tw@responding loadarrying
capaciy of localized deterioratioacenarsof steel bridgef acorrosive environmerdarenumerically

examined in the following sections.

4.2.1  Structural modeling of deteriorated pedestrian bridge

42.1.1 Description of the shell element

To simulate the damaged condition of corroded memhbeasrately theb e a rfiedhges and web
used in the FE model of the bridgere modeled with shell elements. Conventional shell elements
cover elements usddr stress and displacement anajis 3D shellandaxisymmetric geometrigsee
Figure 43). Reducedntegration shell elements use loweder integration to form the element
stiffnesswhile the mass matrix anthe distributed loadingsvere still integrated exactly. Reduced
integration usually provides accurate resatisar ashe elements amot distorted or loaded in-plane
bending. Moreover, especially in thrdenensional analysis, it considerably reduces time for
calculation. Shell elements are commonly identified based on the number of element nantethand
integration typaused Theaefore, shell element S8 indicates a stdisplacement shellementhat has
eight nodes with full integration, while shell element S8R refers to a sliggacement shellement
with eight nodes with reduced integration. Conventional shell elenvam also be categorized as
finite-strain and smadtrain shell elements. Shell elements S4 and S4R account for finite membrane
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strains and arbitrary large rotatiotisus they are suitable for larggtrain analysis. On the other hand,
smaltstrain shelelementssuch ass8 andsS8R shell elementarenotused for arbitrary large rotations
but small strains. The thickness change with deformation is neglected in these elements (Ellobody

2014).

s
w
@
<@

1 > 1 2 1 5 2
S3Relement 4-node reduced 9-node reduced
integration element integration element
As
1 2 1 2
STRI3element 4-node full
integration element
3 4 7 3
l
1 4 2 1 5 2
6-node element 8-node reduced

integration element

Figure4.3: Configuration of shell elements

The aboveshell elemertareall suitable for nonlinear applications and able to simulatebptane
behavior while S4 and S4Rlemens support large deformation analysis, large strain capahditd
material plasticityFive throughthickness integration points capture the material plasticity response.
Thecorrodedsections in this stugynodeled using the fourode reduceghtegrated shell element (S4R)
included six degrees of freedom (i.e. three translational aed tbtational) per nogas recommended

by Seif and Schafd2010) andShiet al.(2014).

4212 Finite element modeling

The finite element structural modeling of pedestrian bedgidowed the AASHTO Bridge Design
Specifications (AASHTO 2009)and the materl propertiesare those ofthe constitutive model
describedn Chapter ZASTM 500 Grade B steel withyield strength of 315 MPandultimate strength
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of 400 MP4q. The stress/strain modesed for the ste@hcluded abilinearstrainhardening plateawith
fracture assumed to occuraadtrain of 23% (Hunleyand Harik2012). Nonlinear material properties
were assigned to all the members, and geometric nonlinearéresonsidered

To evaluate the bridge collapse mechanism effect dihe twrroded welpanels of the floor system,
changesin web thickness werassumedn specific spans dhe floor system. The floor beams and
stringersshaed the same crossection typeW8 10, as mentioned previouslyThe target bridge
modek that accounts$or deterioraion at differentlocatiors on the floor systerwere modeledusing
Abaqus softwareas shown in Figure 4, indicating models with multiple uniform corroded floor
spans, and in Figure 4.8, considering models with severe localized corrosion conditiens
deteriorated sections dhe floor systemwere modeled wittthe four-node reduction shell element
(S4R) which is suitable for largetrain analysisThe nondeterioratedongitudinal steel stringers and
lateral floor beams were modeled usathreenode eam element (B320Syhile the end posts and
verticals were modeled usirghreenode beam element (B32). The top, bottom cha@d diagonals
wereinsteadmodeled usingtruss element (T3D2).

Forthe boundary conditionthe bridge wasupported byinges at one engdwhich allonedrotation

in the transverse directiphut notransverse movemenishile theotherendwasmodelledas rolles.

42.1.3 Uniform corrosion on floor system

Four pedestrian bridgmodés accounting for corrosion effegwith different levels of deterioration on
thefloor beams and stringeos the floor systemverestudied According tothe observedeal corrosion
casesgeneral steel bridge corrosion damagasusuallydetectedht the lower section aheweb panel
of thefloor system

Accordingly, the first twdbridge modds, which indicate the symmetrically corroded floor system
on two spans andn the entire length of the bridgane illustratedin Figure 44. To simulate the

corrosion effects, thickness is uniformmgduced throughout the entire corroded portion of the beam.
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(b) Corroded floor system on 12 spans

Figure4.4: Pedestriaoridge models considering deteriorated flogstem

The cross secti@of the corroded floor system were modeled as thecobmted section othe
floor system illustrated in Figure3}.in which the height and width of the web and flange remained
constant, but with variable web thickness and diffehenghtsof the corroded portian

As shown inFigure 46, two different heights of the corroded part of the web were considered

(12.5% and 25%while corroded web thickness ratiosnsidered in this study we 50%, 66.7%, and
83.3%.

Figure4.5: Configuration of the floor system with localized corroded web panel
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(web w/ 12.5% (web w/ 25%
corroded height) corroded height)

Figure4.6: The floor system with corroded height ostof 12.5% and 25%

4214 Localized severe corrosion

Other than theuniform corrsion scenario mentioned earlier, another web damage(itgpa severe
localized corrosion scenajivas alsaconsideredassumingzomplete corrosion in a localized domain
on the component(complete esction removal) whilethe remaining sectioneemain with variable
corrosion degreesThe influence of the extent of corrosion, defined as the thickness loss of the
corroded region, was studiednd the web panel corrosion configurationstbfs damage typ are
illustrated in Figure 4.

The webcorroded height ratio remaid 25% from the lower flangdnstead, it hd a complete
area reduction of 37.5 cin width times 25%n web height at both edges, and the remaining web
section in the middle part dhe web component showeithe loss of thickness characteristic with

corrosion ratsof 0%, 50%,66.7% and 83.3%.

Corrosion in the middipart
Figure4.7: Web panel with severe local corrosion at two €edsges)

The geometriesf the othertwo types ofbridge models modetl with the above localition
through the corroded web panel illustrated in Figure/ 4are shown in Figure &. The difference
betweerthe two corrodedpan scenariowasthe locationof the corroded beamither at two ends or

in the middlepoint of the bridge model ithelongitudinal direction.
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Figure4.8: Configuration of bridge model with localized corrosion

Thedeteriorated floor beangere modeled withthefour-node reduction shell element (S4Rnhd

the elementneshsize was m by 5¢cm which is recommended [8eif and Schafgf2010) and Shi et

al. (2014)

Figure4.9: Finite element mesh size of shell elements

87



Chapter 4. Finite Element Analysis of Corroded Pedestrian Bridges

4.3  Finite element analysis results

A series of nonlinear static progressive collapse aesilysere conductetbr the halfthroughtruss

pedestrian bridge models accountingtfu varioudocalized corrosion effectn the floor beams

4.3.1  Uniform localized corrosion on symmetric twofloor spans

A comprehensive study dhe finite element analyses results of the bridge collapse mechasism
conducted and discussed in this sectibhe load application folloed the proceduredescribedin
Chapter 2.First the dead load/as applied, and then the live loags applied incremenily until the
analysis reacltethecapacityof the bridges. Figures 40 and4.11 illustrate the final deformation shape
of the bridge model with localized corsmn on the two-spanweb panel athe two endsof the floor
systenfor the three values ofebthicknesseduction(50%, 66.7%and 83.3% andfor two different
heights(12.5%or 25%) of the corroded area

At load step DL+1.3% LL, the vonMises response contours in Figdr.10, andthe results ofhe
pin-connected bridge models (Model 1) walsymmetric twaespan localized corroded floor system
showed familiar deformed shapé&$e highest stress occadin the middle spans dahefloor system,
reaching amaximumvalue of aboutl05 MPa(approximately 3% of its yield strengti315 MPa),
indicaing that the bridge istill in the elasticrange The bridge reaclikits maximum capacity when
the liveload factor y reachedl.34, where large lateral deformatiaereobserved irthetop chords
This valuewas relativelysimilar to that ofthe intact pirconnected bridgeAt this point, the bridge
could no longer endure additional loading, whiek to the instability mechanism (global buckling) of
thetop chord system and caithe pa&lestrian bridge to collapse.

Similar conclusions can be drawn for the second bridge model (with higher corroded section) that

shows the same collapse mechanisms, as shown in Figure 4.11.
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Figure4.10: Bridge Model Iwith 12.5% corrosion heigln two symmetric spans
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Figure4.11: Bridge Model 1with 25% corrosion height on floor system
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The results of the above analyses indicate, thegardless of how severe the deteriorated
conditions verefor the localized corroded region thfe floor system forthe pin-connected pedestrian

bridge, nearly no effeatas shownegardinghebridge collapse mechanism.

4.3.2 Uniform localized corrosion ontwelve spans

Similarly, analyses were conducted consider@ngniform distribution of localized corrsion on a
twelve-spanweb panel othe floor systemconsidering the sandeteriorationevels The finalbridge
deformationsand the vorMises response ctoursare shown irFigures4.12 and4.13.

For the case of 50% uniform corrosion a@®i5% corrosion heiglinh thefloor systemthe highest
stressoccurredin the middle spans of floor system, at the lowl@ndelocation where localized
corrosion took plee At load step DL+1.34 LL, the maximum stress in the modelas 200 MPa
(approximately 63% of its yield strengtBl5 MPa) which indicates thahe bridge isstill elastic. The
bridge reacha its maximum capacity whethe load factory reachedl.34, when large lateral
deformationwere observed irthe top chords, and itould no longer endure additional loadifidpis
resulted in aninstability mechanism (global buckling) dhe top chord system and wsed the
pedestrian bridge to collapse.

Almost identical results were obtained for the other two ca®@§% and 83.3%vith a 12.5%
corroded heightas shown in Figure 4.12. The collapse mechanism still appears to be the instability of
the upper chordlhe only difference with the previous cases is represented by a slight decrease of the

failure load § =1.33for 66.7% case angy =1.3 for 83.3% case).
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(c) 83.3%thickness reduction

Figure4.13: Bridge Model 1 withi25% corrosion heighin floor system

Comparing the results for the case of floor beams with corroded height percentage of 12.5%
(Figure 4.12 with those with a percentage of 25% (Figure 4.13), it was found that there was a slight
reduction
(approximatly 3%) for the bridge loadarrying capacities, indidag that the capacity of the bridge
for this corroded caswas not sensitive to the degreEweb panel corrosion.

In these cases, the bridge collapse mechaniasndue to the global buckling failure mode of the
truss system, whiclvas an instability problem. In Figure 4L1the load factor multiplying the live

load is presented as a functidritoe web thickness corrosion ratio for the four different cases.
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Figure4.14: Influence of corrosion effectsn the load factor

It is clear, from Figure 44, thatthe effect of corrosion othe two endspanswas less significant
than the influence of corrosion on all twelve spans whenctireodedweb thicknessreduction
increasd to 66.7 and 83.3%-or the cases witlveb thickness ratio of 50%he load factors basically
remanedapproximagly at 1.34,indicatingthatthis degree of web reduction (50%iddchot affect the
structural integrity of the corroded bridge models, regardless of the numberofed beams the

floor system.

4.3.3 Localized complete corrosion

Finite element simulations ave carried out to investigate the change in bridge collapse mechanisms
considering severe localized deterioration scenarios, whirealized complete or total penetration

corrosive effect (through corrosion of the web) aoedin thefloor system.

4331 Completecorrosion in middle-span floor beam

For this severly damagedridge modela varietyof corrosion scenarids web panelsvasdiscussed.
The webcorroded height ratisvas 25% from the lower flangdt had a complete area reduction of
37.5 cmin width times 25%of theweb height at both edgeshile the remaining web portions the
middle section othe web paneHisplayeda thickness reductionf 0%, 50%,66.7% and 83.3%for a
25% of the web height

For the casef complete corrosion of the wegB7.5 cm) at both edges and no corrosion oaog
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in remaining floor system, the vadvises stresplot in Figure 415 indicatesthat the highest stress
occured at theweb edge where localized complete corrosion took pdackits maximum valueras
209 MPa, or approximately two thus of its yield strength(315 MPa) This result implies thathe
bridge was still in the elastic stage. The bridge readhitss maximum capacity when load factgr
reached1.31, and itcould no longer sustain further loading, whitéd to the instability failure

mechanism (global buckling) tifietop chord system and caagkhe pedestrian bridge to collapse.

S, Mises /
Multiple section points
(Avg: 75%)

Figure4.15: BridgeModel 1 withcorroded fIE)or beam/ﬂ(O%)
Identical conclusions can be dravior the cases where uniform thickness loss in the remaining
web panels was 50% (Figure 4.16), 66.7% (Figure 4.17) and 83.3% (Figure 4.18). In all these cases,
the bridge model reached its loading capacity for a load multiglieof 1.31(50% and 66.7%) and
1.30 (83.3%), with a maximum stress well below yielding. The collapse mechanisms could still be

associated with the instability failure mechanism of the top chord system.
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Figure4.16: Bridge Model 1 with corroded flobr beam (50%)
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Figure4.18: BridgeModel 1 withcorroded floor beam (83.3%)

4.3.3.2 Complete corrosion in floor beams at boundary

Similar analyses have been conducted for the case of corroded floor beams placed at the two ends of
the bridge.n all these analyses, the largest von Mises stress reached ubeotab0 MPa( 315
MPa) and was observed at titidrd floor beamclose to the second vertic@tigure 419). The bridge
still presented a linear behavior arehched its maximum capacity when load factgr= 1.34 The
collapse mechanism is still associated with instability failure mechanism (global buckling)tbé

top chord system, where large lateral deformation eedand el to the bridge collapse.
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Figure4.19: Bridge models with complete corroded web panel at two &%#% corrosion height)

4333 Result comparisons

Looking at the results of these analyseapjpears that there is no much difference between the models
with the corroded beam in the middle and those with the corroded beams at the end. There is a slight
decrease of the load multipliey between these two cases€ 1.34for the corroded end floor beams

vs. 1.301.31 for the central corroded begnut, within each case, this value stays almost constant (see
Figure 4.20)In these cases, at the last load step, the bridge collapsed due to-difiglant failure

mode of thetop chord of thetruss system,a similar collapse mechanismas for the intact

pin-connected bridge.

1.5 T T T T 7

-6 2 floorbeams corroded/25% corrosion height
—— 1 mid-floorbeam corroded/25% corrosion height| |

1.45

~ 14l
= 14
2
—
S
©
1355
R LR =i -0
3
N "N
S s M M —
125 1
12 ‘ ‘ ‘ ‘
0 167 333 50 66.7 833

Web thickness corrosion ratio (%)

Figure4.20: Influence of web corrosion ratan load factor
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4.4  Finite elementanalysis d localized corroded top chord

Theload-carrying capacityf structural componentghensubjected to compressi loadingds usually
under the influence afnavoidable initial geometric imperfectior@@orrosion, by locally reducing the
crosssecton, strongly contributes in creating imperfectiorSeveral magnitudes of geometric
imperfections are considereldere to study the impact of the geometric imperfections on the

performance andollapse mechanisms pédestriarbridge structure

4.4.1  Suscepibility analysis of initial imperfections of top chord

The susceptibility of a compressimember to geometric imperfectiomsd theinvestigaton ofthe
impactof local member imperfectioran bridge collapse mechanisragediscussed herein

To account for initial imperfections, it is customary to apply a small amplitude pressure on a small
area and then perform a regular lateformation analyse@Mentes 2011)Here, an initial uniform
pressure load was applied on small area of the uppegeflah the rectangular top chord, where
corrosion was assumed to occur. This area, of dimerisidhm by 0.068 mwas located ahe mid

pointof one of the elements of thep chord(Figure 4.21)

——
‘ /)~ S oasm

0.068 m

Figure4.21: Area of applied pressure to create initial imperfection

The imperfection load magnitude was taksr0.05 (0.232 kNJ.5 2.32kN), and1% (4.63kN) of
axial force (46XN) obsevedatthe middle top chor@6) member (USU6) at the laskobadstep of the
intact pirconnectedridgemodelanalysigseeFigure 422). The values for equivalent pressure of 0.05,

0.5 and 1% imperfection loads are 22.4, 224 and 448r(kRN/
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Figure4.22: Finite element analysis of intact pimnnected bridge model
The corroded component was modeled using-fmate reduceéhtegrated shell elements (S4R)
including six degrees of freedom (i.e., three translational and three rotational) per amde
recommended by Seif and Schafer (2010) and Shi et al. (2014). Thewasetd keep the size of the
model as small as possible to increase the feasibility of condackimge number of parametric studies
while also aiming to provide highly refined solutidiesthe compressive member response. The shell

element sizevas taken as 1.5 cm by 1chn, as shown in Figure 433 Mentes 2011).

1.5cm

Figure4.23: Finite element mesh showing the shell elements of the componethtearmhnected
members

The assemblyof the corroded segment, modelledth shell elementswith the remaining
componentswvas done by connectirthe shell elemergto the neighboring trusmemberdy usinga
continuumdistributingtype coupling constraint in Abaqus softwdseeFigure 424). This approach

improves theefficiency by reducinghecomputation time of the finite element analysis.
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