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ABSTRACT

ToimprovethestrengthＧtoughnessoftraditionalUＧrib(TUR)andsolvetheproblemofinsufficientpeneＧ
trationbetweenTURanddeckplate,anewlocalthickenedUＧrib(LTUR)hasbeenproposedtoimprove
thefatigueresistanceoftheweldjointunderthepremiseofnotincreasingthicknessandstrengthofthe
TURmaterial．Andahot/warmrollＧformingprocess(RFP)adoptingpartiallyinductionheatingto７００－
１０００°CwascarriedouttofabricateLTUR．ThedeformationbehaviorsintheformingprocessandmicroＧ
structureofLTURhavebeeninvestigated．MechanicalpropertiesandfracturemechanismoftheLTUR
afterhot/warmRFPhavebeensystematicallydiscussed．Moreover,theresultsarecomparedwiththose
obtainedincoldRFP．MechanicalpropertiesoftheLTURdeformedabovethecriticaltransformationtemＧ
perature(Ac３)showhighperformancecharacteristicswithmarkedfatigueresistanceandsuperiortoughＧ
ness．Uponincreasingtheheatingtemperaturefrom７００to９００°C,theinitialcoarseferriteＧpearlitestrucＧ
turetransformintoequiaxedultrafineferrite(１－３μm)andprecipitatessuchas(Nb,Ti)(C,N)areuniＧ
formlydistributedinthematrix．TheaveragedislocationdensityofthespecimensafterhotrollＧformingat
heatingtemperatureof９００°Cdecreasesdramaticallycomparedwiththoseofthespecimenssubjectedto
thecoldRFP．Furthermore,atypicalcharacteristicofductilefracturemechanismandthehighimpactenＧ
ergyaremoreconvincedthatthespecimensdeformedabove９００°Chaveobtainedanoptimalcombination
ofstrengthandtoughness．

１．Introduction
　Sincethemiddleof２０thcentury,thedesignlevＧ
elofsteelboxgirderhasbeen maturedandthe
weldingtechniquehasbeenimproved．TheorthoＧ
tropicsteeldecksystemhasbeenwidelyutilizedfor
longＧspansteelbridgesrequiringlightweightstrucＧ
turesowingtoitslow depth, highstrengthand
stiffness, easyprocessingandstructuralcontinuiＧ
ty[１] ．Thissystemconsistsofdeckplate,crossbeams
andUＧribssupportingthedeckplate．Generally,the
quantityofUＧribaccountsforapproximately２５％
ofthewholesteelrequiredofsteelbridgedesigndue
tothehightorsionalstiffnessandbendingstiffness
ofUＧrib[２] ．Furthermore,itcaneffectivelydistribＧ
uteanappliedloadonthedeckplate．Therefore,
UＧribis widelyusedin modernorthotropicsteel
decksystem．
　Orthotropicsteeldecksystem belongstothinＧ
wallweldingstructure[３] ．Theweldedjointsbetween

deckplateandUＧribinorthotropicsteeldecksystem
arepotentiallycriticaltofatiguefailureduetostress
concentrationattheendoftheweldtoe[４] ．ThereaＧ
sonisthenegativebending momentsproducedby
liveloadsonthedecksuchasheavyweighttrucks．
Lietal􀆰[５]pointedoutthatthefatiguecrackshadoften
developedatweldedconnectionsofUＧribbecauseof
thelargenumberofhigh magnitudeaxleloads,
whichleadtothefatiguelifeoforthotropicsteel
decklessthanthedesignedservicelifetimerequired
bysteelboxgirder．Wolchuk[６] suggestedthatthe
UＧribsshouldnotbecutoffandfittedbetweenthe
floorbeams．Itisundoubtedthattransportation
costswillincreaseandinstallationprocedurewillbe
moredifficult．Xiaoetal􀆰[７] proposedtoincreasing
thethicknessand/orstrengthofUＧribmaterialfor
reducingstressrangeandsignificantlyincreasingfaＧ
tiguelifeoftheweldedjoint．However,thesemethＧ
odsexhibitingsuperiorfatigueresistancehavehardＧ
lybeenappliedbybridgeengineeringforthereason
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ofhighcosts．Inaddition, weightofbridgebody
willgetgreatlyheavyifmerelyincreasingthethickＧ
nessofmaterial．
　TherealreasonsoffatiguecracksarethatpeneＧ
trationdepthisnotsufficientbecausethewelding
processcanonlybeimplementedatthelateralside
ofUＧribandthatthestrengthＧtoughnessoftradiＧ
tionalUＧrib (TUR) materialislow．Accordingto
thestandardsof AASHTO LRFD Bridge Design
Specifications, FatigueDesignRecommendationsfor
RoadofJapanese, DesignSpecificationsforHighＧ
wayBridgesofKoreanandEurocodeＧ３,thethickＧ
nessandthepenetrationdepthofUＧribarerequired
notlessthan８mmand８０％ ofUＧribthickness,reＧ
spectively．ForthestrengthofUＧribmaterial,３４５MPa
gradesteelwidelyusedpreviously,suchasSM４９０B,
A５７２Gr５０or Q３４５qD, cannot meettherequireＧ
mentsofthedevelopmentofsteelboxgirderandis
graduallyreplacedbyahigherstrengthsteel．
　Studies[８Ｇ１１] onenhancingthestrengthＧtoughness
ofmetalbyvariousmethodstocontrolthemicroＧ
structurehavebeencarriedout．Forhighstrength
lowalloy(HSLA)steel,grainrefinementbymeans
ofplasticdeformationathightemperatureisfeasible
forproducing excellentstrengthＧtoughness materials
withoutanyadditiveelements[１２Ｇ１５] ．HallandPetch[１６,１７]

haveexplainedtherelationship betweenstrength
andaveragegrainsizebytheHallＧPetchequation．
Parketal􀆰[１８,１９] proposedaheavyＧreductionsingleＧ
passhotrollingprocesstoenhancestrengthＧtoughＧ
nesswhiletheductilitywasretained．Theyfoundthat
０􀆰２wt􀆰％carbonsteelexhibitedasuperiorcombiＧ
nationbetweenhighstrengthandmarkedelongation
aftertheplaneＧstraincompressiontestabovethe
criticaltransformationtemperatureAc３．Andthe
highＧperformance０􀆰２wt􀆰％ carbonsteelconsisted
ofultrafineorequiaxedfinegrainswithuniformly
dispersedfinepearlitegrainsorcementite．Theaim
ofthisworkistopresentaprocessingtechnology
forproducinghighperformanceUＧribwiththesimiＧ

laraboveＧmentioned microstructureattheedges
withoutincreasingthicknessandstrength ofthe
wholeTURmaterial．Moreover,theweldinggroove
isimproved．Themicrostructuralevolutionhasbeen
discussedindetailsviaopticalmicroscope(OM),fieldＧ
emissionscanningelectron microscope (FEＧSEM)
andtransmissionelectronmicroscope(TEM)．More
attentionispaidtounderstandtherelationshipbeＧ
tween mechanicalpropertiesand microstructure,
precipitateaswellasdislocation．

２．ExperimentalProcedure

２􀆰１．Materialandprocess

　Theinvestigatedmaterial, Q５００qD,isaHSLA
steelwidelyusedinbridgeengineering．According
to Chinesestandard GB/T ７１４Ｇ２００８, theparent
steelshouldhavehighstrengthＧtoughness, weldＧ
abilityandtheabilityofbearingloadsandimpactof
vehicle．ThechemicalcompositionoftheQ５００qD
steelisgiveninTable１．
　Tosolvetheproblemofinsufficientpenetration,
anewUＧribstructureisproposedforimprovingthe
fatigueresistanceoftheweldjointinthiswork,as
showninFig􀆰１．Andahot/warmrollＧformingprocess
(RFP) modelisdevelopedto producethelocal
thicknedUＧrib(LTUR)．Thisprocessmodelmakes
themicrostructureandthicknessoftheLTURedＧ
gesdifferentfromotherplacesinsteadofincreasing
thethicknessand/orstrengthofthetotalUＧribmaＧ
terial．Furthermore, theproductioncostsofthis
newUＧribarenotincreasedtoomuchbyreplacing
thetraditionalmillingedgesequipmentusinghot/
warmrollＧformingdevice．

Table１
Chemicalcompositionofinvestigatedsteel(mass％)

C Si Mn P S Ti Nb Al

０􀆰１７ ０􀆰３２ １􀆰３３ ０􀆰０１５ ０􀆰００３ ０􀆰０２ ０􀆰０４ ０􀆰０４５

Fig􀆰１．　Schematicdiagramoftraditionalprocessandhot/warmRFPaswellassizesofTURandLTUR (unit: mm)．
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