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Anapproachforlocalbucklingdesignofaxiallycompressed
high-strengthQ690steelcolumnsatelevatedtemperature
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(SchoolofCivilEngineering,ChongqingUniversity,Chongqing400045,P.R.China)

Abstract:Localbucklingreferstoafailurepatternofastructuralsteelmember.Itischaracterizedbylower
abilitytowithstandcompressivestressthanthestressthatthesteelmaterialisdesignedtowithstand.This
paperhighlightstheeffectsoflocalbucklingonthestructuralbehaviorofsteelcolumnssubjectedto
elevatedtemperatureswiththeaimofdevelopingasuitabledesignmethodforthelocalbucklingofthe
high-strengthQ690steelcolumnatelevatedtemperatures.Thelocalbucklingofhigh-strengthQ690steel
columnsisnumericallyinvestigatedbyFEmodelingusingsoftwareABAQUS.ThedevelopedFEmodels
arevalidatedagainsttheexperimentalresultsoflocalbucklingforhigh-strengthQ460steelcolumnsunder
axialcompressionpreviouslyconductedbyotherresearchers.Subsequently,aparametricstudywascarried
outtoevaluatetheinfluenceofseveralparametersaffectingthedesignofsteelmemberstoresistlocal
bucklingsuchasthewidth-to-thicknessratio,temperature,initialimperfection,residualstressand
interactionbetweentheflangeandweboftheH-shapedcross-section.Theresultsshowedthatlocal
bucklingissignificantlyaffectedbythewidth-to-thicknessratio;increasingthewidth-to-thicknessratioled
toareductionintheultimatebearingcapacityofthespecimens.Italsoindicatedthatbothinitial
imperfectionsandresidualstresshaveasignificanteffectonlocalbucklingstress.Furthermore,itwas
observedthattheoverallcapacityofthespecimensdeterioratessignificantlyasthetemperatureincreases.
Basedontheresults,asimplifieddesignmethodandnewwidth-to-thicknessratiolimitswereproposedfor
theH-shapedhigh-strengthQ690steelcompressionmembers.Theresultsdatawerealsocomparedwith
thedesignrulesprovidedbyGB50017-2017,Eurocode3,andANSI/AISC360-10.
Keywords:highstrengthsteel;steelcolumn;localbuckling;elevatedtemperature;finiteelementanalysis

高强Q690钢柱高温下轴心受压局部稳定设计方法
王卫永,SHARHANAhmed,AL-AZZANIHisham,李翔

(重庆大学 土木工程学院,重庆400045)

摘 要:局部屈曲是钢结构构件的一种破坏模式,钢结构发生局部屈曲破坏时,屈曲应力小于钢材

的屈服强度。为了研究高温下高强Q690钢柱的局部稳定性能,采用有限元软件ABAQUS建立有

限元模型,模型采用其他学者完成的Q460钢柱轴心受压局部屈曲试验进行验证,考虑宽厚比、温

度、初始缺陷、残余应力和翼缘与腹板之间相互作用的影响,对高强Q690钢柱进行参数分析。研



究结果表明:宽厚比对局部屈曲有显著影响,宽厚比的增大导致试件极限承载力的降低;初始缺陷

和残余应力对局部屈曲应力有较大影响,且试件的极限承载力随着温度的升高而明显下降。基于

有限元分析结果提出了适用于高强Q690钢柱高温下的局部稳定设计方法和宽厚比限值,并与GB
50017-2017、Eurocode3和ANSI/AISC360-10中的设计方法进行了比较。
关键词:高强度钢;钢柱;局部屈曲;高温;有限元分析
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1 Introduction
Highstrengthsteel(HSS)hasbeenwidely

adoptedintheconstructionofhigh-risestructures
suchashigh-risebuildingsandlong-spanbridges
onaccountofitslight-weight,withtheresultthat
thesestructureshavebecomenovelinshapeand
complicatedinfunction.Inthisera ofrapid
development,steel structures have numerous
benefitssuchashighstrength,light-weight,fast
construction, and good deformability. Steel
construction is required to suit the quick
developmentoftheinfrastructuresandtheworld􀆳s
economy.Inaddition,theuseofHSScangreatly
contributetothereductionofthecross-sectional
sizeofstructuralmembers,reducetheamountof
steelandtheweightofthestructures,leadingto
thereductionoftheworkeffortsofweldingand
transportationaswellasinducinghighresistanceto
earthquakeeffects.Ingeneral,theuseofHSSin
constructionisgoodfortheenvironmentandsaves
time[1].

Theadvantagestotheconstructionindustryof
adoptingHSSsuchasQ690steelhavemotivated
researcherstostudytheperformanceof HSS
compression membersatambientandelevated
temperatures.Shietal.[2]foundthatthelocal
stabilityofanH-shapedmembercouldbeensured
byincreasingthewidthofthesteelplate.The
width-to-thicknessratioofthesteelplateintheH-
sectionmembershouldbelargerthanthatofthe
mildsteel,alsoknownaslowcarbonsteel,in
ordertomakefulluseoftheadvantagesofthe
strengthofhigh-strengthsteel.Basedonfinite
elementanalysis,Knoblochetal.[3]proposeda

strain-based calculation method for the local
stability of steel members at elevated
temperatures.However,thismethodhasnotbeen
verifiedbyexperimentalresults,makingitriskyto
useinengineering.Wangetal.[4]suggesteda
calculationequationofthelocalbucklingstressof
Q235and Q460axialcompression membersat
elevatedtemperatureswherethelimitofthewidth-
to-thicknessratiowasprovidedtorestrictthelocal
bucklingofthememberatelevatedtemperatures.
Additionally, some compression tests were
conductedonslendercolumnsofweldedsections
withsteelgradesfrom460to960N/mm2[5-11].The
resultsshowedthatthesectionswithsteelgrades
higherthan 460 exhibited significantly higher
bucklingresistancethan counterparts made of
conventionalsteeltypes.Theimprovedresistance
canbeattributedtohigheryieldstrengthandlower
residualstresstoyieldstrengthratios.Itwasalso
foundthattheendrestraintsandlimitedinitial
imperfections contributed to improvements in
resistance.Chiewetal.[12]conductedanelevated
temperaturetesttoinvestigatethestrengthof
reheated,quenched,andtempered(RQT)HSSat
elevatedtemperatures.Post-fireresidualstrength
wasevaluated by means ofpost-fireresidual
strengthtests.Lietal.[13]andKangetal.[14]

investigatedthestrength deterioration ofhigh
strengthstructuralsteelQ690afterfire.They
foundthatthepost-firemechanicalpropertiesof
thestructuralsteelweresignificantlydecreased
whensubjectedtotemperaturesexceeding600℃.
Throughtheseinvestigationsonsteelstubcolumns
madeofweldedsections,itwasconcludedthatthe
plate slenderness limits for yielding for
conventionalsteelsectionscanalsobeappliedto

38No.1   
WANGWeiyong,etal.:Anapproachforlocalbucklingdesignofaxiallycompressedhigh-strength

Q690steelcolumnsatelevatedtemperature



thesteelsectionsmadeofhighstrengthsteel.
However,sufficientdeformationcapacitiescannot
beguaranteedifthelimitsofplateslendernessfor
conventionalsteelcompactsectionsweresimply
extendedtohighstrengthsteelsections[15].

Therearemanyinternationalcodesforthe
designofstructuralsteelatambientandelevated
temperatures;however,themajoritycouldonlybe
appliedtothelowandintermediategradesofsteel.
TheChinesestandardfordesignofsteelstructure
(GB50017-2017)[16]providesthelimitsofthe
width-to-thicknessratioofthesteelplateforthe
localbucklingofH-sectionmemberstoensurethat
no local buckling occurs before the overall
buckling.However,thestandarddesignprovisions
donotconsiderhighstrengthsteel.TheEurocode
3(EC3)[17]generallyincludesamorereliableand
safedesignformula,whichcanbeappliedtothe
designofthelocalbucklingcapacityofhigh-
strength S690 steel I-section members. The
Americansteelstructuredesigncode(AISC360-
10)[18]providesslendernesslimitstocontrollocal
bucklingforcolumnstrength,asexpressedinEq.
(1)and(2),wheretheslendernesslimits(λpand
λr)ofthin-plateelementsmustbesatisfiedto
preventlocalbucklingoftheplateelements.

λp=0.15Esfy
(1)

λr=0.19Esfy
(2)

where,fyistheyieldstrengthofsteel;Esisthe
elasticmodulusofsteel.
IntheEC3[17]provisions,areductionfactorof

0.85isadoptedfortheelasticmodulusandthe
yield strength to treat the local buckling
phenomenaofthe steelelementsubjected to
elevatedtemperatures.Conversely,theChinese
standardforthedesignofsteelstructures[19]as
wellascodeforfiresafetyofsteelstructuresin
buildings do not include specifications and
guidelinesforthedesign ofsteelatelevated
temperatures.Overall,thecurrentdesignapproach
incodesincludingGB50017-2017[16],EC3[17],and

ANSI/AISC360-10[18]isonlyapplicabletosteel
withayieldstrengthofupto460MPaandcould
notbeadoptedforthedesignofHSScolumns.
Therefore,inpractice,theapplicationofhigh-
strengthsteelmembersisrestricted.However,
EC3Parts1-12[20]extendsitsspecificationtosteel
gradeupto700 MPa.Furthermore,moststeel
designcodesadoptan equivalentimperfection
approachtoconsidertheeffectsofresidualstress
andout-of-planeimperfectionsthatisgenerally
assumed to be 1% ofthe member length.
AccordingtotheresearchbyLietal[21],this
equivalentvalueforresidualstresswouldleadto
unconservativepredictionsforhighstrengthsteel
members.Basedontheaforementionedpointsand
ontheFE modelingresults,asimplifieddesign
methodandnewwidth-to-thicknessratiolimitsare
proposedforthestudiedhighstrengthQ690steel
stubcolumnswithH-shapedsection.

Inthisstudy,finiteelementmodelingwas
performedusingthesoftwarepackageABAQUSto
simulatetheperformanceofhigh-strengthQ690
steel H-shaped welded columns at elevated
temperatures under axial compression. The
numericalmodelswerefirstadoptedtoreplicatethe
experimentalresultscarriedoutbyWangetal.[27].
Then,an extensive parametric analysis was
conductedfortheQ690HSSweldedcolumns.The
effectsofmanyparametersincludingthewidth-to-
thicknessratio,temperature,initialimperfection,

residualstressandinteractionbetweenflangeand
web on the behavior ofthe studied axially-
compressedsteelmemberatelevatedtemperatures
wereevaluated.Theresultsoftheparametric
studywerethencomparedwiththeresultsobtained
fromthedesignprovisionsinGB50017-2017[16],
EC3[17],andANSI/AISC360-10[18].Basedonthe
FEresults,anewdesignmethodwasrecommended
forlocalbucklingdesignofhighstrengthQ690
steelcolumnsatelevatedtemperatures.

2 Materialpropertiesofhighstrength
Q690steel

  Thedeteriorationofthemechanicalproperties
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includingtheelasticmodulusandyieldstrengthis
considered the main factor influencing the
performanceofsteelstructuresinfire.Asthe
temperatureincreases,the yield strength and
elasticmodulusofthesteelarereduced.Wanget
al.[22]obtainedthemechanicalpropertiesofQ690
steelatelevatedtemperaturesthroughaseriesof
tensile coupon tests and proposed reduction
coefficientsforthenominalyieldstrengthand
elasticmodulusofQ690steelexposedtoelevated
temperatures.Thetestsresultsaresummarizedin
Table1anddepictedinFig.1,wherethereduction
factorsforQ690atelevatedtemperatures(20-900
℃)steelcanbeobtainedfromEq.(3)and(4),

expressedas:

fyT
fy = 1

1+ Ts
538  10

(3)

ET

E = 1
1+ Ts

534  5.5
(4)

where,fyTandfyaretheyieldstrengthofsteelat
elevatedandnormaltemperatures;ETandEare
theelasticmodulusofsteelatelevatedandnormal
temperatures;Tsisthesteeltemperature.Fig.1
depictsthecomparisonofthetestresultsandthe
resultsobtainedusingtheproposedequationofthe
reductionfactorsforyieldstrengthandelastic
modulusofQ690steelatelevatedtemperatures.

Table1 Yieldstrengthandelasticmodulusofhigh
strengthQ690steelatelevatedtemperatures

T/℃ fyT/MPa ET/GPa fyT/fy ET/E

020 797.5 210.0 1.000 1.000

300 746.4 191.0 0.940 0.910

400 666.8 162.5 0.840 0.770

500 535.9 120.5 0.670 0.570

550 355.8 104.0 0.450 0.500

600 208.6 061.0 0.260 0.290

700 058.3 022.5 0.073 0.110

800 044.0 013.95 0.055 0.066

900 034.05 026.75 0.043 0.130

Eachtypeofsteelhasaparticularchemical

Fig.1 Comparisonofreductionfactorsusingthe

proposedequationwithtestresults
 

structure,and high temperatures may affect
different material properties. The variations
betweenhighstrengthsteelandmildsteelinthe
reductionfactorsareshowninFig.2.Itcanbe
seenthatthestiffnessandstrengthofmildsteelare
greaterthanthoseofhighstrengthsteel.This
couldberelatedtothevarietyofthecomponents
andformulationsofthechemicalelementsandthe
differencesinthemanufacturingtechniques.Test
dataonthereductionfactorsofyieldstrengthand
elasticmodulusformildsteelSM41[23],Q235[24],

andhighstrengthsteelwithgradesofS460,Q460,

S690[25],andQ690[22]werealsocompared.

Fig.2 Testresultsofthecomparisonofreductionfactors
fordifferenttypesandgradesofsteel

 

3 Finiteelementmodeling
Thispaperutilizesthefiniteelementanalysis

software ABAQUS6.14tosimulatethelocal
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bucklingofhighstrengthQ690steelweldedH-
sectioncolumnsatelevatedtemperaturesunder
axialcompression.Theelementsectiontype,

constitutiverelationship,geometricimperfection,

residualstress,andboundaryconditionsareused
tobuildtheFEmodel.
3.1 Elementtype,mesh,andmaterialmodeling

Theproperselectionofelementtypewith
appropriatedegreesoffreedom isessentialto
simulatethebehaviorofthestubcolumns.Various
optionsareavailableinABAQUStomodelthe
steelstructure.Inthispaper,thefour-noded
element quadrilateral S4R shellelement with
reducedintegration,inwhicheachnodehassix
degreesoffreedom,isadoptedtorepresentthe
elementtypeforthesteelplate,wherelateralshear
andlargestrainsareallowed.Thenumberand
qualityofthefiniteelementmeshdirectlyaffectthe
accuracyoftheresultsandthecomputationtime.
Therefore,asuitablemeshisanecessarycondition
forobtainingaccuratesimulationresults.Basedon
sensitivitystudy,themeshsizeoftheelement
between12-20mmwasfoundsuitable.Thestress-
strain response of the steel at elevated
temperatureswassimulatedusingthesteelmodel
proposedbyWangetal.[22]fortheQ690steelat
elevated temperatures. The stress-strain
relationshipofthestudied Q690steelcan be
obtainedasfollows

εp= ε-σ
ET  =0.002 σ

σ0.2  n
(5)

n=
lg 0.20.01  
lgσ0.2

σ0.01  
(6)

K =

lg εpu
0.002  
lg σu

σ0.2  
􀭠

􀭡

􀪁
􀪁
􀪁􀪁

􀭤

􀭥

􀪁
􀪁
􀪁􀪁 -n0

εpu  m (7)

where,σ0.01andσ0.2arethestatictensileproof
stressof0.01%and0.2%;mistheexponentfor
the modified Romberg-Osgood modelgivenin
Table2;nisthestrain-hardeningexponent;n0is

theoriginalstrain-hardeningexponent;Kisthe
modular coefficient in the Romberg-Osgood
expression;σuistheultimatestress;εpisthe
plasticstrain;εpuistheplasticstrainattheultimate
strength.

Table2 Fittedvaluesform

T m

300 0.4

400 1.0

500 1.0

600 1.0

T m

700 1.0

800 0.55

900 0.48

3.2 Boundaryconditionsandloadapplication
Inordertoappropriatelyapplytheconstraints

andloadsforsimulatingtherigidconditionofthe
endsofthemember,rigidendplatesweresetat
both ends ofthe members. This step was
performedasfollows:thereferencepointswere
firstsetdirectlyabovetheendplateandthedegrees
offreedomofallnodesoftheendplatewererigidly
connected withthedegreesoffreedom ofthe
reference point using the constraint coupling
command.Hence,rigidendsweregeneratedat
bothendsoftheelementandthereferencepoint
becametheloading point.Then,thecontact
surfacebetweenthesteelcolumnandtheendplate
wasdefinedastheTieconstraint,sothatthetwo
surfaceswerefirmlybondedtogethertoavoid
separation during the analysis and achieve
similaritywiththeactualwelding.Therefore,it
wassimilartotheactualtestanditwaspossibleto
avoidlocaldamagetothesectionoftheelement
undertheconcentratedload.

Theboundaryconditionswerefixedatboth
ends.Thenodesatbothendswerefixedagainst
the displacement perpendicular to the axial
direction and with no twist aboutthe axial
direction.Thereferencepointatthetop-endwas
fixedagainstdisplacementinalldirectionsexcept
fordisplacementintheaxialdirection,whilethe
rotationwasfixedinalldirectionsexceptfora
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weakbendingaxis.Thereferencepointatthe
bottom-endwasfixedagainstthedisplacementand
rotationinalldirections.Toensurethatthe
elementwasastaticallyindeterminatestructure,

thelongitudinaldisplacementofoneendofthe
elementwasrestricted.Theloadwascontinuously
applied according to the displacementcontrol
method.Because displacementcontrol method
easilyconverged,thecalculationspeedwasfast,

andthedescendingbranchoftheload-displacement
curvecouldbeobtained.Theanalysistypeofthe
modelwasstaticriskanalysis.
3.3 Residualstresses

Theweldingprocessisanunevenheatingand
coolingprocessandthisunevenprocesscauses
residualstressesinthesteelelement.These
residualstressescouldadverselyaffecttheultimate
capacityofthesteelelement.Therefore,residual
stressisanimportantparameter,whichneedstobe
consideredintheFEmodeling.Zhang[26]measured
theresidualstressofH-sectionQ690steeland
foundthatthemeasureddistributionmodelwas
similartothatofmildsteelsection.

Basedontheself-balancingprincipleofcross-
sectionresidualstress,thedistributionwidthof
residualtensilestressandresidualcompressive
stresscanbeobtained.Thedistributionrangeof
theH-sectionandtheratioofresidualstresstothe
nominal yield strength of steel at ambient
temperaturesaresummarizedinTable3and4,

respectively.Fig.3illustratesthe distribution
rangeoftheresidualstressofhighstrengthsteel
H-section.

Table3 DistributionrangeofH-sectionatroom

temperatureandhightemperature

a b c d

(bf-hf)/15 (bf-hf)/5
((B-2a-2b-

2d-e))/2
(bf-hf)/5

e f g h

t+hf hf H0/20 H0-2f-2g

Table4 Ratioofresidualstresstonominalyieldstrength

ofsteelatambienttemperature

η1 η2 η3 η4 η5

0.30 0.55 0.18 0.58 0.10

Fig.3 DistributionrangeoftheH-shapedsectionofresidual

stressmodelsofhighstrengthsteel
 

Atelevatedtemperatures,theequationfor

predictingtheresidualstressreductioncoefficient
isreportedin Reference [26].Theresulting
expressionisadoptedtocalculatetheresidual
stress reduction coefficient for the H-shaped
sectionofhighstrengthQ690steelasfollows

αT=

1
1+(T/550)2.05 20℃≤T≤400℃

1
1+(T/460)4.066 400℃<T≤600℃

1
1+(T/485)5.82 600℃<T≤900℃

􀮠

􀮢

􀮡

􀪁
􀪁
􀪁􀪁
􀪁
􀪁
􀪁

(8)

  AsshowninTable5,thereductioncoefficient
doesnotreducesignificantlywhenthetemperature
rangesfrom20to400℃.However,theresidual
stressreduction coefficientdecreases obviously
withtheincreasingofthetemperaturebeyond400
℃. Conversely, the reduction coefficient
significantly increases when the temperature
increasesfrom500to900℃.Itisalsonotedthat
no muchreductionisobservedforsteel with
differentgradesincludingQ235,Q460,andQ690
atelevatedtemperatures.

3.4 VerificationoftheFEmodel

Theverificationofthecurrent modelwas
carriedoutusingtheexperimentalprogramoflocal
bucklingofhighstrengthQ460steelstubcolumns
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testedunderaxialloadconductedby Wanget
al.[27].AcomparisonoftheFEresultsandthetest
resultsisshowninFig.4(a),wheretheload-
displacementcurvesobtainedfromtheFEmodel
andthetestdataareillustrated.AsshowninFig.4
(a),theload-displacementcurveobtainedfromthe
finiteelementmodelisinverygoodagreementwith
theload-displacementcurveobtainedfromthetest
ofthespecimen.ItcanalsobeseenfromFig.4(a)

thatatthebeginning,theload-displacementcurves

generatedbyFEmodelandtestshowedaslight
variationandtheycontinuedsmoothlyduringthe
wholeelasticforce-displacementstageuntilthey
reachedthelocalbuckling stress ofthetest
specimen.Aslightdifferenceisobservedinthe
descendingbranchofboththeFEgeneratedand
thetestload-displacementcurvebecauseitisvery
complicatedtosimulatetheexactinteractioneffect
betweenmaterialsintheFEnumericalmodeland
thepracticaltestspecimen.

ThefailuremodesofthespecimenQ460-B-
20℃ andQ460-B-650 ℃ steelcolumns,anda
comparisonofthecolumnfailuremodeobservedin
theexperimentwiththefailuremodeobtainedfrom
theFEmodelisshowninFig.4(b).Itcanbeseen
thatthefailuremodelshowedbythetestfitswell
withthatpredictedbytheFEmodel.Duetothe

positionoftheinitialimperfectionsinthecolumns,

therearesome differencesinthelocation of
bucklingandtheimperfectionswillresultinthe
firstonsetoflocalbuckling.

4 Theloadbearingcapacityofthe
highstrengthQ690steelcolumn

  Thedesignapproachforpredictingtheaxial
compressive bearing capacity at elevated
temperaturesisbasedonthedesign methodof
axially compressed steel columns at normal
temperatures.

Reference [19]provide an equation for

Fig.4 AcomparisonbetweentheFEresultsandtest

resultsofhighstrengthQ460steelstubcolumns
 

calculatingthecriticalstressofaxiallyloadedsteel

membersatelevatedtemperature,expressedas

σcr,T=12 1+e0  σE,T+fE,T- 

 
1+e0  σE,T+fE,T  2-4fE,TσE,T (9)

where,σE,TistheEulercriticalstressoftheelement

atelevatedtemperature,whichcanbeobtainedby
(σE,T=π2ET/λ2),ande0istheinitialeccentricityof

theelements,fortheweldedH-shaped,whichcan

beobtainedby(e0=0.300λ
-
-0.035)inwhich,λ

-

istheslendernessratioofthecolumnandcanbe

calculatedby(λ
-
=λ
π

 
fyT/ET).

  ThestabilityfactorofthehighstrengthQ690

steel column can be calculated using the

followingequation

φT=σcrT
fyT

(10)

  FromEqs.(3),(4),(9),and(10),the

stabilityfactorcanbedeterminedforspecimens

with different slenderness ratios subjected to

elevatedtemperatures.FromFig.5(a),itcanbe

observedthatwhenthetemperatureisbetween

20℃and400℃,thestabilityfactorremains
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Table5 Reductionfactorsofresidualstressatelevatedtemperature

Steelgrads 20℃ 100℃ 200℃ 300℃ 400℃ 500℃ 600℃ 700℃ 800℃ 900℃

Q235 1 100% 92.3% 80.1% 65.2% 49.6% 34.3% 13.9% 9.2% 3.7%

Q460 1 100.5% 96.8% 83.5% 67.7% 46.8% 18.3% 8.6% 5.7% 2.3%

Q690 1 99.1% 93.2% 85.8% 73.4% 40.8% 16.4% 7.8% 3.4% 1.9%

constant,withonlyasmalldifferenceatelevated
temperatures.Whenthetemperatureisbetween
400℃and500℃,thestabilityfactordecreases
withtheincreaseoftemperature.However,ata
temperaturehigherthan500℃,thestabilityfactor
increaseswiththeincreaseoftemperature.This
impliesthatthestabilityfactorishigheratelevated
temperaturesthanatambienttemperaturesandis
mainlyattributedtotherelationshipbetweenthe
ratiosoftheelasticmodulusandtheyieldstrength
atelevatedtemperatures.Fig.5 (b)alsoshows
thatthestabilityfactoroftheQ690steelcolumns
decreasesastheslendernessratioincreases,witha
largerincrease when the slendernessratiois
between75and150.

Fig.5 CurvesofstabilityfactorofhighstrengthQ690steelcolumn
 

Therelationshipbetweentheratioofthe
elasticmodulusandtheyieldstrengthdecreases
slowlyfrom20℃to400℃ while,at500°Cthe
decreaseismuchhigher.Whenthetemperatureis
higherthan600°C,theratioofelasticmodulusto
yieldstrengthincreasesasthetemperaturerises.

5 Parametricstudy
Aparametricstudywasconductedusingthe

ABAQUSfiniteelementsoftwaretoinvestigatethe
influence of possible parameters affecting the
bearingcapacityofhighstrengthQ690steelstub
columns at elevated temperatures. These
parametersincludethecross-sectionaldimensions
(width-to-thickness ratio),residual stresses,

interactionbetweentheflangeandweboftheH-
shapedcross-section,andtheinitialgeometric
imperfection. This parametric analysis was
performedtoclearlyunderstandtheeffectsofthese
parameters,whichcontrolthebucklingbehaviorof
the H-sectionofthesteelcolumnunderaxial
compressionsubjectedtoelevatedtemperatures.
5.1 Influenceofthewidth-to-thicknessratioat

elevatedtemperatures
  Theplatewidth-to-thicknessratioisanessential
parameter,whichplaysakeyroleincontrollingthe
localbucklingandinavoidingglobal-bucklingwhen
designingthe Q690 steel membersatelevated
temperatures.The width-to-thicknessratio was
changed by varyingthecross-sectional width,

whilethethicknessoftheplatewaskeptconstant
at12 mm.Accordingly,thewidth-to-thickness
ratiooftheflangeb/tfisequalto8,10,15,20,

25,30,35and40andtheheight-to-thicknessratio
ofthewebh0/twisequalto20,30,40,50,60and
70.

Fig.6(a)showstheultimatestressversusthe
width-to-thicknessratioofthestudiedspecimensat
differenttemperatures.Itcanbeseenthatthe
ultimatestresscanreachtheyieldstrengthwhen
the width-thickness ratio decreases, whereas
increasing the flange width-to-thickness ratio
resultsinareductionoftheultimatestress.The
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ultimatestresswasalsofoundtobereducedwith
theincreasingtemperature.Fig.6(b)showsthe
effectsofflangewidth-to-thicknessratioonthe
bucklingstress.Thebucklingstressdecreaseswith
theincreasingflangewidth-to-thicknessratioas
wellaswiththeincreasingtemperature.Similarly,

thewebultimatestressreduceswiththeincreasing
height-to-thicknessratio,asshowninFig.7(a).
Additionally,the buckling stress ofthe web
reduces withtheincreasing height-to-thickness
ratio,as depictedin Fig.7(b). Whenthe
temperatureisbetween20 ℃ and550 ℃,the
buckling stress decreases rapidly with the
increasingplatewidth(height)-to-thicknessratio.
Whenthetemperatureisthan550℃,thebuckling
stressdecreasesslowlywiththeincreaseofthe
width(height)-thicknessratiooftheplate.Inboth
cases,thewidth(height)-to-thicknessratioofthe
flangeorwebofthestudiedspecimenssignificantly
influencetheultimatestressandbucklingstressof
thestudiedspecimensatelevatedtemperatures.

Fig.6 Influenceofwidth-to-thicknessratioatelevated
temperatures[28]

 

5.2 Interactionofwebandflange

WhentheweborflangeoftheH-sectionofthe
steelmemberispartiallybuckled,thebuckling
stressesoccurringinthetwoelementsarenot
equal. Therefore,the buckled part can be

Fig.7 Influenceofheight-to-thicknessratioatelevated
temperatures[28]

 

constrained by the unbuckled part.In the
engineeringdesign,theH-shapedsectionofsteel
consistedofthinnerwebandthickerflangeplates.
Consequently,whentheflangeplatebuckledfirst,

thewebhadalimitedeffectontheflangeplate,

hencetherestrainingeffectofthewebontheflange
canbeignored.Onthecontrary,whentheweb
platebuckledfirst,therestrainingeffectofthe
flangeonthe webcannotbeignored.Inthis
investigation,onlywebbucklingistaken,sothe
restrainingeffectoftheflangeplateonthewebis
considered.Fig.8depictsthevariationofthe
ultimatestressversustheflangewidth-to-thickness
ratioatelevatedtemperatures,wherethe web
height-to-thicknessratioiskeptat30mm.Inorder
toensureeffectiveconstrainingeffectsoftheflange
on the web when determining the width-to-
thicknessratiooftheflange,thebucklingstressof
thewebshouldbegreaterthanthatoftheflange.
Asaresult,thebucklingstressofthewebcanbe
attainedbeforetheflangeisbuckled.Itcanbeseen
fromFig.8thatwhentheflangewidth-to-thickness
ratiois6,thewebbucklingstressisabout625.1
MPaandwithincreasingthewidth-to-thickness
ratiooftheflangeto20,thewebbucklingstressis
foundtodecreaseto533.54 MPa,whichisa
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decreaseofapproximately14.7%.Similarly,at
temperaturesof400~650 ℃,whentheflange
width-to-thicknessratioincreasesfrom6to20,the
buckling stress decreases by 17%. Overall,

whethertheaxialcompressivesteelmembersare
loadedatambientorelevatedtemperatures,the
retainingeffectsoftheflangeonthewebshouldbe
considered when estimating the web buckling
stress.

Fig.8 Restrainedeffectoftheflangeontheweb
 

5.3 Initialgeometricalimperfection
Theinitialimperfectionofthesteelplateisa

keyfactor,whichgreatlyimpactstheultimate
bearingcapacityofthesteelcolumns.Fig.9
elucidatesthelocalbucklingstressofmembers
with different geometrical imperfections. It
considerstheinitialgeometricalimperfectionof
0.1t(tistheplatethickness).Accordingtothe
researchresultsofBurgessetal.[29],thethermal
expansionoftheelementatelevatedtemperatures
haslittleeffectontheinitialgeometricimperfection
ofthesteelelementandhenceitcanbeconsidered
that the geometric imperfections at normal
temperatures and elevated temperatures are
similar.TheChinesecodeforcheck & accept
specificationforsteelstructure[30]stipulatesthat
theinitialgeometricimperfectionamplitudeofthe
elementis1% oftheflangeplategrosswidth.
Kaitialaetal.[31]adoptedaninitialimperfection
rangesimilartothatin [30].Theresultsof
bucklingstressversusthewidth-to-thicknessratio
ofFEmodelsarecomparedwiththecalculatedones
anditcanbeobservedthatbothresultshavegood
agreement.Hence,theinitialimperfectionscanbe
usedtoanalyzethebucklingstressofthesteel
specimens.

Fig.9 Localbucklingstresswithdifferentinitial

geometricimperfections
 

6 Simplifieddesignmethod

6.1 Localbucklingstressatelevatedtemperatures
Thelocalbucklingstresscoefficientφcanbe

obtainedfromEq.(11),whiletheslendernessratio
(width-to-thicknessratio)ofthesteelplatecanbe
calculatedfromEq.(12),expressedas

φ=σu
fyT

(11)

λ
-
=b

t

 
12(1-v2)fyT

kπ2ET
(12)

where,fyTistheyieldstrengthofthesteelat
elevatedtemperatures,ET isthe modulus of
elasticityatelevatedtemperatures,kisthelocal
buckling coefficient related to the boundary
conditions.Forflangebucklingk=0.425,forweb
bucklingk=4,visPoisson􀆳sratioofsteelv=
0.3.

Fig.10illustratestherelationshipbetweenthe
coefficientoflocalbucklingandtheslenderness
ratio(φλ-curves)atelevatedtemperatures.Itcan
beseenfromFig.10thatatelevatedtemperatures,

thelocalbucklingcoefficientφdecreaseswiththe
increasingslendernessratio (width-to-thickness
ratio)andviceversa.Itisalsofoundthatwhenthe
temperatureisbetween300and700℃,thecurves
areveryclose.Thesecurvescan beusedto
describetheφλ-relationship.

Basedonthebucklingstressresultsobtained

by finite element analysis,the equation for
calculatingthelocalbucklingstressofthemember
between300℃and700℃wasobtainedusingdata
fittinganalysis.Forany H-shapedsection,the
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Fig.10 φ λ-curveofhighstrengthQ690steel
 

localbuckling stress ofthe member can be
calculatedbyEq.(13).

σuT=
σfuT h0/tw

b/t <3.07

σwuT h0/tw
b/t ≥3.07

􀮠

􀮢

􀮡

􀪁􀪁
􀪁􀪁 (13)

where
σfuT=φfTfyT (14)
σwuT=φwTfyT (15)

  The Q690axialcompression membersat
elevatedtemperaturesare

φfT=
0.90         λ

-
≤0.9

0.6
1-0.74λ

-
+0.41λ

-
2
 λ

-
>0.9

􀮠

􀮢
􀮡

􀪁􀪁
􀪁􀪁 (16)

φwT=
0.96         λ

-
≤0.8

0.475
1-1.28λ

-
+0.785λ

-
2
 λ

-
>0.8

􀮠

􀮢
􀮡

􀪁􀪁
􀪁􀪁 (17)

where,λ
-
istheregularizedwidth-to-thicknessratio

oftheplate,whichcanbecalculatedaccordingto
Eq.(12).Inordertoverifythereliabilityofthe
calculationresultsofthefittingequation,the
bucklingstressescalculatedbyEqs.(13)to(17)

arecomparedinFig.11.Forthe Q690axial
compression member,theresultsobtainedfrom
Eqs.(15)to(17)arelowerthantheFEgenerated
results.
6.2 Width-to-thicknesslimit

Toensurethatthesteelmemberatelevated

Fig.11 Comparisonofthefittingcurvewiththefinite
elementanalysisresults

 

temperaturesunderaxialcompressionsatisfiesthe

requirementsoflocalbuckling,itisimportantto

select appropriate width (height)-to-thickness

ratiosofboth webandflangeelements.The

relationship between the width (height)-to-

thicknessratioandtheslendernessratioshouldbe

obtainedthroughequalingtheultimatestresswith

thelocalbucklingstressandtheultimatestress

withtheoverallbucklingstressofthesteelelement

atelevatedtemperatures.Here,therelationships

betweentheflangewidth-to-thicknessratioandthe

webheight-to-thicknessratiowiththeslenderness

limitscanbeexpressed,respectively,as

b
t =-74.7+77.7e0.0022λ  20≤λ≤80

(18)

h0
tw

=-229+238e0.0022λ  20≤λ≤80(19)

  GB50017-2017[16]providesthelimitvaluesof

the web height-thicknessratioandtheflange

width-to-thickness ratio of axial compression

membersatambienttemperaturesasfollows.

b
t ≤(10+0.1λ)

 235
fy

(20)
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h0
tw
≤(25+0.5λ)

 235
fy

(21)

when,λ<30,thevalueistakenaccordingtoλ=30;

whenλ>100,thevalueistakenaccordingtoλ=100.

Fig.12 Comparisonofthewidth(height)-to-thicknessratios

totheslendernesslimitsatnormalandelevatedtemperatures
 

Fig.12comparestheresultsofthewidth-to-

thicknessratioandthe height-to-thicknessratio

withtheslendernesslimitsatnormalandelevated

temperaturesfortheflangeandweb,respectively.

Inbothcases,whentheslendernessratioofthe

specimenislessthan25,thelimitvalueofthe

height-to-thicknessratioofthewebatelevated

temperaturesislessthanthelimitoftheheight-to-

thicknessratioatnormaltemperatures,whilewhen

theslendernessratioofthecomponentisgreater

than25,theplateheight-to-thicknessratiolimitis

largerthanthatatroomtemperature.Thismeans

thatwhenthelengthoftheelementisrelatively
small,theelementathightemperatureismore

likelytoundergolocalbuckling,whereas,when

thelengthislarger,the elementat normal

temperatureis more likely to undergo local

buckling.

7 Existinginternationalcodesofpractice

7.1 Assessmentofinternationalcodes

The assessmentofthesuitability ofthe

currentcodeofpracticeindesigningthestudied

specimensisconductedthroughcomparisonwith

theFE-generatedresults,asshowninFig.13,

wherethewidth-to-thicknessratiooftheflangeand

theheight-to-thicknessratioofthewebareplotted

againsttheslendernesslimitinFigs.13(a)and
(b),respectively.FromFig.13(a),itcanbeseen

thatGB50017-2017providedamoresaferestimate

fortheultimatestressoftheH-shapedsectionof

thewebthanbothEurocode3andANSI/AISC

360-10inpredictingtheultimatestrength,

Fig.13 Comparisonofdesigncodesforestimating

theultimatestress
 

duetotheirhigherdesignvaluesthantheChinese

standard.However,asshowninFig.13 (b),

whenλpfwassmaller,thecurvesobtainedfromthe
designcodesshowed closeresults with FEM

results,especiallyfortheflangeconnectedwith

quiteaslenderweb.Inaddition,alldesigncurves

obtained from the standards became highly
conservativewhenλpfwasrelativelylarge.
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8 Conclusions

This paper utilized the ABAQUS finite
elementmodeltoobtainthelocalbucklingbehavior
oftheweldedH-sectionofhighstrengthQ690steel
columnsunderaxialcompression.TheFEmodels
werefirstverifiedagainstexperimentalresults.An
extensiveparametricstudywasconductedusingthe
verifiedFEmodeloverawiderangeofparameters
includingelevatedtemperature,width-to-thickness
ratioofflange,andheight-to-thicknessratioof
web,residualstress,andinitialimperfections.A
comparisonwithexistingcodesofpracticewas
conductedtoassessthesuitabilityofcurrentcodes
inpredictingthecompressivecapacitiesofthe
studiedspecimens.A new design method was
proposed.Basedonthesedata,thefollowing
conclusionsweredrawn:

1)At elevated temperatures,the elastic
modulusand strength ofhigh strength Q690
deterioratedfasterthanthoseofmildsteel.
2)Withincreasesintheflange width-to-

thicknessratioandthe webheight-to-thickness
ratio,theultimatebearingcapacityofthemember
increases,buttheyhavelesseffectontheultimate
bearing capacity ofthe members at elevated
temperatures.Thegreaterthetemperature,the
weakertheinfluenceofotherfactorsonthe
ultimate load-capacity, implying that the
temperatureofthememberplaysaleadingrolein
affectingthe ultimate bearingcapacity ofthe
members.
3)Whether the axial compressive steel

membersareloadedatanambientorelevated
temperature,therestrainingeffectoftheflangeon
thewebcannotbeignoredandshouldbeconsidered
whenestimatingthewebbucklingstress.
4)Usingtheinitialgeometricimperfectionof

0.1t (tistheplatethickness)ortheinitial
geometricimperfection ofb/100,thebuckling
stressesobtainedbyanalysisarebasicallythe
same.

5)Whenthelengthoftheelementisrelatively

small,theelementathightemperatureismore
likelytoundergolocalbuckling,whereas,when
thelengthislarger,the elementat normal
temperature is more likely to undergo
localbuckling

6)Asimplifiedlocalbucklingdesignmethod
wasproposedandrecommendedfordesigningthe
high strength steel section under axial
compression.Inaddition,thecurrentstructural
steeldesigncodeswereevaluated.Itwasfound
thatGB50017-2017tendstoprovideamoresafer
estimatefortheultimatestressoftheH-shaped
sectionofthewebthanbothEC3andANSI/AISC
360-10.
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