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Abstract:Quasi-staticcyclictestswereperformedononeSRCcolumn-RCbeamframeafterexposuretofire
andanidenticalframeatambienttemperaturetoinvestigatethepost-fireperformanceoftheframe.The
loadbearingcapacity,stiffnessdegeneration,ductility,andenergydissipationwereevaluated,andthe
cumulativedamageandtheP-Δeffectwereanalyzed.Testresultsshowedthatafterexposuretofirethe
SRCcolumn-RCbeamframehadalowerbearingcapacity,lessstiffness,lowerductility,increased
cumulativedamageandamoreobviousP-Δeffectcomparedwithitsunexposedcounterpart.Owingtothe
existenceofcoresteelinthesectionoftheframecolumn,afterexposuretofire,thehysteresisloopsofthe
SRCcolumn-RCbeamframeremainedplump,andtheloadbearingcapacityremainedrelativelyhighbefore
destruction.Moreover,afterexposuretofire,theSRCcolumn-RCbeamframeexhibitedgoodenergy
consumptionability.Theplasticlimitrotationexceeded0.04rad,whichcouldwellmeettherequirementof
China􀆳sseismicdesigncode.
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火灾后SRC柱 RC梁框架结构性能反复加载试验研究
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摘 要:对一个SRC柱 RC梁框架在火灾后与另一个对照框架在常温下进行了低周反复加载试

验,研究了该框架的火灾后性能,评价了框架的承载力、刚度退化、延性、耗能能力、累积损伤,同时

对P Δ 效应进行了分析。试验结果表明,与未暴露在火灾的SRC柱 RC梁框架相比,火灾后

SRC柱 RC梁框架的承载力降低、刚度减小、延性系数下降、累积损伤增大,且P Δ 效应更为明

显。由于框架柱截面中有核心钢的存在,SRC柱 RC梁框架在火灾后的滞回曲线仍保持饱满,破
坏前的承载力可以保持在较高的水平,依然表现出良好的耗能能力。其塑性极限转动超过0.04
rad,可以满足中国抗震设计规范的要求。
关键词:型钢混凝土;框架;火灾;反复荷载;抗震性能
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1 Introduction
Steelreinforcedconcrete (SRC)structures

thatcombinetheadvantagesofreinforcedconcrete
(RC)andsteel,areappliedincreasinglyinmodern
architecture,especiallyinhigh-riseandsuper-tall
buildings.High-riseandsuper-tallbuildingsare
morelikelytohaveaccidentalfiresthanordinary
buildingsduetotheirlargeareaandcomplexuse.
AsSRCstructuresarecommonstructuralelements
inhigh-riseandsuper-tallbuildings,theirfire
behaviorhasattractedmuchattention.

Studieshaveinvestigatedthefireperformanceof
SRCstructures.MalhotraandStevens[1]foundthatthe
fireresistanceofSRCcolumnsincreasedwiththe
increasingthicknessoftheconcretecover.Huanget
al.􀆳stestresultsandnumericalanalyses[2-3]indicated
thatthecross-sectionalsize,boundaryconditions,

andloadratioaffectedthefireresistanceofthe
SRCcolumn.Youngand Ellobody􀆳snumerical
analysis[4]showedthataxiallyrestrainedcomposite
columnsbehavedifferentlyinfirecomparedto
unrestrained columns.Based on testresults,

Correiaand Rodrigues[5] pointed outthatthe
surroundingstructureshadasignificantinfluence
onthefireperformanceofthecolumnwhenthe
loadlevelwaslow.Hanetal.[6],basedonthe
results offinite-element analysis,proposed a
simplifiedcalculationmethodforthefireresistance
oftheSRCcolumn.Wangetal.[7]usednumerical
analysistoinvestigatethefireperformanceof
circulartubedSRCcolumnsandfoundthatthefire
resistancedecreasedwiththeincreaseoftheload
ratioandthewallthicknessofthesteeltube.

Generally speaking,SRC structures show
betterfireperformancecomparedwithpuresteel
structures.Becauseoftheprotectionprovidedby
theconcretetotheinnershapedsteel[8],itisvery
likelythattheSRCstructuresurvivesafire.
However,themechanicalpropertiesoftheconcrete
wouldbegreatlydegradedafterthefire,andthe

reliabilityofthestructure would bereduced,

resultinginpotentialsafetyhazards.Therefore,

evaluatingtheperformanceoffire-damagedSRC
structuresiscritical.Taoetal.[9]testedthebond
strengthofSRCcolumnsafterfire,andfoundthat
therewassignificantdegredationofthebondafter
fireexposure.Lietal.[10],basedontestresults,

putforwardamethodofcalculatingthestrengthof
thebondofSRCstructuresafterexposuretofire.
Duetal.[11]andWangetal.[12]usedfiniteelement
analysistostudythemechanicalpropertiesofthe
SRCcolumninthewholeprocessofriseandfallof
thetemperatureofthefireandfoundthatthe
structuressurvivingtherisingfiretemperaturemay
failinthecoolingstageduetothehysteresisof
sectiontemperature.Hanetal.[13]foundthatafter
theSRCcolumnfullycooleddowntotheambient
temperature,theproportionoftheloadcarriedby
thesteelsectionincreasedalot.Wangetal.[14]and
Shietal.[15]carriedoutexperimentalresearchand
numericalsimulation analysis on the seismic
performanceofSRCcolumnsafterfire.Lietal.[16]

putforwardthecalculationmethodfortheshear
capacityofSRCcolumnsafterfireexposure.Song
etal.[17]establishedafiniteelementanalysismodel
tosimulatetheresponseoftheSRCcolumntoSRC
beamjointsduringtheheatingandcoolingphases.
Usingtheproposed model,thejointrotational
deformation,whichcouldnotbemeasuredduring
thetest,wasinvestigated.

Theaforementionedresearch mainlystudied
theperformanceofSRC construction members
afterfire.Thesestudieshaveprovidedvaluable
knowledgetounderstandthepost-fireperformance
ofSRCstructures.StudiesonSRCframesarevery
importanttofurtherunderstandtheperformanceof
SRCstructures.Zhangetal.[18]testedthefire-
exposedSRCcolumn-SRCbeamframeconsidering
theinfluenceoffiredurationandloadratioonthe
failuremode,deformationperformanceandresidual
bearingcapacity.Lietal.[19]foundthatduetothe
existenceofcoresteelinthesectionofcolumnand
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beam,thehysteresisloopsoftheSRCframeafter
exposuretofireremainedplump,andtheload
bearingcapacityremainedatarelativelyhighlevel
beforedestruction.Wangetal.[20-22],basedontest
resultsandfiniteelementanalysis,analyzedthe
deformationandinternalforceoftheSRCcolumn-
SRCbeamframeunderthewholeprocessoffire
heatingandcooling.Lietal.[23]foundfromtest
resultsthatexposuretofirechangedthefailure
modeof RC frames.Theframe underroom
temperaturefailedintheformofbeam-endplastic
hinging,butafterbeingexposedtofire,thefailure
modechangedtoshear-bondfailureinthecolumn.
However,therehasbeen noresearch onthe
mechanicalbehavioroftheSRCcolumn-RCbeam
framestructuresafterexposuretofire.

Whenthespanofthebeamisnottoolarge,

theSRCcolumn-RCbeamcompositeframecan
reducethecostofaprojectandsimplifythe
construction.Therefore,thiskindofstructurehas
agoodapplicationinengineering.Inlightofthis,

thispaperpresentsalow-cyclerepeatedloading
testtoinvestigatetheseismicbehavioroftheSRC
column-RCbeamframeafterfiretoprovideabasis
fortheperformanceevaluationandrepairofsuch
framesafterbeingfire-damaged.

2 Experimentalprogram

2.1 Testspecimens

Twoframespecimens,onesingle-storyandone
single-bay,wereprepared.One,referredtoasRCF,

wasusedtoconductapost-firetest,theother,

referredtoasRC,wasusedtodoacomparative
experimentunderambienttemperature.Bothframes
consistedoftwoSRCcolumns,oneRCbeam,andone
foundationbeam,in whichthecolumns were
anchored.Fig.1showsthetwoframes.

AsshowninFig.1,ahotrolledH-shapedsteel
HM150×100×6×9 (i.e.,height=150mm,

width=100mm,webthickness=6mm,andflange
thickness=9 mm)wasembeddedinanSRC
columnandashortsteelbracketwithalengthof

70mmwasweldedtotheflangeoftheshapedsteel
toconnectthebeamsteelbars.Theprofilesizeof
thebracketwas116×80×10×10(i.e.,height=
116mm,width=80mm,webthickness=10mm,

andflangethickness=10mm)andafilletweld10
mmthickwasusedintheconnectionbetweenthe
bracketandthesteelcolumn.Totransferthe
internalforcesofthetopandbottomsteelbarsof
theRCbeam,10mmthickhorizontalstiffeners
weldedtothecolumnsteelparalleltotheupperand
lowerflangesofthebracketswereusedinthe
framejoints.Filletweld10mmthickwasalsoused
intheconnectionbetweenthestiffenersandthe
steelcolumn.

Fig.1 Dimensionsandsteeldetailsofthespecimens(mm)
 

Thesectionalareaoftheframecolumnwas
250mm×250mm,andfourdeformedbarswitha
diameterof18mmwereusedasthelongitudinal
barsofthecolumn.Thesectionalareaoftheframe
beam was200mm×180mm (i.e.,height=
200mmandwidth=180mm),andfourdeformed
barswithadiameterof12mmwereusedasthetop
andbottomlongitudinalbars,respectively,inthe
beam.Thesectionalareaofthefoundationbeam
was400mm×400mm,andfourdeformedbars
withadiameterof20mmwereusedasthetopand
bottomlongitudinalbarsinthebeam.Forthe
beamsandcolumns,transversebarswereplacedat
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aspacingof50mmand100mminthecritical
region of 500 mm and the remaining part,

respectively.Forthecoreareaofthejoint,U-hoop
wasinstalledataspacingof50mmtostrengthen
therestraintontheconcrete,andthehoopwas
weldedonthewebofthesteelbracket.
In orderto measure the temperature at

differentpositionsoftheframewhilethefirewas
heatingupandcoolingdown,thermocoupleswere
arrangedinthesectionsofthespecimenRCFatthe
mid-heightoftheleftcolumn,atthemid-spanof
thebeamandatthecoreareaoftheleftbeam-
columnjoint.Layoutsofthethermo-couplesare
showninFig.2.

Fig.2 Layoutsofthethermo-couplesinsections
ofspecimenRCF(mm)

 

2.2 Materialproperties

Table1showstheyieldstrength,tensile
strength,andelasticmodulusofthesteelsection
and reinforcing bars measured at room
temperature.Grade40concretewasusedforthe

testspecimens.Averagecubicstrengthofthe
concretemeasuredatroomtemperaturewasfcu,k=
57.6MPa(150mm ×150mm ×150mm),and
thecompressivestrengthwasf'c=0.67×57.6=
38.6MPaaccordingtoGB50010-2010.

Table1 Materialpropertiesofsteel

Components
Thicknessor

Diameter/mm

Yield

strength/

MPa

Tensile

strength/

MPa

Elastic

modulus/

GPa

Steelcolumnflange 09 315 475 2.11

Steelcolumnweb 06 358 519 2.26

Columnlongitudinalbar 18 456 566 2.12

Beamlongitudinalbar 12 454 557 2.08

Beamlongitudinalbar 20 462 580 2.03

Transversebar 8 458 548 2.09

2.3 Heattreatment
Aftercuringfor28days,theRCFspecimenwas

heatedbyexposingittofireinafurnace.Thelength,

widthandheightofthefurnacewere4000mm,1500
mmand3000mm,respectively.Therewereeight
dieselnozzlesinthefurnaceandthetemperaturewas
adjustedbycontrollingthedeliveryandatomizationof
dieseloilinthenozzles.Inthetest,thespecimenwas
subjectedtofireonfoursidesfor75minutes.Before
thefiretest,fire-proofcottonwaswrappedaroundthe
foundationbeamatthebottomoftheframetoreduce
high-temperaturedamage.Whenthefireduration
reachedtheendofthescheduledtime,theflamewas
extinguishedandthefurnacedoorwasopenedsothat
thespecimencouldbecoolednaturally.Theheating
andcoolingcurverecordedbythethermocoupleinthe
furnaceisshowninFig.3.

Itshouldbenotedthatinarealfiresituation,

thermalcreepdeformationwilloccurinthesteeland
concretematerialsinaloadedframe.However,owing
tothelimitationofthefurnacefacility,thespecimen
wasnotloadedduringtheexposuretofireinthe
currenttest.Furtherresearchisrequiredinthefuture
toaddressthisissue.
2.4 LoadingScheme

Loadingwascarriedoutontheloadingdevice
showninFig.4.Thespecimenwasfixedonthe
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Fig.3 Heatingandcoolingcurves
 

pedestalbeamatthebottomofthedevice.Lateral
loadwasexertedbyanMTShydraulicactuatorand
transmittedtotheframethroughthelimitbaffleat
thetopofthespecimen.Verticalloadwasexerted
ontheL-shapedbeambyahydraulicjack,witha
slidetrolleyonthetopofthejack,whichcanslide
freely when loading. The four-bar linkage
mechanisminthedeviceensuredthattheupperand
lowerplanesofthespecimensremainedlevel
throughoutthetest.

Fig.4 Loadingdevice
 

Theloadwasappliedintwostages.First,

1276kNverticalloadcalculatedaccordingtothe
axialcompressionratiooftheframecolumnof0.2
wasappliedonthetopofthecolumnandkept
constant,andthenhorizontalforcewasappliedat
thebeamcolumnjunctioncenterthroughtheMTS
actuator.Displacementcontrolledcyclicloadwas
appliedforlateralloading.Oneloadcyclewas
appliedatevery2mmincreaseupto10mm,and
thenthreeloadcycleswereappliedatevery10mm
increaseuntilthespecimenfailed,asshownin
Fig.5.Specimenfailurewasdefinedas:1)drift
correspondingto85%ofthepeakload(i.e.,15%
strengthdegradationafterthepeakstrength)or2)

significantstrengthdegradationandobviouslarger
plastic deformation. The lateral load and
displacementofthespecimen wasmeasuredby
transducersinsidethehydraulicactuator.

Fig.5 Loadingprocedure
 

3 Experimentalresults
3.1 Testresultsoffireheating

AsshowninFig.6,afterfireheatingtreatment,
thesurfaceofthespecimenwaslightyellowand
obviousdamagetraceswereleft.Firstofall,due
totheincreaseofinternalwaterpressureathigh
temperature,theconcreteofthespecimen was
foundtoburstlocally.Atthesametime,forthe
evaporationofwater,manymicrocracksappeared
onthesurfaceofthespecimen.Ontheotherhand,
thestrengthofconcretewasgreatlyreduced.The
compressivestrengthofconcretecubestreatedwith
thesameheatingtreatmentastheframe was
tested,andtheresidualcompressivestrengthof
thecubewas33.5 MPa,whichwasjustabout
57.2%beforefire.

Fig.6 Appearanceofthespecimenafterthefire
 

Fig.7showsthetemperature-timecurvesof
eachmeasuringpointinthesectionofthebeam,
columnandjointoftheRCFspecimen.Table2
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givesthehighesttemperatureofeachmeasuring
pointinthewholeheatingandcoolingprocess.It
canbeseenfromFig.7andTable2that:1)inthe
sectionofbeams,columnsandjoints,thecloserto
thesurfaceofcomponents,thefasteristhe
temperatureriseandfall.2)Thetemperatureof
thecolumnsectionwashigherthanthetemperature
ofthejointsectionwhenthedistancefromthe
measuringpointtothesurfaceofthecomponent
wasthesame.Thiswasbecausethereinforced
concretebeamconnectedwiththejointcausesthe
three-sidedfirestateofthejoint,whichmakesthe
rateofheatingandthe maximum temperature
lowerthanattheendofthecolumn.

Fig.7 Temperature-timecurvesofmeasuringpoint
 

Table2 Highesttemperatureatvariousmeasurementpoints

Locationof

measuringpoints

Numberof

measuringpoints

Locationfrom

surface/mm

Maximum

temperature/℃

Beam

1 090 395.0

2 060 391.5

3 030 437.8

Column

1 105 268.1

2 070 272.5

3 035 329.8

Joint

1 105 257.6

2 070 265.6

3 035 279.5

3.2 Load-displacementrelationship
Fig.8showsthelateralload-displacement

relationshipofthespecimensatthetopofthe
frame.Fig.9showsthefailure modeofthe

specimensattheendofthetest.

Fig.8 Lateralload-displacementrelationship
ofthespecimens

 

Fig.9 Failuremodeattheendofthetest
 

IntheRCspecimenwithoutexposuretofire,a
slightcrackbeganinthebeamclosetothejointat
P=147kNcorrespondingtoΔ=20mm.Then
cracksappearedinthebottomofthecolumnatP=
205kN,correspondingtoΔ=30mm,andinthe
beam-column joint area at P = 265 kN,
correspondingtoΔ=50mm.ThepeakstrengthPu
reached274kNatΔ=70mm.Meanwhile,the
concreteofthebeamnearthejointspalledtoform
plastichinges.Theendofthebeamwasseriously
damaged,andtheconcreteattheendofthecolumn
alsospalledtoformplastichingesatP=270kN
afterpeak-strength,correspondingtoΔ=80mm.
Ultimately,RCfailedatΔ=120mmbecauseof
seriousdestructionofcolumnfootconcrete,and
theloaddroppedto232kN,whichwaslessthan
85%ofthepeakload.Butatthistime,thejoint
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still maintained a good state,showing the
characteristicsofstrongcolumn,weakbeam,and
strongerjoint.
IntheRCFspecimenafterexposuretofire,

thecrackbeganinthebeam atP =56kN,
correspondingtoΔ=10mm.Thencracksappeared
inthebottom ofthecolumnatP=103kN,
correspondingtoΔ=20mm,andinthebeam-
columnjointareaatP=223kN,correspondingto
Δ=60mm.ThepeakstrengthPureached248kN
atΔ=80mm,andtheconcreteofthebeamnear
the joint spalled to form plastic hinges
simultaneously.Theendofthebeamwasseriously
damaged,andtheconcreteattheendofthecolumn
alsospalled,formingobviousplastichingesatP=
246kNafterpeak-strength,correspondingtoΔ=
90mm.Ultimately,RCFalsofailedatΔ=120mm
becauseofseriousdestruction ofcolumnfoot
concrete,andtheloaddroppedto210kNwithone
diagonalcrackrunningthroughthejoint.
Inaword,thefailureprocessofthenon-fire

RCspecimenandthefire-damagedRCFspecimen
wasbasicallythesame.However,duetothe
deteriorationofconcretestrengthafterfire,the
cracksappearedearlieranddevelopedfasterinthe
RCFspecimencomparedwiththeRCspecimen.
Despitethefire,theRCFjointshadonlyone
obviousinclinedcrack,andtherewasalmostno
damageinsidethejoints.Thiswasbecausethe
sectionsteelanditshorizontalstiffenersinthe
columnimprovedtheshearcapacityofthejoint,so
thejointcouldmaintainahighbearingcapacity
levelandmeetthestrong-jointweak-memberand

strong-columnweak-beamrequirementsofseismic
designevenafterexposuretofire.
3.3 Envelopecurve

Fig.10showstheenvelopecurveofthe
specimens.Table3liststheyieldstrengthPy,

peakstrengthPu,yielddisplacementΔy,ultimate
displacementΔu,and ductilityratio μ ofthe
specimens.Fig.11showsthedefinitionoftheyield
andultimatedisplacementsintheload-displacement
relationship.TheyielddisplacementΔywasdefined
asthedisplacementoftheequivalentelastic-plastic
envelopecurvedefinedbythesecantstiffnessat
60% of the peak strength. The ultimate
displacementΔu wasdefinedasthepost-peak
displacementcorrespondingto0.85Pu.Theyield
strength Py was defined as the strength
correspondingtotheyielddisplacementΔy.The
ductilityratioμwasdefinedastheratioofyield
displacementΔyandultimatedisplacementΔu.

Fig.10 Envelopecurvesofspecimens
 

Fig.11 Definitionofyieldandultimatedrift
 

Table3 Summaryoftestresults

Specimen YieldstrengthPy/kN PeakstrengthPu/kN YielddisplacementΔy/mm UltimatedisplacementΔu/mm Ductilityμ

RC 241.7 274.3 35.5 118.2 3.33

RCF 219.6 248.2 47.4 119.8 2.52

  ItcanbeseenfromFig.10andTable3that
afterexposuretofire,themaximumloadofthe
specimen decreased, but the displacement
correspondingtothemaximumloadincreased.The

yieldandpeakstrengthoftheRCFspecimenwere
219.6kNand248.2kN,respectively,whichwere
9.1% and 9.5% lessthan that ofthe RC
specimen.Theyielddisplacementandultimate
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displacementoftheRCFspecimenwere47.4mm
and119.8mm,respectively,whichincreasedby
33.5%and1.4%comparedwiththeRCspecimen.
Theyielddisplacementincreasedmore,butthe
ultimate displacement did not differ much,
indicatingthatthefirereducedthecapacityofthe
steelreinforcedconcreteframetoresisttheload
and weakened the deformation capacity. The
changeinthedisplacementductilityafterthefire
alsoreflectedthis.TheRCFandRCspecimens
exhibitedtheductilityofμ=2.52and3.33,
respectively.Thedisplacementductilitycoefficient
oftheRCFspecimenpost-firedecreasesby24.3%
comparedwiththatoftheRCspecimenwithout
exposuretofireatroomtemperature.
3.4 Secantstiffness

When the stiffness of the frames is
significantlydecreased,largedisplacementofa
structureoccursevenatalowearthquakeload
level, which induces the instability of the
structure.Fig.12showsthevariationinsecant
stiffnessateachloadcycletoinvestigatethe
degradationinstiffness.SecantstiffnessKj was
definedasthecumulatedstrengthdividedintothe
cumulateddisplacementateachloadcycle.

Kj =
∑
n

i=1
Pi

j

∑
n

i=1
Δi

j

(1)

wherePi
jandΔi

jarethepeakloadandcorresponding
displacement,respectively,at theithcycle of
displacementj;andnistheloadcycleateach
displacementlevel.

Fig.12 Variationsofsecantstiffnessaccordingtodisplacement
 

ItcanbeseenfromFig.12thatasthedisplacement
increases,thesecantstiffnessofbothspecimens
decreasessignificantlyduetothedeteriorationof

the structural integrity. Table 4 gives the
comparisonofthesecantstiffnessofthetwo
specimens underinitial displacement (loading
displacementis10mm),yielddisplacementand
ultimatedisplacement.FromthedatainTable4,it
canbeseenthatthestiffnessoftheframedecreases
significantlyafterthefire.TheinitialstiffnessK0,

yieldstiffnessKyandultimatestiffnessKuofRCF
decreased by 34.4%, 37.1% and 6.2%,
respectively,compared withthe RCspecimen.
Thiswasbecausethefirereducesnotonlythe
strength,butalsotheelastic modulusofthe
concrete,whichleadstothedecreaseofstiffnessof
components.FromFig.12,itcanalsobeseenthat
afterthepeakload,thestiffnesscurvesofthetwo
specimensgraduallyconverge.Themainreasonis
thattheconcreteattheendofthebeamandthe
footofthecolumngraduallywithdrewfromwork
whentheframewasnearfailure.Thestiffnessof
thespecimenswasmainlyprovidedbythesteelin
thecolumnandthecoreconcretewrappedinit,so
thestiffnesswasdecreasing.

Table4 Stiffnesscomparisonbetweennormal
temperatureandpost-fire

Specimen
Initialstiffness

K0/(kN·mm-1)
Yieldstiffness

Ky/(kN·mm-1)
Ultimatestiffness

Ku/(kN·mm-1)

RC 8.52 6.65 2.25

RCF 5.61 4.18 2.11

3.5 Energydissipationcapacity
Energydissipationcapacityreferstotheability

ofastructuretoabsorbanddissipateseismic
energy,whichcanbeexpressedbyequivalent
viscousdampingratiohe.AsshowninFig.13,
equivalentviscousdampingratioheisdefinedas

he=π2
SABCD

SBOE +SDOF
(2)

whereSABCDistheenergydissipationperloadcycle
definedastheareaenclosedbyacompleteload
cycle(i.e.,areaenclosedbycurveABCDA);SBOE

isthetriangularareaenclosedbypointsB,O,and
E;andSDOF isthetriangularareaenclosedby
pointsD,O,andF.

Fig.14showsthevariationofheofthetwo

411 JournalofCivilandEnvironmentalEngineering            Vol.43



Fig.13 Definitionoftheequivalentviscousdampingratiohe
 

specimensaccordingtothedisplacementbasedon
thehysteresisloopsformedbythefirstloadcycle
underdifferentdisplacements.ForbothRCand
RCF,theequivalentdampingratiofirstdecreased
duetoconcretecrackingandcontinuouswithdrawal
fromworkandthenincreasedwiththeincreaseof
displacementasthesectionsteelintheframe
columngraduallyplayedanincreasinglyimportant
partinload bearing.Beforethedisplacement
reached40mm,theequivalentdampingratioofthe
RCFspecimenwaslargerthanthatoftheRC
specimen.Whenthedisplacementwasgreaterthan
40mm butlessthan100 mm,theequivalent
dampingratiooftheRCFspecimenwassmaller
than that of the RC specimen. After the
displacementof100mm,theequivalentdamping
ratioofRCandRCFtendedtobethesame,
reaching0.202and0.205,respectively,showing
goodenergyconsumption.Thereasonforthis
phenomenon is related to the hysteresis
characteristics,asshownin Fig.8,andthe
deformationperformance,asshowninFig.10.For
theRCspecimen,whenthedisplacementwasless
than40 mm,theloadchangedrapidlyduring
loadingandunloading,anditshysteresisloopwas
notasfullasthatoftheRCFspecimen,whichled
toasmallerequivalentviscousdampingratio.As
mentionedabove,thefirecausedthestrengthof
theconcreteoftheRCFspecimentodecrease.
Withthefurtherincreaseofdisplacement,theload
correspondingtotheRCFspecimenwaslessthan
that of the RC specimen under the same
displacement,andtheplumpnessofitshysteresis
loopdecreased,resultingintheequivalentviscous
dampingratiograduallybecomingsmallerthanthat
oftheRCspecimen.Whenthedisplacementwas

greaterthan100mm,thehystereticbehaviorand
deformationperformanceofthespecimenswere
mainlyexecutedbythecoresteelintheframe
column,sotheequivalentviscousdampingratio
wasapproximatelythesame.

Fig.14 Variationsofheaccordingtodisplacement
 

3.6 Plasticrotationcapability
Theplasticrotationcapacityoftheframecan

beexpressedbyplasticrotationangleθp,whichis
definedasthedifferencebetweenthetotalrotation
angleandtheelasticrotationangle

θp=Δ
L -PL

K
(3)

whereΔisthelateraldisplacementatthetopofthe
framecolumn,Pisthemaximumlateralloadunder
thisdisplacement,Listheheightoftheframe
column, and K is the initial stiffness,
approximatelyaccordingtoK0inTable4.

Table5liststhecomparisonoftheplastic
rotation angle of the specimens at room
temperature and after exposure to fire
correspondingtoyieldstrengthPy,peakstrength
Pu,andpost-peakstrength0.85Pu,respectively,
asshowninFig.11.

Table5 Plasticrotationangleofspecimens

Specimen

Yieldplastic

rotation

angleθpy/rad

Peakplastic

rotation

angleθpu/rad

Ultimateplastic

rotationangle

θ0.85pu/rad

RC 0.0028 0.0151 0.0466

RCF 0.0039 0.0162 0.0420

ThedatainTable5showsthattheyield
plasticrotationangleandthepeakplasticrotation
angleoftheRCFspecimenafterexposuretofire
increaseandtheultimateplasticrotationangle
decreasescomparedtothatoftheRCspecimenat
roomtemperaturewithoutexposuretofire.The
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ultimateplasticrotationanglesoftheRCspecimen
withoutexposuretofireandtheRCFspecimen
afterexposuretofireare0.0466and0.0420rad,
respectively,bothofwhichmeetthe0.02radlimit
stipulatedinthecurrentChineseCodeforSeismic
DesignofBuildings(GB50011-2010)[24].
3.7 Cumulativedamage

Cumulative damagerefersto the damage
accumulatedwiththeincreaseofthenumberof
loadcycleswhenastructureissubjectedtoseismic
loads.Thecumulativedegreeofdamagedirectly
determineswhetherthestructurecancontinueto
beartheload.Generally,itcanbeexpressedby
damageindexD.Diaoetal.[25]developedasimple
cumulativedamagemodeloftheframebasedonthe
followingmechanicalstate,asshowninFig.15.

Fig.15 Cumulativedamagemodelofastructure
 

Whenthestructureissubjectedtoexternal
forcesinanidealstate,theload-displacementcurve
movesalongtheelasticroutesOAandOB (as
showninFig.15),sotheworkW donebythe
externalforcescanbeexpressedas

W =SOAG +SOBH (4)

  However,theremustbedamageintheactual
loadingprocessofthestructure,andsothecurve
movesalongtherouteOCDEFO.Inthiscase,the
workW donebytheexternalforceistransformed
into three parts,namely,elastic deformation
energy,plasticdeformationenergy,anddamage
dissipationenergy,whichareexpressedbyWe,Wp

andWD,respectively.
We=SDCG +SOFH (5)

Wp=SOCDEFO (6)

We+Wp=SDCG +SOFH +SOCDEFO (7)

WD=W -(We+WP)=(SOAG +SOBH)-
(SDCG +SOFH +SOCDEFO) (8)

  Then,thecumulativedamageindexDis
determinedasfollows.

D=WD

W =
(SOAG +SOBH)-(SDCG +SOFH +SODCEF)

SOAG +SOBH

(9)
  TherelationshipbetweendamageindexDand
loadcyclenisshowninFig.16.Itcanbeseen
clearlyfromFig.16thatthecumulativedamage
indexincreaseswiththeincreaseofthenumberof
loadcyclesandfireactionhasasignificanteffecton
thecumulativedamageofthespecimens.Forthe
RC specimen without exposure to fire,the
cumulativedamageindexDincreaseslinearlywith
theincreaseofthenumberofloadcycles,whilefor
theRCFspecimenafterexposuretofire,the
cumulativedamageindexDincreasesnonlinearly.
Whenthenumberofloadcycleswaslessthan10,
thecumulative damageindex D ofthe RCF
specimenincreasedrapidlywiththeincreaseofthe
loadcycles,andthenthegrowthratesloweddown
withtheincreaseoftheloadcycles.Thiswas
becausetheconcreteintheframebeamsandthe
columnsborealargepartoftheloadonthecross-
sectionattheinitialstageofloading,butthefire
reducedthestrengthoftheconcreteandaccelerated
thestrengthattenuation,which,afterthefire,led
tofastergrowthofthecumulativedamageofthe
specimenunderrepeatedloading.Withtheincrease
ofthe number ofload cycles,the concrete
continuedtowithdrawfromthework,andtheload
intheframebeamandcolumnwasmainlyborneby
thesteelandreinforcement,sothegrowthtrendof
thecumulativedamageofthespecimen under
repeatedloadwassloweddown.Ingeneral,the

Fig.16 Cumulativedamagecurvesofspecimens
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damageindexDoftheRCFspecimenRCFpost-fire
wassignificantly higherthanthatofthe RC
specimenwithoutexposuretofireunderthesame
cycletimes,indicatingthatthecumulativedamage
oftheframeunderrepeatedloadwasmoreserious
duetofireaction.
3.8 P-Δeffect

P-Δeffectreferstothebendingmomenteffect
oftheaxialforceintheverticaldirectionduetothe
lateralhorizontaldisplacementintheprocessof
structuralloading.Itis an importantfactor
affectingthebearingcapacityofstructuresunder
horizontalloads,resultinginthereductionofthe
bearingcapacityofthestructure.

Fig.17showsthedeformationdiagramofthe
frameunderload.Pisthehorizontalforceacting
onthetopoftheframecolumn,andN1andN2are
theaxialforcesactingontheframecolumn.NA

andNBaretheaxialresistanceandMAandMBare
theresistancemomentatthebottomoftheframe
column.

Fig.17 Loadbearinganddisplacementoftheframe
 

AsshowninFig.17,forpointAatthebottom
oftheframecolumn,withoutconsideringtheP-Δ
effect,thefollowing resultscan be obtained
accordingtotheequilibriumconditionsofinternal
andexternalforcesandbendingmoments.

PH =MA+MB+(NB-N2)L (10)

ConsideringtheP-Δeffect,theresultbecomes
P0H+N1Δ+N2(L+Δ)=MA+MB+NBL

(11)

whereP0isthehorizontalforceonthetopofthe
framecolumnwhenthesameaxialresistanceand
bendingmomentoccuratthebottomoftheframe
column.

Thefollowingconclusionscanbedrawn.
P0=P-(N1+N2)Δ/H (12)

  Thehorizontalforcereductionfactorηis

introducedtoindicatetheP-Δ,asfollows.

η=(P-P0)/P=(N1+N2)Δ/PH (13)

  WhentheaxialforcesN1andN2appliedtothe
framecolumnsareequaltoN,thecalculation
formulabecomes

η=2NΔ/PH (14)

  Fig.18showsthevariationsofηaccordingto
thedisplacementofthespecimens.Whenthe
loadingdisplacementissmall,horizontalforce
reductionfactorηisrelativelysmall,hence,theP-
Δeffectisnotobviouswhetherthespecimenhas
beenexposedtofireornot.Withtheincreaseof
thedisplacement,horizontalforcereductionfactor

η,aswellastheinfluenceoftheP-Δ effect,

increasesrapidly,resultinginthedecreaseofthe
bearingcapacityoftheframe.Ontheotherhand,

theηvalueoftheRCFspecimenpost-fireincreases
significantly compared with that of the RC
specimenwithoutexposuretofireatthesame
horizontaldisplacement,whichindicatesthatthe
P-Δeffectoftheframeismoreobviousduetofire
damage.

Fig.18 Variationsofηaccordingtodisplacement
 

4 Conclusion
Inthe presentstudy,firetest wasfirst

performedononeSRCcolumn-RCbeamframe,

thenquasi-statictestswereconductedonthisframe
andonacomparativeframeatroomtemperature
withoutexposuretofire.Theseismicperformance
oftheSRCcolumn-RCbeamframeafterexposure
tofirewasevaluatedbasedonthetestresults.The
primarytestresultsaresummarizedasfollows:

1)Thehighfiretemperaturereducedthe
strengthoftheconcrete.Inthisexperiment,the
compressivestrengthoftheconcretecubepost-fire
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wasonlyabout57.2% ofthatundernormal
temperaturewithoutfire.Duetothedegradationof
thestrengthoftheconcrete,theconcretecracking
andcrackdevelopmentintheSRCcolumn-RC
beamcompositeframeunderfirewerefasterthan
thoseundernormaltemperaturewithoutfire.

2)Thedegradationoftheconcretematerial
propertiescaused byfireaffectedtheseismic
performanceoftheframe.Compared withthe
framewithoutfire,thebearingcapacity,stiffness
andductilityoftheframepost-firewerereducedby
9.5%,34.4% and 24.3%,respectively.In
addition,thecumulativedamagetotheframeunder
repeatedloadingincreased,andtheP-Δeffectwas
moreobviouspost-fire.
3)Duetotheexistenceofthecoresteelinthe

framecolumn,thehystereticcurveoftheSRC
column-RCbeamcompositeframepost-firewas
stillfull.Post-fire,theframecouldstillmaintaina
high load carrying level, had good energy
dissipationperformanceandloadcycleresistance
ability,anditsplasticlimitanglewasmorethan
0.04rad,whichfullymeetstherequirementsof
thelimitvalueofplasticrotationspecifiedinthe
seismiccodeofChina.

Acknowledgements
Theauthorswouldliketoacknowledgethe

financialsupportfromtheNationalNaturalScience
FoundationofChina(GrantNo.51178226)and
BasicPublicWelfareResearchProjectofZhejiang
Province(No.LGF18E080008).

References:
[1]MALHOTRAHL,STEVENSRF.Fireresistanceof

encasedsteelstanchions [J].Proceedingsofthe

InstitutionofCivilEngineers,1964,27(1):77-98.
[2]HUANGZF,TANKH,PHNGGH.Axialrestraint

effectsonthefireresistanceofcompositecolumns

encasingI-sectionsteel[J].JournalofConstructional

SteelResearch,2007,63(4):437-447.
[3]HUANGZF,TANK H,TOH WS,etal.Fire

resistanceofcompositecolumns withembeddedI-

sectionsteel:Effectsofsectionsizeandloadlevel[J].
JournalofConstructionalSteelResearch,2008,64(3):

312-325.
[4]YOUNGB,ELLOBODYE.Performanceofaxially

restrainedconcreteencasedsteelcompositecolumnsat
elevatedtemperatures [J].EngineeringStructures,

2011,33(1):245-254.
[5]MOURACORREIAAJP,RODRIGUESJPC.Fire

resistanceofpartiallyencasedsteelcolumns with
restrained thermal elongation [J]. Journal of
ConstructionalSteelResearch,2011,67(4):593-601.

[6]HANLH,TANQH,SONGTY.Fireperformance
ofsteelreinforcedconcretecolumns[J].Journalof
StructuralEngineering,2015,141(4):04014128.

[7]WANGWY,SONGKY,LIUJP.Fireperformance
ofcirculartubedsteelreinforcedconcretecolumns[J].
Journalof Civil, Architectural & Environmental
Engineering,2017,39(3):58-66.

[8]HANLH,TANQH,SONGTY.Fireperformance
ofsteelreinforcedconcrete (SRC)structures [J].
ProcediaEngineering,2013,62:46-55.

[9]TAO Z,YU Q.Residualbondstrengthinsteel
reinforcedconcretecolumnsafterfireexposure[J].
FireSafetyJournal,2012,53:19-27.

[10]LIJH,QIUDL,YUK,etal.Studyonbond-slip
behaviorbetweenshapedsteelandconcreteinSRC
structuresafterexposedtohightemperature [J].
EngineeringMechanics,2015,32(2):190-200,206.

[11]DUEF,SHUGP,MAOXY.Analyticalbehaviorof
eccentricallyloadedconcreteencasedsteelcolumns
subjectedtostandardfireincludingcoolingphase[J].
InternationalJournalofSteelStructures,2013,13(1):

129-140.
[12]WANGGY,ZHANGDM,ZHENGCC,etal.Post

fireperformanceofsteelreinforcedconcretecolumns
subjectedtofireincludingcoolingphase[J].Journalof
BuildingStructures,2016,37(3):44-50.

[13]HANLH,ZHOUK,TANQH,etal.Performance
ofsteelreinforcedconcretecolumnsafterexposureto
fire: Numerical analysis and application [J].
EngineeringStructures,2020,211:110421.

[14]WANGGY,XIEFD,ZHANGDM,etal.Testand

parametricanalysisonpost-fireseismicperformanceof
steelreinforcedconcretecolumns [J].ChinaCivil
EngineeringJournal,2015,48(7):60-70.

[15]SHIBL,WANG G Y,MAO X Y.Experimental

811 JournalofCivilandEnvironmentalEngineering            Vol.43



researchonseismicperformanceofsteelreinforced
concretecolumnafterexposuretofire[J].Journalof
BuildingStructures,2017,38(5):117-127.

[16]LIJH,CHENJH,SUNB.Experimentalstudyon
theseismicperformanceofsteelreinforcedconcrete
columnsafterexposuretofire[J].JournalofBuilding
Structures,2015,36(5):124-132.

[17]SONGTY,HANLH,TAOZ.Structuralbehavior
ofSRCbeam-to-columnjointssubjectedtosimulated
fireincludingcoolingphase[J].JournalofStructural
Engineering,2015,141(9):04014234.

[18]ZHANG C,XUE S D, WANG G Y,etal.
Experimentalresearchandanalysisonthepost-fire

performance of steel reinforced concrete frame
structures[J].EngineeringMechanics,2018,35(5):

152-161.
[19]LIJH,ZHANGL,GUJF,etal.Experimental

studyonseismicperformanceofSRCframeafter
exposuretofire[J].JournalofBuildingStructures,

2020,41(8):47-56.
[20]WANGGY,ZHANGC,LiY,etal.Post-fireseismic

performance of steel reinforced concrete frame
structures[J].JournalofBuildingStructures,2017,

38(12):78-87.
[21]WANGG Y,SUN X,ZHAO W,etal.Afinite

element analysis model for post-fire seismic

performance of steel reinforced concrete frame
structures[J].JournalofBuildingStructures,2020,

41(4):92-101.
[22]WANG G Y,ZHANGC,XUJ,etal.Post-fire

seismicperformanceofSRCbeamtoSRCcolumn
frames[J].Structures,2020,25:323-334.

[23]LILZ,LIUX,YUJT,etal.Experimentalstudyon
seismicperformanceofpost-firereinforcedconcrete
frames [J].Engineering Structures,2019,179:

161-173.
[24]CodeforSeismicDesignofBuildings:GB50011-2010

[S]. Beijing: China Architecture & Building
Press,2016.

[25]DIAOB,LISC,YEYH.Analysisandexperimentof
cumulated damage of RC structures with special
columnsundercyclicloading[J].JournalofBuilding
Structures,2008,29(1):57-63.

(编辑 章润红)

911No.1  LIJunhua,etal.:CyclicloadingtestontheperformanceofSRCcolumn-RCbeamframeafterexposuretofire


