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Abstract:Throughanexperimentalinvestigationoftheseismicperformanceofdiagonallybracedcold-formedthin-
walledsteelcompositewallssubjectedtoverticalloads,themechanicalproperties,failuremodes,andhysteresis
propertiesofthewallswereelucidated.Inaddition,theinfluenceofasheathingpanelonthehysteresis
performance,ductility,andenergydissipationofthecompositewallswasanalyzed.Theexperimentalresultsshow
thattheshearbearingcapacityofthesingle-sidedorientedstrandboard(OSB)panelwallwasincreasedby38.79%
comparedwiththenon-panelwallunderthesameverticalload.Theshearbearingcapacity,ductilitycoefficient,μ,
andenergydissipationfactor,E,ofthesingle-sidedOSBpanelcompositewallwithanaxialcompressionratioof
0.24wereincreasedby7.5%,4.5%,and4.1%,respectively,comparedtothewallwithanaxialcompression
ratioof0.16;however,theyielddisplacementwasreducedby8.1%.Thecold-formedthin-walledsteelcomposite
wallwithdiagonalbracingexhibitedgoodseismicperformance.Afterverifyingthereliabilityofthefiniteelement
model,theinfluenceoftheaxialcompressionratioofthewallstudandtheyieldstrengthofthesteelcomponents
onthemechanicalperformanceofthewallwasinvestigatedthroughavariableparameteranalysis.Theresults
showedthatwiththeincreasingaxialcompressionratio,theshearbearingcapacityofthewallwasimproved.In
addition,reducingtheyieldstrengthofthesteelcomponentssignificantlyreducedtheshearcapacityofthe
compositewall.Finally,accordingtotheTechnicalSpecificationforLow-riseCold-formedThin-walledSteel
Buildings(JGJ227-2011)andAISIS400-15,theresistancepartialcoefficientofthewallwasderived,which
determinesthedesignvaluefortheshearbearingcapacityunderahorizontalearthquake.
Keywords:cold-formedthin-walledsteel;composite wall;diagonalsupport;seismicperformance;
experimentalresearch;finiteelementanalysis
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摘 要:通过对竖向荷载作用下加斜撑冷弯薄壁型钢组合墙体的抗震性能试验研究,考察了墙体的

受力特性、破坏模式和滞回性能,分析了覆面板对组合墙体滞回性能、延性和耗能能力的影响。结

果表明:相同竖向荷载作用下,单面覆OSB板墙体较无面板墙体的抗剪承载力提高了38.79%;墙
架柱轴压比为0.24较轴压比为0.16的单面覆OSB板组合墙体抗剪承载力提高了7.5%,屈服位

移降低了8.1%,墙体延性系数μ提高了4.5%,耗能系数E提高了4.1%,加斜撑冷弯薄壁型钢组

合墙体体现出较好的抗震性能。在对有限元模型可靠性进行验证的基础上,通过变参数分析考察

了墙架柱轴压比、钢龙骨屈服强度对墙体受力性能的影响规律,结果表明:随墙架柱轴压比的增大,
组合墙体的抗剪承载力有所提高;减小钢龙骨的屈服强度,组合墙体的抗剪承载力下降明显。依据

《低层冷弯薄壁型钢房屋技术规程》(JGJ227—2011)和美国规范AISIS400-15,推导出墙体的抗力

分项系数,确定了水平地震作用下此类墙体的抗剪承载力设计值。
关键词:冷弯薄壁型钢;组合墙体;斜向支撑;抗震性能;试验研究;有限元分析
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1 Introduction
Inrecentyears,greenprefabricatedbuildings

havebeenvigorouslypromotedinChina,andcold-
formed thin-walled steel structure residential
systemshaverapidlyemergedasrepresentative
prefabricatedbuildingstructures.Thecomposite
wall,whichconsistsofapanelmaterialandsteel
keel,isthemainbearingmemberofcold-formed
thin-walledsteelstructureresidentialsystems.

Blumetal.[1]studiedthebendingsupportof
cold-formedthin-walledsteelwalls.Throughtests
and analysis,design expressions for support
stiffnessandstrength wereproposed,andthe
concepts of minimum support stiffness and
corresponding imperfections were introduced.
Hikitaetal.[2]carriedoutaninvestigationofthe
shearbearingcapacityofalightsteelframeshear
wallsubjectedtoanextragravityloadunder
monotonicandlow-cyclereverseloads.Theresults
showedthattheexistenceofanadditionalgravity
loadhadnoobviouseffectontheshearbearing
capacityofasteelframeshearwallwithaplate.
Tianetal.[3]carriedoutatheoreticalanalysisofa
crossflatsteel-bracedcold-formedsteelframe
wall.Basedontheangle-displacementmethod,a
first-orderelasticanalysiswasusedtopredictthe
shearbearingcapacityofthecrossflatsteelbraced
cold-formedsteelframewall.Gadetal.[4]studied
theinteractionbetweenthecomponentsofacold-

formedsteelcompositewallandtheshearbearing
capacityofthewholewall.Horizontallow-cycle
reverseloadingtestswerecarriedoutonacold-
formedsteelwallwithcross-bracingandapanel,

revealingthattheyieldstrengthofthex-cross
bracingcontrolledthebearingcapacityofthewall.

Liu[5]studiedthehysteresispropertiesofa
steelplateshearwallandananti-bucklingsteel
plateshearwallsubjectedtoverticalloads.The
resultsindicatedthattheshearbearingcapacityand
energydissipationcapacityofthesteelplateshear
wallandanti-bucklingsteelplateshearwallwere
reducedasaresultoftheverticalload,butthe
lateralstiffnessoftheanti-bucklingsteelplate
shearwallwasnotaffectedbytheverticalload.
Haoetal.[6]studiedtheshearbearingcapacityofa
crosssteelstripbracedcompositewallconsistingof
acold-formedthin-walledsteelframeandlight
weightmortar.Ajointplatewasaddedtothe
specimensto strengthenthescrew connection
betweenthebraceandthesteelskeletoninthe
experiments.Theresultsshowedthattheshear
bearingcapacityofthecompositewallwasgreatly
improvedbythejointplate.Dong[7]studiedthe
shearbearingcapacityofacold-formedthin-walled
compositewallwithasandwichsteelplate.The
resultsshowedthatthecrosssteelstripcontrolled
theshearbearingcapacityofthewall;reducingthe
screwspacingcouldimprovethelateralstiffness
andshearbearingcapacityofthewall.Chen[8]
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carriedoutaninvestigationoftheshearbearing
capacityofacold-formedthin-walledcompositewall
withcrossbracing.Itwasnotedthatthebucklingof
thesidecolumn ofthecross-braced wallunder
monotonicloadingwascausedbytheeccentrictension,

whilethedamagetothewallunderalow-cyclereverse
loadwasduetotheextrusiondeformationofthelower
guidebeam. Wangetal.[9] studiedtheseismic
behaviorofcold-formedthin-walledwallswithdiagonal
braces.Theresultsshowedthatthearrangementofthe
diagonalbracingsresultedinimprovementoftheload
bearingcapacity,stiffnessandenergydissipationofthe
walls.However,thediagonalbraceincreasedthe
lateralperformancetoalimitedextent,becausethe
connection between the diagonal brace and the
transversebrace was weak and buckling ofthe
transversebraceoccurredearly.Theintegrityofthe
wallpanelhasasignificantinfluenceonthelateral
performanceofthewall.Reducingthescrewspacing
aroundthe wallpanelcanimprovethe bearing
capacity,stiffness,andenergydissipationcapacityof
the wall markedly;however,the ductility will
decrease.

Althoughtherehavebeenmanyexperimental
studiesandtheoreticalanalysesoftheseismic
performance of cold-formed thin-walled steel
composite walls, studies on the mechanical
behaviorofcold-formedthin-walledsteelcomposite
wallsareuncommon;systemicstudiesonthe
seismicperformanceofsuchwallsundervertical
loading are stilllacking.In this study,an
experimentalinvestigationandtheoreticalanalysis
ofadiagonallybracedcold-formedthin-walledsteel
compositewallunderverticalloadingwerecarried
outtoinvestigatethemechanicalproperties,failure
modes,andhysteresispropertiesofthewall.In
addition,theinfluenceoftheaxialcompression
ratioofthewallstudsandtheyieldstrengthofthe
steelcomponentsontheseismicperformanceofthe
wallwerealsoinvestigated.Basedontheresultsof
theexperiments and finite element parameter
analysis,adesignmethodandsuggestionsforthese
wallsinseismicdesignareproposed.

2 WallDesign
2.1 WallStructure
Intheseexperiments,sixfull-salecold-formed

thin-walledsteelcomposite walls withdiagonal
bracingweredesignedanddividedintothreegroups
basedontheinclusionofapanelandthevalueof
theverticalforce,eachgroupofwallswasidentical
in material,size,and loading method. The
configurationsaredetailedinTable1.Thefirst
groupofwallswasplacedunderaverticalloadof
80kN withoutapanel.Thesecondgroupwas
placedunderaverticalloadof80kNandincludeda
single-sidedoriented-strandboard (OSB)panel.
Thethirdgroupwasplacedunderaverticalloadof
120kNandincludedasingle-sidedOSBpanel.The
firstandsecondgroupswerecomparedtoanalyze
theeffectofthepanelontheshearbearingcapacity
ofthewall.Thesecondandthirdgroupswere
comparedtoanalyzetheeffectofdifferentvertical
loads(i.e.,theaxialcompressionratioofthewall
stud)ontheshearbearingcapacityofthewallwith
asingle-sidedOSBpanel.Thewallnumbersand
testparametersarelistedinTable1.

Thecolumnsofthecompositewallwerecomposed
ofC-sectioncold-formedthin-walledsteelmember
(C140mm×40mm×11mm×1.2mm)spacedat
400mm;theupperguidebeam,lowerguidebeam,

anddiagonalbracingofthewallwerecomposedof
U-sectioncold-formedthin-walledsteelmember
(U143mm×40mm×1.2mm).Thecolumnson
bothsidesofthewallandthemiddlecolumnwere
composedoftwoC-shapedcold-formedthin-walled
steelmembersandconnectedtotheI-sectionbya
doublerowofself-tappingscrews.Inaddition,the
sidecolumns werecovered by U-sectioncold-
formed thin-walled steel members to avoid
prematurebuckling,andtheself-tappingscrews
werespacedat100mm.Thediagonalbracingwas
composedoftwoC-sectioncold-formedthin-walled
steel members,which wereconnectedtothe
I-sectionbyadoublerowofself-tappingscrews.
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Theopeningsatthemiddleofthediagonalbracing
wereusedtokeepthecolumncontinuous.To
strengthenthe screw connection between the
diagonalbracingandthecolumn,theinter-section
ofthe diagonalbracing andthecolumn was
strengthenedlocallybya3-mm-thickgussetplate.
ThethicknessoftheOSBpanelofthewallwas12
mm,andthesizeofasinglepanelwas2.4mm×
1.2mm (height× width).Ontheinsideand
outsideofthe wall,self-tappingscrews were
spacedatintervalsof150mmbetweenthepanel
andthesteelframe.Thesteelframes were

assembledusingST4800self-tappingscrews,the
OSBpanelandthesteelframewereassembled
using ST4835 self-tapping screws, and the
connectionbetweentheanti-drawingcomponent
andthesteelframewasmadewithST5330self-
tappingscrews.Theanti-drawingcomponentsat
thefourcornersofthewallwereconnectedtothe
upperguidebeamandthelowerguidebeamby
M16bolts,whiletheupperguidebeamandthe
upperguidewereconnectedtotheloadingdevice
withM12bolts.Detaileddimensionsofthewall
aredepictedinFig.1.

Table1 Wallnumberandtestparameters

Number Grouping
Wall

number

Wallparameters
(H×b)

Panel
Bracing
form

Loading

Loadingmode Verticalforce/kN

1

2

3

4

5

6

Firstgroup
WallA1

Secondgroup
WallA2

Thirdgroup
WallA3

A1-1

A1-2

A2-1

A2-2

A3-1

A3-2

2.4m×2.4m

columnspacing
400mm

without

with

with

V-shape

Low-cycle

reverse

loading

080

080

120

2.2 Materialproperties
ThematerialpropertiesoftheQ345steeland

theOSBpanelweremeasuredassetoutinstandard
GB/T228.1-2010[10]bymakingplatespecimens.

ThemeasurementresultsfortheQ345steeland
thematerialpropertiesoftheOSBpanelarelisted
inTables2and3,respectively.

Table2 Materialpropertytestresultsofsteel

Number
Nominal

dimension

Yieldstrength/(N·mm-2)

Testvalue Average

Tensilestrength/(N·mm-2)

Testvalue Average

Elongation/%

Testvalue Average

Elasticitymodulus/MPa

Testvalue Average

S-1

S-2

S-3

200mm×10mm×

1.2mm

363

360

350

358

469

464

454

462

45

44

44

44.4

175491

173507

187462

178820.37

Table3 Physicalpropertiesof12-mm-thickOSBpanel

Index Unit 12mm-thickOSBplate

Staticbendingstrength[parallel/vertical] MPa 22/11or22/7.86

Bendingelasticitymodulus[parallel/vertical] MPa 3500/1400

Internalbondstrength MPa Xmax:0.79;Xmin:0.53

24hWaterabsorptionandthicknessswelling % Xmin:7.1;Xmax:8.9

Deviationofboarddensity % ±10

Moisturecontent % 5.7

FormaldehydeemissionE1stage[E2stage] mg/L 0.02
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Fig.1 Dimensionofwalls(mm)
 

2.3 Loadingdeviceandtestingprocedure
ThetestloadingdeviceisshowninFig.2.At

thefourcornersofthetopandbottomofthewall,the
wallandthetopandbottombeamsoftheloadingdevice
wereconnectedwithM16bolts,inwhich150mm×
150mm× 20mm (length×width×thickness)

rectangularcushionblockswerearranged,toallow
theverticalloadtobeaccuratelytransferredtoeach
wallstud.Inaddition,thewallwasfastenedtothe
slotsinthetopandbottombeamsoftheloading
devicebyM12boltsspacedatadistanceof400
mm.Thehorizontalactuatorwasconnectedtothe
webofthetopguidebeamthroughthetoploading
beam.Onthelateralsideofthetoploadingbeam,

slidingbracingswerearrangedtoprovidealateral
restraintforceandpreventlossofout-of-plane
stability.
Inaccordancewiththerequirementsforshear

testsofcold-formedthin-walledsteelwallssetout
instandardJGJ227-2011[11],the measurement
pointswerearrangedasshowninFig.3.Eight
displacementsensorswerearrangedtomeasurethe
displacementsofthewallspecimensandtheloading

Fig.2 Testloadingdevice
 

device(Fig.3).SensorD1wasusedtomeasurethe
displacementofthehorizontalactuatorconnected
tothetopbeam,sensorD2measuredthehorizontal
relativedisplacementbetweenthewallspecimen
andthetoploadingbeam,andsensorsD3andD4
measured the relative slipping displacements
betweenthewallandthebottomloadingbeam.
SensorsD5andD6 wereusedto measurethe
verticalrelativedisplacementbetweenthewalland
thebottomloadingbeam;sensorsD7and D8
measuredtheverticalrelativedisplacementbetween
thebottomloadingbeamandtheground.InFig.3,
“A”representstheverticaldistancefromsensorD2
tothebottomsurfaceofthetoploadingbeam,

whichwassetas600mm;“B”and“C”represent
thehorizontaldistancesfromsensorsD5andD6to
thelateralsurfaceofthesidecolumnofthewall,

whichweresetas100mm.

Fig.3 Displacementmeterarrangement(mm)
 

2.4 Loadingprocess

Thepreviousfiniteelementsimulationpredicteda
yielddisplacementofthewallof12mm.Thetests
wereconductedusingthedisplacementcontrolmethod
underahorizontallow-cyclereverseload.Apreload
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wasappliedatarateof0.4mm/swithadisplacement
incrementperstageof0.125Δyuntil3mmandcycled
once.Then,theformalloadingstagewasapplied,

withadisplacementincrementperstageof4mmuntil
12mm (yielddisplacement),andcycledonceper
stage.Afteryielding,thewallwasloadedwitha
displacementincrementperstageof0.5Δyandcycled
threetimesuntilthewallwasdestroyed.

Inthesetests,theverticalforcewasloadedto
the specified value oncethrough the vertical
actuator.Theverticalforce wasinitiallykept
constantand readingsfrom allsensors were
recordedsimultaneously.Theverticalforcewas
appliedusingtheload-controlmethodatarateof
0.2kN/s.Duringthehorizontalloadingprocess,

thedisplacementdataforeachsensorandthe
actuatorloadwerecollectedandrecordedbyaZI-
160datacollectioninstrument.

3 Testresultsandanalysis

3.1 Testobservations

3.1.1 WallA1
ForwallA1,theexperimentalphenomenonwas

basicallythesame,soonlywallA1-1isdescribed.
Owingtothelowin-planestiffnessofthewall
withoutapanel,theforceincreasedslowlywith
increasinghorizontaldisplacement;thusthechange
wasnotobviousintheearlystageofthetest.
Whenthehorizontaldisplacementreached12mm,

obviouswrinklesappearedintheflangeofthe
diagonalbracingclosetotheupperguidebeam,

andthethrustofthehorizontalactuatorreached
24.03kN.Withfurtherincreaseinthehorizontal
displacement,thewrinklesintheleftandright
diagonalbracingsoccurringattheareaofthe
gussetplatebecame moreobvious.Whenthe
horizontaldisplacementreached18mm,thelocal
bucklingofthe diagonalbracing subjectedto
pressurewasobvious,andthedeformationwas
larger,asshowninFig.4(a).

Whenthehorizontaldisplacementreached24
mm,theself-tappingscrewsofthegussetplatein

Fig.4 FailureofwallA1-1
 

themiddlebottomofthewallexhibitedslidingand
thenshearfailureasthetestwascarriedout.At
theinter-sectionwiththemiddlegussetplate,the
diagonalbracingexhibitedseverebending,and
someoftheself-tappingscrewsweretornout,as
showninFig.4(b)and(c).Meanwhile,thegusset
plateandthe wallframeconnectionexhibited
obviousdislocation.Asthehorizontaldisplacement
continuedtoincrease,thedeformationofthewall
alsocontinuedtoincrease,buttheloadbeganto
decrease. When the horizontal displacement
reached42 mm,theleftbracingwaspulledto
breaking,asshowninFig.4(d).Withincreasing
horizontaldisplacement,thedeformationofthe
wallwasaccelerated,andtheloaddecreased.
Whentheloadreached85%oftheultimateload,

thetestwasstopped.
3.1.2 WallA2

ForwallA2,theexperimentalphenomenonwas
basicallythesame,soonlywallA2-1isdescribed.
OwingtotheeffectoftheOSBpanelonthelateral
stiffnessofthewall,theforceincreasedrapidly
withincreasinghorizontaldisplacement.Atthe
elasticstageofthewall,theflangeofthediagonal
bracingclosetotheupperandlowerguidebeam
exhibitedobvious wrinklesinthetensionand
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compressionprocess,asshowninFig.5(a).When
thehorizontaldisplacementreached18mm,the
bendingoftheleftandrightdiagonalbracingatthe
gussetplatebecamemoreobvious,andthescrews
connectingtheOSBpaneltothesteelskeletonat
thecornersbecamecutintothepanel,asshownin
Fig.5(b).Whenthehorizontaldisplacement
reached30mm,thebearingcapacityreached50.12
kN.Thecompression diagonalbracingatthe
gussetplateinthe middlebottom ofthewall
exhibitedintensebending,whilethelowerguide
beamandthestudexhibiteddifferentlevelsof
buckling,asshowninFig.5(c).Atthejointarea
onthebackoftheOSBpanel,thescrewsbecame
embeddedintothepanel,causingminorshedding
oftheOSBpanel,asshowninFig.5(d).Whenthe
horizontaldisplacementreached36mm,thescrews
onthegussetplateattheintersectionoftheV-
shaped diagonal bracing were torn out,the
diagonalbracingandupperandlowerguidebeams
wereseverely deformed,and sliding occurred
betweenthegussetplateandtheguidebeam,as
showninFig.5(e).

Whenthehorizontaldisplacementreached48
mm,thescrewsconnectingthemiddlegussetplate
andthelowerguidebeamweretornout,thejoint
areawasseverelydeformed,andthescrewsatthe
bottomcorneronthebackoftheOSBpanelwere
tornout.Thisresultedin differentlevelsof
sheddingoftheOSBpanel,asshowninFig.5(f).
With increasing horizontal displacement,the
deformationofthewallacceleratedandtheload
decreased.Whentheloadreached85% ofthe
ultimateload,thetestwasstopped.Theglobal
failuremodeisshowninFig.5(g).
3.1.3 WallA3

ForwallA3,theexperimentalphenomenonwas
basicallythesame,soonlywallA3-2isdescribed.
Intheelasticstage,thetestbehaviorofwallA3-1
andA3-2wassimilartothatofwallA2-1andA2-
2.Inthereverseloadingprocess,theflangeofthe
diagonalbracingsubjectedtopressureatthegusset

Fig.5 FailureofwallA2-1
 

plateexhibitedobviouslocalbuckling,asshownin
Fig.6(a).Whenthehorizontaldisplacement
reached12mm,thescrewsinthebottomcornerof
theOSBpanelbecameembeddedintothepanel,

thewrinklesofthecompressivediagonalbracingat
thegussetplatebecame moreobvious,anda
noticeablerelativeangleoccurred betweenthe
gussetplateandlowerguidebeam,asshownin
Fig.6(b).Whenthehorizontaldisplacement
increasedfrom12mmto18mm,theupperpartsof
theleftandrightstudsexhibitedobviousbuckling;

thedeformationoftheflangeandcrimpingofthe
studsisshowninFig.6(c).Withfurtherincrease
inthehorizontaldisplacement,theforceappliedto
thewallincreased.Whenthedisplacementreached
24mm,thebearingcapacityreached55.99kN.
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Thebucklingofthemiddlestudnearthelower
guidebeamatthispointisshowninFig.6(d).As
thehorizontaldisplacementcontinuedtoincrease,

thebearingcapacitybegantodecrease,andthe
screwsinthemiddlepartofthegussetplatewere
tornout,asshowninFig.6(e).

AtthejointareaonthebottomoftheOSBpanel,

thescrewswerecutintothepanelandcausedminor
sheddingofthepanel.Asthehorizontaldisplacement
continuedtoincrease,thescrewsconnectingthelower
guidebeamandthemiddlepartofthegussetplatewere
tornout,andthediagonalbracingsubjectedto
pressurebecameseverely wrinkledanddeformed.
Whenthehorizontaldisplacementreached48mm,the
bearingcapacitydecreasedto39.62kN.Meanwhile,

thescrewsconnectingthepanelandthesteelskeleton
werecutintothepanel,anddifferentdegreesof
separationoccurredbetweenthecornerofthepaneland
thesteelskeleton,asshowninFig.6(f).With
increasinghorizontaldisplacement,thedeformationof
thewallacceleratedandtheloaddecreased.Whenthe
loadreached85%oftheultimateload,thetestwas
stopped.TheglobalfailuremodeisshowninFig.6(g).

The observed test behaviors reveal that
withouttheconstraintfromthepanel,theshear
bearingcapacityofwallA1wassmall,butthe
lateralstiffnessofthewallwasimprovedowingto
theeffectoftheV-shapeddiagonalbracingandthe
gussetplate.Mostofthedamageoccurredinthe
areaofthegussetplate,andtheshearfractureof
thescrewsandbreakingofthediagonalbracing
representedfailureofthewall.Comparedwith
wallA1,thelateralstiffnessandshearbearing
capacity of wall A2 were improved by the
constraintfromthepanel.Theshearfailureofthe
screwsinthegussetplateandpanelrepresented
failureofthewall.ComparingwallA3withwall
A2,asaresultoftheincreasedverticalload,the
sidestudsofwallA3exhibitedbucklingearlier,

butbothwallA3andA2weredestroyedwhenthe
screwsonthegussetplateandpanelunderwent
shearfractureandthe middlestudsandguide
beamsyielded.

Fig.6 FailureofwallA3-2
 

3.2 Testdataprocessing
Thewholelateraldisplacement,�0,atthetop

ofthewallmeasuredduringthetestsconsistsof
threeparts:� �isthelateraldisplacementofthetop
ofthe wallwhenthe wallundergoesrotation
causedbytheextensionoftheanchorbolts,�lis
therelativeslidingdisplacementbetweenthewall
and the pedestal,and �is the actual shear
deformationofthewall(Fig.7).

Thus,theactuallateraldisplacementatthe
topofthewall,whichisthesheardeformation
(�),canbeexpressedwithEq.(1).
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Fig.7 Shear-displacementmodelofcompositewalls
 

Δ=δ=δ0-δl-δφ (1)

where�0istheactualdatameasuredbysensorD2
consideringtheheightreduction.Itisdefinedas
theactuallateraldisplacementofthetopofthe

wall:δ0= 12
HD2

H-600+D1  ,whereD1isthe

actualdisplacementofthehorizontalactuator,and
HrepresentsthedistancefromsensorD2tothe
centerlineofthehorizontalactuator(600mm).

�listherelativeslidingdisplacementbetween
thewallandthepedestal,whichisthedifference
betweenthedatarecordedbysensorsD3and
D4:�l=(D3-D4).

� �isthedisplacementofthetopofthewall

causedbythewallrotation:�φ=
H

L+B+C
·�α,�α=

(D6-D8)-(D5-D7),whereListhelengthof
thewall,andBandCrepresentthedistancesfrom
sensorsD3andD4tothetopofthelateralsideof
thewall(B=C=100mm).

Theactualsheardeformationofthewallis
asfollows

Δ =δ =12
HD2

H-600+D1  - D3-D4  -

H
L+B+C D6-D8  - D5-D7    (2)

  Thehystereticloopsofthehorizontalload
versusthedisplacementresponseforthewallunder
cyclicloadingarepresentedinFig.8(a)-(f).The
skeletoncurveforthewallistheenvelopeformed
byconnecting allofthe peak points ofthe
hystereticcurve(connectingthepeakpointsofthe
hystereticcurveinthefirstcycleofthethreecyclic
groups).Themaximumloadontheskeletoncurve
andthecorrespondinglateraldisplacementare
defined as the peak load, Pmax, and the
corresponding deformation,Δmax,ofthe wall,

respectively.Afterthepeakloadisreached,the

loadontheskeletoncurveandthecorresponding
lateraldisplacementwhentheloaddecreasesto
85% ofthe maximum loadisdefinedasthe
ultimateload,Pu,andcorrespondingdeformation,
Δu,ofthewall,respectively.Theyieldloadand
yielddisplacementweredeterminedusingthearea
reciprocalmethodontheskeletoncurveaccording
toJGJ101-2015[12].Theductilitycoefficientisthe
ratio of the peak displacement and yield
displacement,i.e.,μ = Δu/Δy. The energy
dissipationfactor,E,isusedto measurethe
energydissipationcapacityofthespecimen;the
calculationisgiveninEq.(3)andFig.9.

E=AreaofenvelopeofhystereticloopS(ABC+CDA)

AreaofthetriangleS(OBE+ODF)

(3)

Fig.8 Hysteresiscurveof
 

3.3 Analysisofthetestresults

Thetestdataforthesixcompositewallsare
summarizedinTable4.FromFig.8(a)-(f)and
Table4,thefollowingcanbeobserved:

Allsixcompositewallshadsimilarhysteresis
curves.Owingtotheimprovementinthelateral
stiffnessofthewallcausedbythediagonalbracing

821 JournalofCivilandEnvironmentalEngineering            Vol.43



Fig.9 Calculationmethodofenergydissipationcoefficient
 

andthegussetplate,thehysteresiscurveswere
fullandfusiformatthebeginningofthetest,and
almostno wallslipping occurred. When the
horizontaldisplacementreachedacertaindegree,

thewallenteredtheplasticstage,thehysteresis
curvebecamearched,theareaofthehysteresis
loopincreased,andthehysteresiscurveexhibiteda
"pinch"phenomenon.Atthesamehorizontal
displacement,theareaofthehysteresiscurve
decreasedwiththeincreasingnumberofcycles,
andthebearingcapacitydecreased.Intheprocess

of horizontal pushing and pulling,the wall
exhibited some "no-loadslipping" behavior.
However,theunloadingstiffnesswasrelatively
large,thecurveoftheunloadingphasehadan
obviousslope,andthewallhadalittlerestoring
force.Thustheresidualdeformationofunloading
was relatively small. As the horizontal
displacementcontinuedtoincrease,thestiffnessof
thewallgraduallydecreased,andthehysteresis
curvetransformedfromabow-shapetoaninverse
S-shape.Attheendofthetest,thestiffness
degradationofthewallwasintensified,thebearing
capacitywassignificantlyreduced,theslipofthe
wallincreased,andthehorizontalsegmentofthe
hysteresisloopbecamelonger.Atthistime,the
energydissipationcapacityofthewallwaslow,
andthe"pinching"phenomenoninthemiddleof
thehysteresisloopwasmoreobvious.Theenergy
dissipationcapacityofwallA1wasbetterthanthat
ofwallsA2orA3.

Table4 Dataprocessingresultsofwallsheartest

Wall

number

Peak

load

Pmax/kN

Peak

displacement

Δmax/mm

Yield

load

Py/kN

Yield

displacement

Δy/mm

Ultimate

load

Pu/kN

Ultimate

displacement

Δu/mm

Ductility
factorμ

Energy
dissipation

factorE

Shearbearing
capacity/

(kN·m-1)

A1-1 38.23 23.87 32.73 15.66 32.50 35.71 2.28 0.67 15.93

A1-2 37.65 22.11 33.06 15.46 32.00 23.97 1.55 0.64 15.69

A2-1 53.06 23.94 45.78 17.26 45.10 38.67 2.24 0.49 22.11

A2-2 55.72 23.86 49.07 16.54 47.36 44.39 2.68 0.46 23.22

A3-1 57.03 24.46 48.91 15.97 48.48 37.43 2.34 0.51 23.76

A3-2 50.50 22.11 45.63 16.02 42.93 26.62 1.66 0.71 21.04

  Theshearbearingcapacityofwallspecimen
A2was38.79%higherthanthatofwallspecimen
A1,butthedifferenceintheductilitycoefficient,
� ,ofthetwowasnotsignificant,indicatingthat
therestrainteffectofthepanelonthewallwas
strongandtheshearbearingcapacityofthewall
was improved markedly. The shear bearing
capacityofwallspecimenA3was7.5% higher
thanthatofwallspecimen A2 However,the
differenceintheductilitycoefficient,� ,wasnot
significant,indicating that the shear bearing
capacityandductilitycoefficientofthewallwere

improved by the action of the large axial
compressionratiobutnotsignificantly.

4 Finiteelementanalysis
4.1 Finiteelementverification

Finiteelement (FE)modelsofthetested
compositewallswereconstructedusingtheFE
softwareABAQUS6.14.S4Rshellelementswith
linearreducedintegrationwereusedtosimulatethe
wallskeleton,gussetplate,andOSBpanel.The
FEmodelofwallA2isshowninFig.10.

Thegridsizeofthewallsteelskeletonand
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Fig.10 FiniteelementmodelofwallA2
 

OSBpanelwas20mm,whilethegridsizeofthe
gussetplatewas10 mm.Thefollowingvalues
wereused:forthesteel,ayieldstrengthfy=358
MPa,modulusofelasticityE=178820MPa,and
Poisson􀆳sratiov=0.3;fortheOSBpanel,which
wassimplifiedasanisotropicmaterial,atensile
strengthfu=7.86MPa,modulusofelasticityE=
3500MPa,andPoisson􀆳sratiov=0.3.Theself-
tappingscrewconnection wascreatedfromthe
jointsectionintheinteraction moduleandthe
translation type of the self-tapping screw
connectionwasdefinedasaslidingplane.The
rotationtypewasdefinedsuchthattheU1ofeach
connection in the local coordinate system
(perpendiculartotheplaneofthepanel)was
constrained,whileU2(thedirectionofthevertical
actuator)andU3(thedirectionofthehorizontal
actuator)hadeditabledegreesoffreedom.Based
onsheartestsoftheself-tappingscrewconnection,

theload-displacementcurvesfortheconnection

betweentheOSBpanelandsteelplateandthesteel
plate-steelplatewereobtainedastheparameter
optionsforthisconnectionsection[13].Thesix
degreesoffreedomwereconstrainedintheglobal
coordinatesystemofthewebofthebottombeam
tosimulatethefixedboundaryconditionsatthe
bottom ofthewall.ReferencepointRP-1 was
establishedforcouplingtheconnectionwiththeweb
ofthetopbeamofthewall.

Besides the degrees of freedom in the
movementdirectionofthetopbeamrepresentedby
U2andU3,theotherfourdegreesoffreedomwere
constrained.Meanwhile,forreferencepointRP-1,

thedisplacement-loadingamplitudewassettobe
thesameasthedisplacementofthehysteretic
loadingtosimulatetheloadingprocessofthetests.

Acomparisonbetweenthehysteresiscurve
obtainedwiththeFEanalysisandthehysteresis
curveobtainedintheexperimentsisshowninFig.
11.Asimilarcomparisonoftheskeletoncurvesis
showninFig.12,andcomparisonsoftheFEand
experimentalyieldload,peakload,andshear
bearingcapacityisgiveninTable5.

Fig.11,12,andTable5indicatethatthe
hysteresiscurveandskeletoncurveobtainedwith
theFEanalysiswereroughlyconsistentwiththe
experimentalcurves.However,thehysteresisloop
fromtheFEresultsisfullerthanthatfromthe
experimentalresults.

Table5 Comparisonbetweentheaverageoftheexperimentalresultsandthefiniteelementanalysisresults

Model
Yieldload

Py/kN

Yielddisplacement

Δy/mm

Peakload

Pmax/kN

Peakdisplacement

Δmax/mm

Shearbearing

capacity/(kN·m-1)

WallA1

Test 32.90 15.56 37.94 29.84 15.81

Finiteelement 35.14 14.25 39.61 20.91 16.50

Error/% 6.81 8.42 4.40 30.00 4.36

WallA2

Test 47.43 16.90 54.39 23.90 22.67

Finiteelement 54.07 15.97 60.90 21.73 25.38

Error/% 14.0 5.5 12.0 9.08 11.95

WallA3

Test 47.27 16.0 53.77 23.29 22.40

Finiteelement 54.22 15.71 61.22 21.66 25.51

Error/% 14.70 1.81 13.86 7.0 13.88
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  Theerror ofthe yieldload and yield
displacement,peakloadandpeakdisplacement,

andshearbearingcapacityofthewallbetweenthe
FEanalysisandtheexperimentalresults was
generallylessthan15%,whichindicatesthatthe
FEmodelcaneffectivelysimulatethemechanical
performanceofthewallunderhysteresisloading,

andthefiniteelementmodelisreliable.

Fig.11 Comparisonofthehysteresiscurvebetween
thefiniteelementandtest

 

4.2 Influenceoftheyieldstrengthofsteelonthe
seismicperformanceofthewall
BasedontheFE modelofthecold-formed

thin-walledsteelcompositewallwithasingle-sided
OSBpanelanddiagonalbracing(wallA2),the

influenceofsteelstrengthgradesQ235(fy=245

N/mm2)andQ345 (fy=358N/mm2)onthe
mechanicalpropertiesofthewallwasinvestigated.
TheFE modeling method wasthesameasin
Section4.1,andtheverticalloadwas80kN.
Comparisonsoftheobtainedhysteresiscurvesand
skeletoncurvesareshowninFig.13.

Fig.12 Comparisonoftheskeletoncurve
betweenthefiniteelementandtest

 

AsshowninFig.13,comparedwiththeQ235
steelwall,theyieldloadoftheQ345steelwallwas
increasedby39.68%,theyielddisplacementwas
increasedby37.08%,thepeakloadwasincreased
by38.25%,thepeakdisplacementwasincreased
by25.61%,andtheshearbearingcapacitywas
increasedby35.31%.Theshearbearingcapacity
ofthe composite wall wasthus significantly
improvedbyincreasingtheyieldstrengthofthe
steelskeleton.Thisisbecausethefailureofthe
wallwasmainlycausedbytheyieldingofthestuds
andguiderails,theyieldingorfractureofthe

diagonalbracingattheareaofthegussetplate
duringtheprocessoftensionandcompression,the
shearfailureofthescrewsattheareaofjointplate
andthecornerofthewallplate,andtheshear
failureofthewallpanel.Therefore,theyield
strengthofthesteelisanimportantfactoraffecting
theshearbearingcapacityofwallswithdiagonal
bracing.
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Fig.13 Thehysteresisandskeletoncurvesoffiniteelement

analysis
 

4.3 Influenceoftheverticalloadontheseismic
performanceofthewall
BasedontheFE modelofthecold-formed

thin-walledsteelcompositewallwithasingle-sided
OSBpanelanddiagonalbracing(wallA2),the
influenceofvaryingtheverticalload(0,80,120,

160,200,240,280,and 320 kN)on the
mechanicalpropertiesofthewallwasinvestigated.
TheFE modeling method wasthesameasin
Section4.1.Thespecimennumberingschemeis
summarizedin Table6.A comparisonofthe
skeletoncurvesfortheeightmodelsisshownin
Fig.14.Therelationshipbetweenthepeakload
andtheaxialcompressionratioofthewallisshown
inFig.15,andtheresultsoftheFEanalysisofthe
wallspecimensarepresentedinTable6.

Table6 Thefiniteelementanalysisresultsofthewalls

Model
number

Vertical
load/kN

Axialcompression
ratio

Yieldload
Py/kN

Yielddisplacement
Δy/mm

Peakload
Pmax/kN

Shearbearing
capacity/(kN·m-1)

A2-0 0 0 53.30 16.68 59.43 24.76

A2-80 80 0.16 54.07 15.97 60.90 25.38

A2-120 120 0.24 54.22 15.71 61.22 25.51

A2-160 160 0.32 54.79 15.66 61.96 25.82

A2-200 200 0.40 54.90 15.61 62.32 25.97

A2-240 240 0.48 55.67 15.59 62.82 26.18

A2-280 280 0.56 55.92 15.57 62.91 26.21

A2-320 320 0.64 56.02 15.56 62.94 26.23

Fig.14 Thecomparisonofskeletoncurves
 

  AsindicatedinTable6,Fig.14,andFig.15,

theload-displacementcurvesofthewallsundera
verticalloadexhibitedroughlythesametrend,and
therewaslittlevariationinthepeakload.Withthe
increasingaxialcompressionratio,thepeakloadof

Fig.15 Therelationshipbetweenpeakloadandaxial
compressionratio

 

thewallgraduallyincreased,andthecontentof
thisincreasevariedfromhightolow.Whenthe
axialcompressionratioreachedapproximately0.6,
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thepeakloadofthewalltendedtobestable.The
yielddisplacementofthewallincreasedwiththe
increasingaxialcompressionratio,whichindicates
thatthelateralstiffnessofthewallalsoincreased
withtheincreasingverticalload.
Fortheordinarysteelplateshearwall,the

steelplatewasconfinedonlybythesteelframeand
the middle area of the steel plate was
unconstrained.Theverticalloadwouldleadtothe
increaseoftheout-of-planedeformationofthesteel
plateshear wall,andthereductionoflateral
stiffnessandshearbearingcapacity[5].Butforthe
cold-formedthin-walledsteelcompositewall,the
application of a verticalload was likely to
strengthentheconstrainteffectofthepanelonthe
steelskeleton.Theshearbearingcapacityundera
verticalloadof320kN(axialcompressionratioof
0.64)was5.9%higherthanthatundernovertical
load.Theincrease wasnotobvious,andthe
specificreasonsneedtobestudiedinfurther
research.

Inconclusion,theapplicationofaverticalload
waslikelytostrengthentheconstrainteffectofthe
panelonthesteelskeleton.Thebearingcapacity
andlateralstiffnessofthe wallbothslightly
increasedwiththeincreasingaxialcompression
ratio.Whentheaxialcompressionratioreached
approximately0.6,thepeakloadofthewall
tendedtobestable.

5 Designsuggestionsforcold-formed
thin-walledsteelcomposite walls
withdiagonalbracing
Basedonthesafetyfactorfortheallowable

stressdesigninAmericancodeAISI-15[14],the
"equal safety factor" principle is used to
approximate the "equivalent resistance partial
factor"accordingtotheprobabilitylimit-state
designmethodinChina.Thisisthencombined
withtheyieldbearingcapacitytoobtainthedesign
valuefortheshearbearingcapacityofcomposite
walls.Thismethodensuresthatthecalculation

resultsarebasicallythesameasthereliabilityin
theAmericancode.

Allowablestressdesign(ASD)forhorizontal
earthquakeactioncanbedescribedasfollows

SEhk≤Pnominal
K

(4)

whereSEhkisthestandardvalueofthehorizontal
shearforceofthewallunderhorizontalearthquake
action;Pnominalisthe"nominalshearstrength"of
thewall,whichistakenastheunitpeakloadof
thewall,Pmax;andKisthesafetyfactor,whichis
definedas2.5underhorizontalearthquakeaction.

Theexpressionfortheprobabilitylimitstate
designmethodinChinaforhorizontalearthquake
actionisasfollows

γ0γEhSEhk≤Pk
γR⇒SEhk≤

Pk
γ0γEhγR

, (5)

where,γ0isthecoefficientfortheimportanceofa
structure,whichisgenerallytakenas1.0;γEhis
thepartialfactorofthehorizontalearthquake
action,takenas1.3;Pkisthestandardvalueof
theshearbearingcapacityofthewall,takenasthe
unityieldloadofthewall,Py[11];andγRisthe
partialfactorfortheresistanceofthewall.

ThemonomialsontherightsidesofEqs.(4)

and(5)wereequatedandsimplifiedtoobtainthe
partialfactorfortheresistanceofthewallunder
theactionofahorizontalearthquake.

γR= KPk

γ0γEhPnominal=
2.5Py
1.3Pmax

. (6)

  Atpresent,structuraldesigninChinaemploys
theprobabilitylimitstatedesign method.The
determinationofthedesignvaluefortheshear
bearingcapacityofthewall,P,mainlyinvolves
thestandardvalueoftheshearbearingcapacity,

Pk,andtheresistancepartialfactor,γR,ofthe
structure,asfollows[15]

P=Pk
γR.

(7)

  BysubstitutingEq.(6)intoEq.(7),the
designvaluefortheshearbearingcapacityofthe
wallunderhorizontalearthquakeactioncanbe
obtainedasfollows
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P=0.52Pmax (8)

  According to the above method,the
recommendeddesignvaluesfortheshearbearing

capacityperunitlengthofthecompositewalls
obtainedthroughtheexperimentsandFEanalysis
arelistedinTable7.

Table7 Shearcapacitydesignvaluesunderhorizontalearthquakeaction

Wall

number

Wall

parameters

Steel

strength/kN

Vertical

load/kN

Axial

compression

ratio

Unitpeak

load/

(kN·m-1)

Unit

yieldload/

(kN·m-1)

Resistance

partial

factor

Designvalue

ofshearbearing

capacity/(kN·m-1)

A1-1

A1-2

A2-1

A2-2

A3-1

A3-2

A1

A2(A2-80)

A3(A2-120)

A2-0

A2-160

A2-200

A2-240

A2-280

A2-320

A2-Q235

2.4m×2.4m

Nopanel

2.4m×2.4m

single-sided

OSBpanel

2.4m×2.4m

Nopanel

2.4m×2.4m

single-sided

OSBpanel

Q345

Q345

Q235

080 0.16 15.93 13.64 1.65 8.27

080 0.16 15.69 13.78 1.69 8.15

080 0.16 22.11 19.08 1.66 11.49

080 0.16 23.22 20.45 1.69 12.10

120 0.24 23.76 20.38 1.65 12.35

120 0.24 21.04 19.01 1.74 10.93

080 0.16 16.50 14.64 1.71 08.56

080 0.16 25.38 22.53 1.71 13.18

120 0.24 25.51 22.59 1.70 13.29

000 0.00 24.76 22.21 1.73 12.84

160 0.32 25.82 22.83 1.70 13.43

200 0.40 25.97 22.88 1.69 13.54

240 0.48 26.18 23.20 1.70 13.65

280 0.56 26.21 23.30 1.71 13.63

320 0.64 26.23 23.34 1.71 13.65

080 0.16 18.35 16.13 1.69 9.54

Test

Finte

element

  BasedontheresultsinTable7,testbehavior
observations, and the wall structure and

influencingfactorsfortheshearbearingcapacityof

thewall,thefollowingdesignsuggestionsforcold-

formedthin-walledsteelcomposite walls with
diagonalbracingareproposed:

1)Inthetests,thefailureofthecomposite

wallwithasingle-sidedOSBpanelmostlyoccurred

inthegussetplateareaandthecornerofthepanel.
Thiswasshownbytheshearfractureofthescrews

inthegussetplatearea,thebreakageofthe

diagonal bracing caused by the reciprocating
deformationoftheflangeintheprocessoftension
andcompression,theyieldingofthestudsandthe

lowerguiderail,andtheshearfractureatthe

cornerofthepanel.Finally,shearfractureofthe

screwsonthegussetplaterepresentedthefailure

ofthe wall.Therefore,itisrecommendedto
includeagussetplateattheintersectionofthe

diagonalbracingandthesteelskeletoninthe

designofthesewalls.

2)Theyieldstrengthofsteelisanimportant
factoraffectingtheshearbearingcapacityofwalls

withdiagonalbracing.Thus,itissuggestedthatin

thedesignofcold-formedthin-walledcomposite

wallswithdiagonalbracing,steelwithahigher

yieldstrengthshouldbeselected.

3)For the cold-formed thin-walled steel

compositewall,theapplicationofaverticalload

waslikelytostrengthentheconstrainteffectofthe

panelonthesteelskeleton,andtheshearbearing
capacityunderaverticalloadof320kN (axial

compressionratioof0.64)was5.9%higherthan

thatundernoverticalload.Buttheincreasewas
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notobvious,therefore,itissuggestedthatthe
influenceoftheverticalloadontheshearbearing
capacityofthewallshouldnotbethefocusoftoo
muchattentioninthedesignofcold-formedthin-
walledsteelcompositewallswithdiagonalbracing.

6 Conclusions
In this study,through an experimental

investigation and FE analysis ofthe seismic

performanceofdiagonallybracedcold-formedthin-
walledsteelcompositewallssubjectedtoavertical
load,thefollowingconclusionscouldbedrawn:

1)Thefailureofwallswithnopanelmostly
occurredinthejointarea.This manifestedas
inclinedslippageandshearfractureofthescrewsin
thegussetplatearea,breakageofthediagonal
bracingcausedbythereciprocatingdeformationof
the flange in the process of tension and
compression,andyieldingoftheflangeofthe
lowerguiderailandthebottom ofthemiddle
studs.Thefailuremodeobservedinthecomposite
wallwithasingle-sidedOSBpanelwasmostly
obliqueslippingandshearfractureofthescrewsin
thegussetplatearea,severedeformationand

yieldingofthestudsandthelowerguiderail,and
shearfractureofthescrewsatthecornerofthe

panelandthejointarea.Thestudsincomposite
wallswithahigheraxialpressureyieldedearlier
andexhibitedmoredeformationwhendestroyed.

2)Thepanelhadastrongrestrainteffecton
the composite wall and made a significant
contribution to improving the shear bearing
capacityofthediagonallybracedwall.Theyield
strengthofthesteelwasanimportantfactor
affectingtheshearbearingcapacityofwallswith
diagonalbracing.However,theaxialcompression
ratiohadlittleinfluenceontheshearbearing
capacity of the wall,and when the axial
compressionratioreachedacertainlevel,theshear
bearingcapacityfluctuatedminimallyandbecame

stable.
3)BasedontheexperimentsandFEanalysis

andaccordingtothedesignnormsandtheoretical
backgroundofJGJ227-2011andAmericancode
AISI-15,"thepartialcoefficientofresistance"of
thewallwasderived,andthedesignvalueforthe
shearbearingcapacityofthewallundertheaction
of a horizontal earthquake was determined,

providingareferencetoguidethestructuraldesign
ofthesewalls.
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