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Anapproximatemethodisproposedtoevaluate也eelasdcbucklingstreng也Ofa

mul也-StOrymulti-bayrectangularffamewithirregulararrangementsofbeamand

columnstiffnessesandcolumnaxialfbrcedistribution,COmbiningtwomethods

separatelydevelopedbySakamotoandWoodR)rSlngle-StOrymu鮎bayftameSand

multi-StOrySlngle-bayframes,reSPeCtively･Samplecalculationsweremade

includinga14-StOry8-bayframedesignedintherealpractice,and6-StOry2-bay

ffameSinwhichonecolumnwasextremelyslenderorsu句ectedtoexcessiveaxial
fbrce.1tisshownthattheproposedmethodgivesverygoodeshmatestothebuckling

strengthalthoughtheestimatesareCOnSerVativeorunconservauve,withnoclear

tendency.

KeyWords:Bucklingstreng也,Multi-StOryffames,Irregularfiames,

Approximatemethod

1.Introduc也On

merealdesignpracticerequlreStOdeterminetheeffectivelengthofacolumnbytheelastic

bucklinganalysisoftheoveral1&ame･Butitscomputadonisquitecumbersomeandtime-COnSumlng,and

thusanapproximatevalueisusedfbrtheefftcuveleng山,WhichisderivedbasedonsomeassumpOons･

Forexample,itisusuallyassumedthatthehorizontalswaylSCOmpletelypreventedin山ecaseofbraced

ftames,andtheeffectivelengthistakenequaltothestoryheightasaconservativeapproximation･Forthe

caseoftheftamepermittedtosway,theeffecbvecolumnlengthbecomeslongerthanthestoryheight,

whichisusual1yevaluatedftomso-Calledalignmentchartspreparedfbrtheeffecdvecolumnleng也ina

ratherregularmuld-StOryffame･ExactbucklinganalysISisrarelyperR)rmed･Suchanalignmentchartmay

causeagreaterror,ifitisappliedtotheevaluadonoftheeffecuvecolumnlengthofaftameinwrdch

distributionsofcolumnaxialfbrcesandmemberstiffnessesareirregularandunbalanced･T山spaper

presentsanapproximatemethodtoevaluatethcclasticbucklingstrengthofamulti-StOryLtamepermitted

tosway,WhichisbasedontwomeulOdsofbucklinganalysISprOpOSedbyothers･andinvestigatesthe

accuracyofdlismethodinviewofsampleffames･
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2･BucklingStrengthComputationofMulti-StoryFrames

2･1E飴ctiveColumnLeng也OfARegularMulti-StoryFrames

nlealignmentchartusedintherealprac也Cefbrtheevaluationofefftcdvecolumnlengdlina

打amepermittedtoswayaredevelopedbasedonthefbllowingassump也ons:Whenthe丘amebuckling,i)al1

COlumnsinthe丘amebucklesimultaneously,anddluSthevalueofdlefbllowlngparameterisidenticalfbr

allcolumns;

(1)

ii)therestrainlngmomentsprovidedbythebeamSaredistributedtothecolumnsaboveandbe10Wthejoint

inproportiontothecolumnstiffhess;andiii)therotationanglesatbothendsofabeamareidentical.InEq.

(1),Pdenotestheaxialfbrce,Icthemomel-tOfinertiaofacolumncrosssecdon,E血eYoung,smodulus,

andlc也ecolumnlengthl)･

Basedontheseassumpdons,theslope-denec也OnanalysISOfadefbrmedcolumnduetobuckling

gives也efbl10Wlngequa也Onfbrdlebucklingcondition2);
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∑モG=-｢キ

∑吾
where†denotes也eeffecdvelengthfactor,andsubscriptsaandbindicatetwoendjointsofacolumn;Iand
ldenotethemomentofinerdaandlength,reSpeCtively,andsubscriptscandgindicate也ecolumnand也e

beam,reSpeCtively･rnleSummauOnShouldbetakc抽)rallmembersconnectedtothatjoint･Thealignment

chartshowninFig.1isdrawnftomEq･(2)･Thebucklingstrengthofthecolumnisgivenbyusing†aS
fbllows;

ちr=語
(3)

Equadon(2)canbedirecdyderivedfromthebucklinganalysisofasimplesymmetricalffame

showninFig.2,inwhich也ebeamstiffnessradosaregivenasl/Gaandl/Gb･ThismeansdlatEq･(2)

expresses也ebucklingcondidonofamulu-StOryffamewhichiscomposedofanumberofumit丘ames

showninFig･2･rmerefore,thealignmentchartgivessufficientlyaccurateresultsfbrthecasethatthe

valuesofPcrfbral1columnsinaffame,ObtainedffomEqs･(2)and(3),∬eapprOXimatelyidendcal･Tne

inaccurateresultsprovidedbyapplyingEqs･(2)and(3)toanirregularffamehavebeenoaendiscussed3)･4),

andmodifiedeffecdvelengthfactorwasproposedforrathersmallscaleirregularframes5),butan

approximatemethodapplicabletogeneralmult痛Oryffamescncounteredintherealpracucehasnotyet

beendeveloped･Inthenextsec血)n,tWOmethodproposedbyothersareShown:theoneisapphcabletoa

ffamewhosedistributionsofcolumnaxialLbrceandmembcrsufhessareregularintlleStOry-direcuon,but

thoseareirregularinthebay-direcuon,and山eotherisapplicabletoaframewhichisregularin也ebay-

direction,butirregularin也estory-direction･

2.2EffectiveColumnLengthofASingle-StoryMuld-BayFrame-Sakamoto'sMethod

Sakamoto3)presentedmodi丘edeffectivecolumnlengthfbraportalffameWhosecolumnaxial

fb,CeSandc｡1｡mnShffnessesaredifferentintwocolumns,aSShowninFig･3,Whereαandβdenotethe

axialforceratioandstiffnessratio,reSpeCtively,andthecfftctivecolumnlengthfactor7isobtainedffom

thealignmentchartshowninFig･1･Assumlngthatthedeflectedcolumnconfigurationscanbe

ト
Fig.2.UnitftamefbrEq･(2)

Fig.3.Sakamoto'smethod
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approximatedbysinefunctionswithargument7lc,theequilibriumofthestoryshearfbrcefbrthe

defbrmedframesuqectedtotheaxialloadPcrglVeS

l.β
弄+存祓J｡

ちr=
1+α ′c2

aJldthemodi丘edeffectiveleng山factorγ1andY2areObtainedbydenmition,aSlb1lows

γ1=

こ荷汽 乃=摺れ

(4)

(5)

T山sme也odcanbeeasilyextendedtoaslngle-StOryS-bayffameshowninFig･4,andtheresults

becomeasfbllows:

ちr= _l,+空㌔.….竺･ミ
れ)▲ γ】~ ㍍~

1+α1+･･･+鴨 ′c2

(6)

拘 り=1,2,…,∫) (7)

2･3EffectiveColumnLeng山ofAMulti-StOrySingle-BayFrame-Wood,sMetllOd

Wood6)presentcdanexactmethodofevalua血gthebucklingstrengthofamuld-StOryCOlumn

elasticallyrestrainedbybeamsateachstoryJOint,aSShowninFig･5,Whichisreplacedfromamulti-StOry

multi-bayframeregularinthebay-direction･ThismethoduLilizesLhebucklingconditionthatthe

Summationofthemodi貞edcolumnstifrncssrcduccdbytheaxialforccandtl-Cbeams臼ffnessaLany

arbitraryjointbecomeszeroattheinstanceofbuckling,Whichcanbema山ematicallywrittenasfb110WS;
∑g"+∑方ム=0 (8)

WhereK"denotescolumnsuffnessmodinedbythestabilityfhnctionconsideringtheaxialR)rCeefftct,and

Kb也ebeamstiffness.

ConsidertheffameshowninFig･5,aSaneXample･Tl-eValueof山eaxialfbrcePwIlichsatis丘es

Eq･(8)atjointBissearchedfbrbytheLbllowingprocedurc･First,themodinedstiffnessofthetop-StOry

COlumnK3‖isevaluatedforatrialvalueofPtakingLherestrainlngefftctofthebeamsconnectedto也e

JOintD･Then･themodinedstiffnessK2一一ofthecolumnBCinasimilarmanner,takingtherestrainlng

effCctofthemembersconnectedtothejoinlC･thalis,themodifiedbeamstifLbcss,∑Kl;=∑Kb+K3‖.On

0

fT
Fig･4･Single-StOrymulti-bayn■ame
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也eo血erhand,也esameprOCedureistakenfbrthecolumnsbe10WdlejointB:eValuationofdlemOdined

StiffnessKl‖fbrthecolumnABindliscase･¶一en,丘nal1y,itischeckedwhe山erEq･(8)issatisnedornot

atjointB,bysubstitutingKl‖+K2‖into∑K一',andthebeamstiffnessesinto∑Kb･Ifthev?1ueoftheleft
handsideofEq.(8)becomesnegative,山e血alvalueLbrPalrcadyexceeds山ebucklingstrength,andvice

VerSa.Intheexplanationoftheprocedurcabove,ulCjointBisselccledlosatisfyEq･(8),butthechoiceof

thejointisarbitrary;itcouldbeC･
IntheoriginalpaperbyWood6),theequadonR)rthemodinedcolumnstiffnessisglVenfbra

COlumnelasticallyrestrainedbytwobeamsatajoint,thebeamendsbeingsimplysupported,aSShownin

Fig.5.rnlemOdinedcolumnstiffness,Eq.(9)givenbelow,isderivedfbracolumninamulti-StOrySingle-

bayffameShowninFig.6(b)R)r也econvemiencein血clatercomputation･

g〝=慈卜(嘉)2･(孟)〉
(9)

whereKdenotesuleCOlumnstiffness(=Ic/lc),KbthebeamSLiffness,andZisgivenbyEq･(1)･

3.ApproximationofBucklingStrengdlUsingASingle-BayFrame

3.1CombinationofSakamoto'sandWood'sMethod-SWCMethod

Sakamoto'sandWood'smethodsexplainedintheprevioussectioncanbeonlyapplicabletoa

Slngle-StOryftameortoaslngle-bayffame,reSpeCtivcly･Intllissection,aCOmbinedmeulOdofthesetwois

PreSentedasSWCmethodtocomputethebucklingsLrengulOfamulti-StOrymulti-bay什ame･T山smethod

丘rstreR)rmStheprototypeffametoasinglc-bayframcinsuchawayulatthebucklingstrengぬOfeachstory

ofaslngle-bayframebecomcscqualto山atofthecorrespondingstoryoftheprototypeframe,both

evaluatedbyEq.(6).¶1en,thebucklingstreng山ofthesinglc-bay丘■ameisdeterminedbyWood'smethod,

whichisnnallytakcnasanapproximalionofthebucklingstrengthoftheprototypeframe･The

computationalprocedureisexplainedbelow,takinga6-StOry2-bayframeshowninFig･6(a)asan

exampleof山eprototype,WherememberstiffnessesandcolumnaxialfbrceratiosareallglVen･

i)PickupacolumnoftheprototypcftamcinFig･6(a)asareferencecolumn,Whichincludesthestory
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Fig.6.Methodtogcnerateavirtualframc
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COlumnshowingthelowestvalueof血ebucklingstreng血givenbyEq･(3)withγObtained打omthe

alignmentcharもFig･1(OrbyEq･(2))･rnleleftcolumnisselectedasareftrencecolumnindlisexample.

ii)Computethebucklingstreng山ofeachstoryoflheprototypc丘amcbyEq.(6)ofSakamoto,sme也od,

andcompute也eefftclivelengthfactorofulCrCL七rcnce(1cft)columnineacllStOrybyEq.(7).

iii)Composeaverticalsymmetrica16-StOrySinglc-bayffameasshowninFig.6(b),inwhichthecolumn

haveexactly血esameCharacteristicsas山ereference(1eft)co)umnoftheprototypeftame;COlumnaxial

fbrceratiosandcolumnstiffnesses･rmebeamstiffnesscsofthisframearedeterminedftomthelststoryln

SuChawaythattheeffbctivelengtllfactorbccomescqualtothatcomputedinstepii).Inthisexample,

Sincethecolumnbaseisnxed,Gbissetcqualtozero･Byenteringintothealignmentchart(OrEq.(2))

wi也Gband也evalueof†fbr thelststorydetcrmincdinstepii),Gacanbeobtained,什omwrdchthe

modifiedbeamstiffnessat也esecondf100rKb2-isdetermined･rmeSameprOCedureisrepeatedto

determine血emodi丘edbeamstiffnessattl-eupperfloorlevels･nebucklingstreng也ofeachstoryofthe

Slngle-bayfねmeis也usidenticalwiththatoftheprototypeffame･

iv)ComputebyWood'smethodthcexactbucklingstrcngu-Ofthesinglc-bayLtamecomposedabove,

WhichistheapproximationtothebucklingstrengthoftllePrOtOtypeftame･

rmeessentialpartofSWCmethodistheideatoshrinktheprototypeffametotheslngle-bayftame

SOthatWood'smethodcanbeappliedtocomputethebucklingstrengul,withoutchanglngthebuckling

Streng山ofeachstorycomputedbySakamoto'smethod.

3･2NumericalExamples

(a)RelativelyRegularFrames

Takenasnumericalexamplesinthissec也onsarea6-StOrySingle-bay丘･ame(Examplel),a6-StOry

2-bayffame(Example2)anda14-StOry8-bayffamedesignedinulerealpractice(Example3).nleaXial

fbrceratiosandmemberstiffnessesoflhese丘amcsaredistributedinarelativclyregularmanner･Inthe

CaSeOf也e6-StOryffamesinFig･7,theverticalloadPisappliedata11joints,aIldthusthecolumnaxial
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fbrceschangeasP,2P,･･,6Pffomthetopstorytothelststory･nlemOmentSOfinerdaof也ecolumns

andthebeamsreducefromthelowerstorytotheupperstorywithaproportionalityconstantofO･8･rnle

stiffnessoftherightcolumnofthe6-StOrySingle-bay什ameinFig･7(a)isl･2timesthatoftheleftcolumn

ineachstory.Inthecaseofthe6-StOry2-bayffameinFig･7(b),thesuffnessofthemiddleand山eright

columnsarel.2andl.5timesthatoftheleftcolumnineachstory,reSpeCtively,andthestifhessoftheright

beamisl.4timesthatoftheleftbeamateacl-nOOr-evel･Inaddition,theLbllowlngValuesaretakeninthe

examples:Ic=1440cm4,Ib=1152cm4,lb=600cm,lc=300cm,andE=205･8(kN/mm2)･Figure8

showsthevalucsofmembersulTnesscs(Ⅰ｡′′c,Ib′Ib)ofthelcltcolumnwllichisselectedasthereference

columnand也eaqjacentbeams,COmmOnR)rtWOffamesinFig･7･

Tablel丘rstshowsthebucklingstrengthofeachstoryofsampleprototypeffamesinFig･7

computedbySakamoto,smcthod･Figure9showsLhcmcmberstilTncsscsofLhcvirtualsymmcLrical

single-bayffamescomposedtheleft(reftrence)columnsoftheftamesinFig･7(andthusFig･8)andthe

beamswhosestiffnessesareSOdetermincdthatthebucklingstrenghofeachstorybecomesequaltothe

correspondingvalueinTablel･ThcaxialLbrccrahoofthecolumnineachstoryisthesameastheleft

columnoftheprototypeftamesinFig･7･ExactbucklingstrengthofthevirtualffamesinFig･9computed

byWood,smethodisglVeninTablelasSWCmethod,tOgetherwiththeradointheparen也esistothe

valueglVenaSCXaClanalysIS,W)1ichisthcrcsul10rulCanalysISOftl-CprOtOtyPCJtamcsuslngtheslope

deflectionlnethodwithlhcstabilityfunctions,Whcretheefftctofthefirstorderswayandbending

Tablel.Bucklingstreng也SbySWCmeulOd:Examplesl,2and3(kN)

Sample

什ame

BucklingstrengthofeachstorybySakamoto-sme山Od SWC

metbod

Exact

analysIS
1ststory 2nd 3rd 4th 5th 6th

Examplel 264.8 116.0 116.0 123.8 148.5 300.1
136.7

(1.013)
134.9

Example2 331.7 168.3 168.3 179.5 215.4 422.6
189.5

(0.990)
191.5

Example3 21979 18595 18505 20058 20993 20691
19401

(1.007)
19267

Fig･8･S也ffnessesofleft

exteriorcolumn
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mOmentSunderdleaPPlicationof也evertica110adscausedbyuleirregulari-yareneglected.

FigurelOshows也ememberstiffnessrahosand山eaxialfbrceradosofule14-StOry8-bayffame

designedinrealpractice,WldcharethevallleSinreftrenceto-heleftcolumninthetopstory･PnlereSultsof

thenumericalcomputationofthebucklingstrcngthofthisLtamearealsoshowninTablel,Wherethestory

bucklingstreng也sabovethe7thstorycomputedbySakamoto,smethodareomitted,Sincetheyareall

greaterthan也evalueslistedfbrlstto6也stories.

ItmaybeconcludedthatSWCmethodpossesseshighaccuracy;nlemaXimumerrorobservedin

threesampleframesisonlyl･3%asshowninTablcl･rIllereaSOnOfthjshjghaccuracylSCOnSideredtobe

那‖bl10W早:

i)whentheaxialfbrcesincolumnsofaftameincreasepropordonally,theweakestcolumnwouldreach

nrstitsload-CarrylngCaPaCity･anditismainlysupportedbyothercolumnslocatedinthesamestory,Which

provide也ehorizontalswayresistance,andthecolumnsandbeamsintheupperandthelowerstoriesfl00r

0.84 0.78 0.84 0.84 0.84 0.84 0.78 0.84

1.28 1.34 1.34 1.34 1･34 1･34 1･28 1.0 宗

1.28 1.34 1.34 1.34 1.34 1･34 1･28 1.0 キ

1.28 1.34 1.34 l.34 1.34 1.34 1.28

1.11 1,42 1.65 1.65 1.65 1.65 1.65 l.42 1.11

1.11 1.42 1.65 1.65 1.65 1.65 1.65 1.42 1.11

1.11 1.42 1.65 1.65 1.65 1.65 1.65 1.42 1.11

1.69 1.65 1.65 1.65 1.65 1.65 1.69

1.21 1.69 1.65 1.65 1.65 1.65 1.65 1.69 1.21

1.21 1.69 1.65 1.65 1.65 1.65 1.65 1.69 1.2l

1.31 1.82 1.65 1.65 1.65 1.65 1.65 1.82 1.31

1.82 l.65 1.65 1.65 1.65 1.65 1.82 1.31

l.82 1.82 1.82 1.82 1.82 1.82 1.82 1.31

2.06 1.82 1.82 1.82 1.82 1.82 1.82 1.82 1.31

1.66 1.75 1.58 l.58 1.58 1.58 1.58 1.75 1.46

⊥ ⊥ ⊥ ⊥ ⊥ ⊥ ⊥ ⊥ ⊥

L…鰍)l640_｣

(a)stifhessratio

Fig･10･14-StOry8-baysampleffame-Example3
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1.0 1.50 1.36 1.38 1.41 1.37 l.35 1.49 0.97

1.51 2.19 2.05 2.09 2.13 2.07 2.05 2.19 1.49

2.02 2.89 2.71 2.79 2.85 2.77 2.70 2.90 2.00

2.53 3.60 3.45 3.51 3.58 3.48 3.44 3.61 2.49

3.似 4.31 4.15 4.23 4.31 4.19 4.14 4.32 3.01

3.54 5.02 4.85 4.95 5.04 4.89 4.84 5.04 3.5l

4.(減 5.74 5.55 5.67 5.78 5.61 5.54 5.76 4.01

4.56 6.47 6.25 6.40 6.52 6.33 6.24 6.46 4.52

5.07 7.21 6.95 7.12 7.27 7.05 6.95 7.24 5.02

5.57 7.96 7.65 7.84 臥01 7.76 7.64 7.99 5.52

6.09 8.70 8.35 8.57 8.76 8.48 8.34 8.74 6.03

6.61 9.45 9.(叫 9.29 9.51 9.19 9.(粥 9.50 6.54

7.18 10.26 9.76 10.04 10.29 9.92 9.76 10.28 7.04

7.46 11.02 10.50

+ ⊥ ⊥

10.81 11.11 10.68 10.51 11.08 7.55

⊥ ⊥ ⊥ ⊥ ⊥ ⊥
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(b)Axialfbrceratio

FiglO.14-StOry8-baysampleffame-Example3

1evels,reSpeC也vely,WhichprovidetherotationalresistancetothecolumnsintlleStOry山atthecritical

COlumnislocated.Asalreadywellknown,themembersotherthanthosementionedabovehavesmal1

effects,Ordoesnotprovidemuchrestraintto山ecriticalcoluI11n.Inotherwords,thebucklingstreng也of

也eoveral1ffameismainlyafftctedbythecharacterislicsofthcmemberssurroundinguleCriticalcolumn.

nebucklingstreng血formulafbracriticalstoryprcscntedbySakamoto,Eq.(6),COntainsallparameterS

mentionedabove.

ii)rmevirtualsymmetricalffameiscomposedinsuchawaytllat也ebucklingstreng山ofeachstoryofthe

virtualframeisidenticaltothatoftlleprOtOlype,bothcomputedbySakamoto'smethod.Tnerefbre,ifit

Canbeassumedthebucklingstreng山oftheoverallffameisidenticaltoulebucklingsLrengdlOfacertain

CriticalstorylocallycomputedbySakamoto'smethod,thebucklingstrengulOftheprototypeftameis

identicaltothatofthevirtualftame･Obviouslythisassumptionisnotcorrect,butwealreadyknowtl-atthe

errormaynotbesolargeffomdlediscussionini).

iii)necharaCteristicsofmembersnotconsideredinSakamoto'slbrmulawllicharelocatedratherfar丘om

thecriucalstorycanbetakenintoaccount,SinccthcvirtualffamcissoIvedbyWood'smethod,Wrlichisan

exactmethod.
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(b)FfameswithExtremelyUnbalancedColumnCharaCteristics

TnenextexamplesarethesameftamcsshowninFig･7(b),butoneoftheleft,middleorright

COlumnsin也e4thstorylSSuqeCttOthcdisturbance,tl-atis,thecolumnstiffnessisextremelyreduced

(Examples4-1to4-3),Ortheaxialfbrceisextremclyincreased(Examples5-1to5-3).Figurellshows

twosampleftames‥In也eoneffame,neStiffncssoflheleftcolumninthc4山storyisreducedto山ehalf

OfthatoftheffameshowninFig･7(b),andintheother什amcinFig.11(b),theaxialfbrcesintheleft

COlumnsinule4handlowcrsLoricsarcincrcascdby2P,COmparCdwiululOSeinulCmiddleand也eright

COlumns.

也eresultsofSWCmethodappliedto山e什ameswithunbalancedcolumncharacteris臼csarelisted

inTable2,andagainthehighaccuracyisobserved;themaximumerroris-3･8%inExample5-1.Tne

Valueintheparenhesisindicatesthera也OtOthcexactbucklingstren紳inTable2andthefbllowlngtables.

4･ApproximateMethodofBucklingAnalysIS

4･1Approximationby3-StOryPardalFrame

rnleSWCmethodrequlreStWOStePSOfcomputation;COmpOSitionofavirtualsingle-bayftame

basedonSakamoto,smethod,and也eanalysISOfulevirtualn･amebyWood,smeulOd･TTleapphcadonof

Table2･BucklingstrengthsbySWCmethod:Examples4and5(kN)

Sampleffameand

unbalancedcolumn

SWCmethod ExactanalysIS

4-1 Le托col. 183.4(0.967) 189.6

4-2 Middlecol. 182.0(0.988) 184.3

4-3 Rightcol. 190.5(1.(力8) 188.9

5-1 Le托col. 159.0(0.962) 165.2

5-2 Middlecol. 166.3(1.(刀8) 165.0

5-3 Rigbtcol. 167.2(1.011) 165.3

(a)SamPleftamewithunbalanccd

COlumnstif血ess

P

2f)

5f〉

6fI

7P

8P

P P

2P 2P

3f〉 3P

4f〉 4f〉

5fI 5P

6P 6f〉

(b)Sample丘■amewi血unbalanCed

COlumnaxialR)rCe

Fig.11.Sampleframeswithunbalanceddistributjonofcolumnstihessoraxialfbrce
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t山sme血odtolarge-SCalemulti-StOryftamesencounteredintherealpracticeisstilltediousandtime-

COnSumlng.Fromthispointofview,tWOtyPeSOfapproximatemethodarediscussedinthissection;both

tryingtoapproximate山eprototypeftamebya3-StOrySlngle-baypartialffame;theoneapproximation

reducesthepartialftamefromthevirtualsymmetricalframecomposedinSWCmethod,andtheother

reducesthepartialffamedirectlyffomulePrOtOtyPeftame･

ApreliminaryCOmPutationwaspcrfbrmedtoinvestigate山eaccuracyofthebucklingstreng也sof

the3-StOrypartialframes,uSlngExampIci,2and3.Forthese3examples,thevirtualsymmetricalffames

Ofsingle-bayarealrcadycomposedinthecourscofcomputationbySWCmethod,andthenthe3-StOry

Pardal什amescanbesimplylakcnoutffomtllCVirtualftamcasshowniJIFig･6(C),Withoutchangingany

membercllaraCteristicsofthevirtualframc.A3-StOryltamciscomposedllomarel七renccstoryandthe

upperandthclowerstories,andthcrelbrc,4kindsortllC3-StOryltamccanbetakcnoutftoma6-StOry

Virtualframe(andtlluSa6-StOryprOtOtyPCffame),SincctllCIstanduletOPStOryCannOtbeareference

S【ory･

Table3showsthebucklingstrengtllSOf4kjndsofLhe3-StOryPartial什amcsLbrExamplesl,2and

3,ObtainedbyWood'smethod.ForExampIc3,thevalueforthepartialframeswhosereferencestoriesare

7to13areomitted,Sincetheyarea11grcalertllanlhevalueslisted.Ifweassumethatthesmallestbuckling

Streng山amongtllOSeIbra11thc3-StOryparual什amesglVCanaPPrOXimationtotllebucklingstrengthofthe

PrOtOtypeframe,thercsultsinTable3in(1icalcsthattheapproximatebucklingstrengulisglVenbythe

Streng也Ofthe3-StOryftamewiulule3rdstoryasarcftrenccinallexamples,andtheerrorisstillvery

Small,+3.3%.Moreimportantly,nOleulatthcsmallestvalueamongthestorybucklingsLreng山scolnputed

bySakamoto'smethodalsooccursatthe3rdstoryinallcxamplcs,aSindicatcdinTablcl･Inotherwords,

therefbrencestoryofthe3-StOryPartial什amewhichgivcsthcsmallestbucklingstrcngthagreeswiththe

StOryWhichgivesthesmallcststorybucklingslrcnglhcomputedbySakamoto'smelhod,inExamplesl,2

and3.nevalucsofApprox.methodwi11beexplaincdlatcr･

4.2SelectionRulesfbrRefcrenceColumnandStory

InthccourseoftheapproximatemeLhodtocolnPutethcbucklingstrength.wllichwillbeproposed

later,itisrequiredtoselectareferencecolumnandareferencestorytocomposea3-StOrypartialframe

Whichisanapproximationoftheprototypeltalne･rnlissecdonlirstshowsl-ypOtheticalselectionrules,and

theninvestigatestheirreliabilityinviewol'thenumcricalrcsultsuslngExalnr)1cs4and5shownbeLbre･

Selectionru1esareasfbllows:

RuleA-Refercncecolumn:WhcncomposlngtlleVirtualsingle-bayffame,Selectreftrencecolumn

SOthatitcontainsastorycolumnofwhichbucklingstrcng也COmputedbythealignmentchart(Or

byEqs.(2)and(3))isuleSmallest.

RuleB-Referencestory‥WhencolnpOSlngthe3-StOryPartialffame,SClectthereferencestoryof

WhichstorybucklingstrengthcomputedbySakamoto'sfbrmula,Eq･(6),is也esmallest･

Table3.BucklingstrengtllSOf3-StOrypartialffames:Examplesl,2and3(kN)

Sample

什ame

Referencestory Approx.

method

Exact

analysIS1ststory 2nd 3rd 4tb 5th 6山

Examplel 149.3
139.3

(1.033)
149.1 171.5

139.8

(1.037)
134.9

Example2 200.2 193.6

(1.011)
209.5 232.0

193.7

(1.012)
191.5

Example3 19703
19617

(1.0柑)
22001 22257 2355l

20384

(1.058)
19267
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IthasbeenshownbyExamplelto3thatthe3-StOrypardal丘amecomposedbyapplying也e

SelecuonRuleBgivesthesmallestbucklingstrengu-amOngal=hepartial丘･amestakenoutffomthevirtual

Slngle-bayffamecomposedbyapplyingtheselccdonRuleA,anditgivesaverygoodestimatesto也eexact

bucklingstreng也ofthcprototype丘ame･lnthebllowlng,thereliabilityoftherulesisexaminedwith

Examples4and5.

Table4indicatestheresultsofExamples4-1,4-2and4-3alreadyintroduccdin3.2(b):Framesin

Which也es也ffnessofd-eleft,middleorrightcolumnsinthe4LhstorylSreducedtohalf也atoftheorlglnal

什amePreSentedasExample2･Incolumns(V)and(Vl)inTablc4,ulCrCfcrencestorycolumnselected

accordingtotheRuleA,andthereftrencestoryselecledaccordingtotl-CRulcBareShown.rnlen,the

bucklingstreng山ofthe3-StOrypardalffamecomposedabovcaccordingtotheru1esisgivenincolumn(ⅠⅠ).

TTleValueincolumn(Ⅰ),fbrexample184･4kN,isobtainedaslbl10WS‥neprOtOtyPeframeisa6-StOry2-

bay血meinwhichthesdffnessoftheleftcolumninthe4(hstorylSreducedtothehalfasshowninFig･11

(a)･First,avirtualsingle-bayframeiscomposcdusingtheleLtcolumn(asindicatedintlletable)ofthe

prOtOtypeffame,andthenthcbucklingstrcng山sof4kindsof11-C3-StOryParda11土ameareCOmputed,

amOngWhich184･4kNcorrespondinglothclhc3-StOrypartial什amcwiththc3rdstoryofthevirtua16-

StOryffameasareftrcnccstorylSthesma11cst･Tl-isnumcricalprocedureisrepeatedfbrExample4-1

Changlngthereftrencecolumnasthemiddleandtherightcolumnsofthcprototype血･ame,and197.1kN

and200･2kNareObtained･reSpeCtively･rmerCforc,12(4Lbreachof3virtua16-StOryffames)different

Parualftamcsof3-StOriesareeXamincdfbrExampIc4-1,and184･4kNmarkedbyasmallcircleisわundto

bethesmallest,Whichisthcclosesttotl-CCXaCtbucklingstrcngulgivcnincolumn(IV)･AlthoughrlOt

Showninthetable,allthevalueslistedincolumn(Ⅰ)happcncdtobeR)r11-e3-StOryParualframescomposcd

Table4･BucklingsLrengthsof3-StOryPartialltamcs‥Example4,unbalancedsuffness(kN)

Sampleframes

andunbalanced

同
田

(ⅠⅠⅠ)

Approx.

(1V)

Exact
(V) (Vり

Ref.column

COlumn
Left Middle Rigbt me【hod analysis

RuleA RuleB

4-1 LeLtcol.
0184.4

197.l 200.2 200.1 204.1
189.6

4thstory,
4thstory

(0.970) (1.039) (1.056) (1.055) (1.077) LeIIcol.

4-2 Mjddlecol.
187.2

0186.3
194.6 190.0 187.8

184.2
3rdstory,

4山story
(1.016) (1.011) (1.056) (1.031) (1.019) LeLtcol.

4-3 Rightcol.
19l.6 195.8 0189.6

203.l 207.2
188.9

4tllStOry,
4thstory

(1.別4) (1.036) (1.004) (1.075) (1.097) Rightcol.

Table5･Bucklingstrengthsof3-StOryPartialftames:Example5,unbalancedaxialfbrce(kN)

Sampleftames

andunbalanced

同
田

(ⅠⅠⅠ)

Approx.

(IV)
Exact

(V) (VI)
Ref.column

COlumn Le丘 MIddle Right method analysIS
RuleA RuleB

5-l Leftcol.

0160.3

(0.970)

172.4

(1.似3)

173.9

(l.053)

160.3

(0.970)

153.0

(0.926)
165.2

4t■11StOry,

Leftcol.

3rdstory

5-2 Middlecol.
･169.1

0165.4 173.9 169.1 168.7
164.9

3rdstory,

3rdstory
(1.025) (1.003) (1.054) (1,025) (1.022) Le氏col.

5-3 鮎ghtcol.

0169.1 172.4 169.4 169.4 168.3
165.3

4111StOry,
3rdstory

(1.023) (1.桝3) (1.025) (1.025) (1.018) Rightcol.



Approximate Elastic Buckling Strength of Frames 71

With也e3rdstoryofthevirtual6-StOryftameas也ereftrencestory.

Weassumedbefbre也at也ebucklingstreng山oflhe3-StOrypartial丘amecomposedaccordingto

theRulesAandBisthesmallestamongthevaluesfbrallpossible3-StOryPartialframes,andthusthe

Closestto也eexactbucklingstreng山of也eprototype丘●ame.Tneconflictsbetweenthenumericalresults

ShowninTable4fbrExamples4-1to4-3andtheassumptionareaSfbllows:

Example4-1:rmeSmalleststrength184.4kNisfbr山epardalframewitll也eleftcolumnand也e

3rdstoryasthereftrences,andthusthereftrencestoryconnictswiththeoneobtained舟omthe

RuleBincolumn(VI).

Example4-2:186･3kNisobtainedwi山ulemiddlecolumnand也e3rdstory,Whichconflictsbo也

Rules,AandBgivenin(V)and(VI),reSPeCtively.

Example4-3:189･6kNisfbrthen.amewiththerightcolumnandthe3rdstory,WIhchconflicts山e

referencestoryin(VI).

TYleSameinves山gationisperfbrmedforExamples5-1to5-3,Whicharetheffameshaving

unbalanCeddistributionofthecolumnaxialfbrceasshowninFig.11(b),andtheresultsareShowninTable

5･Again,allthevaluesfbr9caseslistedincolumn(Ⅰ)areObtainedLbrthe3-StOryffameswith也e3rdstory

Of山eprototype丘●ameaSareftrencestory･rnlerefore,nOCOn8-ictconcernlng山ereftrencestoryisfbund

intheseexamples,butthereftrencecolumnofthepartialffamcwhichgivesthesmallestbucklingstreng也

differsfrom也eoneobtainedffom也eRuleAinExamples5-2and5-3.

Ⅵleinvestigationaboveshowsthatthebucklingstrcng山eslimatcdn-Omthe3-StOrypardalftame

COmpOSedbytheRulesAandBisnotperftctlyreliable.Howcver,theerrorinvoIvedinthevduesin

COlumns(II)inTables4and5,WhichareObtainedaccordingtotheRulesAandB,iswitfdn+7.5%against

也eexactbucklingstrengthgivenincolulnn(IV).rIlluS,WetaketheRulesAandBasabasisofthe丘nal

proposedofthe approximate mcthodshowninthe nextscction.Thc valuesin column(ⅠII)willbe

explainedlater.

4.3ProposalofApproximateMethod

InthenumericalexamplesshowninulepreCedingsections,thevirtualframeWhosestorynumber

isthesameaSthatoftheprototypeffamehastobecomposed,WhichsometimesrequlreSaquiteamountof

COmputation･rmereわre,aprOCeduretoskipthecompositionofthevirtualffameispresentedinthis

SeCdon,andproposcdasthefinalmethodofapproximationfbrtheelasticbucklingstrengthofthemulti-

StOryffame.

rmeprocedureisquitesimpleas氏)11ows:i)Selectthereftrencecolumnandthereftrencestory

accordingtoRulesAandB･ii)Takeout山ecolumnof3-StOryheight,aSSelectedini),Withoutchanging

thestiffnessandaxialbrcedistributionffomtheprototypeframe,andcomposea3-StOrySlngle-bay

Symmetricalffame,aSShowninFig.6(C),inwhichtllCCOlumnsareidendcalto山eonetakenoutn'Omule

prototype丘●alne,andthebottombcamisidenticaltothecorrespondingoneoftheprototypeKb3.iii)

Determinethestifhessesofother3beamsinsuchawaythatlhecolumnbucklingstrengulCOmputedbythc

alignmentchartorbyEqs.(2)and(3)becom6sidenticaltothcbucklingstrengulCOmputedbySakamoto,s

fbrmula,Eq･(6),fbrthecorrespondingstory･rnlispartoflhecomputationisalreadyexplainedfbrSWC

methodtocomposethevirtualsingle-bay血●ame･iv)Computcthebucklingstreng山ofthe3-StOryPartial

ftamebyWood'smethod,anditwillbe山eestilnaletothebucklingstrengthof也eprototypeffame･

meresultsbytheapproximatemethodproposedabovearelistedincolumnofApprox.me山odin

Table3,4and5･TTlemaXimumerrorisobscrvedtobe+9･7%inExample4-3,Whicl-isalittlelargerthan

thevaluescomputedbytheprocedurewithoutskippingthecompositionof山evirtua16-StOryffame･

However,theerrorfbrExample3,theLtamedcsigncdinlllCrealpracticc,isonly+5.8%asindicatedin

Table3,anditbecomesevensmallcrfbrrclauvelyrcgularftames,Examplesland2.
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4.4LimitsofApplica也On

Clear1imitsfbrapplyingtheproposedmethodtotherealprac山CeCannOtbestatedyet,but也e

fbllowlngPOintsshouldbenoted･nleratioofthemaximumvaluetotheminlmumvalueamOngthe

bucklingstreng也computedfbrindividualstorycolumnsbythealignmentchartmaybeagoodindicator

fbrthelevelofirregularity;aSitbecomeslargC,thegapbetweenthestrengtllbythealignmentchartandthe

exactstreng也maybecomelarge･¶1era也00bservcdinthcsampleffamesrange丘om2.69(Examplel)

to7.62(Example5-1).

¶leprOpOSedmethodisbasedontheassumption山attheprototypeffamedoesnotcontainlhnged

members,Oritdoesnotcontainastoryorafl00rWheresomecolumnsorbeamsaremisslng,reSpeCdvely･

Hingedbeamsmaybeeasilyimplemented,buthingedcolumnsmayrequlreSOmeSpeCialtreatment･ne

discussionpresentedintheprecedingsectionsomittedthecasethatthelstorthetopstorybecomesthe

referencestory･Insuchacase,the3-StOryParualframemaybecomposedbythebottom3storiesorbythe

top3stories･Thesepointsarelcftfbrdlef山ureinvestigation.

NotethatbothSWCmethodandtheapproximatemethodgiveconservativeorunconservative

estimatestotheexactbucklingstreng山,andcleartendencyhasnotyetbeen丘)und.Carefu1consideration

isneededfbrtheapplicalionofthesemethodinulerealpracticc.

5.ConcludingRemarks

l･TheSWCmethodcombiningSakamoto'sandWood'smethodhasrdghaccuracylneStimatingthe

bucklingstreng山Ofamulti-StOryftame･¶1emaXimumerrorobservedwithinthenumericalexampleswas

-3.8%,and也eerrorLbr也effamedesigncdinthcrealpracticeisonly+0.7%.

2.rnleaPprOXimatemethodproposedtoestimatetheelasticbucklingstreng也ofamulti-StOryframe,based

Ona3-StOrypartialframecomposcdbytheselectionrulesconcernlngthcreferencecolumnandthe

relbrencestory,COntainslhemaximumerrorof+9.7%Lbrthe什amcswithunrealisticallyunbalanced

Stiffnessandaxialfbrcedistribution,buttheerrorofonly+5.8%bruleftamedesignedintherealpractice.

3.TheapproximatemethodsometimesglVeSunCOnSerVativeestimates,thuscarefulconsiderationis

requiredwhenthisme山odisapplicdtotherealpraclice.

4.ThetreatmentIbrdleftamecontainlnghingedmelnbersandopen-Ceilingtypenoorarrangementisleft

fbr也efutureinvestigation.
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