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ABSTRACT 

Full-~cale exteriOf beam-column-~Iab sub-assemblages were tested under reversed cyclk 

ioadmg to JOve~tJgate the role of the spandrel beam JO the overall response. ResuJts from specimens 

having d.tferent ~pandrel he.im sizes and dlfferent amounts vf torsional reinforcement in the spandrel 

heam .. provujed a better understandmg 0' their behavlOur. The test specimens were heavily 

instrumented h, enable detallcd "tram mea. \ln~ments ln the slab hars, the joint region and the 

~pandrel beam The~e ~tratn.<' together Wlth th\.' crack pattern provlde sorne JOsight into the tlow of 

toree~ trom the ~I;.:, and spandrel heam mto the ~OInt reglon The tests show that the effective width 

of the si ah contnhutmg to the o.:'gative bendu'~~ of the mam beam is affected by the torsional 

yield10g ot the ~randrel heam. However, after t!w. yleldmg, a dlfferent force mecharusm, 1Ovolving 

concrete comprc!>!>lve strul<" and teru.ion ties in the slab and spandrel beam bars, provides means of 

transfernng addluonal foree~ from the si ab bars to \\he Jomt region. It is Important ta consider the 

effect ot the~e ton~es smee they mcrease the negati l'l! moment capacity of the beams, and hence, 

they may affect the hierarchy of ylelding between tht' I~olumns and the beam~ This effect rnay in 

turn alter the tatlure mode of the structure 

TentatIve deSIgn proposais, accountmg for the ,!low of forces through the spandrel beam, 

are presented The apphcation of the se proposaIs are i1Iustrated for a number of different specimens 

having varying spandrel beam dimensions . 
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SOMMAIRE 

Des spécimens de grandeurs réelles représentant un assemhlage de p..lte .. lll eXIt'neur, 1X1utre 

et dalle ont été mis à l'essai sous des charges cycliques ddm. le hut de déternllner le rMl' de la pllUlrt' 

de rive sur le comportement général de la structure Les résult.tl\ e\pénmt'ntaux de~ spédnlt'm, 

avec des poutres de rives de différentes dllnenslnn." el une qUdntIlé v;HI.thk d';lIltl.tllIfl' pllll\ 

reprendre les efforts de torsIOn ont perml~ de mieux complendre leur comportement les ~pt~l'Imen~ 

ont été bIen Instrumentés pour o'ltemr des me~ures détalllée~ de~ effort~ de ten~\01I dJn~ It'~ halfe~ 

de la dalle, la région du joint et dans les !10utres de nve~. Le~ ten. ... \On~ l't \.\ tornMtllln dl'~ tissl1ll'~ 

ont permis de visualiser la transmiSSIon des contrainte~ de r:Ïsaillemenl dl' la d,tlle l't Je IJ poulll' 

de rive au joint. Les résultats expérimentaux montrent que 1<1 largeur eftel'tlVl' de 1.1 d.lllt' ql1l 

participe à la résistance de la poutre principale est intluencée par Id ré~lstanœ en tor~l{)n de 1.1 poutn' 

de rive. Cependant, après l'affaIblissement de la poutre de flve, une autre tOrIne dt' résl~tance ~l' 

manifeste Celle-CI consiste en un système de bielles de héton en compressIOn et i.\'dtOl b dl' tension 

dans les barres de la dalle et de la poutre de nve, permettant de tran.<;mettre de~ ettorL ... de tension 

additionnels des barres de la dalle au jomt. 11 e~t important de conSIdérer œ!> etlet!>, puis qU'lb 

augmentent la résistance des poutres et peuvent a 1115 1 affecter le hlérarchH! de )'attaihh~ ... ement entre 

les poteaux et les poutres. Ces effets peuvent donc changer le mode de rupture de Id !>tructure 

Des méthodes de conception qui mcluent la transmiSSIOn des efforts au traver~ de la poutre 

de rive sont présentés Ces méthodes sont illustrées pour plusieur~ ~péclmen!> ayant de!> poutres de 

rives de différentes dimensions 
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Chapter 1 

INTRODUCTION 

1.1 Background Information 

The 1990 NatIOnal BUlldmg Code of Canada (NBCC, 1990) contains provisIOns for the design 

of !.truclUres for earthquakes. A force mmllfication factor, R, IS mtroduced to reOect the overall 

ducuhty of the structure and the ablhty of the s'ructure ta dlssipate energy through melastlc action. 

The values of R range from 1.0, for unremfon:ed masonry construction, to 40 for ductile moment­

rcslslJng frame structurc5. The 1984 CSA Standard for the Design of Concrete Structures for 

BUlldmg~ (CSA, 1984) sets out design and detalhng requlremcnts correspond mg ta the dlfferent values 

of R. Figure I.1 IIJustratc5. the Ideahzed lateral load vs dlsplacement responses of four structures a1l 

havlng the ~ame mltlal 5.11ffness but wlth dlfferent inelastlc charactenstlcs (l.e., dlffcrent R factors). 

Il can he noted that structurC1> designed Wlth a force rcduction factor, R, of 4.0, have a lower base 

shear and a hlgher Icvel of ductlhty. Several expenmental investigations have been carned out to 

a5.~el>S the vahdlty of the current design code and to evaluate the performance of such structures. 

v 
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Fi~ure l.1: Ideallzed lateral load versus dl~placement response of structures havmg different R values 
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1.2 Design Criteria 

The rcqulreu strength of a ductile mom('nt-f(.·M~t1ng rl'mforccu COIKlctL' hUlkhll~ suhll'cll'll 

to sel~mlc actions de pends on the structural uucllhty ,mU the l'nelg) (h~'lr,l!tn!', l"IIMnl~ 01 tllL' 

~tructure A ductile moment-re~I',t1ng Irdrue ~tructure mu't h,tH' ,\ IlllmlllUIll ll'\l'I III lIul't1hty ,ml! 

must be capable 01 dls~lpatlng slgntftcant amOllllh 01 energ) ln tht' ml'la't1c r.lIlge ln mun to .\lhll'w 

thcse !'oals the CSA Standard (CSA, lQS4) requin.' ... that ~Ul'h a ,trmtule h.IH' the lollowmg gCIll'I,11 

charactensttcs· 

(i) Large displacement capablhtlcs wnhout !>Igmflcant 10" 01 !>trcngth 
(li) A deslrable hlerarchy of yleldlllg ln the membl'r~ 
(Hi) Excellent conflllement of rcglOns cxpcctcd to unucrgo II1cl.l~tlc action 
(iv) Undeslrable. bnttlc modc~ of fallure III mcmber!> arc aVOIdcd 
(v) Thc rClllforcement must he dctalled .,ueh that Il 1<; eflcellve. l'ven after !>evcrc dl~lJe!>, 

(e.g .• coyer spalhng). 

Figure 1.2 show~ an extenor bcam-column JOlllt ~ubJccteu to lateral forcc~. The .,hear ~trcngth 01 tl\(' 

bearns must be suffIclent to devclop Ilcxural hlllgmg m the hcam:- helore ,my :-Igmhc.mt :-hcar d.,trc" 

occurs. At the connt>~I\Ons, the bcams and column~ arc dC"'lgncu ~uch that thc lolumn, ,Ile :-tronger 

than the beams. Thl'l cn~ures a "wcak-bcam. ~tr()ng-column" rcspon~c and re:-ulh III a "hcam !>Iuc,w •• y 

mechamsm" (sec Fig. 1.3c). Wlth thl5 hlcrarchy of yiclulllg the "column ... tUe!>wdy llleChalll,m" 

(see Fig. 1.3b), whlch IS as~ociated wlth small Icvcls of dutultly anu energy ah:-.orpl1on, 1 ... aVOlded 

To ensure plastic hmgmg m the heams, and nol m thL- J()lIlt~ or wlumn" Ihe ('SA Sldnd.If(J requlrc!> 

that the sum of the factored resistanccs of the col umm above and bclow the )OInl mu ... t he greater 

than 1.1 umcs thc sum of the nommai nexural rcst!>tancc~ of the hcam... In Ihe (SA ~tandard Ihe 

rauo of nommaI strcngth to factored re~lstante for a wlumn ~uhJctlcd ID a low aXI.II load t ... 1 2 II 

the factor, MR' IS defmed as the ratio of the nommai column !>trength ... 10 the nommaI heam "trength." 

then the CSA Standard rcqutres a mlntmum M fl of 1 1 x 12 = 1 11 ln thc IYXC) AC) ('ode (ACI, 

1989) thc requlfcd value of M R I~ 12. It IS mtere~tmg to note thal the AC/JASel: (ommlltee 1'i2 

(ACI/ASCE. 1985) recommended a value of Mf{ of 1 40 for beam-Lolumn Jomh "UhJLc..tcd 10 .,CI.,mll 

loadtng. The "wcak-beam, strong column" de!>lgn approdth rC'lult., ln Ihe c..olumn., rcm.lInlllg cl.1~Ul, 

Wlth larger values of MR• glvmg not only larger column .,trength~. hUI al.,o I.H/!l'f c..olumn ... tllllll,.,.,e." 

hence reducmg storcy dnfts The nommaI <.,trcnglh rduo, Mil, I~ d key parameler whlth IJJUIUlle., tht 

hlerarchy ofYlcldmg Valuc,> of M K grcatcr than 1.0 forlC hlngmg m the hcam, whtlt vdlue., of M fl le ... ., 

than 1 0 glve undestrahle yJcldmg III the column 

2 
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One of the Important issues ln ensunng the correcl hlerarl'h~ of yu.'ldll1g I~ t1w lktl'II1Hn.ltlnn 

of the fIexural strength of the beams In determmtng the nommai tlexural m,I~I.lnl'l' 01 .\ hl'am III 

negauve bendmg, Il IS necessary to estlmale the contnhutlon 01 the ... Iah rl'l1\lorcclllcnt ln thl' CSA 

Standard (est\. 1984) the effective !>Iah wldth lm thl' purpo~l' \), t,'Ken .\\ tlHl'c lImc~ tlll' ~I,\h 

thlckness, (I.e, 3h f) on bath )'ldcs of the heam Thl~ cnh.'n.l dOl'~ not ( •• kc mtn .IllOUI\I ~oml' 01 thl' 

Important parameters affectmg the contnhUl1on of the ~I.lb remltmement For n.lmpk. ,II e"tl'TllH 

JOints, the size and strcngth of thc ~pandrcI heam pla\~ an UnpOrl.lnl roil' III .11Iel'llng tht' t'lklllVl' 'Iah 

wtdth in nel,attvc bendtng, 

The deSign 01 the jomt IS abo afferted hy the nurnhcr 01 ~IJh har~ \Il tht' ellcctJVl' ~1,lb wllIth 

smce the forœs m thcse bars along wllh the lorœ~ JII the bcam har~ rnu~t hl' 11(\Il!'.lcrrl'lI tll the jOll1l 

reglon, In calculaung thc JOint shear, the forlc~ ln Ihc\e h.lr~ arc l'omputcd \\Jlh ,1 .,Ire~~ 01 \"'51,. 

ta account for tnc posslblhty of ylcld !>tres~cs above the ~pcclfled ylcld strc~, and thc l'tlect~ of .,tram 

hardenmg For an cxterior jOlllt the bcam remfofCIng bar~ contmue through Ihe JOInt regloll and arl' 

anchored at the far face of the confmed C,He to ensurc proper dc\c1opml'nt 01 the tl'n'lle loree, 'l'hl' 

transverse remforcement 111 the JOint musi he capahlc 01 tran~mlllJnr the de~l!!n JOInt ~he,tr and nHI ... t 

also provide ~ufflClent confmement of the )oJOt rcglOn. The provl~JOn of ~ulhCJent !.he,jf lapaclIy and 

adequate confmernent I~ essentlal ln arder to avold Jomt "yleldmg" and 10 achlevc the "~Ir{)ng-wlumn . 

weak-beam" hlerarchy of ylCldmg 

1.3 Summary of Pre"ious Research 

The foIlowmg section docs not allcrnpt to provlde a summary of all 01 the te!>t ... on hearn­

column subassernblages but rather revlews Ihe rc~ult ... of ~orne teM~ that have had an Impau on Norlh 

Amencan deSign codes SpecIal attentIOn WIll be glven tn rcscarch thal ha'i mvc ... tlgated Ihe dieu ... 

of fIoor slabs 1nd tranwerse beams on the re~pomc Of partlcuJar Importance 10 Ihl' <,tudy arc le~t., 

that have been carned out on extenor jOlnt& 

Blurne et al (1961) carried out ... ome of the fus! tc~t~ on bearn-wlurnn wnncclJOIl'> TheM: 

tests showed the beneftts of jomt confinement on the hystcretlc hehavlour of heam ... huI dld not 

provlde a clear understandmg of the behavlOur of the JOJO! reglOn ~m(,C thc ... c te ... h dtd not have any 

shear transferred through the JOint The~e test'i dlct not 100Judc 'ilab ... nor tranwcr~c hcarn<, 
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Han .. on and Conner (1967) were the first researchers to pubhsh studies made on 

beam·column J0Inh They tc<;ted sixteen extenor and Intenor subassemblages WhiCh showed that wllh 

properly detalled remlortcment, JOInts could reslst the effeets of reversed cyclIc loading, without a 

<'lgmltLal1tlm .. of strength Tu aehlcve thiS de~Irable behavJOur, they suggested the jomt reglOn should 

wntam an adequate amuunt of closed hoops to provlde adequate shear strength and good 

confInement. 

Ma et al (1976), and Bertero and Popov (1977) te:,ted mne beam·column subassemblages, 

sorne of whlch mcluded <;Iabs. Thcse te~ts had a major Impact on selsmic deSign codes. They 

ubservcd that the pre<;encc of the :,labs Increased the negative moment capacity of the beam and 

resultcd m an mcrea\c m the encrgy diSSipatIOn per cycle of loadmg. The l11creased compressive 

rcsultant ln the beam duc the hlgher moment capacJly was found to cause early buckhng of the 

hotlom longitudinal bars In compression and to promote shear degradation. To prevent buckling of 

the bOllom bar::., the authors suggested the use of supplementary beam tles. They found that these 

added tiCS funher Increa~ed the energy-disslpatmg capacily. They also found that the amount of 

compre~s\On remforccment also affected the energy dlsslpatmg capabihties of the beams They 

suggestcd that for Improved energy dISSipation, that the ratIo of bottom ta top longiludmal 

rcmforcement m the beam" be not le~s than 075. The authors concluded that strength degradatlOn 

was duc to elther buckhng of the bottom longltudmal bars or due to IOS5 of shear transfer across full­

depth cracks m the beam 

Ehsam and Wight (1982, 1985a) tested SIX exterior concrete beam-column subassemblies 

havmg Iloor slabs and spandrel beams. They also tested SIX specimens whlch had ")Iumns and main 

beam~ only (Ehsam and Wight 1982. and 1985b) The authors observed that pullout of the 

10ngJtudmaJ bar~ wa~ prcvented and jomt shear cracks were hmued by the added confinement 

provlded hy the pre~cnee of the spandrel beams. They attnbuted Ihls Improved performance to the 

presence 01 the spandrcl bCdm bar~. passmg through the jOlflt region. The slab remforcement parallel 

10 thc mam heam wa~ found to contnbute slgmfIcanlly la the negatlve flexural moment capacllyof 

the heam ln the dC~lgn of the specimens they assumed that only the lirst set of slab bars adjacent 

to the Ileams would contnbute However. they observed that aIl of the remforcement across the full 

\\'Idth 01 the ~lah Ylcldcd ln ten~lon ThI~ prompted the authors to conclude that the Oexural strength 

ratIo. MI{. may he O\'ere~ttmated Il the slah remforcement tS negJected m deSign. They proposed that 

the ~IJb har~ \\lthm ,ln dtectJ\'c ~Iah wldth, at Ica~t equaJ to the Wldth of the beam on each ~Ide of 

the wlumn. he Includcd They also recommended that the M R ratio be no Jess than 1.4. They 

oh~eT\cd that the a\'OIdam:c of Jomt }Ieldmg gave more stable hystereuc behavlOur They concludeè 

th,lt the dlcctJH.' wldth of slahs ID tensIOn IS not weIl defmed . 
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A full-scale seven-storey remforccd concrctc structurc wa'!' IC!>led III 1 hl.' 1l.S - Japan 

cooperative research programme on earthquake engmcenng ~YoshllnurJ .• nd KUro'l" 14S5). lllè 

measured maximum base ~hear of Ihe hUlldmg under one-way 1.ller.11 In.Hjm!!, W.I' more Ih.1Il 5Wï 

hlgher than that predlcted. The dlftcrencc WJ~ dttnhult'J 10 Ihe conlnhulmll 01 Ihl' nom ~I.\h 

remforcement actmg together WIIh the longttudlll31 heam~ whleh wa~ nol Inl'lutkd III Ihl' lIe~lg\l. The 

results from Ihls full-scalc leSI pomt OuI the nccd to properly aCLOlint fOI Ihe IIlll1ll'nle 01 Ihe !Inor 

slabs and thelr remforccment. 

Durram and Zcrbe (1985) tesled SIX threc-quarter ~cale extcnor heam-column-~I.lh 

subassemblages. The pnmal)' objcCIIVC of thls rescarch was 10 a~se~~ Ihe cHeel 01 tilt' ~Iah on Ihl' 

behavIOur of the connectlon. The conflgurallons of IheIT leSI ~peclmell\ IIlduded onl' wJlh no 

transverse beams and no slab, one wlth transver!>e beam~ and no ~Iab, and lour ~pellmen~ wlIh 

transverse bcams and slab~ of mcreaMng wldths They found Ihat Ihe prc,cllt'C 01 II\(,' ,Iah 

reinforcement IIlcreased the negatlve flexural capaclty of the heum hy a~ much a, 70"; For tr.Ul~vcr~e 

beams lhat reached thelr torslOnal yleldmg capaclty dunng the test, the elleUlve wldth 01 ,Iah 

contributing to flexure was determmed to be l'quai '0 Ihe column wldth plu ... tWlce Ihl' depth of the 

transverse spandrel beam (I_e., b e = be + 2h,). Thc authon, aho nOled Ihal Ihe trall~ver~e heam ... 

provided confinement lO lhe JOint reglon unul Ihclr lorslOnal wpal.I1IC~ were reachl'd 

A research programme al McGllI UmverslIV (Rattray, 19X6, Paultrc h;:!.! ~1:;l.hcll, 19X7 and 

Paultre et al., 1989) mvolved the teslmg of cxtenor, full-~cal(:, beam-column connCcllOm, w\l1l 

transverse beams and slabs. This mvestlgauon sludled Ihe rolc of Ihe ~pandrel bcam, ln Itm\ltng the 

effective width of the slab. The ~pandrel beam5 arc subjcctcd to IOr510n by thc len"l()n~ III the ~l .. h 

bars whlch have a 1Orslonal eu:entrtCllY from the ccntrold of Ihe !>pandrcl bcam The tor~l()nal 

reslstance of the spandrel beam was tound to \tmll the amount ofYJCldmg ollhe ~Iah longltudmal har~ 

parallel to the beam_ The CSA Standard (CSA, 1984) \Imply ~uggC!>15 a /langc wldth 01 three tlme~ 

the slab thlckness on each side of the mam heam For the~e te.,t5 the cllccuve flange wldth wa ... 

significantly greater than that of the CSA Standard 

They concluded that the ~Iab contnbutlOn mcrca~cs the beam ~Ircngth and thercforc reduce ... 

the flexural strength ratIo and the ncgallve moment ductJitty The dccrea.,c III Mu, III .,ome ca~e!>, 

could result ID "weak columns" and '\Irong bcam\" whlch wuld alter Ihe lallure mode and rcducc Ihe 

overall duclllIty of the structure. 

French and Boroojerdl (l9X7) tC5ted three one-half ,><.alt: mlCT\Or heam-wlumn 

subassemblages wIth Iranwerse beam~ and ~Iab~ al the Umvcr"I1Y of Mu;hlgan Thc.,c IC~I., wcrc 
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wndul.tcd to délermIne the Influence of the torslOnal stlffness of the transverse beams on the effectIve 

.,Iah wldth partlllpaung ln tensIOn al mtenor JOIntS. One specImen had no transverse beams while 

another "'pellmcn hall tranwer<,c hcam~ Idenllcal 10 the maIn beam. A thlrd specimen had 

mlcrmedlalc ... lIed tran~ver~c hcam .... They found that the speCImens wlth mcreased torslOnal stiffness 

had a grealer effecllve "fah partIcIpatiOn The author~ nnted, however, that thls difference between 

specImen ... dccrca.,cd wlth IOtreascd dcformatlon" The effecllve slab wIdth from the test resuIts was 

found 10 he grealcr Ihan Ihal dClcrmmed from the ACl Commlttee 318 Secllon 8.10.2 (ACI, 1989). 

They aho oh!\erved that the negatlve moment ductlhty was decreased fOf specImens WIth mcreased slab 

wldth". They pOlOted out Ihat Ihls slab partIcipatiOn nlay decrea~e In frames subJected to skew 

carthquakc!\ whlch would cau,e loadmg of the tram,verse beams and hence addlllonal damage to these 

hcam., 

Cheung, Paulay, and Park (1991) tesled three full-scale heam-column-slab assembhes, one of 

whlch was an cxtcnor Jom!. They sImulated loads thal would result from canhquake actions along 

a hne skcwed from the frame Ime. For Ihe extcnor assembly tested, thls resulted 10 the apphcauon 

of Imuh dIrectly to the mam heam as weil as the spandrel beams at vanou,> stages An lflvestlgation 

was carncd out 10 dctermInC the COntrIbutIOns of the floor slabs In the enhanccment of the flexural 

Mrength of the heams. They found that the slab contnbu!lon wa~ greatly decreased due to earher 

ylcldmg and ~tlflnc~~ les., of the loaded tran~verse beams as compared to um-dlrectlonalloadmg where 

the tranwcr~c heam,> were not loaded dlreclly They noted that even wnh thls reductlon m the 

cffccllve wldth, Ihe cffe<-tlve flange wldlh was suIllarger than be = be + 2h f (twIcC thc flange IhIckness 

on each slde of the column) suggested by the New Zealand Standard 3101 (NZS, 1982). Nter 

con!>ldcnng the mtluencc of many parameter!i, such as slab membrane action and effective anchorage 

01 si ah baIS, thev concluded that a hlgh degree of accuracy III determming the effective wIdth is not 

warranted, unlc~~ the amount of rcmforccment m the slab relative to the beam IS large and the level 

01 protectIOn a~\lgned 10 column:, 15 slgmfIcant They recommended that the effective wldth of slabs 

at exlenor Jomb wlth tram,verse beams be taken as the lesser of: one quarter of the span of the 

tran~vcr~c edgc hcam on cach side of the column centreline, or one quarter of the ~pan of the mam 

bcam I,lken on each ~Idc of the column centrehnc 

Gentl} ,lOÙ Wight (1992), al the Umvcrslly of MIchigan, carried out a study on the use of 

\\lde heam-column connCC1lOn!\ m remforced concrcte frame structures. These connectIons represent 

two wa\ ~lah.., on shalIO\\' beam!> \\ lIere the b<-am~ are wIder l!1an the columns The u~e of wIde beams 

rC~lIltcd JO ~oml' of the longlludmal rcmforccment of the mam beam being anchored JO the spandrel 
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beams, that IS, outside the column reglOn The effective use of thl~ part of the remforl'Cment 10 the 

calculatlOn of the negau\.<e moment capaclty IS controlled h~ the ton-lOnal reMS tance 01 tht' ~pandll'l 

beams. Hence. if the spandrel beam cannot re~l~t the t(lr~lOn mduCl'd hv the ten!\lon, m thl'~t' h.lr~. 

the flexural capaclty of the mam heum ma) not reach the calculated dt'~lgn v,lIue The lf,ldo..ltl~ torque 

was found ta be a reasonahle upper hound m the torslonJl dl'mand npcctell h) the 'IMnllrl'l ht',I1I\~ 

The authors concluded that hmltmg the amount 01 longltudlllai ... tcel anchorcd m the 1>IMndrcl heJI1\' 

and hmltmg the ratio of beam-wldth to column-wldth. wnuld rc~ult m gond pc rlornl.lnCl' of thC~l' 

structures. 

1.4 Research Objectives 

The overall objective of thls research programme wall 10 mvestlgate thc behavlOur of bcam­

column-slab subassembhes ID ductile moment-reslstmg concrct(> frames subJcctcd to carthquakc-typc 

loadmg. In parucular, the goal was to study the cfrect of thc 1>pandrcl hcam1> ln hmllmg Ihe 

contribution of the longnudmal slab bars (I.e., paral\cl 10 the mam bcam) to the Ilcxural negallvc 

moment capacIly of beams. One of the objectives I~ to develop a Mmple exprc~!>lOn thal would glve 

the effective slab Wldth, m whlch the slab barll are conlnbutmg Thl!. effcctlvc 1I1ah wldlh Inlluencc~ 

a number of key parameters ID the design mcludtng: 

1) The flexural strength ratio MR between beams and columnll may hc 

overestlmated If the effective slab wldth IS undcresumatcd ln dCMgn. 

2) The hierarchy of yleldmg between beams and columns to cn'\urc 

"weak-beams" and "strong-columns" may be Jcopardlzed If the :-.lah 

contribution IS not properly assesscd. 

3) The ducuhty and encrgy dlsslpaung capaclllcs of the beam., may he 

sigmficantly reduced by the tncrcase ID negauvc moment capacIly 

due 10 the contnbutlon of the slab bars. 

4) A larger effective slab wldth would rcsult Hl largcr ~hcar~ and 

moments entenng the JOInt rcglOn and hencc LOuld rc~ult ln 

prematlll e JOInt yleldIng. 

This study Will also attempt to mvestlgate the overall bchavlOur of the "pellmcn~ de~lgncd 

Wlth a force modification factor, R, of 4.0 and de~lgned and dctallcd u~tng the requJrcment., 01 the 

CSA Standard (CSA, 1984). The extensive InstrumentatIOn of the lc~l "peclffien\ Will cnable the 
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measurements ofstralO!., dlsplacements and loads dunng the loading sequence. The behavioral aspects 

of the !'peclmen~ wIll be Illustrated by: (1) the load versus deflectlOn response; (2) the moment versus 

curvature rcspon.,e; (3) stram dlstnbutlOns acros~ the slab wldth; (4) expenmentally determined 

curvaturc~ and shear strams along the mam bcam; (5) the tip deflection campanents and (6) the 

cncr!,ry (h~SlpatlOg UlpaCltle<, of the speclmcn~ 

Three full-.. cale extenor beam-column-slab assemblies wIIh spandrel beams were constructed 

and tC<;lcd 10 a~~esr, the above faclor~. One of the specImens was tested earher by Rattray (1986) and 

Paultrc (l9X7) undcr a slmllar programme. These specImens were subJected ta unI-duectianal 

rcvcrscd cyclIc laadmg . 
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Chapter 2 

EXPERIMENTAL PROGRAMME 

2.1 Description of Prototype Structure 

The prototype structure IS a Slx-storey reinforced con crete frame bUlld10g localed 10 Montreal 

Il has been designed using the 1990 NatIOnal Buildmg Code of canada (NBCC, 1(90) and the MW 

CSA Standard (CSA, 1984) wlth a force reductlOn factor, R of 4.0. TIm. structure wa~ prcvlou!tly l1~cd 

as part of a research program carned out hy Paultre (1987) to a~~c~~ the mnucncc of l!CM)!,1I ,ml! 

dt>taihng on the seismic performance of com,rctc structures In Canada 1t was al ., U~l'lI tn :-'Iudy tlll" 

Influence of slabs in contnbutmg to the negatIvc moment capaclly of heams locatcd at cxtl!flOr Jomt~. 

This research was performed by Rattray (1986) as weIl as Castele (1988) . 

2.1.1 Building Description 

The slX-storey reinforced concrete frame building consl~t~ of 7 idcnllcal hay~ ln the N-S 

direction spanning 6.0 m and 3 bays m the E-W dtrection where 2 - 9 m offlcc bay~ arc :-.cparalctl by 

a central 6 m Wlde corndor bay. The first storey helght li> 4.85 m and the remalOmg Morcy\ arc 

3.65 m high. A plan and elevauon view IS shown 10 Fig. 2.1. 

The interior columns have cross-sectlOnal dlmenslon~ of S(XI x 500 mm and the cxtcflor 

coturons are a1l4S0 x 450 mm ln cross-sectIOn. The main beams ln bnth the N-S and E-W dlfecllon ... 

are 400 x 600 mm for the fust 3 storey" and 400 x 550 mm ln the top 3 "Iorey'" The f100r lIy\lem 

conslsts of a one-way slab 110 mm thlck supportcd on ~ccondary bcams \pannmg ln the N-S dlrcLllon. 

These beams are all 300 mm wlde and 350 mm dccp tncludtng the ... IJh thltknc ... .,. The cxtcnor 

spandrel beams ln the prototype structure arc 4(x) mm wlde and 600 mm deep 

10 



• 

• 

• 

, 

/;'J , 

, 
1 ~----= - -

1- S iÔ 
'1 

- :a: - - - - ~ - .... , , 

'1 
,( 

Il il 
_ ~ _ - - - ___ - ..JL __ L = -t,; 

-,...- -,,- -1-""'- -'1- - -1- -r 

, 
" 

Il '1 Il 

3: ---- a:: 

l' 
" , 

Il Il Il 

~~ = =-= 
" 
" " 

=,,= X -: ~:= - =:~ = ~ 
" 

" 

'-4 • __ ..:.- - -'- - ~- -_,,-_ =,',_- ____ - ..J - - '- .J.. .. - -Ir - Ir -~ --- - -r- - Ir - =Ir =-fI! 

" " 

__ L __ II __ 

- -Ir - -, r -

" " 
" l " 

'-~r--r = =:~ - ,~ -
l, , 

n--r,',- --"- -~:- -- - -,r - - ,- -
" 
" 

" " 

" 

" 

=-= 
" 
" 
" 

=-= 

" 

=* 
" 

" 

" " 

" " Il 
" -

" =:= ~= -11-

Il 
" 

" " " " , 
" " Il ft Il 

=,,= =,,= ~ 
Il 

" " " -" - =:.= ~= -11-

" " 

" " " 
" " 

..J_ -= ,r -

_11_ 

= ,,-

" - - - -- -J'- -
" " 

" i 

" Il 
Il Il 

='~ = ::il , , , 
l, l' 

" " Il l, 

-' L - ::.l -Ir - Il 

" 
" -"--,r-
" " " 

" ,1 

:\ , 

Il Il Il Il ,l 
'8 f-- a:c...::_-::c,..;,-:....:::....::..J:..L=-=-=-c::...-::c'_'-=--::c'..;'-::.+ - ..J L - ..J ~ 

.1. .. ... 
90m 60m 90", 

PLAt'-! 

r • ~ • • • 
~ Il ! ' 

! ' '1 l' ii l' , -.---. 
i' i' " Il i 

f 
, 

• 1; • • • • ~, 
I! " , , 1 I! 1 , , 

-= • • • • • ii , 
1: • :w • • • • ~, 

l' ,1 
' ' 

" 

~ 

E 
o 

!~ 

, E 
o 
ID 

1 , 

~ 

---. 
E 

'!fi 
'N 

I~ 
1 " , 

E ,,,, 
,U) ,,.,, 

I~ , , , 

-f 
E 

u; 
a:J 
~ 

~,~""'" {I ,,,\l <({CI 

, 
ELEVATION 

N 

t 

Figure 2.1: Plan and elevation view of prototype structure (Paultre 1987) 
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2.1.2 Loading and Analysis Assumptions 

The loadmgs for the ongmal prototype structure de~lgneû hy P.lUltre (14S7) \WH .. ' ûl'ternuneJ 

using the 1985 NBCC C.ode (NBCC. (985) Howc\'cr, thc loadmg\ lrom the }4l )() NBCC gavc faclorcJ 

base shears whlch were almo~t Idcnuc.ll. Therefore. the de~lgn ni the SlTucturc llId not nel'd 10 hl' 

modtfied. The deSign parameters usmg thc 1990 NBC Codt..' are gl\cn hclllW 

Aoor live load. 

Roof load: 

Dead loads: 

Wind loadmg: 

Selsrnic loading: 

2..4 
4.8 

2.2 

1.6 

24.0 

1.0 

0.5 

0.5 

1.24 

1.18 

kN/m~ on typlcal tloor~ 
kN/m~ on 6 m corru)or hay 

kN/m2 full snow load 
kN/m2 mechamcal ~ervlcc!. loading 
on 6 m W1dc stnp over cOrridor hay 

kN/m3 self-wclght of concrete rnembcr!o. 
kN/m2 partition loadmg 
kN/m2 mechamcal ~CrvICCS 
kN/m~ roof m!.ulalll)fi 

kN/m~ net laIerai pressure for IOP .. storcy~ .. 
kN/m 2 net lateral pressure for bottom 2 ~torey~. 

v = 0.1 selsmlC veloclly for Montreal area 

T = eSllmated penod = # ohtorey!. / 10 = () 6 

S = seismlc response factor = 1 5 l.fi = 1.94 

1 = Importance factor, taken as 1.0 
F = foundauon factor, lakcn as 1 0 

v = O.03W whcre W IS wClghl of structure plus 25% of snnw Inad 

An analysls of the buIlding was carned ouI by Paultre (1987) usmg a hnear cla"lIc planc frame 

program in both directIOns. In the N-S directIOn, the analy!.ls wa!ot slmphflcd hy rcduLlng Ihc !.Iruct ural 

model to a single frame subjected to one-cighth of the lateral Inad smcc the Ilom .. Iah .. y .. tcm wa~ 

assurned to act as a ngld dlaphragm. To oblam more rcalt.,llc re.,ul!'> duc to cracking of wncrCle, the 

gross stiffncsse'i El were reduced by 50'1; ID the hcam memher~ and hy 20'1<, ln the U1lumn... 1 he 

forces obtalOed trom thl,) analysis werc then supenmpo.,ed Wllh Iho.,e from the gravlly load analY'I' 
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2.2 Details of Test Specimens 

2.2.1 Specimen I>imen'iiml" 

The le." "p,'clmen" con~ISI of three full scale, 2nd storey extenor JOlOt subassemblages located 

a ... .,hown m Fig 22 The<;e "peclmens represent beam-column-slab connections with transverse 

"pandrel beam., The tc~t spcumens are labelled R4, R4S, R4T R4 was tested by Rattray (1988) and 

wa~ deMgned u~lng the 1985 Code wlth a K factor of 0.7. ThIs corresponds to a force modlficatlon 

factor, R, of 4 0 ln the }990 NBCC R4S and R4T were designed u~mg the 1990 Code wnh R equal 

10 4 0 The (Jnly varymg parameter~ In the three specimens are the dimensions and reinforcmg detads 

01 the !.pandrel hcam~ R4S repre~enb a specimen Wlth a reduced Spandrel dimension and R4T has 

the same dlmen~l()n., as l>peclmen R4S hut has less TorSlOnal remforcement The objective of these 

dlffcrent "pandrel detall .. IS 10 achlevc three dlffercnt torslOnal resislances, whlch enables a study of 

the role of the ~pandrcl beam m hmltlng the contnbulion of the slab bars In negative bendmg. 

The cro.,.,-secllonal dimenSion!. of the ~pecimens were dlctated by the deSign of the prototype 

structure, Whllc the ovcrall dlmen.,lons were chosen to simulate the pOlMS of contraflexure 10 the 

beam~ and culumnl> and 10 maxlmlzc the slab Wldth whlch can be accomntùdated In the testing 

machIne 

Ali Ihrce specimen comlsled of 450 x 450 mm square columns haVlng a total helght oi 3 m, 

whlch InClude. ... ~ectlOn~ 1.2 m m length ahove and below the beam. This wa~ the maxImum helght 

allowed under the loadmg mechamsm. The mam beam had a 400 x 600 mm cross secHon and 

extended 2 m lrom the face ot the column. The slab was 110 mm thlck and 1900 mm wlde The 

~pandrel heam cross-~eCl1on for R4 IS 400 mm wlde, 600 mm deep and extends 750 mm from the 

column lace, whllc the dlmen!.lOns for R4S and R4T are 250 mm wlde and 600 mm deep. The 

250 mm wldth dimenSIOn I~ the ~mallest allowed hy the 1984 CSA Standard Clause 21 3.1(d) in order 

for II tn he consldered as part of a ductile ~pace trame wIth a ductihty of R equal to 4 O. A summary 

of thesc dimenSions IS Illustratcd m Fig. 23. -- ! il 
1 

1 

1 1 

1 1 1 

1 

1 il '1 
• . . . • • ~ 

• '1 
i 

" "",JL" 

LiLl , '\'--~ ~ .~ 
1 l' l' 

I
l, !I 1 

,""" (cc ln" CCl i \ln"«"",,, h {{ ct nit { \\ { , 1 ((" 11« ( 

Fi~ure 2.2: location of full scale specimen 

13 



• 

• 

• 

4S0mm 
t-----..., , , 

.- ---- - -- -1 ~ ----- - - , 
250mm_t ~--- ----- -L' ~ 1 

: --- r 

, 

" =r 110mm -, , 
l , 
l '600mm Il L !-t 

~--------------------~ 
i. 

1· ·1 
450mm 

"1 
~OOOmm 

, -, , \ 

L ______ _ 

!.------ --'900mm -- -----..J 

Figure 2.3: DimenSIOns of specImen R4S and R4T 

l ' -----1 
400rnrn 

2.2.2 Design and Details of Column, Bearn and Slab Reinforccrnent 

E 
f 
n 

I~ 

The design of ail three specImens was carned out usmg a specified yleld Mre~s 10 ail 

reinforcement, 4, of 400 MPa and a concrete compressive strcngth, fc', of 30 MPa. The rClnforclIlg 

design details for the mam beam, the column and slab for cach spcclmen were Identlcal The 

complete deSign calculalJons for the specimens are glvcn ln Appendlx A. A hncf dl,,;u'\slOn of the 

designs for the beams, the columO!> and the ~Iabs for R equal to 4 () arc glvcn hclow 

The requuements of Clause 21, "Special Provislon~ for Sel~mJl Dc. ... lgn" 10 Ihe I(J84 CSA 

Standard (CSA, 1984) governed the deSign of the beam, column and JoInI rcglon. De~lgn m()menl~ 

were obtamed from the governmg loadlOg case a ..... ummg a momenl redl~tnhutlon of 2Wj" ID the 

beams. 

The beam longitudInal remforcement bars at the tolumn face are hmJted hy Clau!o.e 21.6.5.6, 

to a dlameter, db of 1) / 24, where 1) IS the wldth of the JOlOt reglOn paraUcl to the malO heam For 

the )0101 dimenSion of 450 mm, the beam bars mu .. t he le~~ than or equal Hl 1 <j mm. Henu:, No.20 

bars were used. The number of bars reqUired 10 sallsfy the factorcd negallve moment wa ... 4 - No 20 

bars, consldcnng that slab bars wllhm a distance of 3hf glven hy Clau .. c 21 422 arc cflc<.:tlvc Sw(.c 

the positive moment at the column face must bc al Ica~t half that of the ncgallve moment ... taled hy 
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Clau!)e 21.3.2.2, 4 - No.20 bars were used for the bottom reinforcement m the beam. See the 

remforccment dctalh glVen m Fig. 2.4. Figures 2.5 to 2.7 show photographs of the test specimens. 

The shear remforcement m the beam was determined consldenng the development of f1exural 

hmgmg at the ends of the beam. Hoops, to prevent buckhng of longltudmal bars, are requued over 

a length of 2d from the wlumn face (C;ause 21.33.2) The spacmg of the!)e hoops shaH not exceed 

thal Matcd ln Clau.,e 21 3.3.3. Therefore hoops were provlded at a spacmg of 130 mm hmned bya 

maximum ~pacmg of d / 4, over a distance of 2d or 1052 mm. In order to satlsfy Clause 21.3.3.4 

c10scd hoop~ provldmg 4 stlrrup legs are neccssary wllhin thls distance of 2d The first set of hoops 

were placcd 50 mm from the column face and had 135 degree bends along wlth bar end extensions 

of lOdb conformmg wlth Clause 21.3.36. In the remaimng sectIOn of the beam, the closed hoops 

were rcplaccd by U-stlffupS at 130 mm as shown ln Fig 2.4 

The dlamcter of the column longltudmal bars were also IImltcd to 1) /24 = 600 / 24 = 25 mm. 

To satlsfy axlalload and moment ~trength requuements, 8 - NO.20 bars were adequate and proVlded 

a good conftmng configuration (see Fig. 24). This arrangement also resulted m a factored moment 

resistance whu.:h satl.,tted Clause 21 4.2.2, that the sum of the factored re~lstanccs of the columns be 

greater than 1.) tlme., the ~um of the nommai f1exural strcngthl> of the beams (:E Mrc > 1 1 :E Mnb)' 

The transvcr~c rcmforccment 10 the column WdS govcrncd by Clause 21.44.2 which requued c10sed 

pcnmeter hoop~ a., 'Wcll a" dlamond shapcd hoops tn provldc the nccessary confmement. The spacing 

of the~e hoops wa~ XO mm (Clau'\c 21 44 3) and the hoop~ were rcqUlred over a distance one-slXth 

the helght of thl column, (1 c , 50;,\ mm) These hoops also had 135 degree bends along WIth lOdb 

frec end cxlcnSlOn~ The IIrsl set wa., placcd 50 mm lrom the slab face and 50 mm from the bottom 

of the bcam Ouhldc Ihl.., rcgiOn hoop'" were !>paced at 190 mm WhlCh correspC'nds ta haU the 

cflectlve depth of the colum:l (Clau~e II 38) 

Tranwcr~e relOlollemenl ln the JOlOt was used to provlde confinement and sufficlent shear 

resistancc to the JOint regll1ll. The deSign shear forces resulung from a stress of 1.2S~ in the beam 

longttuoInal bar~ and contnhullng slab bars resulted 10 the use of 6 sets of haops for this extenor 

Joint reglOn (sec Fig. 24) These hoops were spaced at 70 mm (Clause 21.4.4). 

The slah rcmforcement conslsted of No 10 bars top and bottom spaced on 300 mm centres 

10 both dlrccllon~ The fIrSt set of bars around the column 10 both directions were placed at 50 mm 

from the column face The bars anchored In the spandrel had 90 degree hooks wlth free end 

extensIOns 01 12db confmed wlthm the core of the spandrel remforccment. The c1ear coyer for the 

!llab bar~ wa~ 20 mm . 
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a) Vlew of remforcmg cage and ba~e connectlon 

b) Bad.. VIC,," ot cage ~ho\'"mg !>pandrcl and Jomt detalls 

FiJ:ure 2.5. Photograph~ of remforcmg steel for specimens R4S 
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a) View of rcmforcmg cage and base conneClaon 

b) Back vaew of cage showlng ~pandrcl and JOIOI dctall'> 

Figure 2.6: Photographs of rcmforcmg steel for ~pccllncn" R4T 

18 



• 

a) Vlew of remforcmg cage 

• 

b) Back vlew of cage showmg ~pandrel and JOInt details 

Figure 2.7: Photograph~ of remforcmg steel for specimens R4 

• 19 



• 

• 

• 

2.2.3 Design and details of spandrel beam reinforcement 

The detalls of the spandrel beam have been vaned for the threc specimens to mveStigatè tlll' 

lOfluence of dlfferent spandrel beams on the ove ra Il sClsmlc response 01 the specmll'n The fmt 

specimen R4, had a 400 mm wlde by 600 mm dccp spandrel beam. The longltudlOal rcmforccrncnt 

consisted of 4-No.15 bars on the top and 4-No 15 bars on the hottom, contmed wlth cltlsed hoop!> al 

a spacmg of 125 mm. This spacmg IS governed by Clause 21.3.3.3. 

Specimen R4S had a 250 mm wldc by 600 mm deep spandrcl. Il wall remforced wlth 3-No.15 

longitudmal top bars and 3-No.15 longltudmal bottom bars, confmed Wlth the same huop spacmg of 

125 mm as in specimen R4. 

Specimen R4T had sarne dimensIOns as R4S. The remforcement, howcvcr, has becn dctallcd 

in order to reduce the torslOnal capacIly to about one half thal of R4S. Il conslstcd of 2-No.15 

longitudinal bars on the top and 2-No.15 longltudmal bouom bars, confined wlth closed hoops spaccd 

at 250 mm. Figure 2.8 shows the remforcmg detaiis for each of the three specimens. 

1 L ... 
: 

1 

l 
~6-

: @ 1 

1 
1 

1'-,-1 H-tHt--r----lt __ . 

No 10 hoops 
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, T 
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r~ No15 bars 
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Figure 2.8: Spandrel rcinforcmg detalls for the threc speclmcn~ 
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2.3 Material Properties 

2.3.1 Reinforcing Steel 

AH remforcerncnt canfarmed to the CSA G30.16-M standard. In order to obtain stress-strain 

relatlOn~hlp~ for the bars, tensIOn tesls were performed on several samples taken from each bar size. 

Figure 2.9 sh()w~ the tcn.,I1e strcss-stram relatlonshlp obtained for the different bar sizes. It must be 

noled that stram readmg~ were hmlled by the range of the 50 mm gauge length extensometer. Results 

of these tests arc ~ummanzed m Table 2.1. The remforcmg steel properues for specimen R4 were 

those reported by Rattray (1986). 

2.3.2 Concrete 

Ready-mlX concrete was used with a minImum specifIed 28 day compressIve strength of 

30 MPa. The rllaxlmum aggregate slze was 20 mm and the slump was 100 mm To slmulate the 

actual construction ~equencc, two casts were reqUired. The fust batch \Vas used for the lower column, 

the mam beam wIlh the slab and the spandrel beam The second batch was used for the top ha If of 

the column. A total of 6 - 150 x 300 mm c-)'hnder specimens were ta ken from cach cast In arder to 

determm" the average concrcte compre~slve slrenglh and sphttmg ten::.J!e strength. These tests were 

donc on cach of the 4 batehes from specimen,> R4S and R4T Simllarly, 6 - 150 x 150 x 600 mm 

tlexural heam le~ts were performed to dctermmc the modulu~ of rupture Figure 2.10 shows the 

concretc comprc~slve stress-stram relalJonshlp for lhcse specimens. 

The tesung of specimen R4S was performed 97 days after caslmg of the first batch and had 

a compressive strength of 34.3 MPa whlle specimen R4T was leSled 67 days after casting of the firsl 

batch and had a hlgher compressive strength of fo' = 46.6 MPa. The results of the compressive and 

tlexural strength tests are tabulated In Table 2.2 . 
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Specimen 

R4S & R4T 

R4 

800 

700 

600 

....... 500 
0 a. 

::E 
~ 

Ul 400 
Ul 
Q) 
~ ...... 

Ul 300 

200
1 

100 

Table 2.1: Properttes of reinforcing steel 

Bar Size 
f" €" 

No. 10 486.9 O.llO24 

No. 15 460.3 0.0026 

No. 20 463.6 () 0028 

No. 10 480.4 0.0024 

No. 15 471.5 0.0025 

No. 20 478.3 0.0026 

................................. _-. 

. ... ,... - - - - --
, ... -" -- - - - - -

~=-_ ... .. ' NO.20 bars 
NO.15 bars 
NO.10 bars 

results of bar tests 
for R4S and R4T 

f.1t 

O~~rT~~rr~~~~~~~~~~~rr~~ 

667.lJ 

731.6 

745.<> 

520.9 

774.0 

763.3 

0000 0.010 0 020 0030 0040 0050 0 060 0070 
Strain (mm/mm) 

Figure 2.9: Stress-stram relallOnshlp for rcmforcing bar~ 
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Table 2.2: Properues of concrete 

Specimen Batch fi Ir 

Ist 34.3 3.19 

R4S 
2nd 25.0 3.04 

Ist 46.6 4.00 

R4T 
2nd 30.5 3.65 

Ist 40.4 2.60 

R4 
2nd 36.2 2.60 
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Figure 2.10: Concrcte comprc~slve stress-stram relationships 
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2.4 Experimental Procedure 

2.4.1 Test Setup and Loading Apparatus 

The full scale tests were performed m the Jamleson Structurel> Lahoralm)' al MCGIII 

Umverslty whlch IS eqUipped Wlth a uDlversal test mg machme and a reaCllnn strong floor Flgufl' 2 II 

shows the overall test setup. The specimens were ccntred under the IC!.lmg machllll' and ~uhJcl'ICU 

to an axial load representmg the gravtty loadmg tn the rcal struclure at the ~cco!ld ~Il)rcy lcvcl A~ 

discussed in ScctlOn 2.2.1, the column length wa~ chosen 50 that the cnd~ would cOinclue wllh Ihe 

pomts of contraflexure tn the column. Ta simulate a hmge al the lolumn cnds the aXial load wa~ 

apphed through a 76 mm dlameter raller beanng agatnst thlck dl~tnhutl(ln plate~. To provlde laieraI 

restramt at the ends of the columns, a 6 mm !tteel plaie wa~ bolted to Iwo channel crol>~ hcam~ 

reactmg agamst the test mg mach me and bolted to a plate whlch wal> weldcd tl) the longlludmul 

column bars. Sec detalls m Fig 2.12. The flexIble plates allowed rotatIOn WJthllut generatmg 

sigmficant moments. 

The lateral loads actmg on the prototype structurc werc simulatcd III the lahoralory hy 

applymg verticalloads to the mam beam at a distance of 2000 mm from Ihc column ccntrehne. Thc 

loadmg producmg negauve moments tn the beam wa~ apphed by pulhng down on Iwo J2 mm 

threaded rads. These rads loaded the mam heam of the spcclmcn Ihrough a ~Iccl loading heam 

beanng on a concrete surface area of 400 x 200 mm. This loadtng was provldcd hy Iwo 250 mm .,Irokc 

hydraullc rams under the strang floor Simllarly, two 150 mm ~Iroke hydr,tuhc ram., p~,()vlded upward 

loadmg, producmg posItive bendmg ln the mam bcam. These ram~ reactcd dgalll.,1 Ihe hollom 01 the 

beam through a 50 mm dlameter ruiler and a 400 x 100 mm plate Sec thc loadang ùct:lIl., ln Fig 2 11. 

The cnds of both the column and the beam were hC,lVlly rCllllOfLCd 10 prcwnt vcrt Ila 1 

splittIng of the columns and premature shear failure of the beam loadrng end. To en~urc propcr 

development of the longItudtnal bars In the spandrel bcam reInforcemcnl, 50 x 50 X 6 mm ~Iecl plalC., 

were welded ta the cnds. 
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Figure 2.11 Test setup for aIl specimens 
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Figure 2.13: Details of loadmg mcchamsm 
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2.4.2 Instrumentation 

The mstrumentatlon for the three specimens mcluded load cells to measure forces, electncal 

rc~i!>tancc and mcchanlcal stram gauge~ to measure strams and Imear voltage dlfferential transducers, 

L VDT\, to mea ... ure dl~placcments. Load cells, electncal resistance stram gauges and L VDT readings 

were contmually rccorded hy a data acquIsitIOn system. Mechamcal stram readings were entered 

manually mto a wmputer program dunng testmg ta proVlde calculated straInS as testing progressed. 

2.4.2.1 Load Mea!>urcments 

Two 445 kN and Iwo 350 kN load cells were used ta record the downwards and upwards loads 

respecuvely, apphed to the mam beam. The locatlon of the load cclls are shawn In Fig. 2.13. The 

constant runal load on the column was measured by the 440 kIp (2000 kN) capacity la ad ccli of the 

umver~al testmg machme. 

2.4.2.2 Deflcctlon Measurements 

1\vo 250 mm travel L VDT's permitted measurements of vertical displacements of up to 

225 mm in the downwards dlrecllon and up ta 150 mm In the upwards direcllon. These LVDT's were 

mounted on a special frame as shown In Fig 2.14 ThIS frame was fIXed ta the upper column Just 

above the slab to permit the mcasurement of the beam dIS placement relatIve ta the column. ThIS 

uisplacement along WIth the measured beam end loads were used ta momtor the overall response of 

the specimen. l'wo LVDT's attached to the slab and to the column below the maIn beam were used 

to c~tlmate the hond slIp and JOInt shear dIstortion at the top and the bottorn of the JOInt. Two 

addIllOnal L VDT .. were u~ed to measure the movement across the co Id jomt between the upper 

column and the slah and ta mea~ure the relative deformatlOns between the lower column and the 

hottom of the mam heam FIgure 2 15 ~hows two of these four LVDT's VIsible from the top. The 

other two L vors arc arrangcd slmllarly below the jomt For speCImen R4T, four extra LVDT's were 

mstallcd on the hucl-, lace of the speCImen to esllmate the shear deformauon In the Jomt, the twist 

01 the "'pandrcl relatlvc to thc JOint, as weIl as the weak-axIs bending deforrnatlons of the spandrel 

hcam ( ... cc FIg 2.15) 
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Figure ~l.l5: Details of instrumentation on back face of specimen R4T 

2.4,2,3 Strain Measurerncnts 

Longltudmal strains were obtained along the beam at five different locations, These stram 

rcadlOgs werc taken on the top of the slab and at lhe level of the remforcing bars al the bottom of 

the beam, The !ltram measurements were taken w!th a 200 mm gauge lenglh, mechanical 

cxtensomcler whlch reads the dlsplacements between two targets on the cancre te surface. The strams 

determmed from these readmgs werc used ta calcula te the curvatures along the beam. From these 

curvature~ Il was pO~~lhlc 10 estlmate the component of tlp deflectlon of the main beam due to 

flexure. 

Flve stram ro~cttc~ were formed by glumg stram targets 10 the surface of the web at mid­

depth ot the bram a~ sho\\n 10 Fig 2.14. The stram readmgs obtall1~G (rom these rosettes enabled 

the ca\culatlOn of shcar strams as weil as the pnnclpal strams and theu dITecttons. The integration 

ot thcsl' ~trams .llong the length of the beam enabJed the estlmatton of the contnbutlOn of the shear 
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deformauons to the up deflection of the beam. For spcClmen RotS .lnd R·H, ,1 M\.th m~etll' \~.I~ 

placed on the sldp faces of the jomt, expmcd duc III thc sm.lller ~p,tnùrl'I "l'.lIn dlml'Il'lOn llll' 

spandrel beam was IOstrumented wlth ~tr.lIn t.lrgeb h.\\ mg a 100 mm ,mù 200 mm g,IUgl' Icn,l![h 

These readtng~ were us cd [0 obtam the ,trd1l1 III the hoop rcmftlTll'll1t:nt on [hl' l'\.tl'TlOr ,1Ill! 111 tl'rl li 1 

faces of the spandrel beam on both ca~t and wc"t ,Idc~ Column qr.lln', Wt're mc,l"url'lI on ,III toUl 

fares near thc jomt region The stra1l1' 111 the !tlab hars were mc'\'ured hy pl,llIng 10 mm hlgh hl,I" 

targets glued dlrectly to the slab steel and aCCl'~slhlc through 'mJI1 hok ... III tilt' wnCTl'[l'lOVl'1 Illflllcd 

by removablc styrofoam plug!> ~s shawn 111 Fig .2 16 A, ,hown III Fig .2 l.t. [he 'tr,ull (,Irgl'h \\l're 

arranged ta en able the dctermlnatlon 01 average stra1l1~ 10 [he 1IIao oar~ .. LlO." [hl' ,1.lh \\Idth 1111"C 

stram targets were located III row~ along the ~ldh-1Ipandrc1 oeall1 IlllcrfaCt" alung lhe he,lll1-wlulI1n 

interface, and alang a row Just m front of the colull1n fdcc Thcse reaùmg~ woulù provlùe .1Il c~tllllate 

of the effectIVe Wldth of the slab. 

In addition to the mechamcal stram read1l1g)o" electncal r(,~lstancc "trJIII gau!!,c, were u,>cd 10 

monitor local strams at several kcy locatlOm Four g.wgcs were pl<lccd on the four COI Ile,., oap, III 

the beam remforcement at the face of the column to dcterm1l1e fIT!t! ylcldlllg 01 the heam 10 pn"lllve 

and negatlvc kndmg (sec Fig. 2. 17a). One gauge wa" placcd on Ihe 1>pandrcl heam IO/lgtludlllal OM 

near the extenor face on both the cast and west ~ldc~ of the colull1n-~pdndrcl hc.lm Il!1CllaLe 

Fi~ure 2.16 Photograph showmg 100.atlon., of targe!'. glucd (0 \Iah .,(ccl 
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Two gauge<; wcrc abo placed on the lfitenor corner column bars at the slab Interface. To study the 

bchavlOur of the JOint reglOn, four of the SlX square hoops were Instrumented. The location of these 

gaugc!. arc .,hown ln FIg 2.17. 
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-lI~ r------" i~ == J r----:--9
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g
eS 
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li ,1 

U_--l.I_.....LL· and boHom corner bars 
1 

#==<1;10==* square hoops 

(a) Side Vlew (b) Back Vlew 

Figure 2.17: Locatlon~ of clectncal reslstance gauges on reinforcmg bars 

2.4.3 Testing Procedure and Loading Sequence 

The speclmen~ wcre ~ubJected to a constant rouai load on the column of 1076 kN, which is 

eqUivalent to 90% of the dead load on the prototype stT'.1cture. This axialload corresponds to about 

20% of the column capacJly The reversed cychc loadmg pH'cl.':dure followed the loadmg history 

~hown ID Fig 2,18 

Downward dellecl1on~ and loads on the mam beam are taken as posltlve quantlties while 

upwJrd~ delleclJon" and load::. are taken as negatIve quantiues. Therefore downward loadmg produces 

negall\;e moment, ln the hcam. In the fir~l cycle, Joad was apphed untll the full seIVlce moment ln 

the hcam wa~ ohtamcd TIll!> corresponds to a moment 20% greater than the crackmg moment 

(1.2 M,r) ln the second l)'c1e, the bcam was loadcd unul fust yteldmg was obtamed in the beam top 

longlluùlllal rl'Inlorccmcnt ThIS wa~ momtored hl' the top two stram gauges III the beam along Wlth 

the longttudm,ll mcchanlcal mam rcadmgs on top of the slab. In the thlrd cycle, load was apphed 

unul gcncral ylcldmg 01 the beam occurred, that I~, when the load-deflectlon response becomes non-
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hnear. The correspond mg displacement was termed the general yleldmg deOcctlOn.~. Subsequent 

cycles were deflectian cantrolled ta peak detlectlons which werc multlplc~ of ~ 

Dunng testtng full sets of readmg~ \\'ere taken at ICCO IO.ld, the peak lO.ld ohtam~d lU ((Il' 

prevlOUS cycle, the ne\\' peak load, and upon unloadmg 3t h.11t the new peak IlMd The mea~urement~ 

mcluded 70 mechamcal stram readmgs and 20 clcltncal rC~I~tancc ~tram n..'.ldmg~ At tht.' peak load 

of each cycle, several photographs of dlfferent c1emenb of the ~peC\men were t •• hcn TI1C IO.IÙ!., 

deOections and the electncal rcslstance stram gaugc~ were ~amplcd cvery 7 !.CUHHh dunng loadll1g by 

the computenzed data acquislllOn system to obtam complete rc~ponsc mh)rm.ltlOn. 
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Figure 2.18: LoadlOg-hlstory for ail ~peclmcn~ 
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Chapter 3 

EXPERIMENTAL RESULTS 

The overall responses of the test specimens are Illustrated by means of Joad versus tip 

defleclIon re~ponse~ For thco;e responses the loads and dlsplacements plotted were those measured 

near the end of the beam, 2000 mm from the centre of the column (1775 mm from the face of the 

column) The mOrJIenl~ ln the bcam at the column face were calculated from the apphed load 

multlphed hya lever arm of 1.775 m and added algebralcally to the beam and loadmg mechanism dead 

load moment of 23.6 kNm 

3.1 Specimen R4S 

J.l.I Load denection re!lponse 

The apphed load vs tlp deflecuon response for specimen R4S is shown in Fig. 3.1. The peak 

load~ III cach cycle and correspondmg beam tlp deflecUons are summarized m Table 3.1. In the initial 

loadmg ~tagc, Ilf~t crackmg of the mam beam m the posItive loadmg direction (Le., a downwards load) 

occurred at a load of +744 kN rc~uItmg m a crackmg moment Mcr of 155.7 kNm. In the negative 

loadmg dIrectIon flrst crackmg occurrcd at a load of -65 kN correspondmg to a positIve moment III 

the bcam of YI.8 kNm The value of the crack' '6 moments for the beam were predlcted to be 

158.1 kNm lor ncgauve hendtng and 1078 kNm for posItive bendmg. These crackmg moments were 

ca1c.:ulalcd assunung a modulus of rupture, determmed from flexural specimens. 

ln the fIr~t cyde, the "~clYlce load" moment, assumed to be 1.2 Mc" m the posItive loadmg 

directIOn occurrcd at an applted load of +89.4 kN and a deflecllon of 2.0 mm, resuhing m a moment 

of ISO kNm ln the ncgJII\e loadmg dIrectIon, the "semee load" moment occurred at a peak load of 

-76 kN wJlh .1 -0 S mm det1ectlon and moment of 115 kNm 

ln the ~econd l'~clc, IlrSI yleldlng of the beam longltudmal remfoH .. cmcnt ln the positive 

loadmg dlreCllon occurred at a load of + 199 kN al a deOccllon of 12.3 mm. This was confirmed by 
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frequent monitonng of the clectrical resistance stram gaugel'o and rnechamcal ~tram rcaùmg~. ln the 

negative loading direction, tirst ytcldmg occurrcd al -1232 kN wllh a dcl1cctlon of -.~ 0 mm 

At a positr.e load of +242.0 kN and a corrcspondmg dcllccllon, ..\1" of Il) 4 mm, gcnl'r.\1 

yleldmg was Judged 10 occur. ln the negatlve half cycle, gcneral ylcldmg occurrcd .tt ,\ dcllectlon ..\.n 

of 10.0 mm with a peak load of -193 2 kN 

";'2~ ~-------------

R4~ 

1 

- f 

• tirs! yleldlt19 

• general y leldlngl 

,1 200

1 
j 1 C:1 "';f-r,"""-r-T-r-""""-rT"1"T~~;.,t;IrhrT'T'rr~rr17'; r, ""CC'1'I...,' ,""lrlrI") T,TT.,,,,,,,,,,-, ,-n'rI ~ _ T .• 1 ri 1 

~ 
r"\ 1 -1\...,0---1 

~ 
-LOOJ 

! 
i - 300 Il! i i , t i 1 i i i j 1 1 1 r j 1 1 Iii r il, t i ) i i r ' j i 1 j ,t--o'/T· .. -r-r---...... -.,..--r-r r rTTT t TTT"rt ~ 

-10:) -5C C 50 Le l',C >.)1) 

Tlp Deflection (mm) 

Figure 3.1: Load versus tip deflectlon response for specimen R4S 

In su\)"equent cycles, the test was controlled by dlsplaccrnenf'> ln multiples of Ây III hoth 

loadmg directions. The mrunrnum load sustamed by thc specImen III the pmtllVC directIon camc ln 

the 7th cycle al a dlsplacement dUCllhty of fl/~r> = 4 The pcak load wa\ +2% X kN ""llh a 

correspondmg maxImum momenl of 548.8 kNm In thc bcam and a caJrrc\pondmg dcllcCIH)Il of 

82.0 mm The peak negatlvc load wa~ -2455 kN wlth a pOSltlVl- m(Jmcnt of 4157 kNm In thc hcam 

and a deflection of -70.1 mm Upon furthcr loadlOg the ~pcclmcn conlmued 10 mamtalll peak Joaü,> 

hlgher than the general yleldIng IOdd and dlSpldycd mlrca~mgly largcr hy\!crc'>l'> Joop" III hoth 

duectlono; of loadmg ThIs contInued unul the bcarn hotlom longlludillai haf', hUlklctl al a tlullllJty 

of 8.5~p Ali four bottom bars bucklcd bctwccn the fH,>t ~ct of houp" \palcd al 11(J mm wherc 
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con'ildcrablc spalllng had occurred. The specImen was loaded one cycle funher, after the bars 

bucklcd, 10 a dl'iplaccment ductlhty of 1O~ m the posItive loading dIrection. The recorded beam tip 

deflcctlon al thl'> pomt wa<; 200.7 mm and te~tIng was dlscontmued al thlS stage. 

ln gcncral, ~hc ~peclmcn showcd exc.ellent encrgy dlsslpatmg capabihues throughout the test. 

No .,Igmhcant slgn., of "pmchmg" wcre observed m the hysteresls loops Stiffness degradatlOn of the 

~pcçlmcn Incrca<;cd al a umform rate dunng the test. 

Table 3.1 Apphed load., and tlp def1ecuons at cycle peaks for specimen R4S 

Cycle Event al Stage Load Def1ectlOn 
peak loads (kN) (mm) 

lA 1.:!Mcr 1 894 2.0 

lB 5 -76.0 -0.8 

2A Ist ylcld 9 199.0 12.3 

28 13 -123.2 -3.0 

3A gcn. yleld A, 17 242.0 19.4 

38 21 -193.2 -10.0 

4A 15~ 25 262.1 29.4 

48 29 -2009 -15.8 

5A 2Ay 33 273.8 40.6 

58 37 -208.7 -20.7 

fiA 3Ay 41 290.3 59.8 

68 45 -220.5 -29.6 

7A 4~ 49 296.8 82.0 

78 53 -235.1 -42.0 

SA 5~ 56 295.5 99.0 

S8 59 -236.7 -49.6 

9A 6~ 62 290.3 121.6 

98 65 -242.6 -56.9 

lOA 7A, 68 276.1 140.5 

108 71 -2455 -70.1 

lIA S5,~ 74 2504 167.1 

lIB 77 -2:!7.0 -806 

12:\ 1O~ 79 2286 2007 
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3.1.2 Beam behaviour 

The first halflme crack ln the fust downward l)'clc of loadlOg occurrcd at a dllol.mcc of 9{) mm 

from the column face and extended vertlcally lhrough the slah to mld-hclghl ot the heam A :'Ct'l'nl! 

crack appeared ID the slab but dld not propagate lOto thc wcb 01 the heam. In the tIN negatl\'e 

loading cycle, two halrlme cracks occurred on the bOllom facc of thc beam ,Il a Illc.allon 50 mm !"rom 

the column face and It Jomed wlth thc fmt crack 10 the pOSltlvC loadmg ducctlon at nllll-hclght A 

second crack occurred 280 mm from the column faœ. 

In thc second pOSlIlVC loadmg cycle, a crack appcared on Ihe cxposcd facc1> of thc Jomt ICglO1I 

al a load of + 120 kN followed by thrcc new flexural cracks at cqual :.pacmg" along the heam 

(see Fig, 3.2a) The flexural crack ~paclOg was 300 mm and corre!lpondcd wlth the ~pac1l1g of the ~1,lh 

transverse reinforcement. Thesc slab bars, wllh only 20 mm clcar coyer au :l!> crack "lIl1l1atop,". 

These three new cracks occurred at loads of + 125 kN, + 140 kN, and + 190 kN, re~pectlvcly and 

became more mclined wlth mcrca!llOg dIstance from thc column, due to !lhcar The ma~mlum crack 

width at thls stage was 0 1 mm. In thc second ncgallve half cyclc, more crack.. ... appedrcd and Jumed 

with the preVlous cracks at mld-helght 

At gcneral yleldmg m thc pOSillVC l:yclc, IwO 45 dcgrec !lhear cracks appcared 111 thc cxpo!led 

region of the 10lOt (see FIg. 3.2b) The crac~ 10 the mam bcam opened up to wldth~ of 1.0 mm III 

downward loadmg duectlon and 0.6 mm m upward JoadlDg~ In ~ubsequcnt l-)'cle1>, cracb conllDued 

to open and dld not close fully upon Joad rever~al 

Crushmg of the concrete 10 the beam occurred at the bottom face 01 the bcam near the 

column in the 5th pOSlltve loadmg cycle Cracks at thls poml opcncd up to 3.0 mm at the face of Ihe 

column. FIgure 3,2c shows the beam crack pattern In thc 7th l)'cle where the maximum apphed load 

was recorded Cracks dt thlS pomt where 7.0 mm 10 wldth Flexural ~hcar uackmg wa~ very eVldent 

especially on upwards loadmg. The flexural hmge rcglon m the beam wa't C~llmatcd from l'urval ure 

readings ta be about 400 mm from thc column face. In thc 8th downward~ loadmg t:yclc. the heam 

top bars near the column showed no mcreasc 10 straIn cven though progrc~"lvely larger lrack.. ... and 

dlsplacemenls were takmg place. This IS eVldcnce of sorne lm,~ of bond 01 the'te bar" and Il wa ... nnled 

that the caver concrete ~howed slgns of both cru'thmg and ~palhng from the prevlOu't l-)'de SpJJIlmg 

cracks, allgncd wah the bOltom beam bars, appearcd In the lOth l-)'ck wllhm a reglOn 500 mm from 

the face of the column Spalhng 01 the wncretc undcrncath the mam beam ol<,urred In Ihe J Oth l)'lIe 

of posllive loadmg and extendcd from th'.! face of thc column 10 the ... ewnd 'tet 01 houp'" expo'tlllg Ihe 

beam bottom longitudInal bars Followmg the ... pallmg of the wncrete, at Ihe peak downw;!n.!'t Joad 

m the 11 th cycle, slgmficant buckhng of the 4-No 20 bar ... oLCurred between t he Itr~1 Iwo ... eh 01 

transverse hoops. 
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a) Fust yleldmg, P = + 199.0 kN 
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b) General yleldmg, P = +242.0 kN 
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c) Maxtmum apphed load, P = + 296.8 kN 

Figure 3.2: Photographs of specimen R4S at dlfferent stages 
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Figure 3.3 shows the buckled bars as weil as the spalhng of the concrete at a load ot 

+250.4 kN, that IS sltghtly greater than the gcneral )'Iclllmg load of +242 0 kN. ln the 12th l:ycle. the 

peak Joad dropped below thc general Yleldtng IOdd for the fusI ume hut the hy~tercMs loopl> l>howed 

that the energy dlsslpatmg capacll~ stIll tnere.l~l'lI FIgurl' 3 ..j ~hows the curvature ,\Od ~hcar :.tra1n 

distribution ln Ihe neam al lhffl',enl ~tage~ ùunng the tc~t The cur\'3turl' al gcner.t1 ylc\dl1lg wa~ 

12,5 x 10 J rad/m whIte the maxImum mea~urcd eurY.Hure Wd~ oht.nncd ln the IOth l)'cle \Vith .1 v.llue 

of 90 x 10' rad/m The maxImum shear ~tram .11 gcnerdl ylcldlIlg \\.IS 142:; x 10 \ r.ld and Ihe 

maxImum value tn the test was found III th( (Hh c)ck ln hl' 255 ), 10 \ rad. ln .l~"'l'~~tng thl'~e 

expenmentally dctcrrmned curvatures and shcar ~tram~ Il I~ Important to recogOi/e that therl' wnult! 

be a considerable seatter of these values duc to the dl~crcle nature ot Ihe cfalb For ~lIuallon~ where 

the cracks pass between the stram targets. larger curvaturcs and ~hear stratn~ WIll hl' ohtalllcd 

~-----~----...---
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\ 
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Figure 3.3: Photograph showing buckling of longltudmal har., ln "peelmen R45 
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Figure 3.4: CUf\alUre and shear stram distributions for R4S 
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3.1.3 Slab behaviour 

ln the fml downwards loading cycle. IwO Oexural crackl> formel!. l'TOlo!.,"!!, the lml two ~Cb 

of longitudinal slab bars. locatcd close~t la Ihe column. ln adlllllnn 10 Ihc~e cr,IC"~. onl' ~mall nal'k 

radiated out. at about 45 degrees. l'rom each Mde of thc column t(mards the ~palldrl'lI1l'.lIn. Till:' " .. " 

the fust sign of torslOnal crackmg ln the second downward~ loadmg l..'Yde. a !.clOnd ~el 01 lI\l'hncl\ 

torslOnal cracks appeared 10 thls rcgwn as shown 10 FIg. 3.5a Two new nexlIIal uad, ... ,lppe,lfl'lI \II 

the slab at the 3rd and 4.th transverse ~Ia" bars and extended acros~ the cntlrl' wldlh 01 the :.Iall 

ln the 5th downwa~cts loadmg L')'c\e, sIgmflcanl dl"trc!..., was nuted ,\round Ihe colnmn The 

slab displayed longitudinal sphttlllg crack..., dlrectly abave !lame of the longllullmal ~Iah and Ileam haf~ 

close ta the calumn Flexural cracks in the !.lab at tlll~ !>tagc rcachcd wldths 01 ur 10 2.5 mm. AI the 

peak load in the beam 10 the 7th pOSitIve loadmg cycle, there were four lor!>lOnal LTack), on the !'Ilah 

surface due to torsIOn 10 the spandrel beam, wlth a maximum cral:k width 01 4.0 mm Slgmflcant 

crushing of the concrete 10 the diagonal compressive st rut!> occurrcd on the side lace:. 01 the cnlumn 

G 
1 

L ______ J ____ _ 

a) crack pattern at cycle 2A b) crack pattern III L)'t1C 12A 

Figure 3.S: Crack patterns ln slah of "pcclmcn R4S 
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ln the 8th pO'\ltlve loadmg <-j'cle, four sets of inclmed cracks formed over the main beam. 

Thc .. c crac\{.<, radlated out from thc mam beam and extended towards the loading point at an angle 

of ahout 45 degrce .. ("ce Fig 3.5b). Flgurc 3.6 shows that by thc I1th downward loadmg cycle the 

large Oexural uack al the wlumn fau had ]omed wlth the larges! 45 degree torsional crack on the 

top ,>urlace of the .,Iah, dtrcttly over the spandrel beam. This torslOnal crack splTalled around the 

1\pandrcl heam ('>ec Sccllon 3 1 4) 

Figure :'.7 .. how,> the ~tram dl'\tnbutlon 10 the longltudmal slab bars for specimen R4S. Each 

flgurc l' a plan VICW (1( the specimen wlth strams plotted at the peak load in each positive loadmg 

Lj'cle Thc~e graph" ... how the .:;trams determmed over a gauge length of 141 mm al the locatIOns 

IOdlcated. The shaded reglon on the figure mdlcates strain values less than the Y1eld stram, Ey. The 

ylcld slram tor the~e No 10 bars I~ 00024 As can bc seen, at general ylelding (P = +242 kN), !WO 

~lah bar~ had Ylcldcd I-hgher strams were rneasured m the slab bars along the slab-spandrel beam 

mterface than ...IJong l)le hne 01 the heam-column Interface. The strams in ROW-3, sorne distance out 

from the (.olumn !:tce arc lower Ihan al Ihe column face, as expected. 

H~ure 3.6: Pholograph showmg severe crackmg and local crushmg around column reglOn of 
specimen R4S 
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Figure 3.7: Stram dlstnbutlons ln sIan longitudinal bar., for .,pcclfficn R4~ 
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3.1.4 SpandreJ beam behaviour 

CraLk.., m the "pandrel bcam appeared m the very lst downward loading cycle. The first crack 

occurred aJong the two '-'pandrcJ bcam-column mterfaces extendmg over two-thuds of the depth of 

the heam At the peak IOJct of +89 kN JO that cycle, a crack appeared JO the spandrel beam on each 

l>lde of the wlumn at ahout 100 mm from the JOlflt face between the first two sets of closed hoops 

l>paccd at 125 mm The~e crac\{), were only 70 mm long and were slgns of the start of torslOnal 

crackJng JO the ~pandrel beam. 

ln the ~econd downward loadmg cycle, at a load of + 199 kN, the mterraclal shear crack 

rcached the hOllom of the mterfacc and the torslOnal crack extended to mId-helght of the beam 

mchned at appnlXlmately 45 degrees. The maxImum crack width at thiS stage was 0.4 mm JOdlcatmg 

ylcldmg of the spandrcl heam. On the mtcnor face of the spandrel, the slab cracked nght along the 

spandrel heam-<,Iab mterfaœ and Ihe torsional crack that occurred on the extenor face had splralled 

aroun<l to the mtenor face of the beam. In the subsequent upwards loading cycle, these cracks closed 

completely. 

At general yteldmg, the 45 degree torslOnal cracks ln the spandrel beam extended ail the way 

to the hottom face wlth a maximum measurcd crack wldth of 0.9 mm (see Fig 3.8). 

On~et of new tor<;JOnal cracb occurrcd at a downwards load of + 274 kN startmg at the top 

of the !.pandrel heam, at a distance of 400 mm from the column lace 

1 
"L .. -_ .. -, 
'1 

1 

,i 

~.-r.t' r 

1 R4S EDA! ' 

FiJ!urc 3.8 PhotogrJph 01 cxtcnor face of spandrel beam of specImen R4S at general yieldmg 
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At thls stage slgmflcant tWI!ltmg of the spandrcl bcam h.ll! occurrl'd ,ml! m,l\lnlUm n.ld, 

widths of 4.0 and 35 mm were rccorded on thl' l'\h:nor t,lœ of I.',Kh 'p,lIldrd he.lIn l'hl' IIIIl'Il0r t.IH' 

of the ~pandrel heam also dl~pl.tycct Mgmflc,lnl lr.ld .. l11~ ,\Oct mncrell' lfll'hlll).'. ,1,lrtl'lI ,11(11).'. t1ll' 

spandrcl beam-!llab mterface AI a dO\\ll\\ard!l Inad 01 +2tJ7 \..N. 'l,!!mhl,1I\1 dl,I).'.\lIl,11 (rU.,tHllg 01 Ihl' 

concrete occurred on the top surface of the heam cln,l' to Ihl.' culumn ln ,uh'l'l\ucnl l')l k~. tlll' 

torsional cracks cOlltmul'd to open and reachl'd a \\ldth u! 10 mm h) thl'91h dO\\Il\\,mllo.IJmg cnll' 

Figure 3.9 show", the IWlstmg of the sp,mdrd pcam. w\th LllnlCnlraled ml,llIon., Ol'llll nng al tlll' 

beam-column mterfacc and at the mam lOp,lllnal crdl\.. loc..ltlon... In .Iddlllllll Ihcll' W,I., 1.1I,:ral 

bending of the spandrel beam glVIng deflectlOm toward~ the mterlllr of the "'pù ,"wn The hnal ~tall' 

of the spandrel beam near the column rcglOn can he ~ecll trom Fig 1 3 Sorne l fll ... tllng 01 Ihe 

concrete was eVldent at the bottom of the mtenor face near the JOInl regroll dut' 10 diagonal 

compressive stresses caused by the torsion Alter te~tlng the ~Iah had LOmplctcly ..,l·paraled lrom the 

spandrel bcam close 10 the column The extenor VICW of the ~pcllmen. ,ho\\ n ln rlg 1 10, dearly 

shows the torslOndl crackmg of thc spandrel beam al the end of the le ... ' 

, 
Tl 
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À 

t-· 

\ 1 
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1 R4S51l!o/ 

.' . t 

fï~ure 3.9' Photograph of extcnor face of spandrel hcam of "'pclIrncn R4~ 
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Fi~lIrt· .UO Ovcrall vlew of extcnor face of spandrel beam of specimen R4S at end of test 

.\.1.5 Column behaviour 

Throughoui the tcsung the column rcmamed elasuc wlth yieldmg ta kIng place only near the 

enù of te'\llng III the !ongnuùlOal bar~ at the location of the construction j0101. First crackmg in the 

wlumn ùld not m:cur unul the 3rd (general yle\dmg) downward loadmg cycle at a load of + 175 kN 

on the C\tl'rJor I.ICe nI the wlumn Just bclo~ the Jomt reglOn Fmt cracking on the mterior face of 
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the column occurred above the slab at a load of +200 kN, B) the 1'1.'.110 .. load ni +~-t.? kN, 1\\0 more 

hairhne cracks appeared on the mtenor face of the upper mlumn \\!th the uppermo't n.lcl:.. .lt ,1 

helght of 500 mm aho\.c the ~IJh ln th\? ncgatl\e lo.llhng dm'clIon, cr.lck, hllll1 the: IHl'\I\I\I ... h,,1t 

qcle closed complctcly and a new cracl:.. forme:ù on thl' h.ld. I.ll'l' 01 tlll' llllulIln nght .It the 

constructIOn jOlOt betwecn the ~Iah and th\? upper wlumn Altl'r thl~ l'\'lle:, no Ill'\\ \Ignllu.:lnt Ik\UI,,1 

cracks formcd 10 the column 

The 8-No,20 bar conflguratlon, havmg two b,m hK.lte:d at the nl'utr.ll :I\l\ l'ù' I;lg 1 Il.1), 

provided excellent confinement to the I~oncrete lOfe, and Jt the !'>.Ime tlme IH 0\ lllcd ... utllC\Cllt Ilexur.ll 

and axial load CapaCltle~, The maXImum moment C.Jrned hy the cnJumn w ..... ~75 I:..Nm aho\l' antl 

below the JOint wlth an apphed aXIal load of 1076 kN, The aXial Joad wa ... noted to l1ul'tuatc III the 

order of ± 5% between posItive and negatlve beam pCJk Joad!'> 

In the 5th loadmg (,)'cle, thc column 10ngItudmal bar .. rcached the ylCld ... Ir.llll al the !'Ilah 

constructIOn jOlOt, both m the pOSItIve and negatlve loadlOg directIon!'., ln the 6th downward Joadmg 

cycle, a vertIcal splIttmg crack ncar thc cxtcnor face extcnded 20{) mm ahove the !'.Iah (~ce Fig 1 l ) 

This cracking tndlcate~ that the back 40 mm of concretc cover had dctachcd JI,dl lrom the wlumn 

core (sec Fig,3.11b) ln the followll1g cycle, thl~ ver,lcal crack propagalcd tu Ihe hOtlolll 01 Ihe 

spandrel beam and by the Ilth cycle had extendcd 250 mm bclow thc jOlOt lcglOn Although Ihe 

concrete cover dld nol spall off, Il IS eVldent that thc LOver wa" nol eflectlve 10 wntnhultng 10 Ihe 

column resist •• nce, A slIDllar vertical sphlltng crack occurred on thc tntCrIor lace ollhc (,olumn helnw 

the beam 10 the 7th loadmg cycle (sec FIg 32c). 

~-
1 : 

-~ --- -JI r-

___ t ___ _ 

a) Column longltudtnal har arrangcment b) Extcnor Lovcr "l'parallo/l 

Figure 3.11' Column cross-",cclIon bcforc and after ~eparallon of ('O/lLfele cover 
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Spalhng of the concrete occurred on the mlenor face of the column Just under the main beam 

10 the 9th downward loadmg cycle (sec Fig. 312). In the Wth upward loadlDg cycle, spalling of the 

cover ot.curred on the mtcnor faLC of the column 10 a hClght of 200 mm above the slab (see Fig. 3.6). 

~/' .... ~ ...... ~-...-~ ., 

......... ~ 
} , 

/ 

/ 
,/ 

Figure 3.\2 Phlltograph of the }omt reglon ln the 10lh downward cycle of specimen R4S 

3.1.6 Joint behaviour 

The bchavlOur of the jOlDt dunng the test could be observed because part of the joint region 

was cxpo!>cd duc to the relatlvely narrow spandrel beam. Shear crackmg was well controlled by the 

!oolX sct~ of c\oscd hoop remtorcement provided. In the second downward loadmg cycle, a shear crack 

pa~sed through the jOlDt at approxlmately 45 dcgrees. In the 3rd downward loadmg cycle, two more 

!lhear halrlme cracks appcarcd m the }OlOt rcgIOn (see Fig. 3.2b). ln the 6th loadmg cycle, a shcar 

crack ùuc to upwarù loadmg appearcd at the bOllom of the JOlOt reglOn crosslng the previously 

lormcd ~ht'ar crack!-. By the 7th cydc, a IOtal of ~lX shear cracks formed mdlcaung the flow of 

compre!oo'lvc ,trc!oo'e~ In Ihc jomt (~ec Fig. 3.2c). AI a load 01 +270 kN, fust yJeldmg occurred In the 

uppcrmo~t JOint lu,t under Ihe slah Although one c10sed hoop Ylddcd ln the jOlllt region the amount 

of :-.hcJr rcmlorcemenl Wd~ sutficlcnt 10 ltmlt the sprcad of yleldmg ln the JOint reglOn. 
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3.2 Specimen R4T 

3.2.1 Load deflection response 

The apphed load vs tlp dcflectlOn rcsponsc for !>pcClmcn R·H I~ shm\n III FIg _~ U Thc (ll'ak 

loads In each rycle and correspondtng bcam tlp deflect\On~ arc !>ummawcd m T.lhk 1 2 Flf~t Ikxural 

crackmg of the bcam tn the pOSltlVC loadmg dIrectIon occurrcd at a IOdù ot + 75.7 kN re~ultl!lg 111 .1 

negaltve moment at crackIng of 156.8 kNm ln the negatl\c Jo.ldmg dlrcl'lton, lIN 1:I.ll'ktng OCllU rcd 

al a load of -74.6 kN corre!>pondmg 10 a poslllve moment of 1 JO () kNm at thl' colullln 1.lec lI~mg 

the expenmentally determmcd mod'lh of rupture, the prcdlclcd \aluc~ 01 the cr.llklllg mOlllcnt~ "WC 

184.7 kNm for ncgaltve bendtng and 125.9 kNm for poSttlW hendmg Thc\c \'ahll'~ arc hlgl1l'r than 

those calculated for specimen R4S Slllce the concrete comprc~~lve !>trcnglh of ~penlllcn R4T wa~ 

46.6 MPa, as compared to 343 MPa for spcclmen R4S 

In the flfSt pOSItlVC loadlllg cycle, thc n!>CIVILC toad" moment In the healll, a~~umed 10 he 

1.2 Mcr was reachcd al a peak Joad of +93.7 kN re~ultlng tn a momcnt ul lXK7 kNm The 

correspond mg downward beam ttp dellectlon was 1.8 mm. ln thc ncgaltvc Inadll1g cycle, thc '\crvll;c 

load" moment was reached at a Joad of -90.3 kN and moment of -137.9 kNm wlth a corre~pondll1g 

deflection of -1.3 mm . 

~J: 1 
1 R L:. T 1 
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• flrs! yleldmg 

• general yleldmg 
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Figure 3.13: Load versus tlp deflectlon respon~c lor ~peclmcn R4T 
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ln the second pO'iltive loadmg l)'clc, fmt yieldmg of the beam top longi7udinal reinforcmg 

hare., wa., reached al a load of + 180 2 kN al deflectlon of 8.4 mm. In the negatlve loadmg dlrectlOn, 

fiN yICldmg occurrcd al a load of -1~()9 kN wlth a deflecllon of -7.0 mm. 

General ylc.:ldwg of Ihe "peŒllcn was Judged to occur ln the thlrd cycle at a posItive 

downward., load of +24:' X kN wlth a dcl1ect:on ~P' cqual 10 18.4 mm. In the negatIve loadmg 

direction, general Ylcldtng olcurred al a ur dcflccllOn ~n' of -11 9 mm at a loaj of -209.9 kN. 

Tahle 3.2 Apphcd loads and tlp dcflectlOns at cycle peaks for specimen R4T 

Cytlc Event at Stage Load Deflectlon 
peak Joad (kN) (mm) 

lA 12Mcr 1 937 1.8 

lB 4 -90.3 -1.3 

2A 151 yleld 8 180.2 8.4 

2B 12 -180.9 -7.0 -
3A ~ ~n ylc\d Ay 16 243.8 18.4 

3B 20 -209.9 -11.9 

-tA 1.5Ây 24 263.2 27.5 

4B 28 -216.9 -17.8 

SA 2âv 32 276.0 37.6 

5B 36 -223.0 -23.8 

6A 3~ 40 300.5 54.8 

6B 44 -237.8 -34.1 

7A 4âv 48 301.2 74.7 

7B 52 -249.9 -45.6 

~A 5~ 55 295.8 92.3 

XB 58 -253.4 -60.2 

4A 6âv 61 288.0 111.2 

4B 64 -252.8 -67.4 

JOA 7,1" 67 277.9 129.4 
1 

lOB 70 -247.2 -83.3 

liA X5~ 73 2588 155.9 

lIB 76 -2400 -100 0 

12A 1O~ 79 1638 183.8 
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The maxImum applied load sustamed by Ihe speCImen m the pll~llIve lo.ldmg ùlrcctlon "".1' 

reached in the 7th cycle at a load of +3012 kN wllh a moment of 557 () kNlllllldudtng the dt',ld 11l.1l1 

moments. The downwards dlsplaccment Jt thls pOlllt \\,1' 747 mm corrc~plllllhng to ,\ durUht\ 01 

AlÀ;p = 4. In thc negatlve loadmg direction, thc maxImum llMd \\'J~ -25.\ 4 kN \\llh .\ pO~IIIH' 

moment of 427.4 kNm and a dlsplaccmcnt of -602 mm Slmll.lr to ~pccllnell R4S. 'lll'lImcll R4T 

continued to mamtalll load~ hlghcr than that of gcneral ylclùtng unlll thc Illh pOMlI\'C IO:llhng l'vcle 

\Vhen the beam bottom longlludmal bar~ ~tarted to bucklc The pO~III\l' llt.,plalcIlIelllllucllhty ,1\ thl' 

pOInt was 8.5~ at a dctlectton of 155.9 mm The tC~1 \\a~ contlllued lor Olll' lilial cycle unlll .1 

displacement ductlltty of 1O~ was rcached. AI Ihls ~tage, ,1 10Jd 01 + 161 ~ 1.:'>1 W:l~ .ll'plled .md " 

downwards detlectlon of 1838 mm was attamed. Thc slab had scp.lrated lrom Ihe m.lln hl:am OVl'r 

a distance of about 1000 mm. ThIs will be dlscussed further m Scctlon ~ 2.2 The encrgy dl~!o.lpa\lng 

capaclty was excellent throughout the test. No slgn of "pmchmg" m the hy,lcrcM' loop~ wa~ oh~erved 

for the duration of the test. 

3.2.2 Bearn behaviour 

In the fust downward loadmg cycle, the fU5.t tlexural crack, havmg a wHJth of 0.1 mm, 

occurred 111 the beam, 60 mm from the column face and extcnded 10 mld-hclght of the heam wch. 

In the upwards loadmg cycle, four halrltne crack,> oecurred on the hottom racc 01 the heam wllh one 

crack appeanng at the column face. The~e cracks dld nOI Jom WIth the prevIOu~, negaltve momenl 

tlexural cracks at thls stage 

In the second positive loading cycle, two new crack, appeared 10 Ihe mam hcam al 340 mm 

and at 660 mm at loads of + 110 kN and + 160 kN, rC5.pecltvcly. The,>e IwO crack ... extended through 

the slàb thickness, and acros~ the cnUre the slab wldth The crack», were .,pdccd al 100 mm and 

corresponded to the slab tran~verf>e bar spacmg The maXIIllUm recorded crack Wldlh dl Ihl' ,Iage wa, 

0.25 mm (sec Fig. 314a) In the negalIvc loadmg cycle, Cive ncw flexural crach appcarcd Ihrce of 

whlch extended upwards, a<; shear crack,>, at aboul 45 degrcc~ loward the column fau; The large"'l 

flexural crack wldth wa,> 04 mm at the column face 

At general yleldmg m the posItive loadmg direction, a fourth flcxure-,hear tfalk .,Iarted al 

a locatIon 950 mm from the column face, at a IOdU of + 210 kN Thl\ crack wa ... mcltned loward ... 1 he 

column (see Fig 3 14b) The tlexural crack clo~e~t 10 the Lolumn mca,ured 0 () mm tri Wldlh. In Ihe 

negatIve loadtng cycle, a ne,"" crack oecurred 1300 mm from thc fdU; of Ihc wlumn and prevlou., 

cracks reached mld-helght of the main beam 
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a) First ylcldmg, P = + 1809 kN 

. ,~. . . .'\ 

.' i ;( 
;/ ; \ 
\ ' , 

h) General ylcldmg, P = +243.8 kN 

~"'1Jo. - _.~_ ... -- .v • "\Irq 

.......... , .... ~ >~~, ',,-~'....t... ~~. 

'. 

c) Maximum apphed Joad, P = +3012 kN 

Fij!ure 3.14 Photograph~ of specimen RotT at dlfterent stages 
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In the 4th positIve loadlng cycle. sIram rcadlngs on th~ b~,lnl ~urlacc n~ar Ihe fal'l' ni the 

column gave mconslstent resulls due to the looscmng of lhe wncrete cover tn thl~ r~!!llln ln 

subsequent cycles, the cracks dld not close complclel) upon load re\'er~.11 FIgure 3 l·k ,hll\\'~ thl' 

crack pattern in the beam ln the 7th pO!>III\-e loadlOg cycle where the u1l1111.lte peak In,1l1 wa~ oblallled 

The maxImum crack wldth at thls slage wa~ iO mm mea~ured al the column 1,!Cl' whcre nm~ldl'rahk 

separation between the beam and thc JOint face was ohsef\ed A 'phtlmg crac\.. formed ,It Ihe levcl 

of the beam bottom longlludtnal hars close 10 the column face ('Cl' FIg .lI4c) 

Spalhng of the concrcte cover on the hotlom and !>Idc~ of Ihe mam hcam occurrl'd 11\ tilt' 

Ilth negative loadmg cycle over a dIstance of 200 mm from the jomt lace ThIl> !.palhng prohahly wa:. 

initiated ln the prcvious positIve loadmg cycle when slglllflc:.mt ~phttlOg wa~ l'vldcnt alllng the hnttllm 

longitudlOal bars. In the 12th downward loadmg cycle, the huckhng of the hotlom har!. wa!. oh .. crvcd 

between the fmt twa sets of hoops. Figure 3.15 show", thc rmal state 01 the "penmen wtth Ihe 

buckled beam bars and the slgnificant spalhng. 

At a load of about + 120 kN. III tbls L)'clc, a largc separatIon crack bctwecn Ihe !.Iah and Ihe 

beam web was noted. ThIs separatIOn. due 10 los~ of shear transler over the pla!.l1c lllngc rcglon, hall 

propagated 1000 mm from the face of thc jOlOt by thc peak load ln thal L)'cle 01 + lM kN 

(see Fig. 3.15). A loss of load carrying capacllyllnd a slgmflcant loss of stlffncs!. wa~ oh!.crved tn Ihe 

last posittve loading cycle (see FIg. 3.13). 
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Fi~ure 3.15: Buckhng of boltom bars at end of test for specimen R4T 

Figure 3 16 !.how\ the curvature and shear straln dlstnbutlOns at dlfferent stages dunng the 

tl'~1 The mJXlmum curvature at gcncral yleldmg wa~ 4.12 x 10-3 rad/m wh Ile the maxImum recorded 

CU[\.lIurl' wa~ I·e 2 \ \() 1 rad/m ln the 9th pmltJ\e cycle. The mrunmum shear stram recorded at 

gem.'rJI )'Iddmg Wd~ IOh.5 \ 10 1 rad and the mruClmum value dunng the test was 402.5 x 10 5 rad ln 

the 7th l'\ck 
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flrst crocking P = 93,7 kN 
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Figure 3.16: Curvaturc and shcar 'itram dl,>tnhullon,> lor R4'r 
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3.2.3 Slab behaviour 

In the fmt downwards loadmg cycle, one tlexural crack appeared on the slab surface dlrectly 

above the fmt tranwerse slab bar and crossed the first two selS of longitudinal slab bars on each side 

of the beam Dlrectly above the spandrel beam, a crack appearcd on the top surface of the slab on 

the ca~t slde of the column radlatmg out, al about 45 degrees, from the centre of the column face 

toward the cx!eTlor face of the specImen This halrhne crack WdS the first torslOnal crack in the 

spandrel bcam 

ln lhe .,ccond pO~ltJVC loadmg l)'cle, two new tlexural cracks formed at a spacmg of 300 mm 

trom the flfs! crack, along wIth threc new torsJOnal cracks over the spandrel beam. One of these 

tOr'>(onal crac\{.., formed on the west side at a load of + 110 kN and matched the previously formed 

crack The other two cracb formed, al a load of + 180 kN, produCIng a second set of torslonal cracks 

on cach side of the column for a total of four torslOnal cracks (see Fig. 3.17a). In the jomt region 

an Jnchncd shcar crack formed dlrectly below the main torsJOnal crack 10 the slab. The maximum 

lOrslOnal crack wldth al thls stage was 0.3 mm . 

i 
1 

1 
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! 
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a) crack pattcrn at cyclc 2A b) crack pattern al cycle 12A 
Figure 3.17: Crack pattern In slab of specimen R4T 
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At general Y1eldmg In the pOSltI\C loadmg l1lle. the mam tor~ll)nal l'f,Il'k~ on thl' ~1.lll 

mea~ured 1.0 mm ,tnd a new flexural crack form~d at the -lth tran,,\er~e ... 1,lh hM at ,llo.lù 01 + ~ \0 kN 

In the 6th poslllve loadmg cycle. diagonal cru~hmg nI th~ lOntrete ln the ~l.lh ahO\l' the ... p.II11lrt'\. nnt 

t:J the side faces of the C'olumn, wa~ oh~e[\l'LI The portion ot the ... 1,lh on the lIItl'rIO[ I.H l'Ill till' 

column displa~ed 100 mm long ~phttlIlg cr,IÜ •. '" ùlrl'llh ,Ihm c the Illdlll Iw.lm Illn~tludlll.ll h.lI'" 

Similar ~phltmg crac~ formcd dlrcctly dhml' the trr ... t ,ct 01 ~l.lh longlluulIl.ll h.lI' on hOlh "dl· ... 01 

the beam as ln specimen R4S ëurthermore .• 11 the pl'.11-. ln.ld 01 +.~()O:; kN .• \ hUh Iln.ur,11 1'I.ld. 

occurred al the flfth transvcr~c slah har~ aho\'l' Ihe hCdm ,mu llm'.l·U the entlfl' ,,1.lh wldlh ,lIld \\l'Il' 

mclmed al about 45 dcgrecs toward~ thc loadtng mcchant~m ( ... ec Hg 117h) ln Ihl' 9th Illl'IlI\C 

loadmg L)'cJe, torslonal cracks splrallcd arouOl.l the ~pdndrcl hCdm and haLl Ill.lXlIlIUm l ml k Wldlh 01 

8 mm Figure 3 18 shows a clo~e-up VICW (lf the ~lah !ourface ln the 12th pO~lIl\'C Io.ldm~ l)'dc 

Figure 3.18: Crackmg and Lru~hmg of UJnlfclc ln ,>lah for "'peumclI RH 

A diagonal comprcs~lvc strul duc \() IOr'>lon 1" cVHJcnt on Ihe "lah .,url.tll. neXI 10 Iht: wlurnn 

~Ide face. Figure 3 19 shows the .,trdm dl<.,tnhullon ln the longJludmal '>Iah har,> for 'pt:llmcn R4ï 

The strams arc much rcduccd a~ comparcd wnh tho,>c of ~p('umen R4S From the ,>traln., at the ~ldh 
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~pan<Jrcl beam Interface, one can concJude thal only the fml set of slab bars achleved strams hlghcr 

than the ylCld value The ~trams atthe beam-wlumn Interface, however. are slgmficantly higher. This 

hchavlour ln the .. Iah will he <JIscu.,~ed ID <Jetall ln Chapter 4 At laler stages of loading, tbere were 

R4T 

! 
,-------...; 

Fi~ure 3.19. Stram dlslnbullon In slah longnudmal bars for specimen R4T 
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noticeably smaller strains ID one slab bar adjacent to the column. JI the :o.lah-:o.pandrl'l hcam lIltl'rlace 

This was due to the faet that thc matn tor~lonal crack JUSI ml!!l~ed lhe gaugc lellgth on thl' h .. r. 

3.2.4 Spar!trel !!"hl.',iour 

ln thc fml posillve loadmg '-ycle. ùuc 10 the tor:o.lOn mùuced h) the ll'n'Hm' III the :o.1,lh 

longltudtnal bar~, IWO cracks formed on bath ~pandre\ beam-column IOlerlan', l'\lendlllg 10 

apprOlumatcly mld-helghl of the bcam On the ca~t ~pandre\ . ..lll ad(htlonal h.urltnc tOl'lonal n,lek 

appeared bctwcen the fJr~t set of stIHup~ ahout 12U mm from thl' colul1\n I,lce ,\lit! cxtelllkli 

downwards over a distance 01 150 mm [n the !!Iecond pO~llIVl' lo,l(hng cyde. ,1 "'1IIllI.lr tONonal nad. 

formed 111 the wcst spandrel beam, at a load ot + 100 kN and extendcu to mld-ucpth ot ,hl' heam Il) 

a load of + 150 kN. Thc crack on the cast spandrcl bcam also cxtcndcd to mld-depth 01 the I1cam. 

The wldths of the~e torslOnal cracb whcre 035 mm and 02 mm on the wc,, and ca!\t ~Ide ..... 

respectively. The mterfaclal vertical crack~ at the ,-olumn laC(.'~ cxtcndcd down to the holtom ot the 

spandrel and were 0 10 mm 10 wldth 

On the 10tenar face of the spandrd a uack formed at the ~Iah-~pandrel heam mterlan' on 

both sldes of the column extending honzontally about 150 mm from the JOint reglol1. "'gurc", 211 

shows the torslOnal cracJo, at general yleldmg III the thlfd lycle A ~CU)l1d 'cl 01 l"r.,lol].J1 cralb 

appeared at the bOllom of both ~pandrel hcams at a load 01 + 210 kN 

/ ./ 

Fi~ure 3.20 ~pdndrel hLam al general ylddlllg (A, 10) lor .,pLumen R4! 
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Crack wldth<, at the top of both spandrel beams at the level of the longltudmal bars were 1.0 mm . 

The near 45 degree c..rad ~ on the extenor face of the spandrel beam !.plfalled around the top of the 

bcam and over part of the.. depth of the mtenor face of the ~pandrel Yleldmg of the extenor corner 

longlludmal No 15 har ln the "pandrcI oc..curred due ta c..ombmed bendmg and torsiOn m the 3rd 

pO,>ItIVC loadtng cyc..1c ln the 4th positive loadmg cycle the large torsiOnal crac~ together Wlth the 

hoop ,>traln'> mdlc..ated that ylCldmg of the spandrel beam hoops had occurred In the 5th negative 

loadlng c..yc..lc, upwanJ dl'>placernenb caused the separatIOn crack between the slab and the spandrel 

beam on the InteIlor face 10 exlended to the lulliength of the spandrel. By the 6th posItive loading 

cycle, a ~ce..{)ntl ~ct of torslOnal cracks appeared between the second and thlTd hoops ln the spandrel 

beam. On the cxteTior face., the maxJmum torslOnal crack wldth~ were 4.0 mm and 3.0 mm on the 

we~t ami ca~t ~Ide~, re~pectlvcly ln the ~ame cycle, onset of crushmg of the concrete on the intenor 

lace 01 the ~pandrcl hcam wa~ noted at the top and at the bottom corner near the Joml face. 

, 
,­. 

1 
• f 

1 

\ 

t ~"~~ 
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Fij!ure J.21. Photograph of spandrel beam for R4T m the tIlh negatlve loadmg cycle 
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In subsequent cycles, more tOrsIonal crac!.: .. lormed on the ~''\tI:nl1r 1.IU' ln tht' 9th pOMI1\l' 

loadlOg cycle, the mam tor~ional crack., were 140 mm and 15 Il mm \VIde on the \\l'~t .Hld l'.l~t l'\tl'nnr 

faces, respeclJvely Exten'iIVC tWIstmg of the ~p,lOdrcl hC.lm, coneentrated ,II the m,lllI Inl~IOtl,lllÏ.ld, 

locations, had occurred at thls stage. Figure' ~ 1 ~hO\\~ the ~1.lIc 01 the ~p,IIlJld hl',llIl III the Illh 

negatlve loadmg cycle, wlth the large tor~lOnal nad, ..... ,mù the \cpar.ltwn 01 Iht' ~p.lIldld IlOm Ihe ,I,lh 

The torslonal cracks on the mtenor face showcù 'ilgn~ 01 re\l~r~cù toP,HlII,l1 IO.Il.llllg .1Ill! the m.1J1lr 

cracks had propagated through the thlckncs:, 01 the um" 'l'clion Duc tn tht' 'Iglllllt.ltlt "'l'p~II,lItOtl 

belween the slah and the spanùrel bcam, on UPWaIÙ' !oadmg, the ... !ah W.I' rot,llttlg .Ihout thl' ()() 

degree benù anchorages 10 the ~lab bar'i Irammg mtn the "'p.mùtd llllt' Illt' :..!.IIHIMIlllrcl hl'am 

separatIOn crack extended 10 the exlenor tace\ of the ~p,lIldrd hcam' .11 ahollt onc thml the dcpth 

of the spandrel beam from the top of the ~Iab Figure 3.22 :..how~ thl~ hllTllOnt.tI CI al" a:.. weil ,1:" the 

large torsIOnal crack at the fmal stages of the tc~t Flr~t yleldmg 01 the No.JO Iwop'" llllUrlcd III Ihe 

4th positIve IOddmg wtth strams reachmg 10 lIme\ thclr yldd valuc hy the 121h PO"'III\'l' loadtllg l'Vlk 

~ ~-----
------

---
---------

.... - -----

---\---

Figure 3.22. Extenor VICW of ~pandr<:l bcam lor \pcum( Cl J{·rJ .11 JO !Jal 
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By the end of the testlOg, the top NO.lS corner bar had reached 10 urnes the yteld stram and the 

1>cverc crackmg of the beam was eVldencc that the NO.lS bottom corner bar had ylelded. 

Figure 122 and 321 show the tWIstlOg and severe torslOnal crackmg of the spandrel beam 

caused hy the len..,lon ln the ~lab hars anchored al the top of the beam 

Fi~ul'e 3.23' E\tcnor VIC\\' of spandrel beam for specImen R4T at the cnd of test 
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3.2.5 Column behaviour 

The flrst \ ISlhlc crack 10 tht' column OClUt.eO .It the wn .. lructlllil Illml .\1 the top 01 Ihl' .. Iah 

In the ~econd posll1ye loaomg l'vclè ln tht' negall\L' loadmg l'\lk, a lr.ld, lorllll..'o on Ihe l',ICIIOI l,ICI..' 

of the column at the slah mlerlalc and hac..! a wldth (lI (l05 mm AI gl'ncI.1I ~ll'IlIllIg III Ihl..' pmltl\l' 

loadmg dlrectlon, the crack al Ihe mlerwr f.lle 01 Ihe lolumn hall .1 \\Idlh 01 1 II mlll ,md .1 ne\\' ll,ld. 

formed on the extenor l'ale bdow the spandrel heam .11 .1 lo.ul ot + 2111 kN 

The column longnudmal o.lrs, ncar the mteflor t.IU" \Icldcd .\11111..' pl..'.l" IlMd III thl' -lth l'vrlt' 

at the slab mterface, Strams at thl\ !ocallon reached a maXlIl1Um 01 27 IImL'" Ihe vll'Id \Ir,1I11 hy 11ll' 

8th posJl1ve loadmg cycle Fust yleldmg ot the wlumn hal~ m~ar the extenOl tall' OLl'UrreO m the (Ith 

negatlve loading cycle at the construction Jomt and reachcd IWICC the vldd ... llul' hy the 11th lWle. 

The maxImum moment In thc column tramferred by flexure 10 the mam bcam and hv 101~llln III Ihe 

two spandrel beams was 2XO kNm Thl~ wa~ weil helow the rupanty DI Ihe wlumll 

The extcnor face of thc column at the Jomt rcglOn wa" m~tfumenteo hy two LVD1\ ~paled 

at 500 mm as descnbed In Section 24.22 to ohtaHl a mea\Ule 01 the l'olumn rotatIon At the peak 

load III the fust cycle, the column rotdtlon was 00006 rad and at gener.11 ylddlllg Il h.ld re.llhcd 

0.0026 rad The hlghcst value occuned III the 6th pm.ltlve l)'cle, wlIh a rotat IOn 01 () (}04X raLl, whcn 

the beam was close 10 reachmg 1l~ m.IXlmum capaCity FnJm thl'" pomt on, duc to tlexur.ll hlllglllg 

III the beam. the rotatlon~ took place 10 the heam rather than 10 the wlumn 

By the 6th positive loadtng l)'c1c, two new halrhne Ilexural cralk ... lppe,lIl'd on thl' IntcHor 

face as hlgh as 600 mm abovc the slah and a new crack formed on thc cxtertor lace weil hdow the 

spandrel beam. On thc side facc~ 01 thc column IWlt abovc thc .. Iah, two vertIcal "'phtllIIg lr,llk, ahout 

100 mm m length wcre notcd at the Icvcl 01 the front and mlddle longlludm.ll hal., l'hl' Iront uilLk 

was thc onsct of concrcte caver ~pallmg III the wlumn, wllh nouu:ahlc "p.llllllg oU .. lIrring III the Xth 

pOSltlVC load1l1g l)'ete In the 7th pmlllve loadmg l)'cle, anuther vertll<ll \l'pafa 1 1011 (f .ILk W,l" nolc() 

at the extenor face over the longltudmal wlumn har'> Llke "peuml'n R4~ thl.., IndlL;lIl'() 1 h.11 Ihe 

extenor coyer on the column had hegun to ,>epar<lte from Ihe Lolumn LOfe '1 he Lfat k eXlcndc() 

200 mm above the .. Iah and along the column-\pandrcl beJm mterfall' Thl.., (rJlk cxlcn()cd ')1)0 mm 

abovc the ~Iab bl' the 8th po<.,lllve loaùmg l..)'lle and l'xtcnùcd dowl1 10 700 mm helnw the ~p.llldrcl 

bcam by the 10th POSlll"C loadmg cycle (..,ec FIg ,22) Vertical .. pltumg .11.,0 OlLlIffCd lIe.lr Iht' 

lOtenor lace of the column and led to '>palltng of the wnLfete bdow Ihe IevLl 01 thL rn.lIn hc,1I1l III 

the 8th pO~llIVC loadmg cycle (..,ee Fig 3.24) 
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Figure 3.24: PhOlograph of j01nt region of specimen R4T 

3.2.6 Joint behaviour 

The join t reglon whlch contained six sets of closed square and dlamond-shaped hoops showed 

excellent behavlour. Fm,t shear cracks occurred on the exposed side faces of the joint as early as the 

2nd posItIve loadmg cycle. Thesc cracks were ha trIme in thlckness and were mchned at an angle of 

about 45 degrcc!>. Thcse two cracks ongmated from underneath the slab and radlated parallei to each 

other over a dl!>tancc of 100 mm (sec FIg. 3.14a). In the 4th posItIve loadmg cycle, at a peak load of 

+263.2 kN, two new haullne shear cracks formed ln the mlddle of the JOInt region. Upon upward 

loadtng ln the 5th ncgallve cycle, a shear crack whlch crossed previously formed shear cracks was 

observed ln the !>atne cycle, a vertical sphttmg crack appeared at the level of the column longitudinal 

bars ncar the IOtcnor fm.e ThIs crack extended from 100 mm below the JOint up ta about mid-height 

01 the JOint rcglon (sec Fig .3 14c) The uppcrmost shear crack had formed mto a flexural crack at 

the beam-wlumn mterface. As can be seen from FIg 3.14c, this crack opened up conslderably smce 

Il curved around the outslde 01 the JOint hoops and extended vertlcally along the beam-column 

InlerfaCt.'. By the 6th loadmg cycle, a total of SLX shear cracks had formed m the positIve loadmg 

dlrecllon and IwO ~hcar cracks had formed 10 the negatlve loadmg duectlon . 
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First ytelding of the hoop remforcement confining the Jomt was occurred ID the 6th pOSitive 

loading cycle in the uppermost Joint hoop at a shear load of +280 kN. Figure 3.25 !>howh the stram 

in four of the SlX Jomt hoops at the peak loads In ca ch pOMtlve loadmg cycle. lt am he "('cn that 

yleldmg had occurred in only the uppermost hoop. Crack widths on the cxposed Mdc t .. l';:c~ of the 

joint were controlled by the closely spaced hoops to Wlthm 0.2 mm. 
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Figure 3.25: Strain distribution in hoop rcinforcemcnt ln specimen R4T 
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3.3 Specimen R4 

SpecImen R4 was tested by S. Ratlray (1986) and forms part of the larger testmg programme 

al McGlll UniverSity. ThIs specImen wlth ItS 400 by 600 mm spandrel beam can be compared directly 

with specImens R4S and R4T ta study the influence of the spandrel beam. 

3.3.1 Load denection response 

The apphed Joad v~ tIp deflectlon response for specImen R4 IS shown in FIg. 3.26. The peak 

Joads m each t)'de and wrrespondlllg beam up dellections are summanzed in Table 3.3 In the first 

posItIve loadmg t)'tlc, the "servlcc load" moment In the beam was obtamed at a load of + 101.7 kN 

and a deflettlon of 2 <) mm correspond mg la a negal1ve moment of 203 kNm al the column face. For 

thls specImen the dead load moment was 22.4 kNm. In the negatlve loadmg dlTectIon, the "service 

load" moment was reached at a load of -79.9 kN correspondmg ta a moment of 119 kNm and a tip 

deflcctlOn of -1 5 mm. 
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l'i~ure 3.26. Load versus up deflecuon response for specImen R4 

ln the second pm.IIlVC loadmg cycle. flrst yleldmg of the beam longitudinal remforcement was 

obtamcd at a load of +21S.6 kN and a detlection of 11.4 mm. In the negative loading cycle, first 
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yielding occurred at a load of ·140.5 kN and a correspondtng tip detlectlon of -66 mm. 

In the thtrd positive loadmg cycle, general yicldmg wal> observcd at a pOSlllVC dctlcctton ~l" 

equal to 16.6 mm at an apphed load of +271.6 kN. ln the negattvc: loadmg dtrecllOn. the gencral 

yield deOectlon ~, \Vas )udgcd to occur at a dlsplacemcnt of -1} 4 mm and al .\ IO.ld 01 -175. l ) kN. 

Table 3.3: ApplJed loads and tlp deflccuons al ,-)cle peakl> lor l>pcclmen R4 

cycle Event at Stage Load Dcllcctlon 
peak load (kN) (mm) 

lA t.2Mcr 5 101.7 2.9 

lB 18 -79.9 .} 5 

2A lst yicld 34 218.6 lIA 

2B 62 -14U.5 -66 

3A gen. yteld ~ 101 271.6 166 

3B 135 -175.9 .l) 4 

-lA l.S~ 167 292.8 22.2 

4B 190 -17806 -15.? 

SA 2~ 219 312.1 2KI 

SB 241 -180.4 -Il) 3 

6A 3~ 273 339.0 452 

6B 296 -195.1 -292 

7A 4A.; 326 357.5 60.8 

7B 349 -2072 ·327 

8A 5~ 381 360.5 75.8 

8B 415 -229.0 -41\ 1 .. -
9A 6~ 447 351 1 I)J 7 

9B -232.3 ·574 

10A 7~ 343.9 I1H4 

lOB -2389 -66.5 

lIA 8~ 333.7 121) 2 

llB -242.9 -7() 7 

12A 9Â., ,27 1 17() 4 

ln sub~equcnl cycles, 10ad 1Ocrea~cd ~teadlly ur to a maximum pO,>ltIVC peak load of 

+360.5 kN 10 the 8th pOSitive loadmg l.)'cle resuItmg ln a maxImum moment 01 662 () kNm at the 
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wlumn fau: The IJp delleCllon al thl~ poml was 758 mm correspond1Og to a dlsplacement ducuhty 

of /j./Âyp equal III 5 ln Ihe ncgatlvc loadmg dlreclJon, the load contmued to mcrease for the durauon 

01 the te ... t The IOdd al the Ilth and fmal upwanlloadtng cycle was -242 9 kN al a negatlve delleclIon 

01 -767 mm uHre"'pondtng maxImum pmltlVc moment of 409 kNm 

The "'pcumen mdlfllatned load ... grcater than that of general yleldmg ln the posllIve loadmg 

dlfCtlJon\ lor the rLm.under of the te~t ln the II th positIve loading cycle, the four bottom 

longltudlOdl h;m m Ihe maIn heam huc..lded hctwccn Ihe second and thtrd sets of hoops. The load 

al thl~ pOlnl W.h + 1317 kN al a IIp dclleClJon of 120 2 mm correspond1Og to a positIve dl~placement 

ducllhty 01 X The te~t wa ... conlmued for one more po~ltlve loadmg cycle untll lack of travel was 

reachcd 111 the loadmg rdm... The maxImum up delletllon recorded at thls stage was 176.4 mm 

corre~p()ndJng to a dl ... placcment ductl!lty of 10.... The energy dlsslpatlOg capaClly was excellent wlth 

no ()h~erved ~Ign 01 "pmchmg" ln Ihe hy~tere~ls loops throughoUl the test. 

3.3.2 Bram behaviour 

Upon loadmg 10 Ihe flfSl posItive cycle, IWO flexural cracks forJ11ed at distances of 80 mm and 

360 mm lrom the column face. These two cracks extended down through the slab and into the beam 

weh havmg maxImum crack wldth~ of 0 JO mm m the beam below the slab. In the negatlve loadmg 

t)'c1e, the prcvlOu", crack. ... c10sed completely wlth new cracks formmg on the botlom face of the beam 

at the column face and al a dl'-tance of 140 mm from the column face. 

ln the ~eLOnd pOMtlve loadmg cycle, three new flexural cracks formed 10 the beam extending 

10 mld-depth of Ihe hcam whlle the prevlOus Iwo cracks lengthened These cracks are tlexural shear 

crack.." and had maximum crack wldths oro 5 mm al thls stage (see FIg. 3.27a) In the negatlve loadmg 

l)'dc, MX m:w flexural crack. .. formeeJ al appTlmmatcJy 130 mm mtervals corre~pondmg 10 the beam 

hoop l>p,IClng 111C\e cracb eXlended vertlcally about 200 mm and then mdmed at 45 degrees 

tnter~ecllng Wllh prcvlou~ly lormed ~hear crack.'i at mld-depth (see FIg. 3.2 7b) 

AI geneT.!1 Ylddtng, t\\O new Ikxural crack.'> formed for a total of scven wlth the maxImum 

recO/ded lT.ld. wldlh 010.70 mm. In the ncgatlve loadmg cycle, the cracks formmg from downwards 

loadmg were nnlcd 10 ha\e rcmatned open upon load reversai mdlcaung permanent deformatlOns 10 

Ihl' malll heam 

Lo~t1 cru!>hmg 01 the con~rctc al Ihe bottom of the bcam was observed al the peak load of 

+ ~3l) () J..N In Ihe 6th pOSltlVC loadmg cycle, along wlth onset of spalhng at the Jomt mterface. 

Sphlllng cr,lck~ \\cre nnted al Ihl'\ ~tagc al the Ieve! of the bottom longltudmal remforcement near 

the JOInl Figure -' 27l ~h(l\\,,,, Ihe crack pattern m the 8th pOSIlI\'C loadmg cycle at the maxImum 

.Ipphl'L! In,lù of +36():; kN \\llh cru .. hmg and spalltng of the concrele outslde the Jomt reglOn . 
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a) Flf~1 yldUIng, P =: +211-:6 kN 

• Il 

h) General yleidIng, P = +2716 kN 

/ I~ 
" 

C) Ma\lmum appllcd IO,jd, P = + 1()(J 'i kN 

• Figure 3.27, Pholugraph ... of ~pc(.,tmen R4 al dllfercnl .. Iage .. 
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ln the 8th negallve loadmg (:yde, the bottom 40 mm cover over a dIstance of 180 mm was lost 

CXPO\lng the longitudinal steel and beam hoop remforcement. In the followmg cycles, more spalhng 

occurred ncar the JOInt rcglon ""herc nexural htnglng m the beam had becomc eVldent Figure 328 

~h()w\ the JOint reglon of the speumen ln the 11 th pŒltlve loadmg cycle al a dlsplacement ducuhty 

of XA" corrc\pondmg to a load of +333 7 kN and a dlsplacement of 120.2 mm At thls stage buckllng 

of the 4-No 20 boltom bar~ had o(.wrred FIgure 329 shows the buckhng 01 the beam bars along wilh 

the exlcn\lvc "pdllmg and large ncxural crdck Wllhtn the hmge reglon. Il "'as noted that III the last 

lour loadtng cycle., the cracks wldcncd ln a reglon WIthm a distance of 300 mm from the Jomt face, 

wlth maximum lrack Wldlhe., of scvcrdl mllhmetrc~ 

FiJ!ure 3.28: Photograph of specimen R4. showlng ddmage ncar the JOint 
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Figure 3.29 Bucklmg 01 hcam huHom bar ... at Xily ln "peumen R4 

Figure 3.30 shows the dlstnhutlOn of mca~ured curvature., and ~hcar .,tram ... along the beam 

at different Joad stages The yleld curvature at the column fal.e wa\ X 9 x 10 J rad/m, In the P()~IIIVC 

loadmg direction whIlc a maxImum rCl.Orded curvature of 50.8 x 10 J rad/m wa<, ohtatncd at a duwllty 

of 6~ From the mca<;ured curvatures, the plastic htngc rcglnn wa\ c\llmatcd to he wJlhlO 400 mm 

from the column tnterfacc The maXlmum mea<;ured ,>hear <,trdlll ln the hearn occurrcû m the ~th 

positive cycle v.llh a \lalue of 1 159 x 10 2 radJan<; at IXO mm from the heam fdl.C DI ... UlntmultIC\ JO 

the distribution plot~ are due ta the dlscrete nature of the crack pdtlern<., 
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Figure 3.30 Curvature and shear stratn dlstnbuttons for R4 
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3.3.3 Slab behaviour 

In the tirst positive loadmg cycle, two Ilcxural crack~ appeared on the slah ~urfal't.· .lt thc 

location of the transverse slab bars. These cracks crossed the cnlIre wldth of thc !o.lah ),lIrlal'c ln thl' 

negatlve loading direction thelle cracks clo~ed completc\y. In thc ..,cWlld PO\ltl\C Ill.llhng l'vdc.. .. Ihen.' 

were SIX transverse cracks on the slah wlth maXIlUlIm crack wl\1Ih" 01 0 J mm and t'V gClll'l,l1 \ Ic\dln~, 

these cracks opencd up 10 wldths of 0.5 mm. By the pCdk load ln th1' l)'ck d 1ll1'lon.11 LTack had 

formed on each slde of the column m the slab adjacent to the column f.tcc The,e cral'k~ opcned amI 

slgmficant dIagonal crushmg on the slab surface occlIrred duc to ton,lOn ln the Wth pO~ltlVC loadmg 

cycle. 

Figure 3.31 shows the stram dlstnbutlOns ln the No.1O !>Iab bars, measured over the gauge 

lengths indlcated, at different load stages dunng the test. 
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Figu ..... 3.31: Stram dl~tnbullon 10 slab bars for specImen R4 

The yield strain for the bars of 0.0024 IS mdlC.:ated At gencraI ylcldmg 10 the po..,lIlvc loadtng 

direction (P = +2716 kN) the first two 'iet<, 01 top bar.., on elther <'Ide of (he hcam Yleldcd 1'hl\ 

corresponds to a wldth of 4hr on both lllde<, of the mam beam wherc the <,Iah bar<, arc a..,..,umed 10 he 

effectlve 10 provldmg bendmg moment reslstancc. In 'iub<,cquent I()adm~ cyclc.." "tram" ln the ..,Jao 
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bars varied nonhnearly, wi'h hlgher strams ncar the beam and conslderably smaller strains at the edges 

of the slab. At the maximum load level, ail the slab bars across the width of the slab had yielded. 

3 .. 3.4 Spandrel beam behaviour 

In the second positive loadmg cycle, a sphtung crack had formed along the column mterface 

over the cnllre depth of the spandrel on the west and east sldes, W1th crack wldths of 0.3 mm and 

0.5 mm, re<,pedlvely. One torsJOnal crack had formed 100 mm from the column face on each slde 

extcndmg al 45 degree'- away from the column aver a distance of about 300 mm. The cracks widths 

were 0.25 mm and 005 mm al the level of the top remfarcement on the west and east sldes, 

respectivcly 

At gencral yleldmg m the posluve loadmg duectlon, the 45 degree cracks extended further 

down mlo the spandrel and had crack wldths of 0.5 mm and 0.4 mm respectlVely (see Fig. 3.32) . 

III
' 
'07 

. . 
"" 

Figure 3.32 Phologr.lph Dt ~pandrel heam of specimen R4 al gencral ywldmg 

ln Ihe 41h ptNlIve loadlOg cycle, the tor~lonal LTacks had propa!;ated to the bottom of the 

~pandrcl and opcncd up 10 1 4 mm and 0.9 mm respccllvely. On Ihe mtenor face, separation between 

the spandrcl and the ~lah had started and extended over the entlre Wldlh by the 6th cycle In the 6th 

downward IO.ldmg l')cle. ~evcral ne\\' lOrslOnal cracks formed. Crack widths at thls poml were 6.0 mm 
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and 4.0 mm, respectlVely and contmued 10 open Wlth slgns of diagonal cru~hmg and ~palhng of thl' 

concrete cover occurnng III the lOth cycle (~ce Fig. 3.33) 

\ 
! 

~-

'\ 

UNIT _ 

CYCLE 10Â 
STEP 5SfS 
SIOE S 

Figure 3.33. Extenor view of specimen R4 m the IOth loaulOg cyde 

3.3.5 Column behaviour 

In the fIrS! IWO loadmg cycles, no crackmg In the column .. was ob\crved. Flr\! cracking wa .. 

noted at general ylcldmg on the extenor face at the bottom of the spandrcl bcam wlth a '-rack wldth 

of 0.2 mm. ln thc 4th positive loadmg cycle, threc I1cxural craLk.., wcrc formcd on Ihe IfIICflOr face 

above thc slab at cqual dl~tances up to a helght of 500 mm foUowed hya .,ccontl uaLk on the cxtcrJOr 
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face, 160 mm below the first crack. The crack wldths mcreased shghtly untll the 8th positive loadmg 

cycle corre~pondmg to the maxImum moment transferred from the beam. At thls stage the moment 

m the column wa., 331 kNm WhlCh I~ less than the predlcted capaclty of 375 kNm. Crushing and 

partial ~palhng uf the column below the mam beam occurred ovec a dL~tance of 100 mm 

(sec Fig 3.27c). Complete spalhng dld not (Jccur unul the lOth posItIve loadmg cycle (see FIg 3.34). 

On the extenor face of the upper wlumn, a vertical splItlmg crack extendmg 150 mm above the slab 

'ilgmfled the Mart of separatIOn of the column cover from the confined core . 

Fi~ure 3.34: Photograph of JOint reglOn of specimen R4 In lOth loadmg cycle 

3.3.6 Joint behllviour 

The bchavlOur of the jomt reglon for thls specImen could not be readdy observed since the 

cntlre ~Ide face~ werc covcred by the spandrel beams. ThIS confmement helped control the shear 

crackmg ln thls reglOn. As wllh the other two specimens, the jomt hoop reinforcement was adequate. 

Dctormal1()n~ m the JOlOt rcglon werc momtored by a dlal gauge located 85 mm from the 

column on the top of the slab The rcadmg~ from thls dlal g<lUgc allowed the bund slIp and JOInt 

~hcar lIdorm,lIlon l'Ontnbullon 10 the bcam tIp lIeOcclIon ta be cstlmated At the peak load of 

+292.1\ kN .11 a lIul'llhty of 1.5~ t1m deformauon wa~ found ta be 9.8 mm At a dlsplaceme!lt 

ductllll} of 4~ thl~ dctonnallon rC.lchcû 38.1 mm . 
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Chapter 4 

ANALYSIS AND COMPARISONS OF TEST RESULTS 

4.1 Load-DeOection Response 

Table 4.1 summarizes the overall behavlOur and sorne of the key rcsponse parameter~ for the 

three test specimens The specimens are hsted m order of dccrea!.lUg lor~lOnal resistancc ot the 

transverse spandrel beams The dlsplaccment ùuctlhty of the speclmcm, wa~ computcù from the rallo 

of the maxImum recordeù tlp deflectlOn <lu, 10 the ùl!.placemcnl, <\' recoldcd al gcncral ylclùtng It 

must be noted thal Ihe testmg was siopped duc to dlsplacem('nl hmllallom, on Ihe loadmg apparalu:-, 

and hence the specimens are capablc of developlOg ducllhtle~ greater Ihan that rcwnlcd ln Tablc 4.1 

The ablhty of the specimens to malOtam load after general ylclùmg 1:-' Illu~lr<llcd hy the rallO 01 

applIed loads, P JPp where PuiS the load correspondmg 10 Llu and Py 1'> Ihe Il)du wrrc~pondlllg 10 ~ 

These ratios lOdlcate that ablhty to mamtam load decreascd from ~pcclmcn R4, ln R4S, ln R4T AI:-.o 

glven m Table 4 1 arc the ratIOs of the stlftnesses The terms ky and ku arc Ihe :-.Iopc\ obtalllcu by 

JOlmng the peak pO~ltlve and negallve load-dlsplaccment values lor gencral ylcldlIlg and the end 01 

the test, respectlvely As the spandrcl bcam IS decrca~ed 10 sile Ih,\ ~lIl1nc~\ raUo decrea~e~ 

Flgure1> 4.1 to 4.6 shows the load vcrsu!> tip dcflcctlOn response~ and phOlograph:-. al the end of the 

test for specimens R4, R4S and R4T, rcspectlvcly 

Table 4.1. Companson of kcy response parameters for the threc 'ipeclmcn\ 

-
Specimen Failure Mode DucUhly PuiPy k./ky 

R4 Bearn f1exural hmgmg 116 1 20 on 

R4S Bearn f1cxural hmgtng ){)1 0<)4 () 1 1 

R4T Bearn f1cxural hmgtng and 100 () 67 {JIO 

loss of shear transfer 
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Figure 4.1: Load versus tlp deflectlon response for specimen R4 
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FiJ!lIrt~ 4.2 Photograph of damage to specimen R4 al the end of test 
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Figure 4.4 PholOgraph of damagc tu "'pcurm:n R4" dt thl cnd of tc~t 
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• Figure 4.5: Load versus up deflectlOn response for specimen R4T 

• Fil!ure 4.6. Photograph of damage to specimen R4T al the end of test 
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Specimen R4 mamtamed very stable hysteresls loops wllh peak loads hlghcr than that of 

general yleldmg for the duratlon of the test. Specimens R4S and RolT hehmcd Mlllllarly tu !>pcclmcn 

R4 except the peak load was below that of general yleldmg ln the Imal pO~IIIVC loadmg cyril' fhe 

flexural hmgmg ln the bcams IS l'vident ln each of Ihe spcl'1mcns duc 10 the wn~ldcr;lhk .1I110unb 01 

spalltng of the concrcte ln the reglOns close to the JOint Although the mdtncd ~hcar n,tchmg wa~ 

weil controlleu the full-depth flexural cracktng rcsultcd m conccntratcd ~he.tr dctormatton, along thc~c 

vertIcal cracks. Specimen R4S and R4T expenenced more Mgmltc.tnt tor~lon,11 d"trc~~ ln the ~pandn.'1 

beams than specuTIcn R4 Thc slgOlficant dlftcrencc~ III the torslOnal dl~trc~" arc vlslhk III F'6'" J 10, 

3.23 and 3.33. Figure 4 2 show~ that very hule tor~lOnal dtstrc!>" occurred on the mtenm t.lfe of thc 

spandrel ofspcclmen R4. FIgures 44 and 4 6 ~how Incrcasingly more torMonal cracking ,111(\ tOnnetc 

spalling on the mtenor faces of speclmcns R4S and R4T 

In each specImen, the 4 No 20 bott:)m longltudmal bar!> bucklcd belwcen the do~dy !>pau.'d 

hoops near the column face III the Il th cycle, after 10'>~ of concrcte coyer had lakcn place 

Figure 4.7 compare~ Ihe load-deflcClton rc~pon~e envelopc~ of thc Ihree ~peclmen" Specimen 

R4, whlch had 400 x 600 mm ~pandrel heam~, reached peak load~ ln the pO~ltlve lo,Hhng dlrcl.llOll 

sigOlficantly hlgher than ~peclmens R4S and R4T Spl'CtmCn~ R4S and R4T hoth had 250'( tJOO mm 

spandrel beams, wtth R4T contalnlllg a smaller amount of tor~lonal remlorccment than R4S Thc 

peak loads III the ncgallve loadlllg directIon \Vere slmllar for the three te~ts ~tnCC the "Ill' ,lIld .,Irength 

of the spandrel beam plays a les~ slgmftcanl role ln pOSItive bcndmg Thc !>mall dlllcrl'ncc \fi Ihe 

negauve peak loads of the speCImens can be attnbuted to the dlffercncc~ ln the wm,rete Lompre~"lvc 

strengths. SpecImens R4, R4S and R4T had concrete comprc~~lve strength" of 40 (J, 14.:1 and 

46.6 MPa, respeclIvely. 

SpecImen R4 dlsplayed larger suffness than Ihe other two Ijpeumen~ III thc po.,ll1ve loadlllg 

cycles, before general yleldmg due to the larger lor~lOnal .,lIffnc.,~ of the !->pandrcl hcam Bctorc 

slgOlficant torslOnal crackmg occurrcd, specImen R4T dlsplayed a largcr mllial MIHnc!->., than R4S duc 

to the hlgher concrete strength III specimen R4T In the la~t pO',JlIV~ loadlng L'yllc of thc thrcc 

specImens, the followmg ob"ervatlOns were made: 

(1) Specimen R4 showed slgns that Il could have conlInued to carry .,lgmfJwmt l()ad~ 

even after the end of the test 

(il) SpecImen R4S <;howcd a steady decrea!.e \fi load carrymg Lapaclly duc ln "Igmfl<:ant 

loss of torsIOnal ~tJffne~~ and reslSlancc and du(:' to the buckhng 01 the hOl!om hcam 

bars. 
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- 300 -'--'""""T""r-rTT,,-,....,-,-,-,-,rrr-r-r-r-r,--+-r..,...,--,....,-,---,rrrr-rrTTTTTTTTT, TTT'rT T 1 ,,---rr r 1 TT ,-1 r 1- l , 

-100 -50 o 50 100 l~O ;)()Cl 

Tip Deflection (mm) 

Figure 4.7: Load versus dl~placcmcnt envclope~ lor the thrcc ~pel\men~ 

4.2 Tip Deflection Components 

The tlp deflecllon of the mam bcam 1<; l()mpo~ed of the ~um of the deforrnatlon,> 111 the hcam 

plus the deformatlom of thc J01l1t Thc wntrlhUIIOn of the wlumn duc to rotatIon ha., oeen rcrnllvce! 

as dlscus'\cd 111 SCLllon 2422 The heam dl'>pldlement wmponent LOn'>l,>t., of dellel\l(Hl., du(' to 

tlexural dcformatlOm plu,> "hear deJorrnalJon'> ThL JoJnt dl'>placcmenl lon'>l,>t,> of the ,>hear dl,>tortlon 

and the hond-sllp of the rClnforc1I1g har., ln the JOInt reglon The.,e LOrnponcrlh wefe nllI1lJted u'>lnl' 

thc mea.,urcmcnt" takcn from the lc"t "'pclIfficn" 
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The 11[1 ddlell10n 1<, dlvlded ml<> three dl~placcmenl components as follows 

where d"p 1\ the c ... llmdted heam tlp deflecl1on, 

dt 1<' the dcflcolOn componenl duc to flexure 

d, 1\ the deflecllon component due to "hear 

d
J 

l, the dcflcOlOn component duc la Jomt shear dIstortIOn and bond-slip 

(Eq 41) 

The dt lOmponenl wa ... calculalcd hy applymg the first moment-area theorem ta the measured 

(urvature dl\lnhutlon\ ;->Iotlcd tn FIg~. 34,3.16, and 3.30 corresponding 10 specImens R4S, R4T, and 

R4, re<,peolveJy, wllh Ihe assumplJon thal thc JOInt IS ngld. The equallOn used for thls calculatton 

1'" glvcn ln Fig 4 X, whcre <.p, IS the hcam curvature and x IS the distance from thc loadtng pOInt to 

Ihe ccnlrolo of a sma)) clement of arca, <.p dx. 

1- ' "=.-=---._' ---' ,-----, ,---=----+-.i 
i~~~-:- - ~ - -- ~-- 0 0 

l "~~ ".:~-. 0 '-: -:0 o~o '~~' 
1 
: 1 __ (> ___ 0 ('0--<) (')-0 0-0 r ------------~ 

1 r-

. j 
! 
1 

,1 

1 ----------

------- ------ --------:::::--.......:--

• 
_ .... - .... -- --~---

f I-
ât - 0 Xqldx 

Figure 4.8 Equation for calculatmg ~ 

(Eq.4.2) 

The .l, lOmponent Wd~ calculatcd hy mtcgratmg thc mcasurcd shear straln dlstnbutlOns ln 

Ihe he.lm pln!lcd In Fig ... .3 4, 3 16, 3.30 The arca undcr the cune can bc found usmg the folIowmg 

cqllallllll ('CC Fig 49) . 
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104------- --- â s - fi Y, lU .. 
.: T------ --------.-_ 

~ ~. -

H~ure 4.9. Equation for calculatmg Â.. 

The â J component was c~l1mated uSlng the LYOT rCJlhng" taken .lhoVl' the ... I,lh ~UlI.lll' .11 

thc JOInt rcglon as shawn ln Fig ·UO. Thc cquallon<, for thl" c.lILuldtlOn arc aho glYCn III hg ., JO 

1 

1 . 

1 

h' 
1 
1 

---'-1 
1 

I
CI 

~ ~ â LVDT 

~/' 
w----
fi 

>4---

_1_1 ~_~__ 1 
1 

--

A LVDT 0, --­
hI 

Figure 4.10 Equation., for calculatmg Ll) 

(I:lJ 4 '\) 

Figures 4.11. 412, and 4.13 show the mea~urcd hcam tlp def1clIlon" whJ(..h dTC wrnp.trcd wllh 

the expenmentally determlned def1cctlon componcnt<; lor "pcumen R4, R4~, and R41, re.,pcLllvcly 

As can be seen, the calculated Hp ùef1eL\lon u~lIlg the cxpenmcmally delermmeu wrval ure", '>heM 

strams and Jomt dcformallon ... , agree ver; well wllh the me,r,ured IIp dclleL\lon Thl .,mall dlilt renLe,> 

may bc attTlbuted to the very dlscrete nature of the crack p.!ltcrn, wlth ,>ome crack\ TM""lng helWlUl 

the stram targels and othe[', ml<;~lng thc "train targc .... 
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Figure 4.13 Bearn tIp dclklllon componenl" lor ",HXlmen I~A 1 

Specimen R4wtth the IOr~lonally stronger "pLlndrel ~howetl"lgn., 01 rl'/I1:11Il lII)', very .,1111 UIlIIi 

the 3rd loading ("icle whcn general Yleldtng oleurred Spcurnell R4S antl HAT hLlvlng Ihl' "' •• llIl 

!>maller size spandrel started to lUrvC In the 2nd IcMdmg l)'de R4T havmg the hlghe.,1 Ullllll'Il' 

compressIve strength had the larger IllIttdl suflnc ... .,. 

In aIl three ~peclrnen,>, the Jomt dl~tortlOn and hond "ltp Ulmponclll wnlnhuled "'lgllllll,1JI11y 

In the later laadmg cycle'i, thls componcnt wa" a ... large d ... the I1cxural wmpollclIl lor "pclIrncn<., R4\ 

and R4T Thl'i mdlcatcd that bontl dctcnoratlOn and/or J(Hnt llI,,!ortlon hall t.lkcn plall' alln 

considerable yteldtng of the ~pcClmcn The ... hear lornponenl of dcllcllion wa., q ut1t' ..,rn,lll lOI .111 

three tests. For speCimen R4 thl'> contnbullOn wa" re1aflvcly 1.lrgcr Ihan Ih,JI 01 "peuflIl'n.., 1<.4<., ami 

R4T due ta the hlghcr applted ~hcar 
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4.3 Hy'iteretic Loading Behavjour 

4 .. U "'n~rgy f)1~~lratJ()n 

1 hL cnn!!]' dl~~lp:ltm~~ :lhlllt) of thc .,pcclmem can be obtamed from the load versus 

(lcflLLlIOn rc'>p(lI\,( !{J0P" 111e Mca cnc!o,>cd hy the hy~lCrc"l~ loops m cdrh loadlftg cyclc glves the 

elh'fl-ry dJ"'>lpated In thal cytlc T,lhle,> 4 2. 4 3, dnd 4 4 ~umnjarl/C thc valuc,; fœ the energy dlsslpated 

In Cdlh h:lll loadmg t'vdc lor "pcumen, R4, R4S an· 1 R4T respcctlvely The amoun! 01 cnergy 

Inlrea,>c" wlth C'Kh l'ylie 01 loadmg "Inle hoth the load- and the dcOcctlons mcrease 

Tahle 4.2 Energy dl<,slpatlon :lt dlffcren! dU,l \)lJty Icvcls for specimen R4 

, 

1 

.. 
Load l~nerbJy P pea~!Pyp 

CyLlc or .lp<Jk/ .1.,. Dl~I. pated posItive 
DI"placcmcnt (l\!m) cycles 

-~ 

lA 12Mcr 019 10\ 5 ----
lB 016 74 .. 

2A hl ylcld 078 758. ----
2B 068 365.~ 

3A gcn ylcld ~ 100 10180 1.00 
3B 1.00 6358 

4A 15.1.,. 1.48 1797,4 1.12 
4B 158 13180 

SA 2~, 1.87 3155.6 1.19 
5B 2.03 18868 

hA 3~ 3.01 63140 1.29 
6B 309 4488.9 

7A 4~ 405 92256 1.36 
7B 376 64155 

~A 5~ 5.04 122656 1.38 
XB 5.00 9799.3 

liA 6.l, 642 16130 1 1.34 
'>B 601 120931 

lOA 7~ 7.02 18373 1 1.31 
lOB 692 l-W437 

liA 8~ SIAl 222259 1.27 
liB 798 l ~520 2 

1 ~-\ mdXlmurn 116,+ 325696 
travel 
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-- --l LOJd Llll'll!\ 1'"<,, l'" C)cle 01 ..lt,t"'Ü.I~ nl""'lp<~tùl PO"'"lh' 
DI'pl,ILt:"ment (1\ml l'nie ... 

~ - --

lA 1 ::'~1LT Il 10 1002 
lB Il O;{ "'-; q 

2A 

1 

hl \ lcld II 01 7(14 0 
2B () ;() 217 Il 

~A gcn. vlcld .J., \00 \ 1.t 7 7 1 00 
3B 1 \ 00 :-;027 

.tA 15-\ 1 51 2~J-1 ::' 1 (lX 
4B \ 58 ::'()lI-1 1 

SA 2~ 209 4171) () 1 1"' 
SB 207 JI2q ::' 

6A 3~ 30R 7541'12 \ 2tl 
6B 297 6ln1::' 

7A 4~ 4.22 \07\ () 1 1 2' 
lB 420 %447 

SA 5~ 5IO nX767 \ 22 
8B 4,96 12·n41 

9A 6.ly 626 167521 120 
9B 596 15958 1 

lOA 7.ly 724 \1.)589 () 1 14 
lOB 701 19524 '2 

lIA 85.ly 861 2\0521 1 () \ 
11B 800 21118<J 

12A 1O~ \0 34 2116\ 0 () 94 

It 'ihould be notcd that the amount of total encrgy dl,.,lp:llcd l' J funLllon of 11ll' delal'" 01 

each specImen and the maxImum tIp dellecllon ImpO\cd Ail Ihe "pcurncn, h.tvc eXLl'Ilcnl energy 

dlsslpatmg characlemllc .... 

4.3.2 Dlsplacement Ductility 

The dl"placcment ductllIty of the te~t "peCImCn., detlned a" Ihe ratIo of IhL rnaXlnlUrrl 

deflcctlOn dlvlded hy the dcllcctlon al general yleldmg 1., a mea<,ure of Ihe ovc..rall du< tlhty of Iht 

structure The ~pcumcm ln thl'" ,tudy re,lLhed dl'pl.tlement dULllhlIL\ l'rL,ltu thall 10 ,lJld "howul 

excellent hehJvlour «,CC Tahle., 4 2,'" 1 and 4 -1) Had Ihe tL"'" not hLen .,topped dUl 10 laLk (JI tr,lve! 

ln the loadtng ram.." hlgher duwlltlcS could have hcen reJlhed 

X7 
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'1 ahle 4.4 Encrgy dl'>'''pallon at dlffcrent ducuhly le_el" for specimen R4T 
~ 

l).lU Ene:gy Ppe../Pyp 
(y{ le or ~rr .,/.l. DI<,slpatcd pOSltl\C 

DI'>plaecmenl (Nm) cycle'i 

r 
lA 12Mlr 010 599 - --
lB o Il 366 

ZA ht ywld () ..tn 591.5 -_ ... -
2B 059 ~90C 

1A gcn yH:ld ~ 100 15X42 100 
'B 100 1178.7 

..tA 15Â, 149 26526 1.08 
4B 1.50 24682 

."lA 2lly 204 3957 ') 113 
5R 2 DO 37952 

liA 3~ 298 79226 123 
6B 287 81455 

7A 4~ 406 10999.6 124 
7B 383 12033.9 

XA 5A; 5.02 138056 1.21 
XH 5.00 15595.7 

9/\ 6~ 604 17388 3 1.18 
YB 5.96 19527.6 

IOA 7:::.., 703 20321 1 1.14 
lOB 700 223388 

lIA 85~ 847 23495.7 1.06 
liB 840 26329.2 

12A 1O~ 999 17745.7 0.67 

4.-'.3 nlllnJ>in~ and StilTne'i!> 

Two mdK.ltOr~ lor the dampmg charactcnstlcs of the test specimens are ex. for the stlffncss 

dl'gr,td.lllon Jnd {3. for the hystcrcllc dampmg The {J mdlcaLOr, defined In Fig. 4.14a, IS plotted in 

FIC ..t 15,1 for e..lch leq 'peClmcn Thl\ _alue mcrcascs wlth loadmg and slgmfies grcater dampmg. 

The (y IIH.l1c.llor. dl..'hTlcd In FIg 4 14h. 1'> a I11casure of thc dccrcase In the overall stIffness of the 

'>IH'llTl1t'n.,.h Ill,Hj 1., IIlUI\I\I..'J Fig 4 15h '>hO\,~ the change In !.lltfness of cach speclmcn Illustratmg 

.In mlll.ll r.lplt! dClfC.1\l' ln "'lIftlll'S\ al the "IJrt 01 the {('SI SpeCImen R4, Wlth the 5tlffest and 
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a) HystcrcllC darr.pmg coefficient, {3 
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b) Sutrnc ...... dcgl.ldatlon l'odhul'nt, H 

Figure 4.14 DefinitIOn of damptng cocfllLlCllh CI' "ml {J 
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a) Hysteretlc dampmg of the ~pcclmen,> 
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o Tf1"'T rTl,TfTTTT"""'TnTTTfTrrrn"TTpïTTTfTll r r, rf T nT' 
1 2 j 4 5 6 7 tl 'l 1 (j 11 1.' 

tt.peakj 6.yp 

b) Sllffne~~ degradallon 01 the '>pellm'_n,> 

Figure 4.15' Hysterettc damptng and sl1ffne~\ degradatlOn 01 thc tc .. " \pCClmUl 

4.4 Moment·Curvature Response and Predictions 

In ordcr to achlcve a dC'>lrcù O\èfall '\trullural" dULUhty, the ÙUlllhty of mÙJvJùual mcrnbcT''I 

and hcnce the M'cuonal or lUf\aturc ductlllly mu,t he \ufflclent m rcgHJO'> exp<.lIcd to undergo pl,J"I1J( 

hmgll1g The "curv,ttun:" dUlllllty 1\ dLlmcd a,> <ru / <fi, whcre <PI l~ thL ylclcl Lurvatun .JOt! 'P" 1\ I:lkt'I\ 

as the maXImum CUf\aturc dttamahk hdon..: \lgnlfIwnt drop III IOJO l.urYJ/l,l' Ldp.tllty ï ,tille ·1 " 

summanzes tll~ exp~nmentJllv dctermlncd moment'> ,wo Lurvaturc~ ln thL m.1l1! hL.un .JI IhL UJIUrlllI 

face for cach te~t ~peumen 
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'1 able 4.5 Compap,>om of maximum moments and cur.ature ductllltles 

- -

~pLumcn Mm .. (kNrr.) <':, (rad/m) X 10 J 'Pù ( rad/m) X 10 3 otlu / 'P, 

R4 ()(): () XX 62 (J 70 

R4S 55X 2 125 90 () 72 

R4T 5S0 --+ () f 902 143 

. - Ihl~ vdlue: 1" low he:c<lu..,e: the l[JLk~ dld nol crm~ Ihe: gaugc knglh 

ln order 10 a..,..,e".., Ihe: Inllucm,l 01 the: <;p,mdret heJm on the cffntl\e slab wldth, the moment­

Lurvallw.: IC..,P0n'>C" 01 the: mdlO hedm 10 ncgallw hcndmg will he prcdlcled J~"umIng varymg effective 

.,Iab Wldlh'> Thc,>c prcdlLlcd rc<;pon'>c" will Ihen be comparcd wlth the expenmentally determmed 

momenl-curvalure rc"pon~c.., of the te<i\:', '>peclmem TIll'> compan<;on wIll cnablc an asses~ment of 

the ctJClllVC "Iah Wldlh whlC.h he'>! dcslnbcs the actual respon..,c, A method of predlctmg the effective 

.,Iab wldth 1'> prc,>ented 10 Sc clion 4 5 ~ The predlctlOm. 01 the moment-curvaturc rcsponses were 

made lor the lollowmg t-;\.,e., 

1 ) 

2) 

'{) 

A rcctangular beam 400 x 600 mm wlthoul any slab Oanges. 

A T-heam mcludmg an cffeCII\e "lah wldth of 3h f on each slde of 

the heam ThIs re~ultcd III an effective width, be of 1060 mm 

together wlth 4-No.1O slab har~ 

A T-bcam mdudmg Jn dfelll\'c slah wldth of 4h f on caLh slde of 

the beam rcsultmg m hé = 12XO mm and R-No.lO slab bars. 

4) A T-bcam mdudmg the enlne slab wldth, he = 190ü mm, resu\tmg 

"n 12-No. JO .,Iab bars bemg effectIve. 

5) A T-beam mc\udmg Ihe cntlre slah wldth and assummg a non-hnear 

stram dlstnhut!on III the remforcement across the slab 

FIgure 4 16 ~how~ the non-hnear ~tralO dlstnbullon measured In the !llab for each test 

spel'lmen near the end 01 testmg (from Flgs 37,3 19, and 3 31) Usmg the shaded dlstnbutlOn shawn 

In FIg 4.16 lor the vanatlons ot the straIn~ In the slab bars, moment curvature predictIons \\cre made 

U~Ing pr,)gr,lnl RESPONSE (CollIn ... and Mnchell, FJ')I) The!le predlcted moment-curvature 

rc..'~p()mL'~ ,m.' .,hllwn In FIg., 4 17,4 18, and 4 19, Jiang \\llh the predIctIons of the olher four cases 

it.,ted ahm'c 'Thc\e II\C predlltcd mnmenl-Lur.alurc resp()(1\CS are compared wlth the expenmentally 

tktCf1l11ned re'IHlll,c" 01 the te"l ~pcClmcns The \arymg slram dlstnhullon across the slab used 10 

l,\~l' ()) rc"ulletllll ,\ "roundL'd" moment-cur.,lIure rcspon~e curve due ta the scquenual }leldmg of 

the "Iah hM\ III the len~lIm IlJngc The dlSlnbutlon of ~traIn III the ten~JOn Oange, 15 a functlOn of 

the tnNon,11 ,IIUne" ,md strength 01 the ,pJndrel beam In the case of an extremcly stlff and strong 

90 
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spandrel bcam. the ~Iab bar str.llflS \\l)uld tend tl) be umtnrm .lLm"" the \\Iuth 01 Illl' '1.11\ .l1lll henu' . 

the bars would ~1eld slrnult3n('ou~l~ I\mg..! r('~pon~(' ~Irnllar ID Ihn~,' nt l"l~l', (1) thillugh (-1) 

r
-' \,-----.,-
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ê Il j ~ I!:; 
~ L Il 1) ~ - 6 - No 10 hooos 
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1\1 

...... 

Figure 4.16- Non-hnear ~lraln dl<;lnbullOm ln the ~lah bar ... 01 the \peurnefl\ 
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/'rom thl~l II~urc\ JI I~ éVident that the clfcw\'c ... lah wldth computcd U~Ing the CanadJan Star.d,ml 

(( <"A, )fJX.t) 01 ~ht 1\ not dppropnJtc III e,>tlmdtmg the trut' lOntnbullon~ of the floor slabs for each 

()f 11ll' thrt:l' \pcllmcn\ 

7GC) - --- ---- -----------------------------, 

R4 • -- test results 

~_~\ \ variable strom 

full v. dth 
E,CJO 

• ------\ 4hf 

~ ~3ht -E 
z 
G,400 

~----------- beam only 

r:: • 

200 -= 

100 

O~~Tn~T~rrn~TnTITnTITn~TITnTnT~~Tn~D'ITnTnTITrrl 
o 20 40 60 80 100 120 140 

Curvature (rad/m) x , 0-3 

J''iJ!ure 4.17 PrcdiCted and cxpenrncnlal morncnt-CUf\ature responscs for specImen R4 
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a 1 1 Iii i Iii 1 firnrTTrrT'TT"l-rrn-rTTTT"M-rrr-r-r"--'-rrrrTTrrTT"n-rTTT""TT"1rTTTTTTT"T-rri 
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Fi!.!un· 4.tH' Pn:-dlctcd .Intl cxpcnmcntal momcnl-curvaturc rcsponsc~ for specImen R4S 
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Figure 4.19: Predlcted and expenmcmal moment-curvature rc"p0I1"e ... 101 "'lClInwn R.rt' 

4.5 Role of Spandrel Bearn and Slab 

4.5.1 Effect of Torsion ln Spandrel n~am 

Figure 420 Illustratcs the free-body dlagram of an extenor beam-LOlumll-"I.lh UlnllnllOn 

showmg the flow of ïorccs from the 'main heam lOto the JOll1t, and the flow 01 Ihe forLC'> lrorn Ihe '>hh 

bar~ mlo the ~pandrel beam The lor<;lon 10 the "pandrel hearn 1" Lau,>ed hy Ihe l'llentrlLlly helwe('11 

the hne of actIOn of the forces 10 thc "Iab hdrs and Ihe lcntn)ld 01 the "p.melll'! hL.lln k, the 

negatlve moment 10 the mam hcam Incrca~e'>, the \tram'., dnd hence the fOlle" ln Ihe ... Iah hM" .Iho 

mcreasc When tor'>lonal crack.'> form ln the "pdmlrcl heam, the hn.,lol\.r1 \llflne\\ drop" "11.!11If1L.lll1ly 

Upon lurther loadmg, the "pandrel heam Will redlh «mlonal y.eJdlng wlllLh Will Imlll Ihe loru" Ih.11 

can dcvelop ln the '5lab bar" The tor"lon III the "pandrcllwam hUlIll'- up low.Ji(1', Ihl' Lo)umn I.Hl 

and thc side facc", 01 the JOint reglon arc \ubJeLlell to LOmhlned lIJrLLl ... heM .llId Im'IOll.rI '.he •• , tlow 

Thc lor"lOnal "tMnc\, and tor.,llmal ylcldrn)' moment 01 the 'rwJ(jrcl he.lIll \\111 !Ill t.lll III! 

strarn dlqnhutlOn ln the ~Iah har~ Thcrcfore. the \lr.llll dl"lnhullon III Ih< ~Iah hM'" would v.IIV trom 

umform for an cxtrcmely "tltt dnd tor<,lOnally ~Irong ~pandrcl he.rm, 10.1 qr.lln dl\lrlhlllJo!) wllllh 
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dCLTe.N':~ wIlh dl\lanc.c from the column for more flexible, weaker ~pandrel beams (see Fig 416) 

hpurl 42) ..,how\ Ihe "tram dl\lnhu!lon ... In Ihe ,,)ah har ... al the ~Idb-spandrel bcam mterface for the 

Ihru: "'pellmen\ al mdXlmum load IcH:1 Speumcn R4, v.hICh had the hlghe~l HmlOnal ~ltfiness and 

rl"lo.,t:tnll, Olo.,pl.lytd yJeldmg of .111 of the ,Idh bdr ... dcrn\\ the Wldlh of the \Iab, resultlllg m the 

ylclc1m.l', of 12 N() 10 har\ ~pcumcn R4" and R4T hdd ~pundrcl hedm~ \\hICh \\cre .,mallcr than the 

\rJ.lndrcl hCdm III \pclImen R4 Therdore hoth of the,c 'pellmt.:m dlsplayed ~tram~ III the slah bars 

Whllh \\CfC It.;" Ih,Hl Iho\l dcvclored III \peumen R4 Although \pt.:clmen R4S and R4T had the 

"dmc \IIC 01 "pdndrel hCdm. \r,cClmt.:n R4T had u ~maller amount of torslOnal remforcement As can 

hc \ccn lrom Fig 421, "peu men R4T hdd strdtn<; In the siah hars whlch were le~s than those III 

\pCLllllCn R4S Only 4 No III ~Iah har" rcached thelr }'1cld III speCImen R4T This companson 

pn>vldc\ ... trong eVldencc that hoth the ~I7e 01 the spandrel bcam and the amount of tor~lonal 

rClIllorœment III the ~pandrel heam have a sIgnllicant effeet on the stralll dlstnhutlon III the slab bars 

Fi~lIre 4.20· Role of the spandrel beam 
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Fi~ure 4.2l: Measured "tram dlstnbullons acro!>!> the ~Iah ... at .. IJh-"'l.Illdrd IIl1crl,llC'" 

4.5.2 Strut and Tie Mechanism Transferrin~ Forl"e'i from Slab Bar ... 

Figure 4.22 shows a plan vlew of thc ~peclmcn IlIu.,tratIDg the approxID1.ltl' area 01 the 

"dlsturbed reglons" around the column after <;Igmflcant ylcldHlg ha!> olcurrcd At thl'> .. tage, a dlHelellt 

mechamsm for the transfernng of slab forces to the JOID! reglon dcvelops. Th", mechanr ... m ~IO hl' 

visuahzed by a stTut and ue model 

undeformed 
position 

deformed 
pOSlt on 

J ~ flexural-tnr'"ilono! crl)('j.. 

\-~ 
1 \ 1 

1 ~_~ 

I~ ;- r ---- ----
, 1 ,\ 

C--l~ 
1 1 ~ 

l ' /. 

dlslurbed reglon 

, ) 

1 1 

Figure 4.22. DI<;turbcd reglon ... 01 !'pcclmen alter "'Ignlfllaot yll.:ldIOI' 
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figure 421 \how\ a plan VICW of thc ~Iab around thc column region Illustratmg the flow of 

Icn'>llc and WmprL\\IVe forLc,> Ideah/cd d\ d ~lrut dnd Ile model It IS assumcd that the slab bars are 

anlhorcd ncar rite ourer edgc 01 the \pdndrel bcam The longltudmal bars In the spJndrel beam form 

the lemlOn ehord m the Hkdlll.cd tru\\ \\hllc the top honzontal le!!, of the Llo~ed hoop~ ln the 

"pandrcl heMn provlde the tcn\lon mcmber... Tlm \trut dnd Ile mcchdnl\m lorm~ m the top face of 

the '>pandrel hc,lm and III the \Idh In oruer to uctermme the ten~lon~ ln the ~Iab bars that C<J.n be 

r":\I\tcd hy the "trut and Ile mcehanI\m, JI 1\ necc'j"ary to IImlt the forces ln the tensIOn tles to the 

ylcld lorw., ln the hdr, whlch thc~ reprc\ent Hencc, thc forces m the slab bars whlch Will cause 

ylcldmg In the tl'n~lOn Ile Uln be found knowlng the geometry of the spandrel heam and the Slze, 

~pallng and ylcld strc~, of the rcmforcmg bar~ 

r -- -~------ -, 

R4 

R4S 

R4T 

Fi~urt" 4.23 Flow of forcc~ 10 the "dl~turbed reglons" of the slab 
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Figure of ::!4 sho\\~ an exploded \'1e\\ ot the mam cr,lckcd !'Iurtacl'~ oh:-'I.'f\ eù ,Iltef (hl' :-'(ll'l'ltllCn, 

were removed from the test mg app.lfJtuS. The ~plf.llhng tor!'llon.lllT.ll'b 111 the ~palldrd hl'.tIll a~ \\dl 

as the reglon of compressive ~tre~~e!'l Jrounù the column on tht' Inp "urt.lll' 01 the ,1.lh .\Tl' .IPp.lll'll! 

A slffillar fallure surface was obscr\'cd h~ DUTTJIl1 .1llÙ Zl'rhl' (!9X7) 

1 1 

slab bars 1 J' \ ' "\ spandrel beal1l 

~ 1 _ ~~K hoops 
)- \~- - l " t~~ 

/1 --, --;, '1 '~.;. -spandrel beam 
/ l '" -:-, bors 

1/ ----

1,\' _~1 
! ~-
i 

1 

~----

1 
1 _ -
1 

) 

--- ----~_ ... -

L--' 

flexural fallure 
plane 

-', 

Figure 4,24: Fallure surface ln ~pcclmen R4T 
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4.5.3 Urechve Slab Reanforcement (Effective Width) 

The dfeLtIVC ..... Idth 01 .. Iah wn he found h} flfSt determmIng the nurnber of slab bars whlch 

tan he rC'>I,>ted hy the '>pandrel bearn Tahle 4 6 h~t~ the effective slab wldths recommended by the 

Can..t(lI • .m, New ?..e.tland and US code", for cxtcnor JOInt connections. Il I~ mterestmg to note that 

mo\! le,>t<, Ihal hdvc heen per/ormed on extcnor connectl0n~, resulted 10 the YleldlOg of slab bars over 

.t grener wldlh than thdt recommcnded In <.Unent code~ 

Table 4.6 C()mpan~on 0/ the "et!ecu."e ~Iab Wldth" used In current design codes 

Standard "effective Wldth" of slab 10 tension 

CSA Standard (CSA, 1984) 3h f 

NZS Standard (NZS, 1981) 2hf 

Chapter 21 do es not speclfy an effective slab 

wldth. But In 8 10, the effeCtlve Wldth of 

ACI Code (ACI, 1989) T-beam flanges must be Jess than Y4 of the 

span of the beam, and effective overhang 

(lange must be les!> than 

(a) 8hf 

(b) \/2 the c1ear span to next web 

The "effective slah reInforccrnent" or "effective wldth" Will be governed by elther the torslOnal 

strength 01 the spandrcl heam or hy the capacIly of the strut and Ile mechamsm in the top of the 

"pandrcI heant ('.,ec Section, 45.1 and 4.5 2) 

The yll:ldmg torque of the spandrd bcam can be estlmated usmg the followmg expression 

(MIIchell and CollIns, 1974 and Colhm and MIIchell, 1991)' 

T 
_ 2 A" A,ly e - -~--'--"- cot 

s 

where Ao areJ enclosed hy the torslOnal shear flow path 

A, area of one kg of the cIo~ed hoop remforccrnent 

Iv ~ Icld ~trcs .. 01 the hoop rcmforcemcnt 

S "!Mcang 01 tht: "tlrrup~ III the ~pandrcl bcam 

(Eq.4.6) 

e angle 01 pnnclpal compre~~tOn rneasured from the honzontal axIS of the beam 
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4.5.4 Measured and Predicted Tor!oional Rl'!oponse of Spandrl'l "l'lm" 

Figure 4 25J ~hO\\" the m,lnner Hl \\hll h thL' t\\I\t ni tlw !op.lIluld hL'.lm (lI \pL'Ullll.'ll R4T \\.1' 

measurcd. Pairs 01 LVDT\ mCd\UreU the rot,ltlpn 01 the wlumn ,llIil P,IlI' 01 1 \, n r', Illl',I\\lIl'l1 the 

tWIst and ngld hod~ rot.lllon III the "p,indrel he,lm xon mll1 ,1\\.1\ !tUIll the COIUIIlIl ("Ù' hg 4 ~'ih) 

These meà~ureml'nh enah\cd the t\'.\q ni the "p,lndrl'l hl'olllllO tw lktCllllllh.'lI.1t dllklL'1l1 lu,ld \I.lgc" 

As can be ~een ln FIg 4- 25h aftcr ylddmg ot thc m,UII hl'.11ll .·IlL! the "p,ll1dlr! he,lm the llliumll dOl'" 

not expcncnce lncrc,l~ed rotatIon" 

Along wlth the tWlstlng, the spandrcl hL'dm .lhl) ddkch 1Il\\.\rd\ .\hout Ih Wl'.lk ,1\1\:1' "hO\\n 

ln Fig. 4,26a. Flgurc 4.26b !.how~ the dl .. placcml'nt~ 01 ,\ pomt Im,lIcd on thc wlumn and ,1 pOint 

located 800 mm from the column The horllontal mO\emL'nt at l.htlcrCllt IO.ldUl~ .. t,Ige, \\'l'Il' oht,lllled 

by taking thc average dcOectJOn rcadlllg from thc top ,md hottom LVOT .. ("CC fig 425.1) 

Figure 4.27 shows thc torque vcrsm tWI"t fe'pon"e 01 the .. panllrcl hcam oht,llllCd tWill the 

expenrnent. Thc cxpenmcntal tOlque \Va .. calLulatcd lrom the lorCt'\ III thL "l,th h.lr~ A" l.11I hl' "l'l'Il 

from Fig 4.27 the bedrn cTacls at a rclàtlvcly ~mall torllue dnd the he,lIn dl'\cl()p~ .1 tOrtl'IC wlmh 

greatly cxcceds the predlcted tONonal ~tTCllgth Hcncc, ~()on alter lT,lrkmg a ÙIlIl'lL'llt lIIl'lh,IIlI"1ll 

resists the load ThiS rncchamsm amc~ From the latcTal hendmg ot the -'pamlrcl hl'am III thL' torm 

of a strut and tiC mechamsm (scc Sccllon 452) 

II unoe'ormed 
'1 1 pas Itlon 

:;r ~~L--- ------ -----­
TI --:*1: -,/ ~-I*I--=-=-=-~---::::-=-=-=- - --- ---

500mm 111,' 1 / 1 ----_______ _ 

L (, . j:! : l ' '---- -. - J ---;-:t, ~ 1 deformed 
LVDT's ~ po, ,t,on 

1 

. . . . , 
." 

.. .', ~~ 

'1 1 HI! ~" 
Ill) '11 l ,. ~ .. 

If 'l,' ." 
, Il,, ... 

• ~ "II, 1 ."4 
MI ~ ~Jo( 

(10 , 1 ." 

.'11 'I r, " 
•• 'l, r." 

,'j' ... 
f 'l' .... 

a) Elevatlon VICW of ddormcd spandrcl hcam h) Plan VICW "howlIlg rot,llIon" of "p,HHIrLl he.lIr1 

Fi~ure 4.25. Rotatlon~ of the column and the 'ipandrcl hcam III ~pCWnL!l R41 
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Figure 4,26 Bendmg deformauons In the spandrel beams 
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4.5.5 Determmation of Effel.'tne Slab Remforcement 

Table'" 7 t>umrn:HllL'" the nurnner ut h.lJ~ dfl'UI\.' III ncg,lIl\c Iwndlll)! h.I'ol'l! 011 tht" IlIl\I'Ufl'd 

slab strams along wlth thl' prcdlltcd d1cCll\l' numl)cr 01 hM" h.l,cll (ln holll Ihl' hll'IIlI1,11 'lIl'lIglh 01 

Table ".7 Com;Jamon nI prcdlllcd ,ml! C\jK"llmCnl,lll) dt'Il'Il1\lllcd numhcl ni h,lI" Vlt'\lIlIIg 

DCpenme"tal l'reùoc,,ù lm",] Prcdllied LO\\l'r 
val Ul'S torslOn,II,lrCI\)!\h 110111 ,tlut Itlllttlllg 

dnll Ill' valut' 
mollcl pfl'dH tl'll 

Specimen Torque Numbcr Prcdictcd Numher Numher 01 Numlwr 01 
and (kNrn\ of bars Torque 01 hap .. h,lf' h.lr' 

Researchcr (kNm) 
-----

R4 
Rattray 742+ 6W 1206 1)1) tl 1 fl 1 

(1986) 
--

R4S 697 54 50 () 4 1 52 41 
thlS study 

R4T 491 40 385 1 1 -~ 4 1 1 
thlS study 

IS 
Ehsam 454 4i) 31Hi 45 : 2 42 
(1982) 

J4 
Durrant 367 39 21) 4 18 1 1 1 1 

(1987) 

2D-E 
Cheung 568 90 568 JO() ) () 4 \00 
(1991) 

[ 

• - the torsion was dctcrmmed from the elCCnlrtUly 01 the ~IJh har.., ,1Od Ihe forLC' ln Iht' :..l.lh hM, 

corret>pondlOg to the mca'iurcd stram, 

+ - thesc values were 11ITIlted h) the an!()unl \)! ,IJh rcmforLcrncnl Il the ,Iah wert' wlder ,ulh Ihal 

more slah bar.., wcre pre:-,cnt, then Il 1'> prulilled Ih,11 )() h,tr<., would havl Il'.tlherl ylLld 

Figure 428 "!Hm, Ihe rncd\urcd \lr,un dl,a':'ullon'> ln IhL ,I..th h,If"'.J1 IhL' rn.JXIIllUnJ 'lflplled 

load. The expenmcntdl \alue ... for the numher ol ... l<ln har\ ylddln)! ln 1 dhle -17 Wl fL ducTrmn('d !rom 

the stram~ shown ln thl~ figure 
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R4 -::- t.. ... c 1 

R4ê"i ~ ;: ~ 
RH ,~ " ' 

.' 

1 
... - - - - +- -

! 1 1.1 

Fi~ure 4.28. Measured Mram dl~tnbuuons across the slab al maxImum capacity 

The mclhod uo;ed to predlcl the number of bars correspondmg to the predlcted torslOnal 

capauty of the ~pandrcl bcam I~ dlscus~cd helow. More delalled calculatlOns for each of the 

:-.pcclmen:-. I~ glvcn m Appendlx B For specimen R4S, the predicted torsiOnal capaelty IS 50.9 kNm. 

Thl" toryue ame" from tcn'>lons In the slah bars, whlch have an ccccntnclty of 254 mm from the 

centroll.! 01 the "pandrcl beam (~ee FIg 429) Hence, the force Ifl thc slab bars correspondtng to 

tor~lonal ylcldmg 1\ F = T / e = 50900 kNmm / 254 mm = 2004 kN Smce th<> yleld stress for the 

No 10 h,lr\ 1" 4~7 MPa, then the area of yleldmg slab bars can be calculated as A. = F 1 f.. = 200.4 * 

1000/ ..jl{7 = 411 mm~ Thl~ 15 cqulvalent Hl 4 1 No 10 hars. 

e 
T - Fe 

l<ll!ure 4.29 LoadlOg of spandrcl beam m torsDn 
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The predlcted number of cfkcl1\e ~Llh h.lrS US1I1,!: the .,IfUI ,\Ill! Ill' nwùd \\cr" !lHlIld \tom 

statics The forces m the tensIOn chorù~ .. lnÙ ol,lglln,1I l omprl"'1l1l1 ~tntl, ,Ife Itllltll'd h\ the tcn'Ile 

strength of the rl'1l1forcemcnt ,mù the wmprc"l\l' ~trcnglh Il! Ihe lll\ll.lctl' 1 knll', Ihl',e !\lTn', III 

tum hmlt the YIddmg of thl' ,1 .. lb lMr'> FlgUfl' -l JO ~hO\\, IIll' ,lrUI ,Ill\! Ill' l'lodl'h \\'lItl Ihl' m,l'\lIlllll11 

obtamable forcc~ OIl the ldt ~Idc of Ihl' ligure ,lIong \\Ith Ihl' ulIltlgUr.lIl1l1l ni Ille Il'IIlhlfllllg ,Icd 

In the spandrel beam on the nght ~Idl' ln l'onslrul'llIlg 111l' l1111ùd the tollm\lIIg ,1'''''Ul11pIIOI\ .... Wl'Il' 

made (1) Ihe ..,tre"~LS In the "Iab b.lr~ \\t~le takl'n .. l' t, '10ll' Ihl' 'Il'l'! h,ld ,l,m,Ill ,1I11(\lInl ni .... 11,1111 

hardemng, (2) the ulumate ~Ire~~ ln thl' ~p,\Il(\rell1l',lm letntoflclllenl w,l .... l..Ikl'lI ,h l '':;1" {\) the IHllk 

wherc the comprcssl\e force!> colleel wa, ' .... k.cn lU" p,l~t Ihl' \I1ll'f10T COI ner III the ullulIlll 1 Ill" Ilotll' 

IS assumed ta be located a dl~t • .tn(C l'quai Il) Ihl' lolumn 'Ill', l, lrom Ihe tl'mlon 11'"ult.lIlt 

(sec Fig -l30). The ten!.lOn re~ultant force ln thl' IOp '>urt.IU' III Ihe "p.IIUIrl'! 1H:<I1ll COrrC.,plllHh 10 

2,0, 1.5, and 1.0 bar!. for !.peclmens R4, RotS, R4T. rC"pl'LII\cI) 1; \\,1 .... oh.,erv.:Ù Ihal ail fl'miorlelllcnl 

ln the outer half of the spandrel beam wa~ cflcLllve Thc .,11 ut ,ml! Ile modl'l u"mg thc conhguralloll 

of specimen R4 allowed for ail !.IX ~lab baTS to achlcvc thelr ylclù lorec Spcumcn R4S \.VIth Ihc 

, R4S 

__ -1.---- ---
1 ;>9 '2 ,. ._ lOS 0 _~ .. \'5 a 

1 , ! 
1 1 

~--4---_+-i 

'. q ~ 9/ • 

, 
" q} ... 

R4T 

1 

l' 1 

• J, - { .. r ,·1 i , l, ' 
, 'J Il I~ t '1 r 

1 
i 

Figure 4.30. Strut and He model showmg ylc1ùtng of "lah hM'" 
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rcduu:d "pandrel bcam dlrnen~lOn but the sa me c10sed hoop configuration was able ta yleld 5.2 slab 

bar., Spcurncn R4T, due to the dec.rcao;e In the nurnb{.,r of closed hoops In the spandrel beam was 

aille to ylcld 4 4 o;lah bar~ 

4.5.6 Simplified Determination of Effective Slah Reinforcement 

A .,Impltficatlon for the tarslonal strength usmg the equallon developed by Colhns and 

Mtlchcll (1974) and a.,~umlng that the angle of prlnclple compresslOn IS actIng at 45 degrees IS' 

T -, (Eq.4.7) 
s 

WhlCh whcn cqualed to the Induced torque trom the slab bars glves' 

(Eq.4.8) 

whcrc ho I~ the ccccntnclty of the forces m the slab bars and ft IS the number of effective bars 

(~cc Fig. 4.31) Solvmg for ft , the nurnber of effective slab bars can be round from 

(Eq.4.9) 

ln most cases, the same bar Mze IS used for the ~Iab remforcement as for the cIosed hoops in the 

~pandrcl bearn. Thcrcfore, thls equatlOn can he further reduced ta its slmplest form as 

(Eq. 4.10) 

1 he valuc), for thc number of effectIve slab bars usmg thls slmphfled equatlon are shown m Table 4.8. 

2 

r--~,---~ , \ 

ri~-'E~~-----
nAJy 

1 
1 

l' 

bo 

Il' ,1 

\-----

centre 
of tWist 

Fi~ure 4.31: lnduced torsIon In spandrel beam 
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The method of estlmatmg the number of effectl\'C b.u~ h\ usm!!.\ ~trut .ml! tic mo~kl ~'.11\ hl' 

simphfiei somewhat by notmg that the hmltlllg paramcter 1" the fnrù' 11\ the Inll~ltlldm.\1 hM:. IW.II 

the back face of the spandrcl Ileam (sec FIg" J2) ln the ~trut Jllll tll' mmk!. thL' rl·~l .. llIlg moment 

15 proVlded by the force m the kngltudmal bars mulllpltcd h) J k\er .lrm to .10 ."~Ul11ùJ 1\0u.11 POlll( 

Just past the corner of the column, where the comprCSMYC force .. wl1\ergc ("l'C FIg .. ~2) For 1111" 

slmphfied model, Il IS al50 as~umed that the ul~tancc bctwecn the ten~l(ln .ml! nnnprl' .... \lm It'!\ult.mh 

equals the column dImenSIon, c. Takmg moment~ ahout tht' nodal pOInt .. hown III Fig 4"'2 glvc..·" 

(Eq 4.11) 

where .A.; is the arca of slab bars wlthm a distance s. 

As] IS the area of top longltudmal bar~ III thc outer hall of thl' ~palldrc\ hc..·am 

x is the lever arm to the resultant of thc ~Iah bar forcc~ 
2 

s. IS the spacmg betwecn the ~Iab bar~ 

Solving this equa Ion tOT the effective wldth, x glve!.· 

x = (Eq.412) 

Hence the number of slab bars expected to YIeld, n ,IS the total numbcr of "Iah bar., wJlhlll the 

distance x. The values computed from thls method are gIVen III Tablc 4.R (~cc Tablc~ ln Appcndlx 

B for the values used m the equatlOns). 

n - elle~hve bars ---------__ ~~~=:~-=-~ ~ A. 1 
1 t 1 [!' y 

" l ' 
1 l ' 1 

1 i \' 1 • + •• ', l' __________ _ 

[5, s,. s;-+~ 
, As Iy As fy As Iy A~ fy • 

...... ---- ..- .... -- nodal P0ln' 

r-------- ----- - - -- - -
x 

• 
1 

1 , ç 
[ , 

1 , 

Figure 4.32 Slmphflcd slrut and He model 
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Tahle 48 Slmphfled calculauon of the number of effective slab bars 

ho 
x _ ~ 2 A" ' , 

~pcumen A" Expenmen tal n - 4- s 
S Rcsult~ 

n - ~N 
SS 

R4 - Rallray (19X6) 9CJ 49 6.0+ 

R4S - Ihl', "'ully 5 1 42 54 

R4T - Ihl\ \tudy 25 35 40 

IS Eh\an 1 (l9X2) 42 36 40 

J4 . Dunant (I<JX7) 42 30 39 

2D-E - Cheung (1991) 70 90 90 

".5.7 l'Iexural Strength Ratio 

The flexural <,trcngth ratio between the columns and the main beam vanes as a functlon of 

the effective 'Ilah remforccmenl a~ can he 'ieen from Table 49 As the contribution of the slab 

longltudmal remlorlcment tncrca~e\ the l1exural strength ra 110 decreases Thc deSign Ilexural strength 

rallo for the thrcc tc~t ~pellmem 1/1 thls study was 1.6X calculatcd assummg that two ~Cl\ of sJab bars 

wcrc clfecllvc Thl<; ratio I~ above that of thc Cmadlan Code (CSA, lYX4) deSign rccommendatlon 

01 Mit > 1 13 The actual tlcxural :,trength ratlm based on the recorded yleld stres~es of the 

1 cmlorccment, compres\lvc 'itrcngth'i of the wncrete dnd the contnhutmg slab remforccm~nt are glVen 

ln Table 4 10 JI can he nOlcd that the actual ratlo'i were less than the deSign value pnmanly due to 

the ~Iah participation It I~ thcrelorc Important to determme the numbcr 01 contnbutmg slab bars 

accuratcJy to cnsure an adequate hlcrarchy 01 ylrldmg. 

Table 4.9 M R value~ for varymg eflectlve slab remforcemcnts 

Cl\C EffectIve siah remlorcernent MR 

~I ) the m,lin hC,II11 alone, no ~Iah h:w, etfectlve 2.72 

b) l 'l'loI ,l,lb b.lf' on calh ~Ilk 01 bc,lm, 4 ... Iah hars effective 2.07 

c) 2 \ch 01 ~1,lh har~ on e,llh ~Idc of heJm, ~ ~Iah bar~ cftcctl\e 16~ 

-
d) "' ,ch 01 .. Iah hJr~ on cach ~Idc of hCJm, 12 slah bars effectlvc 140 
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Table .... 10: Companson of actu,\\ Mf{ \,l1l1e~ for the thll.'l' "fll'ullwn, 

SpcCimen me.l,ull'ù I\tf{ 

R..J \ 1:-

R..JS 1 ~"i 

R,H \ 41 

Specimen R4T has a hlghcr Mf{ lhan "peCllllell R"'S hCl,lu\C 1\ h,Id a '\"i' { \IHle,N' III tll' 

concrclc compressive slrcnglh over lhal of 'pcLllllen R4S Thl" III1Il""l' III ~lIength Il'\ultl'lI III ,1\\ 

8% lncrease ln lhe flexural moment c.apJClly HJd the "pt'Clmcn~ h,H.1ldcntll.lllllnlletc 'trellglh~, the 

moment c.apaclly of specimen R4T would have heen ln Ihe ordcr of W'(, low.:r than th,ll 01 'pClllUen 

R4S. 

Table'" Il summan7e~ the maximum mea~ured negallve momenb III the mam he.lm' .1' wl'll 

as lhe moment::. norrnahzed to lhe CO'lcrete compre~~lve \trength of "pellrncn R..J Thl' .dlo\'l:- a dllCll 

companson of the cffect of the reduccd lor.,lonal ~Irenglh ul Ihe 'pandrd he.llll' A ulIl,llInahll' 

decrease ln moment c.apaClly IS eVldent hetwecn the "pcumen\ II mu,t he 110 J th,ll III the dC\lgn 

of these specimens, lhe faClored momenl capaCllle\ wcre calLulaled tn he e4uJI The, ... , re,ult~ .,upp0rl 

the need ta dctcnnmc of the clfcctlve ~Iah H.'lnforccmenl mort: appropnaldy 

Table 4,ll Maximum record cd ncgatlve momcnh and normail/ed lUolllenh lor (',Il Il 'pcCllllell 

Specimen Mm ... te51 (kNm) f' (MPa) Mm,~ ( l,' 01 R l ) 
" 

R ... 662 ,WO (,(,2 

R4S 550 341 '1(,(, 

R4T 55X 4(l (1 'i1(, 
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Chapter 5 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

Thl~ expenmental programme Inve~tlgatcd the re"ponse of two full-scale remforced concrete 

heam-column-\lah \uha\,>emhl.lge\ ~ubJected 10 rever~ed cyche loadmg The specimens were designed 

u\mg the 1990 National BUilding Code of Canada (NBCC, 1990) and the 1984 CSA Standard (CSA 

19X..J) wlth a forlc rcductlon factor, R, of..J 0 

The m.un ohJectl\c 01 thcsc W;l\ wa~ 10 mvestlgate the Influence of dlfferent slze spandrel 

hcam\ and v,uylng .lmOllnl'> of tor'\lonal remforcement ln the'\c beams on the partlCipatlOn of the slab 

remforcemcnl ln negatlve hendmg of the mam bcamo; ft was found that after IOrstonal crackIng and 

ylcldmg of the .,p.lndrcl beam a secondary force transfer nleehantsm develop~ ln the slab whlch can 

he modclkd hy u<,mg d "li ut .lnd tiC approach Tcntall\C dC~lgn equatlons arc proposed for Ihe 

determmallon 01 the ctfectl\c ,I.lb rcmforcement contnhutlng m flexure These equatlons conslder 

bo(h the llmlonal ylcld C.ip.lClly of the ~pandrel hcam and the resistance of the strut and ue 

mechant,m to delernunc the dleltlvc ~Iab relnforcemenl The torslonal yleld capaclly IS dlclated by 

the ,mlOunt 01 lor<,lon.tl rcmforu:menl In the spandrel hcam The reslstdnce of thc strut and Ile 

mccham,m l, gO\crned hy the arnount of longlludmal remforccment ln the top of the spandrel beam, 

Ihc ,Imount 01 ... 1,lh remlorlcm'.:nt allll L :1,/, !llze 01 the column Thc ... c desIgn proposaIs were appltcd 

III tc,h ln Iim Il:'cdrch progr.1mme a~ \\ell ..l' tc~h conductcd hy olher researcher~ and resulted 10 

gond c,llIn,ltl" (lf the .1mounl 01 c\feclI\c !lIJh retnlorœmen t Furthcrmore, It \\a~ found lhat the 

pn: ... cllll' nI the 'p.lndrcl he.tm Illlfe.1,et! the JOint confmement I)elorc crackmg and mduccd addlllOnal 

'trc~'l" on the Jlllllt rl',t!llln hoth through tor~lonJI ~hcdr flo\\ from the spandrcl heam and dlrell shear 

lrom thL' ~lal1 har, 

Th!.' lU rrcnt StamLud (CS.-\. \9X-t) d()e~ not c\.phcIl1) au:ount lor the cffeet of the spandrel 

ht'.lm' 111 the detl'rnlln,lllOn nI the ct\ccll\e slah wtdlh Il \va, oh~cr\t~d from the te~l results and an 
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analyucal study that a better estlmate of the cfkctlH.' sl.lh re\Otorl'l'm~'llt C.Hl hl' m.\I.k h~ :-unpk 

equatlons The amount of cflcctl\'e slah rcmforccment p1.I\~ .In Im\hHt.mt wk III lktcrtlnnlng Ih\.' 

hlerarchy of ylcldmg hctween the column~ . .md the he.Ims r\ tllP .. llln.lll\ ~1I11 .lI1li 1'-.r"lon.111\ ~Ifllll~~ 

spandrel beam rcsults m largcr amount~ of clfcl'tl\c "l.lh remlOfl:l'ml'nt .llId IH'!\ll', "tflltlgl'r hc.lln" 

Thercforc. If the l'lfeu of thc prc~cncc l)! a ~lltl. ...trong ... p.tndrd hc.lln 1" nut .llt.l1\llltCll Illl. (hen .1 

the "strong-column. \\c.Ik-beam" de~lgn phllo:..oph\ m,l\ nut hl' ,ILlllI.'\t.'d .\Ill! henH', tl\l' I,lliull' mode 

of the structure ma) be altered 

The load Ycr'iUS det1ccl1on rc~po:l ... e" .Illtl cner.!.',.\' 1I1"'''lp.lIl1lg l,lp.lUlll'''' 01 the "'P\.'lIIllCn." 

determllled l'rom the tcsts. IIIdlcated cxccllent ductlltty .Inti Clll'r~ ,Ib~lll hlll!! L h.Il.ll tl'n'>lIr" Thl' 

excellent observed performances mdlcate thJt the dC~lgn and det.ultng rcqU!!ŒlCnl!-. 01 thl' CSA 

Standard (CSA, 1984), \Vere adcquate fur these ~peclmcns de~lgncd wlth .Ill R, clJual to 4 () 

5.2 Future Research Recommendations 

The followmg aspecb nced furthcr mwsllgatlOn 

1) the behavlour of a ~pcclmcn cOn'>I'itmg of a ~Iah wlth no tranwcr\c 

spandrcl bcam ta ~ec It the ~amc hehavIOural model ... dcvclopcd 10 

thlS research programme apply 

2) the bchavlOur ot multiple trame hay" where the cnllre wldth of the 

3) 

4) 

slab on each slde of thc main hcam 1<; IOLiuded Thl'" would glVl' 

more reahstlc baundary condltlOn~ at the end~ 01 the ... pandrel 

beams. 

the effeet of varymg torslOnal ~tlffnes.,c., and re\l~tan{.c" 01 

transverse bcam~ at mtCrIor JOints connectlOn~ 

the cffect of longlludmal restraInt on the t()r~JOnal .,tlffnc~\ and 

strength of the spandre\ beam 

10<) 
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A.l Bearn Dc~ign 

.J) De .. ign of F1cxural Remforcement 

The laLlored negatlve design moment In the maIn bcam at the face of the extenor 

column aftcr 20';' momcnt rc(h~tnbutlon was found from a frame analysis 10 be 

Mf =: -299 X kNm 

- The dlarnctcr of bar~ pa~~mg through the JOint I~ hmJted to 

db s 1) 1 24 whllh I~ cqual to .t50 /24 = 19 mm. 

Hcncc u"c No ZO bar" 

- A".,ummg a tlexural lever arm of 075h = 0.75 x 600 = 450 mm, 

M 
wc Cdn gel a prchmmary arca of ,Iecl u~mg As - 1 

$sly1d 

A. = 2998 x 1000 ! ( O.t50 x () 85 x 40U ) = 2000 mm~ 

- II ~lab bar" arc etleLtlve wlthm a dl~tancc 3h f whlch IS equal to 3 

x 110 = 130 mm on each Sldc of the beam, thc number of slab bars 

10 he Illduded In flexure I~ 4 . No. 10\ 

- SmlC lhe second sel of ~lab bar~ arc fauly close to thl~ cut-off, and 

arc Judgcd 10 conlnlmle, they will be Illcluded In the deSign Hence 

a~~umc S . No 10 bar~ 

- Thercfore area 01 No 20 bars nceded I~ 2000 • 800 =- 1200 mm2
• 

- SInCC Ihere will be a rever~al of moment at Ihls sectIOn due to 

~CI~mIC load~, cornprc\.,lon ::-leel will enhancc moment capaclly. 

- Try 4 - No 20 b.m, on top gl\'lng u~ J.rea of 1200 mrn2
• 

- SInCC the pO~JlIVC moment capaclly mu~t be onc-half that of the 

negatlvc moment. Iry .t - No 20 hotlom bar" FIgure A 1 shows the 

arrangement of longlluumal remlorccrncnl 

- For thl" lOnllgur,ltlllll the 1l1'gJl1'vC moment c.!pJ.CII) assunllng that 

thl' COJllllTc~~lnn ~Iec\ \lcld~ Jnù thal the concrete compre~SI\e 

114 

Clause 21.6.5.6 

Clause 21.4.2.2 

Clause 21.3.2.2 



• 

• 

• 

bw + 2. (3h f ) = 1060 mn' ..... - ---~~ -- -- --- ---- .... 

- . ,-...... . ~-----=---' ----~-~ -=ir- ~-l~:=--l\c-"r -. \ il ' Ut, , l',. 
No 10 >Q: 300mm ---- l', "1 ' : 

, 1 1 l', 
<\ - No.'~O bor ~ 

top and bottom : 1 d "1 ' 

b th d ' : II I[ l, o Ireclions i :! 1;:1 

No 10 stirrups -1 tL.V 4-No 20 bar~ 

'---._--

SECTION 1 -1 

Figure A.l: Arrangement of langlludmal rcmforccment 

black IS wlthm the slab lhllknes.; \., (ound from 

The resultmg factored negallve moment capacity wa\ found 10 be 

Mr ' = -339 kNm Thl~ value of M r \, greater than Mf' thcrcforc 

the deSign is satlsfactory 

The positIve moment capacny wa,> found to he M r + ::: 229 kNm 

This value IS g-eater than 1/2 M r = -l70 kNm OK 

- Check minImum remforccment (top and hottom) 

p _ 14b",d = 1.4 x 400 x 540 /40l) = 756 mm 2 

DUD 1. 
y 

756 < 1200 provlded on the botlom OK. 

- Ckeck mmUffium remforccmcnt pcrmllted 

P - 0025b d = 002S x 4()O x 540 = 5400 mm~ 
oun w 

5400 > 1600 provldcd on the top OK 
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f)e'l~n of Tranwer~e Reinforcernent in Bearn 

The tranwcr\e remlorccment III the beam I~ dcslgncd bascd on the shear 

wrrc<,pondmg to the probable moment capdCIty of the bcam The probable negative 

moment capal.lly WJ'> found 10 he Mpr = 1 4i x -339 = -498.3 kNm Therefore, the 

dC"'lgn ... heJr 1<' V =- 49iS 1 / 1.775 = 2808 kN 

1) De<'l~n ~hear, V :::: 2XO loi kN 

_ A<'~U1ntng the concrctc <,hcar rC'\lstancc ta bc neghgable we get 

V c == 0 

- Thereforc, V r :::: V, + V, = 2808 kN 

- Try 4 Icg~ ul No 10 tran.wcr<,e rcmfurccmenl near the column face 

- The <'paclOg 1<, found from V, = </>, A, ~ d / ~ 

- Hencc, ~ = 085 x 4 x 100 x 400 Â 540/280.8 x 1000 == 261.6 mm 

2) Check maXImum V, 

- MaXimum V, = 081Jc yi fc b" d 

= 0.8 x 06 x 548 x 400 x 540 / 1000 

== ~67 88 > 277.85 kN 

1) MmmlUm shcar rcmforœment reqUirements 

- <, < t\ ~ / 035 b. = 4 li 100 x 400 / 0 35 x 400 

:-, < 1140 mm 

- SpJcmg Lmllb 

If V, > 04 À </>. v' f, h. d 

= () 4 x 06 \ 5.48 x 400 x 540 

= 284 kN 

then "01" = d i4 :::: 135 mm 

If \', < 284 kN 

Iht'n "0'" = d:2 :::: 270 mm 

- Thl'Tclorl' Sm" :::: 270 mm 
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-l) "Antl-buckhnf • .ml! conhnement fequlfcmcnb 

Hoops mu~t hl' prm lùed 0\ t'r a kngth 2d ttn11l 1 hl' t.lCl' nt 

the column anù the sp.Kmg ~h.llI not ,-'\cccd 

a) d!-l == 540 ' 4 = 1.,5 mm 

h)Rdh ==1\\ Iq5 = Lhmm 

c) 24dr (hoop) = 24 \ 1 1 -; == 2(14 m11l 

ù) .)I)() mm 

- Therefore the confIncmcnt rCl} um:ml'nh LOntrol 

ProvIlle hoops ~paccd al DO mm ovcr lcnglh IŒO mm. 

Out~lde thls rcglOn, 2 lcgged "l1rrup~ mav he u\cl! 

- Spacmg for shcar ~ == 085 x 2 x 100 x 540 x 40{) 1 (2808 li. WO() 

s = D2 mm 

- Hence use constant spacmg over the eotlre hcam of 130 mm (\ce 

Figure Al for dctalls) 

:; 

, 1 

f------ - - ---- -- - -- -- - -- -~ -

1. 

IT 
li 
,1 

ij 
Il 

9 sets of closed 
hoops and U-stlrtupS 

fj set:., 0f drJubl~ 

1j-<;lIrrup':.. " 13(Jmrn 
-" 1 "3ümm 

FIgure A.2 Detal\<' of hcam ~hedr rcmlorccmcnt 
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1\.2 Column Design 

The dC51gn aXial load for the leq 1<., Pr = 1076 kN 

Thl'> aXial load LOrre~ponds 10 90% of the ~tructure dead load on a second story 

extcnor culumn Try thc followmg column detalls. 

1 

l'~----'-':II- - *1 ri ----- 8-No.20 bars 
'j J :t ~ 2 sets of No 10 

l , ~~: r --- closed hoops 
• 1 ~ 1 

I __ \,_~~-~~=~~-~_=~ J 

FI~ure A.3 Trial column remforcement confIguratIon 

a) ne!li~n of longitudinal reinrorcement 

1) Check If Clause 21 4 apphes 

A~ l', / 10 = (0,450 x 0.450) x 30 / 10 

= 607.5 kN 

- Smcc Pf > 607 5, then reqUiremcnts of Clause 21.4 apply. 

2) Check ~trcngth rcqUirements 

OK 

From progrdm RESPONSE (Colhns and Mitchell. 19(1) for an 

,1\,1,11 Io.Id of P = 1076 kN. the factored moment reslstance of the 

culumn. M,. = 340 "-Nm 

liS 

Claur-~ 21.4.1 
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3) Check strcngth hlCf.lrch) 

r:M" = 340 + 34-0 = 680 kN 

Mnb = 1 2 x M, = 1 .2 " 339 = 406 S kNm 

1 1 Mnb = 1.1 x 4068 = 4475 kNm 

Smcc 680 > 447.5 the reqUirerncnt j., ~allflcd OK 

b) De'iign of transverse reinforcement 

The deSign shear force I!> dctermlOcd con~ldcnng the 

develnpment of the probable moment cap,u:lly ln the hcam 

1076 kN 

1 
207 fi kN-

Vi = 4983 
2x 1 2 

= 207 6 kN 

4983 kNm 

- 207 6 ktJ 

1 
1076 kN 

Fi~ure A.4 Determination of deSign .. hcar forLe In wlumn 

1) Determine stlffup spacmg 

= 0.2 x 06 x SAX x ( 1 + 3 li 1076 x 1O(){J ) x 450 x ,(JO 

45() x 400 x 1(J 

v, = 1762 kN 

119 
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v, := 2076 - 17fJ2 = ,14 

., == Il X5 x ,41 4 x 40() x :190 1 ( 31 4 x WOO ) 

., = 1442 mm 

- provldc minimum requlrcment'> 

~paclng ~hall not cxcccd 

a) 10 db (195) = ,20 mm 

h) 4X db (II ') = 542.4 mm 

c) smallc\t dlmen~lOn of column, 450 mm 

- minImum ~pactng tor !.hear = d / 2 

s = 194.5 mm 

- Use a ~pacmg of ]90 mm ln central reglons of the column WIth 

4 Icggcd hoops configuratIOn as In Fig A4. 

2) Check minimum area of rCInforccment rcquued 

A. f, / b" s = 341 42 x 400 1 450 x 190 = 1 6 > 0.35 

3) Check confIncment reqUlrements 

- Conflmng hoops must be provlded In end regIOns 

sh /,. A 
A -03~(-g-1) 

sA f yh ACh 

= (U(, x 370 x 30/400) (450 x 450 / (370 x 370) - 1) 

= 399 ~ 

hut not Ic~~ (han 

sh /,. 
Am - 012 (_c_c) 

!Yh 
= 0 12 (S x 170 x 30 / 400) 

= ,) -~~ , 

120 

OK 

Clause 76.5.2 

Clause 11.3.8.1 

Clause 11.2.5.4 

Clause 21.4.4.2 



• Arca of hoops == 200 + 200 cos ol5" == 30ll ol mm~ 

s = 341.4/3.94 == ~.56 

Howcvcr. the spacmg shaH not exu?cd 

a) h/ol == ol50/ol = 112.5 

b) 100 mm 

c) 6 ddlong. bar) == 6 x 195 == 117 mm 

d) 48 db (tranv bar) == 48 x Il 3 == 5ol7ol mm 

Thercforc u~c No. 10 hoops as .,hown at sn mm 

Length, 10' over WhlCh thl~ ~pactng I~ provldcd 

1" > a) h == 450 mm 

b) ln / 6 = 3 06 / fi = 'lOS mm 

c) 450 mm 

• confmement reqUlrcd over Icngth 01 508 mm 

'''---·11. 
,*t li 

-1t _ l' _ U 

Il 

~ set~ 
Il l'JOm'Yl 

Il 

"'gure A.5 Dd31h of lolumn rcmlorlcmLnt 
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A.3 .Joint Design 

1 J Capaclly DC'ilgn 

Prohahlc ,>wcl forLe 1'> round U~Ing 1 25 A, f, = 1 25 x 2000 x ~OO 

= 1000 kN 

V".I lorrc<,pondlOg to Mpr ln bcam = 205.5 kN 

V'hl = 1000 - 20S 5 kN 

V, = 74~ 5 kN 

= 0.2 x 0 6 x 5 48 x ( 1 + 3 x 1076 x 1000 ) x 450 x 390 

450 x 400 x 30 

v, 

V. 
v, 
v, 

., 
~ 

= 1762 kN 

= 794.5 - 176.2 kN 

= 6183 kN 

=ct>t\f,d/~ 

= 0 1'5 x 341 4 x 400 x 390 / 618 3 

= 73 mm 

Thercfore use a spacmg of 70 mm m J0ln! reglon. 

ThIS correspond~ to 6 sets of square and dlamond closed hoops 

2) Check maxImum allowable J0lnl shear 

RC~lstance of JOlOl = 1 8 À 1>c v' f, A, 

= 1.8 x 0.6 x 5 48 x 450 x 450 

= 1198 kN > Y
J 

\) Check conhnement requlfcmcnts 

OK 

Tran~\t.·r.,c hoop remforcernent as speclfied In Clause 21.4 4 shaH 

hl' prO\Hkd \\llhm the JOInt reglOn and must be < 80 mm. OK 

.t) AndlOr d.l!l' of hC,lm rcmlorccment 

Both top ,HILi hottom ~1('c1 rnuo,,\ hl' dnchored III Icn~lon accordmg 

10 Cl,lusc ~ 1 b 5 

122 
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De\elopment length for bar \\lth st.mùard 90" hookl-

Idb > .1) 8 db = 8 :\ 1 q:\ = 156 mm 

b) 150 mm 

c) ~ db ! 5 ~ v f: = 2M mm 

But remforcement must be extended 10 f.if lace of 10Iumn 

IJh provlded for the top steel 15 400 mm 

Idh provlded for the hottom steel 1\ 380 mm 

ExtensIon of free end 12 db = 12 x 19.5 = 263 mm 

L 
40mmr---

.-, 

6 sets 1 
<fJ:70mm 1 

Figure A.6: Detalb of Jomt rcglOn 
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APPENDIX B 

Calculations for the Amolmt of 

Effective Slab Reinforcement 

12.J 
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Specimen R4 Rattray (1986) 
B.l.l: Table of spandrel beam and slab paramelers 

spandrel section prop<>rtws U",t\'ul v .. \lut' .. , 

1.: ~ 40 MP.l 
COVtH :::: 40 mm 

Specimen R4 slab bar = No 10 ho - ~O'l mm 
fy - 41'0 MPa 00 JO'l mm 

Rattray (1986) A~ = 100 rnm:' t' 7~4 mm 
N - 2 ph 11% mm . 

As· - 200 mm? 
s s - .~OO mm 

h= 600 mm s beam bal -- No 1~ A, = :>40l)Oll mm .. ' 
b= 400 mm Iy- 46.\ Mf', pc 200\) mm 

hl = 110 mm AI ~ 100 10m2 Aoh 160041 mm? 
AI = 1600 mm.' An - 136040 010l.~ 

Asi = 400 mm? 
~ = 125 mm 

bar = 113 mm 
column c = 450 mm ------

8.1.2: Effective slab reinforcement usrn9 torslonal strength melhod (see Section 4 5 5) 

Estlmated " 409 degrees = 0714 rad Choo~e 
" 

unlll f2 - t7m ... x 

Tr =2AoAtfy/s/tan ê' 1206 kNm 

12= 171 MPa 
vs 

12max = 172 MPa Torslonal Reslstanc<. Tr 1;>06 kNm 

aD = 27 mm Max Tenslle Force ln Slab 6ars 414 kN 
Ao = 135627 mm A 2 
po= 1687 mm Correspondmg area 01 steel 968 mm? (JI 

Nv = 864 kN 
es = 00027 mm/mm Therelore 99 b~u') 

el ~ 00090 mm/mm Ylel" 

8.1.3: Effective slab remtorcement uSlng strut and Ile model method (se~ Soctlon 455) 

Takrng mOrT.ents about the nodal polnlln Fig 6 1 we obldln 

FI xdl + F2xd2 + F3xd3 =: Fsxc where 

Fmax = 
Fs = 

N As fy = 
125 Asi fy = 

2 x 100 x 
1 25 x 400 y 

481 
463 

974 kN 
7315 kN 

Assumrng !ha! the hrs! IWo rows 01 bar'. yleld (1 e 4 bars) Wf' Cdn solve lor f3 

to Ilnd the remalmng number of yleldlng slab bar" 

LHS 

RHS = 

LHS = RHS 

kN 
FI x dl 974 x 
F2 x d2 974 x 
F3 x d3 F3 x 

Fs x C 2315 x 

Therelore F3 

Sonce one bar has a yleld lorce 01 
Then the number correspond,nq 
yleld bars 15 

Hence n ~ 4 + 206 

125 

mm kNmm 
50 4870 

350 34090 
6')0 650 x f l 

4')0 10417', 

1003 ~N 

487 ~N 

? 1 bdr~~ 

61 tJdr~ ('.ce 1 abl,· 4 (/ 
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Specimen R4S 
821 Table of spandrel beam and sla~ parameters 

~. 

!p~ndr~1 ~f:ctlon propertlPs useful values 

le' = 343 MPa 
c.over -= 40 mm 

Sppt.lmfJn R4S slab bar = No 10 ho = 509 mm 
ty ~ 487 MPa bo ~ 159 mm 

Ihl~ "tudy As = 100 mm:? e = 254 mm 
N ~ 2 ph = 1796 mm 

As· = 200 mm2 

s s = 300 mm 

Il 600 mm s beam bar = No 15 Ac = 150000 mm2 
b 2:'0 mm ty= 463 MPa pc = 1700 mm 
hf - 110 mm AI = 100 mm2 Aoh = 92547 mm2 

AI - 1200 mm:? Ao = 78665 mm2 
Asi = 300 mm2 

s ~ 125 mm 

bar = 113 mm 
eolumn c. = 450 mm 

8.22 Effective slab remforcement usmg torslonal strength method (see Section 4.5.5) 

hllmaled " 503 degrces = 0878 rad Choose -, unI" f2 = f2max 

Tr -. 2AoAltyh/lan " 509 kNm 

f;> ~ 217 MPa 
v,," 

f2ma~ " 217 MPd T orslonal Resistance Tr 509 kNm 

dO - 23 mm Max T ensile Force on Slab Bars 200 kN 
AD = 71623 mm A 2 

po = 1703 mm Correspondlng area of steel 411 mm2 or 
Nv = 457 kN 
ec, :::: 00019 mm/mm Therefore 41 bars 
el - 00046 mm/mm yleld 

8.2.3 Effecllve slab relnforcement using strut and tle model method (see Sec:lton 4.5.5) 

T dkong moments about the nodal point on Fig B 1 we obtal n 

F 1 )( dl + r 2 x d2 + F3)( d3 = Fs x c where 

~mdX = r.. Asty = 2 x 100 x 487 
h ~ 1 25 Asi ty = 1 25 x 300 x .. 63 

974 kN 
1736 kN 

Assumong that the lorst Iwo rows of bars yleld (1 e 4 bars). we can solve for F3 
to fond thE' remalnong number of yleldrng si ab bars 

LHS 

RIlS = 

LHS ~ RHS 

kN 
Fl x dl 974 x 
F2 x d2 974 x 
f-3 x d3 F3 x 

Fs x c 173625 x 

Therefore F3 

Sonce onE' bar has a y·eld fOlce of 
Then the number correspond mg 
Vleld bars I~ 

Henc" n = 4 + 124 

126 

mm kNmm 
:>0 4870 

350 34090 
650 650 x F3 

450 78131 

6026 kN 

487 kN 

1 ;> bars 

52 bdrs (sec Table 4 7) 

. 
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Specimen R4T 
8.3.1: Table of spandrel beam and slab paramelers 

- -- ------ ---
sp_and,el sectlon pro.,"'IIt" u~l·tul v.dUt' , -------- ---- -

Ir 0 46 G Mf' •• 
L.over ::- 40 mm 

Specimen R4T slab ba, - N" 10 th.' '"109 mOl 

1\ - 41:1l MP. hl) 1!>'1 mm 
thls study A, 100 mm~l .' ~)!)4 mm 

N ~ ! ph 11l}h mm 
As· :::. ~1l0 mnl.? , , - 300 mnl 

h = 600 mm s bedm b,lI Ni..) 1!J A, 1 ~)llll\lll mm' 
b= 250 mm ty - 1l>.1 MP .. p' IlOl) min 

hl = 110 mm AI ~ 100 mrn:) A"h q~1~141 mn,.' 

AI - 800 mnl.'" Au lHhb l
) ")lTl.' 

Asi - ,'00 mrn~ 

s 0 ~50 mm 
bilr ~ 11 J mm 

column c ::- 41'"}O mm --------- ----

B.3 2: Effective slab remforcement uSlng lorslonal slrenglh method (see Section 4 5 5) 

,------------------------_._-------------- -

E<;tlmated ':: 385 degree, = 06/? ,ad Choo~e rI 

Tr = 2 Ao At fy / s / tdn " JB 5 kNm 

12= 166 MPa 

vs 

f2max = 166 MPa T orslondl Re51stance Tr .IH!. kNrn 

aD = 13 mm Max Tenslle Force m SI ... b Ba,,, l'JI kN 

AD = 80784 mm~2 

po~ 1744 mm Correspondlnq are,] 01 ,1""1 .111 mn(l 01 

Nv = 537 kN 
es :: 00034 mm/mm Thereforp :J 1 b.I/·, 

el = 00118 mm/mm ~ ___________________________ __Y~~ 

~----------------------------------------------

B.3.3 Effective slab remforcement uSlng slrut and Ile model melhod (see Section 4 5 S) 

Taklng momenl!> about Ihe nodal ~.,m' ln r Iq B 1 iNe obtarn 

FI x dl + F2 x d2 + FJ x d3 = F~ 

Fmax = 
Fs ~ 

NAsfyco 

1 25 Asi fy "" 

where 

x 100 x 
'~.J X 200 x 

487 -
46'1 

'J/4 kN 
11'JIl kN 

Assumlng that the flrst IWo row~ of bars yleld (1 e 4 bar~l we Cdn u.1V<' ln, 1 1 

to fmd the remarnmq number of yleldrng "Idb bar; 

LHS 

RHS 

LHS = RHS 

kN 
FI x dl 914 )( 

F2 x d:? q, 4 x 
F3 x d,j F3 x 

fs x c 1157'> )( 

Therelore Il 

Smco one bdr h~ d YIPld forcp of 
Then the number G(>rr .. ~pondln'l 

yleld bar~ " 

127 

rnn1 H~rnrn 

50 41170 
J'JO I4I)'JO 
(,')0 fZlJ x f ~ 

4 "JO 'J?fJllfl 

707 H, 

4fl 7 ~ t~ 

lJ4 tld"~ 

44 b U'~ 
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Specimen 1 S Ehsant (1982) 
B 41 Table of apandrel and slab paramelers 

~p .... ndr ... 1 "',ectton propertlc, usel\ll values 

te ~ 426 MPa 
cover ~ 40 mm 

~peLltn"n 1S 51ab bat = #4 ho = 387 mm 
fy = 345 MPa bo = 157 mm 

[tl5anl (19821 As = 129 mm2 e = 194 mm 
N= 1 ph = 1542 mm 

As' = 200 mm? 
5 ~ ~ 150 mm 

h 480 mm 5 beam bar = #6 Ac = 120000 mm2 
Il - 250 mm fy= 345 MP .. pc = 1460 mm 
hl = 100 mm At = 129 mm2 Aoh = 70440 mm2 

AI = 1704 mm2 Ao '" 59874 mm2 
Asi ~ 426 mm2 
s = 150 nlm 

bar = 128 mm 
column c = 300 mm 

B 4.2' Effecllve slab relnforcement uSlng lort :onol strength method (see Section 4.5.5) 

Eshmated fj 4? 6 degrees = 0744 rad Choose .0 un~1 f2 = f2max 

Ir = 2 Ao At fy / s / tan " 386 kNm 

f?= 241 MPa 
vs 

12max 0 242 MPa T or510nal ReSistance Tr 386 kNm 

ao = 18 mm Max Tenslle Force ln Slab Bars 200 kN 
Ao = 56212 mm~2 

po '" 1466 mm Correspondlng area 01 steel 5/8 mm2 or 
Nv ~ 515 kN 

es '" 00015 mm/mm Therelore 45 bars 
(>1 = 00057 mrn,mm yleld 

B.4 3. Effective sleb relnforcement uSlng slmt and tle model method (see Seellon 4.5.5) 

Taklng moments about the nodal point Ir: Fig B 1 we o~:Jtaln 

Fl xdl + F2xd2 + F3xd3 + F4xd4 = Fsx<. where 

Fmax = N As fy = 1 X 129 x 352 
h =- 1 25 Asi fy = 1 25 x 426 x 345 

454 kN 
183 7 kN 

Assumrng that the IIrst thr!'!' rows 01 bars yleld (1 e 3 bars) we can solve for F4 
to Imd the remalnlng number of yleldmg slab bars 

kN mm kNmm 
Fl x dl 454 x 50 2270 

lHS F2 x d2 454 x 200 9082 
F3 x d3 454 x 350 15893 
F4 x d4 F4 x 500 500 x F4 

RHS - Fs x c 183 7 ~ 300 55114 

lHS = RHS Therelore F3 557 kN 

SmeE' one bar lias a yleld lorce 01 4~ 4 kN 
Then the number correspondmg 
yleld bars IS 12 bars 

Hence n = 3 + 12 42 bars (see Table 4 7) 

1].8 

. 
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Specimen J4 Durranl (1987) 
B 5.1: Table of spandrel beam and slab paramelers 

spandrel s<'Ctlon prl)!'t>rlll'~ ll'It·tul t--... V lIlJt~'. 

te ~ 41 MP. 
CQvel 40 mm 

Specimen J4 ~Iab bar ~ ,;04 h" /tt/ 01l1l 

fy - 414 MP., h,> 1'\/ mm 
Durranl (1987) A~ ~ 1 ~)() mm .. ' " III mlll 

N~ ph 1.1\.' mr" 
As' = :'00 mm.> 
S s ~ ,~O ",m 

h ~ 380 mm s bCdm b.u = #6 Al l)',(JO(1 rnrn.) 

b= 250 mm fy= 414 MP. pl l"?hl) f1an 

hl = 100 mm At - 129 mm! A"h ')\7,'(1 nHn.? 
AI - 113" rnm') Ali "hid.) mrn~' 

Asi = .'tl4 nHl)~ 

~ ,.,0 mm 
bdr = 1.'/1 mm 

column c = JOO mm L-_____________ -'-....;;.;e-""--' ____ .:c.: ___ "'-__ . __ '------ ______ _ 

8.5.2 Effective slab reinforcement uSing torslonalatrength method (see Sechon 4 5 5) 

ESllmaled c, 484 degre% -- 0845 rad Choo!ae " untll t:' I?m ... 

T r = 2 Ao At fy / 5 / tan 294 kNm 

12= 265 MPa 
vs 

12max = 266 MPa Torslonal ReSIStance Tr 2g 4 kNm 

ao = 19 mm Max Tenslle Force ln Slab Bar" 20~ kN 
Ao; 42071 mm/'\.2 

po = 1266 mm Correspondlng ared of ,teel 4<)', mm? or 

Nv = 355 kN 
es = 00016 mm/mm Therf'fore .If! h(u·, 

el = 00044 mm/mm yleld ------
-------- --- - . 

B.5,3· Effechve slab reinfo' ement USln9 strut and Ile model method (see Section 4 5 5) 

Taklng moments aboul, nodal poont on fig B l "'E' obta", 

Flxdl+F2xd2+F3xd31 1xd4~hxc where 

Fmax = N As fy -- 1 x 1;;>9 x ~31 

~s '= 1 2S Asi fy = , 2S x 284 x 414 
bH', kN 

'47 () kN 

Assumrng that the hl,t three row~ of bar, yleld (1 l! .1 b''''1 "'f' c ... n ,olvu for 1 4 
10 lond the remalnrrg number 01 yleldonq slab baf' 

lHS 

RHS = 

LHS = RHS 

kN 
Fl x dl 685 
F2 x d2 &ilS 
F3 ~ d3 68 ~ 

F4 x d4 F4 

Fs ~ c 1410 

Therefore F3 

Slnce OrlH bar ha!") do yteld toro" ut 

Then the number correspondrn'l 

yleld bar5 " 

mm kNmm 

~O 342', 

200 13100 
J50 ?J'J1', 
~)(J ~)OxF4 

300 - 44091 

fJ(J ~ti 

(,fi'> ktl 

Hence n = 3 + U 1 :l 1 t;dr', (.,< .. L.bl .. 4 f) 

'---------------------______ 1 
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Specimen 2D-E Cheung (1991) 
B 6.1 Table of .pendrel beam and slab parameter. 

'rldndr~1 ~~(.tlon propertles use fui values 

fc = J8 MPa 
cover = 40 mm 

~)rJCclmen 2D-E 51ab bar = 010 ho = 485 mm 
fy = 300 MPa bo = 210 mm 

Cheung (1991) As= 78 mm2 e = 243 mm 
N= ;> ph = 1770 mm 

As' = 200 mm2 
s ~ = 260 mm 

h 075 mm s beam bar = 020 Ac = 172500 mm2 
b 0 300 mm fy= 300 MPa pc = 1750 mm 

hl - 130 mm At ~ 78 mm2 Aoh '" 113850 mm2 
AI = 3000 mm? Ao = 9f."'73 mm2 
Asi = 750 mm2 
s = 120 mm 

bar = la mm 
column c = 550 mm 

B 6 2 EffectIVe slab reinforcement using torslonDI strength method (see Section 4.5.5) 

Estlmated " 336 degrees = 0586 rad Choose c; unbl 12 = f2lnax 

Tr = 2AoAlfy/~/tan l' 568 kNm 

12= 168 MPa 
vs 

f2max = 168 MPa Torslonal Resistance Tr 568 kNm 

dO" 20 mm Max Tenslle Force ln Slab Bars 234 kN 
Ao = 95843 mm~2 

po - 1689 mm Correspondlng area of steel 781 mm2 or 
Nv = 746 kN 
e~ =- 0001? mm/mm Therefore 100 bars 
el ~ 00086 mm/mm yleld 

B 6.3: Effechve slab remforcement usm9 strut and he model method (see Section 4.5.5) 

Takmg moments about ttle nodal pOint ln FIg 8 1 we obtam 

FI x d 1 + F2 x d2 + F3 x dJ + F4 x d4 + F5 x d5 = Fs x c 

fmax =:: 

Fs ~ 

NAsty~ 

1 25 Asi ty = 

2 x 
125 x 

78 x 

750 x 

326 

300 

where 

509 kN 

281 3 kN 

Assumlng !ha! the flrst four raws of bars yleld (1 e e bars). we can solve for F5 

10 nnd It, .. remalnlng nu"'ber of Vleldln9 slab bars 

kN mm kNmm 

FI x dl 509 x 50 2543 

F2 x d2 509 x 300 15257 

LHS - F3 x d3 509 550 27971 

F4 x d4 509 x 800 40685 

F5 x d5 F5 x 1050 500 x F5 

RHS - Fs II: C 2813 x 550 1546BB 

1 HS ~ RHS Therefore" F3 650 kN 

Sine,. one bar has a yleld force of 254 kN 
T~e-n the 'lumt>er correspondlng 

y1t"ld bars 15 26 bars 

Hence n ::. 8 + 26 la 6 bars Isee Table 4 7) 

130 
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Figure B.l: Strut and tic mode\ to dctermme the ctlcCllVC ~Iah rClIllorccrncnl 
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