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Abstract 

An L \PCIIL ~lltal ~tlllly 01 typlcal l'()l1llL'l'tIOIl~ l'(l1l1ll1\1Ilh lI\l'tI III l'Il'l,I\1 

('onc,ete hUlllhIlt" ~\.It ,,'c1l'd to rever~l'd cyrlk load~ I~ pll'~l'lltl'll. ,Ihllig \\1111 ,Ill 

analytical stlll:) of, .' t" "Ir behaviour ql thL'~e ~1K'LlIlll Il~ \lIhjl'l'tl'd to Illl \11\ llllllll-.dh 

Increa~mg Ill:l(I' , 

r-Ive J Tl '1.( on ~pl'CII11l'l1~ \\'l'Il' c()ll~lllIl'Il't1 .lI1d tt'~tl'd 1I1HICI 

reve r~L' li 'YI, 

reple~el1\ d ' 

a double-tee \ _ dllL 

concrete !'>tructllrl', 

terl11llle thell ~el~l1lll' le!'>pllll\l'!'> '1 Ill' 'Ill'lllill'Il\ 

C()nllectl()n~ hetwcl'l1 douhk-Iel' Il:lIlgC\ 1 Il lWI\\I'I'11 

,d load Il'!'>l~tlllg l'kllll'111 in a lyplt'alll1\11 1)1.1 11Il'l',1'1 

The analytlcal ~tlldy comlstl'd 01 two 1':11 t~: 1ll1l':n Ilnltl' l'Il'llIl'nl ,111:11\"1\ 1 \1 t I\l' 

connection to dl'tnmllle the te.,t !'>peCIIllL'1l gL'oll1etry :lIld III dt'IIIIl' Ih IHlIlllll.ll\' 

condlllom, anLi IHlIl-llllear Itlllte element al1,t1y~I", u~lI1g tlle N<)N 1 /\( 'S 1'1(1).':1.1111. Il 1 

predlct the complete re~p()l1~e~ 01 the conncctlOI1~ sllhlerled III IlHlIH11I1llH ,lIlv 

increa'lIlg I(]ad~, 

The e:-.pelll11L'nt:t1 le~ult~ were cOlllpaled wllh tilt' pll'lhrll(lll\ 11l:1l1t 11\111)' 

theoretlc:tl calculatlon~. the CPC( de~lgn methml ami 11(l11-llIll':l1 1IIIIIl' l'Il'Illl' Il 1 

anal)~)~. 

It \., notl'd that the CPCJ de~lgn method glvl'~ r()n~l'lv;ttIVl' pH'dlt 1j(1I1~ 111I IIIl' 

1Iitimatl' ~trength 01 the cOllnect\on reinl()rced wlth il 1)L'lIt t.kl()lll1l'd héll :llIrlHlI :11111 

a 900 book. (lnd the olle \VIth tW() delormed h(l)S OIll'lIted al ,\')" ;IIHI hl':l<kd "11111,,, 

both welded tu é\ ~tl'el plale. The pledlcted 1I1t11ll;lll' ~lll'Il!!11l (JI tlll' llllllll'l 11(111 \Vltll 

a bent deforllled bar i1ncl!Ol welded t() ;1 ~teel 1'1;11l' ;llIti 111Il' willl IWIl .,11:llglll 

detOlll1ed haro lllll'nted al (J()') :Iml weldcd to éllI ClIlhCtltll'd .,Il'cl dllgk, .Ill' Ilml' III 

the eXpCnI1lCllt;t1le"lIlt~. 'J hl' ultlllléltc .,tlcllgth (lI lllv l'(llllll'lll(lIl Wilii t Ill' Ill'éI(lt-d 

stlld~ wl'lded to a ~teel plate predlcted hy CPC ï meth()J I~ (lVl'Il'~IIIJI:Ill'd I)nl).':11 

gllidellne~ to II1crease the ~trcl1gth of ;Ile C()lIl1cctlon~ a lit 1 III III1PI<)Vl' tlll' 

displacement ductiltty are prc~ented . 
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Sommaire 

I.'alltèllf pré'>l'ntl' le ... résultat<; d'ulle étude expérimentale du comportement sous 

dlilrge~ cyclique,> de COnlJèXIOn~ type~ ulJli~éès avec les éléments préfabriqués de 

hfltilllcl1t.., t'Il hétol\ armé, L'étude ~'accompagne de la moùéllsatlon par éléments finis 

de ll'<; l()lIlll'XI(1I1~ ~lIJl'tt('~ il un chargement monotonlque atm d'en estimer la 

rl:~I')t;IIlU' 1I1tlllll' 

('lIIq COlllH"XI()Jl', dJlléll~l1tes ont été con~truites et mbes à l'essai sous charges 

cyclique ... atm d'l'II ~lIllUler le comportement sous effeb Sismiques. Ces connexions 

n,:pl\"~l'IJtl'llt ulle ~l'ile de Ullllll'xiolls horizolltale~ entrl,; les sl,;melles de doubles Tés, 

(lU l'Illll' Ulll' ')l'Illt'Ik dl' douhle Té et lin élément de ré~t~t'llH:e btér:.de typique d'un 

tOit Pll't;d)llqlll'. 

(,';lIlaly~l' IllIlJll'tlque par éléments tInIS compte deux volets: une analyse linéaire de 

I:t l (lIl1leXIOIl il t III de déterm1l1er la géométrie et les c()l1ditions frontières des 

prot()type~ ;'1 I1ll~ttll' il rl'~~ai, et une analyse non IlI1é,lIfc utilisant le logiciel 

NONL;\( 'S, pOUl ~IIl1Ukr la répll(]~e des connexions ~ous charges monotonIyues 

lï (11!'.!'.alltL',> Ju\qu'a 1,\ 1 uplulL'. 

l ,e~ Il'sulta!'> expl-IIIlll'lltaux !'.ont comparés aux prédIctions ùes modèles numériques 

11()11 lllll'dl/l.'!'., (lU\ cakul'i théoriques, et aux prédictIOns de la méthode du code de 

l'institut ('alladl\.'n du BétuI1 Précontraint (CPCI), 

L'étude 1I11IrQl1l' que.: la méthode ùe conception ju CPCI sous-estime la résistance 

ultlml' de 1;1 CUIlIll.'XI()11 avec armature d'ancrage plIée avec crochet à 90° ainsi que 

l'l'Ill' ilVL'C dl'u". bill 1 l.'~ il 4)" avec gouJons, l'en~emble I:tant soudé à une plaque en 

:tl'Ict, Par l'lllltll', pUliI la WIlI1l'XIO!1 avec barre d'ancrage plIée wudée à une plaque 

l'Il arlel et pmll la COlll1l'\I011 avec dl'lIX barres droites OIlelltées Ù ~)()O l'une de l'autre 

l't MllldL'L'~ ;'\ UlIl.' Wrllll'IL' L'Il aCier l'llcastrée dan~ l'élément de béton prélabriqué, les 

plédlL'tlllll ... MIIlI PWChl'!'. dl'~ lé')tJltals lre~Sat~, D'aulre palt, la méthode du CPCI 
SUI L'~tll11e b 1 L'~l!'.tance LIe la connexion avec goujons soudés à une plaque en acier. 

De!'. leCOllllllal1datlllJ1~ pour k ùimensionnemcnt ~ont égalell1ent suggérées, visant à 
augmenter la 1 ési~tal1ce ultime des connexions et à en améliorer la ductilité en 

dé p larc Illl' Il t. 
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Chapter 1 

Introduction 

1.1 Introduction 

/\ large nUll1her of rretahncated ~tructures have heen huilt ail over the world 

dllllilg reecnt yeals. Large panel con~trllction IS ll~ed malllly for re~identli:ll buildings, 

wlllle prelahl icated ~tlucture~ m:ldl' prll1dpally 01 Imear elements are lIsed for one 

to Ihree slOlcy H1dll~tr/él1 blllldl/1g.\ 

Thl' COIllH.:cti(1I1" hetween plèca~t member~ normally C()n~tltlltè the weake~t 

I!llk III thl' ~tlllctlllL' Therdore the ~atl~l(\ctory performance and ecunollly ot prcca~t 

C(JJlcrell' ~lIl1rlurl'~ dl'per1<.b tO:1 grc(]t exten; on the proper ~l'Iectlon and dc~ign of 

thl' C()IlIll'ctl()n~. Tl'~t re~ult~ on lull ~ca\e ~tlllctLlre~ have "hmvll that the e()nnectl()n~ 

~tal t yleldJl1g l'Vl'n when ~teel III the preca~t paneh I~ III the ela~tlc range. Tlm I~ 

hl'call~l' thl' ~trl'Ilgth 01 a connectloll IS lllllCh les~ than that of the surrounding panel. 

and thl~ ~lJcl1gth l'an dccrea~e \\,~l, cydie loading. The phJ!mophy for the deSIgn 01 

conllcct 1()J1~ I~: 

-to Il'm,lIn l'Iastlc lor small earthqllakes 

-10 hl' "hic to undergo lIlelastlc deforl11ation~ without ~trllctural co\lap~e. 

('nlll1l'ctlOJl~ c:ln hl' u~ed to dlsslpate enerbl)' if they show stable ela~to-plastlc 

hl'llilV inti r. 

Sorne ot thl' f100r élnd root slahs III carly projects consi~ted of dOl/hIe-tees, 

s II1glL'-t L'L'S, wlid lIat slahs, ami many vanatlons of these ~hape~. However. ùouhle 

tl·l.'~ havL' pl m'l'LI tn be the mo~t t'<':olll1lllleal lm ~pan~ 01 l) to 21 /TI and have !lemme 

~tand:11 dl/cd lm J11dll~tl 1:11 appl!catlon~. FIgure 1.1 mÙlcates the component<; ot :1 

slllglL' - S(lHl'Y plL'l':I~t l'OIlClt'tl' witll pali~llJ1dll~tnal buildlllg. It I!\ e~selltJaI tu ensure 

adCl]u:itl' WIlI1Cl'tlon hL't"'l'l'1l thl' L'kment~ tmmJl1g the root lllaphragm (usually 

douhk - tl'l'S "'Ith thm tlaIH.!l'~) amI het\\t'cll thcse elements anù the lateral load 

Il'sistlllg sy~tL'1l1~. ))unng c:lrthqLJake~, honzontal connèctlon~ in the tlom system are 
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subjected ta cyclic shear and dIrect Inads. Figure 1.2 IllustIatl'S thl' dct:l1b III :1 t~ plcal 

connection between the douhle-tee elements. Dul' to lack nt sullll'll'111 data tHI Ihe 

shear resistance of connections between prdabnca teù l"Ie 1l1l'1l b. the lk:-'Ignc 1:-- Ill.! h.l' 

apprupriate assuIllptions concernlllg the la!lurl' ClltCII:!, \\ IlIch 1l\:ly Ie.ld III 

uneconomlcal or unsafe deSigns. The dl'~igll of thl'~e C()IlI1l'CIHlIl~ ha"l'd ~\lkl\' llll 

their static strengths is thus 1I1appropnatc. SOIllC rCCllrùcù data I1llrol11 the 1l'''lllllI~C 

of prefabricated structures suhJcctcd to earthquake show that the Il Il l\t l'\l1ll\l1l1\\ 

failure mode occurs at the conncction of the {(lot dlaphLlglll \VIth thl' IHllIllll.lI\ 

elements, which cO!1sist of rC\l1forcing bal~ cmbeùded in thl' 111111 Il.lnge hy pllllllut (lt 

a bar from one ot the tlanges. ThiS eIllphasizl'~ the lInpUI t:IIll'l' (lI :Hkqll:llt' ('(IVl'l 

and embedment length for plOper connectiol1 behavlollr. Allot hl' 1 Cl 1I1111H III : IIl',l III 

distress occurs at the COnnl'ctloll 01 extenor prl:c:t~t pallels (wall p.IIIl'!,,) tll tlll' 

diaphragm system. The wddeù cmbcdùcù anchors exlllblt "ttlc ductlllty, alld (a!lule 

often occurs in a brittle manncr by pull out or Iractlln.~ 01 thl' weld hl'tWl'l'11 thl' 

reintorcing bar and the sted plate. 

There is con~lderable Jack of expenmental and ;tJl:llytH::t! lI:lt:. 011 !hl' 

resistance of sllch connections subJcctcd tn ~hear and normal !()fCCS (111()[\ololllcally 

increasing or reversed cycllc load~). The ohJectlve of thi~ rese;1I ch pl IlgI am IS III 

study the sClsmic response ot typical connections reprcsentlllg the COlllllTti()1l hetwl'l'Il 

the ÙGuble tee tlanges in the ùiaphragm sy~telll m. weil a~ hetwœn d()uhk Il'l' Ilallgl' 

anù the lateral load resisting clements ~uch as wall panels . 
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Figure 1.1 Frnming system for a singlc-storey precast concretc wall panel 

industrial building 

Wall 

/panel 
.J-- ---~--= 11 __ ~~_----L-1l_ llr-"l{-J.. 

.. - - - -- - - ---~_I 
Flange 
connecllon 

+---'-----'7,!----' --1r
Roof plan 

Connectlon of roof tee to wall 

Plan 

Figure 1.2 Typical connections betwccn double-tee clements 
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1.2 Summary of Previous 1 nvestigations 

PreviOllS ~tlldies on typlcal l'onrll'ctinns 111 pll'l':lSt l'l'nl'Il'tl' '>tllll'tllll''> ,Ill' 

summaflzed 111 tlm sedlOIl 

1.2.1 Design Concept and Modcls 

Analysis tm the design of conlll'cti()l1~ reqlllre~ :tllalytlcalll111deb. wllll'h ~llll\lId 

be simple but ~h()uld ~tlll reveal the e~~entlal katllle~ ot IW!t:\VIlHII, TllI~~" li '>t 1 III 

and-tie models appear tu ht..' weil ~ulted and tbey haw 1)L'l'n dnl'lllpl'd 1\\1 111l1,>t 

conneLtlons, They lire lI~etlll hecallse they allmv il deslglll'l III Ilklltlly C:I'>II\' tltl' 

tllnctl{)n~ pertorlllèd by each elemcnl ot the CllllllèCt\(H\ tlllll tu Oht.llIl Illl' 

approxllnate magnitude 01 the lm Cè~, 

In llJ7K Hawk11l~ 12 lJ revll'wed tlll' .,el~ll1ll' pertolnWIll'l' ul pll'l"I'>1 l'1111l'1l'1l' 

bUildings. He noted the lollmv\I1g are:ls nerl'~:-.ary t(l hl' IIlVl'~tlgéltl'd: dl'll'lllllltl' Iltl' 

deSIgn Imce Ieveb: de~lgn ut elell1enb: de"lgn (lI COIIIIl'ct ID\l',. 1IIHll'I,>I:llId 111l' 

contribution ot tl()or ~ystcm:-.: :lI1d ll1eélll~ ul pr()vldlllg ~1\lIctul:t1 Inlt'gllly 

ln IlJK J. fkcker élnL! Sheppard Iii cl:t~~llll'd tJll' typc~ (JIn 111 IllT 1 I( )(1:-' hy dlVI< Illtg 

the connectlon 111 precd~t concrl'te l'kment~ IIlto tlHee gl oUP" ;l~ 1()II()\v~: 

i) Strong connectlon - Unùer the ultll11atc ~el~mic load, the CUIlI1CCt\(11l dol''' IHII 

exceed the e1mtlc IIITII!. 

ii) Ducttll' connl'ctlon - The connl'ctlon IS de-;Igned ha~ed O!l thl' loadlllg lH'yolld tlll' 

ela~tlc range lOto the lOela~tlc range tn ah:-.orh ellel!~y, III achll'Vl' dlll !lilty (li \111111111 

loaù tran~ml~~ll)Jl to otller elel11ent~ III the ~trllctlll al ~y~ll'Ill, 

in) GUldeù connectloll - It perl1llt~ ùl~pl"cell1e!lt lIndCI the l:ttl'léllloéHb (l':l/lllqll:lkl' 

or wl11d) anù adapt~ to change~ due t() clcep, "llflnkage ;llld tClllpt'l:ltllll' Vél/léIIH11I .... 

In JlJK6 Stant()[l et al. I~I ~llgge!'>ted that due to the I;lck 01 !'>lllTI:r! "'1"'>1111(' 

de~ign criteria anù dl'tatb, one 01 the lollow1I1g p[()œdllre~ nlély hL: lI~l'll. (1) dnlgll 

the structure to rl'main III the cla~tlc range; (II) ùe~lgll the connectH)\] tCl IH.' "11\l1I)!1" 

than the preca~t ml'mber; (III) de\lgn the ~trLlctLlre ~() tl1:lt thl' UlIllll'L!\(IIl'> :111' 

locateù out~lùe ot potentlal lIlelastlc z()ne~. 

4 
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'l'hl: Illoueb prop()<;ed lor typical horizontal connectiom are ~ummanzed In the 

fol!owlIlg: 

Â~wad 1"1 u\ed pam:b ln comhinatlon m, a horizontal Joint whlch were moùeleù éI~ an 

dl\l()-plil~tJC m()de!. Il ~eel11~ lhat the e1a~t() - pla\t() model without ally ~trength or 

~tJ!llle~~ dl:gléldéltion can he lI~ed to moe.!l:1 tlm connect!Ol1. 

Nellk 171 mmlelkd the hehavJ(Hlr ot wdùed headcd ~tud connectIons by cOl11bining 

il tnlllll:ar loaJ - dctorlllatloll mode! wlth a ~tre~~ - \tram model for concrete adopted 

l'IO!ll thl: W()I k 01 Kitr~()11 and Jlr\al~l. Nellie ohtamee.! very g()od agreement hetween 

Ihe cillculilll'd 11l'llilVl<llll 01 lm ;Inalytical 1ll00lel and the Illea~lll ed cycllc hehavlour. 

SI1f1ckl'1l ;111<.1 P{)\vL'lI 1'/1 lI~ed il Vilflety ot Inad - dl~pl:tcellleJlt ] elatl()ll~hlp~ tOI the 

(,ollnectl<l/lclL'llll'llt<; ll~lllg il Imite elemcnt applO(\ch. The ~heal tllcllon elément Wél~ 

devl"IClped I()] 11l00kiling the dry COnl1ectlOl1 to capture the plllched hy~te] e!'ll" loop~, 

still Il l''>'> at the L'nd 01 eaell cycle ane.! the degradat]ol1 01 ~tItfl1es~ and ~trength wlth 

<In IIH:re:t!\lng Il li 111 hL' 1 ot lo,ld cyc\e~. 

1.2.2 Experimental Investigations 

ln tllls section, a bnd review of the cychc experrmental II1vestlgation ot 

Il'SpOIl~l' 01 ~ol11e comlllun conncctioJl~ hetween preca~t eJeJl1ent~ b presented. In 

spitL' 01 Ihe L'OIlCl'lll and rccogni7L~d Ileed for lI1tormatiun on the cyclIc loading 

Il'~pon!'ll' 01 pl L'l"a~t l"(Jnnl'l"tIOI1~. only il lew te\t~ have been conducted to ~tudy the 

hl' havlo li] III t Ile,>e COI1Ill'ct 1()11~ whe Il ~ li hJcctcd to revened cycllc 10mb re pl e~ent mg 

deSIgn l'al tllqll.II\l' hllCl'~ Agam. tlll're I~ vcry \ittle daw on energy é1b~orptlon and 

dlll"tllrt\' l"hal.\ctl'IJSIICS ot Cllnnt'ctl()n~ cOl1llTIollly u!'Icd in preca,>t cOI1~truction. For 

l'OJl\L'I1lt.'!ll'C, COlll1l'CtH)J1S aIL' cla~~,tied mto two gennal cate\.!,\.)ne~ accOldll1\.!, 10 the 
~ ~ '-

ll1atl'lïitlll~l'd: dry and wet connections, Tlm report tocllse~ on the dc~cription of the 

Il'spoml' ut "dry" ronlll'ctÎons (lISlllg headed stlld~ or emhedded rt'lIltorcll1g bars) . 

5 
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Dry Connections 

These connections utilize mechanical anchors sueh as wcldcd hcadcd studs and 

embedded reinforcing bars welded ta a plate ta transmit the shcar forces hctwccn the 

precast elements such as double - tees amI wall panels. The 11105t commun type of 

dry shear connections are composed of embcddCl1 steel shapes anchmcd lOto the 

precast members by studs or reinforcing bars. The connection is comp\cted by 

bolting or weiding a third element to the embcdded ~tccl shape. Figure 1.3 details 

sorne of the mast commonly used dly connections. 

Shear force is transferrcd across the connectlon In a vancty of Il1cchanisllls. 

Depending on the details of the connection, sht'ar is transferred through \waring of 

the steel shapes, shedf of the connccting clements, shear of the wellls or bolts, or 

thwugh the friction between bolted plates. Many tests have been ronùucted to 

determine on the ultimate strength of dry connections undcr statie or monotofllc 

increasing loading, Îlowever only a fcw tests have becn carried out lIIH.1er rcvcrscu 

cyelic load. 

The research on cyclic behaviour of diffcrent types of wcIded connections is 

described briefly for: i) headed stud connections; ii) clllbeddcd reinforcing har 

connections 

~ .. . .. 
~ 

(1) (b) (e) 

Figure 1.3 Dry shear connectorsl251 
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1.2.2.1 ('onnection with Headed Studs 

/\ typlcal ht.:(\ut.:d ~tlld connectlOn IS presented in FIgure 1.4 PI. The ~trength 

of the ht.::tdt.:d ~tlld l!léIy he limiteu hy elther COl1crete or stud lallure. Spencel ami 

i"-Jellie lloi have condllcted te!'>t~ on the hehavlour ot ~ix weldeu heaùed !'>tuu 

("Ol1neCIIOIl!'> !'>llhjected to cyclll' 1()é\(llllg. Eal'h COIlnt.:ctloll angk \Va!'> ca!'>t in él 

2 ft x 4 It x K 111 col1crete pane!. Detall~ of the te~t COl1nectlOIl!'> are !'>hmvll 111 Figure 

1 . .'1 FIVL" of t Ill" te!'>t !'>peCII1lCIl'> \Vere ~lIhjected 10 cycllc loadlllg. Connect!oll A 1 \Vas 

sllhJt'cled to IT1ClIHltolllc:t1ly II1cre:t!'>lI1g I()au ulltil l'allure. Revel!'>eu cycllc shear t()rce~ 

were appllt'll lu alllltlll'r :-,pl'Clmell'> al lh~t:lf1ce of 7/K IIlch (22 mm) from the ta ce ot 

11H' l"Olllll'cllClIl :lllgk III thl' IOllglludlll:t1 (IJrt~ctl()n (~ee FIgllll' 1)) Load-dellectlon 

curw,> for tlll''>l' C()lll1l'CtJ()Il!'> :lrl' ple~elltl'd III Flgurc 1 () Iifli. Te,>t re!'>ulb lor 

COllllL'l'!lO!1 ;\ 1 l'Xlllhtted t'ul1~ldl'r;lhk dlH.'tlllty 1I11lkl ll1ol1utumcally 111Crl'a~lI1g ln ad 

(~L'e hgUIL' I.fl.l) 'l'hL' Yll'id ,>tlcllgth 01 the conllecllllll \Va~ glcatel thall the de~lgll 

~trellglh plt'dll'ted hy tlll' L'qlwtlOIl III the PCI De~lgll Handhook 1" 121, The te!'>t 

n~~lIlt:-. 1 ()\ Cl lfll1l'et 1()11~ A suhlecteu tn rever~eu cye lie Il)ad~ 1I111~ tra te~ the cha nge III 

thl' hehavHllIl 01 tlle ~pL'eIlllen when !'>llhjected tn l11onntonical!y Il1cre:I~lI1g ami 

ICVl'I"ed cvrlll' ill:tdllH~ lOI the ~:ll11e connectloll, The connectlon \Va,> I()aded to vleld 
w \~ "" 

altel ~l'\'L'lill IlIltl:1I l'vl'k~ III the ela~tlc rangl" and then !'>uhjected tu ~teélllIly 

111l'IC:t!\lllg dclkctlol1'> The re~lIlt~ show a deClea~e in :-.tlflne~!'> :lI1d strength \VIth 

l'yclll1g, 'l'hl' lallllll' (lI the COllllectloll wa:-- preceded by proglè!'>!'>lve crllshll1g and 

:-.p:tlllIlg 01 thL' cOllcretc ahové ;\I1d helow thé angle, They abo oh~erved progre~~I\'e 

tell!\HlI1 cr:lcklllg p:1I ,tlkl to. hut ~eventlll1ChèS away lrom the angle. C()l1nectlom AI 

.lJ1d BII'llIct! when:l Inrgt' hlock 01 conClète SUITOLlIldll1g the !'>tlllb hroke él\vay while 

uthcl l'lllllll'l'tlllJl!'> I,\lled whl'Il olle 01 the ~tlllb hloke clo!'>e 10 the weld, Spencer and 

NcllkJiol (OI\\.'llIlkd ,\~ lollm%' 

'l'hL' P( '1 PlllL'l'dul L'" lOI l'alculatlllg the ullllnale deSIgn ~trength of the:-'è 

l'lll1l1l'CtlllJl" Ul1dl'l ~tatll' luadmg glve conservatlve re~lIlts. 

'l'hl' ~tll'Ilgth 01 Ihe c()nnectlon~ in the hr~t cyc1e~ of loading up to yield I~ 

applll\II11:1tl'l) the ~al11e :IS the ~treI1gth 1I1lder l11ol1otonically IIlcrea~ll1g loads . 

3. Il the l'\'L'IIl' loadll1g I~ COlltlllllt'd abOYé the ~tahl"ty Illnit [~ee Figure 1.6(b) for 
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definition], the strength of the connections dcaease with an innc.lsing numher nt 

cycles and the yield strength envelop extcnds ta approach the stahIlity limit. 

4. The deflectians reached befort! fmlure were from seven to twellty-fnur tllnes the 

theoretical elastic deflection corrcsponding to the dt'~igned ultllllate strength. 

5. These connections if properly designed and detmlcd, appcar to he suitahlc for USt! 

in earthquake-resistant buildings designed as box - type systems. 

" ... - -'- -.r . . . . 

.,. ... - .... -. -;;:r .. - .,. 

- - - .... ~-
...... ~.... '" 

. ... 
-. : == --:-;:.-

Figure 1.4 Typical headed studs connection demoDstrating two common stud 

configurations and the ease with which minor imperfections and misalignments 

may he accommodated[7) 
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Figure 1.5 Details of test connections(lOJ 
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(b) Load-defiection loops (conneetion A3) 

Figure 1.6 Losd·dcflection curves for the connections shown in Figure 1.5(loJ 
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(c) Load-deflection loops (connection A2). showing stable behaviour oner 36th 

cycle. Groups of curves have been seporated for greater clarity. 

3D 

-
!' , 
! 20 
o .. 
o ... 

-20 

(d) Load-denection loops (connection Bl). Ropid increose in the opplied 

denection led to failure oner a relativcly few cycles 

Figure 1.6 (Continucd) Load-deflection curves for the c()nnection~ in Figure I.S[lOI 
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o 
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-30 

1 1 
0. 2 0.3 

DEFLECTION (In.) 

(e) Load-dencction loops (Connection B2). The stud Ca il ure can he seen in Cycle 19 

Figure 1.6 (Continued) Load-denection cune for the connection in Figure 1.5[10) 

1.2.2.2 Conncction with Embedded Reinforcing Bar 

An ahcrnate method for embedding steel sections in precast members is to 

replace the headed studs with welded reinforcing bars, as shawn in Figure 1.7. 

Dcformed bar anchors are anchored in the cancre te by bond. Although sufficient 

seismic test data is not available, there are severa] advantages to this type of 

connection. The first advantage is the large surface area available for welding the 

reinforcing bars to the angle, which reduces the chance ofbrittle weld failure because 

of lower wcld stresses. The second advantage of tbis connection is the larger 

dcvclopmcnt ICllgth of the bars into the precast member. This allows for lower bond 

stresses and reduces the chance of pullout and splitting failure of the connection. 

In gcncral, dry connections should be designed conscrvativcly for earthquake 

rcsistant construction. Longer weld lengths, additional anchorage lengths for 

reinforcing bars and lower allowable stresses are justified for earthq\1ake loading 

cspccially in the presence of forces normal to the shear connection. 

11 
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Figure 1.7 Connection with em"edded reinforcing bar 

A brief summary of the rcsponse of connectIOns with anchored re inforcing bar 

subjected ta reversed cyclic loads follows: 

Aswad (61 conducted a series of low cyclic tests on connectIOns using full scale 

double tees and wall panel (21' x 8' or 6.4 m x 2.4 m panels). Two types of 

connections for double tee (2" or 50 mm tlange thicknc~s) and connections for 

pre cast wall panels (6" or 150 mm thick) were tested. The experimcnt did Ilot covcr 

a wide range of cyclic tests because the main ohjective was 10 fJlld out the f:lJlure 

strengths of the connections and to nlcasure the relative displaccments bctween the 

adjacent precast double tees. In a majority of cases, the specimens were ~uhJectcd 

ta three cycles of reversed loadings betwccr. 2.. POI whcre Po is a value smaller than 

the ultimate strength and the connection was thcn brought to failure. 1 [owcver, the 

cyclic tests were not carried far enough to prescnt the actual cyclic re~p()l1~c of the 

connections. Details of the connections and the respective !nad - di~placcl11cnt curvcs 

are shawn in Figure 1.8. Connections 0-34, 0-36 and D-40 prc~el1t the te~t~ on the 

double tees (2" or 50 mm flange thickncss), while P-9 prc~ent~ thc te~ts on the 

precast wall (6" or 150 mm thick) connection. A~ can be ~ecn from Figure l.~, the 

stiffness and strength did not detcrioratc considerably sincc the rcver\cd cyclic loads 

remained essentially in the elastic range. The following conclu'Iiolls wcrc reported 

by Aswad[61: 
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1. Wh~n j()rœ~ applJell tn the plate were simple :-.hear, tailure streT1gth~ were gleater 

than the ()ne., expectell. 

2. The cmbeùllell Iength of the reintoretng hars were ~ufti<':lent to dt.velop the 

ultllJlélte capacity. 

1. i\ pull out force normal ln a connectioT1 Icllucelllt~ ultllllate shem capadty. 

Spl'Ilœr 1111 carned out some cydie ~hear tests on connectl()n~ with reintorclIlg 

hal~ :111 c !Jor cd mIn IYP,c<t14'x 2'x 5.5" (1220x 610 x 140 mm) concrète paneb. The 

hyS1t.~rl''''I~ rL'~p()mc cllrve~ for the tc~t~ are pre~enteù 111 Figure 1.9. The following 

dYllillllic chélfllctcmtlcs werc ohserveù hy Spencer: 

1. Tht' :-,tll'Ilglh uf the conncctioll ll(1e~ not reduce tllIIing loading cycles in the e1a~tic 

2. 'l'hl' n()mlllai ~tn;l1gth of the connectIons can be detellllined u~lI1g the trll~~ 

:tnalogy. 

3. The !-.tlcllgth of the cOl1nection with the anchar bar running into the conllcction 

al ,15 d('glee~ :11111 al (JO dcgrec\ fall~ tn hhnut 50% and le~" than SOCle- nt thclr 

110Illil1:t1 ~tlL'Jlgth", re~pectlvely. 

,l. 'l'hl' L"l'llllL'l t](ln \Vith :t rL'ce:-,~ III the panel l'lige ami ~tr(lIght elllhedllcd har~ at .f5 

deglL'e:-. appL'ar:-. \0 perlorm he\t undcl ~imulateLl earthquake load111g. 

5. Pdlll'i tlllCKl1l'!'>!'> dllL! L'onCIL'tL' ~tlength IIltluence the hehavlour 01 connectlOn. 

Othel tC~I!'> un ~L\ dilkll'l1t type~ ot col1necti()n~ wlth emhedded har in thin 

palll'b \Vl'Il' l'()IHlllCtl'd by KlIllro~11 1\. A1\ ~pcc1111em \Vere loaded lI1tn the ela~tlc 

lilll~l' and tllcll thl' 1();l(.11I1~ contl11uL'd lIntll the connectlOI1 farled. The m()de~ 01 
L L 

1:!l11I1l' (ll'l'1I1 rL'L1 l'Ilhel hy hllr traclull' or hy ~pallIllg ot the concrète. When bar 

lailtllL' UlTUIICd, thl' leldtl'd l11ea~ured dellectlon wa~ very ~mall. In the ca~e of 

spalllllg L!llull..'\, when the connecti()n~ ~wrted cracking. the ~tltfncs~ gradually 

lkrrl'a~t.'d \\'Ith dIlIIlCfL'a!'>l'd IlUmbel 01 cyele~ into the II1cla~tlc range and largel load

dl'llL'l·t IUIl luop:-. \\'l'Ie oh~L'lvcd. C()nllectllln~ wlth an angle and reVL'1 ~ed angle 

\wkbl d\ll'L'tl~ 10 the 1l'l11tOlcing mesh did not re~pond weIl in Cl)11lpml~On with the 

nthl'I conncct IOIl~. The dl..'talb nf COllneetlollS ami the Inad - dctlectllHl curves are 

pll'~l'l1tt.'d 111 Figule 1.10. Kallros ~tated the tollowlng conclusion~: 

13 
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1. Good quality control is necessary with the use of th~ reinforcing har amI the angll' . 

2. A thicker tlange with a larger concretc cover thicknl'1>S bchavcs hcttcr under rydlc 

loading. 

3. The connections should be designed for 50% of the expccted monotonie Capal'lty 

of the connections. 

4. The strength of connections does not seem to reduce in the elastÏC range. 

S. Connections with 45 degree ernhedded bar appear to perform hcst limier simulatl'd 

earthquake loading . 

14 
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Figure 1.8 Details of connections and test results reported by Aswad (6) 
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1.3 Current Design Approach 

1.3.1 Lateral Sei~mic I;oree 

The Nlltlolléll Building Code of Canada (N.B.C.C. 1990)(I~J specifies two 

élppl ()ache~ for the l'valuation ot the de~ign earthquake load on a huilding as follows: 

(1) Olla~i-~téltlc !'>el~mIC analysl!'> 

(Ii) Dynélmlc analy~I~, u~lIlg ellher average response spectra or step - by - ~tep 

calclliatul!l ln the tllne domain of the response ot the ~tructure subjected to a 

p<ll tlClll<1I dl~turbanœ, 

The quasl-statlc approach IS lIsually quite satisfactory using the quasl-~tatlc 

~el~Il1IC al1aly'>I~, T!le equlvalent elastic base shear, Vc' to determine the minimum 

latcr:t1 ~el~l11ll' force, accorL!ing to NBCC 1990, IS glven hy: 

Vc = VSIFW 

whc! l' V = IOlle veIoclty ratio 

S = Sd~ll1lc response factor (sel' Figure 1.11) 

1,1 = Âccelel atlon-relatcL! Sel~Il1IC zone factor 

l, = Vl'Ioclty-related sel!'>I11IC zone tactor 

T = FUlllbmental penoL! of vlhratlon ot the ~tructure (in seconds) 

= (J.IN 1'01 m0111l'nt - rl'~lstll1g tr,lllle~ (N -= numher of storey~) 

( 1- 1 ) 

= O.09hjv'l\ fm other stl Ul'ttITe~ (hl] and D\ are the height and length ot 

the lateral load lesl!'>tlllg ~y~tel11. respectively) 

-- 1111)101 tailLe factor ot the structures, 

-- 1.:' fOI po~t di~a~tel bUlllhng, 1.3 tor schools and 1.0 for ail other 

hullding!'> 

F = FOlll1datlol1 tactor (rangll1g from 1.0 for rock to 2.0 tor soft deep ~()il) 

W = Deal! load dt the structure plll~ 250é of the de~ign snmv Joad. 

Tht' 1ll1ll111l1l1ll lateml ~l'ISI11IC torce. V. tm which the structure has tn be designed IS: 

V = (V
l
, 1 R)U ( 1-2) 
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• where R = force modification factor that depends on the capahility of the structure 

to absorb energy during inelastic response (see Table 1.1). 

U = 0.6 (calIbration factor to adjust levd of protection) 

It must be mentioned that precast concrete bUildings are not listed in Tahle LI, nm 

does the ('SA Standard A23.3-M84 (Code for the Design of Clwcrcte Stnh.'tull'1:\ and 

Buildings Il!>] give specifie seismic design &uidance for prccast construction. 

In addition to the lateral seismic forces, a buildlllg must also b~ dcsigncd for 

horizontal torsional moments. The largest design ecœntril'lty, l'Il' is givcn by: 

en = 1.5e + U.lODn 

or 

en =0.5c - 0.100n 

wherl:! e = distance between the centre of mass and centre of rigtdity 

Dn = plan dimension of the building in the direction of the computcd 

eccentricity. 

en 
..: 
o ... 
u 
CIl 

~ 4.2 t-M'---\. 
III 
c 
o 
Q 3.0 I-="--....::.{. 
III 
QI 
... 2. 1 ~ ........ ;....;.J'---_ ...... ~ 
u 
E 
III 

QI 
en 

o~--~~--~----~-----~--~ o 0.25 050 0.75 1.00 1.25 

Perlod, T (sec) 

Figure 1.11 Seismic response factor in the 1990 

National Building Code of Canada 
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Ta hie 1.1 Force modificalion faclors for reinforced concrele structures 

de~i~ned and detailcd according to CAN3-A23.3 [1"1 

'1 ypl' (JI 1;11t:r;t! l(Jad rC"I"tlllg \y..,t~m R 
1-------

-/)UCtIle Il]()Ill~nl-rt:!-.I!-.tIng !-.pace tlame 4.0 

-Du('tlle Ikxural "ht'ar wall 3.5 

-M()Jllellt-J~"'I<.,1lng !-.paœ trame with nominal dllctlhty 2.0 

-W;t11 Wllh nOIll III a 1 ùllctillty 2.0 

-Ollll'f !;llnal lorce re!'.lsling !'.y~telm 1.5 

13.2 ('on nection~ 

1 (llIlzontal I()ad~ tWill wII1d or earthqllakes are lIsually tran~1l1itted tn ~hear 

w:db 01 ll10mcnl re!'.lstlllg tral1le~ thmugh the root anù floor!'. acting él!'. honzolltal 

dlaplll ;lgm!-.. It IS a~~ul1lnl that il dl;lphragm act!-. a~ a lIeer horizontal beam <l!-. 

plc~L'llted III (:Igllrc 1.12 [171. It i!-. ill1:t/ogou:-. to plate glnJer~ or (-healm. The !'.hear 

w;db OJ trame!'. are cOI1!-'ldered a!'. ~UpP()[t!'. ot thl~ arllllog()lI~ heam. Theletore the 

support 1 e;lctHlIl!'. arc IIlduced hy the lateral torce re~ultant trom the earthquake 

lo:tLling. The tel1!'.IOIl alld cornpre!-.sloll chord~ torce~ are lIlùuceù 111 the ùiaphlllgm 

hy a~~lIlll1llg hendrng 01 the dl:lphragm in lb OWIl plane. The prt.c:l!'>t COIlCI ete 

douhle-tee!'> wlllch !'>pilll parallel tu the !'>upportmg walb or trame~ mu!'>t he ùe!'>lgned 

tll tlall:-.Il'I !'>1lL'al hL'lwL'cn the adpcl'Ilt element~ and abu to the ~uppurtillg element!'>. 

Titus thl' de~lgl1 01 il llIaphragm IS c~sentJally a conllel'tlon ùe~lgl1 prohlem. 

I.J.2.1 nefol'lned Bar Anchor Conneclion 

Tlw. ~l'ctllHl plL'!'>ent~ thL' data élnd methodology tor desigl1lng typlcal tlange 

L'OIlIlL'ctlllm bL'tWl'L'1l douhle-tL'L' tlange~. Detormeù bar~ are anchoreù in the 

l'OnCrl'tL' hy bond. 'l'hL' r equlled embeùded Iength l'an be cé.llculated III the ~ame 

t:l~hl()n :1:-' the Lll'\'L'lopmL'nt lL'ngth tUl the Ilornwl rClIltOlclIlg bars. The CPCI Metnc 

Dl'~lgll Manllal"~1 suggt'st~ thL' tollowlIlg equations tor development length ot 

dL'lollllL'd rL'll1lml'lIlg bar anchors: 
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Figure 1.12 Analogous beam design of diaphragm(17) 

For No. 35 reinforcing bars or sm aller, in tension: 

Id == o.019~f!v'f~ 

which has ta be greater than the minim um of 0.058 fyd b or 300 mm 

For No. 45 bars, Id == 26EJ";f~ 

and for No. 55 bars, Id ::: 34f!";f~ 

while compression development length is given by : 

Id == o.24dbf;v'f~ 

where ~::.: area of the reinforcing bar (mm2) 

db = diameter of bar (mm) 

A11 modification factors currently in the code would apply. 

(1-3 ) 

(1-4) 

(1-5) 

( 1-6) 

The ACI Code (19) , ACI committee 318, assumes that the basic dcvc)oprncnt 

length required ta prevent splitting failures, Idb bP' is a function of the cross-scctÎonal 

30 



• 

• 

mea of the bar, while the length required to prevent pullout, ldb po' is a function of 

the dlélmeter of the bar. The equatlons to de termine basic development length are 

as lollows: 

For No. 35 bars and smaIler: 

Idp ~p = O.02"t/v'f~ (mm, MPa) 

Idp po = 0.375dbf;v'f~ 

(1-7) 

(1-8) 

Thc ACI codc reqUlres that the baSIC development length to prevent splitting failure 

given hy elluatlon (1 - 7) be multlplIed by a modification factor "kl" to account for 

the clcm cover thlcknes~. Both devc10pment lengths to prevent sphtting and pull-out 

mu!'>t he lIlultipllCd by lactor "kz" to account for the parameters listed in Table 1.2. 

Tl1erclore, thc developmcnt lengths to prevent sphtting and pull-out failures, 

rcspect Ivcly, arc the fol1owing: 

whcrc kl = 2.0 for c ~ dh 

Id sp = kl k2ldb sp 

Id po = k21db po 

k) = 1.4 for db < c < 2dh 

kt 1.0 for c ~ 2dh 

kl = 0,8 lor Ct ~ 2.5db in addition ta the factors listed below 

c = ('!car covcr tlllcki1e~s 

Ct = Clear coyer tl1H.:kness to the edge 

kz = factors Itstcd in Table 1.2 

(1-9) 

(1-10) 

Finally, the dcvd()pll1l'nt kngth, Id' required by the ACI Code is the Iarger of the 

two lengths ralculatcd hy equatlol1s (1-9) and (1-10) but must not be less than 300 

111111. Ait hOllgh the ACI COll1mittee 408 has not explicitly recommended an 

;IIlChOl age kngtl1 (developme nt Iength) under cyelic loading, it is Iikely that the 

L"Ol11l11lttl'e would adopt proposais ~uch as those presented by the researchers at the 

lJ Illversity of Texas at Au~tm li nd Cornell U niversity[201• The results are summarized 

as follow~: 

1) For straight anchorllges with li coyer of at least 1.5 db: 

Id = (1860 x db)/v'f~ > 30 db (Imperial units) 

Id = (154.5 x db)/v'f~ > 30 db CS. 1. units) 

31 

(1-11) 

(1-12) 



• 

• 

ii) For hooked har anehors: 

Illd = (IHOO x dl,)/v't: (Impcllal 1IIl1t:-) ( 1- 1 ~) 

( 1- 1 1) (S. 1. lInlt~) 

Ali modification factors eurrently in the l'mil' wlluld apply It 11l11~t hl' 111l'llttlllll'd tll.!t 

in this study the equatlons tOI" the l'valuatIon 01 dc\'elnpl11L'llts lL'11~th!\ l'nI 1l'1I1hlll'lIlg 

bar suhJected to eydie loadll1g me lIsed (Eqllattom 1-12 and 1-1-1). 

Table 1.2 Values of modification factor k~ l'or dl'\'c1npnwnt ll'n~thll')1 

(a) Top reinforcel1lent - hultzontal rClIltOlcl't1lCllt 

wlth more than 300 mm 01 lIesh concrete C<1"t 

belnw the rellltmcemcnt 

Ch) Llghtwclght aggregate concrete, 

or. It III I~ ~pecliled 

Cc) Excess reInlorcement 

1 \ 

1.3 

O.'1)(lv't'/I, , ( 

(/\ rcqulIcd//\ 11IIlVldl'll) 

The ('pel Metnc DesIgn M,ll1llal flHI !'>ugge"t!'> tllat th!'> l'Ol1l1l'l'tUlIl "hllllid Ih' 

designed tn le~l!'>t only the !'>hear lorec!'>. SlIlœ l'arthqllakc IOildlllg 1" Il Il 1I1l'l'l 1 Illt() thl' 

diaphragm 111 any direction, the conncctlUI1!'> mu"t hl' dl'~lgl1l'l1 tOI the Illmt t1ltll:d 

load combination. Fm convenlence, the ATC (i\pplll'd Tl'l'Illl< ll()gy ('IlUIIl'lI)I' Il 

requlre!'l that IOOSé ot the force!'> lm olle prIllclpal :IXI!'> plu" 7,(lfli ot thl' 11l1l'l' IIl1 Illt, 

perpeml!clIlar ~iXI!'> be u~ed lor dC!'>lgn (lI the!'>e c()nnectl()II!'>. 111 de!'>lgll :111(1 :11l:dy"I'> , 

thls combmatlon IS consldered tOI h()th pn nCl p,t! dlll'ct I()n!'> ; 1 III 1 Il'tj 1111 l'" II Il' 

maXIITIlIm component !'>trcngth to he lI~ed. 

The current method t'or de~lgll 01 connectlon!'> utilize!'> the dl'veltlpllll'Ilt kllgl Il 

provision!'> a~ ùe!'>cnhed abovc élnd anaIY!'>I!'> hmed on tru!'>!'> ;lIl<1l()gy IlHHkl, :1" 

pre~ented by Cpel llHI and PCII II121 Handho()k. i\ typlcal lkt<lIl 1()1 c!()lIhll' - ttT 

tlange connectlom I!'> pre!'>cnted 111 FIgure 1.13 . 
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T, , 

T, :: tI>.A.f,-

Remlorcmg 
bar 

C, 

Plan 

Section 

T, , 

c, 
Plan 

Section 

Notes: (a) Unless cnds of elements are prevented from translating sideways, this 

connection cannat be used for earthquake connection as rotation will 

occur under high loads 

(b) Design of welds and weld details in accordance with CSA-WI86(22) 

Figure 1.13 Typical Dange weld plate detailsl18] 

In using the truss analogy, it is assumed that for a given shear force, the forces 

rcsulting in the ten~ion and compression legs of the anchorage reinforcing are equal 

(see Figure 1.13). Thcrefore, the design shear force for the connection is determined 

by nodal cqllilibrium for the truss members as fo)]ows: 

V r = 2Tr Cos a = 2er Cos a (1-15) 

Therefore, 

(1-16) 

ln a typical connection, the angle a is eqllal to 45 degrees, consequently, for a typical 

connection, the design factored shear is resistance given by: 

(1-17) 
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where cP, = O.~5 

A., = Area of the remtorcIl1g bar crm.~ sectloll (Illlll ') 

f\ = Yleld str·.!ngth nf the steel hm 

In the ca~e when force IS apphed 1101111:11 tll thl' l'lHlIll'cllllll, 1 Ill' tolll\lI('(1 

capacIty of the connectlon I~ deterl1lllled by: 

V[ = v2(p,A,t\, ( 1-1 S) 

1.3.2.2 Connection with Wcldcd Hcadcd Stlld~ 

Welded headed ~tlld~ me de~igl1l'd to tt:lllsfl'1 ~hl':lr. tl'l1~llllI 01 ,ll'lllllhlll,lllllli 

of the two trom one element to the adjacent olle tlll ougl! t hl' Cl 1I1I1l·l·t 1\ III IIIl' 

design~ are bé\~ed on elther ~tJel1gth ut thl' ~tec\ 01 III thl' l"l)IH·ll'll'. ,llIti hlltl! 111l1..,1 

he checked tu tmd the Clltlcal capaclty ot tl1l' IlHnt. Il I~ pll'Il..·lInl 1\) \k:-'Igll Ilh' 

embedded !'Iteel anchor to en!'lllre that é\ tel1!'1lle 1:lllulC III the aIll'IHlI gml·lll'" 'l'Ill' 

current deSign and analysl!'I methml are !'IlIllllll,trI/ed III the 1()llmvllIg "'l'l't l(lll.., Illi 

deSign ot cOllnectlOn!'l \Vith headed ... tmb, wlm:h are pl eVI!HI~ly welllnl I() ;1 ..,ln·1 

plate and embedded III 1I1lcoIllllled c()nLTetl..·. Wlth cUIIIIIlIIl!! (lI ('Il III 1 l'Il'. 1IIl' \ 1111l'.II 

capacity Il1c:rea!'lL'~. il!'l expected. The thlckIle!'l!'l (lI thl' pliltl'~ t() wlll\lI ... 111(1 ... .III' 

attache d, ~h()lIJd be at lea~t 2/3 ot the dlameter 01 tlle ~tudslll\. 

1.3.2.2.1 Studs in tension 

Stud~ depend on the head tn engage a COIlcrete are,1 tllllt c:aU\l'" .1 (llIll'-IVPI' 

pullout tatlure. The method III the (,PCI Metnc De'>lg,n Mallu:dll':j """llllIt", :1 

shearing ~L1rtaœ and applle,> a 1I1l1t ~hearJng ~trellgth l() tlwt ~l1rléll't' ,11(':1 (..,l'l' 1 Il'1111' 

1.14). The factured te mile capaclty of the COllclete ~l1ll(lllllllll1g;1 1ll';Hlt-d \111\1.1(11 

tai\ure hy a cl)n~-type pul\out, l~ glven by: 

where rPl = 0.6 

A = Etfective ~tre~s Area 

À = tactor detined in Clause Il.2.J. (JI ('AN3 - An '\ 

The eftective !'Itre!'l~ area t~ the proJected area ot éI 4) deg!l:l: pyr;11I11l1 1!()1I1 tll( 
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heélfing cdgc of the anchor (see Figure 1.15). In the case of a stud group, the are a 

01 the head~ 01 ~tuds or the area involved in overlapping stress are as of studs must 

not he included. Also If the thickne~s of con crete is not sufficient to develop the full 

projection area, a reduction in the effective stress area must be considered. 

Since the cone type pullout failure occurs in practice, a reduction factor equal 

to CU i~ incJuded III the ahove formulas to account for the difference between the 

assumed pyramidai and the conical failure surfaces. The effective stress area for a 

Slllgle hcadcd ~tud (Figure 1.15) 15 given by 

A = (21c + 1.58db
2) - 2.5 db

2 (1-20) 

wherc le = embedded length of the stud 

dh = ~tlld anchor dtameter 

1/ a slud IS locatcd nem a Iree edge of a member, a bursting type of failure can be 

cxpcctcd. 111 tlm. rc~pect the minimum cover (mm) from the anchor head to any free 

edge 15 givl' Il by: 

m=db~ f. .SOmm (1-21) 
6/Ïc 

where ru = uItlmate tensile stress of the anchor 

The 1111l1imum concrde thickness for full development of a stud group is: 

hllll11 = le + b/2 (see Figure 1.16) (1-22) 

II the ahove criteria are not satistied, special procedures are necessary to inc1ude a 

rnlllction factor. Refernng tn Figure 1.17, the effective stress are a (A) is given by: 

A = h(2a +81c +2b - 4h) - Ah (1-23) 

whcrc Ah = total area of the anchor heads. Other symbols are shown in Figure 1.16 . 
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Figure 1.14 Assumcd failurc surface for hcudcd studsl2S1 
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• :Figure 1.IS Effective stress area for wcldcd hcadcd ~tud~IIKJ 
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Figure 1.16 Dcvclopmcnt of wcldcd hcndcd studs{18) 

Plan 

Section 'B' 

Sccllon 'A' 'Rcduced by the tolal bcaring area of the anchor steel 

Figure 1.17 Slrc~s nrca rroucHon for limitcd dcpth Ar(8) 
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When the tensile strength of steel governs, the factorctl resbtance ot a 

headed stud is given by: 

P", = At,CPsfu 

where Ab = area of stud anchor 

CPs = 0.85 

f = ultimate tensile stress u 

( 1-24) 

A value of 400 MPa is recommended for the ultimate tensile strengt h 01 the headt'd 

stud steel. As mentionetl prcviously, to achicvc tlucti\c bchavIllllr. tht' tactulcd 

resistanœ of the connection tlerived based on steel strength, ~hOllld Ilot hl' Il'~s than 

the factored resistance of the connection, denved based on the pullout lallure 01 the 

headed stud (con crete cone-type failure). 

1.3.2.2.2 Studs in shear 

Studs are frequently sllbjected tn shearing forces in precast e\emt'Ilt 

connections. The concrete strength for stlltlS not locatetl nei\( a 1 rel' l'Lige lïll1 Ill' 

calculated using eithcr the lateral bearing of the ~tud or hy the shl':tr frictIon (,Ol!l.'l')l!. 

The factored bearing resistance of a SJ/lg\c headctl stud slIbJectcLi to shl'ar l'an bl' 

determined using the eqllation: 

B", = l.4<P~f~ (I-2(» 

where cfJc = 0.6 and A = proJected bearing area of the stutl (tl x IL) 

The factored shear resistance caIclllatetl using the shear friction principlc lm 

studs which are welded to a plate is given by: 

where rPs = 0.85 

Avr = cross sectional area of the studs 

fy = yield strength of the ~tud 

(1-27) 

J1. = 0.6}' for the contact plane comcldental with the cOllcrcte ~LJrf élCL: 

J1. = O.B}' for the contact plane a fuIJ plate thlckne~s below the COflcrete 
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surface 

The above value of V 4> must be smaller than the value the values calculated using 

Equa tians 11.31 and 11.32 anù provision of Section 11.7 of the CSA Standard A 23.3-

M84(161. When the shear load is in the direction of a free edge, the shear strength 

of concrete becomes more critical. The factored shear resistance specified by the 

Cpel (l
8l can be calculated using the equation: 

V 4> = O.30À</Jcvf~ (1-28) 

where A = effective stress area. 

For the lItud group in the connection, the effective stress area is equal ta the area of 

projected 45 degree plane [rom a line parallel ta the free edge through the middle 

of the contact surface and from the edge of the contact surface ta the free edges (see 

Figure 1.18). 

.....--- Tension 

" 1 / \1 / 
anchorage 
to develop 
shear 
friction 

Figure 1.18 Edge distance eO'ect for welded headcd studs[18l 
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-------------------------------------------------------------

1.3.2.2.3 Combined shear and tension 

Most of the em bedded steel devices 11-.. precast concrete connectIOns aI t' 

normally subjected to a combination nf shear and tensile forces. For deSign Plll poses 

an interaction equation can be used. For concrete, thls interaction equat ion is: 

where cfJ 1 = 0.85 

Pu = factored tension loads 

Vu = factored shear loads 

Pc = tensile strength of connection governed hy concrete failure 

Vc = shear strength of connection goverl1l:d by cOllcrete lailure 

For steel, the interaction equation IS: 

where cfJ2 = 1,0 

Ps = tensile strength of connection governed hy steel l,lIlure 

Vs = shear strength of connection governed by steel faillITe 

(1-29) 

(l-JO) 

It must be noted that in the current method for design 01 COnIH.:ctIOflS hetweell 

double-tee flanges under lateral loading, de~lgn IS hased onlyon the shear acting Oll 

the connection, 

1.4 Objectives 

The overall objectives of this research program arc to ~tlldy the hehavlollf 01 

typical connections betwecn tlanges of double-tees or hetween a double-tee f1angc 

and the lateral luad resisting clement in il typical roof ul il pfl':C(I~t ~truct un: lIlH.1er 

simulated seismic loading. The re~eélrch program c()nsi~t~ (lf the following' 

1. Analysis of a part of a duuble-tee roof flangc wlth thrce connccti()n~ ~ubJccted to 
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lateral loads tn develop the boundary conditions for the test specimen with one 

conm:ction u~ing the SAP90 Prograrn. 

2. Nonli near analysis of the complete behaviour of the connections selected for the 

experimental work along with the boundary conditions worked out in Objective 1 

,,"ove, LI~illg the NONLACS (NONLinear Analysis of Concrete and ~teel Structure) 

Prograrn. 

]. Expcrimental study of the complete behaviour until failure ofselected connections 

suhJected tn reversed cyclic loads. 

4. ('omparison of the experimentai response of the convection subjected to reversed 

cyclll' loaus wlth the analytlcal response of the same connections subjected ta 

1ll0nO\Ofl ically increasing loads, and development of practice-oriented 

Il'coll1l1lcnùatiolls for design of these connections . 
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Chapter 2 

Experimental Pr()gr~lm 

2.1 Introduction 

Five typical types of connectIons hetwcen doublL' lec Il:ll1gc\ l'Olllm, llll~ lI\l'd 

in the precast industry, \Vere invcstlgated in tl1lS le~c,lIch plOglam, 'l'Ill' "111111"1'11\111 

details are ~h()wn in Figure 2,1; the mnnccllllll dct:lIb \\'l'Il.' !'Il'krlt'd Il II 1 hl'II 

simplicity and ea~e ot construction, A total ul tlve prcc:1st ('onclcll' rI llllll', t Il'11\ III 

concrete paneb of a ~izc 1.300111111 x XOO 111111, were COll!'lllllcted .1 III 1 Il'\ll'lI III litt' 

Jamleson Structures Lahoratory at McGill Ulllverslty, 

The connections details arc detmcd as lollow~: 

1) Specimen SI: Conncction with a hent dclormcd hm :lnc!HII wckkd III d !'Ill'l'l plalt 

2) Specimen S2: Conncction \Vith a henl defnrmed har ,lIlChur :lml :1 ()()" llol1k 

welded 10 steel plate 

3) Specimen S3: Connection \Vith straight ddorl11ed b:tr ancJH li \, (lill'Il 1 l,li :t 1 ()(l" 

and welded tn an embeddcd angle 

4) Specimen S4: Connectlon with headed ~tlld:-, wclded to ,1 \Icl'! pl;lll' 

5) Specimen S5: Connection \Vith a ùeformed har orÎl:nted al 45" and Ill';ldt"d 

stud:-, both wclLleù 10 an angle 
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a) Conncction SI (b) Connection S2 

(c) Con Dectinn S3 (d) Connection S4 

(e) Connection S5 

• .'igure 2.1 Deta~L, of connections investigated in this research program 
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2.2 Design of Prototype Building 

Tn under~tand the 1I11pnrt:lI1ce ot C()I1IlL'Ct\(1I1~ bl'I\\'l'l'Il thl' Il.1IIgl'' \11 dllul'k

tee ~Iab~ and betweL'n thl' tlange and 1~IIL'lal load 11'~1~111lg elc11l1'Ilh illld Iltl' l\l,lll, 

transmJtted hy the~L' n'nl1ectlon~ the dL'~lgl1 of;1 :-'1I1gk :-.luI! plt'ca:-I ~lllIl'llIll' \\ 1111 

a precast double-tee mof and precast wall pal1l'1~ 1:-' Il'\ll'\\'l'd III Iltl' IlllI\l\\llIg 

sections. 

2.2.1 Single - Storey Precast Structure 

Figure 2.2 ~hmv:-. the plan and ekv;IIIOIl 01 li pllllolypl' ~lllgk - '\llll'\ IH L'I .l\l 

concrete :-.tructule. ThiS example (lt the plotolypl' ~lllIClllll' 1:- :-l'kl'Il'd 11\1111 Illl' 

CPCI Metnc DC::-'Ign MaIlual llsl . 

The preca~t huildlllg shown III FIgure 2,2 I~ .~KA III hy ·~X 111 III plill1 olmi 11.1, 

4.8 m c1ear helght 1Il~lùe. 'l'hl' walls are comro~ed 01 400 III III dl'l'P d\luhk - IL'L" .11111 

the roof assemblage ul ClO() mm deep double tee~. 'l'Ill' douhle Il'l" :IIt' 2,1()() 111111 

wlùe with ~tem!'. 12()() m111 on centle~. The lIange:-. (lI Ihl' IUIlI 11..'1..':-' :lll' 5() 111111 1111\ k. 

whIte the wall tee~ me 100 m1l1 ttlll:k. 

The !'.ebllllc de!'.lgn (lt the prototype !'.t ructurL' WiI:-' PL'III lllllL'd III 1 hl' N( li 1 Il 

South directIon, and It \Vas a~sllll1ed that the hlilidlllg wa~ loCall'd 111 M()lllll'al 1 Ill' 

ùeaù and live I()ad~ conform to the 1990 National Butldlllg ('mlc 01 ('alJildii illlli .Ill' 

Wall Paneb: 

UllIt welght ot wall panel = 33 kN/m 2 

Height ot wall panel = 61S0 mm 

North or South Wall: 

Total length 01 one wall = 48,0 m 

Weight ahove 111111 - helght = (3.45)(4KO)(1~) cc: 'i,t) kN 

Welght ot c()mplete wall = (6,15)(4~.()n3) = (ni kN 

East and We:-.t Wall: 

Total length ot one wall = 3~.4 !TI 

Welght ahove mld - height = (3.45 )(3K4 )(33) -= 4% kN 

Welght ot the complete wall = (6.15 )(3~.4)( ~.3) :- 77() k '\ 
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Figure 2.2 Details of single-storey precast wall panel building 

Weight of a roof panel (with water proofing membrane) = 2.8 kN/m2 

Weight of roof = (48.0)(38.4)(2.8) = 5179 kN 

Weight of building (roof + aIl walls) = 8675 kN 

Snow Load: 

25% of design snow load,S, is taken into consideration. 

For the structure under consideration, the snow load was calculated 

to be: 
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S = 2.64 kN/m2 

Total snow load = (0.25)(38.4)(48.0)(2.64)= 1216 kN 

Totallumped weights: 

- Roof + N-S walls + Snow = 8926 kN 

Roof + N-S wall + E-W walls + Snow = 9933 kN 

Specified lateral seismic force 

The minimum lateral seismic force, acting at the top of the panels 15 giwll: 

V = (v s 1 F W)(U) / (R) 

wherë t!'"iE ~e:~mic factors are: 

v = 0.1 f.)r Montreal 

T = 0.1 ~ .. , for one storey building N= 1, therefore, '1'= O.) 5 

S = 4.2 for T<O.25 s 

1 = 1.0 

F = 1.0 

W = weight of the roqf, N-S walls, and 25% of design snow lnad = xn6 kN 

U = 0.6 

R= force modification factor = 2.0 

Therefore, 

V = (0.1 x 4.2 x 1.0 x 1.0 x 8926 x 0.6) /(2'c1) = 1) 25 kN 

The design earthquake load, V, is applied tn the fOof dmphragm as illllJcated Hl 

Section 1.3.1. To guard against accidentaI torsional dfect~, a 1TlIllllllUIn CCCl'lItllClty 

equal to 10% of the lateral dimenSIon mu~t he a~sumed hctween the ccntrold (II 

resistanee and the ce r1tre ot ma~s a~ shown ln Figure 2.3. Therclo[c, the tlc~lgn 

forces on the roof diaphragm arc: 

Maximum shear 1 oree , V w , assumed to aet on each 01 the ea~t and west walb 

at roof levell'i: Vw = 0.6 V = 0,6 x 1125 = 675 kN 

Average ~hear inten~ity , VI) = 675/38.4 = 17.6 kN/rn 

Maximum bending moment, Mw = (Vw L)/8 = (1125 x 48)/8 -= (>7')(J kN.1Jl 

Maximum chord forces, Cw = T w = M.)d = 6750/ 3K4 = 17() kN 
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Figure 2.3 Specified forces acting on roof and walls 

Resistance analysis 

Analysis of the structure is undertaken in two parts. The first part deals with 

design and detailing of the roof diaphragm and its connections, while the second part 

deals with the design of the wall panels. Because this thesis focuses on the behaviour 

of connection between the flanges of the double-tees which constitute the roof 

diaphragm ami bctwccn the tlange and lateralload resisting elements, focus is placed 

on the design of connections. 

The dIaphragm is required to resist the shear forces induced by the 

earthquake Joad. The maXImum factored shear intensity in double tee flanges 

adjacent to the wall panel is : 

Vu = 1.5 V w = 1.5 x 17.6 = 39.6 kN/m 

where the Vu is shear force pcr unit length 

The design ~hcar strength of the concrcte per unit length in the double tee flanges 

along the web is: 

Vc = 0.2 cP c Yf~ d x 1000 

= 0.2 x 0.6 135 x 50 x 1000 = 35.5 kN/m 

which is less than the vu' thcrefore the tlanges need reinforcement, normally using 
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welded wire fabric (WWF). The principles of shear friction arc lIsed to design the 

diaphragm shear reinforcement. The steel area reqUlrcd to rcsist the Vu IS 

determined as follows: 

where J.L=1.25, for concrete cast monolithically [CSA A2].~\-MX4, sec. 11.7.4.3(a)) 

~ = area of reinforccment pcr unit \cngth normal to the weh, and 

t~= 350 MPu (assumed) 

Substitution ot values in the above equatinn gives: 

~ = (vu) / (J.L CPs fy) = (39.6) / (1.25 x O.R5 x 350) = 106 I11m2/m 

Therefore, the double-tee fltl\1ges are reinforced with WWF \00 x 1 ()O MW 13.1 / 

MW 13.3 which provides a steel arca, A\ = 133 Illm 2/1T1 \11 cach direct Hlll. 

Thercfore, the shear resistance of the double tee f1angt:s is atkquate. Figure 2A 

shows the reinforcement detatls of tlange. 

Design of Connections 

The roof and the wall to roof connections must now he de~lgned lm applit:d 

loads along the east and west t:dges. The factmed de~lgn shear lor cc, VII :~ VII X 3HA 

= 39.6 x 38.4 = 1520 kN 

A typicaI connection to he used in this design I~ shoWIl III FIgure 1.13. The Illatl'fial 

resistance factor for relOforcrng steel, q;~ =0.85 IS used tn Irnd the force III the 

reinforcing har. Accordmg to the Standard, CAN3-A23.3-MX4, Section 21 2.1.2 , JI 

these connections are intended to yield dunng ail earthquake, ail allowallœ 1:-' maùe 

for the Joss of strength dunng the cyck~ of il1da~tJc loadlllg hy ll'>llIg ;11l "ddltl()llal 

member resistance factor, 4Y
1I1

=O.7. In thi~ ~tudy, the nlo,>t cfltlcal ca,>c 1'> C()Il~ldered, 

since the purpose 01 re~earch program I~ to invc~tlgate the ~trellgth of the 

connection !fi the inela~tic range ~ubJected to rever~ed cycllc I()ad~ . 

Conventionally, the minimum size of ~teel bar L1~ed a~ anch{)r~ for the COllllectJOII I~ 

4X 



• 

• 

100 x 100 MW 13. 3 / MT..I 13. 3 

welded "'1re f.abric 

50 
mm 

1 5 .44 
mm 

( a ) 

double tee stem -------.J, 

-- 1 3 mm 

W l re 

t 
1 

( b) Sec t lon AA 

Figure 2.4 Reinfofcement details of double·tee flange 
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----- ---------

M 15 deformed stee 1 bar, 

The factored re~istanœ, VIL' of the L'l1l1lll':lIUI1 l'ail Illell hl' , .. \klli.\!l'd .1', 

follows, The maxImum compressIOn tmet:'. CI. 111 the cumpll':-':-'ll)1l kt'- .llId till' 

maximum tensile force. Tr. in the tensik !L'g (\Il' g 'L'Il l1\', 

Cr = Tr = cP m q\ tv A, = 0.7 x (l,X.:" x ~()1I \ ~()O \ lU \ - 17.h ~~ 

And, lIsing the truss anaJogy, the value DI Vil I~ L'OI11I.UIl'd lw' 

VIC = (Cr + Tf) cos 45° = 67,3 kN 

Connection between double-tee nange and wall panel., 

The COI1llcctlon ln the e'I:-.1 ,\IlL! we!'>t waJh (hg. 2.2) 11111 ... 1 lw dl· ... I~lll'l1 hl! 

factOled deSIgn Joad induced al the top ot the wal". 1 klll'l' thl' "'p.Il'lllg hl'I\\'l'l'II 

these c()nnectlon~ must not excet.:d: 

s= VrJvu = 67.3/39,():= 1,70111 

A suitable spacing between connectlOIl!-. would he I~()O 111111 (1I1 ('(·11111·... 1 Ill' 

connection ùetaib are shown 111 FIgure 2.5. 

Connections betwecn double-tee nanges 

The ùouble tee tlanges mll~t "Iso he connccted to each ()Ihcl :!I()llg Iltl'II l·dgl· ... 

using a connection :-.imilar t<J thal hetween the d()uhk-tce t 1:1I1ge .tilt! Il)(, \\';111 'Ill<' 

number of connel'tlom lequlled 1:-' ploportlOl1itl 10 the ~hL':11 l<lIn' Wltlll1 <l('('11';1~1'\ 

toward~ the ITIlddle 01 Ihe dlilphragm. 

During an eillthquake. one wall pélllcimay ylcld whllc (lIIH'I!> ;1Il' ... 1111111 IIIl' l'lw,111 

range due tu the re:-.ult of tor~l()n élnd other etl.·t:t~. l'llclt'l()le. il ... Il'( (1llIllIl'lill<'lI III 

the CPCI Mctflc De~lgn MélIlUéll[Ii'{I, the re..,ultillli :-.hCill lorel' (ll1 tilt' d\:lplll.lglll 1'> 

aS~lIlTIed tn ael with a tntnlInlilTI eccelltIïclty 01 I(Vir; Iclatlvc I() the ('lllll' 'Ill<' 

shear force will therefore have zero villue ill O.M. (-= () ()x4X(J(J 

showll in Figure 2,6. 
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U~Jng the shcar force distribution ~h()wn in FIgure 2.6, the spacing of the connection 

along the interior flange of the first double tee can be caJculated as follows: 

The ~hcar force acting on the inter.or flange: 

VI = (1520)(28800 - 2400) / (28800) = 1393 kN 

Thercfore, the spacing of the connection at the interior flange is given by: 

SI = (1520 x S)/( 1393) = (1520 x 1.7)/(1393) = 1.85 m 

_, SM typ 

(.) Plan, Iy ple..t 1 Angle 

(c) S ecllon .1 end w.lls 

(b) S&cllon, typ1cal 

Figure 2.5 Connections between the nanges of double- tees 

Figure 2.6 Distributed shear on diaphragrn with lOo/D eccentricity 
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2.3 Choice of Test Specimen Size and BOllndat), Conditions 

To ~tudy the l'OIlIll'ctlUll l1l't"'l'l'll thl' flall~l'''' (lI tlll' dllllhk-tt'l'''. tlll' Il!t',11 

solutIOn would hl' to ha\e a ~pl'l'll11l'n l'1l\l~l~tll1g III t\\l' l'(llllll'l'Il'LI lhlllh\c-ll'l· .... 111l! 

apply the ~hearll1g lorcl' tu tht' ~y~tl'111 tlllll\l'"llg.ltl' Ihl' hl'h.1\ 11H11 ul thl' l'lllllll'I'llllll' 

Hmvever. tl'~t~ ul thl\ "-md i\ll' l'\.tll'Illely l'1II11hl'l~l)J11l' ilI1d l'\PCI\',I\t' l'III..'ICll1Il'. Il 

wa~ declded tu ~tlldy the hl'lla\IOUI 01 a ~lI1gk l'\)I1l1l'('!llllllIl.IIIl'l!t'ctl\l' pillllli 1 Ill' 

tlange re~lstal1tl' tu the ~hl'ar hHCl' appltl'd at thl' ('()nlll'l'tioll, T(l Lll'tl'II11IlIl' tlll' 'Ill' 

of such an etlèctlvc Ilangl' jl<lIl and lb hOUIllIIlI)' l'(ll1dltl\lIl~. 1\1I ~1I11plll'lI\ .t pal t ul 

a double-tee Ilan~e wlth tlnce COl1l1el'ttun wa~ I~ulatcd il III 1 :lIl.lI"lt'd lI'"I!!, tilt' S,\\,llll 
~ , , 

program[2'I, Thl~ would ell~ure tllat the ~trl'~~I..'~ 111 tlll' Vll'lI1lt~ \)1 tlll' 1'('1111.11 

connectlon are rea~ollably c\o~e 10 th()~c 111 a 1 lIll dOllhk-It't' llitngl', ", t Ill' 

connections t urther away do not have Hny :-'Ignll Îci\l1! el !t'l'! (lll t Ill' l'l'Il lia 1 l'lllllllTt Il III 

2.3.1 Analysis of Partial Flange with Thrce Conncction~ 

The torce:-. actlllg at the CUllncrtlull :Ill' tlilll\l11lttt'\I III tht' plaltl' (II tlll' 

diaphragm wllich ha~ ~I Imge lIl-plalle Ilgll.l!ty at thl' Ilange-weh C()IIIIl'l tlllll, tlll' 

resistance ot the conlll~ctl()n t'an he re~()lved II1t{) two l'Ol11pOllt'llt~ ()Ill' pill .tlkl to t hl' 

span ot the double-tee and the othel pel pel1lllcul:tl III Il 'l'hl' Il,\,,tiIlHT tIlt Ill' 

moment~ l'all~ed hy the COllllccl101l ~bl'(\f !orct' ill I~e~ !WIIl Ihl' 11~ld Il.lIlg\'-\\'\'1l 

connection, To accoLlllt lor the:-.l' condltJ()n~, ami lOI ~lll1pIIClty, thl' 11I111l' \'1\'lIll'lll 

model sho\Vn in Figure 2,7, \VIth hlllge:-. ilt ca ch n()de ,d()ng 1 Ill' \Jill' AH, \Vi" ;Ill()jltl'd 

The analy~l~ of the ~elcl'teLl partl:tI Il:tllgl' wa~ IIwdt' \I~llIg tilt' \ DllllHlll'1 

program SAP<)()1 23I, whlch el1lpl()y~ the \lIItllc\:-, Illl'thmi (lI amly\!\ ÎÎIl' \t;lt Il' '1I1:JIY"I'. 

of a structure IIlvolve:-. the ~()Iutl()n (lI a ~~/~telll of 1IIll'ill l'quéltlOIl\ ll'pl\'\l'lItl'd hv 

KU=R 

where K i~ the ~ttftne~\ matnx, {j I~ the vector 01 re\ultlllg dr\pl,lll'IIH'llh alld I{ 1\ 

the vector of applied l()ad~ 

The concrete III the :-.elected partial Ilange 1:-' modekd wlth 12t~K tbll'l' dlllllll\/!)II.I! 

4-node membrane shell element:-. (l'Igure 2,X), Th" mcm)mlflL: 1\ <111 I\OP;II "If\l'II)( 

formulation IIlcludlllg two lI1-plane tréln~léltlon;d degrcl'\ (lI IIl'l'd()1I1 (w ;I/HI li) .1/1\1 
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Fi~lIre 2.7 BOllndary conditions for partial double-tee flange 

;t nlt;\tilll1:1lromponent 111 the directIon normal to the plane of the e\ement (8J. Six 

shell ekll1l'llb :tll' used 10 model the \Velded steel plate, while 54 heam elements 

111 Olle 1 thl' ~tel'l anl'llOr. The 1352 node!'> me nlll11hered 111 an effiCient \Vay to get an 

llptlllllll11 ~ttttlle~ .. matn\ wlth a mInimulll band wldth The 1 atlu of ~l11allt'~t length 

III tllll'knl"~ lm the tlange I~ ~()0/50 = 16. Iherefore uSll1g the .. hell element 

lepll'!'-ent!'- ail appIOpllale l'IlOlCè. Abu. the~e membrane e1ell1ent~ ran model the 

heh:t\'llHII ot !'-Iah mkqllately s1I1ce the applred \cntds are onl)- 111 the plane 01 the 
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• Figure 2.8 Finite clement idealization for partial double-tee nange 
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Ilange. The he<lm element can model the axial and dowel behaviour ot the steel 

<lnch()f. The élpplicd l()ad b 200 kN which is about 1.3 limes the ult1l1mte ~trength 

(JI the connectlon. 

The rcsults lor principal ~tre~ses for the area around the micldle connectioll 

(regio/l ABCD III Figure 2.H) are ~h()wn Hl Figure 2.9. The resulting axial torcc~ 111 

thl' ~tcd anchOl.., éJre prc~cnted III Figure 2.10. 

" . '." , .. :,1 .' , ..; l! ~ 

'1 __ -.a. l' 

t::'\!_::",,' " 
... 1 ; ~'.J 

Figure 2.9 Distribution of principal stresses 3l'ound the middle connection 
of the partial flange 
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Figure 2.10 Force distribution along the middle connection andwr ot' 
the partial Dange 

2.3.2 Test Specimen and Boundary Conditions 

The basic geometry of the test specimen was sclected based on the j'Ollt: DI 

influence of the connectlon ln the partial !lange 01 the double-tee, namely, the rl'g(()IJ 

ABCO as shown in Figure 2.H, WhlCh is 1300 mm x HOO mm. 

The concrete tlange (rd'ers to Te~t SpecnTIen Panel) and the COllllectloll :-.kd 

plate were modelled uSlng 416 aIld 2 memhrane ~hell elemcllt\ re~pcctlvely. The 

reinforcing steel hars were idealized uSlng IX heam elcl/lenb. The IlIllte e1ellll'flt 

idealization for te~t specimen is shown ln Figure 2.11 . 

The test specimen boundary conditions were sclected to en\ure tlwt the "tn'"" 
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Figure 2.11 Finite clement idealization for test specimen 

a J1.llysl~ ut pa rt 1:" douhle- teL' !la nge \Vith t hree connections. Atter some trials. It \Va~ 

dl.'CIlkd \1) l.'pP\y !OU ml11 by H I11m ~teel plates tn the specimen houndanes AB. CD 

and AC (F1gull' 2.11). Hollmv ~teel ~ection (203 x 102 x X mm) \vlth a !OO mm by 

~ mm pl:ltL' WL'ldl.'d on one tace (102 mm tare) \Vere connecteLl hy ~pot \VelùlJlg tn 

thl' l'pu\ll'll plate un Imundary AB and CD. The epo\led plélte on houllLiary AC \Va~ 

~lI1l1l:llly l'()nncctcd h~ ~p()t-\Veldil1g to a heavy \VIde tlange ~teel bellll (W J lO x lIK). 

Whldl \\'a~ 111 tllill anchOll'd (pu!>t-tenslol1eLi) to the Ialmrator) strong ~ll)Ol, Thèse 

hOUIlLi:lly cll'll1t'I1l~ weil' !11Olklkd lI~lI1g 16 bl'am e1ement!> for each of the Ùlce~ AB 

:lnd ('D. and 2X ht'am l'kml'nt~ tOI' the hmmdary AC. 
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and CD, and 28 beam elements for the boundal)' AC. 

The details of the finite element mode! are shown in Figure 2.11, which was 

analyzed using the SAP90 program. A ln'id of 200 kN was applied to the COllnL'ctll1ll 

as shown. The resulting distrihution of the principal stresses 111 the concll'te pand 

and the forces in the steel anchor are shown in Figures 2.12 ilnd 2. U, rL'spectivdy. 

Comparison of these principal stresses and stcd forccs with thm,e III Figures ~.l) amI 

2.10 shows an excellent agreement between the two sets of rl'~ults. Thl'Idme, the 

above boundary conditions were selected for the sllb~equt'nt expnÎmental work. 

Practical requirements anù proceùure of construction of tc~t ~pecill1ell III the 

laboratory are presented in Sections 2.5 ( Construction SequL'nce ) and 2.7 crest Sl't

up). 
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Figure 2.12 Distribution of principal stresses in the test specimen 
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Figure 2.13 Force distribution nlong the connection anchor in the test specimen 

2.4 Design and Description of Test Specimens 

The l'xpl'flrncntal program consi~tcd of tests on five typical connections 

Clllll11101lly lI~ed III the lI1ùu!'.try, presented 111 Figure 2.1. Each specimer. was 1300 

1l1\1l hy S()O mm III ~IZ(" as \11oùclled for analysis. The thickness of the concrete panel 

\Vas 50 Illm amI It \Va!'> Illcrl'a~l'll 10 75 mm for a distance of ISO mm l'rom the free 

l'tige. ThL'~l' l'()l1ne('tl()n~ \VLrC ùetalled and tested to evaluate their response ta low

cyclll' [oadlllg, :llllll'd at dctcrmrning their ultimate strength , level of ùuctility and 

l'Ill'! gy .Ib~Ol hmg rapabtlity. l'te. 

FUI l'Onl1l'cllons usil1g lktormcd reinforc1I1g bar unùer ;yc1ic loads, most of 

[o;ld IS carril'd hy bond between the rcinforcing steel and the concrete. The tensile 

and COIllIHl'~sivl' ~lll'ngths of the concrete, cover thickness and the amount of 
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transver~e rell1forcement play li d 0111 111 a nt Illk III l"()llllllllll\~ 1 hl' l'I 1111ll'l'l11 111 

hehaviour. Bond tailure mode~ limIer Imv c~chL' lo,ldlng aIl' \l'I\ "111111.\1 III Illl1'l' 

lInder I11nl1otol1ll' loadmg. Undef lmv - L'ydl' luadlllg. \"'0 t~pl'" III h\l\\d 1;\\IUIl' .Ill· 

typical. The Ilr~t b a dUfcI pu1l011t 01 the bal. whlch UCClllS WhCll alllpk l'UIIIIIll'Illl'llt 

is provided to the bar. The ~econd type ot lallure I~ a spltttlllg 01 the L'Il Il l' 1 t'Il' \Vhl'Il' 

the cover or cuntll1ement is Ill~uttlclent. ln thl~ cast.' 11lL' lallult· I~ dUl' pllllWl tl~ III 

the ralliai ten~t1e stlt'~~e~ cau~l'd by the beal Ing 01 the h;lI Illg~. III tlm "llIlh. '1Ih'l' 

the cover thlcknè~~ I!'I not adequatl', a ~plIttlllg tl'l1\lk lallult' ",III Ilnllt Ihl' h(llld 

capaclty for a glven anchoragc kngth tll a valul' IO\Vèl than that lUI latlllil' h\' plllhlllt 

action. Tlm dtect I~ more ImpOl tant lor cycltc than lOI IlHH\otOllll' IO<ldlll!!., Iwr.IIN· 

Dt the II1clea!-.ed ~evellty ni crackll1g and il mOle lapld dctl'lllllatHlll 01 hl111l! 1I1llki 

l'yelic loadlI1g. To compensatc tOI the ~Ilwlkl l'OVl'1 thlt'klll'~!'1 ami Iltl' Il·"ullln).!. 

spltttlllg concrete, the ;lI1Chor:lgl' lcngth I!'I Illt'lea~l'd tu ·lSO 111111 111'lt'.Id 111 tlll' 

normally requlred kngth 01 300 Illm Wllh thl' IIlLll'a"l'd l'Illlwdllll'III kllgth. Il l' 

expected that the har WIll yll'ld III te!1:-'IOIl helOll' Il plIl" (luI (li 'pllt~ Illl' :-'1111 (llllldlilg 

concrete. In tlm. re~pect, the n.~"ult~ ut the II1Vl'~tlglltHlll:-' ni thl' cllll'\l(llclgl' kllgllt\ 

Dt reinforcll1g bm~ !'Iuhlected to cycllc load ... (\1 the LJ Il Ive 1 ~Ity (lI Tl'x,,:-, al ;\11\1 III :\lld 

COInell Univel:-'Ity [2°1 ale lIsed. The ultllllale C:lp:Il'lty ()f the C(1I11\('CII(1I1 IIIHkl 

l11onotomcally mcreaslllg load (relerred to ((!'I "monot()nlc :-.11l'ngtll") 1'> calrul:lll'd 

based on the ... e development length!'l. ('onœrnlllg ... mall C(lI1ClTte ('()Vl'I 1 I! wk Ill'''''''. 

detenninatlo!1 ot the 1I1t1l11ate ~trel1gth 1I11C..!e1 IllOll()tollle 1():ld 1" h:t~l'd p:lltl:tlly (III tll\' 

work of Jlmenez et (11\2.1\ whlch I~ III turll depl'lIdclllt (Ill tlle C(IIlCH'll' ('()vel II!\('kIW'.'" 

The !'Ipeclmen:-. were de:-'Igllcd IIlltlally u:-'Illg the "'Imple trll'''' allal!lgy .l1\(1 tltl' ''.,hl'.!1 

tnction 1 concept descrthed 111 the (,PCI Mctrtc Dl'!'Ilgn M(illll:t1 II ''i ;\\1 le"l "'Pt'l'III11'II\ 

were Illitrally de:-'Igned mlllg the matenal re!'.l!'Itance lélCI()I:-' If J, Il ()() :II\(I (fi () K'I 

and as~umtng a concrete compn.:":-'Ive :-.trengtlt !II!', c-_ ~\ MPa.:\ 1t'lllhlll Ill).' Il:11 Ylt'\tI 

strength, I\, = 4(J(} MPa. and lIltlmate !'Itrength (Jf ... teel he:lded ,>tllll, 1" I(JO VII'" 

The dowel élctlon ot the (inchor har WéI!'I C()f]')ldeled. ï he Intllll'Ilu' (lI litt' Will' l;tllll( 

me!'lh \Va:-, not IIlcluùed. It !'Ihould he Iloted that the lIlial IIltlllltlll' ... tl(·II).',11I ()! Il](' 

connectlOll!'l ll!'leÙ tOI' cOll1pamon wlth the te!'lt re:-.ult!'l were Ulk UI;IIl'd Il'''1I11! IIIl' 

theoretical caIcLllatlOn~, CPCI method and tire NON LACS progl a III h:I'>('cI (lIl IIIl' 
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llH.:fI ... ureu nl<lten;t1 rrorertle~. De~lgn caJculatiom are pre~ented in Appendix A. 

2.4.1 Tc~t Specimen SI 

SPl'CI/llL'1I SI containeu No. 15 welùable detorrned rell1forcing har~ lI~ed a~ the 

:tllcllorélge in tlle connectlon, hellt at 45 degrel'~. with an 1Il~IUe hend dlélll1eter of 95 

mm. The IL:nglh of each IIlcllfled leg Wél~ 4BO mm. The ~tnllght pmt \Vas ZOU mm 

I()ng and Wél~ welded to a ::!.()O Illm x 75 mm x JO 111111 tllick 1I1c1l11ed ~teel plate with 

:t filkt weld kngth of IO() mm. Â~ Gin he ... cen form Figure 2.14, the te~t ~recimen 

cOIlt;III1l'd unllolll1 WIIT l:lImc mc!'>h, IO() x 100 MW 13.3/ MW 13.3, \Vith él steellatlo 

of p=().()()27 III (,;It'h dllt'ctl<lI1 Thl' Il1e~h wa~ placed III the central plane ot the 50 

Illlll II1Ick :--I;lh The :--peril1lL'1l hall c1eal ('ol1crde cover:-- varylllg trom 29.) mm to 17 

111111 wlll1 ;111 average calclliated ('over thlckne!'>~es ot 23 mlll. The 1I1t1l11ate ~trength 

W:I~ detLnnJ[ll~d lI!'>lIlg the "tnl!'>!'> analogy" IIlcllldtng the ettect ot dmvel action, while 

IIlL' ultinwlc capnclty 01 cach trus!'> kg depend~ on the concrete cover thlckne!'>~. The 

dcl:lIb 01 calrlllatlOIl :lIe pre~el1ted m Âppenulx A. 

2..4.2 Test Specimen S2 

SpL'CII11t'1I S2 cont:lIlled il No. 15 weluahle deformed remforcll1g har élllchor 

whlch \Va!'> benl :11 45 degree!'>. A nght angku hook was provided at the end ot the 

!'.tr:lIghl kad (lI the bal :t!'. !'.hown 1I1 Figure 2.15. The Iength 01 the ~traight part of 

l'i1ch leg was 4tH) mlll plu!'. twelve hm dial11etel tor the hook. The 200 mm stnught 

p:lrt \ViI~ welded tn il 200 x 75 x 10 mm thlck !'>lèel plate. The u!'>e ot 90° hook 

l'l1able!'. tlll' COI1IlL'L'tJ()JI tn rel11é\1I1 111 the lnela!'.tlc range tUl a larger number ot cycle~ 

helOJ e 1:lllult'. 'l'hl' welded \VIre ll1l'!'>h llscd to rl'llltorce the panel was ldentical to that 

tOI Spl'l'Illll'Il SI \\'Ith thl' saille :--teel lallO Dt p=().()027. The cOllcrete clear cover!'. 

\WH.· ~lIll1lal 10 tho::.e lm Specimen SI. The dt'laib ot Specimen S2 are shown m 

FIgull' 2 1.\ 

'l'hl' spl'cimen \Vas designed wlth special consideration tor hooked rell1fmcing 

\):11 ~ \Ub,l'Ctt'd tu cycl!c loading. Det,lI\ed calclllatlOns are presented in Appendix A . 
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2.4.3 Test Specimen S3 

The Specimen S3 wa~ 1t'lI1ton:ed \Vith ~ Nu 1.'1 \\c1d,lbk dl'Illl IlIn! b.ll" 

oriented at 90 degrL'e" to the dilectIon ot thl' sl1L'al tUlre ,Illl! \wldcd hl thl' tl.lll~!l' 

ot an emhedlkd angle. 75 x. 50 x. 1'\ ml11. 200 nll11 long, ~I~ ~h()\\'11 III "lgIIll' ~ 1 (1 1 hl' 

panel reintllrcernent was ~1I111lar to that tm SPl'CII11L'1l SI illld S2 lh' l'm CI l"ll'kllt,,,,, 

of defonned rellltorcing bar anchor vanl'S !IUIl1 29,5 ln 17 mm \\llh Ihl' ,l\l'1.I!'l' 

ca1culated coyer thlckne~s ot 23 mm, The llltlillate deSign l'i1pill'lty \)1 thl' 1'\IIIIIl'I'I\l111 

was ca\clllat~d u\.ing the ~heé\r-fraclloll Illethmllll the CPt ï Ml't Ill' \)l''''gll ;\1:11111,11 11 

Detailed calculatlom me pre~enled 111 Appelldlx ;\, 

2.4.4 Test Specimen S4 

The le~t specimen \Vas retnrorced \Vllh 2 - 1/, Ill, dl:tllll'tl" Nl'I~()ll \tllll\. 2 III 

long tU~I()n welded tn a 12 mIn thlck ~teL'1 plate, 'l'hl' iI~~elllhly ul Ihl' Ilt',Il!l'd \ILIl!" 

and steel plate \Va~ IIlclined to achleve il lllilXIllllllll (lIll'IL'tl' l'O\l'I tllll klll'\\ ,1I1)lIIU! 

the stlld'i ami li maximum eltcctlve ~heal l'Olle, wlllch w(Julll 1l'\1111 III " 111.1\111111111 

ultimate capaclty tOI the CUfllH:ctlOI1, The L'el1tle~ IJI tl1l' !Il'ill!l'<1 \111<1'> \\1'11' 

coincident wlth the œntl<t1 plane ul the 75 llllll t hll'k p:1I t (JI 1 hl' p:lllcl 1 Ill' Will' 

mesh llsed to reinlorce the ~peClll1en S4 wa~ Sillll\:lI t() that Il\l'd III ()tlll'I \1!l'l'lIlll 11\ 

The ~pecllllen detalb :lIe ~h()wn III hgulc 2,17, J)ct;lIkd (,1l1llj1l1t.ttl!lIl\ 111I Illl' 

specImen are presented in Appelldlx A 

2.4.5 Tcst Specimen S5 

Specimen S5 wa~ 1 ellltorced wlth 2 No,l:1 wddahk dl'l(Jllllt'd Il,,,I!I)1 1 III~' 1 ).1) " 

orientcd at 45 deglee~ ln the dilection 01 the ~tlem lorcl' il ml 2 - l"~ III dldPlt'll'l 

Nelson ~tlld~, 2 in, long, Both the har~ ,Inu the ~tlllb weIl' wl'Ickd t() tlll' Il.111!!,1 (JI 

a 75 mm x 75 mm x \0 mm hy 250 mm long ,>teel angle hcl' "'glJll' 2 IX) Il \'v,I" 

expected that the headed ~tLl(b w(JtJld hdp t() ~ecure the C()/1I1l'C!UlIl 111l(1!-1 IWI"IIII!' 

and out 01 plane panel force~ célu:-,cd hy the l(lad helllg eCCL'IlII\(' I() tlll ,111!~k (JI 1111 

tlange, The wlre me~h lI~ed to rellliorced 5pecIIllell 54 Wil\ Idellll(:d I() 111;11 111\ Il)1' 

other I,pecllnem wlth the ~teel ratio ni p={J.(1027 Ifl hoth dJll'CIU)II\ Il)(' .IVI'I.I!'1 

cJear cover thickne~~ wm 23 mm, nél!y~i~ of 5peCII11en 1'> JlI C\l' Ilted III ÂPPl'lldlX Â 
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2.5 Construction Sequence 

Connections for Specimen St. Specimen S2, and Spel'inll'Il S,\ 

The dl'lurlllcd Il'llllOll'll1g hill \\a~ 111:-.1 l'ut and hl'Ill SII.!III g.lllgl"' \\l'Il' 

m~lalled on "tet:'! hill~ a~ ~hll\vn 111 Flgllfe~ 2,2.b lu 2,27i1. l'Ill' Il'll1ll1l\'lllg h.11 \\,1' 

set al the Cl'ntfe ul the IIlcltm'd !'.tL'L'l pl:tte ilnd W,I:-' 11Ikl welllni 'l'Ill' :1"l'111111\ \11 

the reinforclIlg bar and ~tl'l'I plate, and \VIre lalmc 111l'~h \\'l'IL' plill'l'd 111 tlll' pl\\\lhld 

fOll1lwork ~() that thl'~l' har~ and thl' Will' nlL'~h \\'l1uld IK' 111 tlll' Il1lddk plalll' Id thl' 

concrete panel. ~cc Figure 2,19, AddltlOI1,lIl1ltlllg :-.tL'cl Ill()P~ WCll' plll\llkd :It tltl' 

face ot the pand lOI handll11g, DUllIIg t hL' COIICll't Illg. :--t.1llll.ll d l'lllll'll'Il' l \ IllItll'l' 

were ca~t. and thl' ~pL'cl1l1el1 i\lll! the ((llllTl'tL' rylll1lkl~ were l'li 1 l'lI III \\'l'I hllll.ljl ,llId 

pla:-.tic ~heet~, The ~pCClllH.·IlSWl'rl' ca~t 1I1.t hlHl/olltaIIHl'ltlllll Tht' 1111111\\ \lI k \\,1' 

rell10ved altel:2 day~. and m()i~t ClIlIllg w,,:-- COli t11111t'd Ill! ;111 ilddltlollitl I11Il'l' dil\' 

Three ~ll1all steel channel SeCII()n" Wl'Il' J11l'Jlilll'd hy dlIllll1g:1 hllk 011 tltl' 

cenlIe of thelr webs. anù thelr Ilangc:-. Wl're WL'ltkd to tht' hOltlllll Il:lllgl' III \V-\h,qll' 

heavy ~teel be:lm (Il'tered ln:l~ thl' W-hl':IIll), ,,\ Il Il III hl' 1 (li l\l)k~ \Vell' dl tlll'li III Illl' 

top f1ange 01 the W-beam lOI the COlllll'Ctl(J11 III tlll' Iwo hollll\v ,llullllldl \('lll(lIl 

heam~ (releled ;n a~ the H,S,S, he:lln) FoUI :-.tl ol1g illlglL'\ weiL' \Vl'Idcd III l'.Ill1 ..,Idl' 

of the H.S,S, healll~, be~lde~ holtlllg 10 the Ilallge 01 the W-hL'illll. 

Seven day~ atter castlllg, the cdgl'~ 01 thl' C()IlCIl'll' pallcl Wl'Il' \illlll-hlw,led 

A steel plate (100 mm hy ~ mm) ww, tWllt t(J thl' oul'>llk dI1l1l'll\I()Il.., 01 Ihl' p;IIIl'1 .Iltd 

wa~ ~and-bla~ted to a whltl'-metal tll1l~h. élnd It Wél\ epoxlL'l1 tll tlll" P;IIll'll'd,L',I'" Î Ill' 

epoxy huml wa.., cliled I()r at ka~t 14 day~. 

The ell'ctlllll ot eacl1 tnt ~pecll1ll'n l(Jok place III 4 \tl'p~, 'l'hl' W 1lL':111I \V:I\ 

tïr:-.t IItteu III the loadll1g traille ami wa~ p()~t-teml()lled 10 tl1l' \tl (Jllg 111)( II III tlll' 

Strllctl1re~ Lahofatory, The !'IpeCllllCn \Vél" the:n IHl1~ted III the hllldlll!! IloIlIll' ;111<1 WoI' 

po:-,itloned vertlcally on thc top tl(Jngc ot tlw W-heaIn, imd ddlll\led "lll'h 111;11 IllI' 

central plane ()t concretl' panel wm, allgncd wlth the weh (lI W-IH':Jlll ï IH'II IWII 

H,S,S, heal11!'1 Wl'Ie aÙJl1-.ted tll have complete COllt;ILI \VIth tl1l' !'I)(IXI('(1 ·,1('11 Id.i11 

and olJ!ted t() the tup ot the Ilangl' 01 W-heam hll;tlly. tlH' l'j!();<!l'd \Il'l'I pl;III' \\,1', 

télck weldeLi ail éifOlind tCl Ihe: W-hcam and the tv .. 'O 11()lImv \('LIIIIII 1lt';IIIl\ 
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Connections for Specimen S4 and Specimen SS 

1 ht comtructlon sequences for Specimens S4 and S5 were similar to those for 

~)peLimell S 1, S2 and S3. The headcd !>tuds were fusion-welded to a steel plate and 

the i!!)"cmbly wa~ p()~iti()ned at the thicker edge of the concrete panel in Specimen 

S4. ~uch th.lt the CCl1tn~ ul' the heads of studs was coincident with the central plane 

(II the 7S mm thl<:k pal t of C(Jllcretc slab. 

F()f Specimen S5, the headed studs were t'irst fusion-welded to the flange of 

the allgk anù then the ddofl1u:d reinforcing bar was welded to the flange. AlI other 

~tep!-. alld \ he crection sequence were identical to thost! for the specimens SI, S2 and 

S1. 

(0) Specimen SI 

Figure 2.19 Formwork for casting test Specimens 
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(b) Specimen S2 

" .'. e 

l, : , 

.. ( " " 
• • "'" 1 )I.,.~ ' •• .J. ;.j' ..,. ::,. '.,., 

(c) Specimen S3 

• Figure 2.19 (Continued) Formwork for casting Specirncn~ 
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(d) Specimen S4 

(e) Specimen S5 

• }<'igure 2.19 (continued) Formwork for casting Specimens 
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----------------------------------------------------

2.6 Material Properties 

Concrete 

The conCIete l1llXWaS deslgneLl for a 2~ - da~ l·t1ll1pll'~~I\l' ~11l'llglh III ,'i 1\11'.1 

using Type ~O cement (high t'arly ~lrength). 1\\'0 t~l1l'~ 01 l'\lal~l' :lggIl'g.lt(· ... \\'1111 

maximum size~ ot 12.5 111111 and 7 mm . and sllIca (~I/l' p:J~~\llg (1.:' 111I1l) ... :IIHI .1'" Illll' 

aggregates and a slu1l1p ot 75-\{l() 111111. The n.ix detat\s 1(\1 thl' l'll\ll.'ll..'lt' .11l' ~\\1..·11 III 

Tahle 2.1. At Iea~t three 150 x 300 mm cylilllkt ~ \Vl'Il' Il':-.tl·d l\ll l'al'Il Il,IIdl (II 

concrete llsed 10 ca~t a te~t specllnen 10 detcllllllll' thl' .t\'l·I.lgl·l'lllllpll· ...... I\l· ... lll·lll'.11t 

t~, and the ~plitting tenslle ~trength, t't. The cunClt'\L' pIUpl'ltll'\ .lll· "'Ullllll.lllll·d 11\ 

Table 2,2. Typlcal ~tress-strain Cllrve tor conLre\e I~ pll':-'l'lItl'd III hgUll' .: 2().1 1 Ill' 

average tangent l11odulllS, Et' the COll1pll~SSlve stl:llll al Ihl' Ill; 1\ 1 Il li 1 111 l·Ulllpll· ...... I\'l' 

con crete stress, f~, ami the tensile strain at the maXll1ll1l1l tl'lI"lk :-.lIc:-.", 1-
1
, :Ill' .1I"1l 

summarized in Table 2.2. The average value~ were ohta 1 Il l'lI al tlll' 1II11l' (lI 11'~1 1111' 

the specimens whlch varied t'rom an age 01 40 tu ll) day~. 

Table 2.t Mix Dcsi~n for 35 I\II'a (·OIH. ... l'lC 

Ingredient~ OU:Jlltlty (kg/Ill 1) 

1-------------------------------- -------
Cement Type 30 

Fine Aggregatc~ (sIl Ica sand) 

Coar~e Aggregate~ ( 12.5 mm) 

Coar~e I\ggregatc~ (7 111111) 

Water 

Total 

Siump 

72 

7()() 

270 

n~() 

XO 1 1 Il "" Il 
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Table 2.2 Summary of Concrete Properties 

Te~t t' t ê~ E c f' 1 ê l 

Spl:cimen (MPa) (x 10-1
) (MPa) (MPa) (x 10-4) 

Spl:Cllllen S J 43 2.6 32200 4.1 1.08 

SpeclIllen S2 47 2.6 29400 4.2 1.09 

Specimen S3 49 2.9 31200 4.3 1.10 

Specimen S4 42 2.5 30376 4.0 1.07 

Specimen S5 48 2.7 30400 4.2 1.09 

Steel 

The steel remforcmg useù for the specimens consisteù of No. 15 weldable bars 

wlth a 11111111l1llln specifJeJ yielù strength 01 400 M?a. The welùabIe steel complied 

wlth the requirel11ents 01 the ('SA G30.161221. Sam pIes t'rom det'ormed reinforcing 

hal~ weil' tc~tl'd u~ing the ~tanùard tcn~ion tc~t to cstablishing their propertles. A 

50 ml11 ('xtcn~ol11eter was lI~l'd to ùetermine the steel strall1s. Tahle 2.3 presents a 

slI/llmary 01 the steel propertll's. A typlcal stress-strain curve is shown in Figure 

2.20h. 

The ultllllatc strcngth lm heaùed stuùs was assumeù to be 400 MPa for design 

and amllysis . 
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Table 2.3 Summary of Reinforcing Steel Pmperties 

Property 

Yield Stress, fy (MPa) 

Young's MoJulus, E~ (GPa) 

Yield StralIl, Ey (%) 

Ultimate Stram, full (Sé) 

Strain-hardenmg MOlÎulus, E"s (MPa) 

E'~ is lIselÎ in NONLACS proglam 

04 ft --

(a) Concrete in compression (b) Steel in t<>n ~Ion 

No. 15 

495 

220 

0.225 

11.5 

1370 

Figure 2.20 StressM~train curves for con crete and steel 
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2.7 Test Set-U p 

i'lgure 2.21 pn.:~enb the details of the test set-up and the loading frame. 

Shear fOfl:L: rever:-.ab werc imposed on the test specimen by two sets of hydraulic 

Jach. Olle:-.et 01 Jack~ wa~ u~t;d to apply the ~hear force in the po~itlve direction 

WhL:redS thL: (lther !'o.et wa:-. u~ed ln the ncgative direction. The loading frame 

lacilitated appllc:ttJon (lI latcralloads (shear lorees) and consisted of a braced frame 

p()<.,t-ten~l()ncu (clampeu) tu the slrong floor 01 the Structurl~~ Laboratory. The 

latL:ral ul~placrlllellt of the Illading l'rame was rncasured dunng the te~t and found ta 

he ncgliglhlL:. 

As !'o.hown in Figure 2.2\, the ~hcar forces were applied to the connection by 

IlIgh strength threadcd roùs, pin-connectcd tu a hullow steel section, which was 

wl'ldl'U to a ~Ied plate ln transkr pure shear tn the connection. The ~pecirnen was 

p:l\l\tcd, lollowed hy ll10untmg 01 the strain targets on the surface of the panel at 

sclectl'u I()catilln~ . 
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(a) Reaction frame 

Figure 2.21 Test Set-Up 

• 
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(b) Houndary of Condition for Test Specimen 

---~_:=:---
-=--

(c) Specimen Details (top) 

• Figure 2.21 (Continued) Test Sct-Up 
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2.8 Loading History 

The general loading history prcsented in Flgun: 2.22 wa:-- l'lllplll~ l't! Illl t Ill..' 

connection speclll1cns. ~1ost of the load cycles WL'll' "load-nllltn llled" and l'(lll<;I~ll'd 

ofthree cycles al col\~tant Inad k'veb (load s!agL'~). 111 mm! of the ~pl'lÏllIt'II:-'. the.: 

first three Joad l'ydes werc 1\1 the dm,tic range uf rl'~pl HlM.' lolloWl'l1 by th Il't' cyl' k~ 

beyond the cracking load ut thL' test specimens. 

The ddlectlol1 at yielù\I1g, fly, was dl'lillL'd as the hOll/nl1tallhsplaù'\11l'llt .lt 

which the ~tee\ at LocatIOn 1 or + yie\dcd, ae<:ompalllcd hya Il'ductlll\l III s!illncss 

which was displ:lyed appc<lIcd III tht' luad - detlcctlOIl ClIrvl.'s. In "" mIL' l'.I~t.·~, tht' tl·~t~ 

were continm:d ll~ing "dl~plaCL:l11l'llt-ContIOI". Tht.' t'xact loadillg hlstlll)' alld kwl l1t 

loading for each specimen, alollg with the hystc[I'sis rCSpllll~L' ail' pl L'St'lltl'd III 

Figures 3.1, 3.Y, 3.17,3.25 and 3.32 and Tahle~ 3.1 tll 3.5. 

14~III'nA 

HTeII 
H1111. -

~--------------------------------~ 

I~'igure 2.21 Typica) Load ing Il istory 
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2.9 1 nstrumentation 

T\\'o 330 kN 10~\(.Il'l'lb \\'l'f,,-' ll~l'd tu Il1t..'d~lltl' tlll' ... lll'.ll lllll'l" ''1'I'IIl'li tll till' 

~pec1l11t~n III the pUSltl\l' :lI1d thl' IlL'g:lll\l' L1l1l'l'tlllll' SI\ L'lI'IIIII"tlll"I\!.llhl' ,tl,1111 

g<lllge~ \Vere USl'L1 to III l'a ... url' tlll' ... Iralll:-. :l!llllg thl' kllglh lIt 11lL' l'Illl'lllll "1 'Il 1'1 

anchor har 111 each :-.peClllll'n. a~ ~1ll)\\'11 III hgllll'~ .2 2, IhllHl!-!l1lHl1 _~ :-: 

Steel stra1l1 target:-. (dcl11ec !;:\lIgc~) '''l'I t' aILll'I1, .. d Il) 11ll' "llIlL'I,'k '1111.111' ,II 

2 and 4 Inch spacing:-. along thL' dlrectlol1 ot tlll' Il'lIltlllL'lllg h,11 : ll\t'h\1 1 .llid Ihl' .111',1 

around the headed ~tud~. The CL'lltll' ot L'acl1 dl'Illl'l' "'l'I \\:1\ 1'l'llllllklll \\Ith till' 

locatIon ot ... train gauge:-. on the ~Il't'I remtorclllg hal. .1'" ... 1l1)\\,1l 1,'lgllll'\ _: ~ \11 tl' .'" ':\1 

Two l11echa 111 l'a 1 gallge~ \Vele llsed to I11l'a~lIll' thl' dl"'pl:lll'1ll1'llh hl'I\\ t't'Il 1 III 1.11 ~'l'h, 

determll1lg the average :-.lralll 011 the :-.urt:lt'l' ot tlle t'l)IIt'Il'll' \\'llIl h \\,1\ tlllll1\\\'" il, 

ail l'valuation nt prIncIpal :-.tra\ll~ al tlll' ... e lor:ltloll .... 

LillL'{\), vanable dllterclltwl trall~tml11l'r:-' (I,VI) 1'\) \\'l'Il' ll"'t'I! tll IlIl'd\llI l' 

horizontal and vertIcal ddormatlon ... ot thc C()lllle:tlllll ;11ll1 11(111/1)111.11 dl'lllllll,ltlllll 

of the concretl' panel :-'pl'l'IIl1t'1l a:-. ~h()\V1l1l1 Flgllll' 2 2';1 tll 2 27;1 ,\ Il.11.1.11 tjlll\ltlllll 

sy~te1l1 (Donc 24:=ï) wm lI:-'l'd LO monllor tlll' Sll'l'l ... 11:1111 g:1l1gl'\. tlll' 1 \'1) 1 \ ,11111 111\ 

load cdb. A leductl()!1 :-.y:-.tclll whlch C()lIvl'lted thl' ,()I:'lgl'<' 11111) l(l,ill\. dl<,pl.lll'lllI'lll\ 

and :-.train~ wa:-. u:-.ed. 

Lvor 1/2 

LVDT . 1 

L VDf " 

/ 

(, 

Figure 2.23 In~trumentation for Specimen SI 
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1 If) r Il ï 

1 J[) r Il ~ 

LVDT 113 
f - _- i-

) 
--------

0 0 0 0 
0 v 0 0 

c, 00 <- 0 0", :o<~-Q 0 n 
0 Q 0 

0 0 
Q 0 o 0 

0 0 0 0 

(0) 1 uC(lllOll of ::;\tClin gouges (b) Location of stroin targets 

Figure 2.24 Instrumentation for Specimen S2 

l '/ III Il, 

'v III 111 Il 
" 1 ri 

Iif n 

1 

, , ~ 

L VST 113 

1 ( ~' 1 \ \ \ ~ 1 t Il 1 \ 1 , II 1.\11 l(\ltll)t ':J 

------------------

0°(10°0 
o 0 0 

°0°°0° 
0°00°0 

o 0 0 
00 00 0 0 

(b) LOCQ t,on of strûin to.rge ts 

Figure 2.2,5 Instrumentation for Specimen S3 
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Figure 2.26 Instrumentation for Specimen S4 

1 \; 1 JIll l 

') 

Figure 2.27 Instrumentation for Specimen S5 
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Chapter 3 

NONlincar Analysis of ConnectioD Responses 

'1111\ rll:Ij)1L'1 pll''-,l'nt" hrrdly thc mcthmj 01 anaIY'-.I'-, u~ed 1!1 thi~ ~tlldy along 

WIll! tlll' pll'dlcll'd IC"P()Jl"l'\ 01 the live C()llnectl()n~ ~lIhJl'l'tcd to nH1I101ollll'ally 

Illl'll'a'-,lllt! l\l:ll!:-.. call'ltlatL:d U\lI1g thl' NON LACS prngIaJ11 ID 2~1 lt ~h()llid he noted 

1 Il.! 1 :11 PIl'''l'lIt Ille NON LACS progl :1111 d()e~ Ilot have the ahility tn ~uhJect ~tel'I or 

(,(}IlCIt'tc ,,11 UCIUll'~ t() Il'Vl'I~l'd cyclll' J()ad~, therelOll' /lO attempt \\'a~ madc t() 

:11I:dy/l' tlll' l'XIlL'llllIl'nt:d Ic"ulb. \Vhlch :lJe cOJl1pafl'd qualitatlvely \VIth ~elected 

l'\jlL'llIlll'lll:i1 lI:lt:1 III Ch:lptel ). 

J.I Fi nif(' Cll"ment program - NONLACS programl~7 2.'il 

'l'hL' NONI.ACS cnl1lputL'r pJ()graJl1l~ï,2hl (NON-LIneal ;\naly~i~ ot COllclt'te 

:lIld ~tL'L'1 \tlllcturl':-') alwly/e:-. :1I1d tJ:lce~ the non-lIllear bel1avlour, cracking and 

!;\llllIL' IlHllk~ ni Il'lI1lorcell and pll':-.trl's~l'd concrele bealm, :-.heal palleb, !'llélh~ 

1()ILll'd pl:l!l':-'. :-.hL'lb III 1 L'\'OlutHlll. hox glrùl'I hriùge~, and any other !'.patial ~tructure 

11l1ll11ally ('llll:-'ldCIL'd t() 11L' :111 a~!'>l'mhlagl' of "thin" platè~ ~lIhJecteù to hend1l1g :ll.d 

III pl:l/lL' IIlICl'''. 

J,I.I Finilc Eh.'l11cnl l\(odclling 

l'hl' NONI,\CS p/llglam el11ploys three types Dt tlllite elemenb: (a) A 

lIu;\th lI.1lL'I.lI 1 hlll ... l!l'II Ckml'Ilh or quadnlateléll facel shell elel11ent~ (QFSE), Figure 

, 1(1'). \\ Illdl 1:- l'111l1PO"L'd III i) qlladnlateralln-plane aellon elelPent~ (memblllne~) 

\\ 1111 1 Il li 1 11l1lil':-. and Iwo Hl-planc dlsplacelllenl~.lI and v ,and one rotation normal to 

p1.\111',\\. al l',ICh llulle, ~L'C Figure 3,I(a). and ii) Element \VIth out 01 plane action 

clclllL'llb (hcl1dmg t'kl11l'nt~) , with tour node!'. and three degrees ut treedum per 

ll11dl'. 1l~11l11''''. latl'wl dl~placellwnt,\V and normal rotatlon~ e\ anù el a~ shown 1I1 
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fIgure 3.1(b). The program, prm Ides t he option of mll1g a ruhlc Li l~pl,lcl' Illl'Ilt t Il' Id 

in hoth directions, rcpresl.'nting thl' gClll'ral bchavil111f, or IIIlt'al fll'id III ont' dlrt'ctH HI 

and a cubic dlsplacel11l'tlt 11\ the other directIon whirh \K'~t n.'pt ~'M.'l\ts t Il{' h.',lm 

behaviour prob!cm,Ul) On~-dlml'mlolw.1 ulll<Lxialmcl11bcr, b;lll'kl11l'l1t~, \\ Il h.t 1I11~',1f 

dbplacernent field, whll'h arc ll~l.'tlll l'or tllIS~ 111L'1ll1K'IS, pll'~tl~'~"llig tl'ndlll1~ ,Illtl 

reinforcing har!->, te) A !->pnng ckmcnt (houlld.!!]' cleml'Ilt) lIsl'd ln 1111111l'! pn.'M'1I1wd 

dbplacernenb, L'la~tlc ~UppOlts, and ~kC\\ed bound,u)' ,\O[llhllpm l'hl' c1Cllll'lIt I~ ,t1~u 

uscd to calculatt.' the rcactlons at the SlIppOlt!->. 

(.) (b) 

(c) 

Figure 3.1 Sorne typical finite clements availablc in NONLACS program!27,211 1: 

(a) membrane element; (b) bending clement; (c) fucct ~hell clement 
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The ~>tructure IS dlvlded into an a~~ernhlage of sorne or ail of the aho\.e 

elcmcnt typl'!'.. A rcinforccd concretc memher is rnodcllcd using the layered 

{t:e!JllICjuc. Each \hdl Of plate bendlllg clement 15 divided into a n..:mber of imaginary 

concrcte laycrs and cquivaJent ":-'/TIcared" rcinforcing ~teel layers, see Figure. 3.2. 

l':ach layer may have differcnt propertlcs and thlckness correspond mg to its state of 

!'.trl'~S O[ stram. The stlffnc~~ llléltnx 15 calculatcd by usmg the numencal integration 

procedure. 

nh concrcto 
layer 

c 

.c: 

\ 3 
/ .... 

Reference surface 
(Can be any surface; 
e g. mldway bctween 
the two e~ter/or 
surfaces) 

n 

(Element nodes lie on 
the rcfercnce surface) 

Volumo occupled by steel 
1$ Ignored; 1 e. the steel -. -j layer occuples the same 
volume as a part of a 
concrelo loyer (No 2) 

-3 
2 :1 t = smearod thlckness 01 steel 

" ., _ ~ _ ~rea of o~e bar 
.----' - s -Spaclng bcfwccn 

bors 

'Figure 3.2 Lnycrcd clement used in the annlysis I27,2S] 
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ch~'1 '! ,~ Il' (J;Il,'>'> IlltCgl:ltl(1ll pml1! Il) .l!lllthCI 

lhffen nt t:ll'tll!', 

M()lI~>lllllg. 'l.' dl:-.tnhutt'd ~lècl ~lll.:h .I:-'ll·II1I\lllÏllg 111l·~1l.1'> l'qll\\,lIl'llt '1111"111'" 

lavl'\~ 1 .... l'ni) '>tlL.hl whell :-.tecl 1:-' l:lll1v dl~l1lblltl'd P\l'I tl1l' .lll'.\ III titI' l'kllll'lll'-

CnllccIltratcd ,-.. ! 01 pll·:-.tlC~~lllg :-.tel'l h.l!'> :Ill·. tlll'll'I()ll', 111l11k'Ikd .1' Il,11 

element~. . . • hond helwccll the Il'llllull'lI1g ~lL'l'l .I1111 thl' 'Ill Il )1111l111l:~ 

concrete 1~ ~hmlld IX' !oc:lted (ln t!ll' Il'll'll'l1l (. "1111.11 l' 

3.1.2 Nonlih, tethod 

The NONL _ ' ,nl1Jputel plOgl:ll11 lia" thl' c:lp:lhillt) (lI ,111,d\/III~' .1 I1lll'.Il 

problem by IInpo~lI1g a one !(l,ld ~t:lge 1Il'I:ltIOIl :l ........ lIllllllg ;1 llllt·.\1 "tll'"'' ,11.1111 

relatl()n~hlp. 

FOI Illélteria! con:-.titUl1ve 1ll00kll 1 llg. COIlClctc 1:-' Ilk:dl/t'd :1' ,1 (1l1Iilllll'.t1 

matenal 111 COl1lple~~loll lI1c1udlllg ~tlall1 - soltelllllg ;\ltl'I :Itt:llllliig tilt' 111.\\111111111 

stress anù as a Imcar materml ln le11'>HlI1 wlth !lIle:l1 llIl]oadlllg l h.lI:I(·ll·ll .... tll" ;lItl 1 

cracklllg. In thl~ re!'>pect. the NONLi\CS progl:IIllU!'>l'!'>:J UIlI:I\létlllllllpll"'I\'l' \lll".\ 

- stralll curve. The intnll~IC !'>hape C()Il~I:-.h (JI Iwo Il''1 t ......... l't' l'Iglilt' ~ \(:J) 1';11 t ] \1 JI 

to a maximum c()l11pre~~lve !'>tre!'>!'> 1'> bél~ed Clil S;ll'Il/~ l'qU:IIIOIl (!(Hd), Ilïll('\('11II'd 

by the eqllalJon: 

0=------

E E E 2 t 1(_0 2)-1(--) 
E~l Ecu ElU 

where, é1!'> ~h()wn in FIgure 3,3, 

E'l = secant moùlllu!'> ot ela~tlclty al r<.:ak ,>tre~!'> 

E()= initiaI tangent mmlulm 

a = ~tres~ 

F = strain 

(1 1) 
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1 (" "t rd III ;11 pC;lk ~tre~~ . 

1',111 li ITI"l'''t'lItlllg the mc\;t<,tJc "Iram ,ottenmg lollo\\'<, the Smith - Young model 

di \ (\1 Il 1 lit! 10 1 Ill' ex pre<,<,11 ln 

(4,2 ) 

Wlll'I \' 1: --= \'( 1 III pll'''~IVC ... IIl'llgt Il 

L' - ha~c III natlll;t1logarrthl11. 

hl( lllll:txlai temlle ~Irl'~~ - ~t/alI1 hehav!()ur, the mudel proposeù hy Kablr 

(1(J7IJ) l' ll\\'ll. A IlIle;11 dl'~l'elldlllg hlitnch tm the lI11loaùing nt COIlCIete 111 ten~lon 

I~ l'(III~ltkll'd l() ;ICl'OlIllt fOI the temlon - ~tlttenlI1g alter cwcking. sel' Figure 303(a). 

TIll' ('(llllïcle :-.lrenglh 1I1lÙCI hiaxléIl c()mprC~SI()1l and wmhineJ c()mpre~:-'Ion 

"ilL! "'11"1011 1:-' dl'll'J111IIlL'd trom the tailure envdope ut Kupter and Ger~tle (1973). 

hlllhl'lllHlll' the cqlllv.!klll ~tr;lIn concept due to Darwin and Pecknolù (1077) I~ 

Ulillïl'd tll ll'late the tnclL'ment~ ut "tre~~ and ~tIaJl1 lI1 the pnncipal ll!rection~. 

1 hl'Il'Iorc If (fI ;llltl (J2 (lm'lm and minof pnllcipal ~tres~e~) exceeù the COllclete 

:-'IIl'llgth c:lIclllatl'd ll~lIlg thl' cnvelope due ln Kupter and GL'r~tle. the conclete i~ 

a"~\lllll'd to lall ,!long th:ll principallhrectlOl1. On the other hand. if the eqUlvalent 

l'lllll]lIC":--lVl' ~tralll in olle threctloll exceed!> the maximum COllclete !>trall1. f
Ull

•
I
,,' 

FI~lIll' '.3(a). thl' l'onnete gct~ Gushed. Cracklllg 1:-- revealed by checklllg the 

m;1!!l1ltmll'~ III (11 :lIld (12' WIlL'1l the principal tens!le :-.tre"~ at a point (u~ually at 

(;,11I~~ 1IllrglatlOl1 ]lOlllt) equélb or exceeds the ten~ile :-.trcngth of concrete. cracklI1g 

1:-' "~'llllll.'d 11L'1 pl'mllcul;\l 10 the pnnclpal tt'mlle ~tle~~ direction. The etiect of the 

ll:Il'~ 1:-' "llll'.III.'d wlthlll the element by l110dttylng the collstitutive l11é\tnx. Atter 

CI.Il'klllg.{'. Ihe ~hl',\1 rctt'lltlllll tactOl, \VIth a value Ie,,~ than unlty. IS lIsed to aCCoullt 

lUI thl' :-.111.'.1' "tllll1l'''~ dut.' tu aggregllte tntetlock and dowel action. sel' Figure .14. 

()I dlllary lelll\orclllg bars al~d pre:-.tres~lIlg tendol1~ and har~ are modeled as 

aIl \.'b:-.tn-p\a~tll· stlaItl hanknlIlg matenal. The bllinear stre~~ - stlélin relation~hIJ.l 

III Figure 3J(h) I~ used. As l'an be seen from Figure 3.3(b). III the case of loading. 
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reloaùing, the Bauchinger erfert. or load rcversal whtrh reùul'l's the yil'Id stll'l1gth 01 

steel, is also cOllsidered. The Ill.ltl'Iial paral1ll'ters, t~. E,. F~', and f.u' \\I\tch ;IIL' 

respectlvely, the yleld ~trL's~, the ll1oùlllll~ of l'LI~ttC!ly, the ~tralll h;lIdt'l1lllg 1110dll11l~ 

and the ultm1ate strain need to bl' input to ùcltne the "tll'SS-~tra111 rl'lattllll"htp. hl! 

shell plate clements, the l11odl'l :tùopted lI1 thts pfllgIa\11 IS basl'd l'Il thl' slH'alkLl 

incremental themy of pla~ttcity III which thc total pla~tlc ~tralll is llhtailll'd hy 

scannmg the plastIc strain incrcments. 

f' 
c 

'. 

PARr t 

1 

1 

1 

1 

1 

1 

1 

________ L _____ _ 
lco 

PA~I • 

__ L 

1"'0' 

ConcrelC COl1lrrc~SI\e ~11rss-Slraln (urve 

-~ 
L...:..._J ______ --------- ---------- -

( ul 

Tension ~llff(n,ng modd. 

. ( 

Figure 33 (a) Compressive and tensile stress-strain rclation~hip for 

concrete I27,28) 

87 



• 

• 

_ r ,. ,----- ----
1 

1 

• 

l 

Figure 3.3 (b) Strcss-strain rclationship for steeI127,281 
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Figure 3.4 Matcrial constitutive model for concrete[261 
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3.1.3 Procedure of Analysis 

For nonlilll'ar anal~sis, an incremental it~ratIH.' tangcnt slltlnns tcchlllllllC, 

with the lnad applied in appropriate increments, is llSl'd to tracc tilt' nOllhne.H 

response of the stlUcturl'. During the t'irst itl'ration artcl the appilcatilln 01 a IIl.id 

increment, the IIlLfL'mL'l1tal dl~pIaCL'\l1L'llts :IlL' cakulatcd ll~lllg the t;lngcllt ~tlllllc~s 

evaluateù at the L'nù nt thL' prL'vJl)lI~ Inad Încrc1llcnt. TI1l.' Inclcl11l'ntal ~tl C~"'l'~ alld 

strains in the concret~ and the stcd are calcula ted and addcd tll the pleVlllllS Il)(' Il 

stresses and :-.trains to ohtain the Clilfent apploxl\11ated tot.d ~tll'~"t'S and ~tl"lll~ 

This is trclced for L'lIch integratiol1 pOlJ1t 1'01 ail of thl' eklllcllt:-. the ul Iltl' 1\(l11I11Il.'.I1 

constitutive relatlon:-, gives, the real stresses rdall'd td tlte "ClIIll'llt" stlalll~ ,\11\ 

unbalanœd :-.treo.,~cs due to tltl' dllleIl'nCL' bdwl'ell the "tllll'" antl thl' "appHl'dlllall'd" 

stre:-,ses arc calcllbtcd wltich ,ilL' u~l'd 10 compute the eqlllv;dl'lll lI11dllll()Il'l'~ î'lIOl' 

forces afC imposL'd :lt the begllll1lllg ut the ~L'Clllld IlL'latHlll 'l'Ill' 111 Ol'l'dlll l' 10., 

continued until ('()J1V~fgcllœ IS achÎl:v~d, or the mll:\lll1l1lll 1I111l1hc( III Ilt'l.ttIO!l\ 

specifled by the u~er in Ihe data IS r~ached. The ~lIlutl(}n 1:-' ~t()ppl'd Whl'Il t Ill' 

divergence critcrion, idcntilled by large unhalanc~LI 100t'e~ 01 dl:-.plal'l'Illl'Ilt 

incremellls, OCClllS. This IS c()n~idered as t'allure or iJl~tahlltty (lI the :-,tl lIrlllll' 

llrogram Limitations 

The NONL;\CS pl ngrllJ11 docs not com.Î<.kr thc rollowing: 

1. Large displaœments or geollletricai non1rn~aritles: 

2. Fatigue effect~ due to cycllc loading; 

3. Shear deformation normal to the surlace, I.C. pUl1ching sh~(lf; 

4. Bond slip at the IIltcrlaœ of the COI1Cfetc anu the \t~c1 rL'inf<lICl'IlIl'lIt, 

5, Bearn rlements 

Also, the program docs not indudc a graphil:s module tu plot tlle ... tle\~l''' :I!HI 

deformatlOns in the structure . 
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3,2 NONLACS program- Application and Rcsults 

J.2,1 Finitc Element Iclealization 

J-.:lch CClIIIl~cll()1l \pt:CIIlICIl Wél~ modcllcd U~Ing quadnlateral shell elements 

wllh Cil hic dl~pl;lc~lllellt IIcld~ 111 hoth dlf(~cti()n~, Figure 3.5 rcprescnt~ the finite 

t klll~llt Ilkall/atioll lI~cd lor the computer modd, with 252 ~hell elements and 6 

hOllflclary l'kmcllh (10 c:dculatc thc r~:tC11()m), These reactions were u~cd to post

It'/l\IOIl 1 he W-\Il.q1L' ~Il'cl lW:lIl1 :lt ~p~cllllen bOlllldary to the strong tlom of the 

1:lhOldl(UY, The 212 l1()de~ werc 1111111bcred in an ellIcient way 10 get an optimum 

\llIllIl'\\ matllx \\lltl1 a III Il Il 111 li 111 hand width, 

1 '::1('11 !l()tle hall t hl t'l~ dt'I~I ee~ 01 freedom - normal rotation 0 " hOfizontal 
c ~ 

dl\plall'llICIII .1." ;tllli VCIIIC:" tl all!'>latlon /l'Y" A fme /llcsh was llSCJ to mmleJ the 

1IItIC:t1 :\Il';I \Vith \tll'~\ (,\lIH.\'ntratIUI1 dose to the connt.:ction, whlle a coarse mesh 

W:l\ lI~l'd \Il Ihe /\lIle lartller :Iway l'lOm the connectioll, ;\ trapezoidal transition 

l'lt'llJl'lIl-; weil' lJ~l'd !o conIlec! the Ilne c1~l1lents tn the cO:II!'>e clemcnts, The aspect 

I:II\() lor the concrele panl'1 clements was mall1tamed at value or 1, except for the 

('(lIlndè clcllll'nt adjacL'llt tu the 1 I.S.S section, where the W-shape steel heam and 

the II.S.S hall a~pL'L't ratios Y;lrylllg betwcen 1 and J, 

'l'hl' tlllcKrH'\\ of the CllllL'1 ctl' panel was divllkd mto two lélyers, Since the 

1 11Irk Ill'S!'> 01 t hl' L'UllcrdL' pa Ill' 1 Y;l ried, the concrctL' clel11ent~ in the 75 mm t hickness 

Wl'Il' dlYltkd 111 25 Illl1l ami 5() 111111 tlllck layers. wlllie in 50 mlll thlck panel, two 

2'1 mm tlllrkl1l'~~ IaYl'l ~ \Vere lIsl'd, resultmg 111 the same refcrence surface (Z=O), 

'l'hl' ~h'l'I heams ( W-~hape and 11.S.S) at the speciml'n boundary were mode lied hy 

~It'l'I clCI11l'llls divILlt'ù mtn two layers. The thlcknesses of these clements were 

dl'IL'II1lÎIll'd ha!'>L'd on thL' 1110llll'Ilt Inertia of the steel heam~. The Iwo dllnensional 

sted :Inchms Wl'Il' Idl'alJ/l'ù lI~illg the embedtled reiniorcelllcnt concept, whIle the 

\Iccl \\'lIl' Illesh \Vas IlkalI/L'd as a ~ll1eared steel layer. 

'1'0 lktL'1111111e the lL'actlons in the hOllndary elements. the ~pflng concept (Ior 

L'.tdl SUppOlt: onl' hOrI/.untal amI OIlL' veItical ~pril1g \\Ith high ~titfl1e~~) \Vas lIsed, 

'l'hl' taceplatL' was l11odelk'd by steel plate dements, Fm SpeCltl1en S3 wlth 

:111 l'mhl'dded angle, the <lnchOled !lange \Vas Ideahzed with a smeared steel layer, 
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wllile tor SPl','IIllell S~ the \tl'l'I ,lllgk \\',1' 1l1111kllt'd \\ Illl '1\'\'1 1' 1.111: \'1\'111,'111\ 

L,);]l!lIlg \\.\~ .Ipplll'd III 3ll I(ldd \Il'!' .... ,lI1d tlll' ,11,'.11 Il'I,'l' \\.1' .!Jl1'111 ,1 ,II 111It " 

node~. ~lllk 1:15. ~OLk 150. :lIld ~lllk L.:;q 111 tlll' 1.1111' 11\ ':;(ll, l't Ille !t't.il Ill,ld 1"1 

nOlk 150 and 25'c ot Ihl' hlll .It e:lt'Il (II llll' Ihldc, l,':; .111t! I.:;q (11:'lIll' ,'1) Jill 

total welght ut the ~pL'lïn1l'1l \\'.1'" 1111 Pl 1'" l'l 1 111 Illl' tll\! 1\),ld 'tl'I' 1 qlllltl'lllIlll \\.1' 

achleved tI~lIlg 15 Itelatlon" 111 L':Il'h load ... IVjl 1 Ill' Il).\d 'kl'\ tlll Illl' ,h, .11 111i\ l", 

had large InClcmenh al thl' "t:lIt 111ll111l1l,1l \lllall,'1 Illll,'I11,'II{\ 111\\.lld, 1111' l'Ihl i,' 

evaluak the "Ical" Iwh:i\ IOLII Dt the \lllll'tUll' 11) t.tJ..II1).! 1111\1 .ICl'llllllt 111l' 111.IIVII,illh 'II 

Ill1ean ty dkeb. The a Pl'I icd lo.ld \\'il~ IIll'll';I~l'd ml lIH 11l llll, . il" .11 Il l ,111111 k. I:'\, 1 Il , l' 

and tempc! :Itllre etkl't~ WCI C nut l'(lIl"ld,'ICd 

The ~ hy .') Gall~~ II1tegratloll pllJnl~ 1111 :ln,II\"I:--. .I1111 tl1l' Il'\ltll 1 II Illl' '1 Il 

integratlon pOlllt (middle, avelage pm!1t) Wl'IL' lI,t'd III L'\;t!uall' thl' \111'" ,111l1 \11.1111 

ln the concrcte (cracklllg paitelll) il ml thl' ml'I,"I dl.'tlL'lll\1I1 .11 '...11(!t' 1 ~ 

ft ~holiid he mentlolled thdt SPCClllll'1l S--l llluid Ilul 1,\, 1IIIHit III Il ,l', 1 Ill' 

NONLACS plogl:11ll VCl:--lll!1.1t Mr(illllJllIYl'I\lty. t!\l\'\ Il()t Il.!\t· 1 Ill' .!hillt\ t'III\(HI, 1 

th~ ~hè~11 ~tLld conncctor clemellt. 
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3.2.2 Discussion of anal~ ticat rcsults 

Selected result .... trom the anal\'~I~ are IL'\'Il'Wl'd III 11ll' Il,lhm 111~~ \l't 111'1\\ 

Because of the lInportance ot the ultl111atc ~trL'l1gth, dl~pl;ll'l'llll'l1t. IC\pl1l1\l' III -..tl'l'\ 

anchnr, and the crackll1g P:lttt'I Il:-' for l'.lch l'lH1I1L'CtIlHl. tlll' dl~lll\~1I1fl Ilh'II\l'~ l'II Ill,' 

load-detlection characten!'>ttc. ultll11ate l'apaClty,I():ld-~tl'l'l ~tl;I\l1 1L'\Pllll~l' 1111\1'\, ,1111\ 

cracking and cracking propagation, 

3.2.2.1 Lnad-deflcction charactcristics and ultimatc !'>trcll~th 

COllncctinll SI 

Figure ."1,() !'>h()\v~ thc analytll'al load-ddkctl()11 l'lIlH' (;11 Nillk 1'10) 1111 

Connectlon S1. A~ ~een lrolll FlgUIC .1,(1, thL' ~I()pl' III tlll' Ip.ld-dl'Ikl tlllll \111\(' 

(stittne~s) decrea~cs gradually alter the 1I1itlatloll ul tlll' 111 .... 1 llal ,,\, \"llIl'lI dllllllll\IIl'" 

more rapldly a~ the l1ulllher 01 crélck~ InCl ea~l'll alollg tilt' 1l'IIIIOI (,III~' Il.11 III 1 Ill' 

connection, SlIlce the NONLACS pl()gral111~ ba~cd <li] tlll' l'l)(ltllllHlll\ 11IIHIIIIldlll\ll 

of the !'.tItlne!'.~ matnx to accounî tor the progre~~i()Jl 01 n:lL'klllg 111 tlIe llllllll'lllllii 

anù ylt'lùlI1g 01 the steel rellllolceI11L'nt. a ~mallll1l'll'lllellt III the applll'd IlldlL \\'Ill'il 

the flumher 01 clacb ha~ IIlcrea ... ed ~Iglllilcalltly, wuuld !c;ld tll .1 ... lglllllr;111I 111\ Il'd\l' 

III c.hsplacel11el11~, ~trall1~ and stre!'.!'>L:~. At Il IO;ld 01 125 kN, ilS L'll'llll'lll" Il:111 1 t.1l kl'I! 

whtle at the prevloll~ load ~tage, Inad 01 120 kN, ollly 2,') l'Il'I1H'l1t~ h;ld CI :Id,l'd 1 )111 

to thl!'> inclea!'>e m the J1ulllber 01 cllIcked elemenh, the dl!'>plat'l'llIl'l1t 1111'Il':1"l'{111(1I1i 

O.3R mm tn 0,51 mm , which 1 .... qlllte notlceélhle, 

Alter the commencement 01 yleldlllg 01 the lellllollïlig \):11, 1111' ... 11.1111.11 

Local1o!1 1 ln temlle regloll IIlCreél!'.ed very lapldly, Ail l'Xillllllldtlllll (lI Illl' ,lit "'.n 

obtained t'rom the computer output, revealed th"t thl' fl'IIlI()J('1llg ... IlTI !l,II III 1111 

compreSSIOI1 reglol1 had not yielded, 

At a loaù value 01 about !76 kN, the ten!'>lk 1l'ltlloJl'llIg h;1I \t;III('(1 I() yll'ltl 

In the next load !'ltep (Ioaù of 177,5 kN), the connectlllil LlIllll'Iwl'Il1 ;1 \1,[!IIIIIl.JIII 

increase in di!'.plac~ment at Node ISO due to the gerH'r<l1 yleldlllg !lI IL'IIII(l!l 11l~' h,ll 

in the ten~l(jn zone, A dl!'>placeJ1lellt 01 2J>S mm WiI!'> ()ht:lIlll't! ;It rlppllL'rI 1();ld (1/ 

]77,5 kN, Thl!'. rapld IIlcrea!'>e ln ùl!'.plaCl'ment lorcet! tht' «lI(('fl'I(' ('11'1111'111'. III 
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c()mpre~~I(J1l tu lail hy crushmg of the concrete along the reinforcing bar and near the 

edgc, although III the prcvlou~ load ~tep the compression steel was far from yielding 

(f\=H40xlO('), and thc ten~i()n bar had Just yielded (ês=22SOxlO-6). As the applied 

load was IIlcrea~cd and the conncctlon reached its ultllnatc ~trength (180 kN), aH of 

the concrcte c1cmcnts around the tension har hhd entirely deterioratcd and, finally, 

as the applted J()ad was IT1crcased hy a very small increment, rem forcing steel leg in 

the !emdc /.OI)C pulJed out, and the connection failcd. 

-< 

!Il 
(J 

~)()O- ------------

Steel ylelding 

1 ~)O -

Lx tcnslve cracking 

L 100 -(J '. 
~ 

C.J 
Ql 
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VI 
Initial cracking 
-----~---------------------------

0- -rl"-."-.,~-.,,.-,,.-rr,,-.,,-.,,-.,,-.,,-.,,-r,,~ 

0,00 2.00 4.00 6.00 8.00 
Displacement (mm) 

Figure 3.6 Load-deflection response for Connection SI 
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Conncction S2 

Figure .;.7 ple~ellts the load-ddketloll CUI\\.' IlH Clllllll'l'lhHI S2 ,\ ... 1111 

COIlnectlon SI. the slope ot the 10ad-ddkctlDIl l'Un'l' (Clll1lll'l'llllll ~Itlllln ... ) l'1)lllllllll'l1 

10 deLfea~e atll?\ tl1L' appCal:ll1l'C 01 thc III!'>t l'lad., WlllCh.I lUI thel dl'l'll"I~I' :1'" 1I1l111' 

element~ crack.ed. The load-dl'!kl'IIOI1 tlll C0I1\ll'l'IH)11 SI ;IIlt! S2 ~h(l\\ :1 ~llllli 

agreement ln the Ir load-detkction cur\'e~ up III l(lad 01 120 h.N 1'I11'1l'loll" up Il) IIII~ 

stage, the contnbutlOn ot light ang\ed hook 10 111l' !'>pl'CIIlIl'll l1l'h;I\Il1111 \\'.I~ Illll 

notable, Hence, the ConllcctlOIl S2 hehawd Idl'l1l1l',lIly 10 COlll1l'Ct Illll SI, ,\ ... 1 hl' 

applted load IIlcrea~ed up tu 150 kN • a wpld change 01 !'>Illpe lll'I Ullet! III Ihl' !t).tt!

detlect\on cllrve • whlch W,I!'> dUt. to a ~lgl1lllcal1t IIlC\l'é\~l' III 111l' Il li I11hl'l (lI l'I.tl'kl'lI 

elements m cOll1pan:-,ol1 wlth the plevloll:-' lo,ld :-.tep, Il ShlHJ\d hl' IH)leli Ih;11 Ihl' 

sharp change ot ~tlttne.,., III ('ollnectlOI1 S2 appemed ;11 il load gll':ltl'l Ihall Ih"l 1111 

COIlnectlon SI. whll'h wa~ due to Ihl' contnbullol1 01 tlll' 1)0 dcgll'l' I]()()k I() Iht' 

strength élnd ~tttlI1l':-'" 01 COnl1ectloll S2, ;\ rl'VICW (l\ thl' ~tll,~.,e:-. 111 Iht' oulpul "ho\\, 

that al a lond value 0\ 172.5 kN, the ten:-'Ik 1l'lI1tlll l'lI1g h;lI :-.1;11 tell Il) yll'Id. \\ hl'I (',1' 

the strain:-. In the C()Jl1ple:-'~loll leg \Wle :-'1111 wl'II hl'lll\v the yll'ltl :-.tl:llll 111 Ihl' 111'\1 

load ~tep (Io(\d ot lXO kN), the rCII1\orl'lI1g hal 111 the C(1I1Ipll':-':-'\()1l I(JlII' h.td ;tI"'l 

Ylelded whlch wa~ :lcc()mp;lIlll?d hy lTU:-.hlllg (l\ the l'(lIlCll'll' l'Il'llll'l1l~ :'1 ()III1l: the 

Ylelded part. The COllllectlon ulH.Ierwent :-'lgnt\lcallt dei \ectltlll duc I() t IH' 111111':1:-'1' III 

the length:-. ot the rell1torclIlg har:-. whlch hat! ylekkd III h()tl! l'()ll1pll''>~I(lIl :tlld 

tension, Thl~ depemled III turn on the IIlcrea:-'lIIg Illllllhel (l\ t'\ lI:-.hl'd :IIHI CI :,ckl'd 

concrete element~ awulld the C()lIllectl<lIl ;\ dl:-.plm'l'1l11'11I (lI 222 111111 W.t" ()I!I;'I/wt! 

at a load ut I~O kN, whlle thl? dl:-.pl(lcemelll al al. applied \o;ld ()\ 177') kN (pII'\'I\)(\" 

Joad step) wa~ (J,X7 llllll. :IIllI the ~trall1 III tht' c()ll1pre.,:-'lolI p:tl 1 (l-, :),10;.. I() ") W"" 1.11 

from the ylcld ~tréllll and the ten<,I{)!l part 01 the har (F,,=22')(}xIO") h:td 1"'>1 yll'I(kd 

It indicate:-. thal atter thl? yleldlllg ot the rellliorcillg hal, :t '>111:111 I():,d IlllJ('llll'111 ('} '-, 

kN) resulted 111 a large dl'flectloll IIlcrea:-.e ;It Node l ')f) ;\t Ihl' \llllllldlc I( 1;ld v,tltll' 

of 1~2.5 kN, ail cOllcrete ekJl1ent~ arouml the :-.teel kg 111 Iht' fl'11,,/(l/1 1(IIIl' W('lt 

completely cracked. re:-.ultll1g In pull out (lf the kg alld !;,i1l1ll' (JI Ill!' «(II1IJ('( 11(111 

ConnectlOll S2 tailed at éI :-.llghtly hlgher load than ('oflneclloll ~ l, Whl'! (';", 11lt" ()V<'J ;tli 

analytical re:-.pon:-.e ot Connectio!1 S2 wa:-. :-'llfkr than the le.,p()/I'ol' ()I (()llIll:( IHIII ~I 
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'l'hl' val lat Ion of displacement at Node 150 wlth the applied load is shown 

III hgull' 3.~. J\ der~ease in the ~pecimen stttfness (slope 01 the load-defledion curvc 

C;1I1 Iw Illlted at a load value nt 40 kN . when the ftr~t cracb appeared in the 

~11l'nl11l'\1. l'hl' slupe nt the Il'ad-detlectlon curve rcmall1cd almust comtant up to 

,\ Inad nt 115 kN. A~ the applted load W;lS IIlcreased furtber. a rapid change wa~ 

lluteLÎ 1\1 the slope at li load of 120 kN. ThIS was due to a significant increase in the 

Ilumher nt crackel1 clement tWill 12 to 20 along wlth two elements in which the 
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concrete had crushed at loads uf 120 kN and 125 kN. Il'~IK'ctl\L'ly 'l'hl' Il'~lIllL'd III 

an increa~e of displacement from 0.61 mm to 1.20 mm. SI 11 Cl' tlll' plllgl.llll 

NON LACS uses an \I1cremental-lterat iVl' app\Ua~h. ba~l.'d un runt IIHIUlI' \\1\ Il''' Il.\ \ \1 III 

of the tangent ~tiftnes~ to take 1I1to account thl' plllgll.'~SHlll III '\·J.\d\l'd" .11111 

"crll~hed" elements, a .. mail increment 111 the Ill:ld al ;1 ~t:lgl' ",1Il'll .1 'lgl1l1l,""I! 

number 01 elements have cracked or crushl'd. wnuld 11.'~1I\t 1\1 il hll gl' IIlCl,"I'l' 111 \ Ill' 

displacement at Node 150. 

L 

o 
Q) 

-.C 

150 -.------------------ ------

~-----

cf'Ocking 

100 -

U) 50 
Initial cracklllg 

o -+--.----,--,--.-,--1--1--,-,- r 1 -- TIl 1 1 1 

0.00 2 00 
1 1 r ! 

Il ()I) 
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The connectlon lalled at an ultlmate Inad of 130 kN, at which stage the 

CClnl1eltlO/J had lIfHkrgoJle a large displaccment. The concrete mode of faIlure 

c()n~l~ted of total ddefloratlon of the concrcte around the reinforcing bar tn the 

tension regHl/I Il' addition tn the crll~hll1g ot the concrete neaf the Iree edge which 

wa~ ~lIhjected to dowcl action. This hehaviollr mdicates clearly that although the 

cOllnecllOIl can hl'- de~lgned cUJlvenlionally to resl~t the shear force ba~ed on the 

she;lf-lflCIIO/l ltyp()lhe~I~, proper detailmg ot the critical reglons ("crushed" and 

"cracked" elelllcIl t<.) ~h()lIld he glven proper attention, especially when the COl1nectlon 

I~ ~lIhJected 10 rever~ed cycllc IO(llb due to eafthquake~. It ~h()llid he noted that the 

I1WXIJl1l1lll stralll 111 the tellslle remlorcmg bar at the ultimate load was I800x 10-6 

whlch IS Ic:-:s thélll tlte ~tecl yleld stram. 

Specimen SS 

The complde loatl-deflcctioll respon~e for Node 150 is depicted in Figure 3.9. 

The clIrve sh(J\v~ a lil1l:ar 1 esponse ur to the tlfst cracking, and It IS c!ear that the 

~pl'ciI1lell ~tifll1l'~s dl'creasl's alter thl' concrete cracks. The ~I()pe of the load

dl'llert ion cur ve decrl'a~l'd gl ad lIally \VIt h an IIlcrea~e III the apphed load, and this 

stllllle~s dl'crea~e wa~ mUle pronollnccd as the number of "cracked" elements along 

;111(\ pel pClldlcular t() the ~teel ar,~' lr increa~ed. There are notable changes in the 

sl()pc 01 tlll' load-ddlectH)(l l'lIrve at loads ot 140 kN amI }90 kN, wlw.:h are due 10 

:t ~lg!1lIIC:ll1t IIIl"rl'a-;l' III the Illllllher 01 the l'lad,eù elell1ent~ c()ll1p~lrl'd \vlth that in 

the IHl'VJ(lUS I():td ~tep~ A more ~lgllIllcaI1t cltange III thl' ~I()pc W:IS observeù at a 

I();td value of 21 () kN, whirh I~ duc to yleldlllg ot the tel1~IOn rl'Illforclllg har (Figures 

3.9 and 3. IJ). 'l'hl' dl~pl:lcellll'Ilt at whlch the IIrst tensile reinforcing har element 

yil'ldcd \Vas appl()\lI1l:1tl'ly \.3·l Illm. An examinatlol1 ot the stres~e~ obtallleù l'mm 

the output at thl~ ~t,lgl' ~ho\\'L'd that the reinforclflg bar in the tel1~ile zone haù just 

) Il'Ided, and the co Ill"! ete eleml'nts alOlIl1d the yleld part had I:tlleù.i.l'. the concrete 

L'kml'l1t~ \\'l'Il' n:tl'h'd 111 bUIIl prJl1L"1I',t1 dilections. III the nnt Inaù increment at a 

l(l:td 212.5 kN. thc di'placcllll'nt at Nl),.!e 150 \\'1I~ 1.9 mm anù the stitfne~s hall 

llL'C[ c<lsed l"llll~ide[ ahly . 

The Inad :\t \\llIch the COllnectlon failed was approximately 215 kN, as the 
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connection underwcnt large Jisplaœment due to an ilKTcaslIlg kngth uf thl' h.1I 

having yielded 111 the tCI1siun reglon (length of 2XJ 111111) along \Vith il l'lll11plt'tl' t:IlIUIl' 

of the local concrete ekmenb. A review of the output results showed that thl' lural 

failures took place in e1ements 77, 7X, HJ, 84, 85, 97 amI 98 hy nushlllg nt the 

concrete, whtle ail ot the othef ekments III thls regiull hall dctl'lllHatl'd dlll' tu 

complete cracking. The relllforcing bar starteJ to pull out and the 1l00k 91 showl'd 

large displacement at the failure of the connectinn. 
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Figure 3.9 Load-dcnection rcsponsc fur Conncction S5 
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3.2.2.2 Re~ponse of Steel Bar Anchor in Connections 

CoonecLion SI 

The variatIon of ~tram~ at Locations 1 and 4 in the steel reinforcing bar \Vith 

Joaù ~tcps is depicted Hl FIgure 3.10. The reinforcing bar at Location 1 started to 

yieJd ;It a Joad of J76 kN, whde the har at Location 2 Ylclded at a Joaù of 178 kN. 

I\t thls ..,tage, ~tfélllls, and therelore the stresses in ail other reinforcll1g bar clements 

were ~tIlJ hclow the yldl! kvd. 
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Figure 3.1 0 Loud-steel strain curve for Connection SI 

100 



• 

• 

Inneasmg the 10.ld gradllall~ il) 177 h.N l"lll:-'l'd Illl thl'I ~ Il,.'ldlll~ \ 11 11ll' 'Il'l'I 

har, WhIch resulted in a rapld increasL' in tlll' dl:-.placl'l11CIlI al Nulle t -;U ,\, IIll' 

imposed load was increased beyond 177 kN. thl' Il'llllllIL'IIl!!, hdl lllldcl\\l'nl Il Il Il Il 

larger strain' calls1l1g large dctlL'ctlUIl ;:t Ihe JOint whll'l! Il"lllll'd 1111,dl\ III LlIllIll' III 

the connectlon, 

It should he l10ted that L1p to a CL'rtall1 lu'1<.1 k\cl. ",hell Ihe rtllll, 1 l'Il' cil'nll'l1h 

did not crack, the variation ofstram:-. for hoth thL' CUl11ple:-':-'I()1l alld 1L'1l'111I! :-.Il'l't k:'" 

were almmt Identical. Attel Cl acklllg, the :-.tralll' 111 Ihe h.'Il:-'IOll IL'!!, 1I11'Il'a:-.c,1 11H11 l' 

rapH.i1y than that in the cOl11pre~Slon kg. Thi:-. I~ b,l:-'lc;lIly tK'call~l' Il Illk 1 1 Ill' ;lpplll'd 

load, the connectlon 11111~t he 111 equililmllll1, therel()JL' Ihe load II'~I:-.ll'd hy 1 Ill' Il'Il,IIl' 

leg ill11St he l'quai tn th,lt 101 the CO:nrll'~~IUI1 /01lL'. l'hl' h()nd 1l':-'I,I;Illl'l' al tlll' 

intertace ot the steel bar ,lIld the uncrach.ed c()nclell' ;d()ng Ihl' l'llIlIPll':-':-'1I111 k).!. l' 

ll1uch hetter than that along tht' ten~l\e \eg. 
~ ~ 

Connection S2 

The strain re!-.ponse of the remtorc\l1g bar lOI CUl1lll'Ct Il )11 S.~ 1\ :-oh, )\v1l III 

FIgure 3.11, where the varIations ot straIl1S at hoth I.ueat IIHl\ 1 a lit 1 2 d lIl' III 1IIl' 

monotonically Increasll1g load are IlIllstrated. The rl'll1lllllïllg ~1l't'IIH'g;lIl III Yll'ld III 

tensile reglon at LocatIon 1 at an apphed load 01 172.5 kN, Whl'll',I:-O 1IIt, Il:11 III IIH' 

compression part at Location 2 Ylclded al li load 01 177 kN. At thl'> kwl III I(ladlll~'. 

the straim., and theretnre the .,tre~~es at ail other IIlCéIIIOI1., (lll Ihl' Il'llIIIlIllllg boll 

elements were helmv the yleld leve\. 

Increa~ing the load to 1 XO kN lorced the ~teel hm I() yll'Id .!Iollg 11\ Il'l 1) '.1 Il, 

which re~lIlted III a rapld lllcrea!-.e 111 the dl!'lplaccmcllt 01 tlle WlIlIl'( tlOl1. ï hl' I:qlldlv 

incrl'a~ing ddlection alter ylcldlng 01 har H1dlcatc~ 11Il'1:I.,tlc Il'\IH)II\l' ()j tli\' 

connectlon beyond the ylcld plllnt Â!'I the I()ad Wil'> 1IH'1l':J\l'(\ 10 1111' lIlllIl1;lll' 

~trength ot the connection (IXO kN), the rCIIl!orcll1g hm III tlll' 1l'1I!'11k polll IlIpllllt'd 

whlch call~eù very large dl~placement~ If} the connectllll] ;Iml kd j;IIIII)(' (Jj 1111' 

connection . 
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Figure 3.11 Load-steel strain curve for Connection 82 

Cnn nection S3 

Figure 3.12 presents the variation of strains at Locations 1 and 4 of the 

reinforring bar Bnchors. À large increase can be observed in the steel strains ['fter 

thl' il11t ration of crach in the concrete dcmcnts, whieh is due to transfer of more 

~t[L'S~t'S to :-.tl't'l har <II olim] thc cracks. As the applied load was increased up to 120 

"-N. the slope 01 the l(lad-steel ~train ClIfYC remained almost constant. As Ioad was 

inlTcased to 125 "-N, a sigllllicant change occurred in the slope of the load-strain 

curve, WhlCh \vas more due to crllshing and complete crackiTlg of the concrete 

clements nL'ar the l'rl'c l'lIgC. 
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Figure 3.12 Load-stccl strain cune for Conncction SJ 

l,I, 

After crackmg. the temile stres~es ln the c()ncrete were Il:11I,,ll'lll'd t(l tilt' "tel'! Ildl 

throllgh the lIncracked concrete resultll1g rn éI "lgl1ltIC:lllt 1 Il LI l': 1 !'ll' III Illv "h'l'I "tll· ...... t· ... 

and strain~ near the crack~. 

As can he ~een trolll Figure 3.12, the ~tralll al L()Catl()1l tl Il'lllélllll'lI :t!IlJ(I,,1 

linear up to H Inad value ot ]20 kN and the ~tre,,~e!'l III thl" rCIIl!()!( Ill).' h:11 Wt'Il 

extremely small. An exarlllnatlon of the NONI ACS ()utput rcycaled IIJ:lt III llll' (II 1 Ill' 

concrete elements had cracked in thi~ region. ln the next I();ICI .,Iep. wllt'II "(JIII!' 

element were cracked around thl~ ~teel L'Ir, the ~tralll chélllgcd r;IJlJ(lly d Ill' I() Ilw 
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lrilll\1cl of IClllglludrrlil1 ..,trl"\~L:\ ln the ~teel har. 

;\" the léllllire load wa\ <Ipproached. the ~teel ~tre~~e~ were almmt evenly 

dl\tnhlltcd wlth hlgher value'. In the cracked zone and wlth ~Iightly lower value 

t()wilflb the uIH.Tackl'd reglol1. ft ~h()lIld he mcntioned that the remtorclIlg har dld 

Il()t j'Ield dunng the ilJl(t1y~l:-' as the :-,pecllllcn wa~ loaded Illcrementally to j'lrlure. 

('onncction S5 

FIgure ,. 11 ~llOW~ the vanatlon of ~tra1l1~ at Locatlon~ 1 and 4 of the 

Il'lllfolclllg har in the tCIl~IOl1 :\I1d compression zone, re~pectlvely. DlIllIlg loading. 

t hl' ~tl L:~\L'~ 111 thL: tel1~r1e reintorcrng har ot the connectiol1 II1crea~ed locally al 

I.oCiltloll 1 whl'rc cracklllg occurred. It IS cIear trom FIgure J.13. that when IllIt III 1 

Cl ilCb oCl'lIlred at il load 01 75 kN, the slope of the load-~teel ~train curVL: changcd 

lilpldly It I~ Il1tere~til1g to Ilole that the steel straln re~ponse cllrve~ for buth temlle 

(I.Ol'i1tloll 1) ami l'Ol11prCS~I()1l (Location 4) leg~ are linear. ~lInllar. and \VIth almost 

thL' "aille rail' ut ch:mgc up to il load ot 75 kN. Beyond thl~ stage. the curve lm 

] oca t IOIl 'f (rolll pll'ssioll strain) remamed a llllo~t 1 meélr due to u ncracked concrete 

cleml'Ilts illOUl1d the c()mprC~~I()1l steelleg. As the Joad \Vas IIlcrea~ed. sorne change 

\Va~ \lh~l'IVl'd 11) the slope ni ten~rle ~tlain re~pol1~e curve. due to furthcl crackll1g. 

The 1 einforcll1g hm 111 the tensÎ()11 zone ~tarted to yleld at a load value of 207 

kN. whell'ils the L'oJ1lpre~sl()n reintmcing hm dld not yleld. By rncrca"ing the load 

lWylllll1 tlll' 207 kN. yleldÎng L'lll1tÎnued along the rernainll1g length of the ~teel bar. 

wlllril 100ced more cOllcrete l'1l'll1l'nt~ to crack. When the applied load \Vas incremed 

to 112.5 kN. the Il'lnlorcll1g bar ln clt'Illl'nb 61. 75. K3 and ()7 (about the 213 mm 

kllglh 01 tht' hm) hall Ylcldell. ;\ rapid change 111 the ~teel strain curve respon~e WéI~ 

()h~l'I\'ed ",Iuch m;\rkl'd thl' ylt'ldmg ut the reintorclI1g bar. 

F\i1l11l11iltIOlllll the ~tIC~~t'~ ohtained from the computer output tor Specimen~ 

SI. S2 :lml S5 shuwed :t graduaI va nation ul the steel stre~se~ along the J ell1forclllg 

\);11. Ilom thl' end nt ~tl'L'l bar (mil1ll11um) to the load pOInt (maximum) . 
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Figure 4.13 Load- steel strain curve for Conm'l'Iion S5 

3.2.2.3 Cracking and Crack Propagation 

A more clear lIrHJer~tanding 01 the hdlél',ll()lIr of thl' C(lllIIlTtlllll 1\ ()!Jt;lllll'd il\ 

inve~tigatmg the crackmg formation and crack pattelll IIHIII\'l'd dl dlill'II'III 1II00d 

~tHge~, Atter the tarlure of él cOl1crete clement, the ~tralJ1 l'llClgy Il! 11ll' ('Il'Illl'III 1\ 

redl~tflhllted mto the ~llrrollndil1gc()l1crete t.:lemel1b, ï hu), the \Uf/<IlIlHtlll)! 1 1I'1I1!'111<, 

will have a hlgger !'lharè in the Joad ~haring, and often t.:Vl'/J Ulldl'1 11ll' \;'Illl' ;Ippllt tI 

load ~ome new elemenb may farl. 
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1 hl: n;lck propagatHlO ln the connectJ(m~ wa~ ~tut.llet.l anù the crack pattern~ 

Wl'fC ()ht;IIIIL'd ;11 lour cntlcal "tage~: initial cracking (Stage 1). two-lll1rd ot the 

Idtllll;ltl' IClad ('i!;lge Il). yleldmg ot the remtorcing har (Stage III). and at the fallure 

Il've! (St;lgl' IV) 

('on ncction SI 

'/ hl' CI ;Icklllg pattern" for ConnectlOf1 SI at the ditterent load ~tage~ me ~h()wn 

III 1 Igllll' 3.14. IlIitJ<!1 crackIng occurred al él load value nt 70 kN, Few conclete 

Ckllll'lIt,> (cl l'kl1lellt~) cracked III the ten~ion zone neal the tree edge a" ~hmvn 111 

hgllll' .lI4(;I). i\~ the IOild wa~ IIlcre~l~ed, crackmg propagated toward the centre ot 

C()IH'Il'te p:llld ami ,dong the rellltorclI1g har. At;1 Inad value ot 120 kN (2/3 ot 

!;lIltlll' I()ad). \Il ail 24 ekll1ent~ had uacked a~ ~hmvn III FIgure 3.14(h), MOle 

Cll'll1l'llb h"d CI acked along the hile where the thlckne:-,s ot the cOl1crete panel 

l·h:llIgl'l1. /\t thl' next Increl11ental loadmg (Ioad ot 125 kN). cn!-:k propagatIon Wél~ 

Il\( Ill' 1 il [1ld . .t I1d the n li III her ot cracked e le menb II1crea~ed to 4R al 1110:-' t tWlce the 

Il li Jl111l'1 ;11 the preVI()lI~ load ,>tep. Thl~ call~ed "Ignitlcant II1crea~e:-, 111 the 

dl~]llill'l'll1l·nt,>. In thl' tlllld ~t;lge ot loadlllg (yleldlllg ot rellltorcll1g har. ~tage III) 

\VIth il IOilll villut' (lt 175 kN, ail nt tlll' cOllcrete 1~:\I1el element~ m the regllll1 arullnd 

tlll' teJ\!'lIUII hal had n;lcked. In tutal Illoré tl1an one-hait (JI the C()llcrete elemenb 

h:ld clacket!. ~Cl' hgllll' 3.14(c)). 

Incrl'a~\Ilg tlll' Inad IIp tu blliure caused much ~Imver crack propagation, 

dltllllllgil ail Cllllcrctc l'lcl1lellt~ around the tel1"I()1l part had talled due 10 crackll1g, 

'l'Ill' complett' 1:lJlure III l'oncrete elemènb ~urmllnding the tell~lon kg 1 è~ulted in 

plill-llllt lit thl' har whlch \Vas :lccol11pal11t~d hy crushillg ot the concre1e 111 Il 

l'iL'111l'l1t~. At thl~ !'ltage. the COl11lectlOI1 hall tar\ed, 
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(a) Sta,e l , P=70 kN (b) Stage Il , P=120 kN 

cracked elemenls 

• crushed elemenls 

(c) Staie lU , P=175 kN (d) Stage IV , P= 180 kN 

• Figure 3.14 Cracked and cru shed clements for Cnnncction SI 
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(·onm·clif." S2 

ï hL' ClilCklllg pHttern .... ilt the hlur ~elected Inaù ~tage!\ for ConnectlO!1 S2 are 

jlll'\clltl'd III '·lgUI\.' 1.15. Initiai crack~ lormel! in three elell1ent~ llèar the flee edge 

;It ;1 Imd (lI (lO kN a:-. ~h(Jwn In Figure J.15(a), amI the prrllclpal tell~lle ~tlL'~~ 111 Olle 

dCIlH'llt 1\\:(11 thl: edge Wi\~ very c1o~e to the Inoùlllu~ of rupture of the conclcte. The 

ILn\11L' :-.tn: ........ l·., pl eVI( lll!-.Iy taken by the lI11cracked concrete elemellt~ \Vere tl<ln~ferred 

t() the IL'lllloll'lllg :-.teel. re:-'lIltlng in é\ ~Ignllicé\nt If1CIL'a),e 111 the .... teel :-.tre~),e)" 

IlIl·Il'!()ll·. III tllL' :-.teL'1 !-.tralll Ievel aroulld the cracb. Thi), IIKTea),c \\'a~ over 24()c/~ 

\VIt Il Il'),I1l'ct 10 the v:l!lIl''' at the prevloll:-' IOé\d !-.tep. A), the load \Va), Il1cremed 

gl fldu:dly. CI;I( k~ propag:lted :-.Iowly III the temiol1 zone. At él l(lmlot 120 kN (2/3 (lI 

11lt' 1 .IJlIII L Ioéld, .... I.I~TI.' Il). the nlllllher nt l'me ked element), wa:-- 15 a), :-.howll III FlgUI e 

, l "(h), 1\11 l'X:llIlIn;ltl<ll1 ul thc rC:-'lllt~ (lI thl' computel output at a !oad valllc 01 

I·Hl kN Il'\'l';i!l'd il mOle I:IJml propagntlol1 01 cracks. re),ultIng III a ~harp changc ill 

hl Jt Il thl' I()dd·'>tl ;1111 .ml! the loml·ddlL'ctlon re"'pol1se ClIl'Ve)" In the thinl load ~télge 

wltllioad v;dm' ot 172,~ kN (tll~t ylelùll1g 01 temlle rell1lorcmg bal. ~tage III). almo.,t 

;111 CllI1CIl·tt· t'IL'I11t'llt~ :dong the tel1~r1e !cg and normal to It had cI:lcked. ~ee Figure 

~.15( l'), N()!1L' nI the ckmenb approflched the compre~slve l'allure ~tagL'. however. 

tlll' r\lmpll'~~1\ll1 ~tre~~e~ \Vere wthL'r \lgI11ttCéll1t. 

A~ tht' ilppllet! l(l:ld W;I:-' Illclea~ed and the SpeClIl1èn approached tallure. ~()l11e 

l'()!1l'1l·tl' L'k111cnt~ 1I11tki the hook part 01 the ~tee\ bar cr<lcked due tn biaxral tension. 

\Vhel l';I~ t Ill' L'Ollel L'te l'lcll1ent~ in Iront 01 the hook part lailed l'y mm hll1ed temik 

.lllti l'(lIl1Jlre~SI(l1l ~tIL·S),l'S. :J~ shmvn 1!1 FIgllIL' 3.15(d). The llul11her (lI l'racket! 

l'kIlll'llh 1!ll'Il'iI~t'd :-'lgllIllcantly compared tu thc \alue lm the ),tage <It WhICh the 

1t'1Il1111L'lng, hal hall YIL'\ded, At the fadule load 01 1~2.5 kN. ail t:oncrete clements 

"UrI i llllllllllg tilt' 1 l'llllllIL'lng ~tl'cl in tension zonc haù lalkd completely. i mlicattng thc 

ttlt;lI Iilliult' III t'()I1IlL'ction. In thl!'> regmd. the tl'n~l()n bar ~tarted to pull out Iro1l1 the 

ClllWIl'tl' panel wlllch c:lused SL'VL'Ial e()ncrè1~' è1L'menb (17 elelllent~) to he ~ubjected 

ln hI;l\Î;t! l'(1Il1plt'~"I\t' ~tll'!'ISt" IL'stllting III the cltI!'Ihmg of the:-.e elements. 



• 

(a) Stage 1 • P=60 kN (b) Stage Il , P= 120 kN 

cracked elemenls 

• ,.-~--+-+"""''ffl~~ cru~hed elemenls 

(<l) Stage III • P=112.5 kN (d) Stage IV , P= 182.5 kN 

• Figure 3.15 Crackcd and cru shed clements f()r Conncction S2 
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Conncction S3 

Figure ~.I()!-.h()w:-. th~ crack pattern:-. lm ConnectHm S3 during the incremental 

:tppJlcd IWldlllg ,II Ihe dllkn:nl load stélge~. The lil~t crack~ il1ltlélted at the outer

Ill()~t lace 01 the terl~J(Hl n:inlorcmg bar at a load value of 40 kN are ~h()wn in Figure 

1. j(l( éI ). 'l'hl' Il il" 1 hl' 100ld wa~ IIlcrea~ed mO!lotolllca lIy, more concrete e leme!l t ~ 

Cfackl'd ,!I()ng the lellllorcing har. In the fo)]owlIlg load step~. ~()l1le concrete 

clement,> I()ciltet! hetwel'n the two relJltcJrclng hal ~ were :-,ubJected to cOll1hillCd 

c(lIllpre~"'()11 ;11](1 tcn",on :-,trl':-.~e~, re..,ultmg ln cracking nI' the:-.e element">. At the 

~t'colJ(.1 ~t(lgl' (lI Imdlllg (2/') of failurl' IO;ld = <)0 kN). <) ekme!lts had cracked m 

~h.'W1l III hglllC 1.1(I(h). A Icvlewol the oulput re:-'lIlt~ at a Joad ot 120 kN ~howed 

tllat tilt' IlUlIllWf (JI rracked elernent~ al any load ~lage II1crea~ed proporllol1ally with 

the applled J(lild Nom: 01 the demt'nt:-. .n the C01l1ple~:-'llm z()ne had lalkd . DUll\1g 

thl' f(JIII lWlllg I():td :-,\;Igc (Joad 01 125 kN) two ele1l1ent~ 111 the Clll11pre..,:-'IOI1 reglol1 hall 

l'lu~ht'd duc to the dowcl action 01 the har:-. a:-. shmvl1 III rlgule 3.1()(c). It ~hollld he 

Illlted thilt ~tilgl' III \V~I'" comlLkred lllle lu,ld ~tcp hclorc tailulc. The clll~hing (JI the 

COI\l'll'tl' Cklllt'Ilb l'i1l1'>ed ledl"trrblltlOI1 lit thc ';trè~"es III other ekmL'l1b whlch ln 

tllllllC'-,UJtcd IIlI11(Jlè l'IClllel1t to hl' nacked 111 the te!1~lon reglon. A:-. more elemeIlt~ 

clilcked ,IIIllIIlLl thl.' temlO!1 :-.tt:l'l haro the ten~r1e torce~ \Vere tran:-.tl'rrell to the 

1l'lnl()fclIlg har. Thl'rcture the steel ~train~ changed rapldly. resultrng in a signltïcant 

IIIl'lCilM.' III the displacCIlll:nt 01 the cOllnectio!1. 

A~ the Cl1l1nectloll was loaded to failure (Ioad ot !30 kN), almo~t aIl the 

COIKll'tc Ckllll'Ilb iliOlind the ten:-.ion reinforclI1g bar hall talled complete1y • marking 

the lallulL' 01 the COlll1l'l'tlO!1 as showl1 111 Flgule ~.16(d), The tensIon har ~tarted to 

pull nut \10111 the concrde panel. This along \VIth the dnwe! re~i:-.tanl'e ot the 

l'Ol1t'lete 111 tront ot the rl'lI1torclIlg bar near the l'lige. cau:-.ed these elements to be 

SlIhJl'l'tt.'d tn \ ny I1lgh hlélxlal cOI11prl'~si\lt' stres~es rl'sultmg in crushing of the~e 

rOllnctc l'kI11l'nt~ . 
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(a) Stage l , P=40 kN (b) Stage Il , P=90 kN 

cracked e1emenlll 

• crushed elemenls 

(c) Stage III • P=125 kN (d) Stage IV , P=130 kN 

• Figure 3.16 Cracked and crushed elements for COl1ncction S3 
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Connectinn SS 

Th~ cracking patt~rn~ are shown for ail four load stages. The cracked or 

<.:ru~hed ~kmell!~ ilr~ ~h()WI1 111 Pigure 3.17. The load at whlch the first cracks 

imtIated wa~ ;lpproxlll1at~ly 75 kN as shown In Figurc 3. 17(a). As the laad was 

mcr~a!-.ed mOllo!on!cally, crach propagated along and normal to the reinforcing bar. 

Th~ arca of <.:racket! ekl1l~Il!S had graùually lIlcreased during the second stage of 

loading (load valuc of 140 kN). At a load of 140 kN (2/3 of the failure load), 34 

clement,> l];Id uackcd, ln thc IhmJ load ~tage (yielding of the rcinforcing bar, stage 

III), ail C<lI1CICll' ekllll'lIh awulHl th~ rcinlorcmg bar 111 tcnsll~ zone hat! cracked. In 

l(llal, m()le t!l:11l Il:111 of the cOllcrcte pand had crad.cd as sh(Jwn ln Plgure 3.17(<.:). 

NOllc 01 III~ cklllclib III thl: CIlll1pre~~ion zone had laIied, In the following loading 

sll'ps, CllIcb I)[Op:lg:ltl'd ratller ~Iowly, Finaliy, as thc load WélS IIlcreascd up to the 

tailurc load 01 21') kN, :t11 conclete clements around the tension steel bar had 

dl'tertora!eu, indll"atlllg the 1:lllurc of the cOllncction. The tension steel bar started 

to pull out Irom the concrcte panel resulting 111 crushmg of sorne concrete clements 

:I~ shllwll III Figllle ~.17(d). Thi~ IS hecause the crack alollg the steel bar caused 

Tl'distllhutlllll of the ~trc~!'.es tu the aUJ<lcent elcmcnts, rC!lulting in their crushing due 

III Vl'ry hlgh hwxlal compressive strcsses . 
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(a) Stage l , P;75 kN (b) Stage 11 , P=140 kN 

(c) Stage 1II , P=207.5 kN (d) Stage IV , P= 212.5 kN 

Stee 1 Angle 

~// , , , , , 

cracked elemen18 

Il 
crushed elemenla 

Figure 3.17 Cracked and crushed elements for Conncctinn S5 
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Chapter 4 

Experimen tal Resolts 

4.1 Introduction 

Thi~ charter ùescrihes the complete response of each of the five specimens 

tested to de~trllctl<m undcr reversed cyclic loading. Horizontal and vertical 

tllsplaccrncnts of the connections, total displacement of the specimen and if!; 

accol11panylllg hOllll<!:lfIes steel trame, which had been mode lIed usmg the SAP90 

analy~is re~lIlts, stlall1'> at !-IIX locations on the re1l1forcII1g har anchor and at two 

l()ratiol1~ Oll the wl'lùeu heaùeu stuus were measured. The concrete surface strains 

Wl're ohtallll'u lIsing uelllec gauge readings at locations comcident with the bar strain 

gallges. 

The lollowing figures are presented for each of the five connection specimens: 

1. I\pplled !oaù vs. horizontal displaccment respol1se. 

Î I\pplieJ !oad vs. vertical di~pJaccment re~ponse. 

1. I\pplied load vs. measureJ strain in the reinforcing bar anchors and in the 

heaùcu stuus. 

-1. Peak Joau vs. maximum surface principal strain. 

S. l\kaslIleJ stIaill vs. distance alollg the embedded anchors at ultimate load. 

6. Peak load vs. measured maximum crack width . 

7. Photographs of the specimen at ùifferent load stages. 
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4.2 Test Specinlen SI 

4.2.1 The Specimen 

Specimen SI was reinforœù wlth a No. 15 ùeformeù bar, ht'Ilt at ·t5" wl.'ldl'd 

to a 10 mm thick s tee! pla te anù a uniform wire fahnc Illl'sh, 100 x 1 (l() MW 1J.3 1 

MW13.3 (see Figure 2.15). It was ùeslgned and lktallell wlth speciall'lll1~ldl',-.ltlll\l 

for development length unller !OW cycle loaJing(2(l). 

Determina t Ion 01 the ultllna te strcngt 11 under 1110110t011 Ica lIy lI\l'll'a~ mg Inad 

(referreù to as "monotonie" Inad) IS based on the allchmagl' kllgtl! lm ~CI~Il1Ir 

loading , and the equatluns wlw.:h in tUIl1 are lkpendent un the CUIlCll'tl' COVl'1 

thickncss. Ali calclllatlOl1~ weil' pl'rtollm:d COI1~llkIllIg CqUlllhlllllll ut the IUIIl! lI~ll\g 

the truss ana lo!:,'Y. The L!owe 1 action of the a 111'hor was c()J1~ldl'fed III t hl' ca Ir ula t IOIlS; 

the wire fahric mesh wa~ not illcluùcd. 

3.2.2 Loading llistory and Cycles 1 - 3 

Table 4.1 surnmarizes the loading history for Specimen SI, along with thl' 

measured horizontal dl!'tplacl'IllCnb at t1H~!'te Joad sté\ge~. A~ l'an he ~l'e\lIt()1Il Ftgll/t'~ 

4.1 and 4.2, anù Table 4.1, the .,pecimen wa~ slIhJected 10 one e\a~llc cycle (Cycle 1), 

followed hy two cycles (Cych:s 2 and 3) at a peak IO:ld (lI 1() kN C:llI\llIg a IltllJ1lwr 

of small cracks aroul1ll the rctrltorcll1g bar in Iht: lOllc/elL: p.llll'i. 'l'Ill' III~I '>pllltlllg 

crack appearcù at the Iree edge 01 the Specimen ,,)ong the kngth (JI ,Ill' Il'IIII()(( Illg 

bar. It can be Iloted lrom Figure 4.4a that the maXlmll1ll PrllH'lpal ... tl:11I1 III the 

concrete pand is k~s than tk concrcll: cracklIlg tL:1\\lk ..,11:1111 al L()(,illHlIl 1. No 

crack was ohserveù al 111!'. )ocalJOIl. The l1lea~llred crack wldlh al tll1~ l<lad :-.Iage W:I\ 

0.08 mm. A symmetncal crack furmeù during the !oadillg 111 tlll' rl"ver\c dlrectloll 

(termed "negative" )oadlllg trom here on). Tht.: fllilXllTlll1ll pllllUpial !'ttfillll III thr 

concrcte panel ll1easured at the ùernec gaugL:!'t at L()catlon tl, !;olllcrcll'111 wlth tl1\' 

strain gauge on the bar at the ~é1me location, I~ 124 x 10 (, where ill the crack lorlllcd 

and extcnded throughout the ùemec gauge ~et. The Joad - t1l'llectl()11 CllIW\ 

remained almmt linear untr! the end 01 the tlmd cycle, 3B 
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Table 4.1 Summary of Loading History for Specimen SI 

Cycle I,oad Stages Horizontal Shear Force 

Displacement V (kN) 

(mm)"· 

1 ~Ia~tlc lA - lB +0.16, -0.08 ±35 

Cracked 2/\ - 3[3 +0.18, -0.10 ±36 

'j')(Yt p . 
4/\ - ()B +O.6B, -0.71 ±96 - ~ li .lit 

X2% Pull 7/\ - X[3 + 3.80, -3.] 1 ±150 

Failure 913 5.72 +145 

-+- Calcula ted maximulll strellgth unùer monotonically increa~ing loaùs (182 kN) 

H Det !ectio!1 at the pt'ak lond Dt last cycle of a given Joad ~tage 

4.2.3. Luad Cycle~ '" - 6 

The Joad was 1f1rreast'd 10 a peak Joad 96 kN tor thls step (Load Step 4A), 

which IS S()% 01 the 1l10110tOIllC ultllnate design strength. The splitting crack extended 

along the rClI1forclIlg bar ,!11l1 wiùeneù to a width of 0.33 mm. The first diagonal 

cr ack w;t~ observcd :It the locatllHl of change 10 thlckness of the panel, where due to 

il smalkl l'm,cr Ihlc"lll'~~. IIll're I~ a ùecrease in the local bond stre~s. Cracking 

Ol'Clil led whl'11 the ma,\II11UIll tcn~tle strall1 at that locallon exceeded the value of 

110\.10 Il (CI acklllg ~trall1 01 collade). The "maximum pnncipal stram vs ùistance 

alun!; the: haI" curves ale plv~entèd III {:lgure 4.3. The fm;t slgn of concrète splitting 

al thl' t'nd (lI the lace plate \\a:-. oh!-terved at lb nght corner. It showed shpping of 

the rL'IIlIllll'lng b:ll and Illtallllll 01 the lace plate In the plane Dt the panel. Figure 

4Aa pll'!ll'nb il plmtogl:tph 0\ the specImen at Load Cycle 41\. The~e cracks caused 

a l'ha IIgc in t hL' ~lllpL' III the load - displaceme nt response (see Figure 4.1). The 

Illlll.llllllal dl:-plaCl'llll'l\t :lt tilis load stage was o.() mm, which remained almost 

l'llll:-talll lInl II t Ill' L'nd of the Cycle 6B. The same behuviour was observed for the 

l1cga t i\L' Inad cyrks. 
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Figure -1.2 Mcasurcd strains along the length of reinforcing bar anchor 
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2MO 

2500 

'l'hl' Pll'VH)lI~ l'Jack alol1g the length ot the rCll1lorcmg bar hall wldened ~iglllfIcal1tly 

aIllIC\lclllkd. The stWl1l v;tllle~ :11 L()Céltl()n~ 1 and 1 \Vere very cl()~e, ~h()wing very 

Ilttll' IllJCt' tlall~kl due tn bond between L()cé\tl()n~ 1 and 1. The maximum ~train wa~ 

W.;o \ 10 h wlllch I~ 47\( ot the yleld stralll, sel' Figure 4.2. 

-1.2..4 Load Cycles 7 - 9 

A~ the appited load was IIlrreased to 150 kN (Cycle 7A), the ~plItting clack 

alllllg the Il'IIllllrClllg har extel1ded fUI ther. and more dIagonal Lracks appeared 

!K'Ij1l'11lhnlial ln the ~phtttng crack (Figure 4Ab). As ~een in Figure 4.3. the 
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Specimen SI 

maximum principal strams at all three sets ot derlll~c gaLJge~ (LocatIClII'> l, 2 ;11ll1 .1) 

aJung the reinlorcmg bar were computed 10 be more than the cr,lcklllg ten:-'Ile ~tl am 

of the concrete, which explains the appcarance ot the llJagoIlél1 CfflCb :d()llg tiH' 

anchor har untJl Its enù. As can be seen 111 Figure 4.1, the Ùt'>pIéICl:mcllt dWllgl"l1 

slgnlllcantly hy 1ll00C than t\Vlce the ul:-.p taœll1l:nt at tht.: t.:IlÙ of IO;ld ..,tilgl' hA, 

indlcatmg enerbT)' ùI~'>lpatlon 11\ the connectlon :-.y~tcl1l. The maXlllllJm nll';l"lIrl~d 

crack width wa~ O.H mm. In the !ol!OWll1g cycle ot thi.., IO(lu ~tage X, the / ellllorullg 

bar yieldt.:d anù the mea:-.ureu hOflzontal dl~plalement wa~ 1.K mm (L\y). ~11l("C the 

bar in the c()mpres~ion zone uiù not yidu, there wa~ !l() ~lgflllIcallt change //1 the Il lad 
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- cldkctlon curve.... The ~élme hehaviour was ob~erved with the loading in the reverse 

dlfl:lllCln (~ee Flgur~ 4.4h). 

hlliurc occurrcd In the next cycle at a maximum Joad ot 145 kN due to brittle 

fracture of the rell1lorcement cime tn the weld (~ee Figure 4.4c). At this Joad stage, 

the hon/ollta) dl~plétccment wa~ 5.72 mm, glVlf1g a dlspJacement ductility of J..L = 

').72/3.X = 1.5. hgure 4 5 prc..,ent~ the Load - vertical dl~placement characteristics 

of the COllnectloll f;lccplatc. 'l'lm vertical displacement IS due to the slipping of the 

har 011 accoullt (lI t he CI :Ick .... :t!()llg and normal to the bar and the re~ulting rotation 

()f the UlllllectJ()Il. III the prototype ~ystem, sorne of this displacement is prevented 

hy the atlJ:lcellt flange. 

Figure 4. J ~IH)W'" li change ot ~tiffness and a significant increase in the 

dl~placcl11clll durlllg Cycle 7 A, wlllch i~ duc to diagonal and spJitting cracks (see 

l 'lglllC -IAh) Il ~h()llid he l10ted thal the fd~torcd dc:-,ign capacity IS calclllatcd lIsing 

(/\ = O.K'i, thl'> capaclty 1:-' () K5 Vult = O.XS x 140 = 1 19 kN. It show~ that up to the 

LlelO/l'd dl':-'Ign I()ad, thl hchaviullf under the cyc\ic loadIng is very close to thal 

lllHll'r IlH)/HltUIlIC ~tatlc IU;ldlI1g. The ellcrgy di~sipated and the resiùual displacement 

:lIe Vl'ly ~l11all due tll the cla .... tlc behavlour of the anchorage bar. 

Th~ varlatl(}!1 01 !'>tl all1~ :dong the Iength of the rem10rcmg bar at ultimate load 

:Ill' pl l'~c!ltcd 111 Figure 4.6 \vhich ll1Ùlcates that approximateJy more than one third 

III thl' rl'l!lfmcll1g har ha<; yll'Ideù \vhen the har \Vas subjecteù to tension . 
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Figure 4.3 Maximum principal strain distribution in t.he panel 

along the length of reinforcing bar, rosette measurements, Specimen SI 
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(a) Crack pattern of connection at 50% of PUlL' P=96 kN 

'. " " 

\ 

(h) Connection at IAy, P=150 kN 

• }'igure 4.4 Photographs of Specimen SI 
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SI· 9A 
\ 

(c) Connection close-up at failure 

END -- BACK 

\ 

1. 

(d) Connection c1ose-up at the end of te~t 

• Figure 4.4 (Continued) Photographs of Specimen SI 
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4.2.5 Crack Width at Peak Cycle Loads 

The lOéL\:imum crack width for the peak load in each luad stl'p IS plllttl.'ll 111 

Figure 4.7 which abo show!'. the hl,!'.t lit curve to thl' l'XIllTI\11l'lltal Il'sult!'.. l'hl' lï ;tek 

width, dm,Lx' is related to the peak load, P, for positive loadlllg by thl' fllllm\'l\Ig 

cquation: 

p = + 666 dm,LX - 1943 d m•L/ + 2726 dnhlX
J 

- 1307 dllt.l\ 
4 

and for negative loading, 

p = -761 dm,IX + 2423 dm'L\:! - 3435 dn1.\}. \ + 1625 dm•lx 1 

(.t -1) 

(·l -2) 

The area limier this curve IS an mÙlcator 01 the fracture elll'Igy ah!'.llI ptloll 

characteristic ni the connection. 

4.2.6 Bond Between Steel 1)lates and Concrete l)and 

The bond hctween the steel plate epoxied 10 Ihe pCrJlllcter 01 the colln ctc 

panel was exa\l1l1led al dllterent stage~ (lI the eXperJlllent anù It was Illlllld tll Iw 

intact everywhere. A plot ot the llleasurcd ddlectiOI1 Dt the epoxlI.'d !'.ll'e\ plate wlth 

the load variation is shoWIl \Il Figure ,~.X whlch IlIu!'.tralc!'. a h:t~·"c hlll':11 IC:-'pOIl!'.l·. 

4.2.7 Summary- Specimen SI was subJected tu thc loadll1g hlstUly outlllll'd 111 T:lhll' 

4.1 and Figure 4.1, wlth SIX Jnad cycle!'. bcyolld thc laltolcd de:-'Igll 1():ld 01 110 kN 

As ean be seen 111 Figure 4.1, must of the delkctlo/l ()l'cllrred alter the devcl()pllll'lIt 

of diagonal cracks and ~iglllilcallt exlen-.ion 01 the ~pllttlllg crack:-. :t!()llg tlll' kllgtlJ (lI 

the har. Weil rounùed hy:-'lL'rl':-.i~ loop were obsCIVl'd :lItcl tlll' "I\tllryl II' 

A ùisplaccl11ent dllctillty 01 1.5 \Va" achieved. l'Ile rn:tXlIllll/ll I( l:ld applll'd W:I:-' l'i() kN 

which is ~2% 01 predlcted monotonIe ultnnate capacity, wlllie the lallure O('('ll/ !I.t! 

due tu Iracture uf the rcinlmullg bar c1()~e to tlle weILl. 'l'Ill' IIllP(l/t:tIlU: (lI 1\lIIy 

welding ail of the stralght p:lrt of the har ln the lace plate wa~ apparellt. Ah() tlle 

steel plate epoxied to tht:: panel remaineJ IIltact dUI illg the rever:-.ed cydl(, 1();ldlllg 

(see Section 4.2.6) . 
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4.3 Test Specimen S2 

4.3.1 The Specimen 

Specimen S2 was remtorced with a NO.15 bar,bent at ·t5'';lild wlth a Ilght 

angled hook a~ ~l1()wn in Figure 2.16. A 75 mm x 200 \11111 x 12 mlll thil·\.. pl.ltl' \\'a~ 

welded to the reinforelI1g har anchor and a Ul1IfOl \11 wm.~ labile ml'~h ((.\l'nllral tll that 

of Specimen SI. It must he noted that the full hori/ontal stl;lIght p.lrt 01 thl' 

reinforcing bar, 20{) mIn, was we\ùed to the plate. As lm SpeClmcn S l, thl~ SplTlIlll'll 

was designèd and dctaIleù wlth ~peCial con~lderatioll lm dcvdoplllcllt kngth Ulllki 

low - cycle loadingt20). 

4.3.2 Loading History and Cycles 1 - 6 

Table 4.2 Slll11111:1nLeS the Illadmg hl~tory for SpeClllll'll S2. ;\~ rail hl' ~Cl'Il 

from Figures 4.9 anù 4.10, anù Table 4.2, the specimen wa~ lualkd thl(lugh thllT 

eIastÏc cycks at a peak IO:ld of 26 kN (Loat! Cycll'~ i - 3), lollll\wlI hy tllllT ryc!t·s 

al a peak load 01 S5 kN (Load Cyrks 4 - ()). Flgurl' 4.lla rl'Vl'il'" thdt tilt' lllél\lIlllll11 

pnncipal stral!l~ at the end 01 the third d.t~tlc cyelt: OB) Wl'ft· ~111,t1kl thall the 

concrele lallure tenslle ~tral!l. TIll' Ilr~t crack appc:IIl'd \lll thl' l OIlC/l'tl' ~1I11:Il'l· 

coincilknt wlth the ~taltll1g p()mt 01 thc IIlc\lI1cd rClll!orcClIIl"llt, dt il IO:ld o! ·12 kN 

in Cyclè 4A, !'>ee Figure 4.lla. The crack wa!'> dlrecteù aiollg tlll' IllIl' (lI the 

reinforcing bar. This caused a change 111 the stt!lllt.:'>~, a~ C:11l he M'l'Il fflllll 1:lgUIl' 

4.9,The ~al1le crack pattern occurreù at tlle ()Ppo~ltc ~idl' 01 tlle JOlllt wllell tht' 

connectiol1 \Va ... ~llhJected to a negatlve loaù 01 32 kN (~ee f.'Jgure 'l.llh). '1 hl' t'lad 

on the hack slde or the Specimen was l10tlccd ùuring Cycle 6, 

4.3.3 Load Cycles 7 - 9 

When the load was increased tn H5 kN, a diagonal crack appeared :It 17') mlll 

helnw the top concrete surfacc, where the thicknt.:~~ of the p:lIld changt.:,>, wlllie the 

splittll1g crack extended a!ong the bar. A ~ymmetflc crack pattern lorllled Whl'II the 

specimen was !oaded In the ()pp()~ite dlrcctHHl. l''Igllre~ 4.1 J a am.! 01.11 Il ..,Ilow th"t 

at a di~tance of 247 mm along the har, the location at whlch the crack oClurred hall 
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Tahle 4.2 Summary of Loading History for Specimen S2 

Cycle Load Stage~ Horizontal Shear Force 

Displacement (mm) •• V (kN) 

1 :Iilstl<": lA - 313 +0.13, -0.07 ±26 

( 'ra<..:kt.;ù 4A - M~ +0.33, -0.27 ±56 

40% Pull 
. 

7A - <)B +O.H3, - \.51 ±85 

sorlr) Pull 1 (lA - 12B + 2.02, -2.55 ± 112 

()O'}',; PUll 13;\- 15B +3.05, -4.69 ± 133 

70',; 1'1111 I();\ - INB +4.47, -7.48 ± 155 
--_._-

Nor; l'lIlt 1 <)A +6.61 +]70 _. 
:-';'(1 l' 
( ..... /(1 1111 1 <JB -8.92 -175 

75',( 1'1111 20A +7.15 +160 

N"" ( - ,( l'ull 2013 -9.78 -175 

Nor ; 1'1111 21A +7.78 -170 

N'( , 
( -.. I( 1'1111 2113 -JO.51 -170 

l'allll[t.; 22;\ +8.36 + ]51 

Fatlure 2213 -13.00 -146 

T C:tlclIlatl'd maximum stIl'llgth unùer monotonically increasing loads (182 kN) 

'1 1 MaXimum dl~placel11ent at the peak load of the last cycle 
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Figure 4.9 Hysteresis response of Specimen S2 

maximum principal strams greater than the tcnslle crackmg stralll ot the concrete. 

During the following two cycles at the same load, the diagonal crack and the \plJttlng 

crack propagated, espccially due to the rever~ed cyclic l()aùll1g~. The maXIJllum crack 

width was 0.30 mm. The maximum stral/1 at Location 1 of the remf()rclJIg bar wa~ 

850 x 10-6 which indicates that the stccl bar wa'i ~ttll in the el:l\tlc range (~ee Figure 

4.10b) . 
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4.3.4 Lund Cycles JO - 12 

ï he rnaXUT1um l(Jaù for the next loaù stage (Cycle lOA) was chosen ta be 112 

kN hm,eù on t he ()h~Clvatlon uf two more significant ùiagonal cracks around the hook 

rart of rcm/orclIlg har. For IOé\ùmg 10 the rO~ltive ùlrection, the tensile strain in the 

bar (lrounù the e/ld part 01 !'.traight cmbeddeù part in tension zone increaseù because 

of dowl'l act)(lll ami lCll'>ll))) lurcc III !'.tce1 bar. Consequently, one crack appeared 

approxllllalely 30 mIll hl'lorc the hcglOning ot the hook whlle the other appeareù at 

the l'Ild of Ihe 1H'lld. It s!1()ulù he noteù that the maximum principal strains 

(,()Il1IHltCÙ Il ... ll1g tlll' ... tram ù;lla from ùemcc géluge<; were con::.iderably larger than the 

CO/lCfete cr;ll'kulg ... 11:1111 (Figure!'. 4.11a anù 4.11b). As seen in Figures. 4.11<~ and 

'l.llh, the plllH'lpal sIl a 111:-' al Locations 1 anù 3 are larger than that al Location 2 in 

the hlglH'1 Cyl IL-!'>. 'l'lm 1:-' ÙUC to dowd action anù the bcaflng stre::,ses arounù the 

bo()k part :11 1 ()call()/l!'. 1 :lllli 3, Ic<,pectlvely. The maximum measureù anchorage 

stl :1111 :11 1,()caIIOIl 1 wa ... J()2(J)\ ](1 ", whlch b about 73% ot the steel yielù strain. The 

m:tXlIllllfll wilit h 01 thl' rr ack uh:-,crveù was 0.6 mm. No slgmflcant changes In the 

dl~pl;lcclI\l' I\h a IlJ bar ~tl all\~ \Vere observeù Juring the tollowing two cycles at thb 

l(Jad :-,1:lge. 'l'hL' load - detlcctlOIl cllrves rcmained relatively linear ur to the end of 

thl'!'>L' I()ad stl'p!'> ( C)cll' 12), IlIdlcatlIlg that the sti!tne~s anù strength ùegradatlon is 

insignit Il'<lnt. 

4.J.5 I.wul Cydes U - 15 

'l'hl' speCiml'll was then ~lIbjecteù to three loaù cycles (Cycles 13 - 15) at a 

l(lad (lI 133 kN, to lIl\l'~tlgatl' the cyclic respon~e of the connection about factored 

dl'!'.igll capaclty. 'l'hl' Ilr~t diagonal crack extenùeù to the eùge of the specimen, 

whlle thl' 111.1\11l111111 :-.11:1111 III the !'.tl:l'I har was 1985 x lOtJ, It shows that up to the 

lk'lgllL'd tartuled rapaclty. the Iell1lurclI1g bar rcmallleù in the elastic range. The 

111:l\1 III li III 1lll':l!'>uIl'd nark wldth dt the peak of cycle ISA was about 0.95 mm. The 

111:1\1 111 li III dl~pl.ll'l'll1l'I1IS at the Ilr~t ryde( 13A) anù the 1ast cycle of this 10aù stage 

(\:'.'\) Wl'!l' 2 :~:--Ill1m amI 2.()() lllIll, rc:-.pectlve1y. COl1seqllently, by reversing load at 

:1 peak IO:ld stagl' ot U~ kN, there was Ilot a significant \f1crease in the ùisplacement . 

.'\ syl11llll'll ic,t1 CI acl~ pattl'l Il formeL! on the other sille of the connectlon ùuring the 
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Figure 4.10 Measured strains along the length of rcinforcing bar anchor 
Specimen S2 

negative loading. 

4.3.6 Load Cycles 16 - 18 

The specimen was then subjected to three cycles with a peak Joad ot J 55 kN 

(Cycles 16 - lR), whlch is about 70% of the monotonie uJtllTJatc Joad. The 1!I:-.1 

yielding was expected to occur at a Joad hctwccn 150 and 1 ()(J kN. Il shouJd be 

mentioned that based on the hand method of analy:-.is (tru:-.s analogy), the rcintorcmg 
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Figure 4.10 (cnntinued) Measured straiDs along the length of reinforcing bar 
Specimen S2 

har shouJd have yle\ded al a Joad of 140 kN, but the yielding was delayed since the 

SlII wunding l'Ollrrele \Va~ rl'sisting some of the tension. The m3ximum dis placement 

at the 1\J~t cycle wa~ J.X 111111. The measured strain at Location 1 was 2170 x 10-6 

wl1l<:h IS cime to tht' )'Iekl stralll of the steel bar (see Figure 4.lOa). Upon load 

rl'\l'fsal, the 11'1I11orl'lIlg bar yleldeù at Location 4 at a load of 135 kN, while the 

l11l'a~url'd lhsplacel11t'1l1 al yie!d was -).2 mm. In the next load cycle (Cycle 17), the 

strain at Location 1 exceeded the yleld strain. 
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The ùl''>plaœment at yldù ùuring the positive !oad cycle was measured ta be 3.3 

mm (a y). [n the r:cxt cycle, the ~tram~ at both L,ocations 1 and 4 did not change 

C(III'>ltkrahly. '[ tlc photograph of the connectlOn region at the fln,t yield in Figure 

4.12;\ :-.1}(lW'> thc,>c kilturc,>. 

4.3.7. Luad Cycle., 19 - 21 

Â:-. tlIl' l<laù wa,> IlIcrea,>eù 10 170 kN (Cycle 19A), wIlIch is about 80% of the 

ultllll;llL' dC'>lgII l(lad, tht..: llleil"Ureù ùl~placement was 6.6 mm (2.:\y)' When a load 

(lI 17<:" ~N W:I'> Illlp():-,cd durlllg the negatlve cycle, the I11ca~ured dlsplacement \Vé\~ -

~.() IlIIII /\11 addltl()lIal :-.pllttlllg n(lck wm, ob!">erved unùer the hook In compre~:-.ion 

ha'>lc,t1ly tIuc to l ()lllprl'~"l(lII llndcr the hook anù dowcl action In the bar resulting In 

the :-.pllttlllg l'l;lck III the Ill'xt cycle, at a loaù ot 160 kN (Cycle 20A), the l'irst 

dl:lglllI:t1CI,llk ilt the I()CltJ(lll 01 change ll1 pallel thlckne~s w:!:; completely open, and 

the Will' j:lhlll' llll'..,h ill'lm!"> that crack wa~ Iractureù. Abo, the :-,econù dJa~onal crack 
'--

lIc:tr the t'nd (JI tlll' :-.tralght part opcm:d :-.ignIilcantly on both lace~ of the ~peclmen, 

ï III~ rall~Ld a It'llllctioll 01 n kN 1Il the peak loaJ, a~ prc~enteù in Table 4.2. This 

l'I !L'ct t'an Iw "'l'l'II III the hy ... tl'I C!">I:-' lo()p in Figures 4.9 anù 4. lOb. In aùdition the 

1II:IXlllIlIl11 III IlIcipal :-.tI :t 1 Il ... al L()L':ttl()l1~ 1 anù 2 ùecrca~ed comlùerabJy (~ee Figure 

·1.11;1). It \\:1\ [Jutcd that ~1Il' :-.pllttlllg crack ln the cOJl1pre~~I()n zone e:-.tcnùeù tu the 

l'Ild (l! thl' :-.Iralght pal t (J! .trIchorage becau~e of the high cOll1preS~lve force III the 

1t'1Il!(lIl'lllg hal. DllIllIg the !llllo\VlIlg cycle (21), the ~peCII11en wa~ loaùed to 170 kN 

;llld thl' IlW:I..,llICd llI:-.pl:lcL'IllL'lIt \Va ... 7.h mm. The m<lXIIl1UIll crack wlùth wa~ Il mm. 

TIll' :-.tlllnn" lor thl' cycle.., (lI tlm Joad ~tage (Cycles 19 - 21) ùecreaseù significantly 

III l'OIllP:III:-'(ll1 \\'Ith prC\l()lI:-' l()ad ~tagl'~ WhlCh were due to more yielùlng of a part 

01 thl" Il'llll<llClI1g bal. A photograph 111 Figure 4.12b show:-. the crack pattern at a 

1:ltl'J.ll dL'lkl·tUlll (lI 6.() Illlll (-2.:\J. 

·LtS Load C) cie 22 

1'1I1:1Ily. OIlC c)ck at nw\.imuIll loaùs 150 kN (22A) and -146 kN (22B) for its 

pmiti\l' amI nL'g:ltlve peab, respectively, was imposed. During positive loading 

(( ') l'Il' 22. \). 1 hl' cm l'[ around the hook bcnd spa lied off more on the bacbiùe of the 
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specimen and a gap of 4 mm fml11ed ht.'twl'l'n the :l1lL'lll11 h,1I ,1IIl! the l" )Il,ï l'Il', 

mdicatmg complète mO\'L'lllent ot the hook bl'Ild ll1 the pl;lllL' III the l'(lill'ietl' 1'.llll'l 

The mea~ured L11~placel11l'nl \\'a~ K-,6 111111 gl\ lllg a dl~pl,ll'l'I1ll'llt dlll'ttllt~ ,'i .).:; 

Figure ,+'J2c ple"elll~ a cime up photogtaph 01 thL'IHH1~ Il'glllll ;11 tlll' ,t. 1 !-!l' (~"..\\) 

U pon Joad 1 è\ e r~al. the C()\,er !'! pa 1 le LI ot! a ml t hl' "pit t t IIlg CI aek ;!Iollg t hl' bol 1 k Il!-!t'' 

extended helo\\' the hook part (~l'e Fig 4 L'd). lL"UltlJlg 111 ,Ill Illl'Il'.t'l' III thl' 

dbpJacement (!'!ee Figure 4,9), Thl' gap hl't\\'L'CIl tllL' Il'll1loll'lll!,?; h;11 .\l1l1 1 hl' 

concrete wa~ lllea~ured to he abOlit 3.5 Illm. l'hl..' tl'!'!t W;I!'! ~t()pped Iwcall"l' "(ltb 

hoob rota tell ou t of 1 hl' pla Ill' 01 t hl' COlll'll' Il' pa nd. The load \\,;1' gl.l li li, Il h 

decrea!'!ed tn zem. Tlm \va!'! accompanled hya rapld 11l1'll':I"l' III thl' dl'pl;ll'l'llll'lll 

The mea!'!ured 1I1!'.placellll'nb were K4 m111 and -13 mlll al the \1l':lk, (lI (\'lln .n,\ 

and 22B. re"pecllvely. 

FIgure 4,13 !'!h()\v~ the Joad - vertical dl!'!plal'l'IllL'llt l'h;II:ll'tl'll"tll'~ III tht' 

specimen Thi!'! di"placement i~ due tu the !'!plittll1g ni the C()J1l'1 L'te ;!Iong Il'llll( III 11l!-! 

bar é\!'. a re!'.ult 01 cracking along and perpemlrcular tu the bal CtlU!'.lllg Illt;lt J( 111 III th,' 

connection. The tlange ut the adJacenl tee III an actll:!1 !'!lIl1cllllt' \Hl'\,t'llt, "(lllll' (li 

thi~ displac:ement. 

The prottle 01 !'!trail1!'! a)ong the length (lI the rellll( li ('1 fig \):11 1" ,\J( 1\\'11 III /'I!-!lll" 

4,14. The entire lI1clined stralght part of the rellllmClng harwnh thr (,Xl'l'lltl()11 (lI till' 

midù\e part hall ylelLleù. 

The moùe ot tallure oh!'!erved WiI.., the !'!pllttlIIg (lf the C<l1l('ll'll' .d()llg tlll' 

length of the har élml crll<;hll1g ot the concIl'tc lfI trollt oflhr h()(lk IWlld It JlIlI',t 1)(' 

mentioned that éther !'!phttmg of the C1:lck :!I()ng tlle lull kllgtlJ (lI tht' .,tldlglt! p;llt 

of the har, ail 01 the load resl!'!tance got cOIJCL'ntr<lted III thl' !\()(lk pdl t Wllllii I.lill'<! 

in tllrn. Comeqllently. the re!'.ldual ÙI!'.pl:ICL'lllenh Wl'fl' "lgllIIIl'.Illt 1 \1.,( l Il Il' 

hy~teretlc load - det1ectlon re!'.pon!'.e )oop!'> were more wcll-I ()ulJ(.Icd. 1 l''' li It Jfll' III 1;11 !ll' 

area!'! withll1 the loup!'! anù more energy dl~!'!lpateLi than III "pnïlill'Il ~ 1 ;\ 

photograph Dt SpecImen S2 aiter tc!'.ting I~ pre~ented in Ilgll/t: 'U2( t') 
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(a) Connection at tirst yield,Ay , P=155 kN 

(h) Connection at -2Ay, P=170 kN 

• Figure 4.12 Photographs of Specimen S2 
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(c) Connection close-up al 2.5Ay' hook rcgi()n, had\. sidc 

(d) Coonectioo at -2.5Ay 

• Figure 4.12 (Continued) Ph()tographs of SI)Ccimcn S2 
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Figure 4.13 Load vs. vertical displacement 
Specimen S2 

B-Cycle 

Figure -4.1~ Strain vs. distance along the length of reinforcing bar 
prinr tn failure, Specimen S2 
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Figure 4.12 (Continucd) l~h()t()graph!1 of Spl'cimclI S2 

4.3.9 Crack Width at Peak Cycle Loads 

The maximum crack width variation in th~ tenslle Ël)Jll: lm tlw. type 01 Imd 

history at peak load ot each stage IS pre~cntcù Hl Figure 4.7 which "bo !-.11I lW\ thl. 

"best fit" curves to the cxpcrimcntal rcsults. Thc-;c curvC\ arc expll:\,,('d IJy tilt 

following equations: For positive loadmg, 

and for negative loading, 

1 1 1) 

The area under such a curve is an indicator ot the fracturc em'I!!.y 'l!\"P,'I/.;;, 
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characteri,>tic of the connectlon of the ~pccimen . 

4.3.1 0 nond bctwccn Steel Plate and Concrete Panel 

Tht.: bOJ}ù bdween the concrete panel and the steel plate as modeled was 

tl'~ted dUflllg tlle t.:xpefll11Cnt and it was foundèd to be mtact everywhere. Figure 4.16 

pn.:.,elJt~ the variation 01 l1lea~urcd vertical dlsplacement with load which exhibited 

ha~ically él Il/Iear bdwviour. 

4.3.11 Summary Specllnen S2 was subjected to the loading history summarized in 

'J'élhle il 2 anu Flgllle 4.<>, in which the factored design capacity was achieved befme 

yll'Idlllg (Jf Ille Iciniorclllg steel at any location. A dlsplacement ductility of 2.5 was 

arlllevl'd. The re illtorClIlg bal did not yielù at Locations 2 and 5 (~ee Figures. 4.10 

and t1 }·1). Ilowever, duc to ~tles~ concentration around the hook, yicIdmg occurred 

al I.lll'éltlom J and () only in the la~t cycle. The ~pecllnen farled because of the 

prop:lgélIÎ()1l of the splittlllg and diagonal cracks along with the cracking of the 

l"Ill1l"ll'tl' in !1ll111 ot the huok:-" whlle the appliL:ù l()aùs WèrL: 170 kN and -175 kN for 

P()~ltlvC and IIcgatlve loadlllg, Icspcctively. Thc load - ddkctIon curvcs were quite 

weil wlIllllL'd élnd tht' l'Ilclo!'.cu arca within the loops bccalllc laIger, theretore the 

CIH:lgy dl:-slpalcd IlIl'Il'a~cd \VIth an incrca~e in the apphed load. The maximum 

Illcasllred load rl'~lslcd hy the speCImen was 170 kN whlCh is about 120% and 82% 

ut Ihl' pl cdlclL'd 1I1t1lllatc monotonie eapacity using the CPCI and the Nonlacs 

pl ogl a 111, respect ivdy . 
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Figure 4.16 Load vs. deflcctioD of steel frame as 
modelled, Specimen S2 
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4.4 Test Specirnen S3 

4.4.1 Tcst Spccimf~n 

Specimen S3 was rClI1fOlced with No. 15 deformed bars welded to an angle 

Ilange al <JO' ,1Ill! a unllorm wlre fahnc mesh, 100 x 100 MW13.3 / MW13.3 (see 

Figure 2 17). ft wm. de~lgncù and detailed with special consideration for the bar 

dcveloprm:nt Iength L1nùer low cychc loadmg.1201 

4.4.2 Loading IIbtory and Cycle 1 - 6 

Table 4.1 \lIllllllan.1.e~ the loading history for Specimen S3. As can be se en 

Il (Jill i'ïgllr~~ 'L 17, 4.IX and 4.1 <) and Table 4.3, the specimen was subjected to three 

el:l:-.tic cycl~s (Cycles 1 -3) \Vith a pC:lk Inad of 25 kN. The )oad-ùetlection response 

rcm;lil1l'd qurll' 111I~;l/ (~ec l-'Igllre 4.17). Figure 4.19 ~h()w~ thal the principal ~trains 

lelated to Joad P = ±2h kN are ail below thc cIacking strain of concrete, 110 x 10-6
• 

The Im,t crack <Ippealed at the top edge along the reinforcmg bar In the following 

cycle (Peak Joad =- 50 kN) at a In,id of 35 kN. The maximum crack width was 

0.2 111111. 'l'hl' ~plJttlng clack along the IClntorcIIlg bar \Va~ due 10 dowel action. The 

Illad- pllllclpai ~tlaill L'lIIVC~ III I-'lgure 'l.19 show th"t the maximum principal strain 

1 ... 11IghcI tl1all (()/1lT~I~ cracking ~trall1 1 JO x 10 (', causillg e>..tension of the crack up 

tu a dlstancl' (Jt about 2()(} mm along the rcmforcing bar. 

4A.J l,nad Cycle 7 - 9 

;\ peak I()ad 01 XO kN (Cycle 7 A), 65°/t:J of Pull' was chosen based on splïtting 

rI :tek cxtl'l1SIOn to th~ location coïnclùent with the second strain gauge on the 

ll'illtOtclllg hal, 25) mm bdow th~ top ~ùg~ (see Figure 4.lHa). The maximum strain 

\Vas llll'a~lIll'd tu 11L' \()(l() x 10 Cl which IS sllghtly kss than hait' ot the yielù strain. A 

hOI illHltal CI ark was ()h~er\'l'd hL't\vecn the two reinfomng bars, which shows the 

tl'I1~I1l' - Ik:\.ural lK'haviour ut thc concrcte between the bars. The load - det1ection 

nI! \'l'S aIL' a !Il\ost ~ tl aight although several cracks hall appeareù . 

142 



• 

• 

Table 4.3 Summary of Louding lIistol1' of Spcl'Îlllt'll SJ 

Cycle Loaù Stagl's llm I.wntal Shl':l1 hlln' 

Displace Illl' nt (111111)" V (kN) 
------- f---

Elastic lA - 3B 0.09, - II 07 t 25 

Crackeù 4A - 6B 0.20, - 0.22 ± 50 

65% Pull 
• ,..., " 1\1'\ 

I,L\ - '1 D 0..-12, - O.)." + X5, - XO 

WU P l.) 10 ult IOA - Lm - 1..-10, - I.XO + 113, - lm 

f-- -

95% Pull 14A - 15B 4.25, - 5 .. \·f + 127, - 121 
- -------- --

Failure ItJA - 16B 5.52, - (d·t + 120, - 117 
::-=::: 

>t- Calculated maximum strl'llgth under ll1ol1otolllcally IIHTèé\Slllg load!'> (11() kN) 

-ri Maximum dl!>placell1cnt at the peak 10:ld 01 last cyril' 

4.4.4 Lond Cycles 10 - U 

As the peak load was increased to 107 kN (Cycle IOA, ladoll'd !>11l'.tr 

resistance, SS% ot Pull)' diagonal cracks appcared al thrœ locatH)Il:-' al()lIg tht' 

reinforcing bar \VIth the upper olle extendlllg cIme to thl' edge. III!> :-.hould hl' lIolel! 

that the factored shear !>trength IS govcrneù hy the !>hear-Ir Idl()lI PllllllPIv<, , :111<1 

using the reinforcing bar rl'~I"LlllCt' factor, (p, = () K5, glVl '> Ille l:ljJ:Hïly (Jf (l.Wi V IIII 

= 0.85 x 130 = 110 kN. Figure 4.20a present:-. a phot()grtlph (lI tlll' te:-.! :-'pl'CllIlèll al 

the factored capaclty 01 11 () kN. As l'an be M~l'Il from l'igure '1.1 (), t111' plilleipa 1 

stralns ln the concrete al the l(Jau step, P --= :.t 1 (J7 kN, ,Ire :111 IlIgllel Illail 1 hl' 

concrele crackH1g <,' am 01 110 x 10 h. The<,e crack!> alkct the hy!>h'n'\I<' 1()1l!" :1" 

C.ln be !>ccn /11 FlgUIl' 4.17. The te!>t then contillued lm an()thcr.\ Cylle~ ;11 thl' :-':lIllt' 

load stage. The :-.pltttlflg cracb continued to ()pen alollg the n~lItfmcIllg bar ,1IIl! 

reached a maximum wldth 01 1.2 mm. It was notcd th:lt 1:I,>t load - ddketloll loop 

(Cycle 13) ln Figure 4.17 wa:-. latter than the preœdrng I()()p'> 01 thl~ J()ad ~t;lgt: 

Upon load reversai, the dJ:-.placement was -l.~ mm. 
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Figure 4.17 Hysteresis response of Specimen S3 

4.4.5 Load Cydes 14· 16 

As the load was increased to 127 kN, the reinforcing bar yielded at a 

displaremcnt of 125 I11m bdow the top edge. This effect is shown on the hysteresis 

loup, causing an increasc in the dlspJacement [rom 1.3 mm to the yield displacement, 

ây, of ,3.2 mm (sce Figures. 4.17 and 4.18a). 

A photograph of the Joint reglon at the ftrst yield is presented in Figure 4.20b . 

lJpon load reversaI, the rClIltorcing bar YleIded at a load of 110 kN. At this stage, 
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Figure 4.18 Measured strains aJong the Icngth of rcinrordng bur anchor 
Specimen S3 

the lateral displacement was 3.9 mm. The maXInlUlll ùisplaccm~llt at thl' pl.:ak 01 the 

negative load cycle, -121 kN, wa~ -4.2 mm. 'l'hl.: tc~t wa~ cOlltllllled lm (Ille more 

cycle at this load stage. The stram at Location 2 was very c1()~c t() ylcld and the 

maximum width of splitting crack along the rl.:lI1lorclflg bar IIICH.:a..,ed 10 1.7') JIIIll 

Figure 4.17 reveals the significant increa~e In the wHJth of the I()()p~ due 10 yl(~ld and 

severa! cracks around the emheddcd tlange angle at the ~pecllliell back ~Ide. The 

are a under the loop increa~ed ~ignllicantly resulting in more energy dl~~lpation alter 
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Figure 4.18 (Cnntinucd) I\'lcasured strains along the lenbth of reinforcing bar 
Specimen S3 

yiclding of the conncction. FlIlaIly, the test specimen was subjected to a 120 kN peak 

Inad (Cycle 16), whcn the specimen faileù. The concrete coyer unùer the angle haù 

spalkd un ami the ~plJttlI1g crack extenùeù along the en!ire length of the bar. Due 

to fllllextl.·n~lull 01 tltt' spllttmg crack along the bar, the specimen could not carry any 

1l1()[1.' !O<lL! (~ec Figurt' ·t.~Oc) . 
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Figure 4.19 Maximum principal strain distribution of ()HncJ 

along the length of reinforcing bar, r()~ette measurcmènts, Specimen S3 
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The maximum ùl~placem~nt pnor tn fmlure wa~ measured to he 5.52 mm, and 

the m;IXlmum crack wlùth wa~ 2 mm, givmg a dl~placement ductility of JJ. = 5.5 /3.2 

-= 1.7. The ~peCITll~n W:I~ then ~JbJ~cted to a load of 117 kN m the negatlve 

direction wh~n the c()lIcrd~ cover umler the angle ~pall~d on compktely, and the 

load decrea ... ~d t() SO kN. The maximum displacement wm mea~ured to he 6.14 mm, 

ami the maXllllum crack wldth wa~ 2 mm dunng the reversed loadmg cycle, the 

SpeClllll:n W:I ... :Ihlc to r~~I~! a r~ak load of 117 kN, at which time the load dlopped 

ag:lIll to ahout 30 kN. The ~peCllllen wa~ unable to n~~l~t any further load~ and the 

tt"~t Wei'" ... toppl'd. '1'111\ lyck wa\ not lI1c1uded m the dl~slrated energy ca1culations. 

1 allllle 01 tll~ L'()llllectlon \Va ... preœded by progre~~ive cru~hing and ~pallmg off of 

the l"OllCrell" bcl()\v the angle (l(lIIcrete cover under the angle tlange) and wldening 

(JI the ... pllttlllg rr.tck :tlollg the bar ... due tn duwel action. The load - vertical 

dl\placl'lIll'lIt ch:l/:!ctefl\tlc!'> 01 the conncctlon faceplate are pre:,~nted III Figure 4.21. 

The vcrtllal dl~placel1lellt 1\ L1ue to ~llpping 01 the relllforclJ1g bar Il1tluenced by the 

th:lgon:!1 crad .... ami crack ... :llong the bar and the resultmg rotatIon of the connection. 

'111I~ vcr t Icd dl\plaCl'l1lL'nt I~ ~()l1lc\Vhat :-.maller in the actual ~tructure because ot the 

1 ntl.tlllt Iroll! t hc ;ldJ:llcnt 1 !.lllgl'. 

hgul c ,1.22 proellb the vaflatlon of the ~train in the steel bar along Its Iength 

at ultllllak lo,ld Â\ Cdf1 hl' :-'l'CIl, hait ot the reinrorcing bar had Ylelded. The strains 

:!wUlld tlle Illlddk thllLl lire the large~t, which I~ due to the local effect of dowel 

:lctIOIl. J\ plHlt(lgraph ot the Joint reglon after failure is presented in FIgure 4.20d. 

-t ..... 6 Crad\ Wiclth at Peak of Load Cycle 

"'gllll' ·1 ::!3 \Illl\\'\ a plut of the maximum crack width for the peak loads of 

c:lch 1(l,]L! ~tl'p :lI1d tlle "hl'~t lit" curve to these experimental results. The curves are 

Il'Pll'\l'lltl'l1 by tlll' toIlO\\'lllg C\pre~~lons for positive and negative loadings, 

IC~pl'L"t 1\ cl): 

1) -1_ '"') '"') 1 1 l "( '-' 1 :2 + " l' 4 d 3. 
- , __ "t l 111.\\ - - ).() L 111,1\ -' ':J. m.LX' 

p . - 119 ~ d + 171 1 d :2 /11 6 d 3 
- - -- .l 111.1\ _."t 111.\\ - -T. nu.\ • 

( 4-5) 

(4-6) 

TIll' arc:! 1I11dl'I thl' curvl' I~ lI1ùicative of the ener6'Y dissipation characteristic of the 

co I1l1eet IUIl. 
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(a) Connection at factor design strcngth , ()= ll3 kN 

(b) Connection at 1 Ay, p= 127 kN 

• Figure 4.20 Photographs of Specimen S3 
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(c) Close-up of Connection at 1.7 Ay, failure, back side 

(d) Close-up of Connection at -1.7I1y 

r' 
1 

, 

" 

/ 
/ .......,.. 

/ 1 

J?igure 4.20 (Continued) Photographs of Specimen S3 
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Figure 4.21 Load vs. vertical disl)lacernent 
Specimcn S3 

4.4.7 Bond between Steel Platcs and Concrete Panel 

The bond hetween the concrete panel which was epoxll'd tu the !'.tl'l'I platt: 

welded to the hox and W-!'.haped hcams (a!'. modeIled hy S/\P90 n.:sult!'.) W:l~ ~tlldled 

at various ~tep!'. dunng thc expenment and It wa~ foullll to be Intact evnywhcll' 

Figure 4.24 pre~ent!'. a plot o! lTH.:a<.,ured ddkctloIl~ ot the ep()xled !'.tel'J p!:lte wltll 

the load variation, whlCh indicate~ the ba~lc IlIlear re~p()nse ;'<'; expected. 

\~ 
... 

4.4.8 Summary According tu the loadmg Imtory ~ummaflzed in Table 4.1 and 

Figure 4.17, SpecImen S3 was loadcd to <) cycles heyond the lactored de~lgll Joad o! 

p 4> = 110 kN. The hysteresb loop area is reJativeJy very ~maJI up to the litctoret! 
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Figure 4.22 Strain vs. distance along the length of reinforcing bar 
prinr to failure, Specimen S3 

-

design I()ad U-i5(!t, ot tallure load) and decreases with cycling at the same Joad. The 

pinching clkll W:t!'. pl (lIHlunccd and eonsequently the loop area which represents 

hystell~tle damplllg wa!'. ~l11all. Inela~tle deformatlons were concentrated at the three 

la!>t cyde~ (litel the )'le\umg 01 the rem forcing bar and the occurrence of a number 

01 diagonal cracb allli slglllflcant extensions of the longitudinal splitting cracks. A 

llJSpl:tCl'l11l'llt dllctility 01 1.7 was ac1l1eved. The reinforcing bar YleJded at Locations 

1 :11',1 4 dUllng ('yl'k~ U 10 \(), whlle at Locations 2 and 5 yielding oeeurred only 

dUllng Illl' 1;1\1 cycll'. 'l'Ile rt!llllorcillg bar dld Ilot yleld at Locations 3 and 6. 

As c:ln hl' !>èl'Il tWill Flgllle 4.17 and Table 4.3, the maximum Joad Ill1posed during 

tl'!'.llllg \Va!'. 127 kN w/lIch glYc!'. 95% 01 the predictcd monotonie ultimate strength of 

tllc ~1)LTll1ll'll 'l'Ile mOlle ot t:lIiurc oh~crved was by progres~ive cruslung and ~palling 

01 the COIlClcte COVi..'1 helmv Ihe angle f1ange and the longltudll1al ~plittIng of the 

COnLTl'te ~lIllOlIndll1g thl' fl'llItllrcmg har~ due tu ùowel actlOI1. 

ln 1I~1I1g till'> ~pl'l'I\11l'l1. the Importance 01 preventll1g spalllIlg of the concrete 

Iwlmv the angk tl:lIlgL' (cm'l'I) olle tu ~hear at the lI1tertace of the flange angle and 

thL' ~lIlI(lllllllillg l'llIlCfete was apparent. It call be improved by confining the 

SlilIOlll1lhn!!. Wnl'Il'Ic and wL'ldll1g small heaùed studs tD the tlange. To improve the 

Joint capaClty, the angle ClIl be placcJ in a manllèf slmilar 10 that in Specimen S5, 

wlth tlll' tull tlange thlckllc~s bdow the eonerete surface. 
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4.5 Te~t Specimen S4 

4.5.1 The Spcl'imcn 

'l'hl' "pl'Cllllen wa~ lelntorccù with 2 - 1/2 in.(12.S mm) ùmmeter Nelson StllÙ~ 

2111. (50 Illlll) long, welùed tn a plate inclmed é1~ ~h()wn 111 Figure 2.1R to achieve the 

m:IXlllllllll he<lllllg rl'~i~tance. A !OO x 100 MWI3.3/MWI3.3 ~tandard \Vlrè tabnc 

111l'~h wa~ plareù ln the ccntral plane 01 the 50 mm thlck panel. SpecImen S4 \Va!:l 

dl'~lgJJt;d :lcc()llhng to the clIrrent !:Itrength mcthod ~lIggested lf1 the cpel Metllc 

1 )l">lgn M:lnu:t!IIHI. No ~pe(,I<II pJ()vi~ioll'> 101 !:ICI~I11IC peIlorl11ance were cnnsldered. 

4.5.2 Loading lIi~lory and Lnad Cycles 1 - 6 

T,lhk ·l·1 ~lIl11lllalll'l'~ thc loadlng hlstury lm Specimen S4. As shmvn in Table 

,1..1 and Figull' ·l.2.'i, Ihe ~peCllllen \Va~ !:IubJccted tn three ela!:ltlc cycles at II peak load 

of 20 kN (( 'vcll'~ 1;\ - 113), lollowed hy tlHel' cycle~ (Cycle~ 4 - 6) at a peak load ni 

3:" kN. The 111:-.1 crack ;Ippe,m~d hl'Iow Ihe mterfacc ni the concrete and the tace 

platt' al a load 01 31 kN. Thl~ CI ack cxtended along the StllÙ and ended wlthlll élll 

:tddil1onal dIagonal !:IhCill CI ack,lorll1Ing a partial conlcal crack \Vhlch at a later ~tep:-. 

kd ln a '\hl'ar-cone" laJ!ure. Allothn crack appeared at the corner ot the tace plate 

ln the CllIHTete. lJpun l(lad ICYl'I:-.al (Cycle 4B), a ~ymIl1etlIcal clack pattern tormed 

al a load III -2X kN, lïIU\Jl1g ;1 ch,lIlgc lJ1 ~tlttne!'.~ a~ ~hmvn in Plgure 4.25. The 

ll1'I\.llllllll1 CI :trk wldth W;IS O.OX 111111. A photograph ot the connectlon at Cycle 48 I!> 

Plt'!:IL'nll'l1 III 1:lgUIC ..J..27a. At the ~ecolld cyclc ul thls load ~tage (Cycle SA) the 

dlagolwl :-.hl'al CI :tck l'xtcmkd tow,lrd the tree edge at ail angle (lt 30 dcgree~ \Vith 

Il'~pl'l'I III thl' dIll'l'tlllll olloml!ng. FIgure 4.2Rdemol1!'.trates that the pnnclpal ~trall1 

: !long t hl' IlIll' Wlt Il ;111 1Ill' 1 111 a t Ion nt 300 I~ greatcr tha n concrete crac klllg stra III of 

110 \. 10 h. SlIllllar bchaVIOlil \Vas obM~rved dunng the negatlve Inad cycle. At the 

la~t r~l'k ut tlm Inad ~tage (Cycle 6). the ~hear-cnne crack at thl:' nght !:Ilde extended 

tll the Il l'l' l'LIge 01 the tl'!:I! specImen. The maxImum ~teel ~trall1 al Location 1 ot 

Ill'.ldl'd !:ItuLls \Va!> 670:\ 10 Il (see FIgure 4.26). The \Vldth nt '\hear-cone" crack \Va!'. 

ahollt 0.2 111111. l'hl' lapld opening of thls crack ~lIggested that télliure \Vas ImmmCIlt. 
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The loops ln the loaù-detlectlon 11'Sp0l1Se ckarly ),hmy Ihl' dCgl.ld.lllllll III ),Illlllt'\\ 

Table~.4 Summary ()f LHa(lin~ lIi~hH)' of SPl'l'illll'1l S~ 

Cycle Loat! Stage), 1 101 1/0 Il t.t1 SIW;ll l, lllù' 

DI:-.placelllcilt 
.. 

( \1l1ll ) V li 
---

Elastic lA - JB +0,05. -0 10 1 211 
f-----

Cracked 4A - 413 +0,12. -0,2,1 1 

50S{- PIIII 
. 

SA - hB +0,20, -0 J2 1 

('i c ' P ). IC 1111 7A + O.J<) ! IX 
----~-r~~----- -

Fatlure 7B -O,SO -

--

1 Calculateù maximum strength ba~ed Oll IlHlIlotOIlÏl':lIly IlIl'IL'a~lllg 1(l;1l1 (71 kN) 

~ 1 Displacement at peak ot liI~t cyriL' 01 Ihe Ill.ld :-.ta!!l' 

4.5.6 Load Cycle 7 

As the applied Loaù was mcreased to 4S kN ((l)'Yr 01 PIIII ), Illl' l'lll\(, \lll'.II

cone crack, representing the ettectlve :-.tre:-.s mea, c()ntlllllcd t() (lill'Il 1 Ill' Il'll\lk 

strain at the stuù at LocatIon 1 decrca:-.ed tu about SOI) x IOh. wlllle aIl ()(';III(lIJ.) 

the compre~~ion zone, the stralll renwlIled c()n:-.tallt 'l'Ill' Il'dutll(lll (lI \11,1111 ,II 

Location 1 wa:-. due tu the ~Ignillcant propagéltloll (lI tlle \1Il';1I < 1 ;Ick 1111 (lll~',11 IIIt 

thickne:-.~ Dt the conrrete panel. The maXllllUIll mea\ureù dl\plél('l'Illl'Ill W;I" () ,III 111111 

The iactored ùe~lgn capaclty, P,/>= 4.1 kN. ca\culated lI'>lllg the j>1(lVI\I(lll\ III 1 Ill' ( P( Î 

Metrtc De~lgn Manual ilK1 , wa., reached t1l1rtllg Cycle 7i\. A pl}(ll()l-'ldpll (JI IIIt 

connectlOI1 regiol1 i:-. pre~enteù III Figure 4,27h hl1étlly. tlte ln! "'Pl'l'lllIl'll W:i', 

suhJected to a negatlve Inad ot JO kN. 'l'hl' h()rtzontal dl:-.pl;ICCllll'llt W;I" () K 111111 ;/11<1 

it Increaseù tu 1.15 mm a:-. the applted load Wcl', 1TIé1llltallled (III Ihl' \jll:(,lIl1l'lI AIIl'! 
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Figure 4.25 Hysteresis response of Specimen S4 

surroumlmg the connection. Figures. 4.27c and 4.27d show the photographs of the 

specimen atkr t'cHILI 1 ~. 

Figure ·l 29 presents the Load versus vertical dlsplacement of the connection. 

The vL'rtlral dl~placement lS due to the upward l110vemcnt 01 the connection on 

aCcollllt 01 ~plittll1g and diagonal cracking and the resultII1g rotation Dt the 

cOIIl1l'ctioll, whlle 111 the prototype some of tins displacement 1<; prevented by the 

adjacent lIange . 
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Figure 4.26 Measured strains in headcd studs, Specimen S4 

4.5.7 Crack Width at Pcak of Load Cycle 

The variation of maXIIl1Um crack wlùth 111 the tensIle reglon wllh the peak 

Load is plotted in Figure 4.30. The area under this curve I~ an imltratill/l 01 Ihl' 

fracture enerbry diSSIpation charactenstlc of the connectHlll. 

The internaI horizontal crack formed 111 the pla Ile hl'Iwel'II the ~tllds 

propagated vertically, representing the occurrence of the in-plane ~pllttlllg crack tlue 

to cyclic loadmg. ThiS rI aek reùuced the still ness anu strenglh 01 the l(lint 

significantly at the carly loaù ~tages. 

4.5.8. Bond bctwccn the Steel Plate and Concretc 

The bond bctween the steel plate and the concrdc panel cùgc~ wa~ cxallllllcd 

at differcnt load cycles of the expenment <Inù wa~ ohservcd tCl he IIllart cVL:rywlll'fl'. 

The detlection of the ~tL:d plate al ùtlkrent load Icvc\s wa~ mL:a~ured alld 1:-' pl()tll'd 

in Figure 4.31 which cxhihits III1car behaviou[. 
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S4-4B 

l' 

(a) Connection at Orst symmetrical crack, P=·35 kN 

.JI t'''',_ 

-, 

(b) Connection at design factored capacity 

• Figure 4.27 Photographs of Specimen S4 
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END FRONT 

S4 

(c) Connection aner testing, front 

END BACK 
S4 

(d) Connection aller testing, back 

• Figure 4.27 (Continued) Photographs of Specimen S4 
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Figure 4.28 Maximum principal strain distribution of slab 
along the rl'fl'rl'ncc line, rosette measurements, Specimen S4 

4.5.') SUllmUlI)' Specllllell S·l wa~ sllbJecteù to the loadll1g history sllmmarized in 

Llhk ·lA and l'\cecded the de~lgll tactored ~trl'l1gth only at the last cycle 111 one 

dlll'ctlllll (7A). hut Ilot 111 thl' other direction (7B). The loop~ \Vere very narrm\' 

Il1dlCltlIlg ~t11all cIlelgy ,llssipatioll. 'l'hl' mm,il11l1l11 load appllcd ùUllng the la~t cycle 

« 'ycle 7) \\',1:-' -lK kN rl'prl'~el1tlng ()5\'é or the calculatcd 1110110tOlllC ultimate capacity. 

'l'Ill' aIlgle (lt 1l1r1l1latllHl ut thl' "~hear-c()ne" crack. u~ed to dt:termine the etkctlve 

~tll'SS ,\Ica. wa:-. ()bscr\ ed tn be 30-dt'~rees. whlch IIlcreases the e1tectlve !'.tress area 
'-

III l'()ll1pall~()Il \VIth -l:;-degrl't'~ ,lI1gle 1 ecommended ll1 the CPCI îvktnc De~lgn 

l'vlanualP"'. 'l'hl' test ~l1L'clmcn tmkd when a blnck nt concrete ~urrouIldll1g the ~tud!'. 

hlllkl' lIway ("shc<ll-cone" failtllc) due to dep\etlon or ten~tle capacity. 
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Figure 4.29 Load vs. vertical displacement, 
Spccimcn S4 
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Figure 4.30 Peak loads vs. maximum crack width Specimen S4 

161 



• 

• 

~ 

~ 

f/J' 
j 

! 

"J 

/f) 

fjl)! 1 f TIr l , T r T r -r-r -r--.-I -r,--.-, r-r-r-rr;-r-

1', 0 S (1:' 1 !) 
Du!placf"Inrnl • mm 

Figure 431 Load vs. deflectioD of steel frame 
as modclle(l, Specimen S4 

4.6 Test Specimen S5 

4.6.1 The Specime!1 

SpeCImen S5 wwo. reinlmceù with two No, 15 ùeformed steel bar, oriented at 

an angle ni ,15- dcglcl's and :2 - y~ in. diameter Nebon studs, 1/2 in. (12 mm) long, 

wclllni tu a Ildl1l!c 01 75 x 75 x 10 mm by 250 mm 1 6 angle, and a uniform 10n x 

1!I0 MW D.5! rv1W 13 3 wlre labnl' ll1e~h. The!. ' . 'Ilen Jesign WdS baseù on the 

C1l1ltl Ihlltlllll (JI thl' .1Ilchur rCllllOIclllg bar anù hcadc tud'l, scparate\y. The ultimate 

~tlengtlJ {lI thl' C{lnncrtloll wa~ the ~lll11mation 01 thc:~c cOll!'iblltlom; lIlflucnce orthe 

\\ !Il' 1:lhl1l' nll'sh W;I~ not lllLluded. Special con:-'Idcratiun lor the development Iength 

h:lscd Oll thL' bond IC:-'pUll\è to IllW cychc, carthquakc ~II1llllatIon, was considc:rc:d to 

C,Ih'lll:11L' the lCll1lmcing bar contnbutlun to the ~trcngth 01 the c0I1nc:c(lon I20]. No 

~pt'C1:I1 ~l'I\!l1Il' CllJ1<;ldclations \Vere made tn dL:termine the contrIbution 01 the heaùed 

stmh tn thL' ult!!1wtL' MILll~th. Dderminatlon {1j the monotolllc ultimate ~tren[J;th was 
~ ~ 

h,l~l'd on thl' anrhmagl' Iéngth lm SelSI111C loadlllg and the formulas WlllCh in turn 
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are dependent on the concrete cover thickness (sec Appl'ndi\ A), \\ hell'a~ lOI lk~lglI 

of ~tllds, the ClIrrent CPC'I provisions were lIsed. 

4.6.2 Loading lIistnry and L~md C"c1es 1 - 6 

Table 4.5 ~Umll1art7l'~ the loadillg histmy for Spccim..'n S::ï. As l'an lw ~l'l'l1 

from Figures 4.32 and cU3 :lI1d Tabk 4.\ the ~pl'cil11ell was ~lIhJl'l'tL'd to tllll'\.' rylln, 

at a peak lnad of 36 kN call~lIlg the Im.t crack tu appe:lI at the anglL' tlallgl' ('(lllll'I, 

on the surface uf the concrète LI uri Ilg Cycle 2A The loups WCI l' Vl' 1 y n:11I ()\\' d Ill' t Il 

near ela~tlc behavi()ul. 

Table 4.5 Summary of Loading lIistory for Specinll'11 SS 
-- ---- -. 

Cycle Loml Stages II0II/Ollt,tl Shc:1I 1 

Displaccmt:llt (mm)" V (k N) 
----t-------

Elastic lA - lB + O.12X, -(J. LW .' "\ 

-

Cracked ZA - 3B -t 0.134, -0.155 .! 3 

30% PUll 
• 4A - (lB +0454, -OH74 t 7 

4WIo PUll 7A - <JB -Hl. 7 J(l, - 1 301 • 1 ( )1) 

-
S(YIo P ult IOA - 1213 +0.952, -1.701 _'- 1 

-----

63% PUll 13A - 151> + 2.0 JO, -2.54 1 .t \( 

7WIu Pull 16A - IXB + 2.4 1 <J, -3.W 1 i. l, 
-

Xm1c, PUll I()A - I<JB + 3.570, -(,.X3 t 2( )() 

73 C/r) PUll 201\ -t ().24X 1 1. 
-------

FaIlure ZOB -() 34 -17 

--

* Calculateù maximum strength ba~eù on /DOIlot()I1ICillly IIlCfe:l\lllg 1(),J(j (2,17 k~) 

H MaXimum ùellecti()n~ at the peak 01 la\t cycle 01 I()ad \t<lg<.: 
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l.<>Od Slop 

lOAD HISTORY 

Figure 4.32 lIysteresis response of Specimen S5 

III the ~econù cycle of the loaù stage with a peak loaù value of 75 kN (30% of Pull) 

(Cycle SA), the IIrst ~Igll 01 cOllcrete crushing at the top corner of the angle was 

ohser. cd. The splitting crack cxtcnùcd along the anchor har anù a small diagonal 

l'Iack. :Ippcarcd ahout \()() mm below the top concrete surface. The maximum 

dlsplan.'Il1L'llt rcml lied WllS 1 ml11. The maximum pnncipal strall1 111 the concrete 

dctl'rIl1illeù fwm the I11casuremcnts lIsing the (kmec gauge set at this location was 

.~40 X ID Il which IS grcaler than the cracking strain of COl1crete (110 X JO.6) (see 

Figul L' ·U-t). 
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Figure 4.33 Measured strains aJung the Icngth of rcinfurdng har aru:hor 
Specimen S5 

4.6.3. Load Cycles 7 - 9 

The specimen was then suhJected to three cycles (7/\ - 'lB) al peak I()ad~ (JI 

105 kN (40% of Pult )' During Cycle 7A, a diagonal crack élppearnl al il dl"téll1('e ()f 

about 125 mm from th~ end of the har (Location :3) wllere lhe lllélXllIllIlll plll1( 1 pal 

strain in the concrete was 400 x 1 () h ,which IS gr~atcr Ihan the ullnnate ICll\lk ~>t r;11I1 

of the concrete. Two more diagonal cracb lormed al th~ locallon wl1nL: tile pa/Il:1 
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Ii'igllrc 433 (Continucd) Mcasurcd strains along the lengtb of reinforcing bar 

Specimen S5 

thlCkness changes. and the splitting crack extended along the length of the bar. The 

l11a)o.illllll11 hOlmHltal detlection was 1.35 mm, and the maximum width of the splitting 

crack along llll' bar was 0033 111111. 

".6--'. Load Cycles 10 - 12 

Th~ Ilcxt !'.tep was 10 Increase the shear force to a peak load of 130 kN, (50% 

ot Pull)' TheIl' IS a changc 111 the stlffness (see Figure 4.32) at a shear force of 120 

kN. ",llIcll rL'latrd to il !'.lgl1l1ll'l1l1t additional diagonal crack at the enù of the 
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reinforcing bar and exten~IOl1 of the splittlllg crack along 1111.' bal. l'hl' \11,1\.111111111 

principal strain at this locatIon was R..tO x 10 (. WI11Ch conlllIlls the pII'~l'nl'l' ot the 

crack. The maximum mea~lln.'Ù :-.tram III the ::,ted \),11 wa:- 2050 \ lU (. \\ hl~'h \'".1' 

close to the yll'ld ot the Iell1fOlcing sted On the bdC!... Sldl', twu \'l'ltlctll'larb Wl'Il' 

observeù at the corner::. ot the angle. lt should be mel1tloned that at thl' load cycle 

the factored ùl':-'Ign capaclty 01 the spcClInen wa<; rc:tched. 'l'lus Lllllllt'd dl"lgll 

capacity was ddnITIIIll'lI by Illultiplylllg the ca1cll!:ltl'd 1Il0110(01llC llltllll;lh' r.lp.llitv 

(suggested in the CPClmdhuù) 01 140 kN hy cP, ((U~5) whll'h IS the Il'lI1loll'lIlg hal 

resi~tance factored. 1'hl:-' gives t:lct(lred design capacity 01 P'f> -= O,X5 x 1,1(1 - 1 Il) kN. 

4.6.5 Load Cycles 13 - 15 

As the applied shear loree was lllcrcased 10 I()() !...N ( ()y;;. 01 1'1111), the 

maxim'.lln mea~ured ùl~placement was I.H5 mm. Figure 4.32 11I1I~tl airs a !'>h:1l p challge 

in stlffness at a shear Imec ni about JJ2 kN . '1'111', COfIl''>pond:-. t() yll'hllllg ul thl' 

reintorclI1g hal in thl: tellslOIl palt '1 he dl:-.placl'llll'llt, ~y"::- 1 X'i, W:l~ Cllll:-'t'Il h;I~t'd Ilii 

the yie\ùing 01 thl: relf1l11Iclng har amI the shape 01 the Ily:-tcln.t:-. L'lI1H' (::,tT hgult' 

4.32, Cycle l JA). Flgllfl.'S 4.32 alld 433 tllspl<lY SOI1ll' pinchlllg III the 1u;ld - dl'! \cctloll 

re~p()llSe, 'l'III::' bLhavlollf occllr:-. due to tlle cl():-.lIlg III tlll' ('J ,Il ,,~, ;dollg ;lIld II! li Illai 

to the remforclflg bar in the compression /-(lIlt' The IlIaXl1 'Ill L'lack wldth \Va, 

measured to be 1.2 mm, UpO/l Inad reversaI, tlle relIlllllclIlg h;lr on tht' olhe/ pal t 

of the connectiol1 exhlbited the same phel1omel1oJl, The lklkctloll at yll'Id (~y) wa:-. 

measureù tu be -2.21 during the negative J()ad cyclt: (Cycle I3B) Tllt'rl' Wl'lt' !lO 

appreciahJe changes in the measureJ detlectiol1 and thL' '.tL'd ::,llarll, dur IIlg 11f(' 

tuJJOWlf1g cycles (Cycles 14 - 15), !\ photograph 01 the JOlllt legl()11 I~ )l1l')L'lItt'd III 

Figure 4.3Sa. 

4.6.6. Load Cycles 16 - 18 

The test specllnen was then !'>uhJected tn three cycle'i (Cycle If) tll IX) Will! ;1 

maximum applieù loaù of l~O kN. In Cycle 16A, Cl :-.tralll (JI 251 il x 10 l, wa~ n'u )f(kd 

at Location 2, whlch illùlcateu that the reinforclIlg hal h;ld yreldcd, ï Ill'/I' W;I" II/) 

strain recorded !or LocatloIl 3 'iillCè the ~tralfl gauge wa'. I()"t dUflllg tilt' tél'.lllIg. 
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Figure 434 Maximum principal struin distribution of panel 

nlnng the lcngth of rcinf()rcing bllC, rosette measlIremcnts, Specimen S5 
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The larger area un der the hy~tercsis Inop is dut' to the incrl':lsllIg yll'ldlllg \11 

reinforcing bar. Not much change wa~ ob~crvt:ù 111 the tollmv1Ilg two cyck~ at the 

same load ~tage (Cyclt:s 17 - tH). The ~tIa1l1S at 1 .oratlnns ,~,.s, and () Wl'Il' 1l1l'.l'i li 1 l'lI 

to be 3596 x 10-6
• 2665 x 10 (', alld 20,l,~ x 10 h, rl'~pl'ctlvl'Iy (Sl'l' FIg\lH'~ ·I..Hl! to 

4.33g). The maXlIllum dl~phll'è11lellt 111 the la~t cycle ot thl~ load ~tl'p \\.I~ 2 {)7 IIllll 

(1.6 ~y). Two crack~ cx.tcnded veltICally trOl11 tht' two clHb 01 tilt' :lIlgll' and 

extcnded to the hOflzolltal cllIck whtch hall torl11cd dUI Îllg thl' pll'VlllllS ryck IO() IIllll 

below the fret: l'dge. ThcM~ CI :\Cks. the two Vl'ftlcal and the hUrl/lllltal, tlllllll'lt :1lI 

approximutely "W" shaped pattel n (~ec hgull' -USe). 

4.6.7. Load Cyclc~ 19 - 20 

As the !oad W<I~ I11Cleased to 200 kN (Cycle Jl)!\), the m:lXlIlIllI1l dl .... pl:ll'l'IlH'lIt 

was 3.57 mm (l.X ~y). Figure 4- 3Sb prt:~t'Ilts a photogr aph 01 t hl' JOlllt Icgl\ III 'l'Ill'> 

dcflection incrca~c cali be Iwted 1I1 FlgUIC 4.32, am) it I~ duc tu )'Il'Idlllg ul .IIl1Io:-.t 

the entlre rcinforcmg bar a)ong ItS embedmenl kngth III the ten-;IlHl 'JI llll' :llId t Ill' 

yielding ot the reinforcillg bar at Location ·1 III the (,()11l1)Jl'~""I0I1 'Jonl', Figull's ·1.3311 

and 4.33e inùlcate a ~lgllitical1t illlrca~e III the ~tI all1~ at 1.()C:ltHlIl~ ) a III 1 ·1, 

respectlvely. UpOIl load reversaI, the l1Iea"ured ~11:lIIlS at I.ocatlom, ,l, 5, (l Wt'Il' 

measurcd to be 6320 x IO h
, 12()<Jô X IOh ano 2JX<J x JOh, 1l'''Pt'ctlVl'ly ( .... t·l· hgIlJt·~ 

4.33e 10 4.33g). The yll:ldillg ot the entlle Iength (lI the hal III lt'1l .... 11l11 :lIltl a Il''' tl:t! 

bar length in c0l11pre~~I()11 (FtglllC 4.33) :lIe relleetcd III the IIICI(,':I~l' III thl' IIll·a .... lIll'd 

displaecment of -G.R3 mm (approxlmately }~y) and the relatlvdy wldl'I I()op III the 

load- ddlection re~p()nse and the accol1lpanylllg ~lllllIe .... s lh'tl'II()/ :Itlon 'l'Ill' 

maximum crack wloth at )O() Illm tlOI11 the lIn' cdge a)ong the Il'lIlllllt Illg hal .... w:,., 

measllred to he 2mlTI. The coyer on tlte .... pCCIIlH~ll 110111 Idll' ;I!(lllg tlll: )O() 111111 

length of rc III forcmg bélfs hall ~palled (JI! Tite "W" .,h,qwt! ('l;1l k ;11 III\' h:1l k .... 1I1e Il.ld 

opened siglllfIcantly, and the ~pllttlllg claek C'\tlïJlkd ,d()lIt~ tll!' 1111111' \t'flglli 01 thl' 

rell1forclllg bar. The .... peCI1l1CII wa~ then '>llhJccted t() a 1II:IXlIlIlIllI JHH I/OIlI,1! 

displaœment 01 3~y, (Cycle IC);\) wllLn the m;IXlllllllll (lIl';I"lIICt! load wa., IX') kN. 

The mea~lIrcd ~tralll"" at I.()C:ltIOI1 .... J alld 2 art.' IlICd"lIll'd t() he 71XX 1( 10 f, ;llId 

7159 x 10(, whlch WLre about 3 tillle~ the Yle)ù .... tnllll, whtlc III LOL:tIIC)II" -l, '), :llId 

G the measured strains were -664 x lOi', 23()O X lOt., i11ll1-,)40 x lOt., rt· .... pc( II\Tly 
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(a) Connection at -IAy, first yield, P=160 kN 

. 
\ -, 

\" 

« 

(b) Conncction at 1.8Ay' P= Pmi'"' =200 kN 

• Figure 4.35 Photographs of Specimen S5 

170 



• 

J 
{, \ 

(c) Conncctioo closc-up al -.'.â} 

" ; 

(d) ConnectioD close-up (front sidc ) ailer tc..,tilll~ 

• Figure 4.35 (CoDtinucd) Photog.'aphs of Specimen S5 
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1 111;t1ly, the '>pccIlllen W:J!'> \uhlccted tn ncgatlve )o(lùing up to a maximum Joad 

Id 1 n k'- (( veil' 20H). wllen !:Itlure ()ccurrcd (!->ce FIgure 4.35c). The maXIIl1Um 

dl'·ll!.l( ('!lll'lIl pll()f 10 lilllllfC wa\ fc(on.lcd lo he -())4 mm wllrch g:lve a dl~placell1eIlt 

dlli llllly Il! /1. () ),1 ; 2,21 = 2.9 The ~tratrl!'> élt Locatiom, 4.5. llnd G were mea\Ulèd 

Il)11< ,I(»)' \ 11)", 17,I~x 1()("aIH1211·~x 1()()re\peLl1"cly,whIci1rTve<tI~the yleldlng 

,l! lltl" 11111(' 1<'11\1111 ,>1 thL'lclr!lolclllg hill Splrttll1g!aJ!U1CW:\:-': :comranled b~ pull

'1111 ()I Iltl' ('II<I p:lr! (l! thl' !CllllolClIlg bar and "l'one - ~hèar" failule (lt the COllCletc 

\1111 ()ulldilli! III<' \lIHI \\'L'IL' llh-'èrVl'd. Flgurc~ 4,)5d and 4J5e are ph()tograrh~ ot tlll' 

(', HIIII (tHIII .1Ilt'1 tlll' 1l'~t. 

v 

(e) ('ollnection clo..,e-up (back sidt') after tC"iting 

Fi~Hn' .. U:' (CoJltinucd) Photogmphs of Specimen S5 

172 



• 

• 

Along the embedment kngth, the measured strain at Locations 1 amI 2 \\'t'I l' 

recorded to be +2523 x 10 h and +·lHO x 1O.{' whlch ~llggL'~b that a l'aIt ul thl' 

reinforcing bar in tht.: comprc~~lon zone \Vas III tel1Mon. This wa~ basirally duL' tu 

bending of the reinfornng bar in the cnl1lprCS~lun zone <lIter tlll' luss nt the l'lllll'Il'Il' 

coyer in the Vlcillity of the CUl1l1ertion. 

Figure 4.36 presents the load - Vl'I tlcal dlsplacCIlll'llt charal'tl'l1~tlc lm the 

specimen. This vertical dl~placel11ent IS caused hy slipp1l1g ut the bal un armullt 01 

cracks along and normal to thl' bar and the rcsultlllg lotatlllll of t'llI1IlCctl\lll Wlth 

the presence of an adjacent panel 111 the artllal ~tlllCl111 c, ~OI11l' 01 thl\ dl\pl:I\'l'llll'\II 

is prevented which may rl'sult 111 a shght incrl'ase the COIlIlcctHlII ultllllatl' r:lp.lClty, 

t'. 
...: 

~ 
u 
~ 
0 

t... 
~ 
~ 
v 
~ 
lJl 

250 - ----- -

1 :'0 ~ 

su: 

--50-

-1 ~)O ); 

-2~O- r t T T Tri r TrI r 1 1 1 1 l , 1 r r , r , ' 1 1 r 

- K ~ ') 
DI,pl,'" 1Il!'1" , 11l11l 

Figure 4.36 Load vs. vcrtical displaccmcnt 
Spccimen SS 
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Figure 4.37 IIlustrates the ~tralO variation along the length of the reinforcing 

har at maximum load, indicatmg that almast ail of the length of the bar in the ten~ion 

zone had ylcld~ù dunng the rever~ed loading cycle while about one fifth of the bar 

Ifl compression zone ytelùed. 

4.6.8 Crack Width at Peak ()f Loud Cycles 

The maximum crack wiùth lor the peaks of the various load cycles in each step 

i!-. !-.hown III Figure 4.1H which abo !-.h()w~ the best fit curve to the experimentalload. 

The crack OpCI1lng, dlll •lX i!-. Iclatcd to the peak load with the following expressions: 

For positive IO(lùing : 

ami tor ncgative loading: 

The area under the curve is an indication of the fracture energy dissipation 

charactcristic of the conncctiol1. 

, l' 

/
" .. 
. ' ," 

>'~ ~ ... 

A ()I ,. 

.' 

pr-ccl,c \~ 

Fi~urc 4.J7 Sb'ain vs. distance aJong the Jength of reinforcing bar 
prior tn failure, Specimen S5 
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'tH .... 11I1l1i1I III l \, Idlll .,111\ 

Figure 4.38 Peak shear force V~, nla"ill1ul11 (.· .. ad, 
crack width Specimen S5 

4.6.9 Bond betwccn the Steel 1'lates and ('l/llcreh.' l'ancl 

The hond hetwecn tlle !'.teel plate epoxll..'d tu the COIll'IL'll' p:llWI \I;,I'.I(ltIIHII(1 

be mtact along entire lengd~ dlllll1g the lever:-.ed Lydie lo:tdlilg ;\\ ('.111 Ill' \\'l'I\ III 

Figure 4.39, the variation 01 the epoxled ~tec\ plate dellt'ctlo!l \VIth tilt' \lIl'.I1 Illltt' 

ilIustrate a haslc linear resr()n~e, 

4.6.10 Summary Specimen 55 wu:-. whJected to thl'ioadlllg 11I"'(lIY (ltlllllll'lIlll I.dll( 

4.5 and Figure 4,32 with 91nad cyde~ heyolld the lact()rcd lil':-'Igll ~lll'Il~" Il (lI 1 II) k~ 

Cons Idel ahle Inelm,tlc ddorm:.l tl()n:-. occurret! a ttel yll' kllllg (lI t lit' Il' 1111 ( 1 Il 1111' 11.1 1 .I11t! 

eventually the entlle o...teel har YIl:lded ln tel1\J{lll A dl"'pl:tl'l'Illl'ilt d!.( Iililv Id ; W,)', 

achieved, '/ he mode ot !;lilurL' \VII" :-.plittlllgOj the COIlLTl'te :illllig tlll' Il'llllllItllll' Il.11, 

\Vith the cxceptHll1 ut the pull-()ut (lI Il!'. end pal 1. alld l'( I/lllctl' ''t (lIll' "IH';II" (Jj 1 111.11 

the headed !'.tlllb, The headel! ~tlld~ helpel! IIlCICit<"l' ,Ill' (,(lIlIll'cll(11J ',lll'llgIIJ ,IJlII 

stiffne~~ compafed wlth the ()ther "'1l'LlllIl'Il". IH,wl'vCI ;lIll'l tlll' (/.11 klll)! 1 il tlll 

COl1crete ~lIrr()lImI1llg t he ~tlld~, the ~tJttlle~" dL'grad:lt l()lI W;I" q 111((' 1.1 jllllll".lili J ",!' III 

large incla~tlc dl~placemcllt:-" The l11a\lllllllJll()(td~ fl'\I'-.kd hy t ht, "Ill't 1IIItii Wl'I t 11)!1 
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kN and - 200 kN, while the failure occurred at one (.·yck later al 11mb ut 1~5 k!\: :lnd 

-173 kN for positive and negative loadings, rcspectlvdy. 

," ,) J -

/ , 
/ 

- ,>')0 "" 1 ,-, , , l , , , , t , l , , 1 ' , , , , , , , , 1 
- H \ \ ~, 

Ihl'll)lru rUl,.1I1 • 111111 

Figure 4.39 Load ys. denection of steel frame 
a1-. mndeHed, Specimen S5 
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4.7 Discussion and Comparison of Experimental ResuUs 

Compnri!'loll of thc re~p()mc of the te~t !'pccimens subjected to reversed cychc 

I()aù~ arc ha:-.cd Oll thclr overall rc:-.pomcs and the ahIlity to dissipate enerblJ'. The 

IOilù-noriI'Clnt;t! dl!'lplaccmcnt envelope!'l of the rc~p()mes of the connections étre 

prc~elltcd In hgllre 4.40. In addItion, the cumulative encrl:,'Y dis~ipated (summation 

of the cncrgy ab~()rbcd 111 e:lch cycle) during the test versus the cumulatIve ductility 

arc c()lI1palcd III hgure 4.41. The cumulatIve dllctility I/1Jex IS caJcuJateJ for each 

speClInell hy th,.' !'Illll1matloll of the dlspJacement ductility ratio (~/Ay) for each load 

cycle. The l'IlClgy Lli~~lpatcLl hy each test specimen wa~ computed ba~ed on the area 

1I11Llcr thc loatl-dl'lkctloll Il:~p()me cllrve~. 

;\~ ca Il he ~l'e Il from Fig 4.41, the encr!:,T)' dl~~ ;patcd was greater in Specimen 

S2 than in the other ~pcCllncn~, although, the dbplacement ductllity of Specimen S5 

(JL = 3) \Va~ greateT th:ln the dllctiltty of Specimen S2 (J.L = 2.5). The dlsplacement 

ductIllty 01 3 wa~ attall1ed lor Spèwnen S5, but a lot of plJ1ching \Vas observed in the 

lnad - dl'lll'l't )()II rl' .... pomc, :lCCOlllltll1g for t'le great reùuctlon in cumulative enerb'Y 

(It" ... ip;nl'(~. '!ïw cUlllulatlvc cllcrgy dl~sipated hy Specimen S5 up to a Joaù of 180 kN 

1:-' allllmt 27(,;- of thc totalcllc rgy dls~ipated. ThIS wa~ due tn the contrihution of the 

Ill'adl'd '1tmb III the ,'OllllcctloIl, callsing the connection to be ~titf, before significant 

"(,olle - .,1lL':lr" clacklllg III the cOllcrète ~lIrrounùing the stud~ and prior to complete 

yll'ldlllg (lI the IellllOll'lIlg bar anchor (see FIgure 4.32). Specimens S2 and S5 

Pll'!'.l'lIll'd :t1lllmt ~lI11Ilar l'I1\'C 1 ()Jle:-., although ù!lferent fallure modes were observed. 

SPl'l'il11l'll S5 c\llIhltcd tlll' glL'atl'st ultimate ~trCl1gth (200 kN~ in companson tu the 

utlll'i ~pl'lïlllem, \\ hik tllc l'Ilt'fgy ùlssipated in Specimen S2 was the greatest. see 

!'I!!lIlt'S. ·1.10 ~lllli ·1.·11 SpCClIllCIl SI talled by a hrittJe fracture mechanisl11 hecause 

ut 1.ld, of full wcldlllg alollg thc !ltnllght part of the reinforcing bar. A contributing 

l11l'ch.lIli~m to haI Il :trture IlL'ar the weld \Vas rotating and slipping of the bar within 

it~ pI.lllt'. A~ thl' rClI1tl1rClllg bar ~Iirpeù, the resulting aùJitionaJ shear concentrated 

in the har Ill'ar thc weld \cd 10 tracture of the bar at this point. 

FIgure ..tA 1 ~hm\s that Specunens SI and S2 dissipated the same amounts of 
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Figure 4.40 Envelopes of reSl)onses 

energy corresponding to the same levtl of cum ulativc d uctlilty i Il the lowcr cUlllul:, t ive 

ductility range, Although Specimen S2 showcd il more lIexlbk n~~p{)IlSC (\l'l' 1· igllJt 

4.40) due to the provision of the hook, il causcd a çomitlclahlc IlllprOVl'/lJellt in It~ 

eneq,ry dissipation ability, after sp!itting bond f .. llure occurred alol1g the :-.tr:lIght palt 

of anchor bar. Although the Specimen S5 showed an Improved rc:-,p()il:-'C a ... :-.ccn III 

the load-deflection envelope in Figure 4.40, the cnergy dl~slpati()n capahlllty W:l\ /lot 

significantly improved when comparcd to Specimen S2 ( ~cc Figure 4,4 1). 

Specimen S3 which failed by spalling of the concn:k hlock hclow tllL: ;lllgle 

(caver of angle), displayed a small displacement ductillty 01 1.7 and low t.:/Iergy 

dissipated (see Figure 4.41). The pmching behavlOur up to the 13th cyck acc()ullted 
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Il)r :1 '>Ignillc:mt n.:tluctlon 111 th~ cumulative cner!:,ry ùl~~ipateù, FigUle 4A] ~hmv~ 

ck:lrly 1 Il:11 ~peClllll'll ~3 remall1ed ela"t1C ur tCl Cycle 9 ( p=~,m kN ),The cU111ulatIve 

CIll'rgy dl~\lpiitul L1p to th,~ 13th cyck wa.. (,()111puted tl) he about 2W;;' nt the total 

elll'Igy dl\\lp;lted dUI Illg the Il'~t (~cc Figllle 4.-+] J, Ah()ut KW/;; 01 the energy \\'a~ 

dl\~lp;ltcd III tht' Iw,t th.-cl' cyele~ .. ItCI a loI ()I cracking élnd Clu:-.hmg (JI the COllclete 

;IIIHIIJ(! 1 Ill' l'l11lwdtbl :lngle a:-. weil <t\ Ylelùing (Jt a ~Iglllilcant part ot the rell1fOlclIlg 

har :lllch()\ l ',Ill'I!W dl~~lpated hy SpeCImen SI I~ great~r than that in Specimen S3 

1~,Cl' Flgull' ·1 L~ 1 ), ;t1lhough Figure ~.4() ,>h()\V~ that the envelope tor Specimen S3 is 

IIHlIl' lIexlhle 111;111 that I(JI SPL'Clllll'll S1. ft "hou Id he J10ted that 111 gcneral éllllure 

1 kXlhll' l'nVl'l()pe III the Imd-del kcllOI1 re~p()n~e (\ec FIgure 4.40) 1:-' an IllllIcatur nt 

:111 11Il'1t':I~t't1 "tltllle!'>!'> lll'glatlatl(ln (JI thL connectloll under cycllc lomhng, 

SpeClmell S4 hall the !'>l11alle~t ell~rgy dls~ipatloJ1 as weil a~ the smalle:-.t area 

lIndn the l'Ilvelop r~~p()llse, As Il wa~ oh~erved, the mode of concrete lélIlure 

Ill'l'Ullnl hy "she:lr-wne" lallllfe nt Ihl' COJ1Clete ~l1nnllndtng the ~tlllb, Thl~ type 01 

1l'!,>p()Jl~l' I~ Ilot "~!'>()C1atcd wlth dl~plélcemt'nt ductility or enelgy dl~\lpatlon ablllty. 

SIllCt' III SpCCIIlll'11 S·~ tlll' he:llkd ~tlld" Llld nut yll'Id . the dclinitlon nt CLlmlllatlVt~ 

dUl'tll1ty I~ 1lll';lll1llgll'~~, Tllerelole, If I~ not prl'~ented III Figult' 4A\. The 

l'lIllllllatlvl' l'Ilcrgy W;I~ calclllatcd tu he 60 J. 

J)Ulll1g t Ill' II1lt lai Cyc\ll1g 111 ail speClmem. stiffness degradatic)n are not 

l1utlt'l'ahlL' :ll1d tlle loaLl-dctlectlol1 cUlve rel11atn~ <.juite llI1eal. 

1::lIlurl' Où'UI 1 l'LI al :llmut llO~,:-' 12W/;, 97Cjé. 59 ~(- al1d 140clc of the pledicted 

Il1PI10tOIlIt' lIltllll:ltt' t'ap;lt'lty Il'>lIlg thl' l'PU melhud f(lr Specill1eI1~ 1. 2, 3.4 and ~. 

Il'!'>pl'ct I\'t'Iy, It \hould hl' nlltl'llthat ~ell()lI~ crackll1~ ot the anchOla~e zone wa~ 
'-- '-

OhM'lvcd ht'Im l' Ilutll"l'ahk ylclLlll1g ,!long Ihl' \ength ot re1l1forLing anchor har. The 

1:1I1111l' 11l(JLk~ arc pll'~l'nll'd 111 the Slll11ll1;IfIt'~ for each ~pecimen. 

Il Shlllild hl' lloted thm \VIth the exceptIOn of Specimen S4, which \Vas 

1l'll1forL'l'd \\'Ith headed stllds,eadJ specimen \Vas able to sll~tain load even atter 

\'il'ldIIH.! 01 a L'oI1~iderahlc IeIl~th 01 the rell1forcin~ ~teel har anchor, However. the . ~ "- ~ 
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~t1ength increases at this load ~tep~ are rl'1atl\l?ly ~111al1. ;11111 thl'Il'Ill\l' tlll' \ll'I'lI III 

conduct future experiments 1I~1I1g tldl~plal'l'\lll'nt-l'()lltlnlkdtl !.Ithel 11t.1I1 ''111,ld 

controlled" te~ts wOlild he more ml'lul 111 ohtaÎl1\l1g a l'Oll1pk'tl' plt'tlllt' III thl' 

rcsponse ot these connectlOI1~. 

16 ---------

o 
o 

--- Specimen 
----- Speclrnen" 

. ----- Specimen 5 
- - -- SpecImen ~ 

_.-;:::.-~ --
n-rr-r-r-.-rrr-r-' rr-rr -1 -r ~ r r r r r r 1 r r r r 1 1 ri' 

5 10 l') III 

Clln1\I1allve Duet IlIty 

Figure 4.41 Energy dissipated by specimens reinforccd with har all<.'l101''' 
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Chapter 5 

I~valuation of Analytical and Experimental ResuIts 

A.., Illent 1(ll1nl III Chapler 4. the NONLACS ImIte clement anaIY!'.I!'. program 

Wél\ lI\cd 10 \t udy the llon-llJ1c:lf re~pon~c~ 01 ('(ln ncetlO!l\ SI. S2. S3 and S5 

(lwtwl'cll dOllhll'-lee\). ~lIhJected to !TIO!lotolllc:t1ly II1creaslng IOèllb untll tarlure. 

Agillll. il\ 1lll'1I1l<JllCd prcviml' .. ly. the NONL!\CS program C.l1l he LI~ed 10 ~tudy the 

1l''''P(lIl~l' ni ..,tlllctWill rl'lI1lorCl:Ù eOllcre1e ~lIblected tu mnnotonieally Inerea~ing 10mb 

()Illy. 'l'hl' Ollt put IIOIll NONLACS analysl!'. pre~ented III thl!'. chapter I!'. relerred tn 

il~ "all:t1ylleal" n:~lIlt:-... !\:-.. Iloteu 111 Chapter 4. the experimental ~pecimen:-.. were 

~lIlliL'l"t cd lt) n'vl'I \cd cyl' Ile load'i to ~t udy t hel r complete responsc:-..: the 

npl'llIlH'lllill rC~lIll:-.. i\l c lahcllcu a:-.. "expcrIlllcntal" reslllt:-... Stnetly speaking. the 

"npl'llIlll'lllal" rl'~lIll\ l'ail not he cOl11pared \VIth the lia nalytlcal" predletloJl~ heca lI\e 

thl' IIl.tdlllg Hl1pmed Oll the analytleal élml expenmentitl :-..peclInells are drtferent

hClllg IlHlnotulllcéllly ll1ereaslllg Inads lor the :lIlalytleal :-..tuLly anu rever:-..eu cyelie lomh 

!Ol the C\pL'llIlll'lltaIIIlVL'stlgatlun Therl'lorc. ~ome dlilerencc.., are expected hetwct:'n 

thl' i1llalyllcal and l'xpenmcntal 1 eSlllt~. The followlIlg evaillatlon:-.. are ha~cd on 

:lIli1lytll':t1 pll'lhctlnll~, COI1Vl'ntlonétl ll1ethnd~ of de!->Ign and Ihe expclllllentai délta. 

'l'hl' illlilJytlCili !o;ld - dl'llection charaeterI!'.tle~ ami the 1I1tll1wte strength ot ;1 

l'Olllll'ctl()]1 prll\'ldl' key II110rl11:11I011 nece~!'..i1ry tn lJlHkr~tand the CO:1nectlon 

1l'~I)(lIl~l'. [Il predlctlllg the Inad - ddleetlon re~pon~t.' ni the ~trllctllre. :omp1ete 

!'..tlL':-'~ - ~tlalll rel;ltlllnshlp tOI stecllllcludlllg stram hmdel1lng <ll1llnon-linear stress -

~tIi111l Il'latlOl1!'>hip Ill! concrete lIlcludlllg the temll1n !'.tittelllng etfeet~ ~hou[d he 

l'1lJ1:-"ldl'rl'd. 'l'hl.' COllstltutlVl' materia[ mOlleb llsed III thl' NONLACS program were 

pll':-'l'lltL'd in SectIon ·+'2. The "analytlcal" and "c\penmental" IC~lIlt!'. tor load

dl'lll'ctJol1chal actl'll~tIC~. llltllll:\te strl'ngth. and rl'~pon!'>l' 01 1 ellltorelng !'..ted anch()r~ 

:Ill' l'UI11pall'd 111 thl!'.. l'haptl'1. Fm earll clement. the stles:-.. and the ~tlalll al the )th 

(lllllldlL' pOll1t) Gall!'>~ IIltegl atHHl rOlllt \Vere selected tu evaluate the crack 

pllll'agatl<lli. whIlt' thL' lllsplact'Illent ot Node 1)0 eOlncident wlth the locatIon where 

I~I 



• displacement (" .' 

Location l ' 

the experinlet. 

5.1 Spel"'imen SI 

'l~dmens ,"ilS mcaSUfeù (~ec FigllIc 4.5). and the StI.lIl1~ ,II 

lit' (Figure 5.2) tm Ihc steel anrhor Wl'fC abo l'll111p.lIl'd \\ III! 

The analyth al h, ,,' 

wlth thc experinH"" , 

'1':cllon curvc f{'r Node 150 I~ l,llllpaled 111 Flgllll' 51 

'nt respollse tor SpCClIl1l'n SI 'l'hl' al1:lIylll'alllllllal 

stitfne~~, alld 11 . \ 

re~lIlt~. 'l'hl :S 

.. fIlst CIack.s 1II1tl.ttl'd. nllll'lalt' wl'll \\'Ilh Ihl' tl'~t 

cl:lstic re~pun~c~ 01 the :l11.1I)'IIC.1I a\H1 the 

expefllnental ~pLL '\' ~ecnl1oll1 Flgull' :; 1, the :-.1()j1l' 01 l'\jlt'II!I1l'Il!al 

load-ùetlection curve dl'cr, tlJ'ltïC:tlltly attl'ï the t'ally l'yl'Ic~ \Illhl' l'Iaslll' lal1ge 

(Tahle 4.1). wlllie the "analytll'al" ~I()pc I~ nnt alkl'll'd ~lglllllcal1l!y. 'l'hl' :111:lIylll al 

ultimatc strength b IHO kN, wlllch i~ l:;~';, 1:lIgl'f than tlll' l'\Ill'lIllll'lIt:t1 V:tllll' 'l'hl' 

analytlcal ultil11atc dÎ~plaCClllellt predll'll'J 10 Ill'Tt the 1:I~t l'llllvl'lgl'I1l'l' l'lltl" 11111 

(O.OOOS ot the norm ut the dl~plal'ell1l'nt vel'tm wa:-. ll~CLI (\~ UlIIVl'lgl'IIl'l' l'lIll'flOIl \II 

the NONL;\CS program) IS 2,7 mm, whlch 1:-' ')0% \Illallcr than thl' C\Jll'lIllll'llt:1I 

results. The lower ~tn.:ngth ,lIld th~ Iargel expCllIlH'nt:d dl'>pl:H l'Illl'ilt ail' dlW to 1 Ill' 

facl that the cyclic IOéltlIng C<lll..,e:-. dl'gradal\()Jl 01 hlllld ~trl'Ilgth allt! ~tllll\l'~\ :lt thl' 

interface 01 the concrde amI the rCllllorclng har, WlllC1l11l tllll} Il'dlll'l'\ tlll' ~ttlt.Il''''~ 

and the ultllllate capaclty of the C()l1llert\l)Il~. 

Compan:-.on ot the n::-.ults IJom the NONLACS élll;tly\l~ alld t'l1I1Vl'IIII()lIal 

methods of deSign show that the ultllllate ~trel1gth of tlll' COI1IIl:cIHI!l c:dclIlatl'd 1I~llIg 

the "truss anal()gy" are III gOOlI agre .... mel1t wlth tlle NON LACS It'~,lIlh. Il 1'> Illtl'Il'\tlllg 

to note that the ultlJlwte ~trength accordlllg tu the I1HHltlIl'd ('1'('1 lllt'tll!lll 1 ... 

lH3.5 kN whlch IS Ju~t J% larger than analytlcal predlctloll valllt', :111<1 llll' V:t1l1C 

ca\clllated u:-.Îng the alternale ll1ethoù (:-.ee !\ppend.x Â), 1\ 170 kN WlJi~'1l 1\ IJ'j" 

smaller than the analytlcal pre(lIcted vaIlle ('J'able 5.1), ~howlllg vCly rIme agreellH'lll 

between the value o!Jtall1eù ll~lIlg moJrlled CPCI metlHl<J alld tlll~ NONI,!\CS 

program, The ultllnate ~trenglh accorùing to the CI'CI Illt:thod 1:-' 1 tlO kN which • .., 

22% smaller t11,tn the analytlcal predlcteJ val ue (Tahk: 5.1). 
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Figure 5.1 Comparison of analytical and experimental 
load-deflectinn responses for Specimen SI 

15.00 

Analytical load-stcel ~train curves for the connection are compared with the 

l'xpcnmclltal results in Figure 5.2. It is seen that the strain plot corresponds weIl 

with the cnvcloPl' 01 the luad-strain test result~. It can be noted that the analytical 

Joad al whll'h the tenslle steel rl'inforcmg bar clement yielded was close to 176 kN, 

whtrh IS ahout 14();' highcr than the corresponding "experimental" value. This 

tllllcn.'nLe IS again due to the effect of the cyclic loading of the experimental 

SpeClll1Cn. 

'l'hl' CI ad .. ing pattcrn, at the commencement of cracking correlated weIl for the 

"i1naJytical" :tnJ "expcrimental" models. However, the extent of cracking of the 
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concrete in the analytical model was snuiller than that for l'xpl'rll11l'lltal l1lodl'ls (<lt 

loads higher than 50 kN). This is due to the cyrill" \Oi\Ùl!Ig, WlllCh 1I11crt~ hoth the 

cracked (lnd uncrackeù elemcnts 111 both COll1pll'~~IUn .Illl! tensIon IcglllllS, :Iml alsll 

beeause perfeet bond is assumed hetwecn the cOllcrete amI the stl'l'I lm buth the 

reinforcing bar anchor and the remfon:ll1g mesh in the "ana\ytiral" ~pecill1l'll. 
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Figure 5.2 Comparison of analytical and experimcnt.al load-st.eel strain responses 
at location 1 for Specimcn SI 

5.2 Specimen S2 

The experirnental and analytical plots ot the applied load P ver~u,> the Node 

150 displacement are cornpared in the Figure 5.3. The initial stillnes~ anù the Joad 
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(lt IllltlrttlCHl (JI th~ f Ir~t crélck~ corre~p()nù weil with the expenmental re!'>ulb. Thl!'> 

correlatl()n 1'> dut: t() tht: Irtct thal hoth !'>rc('imen~ were bé:\~ically 111 the ela~tlc range 

helorc cf(tck iflltlatl< m. The ,>Iope of the Irmd-dctlectlon plot dll11l11l~he~ !'>Igniticantly 

édtel the IllltlillUéleklllg (kw cyele:-. éllter the elmlle range. ,>ee Tahle 4.2). wherea!'> 

1 he "i1Il;dyt Ica 1" ~tJ! 1 rH~~'> 1\ Ilot III Il llC nced con~J<..lerahly «,ee FIgure 5.3). The ana lytical 

1I1111l1ilte IOcHJ I~ Ik1.::; kN, whlch I~ ahout 796 11Ighcr than the expenmental value. 

The IlIi1XlIlllllll "ill1,lIytll'éil" dl~plélœrnent pretllcted to élchleve the !'>pecilled 

cOllvclgC!I('(.' Clltl'fIOIl 1'> 2.22 Illm. ahout 27 clr ot expcnmcntal rC~lllt. The lowel 

~trel1gth ;lIld the lilrgl'I exper l !m'lItal dl~rlaccll1ent can he attnhuted to the ettecb 01 

the cyclJc l()adlIIg. wlllch tel1d~ to detenmatl' the hond ~tlength and ~tlttne!'>!'> and the 

ultlllléltl' \ln.'lIgth (lI tlll' l'Ollflcctlon. 

('()m!,;1J j~(111 ()I the n~~lIlt~ trom the NONLACS i.l!1aly~l~ élnd the conventlonal 

de:-.rgll I1ll't IlOd "hm\, t Il il 1 thL' ultllllate ~trength calculated accurdll1g t() the l1lodlllt'd 

('PC[ Illcth()d illlti tllL' villul' calculated U~ll1g the alternéltc method (~ce !\ppendlx A) 

;IIL' IK~ ') h.N ,lIId IX7 kN, \vlllch are only O.5 f
/( and 2.5(i{; hlgher thel!1 the analytll'al 

villul'. It'''IH'l'tl\cly ("el' Tahle 5.1). Thi!llndlcate!'> excèllent agreement hetwcen the 

NONI.;\CS Il'''lIll~ ilnd thL values calculated U!'>lllg the Illodllied CPC! and the 

,t1tCIIl,lll' ll11'thml uf <..1e~lgn. The ultimaiL' ~tlength é1ccordll1g to the epC! I11Lthod 

(lt tk~lgll I~ 1·10 kN whll'h exlllhlt~ 23(;( ~l1la 11er than t hl' alla lytlCitl predlcled value 

(~l'L' TahlL' ::;. 1 ) 

The al1alytlcal iml! L'xpt'nmental results are compared tor the applled load 

versus the stl "in at l.ocatl()11 1 01 the fCInlorcll1g steel in Figure 5.4. It l'an he ~eel1 

thal the analytleal \tr,1I11 clirve COi rel;llL''' weil \VIth the envelope ni expenrnental load

stlalll Il'~lllb. Il ,>huuld hl' l10tcd thilt the allalytical [nad corre~pondll1g to yieldll1g 

ul the tl'Il,IIL' ~Il'l'I h,lI wa\ ,lpplu\lmately 172 kN. WlllCh I~ abuut Il c"é higher thal1 

tlle valllt' nhl;lIllcd e"'lwlIlllL'l1lally. 

The ,Inalylll';ll and l'"'I1L'llmental rrackll1g pattern!l. a t the 11lItration of t'irst 

cracks ~ho\\' gl)(ld agi L'l'ml'nt. Ilowcvcr. the extent uf propagation of crack~ in the 

",lIl,lIvtlc,t1" model \\,,~ "mallel tlwn thal III the cxperil11t'111él1 re!'>ult~, al I()ad~ higher 

than (JO J...N. h;I"Il'ltll) hl'l'llll~e ot the lIeter iOlatio!1 nt bond at the ~teel-concrete 

Illtcrtal'C and Iht' 1 t.'~lliting delclloflltiol1 of the specimen under reversed cyclic 
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Figure 5.3 Comparison of analytical and experimcntal 
load-deflection response for Specimen S2 

loading, and the assumption of "perfeet" bond hctwcen the coneretc and the sted in 

the analytical model 

The failure in the "experimental" and "analytical" modcls oecurreù ln the 

tensile zone due tn complete deterioration of eOllcrete aJong the straight part of the 

bar and in front of the 90 degree hook . 
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Figure 5.4 Comparison nf analytical and experimental load-steel strain responses 
at Location 1 for Specimen S2 

5.3 Specimen S3 

The "analytical" and "experimental" load-dcflection curves at Node 150 for 

SPL'ci111l'll S3 are wmpareù in Figure 5.5. It can be noted that the correlation is 

generally gonù. The ditference between the "analytical" and "experimental" ultimate 

stlL'ngth values is ahout 4%. In addition to the load-detlection curve, Table 5.1 

r'.Hnpares the "cxpcrimcntaJ" and "analytical" strength values. 
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Figure 5.5 Comparison of analytical and experimental luud-dencction rcspon~c~ 
for Specimen S3 

The slope of the experimental load-deflection curve uecrea:)c~ \lglllllc:llllly :It IO:ltI 

higher than 80 kN, whereas the ~llope of the analyticéli load-deliecll<lll l'Ulve 1" Ilot 

significantlyatfected, The maximum analyticaltllsplaœment al the la~t converge/lce 

is 1.2 mm which is 78% smaller than the expenrnental value, 1 /ere agalll, there are 

differences hetween the two !'lets ot n.~~ult!-., ba~lcally uue 10 the 1111 1 lit; lin; (lI the 

reversed cyclic load~, rcsulting In a greater dcgrauaUon (lt tlle ~tlt'Ilgtlt illld "tllllll'"'' 

of the connection compared with the response unuer m()notorllcalJy Illcrca~lllg Joad" 

When compared with the calculated capaclty u~lllg the ~hear frrctloll dc"igll Illethod, 
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tilt; c;dculatcd ultllnate ~trength i~ ahout 2% higher th an the NONLACS value . 

r'igurc ~J) c()mpare~ the "analytlcal" and "expenmental" I()éld-~teel :-.tralll 

rt;:-'lIlt~. 'l'hL: ()verall analytlc;t1 re~p()n~e is ~tlfter than the envclope ot the 

expelllllelltai 1 e~p()me, rt C;11l he ~l'en that the rellltOl clIlg har chd not yield 111 the 

"analytlcal" llJode\. 

The Illltl;ltHHl alld propagatl()n ot crach, dunng the carly load :-.teps (up to 

40 kN) CClIIl'~p()ncb weillor the "analytical" and "experimental" modeb. However. tor 

IO;ld:-. IlIghel than the SO kN, the extent ot the "expenmental" crack distribution was 

larger th;1I1 the corrc~p()ndlllg "analytical" re~lIlts. 

Both "analyllc;t1" and "expenmental" resulb show that the tailure was 

gOVl'1 ncd hy deterlol al Hm 01 the concretc :-.urroundlllg the steel angle, partlclIlarly the 

conclete cover ()"cr the angle tlange. 

101 nt!llU of Illf fl"iUf f ri "'Ill Olll 

Ï'O;\I,\( ..... pt()gl.UIl 

11" 1 
T '1 r ! T 1 

~h( l ,,,II !lI Il 

',1 
~ ...,- r r -( 1-- 1- l 1 

~ L'~-\' ~ -t 

Fi~urc 5.6 Cnmparisnn of analytical and experimental load-steel strain responses 
at Location 1 for Specimen S3 
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5.4 Specimen S4 

As mentioned earlier. the ~pecil1len \\'a~ not ,lIlaIY1L'l1 U ... lllg thl' i'\l )NI \('~ 

program. beeau~e nt the lIlahilIty ot the prugl:lI11 tu 111111ll'l ~lll',11 l·lllllll'l·!lll .... ,\ ... ,1 

consequence. the eOl11part~on I~ l11iHk het"'t'l'n tht' "l'\IK'llllll'IILtI" ll· ... tllt~ :11ll! 1 Ill' 

"analytlcal" values. The specimer: strcllgth rlllrulated U"'llIg tlll' t 'Pt '1 I11cthml I~ 

compared \VIth the correspond1l1g expcIIIlll'ntal value III Llhlc ~. 1. 

The "analytical" ultll11ate strength i~ 73 kN. whlrh I~ about 1.7 tlllll'~ tlll' 

"experimental" value. The lower ~trel1gth IS mmtly dut' !o dl'!:~lad:ttllln l';IU~l'd hy Ihl' 

reversed cycllc loadrng. As it \Vas ob~l'r\'ed expl'lll11l'lltitlly. the l1l'h:I\'llllll III tlll' 

connection under the Ill-plane loadmg wa~ gowi ned l'~~l'Iltlally h) II ,Il'klllg (11 tlll' 

concrete surround1l1g the headed studs. wlllch C:lu~ed "colle-tvpe" 1:1I\tlll' (lI 11ll' 

connection. The entlcal stress stalt' ni the COllelete le~ultl\1g III l'larkll1g wa~ Illo~tlv 

biaxial tension. It was abo noted that the opelllllg and l'Iml\lg (lI tlll' C1:tcb III thl' 

concrete due tn cydie l(lad contnbuted Ill{)~t slgnlllcantly to the Icdllrtloll III thl' 

ultimate strength nt the connectlon. 

5.5 Specimen S5 

The "analytical" and "expcnmental" Illéld-deflectioll CllrVl'S lm Nodc 150 ;lIl' 

compared In FIgure 5.7. The analytlcal mitIaI stittnc!'l!'l con e!'lp()l1d~ weil wIll! the 

experimental result~, whlch l!'l haslcally due to the ne"l t.:I:I~tlr IWl1ilVIIll11 01 htlth 

!'pecllnen!'l up to the Initiai ('fm:kmg lom\. ;\~ the ;Ipplll'd I(litd WiI,> IIH'll'it"'l'd tlll' 

"experimental" stlffness (!'llope 01 the load-dl'>placL'lllL'lll plt)l) dl'UC:I'>l'd ... 'gIlJlIl"lIllly. 

while the "analytlcal" ~tltlne!'l!'l dld Il()t challge appl L'clilhly '(Ill' htd-Lletll'l t Il 111 l'lIl Vl". 

showed that the "analytlcal" ultllnate ~trellgth I~ ah()lIl 7.~(1;' hlghcl tl};lll tlll' 

"expenmental" value. The "analytlcal" dl"pl:lcelllent COri l'~p()lldlllg to 1;1"" 

convergence I~ 1.9 mm. ahout 70% ~malll'r than the expelllllCfltitl V;t1l1C. 'l'Ile OWI ;111 

analytical load-deflectlon re~r()l1..,e I~ ~tJ!ter than the l'llVl'lopl' (lI l'XPl'llllll'llt;!1 

response. The~e difteren('e~ are mmtly d lIC to t hc ''L:Xpl' ri Ille Il 1:11" 1 cw 1 "l'li cyll Il 

loads. re~lliting 111 detenoratlo/l 01 bOlld ~trL'ngth éllld ,>t Il 1 11\:"'" ;11 Ihl' IlItt'1 lit( l' ()I ,>ll'('1 

bar and ceJllerete and ~Iglllilca nt concrete crack Il1g III the VICllllt y (JI t!te Ill' il dcd ,>llId.., . 

The~e eftects reduce the !'ltJltne!'.~ and the ultllllatc ~tre/lgtl1 of l/te U )l1l1l'( lIO/l. 
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7 5 

('OI11P;III\OIl of the result!'. ot the NONLACS progral11 and the conventional 

lk~I!!1l 111l'thod:-. show thal the CrCI and the l110dltied CPCI method:-. are conservative 

hyahout 14( ( and J)ré. respectlvely. whlle the !'.tlength calculated uSlllg the alternate 

1111'thOlI (~l'e ,\ppendl\ A) IS about 15Se 11lghel than the corresponding values 

llht:llncd hum the NON LACS )1IUgr:llll (~ee Table ).1). 

I,\~!llle ~.X Cll\l1p:lrc~ the all:tlytll':tI and expenmental load-steel strain l'urve!'. 

flll SPl'L'IIlll'n S5. A~ l'ail he ~ecn. the general envelope 01 the expenmental load

~tlalll l'mye I~ more tk'\lhk (~otter) thall the analytH.:al response. It 1~ should he 
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noted that the "analytical" load at which the tensile steel h:lI ytl'ldcd wa~ 

approximately 207 kN, about 1.3 times the "experimental" value. Thl'~l' dtlklCIll"l'S. 

again, are mostly due to the cyclic loading used for testlllg the "c:\I1l'1 tl1lllllal" 

specimen. 

The cracking pattern, at the commencement of cfacklllg lm the "e\lwl ([lll'IlI.II" 

and "analytical" models are in goad agreement. Howcvcr, the L'xtt'III and plnpagaltllll 

of the cracking (at laads higher than 75 kN) in the expenml'Illal spcCllllcn Wl'Il' 

larger than those for the analytical model. The mcchal1t~m 01 latlull' llht:ItIll'lIIIOIll 

the NONLACS results for the "analytical" model subJcl'tcd to Illllllotolltcally 

increasing loads was simtlar to that for the "expertl11L'ntal" llllHIL'I, ~lIhJl'ctl'd III 

reversed cyclic loads.The modc of faHure in the "allalytkal" Illodl'l wa~) dllt' tu 

extensive deterioration of the concrete along thc entlre \ength 01 tlte Icilllull'lIIg Il:,, 

accompanied by complete cracking lI1 the vicilllty 0\ the hemkd slutls. 
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Figure 5.8 Comparison of analytical and experimcntal loud-stccl ~train rc~pon<;c~ 
at Location 1 for Speci men S5 
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Table 5.1 Comparison of "Analytical" and "Experimental" Strengths 

Analytical Strength (kN) Experimental 

Conncction 
CPCI ModifiCG Alternate NON LACS 

Strength (kN) 

Mcthod CI"':"I Method Method ResuIts 

SI 140 HB.5 170 180 150 

S2 140 183.5 187 182.5 170 

S-' 128 - - 130 125 

S-I 73 - - - 43 

S5 140 183.5 247 215 200 

• 
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Chapter 6 

Design Recommendations and Conclusions 

The experimental part of this research program consistl'll 01 tl'st~ on flVl' ILIII 

seale specimens representing the connections bctween pl eca~t douhle tCl' lia ngl's III 

between a double-tee flange and lateral resisting c1emcnts. Although thl'il' :1Il' 

empirical methods availabJe for design of thesc cOl1m'ctllH1~, thl'M' ~lll' 1I11.thk hl 

predict the complete rcspom.c 01 connectlOIl. The Preca~jJPIl'~tll':-'\l'd ('tlillll'tc 

Institute design method provides a model only lm l'Ia~tlr d(,~lgll (lI l"IllllH'l tUlIl, 

however, this methoù cannot preùict the lIlelastlC le~poll:-'l' ullde! l11oll11toIllrally 

increasing loads or lor the mda~tlc re~pon~e li mie 1 Il'Vl'r' .. ùl l yclir l(lad.... 'l'Ill' 

embeùment length requlrement for the 1 elllforcing bar i1nChOI a~ "'lIggt'~Il'\ 1 hy thl' 

cllrrent design mcthoù, is ha~ed on tlte hond re~pOll~t' 01 thc ~tt'l'I 1l'llIlo!l"l'II1ent 

unùer monotonically increasing loadmg when the conC! etc Cl lVl'1 tlllrhlll"..~ 1\ \ld t Il'Il'III 

(thick panel). llowever thb rc~earch program IIlvolved a thlll palld ()() 111111 

thickness) for investigation ot the complete respol1se ut the COlllll'Ctl(lll:-" lllllkl 

reversed cychc loads. The de~ign rec()mll1el1datl()n~ and cOllclll~\(J11\ :1Il' h:I\l'l1 011 tlH' 

experimental results, analytical respon~e pre,jldloIl~ and tlw 1l'~1I11~ (JI tlll' III lIj-lIncar 

analyses of the response ot the~e ~pecilllen~ wht:1l ~uhJected t() 11J()()()t(lIl1cllly 

increasing loads. Tahle 6.1 ~lIm marize~ the value<; 01 t he rai 10, r~, 1 he ";lIIa Iyl Ica 1" 

ultimate strength to the "expcrimcntal" ultlmatt: ~trength rat 10, ralculatl'd U .... ll1g the 

CPCl methc}d, together with the ùt.:~lgn and dt:l<lIll1lg requlrt.:IIll'llh Ill( tlll~ klllli ()I 

connections The design recommendatl()Jl~ anù C()ncltl~l()n .... are "UIllIll:lnn'd Iwl()w' 

1. The boundary conditions tOf the experimental ~pecllnens were ~e\ccted 1 rolll t Ile 

results of elastic analyses (SAP<)O) ot douhle-tee tlange~ ~LlhJected to ~t;ltIC :-../1t:arll1g 

forces. Steel plates were epoxleù to the COl1crete pant:1 élnù the enllrt: :1 ...... clllhly WéI ... 

then welùed to a steel frame (C/Japter 2). The expenment,t! re~p()n~e :11 the 
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~pl:lIllll~n houndary Wél~ not<.:o to he Imear wlth the load and ~atbfélctory . 

2. The p;ln<.:1 (flang<.:) thlckne~~ and concrt.:te quality can have a marked ctfect on the 

hellav/oUf of the COf1/lectlon. In calculating the static ultimate design load, the etreet 

of average e()ncrde cover thlckne~~ along the remforcing har ot the eonnectlon /~ 

takcn IIIt() "ccollnl. 

3. Sef/ou!'. cntckJJlg of the anchorage zone was ohserved hefme notlceahle yieldmg 

,,1()llg the ILlIgth of relllforcing anchor bar. Any slIch damage reduces the likelihood 

of a go()d 1 e~pon~e 111 ;1 ~lIbsequent earthquake . 

. 1. (a) Prl'lllllfl1:lry values ut {3, the ratio of the ultlmate ~tatic strength calclliated lI~lI1g 

the C'J>C'lmethml to the value~ obtained experimentally élie !'.howll 111 Table 6.1 along 

wlth the other relevant lecomll1endatlon~ for the cmhedment Iength (/t the anchor~ 

,11lL! thlt'kJll'~~L'~ of the :-.teel plate or the angle. It ~h(lliid he noted tl1at the~e 

IL,(,OIllIlll'f1ll;ttlon~ :lIe ha~ed on the re~lIlt~ of only one ~peClll1en in each categmy, 

,llld tlll'IL'lIlIl' mo/!' npellmental and analytlcal re:-.earch I~ needed. 

(h) It Illll~1 he ell~ured that the :Inchor b" " welded completely along it~ length 10 

Ihe ~leL'l pl<ll<.' 01 the :lIlgk cOlllpming the JOint. 

5. (a) SpLTIIllcn S5 exhJl)lted the large~t ultllnate strength and displacement ductllny 

(3.0), IHlWl'\'l'l. It~ re~p(ln~e 111 the lf1termedlate cycles, before ~igl11hcant concrde 

('I:ll'!..ing :l/ouml the ~tllds, ~h()wcd :-,ol11e plllching, wl11ch I~ reflected in the Imv energy 

'lh~()f pllun c11:11:1l'tCII'\tll':-', Spt'cll1len S2 cxhlhlted the he~t energy ab~orpti()11 

chal actL'll:-.t 10 :lIld had a dl~placef11eflt ductlhty ratio ot 2,5. Therefore, the ll~e of ~l 

l)()" hon!.. l'ail IInplo\'c the ()\'l'mllle~p()l1~e of the LOfll1ectlon, especllllly 111 Specimen 

S:' wllh headl'd stlllb. 

(h) SPl'I'illlt'll Sol lbplayed the lowest ultimate strength and the worst energy 

:lh~lH ptiol1 chal al'ten~til's compared with ail other ~pecimens tested. This specimen 

l'II!L'LI \VIth :\ JO°cnl1crete cone being sheared ntf. compared with the 45° angle 
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sugge~ted ily the CPCI Illèthoù. TI1l'reforl', Ile\\' mechanlsll1~ tOI dl~~lp;llllIg l'Ill'Ig\ 

shoulù he exploreù, One suggl.'stion IS to inVL'~tigatL' whethl'I Il I~ pl)~~lhk tll lk\lgll 

the connectlun S4 slIch that the 1'11l.'lgy I~ di~~lpated m the ~tL'l'I 11l'.H.kd "Itllt... 

6, The dl'~lgl1 applOach 01 the CPCI glve~ a C()Il~el',atl\'L' plL'dlCtlUIl Illl tlll' 1I111111.1Il' 

strt'ngth~ of SpeClIl1l'n~ S2 ilnd S5, \Villie the lIltllnatL' ~llength~ ui SPL'l'lllIl'lI" SI .!IHI 

S3 are cime to the l'\pelllllL'lltal rl'~lIlt~, 'l'hl' L'XPL'llllll.'lItal ult II1Wtl' -;t Il'Ilg1 Il III 

Specimen S4 I~ only 0,59 01 the ultllllate strel1gth glvel1 hy the ('P( '1 1l1l'llIml 'l'Ill' 

CpeI methoù overe~lIll1ate~ the ultllllatl' ~tlength or the CUl1l1l'Cllllll :llId tltl' 

reductlon factor 01 n,ô IS recol11l11ended, Il ~IHlllld bL' l10ted thilt 1111" valul' lia" hl'l'II 

calclIlateù lI~lIlg the lInladored COllctete ~trength, Theldllll', lOI dl'''lgll pUI !11l"l''', 

this value ~holiid he ll1ultiplied hy cf>l (0.6), thL' 1l'~lstilncl' 1;letOl 1(lI l'1111CIl'tl', 

7, The experimental strength tor Specllnen~ SI, S2, S4 ;ml! S:ï \Vl'Il' ())-i \. (Il) '. Il I)h 

anù 0.93 of the analytical strength preùicted hy the NONI.!\('S pl ()gl ;11ll 

Suggestions for Future Studies 

Very Itule experimental ùata I~ aV;lilahle <ln the behavHlll1 (lI tllill Il;lllgC 

connectil1n~ sllhjecteù tn rl'verseù cycllc loadll1g, MOle expertllll'Iltitl \V()I k ~h()lIld Il\' 

undertaken to stuùy the influence 01 ditlerel1t par(ll11etel~ ~lIdl :I~ tlte Il'lIl\(lIl IlIg h,1I 

diameter anù ylcld strength, c()ncret~ :;Irellgth ami l'!lvel thlckm'.,,,, "tlld .,1/1' 

(including Iength and dléllllcter). ami the type ()I Illildlllg ( IIHlI\()I(l!l!c;tlly 111('11'''''1111' 

or reversed cyc1lc II1VOlvlllg ~h~ar. Icn"lo!1 ()( C<ll1lhllled ~lll':;IJ ;1 III 1 \t'I1"llt' !<l;llb) III 

improve (he under~t(lndlllg 01 the sci~lnJc re~p()n~~ ()I thl'~c C()lIl1l'CtU11I'>. l\h(),I;llgI' 

numhers ot ~lll1ilar conncctlom, ~holiid he te~ted to e~tahlt!'!h él "trclIgth dl,>tllhllll()11 

for the~e connection~, 
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Con ncctHHl 

Conncction 1 

Conrwction 2 

('onncction 3 

('onncctlon 4 

Cllnncction 5 

• 

Table 6.1 Dc~ign requirements and values of f3 

{3 

1.10 

1.21 

0.97 

0.59 

1.43 

Design ReqUirements 

a) Provide reinforcing bar embedment length 
Id = 154.5 dJv'f'c > 30 db 

b) Completely weld ail of the straight part 
of the bar to the face plate. 

c) Use a face plate ot thickness, t 2:: 4/5 db 

a) Provide reinforcing bar embedment length 
based on: 
lhd ~ 149.5 dtjv'f c (with hook at the end) 

b) Completely weld ail of the straight part 
of the reinforcing bar to the face plate. 

c) Use a plate of thlckne~~, t ~ 4/5 db 

a) The embedment \ength mu~t be 
Id = 154.5 dtjv'f'c > 30 db 

b) Use an angle with t 2:: 3/4 db 

c) Provide contllling reinforcing bar 
(smaller size), or u~e the headed studs 
welded perpendicularly to the angle tù 
counteract the ~palhl1g of the concrete 
beJow the angle. 

a) Detail the joint in wllIch stud failure 
is predlcted 

b) Provide longer headed studs welded ta 
the plate at larger centre to centre 
distances 

c) Use plate thlckness, t 2:: 3/4 db 

a) Provide reinforcing bar embedment length 
Id = 154.5 dJv'f'c > 30 db 

b) Use an angle with t 2:: 4/5 db 
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Appendix A 

Design and Analysis of Test Specimens 

Tht; ultllllfltC ~trength of the ~pecllnen~ were calculateù ming the following 

tluec Illethmh: 

1. Thc CPCI Illethol! L1"lllg a ~teel :--trength equal tn its mea~ureù ylelù strength (t~ = 

Iv), rl'lI1forclIlg hm rc~btance factor, cP~ = J, and concrete resistance factor, cP
l 

= 1. 

whl'II the conllcctlon lads. 

2. 'l'hl' modillct! ('pel lllethoù lI~ing a ~teel strength equal to its measured ultimate 

strcngth (l, =:: 11111 ), rClnlorclIlg hm re~i~tance factor, cP~ = 1, and concrete reslstance 

faclol, (/\ = 1. whcn the connection laIls. 

3. An :tllel natc I11clhml, u'lllg the equélilons due to Jimenez et al1241 tn caIculate the 

dowl'l :tnd pullolll lorre:-- III the bar legs. the length ot rell1forcmg har:-- ~elected based 

on :tllcholage Icllgth~ rl'qulrel! whcn the har~ aIe :--uhJected to reversed cydle 

h)è1dlllgl.~ol, illld l'qllal](lI1~ 1-12 :Jlld 1-14, was lIseù to caklliate the requlred anchorage 

lellgth~. 

M 15 WL'ILI:lhle detormed rernforcing har wlth a cro~~-~ectlon area, 

/\ =200 111111
2
, :11ll1 ll1l'a:--ured matenal propertie~ were u~ed for ail of the speCllnens. 

It should he lI()led 111:It the ultimate strength ot ConnectIons S3 and S4 were 

ohl:lIl1ed ol1ly lIsing the CPCI method. 

A.I Specimen SI 

CPCI l\1cthod 

[;aell rl'lI1ton:lI1g bar leg is assumed tn reach Its yield strength when the 

l'llIlI1l'cllllll taris. Theil the llitimate compressive strength, Cu' in the compression leg 

and thl.' llltinwte tensrle strength, Tu' 111 the tenslle kg are given hy: 

(A-l ) 

201 



• 

• 

where 1\ = 200 mm 

~ = measured ultimate stress for steel har = 495 MPa 

Substituting in equation A-l, gives: 

C = T = 200 x 495 x lO--' =99 kN u u 

and, using truss analogy, the value of V ult is given hy: 

Modified CPCI Method 

VUIt = (Cu + Tu)cos45° 

Vult = 140 kN 

Each reinforcing bar leg is assumed to reach its ultimatc strl'Ilgth when tht' 

connection fails. Then the ultimate compressive ~trength, Cu. 111 the compressive kg 

and the ultimate tensile strength, Tu, in tensile leg are given by: 

where 1\ = 200 mm 

fuit = measured ultimate stress for steel bar = 649 MPa 

Substituting in equation A-l, gives: 

Cu = Tu = 200 x 649 = 12Y.8 kN 

and, using truss analobl)', the value of V ult is given by: 

Alternate Method 

Vult = (Cu + Tu)cos45° 

V ult = 183.5 kN 

(/\-1 ) 

The dowel strength of the MIS bar is calculated using the following equation: 

b" 
Vd =O.75-db (in Imperial units) 

o n (/\-2) 
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(in S. I. units) 

wht:/c d" =- d/éll11der or ~teel bar = 16 mm 

bn := net tllll:kne,,~ = total thickne~~ - db = 75 -1 6 = 59 mm 

Il = lluJl1her 01 bar~ in one layer nt reinforcement = 1 

SlIh"tlt lItlllg thc~t: véllllC~ in eqllélt/on A-3 give~ the value ot Vuo a~ 

VÙCI = 4.9 kN 

Thl~ dowcl force i1ct~ norm.1I I() the ~tœl bar. 

(A-3 ) 

'l'Il detcr I11l11e the b(Jnd capaclty ot M 15 corre~pondillg to é\ splltting type ot 

lallll/e. the é111c1lOrélge kl1gtl1l1~ed III the ~pecJJnen W()~ consiùered. Thb anchorage 

kngth W:I" :lfr cady de~lgned ha~ed on ~pecitïed material propertle~ using equatiol1 1-

1545xdb 
C ( ) -12) 

SlIh~tltlltlllg III l'quatlon 1-/2 give~ the value of Id = 418 mm, which must be larger 

t h:lIl 30d" = ~Ox J (l = 480 mm. 

Thcldore. the anchorage length i~ 

IJ = 480 mm 

'l'hl' ultll1ll1tl' tensile ,lIld clll1lpre:-.:-.ion strengths in the tensile and compressive legs 

al L' Ilkntlcal. .Inti arc cakulated as follows: 

T = db1dC/i 
u 35.4d

b 
+0.537I

d 

(in Imperial units) (A-4) 

Sllh~tltutlllg 111 l'quatlon A-+ gives the value of Tu as: 
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T = db1dCfi 
" 424.45db +6.871d 

(in S. I. units) (A-5) 

C = T = 16x480x23xJ4j 
" "424.45x16+6.87x480 

= 115 kN 

Using the "truss analogy" and including the dowel strcngth, the value of t~,e ultllllall' 

shear strength of the connection, V ull' is givcn by 

VU11 = 2 x (4.9 + 115) cos 45° = 170 kN 

A.2 Specimen S2 

CPCI Method 

Since the ultimate strength of the connection depends only on the reinlon:ing 

bar properties, the ultiwate strength is identical to that of Specimen S l. 

Therefore, V ult = 140 kN 

Modified CPCI Method 

Since the ultimate strength of the connection dcpends only on the reint'on.:ing bar 

properties, the ultimate strength is identical to that of Specimen SI. 

Therefore, V ull = 183.5 kN 

Alternate Method 

The dowel strength of Specimen S2 is identical to that for Specimen SI, 

therefore, the value of V do is 

Vdo = 4.9 kN 

Ta caIculate the bond strength corresponding to a splitting type of fallure, 

the development length for hooked bar anchor used in test specimen was comidcred. 

204 



• 

• 

Thl~ anchorage length was designed using the equation 1-14 as: 

149.5xdb lhIJ = ---,.;;,. 

lie (iD S. J. Doits) (1-14) 

Substituting in equation ]-14 gives the value of straight part of hook anchorage, lhd 

as: 

Jhd = 400 mm 

The Icngth of right angle hook part is taken 12 times the diameter of the steel bar, 

which is equal to ]2 x]6 =]92 mm. 

The ultimate tensile stress in the hooked bar is calculated using the following 

eqllation in Clause 12.5.2 of the CSA Standard CAN3-A23.3-M84!161: 

(Si.) 

where Ihll = Ihl! + Rba + db = 400+95/2+ 16 = 432.5 mm 

Rh'l = the inside radius of the hook 

t~ = 47 MPa (concrete compressive strength for Specimen 52) 

(A-6) 

Substituting in equation A-6 gives the value of fs = 741 MPa, which must be less than 

the ultimate strength of the rcinforcing bar steel. 

Thcrefore, 

fs = full = 649 MPa 

The ultimate strength of the hooked steel bar, Tu , therefore, is 

Tu = .\ X fuit = 200 x 649 = 129.8 kN (A-7) 

Becallse of equilihrium in the truss analo!:,')', the force in the compression leg must be 

eqllal to that for the tensile leg, which gives: 

Tu = Cu = 129.8 kN 
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Using the "truss analogy" and includmg the dowel strl.'llgth, the 1I1tllnatl' stll'Ilgth III 

the Specimen S2, V ult' is glven by 

A.3 Specimen S3 

CPCI Method 

The reinforcement bar~ welded to the emhedded all~ll' ~IHlllld he Iall..!.l' l'Ih 11ll~1l 
L " 

to ensure that they ùo not yleld even when the c\1llnel'tlllg plate (wddl'lI tl) tlll' pl.!t\' 

or angle~ on elther ~Ide of the JOint) I~ ~tre~~ed tu It~ Ultlllllltl' -.tlL'llgtll. '1'111\ 

minÎmize~ cracking damage tu the panel. Il ~h()llld hl' Iloted tllat tlll' matl'II:" 

resi~tance factor~ were consllkled 10 he l'quai tu 1 tu ohtalll t hl' 1I111actlllcd ~tl L.'llgtll 

of the connection. 

The connectÎon \Vork~ by il shear-lrIctioll medlé1IlISIll, ami thL' (ïaU~L'~ 1 1 7." 

to 11.7.10 from CSA Standélld CAN) - A23J-M~4I1hl are lIsed tll l'akul:ltl' tlll' 

ultimate ~trength ot SpecImen S3 as lollo\V~: 

Since :-.hear-tmtion rell1lorcement is perpendicular to the ~1ll';11 pla Ile. tlll' IIlt 1I1l:ltl' 

factored ~hear le~istance, V ul !' IS cOll1pllted hy: 

V \lIt = 1\" fy/.L ( À-X) 

where Av, = area of shear-frictlon relllforcing bar = 2 x 2PO = 400 III 111 ' 

J.L = (UU., for concrete anchored to ~teel plate hy lellllorclllg har, :lllti C( 1111:1('1 

plane one full plate thickne~~ helow the concrete ~urlélce 

À. - 1 lor nOfllléll ùen:-'Ity concrete 

fv - yleld ~trength nt the relf1lorcing bar, but ~hall IlO! he !:I kt'II il\ gll';t!(', 

than 

400 MPa (Clau~e 11.7.6) = 400 MPa 

Substituting values in equation A-~, give~ 

V ult = Av, t~ J.1. = 400 x 400 x O.X x 1 x 1 (J \ = 12H kN 
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ï he ~hear ~trength i~ checked u~mg Clause 11.7.5, according to which 

the ultllllilte ... trcngth mll~t not he greater than 

whL'Je 1; = 4<.1 MPa ( (;{)mpre!\~ive ~trength of the concrete) 

Â(V = merl of the concrete sectIon resistmg shear transfer 

= 200 x (75 + 50) = 25,000 mm2 

Sllh!'>tltllting In cquatlon Â-<J glvcs: 

Vul! = 0.25 x 49 x 250()O x 1 () 1 = 306.3 kN 

AI"o, till' :-.trl.'ngth ohtaincd t'rom cquatio!1 A-H shall Ilot be greater than value given 

hy 

V ul ,= 6.5 A l \ = 6.5 x 25000 x HY'= 162.5 kN 

COllseqllcntly, thc ultllllate shear strength ot Specimen S3, Vu1t , is 

AA Speci .nen S4 

CI'( '1 Mcthud 

(A-JO) 

Whell the stUlb are welded tn the plate. the u1tllllate ~trength of the 

l'Illllll'ctlon, V lllt , I~ calculated ll~il1g the shear-friction principles. 

Il the connectiol1 tails because ot exhaustion ot the stud strength, the 

l'Ill1l1ectloll ~trcngth can be calculated as: 

(A-lI) 

WllL'IL' 1\1 = ()oss-sectlOnal arca ot the ~tud~ = .2 x 127 =254 111111 2 

~L = O.lU for the contact plane a full plate thickness helow the concrete 
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surface . 

Â = 1 for normal density concrcte 

f"st = assumed yield strength of the studs ,hul ~ 400 MPa 

Substituting values in the equation A-Il gives: 

V ult = 254 x 400 x 0.8 x 1.0 = 81.3 kN 

The ultimate shear strength is checked using Section 4.5 of the CpeI Metnc Design 

Manual[18} , according to which the strength should be Icss than 

V ult = 6.5 AI.-v 

where A:v = area of concrete section rcsisting shear transfer which is givcn by: 

A(.v= ISU x 75 = 11250 mm2 

Substituting in equation A-12 gives: 

Vuu = 6.5 x 11250 x Hy3= 73 kN 

which should be 1ess than 

V ult = 0.25 f~ AC'oI 

Substituting values in equation A-13 gives 

Vu1t = 0.25 x 42 x 11250 = ]]8 kN 

The smallest values of V ull governs, therefore 

A,S Specimen S5 

CPCI Metbod 

VUI1 = 73 kN 

(A-IJ) 

The effect of the studs was not considered in cvaluating the ultimate ~trcngth 

of the connection S5. Therefore the ultimate strcngth i~ Idcntical to th()~e for 
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<';pt.:Cllllcn" SI ;HIU S2 . 

1 knce, 

Modificd (,1'(,1 Mcthod 

v = 140 kN ult 

'l'hl' d teet of thc ~tllU~ was not considered to in evalllating the ultimate 

"lrt.:llgth (Jf ('oflneclloll S5. Therefore, the ultimate strength is identical to those for 

Ihe ~p(,cllllen~ SI and S2. 

llcncc, Vult = lH3.5 kN 

t\ltcrnatc Mcthod 

l'hl' conn ete SUI rollTlllJng the heaued stud~ must shear otf hefOl e the 

ronllL'clH)J1 1:lIh :11 In;ld, VUIt('lud)' Theretore the llltllnatc shem strength of the 

C(lIlllL'cllOIl ~lIhJecled tu Illonotonically increa~mg load~ i~ eqllal to the sllm of the 

\lllimall' ~Irl'nglh of Ihe rCl11forcing bar anchor and that ot the headed stud~ a:-. 

1l'J)le~l'I1Il'1.I hy cquatiun A-14. 

(A-I-+ ) 

whl'Il' VUlt(,llll!) = 1I1tllllatc shear strength of the connectlOn \VIth headed ~tlllb 

Vull (h.lI) = ultimate :-.hear strength of the connectio[1 \VIth leinforcing bar 

i1lldl01 

The conlilbulion of the studs tn the strength of the connection is equal to the 

ullJlll;lle !'>trcngth oht,lIlled I(Jr Specimen S4. Therefore. 

VlIll(\lllG) = 73 kN 

:tl1d. thl' shear stlength 01 the steel har. VlIlt(h.lr)' is determined using e\.jllation A-5 as: 

T = dbldC[i 
u 424.45db + 6.87ld 

(in S. 1 units) (A-15) 

whCIl' ï 
l 

-+ 7 MPa (l'Ompressi\e strength of concrete) 
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and, the other parameters are as defilled for Specimen SI with the sallie valul's . 

Substituting values in equation A-S, givcs the m.Lximum value of thl' l'orres in thl' 

compression and tension legs as: 

C = T = 16x480x23xV47 = 120 kN 
Il Il 424.45x16+6.87x480 

The force resisted by dowel action is 4.9 kN, identical to that for Specimen SI. 

Using the "truss analo!,'}''', the ultimate strength of the reinforcing bars, VIIIl~b.l\)' l!'> 

given by: 

Vult(bar) = (4.9 + 120 +120 )Cos45" = 17-l kN 

The ultimate strength of the specimen S5, VUll' is calculated by sllhslituling Vallll'~ 111 

equation A-14: 

Vu1t = VU11(SIUd) + VUIt(bar) = 73 + 174 = 247 kN 
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