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Ductile coupIed tlexural WIIIII .. crItlcaI ..... 1o.t AIIiItIng ayat ... 01 mII1y IlNCtufel. 

The coupIlng bIIms ~ thIM structures must exhibIt excellert ductMy InCl ... lIbIcIrptIon 

IIbiIlly. To achleve bitter ductility and anergy DorptJon than prIViouIty poli", the '* ~ Il''' 

H bIIm8 with thIir endIlf11beddId in the reWorced concret ..... Il propoIId. PfIIIrNnIIy 

experirnental results are repot1ed for lWO fuil-scale reverud cycllc loIIdIng teltl of portionl of 

ductile flexural walls coupled with steellink beams. The excellert p8ff0rmn:e, together ~ the 

easa of construction, demonstrate the feasibility of this lIternaaive form of construction. In ordlr 

to ensure ductile response, design and detailing guidIIIneI for bath the cie. lpII'I and 

embeddec:I pAIons ~ the lInIc bearns and the reinrorced c:oncrete ernbedmInt region .. 

pr8III'Itld. An 1IIIIIment, bued on comparilons wIth othIr structur"lyItems, ofthls novII type 

of construction Il prHentld. 
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R .. u .... 

Une o.IIIur. composée da murs de tIIXiOn et dl h-..x .. fr6qUlll'lllW1l rencGllb'6I • 

.... linI.aux doivent démontrer une excalllrae ductII6 Itlblorblr bIIIlCOUp d'6nergIe. L'emploi 

dl linteaux an lCiIr da charplnte 8nCIItr6s .. 181 nus dl bMon ...,. .. propae6 Ifin 

d'amMorer la duct.' Il l'IbIorptIon cr ___ . .... ..... cr ...... prMmnIrII sont 

pr6Hntés pour deux sp6cimens en da contnMntement grMdeur ... ~ de trumMux Il 

da liret.awc en acier da ctwpante soumiS • des chIrgea cycliques renverMes. L'excellent 

comportement da c. système lors d'un séisme et sa constructian lImpIe ..... le lIUCCh de ce 

noweau genre d'ouatur. ductile. Afin d'...."., un compoItement ductile, ... ~ dl 

conception et dl détail de Il port" Mbr, et dei portlonl tneatt ..... des linteaux. alnil que la 

région d'ancastremanl dis murs en béton anM, sont prtunt6et Une c:ornpar-.on avec 

d'autres systèmes da contrevantement, permet cr ... relllc8cll6 de ce nouveau type dl 

construction. 
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Ust of Symbols 

A"Aa area of single wall in coupled 
system (mm2) 
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1"la moment of inertia of single wall 

in coupled system (mm., 
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link beam allowing for shear 
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clearspan of link beam (mm) 
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z 
p 
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factored moment (kNem) 

factored momer'lt resistance 
(kNem) 

point load applied to top of 

structure (kN) 

force modification factor (NBCC. 

1990) 
radius of gyration (mm) 

thickness of link beam flange 

(mm) 

thickness of embedment web 
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axial force in wall at level x (kN) 

equivalent seismic base shear 

(NBCC, 1990) (kN) 
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(kN) 

factored shear (kN) 

factored shear resistance (kM) 
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on structure (kN/m) 
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section modulus (mm) 

equivalent elastic damplng 

coefficient 
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Engelhardt and Popov (1989) 
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resistance factor for steel (0.90) 

reslstance factor for concrete 

(0.60) 

reslstance factor for relnforclng 
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ductility 
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'.1 Introduction 

Chapter 1 

Introduction 

The8upplel1'Mdtothe 1890 Natlonll Building CodIofc.n.da (NBCC Supplement. 1880) 

states thal .. acceptable laY8I of public IIflly C*'I be ldIIIv8d • ltrUCtInI .. daIIgned lUCh 

that they .. -able to rasiIt moderate urthquak .. wIthcM lignIIcInt dImIge ... major 

earthqullk .. dhout coIIapse". The 1890 NBCC 1pecIfieI .. equIvaItn •• lamle baie 1hIar. V. 

which la caIcuIaIad from the followlng expr8IIion: 

v- (~)u 
where U = a calbratlon factor. talcen _ 0.8. 

A - farce rnodifIcaIlon factor. and 

V. - equivlllent .lastie baie .... glven _: V. '" vSIFW wlth: 

v • zonal vaIocIty rIIIo. 
S • lIiImIc ,...,.,._ factor. 
1 -= Importanc:e fIctor. 
F • foundIIlon flletor. Md 
W • the weIght of the llruct&.n 

The force ~Ion factor. A, raIIactI the 8bIIIty of a lIruct&.n to dIIIlplle energy 
through lnelaltic behaYIour. In &he 1890 NICC the v ... of A wry from 1.0. for wnluforced 

masonry. to 4.0. for ductile moment resilting steel or concret. frame ltrUCtUr8I. 

1.1.1 Ductile Flnur.' W .... 

The 1990 NBCC, recognises thm ductile flexural wall .. capable of exhIbItIng IIgnlftcal1 

inelastic deformatlons wlthout Ioss ~ atrength and lpacIieIa force modIfIcIIlon factor. A. of 3.5. 

1 
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Ductile ftexuraI wall are desIgned ln accordInce wlh the requnmerh of CSA Standard CAN3-

A23.3-M84, Design of Concrete Structures for Buildings (CSA, 1984). The Special Provisions 'or 

Salsmlc Design, CIaLa 21, Itale thaI ductile flexural walls must be designed to resiIt the 'orces 

and dissipate enetgy through flexural ylelding 81 one or more plastic hlnges. This Il achleved by 

deslgnlng the wlllls to ylelcl ln flexure wlthout local Instabillty or ahear 'ailures. Fuithermore. 

stringant requnmerh .. pIacad on the ftaxural ductility of the walls, the datailing of the wall 

relnforcemert incl the minimum lf'nOUntS of relnforcement ln the wall. 

wans WIth a ragt8 paIIem cl openIng8 .. caIIed coupIed waIIs. T11ey are CQ1IpOI8d cl 

two or more walS Hnkld wlth coupIing beama above and beIow e&ch opening. Duct .. coupIed 

flexural walls are deslgnad 8UCh that the coupIlng beams are the prlmary energy chsipallng 

etements. This la achIeved ln the CSA A23.3 Standard by first designing the coupIing beams such 

that shear 'allures arelVOided and by detailing the coupIlng beams to enable fui ylelding of the 

main reinforcernenl. The Standard reqWn thal duel .. coupIing beams be reinforced wIh wei 

confinad dlagonalreintorcement or, when the Ihe. Itress 18 Iow and the span·to-depth raIIo la 

~ hlgh, than the beams may be deslgnad and detalled as ductile ftexural beama. In arder 

to ensure that the beams .. capable cl diaIpIllng lIgnIficIrt amounts of enersw, the waIIa .. 

desIgned to resist the forces corr8IpOndlng to hqIng ln al cl the beams. Therefore a duct .. 

coupIed flexural wall system Il able to dllllpate aIgnIficant amounts cl enr.rgy br hingIng of the 

coupllng beams wlthout slgnlfieant lnelastlc action occurring ln the wah. 

1.2 Analysl. of Couplecl Wall Syatem. 

ft Il cIear from thefr functlon thaI the coupIlng beams ln a coupI8d wal .. am .. the 

crltlcal energy absorbIng elemera and thus theIr Itrength will dlctale the requIred strengths cl 

the walls. The firSt step ln the design Is to determlne the forces ln the coupHng beams due to 

lateralloading. 

The equlvalent lamina method and the equlvalent frame method .e the most common 

mathods cI...eysIng coupIed she. wall. These two methods cf analysis are discussed beIow. 

'.2.1 Equlv ...... UmInI AnaIyIII of CoupIICI Flexural W .... 

The determinaiDn cf the forces ln the coupIIng beams cf a coupled flexural wan system 

la hlghly stallcally Jndetermlnate. In arder to analyse the system, the link beams are replaced with 

an equlvalent elaStlc lamina as shawn ln Fig. 1.1. The forces in the coupling beams can be 
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determlned 'rom a single, second arder dlfterenllal equaIIon whan the foIIowIng assumptiOns .. 

made: 

Q the fIoor halghts are unlform, 10 thll the Ink beamI .. equally spaced, 

iQ the link beams ail have the seme propartles. with the exception of the topmost 
one, whose stIfness Il assumed to be one hait the Itlftness of the Gther beams. 

ilQ the propertles of the walls do not vll't with heig~ 

Iv) the axial deformations cl the IlnIe beams ... neglected, 

v) the she. deformations cl the walls are neglected. 

vi) the Itllfneltel of the wall ............ to be much grell. than th8t of the 1"" 
beams. consequentIy the lIopes cl the WIll are the ..... eny 1ev8I,ImpIylng 
that the points of contrallexura ln the Iink baams .. al theIr mldspMl. and 

viQ the lateralload can be expressad as a ~Inuous functlon over the helght of the 
struct .... 

The differentlal equatlon. baI8d on conditions of equIIIbrium and con1pId)IIIty W8I 

expressed by Roaman (1964) as the relltlonlhip between the extemal rnomert. M.. the axial force 

ln the wall, T .. and the 1aminar Ihuar force, q.. .. q l8vII cl the WIll, M: 

with 

1 H ,. H 1 1 1 H hl: 
El /M_* - El /1'.* - Ë(T • 7)/r.* - 'iiEï." •• 0 (1.1) .. -. ~..... . . 

(1.2) 

x - the dillance me .... Jd from the top of the 1truCtUM. 
1. • the raduced mornel1 of Inertia or thl coupIIng beam IIIIowIng for lhear 
daforrnallon. 
A. - CfOIII8CtIonal ... of the beam, 
1.. - moment cllnertla cl the beIm, 
f • Ihape factor to account for the lheIr .~ dIItrIbuIIon ln Hnk beIm, and 
1 .. At. A.t ~ ~ .. geometric propenlel or the ""111'1 _ dallnad ln Fig. 1.1. 

3 



-.. 
p 

Loading 
patterns 

W Woli Wall 2 

0 
D 
D 
D 
D 
D 
0 
D 

D 
D 

, 

centroidal ~ 
axes ~ 

L 

Wall 1 Woll 2 

J x=tH 

H 
-}d)( 

-?dX 

Ab A, A2 
lb l , 12 

Figure 1.1 Equivalent lamina reprasenI*1on of coupIad 8hear wall (adapled from 
Statford-8m1th and CouI. 1991) 

Combinlng the common terma and dllferent'*lng wlh respect to Je, the _ .... 111 

Iquatlon far the axial force ln the walls is obIained as: 

(1.3) 

where T. Il the axial farce ln the wan at x and; 

(1.4) 
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Considering the following thrae Ioading patterns on the shear wall, as shown ln Fig. 1.1: 

i) A single point Ioad, P appIied to the top of the shear wall, 
li) A linearly distributed Ioad, W acting wlth maximum Intensity at the top of the 

structure, 
Iii) A unifonnly distributed Ioad, W,. 

The bending moment al lIrf levai due to theIe Ioads 18: 

M. • WH(C' - CI) + PHC + w,,,e. ... C • ~ 
3 2 H 

(1.5) 

Consldering that e&eh wall has a fully fixed base, the boundary conditions become~ 

Q when Je - 0, T - 0 ~ .•• , at the top of the structura) and, 
IQ wllen Je = H, q = 0, that is dr/dx = 0 ~.e., at the base of the structura) 

Substituting thase conditions into the dltferantlal equatlon, the axial force, T.. cart be 

found. Recognlslng that the axial force il the accumulation of lamirw Ihe .. , the lqUIIIon for 

lamlnar shear can be written as (Santhakuna, 1974): 

q(C) • (~)(~) (1.8) 

Deflnlng the followlng .,.amatera as: 

p • .!!. end p'. w, 
W W 

and substltutlng thase paramelet'I, togather wlth Equat!on 1.8, Into Equation 1.1 rasuItI 

in the following expression for the laminar Ihe.: 

(1.7) 

The lateral deflectlon of the ... will, at 11ft 1eYeI, Je, can be dariv8d from the g&narII 

expression: 

~, d'y • W. - 'T. 
50' •• , .• •• 

5 
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whlch can be exprassed as: 

:o(~ -1 )[C' -514 
+ 15C - 11 - 10P(la - 3l + 2) + p'(10l - 2.ac4 - 7.5)) ... 

( 
WHI) (1lnhPl - IInhP >(2slnhP + ! - P - pp - Ppl + P/llnhP) ... 

y(C)· - P 
El. __ L- - COIhP(2 + p)(COIhP( - COIhP) - plCOlhp «(a - 3(lp' + 1.6) ... 

•• p"CDlhp 3 
+ 3(& -1)(:. -p) + 2 

(1.9) 

1.2.2 Equlv.lent Fr ..... Mllhod of Modelling Coupled Flexur.1 W.III 

While the equlvalent lamina anaIysis Is appropriate for unlform Dexural walls, Il la unable 

to adequately deal with more complex systems. An equlvalent frame anaIysis (Macleod, 1966 and 

Schwalghof. a'1d MIcroys, 1989), provIdes a more roallstic and more versatile ar.proach for more 

complex systems. 

An equlvllent frime modal rapreunts each wRil wilh an equlvalent 'wide coIumn' Iocated 

st the centroldalaxls cf the wall. The axial rlgldlly, EA. and the Dexural rigIdIty, El, cf each wallis 

asslgned to a coIumn cf the equlvalent frame. Typically, lhear deformaIlons in the walls are 

neglected since the flexural behavIour will domlnate the response cf the wa". 

The coupllng beams are representec:l by frame elements loCated Il the centroidal axis cf 

.ach coupllng beam. In order to account for shear deformatlons cf the coupllng beam, the 

moment of lnertla assIgned to each bearn mernber Is determined from the relation glven by 

Equation 1.2. RIgId oIfIets apan from the centroidal axes cf the walls (equivalent coIumn) to the 

endI cf each coupIing beam. TheIe rigld ortsets IImul8le the 'wlde coIumn' effect and aallsfy the 

assumption that plane lICtions ln the walls ramaln plane. The rlgld offsaIs ensure that the correct 

rotations and vertical dlsplacements are produced et the ends cf the coupling beams. Figure 1.2 

iIIustrat. the represenlation cf a coupled wall system as an equlvalent frame. 

The equlvalent frame method has the addltlonal advantage that the coupled wall system 

can be IInked wIIh the rest of the structure, enabllng the structural Interaction to be determlnec:l. 

The prototype structure presented ln Chapter 2 was analysed usIng bath the equlvalent 

lamina and equlvalent frame methods and sorne comparillve results are shown ln Fig. 2.2 • 
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Figur. 1.2 Equivalent frame reprasenlatIOn or coupIad Ihear walls (adapted from 
Statford-Smith and CouII, 1991) 

1.3 Pr.vlou. R •••• rch 

1.3.1 T_a of Aelnforcecl Concret. Coupll .......... nd Couplecl W .... 

FoIIowlng the 1964 Alaskan earthquake, (Berg and Stratt .. 1984) considerable .aantlon 

was devOied to Improving the rasponse of relnforcad concrete coupllng beams ln couplad wall 

systems. 

Extensive experimental work, under the direction of Paulay at the University of Canterbury, 

Ied to the deveIopment or design guldalines for reWorced concrets COUpllng beams. T8ItI 

conducted by Paulay (1969 and 1971) lad to design guldellnes for coupIlng beams wlth relatlvely 
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large apan·to-deplh ratios and relatively Iow she.stress 1eveIs. 1lN design ~ daveIoped 

'or thase memberl avOids blinIS shear 'allures ~ providing Iha. reslslances large enough to 

deveIop tIexuraI hlnglng ln the beams (park and PauIay, 1975). Conventlonally reInforced beams 

wlth relatlvely lm8II span.to-depth ratios INJ/w hIgh shear strass levais exhibIad sliding·she. 

'allures al the wan Interfaces (paulay and BInnay, 1974 and PD and Pautay, 1975). Because the 

sllding·shear plane il perpendicular ta the beam span, conventlonal transverse reinroreement has 

no affect in controlfing this mode of 'ailure. 
Ta pravent sllding-shear 'ailures. paulay and Binney (1974) Introducad the concepI of 

using diagonal relnforcement ln the coupllng beams (188 Fig 1.3). DIagonaIIy retnforced coupIing 

minimum standard reinforeement 
to carry appaed vertical loads and 
for crack control 

main diagonal reinforeement 

confinement 
1 

1 1 

C1 
Section A-A 

Figure 1.3 Diagonal relnforcernent of coupIIng beams 

beams offerad Improved ductlHty a1d energy absorption fN8r convenIlonaIIy relnforcad eaupllng 

beams. Santhalcumar and pautay (1974) conducted quarter·scaIe modal tests an sevan starey 

caupled walls havlng coupling beams wlth a span·to-depth ratio of 1.25. These testa conIIrmed 

the auperior performance of dlagonally relnforcad COUpling beams, wlth the anlbnent of Iarger 

dlsplacement ductllitles and energy absafptlon compared wlth convenIlonaIy relnforced caupling 
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beams. With the diagonaay rairRrced beamI, diIpIacement ductllitles 01 the WIll system 018 to 

13 were lIChiaved wfthout Ioss 0I1b'8ngth. 

The University 01 c.ntarbufy reHIrCh formI the balla for the deIIgn crleria for coupIing 

beams ln ductile coupled tlexural waIIs gIv8n by the CSA A23.3 SWIdIrd. 

Rase.ch conducted • the Portland Cement Associallon (PCA) exarnnad the ~ 

of relatively lIender coupIing bIImI, havIng II*' to dIpth ratlal 01 2.5 Ind 5 (ShIu, ..... 1878). 

l'hase tests confwrned IhIlmproved behIvioI.w 01 diIIgonIIIIy rainfon:ed beImI 0VIf' COI1VIr1IJonIII 
reWorced beams (sae Fig. 1.4). However ttae telta demanItrIIed thII far a.gar ..... to depIh 

r.1os the diagonal reWorc:erIMn Il not • eIIicIent due to .. low8r lncIInIIIon. These telta aIso 

confirmed the need for cIoseIy lpIC8d hoops or 8pirII reInf~ conIii1Ing the diagonII .... 

bath ln the coupIlng beam and lIong theIr wal embedmerU. If 1IdequII. confInemInt il not 

pt'C)VkAed, than buckNng 01 the diaoonaI bars mav l8Y8t'8Iy affect the responae. 

1.3.2 St .. 1 Unk ".m.1n Ecctnlrlally Ir .... Fr ... 

Analogous to coupIlng beams ln reinforced concret. coupIed waH systems, ..... Unk 

beams ln ecœntrlcally braced trames (EIF.) serve .. the prImary ductile energy IIbIorbIng 

efements. Recent resaarch has lhDwn thIt ..... lInk bNmI in ~ br8C8d frames can 
be delalled to provide .caner. ductilily and energy diIIlpallng charllCterlltles. 

A number 01 research programmes, under the direction or Popov, have been carried out 

at the Unlversily 01 Califomia, Berkeley (Malay and Popov, 19838 and 1983b, Roeder and Popov, 

1978 and Kasaï and Popov, 1886). The resuIts or the8e programs have lad to deIign 

recommandations for achieving large ductilfty and enersw abIorpIion characteristlcs from linIc 

beams. Engelhardt and Popov (1989) provIde an excellent summary or design and detalling 

considerations for achlavlng ductile response from steel Ink beame 01 varylng ..... 

this research clearly 1ndIcat .. the superIor hylteratlc responI8 0111881 beams partlcula1y 

when they are designed to ylald ln lheIr whIIe remaInIng eIasIIc ln ftexure. Malley and Popov 

(1983b) demonstr.e the necessIIy for detaIIing Iink beams to control web lItdIor fIange Instabllity 

wMh the prOYision oIlIlffeners. 

this work has lad to the design and datalling requlrements for lInk beams ln EBF. that 

form the basIs cA the provisions of Appendix D ln the Canadlan Steel DesIgn Standard, CAN/CSA 

S·16.1·M89 (CSA, 1989). 

1.3.3 Relnforcecl Concret. CoupIl,. ..... Coràlnlng EIICIIHCI StHi Mm .... 

Although no .perlmental reeearch ha bien pubIIIhed on the UI8 01 ..... œ.ns to 

connect relnforced concret. walls, there have been sorne investigations carrIed out on rainforced 

.. 



Loed. kipe 

,. 

1 .J 
1IIIIIIIIIIIIIIll 

1 1 
(a) Conventionally reinforced 

ft 

tO t' 

1 ~ 

~ ,-, 
(b) DiagonaIly reinforced 

Fig ..... 1.4 Load versus deflection response for conventlonally ralnforced (top) and 
dlagonally reinforcId (bottom) coupling beamI with span·to-deplh ratios of 2.5 (trom Shiu, 

et al, 1978) 
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concreta coupling beams conIlining structural steel members. Il la interasting to nota thII many 

aider reinforced concreta coupled wall systems have Meat mambers encased ln the coupIing 

beams. These steat members often 88MId as erection steat and were not typically accounted for 

in design. 

Paparoni (1972) reported on • st~ ~ • reWorced concreta coupIlng beam ccnaInIng 

an encased structural,.18CtIon testad _ the laborIIario Nacional de Engenharia CIvIl ln liIbon. 

This study lnYestigaled the nMrHd cycle Iol1d1ng ,..,... ~ • 130 mm wIde bv 230 mm dNp 

reinforcfld concreta coupIIng beam Ipanning 450 mm contlinlng conventionaIlongItudinal and 

transverse reinforcement and a 140 mm deep structural '1. section. The test specimen was a 

modeI of coupIing beams ln the Parque Central buildings ln Caracas Venezuela. The tasting 

programme &Iso inYestigatad the reversed cycllc Ioadlng response ~ coupllng beams relnforced 

wlth a ~Ion of longitudinal and lncIined relnfon:illg bars together wIth cIoI8d stirrups. The 

datails of tha tpeCiallncIin8d reinforcement for theI8 coupIing bumI. having • span-to-depth 

ratio ~ 2. were dilferent th8n thoI8 suggestad ~ PauIay. The resuIII cf theI8 tests suggestad 

lhat reinforced coupIing beamS having encased structurallteel memb8rs and thoI8 rainforced 

wlth the special incIIned reinforcement exhibited ductllities and energy absorption characteristics 

between thase cA convenIionIIIy retnforced and diagonaIIy reinlorced coupIIng bHmI. 

Rese.-ch conductad • McGII UnIverIIly by Mitchell and Cook (1989) IrMtstlgated the 

raversed cyctic loadIng respcne of • rainforced concret. coupIlng beam contalnlng altructural 

steel channel. The encased channel il r.tpr8S8nl_1ve cf erectlon Iteat UI8d ln sorne aider 

structures. The 280 mm wIde bv 810 mm daep coupIing be.n apannIng 1525 mm contalned 

longitudinal reinforclng bars Ind ctosafy spacad cIosed Itlrrupa as wei .. a 150 mm deep 

structural channel. The r8IUIs cf thiI tilt ahowed 101118 Irnprovement ln ductliity and hylteratic 

behavlour over conventionally reinforced link beams. 

AnoIher research programme whlch invoIved composite link bearns was carried out Il the 

University of Dundee bv Subedi (1989). this programme Involved replaclng convantlonallhear 

relnforcement wlth encased steel plates. The resuIIl from th .. prelimlnary testIng programme 

Indicated that premature she. fallure may resuIt • the pIaIa ha lnadequaIe anchorage to the 

concreta. Several dlfferent methods were Invastlgated ln an altempt to pravide horIzontallhe. 

resistance batween the encased Meat plata and the longitudinal reInforcIng .... The specimens 

of thls test series were subi8Cted to monotonie IoadIng onIy and Il la doubtfuI • tha cletaila 

proposed would perfnrm weil under reversed cycflc Ioadlng. 
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1.3.4. Embeclded Connections of Struclur.1 St'" U.m .... In Relnforced Concr ... 

Structural steel members with thaïr ends embedded in concrete, S8fVing as haunc:ta or 

braCkets, haVe been used to provide connections for many ye .. In precast and cast-ln-pIaCe 

construction. Marcakis and Mitchell (1980) Investigated the response of different types of 

structural steel members embedded in reinforced concrete and preposeeS a design procedure for 

datermlnlng the embedment strength ~ such cor.-18CtIons. This approach forms the basIS of 

current design recommandations for thase type ~ COM8dIons (pcI, 1985 and CPCI, 1987). The 

tests demonstrated that the embedded connection can be designed to deveIop the fui capacity 

~ the embedded structural steel marnber. 

1.4 ObJ.ctlv •• of A •••• rch progr.mm. 

Several researchers have Investigated novai approaches for improving the ductilily and 

energy absorption of reinforced concrete coupIing beams. For span-to-depth ratios Iesa than 

about 2, specially detailed diagonal reintorcemert (e.g., Paulay and Sionay, 1974) has been 

shawn to lignlficantly Improve the reversed cyclic Ioading response. SlIUCIunli ..... mamberI, 

fully encased ln relnforced concrete coupling beams (e.g., PaparanI, 1972 and M.chaII and Cook, 

1989) have resulted ln slightly improved responses over conventionally relnforced coupIing 

beams. The objective of this rasearch programme il to investigale the feasibility ~ usIng structwal 

steel memb8r8, having thelr ends embedded ln the walls, to replace relnforced concret. coupIing 

beams. 

The use of steel coupling beams to connect reinforced concrete walls has the following 

potentlal advantages: 

1. Properly deslgned and detailed steel coupling beams can exhibit excellent ductility and 
energy absorpIion. 

Il. The prefabrication of steel coupling beams provides improved quality control and 
ellmlnates a considerable amount of on-site labour. 

iii. Formwork can be signlflcamly simpllfled. 

The specifie objectives of this research programme are: 

1. To test fun-scala specimens uncler reversed cyclic IOadlng to datermine the hysteretic 
response of struetural steel linle beams having thelr ends embedded ln relnforced 
concrete walls. 

Il. To attempt to achl8Ye a reversed cyclic Ioading response simile.r to that exhibited by .. eeI 
link beams ln eccemrically braced frames. 
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iii. To investigate factors Influencing the reversed cyclic Ioadlng response cf the link beam 
over ils clear span and along Its embedments. 

iv. To investigate factors influencing the reversed cyclic loacIing response of the reinforced 
concrete embedment ragions. 

v. To develop design and detailing guidelines to enable large ductllities and energy 
absorbIng capabliities to be achieved in steel link beams used to couple relnforced 
concrete ftexural walls. 
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2.1 Introduction 

Chapter 2 

Prototype Structure 

The analysls of the prototype structure was carried out uslng the 1990 National Building 

Code of Canada (NBCC) to determine the lateral design forces. In orcier to achleve the deslred 

ductlllty, the steel IInk beam was deslgned ln accordance wlth Clause 27, Selsmlc Design 

Requlrements, and Appendix D, Selsmlc Design Requirements for Eccentrically Braced Frames, 

of CAN/CSA S16.1-M89. DesIgn of the ductile concrete walls was ln accordance wlth Clause 21, 

Special Provisions for Selsmlc Design, of CAN/CSA A23.3-M84. The relnforced concrete raglon 

surroundlng the IInk beam embedment had to be carefully deslgned and dstalled 50 that the 

deslrad levai of ductillty could be achleved ln the Ilnk beam. 

2.2 Prototype Structure 

The prototype structure Is a twelve storey reinforced concrete fiat plate structure havlng 

a cemrally lOCated core. The structure, Ihown ln Fig. 2.1, consists of 5 - 6 m bays ln the North· 

South direction and 7 • 6 m bays ln the East·West direction. There Is a 1.5 m camllever slab 

around the periphery or the structure. The storay helghts are 3.65 m except the first storey whlch 

has a helght of 4.85 m. The structure has 600 mm square columns supponing a 200 mm fiat plate 

floor slab system. 

The elevator core Is 6 m by 9 m and Is designed as a ductile flexural wall ln bath 

directions. The walls are 300 mm thlck. The 9 m long East·West walls are a coupled system 

conslstlng of IWO 3.9 m walls Ilnked by a 1.2 m long coupling beam Iocated at each floor level. 

The 6 m long East·West walls are flexural walls wlthout openings. 

The prototype structure Is locatad in Vancouver. The core was deslgnGd as ductile flexural 

walls to carry 100 percent of the lateral Ioads ln each principal direction. The corresponding 

selsmlc force modification factor, R, Is 3.5 (NBCC 1990). 
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2.2.1 ........ Propertlll 

The loIIowing speclfled values ware UIId for the design ~ thllllrUCture: 

Caneret.: normal denIIy concret. with Ic' • 35 MPa 

ReInforcIng Steel: ,,. 400 MPa 

UnIe beam Steel: F,. 300 MPa 
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1.I.II.oIlcIIng on ltruc:Iure 

The foIIowtng National Building Code d Canada (NICC) Ioading criteria were UMd ln the 

.,1IIyIiI of the 1trUCt\n: 

Floor live 1oIId: 

Floor dlid 1oId: 

RooIloId: 

Wlnd IoIIdIng: 

2.4 kHI'" on oIfice baya 
4.8 kHI'" on corridor beys 

1.5 kHI'" parttiOnI and mechanlcal 

2.2 kN/'" fui snow Ioad 
0.5 kHI'" inIuIIIion 
1.8 kHI'" mechlnlcal services over two bays only 

1.72 kHlm! net lateral preaure on ail storeys 

PMod estImated from Iquatlon T. O.OIh" tram 

-%. 
NBCC CIaUU4.1.8.1.(7). 
T - 1.35 ln the East-West direction 
A-3.5 for ductile tlexurll wall. tram NBCC 4.1.9.1.(8). 
zonal vaIocily "'10, v-0.2 for Vancouver. 

The balelhear due to lIismic Ioadlng. dafii'Mld by NBCC Clauses 4.1.9.1.(4) and (5), was 

5829 kN ln the East-West direction. The conc ..... 1d loIId • the top d the structura, dafinad by 

C"'4.1.9.1.(13)(I), F .. wMSS1 kN. The remainingllilmlc lataralloadwas dlstrlbutad ovartha 

helght of the structure ln acc:ordMc:e wlth the formula gIven ln Clause 4.1.9.1.(13)(8). 

The factorad bise Ihaar due to lIIerai wInd Ioad. datermlnad accorc:ting to NBCC ClauSI 

4.1.8.1, WIS found ta be 3483 kN in the East-West direction and 4876 kN ln the North-South 

direction. repr8S8ntad by unlformly diltributad lItaralloads of 77.4 and 108.4 kN par metre of 

hlight. raspactlvaly. An lataralloads were conskInd to ba resistad by the core aIone. The 

couplad wall system ln the East-West direction w.. modeIlac:t Il two C-shaped walls 

Interconnactlc:l by coupllng baamI (sae Fig. 2.1). T1bII2.1 surnmarllas the values of the factorad 

design .... In the .nIe beamI obtIIinId from the ~ lamina analysai. The storay drifts 

from UIImic loIIdI gIvIn ln Table 2.1. have beIn muliplied by R ln arder ta ICcount for the 

lnelaltlc deformatIonI. In the prellmlrwy design tcnionlll lffIcts WIr8 neglected. Figure 2.2 

lustral. the v.sues for the ... forces ln the coupIIng ..... for both the equlvalent lamina and 

the equivlllent tr.me anaIysn. AI CM be ..... blhllpes or the diltribulions of Shears in the 

beamI .. 1imiIar. VIth the equIvaIent frime lIMIIhod glvlng lowIr shen ne. tha baae or the 

structure. 
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NBCC SeismIc Loading Conditions NBCC WInd L.oadIng Conditions 

Storey Unk beam Horizontal Storey Unkbeam HorizOl'Ull Storey 
Shear Dellactlon DrIt x R Shear Dellectlon Drift 
(kN) (mm) (nvn) (kN) (mm) (mm) 

12 125 283 99 48 

11 251 243 70 101 40 5.7 

10 254 223 71 108 35 5.8 

9 258 202 72 111 29 5.5 

8 259 181 73 118 24 5.4 

7 258 180 75 120 19 5.2 

6 251 138 76 124 14 5.0 

5 237 116 77 128 9 4.8 

4 218 93 7a 125 5 4.1 

3 186 71 7a 121 2 3.3 

2 145 48 77 112 ·1 2.3 

1 82 27 75 99 ·2 0.8 

ground 0 85 0 -1.8 

maximum accapIabie storay drift for l8i8mIc Ioad, 0.021\ • 97 mm for grounclltoray and 73 mm 
for other storays. 

TI" 2.1 Summary of lInk beam .... and horizontal wall deflections from prellminary 
analyses 
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Chapt.r3 

Specimen De8lgn and Detalllni 

3.1 Dealgn of th. St •• 1 Unk "lm Incl Embedm.nt R.glon 

3.1.1 DeeIgn of the ExpoHClSpan of .... Unk ...... 

The steellnk beam wu dIIignId ln lCCOrdInce wIth CAN/CSA S18.1-M89 Clause 27, 

Saismlc Design RequIrements. Appendix D, SIIImIc DIIIgn RequRmentI for EccentrIcIIIy Braced 

Frames, provideI daIIgn n detaiUng requlntmanls for lInIc bnmIln eccentrIcaIly brIC8d frames, 

the principles of whlch .. a directly applicable to the deIIgn 0: a ductile .181 coupHng beam. 

Since the coupllng beam ln a ductile coupIId wall system la the crltlcal elament, Il must 

respond ln a ductile manner and exhlblt lIgnIficMt energy IIttorbing chlracteristlcs. Unlika 

reinforced concreta coupllng beams, which .. dIIignId to avoid lhear fIIIures and to deveIop 

flexural hinges, steei coupIlng beams .. men ductile and .. able to dlssipata signlficantly larger 

arnounts of enargy If they .. daslgnad and clltllled to yield ln Ihear. Since the ... ·toomornent 

ratio is large ln typlcal short·span lInk beamI, thIs .... crltical' design crlterlon Il attalnable. 

ln design of such alink ben, the prlmary requlrement Il to enaure that the ultirnate shear 

capacity of the link beam will be reached whiIe the beam ntmIIns ellltic ln flexure. this 

requlrement will ensura tha! the maximum amount of energy win be dlssipated when !hi Ilnk beam 

beglna to exhiblt plastic behavIour. 

Step 1: 

The steps for deslgnlng and detailing the exposed portion of the IInk beam .. as foIlows: 

Determine the web .... A,.. requhcI to AIIiIt the factorld thear, V,. trom the 
folkwwing expreaIon UIId for pIIItIc design for the factorId Ihear reslstance, V,: 

V, • O.15A.,F, (3.1) 

where: 
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SI.p2: 

SI., 3: 

SI.p4: 

St., 8: 

8tep 1: 

St.p 7: 

Choose the height. h. and the wldth. w. of the web to glve the requtred A.t and 
to satlsfy the following limits for a Clais 1 section ln order to avold local buckllng 
of the web: 

(3.~ 

Determine the raqulred sectiOn mod""-. Z, 8UCh that the section has a moment 
reslstance. M,. greater than or &quai to the moment corresponding to the 
deveIopment of straln hardenlng ln shear: 

M Z- - (3.3) +F, 

where: L M- a X1.27V" 

L • the cIear lp8n of the lInk beam, 
• • rnaterlal reslstance factor, typIcaIIy taken as 0.90. and 
the factor 1.27 accounts for the deveIopment of strain hardening. 

ln choosing a section to give the r&quirad Z, the contribution of the web shouId 
be Ignored lInc8 It wil be yleldlng ln Ihear. Choosa the fIange dimensions such 
lhat the width of the fIange, b, and the thlckness of the ftange, t, satisty the limits 
for a Class 1 section. In arder to avoId local buckHng of the flange: 

(3.4) 

ln orcier to control out of plane buclcHng. the maximum unsupported length of the 
Unie bean, L. Is given as: 

'-cr - IlOt, (3.5) 

'" where: r, • the radius of gyration of the section. 

PI'OVIde full depth stllfeners 8t the 'acea of ... concrete w .... TheIe Itlffeners 
must have • combined width of al leaIt b • 2w, although provIdIng Itllfeners wIde 
enough to be flush wilh the IInk beam fIange tlpa wouId sImpIify lhe formwork 
detalls. The stlffeners must have a thickness no Iess than 0.75w nor 10 mm. 

Provlde full depth intermediale stlffeners at a spacing no greater than 38w .. 0.2d. 
If the depth of the fink beam Is Iess than 850 mm, Intermediate stlffeners may be 
placed on only one sida of lhe web. In thls case the width of the stiffeners must 
be greater than O.Sb • w and the thickness musa bI greater ttal 10 mm. If 
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St.p 1: 

St.p 1: 

stllfeners are provided on bath aides of the web, the limits glven ln step 6 for 
width and thickness appIy. 

DesIgn the fillat walds connecting the stilfanera (Area - AJ to the Ilnk beam web 
in order to deveIop a stiffener force or A.F,. The flilet wald connectlng the stllfener 
to the Onk beam ftanges must be deslgned to dev8IOp a stiffener force of 
O.25A.F.,. 

If the beam Is a bullt-up section. the design of the flange-to-web waIds must be 
carried out in accorda1ce wlth Clause 13.13. 

Since the design or a ductile coupled wall system Is based on capacIty UIgn princlpIes. 

It must be recognised that Any excess strength provIded ln the link beams will requlra addltional 

resistances throughout the corlCrete walls ln order to achleYe the deslrad hlerarchy of ylelding. 

3.1.2 Dealgn of the Relnforcld Concret. EmbedlHld Region 

Since the link beam la required to undergo sIgnIficant lneIastic deformaIlon Its embedmenl 

must be capable or deveIopIng the capaclly of the Ink beam. 

The design or the concrete embeclmenl or the link bearn il modeIIed 1ft. the design of 

steel haunches in concrete members developed br Marcakll and Mitchell (1980) and 

recommended by the design handbooks or the Prestressed Concretelnstltute (1985) and the 

Canadian Prestressed Concretelnstltute (1987). this approach assumes rlgld body rotation of 

the embedc:led section ln calculating the appIlad concrete stresses over the Iength or the 

embedment. Figura 3.1 lllustrates the assumed straln distributions and the equlvalent rectangular 

stress blacks over the embedment length. 

The steps for deslgnlng the embedment or the Ilnk beam are summarised as follows: 

Step 10: 

Step 11: 

Determine the affective width, b'. or the concrets compr8ISion bIock. This wldth 
is defined as the wldth or the contined wall region measured to the outslde or the 
confti1ement steel but shouId not exceed 2.5 times the beaing wldth. b. ( ... 
Figure 3.1) 

Determine the raquired Iength of embedment. L.. lUCh thIt the flctored Ihear 
resiltance, V .. or the embedment Il griller ..... the Ihear capacIly of the 
exposed Iink beIm. lncIuding the eIfecta of Itraln hMtening. Thil ..... capacIty 
la taken .. 1.21'1,. Hence, the minimum value or Le can be datermined tom the 
foIlowing relallonship: 
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Loading Conditions 

Strain Distribution 

Assumed Stress 
Distribution 

, 

Xto 1 

(3xb 
H 

1 

1 e 

1 L./2 L/2 

• 1 
1 " ...... 
t , 

L. 

Xf 

~c,=O.003 

1 pX. 1 
af~_-__ , •• 

• ".JO.8Sf~ 

1 

1 

longitudinal SI.el) 
1--' 

l 
confinement 

steel "-J)' 
l--l 

b' .,. 2.Sb 

width of flange = b 

Figure 3.1 AI8umed streln and st,.. diIIrfbtAfon CMII' the embedment (adapted .... 
MIfC8kIs and MlchIII, 1980) 

1.27V" V • • O .• t.l,b'L, 
1 + a." 

L. 
(3.6) 

where: e • the accentriclty of redant shear Ioads from .,. canlre of 

L L. 
the ~ (t.e.. •• i • T ). and 

fc • the compressiVe Ilreng1h of concraIe. 
thus the minimum length of ernbedmaft il found trom the quadralic SOUIon ta 
Equation 3.6 as: 

L, • ! 1 a.sev, • (s.!lV, r . •. 1~V,LI (3.7) 
2 O.85;'b' O.851;b' O.&JI;b' 
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The design procedure for embadmtnll deIcrIbad lDJve ... deveIaped for monotonie 

Ioadlng. For ,eversad cycHc Ioading additionll design considerations .. raquIred. Upon r..
ot the lo8ding the gap crutad • the Ink blini fIMgHOnCrlt. Interface wI firIt have to be 

closed bafore lignIficInt r8IiItance CM be reaIIIed. If the gap bIComII too large upon cycting 

than an undesIrIIbIe hyIt .... l'8IpOM8 ~ the COI'iil8Ction regIan wII relUIt. In ordIr to caltrOl 

the gap, • la neceaary to provide lUfficiInt V8IticIII raWorcIng ... croaIng the Ink bMm

concret. interface (sae Fig 3.2). 1ha lmOUI1t of .eeI required CII'I be dltennned • fallows: 

Step 12: 

.. .. 

r-t~:::===:!1r ...... ., cJGck 
t.n.'on Il. ,/ 

to control crack 

'-~ 

"l . .f,,:'·::l}:~ 
,(. . ......... : ....... : .. :::: . :.,,-
... . .................. ~:.~.~ 
.::: : '0:'.: ·.·.:.H .... :.::·.::::: •. :.:.: .. ' 

.: •• : " ••••• ::: •••••• ::: o,, 

:.: .... '::.::: ':.:':'::::'::. . . 
..... e, •• ........ ...... : ••••• .. 

Figur. '.2 Aelnforclng steel requlrement acrou the fIange-concrIt. lnIerfIce 

ChooIe the na of vertIcII reInf~ auch thII • Il c ..... of rIIIItIng • 
force equaI to the maximum probable lhIIr l'8IIItance of the b ..... 1.Z1V,. 
Thus the ..,a of still raquIr8d Il: 

A 1.27V, ,. 
l, 

(3.8) 

The Itl8l raquIrad to devIIop ttU force must bt arranged fNet the ~ 
length of the IInk beam. 

The steel requlrement CIIcuIaIed in thIa Itep il • mir*num ... requRmInt and MId 

not be in addition to the concentrated flexunll retnrorcement of the wall. It Il Important. however, 

to ensure thaI the gap controllng Iteelll ~ed cIOIe to the f. of the wll ln thiI cae Il wI 
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be most economlcal to Ilmlt the reglon of concentraled relnforcernanl to a length no gntIIlr thM 

that of the embecIment. 

The Ilnk beIms were desIgnad for the prototype structure, given ln Chapt. 2. UIIng .. 

appHed factored Ihear, V" equaI to 2fSO kN. In ~Ing the proceduraI dAscrIbed above for the 

design rA the test specimen, the rnalar111 r8IIItInce factors. f. fc and f •• were tllken .. 1.0. 

The complete design and detalNng cf the lInk beam, Specimen 1, using specifiad materlal 

propertles. are glven ln Appendix A. 

3.1.3 Delcrlptlon of Specimen 1 

Figure 3.3(8) shows the dataIIs cf the lInk beam design for specimen 1. The lnIc beIm has 

a cIear span of 1200 mm and .. ~ ~ •• aach end, cf 600 mm. bfii1gIng the tOiai 

Iength rA the beam to 2400 mm. The beam WIS deIIgnId as a bu.·up section wfth a 3/4 Inch 

(19.2 mm) tIange and a 3/18 Inch (5 mm) web. The overaII heIght rA the section was 350 mm. The 

section was designed followlng the procedure described ln Section 3.1.1, so thal the uIIlmate 

ahear capacity couId be deveIoped whIIe the leclion remaIned elastic ln flexwe. Fui-deplh, 

10 mm thlck stilfenera havIng. spacIng cf 120 mm. were provided on one Iide cf the web lIIong 

the clear span. As weil as Inh!billng web buckling. these Itiffeners deIay ftange buckling. SIIIr .... 

on bath lIdeI of the web were provIded • each end of the cie. span. No stlffeners were Iocated 

&long the embedment lengthl. The daIIgn cf Specimen 1, usIng the measured malerial propertles 

and dimensions. il given in Appendbc A. 

3.1." .............. to the Deelgn Procedure for Specimen 2 

The linle beam of Specimen 1 undetwent aignifIcant lnelastic deformations &long the 

.... bedmart Ienglh, whIch fIIUIIld ln lIgnIIcIrt ... ddorrnationl, web crIppIing and _ .. al 

hlnglng rA the lInIc beam lIong the ernbIdrrIer1 ( ... ChIpI_ 5). R~. were made to the 

design procedln rA SpecImen 21n arder to avoId theu probIemI. The lhear and local buclcHng 

reslstances of the Ink beam web ln the lft'IbedmenI wera Increased in order to ensure thal thIs 

reglon remaIned elastlc. 

The reft .. ,." ..... to the deIIgn procedurI gIven lIboYe .e .. follows: 

StepU: ln order to ensure thal the Iink beam ramain elastlc &long Is embedment, the 
embedded region il designed for • factored shear reslstance. V" cf: 
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600 mm 10 0 120 = 1200 mm 600 mm 

1 (l) 1 1 

/ I~ 
- , 

2 - 62.10 s'jften"s ... , ______________ ~ 
9 - 62.10 ,'Iff,n", 

, 
2 - 12.10 ,tlffene,s 
"mm",lc on web 

621110 
s'iff,n" 

\ 

1 1 
13S mm 

Section A 

(one sld, onl,) 

(8) Specimen 1 

19.2 mm 

10 • 120 '" '200 mm 

5 mm plote 

9 - 62.10 ,'lff,n", 
(one ,Id, onl,) 

(b) Specimen 2 

347 mm 

1 1 
135 mm 

Section B 

600 mm 
30 

Figur. 3.3 Details of link beam Specimens 1 and 2 
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St.p7A: 

8t.p11: 

1 

1 

V. 
M, ,- -
L (3.10) 

2 

thul. the raqulrad webthlck ........ for the embedded regIon CM ba round usIng 
the Equalion 3.1 .: 

v, 
'w- O.&5hF, 

(3.11) 

Since spaIIing ~ the unconfined concrete cover occurs due ta reverIId cyclic 
Ioading. an additJonaI intermediate stlft ... is provided al a distance equaI ta the 
concret. caver from 1he face al the waI. this additlonal stllfener. locaIed whInI 
the compressive straina in the concret. are grealest Ifter spaIIing. serves ta 
pravent tIange buckling and web crippUng. 

To account for cover spaIIing. the etractlve IangIh al embedmenI. L... il raduced 
to the actual embadment Iength minus the concrete cover ..... C (lM F.3.4). 
Hence. the lever arm. e. measured ta the centre al the effective lIIIbedIMnt il 

L L.. ·-Z+2"+C' 

1 e 

1 L./2 a 
1 • 1 ........... 

ft' 

L. 

1 
e 

1 

, t 

(a) before caver spalling (b) with coyer spalling 

Figure 3.4 Effective Iength of the embedment 

Specimen 2 wu designed. Includlng thase refinements to the procedure. uslng the same 

design Ihe. and material resistance factors. Specimen 1. 
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3.1.5 Dncrlpllon of Specimen 2 

Figure 3.3(b) shows the datails ~ the link beam for Specimen 2. The dimensions ~ 

Specimen 2 are ldentical to those of Specimen 1. The only change in the design ~ the link beam 

cross section is tha! the web ~ the baam in the joint raglan WM increased to 5/ur (8 mm) thick. 

This change ensures that the ernbadded region ~ the link beam will ramaln elastic when the 

shear capacity ~ the 311 S- (5 mm) thick web in the cie .. span la davaIoped. The stillaning datails 

in the clear span are identical to those of Specimen 1. An additlonal stlffener has been added ln 

the joint region ~ the link beam, at a distance from the face of the wall of 85 mm, corresponding 

to the location of the flrst vertical reinforclng bar (888 Figure 3.5). This stlffener was addad in arder 

to ensure that there Is no web crlppling in the joint raglan 8fter the caver concrete ha spalled. 

3.2 D •• lgn of th. Weil. 

The wans for Specimens 1 Md 2 .. ldentlcal and .. Shown ln Fig. 3.5. Each wall has 

6 NO.25 vertical bars arranged over the embedment length of the Inie beam. ThIs reInforcement 

was choSen to provide sufticient tensile capactty over the embedment to equllibrale the 

compressive resultant ln the embedded reglon. This Ioad was found to be 1176 kN. An addItlonal 

2 NO.25 bars were 1oc8lad at the back of the waU. 

Two NO.10 (11.6 mm dia.) horizontal tles were prOYIded et bath the top and boftom ftange 

of the Ilnk beam to anchor the compressive SlrutS generaled by the uaumad rlgld body rotation 

of the Ink beam. The remalnlng horizontal tles were pIaced al 280 mm centres, ln accordance 

with the requlrements of CAN/CSA. A23.3-M89 Clause 21. Additlonal tles were locaIed et te. top 

and boftorn of the walls to provIde confinement ln the avant the walls rotated on their supportlng 

beams. 

Two sets of NO.10 vertical bars were allo supplled al 300 mm centres to conform to 

Clause 21 requirements. 

The vertical bars were welded dlrectly to the support beams ln order to ensur. the 

homogeneous movernent of the specimen and test frame. 

A. photograph of the reinforcing cage w1th the beam ln place Is shown ln Fig. 3.8. 
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Angles or a pliea'ion 
of dlad 100 1435 1135 830 525 240 650 1 
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~ 

40 mm covlr 'yplcal 

1 ! 

t-~ 
1 

, 600 

t 600 

1 2100 

Figure 3.1 Details of reinforcing cage of bath specimenS 

3.3 MIt.rle' Propertl •• 

3.3.1 Rlinforclng .. MI 

ln accordance wlth Clause 21.2.5.1 ofCSA-A23.3-M84, rainrorcfng bars conformlng to CSA 

standard G30.18-M were used. Tension tests were performed on 300 mm IengIhs of each bar 

slze. The appIled Ioad and the extension over 8 50 mm gauge length were recorded up to the 

onset of straln hardenlng. The results of the tension tests are reported ln Table 3.1. The 

relnforclng steel from the ume heat w. UIId for bath specimens. 
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a.lize VIIId .... UIImIIe ...... EIongIIIon • 
Aupbn 

No. 10 458MP. 740 ... 11 

No .• 410MP. 178 ... 14 

3.3.2ConcnIe 

Audy-mbc concnIe wIth • "**""'" lPecIIId J8.day comprlillve .. 1gIh ~ :tG MPa 

and a specIiad lIump of 150 mm, .. a.Id In"~ of .. WIll. In ordIr to 1ncrI •• 

the workabllity, a pIaIticIIIng ..... 'IICJwmIx', .. addId to the ~ on .... 

A number of 150 x 300 mm cyIindIrIlnd 180 x 150 x 100 mm .............. 

preparad from 8ICh concrate batch. eompr.ion and lpIItIng t-. ... pIIformId ln ordIr to 

determi1ethecompr ••• IveItNlIgth,'o', and ........... lgIhof .. ~ ... ~. 

T .... 1ng of SpecimIn 1 bIgan 38" IfterCIIIIIIg and_ compIIlN • .,. IIIIrCIIIIIIIg and 

tastlng of Specimen 2 bIgIn 37 ."'''''111 and _ compIIlN 41 __ ............ ". 

concrlte mat .... propIIt_ and the age .Whlchthlv ... dIttrrnNd .. NpOItId ln Tlblla2. 



Concret. frOm Comprauive TII1IIIIe Modululaf 
Specimen Number Strength StntngIh EIaItIcIly 

1 25.9 MPa 1.74MPa 24875MPa 
(st 43 dayI) (at 45 clap) 

2 43.1 MP. 3.MMP. 30448MP. 
(.42 dayI) (_39") 

T ..... 3.1 Properties d concret. 

Figure 3.7 HlI.IStœ .. the representative stress-strain reCatlonships determined for the 

concret. U88d ln each specimen. 

M-r-------------------------------------, 

. .. .. 
~ .. 
• 10 
~ .. .. 
f 
Q. 
E tO 

8 

Specimen 2 
f.' = 43.1 MPa 

Specimen 1 
f.' = 25.9 MPa 

O~------~------~----~------~------~ 
0.000 O.OOt 0.001 0.00.1 0.004 0.00$ 

compressive stroin. € (mm/mm) 

Figure 3.7 Stress-strain relationshlp for concret. used ln Specimens 1 and 2 

3.3.3L1nk .......... 

The HnIc beams were fabricated tram Grade 3«/N malerill confonnlng to CSA St~ 

G40.21 (CSA. 1885). Tension tests were parfonnec:l on thrae coupons cut 'rom each sampIe 
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( 
provided for the web and ftange material. The tension tests were carrI8d out 8CCORII1g to the 

procedure definec:t ln MTM Standard ENSI (ASTM. 1985). AppIied lOad and exttnlion O'M. 

50mm gauge length were recorded up to the onset ~ strain hardenlng. ultlmlle loIId and 

extensions were &Iso noted. YieId was determlned uslng the offset method with • yleklltrlln of 

0.2%. The resuJls of the tension lests .e reported ln Table 3.3. The 10 mm stock tram whlch the 

stlffeners were fabricated wu not t&Stad. Figure 3.8 Hlustratas the st ...... straln relltJonlhlpl for 

the Sleel used in the wabs of each specimen. 

MO~-------------------------------------, 

-o 
Q. 

.! • 

.!! 
'in 
c: 
.! '00 

SpecImen 1 web 

O~----~----r---~----~----'-------r---~ 

0.00 O.OZ 0.04 0.01 0.01 0.10 0.'2 O.U 

tensile stroi". E (mm/mm) 

Figure 3.' Stresa-Itraln refallonshIp for web st .. UI8d ln Spec1men11 and 2 
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SteelSpacimen YIeId stress EIongaIIon al U.lmateSt ..... ElongaIiOn et 
GnIIt of ltrIIin rupt&n 

hIrdInIng 

Specimen 1 Web 320MPa 3.a _MPa 3ft. 

Specimen 1 Flange 372Mpa 4.4% 544MPa 3K 

Specimen 2 Bearn 309Mpa 4.0% 427MPa 3n. 
Web 

Specimen 2 278Mpa 4.0% 442MPa 34" 
Embedded Web 

Specimen 2 Flange _MPa 2.4% 499MPa 3ft 

TI" 3.3 Properties of Mnk beam steel 
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Chaptar. 

Experimentai Procedure 

4.1 Te" Set-up 

The ovni test l8I-up IllhOwn ln Figure 4.1. The loadI Md ructIons were Ipp1l8cI to 

the wall wlth IWO IoIICIlng beM'll .. the baie cl each WIll. The Iongltudlnll relnforcing ba's cl 

bath waHl were WIIded to the loadIng bumI. The WIll lOIIdIng bHm WII post-tensloned to the 

reactlon fIoor cl the Iaboratory wlth thre8ded roda. The rIIUItfng force clamplng the west wall to 

the br was 800 kN (870 kN on the e&St and 130 kN on the west roda), or about twIce the 

expected ultimate appIlad 1oIId. DurIng tasting the WIll WIll Il expected to remIIn fbced to the 

reactlon fIoor. 

Figure 4.2 illustrates the man.. In which the test Ht-up simulai. the reIadve 

dlsplacement, 6, between the IWO walls which remain ~ paraIIaI 

The e&St wall il Ioaded vertic8lly lUCh thIt Il rwmaIns parallII to the west wall. The 

reversed cyclic loadIng apptlad to the" WIll sim*-the eIf8ctI ~ lIIImIc Ioadlng. Loads .. 

appIlad to the Ioadlng beam cl th!' ... w" by IWO loIding systems. one p8IIIng through the 

midspan cl the Unie beam and the othIr • the ... end cl the WIll. DurIng tlStlng thlllloads are 

appIlad such that the ellt Ioading ben remaInI horIzontlL ln order to produce revned cyclic 

Ioadlng, IWO separate jlcklng Iystems were provIdId. For upw.œ loIdIng. • single 120 klp 

(530 kN) hydraullc ram reacted 19ainIt the bottom cl the _loadIng bUm dirIctIy undIr the 

midspan cl the Nnie beam. For downwardIloadIng, IWO 80 klp (287 kN) hychullc rami undlr the 

reactlon fIoor produced tension ln the threadId rodIli1tllChed to the loadIng beMl. To malntaln 

the loadIng beam ln • h~Î&ontli poIItlon, eo klp (287 kN) hydraulic rami, locIted .. the ... end 

cl the IoIdlng beam provId8d the requINd lIWIIng farcII. 

Both wllll were rettrainId from Cd-of .... or lIIIrIII movemert. The top cl the weil WAIl 

was brlCld wlth heavy still qlll to • d frime. The e_ will wasl'8ltrlllned agaInst literai 

movena1t wlth heavy duty roIIn Ibcld to .. tnceI. 
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Coupled Wall System 

Wall segment in ac:tual struc:ture 

Method of testing wall segment 

Figure 4.2 Method of 8Imulatlng actuaI coupIed waI ,..,... 

ln arder to sImuCale the compreaive streIIIIln the WIIIa due to gravIty 1oadI. poil

tensloned vertical rads were Itrapped to the exterior of each WIll _ lhOwn ln Fig. 4.1. FOII' br 
aix Inch (101.8 x 152.4 mm) hoIIow sections were clamped around the top of the wall Md the 

bottom of the Ioadlng beam wIIh one Inch (25.4 mm) hIgh atrength threIded roda. Each rod WII 

post-tensioned with 25 klps (111 kN). The roda WII'8 spaced Il 1 Inch (228.8 mm) cenlres 

resulting ln a unlform appUed pressure of 430 psi (62 kPa) on .-ch wal. 
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4.2 Inatrumentltlon 

Figure 4.3 shoWS the Instrumerullon UI8d for boIh specimens. An 8If8'I cf .... voilage 

dlfferentlal transforrnerS (lVDTs) rneasurad the vertical dlsplacements cf boIh the concrata wals 

ni the Ioadlng beams. this instrumlftatlon aIIowad the dlfferertial movement and the rotations 

cf a&eh WIll to be detarmlned. The Lwrl wera set up 10 thll they couId maaura relative 

diIpIacemenII cf %150 mm. The predlctad uItImaI. dilplacement was approxlmalaly % 125 mm. 

Dili gauges attached to the Ioadlng b8amI permlttad vIsuaI conIroI during Ioading (188 

Fig. 4.3(8». 

Tan etectrical reststanca IIl'IIin gauges were gIuad ta the reWordng bars ln uch WIll. • 

measurlng the stralns ln the main vertical raWorcement et the levai cf the lInk beam tIanges and 

four on the horizontal ti81located aboYa and beIow the Iink beam tIangeI ( ... Fig. 4.3(.». 

FIYe llraln gM1g81 were gluad to the top and boItam tIangeI or the Iink beam to 

determlne the tlexuralstralns ln the tIangeI. In addition, stralns wera obtalnad from rnachanicaI 

straln targats havlng a gauge Iength cf 200 mm. These t.gets wera punched directly lIto the 

IUrface or the steel. Additlonal elactrlcll resIItance IlraIn gauges were locaIad • the endI cl 

each ftange near the fIange tipi. StraIn variIIIon ... 8CfOII the tIangeI or through the fIange 

wIdth wouId Indicat. local tIangIlnltablllly. Ttne lh1IIn gauge rosettes were locaIad lIong the 

exposad web of the Inie baam (on the sIde wltheM the stlffeners) ln order to record the she. 

stralnlln the web. Addltlonal straIn me8luremants were takan between mechanIcaI.reIn tergetl, 

punchad into the steel et 100 mm gauge langths. For Specimen 2, IWO addItlonalltrain gauge 

rosett .. were Iocatad on the embedded portion of the IInIe beam web, 300 mm Into the (DIer •• 

wall. Thesa straln measurementl anabIad the detarminatlOn cf lh8.stralnlln the ambadded linle 

beamweb. 

For Specimen 2, • total cl 12ltraln gauges were ~ad on the ken faces cf the walls, 

th,.. above and ttna befow the Ilnk beam on each wei. TheIl gauges maasured the straln 

distribution across the faces cf the waIIs resultlng from the bearlng cl the lInk beam tIangeI. 

the walll. 
As Ihown ln Fig. 4.3(b), Specimen 1 IIlnStrumented with machank:aI strain target. 0Yer 

a gauge length of 200 mm ln order to determina the vertical concret. surface stralna tNer the 

embedrnent ragIon al the face cf the waI. D .. to ln-pIana spIIttlng, the cover concret • ...,...ad 
from the embaddad regIons end hence the stralna measurad et the concreta surface wera not 

repr8S8ntatlve of the stralns ne. the embeddad raglan. Therefore th8S8 straln targets were not 
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used on Specimen 2-

LOIdIln the upwardl direction ware racorded by 8100 klp (445 kN) Joad cal whIIe loadI 

ln the downwards direction were obtalned from two 75 klp (334 kN) toad ceIIs which record8d the 

forces ln the ttweaded radI. A Ioad cali WIll locIIed Il the back ~ the Ioaded wei ln arder to 

record the force neceI88IY to keep the IWO wall paraIIeI. 

The readfngs from the LWT •• eleclricaI rlliltance gaug8I and Ioad ceIIs W8re recorded 

by a Doric 245 data acquisition system and were slmuIlaneously dlsplayed on the screen ~ ., 
IBM PC. 

4.3 Loldlng History 

Theloadlng hiltory for each specimen Illhown ln Fig. 4.4. In order to control the t ... lng. 

Ioad versus defl8ct1on f8IPOI"8tIS for the e&St wal were pIoIted as the tastlng progr8II8d. 

UpwMII lOading and d8ftect1ons W8re consIderad to b8 positive. In the first cycle. toading was 

appIled to 8 predetermlned peak Ioad followed by three reversed cycles Il thllload levai. This 

Ioadlng control WIll UIed unlN generaI ylelding W8I obeerYed ln the lInk beam. GenarII yIIIding 

WIll det'"'*'-d whIn a lIgnIficant change ln the lOIId deIIectIan reeponII WIll abIIrved. 
correspondlng to observed 'ftakIng' ~ the whlt8Wllh on thelnlc beIm web. AIt. QIn8I1II yIIIdIng 

the p8IIc toadIng ~ lUbIequent cycles WIll ~ by daIIectJon. wIIh peak ............ 

as mullpl8l ~ the d8ftection .. general yleldlng. 6,. 

4.3.1 LoICI H"'ory of Specimen 1 

The tIrIt IWO peak Ioads (:t 100 and :t2OO kN) represented one thk'd and two thlrdl ~ the 

predlcted yIeId strength, respectively. The thlrd peak Ioed (:t250 kN) corresponded to the tIrIt 

lIgn of yIektIng aIong the caltr8llne ~ the H blini web. The ftrst thrae peak lo8ds exhIbIed fui 

etastlc bahavIour. The fcuth peak IoId (:t3OO kN) corresponded to generaI yleldlng ~ the lInIc 

beam web al a deflectlon ~ 6, - :t12 mm. Subsequent peak dellectlons corresponded to :t26,. 

:t46" :t86, and :t86,. Nter the specimen had been cycled thrae tJmeI8l • dllplacemenl ~ :t86" 

It was Ioaded, monotonlcally to .. dIspIacemenI aquivaIent to +10.56,. 

4.3.2 LOICI Hlalory of Specimen 2 

The firIt IWO peak loadI (:t100 and :t200 kN) rapresented approxlmalely one and IWO 

thlrds ~ the pradlcted ylald Itrength, respectively. The thIrd Ioad Itage (:t275 kN) corresponded 

to generaI yleklng ~ the Ink beam web al 8 deIIectIon ~ 6, - :t11 mm. Subsequent peak 
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Chapte,5 

experimentai Aeauls 

This chapter presents a delalled description of the obserVad axperImentai behavfour of 

Specimens 1 and 2. The lattera A and B represent positive (upwards loadI Md daIIections) and 

negative (downwards Ioads Md deflections) cycles, respectlvely. 

For the 1oad-deflectJon l'8IpOnt8S. the Ioad corresponds to the __ trMSmllted through 

the link beam and the deII8ctton represantl the vertical dIspIac8ment of the east waI relative to 

the west wall. The diSpIacementa have been corrected to accourt for measurad, diIerentiaI 

rotations of the walls. h shouId be noted that these dlferentlal rot.1ons were very lm8I1 

throughout the tastlng of bath specimens and resu.ad in only minor corrections to the dallactions. 

The key stages in the responses of bath specimens are presentec:t ln Table 5.1. Detalled 

observations of each peak Ioad for both specimens are glven ln Appendbr B. 

Specimen 1 Specimen 2 

Step Shear Dell'" Step S,,-" DefI'n 
(kN) (mm) (lcN) (mm) 

flrlt cracking of joint regIon 4 :1:200 :1:4.8 4 :1:200 :1:4.9 

flrat local yleldfng of Ifnk beam 7 :1:250 :1:8.3 net ~ defined 

general yleldlng of Ilnk beam 10A 303 12.0 7A 274 11.2 
108 -300 -11.1 78 -274 -9.8 

tenslle cracking aIong compr8IIiv8 188 -385 -50.1 13A 358 44.2 
atrut 17A 374 &0.1 138 488 -44.5 

ultlmata capacity of Hnk baam 19A 388 70.3 198 -MS -90.3 
1. -4C)g -75.5 21A 438 88.2 

maximum 0bI8rvad defl8ct1on END 344 122.8 END -361 -150.3 

T.ble '.1 Summary of crhlcalload stages 
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5.1 Sl'.clmen 1 

Figure 5.1 shows the Ioad-cteftectlon responsefor specimen 1. The first horizontal cracking 

in the wall, al the levai of the IlnIe bearn flanges occurred al peak Ioads 4A and 48 corresponding 

to shen of %200 kN. From the strain rosette raadings, local &hear ylelding first occurred et the 

midheight of the IInk beam web et a shear of :t250 kN, et peaka 7A and 78. From elaltic anaIylis, 

based on the measured yleld stress of 320 MPlln the web maleriaI, the predicted yleld shear la 

292kN. 

410 

400 

110 

lOG 

210 

200 
Z 

'10 ~ 

.: '00 
CI 10 ., 
.c 0 .. 
E -50 

o -'00 ., 
.0 -ISO 

-200 

-250 

-JOO 
-oSSO 

-400 

-.50 

-'10-'.0-'20-'00 -10 -10 -..0 -20 0 20 40 10 10 100 '20 '.0 '10 

dis placement • mm 

Figure '.1 Unk beam shear versus rllalive vertical displacement of Specimen 1 

General yieldlng of the IInk beam web, occurred et peak Ioad 10A, et a Ioad of 303 kN 

and a vertical dlsplacement of 12.0 mm. At thls stage, flaldng of the whltewash an the Mnk beam 

web accurred and there was • notlceable change ln the Ioad-deflectlon response. General 

yleldlng ln the negatlve direction occurred Il peak Ioad 1 OB, et a Ioad of -300 kN and 1 

dlaplacement of -11.5 mm. The predlcted ylelding ...... :t308 kN. The peak displacement, 'r' 

at generaI yieldlng, was takan as :t 12 mm. 
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Peak .... vaIuII_l'ICOIded. pelle .... 1M "'1_, wIh va. al BIeN ... 
~ kN, ~. The ___ lia .......... 70.3 nwn Md -7&.5 mm. 
respectIveIy, correIpOndIng to lIbout ~lIr The predIcted VIIIue far the uIIIrnIIe ... CII**Y 
Il 382 1eN, asumIng thIt • __ equaI 10 1.1:1 ...... the gII1It1II yIaId .... CM be lItIIned. 

Nt. peak loIId 18. reductIon ln 1tIfn ••• ln .. Md dIIIIcdan ,..... .. œ.wcJ 

wlh cycllng and the pelle Ioad va.. begM 10 dIClIne. 8y the end al peak Ioâ MA and 148, 

correspondlng to cIIpIIamenla " ~16,. or ~II mm, Ile pelle Iœd ".... hIId decn •• d to 

SIeN and -328 kN ~. The nICCJIdId dllpllcllMU ... 81.2 mm and -100.8 mm. 
The tp8CImIn W8I tInIItt loedId manalOIllclly ln .. poIIIIve direction to • pille loIId " 

344 kN and. pelle ~ al 122.8 mm, thIIII. ~ 106,. The tilt waI .opped ... 

stage due to I.ck or tnMII " thelœdlng .,...... • IIlmportMI to note that ln the "'1tagII 

cl loadIng that the pelle loIIdI lltIIned cid nat drap bIIow ~ al the namum ct!paCIly 

obtlllned. A photogrIIph c18p1c1men 1 ..... ""Ig Il ahown ln FIgure 1.2. 

•. 1.1 ..... _R •• pOl-. 

The Ink beIm performId.., much • prICIcIed • baIh yIaId and ..... Iaà. 'TM 

predicted va. for"'yIeId and uIIIIIlIM ... _ kN and _1eN, ,.......,. The obIIMd 

... WIf8 303 kN. yIIId and 401 kN ....... The pNdIctad uItin_ ..... c:.pacly .. 

compuIed to be 283 lcNem, COI'NIpCJndIng to an lPI*d ... force 0IIIr 438 kN 0IIIr .. 

1200 mm cIeIr..,.,. Figure 5.31howa the m ...... .--In the tIange or the.,. .... n.' 



the end ~ the cIur apan. M can be ....n, firat yiatding waa meuured ln the tIange ~ the Iink 

beam et about 46,. Two factors contributlng to the premalure local yleldlng ~ the tIange whara 

the Incr88I8ln cIeIr ..,., due to bath tp8IIing and CMàard ralchating cf the lIr* beam, and the 

diItreIa ca ... by crIppIIng cf bath the web ... tIInge ln the ernbedmInI. Apart from the 

IoclIIIed yIeIdIng cf the fIInge. Wf't liltIe tIaurIII ct.formIIion 01 the lInk beam waa obIerved 

durIng the test. The large norwacoverIIbIe tanlile ltnIIna exhIbItld ln the ~. ltIIgII 01 the tilt 

(see Fig. 5.3) .. a l'8IUIt 01 the local tIange buckling. In the vicinIly 01 the Itraln gauges. brougtC 

about by CiIppIIng cf the web .. the spall.d face 01 the WIll. Crippling of the web ln the 

~mttnt wu estImatad to have occurred al peak loId 17A wIth notlceable tlexural ylalding 01 

te. Iast ... cf Itlffener8 Il the and 01 the cie. apan. 
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microsfrain 

F .... 1.3 Me.unteI ItrIIinIln the lnIc bearn tIangI 01 Specimen 1 

Figures 5.4 and 5.5 show the link beam C'Hnbedment Just berore and lifter rernoval 'rom 

te. concrete. The crippIIng 01 the web and fIange, just inSide the embedment. il clearly evidenI. 

Tearing 01 the Iink bearn web occurred .. the back of the embedmant. In the haat Iffectec:l zone 
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01 the wb-Io-ftInge w.ed. ThIl....,... Ioc*ed • the top Md baltom 01 the ...... due to 

.... yIIIdIng 01 the embIddId web. 

FIgIn 5.4, lhowI thellrge M» • the end al the ~ due to the ~ cl 

the ....... out of the cancrIle Md .. pranounced ~ ~ vIIIbIe. the end fA the 

beam. SIgnIIcMt dIItr ••• cIlMlnk .... WIb Md tIIngIa,-1nIIde the~ Md the 

Wge QIP bItweIn the H ben ftInge mi the canent •• the top fA the ......... MIr the 

fronI 'ace .. liiio ~ The pennment ___ dIformIIIon ...... In • ,..... hartzoIali 

lIICMIII'*1t al 13.2 mm bIIw-.'I the top mi baltom lInga& The ovaraII hIIgN al .. lKtIon 

dacreIIad 11.8 mm to 330.2 mm •• locaIIon ..,.,.. 75 mm Ir*) the aII1badmad. FIgIn 5.8 

Ihowl ln ovet'III vIaw fA thelnk ........ removaI tom the ..... 

1.1.2 RII .. ,orced Concrale R •• po ..... 

St ....... In the JOInt regIOn caI.1d ." ,.,1IIId cycIIc loIdng .... In aIIrnIIIng 

compreuIon zones ln the concret., fIrIt • lM top lI'Id thIn • lM boItom tIangII al the lIr* 

beam .,.. the froq 'lICeS of the wall. 8imIIIr actIonI OCCW' .-- the end of the embIdnwII. 

Ihown ln Fig. 5.7. The tIrIt lVIdInce al crIICIclng ln the WII .. obIIMd • pallie loadI 4A lI'Id 

48, • Inllpplled Ihear on IMIink bIIm fA :ta kH. HorIzOlUl cracIca lacIMd • thellIter'" 

baIweIn thelnk beam lIIngII and lM cona-. __ Ideel fram lM ................ 
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..... s.. VIN 01 __ 0I11n1c beIm of ~ 1 .... rImCMII from concrat. 

of the WII to lM ....... of lM .... (_ Fig. 1.1). 

L.oc .... d ep"ng Md CNIhk1g 01 the cancrIle lIOng ... top Md baItom lIIngII of the 

.,. a..n. • lM front 01 the camprlilion zone _1IrIt abIIerYed. _laid 1OA. • MIPPII8d 

... on the lInIc .... of 303 1cN. By peille laid 13. thII dlltrlll WII evIdn ... four ftInge-
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horizontal cracking 
of flange-concrete 
inf.rface 

l:===== 

(0) before spolling 

i 

Increallng clearlpan 
wllh cov.r .palUnG 

(b) ofter spalling 

Further cracking resultld ln the lpIIIIng of • ~ bIocIc of cover concrwt •• the 

Inner face of each wall as shawn ln Fig. 5.9. At peak Ioad 21A. the c.A .. portIonI of thII deIachId 

bIock of concrete ,al off, leavlng lOUnd concreI. canfti1ed bItween the lIr* .... 1IInges, whIch 

served to stlfen the web ln thIa region. Due to the NIIIIve movernent between the b beam Ind 

the concret., delamlnllior! de !tII concret. 0CCUrNd lIong • vertical pline ~ed by the 

fIange tlps. Allhough defmIina'~ OCQI'Nd, the OUI. COI aet. Il rIInfarced wIIh the verIIcIIIlnd 

horizontal relnfarcing bars md the concnt. betwwn the ...... Il conn.. br the n.ng.1nd 
serves to stinen the web. The pline of deIImInIIIon ln the _ WII • peille loIId 21A .. shown 

in Figure 5.10. 

The first vertical crack appeMld ln the .... wall • peak Ioad 188, at an appIled ..... 

in the link beam of -388 kN. ThIl crack as locIIed 800 mm from the Inner face of the wall, the 

location of the end of the lInk bum emb8dment. A ....., creck ..",.... In the ...... 
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510 mm tram .. 1mIr face ~ the ... _ pelle 1oM17A. 

VertIcII Md lncIInId crlClclwere obIIIwd on the _ "'_In ippIIed.e-1n thellnk 

..... ~ -38I1cN • pMk loIId 178. n.. CfICIca dIIIn .... the direction ~ pflilClpll ~._ 

....... runnktg fIom the compr ..... ZOMI • the ~ ~ to the loIdIng 

...... thdt c:rIICIcq _Il10 evIdInt on the b-* ~ the _ WII. 

A .... NgIan 01 cIIIIrnNIed COI"-' dlllnnllild br • 'haIIow' lOI.IId wMn tIIpped. 

extaIldid ..... 380 mm ~ Ind beIow thelnlc bIMllnd ... 300 mm ba _the .... 
The crack "..,., ln .. NgIon. •• ,.. ~thelllfllclng~'" d.I ......... pelle Ioad 238 

la 8hawn ln F9ft 5.11. Figure 5.11 liiio dIIItf ..... the CRCb lndIcIIIng the ftow of princIpIII 

compr •••• lb •••••. 

The .... dIIIr ••• of the tmbedmInI NgIon MIr the lnMr ... of ... WIll extended 

..,.,..100 mm lnIo the WIll by the tInII ..... tA the .. ,..,...In ...... ~ the ..... Mt 01 
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rainforcing bars (lM Fig. 5.12). The connn.ct ~ lmmedIIWt lIbcJwe InCl beIow the lIr* 

beam, howIver. IIPP .... to .. lOUnd. 

Il WII naI &l'd the ftnIIlœdItIp, wt.l .. _ WII puIhId to.~ 101,'" 

thare w • .vIdencI or yleldlng ln the rlillIorcIng ... araIId the joint regIon. n. horIzorUI .... 

Ibove InCl beIow the tIangII, ...... juIt bIgIriI-,Ing to yIIId • thII tlnllloId ... 

1.1.3 .., __ R •• p .... 

The re8pOnI8 cf SpecImen 1 (lM Fig. 5.1) lhowI ,.1...., 1Irge, ltIbII hW"llllloopI 

up to a ductlHty l8YII or 8. The hpt __ 1oopI1JChIbIt __ 'pInchIng' • the crICIca whIch form 

along the top and battom .... open InCl cIOII wIlh the ....... cycIIc IoIdIilQ. ThlIoopI 

show very lIttIe dnIIa dlgrlldallon &Id • c:IIIct*y IIMII or 8 Il r8IChed. • whIch poInI the 

stlllneu ~Ion ln the loIdIng cyclls Il very ..,.,.. ... The pelle'" for ... _____ 

Il :!:86, lIso show notable ~. 
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5.2 Specimen 2 

The Ioad-daflection response for Specimen 211 Ihown in Figure 5.13. The finit horizontal 

cracking in the wall, 81 the laveI rA the Inie beIm fIanges occurred at peak loadI 4A and 4B 

corresponding ta she .. ~ :t2OO kN. From strain IOI8ttl readingI. the finit Iign rA ylelding at 

mldhalghl rA the Nnk beam web occurred al a Ioad rA about 230 1eN. b8fore peak Ioad 7A was 
reached. From an elastic anaIysis, based on the measurad yIaId lIr8II of the web matarlal. the 

predicted lheW yleld la 262 kN. 

4SO -ISO -210 

zoo 
Z tlO ~ . tOI 
~ 

0 10 • J: 0 III 

E -10 

o -100 • ~ -tlO 

-200 

-210 

-JOO 

-110-140-120-100 -10 -10 -40 -20 0 JO 40 10 10 100 120 140 tH 

displocement, mm 

Figur. 1.13 Unk beam she. versus "*-Ive vertical dIIpIacem8nt rA Specimen 2 

General ylelding rA the link beam web ocamKI al peak loIId 7A. al a Ioad rA 274 kN and 

a vertical dispIacemenI of 11.2 nvn. At thls ~ the whltewalh on the Ink beIm web began ta 

.laIee and there w. a signIficant drop ln the stltlnea rA the load-dIIIIctIon ,....... GetwII 

yielding in the negative direction occurrec:I al peak Ioad 78, al • loIId rA -274 kN and a 

dispIacement rA -9.8 mm. The predicted yleldlng lhIar W8I :t275 kN. The peak cIiIpIacernerW. 6" 

at general yielding was talcen as :t 11 mm. 
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MaxInun ....... _ ~. _laD 1. Md 21A. wIIh v ... d..we kN nt 

438 1eN, ~. TM ~ ....... PIIk loIId ... -80.3 mm Md •. 2 mm. 
,.....,..,. c:orra.poncIng to lIbout *u,. n. PMdk*d valut for the uIttmIa ... force wa 
350 kH, lndIcIIng hl men lIgnIIIcIrt ltrIIn ___ WII occuntng ,hM the 27% ltr8Ia 

Incn ........ CWW' gIMfIII yllldlng. 

Met PIIk lOIId 218 _ reductIon ln ..... In thI Ioad-dellectlon r811pCn8 wa 

abIIrved wIIh cycIIng Md the pelle lo.cI VIUI bIgIn to decIInI. Al the compIaIlon ~ peak Ioads 

22A Ind 228, c:orra.poncIng to ~ d :t106,. the Pllklold VIIuII h8d dlcrallad to 

380 1eN ..... kM ~. The r-=ardId ~ ..... 110.6 mm Md -110.3 mm. 
To end the teetlng, thelplCtmln wa loIIdId monctonlclly ln the nagMIve clraetlon to 

• pille Ioad of -311 lcN InCl .... ~ ~ -150.3 mm. Ihat il, 1bOuI13.76, and 15.3 

ttrn. the actuII dIIpI...-nt • gInIfIII yIIIdIng ln the ~ direction. AI with Specimen 1, 

the pMIc laD ........ yIIIdIng cid nat drap bIIow ., cf thI maximum cIp8CIIy. A 

phaIoQraph d 8pIcImen 2, .... tIIdng. lllhown ln Fig. S.14. 

1.1.1 Unk ... R •• po. __ 

The lnIc ...., performICI YIIY muctI • prICIcIed • yleld and w. fOund to have 

COt'IIIdIrIbII ra •• 1ve capICIy bIfore rIICtMg ullln'*l1oad. The pndcted v ...... for ... yleld 

and ......... 27S kM lI1d 310 1eN, ~. 1hI obIIrved "....,. 274 kH • yllld 

and 440 lcN • ~ 1hI ~ ......... CIIp8CIly ... compuIed to be 241 kNem, 
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corresponding to an i!ppIed ... farce fit« 4151cN fMl'the 1200 mm --1PIft. The tIrIt ligne 

01 _ .... yllldlng 01 the H bNm. In .. cIeIr IPI" occund .. PIlle Iœd lIA. ... dIIIIctIon 

01 :t 106,. The ft8xurII capacIly 01 SpecImIn 2 ... nat NducId by WIb cq,pIng .. "'t .. 01 

the test. 

The ~ hIgh conc:r.te .. MgIh and the thICk.1nk ben web ln the embednwt 

reaultad ln very smaII roIlIIonI 01 the embednwt regIon. AI caR be lIIn ln Figl. 5.141nd 5.15 

slgnlficant shear darormaIionI CM be .... CMr ......... or .......... 

Web buckling ln the cIeIr ..,., _1IrIt obIIrved .. pelle laid 1_, incl bIcame men 
pronculC8d • the tait ~ FIg. 5.15 c!I.tt lhowI the.,.. fi .. bucIcIng 1Ft the 

end 01 the tell. The tlnllon field action, wIIh the .acilled buckIng, ................ 

iI~. The ... dIIb'eIa ln thelnlc a..n ... men prancuIC*IlFt peille Ia.d 218 whIn the 

web IIIIf8nIrIIhOwId ligna cf tIIxunII yIIIdIng ln daubM CUVII&n. Once the ...... began 

to yleld, lOR18 twIItlng 01 boIh fIIngea RI obIeMd. lIIthough thIa cid net progrtll to the point 

of Inducing fIange bucktlng. 

The concret. CCMII' .. the Inn« face 01 bath .... hIId epll.d off br .... loId 21A, 

.8\I88Ilng the thlcker web ln the ernbedrnert regIont. AIthough ............... lUPPOIt 
provlded by thl concrIte for the .-..beddId webI. no evIdence or yIIIdIng ... obIIMd ln thII 

region: ln thl ftnIII cycle .. 105,. lb'IIIn roIIIteI on the ... .-..beddId web lrdcIMd thII the 

web had ylllded. Figure 5.18 lhowI the ....... ..., ... ,..,... for the webI 01 boIh 
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... ... 8II'IbedrIwIlI. The predicIed ... yIIId for the embeddId Wlblii 418 kH. The corr8IpOI'Iding 

yIIId ltIIIn, tram lI8ItIc .... 111812 p. •• ThI_ embIdmenI ,........ lI8ItIc througt1OUI 

the tait. FIgIn 5.171howa _ OVW'IIII vI8W ~ the ....... liter ,.... tram the wall. 

1.2.2 ..... Iforced Concrele Relp .... 

The ftrIt evIdInce cf crICkIng ln the WIll was ot.aMd .. peak Ioads 4A OS 48, • an 
lPI*d .... on thelnk ..... or ~200 kH. HorIzarUI crDIlocIIld .. the Interface batwaan 

the lInk bIIm lIIngII Md the cancratl, lXtendld from the ftInge 8CfOIIlhe Innar'ace or the wal 

to the ...... or the WIIIIa ( .. Fig. 5.18). 

Fwther Cl'llClcIng ,...ed ln thllpaIIing d • ~ bIock cf COIICrItI. thelnnar 

fIIce or each WIll. Figure 5.111howa the cracking cf the ... embec:Imen regIon • peak Ioad 

158. AlloIdItep 18A. fLIther "'''ng 0CC\Ir8d l'IV.llng the wei conIIned concrate or the wal 

and the sound concrat. confi l8d bItweIn the Ink ban 1IangeI. Figure 5.20 lhowI the 

~ betweIn the lInk beIm Md the lUROt.I1dIng concret. due to thalr raIatIva 

rncMmII1II. 

The ftrIt V8ItIcII cnckIapplnd ..... Io.t lA, • ., l!ppIled .... In the lInk beam 

or 275 kN. The crackI wera locIIed 480 InCl _ mm from the lnIW '-cf the ... WIll and 730 

and 445 mm frorn the lice cf the_ WIll. VertIcIIlnCI lncIned crack', deIIneaIlng the dlr8cl1on 

~ principal compr8IIIve 1tr8IIII, ... obIaMd on the ... WIll. an appIiId lhIIr ln the Ilnk 

bNm of -337 kN • loadItep 128. SImiIIr cncIcI .. obIIrV8d on the west w" • an appIIed 

..,.., ln thellnk bHm ~ 358 kN Il palk loId 13A. The crack pittem on the &lit and west walls 

• PIlle loId 22A .. Ihown ln Figl. 5.21 Md 5.22, fIIPICtIvIIr. 80th tIgLnI CIeIrty lhCM the 

cnckI foIIowIng the direction or p(1ilCIpII comprwI ........ from the ~ ftInge cf the 

lI1'IbIdmInt to the lOIdIng beImI. SImIIIr CtIICkIng IIlPP1f1"t extendlng up from tha top fIInge 
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.. .... 

01 the .,. bIMt, lIhough due to .. more .... boundIIy canclliona Il the top al the 

8p1C1men, lhII piltem Il ... pranounced. 

The ep" ICI of ... lfI'Ibedment regIon ...... lnnIr ... of ... wall extanded about 

100 nwn Into ... wall br .. tInII .... of the _ • ..utIng ln ..... of the fint lM of 

rlllllbcllIIg bn (_ Fig. 1.23). The canIIi1Id cancrtIe ~ __ Ind bIIow the 1n:C 

bIMI, howMr, ~ to be lOUnd. 
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F ..... 1.11 ealt ~ NgIon (l8pIcImM 2. pelle lDIId 1. 
1.2.3 HyIIereIIc R •• po. __ 

The respcne of SpecImen 2 (188 Fig. 5.13) 1howI ............. 1. laapI. up 10 

a ducliIIly laV8I of 86,. The hyIt __ 1c ...... exhIbb bIhIIVIour typIcIII of .... for .... b ..... 

designed and dIIIIIad to yIIId ln .... ~ lIIght di .n dIgnIdIIIon _ naIIaId ..... 

ductiIIIy IIMII (186, ... reached Ind no ___ ~ .. ob •• NId. ,.,. cydI. :1:105, 

exhiblled lOm8 dIcay ln .... , ••• Ind • 2C* drap ln the_ Ia.t VIIIue. Aa thellJlClnn .. 
loI!dad monoIonIcIIIy • the Ind of t ... ng to 15.5 ...... lM dIIIIcIIon • yIIId ln the ,....... 

direction. very IInle Ioad Ind 111ft, ••• degIwJIIIon ........ The lInII di ....... reIIChId 

was -150 mm. 

( 
18 
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,..... ... VIItIcII pline " crIICklng • _ embIdmerW rIgIan " Specimen 2 • peak 
loIId 1M 

10 
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Figure 1.21 Crack pattern on ... w .. of Specimen 2 • pNk loIId 22A 
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Chapte, • 

Comparlson of the R .. po ••• 

of Specimens 1 and 2 

1.1 Comparllon of Precllcted .nd Experimentai v ...... 

Table 8.1 compareI the lhears corrasponding to the kay behaviounII eventl for 

Specimens 1 and 2. l'hi ~ionI for the predictad values .. gNen in Appendix A. The 

predictld v ... for bath specirMnI ... CIIb ...... UIIng the AIfii'IId design lIPP'OIICh 
pr8HI1Ild ln Section 3.1 which lICCOUIù for the elfect of SP"ng 01 the canct'Ite CCMr. Thil CCMII' 

spaIIing gMts rIse to an Increase in the clair span 01 the Ir* b8IIn .... decreaIe ln the 

ambedmant ler'9hI of the Ink beam. It Il noted thaI thlink bIIm 01 SpecImen 2 had • Iower 
yield stress Md • IIIgttIy thlnner web ln the cIear span ragion. The dlfferance ln pradicted 

ltrengthI 01 the reillforced concret. embedmentl Il œ.. to the lignIIcant dlf-.a in concret. 

strengIhI (25.8 and 43.1 MPa, for Specimens 1 and 2. AIIp8CtIvafy). The meaued cross· 
l8CtIonaI dimenIIons are gIven ln Appendix A. The measured materlal properties are given ln 

Section 3.3. 

AI can bll88n from TIbIe 6.1, the predlcted faIIure mode 01 Specimen 1 agrees wei wIIh 

the obIerved f .... mode. Thil specimen. how8ver. exhibIted lignIficant yieldlng 01 the 

embedded web • weil. web crippIfng ln the region of cover IpaIIlng. Ref.18I118f1I1 to the design 

procedure resulted ln improved performance f1 Specimen 2 wIth tullhe. yielding occurring in 

the exposed link bum wllhout lignlflcant diltress 01 the lInIc beam ln the embedded regIon. The 

procedure for the design 01 the reinforced concret. embedment region w .. adapted to include 

the affecta 01 caver spaIIing and provide reinforcement capable 01 controlling the ftange-concr ... 

Intetface gap. The responIII of bath ipeCimInI demonItrll" thaI the daIIgn of the railforcad 

concret. embedded regIon wu adequat. to develop the necessary capaclly and control the gap 

openlngs. 
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( SpacimIn 1 SpecimIn 2 

Predictld Exper' ........ PredictId fJcpe( ..... 1I 

V al first shear yiald of 292 250 262 230 
link beam (kN) 

V at general sheW ylakl 308 303 275 274 
of link beam (kN) 

V al first flexural yiald of 412 380 - cid noI yIIId 
link beam (kN) 

V • ultinB. shear 392 409 350 448 
capacily of Iink beam 
(kN) 

V st yiald of embedded 308 -350 419 yIeIdIng one, 
link beam (kN) .106, 

V at reinforced concret. 373 was naI 818 ... nat 
embedmenI capacily Mtained ...... 
(kN) 

Fallur. modes ...... ,1eIcIInt .. ..... , ...... of ...." ....... ..... ,....... 
lInII bMm ......... ....... ... .... 1 ....... 

..... dd.d lnII ...... ............ 
'-" ........ ....... ... 

CffppIIng ln .. b.dd.d ............ ..... ...... 
T ..... 1.1 Comparisons of pradlctld and expe(.metUI va. 

8.2 Hyet .... 1Ie R .. pon_ 

The compIaIe hyIt ... 1c responIII of Specim1n11 Ind 2 .. Ihown ln Fig. 8.1. BoIh 

responses 8XhibIt excellent energr DorpIIon Mi lt8bIe hylt8Altlc l'8IpOM8loopa. 8pIcImen 

1 begina to Ihow evidence of 'pinching' •• dIIpIacemenI of ~aa,. In the leCOI1d Md tNrd 

cy~ ... The hylt8t'8lil1oopl of SpacimIn 21how1d .~ rapeallbIIy through eIICh cycII • 

• ach diIpIacement lev8I with no ligna of ~ 'pinching'. 0nIy • very mInor..".. d8cay 

was 0bserV8d. dilplacemanll corresponding to :t86, and :t106,. 

The appIied lhear verlUS ~ tnveIopes • ductIIIIy .... of 46, and 86, .. 

shown in Figs. 6.2 and 8.3, respectlvely. The Iarger Ioops exhIbIted by SpacimIn 2 lndIcIIe thII 

a gr ... er amount of energy Il beIng dIsIipIIed than ln Specimen 1. In .. SI.11ng the dIIerences 

between the IWO specimens, • Il Imponn to recognIIe .,. the Iink b8Im of SpecImen 2 had 

bath a marglnally thlnner web and a smaIIIr yleld stralS. 
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The C&.I'I1UIIIIve energy CUrvII far bath lIJ8CImIIW .. Ihawn ln Fig. 8.4. Due to the 

distress of the embadded portion of the Ink beam. the enargy abIorbIng lbIly of 8pecimen 1 

drops beIow thal of Specimen 2 Ifter 1 diIpIacement ductMy of about 7. Thil drop ln the energy 

dissipation is due to the 'pinching' lVident ln the hylteresis Ioops and the reductIon ln the Ioad 

carrylng capabIIIty ( ... Fig. 8.1). Specimen 2 conIInuId to exhIbIt .ceIIInI energy abIorptIon 

capability throughoul the entlre r8VIfI8d cyclic 1oIIdIng. 

ln order to quantlfy the 0V8rIII rnpcne of each 1pICin'Ier" .. In equIvaIent eIIIItJc dM1pIng 

coefficient, /J, Is used. this coaIIicient, /J. is defiMd as (see Fig. 8.5): 

,.At • ..!. 
At 2. 

where At il the area wlhl" the hysteresis Ioop of one hall cycle, and. 
A, Is the na of the triangle dafti1ed ~ ln equIvaIent lI8ItIc stlfnela to the puk 
Ioad and corresponding defllctlon of each haI cycle. 
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Figure 1.3 AppIIad Ihe .. V8rIUI ~ envaIope • 86, 

The maximum value of _. representlng the case of rIgId-perfectly plastic hylteretlc 

behavlour wIth rigld unloading response il 2~ • 0.318 • 31.8% . The equivalent elastlc 

damplng coaIfIclents for e&eh hait Ioop for Spacimans 1 and 2 ara shawn ln Fig 8.5. 

Al each ductllity lavai. the dampIng coaIIiciant cl the first positive hait cycle is reprasenac:t 

by the top d •• point whlla the thlrd negatlve hall cycle Il the bottom data point. The wIdIh of the 

response band Il an indication of tha dagrae of decay cl anargy absorption occurring wlth cycllng 

M each ductliity Iavef. A widar band Indlcal .. greater dacay of energy absorption than a thlnnar 

band. 

It clear tram Fig. 6.5 that Specimen 2 exhlbits a highar lavai of damping. and Is therefore 

able to dissipait graM. amounts of &nergy. It can &Iso be sean that the rasponse of Specimen 

1 axhlblts slgnifleamly greater decay beyond • dlsplacement ductliity levai or 4. 
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Figur. '.4 Cumulative energy dissipation of Specimens 1 and 2 

1.3 R •• pon •• of the Unk Belma 

Allhough Specimen 1 exhlbitad excellent response chanlcterlltlc8 up to a dllplacamant 

ductility of about 8, 88Yer8 web crIppIlng occuring ln the ernbeddad regIon (aee Section 5.1.1), 

reduced bath the shear and moment capacIty of the link beam • the spaIIed face of the wall. The 

refinements to the design for Specimen 2 (aee Section 3.1.4.) were an attempt to control thil 

tallure mechanlam. 

h was clear that the embeddad ragions of Specimen 2 behavad 81 deIIred, wIth the .eeI 

embedment remalnlng alastlc whlle the Iink bIam axperIanced IIgnlflcant daformatIons over Its 

clear span. Sinee the crippling of the embeddad lInk beam had baen controlled, the embedment 

region experienced very IItle dfltress and the behavIour approaches that of a ductile UnIe beam 

ln an eccentrically braced frame (Engelhardt and Popov, 1989). These design and dotaillng 

retinemen1s resuhed ln vlrtually rectangular, hylttr8lla Ioopa whlch remalned ltIbIe up to very 

high ductilhles and excellent energy absorption. When web crippllng la controlled, there are two 
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Figure '.1 Equivaln eIastIc dampIng coeIIIcients for Specimens 1 and 2 

potenlial controlllng modal d fIIIure; elther the web of the Ink beam wIIt .... rIMAI allaw 

cycle"lgue or the Iink beam wI buckle lIIeraIy. Ther8 wn no evIdenc8 of ellhar of ,hall ..... 

modes ln Specimen 2. Figure 8.8 shGws the lInk beams of Specimen 1 (top) and 2 (bottom) aller 

removal from the waill. The crippllng d the embedment region 01 Spaclmtn 1 Il vary apparent. 

Il carl be sean that the only dlstress to the Onk beam of Specimen 2 occurred ln the cie. 'pan, 

'.4 Re.po ... of the Reln'oreed Concret. Embedment Aeglon. 

The ttralns in the longitudinal reinforclng steel near the face of the walls ln the relnforced 

concrete embedment regionl of Specimens 1 and 2, .,elllustraied ln Fig. 6.7. Before Ioadlng, ,he 

venlcal reinforcement d both specimens exhlblled a small compressive sirain due 10 lhe post

tensloning ur the walls to simulate gravlly Ioading. h can be sean that thls longitudinal steel don 

not yiekl (yilkl &train • 2000 miCrOItrain) in elther wall, indicaIlng that the steel provided l8MId 
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' ..... 1.1 Ur* beImI al 8pIctmIn 1 (top) lI'Id 2 (baltam) lftIr remcwll from the .... 

ils funclion in controIIing the hartzorul cralng lIang the tIInge-concrIIe Int ..... WIth cycIIng 

beyond a ~ ductIay"", 4. the IongludInIIlteelltralnl exhIbI ~ 

tentlile Itraina which lnCnta8e wIth 8IICh IUCCellive cycle. ThIl pher1orIw1an ni nallIgI ..... 

in Specimen 2 (see Fig. 6. 7(b».1't1rougho&a .. enth ........ the horizorhl CRCk • the ftInge

concreIelnl8lface al Specimen 2, 0I*I8d lI1d CCJIIIPIIIItI CIOIId witt cyCling. On the ott. hRI. 
the embeddad portion al the lInk ben al Specimen 1 ..,.rIIr1CId web crtppIng ln the NgIon 

al the longludInII ~. a.c.. al thII web crIppIIIlg thllIIIbIddId .......... . 

considenIbIe lmOUnt cA ...... Md. hence ........ to provIdI UIIcIInt b ........... . 

to completely cIoIe the crack. 

It is cie. trom the hylttrltlc reIpOI1I8 al the ayItem Md fram the r.IIIIve1ack al dIItr.

to the relnforced concret. embIdment. thII the behIvIcu al the coupIId iyItIm la domInaIed 

by the respanse al the lInk bIIm. FIg&n 8.81hQws the COI1lI'b.CIon al the dIIpIacemInla cA the 

Ilnk beam to the total relative dilpllcementa al the WIll for 8pec1men11 n 2. The daIhed lIne 

on each figure represents the t*Ive dIspIacerIw1ls al the Mdl al the lInk Deams whIIe the soIIcI 

line represents the total relative dilplaca'nents al the WIll. For SpecImen 1 up to • dIspIacemInt 
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of 86,. lhe IlnIe beam contributes abo&a 92% ~ the total diIpIacement. The remalning ft Il a 

result rnM1Iy of lhe lnefaltic deformallons ln the embadment. The Improved embedment detailing 

of Specimen 2 reducellhIs conIribullon ta about 3% of the tOlai displacamant. 

The Increasec:t ~ contribUtion due to the lnelaltlc respcne or the ernbadmenC 

and embedcIed regIon lbcM • ductility lev8I ~ abOUt 86, is appar8IW for ~h lpICimenI (_ 

Fig. 8.8).1I1houId be notad. hOwevar. thII even _ ductMy lIveII of 106,. the Ink beam CCdInUll 

10 represent more than 80% rA the 100ai diIpIacement responI8. 
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Chapt., 7 

Aa .... m.nt of P.rform.nce of Steel Unk Ba ..... 

Coupllng R.lnforced Concret. W.'18 

ln order to assess the performance of steellinle beams coupllng rainforc8d concrete walls, 

the responses Of Specimens 1 and 2 will be comparec:t to the responses 01 common types 01 

coupling beams testad by others. 

7.1 Compar'.ons wIth Relnforced Concret. Coupllng s.lm. 

A discussion 01 both traditionally reinforced and diagonally relnforced concret. coupIlng 

beams Is gIven in Section 1.3. For ductile systems, tradltlonally relnforced coupIIng beams, 

containing lOngitudinal "teel and c~ hoops, .e only permitted If the shear il Iow and If the 

span·to·deplh ratio is relatively large. Diagonally reinforcec:t coupllng beams .. requlred If the 

shear Is high due to thair excellent ductillty and energy absorbIng capabiIity. The diagonal 

relnforeement Is not practlcallf the span·to-depth ratio Is greater than about 2. 

Specimens 1 and 2 were constructed and tested to Investlgate the feaslblllty of usIng steel 

HnIe beams ln refnforced concrete coupIed wal systems. n.e apecImens had apan-to-depth 

ratios of 3.4, significantly larger than the practlcalllmit for diagonaIIy relnforced coupllng beams. 

T.o of the specimens testad by Shlu et al. (1978) are representative of the response of 

traditionally reinforced and dlagonally reinforced concrete coupllng beams havlng a span·to-depth 

ratio of 2.5. If the prototype structure considerad in this researCh programme (see Chapllr 2) had 

rein'orced concrete COUpling beams, thase beams would have had a span-to-depth ratio Cf about 

2.5. The hysteretic responses of the reinforced concrete coupllng beams, testad by Shlu et al., 

are shown ln Fig 1.4. 

Figure 7.1 shows the equivalent elastic damping coefficient, /J, for Specimens 1 and 2 

and for those tested by Shlu. Both steel link beam specimens exhlblted greater energy absorption 
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.han the diIgonIIIIy reWorced concrete member and •• gr'8*er --sw Ibeorptian lhIn the 

traditionlly rainforced concrete member. Specimen 2 exhIbIIed the Iargnt levIII of hyIt .. 1c 

damping, wIIh the IelSt amount of dacay wIh cyctlng. 

7.2 Comp.rlaonl wIth S .... Unk Be.ml ln Eccentrlc.lI, .rllCH Fr ..... 

The respcnse of a represent.1ve 11881 Unie beam ln an eccentrlcally braced frame (E8F) 

was chosen tram the work of Engeladt and Popov (1989). The Ink beam choIan Md lImIar 

JO 

~ . -C 
25 Specimen 2 

.! 

.2 --Q) 
0 
u 20 

en 
C 
'a, 
E 15 diagonally r.lnfore.d 0 
"0 

.2 -en '0 0 
"i -c 
.!! 5 
0 tradltlonally relnforced 
.~ 
:l 
CT 
Q) 

0 

0 2 l .. ~ , 7 • t 10 

ductility level 

Flgur. 7.1 Eq"ivalent elastic damping coetrlCients for SpecImens 1 and 2 and reinforced 
concrete coupling beams tesrad by Shlu et al. (1978) 

dimensions to thase of Specimens 1 and 2 and a slmilar span-to-depth r.io (3.7 Y8t'SU13.4). 

Figure 7.2 shows the excellent !lysterelie behaviour of the steel link beam ln an E8F, 

tested by Engelhard! and Popov. The ductillties achieved ln Specimens 1 and 2 are comparable 

to thase achleved by weU-detal\ed Ilnk beams ln EBFs. Figure 7.3 shows the equlvalent damping 

coefficient, P, determlned from this hysteretic response and those d Specimens 1 and 2. The 
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Figuri 7.2 She. versus lInk beam ratalion ln an ~ braced frame t_ad tFt 
Engelhardt and Popov (1989) 

tests perfonned by Engelhardt and Popov had onIy one cycle et each Ioad levai and no 8IgnIfIcant 

decay occurred between the positive and negative hait cycles et each displacement 1eveI. 

Il can be sean 'rom Fig. 7.3 that the equlvalent 8IastIc damping coefIicIant for Spacimen 

2 is comparable ta tha! of the Nnk beam in an EBF, and above tJlat exhlbitad ~ Specimen 1. 

These comparisons indicate thal the refir .. menti to the design cl the embadment. In Specimen 

2, have been .utriclent ta keep the embedded steel member and the embadment regIon elaltlc. 

The behaviour of Specimen 2 demonstratlS the abillty cl steel Hnk beams coupIlng ralnforced 

concrete walls ta provlde energy absorption levels and ductlitles 81mllarto thoae provIdad tFt Il''' 

Ilnk beams ln eccentrlcally braced frames. 
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Chapter. 

Conclusions and Design Recommendatlo ... 

ln recanI ya .. , rasearchers have irMtItIgIIed noveIlIPPftNICIa for lmprovIng the ductIIty 

and energy absorption cf railion:ed conc"e coupIing beams ln ductile fIIxurIII WIIIIlyltems. For 

apan.to-depth ratios .... than about 2, tp8CiIIIy dltliled dIIIgcJMI reInforcernent ( •. g., Paulay Ind 

Binney, 1974) has been lhown to significantly improva the reversed cycllc Ioadlng responI8. The 

ObjeCtive or thls research programme Il 10 irMtItIgIIe the fellibllty ~ uslng ltrUCbnI steel 

members, havIng their ends ernbedded ln the w .... to replace reWorced concreta coupIng 

beams. Two fuII·scaIa, test specimens were desIgned lRd testad, ln reversed cycle 1oadIng, ln 

order to investlgata the responI8 cf thll new type cf construction. 

The resultl or thil experimental progr.mme have ahown that Il Il possible to achieve 

excellent ductllity and energy absorption characteristlcs by carefully deslgnlng and detaillng the 

steellink beams and the reinforced concrete embedment ragions. 

For link beams havlng Iman to medium span-to-depth ratios, axcellent response. IImllar 

to that exhibited by Ilnk beams ln eccentrlcally braced frames can be achieved If the foIIowIng 

design and detalling requlrements .. met: 

1. The clear span cf the Hnk beam is desIgned and detailed to remaln elaltic ln flexure whlle 
attainlng ill ultimata capacIty ln ... accordIng to plastic design requlrements. 

II. The web ln the clear span Il detalled lUCh that • can deveIop age shur defonnatlons 
beyond ylelding. As luch, the web Il chosen to conform wlth the requlrements for a Class 
1 section and is adequately stllfened to preyent web and ftange Instabllilles. 

Iii. In calculatlng the effective clelr span for design purposes, the errect cf the spalling ~ the 
coyer concrete at the Inside face of the wallis talcen Into account. 

Iv. Additlonal stiffeners are provlded Inside the embectment reglon, ln the reglon of 8Xp8Cted 
coyer spallir ;; 
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AIthough good Iink bum fIIPOM8w. abIIinId ~ .... dIIIgn criI .... il wa found 

that aven greatlr ductlltlel and energy absorplion ware altained • the web of the b beam ln 

the embedfMnt regIon wasltrengthened ln lUCh • wlfl81 to 8GIUr8 thIt the embadded regIon 

"the Hnie bum remaIned ..... Ic ln .... and ftex&ft whIIe the lnIc beam cte.span attlinld '1 
ultlmate aheIr capacIly. 

ln arder to ..... thaI the Iink bum may pilform ln the deIIred ductile mannar, the 

relnforced concrete embedrnert raglan InUIt be deIignId and dataIIed ln the foIIowing mnMIr: 

1. The 8I1'Ibedment must be deIIgned for a Ihear and moment correspondlng to the 
devIIopment "the fui capaclly " the IInk beam. 

il. A raduc8d embedment Iength must be consIdered ln ordar to account for the "'acts of 
the cover IpaIlng • the Inside faces " the walls. This reductlon ln arnbedment shouId 
correspond to the Increased cIea' span length UI8d to datermlne the capaclty of the lInk 
beam. 

Iii. Vertical reinforclng bars, pIaced ne. the inIIde face " the w .... must be lUftIcIent to 
providI adequate control of the CfICIcIng aIong the lnIc beam tIInge-concret. ~erface. 

It il Important to note that the tIexuraI wall thImIeIv8I must be deIIgned to l'IIiIt the 

probable rlliltances of the Ilnk beams. The design criteria proposed lhouid be conslderad ln 

addition to the ductile design and detalling of the lndIvIduaI wall cornprIsIng the system. 

The use" prafabrlcated steellink beams embedded in relnforced concret. walls provldes 

an excellent levai of quality conIroi for thlle critlcalstructural elementl. FLlthermore, the use of 

embedded steel Ink be ... greatly simplifies the formwork requhmenta for coupIed walls and 

requlrel a lignlllcantly leIs compIex erectlon procedure than trIIdItlonally or diagonaIIy relnforced 

concret. coupIIng beams. 

It il evIdent from thIs prellmlnary research programme that the use " steellink beams ln 

relnforced concret. coupIed wall systems il a f.asible alternative to tradltlonally or dlagonally 

relnforced concret. coupIlng beams. The superIor performance " this noveIltructural system Il 

weil suited for structures deslgned for large leveIs of ductillty. The reIaIlve limpliclty of design and 

erectlon, how8ver, malee this type " system feaslble for any coupIed waU system. 

8.1 Ar ••• for Further l"v •• lIgal.on 

The encouraglng results of thls prellmlnary study suggest a number " posslbilltles for 

future Investigations of steel Ilnk beams ln relnforced concrete coupled wall systems. These 

Include: 
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( 
li. 

III. 

Iv. 

v. 

vi. 

vil. 

( 

• 

11IVeIt1gil1onl1nlo lInk ..... wIIh lIrgIr tpInotC)dIpa1 rIIIoa. lMgIr mamInt-to-.... 
r •• wouId be prII8f1t ln langIr ..... the tIrICt ~ lhIIe incrIaIed rIIIoI on the 
dIIIgn ~ the Hnk bHmI nMdI to belrMtltiglhd. 

Mllhods ~ providIng rnectw1IcIII COriileCtlonl ~ the Ink bMm to the embedment 
concrItl Ihould bI InYeItIgIIld. ThIIe wouId lncIude 'drag bIrI' mountld to the 
ernbIddId portion ~ the Ink bNm or poIIIIve cor.-.ctlon ~ the lInk bIIm to the verticII 
reinforcemlnt • thllnSidI fla 01 ....... 

A limpIer ipprOIICh fOr ltrIngthenIng the web ln the ernbIdIMnt r8QIOn would be to 
provIde • doubler .e, weIdId Il nund and pIug weIdId to the orIgInII web (dIIignId 
for the CIear span). ThllmIIhod of ltIf-*'D the emb8dded web IIl1mp11r ft more 
practlcal than the butt·WIIdId cornpoIIe web UIId ln 8pecilntn 2. The lfIIct of the 
ecc"'riClly Introducld by the doubler •• In the ernbIdIMnt WOUId have to ba 
Investlgatad. 

Tests M8d to be performed on .HI Ink bumI havIng Iower leveII cf ductiHty (fIexurai 
hinglng modes) in order to provIde dIIign and dIIIiIing guidInce for structurel dlslgned 
with Iower R values. 

The dagree ~ lateral support lUppIIad by the wll emb8dmenl to the Mnie beam shoulcl 
be ~lgatld and compnd to the rICIf1t ...., loIId NCOI'I1I11endatIona propoud by 
EngeI1ardt and Popov (1889). FurttMtrmore thedlgree ~ lateral support,' etfY, suppllec:t 
by the presence of a fIoor siBb should be investigIIad. 

The interaction of locaIisad ambldrnent forc8I, together with the levII ~ IXialload ln thl 
walls shOuId be invastlgatad. 

The possibliity of UIIng extlrNllly appIlId ltruCturII ..... plat ..... l'Itrofit meaaure for 
exlstlng relnforced concrace coupllng beImI lhouId be invIItlgatld. Such an 
inVestigation would examine the responI8 ~ • reinrorcec:l concrete coupllng beam 
pravlously subjected to 1 number of Ioad cycles at Ils service Ioad levai and than 
retrofltted with an .ldemal steel plate. 
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Appendlx A.1 - Deal .. n of StHi Unk Itam wIth Speclflecl M ...... Properli. 

TrlllllCllon: 

FIange: 134 X 18 mm C .... numberI nif., to CAN/CSA 818.1-M8t. 
Web: 5 mm tNck 
Ovaral Height: 350 mm 
F. = 3(',() MPI 

Verlllcltlon: CIIIs of Section 

..! - j!! .S72 < 
, . 

111.1.1 -. '.87 CM&91 2t 31 • 

'" 
h j!~ "00 

, 

-- - ••• < --13.1 a.. 1 111.1.1 
w 5 .f', 1 

1 

8tnd1ng reeIIIInc:e: 
1 

Il, - (0.25(1)(114)' • 184(1.,.,-18))O.a~O" 
113.5 

• (1" + I007I4)0 •• "0" 
• m.J/tNm 

but the web lhouId be Ignored becaIa • Il yilldlng ln 8Nr. 

:. M, • (ID07I4)O.3x10'" 
• 240.2/tNm 

lD2 

s .... , reeIItInce: 

V, • O.IIA.F, 
113. ... 2 .O~(O.8OO) --

Includlng the affect of Itraln hIrdet*Ig: 

V,.D.~ 
- O. (0.800) 
-III 

lIIUmIng • cIear apan cl 1200 mm: 

V(kN) M (kNem) M. (kNem) 

173 

221 
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.... ... 

w ........... : 
fun daplh: • endI, t - 10 mm 

dIst.nce tram endI: eoo mm 
Intermediata: 

..." , 38w - OM 
• 38(5) - 0.2(350) 
.120inm 

al ana lIdId ltIferw piat_: 

..,:> '~ _ , • 12 mm • ., .5.,0 mm 

weId to web: wald must trMIfar: 

A,F,. ,.1cN 

... a 5 mm weId on one Iidt: 

V, • ".711(322) • 247 lIN:> ,. lIN • • • • OK 

wald to tI8ngII: CIIJOlCi~ of 88Ch and: 

EndS: 

O.2lA,F, • .. 1cN 

Iangth d 5 mm wald raquRd: 

",.", :> ~ • 14 mm 
0.711 

... a' mm weId fui ~ on one Iida. 

therefcn ...,.,.,. .. not required. 

W.to .......... : 
must dIveIop yleld .. ,... of web: 

.. 0.17 F, • My. 11t1fmm 

2 • 5 mm weIds have capaclty: 

2(5)(111)(10-1) • 1 .• ""mm .... OK 
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UftlUPported ...... 
Clause 27.2.2.1.(b) requires: 

L". IlOt, • IIOx33 .•• 1 122.1 mm > 1200mm .... 0«' 

" -
Web ln ... bIcIcIed ,......, of SpecftMn 2: requir8d to ,.,.., eIaItic 

Consider thal the moment capICily il ruched: 

M, m.2 _ ... 
V, • ,. • 18 • _1.7..,.., 

i T 

soIving for t .. raquir8d web lhickneII: 

t. V,. .,.1 • 7-""" 
Ir· 0.55hF, O .• x MO 11 O.. ... 

chOose an 8 mm web iii. lnIIde the joInI regIon. 

Clearspan web to Joint web weId: consIdIr • fui dapth double b8veI groove weId. 

The joint resiStance la the ........ ~: 

V, • O.l7.F,A. • 0.l7xO.lxO.IOOxBx5 • 811iN or. 
V, • G.I7 • .KA.. 0.17110.17.0._.810x5 • _iN 

'13.7 

"3.4.2 

"3.13.1 

theraIorI, • fui dlpth double b8veI groove MId. ad wekIIng the 5 mm Md 8 mm web ... 
will be ~ to carry the .... of 289 kN. 
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Appendlx A.2 • Analpla of Unk "ama wIth Actual Met.rlii Propertlta 

Specl ...... 1 

Fr ~ fIange - S72 MPa 
F, ~ web - 320 MPa 
d-350mm 
b - 135 mm 
\ - 19.7 mm 
t.- S.Omm 

FIe.urli rteletanc. (excluding web) 

M, .. (bt,(d-I,»F, • 135.1'.7.(350-1 •• 7).0.372.10" • •. 7kNm 

considerIng the nominal value of F, - 300 MP.: 

AI, • (bt,(d-I,)F,.. • 1 •• 1'.7.(350-1'.7).0.300.10'" • 2I3.41cNm 

v, • O.UA.F, • 0.55.350.5.0 .• • 3OI1tN 

She ......... ..,. ... Includlng ..... In hlrdenlnglfflCl 

V,. 0.7A.F,. 0.7.350.5.0.320 • _1cN 

V(lcN) M (IeM-m) Mf (kN-m) 

8hea'YIeId 30B 185 283 

Shear Maximum 392 235 283 
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Specimen! 

F, of ftange - 295 MPa 
F, cl web • _ MPa 
F, cl joinC wed - 278 MPa 
d-345mm 
b-135mm 
~ -19.2mm 
.. - 4.7 mm 
... - 8.1 mm 

FIe.urll mtat.nce (axcludlng web) 

Il, • (bt,(d- I,»F1 • 135r1t.2x(34&-1t.2)wO.2I5.1'10'" • 241.1 kNm 

S .... rr ...... nce 

If, • 0.S5A..F, • 0 •• x345x4.7.,O.lOl • mIeN 

S .... r r ...... nce InctucIIng ltnIIn hlrdenlng lffIct 

v, • O.7A .. F, • 0.7x345x4.7xO.3Ol • 3S01tN 

S .... r rlllllMce of emlleddlclllnk ....... 

v, • O.5IA.F, • 0.51.,345.1'8.,0.271 • 4111tN 

V(kN) M (kN·m) M, (kN·m) 

Web Shi. VieId 275 185 MI 

Web ShIar Ulimlle 350 210 249 

Joint Sh •• VieId 419 251 248 
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.' Apptndlx A.3 • O..lgn o. Relnforctcl Concrete Embecl .... nt Reglona 

8peel ...... 1 

1. 800 mm 
~.800mm 

bearing wldth - 135 mm 
centra to centre of ties - 208 mm 
fe' - 28 MPa 

Embedment CllplClty: (according to Mitchell and Marcalcls, 1980) 

L.w """ • •• ,. '. • 100. 100 • 100 mm 
2 2 

Note that this eccentriclly dots not account for the "ICI. of caver lp8Iing 

Capacity 01 concrete embedmenl region: 

Required Capacity: 

v •• O.(bI • • O .• x •• _xlOO • _lIN 
1.S.'.! 1.S .•• !! 

'. eao 

Expacted sI1e. yJeld • 3CJ8 kN ••••••.•.•.•....••••.•..•• OK 
Expactecl frIIIXiI'IUn .,.. - 312 kN •••...••••••••••.•...• OK 
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Specl ...... 2 

1-840mm .. -_mm 
c - 40 mm 
bearIng widlh • 135 mm 
cent,. to ctdrI of tiaS • 208 nvn 
f,' - 43 MP. 

Em ....... cIPKIIJ: (according to Michell ni M ..... 1880) 

,..".,."" ••• ,. ' •• c • 140. 110 • .., • tao mm 
2 2 

Note .. this ~ricily does lCCounI for the efIacts of cover spIIIIIng 

CapacIIy of concr ... embedmenI regiDn: 

Required Capacily: 

v.. O.85~ • 0 .• x43x2Ol • ., • 8181tN . .., 
1 +1.1;; 1 +8.lx 110 

ExpecIad .,.. yJalci ... kN •...•.•••••••••••••••••••• OK 
Expected rn.dnun ..,.., - 375 kN •••••••••••••••••.•••• OK 
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Appendlx B 

. Summary of Loada and Denectlons 
at the P.ak Load Stagn 



( Specl ...... ' 

Lo ..... Dotlo 1'II1II .... BdlI! .... 
"Hl - (-

1A 214 11 :110:13 +IGO.17 +1.11 0 
18 21412:13:01 ·101.21 -2.01 0 
lA 1f4 13:47:1' +IGO.1O +2.01 0 
28 214 14:05:37 •••• -2.35 0 
3A 214 14:25:01 + •. 34 +1.. 0 
38 214 14.51:45 ·101.40 -2.30 0 

4A 1f4 15:11:47 +117 .• + .... 5 0 ... 0lI0II11....,. top .... 
48 214 UI:16:01 ·1 •. 40 -UI 0 ... crecIc Il....,. boIom ..... 
SA 2'701:30:17 +115.17 +4.11 0 
58 21710:02:01 ·117.17 -..,1 0 
BA 21710:11:28 ., ... +4.13 0 
68 2t7 10:42:12 ·1 •. CXZ .... 71 0 

7A 21711:27:20 +241 .• +t.75 0 ... 100II,....... 01 bMm .... 
78 217 12:01:11 -I4t.14 ".13 0 
SA If 7 13:52:33 +251.41 + •.• 0 
,a 217 14:01:28 -247 .• ".54 0 
!tA 217 14:1!:41 +241.11 +1.77 0 
98 217 14:31:1. ".15 ".11 0 

ICA 217 11:27:13 +301.31 +12.01 0 ........ yllid ln bMm web; fIrIt .,..". 
108 217 11:31:. ".01 ·11.01 0 
I1A 2,. 01:31:11 +300 .• +11.44 0 
118 2,. '0:.:01 ".10 .,1.1. 0 ffonI 0CMf oompllll" tnICIIred 
liA 211 11:05:15 +301.74 +11.47 0 
128 2,. 11:24:12 -301.01 ·10 .• 0 

13A 21112:58:12 +347.53 +24 .... 2.17 CfUIhIng Il boit ....... 
138 21113:17:10 .... -24.7, 3 .• CfUIhIng ............. 
14A 211 '5:15:51 +_.72 +24.17 ua 
148 21.'5:45:45 .... ".14 7.44 
1SA 211 Il:01:. +_ .• +25.11 10.01 CI'UIhIng ... ..,.. 
158 21111:"':01 .... -21.4.1 H.73 

USA 21110:32:31 +371.05 +41.71 15 .• 
le8 21t 11: •• "'.13 ·!G.10 17.27 fiNI Wtt!cII Cf8CIr eao mm hm feee yltlcl and 
17A "8 14:05.tt5 +373.72 +110.01 20.23 buclllngot .......... 
178 21814:44:41 ..... ...... 21 .• .... Cf80kIng Il oomprtIIIwIlIrut 
HIA 22101:16:11 +374 .• +4t.21 24.74 lnItII hofIIonIM cIImpt 
118 22111:17:27 ".00 ...... 27.GO 

lVA 225 11 :41:00 +_.37 +70.34 30.71 notMIe b"'dlng ln end ....... "" 
19& 225 14:52:01 ..... 12 ·75.11 lUI 
20A 221 '0:02:41 +_.41 + •.• 31.71 
20B 22110:52:17 ~.05 ''''.01 31.30 
21A 22113:40:53 +37t.35 + •. 84 43 .• ffonIeover .,... off 
218 22114:31:23 ".03 ·71.1)1 •. 37 

22A 221 11:.:53 +317.17 +13.22 41 .• 
229 227 10:12:57 .... '102.07 41.110 lkIe COVtf eptIIIng; tMIIIng of bHm 
23A 227 12:24:47 +371.74 +13.110 57'.40 fufIhIr front COVW ... 

238 22713:.:45 -373.13 •••• Il .• I0Il ot conIIntd conc ..... 1MhInd ....... 
24A 227 15:51:00 +311 .• +15.24 17.11 lkIe lpIIIIng ,....,. br vettIcII cIImp 
248 22711:110:1. -327.'" ·100 .• • •• no oonnIt lIound fIfIt reberli tIrIt rItId of ,.... 

( 
END 221 III der +344.27 +122.14 
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l.oIdI!!p 

1A 
1. 
M 
2B 
M 

• 
4A 
4. 
SA 
se 
lA 
lB 

7A 
7. 
lA 
lB 
lA 
lB 

1GA 
108 
11A 
11. 
1M 
128 

1M ,. 
14A 
14. 
1SA 
158 

11A 
use 
17A 
178 
11A 
118 

1IA 
11B 
20A 
208 
21A 
21a 

22A 
228 
end 

DtJIo'IIIM 

310 17:07:52 
31017:110:21 
310 11:04:41 
310 11:1'. 
310 11:24:24 
310 11:33:34 

311 01:44:1' 
31111:12:17 
311 11 :20:52 
31111:33:. 
311 11:44:47 
31113:12:52 

311 14:21:31 
311 15:30:. 
31115:53:37 
3"":"':12 
312 10:1':1' 
31210:57:42 

31211:.:01 
31212:"':17 
312 14:1':23 
31214:"':13 
312 15:12:17 
31211:01:52 

315 10:55:51 
31512:11:47 
315 14:31:154 
315 14:.:110 
31511:05:17 
31511:.:32 

31. 11:03:31 
31112:23:'" 
311 14:30:52 
31115:24:33 
31117:17:01 
31117:.:30 

317 11 :45:53 
31712:51:01 
317 15:40:07 
317 11:52:21 
311 11 :44:34 
311 15:57:41 

311 ":110:30 
311 13:17:22 
311 1 5:44:21 

... 
(liN) 

+100.12 
".11 
+ •.• 
·101.12 
+ •.• 

""." 
+1 •. 13 
·1".22 
+1 •. 11 
·1 • .21 
+1 •. 1' 
·1 •. 40 

+273." 
0272." 
+275.40 
-m.7S 
+273.55 
-274.12 

+311.12 
-332 .• 
+»U5 
".53 
+125.45 
".17 

+351.41 
.-.54 
+B.11 
".04 
+377 .... 
".04 

+310.53 
.... 00 
+401.12 ....... 
+400.51 
-427.11 

+401.11 
-445.51 
+412.13 
..... 17 
+431.41 
-421.04 

".70 
-424.11 
-311.31 

8pecl .... " 2 ... .I:t5!& 
(mm) (mm) 

+2 .• 0 
·2.31 0 
+2.10 0 
-2 .• 0 
+2.51 0 
-2 .• 0 

+4." 0 fi,.. cr.1I Il beMl top ftIInge 
·4.11 0 fi,.. cr.1I Il beMI boIIorn fIIInge 
+4." 0 
-S.20 0 
+4 .• 0 
-5.33 0 

+11.41 0 ....... ,1IId ln bHm web 
·tU' 0 
+10 .• 0 fini wrIIcli creeldn. In boit .... 
·10.54 0 
+11.01 0 
·1.83 0 

+22.05 0 
".24 0 
+21.10 0 
·22 .• 0 
+22.45 0 
-23.11 0 

+44.11 0 CM formlllon of teMion creekt MIng tfrult 
-44.53 3.27 
+43 .• 0 
-44.11 4.13 
+44.01 1.. 
-45.43 '.17 

+15.17 3032 tpall!na on teee of Eut weil 
45.23 ... 5 
+ .... 1.03 
47.07 15.13 
+".40 13.12 Iota of lIde cover on EMt *III 
.... 13 21.17 web buclllhg beIII ... n Il .....,..,. 

+11.01 22.71 
-10.34 33.01 
+11.01 33.01 
".13 42.44 
+ •. 11 45.21 both Joint webt yleldlng 
".71 51,52 ylelding of web ..... ne,. 
+110.14 55.13 
·110.21 71 .• 
·1110.21 


