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Composite colurnns are increasing being used as the primary gnvity load carrying elements 

in medium to high-rise construction. In an attempt to optimïze the steel weight ratio there 

has been a new construction detail rcccntly proposed, consisting of partidy conmete 

encased steel WWF sections. The weak axis connection wiU be made to an end plate 

connecting the flange tips, and thus providing a terminus at the colurnn face. This reswch-. 

examines the behaviour of simple nuning connections to the weak axis of the proposed 

colurnn. 

A total of 14 tests were conducted, with a variety of co~ect ion types and beam &es. The 

main test variables included the c o ~ e a i o n  type, the beam size and the size of the test 

colurnn. Out of concems for the stability of the columns during construction several tests 

were perfonned on the bare steel coiumn to evaluate the influence of the locaiiy introduced 

co~ection load on the overali column strength. 
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GeneraI Nomenclature 

Cross sectional area (mmz) 

EEéaiivc arca reduced for b u c h g  (mm2) 
Arta of wacrcte (mm2) 

A m  of steel (mm2) 

Maximum column dimaision (mm) 

Nomid Size of Encased Column (mm) (See Fig. 1.2) 

Young's Modulw, Steel (200 GPa) 

Young's- Mdulus, Concrete 

B e i u n ~ s  

Force in column bracing 0 
Critical Buckling Stress (MPa) 

Euler's buckiiag stress ( ~ / r n m ~ )  

Reduced Stress (MPa) 

Yield stress of steel (N/mm2) 

UltMnte stress of steel (N/m2) 

Nomural Dimension of HSS (mm) 

hgthofLoad&am(mm) 

Column la@ (mm) 

Moment in bearn (kN.m) 

Moment developtd at ôolt line (kN.m) 

Moment at wcld lint (kN-m) 

Moment Dtvtloped at cdumn fàcc (kN.m) 
Load applied by tbc Fox Jack 

Load Applied by the MTS Universal Testiag Machine 

Force at r d e r  1 OcN) 

Ferce at rollcr 2 OrN) 

Support M o n  (kN) 

Tension stimip (Tic) spacing (mm) ( S a  Fig. 1.2) 

Rcsûaint Forcc 0 
Shcar Force at conncaion (kN) 

Unsupportecl f laîe Width (mm) 

Wcight of Sprcadcr Bcam (kN) 

Wei@ of Luad Bearn 0 
Distance from c d o n  top to the top of the beam m e  (mm) 



Distance from COIlILeCtion plate to near (East) roîlcr (mm) 

Distanct from conaection pate to Ear (West) rouer (mm) 

Efltcctive width, rcducd for local buckIing (mm) 

Dcpth of conncction dernent (mm) 

CoMecticm M c i t y  (Distance from inflection point to weid liae) (mm) 

S k a r  ccccntricity fiom wdd line (mm) 

Distancefiomôohliaeto«>lumnfacc(mm) 

Unsupportad lcagth of web eIaiimt (mm) 

Buckliqg Cdcient  
Numkr of Bolts 

Uaifonn Ioading (kN/m) 

Thickncss of phte elexnent (mm) 

Web t h i c b s  (mm) 

F h g e  thickiess (mm) 

Aspect ratio of platt in compressian @/a) 

&am End Rotation (Rad) 

EJE 
Poisson's ratio 



1 Introduction 

1.1 Background on Composite Grivity Frime Syitems 

IncreaSk@y, compo~k Mi+m~~rctc oolumag are bcbg wcd as the prhmry pi@ luad m g  

elernents in medium to high-cise builduig applicaîions. ïheir enhanced structural capabilitier, 

combineù with iaberit dvuitaec~ in arcas of b protection, construction techniques and ndrease in 

fwtprint a- bave provai to k an &cai route for designers. Ia North Ammica camposite 

columns have b e u ~  limitai to w o  main alteniaàves: concrde filled hoilow stnictural sbapes (HSS) 

or fiiliy encascd steel profiles. 

Figure 1.1: Typicril Composite Colunnr in North Ameriu 

Although there are numerous advaatagts to thcsc two composite techniques, there are limitations. 

The size of commonly avaiiablt boiiow structurai sections is limited to about 305 mm in largest 

dimension, and HSS are generally more cxpaisivc othr structural steel products. Although 

size limitations are not as great a conœrn for e n d  W sections, additional concrete reinforcement 

and formwork are required, as with reinforced concfae columns. Also, limitations placed on the 

aMilable sizes of HSS aad rollcd W profiles do not g a i e d l y  lead to econornical steel weight 

percentages. 



shape the designer has full frcrdom to opàmizc steel weight by selecting h m  a range of Bat phte 

produas. The colurnn has bcai spccincaily devcloped for a gravity framc d y ,  Md as the nrnihrd 

practice, composite beam action will be assumed, with ail bcam column coIlbeCtjons consinllig of 

simple m g  coimctioar. Generally, the tbccolumac wiil k square, with a steel area proportion& to 

support the constniction i d .  To inhibit local buckîing a teasion stirrup b e e n  the h g e  tips, 

would be provided at regular spacing, S. 

NON- COMPOSITE 

Figure 1.2: Proposcd Column Systcm 

A preliminary investigation into the proposcd framiag systcm was initiated by the Canam Gmup and 

École Polytechnique in the Fill ~f 19%. This includcd a litaature rcview, nmimmcal m i s  and 

tesùng of severai prototype column spccimcns. 'Lbt c&ictiveness of the systun was realized when 

the stirmps prohibiteci local buckiing of the steel flange, pnor to yielding, for composite columns 

with b/t ratios of up to 30'. As a rcmlt of this pdiminary cxunuiation severai technical issues werc 

noted for further examinaticm. 

Effêctiveness of stimps in concrete coafincmcnt. 
Long-tenn ef3'îtcts of crœp and shrin)tage on coiumn behaviour 

O Rote of stimp spacing oo the bebaviour of composite a d  nonzanporitc columns, Ui 
prohibithg local buckiing of tbe colurnn mes. 

O The e h  of tbt sequcace of loedîng cm awrall column behaviour. 
O Nature of the cameaion into tbt wcak axis of column. 
O Force ûansfkr rnccbanism at point of load introduction 



n e  University of Toronto becam involvd in the collaborative effort in Dlry, 1998. agretbg to 

investigate the nature of the simple ~LlllCCfion to the wcak wtakco[umn axis. In a n j u n d o a  

with Canam and b l e  Polytechnique, a amplete cxperimental pro- was dweloped to 

investigate the suitability of several connedon types, and the influence of a c o ~ e c b o n  load <ni 

column behaviour. 

1.2 Objective and Scope 

As with mon composite ccmtruction, the barn col- COLIllCCtioa ir of +*l emccrn. Not ody 

the performance of tbe canncctim itsclfl but also the issue of zeain mm@bility bctwam the steel 

and concrete P the point of l o d  introduction. To nwrc  strain cunpatibility, older vcnioar of 

design d e s  (CANICSA Sl6.l - M89) spccified that composite d o n  w u l d  aiS. bc orsumcd * 
both the concrete and e l  were 1- sïmu1taneo~~ly, often rcquiring a cornplex c a s û ~ c t i o ~  

detail. For connections to wncrete fiiled tubes, mPin compatibüity was achieved by ushg a thmugh 

beam, or a complicateû nwîm of mecbanid shcar anchorage. For encascd W Kcoim, which 

often part of moment framts, the beam 8enerally nins through the concretc and fiamcs d i d y  ont0 

the steel column, resulting in dual loaduig. This too res~ltr in au expeasin fonmvork detail, ard 

fiirthcr complicates the placement of concrctc. 

From conception this new gravity fiame co~lcept was driven by economy and case of construction. 

Thus, it was intendeci that the beams not be imbedded in the concrcte, but terminate at the column 

h. This was aot a problcm dong the strong axis of the column, as the h m h g  would 

be shop wclded to the column fiange. For the wcak axis, a canncction was e n v i s i d  where the 

connedon would bt made to an &or adplate. This phte would be tbe same @th as the beam, 

and would be welded to tbe tips of tbt column fiauges (as sen in Figure 1.2). As to not prohibit 

concrete placement there will nat bc any a d d i t i d  mechanical anchorage, in tbe form of shear studs 

or other ernbedded elements, d e s s  initial tests iadicate tfreir required preseace. It Mas anticipatod 

that the natuml bond bctwocri the stœl and tbe concrete would be adequate for transfer of the lads  

fiom the steel into the concrcte. 

The major objectives of tbe cxpenmcntat program wcrc to 1) dctmnk the &kt of the connedon 

I d  on the local buckling behaviouf of a ban steel column subjeded to a axial laad, 2) assess the 

performance of s c v d  types of simple cumcdons to the wcak axis through tbt end plate, and 3) to 

investigate the force transftr mechanism. Initially, ail major types of &car coMections wcre 

considered for the testing program but this was nanowcd to two typcs, a single plate &car tab, and a 

double angle web &ammg COIIl#Ctio11- Bctb short double uigk rad loog daibk sag* COQLICdid - 
(different bolt -hg) wac tatcd to &amine t& of COIIaCCtion 1- on ovaPll 

3 



perfomce. As the testing progrrssed, two Unmnéned scat comections ako were added to the test 

matrus. 

To ascertain whether additional mechanical &car m e r  devices were required a sinde protoqpe 

specimen wu cast and testeû prior to casting the rcmah&r of the s p e c ~ .  ihis initiai test 

indicated that the shear tansfèr fnmi the steel into the conmete occuned over a @th 2D without the 

use of a d d i t i d  anchorage. With cme cxcc~tion, 1& ranai&r of the specimens wcre cast without 

sbear stuâs. In addition to tbcse main POIMY<CTS, tbe influence of column SUC a d  c o d o n  p h  

depth (beam si& were aiso invcstigated. The f0IIowi.q test nraaix d t c d ,  and was agread upon 

by all involved parties. 

h u n  -th 

W4 IO 

Short Double Angle 

W530 Long Double Angle 

Non 

Composite 

Non 

1 

Comp 

Lang Deuble Angle 

Shear Plaîe 

Long Double Angle 

Comection Type 

Short Double Angle 

Shear Plate 

Short Double Angle 

cOw 

1 1 Lang Double Angle 

Sbear Plate 

Seat - No Anchorage 

W410 

Table 1-1 : Proposed Test M a t h  

A schematic of the proposed loading arrangement is ginn in Figure 1.3. To asstss t& performance 

of the beam column comœtioa it was important that in addition to being fidl si=, the column and 

the connection must be Irisuled to appropriatc a d  r d k t i c  Icvcls. Thus all I d  were based on 

t y p i d  design loads, and floor layouts provided by CYram. 

Non 

-P 

Seat - With Aacborïrtge 

Short Double Angle 

Short Double Angle 



For the composite state, an axiai lord conesponding to 1.0 Dad load + 0.5 Live Lord was 

considend to be an a&qw nominal axial eolurnn load. ihis comsponded to approh te ly  50% 

of the calculated uttirnate resistance of the colurnn. Under this axial load, the connection would be 

tesied to failure. In the n o n a m p i t e  state the connection mas loaded to a t y p i d  construction IW 
and the axial load gradually increased mtil local buckling occurred in the column. 

t FBRACE - 
SPREADER BEAM 

TEST 

LOAD BEAM COLUMN 

t 
RSWPPORT 

FBRACE - 
pTOTAL 

1.3 Organization and Prescntation 

This report summarks the University of Toronto's umtribution to the ongohg coilaborative s o r t  

uito the investigation of the praposad gravity fiamiag met&& and cvcatuai devc1oprnent of âesign 

provisions. The first chaptcr of this rcport bas providai a hùtory of the research, and descriôed the 

University of Tormto's role in the investigation of the behaviour of the bcarn column connedon. 

Chapter 2 presents a review of issues relatai to structural joints in composite construction. ?bis 

includes the basic theory of shear connecton, with a su- of the basic design provisions for the 

three cannection types included in this study. Issues relatai to composite commction will then be 
discussed with the major studics on composite shear corrritctions rcvicud. To b e r  understaad the 

idîuence of the COtllLeCtion ai colunni bebrviair a summary of the major fidmgs of the rcriudi 

conducted by École Polytechnique will k provideci. 

Cùapter 3 of this rcport s u i i n u r U a  the cxptrirnental prqpun, includqg thc formulaam of ë e  M 

matrix, design of the test specimais, and -011 of otbcr iaboratory nktod &es. 

include a description of the lorduig mscâamsm, -on, a d  braciag -idcatia. 
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The results and observations are pftsc~lted in Chapter 4 of this report. The resuits have been divided 

into four main groups; the matcrial properties, the d t s  of tbe initial prototype tests, the major 

composite test results (10 tests) and the nomcomposite test results (four tests). M y  the pr- 

results have bœn included ia t& main body, with full cletails, observations and results of each 

individual test provided in Appcadùr D. 

Preiiminaq analysis d discussioa of tbc test rcsults have baai provided in Chaptcr 5.  In additioa 

to the influence of cach of thc major test variables, otber technical issues which emerged during the 

course of the test wiii be addrcssed. A cornpletc summary of the testing program has been iacluded 

in Chapter 6, with r e x o ~ o n s  for furtber research. 



2 Literature Review 

For any structure, wbctber traditionai steel, concrctc or a hybrid system the beam column c o r n d o n  

region is gencdy the most uncertain atea, in tenns of behaviour, of the entire fiaming system. The 

complex behaviow resulMg 6rom cornbioed loading and tcdious geomeûy will ofkn result in an 

inelastic response while thc structure is still wcll witbin drc realm of service loading. nie overall 

uncertainty in amcctioa design is respacted by tbe Limit Sîatcs Design (LSD) and by the Laad and 

Resistance Factor Design (LFRD) mcthodology with a more coasenative reduction factor for 

connections, cornparcd ta otber building elemcnts. 

Althougb the kacfits of composite ccmsmctioa arc long re-sed, a d  kbaviour of tbe composite 

beams and columnr well midiad, the muctural connections are less understood Tbe design of 

composite connections has k e n  largely based ai the b l e d g e  of steel and concrete collllections 

and sound engineering judgcmcbt. nie designer must bave a g d  knowledge of the mechanics of 

the connection, the flow of forces between the steel and coacrete and the ability to visdise al1 

potential fidure modes. EcolKnnjc and construction issues are cvcn of a greater concem than they 

are in conventional constnictioa involving a single niatcrial. 

To understand the fûll sape of tbe problan it is aot only important to understand the mecbanics of 

the wnnection itse1.f; but also the behaviour of the composiîe bcam aad culumn. Although a dctaiicd 

description of composite  aic cm is b c y d  tbe s a p e  of this rcview t h  an many t~ns that 

provide an indepch analpis of oaporite co~lst~ction ". Siirc pubuy cduams are not 

used extensively ia the North Americaa consbuction industry, a basic review of tbese colurrms wiil 

be included. The mults h m  t k  adj- tcstiq at Éeok Polytechnique will k prt~cnted for both 

the steel and composite columns. 

2.1 Simple Shear Connections 

The main role of the structural joint Y to <nnrfkr hrccs betwœn manbers while mwitaining 

stmctural integrity. Most design codes (AISC, CANKSA-S16.1) have tradïtionally dcnncd beam 

îolumn connections as rigïd, s h p k  or partiaUy rrmriDcd (Typ 1, 2, and 3 iapeaively). A rigid 

comection is dcnncd as pamitîing las  tban 10% of tbc i&ai "ph" rotation while deveioping a 

minimum of 90% of dit fixcd cad mOmcIltmOmcIlt A simple w o n  will allow ovw 80 % of the idcal 

''perficct pinn end roQtiaa wbüe dmloping l a s  thn 20 % of tbc fixcd ad maman. A prmiJ 
reseraint will lit ktwacn t h e  two classificaticms. 



A cornmon tool adhg designers in connectïon classification is the beam Iine model. Fig. 2.1 

~otltains a typial kun Iùie mode1 for a beam of flexural stifnuu, El, and c r p d  to a d o m  

loadllig of, q. This U a M+ plot, where each ais rrpresents an idcal end d t t  Lines A a d  B 
dehe the classification zones based on the above limits. The beam line connects the 2 axis 

intercepts for a given beam. 

Figure 2.1: Typicrl Bum L k  Modtl 

When a wrmectioci M+ relatioaship has baen detennuaed fkom cither experimental or analytical 

methods the classification is basai on &te the connection curve intersects the barn line. In the 

above example, the çoancction would be a partially retraincd. The rotational stifkss of the 

coMeChon is the dope of the M+ curve. 

2.1.1 Experimentll Work on Sbcar Connections 

A simple shear co~ection must meet the dual criteria of streiigth and flexibility. The inability of the 

connection to acc~mmahe  îhe rotation (degree of restraint) will cause a moment to deielop at the 

beam end. Thus a simple COLlllCCtion must be detailed to accommodate the rotation and minimise the 

developed moment. For simple coaneaioas a#ached at the web, the rotational flexibility will result 

fiom bolthole dcfonnation, coaacction clcincnt dcformatioa, and bolt distortion. nie stifhess of the 

connected face will also significantly contribute to the rotational flexibiiity of the system. Thick 
wlurnn webs, and reinforceci cancrete colurmu will have a ncgligibk caaribution, wficreas, supponr 

such as thin walled HSS wili contribute significmtly to the onrall flcxibility. 

~ a r c r u l t o f t b i r r o t a t i o a a l d c m s n d ~ ~ ~ ~ l l ~ c x p e r i c a ~ e r a k l Y t i c r r a p o w w h i l e  

still well within Service loads. lais inelastic respansc is recognisad and pcnnitted in Clause 21.2 of 
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CANKSA-S 16.1. Thus, for mast simple framing COLLLlCCtions the M+ rwpoii~t rmaim linear onl'. 
in the initial stages of 1oading. As the amneaion yields the sbcar to moment ratio docs not remain 

constant with the dectease in tbc rotational a i fhss  of the conaectiou. Thc & i v e  m o u  

eccentriciw changes througbout the Ir\?iAiirP. Early r#tarch into s h a r  d o n s  generally 

involved a cantiicver sct-up, wticrt the shcar- ratio was constant thtaugh out tbe test. As 

a d t  the shear rotatioa response was propcrly represcnted in the elastic region, but not a f k  initia 

yielding of the COllllCCti011. 

Thus, in exambbg the cxpcrirnealal bchpviour of simple framing COMeCtions tk M+-V 

reiationship is of particular importance. Figure 2.2 contains tbe skar - rotation curves used by 

eariier rescarcbtrs wbo tesid shcar COLlllCCtiolls. Iht actual &car totahou respoase shown in Figure 

2.2 is that proposed by Astanch'. It is boKd on a finite elamnt examinatioa pcrformcd on uxnmon 

W sections, with various U d  ratios, that monitored bcam c d  rotatioas under an increasing udbnn 

loading unal fbll plastic collapse of the bcam occurred. The sbown c w e  is based on a Ud ratio of 

23, and accuunts for strain bardenihg of the bcam. 

, ,Riiud, Full Sa ie  

0.02 0.04 0.06 

Rotation of Bcam End, rad 



2.1.1.1 Single Piate Sbear Tabs 

Single plate shcar cumccticms, cmmody r d e d  to as '%car tabs", have kum hcreasiiigiy 

popular. Thü relative simplicity and 04 ecol~wn~' have lead to gmcral usage and weU 

developed design provisions. Using the sbar-rotatim rrspoarc d i rw rcd  in the previous Section 

A+cMeh et ai. participateci in a thcc pur sbdy to invcstigate tbc khviour of (1) s k a r  tabs, (2) 

shear taôs with rbost s l d  holes, ad (3) kun g*da d a m s ' ?  'Tbt rcconnwadcd design 

procedures' fom tbc bash of the da@ tables in the r;.aulUn Institutc of Steel Construction Design 

 and&@. 

In order to achicve the rt;rlistic V+ relationsbip cxplained in the previous section a system of two 

jacks were uJed with a aa<itmr type sctup'. A I d  cmtro1kd rtu~tor was p l d  adjacent t~ Ou 

connection to provide a &car forcc and a secaa4 displacement c~mfolicd actuator was placed at the 

end of the test beam to colltrol the rotation. A tatal of six sbcar tabs wtrt tested, with 3, 5, 7 and 9 

bolts. Al1 were s i . .  «rnnections, consisting of 300W Grôde Steel, % inch diameter bolts (A325 

and A490), with a bolt spacïng of 75 mm. Al1 connections wcre to a sEiff calumn flange, which can 

be classified as a relativdy rigid support. AU test spechcns fàiled in single shear through îhe bolts, 

and were accornpanied with coasidcrable shear Monnation of the plate and hole bearing 

deformation. 

vchere n is the number of bolts in the COMICCtiog and a is the distance from the bolt line to tk 

mlum Eace. Using tbcsc values fbr tbe -tricity îbe ultimatc capacity of the comection could k 

dculated. Potential Mure modes that must k considcred indu&-, gross yielâing of the plate, 

bearing M u r e  of the boltboles, net h c t u r e  of pktc, weld ud boit fidure. Tbc bohs and weld 

groups are to be designad for t& cunbiaad c&ct of moment and skar. 'Iherr arc dso limitations 

on maximum plate thickicss to aisure d o n a i  flexibility fiom bohhole dcformation. 



HSS columns of various width to thickness ratios, which would ciassify as a flexible support. To 

iavestigate potential limiî statcs ark- from HSS tube wail fiexibility, Sherman a d   les' 
conducted a total of 13 tests on standard shear tab connections to HSS usùlg two V+ beam 

relationships. There were five separatc H/t mias tesud ranguig fi.arn 5 to 45. In tests with H/t < 10 

the shear tabs yielded dong thcir icngth. For more flexï'blc HSS colwnn fices (Hh > 16) yielding of 

the shear tab appeatcd to be limitai to the area betwecn the top a d  bonom boltholes. 

It was also observeci tbat the conaection ecccntricity was influaiced by both tbe width to thickiess 

ratio of the tube wall aad the span to @th ratio of tbc test bcam. Tht rcsults danonstrateci tbat the 

connedon eccentricity decreased with botb the àigher Wt ratio ancl the lowtr beam end rotation. An 

(in inches) (Eqn. 2.2) 

In the proposed design method if the calculatod value of e, basal cm Equation 2.2, is in excess of 75 

mm (3 inches) Astanch's mahod is suggested. if Equatim 2-2 gives an e l a s  than 75 mm it is 

recommended to design the weld and bolt group for the sbcar load, at an d c i t y  of 62 mm. It is 

also recommended to duce the dkdivt lcngth of the &car plate in gras yield calculations. 

There was little distortion observai in the tube wall otber thn a yield linc Mure, which was liMted 

by beam rotation. Localid punching fàilun was an initial coactrn d although no punchhg 

Mures were obseMd stnin &auges l d  25 nim klow the shcar îab mgiskrcd a longitudinal 

strain of 3900 microstrain. 

In these test only the coanection was loôded, and the HSS column was not 1- axially. In a series 

of subsequent tests" on shar tab connedons to d y  loodcd HSS, the column strengtb m l d  k 

developed only when tbe HSS was classificd as king s t B  (Wt 46) .  A shcar tab connection to thin 

walled HSS was shown to have a consi&rable &kt oa colwllll capacity. 

2.1.1.2 Double Angle Web Cieats 



assurnption of eccentricity baving little &kt on connecrion capacity has been Mtidated Hith 

experimental snidiesl' for some CaLII#Ctions. 

The Canadian Institute of S e l  C~~l~tructioa Design E h & d c l '  bu design tabla for double angle 

cunnections for both cases of the cl- beiag boltecl or weldcd to tbe colurnn fâœ. Potential mure 

mxks include, gross section yielà, net section nipture, bolt dcf0rmaîicm, weld/bolt Mure (sbear 

ody), and block s h a r  nipture. The CISC Design H;odbook" Jso giM minimum thichess 

requirements for both the wcbs and angles, at 6 mm. It also raommds tbat tbt angles not be much 

thicker than required to ensure c d o a  flcxibility. 

S h e ~ ' l r e p o r t e d t w o t c m m d o u b k ~ d ~ o ~ ~ c o l u n n r r .  ~ w n c I c l a d p r d 3  

and five bolt connections, with width to thiclaicss ratio of the HSS of 36 and 16. Although both tests 

were terminated early, because of yielding of tbe load bcam, tberc was no evidence of fkilure below 

the predicted ultimate load. 

2.1.1.3 Unstiffened Seat Connections 

Seat connections arc comrnoaly uscd for lightcr COuIICCtim loads, and for applications such as open 

web steel joists. The seat connection is a vcry cananical COIIIltCtim because it is relativciy casy to 

shop weld and field crcct. Tbe scat b usually d with a d clip angle placed at tbe top of the 

beam flange for stability rrasons. The clip must bt light cwugh to d bcam d o a s  

without the introduction of a significant moment uito the column. 

The seat cui eithcr k sbop weldod or field bohed to the colmm and may k dfbaî for hi* 

loads. W h e n t & v c m i d l c g o f t b c l e ~ L m l d c d t a t b c c d i m i n h c c , p ~ ù i ~ ~  

program, the designer mua check the foliowing Limit n w ~  in the sep; bending capac@ of the 

horizontal kg, and the bending capacity of the angle bctwear tbe twa vertical weld lines. The beam 

web mua be checked for the bcaring stmgth of the wcb, weô shcar -8th iad the web crippling 

capacity. The verticai wcld group must also be cbecked for cornbincd moment and sbcar force, for a 

given connection ecccntricity. 

The Canadian lutitute of Stœl Coastn~ctioa Dtsign w' provides daign tables for the weld 

capacity and bcam wcb capacities for various rat COCltlCCtio~ls. The arca uscù i~ tbc wcb beanng 

calculation is equai to t& barhg M causing momat ap.city of tbe boriroaEiI 1% to k met, 

when the verticai force is assumal to act thmugh the cam~id  of the bcanng arca. The weld apociry 

given in the table is hacrA on an a d  valut of c. 



2.1.2 Influence of  Concntc Slrb on Conneetion Bcbrviour 

Secondly, the praavc of th coacrdc slab uacad th d u m n  has ktn sbown to makc an a b e d  

simple cameaïon buxmc ntber r o t a t i d y  Rin"? Ahbough the shb has ncglipibk effèct on Q 

transfér of vertical shcar forces, therc is a considemôle restraining force pmvided by the slab. A 

typical reinforcing paami shown in Figure 2.3 wiil &a movunent of the bcarn 6n#n the column 

&ce. As the beam is 1- a comprwsivt fime will be denloped in the connedon, as i n c i i d  in 

Figure 2.4. The rcsultiag is a negative moment couple, which wiîi cause a simple "steel" d o n  

to become a ''compo~ite" partial moment amnedan. Dcpcading upon t& ~ ~ ( ~ ~ t ~ c t i c m  detaiI tbt 

parbal moment may excecd 70% of tbe fixai ead moment''. 

To be able to design witb t h  partially rcshabd cameai01u the designer must be a- and 

confident of the COIIILCCÉion's bcam Linc model. In tbt d y  ytats of composite construcÉi011 

designers wre not hliy aware of this rcspoase and justifiably designad camedons as citbn a 

simple or a rigid camccti0(1~! Ir was Jso tbatght tâat the M+ rrspoarc wu not liaar and therefOft 

dinicult to approirimate fbr hteal drift calculatioas. As a rcsuît of COMtCfion tests, the relationship 

within seNice loads is now laiown to be rclatively lincar. Research has bcm pdormal on suit 

connections, web cleats, ami singic shuu angles in O& to &tcnnint a reWonship suitable f'ôr use 

in design. The result ailmiaiitd in a d a i m  gui& h r  pPitLUy raPMed sairparitc COM~C~~OOS~~.  



COMPRESSIVE 

REBAR IS IN 
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Figure 2.3: Typid  SIab Detail for PartidJy Restraïned Composite Connection 

Figure 2.4: Typid Force T r d e r  Mtcbmism 

For this study the conntchons are iatended to be simple d y .  nius any moment developed at the 

fàce will be neglected in bcam design. Takiq advantagt of the partially resrrained characteristics 

could very well be a future research path. This d d  posaitially reduce tbc sitt of steel bearn 

required in the gravity fiame. For tbc fioor kyait and design loab for which this framiag systan is 

proposeci, construcbai caa~idcrations would not d o w  for significant rcductians in steel beam s k ,  

unless fàlsework is uscd prior to tbc SU barQning. 



2.2 Composite Columns 

There has been carriderable work during the last 30 years into the pedormance and behaviour of 

composite columm using amcmc nIled bollm structurai sections or encased W secîioiis. A full 

of the major fhdiqs of the ccmcentric wlum. tests at École Polytechnique. These include 

concentric tests on both the bare steel profde, and the fiiliy composite cmlurnn, fbr a varicty of 

2.2.1 Non-Composite Column Smngth 

In CANXSA S l6.l-Mg4 Lirnit S u t a  Design of  Steel ~tructures~, a general equation is givai for the 

design of  columns consisting of W sections, HSS, and WWF cross sections. This design txpnîion is 

based on the assumption that the calumn wiil undergo global buckling, or mach the squash loaà prior 

to any local instabdity of the cross-section. To ensure that a section will not buckle locally the 

maximum width to îbickness ratio, as defincd in Table 1 of S 16.1 -Mg4 is given as2: 

For Flanges of Columns: 

Webs in Axial Compression: 

For Grade 350W steel the maximum b/t ratio for tbis Class 3, nonmpact classification is 10.6 anci 

the maximum Ww is 35. Sincc the objective of using partinlly c d  H «)lumas is to optimize the 

steel to wtight ratios, thc b/t ratio is much largcr thaa the above M. The columns testcd to date 
have b/t ratios of the range of 24 ta 35, d Ww of up to 60'. 'Ibc steel column section can therefore 

be classifieci as C h  4, a d  the wcb or the fiange will generally apcrience local buckiing prior to 

yield stress king aüained. 

Figure 2.5: Gentrd Plate BuLWing Solution 



n e  problem of d-rmining the a p ~ c i t y  of the bare steel column is directiy relaied <O the buckliag 

of an 1- rrmMcd phte. 'Ihe generai rdut ion~ for this problem ir given in 

Figure 2.5. 

The term, k, is refcrred to as the plate stability cocfncicnt, and accounts for the edge constrain&, 

nature of the loading and tbc aspect ratio of the platt. The k d u e  depaids a b  on the buckkd 

shape, that is the numkr of wavc hlf-laigths in bath the eansvcrs~, m, a d  l ong i tum 9 

directions- For each n, tbe k value varies with tbe plate's aspect ratio. As the aspect ratio mcfeasts, 

k will decrease until it rcacbcs a minimum. It will tbcn increast, with an incrtasing aspect ratio. 

The minimum buckling cotfficient will correspond to the criacal buckiing value for a plate. Lf n 

varies, t -,,irrmainsbutbutas~aspaetraîïoincnvcscmt&samcorckrasn. Tbus, 

for sufficiently long plates, where the aspect ratio is greater than the critical value, the cntical stress 

is dehed by the minimum k value. nie buckling stress for long plates is thedore dependent upon 

the edge constraints d y .  

The capacity of the column sh0.m in Figure 2.6 could be considereâ as the sum of the buckliag loads 

of each of its comprishg elcments. In this case it can be taken as the surn of the column wcb and the 

buckling capacity of each f h g e  half. The column web can be considerd as a plate of lcngth equal 

to the column height, L, and a width, W. Foilowing tbe notatian of Figure 2.5 the plate is loaded 

along edge "B", a d  is coostrawd almg cdge "A" by the wcb. 

Figure 2.6: GenerJ Buckkd Sbrpc of Test Column 



This plate buckling theoy is tbe bash for thc design provisions in CAWCSA-S 136 Cold F o ~  

Metal Stmcnucsfl, &di iadudcz tbe design of Ckrr 4 comprcssim memkn. In îhe dcngn 

prawss the ana cffcaive in rcsisting ompressioa loads is duscd  to account for local buc-. 

Thk effective lrer is muhiplid by an effective stress, whkh is rcduced to ocfourit for globil 

bu*& to calculate tbe axiai load L.;rruritv, The gcncrai @on fOr the resistsuice of a C ~ S  4 

column is (Clause 6.6.1, CAN/CSA S I36-Cold F o d  Steel Stnictural Munkrs): 

where: 

The klx ratio is based oa tbc propcrties of the original col- cross section. 

The &êctive area wiil bc tht sum of tbc cffèctiyt areas of tbc ibdividual clcmcnts of the column. 

Clause 5.6.2 outliaes the &ectjvc &si@ width for cach elanent type in comprcsion. The diktin 

wîdth is dcfiried in g d  fom asD: 
r - 

Where: b, e8léctin width (mm) 

t platc thiclarcss (mm) 

k2 buckiing coastant 
b original width (mm) 

The value of k2 is giva in S 136 - Design of Cold Foxmed Metal Stnicaires fbr a varicty of tlerncnt 

types. For a web of an I-rbrp both sida arc thus t h  c o r r q o d q  k2 vaîue ir 4. For 
rhewlumnD~ofwiahb,oiw~isuamwd~Pdtbcathcr~rmuntdrieiQthiutbckir 

takenas0.43. Evcniftbctiesp;ic~~ldtouiupestnDioOutirl~tbratbcenDidvPluc, 

t h e f i r u l r e s u l t a s s u m b g a k g p i s ~ .  I 



As part of &le Polytechnique's rcsearch ino columa khaviour there were 11 tests d u c t e d  on 

bare steel stub columns, with a total lcngth of 5D. Column sizcs included 300 x 300,450 x 450 and 

600 x 600 mm specUncns with temion stimip spacing of eithcr 0.5D or 1.OD. The b/t ratios of the 

column m e s  were 24, 32, or 35. Results of the concentric tests are presented in Figure 2.7 and are 

compared to S 136 prediaions. Tbe tcsted values for strcngth werc generally greater tban those 

calcuiated using S 136. 

Figure 2.7: Resuits From ecok  Poiytdmique: B m  Coliima Raults' 

2.2.2 Composite Column Sbcngth 

The overail stmgth of composite stub columns can bc g d y  taken as: 

This is generally for coacrete fiiicd tu& and aicsrsed sections wbere the stetl section is at Icm 

Class 3 desigrmion. For a camporite coiumn cunposed of a puOILly cacutd Class 4 steel profile, 

allowances must be made for the probable buckling of the steel tlaneats prior to the -t of 

yield stress. Th is  can be calculatcd as': 

where: 



For the colurnn web the steel is contkually supporteù cm badi fâces by the soricrete. Thun chc wcb 

will be able to uuia yield stress. The flanges, although supported on one side by - c e ,  wiil k 

prone to oufward buckihg. A k value has been detemiiaed for a steel plate supporteci oa one side by 

where: 

In investigating the behaviour of the composite columns, the École Polytechnique gmup 

mncemically testeci 10 specimmrl witb the followuig variabla; tie spacing of 0.5 D aiid 1.0 D, and 

column sites of 300, 450 and 600 mm with various b/t rîtios. F m  the test results shown in Figure 

2 -8 there was g d  correlation between the acpcrimental and calculatexi d u e s  of ultimatc rtrmgm. 

Figure 2.8: Rcsiks From Écok Polytcthnique: Composite b u l b l  



2.3 Connections to Composite Columns 

For the two major typg of comporitc durmi r  used in gened pncrice in No& America; concrete 

e n d  necl profiks, and concrcte fNeû tubes, the ooanection dcup U bah Mncd and the subjcct 

of continue. rescarch. For fiîly encascd composite dumns, the co~lllecticm ir unully made d i d y  

to the steel column, with tbt beam passing thrwgh tbe cancrete. For the purpose of this study 

c ~ f ~ ~ e c t i ~ l l ~  made to caicme fillai t u k  Jbare many simiiarities and subsequent cornparisons wifl 

be addressed 

There have becn numcrous comectïoas suggested for concmc fikd tubes, as illusaatcd in Figure 

2.9. Most of the detds  p-tcd have bec. niggcncd for fill, or partial moment cnmectioas, 

intended for lated rcsïsting fiames. Tbnic bas bccn tcsting on moment c d o a s  to concrete 

filied tubes whcre the beam bas bœn w'cldcd directly to the =su, however the behviour was 

limited by local filurc of the tube waii. To help distribue the forces uitrcxiuced at the fianne 

locations several rescarchers have studicd the possibility of an extefior diaphragm plate, as is o h  

used in bare steel HSS tniss connections -. Connections of this son have perfonned weil under 

monotonie i&g, and the results from cyclic tests indicated that they would be satisfktory in low 

to medium seismic applications. 

There are dso various mggested comccticms whem the kam passes through the larger tube 

section2u'. The through bcams an &&ive in tmdkhg the lords into the column, but the detail 

is expensive, and constnictioa is more dficult becausc the beam impedes concrcte placcnrent. 

M e r  connection types with anchore or saflEiniag hardware located cm the inside of the tube are 

exaemely difkult to fabricate. S b  studs must bc mldcd cm îbc insi& to improve load traasfér 

into the conmete a d  ducc comiection flaubility. Tbe problem with cbeap and efficient 
connections to conctctt Wed tubes hasi bœn one of tbc main factors limiting thcir usage. .in manent 

k e s .  

A: THROUCH BEAM B: FUNCE DJAPHRACM C: FLANCE DlAPHRAGY W1TH SHEAR STUDS 

Figure 2.9: Types of Composite Moment Conoectior 



2.3.1 Simple Shur Connections to Concrcte FUkd HSS 

Uniike moment comcajoc~~ wbere the moment causes excessive separation m e e n  the steel and 

concrcte, it is conceivabk (ht simple frsmin% coanedons can be co~ected to the steel only, ;uid 

d o w  the forces to transfir fiam the stecl into tbe caacrrct aiong the @th of the column. As long 

there is stnin conipstibüity a k t h g  at a distance klow tbe umaecrion, the use of anchorage may 

not be a prerequisitc for an eflEeaive simple framing mmections. 

There have km several arperimcataî iiivestigatiol~s oa tbc performance of simple shear ummxtion~ 

to concrtte fillai holiow structurai d a i s .  Many of the wnncctions arc s i m k  to those pfcsclltcd 

in thu report and thus tbc snidics mrc d l  for the coclc~ptim of the test set-up, inmumcntation 

and kaa uadcrspadiaO of the khrviaut. Thcre studKs Mt aa only with the pertonnanct of the 

comection itself, but also provided a description of the force tramfer mechanism fiom the steel into 

the cuncrete. 

2.3.1.1 Dunberry, Lcbliac, and ~ d w o o d O  

A serics of 24 testsW were pdonned on amcrcte fiilai ra<riigulnr hollow structural sections, loadcd 

axialiy and at a connection o n r  the column btigbt. 'Iht purpose was to cvaluatc the force transfer 

mechanism fiom simple sbear connections into the concrete core without the aid of additional 

mechanical anchorage or shear transfir dcvicts. identical connections were loadcd on both sides of 

the column, with the ratio of the cormation load to the column Ioad varied to assess the inauence of 

the comection load on the overail column ôchaviour. Othcr test variables included the type of 

simple wnnecîion, the Blt ratio for tbt square HSS, and whcthtr the column was capped or 

unqped at the end points. 

A series of steel strain gaugcs and conchtt su- targcts wbcrc p l d  over the column height to 

provide a strain gradient in barh mamiais. This iadiratd the nature of tbc load transfer mechanism 

fiom the steel into the caicrcte. Geneally, under tbe combined Ioading the= was a m e  of arain 

compatibihty above and klow the umnccticm. In the vicinity of the cormecÉion thcrt was a net siip 

on the order of 0.08 to 0.16 mm. For most s p c c h e m  strain ampatïbility was achievcd at a distance 

of three times the norniual HSS width below tht comcction, and twicc the wi& above the 

connection. ïhe  transition was gradual, but tbc infiuaxe of th Conaecaai "pinching" the 

concrete was obvious witb a highcf degrce of coacrde loading near the b of the co~lllection. 

The pinching was causal by m~mcll ts introduced fiom bcam ad rotation. 



The predominant faïlure rnechanism was that of local buckiing, genedly (but not exclusively) below 

the comection region. Of the 24 tcsu, covrrllig a variny of coiumn suet (the largest king a HSS 

203 x 203 x 6.25), canocriai types and lordiag panemi, 1& axial strength of the column w u  never 

las  than 92 % of the calculated squash load of the C Q L K : ~  filled tube wiiile uadn concentric 

loadiag. L o d  bucicihg was the gcncrai MUE pattern, but I K J ~  occurrcd prior to the steel yielding. 

The longer ~ o n s  also allowed for a mon graduai imroduction of loads into the concrete. 

2.3.1.2  hak kir-~hdil)' 

PuII s d e  specima~~ of composite cmmcctioo~ to circuhr tuba were d1 wlvre 

both the colurnn a d  the cameaion wcrt Iuaded to the typical building applicafioa. 

Connedoas were bstdai on ôoîb sides of the col~lllll and coasisted of single p h  shcar tabj 

welded to the tuk d y .  For four of the eight tests Hilti nails wcre used ncar the connection as shcar 

connectors in an effort to determine their cffêctiveness in ailowing for a more efficient force transfer 

mechanimi fiom the steel into the coacrete. 

AU colurnn specimens consistcd of HSS 168.3 x 5.0 (British Staadards) and were 2.8 m long. 

Connections consisted of 100 x 10 mm single sbear tabs, with 3 or 4, 20 mm bolts. Part of the test 

variables was tbat there were two types of applied loading; first tbe coancction eccentriciîy varied as 

either 204 or 334 mm fimn the column k, and secondIy, tbe ratio of column load to connecticm 

load was either 8 or 5 to 1. The &car COMCC~OES coli~isted of 3.7 mm diameter, 62 mm &mg Hilti 

nails. There were four nails provided at the top, middle and boaom of the shear tabs. A rather 

extensive network of strain gaugcs, and LVDTs was usai to monitor both tbe column rcsponse, but 

also to understand the force transfcr mccbauism h m  the ~tet l  into the concrete. 

It was observed tbat yielding gentrally canmcaccd aot below the ccmuection but rathcr in the middle 

of the shear tab. Shakir-Khalil aitributcd this to the midual strains resulting from the welding of the 

plate onto the steel tube. Hcat gcncrated the by tbe weldllig process would cause tensile stresses in 

the comection region, and to ensure self'ilibrium tbt remaïder of the colunin would bc in 

compression. Tkse residual compression stresses wcre the rtason gïven for the yielding at the 

connection mid-height . 

ï h e  longitudinal strains avatkcdumo bcight r b w d t b c  dimirbure was rrsbicteùtoa Iength 

quai to the HSS diameter above and below the couacdon. O d y  steel strains were mcasured so the 



calculated fiom material tests. Tbt steel smïn values wcre vrithin 5% of the p r e d i d  valu=, 

suggesting little slip, enn in the area of the d o n .  

It was sbown that the Mure load of the connedon assembly increases with the presence of the shear 

wmecton (7% Mprovemcnt), w of r deepcr shear trb (1 1% improvcmeat with an increase of four 

fiom three bolts), and decreasing the lever a m  of the beam load (8% increase). 

2.4 Force Trrnsfer Mechankm 

In composite oolumn dcrign mrin mmpatibility kNsi the sta1 and coacrete is g~~ltralb 

assumed. Early rescarch iato cdinin bthaviour oniisd soin oanpatibility by loadmg both the 

-1 and coricrctc Pmultanamiy. M y  daim codes (CANKSA S16.1-M89) awucd thu 

condition, ewm for simple âamllig conditions, by stating that the ccmrete contribution an k used 

only when there wu âhc t  bearing. Due c the expense assaiated witb the rrsulting construction 

detaii the= was limited rrsearch into tbe behaviour of connections made only to the steel section. 

The results of the rrscPrch, wbich are nmunuired in the prevîour section, indicpted thai natural bond 

could be depended upon fôr load transfkr in simple fiamine applications. 

The naîural bond betwcai the loacbd St#l and cuacrcte is duc to aAhcleion figm chernical reactions 

a d o r  suction forces f?om hydratin, the mechanical intcrlocking baween the concrctt and the steel 

surface, and the bbdiug of the two materialsm. For the purpose of th& rrpofl th tan bond will 

refer to the surfàcc boaduig and friction agents coliectivtly. At points of load introduction the qui& 

transferral of forces is miportant for the ovasll performance of so~centric d. Nanirai bond is 

thedore of criticai importaace for the success of this COIIZltdim type. 

The bond stress is a f k d  by a nwnbcr of di&rcnt paramctcrs, especially the age of the concrete. 

Creep and shrinkagc, could potentially have a major &kct on the bond stress ôetwecn steel and 

concrete, and thus tbe performance of tbe coaneaion itseif. This is a pilot saidy inta the behaviour 

of the comection to tbe weak column axis, srnd the assessrnent of loag-tcnn effects is b o n d  the 

sape of this effort. Although not a part of this report tbe long tenn t&xt on the coiumn behaviour 

was one of the technical issues to be addresd by tbt Caaam Graup. 



3 Experimental Program 

3.1 Design Pirimeten 

The composite system proposeci by the Caaam MyVC Group is intended for gravity fiames, with dl 

connections consisting of simple framing elements. Co~umas are to be spaced 12- 15 m (40* JO ft) 
in one direction a d  7.5-9 m (25-30 A) in the other direction. Beams will bc ntnnuig almg the 

longer dirnensim with a spacing of approximaîcly 3 m (10 A). It is possible tbat cithcr the bGun or 

the girder could be framcd into the proposecl conncctioa, dong th wtak axh of the column. 

Composite action can be assurned with a 75 mm deep slab, used in conjunction with a 75 mm metal 

deck, for a total flmr deptb of 150 mm. Tbe d deck can bc considered as an efbtive latcral 

beam brace. 

The design loads considered in discussions with Canam to develop a redistic experirnental program 

for this study at the University of Toronto are given in Table 3.1. 

DEAD LIVE 

KPa 
KPa 
KPa 
KPa 
KPa 
KPa 
KPa 
KPa 

Conrtniction 
LL concrcte&form 0.6 KPa 
LL apron 0.3 KPa 
LL f in ishg 0.3 KPa 
LL d o n  1 KPa 

aDL = 1.25 aLL = 1.5 

Table 3-1 : Summary of Unifomdy Distributcd Design L o d s  

This testing program ïnvestigatod the efféctiveaess of the umnection not only under hl1 lopdur 

conditions but also during the conscnicîion stages. Thus it was important to detemine a d i s u c  

range of loads that the beam column umacnioa will have to d u r e  in both the n o a ~ m p i t e  and 

composite phases of construction. These realistic load -es will also have to be detennined for 

either cases of the girder or the beam fiamllig into the wcak axis. 

Although the coMeCtiions testcd in this cxptrimcntal program urne daignai for this l a ,  

a l s o m e < t h e 5 O % V , , ~ r c q u i ~ ~ ~ h C l w x 2 1 . 4 o f S 1 6 . 1 .  ' T h i s s i + y ~ c b p  

a bearing beam column M o n  must be dcsigwd fbr 50 % of& h r e d  sbtar mistance of tk, 

supportai beam, even if it c x d  tbc fâctored design I d .  



Appedix A contains a complete summnry of the design of the experïmental program. For a raage of 

column spacing the connection 1- in bah the const~~ction and fùll KM= state wue dete-. 

Based on the above design parameters a typical beam size was selccted to determine the 50% V, 

quirements. ïhe summary of Che connecticm design loadr is containcd in Table 3 -2. 

I 1 Caismtction 1 Full Design 1 50 % Vr 

(W ON 
L 

Beam Framing 130- 180 W 21 1-293 kN 300-352 kN 

Table 3-2: h g e  of Factord Design Lods for &am to Colurnn Conndoas 

(Type 0 

Girder Framing 

Crype 11) 

3.2 Test Set-up - Lording Mechanism 

The proposeci test set-up, as shown in Figure 3.1, was intended to provide both an axial load on the 

test column and a connecbon load an the load beam. For the composite connedon test the column 

was to be axially Io& to a nominal load of 1.0 Dead Load + 0.5'tive Lod,  thcn the COIlLICCfion 

loaded to fidure. The barc steel tests wre inteaded to evaluate tbe strength of tbe colurnn whilc 

subjeaed to a typical construction load. h, the wnncction was loaded to typical co~lst~ct ion 

load, and the axial load incrcascd until bucküng Mure occurred in tbe test column. 

261-360 kN 

To provide the axial load, the 8895 W (2 million Ibs.) capacity Fox Jack was uscd. The jack was 

mounted to a stiff cross-bead that was connected to four columns, vç-hich were anchorcd to the 

reaction floor. Althou@ the jack has a 8895 kN r h g ,  the capacity of the qstern is limitai by the 

strength of the flmr bolts. nie system, based on the floor bolts, is conservatively rated at 7250 kN. 

This was the upper bound used in the design of the column specimcns. 

422-586 kN 470-574 kN 



TEST REACTION FLOOR 

Figure 3.1: Tcst Set-up 

The connectjon load was provided by the lûûû kN MTS univerd t e s t e  machine. There were M, 

provisions to ancbor the MTS fiame directly to the reaction floor. Thus a restraint systern was 

dwigned to tie the Mis to four floor bolts. The easi si& of the MTS ancbor system fnumd into tbc 

west set of Fox Jack fiamt columns. At the maximum MTS lœd apprownately 500 kN was 

intrduced into the columns, anci tbc floor bolts. la dctmninuig the maximum pcrrnissiblc axîai 1 4  

on the column tbc anticipaîai camedm load was considered. Bascd on thest r#trictions tk 

maximumaxiai 1dthatwasavailabletotcstthtspecimcnwascOaScrvati~tly~as 6SûûW. 

T h e g e u m e t r y o f t h t F o x J ~ ~ ~ c t c d ~ ~ p l a a m e n t o f t h e ~ j a c k .  'Iberesuhuig 

distance betwetn tbe acaiator ccnmLiacs was 1575 mm, thus a lcmg test beam was rcquid  to 

achieve higher beam shean at the column b. To limit tbe b c d b g  moment in tht test bcam a 

spreader beam was also used to distribute the appiiod load, witbout reducing the ad bcam shear. A 

very s t S  beam, with a tatal lmgth of 3900 mm, fi-om tbc apparaais invenory at the University of 

Toronto was used. This was a vcry stiff section that cxpMiaKxd vcry littie clefonnation during 

testing . 

To react the beam on the fâr (West) aid a support of Whed stnicturai steel, boitai to t k  strong 

floor,wasused. 'IbnewaemllarlosucdattbcfircadaadundcrbothsuppriskMnthc 

spreader and laad beams. A pbotograph of tbc cntirt sct-up is &im in Figure 3.2. 



Figure 3.2: Test Appurtus Mth S p c c h  C6ûû-WQl@SDA-C June 8,1999. Mark Huggins 
Laboratory, The University of Toronto. 

3.3 Design of Test Sptcimens 

3.3.1 Test Columns 

The main objective of the research conducteci at the University of  Toronto was to detennine whether 

a connection to the weak axis of a partiaiiy encased, WWF composite column was possible through 

an exterior plate. It was not p r h u y  objective of the testing to f%l the composite column, but rather 

to test the connection to fàilure while the column was loaded to an appreciable load level. The 

composite test condition govemed the specimen design since the nominai load applied to the 

composite colurnn is in excess of that anticipated to fail the n o n a p s i t e  section. 

This research was ~ a a t  to compliment the mearch cooduacd at Éede Polytechnique, thus the 

column sizes were originally limited to those within the parallel test program; namely, 300 x 300, 

450 x 450 and 600 x 600 mm riorniaal square sections. Based an the design loads and flmr layout 

provided in Section 3.1, the nominal load of 1 .O DL + 0.5 LL correspotlds to about 67% of the 

fâctored resistance of tbe colwnn. This is assumhg a concrete compressive strength of 25 MPa and 

350 W grade steel. In the initial specimen design the steel thickness was taken as 9.53 mm (318"). 

The axial test loads, for each of the three colwnn sizes, are given in Table 3.3. 
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Table 3-3: Column Test Lods 

Based on the 6500 kN axial load lUnit it was decided that 450 x 450 mm would be the p* 

column size. S e ~ i  450 x 450 mm columas werc providai, all wah a 9.53 mm steel web and k g e  

thickness. Tbree colurnns werc intended for bare nonamposite tests, and four colunzns were cast 

for the composite tests (eight connection tests in totai). To investigate the role of wlumii s k  in 

connection performance an additional two 600 x 600 column specimens were provided for a single 

non-composite test and two composite comectïon tests. For the Iarger colurnn sire the column load 

was the 6500 kN capacity. 

In order to ewmins the force ûansfér tbe column leagtb was taken as the coanecàon plate deptb, 

with 2 x (Column Width) both abovc and below the cozurcction plate. As will be discusscd, thcre 

were two test beams corrtsponding ta the W r a i t  sized coancction plates for the 450 x 450 mm 

column sire. Cornpletc fabrication drawings are ginn in Figures 3 -3 to 3.5. 
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Figure 3.5: Drawing of Column C6001W410 



3.3.2 Test (Fnming) Burns 

In the design procesr &ail& in Appendix A, a range of d i s t i c  fnmiag bcams were desigasd to 

evaluate the 50% V,.- restriction on the cornedon detail. The actual test beams did not 

necessarilp have to k withui this range, but they tild to meet certain critexia. Since the MTS 

universal testing machine was locaîcd 1350 mm away from the column fke, the beams had to be of 

sufficient length to get the required bcarn shear to fail the canedon. Because of ibe 1000 kN limit 

on the MTS jack, the tcst bam had to bc in cxcess of 5 m to get adequate shear force at the calumn 

fie. 

AAer the non-ite tests tbzc was iïttle observed distonion in the tcst bcam, and the samt ad 

could be used for the conesponding composite test. Afîer the composite tests there were shear Md 

bolthole defonnation at the bearn end. Since the test beams were intendeci for multiple use, the beam 

end was cut (200 mm length) and the next connection detail prepared. Although locai skar related 

deformation of the beam end was acceptable during the test, the gened yielding of the test beam due 

to bending was not. Most important was a redistic beam web thickness to produce bolthole 

defonnation typical of practical applications. 

As outlined in Appeadix A the minimum lengths rcquired to get the percentage of applied MTS load 

at the colurnn Edce wcrc 5 m and 7.2 m for the cases of the bearn and @der framing Uao the column. 

There was also an uppcr limit of approxùnately 7.5 m on the bearn length imposed by aMilable 

laboratory space. m o r e  the beams were ultimately selected as a W410x67 and WS30x92, which 

matched the range of realistic kam si= outlincd in Appcadix A. ThE fiaal shop daail preparcd for 

the bearns are showa in Figure 3.6. A d d i t i d  lcngth was providcd to allow for the CU* of the 

shear deformed area following the composite test. As evident in the shop drawings bath ends of the 

test beams were also used. 







3.3.3 Conntction Types 

ktially dl major types of sâear umnccton identifiai by the Canadian Handbook of Steel 

Conmuc<iml' -i- for t& experimcntal program. 'Ibis initiai lis< included the 

following: 

Sbcar Tab 

Single Angle Shtar C o d o n  

Double Angle Sb- Coabection 

E n d p l a t e C d o n  

Seat Connection (stinened and -1 
Web End Pintcc 

Tee Connection 

Canam tecimical staff indjcated tbat in gravity fiarne systgns double ande fiaming connections are 

the most cornon connection in use and should be included in the final test matrix. Due to the 

general econorny associateû with s h u  tabs" they too wcre included in the test ma&. To 

investigate the influence of the conneciion length on the overd perfocmaace, a short and long 

double angle connedon was includcd for each beam and colurnn s k .  For each btam size the 

nurnber of bolts ftmained constan5 but the bolt spacing varicd. Thus for each bearn ancl column 

configuration there wcre three connection tcsts to be performed in the composite state, the short 

double angle (SDA), long double angle (LDA), a d  tbe shear tab (T'AB). After tbe initiai prototype 

tests (as will be discussed subscqucntiy) two aciditiana) scat connections wcrt included. Canam did 

not intend to use a seat anmœticm for a bearn colurnn connection, but it was recognised as a 

potential metbod of aüacbg open wcb steel joists. 

Al1 connections were designai to rcsist the sbear loads givai in Table 3.2 with the 50 % Vbcm 

generally goveming. Tbe d o n s  were designed for the basic &car load only and taken as king 

"in-line". When considering each jmtmîial Eailure mode (i-e.; bolt group fâilurc) the effect of an' 

moment was ignored, a d  the c a p *  basai on tk sbcar load only. Tables 3 4  and 3-5 surnnrarise 

bot. the conaection daails, and the connechon résistance for ail the connections included in this 

experimental program. Tbesc values are b d  on Grade 300 W s e l  for the conucction angles. The 

fâctored comection resistaMxs arc basad cm a yicld a d  ulamate stress of 300 and 450 MPa 

respedvely. Tbe calculatcd fiiilutt loads are bâsed on tbe actu;il matcrial propcrties (Appcndix C) 

and a mistance fàctor ta ka^ as unity- AU potedial failurt modes arc Iisted in tbe table. 



Table 3 4  : Summlry of Conacction Deî& - 
Test 

- 
1. 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 - 

Test 
Identifia 

C450-W410-SDA-N 
C450-W4 1OISDA-C 
C4SO-W4 1 O-LDA-C 
C45O-W53&I,DA-N 
C45O-W53O-SDA-C 
C45O-W530-LDA-C 
C 4 5 W 4  10-TAB-N 
C600-W4 10-SDA-N 
C45 O-W4 1 O-TAB-C 
C45O-W530-TAB-C 
C450-SEAT-NoAnch 
C450-SEAT-Anchor 
C600-W4 10-SDA-C 
C600-W4 10-LDA-C 

- 
No. of 
Bolts - 

3 
3 
3 
4 
4 
4 
4 
3 
4 
6 
2 
2 
3 
3 - 

Table 3-5: Cdculated Capacities for tbe C o n d o a s  Included in This Study 

Yield 1 Ultim. 

Net Sect. 
m - 
336 
502 
494 
737 
448 
680 - 
478 
715 
686 
950 
632 
961 

Failure 
0 - 

347 (w) 
489 (b) 
457 (w) 
647 (b) 
567 (w) 
845 (w) 
7 

484 (w) 
686 (W 
593 (w) 

841 (b) 
814 (w) 
1213 (w) 

Cameciion Angle 

Angle: 
Plate: - 

W 4  lûx67 

Bolt Web Web 

370 523 
SDA Factorcd 

Ultimate 
LDA Faaorcd 

Lmhate 
TAB Factorcd 

Ulanratt 
SDA Factord 

utilnate 
LDA Factorcd 

Ultinratt 
TAB Factorcd 

Ultùnatt 

Weld 

1) Tbe capcitics arc ôascd on "shuu load" ody unless attierwise 
m. 



3.3.4 Mecbanicril Shar Conneetion 

It was origidly thaight tbat the use of mechanical aachoragt w d d  be a pmequisite to eanirs 

acceptable khaviour of îhe COMeCtion o d p k  in the fiaily c0mpositt state. lhis anchorage could 

either be p l d  ovcr du interior de@ of the comasi011 end plite, or on the colum fianges 

adjacent to the plate. This mcchanid anchorage would have W l y  sairistcd of ccmventional 

welded sbear SU&. Tbc role of the anchorage would han been two fold; namely, to prevent 

excessive distorrion of tbc COIlllCCtjoa p h  aad to rllow for a means of force traasfCr f b n  tbe steel 

into the ancrete otkr  thaa by bond strtagth a d  friction. 

The perceived ned for mechanical anchorage reniltcd in an initiai prDtocypc test of a 450 x 450 mm 

column specimn, cast with 00 anchrage. if colunni failtue did n* occur d- <emuig of the 

connemion, the prototype colunni Spcamcn caild potentiaily bc ruccessfully testal on bah sida. 

Thus the prototype specimai was prrpucd for bah a SDA and LDA COtltltCtion test. ïbc results 

indicated that mechanical anchorage was not as gnat of a ConCern as was fht  thought. Following 

discussions 4 t h  Canam cnginecrs and TCICPICbCrs h m  École Polytechnique it was decideci that 

ody one test with anchorage wwld be dont. A scat connedon with four shear studs welded to the 

back of the counection ad p h  was included in the tcst &. The shtar stud layout is shown in 

Figure 3.7- For direct comparisoa an a d d i t i d  test with the same seat detail was inciuàed without 

the anchorage. 

A- 
2-3/4" STUDS 

SECTION A-A 



3.3.5 FinaJ Test Matrix 

The final test variables include the column size, the beam @th, conneaion type and cornpositdnm- 

composite status. Thcre wcrc nno tests perfomed on seami connections to cover the possibility of 

open web steel joist bMg used in the framing sptem. Shear stud anchorage was included for one of 
the seat camedon tests. Table 3.6 provides a surnmary of the resulting test maîrix, with tk 

specimen identification uscd throughout the temainder of this report. 

Bcrrm 1 Construction 1 Connection Type 

1 1 shear plare 1 C450-W4 1 O-TAB-N 

smte 

Non-Composite 

I 1 Lon8 Double Angle C45O-W4 10-LDA-C I 

Short Double Angle 

W410 

Composite Short Double Angle I 
C450-W4 1 O-SDA-N 

C450-W4 10-SDA-C 

l Short Double Angle C450-W530-SDA-C 

Composite Long Double Angle C450-W530-LDA-C I 
Non-Composite 

Composite 

Composite 

S hear Plate 

Long Double Angle 

Shear Plate 

Seat - No Anch. 

Seat - With Anch. 

C450-W4 1 O-TAB-C 

C450-W530-LDA-C 

Sbort Double Angle 

Table 3-6: Fid Test Matrix 

3.4 Specimen Fabrication 

C6WW4 10-SDA-N 

Short Double Angle 

Long Double Angle 

AU material for the test spesimens was suppliai by Canam, and delivemi in thrcc rcpinfc 

shipments. The first shipmalt consiRed of the test solunaz, as show.  in Figures 3.3 to 3.5. Rais 

were provided if a d d i t i d  rrimips wcrc dcancd iwscssnry afkr the pmcaype test. Ibc l d  W, 

and the ~ c m s  wcrr suppliai in thc second shipment. 'Ibc COMCCtion riigla wcrr specified pr 

6.25 mm (114") th&. upoa &livery it was noticcd that the a c t d  thickvrs wpr 9.53 mm (3/8"). 

Thus a thid shipmcnt was required containuig . . 
the CO- camctba angles, two ctunnel 1- 

C600-W4 10-SDA-C 

C600-W4 I O-LDA-C 



used for the MTS universai tagng machine tic dom and the structural bolu. The fim M o  

deliveries were fiom the Canam plant I d  in Lavai, Quebec, and the third delivexy was fhm the 

Canarn joist plant in Brampton, Ontario. 

The columns consisted of 9.53 mm (3/8"), 350 W plate. During fabrication a piece of plate section 

was put aside for mattrial ttsha& the d t s  of which arc c o a ~  in Chapter 4. A gcneral 

su- of the fabrication is aven in Figure 3.8. FoIIowing the fiame cutting of the plate to the 

required dimensions, tbc fiange-webflange asscmbly was first tacked tbca fWy welded with 8 mm 

met weid. After tbe rnain wclding the tension h p s  (12.7 mm and 16 mm nds for D= 450mm 

and 600 mm respectively) were wtlôeû in place. For tbt University of Toronto specimens thcre 

were four shmips incluAnt on cach coiumn. Tbc last stage was tbc welding of the column cap-plates 

at the column ends, and then the welding of the connechon plate at the column rnid-height. 

Figure 3.8 : Overview of Fabrication Proccss 

The comectioas thanceIves w a ~  not weldcd tû the pbte in the caaam S ~ P .  TO PUoW &ribili<y 
during the testing it was decideci to weld tbc coanectiorrs using tbe University of Toronto facilities. 

The connections for the hm fw test wcrc unldcd by uuïvcwity staff. The mldiqg for the second 

phase of tating was a h  d u c t e d  at the University of T o m ,  but pcrfontlcd by a mlder from tbe 

Canam Brampton joist plant. 



The two load beams (W530 x 92, and W410x 67) wzre cut to lengîh, the bottom fiange coped, and 

the holes punchcd at îhe CIanm plant. A&r eacb composite test the barn undenvent an expencd 

amount of shear deformation. To remove the damagecl length the ôeam end was cut and the holes 

driiied for the subscquait test at the University of Toronto, Mark Huggin's Loboratory. The 

University of Tomto  staff a h  perfonned the modifications made to the W530 test beam ta 

accommodate the scat coanection. 

The five composite colwnns (ten tests) were cast using tcady mix concrete h m  a local supplier. AU 

mlumns were cast vcrtically, with the top end plate removed to facilitate concrcte placement. 'Incre'. 

were two concrete casts; the first for the initial prototype s p e c k  (Oct. 7, 1998), and a second cast 

for the mmakk  of the specimens (Marcb 25, 1999). Eacb d u m n  was fikd in two l ih,  mch 

approximately 20 minutes Meen lifts. The concrete was cast to about 10-25 mm below thc edge 

of the steel profile, with the gap later capped with a high performance grout- For the pmtotype 

specimen top column endplate was welded back on the colurnn afkr the concrete cast. Tbe 

connections were also welded after the cast. For the remainder of the composite columns the 

connections was welded pnor to the concrete placement and the endplate was not returned. 

3.5 Testing Procedure 

Initially, the sphericai head was levelled, locked and cerrtred with respect to the Fox Jack- The 

column was then positicmed on the sphetical head, and the specimen referenced to the four columns 

of the loading frame. Once the gmrnetric cenming was cnsured the d u m n  lcvclling was llpain 

checked. 

Foliowing placement of tbe column the l&g beam was installed. AAet the boits came in& 

bearing under the beam self weight tbe bolts were pretensioned. For the first two tests the boits wcre 

pretensioned with a Toque Wmch, to 300 A-lb. The rcmainder were tightened in tbe recommeadcd 
tum-of-nut methai. Each bolt was bmught ln turn past snug, as clefhi for a %" A325 bolt of 2 '/r 

inch length, by the AISC'. 

Following beam fit-up the variais bracing systems were innalled. ï h e  uticuiated b n M g  rod a& 

used in the lateral beam rrd colurna bracing were tightemd so thcy just slippcd over îhc pin. The 

siab restraint was also tightcned to a snug state. To accommodatt tbe u n e v ~ s  of tbe btam 
flange, the rollers placcd bcfwcm the load beam aad the spreader beam wcre grwted and levclld. 



Prior to testing, high perfotmance Hydromme canent p u t  w u  used between the top of the colurnn 

at the Fox Jack loading plate. ibis unr a fixed encl, aot a spbericol head, and bad a relatively smooth 

contact surface pnor to placing the grout. Although Hydrostone was ready to be loaded K hour a f k r  

casting, it was geneally placed two houn More commencement of the test. 

J u s  prior to the test the spreader beam wu placed on top of the l a d  beam, and all measurements 

(i.e.; al, a2, L, &) wcrc recordai. 'Ibc C r a n e  was I& conrwtcd to the sprcadcr beam during the 

test as a precautiawy masure against oolLpse cawd by sudden fnilure of the connection; as the 

spreader beam was not braced. 

The test s<nncd by h t  applyiq a small(100-200 IrN) prelood a, the column and unlocking îhe 

spherical head. The axial load would then be increased to the d e s i d  level. Afkr a small preload 

was placed on the connedo11 tbe rollers d e r  the spreader beam (2) and the west support (1) were 

unlocked. The connection would thcn be loaded to a construction story load for the non-composite 

tests, or to fidure in the composite tests. 

3.5.1 Non-Composite Connection Loading 

The purpose of the non-positc testing was to d u a ï e  the influence of the conntction on the 

overall behaviour of the column, and was intended to complunent preMous and ongohg rcsearch'. 

There were thme options in testhg the nonumposite beam column conntcbon. The first, to apply 

a nominal load on the column tbcn load tbe conntdion unal Eailure. Secondly, to Ioad the 

co~ection to a typical constnictian load t h  load the column to fidure, a d  f i d l y  load the column 

and connection simuhammsly in rcalistic proportions. 

There is an uppcr limit to tbc possible c d o n  load during constnrction, and it is las  than the 

pon-constniction factorcd c d c m  I d .  Tbc mal interest in the amsüuction stages is tbe nurnber 

of floors of steel fiamt that can bc supportcd prior to p- of the concrete. It was therefore 

decided that the second option would mveal the more important idormation. Tbat is, to detemine 

the load that a typical column can withstand, while loaded dong dic weak axis. 

The testing procedure involval thret separatt load stages. Tbt column was first loadod to 700 kN, 

which represented a typical oae story constnictian load. 'Iht connecrion was tbcn loaded to 1.5 x 

(Floor Load). This corrtspoCLds to 300 a d  375 kN fbr the two cases of tbc bcam (W4 10 load beam) 

and &der (W530 load bearn) hming into t& colurnn. Tbt column uas loaded first to minimise tbe 

lateral movcment of the column in tbc test fiamc during thc COLlllCCtia~ loading. In the third load 

stage the axial load on the test column was incrtascd until buddibg occuned. 
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3.5.2 Composite Conneetion Loading 

The prùnuy objectives of the composite teshg wat to invcseigau the khPviair of the 

specificaUy <hc integrity of tbc adcrior amacc<ion plate imda hâing a d  secadly, inveSti&ate the 

force transfèr fiam îhe steel into thc coacrett. 'Thus, it was nectssary to load the column 

d e  the conocctioa was loaded to ïaüure. As previousfy d k u s d  the nominai load was takcn as 

1.0 Dead Lord d 0.5 Livc Lood llh comrpadod to appimomrtely 50% of the uhinntc squash 

load. The calcuiatal Aues arc giviai in Table 3.3, but for testhg tbe axial loads wcrc 4 5 0  IrN and 

6500 kN for the 450 and 600 nun test columns ~ v e l y .  

3.6 Instrumentation 

nie instnimeatation hd to mœt two main obj&vcs. Fint, it must rnonitor the gaicrai load 

deformation rtspdnse of the c d o n  and calumn in both the bare steel state and fidly composite 

state. Secondly, it bad to hclp dctmnint the force path steel into coricrete. A gencral 

schematic of a typicai instnimentation pattern is shown in Figure 3.9. 

THE MNGE m. m m  THE EXCEPTION OF THOSE 
CAUGES PUCED ON THE COLUMN CENIREUNE. - 

in. m. m?. 

CL. 545 EL. 1 1 0 0  - 
-a lem 

ILY-mP-m 
uy-.m-na 

Figure 3.9: Typicd Instnimeatafion 



Tbere were four prhmy reactions which had to be rccorâed during testing. Two 250 kN Ioad ceh 

were p l a d  under the load beam on th wcst side to record the far end maaion. The load applied by 

the. 1000 kN hdTS was recorded with the load cell built in the tescing machine. The applied column 

load was measurcd by two separate means. For tests with tbe shorter C450-W410 colurnn a 6300 kN 

capacity loaà ce11 was sandwichcd bctweai the Fox Jack and a lruding plate. Otherwise, a pressure 

transducer was conncctcd to the hydraulic bose. From the pressure in the hose the force applied by 

the Fox jack could be dcttrmiacd. Prior to gcacral tcsting the pressure transduœr was calibratcd 

with the Wore-rnentioned load ceU. lbe totaï column load under the beam could be sirnply taken as 

the algebraic sum of the applied loads, with the west reaaion subtracted. The only other external 

d o n s  were fiom the btaccj, which wcrc botizoatal and sclfùpmhg. 

Since the total beam length, the distance to the MTS, and the distance fiom each of the rollers to the 

column hce are known, the bearn shear and the moment at the column fkce can be calculated- On 

the following free body diagram shown in Figure 3.10 the moment developed at the bolt line or the 

column fàce can be readily calculateci. For tbe purpose of this illustration the load transfer through 

the spreader beam has bcen cxplicitly included, but in tbe subse~uent discussions thc beam shear, 

V,W, will be directly equatcd as a fûnction of P m .  

In addition to the forces a d  rtactions instnimcntation was aiso in place to record the de%rmation 

response. A dinaneter was placcd on the beam wcb bearn and at the column ccntreline to measure 

the m v e  rotations. To mcpnirr the scparatian bctwccn the kom fiange and the colunm face a 

LVDT was mouutcd on the top and bottmn f h g s  of tbc load bearn and reféreaced to the colurnn 

Eace. For the composite specimais t& plunger restai directly an the concrete. For the non- 

composite tests the pluager wu rrfcrracsd to a 15 mm p b  that was instalied fran flaoge tip to tip. 

This plate could accommodatc sane flange movemnt, but as the buckling in the colurnn progresse. 

the plate used for tbe datum llso buddcd. 'Ibc Monnaton iscorded by these two LVDTs not only 

included the separation of the barn h tk eraaior uxnccticm pl*, but airo the separation of the 

cross plate fiom the coacr~re. 



+~~ 

(Eqn. 31.) 

Figure 3.10: Fnc Body Diagram of Test Set-up 

3.7 Bracing Considerations 

3.7.1 Lated Seam Bracing 

The load beams, king of realistic size and la@, wcrt subjccted to a ben- moment nearing 'ield 

for the higher coanection loauis. With tbc additim of the sprtadcr bcam to distribute the applied load 

a high bending moment was constant ovtr tbe lcngh of the spreackr kam.  Since the test beams 

would be reused for subqucnt tests it was important to cnsurc that no piastic Monnation occuned 

and to lirnit out of plane displacement of the top m e ,  which could lead to lateral buckling. 



supports. From existiag compoaents of the test frame, brace points were most easily positioned 500 

mm and 1850 mm from the columu fkce (See Figure 3.1). Altbough tbe second brace point would be 

5 m fiom the end on tbe longer load beam, it would just be just 2.2 m Erom the west spreader bearn 

roller. The majority of tbe unbraced length of the load bearn wodd mt be under a constant beadiag 

moment, 

The articulated lateral brace systern used for the test beam is show in Figure 3.1 1. A 1 -1/4" 

threaded rod, with swivel rod ends, was attacbed to a "three pin" bar attacheci to tbe test beam. The 

systern allowed the test bearn to move bath vertically and longihidinally, but iateral movement was 

prohibiteci. The strength and stifbss of the system was checked in accordance with Wmter's 

Method for brachg &signa. 

Figure 3.11: Laterd Brrcing o f  Bcrim 

3.7.2 Longitudinal Bracing of Barn 

During construction and prior to placement of the concrete slab, loagitudiual bracing (in line of 

bearn) is iimited to the restraint provided by tbe cOMection plate, at both beam ends. This can 

essentially be viewed as a fiee state, with no extra considerations pmvided for in this research. 

Following hardening of the coacrete in the composite h r  system, the beam is restmined against 



longitudinal movment by the slab. The restrauied movement of the top beam fiange fian the 

wlumn~hasbeenshowntoenhance~onperformance.  

The beam restraint was an initiai concern in the composite cumection tests, but there were M, 

provisions for a braciag system in Qsigniag îhe set-up. Following tbe pmtotype tests it 

was decided to provide a laqitudinal beam restraint system. Altbough it is difncuit to quanti@ the 

restraint provided by a slab in an actual building application, die bracing systern was included to 

iüustraîe tbe role of the concrete slab. The system would not be as stifFas the slab, but would better 

reflect the reality of tbe restraint. 

To make the forces eqdi'brating the top fhnge nsûabt was tid to the column and not the test 

h e .  It consisteci of an HSS 126 x 75 x 9.5 connected to tbe load beam with two %" diameter 

A325 bolts. A smaller HSS 75 x 75 x 6.25 straddled the east si& of îhe column. Threaded rod (314" 

diameter) tied the HSS sections together. Since tbe threaded rod was delivered in shorter 914 mm 

lengths a threaded coupler was used to attach two rods oa each of the North and South sides of the 

test c o l m .  Strain gauges were installed on the sleeved couplers to monitor the forces developed in 

the restraint system. 

Figure 3.12: Overd View of Bracing a) Laterd Bcun Brrcing, b) Slrb Rcstrrint 



3.7.3 Column Brrciag 

Due to the eccentricity of the camedon load there will be a horizontal force at the ends of tbe test 

column. hie to the ratio of tbe axial load to tbe COllaeCtion lad,  fiction could be depended upon to 

tramfer the horizontal force into the Fox Jack- Tbe exi- test fiame for tbe Fox Jack can only 

accommodate smail sbear forces thus tbere «wld potentiaily be slip, or evea damage to the Fox Jack 

resulting h m  the honzoatal l a d s .  A sepatate bracing system was thedore pmvided to transfér the 

horizontal shear into the test fiame. 

The column ends were prevented fiom movernent by a "stop" placed srdiacent to tbe test specimen 

and bolted to the Ioadhg plate. The I&g plate was then braced b the fiame columns with a 1- 

1/4" diameter threaded rai,  with a swivel rod end as used in the lateral beam bracùlg. This providai 

horizontal lestraint but allowed rotation, changing the spherical head to a pin condition. 

The srna11 vertical displacements of the loadiag plate under the Fox Jack, during the loading of the 

composite columns were easily accoIlllllOdafed by the bracing. For the nonc~.~nposite tests the top 

braces were replaced by a single d e r  reacting against the test fiame. This roller provided 

horizontal restraint while still dowing fke vertical displacement of tbe column. 

Figure 3.13: Column Bracing: Horizontai Forces Tllren into Test Fr- 



4 Test Resuîts and Obsewations 

4.1.1 Steel Properties 

phte niiuerkl uscd in îhe Grbricaîicm of the colunm specimens was firan the same rolliq of a 
9.53 mm (3/8") aaniaal tbichurs. Six coupons were ait fmn a sample of the plate mdcrial 

accompanying the rpcçùnciu. Coupons Pl, PZ and P3 were cut perpendicular to the mlling 

direction, at 100, ls, a d  150 mm fiom a fiame cut respecbvely. Coupons P4, P5 Md P6 were cut 
p l n l k l  to tbe roihg dirrttioq at cbmnccs of 75, 100, d lî5 mm fmm a flamc cut edge- In 

Eabrication the calumn length was in the direction of rolling. 

The connedon s b  tabs were 9.53 mm (3/8") thick and cut fiom the same plate as the columns. 

All double angle coirncctioas consisted of 75 x 75 x 6.35 angles. Two coupons were cut h m  each 

leg of a 1.2 m length of angle from the same material lot. Coupons CA1 and CA4 were cut 601n one 

leg, and CA2, CA3 fiom the other kg. The double angle connections and the shear tabs wre 

delivered, cut and punched. 

Additional coupons wcrc taken fioni the wcbs of the two test beams (W410x67 anci W530x93). The 

coupons wnt cut from a k ad, wiîb the coupon length running pcrpcndicular to the beam. Tbe 

coupon information was taiccn for the cvaiuation of the web stm@ at the conaection. 

Al1 tensile coupons wert tested in the 1000 kN MTS u n i d  testhg machine that was also used to 

provide the connedon load in tht "hl1 s k "  test set-up describai in Section 3.2. Al1 tensile 

coupons were initially 1& at a strain ratc of 0.002/min, tben as the 0.002 strain ofkt was 

interceptai the MfS actuator was hcld at zcro displaccmtnt rate until the load stabilized; durhg this 

p e n d  zcro stmin change was observai. lbc stress reading ref'crs to the 1st static yield load. After 
this was recorded, tht displacement was again continucd until an absolute strain of 0.005 at which 

point the pr-s was npeated. Tbe reading refers to the s e a d  static yicld Io&. The disphcanent 

rate was then maiatairied at 0.002 W m i n  uaal wtll into tbe strain hardening, at which point tbe 

head displacement nte was increased to 2 mm/rnin untd rupture. A summary of ail tmuk coupau 

is given in Table 4.1. wbile the cunplete lord dcfomution rcrporws are presented in Appcadix C. 



4.1.2 Concrett Properties 

composite colunias w r e  cast at two thes; the prototype column specimen (Tm C4SO-W4 10- 

SDAC and C450-W410-LDAC) was the first, and oU ranUniag specimens were later cast in the 

s-d. For the purpose of materiai testing, ancrete qiinders were cast nom each of the two 

concrete batches. Cyliadcrr were tested at m e n  &y, 14 day and 28 &y intervals to moaitor the 

strcrigth dcvelopmeat of thc fkst cast. For the second batch t&e timc imcnals were the same, with 

th w t i 0 1 1  of thc 28 dry stnqth. Because of buiiding Cebovations it was nat p s i b l e  to test the 

cylinders until40 days a f k  casting. 

AU concrete cyliaders were tcsîed in accordance with ASTM tening procedures and were l d e d  at 

4.5 kN/s und Eailure. Cflindcn bcycmd 28 days were testeci in the 5000 IcN MTS StiE Frame to get 

the complete load deformation respome of the concrete. A complete summary of concrete propertics 

is given in Table 4.2. T k  load deformation nsponse of the cylinders tested in the Stiff Frame are 

found in Appcndix C. 

Following the fgbrication of  the test columns there was an initial distortion in the column flanges 

resulting fhn the welding. This consistai o f  an inward bow of the column flange between the 

connedon plate and the tcnsion stimp. A sünilar deformation pattern existed between the tension 

mmip and the column end plate. In bo<b cases the f L q e  tips were bmght closer togethff by an 

amount ranging h 0.5 to 1.5 mm. 'Ibis deformation was observed in al1 column sptcimens, with 

the magnitudes and dcformation pattern nmainibg consistait. niis was not a collccm for thc 
composite tests, because during tht casting of amacte the column fiauges retunied to a near flat 

state. 

The raidual stress p ~ a n  in the steel column rrniliuig from the hbrication wrs also armined. As 

part of the paraIlcl study on the colunm khviour' the residud stress pattern was atunated by 

measuring the strain rtitasc in s e l d  arcas of the cross sectioa. The Spica1 stress dimibgtion is 

given in Figure 4.1. 



Figure 4.1: Typicd Raiduai Stress pattern' 
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4.3 Prototype Specimen Tesis 

Although the separation of the COIlllECtion p h  âan tbc aaadc colwnn a d  the yielduig of the 

connection angles wtre expected, the amount of yiclding in the d u m n  fianges and possible crush* 

of the concrete was dif6cult to estimate. Therefbre, the prototype tests would also indicatc if two 

connection tests could be done on cach column spccirnen, and thus cornplcte the proposed test matrk 

with the available colwnn specimens. 

4.3.1 Prototype Composite Test Results 

The potentid for the conncction dctail was rtalised wbcn aside fiom the gros yielding of tbe 

comection angles, and mininral d c f o d m  of the cmmction end plate, tbere was WC to no 

unusual local distrcss in the column. This is illustratcd in Figures 4.2 d 4.3. Although the 

connection plate n o d  away fiom the coacretc because of tbe ncga!ivt momcnt at tbe column fhe, 

there was liale vertid displacement of the COIlllCCtion plate. The vertical displacement of the bearn 

end, as shown in Figure 4.4, was the rcsult of extensive yielding of tbe COlltltCtion angles, and the 

bolthole deformation. Th abrupt drop in tbc p l d  data was causai by the slippage of the bolted 

connection. This ocarrcd in bath tests, at appmximately tbe same applicd load per bolt. 

Test C450-W410-SDA-C was tcnninated at a caanection laad of 478 kN whcn the load could not bc 

znaïntained under displacemat colltrol, dîbough thcm vins nat a complctc rupture. Test C450- 

W410-LDA-C was tcnninated a 650 kN fbllowing excessive yiclding of the conncction angles. 

There was sall considerable teserve straigth rrmainiag in tbc comccticm, so the load was reduced 

and the applied column load i n c d  in an a#anpt to introduct fidure in tbe column. 
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The separatim of tbc top b g e  from the ancrete column face w s  meanured with an LVDT 
mounted on îhe top fiange a d  rclcrencai to the concrete column hcc. nie  results are s h n  in 

Figure 4 5 .  At lords correspoadurg to the fàctored design loed range (300-350 kN) the separabon of 

thekunfLneefmntbcduma~~~mthCo&rof2-3mm.Tbennalseparatimmc~surcd 

afkr the tcnninatian of tk test and ~cmovai of thc Ioad bcam was 6 a d  7.5 mm, for the SDA d 

LDA test rwpectivcly. 

It is obvious froni îbe tcst data and tbc photos that ûotb coanccbdas pcrfonncd wcU. Loads in m s  

of the calculated uhimatc wtrt rcacbed for the LDA, and the SDA test was terminated due to' 

excessive dcformation just prior to rcachmg the calculaicd ultirmte. Both tests iadicatcd thai o v c d  

co~cction s t i f k ~ ~  was not t& caicern it was h t  tbought to bc. At tk &tord loa6 tbe 

separation betwan the fiange and column was less than 3 mm and the vertical displacement of the 

beam end was less than 4 mm for bath connedon types. 'Ihere was also no permanent distortion in 

either the steel or concrcrt in the column as a d t  of the combined co~ec t ion  and axial Ioad. 

Although the I d  dcfbnnation rtsponse of the connecàon systcm did not iadicate the need for direct 

anchorage, the Iack of strain compatibility bctwecn tht steel and concrete at a teasonable distancc 

be1ow the conaection could su- the n e d  for additional local shear connecrion between the 

concrete and steel. Thus a scries of steel striain &auges were installed over the cross sec th  of the 

column to dctmnint the stress dutribution. Figure 4.6 shows the plot of the connection I d  versus 

the average steel strain for bath w o n  types. This is the average steel strain at a distance of 685 

mm (1.5 x D) klow tbe boaom of the COllhCCtioa end platt. Unfomuiately, t k e  was no 

instnimentaîion in-plact to record umcrctc strain and thc avttagc steel sbains could d y  bc 

compared to the idtal sûain values. 'The idcal strain is that which wmld rcsult in the column for fidl 

composite behaviour and unifonn distribution of stress, and is calculated as: 

The slopes for cach plot sbow tbat the stœl sîrains masambiy mptch the acpcnod straîns, assurning 

the concrete is fûlly cfIieaivc in resisthg the load. n ius  it appcarcd possible that at a rcasoaablc 

distance (i.e.; 1.5 x D) klow the COIlllCCticm therc exisrcd a state of strain compatibility, or near 

strain compatibility, in the column cross section. 
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4.6: Prototrpe Compositt Speciwa: Connection Load vs. Average Steel StrUn 685 
Connection Plate 

4.3.2 Recommendrtions for Subsequent Testing 

Foilowing the initial tcsting, discussions wcre beld witb Canam cngineers and rtsearchcrs from 

École Polytechnique rgardiag tbc nmvc of tbc ranrining apchamd work. It was decidcd that 

the test rcsults indicaîed that the amacaion systan would work witbout provisions for direct 

anchorage or mechanical sbear transfer devices. Tbus t k  test matrix, as sbown in Table 3.6, was 

f ' s e d .  Altbough no3 a primary test variable, it was dccided to test a single seat camedon with 

shear studs ta inhgatc  possible cancrete fàilurt modcs tbat may be initiated by the said. A simiJar 

seat detail was also cast without shear studs for tbe purpose of direct cornparison. 

It was also recommeaded to -1 a remaint to limit tht longitudinal movcmtnt of the test bearn. In 

the prototype tests the beam was n a  lorigitudirially restrained, and it pulled away fiom the column 

face as the c o ~ e c t j o n  was loa&d. The resuIt was tbat both the top and bottom flange moved away 

fiom the column facc as the comcction yielded. 'Ihcrr was approximatciy 20 mm of permanent 

movement of tbe bcam. To limit the rnovaneat a rrmrint system shown in Figure 3.12 wss ngrral 

to in canccpt. 



there was slippage of the bolted connections, at about 100 kN per bolt; the slip was sudden, 

acoompanied by an audible report, and ù clearly udicated by a disruption in the test data. In an 

attnnpt to elhinate the suddm slip al1 additional composite tcns had the web of the test beam 

painted prior to instaüation. 

4.4 Composite Connection Test Rcsults 

There wcre t w ~  mjor  issues to be adbwscd in the composite wnnectiw tcsbrg; the general 

behaviour of the conncction under load, and the force transfer mechanisrn betwcen the steel and the 

concrete. For the purpose of prt~entation of the test results the discussion will be subdividad uito the 

load deformation msponse and the moment rotation response of the various simple M g  

wnnectiorrs, groupcd according to the major design parameten that were k i n g  -- 
4.4.1 Gcnctrl Obseivrtions and Failure Modes 

Al1 composite connections exhibiteci similar response under the applied connection load. As the load 

was increased the moment developed at the connection caused the end plate to  defonn outward as 

shown in Figure 4.7. This was a typical yield h e  hilure for a plate subjected to out-of-plane 

loading. ï h i s  was accompanied with shear deformation of the connedon, bolthole defonnation, and 

rotation of the connection. Since the base of the plate and conneaion were prevented from moMng 

inward by the ccmcrete, the comection only rotatecl away fiom the colurnn, with a centre of rotation 

near the bottom of the connection. 

Figure 4.7: Typicd Deforuution of C o n d o n  and End Phte 



Of the 10 composite cmmectïons & in the experimentai program, four had capacities in e x a s  of 

the test âync clpacity. Of the six raiuinirig connectio11~, tbree füled through a net section rupture, 
and three tests wcre tenniaatcd afkr excessive deformation of the end plaie and connection. A 

wmplete nm~uy of the fàilure moda, and exphnation to why the conncciioar were not bmught to 

rupture are included in the following sedoas. 

A cornmon abScNation made of dl composite COMCCtion tests was the bohbok d t f i , d < ~ ~  putcm. 

For simple namiag COLlllCCticm tests a bolthole dcformatim pattern similv to that shown in Figvrr 

4.8(a) is gmeraliy acpeNd. This is i r d i d v e  of a hoggiae moment at the bolt lins, with pa 

inflection point lyiag outside the boit linc. Although tbis is whaî is arpcdcd, it was iu* chc 

deformation pattern observed in the counection tcnr rqmrted herein. For the TAB and double angle 

co~ections the deformation pattern in the comection was similar to that shown in Figure 4.8(b). 

This was indicative of a positive, sagging moment at the boit line. This was the result of the 

fiexibility at the column face, and will be discussed in more detail in Section 4.4.3. The typicd 

deformation pattern in both the comection a d  the beam web is shown photographically in Figures 

4.9 and 4.10. 

(a) 

Figure 4.8: Conneetion Forces at tbe Bok Liae a) Stiff Column Face, b) Likabk Column Face 

As the co~ection load was first applied the columu taxicd to shiA slightiy in tbe test fiame until the 

column bracing systun mobilized. Tbc rotation of tbe column was an order of mgnitu& l e s  than 

the rotation of tbe bcam, thus was i p m d  in the analysis. In tests c45&WS30-LDA-C, C450- 

W410-SDA-C, and C45OISeat 2 wbch the oolunrn l d  was inma&, the column reainied to its 

original alignment un& the hreased axial I d .  

58 





There was no unusual distress observai in tbe columns while subject to the applied cannection load, 

and uual lord uirrt~ponding to 1 .O Dead Lord + 0.5 Live Load. The maximum stress fecorded sas 

67% q, at the steei strain &auges iocrtcd just below the co~ection. h the second test perfomd On 

each composite oolunm, the axial load wmld be iun&r increased in an w p t  to fail the COIUIM. 

There were four tests whert the column load was increascd (C450-W410-LDA-C, C450-W530- 

LDA-C, C450-Sa,  C450-W530-TAB-C) after the originai canacction test was completed. There 

was observai coacretc hiiurc a d  yiclding of the -1 in several of these tests. A complcte 

surnmary of the results of the increased axial load is given in Section 4.6. 

There were three camedo11 types kluded in this test series, th sbort double angle (SDA). long 

double angle (LDA) and the single plate shear tab (TAB). Both the SDA and LDA were three, %". 

diameter A325 bolted connections, consisting of 76 x 76 x 6.35 mm angles. The barn was bolted 

and the header was welded to the dumn fk. The variable was the bolt spacing, with the SDA 

having a 60 mm and ihe LDA a 90 mm centre to centre bolthole spacing. They were the prototype 

tests discussed in the previous section and their inclusion in this and subsequcnt sections is to 

provide a complcte prescntation of the results. The TAB coMecbon was a standard fbur bol& %" 

diameter A325 bolted comcction detail, p1<0 h m  the CISC Design Handbodrl'. The only 

ciifFerence was that the plate grade was 350W, as opposed to the rec~mmetded 300 W. 

The prototype composite cameaion tcsts both fkiled in a s d a r  fhshion. As the load was incnascd 

on the beam, the plaîe and C O M ~ O I L S  roîated and the test beam moved away from the coiumn h. 

The bolted connections slipped at approximattly 300 kN, in botb tests, which was accompanied by a 

very loud rrpon and disniption in the test data. The maximum applied load applied oa 

the SDA connectjoa was just lcss than the caiculated ultimate of 488 kN. Thcre was no rupture of 

the connection, but the test was stopped because of the excessive deformation of the angles and the 

plate. Bolthole deformation was on îhe order of 112 a bott diameter (10 mm). AAtr removal of the 

test beam the permanent Scparatioil of the cross plate fiom tbe co lum face was 5.5 mm. The 

fiaming legs of the wnnection, bad also scparatcd 20 mm fiom the connection end plaîe. niete were 

also tears obvious at both tbe bolt line aod wcld lines of the double angle. The ttuiag at the bolt Iùie 

was indicative of a net secfion failure, which was the calcuhted critical Eailure mode. The locabm of 

the tearing is shown photographidy in Figure 4.2, 

The maximum appliai load on the LDA connaction was 650 kN. This was in exccss of thE 
calcuhted ultimatc of the d 0 1 1  (613 kl+J) but tbc test wpr stoppai because of e ~ ~ t ~ ~ i v c  

deformation. The final boithole Qfomaatioa was an the order of 1.5 amCs the bolt -r. 
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permanent scpaCati011 of the cross plate fmm the ancrete, mcanirtd PACr the fernoval of the lord 

bcam was 6.5 mm. T k  frPming leg ofthe COMeCtjoa angle was a h  15 mm m v e d  from tbc 

connection cross plate. Apin  there was slight tearhg at the top of the outstanding kg, originatiug at 

the weld m m .  UnWre the SDA tcst the= was some minor yiclding of the tcst beam, obscrvcd at 

the co~ection. Tbt maximum conaectioa load auas %% of tbe calculaîai mistance using the actual 

be~isaeagth,tbuslocrliscdddormati011wasad~~ Thisdisaakdrcgiaiwasîimitcdto 

200 mm at the beam ad. a d  was ranovsd w k a  tbe bearn end was p r e p d  for the subsequent test- 

The C450-W41û-TAB-C tcst was the d y  test in the Caare maaix to fàil dvougb thc bolts. Tbc 

bolts were 1% in& long, and Md in s u e  shear at a lowtr tban cxpccted load of 441 kN (1 10.3 

Whlt). U p  fiiirher investigation it was fatnd tbst the &car p h  had just &aceptd thc 

threads. The original bol& were replaced with two inch long ôolts, and the annedon rcioaded. 

The m u r e  load was again through the bolts, but this tirne tbrough the sbank, at a load of 576 W. 

This was not uncxpcaed sinct the calculatad ultunatc was 567 kN (Table 3.5) with tbc govcmïng 

fâïlure made being shear Mure of îbe bolts. Although the MTS was loaded with displacamnt 

control, the four bolts fauled simultaneously in both tests. 

At fàilure there was considerable out+fglaat distortion of the shear tab, caused by the boits king in 

single shear with the smaU œccntricity of the cmncction load. 'ibis causai a moment at the bolt 

line, perpendiculat to tbe beam wcb, resulting in thc top of the TAB to bc latcrally 20 mm out of l k ,  

at the temunatiao of tbc test. Pbotographic front and sidc views of the fhilcd TAB s p c h m  arc 

shown in Figures 4.11 a d  4.12. 

Test specimens C450-WS30-LDA-C and C450-W53û-TAB-C rcprcsent the hi* capacity 

cunnections in the test matrix, and could not be brought to nipture. In the initial design proccss n 
was assumeci that the entirt 1 0 0  kN MTS load was available, but the actual maximum l a d  

available was 960 W. For t& 7.1 m W530 tcst beam length the maximum load that could k 

developed at the -011 was: 

The calculated ukhatc capacity ( e l  .O) for the LDA and TAB mmcctions was 797 kN and 851 W 

respeaively. Altbough it w a ~  impossh1~ to brhg tbctc ccmnœtjoai to hiluse, thcre wu a slipht lou 

of proportioaality iadiratrvl in tbt test data. Upcm taniinnioa of test a d  ranoval of tbc w . . 
therewaspcrmamntJcparat i~~thtplat t ;rrddicconchtcf 'or~te~ts .  ForditLDA 



Rgurc 4.1 1 : Vien of Failcâ Specimcn C450-W410-TAB-C: 
Sidc Profite 

Figure 4.12: Vkw of Faikd Specimen C4SO-TAB-C: 
Front Profile 



cmection there wu 3 mm of pcnnanent sqmaîiw and 4 mm for the TAB. The fnming kg of the 

LDA c~nnection also separate- 1 mm fiom the cannection end plate. Unlike earlier reporteci tests 

there was no visible tearing at the weld or bolt lines for either of the tests. 

Bolthole deformation was obvious in bath the beam web and the comectioa for the LDA test, but 

was liMtcd to 5 mm. 'Ibcre was bcgiigible hole Monnation in the 6-Wt TAB c o d 0 1 1 .  

Photographs of the Wcd specimcns arc shown in Figures 4.13 and 4.14, with additional photographs 

included in Appcndix D of this report. 

The oniy connection bat could be brought to Mure in the C4500W530 coMCCtion series was the 

short double angle. The ultimate fkilure was a net section at the bolt line, at an applied connection 

load of 678 kN. There was a ciear tear through the bottom three bolts holes as can be seen in Figure 

4.15. The rupture did not continue thfough the entire section, but ended about halfWay ôetween the 

1st and 2nd boltholes (fiom the top). There was also a tear formed at the weld line. 

The permanent sepaation bttween tbe steel plate and the concrete surface, mtasured after the test, 

was comparable to the 0 t h  cocihectioa types in the series, at 3 mm. As anticipated tkre was 

considerably more skar deformation of the oonncctian angie, as evideat in the photos. 

The two connection tests for the C6ûû composite colum~, C600-W410-SDA-C and C600-W410- 

LDA-C, were tbe sam &tail as tbosc in thc C450-W410 series, with the exception of the COMeCtion 

plate width, W. Other merences iacluded tbe fact îhaî the longitudinal beam restraint was used in 

the C6OO composite tests, and tbat the column d condtioas varied slightly. The sphencal head 

used with the 450 x 450 mm column specimens was removed to accommodate the longer l e  of 

the Cd00 column. As a result the column did not shiA in the test fiame d e n  the connection load 

was applied, as was observai in the otbcr composite tests. 

Although the camections were paintcd, p h  to 'M up" of the test to reduccd slip reports, the 

SDA bolted coMeCti011 kgsn to slip at an applicd COllllCCtim lord of 183 M; and was followcd by 

an audible 'ping" that ocainrd cvcry 2-3 rocoads fbr tk duraïion of the test. Yiclding was fht 

obsemed in the Ccaacaioa angles at an applied lard of 366 W. The maximum loaâ wu 508 W, 

after which the jack could not msuntaia tht load. A nct section rupture occumd at 471 W. The 
oblique view of tbe fiiiled spechm is shown in Figure 4-16. A f k  ranoval of tbt test beam tht f i d  

separation betwctn the connection plate and coachte column k x  was measUrcd at 5 m. 



Figure 4.13: Speeimcn C450-WSM-LDA-C: 
Following Lording 

Figure 4.14: Spetimcn C450-W530-TAB-C: 
Following Lording 



Figure 4.16: V i w  of Faiied Specimm C600-W410-SDA-C Figure 4.15: Vinv of Failcd Specimen C450-W53û-SDA-C 



The LDA corindon iLo slipped at 3 13 kN rad the origuul slip was again followed by ''pings'' It 

regular i n t e d .  The LDA connedion was loaded until the tcn beam flange came to rest d k d y  cm 

the double angle COMCCtim. At the start of the test *kre was 30 mm between the top of the 

c ~ ~ c c t i o n  and tk bottom of the top fiange. Th rmjority of the deforniaton was the d t  of the 

boltbole cidonnation in both tbc beam web and the coaaection itself. The final separation betwcai 

the conneaion plate a d  the c0t~:rete colurnn fke was 9 mm. As with C450-W410-LDA-C, tbere 

was some sbear daormation observai in tbc tcst bcam. 

The seat connectim eansisted of a 203 x 104 x 19 (L 8x4~34'') angle with the longer Ieg weldêd to 

the end plaie. Tbc WS30 l ad  beam was mrYlified to a c a m m c b  the seat connedon, such tbat tk 

rniddle of the bearing arca was 60 mm fiom the column fice. B a d  on bending, the predicted 

connection fàilure load is: 

(Eqn. 4.3) 

L 

ïhis of course docs not accowt for the inWafd movernent of  the bearing centre as the unsti&acd 

seat deforms. Wh- tbc outstandùig Ieg Worms the bcaring centre moves towards the column îàcc 

changing the fiailute m a k  from batduig to a simple shear situation. The predicteû shear straigth of 

the seat angle would bc: 

V, = 0 . 6 ~ ~  A, = 0.6(3 50x1 9.05x230)(1 O") = 920W (Eqn. 4.4) 

This load was in exccss of the maximum I d  availablc at tbc camedon. Generally the seat 

d e f o d  in accordance with the mation of the beam d at tbe test comectim. 'Ibe singie %" 

A325 bolt placcd on cithtr side of the wcb, c a m d n g  the baaom flange to the scat CO111#efion, also 

e n s u d  that the bcnding deformation of the seat was limited by the rotahon of tbe beam end. 



Figure 4.17: Vicw of Fiiltd Specimen C600-W410-LDA-C Figure 4.1 
Loading 

8: Typicil Stit Connedion Following 



4.4.2 Load-Displacement Response of Composite Coa~cctions 

The ld daornuton rrspauc of the connedon and connedon end plate \vas of p- interest in 

the cvaiuation of th COlllltCtion types. Each beam column co~ection was therefore inmumentcd to 

record both the vertical dcfbnnation of the beam end, and the sepration of the beam flawes Erom 

the colurno W. For the latter, LVDTs wem p W  on bath the top and bottom flange to moaitor 

th kun movanm<. ïk rcaâïng f h n  tbe top f h q e  iacluded both the displacement bnwsm the 

steel end plue and tbe ancrete îàce, and the relative displacement between the beam flange a d  the 

connectim plate. Ibc boaan LVDT measud the cmncctian Monnation only, as the end plate did 
not move horitontaUy relative to the concrete, below the connedon. 

4-4.2.1 C45OIW410 Conneetion Series 

The plot of the umncction load venus the vertical displacement of the beam end is shown in Figure 

4.19 for the tbree conmeaion types. Of interest is the ciifference in the initial e e s s  ôetwam the 

TAB and the double angle fiaming connections. Both the SDA and LDA had comparable stiffiiess 

in the initial stages of l a d @  anci are considerabiy M e r  than the TAB connection. This is tme 

despite the fiut that the cross sectional area of tbe TAB conneaion is comparable to the LDA, and 

larger than that of the SDA. This appars as if there was gradual slipping of the connedon, but 

there was no audible cvidcnce of slippage of the bolted conaectioa. 

The movcment of the ôcam m e  from the colurnn face, while under an increasing connection load, 

is shown in Figure 4.20. Both tbe displamnent of the top and boctom fianges are included, dong 

with the final rneasurancnt of tbc sqwa î ioa  bctwecn the steel and coacrcte. The top f h g c  data fôr 

the C450-W410-TAB-C data is only incluki up to aa apptied load of 350 W. Tht LVDT pluqer 

was referericed to a small aluminium piate that was ccrnented to the concrete Eace. As the 

connection end plate dcfonned it bodred thc aiuminium p h  anâ corruptcd the subsqucnt icadiqgs. 

Althougb there is a greatcr permanent scparatiori bctween the concrete and steel for the TAB 
connection the test bcam did nos move away fiom tht column fàce, as with the SDA and LDA tests. 

This is indicatcd by the ba#om rcadhgs, wbere tbe f h g e  bas negligible movement until the 

applied connecth load reaches 500 kN. This is whai the b w  bolt started to deform under tbe 

shear load and syBinD m. With îhc dd;onnation thc baian hnge  started to move away nmi 

the column fice. 



Fig 

Vertical Oisplacement of Beam End (mm) 

4.19: CISOIW410: Appiied Connedion Lord vs. Vertical tLlm End Disphceme 

or...'... 

1 -- TAB 

flange Displacement F m  Cdurnn Fa- (mm) 

Fig. 4.20: C4SOWI10: Applkd Conneetion Laid W. Dispiaanient of Bum nmge From 
Column Face 
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4.4.2.2 C4501W530 Connection Stries 

The W530 connection Mes was design4 to represent the range of girder loads for the pii@ fiame 

system. Tbe w r  conaections required bigher loads to cause failure. The SDA connection was the 

ody specimen that cxperienced umplete rupture, with a net section fülure through the bolt linc in 

the mgla. ï k c  was permanent deformation observai in the LDA and TAB connections c v a  

though thcy d d  not k l d c d  to faüurc. T& Lck of p r o p o h d i w  can k observed 8i the test 

data. 

The plot of the vertical displacement of the bearn end is show in Figure 4.21. There were some 

difilerences in tbt niflhss of cach of tht coa#crion types, but the or&r conespoaded to tbe cross- 

sectional areas. ïk order of stifiiiess in ascending order uas short double angle, long double -le 

and the shear tab. At the commencement of loadùig al1 3 connections had similar stiffiness in tbe 

vertical direction. At just below 200 kN the d e f o d m  plot slightly deviates for the SDA and the 

LDA. For the Tab connectiori there is a deviation in the curve at 340 kN. These slight deviations 

occur well below I d  associated with general yielding of the comection, and represent only a 

slight change in tbe slope. It is likely due to the yielding of tbe cross plate. Development of the 

yield line pattern is not dcperident upon tbe shear load, but the moment developed at the d a n  

weld line. 

This slight deviaticm in the gaicd load dcformatim curvc is again observed for the SDA and LDA 

connections in the flange disphcanent plot sbown in Figure 4.22. AIthough the conaection ad 

plate is yielded there is no apparent loss of stifkss. nie separaticm is dcpencient upon the d o n  

of the beam ead. 

The connectioa details for the tests C600-W410-SDA-C and C600-W4lO-LDA-C were nearly 

identical to those in tbe C450-W410 series. Tbe major différences were the width, W, of the 

connection end plate, d thaî tâc 10ag.iaidinal beam rcsûaint to simulate the constnrctcd condition 

mas used for the C6W composite tests. Figure 4.23 displays the plats of conncction load versus the 

vemcal beam end disptacemcnt for the tests C60eW4 10-SDA-C and C600-W4 10-LDA-C. The 

results h m  the cquivalcnt C450-W410 COllheCtion series have also ka plotted on the same gnph 

for cornparison. Tbae is good comhti011 khrcai tbe tests, with the exception of the inhial lording 

of C600-W41O-SDA-C. At an appkd coailection load of 140 kN the load defonriatim m e  

changes abruptly. Tbe s t d h s  is l ~ ,  but rrnvins untü a ccmection lord of 380 W, wbcn 



thers war fieldhg obscrwd in the connection angles. Ihe apparent loss of stïffiiess m a s  Uely due 

to the gradud slipping of tbe boltcd COMCCtion as observed during the test. 

Of note is also the increast in tbe mfhiess near the end of the test (V- >675 W. This localized 

increase was caused by tbe bcarn m e  coming into direct beaing on the connedon 6rom excessive 

deformation. Tbe test was terminata! when this w observed. 

The influence of the longihidinai beam rcstmint is obvious whcn camparing the C600 and C450 tests 

resulîs. Wbai the cainectioa yiellded in the C450 tcsts, the beam had cleady moved away from the 

colurnn face. There was excessive bolthole deformation, and bath the top and bonom flange moved 

away fiom the colunin fiace. For tbe CdOO series the flange monmcnt was rtstrictcd by tbc rcstmhü. 

Aithough the vertical beam deflection is sirnilar, the plot of the bearn flange displacement fiom the 

column fice (Fig. 4.24) shows a clear distinction. 

Only results fiom the LDA connections have k e n  included in Figure 4.24 because the &îa from the 

top flange LVDT for the test C600-W410-SDA-C was cormpt for the same reason as tbat given h r  
test C450-W4 1 O-TAB-C. 

For previoudy exphaïna! rcasons it was impossible to load the seat connections to Wilure, and at 

point of maximum load thme was i d e  dcfonnafion obstrvad in eithcr the end phte or the 

comection. Thus tberc wu litîie di&rence beîween the load defonnation response of the two 

connections, but Seat2 with the four - ?A" sbcar nu&, was slightly stinér tban Seatl . This is obvious 

in both the plot of vertical dcfonnaîion of th barn end, show in Figure 4-25 and the displacement 

of the beam flanges fiom tbc wiumn k, shown in Figure 4.26. Although tkre  was som 

permanent deformation of the outstanding kg, tbere was M e  to no permanent sepration of the end 

plate and the concretc column. 
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4.4.3 Moment-Rotation Rcrponsc of the Composite Connections 

A simple fbmhg COIlCLeCtion bas define& as ailowing 80% of the perféct pin rotatioq f i l e  

developing less thaa 20% of the hxed end moment. For a conventional simple co~ection, attached 

to a ngid column fact, a coariderablc moment may develop. Even though it may be l e s  tnyi the 

20% of the fixed cad numm, it c a ~ ~ t  naxssariiy be wglected in the MKcaon design. A t y p i d  

bcnduig moment dugMi for a simple nyniiig d o n ,  to a rigid oolumn fice is shown in F i p m  

4.27(b). The inflection point naay lie outside of the bolt line (Ieft of the bolt line in Figure 4.2'1), 

rrsultiiig in a hoggùis marnent that mus k transfirred l c n w s  the bolt line. 

lurn  
ce  

\_ Bol t  
Lin e 

Figure 4.27: Bending Moment Diagram of Varying End Restriint . . 
For the composite conaeaion detail proposed in this study, the colwnn iàce can not be classifiecl as 

rigid. The actual rtstaint providad at the cdumn fiacc is somewhere between tbe rigid case (Fig. 

4.27b) and the zero restraint case whcn the face is considered as an ideal pin (Fig. 4.28a). Although 

the partial restraint providecl at the kam end will generaliy not be recognised in beam desi- it is 

still important to quant* the size of the moment that could be expected at the column face. 

By recurding the tcst gamay; L, a,, a2 a d  b it is possible ta calculate the momcnt at the column 

hce. 



For tests where the longitudirul beam remaint \vas in place the d u e  MF, is equal to sum of the 

moment at the connection weld line, &, and the restraint moment couple. 

Where the M i e s  h(M, S and j are d e h e d  in the f ke  body diagram in Figure 4.28. For the two 

prototype specuncnS w k e  the slab rrstraint was not used Mr, = &. With the slab restraint 

king used the ramion of the beam end was Rsaiacd and the total moment at the fice, which 

includes the reseaiat ample, was higher. A fuli discussion of the influence of the slab restraint on 

the comection behaviour is included in Chapter 5 of this report. 

Figure 4.28: Free Body Diagrun of &am - Witb Restr.int 

4.4.3.1 C45û-W410 Conneetion Stries 

The TAB connection was the d y  specimen in the C450-W410 series to be tested with the 

longitudinal beam rcstraht in place. Tbe resuh was that MF- for the TAB was much higher than for 

the SDA and LDA specimcns, as shown in Figure 4.29. Another cornmon characteristic of al1 

restrained tests is that a sagging moment is registered as the connections were initially loaded- As 

the applied connection load reachts 100 kN the shape ofthe M-V plot changes to the mpected shape 

with a negative moment at the fàce 

It is intuitive to have a positive mameat at the face, and the initial negattive moment is likely a result 

of initial zeroing of th test data, and scating of the entk test specimcn. Prior to analysis, the fàr ad 

ioad ceii rea&ng war d j d  to eqwl the weight of the load and sprada beams, p r o p o r t i d  by 

thetestgeometry. T b u r , t h a c ~ a a l ~ u l a t c d ~ ~ t u t b c k , w h c n t h a c w u . c a u l l y a  

slight negarive moment causcd by the siab m t  king in a mug state. Because of the large s k  

76 



of the moment arm a slight difference in the l d  ce11 reading would have had a great effixt on the 

calcuiated moment at the k. 

The initiai imgularïtïes m l d  have a h  kea casexi by the xamig of the entire test x t u p .  In the 

composite tests, whcrs the ratnllit was uscd, a dl preioad wu pliced on the d o n  More 

tbe d o u s  roller nippons wae dockai. Tbc p d d  was na CO(IS~~LI~ for dl tests, but the ckmgc 

in the manmt cüagram gcncnlly corrcqods to the rdlcrs king unlocked. O1&r seathg rcl.tcd 

issues include an i n -  a i t - o f ~ g h t n e s s  of the test tuam b g e .  The kam was not groutcd at thc 

end support thus a aaiU Id was k l y  isquircd bcforc propcr scating oeairrcd. Tbac sligbt 

changes in the lord distribution mnild have hd produced an apprcciable difference in the calculrtcd 

value of MF=. Oace tbe tcst spaimau wcre propedy scued, the M-V plot rcmaincd lincar until the 

comection yîelded. 

For the unrestained tests the SDA cormection develops the highcr moment at the c o d o n  fict. 

This rnay appear cou~~terhtuitive since longer comections generally develop higher moments at tbe 

bolt line and at the weld line. The longer ccmncction length does increase moment transfer a! tbe bolt 

line, but due to the relatively fiexibility of the connection at the column face, it is an incrtasing 

sagging moment at the bolt Iinc. nie entire moment diagram is king shifted up, aectively 

reducing the moment a! the wdd line. This is better illustrated by an upward shift of the " a d "  

line in Figure 4.27. For the composite conwttion, without the barn resbaiat in place, th= pint of 

zero moment in tbc bcaxn (i.e.; infieCuon point) is betwecn the bolt and weld lines, causing the 

observed sagghg moment at tbe bolt Lincs. 

Ail three conaectioas in tbe W530 umnectim series were tested with the longitudinal beam restraint 

in place. The calculated value for M F =  rtmained linear with respect to the applied m e c t i o n  load 

until yielding of the camctîoa. Tbc Linar niatioaship is indicative of a linear elastic response of 

the cc)nnection, witb a relaîivtly coastant location of a m  moment in the test beam. The rotational 

&ess of the c d o a r ,  with tbc rrmùnt in phce, can k compMd by comparism of the dope 

of the M-V curve. From the M-V plot sbown in Figure 4.3 1, the s l o w  are 12 1, 69, a d  86 mm for 

the SDA, LDA and TAB ~ c m s  rcspactinly. It must bc rcmcmbered tbat the calcuiatHi value 

of MI, includts the rcsÉraint moment couple (i.e.; S x j). From the obscrveà bolthole Monnation 

the actuai inflectiaa point sbould bc located benncn the weld and tbe bolt lints. Tbis will bc f u r k  

discusscd in Chaptn 5 ofthis rcport. 
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There is a siBnificant différence in the V - 8 relationship for the three connection types, as can be 

s- in Figure 4.32. Altbaigh thcre wcrr siïght dinmaca in tbe test gcometxy, the di&rtllczs 

should only have minor c&cts on t& beam ad d o n .  The most iduential factor is the 

vMability in the rcstrPint providai at the coiumn facc. Tht orcier of the rotation fiom the hig&rt to 

lowest is LDA, TAB, and SDA. This contspoads with the order of the end moment, with the SDA 

ha* the highest amcction ccccntricity. 

Aside h m  the initial scatiq cfIccts, tbc M-V rtspoasc of the two C600 connections wem similar. 

Again the relatioaship remainad rclativtly linear until a d d  yiclding of the cOMecO011. Ftom 

the M-V plot of Figure 4.33 tbc dopes fOr tbc SDA and LDA amncctioas can bc calcuiaîcd as 106 

and 120 mm respectïvely. This was the first test series where the longer double angle connection 

deveioped a higher moment at the bearn end thaa the short double angle. 

Of interest are tbe clifferences in the muisured rotations shown in Figure 4.34. nie longinidinal 

restraint is efktive in reducing the rotation of the b a n  ad for the CdOO test series. Tbe SDA 

connection appears to bt rtstai#d to a grcaser extent than the LDA cumcdon. This does not 

reflets the moment idonnation, as the LDA devclops the highcr moment at the face. 

4.4.3.4 Unstiffened k t  Résulb 

The M-V relationrhip for the tgu C4SO-Sat l -NoAnch and C450-Sd-AIS& are s b a M  iii Figure 

4.35. T a h g  a iiae of test fit, the cccai<ncitics can k estimotcd as 58 anci 94 mm rcspaxively. 

Although thcse arc bucd on a liiierr fit, tbac is actuaiiy a siight incrrue in the tangcntial slopc as 

the connection load increases. 
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Fig. 432: C450-WSSO: Applied Conneetion Load W. k m  End Rotation 
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Fig. 4.33: C6001W410: Developed Moment at k m  End M,, vs. Appüed Conadon  Lord 
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Fig. 4.34: C600.W410: Applied Conndon  Lord vr. Rotation of Beam End 
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Fig. 4.35: CISOISeat: Moment Developed at BeM End, M, vs. Connecrion Load 



4.4.4 Foret Tnnsfer Betwun S t d  and Concrcte 

Following the praaypc tests it k a m e  ~ b v h s  thai the primaq amcem would not k the 

perfommnce of the COlirieCtim itself but raîher the issue of force transfer from the steel imo tbe 

~011crete. 'Ibus a c o m p k  nctwork of mri. gauga wnc instaüed on the test coluninr. 

Guiges m plrccd on tbc colunn m e ,  m a singie si& of the ooluntn wiîh imcnnaiute commte 

swfacc gwges pioccd at kcy locations ovcr tbe column heigbt. Ccmpke dra- rh* 

strain gauge locations for each spacimcn arc givea in Appcndix D. 

As previously m e n t i a d  the columns were geometrically aligned only, and not a d j d  in the test 

frame fm pcrfia cmcmtric Ic#dinP. lk m h  was tbat aiter the application of dic suaal load thac 

was generally a strain gradient existing over the cross section. To analyse the stress flow in the 

colurnn resulting fiom tbe coMeCtion load the strains must first be nonnaiized for the axial load. 

The strain distribution for each of the composite test wimens  are shown in Figures 4.36 to 4.39. 

The values are the çhanne in strain at a cormedion load of 500 kN (wiien V@id = O then s t m i  = O), 

and are given as microsaain. 

At a depth of 1.5 D klow the connection plate, plane main gcncrally existeci. There wtre scvcral 

tests where a seating problan at the bouom of the load column, which resulted in l o c a l i d  strain 

increases, was apparent. In Test C450-W530-SDA-C the average steel strain 685 mm below the 

comection plate was 140 microstrain. This was approximateiy 60% h i e r  than the typical average 

svain in the 450 x 450 mm column, undcr tbosc appiicd lads. This was occampanicd by srnail 

readings in associated caicnte surbcc gauges. Furtber Mdcnce of a s a h g  problan, ratber than a 

lack of force transftr, mis in instanocs whnc the ancrete sudiwc &auges located just btlm tbe 

connection were rcgistCriag hi* strain readhgs tban those 685 mm below the wmeccion (Tcst 

C450-Seatl). 

The force transfer varies with the conncetion 1- a d  the coiumn size as will fiirther discussed in 

Chapter 5. Although t&ic wem diflEcreaœs in the sasiD distribution ovcr the range of test variables 

the actual ciifferencc art vcry small, gcneraiiy l t s s  than 150 microstrain. 
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Table 4-3: Summary of Composite Results 

450-W4 10-SDA-C 

450-W4 1 O-LDA-C 

'450-W4 10-TAB-C 
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- 
Floor Slab 
Rcstraint 

- 
No 

No 
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Ycs 

Yes 

Ycs 

Y es 

Ycs 

Yes 

Ycs 

~xcessive Deformation 

!xcessive Deformation 

)Olt Failure 

kt Section 



4.5 Non-composite Tests 

A total of four noncomposite tests wcre pediormed. l'hm 450x450 mm wlurnn specuneris with a 

comrnon b/t d o  of 23 and a single 600 x 600 mm column specimen ~i tb  a bit ratio of 3 1 were 

tested. Each ~ U n c n  was loaded axialty to a ~ i d  story lord of 700 kN, the connecth l d e d  to 

the typical flaa laad and the column Id then incrrrscd untü a buckliag faiiure occurred. While the 

column was king losdoQ the COLU1CCÉion load was m a n d y  k l d  constant, with the MTS dl ai 

displacancm caar~l.  hiring tbe C4SO-W4leTAB-N test the load was inadvcrtently not 

rnaintained, and the conneaion l d  dropped as the colwnn load increaseâ. 

4.5.1 Gtned Observations 

Al1 specimens exhibited a sllnilar fàîlure pattern as shown photographically in Figure 4.40. Local 

buckling occurred in the column flangcs, between the conneciion plate and the tension stirrup. The 

stimps were placed to improve buclding of the flange, and were regulatly spaced at distance, D. 
Local buckiing i n i t i d  at a point quidistant to the support points, 0.5 D below the connection plate. 

In al1 cases the flanges buckied inwards, and as it progressed was accompanied by the formation of 

an outward buckle on the east (unloaded) side of the column, between the other comection plate and 

the tension stirrup. As 1- increased the buclde progressed to the bottom portion of the columa, 

just above the bearing endplates, as seen in Fig. 4.41. There was no buckling in the column web 

until the latter stages of fhiiure. 

Two specimens (C45O-W4 10-SDA-N, C45O-WS30-LDA-N) had a buckhg pattern form above the 

comection at approximately 60% of thc maximum axial load. This was due to a sei&g problem at 

the top of the column, whtre there was no sphtncal beaâ. As tbe load was increased the buckled 

shape did not advance as it did beiow tbe connection, rather the laterai deflection of the colurnn 

flange remained relatively constant. 

As with the composite conncction tests tbe colurnn shiftal slightly in the test b e  as the t h e o n  

load was applied. Althougb a miler was in place at the top to pment the lateral movement, it ritsted 

agamst the spaccr plate a d  did nd bcar dircdy on the specimen. 'Ihe specimen wu held in piace 

by a b l d  that wu poriÉoncû flush to the column rp&imai a d  then boltecl ta the spactr plate. At 

the bottom a similar bracing systcrn as the composite test was used (Figure 3.13). 





was used at the bottom. The spberical bead was not used for C6ûû-W410-SDA-N and this lateral 

movement was not observai. 

For the largcr 600 x 600 mm duma the conneaion plate (600 x 410 x 9.53 mm) noticeably 

distorted fiom prdcnsioaing the Mu. As a d t  of tbe wclding the framing legs wcre slightly 

skew to the pl-. hiriag bolt prctaisioniag tbc cleat angles were forced together, introducing a 

moment that ddonned tbe plate. Prior to tcstùrg the conncction piate was 2 mm O-, at centre. 

An ANSYS finite elemtat mode1 was ckveioped to belp determine the probable bucklbg pattern (to 

aid in placing strain gaugc locations) a d  whcther yiclding could be anticipaîed under the load 

combinaticm. Tbc pmimimuy modci todicatod thp yiciding could be expcctad at the CQLlIlCCticm 

weld line, being most likcly for the TAB connection. AAer the C450-W410-TAB-N test there was 

no evidence of yielding in the c d o n  d plate, nor in any of the nonamposite tests. 

4.5.2 Non-Composite Results 

The instrumentation was desigaad to monïtor both the advancaneirt of buclclhg in tbe column 

flanges, and the rcspomc of the ooaastion unckr the canbined loaduy. As with the composite tests 

LVDTs were in place to mcasurr tbc bwm flange movement h m  the original column fàce, a d  the 

vertical displacemcnt of tbc b m  end. In the C450 tests the bcam end rotated, as did the amnec th  

plate, with the boaan bcam f h g c  moving towarâs and the top flaage moving away fiom the tàce. 

The centre of rotatim was ncar the ccntrt of the umacction end plate for tbe C450 tests. This was 

not true fbr the C600 test. As tbc COllIlCCticm was Ioa&d the bottom fiange originaliy mwad towards 

the colurnn ha but as tbe load rcrsbcd 130 I<N - 150 iùU the bolo graduaüy slip@ and the entire 

beam moved away fian tbe colmm îaœ. Ais U appamt fhxn the plot of flaage disphcement 

versus comectioa load sbown in Figure 4.42, wbm bath fiauges are moving away at tbe same rate. 

Under a load of 320 kN the top f h g c  hd moved 3.8 mm fiom the original column &ce and the 

bottom flange 2 mm away. 

There was no abaond or uanpcacd rapoisc of t& amnecCicm systun that might prove to k a 

conceni for desipers in derriluig tbc cmnection for the ccmstructioa gravity lœds. The mjor 
interest in the non-composite test was the evaluation of the comcction load an tbe bare steel column 

penonnance. It was important to dctcnninc the maximum axial load tbe column could withst;iad 

while subject to tbc COIlLldCti011 l a d ,  rad to compare tht to results f b m  the wiiccahic compression 

tests'. 
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Fig. 4.42: Non-Composite: Connedon Load Vs. Buni Fiange Movement From Column Face 



To monitor t& progression of buckling in the column mes, strain gauges wcre piaced at the 

column £lange tips, 0.5 D below the conncdioa p h .  This was the rnid-point bdH'8tll the supports 

provided by the samips and thc plate, and wherc lateral deformation would be most critical. With 

gauges placed at these locations and oa opposite sidcs of the m e ,  progression of the bu- 

could be monitod. Figure 4.43 sbows the plot of nominai stress in the cross d o n  vcrsus tbe 

straia recorded in &auges located on oppoaitc sides of the south m e .  'Ihe nominal sutss is 

calculated as: 

Deviation in the iinear rcsponst is fhst observed in îhe 450 x 450 mm spccimas at a nominal stress 

of approxhaîely 185 MPa, with a maximum stress of 220 MPa. Tbe higher rtress observeci in the 

C450-W410-Tm-N test can k amibutal to the Iowa COMCCtim load, as discussed in the pttYious 

section (co~ectiou load droppad fram 300 kN to 222 kN). For test C600-W410-SDA-N local 

buckling was obrcrvcd at apprmrimPely 100 MPa. UnWrc tbc C450 non.comp0site specimcns the= 

is considerable post bu- süeagb, as indicaicd by the incrcasing aoMiiPI stress Pfta tbe clear 

buckle formation. This is because tbe spkrical hcad was not usad for the C600 test as it was fbr the 

other tests. With tbt spbcrical kad tbc column base is fk to rotatc as a buckle forms. Without the 

sphericai head tbe loaû is rcdwtribuîui to tbc tait flangcs uptm fonnatiaa of  the buckk in tbc 

western flsaga. B&rusc of thc rcseiim of tbc c d u m  ad, tbcm is cmrYlmbk post-budding 

strength in the largtr oolumn. 

4.5.3 Non-Composite Tut Summa y 

The results of this study bave becn suprimpored with tbc pmriaio ammmic test rrsults' in Figure 

4.44. Tbe column paramact, b a ~  kai defincd in Equatioa 2.14, wbcm the k factor refcrs to the 

plate stability cocfnicient, *ch can bc calculated fiom Equation 2.5: 

As part of the EcoIt Polytacbnique mscuch into the bue d u m u  bchaviair tby have dcvcloped 

equations for F, b a d  om the 2 ob.cnird bucl*ng dupes in of th solwnas unàer ccmcmeic 

l&g. The fduma fhnea b u d d  W y  buckled ovcr a span, S, or ova 2s. la ch tarr 
reportexi hercin, th bucklcd lcngtb was ovcr S ody. Thus F, caa k taken as': 



Table 4.4 contains a nimniary of the variables used to detennine the column parameter &. 

The test results in Figure 4.44 bave becri plotted against the ultimate loadr predicted by CANXSA 

S136 - Design of Cold Fonncd Sm1 Structunl ~ e r n k r s ~ .  'Iae prodicted resimnce is based cm 

concentric badin& and 4 = 1.0. As discussed in Chapter 2, the tesistance is based on the capacitie 

of each of ttie comprising duneats, with local buckling accou~lted for ôy a reduccd cross scc t id  

area. The capacity is basai on d o n  propcrtics d y  a d  daes not axmider the influence of the 

regularly spaced tension stimps. A summary of the caladations used in calculilting the predictai 

capacity of the colurnns included in t h  study is given in Table 4.5. 

Table 44: Summary of Column Puameten 

Table 4-5: Summary of Design Variables - SI36 

Column 

450 x 450 x 9.53 

600 x 600 x 9.53 

S 
(mm) 
450 
450 

600 

Column 

I 

C450-W410-SDA-N 
C450-W530-LDA-N 

1 C600-W410-SDA-N 12810 1 362 1 0.43 1 123.9 1 4 1 355 1 8106 1 2934 1 3370 1 

Fa 

W a )  
360.4 
361.3 

L 
(mm) 
2358 
2238 

b 
(mm) 
220 
220 

295 

Fm 
wa 
328.9 
328.9 

184.5 

IY 
(xlo3mm') 

16.3 
16.3 

21 -64 

F l a W  

k 

1-01 
1.01 

1.01 

k2 

0.43 
0.43 

% 

1.06 
1 .O6 

1.41 

b, 
(mm) 
121.5 
121.5 

Web 
Ac 
(4 
7786 
7786 

k2 

4 
4 

we 

(mm) 
331 
331 

CCLIA;~~~S~X 
(+=1.0) 
m 
2806 
2813 

C T ~  

0 
2936 
2823 
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Figure 4.44 : Summary of Non-Composite 
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Test Results 

4.6 Effects of Incrusing Column Lords 

in an attempt ta introâuœ fidure in tbe cd- the d load was kreased following the testing of 

the second connection on each of the C450 column specimens. Geacrally, the second tcst had the 

higher expected load and the corincction could eithcr not bc bmght to complcte fidure, or tbe test 

was temùnated with tbe cormaicm stiil baving rcservt sÉrcagth. Thus as tbe axial l d  was 

increased to the b i t s  of thc Fox Jack, a considerable connedion load could bc maintained. Tests 

where the column load was i n c d  includc: C450-W410-LDA-C, C45O-W53O-TAB-C, C450- 

W5 3 0-LDA-C and C45 O-Sd-Anch. 

Several of the specimens had concrete fâilures on the east side of tbe specimcn (opposite of the 

l d e d  connecban), and abon tbe bcam Icvel. In tcst C4SGW530-LDA the coc~crcte spaiiing was 

noticed at an applicd column load of 663 1 W, this was lusociated with a rcduction in the concrcte 

strain r&gs in that quadrant, and the sirnultaneuus i n c m  in stetl sûains thrwghout the column 

beight. The test was terminatcd wbcn the cdurnn load reacbed 6750 kN (V, = 650 kN). As can be 

seen from the individual plots cuntaiaed in Appcadix D tbm was yiclding at tht strain gaugcs, 

iocated 50 mm bclow the coMcccion plate. Tbc tarai appiicd load (Pm + VcpaioS apaïicd 7400 

W, compucd to tbc pure squash 1 4  of 10750 kiU caiaittcd fÎwm the matcxiai pmpatia. Tbc 

photo of the hilurc is givai in Figure 4.45. It a p p a s  as if Ow tnilurr initUtcd u the top of tbt 
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oolumn and eded dong tbt fht tauion stirrup fiom t k  top. This mas typical of& Wure pattern 

also observed in C450-Seat2, but fidure was more catastrophic and located on both sides of the 

coiumn web. 

Altbough there was m caiuete Mure C450-W530-TAB-C uas loaded axially to 6806 W, witb a 

720 kN cannection load. Evea tbougb the concrete rernained intad tbe steel straias were in excess of 

yield. The steel gauges located 50 mm below the c o d o n  ead plate registered strains in excess of 

the yield strain. Tbe cornpletc strain gauge data is given in Appendar D for each composite test. 

Figure 4.45: Failun Initirted in Specimen C450-W530-LDA-C: P.- = 6750 ùN; V- = 650 
kN 



5 Discussion of Resuits 

5.1 Connection Strtics - Influence OC Beam Restnint 

Although it is difficult to quanti@ îhe d f h i n g  cfhrcs of a coiisrrtc shb, a d  <&: e&cu ai 
increasing the rotationai stifnicss of the cosIl1cction, it can be assumed that the rrstraint ptovided in 

this eqxxhmt  k fnr lcss tha that pmvidcd by an rchirl SM. 'Ibc remaint provides a lowcr baind 

o n t h c p r o b l a n . s a d U e & c t i ~ t u i n i r l r i n g t h c t c s t i a g p ~ a k a c r r e f l ~ m o f r a l i t y .  Tb 

bracing system used JO rtstnin the laigrtudinal movanaa of thc ioad beam has bccn shown to . 
ïncrease the e f c i v e  hogging moment at the coturnn fàœ, duce the rotation of the bcam end, a d  

r e d u œ t h e s e p a r a t i o o o f t h c k ; r m f l a n g t ~ t h e o r i ~ ~ 0 1 ~ m b f a c t .  Thc~cOmgar iSaao f  

the test results prcscnted in Section 4.4.3.3 show that althougb the movement of the beam flange 

Erom the column Eact is reduced, the final separation between the cannection end plate, &, remains 

relatively unchanged. This suggests that the moment at the co~ection weld iine, L, U only 

marginally Hected by the prescnce of the beam rcsüaint, although the total moment at the column 

face is signiticantiy increased. 

T h e  moment developed at the colurnn face, as prescntcd in Chapter 4, was calculateci in accordaMx 

with the frce body diagram of Fi- 4.28, a d  Equatioa 4.5. This momcnt is acaially tbe 

superposition of the moment at the wtld liac, & and tbe moment couple fiom tbe restraint 

force. 

MF- = ~ c -  +a (Eqn. 5-1) 

Stra ingaugeswet t ins ta l l edonthe~rodsof tbercs tra ina~tomcasurt tbe f i~~t~S .  Thc 

measured force was generally dcpcndant upoa the rotation of tbt km end, and the tcndarcy of tht 

connection to rotate. TLit W410 test beam specimtns rtgisttred higbcr restra.int forces tban the 

W530 beam connection tests due ta tbe highef beam end rotation associattd with the lightcr beam. 

As the connection/COllllCCtion plate yielded, the sepamth ktweai the beam flange aad tbe column 

face increased, as did the rtstraint force, S. 

The actuai moment dtve1opod by the nstraint systan depcnds cm tbc moment am j. As previously 

mentioned, as the coanectioa and coaaectim p k  dcfonned it rotated atat tbe base of tbe 

connection. Thustbcmomaitann,jcanbctaicenas: 



The variable, a, is the distance benmen the top of the connection and the top of the bearn. For al1 

tests, excluchg the two seat conodons, a = 45 mm. B a d  on the calculated value o f  j, an 

approximation of the restraint moment cari be made. These moments have been summarised for al1 

restrained tests in the W410 and W530 beam series, in Figures 5.1 and 5.2. 

A summary of the caicuiated values of j are provided in Table 5.1. The slopes of the MF,-V plos, 

given for each of tbe composite specimens in Chapter 4, have also been included. These are a repeat 

of the values listed in Table 4.3 and are tbe slope of the cuwe in the linear portion of the curve, prior 

to advanceci yielding of the COabCCtjm. nie estimaîed value of the slope of the L - V curve 1s 

also given (hl&,- is the moment at the weld line)- ïhese have been calculated using Equation 5.1, 

and the restraint momcnt givcn in Figures 5.1 and 5.2. 

Table 5-1: Summrry of  Connection Eccentricitics 

C450-W4 1 O-LDA-C 
C450-W4 10-TAB-C 

- 
No. of 
Bolts 

N - 
3 
3 
4 

4 
4 
6 

- 

3 
3 - 



Applied Connedon Load (kN) 

F i s  5.1: W410 Test Series: Moment Ikvclaped by &rm Restraint, Sj, vn Applied 
Conneetion Lord 

Appîied Connedion Load (kN) 
Fig. 5.2: WS3û Test Series: Moment Dcvloptd by Bcim Restraint, Sj, vs, Applied 

Coanedon Lord 



5.2 Evaluation OC Original Test Variables 

The four primary test variables, as idcated in the test matrix of Table 3 -6, were the mlumn size, the 

~ ~ e c t i o ~  type, the b a n  @th and the use of sbear mi&. In the followhg d o m  these 

parameten will be dixuss#l with refcrcnce to the two major objectives of the study: the examidon 

of the comeetion bebaviour under an applied losd, atnâ samdiy, tbe investiga!im of tbe force 

t r d e r  mechaaism bawdcn tbe steel and the concrete. 

5.2.1 Conneetion Type 

In the original test niatrix, therc wtrt 3 Memat comectioa typcs, tâe single plate shear tab, the 

double angle friuning COMCCtjon, and the scat coanectioe To investigaie the role of the connectio~ 

depth on the overall performance, the bohhole spacing =.as aiso varied for the double angle 

connection type. 

Ail composite connections fàîled at l d s  in O ~ C ~ S S  of their predicted dtimate, but there was yielding 

observed in several of the connections within the fàctod design Ioad range. nie= was ais0 

considerable rotational flcxibility obscrnd in the composite bcam column connections. Tbc 

rotaîional flexibility was largely due to the deformation abiiity of the connection end plate. As a 

result the inflection point gtnerally fcll baweai the bolt linc a d  the column fixe. The co~ection 

type was shown to have an influence cm the rotatioaal stiflj3css. Tbt double angle d o n s  

appeared to develop l m r  moments cuxnparod to tbe shear tab connections. AU double angle 

connections consistcd of 75 x 75 x 6.4 mm angles, with tbe outstanding kg welded to the plate. As 

the connection was Irizulrrt the angles &fbrmcd away fiom tbe plate, as illustrated in Figure 4.7. The 

shear tabs did not have tbis daonnation capcïty, d t b g  in an incrcasd scparation betwetll the 

cross plate a d  the coacrdt fact. 

The rotational flexibility at the k c  was tht rtsult of the ability of the relatively thin plate to pull 

away fiom the cmcrcte face, as the COMeCticm was l a .  ïhk was characterized by the formation 

of a general yield line fbilurc pattern in tbe coMcaion end p k .  Rrrrnl on test obsedons ,  the 

yield Lines tendcd to fbrm at or ncar the base of the conncaioa, as this was the centre of inplane 

rotation. A sagging yidd Liac tbcn cxraded fhxn the boaan somets of the CO(LneCtioa, to the top of 

the connection plate at tbc coiumn Banges. The formation of the yicld üns pattern was not caused by 

the shear force at the fâcc, but rathcr tbc moment at tbt wdd ünc, &. Since tbt rotation was 

centered at the base, Or d o n  b g î h  has LPC important influence in the dcnIopmcnt of this 

yield Line pattem. Aithau* h$ was i n f l u d  by tbc dcpth of the c d o n ,  the ad- of 

yielding was limited by tbe rotation of tbe beam. 



The yield line nilure of <be c o d o n  is wt major collcern when uoersing the performance, as an 

elastic rcspoiuc is aot essential for tbe &éctivcness of the proposed coruaection. Unlike HSS where 

h a h e d  yielding of the column hsc may limit the d upacity of the columu, the yielding of the 

end p b  should n a  advcrsely p&tt tbc cdumn meagib. Thù was eonfinncd with the test m I t s .  

The canncction type was alsa show to have an infiuaice on the force tmnsfkr from the steel to the 

conmte. As can k sœa Figure 3.36 and 3.37 the comecticm la@ has a pronound c&tt on the 

steel snain juot below the connedon plate. Longer caanu#i011s wiii ~ransfir the loads dver a greatcr 

kgth,  and rcsuit in a more d o m  ~ ~ T C S S  @kit just klow the oomunion. Cocuidering the 

C450-W530 resuits, at an applied COMCCtion load of 500 kN, the steel mrin 50 mm below the 

connection is 18%his&tfortbeSDA~=25Omm)compvedtothc ~~~~cTTABCOIII~~C~~OII(L= 

445 mm). For the W410 beam series, th= is a 70% di&rcnce in the straiu 50 mm bdow the 

co~l~lection plate bctwanr the SDA (L = 190 mm) and the TAB conncction (L = 295 mm). 

This incikates that tbe length of the conuection has a pmnoullced role in the force trader, with the 

longer connections outperforming tbe shorter co~mections. Aithough the relative ciifferences are 

substantial, the actual values arc quitc d. Evea for tbc W450-W410 test group the ciifference in 

the change in straig due to a 500 W umncction load, is las than 150 microstrain. Althougti the 

influence of the comcctian type is of acadcmic interest, in rcalify tbc conneçtian type w i I  have srnail 

influence on tbt transfér of fbrces, for the mage of test variables includcd ia this study. 

5.2.2 Depth o f  Esterior End Piate 

The cotlllection plate dcptâ CO- to the nominal bcam size fiaming into the weak axis of tbe 

column. Thus a longer conatction p h  will gcncraüy conespond to a higber range of design Ioads. 

But for a given load, a decptr plaie s h l d  bave twlo cffccts; it could patcnaally enhance the force 

transfer fiom steel into coacrete by providïng a longer path, and secoadly, it should improve the 

loaddefodon rcspoase of tbc conaectioa plate. For the b, it appears that the load 

deformation resporue of the composite cumection is iafluenced more by the @th of the connection, 

than the depth of the cainecÉion ad plate. 

For connections of sùnilar cbaractcristics tbe increast in s t m h  in tbc column flangc, just klow the 

connection c d  plate, sbaild k lar  fbr the longer COMCC~~OLL p h .  Figure 5.3 shows the change in 

strain 50 mm belmu the amnedan p b  for tbc thrœ tests C450-W410-LïM, C600-W410-LDA, 

and C450-530-SDAC. T&ce t h r ~  S@IMU coariR oT caisin of 76 x 76 x 6.35 Qublc -a, 

Ath lengths of 250,250, .nd 265 inn ~ v t l y .  It r p p ~  tht tbe dcpth of the caiaettion p k  
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has minima1 &kt cm the ztnin distribution. This is contrary to the c f k t s  of the coMeCfi013 le~~a 

on main distributicm. 'Ihi. su- thaî if the piate is coasidarby dccpcr t h  the d ~ a ,  tbc 

bottom portion of the plate is int&xtivc in distribuîing the &car hm. 

5.2.3 Column Size 

The influence if the wlumn size is most important w k n  cmsidmng the steel only state, whicb was 

thoroughly discussed in Chapter 4. In the composite statt, a SDA and LDA connedon type was 

tested for both a C450 abd C6ûû colwnn sizc. Although thcre wcrit difTtrcnces discusscd in Chapter 

4 the colurnn size, specincally W, has a minor role in the ovedl  behaviour of the composite 

corndon. It is diflscuit to dVectly cornpart the data because die test perfonncd cm the d e r  

coiumn, C450, did aot bave the remaint in place, w b c m  the C600 test did. 

5.2.4 Presence of  Sbcrir Studs 

The shear studs wcrt showb to arhance the force tran&r bctwœn thc steel and the concretc, d to 

stiffen the deformation mspoasc of tbc cameaïcm plate. Results prcseated in Figure 4.38 indiate a 

considerable i m p r o w  m tbe tmdér  of load f h m  the steel into tbe cancrcte. At straïu gauges 

locaîed just bareath tbe IoedÉd d c m  (50 mm btiow î k  wcst plate) the straia mcasud in îhc 

columu fiange was 35% lomr with the odditioa of tbc &car studs. Rcmanbering the gencd 

economy of coMection design, altbough baicficiai, tbc use of s k a r  studs has net bœn show to k 

necessary for saîi&cmry cocineaioe perfi,rmah~t. 



dependant upon îhe bearing &ess of the stu& in the coacrete, but the shear stud panem should k 

designed to resist the enart gravity load htroduced at the manecth. 

Considering the four stud pattern of Figure 3.7, the 6cmred shear raistance of the shear studs can be 

d c u ~ u e d  using the CANKSA S16.1 The &car rcsisîancc of the mid (i-c.; Full S M )  
can be takea as the lcsser of: 

The shear rcsïstanct of a ringle 19.05 mm (314") diamdtr shev stud used in the scat comcdon was 

94 kN. The total fàctored resistanct of the group would be 376 W. In the test C45O-Seat2-Anch the 

connection was loaded to 756 kN, without obvious distress in the shear studs. As the comection was 

loaded, there was a shear deformation of the saidslc011cretc and the load was distributed to the 

column flanges. 'Ibis was refiected in the strain data f h m  the column flanges just below the 

connection plate (Note Figure 4.38). 

For simple connections that devtlop higher m~mc~l ts  at tbe k, such as sbcar tabs, there is a 

possibility of the hadcd &car stud pulling out of the amcicic. Fmm Astanch's mule '  on sbcar tab 

tests to a stiff column flangc; tbcre was a mament of about 70 kN m dcnloped at the weld line for a 

five bolt shear tab, at a conncction load of 500 W. Using the stud spacing in Figure 3.7 the force in 

each stud would aqual 157 W. 

The pullout capacity of a hcrdcd sbcar a d  nuy k caiculated as'? 

Where the area of the pullout is based on the effdve pyramid concept and equals: 

(Eqn. 5.7) 

For the 120 mm long, 19 mm diameter sbear studs wd in tbis cxpMmcntal p r q g u ~  mth a 

concrete strengtb of 30 MPa, the pullout strcngth of cach stud is 105 kN (+ = 1.0). This shows that if 

a simple namiag cumcction is t~ h v c  shear mi& p h a d  on thc caastion plat+ or in tbc vicinity 

of the connection plate, tkn the &signer must bc d o u s  of the pullout forces that d d  

potentially dcvtlop in tbc &car studs. 



5.3 Tension Stirrups 

To evaluatc the c&ctivawss in preveating outwvd buckiing of the flaqcs the Jtimips wcrc: 

instnimented with strain &auges p l a d  at tbe midpoint, on specimais C450-W410-SDA-C and 

C450-W410-LDA-C. Gauga wtrt placcd cm bOth tbt eut aad wuest stirnips (COIIllCCtioa lodcd on 

West side) below tbe co~ection. 'The rcsults h m  the test C450-W410-LDA-C are included in 

Figure 5.4. Foilowing the amnectioa test, the conneaion load was reduced (reserve straigth in 

connection) and the columa load increased to 6100 kN. U&r the cornbined loading the stimips 

developed a minor tcnsilc force, and tkrc was no cvidaiœ of outward bucldiag of tbt wlumn 

flanges. 

The stimrps also act as a metbod of forcc transEir bc&wœn the steel and tbc concrdc. It can bt 

considered analogous to a s h r  stud that is wcldad to tbc colurnn h g t .  From tbc test rcsults it is 

difncult to ascertain t& role of the stimap in tbc tmasi%r of forces. Ahhough the &auges reportcd in 

Figure 4.36 to 4.39 are located both above and below tbe stimips, tbcre is g d y  good 

oompatibility khucai tbc saurr<c anci steel at a distanœ D above or k low the corindon p k  

(stirrup locations). It is unclear if diis is duc to the tauion stimip itstlf or tbe fiow of fôrces over 

the depth due to thc boad baweai the steel and the concrcte. 

Although the stirrups will be rcgularly s p a c d ,  t&ir locations will mt k rcférmced to t&e storcy 

elevations. ïhus it is possible that &cm would bt stimips located just above and below the 

comection plate. It is suggested thaî in subsapeat studics it mi@ bc su- to invtshgate these 

possible fâilure modes involving a stinup wrldad djacxat to tbe cmmaxï011. It is possible that tbe 

presence of a stimp in the camedon regian may l d  to <wo possible Mures; whac th rtimip or 

welds f i d  in shear, or s a a d y ,  a b u h g  mlntrA Mure in tbe concrete. 



- C450-W530-SDA-C 
- - - m .  C450-W41 O-LDA-C 
-- C600-W41 O-LDA-C 

400 

Change in Microstrain 

Fig. 5.3: Appüed Connection Load vs. Change in Steel Strain in Column Flange (-50 mm) 
for Various End Plate Dcpths 

O 200 400 600 800 1 O00 1200 1400 

Tensile Strain In Stimips (Microstrain) 
Fig. 5.4: Total Column Lord vs. Tensile Straia in Stirrups OdD Belon Connection Plate 
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5.4 Use of Exterior Columns 

Although there have been ecccntxîc testsW on the columns with an eccentricity of 25 mm, the 

eccentricity was based on I&g jack limits. nius it is important to consider what could be a 

typical range of eccentriciry for an exterior column. Using the design loads and column spacing 

summarised in Chapter 3, a typical eccetltricity can be calculated based on the comection 

eccetltricities determined ia this experimcntal program. Using the sarne 36 storey gravity h e  of 

Appendix A, a 14 m x 8 m colwnn spaciag will be a s d .  The girdcr will be framing into the 

weak axis, on one side of the column, with the bearn loads framing iato the c o ~ o n  on both sida, 

dong the strong axis. A schematic of the proposed layout is c011taina-l in Figure 5 3. 

A series of floor beights will be considCrcd for the column s k s  included in this study. The framing 

lads fiom the beams will k considercd caictntnc, witb tbe d y  cccentric loading king that of the 

girder framing iato the d axis. Rcspccbng the Live Load reducticm fàcmr for tribu- areas in 

excess of 20 m2 as outliacd by the National Buildiag Code of Canada3', the iive load at each floor 

level *il1 be reduced by 50%. 



LIVE LOAD = 3.83 kPa 
DEAD LOAD = 5.75 kPa 

LIVE LOAD REDUCTION 
FACTOR = 0.5 

Figure 5.5 : Exterior Column Layout 

With a fidl dead load h r  of 1.25 almg with a iive load fgctor of 1.5 the fiaming loads are:. 

Girdet L o d  = US(3x14x5.75) + ~5x0.5(3~14x3.83) = 422kN 

Beam Lmd = 12S(l~x7x5.75) + 15x05(13x7x3.83) = 106kN 

(Eqn. 5.9) 

(Eqn. 5.10) 

In this calculation the minimal composite column sizt has been takcn as 300 x 300 mm, and it is 

assurned tbat same column size will be used for up to 3 storcys. The top floofs would bq framed uith 

steel columns, and the axial load will bt concxntric. At each storey a total load of 634 kN uill be 

introduced, with a momciit causai by the girder I d .  The crrcntricity has been taken as Dl2 + 60 

mm to reflect results from this t-. Table 5.3 swnmarises the calculatioa. 



Table 5-2: Su- of Column Eccentricity: Exterior Column 

Column 
Size 

Although the maximum ecccntricity is less tban D/4 it does cxcccd tbc d c i t y  thai bas been 

tested to date. More imporîantly in tbe "worse case scerrario" the ccentricity lies outsi& the Kcm 

point, indicating thaî a tension sbtss in cancrete is idecd possible. Furthcr cxpcrimartal validation 

of the d u m n  under benduig sbould bc monnecl to validate tbc potcntial use of the dumns  in 

perimeter fiames. 



6 Conclusions and Recommendations 

6.1 Review of Scope o f  Work 

This report summpr*cs the University of Toronto's coatxibution to the coilaboraiive research sort 
between Lehigh University, h 1 c  Polytecbniquc, a d  Gmam Stœlworks in îbe 

validation of a n m  composite gravity hmmg systan. The M o n  of tbc am systun ir the 

composite column, which consists of a built-up H secfion mcmkr partially encased in coacrete- 

n i e  scope of the University of Tonnlto's work bas becn tk t#tiag of several types of shp l c  

M g  connections to the weak axis of the proposecl colimin. In the ncw systcm tht beam docs 

h e  into the column web, but termin;rtes a! an end plate welded between the column flange hps. 

The plate is naminally the same depth of tbe bcam, and there are no provisions for direct shear 

anchorage, other than the rcgularly spaccd tension rods connecting the colwnn flange tips. 

This was intended as a pilot study, thus the objective was not to test a fûll range of design 

parameters, and dwelop rehed design equations. Rather the goal was to develop a test program 

that reflected the reality of const~ction, and in-smiœ conditions, and in doiag so, determine if the 

connection system is iadeed viable. The final test matrix agreed to by d l  involved parties, attempted 

to make the expenmental program as realistic and compiac as possible. AI1 specunais were full 

scale, and wert p r o p o r t i d  basai ai a typicai fiamt design, provided by Canam. 

A total of 14 tests werc performcd, in both the composite and non-composite statc. Tbe four barc 

steel tests were includcd to reprtsent the umditicms cxisting during consaucticm. in the noa. 

composite tests the ~~~l~ lec t ion  was loaded to a typical coastniction load, and the column l o d  

increased until buckling mure occuned in tbc column flanges. This would indicate the nwnbcr of 

storeys of steel framing that could be erected prior to casting of the concrete. 

The 10 composite coMcction tests involwi tbc same CXptnmentaJ sct-up but with a slightly 

different loading anangmmt. Tht columns wch subjccted to a aominal axial load of 1.0 Dead 

L o d  + 0.5 Live Lad,  while the COIIlICCtions wtrc Ioad4d to fâiiurt. This Mwninal axial load 

comsponded to agproxMPcly 50Y0 of the ultunstC squash I d  of the column. 'Tbc major objectives 

of the composite camedion t#ts werc îo invcstigatc any Eai)urt that could bt iniaated in a column 

due to a locally intioduced conneçtion load, and to evalwtt tbc force transfcr Inmi tbt s e l  into the 

concrete. . 



Other variables in the final test matrk included tbt d o n s  types, beam s k  and the column 

size. Although all mpjor ~ p a  of simple connedons wcrr arïsidneQ the double angle, shcor ub 

and seat connection wcre included. Tbcre was also two btam depths, a W 4 1 0  beam s k e  

representing the case whcn a fioor beam 6nma into the weak axis, and a heavier W 5 3 0  kam 
representing the giràer fnming imo the column. Aithou@ tbc p- dum.  size was 450 x 450 

mm there were two 600 mm x 600 mm columns included to investigaie the role of the column site 

Oïl C O M ~ C ~ ~ O ~  prformanct. 

6.2 Major Conclusions 

Of the 10 composite d o n  tcsu includtd in this rtudy, six specimens mrc loadd to MUE, 

dehed by either rupture or excessive bolthole defoxmation in tbe cbMeCtion. The remahhg four 

connections had ultimate capacities in mctss of the test fiame capacity. Although these specimem 

could be not be brought to fâilurc, the= was yietding observcd in the test daîa, and limitecl 

permanent deformation visible in the comection and c d o n  d plate. 

In al1 cases where the specimcns wcrt 1- to fàilurc, tbc loads were in ~ X C ~ S S  of the calculated 

ultimate loads ( e l  .O). For the SDA conaections with thcir show bolt spaciag, there was loss of 

proportionaiity in the load deformation rtspoast while di within in the fàctored load range (As 

defined in Table 3.2). The SDA bolt spacing of 60 and 65 mm, for the W410 lad W 5 3 0  btam s k s  

respectively, are shorter than thaî used in gcncrai pracbcc, but stiil mcet Sl6.l minimum spacing of 

3&i1. With the more cammcm bolthole spacing of 80-90 mm in the LDA connections there was no 

gross yielding of the connection within tbt Eaaorcd design load range. 

For al1 composite tests t h e  was a gencral yield linc fidure pattern obstrved in the coancction end 

plate, similar to that txpericnced in simiiar «Mnectioas to HSS mlumns. Yielding of the cancction 

end plate occurred at rclatively lm loads, but appcarcd to have minor &kt on the column in the 

connection region. nie cxtcnt of yieiding was dcQcndant upon the connection stifFness and was 

ultimately limiteci by the d o n  of the beam. The addit id raSatiOCIaI fiexibility f b m  the 

deformation of the outstaadiag legs of the double uigle COMCCtiolls appearcd to reduce the observecl 

separation between the contrat and steel at tbe end platt. The TAB coanection without this 

deformation ability causcd a larger amount of scparation at tbc column face Tbt ability of the 

double angks to deform will be ducai ,  with t h i b  COMÉCticm angles. As with .II daible 
fkaming cbmcctions uscd ia design, tbert sbould be an upper Lunit in aagle thickrcss to allm for 

rotational fiexibility at the bearn column conadon. 



At a distance of 1 .SD belou. the connection endphes tbere was a general state of strain compatibilip 

observed between the steel and the ~ c r e t e .  ne actual change in strain in the column fiom the 

rnrmection I d  was actuaily quite d. At a d o n  lord of 500 IrN, there was a maximum 

change in strain of 420 microstrain in the wlumn flangcs, just bebw the amnecticm. This value uas 

dependant upon the depth of the comeaïog but the di&rencc was less than 200 microstrain 

regardless of the conneaion type. 

From these test d t s  it can k coacluded that for tbe design of tbe connection types included in this . 
study, for the range in I d  given in Table 3.2, no extra provisions are required for the simple 

firaming comectims to the weak column axis, thrargh an crdtrior cnd plate. Standard practice for 

connection design to any flexible column support may tx followed. The designer must take extra 

precautions if the loads are in excess of the range included in this study, or if design loads are 

beyond simple sbear. This is specifically reférring to an applied moment, or horizontal force 

resulting fiom lateral loads, or exterior bracing. 

Atthough the connection Io& had minimal e&=ct on column kbaviour in the composite state, this 

was not tme in the nonlcomposite t e W .  in tbe testing of the steel can&cction the cormedon load 

had a pronound &kt on the axial load carrying capacity of the columa. Tbe c d o n  load 

introduced at a single side of tbt column, matai a stress gradient in the column and initinti.A 

buckling in the column flange, just uader tbe loadcd endplate, at tooal axial loads less tban those 

experienced in the camatric tests. Dcviation in tbe linear rtsponse is first observai in the 450 x 

450 mm specimens at a nominal stress of appraximattly 185 MPa, with a maximum stress of 220 

MPa. For test C 6 W 4  10-SDA-N local buckiiqg was observai at approximatcly 100 MPa. 

6.3 Recommendatioas for Furiher Study 

The experimental program summarised in this report serves as a solid fwndation for fiirther work 

irito the behaviour of the beam oolumn caiaection made to the wak axis of a partidy concrete 

encased WWF section. Duhg the course of the research tbere were senral issues that would 

warrant fiirther cxperimmtal and analytical research. Pot- rcseatch work could include, but not 

be limiteù to the following: 

1) Finite Elment Analysis of tbe mm-positc column- Tcsting bas bacn limitcd to b/t ratios of 23 

and 3 1, with a nimip spaciag of D. ûnce a F.E. rodcl hr kcn dmloped and c a l i b d  spins 

these test a full pumimic soudy ould k ptrformal and Nmbirlly mOdified to &lu& a hill 
crucifonn loading situation. 



2)  At larger stirrup spacing, S, the nonamposite column is susceptible to damage resulting fiam 

lateral impact. Impact of the column flange during construction is a definite possibility, and the 

response of the axially Ioadeû calumn m b j d  to a variable load should be exploreci. 

3) If the proposed colurnns are intcaded for exterior applications compression tests should be 

performed wiîb the range of ccccntricitics proposai in section 5 -4. 

4) Testing should bc performcd to assess the influcnct of time W r s  (Le.; creep, concrete 

shrinkage) on the force transfer machanisrn at the connectioa- 

5) Several simple fiaming connections to the column strong axis (in-line to web) shouId be 

perfonned to examine the force t r d e r  fiom steel into concrete. Because the connedon wiil not 

rotate as observed in the weak axis connetion the direct transfer of forces to the concrete may not 
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APPENDIX A 

Design of Test Program 



-41 Test Set-up 

Before the specimens could be designed it u'as important to first determine the nature of the test set-up and the 

rig capacities. From the onset it was decidcd to test a simple framulg comection. to a single sidc of the 

proposed composite colwnn. through an exterior endplate. There were MO primary loads required; the axial 

Ioad on the column and the load required to bring the connection to failure. The Universiw of Toronto posses 

a 8890 LI Fox column tester, mounted on the strong floor of the Mark Huggin's Lab. The jack is mounted on 

four columns, which are bolted to the strong floor. This is the largest capacity jack at the University of 

Toronto, and was used to apply a nominal load on the test column. 

There were several options considered to load the connection. Recent tests (Astaneh, 1989) have provided two 

actuators: one located at the beam-column connection to apply the load, and a second. displaccment controtled 

actuator at the end of the load beam to controi the barn end rotation. Due to the size of the Fox Jack and its 

support frame, it was impossible to position a jack near the beam column joint. Thus, the second alternative of 

a load beam connected at the columa, and supported a; a distance away from the test connection had to be 

used. A series of loads, or a single load could be applicd along the load bearn. Based on available equipment, 

the load beam could be loaded by either several 675 kN actuators located at adjacent bolt Iines, 1524 and 3048 

mm from the connection face. Alternatively, the 1000 k3i MTS universal testing machine could be positioned 

adjacent to the Fox Jack frame. The centrcline of the MTS would be 1550 mm from the ccntreline of the Fox 

Jack (and the centre of the test colurnn). This meant that only a portion of the MTS 1000 icN capacity was 

available to fail the connection. Tins was an important consideration in the design of both the load beams, and 

detaiIing the connections to be tested. 

A2 Desien Parameters 
The size of the test spccimens would bc in the range uscd by Canam cnginecrs, with an upper iimit providcd by 

the apparatus limitations. To aid in the specimea design Canam providcd an example of a p v i t y  frame they had 

previously designed. A typical floor pattern is shown graphically in Figure Al .  The coiurnns are spaced 7.6-9.2 

m (25-30 fi.) in one direction and 12-15 m (40w50 fi) in the other. Tbe girders nirinulg along rhe shoncr 

drmension have beams fiamuig into them. Bcarn spacing varies from 3w3.75 m. The floor slab consists of a ' 5  

mm deep slab. with a 75 mm metal dcck (total depth = 1 ~Ornm). The bearns are not to be shored dumg 

construction. and the decking will act as lateral bracing for the beam. Eithcr the beams or girdcrs could 

potentiaily frame into the weak column axis (as seen in Figure Al). The design loads arc givcn in Table A 1. 



DL stl-frame 
DL columns 
DL concrete 
DL mech-eIec 
DL ceiling 
DL flooring 
DL walls.int 
DL walls.ext 

Construction 
LL concrete&form 0.6 kPa 
LL apron 0.3 kPa 
LL fuiishuig 0.3 kPa 
LL erection 1 Wa 

Service 
LL occupanon 3.83 kPa 

I ~ D L  = 1.25 aLL = 1.5 
Table A-1 

a 1 
l i i  1 1 BEAM FRAMING INTO 

i l  WEAK M S  OF COLUMN 
E S 1  I 

GlRDER FRAMING INTO 
WEAK A X E  OF COLUMN 

I CIRDER 

Figure Al  : T-ical Floor Layout 

I t  is conceivable that up to 10 stories of steel smicnue could be erected pnor to the concrete king cast. Thus 

the experimental examination of the connection behav~our m u t  also include the stability of the column in the 

bare steel state. under the expected range of construction loads. 

For the design of the test specimens the following matcrial propenies werc assumai: 

Steel Profiles: Grade 300W, F, = 300 MPa, Fu = 450 MPa 

Concrete: Columns: 25 MPa 

Slabs: 25 MPa 



A3 Connection Reactions 

To design the test connections it was important to f i t  detemiine a realistic r aqe  of the factored comection 

loads. There are NO classifications, when the beams M e  into the weak a'ùs and when the güden frame fit0 

the weak ais. A summary of the factored design loads is given for each case in Tables -42 and A3. One ( 1 ) M-a). 

slab action is assumed throughout. 

Sample Calculation 

a,-,, =  DL [ DL Steel Frame + DL Concrete] - au [LL Concrete Formwork + LL Apron + LL 
Finish + LL Ercct] 

= 1.25[0.38 kPa - 2.77 kPa] + 1.510.6 P a  + 0.3 kPa + 0.3 kPa + 1 ma] 
= 7.26 kPa 

o ~1 w = ~ D L  [ DL Steel Frame - DL Concrete DL Mech + DL Ceil -r DL Flooring + DL interior] + 

au [LL Occupation] 
= 1.25(0.3 kPa + 2.77 kPa + 0.24 kPa + 0.24 kPa t- 0.15 kPa - 1 kPa] + 1.5 [ 3.83 kPa] 
= 11.62 Wa 

Floor Twe  1: &am Framinn into Weak Aus 

Construction Load = o x b x D x l / Z  
= 7.26 kPa x2.67 mx 13 mxO.5 
= 125.6 kN 

Full Load 

Fioor Tvpe II: Girder Framinn into Weak Axis 

For a beam spacing of 2.67 rn thcre would be two intcrior beams that h c  into each sidc of the girder. The 

connection would have to rcsist 1/2 of this load* 

Construction Load = [w x b x D x 1/23 x 4 x 1/2 
= 17-26 kPa x 2.67 m x 13 m x 0.51 x 4 x 1/2 
= 252 kll' 

Full Load 

Clause 2 1.4 of CANICSA S 16.1 -94* states that connections should develop the force due to the factored loa& 

but should also be designcd h r  not less than 50 % of the resistancc of the member. Thus, to properly detail the 

test connections it is important to check if the factored connection load or the 50 % V,,, would govem the 

acmal design proccss. 

**Nomenclature docs oot aucssrrily comrpoad to main body of report 



Table A2: Connection Loads and Tentative Beam Sùes for Floor Type 1 (Beams into N'eak b i s )  

Steel 
ws) - 
162.8 
108.6 
173.7 
1 15.9 
184.6 
122.9 
195.4 
130.3 
2063 
139.0 
104.2 

176.4 
1 17.6 
1 88.2 
125.6 
199.9 
133-1 
21 1.7 
141.1 
223.5 
150.5 
1 12.9 

190.0 
126.7 
202.7 
135.3 
2 15.3 
143.4 
228.0 
152.0 
240.6 
162.1 
121.6 

203.6 
135.7 
217.1 
144.9 
230.7 
153.6 
244.3 
162.8 
257.8 
173.7 
130.3 - 

on Load 
Cornposit 

(klT) - 
263.7 
175.8 
281.3 
187.8 
298.9 
199.0 
3 16.4 
21 1.0 
334.0 
225.0 
168.8 

285.7 
190.5 
304.7 
203 -4 
323.8 
215.6 
342.8 
228.5 
361.9 
243.8 
182.8 

307.7 
205.1 
3282 
2 1 9.0 
348.7 
232.2 
3692 
246.1 
389.7 
262.5 
196.9 

329.6 
219.8 
351.6 
234.7 
373.6 
248.8 
395.6 
263.7 
4 17.5 
28 1-3 
21 1.0 - 

~Max 
Steel 

(kI.m) - 
488.5 
325.7 
521.1 
347.8 
553.7 
368.7 
586.2 
390.8 
618.8 
416.9 
3 12.7 

573.3 
382.2 
61 1.6 
408.2 
649.8 
432.7 
688 .O 
458.7 
726.2 
459.3 
366.9 

664.9 
443.3 
709.3 
473 -4 
753.6 
501.8 
797.9 
532.0 
842.3 
567.4 
425.6 

763 -3 
508.9 
8 14.2 
543.5 
865.1 
576.1 
9 16.0 
6 10.7 
966.9 
65 1 -4 
488.5 - 

[ornent 
Composite Tentative I 



Table A3: Connection Loads and Tentative Beam Sues for Floor Type 11 (Girder into W-eali. -1s) 

Steel 
(ki\3 - 
162.8 
217.1 
176.4 
235.2 
190.0 
253.3 
203 -6 
27 1.4 

173.7 
23 1.6 
188.2 
250.9 
202.7 
270.2 
2 17.1 
289.5 

184.6 
246.1 
199.9 
266.6 
2 15.3 
287.1 
230.7 
307.6 

195.4 
260.6 
293.1 
21 1.7 
282.3 
3 17.5 
228.0 
304.0 
342 .O 
244.3 
325.7 
366.4 

206.3 
275.0 
309.4 
223.5 
297.9 
335.2 
240.6 
320.9 
361 .O 
257.8 
343.8 
386.8 - 

Load Per Joist 
Steel 
02s) - 
325.7 
217.1 

352.8 
2352 
380.0 
253 -3 
407.1 
27 1.4 

347.4 
23 1.6 
376.4 
250.9 
405.3 
270.2 
434.3 
289.5 

369.1 
246.1 
399.9 
266.6 
430.6 
287.1 
46 1 -4 
307.6 

390.8 
260.6 
195.4 
423 -4 
282.3 
21 1.7 
456.0 
304.0 
228.0 
488.5 
325.7 
244.3 

412.5 
275.0 
206.3 
446.9 
297.9 
223 -5 
48 1.3 
320.9 
240.6 
5 15.7 
343.8 
257.8 - 

- 
LM321 

Steel 
(k!9 - 
6 10.7 
5323 

66 1 -6 
588.0 
712.4 
633.3 
763 -3 
678.5 

694.8 
617.6 
752.7 
669.1 
810.6 
720.5 
868.5 
772.0 

784.4 
697.2 
849.7 
755.3 
915.1 
8 13.4 
980.5 
87 1.5 

879.4 
78 1.7 
1099.2 
952.6 
846.8 
1 190.8 
1 025 -9 
91 1.9 
1282.4 
1099.2 
977.1 
1374.0 

979.8 
870.9 
1224.7 
1061.4 
943.5 
1326.8 
1143.1 
1016.1 
1428.8 
L 224.7 
1088.6 
1530.9 - 

lomen t 
Compositl 

(Ci3.3 - 
988 -9 
879.0 
1071.3 
952.3 
1153.7 
1025.5 
1236.1 
1098.8 

1125.1 
1000.1 
1218.9 
1 O83 -4 
1312.6 
1 166.8 
1406.4 
1250.1 

1270.2 
1 129.0 
1376.0 
1223.1 
1481.8 
1317.2 
1587.7 
141 1.3 

1424.0 
1265.8 
1780.0 
1 542.6 
1371.2 
1928.3 
1661.3 
1476.7 
2076.6 
1780.0 
1582.2 
2225.0 

7 Tentative Beai 

u'530xs2 
w460xs2 

W610X91 
tV530X82 
W6 10x9 1 
W610X91 
W610X101 
W6 10x9 1 

W6 10x9 1 
W530X82 
W610X91 
W6lOX9 1 
W610X101 
W610X91 
W610X101 
W610X91 

W610X91 
W610X91 
W610XlOI 
W610X91 
W610X113 
*610X101 
N610X125 
W610X101 

N610X101 
A76 10x9 1 
K610X140 
K610X113 
U610X101 
U610X155 
K610X125 
V610X113 
V610X173 
Y610X140 
V610X125 
V610XI74 



For the design loads given in Tables A2 and -43 a spreadsheet \\.as created to detennine optimal beam sizes. 

For each D. B and b the m ~ i m u m  bending moment under construction and full loads was calculated. The 

moment and shear capacities for each of the commonly available wide flange sections were also Iisted and 

soned based on their unit weight. A rnacro selected the lightest steel beam that met al1 strength critena. nie 

resuhs of this process are also provided in Tables A2 and A3, for Floor Types 1 and II respectively- As 

expected. the beam selection was primanly based on bending moment and not the shear strength. Therefore 

the connection design was often based on the 50 % V, resmction. rather than the applied loads. 

For each of the beam sizes the minimum double angle comection required to resist the 50 % V, requirements was 

designed. The double angle hmïng connection is the most comrnonly used type in p x < t y  frame construction 

and it served as the basehe for the prcliminary design of the test matriu. Table A4 gives the minimum 

connecnon for each barn, u-ith the ultimatc loads for each potmtial fdure mechanism- AL1 calculations assume 

no eccenmcity. with Fy = 350 MPa, and Fu = 450  LW^. 

Based on an upper limit of 800 kN (80% of MTS capacity) it would be impossible to fail connections meeting 

1'6 10 load requirements with the proposed experimental set-up. Thus. it was decided to test a W4 10 barn 

representing the beam fiaming into the a.is and a larger W530 beam size representing the girder framrng into the 

weak axis. The connection reactions arc: 

Fioor Tbme 1: 

Construction Loads: 130 - 180 kN 
Composite Loads: 2 1 1-293 kW 
50% V, Requirement (Probable beam sizc H 

Construction Loads: 26 1-360 kN 
Composite Loads: 422-586 kN 
50% V, Requircmcnt (Probable kam sitc W530): 470 - 574 kh' 

I t  is important to remember that the dcpth of the connection plate, beween the column flange tips, would be of 

the same nominai depth as each of the above beam sizes. 



A4 T~pical Bearn End Rotation 

The load beam must not ody ûansfer the shear load to the connection. but must ais0 apply a redistic rotation 

at the face. Although the nue shear-rotation response, into the non-linear region, is beyond the scope of this 

research. a simple elastic rotation mode1 was developed. The elastic rotation was calculated at factored load 

levels, considering the incrcased stiffness of the composite bearn. These rotations were based on typical 

coiumn and beam spacing, and the tentative beam selections contained in Tables A2 and A3. It %.as assumed 

that the entire consuuction dead load and only 20% of the Iive load would account for long-tem rotations 

before the concretc becorning effective in Ioad resistancc. The rotations caused by additional post concrete 

sening dead Ioad (i-e., flooring, mechanical etc) and the occupational live load were calculated using the 

stiffness of the composite section. To account for rcductions in beam stiffntss due to long-tcrm effects of 

creep and shrinkage the 1, valut was decreased by 20%. T h i s  was rcduced for the long-terrn live load and post 

consu-uction dead load only. A summary of the rotatioas at factored load levels arc contained in Table A5. 
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A5 Beam Selection 

Although there has been discussion of realistic bearn selection to determine a range of 5050 l', requirments. the 

acml  load beam does not necessuily ha\-e to match these sues. The load beam must be stiff enough to resist the 

bending moments resulting fiom the long beam length. but m u t  still provide realistic beam end rotation. It W O U I ~  

a h  be advantageous to have a realistic web thickness as not to predude failure resulting fiom bolthole bearing. 

Another important critcria is tbat the load beams must be of adequate length to ensure a high pomon of the Mis 
load is available at the C O M ~ C ~ ~ O ~ ,  but still be within manageable handling lengths in the laboratory. Ilhe 

following is a summary of the load beam critcria: 

Floor TIW 1: Beams Framinn - into Weak Aris 

Non-Composite Factored Comection Load: 130 *, 180 WT 
Son-Composite Rotation at Factored Load: 0.026 +B 0.03 1 Rad 

Composite Factorcd C o ~ e c t i o n  Load: 211 - 293 kh' 
Rotation at Composite Factorcd Load: 0.027 *, 0.033 Rad 
Net Rotation After Concrcte Setting: 0.014 0.018 Rad 

50% V, Requirements (Bascd on W10 Bearn Size): 300 +, 352 kN 
Length of Load Bearn Required for Force at Column Face: 5 m 

Floor T~me il: Cirders Framinn into Wreak Aris 

Son-Composite Factorcd Connecrion Load: 261 +D 362 kN 
Non-Composite Rotation at Factorcd Load: 0.0 1 5 * 0.0 1 8 Rad 

Composite Factored Conncction Load: 422 586 kN 
Rotation at Composite Factored Load: 0.0 1 8 +D 0.02 1 Rad 
Net Rotation Afier Concrcte Setting: 0.008 +D 0.0 1 1 Rad 

50% V, Requircments (Based on W530 Beam Size): 470 * 574 LN 
Length of Load Beam Requucd for Force at Column Face: 72  m 

Although the MTS applies a single point load, with a maximum value of 1Oûû kN, a spreader beam was uscd 

to dismbute the load and reduce the maximum bending moment in the load barn (As shown in Figure A2). 

By positioning the rolier locations, the bending moment in the beam and the rotation at the conneccion face can 

be controlled. AIthough the spreader beam Is 3.9 m long the maximum possible distaacc between the 

cenuelines of the rollers was 3.5 m. This aIlowed for movemcnt of the spreader beam, relative to the load 

beam during the testing. 

Table A6 contains a surnmary of the rotation rrsponu for the commonly available beam sizcs for each fiaming 

classification. ï h e  size of beam rcquircd to rcsist the beading moment will have bearn end rotations on the order 

of 0.01 to 0.13 radians. The actual bcam end rotations that could k expected at factord load levels arc 

approximately haif that calculatcd in Table A5. With the minimum btam lcngtbs rcquircd for load -fer, it is 

impossible to have a srnailcf load beam, and incrra~ed rotation at the face. 



At rhe time of desi-ping the test program this was cause of concern. But it considered acceptable for several 

reasons. First. this is a pilot study on this connection type only and it \vas not intended as a complete test on shear 

connecton. Secondly, the main connection type was the double angle fiamine co~ect ion.  These are genenlly 

shoner in length. and provide lower rotational resnaint than other shear connectors (especiall~ those in single 

shear). Finally, the magnitude of the rotations that uill be developed match those calculated in Table A5 for post 

concrete loading. 

The foliowing load beams wcre selectcd: 

Fioor Type 1: Beams Frarning into the Weak Axis 
W310x67, L= 5.1 m 

Fioor Type II: Girders Framing into Weak Axis 
W530X92; L= 7.2 m 

From table A6 it appears that W410x67 and W530 x 82 would provide a higher rotation, while still m e e ~ g  

bending moment demands. Since each of these beams could potentially be used for up to eight tests. it was 

decided to use a slightly heavier section as an extra prccaution to avoid excessive distortion (Le.; shear, 

bending moment. lateral tonionaf effects). A slightly longer length was also provided to make allowances for 

removing the local defonnation at the ends. 

Figure Al: Schematic of Proposcd Set-up 



Table A6: Calcuhted Rotations for Possible Load Beams and Test Geomet-: Rotations Cakulated at 
Factored Loads. 

Floor 
X e  1: 

Beam ' S I L al ar V- L M T S ~ ~  V ,  -MTS, Rotation 
xlo3 x106 mm4 (mm) (mm) (mm) (ml (LI.) (LN) (AS'.!) (rad) 

Floor 

A6 Final Connection Details 

Following discussions with Canam it was decided to test two primary connection types; namely, double angle 

framing connections and single shtar plates (shear tabs). To investigate the infiuence of comection length on 

overall connection khaviour. botb a short and long double angle connection was inciuded for each bcam dtpth 

(varied bolt spacing). An additional two scat connections were added to the test matrix during the course of 

the testing program. As discussed rn the main body of this report, one seat connection was tested with four %" 

shear studs welded on the back of the connection end plate, 

For a11 connections an edge distance of 35 mm was maintaincd. The fint bolthoie was located 80 mm from the 

top of the beam. Ali connection angles, for the double angle connections consisted of 75 x 75 x 6.25 mm sizes. 

The capacities of these connections arc given in the main body of this report, The predicted failure loads given 

in Tables 3.4 and 3.5 in the main report arc based on the tested rnaterial properties. The effects of Ioad 

eccentricity were negiected in the calculations. 

Bearn 

Nr530x72 
x82 
x92 

xlOl 
W610x84 

1 
x106 mm* 

402 
479 
552 
617 
613 

- 

S 
XIO' 

mln3 
1530 
1810 
2070 
2300 
2060 

x9ll 2230 1 667 1 72W 1 0.99 1 2.91 1 550 675 1 813 1 IWO / 0.0110 

L 
mm 

7200 
7200 
7200 
7200 
7200 

al 
(mm) 

0.55 
0.78 
0.89 
0.99 
0.885 

V,, 
(W 

813 
8 13 
813 
813 
8 13 

- 

MTS- 
OtN 

675 
675 
675 
675 
675 

a- 
(mm) 

4.35 
3.82 
3.35 
2.9 1 
3.37 

-- 

V 
(kW 

550 
550 
550 
550 
550 

MTS, 
(W 

lûûû 
lûûû 
1ûûû 
Io00 
1OOO 

Rotation 

(rad) 

0.0129 
0.0132 
0.0125 
0.01 19 
0.0112 



b l e  Polytechnique bzr t c s d  rpcsimcn< with nominal dinuarions of 300 mm, 450 mm and 600 mm To 

evaluatc the influence of the connection I d  on tbc ovaoll khPviour of tbc wlumn, the colilmns sizes for tbc 

University of Toronto testhg waild c~nicspoaded to tbcsc *; tbc apacitics ofwhich arc IiSttd in Table AS. 

To allow for tbe ability to incre~st the rpplied calumn l o d  during tbt composite tests, abuvc the 1.0 D.L. + 
0.5 L.L. Icvtl, it was ckcided to conduct the i i r i . t y  of the tests on the 450 mm coiumn si=. Two 600 mm x 

600 mm specimtnswere~providedto invcstigaîc the influenccof~~lumn sizc. 



Table AI: Sominai and Factored L o d s  for Various Sumbers of Supported noors (8 x 14 m Column 

Spacing). 

Table A8: Colurnn Properties and Lords - Nominal Sizes  Correspond to Pretious workl 

Factorcd Load 
1.25 D L -  - 1.5 L.L- 

(LI7 
7443 
8333 
9222 
101 10 

Surnber of Sominal Load 
L-L 

AI1 steel plates are 9.53 mm thck 

8 
9 
1 O 
1 1  

b!t flange wlt 
(mm ri mm) 

I 3 0 0 x 3 0 0 (  23 46 
450 x 450 22.5 43 
600 x 600 5 8 

4982 
5589 
6196 
6802 

Psd (67%) 
(W 

1890 kh' 
4423 kN 
6679 kN 

2821 kN 
6602 k!! 
9970 kN 

3732 k.X 
8676 kh' 
13502 kh' 



Additional Design Calculations 
For Test Set-up 



B1 Lateral Beam Bracing 

The load bearns are not supponed along their length. thus may be subjected to latenl torsional buckling. TO 

prevenr this from happening, and ensuring multiple use of the load beams. lateral bracing u-il1 be designed 

based on Wnters Design Critena (Gaiarnbos, 1997). The two (2) load beams used in tbis tesring are: 

Both are class 1 in bcnding 

For a simply supponed beam subjected to a constant moment the moment at which lateral buckling 4 1  occur 

is given as (S 16.1): 

Where: L Unbraced Length 

IY Moment of Laema Along Weak Axis 

J Torsional Constant 

Cu. Warping Constant 

The value of Mr can be taken as +Mu when it is less than t$M,. Also to account for the presence of high 

residual strains in the flange tips M, is modificd whcn Mu > 0.67 M,. 

For the purpose of evaluating whether laterat bracing is required, the 4 factor will be taken as 1, and M, will bc 

replaced by My. The relevant beam propenies are: 

IV410 x 67: S, = 1200 x 10) mm3 J = 469 x ~ O E ~  mm' 
I y =  13.8 x 106mm4 Ç, = 540 x 109 mm6 
G = 77 x 10) MPa E = 200 x 1 0 ~  MPa 

W530 x 92: S, = 2070 x lo3 mm3 J = 762 x 1 0 ~ ~  mm' 
I,= 23.8 x 106 mm' C, = 1590 x lo9 mm" 
G = 77 x 1 o3 MPa E = 200 x 10'  LW^ 

Based on the following information the two graphs of Mr Vs Unbraccd length can be produccd 



- 
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Figure BI: 1Moment Capacity Vs. Unbraced Lengtb: W410 x 67 

O 1OOO 2000 3000 4000 SOOO 6ooo 7000 

Unbmœd Longm (mm) 

Figure B2: Moment Capacity Vs Unbraced Length: W530 x 92 

The number of bace points cm nout be determined by fust determine the critical bending moment diagram for 

each of the Ioad beams. Assuming a load beam length of 5.2 m, and the MTS centreline is located 1.35 rn from 

the column face the foliowing bending moment diagram can k produced for the maximum loading condition. 



Bending Moment W410x67 

5 4 3 2 O 7 6 5 4 3 2 1 O 

-tu8 hom COI- ho (m) U I . w  F~om Cdumii F 8 0  (m) 

Figure 83: Bending Moments Under Maximum Loading 

Prior to the analysis it was. decided to provide lateral bracing at the connection end. This bracing will be 

located 200 mm from the column face. Bracing could also bc conveniently placed some 2 m from the column 

face. at the next set of floor bolts. The large floor bolts will be in place for the MTS tie d o m  mechmism and 

the beam bracing can be conveniently anchored. 

For the W4 10 Ioad beam, with a 5 m length, the unbraced lengths will then equai 2 and 3 rneten. From Figure 

B 1 it can be seen than for the 2 m the strength is governed by the section capacity My, and a 3 m the suength is 

slightly reduced to 390 kXm. Therefore braces located at these two points are adequate. 

For the W530 load beam with the samc brace points the unbraced Iengths are 2 and 5 m rcspectively. For 5 

meters the bending rcsistance is approximately 550 kN.m ($=1.0), which corresponds to approximatcly the 

same bending moment under the appiied test Soads. This was considercd adeqwte since the bending moment 

is not constant throughout the length. 

The two afore mentioned brace points are al1 that is requircd. Tbe bracing system must now be designed based 

on both strenpth and stifiness criteria (Galambs, 1997) 

WJ10 

stiff > ( 1 O*39OE6* 1 .0)/(3000L4 10) = 3200 N/mm 

Force = (0.0 1 *39OE6* 1 .O)M I O  = 9.5 1 kN 

The lateral beam braces must be designed for a specified stiffaess of  3200 N/mm and a force of 10.5 W. The 

braces must also k designcd to accommodate longitudinal movement of the beam, and well as the vertical 

displacement. A cornmon method of accomplishing this is with the swivel mechanism shown in Figure 3.1 1 in 

the main report. The rods and rod ends werc fiom University of Toronto stock and the r& arc 600 mm long 

and 3 1 mm in diameter. 



Saength Check based on one rod in tension only 

Thus the "in stock" bracing material is more than adequate. 

B2 Desien of Column Bracing 

Due to the eccentricity of the connection load there will be a moment applied to the column at the beam 

connection. To resist this moment horizontal braces are required at the column ends as shown in Figure 1.3. 

To design these braccs a connection ccccntricity of 250 mm was first assumed for a maximum load of 820 kX. 

The moment applied on the colwnn then equals: 

Consematively taking the shontst column lcngth of 2.258 rn the horizontal force that must be resisted equals 

389.5w-m/2,258m = 172.5kV. Ir was decided that the bncing systern would consist of tension rodr that 

connected the top plate of the spherical heads to the Fox Jack ftame- Sincc the load is monotonic the rods will 

always be in tension. Universal rod ends would be pinned at the spherical hcad, but dircctly bolted to the test 

frame. Thus the spherical head was fiee to rotate. The tension rods were not directly conncctcd to the test 

specimen, rather the horizontal forcc was assurned to bc transferrcd by both friction, and by a stop that was 

connected to the spherical head (As shown in Figure 3.13). Although therc was no spherical hcad on the top 

of the column the systcm would be the similar for the composite specimcns, whcre only srna11 displacements 

would have to be accommodatcd. For the non-composite spccimens the tension braces at the top were 

removed. A roller, anchorcd to the test fiame, was used to prohibit latcral motion of the specirnen. 

The rod ends were purchascd for this cxperiment and the rods machined. For conformity to other apparatus the 

same diameter rods as in the lateral bcam bracing. 

Existïng Rod Diameter 1-25'' = 3 1.7 mm 

Snength of Rod Material = 300 MPa 

Rod End Capacity = 1 16 kN 

Since two rods will be used at both the top and bonom the totai apacity of the system is: 



L 2 

~ h e  iapaciv is governed by the iod ends. but still exceeds the design load of 172.5 ES. 

B3 Longitudinal Beam Bracing 

Following the fust two tests it was decided to use a longinidinal beam resiraint for the remainder of the 

composite specimens. nie  restraint system was self-equating with the beam tied directly to the column 

specimen, A schematic of the set-up is shown in Figure B4. 

Figure B4: Schematic of Propored Longitudinal Bracing 

The capacity of the above system can now be calculateci, with the moment arm can be taken as the distance 

from the tension rod to the centre of the connection elcment. For the purpose 

225 mm. 

of design tbis will be taken as 

For the analysis of the test data it was impomnt to know the load in restraining system. Two smin gauges 

were insnlled on the tension rods, mounted on a machined coupler. 



APPEhiIX C 

Graphical Material Property Results 



Cl Summarv of Results 

The matenal propenies for both the concrete and steel have been reported in tabular form in the main body of 

thrs report. In this zppendiv the stress-straïn plots will be presenred for al1 steel coupons. and al1 concrete 

cylinders tested in the 5000 k?V MTS Sciff Frame tesring machine. The nomenclature matches that used in 

Table 4.1 in the main body of this repon. 

For a11 steel coupons the entire stress-strain c w e  is given until rupture, but thcre is an insct with the stress 

strarn curve for suains up to 0.03 providcd at a more convenient scale. Al1 values given in the tables have been 

measured graphically fiom these source curves. 

In the fusr concrete batch there were two cylinders tested at 141 days in the stiff h m e .  This corresponded to 

the time of the full-scale specimen tests. Theù mess suain cunres are given in Figures Cl5 and C16. For the 

second concrete batch there were two cylinden tested at both 40 and 90 days. The stress saain curves have 

been shom-n in Figures Cl 7 and Cl  8 respectively, with both cyhders  superimposed on the same plot. 
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Fig. C 1 : Load Deformation Response of Coupon P 1 - Column Plate Matenal 
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Fig. C2: Load Deformation Response of Coupon P2 - Column Plate Materiai 



Strain 

Fig. C3: Load Defonnation Response of Coupon P3 - Column Plate Material 
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Fig. C4: Load Defonnation Response of Coupon P4 - Colimui Plate Materid 
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Fig. C5: Load Defomation Response Coupon P5 - Column Plate Material 
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Fig. C6: Load Defomation Response Coupon P6 - Coluhn Plate Material 
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Fig. C7: Load Deformation Response of Coupon CA1 - Connection Angle 

Fig. C8: Load Deformation Response of Coupon CA2 - Connection Angle 
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Fig. Cg: Load Defonnation Responst of Coupon CA3 - Connection Angle 

Fig. C 10: Load Deformation Response of Coupon CA4 - Connection Angle 



Fig. C 1 1 : Load Defornation Response of Coupon W4 10- 1 : Web of Load Beam 

Fig. C12: Load Deformation Respow of Coupon W410-2: Web of Load Beam 
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Fig. C13: Load Deformation Response of Coupon W530-1: Web of Load Beam 

Fig. C14: Load Deformation Response of Coupon W530-2: Web of Load Beam 
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Fig. C 15: Load-Deformation Response for Concete Cylinder Batch 1- NO. 1 

S trai n 
Fig. C16: Load Defonnation Response for Concrete Cylinder Batch 1 - No. 2 



Figure C17: Load Deformation Response for Concrete Batch 2 - 40 d 

Figure C l  8: Load Defornation Response for Concrete Batch 2 - 90 d 
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APPENDIX D 

Individual Test Results 



D l  Surnmarv of Apoendis D 

The data presented in the following pages does not provide a complete summac of the tests results: 

rather it includes data that has not been presented in the main body of this paper. For each specimen 

there is a single sumrnary sheet surnrnary prohided; including such detaiIs as the test geomev and 

the vanous recorded observations. This is followed by a photo of the test specimen in the fiame 

pnor to loading, and schematic of the instrumentation wed for that particular test. 

For each test there are several data plots, which compliment the data presented in the main body of 

the report. For the composite tests this has k e n  Iimited primarily to stnin gauge data. For the non- 

composite specimens the load deformation response of the connecrion has been induded, with strain 

gauge and LVDT data. The plots give test data only, so the reader must consult the instnimentation 

figure to interpret the results. 

There are also several photos showing each of the specimens following the tests. It was attempted to 

make these photos as consistent as possible. Several of the photos appear in the main body of the 

report, but have been included for completeness. 



Test No. 1 : ~450-m74 1 O-SDA-NOX 
FEB. 1,1999 

Descri~tion: 450 x 450 x 2234 mm Column Shon Double Angle Connection 
W4 10 x 67 Load Beam 3 - 3M" A325 BoIts (70% lïeld).  
Non - Composite State Total Cleat Length = 190 mm 

Testine Procedure: 1) Loaded the column to 700 khr' (typical 1 story construction Ioad) 
2) Procceded to load the connection to 300 bT 
3) While maintaining the comection load. the axial Ioad was increased 
until buckling failure occurred in the column. 

Dataset Load Stage 

134 Applied Axial Load = 1000 kK 
Connection Load = 300 hi 

164 Applied Axial Load = 1505 Iih' 
Comection Load = 300 khT 

172- 173 Applied Axial Load = l7OO ldrJ 
Comection Load = 300 kN 

215 Applied Axial Load = 2526 kN 
Comection Load = 300 kN 
Total Column Load = 2826 kN 

There was some distortion of the South East 
column flange, above the comection. 

Buckiing in the top SE flange continues to 
becorne more pronounced. No visible 
buckling nottd elsewhere. 

Buckling noticed in both the S'Ur and NU' 
flanges below the comection plate. Stress - 
110 MPa 

Load on colurnn drops. test tenninated. 

Comments: 

Neither the top nor bonom of the column had Hydrostonc grout capping, resulting in initial seating problems. 
The Hydrostone was not used since it appcared as if thcre was good contact between the column head and the 
top of the column. Buckiing above the conncction plate at relatively low axial loads (ie; 1200 kN) was !ikely 
due to the lack of grout. 

The f i s t  test was anempted three times. the fust two being tenninated early due to lateral displacement of ihr  
column. It was thought that fiction alonc would be adcquate to sustain the horizontal forces at the column 
ends. but due to hydraulic oiI bctwten the specimen and the loaduig plates this fictional forces could not be 
rnobilüed. Thus, the horizontal bracing intcnded for use in the composite testing was installed. To 
accommodate the largcr column shortcaiog, a rouer was used to brace the column at the top. The second 
anempt at Test 1 w s  temlliuted due to discrcpancy betwecn the u i a l  Ioad ceIl and the Iine pressure readinps 
(due to incorrect range sclcction in the Data Acquisition). 



C4SO-W4 10-SDA-N: Photographie View of Test Set-up 
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C450-W-110-SDA-N: Instrumentation Layout of Test Specimea 
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C450.W41û-SDA-N: AppEcd Coanection Load vs. Displacement of Bcrim Flrnge From 
Column Face 

O 50 1 SO 200 250 300 350 
Connection Load (kN) 

C4SbWQlû-SDA-N: Developed Moment at Column Facc vt. Connection Lord 



Steel Strain (Microstrain) 

C450-W410-SDA-N: Total Applied Lord vs. Strain 225 mm Below Connection (El. 685) 

S train 

Steel Strain (Microstrain) 

C49LWQlO-SDA-N: Total Applied Lord vs. Strain 225 mm Beiou Connection 
West Side of Column, Intefior and Exterior of Flans Tîps 



i2 C4Sû-W410-SDA-N: RiII Vim of Fdkd Specimcn 
w 

C4501W41û-SDA-N: Vim of Bottom Wcaî Quadrant 



Test No. 2: C~S~-~V~~O-SDA-COMP 
FEB. 9,1999 

Descripion: 450 x 350 x 2231 mm Coiumn Shon Double .Angle Connecrion 
W 4  10 x 67 Load Bearn ' 3 - 3/4" .A335 Bolts (70% Yield). 
Composite State Total Cleat Length = 190 mm 

Testing Procedure: 1 )  Load the column to a nominal load of 4500 kl. This approximately represents 
1 .O DL + 0.5 LL. 
2) Proceed to load the connection unto failure 

Geometrv: A, = 595 mm dsm = 1330 
A' = 3834 L = 5320 

Dataset 

119 

155 

179 

195 

250 

301 

Applied Axial Load = 4500 kh' 

Applied AxiaI Load = 4500 kiY 
Connection Load = 252 Id! 

Applied Axial Load = 4500 khi 
Connection Load = 330 kh' 

Applied Axial Load = 4500 la 
Connection Load = 394 kN 

Applied Axial Load = 4500 kh' 
Connection Load = 452 kN 

Applied Axial Load = 4500 kN 
Connection Load = 478 kN 
Total Applied Load = 4978 W 

Column exhibits Iinear response. No 
distomon evident in the concrete or steel. 

Bolts Slipped 
Separation of the connection plate and 
concrete obvious 

5 mm of separation observed betwecn the 
connection plate and the concretc. 

Yielding observed in the cleats, both sides 

Reset Vemcal Beam LVDT 

Test Tcrminated - BearingfTcaring Fadure 
of the C O M ~ C ~ ~ O I I  

No distortion of the test column, aside fiom 
the conacction plate was obscrved. 

Comrnents: 

Hydrostone was placed between the top end plate and the loading plate. Unlike other composite columns 
tested. the fust prototype column specimen (Tests: C60eW4 10-SDA-C and C600-W4 10-LDA-C) had the 
column cap plate welded back onto the specimen. This plate was removcd for the concrete casting. The hcat 
generated by the welding caused a separation between the concrete and steel near the top of the column. This 
seemed to have no effect on the results. 

There was considerable movement of the Ioad beam. The far end roller moved about 1f8 of a revolution, about 
20 mm longitudinalIy. 



C450-W410-SDA-C: Photographic View of Test Set-up 
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C.150-W4 10-SDA-C: Instrumentation Layout of Test Specimen 



Load Applied 

Microstrain 

C4SW410-SDA-C: Total Applied Load vs. Strain 50 mm Bdow Connection (El. 865) 
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Microstrain 

C450W410-SDA-C: Total Applicd Load vs. StriUi 61)s mm Below Conncctioa (U. 



C4SO-W410-SDA-C: Oblique View of Connection Area- 
Note Separation Between Connection Plate and Concrete 

C350-W410-SDA-C: Beam Web Showin 
Bolt Hole Distortion 

C450-W410-SDA-C: Con 
Profile - Note Tear at We 

nection Side 
!Id and Bolt Hole 



Test No. 3: c ~ ~ ~ - \ v ~ ~ ~ - L D - ~ - c o M P  
FEB. 9,1999 

Descri~tion: 450 x 450 x 2234 mm Column Long Double M g l e  Connection 
W4 10 x 67 Load Beam 3 - 3/3" A325 Bolts (70% Yield). 
Composite State Total Cleat Length = 250 mm 

Testinn Procedure: 1 ) Load the column to a nominal load of 4500 k!. This approximately 
represents 1.0 DL - 0.5 LL. 

2) Proceed to load the connection unto failure. 

3) This was the second and iast test with this column specirnen. Since the 
connection had not rupnired (it was essentially failed due to excessive 
deformation) the connection load was reduced and the axial column load increased 
to jack limits. 

Dataset 
89 

128 

140 

160 

186 

24 1 

256 

3 19 

3 34-392 

438 

Load Stane 
Applied Axial Load = 3500 iï.N 

Applied Axial Load = 4500 kN 
Connection Load = 300 kN 
Applied Axial Load = 4500 kN 
Connection Load = 4 12 IcV 
Applied Axial Load = 4500 kN 
Connection Load = 470 kN 
Applied Axial Load = 4500 kh' 
Connection Load = 530 kN 
Applied Axial Load = 4500 kPIZ 
Connection Load = 608 kN 
Applied Axial Load = 4500 kN 
Connection Load = 620 kN 
Applied Axial Load = 4500 kN 
Connection Load = 650 kN 
Total Applied Load = 5 150 kN 
Column Load rcductd and brought back 
up to 4500 kN. Connection load droppcd 
to410khT 
Applied Axial Load = 6005 kW 
Connec tion Load = 4 1 0 kN 
Total Applied Load = 64 15 kN 

CO& exhibits eIastic response. No 
distomon evident in the concrete or steel. 
Bolts Slipped 
No yielding observed in cleats 
Separation observed between the connection 
plate and the concrete. 
Yielding observed at bolt line 

Yielding observed in both legs 

Beam Vertical LVDT Adjusted 

Shear Distomon of Beam Obscrvcd 
(0.96 V,) 
Connection is essentially failed, excessive 
defoxmation. 

Delay caused by increasing hydraulic . 
pressure for Fox Jack 

Test Tenninated - Bearinflearing Failure 
of the connection. Fox Jack capacity 
excceded, with no distortion of the column 

Comments: 

Durine the test the MTS tie down frame was monitored as well as the effectiveness of the lateral beam braccs. 
The MTS tie down did not show any visible s i p  of distress. At a MTS load of 450 kN the lateral bracing 
system at the colurnn face was mobilized, whereas the outer bracing system was still Ioose (as installed). The 
latter brace became effective as the MTS load was increased (cbecked at 800 kN). 

For this test a sixain gauge was placed on the test beam, on the bottom flange near the east roller. The 
maximum strains reached in the bcam werc on the order of 0.78 q. This correspondcd well with the caiculated 
smin levels. There was no dismess caused in the column at the increased load levels. The load was limitcd to 
6 100 kN as this was the capacity of the Fox Jack pump. For later test a second higher capacity pump was used. 



C150-WJ10-LD.4-C: Photographie View of Test Set-up 
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CJ50-410-LDA-C: Instrumentation Layout of Test Specimen 
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Microstrain 

C45(FW41û-LDA-C: Total Applied Load vs. Strain 50 mm Below Connection (El. 865) 

O -200 400 400 -800 -1 O00 -1200 -1400 

Microstrain 

C45&W41&LDA-C: Total Applied Load vs. Strain 685 mm Below Connectian (El. 225) 



C450-W410-LDA-C: Oblique View of Connection Area- 
Note Separation Between Coanection Plate and Concrete 

C450-W410-LDA-C: Beam Web Showing 
Bolthole Distortion 

C450-W410-LDA-C: Side Profile of 
Connection - Note Tear at Weld 



Test NO. 4: C450-W530-LD.4-NON 
FEB. 23,1999 

Descri~tion: 450 x 150 x 2358 mm Colurnn Long Double Angle Connecrion 
W530 x 92 Load Beam 3 - 3/4" A325 BoIts (70% Yield). 
Non - Composite State Total Cleat Length = 325 mm 

Testinn Procedure: 1) Loaded the column to 700 kh! (representing a typical 1 stop consaucrion load). 

2) Proceeded to load the connection to a construcnon load of 375 idhi 

3) While maintaining the connection load, axial load was increased until 
buckiing failure of the column occurred. 

Geometn: hl = 625mrn drnS = 1320 mm 
-4' = 4227 mm L = 7015 mm 

RESüLTS: 

Dataset 

15 

3 S 

62 

65 

84 

99 

1 O3 

117 

128 

Load Stane - 

Axial Load = 690 kN 
V,= 5 kN (initial load of beam - spreader) 
Axial Load = 700 kN 
VaPp = 190 W 
Axial Load = 700 kN 
V,,, = 360 kN 

Axial Load = 700 k": 
va,, = 375 kPI' 

Axial Load = 1250 kN 
v,, = 375 kN 
Axial Load = 1680 kN 
va,, = 375 kN 

Axial Load = 1850 
v,, = 375 w 
Axial Load = 2400 kN 
v, = 375 khT 
Axial Load = 2554 kN 
va,, = 375 kN 
Total Load = 2929 khT 

Description 

Prior to loaduig the connection there was 
no noticeable distortion 
Bolts Slipped 

No Visible Distortion 
Column End Bracing (Bottom only) is 
not effective. Lateral beam bracing 
adjacent to the comection is effective. 

a Column Load increased, the MTS Ioad 
was still on displacement control Vapp k 
10 khT 
No Visible Distomon 

Observed a buckling pattern in column 
flanges below the connection on the West 
side only. 
Bottom West LVDT showing yielding 
No buckIing beside BW Quadrant 
Bucklïng observed in top East Flange 
above the stimrp 
Maximum load, test tenninated. 

Commeats: 

For this test Hydrostone was applied at both column ends. It was obvious that seating problems associated 
with C450-W4 10-SDA-NON was corrected with the grouting between the loading head, column and spherical 
head. A general observation was that although a buckling panem was obvious directly below the connection 
(Bottom West Column Flange above the stimp) at an axial load of f 680 kN therc was considerable load 
carrying capacity before other obvlous buckling occurred in other quadrants. This is reinforced with the results 
from the 4 LVDT's included in this test (LVDT TW, TE, BW, and BE). 

Due to the longer column iength the load cc11 used in C450-W410-SDA-NON was rcmoved and the axial load 
was calibrated based on linc hydraulic pressure. There was linle lateral movement. 



C450-WS30-LDA-N: Photographic View of Test Set-up 
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C350-W530-LDA-N: Instrumentation Layout of Test Specimen 



: Towards Face 1 
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Displacement From Column Face (mm) 

C454SWSXbLDA-N: Conneetion Load vs. Displacement of Bcam Flangc From 
Column Face 

CQS&WSSOILDA-N: Dcvdopcd Moment rt Column Face vs. Rotation and Connection Load 



Microstrain 

C45&WS30-LDA-N: Total Applid Load vs. Strain 675 mm Above Conncction Plate (El. 2130) 

C450-W530-LDA-N: Total Applied Load vs. S t d n  225 mm Above Connection Plat  (EL 1675) 
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Microstrain 

C450-W5301LDA-N: Total Applied Load vs. Strain 225 mm &low Connection (El. 685) 

C4SWS30-LDA-N: Total Applid Load vs. Strain 675 mm Belou Connectioa (El. 225) 





Test No. 5: C~~O-N~~~O-SD-~-COR.IP 
April29, 1999 

Descri~tion: 450 x 450 x 1358 mm Column Short Double Angle Connection 
W530 x 92 Load Beam 3 - 3i1" ,4325 Bolrs (7076 Yield). 
Composite State Total Cleat Length = 265 mm 

Testing Procedure: 1) Load the column to a nominal load of 4500 W. This approxirnately 
represents 1.0 DL - 0.3 LL. 

2) Proceed to ioad the connection unto failure 

RESULTS: 

Dataset Load Stage Descri~tion 

99 Axial Load = 4500 kN Begin loading connection, no problems 

156 Axial Load = 4500 )ch! 
Lr,,, = 332 k! 

169 Column Load = 4500 kX 
Vapp = 4 17 1c.N 

252 Column Load = 4500 kN 
VapP = 700 kN 

26 1 Column Load = 4500 kN 
V,, = 678 

œ Lateral beam bracing is mobiIized 

2mm of separation between cross plate and 
column face above beam 

O Observed cleat yielding 

- Unabie to maintain load on MTS 

O Violent Failure, Net Section along bolt iine 

Comments: 

Painting the beam web, prior to framing into the test column proved effective in eliminating the violent bolt 
slip as experienced in the earlier test. 

This was the first test that used the longitudinal beam restraint- The net section failure was a rcsult of the 
resnaint. It's absence would have caused the more ductile response as seen in tests without the restraint. 



Figure D.5.1: Pho tographic View of Specimen C450-W4530SDA-C 
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Figure D.5.2: Instrumentation Layout of Test Specimen C450-W530-SDA-C 
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Connection Loaded on - - 
West Side of Column 
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Laadilta P m u m  - 1) Column Loaded to 4500 kN 
2) Connection Loaded to Failure 
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Microstrain 
C45&W530-SDA-C: Total Applicd Loid v a  Strrin rt Elevrtion 1675 mm 

Microstrain 

CQSWSM-SDA-C: Total Appiicd Lord vs Strain i t  Middle of Connection Plate (EL. 11-m) 



Microstrain 

C454bW53eSDA-C: Total Lord vs. Strlin 5û mm &low Connection Plate (El. 865mm) 

Microstrain 

CMbWSUI-SDA-C: Toul Load vs. Strain 370 mm Bdow Conneaion Plate (U. S1Smm) 



O -200 -400 -600 -800 -1000 -1200 -1400 

Microstrain 

C450-W530-SDA-C: Total Applied Load Vs. Strain 685 mm Below Connection Plate (El. 225) 

C450-W530-SDA-C: Photo of Failed Specimen Before Removal of Load Beam - Note Terring of the 
Header Connection Along the Bolt Line 



C45û-W530-SDA-C: Oblique Vicw of Failtd Spccimcn Shoning 
Tearing at the Wcld linc and the Boltline. 

C450-W53û-SDA-C: Sidc Profile of Commetion Aadc 



Test No. 6: ~450-~530-LDA-COMP 
May 4,1999 

Descriation: 350 x 450 x 2358 mm Column Long Double .4ngle Comection 
W530 x 92 Load Beam 3 - 3/4" A325 Bolts (70% I'ield). 
Composite State Total Cleat Length = 325 mm 

Testine Procedure: 1) Loaded the column to a nominal load of 4500 k.!. This approximately 
represents 1 .O DL + 0.5 LL. 

2) Proceeded to load the connection to uppcr MTS limits (V,, = 750 k.3. 

3) The comection load was reduced to 650 kh' and the column load was 
increased. As the axial load = 6750 Erh' the connection Ioad was increased back 
up IO 650 LN (Displacement controlled resulted in some loss of connection load 
during column loaduig). 

Geometrv: A ,  = 615 mm dSns = 1345 mm 
AT = 4235 mm L = 7015 mm 

Dataset Load Stane Descriotion 

69 Colunn Load = 4500 kN 

173 Column Load = 4500 kh' 
V,, = 676 kN 

259 Column Load = 663 1 
V,=600kN 

265 Column Load = 6600 kN 

28 1 Column Load = 6750 kN 
Va, = 637 

289 Column Load = 6750 kN 
V,,, = 650 )LN 

Begin Connection Loading 

-4lthough no yielding visible the MTS Load 
Vs MTS Displacement plot indicates 
yiclding 

Decided to lower V, to 650 kN and 
increase cotumn load 

Thcre was concrete spalling obsemed 

Connection Load brought back to 650 kV 

Maximum column load. connection load 
again brought back to 650 k.!! 

Test teminated 

Comments: 

As the load was increascd there was some obscrvcd spaIling of the concrete, that conesponded with a slight 
decrease in the a ~ i a l  load at DS 259. Following the test it was discovercd that there was a failure initiated in 
the concrete at the top, and propagated IO the s t imp  in the top east column quadrant. This crack initiated about 
75 mm frorn the side of the column. 

Also under the combined loading thcre wcre strains in exccss of E, at the strain gauge locations 50 mm bctow 
the connection plate. 



C450-W530-LDA-C: Photographie View of Test Set-up 
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C.150-W'530-LDA-C: Instrumentation Layout of Test Specimen 
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Microstrain 

C4SW530-LDA-C: Totri Applied Load vs. Strrin at EJ. 1675 

Microstrain 
C45&W530-LDA-C: Totd Appüed Loid n. Straia at Middle of Coanectiao Plate (EL 1180) 



Microstrain 

C4SO-WS30-LDA-C: Total Load vs. Strain 50 mm Belou Connection Plate (El. 865) 

Microstrain' 

C4S&WS3&LDA-C: T o t d  Load vs S t A n  370 mm Bdow Connection Plate @. H5) 



Microstrain 
C450-W53û-LDA-C: Total Applicd Load vs. Strain 685 mm Below Connection Plate (El. 225) 





Test No. 7: c ~ s o - W ' ~  1 O-T-QB-NON 
May 5,1999 

Description: 450 x 450 x 2234 mm Column Single Shear Plate (TAB) Connection 
W410 x 67 Load Beam 3 - 3/4" A325 Bolts (70% Yield). 
Non - Composite State PL 295 x 1 10 x 9.53 Connectxon 

Testing Procedure: 1) Load the column to that representing a mica1 1 stoq construction load 
(700 W). 

2) Proceed to load the connection to a construction load of 300 Li\: 

3) U'hile maintaining the connection load increase the applied axial load 
(Fox Jack applies Ioad above the connection) until a buckling faiIure in the 
coIumn occurred. 

Geometrv: A, = 622 mm dslTS = 1347 rn 
AT = 3813 mm L = 5340 rnm 

RESULTS: 

Dataset 
3 1 

8 2 

120 

209 

Comments: 

Load Stage 
CoIumn Load = 700 k,? 

Column Load = 700 kh' 
Va,, = 300 IcN 

Column Load = 1875 IcN 
V, = 275 kN 

Column Load = 2825 kK 
V, = Dropped to 222 kN 

Descri~tion 
No Distortion, begin connection 
loading 

Begin to increase column load 

No Distortion, connection load not 
maintaincd (displacement control) 

Maximum loading, test terminated. 

In other non-composite tests the MTS universal machine was kcpt on displacement control while the column 
load was increased. To maintain the connection load the MTS was adjusted during the column loading. For 
lest C.150-W4 10-TAB-NON the MTS load was not adjusted throughout the increased column load, thus the 
connection load dropped from 300 to 222 kN. 



C.150-W410-TAB-N: Photographie View of Test Set-up 
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C.150-W410-Tm-N: Instrumentation Layout of Test Specimen 



Top Flange 
Bottom Range 

Away Froir 
Face 

Towards Face 

i 

Displacement From Column Face (mm) 

C4SW410-TARN: Applied Connection Lord vs. Displacement of h m  Range 
From Column Face 

Connedori Load (kN) 
C4S&W41û-TAB-N: Ikvelopcd Moment at Column Face vs. Conneaion Load 



Top East 
Top West 
Battom East 
Bottom West 

O " " " " "  
1 2 3 4 

Displacernent (mm) 

C4SW410-TAB-N: Total Applied Load vs. Quadrant LVDT Displacement 

Miuostrain 

C4SW410-TAB-N: Total Applieâ Loid va Straia in Column Flinge 22s mm 
Belon Conneetion Plate (EL 6ûS) 





Test No. 8: ~600-w41  O-SDA-NON 
MAY 11,1999 

Description: 600 x 600 x 2806 mm Column Short Double Ansle Comection 
WJ10 x 67 Load Beam 3 - 3/4" A325 Bolts (70% Yield). 
Non - Composite State Total Cleat Length = 190 mm 

Testinn Procedure: 1 )  Load the column to a  pica ai 1 story construction load 
(700 LI7). 

2) Proceed to load the connection to a construction load of  320 kh' 

3) While maintainin8 the connection load increase the applied axial load 
(Fox Jack applies load above the connection) until buckling occurs in 
the column. 

Geomettv: A, = 582 mm 
A2 = 3900 mm 

RESVLTS: 

Dataset Load Stane 
4 2 Colurnn Load = 700 k!! 

50 Column Load = 700 khr 
V, = 60 kN 

1 O0 Column Load = 700 kN 
Va,, = 320 kN 

189 Column Load = 17 12 kN 
V,, = 320 

208 Column Load = 2008 )rN 
V,, = 320 kN 

353 Column Load = 3044 khT 
V, = 320 khT 

Comments: 

Begin Loading Connection 

The rollers (3) were unlocked. Harder 
than usual to remove bolts. 

Column Load Increased 
No Distortion in specimen 

Bottom East Column Flange showing 
buckling pattern 

Buckling Pattern becoming obvious in 
boaorn West 

Axial load could not be maintained 
Test Temiinated 

There was initial distortion in the connection plate fiom the pretensioning of the 3 - 3/4" A325 Bolts. 
As the 2 cleats were clamped together the connection plate deflected on the order of 2 mm. 

A s  with other specimens, although there were a buckling pattern in quadrants o t h n  than that below 
the connection at relatively low loads, as the column load was increased the buckiing did not 
advance. The bottom west quadrant eventually did become the dominant faiture zone. 



C600-W410-SDA-N: Photographie View of Test Set-up 
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C600-W410-SDA-N: Instrumentation Layout of Test Specimen 
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Displacement From Column Face (mm) 

C600-W410-SDA-N: Conncction Load vr Displacement of Barn  Flange From Column Face 

Connection Rotation (rad) 

C6O@W4l&SDA-N: Dcvtloped Moment at Column Face Vs Rotation and Connectioa Load 
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Quadrant LVDT Displacement (mm) 

C600-W410-SDA-N: Totrl Applied Lord vs. Quadrant LVDT Displrccment 

C64BW410-SDA-N: Toul Applied Loid W. Strun 300 mm Bdow the Conneetion (El 900) 





Test No. 9: C ~ S O - W ~ I  O-TAB-CO~IP-R 
May 18,1999 

Description: 450 x 350 x 2234 mm Column Single Shear Plate (TAB) Comection 
W4 10 x 67 Load Bearn 3 - 3/3" M 2 5  Bolts (70% Yield). 
Composite State PL 295 x 1 10 x 9.53 Connection 

Testing Procedure: 1 )  Load the colurnn to a nominal load of 4500 W. This approximately 
represcnts 1 .O DL - 0.5 LL. 

2) Proceed to load the connection unto failure 

Dataset Load Stage Descri~tion 

108 Column Load = 4500 kN Begin Loading Connection 

183 Column Load = 4500 kN 
V,,, = 461 LN 

250 Column Load = 4500 W 
V,, = 576 kN 

Comments: 

0 10 mm of separation betwecn connection 
plate and concrete face. (5 mm from 
original test) 

O Bott failure, through shank. 

This was the retest of the C4SO-W4 10-TAB-COM. The fust test failed prematurely through the bolt 
thread. A 3i4 bolt of length 1 314" was used for this connection, and the shear plane intercepted the 
bolt thread. The bolts sheared off at 435 kN as compared to the second test that failed at 576 kN 
through the shank. Following the first test therc was 5 mm of plastic deformation at the connection 
plate. For bdh tests al1 bolts (4) failed simultaneoudy. 



C450-W4lO-TAB-C: Photographie View of Test Set-up 

NOTE: THE TEST COLUMN WAS A C450-W530 S P E C E N  
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C4SO-W410-TAB-C: Instrumentation Layout of Test Specimen 
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C4SW410-TAB-C: Total Appiicd Load vs. Strain rbove Connection (El. 1675) 
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Microstrain 

C450-W410-TAB-C: Total Applicd Lord vs Strain i t  Middle of Connection PI* (El. 1180) 



175 mm ûelow Connection - SW3 
- - * - - *  S3 -- SE3 - * - SE C3 

50 mm low Connection - SW Steel . . 

. - e s -  SW Concrete 

Microstrain 

CQSW410.TAB-C: Total Load vs. Strain Below Connection Plate (El. 990 and 865) 

C4501W41WT"T'B-C: Total Loid vs. Strain 4% mm Below Connectioci Plate (El. 515) 





Test No. 10: C ~ ~ ~ - ~ V S ~ O - T A B - C O M P  
May 26,1999 

Description: 350 x 350 x 2358 mm Colurnn Single Shear Plate (TAB) Comection 
W530 x 92 Load Beam 6 - 314" A325 Bolts (70% Yield). 
Composite State PL 445 x 1 10 x 9.53 Connection 

Testin? Procedure: 1) Load the column to a nominal load of 4500 kiV. This approximately 
rcpresents 1.0 DL + 0.5 LL. 

2) Proceeded to load the connection to 720 W. Stopped at this point because it 
was desired to load the column to higher loads. 

3) The column ioad was increased to the Fox Jack Limits. At ahich point the 
colurnn showed no obvious distrcss (although strain readings were in the 
yielded zone). Thus the colurnn load was decreased to 4500 ES and the 
connection reloaded to MTS limits. 

RESULTS: 

Dataset Load Staee 

77 Column Load = 4500 LN 

197 Column Load = 4500 kN 
Va,, = 720 kN 

30 1 Column load = 6806 kN 
V, = 716 kN 

34 1 Column Load = 4500 kN 
V, = 710 kN 

377 Column Load = 4500 kN 
V,, = 792 khi' 

Comments: 

Description 

Begin Loading Conncction 

Begin to increase column load, keeping Vy 
constant. 

Maximum loading. Yielding strain at 
gaugcs but no visible disuess. 

Decided to load the connection to MTS 
limits. 

MTS at maximum load, pump shut off 
Test Tenninated. 

So  distonion in column other than connection plate. The scparation at the cross plat: was minima1 cornparcd 
to other tests. Minimal distortion of the shcar tab observcd. 



C450-N330-TAB-C: Photographie View of Test Set-up 
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C450-W.530-TAB-C: Instrumentation Layout of Test Specimen 
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Microstrain 

C4S&W530-TAB-C: Total Applicd Lord vs. Strrin 225 mm Above Connection Plrte (El. 1675) 

C45î&W53O-TAB-C: Total Applid Load vs. Strrin rt Middle of Connenion Phte (El. 1180) 



C450-W53&TAB-C: Total Applied Lord vt. Striin 50 mm Belon Conneetion Plate (Ei. 865) 

C45&W53û-TAB-C: Total Applied Load vs. m i n  370 mm Below Connection PIate (EL 545) 



C4Sû-WS3û-TARC: Oblique Vicn of Tested S p i m a  
Showing Little Permanent Dcçormation 

C450-W5M-TAB-C: Sidc V h  of Tcdcd Connech 



Test NO. 11: C4Sû-SEAT1 
June 1,1999 

Descri~tion: 450 x 450 x 2234 mm Coiumn Scat C d m  
WS30 x 93 Loaà Bearn 2 - 3/4" A325 Bolts (70% Yield). 
Composite State CIippcû Aagie L203 x 102 x 19 

No Sbev Studs 

Testine Procedure: 1) the coïiunn to a nominai i d  of4500 kN. This approJciiratcly 
hprcscnts 1.0 DL + 0.5 LL. 

2) Proceeded ta load connection unm Mure or Mis limits 

Geometrv: A, = 557 mm b= 1344 mm 
A2 = 4210 L = 6935 mm 

RESULTS: 

Dataset Lord Staee Descrintion 

5 9 Column Load = 4500 kN 

169 Column rrryi = 4500 kN 
V, = 736 kN 

249 Column Load = 4500 kN 
V,=73l LN 

Commence to load conncction 

MTS shut off 
No distortion in connecüon plate, littit to no 
distortion in scat connection. 

mspwipRcsa 
Calumn load relaadcd to 4500 kN 

Colwnn and c o d o n  loading brought 
back ta lcvcls prïor ta pump cut4 

W b e d  MI'S load Limits. Test tcnninated 

Comments: 

There was little to no distortion obvious in tbc column spcchcn, including the connation plate. ïherc w u  
some yielding of the scat angle as wcll as the fabricatcd bearn end. 

Following the rcmoval of the test spccimcn, and rotating for test C430-Seatî, the Hydmstone cap at the top of 
the column (used to makc up the spact ktween Cast in Place concrac at the steel profile) was of poor 
condition. The cap was chipped off and a new layer of hydrostonc put in place for the secand test on the 
column specimen (Cd50 -Scat 2) 



CQSO-SEATI -No.LXCH: Photographic View of Test Set-up 
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C350-SE=\TI-So.kYCH: Instrumentation Layout of Test Specimen 



CQSO-Seatl-NoAnch: Totd Applied Load vs. StrUn 225 mm Abovc Connection Plate (EL 1550) 
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Mictostrain 

C450-ktl-NoAnch: Totd Applied Load n. Strain at Middk of Connection Phte (EL 
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Microstrain 

C45&Sutl-NoAnch: Total Load vs. Strain 50 mm Bclow Connedion Plate (El. û65) 

C4SSWTl-NoAnch: Total Load vs. S t r i a  370 mm Bdow Conncaion Phte (U 545) 
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Microstrain 

C4SSeatl-NoAncb: Total Applied Load vs. Strain 685 mm Bdow Conncction Plate (El. 





Test NO. 12: CISSEAT2 
June 3,1999 

Dtscri~tion: 450 x 450 x 2234 mm Column Seat Connection 
W530 x 93 Luad Beam 2 - 3/4" A325 Bolts (70% Yieid). 
Composite State Ciipped Angle L203 x 102 x 19 

Sbcar Sm& 

T- 1) rlraA th alumu to a nominal l o d  d4Sûû W. This appmximatcly 
rep~i~~tllts 1.0 DL + 0.5 LL. 

3) If the MTS limit was hachai prior ta connaaion Ming then drop the 
COI1IICCtion l o d  to 800 LN ud p d  to l o d  rbt wlumn to eithcr fvluh of 
Fox Jack Lunits. 

RESULTS: 

Datrset Lord Strm D t r c n ~ t i o n  

Column on both sides, lbavt the 
c0IIlICCtion. StKktal faillue. 

As with the prtvious scat test tbch was little permanent daorma!ion obscnzd in cithcr the connection or the 
comcction caà plate. Viaully the &car studs satms to have üttk eff' on the response. nie column failcd at 
relativdy low load. This was likcy duc to the wncm bcing loadaî dirrnly at the top. 



C350-SEAT2-AYCH: Pbotographic View of Test Speeimen 
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MTS 1 

C450-SEATt-.LLVCH: Instrumentation Layout of Test Specimen 



Loadina Procedure 
1) Column Loaded to 4500 kN 
2) Connection Loaded to 750 Kn 
3)  Column Load Increased to Failure 5500 kN 

Microstrain 
C4S(SeaU-Anch: Total Applicd Load vs. Strain Above Connection Phte (El. 1550) 

CQSCLSut2-Anch: Total Applicd Load W. Strain rt Middle of Connedion Plate @. 1120) 

A 94 
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Microstrain 

C4SSeat2-Anch: Total Load vs. Strain 50 mm Bdow Connection Plate (El. 865) 

C4SSut2-Anch: Total Applwd Loid n Straia 370 mm Bdow Connection Plate (El. 545) 
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M icrosttain 

C45MeitZ-Anch: Total Applied Loid n. Striin éû5 mm Bclow Conneetion Plate (El. 





Test NO. 13: C600-W'41 O-SDA-COhIP 
JUNE 8,1999 

Description: 600 x 600 x 2806 mm Column Short Double Angle Comection 
IV4 10 x 67 Load Beam 3 - 3/4" A325 Bolts (70% k'ield). 
Composite State Total Cleat Length = 3 90 mm 

test in^ Procedure: 1) Load the column to a nominal load of 6500 W. ïhis approximately 
represents 1 .O DL - 0.5 LL. 

2) Proceed to load the connecnon unto failure 

Dataset 

8 5 

120 

149 

237 

253 

Load Stane 

Column Load = 6500 k.? 

Coiumn Load = 6500 h W  
Va,, = 183 

Column Load = 6500 kN 
VaPp = 366 W 

Column Load = 6500 khi 
v ,pp = 508 kN 

Column Load = 6500 kN 
V ., = 471 kN 

Begin Loading Connection. small 
concrete spalling near top of column. 
Local problem only. 

Bolts gradually begin to slip. An 
audiile "ping" is heard every couple of 
seconds as the connection slips. 
Yielding obsented 

Maximum connection load, begins to 
&op. 

Net Section Faiiure of Comcctioo 

Comments: 

Similar failure (net section) to C450-W530-SDA-COMP. Notas much separation at the cross plate as initially 
espected. Thoush the effects of the beam restraint mut be taken into account when comparing to C450- 
IV4 1 O-SDA-COW. 

Unlike the non-composite version of this test there was no distonion obvious followuig the tightening of the 
bolts. prior to loading the connection. 

After this test there was some spaliing of the concrete on the West concrete face. This was a vcry local 
occurrence in the outer 10 mm (a 30 x 20 x 10 mm wedge block fell out). The column was examined and 
considered acceptable for the second test. 



C6OO-\\'4 10-SDA-C: Photographic View of  Test Set-up 
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C600-\\'1lO-SD.A-C: 1 nstrurnentation Layout of Test Specitnen 



M icrostrain 

C6WhW41û-SDA-C: Totd Appücd Loid vs. Strain 225 mm Above Conneetion Plate (EL 1835) 
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Microstrain 

C6WW410-SDA-C: Total Applied Load vr Shah at Conndoa Plate Mid-Heigût (El. 1405) 



CéMLW410-SDA-C: Total Appiied Loid vs. Strain 370 mm Bdw Conneetion (El. 83û) 
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Microstrain 

CLOCbW4lO-SDA-C: Total Applied Lord vs. Strdn 50 mm &low Conneciton Plate (El. 1150) 



Microstrain 

C6CMLW410-SDA-C: Totd Applied Load vs. Striin 690 mm Below Connection Plate (El- SIS) 

C6OO-M'4 10-SDA-C: Oblique View of Failed Specimen 
Note the Tear Along the Bolt Line 





Test No. 14: c~oo-W~ 1 O-L DA-NON-R 
JUNE 10,1999 

Descriution: 600 x 600 x 2806 mm Column Long Double Angle Connection 
W410 x 67 Load Beam 3 - 3/4" A325 Bolts (70% Yield). 
Composite State Total Cleat Length = 250 mm 

Testine Procedure: 1) Load the column to a nominal load of 65OO fi'. This approximately 
rcpresents 1 .O DL * 0.5 LL. 

2) Proceed to ioad the connection unto failure 

RESULTS: 

Dataset Load Staee 
48 Column Loading = 6500 khi 

1 06 Column Load = 6500 kN 
Va,=313 kh' 

140 Column Load = 6500 kN 
V , = 496 khT 

367 Column Load = 6500 W 
V ,, = 726 kN 

394 Colurnn Load = 6500 kN 
v ,, = 735 khf 

Description 
O Commence connection loading 

Bolts Slipped 

Constant gradua1 bolt slipping indicattd 
with a constant "pinging" sound of the 
report. 

Noticed chat the beam flange was 
resting on the connection. Considerablc 
bolt hole deformation. 

At LMTS limits, considerable connection 
de formation. 
Test Tmninatcd. 

Comments: 

The above was a retesf with the fust king  terminatcd while the column was being loaded (Column Load = 
3000 aT). It was temiinated due to discrcpancy between the Test Column-Displacement Plot and that being 
shown on the computer &ta acquisition system. 

The constant sound of the beam rcporting signified the connection slipping . lnc beam would "ping" every 2-3 
seconds between the loads of 100 - 400 fir. 



C6OO-M.\'1l O-LDA-C: Photographie Vicw of Test Set-up 

STRAIS CACCE PLACEMEST 

C600-U;110-LDA-C: Instrumentation Layout of Test Specimcn 
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Microstrain 

C6OfbW410-LDA-C: Total Applied Load vs. Strain 225 mm Above Conneetion Plate (El. 1835) 

Microstrain 

C6MkW410-LDA-C: Total Appiied Load Vr Strain at Connectiai Plate Mid-Hcight (El. lm) 
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Microstrain 

C64WW4lOLDA-C: Totd Appiied Load vs. Strrin 50 mm Below Connection Plate (El. 115û) 

Microstrain 

CHMLW41û-LDA-C: Total Applied Lord vs. Strain 370 mm Belon Coaneaion (EL 83û) 
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C6CWW410-LDA-C: Total Applied Load vs. Strain 690 mm Below Connection Plate (El. 515) 

C600-jV4.110-LDA-C: Oblique View of Failcd Specimen - 
Sott  the Formation of a Tear nt the Weld Line 
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O CW-W410-LDA-C: Photo of &am Wcb Showing 
a Bdtbdc Ddormation 

C6üü-W410-LDA-C: Side View of Tcrtcd Conaection 




