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1 ABSTRACT 

AIl cxplallation is provided for the slab behaviour in composite beams at web holes 

whcre the concrcte slab carries heavy vertical shear. This is based on the truss concept, 

and require~ consideration of shear studs in the hole region as vertical tension members. 

According to f his, 11 structural action bc~ween the concrctc slab and shear connec tors 

for cnrryinp; or t1'ansferriIlg ycrtical shenr to the steel beam was clearly idcntified. 

On the basis of the sI ab bchaviour identified, truss idealizations capable of deter­

miuing the slab shear carrying capacity in a rational manner were developed. Then. 

the ultimat.e sttcng,th for composite bcams at web holes \Vas formulated inc1uding the 

truss idealizatiolls. Another ultimate strcngth analysis accounting for the slab shear 

Cal l'yiu)!; capacity in a simple IIHlpner, which was also developed during this l'esearch 

projed, is given. This providcd che fundamental solution procedure for the plastic 

allaly~is usee!. 

A series of nine tests was carried out \Vith particular attention being directed to 

the verification of the proposed truss an al ogy. The major test parameters included the 

configuratiolls of the studs in the hole reg,ion, the width of the concrete slab and stud 

dctailJIlg llear tbe high moment end of the hole. The ultimate strength predictions 

\Vere lllade by the two methods developed, and compared with previo1..ls and present 

test f('f>lllts. 
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RÉSUMÉ 

Une explication sur le comportement des dalles de béton dans les poutres Illixte~ 

avec ouvertures dans l'âme est donnée lorsque celles-ci sont soumise aux efforts tt an­

chants. Ceci est basé sur le concept du treillis qui inclut la présence des 1!;0UjollS 

au-dessus de l'ouverture comme membres verticaux. Le comportement structural de la 

dalle et des goujons pour transferrer l'effort tranchant à la poutre en acier est cltUrCllleIlt 

identifié. 

Un concept de treillis capable de déterminer la résistance de la dalle aux efforts 

tranchants a été formulé. La résistance ultime des poutres mixtes avec ouvertures a étt­

revisée pour inclure le concept du treillis formulé auparavent Aussi, une aut.re I1li-thoc!e 

simple pour le calcul de la résistance ultime lorsque la résistance au cisaillement de la 

dalle en béton est incluse fut proposée. Ceci fut la méthode fondamental utlisée lors 

de la solution d'une analyse plastique. 

Une série de neuf expériences en laboratoire fut faite avec une attention spécial€' 

dirigée sur la vérifir9.tion des concepts proposés. Les paramètres d'expélmentation 

furent le détail des connecteurs dans la région de l'ouverture la largeur de la. dalle 

de béton et le détail des goujons du coté de l'ouverture sousmis à de fort mÛlnents 

fléchissants. Les prédictions de la résistance ultime des deux méthodes proposéeb furent 

comparées avec les tests et les résultats de d'autre auteurs. 
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1.1 Problenl Definition 

CHAPTER 1 

INTRODUCTION 

Placing large holes in steel beam webs for the unimpeded passage of utility cluct5 

and pipes 1:' a con1111011 engmeering, approach to eliminate the excessl\"e plenum depth 

oetween the floO! and the ceiling of building structures (see Fig. 1.1). thereby reduc­

illg, the ovelé.tll construction depth. However, the presence of such web peuct! ations in 

legiulls whel'e sheal' IS high causes a significant reduction in the ultll11ate load carrying 

cnpélcity of tbe bt'am. and may l'esuIt in the need for reiuforcement éllOund o}wuiug& to 

l'est.ure the strength lost due to the introduction of holes. To do this, a number of de­

taiIillg methods as:,ociated \Vith reinforcement around openings exist (see Fig. 1.2), but 

it is generally recog,nized that opening reinforcement involves high costs in fabrication. 

n'~ult ing III a lllgh plOportion of the total structural cost. 

Under this situation, the establishment of standal'dized detailing nl(,thod~ capa­

ble of optinllzing opening reinforcement may he necessary. Howe\'er, a mOle de~ilélble 

situation is to create web openings that do not require any reinforCelllt':lt. whilc ll1ain­

tailliIl~ th(' !'lame> lesistéll1ce as that given in the same heam without hole..,. This can 

oftt'll 1)(· a(,c()l1lpli~llf'd by considering composite action bctweC'll COIlcletc ~lélh ,111c! .,t(·el 

!>t'iIl11. éllld tlll'" c()Il~ldcratiol1 is th(> starting point of sevcrall'esenl'ch pl'oj(·(·r-, COllC('l'1wd 

\\'ll.h ('01l1!H)..,lft' l)(,iI111~ cOlltaining large web cut-out&. 



1 Figure 1.3 illustrates the increased shcar ~trength duc to t.he pll'SCllCC of the con­

crete slab at a web opening as mcasurcd in plcyious tests. FOI this dl'IllOllstlation, thl' 

strengths of non-composite sections having the samc hole ,!!,l'ollldlil's \\'t'll' cnl<'111att'd 

from weIl-est ab Ii shed methods givcn elsewhcre l . 

Despite their inherent lo\\' resistance to shear, the slabs in the n'giOlis of \\"l'b 0P('lI­

ings display considera bIc abili ty in carrying Yl'rtieal sl1<'ar fOl ccs; a pot t'lilial ·1 O'!t, ...... ·1 ~()~{ 

increase O\'er the steel section ~lonc for soli(l sIn b h('ams mul 30 % ",2GO(,;{, illlTI'a~(' fOI 

ribbed sI ab beams. A similar 20%",160% cnhancclll('nt o\"l'r the :-,ted S('ct iOIl alOIH' has 

also been dcmonstrated in recent tests of com po~i tf' t !tin wl'bl)('d plate p,i 1 d('I'S (·,trI wt! 

out by Porter and Cherif2. As a resuIt, tbe IWl'd for op!'llill).!, Icillf01('('IIl('llt (',Ill 1)(' 

eliminated if the slnb shear carrying capacity i~ plOpl'rly accollutcd fOl 

Further, from Fig. 1.3, pre\'ious tests for composIte lWéllll:-' with \\,('h holl':-' lIl(h­

catecl that the contribution of the COll crete slab in carryillg \'('rti('al sheéll was 1IlOI(' 

pronounced wh en 11 highcr nurnber of shcar COl1Ilectm s (1I1t) \vere plO\'Icll ,cl withill tJlI' 

opening length, and when the slab depth (ts) was increased relative to tlH' ~t.('('l lwHllI 

depth (d). Such aspects of the slab behaviour arC' illustrating, t11<' ~t.lIH:t1ll al ,I<'t io!! of 

the slab and shear connection in the regioll of a web penetratioIl whcle tJw ~lab ('all'i('~ 

a lot of shear, and should be clearly identified for un appropliate evaluatioll of tlw sial> 

shear carrying capacity. 

In this rcsearch project an attcmpt is made to clarify the sla b ~1}(':1r p}WIlOllll '11011 

in the region of a large web hole in a composite bpam. Use is 1ll,Hk of il tll\~'" cOIICl'pl. 

in which shear connec tors are considered as vertical reinfOlCCm(·nt., in tlH' ~allH' WHy 

that act in reinforced concrcte beams. 

The fundarnentai solution procedure for the predictio1l of tlw ultimntl' ~tn'llp;tb, 

which was originally developcd by Red\voOfI and POllmboura.,"J for libl)(·d sial) lwalll .... 

and has been extended during this project tn deal with solid slah h('mn,," , i" firstly cirait 

with (Chapter 2). This will also give a gCIlcral dc~criptioll of the oVI:rall }H'havio1l1'itl 

2 



aspects on composite beams at web openings. 

U sing the truss analogy, an explanation of the previously observed slab failure 

in the openmg region is established, a:l.d on the basis of this physical understanding, 

truss idcalizatlOm capable of predictmg ultimate strength and serviceability load level 

performance in the opening reglOn are also developed, which are the principal subjects 

of this project (Chapter 3). The reliabihty of the truss mode}::, proposed is evaluated 

by means of predicting the ultimate strength and elastic deflections for al! appropriate 

tests previously reported in the literature (Chapter 4). 

In addition, \Vith partlcular attention being directed ta the verification of the 

PIOpos(·cl truss concept, fuH seale tests comprising six beams with a total of nille rect­

angulaI web hales \Vere carried out, and the results are dlscussed in Chapters 5 and 6. 

From test and analysis results, information relevant ta design is also given (Chapter ï). 

1.2 Previous Research 

Considerable \Vork has been made recently on tests and analyses of web apenings 

in composite beams with solid and ribbed slabs sinee the early two tests of solid Slclbs 

condl.lcted by Granadé in 1968. 

Todd and Cooper6 (1980), in analysing Granade's beams, predicted the ultimate 

strf'ugth at web opcnings by employing a plastic theory for the steel beam and including 

tlw resistance of the slab in compression as a contribution ta the moment capacity 

Ho\\"('\"('!. by iglloring the slab shear carrying capacity in their analysis. a cOllsiclerable 

lIuderestllnatlOll of the ultimate load carrying capacity of the beam re~ulted. 

Subscqu('ntly. Clawson and Darwin7,s (982) performed six solid slab bcal11 tests 

and dc\'eloped (\ dctailcd analytical method capable of predicting the ultimate strength 

nt weh opCUillgS. At this time, the slab shear contribution in the opening regioll \Vas 

more clcady dcmonstrated with their test results, which was also supported in other 

~olid ~lab t('~b by Cha!) (1982). 

3 



Several failure modes, which depended on the moment-to-slwar ratio at t ht' Opt'll-

ing centerline, were classified from test observations and incorporat<'d in tilt' analyt\cal 

procedure. III treating the slab contrIbution to the shear carrymg capaClty at t.ht' Opl'll-

ing, a biaxial criterion combinmg normal and shear stresses \\"a~ used III tht' ("01l11>l(''''~IYt' 

stress block depth over a slab width equal to three times t.he ~IHb thlCkllt's'" Tht' l'lllll-

pression forces m the slab were calculated based on complete shenr rOI1lH'rtl()lI and \\"(,H' 

assumed to exist only at the high moment end of the opclling. 

Comparison of this analysis with test results including Glô..-:.:!d,,-,'~ b~:~;&l~ mdlcatt·d 

that the prediction was greatly improved when compared with the- Todd Hwl ('OOPt'l 

method, but still conservative, particularly fOI Granade's tests, Hom'\ ('1. t IH' !lIOl t' 

fundamental problems in their analysis relate to the omlSSlOll of COllt>ld('lat,IOll nt P"I t tal 

shear connection, and the considerable amount of computatlOnal effort }('q11l1 cd fOI tlH' 

rompletion of an interaction diagram because a11 possible stress dlSlIllmtlOll'" \\"t'1(' 

included. Although the neglect of the degree of shear connectloll cali b(· JlIstifit'd fOI 

solid slab beams capable of providing a higher number of sheal CUlllH'ctOI'" aloll!!, t Il(' 

whole beam span, Its Yalidlty fOI ribbed slab beam!:> is not ju!:>tlfied, FIII t IH'I, d tlH' 

important l'ole of shear connection. in the light of the truss concept plopo:-,t'd 111 tlm 

project, is considered, the Clawson and Darwin method largely ob~cl1l'e:, tIte phy~lCal 

significance of shear connection in carrying vertical shear fOlees eVCll fOl ..,oltd !-lIaI> 

beams, 

vVhile at this time only solid slab beams were considered in the Ullitt-d 51,111(':-" 

Redwood and 'Wong lU (1982) at ~IIcGill Uni\"erslty conductf'd ét ~eli('!-> of It".,I ... ('()UI-

prising metal deck supported slabs, All five beam5 te'5ted had \Vide lib plofilt,.., :tut! 

includecl partial shear connection as one of major test paraIlleter~ Alt.holll!,h ..,OIlH' 

similar obsen·atlOns to those found in solid slab beams weI C made 1Il tlWll tf" .. h t llf' 

obser\'ed rib separation represented a different type of 5lab failUle IIlt'clmIl1!->lIl ill t.llf' 

, . 
opcnmp, reglOl1 
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To estimate the ul timate strength, they also provided a simplified analytical method 

based on the four-hinge mechamsm failure which represents a typical deformation mode 

of holes under high shear. A substantial slmplicity was achieved by deriving explicit 

formulas defining the co-ordmates of several points on the mteraction dwg,ram As­

suming the slab to be fully cracked at the low moment end of the opemng undel high 

shear, the compression force III the slab at the high moment end of the hole \\"as limJted 

to the horizontal reslstance of shear connectors provided within the opemng length, 

which might also include a possibility of limited shear connection over the opening 

length However, the contribution of the concrete slab to carry shear was not explicitly 

accoullted for so that sorne cautlOn was necessary in the application of their analysis 

to 501id slab beams. 

After comparison with test results, their analysis was found conservative eyen for 

ribbed slab beams, and they suggested the inclusion of the additional compression 

force in the slab at the low moment end of the opening for an improved estimate of the 

ultimate strength, on the reason that slip can cause the counteracting effects 011 the 

lo\\' moment end stresses ll . 

Ho\\'evel, in the author's opinion, it is believed that this con~ervatism rCf>1l1tecl flO111 

the omission of the slab shear contribution rather than the neglect of the complession 

force in the slab at the Iow moment end of the opening. More discussion ",ill be gl\'en 

III C'haptel 3 

\\ïth the recognition of possible existence of the additional slab force at the low 

moment end of the opening, Redwood and Poumbouras12 (1983) 1.ested three addi­

tional holes with particular attention given to the degree of 5hem connection \\'ithin 

the opcmng length and the effect of the construction load on the ultimate stl'cngth. 

Based on test results, they concluded that the absence of shear connectorf> wlthin 

the opcning length causes a significant reduction in strength. and a constl uction load 

up ta 60% of the strength of the non-composite sectIOn does not significantly affect 

.1 
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the strength Note that their first concluslOn Imphes tht:'" IH'CC'SSlty fOl shenI ronllt'ctiou 

within the opening length If the additional slab force is assumed to cxist at t Il(' lo\\' 

moment end 'of the opening as weIl. 

As a result, Redwood and Poumbouras3 (1984), in propos111g an ilnalytlcalmt'lhod 

to estimate the ultimate strength. assumed the compression forces to CXIst 111 top aIHI 

botton1 parts of the slab at high and low moment enels of tht' (1)('IlIllP. It':-,pt'rtl\t'l~ " ... li 

high shear Situation Then the rnagmtudes of these force" WClt' lllllltl'd hy t Il«' 1111l11!lt'1 

of shear connec tors provided between the high moment end of the Opt'll1lll!, and tIlt' 

nearest point of zero moment and within the opening If'ngth (sec Fig 1.-1), !\ot(, t.ltat 

latel on. thl5 way of determining the slab forces in the opcning reglon I!-. reqllllt'c! III Ill' 

altered to conform \\'i th the use of the truss concept 

On the other band. in considering the slab sbear contnlmtloll III tlH'1l alléllyhh, t Il«' 

total shearing force carried by a composite section above the openinp. wa.., lmlltf'd to 

the pure shear capacity of the steel section alone, although the slab forC{'!-. 1l~('Ù III tl}(' 

analysis assumed that the slab can carry a shearing force The lea~OIl for tlll~ lmlltatlOn 

\Vas that the proportion of shearing forces carried by the caner et.e ..,lab i!-. Ilot 1 e"dil~ 

determinable, and so this limit was chosen constlvatively Thi~ IS th(' Ill<lJOI 1,'a ... Oll fOI 

high conservatism inherent in their analysls when applymg tn <,011<1 ..,1" b 1 wam.., 

More lecently, several analytical methods of usmg the ~al1lt' ':>OlutlOIl plt)( "dlll f' d,'­

veloped by Redwood and Poumbouras, but fully accountinp, fOl the :,1,,1) !-olwéII ,'ilii yllll!, 

capacity have been pubhshed (see Fig. 1.5). Such methods caIl be COll<,ld"lf·d ".., t.11f' 

generalized approaches of the Redwood and Poumboura:; theory to deal al..,,, \\'It.lt ~()l!d 

slab beams. 

The allalysi:; plesented by Reùwood and Ch04.11.14 (lDSG) illclucl,'''' '>Iw('lhe 1'10(0(,­

dures of limiting shear connector resistance to obtain the IlHIXllllllIll f-otl '!llgt lt a.., \Vf'll a.., 

to satisfy equilibrium in view of ensuring assurncd stress distributioIl~ for vallnll.., C<L.'>f'''' 

of beam geometrieso In the treatment of the sI ab contribution to CaI ry Vei tlcal ..,lwar. il 
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1 sirnilar way of limiting shear connector resistance to that based on the unused portion 

of the slab between top and bottom compression layers subjected to a pure shear stress 

was incorporated as shown in Fig 1.5(a). 

However, it was realized that this theory does not provide a realistic solution for 

sorne beams having a high nwnber of shear connectors between the low moment end of 

the opening and the support. In those beam conditions, the slab forces calculated based 

on the corresponding numbers of shear connectors will be significantly higher than the 

yield capacity of one steel flange. Hence, the shear connector resistance needs to be 

reduced to maintain stress reversais within the steel flange thicknesses, in the sense 

of satisfying equilibrium of assumed stress distributions. Thus, the connector forces 

calculated in this way were found very sm ail compared with their ultimate capacities, 

resulting in unrealistic interpretation of the performance of shear connection. Full 

details of this analysis will be given in Chapter 2 as part of this research project. 

A similar effort has been also found in a research project involving nine ribbed slab 

beam tests conducted by Darwin and Donahey15,J6 at the University of Kansas (1988). 

In their tests, large steel sections relative to the slab thicknesses were used to investigate 

the effect of partial shear connection, deck rib orientation and modifications to decks 

around the opening to accommodate a higher number of shear connectors. 

For the prediction of the ultirnate strength, they aIso presented three solutions 

incorporating the slab shear capacity. This was limited to the value based on the 

ultimate concrete shear stress acting on an area equal to full slab depth times a width 

of the slab equal to three times the overall slab thickness as shown in Fig. 1.5(b). 

This way of consideration does not involve any dependence of the slab shear carrying 

capacityon the shear connector resistance, which differs from the procedure developed 

by Redwood and Cho. 

A similar problem to that found in the Redwood and Cho method aiso oceurs in 

Darwin and Donahey's analysis when the compression forces in the slab are limited 
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l by the tensile capacity of one steel Bange This results from yielding of the steel web 

section in pure shear, or violation of stress reversaIs within the steel Bange thickncsses 

dup to a high number of shear connectors provided between the low mOlllcIlt end of 

the hole and the support, even though the latter was not noted in thelr onginal work. 

As a result, the connectOI forces that must be developed to resist the slab forces will 

correspond to small proportions of their ultimate capacities. Therefore, it IS chfficult 

to see how the ultimate stage of the beanl can be obtained with such small connector 

forces in the normal beam configurations allowing for partial shear connection. 

Further, concerning the three solutions proposed, it should be noted that unlike 

the Redwood and Cho method, the first solution does not impose a sufficient condition 

to satisfy equilibrium, in the sense of maintaining stress reversais within the steel flange 

thicknesses as assumed. In the other two solutions, the stress distributIOns assumed 

in the steel bot tom tee do not involve local bending resulting from the climination of 

stresses in the steel Bange, therefore it is difficult to see how they can lead the shearing 

force in the bottom tee. In addition, these two solutions did not ensure normal force 

equilibrium between top and bot tom tees, although they provided identical formulas to 

those originally derived by Redwood and Poumbouras in which equilibrium was fully 

ensured. More discussion on their analyses is given elsewhere17
. 

Using the simplified approaches of considering the slab shear contribution in more 

recent analyses4 •16 , the prediction of the ultimate strength for solid and ribbed slab 

beams is possible in a unified manner and with reasonable accuracy. However, there is 

still lack of justification related to the following two major points. 

i) The slab shear contribution considered does not involve the structural action be­

tween the concrete slab and shear connection in a realistic way, resultmg in an 

arbitraI)' assignment of the shearing forces to the steel section and the concrete 

slab. 

ii) The way of determining the slab forces based on the numbers of shear connectors 
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1 provided bath between the high moment end of the opening .:nd the llearest point 

of zero moment, and within the length of the opening. does not involve realistic 

connectaI' forces for beam geometries in which the slab forces are l'equired to be 

limited by the tensile capacity of one steel flange. 

9 
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1.3 Objectives 

The objectives of this research programme are: 

• to clarify the slab behaviour and the performance of shear connectors in carrying 

the vertical shear forces in the region of a web opening. 

• to develop analytical methods based on realistic slab and shear connector bchaviour 

for the prediction of the ultimate strength and service performance of composite 

beams containing large web holes. 

• to ver if y the theoretical background proposed by the experimental investigation. 

• to provide design guidance for composite beams with web openings. 

Research work described herein is primarily applicable to stockier webbed beams 

with height to thickness ratio below about 80 and configurated with solid or rihbcd 

slabs. However, the truss analogy proposed for the treatment of the slab shear carrymg 

capacity above a web hole can also be used in the slab of composite thin webbed plate 

girders, composite trusses or possibly in the link beam of eccentrically braced frames, 

that is, in regions where the slab carries significant proportion of the shearing force. 

10 
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CHAPTER 2 

FUNDAMENTAL ANALYTICAL PROCEDURE 

FOR ULTIMATE STRENGTH 

2.1 Introduction 

A conventional \Vay of estimating the ultimate strength in beams \Vith \Y('h bol<>.., i.., 

to construct the moment-shear interaction diagram which includes mcmher 1 t'hl"t HllCI' 

to various load combinations, resulting from different location.., of tilt' Opt'lIillg 111 " 

beam span. In dew10ping such an interaction curve a highcl degu.'(' uf il CCIII rit ~ III 

prediction is obtaillf'd as more points representing vanous opClllllg locatlouh fi\(' 1\~ed 

to define the curve. 

However, in normal configurations of composite beams allowing for liuutcd shem 

connection, ihis interaction procedure requires another cOl1'iideratioll a~~()ciated wlth 

the distribution of the shear connectol'S along the whole beam span Thi'i ëlli..,p" flOlII 

the depenclence of the strength on shear connector IcsIstanCf' (or dl~tl1hlltioll of ~IH'''1 

connectors). Thus. for the appropriate comtl'uction of complete intel actlOlI cm \ t'" 

in 5uch composite beam~, each point on the interaction diaglam ..,llOulù lw lJa..,,·d 011 

the conesponding location of the opening as weIl as 011 the distIibutlO1l of tlt(' ..,lwiIl 

connectors. As a result, the interaction diagram developed ill thi" way eau lf~plf'..,ellt 

ollly the he am lesi~tallce corresponcling to a particulal' locéltloll of tlw Op1'1I111p, ll11cl"1 
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a particular distribution of shear connection. Note that this is a different feature of 

composite bcams compared to steel beams wh en considering the range of application 

of a complete interaction diagrar. Further, under the situation described above, the 

possibility of constructing a complete interaction curve that can predict the resistances 

at different hole locations in a given beam is question able .. 

A detailed strength analysis16 developed at the University of Kansas aiso fails 

to indude predictions for various opening locations in a given beam sinee the com­

pression for<.es assumed in the slab at every opening location were not based on the 

correspondillg distribution of the shear connectors. 

With the recognition of this situation, the method of analysis presented herein 

adopts a simple form of interaction diagram such as that shown in Fig 2.1, consisting 

of an elliptical curve between points 0 and 1, and a straight line between points 1 and l' 

for providing the uItimate resistance of the beam in a specifie location of the opening. 

A detailed procedure to determine the several eoordinates which define the interaction 

diagram will now be described below for the cross sectional details shown in Fig. 2.2. 

Note that this analysis can also be applied to solid slabs (t" = T,,), or longitudinally 

ribbed slabs (T" = t" + O.5h r ) with appropriately modified slab thickness. 

2.2 Formulation of Member Capacity 

Point 0 represents the ultimate moment resistance of the net composite cross­

section in absence of shearing forces. The value of M oh defining this point can be 

calculated \Vith the assumption of complete shear connection using the weIl established 

ultimate strcngth method18 . However, in view of the interaction diagram relating only 

te> a specifie location of the opening this quantity needs to be modified to the value 

of Jv[~." The moment M~h defining the point 0' includes the effect of limited shear 

connection betwcen the hole centerline and the nearest point of zero moment, and 

could be used in place of AloI. in gcnerating the elliptical part of the curve. However, 

15 



following the suggestion of Redwood and Pownbouras3 • a horizontal cut-ott' at tlus 

point is adopted herein. 

Point l' represents the ultimate sheal'ing resistance in the absl'llCt, of bt'ndlll~ 

moment for a given location of the opening and can be taken t'quaI 1.0 tht' sllt'arill~ fOl ('t' 

at the point i on the basis of test evidence. Thel'efol'e, the lcmainmg part of t he ana!y~l~ 

relates to the derivatioll of the ultimate stl'ength values '"1 and MI con ('~P(l\Idlll~ 1.0 

point 1, representing the transition of the failure mode of the hole flOm hendl11)!, t.() 

shear. 

In the derivation, failure of steel by yielding and of the concl'cl,c by (,O\lllll{'~~ioll 

or shear is assumed at the beam cross sections coincident wIth the end" of the' ho!1' 

Yield of the steel is assumed to be according to Von Mlse~ clltenoll all<1 dw pmt:-. 

of the concrete slab under compression and under sheal' élll' tlpated ~t'pil1(ltd~. tllll'" 

permitting simple failure criteria in pure compression and pUH' 1:>beal No tl'n ... i()l1 ,~ 

assumed in the conCI'ete. 

For the cool'dinates of point 1, stress distributions aIlowmg for high shea! 1Il1?, fOl ('cs 

ale assumed as in Fig. 2.3. The factors k} to k6 which aIl lie betwccIl 0 and 1 l'Cp' e~eIlt 

the portion of flange. web or coyer slab subjected to tenslle 01 compressive 1:>IIf':-, .... ' .... 

Forces acting on the concrete sI ab over the opening length are aS~\Il1wd é\ ... f.lllm Il 

in Fig. 2.4 with the maximum eccentricity, ë = t,,(1 - 05ks - 0 5k6 ) bet\\e.~ll tlH' top 

.mcl bottom comple::.si\'e forces. Later, in developing a truss amtlog) tlil' llHlgllit.wk:-. 

and locations of these forces will be determined in a rational mannCI by ('Oll~id('rill!!, 

the stud configurations within and beyond the opcning length 

Assuming that aH studs are identically loaded and each carl ie., tll(-' hOl1zol1t id .,Iwill 

q cleveloped by bending. 

Cl = nq 

C2 = (n - nh)q 

16 
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where n is the number of studs between the high moment end of the hole and the 

nearest point of zero moment, and nh is the number of studs between the ends of the 

hole. 

The full compressive resistance of the slab Co is given by 

(2-3) 

ln which he is the effective slab width and t~ the cover slab thickness. Thus k5 -

CI/Co = nq/Co and k6 = CdCo -= k5 (1 - nh/n). 

Now cOllsideI;ng the web of the steel tee section above the hole, we may write, 

Sillce yleld occurs 

(2-4) 

1ll which Fyw is the web yield stress. Writing Pwt == StW<1, Vpt = StwFyw/ v'3 and 

l~t == ~tWT, the shear carried by the steel above the opening, then 

(2-5 ) 

Similar relationships exist for sections below the opening, giving Pwb as a function 

of the shear carried below the opening Vb• 

For cOl1\'('niencc we may write {:Jt = Pw'; Pyf and!3b = PU'b/ Pyf where py! == btFyj, 

the yicld load of one flange. Integrating t.he stresses at each of the four failure sections, 

k} = 0.5(,8t - !3b - fd + k3 (2-6) 

k2 == 0.5(,8b + !3t + f2 + 2) - k3 (2-i) 

(2-8 ) 

in which fI == CI / Pyf and fZ == C2 / Pyf. 
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1 The stress resultants at the four sections are denoted Q,. and t hci r lillt'~ of il ct iOll 

are defined by y, a5 shawn in Fig 2.3. We may thereforc \\"lltt' 

(2-10) 

(2-11 ) 

(2-12 ) 

Equilibriwn of the regions above and below the openillgs and at the 0IWlIlllp, ("1'11-

terline, requires 

(2-13) 

(2-14) 

where Vi = l~t + l'= in which Ve is the shear carried by the COll crete aud V./ i ... "hat 

carried by the steel. Also, 

(2-1;:' ) 

üsing the subscript 1 to denote values corresponding tu pOlllt 1 uf t II!' lulf'Ulel Il)11 

diagram, and assuming that the steel flange thickness i::. ::.mall compall'd \Vith tlw 

depth of the tee section, substitution from Eqs. (2-6) to (2-12) in Eq (2-13) }('I1<}.., to 

1\vo solutions for Ft] 

Ft) _ w, + J3~(2 - 311 2 + 9 

\ ~t - (3 + _(2 ) 

Vt) J1. 

Vpt = :y 
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• iu which 1 = 2al St 

and 

and alsa Eq. (2-14) leads ta 

(2-18) 

Thf' tatal shealing force can he written 

(2-19) 

and the maximum moment consistent with this shearing force corresponds ta l'3 = 1 

and Il:> given by Eq. (2-15) as 

(2-20) 

2.3 Limitations on Shear COl1nector Resistance 

Sillet' the solution procedure is based on the lower hound plastic collapse theo-

rem, it i~. desirable to choose the maximum value in Eqs. (2-16) or (2-1 ï) subject to 

('(luilibrium and yield requirements being satisfied. 

In the followillg, for various beam geometries, a number of additionallestriction~ 

to ensUIt' either equilibrium or yield conditions are satisfied as weIl a; to ahtain the 

maximum value of \ il arc derivecl. These are incorparated into tlw ~()ltlti'111 ~Jy the 

dl"'ic(' of limiting indi"idual shear connectar resistance. 
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t The two solutions given by Eqs. (2-W) dllu (2-lï) are illustrated in Fi~s. 2.5la) 

and (b) respectively. They are valid in the range 0 ~ q ~ qll\lII where qlllllr Îs ddilH'd 

as 

. Co To 
qmax = rmn{-,-} 

n n 
(2-21) 

This ùCllotes the lillli tiug shear COllllCctioIl n>rrc:-;poudlIlg, t 0 rOIll! HI ':-.:-.iOl\ fcl i lt li l'of 

the complete cow'r ~lab, or tension yicld of dl(' compll'tl' lwt :-.h'l'l :-.t'I't!OIl at tilt' hol.,. 

where 

Ta = 2htFyf + (<1 - 2t - 2H)wF"u' 

Thc correspollùing comprcs~ioll block dq;tlt factor k"1/IUJ i:-. p,in'll by 

k 
_ 11/l lllaL 

5nlax -
Co 

For cases with J.L :::; "/, a possible range of '301ution IS illÙH',ÜPll Îll FI~. 2 5(a) wllt'lI 

Fi is given by Eq. (2-19), in which Fil is givcn by Eq. (2-16) alld l'Id by Eq (2-1tl). 

The horizontal connector resistance qo corresponding to the maximulll vahl(' of VII 

is ohtained by maximising Vu in Eq. (2-16), and is giVCIl by qu = k5UCO/1l whcn' 

[ 
721t T~nh 1 1--+--
Tl t.Tt k50 = ----~----~2~ 

2[1 _ _ nit + _17,_" 1 
n 2n 2 

(2-2-1 ) 

In addition, aU stress reversaIs should be ('n~urccl within tlH! steP! fblI1g,e t1licl,-

nesses, that is with 0 ;:; k l :::; 1, in order ta ~ati~.,fy ('C{uilihriurIl of a!>sllIIlI'd ~t!(·.<'h 

distributions. Then wc may write, 

(2-20) 

20 



1 lU which 

(2-26) 

and 

(2-27) 

Note that in cases of JI. ~ ï being considered, the values ql and q2 in Eqs. (2-26) 

and (2-27) must he solved iteratively hecause of their dependence on Pwt , but usually 

Olle itelative cycle i" sufficient. Similarly, we may write "'Se = nqe/CO' 

The solution wJuch c01responds ta J.l > -y will only normally be feasible O\'el' part 

of the rélugf' 0 < q < qmax defined by q~ and q", as can be seen in Fig 2 5( b). These 

ndue::. aH' obtaiued from q~ = k~ Coin etc. where k~ are the roots of the follo\\'ing 

equatiun derived from Il = -y: 

(2-28) 

As in the case when Jl ::; ï, the maximum shearing resistance again OCCUl'::. ",hen 

lJu == J..·soColn \\'here kso is given by Eq.(2-24), and the Eq. (2-25) should be again 

cou!:>H.lered tu eusure stress reversaIs within the steel Bange thicknesses as aS5Ulued 

",hile <JI and <J2 al{~ calculated with Pwt = O. 

2.4 COllcrete Slab Shear Consideration 

The solution for Jl > -y is valid when the steel top tee is fully yielded in :,heéll'. élnd 

ill addition the conca'te s.lab conhibutes ta the shearing resistance. 

A~ é\ simple model 1 epresellting the limit of caver sla h shear carrymg, capacity, the 

ultimntc stress distributions shown in Fig. 2.4 are assumed. Top and bot tom layers 

of the COVel slab are subjected to the ultimate compressive stress O.85f~ and the layer 
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1 between these two is assumed to carry the ultimate shearing st 1 css 7 ,\ /Fr P = 0 ~!J 

with f: in MPa). The ultimate sheanng strength of the slab may therefolt' he wnttt'll 

( 2-2!J) 

For those cases in "'hich the slab shearing resistance 1ll11~t !)(' 1l1o!1111lt'd, tll!' !lI'i11l1 

shearing resistance, \'1, can not exceed V;11ax = lIbl + \ ~t + \ ~II' 1 t llla)' "Iso \)(' lloted 

that Vcu = 0 when 1.:5 + k6 = 1, i.e. when 

1 
k5 = k5c = ---::::--2 _ llh 

n 

( 2-30) 

The bi-linear upper limit shown in Fig. 2.û represellb "/I/IU and t IH' lIIt C'I"'. 'ct 1011 

of the two straight lines is located at q = 'lc. 

A solution which intersects the upper limiting li ne \t'max, ab shown in FIg 2 Û. taJ...«· ... 

place when 

(2-31) 

Solution of thi~ for the correspollding k5 ( = k~) give~ 

[1 - nh + nI ]k1/2 _ [(1 _ nh )(1 + cI» + ~ + T"nh lk" + [cI> + 2a V"t 1 = 0 
n 2n2 5 n t"n 5 Cot" 

(2-32) 

where 

cI> = 2aÀ 
O.85J7ft" 

kI/Cf 
" '5 U q =--

TL 
and 

The solution fOl l'Il i.s then obtained by using the lowcr of q" and q, ill c\·,dwlt.ill).!, 

Jl in Eq.(2-li). and the shearing force carried by the cOl1cret(·, v~, may \H' obt"ilJ('c\ 

from 

(2-33) 
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All limiting values of q described 50 far are summarized below in a tabular for­

mat (see Table 2.1). 

The full comparison of results given by the theory \Vith previous tests will be given 

in Chapter 4 . 
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Table 2.1 

Reasons for LlIIutatlOns 

Shear connector ullimate 

resIstance 

2 OptIlllum ,alue to gIve max-

Imum beam resIstance 

3. Tenslle capaCity of steel 

section 

4. CompressIve capacIty of 

concrcte slab 

5. Full shear resistance of steel 
and co.lcrete slabs can be 
developed 

6 To ensure eqUlhbrium of 
assumed stress distnbutions 
IS satisfied (k l ;::: 0) 

7. To ensure eqllllIbrium of 
assumed stress distributions 
is satJsfied (k2 ~ l 0) 

Limiting Values of Shcar Connector Resistance 

JI::;; 

qr 

1 
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Co 11 t"n 
71 2[ nh 1 { nh }2] 1--+- -
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2Pyf - vp,,~ + Pwt * 
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~P * - IlIt 2Pyf - Vpb (1 + 0") 
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IL > Î' 
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3.1 Introduction 

CHAPTER 3 

TRUSS ANALOGY 

FOR SLAB BEHAVIOUR 

The truss analogy19, in which the internaI flow of forces is repre~ented in the form 

of strut-and-tie models. is today considered as a rational and general ba:-'ls br ~hear 

design of structural concrete. The basic concept of this analogy i~ that aftcr Cl acking 

of concrete. reinforced con crete structures carry loads principally by li ~(>t of dJll!!,ollal 

compressiYe stresses in the concrete and tensile stresses in the reinfoi cclllcnt.. Il ca:1 

be recognized that by considering the shear connectors as vertical tell~iOIl llH'mlw[..,. éI 

similar type of truss action to that found in concrete structtUc,> ma)' be po-.,,,il,lf' 111 tll(' 

.,la bof i:I ('om}Jo~ite beam, particularly in regiolls where the 5htlJ (,éllTi('~ il lot of, ('1 tInt! 

!:lhear snch as in a beam above a web hole, in situations \vhere the &t(;('l ~ect)()ll i~ \"(~ry 

slellder2 • in composite trusses20 , and possibly also in the link beam of eccentrically 

braced frames 21 (see Fig. 3.1). 

At thf' plesent time .. no rational procedure to con5ider any contI ibnt ion of com­

posite action to strength in \'ertical shear exists in desiglling COlllpOSIte ~tll1ctlllfti Hoor 

lllcmbers. This may be becau5c of the small influence of si ab ~hcm ill 1l01111.d 5tll\ctUl al 

elements or because of the complexity of slab shear problem~ Howevcl. in tlHN' lWillll<" 
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1 having large web holes, particularly with the ribbed type of slab with lim:ted shear 

connection, a sound appreciation of the slab and shear connector behaviour in resisting 

vert.ical shear is desirable if a full understanding of both ultimate strength and service­

abllity load level performance is required. For this, a finite element technique capable of 

pledictillg the post-cracking behaviour may be usefulj but there are serious difficulties 

in simulating; the interface of the con crete and connectors as weIl as in generating mesh 

arrangements \Vith the normal element library which describe the connector locations 

and rib geometries. The truss analogy offers a more promising approach to clarify the 

structUlal action of the slab and the studs in the region of a web penetration. 

An explanation for the load carrying mechanism in solid and ribbed slabs of com­

po~ite beams subjected to high shear is presented, and based on this physical under­

standing, truss idealizations capable of considering the slab shear contribution in a 

rational mauner are developed. \Vith these idealizations, the ultimate resistance of 

composite beams with web holes representing point 1 on the interaction diagram such 

a:-. Fig 2.1 is formula ted for three different configurations of the studs in the hole region. 

A bel,·iceability analysis model that includes the interfacial slip between concrete slab 

and steel beam as weIl as truss action identified in the hole region is also proposed. 

3.2 Ulthllate Strength 

Due to the presence of the concrete slab, a surprisingly large increase of the ulti­

Illat(~ ShCéll strength has been reported in tests of composite beams \Vith ,,"eb holes;·10 

or thin webbed plate girders2 . In these tests, failure of the slabs was dominated by 

diagonal tension in soliel slab specimens and by rib separation in ribbed slab specimens 

ill the "icinity of web hol~s (see Fig. 3.2). 

A., \\'é\!:> lloted in previous work10
, such slab failures have 50me relationship to the 

trnnSfCl"CllCe of prying forces between slab and steel beam through shear connectioll, 

l'I':-.ulting flOm the \ïereneleel type of action at the opening. However, in discussing this 
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aspect of shear connection, previous researchers gave more attentioll to t.he horizontal 

shear resistance of the connectors rather than the verticnl rt'si~tnllrt'. \Vhil<' olwio\lsly 

recognizing that the rib separation cracking relates rlosc1y to teusioll action of t.he ~t \Ids 

in the vertical direction, they could not sec an)' practical way of incorporat ill~ thi::; SPl'­

cific action of the studs in an analytical procedure bccausc of illsufliricllt lllllh'r:-.tllllc!lII).!, 

of the behavioural aspect of the connectOIs in their Iole in cO\rrying "\'t'I t.ielll !->lH'lll". 

In the following, the performance of stud COllllCct.Ol s in l'l'sbtillg \ el t kal ~h(,;11 i:-. 

identified and related to the obscrved slab failurcs in composite bcallls \\'ith web hoh's 

3.2.1 Behaviour 

3.2.1.1 Solid Slabs 

In most !'>olid slab tests5 ,7,9 reported, a typical fcaturc ",hicl! is lal').!,('ly <lIH'I'II'1l1 

from ribbed slab tests is that high dcgrees of shear connection and rdativ<'ly t.hick :-.\ah ... 

are provided along the whole beam span. Thus, such conncctors cau \)(' (,0I1~id('r('d as 

sufficient ycrtical reinforcement to pcrform truss action ill the slab. 

Figure 3.3 shows the stud and opening configurations, and a slab crack pilttclll 

around the hole for one of the solid slab beams7 tested at the University of Kansas. ily 

applying the truss concept to this slab failurc mode, it can be decluced that. IlIH!('l higb 

shear, the top compressive stresses in the slab at the high momellt end of t.!te openÎIl).!, 

must be resisted diagonally at bearing formed by the shaIlb of th!' :,tlHb alJd t.}w t.op 

steel fiange near the low moment end of the opening. COll:-,idl'lillg t,lw O('('Ul Il'111'(' of 

transverse cracks in top and bot tom parts of the slab duc to the Vicu'llCl('('1 t.ype of 

action at the hole, the diagonal strut action describcd will be IIlOle appawut If 1.1w1<' 

is no tension in the concrctc, vertical tCllsion counterbalancing the vertical COlllpOlH'llt 

of the diagonal compression strut is required in the stud~ IH:ar the high IJWmcllt elJe! of 

the opcning wl!erc stress fields change directions. 

At the stage near collap~e, it can be furtlwr deduced that a diagollal t(~Il..,ioll crw:k 
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• shown may be initiated from the local failure of the bearing zone in the ~ottom of 

the slab neat the low moment end of the opening because only a ~.~all size of bearing 

arca may be possible, as a result of the :;ignincant propagation of \ranS\'t::se cracks 

formed in the top of the slab towards the b0ttom of th{ ~ld.o. However, a more detailed 

cvaluation of the bearing characteristics which would provide clarification of this type 

of slab failUlc is not a simple task if the effective slab width and the number of shear 

connectors participated need to be considered. It may be noted that the stud behaviour 

cau Ilot be clearly observed in tests. To study this, a solid slab beam with a very narrow 

51ab width was illcluded in the parallel experimental programme to examine the slab 

failure associated \Vit.h failure of the hearing zone. 

Again, from the slab crack pattern shown in Fig. 3.3(a), another important ob-

5ervation as~ociated with the inclination of diagonal compressive stresses in solid slabs 

cau he made: The inclined strut appearing in a test does not necessarily span between 

the studs within the opening length even though they were placed far enough apart 

to hehave independently in the longitudinal direction. It is, instead, antidpat, (1 that 

diagollal stress field5, as shown, traverse several connectors along the opcuing length 

and even those beyond the opening length when there is a lower angle of inclination. 

Note that. this pattern of stress fields may be possible in solid slabs because of the 

continuous and prismatic nature of the slah geometry, and several different geometrical 

HlTélllg,l'lllents of struts and tics are possible for the various stud configuratiolls used fur 

:-.obd !:>lab~. :\ possible diagonal compression field action for the slab consideled helcin 

is !:>hOWll III FIg. 3 3(b). Several diagonal compressive struts linking the head5 of 5tuds 

alld the base5 of the nearest studs (or one stud further removed) are incorporated. 

In a pl'a.ctical sense, however, the stud placement in solid slabs can be arranged 

to plO\'ide t.he most favorable configuration to perform truss action as weIl as to resist 

\'t'l'tical shcaring forces in an efficient manner. 
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1 3.2.1.2 Ribbed SJabs 

Unlike solid slab beams, steel deck supported slabs (which are hert~ill terIlH'd lIblwd 

slabs), have physical charactenstlcs which limit shear bt.ud placement, and t.h(' thin 

cover slab thickness which is unfavorable in reslstmg VCI tical sh(,al forc('~ FUI tht'llllOlt', 

features such as partial shear conllection and the non-uniforIll cross S!'dIOll I.)f th,' ~Iah 

cause additional problems which are not met with ln solid slabs. 

The magnitude offorces that one shear connector should resist will he siglllfkantly 

increased when compared with those found in solid slabs at the same load 1,,\'(,1 l)('ca\l~t' 

of a relatively smaU number of shear connec tors providéd alollp, the wholt' IH'fllIl ... pan 

On the other hand, the honzontal shear and vertical tension capacity of ,'Il 111<11\ 1<111111 

shear connector wdl be greatly reduced due to the non-umform !:>lab P,('Ollwt \ y A ... il 

result, the pull-out. failure that causes rib separation cracking was found to dOllllllat,(· 

in aU ribbed slab beamslO,12 tested at McGill Univelslty. The stud and OpCIlIUg, COII­

figurations. and observed cracks in the slab for a typical test of the McGlll heam<,IO aIt' 

sho\\'n in Fig. 3A 

If a similar type of load carrying mechanism to that found 1lI 50bd .,lai> ... 1'-, a .... <,llllled 

to exist, the top compressive stresses 111 the cover slab near the high momellt eud of 

the opening are required ta have sorne inclination ta carry vertical shellr fOl cc~ and b(, 

anchored at the bot tom part of the rib located near the low moment elld \Vith dlHg,ollal 

cracking of the concrete, the studs near the high moment end of the O!WUIIlg, 1lI11"t ll''-,I!,t 

tensile force:, in the \'el tical dIrection caused by diélgoual t'OIll!>l e:-,.,IVf' ..,tJ ( • ..,.,,,., \\ III l,· 

thm.e near the lo\\' moment end provide bearillg zones. Ho\V(·wl. be('(lU~(> of 11I .... l\ftÎl'lI'lIt 

yertical resistance of the studs associated with the cross sel'tlOIHd PlO!Wl tH>'" of t lw 

ribbed slab, the rib separ.ation cracks are more hkely at an cal her sta~,: of h);llbllg, 

A Plobable diagonal compresbion field action for the I1bbcd .,lnL ('Oll'-,ld('J(,d \.., 

shown III Fig. 3.4(b) In this, the lower corner legiom of the lib .... aIe col1..,ldl·lf:d .. .., t}w 

bearillg zoneh to all(,~lOl diagonal compreSSIve stl es~e~ ~pl(~adill,!!, flolll t 1)(' be,H!:-' of t.IH· 

32 



t studs DI the top compressive zones in the cover slab. The metal deck sup;>orting the 

full width of the slab will be helpful in providing wide bearing zones in the narrow ribs, 

although the loads must be transferred through the thin deck to the weld at the base of 

the stud AIl diagonal compression struts developed may curve, subjected to aclequate 

a5sociated tensile resistance of the concrete, due to the geometrical discontinuities of 

the slab. 

Again, from the slab crack pat.tern through its thickness shown in Fig. 3.4(a), it can 

be considered that the rib separation crack appearing in the first rib beyond the high 

moment end' of the opening prevented full development of inclined strut action, such 

as found in sohd slabs. Neal collapse, these separation cracks ex tend towards the load 

point. Thi~ riL ... 'paration, which results from the pull-out failure of studs, is not readily 

a\'oidable in configuratIOns of ribbed slabs used in practice and this limits the potential 

:,trength of the slab. In relation to this, the vertical resistance of the studs for ribbed 

slabs needs to be enhanced to obtain truss action similar to that found in sohd slabs. 

by pre\'Cnting the premature failure relating to the pull-out failure of the stuels. One 

pos5i ble detailing method to achieve this, in providing horizontal reinforcement ,,,eldeel 

ta the heacl:, of the studs over the opening, will be investigated in the expel'imental 

programme. 

On the other hand, transverse cracks occurring in the top of the cover slab at 

the lo\\' moment end of the opening will be much more critical than those round in 

solid slabs due to the small cover slab thickness. Thus, once cracks form in the top 

of the cm'CI slab, thf'y may penetrate rapidly into the bot tom of the slab, resulting 

in cOllsH!erable separation of the slab. In this regard, Redwood and 'Vong 10 assumed 

~trf'''':-' di5tllbutlOns based on a fully cracked slab section at the low moment end of the 

opening, but. they could not incorpol'ate the slab shear cal'rying capacJty indepcndcntly. 

In these nbbed slab beams transverse cracks also appeared in the coyer slab neai 

the end supports lU
•12 . The truss concept implies that at concentrated l'eaction~. the 
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load is transferred into the supports by fanning of compressive stresSCR. ThcrefOlt', 

anchoring several struts at the last rib near the support introducl's lar,!!,<'l hori.lOllt al 

and vertical forces into the studs in that regioll. A~ a ll'sult, with littk (,Olllpr('~ .. ;j()ll 

in the slab near the support, the last rib location is particularly vulncrahlt' to crackillp­

on the top surface of the slab. 

3.2.2 Truss Idealizatiol1 

An idealized truss mode! capable of rcpresentillg, the slao <tnd ~t,lId lH'ha\'iOll1 

described above is shown in Fig 3 5. This mode! cau he wu..,i<!t>rcd a~ a /!,t'IH'l'éd C:\"-P 

for various truss idealizations, and is plOposcd to apply to solid as \\'(,11 a~ lihl)('t! ~Iah~. 

In order to simulate diagonal anchOIage of the top COllll)lP~~i\'(' ~trc~~c!'>, il ~t Illt 11111'-, 

horizontally near the lllgh moment end of the opeuillg aud drop~ to tIlt' hot tOill of tb.· 

slab ne al' the low moment end of the opelling (sec Fig. 3.5(a)). SI'vpraluH'liIH'd :-,ttllt~ 

indicating vertical as \Vell as horizontal dispersal of tlH' ('OI!IH'c(O[' fo['("('s at 1,11<' hw.,I·~ 

and heads of the studs into the con crete slab are also illcluded to r<'{>1'(':-'1'1I1, (,olllplet.(· 

tension action of the studs in the form of continuous str('~~ fields 

In solid slabs, additional diagonal struts involving lower angl<'s of illclillH tioll, !-.llch 

as shown in Fig. 3.3(b), may be necessary for the more realistic l epre:-;I'I1t.atloll of t}H' 

slab behaviour. However, duc to the dependence of their magIlltudes OII t.}w IlOrizollt.al 

rcsÎstance of shear connection, the inclusion of thosc additl<mal f>trut<, do('!> Ilot illvo!vP 

an increase in the shear carrying capacity of the cOllnde ~Iah cOlllpaII·d wit.h that /!,iV(,ll 

by the proposed mode!. As a result, addition al diagonal struts with il low('r iIlcliIlat!oll 

are not considered. In addition, for the arrangement of tlH' iIlC!J!J{'d <,tr llt<, III l ibl)('<! 

slabs, the curved diagonal stress fields arc idealized as str rught hIles. 

Now, considering a corn mon type of stud cOllfiguratioll ia t}H~ ribl)('d !-.I;tb p,colIH'try 

in which two single studs are placcd within the hok kIlgth, forcl's actiIlg Ull tlH~ :-,1 ab aIld 

&tecl beam can be describcd as dlOwn in Fig. 3 5. FroUl the force by:-,telll :-,hOWIl, il, i~ 



• noted that the sI ab at sections between AB and CD carries vertical shear, Tb T2 or T3 , 

depending on vertical load carried by the corresponding shear connection, while in 

regions beyond those sectIOns all of the vertical shear is assumed to be carried by the 

steel section alone. Further, in the region between sections AB and CD, the vertical 

interface forées that can explain "vertical shear transfer" from the concrete slab to the 

steel beam through the discrete shear connectors exist in the form of compressive or 

tensile forces. Maximum separation between the slab and the steel beam is observed 

near the high moment end of the hole, and so the vertical interface forces, 6T2 and 

...,T3 , are tensile, while those near the low moment end of the hole, nT} and j3T}, are 

compressive due to the anchorage nature of the top compressive stresses. The factors 

() tu ..., define the portion of vertical forces in compression or tension that can be 

transferred to the steel section from the concrete slab, and alliie between 0 and 1. 

Using notation q, for horizontalload carried by each shear connector and assuming 

() and..., are equal to 1.0, vertical and horizontal force equilibriwll at the corresponding 

~tud locatiolls ylelds the following expressions about the compression forces in the 

diagonal struts denoted Ca. 

c}=~=~ 
smB cosB 

(3-1) 

C
2 
= T2 = Tl (1 + ,8) = ..!!.1.-

sin8 sm8 cos8 
(3-2) 

C
3 
= ~ = T2 (1 - é) = ~ 

8m8 sin8 cos8 
(3-3) 

In addition, assuming the uniform longitudinal spacing and single action of the 

stuc\s, the inclination of diagonal stru~s can be written as 

( 3-4) 

in which H .• is the fini shed stud length after welding, and l~o is the longitudinal spacing 

of the studs.· 
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Again, from Eqs.(3-1) to (3-3), vertical and horizontalloads carried by t'aeh shenr 

connection can be expressed as follows. 

Tl = qotan8 

T2 = Tl (1 + (3) = ql tan8 

T3 = Tz(l - 8) = Tl (1 + .8)( 1 - 8) = qzfa17H 

and 

ql = qo(l + /3) 

qz = qo(1 + ,8)(1 - 8) 

(3-5) 

(3-ô) 

(3- i) 

(3-;)) 

(3-0 ) 

Note that an equations given above, which defillC' the siab alld COll1H'cl.or f"reps 

in the hole region, can be expressed with three indepenclcllt variabk~, li, band Oll(' of 

the horizontalloads carricd by a shear connector, ~ay qu Thc!cfolt" O!WI' t.!w:,/' tIlIl'(' 

variables are known, a complete set of the slab and conllPctor fOl C('S cau \)(' obt.ailH'd 

by linking the failure criterion of the studs und{'r colllbincd vert.lcal (lm! horizontal 

loading. Then, with these forces, the sheariug force carrieci by the ~tc'I'l :-'f'dJ<))l alollt' 

above the opening can be dctermined following the same proœdmc used in tlH' plevioll:-' 

analysis (Chapter 2). 

N OW, the values of fi and 8 arc determi ncd by IIlcélll!-:> of var ylllg fWIIl (J t () 1 

with a sman increment (0.1). Then, the value of qo correflponrling to tlw :,it.uat.ioll ill 

which at lcast, one of the vertical members 1cacht,s at it~ ultimat,e :-,tagl! IllHlcI ('OIllhIIlCd 

horizontal and verticalloading caIl be obtaincd ming aIl iterative cakulatioll PW("(·dUl(' 

with each pair of ;3 and 8 values. In doing ~o, a number of solutioll:' corn!~}J()HdillP; t,o 

various combinations of fi and 8 are fOllIld, howevcr the solution thn.t pJ'()vid(,~ tlll' 

highest strength will be the appropriate one since the 10we1 hound tbcm y i:-, adoptl·d. 
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Using the procedure described ahove, analysis \Vas made for aIl previouG test results 

and after investigation of the analysis results, it \vas found that the maximum shear 

strength of the composite tee section above the hole (l'tl = V~+ V"r) was always obtained 

whcll aU the COIlllectors considered are equally loaded in the horizontal direction, and 

the VHltl(~~ of (3 and 8 are equal to 0 (sce Fig. 3.6). Note that the physical significance 

of this ::.itllatioll is that "vertical shear transfer" from slab to steel occurs at the nearest 

Iocatioll of shC'ur conncction to the ends of the hole, not near the centerline of the hole 

as call be Scell in Fig. 3.6(h). 

\Vith thesc added conditions on [3,8 and q1) a closed form of solution defining the 

shenr cm rying capacity of the top composite section can he formulated. In the fol­

lowillg, threc solutions corrcsponding to the three practical configurations of the studs 

transfernng \'crtical compression ta the steel section (which will be termed "bearing, 

stud::. 01 COI1I1cctors" hereafter) are presented. Note that these are particular cases of 

solutions that can he obtained from the truss model being considered 

Fot completeness of the proposed truss concept, truss action across the width of 

the slab can also be plf'dicted as shown in Figs. 3.5 alld 3.û. Note that dispersal of 

the compression forces at the stud locations ta the whole width of the con crete slab 

generates transverse tension forces in the slab, which may result in longitudinal cracks. 

In ribbcd slabs, steel deck ma)' provide the associated transverse tensile reaction The 

inclinatioll of those struts is herein assumcd to be B' = tan- I 1.0. 

3.2.:3 Formulation of Member Capacity 

'V 1 tilt Iw lise of il truss aualog,y, the slab behaviour observed in tests is clarified, and 

the corrcspollcling role of ShCUI conn['ctor~ in rcsisting vertical tensile (or compressive) 

fI II ces as weIl a..:; in tI1m"fClI;lIg, those ftom slnb to steel is clenrly identified. Such 

)w!Ja\'l()llrnl aspects of the slab and shcnr connection cau he takcIl into account in an 

altt>rnatin' mcthod of Jllcdiction of the ultimatc strcngth and even the serviceability 

:Iï 



~ 
1 
1 

1 performance in the opening region 

For the complete treatment of the truss models gl\'en herelll. est inw t IOU of tilt' 

actual dimensions of compreSSlOn struts, their corresponding anchOl age~ (\nd !>t'anng 

zones, and fajlure conditions would be necessary But this is not a simple t.a~k hecaURt' 

of the impossibihty of observation and difficulties in rneasurcment III tht> IIltcrior of 

the slab. In the following derivation, it is assumed that failure of lIldiw'd ~t.rllb alld 

their corresponding bearing zones does Ilot occur prior to faihlle of ~Ilt'al C()lIl1ect.OI'~ 

This approach appears to yield safe results when compared \'.'!th t.est ob~el va tlOllS , bul 

full justification is not possible without extensive further study of the illterart.ioll of 

connec tors and con cre te slabs. 

Truss model::; incorporating three typical configuratlOn~ of tlw st.ud ... al()ll~ t.11t' 

opening in either sohd or ribbed slabs, and the well-e5tablit>hed stle~~ dl..,tl!1>11tIOI\" 

in the 5teel 5ectiom uuder high sheat are shown in Flg5 3 Î, 3 g and 3 10 Thn'(' 

cases of stud configurations which were classified accordmg to the lucatlOlI~ of hem illp, 

connec tors relative to the low moment end of the hole are: 1) bearmg ~tud.., plac('d 

exactly aL the low moment end of the hole, ii) beyond the lo\\" moment elld of tlH' hoh 

and iii) no studs within the hole length. Three solutions concspondlllg to t!Jt·..,e ~tud 

configuration classifications will now be derived for the detellllmatlOn of tllf' poillt 1 

on the interaction diagrarn. For other stud configurations, ..,ollle modifi('"t 1011-' ('an \)(' 

incurporated without chang,ing, the fundamental approach cou'>l<lelec! !tel!'. 

3.2.3.1 Bearing Studs at L.M.-Solution 1 

The configuration of the studs considered is shown in Fig. 3 ï Dy placlIIg ~tIlJ,> 

exactly or sufficiently close to the low .!loment end of the hole, the top COl1lpn~S5lve 

~tl'ut \\'hich l'un~ hor izoll~ally neal' the high moment elld of tilt' llOle \\'ill Iw allcheH ('<1 

a t t hc' stucl 10c(I tioll COlI csponcling to the low moment elld of Ilw !tole' Ir 1'" t IIt'lC'fol C' 

comiJered that vertical shear transfer from slab to steel occur~ at the low mOlllellt euJ 

of the hole and at the nearest position of the studs from the high moment euJ In thic; 
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• way, beyolld the rcgion whcrc vertical shear transfer occurs, aIl of the shear forces are 

assumed to be carried by the steel section alone. 

Fr om tl!C force system shown in Fig. 3. 7( a), normal force equilibrium at each of 

the fOlll yield locations gives the following, when the number of vertical members in 

cOlI1pres!->ioH or tension action within the hole length is Nu and the number of shear 

COllIlCdofS cOllsisting of each of those vertical members lS nt. 

k1 = 0.5(/Ît - /Îb - N v€d + k3 

k2 = 0.5(/Îb + /Ît + Et + 2) - k3 

k 1 = /Îb - k3 + 1 

iu which Pt = Pwt!Py!, Pb = Pwb/Py! and Et = ntq/Py!' 

(3-10) 

(3-11) 

(3-12) 

Expressillg the distallce from the high moment end of the hale to the nearest studs 

as 1. 1 , llloments at the four corner sections above and below the hole 

QI rh =[Nv - l]ntq[Hs + sd + ntq[lsl tanO + St] 

+ p y![-0.5s tPt + 2k1 s t - sd 

Q2Y2 =Pyf (O.5st,Bt - 2k2st + St] 

Q3fh =Pyf[ -O.5sb{3b + 2k3S b - Sb] 

Q4!Ï.1 =Py/[O.58/J;Jb - 2k"Sb + Sb] 

(3-13) 

(3-14) 

(3-15 ) 

(3-16) 

FlOlll the tlllSS llualogy, the shcaring force carried by the concrete slab Vc is ob­

taillt'd a~ 

(3-li) 
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Now considering the studs under combinecl horizontal and VCl tienl forn's, a failure 

criterion has been proposed22 as: 

( 3-18) 

in which qr and Tr are respectively the horizontal and vedicé,l rcsistallc('s of Olle !-.llt'Hr 

connectoI'. Also, the pull-out capacity of a shear conn{'ct.or, which gives it.s vertical 

1 esistance, can be expressed as follows, based on a conicnl faiha e smfacl' of coucrl'te (s(,C' 

Fig. 3.8). 

(3-1 D) 

where Ac is the pull-out cone surface area correspondillg, to Olle shear (,OIl1\CdOI 2.1. 

Note that when studs are placed closely together, the full tCllsiOIl colles of the stnds 

cannot be developed due to the intersection of the pull-out COlle ,>mfnet's, t.11l1~ Ac. giV('Il 

above has to be estimated from the partial tension cone action. 

Equilibrimll for the top composite and bot tom stccl !-.crtiOll a!>ovc and Jwlow t.he 

opening 

(3-20) 

(3-21) 

and for the composite section at the opclIiIlg centerlille, 

(3-22) 



• Subst.itutiorl Eq (3-17) into (3-20) leads to 

j.J:"y + .)3"12 - 3Jl.2 + 9 
(3 + ,2) 

iu which -( = 2a/ St and J.L = Htq/Vpt ' 

(3-23) 

It 18 of illt erCf>t to Ilote that Eq. (3-23) has identical farm to that given in the previous 

aualysis cxccpt for the new definition of J.L. 

Also, Eq. (3-21) gives 

(3-24) 

The total shcaring force carried by con crete and steel tees corresponding to point 1 

on the III tcract.ion diagram can be written 

(3-25) 

auc! tlll' maximum moment consistent with this shearing force corresponds to k3 = 1 

aIlc! is ,l.!,i.,.cn by Eq. (3-22) as 

(3-26) 

FurtlH'r. fto1\l Eq. (3-23), it is known that Vat has a maximum value when j.l is equal 

t,n A" \ Vi th this, the upper bound for the horizontal stud forces corresponding to a 

Yt'rt irai Illcmber call be forn1l11atcd as fo11ows. 

(3-27) 

(3-28) 
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Also, note that wh en the studs transferring \'crtical tension to the skl'l l·wctioll art' 

located exact 1., at the high moment end of the hole, the)" are not indlld('d in est im<1 tin!!, 

N v and [sI should be consldered to oe equal tü l.~o. 

3.2.3.2 Bearing Studs Beyond L.M.-Solution II 

The stud configuration considered applics WhCll bearing, st.uds al'(' pla('('(1 ilway 

from the lo\\' moment end of the hole as shown in Fig. 3.9. The top l'()lllprc~si\'(' sU III 

near the high moment end of the hole is assul11cd to oc ltnchored diagollally nt. tilt' st.ud 

location beyond the low moment end of the hole. Thus, the vertical force trallsfcr frol1l 

slab to steel occurs beyond the hole length 

In treating anchoragc of the inclined strut for thb type of stlld COli fip,1Il a t. 1011 ... , 

another possible anchorag,c may be consid('red, i.e. at the stud location \Vit lllu tl)(' holt' 

length nearthe low moment end of the hole. If the anchoragcofthe inclill('d stlllt. at. the 

position of the studs within the hole length is assumcd, t.he stepl tee ill a lill1!tt'd 1 (,,!';!Oll 

between the low moment end of the hole and the location of the <lIlChOlagl' IlIll!-.t. n·~ist 

aIl of the \'ertical shear forces alone. As a l'l'suIt, tlw sheal c<lpéwity of 1.11/' top st(·(·1 tt·t· 

web ("~d will limit the maximum shear capacity that cali be Cétl ried by the colll}Jmit(· 

section above the hole (Vtd. However, it is noted that. the case with all('hOIHg(~ Iwyolld 

the low moment end of the hole always providcs the lJighcr ~ht\ar strcn~th ill the top t(·(· 

section compared with that g,i\'en by the case with élllchorage wlthin tlj(' hole h·Il,!';t.lt. 

Thclcfore, further consideration of the latter case i~ Ilot givell 

Following the same procedure used in Solutioll l, the sheal' carryillg capacity of 

the top composite section, Fn (= Vc + V,t), and the maximulll momellt c()n<;i~tellt wit.h 

this shearing force, AIl can he writtcn as follows, while al! otlwr.., are id(·llt.ical tu the 

prcvious Solution 1. 

l/~ = lItT = Tltqtane = Iltq[Nl'H, + (1. 1 + 1.'1. -!.o)tr1T!(}]/2a 

'1<! 

(3-29) 



ln wllich {sn ie; the longitudinal spacing of the studs, and [sI and Is2 are the distances 

from the IH'are"t studs to tlLC hig,h and low moment ends of the hole respcctively. 

AIso, 

(3-30) 

Also, 

(3-31 ) 

3.2.3.3 No Studs Within Hole Lellgth -Solution III 

Tbe stud configuration considered has no studs within the hole leng,th but sorne 

stllds placed some distance beyond tbe ends of the hole. thus vertical force transfer 

J OCClll::' at t hese t \vo stud locatiolls (sec FIg. 3.10). 

In npplying the truss concept to this type of stud configuration. a fundamental 

questioll llla)' arise whether or Ilot the inclined strut action described can be dc\'cloped 

with that fiat inclination, by crossing the length of the hale. Obviously, this will be 

depelldellt on the positions of the studs relative to the ends of the hole. As a simple 

rull'. it i.., hercin assumed that the truss action describccl above does not exist when 

stlld" ~pa<:('J more than two ribs apart iI! rihbed slabs and more than 1.5 times the 

opcllillp, lcllgth in solid slabs. Actually, the restriction given to the solid slabs is less 

llH'HIl 11 Ig,fu1 becausc thcrc is 110 limitation in the stud placement. \-Vith respect ta 

this, the possibility of truss action involving no studs within the hale length and with 

plan'l1lt'ut (JIll' 1 i b distance away will be investigated experimentally. 

lu tilt' followilll!" llsing, the saIlle proccùUIe uscd in Solutiolls l or II, the r,hear 

carryillg, t·aplu'ity of tlw top composite section. Vil (= Vc + ~'~d, and the maximum mo-

llll'Ut l'Oll"l"tI'ut wi th this ShClll ing force, .HI arc given. This solution can be cOIlsidcrcd 
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as a particular case of Solution II (Nil, /."1 and Is2 = 0). 

l/~ = ntT = IltqtanO (3-32) 

Tl T' ~t ~ st = ~/l't 
1 + <1:t 

(3-33) 

(3-34 ) 

Ta find the load combinatian on the studs that sa t.isfi('~ the fail111 (' Cl i t('l ion E'l. (3-

18) as weIl as provides the maximum shcar and moment t'apacit.ie~ (", and M,), t II(' 

solutions given above require iterativc cnIculations with a chOSt'Il valut' (lf q A~ il 

trial \'alue for q, 70% '" 80% of qr is sugg,ested. EX1llllplc calculat.i()J1~ dt'lJlOllst 1 ntlllg 

this as weIl as the averall calculation proceùure for solid alld ribbed slabs aI(' )!,i\'('u in 

Appendix A. 

Further, investigating the three solutions describcc\ ahov(· alld (,olllpm;1l1!; wit.h tlu' 

previous analysis, the following observations can he Illad(~ 

i) Of the three config,matians of the stllds in the lwlc lt'gioll, 1,1)(' ~tlld cOllfigllratioll 

corrcsponding ta Solution 1 provides the highcst shcar strcngth whcll t.1H' idellitcal 

number of shear connectors are assuIlled within the lcngth of tlw hok Then'foI(', 

it can be cansidered that by placing ~tuds exactly at tlw low IllO'II('II1. ('IIe1 of t.}l(' 

hole whcre the anchoragc of diagomd stre~s fields i'o f'xpectpd, LIli' 1II0'ot. dficiellf. 

::,}WaI caaying mechanisl1l in composite bcams al. web llOk~ i:" aclul'Vt'd. 

ii) From Eqs. (3-27) and (3-28), it is of intcre~t to Ilote thal. the ~IH';l/ilJg fOlœ that. 

can be carried by the concretc slab is depcndcnt UpOtl tlw P/'OIUel.ly of the top 

steel tee (2aj st) as well as the inclinatioll of diagollal ~trl1b (twdJ), if 110 f;liltll f~ of 

the st uels is aSStlIllCÙ (sec Fig .. 3.11). 

iii) Couccrning the top (lml bottoIll C()lIllJle:,,~i()1I fOle(':" ill tlH' "la!), tllf' JJ1oJlfJ">('d I.tll'o" 

analogies indicatc that thc:"c force:" ar(' caklllatecl !J,I'o('cl (m 11 liullt(·d 1111111!)('1 of 



ter .t 

shear connectors in the hole region, while in the plevlOUS analysis (Chapter 2) 

thcse arc dctcrmincd from the number of connectors between the corresponding 

opcuing cdges and the neaIest point of zero moment as given in Eqs (2-1) and (2-

2). Following from this, sorne important aspects rclated to the slab forces for 

C"OlIlposite bcams at web holes can be pointed out. The established approach 

adopted in Eq5. (2-1) and (2-2) 15 originally derived from the bending theOl·Y for 

the treatrnent of the sagging moment region. However, in hole regions where 

tlH' ~ccondary hoggmg moment is normally created due to a high shearing force, 

trélll.,verse cracks in the top of the slilb occur at the early stage of load. As shear 

i8 illCl eased, these cracks will gradually widen and will spread into the bot tom 

part of the slab, finally leading to full separation of the slab (as mig,ht be the 

case in ribbcd slabs). Thereforc, this situation can not be treated in the same 

\Vay ta that tl~eJ in the sagging moment region. The degree of transverse cracks 

app('<ucd in the top of thc slab will have significant influence on the transference 

of tilt' horizontal connector forces from lo\\" to high moment regiolls through those 

cracks. III this regard, the truss models proposed im·olve only studs placed near 

the opening. 

The full comparison of results with those of previous tests are also given in Chap-

:1.3 ScrvÎceabiiity 

Whik considerable attention has been given to prediction of the ultimate strength 

of composite bcams \Vith web openings, much less has becn given to the prediction 

of ~l'l \"in'ahility limits. Test results dcscribed in Fig. 3.12 demonstratc that at load'5 

of GO% of tIlt' uitilllate tC'.,t lond, local dcflectiolls at the opening sigl11ficantly cxcecd 

lIsual valucs of dcfkctioll lillllts (2n/300) in most ribbed and some soliel sI ab bcams. 

A!!,ilill, t 1\1' limi tcd c\'ich'llCC shows that cracking near the opcning and the support can 
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be expected in early stages of loading in somc cases. Bencc the need to study the bl'lUll 

behaviour at service load le\'els is t'vident. 

To this end, although several approaches15 ignorillg the Hexihilit.y of ~hl'ar COIlIlCC­

tian and slab cracking can be llsed ta estima te ovel aIl b('am dcfl.{'ctiolls with acceptablt· 

accuracy, it shollid be notee! that for an accurate cvaluation of the Idatl\'c dl'fkdi()ll~ 

between hole enels and stress distributionf:> in the opellillY; n'gioll, inl"Olllplt'tl' Illtl'I ad iOIl 

and conclete slab cracking tlnollgh the whole bcam span arc of cnt.ical 11 li pOl t.allCl·. 

As in the ultimate streng,th analysis, the sIal> behaviollr obser\'('d arolllld tIlt' holt'~ 

and possibly near the supports in ribbecl slabs can he simulated III the ana}yticallll()del~ 

based on the truss concept. Figure 3 13 shows frame Illodel~ to ('valtlatc t.ht' ~('l "ict' 

performance of composite heams with web holes In the:-.(·, t.l\(' :-.lab alld tlH' st.e!·l lwalll 

are replesented by beam clements at thCIl' own ccntcdllll':-' and tlll' :-.Ill'ill ('OIlW'clol:-' 

by spring, elements with horizontal (k,,) and vertical (kv) stlfflles~c~ at t1ll'il hases. 

Eccentric zones bet",een the slab mid-depth axis and the studs, and tIw :-.tlld~ aile! tlH' 

steel e1ements are also modclled hy tlsing 1 igid offset COlllll'ctiollS tfodel 1 1:-' pIOpO:-'I'd 

fOI the analysis at 30 o/c of the ultimate load, whik :-'lodt'l II, which i:-. C()II:-'I~t.(·l1t \VIth 

the truss concept explained previously, is implementeJ tu sllltulat.e tl all~Vl'rSe ('J ack.., ill 

the region of the web opening at 60 % of the ultimat(' load }<,\'d. Ela:-.tic p11l11l' fl,UIlI' 

stiffness analysis24 provides the solution for thcsc modcb 

In mranging compression struts, a ~illgle illclined :-.1 I1lt w!tich 11<1'" balf t.lw ..,Iab 

\"idth and thickness, and spans bctwecll the top and oottolll !>ort.ioll of tlw ..,lab alollp, 

the opening leng,th is suggested without ideutifyillg the ddaib of tbe t.111:-':-' COllllcctivlty. 

More (1.~tails about horizontal and VCI tical stifflle~~ of tbe :-.tud~ alld tlw full COlII­

parison ot these models with previous tests ba~ed OH ddiectiol1s (lt tlt(' lwalll lIIid"jliUl 

and relative dcflcctions at the cnds of the IJOle are givcu 1Il AplwlHlix 13 . 
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(a) Bearn with Hole 

• .:. ~ .. '." r .1. •• ,~ 

--=::~~-

(b) Thin Wcbbed Girder2 

Figlll'e 3.1 Possible Truss Action in the Slabs of Composite Floor Mcmbcrs. 
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(n) Composite Truss20 

(b) Link Bearn of Eccentrically Draced Framc:,21 

Figure 3.1 (Cont'd) Possible Trus~ Action in the Slabs of Composite Flow ~1('m­

bers. 
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Ch) Ribbed Slab 

Figure 3.2 Typlcal Slab Failures at ',"ch H()lE'~. 
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(a) Diagonal Tension Type of Slab Failure 

Slrul Traversin~ 
One Row of Stuas Pairs of Sluds Spaccd al 203mm 

( J D 
Low Moment High Moment 

(b) One Possible Compression Field Action 

Figure 3.3 A Solid SI ab Test at the University of Kansas1
. 
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(a) Rib Separation Type of Slab Failure 

Smgle Studs Spaced a t 305mm 
1 

- - ~~ l:=:::==:~~~_=~--_ k 

r~'{~:S:' 11-,.-..-----=---=---:--r::""-::-

\ ' ' , " '\ " ' Pt \ J ' ' '\~ \/ 

Cl l' ( J I) 
Hlgh Moment Low Moment 1 

(b) One PossIble Compression FIeld Action 

Figure 3.4 A Ribbed Slab Test at McGill UniversitylO. 
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Vertlcal Sh~ar. 
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(c) Truss Madel 
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Figure 3.5 Truss Idealization for the Slab in a Composite Bearn at a Web Hole. 
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HOrizontal Slab Forces 
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Vertical Shear 
ln the Slab 

VertIcal Shear. 
ln the Steel Top Tee 

(a) Force DistrIbutIons 
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(b) Truss Model 

1) 

1) 

Figure 3.6 Truss Model Providing the Maximum Shear Capacity in the Top Com­
posite Section (f3&6 = 0, and q. = q). 
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Figure 3.7 Dc;u ing Studs at the Low !vloIlH'ut ('lJel of the Ho]!', 



l 

(a) Full 'PenSIOn Cone (b) ReductIon of TensIon Cone 

Figure 3.8 Pull-out Cones of Stud Shear C'onnectioll 
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Figure 3.9 Bearing Studs Beyond the Law Moment end of the Hole 

5fi 



k4 t 
Low Momenl 

(a) AnalytlCal Mode l 

HOrizontal Sla b forces 
ln Compression 

~------~~------------~I 2ntq 1 Tl. Cl· 

Vertical Shear 
ln the Slab 

l~------~T~----------~l 

Vertlcol Sheor 
ln the Steel Top Tee 

1 

(b) Force Distnbutions 

Figure 3.10 No Studs Within the Hole Length. 
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Figure 3.11 Graphical Representation for the Slab Shear CapnC'it.y 
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CHAPTER 4 

COMPARISON WITH PREVIOUS TESTS 

4.1 Introd uctioll 

The t\\'o tlH'ories de~cl1bed in the preceding chaptt'r~ fOl tIlt' (·~t.lll1é1 t 1011 of th(' 

ultulla te stl ellgth of compo:'1 te beams at web holes will no\\' 1)(' l'\.t! uat('d h~ ('Ol\l pal I~()(\ 

\\'ith test zesults collated from many sOUlces, 

A total of thlrty fhe tests form a databru.e Wll1Ch include~ elevf'1l lWiIlll:-' \\'i t.h :-.olid 

~Iabs l'eported by Granade (1968), Claw50n and Danvin (1082), and CI10 (10S2), and 

twenty four beams with ribbed slabs reported by Redwood and \Vong (1982). fh·dw()o<! 

and Poumbouras (1983). and Donahey and Darwin (1988) 

!\Ia terial and cross sect ional propCl tie~ of ail thc~c b(,illll~, éllld rI J(' ('()II ('~pf)lId-

111g hOlizontal l'esÎ:,tance of .,hem connectol~ ale SUllllll<tl'il'(·d 111 Apl'l'lIdl\ (' :'\011' 

that the \'alue:, of connectaI' resistance glven fOl ail such :)ealll~ eX('('l't dHN' t(·:-.I(·c1 

at .:\IcGlll üni\'ersity were estimated from the analytical plOcedure g,ivell III IIH' AISe 

specificatiolls25 , This procedure also incorporates reductioll factor:-. fOl 1 iblwd ~lab.., 

III ne'\' of tlIe large dep('lldellc(> of the beam strength plC'l!lClloll 011 ~Ij(:il! l'Ollll/·('t()1 

l'ebÎ::.tétw.:e part iculal'ly ill li bb(~d ::.Iab bealll~, aCCUl'étte illfOllWltlO1l al)()11 t. ... 1 Will ('()lIlWC­

tOI le5istrlllce i~ cle:,irable if a complete evaluation of tbe Pl()p()~(!d t}W()lW'-> i ... t(J be 

achic'\'ed. 
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4.2 Simplified Slab Shear Model 

The theOl'y described in Chapter 2 is herei11 tenned a "sünp1ified slab shear model" 

since the \Vay of cOllsidering the slab shear contribution is not genera1 for ail Leam 

geomctI ies, le~ult1Ilg, flO111 the fact that aIl vertical shear is first1y assigned to the steel 

bf>éUll, allù the Il Hw 1 elllilllldei ta the con crete slab It is a1so noted that in defining 

~llcar lcsl"tance of tlw COllClcte slab, this theory employs a simple formula such as 

Eq (2-2!») which is based on a 10we1' bound theory, rather than on a physical mode!. 

Relevant theoretlcal values that define the interactIOn diagrams, such as that shown 

III Fig 4 1, al(' summallzed 111 Table 4.1 Note that in the dlagram shown, aIl values 

art' l1011-climcnslOnalized by dlviding moment by lvIo the pure bending, streng,th of the 

COlll!>OSI t e bealll a~"UllUl1g full shear connection and an unperforated web. élnd the 

!-lllf'atlllg fOICt, by lo, the plUe shear capacity of the unperfOlated steel beam "'eb. 

A companson of actual and Pl'edicted failure loads is also given in Table 4.2 and in 

Table 4 3 a number of parameters are gl\'en which identify saIlle features of [;OlutlOns for 

the \lU 1011~ !W(\}l1S. Since the solutIOn is significant1y dependent upon shear connector 

l('~htallC(·. Table -l of lllc!uÙe!:l aIllimlting values of connector rcsistance for the \'arious 

coudltioll::' listed 1ll Table 2 l. Of aIl the values listed, the smallest will de termine the 

~olut.ioll category and the corresponding ultimate strength. 

AgleclllclIt bet\Veell test and predlcted loads for solid and ribbed slab beams is 

p,cllerally satl!:1factOly, as cali be seen ln Table 4.2. The parameters listed in Table 4.3 

a}"o llldl\élte that 11l some cases a slgnificant portion of the shearing force is carried br 

t h(' roll el ete ~Iab, partlClllarly 111 solid slab beams. This is as much ClS l 6 time~ the 

pUle ~ht:'at capacity of the ::.tee1 tee web (CH-l). The ratIo Tu/Co valic~ from 023 to 

1.0 in solicl ~Iab beallls and flO111 0.33 to 1.54 in ribbed slab bcams, thu:, repwselltillg 

il \\ Hic 1 auge of pl detlc.,1 coufibul Cl t 1011~ • 

From Taole 4.4. it i.., of intel'est to note that in nineteen bcams out of thil'ty !ive, 

dl!' ..,,,111 t IOH \\·a..., g,m l'llll'd hy t h(' connector 1 csistance qe tha t en~Ul es :,t1'ess l'eVel saIs 
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t within the steel flange thicknesses, in the sense of satisfying equilibrium of the assumcd 

stress distrIbutions. Note that the connector force determined in this \Vay is only a small 

portion of its ultimate capacity, particularly when a high number of ~Ilt'ar ('OIIlH'ctOl 'i 

are provided between the low moment end of tht' opening and the support, ~\1ch a~ 

the case for most solid slabs, and lI1 the ribbed slah testsl~ tt'cently carn cd out at 

the University of Kansas These unreahstlc situations a.1,o OCClII" in solirl sIal> 1)(,(\Ill" 

when the slab forces are limit.ed by the yield capacity of one stcel flall~t OUI.' t,o )'lddlllg 

of the steel tee in pure shear, as is the case in reccnt analysis givcn by Darwm alld 

Donahey16. In view of this, it is difficult to see how the ultirnate strength of tht> slab 

and the associated failure of the beam will take place with sudl smaU COllllt'dor for('('s 

In ribbed slab beams, in particular, most observed slab failure was related tu ~tud 

failure since tension cone failure occurred. 

4.3 Truss Model 

Unlike the simplified slab shear model, the truss model descri beo 111 Chapt.er 3 1" 

capable of estimatmg the shearing force carned by the conc!cte sla.b mdcpcIl<I('lItly fOl 

all various beam geometries However, in applying tills to sorne st ud configm atioIl.., of 

the previous tests which did not conform exactly to the stud configuratioIl~ ue{illed III 

the truss analogy, sorne difficulties arise in distinguishing the correspond mg "'OlutlOlI 

category which will be deterrnined from the relative positIOn of beal1l1g stud.., to tlH' 

low moment end of the opening. 

For these, aIl possible solutions are applied ln the first place, and thcII the ..,Olutioll 

that provide~ the hlghest strength lS selected for the companson WI t.h the streIlgth P;I VI'I1 

in tests. In a practIcal sense, however, the difficu!tw.., nwntioued a!Jov(' (,UI Iw It"')ol\'t'd 

by means of placmg studs exactly at the low moment end of the holt! W}WI'(' dlill!;ollal 

stress fields have to be anchOled, such that a mn::,t favourable way of I)(!! f{JrIllilll!, tfll~'" 

action as well as carrying vertical shearing forœ,; call be obtalfled 
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1 Dctailed information about the configuration of the studs in the opening region 

wa.s. not u~tléJly glVCll III mu~t prevlOUS tests, and thus estlluatlOl1 from dl awmgs \Vas 

lI('ce~~ary For sorne ribbed slab tests carried out by Donahe: and Dannn 15. this 

II1fol lllaliou was obt amed from a privdte commuI1lcation26 . 

III Table 4 5, all ?redlcted shearing forces carried by the conet'et.e slab and the 

top aIlcl bot tom steel tees are summanzed and compared ",ith those predlcted by the 

simpbfied slab shear model. InclmatlOns of diagonal struts and solutIOn categories 

u~ed aIe also glvcn. Comparisons between measured and predicted failUle load~ are 

al"o ~h()\\'ll in Table 4 G Table 4 7 mcludes hOrizontal and vel tlcal re~i:"tallce~, alld 

}o{t(b of aIl llldi\'1dual ~heal CUlluector that provide the ultimate beam re~istances, alld 

the 1 c>lative ratios indicatmg the magnitudes of the horizontal compreSSlOn forces III the 

:"lah at tll(' high momclIt eud of the hole accordmg to the t\\'o theones. 

Hom Table 4.5, it is noted that the truss model predicts that the sheanng forces 

111 the t.op tee:" are almost equally shared by the concrete slab and the steel seetlOn in 

~()bd and nbbed sIal> !wams. Ail solid slabs, and most of the libbed slabs tested at 

:\lcGdl rI1l\·elsltylO.J::! fall into the solution category 1. ",hIle most of the nbbed slabs 

testt'd at the UniverSity of Kansas15 falI into the solution category II. In relatIOn to 

tills, an important aspect can be pomted out for the ribbed slabs ha\"ing the solution 

categOIy II, which \Vere tested at the University of Kansas. In those tests, the predicted 

slwélr ~tlt'ngth of the top composite section above the hole ('"c + F"t} i~ much le~~ thall 

tIlt' pUll' :"ht'éli l'ilpilnt: of the ~teel tee ~ectioll alone (1 ~)t J, even though lllgh degzt-'es 

of ~heat connectIOns \\'ele pro\'lded along the whole beam span as weU as withm the 

kn,g,th of the hole (u~t1ally 4 studs). This may result from the inefficlent arrangements 

of till' .,tud~ <dong the 1101(> length in whièh bearing studs wele plaeed beyolld the low 

11IOlllent end of th(' hole (sec FIg. 3.9). In this regard, it IS eon~idered that for these tests 

Ir wa~ not pO~~lble to ohtalll the full increased strength conespondiug to the degree of 

~hl'al COl1ucction pro\'lded. 
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1 \\'hile predictions gl\"t'll by the truss l110dd arc gcucrally ~ati~fadol'y as llldicatt'd III 

Table 4.0, some consermtism is inhel'cnt particularly in ~olid slab bCéllllS 1\01(' t hilt 1 he 

conservative results associnted \Vith the ribbcd slabs, D·-l:\ and -ln art' l'XPl'I'ted flOlll 

the ignorance of the puddle wclds used oycr the opcnings 111 plan' of shear COlllll'c! 01 s 

Conccrning high consel'v.1t.lsm associatcd with soli li slilhs. t.hl' follm\'ill).!, call 1)(' 

considerf'd as thc major lenSOllS. 

i) In defining the top compressioll forC(' III the slab a!. t.hl' hip;h lllOI1 1t'lIt ('l1d of 11lt' 

hole, the proposed tI uss mode! does not take mtn account. tIlt' hOl izontal fOIl'I'S 

that can be provided by shcar conncctioIl phu'ed SOlllC (hstatl<'(' apa!'t. flOlll t IIC lo\\' 

m011lcnt end of the hole (sec Fip;. 4.2). In l'eality, tllt'se COllllf't'tor fol'(,('~ will also IH' 

transferred to the high momcnt 1 egioll depcllding, OIl 1 III' dq!,lt,(, of t 1 al\~\'c'I'''(' ('! ael\... 

appeared in the top of thc slab nent tIl(' low lllOIllI'llt ('l1d of 1 Ill' holt, III 1 d llll'd 

1 
slabs, very severe cracks \Vere normally obsCI'ycd ill tl'sl s dut, to t Ill' t.ltlll C(J\'('I 

sI ab thickness, 50 the connector fOIres de:,cribcd call bl' i.L',llOlCd Hm\('\'('!, III !->olid 

slabs \\lhich involve l11uch less severe cracks thau lill!wd :-.lab:-.. ,'>0111(' Ilal1:'.,f('I<'1II'(' 

of the horizontal connector forces i:, expected Titi" Il11ght be O!lI' 1 c'a,>oll fOI t 111' 

conscrvatism related to solid slabs. ~o rational met.hod ha~ be('11 f01lIle! 1,0 (,oll'>1<k! 

the influence of those horizontal conIlector forces 011 the ~lab fOI('I'~ If addltlollal 

connector forces are to be considcred, the Sélmc lltllIlbcl of COlllll'C·t.O!'> 111 tl'll'>IOIi 

action need to be assumed to satlsfy yertlcal fOI cc cC!111hbI ltllIl a,> ..,lI()\\,11 III FIl!; 4 2, 

howcver this \Vay of cOl\sideration is Ilot vely COll\'llICillp, fOi Vat 1011:-' Cit!>(':-. (jf :-.t.lld 

cOIlfigurations in solid slabs, 

11) Another possible reaSOIl is rclatcd tu the pull-ou t capael ty of ,>lwa! ('O!llwd.OI'!> III 

salie! slabs, In most ~olid ~lab tests, tbe p1l11-o1lt capacity of tl1t' ~,t.llc\ Gtklllall'<! 

from the surface aI ca of a tension COIlt' IS llllle II Il''''> t ha Il II.,> b()llzr Ilitai ,>llI'fLI 

J capacity (see Table 4,7). In tests, howe\ler, no failme h:-.~ociated \Vlt.h tbe plll!-

out capaC'ity of the stud \Vas ohser\'('c! for !>olid slab" FUI theI, tIlt' ,>lwar-fI ictioll 



concept23 about shear cOllnection indicates that in order to develop 2 horizontal 

connf'ctor force, the idC'ntical magnitude of a vertical tensile connector force is 

rcquil'ed WhCIl the frictional coefficient is l'quaI to 1.0. As a l'csuIt, the pull-out 

capacity of the studs used in the analysis might need sorne modification. One 

possibl(~ modification in which the pull-out capacity of the stud is increased up to 

it~ llOrizol1tal 1l'si!:>t:1IlCl' is incorporatcd in the analysis, and the result" are also 

~h()\vll (as brackded terrus) in Table -i.G. 

Table 4. ï !:>hows how ~hcar conncctors placct1 in the opening region perform under 

t.he combill('(! horizontal and vertical forces. \Vith the combination predicted. the studs 

il1 t.be opclIIng 1 cgiOll \V('re fully exhausted. 

4.4 Discussion 

U1tiwate strcngths obtained from two theories have bcen compared with pren­

Oll~ test rl'sults, and it has bccn shown that both th('orics prO\'ide satisfactory pre­

dictiolls for solid ane! ribbed slab bcams Thl:' mean ratios of test to theory by the 

simplificd slab shenr and tI uss modcls fOl thirty five tests are 1.0G-l ancl 1.19G respec­

tively (sec Table 4.G). In view of the accuracy of prediction. the simplified sI ab shear 

mode} (COV = 10.9%) provides better agreement with prcvious tests than the truss 

mode! (CO\'=12 5%), partJcularly for solid slabs, but the diffcreuce is not significant 

l'Ilough to distingui:--h th(' two theorics. 

In au ()\'crall sense. the two theorie~ funclamentally adopt the same solution proce­

dUl(, by <'lllployiug the lower boune! approach, howe\'er they are significantly diffcrent 

ill trl'atiug the vertical 8h('ar forces carried by the concrete slab. According to this, the 

sI ab forces and the IOle of COllll('ctors are defincd in diffcrent ways. 

111 the t rus", ilIlalo!!,y i.l limited Humber of COIllwctors around the opcning are in­

volved in I"esisting horizontal and vertical forces in the slab, rat.her than incorporation 

of ail t-1H'a!" rollIH'ctor!:> provided betwccn the opening cdges and the support. As a rc-
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1 suit, stress reversaIs within the steel franGe thicknesscs can be maintanwd a~ lths\\llwd 

without unduly reducing the horizontal connectar forces, i e fully l'xhaustÎu!!, COllllt'l'­

tor resistance, Hawever, ab ove aiL the major differencc of thest' t\\'o theOnt'h lh that. 

th~ truss model prm'ides a detailed appreciation of tht:' slab and COllllt'ctOl l)('l!anoul 

in carrying the vertical shear forces because It is bascd 011 Icnlistic phYhlcal 1lI()(\t'\:-. 
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1 lolble 4.1 Theoretical Values Deflnlng InteractIon Dlagrams 

Slab Exp. Hole Mo Moh Moh' Ml Vo Vl 
Type lnves. No. ( kN'm) (kN) 

SOlld Granade G-l 216.5 184.4 160.3 104.2 273.9 134.0 
Slab G-2 216.5 184.4 183.8 104.5 273.9 131.9 

Clawson C-l 410.8 319.3 319.3 165.7 343.3 206.7 
and C-2 673.1 490.3 490.3 230.6 627.9 168.2 
Darwin C·3 686.4 496 8 496.8 230.9 627.9 176.4 

C·4 758.6 550.9 495.5 251.1 725.4 200.9 
C'5 736.7 543.5 536.8 263.0 650.2 195.4 
C·6 461.4 358.9 329.5 183.5 434.1 216.1 

Cho CH·l 199.4 168.7 139.5 76.3 213.4 133.9 
CH·2 360.9 282.2 261.3 122.7 471.2 187.9 
CH·3 360.9 282.2 267.1 122.8 471.2 187.1 

Ribbed Redwood, R'O 245.8 168.2 121.0 64.4 311. 7 103.0 
Slab \Jong R·l 462.1 376.4 274.9 174.1 445.2 102.4 

and R·2 497.0 402.1 378.3 226.8 494.4 117.7 
Poumbouras R·3 567.2 424.6 424.6 230.9 498.2 147.0 

R·4 560.3 433.7 330.3 200.6 508.4 109.9 
R·5 462.1 393.9 292.5 149.8 445.2 115.8 
R·6 458.7 366.6 286.8 170.7 487.5 84.7 
R·7 458.7 366.6 304.0 185.7 487.5 133.2 
R·8 440.3 358.7 299.7 196.8 431.4 120.9 

Donahey 0·1 919.1 658.4 558.8 226.3 941.1 177 .8 
and 0·2 916.1 660.0 635.5 231.6 918.2 ;57.0 
Darwin 0·3 940.7 675.1 639.5 239.1 916.2 162.3 

D'4A 920.3 664.8 549.7 224.7 918.2 134.0 
0·48 942.0 681.2 633.0 234.3 918.2 137.8 
D'5A 911.3 658.4 532.0 213.9 908.4 152.5 
0·58 925.4 646.2 581.0 284.3 908.4 171.6 
D'6A 887.5 637.6 565.4 242.5 909.4 169.9 
0'68 900.0 648.3 616.3 265.7 909.4 193.3 
D'7A 763.2 509.7 496.9 170.6 710.6 173.3 
0·78 765.2 510.5 510.5 170.1 710.6 160.9 
D·8A 224.3 156.6 130.2 64.3 271.2 96.8 
0·88 228.5 152.2 112.2 68.3 271.2 67.3 
D'9A 892.1 538.0 493.2 243.8 719.3 164 6 
0·98 900.7 537.5 496.6 256.8 727.1 247.1 
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1 Table 4.2 Experlmental and Predicted Failure loads 

Stab Exp. Hele Exper lmenta l Predicted Test/Theory 
Type Inves. No. M V M V 

(kN'm) (kN) 

Sol Id Granade G-l 88.7 145.5 81.7 134.0 1.085 
Slab G-2 143.7 117.9 142.0 116.5 1.012 

Clawson C' 1 326.0 148.6 285.2 129.9 1.143 
and C-2 464.0 163.7 384.4 135.6 1.207 
DarwIn C-3 616.9 62.3 486.3 49.1 1.268 

C·4 193.6 211.7 183.7 200.9 1.054 
C-5 397.8 214.0 346.7 186.5 1.147 
C-6 164.3 179.7 197.0 215.5 0.834 

Cho CH·l 70.7 157.2 60.2 133.9 1.174 
CH-2 220.3 206.4 148.3 185.4 1.113 
CH-3 260.9 79.1 266.6 80.8 0.979 

Rlbbed Redwood, R'O 81.0 81.0 97.6 97.6 0.830 
Slab \Jong R·l 109.1 115.5 96.7 96.7 1. 128 

and R-2 319.5 127.8 280.2 112.1 1.140 
poumbourûs R·3 438.0 73.0 403.2 67.2 1.086 

R-4 350.4 58.4 330.3 55.0 1.061 
R·5 116.0 122.7 109.5 109.5 1.059 
R·6 89.3 94.5 BO.1 BO.l 1.116 
R-7 128.0 135.5 125.9 125.9 1.017 
R-8 121.4 128.5 114.2 114.2 1.063 

Donaney D·l 181.5 168.1 191.9 177.8 0.946 
and 0-2 349.7 173.5 310.8 154.3 1.125 
DarWIn 0-3 686.4 50.3 639.5 46.8 1.073 

0-4A 293.9 145.5 269.5 133.3 1.091 
0-48 350.0 173.5 276.8 173.2 1.265 
D'SA 312.9 lS3.9 303.7 149.4 1.030 
0-58 290.3 143.2 343.2 169.3 0.846 
O-M 0.0 182.4 0.0 169.9 1.074 
0-68 234.0 217.5 208.0 193.3 1.125 
D'7A 208.2 193.5 186.3 173.2 1.117 
0-78 381.8 189.5 299.8 148.8 1.274 
D-BA 87.3 86.3 93.1 92.0 0.938 
0-88 48.2 63.6 51.1 67.3 0.945 
D-9A 166.5 153.9 303.7 149.4 1.030 
0-98 200.7 210.4 235.8 247.1 0.851 

1 
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Table 4.3 Non·Dlmenslonal Parameters of Test Beams 

Slab Exp. Hale Vt/Vpt Vc/Vcu To/Co Moh' /Moh M/Vd 
Type Inves. No. 

Sol id Granade G·l 1.83 1.00 1.00 0.87 3.000 
Slab G·2 1. 79 1.00 1.00 1.00 6.000 

Clawson C·l 2.32 0.58 0.23 1.00 6.171 
and C·2 1.01 0.02 0.53 1.00 6.243 
Darw; n C-3 1.08 0.10 0.45 1.00 21.818 

C·4 1.06 0.10 0.57 0.90 2.014 
C·5 1 .11 0.18 0.52 0.99 4.039 
C'6 1.86 0.94 0.48 0.92 2.571 

Cho CH·l 2.65 1.00 0.71 0.83 2.320 
CH'Z 1.51 1.00 0.89 0.93 2.667 
CH·3 1.51 1.00 0.89 0.95 " .000 

Rlbbed Redwood, R'O 1.25 0.30 0.46 0.72 3.943 
Slab \long R·l 0.79 0.00 1.13 0.73 2.656 

and R·2 0.83 0.00 1.14 0.94 7.007 
Poumbouras R·3 1.09 0.67 0.73 1.00 16.835 

R·4 0.73 0.00 0.82 0.76 16.830 
R-5 1.23 0.26 1.13 0.74 2.656 
R-6 0.53 O.JO 1.46 0.78 2.647 
R-7 0.99 0.00 1.46 0.83 2.647 
R-8 1.03 0.19 1.54 0.84 2.662 

Oonahey 0-1 0.63 0.00 1.16 0.85 2.059 
and 0-2 0.54 0.00 1.04 0.96 3.845 
DarWIn 0·3 0.57 0.00 0.94 0.95 26.059 

0-4A 0.42 0.00 1.09 0.83 3.857 
0·4B 0.44 0.00 0.98 0.93 3.851 
0-5A 0.53 0.00 1.07 0.81 3.880 
0-5B 0.60 0.00 1.00 0.90 3.868 
0-6A 0.62 0.00 1.28 0.89 o 000 
0-6B 0.74 0.00 1.20 0.95 2.053 
0-7A 0.89 0.00 0.52 0.98 2.053 
0-7B 0.81 0.00 0.51 1.00 3.845 
0-8A 1.34 0.42 0.46 0.83 3.933 
0'8B 1.04 0.04 0.35 0.74 2.950 
0-9A 0.44 0.32 0.42 0.92 2.071 
0-9B 1.90 0.93 0.41 0.92 1 .e2 1 
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1 Table 4.4 Varlous Connector ResIstance Related to Each Solution Procedure 

Slab Exp. Hole qr qmax qo qc (qU) qe q/qr 
Type Inve~. No. (kN) 
( 1 ) (2) (3) (4 ) (5) (6) (7) (8) (9) 

Sol Id Granade G' 1 81.6 157.8 101.1 90.3 (34.7) 0.42 
Slab 0·2 81.6 90.2 52.1 48.6 (20.0) 0.24 

Clawson C·l 117.9 85.3 240.4 211. 7 59.5 0.50 
and C·2 117.9 101.6 107.9 101.6 63.5 0.54 
Oarlo/ln C'3 117.9 101.6 126.7 119.3 63.5 0.54 

C'4 117.9 183.8 238.1 202.4 113.3 0.96 
c'5 117.9 111.3 135.9 121.3 71.4 0.61 
C'6 117.9 140.8 214.6 182.4 95.3 0.81 

Cho CH·l 47.1 n.8 75.7 65.6 (15.3) 0.32 
CH·2 47.1 70.5 49.5 44.7 (22.8) 0.48 
CH·3 47.1 63.5 43.6 39.7 (20.5) 0.44 

Rlbbcd RCdwood, R'O 93.4 166.2 301.6 208.4 87.6 0.94 
Slab \long R·l 91.2 303.9 251.3 173.6 1.00 

and R·2 59.8 71.8 45.3 38.0 0.76 
Pounbouras R·3 81.8 65.3 64.8 49.1 43.1 0.53 

R·4 107.1 296.4 181.0 181.0 1.00 
R·5 91.2 303.9 251.3 173.6 1.00 
R·6 64.6 248.6 124.3 124.3 1.00 
R·7 64.6 124.3 157.6 82.9 1.00 
R·8 62.2 118.1 149.7 78.7 1.00 

Oonahey 0·1 76.6 162.3 190.9 101.4 1.00 
and 0·2 73.2 80.0 61.0 44.0 35.8 0.49 
Darwln 0·3 79.8 92.5 n.7 54.5 41. 7 0.52 

0·4A 113.1 344.1 172.1 172.1 1.00 
0-48 73.2 103.9 53.2 53.2 36.7 0.50 
0-5A 79.8 245.8 232.5 143.4 1.00 
0-58 79.8 115.4 101.6 66.0 57.4 0.72 
D-6A 70.8 121.6 126.3 73.0 1.00 
D-6B 74.4 78.0 91.8 48.8 59.4 O.BO 
D-7A 73.0 63.4 111.4 7B.3 36.4 0.50 
D-7B 74.4 63. 90.7 71.9 33.5 0.45 
D-BA 65.5 n.2 139.4 95.8 42.7 0.65 
D·8B 69.8 99.4 274.3 169.8 59.3 0.85 
D-9A 121.3 128.7 289.4 189.2 78.8 0.65 
0-98 125.4 161.2 300.7 226.1 100.0 0.80 

.. q 15 mlntllUTl value ln colurns 4 througn 8 

il 
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Table 4.5 Calculated Shearing Forces for Test Beams 

Truss Model Simpllfled Slab Shear Model 

Slab Exp. Hole Vsb B Vc Vst Vst' Vl Ml Sol. Vc Vst Vl Ml 
Type Inves. No. (kN) (degs.) (kN) (kN'm) (kN) (kN'm) 

Sol Id Granade G·l 21.9 20 42.7 42.3 84.5 106.8 94.0 50.8 '61.2 134.0 104.2 Slab G·2 21.8 20 42.7 42.3 84.5 106.4 94.0 48.7 61.2 131.9 104.5 

Clawson C·l 24.3 11 41.8 57.0 99.2 123.7 125.1 103.8 78.6 206.7 165.7 
and C·2 35.6 11 40.1 64.5 104.6 140.2 187.5 1.B 130.9 168.2 230.6 
DarWIn C·3 35.6 11 40.9 65.4 106.4 142.0 187.7 10.0 130.8 176.4 230.9 

C·4 41.2 18 57.9 66.8 124.2 165.5 210.3 B.4 151.3 200.9 251.1 
C·5 39.5 17 52.5 66.3 l1B.8 158.4 214.6 15.2 140.7 195.4 263.0 
C·6 30.8 21 58.7 56.1 114.8 146.0 148.7 85.5 99.8 216.1 183.5 

Cho CH-l 15.4 32 35.3 34.3 102.9 118.6 68.4 74.0 44.8 133.9 76.3 
CH-2 36.0 27 35.3 60.8 130.3 165.6 100.2 109.9 100.3 187.9 122_7 
CH-3 36.0 27 35.3 60.8 130.3 165.6 100.2 50.8 100.3 187.1 122.8 

Rlbbed Redwood. R-O 19.2 20 29.9 31.5 61.4 80.6 32.9 1 16.7 67.1 103.0 64.4 
Slab \long R-l 26.6 20 29.1 38 4 67.6 143.0 94.2 1 0.0 75.7 102.4 174.1 -1 and R-2 29.8 20 38.0 45.3 83.3 113.1 148.9 0.0 87.8 117.7 226.8 tV 1 

Pounbouras R-3 29.9 20 51.2 50.5 101.7 131.7 140.1 1 10.0 107.0 147.0 230.9 
R-4 30.6 9 16.6 30.6 47.1 77.7 148.4 III 0.0 79.4 109.9 200.6 
R·5 57.0 20 29.1 13.3 42.4 99.4 lZ0.3 1 10.9 48.0 115.8 149_8 
R·6 29.5 7 15.4 29.5 44.9 74.4 149.9 III 0.0 55.3 84.7 170.7 
R-7 29.5 20 40.4 45.8 86.2 115.7 145.0 1 0.0 103.7 133.2 185.7 
R-B 25.6 20 39.D 41.2 80.2 105.7 157.7 1 3.1 92.2 120.9 196.8 

Oonahey 0·1 54.5 21 48.1 54.3 102.8 157.5 185.3 Il 0.0 123.3 177.8 226.3 
and 0·2 53.2 21 49 8 53.4 102.8 155.8 181.4 Il 0.0 103.8 157.0 231.6 
DarWIn 0·3 53.0 21 49.8 53.0 103.2 156.2 185.5 Il 0.0 10~.3 162.3 239.1 

0'4A 53.2 7 13.4 53.4 66.8 119.7 173.7 III 0.0 80.9 134.CJ 224.7 
0·4B 53.2 7 19.6 53.4 72.6 125.5 176.4 III 0.0 84 6 137.8 234.3 
0-5A 52.6 21 47.2 52.5 76.1 12B.6 175.2 Il 0.0 99.9 152.5 213.9 
0·5B 30.7 21 49.e. 79.7 129.5 160,2 225.3 Il 0.0 140 0 171.6 264.3 
O·M 52.7 21 44 5 52.5 97.0 149.5 190.8 Il 0.0 117.2 169.9 242.5 
0-68 52.7 21 87.2 lB7 2 174.4 227.0 lB5.0 0.0 11.0,7 193.3 265.7 
D·7A 41.1 2<'. 67.6 63.6 131 7 172.7 124.7 0.0 132 3 173.3 170.6 
0·7B 4' 1 29 55.2 56.1 

'" 3 
152.2 132 7 0.0 119 9 160 9 170.1 

D-BA H.3 23 <'.6 3 31..3 80.5 97 9 42 5 1 20.3 59.2 96 8 64.3 
0·88 -:'.7 23 49.8 22.7 73.0 80.5 47.3 1 2.3 57.3 67.3 68.3 
D·9A 21.5 25 77.4 21 4 99.2 120.6 194.6 Il 36.2 106.9 164.6 243.8 
0·98 32.4 25 80.1 38 3 117.9 150.4 189.5 Il lOI 9 112.9 2<'.7.1 256.8 
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Table 4.5 Caleulated Shearlng Forces for Test Beams 

Truss Model Slmpl,fled Slab Shear Model 

Slab Exp. Hole Vsb e Vc Vst Vst' VI Ml Sol. Ve Vst VI Ml 
Type Inves. No. (kN) (degs.) (kN) (kN'm) (kN) (kN·m) 

Sol,d Granade G·l 21.9 20 42.7 42.3 84.5 106.8 94.0 50.8 '61.2 134.0 104.2 
Slab G·2 21.8 20 42.7 42.3 84.5 100.4 94.0 48.7 61.2 131.9 104.5 

Clawson C·l 24.3 11 41.8 57.0 9Ç.2 123.7 125.1 103.8 78.6 206.7 165.7 
and C'Z 35.6 Il 40.1 64.5 104.6 140.2 187.5 1.8 130.9 168.2 230.6 
Darwin C·3 35.6 11 40.9 65.4 106.4 142.0 187.7 10.0 130.8 176.4 230.9 

C'4 41.2 18 57.9 66.8 124.2 165.5 210.3 8.4 151.3 200.9 251. 1 
C·5 39.5 17 52.5 66.3 118.8 158.4 214.6 15.2 140.7 195.4 263.0 
C'6 30.8 21 58.7 56.1 114.8 146.0 148.7 85.5 99.8 216.1 183.5 

Cha CH·l 15.4 32 35.3 34.3 102.9 118.6 68.4 74.0 44.8 133.9 76.3 
CH·2 36.0 27 35.3 60.8 130.3 165.6 100.2 109.9 100.3 187.9 122.7 
CH·3 36.0 27 35.3 60.8 130.3 165.6 100.2 50.8 100.3 187.1 122.8 

Rrbbed Redwood, R'O 19.2 20 29.9 31.5 61.4 80.6 32.9 16.7 67.1 103.0 64.4 
Slab \long R·l 26.6 20 29.1 38.4 67.6 143.0 94.2 0.0 75.7 102.4 174.1 

-.J and R·2 29.8 20 38.0 45.3 83.3 113.1 148.9 0.0 87.8 117.7 226.8 "" Pourbouras R·3 29.9 20 51.2 50.5 101.7 131.7 140.1 10.0 107.0 147.0 230.9 
R·4 30.6 9 16.6 30.6 47.1 77.7 148.4 III 0.0 79.4 109.9 200.6 
R·5 57.0 20 29.1 13.3 42.4 99.4 120.3 1 10.9 48.0 115.8 149.8 
R·6 29.5 7 15.4 29.5 44.9 74.4 149.9 III 0.0 55.3 84.7 170.7 
R-7 29.5 20 40.4 45.8 86.2 115.7 145.0 1 0.0 103.7 133.2 185.7 
R-8 25.6 20 39.0 41.2 80.2 105.7 157.7 1 3.1 92.2 120.9 196.8 

oonahey 0·1 54.5 21 48.1 54.3 102.8 157.5 185.3 II 0.0 123.3 177.8 226.3 
and 0·2 53.2 21 49.8 53.4 102.8 155.8 181.4 II 0.0 103.8 157.0 231.6 
Darwin 0·3 53.0 21 49.8 53.0 103.2 156.2 185.5 Il 0.0 109.3 162.3 239.1 

D-4A 53.2 7 13.4 53.4 1.6.8 119.7 173.7 III 0.0 80.9 134.Cl 224.7 
0·4B 53.2 7 19.6 53.4 72.6 125.5 176.4 III 0.0 84.6 137.8 234.3 
0-5A 52.6 21 47.2 52.5 76.1 128.6 175.2 II 0.0 99.9 152.5 213.9 
0·58 30.7 21 49.8 79.7 129.5 160.2 225.3 Il 0.0 140.0 171.6 284.3 
o-6A 52.7 21 44.5 52.5 97.0 149.5 190.8 II 0.0 117.2 169.9 242.5 
0'6B 52.7 21 87.2 187.2 174.4 227.0 185.0 0.0 140.7 193.3 265.7 
D-7A 41.1 24 67.6 63.6 131.7 172.7 124.7 0.0 132.3 173.3 170.6 
0'7B 41.1 29 55.2 56.1 111.3 152.2 132.7 0.0 119.9 160.9 170.1 
D-BA 17.3 23 46.3 34.3 80.5 97.9 42.5 1 20.3 59.2 96.8 64.3 
D-8B 7.7 23 49.8 22.7 73.0 80.5 47.3 1 2.3 57.3 67.3 68.3 
D'9A 21.5 25 77.4 21.4 99.2 120.6 1')4.6 Il 36.2 106.9 164.6 243.8 
o-9B 32.4 25 80.1 38.3 117.9 150.4 189.5 Il 101.9 112.9 247.1 256.8 
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Table 4.6 Experimental and Predlcted Fallure Loads 

Truss Model Slmpllfled Model 

Slab Exp. Hole ExperImental Predlcted Predlcted 
Type Inves. No. M V V Test/Theory V Test/Theory 

(kN-m) (kN) 

Sol Id Granade G-l 88.7 145.5 106.8 1.365 (1.176) 134.0 1.085 
Slab G-2 143.7 117.9 lOI 0 1. 1 70 (1. 067) 116.5 1.012 

Clawson C-' 326.0 148.6 104.1 1.424 (1.395) 129.9 1.143 
and C-2 464.0 163.7 120.6 1 .358 (1.312) 135.6 1.207 
DarWIn C-3 616.9 62.3 48.5 1.289 <1.285) 49.1 1 268 

C-4 193.6 211.7 165.5 1.281 <1.137) 200.9 1.054 
C-5 397.8 214.0 154.4 1. 385 (1. 267) 186.5 1. 147 
C-6 164.3 179.7 146.0 1 .233 (1. 030) 215.5 0.834 

Cho CH-l 70.7 157.2 118.6 1.330 (1.060) 133.9 1 174 
CH-2 220.3 206.4 163.7 1.261 i1.174) 185.4 1. 1 13 
CH-3 260.9 19.1 78.4 1.002 <0.990) 80.8 0.979 

Solld Slab Summary: Mean Co. of Var. Mean Co. of Var. 
1. 282 (1. 1 72) 9.2% (11.1) 1.092 11.0% 

Rlbbed Redwood, R-O 81.0 81.0 76.3 1 061 97.6 0.830 
Slab .... ong R - 1 109.1 115.5 94.2 1.227 96.7 1 128 

and R-2 319.5 127.8 102.5 1.247 112.1 1.140 
p our.lbou ras R-3 438.0 73.0 64.7 1.129 67.2 1 086 

R-4 350.4 58.4 55.0 1.061 55.0 1 061 
R-5 116.0 122.7 99.4 1.235 109.5 1.059 
R-6 89.3 94.'; 74.4 1.270 80.1 1. 116 
R-7 128.0 135.5 115.7 1.172 125.9 1.017 
R-8 121.4 128.5 105.7 1.215 114.2 1.063 

Oonahey 0-1 181.5 168.1 157.5 1.068 177.8 o 946 
and 0-2 349.7 173.5 150.9 1 . 151 154.3 '.125 
DarWIn 0-3 b86.4 50.3 46.7 1.073 46.8 1.0n 

*0-4A 2Q3.9 145.5 118.8 1.226 133.3 1.091 
*0-4B 350.0 173.5 124.2 1.397 173.2 1.765 
0-5A 312.9 153.9 126.8 1.214 149.4 1.030 
0-5B 290.3 143.2 156.2 0.917 169.3 0.81.6 
0-6A 0.0 182.4 150.9 1.210 169.9 1.074 

+0-6B 234.0 217.5 225.2 0.966 193.3 1.125 
"0-7A 208.2 193.5 170.9 1 .134 1 73.2 1.117 
"0-7B 381.8 189.5 139.3 1.355 148.8 1 .274 

0-8A 87.3 86.3 89.0 0.970 92.0 0.938 
0-8B 48.2 63.6 79.7 0.797 67.3 0.945 
0-9A 166.5 153.9 120.6 1.272 149 4 1.030 
0-98 200.7 210.4 150.4 1.399 247.1 0.851 

Rlbbed Slab Summary: Mean Co. of Vilr. Mean Co. of Var. 
1. 157 12.8X 1.051 ID 9X 

Overall SL.ITIIIary: 
Mean Co. of Var. Mean Co of Var. 

1. 196 (1. 162) 12.SX (12.2) 1.064 10.9X 

* Puddle weld u~ed over the openlng *. Longltudlnally flbbed Slilb 
+ Oeck pan used 

J 



1 Table 4.7 Horizontal and VertIcal ResIstance of Shear Connection 

Truss Model Sl~llfled Model ·Slab Force 
at H.M. of Hole 

Slab Exp .. Hole qr Tr q/qr T/Tr q/qr 
Type Inves. No. (kN) (kN) Truss / SImpllfied 

SOlld Grenade G-' 81.7 34.0 0.70 0.63 0.42 0.56 
Slab G-2 81.7 34.0 0.70 0.63 0.24 0.49 

Clawson CO, 118.0 58.7 0.89 0.36 O.SO 0.39 
and C·2 1'8.0 47.2 0.84 0.42 0.54 0.44 
Darw1n C-3 1'3.0 51.2 0.87 o 40 0.54 0.46 

C-4 118.0 48.8 0.73 0.59 0.96 0.76 
C'5 118.0 46.3 0.75 0.57 0.61 0.41 
C-6 118.0 44.4 0.66 0.66 0.81 0.82 

Cho CH" 47.0 23.4 0.58 0.75 0.32 0.9' 
CH·2 47.0 29.3 0.73 0.60 0.48 0.43 
CH·3 47.0 29.3 0.73 0.60 0.44 0.42 

R1bbed Redwood, R'O 93.4 73.5 0.86 0.41 0.94 0.30 
Slab Wong R" 91.2 71.5 0.85 0.41 1.00 0.28 

and R-2 59.8 46.0 0.85 0.41 0.76 0.28 
Poumbouras R·3 81.8 56.7 0.84 0.45 0.53 0.18 

R·4 107.1 79.7 0.95 0.21 1.00 0.19 
R-5 91.2 71.5 0.85 0.41 1.00 O. -7 
R·6 64.6 44.5 0.96 0.17 1.00 0.48 
R·7 64.6 44.5 0.84 0.45 1.00 0.42 
R·8 62.2 43.3 0.84 0.45 1.00 0.42 

Donahey D' 1 76.7 54.7 0.84 0.44 1.00 0.84 
and 0·2 ··73.2 53.0 +0.82 0.47 0.49 0.61 
OarW1n 0'3 79.8 56.1 0.84 0.44 0.52 0.61 

D-4A , 13.' 104.8 0.98 0.13 1.00 0.20 
D'4B ··73.2 55.2 +0.96 0.18 0.50 0.23 
D'5A 79.8 46.3 0.79 0.51 1.00 0.47 
D'5B 79.8 54.3 0.83 0.46 0.72 0.58 
0'6A 70.8 48.1 0.83 0.46 1.00 0.62 
D'6B 74.4 42.1 0.78 0.52 0.80 0.65 
D'7A 73.0 21.5 0.52 0.79 0.50 0.69 
D-7B 74.4 41.4 0.66 0.67 0.45 0.55 
D'8A 65.5 55.2 0.85 0.42 0.65 0.44 
D'8B 69.8 61.9 0.85 0.40 0.85 1.00 
D'9A 121.3 61.9 0.70 0.63 0.65 1.08 
0-9B 125.4 63.2 0.70 0.63 0.80 0.37 

• Hor1zontal compress10n force .. Average value conslderlng four and two studs ln a nb 
+ Based On two studs ln a rib 

;4 
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CHAPTER 5 

EXPERIMENTAL PROGRAMME 

5.1 Introduction 

A ~erics of six composit.e beam tc~ts illcorpOI ntillg a tot.al of llilll' U'l't HIl).',lllal \\'1,1) 

hole:, \Vas carried out to invcstigate the slab !WhHVioU! uurler 111)!,h ~1H'm, paIl Il'\dally 

in relation tu the verification of truss action ic!t-llt.ificd in Chaptel' 3. 

AlI test bcams involved the same ~Ize of sb'el ~ed.iuns \V3GOx51 (WH ~ J"), ilud 

cach containcd one or two iso1ated web cut-outs cCIltc1('d at t1)(' lJIid-dl'f)tb lIf tilt' '-,kd 

mernber Five bcams had mctal deck suppurtpd slab~ with ri!>!'> orwlltl'd t 1 ;111!'>\('1 '-,,'I~ 

to the steel bearn-axis, while one beam hacl a solid slab, 

In order ta obtain a clearer indication of tl)(' slah Iwlw viou! III <'illl j'Ill).', \,PI tll'al 

shear, the height of the opening for ail t(!st~ wa:" fixed fo tilt' maximlll1I po'-,:-.J!lll' villw' 

that corresponds to ïü % of the ~tecl ocam deptb, aIld tlw !()('aI.IOll of t 111' OPI'llill).', Wil', 

abo restricted to the high shcar rcgion. Three hol(',> welc p};lcf,d al t/\I' l'0il1t of ZI'II, 

moment. 

Further, in view of the truss <tnalogy, shcar counc('lors ill boIt: If')!,ioll:-' fOl ail 1.(':-,1 

specimens \Vere carefully a.rrallged tu play thcir Iole ill n':-,j-,tillp; v('rtlc:t! tl·ll..,il(· fOII'f''-, 

a~ \Vell as providillg bcaring ut the concspomlillg cclgf'!-' of dl<' ()pf~llillg III ail dlÎt'wllt 

Inanner. More details ure given bdow. Layout:" for aIl tC':-,t beaIII.., aI(' :-,howl1 ill FI).'; J.l 
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5.2 Details of Test Specilnens 

AIl te:-;t ~peciIIlell~ w(!rc dcsigucd Plimarily with cmphasis on the performance of 

~hear COIlllcction in the hole region, since it is the major factor to determine the slab 

behaviour in u composite bcam at a web hole, particularly when using truss analogy. 

Tbe ~pecjfi(' t('~t paraIlletl'rS included were stud configurations, and the width of the slab 

a'> \\l'II a'> rletailinp; of tlH' ~tllds, as~ociatcd with the perforIllance of shear connection 

t lUit III oV1dl's !>earillp; él:3 weIl as tcnsile rcsi!>tance. 

TIl(' ribhl'd slab was cOllstructed using a standard 20 gaug,e (0.914 mm) wipe coat 

,l.!,idvdlll;t(·d d('ck ïG IllIll deq), with average width 15G mm. A single layer of \\'lre 111(':-.,h 

('()ll"htillp, of -112 I1Ull diau1t't('r (8 g,aug,e) wires spaccd at 152 nun was placed nt the 

lllIlI-d('pth of the ('over ~Iab, re::.ulting iI.\ a reinforccmcnt ratio of 0.0012 based 011 the 

:-.lab tbickIll':-':" abo\'t' the rib. In solid slab specimens double layers of this mesh \ .... a!> 

lICCC:-':-'é1Iy to ohtalll a :-.luinkagc and temperaturc reinforccIl1ent ratio of 0.002. 

Shc<Ir cOIlIH:ctioIl was provided by 19 mm diameter hcadt:>d studs. with iIlltial 

1"IIp,th of 12·1 1lI11l for ribbcd slab~, and \Vith initial lC'ngth of 81 mm for solid slahs 

III Ilbb<:-·{ :::,Jab ~jJ('ciIllen::;, the studs placcd in pairs in a rib \Vere staggered at 91 mm 

10Ilg,ltudi11ally and 85 mm transversely, while single studs were placed at the beam 

Ct'Iltl'rliIl<' i11 the low mOIllcnt siclc of the Bute, this bcing the more favorable po:::,itiou 

to provid(' lwaring. 

III tlH' preparatioll of test spCCllnens, 32 mm diameter holes were fir:::,tly drillcd 

at tIlt' 0pclliIlg corw_'Z's tt> lllinim.Îze the effect of stress concentrations, and then the 

O{lt'1l1l1!!, \\'a~ eut uSlIlg an oxy-acetylene tOI ch. No stiffcncis and platc~ were placed on 

t hl' :-.ftot'l bl'lllll. After steel decking was positioued ou the steel Bange, shear studs were 

ill~talled throngh tlJ(' clpck USillg a welding gun. At this time, supports were providcd 

al t Il!' lH'alll L'Hels alld at o Il! , thin! points of the span. Durin,!!; pouring of concrete, 

:-llOriIlg WilS a}so ill:-.tallcd to support the steel decks. 

Geomdrie plOperl i,!s of all tc:::,t specimens are sununarized in Table 5.1, and specifie 

il) 
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1 reasons for individual tests are given below, 

5.2.1 Hole 1 

Shear stud distribution and hole configuration on Bcam 1 m'(' shown in Fi!!" [) 2, 

which provided a pure shear loading conditioll at the hol<, œl\terliIlt', 

This specimen had au effective ~lah width ('qua! tu j.j() Illlll bn"'I'd 011 t hl' :-'p<lll 

between supports, It did not contain any ~tlHl.., \\'illl111 t Il(' hO!I' 1I'I1!!,1 li. 1>111 d pail ur 

studs were placed close to cach end of the 11011.' ~o that illclult'd stlut net HIll alollp, t lll':-'I' 

~tuds IDight be developeJ, For this stud cOllfig,11latioll, the tlll~~ lWldd illdieatl's tIlétl 

the studs placcd even bcyond the opcniIlg length an' impOl tilIlt IIJ ('1111 ~ IIJg \'l'J f Je;t\ 

sbear unlcss they are far beyond the edg,c!) of tlH' opf'llillp" Ou tlll' otIlt'1 haud, tIlI' 

~illlplifieJ. slub shcar mode! pre~f'ntt-d in Chaptel:2 ip,llOll':-' tIlt' l'il! !teipal 1011 of ~I ut! ... 

beyond the ends of the hale in carryillg vertical ~lH'at, t111l~ Pll·dict.illp, 10\\'('1 11".,I~t,;lIl/'" 

of the beam, This dlfference is examined by thi~ tl':-'t. 

5.2.2 Hales 2 and 3 

Beams 2 and 3. compnsmg Holes 2 and 3 respcetively, W('1(' id"Ilt ical ill ('\'('ry 

aspect except for the effective width of the conclcte slab u'icd DeaIll 2 \\Iii.., ('Oll..,t.lllc!(,d 

with the effective width of the slab equal ta 750 IllIIl wIllch is uOl'mally 1'(''11111 ('<1 t,o li "éd, 

the slab as part of the beam for this COIllpo.'>lte bcaIIl nmfiguI at i(J/J, wlJdf' ilJ U"éjIJJ :~ 

one-héJf of this required width (375 Illm) WH..'> cousidc'l'f'd, Earl! bcalll ('ouI ai !H'd il ..,11Jp,I" 

opening at a point of zero IDOIllcnt and incorporatf·d ll11ifOl'lII dt..,tl il)111 iOll of t.ll(' ..,1 \lCl.., 

along the whole beam spau, 50 that two 5ingle 5tud~' wen' local/'c! witbill t.1J(' boit- 1('11).!,tb 

The details of these bcam5 are shown in Fig .:J,3. 

A major conccrn of this pair of tc.'>b, wa.'> to III \'c.'>tigat" tIlt' ('H,'ct, (Jf tJJf' widl h 

of the concrete sIaL 011 the ultimate rcsistance of the bealll. ;':ot" t.llat. t.ilt' efl"'clIV(' 

width of the concrete slab used in Hole 2, calculatccl 1Il the \l'>lW.l IIléll1llf'l, If'Iatl·., t.u 
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the treatrncnt of the sI ab participation in resisting horizontal forces caused hy bending, 

Ilot for vertical shear forces Thereforc, this way of considering the effective width of 

the' COIlcrete slab cau flot be justified in the hole region wherc the ~lab behm'iour is 

determined by shear, rather than bending. \Vith respect to this, the truss concept 

iudicates that the width of the concrete slab that can be effective in resisting vertical 

.,Iwl!!' in tllC' IlOle IcgioJJ will correspond to the width of the corrcspondll1g stud tension 

('OlH' tu IlL' <lc\'dopl'd. !Il the SeJl~e that vertical shear is mainly carried by ~tud action in 

kH:-,ioIl, As a re~Hllt, HO significant reduction in the ultimate load carrying capacity is 

. ·xp(·(,tt'd Iii Hol(' 3 comparcd wit.h Hole 2, i\linor rcduction might he possible re:,ultillg 

fIOUl tll(' differ CIl('(' of horizontal n'sistance of the studs. It is on the other hand llOted 

t.!Ja!. a ~Tl1aller width of the COIlcrete slab specimen( Hale 3) will !)lO\'icle a dealer 

Oh:-'l'l'Vatioll for the diagonal comprc::,sivc btruts near the stud locations. 

The test Hale 2 abo iIlcluded a comparison with Hole 1 on ultimate and service-

ability load l('v<.'1 pelformance. In both holes four studs \Vere pro\'iclecl between the 

high IllOl1H.'llt end of the opcning and the support, while within the hole length oIlly 

Hole 2 had two studs. For these stud configurations, the simplified sI ab shear mode! 

pl ('(hets the ul timatc strength of Hole 2 to be significantly greater than that of Hole 1 

lWC:lUSC of the larger ccccl1tricity involved in the slab force system, resulting from the 

high('r dcgrce of shcar conncction within the hole length. In contrast with this, how-

('v('r. t.he trttt.S modcl prcdictt:. both holes to be similar in strength. Thesc aspects will 

tH' iIl\'t'::,tigatcd 

5.2.3 Hales 4 and 7 

Holcs 4 and 7 \\'cre in the same bcam, each having the same loading condition, as 

ShOWll in Fig. 5.4. The actual width was cquaI ta the effective width of the concrete 

slab ~ lOOOlllIll), ha:-.pd on one-qua.rter of the span. Each specimen contained six studs 

IH't\\'l'en tilt' high moment end of the opening and the support, and two stucls within 

78 



r 

1 the hole length. Howevcr, different stud arrangement were useel within the lIolt' It'llp;th, 

i.e. single and a pair of studs per rib for Hoks 4 illHI Î rcspt,cti\'('ly \\ïth tlll's(' st\ld 

configurations, the simplified sIab she<11' mode! p1'cdicts thc Séll1j(' ~tn'llgth nt both hllll'~ 

bccausc the numbers of studs betwecn the opening enels and the support:, an' idellt icaJ. 

Howevcr, the truss model prcdicts that Hole Î has hip;her sttCllp;th tltall lIok .1. l'Ill 

the rcason that the largt'r tl'n~ile re:,istau('c of thl' studs wa ... pl()\'J(bl 111'<11 tilt' IlIgh 

mOIllent end of the hole, This aspcct will 1)(' ill \'t'~ 1 i).!,al<'tl. 

5.2.4 Holes 5 and 8 

Holcs fi and S eXllmine Olle possIble dl't.atllll,!.!, l!wlhod to c'llhallCt' \'c'Itll'altc",hlallt'c' 

of the st uds near the high I110!l1CIlt elld of tll(' 0Ill'Hi llg" sllch t!ta t the i lldlIlt'd '> Il Il t a ( t 1011 

similar to that found in solid slahs could be flllly d('\'c>!o!>c'd wIIIIOIl! I)(,I1I,LllllC' [.111111(' 

associated with rib separation, The steel ba.rs (No. 10) W('It' \\'d(lc·<1 lougitlld1l1ally alld 

transversely to thc top of the studs placed IH'ar the high tlH>tllc'l1t Iq.~I()11 of 1 II«' 0PC'I111I).', 

The details of these specimens are ShOWll iu Fi)!;s. 5.0 aIld 5.G. 

In Hole 5,110 studs were placed within tht' holt' kllgth. but lII~t('ad, it }OIJ).',ltllcbtl,d 

bar was welded at the hcads of the studs placed bcyonrt tlw hi.e;h IlI0flH'llt ('Ill! of 

the openillg and \Vas extcndcd through thc low Illoment f~I1d AdditlOllal t Iilll..,\'('t :'C' 

reinforcement was also providcd following the trus'i lIlodt·1 lqJl(·:'(·Ilt.Jl1g tIlt' :,}al) fulC'c'", 

across the width of the slah. Similarly, 1Il Ho}1' S traIl"'V!'l'>c' 1)011.., l'..,tilllitlC'd ftOIIl t}1C' 

truss model across the width of the ~lab Wc'Ie wdclc-rl tu tJJC' l((,<ld,> qf t}w ..,t IId.., \" llC'tc' 

vertical tensile forces ShOlÙd he rC~lsted by t('Il..,il(' st.ud actlOlI Dol li k...,h plOVldl' 

direct comparisolls with Holes 4 and Î respectively, :\o!t' that, Ilo}c' 4 (,(HltalllC'd two 

studs within the opcning lcngth while Hole 5 no ~t Il el.., , aIld Holc'!', 7 alld 8 hat! t.1lt' ..,all)!' 

conditions in all otllcr aspects except for rcin[orcemellt a..,:,o('Iat(,d wi t.h t llC' (:I1halJ('t'I1IC'1I1 

of vertical resistance of the studs. 

An indication of the stud pf'rformancc in re~istillg verti,al kIi..,t!c' f(JI /'C", IW,U t}lC' 
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high moment end of the hole will he obtained from these tests. 

5.2.5 IIoles 6 and 9 

Hules 6 and 9 were constructed with a solid slab 500 mm wide, which was half 

tlw rcquired width, uccording to severa} codes18 ,25, to consider the slab as part of the 

IWHIl1 for thi" composite beam configurntion. The details of these specimens an' shem'l1 

III FIl!, fi 7. 

The' 11 umbcr of studs provided betwcen the high moment end of the opening and the 

support. were identical for both hales. However, within the lellg,th of the hole difff'lcnt 

l1tullher::, of ::,tllds were placcd, two and three studs for Holes Gand 9 rcspecti\'e!y 

Al"o, !J()te that in Hole g, the stud spacing uscd was taken as the minimum valUt' tu 

develop the full stud tension cone, and the relativcly low degrec of shear conncction 

w:ts pzo\"idt'd bet\\"cen the low lIloment end of the opcning and the support. "VIth this 

di:-.tlllmtioll of ~hear connectioll, the inclined struts involving single or combined action 

of the sf.ucts and possibly, the effect of shear connection bctween the low moment end 

aile! t bl' ::'UppOl t on the dcvelopment of the inclined struts \vill be invcstigatcd. 

Further, llsing the narrow width of the concretc slab, the slab failure associated 

\Vith the bearing zone near the low moment end of the opening will also be investigated. 

5.3 Material Properties 

5.3.1 COllcrete 

Till' concrcte used in aH specimens \Vas obtained from a local concretc ready mix 

rOlllpally and had the following specifications: 20 IvlPa design strength, Type 30 (High 

L'arl~' stlCllgth) ("('ment, 20 mm maximum aggregate size, 100 mm slump, and 5"-'7% 

eu trained air COll crete strengths wcrc measured for cach beam from a minimum of 

thrl'l' standard cylindcr tests (150 nunx300 mm) cun'd tlllder the same conditions as 

the test specimens. 
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1 The compressive strength of the concrete covering the timc pcriod of tes!'illg is 

shown in Fig. 5.S with the best fit curve, and the corrcspondillg strengt.h of ('(\el! 

specimen is summarized in Table 5.2. 

5.3.2 Steel 

The steel section usee! in l'lU specimens was \V3GOx 51 (\\"1-1 x 34) corn'!">}loll<lillg t () 

Class 1 in bending defiued by CSA Standard SlG.l-~IS4, and the steel ("ollfOlllll'd tll 

CSA Standard G40.21-M Grade 300W. At least two pairs of tCl11:>ile COllpOllS for ('(leI! 

beam, taken from the web ane! the Range, \Vere tpstcd 011 an 1118t1'011 ksI, lll,whilW. 'l'Ill' 

average material properties, yield. and ultimate 8tH'sHes, dOllga tioll III 11 p,1II1)!,<' }(,lI)!,th 

of 50 mm and reductioll in area at fracture me givell in Table 3.3. 

\Velded \vire fabric used for slab reinforccrncnt in aIl Sp<'Cllll<!U!o> COnfOll1lt'd t.o ('SA 

standards G30.5 and G30.15 with a specifiee! yield strength of 400 1IPa, and tlu' <ks­

ignation \Vas 152x152 MW 13.3x MW 13.3. The ndditiollal No. 10 baI:-- wl'l<1('<1 1,0 tlu' 

top of the studs on Bearn 5 conformee! to CSA Standard. G30.12 \Vith il sp('cified yil'I<1 

strength of 400 MPa and a180, the wclding rod u8ed \Vas type eSA E4S0 14. 

The steel deck u~ed in al! specimens \Vas type P-2432-12 L2C Hi-bolld :--uppli('d 

by Les Acier Canarn Inc. with a minimum specified yicld htrcngth of 230 MPa.. A 

cross-sectional detail of a sheet of deck material i8 shown in Fip;. 5.9. 

5.3.3 Shear COllllection 

AH shear studs, 19 IlllnX 124mm or 19 mm x81 mm, W('II' ~l1ppli('rI by tlll' :\,·l"()11 

Stud \Velding Division of TR\V with 11 spccificd tensile str<'Ilp,th Ol 413 .\-IPa . 

Six push-out tests having the saIlle slab dimensions as well ah .,turi ("oufi/!,uratlollh 

as the beam specimens were carried out ta providc lIIforrnation orl tlw ..,tIfflll· . ..,h(·.., ;wcl 

ultimate shear capacities of the studs. The details of each speC:ÎIlH'!l alld tlw tl'ht 

results arc sumrnarizcd in Table 5.4. The prcdidcd ultirrwt{' :,hear load ll:-,iIl~ dH' AISe 
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approach25 is also included. Note that in Test 5 trans\'e~'se bm's (No. la) wert' wl'!lied 

to the heads of the studs in a similar manner to t.hat used in Roles 5 01 S. 

The test setup used for the push-out test specimells is s!lO\\'ll in Fig, 5.10. Load 

was applied to the top of the steel wide-flange section through a ba.ll and soc kd platell 

on a universal testing machine of 2000 kN capucity. The slips WCIl' Illt'aSUll'd fWIll fom 

Linear Voltage DifferentiaI Trallsformers (LVDT's) a tt adH'd on t.h!' top aud hllt t Olll of 

the steel bca:n, which IllcnsUfed the relat.ive IlllH'(,IlH'Ilt of the slilh t,o t.he ~kd \ H';111 1 

In aH ribbed slab specimens except for Test. 5, cOllclde-relatl'(l fadul!' ~\I('h a:-, lib 

separation or rib shearing was observpd, while accompanyinp., t.1 <ln8\'('1 se Cl :\ch \\'('1 (' 

more apparent than longitudinal OIles, Fmlurc patt,erns and l()ad-~lip Il'\atiow;]llps fOl 

aU push-out tests are shawn in Figt>. 5 11 and 3.12 

Test 1 had unequal thickness of the slab on caeh si de of tllC' spr'CllllC'Il <Iw' f () 

inadequate formwork used, thereforc the adju::,tlllcnt ta tIU' ~t1('llgt.h Hwl stifrl)(,SS wa:-. 

necessary by comparing \Vi th the test rcsults obtailled ftom TC'~t 2, 

Comparison of results between Tests 2 and 3 llldicatcs that the u~c of half t.lH' widt.li 

of the concrete slab did not redurc horizontal sbear rcsistallcc of tlH' ~t.lJ(I:-, SigllificlLllt.ly 

in ribbed slabs (7% reduction). Shearing off at the stud base occUIred for the two 

studs in Test 5 due to additional reinforccment wclded to the h('acls of t he ~tlld,> 

AIso, severe rib separation cracks OCCl 'cd at the stud which was IlOt, ful1y slH'aJ't'd 

~ff, while the other stud was pullcd out from fa.ilure of the weld, Usill[.!; "dditiowd 

reinforcement related to the enhanCeIl1l'llt of vertical l'('sist.aucc of tlH' st 1Id!->, ft 1 G% 

increase in horizontal shear resistance pel' stud was ohtauwd coIllparer! with T('~t. 4 

In Test 6 having the solid slab, failure wa,> trip;g('red by t!J(' clJ()PPIIl~-ollt of tlw 

concrete across the width of the slab ILt the stud po!->iti{)Il~, wbich i!-> aIl 11Il1l,,>,wllllOd(! 

of failurc in solid blab specimens, Howcvcr, thi~ wight 1)(: p()'>~lbl(' d1le to dl(! fad tba!. 

the htCel beam \Vas ill a slightly oblique posItioll due tu the prublcm ah~ociated with 

the formwork. Adjustrnent of this is not considered. 
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5.4 Instrumentation and Test Procpdure-Beam Tests 

AlI test bcams wcre simply supported at their ends or at the ends of interior spans, 

and loaded at one or two points using hydraulic jacks beneath the reaction fioor (see 

Fig. 5.13). At a loaded section of a beam, two loading rods spaced at 250 mm each 

sicle of the steel web passcd through cast-in sleeves in the slab, and reacted on a bridge 

hCélIll bcdded \VIth plastpl' acro:"s the entire width of the slab. The top flange of the 

~tecl b('CUIl ahove t,he ~llpports was braced to prevent any lateral mmrement at these 

points. 

For beam~ having two holes, when considerable damage had occurred ut the first 

!JoIe, inJicatecl by the measurement of relative deflections between the hole ends and 

by the obscrved cracking of the slab, the load was slowly removed, and reinforcement 

wa..<; \ .. elded diagonally across the hole. '1'hen loads were applied again until failure took 

place at the other hole. 

The applied loads wele rnonitored using load eclls. Vertical deflections \Vere mea­

sured using LVDT's ut midspan, ends of the ho le und the load points. For slip me a-

surCIIH'nts bctwcen the concrcte slab and steel bcam, LVDT's were also installcd at 

both cnels of the bcam and the nearest stud positions to the hole edges. Slip readings 

takcn at the hole ends were obtained from small steel bars embedded in the concrete 

and projecting clown through the steel cleck in the bottom of the rib. 

On (,lleh specimen, 45° strain rosettes were placed on the steel tee \,;-ebs above 

and bclo\\' the opening ta rneasure shear strains, and uni-axial strain gauges on the top 

and bottom steel flaIlgcs measured longitudinal strains. AlI gauges were lecessed from 

the cdgcs of the opening to avoid the regions of stress concentration. 

In orcier to have information about the stud action in tension, uni-axial strain 

g;auge~ \Vere also placcd on the shanks of the studs at about two thirds of the stud 

hcight Ululer heat! for a nmnber of stud locations. Prior to placing concrete, these were 

protedcd by a waterproof eoating. AU strain gauges ancl LVDT's were read from the 
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OPTILOG Data Acquisition System linked to an IBM PC. 

The same test procedure \Vas followed for aIl test sp<,cimens. At. tllt"' start, of ('(\e11 

test, several cycles of load at a low levcl \Vere applied to scat the supports and loadill).!, 

system and to relieve residual stresses. Load \Vas then applied in small illCl't'Illcnts of 

about 4 kN up to about 50% of the estimated ultimate load, and cycled s('v('rHl tillU':' 

at this load level to resemble the loading ('ondition OIl the tloor in il Il'alistic way, t hen 

continued up to failure. 
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o Hole4 o Hole 7 

1---- 950 mm 1050 -----t---- 950 ---+----- 1050 ----

o Hal" 5 o Hale 8 

l 

1---- 950 mm --+--- 1050 ----f---- 950 ---f---- 1050 ---.., 

o Hale Il D Hale 9 

1---- 950 mm ---+---~ 1050 ----i---- 1150 ---·+-1--- 1050 ----i 

Figure 5.1 Test Bearns. 
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Figure 5.2 Details of 13('(1.111 1 (Hole 1). 
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Figure 5.3 Details of Beams 2 (Hole 2) and 3 (Role 3) 
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.J~'Jlk --:ÙJCrî...c::\l,[-=:L 
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Openlng _ SIZ~- 42CX248 ~ _ Hele 4 
• - ~================~~~~~======~ 

Figure 5.4 Details of Bearn 4 (Hales 4 and ï). 
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Figure 5.5 Details of Bearn 5 (Holes 5 and 8). 
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Figure 5.6 Stud Dct<llling for Hok:-. 5 awI 8 
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Figure 5.1 Details of Bearn 6 (Holes 6 and 9). 
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Figure 5.8 Con crete Strength During Testing Period. 
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Table 5.1 Geometrie Propertics of Test Specimens. 

Bearn Hole M/Vof Steel Bearn DImensIOns· Hole DImensions" SI ab Dimensions+ No of 

No. No Opening (mm) (mm) (mm) Studs 

(m) d b t w 2a 2H t! T! be n nh 

00 3570 1735 1086 758 424 246 67 143 758 4 0 

2 2 0.0 3580 171 0 11 55 7.36 424 247 69 145 750 4 2 

3 3 00 3595 171 5 10.64 7.90 425 248 67 143 380 4 2 

4 4 095 3578 171 0 Il 56 740 425 248 68 144 1005 6 2 

7 1 05 3578 1710 II 56 740 423 247 68 144 1005 6 2 

5 5 095 3585 171.1 11 52 7.36 424 247 67 14.1 1005 4 0 

8 105 3585 171 1 11 52 736 424 248 67 143 1005 6 2 

6 6 095 3583 171 5 11 51 732 425 246 104 104 510 5 2 

9 105 3583 171 5 Il 51 732 425 247 104 104 510 5 2 

• DeSIgnation of steel beam IS W360x51 
..: •• Nominal Slze of hole is 426x248 5mm (1 2dxO 7d) 

+ Nominal thickness of nbbed Slab IS 65mm (t!) and 141mm (T,,), and of sohd slab is 100rnm 

Nominal wldth of slab for Beams 1 and 2 IS 750mm, 

for Bearn 3 375rnm, for Bearns 4 and 5 1000rnrn, and for Bearn 6 500mrn 

------ -------
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Table 5.2 Summary of Concrete Strengths. 

Test f~ Age 

Bearn (MPa) (Days) 

1 24.4 44 

2 246 46 

3 249 50 

4 22.7 31 

5 22.2 27 

6 23.8 38 

Table 5.3 ?-..laterial Properties of Steel Sections. 

*Flange ·Web 

Fu Elong Red in Area Fyw Fu Elong 

(~lPa) (~IPa) (%) (%) (~IPa) ( ~IPa) (%) 

l'3S0 45 . .1 '2 37 64 345.5 

.101 S 4766 42 il 34Ï.5 

3 3290 5080 37 62 339.5 

3125 477.5 38 iO 331.0 

5 :lOJ 5 4790 36 71 334.0 

(i 306.5 476.6 35 iD 332.0 

• AVI'ragc va.lues [rom.L mUllmum of two coupons are glvn,. 

and are b.l.~ed Oll a 50mm gauge length 

4609 34 

4810 38 

503.8 35 

4847 38 

4882 38 

4870 36 

Table 5.4 Summary of Push-out Test Results. 

Test· 

Specimen 

No of 

Studs 

Stud Size 

dtl xH" 
f~ Slab Stud ReSistance 

Wldth (kN per Stud) 

Red. in Area 

(%) 

59 

65 

57 

68 

68 

64 

Imtial 

Stiffness 

per Slab (IllmXmm) (MPa) (mm) AISe Test (kNfmm per Stud) 

4 19:d14 24.6 750 66.6 52 O·· 
2 19-<114 24 9 750 974 76 1 

'2 19x1l·l 24.9 375 97,4 705 

'2 19'1{1l4 236 1000 940 90.6 

5+ 2 19x114 21 5 1000 87.0 105.0 

6++ 2 19x76 23.8 500 110.0 90.5 

• Each SpCClIlll'1I corresponds to the correspoindwg beam specimen 

•• AdJu~ted from the values glvcn in Test 2 corre<;ponding to the AIse strength 

+ Tralls\'cr~c bar~ wcldcd to the hcads of the studs 

++ Sollll slab tc;.t 
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6.1 Introduction 

CHAPTER 6 

EXPERIMENTAL RESULTS 

Test results described in the following consist of two parts. In the first, the ovcrall 

aspects on the opening behaviour are treated by means of investigating load-deflection 

relationships, measured strains as weIl as the first occurrence of slab cracking. Tlwn, 

the second part deals with the specifie slab behaviour in carrying vertical shcar forces, 

in association \Vith stud configurations, the width of the concrete slab and detailing of 

the studs around the hole. 

Predictions of the ultimate strength by the simplified slab shear and truss models 

are given. Elastic deflections predicted with the truss concept are also provided. 

6.2 Overall Behaviour 

Relative deflections between hole ends for aIl test specimens are shown in Fig!>. G.1 

ta 6.3, in which they are grouped based on the moment-to-shear ratios at the hole 

centerlines. 

The first group includes Holes 1, 2 and 3, which were tested with the pure shear 

loading condition at their centerlines. The actual M/V ratio of Hole 1 corresponcled to 

118mm due to 80% of the designed load being applicd at the tip of Üw external span. 
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t AlI three holes had the same number of shear connectors between the high moment end 

of the opening and the support (4 studs), but within the ho le length, two of those studs 

WCl'e placed in Holes 2 and 3, while no studs were in Hole 1. Further, note that Hole 3 

hael half the 5lab width compared with that used in the other two holes. As indicated 

by load dcflection curvcs in Fig. 6.1, Hole 1 (143.1 kN(2P) Sh0'\'5 the highest strength 

ou t of tltrcc holcs c\'cn though its initial stiffness is less than Hole 2 and similar to that 

of Hole 3. It is furthcr indicated that Holes 2 (109.3 kN) and 3 (lOG.2 k:X) failed at 

almost the same loud level, although there is a significant reduction in the stiffness for 

Role 3 aud much greater ductility associated with the smaller width of the concrete 

III the hccond and third groups, Holes 4, 5 and 6 which were tcsted \Vith the 

mOlllcut-to-shcar ratio of 950 mm at their centerlines, and Holes 7, Sand 9 with ratio 

cqual to J 050 mm arc shown (see Figs. 6.2 and 6.3). 

Holes 4 and 5 comprised four studs between the low moment end of the opening and 

the 5upport in the same pattern However, within the hole length two additional studs 

wcrc provided in Hole 4, and no studs in Hole 5. In Hole 5, instead of shear connection, 

an additional longitudinal bar was welded to the heads of the studs located beyond 

the high moment end of the opening, and then it was extended over the other end of 

t.he opening. \Vith this detailing of studs, Hole 5 (183.6 kN) exhibited a surpnsingly 

large incrc(ls(' of the ultimatc strength up to that given in Hole 4(183.9 kN) having two 

a.dditiollal studs wlthin the holt length, evcn though a large difference in the stiffnesses 

was found bctwcCIl two holes. 

Holcs 7 and S \\'ere the same in every aspect except that Hole 8 had additional 

tlëllls\'el'Se barh wcre welded to tr.c hcads of the studs near the high moment end of the 

opcnillg on tll<' ~allle reaSOIl given in Hole 5. With these additional transverse bars to 

cnhancc vertical resistance of the studs, a 13% increase in the ultimate load carrying 

l'apa~ity was achieved in Hole 8 comparcd with Hole 7. 111 relation to this, it is also of 
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interest to note that in the push-out tests a 16% increase was achieved under the srune 

situations (Tests 2 and 3). 

Holes 6 and 9, which were constructed with the solid slab, compriscd five studs 

between the high moment end of the opening and the support. But within the hole 

length, two and three of those studs were assigned for Holes 6 and 9 respectively. A 

15% increase in the ultimate load carrying capacity was achieved in Hole 9 compared 

with Hole 6, and a similar stiff behaviour was observed in both holes. 

Longitudinal strains measured on the steel flanges as weIl as steel tee webs above 

and below the opening are shown in Figs. 6.4(a) to (i). In most tests, these mea­

sured strains are qui te consistent with the stress distributions assumed for the ultimate 

strength analysis. High strains are found in the web near the hole edges, and initial 

yielding is evident at a relatively low load level. For aIl specimens except for Hole 5, 

first yielding occurred in the bot tom tee web at the low moment end of the opening or 

in the top tee web at the high moment end. 

Shear strains obtained from the rosettes on the webs of the four tees are shown in 

Figs. 6.5(a) to (i). In most cases, these strains showed the increasing trend up to near 

the ultimate load level. High strains are found in the top as weIl as bottom tee webs, 

which might be indicating that "vertical shear transfer" from the con crete slab to the 

steel beam does not necessarily oceur at the sections coincident with the edges of the 

holes where strain gauges were attached, since it will dependent upon the locations of 

the studs. Also, note that the magnitude of these strains is in proportion to the degree 

of contribution given by the concrete slab for various conditions of shear connection. 

In aIl specimens, transverse cracks occurred first in the top of the slab near the 

low moment end of the opening at a range I)f 10 % to 49% of the ultimate load. As 

load was increased, longitudinal cracks near the hole or load points (except for Holes 3, 

4 and 7) were also accompanied at an average 59 % of the ultimate load for ribbed 

slabs, and 83 % of the ultimate load for solid slabs. In solid sI ab specimens, a qui te 
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severe longitudinal cracks occurred, lesulting from the use of the smaller width of the 

concretc slab as well as the smaller longitudinal spacing of the studs (Hole 9). However, 

alliongitudinai cracks which occurred in Holes 6 and 9 did not seem to have significant 

cffect on the opening and beam behaviour at either ultimate or serviceability load 

lcvcls Mme di~cussion of this will be given later. AH ribbed slab tests except for 

Hol(' S exluhiu'd a l'ib ~eparatlOn type of crack ut the stud locations near the hlg,h 

IllOllH'ut elld of the opcuiug, \vhcreas in Hole S a dIagonal tension crack similar to that 

found in solid slabs was developed due to the enhanced vertical resistance of the studs 

plovided. 

Largef illterfaciéll slips bctween the cOllez ete glab and the steel section wele lecorded 

in the hole 1 egiolls than at the ends of the beams for aH specimens (see Figs. 6.6( a) to 

(f)). Te~t le~ulb descriLed abovc are summarized in Table 6.1 

6.3 Slab Behaviour 

A typical shear crack pattern observed in aU ribbed slab tests can be described 

stcpwisc as shown in Fig. 6.7(a). At a first stage, part of a tension cone crack was 

formed at the nearest stud to the high moment end of the opening in the low moment 

sicle of the flute. This occurred at an average of about 59 % of the ultimate load. 

Then, this crack propagated towards the high moment end of the opening, while at the 

saIlle timc the other part of a tension co ne crack was developed in the high moment 

s.Je of the flute. Finally, near collapse these cracks were fully extended towmds cach 

end of the opcnillg and towards the load point, resulting in a diagonal tension type of 

cracking. 

In solid sIal> ~p('cimens, the first significant crack was observed on the soffit of 

the COllcrett' siah at a load of about 72 % of the ultimate load level. This crack was 

illitially located adjacent to the bearn-axis near the low moment end of the hole, and 

thl'Il spn'ad towards the cdges of the slab in a chevron shape as load was increased. 
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1 Near collapse, the chevron shaped crack on the soffit of the COllncte slah was di~,p('rsl'd 

diagonally through the slab thickness linking top and bottolll part s of t h(' slab at hi~h 

and low moment ends of the opening rcspcctivdy. Finally, this Il'sultt'd in a dia,!!,ollal 

tension type of crack in solid slabs. Furthcr, this diagonal tmsion CI ad" plOpa)!.akd 

towards the load point (see Fig. 6.7(b)). 

6.3.1 Stud Configurations 

In the truss analogy, the configuration of the stllds in tht' hole f(')!.iOll i~ (lf Cl itlcal 

importance in determining the slab shear carrying capaclty, hince it will atr('ct t.Ilt' 

geometrical arrangement of inclincd compressioIl struts. 

Ribbed Slabs 

Holes land 2 rcpresentcd differellt arrangements of the stllds iu the holl' 1 (')!.ÎOll. 

even though they were identical in aIl other aspects snell as dl(! hole g('ollll'try a11<1 

loading condition. The slab crack patterns after failure for Holes 1 aud 2 arc ~llOWIl in 

Figs. 6.8 and 6.9 respectively. 

For Hole 1, due to the absence of shear conncction wlthin the kllp;th of tlH' hol(', 

an inclined strut involving the nearest studs beyond the hole lellgth was expect.('d iu i.I 

fiat angle of inclination. From the observed crack pattern, however, it is diffi(:Il!t, to S('(' 

whether or not the expected diagonal compression strut wa~ developed by llllkillp; t.he 

nearest studs beyond the hole length. Gnly the stud action in teIlsion w'm tlH' hip,h 

moment end of the opening is clcarly visible. No clenr indiratioll WWi foulld CO!H'CI lJill,l!, 

the stud action providing bearing near the low Illoment end of tlw OP<'I1ill,t?; 

\Vith respect to this, rneasured strains on the sbauks of tll(' ~t uds IH'ar tlH' ('uds of 

the ho le indicatcd that the studs at both high and low mOIll('ut eIHb of t.he hole wen' 

highly strained with similar magnitude of vertical tensile straim, aud were lWIlt. towanl.., 

the high moment side of the tiute (sec Fig. G.IO). This II1ight he a major W;t:-'Oll for 

the significantly higher ultimatc strcngth obtained for the htlld confip;uratlOIl us(·d 1II 
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Hole 1 (143.2 kN), compared with that given in Hole 2 (109.3 kN). Therefore, it can be 

dcdurcd that the 'ituds near the lo\\' moment end of the ho le must have participated in 

carryiug vertical shenr, even though thc formation of the bearing zone at this location 

is not obvious. In addition, at a load of 63% of the ultimate load (90 kN) for Hale 1, 

tI ansvcrse cracks appeared in the top of thp slab near the high moment end of the 

0IJf'uiIlg, ;11Hl tlw~e as weIl as prcvious cracks at the low moment end sen'cd to make 

the ~Iab !wt \V('('1l thcse cra('k~ aet in Ct rigid body mode. 

For Hole 2 involving the uniform distribution of shear connection along the whole 

beaIll span. diagonal compressive struts linking the hcads of the studs and the bases 

of dw W',Œcst ~tlld~ \\,{'I e weIl drvclopcc! in the hole region as would be expectcd (sec 

Fig. G.!». A srnaller spacing of tranSVCl'se cracks was found on the top surface of the' 

slab compared \Vith Hol!' 1. Further, vertical strains measurcd on the shank of the' 

studs in their compICS~lOn or tension sides near or far from the hole reglOn indicatcd 

that the studs placed near the hale region \Vere much more severely &trained than those 

placcd apart from the hole region (sec Fig. 6.11). \Vith this test evidence, it can be 

considcred that only the studs nenr the hole region reach their ultimate capacities ",hen 

the bcam fails. 

Different arrangements of the studs along the hole length were also considered in 

Holes 4 und 7. Hole 4 had two ribs '\vithin the hale length in which each rib contained 

il sillgle stud, while Hole 7 had one rib \Vith a pair of studs. As a result. the numbers 

of stllds betwcm the high moment end of the opening and the support, and within 

the hale lellgt.h were identical in both tests. The &lab crack patterns after failure for 

Holes 4 and 7 are shown in Figs. 6.12 and 6.13 respectively. 

130th holes behavcd in a similar manner exccpt that a uniform pat tern of transverse 

cracks 011 tht~ top s1lrfacc of the slab was dcvclopC'd in Hole 4. At 80% of the ultimate 

load, hoth h()le~ cxhibitecl a. tcnsion cone type of crack in the low moment side of 

the Bute Ileal' the high moment end of the hole. Near collapsc, another (Hole 4) or 
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t several (Hole 7) transverse cracks occurred near the lo\\' moment elld. while pH'vious 

tension COlle cracks \Vele widened and propagated towurds the load point \\'llb the 

double studs placed in a rib along the hole Icug,th, a 15% innc(ls(' of tIlt' uitilllah'load 

carrying capacity for Hole ï (210.3 kN) was obtained compared with Hole ·1 (183 G kK). 

After removing the cracked slab at Hole 7, the slab takes il fOlm a~ s110WII ill Fip, li ].1, 

and It is shown that lcinforccd bars pas!>ing tluol1p,h the diagollal l"1'll('k \\1'1(' III dO\\'('1 

action. 

Solid Slabs 

Holes 6 and 9 also incorporated different stud arrangcIllcuts along tIH' bol(' ll'llp,t h, 

v,,· hile the same number of studs \Vere provided bet \Veen the high IllOllH'llt t'nd of t 1)(' 

opening and the support. The slab crack patterns after failul(' for Hoh'~ G alld !) ait· 

shown in Figs. 6.15 and 6.16 respectivcly. 

U nlike ribbed slabs, transverse cracks also developed in the bot tOlll of tlH' :-.Jab al 

the high moment end of the opening at an avelage 50% of the ultimak Joad. As wouJd 

be expected, Hale g comprising thrcc sh .. ds within t.he hole leugth faihl at a lughel 

load (191.6 kN) corresponding to a 15% incfease of the uJtimate Joad Clll l'yi li,!!; cllpacity 

compared \Vith Hole 6 (167.2 kN) having two studs within the ho le lCllgth Pli()) to 

development of a diagonal tension crack in both tests, a chevron hha!wd CI ad .. with it ... 

apex towards the Iow moment end of the hale was formcd on the !->offit of 1,11(' (OIH'II't(· 

slab near the low moment end of the hole as ~hown in Fig. G.17. Th<'ll, tllf' dlél~lJllial 

crack through the slab thickncss was initiatcd from the bottolll of tlll' !->lab wl}(,11~ H 

chevron shaped crack was fOl'IllCd. This crack pattern in !>olid ~Jabs ilHlicatl·d tJUlt tlw 

bearing zone to anchor the diagonal strut \Va!> formcd III tlw bot tom part. of the !->Jal) 

where the scvere negative CUI vature of the top !>teel Range occuned. FIOlIl t}w n (Lck 

dcvelopmcnt describcd, it can be also judgcd tlmt failure of the bcariIlp; ZOlle !'l':,ult(!d 

in the diagonal ten~lOn type of crack. 
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1 6 .. 3.2 Slab 'Vidth 

The tru,>s analogy indicatcd that the magnitude of vertical shear carried by the 

conn etc sIal> is largcly dcpendent upon the vertical resistance of the shear connectors 

providcd Thercfore, the rcduction of the slab width should not influence the slab shear 

CaI 1 ylllg ca paci ty if thcre is a sufHcient wid th of the concrete slab to dcvelop the full 

.:;tue! ten~iOIl cones. 

To vf'rify this, Hole 3 had half the slab width compared with Hole 2, while aIl 

otlwr pmamcters wcre identical in both tests. Figures 6.9 and 6.18 show the slab crack 

patterns after failure for Hole 2 and 3 respectivel.!. Both holes failed at the almost same 

load !cvel. although Hole 3 showcd a mueh less stiff behavior. In this regard, the truss 

(,Oll('('pt ill which the slab sl1('<11' canying capacity is related to vcrtical resistûl1cc of 

the stud" l'an be justified. Both holes bchaved in a similar manner except that Hole 3 

causcd more sevcrc transvcrse and rib separation cracks. 

\Vith the smallcr width of concrete slab, a very clear observation of the diagonal 

c01llpressivc struts a5 they splead from the hcads of the studs and are anchored at the 

hase~ of the nearest studs \Vas macle as shown in Fig. G.IS. ~vleasured strains on the 

shaIlks of the stucls around Hole 3 are shown in Fig. 6 19 

Holcs 6 and!) with a solid slab also had half the required width of the slab to 

compal e with that IccommcllClcd for full flexural beam action. Due to the use of a 

WUlO\\'el widt h of COllel etc blab. some longitudinal cracks resulted from vertical as weIl 

as horizollt Hl dispersal of the cOllcentratcd loads at the bases of the studs into the 

~lllall('J' \\'Idth of the concrete slab. It is howcver noted that thc width of the concrete 

:-.Iab plo\'ided in the solid slab specimcns was greatcl thall the requircd width to obtain 

horizontal lcsistance of shear connectioll based on dowel action 27, i.e. it was sufficicnt 

to avoid longitudiual splitting of thc COllCletc slab. Thercforc, the longitudinal cracks 

\\'hich appeéll('J in Holes 6 amI 9 did Ilot seCIn to reduce cithel shear conllcctor or bcam 

le~istall< t'~. III \'iew of this, it cau bc also ,lcduced that in solid slabs, the width of the 
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concrete slab will not significantly affect the slab shenr rarrying rapanty t111ks~ tht' 

longitudinal splitting of the slab governs shear connectaI' resistancc. 

6.3.3 Stud Details 

From the trnss concept, it is obvions that if vertical resistance of th(' st.uds l\I'ar 

the high moment end of the opening is enhanced, the slah sheéU' carrying cap;\('ity \\'ill 

be increased and thereby, produce an inclease in the OCdIll ultimate lt'~istaIll't' 

To verify this, Holes 5 and 8, which \Vere idf'lltical t.o Hales 4 and 7 J('sl>t'dl\'t'ly 

ln aU other aspects, inc1nded longitudinal or transverse bars wddt'd to thl' Itl'<lds of 

the studs near the high moment end of the opcning,. AltllOUgh this way of dd ailillg 

does not represent normal practice, it plOvides mlnabl!' infOllllatioll abolit. tlw ~t IId 

behaviour in the hole region. "Vith the ellhallced vertJ('all<'si~tallce of t.lw st.uds, tt. wa ...... 

expected that diagonal compression strut action similar t,o that fOllnd ill solid ~Iab~ 

could be fully developed without premature failure associatc'd with III> bl'pal atlOlI 111 

Hole 8, and hopefully in Hole 5 as weIl. 

The slab crack patterns after failurc for Hale 5 and S are ~llOWIl ill Fi,!!,,,. G 20 alld 

G.21 respectively. 

Due to the absence of shear connection in the two libs withill it.s kllg,th, Ho!e .) 

exhibited severe trans\'crse and rib separation cracks COllcclltratcd at the l\I'illt".,t !->tuJ 

locations to the ends of the hole. As load \Vas increased, ti <lllSVCI se crach ill fi out. (Jf 

the studs near the low moment end of the hole were widelled, alld thell fillally cilu';cd 

separation the slab in this region. Althaugh addit.iowù bar:" wcre plOvir!I!c! for t.Jw 

prevention of the premature fai!ure rc1ated to the pull-out failure of tjH! !->tlld.., and 

hapcfully, for the devc10pmcnt of a diagonal compressioIl .,trllt travcrsillg two rib", it i!-> 

difficult to see whether or Ilot the diagonal ~tru t waf. developed iIl the way exp!!r'! (·d IJy 

Iinking the nearest studs ta the cncls of the hole. Howevcr, witb the erlball(,('c! vert.ical 

resistancc of the studs, this hole fai!cd at a cOllsiderably bighcr 10ad !l'w!-c()lIlpar ab!!' 
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t with that obtained with two more studs within the hale length, as in Hale 4. 

Due ta the uniform distribution of the studs for Hole 8, the uniform pattern of 

transverse cracks was observed as shawn in Fig. 6.21. Although there was an indication 

of t.he rib separation type of cracking beyond its high moment end, this hale eventually 

failed by a diagonal tension type of crack spanning between top and bottom parts of 

th,.! coyer slab over the opening. This is similar to that found in solid slabs. U nlike the 

~dler pair of tests (Holes 4 and 5), a relatively small increase (13%) of the ultimate 

load carrying capacity was obtained between Hales 7 and 8. This can be explained 

from the fact that due ta the significant penetration of transverse cracks from the top 

to bottom of the slab é'.t the low moment end of the hale, failure of the slab might have 

resulted from failure of the bearing zone, and this might prevent the full utilization of 

vertical resistance of shear connec tors provided. Measured strains on the shanks of the 

studs around Holes 5 and 8 are shawn in Fig. 6.22. Unfortunately, information at only 

one stud location for each hale is available. 

6.4 Predictions 

6.4.1 Ultimate Strength 

Ultimate strengths for the ni ne tests in the present study have been evaluated 

using both the simplified slab shear and truss models. AlI predicted values that define 

the three co-ordinates on the interaction diagram are given in Table 6.2, and predicted 

values are compared with experimental results in Table 6.3. Horizontal and vertical 

connector forces that can be resisted by one shear connector at th,.! stage of the beam 

failure are also predicted by both thcories and summarized in Table 6.4. Moment-to­

shcar interaction curves are shawn in Fig. 6.23. 

Concerning shear connector resistance used in the analysis for Hales 4, 5, 7 and 8 

which comprise single as weIl as double studs in a rib, it should be noted that different 

105 



t 

" 

values of connector resistance need to be considered in both t heo1'1es bl'C ause t h(' t nlS~ 

model involves shear connectlOn in the hole legloll, ",hile the slIupltfit'd sial> slwi\1 llIode! 

requil es the inclusIOn of ail shear connectlOn provided bet '\t't'Il tilt' IlI,!!,h III oille Ilt t'ml 

of the hole and the SUppOI t Thus, ",heu the slmplifil'd slab !-.hem III oc! <,1 I~ apphed 

to those test~. connector reslstanccs conesponding to both ol1e and two !-.t\ld~ III él l'il> 

should be defined ID the first place. To do thls, connect.or l'l'SIS! anc\' for t \\"0 :-t\lds in 

a nb \Vas determ,ned from the resistance obtallled in push-out test.s by ll1t1ltiplYlllg hy 

the reduction factOl (O.ïl) following the AISe approach25
. 

Then. \\ elghted \ alues of con nectar reslstance ba~ed on tlH' COI re~polld Illg III 11 Il hel'" 

of single and double studs in a rib bet,ween the high moment {'ud of the hok .lIld t hl' 

support \,"ele calculated and finally 111corporated in tlw analysi~ (~t'l' Tablt G·I) 

In using the truss model for Holes 1. ï and 8 111 whlch thelr low 1Il01llt'llt ('wb 

ale located within the nbbed part of the slab, Solution 1 wa ... adopted flOlIl tll\' facl 

that anchorage of the Illclilled struts sufficJCntly close to tlll' low III 011 j('11 t ('11d of Ill(' 

hole \Vas e\'lclen t AIso, for Holes 5 and 8 havmg addl tlOllal n'lIlfOl ('('lIl1'I11 w"ldl'd 

to the heads of the studs near the hig,h moment end of t.he hol(~, 110 fmlllll' If'\.IIcd 

to vertical resistance of the studs was assumed, thus permltting full df'Vf'loplIH'ut of 

horizontal connector resistance, In these holes, however, it was Ilot p()~~lblc to (·oll .... idf') 

the enhanced verti<:al resistance of the studs dlrectly 111 the ~olutioIl I)I()c{'dll1l~, :-'111<'1' 

the horizontal fOl ce., detellnined from beallug studs at the' I()\\' IIl<JllWllt t'Ild 01 t1H' holl' 

limited the mag,nitudl' of vel tleal forces to be developed On t.ht· othel halld III Ho\p ;j 

no indication of diagonal compressive strut actlOIl was foulld III te<,t It 1'> bo\\'('vel 

evident from the obsen"ed crack pattern in the slab as well ab mea,>ulf'd ... IHlIIl'> 011 

the stud that the stud having additlOnal reinforcement weldf'd to It., !H'ad b{'yollr! tIl(' 

higlI Illoment end of the hole partlclpated in carryll1)?, V('l t Ical ..,lw;u fOI Cf·.... FOI t J Il .... 

al1chorag,c of the inclin<,el strut was assumed al the end of tlll' 11011- liltlwl tltall tilt' 

locéltion of tbe ~tud. and full devdopment of the horizolltal COIlrH!ctOl f(1l (,. wa~ ,tl.,o 
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permitted in the analysis. 

From the comparison given in Table 6.3, it has been found that the simplified 

slab shear model generally overestimates the test strength for most ribbed slabs in 

the present tests, while the truss model provides safe assessments of the strength for 

b:)th ribbed and solid slabs. One major reason for this is that the simplified slab 

shear model does not account for slab failure related to stud action in tension. It is 

thereforc considered that the simplified model is more adequate for solid slabs in which 

stud failure is not involved. By contrast, the truss model seems to be more adequate 

for ribbed slabs in that stud failure governs the beam behaviour and the geometrical 

arrangement of the inclined struts is more clearly determined than in solid slabs. 

6.4.2 Elastic Deftections 

Load-deflection response up to 60% of the ultimate load level for the ni ne tests 

has been evaluated using the analytical models proposed in Chapter 3. This analysis 

includes the flexibility of shear connectors in both horizontal and vertical directions, 

and slmulates transverse cracks observed in top and bottom parts of the concrete slab 

at the ends of the opening using the concept of diagonal strut action. For horizontal 

stiffnesses of the studs, the test values obtaineà from the present push-out tests were 

used, while their vertical stiffnesses were assumed as 25 kN/mm per stud in ribbed s!a.os 

and 50 kN fmm pcr stud in solid slabs. These latter values were based on a num~er of 

previous tests2B ,29. 

The companson with test results is shown in Fig. 6.24, and indicates that a gener­

ally satisfactory agreement between experimental and predicted deflections at mid-span 

as weIl as at hole ends was achieved except for Holes 1, 2 and 3 that included the neg­

.ttlve moment region in a beam span. Note that the unsafe prediction in Holes 1, 2 

and 3 rcsulted from the neglect of the concrete slab cracking occurred in the negative 

1Il0Illt.'Ilt region. 
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1 In general, the accuracy of the prediction using the ploposed analytical modt'Is is 

subjected to the degree of refinement for the connec tOI' behanour by mean::-; of horizontal 

and vertical stiffnesses, and particularly the hOrIzontal stiffllCSS Note that t his is also 

com,istent with the present test results in which relative dcHections betwl'clI hl>l(' t'lld~ 

are significantly affected by the degree as weIl as configUl ahon of slwa! COllllt'ctlOll 

within and beyond the hole length. Therefore, although therc eXlsb Cl fUll da l\lf'llt.a 1 

uncertainty in defining the connector behaviour by means of push-out or pull-out t.t'St.~ 

and a complicated modelling problem anses for the practical use, these beha\'ioural 

aspects of shear connec tors should be included even in elastie nllalyslb. Otlwl wise, tll(' 

basic behanoural aspects of the composite beam structures \\'111 be lost. 
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Table 6.1 Summary of Test Rcsults. 

Ht arll Hole Ultlmate Proportional Initial Sial> Cracking IlIItial Yleldll\g of Steel Ultlm.ltc 
r;o No Load Llmlt (% of VIt) (% of Vit ) Shear Load 

(kN) (% of Ult.) *Trans. Long Rib Sep Long. Shear (kN) 
143 1 42 10 42 22 .12 (TIIM)+ 6i) (BUt) 954 

') 2 1093 44 28 65 7G 65 (HLM) 88 (BLM) 729 
3 3 1062 30 30 30 71 (1'11'.1) 7:> ('filM) 70 S 
-1 4 1836 38 49 80 &0 (BLM) 99 (TLM) 91 8 

7 210.3 ~8 43 75 49 (HLM) 76 (TIlM) 105.2 
5 5 183.9 36 41 7J 56 46 (TLM) 7i (TUI) 920 

8 2377 31 39 56 77 58 (THM) 80 (THM) 118.9 
G 6 1672 42 28 88 ··74 52 (BLM) !II (BUI)+ 83.6 w 

**69 56 (BLM) 96 (BlIM) 
-1 9 191 2 46 28 77 958 

• Occurred at low moment end of hole 

•• Crac!. underncath slab 

+ Top tee web at high moment end of hole 

BoHoln tee web at low moment end of hole 



te 

Table 6.2 Theoretical Values Definig Interaction Diagrams. 

Beam Hole Moment (kN-m) Shear (kN) Simplified Slab Shear Model Tru55 Model 
No. No. Mo MOh M~h Vo Vc V. t ·V.6 VI MI (J (degs.) Vc V. t V:t VI MI 

4922 3814 2882 506.9 0.0 42.7 18.6 61.3 197.5 12 20.6 30.8 51.4 69.9 1764 

2 2 481.3 372.2 278.0 494.5 0.0 75.4 18.1 93.5 1904 20 25.5 26.5 52.1 70.2 167.1 
3 3 415.0 314.8 280.0 5237 0.0 67.4 19 1 86.5 187.1 20 241 271 51.2 70.3 166.7 

4 4 5104 4042 297.1 4733 1.8 77.7 17.0 96.4 215.4 20 29.1 26.4 555 724 177.9 

7 5104 4046 288.5 4733 1.5 78.4 17.3 97.2 215.0 26 44.5 284 72.9 894 1807 

5 5 498.6 392 4 2965 476.1 0.0 46.9 17.6 64.5 1947 10 192 305 49.7 673 167.7 

8 498.6 3920 298.0 476.1 10.5 78.4 17.3 106.2 215.3 26 446 283 729 902 1740 

6 6 414 3 3109 281.6 470.4 0.2 78.4 17.6 96.6 189.5 14 19.4 27.1 46.5 64.0 169.9 
9 4143 310.9 281.6 470.4 4.9 788 17.6 101 3 188.5 27 30.6 25.1 556 73.2 172.0 

• AIso, applied lo l'russ Model 



1 Table 6.3 Comparison Between Actual and Predicted Failure Loads. 

Bearn Hale Observed Predicted Shear (kN) 

No No Shear (kN) Slmphfied Test/Theory Truss Test/Theory 

1 95.4 61.3 1.556 69.9 1.364 

2 2 72.9 93.5 0.7S0 70.2 1.039 

3 3 70.8 86.5 0.818 70.3 1.007 

4 4 91.8 96.4 0.952 72.4 1.267 

7 105.2 97.2 1.082 89.4 1.177 

5 5 92.0 64.5 1.427 67.3 1.367 

8 118.9 106.2 1.120 99.0 1.318 

·6 6 83.6 96.6 0.866 64.0 (67.5)·· 1.306 (1.238)*· 

9 95.8 101.3 0.948 73.2 (83.1)·· 1.311 (1.155)*· 

• Solid Slab 

•• When Tr is increased up to Qr 

Table 6.4 Horizontal and Vertical Load Carried by Shear Connection. 

Bearn Hale Slrnplified Truss Slab Force 

No No qr q/qr qr Tr q/qr T/Tr at H.M. 

(kN per Stud) (kN per Stud) Truss/Simplified 

1 520 1.00 52.0 56.4 0.96 0.18 0.48 

2 2 76 1 1.00 76.1 75.6 0.90 0.34 0.45 

3 3 70.5 1.00 70.5 76.0 0.91 0.32 0.46 

.J 4 *73.1 1.00 90.6 72.6 0.86 0.40 0.36 

7 ·73.1 1 00 **64.3 **54.4 0.70 0.41 0.41 

5 5 *64.3 1.00 +105.0 1.00 0.41 

8 *866 1.00 90.6 1.00 0.35 

6 6 90.5 1.00 90.5 46.3 0.85 0.42 0.34 

9 905 1.00 90.5 46.3 0.67 066 0.40 

• Weighted va.lue considenng single and double studs in a rib 

•• Single stud ln a rib 

+ Stud having addltionaJ reinCorcement welded at its head 

., 
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CHAPTER 7 

CONCLUSIONS AND 

DESIGN RECOMMENDATIONS 

7.1 Conclusions 

Based on the analytical and experimental investigations carried out in this research 

program, the following conclusions can be made: 

i) Shear connection provided wi thin the hole length and sufficiently close ta the ends 

of a hole is the only major reason for the large contribution of the concrete slab 

to shear strength achieved in composite beams at, web holes. A corollary to this is 

that shear connection provided between the Iow moment end of the hole and the 

nearest support, which is far apart from the hole region, has a minor influence on 

the shear capacity of the concrete slab at the hole. The proposed truss analogy 

directly addresses the vital importance of shear connection provided in a restricted 

region near the hole. 

ii) Shear connec tors with high vertical tensile force capacity near the high moment 

end of the hole was provided in the tests of Holes 5 and 8, which included additional 

reinforced bars welded to the heads of the studs The magnitude of vertical shcar 

in the concrete slab is largely dependent on the tension action in these studs, and 

the enhanced vertical resistancc of shear connectors ncar the high moment end of 
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the hole increases the slab shear carrying capacity. 

iii) From test evidencc, the width of the concrete slab is not a critical factor affecting 

the slab shear carrying capacity of ribbed or solid slabs, unless it is insufficient 

to develop the full tension cones of the studs and horizontal resistance based O!l 

dowel action. Much more severe interfacial slips between the concrete slab and 

steel beam were measured in the hole region compared with those at the ends of 

the beam. 

iv) In solid slabs, limited evidence indicated that failure of the bearing zone in the 

bottom part of the slab near the low moment end of the hole initiated a diagonal 

tension crack through the slab thickness. 

v) Additional longitudinal reinforcement in the slab through the length of the hole 

will enhance the slab behaviour under high shear, since dowel action was observed 

in tests. 

vi) The two methods developed for the estimation of ultimate strength at web holes 

were found to be in satisfactory agreement with previous and present test results. 

For solid slabs, the simplified slab shear model provides better prediction than the 

truss model, while both methods are found to be good for ribbed slabs. However, 

the simplified model aIso involves highly conservative results in some cases of the 

stud configurations at t.he hole, sucb as when the studs are placed close to the ends 

of the hole, but just beyond the hole len;th. Furthermore, concerning ribbed slabs, 

the truss model provides safer and more realistic prediction than the simplified 

model, for the reason that the rib separation type of slab failure, whicb is related 

to tension action in the studs, is accounted for. As a result, the truss model is 

more appropriate for ribbed slabs, while the simplified model seems to be more 

appropriatc for solid slabs in which failure of the slab is less related to failure of 

the studs. However, above aIl, a major significance of the truss analogy proposed 

is that it provides an explanation for vertical shear carrying or transfer mechanism 
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1 between the concrete slab anel shear conncctors whcle the slab carrtt'S a lot of 

vertical shear. 

vii) Using the proposed serviccability analysis that includcs flexibility of sh('ar CO!lIll'l"­

tors, and truss action as weIl as transverse cracks in the hole regioll, ddled,iolls nt 

mid-span as well as across the opening can be obtaillcd appropriaü'ly. For ~n'at.er 

accuracy, more precise information about the horizolltal and \"t'l tint! St,lfrIH'i'>i'>t'S of 

shear connectors is necessary. 

7.2 Design Recommendations 

An explanation of the slab behaviour in composite bcams at, web hoks, a!ld Il 

series of nine tests carried out for the \'erification of the slab bdwviol\!" based 011 t.he 

truss concept, provide useful information about the plac(,\lwnt of slll'ar COllIu',tors in 

the hole reg,ion. 

At least, one and preferably a pair of studs shoukl he placed ('xactly al, or c!Ohl' 

to, each end of the hole, thus conforming to the truss concept in which t}l(' st.llds at. low 

and high moment enels of the hole provide bearing and tcnsde r('sist,:tnCt' re..,!wc!.IVI'ly. 

\Vith this method of stud placement, the concrete slab call carry vertical s!ICa.r in an 

efficient manner as \Vas indicatcd by Solution lof the ti uss aIlal()~y. Of COIlI se, plill'iIl~ 

additional studs near the high moment end is desirable, howevel, the t.nlhS allal()~y 

indicates that a low degree of shear connection at the low 1Il0IIl'~Ilt. ('lId IIllly al..,o lilllit 

the full development of tensile resistance provided at the high IIl0lllellt end. 

To cstimate the ultimate strength, both the sirnplified alld tI'1l~S Illodd~ rail he 

uscd, however, on ribbed slabs the truss rnodcl is preferred 

Concerning other considerations related to lateral illstability, ill'Jtabilit.y of tl\(' 

compre!'>::,ion zone in the top steel tee alld web in:;tabilit.y, d('..,ip,1l Il!(·OIIlIlICIH!at.iol1'J 

made for non-composite beams30 can be u:;ed safdy, but local web buckliJl~ 1 dated to 

web instability might be still of somc conccrn in that if unsbored COII..,t.Illctioll i~ lI~l!d, 
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the bare steel state is more critical than the non-composite state. Further research 

work on this aspect might ,-' necessary. 

So far, no research work has been found on composite beams having m1lltiple web 

holes, and no application of the truss analogy to other areas has been made, such as 

in composite plate girders (with or without holes), in composite trusses, and possibly 

also in the liuk bcam of eccentrically braced frames. The truss analogy provides an 

applOpnate tool for analysls of these composite systems. 

A number of uIlcertainties remain for a complete rational application of the truss 

annlogy. These iuclude actual dimensions of diagonal struts, th~ corresponding anchor­

ages aud !Jl'aring zonC5, thcir failure conditions, the role of tension in the concrete of the 

truss system, and the role of curved struts in ribbed slabs. Further study of these would 

have considcrable interest, b: t, in view of the available theories, which provide results 

suitable for design purpose, futher studies of these problerru. may not be justified. 
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1 STATEMENT OF ORIGINALITY 

The use of the truss concept to identify the slab behaviour in composite bcams at 

web holes was originally made. This enabled full understanding of the structural action 

between the con crete slab and shear connection, the development. of truss idealizations 

representing the slab forces, and the development of a theory to predict the ultimate 

strength for composite beams at web holes. Another theory which was extcndcd for 

the application to solid slabs by limiting horizontal connector resistance was also an 

original development. Nine full scale experiments were carried out to provide a sound 

appreciation of the slab behaviaur in composite beams at web hales. These provide 

evidence on truss action in the concrete slab in composite beams at web hole. 
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APPENDIX A 

Example .Calculations 

for Ultimate Strength Using Truss Analogy 

To illustrate the procedure for estimating the ultimate strellgt.h ba~('d 011 tIlt' trl\~~ 

concept, two holes having low moment-to-shear ratios and different type~ of ~Iah~. and 

"'hich \Vere also referred to Section 3.2.1, are selected. 

A.1 Solid Slab 

Hole 6i .(C-6) in Fig. 3.3 was constructed using a W360x51 section (W14x34 111 

Imperial units) and 19 mm diameter, 76 mm length headed studs, and tested at the 

University of Kansas. The M/V ratio at the opening centerline wa~ O.!H5111, ami t.1H' 

opening height und length were corresponding to 60% and 120% of the !>t,l'd lH'fllll 

dept h respectlvely. 

The locations of the studs and the failure mode of the ~lah in the bol(' 1 ('P,IOlI 

are shown in Figs. 3.3 or A.l. Diagonal tension cracks wele weil dcvdop(·d III tllf' 

slab, indicating that the COnCI"ete slab significantly contnbuted to the llltllllill<' !-!1H'(lJ 

n·~istance at the hole. 

To calcula te rI and 1111 which correspond to Point 1 011 tilt' int(!lilC"tlOll diagwIll, 

wc need first to detcrmine the ~olution category to be usccl. Thi!-! 1 equin::-, con"ideratioll 
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1 of tbe slab force system associated with the configuration of the studs. From the stud 

po~itioIlS used as well as the sla b crack pattern observed, Solution 1 is appropriate if 

the small length between the location of the bearing studs and the low moment end of 

the hole i5 neglected. The final form of the truss model to be used i8 shawn in Fig. A.l. 

Theil, the following steps are required: 

Step 1: Choose a value of q. As first choice, the 60% ........ 80% of qr is suggested. For example, 

chaose q = 78 kN (17.6 kips). 

Step 2: Estimate inclination of diagonal struts, B, from Eq. (3-4). 

1 H s 1 76 
f) = tan - - = tan - - ,....., 21 0 

lso 203 

Step 3: Estimate vertical forces carried by studs from Eq. (3.17). 

Vc = ntT = ntqianf) = 2 X 78tan21 = 58.7 kN. Therefore, the vertical force carried 

by Olle connector T is 29.4 kN. 

Step 4: Est.:mate the vertical resistance of a stud, T r • 

Considering double stud action, and using the stud height including the head (H lI ), 

rather than the effective height under the head (Le), the lateral surface area of 

the tension cane being considered is given as 51158 mm2 (see Fig. A.l). Thus, 

from Eq. (3-19), vertical resistance of one shear connector, T r = O.33J7I.4.c = 

0.33J27.7 x 51158/2 ~ 44.4 kN. 

Step 5: Check failure of stud. 

From Eq. (3-18) for studs under combined shear and tension, 

Under this combination of loading, it is considered that the studs in the hole region 

will ~~'ach at thcir ultimate strengths. 
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1 At this step, if the studs arc not fully exhaustcd uuder givcn sllt'ar amI tension 

loading, a ne\v estimation on q is necessary, and then with t.his letlll'1l to Stt'P 1 

Step 6: Determine the shearing force carried by the top tee steel web. 

From Eq. (3-23), 

, = 2a/ St = 407/76 = 5.33 

ntq 15û 
Il = - = - = 1.57 

Vpt 100 

V. = Il, + ..;r-3,--:2::-_-31l--:2::-+-g v, = e-: 6 1 k N 
st (3 + ,2) pt t). 

Then, V, = Vc + V.,t = 114.8 kN. 

Step 7: Determine the shearing force carried by the bot tom tee stccl weh. 

Step 8: Determine VI and ]0..11 from Eqs. (3-25) and (3-26). 

VI = 114.8 + 31 = 146 kN 

!vIl = dPyf(1- f3b) + 0.5ntq[(Nv - 1 )H~ + [sI tanfJ - sd 

= 356 x 559(1 - 0.294) + 0.5 x 156[2 x 7û + 7ûtan21 - 7û] = 14G 3 kN-1I1 

Step 9: Estimate the failure load at givcn M/V ratio. 

Now, the failure load is predicted as VI = 14G kN, whilc in te~t titis hole fllJ!(!d al. 

v = 179.8 kN. Thcrcfore, the ratio of t.est-to-thcory is 1.233 

Further, if the tensilc resistancc of the shear COllllector (Tr ) i<; illCrea:-,pc! IIp to 

118 kN (qr), VI corresponds tn 150.4 kN. 
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A.2 Ribbed Slab 

Details of Hole 110 (R-1) are given in Fig. 3.4. This holt' was ("OIl~tl\lctl'd \lsin~ a 

\V360 x 51 section (W14 x 34 in Imperial uni ts) and 19 mm diéUlleter, 11·1 llllll len)!;! il 

headed studs, and tested at ~\'IcGill University. The ~1/V ratio nt t h(' opcuill)!, \\'a~ 

0.945m, and the opening hcight and I(,Ilgth cor1'L':--pollck<1 to G07t· nnd 1 ~()IX pf t Ill' :--1('('1 

beam depth respectively. 

Due to the G5 mm thick coyer slab SUppOl t('<1 by t}lt' llld al d('ck ïG IIlIll d('('p and 

with the fairly low shear conncction, rib separatio1l CI nck .... \\,('1(, 1ll0l (' élppal ('Ill 1 hélll 

diagonal tension ones. :\car the end ~upports. t1'éllbVC1':--(' crack" \\('1 (' a!"o ()h~(·: \'('<1 ilJ 

the cm'er slab (sec Figs. 3..1 or A,2). Adopting tll!' !'>olutI<J1l categOl)' 1 fOl tIlt' J('él:-.oll Ihat 

the lcngth bctween the bcaring stucls and the lo\\' morllcllt ('IHl of tlll' bol(' i.., Ilt'I!,lil!,il>l(', 

the same steps used in soli cl slabs ale lcqllircd. TIlt' tm..,!'> Illodl'\ It·plt"·"·lItill.f!, tilt' :--\al) 

forces is show11 in Fig. :\.2, 

Step 1: Choose a mlue of q = 78 k!\'. 

Step 2: Estunate inclination of diagonal st1'uts. (). fWIll Eq. (3-4) 

1 114 0 8 = tan - - ~ 20 
305 

Step 3: Estimate vertical forces carned by stud::, frolll El! (3-1ï), 

\,~ = n,T = ntqta71() = 78tan20 = 2Q k?\, alld T = 20 k:-: 

Step 4: Estimate ver tieal rc~istancc of ~tud, Tr . 

FIom Fig. A.1, the lateral SUI face arCH of tbc tell <,ioll ('(JIJ(' b(~jllp; ('01 1..,1r!, '1 f·d 1.., I!;I \,('11 

a~ 4G196 rnm 2 . Tbus. froIU Eq. (3-1Q), vcrtical re~i~tétIH"(' of ()IW -,11f';'1 ('01111' "tUI. 

T r = O.33v1JAc = 0.33)22 x 4GIOG ~ 71 ;j k~ 
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Step 5: Check failure of stud from Eg. (3-18). 

If tbe studs are not fully exhausted under the given shear and tension loading, 

retu! Il to Step 1 \Vith a new estimation on q. 

Stcp 6: DetcI mine the shearing force carried by the top tee steel web. 

FlOIll Eq. (3-23), 

1 = 426/71 = 5.97 

ntq 78 
J.l= -= - =082 Vpt 95 . 

~ = ji~( + 0r"3i-c2°-_-3ji--::-2 -+-9 v. = 384 kN 
~r (3+,2) pt· 

Then, Vi = \le + V"t = 67.4 kN. 

Stcp 7: Detennillc the shearing force carried by the bottom tee steel web. 

Step 8: Detcrminc Vi and }.{1 from Eqs. (3-25) and (3-26). 

\', = Gi.4 + 2G.G = 94.2 kN 

= 356 x 549( 1 - 0.289) + 0.5 x 78[76 + 18ltan20 - 71J = 143.0 kN-m 

St.cp 9: E~tilllate the failurc Ioad at the given NI/V ratio. 

:\'O\\'. the Plcdictcd failurc lond is the samc as VI = 94.2 kN ,while in the test this 

hoIt' failed at \. = 115.5 k:\. Thercforc, the ratio of test-to-theory is 1.227. 
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APPENDIX B 

Prediction of Deflections 

B.l COl11l11ents 011 Analytical Proced ure 

The frallle analogy. which is proposed for the behayiour of composite beal1l~ héi\'illg 

large web holes at sel nee loads, can he refined with a number of diffelent l110delling 

a~pects lelated to the fundamental assumptions. This includes the effective shear area 

of tlH' conCl t'tt> sla b, the effective area and location of the diagonal compression strut, 

and hOllzontaJ (I.'/t) and "ertleal stiffnesses (kt.) of the shear connecto!'s. Among these. 

tIlt' lattel ét~p(>ct. the stiffnesses of shear connection, will he the 1l1ost critical factor to 

d(·tclllline the local and global behaviour, particularly when dealing \Vith libbed hlabs 

ill\'ol\'ing limited sheal connection 

For the slab areu that can be effective in carrying vertical shear at the serviceabili ty 

Joad levcl. the O\'erall and cover slab are as were considered in solid and ribbed slabs 

lt·::,pectively, alld fUI thermore these aret!S were divided hy the shape facto! (1 lSG) that 

accoullb fOl the l1on-unifoI'lll distl ibution of shea!' stre%('~ O\'C'1 il 1 ('ct <l1li!,1l1ill ,,('ctIOll 

Fol' the dfcctin' arca and location of the dIagonal cOlllple,,:-.ion htl ut \\'hicl! Il'pre­

,,('ut::. tllh~ aetioll <t!--l weH as transverse cracks 111 the hole legioll. a simple cun::.idemtion 

\\'a~ madt· which u~e~ half the slah thickness and half the 51ab width at the corrcspoud-
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1 ing mid-depth of top and bot tom half parts of the slab. This might. lack justification, 

but the proposed approach appears to yicld ~afe r('sults aftt'! compmisull with tt'!->t 

results. In addition, for holes \Vith high M/V ratIOs ill which a llt'lldiu.l!, lIIode of fadmt' 

governs the hole bchaviour, it is Iloteel that no inclination for the ('0111111 t'ssioll st nIt 

along, the hole lcngth is necessary. 

Concerlling the stiffnesscs of shear COllllcdors, t.h!' mUll!>C! of pJ'('Vi()ll~ pll!>b-otl t 

tests conducted on solid slabs for scveral diamctcrs of dU' stllds illdicilll'd t.hat tht'lt' 

is no clear correlatiun octwcen the Si2C and the horizontal stitrlll'!>!>('~ of rOIlIll'ctO!!>. :\ 

large scat ter 011 the stiffnessc!> 1 allging fl0m 100 t () 300 kI'\ / III III W a~ 1 ('port ('<1 2/4. FOI 

19 mm diametcr studs. stiffnc!>s raIlged from 100 to 250 kN /mm 

FurthermOIe, accor ding to rcecllt informa tlOll plO\'ldcd hy t II(' Nt ·I!>oll St 11<1 Co. 2!1 • 

horizontal stiffnesse!> of shcar conIlcctors in ~olid sIn bs have 1)('('11 f01l1H1 t () 1)(' ahou t 

1i3 kN/mm for 19mm x ï6rnm studs, 120 kN/mm for lGmlllxG4111111 stl1ds, and 

70 k~/mm for 131l1IllXl00mm studs. Also, vertical stifflH's~('!> of slwal (·()IlIH·ct.OI~ in 

solid slabs have been found ta be <lbout 50 kN/mm for the fil:-,t Iwo cat.('~orit's of tll(' 

studs, and 25 ki\' /rnm for the last catcgory. Oll the othe! haIld, fOl rI 1>1)('<1 slab~, II. WilS 

possible to obtain horizontal stiffnèsses of shear conllcctor~ froll1 the (,olllpallioll pll:-,b 

out tests of the McGill beam tests. This indicatcs iD kN/IIlIll ÎOI' 191I1IllX114I1lIll :-,t.lId:-. 

A150, vertical stiffnesses of shcnr connectors in riblH'd !:llal>" wa!> !ak('11 a ... 25 kN/1Il1ll 

wi thout full verification. Further rcsearch lllight be IH'c('~sary O!l t hi:-. a:-,p('c! wbich n'­

lates ta the basic och,wiour of shear connectOl!:l. Fillally, the value:-, d(':-,n i l)('d il!JOVt' 

were incorporated in thc analysis for the pl('clictioll of plastIC d,·fi,·(·t.iolls ill pIt·vion ... 

tests of composite bearns with web holC':-, The aIlillysi!> n':-'1I1b éLI(' ,l.',iv(·!l Iwlow 

At (t prcliminary stage of the analy!:li~, the sl!Il,>itivity of rl!<'ltlt.!> t.o tIlt' :-,trffIlt'~<'I':-' of 

shear ronnection was chcckcd. Thc results indi(·at.(>d t.hat. for Holf' 0 (R-O) having tllt' 

ribbec\ sIaL aIlcl 5D% shear conncctioll at its high momellt CJl(I, il 15'Yr, of tlw d"('n"''-,('d 

15fJ 



1 

.. 

deflection was obtained by doubling the horizontal stiffnesses of shear COJ1nectors along 

the whole bcam span Thl~ wIll be more plonounced when there is a 10wer shear con­

llcctioll used In solid slabs, no sensitivity was found under the same conditions. It is 

fm'ther indicated that the predictions of deflections are not sensitive ta the vertical 

stlffnesscs of shear connec tors in either solid or ribbed slabs. 

B.2 Analysis Results 

Comparisons between predicted and measured deflections at mid-span as weil as 

an O~!-J the openll1g were made at 30% and 60% of ultimate load levels for a total of 

t\\"enty pIE'yious tests (see Tables B.l and B.2). Only the test results published in a 

u!-Ja ble form \Vere included. The solid slabs tests conducted by Granadé and (,h09 were 

Ilot cOIlsidered. fOl the reason that short beam spans \Vere used ",ith relati\"ely large si ab 

dept h as weil as high degree5 of shear connection, thus resultll1g in an illapproptiate 

('\{duatlOll of the proposed analysis due ta the srnaller defiections Im·oh·ed. In addition, 

tlw second h61es III recent ribbed slab tests conducted by Donahey and Darwin 16 \Vere 

excluded, because they were fabricated after cornpletion of the tests on the first holes. 

Four tests (C-3, R-3 & 4, and D-3) required horizontal struts along the hole length 

al GO% of ultlmate loads due ta the bending related failure. Also, two hales (R-3 & 4) 

tf'sted at ~lcGill University reqllired the inclusion of additioual plates weldpd on the 

hot t 0\11 of the steel flanges. The corn parisons indic:üe that the plOp05Cd a pproôch i <; 

gellerally satisfactory fOl predicting defiections at rnid-span as weil as acl'OSS the open­

illg" although there is sizable disagreernent found in sorne cases, particularly lelating to 

relative deflections bet\wen the hole ends. lt is however noted that in most cases, the 

p1t'~t'llt illHdy"'1~ pnwides safe l'esults and comprises a numbel of diffcrent modelling 

a"p,'cb. Thnefol'e, this can be used for design purpO'5es, 01 developillf!, a de:;ign aid for 

a li mi ted l allge of shear conncction. 
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J Table 8.1 Comparlsons of Measured and Predlcted Deflectl0ns 
at 30X of Ultlmate Load 

Slab Exp. Hole At Mld'Span (1T11l) Across Opemng (1T11l) 
Type Inves. No. Measured Predlcted Pre./Mea. Measured Predlcted Pre./Mea. 

SOlld Clawson C-l 8.722 8.245 0.945 1.246 0.949 0.762 
Siae and C-2 7.258 9.818 1.353 1.722 1.988 1.154 

Oarwin C-3 7.498 9.381 1.251 0.741 1.001 1.351 
C-5 4.486 ~.444 1.214 1.424 1.606 1. 128 
C-6 3.164 3.908 1.235 1.256 1.371 1.092 

Ribbed Redwood, R-O 3.689 4.367 1.184 0.930 1.124 1.209 
Slab Wong R-l 2.344 2.442 1.042 1.031 1. n8 1.104 

and R-2 5.500 6.080 1. IDS 1.060 1.078 1.017 
Poumbouras R-3 6.800 7.067 1.039 0.400 0.431 1.078 

R-4 8.000 8.078 1.010 0.600 0.519 0.865 
R-5 2.500 2.605 1.042 1.000 1.026 1.026 
R-6 1.637 1.943 1.187 1.802 0.979 0.543 
R-7 2.346 2.781 1.185 1.190 1.044 0.877 

Donahey 0- 1 2.950 3.397 1. 152 1.653 1.556 0.941 
and 0-2 3.484 3.624 1.040 1.526 1.381 0.905 
Darwin 0-3 5.366 5.742 1.070 1.322 0.568 0.430 

0-5A 2.823 3.494 1.238 1.322 1.247 0.943 
0-6A 1.221 1.155 0.946 1.195 1.123 0.940 
0-8A 1.577 1.379 0.874 0.839 0.635 0.757 
0-9A 1.450 2.251 1.552 1.400 1.558 1.113 

Mean 1.133 0.962 
Std. Dev. 0.157 0.220 
Coeff. of Var. (X) 23.8 22.9 



l Table B.2 Comparisons of Measured and Predlcted Deflections 
at 60X of U 1 t lInate load 

Slab Exp. Hole At Mld'Span (1f111) Across Opemng (nm) 
Type Inves. No. Measured Predlcted Pre./Mea. Measured Predlcted Pre./Mea. 

SOlld Clawson C-l 23.472 17.377 0.740 1.221 0.966 0.791 
Slab and C-2 17.099 20.940 1.225 4.065 4.473 1.100 

OarWln C-3 17.954 20.339 1.133 1.895 1.486 0.784 
C-5 11.028 11.705 1.061 3.804 3.825 1.006 
C-6 7.146 7.840 1.097 3.001 3.550 1.183 

Ribbed Redwood, R-O 6.505 9.793 1.505 1.589 3.078 1.937 
stab Wong R-l 4.500 5.739 1.275 2.760 2.886 1.046 

and R-2 10.000 13.384 1.333 2.200 2.474 1.125 
Pountlouras R-3 12.000 14.718 1.227 0.600 1.338 2.230 

R-4 16.000 16.748 1.047 2.100 1.291 0.615 
R·5 5.200 6.122 1.177 2.500 2.511 1.004 
R'6 4.180 5.314 1.271 4.133 2.260 0.547 
fl-7 9.650 7.606 0.788 4.154 2.872 0.691 

0-1 6.510 7.630 1.172 4.323 3.981 0.921 
Oonahey 0-2 7.756 8.167 1.053 4.094 3.465 0.846 
and 0-3 11.367 12.828 1.129 2.238 1.802 0.805 
DarWln D-5A 6.205 7.720 1.244 5.442 2.960 0.544 

D-6A 2.721 2.716 0.998 3.789 3.020 0.797 
D-BA 4.043 2.994 0.741 2.289 1.671 0.730 
D-9A 3.865 6.227 1.611 4.425 5.694 1.287 

"'ean 1.142 0.999 
Std. Oey. 0.223 0.427 
Coeff. of Var. (X) 19.5 42.7 
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APPENDIX C 

Summary of Previous Tests 

A total of eleven solid slab tests conducted by Granadc\ Cla\\'!:>ol1 and D'lI \\'111
7

, 

and Cho9
, and a total of twenty four ribbed slab tests conducted hy n('<!wood, Wong 11l 

and Poumbouras l2 , and Donahey and Darwin 15 forIll a databasc for tilt' ult.illléltl' 

strength and serviceability analyses in the presrnt stuùy Geometrie and mat(,lléll prop­

erties of aIl these tests are summarized in Tablcs C.I and C.2 

Additionally two holes with rcinforccment around the hole and tc~tl'd by Clio 

were not included because they are not matehing with the fUlldamcntal purpOSl' of tlli'i 

research project. Another test conducted by Thompson and AiIlsworth:11 i1l Australia 

was also excluded because of not being continued up to coIlaphc. 
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Table C.l Geometrie Properties for Previous Tests 

Slab Exp. Hole Steel Bearn DImensIons (11111) Hole Dimensions (nrn) Slab DImensions (l1li1) 

Type Inves. No. 
d b t w a H e be Ts ts 

SOlld Granade G-l 203.4 165.3 11.13 7.95 91 61 0.0 610 89 89 
Slab G-:! 203.4 165.3 11.13 7.95 91 61 0.0 610 89 89 

Clawson C-l 356.0 171. 7 11.52 7.30 203 102 0.0 1221 102 102 
and C-2 454.6 190_7 12.08 9_05 275 138 0.0 1221 102 102 
DarWIn C-3 454.6 190.7 12.08 9.05 275 138 0.0 1221 102 102 

C·4 454.6 190.7 12.33 8.72 275 138 0.0 1221 102 102 
C-s 460.9 152.6 15.84 10.66 275 138 0.0 1221 102 102 
C·6 356_0 170.1 12.08 7.53 203 102 0.0 1221 102 102 

Cho CH' 1 194.0 150.0 9.00 6.00 90 60 0.0 550 130 130 
CH-2 300.0 150.0 9.00 6.50 135 90 0.0 600 130 130 
CH-3 300.0 150.0 9.00 6.50 135 90 0.0 600 130 130 

Ribbed Redwood. R-O 253.6 102.0 6.49 5.80 150 75 0.0 1000 141 65 
Slab lIong R-l 355.8 174.5 11.37 7.44 213 107 0.0 1000 141 65 

and R-2 356.8 171.3 11.20 7.85 213 107 0.0 1200 141 65 
poumbouras R-3 356.4 171.3 11.28 7.94 213 107 0.0 1200 141 6S 

R-4 356.5 174.2 11.09 7.94 213 107 0.0 1200 141 65 
R-S 355.8 174.5 11.37 7.44 213 107 35.5 1000 141 65 
R-6 357.0 171.5 11.10 7.75 213 107 0.0 1000 141 6S 
R-7 357.0 171.5 11.10 7.75 213 107 0.0 1000 141 65 
R·8 355.0 170.0 11.45 7.42 213 107 0.0 1000 141 65 

Oonahey 0·1 524.6 165.6 11.06 9.10 315 157 0.0 1221 127 51 
and O·Z 5Z4.6 165.6 11.14 9.08 315 157 0.0 1221 127 51 
Darwin 0-3 524.6 167.1 10.91 9.10 315 157 0.0 1221 127 51 

*0-4A 524.6 166.3 11.14 9.08 315 157 0.0 1221 127 51 
0-48 524.6 166.3 11.14 9.08 315 157 0.0 1221 127 51 
0-5A 524.6 165.6 11.06 9.10 315 157 0.0 1221 127 51 
a-58 524.6 165.6 11.06 9.10 315 157 -25.4 1221 127 51 
0-6A 524.6 167.3 11.09 9.08 315 157 0.0 1221 127 S1 

+0-68 524.6 167.3 11.09 9.08 315 157 0.0 1221 127 51 
**0-7A 524.6 168.6 10.45 9.15 315 157 0.0 1221 127 89 
**0-78 524.6 168.6 10.45 9.15 315 157 0.0 1221 127 89 

0'8A 257.6 101.7 6.97 5.87 150 76 0.0 915 140 64 
0-88 257.6 101. 7 6.97 5.87 237 81 '3.8 915 140 64 
D·9A 524_6 168.9 10.86 9.28 315 188 0.0 1221 178 102 
0·98 524.6 168.9 10.86 9.38 188 188 -3.3 1221 178 102 

* Puddle weld used over the openlng 
... Long1tudlnally rlbbed slab 

+ Oeck pan used 
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t TabLe C.2 MateriaL Propertles for PreVlOUS Tests 

SLab Exp. HoLe Fyf Fyw fIc qr nt! n 
Type Inves. No. (Mpa) (Mpa) (kN) 

SoLid Granade G·l 302.0 330.3 27.4 81.6 2 8 
SLab G·2 302.0 330.3 27.4 81.6 2 14 

CLawson C·l 243.9 245.3 48.3 117.9 4 14 
and C·2 268.4 279.8 29.0 117.9 2 16 
Darwin C·3 268.4 279.8 34.0 117.9 2 16 

C·4 295.2 335.9 30.8 117.9 4 10 
C·5 285.4 272.1 32.3 117.9 4 16 
C'6 272.4 301.7 27.7 117.9 4 10 

Cho CH·l 302.0 350.' 21.6 47.1 4 12 
CH·2 360.9 445.2 21.6 47.1 4 18 
CH·3 360.9 445.2 21.6 47.1 4 20 

Ribbed Redwood, R'O 348.6 386.8 26.4 93.4 1 4 
SLab Wong R·l 276.6 311.2 22.0 91.2 1 4 

and R·2 301.8 326.2 19.5 59.8 2 18 
Pol.ll1bouras R·3 291.3 325.5 29.6 81.8 4 22 

R·4 301. 1 331.7 27.3 107.1 0 5 
R·5 276.6 311.2 22.0 91.2 1 4 
R·6 ~01.5 325.4 18.0 64.6 0 4 
R·7 .J1.5 32~.4 18.0 64.6 4 8 
R·B 303.8 303.2 17.1 62.2 4 8 

Oonahey 0·1 349.2 357.2 30.8 76.6 4 10 
and 0·2 337.9 349.6 33.4 73.2 4 22 
Darwin 0·3 345.4 347.5 37.2 79.8 4 20 

0·4A 345.4 349.6 32.7 113.1 0 5 
0·49 345.4 349.6 36.4 73.2 0 18 
0'5A 344 ... 344.7 32.7 79.8 2 7 
0'5B 344.4 344.7 35.1 79.8 4 16 
0'6A 346.5 346.1 27.7 70.8 4 12 
0'6B 346.5 346.1 29.7 74.4 8 20 
0'7A 265.1 267.5 28.9 73.0 10 22 
0·79 265.1 267.5 29.7 74.4 6 22 
0·8A 310.6 328.9 27.2 65.5 2 8 
0'8B 310.6 328.9 34.4 69.8 2 6 
0'9A 265.1 267.5 28.8 121.3 4 10 
0·99 265.1 267.5 30.1 125.4 2 8 
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