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ABSTRACT

The e:xpemnental behaviour of a full-scale reinforced concrete beam-column subassembly with
floor-slabs 1S presented. .The Specimen, tested at the University of Toronto, modeled an interior frame
connection @n_d was Su_chcted to bi-directional cyclic loads simulating eénhquake effects. Effective
<]Jab width, joint l?eha\:flour , lransverse beam torsion / weak axis bending, and interaction between the
rwo orthogonal directions are investigated. The essential features of the mechanism controlling the
fow of connection forces into the joint are discussed in light of the experimentally obtained strain

fields.

INTRODUCTION
Behaviour of beam co{umn connections with floor-slabs has been the focus of many research
studies since the early 1980°s, after reports from the U.S.-Japan cooperative experimental program

indicated that monolithic floor-slabs may cause dramatic overstrength to the supporting beams in
frame structures subjected to lateral loads (Durrani and Wight 1982; Otani et al. 1984). However,

beam flexural overstrength if not accounted for in the design phase may be undesirable because it
may increase the shear demand on the joint or defeat the weak-beam / strong-column philosophy of
connection design (Paulay et al. 1978). Experimental studies conducted during the past decade (Zerbe
and Durrani 1985 and 1988; French and Boroojerdi 1989; Kurose et al. 1988; Pantazopoulou and Qi
1990; Bas 1990) have helped to identify the cause of the so-called “slab contribution” effect which
is now attributed to the kinematic constraints that exist between monolithically cast floor-slabs and
their supporting beams along the interface of the two elements (Pantazopoulou et al. 1988). During
earthquake action, lateral loads induce a linear moment variation along the beam spans, the moments
reaching a maximum value at the faces of the columns within each bay. If the moments are negative
(hogging), the upper beam fibres are in tension, and because of the limited tensile resistance of concrete,
the neutral axis is well below the slab thickness. The deformation of the longitudinal beam fibres @s
approximately proportional to the distance from the neutral axis of the beam. Because of the kinematic
constraints mentioned above, longitudinal deformations in the slab are identical to those of the beam
along the common boundary of the two elements. However, the beam elongation is felt to a lesser
extent at large transverse distances from the main beam, and this decay is manifested by_a shear-lag
effect in the slab diaphragm. Longitudinal elongations in the slab require that the slab reinforcement
be in tension; the total force acting over the distance from the neutral axis generates an additional

moment resistance which, when detected in experiments, is termed “slab contribution™. .
Because of the brittle tensile behaviour of concrete, surface elongations (caused by hogging

moments) become more dramatic after cracking, and are more pronounced at higher levels of lateraé
displacements. For this reason, slab membrane actions increase with the extent of cracking an

therefore with increasing lateral storey displacement (or lateral drift). |
f unanswered questions

The initial results described above, were naturally followed by an array O | |
(Ammerman and French 1989; Bas 1990). For example, the role of transverse beams 1n the mechanics
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of the connection is not yel

from the sla “rticipation, and, | | e . ne
increases as a result of s1ab P ; . from the confining action of the slab. A rigoroug ¢,

ke WhiCth conflicting experimental and theoretical evidence oflslab-beam behav; our

s f?r) riomems particularly 1n cases of interior slab-beam-column connectiong Whe Ndg,
' ﬁlg . tension on one face of the column, and in compression on the oLhc'r_ It is impy

slab is nomina {anation be unbiased from the particular details of the simplified specimen te fatiy,

eX :

e Sl':c;éms- celf'[ain pronounced features of the response that have been observed in labhg,

Iabqra;:‘v connection specimens are believed to be dlref:tly related to the details of the load

of single behaviour of connections in actual continuous structures.

are not representative of the | | _ .
This paper documents results of a single connection test carried out at the Unwersity of T
0

(Bas 1990). The specimen was a full-scale, statically determinate assembly of an interjq; slab

column connection. Loading was applied along the two principal directions of the specimep ge :
simulating bi-directional earthquake effects. The aim of the paper 1s to provide experim ental _Ometry,
tion as to such aspects of the behaviour that relate to the physical arguments outlined N the pl}g‘f Omg.
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Specimen Geometry
The specimen represents an interior connection of a typical reinforced concret
frame structure with the plan view shown in Fig. 1. The scale, geometry and lo :
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which satisfies the Iimits established
/1985) were also satisfied in the joint geg;

b€ . *inf .
chorage length requirement Orce _ , in addit;

- &nwelded to 1 in steel plates >t the beam engs W limited on 1o the hoops, #10

were S “T€ not satisfied ang forS{l:ﬁFe in the laboratory,

IS T€ason beam bars

e dSu. ing Zurich ga urface strain
obtaine Sin | UgCS at several g m = '
tages durin g the wis S S of the concrete were

. that occurring under seismi :
o g S€iIsmicC attack. The loading program was carried out under displace

ment control, with the associated storey drift being the controll .
Displacement levels corresponding to 0.5%, 1.0%, 1.5%, 2.8%0;1;3%09@&3121’“? t\i;roefsﬁfségsgﬁlg histcly_ryd
Y applic

to the specimen.

At each drnft level, the pattern of the cvel; ;
The strongcr beam (E-W direction) s L_he "h’:lm)f hgirta(z:at?or? lg}oge a[(égtp tel()ju;gfnas Ehsesttll?s\:ntm s 3f1
djsplace_men[ level, only the E-W direction was loaded, introducing. uni-—dirgectional 15&?1'%1? attei(lzl
connection. At the Secopd stage, both directions were loaded simultaneously, modeling bi-dixgec?ion:i
-arthquake loads occurnng at a 45 degree angle with the E-W direction. At the end of the planned
displacement history, the E-W direction was subjected to an additional cycle up to the limiting stroke

of the actuators.

EVALUATION OF THE TEST RESULTS

In the following diSCUSSi_OD, positive displacement or load is defined as upwards, and positive
rotations or moments are associated with positive displacements and loads respectively. Tensile strains

are considered positive for both steel and concrete.

Discussion of the Overall Response |
and weak) beams of the specimen

The load-displacement histories of the East and South (strong _ S
are given in Fig. 4. First yielding occurred in the strong beams at 1% storey drift under positive l0ad,
haracterized by a marked change of apparcnt

at which point the load-displacement response curve 1s ¢ _ e e
stiffness. In contrast, for negative bending, there is a gradual increase o_f load with dlspédc‘?m;?é
storey drift. The relative magnitudes of the loads in

without abrupt stiffness change up to 3% West).
positive and the negative bending cases were at a ratio of 1:2 for the stronger beuir:jefﬁélﬁg ugcsigr
and. EEIR Nty § 2.0 - £ the seehEt beams_(Noqh 3’? : %ﬂg. cla)suee ::ere several times those
JERE egatine: beading, CispSEETE duilti]igi:.ze?lenti applied in the two dircctions were the

observed in the latter case, although the overall
same.

The ultimate flexural capacity of the strong beal;mh re[ra\g?ige 105051'1'2:;\[]3'0"‘
positive and negative bending respectiv;ly. It is notewo y "
llexural resistances using actua _
ignoring the slab contribution. The discrep . enhancing
the dramatic influence of the slab re Be -
supporting beam, and the significant inCreas




hroughout the test, In consecutive load

' ' : CVela
Although all beams maintained their strength YCleg

, : ositive bending (slab 1n COMPression). Rac: “NCeg
for negative bending (slab 1n wnsmn?gh[;ainoﬁgirtspsho‘”ﬂ in Fig. 5, along the two orthogong) di;?tqr“lﬁ
reduction was manifested in the stoﬁ){; test. It was seen that during the bi-directional ]oaq qugtﬁmt‘“

of specimen gcomcuz’:gﬂ;ﬂ;g;ﬁg; displacémﬁm level), a sharp decrease in resistance OCCurre Z‘; I(i
8 e ‘Ioad C);Cdi;placemem, while load in the orthogonal direction was mcreased. The rﬁ’idup['m
direction %g}ons;ai?he —ovimum load at any given cycle, and highlights the extent of mterammn‘l‘ﬁn
?fofii?wcerf Oonhggonal directions in the connecu:on._ The reason _why interaction 1S more PTOnoyp, at
;r:::ii:r negative bending can be undcrstc_rod by .mwe»j.rmgmthe Eeg;lﬂcmtﬁ“g of ﬂqulhbnum of the SlZ%
panel; consider a quadrant of the specimen (mcludmgb € s5lab), tv;;m de main beam §ubj€Cteﬂ [
a negative vertical displacement, while the transverse beam ls'rei:h €d al 1ts end agaipg; ‘*’Cﬁicfo
movement. Due to the shear-lag effect, tensile stresses develop 1n the longitudinal slah reinforce,, |
along the face of the connection between the slab and the transverse beam. Becaus ent

: . ; e of these Stresgac
equilibrium of moments in the slab about any vertical axis dictates develo SS€s

. pment of tensija Streas.’
in the transverse slab reinforcement along the face of the connection between the slah S8

| TR ; . e _ and the Tﬁaiﬂ
beam. Thercfore, under unidirectional loads, the entire slab reinforcement is placed yn )
Addition of loads in the orthogonal direction (bi-—dn‘ecthna] load case), produces

stresses on the reinforcement. Equilibrium in the first direction at a given displacement |

now attained at a lower level of externally applied load; the resulting load difference IS Cvel can be
strength reduction in the storey shear orbits.

» Whith arnast tion of loading, except
mpressive strains under
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— slab bars at the East face of the . Figures 7(a)(b) o
- 2 A7 b strains * C column 1imt 2 9 PIOt the strain 4 .
wdmal sla_ _ recorded at the fa. ¢ Unger et < Strann distribution of top and
Ll decreasing with transverse dista Iace of the trance. = 'C and positive | e ..
CO . i : ‘}‘#w,__,.r%"{: d.i:‘?a_:‘"tr-; C N L1 d._r-lE ﬁr#‘_:}e tfl l')‘:*"..ri-'..i‘l';:r T,er:?dhflz rﬂgw!i.‘i_elv
u_rs WIt.h {_he r{':} -;" % " g et rrr:,:":""f Pl __,a_m Were SR 11 ~ - - c ¥.
B S 1; Proposition of “shear.tao» - = SUPPOTt in the case typically higher near the
of Wm”mMIO?L;lmpéC” in the traditional ag_.‘.;‘; N the slab dianhron, . ceauve bending. This
' e SUMDtion af ~1 LAPiragm, and ilhustr
ma]yzmg monoutnic C. tee beams. puon of ;imﬂ*%ﬂ{iﬁr&“ ; =-h'iii lilustrates the degree
UIIS Winch 18 :.‘.Orrmonly used

The mechanism of slab participation is
: these strains are averaged Ovega:zgulzrben;r illustrated in the |
.o to local slip disturbances than the ?_‘egnd . | € measured surface strains of con-

: » particul
5 of influence of the concentrated loads wh; arly around the column (at some distance from

jongitudinal steel strains at the same locations were tens:

s rimentally obtained moment-curvature envel

fvat:: found that for negative bending, at 2% 1ate?'apﬁ1rfi§tg§esgf?:§i$§agﬁbﬁom this comparison, it

depth (measured on gach side of the beam web); however, this quantit :nwsrse alsgdtmxeg the beam

the beam depth for 3% and 6% storey drift respectively. Under positive ybendin meto ff et
remained almost constant Lhrougho}lt the test, (approximately twice the beam de tl% on eaf:ha}g;e fs ltf;
beam web); 1L 1S believed that the insensitivity of the computed moment-curval?lre relationssto fsnhe

increases in the assumed cffective widths is probably a consequence of the limited amount of tensi ;
einforcement at the bottom of the beam when the slab is in compression =

Joint Performance

Figure 8 plots hoop strains recorded in joint hoops in the E-W direction. Evidently, bottom
hoops were overstressed when compared to the top ones; this indicates superior shear resistance at the
upper part of the joint, likely to have resulted from the confining action of the floor-slabs. The total
<hear force introduced to the joint is estimated by considering equilibrium of forces in the column.
(Column moments occurring at the top and bottom faces of the beam are computed from equilibrium

of the entire specimen; joint shear is the slope of the column moment diagram within the beam depth.)
Horizontal shear introduced to the joint directly by forces acting on the beam web was estimated using
the actual yielding stress of the beam reinforcement. o ioint shear was 69%, 62% and
56% of the total joint shear measured under unidirectional loads at 2%, 3%, and 6% storey drifts
respectively. This illustrates the increasing participation of other connection components (slab and
transverse beams) in indirect loading of the joint, an effect that is not accounted for In the current

design philosophy for joints.

ONCLUSIONS : .
: investigated in light of expen-

Participation of slabs to the response of frame connections B onal loads an effective ks =
contnbut

mental data obtained at the University of T0fom™> e on each side of the beam web cont
interaction was

slab approximately equal to 1.5-2 beam depths measured oy .
. : ant amount O -
to the flexural resistance of the supporting beams. E:die;ge’daastl%g = ve to the pnpmp?l

detected between orthogonally placed beams W :
. : : m
directions of the conne%tion geomelry. The interaction W& rzsfuiéd(:fcgg joint sh

5 BHERE e dition to reinforcement

the two orthogonal bending axes, but was a1s0 lab, in ad
bi-directional loads. Concrete strain records on the surfaces Off[tl'l:r cfe 0 efer in the connection.

strain readings were considered 1n examining the
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FIG. 6 Cracking Patterns on the Top of Slab

SLAB STRAINS: AT EAST FACE OF COLumy
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FIG. 7 Strains in Slab Reinforcement:

(a) Negative Bending,
) Positive Bending
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