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ABSTRACT 

This thesis reports the response of the coupling member in a selected coupled 

slab-shear wall system with a drop panel. Four i seale reinforced COllcrete models 

were tested un der reversed cyclic loading with progl'cssively increasing imposed dis

placements. These specimens w~re identical in aIl rl'.spccts exccpt for variations in 

the stirrup spacings and conce~ltrated transverse reinforœment near the wall toc. The 

cruel< patterns, force-displace:ncllt characteristics, reinforœment and concrete strains, 

and displacemcnt profiles arc prc~'ent.cd. 

The rcsult.s obtaincd were comparcd with the work by other rescarchers on plain 

coupling slabs and coupling slabs with shallow beams. An Jmproved response of the 

coupling slab with drop panel was observed, comparcd with the other slab coupling 

systems. The results aiso compared well with the thcoreticéll str\( ngth predictions using 

the yield lin(' theory and with the Pllnching shear strength calculatcd using an clllpiricai 

equation derived based ou t.he observed failurc mecbanisms. Evalllation of the effective 

widths anù the slab stiffncsscs revenis the highly uncoIlscrvati ve nature of the availaole 

elastic analysis methods. Rccommcndations for design of coupling slab mcmbers 1ll 

coupled slao-shear wall structures are presentcd. 
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RESUME 

Cette thèse présente le comportement de dalles jointe à des murs de cissaillement 

avec panneaux. Quatre modèles à l'échelle k fait de béton armé furent testés sous l'effet 

de charge cyclique avec déformations imposées et amplitudes croissantes. Ces speci

mens étaient identiqu~s sauf pour l'espacement des étriers d la. qUàtltité d'armature 

transversale à la base du mur. Les relations force-déplacement, les déformations du 

béton et de l'armature, les profilt,s de déplacement, ainsi que la, distribution des fissures 

on été présentés. 

Les résultats obtenus furent comparés aux études antérieures faites sur les dalles 

jointe à des murs de cisaillement avec poùtres peu profondes. UIle réponse favorable des 

dalles avec panneaux fut observée comparativement aux autres types de dalles jointes. 

Les résultats se comparent bien aux prédictions théoriques du "yicld line theory", ainsi 

que le calcul de la résistance au cissaillement utilisant def:> équations empiriques dérivées 

des résultats expérimentaux. L'évaluation de la largeur réelle et de la rigidité de la dalle 

démontre la sous-estimation des mocléles élastiques disponibles. Des recommendations 

sur le design de dalles jointe à des murs de cissaillement sont présentées. 
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CHAPTER 1 

INTRODUCTION 

1.1 General Problems in Coupled Shear Wall Structures 

The past two decades have seen rapid increase in the popularity of shear walls in 

multistorey buildings to resist win\l and earthquake forces. With increasing knowledge 

of the inelastic behaviour of shear waIls and coupled shear wall systems under lateral 

loading, the erroneous notion that shear wall structures are inhercntly brittlc, has been 

dispelled. Their inherent economy, na.tural stiffness and inelastic behaviour2 , along 

with the ductility of properly d('tailed shear walls3 has led to their wide acceptance 

in high-rise builclings. In faet, in recent years, shear walls have been used Ilot just in 

high-rise buildings, but a1so in many low rise commercial buildings. 

The simplest form of shear wall - a tall, single, solid cantilever as illustrated 

III Figure LIa - is an excellent classroom eXé'.mple but is otherwise rarely used in 

practice. Most often, cantilever walls are pierced throughout; commonly by a single 

row of openings as illustrated in Figures l.Ib and LIe. Such structural form is referred 

to as a coupled shear wall, where two shear walls are joined together by a series of 

coupling or "link" beams. The foeus of this thesis is on thin eoupling beams (Figure 

l.Ie) such as monolithie con crete Roor slabs. The use of such elements is corn mon 

particularly in high-rise apartment buildings. 

A well designed structure is expected to resist light to moderate earthquakes with 

1 
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no damage or minor reparable damage. However, it would be uneconomical to pro

vide for inertial forces caused by large earthquakes and the designer must rely upon 

the energy dissipation associated with the transient excursions of the system into the 

"postelastic" range4 • The emphasis is on protection of esscntial elcmec.tc; such as 

the shear walls and columns, against early damage and on provision for the dissipa

tion of energy through larg,e deformations in clements sueh as the coupling beams and 

slabs, which can be rcpaired after the carthquake to restore the structure ta serviceable 

condi t ions. 21 

The significH.Tlt weakening of the structure rcsulting from p1t'rcmg of cantilever 

shear walls with one row of openings has led cnginccrs and ITscarchcrs into finding 

ways of improving the effcctivencss of th(' coupling mcmber iu participnting in the 

earthqunlœ-Iesisting actiolls3 . III particular, for thl' extn'llH' n\se of cou pIed shenr 

walls where the coupling mem\)('r Îs so shalluw, sncll as two walls couplet! by fioor slabs 

only, as shown in Figure LIe, the ahility of tbe sI ab to maintain ~llffici(,llt strcllg,th 

and stiffness, proviùing adequate ductility and ('xhibiting stable hystctd.i-: re~ponse is 

crucial. Providcd tllCtt the hier arc: 'J of fail ure rnechanisms of tlw sla hs is s11ch that a 

majority of them will yield sigllificnntly bcfme the dcvclopmcllt of plastic hingcs nt the 

base of the walls, a very sig,nificallt pmt, if Ilot aIl of the rcqllÎlC><l CllCl"i!:Y dis~ipation can 

take place in the coupliug sy~tcm, thcrchy protedillg tlH' walls ap,aiust Hearly dmnag,e"3. 

One desirahlc fenture in a sh('a1' wélll ~trndlll"l' snhjed,f'd to l'mthqnalœ forc(,8 i8 

its hysteretic response - the ability of tlte ~trll('tur(' to dÎ~:.;ipat(' Cllf'rgy. For a single, 

plain, s01id cantilever shcar wall, snell cncrgy dissipatiou takes pla,(' wlH'n indastic 

deforrnations causcd hy au ovcrtuming IIlOIIlcllt, A1o, (Figure l.la) OCClU duc to a 

single plastic hinge in the hottOlll htOleys of the wall. For a couplcd t,hcar wall, the 

overturning momeut, A10, is resi~tcd at the hase of the conpkd ~l)('ar walls hy moments 

in each of the two walls, MI and A12 , and by axial forces, T, formiug a couple with a 

significant internaI lever arm 1 as shown in Fignrcs 1.1(b) élnd l.l(c). The equilihrium 
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of the forces at the base of the coupled structure leads to the equation : 

(1-1) 

The axialload, T, induced at any level in either of the walls is the sum of the shear forces 

induced in the coupling beams situated abave that level. The ability of the caupling 

beams to dissipate part of the total energy of the coupled shear wall structure subjected 

to lateralload, as shown in Figures 1.1(b) and 1.1( c), depeuds on the contributioIl of 

these beams to the resistance of the overturning moment.. The relative magnitudes 

of resistance to the overtuming moment for the three structural systems shown in 

Figure 1.1 are shown in Figure 1.2. It is evident from Figure 1.2 that the stiff and 

suitably reinforced coupling beams (Figure 1.1 (b)) will develop significant shear forces 

and consequently introduce large axial forces ta the walls. These large axial forces form 

the large coupling action, [T, for the beam cou pIed shear wall structure, as shown in 

Figure 1.2, which become thé major source of resistance and energy dissipation during 

large seismic displacements. For a cou pIed slab-shear wall structure (Figure 1.1( c)), 

relatively smaU axial forces in the walls can be induced due to the slab ftexibility 

relative to the walls and small potential strengths. Consequently the dissipation of 

energy through internaI couple formet! by the induced axial forces in the walls will he 

low (Figure 1.2) and sometimes Ignored by practicing engineers. The major source of 

resistance against overturning moment and energy dissipation required of such systems 

will be flexure at thé base of the walls, as shawn in Figure 1.1(c). However, during 

an inelastic Lydie response, the relative proportions of the terms (!v!} + M 2 ) and IT 

of the total resistance may change depending on the nature of stiffness and strength 

degradation that rnay occur in various cornponents during a seismic response of the 

structure. 

The response of coupled shear wall systems subjected to the random vibratory 

motions caused by earthquakes or winds is further complicated by the effects of variable 

4 
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Figure 1.2 Contribution of Internal Cour-1ing to the Resistance of Overturning 
Moments in Coupled Shear Walls. (Ref. 3). 

reversed and repeated loading, rate of loading and degradation of strength and stiffness 

during large excursions. 

In the design process, accurate assessments of the coupling system attributes -

stiffness, yield moment and ductility - can be very important. Axial forces on the 

walls can be underestimated if the Uactual" stiffness of the coupling member is greater 

than its "design" stiffness. However, when the reverse is true, the moment can be 

significantly underestimated5 • It is therefore important for the designer to understand 

the behaviour of cou pIed shear wall system subjected to earthquake or wind loads. 

Considerable information on the elastic response and analysis of coupled slab-shear 

wall systems is available presently; however, the data on the post-cracking and post

yielding nonlinear response of such systems is relatively scarce. A brief historical review 

of the literature follows. 

5 ----------------............ 
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1.2 Review of Previous Work 

Despite the fact that much research work - both theoretieal and experimental -. 

has been conduded on subjects related to shear wall structures, very little research 

has been undertaken on the behaviour of coupling slab members in coupled slab-Bhear 

wall structures. Hence, relatively little information related to this subject is avail

able. In this section, a brief summary of the previous work in this area is presented 

chronologically. 

In 1966, Barnard and Schwaighofer6 conducted three tests on 614 th-seaIe epoxy 

models of 22-storey shear wall structures inter-conneded with flour slabs7
. In compari

son with Rosman's theory, they found that their results compared well when the entire 

bay width \Vas considered as the effective slab width. 

Qadeer and Stafford Smi th 7 (1969) presented results for the hending stiffness of 

slabs connecting shear walls based on fini te difference analyses of an idealized elastie 

plate. The results, present(:d graprucally (Figures 1.3a-1.3c), enable evaluation of the 

nondimensional stiffness, or the effective width of a slab for different slab proportions, 

wall spacings, and slab and wall lengths. For a particular coupled slab-shear wall 

configuration, the ratio of the projection of the slab from the outer edge of the shear wall 

to the distance between the outer edges of the in-plane shear walls (C / X), the ratio of 

the clear span between the shear walls to the distance between the outer edges of the 

in-plane shear walls (LI X), and the ratio of the slab width to the distance between 

the outer edges of the in-plane shear walls (Y/X) can be determined. Based on these 

C/X, LIX, and Y/X values and using the charts presented in Figures 1.3a-1.3c, the 

non-dimensional stiffness number (k) and the ratio of the effective width of the slab to 

the slab width (Ye/Y) can be obtained. The non-dimensional stiffness number k can 

be used to compute the flexural rigidity of the slab, El, using the expression: 

6 ----------------......... 
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kDL3 

El = 6(L+ W)2 

where .t = non-dimensional stiffness numher 

D = flexural rigidity of the slab 
Eh3 

- -----,,--
12(1 - ,,2) 

L = clear span between the shear walls 

W = larger cross-sectional dimension of the shear wall 

h = thickness of the slab 

" = poisson's ratio 

(1-2) 

while the ratio Ye/Y ean be used to compute the effective width of the slab, Ye. Close 

comparison with the theoretical work was obtained from small seale model tests com-

prising two pin-based laterally loaded steel walls coupled with asbestos slab. They also 

dt>rnonstrated that a fixed "angle of dispersion" ean not be adapted for the calculation 

of the slab stiffness. 

During the same year, Chang8 carried out parametric studies using the finite dif-

ference method on the distribution of bending moments in the slabs of slab-shear wall 

structures for various bay, corridor and wall widths. He recommended that the critical 

section for shear should be confined to one-fourth of the corridor width from the toe 

of the wall at a distance equal to half the effective depth of the slab from the wall 

faces, as shown in Figure 1.4. He also recornmended that the effective width of the slab 

he one corriJor width on either side of the walls and that the eoncentrated transverse 

and longitudinal reinforcements should extend a distance of at least one corridor width 

beyond the shear wa1l toe. This reinforcing pattern is shown in Figure 1.5. 

In 1971, Mirza and Jaeger9 reported on tests performed on eight /o-scale direct 

models of two-storey reinforced microconcrete coupled slab-shear wall structures. The 

specimens were subjected to monotonically increasing static loads until failure. In 

these small seale tests, the two two-storey walls were fixed at their bases and were 

10 
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Figure 1.4 Critical Section for Shear Suggested by Chang (Ref. 8). 

tested together with the two Hoor slabs (Figure 1.6). No special slab reinforcement 

was provided in the wall toe region, nor was there any tendency towards punching 

shear failure. The authors presented the recorded crack patterns photographically and 

plotted the force-dis placement relationships. No strains were measured. It was noted 

that the behaviour of the coupled slab-shear wall structures changes gradually from 

cantilever action to frame action depending on the relative stiffness of the connecting 

slabs. The authors concluded that the delay or complete elimination of the "shear-

compression" failure at the toe of the shear walls and a more ductile ftexural failure is 

possible with proper reinforcing details. 

In 1975, Coull and El Hag10 presented graphically the results of tests on a series 

of small seale models, similar to those of Qadeer and Stafford Smith 7 , indicating the 

11 



• Ci of Bay ct of Wall <i of Bay 

-- ------ -..... .... - --- ~-
------ -......... - ----

1 f 1 

---------f--,,- --------: ~ -- ----- - ~ -- --

- :-- - - f- - -- f-- f-- -f- --1- - - r- -
t tW 

--- - - ..... - -- f-- -- - -f- - - - - 1- • 0-
Q 
.~ 

Q 
Q) 

- ~- - - - - --- f-- - -~ - - - - 1- . :--
r 

~ 
0 

~ -1-- - - f- !- -... - - - - - _. - - - r- . i- 0 
l c& 

- 1-- - - - 1- -r- r-- - - :-- -- - - - - - . 1--

- 1-- - - - - -,.. 1-- rr l- I-- -1- - !- - - - . -

- -- - - r- ,- -r- r-- t ~ r-- -~ - !- - - l'"'- f-

- - - - l'"'- I- -1""' 1-- - l- I-- -l- r-- 1- - - r-- • ~ 

-- ------
:~ 

1-- ---- ~-
)o~ 

--------- -sr r----------
1 1 

-- ------ - !--r- - - - - - - ~-

-- ------- r-~r- --- --- ~-

c ... 1 

(}b) 

b b 

c Figure 1.5 Reinforcing Layout Suggested by Chang (Ref. 8). 

12 

C,.) 
Ul . 
~ 

ü 
Ul . 



1 

(a) Test Set-Up 

(b) Typical Tension Cracks in Slabs at Slab Wall J unction (Series #2 Model #4) 

t Figure 1.6 /o-Scale Models Tested by Mirza and Jaeger (Ref. 9). 
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effective bending stiffness of fioor slabs coupling shear walls. The coupled walls were 

fixed rigidly at their bases and the effect of varying the slab width was examined. The 

force-displacement relationships were used to determine the relative influence of the 

dimensions and shape of the walls (plane walls, flanged walls, and box cores), the wall 

spacing, and the slab dimensions on the effective width and stiffness of the connecting 

slab. Wall thickness, however, was not a parameter. 

In 1976, the fini te element mcthod was employed by Black et al,u to improve the 

results of Qadeer and Stafford Smith7. This investigation included the effects of the 

wall thickness on the ovcrall stJffness of the system. The results showed large stress 

concentration at the toe of the shear wall and the slab stiffnesses were generally 33% 

higher than those predicted by Qadeer and Stafford Smith's7 method. 

Tso and Mahmoud28 also reported on the finite element method for evaluating the 

effective slah width of the coupled slab-shear wall system. Various wall configurations 

was studied and the results were presented in the form of design charts similar to those 

presented by Qadeer and Stafford Smith7
. 

Wong and Coull29 presented a series solution for evaluating the stiffness, effective 

width and stress distribution of the slab using the influence coefficient technique. The 

transfer of moment from the wall to the slab was idealized as a distributed reactive 

pressure which was replaced by a system of discretized loads and couples acting at a 

discrete set of nodes, as shown in Figure 1.7. The results of the numerical analysis 

performed by Wong30 were tested for convergence and accuracy against those obtained 

hy the fini te element methods reported by PeterssonJ1 , Tso and Mahmoud28 and Black 

et al. Il and those obtained by the finite difference method reported by Qadeer and 

Stafford Smith 7 . 

Schwaighofer and Collins12 reported on an experimental study by Szalwinski13 on 

a k-scale reinforced concrete coupled slah-shear wall model, subjected ta monotonie aIl y 

increasing load. No special reinforcements were provided in the slab across the corridor 

14 
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Figure 1.7 Representation of Moment Transfer Between Wall and Slab by Discrete 
Forces (Ref. 29). 

opening. The report presented useful results including the force-displacement envelope, 

crack patterns and steel strains. In the absence of shear-reinforcement at the wall toc 

region, the punching-shear in this region resulted in the final failure of the slab. Several 

recommendations were made for calculating the stiffness of the cracked and uncracked 

(',oupling slab, the shear and fiexural strength of the coupling slab and the lateral 

reinforcement layout in the coupling slab. 

A more comprehensive study was reported by Taylor14 in 1977 and presented by 

Paulay and Taylor3 in 1981. A series of four experimental investigations were carried 

out ta study the non-linear behaviour of coupled slab-shearwall structures under re

versed cyclic loading in the post-elastic range. The four t-scale rnodels were derived 

from a 15-storey prototype structure (Figure 1.8) of typîcal plan (Figure 1.9) chosen 

for the study. The study involved various arrangements Gf longitudinal and transverse 

slab reinforcements, the use of emhedded transverse structural steel bearns, and the 

composite action of a longitudinal beam with the slab. Figures 1.10 and 1.11 show 

the dimensions and reinforcing details of the test units. Additional slab reinforcement 

was placed in the vicinity of the door opening, based on the suggestion by Qadeer 

and Stafford Smith 7 for equivalent effective slab width, aimed at the utilization of the 
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slab as an effective shear transfer element for service load resistance with the exception 

of Specimen 4. Specimens 1-3 were provided with progressively improved transverse 

reinforcement at the wall toe regions, while maintaining the same longitudinal rein

forcement. Specimen 3 was identical to Specimen 2 excepting for an added embedded 

transverse structural steel beam at each wall toe region. The fourth specimen incor

porated a shallow coupling beams cast monolithically with the slab and an embedded 

transverse structural steel beam at each wall toe region similar to those of Specimen 3 

without any special transver~c or longitudinal reinforcement. 

Equal horizontal forces were applied at the top of each shear wall in carh specm1en, 

and the shear walls were free to rotate about the close tolerance pins shown in Figure 

1.12. Ultimate failure occurred as a result of punching sheal at the wall toe regions in 

the first three tests and as a horizontal sliding shear at the beam-slab junction in the 

test on Specimen 4. 

Of particular importance was the performance of the stirrups in the central cage, 

where the results from the tests showed enhanced ductility of the slab by confining 

the excessively cracked concrete and by preventing premature buckling of the fiexural 

reinforcement. Although Taylor I4 intended to irnprove the transverse flexural strength 

by providing transverse reinforcement at the wall toes, no significant contribution to 

flext;ral strength in the transverse direction was observed. However, these transverse 

bars tended to act as shear friction reinforcement, which prevented total punching 

failure of the slab at the wall toes. 

In 1986, Malyszko15 performed a series of three tests to study the behaviour of 

shear reinforcement in the central cage of the coupling slab. He selected a prototype 

structure similar ta that used by Taylor14
• Three ~-scale reinforced concrete models 

based on the design of the !-scale models of the specimens tested by Taylor14 were con

structed; each specimen differed only in the spacing of the shear reinforcement in the 

central cage. Specimen SI was not provided with any stirrups while Specimens 52 and 
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83 was provided with four-legged closed stirrups at spacings of t d and d respectively. 

The principal objective of Malyszko's15 study was to invcstigate the effectiveness of the 

shear reinforcement wi t hin the slab corridor width (the central cage) in improving the 

performance of the cou pIed sIao· shear wall structure. He observed that the Specimf'n 

52, with shear rell1forcement spacmg of ~d, failed in a fiexural mode while the other 

two specimens failed in vertical slidmg, shear at the toes of the shenr waHs. The results 

reconfirm Taylor's14 observation that the shear resistance of the slabs due to the inclu

sion of stirrups within the slab corridor width is at best marginal but the increase in 

ductility is substantial. These stirrups controlled the severity of the damage to the slab 

at high displacement ductilities and reduced the probability of occunence of brittle 

failure or complete collapse It was aiso observed that the stiffness degradation after 

the initialload cycle into the inelastic range was rapid and severe. The participation of 

the concentrated longitudinal seismic reinforcement in the corridor opening was found 

to be relatively higher than the longitudinal reinforcement closer to the bay centerline. 

However, at high displacement ductilities, the reverse was observed. 

As a follow-up to MaIyszko'slS work, Khan16 , in 1987 perform 3 more tests using, 

the same prototype and model structures that were used by Malyszko15 . To verify 

Malyszko'slS results, Khan16 performed a similar test on his first specimen, Specimen 

54, using a stirrup spacing of ~d. In his second and third specimens, Specimens BI 

and B2, Khan16 used a shallow longitudinal beam cast monolithically with the slab 

similar to that used in Taylor's14 Specimen 4. Two concealed transverse reinforced 

concrete beams, one un der each shear wall toe, were provided in each of these spec

imens. Specimens BI and B2 differed in the amount of reinforcement provided for 

the concealed transverse beams. The primary objectives of the investigation were to 

enhance the stiffness, energy absorption capacity and ductility of the coupling system 

and to investigate the function of the concealed transverse beams at the shear wall toe 

regions against punching shear failure. Punching shear failure was observed in the first 
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nificantly improvc the stitflH'SS nUil ('ncrp-y absorption cilpilcity of !lI(' (,()\lplillP, sYSt,t'lll, 

however, it prevents thl' prCllwtlll<' fnilllu' of tht' ('oupliup; :-,ystl'1l1 (h\l' t,o pl\lll'llill)!. at. 

the critical wall-toc rcgioll, It WHS ol~o OhSCI V('cl tltat dl(' trallSWlSC ('oll('l'akd h('ilill 

desigued for 50% of the transvel sc' vertical sh('(\ r was adl'qnnh' to l'Ollb nI t.Ilt' ]>11 Il ch i llg 

shear failUle, This }'e::mlt further :-.npports tilt' sllp;g('stiol1 !Jy Tilylor '4 tlwt plOvi:-.ioll 

of a tranSVClse bealll lludfT the shear wall-totO \Vith a :-.h(';n stll'lIgt.h oi 40%) of the 

transverse vertical shcar is adcqua,t(' for }>1l11dlÎng sh('ar control. 

The experimcntal btudies of Taylor '4 , Maly::;zlw15 él!ld Khan'Ii ar(' u{('l'l'<'d through

out this thesis. 

1.3 Scope of the Research Prograul 

This experimental study is third of a seri(~s of studics }H'rformed to iuvestiga.te tlH' 

behaviour of the sla13 coupling memh(~rs in conplpd sl~Œr wall stIlH'tllr<'S slIhject(·cl to 

reverscd cydic loading in t11(" nOll-liIlf'ar rallg(~. The hasic obj('('tiv(' of the progrlllll 

is to develop some practical design rccomm('!l(};Ltions alld 1l:-,d1l1 o!J:-,nvlltiollS for thc' 

engineering profcsf-lioll in t.!w (1.1'('11 ()f dp:-,ip,1l of :-.lah (,()llplilJ)!. of :-.lH'iIt wall:-., 

The expl'rimcl1tal plop,rillll (,()ll"i~tf'd of t('~ts OB f01lr ~P('('lIl\('llS whi('h ml' dc'riv('(! 

from the same prototype' illHl mo<h·l :-,trlldl11(':') tlwt WC\(' 1l:-'C'c! by MlIly:-,;.;]\()I~), A drop 

panel with fi, wiclth ('quaI to t.ll(' width of the ('('utral nl).!;<· of the ~lah Hud il <kpth equal 

to half the slah thickness was provi<kd aloIl~ the' full kllp;t.h of tlll' w;1l1 Illld th/' cOlTidOl 
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in each specimen. The difference between the specimens was the spacing of the central 

cage shear reinforcement and the transverse secondary reinforcements near the wall toe 

reglOns. 

The primary objectives of this investigation were: 

(i) To determine the effectiveness of the drop panel in improving the response of 

coupled slab-shear wall structures subjected to reversed cyclic loading. 

(ii) To determine the effectiveness of stirrups within the drop panel in improving the 

performance of coupled slab-shear wall structures. 

(iii) To study the effects of the various transverse secondary reinforcement arrange

ments under the wall toe regions in controlling punching shear failure. 

(iv) To compare the hysteretic response of the four specimens in relation to each other 

and with the previous work by Malyszko15 and l(han16 at McGill University. 

(v) To derive conclusions and design recornmendations leading to a practical design ap

proach for an improved response of slab coupling member in coupled slab-shear wall 

structures. 
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CHAPTER 2 

T'HE PROTOTYPE STRUCTURE AND 

THE MODELING PROCESS 

This chapter describes the prototype structure, the design of the prototype slab 

and the modeling process. 

2.1 The Prototype 

This study i8 a part of a continuing investigation of the behaviour of couplec} 

slab~shear wall systems at McGill University. To enable direct correlation and compar

ison with the work by Malyszko15 and Khan 16 , similar experimental set-up and test 

procedure were used in this research program. 

The prototype structure, originally selccted by Taylor14 in 1977, i8 a typical 15-

storey apartment builrl,ing in New Zealand, These typical buildings have bay sizes of 

6-7 m, widths of 15-20 Ill, Roor heights of 2.8 fi and building llCight!i of 30-GO 111. 

A typical Hoor plan of the 15-storey apartment building is ShOWll Hl Figure 1.8. For 

the experimental study of the coupling acro8& the corridor, only a pa.rt of t.he :-,Ial> 

and the walls, as shown in Figure 1.8, and the crosH-hatchcd an~a iu Figure l.n W<'!<' 

investigated. This part of the structure at a typical floor was iliolaü!d and reproduced 

at k-scale in this investigation. 
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• 2.2 Design of the Prototype Slab 

The design of the prototype slab was based on the use of mild steel and medium 

strength concrete. The reinforcement layout of the slab is such that seismic action is 

resisted by longitudinal reinforcing, and gravit y load by transverse reinforcing. The 

gravit y load was assumed to be carried as a one-way continuous slab over spans of 

6600 mm, the spacing of the shear walls (Flgure 1.0). The earthquRke incluccd lateral 

loads in the direction of the shear walls were assumed to be resisted by the cou pIed 

slab-shear wall system. 

2.2.1 Transverse Reinforcement for Gravit y Load 

The transverse reinforcement was designed for de ad load and a prescribed live load 

of 1.1 kPa (40 Ibs/ft 2
) for onc-\vay action assuming that the slab is fixed at the wall-slab 

junction. To account for inclastic moment redistribution and to allow for uniformity in 

the placement of the transverse bars, the negative bending momcnt and the negative 

moment reinforccment were reduccd by 20% and the positive bcnding moment and the 

positive moment reinforcement were increased by 14%. This reinforcement W&'l ploced 

in the first layer for negative moment reinforcement and in the second layer for the 

positive moment reinforccment. 

2.2.2 Longitudinal Reinforcement for Seismic Action 

The quantity of the longitudinal reinforccmcnt was based on the lateral sei smic 

load analysis of the 15-storey prototype building by Taylor14 and on the recommenda

tion by Qadeer and Stafford Smith7
• An effective slab width was computed bascd on 

the analysis of the slab t>tiffness in its elastic uncracked I>tate. To allow for cracking, 

the slab stiffncss was rcduccd oy 50% for the lateral load analysis. The rcsulting seis

mic rein forcement was placcd in a second layer below and above the top and bot tom 

reinforcement for gravi ty loads, respedive1y. 
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Table 2.1 Typical Model Scalc Factors (Ref. 1 Î). 

Type of Structure Elastic Models Strength Modela 

Shell roof ....L 1 
200 to 50 1 .L 

30 Lü 10 

HIghway bridge ..L .L t l 
25 20 0 4 

Reactor vessel ....L t ..L 
100 0 lia J... t l 

20 0 4 

Slab structures ..L .L t l 
25 10 0 4 

Dams _l_ I 
100 7:1 

Wmd effects 1 1 
300 to M Not Applicable 

2.3 The Modelil1g Process 

To consider the behaviour of concrete structures b<'yond tlw clastic rallgl' IIp to 

and including the ultimak strength, it is nec('ssary to US" a "direct" model. S\1ch a 

direct model is "geometrieally sirnilar to the prototype ill aIl 1 ('sI)('cts, :md tI\(' !oads 

are applied to it in the same mannel' as to the prototypl'''17. How('vt'l', iu oJ'(lc'r to 

predict the prototype behaviour, the "strength" mode! must be elllployt'd whcleby the 

model is a direct model made of materials that have propcrties silllilar to the prototype 

materials. 

2.3.1 Choice of Geometrie Scale 

Table 2.1 shows typical model scale factors for several cla.'3ses of structures. Sabnis 

et al. 17 state, "Any given mode! being built in a given laboratory has a.n optimum 

geometric scale factor". For a strength model of a cou pied slab-shear wall structure, 

the appropriate range of seale factors is about 110 to ~. A scal(' factor of ~ on the 

prototype mode! (or a seale factor of ~ on Taylor's14 test modds) wa.s chmwn fol' this 

study and that of Malysi,ko'!>15 studies in consideration of the followinp; criteria: 

(i) The laboratory space avallable for sueh a comprehensIve test, and the lifting capac

ity of the laboratory cranes (1820 kg, 4000 lbs) to IlHUlOIlVf(' the speeimen during 

assembly. 

(ii) The range of load jacks (152 mm, 6 in). 

(iii) The range of displacerncnt transducers (127 mm, 5 in). 
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(iv) The mass density distortions in such a test; for a true model, the model mass 

density must be exactly three times that of the prototype. 

(v) Inelastic stresses and dis placements occurring during the test. 

Since the design of the t-scale models was based on Taylor's14 î-scale test spec

imen, the actual scaling factor, for comparative purposes between this study and 

Taylor's14 work is, ~. 

2.3.2 Material Similitude 

"Any structural model must be designed, loaded and interpreted according to a 

set of similitude requirements that relate the model to the prototype structure" 17. The 

requirements vary according to the degree of similarity planned between the model 

and the prototype boundary and initial conditions, geometry, and material properties. 

In modeling, departures from complete similarity are frequently experienced. Such 

deviations, whether accidentaI, deliberate or necessary are permitted as long as their 

influence can be determined. 

The basic similitude requirements for the design of structural models are based 

upon the theory of modeling, which can be derived from dimensional analysis of the 

physical phenomena involved in the behaviour of the structure. The use of scale factors 

is typical of any structural modeling process. The scale factor, S" is defined as the 

multiplier required to convert the model quantity, "'lm", to the corresponding prototype 

quantity "i " or , p, 

(2-1) 

Although geometric distortions must be minimized, "of greater importance to the 

structural engineer is the possibility of permitting distortion in the reproduction of the 

prototype stress-strain characteristics"17. The similitude requirements for static, elastic 

modeling are summarized in Table 2.2 where the independent scaie factors chosen are 

those for the modulus of elasticity SE and the length S, and aIl of the remaining seale 
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Table 2.2 Similitude Requirements, Static Elastic Modeling (Ref. 17). 

Quantities Dimensions Scale Factor 

Material Properties 
Stress FL- 2 SB 
Modulus of Elastinty FL-2 SE 
Poisson 's ratIO - 1 

Mass denslty FL- 3 SE -S, 
Stram - 1 

Geomeh'Y 
Linear dImensIOn L S, 
Linear dlsplacelllcnt L S, 
Angular dlsplacement - 1 

Area 1.2 S[ 
Moment of mertla L4 S" 1 

Loading 
Concentrated load, Q F S 52 E' 1 
Lme load, w FI,-l SES, 

Pressure or umformly dlstributed load, q FL-2 SE 
Moment, M or Torque, T FI. SES? 

Shear forcc, V F SESr 

factors are either uni ty or functions of SE or S,. Sueh statie, elastic modcling may he 

used as long as the mode! material rcmains elastic within the modelloading range a.nd 

the Poisson's ratio is the same as t.hat of the prototype. 

However, the above similItude requiremcnts do Ilot apply fOl Cl study of the failul"<' 

mode, eapacity, and inelasti(' behaviour of a. reinforced counele structure. IdeaJly, 

for sueh a study, the constitutive relationships and the failur(' cnt('ria for tlH' mode! 

con crete subjected to multiaxial btrcsses should iw ideutical t.o t.hos(' for the protot.ype 

concrete. Since this failure critcrion is not weIl dcfined, this requirClIwnt may he relaxed. 

The resulting requirements shown in Figure 2.1( a) and ColuHlu 3 of Tahh' 2.3 requin' 

that the stress-strain curV('l-, be gcometrically similar in the lIHHkl alld tht' protot.ype 

concrete for both uniaxial tension and compression and that Em = t:1' at failurc ulldcr 

uniaxial tension and comprcbsion. 

Wh en the model matcrials do not respoud as shown in Figure 2.1( a), vanous 

... other distorted models must be com,idcred as shown in Table 2.4 and Figures 2.1 (h) 
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30 



Table 2.3 Summary of Scale Factors for Reinforccd Concrett~ Strength Modds (Rd. 
17). 

Practicnl Distorted Distorted 
True True Madel Madel 

Quantity Dimension Madel Madel Case 1 Case :1 
(1) (2) (3) (4) (5) (6) 

Material Propertics 
Concrete stress, (1 c FL-2 Sd l Sn Sn 
Concrete stral\1, €c - 1 1 S~ S, 

Modulus of concrete, Ec FL-2 Str 
50 Sd 

1 - -
Sc S~ 

Poisson 's ratio, /Je - 1 1 1 1 

Mass denslty, pc FL-3 Sd 1 So Sn - - - -
S, S, S, S, 

Reinforcmg stress, Ur FL-2 So 1 50 So 
Reinforcmg stral\1, f:r - 1 1 Sr Sr 

Modulus of remforcmg, Er FL-2 St'! 1 1 1 
Bond stress, u FL2 So 1 Su * 

Geometry 
Lmear dimenslOlI, 1 L S, S, S, SI 
Displacement, 6 L S, S, S,S, S,SI 
Angular dlsplacement, (3 - 1 - Sc Sc 

Area of remforcement, 11r L2 S2 S2 52 SnS1 
1 1 '1 S. 

Loading 
Concentrated load, Q F Su 51 S2 

1 Su 51 SuS1 
Line load, w FL-I Su SI S, SuSI SuS, 
Pressure, q FL-2 50 1 Sl1 Su 
Moment, M FL SdSr S3 3 3 

1 8 er S, S(TS, 
* FunctlOn of chOlce of dlstorted remforcmg area 

and 2,l(c). Cases 2 and 4 in Table 2.4 are Ilot considered, sincc in thcHe two eases, 

reinforcing material other than steel is required. Accordiug to SahIlis d al. 17, ~~it. is 

necessary to utilize a di~torted mode! approach whell the availahle COll crete cioes Ilot 

have 5" = SE = 1". The Case 3 scale factors wen' coflsidcH'cl appropriat(· for t.his 

study because the model concrde fo.trcngth (37 MPa.) was Hignifimnt.ly highf~r thau tilt" 

prototype cancre te strcngth (25 MPa) Table 2 G rontains ft ),1l1I1IWtry of tlH' CaH(' 

3 distorted model ~cale factor)" the prototype matNÎal valu('!-. lUld tl}(l rorrpspoJlding 

scaled mode! matcrial vaillel-. (Il~illg tl1(' Casp 3 distortf'd mod( 1 M'ah, factor!'), and tlt(' 

expcrimental modcl material \'altH'~ uf>ed for Sp('CillH'IlS Dl and D2 

:1\ 
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Table 2.4 Possible Distortions in Reinforced Concrete Models (Ref. 17). 

Concrete Reinforcement 
Case SE Su SE S' E S' U S' E 

1 ;il St 1 SE St 1 

;il 
1 

Sc 
1 

2 1 - 1 -
S. SE 

3 ;i 1 '1= 1 #=1 Sc S. 1 

4 #= 1 '1=1 ;i 1 S. Su ,#SE 

Table 2.5 Summary of Scale Factors and Scaled Model Values. 

Distorted Prototype Distorted Specimen Dl Specimen D2 
Model Values Model Experimental Experimental 

Quantity Case 3 Values Values Values 
(1) (2) (3) (4) (5) (6) 

Concrete stress 1 7 25 MPa 15 MPa 37 MPa 35 MPa 

Concrete stram 2.0 003 t 0015 0011 .0045 

Modu\us of concrete 085 27500 MPa t 32350 MPa t 24000 MPa 30000 MPa 

Remforcing stress 1.7 345 MPa 205 MPa 275 MPa 275 MPa 
Remforcing strain 2.0 002 t .001 .00125 .00125 

Modu\us of reinforcmg 1.0 200000t 200000 220000 270000 

Lmear dimensIOn 1.5 
Displacement 3.0 
Area of remforcing 1.9 78 mm2 t 41 mm2 45 mm2 45 mm2 

Concentrated load 38 

t Assumed values 
t Based on mformation from Figures 1.9 and 1.10 

Other factors infiuencing similitude are bond and mass density. Mirza18 has shown 

that as long as the selection of rnodeling materials, construction and testing is do ne 

prudently, bonding is well modeled. It is assumed for this series of tests that these 

criteria have been met. The mass density seale factor in this study is 511 / SI = 1.7/1.5 = 

1.13. Such a distortion is considered negligible with respect to the nature and the 

relative magnitude of the loading exerted on the specimens. 

2.3.3 Load and Deformation Similitude 

Figure 2.2 shows a schematic view of the nature of the load and deformation 

for a typical coupled slab-shear wall structure. Taylor14 had directly modeled the 

displacement, rotation and lateralloading of the system in his specimens, as shown in 
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Figure 1.12. The deformations of the prototype can be simulated by applying relativt' 

vertical displacements of the two shear walls, as shown in Figure 2.3. 

This simulation also avoids the possibility of introducing ulle<}ua.l horizontal jack 

forces required in Taylor's14 specimens to maintaill equal impmwd wltll rotations. In 

this study, the relative vertical displacemcnt method is employed. 

For the purpose of comparisoll with Taylor'sH results, the differellccs in the U1eth

ods of load application and specimen displacerncnts must thcrcfore he cOllsidcl'ed. To 

convert Taylor's14 wall rotatiolls, (), ta the relative vertical wall displact.'ments, 6, (st't' 

Figure 2.3) eaeh 1 radi,ul of rotation 18 equivalellt t.o fi l'dative displacemcIlt of 2680 mm 

Similarly, eaeh 1 kN horizontal jack 10ad (H) applied at cacl! slH'ar wall in Taylor'sl4 

test is equivalent to 1. 78 kN net vertical force (V) in this study. Figmc 2.4 illustrat.es 

the forces in the modcl structure uuder imposed vertical transla.tion of one wall relative 

to the other. 
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( Figure 2.2 Relative Movements of Shearwalls Subjected to Lateral Loading. 
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(a) Wall Rotations (b) Vertical Wall Displacements 

Figure 2.3 Modeling of Slab Deformation. 
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Figure 2.4 Illustration of Forces Exerted on West SheaI'wa.ll. 
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CHAPTER 3 

THE MODEL STRUCTURE AND 

THE TEST SET-UP 

The prototype configuration and design and the selcded modcl scaie factors W"l't' 

presented in the previous chapter. These seale factors wcre clllploycd in this chapt('l' 

which deseribes thc configuration 1 dc::,i~n, matcrial propertics, illstnlllH'nt.atioll, loading 

system and lOélding history of t.he mode! specimclls. 

3.1 Configuration of the Model 

3.1.1 The Model Geometry and Assembly 

Four mode! slabs werc eonstructed and testcd in this series. Eoel! mode} c()lllpri~.;cd 

five separate clements: a 3053 x 20G5 mm slab and four ~qmrate 730 x 1332 llllll wall 

segments. Each specimen was provided with a drop paw'l, 450 llllll wide hy 33 Illlll 

deep, which extended the entire length of the slab. TIH' widt.h of th, dlOp pand was 

chosen based on t.he reeommcndations of qadc(~r and Stafford Smith7
• The k- sca}c' 

reinforced concrcte model is shown in Figure 3.1. The mode} walls WCI c pr('cltf>t. and 

reused for aU fom tC'8tH in a manuel' similar to tlmt uscd hy Tnylor l1
, Malys;t,ko l5 and 

Khan16 . For cach test, the specimen wa!-5 assc'mhlcd as showl1 ill Fi}!,lllC 3,2. The wall:; 

and the slab were snugly damped to~etllf'r by ti}!,htcuillg the llnts Oll ('ithcr ('Bd of ('(\('h 

19 mm diameter threaded rod passing through th(' duds in tlH~ walls aud t hrollgh slIlall 
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Figure 3.1 Dimensions of the Model. 
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pre-formed holes in the slab. Each rod was then post-tensioned by rotating the nut one 

full turn after the "snug" position to ensure a tight fit between each wall and the slab. 

Overall, this method of assembly led to significant economy and greatly facilitated 

the construction and handling of each test specimen. 

3.1.2 Limitations 

As mentioned in Section 2.3.1, the model used in this study is a ~-scale reinforced 

con crete model of Taylor's14 specImen. As such, certain assumptions put forth by 

Taylor14 will apply here: 

(i) "The use of precast wall segments, which were moderately stressed during the 

tests, instead of cast-in-place construction is unlikely to affect slab performance 

significantly. " 

(ii) "Failure to accurately model dead and live load actions has only minor effects on 

the failure mechanisms and the ultimate moments due to laterai Ioading. The use 

of a longitudinal li ne of symmetry is therefore reasonable in the mode!." 

(iii) "The model is of sufficient length sa that the free end boundary conditions of the 

model slah are of minimal importance." 

(iv ~ "Insignificant separation forces in the slab are generated as a consequence of small 

differences in yield moments at wall faces." 

(v) In designing the slab, moment redistribution caused a reduction of 20% in the 

negative moments at the support. 

(vi) For the lateraI load analy!:>is, the cracked slab stiffness value was assumed ta he 

50% of the uncracked stiffness based aIl recommendations hy Qadeer and Smith 7 . 

However, unlike Taylor'sl4 tests where the jack loads were applied horizontally (sec 

Figure 1.12), the load was applied vertically in this study. The following additional 

assumptions were made for this study. 
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(vii) The deformation pattern of the lllodd slah a.., a n'l'mit of Vt'rt.i('all()a<lill~ is l't'pn'

sentative of the prototype slah dcforlllatiou. 

(viii) The bending mOllwut and ~Il<'ilr fo1'(,(' dist.tihutiolls \Vithill tl)l' slah illl' silllilar 

in aIl ft'spects to that of tht' prototype takill~ iuto coll~idl'lallOll tItI' :-.üllihtlldl' 

requiremcuts set forth in St'ctioll 2.3.3 of this leport. awl ilS il }(':--lIlt of a:-,slIllIplioll 

(vii) above, 

3.2 Material Properties 

3.2.1 Concrete 

The ('oucrt'te 11scd 1Il Spc'cilllc'lls Dl Hwl D2 was plovid('<! l,y il local l't'ildY-lllÎx 

supplipl' whilc' the COlHT('t,(\ Il~(·d in SpcrillH'ns D3 alld n'l WilS llIÎxI'(1 nt tll(' !\1eGill 

Univ('rsity's Jami('son StrurtllH'S LabowtOlY. Tytw 30 lii/!,h l'arIy ~!ll'Il/!,!ll POl't!;I\l<! 

cement wa.s Ils(·d for all four Sp('CillH'llS, The p\'oto!yp<' lIlaXillllllll êl/!,/!,I ql,.d (' ~iz(' of 

20 ouu was ~cal<\d down to a maximulll H/!,/!,I1'/!,at!' ~iz(' of 10111111 for ;dllJlodel ~pl·('illll'Il~, 

Althollgh a low{'f maximulll ag/!,l('~<tt(' sizl' v;o1lld bitVl' hl'('11 d('~Il<lhl<- cln(' 10 t III' 7 Il li Il 

spccificd slah ckaf ('OV('l, the :mtallpst. lllHXilUlllll ~iz(' a\'i,il"hl" to tlll' mllnd.(· s1lppliel 

was 10 mm. 

The spccifit'd air ('utrailllllt'Ilt for tllC' cOIHTl'tc u!'-('d ill SPI'ClIlIl'lll-> Dl alld D2 was 4 

to Û percent. In hoth of tll('~(' ~P('('IlI1<'llS, Ill/' ('/lundI' ~llllllp \\';)" IIhollt lOI) 111111. 'l'III' 

spccifi('d stlf'llgth of Il)(' ('ollnl'tf' !-'lIppli('c\ by dl/' !()(",I! "111'1'11"1 \\',1" :~.j \lPa. 

NtlnH'rOll~ trÎ,tl~ for tlll' wOlkability awl :--tJ('Il/!,th of tlll' Illodd ((Jll"ld(' IIIIXI'!-, 

Icd to tlH' tillaI mix ddilib fl)t Spt'CÎIllI'H" D:3 :IIHI IH ;1.., fl)ll(I\\"~ S''!''II'dl' llldividnai 

sicvp HllalYl->{':-' 011 l'acll at!,).!p'p,at(' ~I/,I' J,;ltdJl'~ \\'1'11' tll<lt!1' 10 d(·tI'llllilll' t Ill' :lggll'p,iltl' 
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Table 3.1 Proportions of Aggregates Used in Specimcns D3 and D4. 

Aggregate Size Proportions (%) 

1" 
4 
1'/ 

'" #10 
#lG 

#24 
#40 
#50 
#70 

for the mode! concrete mix was 

0.45: 1 : 3.10 

40.6 

85 

5.9 
89 
125 
7.2 

8.8 
75 

The model COllclcte mix was desigucd for a 1lominal compressive streup;th of 35 MPa 

Twenty concrete cylinders of sizes 150 mm x 300 mm (G" x 12") aud 100 mm x 200 

mm (4" x 8/1) were cast alollp, with caeh sIal>. The average COIllI)1'('ssive st.rcup;ths and 

peak compressive strains of the COllüete for aU specimens to!!;ether with tht' typical 

stress-strain curve for the concrete are shown in Figure 3.4. 

3.2.2 Steel 

The three sizes of deformed steel wires used, 03, D7 and D8.5, corresponded to 

the CSA standard G30.14-1972 specification (which iH in sub:-,talltial agreenwnt with 

the ASTM standard A496, Ddormed Steel Wirt' fOl COlleret.(' ReiIlfor('('ment). Tht' 

specifications of these deformed ~ted wlres arc p;ivell !Il Tahk 3 2. 

Tht' D3 and Di (kfol'lllf'd Wlr('~, W}llcl! had yit'ld ~tI ('Ilgtll~ of 500 MPa a.nd 

GaO MPa, ICspcctively, bcfoJ(' lH'at tI('atmellt, p,aw yidd ~t1t'n.l!;t.lu., of 190 Mra allc! 

274 MPa, re::.pecti vely, after heat treatment, wlth 111 tlIIlat,(· :-,traiu:-, ('x('{'ecliIl~ lut: 11' 

These hf'at treated steel WifC:-' were u~cd for reinfor('cment in th(' :-,lah. The reinfoff'ing 

steel u&cd in t.hC' wa.ll &Cp;ITl<'nth compns('d of D3 and D8.5 wif('~ that W('f(' Ilot }watf·d 

treated. The yield strength of the D8.5 Wlf(':-' wa.<, 500 MPa Typical &tf(':-,:-,-~tnull dml-

actcristics of tlw f(,lIlforcillg steel are ~hOWll in Fig\lI(,:-' 3.5 to 3.8. Tabh' 3.3 bUlllmariz('l'i 
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Table 3.2 Rcinforccmcllt. Specifications, 

Bar Designation Dinmeter Weight 
(mlll ) (g/111 ) 

Da 495 152 :i 
Di -~-, .. ) , aS48 

08.5 8.:m 4:W6 

Table 3.3 Rcinforcing Steel Propcrties. 

Specimen 
Dl D2 D3 D4 

Slab Steel: 

03 - Yleld St rCh" , ~tl'.1 190 Illtl 1 !m 190 
- 'l'leld Stralll 001 001 tlOI OUI 
- lJlll/llate Stres!" MPa :HO :HO a:w =,:\0 
- UltlOlatc Stralll .1 1 1 1 

07 - Yteld St.re~s. MPa 274 274 2KO 2~O 

- y )(~ld Stralll 00125 00125 0013(; 0013H 
- Ultllnate Strc~~. M Pa 380 :180 370 :\70 
- Uillmatf' Stralll 0.20 0211 024 () 24 

Wall Steel: 

D3 - Yleld Strcs,>, MPd 475 475 4n, 475 
- Yleld Stralll O()25 0025 002;, 1102;, 
- Ultnnate Str('bb, M Pa ;>25 r)25 ;,2;, :,2;, 
- Ultimale Stralll OS or, 0;, or, 

D8.5 - Yteld Strc!'!,>. MI'<I 550 550 5:,() [');)() 

- Yteld Stralll 002!) ()()2!i 002!", ()()2:, 
- Ultllllale St n'~~, M l'a IWIl filHl (WO (iOO 
- Ultllllat (' SI mm 0'1 ()4 fl4 04 

the propcrtif's of tll<' st{'('l Wlr('~ \l~('d in each Specîlll('Il, 

3.3 Design of the Model Structure 

TIlt' ba:-,Jl' CO Il fiP;ll 1 atloll alld 1 ('illfOlTPIllPUt ùf'taih, of tlH' !-.1)('CIllH'llS us('d in thi:-. 

iU\'t'st.igatioIl aH' sl!OWII III Fip;\lll':-' 3!) throl1~h 3.14. TIt(, IllILIIl <liff(~n'Il<'(':-' hf'tw('('11 

the four tf'st :-.pe('imcn~ an' dl(' ~tjrrl1p ~pa('ill~ in t.1H' ('('utral l'a)!;!' alld t.}w amollIlt 

of ('onccntratl'd traIl~V(·r:-.(' remforc(,lIwut in tlH' vlC'mity of th!' wall tm' n~p;ioll. TIll' 

t 
\"ari(>u~ n'Hlfor(,cIlH'lIt dd ,ub an' dl'~lTi I)pd III t}1f' f( 'llowiu)!; Sf'ct ion!>. 
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Figure 3.9 Wall Reinforcement Detail. 

3.3.1 Wall Reillforcement 

Each of the four " .. aU segments used in this investigation was designed according to 

the C.S.A. Standard CAN3-A23.3-M842o to withstand the anticipated maximum shear 

and fiexural capacities of the slab. Since the performance of th~se wall segments was 

not of primary interest in this investigation, they were designed for an overstrength 

factor of 2 to ensure their structural integrity throughout the experimental program. 

The reinforcement detail of the wall segments is shown in Figure 3.9. 
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3.3.2 Transverse Slab Reinforcement 

The transverse slab reinforc<>ml'ut for Specimens Dl and D2 is shown in Figure 

3.10 and 3.13 while the transverse slab reinforcements for Specimens D3 and D4 are 

shown in FigUl'/'s 3.11, 3.12 awl 3.14. 

Transverse rl'illforCI'IllC'ut content of 0.55%, corrc8pomlillg tn th(' minimum rein-

forcement content sugg,cstpd by C.S.A Standard CAN3-A23-?\18420 , was provided in 

Specimens Dl "nel D2 (Figme 3.10). \Vith tlH' pxceptioll of tlH' llOlizolltal kp,s of the 

stirrups in the cCllt.ral cage of the slah8, no addit.iollal tUHu ... \·cn ... (' rcinforcelllellt. \Vas 

provided in the vieillit y of t.he willl toc rq!,iolls III tll(' ahoy(' two ~P('CJlll<'Wj. The Di 

transverse reinfol'felllcut, placed Il IlllIl (clpar cov<'r = Î 1 III 11 ) from thc' hOu'OIll face 

of the COllcret,e outbi(}{> t 11(' <lrop pHlld regioI1, was plac('d as st raig,ht COll t inuous bars 

across the width of the sIal>. Hell("(" withm th!' dro}> panel, tlH'~(' hars WCl (' Il t IL clistélllCl' 

of 44 mm from tlH' hottolll face of tlH' COllcrt'te (Fip,lln' 3.13), 

In au effOlt to elimillatc pllllchinl!, ~ll('ar fad\11(" Kllimlf'lHm·idcd cOllC"ealed hCHlll!:S 

under the' wall to(', which r(,~\llt('cllll satl~factory ('()JltlOl of tlH' pllllChillg bl!ear lll('ch-

ônism. It foll()w~ that l)l'ovisioll of ~Olll(' f-jort of ~pecial trall~\"('l~(' n'infol'C(,llWllt 11('<11' 

the wall toc !'eginll Illay b(' adeqnat(' to control dmllap;c dnp to pUllchinp; S}lC'éU in tItis 

rcgion. For pradicai applicatioll, li closdy spaccd lll('~h of trans\'e1S(, and longitudinal 

reinforcelIleut is pref('1(thk OV('l' the (,ollCt'akd !H'i1m in tellUS of ('ilS(' of ("ollhtrnrtioll. 

Since closcly hpan'd IOllp,itudillall<'iuforn'lll('llt (GO llllll ~J>ilciIlPC,) was ,tlreacly providcd 

(see Section 3.3.3), it would \)(' ('COllOlllic .. } to ~illlply plOVHk for ~Olll(' COll('('utrated 

trawiVcrsc 8tee} acroh~ the widt h of the f,lah nt tlw wall t()(, rq,,,i()ll~. Tll('~c addi-

tional eon(,(,lltrated D7 trans'.'('l!-J{' (lPfOllllpd wirc's W{'!'I' provided il! SP<'('IlIl<'u:-, D3 ;Illd 

D4. Bôsed on tht, obSf'rvatlOllh from the Ü'hth on Sp{'cim('llf-j Dl alld D2 and that of 

were spaccd ove!' il ~tt i p ('( pwl to 011<' (PUll tcr ()f tlH' COll Hlm wid t li O!l ci thcr hid(' of 

the wall toc face. Tlw trau!:Svc'rhC strips of siah coutélllllllP; the COlH'Pllttatt'd trallhVC'l'S(~ 
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reinforcement in Specimens D3 and D4 were assumed to act as cantilevers extending 

on either si de of each wall toe, and the transverse reinforcemcllt was desigrH'd to carry 

74% and 96% of the flexural capacity of Malyszko'slS Specimen 51 central cage, respec-

tlvely. The capacitie!> of tllPse tram,ven~t> Leams a.l(' thClefolc 352% and 45.8% of thl' 

central cage flexural strellf!;ths of Specimens D3 and D4, f('spertively. This corresponds 

to reinforcemcnt conteuts (excludillp, the horizontal legs of the f>tirrups) of 0.79% and 

1.05% wi thin the concentrated strip of transvers<, remforcement for Specimens D3 and 

D4, respectively, at the wall toe. These bars extended the entire width of the slab 

with 45° bends near the edge of the drop panel to accomodate for the changf' in depth. 

Outside the str ip of the cOllcentrated transverse reÎnforcement, 0.53% transverse steel 

was provided. 

3.3.3 Longitudinal Slab Reillforcenlent 

The basic longItudinal slab remforcement outside of the central cage, within the 

effective width (bel! = 450 mm) lecommended by Qadeer and Stafford Smith7
, was 

designed to carry the gravit y load. Within the central cage, thf' 101lgitudmal steel was 

designed USHlg the results of SAP IVt computer analysis of the 15-storey prototype 

structure for Zone 3 seismic loads19
, with the coupling element having a width equal 

to the effective width of the sla b as defined by Qa.deer and Stafford Smltl/ , a dcpth of 

67 mm (depth of the slab without drop panel), and allowing for 50% reduction in the 

stiffness due to the cracking of the concrete. The reinforcement content obtail1ed for the 

coupling element was relocated within the drop panel, rcsulting in LuI effective depth 

of 82 mm and givmg a reinforcing content of 1.01 %. Outtlidc the central cage, 0.44% 

longitudinal reinforccment wab providcd. The overall lOIlgltudinal rClllforCCIIH'ut COll-

tent in the sIab, taking the entire width of the slab mto consideration, was 0.66%. The 

minimum reinforcement content for flexural sections suggested by the C.S.A. Standard 

t SAP IV 18 the ma.J.nframe verSIon of the Struclural Ana.lysis Program developed at the Umverslty (I[ Cahforma 

at Berkeley 
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Figure 3.15 Dimensions of the Four~Legged Stirrups. 

CAN3~A23.3-M8420 is 0.5% (Pmln = ~:). The D7 longitudinal seismic reinforcement 

within the central cage extended 700 mm on either side of the centerline of the corridor 

(about 1.8 times the corridor width). This arrangement of longitudinal reinforcement 

was used in all four specimens. 

3.3.4 Central Cage Stirrups 

The stirrup spacing in Specimen Dl was 23 mm, which was 0.28 of the slab effective 

depth, d, in the central cage. This spacing of 23 mm was used in Specimen S2 of 

Malyszko's15 tests which, showed 5uperior performance over the other two specimens. 

The choice of this spacing for Specimen Dl served two purposes: 

(1) To allow direct comparison with Malyszko's15 specimens; and 

(2) To study the effect of smaller stirrup tpacings on the coupling slab. 

The remaining specimens (Specimens D2, D3 and D4) were constructed with stirrup 

spacings of 41 mm, which corresponds to 4 of the effective depth in the central cage 

(~d). Each set of stirrups comprised of two D3 308 x 75 mm closed stirrups, which 

formed into a four-legged closed stirrup as shown in Figure 3.15. 
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3.4 Instrumentation 

Because of symmetry of the speCImen geometry and loading, only one-half of 

the specimen was instrumentcd. Tests by Malyszko's15 and Khan16 showed that this 

method was satisfactory based on the slab defiection profile. This reduced the arnount 

of data acquisition sigmficantly and enabled the load stcps to progress ut a faster rate, 

thereb) keeping creep effects to il minimum. However, thert' was darriage to a few 

electronic strain gau?,es and nlpchLUlical demec gauges during the casting and testing 

processes. The resulting 105s of data was predominant for Specimens D3 and D4. 

The instrumentation u~ed in this investigation is described in the followmg sections. 

3.4.1 Dial Gauges and LVDT's 

Eightecll dial g,aug,cs and sixteen linear variable differential transformers (LVDT's) 

were used to obtain the displacement profiles and the force-displacement relationslùps 

and to monitor wall rotations during loading. The locations of the dial gauges and 

LVDT's are shown in Figure 3.16 and was maintained constant in an four tests. AlI 

dial gauges were placed on the underside of the slab, drop panel and the walls. The 

LVDT's on lines Band D were placed un the top face of the slab while the remaining, 

LVDT's \Vere placed on the underside of the slab The LVDT's B3, B6, D3 and DG 

were used to obtain the relative slab displacement between the wall toes, while the dial 

gauges Cl, C3, C6 and CS were used to monitor wall rotations. It should be lloted that 

dial gauges C3 and CG could not b~ used to obtain the relative dis placement of the 

slab due to wall separations from the slab near the wall toe regions at larger relative 

displacements. Resettmg of some dlal gauges was necessary at large displacements due 

to the limited range of these dIal gauges. In general, the range of the dial gauges on 

the west side of the corridor centerline was 50 mm (2 in) or more. Since reversed cyclic 

loading was used, the upward and downward travels of these west side dial gauges were 

reduced to about 25 mm (1 in) and thus resetting at large displacements was expected. 
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No resetting was necessary for the LVDT's. AU dial gauge readings were recorded 

manually while the LVDT readings were recorded electronically onto a disk via the 

Optilog data processing unit 

3.4.2 Load Cells and Load Jacks 

Three load cells were used on three 125 mm (5 in) tra vel capaci ty load jacks (shown 

later in Figure 3.22) for the loading system. Load cells 1 and 2 had load carrying 

capacity of 445 kN (100,000 lb), and together with load jacks 1 and 2, they were used 

to provide the primary load aIl the system. Load eeU 3 had a load carrying capacity 

of 335 kN (75,000 lb), and together with laad jack 3, they were used ta carry part of 

the dead load of the system (approxirnately 5.4 kN). This can be found easily from a 

consideration of the statie equilibrium and was verificd during the testing process in 

aU four tests. To allow for the downward dis placement of the west wall, load jack 3 

was initmlly set ta about half the mark of its travel capacity (approximately 65 mm). 

AB load cell readings were channeled through the Optilog data processing unit and 

electronically recorded onto the computer disk. 

3.4.3 Strain Gauges 

Electrical resistance st.rain gauges (5 mm gauge length) were used on the vertical 

legs of the stirrups in an effort ta determine the participation and effectiveness of the 

stirrups in resisting shear. These strain gauges were wired from beneath the north side 

of the slab and connected ta the Optilog dé.ta acquisition system. The results were 

electronically recorded onto a computer disk. 

Sixteen strain gauges were installed ou the stirrup legs of Specimen Dl. The 

locations of these stram gauges are shown in Figure 3.17. Eight strain gauges were 

located on bath the outer and the inner vertical legs of the stirrups. 

Eighteen strain gauges were installed onto the stirrup legs of Specimens D2, D3 
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and D4 as shown in Figure 3.18. Nine strain gauges were located on eaeh of the outer 

and the inner vertical legs of the stirrups. 

3.4.4 Demee Gauges 

Due to the unreliability of electrical resistance strain gauges in measuring strains 

on concrete and top and bottom longitudinal reinforcement at crack locations as well 

as their post yield behaviour, mechanical strain measuring devices were used. Targets 
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made of brass (demec studs) were installed in pairs on the top and the bottom slab 

surfaces and on the top and the bottom layers of the longitudinal slab reinforcement. 

Figure 3.19 shows the locations of these demec studs for Specimens Dl and 02. A 

100 mm demountable mechanical strain measuring device, having an equivalent strain 

accuracy of 0.001 mm/mm, was used to measure the change in the distance between 

these targets. The measured strains, therefore, represent average strains over the target 

distances. 

Strains in the longitudinal direction in both the concrete and the slab reinforcement 

were not monitored in Specimens D3 and D4. The performance of the concentrated 
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Figure 3.20 Demee Stud Locations on Concentrated Transverse Reinforcement of 
Specimen D3. 

transverse reinforcement in these two specimens was of partieular interest. Demee studs 

were installed on this concentrated transverse reinforcement and on the associated top 

and bottom concrete surfaces to monitor the strains in the transverse direction at these 

locations. Figures 3.20 and 3.21 show the locations of these demec studs on Specimens 

D3 and D4. For the demec studs placed outside the central cage of the slab (demec 

stud numbers 1 to 4), the 100 mm demountable mechanical strain measuring device 

was used to obtain the strains in these locations. For the demec studs placed close to 

the wall face (demec stud numbers 5 and above), a 50 mm demountable mechanical 

strain measuring device was used to measurc the change in the distance between the 
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Figure 3.21 Demee Stud Locations on Concentrated Transverse Reinforcement of 
Specimen D4. 

targets. 

3.5 Loading System 

Figure 3.22 shows the elevation and plan view of the loading system used in aIl 

four tests. Convenient access to the instrumentation directly underneath the slab and 

adequate space for the load jacks and load cells were ensured by elevating the entire 

specimen approxlmately 500 mm (20 in) above the strong floor. 

The west wall was free to move vertically while the east wall was fixed to the 

strong floor by means of two 25 mm (1 in) diameter threaded rods. Lateral stability 
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was achieved by clamping two srnall S75 x 8 mm structural steel beams to the cast 

wall both above and below the slab A 2 mm gap wa& provided between these beams 

and the west wall to permit it!'> ullobstructed translation in the vertical direction by 

means of the three load jacks. These S-shape structural steel beamt> were designed ta 

carry a concentrated horizontal force at the corridor centreline equivalent to 10% of the 

anticipated maximum vertical shear force, \T, with a maximum restricted transverse 

horizontal deflection of 5 mm. 

Two load Jacks. installf'd along the corridor centrelme, were used to appl)' the 

shearing force, \l, with the load jack 1 immediately below tIlt' HSS steel section 5Up

porting the west wall aIld the load jack 2 ulJ(lcmeath the stlOllg floor. For the upward 

translation of the west shem wall, load jack 2 wa:'l disengaged and loud jack 1 \Vas used 

to lift the HSS sectlOll. The load jack 1 was disengnged for the downward translation 

and load jack 2 was usecl to pull the 19 mm (~ m) threaded rod which pm,sed through 

the load Jack 1 to the HSS ~ectlOll wherf' the rod wa~ boltt>d. In both directions of 

loading, load Jack 3 was used to balance the shear wall 50 a::, not to impose any wall 

rotation and it carried ouly a part of the weight of the system (5.4 kN) which was 

approximately 25% of the total welght of the cou pIed slab-5hear wall system. 

The net shear force, V, was used to oLtain th~ force-dlsplacemcllt characteristics 

in Sectum 4.3 Although thf' load jack 3 was expected to carry only the partial self

weight of the system (5.4 kK), observatIOns of load œIl 3 rcvealed that this reading, was 

not constant; the deviatioll \Vere nevertheless smaU (Clpproxirnately ± 0.8 kI\). The net 

positive (upward) 5hear force in Section 4.3 was obtained hy suLtracting by 10.7 kN, 

which was haH of the self-weight of the coupled slab-::.hear wall system, from the SUIn 

of the readings for load ceUs 1 and 3. Conven;,cly, the net negatlve (downward) shear 

force was obtained by adding 10.7 kN to the difference in the readings in 10nd ceUs 2 

and 3. 

The relative vertical displacements of the west and the east shear wall toes con-
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stituted the "relative displacement" (6.) in Section 4.3. This was obtained by taking 

the average relative displacements between the LVDT's B3 and B6 and between the 

LVDT's D3 and D6 (Figure 3.16). 

3.6 Testing Procedure 

Designing earthquake resistant structures requires the correlation of demand with 

capacity. In a laboratOlY invt;"tigation, an important consideration is thf' df'gree to 

which the loadillg program represents the earthquake re~pom,e conditions. The fol

lowing ~ubsection reviews the par<ullctric conslderatlOll for a valid iaboratory loading 

program. Subsequent subsections dpscribe the loading history and the stf'p-by-step 

loading sequence. 

3.6.1 Loading Program Parameters 

A valid correlatIOn of the demand 'Nith the capacity of a structure for its earthquake 

resistance in a la.boratory loading program is possible only if the luading program is 

eornparable to, or more 5e'Vere than, the loadmg that Illight reasonably be expected 

under atl earthquak(' excitation. EstiIllatf>S of demands cali be estahhsh{'d thl'ough 

dynarnic inelastic analysi~ of applopnatC' modeb 

Dererho et al 22 characterized the load and deformation history of the critical hing

ing regions in isolated structural walb subJt'C'ted tu strong ground motIOn and developed 

a laading program for testing specimens under slowly reversillg forces simulating the 

earthquake loadlllp,. They observed that the maxmmIll Ilumbcl of fully reversecl cycles 

that can be l'e11.sonably expected for a strong grouud motlOll of 20-s(~ccmd duration is 

six, with the total number of \\small" and \\large amplttude" inelastic cycles being ten. 

In more than 95% of the 170 cases an11.lysed by Derecho ct al.2'l, the structures were sub

jected ta less than four fully reversed large amplitude cycles; the corrcsponding number 

of inelastic cycles was eight. A "fully reversed" cycle was defined as a complete cycle 
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t in both positive and negative directions with at least one large-amplitude peak and the 

other peak, on reversaI, of at least "moderate amplitude". Here e "smaU amplitude" 

peak is a deformation corresponding to 0.5 or less of the corresponding maximum, while 

a "large-amplitude" peak is an inelastic half-cycle of deformation having a magnitude 

between 0.75 and 1.0 of the corresponding maximum amplitude attained and a "rnoder

ate amplitude" peak deformatioll between thesc rauges. Undl:!I' dyuamic conditions, the 

shears are more "sensitive" to the higher modes of response, and consequently, change 

direction much more rapidly than either moment or rotation Thus, the commonly 

used test method, as was the case 111 thi8 investigation, where forces and deformations 

are applied in-phase, represenb a more severe loading condition when compared with 

a typical dynanllc rcsponse. 

3.6.2 Laboratory Loading History 

The loading hlstary used far the tests 10 t1: 18 study, and in Malyszko's15 and 

Khan's16 research pragrams, was similar to that used by Taylor14 . The procedure con

sists of a series of imposed deformatlOn cycles of slcmly reversed loads with progressively 

iIlCrea5ing amplitudes unti1 failtuc. This method of loading is commorùy used by many 

researchers involvmg seisIIllc investigation of large size specimens under slow1y reversed 

loads23
-

28
. Figure 3.23 lllustlates the loaJmg program used for this mvestIgation. With 

the' exception of the tirst four cydes, the load history W<lS follawed as closely as possible 

in a11 four te::,t ~pecimens. The first four cycles illustrated in Figure 3.23 were used in 

tests on Specimens Dl and D2, but were changed to displacement controlled cycles to 

a "displacement ductility" of 1 in the tests on Specimens D3 and D4. 

The intermediate "elastic" 10ad cycles were included to observe the effect of each 

"inelastic" displacement amplitude cycle on the slab coupling 5tiffness. The 20 kN peak 

value for these "Cycles to 60% of the Theoretical Ultimate Load" is not equivalent ta 

60% of the theoretical ultimate load preJicted by the yield li ne theory (Putt = 86.1 kN). 
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The verticalload equivalent to the 24 kN horizontal peak load used by Taylor14 to "60% 

Ultimate" was 42.8 kN. Using an elastic scale factor 

B.F. = SE5i 

= 1.0 x 0.6672 

= 0.444 

the required load was therefore 

P = 0.444 x 42.8kN 

= 19.02kN 
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Table 3.4 "Displacement Ductility of l" During the First Excursion to Inelastic 
Deformation. 

Specimen 

Dl 
D2 
D3 
D4 

Displacement 
---~ 

122 mm 
134 mm 
400 mm 
3.3i mm 

For simplicity, this value was rounded off ta 20.0 kN. 

The valut' of "disi)lacemcnt ductility of l" used for al! four specimens varied 

and was based on the observation of the significant change in the slope of the force-

displacement plot during the first inelastic cycle during each test. lt is, therefore, Ilot 

equal to the displacement at the onset of yieldu.g, as revealed later by the analysis of 

th'.:' stmlI1 dat.a. The values of the "displacemcnt ductility of l" used during the testing 

process in aU four units are summarizt'd in Tablf' 3.4. It was also revealed, after the 

complete force-displacernent characteristics of aH four specimen5 were obtamed that 

the "displaccment dUf'tility of 1" for Specimens Dl and D2, based on the observation 

of the first significant. change of siope of the force-displacement characteristics, shonld 

be 3.ï5 mm and 4.00 mm, respectlve1y. 

3.6.3 Loading Sequence 

The cycles to "60% theoretical ultimate load" were load#{'ontrolled steps with each 

load step being approximately 4 kN (0.9 Kip), measured by the load ceUs under t.he 

corridor cent.erline. The loud jack 3 was adjusted to ntÙlify any rotat.ion of the west 

wall. This wa.." achieved by increasmg or decreasing t.he hydraulic plessure of load jack 

3 sa that the t.ravels of dial gaugf's Cl and C3 were equaI. The readings of the load 

eeUs, the LVDT's and the stlain guages were recorded ekctronically onto the computer 

disk via the Optilog data acquisition system at each load step. The dial gauges Cl, 

C3, C6 and CS were recorded manually during each load step. AU instruments were 

recorded at the peak of these cycles when the net shear force, V, equalled 20 kN. 

70 



l 
In the unloading portion of these cycles, the load decrement rate was approximately 

10 kN/step. 

The following test sequence was used for each load step in the inelastic displacement 

controlled cycle: 

(1) The peak displacement was determined and the load jacks were adjusted to displace 

the west wall toc in the appropriate direction (see Figure 3.23) by approximately 

one tenth of the required peak displacemel1t 

(2) The west walllOtatiOIl WH:, Ilulhfit'd by adjustilll!, the load Jack 3 so as to obtain 

equal travels 011 dial gau~es Cl and C3 (see Figures 3.16 and 3.22). 

(3) The load cclI. LVDT and !->train /!,uage rcadings were l'ecordcd electronically onto 

the computer disk while diai gauges Cl, C3, CG and CS were recorded manually. 

(Steps 4 and 5 \Vere perfOl med at belected 10ad steps and at peak of the inelastic 

cyr le only). 

(4) AH dial gRuge:, and dCllle(' target rf'adings were recorded manually. 

(5) Crack patterns were marked and photographed. 

(Steps 1 to 5 wen' repeatf'J ulltil the peak dis placement was achieved). 

(6) The pressure 1Il load jack 1 (positive inelastic cycles) or load jack 2 (negative 

inelastic cycles) wa~ reduccd by ahout k of the load jack pressure at the peak 

displacemell t 

(ï) The load œIl, LVDT, strain guagc, and dia} gauge Cl, C3, C6 and CS readings 

were recorded as in Step 3. Step~ 6 and ï were repeated until aIl pressures 011 the 

corridor centerline load jacks were released. 

3.7 Problems Encountered 

The following problems were encountered during the preparation, instrumentation 

and testing of the specimens: 
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(a) Straightening of the D3 bars was required due to warping of the bars following the 

heat- treatment. 

(b) Several strain gauges on the stirrup legs were damaged and lost after casting of 

the concrete. 

(c) Losses of several sets of data on the computer disk was encountered for several 

load steps in aU specimens due to minor malfunctioning of the data acquisition 

system software. 

(d) A major malfunctioning of the Optilog data acquisition system hardware occurred 

at the peak load step of Cycle 35 during the test on Specimen DL Only the 

LVDT reudings (which are directly related to the voltage output) could be correctly 

recorded ont a th(' dlsk. The load cel! readings in the subsequent load steps of the 

test on Specimen Dl, presented in Section 4.3, were recorded maIlually from the 

gauge pressure readmg of the load jacks (cou verted from "psi" value). The Optilog 

system haIdware was repaired prior ta testing of Specimens 02, D3 and D4. 

(e) Electronic readings of Specimens D3 and D4 were not recorded onto computer 

disk during t.esting of these specimens, however, most of these readings were hard

printed onto paper simultaneously at cach load step. As a result, sorne data was 

10st. This included the LVDT readings on lines E and F (Figure 3.16) and a few 

strain gauges. 

(f) Problems with resetting of the dtaI gauges at the extreme slab edges of Specimens 

D3 and D4 and the 1088 of data for the LVDT's on lines E and F did not enable 

definition of the slab deficction profiles for Specimens D3 and D4. 

72 



.. ... 
CHAPTER 4 

EXPERIMENTAL RESULTS 

The responses of the specimens tested in this study are described in this chapter. 

4.1 Crack Propagation and Modes of Failure 

The cracking pat terns of Specimen Dl are illustrated in Figures 4.1 through 4.1l. 

This sequencc of crack formation was similar ta that ohservf>d by Malyszko15 in his 

tests and by Taylor H in his first test. However, the rate of crack formation was more 

rapid than that repOl ted by Malyszko15 in his thlee tests. Also, due to presence of the 

drop panel, much less radial and circumferential cracks Wf're observed at the wall ta es 

than in Malyszko's three specimens. The sequence of crack formation for this Specimen 

Dl test follows. 

PrimaI')' cracks along the locations when' the yield liue» formed, referred to as 

"primary cracks", first appeared nea!' the shear wall toe area and rapidly propagated 

perpendicular to the centerline of the wall towards the edge of the slab as predicted 

by the yield line analysis. Figure 4.1 showed that t.he primary cracks had been fully 

formed in Cycle 6 at a relative vertical slab displacement 6 of 4.02 mm (a positive 

value for 6 denotes an upward t.ranslation of t.hè west shear wall while a negative value 

denotes a downward translation of the west sheu wall). The location of these cracks 

was influenced partially by the location of the transverse reinforcerr..ent where these 
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cracks occurred. 

Other small cracks promptly followed behind each wall toe, initially starting out 

at an angle of 45° from the wall face and gradual\y becoming perpendicular ta the 

wall centerhne as tlwy progressed towanh the edgt· of the slab, forrning the "secondary 

cracks". These cracks were dt'ilOted as "sccondary cracks" because of the smaller ro

tations ('ompared with thost' at the primaT)' crack locations. Sorne cracks, however, 

appeared directly and perpC'lldicularly from the "ra.ll face due ta the presence of trans

verse reinforcement nt t hose locatlou:" DIi:lg,onal cracks, forming as the lat>t set of cracks 

at Cycle 6, appear('d llt'ar tht' wall toe and propagated nt au augle of approximately 

45° frolll the Wétll celltedine acrot>s the slaL corridor wldth and ended at the primary 

crack on the oppo5ite side of the corridor. Figure 4.2 shows the appearance of the pri

mary cracks, secondary cracks and the diagollal crack at the peak of Cycle 12 (Relative 

Vertical Displacement of slab at wall tocs, 6 = 4.91 mm). 

At subsequent larger imposed relative vertical displacernents, more secondary 

cracks forrned behind the wall toes in a manner similar ta the first ::,econdary crack. 

The diagonal cracks, which formed in Cycle G, emanated from the corners of the wall 

toes as more cracks near the wall tocs appeared in Cycle 24, as illustrated in Figure 

4.3. Secondary diagonal cracks a1so appeared at about one corridor width from the wall 

toes (near the ends of the initial diagonal cracks) at the primary cracks and propagated 

toward the opposite primat y crack uear the edge of the slab. Concurrently, cracks par

alIe! to the shear wall centcrlme and midway between the shear wall <.:enterline and the 

edge of the slab (k bay width) appeared from and behind the primary cracks. Figure 

4.3 shows the extent of these cracks at the peak of Cycle 24 (~ = 8.61 mm). Similar 

crack patterns were observed on the top of the slab on the south side and on the under

side of the slab, as showl1 in Figures 4.6 and 4.7. Figure 4.8 shows the crack pattern at 

the onset of crushing at the peak of Cycle 29 (.6. = 9.58 mm) near the wall toe areas. 

The absence of radial cracks at this stage is noted, and no prominent signs of punching 
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toe regions in Specimen D2. 

Like aIl the other test specimens, the first appearance of crack in Specimen D2 

occurred at the face of tIlE' wall toe However, this crack propagated parabolically and 

extenùed about one corridor width away from the west wall toe at the peak of Cycle 

5 (L\ = 1.67 mm). Mean",hill', a crack about 85 mm behllld the west wall toc face 

appeared at an angle of 45° from the shear wall centerline. This angle increased rapidly 

to about 80° and extended towards the edgc of the sIaL where it became perpendicular 

ta the shear wall cCl1tcrline As in Specimen Dl, this crack near the edg,e of the slab 

was influcnced hy the pIncement of the transverse reinforccment. The Cl ack pattern at 

Cycle 5 (6. = l.Gï Ulm) l~ shown in Fip,mc 4.12. A mOle famllim c'ack pattern aIl the 

slnh ail the cast side of the corndor centerline was observed 111 Cycle 12 (L\ = 5.09 mm) 

as shown in Figun' 4.13. This crack pattern was similar to that observed in Specimen 

Dl. The secondary and diagonal cracks formed at this displacement level. Figure 

4.14 shows t.he appearance of radial cracks at. Cycle 28, (L\ = 11.54 mm). auset of 

punching shear was observcd in Cycle 29 (L\ = 14.89 mm) as illustrated in Figure 4.14. 

No significant crushing of con crete was observed at this displacement level. Extensive 

radial cracks near the wall toe are as developed prior to failure of the slab, caused by 

punching shear a.nd crushing of the concrete near these areas, as illustrated in Figures 

4.16 through 4.18 and Figures 4.21 t.hrough 4.23. Figures 4.18 and 4.23 show that the 

punching shear cracks were located at a distance of approximately one effective dcpth 

(d = 82 mm) from the wall tùes. Similar crack pattern \\as observed on the bot tom 

face of the slab, as illustIated in Figures 4.19 through 4.23. 

The crack formation m Specimen D3 was, in general, similar to that of Spec

Imens Dl and D2. As expccted, the secondary cracks that developed in Cycle 5 

(~ = 12.30 mm, Figure 4.25) were inf1uenced by the concentrated transverse rein

forcement. Figures 4.24 tu 4.29 illustrate the sequence of crack formation for Specimen 

D3. Punching of the slab at the wall toe was preceded by the formation of ra.dial 
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Figure 4.24 C'tack Pattl'lll fm SPCCiUH'll D3 at C'y!'k l, ~ = 3.12 mm. 

Figure 4.25 Cl ad: Pat klll [()l Spi'c'\llI"lI ln at ('~ rlc' ~). ~ ::: 12 :30 mlll 
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Figlll'e ,. ,2~ -2G.85 mm. 

Figure 1.2D Ctac:k Pattelll fOI SP('('1I11('11 D3 a! Fi!J!1l1(' (~ - -34.70 mm). 
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cracks as illustrated in Figure 4.27. Spalling of the concrete wall at the wall toe regions 

was observed, as shown in Figures 4.26 and 4.27, with relatively little crushing of the 

slab con crete in these af{~as. Much less cracking was observed in Specimen D3 than in 

Specimens Dl and D2, particularly on the underside of the drop panel near the wall 

t0e areas. 

The sequence of crack formation in Specimen D4 is illustrated in Figures 4.30 to 

4.36. In general, these crack patterns were similar to an three specimens described 

earlier. Signs of punching shear on Specimen D4 slab appear in Cycle 20 on the 

bottom face of the drop panel at a displacement level of -19.05 mm, much lower than 

that observecl III Specimen D3 However this displacerncnt level is stilliarger than the 

displacemcnt at which the onset of punching shenr was observed in Specimen DIor D2. 

Figure 4.34 shows the crack pattern on the underside of the drop panel of Specimen 

D4 at the onset of punching shear. Unlike Specimen D3 however, little distress was 

observed on the top face of the slab near the wall toe areas in Specimen D4. At 

failure caused by punching and crushing of the slab concrete at the wall toes, extensive 

crushing of the ~lab COllcrete at the wall toe~ had taken place with similar di stress on 

the wall concrete in the immcdiate vicinîty. as illustrated in Figure 4.36. With the 

exception of sorne crushmg of the slab concrete near the wall toe, and the distribution 

of radial cracks emanating from the wall toes, no other severe distress was observed on 

the top of the slab. 

4.2 Force-Displacemel1t Results 

The net shear force (V) plotted against the relative vertical wall toe-slab displace

ment constitute the force-displacement diagrams shown in Figures 4.37 through 4.40. 

The displacement corresponding to the general yielding of the slab, as indicated 

by the first significant change of slope of the force-displacement characteristics, was 

taken as the yield displacement or the displacement corresponding to the "displacement 
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Figlll'e 4.30 C'lillk Pilltl'Ill {Ol '1111'1'1111('11 Dl ilt Cyd(· S. ~ = -7.as !!llll. 

r', ~ 

Figure 4.31 ('nul P;ltt"11l lOI Sp('ClIIl('ll D4 at Cych> 13, ~ = 13.23 llllll 
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P\lIl( lllll,!..'., .111<1 Cll\:-llill).!, (lf C(JllClet\' 51<11) fOl Sp('('lllH'1l D--1 .It Failurc 
(~ =-= -:28 SG llllll 1 

ductility lat 10" of Olle. Tt i~ uoted that this displact'lllcut dlldilit,y ratio of 01l(' is llot 

the displnccllwllt at tll<' <ll\:-'\'t (lf yiddill~ on which the tlSUill defillitioll of ductility j:-, 

haf,(·d TIl!' (lJ~,plnl"'lll('llt dllctibty la!l() of Olle for the four :-,pe,iulcllS "'cre 3.75 llllll, 

4.0 mm, ..J: 0 11111l 11lld 3 70111111. l'<':-,!)('cti\"']Y, Fm thl' pmpo:-,r of (,olIlparii::>Oll. tlw l\\'nagp 

of these \'(llues. ~ ::- :.3 88 11l1l\. \\",l:- !ilkm n:-, thr )"H'ld di~phl('('Il1(,llt (ft = 1), It was 

obs(,l\'('d [Ulll1 1111' :-'!lillIllt"·,Jllh (lf Sp('nmens Dl and D:2. df':',('ldlt'd III thr latL'r S('cti()ll~ 

rcillforcl'lllt'llt llèld ~ \t'II k<1 

The nitilllèltl' lotir! (\chi<'\('d hy thl' fhst dllC!' :-'p<'('llllCllS, 5P(,(,111H'11:-' DL D2 and D3, 

wele !)3,~1 k:'\, sa ,iO k:\" ,llul 0(Ud k:\.le:-,prcti\"('ly Spl·("illll'll 0·1 ('x]lIbltrc! il 1l1ntlœcl 

jll(,lf'a~l' III the IlliL\illlllll1 \0;1<1 il('11I1'\('(1 (IOi.IS k:l\') on'l th!' otlH'r tlllee ~pccilll('ns. 

ThC'sc loatle, \\"('H' i1chi('\'('d i1t 11!"plitCt'1ll1'ut l(·\"('ls of -G 25 111111 (II = -1.ü1 l, -11.03 llllll 

{fI = -3.011. -11.18 HUll (/1:::: -:2.80) nnd 13.--15 (/1 = 3..-1ï) fOl Sp('cillH'n:-, Dl, D2. D3 
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1 and D4, respectively. 

AIl four specimens displayed similar shapes of hysteresis loops, as shown in Figures 

4.37 to 4.40. Although the shapes of the Illoops" are generally the same, they differ in 

their characteristics related to the energy absorption capacity, the pinching effect and 

the ultimate ductility. 

The energy absoq)tion capacity of a stIuctural system is measured by the area 

enclosed by the load-deformation curves. For a coupling member, the ability to provide 

high energy absorption capaci ty hclps to improve the responsc of the overall system 

by dissipatin{!, the ellergy in the coupling membcr. For low ductility ratios (J.l ~ 2.1) 

or a relative dlsplacclllcnt level of about 8 mm, tlte euergy absorption capacity of 

Specimens Dl, D2 and D3 \Vere about the smne. At hig,her displacement Ievels, a 

rapid drop of ~trength \Vas obscrved lI\ SpecImen Dl which abo de pIctes its energy 

absorption capacity sigllifkantly. The overall energy absorption capacity of Specimen 

D2 was better than that of SpecImen Dl but Specimen D3 showcd an improved energy 

absorption characteristic compared with Specimens Dl and D2. Specimen D4 displayed 

a much better energy absorptIOn characteristic at every ductility Ievel over aU of the 

other specimens. 

Pinching effects \Vere observed in all specimens although they were less obvious 

in Specimen D3. The loads attained in the second cycles to the same peak inelastic 

displacement levels werc lower than the initial cycles to these displacement levels. These 

ine1astic shear dIstortions are typical of rcmforced concrete cOllpling mernbers. 

The ultirrw,tc upwmd displacclUcnt il!1posed 011 Specimen Dl was 11.54 mm. The 

test was terminated at this di~placemcnt level due to the malfllllctiolling, of the Optilog 

data acquisition system, although adequatc load carrying capacity of this specimen 

would have been attainable for higher displacement levels. The ultimate displacernent 

levels of Specimens D2, D3 and D4 were 18.15 mm, 36.3 mm and 33.81 mm, respectively. 

Five lines, LI, L2, L3, L4 and L5, were included in the force-displacement char-
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acterics for aIl four specimens. The slopes of these lines represent the slab stiffnesses 

assuming 20%,5%, 2%, 1% and 0.4% of the entire slab width participate in carrying 

the applied load, respectively. 

4.3 Slab Deflection Profile 

The longitudinal and transverse deflection profiles of Specimens Dl and D2 are 

shawn in Figures 4.41 through 4.44. These displacement profiles were obtained from 

the dial gauge and LVDT instrumentation shawn in Figure 3.14. The deflection profiles 

of Specimens D3 and D4 were not available due ta problems mentioned in Section 3.7. 

Since relative vertical displacements were imposed on the walls, the longitudinal 

slab displacement profile of the slab at the slab-wall connection should be relatively 

horizontal in the absence of local slab deformations at these locations. The longitudi

nal slab displacement profiles of the slab near the slab-wall interface of Specimen Dl 

are shown by Hnes D in Figure 4.41, which showed that deviation from the horizontal 

position of the slab at th(' west wall toe occurred in aH displacement cycles, indicating 

the presence of local shear deformation at this location. In general, sharp discontinu

ities were observed along the wall toe faces for Specimens Dl and D2 indicating the 

approximate locations Df the largest rotations and strains where the transverse primary 

yield lines formed. The longitudinal displacement profiles near the walls (lines D) were 

fla.tter behind the wall toes and steeper along the corridor wh en compared ta the longi

tudinal displacement profiles near the edge of the slab (Hnes G), which showed a more 

graduaI change of siope from one end of the slab to the other. Smaller yet significant 

slab rotations, at approximately 850 mm from the corridor centreline, indicate the ex

tent of the region from the wall toc faces where secondary yield lines formed along with 

the accompanying rotations. 

The LVDT's and dial gauges located along the lines across the width the slab 

at the wall toes, Lines 3 and 6 in Figure 3.16, were used to obtain the transverse 
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displacement profiles for Specimens Dl and D2 shown in Figures 4.43 and 4.44. Thesc 

displacement profiles \Vere similar to that observed hy Malyszkol5 in lIis t(·st:". The 

greatest transverse slab rotations occufred cios(> to tlH' slwar wall ccnt,('rluH'. As higlwr 

displacements were imposed~ these rotations near the wall incrcas(' and the transverse 

displacement profiles fiatten out at a distance of approximatcly 350 mm from the shear 

wall center li ne. 

4.4 Longitudinal Seismic Reinforcement and Concrete Strains 

The longitudinal seisl1lic reinforcement and conclcte straius plotted in Figures 4.45 

and 4.46 Wf're obtaiucd from the dcmcc gauge il ,trumentatioll dCHcrihed in Section 

3.4.4. Therefore, thpse strains are average strams ove1' the gauge distance of approx

imately 100 mm. Howcve1', on the tension face of the cOllClctc slab, the opening of 

cracks between the demec studs also contributed to the change of distance b('twecn the 

demec studs. Henee, the strains on the tension face of concrete arc COIlcrett' straillS 

including the widths of these cracks. Although the imposed reversed cyclic loadings re

sulted in the cracking of the concrete slab on the top and the bottom faces as described 

in Section 4.2, the closing of the cracks in tht' concret,(> un der compression p1'evcnted 

any additional tensile strains due tu the cracks in the COll crete. At higher peak dis

placement levels, spalling of the COIlcrete and widc!ling of the cracks passillg directly 

through the demec stuch, caused thesc f.tuds to detach from the concrf'te, making the 

reading of the stram measurements at thesc gauges almost impossible. No lougitudinal 

strains were mcasured in Specimens D3 and D4. 

In both SpecimeIls Dl and D2, the steel and conc1'etc straius near the shear wall 

centerline were l-ughe1' than at the sIal> edgcs. Mm,t of the top longitudiIlal1<~inforcement 

in Specimens Dl and 02 yielded lit relatiw dlsplacement levds of 2.85 Hiln alld 5.01 mm, 

respectively, corrcsponding tn displacemt'nt ductility ratios of 0.74 and 1.2!). Afo. ShOW11 

in Figure 4.46, at a displacement ductility ratio of about 3, it was observcd that the 
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entire slab longitudinal seismic reinforcement had yielded or had almost reached yield, 

indicating the full participation of the slab in carrying the load. 

4.5 Concrete and Steel Strains - Transverse Direction 

The strains in the transverse reinforcement of Specimens D3 and D4 along a line 

underneath the wall toe and the strains in the concrete in this area in the transverse 

direction \Vere obtained using the demec gauge instnunentation described in Section 

3.4.4. The transverse strain vanations were measured in two directions - transverse 

direction across the half slab widtL and longitudinal directlOIl near the wall face. No 

transverse strain measurements were obtained for Specimens Dl and D2 

The transverse strain results for Specimen D3 are shown in Figures 4.47 through 

4.50. The strams for the top transverse reinforcement near the wall toe could not be 

obtained after the first cycle because the demec studs at this location had separated 

from the reinforcement. Results of the strain variation in the transverse direction (Fig

ure 4.47) show that the bot tom transverse reinforcement across the wall toe had a 

strain value of about one to two times the yield strain within the drop panel region. 

Outside the drop panel region, thesc strains in the bot tom transverse reinforcement 

were negligible. The strain variation in the transverse direction of the top concentrated 

transverse reinforrement (Flgure 4.47) shows a strain reversaI during Cycle 1, varying 

from a compressive strain valu€' of over twice the yield strain near the wall face to a 

tensile strain of about 0.75 times the yield strain midway between the wall face and 

the edge of the slab. At higher dispacement cycles (/-l 2 3), the strains in the top con

centrated transverse reinforcement, midway betwecn the wall face and the edge of the 

slab, showed significant tensile yielding of the reinforcement, which tapcred off to negli

gible values further away from the wall face. AIso, the variation of the concrete strains 

in the transverse direction shown in Figure 4.48 indicates high tensile strains at the 

bottom face of the concrete within the drop panel region at higher displacement cycles 
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1 
(Il ~ 3). In the longitudinal din·ction, tll<' stra.ins in tht' bottolll COll<·(·lltlat(·d tmns' 

verse reillforc(,Ilwnt (Figul"(' 4 40) ~h()w that aIl of tllt' hottolll (,O!lC('llttatl'd tral1~\'('I~(' 

reinforcemcnt had yiddcd at IIl).!,h('I (b~p!an'lll"llt (JI ;::: 3) cyck ... Wlt il ail av"! "1!,t' val\l\' 

of about 2800 l1l1ClO~traiIlt> (01 abOlit 224['1) TIlt' !JottOIll ("{)ll("('lltratcd tlHll~\'l'rM' 

relnforcelllcnt btréiilll(,~\lltt> ab" ~h()w that witl1~a tht' haud of l'Olll"<'utlalt'd tlall:-;Vt'I~t' 

reinforcemcnt, the ~traill~ \\"('!(' ([l1lt·, ('\'('lIly dlstlll>llted Pln(c. of tilt' t()P C()I1("(·!ltlil!,(·d 

data due to the d('ll1{'c s!'ud:-. ~('pmatlllg from tht' l{'illfOlC(,lll<'llt afkl Cycle 

The straill \'ariati()Il~ iIl the tl1lJ1S\'C! ~(' dlredloll of t II<' cOlin ('k alld tlllllh\'\'nw 

reinforccmellt strains for SpeClIll<'lI D4 ml' ~h()WIl 1Il Flg\\}('~ 4 .r> 1 t hr()\l~h 4.G4 TIH' 

concentrat.ed trall:;'VCI~(' lcÎnfol('(·IlH'Ilt. stram vilIlat.ioll of SIH'ClIlWll D4 111 tlw tlllll~-

verse direction (Figure 4 Gl) was ~1111ilar to that of Spl'CI1lH'l1 D3 (Fl1!,\l11' 4 4ï) \Vlt.h Oll(' 

notable exception. TIl(' straÎIli> ill the hottolll COll('('HU akd t xall~ V( 'l'SC' 1 ('lIIfo! ('('Ill('Ilt. 

for Specimen 04, nt ét di~thIlc{' of 540 mm from tilt' i>1lt'aI wall ct'Ilt,('t!lIW, WCI(' appl0X-

imately equal to the yield stl alll of the rClIlfol'CCIIl('llt wlllic t hat of Sp('('llllt'Il 03 wa.~ 

negligiblc. Howcvcr, the' r(':;,ult~ of tl}(' ~traill~ III t11<' trall~V('Ih(, COII('('utlatl·c! ICII!forn'-

ment in Specimens 03 and D4 ~IIOW that tlll'~(, relllforn'llH'llh cOlltIlbnt('d !->ll!;lIificillltly 

tn the distrihutIOn of fOI CP!'> \lp to Ît)() lIlIIl fwm th!' ~h(,aI wall ('('l1kllllH' Alt.hO\l.[!;h tltl' 

concretc tra\lsvcr~e fltralll varmtlO11 ill t.1H' t.rallf>VC1S(· dill'dl(1I1 11l Sp('ClIlH'1I D4 (FIRIll'(' 

4.52) was similar ln that of Spcciuwll 03 (Flgun' 4.48), Ill1lCh !OW('I tlallflV('I~(' COIl-

crete straÎu values were oh~e(,lV(>d wlt.hin tlw (hop panel 1 ('.[!;lOll ill Sp<'ClllH'1l D4 than in 

Specimen D3. Howcw·r. It ~llOllld Ill' Jlot.ed that the VHI iat.lOl1 of tlw t.nUl~\'('r~(· !-.traÎn 

in Specimcll D4 ln tl1(' traIlsvprM' (hrectioll wa~ Hl('(t:;'1!f('(! alolll!; a lilH' wIll ch Wil~ at il 

distance of approxmHtl.c1y 30 U1lll ill frollt. of t Il(' wall t.o(' fac(' (Fll~ur(' 321), IIlstl'ad 

of along a hIle dlrect}y Iludenwatb tlH' f11wiU wall to(' il:' wa~ tllf' CtthP III Sp('('iIlWIl D3 

(Figure 3.20 J. III thl' longlttldiwd dll(·('tloll, tlll' COI H'1'1ltI ate'cl tI all~V('r~f' 1('mfnI ('('llWllt. 

strain variation of Specimen D4 (FI~\Jn' 4.53) uear tlll' wall fan' ~how(·d tltat IIluch of 
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the distribution of forces occurred within the four transverse bars closest to the wall 

toe. The longitudinal variation of the concrete strains in the transverse direction in 

Specimen D4 (Figure 4.54) is negligible, except at a distance of about 90 mm behind 

the wall toe where significantly high tensile strains were observed on the bottom face 

of the concrete. 

4.6 Strains in Vertical Stirrup Legs 

Electrical resistance strain gauges placed on the inner and outer vertical stirrup 

legs of aIl four specimens provlded limited but useful data. The locations of these strain 

gauges were described in Section 3.4.3. The results of the strains in these vertical stirrup 

legs are presented in Figures 4.55 through 4.61. The strains in the outer vertical stirrup 

legs of Specimen Dl were not available due ta the damage during casting to most of 

the strain gauges locations at these outer vertical legs. 

119 



.... 
t.) 
Q 

~ t 

",'" ,," \ 
1 \ , \ 

1 
1 , , , 

r 
EV : wall , tace 

-. . . . . . ' ....... t ...... . 
, , 

1 

cycle 2.3 : , 

corridor t 1 

~ ... ",..I 
1 
1 

1 
/ 

1 , 
1 

/ 
/ 

r.... 1 
/ .... " 

/ 
1 / 
r' 
1 

2 3 

1 , I 
." --r-

1 cycle 11 
1 

/ 

4 5 

Slrains (x 10"') 

" ." '\ 
'\ 

6 

'\ , 
'----..., 

", 

7 8 9 

Slroin Gauge Locations 

Figure 4.56 Strains in Inner Vertical Stirrup 
Legs of Specimen D2. 

\ 
\ 

cycl • .35\ 

•• 

Slrains (li: 10"') 

\ 
\ 

CY:'~ .2.9\\ (t: y 
face '\ ............ . 

cycle 

\ 
'\ 

'\ 

23\ 
\ 

\ 

2 

\ 

\ 

\ 
\ 
.\ 
~ 

\ 
'\ 

'\ ,
V 

3 

Figure 4.57 

4 5 6 7 8 9 

Slrain Gouge Locotion:l' 

Stmins in Outer Vertical Stirrup 
Legs of Specimen D2. 



.... 
N .... 

• 
woll Strains (x 10 -.) 

2 3 4 5 6 7 B 9 

Stratn Gauge Locations 

Fi6ure 4.58 Strains in Inner Vertical Stirrup 
Legs of Specimen D3. 

... 

Slrains (x la -.) 

2000 

rc. y 

-....... " " ... " " " " " .. . 
corridor t 

"': cycle 

cycle 23 .... ...... 

2 3 4 5 6 7 6 9 

Str-oin Gouge Locations 

Figure 4.59 Sttains in Outer Vertical Stirrup 
Legs of Specimen D3. 



.... ..., ..., 

.... 

,~ t 
1'[ 
1 \ 

Strains (X 10"') 

1 
1 
1 

j
WOIl 
face 

_ : . .r. ~~ . . . . . . . " 
corrador LI' .. ,. . 

~ / 1 
: 1 /,,/ 

1 l ' 
1 / 1 
1 cycl. 23 ~ l' ...---+-
1 cycle 17/ 1. 
1 cycle 1,---· 
1 cycle 5 

2 3 4 5 6 7 8 

Siroin Cauge Locations 

9 

Figure 4.60 Strains in Inner Vertical Stirrup 
Legs of Specimen D4. 

" 
Strairus (X 10"') 

wall 

-......... ( ~~ .. . 
corridor lu 

~ 

2 3 

Figure 4.61 

4 5 6 7 8 9 

Stroln Gouge Locations 

StraÎllS in Outer Vertical Stirrup 
Legs of Specimen D4. 



• 

The results of the strains in the vertical stirrup legs for aU four specimens clearly 

show that the bulk of the stirrup participation in carrying the applied shear force 

occurred within one-fourth of the corridor width on either side of the wall toe. The 

results also show that at a displacement level of 6.1 mm (J-l = 1.6), the stirrup leg of 

Specimen Dl close ta the wall toe was just about yielding (Figure 4.55), while that 

of the other specimens had not yielded (Figures 4.56-4.61). The strains in the outer 

vertical stirrup legs of Specimens D2, D3 and D4 were generally lower than those in 

the inner legs. 

The strains in the vertical stirrup legs of Specimens D2, D3 and D4 reached the 

yield strain at displacement levels of 8.2 mm (p, = 2.1), 20.3 mm (p, = 5.2), and 18.8 mm 

(p, = 4.9), respectively (Figures 4.56, 4.58 and 4.60). It can be noted that the provision 

of a band of concentrated transverse reinforcement had caused the shear force to be 

distributed transversely aeross the width of the slab, and hence, delayed the "shear 

damage" to the concrete in the wall toe regions. Henee, a delayed participation of the 

stirrups was expected for Specimens D3 and D4. The strains in the vertical stirrup legs 

of Specimens D3 and D4 also showed that fewer stirrups participated in carrying the 

applied shear force than in Specimens Dl and D2. 

Generally, a significant number of inner and outer vertical stirrup legs of aH speci

mens yielded aftel' sorne significant shear deformation had occurred in the slab. Th~re

fore, it must be emphasized that the primary function of these stirrups was not in 

carrying the shear force but as clamping devices for the confinement of the con crete to 

permit increased shear friction to be developed due to the aggregate interlock. 
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CHAPTER 5 

DISCUSSION OF RESULTS 

5.1 Crack Propagation 

Similar trends were observed for the crack patterns in aU four specirnem; prescllted 

III Section 4.1, and hCIlce, thcse can be ger.eralized for aIl couplt>d slab-shcar wall 

structures as follows. Similar ohservations were obtaiucd from tcsts performed by 

Taylorl 4, Malyszko15 and Khan16
. 

As predicted by the yield line analysis, primary cracks form first (see Figure 5.1a), 

starting from the face of the wall tocs and extending perpclldicular to the centcrlinc of 

the wall towards the edge of the slab. This is followed by secoudary cracks forming at 

a distance approximatcly equal to the wall thickness, t , [rom tit(> face of the waU tO(' 

and gradually extending ta the edge of thc slab, with an initml ang,k of a.bout 45° fwm 

the shear wall centerline which increases rapidly to 00° (Figure 5.1 b). Other secolldary 

cracks form Immediately afterwalds with the emergcn("(~ of diagonal cracks at an angle 

of 45° from the corners of the wall tocs, extending to the primary crack liue (for bay 

widths > corridor width). However, thc full formation of the primaly diagonal cracks 

(Figure 5.1c) occurs only after the yieldmg of thc longitudinal ~eismic reinforccmeIlt. At 

higher ductilities Üt ~ 3), more secondary cracks and secondary diagonal cracks (Figure 

5.1d) form, but more importautly, radial cracks bcgin to cmallute from tlH' face of the 

wall tocs. These radial cracks are the rcsult of highly localized shear at the wall toes 
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Table 5.1 Experimentnl Ultimate Strength Results and Pn'dictions . 

Experimental Theoretical Theoreticnl 
Specimen Ultimnte Land Ultimate Strength t Ultimnte Strength' 

(Y.L. Theory) (P.S.S.) 
(kN) (kN) (kN) 

Dl 9381 848 82.5 

D2 8650 86.14 80.2 

D3 9051 8705 857 

D4 10718 8705 857 

t Based on Yield Lme Analysll> 
t Based on Punching Shear Strength 

"" = d(t + d) fi (Mpa) 
or Vu = 12d(t + (1) Ifl (PSI) 

and are, therefore, signs of pUIlching shenr. Punching shear failurc, which could not 

be avoided in an four tests, is often preceded hy cireumferential cracks forming at a 

distance of approximately d, the effective depth of the slab, from the face of the wall 

toe. (Figure 5.1e). 

5.2 Ultimate Strength 

The crack patterns observed at failure showed that a critical section can be taken 

midway between the cireumferential crack and the wall face up to the primary diagonal 

crack line, as shown by the dotted line in Figure 5.1e. The critical punching shear arca 

based on the critical section is 3d( t + d), where d is the effective dcpth of the slab and 

t is the wall thickness. Thus, the punching shear stress based on this critieal section is 

v 
(5-1) 

V
n = 3d(t' + d) 

Assuming that the ultimate shear stress of concretc is O.33V7f (MPa) (or 4.jïI psi), 

the theoretical punching shear strengths of aU four spccimeIl~ wcre computed. The 

computed values arc tabulated ill Tabl<' 5.1, 

The crack formation abo conforIllb with the predictioll of the yield liIle theory . 

Based on this theory and a.c,suming the participation of the seismic longitudinal rein-
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forcement across the entire width of the slab, the theoretical ultimate shear strengths 

of the slab were computed. These values are also shown in Table 5.1. 

In comparison with the experimental results as shown in Table 5.1, it is shown 

that the ultirnate shear strength of the coupling slab can be predicted with reasonable 

accuracy by ei ther the yield line theory or the empirical Equation (5-1). It can aiso be 

noted that these predictions are shghtly on the conservative side. 

The results aIso revealed that a.n increase in ultimate load was achieved with an 

increase in the transverse reinforcemf'nt in the slab undemeath the wall toe regions. 

Specimens D3 and D4, both \Vith stirrups spaced at 0.5d, displayed ultimate strengths 

of 86.8 kN and 103.1 kN, respectively. Specimen D3, with a concentrated transverse 

reinforcement ratio of 1.3% underneath the wall toe, showed only 2.6% strength increase 

over that of Specimen D2. However, increasing this transverse reinforcement ratio to 

1.6%, as provided in Specimen D4, led to a strength increase of 21.9% over that of 

Specimen D2, showing an improved load distribution near the wall toe and, therefore, 

a significant increase in the ultimate strength. Although Specimen Dl had stirrups 

at O.28d spacing compared with a O.50d spacing for Specimen D2, the increase in 

strength was insignificant (1.9%). Provision of stirrups around sorne of the longitudinal 

reinforcement did not improve the ultirnate strength significantly. 

5.3 Degradation of Strength and Stiffness 

The basic load-deformation characteristics for all four specimens displayed similar 

features, with Specimens D3 and D4 showing much less pinching and greater dissipation 

of energy than those in Specimens Dl and D2 (see Figures 4.37 to 4.40). The area within 

the hysteresis loops and, heuce, the energy absorption capacities of Specimens D3 and 

D4 were a180 comparatively larger than Specimens Dl and D2. Specimens Dl and D2 

exhibited graduaI increase in strength at displacement ductility ratios of 2.04 and 2.98, 

respectively, although fiexural tension cra.cks appeared in front of the wall toes during 
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the first cycle. Specimens D3 and D4 exhibited flexural cracking during the first. loud 

cycle, and showed a much higher rate of streugth increase, attaillillg thcir maximum 

strengths al. ductility ratios of 3.17 and 2.04, respedivcly. 

Tables 5.2 to 5.5 show the load-dcfonnation relationships and the corresponding 

ductility ratios. In all four speci.mrns, the strengths at higher displacemcnts (,L ~ 2) 

were above 60% of the 11ltimate lo.td. 

Table 5.6 to 5.9 show the stifflless dcgradation of ail four specimens. The initial 

stiffness of aU four specimens averaged at 26.6 kN Imm. At relative vertical displace

ment of about 11 mm (ft == 2.8), the stiffneSbcs of Specimens Dl H,lld D2 Wt'l'I' ahon t 15% 

of their initial stiffnesses whde Specimens D3 and D4 showed stiffrH'ss(~s of 23% and 19% 

of their initial stiffness values. The addition of cOllccntratcd traIlsverse reiIlforCf~IIlent 

near the wall toc regiolls increascd tlH' participation of the sluh further away from t.he 

wall during the early cycles, resulting in a lower stiffness degradation However, during 

the later cycles, when much of the damage has occurrcd, the participation of the out.er 

slab became negligible As the participation of the outer slab becorncs insignificant, the 

rate of damage and, hence, the strength and stiffness degradations of Specimcm; D3 and 

D4 hecame rapid. At failure due to punching shear near the wall tOCH, the displacement 

levels of Specimens D3 and D4 \Vere over 30 mm while that of Specimen D2 was un ner 

20 mm. Although punching sheaT damage of Specimell Dl wa!'> not as prollounced as 

the other specimens at the eud of the test which wus tcrminated prematurdy, it cau 

be deduced from the force-dlsplaceI11cnt characteristics for SpeClIllell Dl (Figure 4.37) 

that the highcr displacemcnt levels would IlOt. he achi('vable with adequat(' strcngth. 

This is reftected by a more severe f>trength degradation of Specimen Dl at its largest 

displacement level of 11 mm, Ct 13% strength reduction off jt~ ultimate load, compared 

with the other specimens at the same displaccment lcvel where Specimcll D2 had a 5% 

strength reduction while Specimens D3 and D4 wef(~ J\1bt about. to reach their ultimate 

loads. The larger displacement lcvel and, hcnce, improved ducti1ity was achieved by 
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Table 5.2 Relative Load~Deformation Relationshlps for Specimen Dl. 

Relative Ductility 
Load • Load x 100% 

Displacement Ratio Ultlmate Load 
(mm) (kN) 

1.22 0.31 29.63 31.6 
2.85 074 57.77 61.6 

4.20 1.08 70.91 '/5.6 

6.09 1.57 80.24 85.5 
7.91 2.04 90.62 96.6 
9.58 2.47 87.71 93.5 
11.19 289 81.32 86.7 

Table 5.3 Relative Load-Deformation Relationships for Specimen D2. 

Relative Ductility Load • Load x 100% 
Displacement Ratio Ulhmate Load 

(mm) (kN) 

1.34 035 37.5 43.4 
1.67 043 40.81 47.2 
5.01 1.29 73.06 84.5 
8.22 2.12 81.51 94.2 
11.54 2.98 82.35 95.2 
14.89 3.84 77.33 89.4 
18.15 4.68 66.53 76.9 

Table 5.4 Relative Load-Deformation Relationships for Specimen D3. 

Relative Ductility Load 
Load · x 100% Displacement Ratio UltJmate Load 

(mm) (kN) 

4.00 1.03 521 576 
445 1.15 67.64 747 

12.30 3.17 90.19 99.7 
20.28 523 86.07 95.1 

C 28.13 7.26 69.61 76.9 
36.30 9.37 5853 64.7 
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Table 5.5 Relative Load-Deformation Rclationslùps for Specimen D4. 

• Relative Ductility Load Load )( 100% 
Displacement Ratio U1timnte Load 

(mm) (kN) 

337 087 55.5 51 R 

790 :! 04 10533 98 :l 

1345 :\47 107 18 100 

18.81 485 10388 969 

23.81 6 14 89.05 8:\ 1 

28.83 744 76.95 71.8 

33.81 873 62.72 58.5 

Table 5.6 Stiffness Variation for Specimen Dl. 

Relative Ductility Stiffness % of Initial 
Displacement Ratio Stiffness 

(mm) (kN/mm) 

0 0 27.6 100 

2.85 0.74 140 50.7 

4.20 1.08 10.4 377 

609 1.57 8.7 31 5 

7.91 204 7.9 28 (j 

9.58 2.47 5.7 20.7 

11 19 2.89 4.3 15 fi 

Table 5.7 Stiffness Variation for Specimen D2. 

Relative Ductility Stiffness % of Initial 
Displacement Ratio Stiffness 

(mm) (kN/mm) 

0 0 26.1 }OO 
1 67 o 4;J 24 fi 94 ;J 

501 1 29 102 39 1 

8.22 2 12 6 l 2:1 4 

11 54 298 4 [, 172 .. 1489 3fH 24 92 

.1# 18 15 468 1 7 {Hi 

1:\0 
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Table 5.8 Stiffness Variation for Specimen D3. 

Relative Ductility Stitrness % of Initial 
Displacement Ratio Stitrness 

(mm) (kN/mm) 

0 0 25.0 100 

12.30 3.17 5.8 23.2 

2028 5.23 4.3 17.2 

28.13 7.26 2.4 9.6 
36.3 937 li) 39 

Table 5.9 Stiffness Variation for Specimen D4. 

Relative Ductility Stitrness % of Initial 
Displacement Ratio Stitrness 

(mm) (kN/mm) 

0 0 27.5 100 
7.90 2.04 5.5 200 

13.45 3.47 5.1 18.5 
18.81 485 2.4 8.7 
2381 6.14 14 51 

28.83 744 1.3 4.7 

Specimens D3 and D4 compared with that of Specimens Dl and D2 due to the pro-

nounced participation of the concentrated transverse reinforcement. Figure 5.2 shows 

a typical shape of the deformed coupling slab at failure of Specimen D2, indicating the 

severe disturbances in the vicinity of the wall toe regions. The 35x50 gr:dded surface 

plot shown in Figure 5.2 was generated from the 14 dial gauge and 16 LVDT readings 

shown in Figure 3.16, using the PLOTCALLt computer program and assuming surface 

symmetry about the centerline of the shear walls. 

5.4 Steel StraÎlls 

Most of the top longitudinal reinforcement in Specimens Dl and D2 yielded at 

deformations corresponding to ductility levels of ft = 1.0 and ft = 1.3, respectively, 

while the bot tom reinforcement yielded at ductility ratios neaf 2 in both specimens. 

t PLOTCALL is a. commercial computer software by Golden Software for prad ucing topographlcal contours and 

surface plots. 
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Figure 5.2 Deformed Shape of Coupling Slab at Failure (Specimen D2). 

This yielding was more prominent within a width of 375 mm from the shear wall with 

the strains in this strip being considerably larger (about twice) than the strain in the 

bars outside this region. An examination of the strams in the longitudinal reinforcemcnt 

near the shear w~l1, along with the curvatures caused by the longitudinal di~placements, 

showed that the transfer of load to the wall occurred over a length of about 750 mm 

from the corridor centerline. Renee, it is recommended that for structural itlte~rity, the 

longitudinal sei smic reinforcement be continued up to a distance equal to two ~orridor 

widths from the corndor centedine. 

Strains in the conce.ntrated transverse reinforcement showp.d that significant yield

ing of these transverse reinforcement occurrecl up to 750 mm (about 36% of the entire 

slab width) from the shear wall centerline. The strain vana.tlon in the transverse direc-



t tion shown in Figures 4.47 and 4.51 clearly indicated that a stress reversaI was present 

aiong this band of concentrated transverse reinforcement. Significant localized defor-

mati on shown in Figure 5.2, within the regioll whereby the stress reversaI in Specimens 

D3 and D4 occured, also indicatcd that stress reversaI was present in Specimen D2 

despite the absence of concentl'ated transverse reinforcement. 

Strains in the vertical stirrup legs show that the stirrups yielded only after the 

yield lines had been fully developed. The strains in the inner legs of the stirrups 

were generally higher than those in the outer legs. Also, the inner and the outer legs 

of sorne stirrups in the vicinity of the wall toe and the corridor centerline exhibited 

yielding aftel' significant shear deformations in the slab had occurred. Therefore, the 

contribution of these stirrups ta resist vertical shcar must be ignored. This conclusion 

was a1so reached by Malyszko15 in his tests. However, as observed experimentally, these 

stirru ps should be provided to control damage and to confine the con crete at higher 

levels of displacements. 

5.5 Effective Slab Width 

One way of evaluating the cracked slab coupling stiffness is to express it in terms of 

an effective slab width. The relationship between the stiffness and the effective width 

can be determined by cansidering a fixed-ended beam subjected ta a relative vertical 

displacement ût each end as shown in Figure 5.3. 

The couple required to obtain this relative vertical displacement is 

where c = length of the beam 

E = modulus of elast.icity 

6 = relative vertical displacement 

l = moment of inertia for a rectangular section 
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Figure 5.3 Fixed-Ended Bearn Subjected to Relative Vertical Displacernent, A. 

_ btff h3 

- 12 
heU = effective slab width 

h = thickness of the bearn 

Thus, for the coupled-slab shear wall, the effective width can be expressed as: 

For the dimensions used in this study, Equation (5-3) results in 

V 
btff = 0.002318 x A 

(5-3) 

(5-4) 

The experirnental tangent stiffness values for the slab obtained at seleded load 

cycles are listed in Tables 5.6 to 5.9. The corresponding effective slab widths, calculated 

using Equation (5-4), are listed in Tables 5.10 tG 5.13. Aisa presented are the slab 

widths, taken as a percentage of the stirrup cage width (400 mm) which corresponds 

closely to the corridor width (387 mm). 

In order to relate these effective widths and the corresponding slab stiffnesses 

with the load-deflection response of the test specimens, lines LI through L5, with 

varying slopes representing different slab stiffnesses, were introduced in Figures 4.37 to 
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Table 5.10 Effective Slab Width for Specimen Dl. 

Relative Ductility % of Cage Width 
Displacement Ratio beff Stiffness 

(mm) (mm) 

091 023 643 16.1 

1.22 031 563 14.1 

2.85 074 47.0 117 

4.20 108 391 98 
6.09 l 57 30.5 7.6 

7.91 204 266 6.6 
958 247 21.2 5.3 

11.19 289 16.8 4.2 

Table 5.11 Effective Slab Width for Specimen D2. 

Relative Ductility % of Cage Width 
Displacement Ratio beff Stiffness 

(mm) (mm) 

1.34 0.35 64.9 16.2 

1.67 0.43 566 14.2 

5.01 1.29 338 8.5 

8.22 2.12 23.0 5.7 
Il.54 2.98 16.5 4.1 

14.89 384 12.0 3.0 

18.15 4.68 8.5 2.1 

Table 5.12 Effective SJab Width for Specimen D3. 

Relative Ductility % of Cage Width 
Displacement Ratio bel! Stiffness 

(mm) (mm) 

1 617 042 6307 158 
400 1 03 30 19 7.5 

445 1.15 3523 88 

12.30 3.17 17.no 4.2 
20.28 523 984 2.5 

28.13 726 5.74 1.4 

36.30 937 3.74 0.9 
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Table 5.14 Stiffness Vnluc:-, of Liw':-, LI to L5 U:-,('<I ill Fip,llll':-' 4.37 t.llIollp;h 4.40. 

% of % of 1<\111 
Line b'ff Cage Width Sinb Width Stiffness 

(mm) (" N /111111) 

LI 400 100 :W !oHi :W 

L2 100 2;' i, 21 57 
1,3 40 ID 2 M fI:1 

L4 20 5 4 :\1 

L5 8 2 0.4 J 7:1 

4.40. These sI ab stiffnes:·ws W('I'(' ('alclllat(~d uHin~ Eqllatioll (5-3), wlth tll(' 11I011H'Ut of 

inert.ia replaccd by the crack('d 1ll011!ellt of ilH'rtia takt-II to 1)(' GO% of th/' hOllItW'!H'ous 

uncracked moment of inertia of the sIal> havlIlp; aIl (·ff('('tiv(' wldth of b,./J:-

( 5-5) 

Table 5.14 summarizes the stiffness valups, which ml' slopf':-' of tlH' lillt's LI to L5 

based on Equation (5-5), and t}w a~~o<:jat('d df('ctiVt· width:-.. 
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CHAPTER 6 

SUMMARY AND COMPARISON 

WITH PREVIOUS WORK 

6.1 Comparison with Previous Work by Malyszko15 and Khan16 

6.1.1 Introduction 

Figure 6.1 depicts the three phase experimental program which is comprised of 

the work by Malyszko15 , Khan16 and the findings of this inv'~stigation. Phase 1 tests, 

performed and reported by Malyszko15 , comprised of the shear walls coupled by fiat 

slabs with vanous stirrup spacmgs, and are denoted as the S-series. Phase 2 tests 

were carried out by Khan16. Although he tested three specimens, only two specimens 

are discussed hcre be.ause Khan's16 first test was merely an extension of Malyszko's15 

work. Khan 16 used a narrow rectangular reinforced concrete beam with dimensions of 

100 x 83 mm acrOSR th(> corridor opening above the slab. Also included in his specimens 

were concealed transverse beams under the wall toe regions. These two specimens were 

denoted as the B-series. The primary difference between the B specimens was the 

flexural reinforcement content within the concealed transverse beam, with Specimen 

B2 having a larger reinforcernent content than Specimen BI. Finally, the tests on slabs 

with drop panel investlgated in this investigation constituted the Phase 3 tests. A brief 

summary of the experimental results for all three phase specimens is shown in Table 
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Figure 6.1 Details of Cou pIed Slab-Shear Wall Systems Investigated. 
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Table 6.1 Summary of Experimental Results of Phases 1, 2 and 3 Specimens. 

1 Specimen No. 
SI S2 S3 BI B2 Dl D2 D3 D4 

Central Longitudinal Cage (or Bearn) ReinforceIllent 
-Longitudinal Steel 1 84 1 84 1 84 1 94 1 94 1 01 101 1 01 1 01 
Top, Bottom, 0/0 
-YJeld Strellgth, MPa 214 214 205 270 270 274 274 280 280 
-Stlrrup Spacmg, mm 41) 23 60 60 23 41 41 41 
-Yleld Strength, MPa 234 243 250 250 190 190 190 190 

Transverse Reinforcement or ReinforceIllent in Concealed Bearn 
-Mam RelOforcement :107 T 407T 

307 B 407B 0.95 0.53 132 158 
-Yield Strengt.h, MPa 204 8 2143 2136 270 270 274 274 280 280 
-Stlrrup Spacmg, mm 33 33 
-Yleld Strength, MPa 250 250 

Beam Stem or Drop 
Panel Geometry, mm 10Ox83 100x83 450x33 450x33 450x33 450x33 

Concrete Strength, MPa 37 37 364 39 39 37 35 40 40 
SpeCImen Strength, kN 

At p. = 3 428 43.6 434 84 0 92.2 57.4 661 894 1061 
At p. = 5 41 5 371 383 75.0 74.4 74.3 775 858 105 1 

Experimental Ultlmate 
Strength, kN 428 436 434 84 0 92.2 862 84.6 86.8 lO:il 
(Corrected to f~ = 35 MPa) 

Theoretlcal Ullllnate 
Strength, (Y Jeld Lille 468 468 468 705 70.5 84.8 861 871 87 1 
Theory), kN 

Theoretlcal Punchlllg 39.2 395 395 N.A NA. 89.5 80.2 857 857 
Shear Strength, kN 

Initial Sttffness, I-N/mm 12.55 1270 1214 160 16.8 276 26 1 25.0 275 
Stlffness (1-' -= 3), kN/mm 491 257 325 60 68 137 14.6 6.2 56 

Mode of Fallure FY.L FYL FYL F Y.L. F.Y L. FYL F Y L. FY L. F Y.L. 
PS PS P.S 5S S S. PS PS PS PS 

NA. Not Applicable 

F.Y.L Flexure. Yleld Lmes 
P.S. Punchmg Shear 
S.S Shding Shear at Slab-Beam Interface 

T. Top 
B. Bottom 

6.1. 

6.1.2 Strength and Stiffness Degradation 

Specimen SI forms the basis of eomparison for aU specimen results since it repre-

sents the structurallayout mostly used in practice at present. The results in Table 6.1 
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show that the strengths and stiffnesses of the slabs with drop panel were, in general, 

a little more than twice those of the specimens without drop panel. The stiffnesses of 

the slabs with drop panel were also 56% higher than those of specimens with beams 

while the strengths of the Phase 2 and Phase 3 specimens were generally of the same 

magnitude. Figure 6.2 shows the stiffness variation with relative wall displacements for 

aH 9 specimens. It is obvious from thIS figure that the slabs with drop panel (SpecImens 

Dl, D2, D3 and D4) have higher stiffllcsses than Phase 1 and Phase 2 specimens, with 

stiffness values of more than 10% of their initial stiffnesscs at a modcraü> relative wall 

displacement of about. 12 Illlll (11, ;::- 3) However, the ~lope~ of the graph in Figure 6.2 

also indicate that the ~labs \Vith dl op pand, showinl!, stt'cper stopes, bave a higher rate 

of stiffness degrarlatioll Ah obscrvcd by Taylor 14 , the stiffness of the various specimens 

decreased significantly as cycles of increasmg dis placements were imposed. At ductility 

ratios near 3, the observed average stiffnesses of the specimens wIthout drop panel was 

about 0.35 of the uncracked stiffness while those of the specimens wIth drop panel& 

was about 0.25 of the uncracked stiffncfis. The Rtiffnesses of Specimens il 1 and B2 

decreased drastically during the inelastic cycles because of the horizontal "liding shear 

damage in the shallow beams during the reversed dIsplacement cycles. The ultimate 

deformations obscrved in Phase 2 specimenR were about half those observcd in the 

specimens with drop paneb in Phase 3. For lig;ht earthquakcs, the süffness variation 

response of coupled slab-shear wall systeIl1~ with drop panch:. wa" more favorable than 

those using Harrow bl'HmS ano"s corridor openings. For hcavy earthquakes. the use of 

narrow beams across COI rIdOI" opemng::, sllould be avoided bf>caw,f' of sevele dlstrf's::, at 

the beam-slab mtersection that caused sliding shear failures III the Pha~e 2 sIwcimcns. 

Slabs with or without drop panels, however, provide approximately 10% of the InItial 

stiffness values during heavy earthquakes (Il 2:: 6). Berause of the ea..<,e of construction 

over the narrow heam system, the use of drop panel is recommended where high mitial 

stiffness is required 
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.. .. The variatioIls of strength with relatiw wa.ll displacC'lll('nts fOI aH llillI' SP('Cilll('Il~ 

were also plottt'd and (\l(' ~h()wll il1 FI~lIl1' (j.3. Pro\'i~ioll of n :,hnllO\\' IH'ILIIl 01 Il drop 

factor of2 O\'('I' thttt ofSp('cillll'lI S1.I'.\((·pt fOI SP(,C1IJl('11 Do! wl}('I(' illIlllI'II'êl:-.c' of l·W% 

in strellgth 0\,('1' tbat of Spl'CIII il'll SI \\'a~ oh"'('1 \'cd Ali ~lah.., \\'lt li dl op jlélild ('xili!>ltl'.! 

average stlt'Ilgths of GS% GO~ of tlH'1I ultllllalt· ~ln'lI~th~ al lllgill'i (h~pla(,(,llH'llt Ir·\,(,ls 

(,l ~ ï) alld di~piay('d a 1ll11ch ~llIallt't tHt/' of !->treIlp;th dd('l1<llatl()ll al 1lIlt·llIwdiat.(· 

displacCllH'Ilt 1(,\'1'1~ (3 :s: l' :s G) a:-. (,()Illpalt'd Wlt h ~P('('illl(,l1~ \\'It II !->ludlow I)('alll (PIHl.'i(' 

2 specimcll:-'), wlllch exlllblkd ail m't'la).!;(' :-.tl('lI~tl! of 0111)' 20 tX al 111,..,11('1 di:-')lJllC(·IIH'I1t.~ 

üL 2: 7) 

6.1.3 Ultimate Strengths 

The punching !-'lwar :..t 1 ('Ilgt b:.. of 5p('clIIH'ns S 1, 52, IlIld S3 W('1I' calcl\lah'd UhlI1/Z; 

Equat.ion (ti-l) (:-'('(' Tal,k G 1), alld thl' l(':-,ult:-. ~h()w(·d that tlw~p th"(lIl'llca\ plllldliu).!; 

shear strcll~th~ a~l('{·d lI'a~()JlHbly wl'!l wlth f'XI)('lillwlltalllltilllalt' :-.tll·IIf.!;lh" ()b~('rvl,d 

monotonintlly illïlf'a:-'lllf!; lOild:- Ilultl faJ!\l[(' Tllf' pl (':-'('U('(' of tilt' COI1('('lIt li\t('d tléUlh-

verse reiIlforCf'IlH'lIt lwar the wall t(J(' If'~J(Jll~ 11'~lllt(·d illllli IItl)HO\'('c\ Joad di:-.tlilllitloll 

near the wall tOI' lqZ;ioll, ba~lcally d,1f' to Il\(' Joad tlilw,f,,! li)' ttaII"'\'/'!:-'{' flcxlll(' mHI 

dowd action, in addltioIl to lIJ('n·a~(·d :-.Ilf'ar fnctioll al tll!' narb II ('ail \)(' llotl'd 

from Tabk G 1 (hat tlH' plllH bill)!, :..Iwal ..,tIf'llp;t il pP·dlctloll fOI Sp('('ltlWIl 1).1 u~illp., 

EqUHt.IOII (G-1) l~ qlllt(· (OU"'('l \'atl\'(' Ir 1'" 1('(,OllllIl/,wj('d that IIHIl"\,('!:-./' 1/'lllfOIC('IIH'ut 

b(· pnJV1<h,d 111 ail ..,la\'-~Ij('al wall "'y~lf'IIJ'" 111 tli/' nl'lIllty of tllf' ~lll'aI wall lOf'. \\'}lJI(, 

mendec! that till" ('OI!('('lItratf'd tUllIW('I:-'(' l'!'ll1fOl(,f'IlH'111 latl!) ..,bonlr! I101 \)(' !(':-':-' thall 
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Figure 6.3 Variation of Coupled Slab-Shear Wall System Strength with Relative 
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a reinforcement used in Specimf'1l D4. 

6.2 Effective Slab Width 

An important plllameter relat(,d to the d('sign of sla.bs as couplinp; ll1C'llll)('rs is tilt' 

concept of cffectiv(' width. befJ . TIll' implt'lllt'lltatioll of aIl j·fft·ctive width of titi' sllli. 

allows the cnginccr Ilot only to d('~ip;ll the appropliatl' :-Iah n·illfOl'('(·lIlt·llt, hllt also t,o 

enable tl}(' engint'cr to gxasp tIlt' t'xtellt of tht' !-Ilal> participat.ion ill t.h(· dist.r ihlltÎOll of 

the load. 

Qad(·er and Stafford Smith; pn·!-I('lltl·d llo11-dillH'IlSlOllal p;raph~ (S('(' FÎp;uf(' 1.3) 

flOlll the r('~ult~ of tlwll fillik c1itf('! ('11<'(' aualysis Oll COllplt'd ~lah-~h('éU' wall sy:-.tl'1l1:-' for 

cvaluating tll!' ~tifrIH'~:-' al1<l tll<' dl('ctivt' witltli of tlw ('()uplinp, ~Ia"s DaM'cl ou t.lll'il 

reCOlllIllcndatioll:-', t Ill' pal Hm<'l('r:-. 1 ('<{\lIr('<! for t.lw dl't.('rmillal.!oll of t.ht, <,m'ctiv(' slah 

width of the mode! struct t1I ('!-, III thi:-. illv('~tigatÎoll would he 

y = 2067 mm 

C =0.0 

L = 387 mm 

x = 3053 mm 

Thus, the appropriat(' 1l()Il-diHj('n~i()llal paraIllpt.('rs wmùd lw 

c 
- =0 
X 
Y 
X = 0.68 

L 
X = 0.13 

Using Figun' 1.3a. tll(' ratio of Ill<' ('ff('rti\'(' width of the slab to tll(' width of th{' hay, 

~~ , is 0.14. HeIlc:-e, thp corre!>polldmg f~fff·rti\'(· width of the hla}, according to Qadcer 
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and Stafford Smith 7 is 

Ye = 0.14 x 2067 mm 

= 289 mm 

which is 72% of the stirrup cage width or 75% of the corridor width. 

Schwaighofer and Collins1 observed from Szalwinski 'S13 experimental and analyt

ical work on a cou pIed slab-shear wall system loaded monotonically until failure that 

the theoreticai stiffness calculated using an "effective width" of the slab equal to half 

of the corridor width (c) and the gross concrete section agreed well with the initial 

slope of the load-deformatioll curve. To calculate the stiffness of the cracked cou pIed 

system, they suggested that the gross second moment of area of the slab section (ef

fective width = te), I g , be replaced by the second moment of area of the cracked 

cross-sectional area, 1er. 

12 
beff = d31er (6-1) 

To account for the severe cracking at the wall toe region at later test stages, they 

suggested increasing the span from c to (e + t) where t is the thickness of the wall. 

Replacing c in Equation (5-2) with (c + t) and l with Icn the stiffness of the coupling 

slab can be expressed as 

V 12E1cr 
6 = (c + t)3 (6-2) 

Renee, using Equation (5-3) and replacing the thickness of the coupling member, h, by 

the effective depth of the slab, d, the resulting effective slab width of the slab is 

c3 V 
beff = Ed3 X 6 

__ c_ 12
1 ( )

3 

- c + t d3 cr (6-3) 
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Figure 6.4 Taylor's Unit 2 Force-Displacement Characteristics (ref 14). 

Paulay and Taylor13 presented load-deformatioll characteristics of their test speci-

mens which included three lines (Lines LI, L2 and L3) in their graphs - two representing 

the stiffness of an uncracked coupling slab with widths equal to O.5c amI O.2c, and the 

third stiffness based on the second moment of the steel é\rca aIone, 131 , within the stir-

rup cage, neglecting the con crete (Figure 6.4). The effective width bascd on I~t can be 

expressed as 

(6-4) 

Sza1winski13 reported from his experimental study ,and elastic finite element anal

ysis effective widths of O.68c and 1.58c, respectively. Taylor'! compared his test results 

with those of Szalwinski '513 and suggested that the initial couplillg slab stiffness be 

calculated based on an uncracked section (gross) with a width equal to 20% of the 

stirrup cage width. 
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Table 6.2 Equivalent Effective Widths of Model Structure Suggesteù by Various 
Investigators. 

Investigators Effective Width 
(mm) 

Barnard and SchwRIghofer6 2065 
Tso and Mahmoud28 413 
Black et a/Il 366 

Wong and Cou1l29 342 

Qadeer and Stafford Smith 7 289 
Schwalghofer and Colllns1 - bef! = O.5c 193 

Szalwinskt13 - beJJ = 1 58c 611 

Szalwlns\..113 - beJJ = 0 68c 263 

PauJay and Taylor3 
- bell = 0 5c 193 

Paulay and Taylor3 - bell = 0.2c 80 

TayJor14 - beff = 0 2c 80 

Using the charts anù bugg~sti()ns of the following investigators, the values of the 

effective coupling slab widths participating in the lateral stiffness of the system used 

in this investigation were calculated and are shawn in Table 6.2. 

The equivalent value~ of the effective coupling ~lab widths participating in the 

lateral stiffness of the system based on the second moment of area of the cracked cross

section al area (1er) as suggested by Schwaighofer and Collins1 and based on the second 

moment of the ~teel area alone (lS/) as suggested by Pa\ùay anù Taylor1 were also 

computed, using the dimensions of Phase 1 and Phase 3 model dîmensions. The values 

of the second moment of area of the cracked concrete section, based on a slab width of 

0.5 x the corridor width fol' Phase 1 and Phase 3 specimens, ale 1er:::;; 1.482 X 106 mm4 

and 1er = 5.21 ï X 106 mm4 , respectively. The values of the second moment of area of 

the seismic longltudinal reinforcement within the stirrup cage for Phase 1 and Phase 

3 specimens arc Ist ::::: 1.56 x 106 mm4 and 161 = 7.299 X 106 mm4, respectively. The 

values of tlw effecti ve widths thus computed are tabulated in Table 6.3. 

The calculated values of beJJ for Phase 1 specimens, reported by Malyszko15 , and 

for Phase 3 specimens, tested in this investigation, are shown in Table 6.4. 

It can be concluderl that aU of the elastic analysis methods overestimate th~ stiff-
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Table 6.3 Effective Widths of Phase 1 and Phase 3 Specimens Based on 1er and l.t. 

Equivalent Effective Width (mm) 
Phase 1 Specimens Phase 3 Specimens 

Schwaighofer and Collins': 
12 

(1) bel! == d31er 

( 
C ) 3 12 

(11) bel! = c + t d3lcr 

Paulay and Taylor13 : 

12 
bel! == d:ll.t 

151 1136 

83.2 62.6 

159 159 

Table 6.4 Calculated Effectivp Widths of Phase 1 and Phase 3 Specimens Based on 
Experimental Results. 

Phase Specimen Effective Width 

SI bel! == 96 0 mm = 0 25e 
1 S2 bel! == 97 2 mm = 0 25e 

S3 bel! == 92 9 mm = ü 'He 

Dl befJ == 64 3rnm = 0 I6e 

3 02 bel! == 64 9 mm == 0 16e 

03 befJ == 63 07 mm == 0 l6e 

04 bel! == 65 75mm = 016e 

ness of the coupled slab-shear wall system. The calculated stiffnesses, using a coupling 

slab width equal to 0.5 x the corridor width, also overestimat.e the initial stiffness of 

the coupled slab-shear wall sybtem without drop panels by a factor of about 2 and the 

initial stiffness of the cou pIed slab-hhear wall system with drop panels by a factor of 

about 3. Despite thE' use of 1er 111 place of Ig and a slab width of O.5c for calculating the 

1er, the ini tial stiffness as proposed hy Schwaighofer and Collins} aiso oveI estimates the 

initial stiffness of tll(' coupled slah-shf'a,r wall system without drop panels by a factor of 

1.6 and tlw initial l',tiffnel',h of tlH' coupl('d slab-shear wall system with drop panels by 

a factor of 1. 75 WhCll tlH' lllOl(' htrillgellt evaluatlOIl of stiffrH~bs hy Schwaig,hofer and 

Collins), wherc thp spall Wélh lllcrcased from c to (c + t), lh employed, the calculated 

equivalent effective coupling slab wldth Il', hlightly conserva,tive in companson with the 

observed initial stiffncSh of the coupled slab-shear wall system without drop panels and 
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is in good agreement with the observed initial stiffness of the coupled slab-shear wall 

system with drop panels. Taylor's14 suggestion of using an effective slab width equai 

to 0.2 of the stirrup cage width yields a value of 80 mm, which is slightly conserva

tive for the coupled slab-shear wall system without drop panels. Paulay and Taylor's3 

recommendatioll for evaluating the imtial stiffness based on the spcond I1!oment of the 

steel area alone within th!:' stlrrup cage yields an equivalent effectivc wldth of 159 mm 

for the coupled slab-shear wall system \VIth and wlthont drop panels. 

Although the provIsion of 11 dIOp panel increases the strength and stiffness consider

ably (by more thall a factoI of 2), the relative value of the effective slab width decreases. 

More experimental and analytical rf'search is needed in this area. However, it is sug

gested that, for the evaluation of the lateral stiffne~s of the cou pIed slao-shear wall 

system, Equatioll {G-3) be used to calculate the effective width of the couplîng, slab and 

that the values computed shoulù not exceed te for coupling slabs without drop panels 

and 352 e for coupling slabs wlth drop panels (drop panel df'pth = ~ slab thickness). 

As observed by Taylor14 , Szalwinski13 and !\'lalyszkoI5
, aB of the specimens in 

the present investigatlOll cxhibiteù conSIderable deterioratlOH of stlffness as mcreasing 

levels of displacements were imposed on the system. The stiffness near the ultimate 

load was less than 13% of the mitial stifflless for Specimens D2, D3 and D4 Specimen 

Dl had a stiffnes~ of 2G% of the lIlitial stiffness at the end of the test because the test 

was stopped prernaturdy due to the malfunctioning of the Optilog, data acquisition 

system. 

Based on the findings of this investigation and those of Malyszko15
, Paulay and 

Taylor3 and Szalwinski 13, it Ü, sugg,ested that the following values be used ta evaluate 

the stiffness of coupled slab-shear wall systems reinforced with closed stirrups in the 

slab subjected ta lateralloads caused by earthquakes. 

Stiffness of a slab-shear wall sy~tem ~ubjected to light earthquakes: 

without drop panel - (0.35 of the initial stiffness) 
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- with drop panel- (0.25 of the initial stiffness) 

Stiffness of a slab-shear wall system subjected ta moderate and heavy earthquakes: 

- with and without drop panel (0.1 of the initial stiffllCSS) 

6.3 Summary 

The experimental results of this investigation and that of Malyszko15 and Khan16 

can now be summanzcd III the following sections. 

6.3.1 Ultimate Strengths 

The ultllnate streIlgth of the specimens can be predicted reasonably accurately 

using the yield li ne theory. Cycling the load at a given displû.cement caused progressive 

strength deterioration because of accumulated damage as a result of the repeated and 

reversed shear displacementh. 

Provision of shallow beams 1ll Phase 2 specimens increased the ultimate strength 

by a factor of about 2 Provision of drop panels aiso resulted in a strength increase by 

a factor of more than 2 in aU of the specimens tested in this investigation. Specimens 

Dl and 02 had no concentrated transverse reinforcemenL The' Specimen D4, with 

1.58% concentrated transverse remforcement ratio (this includes the horizontal legs of 

the stirrups), showed a 140% incrcase in strength over Malyszko's15 Specimen SI which 

did not have a drop panel OI stin ups 

The test specimens in tlllh investlgation exhibited strengths of 55%-ûO% of their 

ultimate strengths nt lllp;hcr displacements levch, (p. ~ 7) and displayed a much smallcr 

rate of strength deterioratioll at interrnediate displacemellt levels (3 ~ Ji. ~ 6) as 

compared with Khan 'SIG specunens wlth shallow beams, which exhibitcd an average 

strength of only 20% of their ultirnate strengths at higher displacemcnts levcls (J.l 2: 7). 

Therefore, it i~ recommended that concentratcd transverse reinforcement be provided 

in aU slab-shear wall systems in the vicinity of the shear wall toc, as shown in Figure 
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6.5. White more research is needed in this area to develop quantitative relationshlps, 

it is recommended that this concentrated reinforcement ratio should not be less than 

0.79% (this does not mclude the stirrups pl'ovided). This will help with an improved 

distribution of loads due ta transverse flexure, increased dowel action and augmented 

shear friction at the cracks due to the additional damping action. 

6.3.2 Crack Propagation 

Fewer and wider cracks were observed for the slab with no stirrups than in the 

slabs with stirrups. The cracks propagated and widened after sorne additional load 

cycles. These cracks wcre more distributed and much smaller in width as increased 

amount of transverse reinforcement near the wall toes was used. 

The crack patterns observed were similar in aH cases and can be assumed ta Dccur 

in stages, as shawn in Figure 5.1 

6.3.3 Stirrup Performance 

Provision of stirrups around sorne of the longitudinal reinforcement did not im

prove the ultimate strength significantly. However, it did help with the control of the 

f:ttc of damage near the wall toe region and the punching shear failure that occurred 

aftel' formation of the yield lines. Provision of stirrups caused a significant delay 1Il this 

damage and the sub!>equent punching shear failures. lt was shown by Malyszko15 that 

stirrups spaced at spacings of d (the slab effective depth) in Specimen S2 were not as 

effective af-> the ~tIITllpf-, spaced at spaclllgf-> of td 1Il Specimen 53. The horizontalleg& 

were effective in dlstributing the load due to flexural and dowel actions and augmenta

tion of the shear fflction phenamenon due to their clarnping action. The vertical legs 

of the stlrrups were not. as effective in resisting the vertical shear transferred to the 

shear wall resulting from the moments along the yleld lines. Thus, the main function 

of the stirrups was in the basic control of the cracking damage and in the delay of the 
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punching shear failure. Therefore, it is recommended that four-legged closed stirrups 

with total width equal ta the corridor width be used at a spacing of td along the entire 

corridor width and up to a distance of two corridor widths from the corridor centerline. 

6.3.4 Stiffness 

The observed stiffness of the various specimens tested in this investigation and 

by Malyszko15 , Khan 16 and Taylor14 decreased significantly as cycles of increasing 

displacements were imposed. The initml stiffnesses of the specimens with drop panels 

were a little more than tW1Ct' thosf' of Phase 1 specimens wlthout drop panels, with 

an average value of 2G G kN /mm but the relative value of the effective slab width 

decreased by a factor of 0.68. The provision of concentrat.ed transverse reinforcement 

decreases the rate of stiffness degradation. At a displacement level of 11 mm (fi = 2.84), 

the stiffnesses of Specimens Dl and D2, which had transverse reinforcement ratios of 

0.95% and 0.55%, respectively, (contributed by the horizontal legs of the stirrups) 

were about 15% of their initIal stiffnesses while the stlffnesses of Specimens D3 and D4, 

which had transverse rcinforcement ratios of 1.32% and l.58% (including the horizontal 

legs of the stlI'rups), respectively, were about 23% and 19% of their initia'! stiffness 

values, respectivcly. At ductility 1 atlOs of about 3, the observed average stiffnesses of 

Malyszko's15 specimells without drop panels was about 0.35 of the uncracked stiffness, 

while that of the specimens tested 1Il this investigation with drop panels was about 0.25 

of the uncracked stIfflless 

6.3.5 Longitudinal Strains 

AU of the longItudinal reinforcement in the slabs yielded at higher levels of relative 

displacements (Ji ~ 2). However, the strain in the longitudinal reinforcement near the 

wall were much higher than the corresponding strains near the free slab edge. This 

relationship also prevailed at lower displacements, showing a concentration of higher 
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strains and, therefore, a more effective load transfer over a width equal to 0.9 x the 

corridor width, on each side of the shear wall œnterline. 

6.3.6 Displacement Profiles 

The deflection plOfiles ln th(' longitudinal direction show that the curvatures devel

oped in the slab decreased gradually down to very small values at a distance of about 

two corridor lengths from the corridor centerline, beyond which these curvatures and 

the associated load transfer werc minimal at aIl loading stages. 

Based on these displacement profiles and the longitudinal strains, it is recom-

mended that the special longitud1l1ul sei~mic reinforccment be provided over a rectan-

gular area, two corrtùor lcngths by four corridor lcngths centered about the centerlines 

of the shear walls and the corridor (see Figure 6.5). 

6.3.7 Punching Shear Strength 

The nominal punching shear stress, V n 
v 

- 3d( t + d) (Equation (5-1)), based on 

observaticn of the crack pattern in aU Phase 1, Phase 2 and Phase 3 specimens 

tested under reversed , cyclic loads, is exactly the same as the expression proposed by 

Schwaighofer and Collins1 , which "vas based on their test on one coupled slab-shear wall 

system subjected to monotonically increasing loads until failure 

The punching shcar strength prediction using Equation (5-1) agreed with the ex

perimental data from Malyszko\;15 specimens and Specimens Dl, D2 and D3 of this 

investIgatIOn, as~umlllg 1'11 = O.33y71 MPa. AIl of the calculated pUIlching shear 

strengths, using; Equatloll (5-1), weI<' slightly on the conservatlvc side. 

The presence of concentratcd transverse reinforcernent. near the wall toc regions 

resulted in an improved load distribution, basically due ta the load transfer by trans-

verse flexure and dowel actioll, Hl addition to lllcreased shear friction at the cracks. It 

can be noted from Table 6.1 that Equation (5-1) results in fairly conservative punching 
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shear strength prediction for Specimen D4, which had a transverse reinforcement ratio 

of 1.58%. However, Specimen D3, which had a transverse reinforcement ratio of 1.32%, 

did not show as much deviation (5.5%) in punching shear strength from that predicted 

by Equation (5-1) as did Specimen D4 (20.3%). More experimental and analytical 

research is needed in this area. 
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CHAPTER 7 

RECOMMENDATIONS AND CONCLUSIONS 

7.1 Design Recommendations 

The following tentative design recommenclations can be formulated from the find

ings of this and other previous investigations on coupled slab-shear wall systems at 

McGill University: 

1. Provision of closed stirrups, preferably 4-1egged (overall width equal to the corridor 

width) at a spacing of td to contain part of the longitudinal seismic reinforcement. 

2. Provision of additionallongitudinal sei smic reinforcement in a plan area, two cor

ridor lengths by four corridor lengths (Figure 6.5), calculated according to the 

needs. 

3. Provision of concentrated transverse reinforcement ratio of at lcast 0.8% near the 

wall toe regions (sec Figure 6.5) for improved load transfer through transverse 

flexure, increased dowel action, and augmented shear friction at the cracks due to 

the clamping action of the stinups. These concentrated transverse reinforcement 

should extelld at least 40% of the bay width on either side of the shear wall 

centerline and should also extelld no less than the width of the corridor opening 

on either side of the shear wall centerlïne. 

4. Fbr buildings in areas which cap be subjected to moderate or heavy earthquakes, 

it i8 recommended that a drop panel, projecting lh to ~h below the slab, where 
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Figure 7.1 Critical Section for Punching Shear Around the Wall Toe. 

h = overall slab thickness, be used with reinforcement details as in (1) above. 

5. Shallow beams should not be used until adequate ductility and damage control 

provisions can be provided with confidence. The shallow beams in Khan's spec

imens displayed considerable damage in the beam stem and much less cracking 

damage in the slab. Also, the rate of deterioration of strength and stiffness with 

increasing deformations was quite drastic. More research is needed in this area. 

6. The slab punching shear strength at the wall toe region can be estimated conser-

vatively using Equation (5-1). The critical section of the slab at the wall toes due 

to punching shear can be taken as the perimeter around the wall toes at a distance 

of !d from the wall faces and extending a distance of (t + !d) behind the wall toe 

(Figure 7.1). 

7. AIl of the available elastic analysis methods overestirnate the stiffness of the coupled 

slab-shear wall systems. Based on the findings of this and other investigations, it is 

suggested that to calculate the initiallateral stiffness of the cou pIed slab-shear wall 

systems subjected to lateralloads, Equation (6-3) should be used to compute an 
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• .. effective slab width but that the value computed should not exceed ~c for coupling 

slabs without drop panels and ;2 c for coupling slabs with drop panels. The stiffness 

of eoupled slab-sht'ar wall systems subjected to light or heavy earthquakes can be 

estimated using the following values: 

(a) Stiffness of a coupled slab-shear wall system subjected to light earthquakes 

(ductili ty ratio 11 ~ 3) 

- without drop panels - (0.35 of the initial stiffness) 

- with drop panels - (0.25 of the initial stiffness) 

(b) Stiffness of a coupled slab-shear wall system subjected ta heavy earthquakes 

(ductili ty ratio Jl ::: 6) 

- with or without panels - (0.1 of the initial stiffness) 

The latter value can bl:' so small that the slab coupling cffect can be ignored for 

heavy earthquakes. FOI moderate earthquakes, the stiffness of the cou pIed slab-

shear wall system may be interpolated between the above two limits. 

7.2 Conclusions 

The response of slab coupling with drop panels in coupled slab-shear wall structures 

was investigated in this experimental investigation. The tests were performed on four k
seale reinforced concrete models of co,lpled slab-shear wall assemblies. Various stirrup 

arrangements and conccntrated transverse reinforcement layout::; were utilizcd and the 

test specimens were subjected to progressively increasing displacement cycles uuder 

reversed cyclic loading conditions. The results of this investigation are compared with 

those of Malyszkol5
, Khall 16 and Taylor14 and the following conclusions are drawn: 

• The provision of drop panels increases the strength and initial stiffness of the 

couplmg slab system by factor of about two . 

• Improved damage control and prevention of rapid deterioration of strength and 

stiffness can be achiei'ed from the provision of a drop panel than from the provision 
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of a shallow beam . 

• The ultimate flexural strength of the coupling slab can be predicted with reasonable 

accu.taey by the yield li ne method of analysis. 

• Punching shear failure of the slab can not be entirely eliminated with the provision 

of the drop panel but can be delayed when stirrups and concentrated band of 

transverse reinforcement un der the shear wall toes are included. 

• The punching shear strength of the slab near the wall toe regions can be conser-

vatively predicted using Equation (5-1) ; 

v 
v -----

n - 3d(t + d) 

• The stirrups provided within the drop panel region of the slab act not as much 

in resisting the applied shear force but rather as a clamping mechanism for the 

concrete under the wall toc regions which underwent severe shearing deformations. 

• The transverse reinforcement aided in delaying the punching shear failure, in dis-

tributing the forces ta the slab further away from the shear wall centerline and in 

providing dowel action near the wall toe region where punching shear deformation 

was prominent. 

• AH four specimens exhibited rapid strf'ngth and stiffness degradation at high dis

placement levels (displacement ductility ratio, Il > 3). 

• AH of the available elastic analysis methods overestimate the initial stiffness of the 

cou pIed slah-shear wall systems. However, a more stringellt evaluation of the initial 

stiffness, using the second moment of cracked cross-sectional area of concrete and a 

span equivalent to the sum of the corridor width and the wall thickness, show good 

agreement with the observed initial stiffness of an four specimens tested. Typically, 

the effedive width of the slab is about 16% of the corridor opening for coupling 
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slabs with drop panels and is about 25% of the corridor opening for coupling slabs 

without any drop panel. 

RecommendatiollS for Future Research 

There are many questions nrising from this investigation, which merit further con

sideration in future research in this area. 

The strength and stiffness degradation cha.racteristics investigated thus far had 

been mainly qualitative. M0l'e research is necessary to e::itahlish quulltitatively as to 

how these characteristics can he ac('urately asscssed. So far, th<' mi tial stiffness and 

the stiffness nt failure nm be conscrvatively prcdictcd. Ho\\'cvcr, in aIl Hllalysis, the 

degradatiol1 of the stifflless withill these two limits is au illteg,ral part of producillg the 

correct response of a structure. Research in this arca could he in the form of developing 

finite element computer modcls using the fesults of this and otlH'f investigations. 

The damage of the slab near the wall toc regions duc to p\ll1.hlllg ~hcar lms yet to 

be eliminated witbollt the usc of a shallow hemn. Althollgh ÎmprovclllCllt in damage 

control was indicated with the provision of con(,clltrated tlanSWrS(' lClllforeell1ent near 

the affected reg,iolls in the slab, the mechrUlism of punching ~h('ar of the slah by the walls 

at the wall toc rcgiolls llecds t,o closely eXHmiued. AlUlOUgh ~()1IH' cIllpirical equ:=tt.ions 

were established in this and othcr invcf-ltig,ations, thcse cquatiolls cau Ilot gencrally he 

used for various slab roupling syf>t,Cl1lS with f-lpecial provif-liOllf-l. TIcscill'ch in this aren. 

would involvc experimclltal invcstigatioll as \\'('11 as mwlytical work (,()lleelltra.ting on 

this fundamental punching Sh0(\1' phenolllenoll alOll('. This will 1 ('(lltire thc l!:>olution of 

the wall and slah regiOllf-l ncar the wall tocs for the Rtu(ly. The dfccts of dowd action, 

aggregatc interlock, clamping Hction of the rC'illforccmcnt, sh<',lr frictiOl. and the extcllt 

of punching action would be the basic pa1'amders involved iu the i-.tudy. 

Although a clcpth of th waR used in this investigation for the drop panel, the re

sponse of the slab with various drop panel depths may he studicd. SUllilarly the choice 
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of the width of the drop panel could also be examined. Generally, the dimensions of 

these drop pands are largely governed by the size of the stirrup cage. The reC0111-

mendations for the size of the stirrup cage presented was mamly to ensure a similar 

response to that obseryed 1ll this illvestigation HOW('Wf, wlth lllOle C'xpelimental and 

analytical research iuvolvill!1, varyin~ drop panel and stlrrup cage gf'ometry, quantita

tive relationslllps can he estabbshed for the dirnew,ions of the dlOp panels and stirrup 

cages for each bpecifk couplillg sla.l>-shear wall system. 

Derecho et al. 22 had poin ted ou t that in developing, a design procedure for 

earthquake-reslstant stmctures, the information on demand as well as capacity must be 

obtained. In an experimental investIgatiün, the deg,ree to which the laboratory loading 

represents the conditions iDlpo~ed by an earthquake is an important consideration in 

correlating demand with capacity. In thi~ investip;ation slow prog,re~sively iucreasing 

displacement dllctilIty levels were ernployed for the testing of the specimens. During 

an actual eiirthquak(-l where rapicl reversaI of londs can OCCUl withm a pe11o<1 of about 

30 second~, vanous comhmatlOIls of ductility levels are possible thlOUghout the period 

of the earthquake. For each of the~e loading history, the response of the structure can 

be very different. Therefore, appropriate load history models must be developed in a 

laboratory testing, of structures under slowly reversing loads to slffiulate earthquake 

loading. A valid <:orrelation of the ellergy demand of the structure with its enel'gy

absorption capacüy lS po::.sible oIlly if tbe loading program lS comparable to, or more 

severe th<iIl, the loadmg that might reasonably he expected under earthquake excita

tion. An adequate characteI ization of demands would include parameters such as the 

maximum amplitude of deforrnation, the Humber of large-amplItude cycles relative to 

small ampiitude cycle5, and the assocmted maximum forces. 

Plain rectémgtdar shenr walls were used in this investigatIon Various other wall 

configuration with short projections at the inner wall edge, such as the T- and L-shaped 

walls, could be used to study the effects of these short projections on the behaviour 
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of the coupling slab. Figure 7.2 shows the several combinat ions of the shear wall 

configuration that can be used in a laboratory investigation on the coupling slab. 

Other research in the slab coupling of shear walls can involve the repair of the dam

aged slab after an earthquake, the evaluation of reserve strength and stiffness of the sys

tem during an earthquake, use of high-strength concrete for specifie regions of the slab 

where severe damage oceurs and df'velopment of appropriate computer models for the 

coupling slab using a non-linear fini te element analysis. 
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• :r~igure 7.2 Possible Wall Configurations for Future Studies . 
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