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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 -’5 scale reinforced concrete models
were tested under reversed cyclic loading with progressively increasing imposed dis-
placements. These specimens were identical in all respects except for variations in
the stirrup spacings and conceutrated transverse reinforcement near the wall toe. The
crack patterns, force-displacernent characteristics, reinforcement and concrete strains,
and displacement profiles are presented.

The results obtained were compared with the work by other researchers on plain
coupling slabs and coupling slabs with shallow beams. An improved response of the
coupling slab with drop panel was observed, compared with the other slab coupling
systems. The results also compared well with the theoretical strangth predictions using
the yield line theory and with the punching shear strength calculated using an empirical
equation derived based on the observed failure mechanisms. Evaluation of the effective
widths and the slab stiffuesses reveals the highly unconservative nature of the available
elastic analysis methods. Recomumendations for design of coupling slab members in

coupled slab-shear wall structures are presented.



RESUME

Cette theése présente le comportement de dalles jointe a des murs de cissaillement
avec panneaux. Quatre modéles & I'échelle 1 fait de béton armé furent testés sous leffet
de charge cyclique avec déformations imposées et amplitudes croissantes. Ces speci-
mens étatent identiques sauf pour l'espacement des étriers ot la quaatité d’armature
transversale a la base du mur. Les relations force-déplacement, les déformations du
béton et de I’armature, les profiles de déplacement, ainsi que la distribution des fissures
on été présentes.

Les résultats obtenus furent comparés aux études antérieures faites sur les dalles
jointe & des murs de cisaillement avec poitres peu profondes. Une réponse favorable des
dalles avec panneaux fut observée comparativement aux autres types de dalles jointes.
Les résultats se comparent bien aux prédictions théoriques du “yield line theory”, ainsi
que le calcul de la résistance au cissaillement utilisant des équations empiriques dérivées
des résultats expérimentaux. L'évaluation de la largeur réelle et de la rigidité de la dalle
démontre la sous-estimation des modéles élastiques disponibles. Des recommendations

sur le design de dalles jointe & 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 wind and earthquake forces. With increasing knowledge
of the inelastic behaviour of shear walls and coupled shear wall systems under lateral
loading, the erroneous notion that shear wall structures are inherently brittle, has been
dispelled. Their inherent economy, natural stiffness and inelastic behaviour?, along
with the ductility of properly detailed shear walls® has led to their wide acceptance
in high-rise buildings. In fact, in recent yecars, shear walls have been used not just in
high-rise buildings, but also in many low rise commercial buildings.

The simplest form of shear wall - a tall, single, solid cantilever as illustrated
in Figure 1.1a ~ is an excellent classroom exzmple 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 1.1b and 1.1c. 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 focus of this thesis is on thin coupling beams (Figure
1.1c) such as monolithic concrete floor slabs. The use of such elements is common

particularly in high-rise apartment buildings.
A well designed structure is expected to resist light to moderate earthquakes with

1
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Figure 1.1 Types of Earthquake-Resisting Shearwalls
(a) Cantilever Walls
(b) Two Walls Coupled by Beams
(¢) Two Walls Coupled by Floor Slabs.
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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” range*. The emphasis is on protection of essential elements such as
the shear walls and columns, against early damage and on provision for the dissipa-
tion of energy through large deformations in clements such as the coupling beams and
slabs, which can be repaired after the carthquake to restore the structure to serviceable
conditions.?!

The significant weakening of the structure resulting from piercing of cantilever
shear walls with one row of openings has led engineers and researchers into finding
ways of improving the effectiveness of the coupling member in participating in the
earthquake-1esisting actions®. In particular, for the extreme case of coupled shear
walls where the coupling member is so shallow, such as two walls coupled by floor slabs
only, as shown in Figure 1.1c, the ability of the slab to maintain sufficient strength
and stiffness, providing adequate ductility and exhibiting stable hysteretic response 1s
crucial. Provided that the hierarcl.y of faillure mechanisms of the slabs is such that a
majority of them will yield significantly before the development of plastic hinges at the
base of the walls, a very significant patt, if not all of the requized euergy dissipation can
take place in the coupling system, thereby protecting the walls against “early damage”3.

One desirable feature in a shear wall structure subjected to earthquake forces is
its hysterctic response - the ability of the structure to dissipate energy. For a single,
plain, solid cantilever shear wall, such energy dissipation takes place when inelastic
deformations caused by an overturning moment, M,, (Figure 1.1a) occur due to a
single plastic hinge in the bottom storeys of the wall. For a coupled shear wall, the
overturning moment, A, is resisted at the base of the coupled shear walls by moments
in each of the two walls, M; and M,, and by axial forces, T, forming a couple with a

significant internal lever arm [ as shown in Figures 1.1(b) and 1.1(¢). The equilibrium




of the forces at the base of the coupled structure leads to the equation :

My=M + M +IT (1-1)

The axial load, T, induced at any level in either of the walls is the sum of the shear forces
induced in the coupling beams situated above that level. The ability of the coupling
beams to dissipate part of the total energy of the coupled shear wall structure subjected
to lateral load, as shown in Figures 1.1(b) and 1.1{c), depends on the contribution of
these beams to the resistance of the overturning moment. The relative magnitudes
of resistance to the overturning 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 to the walls. These large axial forces form
the large coupling action, /7', for the beam coupled shear wall structure, as shown in
Figure 1.2, which become the major source of resistance and energy dissipation during
large seismic displacements. For a coupled slab-shear wall structure (Figure 1.1(c)),
relatively small axial forces in the walls can be induced due to the slab flexibility
relative to the walls and small potential strengths. Consequently the dissipation of
energy through internal couple formed by the induced axial forces in the walls will be
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 the base of the walls, as shown in Figure 1.1(c). However, during
an inelastic cyclic response, the relative proportions of the terms (M) + M, ) and IT
of the total resistance may change depending on the nature of stiffness and strength
degradation that may occur in various components 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
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Figure 1.2 Contribution of Internal Coupling 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 “actual” stiffness of the coupling member is greater
than its “design” stiffness. However, when the reverse is true, the moment can be
significantly underestimated®. It is therefore important for the designer to understand
the behaviour of coupled 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.
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‘ 1.2 Review of Previous Work

Despite the fact that much research work ~ both theoretical and experimental -
has been conducted on subjects related to shear wall structures, very little research
has been undertaken on the behaviour of coupling slab members in coupled slab-chear
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 Schwaighofer® conducted three tests on glzth-scale epoxy
models of 22-storey shear wall structures inter-connected with flocr slabs’. In compari-
son with Rosman’s theory, they found that their results compared well when the entire

bay width was considered as the effective slab width.

Qadeer and Stafford Smith? (1969) presented results for the bending stiffness of
slabs connecting shear walls based on finite difference analyses of an idealized elastic
plate. The results, presented graphically (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 (L/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, L/X, 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 (Y. /Y ) can be obtained. The non-dimensional stiffness number & can

" be used to compute the flexural rigidity of the slab, EI, using the expression:
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kDL3
El = m (1-2)
where %t = non-dimensional stiffness number
D = flexural rigidity of the slab
__ER
12(1 — »?)
L = clear span between the shear walls
W = larger cross-sectional dimension of the shear wall
h = thickness of the slab
¥ = poisson’s ratio

while the ratio Y, /Y can be used to compute the effective width of the slab, Y,. Close
comparison with the theoretical work was obtained from small scale model tests com-
prising two pin-based laterally loaded steel walls coupled with asbestos slab. They also
demonstrated that a fixed “angle of dispersion” can not be adapted for the calculation
of the slab stiffness.

During the same year, Chang® 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 recommended that the effective width of the slab
be one corridor width on either side of the walls and that the concentrated transverse
and longitudinal reinforcements should extend a distance of at least one corridor width
beyond the shear wall toe. This reinforcing pattern is shown in Figure 1.5.

In 1971, Mirza and Jaeger® reported on tests performed on eight {5—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 scale tests, the two two-storey walls were fixed at their bases and were
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Figure 1.4 Critical Section for Shear Suggested by Chang (Ref. 8).

tested together with the two floor 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-displacement 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 flexural failure is

possible with proper reinforcing details.

In 1975, Coull and El Hag'® presented graphically the results of tests on a series

of small scale models, similar to those of Qadeer and Stafford Smith’, indicating the
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(a) Test Set-Up

Typical Tension Cracks in Slabs at Slab Wall Junction (Series #2

Figure 1.6

15-Scale Models Tested by Mirza and Jaeger (Ref.
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effective bending stiffness of floor 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 finite element mcthod was employed by Black et al!! to improve the
results of Qadeer and Stafford Smith’. This investigation included the effects of the
wall thickness on the overall stiffness 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’s” method.

Tso and Mahmoud??® also reported on the finite element method for evaluating the
effective slab 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 Smith”.

Wong and Coull?® 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 Wong®® were tested for convergence and accuracy against those obtained
by the finite element methods reported by Petersson®!, Tso and Mahmoud?® and Black
et al.’' and those obtained by the finite difference method reported by Qadeer and
Stafford Smith7.

Schwaighofer and Collins'? reported on an experimental study by Szalwinski'® on
a i——scale reinforced concrete coupled slab-shear wall model, subjected to monotonically

increasing load. No special reinforcements were provided in the slab across the corridor
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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 toe
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
coupling slab, the shear and flexural strength of the coupling slab and the lateral
reinforcement layout in the coupling slab.

A more comprehensive study was reported by Taylor'® in 1977 and presented by
Paulay and Taylor® in 1981. A series of four experimental investigations were carried
out to study the non-linear behaviour of coupled slab-shearwall structures under re-
versed cyclic loading in the post-elastic range. The four %-scale models were derived
from a 15-storey prototype structure {Figure 1.8) of typical plan (Figure 1.9) chosen
for the study. The study involved various arrangements of longitudinal and transverse
slab reinforcements, the use of embedded transverse structural steel beams, 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” for equivalent effective slab width, aimed at the utilization of the
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Figure 1.10 Dimensions and Reinforcing Details of Taylor’s Test Specimens (Ref.

‘ 14).
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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 transverse or longitudinal reinforcement.

Equal horizontal forces were applied at the top of each shear wall in each specimen,
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 sheai 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 flexural
reinforcement. Although Taylor'* intended to improve the transverse flexural strength
by providing transverse reinforcement at the wall toes, no significant contribution to
flexural 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, Malyszko!® 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 to that used by Taylor'. Three Z-scale reinforced concrete models
based on the design of the %-scale models of the specimens tested by Taylor'* were con-
structed; each specimen differed only in the spacing of the shear reinforcement in the

central cage. Specimen S1 was not provided with any stirrups while Specimens S2 and
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83 was provided with four-legged closed stirrups at spacings of 3d and d respectively.
The principal objective of Malyszko’s!® study was to investigate the effectiveness of the
shear reinforcement within the slab corridor width (the central cage) in improving the
performance of the coupled slab-shear wall structure. He observed that the Specimen
§2, with shear remnforcement spacing of 3d, failed in a flexural mode while the other
two specimens failed in vertical sliding shear at the toes of the shear walls. The results
reconfirm Taylor’s!'* 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 occurience of brittle
failure or complete collapse [t was also observed that the stiffness degradation after
the initial load 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 Malyszko's'® work, Khan!®, in 1987 perform 3 more tests using
the same prototype and model structures that were used by Malyszko'®. To verify
Malyszko's!® results, Khan!® performed a similar test on his first specimen, Specimen
S4, using a stirrup spacing of 2d. In his second and third specimens, Specimens Bl
and B2, Khan!® used a shallow longitudinal beam cast monolithically with the slab
similar to that used in Taylor’s!* Specimen 4. Two concealed transverse reinforced
concrete beams, one under each shear wall toe, were provided in each of these spec-
imens. Specimens Bl 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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test showing the inadequacy of the stirrups at a spacing of 2d in preventing this failure
mode. The effect of this punching shear at higher ductility (j¢ > 5) reduces significantly
the energy absorption capacity of the coupling member. In Specimens Bl and B2, the
system failed by horizontal sliding shear in the shallow longitudinal beam. Because of
the stiffer coupling system, both specimens showed higher strengths but lower energy
absorption capacity with a severe stiffness degradation. It s also mteresting to note
that the test results indicated that the provision of the concealed hean does not sig-
nificantly improve the stiffness and energy absorption capacity of the coupling system,
however, it prevents the prematume failure of the coupling system due to punching, at
the critical wall-toe region. It was also observed that the transverse conccaled beam
designed for 50% of the transverse vertical shear was adequate to contiol the punching,
shear failute. This result further supports the suggestion by Taylor'® that provision
of a transvase beam under the shear wall-toe with a shear stiength of 40% of the
transverse vertical shear is adequate for punching shear control.

The experimental studies of Taylor!4, Malyszko!® and Khan'® are referred through-

out this thesis.

1.3 Scope of the Research Program

This experimental study is third of a series of studies performed to investigate the
behaviour of the slab coupling members in coupled shear wall structures subjected to
reversed cyclic loading in the non-lincar range. The hasic objective of the program
is to develop some practical design recommendations and useful observations for the
engineering profession in the arca of design of slab coupling of shear walls.

The experimental programn consisted of tests on four specimens whiel are derived
from the same prototype and model structures that were used by Malyszko'. A drop
panel with a width equal to the width of the central cage of the slab and a depth equal

to half the slab thickness was provided along the full length of the wall and the corridor
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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

regions.
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.

(ii1) 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 Malyszko!® and Khan!® at McGill University.

(v) To derive conclusions and design recommendations 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

THE 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 is a part of a continuing investigation of the behaviour of coupled
slab-shear wall systems at McGill University. To enable direct correlation and compar-
ison with the work by Malyszko!® and Khan'®, similar experimental set-up and test
procedure were used in this research program.

The prototype structure, originally selected by Taylor!* in 1977, is a typical 15-
storey apartment building in New Zealand. These typical buildings have bay sizes of
6-7 m, widths of 15-20 m, floor heights of 2.8 m and building heights of 30-60 m.
A typical floor plan of the 15-storey apartment building 1s shown in Figure 1.8. For
the experimental study of the coupling across the corridor, ouly a part of the slab
and the walls, as shown in Figure 1.8, and the cross-hatched area in Figure 1.9 were
investigated. This part of the structure at a typical floor was isolated and reproduced

at 3-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 gravity load by transverse reinforcing. The
gravity load was assumed to be carried as a one-way continuous slab over spans of
6600 mm, the spacing of the shear walls (Figure 1.9). The earthquake induced lateral
loads in the direction of the shear walls were assumed to be resisted by the coupled

slab-shear wall system.

2.2.1 Transverse Reinforcement for Gravity Load

The transverse reinforcement was designed for dead load and a prescribed live load
of 1.1 kPa (40 lbs/ft?) for onc-way 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 moment and the negative
moment reinforcement were reduced by 20% and the positive bending moment and the
positive moment reinforcement were incrcased by 14%. This reinforcement was placed
in the first layer for negative moment reinforcement and in the second layer for the

positive moment reinforcement.

2.2.2 Longitudinal Reinforcement for Seismic Action

The quantity of the longitudinal reinforcement was based on the lateral seismic
load analysis of the 15-storey prototype building by Taylor!* and on the recommenda-
tion by Qadeer and Stafford Smith”. An effective slab width was computed based on
the analysis of the slab stiffuess in its elastic uncracked state. To allow for cracking,
the slab stiffness was reduced by 50% for the lateral load analysis. The resulting seis-
mic reinforcement was placed in a second layer below and above the top and bottom

reinforcement for gravity loads, respectively.
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Table 2.1 Typical Model Scale Factors (Ref. 17).

Type of Structure Elastic Models Strength Models
Shell roof o5 L0 35 & to &L
Highway bridge 515 -215 to %
Reactor vessel —]-[% to —513 ;}5 to %

Slab structures 515- il(T to ;“-
Dams -;-(1;-5 :(-13

Wind effects ﬁ to 515 Not Applicable

2.3 The Modeling Process

To consider the behaviour of concrete structures beyond the elastic range up to
and including the ultimatc strength, it is necessary to use a “direct” model. Such a
direct model is “geometrically similar to the prototype in all respects, and the loads

"7 However, in order to

are applied to it in the same manner as to the prototype
predict the prototype behaviour, the “strength” model must be employed wheteby the
model is a direct model made of materials that have properties similar to the prototype

materials.

2.3.1 Choice of Geometric Scale

Table 2.1 shows typical model scale factors for several classes of structures. Sabnis
et al}? state, “Any given model being built in a given laboratory has an optimum
geometric scale factor”. For a strength model of a coupled slab-shear wall structure,
the appropriate range of scale factors is about 316 to 4. A scale factor of 1 on the
prototype model (or a scale factor of % on Taylor's" test models) was chosen for this
study and that of Malysiko's!® studies in consideration of the following criteria:

(i) The laboratory space available for such a comprehensive test, and the lifting capac-
ity of the laboratory cranes (1820 kg, 4000 lbs) to manouvre the specimen during
assembly.

(i1) The range of load jacks (152 mm, 6 in).

(i11) The range of displacement 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 displacements occurring during the test.
Since the design of the 3-scale models was based on Taylor's'* 1-scale test spec-
imen, the actual scaling factor, for comparative purposes between this study and

Taylor’s'* work is, 2.
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”!?. 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 accidental, 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, “2,,”, to the corresponding prototype

quantity, “ip”, or

1p = Siim (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
pfototype stress-strain characteristics”!?. The similitude requirements for static, elastic
modeling are summarized in Table 2.2 where the independent scale factors chosen are

those for the modulus of elasticity Sg and the length S; and all of the remaining scale
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Table 2.2  Similitude Requirements, Static Elastic Modeling (Ref. 17).

Quantities Dimensions Scale Factor
Material Properties
Stress FL-? Sg
Modulus of Elasticity FL—? Sg
Poisson’s ratio - 1
Sg
Mass density FL-3 5
Strain - 1
Geometry
Linear dimension L Si
Linear displacement L Sy
Angular displacement - 1
Area 12 S?
Moment of mertia L Sf
Loading
Concentrated load, Q F SE;S,2
Line load, w FL™! SgS;
Pressure or uniformly distributed load, ¢ FL-? Sk
Moment, M or Torque, T FL SES?
Shear force, V F Sg S;"

factors are either unity or functions of Sg or S;. Such static, elastic modeling may be
used as long as the model material remains elastic within the model loading range and
the Poisson’s ratio is the same as that of the prototype.

However, the above similitude requirements do not apply for a study of the failure
mode, capacity, and inelastic behaviour of a reinforced coucrete structure. Ideally,
for such a study, the constitutive relationships and the failure ceniteria for the model
concrete subjected to multiaxial stresses should be identical to those for the prototype
concrete. Since this failure criterion is not well defined, this requirement may be relaxed.
The resulting requirements shown in Figure 2.1(2) and Column 3 of Table 2.3 require
that the stress-strain curves be geometrically similar in the model and the prototype
concrete for both uniaxial tension and compression and that e = €, at failure under
uniaxial tension and compression.

When the model materials do not respond as shown in Figure 2.1(a), various

other distorted models must be considered as shown in Table 2.4 and Figures 2.1(b)
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Table 2.3 Summary of Scale Factors for Reinforced Concrete Strength Models (Ref.

17).
Practical Distorted Distorted
True True Model Model
Quantity Dimension Model Model Case 1 Case 3
(1) (2) (3) (4) (5) (6)
Material Propertics
Concrete stress, o, FL-* Se 1 S, Se
Concrete strain, €, - 1 1 Se Se
So So
Modulus of concrete, E. FL-? Sa 1 — —
S. S
Poisson’s ratio, v, - 1 1 1 1
- So 1 So Seo
Mass density, p. FL-3 -§; -é; E-I- —S‘T
Reinforcing stress, o, FL-? So 1 So Se
Reinforcing strain, e, - 1 1 S Se
Modulus of rewnforang, Ey FL-? So 1 ] 1
Bond stress, u FL? Se 1 So *
Geometry
Linear dimension, { L S S 5, S
Displacement, § L 5 S 5.5 5.5,
Angular displacement, g - 1 - Se Se
2
Area of reinforcement, A, L2 S;*' Sf Sf S‘;Sl
Loading
Concentrated load, Q F Sa S} s? So S? S, S}
Line load, w FL-! S.5; S 5.5, 5,8
Pressure, ¢ FL-? So 1 So S,
Moment, M FL So S? 5? So S}’ S, S;"

* Function of choice of distorted reinforcing area

and 2.1(c). Cases 2 and 4 in Table 2.4 are not considered, since in these two cases,
reinforcing material other than steel is required. According to Sabnis et al.'?, “it is
necessary to utilize a distorted model approach when the available concrete does not
have S, = Sp = 17. The Case 3 scale factors were considered appropriate for this
study because the model concrete strength (37 MPa) was siguificantly higher than the
prototype concrete strength (25 MPa) Table 25 contains a summnary of the Case
3 distorted model scale factors, the prototype material values and the corresponding
scaled model material values (nsing the Case 3 distorted modd] seale factors), and the

experimental model material values used for Specimens D1 and D2
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Table 2.4 Possible Distortions in Reinforced Concrete Models (Ref. 17).

Concrete Reinforcement

1 #1 S 1 Se  Se 1
1 1
2 1 1 — S 1 -
¢ SE Sg‘
3 A1 #1 #1 | S, S 1
4 #£1 #1 #£1 Se Se #SE

Table 2.5 Summary of Scale Factors and Scaled Model Values.

Distorted Prototype Distorted Specimen D1 Specimen D2

Model Values Model Experimental Experimental

Quantity Case 3 Values Values Values

(1) (2) (3) (4) (5) ()
Concrete stress 17 25 MPa 15 MPa 37 MPa 35 MPa
Concrete strain 2.0 003t 0015 0011 0045
Modulus of concrete 085 27500 MPa! 32350 MPa! 24000 MPa 30000 MPa
Reinforcing stress 1.7 345 MPa 205 MPa 275 MPa 275 MPa
Renforcing strain 2.0 002! 001 .00125 .00125
Moedulus of reinforang 1.0 200000t 200000 220000 270000
Linear dimension 1.5
Displacement 3.0
Area of reinforcing 1.9 78 mm? 41 mm? 45 mm? 45 mm?
Concentrated load 38

t Assumed values
! Based on information from Figures 1.9 and 1.10

Other factors influencing similitude are bond and mass density. Mirza!® has shown
that as long as the selection of modeling materials, construction and testing is done
prudently, bonding is well modeled. It is assumed for this series of tests that these
criteria have been met. The mass density scale factor in this study is S,/S; = 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. Taylor'* had directly modeled the

displacement, rotation and lateral loading 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 relative
vertical displacements of the two shear walls, as shown in Figure 2.3.

This simulation also avoids the possibility of introducing unequal horizontal jack
forces required in Taylor’s'! specimens to maintain equal imposed wall rotations. In
this study, the relative vertical displacement method is employed.

For the purpose of comparison with Taylor’s!* results, the differences in the meth-
ods of load application and specimen displacements must therefore be considered. To
convert Taylor’s’? wall rotations, 6, to the relative vertical wall displacements, A, (see
Figure 2.3) each 1 radian of rotation 1s equivalent to a relative displacement of 2680 min
Similarly, each 1 kN horizontal jack load (H) applied at each shear wall in Taylor’s!?
test is equivalent to 1.78 kN net vertical force (V) in this study. Figute 2.4 illustrates

the forces in the model structure under imposed vertical translation 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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Figure 2.3 Modeling of Slab Deformation.
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CHAPTER 3

THE MODEL STRUCTURE AND
THE TEST SET-UP

The prototype configuration and design and the selected model scale factors were
presented in the previous chapter. These scale factors were cmployed in this chapter
which describes the configuration, design, material properties, instrumentation, loading

system and loading history of the model specimens.

3.1 Configuration of the Model

3.1.1 The Model Geometry and Assembly

Four model slabs were constructed and tested in this series. Each model comprised
five separate elements: a 3053 x 2065 mm slab and four separate 730 x 1332 mm wall
segments. Each specimen was provided with a diop panel, 450 mm wide by 33 mm
deep, which extended the entire length of the slab. The width of the diop panel was
chosen based on the recommendations of Qadeer and Stafford Smith?. The %—S(‘nl(‘
reinforced conerete model is shown in Figure 3.1. The model walls were precast and
reused for all four tests in a manner similar to that used by Taylor'!, Malyszko!'s and
Khan'®, For cach test, the specimen was assembled as shown in Figure 3.2. The walls
and the slab were snugly clamped together by tightening the nuts on either end of each

19 mm diameter threaded rod passing through the duets in the walls and through small
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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
concrete model of Taylor’s!* specimen. As such, certain assumptions put forth by
Taylor!'* 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.”

(1) “Failure to accurately model dead and live load actions has only minor effects on
the failure mechanisms and the ultimate moments due to lateral loading. The use
of a longitudinal line of symmetry is therefore reasonable in the model.”

(i11) “The model is of sufficient length so that the free end boundary conditions of the
model slab are of minimal importance.”
(1v} “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 lateral load analysis, the cracked slab stiffness value was assumed to be
50% of the uncracked stiffness based on recommendations by Qadeer and Smith’.
However, unlike Taylor's'* 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.

40




(vii) The deformation pattern of the model slab as a result of vertical loading is repre-
sentative of the prototype slab deformation.

(viii) The bending moment and shear foree distiibutions within the slab are similar
in all respects to that of the prototype taking into consideration the stmilitude
requirements set forth in Section 2.3.3 of this teport and as a vesult of assumption

(vil) above,

3.2 Material Properties
3.2.1 Concrete

The conerete used in Specimens D1 and D2 was provided by a local ready-mix
supplier while the concrete used in Specimens D3 and D4 was mixed at the MeGill
University’s Jamieson Structures Laboratory. Type 30 high early strength Portland
cement was used for all four specimens. The prototype maximim agpregate size of
20 mm was scaled down to a maximm aggregate size of 10 mm for all model specimens.
Although a lower maximum aggregate size would have been desuable due to the 7 mm
specified slab clear cover, the smallest maximum size available to the conerete supplien
was 10 mumn.

The specified air entrainment for the conerete used in Speennens DI and D2 was 4
to 6 percent. In both of these specimens, the conerete shamp was about 100 . The
specified stiength of the conerete supplied by the local supplier was 35 M.

Numerous trials for the wotkability aud stiength of the model conerete mixes
led to the final mix details for Specimens D3 and D4 as follows Separate mdividual
sieve analyses on each aggregate size batches were made ta determine the aggyepate
proportions as shown i Table 31 for a combined aggrepate fineness modnlns value of
3.7. The grading of the aggregates nsed i Spectmens D3 and D1, hased on the results
of sieve analysis of the aggregate Hateli mix using the propottions presented m Table

3.1, 1s shown in Fuygue 33 The water-coment aggregates (W C A 1atio adopted
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Table 3.1 Proportions of Aggregates Used in Specimens D3 and D4.

Aggregate Size Proportions (%)

1 #

i 40.6

KG

1 85
#10 5.9
#16 89
#24 125
#40 7.2
#50 8.8
#70 75

for the model concrete mix was

0.45:1:3.16

. The model concrete mix was designed for a nominal compressive strength of 35 MPa

Twenty concrete cylinders of sizes 150 mm x 300 mm (6" % 12") and 100 mm x 200
mm (4" x 8"”) were cast along with each slab. The average compressive strengths and
peak compressive strains of the conciete for all speciinens together with the 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, D3, D7 and D8.5, corresponded to
the CSA standard G30.14-1972 specification (which is in substantial agreement with
the ASTM standard A496, Deformed Steel Wire for Concrete Reinforcement). The
specifications of these deformed steel wires are given i Table 3 2.

The D3 and D7 deformed wires, which had yield strengths of 500 MPa and
600 MPa, 1espectively, before heat treatment, gave vield strengths of 190 MFPa and
274 MPa, respectively, after heat treatment, with ultimate strains exceeding 15¢,.
These heat treated steel wires were used for reinforcement in the slab. The reinforeing
steel used in the wall segments comprised of D3 and D8.5 wires that were not heated
treated. The yield strength of the D8.5 wires was 500 MPa Typical stress-stram char-

acteristics of the remnforcing steel are shown in Figuies 3.5 to 3.8, Table 3.3 sumimarizes
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Table 3.2 Reinforcement Specifications.

Bar Designation Diameter Weight
{(mm) {g/m)
D3 495 152 3
D7 7.57 354 8
D8.5 8.39 430 6

Table 3.3 Reinforcing Steel Properties.

Specimen
D1 D2 D3 N4
Slab Steel:
D3 - Yield Stress, MPa 190 190 190 190
- Yield Stram 001 001 001 001
- Ultimate Stress, MPa 310 310 330 330
- Ultimate Stramn A 1 1 1
D7 - Yield Stress, MPa 24 274 280 280
- Yield Strain 00125 00125 00136 00136
- Ultimate Stress, MPa 380 380 370 370
- Ultimate Stramn 0.20 020 024 024
Wall Steel:
D3 - Yield Stress, MPa 475 475 475 475
- Yield Stramn 0025 0025 0025 0025
- Ultimate Stress, MPa 525 525 525 525
- Ultimate Stramn 05 05 05 05
D8.5 - Yield Stress, MPPa 550 550 550 550
- Yield Strain 0025 0025 6025 Q025
- Ultimate Stress, MPa 600 G600 600 600
- Ultimate Stram 04 04 04 04

the properties of the steel wires used in each specimen.

3.3 Design of the Model Structure

The basic configuration and 1einforcement details of the specimens used in this
investigation are shown i Figures 39 through 3.14. The mamn differences between
the four test specimens are the stirmp spacing in the central cage and the amount

of concentrated transverse remforcement in the vicmity of the wall toe region. The

various remnforcement details are described i the fellowing sections.,
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3.3.1 Wall Reinforcement

The reinforcement detail of the wall segments is shown in Figure 3.9.

50

Each of the four wall segments used in this investigation was designed according to
the C.S.A. Standard CAN3-A23.3-M842° to withstand the anticipated maximum shear
and flexural capacities of the slab. Since the performance of these 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.




3.3.2 'Transverse Slab Reinforcement

The transverse slab reinforcement for Specimens D1 and D2 is shown in Figure
3.10 and 3.13 while the transverse slab reinforcements for Specimnens D3 and D4 are
shown in Figures 3.11, 3.12 and 3.14,

Transverse reinforcement content of 0.55%, corresponding to the minimum rein-
forcement content suggested by C.S.A Standard CAN3-A23-M842°, was provided in
Specimens D1 and D2 (Figuie 3.10). With the exception of the hotizontal legs of the
stirrups in the central cage of the slabs, no additional transverse reinforcement was
provided in the vicinity of the wall toe regions m the above two specuncens. The DT
transverse reinforcement, placed 11 mn (clear cover = 7 mm) from the bottom face
of the concrete outside the drop panel region, was placed as straight continuous bars
across the width of the slab. Henee, withm the drop panel, these bars were at a distance
of 44 mm from the bottom face of the concerete (Figure 3.13).

In an effort to eliminate punching shear farluie, Klian!'® provided concealed beams
under the wall toe, which resulted m satisfactory coutiol of the punching shear mech-
anism. [t follows that provision of some sort of special transverse reinforcement near
the wall toe region may be adequate to control damage due to punching shear in this
region. For practical application, a closely spaced mesh of transverse and longitudinal
reinforcement is preferable over the concealed beam in tenus of ease of construction.
Since closcly spaced longitudinal reinforeement (50 mum spacings) was already provided
(see Section 3.3.3), it would be economical to simply provide for some concentrated
transverse steel across the width of the slab at the wall toe regions.  These addi-
tional concentrated D7 transverse defoimed wires were provided iu Specunens D3 and
D4. Based on the observations from the tests on Specimens D1 and D2 and that of
Malyszko’s'™ Specimens S1, $2 and S3, these concentrated transverse reinforcements
were spaced over a stiip equal to one quarter of the corndor width on either side of

the wall toe face. The transverse strips of slab contanung the concentiated transverse
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reinforcement in Specimens D3 and D4 were assumed to act as cantilevers extending

on either side of each wall toe, and the transverse reinforcement was designed to carry
74% and 96% of the flexural capacity of Malyszko’s!® Specimen S1 central cage, respec-
tivelyv. The capacities of these transverse beams airce therefore 35 2% and 45.8% of the
central cage flexural strengths of Specimens D3 and D4, respectively. This corresponds
to reinforcement contents (excluding the horizontal legs of the stirrups) of 0.79% and
1.05% within the concentrated strip of transverse reinforcement 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 change in depth.
Outside the stiip of the concentrated transverse reinforcement, 0.53% transverse steel

was provided.

3.3.3 Longitudinal Slab Reinforcement

The basic longitudinal slab reinforcement outside of the central cage, within the
effective width (bey = 450 mm) 1ecommended by Qadeer and Stafford Smith?, was
designed to carry the gravity load. Within the central cage, the longitudinal steel was
designed using the results of SAP IV! computer analysis of the 15-storey prototype
structure for Zone 3 seismic loads!®, with the coupling element having a width equal
to the effective width of the slab as defined by Qadeer and Stafford Smith”, a depth 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 obtained for the
coupling element was relocated within the drop panel, resulting in an effective depth
of 82 mm and giving a reinforcing content of 1.01%. Outside the central cage, 0.44%
longitudinal reinforcement was provided. The overall longitudinal remnforcement con-
tent in the slab, taking the entire width of the slab 1nto consideration, was 0.66%. The

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

TSAP IV 1s the mamframe version of the Structural Analysis Program developed at the Umiversity of California
at Berkeley
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1.4
CAN3-A23.3-M842% is 0.5% (pmn = T) The D7 longitudinal seismic reinforcement
y

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 D1 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's!® tests which, showed superior performance over the other two specimens.
The choice of this spacing for Specimen D1 served two purposes:

(1) To allow direct comparison with Malyszko's!® specimens; and

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

The remaining specimens (Specimens D2, D3 and D4) were constructed with stirrup
spacings of 41 mm, which corresponds to } 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 instrumented. Tests by Malyszko's}® and Khan!® showed that this
method was satisfactory based on the slab deflection profile. This reduced the amount
of data acquisition significantly and c¢nabled the load steps to progress at a faster rate,
thereby keeping creep effects to a minimum. However, there was damage to a few
electronic strain gauges and mechanical demec gauges during the casting and testing
processes. The resulting loss of data was predominant for Specimens D3 and D4.

The instrumentation used in this investigation is described in the following sections.

3.4.1 Dial Gauges and LVDT’s

Eighteen dial gauges and sixteen linear variable differential transformers (LVDT's)
were used to obtain the displacement profiles and the force-displacement relationships
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 all four tests. All
dial gauges were placed on the underside of the slab, drop panel and the walls. The
LVDT’s on lines B and D were placed on the top face of the slab while the remaining
LVDT's were placed on the underside of the slab The LVDT's B3, B6, D3 and D6
were used to obtain the relative slab displacement between the wall toes, while the dial
gauges C1, C3, C6 and C8 were used to monitor wall rotations. It should be noted that
dial gauges C3 and C6 could not be used to obtain the relative displacement of the
slab due to wall separations from the slab near the wall toe regions at larger relative
displacements. Resetting of some dial 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. All 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) travel capacity 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 Ib), and together with load jacks 1 and 2, they were used
to provide the primary load on the system. Load cell 3 had a load carrying capacity
of 335 kN (75,000 1b), and together with load jack 3, they were used to carry part of
the dead load of the system (approximately 5.4 kN). This can be found easily from a
consideration of the static equilibrium and was verified during the testing process in
all four tests. To allow for the downward displacement of the west wall, load jack 3
was initially set to about half the mark of its travel capacity (approximately 65 mm).
All 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 strain gauges (5 mm gauge length) were used on the vertical
legs of the stirrups in an effort to 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 to the Optilog data acquisition system. The results were
electronically recorded onto a computer disk.

Sixteen strain gauges were installed on the stirrup legs of Specimen D1. The
locations of these stram gauges are shown in Figure 3.17. Eight strain gauges were

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

Eighteen strain gauges were installed onto the stirrup legs of Specimens D2, D3

60



¢ 9

corridor

17 @ 23 mm c/c 40 mm c/c | 8 ¢ 50 mm
(391 mm Strain
) ] T Gouges %
P duct — +— 85
I
F 13
100 mm[ | -
= /1--»—4 A | 1
0l r 33
Outer Inner
H Leg Leg
| T S T R N | | N
1234567 8 450

Figure 3.17  Strain Gauge Locations of Specimen D1.

. 43 mm c/c 8 ® 50 mm
] Strain
corridor I Gauges e
: :\ducf - +— 85
| ; N
100 mm [‘b : - > '\‘—' A L . g 1 L4 ‘>
- it I--IA ST T J 2 [-_L
¥ f 33
: } Quter Inner
Leg Leg
o N
123456789 450

Figure 3.18 Strain Gauge Locations of Specimens D2, D3 and D4.

and D4 as shown in Figure 3.18. Nine strain gauges were located on each of the outer

and the inner vertical legs of the stirrups.

3.4.4 Demec 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 D1 and D2. 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 Demec Stud Locations on Concentrated Transverse Reinforcement of
Specimen D3.

transverse reinforcement in these two specimens was of particular interest. Demec 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 measure the change in the distance between the ey
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Figure 3.21 Demec 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 all
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 approximately 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 small S75 x 8 mm structural steel beams to the east
wall both above and below the slab A 2 mm gap was provided between these beams
and the west wall to permit its unobstructed translation in the vertical direction by
means of the three load jacks. These S-shape structural steel beams were designed to
carry a concentrated horizontal force at the corridor centreline equivalent to 10% of the
anticipated maximum vertical shear force, 17, with a maximum restricted transverse
horizontal deflection of § mm.

Two load jacks, installed along the corridor centreline, were used to apply the
shearing force, V', with the load jack 1 immediately below the HSS steel section sup-
porting the west wall and the load jack 2 underneath the stiong floor. For the upward
translation of the west shear wall, load jack 2 was disengaged and load jack 1 was used
to lift the HSS section. The load jack 1 was disengaged for the downward translation
and load jack 2 was used to pull the 19 mun (% ) threaded rod which passed through
the load jack 1 to the HSS section where the rod was bolted. In both directions of
loading, load jack 3 was used to balance the shear wall so as not to immpose any wall
rotation and it carried only a part of the weight of the system (5.4 kN) which was
approximately 25% of the total weight of the coupled slab-shear wall system.

The net shear force, V, was used to obtain the force-displacement characteristics
in Section 4.3 Although the load jack 3 was expected to carry only the partial self-
weight of the system (5.4 kN), observations of load cell 3 revealed that this reading was
not constant; the deviation were nevertheless small (approximately + 0.8 kN). The net
positive (upward) shear force in Section 4.3 was obtained by subtracting by 10.7 kN,
which was half of the self-weight of the coupled slab-shear wall system, from the sum
of the readings for load cells 1 and 3. Conversely, the net negative (downward) shear
force was obtained by adding 10.7 kN to the difference in the readings in load cells 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” (A) 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 investigation, an important consideration is the degree to
which the loading program represents the earthquake response conditions. The fol-
lowing subsection reviews the paramectric consideration for a valid laboratory loading

program. Subsequent subsections describe the loading history and the step-by-step

loading sequence.

3.6.1 Loading Program Parameters

A valid correlation of the demand with the capacity of a structure for its earthquake
resistance in a laboratory loading program is possible only if the loading program is
comparable to, or more severe than, the loading that might reasonably be expected
under an earthquake excitation. Estimnates of demands can be established through
dynamic inelastic analysis of appiopniate models

Derecho et al ?? characterized the load and deformation history of the critical hing-
ing regions in isolated structural walls subjected to strong ground motion and developed
a loading programn for testing specimens under slowly reversing forces simulating the
earthquake loading. They observed that the maximum number of fully reversed cycles
that can be reasonably expected for a strong ground motion of 20-second duration is
six, with the total number of “small” and “large amplitude” inelastic cycles being ten.
In more than 95% of the 170 cases analysed by Derecho et al.??, the structures were sub-
jected to less than four fully reversed large amplitude cycles; the corresponding number

of inelastic cycles was eight. A “fully reversed” cycle was defined as a complete cycle
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in both positive and negative directions with at least one large-amplitude peak and the
other peak, on reversal, of at least “moderate amplitude”. Here 2 “small 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 “moder-
ate amplitude” peak deformation between these ranges. Under dynamic 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 1n this investigation, where forces and deformations

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

a typical dynamic response.

3.6.2 Laboratory Loading History

The loading history used for the tests in this study, and in Malyszko’s!® and

Khan’s'® research programs, was similar to that used by Taylor!4. The procedure con-
sists of a series of imposed deformation cycles of slowly reversed loads with progressively
increasing amplitudes until failure. This method of loading is commonly used by many
researchers involving seismic investigation of large size specimens under slowly reversed
23-28

loads . Figure 3.23 illustiates the loading program used for this investigation. With

the exception of the first four cycles, the load history was followed as closely as possible
in all four test specimens. The first four cycles illustrated in Figure 3.23 were used in
tests on Specimens D1 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” load cycles were included to observe the effect of each
“inelastic” displacement amplitude cycle on the slab coupling stiffuess. The 20 kN peak
value for these “Cycles to 60% of the Theoretical Ultimate Load” is not equivalent to

60% of the theoretical ultimate load predicted by the yield line theory (Pyy = 86.1 kN).
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Figure 3.23 Loading History.

The vertical load equivalent to the 24 kN horizontal peak load used by Taylor'* to “60%

Ultimate” was 42.8 kN. Using an elastic scale factor

S.F. = 8gS2
= .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 1" During the First Excursion to Inelastic

Deformation.
Specimen Displacement
D1 122 mm
D2 134 mm
D3 4 00 mm
D4 3.37 mm

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

The value of “displacement ductility of 1” used for all 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. It is, therefore, not
equal to the displacement at the onset of yieldiLg, as revealed later by the analysis of
the stiain data. The values of the “displacement ductility of 1" used during the testing
process in all four units are suinmarized in Table 3.4. It was also revealed, after the
complete force-displacemnent characteristics of all four specimens were obtamned that
the “displacement ductility of 17 for Specimens D1 and D2, based on the observation
of the first significant change of slope of the force-displacement characteristics, should

be 3.75 mm and 4.00 mm, respectively.

3.6.3 Loading Sequence

The cycles to “60% theoretical ultimate load” were load-controlled steps with each
load step being approximately 4 kN (0.9 Kip), mez;sured by the load cells under the
corridor centerline. The load jack 3 was adjusted to nullify any rotation of the west
wall. This was achieved by increasing or decreasing the hydraulic piessure of load jack
3 so that the travels of dial gauges Cl and C3 were equal. The readings of the load
cells, the LVDT’s and the stiain guages were recorded electronically onto the computer
disk via the Optilog data acquisition system at each load step. The dial gauges C1,
C3, C6 and C8 were recorded manually during each load step. All instruments were

recorded at the peak of these cycles when the net shear force, V', equalled 20 kN.
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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 16ad jacks were adjusted to displace

(2)

(3)

307

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

one tenth of the required peak displacement

The west wall 1otation was nulbified by adjusting the load jack 3 so as to obtain
equal travels ou dial gauges C'1 and C3 (see Figures 3.16 and 3.22).

The load cell. LVDT and strain guage rcadings were recorded electronically onto
the computer disk while dial gauges C1, C3, C6 and C8 were recorded manually.

(Steps 4 and 5 were performed at selected load steps and at peak of the inelastic
cycle only).

All dial pauges and demec target readings were recorded manually.

Crack patterns were marked and photographed.

(Steps 1 to 5 were repeated until the peak displacement was achieved).

The pressure m load jack 1 (positive inelastic cycles) or load jack 2 (negative
inelastic cycles) was reduced by about -],; of the load jack pressure at the peak
displacement

The load cell, LVDT, strain guage, and dial gauge C1, C3, C6 and C8 readings
were recorded as in Step 3. Step- 6 and 7 were repeated until all pressures on the

corridor centerline load jacks were released.

Problems Encountered

The following problems were encountered during the preparation, instrumentation

and testing of the specimens:
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(a)

(b)

(c)

(d)

(e)

(f)

Straightening of the D3 bars was required due to warping of the bars following the

heat-treatment.

Several strain gauges on the stirrup legs were damaged and lost after casting of
the concrete.

Losses of several sets of data on the computer disk was encountered for several
load steps in all specimens due to minor malfunctioning of the data acquisition
system software.

A major malfunctioning of the Optilog data acquisition system hardware occurred
at the peak load step of Cycle 35 during the test on Specimen D1. Only the
LVDT readings (which are directly related to the voltage output) could be correctly
recorded onto the disk. The load cell readings in the subsequent load steps of the
test on Specimen D1, presented in Section 4.3, were recorded manually from the
gauge pressure reading of the load jacks (converted from “psi” value). The Optilog
system hairdware was repaired prior to testing of Specimens D2, D3 and D4.
Electronic readings of Specimens D3 and D4 were not recorded onto computer
disk during testing of these specimens, however, most of these readings were hard-
printed onto paper simultaneously at each load step. As a result, some data was
lost. This included the LVDT readings on lines E and ' (Figure 3.16) and a few
strain gauges.

Problems with resetting of the dial gauges at the extreme slab edges of Specimens
D3 and D4 and the loss of data for the LVDT’s on lines E and F did not enable

definition of the slab deflection profiles for Specimens D3 and D4.
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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 patterns of Specimen D1 are illustrated in Figures 4.1 through 4.11.
This sequence of crack formation was similar to that observed by Malyszko!® in his
tests and by Taylor!? in his first test. However, the rate of crack formation was more
rapid than that reported by Malyszko!® in his three tests. Also, due to presence of the
drop panel, much less radial and circuinferential cracks were observed at the wall toes
than in Malyszko’s three specimens. The sequence of crack formation for this Specimen
D1 test follows.

Primary cracks along the locations where the yield lines formed, referred to as
“primary cracks”, first appeared near 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 the primary cracks had been fully
formed in Cycle 6 at a relative vertical slab displacement A of 4.02 mm (a positive
value for A denotes an upward translation of the west shear wall while a negative value
denotes a downward translation of the west sheer wall). The location of these cracks

was influenced partially by the location of the transverse reinforcement 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 gradually becoming perpendicular to the
wall centerline as they progressed towards the edge of the slab, forming the “secondary
cracks”. These cracks were denoted as “secondary cracks” because of the smaller ro-
tations compared with those at the primary crack locations. Some cracks, however,
appeared directly and perpendicularly from the wall face due to the presence of trans-
verse reinforcement at those locations Diagonal cracks, forming as the last set of cracks
at Cycle 6. appearced near the wall toe and propagated at an augle of approximately
45° from the wall centerline across the slab corridor width and ended at the primary
crack on the opposite side of the corridor. Figure 4.2 shows the appearance of the pri-
mary cracks, secondary cracks and the diagonal crack at the peak of Cycle 12 (Relative
Vertical Displacement of slab at wall toes, A = 4.91 mm).

At subsequent larger imposed relative vertical displacements, more secondary
cracks formed behind the wall toes in a manner similar to the first secondary crack.
The diagonal cracks, which formed in Cycle 6, emanated from the corners of the wall
toes as more cracks near the wall toes appeared in Cycle 24, as illustrated in Figure
4.3. Secondary diagonal cracks also 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 primary crack near the edge of the slab. Concurrently, cracks par-
allel to the shear wall centerhine and midway between the shear wall centerline and the
edge of the slab (} bay width) appeared from and behind the primary cracks. Figure
4.3 shows the extent of these cracks at the peak of Cycle 24 (A = 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 shown 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 (A = 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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Figure 1.9 ik Pattern for Speennen DU Near the Wall Toes at Fuilure,

Figure 4.10  Close Up View of the Underside for Specimen D1 Near the Wall Toe
Region at Fatlure (Sonth-East side)
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Figure 4.11  Close Up View of the Underside for Speamen DU Newr the Waldl Toe
Regron at Fbue (Sonth-West sude),

shear can be observed. As mdicated in Figure 4.5, punching shear failuie occurred in
Cycle 35 (A = 11.19 min) with severe distress at the wall toes due to the erushing of
the concrete. Closing of the punching shear erack formed i Cyele 35 was observed in
Cyele 36. A new punching shear crack was observed nein the cast wall toe as indicated
in Figuie 4 9 along with the formation of some radial eracks  Crack patterns on the
underside of the slab near the wall toe tegions at failuie showed lagher level of distress,
as lustrated m Figuwie 110 and 4,11 More radial cracks aud pronounced spalling of
concrete at the primiay cracks withm the drop panel were observed on the underside
of the slab in compaison with the erack pattern on top of the slab

Figuies 4.12 through {23 shows the sequence of crack formation of Speciien D2,
The crack formation on the east side of the corridor centetline were similar to that of
Specimen D1 with two notable exeeptions. The eracks in Specimen D2 formed at a

faster rate than those in Specimen D1, and moie eracks were observed near the wall
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Figure .12 Crack Pattenn for Speamen D2 at Cyele 9, A = 1.67 mm,

Figure 4.13  Ciack Pattern for Specimen D2 at Cyele 12, A = -5.09 mm.
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Figure 4.16 Close Up View for Specunen D2 Near the Wall Toes at Faohie (A =
18.07 min)
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Figure 4.17  Plau View of the Crack Partern for Speeimen D2 at Failure.
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toe regions in Specimen D2.

Like all the other test specimens, the first appearance of crack in Specimen D2
occurred at the face of the wall toe  However, this crack propagated parabolically and
extended about one corridor width away from the west wall toe at the peak of Cycle
5 (A = 1.67 mm). Meanwhile, a crack about 85 mm behind the west wall toe face
appeared at an angle of 45° from the shear wall centerline. This angle increased rapidly
to about 80° and extended towards the edge of the slab where it became perpendicular
to the shear wall centerline As in Specimen D1, this crack near the edge of the slab
was influenced by the placement of the transverse reinforcement. The crack pattern at
Cycle & (A = 1.67 mum) s shown in Figure 4.12. A mose fammilia1 crack pattern on the
slab on the east side of the corndor centerline was observed 1n Cycle 12 (A = 5.09 mm)
as shown in Figure 4.13. This crack pattern was similar to that observed in Specimen
D1. The secondary and diagonal cracks formed at this displacement level. Figure
4.14 shows the appearance of radial cracks at Cycle 28, (A = 11.54 mm). Onset of
punching shear was observed in Cycle 29 (A = 14.89 mm) as illustrated in Figure 4.14.
No significant crushing of concrete was observed at this displacement level. Extensive
radial cracks near the wall toe areas developed prior to failure of the slab, caused by
punching shear and crushing of the concrete near these areas, as illustrated in Figures
4.16 through 4.18 and Figures 4.21 through 4.23. Figures 4.18 and 4.23 show that the
punching shear cracks were located at a distance of approximately one effective depth
(d = 82 mm) from the wall tves. Similar crack pattern was observed on the bottom
face of the slab, as illustiated in Figures 4.19 through 4.23.

The crack formation in Specimen D3 was, in general, similar to that of Spec-
imens D1 and D2. As expected, the secondary cracks that developed in Cycle 5
(A = 12.30 mm, Figure 4.25) were influenced by the concentrated transverse rein-
forcement. Figures 4.24 to 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 radial
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Figure 4.24 Ciack Pattern for Specimen D3 at Cycle 1, A = 3.12 mm.

.

Ficure 4.25 Ciack Pattern for Speeumnen D3 at Cyele 300 = 1230 mun
1

2

R3




Figure 1.26  Crack Pattern on the Diop Panel for Specimen D3 at Cyele 14, A =
~19 30 mm

Figure 4.27  Close Up View for Specinien D3 Near the Wall Toes at Quset of Puncli-
mg Shean Farlure (A = 2799 mumn)
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Figure 4.29  Ciack Pattein for Speaimen D3 at Fmbe (A = ~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 concrete in these areas. Much less cracking was observed in Specimen D3 than in
Specimens D1 and D2, particularly on the underside of the drop panel near the wall
tne 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 all 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 observed in Specimen D3 However this displacement level is still larger than the
displacement at which the onset of punching shear was observed in Specimen D1 or 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 slab concrete at the wall toes had taken place with similar distress on
the wall concrete in the immediate vicinity. as illustrated in Figure 4.36. With the
exception of some crushing 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-Displacement 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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Figure 4.30  Crach Pattern for Speemnen Dt at Cyele 8. A = —7.98 mm.

Figure 4.31  Crack Pattern for Speeimnen D4 at Cyele 13, A = 13.25 mm
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Figure 4.32  Crack Pattern for Specinen D4 at Crdde 200 A = ~19.05 .

Figure 4.33  Ciack Pattan on the Underside for Speennen D4 at Cyele 4, A =
=258 nun
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Figure 4.34  Chiack Pattern on the Underside for Speennen DEat Onset of Punching
Shear Failire (A = —19.05 mn)

Figure 4.35 Crack Patternn on the Underside for Specmuen Db at Cyele 260 A =
—23.97 mm
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Figure 4.36  Puudung aud Crushing of Concrete Slab for Specimen D4 at Failure
(A = —28 50 nun)

ductility 1at10” of one. It is noted that this displacement duetility ratio of one is not
the displacement at the onset of vielding on which the usual definition of ductility is
hased The displacement ductility 1atio of one for the four speciniens were 3.75 num,
4.0 mm, 4 0 nun and 3 75 mnw. respeetively. For the purpose of comparison, the average
of these values. A = 3 88 mm, was taken as the yield displacement (0= 1), It was
observed from the stram resuits of Speaimens D1 and D2, deseribed 1 the later sections
of this chapter. that at this displacement level (;e= 1), most of the slab’s longitudinal
reinforcement had yvielded

The ultimate load achieved by the fitst thiee specimens, Specimens D1, D2 and D3,
were 93.81 kN, 8650 kN aud 90.51 KN, tespectively Specimen D4 exhibited a matked
imerease m the maxinnun load achueved (107.18 kN) over the other thiee specimens.
These loads were achieved ar displacement levels of =6 25 mm (yr = —1.61), ~11.65 mm

(= —=3.01). —11.18 mm (;r = —2.89) and 13.45 (y = 3.47) for Specimens D1, D2, D3
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Figure 4.37 Load-Deformation Characteristics for Specimen D1.
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and D4, respectively.

All four specimens displayed similar shapes of hysteresis loops, as shown in Figures
4.37 to 4.40. Although the shapes of the “loops” are generally the same, they differ in
their characteristics related to the energy absorption capacity, the pinching effect and
the ultimate ductility.

The energy absorption 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 capacity helps to improve the responsc of the overall system
by dissipating the energy in the coupling member. For low ductility ratios (px < 2.1)
or a relative displacement level of about 8 mm, tlie energy absorption capacity of
Specimens D1, D2 aud D3 were about the same. At higher displacement levels, a
rapid drop of strength was observed i Specimen D1 which also depletes its energy
absorption capacity significantly. The overall energy absorption capacity of Specimen
D2 was better than that of Specimen D1 but Specimen D3 showed an improved energy
absorption characteristic compared with Specimens D1 and D2. Specimen D4 displayed
a much better energy absorption characteristic at every ductility level over all of the
other specimens.

Pinching eftects were 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 were lower than the initial cycles to these displacement levels. These
inelastic shear distortions are typical of remnforced concrete coupling members.

The ultimate upward displacement itmposed on Specimen D1 was 11.54 mm. The
test was terminated at this displacement level due to the malfunctioning of the Optilog
data acquisition system, although adequate 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, L1, L2, L3, L4 and L5, were included in the force-displacement char-
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acterics for all 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 D1 and D2 are
shown in Figures 4.41 through 4.44. These displacement profiles were obtained from
the dial gauge and LVDT instrumentation shown in Figure 3.14. The deflection profiles
of Specimens D3 and D4 were not available due to 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 D1
are shown by lines D in Figurc 4.41, which showed that deviation from the horizontal
position of the slab at the west wall toe occurred in all 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 D1 and D2 indicating the
approximate locations of the largest rotations and strains where the transverse primary
yield lines formed. The longitudinal displacement profiles near the walls (lines D) were
flutter behind the wall toes and steeper along the corridor when compared to the longi-
tudinal displacement profiles near the edge of the slab (lines G), which showed a more
gradual change of slope 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 toe 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

101



- Displacement (mm)

cycle 29
30
cycle 2%
cycle 17 % 20
cycle 11
cycle 5

- | 1 L H 1 i 1 _L__>
-1000 0

Longitudinal Distance (mm)

Longitudinal Distance

)
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L3

displacement profiles for Specimens D1 and D2 shown in Figures 4.43 and 4.44. These
displacement profiles were similar to that observed by Malyszko!® in lis tests. The
greatest transverse slab rotations occurred close to the shear wall centerlime. As higher
displacements were imposed, these rotations near the wall increase and the transverse
displacement profiles flatten out at a distance of approximately 350 mun from the shear

wall centerline.

4.4 Longitudinal Seismic Reinforcement and Concrete Strains

The longitudinal seismic reinforcement and concrete strains plotted in Figures 4.45
and 4.46 were obtained from the demec gauge i1 strumentation described in Section
3.4.4. Therefore, these strains are average strains over the gauge distance of approx-
imately 100 mm. However, on the tension face of the conciete slab, the opening of
cracks between the demec studs also contributed to the change of distance between the
demec studs. Hence, the strains on the tension face of concrete are concrete strains
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 the concrete under compression prevented
any additional tensile strains due to the cracks in the concrete. At higher peak dis-
placement levels, spalling of the concrete and widening of the cracks passing directly
through the demec studs caused these studs to detach from the concrete, making the
reading of the strain measurements at these gauges almost impossible. No longitudinal
strains were measured in Specimens D3 and D4.

In both Specimens D1 and D2, the steel and concrete strains near the shear wall
centerline were highier than at the slab edges. Most of the top longitudinal 1einforcement
in Specimens D1 and D2 yielded at relative displacement levels of 2.85 ram and 5.01 mm,
respectively, corresponding to displacement ductility ratios of 0.74 and 1.29. As shown

in Figure 4.46, at a displacement ductility ratio of about 3, it was observed that the
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entire slab longitudinal seisinic 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 were obtained using the demec gauge instrumentation described in Section
3.4.4. The transverse strain variations were measured in two directions — transverse
direction across the half slab width: and longitudinal dircction near the wall face. No
transverse strain measurements were obtained for Specimens D1 and D2

The transverse strain results for Specimen D3 are shown in Figures 4.47 through
4.50. The strains 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 bottom 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, these strains in the bottom transverse reinforcement
were negligible. The strain variation in the transverse direction of the top concentrated
transverse reinforcement (Figure 4.47) shows a strain reversal during Cycle 1, varying
from a compressive strain value 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 (¢ > 3), the strains in the top con-
centrated transverse reinforcement, midway between the wall face and the edge of the
slab, showed significant tensile yielding of the reinforcement, which tapered off to negli-
gible values further away from the wall face. Also, 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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(¢ > 3). In the longitudinal direction, the strains in the bottom concentiated trans-
verse reinforcement (Figure 4 49) show that all of the bottom concentrated transverse
reinforcement had yielded at Ingher displacement (j > 3) cycles with an average value
of about 2800 muciostrains (o1 abonut 224¢,)  The bottom coneentrated transverse
reinforcement strain results alse show that with:n the band of concentiated transverse
reinforcement, the strains were quite evenly distubuted Plots of the top concentiated
transverse remforcement stiains ate not presented because of the msuflicieney of the
data due to the demece studs separating from the reinforcement after Cyele 1

The strain variations in the transverse direction of the concrete and transverse
reinforcement strains for Specimen D4 are shown i Figuies 4.51 through 4.54  The
concentrated transverse reinforcement strwm vanation of Specunen D4 an the trans-
verse direction (Figure 4 51) was sunilar to that of Specimen D3 (Figure 4 47) wath one
notable exception. The strains in the bottom concentiated transverse remnforcement
for Specimen D4, at a distance of 540 min from the shear wall centerhne, were approx-
imately equal to the yield stiam of the reinforcement while that of Speennen D3 was
negligible. However, the results of the strains i the transverse concentrated remforee-
ment in Specimens D3 and D4 show that these remforcements contubuted significantly
to the distribution of forces up to 750 mm from the shear wall centerline  Although the
concrete transverse strain variation in the transverse diteetion i Specimen D4 (Figure
4.52) was similar to that of Specimen D3 (Figure 4.48), much lower transverse con-
crete strain values were obseerved within the diop panel region in Specimen D4 than in
Specimen D3. However, 1t should be noted that the variation of the transverse strain
in Specimen D4 1n the transverse direction was measured along a line which was at a
distance of approximately 30 mm in front of the wall toe face (Figure 3 21), instead
of along a lme directly underneath the shear wall toe as was the case in Specimen D3
(Figure 3.20). In the longitudinal direction, the concentrated transverse remforcement

strain variation of Specimen D4 (Figure 4.53) uear the wall face showed that much 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 all four specimens provided 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 D1 were not available due to the damage during casting to most of

the strain gauges locations at these outer vertical legs.
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The results of the strains in the vertical stirrup legs for all 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 (g = 1.6), the stirrup leg of
Specimen D1 close to 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 (g = 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 across the width of the slab, and hence, delayed the “shear
damage” to the concrete in the wall toe regions. Hence, 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 D1 and D2.

Generally, a significant number of inner and outer vertical stirrup legs of all speci-
mens yielded after some significant shear deformation had occurred in the slab. There-
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 concrete 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 all four specimens presented
in Section 4.1, and hence, these can be generalized for all coupled slab-shear wall
structures as follows. Similar observations were obtained from tests performed by
Taylor'4, Malyszko!® and Khan!®.

As predicted by the yield line analysis, primary cracks form first (see Figure 5.1a),
starting from the face of the wall toes and extending perpendicular to the centerline of
the wall towards the edge of the slab. This is followed by secondary cracks forming at
a distance approximately equal to the wall thickuess, ¢, fiom the face of the wall toe
and gradually extending to the edge of the slab, with an initial angle of about 45° from
the shear wall centerline which increases rapidly to 90° (Figure 5.1b). Other secondary
cracks form immediately afterwards with the emergence of diagonal cracks at an angle
of 45° from the corners of the wall toes, extending to the primary crack line (for bay
widths > corridor width). However, the full formation of the primary diagonal cracks
(Figure 5.1c) occurs only after the yielding of the longitudinal seismic reinforcement. At
higher ductilities (1 > 3), more secondary cracks and secondary diagonal cracks (Figure
5.1d) form, but more importantly, radial cracks begin to emanate from the face of the

wall toes. These radial cracks are the result of highly localized shear at the wall toes
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Table 5.1 Experimental Ultimate Strength Results and Predictions.

Experimental Theoretical Theoretical
Specimen Ultimate Load Ultimate Strength! Ultimate Strength!
(Y.L. Theory) (P.S.S.)
(kN) (kN) (kN)
D1 93 81 84 8 82.5
D2 86 50 86.14 80.2
D3 90 51 87 05 857
D4 107 18 87 05 857

! Based on Yield Line Analysis
! Based on Punching Shear Strength

Vi = d(t + d)/J! (Mpa)

or Vi =12d(t + d)\/f! (Ps)
and are, therefore, signs of punching shear. Punching shear failure, which could not
be avoided in all four tests, is often preceded by circumferential 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 circumferential 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 area
based on the critical section is 3d(t + d), where d is the effective depth of the slab and

t is the wall thickness. Thus, the punching shear stress based on this critical section is

-V
T 3d(t+d)

Unp (5'1)
Assuming that the ultimate shear stress of concrete is 0.33\/f! (MPa) (or 4\/f—,§ psi),
the theoretical punching shear strengths of all four specimens were computed. The
computed values are tabulated in Table 5.1,

The crack formation also conforms with the prediction of the yield line theory.

Based on this theory and assuming 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 ultimate shear strength of the coupling slab can be predicted with reasonable
accuracy by either the yield line theory or the empirical Equation (5-1). It can also be
noted that these predictions are shghtly on the conservative side.

The results also revealed that an increase in ultimate load was achieved with an
increase in the transverse reinforcement in the slab undemeath the wall toe regions.
Specimens D3 and D4, both with 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 D1 had stirrups
at 0.28d spacing compared with a 0.50d spacing for Specimen D2, the increase in
strength was insignificant (1.9%). Provision of stirrups around some of the longitudinal

reinforcement did not improve the ultimate 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 D1 and D2 (see Figures 4.37 to 4.40). The area within
the hysteresis loops and, hence, the energy absorption capacities of Specimens D3 and
D4 were also comparatively larger than Specimens D1 and D2. Specimens D1 and D2
exhibited gradual increase in strength at displacement ductility ratios of 2.04 and 2.98,

respectively, although flexural tension cracks 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 load
cycle, and showed a much higher rate of strength increase, attaining their maximum
strengths at ductility ratios of 3.17 and 2.04, respectively.

Tables 5.2 to 5.5 show the load-deformation relationships and the corresponding
ductility ratios. In all four specimens, the strengths at higher displacements (4 > 2)
were above 60% of the ultimate load.

Table 5.6 to 5.9 show the stiffness degradation of all four specimens. The initial
stiffness of all four specimens averaged at 26.6 kN/mm. At relative vertical displace-
ment of about 11 mm (p = 2.8), the stiffnesses of Specimens D1 and D2 were about 15%
of their initial stiffnesses while Specimens D3 and D4 showed stiffnesses of 23% and 19%
of their initial stiffness values. The addition of concentrated transverse reinforcement
near the wall toe regions increased the participation of the slab further away from the
wall during the early cycles, resulting in a lower stiffness degradation However, during
the later cycles, when much of the damage has occurred, the participation of the outer
slab became negligible As the participation of the outer slab becomes insignificant, the
rate of damage and, hence, the strength and stiffness degradations of Specimens D3 and
D4 became rapid. At failure due to punching shear near the wall toes, the displacement
levels of Specimens D3 and D4 were over 30 mm while that of Specimen D2 was under
20 mm. Although punching shear damage of Specimen D1 was not as pronounced as
the other specimens at the end of the test which was terminated prematurely, it can
be deduced from the force-displacement characteristics for Specimen D1 (Figure 4.37)
that the higher displacement levels would not be achievable with adequate strength.
This is reflected by a more severe strength degradation of Specimen D1 at its largest
displacement level of 11 mm, a 13% strength reduction off its ultimate load, comupared
with the other specimens at the same displacement level where Specimen D2 had a 5%
strength reduction while Specimens D3 and D4 were just about to reach their ultimate

loads. The larger displacement level and, hence, improved ductility was achieved by
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Table 5.2 Relative Load-Deformation Relationships for Specimen D1.

i ili Load
Disl:')‘lazl::te}lvneent D;(:;::)ty Load Ultimate Load x 100%

(mm) (kN)

1.22 0.31 29.63 31.6
2.85 074 57.717 61.6
4.20 1.08 70.91 75.6
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.

ativ tili Load
Dig)?;cgmeent Dll;.ilt]ilcl)ty Load Ultimate Load x 100%

(mm) (kN)

1.34 035 37.5 434
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.

i ili Load
Disl::')el};itelltint Da‘:tlll(l)ty oad Ultimate Load x 100%

(mm) (kN)

4.00 1.03 521 576
4 45 1.15 67.64 747
12.30 3.17 90.19 99.7
20.28 523 86.07 95.1
28.13 7.26 69.61 76.9
36.30 9.37 58 53 64.7
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Table 5.5 Relative Load-Deformation Relationships for Specimen D4.

lative tili Load
Disf:jatement D;l{i\tli:)ty Load Ultimate Load x 100%

{(mm) (kN)

337 0 87 55.5 518
790 204 105 33 98 3
13 45 347 107 18 100
18.81 4 85 103 88 96 9
23.81 614 89.05 831
28.83 7 44 76.95 71.8
33.81 873 62.72 58.5

Table 5.6 Stiffness Variation for Specimen D1.

Relative Ductility Stiffness % of Initial
Displacement Ratio Stiffness

{mm) (kN /mm)

0 0 27.6 100
2.85 0.74 14 0 50.7
4.20 1.08 104 3717
609 1.57 8.7 3156
7.91 204 7.9 286
9.58 2.47 5.7 20.7
1119 2.89 4.3 156

Table 5.7 Stiffness Variation for Specimen D2.

Relative Ductility Stiffness % of Initial
Displacement  Ratio Stiffness
(mm) (kN/mm)
0 0 26.1 100
167 043 24 6 94 3
501 129 10 2 391
8.22 212 61 234
11 54 298 45 172
14 89 3 R84 24 92
18 15 4 68 17 66

130




Table 5.8 Stiffness Variation for Specimen D3.

Relative Ductility Stiffness % of Initial
Displacement  Ratio Stiffness

(mm) (kN/mm)

0 Q 25.0 100
12.30 3.17 5.8 23.2
20 28 5.23 4.3 17.2
28.13 7.26 2.4 9.6
36.3 9 37 10 39

Table 5.9  Stiffness Variation for Specimen D4.

Relaiive Ductility Stiffness % of Initial
Displacement  Ratio Stiffness

(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
23 81 6.14 14 51
28.83 744 1.3 4.7

Specimens D3 and D4 compared with that of Specimens D1 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 gridded 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 PLOTCALL?' computer program and assuming surface

symmetry about the centerline of the shear walls.

5.4 Steel Strains

Most of the top longitudinal reinforcement irn Specimens D1 and D2 yielded at
deformations corresponding to ductility levels of 4 = 1.0 and p = 1.3, respectively,

while the bottom reinforcement yielded at ductility ratios near 2 in both specimens.

tPLOTCALL is a commercial computer software by Golden Software for producing topographical 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 strains in the longitudinal reinforcement
near the shear wz}ll, along with the curvatures caused by the longitudinal displacements,
showed that the transfer of load to the wall occurred over a length of about 750 mm
from the corridor centerline. Hence, it is recommended that for structural integrity, the
longitudinal seismic reinforcement be continued up to a distance equal to two corridor

widths from the corridor centerline.

Strains in the concentrated transverse reinforcement showed that significant yield-
ing of these transverse reinforcement occurred up to 750 mm (about 36% of the entire

slab width) from the shear wall centerline. The strain vanation in the transverse direc-
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tion shown in Figures 4.47 and 4.51 clearly indicated that a stress reversal was present
along this band of concentrated transverse reinforcement. Significant localized defor-
mation shown in Figure 5.2, within the region whereby the stress reversal in Specimens
D3 and D4 occured, also indicated that stress reversal was present in Specimen D2
despite the absence of concentrated 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 some stirrups in the vicinity of the wall toe and the corridor centerline exhibited
yielding after significant shear deformations in the slab had occurred. Therefore, the
contribution of these stirrups to resist vertical shear must be ignored. This conclusion
was also reached by Malyszko!® in his tests. However, as observed experimentally, these
stirrups should be provided to control damage and to confine the concrete 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 considering a fixed-ended beam subjected to a relative vertical
displacement at each end as shown in Figure 5.3.

The couple required to obtain this relative vertical displacement is

12E1
V = 5 A (5-2)
where ¢ = length of the beam
E = modulus of elasticity
A = relative vertical displacement
I = moment of inertia for a rectangular section
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Figure 5.3 Fixed-Ended Beam Subjected to Relative Vertical Displacement, A.

begs B
2]

-

1
beg = effective slab width
h = thickness of the beam

Thus, for the coupled-slab shear wall, the effective width can be expressed as:

A 4
b1 = Em 2 (5-3)
For the dimensions used in this study, Equation (5-3) results in
Vv
bey = 0.002318 x — (5-4)

A

The experimental tangent stiffness values for the slab obtained at selected 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 ta 5.13. Also 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 L1 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 D1.

Relative Ductility % of Cage Width
Displacement Ratio bog Stiffness

(mm) {mm)

091 023 64 3 16.1
1.22 031 56 3 14.1
2.85 074 47.0 117
4.20 108 391 98
6.09 157 30.5 7.6
7.91 204 26 6 6.6

9 58 2 47 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 beg Stiffness

(mm) {(mm)

1.34 0.35 64.9 16.2
1.67 0.43 56 6 14.2
5.01 1.29 338 8.5
8.22 2.12 23.0 5.7
11.54 2.98 16.5 4.1
14 .89 384 12.0 3.0
18.15 4.68 8.5 21

Table 5.12 Effective Slab Width for Specimen D3.

Relative Ductility % of Cage Width
Displacement Ratio bey Stiffness

(mm) {mm)

1617 042 63 07 158
4 06 103 30 19 7.5
4 45 1.15 35 23 88
12.30 3.17 17.00 4.2
20.28 523 9 84 2.5
28.13 726 5.74 1.4
36.30 9 37 3.74 0.9
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Table 5.13  Effective Slab Width for Specimen D4.

™
e Relative Ductility % of Cage Width
Displacement Ratio by Stiffness
{mm) {(num)
2 64 0 68 6L 75 16 4
337 0 87 a8 17 95
790 201 30 91 77
13 45 347 18 47 46
18 81 4 8BS 12 80 32
23 81 6 14 867 22
23 83 7 44 619 |
33 81 8T 4 30 11
Table 5.14 Stiffness Values of Lines L1 to LS Used in Fignres 4.37 through 4.40.
% of % of Full
Line b.pg Cage Width Slab Width Stiffness
(mm) (hN/mm)
L1 400 140 20 8G 30
L2 100 25 5 2] 57
L.3 40 10 2 B 63
L4 20 5 i 431
L5 8 2 0.4 173
4.40. These slab stiffnesses were calculated using Equation (5-3), with the moment of
inertia replaced by the cracked moment of inertia taken to be 50% of the homogeneous
uncracked moment of inertia of the slab having an effective width of beg:-
I = vV 12E 1,
A c?
12E bey W3
== {0.5x L=
c? 12
h’ ’ [
=05E.{ =} beg (5-95)
c
Table 5.14 summarizes the stiffness values, which ate slopes of the lines L1 to LS
based on Equation (5-5), and the associated effective widths.
L ad
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CHAPTER 6

SUMMARY AND COMPARISON
WITH PREVIOUS WORK

6.1 Comparison with Previous Work by Malyszko!® and Khan!®
6.1.1 Introduction

Figure 6.1 depicts the three phase experimental program which is comprised of
the work by Malyszko!®, Khan'® and the findings of this investigation. Phase 1 tests,
performed and reported by Malyszko!®, comprised of the shear walls coupled by flat
slabs with various stirrup spacings, and are denoted as the S-series. Phase 2 tests
were carried out by Khan!®. Although he tested three specimens, only two specimens
are discussed here because Khan’s!® first test was merely an extension of Malyszko’s*®
work. Khan'® used a narrow rectangular reinforced concrete beam with dimensions of
100 x 83 mm across the 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 reinforcement content than Specimen Bl. Finally, the tests on slabs
with drop panel investigated 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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Post—~tensioning

Figure 6.1 Details of Coupled Slab-Shear Wall Systems Investigated.
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Table 6.1

Summary of Experimental Results of Phases 1, 2 and 3 Specimens.

Specimen No.

S1 S2 S3 B1 B2 D1 D2 D3 D4
Central Longitudinal Cage (or Beam) Reinforcement
-Longitudinal Steel 184 1 84 1 84 1 94 194 101 101 101 101
Top, Bottom, %
-Yield Strength, MPa 214 214 205 270 270 274 274 280 280

-Stirrup Spacing, mm — 46 23 60 60 23 41 41 41

-Yield Strength, MPa — 234 243 250 250 190 190 190 190
Transverse Reinforcement or Reinforcement in Concealed Beam
-Main Reinforcement 3D7TT 4D7T
-— — — 3D7TB 4D7B 0.95 0.53 132 158
-Yield Strength, MPa 2048 2143 21386 270 270 274 274 280 280
-Sticrup Spacing, mm —_ — 33 33 — — — —
-Yield Strength, MPa — - - 250 250 — -— - —
Beam Stem or Drop
Panel Geometry, mm — — — 100x83 100x83 450x33 450x33 450x33 450x33
Concrete Strength, MPa 37 Jr 364 39 39 37 35 40 40
Specimen Strength, kN
At u=3 42 8 43.6 43 4 84 0 92.2 57.4 66 1 89 4 106 1
At u=2>5 41 5 371 383 75.0 74.4 74.3 775 858 1051
Experimental Ultimate
Strength, kN 42 8 43 6 43 4 84 0 92.2 86 2 84.6 86.8 103 1
(Corrected to f! = 35 MPa)
Theoretical Ultinate .
Strength, (Yield Line 46 8 46 8 46 8 05 705 84.8 861 871 87 1
Theory), kN
Theoretical Punching -
Shear Strength, kN 39.2 395 395 N.A NA. 89.5 80.2 857 857
Initial Stiffness, kN/mm 1255 1270 1214 16 0 16.8 276 261 25.0 275
Stiffness (¢ = 3), kN/mm 491 257 325 60 68 137 14.6 6.2 56
Mode of Failure FYL FYL FYL FYL. FYL FYL FYL. FYL FYL
PS PS P.S SS SS. PS PS PS PS
N A. — Not Applicable
FYL — Flexure, Yield Lines
PS. — Punching Shear
S8 — Shding Shear at Slab-Beam Interface
T. — Top
B. — Bottom
6.1.
6.1.2 Strength and Stiffness Degradation

Specimen S1 forms the basis of comparison for all specimen results since it repre-

sents the structural layout 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
all 9 specimens. It is obvious from this figure that the slabs with drop panel (Specimens
D1, D2, D3 and D4) have higher stiffuesses than Phase 1 and Phase 2 specimens, with
stiffness values of more than 10% of their initial stiffnesses at a moderate relative wall
displacement of about 12 mun (z > 3) However, the slopes of the graph in Figure 6.2
also indicate that the slabs with diop panel, showing steeper slopes, have a higher rate
of stiffness degradation As observed by Taylor!?, the stiffness of the various specimens
decreased significantly as cycles of increasing displacements 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 panels
was about 0.25 of the uncracked stiffness. The stiffnesses of Specimens B1 and B2
decreased drastically during the inelastic cycles because of the horizontal sliding shear
damage in the shallow beams during the reversed displacement cycles. The ultimate
deformations observed in Phase 2 specimens were about half those observed in the
specimens with drop panels in Phase 3. For light earthquakes, the stiffness variation
response of coupled slab-shear wall systems with drop panels was more favorable than
those using narrow beams actoss corridor openings. For heavy earthqguakes, the use of
narrow beams across cornidor opemngs should be avoided because of severe distress at
the beam-slab intersection that caused sliding shear failures 1n the Phase 2 specimens.
Slabs with or without drop panels, however, provide approximately 10% of the imtial
stiffness values during heavy carthquakes (12 > 6). Because of the ecase of construction
over the narrow beam system, the use of drop panel is recommended where high 1nitial

stiffness is required
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The variations of strength with relative wall displacements for all nine specimens
were also plotted and are shown in Figure 6.3. Provision of a shallow beam or a drop
panel in Phase 2 and Phase 3 specnnens mereased the ultinnate shear stiength by a
factor of 2 over that of Specimen S1. except for Specimen D4 where annerease of 140%
in strength over that of Specimien S1 was observed  All slabs wath diop panel exhibited
average strengths of 55% 60% of then ultimate strengths at hagher displiscement levels
(0 2 7) and displayed a much smaller 1ate of strength deterioration at tetmediate
displacement levels (3 < j0 < 6) as compared with specimens with shallow beam (Phase
2 specimens), which exlubited an average strength of only 209 at lngher displacements

(n27)

6.1.3 Ultimate Strengths

The punching shear strengths of Specunens S1, 52, and S3 were calculated using
Equation (5-1) (see Table 6 1), and the results showed that these theoretical punching
shear strengths agreed 1easonably well with experimental ultimate strengths observed
by Malyszko!'®. Equation (5-1) 1s 1dentical to the expression proposed by Schwaighofer
and Collins! based on their test on one coupled slab-shear wall system subjected to
monotonically incieasiig loads until fanlute  The presence of the concentrated tians-
verse reinforcement near the wall toe 1egions resulted in an nnproved load distribution
near the wall toe region, basically due to the load transfer by transverse flexure and
dowel action, in addition to inereased shear friction at the cracks It can be noted
from Table 61 that the punching shear strength prediction for Speennen D4 using
Equation (5-1) s quite conservative s recommended that transverse remforeement
be provided 1 all slab-shear wall systems i the viemity of the shear wall toe. Winle
more research s needed 1 thys area to develop quantitative relationships, it s 1ecom
mended that this concentrated transverse remmforeement ratio should not be less than

1.05% (this does not include the stirrups provided), which s the ratio of the steel
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x reinforcement used in Specimen D4.

6.2 Effective Slab Width

An important patameter related to the design of slabs as coupling members is the
concept of effective width, ber. The implementation of an effective width of the slab
allows the engincer not only to design the appropriate slab reinforcement, but also to
enable the engineer to grasp the extent of the slab participation in the distribution of
the load.

Qadeer and Stafford Smith” presented non-dimensional graphs (see Figure 1.3)
from the results of then finite ditfer ence analysis on coupled slab-shear wall systems for
evaluating the stiffness and the effective width of the coupling slabs  Based on thein
recommendations, the parameters required for the determination of the effective slab

width of the model structures i this investigation would be

Y = 2067 inm
C =00
L = 387 mm

X = 3053 mm

Thus, the appropriate non-dimensional parameters would be

C'

— =)

X

Y

- = (),
e ).68
L

= ()~1Q
X 3

Using Figure 1.3a. the ratio of the effective width of the slab to the width of the hay,

x -i%. is 0.14. Hence, the corresponding effective width of the slab according to Qadecr
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and Stafford Smith” is

Y. =0.14 x 2067 mm

= 289 mm

which is 72% of the stirrup cage width or 75% of the corridor width.

Schwaighofer and Collins! observed from Szalwinski’s'® experimental and analyt-
ical work on a coupled slab-shear wall system loaded monotonically until failure that
the theoretical 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-deformation curve. To calculate the stiffness of the cracked coupled
system, they suggested that the gross second moment of area of the slab section (ef-
fective width = %c), I,, be replaced by the second moment of area of the cracked

cross-sectional area, I,.

12
beﬂ = 'gj'lcr (6'1)
To account for the severe cracking at the wall toe region at later test stages, they
suggested increasing the span from ¢ to {¢ + t) where t is the thickness of the wall.
Replacing ¢ in Equation (5-2) with (¢ + ¢) and I with I.,, the stiffness of the coupling

slab can be expressed as

_ 12EI,
T (c+t)

(6-2)

>l<

Hence, using Equation (5-3) and replacing the thickness of the coupling member, k, by

the effective depth of the slab, d, the resulting effective slab width of the slab is

b - c3 1%
T EB T A
3
c 12
- (c+t) & Ler (6-3)
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Paulay and Taylor!3 presented load-deformation characteristics of their test speci-
mens which included three lines (Lines L1, L2 and L3) in their graphs - two representing
the stiffness of an uncracked coupling slab with widths equal to 0.5¢ and 0.2¢, and the
third stiffness based on the second moment of the steel area alone, I,, within the stir-

rup cage, neglecting the concrete (Figure 6.4). The effective width based on I,, can be

expressed as
12
beﬂ' = 23133 (6'4)
Szalwinski'? reported from his experimental study and elastic finite element anal-
ysis effective widths of 0.68¢ and 1.58¢, respectively. Taylor! compared his test results
with those of Szalwinski's!? and suggested that the initial coupling 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 Fquivalent Effective Widths of Model Structure Suggested by Various

Investigators.
Investigators Effective Width
(mm)
Barnard and Schwaighofer® 2065
Tso and Mahmoud?® 413
Black et al !} 366
Wong and Coull?® 342
Qadeer and Stafford Srmuth? 289
Schwaighofer and Collins! - bey = 0.5¢ 193
Szalwinski!® - by =1 58¢ 611
Szalwinshi!? - by = 0 68¢ 263
Paulay and Taylor? - b = 0 5¢ 193
Paulay and Taylor® - b5 = 0.2¢ 80
Taylor!? - begr =0 2¢ 80

Using the charts and suggestions 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 shown in Table 6.2.

The equivalent values of the effective coupling slab widths participating in the
lateral stiffness of the system based on the second moment of area of the cracked cross-
sectional area (I} as suggested by Schwaighofer and Collins! and based on the second
moment of the steel area alone (I,) as suggested by Paulay and Taylor® were also
computed, using the dimensions of Phase 1 and Phase 3 model dimensions. The values
of the second moment of area ot the cracked concrete section, based on a slab width of
0.5 x the corridor width for Phase 1 and Phase 3 specimens, are I, = 1.482 x 10°* mm*
and I, = 5.217 x 10% mm*, respectively. The values of the second moment of area of
the seismic longitudinal reinforcement within the stirrup cage for Phase 1 and Phase
3 specimens arc I, = 1.56 x 10° mm? and I,, = 7.299 x 10° mm?, respectively. The

values of the effective widths thus computed are tabulated in Table 6.3.

The calculated values of by for Phase 1 specimens, reported by Malyszko!5, and

for Phase 3 specimens, tested in this investigation, are shown in Table 6.4.

It can be concluded that all 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 I, and I,;.

Equivalent Effective Width (mm)
Phase 1 Specimens Phase 3 Specimens
Schwaighofer and Collins':
12
(l) beﬂ = E’;IC" 151 113 6
c \312
(ll) beﬂ = <C+ t) ?J‘S‘Icr 83.2 62.6
Paulay and Taylor!3:
12
begr = Zﬁlu 159 159

Table 6.4 Calculated Effective Widths of Phase 1 and Phase 3 Specimens Based on
Experimental Results.

Phase Specimen Effective Width

S1 befj =96 0 mm = 0 25¢

1 S2 bey = 97 2mm =0 25¢
S3 bey =929 mm =0 2c
D1 by =64 3mm =0 16¢

3 D2 bey = 64 9mm = 0 16¢
D3 bey = 6307 mm = 016¢
D4 bey = 6575 mm = 016¢

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 overestimate the initial stiffness of
the coupled slab-shear wall systemn without drop panels by a factor of about 2 and the
initial stiffness of the coupled slab-shear wall system with drop panels by a factor of
about 3. Despite the use of I, m place of I; and a slab width of 0.5¢ for calculating the
Ir, the initial stiffness as proposed by Schwaighofer and Collins! also overestimates the
initial stiffness of the coupled slab-shear wall system without drop panels by a factor of
1.6 and the nitial stiffness of the coupled slab-shear wall system with drop panels by
a factor of 1.76 When the mote stringent evaluation of stiffness by Schwaighofer and
Collins', where the span was increased from ¢ to (¢ + t), 15 employed, the calculated
equivalent effective coupling slab width 1s slightly conservative in comparison with the

observed initial stiffness 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's'? suggestion of using an effective slab width equal
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’s?
recommendation for evaluating the initial stiffness based on the second moment of the
steel area alone within the stirrup cage yields an equivalent effective width of 159 mm
for the coupled slab-shear wall system with and without drop panels.

Although the provision of a diop panel increases the strength and stiffness consider-
ably (by more than a factor of 2), the relative value of the effective slab width decreases.
More experimental and analytical research is needed in this area. However, it is sug-
gested that, for the evaluation of the lateral stiffness of the coupled slab-shear wall
system, Equation (6-3) be used to calculate the effective width of the coupling slab and
that the values computed should not exceed ic for coupling slabs without drop panels
and §§2-c for coupling slabs with drop panels (drop panel depth = % slab thickness).

As observed by Taylor!®, Szalwinski’® and Malyszko!®, all of the specimens in
the present investigation exhibited considerable deterioration of stiffness as increasing
levels of displacements were imposed on the system. The stiffness near the ultimate
load was less than 13% of the nitial stiffuess for Specimens D2, D3 and D4 Specimen
D1 had a stiffness of 26% of the initial stiffness at the end of the test because the test
was stopped prematurely due to the malfunctioning of the Optilog data acquisition
system.

Based on the findings of this investigation and those of Malyszko!®, Paulay and
Taylor® and Szalwinski'?, it is suggested that the following values be used to evaluate
the stiffness of coupied slab-shear wall systems reinforced with closed stirrups in the

slab subjected to lateral loads caused by earthquakes.

Stiffness of a slab-shear wall system subjected 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 to moderate and heavy earthquakes:

— with and without drop panel (0.1 of the initial stiffness)

6.3 Summary

The experimental results of this investigation and that of Malyszko'® and Khan'®

can now be summarnized m the following sections.

6.3.1 Ultimate Strengths

The ultimate strength of the specimens can be predicted reasonably accurately
using the yield line theory. Cycling the load at a given displacement caused progressive
strength deterioration because of accumulated damage as a result of the repeated and
reversed shear displacements.

Provision of shallow beams in Phase 2 specimens increased the ultimate strength
by a factor of about 2 Provision of drop panels also resulted in a strength increase by
a factor of more than 2 in all of the specimens tested in this investigation. Specimens
D1 and D2 had no concentrated transverse reinforcement. The Specimen D4, with
1.58% concentrated transverse reinforcement ratio (this includes the horizontal legs of
the stirrups), showed a 140% increase in strength over Malyszko’s!® Specimen S1 which
did not have a drop pancl or stirtups

The test specimens in this investigation exhibited strengths of 55%-60% of their
ultimate strengths at higher displacements levels (1 > 7) and displayed a much smaller
rate of strength deterioration at intermediate displacement levels (3 < p < 6) as
compared with Khan’s!'® specimens with shallow beams, which exhibited an average
strength of only 20% of their ultimate strengths at higher displacements levels (¢ > 7).
Therefore, it is recommended that concentrated transverse reinforcement be provided

in all slab-shear wall systems in the vicinity of the shear wall toe, as shown in Figure
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6.5. While more research is needed in this area to develop quantitative relationships,
it 1s recommmended that this concentrated reinforcement ratio should not be less than
0.79% (this does not include the stirrups provided). This will help with an improved
distribution of loads due to 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 some additional load
cycles. These cracks were 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 all cases and can be assumed to occur

in stages, as shown in Figure 5.1

6.3.3 Stirrup Performance

Provision of stirrups around some of the longitudinal reinforcement did not im-
prove the ultimate strength significantly. However, it did help with the control of the
rate of damage near the wall toe region and the punching shear failure that occurred
after formation of the yield lines. Provision of stirrups caused a significant delay i this
damage and the subsequent punching shear failures. It was shown by Malyszko!® that
stirrups spaced at spacings of d (the slab effective depth) in Specimen 52 were not as
effective as the stirrups spaced at spacings of 1d 1n Specimen S§3. The horizontal legs
were effective in distributing the load due to flexural and dowel actions and augmenta-
tion of the shear friction phenomenon due to their clamping action. The vertical legs
of the stirrups were not as effective in resisting the vertical shear transferred to the
shear wall resulting from the moments along the yield 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 to the corridor width be used at a spacing of %d 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 Malyszko!®, Khan'® and Taylor'® decreased significantly as cycles of increasing
displacements were imposed. The initial stiffnesses of the specimens with diop panels
were a little more than twice those of Phase 1 specimens without drop panels, with
an average value of 26 6 kN/mm but the relative value of the effective slab width
decreased by a factor of 0.68. The provision of concentrated transverse reinforcement
decreases the rate of stiffness degradation. At a displacement level of 11 mm (p = 2.84),
the stiffnesses of Specimens D1 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 stiffnesses of Specimens D3 and D4,
which had transverse reinforcement ratios of 1.32% and 1.58% (including the horizontal
legs of the stirrups), respectively, were about 23% and 19% of their initial stiffiness
values, respectively. At ductility 1atios of about 3, the observed average stiffnesses of
Malyszko's'® specimens without drop panels was about 0.35 of the uncracked stiffness,
while that of the specimens tested 1n this investigation with drop panels was about 0.25

of the uncracked stiffness

6.3.5 Longitudinal Strains

All of the longitudinal reinforcement in the slabs yielded at higher levels of relative
displacements (i > 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 centerline.

6.3.6 Displacement Profiles

The deflection piofiles in the 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 were minimal at all loading stages.

Based on these displacement profiles and the longitudinal strains, it is recom-
mended that the special longitudinal seismic reinforcement be provided over a rectan-
gular area, two cotridor lengths by four corridor lengths centered about the centerlines

of the shear walls and the corridor (see Figure 6.5).

6.3.7 Punching Shear Strength

vV
3d(t + d)
observaticn of the crack pattern in all Phase 1, Phase 2 and Phase 3 specimens

The nominal punching shear stress, v, = (Equation (5-1)), based on
tested under reversed , cyclic loads, is exactly the same as the expression proposed by
Schwaighofer and Collins! , which was based on their test on one coupled slab-shear wall
system subjected to monotonically increasing loads until failure

The punching shear strength prediction using Equation (5-1) agreed with the ex-
perimental data from Malyszko's!® specimens and Specimens D1, D2 and D3 of this
investigation, assunung v, = ().33\/72 MPa. All of the calculated punching shear
strengths, using Equation (5-1), were slightly on the conservative side.

The presence of concentrated transverse reinforcement near the wall toe regions
resulted in an improved load distribution, basically due to the load transfer by trans-
verse flexure and dowel action, in addition to increased 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 1s needed in this area.

1565




CHAPTER 7
RECOMMENDATIONS AND CONCLUSIONS

7.1 Design Recommendations

The following tentative design recommendations 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-legged (overall width equal to the corridor

width) at a spacing of d to contain part of the longitudinal seismic reinforcement.

to

Provision of additional longitudinal seismic 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 least 0.8% near the
wall toe regions (see 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 stirrups. These concentrated transverse reinforcement
should extend at least 40% of the bay width on either side of the shear wall
centerline and should also extend no less than the width of the corridor opening
on either side of the shear wall centerline.

4. For buildings in areas which cap be subjected to moderate or heavy earthquakes,

it is recommended that a drop panel, projecting %h to %h below the slab, where
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h = overall slab thickness, be used with reinforcement details as in (1) above.

. 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.

. 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+ 1d) behind the wall toe

(Figure 7.1).

. All 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 initial lateral stiffness of the coupled slab-shear wall

systems subjected to lateral loads, Equation (6-3) should be used to compute an
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effective slab width but that the value computed should not exceed i—c for coupling

slabs without drop panels and £ ¢ for coupling slabs with drop panels. The stiffness
of coupled slab-shear 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
(ductility ratio p < 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 to heavy earthquakes
(ductility ratio u > 6)
— with or without panels - (0.1 of the initial stiffness)
The latter value can be so small that the slab coupling effect can be ignored for
heavy earthquakes. For moderate earthquakes, the stiffness of the coupled 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 -
scale reinforced concrete models of co.apled slab-shear wall assemblies. Various stirrup
arrangements and concentrated transverse reinforcement layouts were utilized and the
test specimens were subjected to progressively increasing displacement cycles under
reversed cyclic loading conditions. The results of this investigation are compared with
those of Malyszko!®, Khan'® and Taylor!* and the following conclusions are drawn:

¢ The provision of drop panels increases the strength and initial stiffness of the
coupling slab system by factor of about two.
¢ Improved damage control and prevention of rapid deterioration of strength and

stiffness can be achieved 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
accuracy by the yield line 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 under 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) :

N A
Un = 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 toe regions which underwent severe shearing deformations.
The transverse reinforcement aided in delaying the punching shear failure, in dis-
tributing the forces to 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.

All four specimens exhibited rapid strength and stiffness degradation at high dis-
placement levels (displacement ductility ratio, u > 3).

All of the available elastic analysis methods overestimate the initial stiffness of the
coupled slab-shear wall systems. However, a more stringent 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 all four specimens tested. Typically,

the effective 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 stabs

without any drop panel.

7.3 Recommendations for Future Research

There are many questions arising froimn this investigation, which merit further con-
sideration in future research in this arca.

The strength and stiffness degradation characteristics investigated thus far had
been mainly qualitative. More research is necessary to establish quantitatively as to
how these characteristics can be accurately assessed. So far, the itial stiffness and
the stiffness at failure can be conservatively predicted. However, in an analysis, the
degradation of the stiffuess within these two linits is an integral part of producing the
correct response of a structure. Research in this area could be in the form of developing
finite element computer models using the results of this and other investigations.

The damage of the slab near the wall toe regions due to punching shear has yet to
be eliminated without the use of a shallow beam. Although improvement in damage
control was indicated with the provision of concentrated transverse 1emforcement near
the affected regions in the slab, the mechanism of punching shear of the slab by the walls
at the wall toe regions needs to closely examined. Although some empirical equations
were established in this and other investigations, these equations can not generally be
used for various slab coupling systems with special provisions. Research in this arca
would involve experimental investigation as well as analytical work concentrating on
this fundamental punching shear phenomenon alone, This will 1equire the 1solation of
the wall and slab regions near the wall toes for the study. The effects of dowel action,
aggregate interlock, clamping action of the reinforcement, shear friction. and the extent
of punching action would be the basic parameters involved in the study.

Although a depth of %h was used 1n this investigation for the drop pancl, the re-

sponse of the slab with various drop panel depths may be studied. Sunilarly the choice
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of the width of the drop panel could also be examined. Generally, the dimensions of
these drop panels are largely governed by the size of the stirrup cage. The recom-
mendations for the size of the stirrup cage presented was mamly to ensure a similar
response to that observed m this investigation However, with more experimental and
analytical research involviug varying drop panel and stirrup cage geometry, quantita-
tive relationships can be established for the dimensions of the diop panels and stirrup
cages for each specific coupling slab-shear wall system.

Derecho et al?? had pointed out that in developing a design procedure for
earthquake-resistant structures, the inforination on demand as well as capacity must be
obtained. In an experimental investigation, the degree to which the laboratory loading
represents the conditions imposed by an earthquake is an important consideration in
correlating demand with capacity. In this investigation slow progressively increasing
displacement ductility levels were employed for the testing of the specimens. During
an actual earthquake where rapid reversal of loads can occur within a penod of about
30 seconds, various combinations of ductility levels are possible thioughout the period
of the earthquake. For each of these loading history, the response of the structure can
be very different. Therefore, appropniate load history models must be developed in a
laboratory testing of structures under slowly reversing loads to sumulate earthquake
loading. A valid correlation of the energy demand of the structure with its enecgy-
absorption capacity 1s possible ouly if the loading program 1s comparable to, or more
severe than, the loading that might reasonably be expected under earthquake excita-
tion. An adequate characterization of demands would include parameters such as the
maximum amplitude of deformation, the number of large-amplhitude cycles relative to
small amplitude cycles, and the associated maximum forces.

Plain rectangular shear 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 combinations 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 specific regions of the slab
where severe damage occurs and development of appropriate computer models for the

coupling slab using a non-linear finite element analysis.
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