EFFECT OF SPANDREL BEAM ON SEISMIC
RESPONSE OF CONCRETE FRAMES

by
Marco Alfio Di Franco

March 1993

Department of Civil Engineering and Apphied Mechanics
McGill University

Montreal, Canada

A thesis submitted to the Faculty of Graduate Studies
and Research 1n parual fulfilment of the
requirements for the degree of

Master of Engineering.

® Marco A. Di Franco, 1993



ABSTRACT

Full-scale exterior beam-column-slab sub-assemblages were tested under reversed cyclic
loading to snvesugate the role of the spandrel beam 1n the overall response. Results from specimens
having ditferent spandrel beam sizes and different amounts of torsional reinforcement in the spandrel
beams provided a better understanding o' their behaviour. The test spectmens were heavily
instrumented to enable detailed strain mea. urements 1n the slab bars, the joint region and the
spandrel beam These strains together with the crack pattern provide some 1nsight into the flow of
torces trom the slil, and spandrel beam into the ‘omnt region  The tests show that the effective width
of the slab contributing to the pegative bending of the mamn beam is affected by the torsional
yielding ot the spandrel beam. However, after thi« yielding, a different force mechamsm, involving
concrete compressive struts, and tension ties in the slab and spandrel beam bars, provides means of
transterring additonal forces from the slab bars to the joint region. It is important to consider the
effect ot these torces since they increase the negative moment capacity of the beams, and hence,
they may affect the hierarchy of yielding between the columns and the beams This effect may in
turn alter the fallure mode of the structure

Tentative design proposals, accounting for the Jllow of forces through the spandrel beam,
are presented  The apphlication of these proposals are illustrated for a number of different specimens

having varying spandrel heam dimensions.



SOMMAIRE

Des spécimens de grandeurs réelles représentant un assemblage de poteau exténieur, poutre
et dalle ont ét€ mis 2 I'essai sous des charges cychques dans e but de déternuner le rile de la poutre
de rive sur le comportement général de la structure  Les résultats expénimentaux des spécimens
avec des poutres de rives de différentes dimensions et une quantité vatable d'armature pow
reprendre les efforts de torsion ont permis de mieux comprendre leur comportement  Tes spécimens
ont €té bien nstrumentés pour ohtenir des mesures détaillées des efforts de tension dans les barres
de la dalle, 1a région du joint et dans les poutres de rives. Les tensions et la formation des fissures
ont permis de visualiser la transmission des contraintes de cisaillement de la dalle et de la poutre
de rive au joint. Les résultats expérimentaux montrent que la largeur eftective de la dalle qui
participe 2 la résistance de la poutre principale est influencée par la résistance en torsion de la poutre
de rive. Cependant, aprds I'affaiblissement de la poutre de rive, une autre torme de résistance se
manifeste Celle-c1 consiste en un systeme de bielles de béton en compression et d’ettorts de tension
dans les barres de la dalle et de la poutre de rive, permettant de transmettre des etforts de tension
additionnels des baires de la dalle au jomnt. Il est important de considérer ces etfets, puis qu'ils
augmentent la résistance des poutres et peuvent ainsi atfecter le hiérarchie de 'attaibhssement entre
les poteaux et les poutres. Ces effets peuvent donc changer le mode de rupture de la structure

Des méthodes de conception qui incluent la transmussion des efforts au travers de la poutre
de rive sont présentés Ces méthodes sont illustrées pour plusieurs spécimens ayant des poutres de

rives de différentes dimensions
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@ Chapter 1

INTRODUCTION

1.1 Background Information

The 1990 Nauonal Building Code of Canada (NBCC, 1990) contains provistons for the design
of structures for carthquakes. A force modfication factor, R, 1s introduced to reflect the overall
ductility of the structure and the ability of the s'ructure to dissipate energy through inelastic action.
The values of R range from 1.0, for unremforced masonry construction, to 4 0 for ductile moment-
resisung frame structures  The 1984 CSA Standard for the Design of Concrete Structures for
Buildings (CSA, 1984) sets out design and detailing requirements corresponding to the different values
of R. Figure 1.1 llustrates the idealized lateral load vs displacement responses of four structures all

‘ having the same imtial suffness but with different inelastic charactenstics (1.e., different R factors).
It can be noted that structures designed with a force reduction factor, R, of 4.0, have a lower base
shear and a higher level of ductility. Several experimental investigations have been carried out to

assess the validity of the current design code and 1o evaluate the performance of such structures.

A
v
Base
=10
Shear /. R
/
I//
e R=15

e R = 20

) shiffness

po
\ ot

Lateral Displacement Envelopes 2

. Figure L1: Idealized lateral load versus displacement response of structures having different R values



1.2 Design Criteria

The required strength of a ductile moment-resisting remforced concrete building subjected
to seismic actions depends on the structural ductlity and the cnedgy disstpating capacity of the
structure A ductile moment-resiting frame structure must have a mummum level ol ductibity and
must be capable ot dissipating signuficant amounts ot energy in the inelastic range  Inorder to achieve
these goals the CSA Standard (CSA, 1984) requires that such a structure have the tollowing genetal

characteristics’

Q) Large displacement capabilitics without significant loss ot strength

(1) A desirable hierarchy of yielding in the members

(iii) Excellent confinement of regions expected to undergo inelastic action

(iv) Undesirable, brittle modes of failure in members are avorded

™) The reinforcement must be detailed such that 1t 15 effective, even after severe distiess
(e.g., cover spalling).

Figure 1.2 shows an exterior bcam-column joint subjected to lateral forces. The shear strength of the
beams must be sufficient to develop flexural hinging in the beams before any significant shear distress
occurs. At the coanecdons, the beams and columns are designed such that the columns are stronger
than the beams. This ensures a "weak-beam, strong-column” response and results m a "heam sidesway
mechanism" (sec Fig. 1.3c). With this hicrarchy of yielding the "column sideswday mechantsm®
(see Fig. 1.3b), which 1s associated with small levels of ductility and energy absorption, 1s avoided
To ensure plastic hinging 1n the beams, and not 1n the joints or columns, the CSA Standard requires
that the sum of the factored resistances of the columns above and below the joint must be greater
than 1.1 umes the sum of the nominal flexural resistances of the beams  In the CSA Standard the
ratio of nominal strength to factored resistance for a column subjected to a low axial load s 12 I
the factor, Mg, 1s defined as the ratio of the nominal column strengths to the nominal beam strengths,
then the CSA Standard requires a mmmmum M, of 1 1x 12 = 133 In the 1989 ACH Code (ACH,
1989) the required value of Mg ts 12 It 15 interesting to note that the ACI/ASCE Committee 352
(ACI/ASCE, 1985) recommended a valuc of My of 140 for beam-column joints subjected 10 seismic
loading. The "weak-beam, strong column” design approach results in the columns remaining clasti,
with larger values of Mg, giving not only larger column strengths, but also larger column stiffnesses,
hence reducing storey drifts  The nominal strength ratio, Mg, 1s a key paramcter which indicates the
hierarchy of yielding Values of M, greater than 1.0 force hinging in the beam, while values of My, less

than 10 give undesirable yielding 1n the column



Figure 1.2: Exterior sub-assembly subjected to lateral forces
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a) sersmic forces b) hinges in columns c) hinges in beams

Figure 1.3: Different hinge mechanisms for frames




One of the important issues 1n ensunng the correct erarchy of yielding is the determination
of the flexural strength of the beams In determining the nomunal flexural resistance ol a beam
negative bending, 1t 1s necessary to estimate the contribution of the slab reinforcement  In the CSA
Standard (CSA, 1984) the effective sfab width tor this purpose s taken as three times the slab
thickness, (1.€, 3h)) on both sides of the bcam  This critenia docs not take o account sonwe ot the
important parameters aftecting the contribution of the slab remntorcement  For examiple, at exterior
joints, the si1ze and strength of the spandrel beam plays an unportant role i attecting the ellective stab
width in negative bending,

The design of the joint 1s also affected by the number of slab bars i the etfectuive slab wadth
since the forces 1n these bars along with the forces in the beam bars must be transterred to the joint
region. In calculating the jomnt shear, the forces i these bars are computed with a stress ot 1254,
to account for tne possibility of yield stresses above the specified yield stress and the etfects of stramn
hardening For an exterior joint the beam retnforcing bars continue through the joint region and are
anchored at the far face of the confined core to ensure proper development of the tensile torees "The
transverse reinforcement 1n the joint must be capable of transmitting the design joint shear and must
also provide sufficient confinement of the joint region. The provision of sufhicient shear capacity and
adequate confinement 1s essential in order to avord joint "yielding" and to achieve the "strong-column,

weak-beam" hierarchy of yiclding

1.3 Summary of Previous Research

The following sectioa does not attempt to provide a summary of all of the tests on beam-
column subassemblages but rather reviews the results of some tests that have had an impact on North
American design codes Special attention will be given to research that has investigated the effects
of floor slabs and transverse beams on the response  Of particular importance to this study arc tests
that have been carned out on exterior joints

Blume er al (1961) carried out some of the first tests on beam-column connections These
tests showed the benefits of joint confinement on the hysteretic behaviour of beams but did not
provide a clear understanding of the behaviour of the joint region since these tests did not have any

shear transferred through the joint These tests did not include slabs nor transverse beams




Hanson and Conner (1967) were the first researchers to publish studies made on
beam-column joints They tested sixteen exterior and intertor subassemblages which showed that with
properly detailed reinforcement, joints could resist the effects of reversed cyclic loading, without a
significant loss of strength - To achieve this desirable behaviour, they suggested the joint region should
contamn an adcquate amount of closed hoops to provide adequate shear strength and good
confinement,

Ma et al (1976), and Bertero and Popov (1977) tested nine beam-column subassemblages,
somc of which included slabs. These tests had a major impact on seismic design codes. They
obscrved that the presence of the slabs incrcased the negative moment capacity of the beam and
resulted 1n an increase an the energy dissipation per cycle of loading. The increased compressive
resultant 1n the beam due the higher moment capacity was found to cause early buckling of the
bottom longitudinal bars 1n compression and to promote shear degradation. To prevent buckling of
the bottom bars, the authors suggested the use of supplementary beam ues. They found that these
added ties further increased the energy-dissipating capacity. They also found that the amount of
compression reinforcement also affected the cnergy dissipating capabilities of the beams  They
suggested that for improved energy dissipation, that the ratio of bottom to top longitudinal
rewinforcement n the beams be not less than 075. The authors concluded that strength degradation
was due to either buckhing of the bottom longitudinal bars or due to loss of shear transfer across full-
depth cracks in the beam

Ehsant and Wight (1982, 1985a) tested six exterior concrete beam-column subassemblies
having floor slabs and spandrel beams. They also tested six specimens which had ~“>lumns and main
becams only (Ehsani and Wight 1982, and 1985b) The authors observed that pullout of the
longitudmnal bars was prevented and joint shear cracks were himited by the added confinement
provided by the presence of the spandrel beams. They attributed this improved performance to the
presence of the spandrel beam bars, passing through the joint region. The slab remnforcement parallel
to the main beam was found to contribute significantly to the negative flexural moment capacity of
the beam  In the design of the specimens they assumed that only the first set of slab bars adjacent
to the beams would contribute  However, they observed that all of the remnforcement across the full
width ot the slab yiclded 1in tension This prompted the authors to conclude that the flexural strength
ratio, My, may be overestimated it the slab reinforcement s neglected in design. They proposed that
the slab bars within an cttective slab width, at least equal to the width of the beam on each side of
the column, be included  They also recommended that the My ratio be no less than 1.4, They
obsenved that the avoidance of joint yielding gave more stable hysteretic behaviour They concludec

that the eftective width of slabs 1n tension is not well defined.



A full-scale seven-storey reinforced concrete structure was tested 1 the US. Japan
cooperative research programme on earthquake engineering (Yoshimura and Kurose, 1985). The
measured maximum base shear of the building under one-way lateral loading was more than S0
higher than that predicted. The difterence was attributed to the contnibution of the floor slab
reinforcement acting together with the longitudinal beams which was not mcluded m the destgn. The
results from this full-scale test point out the need to properly account for the influence of the floor
slabs and their reinforcement.

Durrani and Zerbe (1985) tested six three-quarter scale extenior beam-column-slab
subassemblages. The primary objective of this rescarch was to assess the eftect ot the slab on the
behaviour of the connection. The configurations of their test specimens included one with no
transverse beams and no slab, one with transverse beams and no slab, and tour specmens with
transverse beams and slabs of increasing widths  They found that the presence of the slab
reinforcement increased the negative flexural capacity of the beam by as much as 707 For transverse
beams that reached their torstional yielding capacity during the test, the cfeciive width of slab
contributing to flexure was determined to be equal 1o the column width plus twice the depth of the
transverse spandrel beam (1e., b, = b, + 2h)). The authors also noted that the transverse beams
provided confinement to «he joint region unul their torsional wpauities were reached

A research programme at McGill University (Rattray, 1986, Paultre and M:ichell, 1987 and
Paultre er al.,, 1989) mvolved the testing of extenor, full-scale, beam-column connections with
transverse beams and slabs. This vestigation studied the role of the spandrel beams in himiting the
effective width of the slab. The spandrel beams are subjected to torsion by the tenstons in the stab
bars which have a torsional eccentricity from the centroid of the spandrel beam  The torsional
resistance of the spandrel beam was tound to limit the amount of yielding of the slab longitudinal bars
parallel to the beam. The CSA Standard (CSA, 1984) simply suggests a flange width of three times
the slab thickness on each side of the main beam  For these tests the effective flange width was
significantly greater than that of the CSA Standard

They concluded that the slab contribution increases the beam strength and therefore reduces
the flexural strength ratio and the negative moment ductility  The decrease 1n My, 1n some cascs,
could result in "weak columns" and "strong beams" which could alter the tatlure mode and reduce the
overall ducnlity of the structure.

French and Boroojerdi (1987) tested three onc-half scale interior  beam-column

subassemblages with transverse beams and slabs at the University of Michigan  These tests were



conducted to determine the influence of the torsional stiffness of the transverse beams on the effective
slab width partiupaung in tension at interior joints. One specimen had no transverse beams while
another speuamen had transverse beams identical to the main beam. A third speamen had
intermediate sized transverse heams. They found that the specimens with increased torsional stiffness
had g greater cifective slab parucipation The authors noted, however, that this difference between
specimens decreased with increased deformations  The effective slab width from the test results was
found to be greater than that determined from the ACI Commuttee 318 Section 8.10.2 (ACI, 1989).
They also observed that the negative moment ductihity was decreased for specimens with increased slab
widihy.  They pomnted out that this slab participation may decrease in frames subjected to skew
earthquakes which would cause loading of the transverse beams and hence additional damage to these
beams

Cheung, Paulay, and Park (1991) tested three full-scale heam-column-slab assemblies, one of
which was an extenor joint. They simulated loads that would resuit from earthquake actions along
a line skewed from the frame line. For the exterior assembly tested, this resulted in the application
of loads directly 1o the main beam as well as the spandrel beams at various stages  An 1nvestigation
was carried out to determine the contributions of the floor slabs 1n the enhancement of the flexural
strength of the beams. They found that the slab contribution was greatly decreased due to earlier
yielding and stiffness less of the loaded transverse beams as compared to uni-directional loading where
the transverse beams were not foaded directly They noted that even wnh this reduction in the
cffective width, the effective flange width was sull larger than b, = b, + 2h, (twice the flange thickness
on cach side of the column) suggested by the New Zealand Standard 3101 (NZS, 1982). After
considering the influence of many parameters, such as slab membrane action and effective anchorage
of slab bass, they concluded that a high degree of accuracy in determining the effective width is not
warranted, unless the amount of reinforcement n the slab relative to the beam 1s large and the level
ot protection assigned to columns 1s significant - They recommended that the effective width of slabs
at exterior jonts with transverse beams be taken as the lesser of: one quarter of the span of the
transvense edge beam on cach side of the column centreline, or one quarter of the cpan of the main
beam taken on each side of the column centreline

Gentny and Wight (1992), at the University of Michigan, carried out a study on the use of
wide beam-column connections in reinforced concrete frame structures. These connections represent
two way slabs on shallow beams where the beams are wider than the columns  The use of wide beams

resulied in some of the longiudinal reinforcement of the main beam being anchored 1n the spandrel



beams, that 1s, outside the column region The effective use of this part of the renforcement in the
calculation of the negative moment capacity 1s controlled by the torsional resistance of the spandicl
beams. Hence, if the spandrel beam cannot resist the torston induced by the tensions i these bars,
the flexural capacity of the main beam may not reach the calculated design value The cracking torque
was found to be a reasonable upper bound 1n the torsional demand expected by the spandret beams
The authors concluded that limiting the amount ot longitudinal steel anchored in the spandrel beams
and limiung the rato of beam-width to column-width, would result 1in good pertormance of these

structures.

1.4 Research Objectives

The overall objective of this research programme was (0 nvestigate the behaviour of beam-
column-slab subassemblies 1n ductile moment-resisting concrete trames subjected to carthquake-type
loading. In particular, the goal was to study the effect of the spandrel beams in hmiting the
contribution of the longitudinal slab bars (1.e., parallel to the main beam) to the flexural negative
moment capacity of beams. One of the objectives 15 to develop a simple expression that would give
the effective slab width, in which the slab bars are contribuuing  This effective slab width influences

a number of key parameters 1n the design including;

1)  The flexural strength ratio M between beams and columns may be
overestimated if the effective slab width 1s underesumated 1n design.

2)  The hierarchy of yielding between beams and columns to ensure
"weak-beams” and "strong-columns” may be jcopardized if the slab
contribution 1s not properly assessed.

3) The duculity and encrgy dissipating capacitics of the beams may be
significantly reduced by the increase i negative moment capacity
due to the contribution of the slab bars.

4) A larger effecuve slab width would result in larger shears and
moments entering the joint region and hence could result 1n
prematuie joint yielding.

This study will also attempt 1o nvestigate the overall behaviour of the speamens destgned
with a force modification factor, R, of 4.0 and designed and detailed using the requirements of the

CSA Standard (CSA, 1984). The cxtensive mnstrumentation of the test specimens will enable the
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measurements of strains, displacements and loads during the loading sequence. The behavioral aspects
of the specimens will be tlustrated by: (1) the load versus deflection response; (2) the moment versus
curvature responsc; (3) strain distributions across the slab width; (4) experimentally determined
curvatures and shear strains along the main beam; (5) the tip deflection components and (6) the
cnergy dissipaung capacities of the specimens

Three full-scale exterior beam-column-slab assemblies with spandrel beams were constructed
and tested to assess the above factors. Once of the specimens was tested earlier by Rattray (1986) and
Paultre (1987) under a similar programme. These spectmens were subjected to umi-directional

reversed cyclic loading.




Chapter 2

EXPERIMENTAL PROGRAMME

2.1 Description of Prototype Structure

The prototype structure is a six-storey reinforced concrete frame building located in Montreal
It has been designed using the 1990 National Building Code of Canada (NBCC, 1990) and the 1984
CSA Standard (CSA, 1984) with a force reduction factor, R of 4.0. This structure was previously used
as part of a research program carried out by Paultre (1987) to assess the influence of design and
detailing on the seismic performance of concrete structurcs i Canada It was al © used to study the
influence of slabs in contnbuting to the negative moment capacity of beams located at extenor jomnts.

This research was performed by Rattray (1986) as well as Castele (1988).
2.1.1 Building Description

The six-storey reinforced concrete frame building consists of 7 identical bays n the N-S
direction spanning 6.0 m and 3 bays in the E-W direction where 2 - 9 m office bays are scparated by
a central 6 m wide cornidor bay. The first storey height 15 4.85 m and the remaining storeys are
3.65 m high. A plan and elevation view 1s shown 1n Fig. 2.1.

The interior columns have cross-sectional dimensions of 500 x 500 mm and the exterior
columns are all 450 x 450 mm 1n cross-section. The main beams i both the N-S and E-W directions
are 400 x 600 mm for the first 3 storeys and 400 x 550 mm 1n the op 3 storeys  The floor system
consists of a one-way slab 110 mm thick supported on secondary beams spanming in the N-S direction.
These beams are all 300 mm wide and 350 mm deep including the slab thickness. The extenor

spandrel beams 1n the prototype structure are 40) mm wide and 600 mm deep
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Figure 2.1: Plan and elevation view of prototype structure (Paultre 1987)
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2.1.2 Loading and Analysis Assumptions

The loadings for the original prototype structure designed by Paultre (1987) were determined
using the 1985 NBCC Code (NBCC, 1985) However, the loadings trom the 1990 NBCC gave factored
base shears which were almost wdentical. Therefore, the design of the structure did not need o be

modified. The design parameters using the 1990 NBC Code are given below

Floor live load. 24 kN/m" on typical floors
4.8 kN/m* on 6 m corndor bay

Roof load: 2.2 kN/m* full snow load
1.6 kN/m’ mechanical services loading
on 6 m wide strip over cornidor bay

Dead loads: 240  KN/m’ self-weight of concrete members
1.0 kN/m’ partiion loading
0.5 kN/m? mechanical services
0.5 kN/m* roof nsulation
Wind loading: 1.24  kN/m’ net lateral pressure for top 4 storeys.

1.18  kN/m’ net lateral pressure for bottom 2 storeys.

Seismic loading: v = 0.1 seismic velocity for Montreal arca
T = esumated period = # of storeys / 10 = 06

S = seismic response factor = 15/ T = 1.94
I = importance factor, taken as 1.0
F = foundation factor, taken as 10

V = 0.03W where W 1s weight of structure plus 25% of snow load

An analysis of the building was carried out by Pauitre (1987) using a hincar elastic plane frame
program in both directions. In the N-S direction, the analysis was stmphified by reducing the structural
model to a single frame subjected to onc-cighth of the lateral load since the floor slab system was
assumed to act as a rigid diaphragm. To obtain more realistic results due to cracking of concerete, the
gross stiffnesses EI were reduced by 50% 1n the heam members and by 207% 1n the columns  The

forces obtained from this analysis were then supertmposed with those from the gravity load analysis
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2.2 Details of Test Specimens

2.2.1 Specimen Dimensioas

The test specimens consist of three full scale, 2nd storey exterior joint subassemblages located
as shown in Fig 22 Thesc specimens represent beam-column-slab connections with transverse
spandrel beams  The test speamens are labelled R4, R4S, R4T R4 was tested by Rattray (1988) and
was designed using the 1985 Code with a K factor of 0.7. This corresponds to a force modification
factor, R, of 4 01n the 1990 NBCC R4S and R4T were designed using the 1990 Code with R equal
1040 The only varying parameters in the three specimens are the dimensions and reinforcing details
of the spandrecl bcams R4S represents a specimen with a reduced Spandrel dimension and R4T has
the same dimensions as specimen R4S but has less Torsional reinforcement  The objective of these
different spandrel details 1s to achieve three different torsional resistances, which enables a study of
the role of the spandrel beam 1n limiting the contribution of the slab bars 1n negative bending,

The cross-sectional dimenstons of the specimens were dictated by the design of the prototype
structure, while the overall dimensions were chosen to simulate the points of contraflexure in the
beams and columns and 1o maximize the slab width which can be accommodated 1n the testing
machine

All three speaimen consisted of 450 x 450 mm square columns having a total height or 3 m,
which includes sccuons 1.2 m i length above and below the beam. This was the maximum height
allowed under the loading mechamism. The mamn beam had a 400 x 600 mm cross section and
extended 2 m from the face of the column. The slab was 110 mm thick and 1900 mm wide The
spandrel beam cross-sectuion for R4 1s 400 mm wide, 600 mm deep and extends 750 mm from the
column face, while the dimensions for R4S and R4T are 250 mm wide and 600 mm deep. The
250 mm width dimension 1s the smallest allowed by the 1984 CSA Standard Clause 21 3.1(d) in order
for 1t 1o be considered as part of a ducuile space frame with a ductility of R equal to 4 0. A summary

of these dimensions 1s tlustrated 1n Fig. 2 3.
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Figure 2.2: Location of full scale specimen
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Figure 2.3; Dimensions of specimen R4S and R4T
2.2.2 Design and Details of Column, Beam and Slab Reinforcement

The design of all three specimens was carried out using a specified yield stress n all
reinforcement, f,, of 400 MPa and a concrete compressive strength, £, of 30 MPa. The reinforeing
design details for the main beam, the column and slab for cach specimen were dentical  The
complete design calculauons for the specimens are given in Appendix A. A brief discussion of the
designs for the beams, the columns and the slabs for R equal to 4 0 arc given below

The requirements of Clause 21, "Special Provisions for Scismic Design” in the 1984 CSA
Standard (CSA, 1984) governed the design of the beam, column and joint region. Design moments
were obtained from the governing loading case assuming a moment redistribution of 20% 1n the
beams,

The beam longitudinal reinforcement bars at the wolumn face are hmited by Clause 21.6.5.6,
to a diameter, d, of 1,/ 24, where | 1s the width of the joint region parallel to the main beam  For
the joint dimension of 450 mm, the beam bars must be less than or cqual to 19 mm. Hence, No.2()
bars were used. The number of bars required to satisfy the factored negative moment was 4 - No 20
bars, considering that slab bars within a distance of 3h; given by Clause 21 4 2 2 arc cffective  Since

the positive moment at the column face must be at least half that of the negative moment stated by

14



Clause 21.3.2.2, 4 - No.20 bars were used for the bottom reinforcement in the beam. See the
reinforcement details given in Fig. 2.4. Figures 2.5 to 2.7 show photographs of the test specimens.

The shear reinforcement 1n the beam was determined considering the development of flexural
hinging at the ends of the beam. Hoops, to prevent buckling of longitudinal bars, are required over
a length of 2d from the wolumn face (Ciause 21.33.2) The spacing of these hoops shall not exceed
that stated in Clause 213.3.3. Therefore hoops were provided at a spacing of 130 mm limited by a
maximum spacing of d / 4, over a distance of 2d or 1052 mm. In order to satisfy Clause 21.3.3.4
closed hoops providing 4 surrup legs are necessary within this distance of 2d  The first set of hoops
were placed 50 mm from the column face and had 135 degree bends along with bar end extensions
of 10d, conforming with Clause 21.3.3 6. In the remaining section of the beam, the closed hoops
were replaced by U-stirrups at 130 mm as shown n Fig 2.4

The drameter of the column longitudinal bars were also limited to | / 24 = 600 / 24 = 25 mm.
To sausfy axial toad and moment strength requirements, 8 - No.20 bars were adequate and provided
a good confining configuration (see Fig. 2 4). This arrangement also resulted 1n a factored moment

resistance which satistied Clause 21 4.2.2, that the sum of the factored resistances of the columns be

greater than 1.1 times the sum of the nominal flexural strengths of the beams (2 M, > 11 2 M,,).

The transverse remnforcement 1n the column was governed by Clause 21.4 4.2 which required closed
perimeter hoops as well as diamond shaped hoops to provide the necessary confinement. The spacing
of these hoops was 80 mm (Clause 21 4 4 3) and the hoops were required over a distance one-sixth
the height of the column, (1¢, 508 mm) These hoops also had 135 degree bends along with 10d,
free end extensions  The hirst set was placed 50 mm from the slab face and 50 mm from the bottom
of the beam  Outside this region hoops were spaced at 190 mm which correspends to haif the
cflecuve depth of the columu (Clause 11 3 8)

Transverse reintorcement in the joint was used to provide confinement and sufficient shear
resistance to the joint region. The design shear forces resulung from a stress of 1.25f in the beam
longitudinal bars and contributing slab bars resulted 1n the use of 6 sets of hoops for this exterior
joint region (sec Fig. 24) These hoops were spaced at 70 mm (Clause 21.4.4).

The slab reinforcement consisted of No 10 bars top and bottom spaced on 300 mm centres
in both directions  The first set of bars around the column 1n both directions were placed at 50 mm
from the column face The bars anchored mn the spandrel had 90 degree hooks with free end
extensions ot 12d, confined within the core of the spandrel reinforccment. The clear cover for the

slab bars was 20 mm.
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b) Back view of cage showing spandrel and joint details

Figure 2.5. Photographs of reinforcing steel for specimens R4S
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Figure 2.6: Photographs of remnforcing steel for specimens R4T
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2.2.3 Design and details of spandrel beam reinforcement

The details of the spandrel beam have been varied for the three specimens to ivestigate the
influence of different spandrel beams on the overall seismic response of the specimen The first
specimen R4, had a 400 mm wide by 600 mm deep spandrel bcam. The longitudinal reinforcement
consisted of 4-No.15 bars on the top and 4-No 15 bars on the bottom, contined with closed hoops at
a spacing of 125 mm. This spacing is governed by Clause 21.3.3.3.

Specimen R4S had a 250 mm wide by 600 mm deep spandrel. It was remforced with 3-No. 15
longitudinal top bars and 3-No.15 longitudinal bottom bars, confined with the same hoop spacing of
125 1nm as in specimen R4.

Specimen R4T had same dimensions as R4S. The reinforcement, however, has been detailed
in order to reduce the torsional capacity to about one half that of R4S. It consisted of 2-No.15
longitudinal bars on the top and 2-No.15 longitudinal bottom bars, confined with closed hoops spaced

at 250 mm. Figure 2.8 shows the reinforcing details for each of the threc specimens.

\r A\
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_____ 4 .
65— No 10 hoops .~~~ No 10 hoops i~ 3 - No 10 hoops
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l | ’ |
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Figure 2.8: Spandrel reinforcing details for the three specimens
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2.3 Material Properties

2.3.1 Reinforcing Steel

All reinforcement conformed to the CSA G30.16-M standard. In order to obtain stress-strain
relatonships for the bars, tension tests were performed on several samples taken from each bar size.
Figure 2.9 shows the tensile stress-strain relationship obtained for the different bar sizes. It must be
noted that strain readings were iimited by the range of the 50 mm gauge length extensometer. Results
of these tests are summarnized in Table 2.1, The reinforcing steel properties for specimen R4 were

those reported by Rattray (1986).

2.3.2 Concrete

Ready-mix concrete was used with a mimmmum specified 28 day compressive strength of
30 MPa. The maximum aggregate size was 20 mm and the slump was 100 mm To simulate the
actual construction sequence, two casts were required. The first batch was used for the lower column,
the mawn beam with the slab and the spandrel beam  The second batch was used for the top half of
the column. A total of 6 - 150 x 300 mm cylinder specimens were taken from cach cast 1n order to
determin» the average concrete compressive strength and sphitting tensile strength. These tests were
done on cach of the 4 batches from specimens R4S and R4T Similarly, 6 - 150 x 150 x 600 mm
flexural beam tests were performed to determine the modulus of rupture Figure 2.10 shows the
concrele compressive stress-strain relationship for these specimens.

The tesung of specimen R4S was performed 97 days after casting of the first batch and had
a compressive strength of 34.3 MPa while specimen R4T was tested 67 days after casting of the first
batch and had a higher compressive strength of £’ = 46.6 MPa. The results of the compressive and

flexural strength tests are tabulated 1n Table 2.2.
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Table 2.1: Properties of reinforcing steel

Specimen Bar Size
p fy €y flb
No. 10 436.9 0.0024 667.9
R4S & R4T No. 15 460.3 0.0026 731.6
No. 20 463.6 00028 745.9
No. 10 480.4 0.0024 520.9
R4 No. 15 471.5 0.0025 774.0
No. 20 478.3 0.0026 763.3
800 5
7004 e
600 T
3 No.20Q bars
5001 _---# e No.15 bars
o I g ===~ No.10 bars
fod
3 -
o 400
1741 -
o ]
prer) _
“ 300
2003 results of bar tests
5 for R4S and R47
1004
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Figure 2.9: Stress-strain relationship for remnforcing bars
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Table 2.2: Properties of concrete

Specimen Batch 1/ A
Ist 34.3 3.19
R4S
2nd 25.0 3.04
Ist 46.6 4.00
R4T
2nd 30.5 3.65
Ist 40.4 2.60
R4
2nd 36.2 2.60

Specimen R4T
~--- Specimen R4S

results of concrete
compression test for
R4S and R4T

0.001 0 002 0003 0.0C4
Strain €cf, caused by stress

0.005

Figure 2.10: Concrete compressive stress-strain relationships
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2.4 Experimental Procedure

2.4.1 Test Setup and Loading Apparatus

The full scale tests were performed in the Jamieson Structures Laboratory at McGull
Unuversity which 1s equipped with a universal testing machine and a reaction strong floor Figure 2 11
shows the overall test setup. The specimens were centred under the testing machine and subjected
to an axial load representing the gravity loading in the recal structure at the second storey level  As
discussed in Section 2.2.1, the column length was chosen so that the ends would coincide with the
ponts of contraflexure in the column. To simulate a hinge at the column ends the axial Toad was
applied through a 76 mm diameter roller bearing against thick distribution plates. To provide lateral
restramnt at the ends of the columns, a 6 mm steel plate was bolted to two channel cross beams
reacuing against the testing machine and bolted to a plate which was welded to the longitudinal
column bars. See details in Fig 2.12. The flexible plates allowed rotation without gencrating
sigmficant moments.

The lateral loads acting on the prototype structure were simulated in the laboratory by
applying vertical loads to the main beam at a distance of 2000 mm from the column centreline. The
loading producing negative moments 1n the beam was apphed by pulling down on (two 32 mm
threaded rods. These rods loaded the mam beam of the specimen through a steel loading beam
bearing on a concrete surface area of 400 x 200 mm. This loading was provided by two 250 mm stroke
hydraulic rams under the strong floor  Simularly, two 150 mm stroke hydraulic rams provided upward
loading, producing positive bending in the main beam. These rams reacted dgainst the bottom of the
beam through a 50 mm diameter roller and a 400 x 100 mm plate  Scc the loading detatls in Fig 213,

The ends of both the column and the beam were heavily remnforced o prevent vertical
splitting of the columns and premature shear failure of the beam loading ¢nd. To cnsure proper
development of the longitudinal bars 1n the spandrel beam reinforcement, 50 x 50 x 6 mm steel plates

were welded to the ends.
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2.4.2 Instrumentation

The instrumentation for the three specimens included load cells to measure forces, electrical
resistance and mechanical strain gauges to measure strains and linear voltage differential transducers,
LVDTs, to measure displacements.  Load cells, electrical resistance strain gauges and LVDT readings
were continually recorded by a data acquisition system. Mechanical strain readings were entered

manually into a computer program during testing to provide calculated strains as testing progressed.

2.4.2.1 Load Mcasurcments

Two 445 kN and two 350 kN load cells were used to record the downwards and upwards loads
respectively, apphlied to the main beam. The locauon of the load cells are shown 1n Fig. 2.13. The
constant axial load on the column was measured by the 440 kip (2000 kN) capacity load cell of the

universal testing machine.

2.4.2.2 Deflecuon Measurements

Two 250 mm travel LVDT’s permitted measurements of vertical displacements of up to
225 mm in the downwards direction and up to 150 mm 1n the upwards direction. These LVDT’s were
mounted on a special frame as shown in Fig 2.14 This frame was fixed to the upper column just
above the slab to permit the measurement of the beam displacement relative to the column. This
displacement along with the measured beam end loads were used to monitor the overall response of
the speamen. Two LVDT’s attached to the slab and to the column below the main beam were used
to estimate the bond ship and joint shear distortion at the top and the bottom of the joint. Two
addittonal LVDT's were used to measure the movement across the cold joint between the upper
column and the slab and to measure the relative deformations between the lower column and the
bottom of the main beam  Figure 2 15 shows two of these four LVDT’s visible from the top. The
other two LVDT's are arranged simularly below the joint  For specimen R4T, four extra LVDT’s were
installed on the back face of the specimen to estimate the shear deformation 1n the joint, the twist
ot the spandrel relatuve to the joint, as well as the weak-axis bending deformations of the spandrel

beam (see Fig 2.15)
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2.4.2.3 Strain Measurements

Longitudinal strains were obtained along the beam at five different locations. These strain
rcadings were taken on the top of the slab and at the level of the reinforcing bars at the bottom of
thc beam. The strain measurements were taken with a 200 mm gauge length, mechanical
extensometer which reads the displacements between two targets on the concrete surface. The strains
determined from these readings were used to calculate the curvatures along the beam. From these
curvatures 1t was possible to estimate the component of tip deflection of the main beam due to
flexure.

Five strain rosettes were formed by gluing strain targets to the surface of the web at mid-
depth ot the beam as shown in Fig 2.14. The strain readings obtaine4 from these rosettes enabled
the calculation of shear strains as well as the principal strains and their directions. The 1ntegration

of these strains along the length of the beam enabled the esumation of the contribution of the shear
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deformations to the up deflection of the beam. For specimen R4S and R4T. a sinth rosctte was
placed on the side faces of the jomnt, exposed due to the smaller spandrel beam dimenston The
spandrel beam was instrumented with stramn targets having a 100 mm and 200 mm rauge length
These readings were used to obtain the strain i the hoop remforcement on the exterior and meron
faces of the spandrel beam on both east and west sides  Column strains were measuted on all tour
faces near the joint region The strains 1n the slab bars were measured by placing 10 mm high brass
targets glued directly to the slab steel and accessible through small holes 1n the conerete cover tormed
by removable styrofoam plugs as shown i Fig 216 As shown m Fig 2 14, the strain larpets were
arranged to enable the determination of average strains 1n the slab bars actoss the slab width These
strain targets were located 1n rows along the slab-spandrel beam mterface, along the beam-column
interface, and along a row just 1n front of the column face  These readings would provide an estimate
of the effective width of the slab.

In addition to the mechanical strain readings, electrical resistance stramn gauges were used 10
monitor local strains at several key locations  Four gauges were placed on the four coiners bars in
the beam reinforcement at the face of the column to determune first yielding of the beam in positive
and negative bonding (sec Fig. 2.17a). One gauge was placed on the spandrel beam longiudinal bar

near the exterior face on both the ecast and west sides of the column-spandrel beam mictface

Figure 2.16 Photograph showing locations of targets glued 1o slab stecd
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Two gauges were also placed on the interior corner column bars at the slab interface. To study the
behaviour of the Joint region, four of the six square hoops were instrumented. The location of these

gauges arc shown in Fig 2.17.
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Figure 2.17: Locations of electrical resistance gauges on reinforcing bars

2.4.3 Testing Procedure and Loading Sequence

The specimens were subjected to a constant axial load on the column of 1076 kN, which is
cquivalent to 90% of the dead load on the prototype structure. This axial load corresponds to about
20% of the column capacity The reversed cychic loading procedure followed the loading history
shown n Fig 2.18

Downward deflections and loads on the main beam are taken as positive quantities while
upwards deflections and loads are taken as negative quantities. Therefore downward loading produces
negative moments 1n the beam. In the first cycle, load was apphied until the full service moment 1n
the beam  was obtamed  This corresponds to a moment 20% greater than the cracking moment
(L2 M) In the second cycle, the beam was loaded until first yielding was obtained in the beam top
longitudinal remntorcement. This was monitored by the top two strain gauges in the beam along with
the longitudinal mechanical strain readings on top of the slab. In the third cycle, load was applied

until general yielding ot the beam occurred, that 1s, when the load-deflection response becomes non-



linear. The corresponding displacement was termed the general yrelding deflection, A,. Subsequent

cycles were deflection controlled to peak deflections which were multiples of A

During testing full sets of readings were taken at zero load, the peak load obtained 1 the
previous cycle, the new peak load, and upon unloading at halt the new peak load  The measurements
included 70 mechamcal strain readings and 20 electrical resistance strain readings - At the peak load

of each cycle, several photographs of dufferent clements of the specimen were tahen The loads,

deflections and the clectrical resistance strain gauges were sampled every 7 seconds during loading by

the computerized data acquisition system to obtain complete response miormation.
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Figure 2.18: Loading-history for all specimens
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Chapter 3

EXPERIMENTAL RESULTS

The overall responses of the test specimens are illustrated by means of load versus tip
deflection responses  For these responses the loads and displacements plotted were those measured
near the c¢nd of the beam, 2000 mm from the centre of the column (1775 mm from the face of the
column) The moments 1n the beam at the column face were calculated from the applied load
multiplied by a lever arm of 1.775 m and added algebraically to the beam and loading mechanism dead

foad moment of 23.6 kNm

3.1 Specimen R4S

3.1.1 Load defiection response

The applied load vs tup deflection response for specimen R4S is shown in Fig. 3.1. The peak
loads 1n each cycle and corresponding beam up deflections are summarized 1n Table 3.1, In the initial
loading stage, first cracking of the main beam 1n the positive loading direcuon (i.e., a downwards load)
occurred at a load of +744 kN resulting 1n a cracking moment M, of 155.7 kNm. In the negative
loading direction first cracking occurred at a load of -65 kN corresponding 1o a positive moment in
the beam of Y1.8 kNm  The value of the crack’ .3 moments for the beam were predicted to be
158.1 kNm tor negative bending and 107 8 kNm for positive bending. These cracking moments were
calculated assuming a modulus of rupture, determined from flexural specimens.

In the first cycle, the "service load” moment, assumed to be 1.2 M., in the positive loading
direction oceurred at an applied load of +89.4 kN and a deflection of 2.0 mm, resulting 1n a moment
of 180 KNm  In the negatne loading direction, the "service load" moment occurred at a peak load of
<76 kN with a -0 8 mm deflection and moment of 115 kNm

In the second acle, tirst yielding of the beam longitudinal remnforcement 1 the positive

loading direction occurred at a load of +199 kN at a deflection of 12.3 mm. This was confirmed by

w
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frequent monitoring of the electrical resistance strain gauges and mechanical strain readings. In the
negative loading direction, first yielding occurred at -123 2 kN with a deflection of -3 0 mm

At a positr.e load of +242.0 kN and a corresponding deflection, 3, of 194 mm, general
yielding was judged to occur. In the negative half cycle, gencral yielding occurred at a deflection A,

of 10.0 mm with a peak load of -193 2 kN
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Figure 3.1: Load versus tip deflection response for specimen R4S

In subsequent cycles, the test was controlled by displaccments 1n multiples of A, in hoth
loading directions. The maximum load sustamned by the specimen 1 the positive direction came in
the 7th cycle at a displacement ductihity of A/, = 4 The peak load was +2968 kN with a
corresponding maximum moment of 548.8 kNm 1n the beam and a corresponding deflection of
82.0mm The peak negative load was -2455 kN with a positive moment of 4157 kNm in the beam
and a deflection of -70.1 mm Upon further loading the specimen continued 1o maintain peak loads
higher than the general yiclding load and displayed increasingly larger hysteresis loops 1n bhoth
directions of loading This continued until the beam bottom longitudinal bars buckled at a duculnty

of 854,, All four bottom bars buckled between the first set of hoops spaced at 130 mm where

34




considerable spalling had occurred.  The specimen was loaded one cycle further, after the bars
buckled, 1o a displacement ductlity of 10A,; in the positive loading direction. The recorded beam tip
deflection at this point was 200.7 mm and testing was discontinued at this stage.

In general, the specimen showed excellent energy dissipating capabilities throughout the test.
No significant signs of "pinching” were observed in the hysteresis loops  Stiffness degradation of the

specimen increased at a uniform rate during the test.

Table 3.1 Applied loads and tip deflections at cycle peaks for specimen R4S

Cycle Event at Stage Load Deflection
peak loads (kN) (mm)
1A 1.2Mcr 1 894 2.0
1B 5 -76.0 -0.8
2A Ist yield 9 199.0 12.3
2B 13 -123.2 -3.0
3A gen. yield A, 17 242.0 19.4
3B 21 -193.2 -10.0
4A 154, 25 262.1 29.4
4B 29 -2009 -15.8
SA 24, 33 273.8 40.6
SB 37 -208.7 -20.7
6A 34, 41 290.3 59.8
6B 45 -220.5 -29.6
TA 44, 49 296.8 82.0
7B 53 -235.1 -42.0
8A 34, 56 295.5 99.0
3B 59 -236.7 -49.6
9A 6A, 62 290.3 121.6
9B 65 -242.6 -56.9
10A 74, 68 276.1 140.5
10B 71 -2455 -70.1
11A 854 74 2504 167.1
11B 77 -227.0 -80 6
12A 10A 79 2286 2007




3.1.2 Beam behaviour

The first hairline crack in the first downward cycle of loading occurred at a distance of 90 mm
from the column face and extended vertically through the slab to mud-height of the beam A second
crack appeared in the slab but did not propagate into the web ot the beam. In the tirst negatine
loading cycle, two hairline cracks occurred on the bottom face of the beam at a location S0 mm from
the column face and 1t joined with the first crack in the positive loading direction at nud-height A
second crack occurred 280 mm from the column face.

In the second positive loading cycle, a crack appeared on the exposed faces of the joint region
at a load of +120 kN followed by three new flexural cracks at equal spacings along the beam
(see Fig. 3.2a) The flexural crack spacing was 300 mm and corresponded with the spacing of the slab
transverse reinforcement. These slab bars, with only 20 mm clear cover act as crack "mitiatorns”,
These three new cracks occurred at loads of +125 kN, +140 kN, and +190 kN, respectively and
became more inclined with increasing distance from the column, due 10 shear  The mavimum crack
width at this stage was 01 mm. In the second negative half cycle, more cracks appeared and joined
with the previous cracks at mid-height

At general yielding 1n the positive cycle, two 45 degree shear cracks appeared m the exposed
region of the joint (sce Fig. 3.2b) The cracks in the main beam opened up to widths of 1.0 mm n
downward loading direcuon and 0.6 mm 1n upward loadings In subsequent cycles, cracks continued
to open and did not close fully upon load reversal

Crushing of the concrete n the beam occurred at the bottom face of the beam near the
column in the 5th positive loading cycle Cracks at this point opened up to 3.0 mm at the face of the
column. Figure 3.2c shows the beam crack pattern in the 7th cycle where the maximum apphed load
was recorded Cracks at this point where 7.0 mm in width  Flexural shear cracking was very evident
especially on upwards loading. The flexural hinge region n the beam was estimated from curvature
readings to be about 400 mm from the column face. In the 8th downwards loading cycle, the beam
top bars near the column showed no increasc in strain even though progressively larger cracks and
displacements were taking place. This 1s evidence of some loss of bond of these bars and it was noted
that the cover concrete showed signs of both crushing and spalling from the previous cycde  Sphitting
cracks, aligned with the bottom beam bars, appeared 1 the 10th cycle within a region SO0 mm from
the face of the column  Spalling of the concrete underneath the main beam occurred in the 10th cydle
of positive loading and extended from the face of the column to the sccond set of hoops exposing the
beam bottom longitudinal bars  Following the spalling of the concrete, at the peak downwards load
mn the 11th cycle, significant buckling of the 4-No 20 bars occurred between the first two sets of

transverse hoops.
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Figure 3.3 shows the buckled bars as well as the spalling of the concrete at a load ot
+250.4 kN, that 1s shghtly greater than the general yielding load of +242 0 kN. In the 12th cyele, the
peak load dropped below the general yielding load for the first ume but the hysterests loops showed
that the energy dissipaung capacity still increased  Figure 3 4 shows the curvature and shear stram
distribution in the heam at diffe.ent stages durning the test The curvature at general viclding was
12.5 x 10" rad/m while the maximum measured curvature was obtamned 1n the 10th cycle with a value
of 90 x 10" rad/m The maximum shear strain at general viclding was 1425 x 10° rad and the
maximum value 1n the test was found in the 9th cycle 1o be 255 x 10° rad.  In assessing, these
experimentally determined curvatures and shear strains it 1s important to recognize that there would
be a considerable scatier of these values due 1o the discrete aature of the cracks  For situations where

the cracks pass between the strain targets, larger curvatures and shear strains will be obtained

Figure 3.3: Photograph showing buckling of longitudinal bars in specimen R4S
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3.1.3 Slab behaviour

In the first downwards loading cycle, two flexural cracks formed, crossing the fist two sets
of longitudinal slab bars, located closest to the column. In addition to these cracks, one small crack
radiated out, at about 45 degrees, from each side of the column towards the spandrel beam. This was
the first sign of torsional cracking In the second downwards loading cycle, a second set of mchned
torsional cracks appeared in this region as shown i Fig. 3.5a Two new fleaural cracks appeared
the slab at the 3rd and 4th transverse slab bars and extended across the entire width ot the slab

In the 5th downwards loading cycle, significant distress was noted around the column  The
slab displayed longitudinal spliting cracks directly above some of the longitudinal slab and beam bars
close to the column Flexural cracks in the slab at this stage reached widths of up to 2.5 mm. Al the
peak load in the beam 1n the 7th positive loading cycle, there were four torsional cracks on the slab
surface due to torsion 1n the spandrel beam, with a maximum crack width of 4.0 mm  Significant

crushing of the concrete 1n the diagonal compressive struts occurred on the side faces ot the column

a) crack pattern at cycle 2A b) crack pattern at cydle 12A

Figure 3.5: Crack patterns in slab of specimen R4S
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In the 8th positive loading cycle, four sets of inclined cracks formed over the main beam.
These cracks radiated out from the main beam and extended towards the loading point at an angle
of ahout 45 degrees (sce Fig 3.5b). Figure 3.6 shows that by the 11th downward loading cycle the
large flexural crack at the column face had jomned with the largest 45 degree torsional crack on the
top surface of the slab, directly over the spandrel beam. This torsional crack spiralied around the
spandrel beam (sce Scction 31 4)

Figure 3.7 shows the strain distribution in the longitudinal slab bars for specimen R4S. Each
fNigure 15 a plan view ¢f the speamen with strains plotted at the peak load in each positive loading
cycle  These graphs show the strains determined over a gauge length of 141 mm at the locations
indicated. The shaded region on the figure indicates strain values less than the yield stran, ¢, The
yield strain for these No 10 bars 1s 00024 As can be seen, at general yielding (P = +242 kN), two
slab bars had yielded Higher strains were measured in the slab bars along the slab-spandrel beam
interface than along the line of the beam-column interface. The strains in ROW-3, some distance out

from the column face are lower than at the column face, as expected.

Figure 3.6: Photograph showing severe cracking and local crushing around column region of
speamen R4S
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3.1.4 Spandrel beam behaviour

Cracks n the spandrel beam appeared in the very 1st downward loading cycle. The first crack
occurred along the two spandrel beam-column interfaces extending over two-thirds of the depth of
the beam At the peak load of +89 kN in that cycle, a crack appeared n the spandrel beam on each
side of the column at about 100 mm from the joint face between the first two sets of closed hoops
spaced at 125 mm  These cracks were only 70 mm long and were signs of the start of torsional
cracking in the spandrel beam.

In the sccond downward loading cycle, at a load of +199 kN, the interfacial shear crack
rcached the bottom of the interface and the torstonal crack extended to mid-height of the beam
inchned at approximately 45 degrees. The maximum crack width at this stage was 0.4 mm indicating
ytelding of the spandrel beam. On the interior face of the spandrel, the slab cracked right along the
spandrel beam-slab interface and the torsional crack that occurred on the exterior face had spiralled
around to the intenior face of the beam. In the subsequent upwards loading cycle, these cracks closed
completely.

At general yielding, the 45 degree torsional cracks in the spandrel beam extended all the way
10 the bottom face with a maximum measured crack width of 0.9 mm (see Fig 3.8).

Onset of new torsional cracks occurred at a downwards load of +274 kN starting at the top

of the spandrel beam, at a distance of 400 mm from the column tace

Figure 3.8 Photograph ot extenior face of spandrel beam of specimen R4S at general yielding
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At this stage significant twisting of the spandrel beam had occurred and mavimum crach
widths of 4.0 and 3 5 mm were recorded on the exterior tace of each spandrel beam  Fhe internor tace
of the spandrel beam also displaved significant cracking and concrete crushing started along the
spandrel beam-slab interface  Ata downwards load ot +297 kN, sigmificant dragonal crushing ot the
concretc occurred on the top surface of the beam close to the column  In subsequent oyveles, the
torsional cracks continued to open and reached a width of 10 mm by the 9th dow nward loading cyvdle
Figure 3.9 shows the twisting of the spandrel beam, with concentrated rotattons occutring at the
beam-column 1nterface and at the man torsonal crack locations  In addition there was lateral
bending of the spandrel beam giving deflections towards the tenor of the speamen The final state
of the spandrel beam near the column region can be scen from Fig 33 Some crushing of the
concrete was evident at the bottom of the intenor face near the jomnt regron due to diagonal
compressive stresses caused by the torsion  Alter testing the slab had completely separated from the
spandrel beam ciose to the column  The extenor view of the speamen, shown in Fig 3 10, clearly

shows the torsional cracking of the spandrel beam at the end of the 1est

Figure 3.9 Photograph of exterior face of spandrel bcam of spcamen R4S
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Figure 3.10  Overall view of exterior face of spandrel beam of specimen R4S at end of test

J.1.5 Column behaviour

Throughout the testing the column remained elastic with yielding taking place only near the
end of tesung m the longitudinal bars at the location of the construction joint. First cracking in the
column did aot oceur until the 3rd (general yielding) downward loading cycle at a load of +175 kN

on the extenor tace of the column just below the joint region  Furst cracking on the interior face of
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the column occurred above the slab at a load of +200 kN. By the peak load of +242 kN, o more
hairline crachs appeared on the ntertor face of the upper column with the uppermost crach at a
height of 500 mm above the slab  In the negatne loading direction, cracks trom the previous halt
cycle closed completely and a new crack formed on the back tace of the column nght at the
construction joint between the slab and the upper column  After this evdle, no new signthcant flewatal
cracks formed n the column

The 8-No.20 bar configuration, having two bars located at the neutral avs (see Fig 3 11a),
provided excellent confinement to the concrete core, and at the same time provided sutticient flexural
and axial load capacities. The maximum moment carried by the column was 275 kNm above and
below the joint with an applied avial load of 1076 kN. The aatal load was noted 1o fluctuate m the
order of + 5% between positive and negative beam peak loads

In the Sth loading cycle, the column longitudinal bars reached the yield strain at the slab
construction joint, both 1n the positive and negative loading directions. In the 6th downward loading,
Cycle, a verucal sphituing crack near the exterior face extended 200 mm above the siab (see Fig 39)
This cracking indicates that the back 40 mm of concrete cover had detached nself from the column
core (see Fig. 3.11b) In the following cycle, this ver.cal crack propagated o the bottom of the
spandrel beam and by the 11th cycle had extended 250 mm below the jomnt tegron  Although the
concrete cover did not spall off, 1t 1s evident that the cover was not eftective n contributing to the
column resistence. A stmular vertical sphitting crack occurred on the interior face of the column below

the beam 1n the 7th loading cycle (see Fig 3 2c).
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Figure 3.11- Column cross-section before and after separation of concrete cover
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Spalling of the concrete occurred on the interior face of the column just under the main beam
in the 9th downward loading cycle (see Fig. 312). In the 10th upward loading cycle, spalling of the

cover occurred on the intenor face of the column to a height of 200 mm above the slab (see Fig. 3.6).

Figure 3.12  Photograph of the joint region 1n the 10th downward cycle of specimen R4S

3.1.6 Joint behaviour

The behaviour of the joint during the test could be observed because part of the joint region
was exposed duc to the relatively narrow spandrel beam. Shear cracking was well controlled by the
s1x sets of closed hoop reinforcement provided. In the second downward loading cycle, a shear crack
passed through the joint at approximately 45 degrees. In the 3rd downward loading cycle, two more
shear hairhne cracks appeared 1n the joint region (see Fig. 3.2b). In the 6th loading cycle, a shear
crack due to upward loading appeared at the botiom of the joint region crossing the previously
tormed shear cracks By the 7th cycle, a total of six shear cracks formed indicating the flow of
compressive stresses in the joint (see Fig. 3.2¢). Ata load ot +270 kN, first yielding occurred in the
uppermost joint just under the slab  Although one closed hoop yieided 1n the joint region the amount

of shear reintorcement was sutficient to imit the spread of yielding 1n the joint region.
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3.2 Specimen R4T

3.2.1 Load deflection response

The applied load vs tip deflection response for specimen R4T s shown in Fig 3 13 The peak
loads 1n each cycle and corresponding beam up deflections are summarized 1n Table 32 Furst flexural
cracking of the beam 1n the positive loading direction occurred at a foad ot +75.7 kN resulting in a
negative moment at cracking of 156.8 kNm  In the negative loading direction, tirst cracking occurred
at a load of -74.6 kN corresponding to a positive moment of 110 0 kNm at the column tace  Using,
the experimentally determined mod-1hi of rupture, the predicted values of the cracking moments were
184.7 kNm for negative bending and 125.9 kNm for positive bending  These values are higher than
those calculated for specimen R4S since the concrete compressive strength of specimen R4T was
46.6 MPa, as compared to 34 3 MPa for specimen R4S

In the first positive loading cycle, the "service load" moment tn the beam, assumed 0 be
1.2 M, was reached at a peak load of +93.7 kN resulting in a moment of 188.7 kNm  The
corresponding downward beam tip deflection was 1.8 mm. In the negauve loading cycle, the "service
load” moment was reached at a load of -90.3 kN and moment of -137.9 kNm with a corresponding

deflection of -1.3 mm.
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Figure 3.13: Load versus up deflection response for specimen R4T
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In the second positive loading cycle, first yielding of the beam top longitudinal reinforcing
hars was reached at a load of +180 2 kN at deflection of 8.4 mm. In the negauve loading direction,
first yielding occurred at a load of -1809 kN with a deflection of -7.0 mm.

General yiclding of the specimen was judged 10 occur n the third cycle at a positive
downwards load of +243 8 kN with a deflection A, cqual to 184 mm. In the negative loading

direction, general yielding oceurred at a up deflecuon A, of -119 mm at a load of -209.9 kN.

Table 3.2 Applied loads and tip deflections at cycle peaks for specimen R4T

Cyde Event at Stage Load Deflection
peak load (kN) (mm)
1A 1 2Mcr 1 937 1.8
1B 4 -90.3 -1.3
2A Ist yield 8 180.2 8.4
2B 12 -180.9 -7.0
3A _°n yield A, 16 243.8 18.4
3B 20 -209.9 -11.9
4A 1.54, 24 263.2 27.5
4B 28 -216.9 -17.8
SA 24, 32 276.0 37.6
5B 36 -223.0 -23.8
6A 34, 40 300.5 54.8
6B 44 -237.8 -34.1
TA 44, 48 301.2 74.7
7B 52 -249.9 -45.6
8A SAy 55 295.8 92.3
3B 58 -253.4 -60.2
9A 64, 61 288.0 111.2
9B 64 -252.8 -67.4
10A 74, 67 271.9 129.4
10B 70 -247.2 -83.3
11A 854, 73 2588 155.9
11B 76 -2400 -1000
1A 104, 79 163 8 183.8
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The maximum applied load sustained by the specimen i the positive loading directuon was
reached in the 7th cycle at a load of +301 2 kN with a moment of 557 0 kNm mcluding the dead load
moments. The downwards displacement at this point was 74 7 mm corresponding to & ductlhity of
A/Ay, = 4. In the negative loading direction, the maximum load was -253 4 kN with 4 positine
moment of 427.4 KNm and a displacement of -60 2 mm  Similar to specimen R4S, spedimen R4T
continued to maintain loads higher than that of general yiclding until the 1Hth postuve loading cycle
when the beam bottom longitudinal bars started to buckle The posttive displacement ductility at this
point was 8.5A, at a deflection of 1559 mm  The test was conttnued for one tinal eyele until o
displacement ductility of 104, was reached. At this stage, a 1oad of +163 8 kN was apphied and a
downwards deflection of 183 8 mm was attained. The stab had sepdarated from the main beam over
a distance of about 1000 mm. This will be discussed further in Section 3 2.2 The energy dissipating

capacity was excellent throughout the test. No sign of "pinching” in the hysterests 100ps was observed
P g g P g y I

for the duration of the test.
3.2.2 Beam behaviour

In the first downward loading cycle, the first flexural crack, having a width of 0.1 mm,
occurred 1n the beam, 60 mm from the column face and extended to mud-height of the beam web,
In the upwards loading cycle, four hairline cracks occurred on the bottom face of the beam with one
crack appearing at the column face. Thesc cracks did not join with the previous, negative moment
flexural cracks at this stage

In the second positve loading cycle, two new cracks appeared 1n the main beam at 340 mm
and at 660 mm at loads of +110 kN and +160 kN, respecuvely. These two cracks extended through
the slab thickness, and across the entire the slab width  The cracks were spaced at UK mm and
corresponded to the slab transverse bar spacing  The maximum recorded crack width at ths stage was
0.25 mm (see Fig. 3 14a) In thc negative loading cycle, five new flexural cracks appeared three of
which extended upwards, as shear cracks, at about 45 degrees toward the column face  The larpest
flexural crack width was 04 mm at the column face

At general yielding in the positive loading direction, a fourth flexure-shear crack started at
a location 950 mm from the column face, at a load of +210 kN This crack was inchned towards the
column (see Fig 3 14b) The flexural crack closest to the column measured 06 mm 1n width. In the
negative loading cycle, a new crack occurred 1300 mm from the face of the column and previous

cracks reached mid-height of the main beam
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Figure 3.14 Photographs of specimen R4T at difterent stages
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In the 4th positive loading cycle. strain readings on the beam surtace near the face of the
column gave inconsistent results due to the loosening of the concrete cover i this region In
subsequent cycles, the cracks did not close completely upon load reversal Figure 3 14e shows the
crack pattern in the beam 1n the 7th positive loading cycle where the ultimate peak load was obtained
The maximum crack width at this stage was 10 mm measured at the column tace where considerable
separation between the beam and the joint face was observed A spliting crack tormed at the level
of the beam bottom longitudinal bars close to the column face (see Fig 3.140)

Spalling of the concrete cover on the bottom and sides of the mamn beam occurred 1 the
11th negative loading cycle over a distance of 200 mm from the joint tace  This spalhing probably was
initiated in the previous positive loading cycle when significant splitting was evident along the bottom
longitudinal bars. In the 12th downward loading cycle, the buckling of the bottom bars was observed
between the first two sets of hoops. Figure 3.15 shows the final state of the specimen with the
buckled beam bars and the significant spalling.

At a load of about +120 kN, 1n this cycle, a large separation crack between the slab and the
beam web was noted. This separation, due 10 loss of shear transter over the plastic hinge region, had
propagated 1000 mm from the face of the joint by the peak load in that cycle of +164 kN

(see Fig. 3.15). A loss of load carrying capacity and a significant loss of stiffness was observed 1n the

last positive loading cycle (see Fig. 3.13).
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Figure 3.15: Buckling of bottom bars at end of test for specimen R4T

Figure 3 16 shows the curvature and shear stramn distributions at different stages during the
test: The maximum curvature at general yielding was 4.12 x 10° rad/m while the maximum recorded
cunature was 1422 % 107 rad/m 1n the 9th positive cycle. The maximum shear strain recorded at
general yielding was 106.5 1 10° rad and the maximum value during the test was 402.5 x 10° rad 1n

the 7th ovele
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3.2.3 Slab behaviour

In the first downwards loading cycle, one flexural crack appeared on the slab surface directly
above the irst transverse slab bar and crossed the first two sets of longitudinal slab bars on each side
of the beam  Directly above the spandrel beam, a crack appeared on the top surface of the slab on
the east side of the column radiating out, at about 45 degrees, from the centre of the column face
toward the extenor face of the speccimen  This hairline crack was the first torsional crack in the
spandrel beam

In the second positive loading cycle, two new flexural cracks formed at a spacing of 300 mm
from the first crack, along with three new torsional cracks over the spandrel beam. One of these
torsional cracks formed on the west side at a load of +110 kN and matched the previously formed
crack  The other two cracks formed, at a load of +180 kN, producing a second set of torsional cracks
on cach side of the column for a total of four torsional cracks (see Fig. 3.17a). In the jomt region
an inchined shear crack formed directly below the main torsional crack in the slab. The maximum

torsional crack width at this stage was 0.3 mm.

— - ] =
) 1 R4T r .
L. . . Lo . e
Ry B el
~—— ‘-u~]\-‘——/-r_g_~_—/n °

a) crack pattern at cycle 2A b) crack pattern at cycle 12A
Figure 3.17: Crack pattern n slab of specimen R4T

55



I At general yielding in the positive loading oycle, the main torsonal crachs on the slab

measured 1.0 mm and a new flexural crack formed at the 4th transverse slab bar at a foad ot +210 kN
In the 6th positive loading cycle, diagonal crushing ot the concrete 1n the shab above the spandrel, nest
10 the side faces of the column, was obsened  The portion ot the slab on the mterior tace of the
column displayed 100 mm long sphtting crachy directh above the main beam longrtudinal bais
Simular splitng cracks formed directly above the tirst set of slab tongitudinal bats on both sudes ot
the beam as in specimen R4S Furthermore, at the peak load of +300 5 KN, a fith fesural crack
occurred at the fifth transverse slab bars above the beam and crossed the entire slab width and were
inclined at about 45 degrees towards the loading mechanism (see Fig 317b)  In the 9th positive
loading cycle, torsional cracks spiralled around the spandrel beam and had maximum crack width of

8 mm Figure 3 18 shows a close-up view of the slab surface 1n the 12th positve loading cycle

Figure 3.18: Cracking and crushing of concrete i slab for speamen R4T

A diagonal compressive strut duc 1o torston 1s evident on the slab surface next 1o the column
side face. Figure 3 19 shows the strain distribution 1n the longitudsnal slab bars for speaimen R4T

The strains are much reduced as compared with those of speamen R4S From the strains at the slab
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spandrel beam interface, one can conclude that only the first set of slab bars achieved strains higher
than the yicld value  The strains at the beam-column interface, however, are significantly higher. This

behaviour in the slab will be discussed 1n detail in Chapter 4 At later stages of loading, there were
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noticeably smaller strains in one slab bar adjacent to the column, at the slab-spandrel beam intertace

This was due to the fact that the main torsional crack Just missed the gauge length on thas bar.

3.2.4 Spararel behuviour

In the first positve loading cycle, due to the torsion induced by the tensions i the slab
longitudinal bars, two cracks formed on both spandrel beam-column ntertaces extending 1o
approximately mid-height of the becam  On the east spandrel, an additional hairiine torstonal crack
appeared between the first set of strrups about 120 mm from the column tace and extended
downwards over a distance of 150 mm In the second positive loading cycle, a simlar torsional crack
formed 1n the west spandrel beam, at a load of +100 kN and extended to mud-depth ot the beam by
a load of +150 kN. The crack on the cast spandrel beam also extended to mud-depth ot the beam.
The widths of these torsional cracks where 035 mm and 02 mm on the west and east sides,
respectively. The interfacial vertical cracks at the column faces extended down 10 the bottom of the
spandrel and were 0 10 mm 1n width

On the ntenor face of the spandrel a crack formed at the slah-spandrel beam mterface on
both sides of the column extending hornizontally about 150 mm from the joint region. Tagure 320
shows the torsional cracks at general yielding in the third cydle A seeond set ot orsional cracks

appeared at the bottom of both spandrel beams at a load ot +210 kN

Figure 3.20  Spandrel beam at general yielding (A, = 10y tor speamen R4
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Crack widths at the top of both spandrel beams at the level of the longitudinal bars were 1.0 mm.
The near 45 degree cracks on the extertor face of the spandrel beam spiralled around the top of the
beam and over part of the depth of the interior face of the spandrel  Yielding of the exterior corner
longitudinal No IS5 bar 1n the spandrel occurred due to combined bending and torsion in the 3rd
posttive loading cyde  In the 4th posiuve loading cycle the large torsional cracks together with the
hoop strains indicated that yiclding of the spandrel beam hoops had occurred In the Sth negative
loading cycle, upward displacements caused the separation crack between the slab and the spandrel
beam on the intenior face to extended to the {ull length of the spandrel. By the 6th positive loading
cycle, a second set of torsional cracks appeared between the second and third hoops 1n the spandrel
beam. On the extenior faces the maxymum torsional crack widths were 4.0 mm and 3.0 mm on the
west and east sides, respectuively  In the same cycle, onset of crushing of the concrete on the interior

face of the spandrel beam was noted at the top and at the bottom corner near the joint face.

Figure 3.21. Photograph of spandrel beam for R4T in the 11th negative loading cycle
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In subsequent cycles, more torsional cracks tormed on the exterior tace  In the Yth positive
loading cycle, the main torsional cracks were 140 mm and 15 0 mm wide on the west and east extenor
faces, respectively Extensive twisting of the spandrel beam, concentrated at the mam totsional crack
locations, had occurred at this stage. Figure 321 shows the state of the spandiel beam i the 11th
negative loading cycle, with the large torstonal cracks and the separation of the spandiel tom the slab
The torsional cracks on the interior face showed signs of reversed torsional loading and the major
cracks had propagated through the thickness of the cross section Due 1o the signiticant separaton
between the slab and the spandrel beam, on upwards loading, the skiab was rotating about the 90
degree bend anchorages in the slab bars frammg into the spandiel core The slab-spandrel beam
separation crack extended to the exterior taces of the spandrel beams at about one third the depth
of the spandrel beam from the top of the slab  Figure 3.22 shows this horizontat crack as well as the
large torsional crack at the final stages of the test First yrelding of the No.10 hoops occurted i the

4th positive loading with strains reaching 10 times therr yield value by the 12th posttive loading cvele

- e

Figure 3.22. Extenior view of spandrel beam for speaimen RAT at 1004,
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By the end of the tesung, the top No.15 corner bar had reached 10 times the yield strain and the
severe cracking of the beam was evidence that the No.15 bottom corner bar had yielded.
Figure 322 and 323 show the twisting and severe torsional cracking of the spandrel beam

caused by the tension 1n the slab bars anchored at the top of the beam

Figure 3.23- Extenior view of spandrel beam for specimen R4T at the end of test
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3.2.5 Column behaviour

The first visible crack 1n the column occurred at the construction joint at the top ot the slab
in the second positve loading cvcle In the negative loading evile, a crack formed on the extenor tace
of the column at the slab intertace and had a width of 005 mm At general viclding i the positine
loading direction, the crack at the interior face ot the column had a width of 10 mm and 4 new cach
formed on the exterior face below the spandrel beam at 4 load ot +210 kN

The column longitudinal bars, near the intertor face, viclded at the peak load i the $th eyele
at the slab interface. Strains at this location reached a maximum of 2 7 times the vickd strain by the
8th positive loading cycle  Furst yielding of the column bars near the extertor tace occurred i the 6th
negative loading cycle at the construction joint and reached twice the vield value by the 11th cycle.
The maximum moment tn the column transferred by flexure in the main beam and by torston in the
two spandrel beams was 280 kNm This was well below the capacity ot the column

The extenior face of the column at the joint region was mstrumented by two LVDTS spaced
at 500 mm as descnibed in Section 2 4.2 2 10 obtain a measuie of the column rotation At the peak
load 1n the first cycle, the column rotation was 0 0006 rad and at gencral yiclding it had reached
0.0026 rad The highest value occurred 1n the 6th posttive cycle, with a rotation of 0 0048 rad, when
the beam was close 1o reaching its maximum capacity  From this point on, due to flexural hinging
In the beam, the rotations took place tn the beam rather than in the column

By the 6th positive loading cycle, two new hairhine flexural cracks appeared on the interior
face as high as 600 mm above the slab and a new crack formed on the extenior tace well below the
spandrel beam. On the side faces of the column just above the slab, two verucal splitung cracks about
100 mm in length were noted at the level of the front and middie longitudinal bars  The front crack
was the onset of concrete cover spalling in the column, with noticeable spalling occurring in the th
positive loading cycle In the 7th positive loading cycle, another vertical separation crack was noted
at the extenor face over the longitudinal column bars  Like specimen R4S this indicated that the
exterior cover on the column had begun to separate from the column core  The anick extended
200 mm above the slab and along the column-spandrel beam interface This crack extended 500 mm
above the slab by the 8th positive loading cycle and extended down to 200 mm below the spandrel
beam by the 10th positive loading cycle (see Fig 322)  Vertical spliting also occurred near the
intenor face of the column and led to spalling of the concrete below the leval of the main beam m

the 8th positive loading cycle (sec Fig 3.24)
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Figure 3.24: Photograph of joint region of specimen R4T

3.2.6 Joint behaviour

The joint region which contained six sets of closed square and diamond-shaped hoops showed
excellent behaviour. First shear cracks occurred on the exposed side faces of the joint as early as the
2nd positive loading cycle. These cracks were hairline in thickness and were inclined at an angle of
about 45 degrees. These two cracks originated from underneath the slab and radiated parallel to each
other over a distance of 100 mm (sce Fig. 3.14a). In the 4th positive loading cycle, at a peak load of
+263.2 kN, two new hairline shear cracks formed in the middle of the joint region. Upon upward
loading tn the 5th negative cycle, a shear crack which crossed previously formed shear cracks was
observed In the same cycle, a vertical sphitting crack appeared at the level of the column longitudinal
bars near the intenor face This crack extended from 100 mm below the joint up to about mid-height
ot the joint regron (seec Fig 3 14c)  The uppermost shear crack had formed to a flexural crack at
the beam-column interface. As can be seen from Fig 3.14c, this crack opened up considerably since
1t curved around the outside of the jomnt hoops and extended vertcally along the beam-column
interface. By the 6th loading cycle, a total of six shear cracks had formed n the positive loading

direction and two shear cracks had formed in the negauve loading direction.




First yielding of the hoop reinforcement confining the joint was occurred in the 6th positive
loading cycle in the uppermost joint hoop at a shear load of +280 kN. Figure 3.25 shows the strain
in four of the six joint hoops at the peak loads in each positive loading cycle. It can be seen that
yielding had occurred in only the uppermost hoop. Crack widths on the exposed side tates of the

joint were controlled by the closely spaced hoops to within 0.2 mm.
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‘ 3.3 Specimen R4

Specimen R4 was tested by S. Rattray (1986) and forms part of the larger testing programme
at McGill University. This specimen with its 400 by 600 mm spandrel beam can be compared directly

with specimens R4S and R4T to study the influence of the spandrel beam.
3.3.1 Load deflection response

The applied load vs tp deflection response for specimen R4 1s shown in Fig. 3.26. The peak
loads tn each cycle and corresponding beam tip deflections are summarized in Table 3.3 In the first
positive loading cycle, the "service load” moment 1n the beam was obtained at a load of +101.7 kN
and a deflecuon of 2 9 mm corresponding to a negattve moment of 203 kNm at the column face. For
this specimen the dead load moment was 22.4 kNm. In the negative loading direction, the "service
load” moment was reached at a load of -79.9 kN corresponding to a moment of 119 kNm and a tip

deflection of -1 5 mm.
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Figure 3.26. Load versus up deflection response for specimen R4

In the second positive loading cycle, first yielding of the beam longitudinal reinforcement was

. obtained at a load of +218.6 kN and a deflection of 11.4 mm. In the negative loading cycle, first
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yielding occurred at a load of -140.5 kN and a corresponding tip deflection of -6 6 mm.
‘ In the third positive loading cycle, general yielding was observed at a positive deflection A
equal to 16.6 mm at an applied load of +271.6 KN. In the negauve loading direction, the general

yield deflection A, was judged to occur at a displacement of -9 4 mm and at a load ot -175.9 kN.

Table 3.3: Applied loads and up deflections at cycle peaks tor specimen R4

Cycle Event at Stage Load Deflection
peak load (kN) (mm)
1A 1.2Mcr S 101.7 2.9
1B 18 -79.9 -1§
2A 1st yield 34 2186 1.4
2B 62 -140.5 66
3A gen. yield 4 101 271.6 166 ll
3B 135 -175.9 94
4A 1.54, 167 292.8 222
4B 190 -178.6 -15.2
SA 24, 219 3121 28.1
. 5B 241 -180.4 -193
6A 34, 273 339.0 452
6B 296 -195.1 =292
TA 44, 326 3575 60.8 I
7B 349 -2072 327
8A 54, 381 360.5 75.8
8B 415 -229.0 -48 1
9A 64, 447 3511 917
9B -232.3 -574
10A 74, 3439 103 4
10B -238 9 -66.5
11A 84, 333.7 12002
11B -242.9 767
12A 94, 3271 176 4

In subsequent cycles, load increased steadily up to a maximum positive peak load of

+360.5 KN 1n the 8th positive loading cycle resulting in a maximum moment of 662 () kNm at the
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wlumn face  The up deflection at this point was 75 8 mm corresponding to a displacement ductility
of A/A,, equal 1o 5 In the negative loading direction, the load continued to increase for the duration
ot the test The load at the 11th and final upward loading cycle was -242 9 kN at a negative deflection
of -76 7 mm corresponding maximum positive moment of 409 kNm

The speamen maintained loads greater than that of general yielding in the positive loading
directions for the remainder of the test In the 11th positive loading cycle, the four bottom
longitudinal bars in the main beam buckled between the second and third sets of hoops. The load
at this point was +333 7 kN at a tup deflection of 120 2 mm corresponding to a positive displacement
duculity of 8 The test was continued for one more posttive loading cycle until lack of travel was
reached in the loading rams  The maximum up deflection recorded at this stage was 176.4 mm
corresponding to a displacement ductility of 10.4 - The energy dissipating capacity was excellent with

no observed sign of "pinching” 1n the hysteresis loops throughout the test.

3.3.2 Beam behaviour

Upon loading in the first positive cycle, two flexural cracks formed at distances of 80 mm and
360) mm trom the column face. These two cracks extended down through the slab and into the beam
web having maximum crack widths of 0 10 mm 1n the beam below the slab. In the negative loading
cycle, the previous cracks closed completely with new cracks forming on the bottom face of the beam
at the column face and at a distance of 140 mm from the column face.

In the second positive loading cycle, three new flexural cracks formed in the beam extending
to mud-depth of the beam while the previous two cracks lengthened These cracks are flexural shear
cracks and had maximum crack widths of 05 mm at this stage (see Fig. 3.27a) In the negative loading
cycle, six new flexural cracks formed at approximately 130 mm intervals corresponding to the beam
hoop spacing  These cracks extended vertically about 200 mm and then inclined at 45 degrees
interseeting with previously formed shear cracks at mid-depth (see Fig. 3.27b)

Al general vielding, wo new flexural cracks formed for a total of seven with the maximum
recorded crach width ot 0.70 mm. In the negauve loading cycle, the cracks forming from downwards
loading were noted o have remamned open upon load reversal indicating permanent deformations 1n
the main beam

Local crushing ot the concrete at the bottom of the beam was observed at the peak load of
+3390 AN 1n the 6th positive loading cycle, along with onset of spalling at the joint nterface.
Sphitting cracks were noted at this stage at the level of the bottom longitudinal reinforcement near
the joint - Figure 3 27¢ shows the crack pattern in the 8th positive loading cycle at the maximum

apphied load of +360 5 kN with crushing and spalling of the concrete outside the joint region.
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b) Genceral yielding, P = 4271 6 kN

s

¢) Maumum applied load, P = +360 5 kN
Figure 3.27. Photographs of spcaimen R4 at different stages
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In the 8th negative loading cycle, the bottom 40 mm cover over a distance of 180 mm was lost
cxposing the longitudinal steel and beam hoop reinforcement. In the following cycles, more spalling
occurred near the joint region where flexural hinging in the beam had become evident Figure 3 28
shows the joint region of the speamen in the 11th positive loading cycle at a displacement duculity
of 8A,, corresponding to a load of +333 7 kN and a displacement of 120.2 mm At this stage buckling
of the 4-No 20 bottom bars had occurred  Figure 3 29 shows the buckling of the beam bars along with
the extensive spalling and large flexural crack within the hinge region. It was noted that in the last
tour loading cycles the cracks widened 1n a region within a distance of 300 mm from the joint face,

with maximum crack widths of several mitlimetres

Figure 3.28: Photograph of specimen R4 showing damage near the joint
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Figure 3.29 Buckling of beam bottom bars at 8A, In speamen R4

Figure 3.30 shows the distribution of measured curvatures and shear strains along the beam
at different load stages The yield curvature at the column face was 89 x 10° rad/m, in the positive
loading direction while a maximum recorded curvature of 50.8 x 10° rad/m was obtaimed at a ductshty
of 64, From the measured curvatures, the plastic hinge region was estimated 10 be within 400 mm
from the column interface The maximum measured shear stran in the beam occurred m the Sth
positive cycle with a value of 1159 x 10 radians at 180 mm from the beam face  Discontinuitics in

the distribution plots are due to the discrete nature of the crack patterns
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Figure 3.30 Curvature and shear strain distributions for R4
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3.3.3 Slab behaviour

In the first posiuve loading cycle, two flexural cracks appeared on the slab surface at the
location of the transverse slab bars. These cracks crossed the entire width of the slab surtace  In the
negative loading direction these cracks ciosed completely. In the second positive loading cvele, there
were SIX transverse cracks on the slab with maximum crack widths ot 0 .{ mm and by gencral viclding,
these cracks opencd up to widths of 0.5 mm. By the peak load in this cycle a wrsiondl crack had
formed on each side of the column in the slab adjacent to the column face  These cracks opened and
significant diagonal crushing on the slab surface occurred due to torsion 1n the 10th positive loading
cycle.

Figure 3.31 shows the strain distributions 1n the No.10 slab bars, measured over the gauge

lengths indicated, at different load stages during the test.
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Figure 3.31: Strain distribution 1n slab bars for specimen R4

The yield strain for the bars of 0.0024 1s indicated At general yielding 1n the posttive loading
direction (P = +271 6 kN) the first two scts of top bars on cither side of the beam yielded  This
corresponds to a width of 4h, on both sides of the main beam where the slab bars are assumed to be

effective 1n providing bending moment resistance. In subsequent loading cycles, strains in the slab
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bars varied nonlinearly, with higher strains near the beam and considerably smaller strains at the edges

of the slab. At the maximum load level, all the slab bars across the width of the slab had yielded.

3.3.4 Spandrel beam behaviour

In the second positive loading cycle, a sphitting crack had formed along the column interface
over the entre depth of the spandrel on the west and east sides, with crack widths of 0.3 mm and
0.5 mm, respectively. One torsional crack had formed 100 mm from the column face on each side
extending, at 45 degrees away from the column over a distance of about 300 mm. The cracks widths
were 0.25 mm and 005 mm ai the level of the top reinforcement on the west and east sides,
respectively

At gencral yielding in the positive loading direction, the 45 degree cracks extended further

down 1nto the spandrel and had crack widths of 0.5 mm and 0.4 mm respectively (see Fig. 3.32).

Figure 3.32  Photograph of spandrel beam of specimen R4 at general yielding

In the 4th positive loading cycle, the torsional cracks had propagated to the bottom of the
spandrel and opened up to 14 mm and 0.9 mm respectively. On the interior face, separation between
the spandrel and the slab had started and extended over the entire width by the 6th cycle In the 6th

downward loading cycle, several new torsional cracks formed. Crack widths at this pornt were 6.0 mm
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and 4.0 mm, respectively and continued to open with signs of diagonal crushing and spalling of the

concrete cover occurring in the 10th cycle (see Fig. 3.33)

UNIT - . (6]
CYCLE 10A
STEP 556
SIDE §

Figure 3.33. Exterior view of specimen R4 1n the 10th loading cydle

3.3.5 Column behaviour

In the first two loading cycles, no cracking in the columns was observed. First cracking was
noted at general yiclding on the extertor face at the bottom of the spandrel beam with a crack width
of 0.2 mm. In the 4th positive loading cycle, threc flexural cracks were formed on the mtenor face

above the slab at equal distances up 10 a height of 500 mm followed by a sccond crack on the extenor
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face, 160 mm below the first crack. The crack widths increased shightly untl the 8th positive loading
cycle corresponding to the maximum moment transferred from the beam. At this stage the moment
In the column was 331 kNm which 1s less than the predicted capacity of 375 kNm. Crushing and
partial spalling of the column below the main beam occurred over a distance of 100 mm
(sce Fig 3.27c). Complete spalling did not occur until the 10th positive loading cycle (see Fig 3.34).
On the extenior face of the upper column, a vertical splitting crack extending 150 mm above the slab

signified the start of separation of the column cover from the confined core.

Figure 3.34: Photograph of joint region of specimen R4 1n 10th loading cycle

3.3.6 Joint behaviour

The behaviour of the joint region for this specimen could not be readily observed since the
entire side faces were covered by the spandrel beams. This confinement helped control the shear
cracking in this region. . As with the other two specimens, the jomnt hoop reinforcement was adequate.

Detormations in the joint region were monitored by a dial gauge located 85 mm from the
column on the top of the slab  The readings from this dial gauge allowed the bound slip and joint
shear detormauon contribution to the beam up deflection to be estimated At the peak load of
+292.8 kN at a ductthity of 1.5A, this deformation was found to be 9.8 mm At a displacement

ductility of 44, this detormation reached 38.1 mm.
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Chapter 4

ANALYSIS AND COMPARISONS OF TEST RESULTS

4.1 Load-Deflection Response

Table 4.1 summarizes the overall behaviour and some of the key response parameters for the
three test specimens The specimens are listed 1n order of decreasing torstonal resistance of the
transverse spandrel beams The displacement ductility of the specimens was computed from the ratio
of the maximum recorded tip deflection A,, 10 the displacement, A, recorded at general yielding 1t
must be noted that the testing was stopped duc to displacement himutations on the loading apparatus
and hence the specimens are capable of developing ductilities greater than that recorded in Table 4.1
The ability of the specimens to maintain load after gencral yielding s illustrated by the ratio ol
applied loads, P,/P,, where P, 1s the load corresponding to A, and P, 1s the load corresponding to A,
These ratios indicate that ability to maintain load decreased from specimen R4, 10 R4S, 10 R4T  Also
given 1n Table 4 1 are the ratios of the suftnesses  The terms k, and k, are the slopes obtained by
jomning the peak positive and negative load-displaccment values for general yielding and the end of
the test, respectively As the spandrel beam 15 decreased 1n size this stiffness ratio decreases
Figures 4.1 10 4.6 shows the load versus tip deflection responses and photographs at the end of the

test for specimens R4, R4S and R4T, respecuvely

Table 4.1. Companson of key response parameters for the three specimens

Specimen Failure Mode Ductility PP, kJk,
R4 Beam flexural hinging 116 120 013
R4S Beam flexural hinging 103 094 011
R4T Beam flexural hinging and 100 067 010

loss of shear transfer
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Figure 4.1: Load versus tip deflection response for specimen R4

Figure 4.2 Photograph of damage to specimen R4 at the end of test
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Figure 4.4 Photograph of damage to specamen R4S at the end of test
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Specimen R4 maimntained very stable hysteresis loops with peak loads higher than that of
general yrelding for the duration of the test. Specimens R4S and R4T behaved simularly to specimen
R4 except the peak load was below that of general yielding 1n the tinal positive loading cycle  The
flexural hinging 1n the beams 1s evident 1n each of the specimens duc to the considerable amounts of
spalling of the concrete 1n the regions close to the jotnt  Although the inclined shear craching was
well controlleu the full-depth flexural cracking resulted in concentrated shear detormations along these
vertical cracks. Specimen R4S and R4T experienced more significant torsional distress in the spandrel
beams than specimen R4 The significant difterences 1n the torsional distress are visible in Frgs. 3 10,
3.23 and 3.33. Figure 4 2 shows that very little torstonal distress occurred on the mnterior tace of the
spandrel of specimen R4. Figures 4 4 and 4 6 show ncreasingly more torsional cracking and concrete
spalling on the interior faces of spectmens R4S and R4T

In cach specimen, the 4 No 20 bottom longitudinal bars buckled between the closely spaced
hoops near the column face in the 11th cycle, after loss of concrete cover had taken place

Figure 4.7 compares the load-deflection response envelopes of the three specimens Specimen
R4, which had 400 x 600 mm spandrel beams, rcached peak loads n the positive loading direction
significantly higher than specimens R4S and R4T Specimens R4S and R4T both had 250 x 600 mm
spandrel beams, with R4T containing a smaller amount of torsional retnforcement than R4S The
peak loads 1n the negative loading direction were similar for the three tests since the size and strength
of the spandrel beam plays a less sigmificant role i positive bending  The small difierence n the
negative peak loads of the specimens can be attributed to the differences in the concrete compressive
strengths. Specaimens R4, R4S and R4T had concrete compressive strengths of 400, 34.3 and
46.6 MPs, respectively.

Specimen R4 displayed larger stiffness than the other two speamens in the posiuve loading
cycles, before general yielding due to the larger torsional suffness of the spandrel beam  Betore
significant torsional cracking occurred, specimen R4T displayed a larger initial stiffness than R4S due
to the higher concrete strength 1n specimen R4T  In the last positive loading cycle of the three

specimens, the following observations were made:

(1) Specimen R4 showed signs that 1t could have continued to carry significant loads
even after the end of the test

(ir) Specimen R4S showed a steady decrease 1n load carrying capacity due 10 significant
loss of torsional stiffness and resistance and due to the buckiing of the bottom beam

bars.
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(u)  Speamen R4T showed a4 considerable drop m the peak load atter a displacement ot
about 150 mm  Due to the smaller amount ot torsional temntorcement this specimen

displaved much more severe torsional distress e the spandiel beams (see big 322
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Figure 4.7: Load versus displacement cnvelopes for the three speamens

4.2 Tip Deflection Components

The up deflection of the main beam 1s composed of the sum of the deformations in the beam
plus the deformauons of the joint The contribution of the column duc to rotation has been removed
as discussed in Section 2422 The beam displacement component consists of deflecttons due 1o
flexural deformations plus shear deformations  The joint displacement consists of the shear distortion
and the bond-shp of the reinforcing bars in the jomnt region These components were estimated using

the measurcments taken from the test speamens
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The np deflechion 1s divided 1nto three displacement components as follows

A, = A+ A+ 4 (Eq 41)

where A 1 the estimated beam tp deflection,
4y 18 the deflection component due to flexure
A, 15 the deflection component due to shear

A, 15 the deflection componcent due to joint shear distortion and bond-ship

The A component was calculated by applying the first moment-area theorem to the measured
curvature distributions plotted in Figs. 3 4, 3.16, and 3.30 corresponding to specimens R4S, R4T, and
R4, respecuvely, with the assumption that the joint 1s ngid. The equation used for this calculation
15 given 1n Fig 4 8, where ¢, 1s the beam curvature and x 1s the distance from the loading point to

the centroid of a small element of area, ¢ dx.

- X Af - f; x@dx (Eq.42)

Figure 4.8 Equaton for calculating A,

The A, component was calculated by integrating the measured shear strain distributions n
the beam plotted in Figs 34,316, 3.30  The area under the curve can be found using the following

equation (see Fig 49).
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The A component was estimated using the LVDT readings taken above the slab suttace at

the joint region as shown in Fig 4.10. The equations for this calculation are also given an g 3 10
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Figure 4.10 Equations for calculating 4

(Eq 44)

(lq 45)

Figures 4.11, 4 12, and 4.13 show the measured beam tip deflections which are compared with

the experimentally determined deflection components for speamen R4, R4S, and R47, respectively

As can be scen, the calculated up deflection usikng the experimentally determined curvatures, shear

strains and joint deformations, agree very well with the measured up deflection The small differences

may be attributed to the very discrete nature of the crack pattern, with some crachks passing hetween

the strain targets and others missing the strain targets
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Specimen R4 with the torstonally stronger spandrel showed signs of remaning very sttt unul
the 3rd loading cycle when general yielding occurred  Speamen R4S and R4T having, the same
smaller size spandrel started to curve 1n the 2nd loading cydde  R4T having the highest conaete
compressive strength had the larger inttial suffness.

In all three specimens, the joint distortion and bond ship component contributed significantly
In the later loading cycles, this component was as large as the flexural component for specimens R4S
and R4T  This ndicated that bond deterioration and/or joint distortuon had taken place alter
considerable yielding of the specimen  The shear component of deflection was quite small for all
three tests. For spccimen R4 this contribution was refanvely larger than that of speamens R4S and

R4T due to the higher applied shear




4.3 Hysteretic Loading Behaviour

4.3.1 knergy Dissipation

The energy disstpating ability of the specimens can be obtained from the load versus
defleenion response loops  The area enclosed by the hysteresis loops 1n each loading cycle gives the
encrgy dissipated an that cycde Tables 42,4 3, and 4 4 sumniarize the values for the energy dissipated
i cach half loading cvde for speamens R4, R4S ano R4T respectively  The amount of energy

increases with esch cyde of loading wince both the load: and the deflections increase

Table 4.2 Encrgy dissipation at different ducility levels for specimen R4

i Load Lnergy Poea/Py
Cycle or o Dis«.pated positive

Displacement (:\'m) cycles
1A 1 2Mer 019 1015 ----
1B 016 74,
2A Ist y1eld 078 758 . —---
B 068 365."
3A gen vield A, 100 10180 1.00
iB 1.00 6358
4A 154, 1.48 1797.4 1.12
4B 158 13180
SA 24, 1.87 3155.6 1.19
5B 203 1886 8
6A 34, 301 63140 1.29
6B 309 44889
TA 44, 405 92256 1.36
7B 376 64155
8A 54, 5.04 122656 1.38
8B 5.00 9799.3
9A 64, 642 161301 1.34
9B 601 120931
10A 74, 7.02 183731 1.31
10B 692 144437
11A 84, 800 222259 1.27
11B 798 125202
12A maximum 1164 325696

travel
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Table 4.3 Encrgy disstpatton at ditterent ductihty fevels for specimen R4S

. Load Lnern Pea by,
Cycle ol e, Disstpated positne

Displacement (Nm) cvedes

1A 1 2Mur 010 100 2 B

1B oo STy

2A Ist vield 063 7940

2B 030 2176

IA gen. vield A 100 1347 7 100

3B 100 VA

1A 154, 151 28342 I O

4B 158 20041

A 24, 209 41799 113

B 207 31292

6A 34, 308 7548 2 120

6B 297 60332

1A 44, 4.22 10710 1 123

B 420 9644 7

SA 34, 510 138767 122

8B 4.96 124343

9A 64, 626 1675213 120

9B 596 15958 |

10A 74, 724 19589 0 114

10B 701 19524 2

11A 8354, 861 210223 103

11B 806 213189

12A 104, 1034 23161 0) 094

It should be noted that the amount of total energy disstpated 1s a functon of the details ot
each specimen and the maximum tip deflecion imposed  All the speanens have excellent enerpy

dissipating characteristcs.

4.3.2 Displacement Ductility

The displacement ductulity of the test speamens defined as the ratio of the maximum
deflection divided by the deflection at general yielding 1s a measure of the overall ductility of the
structure  The speamens 1n this study reached displacement ductilitics greater than 10 and showed
excellent behaviour (see Tables 4 2,4 3 and 44)  Had the tests not been stopped duc 1o Tack of travel

1n the loading rams, higher ductilities could have been reached
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Table 4.4 Encrgy dissipation at different ductility levels for specimen R4T

[onad ) Energy Poes/Pyy
Cyele or Ape il Dissipated positive
Displacement (Nm) cycles

1A | 2Mr 010 599 - -
B 011 366

2A Ist yield 046 591.5
B 059 490 ¢

IA gen yield A, 100 1584 2 100
iB 100 1178.7

4A 154, 149 26526 1.08
4B 1.50 2468 2

5A 24, 204 39575 113
5B 200 37952

6A 3, 298 79226 123
6B 287 81455

A 44, 406 10999.6 124
B 383 12033.9

KA 54, 5.02 13805 6 1.21
88 5.06 15595.7

9A 64, 6 04 17388 3 1.18
9B 5.96 19527.6
10A 74, 703 20321 1 1.14
108 700 22338 8
1A 854, 847 23495.7 1.06
11B 840 26329.2
12A 104, 999 17745.7 0.67

4.3.3 Damping and Stiffness

Two indicators for the damping charactenstics of the test specimens are o, for the stiffness
degradation and g, for the hysteretic damping  The 3 wndicator, defined 1n Fig. 4.14a, 1s plotted in
Fre 4154 for cach test specimen This value increases with loading and signifies greater damping.

The o ndicator, detined i Fig 4 14b, 15 a measure of the decrease in the overall suffness of the

speaimens as foad 1y ancreased - Fig 4 15b shows the change 1n sutfness of each specimen illustrating
an mtal rapid decrease i suftness at the start of the test  Specimen R4, with the stiffest and

strongest spandrel beam, displaved the largest stitfnesses
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Figure 4.15° Hysteretic damping and suffness degradauon of the test specimen

4.4 Moment-Curvature Response and Predictions

In order to achreve a destred overall "structural” ductlity, the ductihity of individual members

and hence the secuonal or cunature ductility must be sufficient in regions expected 10 undergo plastic

hinging  The "curvature” ductihity 15 defined as ¢, / @, where ¢, is the yicld carvature and @ 1s taken

as the maximum cunvature atlatnable before significant drop an load carrving capacty  Table 45

summarizes the experimentdly determined moments and curvatures in the main beam at the column

face for cach test specimen
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‘Table 4.5 Comparsons of maximum moments and cunature ductilities

Speumen M, .. (kNm) | ¢, (rad/myx 10° | ¢, (rad/m)x 10° e, e
R4 062 () 88 62 () 70
R4S 5582 125 90 () 72
R4T 5504 63 902 143

" - this value 15 low because the cracks did not cross the gauge length

In order o assess the mfluence of the spandrel beam on the effective slab width, the moment-
curvature responses of the main beam 1o negative bending will be predicted assuming varying effective
slab wadths - These predicted responses will then be compared with the experimentally determined
moment-curvature responses of the tests specamens  This companison will ¢nable an assessment of
the ctfecnive slab width which best descrtbes the actual response. A method of predicung the effective
slab width 1s presented 1n Section 453 The predictions of the moment-curvature responses were

madc for the following cases

1) A rectangular beam 400 x 600 mm without any slab flanges.

2) A T-beam including an effectine slab width of 3h, on each side of
thc beam  This resulted in an effectuve width, b, of 1060 mm
together with 4-No.10 slab bary

3) A T-beam including an ctfective slab width of 4h; on each side of
the beam resulting 1n b, = 1280 mm and 8-No.10 slab bars.

4) A T-bcam including the entre slab width, b, = 1900 mm, resulting
.n 12-No.10 slab bars being effective.

5) A T-beam including the entire slab width and assuming a non-linear
strain distribution in the remforcement across the slab

Figure 4 16 shows the non-hnear stramn distribution measured 1n the slab for each test
specimen near the end ot testing (from Figs 37,3 19, and 331) Using the shaded distribution shown
in Fig 4.16 tor the vanations of the strains in the skab bars, moment curvature predictions were made
using program RESPONSE (Colline and Muchell, 1921)  These predicted moment-curvature
responses are shownan Figs 417, 4 18, and 4 19, along with the predictions of the other four cases
listed above  These tne predicted moment-cunature responses are compared with the experimentally
determined responses of the test speamens  The varying strain distribution across the slab used in
case (5) resulted 1n g "rounded” moment-cunature response curve due to the sequential yielding of
the slab bars in the teasion flange  The distribution of stramn 1n the tension flange, 1s a function of

the torsional stittness and strength ot the spandrel beam  In the case of an extremely stiff and strong
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spandrel beam, the stab bar strains would tend 0 be untorm across the widih ot the slab, and hence,

the bars would vield simultancously ning a responase smular (o those of cases (1) through (4)

Variation of strain across the slab
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Figure 4.16° Non-lincar strain distributions 1n the slab bars of the speamens
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From thesc figures 1t as cvident that the cffective slab width computed using the Canadian Starndard
{CSA, 1984) of 3hy1s not appropriate in estimating the true contributions of the floor slabs for each

ol the thiee specimens
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Figure 4.17  Predicted and experimental moment-cunvature responses for specimen R4
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4.5 Role of Spandrel Beam and Slab

4.5.1 Effect of Torsion in Spandrel Beam

Figure 4 20 1llustrates the free-body diagram of an exterior beam-column-siab connection
showing the flow of forces from the'main beam into the jomt, and the flow of the forees trom the slab
bars into the spandrel beam  The tor<ion 1n the spandrei beam 1s caused by the cccentriaty between
the Iine of action of the forces in the slab bars and the centroid of the spandrel beam Ay the
negative moment 1n the main beam tncreases, the strivns, and hence the forces 1n the slab bars also
increase  When torstonal cracks form in the spandrel beam, the torsional suffness drops significantly
Upon further loading, the spandrel beam will reach torsional yeelding which will limit the forces that
can develop 1n the slab bars  The torsion n the spandrel beam builds up 1owaids the column face
and the side faces ol the joint region are subjeaed to combined direct shear and torsional shear flow

The torstonal suifness and torsional yiclding moment of the spandrel beam will dictate the
strain distnibution in the slab bars Thercfore, the stramn distribution in the slab bars would vary from

uniform for an extremely suff and torsionally strong spandrel beam, 10« strain distribution which
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decreases with distance from the column for more flexible, weaker spandrel beams (see Fig 4 16)
Fipurc 4 21 shows the strain distributions 1n the <lab bars at the slab-spandrel beam interface for the
three speamens at maximum load level Speamen R4, which had the highest torsional stiffness and
rosistance, displayed yiciding of all of the slab bars across the width of the slab, resulting in the
vielding of 12 No 10 bars  Speamen R4S and R4T had spandret beams which were smaller than the
spandrel beam in speamen R4 Therefore both of these speamens displayed strains in the slab bars
which were less than those developed in speamen R4 Although specimen R4S and R4T had the
same size of spandrel beam, specimen R4T had a smaller amount of torsional reinforcement  As can
be seen from Fig 421, speamen R4T had strains in the slab bars which were less than those 1n
specmen R4S Only 4 No 10 slab bars reached their yield in specimen R4T  This comparison
provides strong cvidence that both the size of the spandrel beam and the amount of torsional

reinforeement in the spandrel beam have a signiicant effect on the strain distribution in the slab bars
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Figure 4.21: Measured strain distributions across the slabs at slab-spandrel interfaces
4.5.2 Strut and Tie Mechanism Transferring Forces from Slab Bars

Figure 4.22 shows a plan view of the specimen tllustrating the approximate area of the
"disturbed regions” around the column after significant yiclding has occurred - At this stage, a different
mechamism for the transferring of slab forces to the joint region develops. This mechamism can he

visualized by a strut and tie model

_ flexural—torsional cract oy

undeformed
posttion

U ———
deformed T ;l
posit on .

| disturbed reqgion

Figure 4.22. Disturbed regions of specimen after signficant yielding
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Frgure 4 23 shows & plan view of the slab around the column region illustrating the flow of
tensile and compressive forees idealized as a strut and tue model It 1s assumed that the slab bars are
anchored near the outer edge of the spandrel beam  The longiudinal bars 1n the spandrel beam form
the tension chord in the idealized truss while the top hornzontal legs of the dosed hoops 1n the
spandrel beam provide the tension members This strut and tie mechanism torms in the top face of
the spandrel beam and m the slab - In order 1o determine the tensions 1n the slab bars that can be
resssted by the strut and ue mechanism, 1115 necessary to limit the forces n the tension ties to the
yicld forcees in the bars which they represent Hence, the forces 1in the slab bars which will cause
yielding 1n the tension e can be found knowing the geometry of the spandrel beam and the size,

spacing and yield stress of the remforeing bars
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Figure 4.23  Flow of forces 1n the "disturbed regtons” of the slab
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Figure 4 24 shows an exploded view ot the main cracked surtaces obsenved atter the specimens
were removed from the testing apparatus. The spiralling torsional cracks in the spandrel beam as well
as the region of compressive stresses around the column on the top surface of the slab are dappaient

A similar failure surtace was observed by Durrani and Zerbe (1987)
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4.5.3 EfTective Slab Reinforcement (Effective Width)

The etfective width of slab wn be found by first determining the number of slab bars which
¢an be resisted by the spandrel beam - Table 4.6 ists the effective slab widths recommended by the
Canadian, New Zealand and U S codes for exterior joint connections. It 1s interesting to note that
most tests that have been performed on exterior connections, resulted n the yielding of slab bars over

a greater widih than that recommended in current codes

Table 4.6 Companson of the "effective slab width” used 1n current design codes

Standard "effective width” of slab 1n tension
SA Standard (CSA, 1984) 3h
NZS Standard (NZS, 1981) 2h,

Chapter 21 does not specify an effective slab
width. Butn 8 10, the cffective width of
ACI Code (ACI, 1989) T-beam flanges must be less than ¥ of the
span of the beam, and effective overhang
flange must be less than

(a) 8h;

(b) !4 the clear span to next web

The "cffective slab reinforcement” or "effective width™ will be governed by either the torsional
strength ot the spandrel beam or by the capacity of the strut and tie mechamsm in the top of the
spandrel beam (see Sections 45.1 and 4.5 2)

The yielding torque of the spandrel beam can be estimated using the following expression

(Mitchell and Cothins, 1974 and Collins and Mitchell, 1991)-

- —2-:1-3—11—‘—{1 cot6 (Eq. 4.6)
K
where A ared enclosed by the torsional shear flow path
A, area of one leg of the closed hoop reinforcement
J, yicld stress of the hoop reinforcement
S

spacing ot the surrups in the spandrel beam

6 angle of principal compression measured from the horizontal axis of the beam
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4.5.4 Measured and Predicted Torsional Response of Spandrel Beams

Figure 4 25a shows the manner in which the twist of the spandiel beam of speamen R4 wa
measured. Pairs of LVDT s measured the rotation of the column and pairs ot 1 VD IS measured the
twist and rigid body rotation of the spandret beam S0 mm away from the column (see big 4 25b)
These measurements enabled the twast of the spandrel beam 1o be deternined at ditterent foad stages
As can be seen in Fig 4 25b after vielding of the maimn beam and the spandrel beam the column does
not experience increased rotations

Along with the twisting, the spandrel beam also deflects inwards about its weak avgs as shown
in Fig. 4.26a. Figure 4.26b shows the displacements of a pomnt lodated on the column and & poit
located 800 mm from the column  The horizontal movement at different loading stages were obtaned
by taking the average deflection reading from the top and bottom LVDT's (see Fig 4 254q)

Figure 4.27 shows the torque versus twist response ot the spandrel beam obtained from the
experiment. The experimental torque was calculated trom the torces i the skab bars - As can be seen
from Fig 4.27 the beam cracks at a relatively small torque and the beam develops g torque which
greatly exceeds the predicted torsional strength  Hence, soon alter arackeng a different mechanism
resists the load This mechanism arises from the lateral bending of the spandrel beam in the torm

of a strut and tie mechanism (sce Sectton 45 2)
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Table 4 7summarizes the number of bars etfective 1n negative bending based on the measured

4.5.5 Determination of Effective Slab Reinforcement

the spandrel beam and on the capacity ot the strut and te model (see Appendin B)

slab strains along with the predicied etftective number of bars based on both the torstonal stiength of

Table 4.7 Comparnison of predicted and expenimentally determined number of bars viclding

Experimental Predicted trom Preducted Lower
values torsional strengih trom strut hmting
and tie value
model preducted
Specimen Torque’ | Number | Predicted | Number Number of Number of
and (KNm» of bars Torque ot bars bars bars
Researcher (kNm)
R4
Rattray 7427 60" 1206 99 ol 61
(1986)
R4S 697 54 509 44 52 41
this study
R4T 493 40 385 31 44 31
thts study
1S
Ehsani 454 40 386 45 t2 42
(1982)
J4
Durram 367 39 294 38 31 31
(1987)
2D-E
Cheung 568 90 568 100 104 100
(1991)

" - the torsion was determined from the eccentriaty of the slab bars and the forces 1 the slab bars

corresponding to the measured stramns

* - these values were limited by the amount of slab remforcement

If the slab were wrder such that

morc slab bars were present, then atis predicted that 10 bars would have teached yicld

Figure 4 28 shows the measured strain distrbutions in the slab bars at the maximum applhied

the strains shown 1n this figure
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Figure 4.28. Measurcd strain distributions across the slab at maximum capacity

The method used to predict the number of bars corresponding to the predicted torsional
capauty of the spandrel beam 1s discussed below. More detailed calculations for each of the
specimens 1s given in Appendix B For specimen R4S, the predicted torsional capacity 1s 50.9 kNm.
This torque arises from tensions in the slab bars, which have an eccentricity of 254 mm from the
centrowd of the spandrel beam (see Fig 429) Hence, the force 1n the slab bars corresponding to
torsional yielding s F = T /¢ = 50900 kNmm /254 mm = 2004 kN Since the yield stress for the
No 10 bars 15 487 MPa, then the area of yielding slab bars can be calculated as A, = F / £, = 200.4 *
1000 /487 = 411 mm*  Ths 1s equivalent to 4 1 No 10 bars.
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Figure 4.29 Loading of spandrel beam 1n torsion
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The predicted numbcer of cffective slab bars using the strut and tie model wers tound trom
statics The forces 1n the tension chords and diagonal compression struts are himted by the tensie
strength of the reinforcement and the compressive strength ot the concrete Henee, these torees i
turn himit the yielding of the slab bars Figure 430 shows the strut and tie models with the mavimum
obtainable forces on the lett side of the figure along with the contiguration of the reinforang steel
in the spandrel beam on the nght side  In constructing the model the tollowing assumptions were
made (1) the stresses i the slab bars were taken as £ sinee this steel had a small amount of stran
hardening, (2) the ultimate stress in the spandrel beam teintorcement was tahen as 1751 (3) the node
where the compressive forces collect was taken just past the mterior cornet of the column - This node
15 assumed 10 be located a distance equal to the column swze,  trom the tension resultant
(see Fig 430). The tension resultant force in the top surface of the spandrel beam coresponds o
2.0, 1.5, and 1.0 bars for specimens R4, R4S, RAT, respectively  1Ewas observed that all reinforcement
in the outer half of the spandrel beam was eftective The strut and tre model using the configuration

of specimen R4 allowed for all six slab bars to achieve their yield torce - Speamen R4S with the
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Figure 4.30. Strut and tic model showing yielding of slab bars

13



reduced spandrel beam dimension but the same closed hoop configuration was able to yield 5.2 slab
bars  Speumen R4T, due to the decrease 1n the numbcer of closed hoops in the spandrel beam was

able to yield 4 4 slab bars

4.5.6 Simplified Determination of Effective Stab Reinforcement

A simphfication for the torsional strength using the equation developed by Collins and

Mitchell (1974) and assuming that the angle of principle compression 15 acting at 45 degrees 1s°

24 A
- - f"— (Eq. 4.7)
s
which when equated to the induced torque from the slab bars gives:
2b h, A h
- o o _‘__fy - -2 A, f, (Eg. 48)

r s 2

where k, 1s the cceentricity of the forces in the slab bars and » 1s the number of effective bars

(sce Fig. 4.31) Solving for n , the number of effective slab bars can be found from

b
n - 45 4, (Eq. 4.9)
s A

s

In most cases, the same bar size 1s used for the slab reinforcement as for the closed hoops in the

spandrel beam. Therefore, this equation can be further reduced to its simplest form as

b
n-420 (Eq. 410)
s

The values for the number of effective slab bars using this simplified equation are shown in Table 4.8.

—
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i —— P Y
_’_1_2 ’ ! 1, i |
[
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. \\a“.‘sﬁ.\b1 * . of twist
R— :
b

Figure 4.31: Induced torsion in spandrel beam
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The method of estimating the number of effective bars by using a strut and tie model can be

simplified somewhat by notng that the limiting parameter ts the force 1 the longitudinal bars nea

the back face of the spandrel beam (see Fig 4 32) In the strut and tic model, the resisting moment

1s provided by the force in the Icngitudinal bars multiphied by a lever arm to an assumed nodal point
just past the corner of the column, where the compressive forees converge (see Fig 4 32)  For thas
simplified model, 1t 1s also assumed that the distance between the tension and compression 1esultants

equals the column dimension, c. Taking moments about the rodal pomt shown i Fig 4 32 gives

- §=As,fyc (Eq 4.11)

where A, is the area of slab bars within a distance s,
Ay 15 the area of top longitudinal bars 1n the outer halt of the spandrel beam

x .
E is the lever arm to the resultant of the slab bar forces

s, 1s the spacing between the slab bars

Solving this equa 10n tor the effective width, x gives

(Eq.412)

Hence the number of slab bars expected to yield, n , 1s the total number of slab bars within the

distance x . The values computed from this method are given 1n Table 4.8 (sce Tables 1in Appendix
B for the values used in the equations).

n ~ effective bars
E T———-———Q——-——T—-—*—-T--4i> Ag fy I A
| | | |
1 '
| N |
\ ' l ‘ | v e
[
l i l ] l P
[ '
. v v -
‘ i b r__ T [
s, Vs, Se bl 4
| A.sfy As fy AS f\/ Asfy v
! e nodal point
— e e
x
_}.~~~
2
x AS fy
—

Figure 4.32 Simphfied strut and ue model
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Table 4.8 Simplificed calculation of the number of effective slab bars

Speamen n-4 E—‘i Expernimental
§ Results
R4 - Rattray (1986) 99 49 6.0"
R4S - this study 51 42 54
R4T - this study 25 35 40
1S - Ehsam (1982) 42 36 40
J4 - Durram (1987) 42 30 39
2D-E - Cheung (1991) 70 90 90

4.5.7 Flexural Strength Ratio

The flexural strength ratio between the columns and the main beam vartes as a function of
the effective slab reinforcement as can be scen from Table 49 As the contribution of the slab
longitudinal reinforcement increases the flexural strength ratio decrcases  The design flexural strength
ratio for the three test speamens in this study was 1.68 calculated assuming that two sets of slab bars
were cifecuve  This rauo s above that of the Canadian Code (CSA, 1984) design recommendation
of My > 133 The actual flexural strength rauos based on the recorded yield stresses of the
temlorcement, compressive strengths of the concrete and the contributing slab reinforcement are given
in Table 4 10 It can be noted that the actual rauos were less than the design value primarily due to
the slab partucipation It is theretore important to determine the number of contributing slab bars

accurately to ensure an adequate hierarchy ot yielding,

Table 4.9 M, values for varying effective slab reinforcements

Case Effective slab reinforcement Mg
a) the main beam alone, no slab bars etfective 2.72
b) I set of slab bars on each side of beam, 4 slab bars cffecuve 2.07
<) 2 sets of slab bars on each side of beam, 8 slab bars effeciive 168
d) 3 s¢ts of stab bars on cach side of beam, 12 slab bars effective 140
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Table 4.10: Companison of actual My values for the three speamens

Specimen measured M,
R4 11
R4S 135
RJ4T 141

Specimen R4T has a higher My than specimen R4S because 1t had a 35¢¢ inarease i the

concrete compressive strength over that of speamen R4S

This maease i strength resulted 1 an

8% increase 1n the flexural moment capacity Had the specimens had identical concrete strengths, the

moment capacity of specimen R4T would have been 1n the order of 8% lower than that of speaimen

R4S.

Table 4 11 summarizes the maximum measured negative moments 10 the matn beams as well

as the moments normalized to the concrete compressive strength of speamen R4 This allows a diredt

comparison of the cffect of the reduced torsional strength of the spandrel beams

decrease 1n moment capacity 1s evident hetween the speamens

[t must be no

A considerable

1 that in the design

of these specimens, the factored moment capaciiies were calculated to be equal  These results support

the need to determine of the etfective slab reinforcement more appropriately

Table 4.11 Maximum recorded negative moments and normalized moments for ¢ach specimen

Specimen M, test (kKNm) I (MPa) M, (1ol R
R4 662 400 662
R4S 550 3413 560
R4T 558 46 6 536
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Chapter 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

This experimental programme nvestigated the response of two full-scale reinforced concrete
becam-column-siab subassemblages subjected to reversed cyclic loading The specimens were designed
using the 1990 Natonal Building Code of Canada (NBCC, 1990) and the 1984 CSA Standard (CSA,
1984) with a force reduction factor, R, of 40

The matn objective ol these tests was to investigate the influence of different size spandrel
beams and varying amounss of torstonal reinforcement in these beams on the participation of the slab
remnforcement tn negative bending of the main beams It was found that after torsional cracking and
viclding of the spandrel beam a secondary force transfer niechanism develops 1n the slab which can
be modelled by using a stiut and e approach  Tentatnne design equations are proposed for the
determination of the etfective slab reinforcement contributing 1n flexure  These equations consider
both the torsional vield capacity of the spandrel beam and the resistance of the strut and ue
mechanism to determine the etfective slab reinforcement  The torsional yield capacity is dictated by
the amount of torsional remnforcement 1n the spandrel bcam  The resistance of the strut and te
mechanism s poverned by the amount of longitudinal remforcement in the top ot the spandrel beam,
the amount of slab remnforcement and © #he size of the column These design proposals were applied
to tests an this research programme as well as tests conducted by other rescarchers and resulted in
good estrmates of the amount of etfectne slab reinforcement  Furthermore, 1t was found that the
presence of the spandrel beam increased the joint confinement belore cracking and mduced additional
stresses on the jomnt region both through torsional shedr flow from the spandrel beam and direct shear
trom the slab bars

The current Standard (C5.A 1984) does not exphicitly account tor the effect of the spandrel

beams in the determination ot the eftective slab width [t was observed from the test results and an
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analytical study that a better estimate of the eftective slab rewntorcement can be made by sumple
equations The amount of eftective slab reinforcement plavs an important role in determinming the
hierarchy of vielding between the columns and the beams A torsionath sttt and tersionally strong
spandrel beam results 1n larger amounts of ctfectine slab remtorcement and hence, stronger beams
Therefore, if the etfect of the presence ot a stfi, strong spandrel beam v not accounted tor, then a
the "strong-column, weak-beam” design philosophy mav not be achieved and hence, the talure mode
of the structure may be altered

The load versus deflection respoases and energy dissipating capaaities ot the speamens,
determined from the tests, mdicated excellent ductility and encrgy absortbing characteristies The
excellent observed performances indicate that the design and detathing requirements ot the CSA

Standard (CSA, 1984), were adequate for these specimens designed with an R, equal to 40

5.2 Future Research Recommendations

The following aspects need further investigation

1)  the behaviour of a specimen conststing of a slab with no transverse
spandrel beam to see 1f the same behavioural models developed m
this research programme apply

2)  the behaviour of muluple trame bays where the entire width of the
slab on each side of thc main beam is mduded This would give
more realistic boundary conditions at the ends of the spandrel
beams.

3) the effect of varying torsional stiffnesses and resistances of
transverse beams at ntenor jJoints connections

4)  the effect of longitudinal restraint on the torsional suffness and

strength of the spandrel beam
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APPENDIX A

Calculations for the Design and
Detailing of Test Specimens
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Al

Beam Design

Design of Flexural Reinforcement

The factored negative design moment 1n the main beam at the face of the exterior

column after 20% moment redistribution was found from a frame analysis to be

M, = -299 8 kNm

- The diameter of bars passing through the joint 15 hmited to
d, <1 |24 which 15 ¢qual to 450 / 24 = 19 min.

Hence use No 20 bars

- Assuming a flexural lever arm of 075h = 0.75 x 600 = 450 mm,
Mf

(bsfy ]d

we can get a preliminary area of steel using A4, -
A, = 2998 x 1000 / ( 0450 x 085 x 400 ) = 2000 mm’

- 1t slab bars are effective within a distance 3h, which 1s equal to 3
x 110 = 330 mm on cach side of the beam, the number of slab bars
to be ncluded in flexure 1 4 - No. 10°s

- Since the second set of slab bars are fairly close to this cut-off, and
are judged to contribute, they will be included in the design Hence
assume 8 - No 10 bars

- Thercfore arca ot No 20 bars needed 1s 2000 - 800 = 1200 mm®,
- Since there will be a reversal of moment at this section due to
senmic loads, compression steel will enhance moment capacity.

- Try 4 - No 20 bars on top giving us area of 1200 mm"*.
- Since the positive moment capacity must be one-half that of the
negative moment, try 4 - No 20 bottom bars  Figure A.1 shows the

arrangement of longitudinal reintorcement

- For this configuration the negative moment capacity assuming that

the compression steel vields and that the concrete compressive
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by + Z(Shf) = 1060 mm

P e e e e
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H

No 10 @ 300mm -—-
top and botftom
both directions

|
|
!
i
|
No 10 stirrups ——*

4-No.”0 bars

4—=No 20 bars

Figure A.1: Arrangement of longitudinal reinforcement

block 1s within the slab thickness 15 found from

M -A,6,f,d-2)+a] @,f-085¢./)d-d) '

(" = 30 MPa
= 400 MPA

The resulting factored negative moment capacity was found to be
M, = -339 kNm This value of M, 1 greater than My, therefore

the design is sausfactory

The positive moment capacity was found to be M,* = 229 kNm

This value 1s g-eater than /2 M, = -170 KNm  OK

- Check mimimum reinforcement (top and bottom)

14b d 2
¥~ = 1.4 x 400 x 540 /400 = 756 mm~

Poun
1y

756 < 1200 provided on the bottom OK.

- Ckeck maximum reinforcement permitted

Puy = 0025b,d = 0025 » 400 x 540 = 5400 mm’
5400 > 1600 provided on the top OK
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h)

Destgn of Transverse Reinforcement in Beam
The transverse remforcement in the beam 15 designed based on the shear
corresponding to the probable moment capacity of the beam  The probable negative
moment capacity was found to be M, = 147 x-339 = -4983 kNm  Therefore, the
design shear 18 Vo= 4983 / 1.775 = 280 8 kN

1) Design Shear, V = 280 8 kN

- Assuming the concrete shear reststance to be negligable we get
V. =10
- Therefore, V, = V, + V= 2808 kN Clause 21.7.3.1
- Try 4 legs of No 10 transverse reinforcement near the column face
- The spacing 1s found from V, = ¢, A [ d /s
y . $:45°
r s

- Henee, s = 085 x4 x 100 x 400 z 540 / 280.8 x 1000 = 261.6 mm
2) Check maximum V,
- Maximum V, =08 ¢ .V I b, d

0.8x 06x 548 x 400 x 540 / 1000
567 88 > 277.85 kN OK

Clause 11.3.6.6

il

3) Mimimum shear reinforcement requirements
V< AL /035, =41 100x400/035x 400 Clause 11.2.5.4

s < 1140 mm

- Spacing Limits
iV, >04N¢ VI b d
= 04 x 006\ 548 % 400 x 540
= 284 kN
me = 44 =135 mm
1If V, < 284 kN

then s Clause 113 8.3

Clause 11.3.8.1

then s, = d2 = 270 mm

mix

- Theretore s, = 270 mm
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4) "Anti-buckling” and continement requircments
Hoops must be provided over a length 2d trom the tace ot
the column and the spacing shall not exeeed Clause 21 33
a)yd/d =540 4 = 135 mm
b)Y 8d, = 83 195 = .o mm Clanse 21333
¢) 244, (hoop) = 242 113 = 264 mm
d) 300 mm

- Therefore the confinement requirements control
Provide hoops spaced at 130 mm over length 1080 mm.
Outside this regron, 2 legged stirrups may be used
- Spacing for shears = 085 x 2 x 100 x 540 x 400/ (280 8 » 1000)

s = 132 mm

- Hence use constant spacing over the entire beam of 130 mm (see

Figure A2 for details)

e e— , e - O S S S N
A A T T A S SR B
) " | [ il Y 1 i! : I l .
U | ' | ' I | . d ; 4 '

, i ! | I | \ ! | A
! ! ; ] I | |

! | " || 1 | " ! ! ! \
| | : i /| i | | | . ! J d
i ¢ ! ' i . ! [

i ¢ ' il , 15 |
. ' ) ' : ! ' : | g |
| ! ; Ix I l . ; . o

s " . s e T I 5 “
| T |
iq———*m———— ———— = — — o -

! 9 sets of closed 6 sets of double

hoops and U-stirrups U=-stirrups ¢ 130mm

a 130mm

Figure A.2 Details of bcam shedr reinforcement
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A.2 Column Design

The design axial load for the test 1s P = 1076 kN
This axial load corresponds to 9% of the structure dead load on a second story

exterior column  Try the following column details.

T L 8-No.20 bars
S

| . I“** 2 sets of No 10
, ’ ;1*', " closed hoops

] l ¥

I ! SPps e —:!;J}

Figure A.3 Tnal column reinforcement configuration

a) Design of longitudinal reinforcement

1) Check if Clause 21 4 applies

A, T /10 = (0450 x 0.450) x 30 / 10

= 607.5 kN Claur= 21.4.1

- Since P, > 6075, then requirements of Clause 21.4 apply.

2) Check strength requirements

Pr(mn) =08 (() 85 @, r‘c (Ag - As() + ¢s f\ Asl)

P = 3102 AN > P, OK

From program RESPONSE (Collins and Mitchell, 1991) for an
audl load of P = 1076 kN, the factored moment resistance of the
column, M, = 340 kNm
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3) Check strength hierarchy

IM,. > 11M,, Clause 21422

EM, = 340 + 340 = 680 kN

M, =12xM, = 121339 = 4068 kNm

11M, = 1.1 x 4068 = 4475 kNm

Since 680 > 447.5 the requirement iy saufted OK

b) Design of transverse reinforcement

The design shear force 15 determined considering the

development of the probable moment capacity in the beam

1076 kN
207 6 kMNe— .
3
ey
498 3 kNm |7
Vg = 4983 5 -

2x1 2
= 207 6 kN
—e 207 6 kN
1076 kN

Figure A.4 Determination of design shear foree 1n column
1) Determine surrup spacing

V.=02XNo VI (1+3N/AT)bd Clause 11343

02x06x548x (1 + 3% 1076 x 1000 ) x 450 x 390
450 x 400 x 30)
V. =176 2 kN
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V,=2076-1762 = 314
s = 085 x 3414 x 4 x 390/ ( 314 x 1000)
s = 1442 mm
- provide minimum requirements
spacing shall not exceed

a) 16 d, (1995)
h) 48 d, (11 3)

320 mm
542.4 mm

¢) smallest dimenston of column, 450 mm
- minimum spacing for shear =d/2

s = 1945 mm

- Use a spacing of 190 mm n central regions of the column with

4 legged hoops configuration as in Fig A4,
2) Check minimum area of reinforcement required
A f /b, s =34142x400/450x 190 = 16 > 0.35 OK

3) Check confinement requirements

- Confining hoops must be provided in end regions

sh A
oS (=£-1)
yh Ach
= 0.3(s X 370 x 30/ 400) (450 x 450 / (370 x 370) - 1)
=399

A, - 03

but not less than

shcj;

A, - 012 (—£)
yh
= 012 (s x 370 x 30 / 400)

= 333
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Area of hoops = 200 + 200 cos 45° = 341 4 mm’

s = 341.4/3.99 = 856

However, the spacing shall not exceed Clause 21 443

a) h/4 = 4504 = 1125

b) 100 mm

€) 6 d, (long. bar) = 6 195 = 117 mm

d) 48 d, (tranv bar) = 48 x 113 = 5474 mm

Therefore use No. 10 hoops as shown at 80 mm
Length, 1, over which this spacing 15 provided

I, > a)h =450 mm
b)1,/6 =306/6 = 508 mm

¢) 450 mm Clause 21445

confinement required over length of 508 mm

Lo g
3 sets | e b
w 190mm: ;

IR § CHIE

|
s
i \ [”— =
] sets | [0 TR S—
M Somm] TR A,

.
40mm‘I:: | i s A
i
f -
t
|
.
40mmx - T
[Tt i
7 sefs e
2 80mm e o
4t tf i
[T | SR ¥)
x a1 i 11

“ 130mm

\J

kigure A.S Details of column reinforcement
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‘ A.3 Joint Design

1) Capacity Design
Probablc steel foree 1s found using 125 A £ = 125 x 2000 x 400
= 1000 kN

V.., corresponding to M, in beam = 205.5 kN

vV, = 1000 - 2055 kN

Vv = 7945 kN

V, =02x¢ VI (1 +3NJA, T)b, d
=02x06x548x (1 + 3 x1076x 1000 ) x 450 x 390

450 x 400 x 30

V. = 1762 kN

V, = 7945 - 176.2 kN

v, = 6183 kN

v, =¢ A f d/s

I

085 x 341 4 x400x 390 / 6183

73 mm

r
I

Theretore use a spacing of 70 mm 1n joint region.

This corresponds 1o 6 sets of square and ditamond ciosed hoops

2) Check maximum altowable joint shear

18 eV [ A, Clause 21.6.4.2
1.8 x 0.6 x 548 x 450 x 450

98 kN >V, OK

Resistance of joint

Ul

3) Check continement requirements
Transverse hoop reinforcement as spectfied 1n Clause 21.4 4 shall

be provided within the joint regrion and must be < 80 mm. OK

4} Anchordge of beam reinforcement
Both top and bottom steel must be anchored 1n tension according

10 Clause 2165
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Development length for bar with standard 90° hooks

lyy > a)8d, = 82195 = 156 mm
b) 150 mm
AL d,/S4V [ = 264 mm

But reinforcement must be extended to far face of column

1y, provaded for the top steel 15 400 mm

14, provided for the bottom steel v 380 mm

Extension of free end 12 d, = 12 x 19.5 = 263 mm
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Figure A.6: Details of joint region
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APPENDIX B

Calculations for the Amount of

Effective Slab Reinforcement
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B.1:

Specimen R4 Rattray (1986)
B.1.1: Table of spandrel beam and siab parameters
spandrel section propenies usetul values
fo = 40 MPa
cover = 40 mm
Specimen R4 slab bar = No 10 ho - 509 mm
ty - 480 MPa bo 309 mm
Rattray (1986) As = 100 mm?2 e 254 mn
N - 2 ph 1796 mm ¢
As* - 200 mm2
SSs- 300 mm
h 600 mm s beam bar - No 15 Ac = 240000 mm?
b= 400 mm ty - 460 MP. po 2000 mm
hf = 110 mm At = 100 mm2 Ach 160047 mm?
Al = 1600 mm? Ao - 136040 mm.?
Asl = 400 mm?
s = 125 mm
bar = 113 mm
column ¢ = 450 mm
B.1.2: Effective slab reinforcement using torsional strength method (see Section 45 5)

Estimated 409 degrees = 0714 rad Choose 1+ until 2 - t2max
Tr =2 AcAtty/s/tan ¢ 1206 kNm
f2 = 171 MPa
vs

f2max = 172 MPa Torsional Resistance Tr 1206 kNm

ao = 27 mm Max Tensile Force in Slab Bars = 474 kN

Ao = 135627 mm~2

po = 1687 mm Corresponding area of steel = 988 mm2 o

Nv = 864 kN

es = 00027 mm/mm Therefore 99 bary

el = 00090 mm/mm yield
B.1.3: Effective slab reinforcement using strui and tie model method (se= Section 4 5 5)

Taking mom.ents about the nodal pont in Fig B 1 we obtain

Fixdli + F2xd2 + F3xd3 = Fsxc

Fmax
Fs

NAsty =
125Aslty =

il

2 x
125 x

where
100 x 487 - 97 4
400 ¥ 463 = 2315

kN
kN

Assuming that the first two rows of bars yield (1 e 4 bars) we can solve for 3
to find the remaining number of yielding slab bars

kN
F1 x d1 974
LHS = F2 x d2 974
F3 x d3 F3
RHS = Fsxc 2315
LHS = RHS Therefore F3

Since one bar has a yield force of

Then the number corresponding

yield bars is

Hence n =

4 + 206

mm kNmm
50 4870
350 34090
690 650« F}
450 = 104175
1003 kN
487 kN
21 bare
61 bars

(w2 Table 4 /)
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B2

Specimen R4S

B21 Table of spandrel beam and slah parameters

spandrel section properties useful values
fc' = 343 MPa
cover = 40 mm
Specimen R4S slab bar = No 10 ho = 509 mm
ty = 487 MPa bo = 159 mm
this study As = 100 mm2 e = 254 mm
N = 2 ph = 1796 mm *
As® = 200 mmz2
S S = 300 mm
h - 600 mm s beam bar = No 15 Ac = 150000 mm2
b 250 mm ty = 463 MPa pc = 1700 mm
hf - 110 mm At = 106 mm2 Aoh = 92547 mm2
Al - 1200 mm2 Ao = 78665 mm2
Asl = 300 mm2
5 = 125 mm
bar = 113 mm
column ¢ = 450 mm

B.22 Effective slab reinforcement using torsional strength methed (see Section 4.5.5)

Estimated :+ 503 degrees = 0878 rad Choose = untl 2 = Pmax
Tr = 2Ao Atty/s/tan = 509 kNm
f2 = 217 MPa
Vs
fomax = 217 MPa Torsiona! Resistance T = 509 kNm

Qo - 23 mm Max Tensile Force in Slab Bars = 200 kN
Ao = 71623 mm~2
po = 1703 mm Corresponding area of steel = 411 mm2 or
Nv = 457 kN

es = 00019 mm/mm

el - 00046 mm/mm

Thetetfore 41 bars

yield

B.2.3 Effective slab reinforcement using strut and tie model method (see Section 4.5.5)

Fmax = NAsfy =
Fs = 125Aslty =

F1 x dt
LHS = F2 x d2

F3 x d3
RHS = Fsxc

LHS = RHS Theretore

vield bars 1s

Hence n =

F1xdl +F2xd2+ F3xd3=Fsxc

2 x
125 x

kN
97 4
97 4
F3

173 625

F3

Since one bar has a y’eld force of
Then the number corresponding

4 +

Taking moments about the nodal pont in Fig B 1 we obtain

where
100 x 487 =
300 x 63

mm
X 50
X 350
X 650
X 450 =
= 6026 kN
487 kN
12 bars
124 = 52 bars

974 kN
1736 kN

Assuming that the first two rows of bars yield (1 e 4 bars), we can solve for F3
to find the remaining number of yielding slab bars

kiNmm
4870
34090
650 x F3

78131

(see Table 4 7)
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Specimen R4T
B.3.1 : Table of spandrel beam and slab parameters

spandiel section properties usetul vl - o
fc = 46 6 MPa
Lover = 40 mm
Specimen R4T slab bar - No 10 ho 509 mm
t - 487 MPa b 153 mm
this study As 100 mm. e 2h4 mm
N = 2 ph 17% mm *
As* = 200 mm?
S5 - 300 mm
h = 600 mm s beam bar No 1b Ac 1HO000 mm*
b= 250 mm ty - 13 MPa P 1700 mm
hf = 110 mm At = 100 mm?2 Aoh 9H47 mm,?
Al - 800 mmy. Ao 78bbh  mun?
Asl — 200 min?
s = 250 mm
bar = 114 mm
column ¢ = 450 mm

B.32: Effective slab reinforcement using torsional strength method (see Section 4 5 5)

Estimated ~ 385 degrees = 06/2 r1ad Choose 11 untd 12 12max
Tr =2A0Atty/s/tan n = 385 kNm
f2 = 166 MPa
Vs
f2max = 166 MPa Torsional Resistance Tr - 385 kNm

ao = 13 mm Max Tensile Force 1n Slab Bars th1 kN
Ao = 80784 mm ™2
po = 1744 mm Corresponding area of steel 3t mm? o
Nv = 537 kN
es = 00034 mm/mm Theretore 31 bars
et = 00118 mm/mm yield |

B.3.3 Effective siab reinforcement using strut and tie model method (see Section 4 5 5}

Taking moments about the nodal ~antin Fig B 1 we obtain

F1xdt + F2xd2 + F3xd3 = Fs where
Fmax = NAsfy = x 100 x 487 - 974 kN
Fs = 125Asify = Ves X 200 x 463 - 1158 kN

Assuming that the first two rows of bars yield (1 e 4 bars) we can solve for § 3
to find the remaining number of yielding slab bars

kN mm kHmm

F1 x di 974 X 50 4870

LHS = F2 x d2 97 4 x 350 $40%0)

F3 x d3 F3 x 650 650 x b3

RHS = Fsxc 11575 X 450 H208H
LHS = RHS Therefore F3 - 202 kN

Since one bar has a yield torce of 487 KN
Then the number corresponding
yield bars 1s 04 bar,

Hence n = 4 + 04 - 44 bar {s6n

Table 47




B4.

Specimen 1S Ehsani (1982)
B41 Table of spandrel and slab parameters
spandrel section properties useful values
te = 426 MPa
cover = 40 mm
Specimnen 1S slab bar = #4 ho = 387 mm
fy = 345 MPa bo = 157 mm
t hsani (1982) As = 129 mm2 e = 184 mm
N = 1 ph = 1542 mm
As* = 200 mm?2
5 8= 150 mm
h 480 mm s beam bar = #6 Ac = 120000 mm2
b 250 mm ty = 345 MPa pc = 1460 mm
hf = 100 mm At = 129 mm2 Aoh = 70440 mm2
Al = 1704 mm2 Ao = 59874 mm2
Asl = 426 mm2
s = 150 mm
bar = 128 mm
column ¢ = 300 mm
B4.2: Efective slab reinforcement using tors onal strength method (see Section 4.5.5)

Estimated 42 6 degrees = 0744 rad Choose =  untl f2 = f2max
Ir = 2A0Atfy/s/tan + = 386 kNm
72 = 24 1 MPa
vs
f2max = 24 2 MPa Torsional Resistance T = 386 kNm
ao = 18 mm Max Tensile Force in Slab Bars = 200 kN
Ao = 56212 mm ™2
po = 1468 mm Corresponding area of steel = 5/8 mm2 or
Nv = 515 kN
es = 00015 mm/mm Theretore 45 bars
el = 00057 mrn/nm yield
B.4 3. Effective slab reinforcement using strut and tie model method (see Section 4.5.5)

Taking moments about the nodal pomnt ir. Fig B 1 we oltan

Fixdl 4+ F2xd2 + F3xdd + FAxd4 = Fsxe where
Fmax = NAsty = 1 x 129 x 352
Fs = 125 Aslfy = 125 x 426 x 345

Assurning that the first three rows of bars yleld (1e 3 bars)
to find the remarning number of yielding slab bars

kN mm
F1 x di 454 x 50
LHS = F2 x d2 454 x 200
F3 x d3 454  x 350
F4 x d4 F4 X 500
RHS - Fsxc 1837 3 300
LHS = RHS Therefore F3 = 557
Since one bar has a yield force of 454
Then the number corresponding
yteld bars s 12
Hence n = 3+ 12 = 42

= 454 kN
= 1837 kN

we can solve for F4

kNmm
2270
9082
15893
500 x F4
= 55114
kN
kN
bars
bars

(see Table 4 7)
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B.5

Specimen J4 Durran (1987)
B 5.1: Table of spandrel beam and slab parameters
spandrel section properties usetul vatues
tc = 41 M
cover -~ 40 mm
Specimen 34 slab bar = #4 ho 2B mm
fy - 414 MPa bo ™y mm
Durrani (1987) As = 179 mm. o 14y mm
N = 1 ph W1 mm *
As* = 200 mm?
S Ss = 150 mm
h = 380 mm s beam bar = #6 Ac 9000 mm,
= 250 mm fy = 414 MPa 0 1260 mm
hf = 100 mm At - 129 mm? Aoh S4720 mum
Al - 1136 mm” Ao 4651 mm2
As} = 284 mm?
s - 150 mm
bar - 128 mm
column ¢ = J00 mm
B.5.2

Effective slab reinforcement using torsional strength method (see Section 4 5 5)

Estimated =

484 degrees = 0845 rad Choose 1) untit 2 12max
Tr =2 Ao Atfy /s /tan - 294 kNm
2= 265 MPa
vs

f2max = 266 MPa Torsional Resistance e - 294 kNm

ao = 19  mm Max Tensile Force in Slab Bars 204 kN

Ao = 42071 mm ™2

po = 1266 mm Corresponding area of steei = 495 mm? or

Nv = 355 kN

es = 00016 mm/mm Theretote J8 brars

el = 00044 mm/mm yield
B.5.3*

Effective slab reinfo' 2ment using strut and tie model method {see Section 4 5§ 5)

Taking moments about .

acdal pointin Fig B 1 we obtain

Fixdl +F2xd2 + F3xd3+ 1xd4 =tsxc where
Fmax = NAsty -~ 1 x 129 x 531
ts= 125 Asity = 125 x 284 x 414

Assuming that the tust three rows of bars yield (1e 3 bars)
to find the remaining number of yielding slab bars

kN mm
F1 x di 685 X 50
LHS = F2 x d2 685 x 200
F3 x d3 68 5 X 350
F4 x d4 F4 X 500
RHS = Fsxc 1470 x 300
LHS = RHS Therefore F3 60
Since one bar has « yield force of 685
Then the number corresponding
yield bars 1s 01
Hence n = 3 + 01 31

6H Y kN
147 O kN

we can solve for t 4

KNmm
3424
13700
23974
56 x ka4
- 44091
kN
kN
bare,
bar, {ve e Table 4 /)
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B6:

Specimen 2D-E  Cheung (1991)

B 6.1 Table of spandrel beam and slab parameters

spandrel section properties useful values
fc = 38 MPa
cover = 40 mm
Specimen 2D-E slab bar = D10 ho = 485 mm
fy = 300 MPa bo = 210 mm
Cheung (1991) As = 78 mm2 e = 243 mm
N = 2 ph = 1770 mm *
As* = 200 mm2
Ss= 260 mm
h 575 mm s beambar = D20 Ac = 172500 mm2
b = 300 mm ty = 300 MPa pec = 1750 mm
ht - 130 mm At = 78 mm2 Aoh = 113850 mm2
Al = 3000 mm?2 Ao = 9€773 mm2
Asl = 750 mm2
s = 120 mm
bar = 10 mm
column ¢ = 550 mm

B62 Effective slab reinforcement using torsionat strength method (see Section 4.5.5)

Estmated 1 336 degrees = 0586 rad Choose 4 untl f2 = f2inax
Tr =2AoAtty/s/tan i = 568 kNm
2= 168 MPa
vs
f2max = 168 MPa Torsional Resistance Tr = 568 kNm

ao = 20 mm Max Tensile Force n Slab Bars = 234 kN
Ao = 95843 mm "2
po -~ 1689 mm Corresponding area of steel = 781 mm2 or
Nv = 746 kN
es = 00012 mm/mm Therefore 100 bars
el = (0086 mm/mm yteld

B 6.3: Effective slab reinforcement using strut and tie model method (see Section 4.5.5)

Taking moments about the nodal pomntin Fig B 1 we obtain
Fixdl + F2xd2 + Faxd3 + F4xds + F5xd5 = Fsx¢ where
Fmax = NAs ty = 2 x 78 x 326 = 502 kN
Fs = 125 Asify = 125 x  75¢ x 300 = 2813 kN
Assuming that the first four rows of bars yield (1e 8 bars), we can solve for F5
to hind the remaining number of vielding slab bars
kN mm kNmm
F1 x o 508 x 50 2543
F2 x d2 509 X 300 15257
tHS - F3 x a3 509 x 550 27971
F4 x d4 509 X 800 40685
FS x @5 F5 x 1050 S00 x F5
AHS -~ Fsxc 2813 X 550 = 154688
{HS = RHS Theretore F3 = 650 kN
Since one bar has a yield force ot 254 kN
Then the "umber cortesponding
yteid bars s 26 bars
Hence n = B + 26 = 106 bars (see Table 4 7}
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Figure B.1: Strut and tic model to determine the effective slab reinforcement
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