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PREFACE

During the past thirty years a great deal of research on beam-column
joints and connections in reinforced concrete moment-resisting frames
subjected to seismic loads has been conducted in structural testing
laboratories - all over the world. Based on these tests, design
recommendations have been developed and incorporated into some codes.

In the United States the. Committee on Joints and Connections in
Monolithic Concrete Structures, sponsored joinfly by the American
Concrete Institute and the American Society of Civil Engineers (ACI/ASCE
352) first proposed design recommendations for reinforced concrete beam-
column joints in a report published in 1976. The 1976 report was revised
in 1985. The "Building Code Requirements for Reinforced Concrete (ACI 318-
83) - Appendix A: Special Provisions for Seismic Design," contained
provisions for joint design which were based on work done by ACI/ASCE
352. The ACI 318 provisions formed the basis for beam-column joint
design requirements in the Uniform Building Code and in the National
Earthquake Hazards Reduction Program Recommended Provisions for
Development of Seismic Regulations for New Buildings. :

" In New Zealand a "Standard Code of Practice for the Design of
Concrete Structures” was published in 1982 by the Standards Association of
New Zealand. This code contained a significant number of new design
procedures, many of which were originated in New Zealand and were the
result of New Zealand studies of the performance of reinforced concrete
structures under earthquake conditions.

In Japan, the Architectural Institute of Japan has recently (1989)
produced a document entitled, "Design Guidelines for Earthquake Resistant
Reinforced Concrete Buildings Based on Ultimate Strength Concepts" (In
Japanese). Design provisions for beam-column joints for ductile reinforced
concrete frames are provided.

A major concern over the years is that the recommended approaches
_ for the design of beam-column joints in different countries may vary
significantly, United States and New Zealand design procedures often lead
to different amounts and arrangements of transverse reinforcement in
beam-column joints. The differences are of major interest to designers,
particularly since problems are often experienced during construction in
physically placing the amount of reinforcement required by the codes in
joint regions where congestion of reinforcement is likely.
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After ACI/ASCE 352 published the 1976 report, designers became
aware that, in spite of the rather large body of experimental data available,
design recommendations were not consistent. Many of the differences could
be traced to (1) interpretation of data obtained under different loading
histories, (2) performance demanded of reinforced concrete beam-column
joints in a moment resisting frame, (3) level of sophistication of design rules
required for engineering practice, and (4) complexity and cost of
construction resulting from proposed design procedures. The differences
produced confusion in the application of design recommendations because
the background was not explained adequately or explanations were not
always available to the user. :

An attempt to interpret the available test data in light of the
differences in the current design rules was made by the Applied Technology
Council. Project ATC-11 consisted of a study of design rules by a group of
practicing engineers., The 1983 report, entitled "Seismic Resistance of
Reinforced Concrete Shear Walls and Frame Joints: Implications of Recent
Research for Design Engineers", stated that

"A consensus needs to be reached on the most appropriate
mechanism to represent the behavior of reinforced concrete
frame joints under anticipated deformation reversals."

The ATC-11 report also included topics which required further research:

e Gross shear capacity of joints (including effects of column axial
load)

e Joint-confinement

e Orthogonal loading to produce multi-directional loa(iing
sequences

¢ Cyclic loading with high gravity loads
o Effect of eccentric beam-column connections.

In an effort to resolve some of the differences between codes and
test interpretations, a group of researchers and designers met in Monterrey,
California, following the 8th World Conference on Earthquake Engineering
held in San Francisco, July 1984. Seventeen participants representing the
U.S., Japan and New Zealand discussed the design approach used in each
country and agreed to initiate a collaborative research effort to address the
issues outlined in the ATC-11 report.

v
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Following the Monterrey meeting, three universities - The University
of Canterbury, University of Tokyo, and University of Texas at Austin -
obtained funding to conduct a series of coordinated tests in which each
group conducted tests of beam-column joint designs emanating from code
provisions in their countries. The specimens were subjected to a common
bidirectional load history. In 1985, researchers from Tongji University and
The China Academy of Building Research initiated a test program which
followed the general objectives of the coordinated project. A grant was
made to the University of Texas by the National Science Foundation for
U.S. participation in the cooperative project (Grant ECE-8320398).

To review the test program and to establish the common load
history, a meeting was held in Tokyo in May 1985. The bi-directional load
history selected is described in Papers 1-3. A special feature of that
meeting was a session organized by Dr. Hiroyuki Aoyama at the Building
Center of Japan in which a series of presentations were made by designers
from constructionfirms on the general topic of "Reinforced Concrete High-
Rise Buildings in Japan with Special Emphasis on Aseismic Design of Beam-
Column Jackets." Based on that seminar, a special report from the
University of Texas was edited by Y. Kurose and J.O. Jirsa with funding
from the National Science Foundation!.

To review progress on the experimental studies, a meeting was held
in Christchurch, New Zealand, in August 1987. At that meeting the
participants agreed that the information being developed would be of
considerable value to designers and code writers and it was decided that the
information should be assembled and permanently recorded. The
discussion led to the concept of an ACI Special Publication. A summary of
recent Japanese research not readily available outside of Japan was edited
by Y. Kurose and issued as a University of Texas report” following the
meeting. Plans were also made to develop a final meeting which would
involve both designers and researchers from the participating countries.

In 1989 a seminar was organized through the auspices of the
National Science Foundation (Grant INT-8815956) and the Japan Society
for the Promotion of Science. The "Seminar on Earthquake Resistant Design
of Reinforced Concrete Beam Column Joints" was held May 24-26, 1989 at
the East-West Center in Honolulu. Many of the papers presented at the

1 *Proceedings of the Seminar o Reinforced Concrete High-Rise Buildings in Japan with
Special Emphasis on Aseismic Design of Beam-Column Joints", Y. Kurose and J.O. Jirsa.
PMFSEL Report No. 87-5, November 1987, University of Texas at Austin,

2 Recent Studies on Reinforced Concrete Beam Column Joints in Japan,” Y. Kurose.
PMFSEL Report No. 87-8, December 1987, University of Texas at Austin.
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Seminar are included in this volume, To further strengthen the transfer of
information from research to practice, two technical sessions were
sponsored by ACI 352 at the Fall 1989 ACI Convention in San Diego.

The participants (See list at end of Preface) and organizers (I.
Aoyama, S. Otani, R. Park and J.O. Jirsa) of the various meetings and
seminars associated with this project trust that the Special Publication will
provide an insight into the cooperative research effort. The project
demonstrated that researchers working cooperatively can accomplish a great
deal through a coordinated, focussed effort. The results have already had
an impact on Code development in some of the participating countries.
Design recommendations are discussed in the papers included in the SP.

The papers are divided into the following groups.

e Papers 1-4 Tests conducted on specimens designed using
current codes but with the same general geometry
and a specified loading history

® Paper 5 Design recommendations - Japan

e Papers 6-13 Influence of joint geometry on strength and
~ deformation characteristics

Papers 14-17 Influence of bond on joint performance

Papers 18, 19  Joints in precast systems and with high-strength
materials.

The editor wishes to thank the contributors to this Special
Publication for their efforts in preparing, reviewing and revising the
manuscripts. The execution of a- cooperative research effort can only
succeed if some funding is available to permit communication, planning, and
review, In that regard, the support of the U.S. National Science
Foundation, the Japan Society for the Promotion of Science, the US/NZ
Cooperative Science Program, and the Chinese National Science
Foundation was essential to the project and is gratefully acknowledged.
The participants in the project, the seminars, and the workshops have
learned a great deal about behavior and design requirements for joints in
moment-resisting frames, We sincerely hope that the readers will benefit
from the accumulated knowledge represented by the papers in this volume.

January 1991 James O. Jirsa
' Editor
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SP 123-1

New Zealand Tests on Full-Scale
Reinforced Concrete Beam-Column-Slab
Subassemblages Designed for
Earthquake Resistance

by P.C. Cheung, T. Paulay, and R. Park

Synopsis: As part of a United States/New Zealand/Japan/China
collaborative research project, interior and exterior beam-column
joint subassemblages with floor slabs of prototype two-way and
one-way reinforced concrete building frames were designed for
earthquake resistance using the current New Zealand concrete
design code, NZS 3101:1982. Three full-scale subassemblages as
designed were constructed and tested under quasi-static cyclic
loading which simulated severe earthquake actions., The overall
performance of each subassemblage during the tests wvas
satisfactory in terms of strength and ductility. The joint core
and column remained ~essentially undamaged while plastic hinges
formed in the beanms, The strong column-weak beam behaviour
sought in the design, desirable in tall ductile frames designed
‘for earthquake resistance, was therefore achieved. Although the
joint cores of the subassemblages remained in the elastic range,
joint core shear deformations contributed significantly to the
interstorey drifts., Also, a significant proportion of the slab
bars in tension contributed to the negative moment flexural
strength of the beams. The performance of the one-way joint was
superior to the performance of the two way joints.

Keywords: Beams (supports); capacity, columns (supports); cyclic loads;
ductility; earthquake-resistant structures; frames; hinges (structural); joints
(junctions); reinforced concrete; slabs; tests
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P.C. Cheung is a PhD student in the Department of Civil
Engineering of the University of Canterbury, New Zealand. He had
several years of structural design experience with cohsulting
engineers in Hong Kong prior to undertaking PhD studies.

T. Paulay is an Emeritus Professor of Civil Engineering of the

University of Canterbury, New Zealand. His major interest has
been the design of ductile reinforced concrete buildings for
- earthquake resistance. Apart from séveral papers he is the

coauthor of two books on reinforced concrete. Amongst several
avards he was recipient of the Raymond C. Reese Research Award of
the ACI in 1982 and 1983. He is an Honorary Member of ACI.

R. Park, is. Professor and Head of the Department of Civil
Engineering of the University of Canterbury, New Zealand. He is
the author or coauthor of several technical papers and two books
on aspects of reinforced concrete, particularly seismic design.
He has received several awards, including the 1984 and 1989
Raymond C. Reese Research Award of the ACI. He is a Fellow of
ACI.

INTRODUCTION

Three full-scale reinforced concrete beam-column joint
subassemblages with floor slabs were designed in compliance with
the current New Zealand concrete design code for ductile moment
resisting frames and tested under simulated earthquake loading.
The structural dimensions and the quasi-static cyclic loading
history followed the guidelines of. the. United States/New
Zealand/Japan/China collaborative research project on the seismic
design of reinforced concrete beam-column joints, as agreed at
meetings of the principal investigators of the project held in
the United States in 1984, Japan in 1985, New Zealand in 1987 and
the United States in 1989.

In New Zealand a strong column-weak beam concept is used in
the design of tall ductile moment resisting frames. The required
flexural strength of the plastic hinge regions in the beams and
column bases is first determined using the combinations of design
seismic and gravity loadings. A capacity design procedure is
then used to calculate the required shear strengths of beams,
columns and joints, and the required flexural strengths of
columns, with the aim of ensuring that inelastic deformations
occur only at the chosen plastic hinge regions (1,2,3). The
design forces for shear and column flexure are derived
considering the possible flexural overstrengths of the plastic
hinge regions of the beams, based on the as detailed reinforcing
layout and the possible strengths of the longitudinal reinforcing
steel taking into account yield strengths greater than specified
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Seismic Resistance 3

and strain hardening, In addition, the effects of higher modes
of vibration and of seismic loading acting concurrently along the
twvo axes of the building are taken into account when determining
the column actions. In the three subassemblages tested, plastic
hinges were designed to form in the beams at the column faces and
the beams, columns and joints were reinforced aceordingly.

In the joint core of each of the three subassemblages,
reinforcement was placed to resist the total design horizontal
shear forces acting across the joint core, as is required by the
New Zealand concrete design code (1) when the axial load level on
the columns is less than 0.1f’A . Thus a considerable guantity
of horizontal hoops was necess§r§ in each joint core. A smaller
amount of transverse reinforcement would be required in the joint
core if the ACI building code (4) was followed. The New Zealand
code (1) requirement is based on the observation that, when the
axial load on the column i1is low, at large inelastic cyclic
displacements the shear resistance provided by the diagonal
concrete compression strut across the joint core diminishes,
wvhile that by a truss mechanism formed by the joint core
reinforcement becomes dominant (2,3,5,6,7). When the axijal
column load is large this degradation of the diagonal compression
strut mechanism is not so marked. To examine the worst case of
joint core behaviour,” no axial compression was applied to the
upper columns of the subassemblages tested.

An important feature in the New Zealand code (1,2) 1s that
the longitudinal slab bars within a prescribed width of slab on
each side of the column can be counted on to act as part of the
negative moment tension reinforcement of the beam. To study this
slab effect, the layout of the slab reinforcement in each of the
subassemblages folloved closely that of prototype construction.

The aim of the tests was to examine the behaviour during
major earthquake loading of subassemblages designed according to
the New Zealand concrete design code (1), for comparison with the
results obtained from all four countries of the collaborative

research project. A particular aspect of interest was the
effects of the presence of transverse beams and floor slabs on
the behaviour of the subassemblages. Previous tests . in New

Zealand (5,6,7) have involved - beam-column joint subassemblages
without floor slabs and primarily of plane (one-way) frames.

TEST PROGRAMME

Descriptioh of Test Units

Each of the three subassemblages tested represented types
of beam-column joints in three-dimensional moment resisting
frames of buildings. The three subassemblages were as follows:

Unit 1D-I : Interior beam-column-slab joint of a one-way frame.
Unit 2D-I . : Interior beam-column-slab joint of a two-way frame.
Unit 2D-E : Exterior beam-column-slab joint of a two-way frame.
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Details of the three Units, as designed, are shown in
Figs. 1 to 3. The Units simulated full-scale subassemblages of
frames with 3.5 m (11.5 f£ft) interstorey height. The beam shear
span provided in the Units was only about two-thirds of the
distance to the midspan of an assumed prototype which had a beam
span of 6 m (19.7 ft). Also, the cantilever . span of the one-vay
slab of Unit 1D-I, which modelled the topping slab of a ribbed
floor system, was slightly less than one-third of an assumed
prototype which had a 6 m (19.7 ft) span between two frames.

The reinforcing details are shown in Figs. 1, 2 and 3. The
reinforcement ratios are listed in Table 1 and the measured
properties of the reinforcing steel and concrete are shown in
Table 2 and 3.

Design Features of Test Units

The main features of the design of the Units are summarized
below.

In all Units the longitudinal reinforcement in the webs of
all east-west beams (east beam only in Unit 2D-E) were kept
identical. This enabled a direct comparison of the behaviour of
exterior (Unit 2D-E) and interior (Units 1D-I and 2D-I) joints.

The ratios of the diameter of the longitudinal beam bars to
the column depth was d,/h = 1/25 for all Units. The ratio of
the diameter of longitudi%al column bars to the beam depth was
d./h, = 1/22,9, 1/19.6 and 1/19.6 for Units 1D-I, 2D-I and 2D-E,
respectively, The New Zealand code (1) requirement for these
ratios is db/h < 1/25 and 4, /h, < 1/20.

¢ b" b

The design shear forces for the beams and columns of the
Units were calculated assuming that all the longitudinal beam and
slab bars in tension were stressed to 1.25 times the specified
yield strength of the steel. That is, to 1.25 x 275 MPa (1.25 x
40 ksi) in these Units. Generally, the quantity of transverse
reinforcement in the beams and columns was governed by the
limitations on the maximum spacing of transverse reinforcement
for concrete confinement and for lateral restraint of compression
reinforcement.

The design shear forces for the beam-column joint cores
were also calculated assuming that the effective longitudinal
reinforcement in the beams was stressed to 1.25 times the
specified yield strength of the steel. The design horizontal and
vertical shear forces so calculated are listed as V.h and V, in
Table 4 and are compared with the shear resistance providgg by
the horizontal -and vertical joint core reinforcement, V h and
V..« It should be noted that the intermediate longitudinaf bars
of'the column wvere considered to be effective in resisting
vertical shear in the joint cores. For horizontal shear, the
joint hoops present in each Unit provided resistance almost
identical to the design shear force.
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To predict the theoretical nominal (ideal) strengths of the
Units, the nominal (ideal) flexural strengths of the beanm
sections were calculated wusing the measured material properties
of the concrete and steel. The Newv Zealand code (1) method was
adopted yhich, like the ACI code (4), assumes an equivalent
rectangular compressive stress block for concrete with a mean
stress of 0.85f? and a maximum concrete compressive strain of
0.003. Since tfie floor slabs and beams were cast monolithically,
they were expected to act integrally as T-beams. For negative
bending moment producing tension in the top bars, the Nev Zealand
code (1,2) considers that all longitudinal bars placed within a
specified flange width act as tension reinforcement for the beam.
The flange width is of varying magnitude depending on the
structural configurations, and is illustrated in Fig. 4. These
New Zealand code recommendations were followed in the theoretical
calculations.. In addition, for T-beams subjected to positive
bending moment under seismic conditions, the effective width of
the flange in compression was assumed in -all cases to be twice
the column width. Calculations showed that for positive bending
moment, larger slab widths did not increase the moment capacity
significantly. Flexural strength values estimated using other
assumptions have been discussed in Refs. 8 and 9. The ratio of
column flexural strengths to beam flexural strengths, obtained
using the New Zealand code assumptions for effective widths of
slabs, are listed in Table 5,

The nominal (ideal) strength of each Unit subjected to
seismic loading is attained vhen a positive moment plastic hinge
occurs in the beam at one face of the column and a negative
moment plastic hinge occurs in the beam at the other face of the
column, as in Fig. 5(b). In the figures showing the measured
lateral load-lateral displacement hysteresis loops for the Units
(Figs. 12, 13 and 14), this theoretical ideal strength is denoted
as V, when the New Zealand code recommendations are followed for
the calculation of the width of flange in tension contributing to
the negative moment strength of the beam. For comparison, those
figures also show a theoretical ideal strength - denoted as V¥
which is calculated assuming that the longitudinal slab bars over
the full width of the slab yield in tension and contribute to the
negative moment flexural strength of the beam.

Loading Rig and Test Procedure

The Units were extensively instrumented in order to gather
as much information as possible on the load-displacement
responses, joint distortions, beam curvatures and strains in the
reinforcing bars. - Full details of the instrumentation can be
seen in Refs. 8 and 9.

Figure 5(b) shows the manner of loading the Units by
displacing the beam ends. Figure 6 shows a schematic
configuration of the loading rig, which was designed so as to
apply either unidirectional or bidirectional (i.e. orthogonal
east-west and north-south) simulated seismic loading. Pins were
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provided in the two directions to enable the top and bottom ends
of the columns of the Units to rotate in the loading directions.
The beam ends, where the double-acting jacks imposed vertical
loads, were also free to rotate and move laterally. Figure 7
shows a Unit during testing. .

By considering the geometrical relationships shown in
Fig. 5(b), the equivalent _ interstorey displacement A and
interstorey shear V_ can be derived from the applieﬁ beam
vertical loads, P, and P,, and corresponding displacements, ABI
and Ahz, using the following expressions: i

81 *+ B9

B s [ 2+ 9, Yo 1
P.%. + P8 . ,
171 272

vc=[T] ‘ (2)

vhere the notation is as shown in Fig. 5(b).

During the tests, continuous corrections to the overall .
measured displacements were necessary to allow for the
flexibility of the steel loading rig which caused some horizontal
movement of the top of the Units. ’

Loading Sequence

The "first-yield displacement™ A test  Vas determined by
extrapolation from the measured displace%én% at 75% of the ideal
strength Vi of the Unit, as shown in Fig. 8.

The New Zealand loadings code (10) permits a maximum
interstorey drift (A /% in Fig. 5(a)) of 0.32% computed for the
frame assuming elastic Behaviour under the code seismic loading.
The experimentally measured interstorey drifts .when the
displacement ductility factor was u = 1 (found from A /% , where
A 1s given by Eq. 1 with ABI and AB given by the first yield
dfsplacement as defined in Fig. 8) was 8.45% for Unit 1D-I, 0.47%
for Unit 2D-I and 0.35% for Unit 2D-E.

The quasi-static cyclic loading histories followed for the
three Units are depicted in Figs., 9 to 11. 1In each test, the
first two load cycles were to an imposed lateral load of about
one-half of V,. The first yield displacemént A , and the
measured stiffness K , were determined in th¥’£§§§t half of
the third load cycfgf Subsequent cycles were displacement
controlled with increasing imposed displacement ductility factors
B o= NA and enabled observation of the performance of the
Units at’185%as well as high ductilities. According to the New
Zealand loadings code (10), a ductile structure should be able to
undergo four cycles of loading to a displacement ductility factor
of four in each direction, implying a cumulative displacement
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ductility factor demand of X = 32. Furthermore, after those
four cycles, the reduction in strength of each -individual
component should not exceed 30%, while that ef the whole
structure should not exceed 20%. .

For Unit 2D-E (Fig. 11), loading was applied principally in
the east-vest direction (that is, perpendicular to the spandrel

beam). ' The values for ‘and K wvere obtained for when
the east beam was d1sp¥éceﬁ downwar&s and were significantly
different from those found for Unit 2D-I. In order to make a

more meaningful comparison of the behaviour of Unit 2D-E with
that of the other two Units, the subsequent imposed displacements
for Unit .2D-E were to similar interstorey drift levels as for the
other two Unigs.

TEST RESULTS

General Observations

The experimental (measured) hysteresis loops for column
lateral load (storey shear) versus lateral displacement are shown
in Figs. 12 to 14. For Units 2D-T and 2D-E both the north-south
and the east-west load-displacement responses are given,

All three Units performed extremely well during the tests
and easily satisfied the New Zealand 1loadings code (10)
performance criterion for a ductile structure. Plastic hinges
formed in the beams at the column £faces when the Units were
loaded into the inelastic range. Each column developed only fine
cracks and remained in the elastic range. Figures 15 to 17 show
overall views of the Units  during testing when large ductilities
had been imposed. -Although in the joint core regions diagonal
cracks and sometimes spalling of concrete surfaces were observed,
the joint cores remained essentially intact.

Lateral Load-Displacement Response

For all Units, although there was a gradual degradation of
stiffness during the testing, the shape of the hysteresis loops
remained reasonably stable up to interstorey drifts of at least
3%. For Unit 2D-I the particularly flat and pinched curve for
run 36 up to an interstorey drift of 4% (see Fig. 13(a)) was
caused by some slippage of. the east-west bottom beam bars., In
other cases the pinching of loops which occurred was mainly
assoctated with some buckling of compressed beam bars after cover
concrete had ~ spalled. Deterioration of -the Units became
significant only when the interstorey drift was vell in excess of
3%.

The theoretical strengths V, of the Units ,'which assumes
- an effective flange width in tension equal to that recommended in
the Nev Zealand code (see Fig. 4), were consistently exceeded
during the tests. The sources - of strength enhancement were
mainly from the - strain hardening of the reinforcing bars in
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tension and from contributions of slab bars over a greater width
than assumed in the New Zealand code. The theoretical maximum
strength V¥, which assumes an effective flange width in tension
equal to %he entire width of slab, is also plotted in the
figures. Evidently, since strain hardening of all the
longitudinal reinforcement in the beams was inevitable, not all
slab bars over the entire width of slab were contributing to the
strength enhancement.

A feature of the hysteretic responses of the two-way Units
2D-I and 2D-E (see Figs. 13 and 14) was the reduction in peak
load capacity by as much as 20% while the predetermined
displacement ductility was being -applied in the perpendicular
loading direction. It is believed that apart from the effect of
creep in the Units, this strength reduction was primarily caused

by the changes in the contributions of the reinforcement in the
slab to the flexural strengths of the beams while the loading was
being applied in the perpendicular direction (11).

Comparison of the measured hysteretic responses of the
three Units (Figs. 12 to 14) shows that the performance of the
one-way interior (Unit 1D-I) was superior to that of the two-way
exterior joint (Unit 2D-E), which in turn was superior to that of
the two-way interior joint (Unit 2D-I). This observation is of
interest since the joint regions of the three Units were
similarly designed (Units 1D-I and 2D-I had identical transverse
reinforcement). The effects of unidirectional and bidirectional
loading, and of the presence of transverse beams and slab on the
Jjoints, are discussed in more detail elsewhere (11).

The contributions to the displacement of the Units were
analysed as the sum of the deformations from the beams, columns
and joint cores. In the tests, rotations in each beam over a
length of 1.5 times the depth of beam from the column face were
measured. This measurement included the plastic hinge rotations
and the effect of beam bar deformations in and slip through the
joint core. The elastic deformations over the remaining length
of the beam and of the column were considered less significant
and were estimated by calculations based on traditional elastic
theory methods (5). For  joint core shear distortions,
experimental measurements were made only for Units 1D-I and 2D-E
(north-south). Figure 18 shows the percentage contributions of
these various deformation components for Unit 1D-I. Results for
the other Units were similar. As expected, the major source of
interstorey drifts were from beam plastic hinge deformations.
Nevertheless, an important observation from Fig. 18 is that joint
core shear deformations were significant, Joint core shear
deformations accounted for about 26% of total interstorey drift
at a displacement ductility factor pu = 2. This proportion
decreased to less than 20% at higher ductilities and became
reasonably constant. Hence, although adequate transverse
reinforcement was provided for the joint cores to remain mainly
in the elastic range, it 1is evident that joints were far from
rigid.
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Strains in Reinforcing Bars

Typical strain variations in the horizontal joint hoops are
illustrated in Figs. 19 and 20. The imposed ductilities are
shown circled and a * on the ductility indicates bidirection
loading. Figures 19 and 20 indicate a gradual and consistent
increase in tensile strains as the level of imposed ductility
increased. Hence the role of the hoops in resisting joint core
shear forces through a  truss mechanism, and in providing
confinement of the joint core, became more significant as the
ductility levels increased. 1In particular, type E legs (Fig. 19)
and type B legs (Fig. 20) exhibited larger strains than the other
types, evidently because they were subjected to greater bond
forces from the beam bars. It is also noted that the hoop
strains increased during imposed bidirectional loading (compare,
for example, results for g = *3 and 3% in Fig., 20). This would
have been because, for example, the loading in the north-south
direction would have caused dilation in the joint core with the
formation of diagonal cracks. The east-west hoop legs were then
required to provide the necessary containment, thus resulting in
additional tensile strains. Hence . the transverse beams did not
provide significant confinement to .the joint core. It is of
interest that the joint core hoops generally did not reach yield.
Yield was only reached at high displacement ductility factors in
some hoops.

Strains were measured on the longitudinal beam and column
bars in the joint cores. The measured strains indicated that
those bars were adequately anchored. For the column bars away
from the column corners of Unit 2D-I during unidirection loading,
tensile strains less than the yield strain but of significant
magnitudes were measured within the joint core. The
participation of these bars in resisting vertical joint shear,
analogous to the horizontal hoops, is therefore evident.
Considerably higher strains generated in the column bars under
bidirectional loading indicate that the column bars in the joint
core were subjected to a ‘more severe tensile stress state during

bidirectional loading.

Strains measured on longitudinal beam bars- and the slab
bars during the tests were converted to stresses using a computer
program (12) based on the Ramberg-Osgood stress-strain model.
Figure 21 shows for example the stresses in some slab bars of
Unit 2D-I, It is significant that a large proportion of those
slab bars have tensile stresses, and the width of the slab with
bars in tension exceeds that recommended by the New Zealand
concrete design code (1,2), shown in Fig. 4. The mechanisms of
slab contributions to the behaviour of beam-column assemblies is
discussed in a separate paper (11).

CONCLUSIONS

1. The performance of the three  beam-column-slab
subassemblages, Units 1D-I, 2D-I and 2D-E, which were designed
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according to the New Zealand concrete design code, provisions for

ductile moment resisting frames, was very satisfactory during the

cycles of quagi-static -cyclic 1loading which -simulated severe

seismic loading. The performance of the one-wyay interior joint

(Unit 1D-I) was superior to that of the two-way exterior joint .
(Unit 2D-E), which in turn was superior to that of the two-way.
interior joint (Unit 2D-I).

2, The very good performance ~ of the beam-column-slab
subassemblages was considered to- have  resulted from the
relatively 1large quantity of joint core shear reinforcement
provided, and the use of sufficiently small diameter longitudinal
‘beam bars to avoid excessive slippage through the joint cores
when plastic hinges developed in the beams at the column faces.

3. There was no evidence during the tests to indicate that the
presence of floor slabs or beams in two directions provided
gignificant confinement to the joint cores during bidirectional
selsmic loading. -

4, Although the beam-column Joint cores remained essentially
in the elastic range during the tests, the contributions of joint
core shear deformations to the interstorey drift of each Unit was
significant and wvas as high as 267 of the total interstorey
drift, reducing to about 20% of the total at large ductilities:

5. A significant proportion of slab bars in tension
contributed to the negative moment flexural strength observed in
the beams and hence to the enhancement of the flexural strength
of each Unit. The lateral load strength of the Units was up to
39% higher than that calculated using the effective flange widths
in tension assumed in the New Zealand concrete design code. 1In
this calculation the measured material strengths-and a strength
reduction factor ¢ of unity were used. Some of this strength
enhancement was due to strain hardening of the steel.

6. The strengths and stiffnesses of the Units reduced vhen
bidirectional loading was applied, due to changes in the
contributions of slab reinforcement.
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T NOTATION
Ag = gross area of column
A = total area of horizontal shear reinforcement crossing
ih
the joint core
Ajv = total area of vertical shear reinforcement crossing the
joint core
st = total area of longitudinal reinforcement in column
bc = yidth of column
db = diameter of reinforcing bar
fé = compressive cylinder strength of concrete
su = ultimate tensile strength of steel
fy = yileld strength of steel
hb = beam depth
hc = column depth
hS = thickness of floor slab N
K = stiffness
] = length of beam
2c = storey height, centre to centre between floors
P = vertical load at beam end
\Y = lateral load at column end
Vi = theoretical shear force in column of Unit when plastic
hinges develop in beams, using effective flange widths
assumed in the New Zealand code
Vf = theoretical shear force in column of Unit when plastic
hinges develop in beams, assuming effective flange width
in tension equal to the entire width of slab and
effective flange width in compression as in the New
Zealand code
th = horizontal shear force across joint core
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Vjv = vertical shear force across joint core

VSh = horizontal joint core shear strength provided by
horizontal shear reinforcement

VSV = vertical joint core shear strength provided by vertical
shear reinforcement -

A = horizontal displacement

o = displacement observed when three-quarters of ideal

strength is attained

ABI,ABZ = observed vertical displacement of beam end

Ab = total horizontal displacement of test column
Aé = computed interstorey drift for the structure acting

elastically when subjected to design seismic loading

A&,test = first yield displacement

Y = vertical displacement of beam end

[ = angle of rotation

7 = A/A&,test = displacement ductility factor
¢ = strength reduction factor

Table 1 - Summary of Ratios of Longitudinal Reinforcing Steel

Unit 1D-I 2D-I 2D-E
Slab  Rast/Vest  Top Steel 0.224% 0.337% 0.232%
Bottom Steel 0.224% 0.252% 0.252%
North/South Top Steel 0.447% 0.377% 0.377%

Bottom Steel 0.223% 0.252% 0.252%

Beam East/West Top Steel 1.34% 1.58% 1,34%
Bottom Steel 0.77% 0.77% 0.77%

North/South Top Steel - 1.57% 1.30%

Bottom Steel - 0.73% 1.03%

Column 1.48% 2.05% 2.69%

Notes: Reinforcement ratios of slab and column and expressed in
terms of gross areas of slab and column. Reinforcement
ratios of beams are expressed in terms of beam width and
effective depth and top steel includes slab steel within New
Zealand code effective width (see Fig. 4).
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Table 2 - Measured Properties of Reinforcing Steel of Units

Longltudinal Reinforcement Longitudinal
Grade of Steel in Beams and All Transverse Reinforcement | Reinforcement in
(Grade 275 Steel) Columns

(Grade 380 Steel)

Bar Size R10 R12 DI0O R16 Di6 D20 D24 |HD20 HD24 HD2B
Yield Strength 315 320 326 330 318 300 283 | 482 500 432
f_ (MPa)
M
Ultimate Strength [ 432 466 441 503 482 459 437 [.650 669 602
£ (MPa)
su
Notes : 1 MPa = 145 psi
R10 = plain round bar of 10 mm diameter
D10 = deformed bar of 10 mm diameter .
HD20 = deformed high strength bar of 20 mm diameter
Table 3 - Measured Properties of Concrete of the Units
Unit 1D-I 2D-1 2D-E
Pour 1 2 1 2 1 2
Slump (mm) 75 150 50 100 75 150
fé at 28 Days (MPa) 43.5 25.3 35.5 25.1 43.5 25.3
Age at Test 80 days | 71 days | 130 days | 126 days | 80 days | 71 days
fé at Test (MPa) 38.0 26.4 37.0 27.4 38.0 26.4

Notes : Pour 1 included lower column, beams, slab and joint; pour 2 was for upper
column only.

1 mm = 0.0394 in
1 MPa = 145 psi
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Table 4 -~ Comparison of Required Joint Shear Forces with Shear
Resistance Provided by Reinforcement of Units According
to the New Zealand Concrete Design Code

Unit 1D-I 2D-1 2D-E
Horizontal shear force: (EVW & NS) (EW) (NS)
(a) Design th (kN) | 1212 1350 764 1041
(b) Provided V (kN) | 1061 1061 678 874

sh
(nominal)

(¢) Provided V

sh (kN) | 1273 1273 807 1046
(actual)

Vertical shear force:

(d) Design O.IoVJ.v (kN) | 444 518 479
(e) Provided V_, (kN) | 478 236 936
(nominal) sV
Notes :

(a) Design horizontal shear force is V h? where V h is given by
the resultant horizontal force acting either abave or below a
horizontal plane at the mid-depth of the joint core. It is
considered by the code that all of V, 1is to be resisted by
the horizontal shear reinforcement. JEhe nominal joint core
shear stress th/bchc was less than 1.5Jfé MPa in all cases.

(b) Provided (nominal) shear resistance of horizontal joint core
reinforcement is VSh = A.hf y estimated assuming £ = 275 MPa
as specified, 3y y

(c) Provided (actual) shear resistance of horizontal joint core
reinforcement is V L = A.hf y where £ = measured yield
strength of steel used in td8ed. y

(d) Design vertical shear force for vertical reinforcement is
0.4V, , where V, is given by the resultant vertical force
actilg on one side of a vertical plane through the joint core.
It is considered by the code that 0.4V, is to be resisted by
the vertical shear reinforcement and 038V, is to be resisted
by the concrete diagonal compression strut:

(e) Provided (nominal) vertical shear resistance of intermediate
column bars is VSv = A.Vf , estimated assuming £ = 380 MPa as
specified. wy y

1 MPa = 145 psi.
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Table 5 - Comparison of Design and Provided Flexural Strengths of
Columns on the Basis of Specified Material Properties

1D-I 2D-I 2D-E
Unit
EV EVW NS EW NS
Dy (ki) 275.1 | 306.1 | 321.0 | 157.5 | 230.8
@&y (e 383.1 | 468.6 | 486.0 | 255.9 | 325.7
G w, Gam 474.7 | 700.4 | 700.4 | 626.9 | 560.3
Mcol
1.73 | 2.29 | 2.18 | 3.98 | 2.43
i
des
" ol
© 1.24 1.49 1.44 2.45 1.72
Mmax

Notes : (1) Mdes is the column moment when the positive and negative
momeént flexural plastic hinges form in the beams, with
the effective tension flange width of the beam as assumed
by the New Zealand code and tensile steel stress fy = 275
MPa.

(2) Mmax is the maximum column moment when all beam and slab
bars in tension have reached strain hardening with steel

stress as 1.25 x 275 MPa.

(3) M 0l is the nominal (ideal) flexural of the column with
s¥8s1 stress as fy = 380 MPa.

1 MPa = 145 psi
1 kNm = 0.738 kip-ft
fé = 30 MPa
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Fig. 1--Details of Unit ID-I

Documents


http://www.avadocuments.com/doc/aci-sp-123-91
http://www.avadocuments.com/doc/aci-sp-123-91

ACI SP-123 91 B 0Obb2949 0022414 5 M

18  Cheung, Paulay, and Park
1530 ., 600 1630
T 1
Reinforcement
the same as on
opposite side | 1o 10
10- R10 stirrups ©
(4legs) ® 120 240 160
1080 240
4-024
( 2-D20
[ S A—
— ) / : SRS o
12mm » oD ol
thick ~] +2 8 el A ©
plate 7 =3 \ - !

( . S 2-024 +2-D20 kio
24mm dia. @ e Quter
threaded rods g ™ stirrups

o @ formed by
S — bult-welding
N I — 4 - Hp24 o
UNIT 1D~ £38 eIl 2. Hp20 ©
€S
"o
mE®
o 146 0.D.(1271.D)
© m x 9.5 mm- thick
O, ~— sieeve tube
e e — =—i—i]
) .
12mm
thick plate

EAST-WEST ELEVATION

Fig. 1 cont.--Details of Unit DI

Documents



http://www.avadocuments.com/doc/aci-sp-123-91
http://www.avadocuments.com/doc/aci-sp-123-91

V»ACI SP-123 91 M 0kb2949 UDEE’NLS 7 m

Seismic Resistance 19

¢
L 375 350 i
4-024 :
Cover 20
0169 450
) LR e
S ( _‘6 - 338 8
Va 0
%]
bio @ 350 Q Cover 20
\ D16 @ 900 )
_f-nzo ?
L SECTION 3-3
400 .
UNIT 1D-1|
' ' | 600

600

550
L 218
A,
[4

8-HD24 \;% \4-HD20

COLUMN

— =
N I §
S 7— F == \'\\ 1
o
R16‘/ Butt weld

(4 sets each)
(All joint hoops o be
formed by welding)

JOINT

Fig. 1 cont.--Details of Unit ID-I

Documents


http://www.avadocuments.com/doc/aci-sp-123-91
http://www.avadocuments.com/doc/aci-sp-123-91

ACI SP-123 91 B 0Lk2949 0022416 9
20  Cheung, Paulay, and Park

3660
1630 400 1630

1630

1630

3660
00
|
K
|
|
:
i |
|
1
| .
]

UNIT 2D-I

4060 4060
1730 600 1730 1730 690 1730
3 : |
I
0 S Lo
X m X
South | North ™= o West East o
o O — Aty s o vy m| s S =ain [~
? 5 _]L.Q @Ta <1n V/T EI“DB_
" o | ‘ “
(2] \ N
2 )
i ; —— —_ T L
3 SECTION 1-1 SECTION 2-2
NOTES :
1 Unless otherwise noled 2. Grades of reinforcing fo
concrete cover to main be as follows:

reinforcement fo be as follows: R = Grade 275 round bars
40mm for beams & columns D = Grade 275 deformed bars
20mm for slabs HD = Grade 380 deformed bars

Fig, 2--Details of Unit 2D-I

Documents



http://www.avadocuments.com/doc/aci-sp-123-91
http://www.avadocuments.com/doc/aci-sp-123-91

. ACT SP-123 91 BN 0bb2949 0022417 O mm

Seismic Resistance 21

1530 - 600 1530
Reinforcement
the same as on
opposite side [N n
B 50 §
11-R10 stirrups -~
{4 legs) @ 115:1150 180 150
4-D24 T ]
2-020\ ﬂ
g-3R16 )
hoops
@ 90 j' Jm——— ey I I3 u)
12mm o & ( P /
thick plate ‘“g ® 2-D24 + 2-D20
24mm dia.  § R10 oufer
threaded ‘© § tsrt/rrugsb
rod 1 ormed by
§ 1 11— 4-HD28 butt-welding
S| T= 2-HD28 S
UNIT 2D-1 | g3 |
) ﬁg. 146 0.0. (127 1.0.)
™ [ttt L~ x 9.5mm  thicke
£ i____ "fa'j‘a' - sleeve tube

™
e
~n
EAST- WEST ELEVATION

Fig. 2 cont.--Details of Unit 2D-I

Documents


http://www.avadocuments.com/doc/aci-sp-123-91
http://www.avadocuments.com/doc/aci-sp-123-91

“ACI SP-123 91 UI:[:ECI'-G‘:I po2euls 2
22 Cheung, Paulay, and Park

' 1640/2 : 820 [
, 1 1830

1040 |
440 |_760 1160, 160, 1531.‘ 160 160 ,_160_, 160_| i
‘ [

DIoa 160 | {DIO ? 320 ‘ )

D10 160
{

N = “"% D
5 ! - ( | 1}70@2110 ( I
i DIO® 480~ - l D10 D240

240 240 l 240 | 150
-1 T T

130

575
471

480 240 | 240

1040 : S

€ owa 76‘0 '

EDl()fa)480

\

2-D24

Reinforceﬁ_;enf for .
north-~south beam & slab

SECTION 2-2

550
470

Reinforcement -fo'r
east-west beam only_

SECTION 11

: f‘—"|226
Buft weld
® ~— T VRS
12-HD28 , N e
A= 10 r.l:_
LOmm cover R16 il 1y

fo main bars COLUMN (4. sets each : v - JOINT
: All joint hoops to be —

formed by welding J. UNIT 2D-1

Fig. 2 cont.--Details of Unit 2D-I

Documents



http://www.avadocuments.com/doc/aci-sp-123-91
http://www.avadocuments.com/doc/aci-sp-123-91

~ACI SP-123 91 W 0Obb2949 0022419 4 -

Seismic Resistance

400, 2018 I
B

o
el

N 300| | 1668 2
550 > ’ T
et 1 1l
Q
f . lo_E I__._._.__,___.g g ,

M

UNIT 2DE 58

S

t 2025 4060
550 | | 1750 1780 500 1780
T 8 N
—l 3]
| | @
8| o ‘ South Norfh)f ' E,V
8 3 fi'li 1D 8
! 3
Ny
== DUNI—
SECTION 2.2 SECTION 1-1
NOTES:
1. Unless otherwise noted concrete 2 Grade of reinforcing -bars
cover fo main reinforcement to be as follows
to be as follows . R - Grade 275 round bars
40mm for beams & columns D = Grade 275 deformed bars
20mm for slabs ) HD = Grade 380 deformed bars

Fig. 3--Details of Unit 2D-E

Documents


http://www.avadocuments.com/doc/aci-sp-123-91
http://www.avadocuments.com/doc/aci-sp-123-91

ACI SP-123 91 EE 0bLL2949 0022420 O
24 Cheung, Paulay, and Park

1580 500 1580

' Q 1460.0. (127..0.)
"% 9.5 mm thick - ~
" sleeve tube
Reinforcement
the 'same as on opposite  ||I{| 0
side- Ut 10 -R10 stirrups Q
E 3020 4 bz' '
30207
I — . ...L. allel (\ J./ - -
= AT TINY = Gl
/ Ri2eric (| ©
Joint hoops H B
2 M 2-D20 -
12mm L %88 3020 5 2o C
thick plate (I “RIO outer: .
5 : stirrups, )
24mm dia. 8 ) - butt welded
threaded rod s L 4 fpog Co S
Sa " g
") 8 —o.Hp28 .
< : _ .
& |UNIT 2D-E
R Al - .

(b] NORTH-SOUTH ELEVATION

Fig. 3 cont.--Details of Unit 2D-E

Documents



http://www.avadocuments.com/doc/aci-sp-123-91
http://www.avadocuments.com/doc/aci-sp-123-91

ACI SP-}23 91 M 0LL2949 0022421 2 M

25

Seismic Resistance

795 .
720 . { |
440 180.1 160, 160., 150_1 160 4 1004 160 ,160_1 110
] , D10 B 160 —l
3 |00 0@ 260 ] ;(I/l |
8]_'_ #\‘ * . [ . . 40’ . .o E[
- D10 ® 240
Bl G| RO~ 240 | 240 | 240 | 240 |1s0
T ¥ ] T
7 L 5.020
3[50 REINFORCEMENT FOR NORTH-SOUTH
BEAM & SLAB
: SECTION 2-2
UNIT 2D-E
’020/2 : 510
1040 q
L N
L 260 | 260 , 260 , 260 , 260 130
| Jooas | ]
7 40 (D10@ 60 DI0 ® 320\
-ﬁ 'l r : Ly -l i'ﬂs.,' : :1 -. i 8
\owadss  oinezo Nowa 240
3 480 240 | 240 | 240 | 240 % 240 | 150
o b i T T
1040 Jl
REINFORCEMENT FOR EAST BEAM & SLAB

Beam

| izo.]

3 sets of R12 & R16 hoops
4 sels of RI6 hoops
{all bult-welded }

Fig,

bollom bars

SECTION 3-3

SECTION 1-1
550 1
4 o 4-D24
%ﬁ' i
- ta 1
~ e ki
7888 Il &2 7Y
88| (= 1~® 5
S —
s H—hl K
mmy | I_ _Q!_
| VW L. Y&
‘&"” 25 \é‘gl:'{snn

EAST-WEST ELEVATION )
"BEAM-COLUMN JOINT DETAIL

3 cont.--Details of Unit 2D-E

Documents


http://www.avadocuments.com/doc/aci-sp-123-91
http://www.avadocuments.com/doc/aci-sp-123-91

ACI SP-123 9y W DEI:E”IH“! 002e4es 4+ Il }

26  Cheung, Paulay, and Park

‘Wﬁ ->2h—’——>‘|—_—+_—F—+2h>"

B Al i i i

A, 77770 | h 277 7/
NZ%%
Vig

"
$4-

[N, X

|_—— Transverse

o
i beam —

&\

<

column

._\
[
~
-
A2

T

2.5h5—<_.2|*"+_|;———z5h5 1

1:; //////% 7777 ‘_';_5 ‘t /// 7 —3

/ No transverse -beam Z
/ passes through column
7

NN\

;L Column—"" ] I
(b) ) |
At _interior columns At _exterior- columns

Fig. 4--Effective width of t-beam subjected to negative bending moment,‘
within which the slab flexural reinforcement is considered as being
effective in tension o S '

® Potential.
- . plastic hinge:
at column face

(a) DISPLACED FRAME UNDER

_(b] DISPLACED FRAME IN
IEST RIG

CODE" DESIGN SEISMIC-LOAD

Fig. 5--Determination of interstory displacement and forces for the
test units -

Documents’



http://www.avadocuments.com/doc/aci-sp-123-91
http://www.avadocuments.com/doc/aci-sp-123-91

Su Supeo] oYy JO SMSIA--9 B1d

Documents

-
- (]
8|0 - NOILDO3S (9)
m . a4 9NIgyoT 40 NOLIYHNDIINOD
m & 0% ,
o ; ! , . L
x| @ - {
| J | @ 400}y Buodis
i Q
c o't ngs jouobolp
ol o | wn 1Sl UWINJOD IDSJIMUS]
= qopss uwne| !
o m -wpag a94oU0T,
= R
o 8 i 7| s g
o \ et s R o
0 S —¥; JRP | NVid 1M0Av1 (P)
0 T 1
o 182 poo] " _
! _ .
3wod) Xog ' x20f O 1. T o 5 o ©
- | |Bunoo-sgnog . “ “ ! .
| _ — = =,
- i === g 1= E—
| o n 1t 0N | IS | |} N
\ Co pus , T °
m | M\inugs jowoziioy yovs 1o sud o2 \\ i o o s o o
u UWNjoo JDSIBAIN pup awoy ¥og __—"T 1]
- , yum Jun 3sa) """ iun Js3y
' ! woaq JoSIINUN , JO ULINJ0D ISLOUOY N JO gDjs 9j8JIU0]
o uwnyos j9lunyd signeg ' J |o_ = ~ Q ,
%] s M sl e | o
| |
[ an] | ]
< limicatin
, AHL
N



http://www.avadocuments.com/doc/aci-sp-123-91
http://www.avadocuments.com/doc/aci-sp-123-91

ACI SP-123 91 MM 0bb2949 0022424 4 N

Cheung, Paulay, and Park

28

St Surpeo[ o) Jo smorA --u0o g I

Documents

aN3 NWMI0D 1V 3WVES X08 40 Nv'id

( INJJS JDJUOZIJOY JO JOOJL -
0l P3YIDUY) UOHISIIP M-F Ul

urd 133)s WDJYL X0Q JO UOIIDIOJ MO}ID
“DID WW 66 0} S3/0Y “DIP WW QDL YiM
sajoyd Buraoaq o1y} wwog

doo j331S O] papiam
3qn) 3A39iS GT Wi/

(iN4)S |DJUOZIIOY
J0 40014 O PaYI04Y)
urd 1994S O JUSLWSAOW
JD21ISA MOJID O] JOIS YlIM
3j01d buraoaq 321yl WWge
spus Jo sabps
JOONIBA }ND Yyhim uid
193]S 'DIp Www 9z
uonasJip S-N U!
uwinjod Jo UOHDIOJ MOJID
O] UWN0D 3]3J2U0d
burspous dpa 19815 —

(SHY ) suUonIO3s Mojjoy K_ R -

JOINBUD}D3 papIam ‘ C 2

001,
92
0s¢

cE:\oo\.zm,..{
RN

40 1jinq swWwDJy xog

&
Z <



http://www.avadocuments.com/doc/aci-sp-123-91
http://www.avadocuments.com/doc/aci-sp-123-91

ACT SP-123 91 W 0bbe949 0022425 T A

Seismic Resistance

Fig. 7--General view of a unit during testing
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Fig. 13--Lateral load (story shear) versus lateral displacement
response of Unit 2D-1

Documents


http://www.avadocuments.com/doc/aci-sp-123-91
http://www.avadocuments.com/doc/aci-sp-123-91

ACI SP-123 91 EE 0bbLe949 0022430 3 W '

34  Cheung, Paulay, and Park

INTERSTOREY ORIFT.

ko E

o o et L)ool ATl
e ) o =
40| Siab 130mm thick | ' pas < 4 LA buerwry,
ol St SR A 5 1213
460___7/15V,__/-5¢L Lo 0 [ 60 120 160

/4
V/an -

= 1=

DISPLACEMENT, A {mm/

STOREY SHEAR .,V (kN)
A
o
)

o7 4 4
|| | - V=114.6kN 1
20 F — i / 1.2 y*
Z -2 - YP=154.9kN
160 b=g= — ARG Lty — e
| | [
4% 3% 2% 1%
INTERSTOREY DRIFT
a) East-West direction
UNIT 2D-E « INTERSTOREY DRIFT
g & 1 2% 3% . 4%
NORTH-SOUTH DIRECTION 4 ‘l ’ I g
200 = —s gV 194.46N "23’,’2 e w1\ WL e e e
- 160 | 1S} N} *VI' 177.2kN i E >~ D‘.8 *
~ g0 |__Slab 130 mm thick « g4 7 4 //'nuclil'/ury,
% 40 Z <
R 7 27 RV M0
b 0 =i g0t g [/ 120 | 60
% o 5/ e DISPLACEMENT, & (mm)
o - - -
§-mof ‘@/,f// = 06
160 x - e -V 1177, 2kN
200 EA2 5 @nFER D O —— | — s o T
- i 1.2~ V194, dkN —
Logfg % 3% 2% 1%

INTERSTOREY DRIFT

b) North-South direction
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response of Unit 2D-E
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Fig. 15--Unit 1D-I in cycle 9 to ductility of u=6

Fig. 16--Unit 2D-I in cycle 10 to duectility Qf u=4

Fig. 17--Unit 2D-E in cycle 10 to ductility of p=6
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Fig. 21--Stresses in North-South top layer slab bars of Unit 2D-1
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Evaluation of Slab-Beam-Column
Connections Subjected to
Bidirectional Loading

by Y. Kurose, G.N. Guimaraes,
L. Zuhua, M.E. Kreger, and J.O. Jirsa

Synopsis: Three reinforced concrete beam-column connections with a slab
were tested under the U.S. - Japan - New Zealand - China cooperative research
program on design of beam-column connections, Two of the specimens were -
subjected to both unidirectional and bidirectional cyclic loads. Results of the
tests are described with the aid of story shear - drift angle relations, story shear
orbits, measured joint shear deformations, and plots of drift angle components.
Various methods for calculating joint shear strength are evaluated in light of the
test results. Test data are also used to determine slab effective widths for use in
calculation of uncracked beam stiffness and beam flexural capacity.

Keywords: Beams (supports); columns (supports); connections; cyclic loads;
evaluation; reinforced concretfe; shear strength; slabs; tests
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