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ABSTRACT

EXPERIMENTAL AND ANALYTICAL STUDY OF INTERNAL
BEAM TO COLUMN CONNECTIONS SUBJECTED TO
REVERSED CYCLIC LOADING

by

Ahmad Jan Durrani
Chairman: James K. Wight

In a reinforced concrete building subjected to
earthquake type loading the beam to column connections
constitute one of the critical regions and they must be
designed and detailed to dissipate large amounts of energy
without a significant loss of stiffness or strength.

In the experimental part of this study, six full
size 1interior beam-column subassemblages were tested under
quasi-static 1loading which was intended to simulate
earthquake input. All specimens were designed following the
accepted design philosophy of strong column-weak beam
approach. The three variables selected for this
investigation 1included the percentage of transverse hoop
reinforcement in the joint (pt=0.75% to 1.15%), the joint
shear stress level (10/E7 to 15/F_") and the presence of
transverse beams and slab on half of the specimens.

On the basis of test results it was concluded that

the joint shear stress level was critical for the



satisfactory performance of beam to column connections
without transverse beams and slab. For connections with
transverse beams and slab, a well confined joint core was
essential for the effective participation of the transverse
beams in resisting joint shear. For the evaluation and
design of joints, a joint performance index is proposed
which integrates the effect of pertinent variables
influencing the joint behavior. For detailing, an odd
number of layers of hoops in the joint is recommended with a
minimum of three layers.

In the analytical part of this study, a hysteretic
model for beam-column subassemblages is developed from the
hysteretic behavior of specimens observed during testing.
The proposed model accounted for pinching of hysteresis
loops, stiffness degradation, reduced unloading stiffness
and fixed end rotations due to the slippage of bars through
the joint. A simple analytical model for computing the
maximum story displacements for regular frames is proposed.
This model idealizes a building frame as an elastic column
with rotational restraints at the floor levels. Three
building frames of five, seven and ten stories were analyzed
using the SIMPLE program developed specifically for this
model. The maximum story level displacements were found to
be in good agreement with those obtained from more complex

models.
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PREFACE

The subject matter reported in this dissertation is
divided into two parts. The first part deals with the
experimental study of beam to column connections subjected
to earthquake type loading. The second part consists of an
analytical study based on the behavior beam-column
subassemblages observed during the experimental research.

The first chapter defines the objective and scope of
this research and gives a detailed review of the previous
research related to this study. Chapters II, III and IV are
devoted entirely to the experimental study. The analytical
study is reported in Chapters V and VI.

It is suggested that the reader select appropriate
chapters depending on his/her interest and depth of
knowledge. A general understanding of the experimental
research can be obtained by reading appropriate parts of
Chapter I and Chapter VII. Those interested in details of
specimen fabrication, test set up and instrumentation are
referred to Chapeter II. A detailed account of the behavior
of individual specimens observed during testing is contained
in Chapter 1III. Because of the depth of information
contained in this chapter, it is recommended that only the
most interested reader consider this chapter. Those
interested in the effects of various parameters on the

performance of beam to column connections and in the details

iii



of the proposed joint performance index may wish to read
Chapter IV only.

Details of the hysteretic and the analytical model
for the nonlinear dynamic analysis of reinforced concrete
frame are provided in Chapter V. Results of the analytical
study are reported 1in Chapter VI, For a general
understanding of the analytical study, Chapter VI and the
appropriate parts of Chapter VII should suffice.

Further details of the experimental as well as
analytical study are provided in Appendices A through G. It
may be added for <clarity that the term 'beam to column
connection' used frequently in the text refers to the joint
at beam to column intersection and the term 'beam-column
subassemblage' implies the test subassembly. The terms
'column load' and 'column load point displacement' represent
the column lateral 1load and column lateral displacement

respectively.
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CHAPTER I

INTRODUCTION

1.1 General

Observations of the behavior of several reinforced
concrete buildings subjected to strong earthquakes has
demonstrated that it is possible to design reinforced
concrete buildings to withstand earthquakes of severe
intensity without collapse. While this signifies the
adequacy of the current design philosophy, it has also
raised some new guestions. The laboratory experiments and
the analytical investigations in recent years have helped
answer some of these questions. However, there are still a
large number of uncertainties which need further
investigations.

The current state of knowledge allows us to design a
building for a certain type of behavior and predict its
seismic response with a certain degree of confidence. The
results of experimental investigations on the behavior of
reinforced concrete members and connections, along with the
sophisticated modelling techniques made possible by high
speed computers, have provided us with the tools for a
rational design which is implied in all the current seismic

codes. The efforts directed towards predicting the dynamic



response of a building as realistically as possible has
achieved a modest amount of success. However, the use of
sophisticated modelling techniques in the design of a
building is severely limited.

Experience has shown that buildings designed
according to the prevalent design practice have invariably
been deformed beyond their elastic 1limit to absorb and
dissipate energy when subjected to moderate or strong
earthquakes. The structure, therefore, has to be designed
and detailed to meet the high ductility demands and at the
same time prevent sudden collapse. Investigations of the
behavior of structural elements which may cause sudden
collapse have led to many improvements in the design and
detailing procedure. However, there are certain areas which
need further investigation. One such area is the beam to
column connection. Such subassemblages, when subjected to
large load reversals in laboratory testing, have been
observed to undergo considerable degradation in stiffness
and strength. While such observations have been directly
used by ASCE-ACI Committee 352 (11) to improve the seismic
design provisions, considerable improvement is still
desired.

A second area which needs further attention is the
inelastic  dynamic response  of reinforced concrete
structures. The variables involved 1in the analysis and
their interaction are generally so complex that the overall

response of a structure can only be evaluated through the



use of an appropriate mathematical model. The 1inelastic
behavior 1is introduced in the analysis through a hysteretic
model based on the laboratory tests of the elements expected
to undergo inelastic deformations. A number of such models
based on experimental investigations have been proposed to
predict the response observed in the field and measured
during the tests. Some of these models are overly simple
and do not account for the nonlinear response mechanism,
while others are too complicated to use 1in a dynamic
analysis. The degree of sophistication required for the
analytical model of a building depends on the purpose of
response analysis and the complexity of structure. A
discrete finite element model of a structure 1is more
realistic and desirable, but the cost of computation becomes
prohibitive. Particularly, for preliminary design purposes,
a simpler yet reasonably realistic model 1is extremely

desirable.

1.2 Objective and Scope

This 1investigation is a part of the research program
to study the behavior of beam to column connections under
earfﬁquake type loading and ‘deals specifically with the
interior joints of a reinforced concrete moment resisting
frame buildings. The principal objectives of this study
included three distinct parts:

1) To investigate experimentally, the behavior of

beam to column connections which were designed to

to test the 1limits of current design practice



(11). In this experimental study, the effect of
the level of shear stress in the joint and the
effect of confinement of the joint on satisfactory
performance of the subassembly were investigated.
The confinement was provided by hoop reinforcement
in the joint and by the presence of lateral beams
and slab. The study 1is 1intended to evaluate
joints  with reinforcement less than that
recommended by the ACI-ASCE Committee 352
Recommendations (11) and to suggest improved
recommendations for the design of connections.

2) To observe the hysteretic behavior of beam-column
subassemblages under cyclic 1loading and then
develop a representative hysteretic model. This
model was to be relatively simple, yet realistic.

3) To develop a simplified analytical model of a
moment resisting reinforced concrete frame
building. Because this model 1is to be wused
primarily for design, data input should be easy
and convenient and the parameters needed in a
preliminary design of-a building should be quickly
and cheaply obtained.

To achieve these objectives, six interior beam-column
subassemblages were designed and constructed according to
the provisions of Appendix A of ACI Code (14). The ratio of
flexural capacities of columns to that of beams was kept

constant at 1.5 1in all the specimens. Three of the



specimens had lateral beams and slab to study the effect of
confinement as provided 1in a real structure. The other
three specimens were 'bare' connections. The other two
parameters varied in the specimen included the amount of
joint reinforcement (pt=0.75% to 1.15%) and the magnitude of
joint shear stress (10/fé to 15/fé, psi units). These test
specimens were subjected to laboratory loading routines
intended to simulate earthquake loading.

The observed hysteretic behavior was used to develop
a hysteretic model. Three reinforced concrete moment
resisting frames with five, seven and ten stories were
designed wusing the current UBC code (44). The frames were
modelled using the proposed analytical and hysteresis
models. A special purpose computer program for nonlinear
dynamic analysis using the proposed model was developed and
used to study the time-history response of frames for El
Centro 1940 NS base acceleration input. The response was
compared to the response obtained using the 'LARZ' program

(37).

1.3 Review of Previous Research

The behavior of beam to column connections under
seismic loading has been studied by several researchers over
the 1last two decades. The areas investigated varied from
design procedure and connection details to analytical
modelling of beam-column subassemblages and frames. Some of
the conclusions drawn from these studies form the basis for

current design philosophy while others need further



investigation. Since this study has two parts, consisting
of an experimental and an analytical investigation, the

previous research in these areas are presented separately.

1.3.1 Experimental Research

In one of the wearlier investigations of beam to
column connections, Hanson and Conner(1) observed that the
presence of transverse beams framing into the joint improved
the behavior and stressed the importance of proper detailing
of the joint. They also pointed out that although the
requirement for shear reinforcement and confinement hoops
within the joint were not directly related, they were
somewhat interdependent. Higashi and Ohwada (2)
investigated the behavior of beam to column connections
subjected to lateral loads. They observed the appearance'of
cracks in the connection panel during the first loading
cycle at a shear stress of twelve to fourteen percent of
ultimate strength of concrete. For specimens which
experienced an early bond failure and slippage of bars, the
specimens had less joint cracking. They also observed an
improved rigidity and strength of connections due to the
presence of transverse beams.

Megget (3) studied the anchorage of beam
reinforcement in seismic resistance of reinforced concrete
frames and recommended that the joint reinforcement be
designed to resist the shear entirely within their elastic
limit, Townsend and Hanson (4) in their investigation of

inelastic behavior of connections observed that a large



number of cycles of inelastic loading at a relatively low
amplitudes did not significantly reduce the strength of
connections. Renton (5) from his tests of beam to column
joints wunder cyclic loading, concluded that the unsupported
length of ties could affect the confinement of the joint
core and suggested the use of <cross ties. He also
emphasized the need for an upper limit for the unrestrained
length of joint hoops.

Patton (6) 1investigated the use of anchorage blocks
welded to the beam reinforcement to prevent their slippage
through the joint core. He recommended the use of anchorage
blocks and suggested the use of sufficient joint hoop
reinforcement to compensate for any loss of confinement due
to outward bowing of hoops. Smith (7) noted that the hoops
placed close to the top and bottom reinforcement of beams
were not effective joint shear reinforcement. He also
concluded that the yielding of joint  hoops caused
disintegration of core concrete and resulted in the
formation of a hinge within the joint. This, according to
Smith, prevented the formation of compression strut and
severely reduced the load carrying capacity.

Uzumeri and Seckin (8) found that the loading history
did not affect the strength, but seriously affected the
stiffness of the beam to column subassemblies. They also
considered the use of joint reinforcement with flat yield
plateau undesirable for confinement. In their opinion, the

joint shear reinforcement contributed to the shear strength



in some proportion other than the one established for
flexural members and recommended that the joint stirrups be
extended above and below the beam reinforcement at same
spacing as 1in the joint. An investigation by Jirsa et
al. (9) indicated that large variations in axial 1load and
increases in transverse reinforcement above certain amounts
had very little effect on the wultimate strength of the
joint. Lee et al. (10) observed that strength and energy
dissipation capacity of beam to column connections degraded
after every cycle of loading at the same displacement and
degradation was found to be less for specimens containing
more transverse reinforcement. They also questioned the use
of truss analogy for joint design.

Meinheit and Jirsa (12) studied the shear strength of
reinforced <concrete beam to column connections. They
concluded that an increase in the percentage of transverse
joint hoops 1increased the shear strength, but the increase
was not proportional to the yield strength of the hoops.
They also attributed the post cracking shear strength of
joint concrete to a combination of aggregate interlock and
confinement. Fenwick and Irvine (13) recommended the use of
diagonal strut action 1instead of panel truss action for
joint design. Their tests indicated a higher sustained
strength and better ductile performance for joints with bond
plates than the more conventional details, in spite of the
fact that they used a very low joint reinforcement.

Birss (15) 1in his 1investigation of the elastic



behavior of joints, emphasized the importance of vertical as
well as horizontal shear and stressed the need for using
vertical shear reinforcement. Paulay et al. (16) proposed
that the total joint shear force applied to a joint core be
apportioned between that carried by the concrete diagonal
strut and that carried by a truss mechanism consisting of
horizontal stirrups, vertical stirrups and intermediate
column bars. They also suggested a limit on the beam bar
diameter to avoid bond failure and excessive slippage.

Scribner and Wight (17) observed that intermediate
longitudinal reinforcement in beams with maximum shear
stress greater than 3/fé, significantly increased both the
total energy dissipation and stability of hysteretic
response of beam-column subassemblies. Soleimani et al.
(18) observed from their tests of two half-scale beam-column
subassemblages that after the loss of bond of the main bars
in a joint, the inelastic deformations were concentrated at
the fixed ends and stressed the importance of fixed end
rotations in analysis.

Buckingsale et al. (19) found that the joint core of
beam-column subassemblages carrying heavy column axial load
performed much better than those subassemblies which had low
axial load. They also observed that the test specimens with
small axial 1load displayed slippage of reinforcing bars
through the joint core.

zhang and Jirsa (20) analysed the data of beam to

column connections tested by various researchers and
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recommended the use of the compression strut mechanism to
calculate joint shear strength. They found the use of
welded and closely meshed reinforcement in both directions
within the joint to be most effective.

Other research related to the behavior of beam to
column joints, include the investigation by Celebi and
Penzien (27) of critical regions of reinforced concrete
components, as influenced by moment and shear. They reported
no significant influence of dynamic loading on the stiffness
degradation and energy absorption properties of specimens
tested within a deflection ductility range of 1 to 4.
However, the dynamic loading appeared to increase the yield
strength by as much as 20%. Hawkins et al. (40) studied the
bond deterioration 1in external beam to column connections
under cyclic loading. They observed that under «cyclic
loading, bond failed at a much lower slip level than for
monotonic loading. They also concluded that the compressive
strength of concrete and the bar loading history
significantly affected the bond failure and slip.

Kaar, Fiorato et al. (41) investigated the 1limiting
strain of concrete confined by rectangular hoops. They
observed the limiting concrete strain for confined concrete
to be of the order of four to five times the assumed
ultimate strain. They recommended the use of smaller size
hoops at smaller spacing to improve energy dissipation

through higher ductilities.
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1.3.2 Analytical Research

In one of the earlier investigations on the behavior
of structures during earthquake, Housner (21) recommended
the design of structures with sufficient energy absorbing
capacity and damping for safety against collapse in the
event of an extremely strong earthquake. Clough (22)
demonstrated that the response of a single degree of freedom.
structure with degrading stiffness behaved distinctly
different from an equivalent system with ordinary idealized
elasto-plastic property. He noted that the properties of
the degrading system were affected permanently by yielding
and changed proportionately. He further concluded that
large ductility factors were developed 1in short period
structures and much less ductility factor was required in
flexible, long period structures.

Takeda et al. (23) investigated the hysteretic
behavior of small scale connections under simulated
earthquake loading and observed a rapid change 1in the
stiffness and energy absorbing capacity of specimens during
the test. He proposed a hysteretic model that was capable
of handling different possibilities of loading and unloading
at different levels of deformation. Several researchers
have verified satisfactory agreement between Takeda's Model
and measured response of model frames.

Gates (24) studied the performance of instrumented
high rise buildings 1in the San Fernando earthquake of

Feb. 9, 1971. Earthquake motions recorded at the base of



12

the buildings were used as the forcing functions to the
mathematical models of the buildings. Three of the
buildings experienced inelastic deformations in the beam to
column connections. Each one of them exhibited lengthening
of building period and the story shear forces actually
experienced by the buildings far exceeded the design
forces. His study also indicated that the structures which
had been dynamically analyzed and designed to withstand a
potential earthquake, had a higher margin of earthguake
safety than those buildings designed to minimum code
standards.

Otani and Sozen (25) tested small scale one bay-three
story frames for base motions simulating earthquake records.
In the nonlinear dynamic analyses of these frames, they
considered the joint cores to be infinitely rigid and
included the effect of fixed end rotations due to bond slip
by placing bilinear rotational springs at member ends. The
analytical model predicted the response of test frames
satisfactorily for large amplitudes.

McKevitt, Anderson et al. (26) studied the use of
simple energy methods for seismic design of structures
wherein they considered the total required energy capacity
and its distribution over various dissipative mechanisms.
They concluded that the ratio of energy dissipated by
viscous damping to hysteretic damping 1increased with the
increase 1in damping ratio. They also observed that the

stiffness degrading systems dissipated more energy in
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hysteretic behavior than the non-degrading systems. Celebi
and Penzien (27) attributed the nonlinear behavior of force-
deformation hysteresis loops to a combination of Bauschinger
effect and shear deformation, the latter causing the
pinching of the hysteresis loops. They questioned the wuse
of elasto-plastic, Ramberg-Osgood or Clough's degrading
stiffness model to predict the force deformation
relationships, particularly  when shear 1influence was
significant. They stressed the need for including the
pinching effect in the hysteresis model.

Chopra and Kan (28) extended the study by Clough (22)
to multi-degree of freedom systems. They used a shear
building idealization with a Clough hysteresis system for
defining the relation between story shear and drift. The
post-yield stiffness was considered as one-tenth of the
initial elastic stiffness and the damping ratio assumed as
five percent for all the modes. Their results reaffirmed
the previous findings for a single degree of freedom system
wherein it was concluded that stiffness degradation had
little influence on the ductility requirements for flexible
buildings.

Since some form of numerical solution 1is always an
integral part of nonlinear dynamic analysis, a convenient
solution technique is very essential. Wilson et al.(29)
proposed an unconditionally stable scheme with the
assumption that the linearization over the time increment

was adequate. This technique allows a much larger time step
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as it is chosen with regard to accuracy only and not with
regard to stability of the solution. Hart and Vasudevan
(30) investigated the damping aspect of seismic design of
buildings. They developed a procedure for estimation of
modal damping for elastic and inelastic building response
and recommended the use of the same value of modal damping
for all the modes.

Gulkan and Sozen (31) observed that inelastic
response of reinforced concrete elements could be
represented by a linear response model which incorporated
the effects of 1inelastic energy dissipation. Shibata and
Sozen (32) proposed a substitute structure method which
extended the above procedure to multi-degree of freedom
systems.

Luyties III et al. concluded from their study on the
inelastic dynamic analysis of frames that the single
component or dual component representation of the inelastic
behavior of a member gave results within the desired
accuracy, given the wuncertainty of the expected ground
motion characteristics.

Anderson and Townsend (34) compared different models
for reinforced concrete frames with degrading stiffness.
They represented the nonlinear behavior in beam and column
elements by two component elements with finite joint width
acting as rigid segments. They observed that a reduction in
the stiffness of reinforced concrete following loading into

the inelastic range and the hysteresis modelling can have
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significant effect on the dynamic response.

Viwathanatepa et al. (35) examined the behavior of
interior beam-column subassemblages and verified that the
elasto-plastic model was wunsuitable for predicting the
behavidr of reinforced concrete members under seismic
loading, particularly when full or partial reversal of
lateral displacement was 1likely to occur. For «cyclic
loading, they emphasized the need to account for bar pull-
out in the joint. 1Iwan and Gates (36) compared the accuracy
of approximate methods in which the nonlinear systems were
replaced by equivalent linear systems. The 1linear system
response only approximated the response of hysteretic
system.

Saiidi and Sozen (37) studied the 1influence of
hysteresis models on the calculated response of reinforced
concrete structures. He proposed modified versions of the
Takeda model and the bilinear model and called them the Sina
model and the Q-Hyst model, respectively. He also studied
an equivalent nonlinear single degree of freedom system
consisting of a mass, a viscous damper and a rotational
spring., The results from these analytical models were in
good agreement with the experimental results from small-
scale ten story frames tested on a shaking table.

Moehle and Sozen (38) investigated the earthquake
response c¢f reinforced concrete structures with stiffness
interrupticns. Their study indicated that: (1) significant

inelastic behavior could be expected in frame joints, (2)
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effective stiffness decreased with new maxima of
displacement and (3) moment rotation cufves for both
interior and exterior joints had significant pinching. They
also noted that due to: (1) more pronounced pinching for
interior joints, (2) the similarity between displacement and
rotation curves and (3) concentration of cracks in beams
rather than in columns, the majority of 1inelastic action
occurred in beams. They suggested that the column behavior
could be represented satisfactorily by linear elements with
stiffness based on fully cracked section,

Bannon, Biggs et al. (39) studied the seismic damage
in reinforced concrete frames and compared the performance
of a dual component model, fibre model and finite element
model, for inelastic dynamic analysis. They used the single
component model with each member represented by an elastic
beam element with inelastic springs at the ends. Shear and
slippage was accounted for by an additional pair of springs
at the ends. They analyzed a set of guasi-static cyclic
load tests of connections and concluded that the single
component model was sufficiently accurate in reproducing the

inelastic cyclic behavior of reinforced concrete members.



CHAPTER 1I1

EXPERIMENTAL INVESTIGATION

2.1 General

The primary purpose of the experimental portion of
this study was to investigate the confinement requirements
for an interior joint at different values of joint shear
stress. Confinement of concrete in the joint depends on the
amount of transverse hoop reinforcement and the

configuration of framing members.

2.2 Design of Test Specimens

In a reinforced concrete moment resisting ductile
frame, the lateral force moments due to an earthquake are
observed to be much larger than the gravity load moments,
particularly in the 1lower and intermediate stories. The
effect of moments due to gravity loads on the location of
inflection points in the beams could therefore be neglected.
Assuming a point of zero moment at the column mid-height and
beam mid-span, a suitable testing arrangement for a beam to
column connection will 1is as shown in Fig. 2.1, The
deformed shape of the subassembly and the <critical
combination of forces acting on the joint are shown in
Fig. 2.2 and Fig. 2.3 respectively.

Consistent with the accepted design philosophy of

17
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strong columns and weak beams, the ratio of the sum of the
flexural strength of the columns to that of the beams was
kept constant at 1.5 for this investigation. The primary
variables of the testing program were: (1) the percentage of
transverse reinforcement within the joint (pt=0.75% to
1.15%), (2) the joint shear stress (10/fé to 15 vf,psi
units) and (3) the presence of transverse beams and slab.
All the subassemblies were designed in accordance with
Appendix A of ACI 318-77 (14). The joint hoop reinforcement
was kept at a minimum for ease of construction. The joint
reinforcement ratio in all the specimens was considerably
lower than the Recommendations of ACI-ASCE Committee 352
(11).

2.3 Description of Test Specimens

Six interior beam-column subassemblages were tested
during the experimental investigation. These specimens are
divided into two groups of three specimens each. The group
which had transverse beams and slab was designated as the S-
series and the other group, without transverse beams and
slab, was designated as the X-series. A numeral following
the letter designation, e.g. X2, represents the specimen
number in that series. As mentioned previously, the
flexural strength ratio of columns to beams was kept
constant at 1.5 for all the specimens in both the series.
The column to beam flexural strength ratios, amount of joint
hoop reinforcement and the magnitude of joint shear stress

in the X-series and S-series specimens are given 1in Table
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2.1, The overall specimen size, beam cross sections and the
column cross sections were kept the same for all the
specimens and only the main reinforcement was varied to
achieve different joint shear 1levels while keeping the

flexural strength ratio constant.

TABLE 2.1 PARAMETRIC DETAILS

Joint Joint Shear
Specimen|Moment [Reinforcement |Stress Coeff. with/
Ratio P % at without Slab

X1 1.25 0.76 13.2 w/o slab

X2 1.37 1.15 13.5 w/0 slab

X3 1.22 0.76 10.4 w/o slab

S1 1.22 0.76 13.2 w/ slab

S2 1.21 1.15 15.3 w/ slab

S3 1.32 0.76 12.5 w/ slab

T Asj/bcol(d-d')
/((bh)col/fé)

—t
Q
|

B Vjoint

The joint hoop reinforcement ratio, Pys Was varied
between 0.75% to 1.5%. The joint reinforcement consisted of
a diamond and a square hoop of Grade 40 steel 1in each
layer(Fig. A.5). Specimens X2 and S2 had three layers of
hoops (pt=1.15%) while the other specimens had two layers of
hoops each (pt=0.75%). The main beam width 1in all the

specimens was 3 in. smaller than the column width. The slab

width 1in the S-series specimens was 39-1/2 in., the maximum
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permitted by the testing frame dimensions. The overall
dimensions of a typical specimen and the cross sectional
details of beams, columns and slab are shown in Figs. 2.4
and 2.5 respectively. The dimensions and the reinforcement
details of all the specimens are given in Table 2.2. The
ultimate flexural capacities of beams and columns and the
column to beam flexural strength ratios of all the
subassemblages 1is given 1in Table 2.3. A more complete
description of design and reinforcement details of all £he

subassemblages 1is provided in Appendix A.

2.4 Material Properties

An average concrete compressive strength of 4000 psi
was specified for all the specimens. The X-series specimens
and the columns of the S-series specimens were cast using
hand mixed concrete prepared in the laboratory. The slab
and beam portion of S-series specimens needed a larger
volume of concrete and were cast using ready mixed concrete
of the same specified strength. The concrete mix was
designed using Type I portland cement and a well graded
gravel with one 1inch maximum aggregate size. The water-
cement ratio was selected to result in an average slump of 5
in. in order to facilitate proper compaction. Because all
the specimens were cast in three different stages, and
sometimes with more than one batch of mix for a particular
casting stage, a sufficient number of 6in. x 12in. cylinders
were cast for each batch to determine the concrete

compressive strength at 28 days and at the time the
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TABLE 2.3 FLEXURAL STRENGTH OF BEAMS AND COLUMNS

Beam/Slab

. Column Moment chols
Specimen Col?ggp?oad Mpos Mneg (Kip-in.) . )
(K-in.) | (K-in.) beams

X1 55,0 1501 2023 2203 1.25

X2 55.0 1494 1766 2235 1.37
X3 48,2 1140 1522 1620 1.22
S1 70.0 1661 2024 2248 1.22

S2 70.0 1633 2035 2215 1.21

S3 54.0 1240 2033 2164 1.32

specimens were tested. Cylinders (4in. x 8in.,) were also
cast for each batch to determine stress vs. strain
properties of concrete. Average concrete compressive
strengths are given 1in Table 2.4 and a typical stress
vs. strain curve for the concrete 1is shown in Fig. 2.6.
Details  of the concrete mix design are provided in
Appendix B

Grade 40 No.6 and No.7 bars were used for the main
reinforcement in the beams. The main reinforcement in the
columns was Grade 60, No.8 bars. The stirrup ties wused in
the beams were fabricated with No.3 Grade 40 bars. The
column shear reinforcement was fabricated from No.4 Grade
40  bars. Steel coupons for all the bar sizes were tested
for strength and stress vs. strain properties. Average

steel properties are given in Table 2.5 and a typical stress
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TABLE 2.4 AVERAGE ULTIMATE CONCRETE STRENGTH

Beam / Slab Top Column Bottom Column
Specimen (psi) (psi) (psi)
X1 4980 4715 4245
X2 4880 5235 4475
X3 4500 3910 4790
S1 6030 4323 4320
S2 4460 3600 4100
S3 4100 3700 4230

vs. strain curve for Grade 40 and Grade 60 steel are shown

in Fig. 2.7.

TABLE 2.5 PROPERTIES OF REINFORCING STEEL
Bar Size|Grade Es* fy* eyT eshT Esh’ esuT fsu‘

#3 40 |28.7(48.8|1.70{12.5/0.98{ 180 73.0
#4a 40 |28.5|51.011.79113.1|1.05| 172| 78.1
#6 40 |27.9(50.0|1.79|12.8|1.04| 195| 82.0
#7 40 |28.4(48.0(1.,69(11,2|0.97| 185| 80.3
#8 60 (29.2(60.0(2.05| 5.1|1,63| 135/102.0

* (ksi)x103

+ (in./in.)x10”3

2.5 Fabrication of Specimens

Each

specimen was

constructed

in three stages in a
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vertical position, to simulate construction phases in a
building. After attaching all the strain gages at
appropriate locations on the reinforcement of specimen, the
column reinforcing cage was assembled and placed vertically
in the formwork for the bottom portion of the column. Hand
mixed concrete was then placed up to a few inches below the
joint. During the next two days, beam and slab
reinforcement was placed in position and two steel pipes
were inserted near the beam ends to facilitate a pin
connection (Fig. C.1). The beam and slab portion of the
specimen was then cast with ready mixed concrete for the §S-
series specimens and with hand mixed concrete for the X-
series specimens. The concrete was placed up to
approximately two inches above the top of the main beams.
Two or three days later, formwork was erected for the top
column and the final stage of casting concrete was
completed. The specimens were stripped of formwork about
one week after casting and cured for another week under wet

burlap.

2.6 Test Set Up

The testing frame consisted of an outer reaction
frame and an inner four hinge frame. A 250 kip actuator
mounted on the outer frame displaced the top beam of the
inner frame horizontally by 11 inches in its tension stroke
and by 5 inches in its compression stroke. The reaction
frame was diagonally braced to minimize any deformations. A

schematic drawing of the test set up is shown in Fig. 2.8.
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The specimen was mounted in a vertical position with the the
column ends held to the top and bottom beams through a
system of end plates, rollers and brackets, which were
intended to simulate a hinged support. The 1inflection
points in beams were simulated by inserting a pin near the
beam ends. It was assumed that the beam inflection points
moved only horizontally under any lateral load. Therefore,
the beam ends were tied to the bottom beam through a pair of
force links which had hinges at both of their ends to
simulate a roller support action. An X-series specimen in
the testing frame 1is shown 1in Fig. 2.9. For S-series
specimens, the slab was stiffened by a pair of steel
channels (Fig. D.1) to prevent any premature failure of the
slab either at the beam and slab interface or along any
other oblique direction. The deformations 1induced 1in the
reaction frame at the peak lateral load were found to be

negligible.

2.7 Instrumentation

Three different types of transducers were wused to
monitor the applied 1loads and displacements and the
resulting strains and deformations in the specimens. The
horizontal shear applied through the actuator was measured
with a load cell attached to the piston of the actuator.
The lateral displacement of the column was recorded through
two independent sources. Besides the actuator LVDT (linear
variable displacement transducer), a cable LVDT was attached

to the column at 4 inches from 1its top at the roller
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location. It was then fixed to a bracket external to the
testing frame to observe displacements, independent of any
frame deformations. Both the transducers were calibrated
before testing began and checked for linearity.

The beam force 1links not only produced a roller
support action at the beam ends, but also acted as load
cells to measure the shear in the beams. Each force link
had two sets of strain gage bridges for this purpose. These
force links were calibrated with a 50 kip actuator and a
calibrated load cell.

The strains 1in the reinforcing bars were measured
through a set of strain gages bonded to the reinforcement in
and around the joint area. On average, each specimen had
thirty strain gages. Figure 2.10 shows the location of
strain gages for a S-series specimen. A detailed location
of these gages for each specimen is given in Appendix E.
For the X-series specimens, the joint shear deformation was
also measured by a pair of diagonally placed displacement
transducers. This was not possible for the S-series

specimens due to the presence of transverse beams.

2.8 Loading and Data Acgquisition

All the specimens were tested under controlled
deformation and subjected to quasi-static cyclic loading to
simulate earthquake forces. The lateral displacements
applied at the top of the column were controlled in terms of
displacement ductilities. The displacement ductility for

this purpose was defined as the ratio of column load point
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displacement at any stage during the test to the
corresponding displacement at initial yield of beam
longitudinal reinforcement. A typical 1loading routine is
given in Fig. 2.11, Before the first cycle to yield point,
the specimens were subjected to a preliminary load cycle of
half the expected yield 1load. This ensured proper
connections and checked the data recording devices for
proper functioning. The column axial load was applied at
the bottom using a compact hydraulic jack. This load was
applied one day prior to the test to eliminate any immediate
creep effect,

Column shear 1load and the load point displacements
were continuously plotted on an X-Y plotter. The
displacement ductilities applied to the specimens were based
on the actual yield displacement observed from the load-
displacement curves. For every new cycle, the displacement
was incremented by half the yield displacement. A typical
test sequence consisted of seven cycles and reached a
displacement ductility of four.

All the electrical resistance strain gages and
transducers were read by a scanner unit during pauses in the
loading sequence. These pauses were called load points and
were selected to correspond to significant changes of the
slope of the load vs. displacement hysteresis 1loops. The
data read by the scanner was printed and punched on a paper

tape as the test progressed.



CHAPTER III
EXPERIMENTAL RESULTS

3.1 General

The data recorded during each test can be grouped
into the following categories:

(1) a record of crack development 1in the specimen
corresponding to each change in lateral load on the
column,

(2) a continuous plot of 1load vs. displacement that
determined the load history during the test and

(3) a record of strain at each gage location in the
specimen corresponding to each load point.

In addition to that, joint deformations in the X-
series specimens and the shear in the main beams of all
specimens were also recorded. Each type of data
individually reflects on certain aspects of the behavior of
a test specimen and collectively determine the influence of
a particular variable on the overall behavior of the
subassemblage. The significance of each type of data as
related to the behavior of the joint along with some general
observations will be discussed separately, followed by a

discussion of individual specimen behavior.

28
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3.2 Crack Development

During each test the cracking pattern, location and
size of «cracks, provide a first hand 1insight into the
behavior of a specimen. The failure mode 1is also partly
determined by the extent of cracking at the critical regions
of the subassemblage. Because all the specimens for this
study were designed with strong column-weak beam philosophy,
only minor cracking was expected in the columns. Except for
a few hair line flexural cracks in a region <close to the
joint, no substantial column cracking was observed in any of
the specimens. Although the cracking was insignificant, the
columns of the S-series specimens had more cracks by the end
of a test than the columns of the X-series specimens.

Flexural <cracks in the beams appeared as soon as the
specimens were loaded. These cracks later joined £flexural-
shear cracks and formed a grid of inclined cracks during the
cyclic load reversals. Most of the cracking was confined to
a region close to the joint on either side of it. 1In the
X-series specimens, the extent of cracking in the beams was
very much dependent on the performance of the joint., For
specimens with excessive cracking and shear deformation of
the joint, the main beams suffered relatively fewer cracks,
and most of the cracking was confined within a distance
equal to the depth of the beam on either side of the joint.
The width of the <cracks progressively reduced with the
distance away from the joint. The beam-column interface 1in

the S-series specimens had a major flexural crack at the
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bottom of the beam extending towards the slab. The cracking
pattern in the beams of all the specimens 1in S-series was
similar and extended the same distance away from the column
face.

The slabs of the S-series specimens had flexural
cracks extending across their entire width and roughly
parallel to each other. These cracks were evenly spaced at
a distance equal to the depth of the slab and spread
throughout the length of the slab. The first crack at the
junction of slab and column was the widest and their width
progressively reduced away from the column.

In the X-series specimens, the cracks in the joint
were readily detectable visually. The presence of
transverse beams in the S-series specimens obscured the
observation of éracks in the joint. The diagonal cracks in
the joint of the X-series specimens appeared during the
first cycle. During successive cycles, the number of cracks
in the joint 1increased and their severity depended on the
joint shear stress level and the confinement of the core. A
typical cracking pattern in the X-series specimens is shown
in Fig. 3.1. For specimens with transverse beams and slab,
the only sign of joint cracking was the spalling of concrete
at the intersection of main and transverse beams.

The transverse beams in the S-series specimens had
minimal cracking. Inclined torsional cracks were observed
in the transverse beams of all S-series specimens. Most of

such cracking occurred close to the joint. Depending upon
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the shear stiffness of the joint, the transverse beams also
experienced diagonal shear cracks in its cross section. A
few flexural cracks in the side of these beams parallel to
its axis were also observed. Figure 3.2 illustrates typical

cracks in transverse beams of S-series specimens.

3.3 Strength and Stiffness of Joint

The degradation of load carrying capacity and
stiffness is easily seen from the applied column 1load
vs, column load point displacement hysteresis curves. The
hysteresis 1loops of all the specimens are shown in
Figs. 3.3(a) through 3.3(f). Hysteresis loops of specimens
X3 and S3 are plotted on a different scale and therefore,
cannot be readily compared with the rest of the specimens.
The hysteresis loops represent a combined behavior of joint,
beams and the columns. Most of the inelastic action
occurred in beams. However, 1if the joint deteriorated
before any significant damage occurred in beams, the
hysteresis represented the behavior of the joint.

Comparing the response of the X-series specimens, as
shown 1in Figs. 3.3(a) through 3.3(c), it can be seen that
the 1load carrying capacity of specimen X1 began to
deteriorate soon after the first two 1load cycles while
specimen X2 had no decay in strength for the first four
cycles. Specimen X3 had a stable load carrying capacity
through the first six load cycles. None of the S-series
specimens exhibited any reduction in strength with increased

displacement ductility. However, the specimens carried a



32

lower load during a repeat cycle at particular ductility
level (Figs. 3.3(d) to 3.3(f)).

All the specimens experienced a loss of stiffness as
indicated by the pinching aﬁ mid-cycle of the load
vs. displacement hysteresis loops . The degree of pinching
in each specimen varied slightly, depending upon the values
of the wvariables wused. Pinching 1is caused mainly by:
(1) shear deformation of the joint (2) wide flexural cracks
in the hinging =zone of the beams (3) slippage of beam and
column bars through the joint and (4) some looseness in the
test set up. A slight amount of relative movement between
the specimen and the frame at the load application point can
cause significant softening of the reloading stiffness.

A careful examination of the hysteresis 1loops in
Figs. 3.3(a) to 3.3(c) indicates that specimen X2 had less
pinching than specimen X1. Pinching of the hysteresis loops
for specimen X3 can not be directly compared with the
pinching of hysteresis loops for the specimens X1 and X2 due
to the different scale of hysteresis plots.

The stiffness degradation of the S-series specimens
could not be readily determined -from the hysteresis loops
due to the following reasons: (1) the specimens with the
slab did not have a well defined yield load and therefore, a
consistent loading history could not be maintained in
specimen S1, (2) repeat cycles, which were introduced for
analytical modeling, further made the comparison difficult,

(3) the S-series specimens had larger yield displacements
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and therefore, fewer loading cycles could be accomplished
within the displacement 1limits of the test set up and (4)
joint shear deformation could not be measured due to the
presence of transverse beams.

After taking 1into account the variation in loading
history and the scale effect, the column load
vs. displacement hysteresis curves for specimen S2 appear to
have less pinching than those for specimens S1 and S3. Slab
specimen S1 had a more rapid degradation of stiffness than
specimen S3. These conclusions are confirmed by considering
the total energy dissipation capabilities of specimens.

A well designed and detailed specimen is expected to
maintain 1its strength as well as its stiffness under cyclic
loading within a reasonable limit of displacement
ductilities. Comparing all the specimens in the X-series as
well as the S-series, it may be concluded that the S-series
specimens showed  better strength and stiffness
characteristics than the X-series specimens.

Shear deformation 1in the joint provides another
measure of joint stiffness. The two LVDTs placed diagonally
across the corners of the joint panel measured the
elongation and shortening of the diagonals for each loading
situation. The shear deformation of the joint panel was
computed using the model suggested by Buckingsale et
al. (19) and shown in Fig. 3.4. The total shear deformation

consists of two components, namely,
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Y4 (0.5 A, Sin 8 + 0.5 A, Sin 6)/(D Cos 9) (3.1)

and

v, = (0.5 4, Sin & + 0.5 4, Sin 8)/(D sin g)  (3.2)
where D is the undeformed length of the joint diagonal and 6
is its inclination with the horizontal. The total shear

deformation is then given by

y = (8,+4,)/(D Sin2p) (3.3)

where A4, and A, are the changes in the lengths of the
diagonals. This information was obtained only for the X-
series specimens, The displacement vs. shear deformation
plots of these specimens are shown 1in Figs. 3.5(a) to
3.5(c). A comparison of the shear deformation of the joint
in the X-series specimens for the same lateral displacement,
shows that the shear deformation progressively reduced from
specimen X1 to X3 and that the corresponding shear stiffness
for the later cycles substantially improved in the same
order. Specimen X3, with the lowest level of the joint
shear stress, had the least joint shear deformation and loss
of stiffness. Specimen X1, which had the least joint
confining reinforcement along with a higher level of joint
shear stress, showed excessive shear deformation and
stiffness degradation in the joint. This 1is 1in agreement
with the larger pinching of hysteresis loops for specimen X

than for specimens X2 and X3.
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3.4 Enerqgy Dissipation

The column load vs. column 1load point displacement
curves, referred to as hysteresis loops, are the single most
important source of information for 1load and stiffness
degradation and for the energy characteristics of a
subassemblage. The area within the loops for each cycle of
loading is proportional to the energy dissipated during that
cycle. Energy dissipated during each cycle for all the
specimens is given in Table 3.1. Because the yield load and
yield displacements were not the same for all the specimens,
a more realistic comparison of energy dissipation for each
specimen could be made by considering the normalized energy
dissipation with the corresponding displacement ductilities.
Table 3.2 gives the energy dissipated, normalized with
respect to the yield cycle energy dissipation, for different
levels of displacement ductilities. A plot of normalized
energy dissipation vs. displacement ductilities is shown in
Fig. 3.6.

A sufficient amount of energy dissipation without
substantial 1loss of strength and stiffness constitutes a
desirable behavior for a beam-column subassemblage under
cyclic loading. Excessive pinching of the hysteresis loops,
due to the severe damage either 1in the joint or in the
adjoining areas, indicates a reduced energy dissipation
capacity. Any significant crack 1in the elements of the
subassemblage in effect contributes to the softening of the

reloading stiffness. As shown in Figs. 3.3(a) to 3.3(f),
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the loops get more pinched as higher displacements are
imposed on the specimens. Every additional displacement
initiated more cracks in beams and in the joints, and
widened the existing cracks, causing more pinching of the
loops. The energy dissipation, however, is also dependent
upon the load carrying capacity of a specimen. For the X-
-series specimens, the energy dissipation consistently
improved for all ductility levels from specimen X1 through
specimen X3, as shown in Table 3.2. A maximum ductility
level of four was achieved in this series.

For the S-series specimens, however, the hysteretic
behavior could not be compared as readily because of the
reasons explained in the 1last section. All of these
specimens sustained their maximum load capacity through most
of the loading cycles. Specimen S1 was subjected to larger
displacements during each cycle and the third and fourth
cycles were repeated at the same ductility level. An
average of seventy percent of the energy for a new loading
cycle was dissipated during the repeat «cycle. Although
specimen S1 was loaded through a displacement ductility of
only 2.4, it dissipated significantly higher energy than the
other S-series specimens, for the same ductility levels.
This 1is attributed to the higher strength of concrete used
in this particular specimen and is explained 1in detail in
Chapter 4.

Specimen S2 had a lower energy dissipation during the

first three cycles than specimen S§3. During the later
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cycles, however, specimen S2 dissipated significantly higher
energy than specimen S3 for equivalent ductility levels.
This comparison is further borne out 1in the normalized
energy dissipation vs. ductility plot shown in Fig. 3.6.
Specimen S1 had no increase in energy dissipation after a
displacement ductility of 2.0 while specimen S2 showed a

steady increase in its energy dissipation capacity.

3.5 Individual Specimen Behavior

In this section, the behavior of each specimen is
examined in detail. Particular attention is given to the
cracking history, severity of damage, energy dissipation,
stiffness degradation, decay of strength, slippage of bars
and any other behavior peculiar to the specimen. Certain
aspects of behavior were, however, common to all the
specimens. Because the <columns were flexurally stronger
than the beams in all the specimens, most of the cracking
occurred in the beams in a region close to the joint. The
columns had a few hair line flexural cracks in some of the
specimens and remained essentially in the cracked-elastic
range. The hysteresis loops for all the specimens showed a
varying degree of pinching, but in general, were of similar
shape.

The variables for each of the specimen are given in
Table 2.1 and the pertinent parameters for the individual
specimens to assist in behavior identification, Data from
strain gages attached to the reinforcement bars will be used

to explain any peculiarities. The variables given for each
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specimen are; o, the coefficient of joint shear stress
normalized with respect to the square root of the concrete
compressive strength ; A, the coefficient of normalized
shear stress in beams; py. the percentage of joint
transverse reinforcement; and fé, the compressive strength
of concrete used in the beams and joint.

Specimen X1 (@=13.2, pt;0.76%, A=3.07, fé=4980 psi)

This specimen had two layers of hoops in the joint,
each consisting of a square hoop and a diamond shape hoop.
The hoops were placed at a distance of 3 in. vertically on
either side frcm the center of the joint. The specimen was
loaded through seven cycles with a maximum displacement
ductility of 3.4. During the first cycle, diagonal cracks
of wvarying length appeared in the joint. The center of the
joint core began to deteriorate rapidly in the fourth cycle.
In the subsequent cycles no further cracking occurred in the
beams and most of the inelastic action was concentrated in
the joint area. Concrete between the two layers of hoops in
the Jjoint spalled off at the end of the seventh cycle and
wide cracks extended from the hollow core area towards the
corners of the joint. The c%acks in the specimen and the
extensive damace in the joint core are shown in Figs. 3.7
and 3.8, respectively.

The 1load carrying capacity of the specimen began to
drop rapidly after the third cycle and the hysteresis loops
showed increased pinching with each additional cycle as

shown in Fig. 3.3(a). The increase in energy dissipation
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with any additional displacement reduced considerably after
the fifth cycle, which had a ductility of 2.5, as shown in
Fig. 3.6. The shear deformation in the joint significantly
increased after the first two loading cycles and the shear
stiffness deteriorated rapidly as 1is indicated by the
displacement vs. shear deformation plot of Fig. 3.5(a). The
maximum observed shear stress in the beams was 3.07/fé (psi
units) and did not cause any extensive cracking or slip type
movement across the flexural cracks.

All the main reinforcement bars of the beams yielded
at a location close to the face of the column during the
first cycle. As the joint core began to crack, the main
beam bars tended to slip through the core. As shown in
Fig. 3.9, the main beam bar yielded in tension at the gage
location WB4 during the positive half of the first loading
cycle. As the load is reversed, the tensile strain 1in the
bar decreased from point A to point B shown on the plot.
While loading in the negative direction, it is expected that
reinforcing bar would be subjected to compression at this
location and tension at the corresponding location on the
other side of the joint. At point B on the plot, however,
this expected trend changed and consequently, the strain in
the bar, instead of continuously decreasing along BC, began
to increase along BD. It was assumed that this indicated the
propogation of tensile stress through the core from the
other side of joint and marked the beginning of slippage.

Such a reversal of strain in the reinforcing bar was also
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observed in the subsequent cycles. After the fourth cycle,
there was no further increase in the cyclic strain and the
bar appeared to pull freely through the joint.

At a distance d/2 (d = effective depth of beam) from
the face of column, the main bars experienced both tensile
and compressive strains, indicating very little slip. The
plot of strain variation at this location (gage WB1) is
shown in Fig. 3.10. The strain in the bar varied over a
narrow range between tension and compression during the
first three cycles. Yielding of the bar at this location
occurred during the fourth cycle as indicated by a sudden
increase in strain along line AB on the plot. However,
there was still no reversal of strain during the opposite
half cycle of loading which would indicate any significant
slippage. During the sixth loading cycle, the change of
slope at point C on the plot showed a slight tendency to
slip. The strain at this location was approximately 1/5th
of the strain in the main bar at the face of the column.
The damage in the beams was clearly confined within a very
small region close to the joint.

Typical column bar behavior for an edge bar and a
middle bar 1is shown in Figs. 3.11 and 3.12 respectively.
The middle column bar experienced tensile strain only
(Fig. 3.12) because these bars remained on the tension side
of the neutral axis whatever the loading direction. The
column bars did not experience any yielding, but the

slippage of edge bars through the joint began from the very
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first loading cycle. 1In Fig. 3.11, the change of slope at
point B from AB to BC indicates the beginning of slippage in
the edge bar.

The edge column bars showed a very peculiar strain
behavior. During the positive half of each 1loading cycle
the bar at gage location TC1 slipped and went into tension
instead of compreésion (point B in Fig. 3.11)., Also, the
increase in strain for each additional cycle was much higher
during the positive 1loading than during the negative
loading. There are two possible explanations. During the
positive loading direction, the diagonal crack in the joint
crosses the column bar at the gage location. With the
increased size of the existing crack and the introduction of
new cracks with each additional loading cycle, the strain in
the bar increaseddrelatively faster than when the crack
opens in the other diagonal direction during the negative
half of loading cycle. A second explanation is based on the
progressive shift of peak bond stress with the slippage of
the bar. As shown in Fig. 3.13, with every new loading
cycle resulting in additional slippage of the bar, the peak
bond stress profile moves away from the tension end of the
bar. As the peak wvalue crosses the strain gage location
during the loading cycles accompanied by slippage, an
increasing amount of stress was carried by the bar and
hence, the rapid increase in strain.

All the transverse reinforcement hoops in the joint

yielded. The square hoops yielded during the first cycle
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while the diamond shaped hoops yielded in the third cycle.
Typical 1load vs. strain plots for the two type of hoops are
shown in Figs. 3.14 and 3.15, Yield of the transverse
reinforcement and a reduction 1in the magnitude of cyclic

strain indicates a loss of confinement.

Specimen X2 (@=13.5, pe=1.15%, 1=3.67, £ =4880 psi )

Because of the higher percentage of joint transverse
hoop reinforcement, this specimen exhibited relatively less
damage in the joint than specimen X1, The joint
reinforcement consisted of three layers of hoops placed at a
spacing of 3 inches. As in the case of specimen X1, the
first cycle of loading to yield level caused diagonal cracks
in the joint and flexural cracks in the beams which extended
one beam depth away from the joint. With an 1increasing
number of cycles, more cracks appeared in the beams and the
joint. The flexural and shear cracks in the beams joined
across the depth of the beam to form a typical criss-cross
pattern spread over a distance of approximately twice the
effective depth of beam on either side of the joint. During
the sixth cycle, at a ductility level of 3.1, the concrete
cover of the joint core started‘to spall off. However, the
joint core remained well confined by the hoops and the
damage was forced over a larger region in the beams. The
condition of the specimen at the end of the seventh cycle is
shown in Fig. 3.16.

The 1load carrying capacity of this specimen remained

stable through the first four cycles of loading. In the



45

subsequent cycles, the strength and stiffness dropped and
the hysteresis loops became more pinched, as can be seen in
Fig. 3.3(b). As shown in Fig. 3.5(b), the joint in this
specimen displayed a smaller degree of shear deformation for
the same displacement than specimen X1. The hysteretic
behavior of this specimen was a marked improvement over
specimen X1, The energy dissipated by the specimen
increased with each additional displacement. Energy
dissipated, normalized with réspect to the yield cycle
energy and corresponding to various ductility levels, is
shown in Fig. 3.6 and the total energy dissipated during
each cycle is given in Table 3.1.

Main reinforcement in the beams yielded during the
first cycle at a location close to the face of the column.
A typical load vs. strain plot for a gage at this location
is shown in Fig., 3.17. During the first loading cycle, a
reversal in the direction of strain occurs at point A, as
shown on the plot. Because there is no continuation of such
tendency in the subsequent cycles, this indicates a
localized slip. However, in the fifth cycle the compressive
stress in the bar changes to tensile stress at point B in
Fig., 3.17 and a reversal of slope on the strain plot
continues through the last two cycles. However, this
specimen experienced very little slippage in the beam main
reinforcement.

Strain variation at a distance of half the effective

depth of beam away from the face of the column for the same
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bar is indicated in Fig. 3.18. For the first three «cycles,
the bar alternated through tension and compression,
depending upon the direction of loading. Yielding occurred
during the fourth cycle and thereafter, the strain level
dropped as the strength of the specimen decayed.

The column bars remained elastic through all the
loading cycles. The behavior of the middle bar was
essentially the same as in the specimen X1. Two distinctly
different behaviors of the outer column bars are shown in
Figs. 3.19 and 3.20. The column bar with the gage BC1 shown
in Fig. 3.19, indicates typical excursions into tension and
compression without any slip. A column bar behavior similar
to that observed in the specimen X1, is shown in Fig. 3.20.
The reasons for slip and the accompanying increasing tensile
strain during the negative half of loading cycle have been
explained previously in the behavior of specimen X1. 1In
specimen X1 both the edge column bars slipped through the
joint while 1in specimen X2 only one edge bar with gage BC3
slipped through the joint. There is no apparent reason for
such a disparity in the behavior.

The rectangular hoops in.the joint in all the layers,
yielded a few cycles earlier than the diamond shape hoops.
On the average, the square hoops yielded in the second cycle
while the diamond shaped hoops yielded in the third cycle.
A typical behavior of a square and a diamond shape hoop is
shown in Fig. 3.21 and 3.22, respectively. The gages on the

hoops were located close to a corner of the joint. Strains
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were, therefore, higher for the direction of 1loading which
caused diagonal joint cracks which passed through the corner
where the gages were located. The gages indicated lower
strains when the direction of loading caused cracks to open
along the other diagonal. The resulting bias in the
yielding of these hoops can be seen in these plots.

The hoops kept the joint core well confined and no
visible deterioration of the core was noticed through the
end of the test. Due to the well confined core, there was
only minor slippage of beam bars and consequently, no open
cracks at the beam column interface. The shear stress level
in the beam was low (A=3.67) and did not cause any

deterioration of the hinging region in the beams.

Specimen X3 (a=10.4, pt=0.76%, A=2.74, fé=4500 psi)

Specimen X3 had a lower shear stress in the joint and
also had a lower amount of joint hoop reinforcement. As in
the case of specimen X1, this specimen had two layers of
joint hoop reinforcement, each placed approximately 3
in. away from the center of the joint. 1In the absence of a
confining hoop at the mid-height of the joint, a softer core
developed at the intersection of the diagonal cracks in the
joint. Due to the lower shear stress level 1in the joint,
damage to the core, which was comparable to that of specimen
X1, was delayed upto the seventh cycle.

Diagonal cracks in the joint did not appear until the
second cycle. However, the beams experienced extensive

flexural cracking over a length of approximately twice the
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effective depth of beams on either side of the joint as
early as the first cycle. The specimen at the end of second
cycle is shown in Fig. 3.23(a). Cracking occurred mostly in
beams until the sixth cycle when the joint core at the
junction of the diagonal cracks began to soften and
disintegrate considerably. In the 1last two cycles, the
joint core had the same appearance of extensive damage as in
the case of specimen X1. The large size of the diagonal
cracks divided' the joint core into four triangular wedges
and each moved as an integral part of the connecting
elements relative to the other wedges. Figure 3.24 shows
the damage in the core and the beams at the end of the
seventh cycle.

The specimen displayed a sustained load carrying
capacity for the first five cycles. During the 1last two
cycles, the load capacity reduced by a very small amount, as
indicated in Fig. 3.3(c). Because of the different scale of
the hysteresis loops for this specimen, it was difficult to
compare the stiffness degradation and pinching of the loops
with the other X-series specimens. However, a comparison of
the shear deformation of the joints, provides an additional
unbiased evidence. Comparing the shear deformations for the
same displacement level in Figs. 3.5(a), (b) and (c),
specimen X3 shows a higher shear stiffness and a smaller
shear deformation than specimens X1 and X2. A further
evidence of better behavior is provided by the energy

dissipated during each cycle. As is seen from the Fig. 3.6,



49

specimen X3 dissipated a higher amount of energy during each
cycle than the other two specimens in X-series. Once the
joint became sufficiently disintegrated by the seventh
cycle, the energy dissipation reduced conspicuously.

The main reinforcing bars of the beams showed no
slippage until the sixth cycle, when the joint core became
increasingly fractured. A typical propagation of yield in
the main bars 1is shown in Figs. 3.25 and 3.26. The inner
set of gages on the main bars were located close to the face
of the column (e.g. WB2 in Fig. 3.25) and the outer set of
gages were placed at a distance of half the effective depth
of beam from the column face (e.g. WB1 in Fig. 3.26). On the
average, the bars at inner gage locations yielded 1in the
second cycle while at the outer gage locations, the bars
yielded in the third cycle. The gages WB1 and WB2, attached
to the main beam bar as shown 1in Figs. 3.25 and 3.26
respectively, confirm the spread of flexural mechanism away
from the column face. The reversal of strain 1in gage WB2
during the sixth 1loading cycle indicates the slippage of
main beam bar at the face of column.

The column bars remained elastic during all the
loading cycles. Their behavior was essentially identical to
that observed in the specimens X1 and X2. The middle column
bars, as explained previously, usually are on the tension
side of the neutral axis and hence remain 1in tension for
most of the loading situation except when the loads are very

small. Figures 3.27(a), 3.27(b) and 3.27(c) show the strain
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history of the middle bar at the top, center and bottom of
the joint. The gage CJ in Fig. 3.27(b) indicates a strain
twice as large as shown by the gages at the top and bottom
of the joint. This 1is probably due to the fact that the
middle bar within the Jjoint also resists the vertical
component of shear in the joint.

The joint hoop reinforcement of this specimen yielded
in the fifth cycle. The square hoops effectively carried
the joint shear stress through most of the loading cycles in
the elastic range. The load vs. strain plot of Fig. 3.28(a)
shows a gradual increase in the tensile strain for each
loading direction. Both types of hoops appear to have
yielded simultaneously in the fifth cycle between the points
A and B. The joint reinforcement provided adequate

confinement to the core for most of the loading cycles.

Specimen S1 (a=13.2, p¢=0.76%, x=4.65, £,=6030 psi)

This specimen had a higher strength concrete than
all the other specimens. Cracks in the joint core could not
be examined visually due to the presence of transverse
beams. The slab and the beams experienced flexural cracks
beginning in the first cycle. Most of the flexural cracking
was confined to a distance along the beam equal to its
effective depth on either side of the column. The first
crack in the slab occurred at the slab-column junction
running across the full width of the slab. With each cycle,
more cracks appeared in the slab at a regular spacing

approximately equal to the depth of the slab. Figure 3.29
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shows such parallel cracks in the slab at the end of the
fourth cycle. The width of the cracks progressively
decreased with the distance from the column. Inclined
flexural-shear cracks in the beams in the vicinity of column
became increasingly wider with each cycle. A major crack at
the beam-column junction opened to a width of one-half inch
by the end of the test and extended through three-quarters
of the beam depth. The column also showed some flexural
cracking close to the joint. The cracking pattern at the
end of the fifth cycle, which was the last cycle in this
particular test, is shown 1in Fig. 3.30. The transverse
beams did not suffer any visible damage except for a
horizontal crack at the junction of the web and slab during
the fourth cycle.

Unlike the X-series specimens, the S-series specimens
did not have a well defined yield point. The slab bars
became increasingly effective with every additional cycle
and the load carrying capacity increased accordingly. This
specimen was cycled through two elastic cycles before a
truly yield cycle was identified on the load
vs. displacement curve. The third and fourth cycles were
repeated to observe any deterioration of stiffness and loss
of energy dissipation capacity. As indicated by the
hysteresis loops of this specimen 1in Fig. 3.3(d), the
specimen resisted higher load with each additional
displacement as more bars in the slab yielded and the ones

which had already yielded began to strain harden. The
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stiffness degraded considerably during the repeat cycles and
on the average, the load dropped by ten percent and the
energy dissipation dropped by as much as thirty percent.
For a new displacement cycle, the load increased
irrespective of the repeat cycle, but the stiffness
degradation caused additional pinching of the hysteresis
loops and a reduction of energy dissipation capacity, as can
be seen in Fig. 3.6.

The main beam bars did not show any slippage.
Figures 3.31 and 3.32 show the strain history of the bar at
the inner and outer gage locations respectively. During the
first two elastic 1load cycles, the bar underwent both
tensile and compressive strains. All bars yielded at both
gage locations during the third cycle. As can be seen from
these figures, the bars strained as much as ten times the
yield strain, causing wide flexural-shear cracks in the
region adjacent to the column. The slab bars closer to the
column yielded simultaneously with the main beam bars during
the first vyield cycle. The slab bars away from the column
appear to have yielded later during subsequent cycles. The
strain-history of slab bar at._gage location S1 is shown in
Fig. 3.33. The slippage of the bar observed in this plot 1is
due to the high tensile strain in the bar which caused a
split in the slab at the reinforcement level as can be seen
in Fig. 3.30.

In the column three gages were attached to the middle

bar at locations shown in Fig. E2. The strains at these
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locations indicate column behavior identical to the <column
of specimen X1, Strains in the column bar remained below
the yield level for all the 1loading cycles. As in the
specimen X1, the strain in the column bar at mid-depth of
the joint was larger than at the top and bottom of the
joint.

Figures 3.34 and 3.35 1illustrate the behavior of
joint hoop reinforcement. The rectangular hoops yielded in
the second 1load cycle, indicating some loss of confinement
during the second and third cycles. First yielding of
diamond shape hoops (Fig. 3.35) occurred in the second
cycle. On the average, joint hoops experienced maximum
strains of 0.019,.

Transverse beams of the specimen were loaded
indirectly through the slab. During the loading cycle, the
slab applied direct tensile force on one side of the
transverse beam with a simultaneous compressive force on the
other side. The transverse beams resisted such a load
through a combination of shear, bending and torsion. The
torsion and shear in the transverse beams introduced certain
amount of additional shear in the joint. The transverse
beams, at the same time, also provided increased area to
resist the shear. Besides the shear and torsion, bi-axial
bending of the transverse beams also occurred about the
vertical axis and about the axis along the 1length of the
transverse beams. The lower portion of the beam was not

significantly deformed by the lateral shear applied along
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the top of the beam and acted as a stiffer element, loaded
primarily in flexure about the vertical axis.

Strains observed in the bottom bars of the transverse
beams appear to support the observed flexural action in the
lower portion of the beams. Figure 3.36 shows the strain
history of the bottom bar at the gage location TB8. The bar
had increased tensile strain due to the additive effect of
flexure and torsion during the negative loading cycle and a
reduced compressive strain during the positive loading
direction, The behavior of transverse beam bars at
locations close to the joint was determined by the relative
magnitude of flexure, torsion and shear. The strain history
of the transverse beam bars at these locations depended on
the 1load resisted and the resulting diagonal cracking of
beams due to the shear. A typical strain history 1is shown
in Fig. 3.37. The hoop stirrups in the transverse beams
were gaged on both the horizontal and vertical legs. Strain
variation in both the horizontal and the vertical leg of a
hoop close to the joint at locations indicated, is shown in
Figs. 3.38 and 3.39, respectively. The strain level in both
legs of the hoop indicate the effectiveness of transverse

beams in resisting shear and torsion applied by the slab.

Specimen S2 (a=15.3, p,=1.15%, 1=4.65, fl=4460 psi)

With three 1layers of joint hoop reinforcement and
with transverse beams and slab, the joint in this specimen
had the most confinement of all the specimens. The

flexural-shear cracks in the main beams and slab extended
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through almost the entire length of beams. Most of these
cracks were, however, located within a distance egqual to the
depth of the beams from the joint.

Columns of this specimen experienced hair line
flexural cracks, some of which extended across the full
depth. The cracks across the width of the slab, as shown in
Fig. 3.40(a), seem to follow the spacing of transverse
reinforcement in the slab. Figure 3.40(b) shows the
cracking pattern at the end of seventh cycle. This
specimen did not suffer a splitting crack at the interface
of transverse beam web and slab as was observed in specimen
S1. The slab, therefore, could effectively transfer the
load to the transverse beams.

Three types of cracks were observed in the transverse
beams. The diagonal <cracks on the end face of transverse
beams (Fig. 3.40(b)) resulted from the horizontal shear
applied by the slab to the beam web. The torsional cracks
were located close to the joint where torsion was maximum.
A few shallow cracks ran parallel to the axis of transverse
beams on either side of it. These cracks, as explained for
the specimen S1, are due to the bending of the upper portion
of the beam as a cantilever about its longitudinal axis with
the lower uncracked portion providing a stiffer support.

The general shape of the hysteresis loops for this
specimen, as shown in Fig. 3.3(c), was similar to that of
specimen S1. The specimen was loaded below the yield level

during the first two cycles. During the last cycle, the
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intended displacement ductility could not be achieved
because of the 1limited stroke of actuator. With each
additional cycle, the subassembly resisted higher load
because a larger number of bars in the slab became
effective. The pinching of the hysteresis loops was
similar to that for specimen S1, but the stiffness of the
reloading branches was relatively higher. The energy
dissipation for each cycle 1is given in Table 3.1 and the
normalized energy dissipation with ductility level is
plotted in Fig. 3.6. For displacement ductilities greater
than 1.75, this specimen displayed higher energy dissipation
capacity than the rest of S-series and X-series specimens.

Data from strain gages attached to the reinforcement
of the main beams did not indicate any slippage of bars
through the joint. Strain history of reinforcing bars at
gage locations EB1 and WB1 is shown in Figs. 3.41 and 3.42
respectively. Designating the yield cycle of the hysteresis
loops as the first cycle, the main beam bars at gage
location close to the joint of EB1, yielded during the first
cycle. By the third cycle, the bars had also yielded at
the gage location WB1 at a distance of half the effective
depth of beam away from the face of column. High strains of
0.025 in the bars close to the joint, as indicated in
Fig. 3.41, resulted in a one-half inch wide crack at the
bottom of beam to column Jjunction on either side of the
joint.

Slab bars closest to the main beams, yielded during
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the first cycle. Strain in the slab bars decreased with the
distance from the main beam. The crack across the full
width of slab at the column face 1indicated yielding in all
the slab bars by the end of the test. Figures 3.43 and
3.44 illustrate the behavior described above. The
increased 1load resistance of the subassembly for each
additional cycle, 1is attributed to this progressively
increased participation of slab bars.

Column bars of this specimen were gaged identical to
those of specimen S1. Strain in these gages generally
remained well below yield, indicating an elastic behavior of
the column. The gage at a location just below the joint,
however, strained close to the yield level during the last
two loading cycles. This explains the hair line <cracks 1in
the bottom column as seen in Fig. 3.40(b).

Transverse beams of this specimen were subjected to
full yield load applied by the slab. The <cracking pattern
shown in Fig. 3.40(b), clearly indicates the modes of
resistance provided by the beams, and as explained 1in the
beginning of this sub-section. The strain gage data
substantiates the existence of shear, torsion and bending in
the beams. Figures 3.45 and 3.46 illustrate the flexural
and torsional behavior, Gages TB7 and TB8 indicate a
predominant flexural behavior in the lower portion of the
transverse beam. The different magnitudes of strain in the
main bars of the transverse beams for positive and negative

loading are due to the bending and torsion of the beams at
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the same time. The tensile strain in the bar due to torsion
is additive to the tensile strain due to bending for loading
in one direction and 1is partly neutralized due to the
compressive strain due to bending for 1loading in the
opposite direction.

Hoop stirrups of the transverse beams resisted a
combination of shear and torsion. Their continued straining
under load reversals without yielding 1is typically
demonstrated by the load vs. strain plot of gage TH1, shown
in Fig. 3.47.

The normalized joint shear stress coefficient
(¢=15.3) for this specimen was the largest among all the
" specimens. However, the level of actual joint shear stress
was the same as for the specimen S1. The joint shear stress
coefficients, joint shear stresses and the strength of
concrete for all the specimens are given in Table 3.3. The
Three layers of hoop reinforcement (pt=1.15%) in the joint
provided better confinement of the joint core, as is shown
by their delayed yielding until the third cycle (Fig. 3.48).
The strain history for the diamond hoop in the top layer of

joint confining reinforcement is shown in Fig. 3.49.

Specimen S3 (a=12.5, p,=0.76%, A=4.39, f£'=4100 psi)
t c

Specimen S3 had significantly lower joint shear
stress (798 psi) than specimens S2 and S3. The transverse
hoop reinforcement for this specimen consisted of two layers
of hoops, as in speciﬁen S1. The lower joint shear stress

and a lower joint hoop reinforcement 1in the specimen,
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TABLE 3.3 ACTUAL AND NORMALIZED SHEAR STRESSES

Joint Normalized

Concrete Shear Shear

Specimen Strength Stress Stress

(psi) (psi) Coeff.
f! v o

c ]

X1 4980 930 13.2
X2 4880 945 13.5
X3 4500 696 10.4
S1 6030 1023 13.2
S2 4460 1024 15.3
S3 4100 798 12.5

resulted in a combined effect similar to that of specimen
S2, which had a higher shear stress as well as a larger
amount of transverse hoop reinforcement. The transverse
beams of this specimen also had a lower amount of
longitudinal reinforcement than the specimens S1 and S2, as
is shown in Fig. A.2.

The specimen was loaded through two elastic cycles
before the yield cycle. The beams and slab cracked
considerably even during the elastic cycles. The flexural-
shear cracks in the beams became more prominent during the
yield cycle and spread through a length equal to twice the
effective depth of beam on either side of the joint. The
cracking pattern in the slab and the beams is shown in
Figs. 3.50(a) and 3.50(b), respectively.

The shear and torsional cracks 1in the transverse
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beams first appeared during the third cycle (considering the
yield cycle as the first cycle) at a displacement ductility
of approximately 2.0. The columns, just 1like 1in the
specimen S2, suffered a few hair line flexural cracks across
the full depth. By the fourth cycle, a 1/8th in. crack had
formed at the intersection of slab and transverse beam,
extending across the full slab width. During the fifth
cycle, the cracks in the main beams became wider and a major
crack of 1/4 in, width appeared at the main beam and column
junction, extending through half the depth of the beam web.
By the end of the test , the crack at the main beam and
column junction had increased to a width of 1/2 inch.

As in the case of specimen S1, the transverse beam
suffered a splitting crack at the junction of its web and
the slab. With successive cycles, this crack extended
through the full width of the transverse beam. Crushing of
concrete along the crack was observed during the latter
loading cycles.

The hysteresis 1loops for this specimen are shown in
Fig. 3.3(f). Unlike specimen S1 and S2, this specimen did
not show a higher 1load carrying capacity with increased
displacement ductilities. The load carrying capacity,
however, remained stable through all the loading cycles. As
illustrated in Fig. 3.8, this specimen dissipated more
energy than specimen S2, up to a displacement ductility of
1.6, For higher ductilities, the 1increase 1in energy

dissipation for each additional displacement was smaller
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than for the specimen S2.

The main beam reinforcement yielded at the face of
the column in the first post-yield cycle. Strain-history of
gage EB3 at this 1location 1is shown in Fig., 3.51. The
reduction in compressive strain at point A .during the
positive half of the loading cycle indicates the beginning
of slippage. At a distance of half the effective depth of
beam away from the face of column, the main beam bars
yielded in the fourth cycle with no evidence of slippage.
The top bars of the main beam behaved similar to the lower
beam bars except that no slippage occurred in the top bars.
This is attributed to the large compression area available
at the top due to the presence of the slab. Load vs. strain
plot of gage EB1 attached to the top bar 1is shown in
Fig. 3.52.

The bars in the slab appear to have yielded
simultaneously with the top bars of the main beam. The load
vs. strain plot of gage S2, attached to the slab bar at
location shown in Fig. 3.53, indicates yielding in the third
cycle. As shown 1in Fig. 3.53, the slab bar began to slip
soon after yielding and the slippage continuously increased
during during the last three cycles.

Although the bottom column suffered some hair line
cracks, the strain gage data of the middle bar did not
indicate any yielding. The strain-history of the middle bar
of the column at the top of the joint , center of the joint,

and bottom of the joint, was identical to that observed in
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the specimens S1 and S2.

The transverse hoop reinforcement 1in the joint
remained elastic, except for the diamond shape hoop in the
upper layer which indicated a gradual 1increase 1in strain
past the yield level. This is the only specimen in both the
X-series and S-series specimens in which the joint
reinforcement remained elastic. The strain-histories of the
square hoop and the diamond shaped transverse reinforcement
in the 1lower layer are given 1in Figs. 3.54 and 3.55
respectively.

The transverse beam behavior for this specimen was
in general identical to that of specimen S1. The splitting
crack at the slab and transverse beam junction and the
slippage of slab bars, prevented a complete load transfer by
the slab to the transverse beams. This resulted in a
considerable drop in the strain of longitudinal transverse
beam bars, particularly away from the joint. Figure 3,56
illustrates the dominant flexural behavior at the gage
location TB7. During the positive half of 1loading cycles
the tensile strains due to flexure and torsion add up to
give a higher strain in the bar: For negative loading the
compressive strain due to flexure and tensile strain due to
torsion cancel each other and result in a 1lower strain
value. During the last three loading cycles the sliding
shear crack at the junction of slab and transverse beam
prevented any further transfer of shear to the beams. As a

result, there is very little increase in the cyclic strain
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during these cycles.

In this specimen, close to the face of joint the
torsional effect was dominant over the flexural behavior.
The strains in the 1longitudinal bars were, therefore,
tensile, 1irrespective of the direction of loading. Such a
behavior at the gage location TB2 is shown in Fig. 3.57.

All the hoop stirrups in the transverse beams of this
specimen remained elastic, 1indicating lower shear and
torsion in the beams. A typical strain plot for a hoop
close to the joint is shown in Fig., 3.58. Again, the
reduction 1in strain during the last three cycles, when the

slab bars had severe slippage, is readily noticeable.



CHAPTER 1V
DISCUSSION OF TEST RESULTS

4.1 General

The discussion of test results requires a thorough
understanding of the parameters varied during the study
before a reasonable comparison can be made between the
behavior of various specimens. Some of the variables are
predefined while others are unintentionally introduced for a
variety of reasons depending upon the nature of an
experimental program. At the same time, it is also equally
important to be aware of the variables kept constant during
the study.

In this study, the primary variables included the
joint shear stress, 3joint hoop reinforcement, and the
presence or absence of transverse beams and slab. The
forces acting on a joint are shown in Fig. 2.3. The joint

shear stresses given in Table 4.1, were calculated by

Vj = (1.1 fya(As+As')—Vcol)/bh (4.1)
where
vj = joint shear stress,
fya = actual yield strength of beam reinforcement,
A, = area of bottom reinforcement in beams,

64
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Aé = area of top reinforcement in beams,
Vcol = shear in the column,
= szeam/helghtcol'
and b,h = the width and depth of the column
respectively.

TABLE 4.1 JOINT SHEAR STRESSES

Normalized

Column|{Joint| Joint|Concrete Shear

Specimen| Shear |Shear| Shear |Strength Stress

(Kip) [ (kip) |Stress (psi) Coeff.
(psi) a

X1 40.04/188.8 930 4980 13.2
X2 37.04]1191.8 945 4880 13.5
X3 30.25(141.4 696 4500 10.4
S1 41.,88(207.7| 1023 6030 13.2
S2 41,68|207.9| 1024 4460 15.3
S3 37.191162.0 798 4100 12.5

The beams and columns of the subassemblages were
designed based on the Appendix A provisions of the ACI Code
(14).  Because the objective of this study was to evaluate
joints with reinforcement less than that recommended by the
ACI-ASCE Committee 352 Recommendations (11), the joiﬁt hoop
reinforcement was kept at a minimum for practicality and
adequacy of confinement (pt=0.75% - 1.15%). The percentage

of joint hoop reinforcement was calculated by
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Py = Asj/b(d-d') (4.2)
where
Asj = area of all the hoop legs,
Py = peréent transverse reinforcement in the
joint,
b = width of column,
and d-d'= distance between top and bottom beam

reinforcement.

In the S-series specimens, the transverse beams were
loaded along their top due to tension and compression
forces in the slab. Such indirect 1loading induced shear,
torsion and bending in the transverse beams. This in turn
caused an additional shear to be applied to the joint. The
amount of shear transferred from the transverse beams to the
joint depends wupon: (1) the deformation compatibility
between transverse beams and the joint, and (2) the slab
to transverse beam load transfer mechanism. The transverse
beams also act as an extension of column width in resisting
the joint shear but again, the contributory area can not be
defined exactly. When using Eq. 4.1 to calculate the shear
stress in the slab specimens ohly a portion of the slab
equal to one-half of the effective depth of the main beam on
either side of the beam width was considered effective in
applying shear to the joint. The resulting shear force was
then assumed to be resisted entirely by the joint.

A certain amount of wvariation 1in the ultimate

strength of concrete, even with the same mix proportions, is
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always expected. Although the strength of concrete was not
a variable 1in this study some degree of disparity was
introduced among the specimens due to the use of ready mixed
concrete in some specimens and hand mixed concrete in
others, and the different ages of concrete on the test date
for different specimens.

The column to beam flexural strength ratios based on
the nominal yield strength of reinforcement and the
specified strength of concrete was 1.5. However, the
flexural strength ratios calculated wusing the actual
compressive strength of concrete and taking into account the
strain hardening effect of steel varied between 1.21 and
1.37. The member sizes and the overall subassemblage
dimensions were kept constant during this study. Except
for the column reinforcement, which was of grade 60 steel,
all the other reinforcements were of grade 40 steel.
Because each specimen was cast in three stages, the concrete
in the lower column, the joint and beams, and the top column
did not have exactly the same strength. The flexural
strength computations for each of the components of the
subassembly, were done with their respective concrete
strengths.

The beam-column subassemblages were subjected to a
quasi-static predetermined displacement routine, The
specimens were loaded until the load vs. column load-point
displacement curves indicated yielding of the specimen.

Based on this yield displacement , the subsequent imposed
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displacement ductilities were incremented by a displacement
ductility of one-half. The X-series specimen had a very
distinct yielding point on the load vs. displacement curve
and the loading routines closely followed the prescribed
loading history. However, in the S-series specimens, due to
the progressive yielding of the slab reinforcement , some
difficulty was experienced in locating the yield point. The
loading routines, therefore, deviated slightly £from the
intended 1loading history. Also specimen S2 was subjected
to two repeat cycles at ductilities of 1.95 and 2.4 and this

had a very distinct effect on its performance.

4,2 Effect of Joint Reinforcement

Specimens X1, X3, S1 and S3 had the same percentage
of transverse joint hoop reinforcement (pt = 0.76%) which
was placed in the joint 1in two layers. Each layer of
reinforcement in the joint in all the specimens consisted of
a square and a diamond shaped hoop. Specimens X2 and S2 had
a higher percentage of transverse hoop reinforcement (pt =
1.15%) placed in three layers within the joint. The effect
of joint reinforcement on the behavior of a joint 1is
examined separately for X-series and S-series specimens,

Specimens X1 and X2 had the same level of joint shear
stress and concrete strength as given in Table 4.1. Any
difference in their behavior was then due to the different
amount of confinement and shear resistance provided by the
transverse hoops. Comparing Figs. 3.8 and 3.16, it can be

seen that the higher percentage of joint reinforcement in
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specimen X2, kept the joint core well intact. At the center
of a joint, where the diagonal <cracks cross each other,
concrete tends to disintegrate very rapidly and a hollow
core develops if there is no confining hoop to keep the
concrete from spalling out. Also, the flexural damage in
the main beaﬁs of specimen X2 was more spread out than for
specimen X1, where the damage was mostly in the joint or in
a region of beams very close to the joint.

Specimen X2, with relatively better core confinement
than specimen X1, suffered 1less shear deformation in the
joint than the specimen X1. Figures 3.5(a) and 3.5(b)
clearly 1illustrate the higher stiffness and lower shear
deformation in the joint of specimen X2, The loss of
stiffness in the joint for specimen X1 appears to have also
influenced 1its load carrying capacity. Specimen X1
experienced a loss of strength after the first three loading
cycles while the specimen X2 maintained its load carrying
capacity through five cycles. A relatively larger pinching
of the force vs. deformation hysteresis loops and a higher
stiffness degradation for the specimen X1 can be seen from
the Figs. 3.3(a) and 3.3(b).

The overall effect of a variable on the behavior of a
particular specimen can be best judged by comparing the
energy dissipation for equivalent ductilities. Normalized
energy dissipation for the specimens X1 and X2 is given in
Table 3.2 and a plot of energy dissipation vs. displacement

ductility 1is given 1in Fig. 3.6. It can be seen that the
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energy dissipated by specimen X2 was consistently higher
than the energy dissipated by specimen X1 for all the
ductility 1levels considered. This comparison seems to
indicate a superior behavior of specimen X2 due to the
higher percentage of transverse reinforcement (pt = 1,15%).
The effect of a higher percentage of transverse hoop
reinforcement in specimens with transverse beams and slab
can be illustrated by comparing the behavior of specimens S1
and S2. The S-series specimens generally had a larger
displacement of the column load point at yield and hence a
lower maximum displacement ductility than the X-series
specimens for the same displacement limit of the test set
up. Specimen S1 had the highest yield displacement (2.2
in.) of all the specimens which limited the displacement
ductility to 2.4. Specimen S2 achieved a relatively higher
displacement ductility of 2.7. Both these specimens had a
comparable level of joint shear stress, as given in Table
4.1. However, specimen S1 had a thirty five percent higher
concrete strength than the specimen S2. The loading history
for both the specimens followed the prescribed routine
except that in the case of specimen S1, the third and fourth
cycles were repeated to study the effect of repeat cycles.
As observed by Meinheit and Jirsa (12), the shear
strength of the joint was dependent upon the concrete
strength and once the joint concrete cracked, 1its shear
strength degraded irrespective of concrete compressive

strength. The effect of concrete strength on the behavior
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of specimen S1 and S2 in the post-cracking range, will
therefore be minimal.

The effect of transverse hoop reinforcement on the
behavior of specimens S1 and S2, can be readily observed by
comparing the cracking patterns of the two specimens shown
in Figs. 3.30 and 3.40(b). Specimen S2 had more damage in
the main beams and which spread over a larger area than the
specimen S1. This indicated that a higher percentage of
joint reinforcement (pt=1.15%) in specimen S2 provided a
better confinement in limiting the shear deformation of the
joint core and imposed more flexural action in the main
beams. This fact is further substantiated by comparing the
influence of joint core confinement on the response of the
transverse beams. Apparently, a larger shear deformation of
the joint core than the transverse beams in specimen S1
caused a horizontal shear crack (Fig. 3.30) at the junction
of the slab and the transverse beam. This substantially
reduced the participation of transverse beams in resisting
the lateral 1load on the subassembly. The main beams also
experienced damage in a limited area close to the joint as
most of the energy was probably dissipated by the shear
mechanism in the joint of specimen S1. On the other hand,
the well confined core of specimen S2, with its higher
shear stiffness, forced a larger contribution of load
resistance by the transverse beams. This is clearly seen
(Fig. 3.40) from the shear cracks extending all the way to

the end of the transverse beams in the specimen S2.
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The hysteresis curves of specimens S1 and S2, shown
in Figs. 3.3(d) and 3.3(e), did not indicate a significant
difference in the load carrying capacity and the stiffness
characteristics of the two specimens. Specimen S2 showed a
higher load resistance than specimen S1 for all the loading
cycles., This however may not be a conclusive evidence of
better performance by specimen S2. The repeated load cycles
in specimen S1 obviously must have contributed to some
reduction in its strength and stiffness.

A final observation can be made by considering the
energy dissipated by each specimen. Figure 3.6 shows the
energy dissipated vs. ductility plot. Due to the higher
strength concrete, specimen S1 dissipated more energy than
the specimen S2 up to a displacement ductility of 2.0. Once
the Jjoint cracked and became dependent almost entirely on
confinement for its strength, specimen S2, with a higher
joint reinforcement distributed over three layers,
dissipated more energy. With its well confined joint core,
the higher energy dissipation in specimen S2 resulted from
well spread shear and flexural «cracking in the main and
transverse beams.

With the shear stress level and other parameters as
given in Table 4.1, it may be concluded that the transverse
hoop reinforcement in the joint of 1.15% provided sufficient
confinement to the joint core to forcelcracking away from
the joint and into the beams. An equal increase in joint

reinforcement of X-series and S-series specimens, improved



73

the behavior of S-series specimens more than the X-series

specimens.

4,3 Effect of Joint Shear Stress

The effect of joint shear stress on the behavior of
beam-column subassemblages was determined by comparing
specimens X1 and X3 of X-series and specimens S1 and S3 of
S-series specimens. The values of variables for these
specimens are given in Table 4.1. The joint shear stresses
were calculated using Eq. (4.1) of Section 4.1. For the
specimens with a slab, the negative reinforcement in the
slab was considered effective over a slab width extending
one-half the effective depth of main beam from each side of
the beam.

The effect of 3joint shear stress level on the
behavior of X-series specimens is examined first. Specimens
X1 and X3 have the same percentage of joint reinforcement
with the same number of layers of hoops within the joint.
Although specimen X1 had ten percent higher concrete
strength than specimen X3, it did not significantly affect
the behavior of joint in the post-cracking range.

Specimen X1 had a joint shear stress thirty three
percent higher than specimen X3. A comparison of crack
propagation and shear stiffnesses of joints 1in the two
specimens, indicated a marked influence of Jjoint shear
stress level on the subassemblage behavior. Figures 3.7 and
3.24 show the damage at the end of seventh load cycle in the

joints of specimens X1 and X3 respectively. The joint of
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specimen X1, with the higher shear stress, experienced
relatively more damage and deterioration of shear stiffness
than the specimen X3. The early damage in the joint of
specimen X1, due to the higher shear stress, caused
significant shear deformation of joint. This resulted in a
larger displacement of the column load-point during the
first yield cycle. A rapid deterioration of the joint
stiffness for specimen X1 can be readily seen by comparing
Figs. 3.5(a) and 3.5(c). With a lower shear stress, the
joint in specimen X3 maintained its stiffness over a larger
number of load reversals and forced extensive flexural
cracking in the beams away from the column face. Failure in
specimen X1 was clearly a joint shear failure while the
specimen X3 showed hinging in beams with an ultimate joint
degradation due to a lack of adequate confinement.

A further comparison of behavior of these two
specimens can be made by considering the hysteretic
behavior. Figures 3.3(a) and 3.3(c) show the hysteresis
loops of specimens X1 and X3, respectively. Specimen X1
showed a reduction in strength after three loading cycles
compared to the specimen X3 which exhibited no significant
loss of strength.

The lower joint shear stress had the most noticeable
effect on the energy dissipation characteristics of the two
specimens. As shown in Fig. 3.6, specimen X3 showed
hysteretic behavior far superior to that of specimen X1 and

dissipated sixty six percent more energy during the last
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cycle.

For the specimens without transverse beams and slab,
it may be concluded that the level of joint shear stress had
a very significant effect on the behavior of the joint and
the subassemblage. Specimen X3, with a joint shear stress
of 10.4vf] (vj=696 psi), had a significantly better behavior
than the specimen X1 which had a joint shear stress of
13.2/£ (vj=930 psi).

The effect of joint shear stress was not as obvious
for the specimens with transverse beams and slab. For the
S-series, specimens S1 and S3 are compared to evaluate the
effect of joint shear stress on their behavior. Specimens
S1 and S3 had the same percentage of joint hoop
reinforcement and the same member sizes. However, specimen
S1 had a concrete strength forty seven percent higher than
the concrete strength for specimen S3. As explained in
Section 4.2, the higher concrete strength increased the
initial shear strength of joint, but did not affect its
behavior after the concrete had cracked. In view of the
effect of concrete strength on the behavior of a joint, a
comparison of behavior based entirely on the shear stress in
the joint normalized with respect to the concrete strength,
may not be very realistic. The normalized joint shear
stresses along with the actual Jjoint shear stresses are
given in Table 4.1. Specimen S1 had a joint shear stress of
13.2/£] (vj=1023 psi) compared to 12.5v£] (vj=798 psi) for

the specimen S3.
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Due to the presence of transverse beams which provide
additional shear area, the conspicuous effect of joint shear
stress observed in X-series specimens was not as clearly
visible 1in the S-series specimens. The transverse beams in
both the S1 and S3 specimens, did not show any significant
shear cracks. Both the specimens suffered a horizontal
sliding shear crack at the junction of slab and transverse
beam (Figs. 3.30 and 3.50(b)). Flexural cracks in the main
beams of specimen S1 were closely spaced near the joint and
their spacing increased rapidly with the distance away from
the joint. 1In specimen S3, the flexural cracks were spread
evenly through the entire 1length of main beams. This
particular cracking pattern, also noted in the specimens X1
and X3, did indicate relatively more degradation of the
joint core in specimen S1.

A comparison of hysteresis loops provides an
additional insight into the behavior of these two specimens.
It should, however, be kept in mind that specimen S1 had two
repeat cycles in its loading history as explained earlier.
Neither of these two specimens showed any strength decay, as
observed from the hysteresis loops shown in Figs. 3.3(d) and
3.3(f). Specimen S1 did, however, indicate some degradation
of stiffness which could have been caused by the higher
shear stress in the joint and also partly due to the repeat
cycles.

The amount of energy dissipated by each specimen for

equivalent displacement ductilities did not provide any
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conclusive evidence of an improved behavior of specimen S3
over specimen St. However, the energy dissipation
vs. ductility plot shown in Fig. 3.6, showed some tendency
of better energy dissipation by the specimen S3,.

From the above discussion of the behavior of specimen
S1 and S3, it may be concluded that the joint shear stress
level did not have as prominent of an effect on the behavior
of specimens with transverse beams and slab, as it had on
the behavior of specimens without transverse beams and slab.
The additional shear area provided by the transverse beams
appeared to have reduced the effect of 1large disparity in

shear stress level in the joint.

4.4 Effect of Transverse Beams and Slab

Transverse beams 1in the S-series specimens were
loaded indirectly by the tensile and compressive forces
applied by the slab along their length. These forces caused
shear, bending and torsion 1in the transverse beams. As
such, the joint shear force calculated by Eg.(4.1) is not
resisted entirely by the joint itself and the computation
of joint shear stress based on the joint shear area only may
not be exact. The transverse béams provide an additional
shear area and resist some unknown portion of the total
joint shear. Although, the transverse beams provide some
degree of confinement to the joint core, their effectiveness
is dependent upon the shear stiffness of the joint relative
to the shear stiffness of transverse beams. Particularly,

when the transverse beams are loaded in torsion, the
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interface between the transverse beam and the joint |is
subjected to a maximum torque. If the joint core is not
well confined, the incompatibility in shear stiffness of the
joint and transverse beams will result in deformation
incompatibility at the joint to transverse beam interface.
A joint with adequate confinement and sufficient stiffness
will be able to resist the shear and torsion applied to it
by the transverse beams. A weaker and less stiff joint, on
the other hand, is not able to absorb the shear and torsion
forces from the transverse beams without excessive
deformation. The excessive deformation of the joint and the
associated torsional rotation of the transverse beam
resulted in high strains’ and stresses at the slab to
transverse beam interface. If the transverse beam-slab
interface could not resist the high stresses, a sliding
shear crack developed at the interface which rendered the
transverse beams ineffective. The behavior of the joint
then becomes similar to that of specimens without any
transverse beams and the level of joint shear stress becomes
increasingly important. Specimens S1 and S3 are typical
examples of such a behavior. - The horizontal sliding shear
crack at the slab-transverse beam junction of these two
specimens is shown in Figs. 3.30 and 3.50(b).

For a joint with a sufficient amount of confining
reinforcement, the joint shear deformation and the
associated torsional rotation of the transverse beam are

small. In such a case, the transverse beams are effective
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and provide resistance to loads from the slab in direct
shear, flexure and torsion. The cracks in the transverse
beams of specimen S2 shown in Fig. 3.40(b) are typical of
such a combination of 1load resisting mechanism. The
specimen then dissipates a much larger amount of energy and
the overall behavior of the subassemblage is superior to the
specimens with the same level of joint shear stress and
confining reinforcement, but without transverse beams.

In view of the above discussion, the behavior of §S-
series specimens is now compared to the X-series specimens.
As shown in Table 4.1, the S-series specimens had eight to
fifteen percent higher joint shear stress than their
corresponding X-series specimens. The column to beam
flexural strength ratio for both the X-series and S-series
specimens was generally the same and is given in Table 2.3.

With two layers of transverse hoop reinforcement
(pt=0.76%) in the joint of S1 and S3 specimens, similar to
that in specimens X1 and X3, the behavior of S-series
specimens was not an improvement over the corresponding X-
series specimens. The inadequate confinement of the joint
by the transverse hoop reinforcement, resulted in the shear
crack at the slab to transverse beam junction of both the Si1
and S3 specimens as shown in Figs. 3.30 and 3.50(b). The
mechanism of this crack growth has been explained earlier in
this section, The higher Jjoint shear stress in the
specimens S1 and S3 relative to the specimens X1 and X3, in

fact, proved more detrimental to the joint after the
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transverse beams became partly ineffective due to the
reasons given earlier. A comparison of energy dissipation
capacity of the specimen X1 and S1, and the specimen X3 and
S3, shown in Fig. 3.6, substantiates this explanation.

A reasonable improvement in the behavior due to the
presence of transverse beams can be seen from a comparison
of specimen X2 and S2, Both these specimens had three
layers of joint hoop reinforcement (pt=1.15%). The joint
shear stress in the S2 specimen was eight percent higher
than the joint shear stress in the X2 specimen, The most
important change in the behavior of specimen S2 with its
increased joint shear stiffness, was the increased
participation of transverse beams in resisting the joint
shear. Their effectiveness could be readily seen by the
shear, flexural and torsional cracks shown in Fig. 3.40
(b). The superior behavior of the specimen S2 over the
specimen X2, 1is also obvious from the comparison of energy
dissipation by the two specimens (Fig. 3.6). The specimen
S2 continuously dissipated an increasing amount of energy
through all the loading cycles.

To summarize, it may be- concluded that a certain
minimum amount of transverse joint hoop reinforcement must
be provided to effectively improve the joint behavior due to
the presence of transverse beams. The amount of joint
reinforcement will, of course, depend upon the torsional
stiffness of the transverse beams. The mere presence of the

transverse beams will be somewhat beneficial only if they
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are not loaded and act just as an extension of the column
width in the joint area. An increase in the area of the
slab to transverse beam junction may preclude the
possibility of a sliding shear crack at the junction, as was
observed 1in this series of tests, and make the transverse
beams more effective., It may however be pointed out that
with an increased width of the slab, the conclusion
regarding the effectiveness of the transverse beams may be

different.

4.5 Overall Response of Joint

The behavior of a beam-column subassembly depends on
the performance of the beam to column joint. Given the
satisfactory behavior of the beam-column joint, flexural
hinging in the columns should be avoided to assure the
lateral stability of a building frame under seismic loading.
Accordingly, a column to beam flexural strength ratio of
greater than 1.0 is well accepted and implied by all codes.
Based on the experimental study, column to beam flexural
strength ratios of 1.21 to 1.37 gave the desired
subassemblage behavior. However, a minimum column to beam
flexural strength ratio of 1.5 is recommended.

The ACI-ASCE Committee 352 (11) recommends adequate
confinement of the joint by specifying a maximum joint hoop
spacing and also limits the level of normalized joint shear
stress to 20/fé for an interior joint. While the
importance of joint confinement and the influence of joint

shear stress on the behavior of subassembly was well
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recognized separately, a single 1index representing the
confinement as well as the joint shear stress will be more
convenient and appropriate.

The effect of jbint hoop reinforcement, joint shear
stress level and the effect of transverse beams has been
discussed individually in the previous sections. A number
of researchers have recommended the use of joint hoop
reinforcement distributed over a larger number of layers.
Confinement of the joint improves with the number of layers
of hoops, but beyond a certain number of hoops, these become
a handicap in construction. The joint hoops closer to the
center of the joint are understood to be more effective than
the hoops closer to the beam main reinforcement. The
improvement in joint behavior is also observed to be not
linearly related with the total amount of transverse
reinforcement in the joint. Based on the results of this
experimental study, an odd number of layers of transverse
reinforcement with one layer at the mid-depth of a joint
seems essential to prevent the formation of a hollow joint
core,

The influence of concrete strength is noticeable only
during the early cycles of 1load reversals. Once the
concrete has cracked, the joint behavior becomes dependent
mostly on the confinement provided by the transverse hoop
reinforcement and the effect of concrete strength becomes
less significant.

Transverse beams at a beam to column connection are
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generally loaded indirectly by the slab. If the transverse
beams are not loaded, these provide an additional shear area
and help reduce the effect of joint shear stress. However,
if the transverse beams are loaded, as in this experimental
study, improvement in the joint behavior depends entirely on
the relative shear stiffness of the joint to the transverse
beams. For an improvement in the joint behavior, a certain
amount of joint confinement must be present for the
transverse beams to be effective.

The joint shear stress is perhaps the most important
single factor that determines the behavior of a joint. In
the current design recommendations (46), the normalized
joint shear stress is to be within a certain specified limit
and could have any smaller value depending upon the design
of beams and columns. The joint confinement is specified
independent of the joint shear stress level. For specimens
with very low joint shear stress, no reduction in the joint
hoop reinforcement is provided.

A unified approach that compensates for any variation
in parameters influencing the joint behavior and gives a
single performance index representing the overall behavior,
is proposed. This factor, referred to as the joint index,

Q, is calculated by

@ = vi/(n/(nagsEL)) (4.2)

where

vj = joint shear stress,
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n = number of layers of hoops in the joint,
Asj = total area of joint hoops,

f' = ultimate compressive strength of concrete,

and
n = 1.1 for specimens with transverse beams

= 1,0 for specimens without transverse beams.

The joint shear stress is calculated by

vj=(1.25 fy(As+As) - Vcol)/bh (4.3)
where
As' Aé = bottom and top areas of reinforcement in beams,
fy = nominal yield stress of steel,

b = width of column,
h = depth of column,

\

col shear in the column
and the factor 1.25 represents the effect of strain
hardening in the reinforcement,

Shear in the column 1is on average about twenty
percent of the shear induced by the bending of beams for a
critical combination of moments. Therefore, substituting
0.20 Vj instead of V__; and combining equations (4.2) and

(4.3), we have

@ = (Ag+Al)E /(nbhY(nAg £L)) (4.4)

The joint performance index (PI), Q, can be readily
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calculated using Eg. (4.4) and represents the total effect
of all the significant variables. It should, however, be
remembered that this formulation presumes a strong column-
weak beam design with a minimum flexural strength ratio of
1.5.

The joint index calculated as above for all the
specimens in X-series and S-series is given in Table 4.2.
The validity of the proposed performance index can be best
demonstrated by considering the  hysteretic energy
dissipation of each specimen as a measure of its
performance. The energy dissipated for various displacement
ductilities are given in Table 3.2 and plotted in Fig. 3.6.
The rank of these specimens with respect to their
performance based on energy dissipation , as given by
Fig. 3.6, 1is shown in parenthesis in the last column of
Table 4.2. Comparing their ranking based on the energy
dissipation and the joint performance index, a complete
agreement between the actual performance and the proposed
joint index is readily recognized.

The performance index can also be used for design
subject to the following conditions:

(1) the joint index should be equal to or less than

10.0 for a satisfactory performance of the joint,

(2) an odd number of hoops should be used at equal

spacing in the joint to ensure one hoop at mid-
depth of the joint,

(3) the column to beam flexural strength ratio should
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TABLE 4.2 JOINT PERFORMANCE INDEX

Joint
Joint Shear| Joint Shear |Performance Rank
Specimen Stress Stress Coeff. Index Based on
(psi) a ot PI

X1 930 13.2 12.89 (6)
X2 845 13.5 10.64 (4)
X3 696 10.4 10.17 (2)
S1 1023 13.2 10.65 (5)
S2 1024 15.3 10. 11 (1)
S3 798 12.5 10.31 (3)

+ calculated by Eg. (4.4)

be equal to or greater than 1.5.

This empirical formulation is based on the
effectiveness of each variable that influences the behavior
of a joint. With the given column size and main beam
reinforcement, the number of hoops required in the joint for
a specified reinforcement bar size can be easily
calculated. One particular advantage of this unified
approach is the comparative evaluation of joints which is

essential for an optimum design.



CHAPTER V
ANALYTICAL MODEL

5.1 General
With the increased use of non-linear analysis for
reinforced concrete buildings subjected to an earthquake
type loading, it has become essential to wunderstand the
hysteretic behavior of members. Because a closed form
hysteretic model based on the material properties of an
element was extremely complex, attention has been focussed
on using the hysteretic behavior of members observed during
experimental tests. With a strong-column and weak-beam
design philosophy, most of the non-linear behavior is
confined to the beams close to the beam to column
connection. Several hysteretic models that approximate the
test results of beam to column connections have been
proposed. The degree of complexity and performance varied
from one model to another. These hysteretic models
essentially duplicated the hysteretic behavior of test
specimens. How realistically these test specimens
represented the behavior of components of an actual building
is open to questions.
In the nonlinear dynamic analysis, a building frame

is represented by a suitable analytical model. Inelastic

87
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deformations in the frame members are considered by
inserting nonlinear rotational springs at locations where
hinging 1is expected. The nonlinear character of the
rotational spring 1is represented by a hysteretic model
suitable for the member involved. Complexity of the
analytical model used depends upon the purpose of nonlinear
analysis and the type of building. Multi-degree of freedom
models with a one-to-one correspondence between the elements
of an actual and the 1idealized building frame, are
considered complex models. The cost of a time-history
analysis based on such complex models is wusually excessive
and prohibits more than a few runs. While such complex
models provide a relatively accurate and complete response
of a building frame, the simpler models aim at the overall
response of the system. The shear beam idealization and the
equivalent single degree of freedom system are examples of
simpler models. They are reasonably accurate and require

much less computation.

5.2 Existing Hysteresis Models

Elasto-plastic and simple bilinear hysteresis models
have been commonly used both for steel and reinforced
concrete. Reinforced concrete members, when subjected to a
cyclic loading, suffer stiffness degradation. Such a
reduction in stiffness is not accounted for by these models.
As a result, an unrealistically high energy dissipation 1is
assumed which grossly underestimates the response.

Based on the observed hysteretic behavior of
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reinforced concrete members, the Clough model (22), shown in
Fig. 5.1(a), provides for the reduction in stiffness during
the reloading stages. During each 1loading cycle, the
reloading slope is defined by the maximum displacement
attained during the previous cycle. By wvirtue of its
simplicity and yet realistic representation, the Clough
model has been widely used.

Models based on a tri-linear primary curve dissipate
energy prior to the yielding stage. Although this is
realistic and desirable, it makes the model more complicated
without much gain in accuracy at large displacement levels.

Experimental results also 1indicate some degree of
softening in the unloading branches. The Takeda model (23),
shown in Fig. 5.1(b), was'developed from tests on components
which represented only the flexural behavior. It attempts
to duplicate the stiffness characteristics observed at
different stages of cracking, yielding, unloading and
reloading in successive cycles. With sixteen rules
operating on a tri-linear primary curve, the Takeda model is
one of the most complicated models. Its accuracy has,
however, been verified by various researchers. Because it
provides for energy dissipation, even at pre-yielding stage,
and seeks to define load reversals within the bounds of
large amplitude <cycles, it is realistic and accurate. The
softening of stiffness in the unloading branch is considered
by defining the slope of wunloading segment for post-

yielding region (K3) as
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- B
K3-K1(D /D ) (5.1)

y’ “max
where
K, = slope of a line connecting yield point to cracking
1
point in the opposite direction,
D_ = yield displacement,

D = maximum displacement in loading direction, and

B = constant less than 1.0

The Takeda model does not include pinching of the
hysteresis loops which is commonly observed 1in the tests of
beam to column connections. This pinching is attributed
primarily to shear deformations in the joint and slippage of
main beam bars.

A simplified version of the original tri-linear
Takeda hysteresis system called the Otani model (25) has
been used to represent the bond slip in tensile
reinforcement at the ends of frame members. The Otani
hysteresis model, with its bi-linear primary curve, has
rules similar to to those of Clough model with the exception
that this model accounts for load reversals at small
amplitudes.

The Sina model (Fig. 5.1(c)) is another derivation of
Takeda model and includes the pinching effect not considered
by Takeda hysteresis rules. The primary curve is similar to
that of Takeda, but it has nine rules compared to the
sixteen rules proposed by Takeda. Pinching is accounted for

by defining a crack-closing point which marks the beginning
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of increased stiffness after the low incremental stiffness
near the origin. The <crack closing moment 1is assumed
constant and is determined by the moment resisted either by
the beam main reinforcement or by the bond stress if any
slippage of the main bar is anticipated. The rotation at
crack-closing is assumed to occur at seventy five percent of
the maximum residual deformation achieved previously. The
Sina model rules are described in detail in Reference (37).

The bilinear model has been modified to accomplish
the effect of stiffness degradation without losing its
simplicity. This hysteresis model, called Q-Hyst model
(Fig. 5.1(d)) has only four rules and is found to reasonably
approximate the response measured during the shaking table
tests on small scale frames. Details of this model and its
comparison with other models are given in Reference (37)

also.

5.3 Proposed Hysteresis Model

The proposed hysteresis model has been based on the
hysteretic behavior observed during the tests on interior
beam to column connections. Although, the primary purpose
of the experimental study was £o establish the influence of
various parameters on joint behavior, it also provided a
valuable 1insight 1into the hysteretic behavior of interior
beam-column subassemblages. Some of the important
observations from the hysteretic behavior as shown in
Figs. 3.5(a) to 3.5(f) are:

(1) pinching of the hysteresis loops was observed in
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all the specimens and the «crack-closing point
(marking the beginning of the stiffening branch
during reloading) was essentially the same for the
hysteresis loops of all specimens,

(2) all the specimens showed a lower stiffness during
each successive reloading cycle,‘

(3) degradation of the unloading stiffness was observed
and appeared to be a function of the maximum
displacement attained during the cycle,

(4) for specimens with proper joint confining
reinforcement and with joint performance index as
prescribed in Section 4.5, the 1load carrying
capacity increased in successive cycles,

(5) the hysteresis loops were essentially symmetric.

The proposed hysteresis model, shown in Fig. 5.2,
consists of a symmetrical bilinear primary curve with a
break point determined by the yielding of reinforcement in
the main beams and the portion of the slab considered
effective.

The hysteresis loops of beam to column connections
which performed satisfactorily, as indicated by their joint
performance index, showed a post yield stiffness of
approximately five percent of the elastic stiffness.
Specimen S2, with hysteresis loops shown in Fig. 3.5(e), is
a typical example. This value is in agreement with that
used by Clough (22) in his degrading stiffness model.

The slope of the wunloading branch in the post-
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yielding region was observed to decrease with increase in
the maximum displacement. Based on the experimental

results, the slope was defined as

Ry=K, (8 /000" (5.2)
where
K, = slope of the elastic branch,
ey = rotation of joint at the yielding of beams
Omax = maximum rotation during loading, and

B = constant, assumed 0.20.

In the Takeda model, the unloading stiffness was
considered to deteriorate more rapidly with increased
displacement and hence, he used a B value of 0.50,.

The model consists of six primary rules , which
define the envelope loop, and another five secondary rules
to consider small amplitude load reversals within the main
loop.

Pinching of the hysteresis loops has a significant
effect on the energy dissipation capacity of a system. The
location of the crack-clcsing point, which defines the end
of the low incremental stiffness at mid-cycle, determines
the degree of pinching introduced 1in the model. The
hysteretic behavior of the full scale beam-column
subassemblages observed during this study 1indicated a
rather stationary crack-clcsing point at the cracking moment
level on the elastic curve for all the test specimens. The

crack-closing point for this model was, therefore, set at
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that point. Such a location simplifies the computation
involved and also evenly compensates for the energy loss due
to the linearization of observed hysteresis loops.

The details of the hysteresis rules for the proposed
model are given in Appendix F.

The bilinear primary curve of this model was used to
simplify and reduce the number of hysteresis rules. Such a
representation is not exact for the reinforced concrete
components as it ignores any energy dissipated prior to the
yield point. The purpose of this model, however, was to

study structures loaded well beyond the yield point.

5.4 Proposed Analytical Model

A simple analytical model was developed to analyze
multistory reinforced concrete moment resisting building
frames subjected to earthquake forces. The concept of the
analytical model was based on the current design philosophy
of strong columns and weak beams.

In this model, the columns were assumed to remain
elastic with all of the inelastic action occurring in the
beams. The beams are considered to provide rotational
restraints at the beam to column connections and are
idealized in the model as nonlinear rotational springs
external to the joint. The stiffness variation of such
springs with the rotation of the joint, is defined by the
hysteresis rules developed from the tests on the beam to
column connections. The model, therefore, takes into

account the stiffness degradation, softening of unloading
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stiffness with successive cycles, pinching of hysteresis
loops and the slippage of main bars through the joint.

Because the main purpose of this part of the study
was to develop a simplified analytical model, attention was
focussed mainly on the overall behavior of the frame rather
than the individual member response. Figures 5.3(a) and
5.3(b) show an original frame and the equivalent analytical
model, respectively.

The proposed model is in conformity with the seismic
design procedures and has a strong intuitive value to it.
It takes into account most of the sources of inelastic
deformations as observed in the tests on beam-column
subassemblages. Yet it is simple, inexpensive and
reasonably realistic.

Some disadvantages of currently available analytical
models are discussed in the following paragraphs.

In the finite element models, in which each member of
the frame is represented by an equivalent element, the beam
to column connections are usually assumed infinitely rigid
and the inelastic deformations in the beams and columns are
considered concentrated at the ends. Both of these
assumptions are contrary to the observed behavior. Also,
the cost of wusing such a model for dynamic analyses
restricts its application to the final analysis only.

The equivalent single degree of freedom model for a
multistory frame, 1is an oversimplification and much of the

intuitive feeling for a real behavior is lost.
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The shear building model has been based on the
assumption of infinitely rigid floors, thus allowing hinging
in the columns. This is in direct contradiction with the
accepted design philosophy of building frames and thus does
not model the desired building response.

In the proposed analytical model, solution technigues
generally accepted for the nonlinear dynamic analysis of
multi-degree of freedom system, were used. The nonlinear
problem was approximated as a sequence of successively
changing linear systems. The response was then calculated

over a short time step for each linear system.

5.4.1 Assumptions

In order to simplify the solution, several
assumptions were made in formulating the mathematical model.
Such assumptions were necessary to avoid an expensive and
complex solution. Some of these assumptions related to
frame idealization while others were made for material
behavior and solution technique. All the assumptions are
realistic and do not significantly affect the accuracy of
the solution. The assumptions are as follows:

(1) The frame is idealized as an elastic column., The
beams at each floor 1level are replaced by an
equivalent inelastic rotational spring external to
the joint.

(2) The columns are considered massless line elements.

(3) Axial deformations in beams and columns are

neglected. Because of this assumption, all the



97

joints displace horizontally through the same
distance. Therefore, the deformed shape of one
column is assumed to represent the deformed shape
of the building frame.

(4) Masses are assumed lumped at the story levels of
the elastic column,

(5) stiffness of the system remains constant over the
time increment.

(6) The column axial loads are assumed to remain
unchanged during the analysis.

(7) The first floor columns are assumed rigidly
connected to the foundation and no rotation of the
foundation is permitted.

(8) The earthquake input is assumed horizontal and in
the plane of the frame.

(9) The P-A effect 1is included in the stiffness

formulation

5.4.2 Element Stiffness Matrix

The analytical model essentially consists of a stack
of beam-column assemblages, with the beams idealized as
rotational springs at the jointé and the columns represented
by the elastic elements. Each element shown in Fig. 5.4, is
assumed to have a rotational and translational degree of
freedom at each node.

The element stiffness matrix is formulated 1in the

form
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{P}=[k1{s} (5.3)

in which {P} and {§} are ,respectively, the force and the
displacement vectors at the nodal coordinates of the element
and [k] is the element stiffness matrix.

The stiffness matrix for a uniform column element is

given by
6 sym.
3 3L 202
[k]l] = 2 EI/L (5.4)
-6 -3L 6
3L L2 -3 212

The P-A effect is included by considering the
geometric stiffness of the element. If the axial force is
assumed constant along the 1length of the -element, the

geometric stiffness of a beam element is given by

36 sym.
3L 4L
[k_.] = N/(30L) (5.5)
9 -36 -3L 36
3L -1% -3n a2

in which N 1is the axial force. The geometric stiffness
matrix when subtracted from the elastic stiffness matrix,
has the same softening effect as the gravity forces. The

combined stiffness matrix is then given by
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[ked = [k - [kg) (5.6)

5.4.3 System Stiffness Matrix

The system stiffness matrix was assembled from the
element stiffness matrices and the stiffness of the
rotational springs. The global degrees of freedom were
numbered as shown 1in Fig. 5.5. The rotational degrees of
freedom were numbered consecutively beginning at the first
floor followed by the horizontal degrees of freedom at the
floor levels, and the <constrained degree of freedom of
freedom at the base is labelled last of all.

The structural stiffness matrix 1is constructed by
adding the element stiffness coefficients to the system
stiffness matrix at the appropriate locations.

The nonlinear rotational stiffness of the springs is
then superimposed on the elastic system stiffness matrix.

The total system stiffness matrix is then given by

{aF} = [[KS] + [Ksp]] {AR} (5.7)
where
{AF} = incremental force,
[KS] = elastic system stiffness matrix,
[Ksp] = diagonal rotational spring stiffness,and
{AR} = incremental deformation.

The total structural stiffness matrix is then

condensed to retain the horizontal degrees of freedom only
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by using the static condensation process. The same method
is assumed applicable in reducing the mass and damping
matrices.

Using the Gauss-Jordan elimination procedure, the

structural stiffness matrix is partitioned as follows

{0} (11 -[T] {0}
= (5.8)
{FG} 0 [K] {8}
where
{6} = rotational degrees of freedoms to be condensed,
{8} = vector corresponding to horizontal degrees of

freedom,
[K]

and [T] statically relates the coordinates {9} and {§}.

the reduced stiffness matrix,

5.5 Mass and Damping Matrices

The masses for each story were assumed lumped at the
beam to column connection. These masses were associated
with horizontal degrees of freedom only and their rotational
inertia was neglected. The mass matrix of the system was,

therefore, a diagonal matrix.

[M] = m, (5.9)

Based on the type of structure and the material
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involved the modal damping ratios for a structure can be
estimated. The damping matrix needed explicitly for the
numerical solution of a nonlinear system 1is determined

by (42)

[cI=tMILfN _ (2g 0 /M ) (e} (6} T1IM] (5.10)
where
[C]l= damping matrix,
[M]= mass matrix,
{¢}n= nth mode shape
(. modal damping ratio for the nth mode,

w.= natural frequency for the nth mode.

In this equation, the <contribution to the damping
matrix of each mode is proportional to the modal damping
ratio. Any undamped modes will, therefore, contribute

nothing to the damping matrix.

5.6 Unbalanced Forces

In the numerical solution of a nonlinear system, the
finite size of the time step results in overshooting at the
break points of the force-deformation curve. If the
residual forces due to the overshooting are not eliminated,
the solution will not converge to the true response,

One solution to this problem is to reduce the size of
time step sufficiently to minimize the -error due to
overshooting, This 1is an expensive solution because all

the computations must be performed at the smaller time
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step. A reduction of time step only in the vicinity of
break-points will be more economical, but difficult to
achieve for a multiple degree of freedom system under
earthquake loading.

In this study, the moment resisted by the rotational
spring is corrected at the end of the time step whenever a
change in stiffness is encountered (Fig. 5.6). In the next
time step, this unbalanced moment 1is then applied as an
external load to the joint.

Before the moments can be applied to the joint as
external loads, these are converted to equivalent lateral
forces by the condensation process used for the of stiffness
matrix, These correction forces are then subtracted from

the story forces in the next time step (33).

5.6 Solution Technigue

For dynamic analysis, the nonlinear equations of
motion are solved by the step-by-step numerical integration
method. The nonlinear behavior of the system is
approximated by a sequence of successively changing linear
systems. The stiffness and the damping characteristics of
the system are assumed to remain constant during the short
time step.

For a multi-degree of freedom system, the incremental

equation of motion for a small time step, is expressed as

MAX + C AX + K AX = -M Aﬁg (5.11)

where



103

M = mass matrix,

C = constant damping matrix,

K = stiffness matrix at the beginning of time step,
AX = incremental relative displacement vector,

AX = incremental relative velocity vector,

AX = incremental relative acceleration vector,and

Aig = incremental base acceleration vector.

The above condition of dynamic equilibrium is
established at the beginning of each time step. With the
assumption that the structural characteristics do not change
during the time increment, the response is calculated at the
end of each time step. The structural stiffness is then
revised based on the response at the end of last time step
and the process is repeated for each increment of time. The
response at a time step is then the sum of all the
increments to that time.

The integration of the nonlinear equations of motion
(Egq. 5.11) is performed by the Wilson-§ method (29). This
method provides an efficient solution technique and is
unconditionally stable, regardless of the magnitude of the
time step. For At/T smaller than about 0.01 the numerical
error is small, where T is the natural period.

In this method, the acceleration is assumed to vary
linearly over the extended time interval t=6At, where ©21.0.
It has been shown by Wilson et al. (29) that for ©21.37,
the method becomes unconditionally stable.

Using the linear acceleration assumption over the
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extended time step, it follows from Fig. 5.7 that

Rpyo= Bt (1/2) (X +K)) (5.12)
_ . 2 .. ..
Rppo = Ret1R +(17/6) (X, +2X,)
(5.13)
Equation (5.13) gives
.. _ 2 _ _ . s
X oo = (6/1°)(X , ~X)-(6/1)k -2k, ) (5.14)

and from Egs. (5.12) and(5.14), we have

Ko = (3/0)(x,—x)-2x, -(1/2)%, (5.15)

Rewriting Egs. (5.14) and (5.15) in the incremental form

over an extended time interval 1, we have

>
Pé:
"

. = (6/12)38 - (6/1)k -3%, (5.16)

and

>
4-
"

¢ (3/T)Z\xt-3xt-(1/2)xt (5.17)

in which the symbol (") identifies the increment associated
with the extended time step T.
The incremental Eq. (5.11) for the time increment

1=0At, becomes
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M AXt + C AXt + K AXt = AF (5.18)

t t

where AFt is the incremental external force.
Substituting Egs. (5.16) and (5.17) in the
incremental equation of motion (5.18), we get the

incremental displacement AXt in the form

R 0X, = AF, (5.19)
where
R, = K.+(6/1°)M+(3/1)C (5.20)
and
b, = AFt+M(6Xt/T+3Xt)+C(3Xt+TXt/2) (5.21)

The incremental displacement Axt is then obtained by
solving Eq. (5.19) using any of the standard method for
solving a set of linear equations.

Knowing Axt, the 1incremental acceleration &Xt for
the extended time interval 1 is obtained from Eg. (5.16) and
for the normal time interval At, the incremental

acceleration is given by

AX, = DX, /8 (5.22)
For the regular time interval At instead of 1, the
Eq. (5.12) and (5.13) can be rewritten in the incremental

form as
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AR, = R Ot + AR, At/2 (5.23)
and
bX, = X, At + X At2/2 + AXt At2/6 (5.24)

t t

With Ait known, the incremental velocity and the
incremental displacement for the time interval At, is easily
obtained from Egs. (5.23) and (5.24). At the end of time

interval At, the displacement is then,

xt+At =X, + AXt (5.25)

and the velocity becomes

Roapr = Ry *+ 0Ky (5.26)

Finally, the initial acceleration for the next time
step 1is calculated from the equation of dynamic equilibrium

at the time t+At by

M C K X

Xioatt Feant Beeatr = Freat (5.27)

Xivpt?

and the process is repeated for the next time step.



CHAPTER VI

ANALYTICAL STUDY

6.1 General

Three typical reinforced concrete moment resisting
frames were analyzed using the proposed analytical model and
the Takeda model with the 'LARZ' program (37). The
buildings were subjected to a specified ground motion and
their responses calculated using the two different
analytical models were compared. A brief description of the
frames and the study parameters is given first, followed by
the comparison of results and the merits of the proposed

model.

6.2 Study Frames

Three moment resisting building frames MRF1, MRF2 and
MRF3 with five, seven and ten stories respectively, were
designed according to the current seismic provisions of the
Uniform Building Code (44). Each frame had two bays with
the columns assumed fixed at the foundation level.
Figure 6.1 shows the three frames with their overall
dimensions.

In conformity with the design of subassemblages for
the experimental study, the frame members were proportioned

to achieve a column to beam flexural strength ratio of 1.5,

107
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For a practical design, it is only possible to maintain the
column to beam flexural strength ratio within certain range
of the target values. For the external columns, which are
subjected to significant changes in the axial load due to
the overturning effect, such a ratio could only be defined
as an average value.

The material properties used in the design of frames
are given in Table 6.1. The ultimate moment capacities of
the beams and the interaction diagrams for the columns were
determined by a computer program for section analysis. The
column axial loads were assumed constant over a few stories
to reduce the number of different sections used for beams
and columns of the frames. Tables 6.2(a) through 6.2(c)
give the actual and assumed axial loads for the columns of
frames MRF1,MRF2 and MRF3, respectively.

It was not possible to maintain the same flexural
strength ratio of columns to beams at the roof level without
unnecessarily increasing the column size. The column to
beam flexural strength ratios at the external and internal
connections of all the stories of frames MRF1,MRF2 and MRF3
along with the beam and column section types used in each
frame are given in Tables 6.3(a) through 6.3(c),
respectively. Figure 6.2 shows the cross sectional and the
longitudinal reinforcement details of all types of beam and

column sections used in the frames.

6.3 Analysis Procedure

The reinforced concrete moment resisting frames MRF1,
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TABLE 6.1 ASSUMED MATERIAL PROPERTIES FOR FRAMES

fé = Compressive strength 4,000 psi
ft = Tensile strength 470
Concrete gy = Strain at maximum stress 0.003
e, = Ultimate strain 0.004
Ec = Modulus of Elasticity 3,600 ksi
fsy = yield stress 60,000 psi
Eg = Modulus of elasticity 29,000 ksi
Steel €gh = Strain hardening strain 0.0018
fsu = Ultimate strength 98,000 psi
€gy = Strain at ultimate strength 0.03

MRF2 and MRF3 described above, were analyzed using a
computer program named 'SIMPLE' (47) which was developed
specifically for this study. The program was based on the
analytical model proposed in Chapter V for the nonlinear
dynamic analysis of reinforced concrete frames. The primary
purpose of the analytical model and the associated computer
program was to develop a simple analysis tool suited
particularly for the design of frames without stiffness
interruptions. Because the control of lateral displacements
caused by an earthquake are of fundamental importance in the
design of a building, this procedure is aimed at determining
story level displacements with as little data preparation as

possible and at a very low «cost. Additional 1information
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about the program is given in Appendix G.

All frames were analyzed using a base acceleration
from the first ten seconds of the N-S component of the El
Centro, 1940 earthquake. The base acceleration was
normalized to a maximum value of 0.5g and was kept constant
for all analyses (Fig. 6.3).

The Wilson-6§ method which was used in this study for
the numerical solution of differential equations ensures
stability and convergence for a § value of 1.37 and more.
Although this solution technique is unconditionally stable
for any size of time step, for accuracy an increment of 0.01
second with a 6 value of 1.4 was used in this study.

One method of constructing a damping matrix 1is by
considering a linear combination of the mass and stiffness
matrices. An alternate approach described in Section 5.5
was used in this study. 1In this procedure, the contribution
to the damping matrix by each mode is explicitly specified
by assigning modal damping ratios for each mode. For the
purpose of comparison with the LARZ program (37), a modal

damping ratio of 10% was used for all modes.

6.4 Comparison of Results

To evaluate the proposed model, the results of
analyses were compared with that of LARZ program (37)
developed at The University of Illinois. The performance of
the LARZ program has already been tested by comparing its
calculated results with those measured during the shaking

table tests of small scale multi-story frames. Because the
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Takeda hysteresis model has been found to give reasonable
results, this option in the LARZ program was used for
analyses.

The scope of this analytical study was limited to the
analyses of three building frames subjected to a common base
acceleration input. As mentioned earlier, the objective of
this study was to develop a tool that provided reasonably
accurate story level displacements; an item checked
repetitively during the design stage of a building. In this
study, no attempt was made to duplicate the story level
displacement time-histories provided by the more complicated
and costly LARZ program. For a ten story two-bay frame, the
proposed model requires input data for for only ten elements
as compared to the input data for fifty elements needed by
the LARZ program. The computational time and the storage
space required by the SIMPLE program is correspondingly
smaller.

The absolute maximum story level displacements fqr
frames MRF1, MRF2 and MRF3 calculated by the SIMPLE program
and the LARZ program are given in Table 6.4. It can be seen
that the maximum top story displacements calculated by the
proposed model for all three frames are in good agreement
with correspondent displacements obtained by the LARZ
program. The deformed shapes of frames MRF1, MRF2 and MRF3
for maximum story displacements are presented in
Figs. 6.4(a), (b) and (c) respectively.

For the frame MRF1, a very close correlation is
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observed between the two models with a maximum difference of
7% at the first story level, Comparing the response of all
frames, it appears that the proposed model calculated larger
displacements at the lower story levels than the LARZ
program. The largest difference in max imum story
displacements occurred at the second and third story levels.
Displacements calculated by the proposed model for the upper
stories were generally within 5% of the values calculated by
the LARZ program.

Relative story displacements for these frames are
also plotted in Figs. 6.4(a), (b) and (c). The story drifts
for these frames were calculated by both models to be less
than 1.5% of the story height. For frame MRF1, the relative
story displacements in the top two stories were larger than
those calculated by the LARZ program and smaller in the
lower stories. For the seven and ten story frames, the
relative story displacements did not appear to have a
definite correlation with those calculated by the LARZ
program. These interstory displacements tended to fluctuate
more dramatically with the SIMPLE program than with the LARZ
program. This is attributed to the presence of higher modes
in the response calculated by the proposed model. The
larger contribution of higher modes is partly due to the
assumption of a uniform damping of 10% for all modes and
partly due to the 1idealization of the frame by a single
elastic column, which obviously did not have system damping

comparable to that for the LARZ model. The absence of
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higher frequencies in the LARZ output is due to the near
elimination of any contribution from the higher modes in the
formulation of the damping matrix.

The displacement response of MRF1 at the first,
third, fourth and fifth story levels is given in
Fig. 6.5(a). The higher frequency content noticed at the
first story level is progressively damped out in the upper
stories. Figure 6.5(b) presents the displacement history of
frame MRF2 at the first, third, fifth aﬁd roof levels. The
calculated response of the frame MRF3 1is plotted in
Fig. 6.5(c). The wave form for the story displacements had
the same shape for all the stories, but the amplitude
progressively increased for higher story levels. This
displacement pattern over the height of the frames indicated
that the frames responded approximately in the fundamental
mode. The LARZ program also showed a similar behavior. The
higher frequency content at small amplitude is observed in
the response of all frames. For large amplitudes at the
roof level, most of the higher frequencies are damped out.

A  typical hysteretic response of the 1inelastic
rotational spring at the fifth story level of the frame MRF2
is shown in Fig. 6.6. The significant number of small
amplitude reversals within the larger loop underline the
importance of rules which define the 1inner 1loops for the
hysteresis model.

In conclusion, it may be said that the SIMPLE model

achieved the desired objective of this analytical study. It
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calculated maximum story displacements comparable with the
more complex model. With its simpler idealization, use of
fewer elements, ease of data preparation and lower
computational cost, it provides an ideal tool for the design
of building frames. It may, however, be pointed out that if
the intention of the analysis were to calculate the
individual member behavior and an accurate time-history of
various responses, then a complex model will be more

appropriate.



CHAPTER VII

SUMMARY AND CONCLUSIONS

7.1 Summary

The primary cbjective of this research was to study
the behavior of interior beam to column connections of
reinforced concrete moment resisting frames. The
investigation was divided into two parts: (1) the
experimental investigation of beam to column connections and

(2) the analytical study of beam-column subassemblies.

7.1.1 Experimental Investigation

The main purpose of the experimental investigation
was:

(1) to study the effect of joint shear stress level on
the behavior of beam to column connections subjected
to quasi-static load reversals,

(2) to examine the effect of joint core confinement
provided by joint hoop reinforcement and by
transverse beams and slab on the behavior of beam to
column connection,

(3) to develop a simple and economical joint design

procedure.

To accomplish these objectives, six full scale

124



125

interior beam-column subassemblages were constructed. Three
of the subassemblages consisted of beams and columns only
(referred to as X-series) and the other three had in
addition transverse beams and slab (referred to as S-
series). The ratio of flexural strengths of columns to that
of beams was kept constant close at 1.5 1in all the
specimens. In the S-series specimens only a part of the
slab was considered <effective in flexural strength
computations. Variables for the test specimens included the
joint transverse hoop reinforcement ratio
(py = 0.75% to 1.15%) and the magnitude of joint shear
stress (10/fc' to 15/fc', psi units). The presence or
absence of transverse beams and slab was an additional
variable. The transverse joint hoop reinforcement was
provided either in two or three layers. Each layer
consisted of a square and a diamond shape hoop.

During testing the specimens were held vertically in
the testing frame with pin supports near the ends of beams
and columns. Slabs in the S-series specimens were stiffened
externally with steel channels at the beam support to
prevent any premature failure of slab slab. An average of
thirty electrical resistance strain gages were placed on the
reinforcement in and around the joint to continuously record
the strain wvariations during the loading cycles. The X-
series specimens also had two LVDTs placed diagonally at the
joint to measure its shear deformation. All specimens were

subjected to six or seven loading cycles. During the test
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strain gages and the LVDTs were read by a scanner unit at
discrete points in each loading cycle. The crack
development at each loading stage was carefully recorded and
marked on the specimen.

Based on the effects of various parameters observed
during the experimental investigation, a simple formulation
for design and evaluation of joints was proposed. Current
design recommendations for beam to column joints require two
independent conditions to be satisfied for a desirable
performance of the joint. It places an upper limit on the
magnitude of shear stress in the joint and specifies a
certain minimum amount of joint hoop reinforcement to ensure
proper confinement. However, there is no provision for the
interaction  of variables involved and it makes the
comparison of different designs of a joint difficult. The
suggested procedure introduces a new index referred to as
the joint performance index or simply the joint index. This
index integrates the effect of joint shear stress level,
joint hoop reinforcement, number of layers of joint hoops
and the effect of presence of transverse beams and slab.
Such an index provides a convenient tool for an economical
design of a joint and makes comparison of different joints
possible. The validity of this approach was tested against
the performance of joints tested during the experimental
investigation. An excellent agreement was found between the
proposed index and the observed behavior of the joints. A

limiting value of the joint index was then recommended for a



safe design.

7.1.2 Analytical Investigation

The analytical part of this research dealt with the
nonlinear dynamic analysis of reinforced concrete moment
resisting building frames. The main objective of this study
was to develop a simple analytical model of building frames
that could be employed as a design tool for the seismic
design of buildings. For such a purpose, this study was
further subdivided into two parts. In the first part, a
hysteresis model for beam-column subassemblage was developed
from the hysteretic behavior of test specimens observed
during the experimental investigation. The proposed model
for the hysteretic behavior of beam-column subassemblages
takes 1into account the stiffness degradation, pinching
effect, reduction of stiffness at unloading and the effect
of bar slippage through the joint,

The second part dealt with the development of a
simple analytical idealization of a building frame that
provided a cheap and convenient tool for checking the drift
limits of frames during the design process. The proposed
model is based on the acceptea design philosophy of strong
columns and weak beams. It is therefore, assumed that the
building frame to be analyzed has been designed according to
such a philisophy. In this model, columns are assumed to
remain elastic with all the inelastic action taking place in
the beams. The beams are further assumed to provide

rotational restraints at the story 1levels and are,
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therefore, replaced by equivalent rotational springs. These
rotational springs are assumed to follow the rules of the
hysteretic model described earlier. An interior column with
rotational restraints at the story levels is assumed to have
the same displacement pattern as the entire frame. The
floor mass of the column tributary area 1is considered
concentrated at each story level. Such a representation
required a minimum amount of data preparation and needed
comparatively less storage and computational effort. A
computer program named SIMPLE for the nonlinear dynamic
analysis of frames was specifically written for the
proposed model. The maximum story displacements of three
test frames showed good agreement with those calculated by

the LARZ program using the Takeda hysteresis model

7.2 Conclusions

The following conclusions were reached from the
results of the experimental and analytical investigations:

(1) The joint shear stress level significantly affected

the behavior of beam to column connections without

transverse beams and slab. However, the magnitude of

joint shear stress did not have a noticeable effect

on specimens with transverse beams and slab. The

additional shear area provided by the transverse

beams muted the deteriorating influence of higher
shear stress on the joint.

(2) Equal increases in the joint reinforcement of

specimens with and without transverse beams and



(3)

(4)

(5)

(6)

(7)

(8)
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slab, improved the behavior of former specimens more
than the ones without transverse beams and slab.

A well confined core in specimens with transverse
beams and slab is a pre-requisite for the effective
participation of confining members.

The joint performance index proposed in Section 4.5,
accurately reproduced the performance of all the
test specimens. This procedure provides a simple
tool for an economical design of beam to column
joints. It also allows the compérison of joints
with different values of parameters. A joint
performance index of ten or less is recommended for
a satisfactory performance of the joint,

A minimum column to beam flexural strength ratio of
1.5 was found suitable for design.

Column bars in all specimens showed more slippage
than the beam bars.

Confinement of the joint core by transverse hoop
reinforcement improved the behavior and was observed
to be equally important for specimens with
transverse beams and slab. Proper distribution of
the joint reinforcement over a number of layers is
essential for the hoops to be fully effective. For
a maximum effectiveness of the confining
reinforcement, a joint must have an odd number of
layers of hoops with a minimum of three layers.

Specimens with a lower joint shear stress dissipated
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relatively more energy than the specimens which had
a higher joint shear stress along with more
confining reinforcement in the joint.

(9) Higher strength of concrete affected the joint
behavior only prior to cracking. Specimens with a
higher concrete strength dissipated more energy
before cracking. In the post-cracking stage, the
behavior was mostly dependent upon the joint shear
stress level and the confinement of joint core.

(10) The proposed hysteretic model realistically
represented the hysteretic behavior of the beam-
column subassemblages observed during the tests. It
provided for large as well as small amplitude load
reversals.

(11) The simplified representation of the building frame
by an elastic column with nonlinear rotational
restraints at story levels was found to have good
agreement of maximum story displacements with the
more complex LARZ program. It required a minimum
amount of data preparation and was economical for
repetitive runs. For frames without abrupt
stiffness changes, such a model provided a
convenient design tool for frequent checks of story

drifts during the design stage.

7.4 Recommendations for Future Research

The experimental and analytical study reported here

satisfactorily met the intended objectives within the scope
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of this research. However, it also served to identify the
areas which needed further investigation. Some of these

areas recommended for future research are given below.

Experimental Study

1) The interaction of slab, transverse beams and the
joint needs more investigation. Further tests of
beam-column subassemblages instrumented specifically
for this purpose could lead to a better
understanding of the shear resistance mechanism.

2) The slippage of column bars was observed in all test
specimens. Various researches have been directed
towards preventing the slippage of bars through the
joint. A research solely directed towards
understanding the slip mechanism and its propagation
through the joint as affected by other joint
variables is desirable.

3) The effect of the length of transverse beams with
slab could be significant in determining the
permissible shear stress 1level 1in the joint. A
study aimed at determining the effective width of
slab and the effective length of transverse beams
could provide new insight into the joint behavior in
a real building.

4) A statistical study using the ©proposed joint
performance index to evaluate the joints tested
during previous investigations is recommended.

5) The behavior of beam to column connections under
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dynamic loading could be different. The common
procedure of simulating the earthquake loading with
a quasi-static loading routine may not provide the
true response. Further tests under dynamic loading

are recommended.

Analytical Study

1)

2)

3)

The proposed hysteresis model should be adarted to
one of the more complex programs. This will help
evaluate its performance compared to other
hysteresis models without the prejudice of the
associated analytical model.

A further improvement of the analytical model to
include all the frame columns and a shear wall will
be very usefull. The model could then provide time-
histories for story displacements, overturning
moments and the base shear.

Damping has a significant effect on the building
response calculated by various programs. A further

study on the effect of damping seems appropriate.
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