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SEISMIC RESPONSE OF CONNECTIONS IN INDETERMINATE
R/C FRAME SUBASSEMBLIES

ABSTRACT

The behavior of beam-to-column connections under
earthquake-type loading has been studied in the past by testing
isolated interior or exterior connections. In such tests, the
beams are allowed to elongate freely when subjected to large
deformation reversal. In a real building, however, the beams
may be partially restrained against such elongation. The
current design procedures which have been developed on the
basis of tests on isolated connections, therefore, ignore the
effects of continuity and beam elongation on the performance

of connections.

In this investigation, the behavior of connections was
studied by testing indeterminate frame subassemblies under
earthguake-type loading. Six half-scale multiple-connection
subassemblies were tested. Each subassembly consisted of a
two-bay frame isolated at the column mid-heights. Five single
connection subassemblies were also tested to correlate the
behavior of connections in multiple—coﬁnection subassemblies
with the behavior of connections cobserved by testing isolated

connections.
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Tests have shown that restriction to elongation of beams
in indeterminate systems resulted in axial compression in beans
which in turn had a significant effect on the performance of
connections. The joint shear increased in both interior and
exterior connections and the column-to-beam flexural strength
ratio decreased. The energy dissipation was not affected by
the continuity, but the lateral lcad resistance increased
signifiéantly. The stiffness degradation was more controlled
and gradual in the indeterminate subassemblies compared to
that cbserved in isoclated connections. Based on the observed
mechanism of lateral load resistance and the observed behavior
of connections, a procedure 1is presented to account for the
presence of axial compression in the main beams in the design

of beam-to-column connections.
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Chapter 1

INTRODUCTION

1.1 General

Multistory reinforced concrete frames are expected to
undergo large inelastic deformation reversals during earth-
quakes of moderate to strong intensity. These deformations
are mostly concentrated in areas such as beam-column joints
and the beam flexural hinges. In order to preserve the integrity
of a structure, such critical regions must be designed and
detailed to dissipate the input earthquake energy without any

significant loss of strength and stiffness.

The seismic response of beam-to-column connections has
been traditionally studied by testing isolated interior or
exterior connections under simulated earthquake-type loading
(1-28). When a frame is subjected to lateral earthquake forces,
the effect of gravity load, particularly for the intermediate
and lower stories, 1s assumed to be relatively small and
neglected. This assumption implies that the points of
inflection occur at the mid-span of the beams and at the

mid-height of the columns. The resulting testing arrangement



which is undoubtedly economical and convenient, represents an
interior connection or an exterior connection where the beanms
and the upper and lower columns cantilever out from the joint.
Since these test subassemblies are determinate, the forces
acting on the joint can be easily computed. The current
understanding of the behavior of connections and the procedure
for the design of connections are almost entirely based on
cbservations and conclusions drawn from such tests on isolated

connections.

However, there are still many questions to be answered on
the applicability of the behavior observed from tests on
isolated connections to the response of connections in a real
building. The connections in real buildings respond under a
set of boundary conditions that can be quite different from
what 1is assumed in the laboratory tests. The isolated
connections tested 1in laboratory typically experience
elongation of the main beams which results mostly from yielding
of longitudinal bars in the flexural hinging region. Since
the beams in such tests are free to elongate, no axial
compression can develop in the beams. In a real building,
this will occur only if flexural hinges in the beams at all
floor levels would develop simultaneously and have identical
plastic rotation. However, nonlinear analyses of frame

buildings (29) have shown that not only do the hinges propagate



along the height of the building but they may also not occur
simultaneously at the same floor level. Consequently, the
floor beams which yielded first or experienced more inelastic
deformation compared to beams at adjacent floors may be
partially restrained against free elongation. This phenomenon
could result in the development of axial compression in certain
beams, which would increase their flexural capacity and affect

the distribution of lateral lcad among the columns.

1.2 Objectives and Scope

The first objective of this investigation was to study the
behavior of beam-to-column connections in multiple-connection
frame subassemblies subjected to earthquake-type 1locading.
Testing of such frame subassemblies represents a new generation
of tests where the continuity in the test frame provides the
connections with an indeterminate environment that more closely
simulates the case of a real building. The variables
investigated in this study included (1) the presence of
transverse beams, (2) the presence of transverse beams and a
floor slab, (3) the amount of joint transverse reinforcement,
and (4) the location of beam flexural hinges with respect the

column face,

The second objective of this investigation was to compare

the behavior of connections when tested as isolated interior



or exterior connections, as has been done in the past, to their
behavior when tested as multiple-connection frame
subassemblies. The connections studied in this section included
(1) beam-to-column connections without a floor slab, and (2)
beam-to-column connections with transverse beams and a floor

slab.

In order to accomplish these objectives, eleven half-scale
beam-to-column connection subassemblies were tested under
earthquake-type loading. Six of these subassemblies were
two-bay frames isolated at column mid-heights. The other five
test subassemblies were single interior or exterior connections

which were isolated from column mid-heights and beam mid-spans.

1.3 Literature Review

During the 1960s, investigations of structural damage
following several severe earthquakes, including earthquakes
in Chile (30), Caracas (31), Tokachi-Oki (32), and San Fernando
(33), have called attention to the importance of proper design
and detailing of members and joints in moment resisting frames.
Since then, a great number of research programns in many different
countries have investigated the behavior of beam-to~-column
connections and develcoped design recommendations. These

research programs significantly improved the understanding of



the behavior of frame structures subjected to earthquake-type
loading and some of the recommendations have been incorporated

in building codes (34-38).

In this section, the contribution of some of these research
programs to the current understanding of the behavior of
beam-to-column connections subjected to earthquake-type

loading is reviewed.

Hanson and Conner (1) conducted some of the earliest tests
on the behavior of connections by testing sixteen beam~-to-column
connection subassemblies. They brought out the importance of
the joint transverse reinforcement in improving the seisnic
behavior of connections. They also noted that adequate energy
dissipation in members adjacent to the joint can be achieved
if proper attention was given to the rebar anchorage and the

joint confinement.

During the mid 1970s most researchers concentrated on
investigating the shear failure through the joint core and,
thus, a better understanding of the joint shear mechanism was
developed. The idea of shifting the beam flexural hinges away
from the face of the columns to further protect the joint was
alsc developed. Zhang and Jirsa (39), analyzed data from a
large number of beam~column Jjoints tested in six different

countries. They concluded that the joint shear is resisted



by an inclined concrete compression strut and they developed
a formula which reflects the effect of all the factors that
influence the joint shear strength. Paulay, Park, and Priestley
{6), however, emphasized that the joint shear is resisted by
a combination of a concrete diagonal strut and a truss mechanism
consisting of horizontal and vertical reinforcement. They
also noted that the shear resistance of the concrete diagonal
strut diminished when plastic hinges formed in the beams
adjacent to the column faces. Popov and Bertero (40), suggested
that all beams in energy dissipating building frameé should
be designed to form plastic hinges away from the column face
to prevent beam bar yielding from penetration into the joint
core. Abdel-Fattah and Wight (17), investigated relocating
the beam flexural hinges away from the face of the column with
the use of intermediate layers of longitudinal reinforcement
and extra top and bottom steel in the beam. They noted that
with such an arrangement the joint was not highly distressed
and a better environment to develop the required bond stresses

inside the joint was provided.

Bond deterioration along beam and column bars within joints
during seismic loading is undesirable since slip of
reinforcement results in increased deformation of the frame,
loss of the stiffness and reduction in energy dissipation

capability of connections. Therefore, desigh codes limit the



diameter of beam and column 1longitudinal bars in moment
resisting frames to a proportion of the column and beam depth,
respectively. Hawkins, Kobayashi and Fourney (41) studied the
bond deterioration in exterior connections subjected to cyclic
locading. They observed that under cyclic locading, bond failed
at much lower drift level than for monotonic loading. Zhu and
Jirsa (42) evaluated few selected past investigations of
beam-to-column connections and observed no significant bond
damage at interstory drift of 3 percent. Park (43) studied
the anchorage of beam bars in four interior beam-to-column
connection subassemblies and showed that by including the
concrete strength and the ratio of the areas of compression
to tension reinforcement, a considerable relaxation in the
maximum permitted diameter of beam bars passing through interior

joints can be achieved.

The effect of concrete properties on the performance of
beam-to-column connections was reported in two different
studies. Bertero, Popov, and Fourzani (8) tested two interior
beam-to-column connections constructed of 1light-weight
concrete, and compared the results with similar specimens but
constructed of normal-weight concrete. They observed that the
energy dissipated by the light-weight concrete specimens was
considerably smaller than that of the similar normal-weight

concrete specimens. This was mainly due to the earlier slippage



of beam reinforcement through the joint. Ehsani, Mousa and
Vallenilla (22) tested four exterior beam-to-column connections
constructed of high-strength concrete ( f. = 9500 psi ). They
concluded that the shear strength of the joint should be a
function of the concrete compressive strength, and that
connections constructed with high-strength concrete can exhibit
ductile response, similar to those constructed with

ordinary-strength concrete, only if properly detailed,

Early in the 1980s, the presence of the floor slab was
introduced as a major factor that influenced the behavior of
beam-to-column connections. In a real building, the slab is
cast monolithically with the floor beams and interact
structurally with the framing members. Durrani and Wight (10)
investigated the effect of a floor slab on the behavior of
interior connections by testing six beam-to-column connection
subassemblies. They concluded that the joint confinement
provided by the transverse beams depended upon their torsional
stiffness. They also proposed a hysteretic model which
realistically represented the hysteretic behavior observed
during their tests. Ehsani and Wight (11) studied the behavior
of connecticons with a floor slab by testing twelve exterior

beam~-to-column connection subassemblies. They observed that



all slab reinforcement yielded during negative bending, which
caused the column to beam flexural strength ratio to drop below

1 and resulted in hinging of columns instead of beanms.

As more data on the effect of the presence of a floor slab
became available, the need to define an effective slab width
to be considered in the design of connections became important.
Zerbe and Durrani (16) tested seven exterior beam-to-column
connections with a variable slab width. They concluded that
the participation of floor slab tc negative bending in exterior
connections depended upon the extent of torsional damage in
the transverse beams. They also recommended that in connections
where torsional failure of transverse beams is anticipated,
the effective slab width can be considered as the column width
plus twice the depth of the transverse beams. Pantazopoulou
and Moehle (44) studied data from recent tests on connections
with a floor slab and developed a simple model to account for
the contribution of slab to the strength and stiffness of beams
under negative bending. They recommended that a slab width
equal to 1.5 times the effective beam depth on each side of
the beam should be considered effective before yielding of
beam reinforcement. For deformation levels to be expected in
a moderate earthquake, they recommended an effective slab width
equal to 3 times the beam effective depth on each side of the

beamnm.
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Although the behavior of beam-to-cclumn connections has
been under investigation for a long period of time, some
difficulties arise when their performance is evaluated in
relation to the overall building response. Recently, testing
of isolated interior or exterior connections have been
criticized for not going far enough in simulating frame
structures where redistribution of forces among framing members
is permitted. Jirsa (45), expressed the need to test
indeterminate beam-to-column connection subassemblies in order
to simulate actual structures and indicated that the rationality
of the design recommendations is a function of the rationality

of the test specimens.

Besides some small scale structure tested on shaking tables,
few studies reported tests on indeterminate beam-to-column
connection subassemblies. A cooperative research program was
initiated by Japan and the United States in 1977 to improve
the safety of building structures subjected tc earthquakes.
The central activity of the program was the testing of a
large-scale seven-story reinforced concrete structure at the
Building Research Institute in Tsukuba-Japan (46). One of the
cbservation from the test results was that the structure carried
base shear substantially higher than the base shear calculated

thecretically before the test. This increase in the expected
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base shear was the result of the contribution of the slab
reinforcement to beam flexural capacity and the strain hardening

of the reinforcement.

Seckin (47) tested two indeterminate subassemblies, each
consisting of one interior ceclumn and one exterior column
framed together with a continuous beam extending beyond the
interior column. Based on the test results it was concluded
that the system tended to utilize its reserved capacity when
load redistribution starts. It was also observed that a well
confined exterior joint would result in plastic deformation
in beam segments, even if the beam rebars slip through the
interior joint. Kokusho et al (48) studied the effect of axial
force which may develop in the beams of indeterminate structures
due to restraint against free elongation. They observed an
increase in the beam flexural capacity which ranged from 50

percent to 100 percent of the strength of unrestricted beams.
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Chapter 2

EXPERIMENTAL PROGRAM

2.1 Description of Test Specimens

Eleven half-scale specimens were tested during this study.
. The specimens were divided into two categories. The first
category consisted of six multiple-connection subassemblies,
and the second category consisted of five single-connection
subassemblies. The configuration and the designation of the

specimens are showh in Table 2.1.

Each of the multiple-connection subassemblies represented
one story of a two-bay frame isolated at the column mid-heights
as shown in Fig. 2.1. This specimen configquration was based
on the assumption that, under lateral loading, the points of
inflection in a multistory frame occurred at mid-height of
columns and remained stationary. The first specimen, specimen
C, represented the basic configuration, and was composed of
one interior and two exterior connections. The second specimen,
specimen CTB, was identical to the first specimen except that
transverse beams were added to the basic configuration. The

third specimen, specimen CS1l, had a floor slab in addition to
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Table 2.1

SPECIMEN CONFIGURATION

Category| Specimen Specimen Specimen _ Specimen
Designation Type Configuration Description
1 c Combined Basic
Configuration
CTB Comb ined Transverse Beams
Csi Combined Transverse Beams
and Slab
cs2 Combined Reduced Joint
Reinforcement
Cs3 Combined gL Relocated Flexu-
L ral Hinges
Cs4 Combined Reduced Joint
Reinf. (Repeat
of CS2)
2 I Interior ~—+—— Subset of C
E Exterior F—- Subset of C
Is1 Interior $ Subset of CS1
ES1 Exterior 4= Subset of CS81
ES2 Exterior A= Smaller Trans-

verse Beams
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the transverse beams. The fourth specimen, specimen CS2, was
similar to specimen CS1 except that it had smaller amount of
joint transverse reinforcement. The fifth specimen, specimen
CS3, was identical to specimen CS2 except that the beam flexural
hinging regions were relocated away from the face of the
columns. The sixth specimen, specimen CS4, was a repeat of

specimen CS2.

The five single-connection specimens represented interior
or exterior connections isolated at the beam mid-span of the
multiple~-connection specimens, as shown in Fig. 2.1. Specimen
I and specimen E represented the interior connection and the
exterior connection of specimen C, respectively. Specimen IS1
and specimen ES1 represented the interior connection and the
exterior connection of specimen CS1, respectively. Specimen
ES2 was an exterior connection, which was identical to specimen
ES1 except that the transverse beams were smaller. Specimen
ES2 did not represent any part of any of the multiple-connection

specimens.

Since the comparison of behavior between the multiple and
the single connection subassemblies is a major part of this
study, six of the specimens were divided into two series.
First, the without slab series, and it consisted of specimens

¢, I, and E. Second, the with slab series, and it consisted
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of specimens €S1, IS1l, and ES1. Specimens C and CS1 are
referred to as the continuous or the combined specimens.
Specimens I and ISl are referred to as isolated or single
interior connections, and specimens E and ES1 are referred to

as isolated or single exterior connections.
2.2 Specimen Configuration and Reinforcing Detail

The overall dimensions of the test specimens i.e. the total
column height, the center to center of the columns, and the
total width of the slab were restricted by the testing frame
and were equal to 58 in., 84 in. and 56 in., respectively.
Figure 2.2 shows an elevation and a plan view of a typical

multiple~-connection specimen with a floor slab.

Different column cross-sections were used for the interior
and the exterior c¢olumns. The interior columns were 10 x 10
in. with eight #6 reinforcing rebars distributed uniformly
around the column perimeter. The exterior cclumns were 10 x
10 in. with four #6 rebars placed at the column corners. All
beams had an 8 X 12 in. cross-section which was symmetrically
reinforced with two #5 rebars at the top and two #5 rebars at
the bottom. The main beam rebars passed through the interior
joint and were terminated with 90 degree standard hooks at the
outer face of the exterior joints. The slab was 56 in. wide

and 3 in. thick with eight #3 rebars uniformly distributed on
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both sides of the main beam. Except in specimen ES2, all
specimens had a cross-section of transverse beams which was
identical to that of the main beam. In specimen ES2, however,
the cross-section of transverse beams was reduced to 7.5 x
10.5 in. with two #4 rebars at the top and two #4 rebars at
the bottom. A summary of the reinforcement is given in Table
2.2, and the detailing of the reinforcement and the member
cross-sections are shown in Figs. 2.3, 2.4(a), and 2.4(b)
respectively. Columns and beams were provided with adequate

shear reinforcement to avoid any premature shear failure.

The main beam reinforcement of specimen CS3 was modified
to move the flexural hinging regions a distance equal to the
beam effective depth away from the faces of the columns. The
top beam reinforcement was reduced to two #3 rebars and the
bottom beam reinforcement was reduced to two #4 rebars.
Additional two #4 U-shape reinforcing rebars were added to the
top and the bottom reinforcement covering a distance of 10.3
in. away from the faces of the columns. The detail of the

beam reinforcement of specimen CS3 is shown in Fig. 2.5.
2.3 Design Parameters
2.3.1 Flexural Strength

The design of test specimens was based on the well accepted
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Table 2.2

MEMBER REINFORCEMENT

Beam Beam |[|Interior|Exterior| Slab Joint
Specimen Top Bottom | Column | Column | Reinf. Hoop

Reinf. | Reinf. | Reinf. Reinf. reinf.

C 2#5 245 8#6 446 - 3#3
CTB 2#5 245 8#6 446 - 343
Ccs1 2#5 245 846 4#6 84#3 3#3
Cs2 245 245 846 446 843 2%#3
cs3* 243 2#3 846 446 843 243

2#4 2#4

CS4 245 245 8#6 446 84#3 2#3
I 2#5 2#5 84%#6 - - 3#3
E 2#5 2#5 - 4#6 -= 3#3
Is1 245 245 846 - 8#3 3#3
ES1 245 245 -- 4%#6 8#3 3#3
ES2 2#5 2#5 - 4#6 8#3 343

* 2#4 rebars are provided only in strong section (see

Fig.

2.5).
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strong column~weak beam design philosophy. The interior and
the exterior columns were subjected to 40 Kips and 25 Kips
axial locad, respectively. These loads simulated the gravity
lcad and were equivalent to about 23 percent of the balanced
load for the interior column and about 15 percent of the
balanced load for the exterior column. The P-M interaction

diagrams of the columns are shown in Fig. 2.6.

In specimens without a slab, the beam top and bottom
reinforcement were equal, hence the positive and the negative
flexural capacities of the beam were identical. The basic
specimen C, had a column to beam flexural strength ratio of
1.88 for the interior connection and 2.41 for the exterior
connection. In specimens with a slab, however, the negative
flexural capacity depended upon the amount of slab reinforcement
assumed effective in resisting tension. In the design of
specimens, reinforcement in the entire width of slab was assumed
effective in calculating the flexural capacity of the beams.
Based on this assumption, the column to beam flexural strength
ratio for the specimen with a slab (CS1l), was equal to 1.19
for the interior connection. For the exterior connection, the
column to beam flexural strength ratio was 1.20 for slab in
tension, and 2.08 for slab in compression. The calculated
column and beam flexural capacities wvaried slightly among

specimens due to the slight variation in the measured concrete
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strength. Table 2.3 summarizes the column and beam flexural
strengths, and the column to beam flexural strength ratios for

all specimens using the actual material properties.

2.3.2 Shear in the Joint

The shear stress in the joints was calculated as follows:

v = ; (2.1)

where I, is the shear in the joint as defined in Fig. 2.7, h.
is the depth of the column in the lcading direction and, b, is
ecqual to (b,+b,.)/2 but less than b,+(b./72). Where b, is the

width of the beam, and b, is the width of the column.

The joint shear stresses in the interior and exterior
connections of all specimens, based on Egqn. 2.1, are summarized
in Table 2.4. These shear stresses were calculated based on
the actual material properties with the steel yield strength
increased by 25 percent to account for strain hardening. The
design joint shear stress in exterior connections without a
floor slab was 5.544f. which by including the slab
reinforcement in joint shear calculation, becomes 15.04VGZ for
specimens with a slab. Similarly, the joint shear stress in
interior connections was 11.084 /. in specimens without a slab

and 20.45 .f;if the reinforcement in the entire slab width was
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FLEXURAL STRENGTH OF BEAMS AND COLUMNS
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Interior Exterior
Specimen M M; M., R M., R R
(K-in) | (X-in) | (K~in) (K-in)

C 494.0 494,0 931.5 1.88 594.5 2.41 2.41
CTB 491.5 491.5 922.5 1.88 590.5 2.40 2.40
Cs1 568.5 982.5 925.5 1.19 591.5 2.08 1.20
cs2 568.5 982.5 925.5 1.19 591.5 2.08 1.20
CcS3 664.0 | 1031.5| 938.5 1.11 599.5 1.81 1.16
CcS54 583.5 ] 1005.0 ) 943.5 1.19 602.5 2.07 1.20

I 488.0 488.0 910.5 1.87 -- -— --

E 488.0 488.0 -- - 585.5 2.40 2.40
ISi 555.5 959.5 902.5 1.19 - - -
ES1 560.5 968.5 -— - 585.5 2.09 1.21
ES2 572.5 988.5 - - 5985.5 2.08 1.20
+ Slab in Compression
- Slab in Tension
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included is joint shear calculations. The design joint shear
varied slightly among the specimens due to the slight variation
in the measured concrete strength. The concrete strength for
each specimen at testing date and the joint shear stress factors

are given in Table 2.4.
2.3.3 Joint Reinforcement

The joint transverse reinforcement in interior and exterior
connections consisted of three #3 closed hoops placed 3 in.
apart. In the case of specimens CS2, CS3, and CS4, only two
#3 hoops were used with a center~to-center spacing of 4 inches,
The transverse hoop reinforcement ratio, p, was 0.96 percent
for three hoops and 0.64 percent for two hoops. This ratio

is defined as

_ Asy 2.2
p = b.(d-d) (2.2)

where A;; is the total hoop area, b, is the width of the colunmn,
and (d-d’) is the distance between the beam top and bottom

reinforcement.
2.3.4 Anchorage of Reinforcement

To control the slippage of beam and column reinforcement

passing through the joint, the provided ratios of the column
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depth to the beam bar diameter and the beam depth to the column
bar diameter were equal to 16. For the beam bars terminating
in the exterior joints embedment lengths of 7.65 in. and 7 in.
were provided for top and bottom beam bars, respectively.
These embedment lengths are measured from the face of the hoops

to the end of the bent rebar, as shown in Fig. 2.8.
2.3.5 Relocation of Beam Flexural Hinges

Two beam sections with different flexural strengths were
designed in order to shift the beam inelastic action away from
column faces. The first section is the sﬁrong section and it
was located between the column faces and a distance equal to
10.3 in. away from the column faces. The second section is
the weak section and it covered the rest of the beam. The
design of the sections was such that when beam hinging occurred
at the weak section, the corresponding moment at the face of
the column would remain below the flexural strength of the
strong section, as illustrated in Fig. 2.9. The Flexural
strengths of the weak and the strong sections were based on
the assumption that the entire slab reinforcement was effective
in tension. The moment developed at the face of the column
when the weak section reached its maximum strength was used
to determine the column to beam flexural strength ratio shown

in Table 2.2. Although the beam bars were not expected to
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yield at the column face, the joint shear stresses, shown in
Table 2.3, were calculated as if the beam reinforcement at the
strong section was yielding. The 25 percent increase in the
strength of the reinforcement to account for strain hardening,
however, was not included in calculating the shear in the

joints.

2.4 Preparation of Specimens

2.4.1 Material Properties

The test specimens in this study were designed with a
28-day concrete compressive strength of 5000 psi with a slump
of 3 to 4 inches. The actual concrete strength, however,
varied between 5500 psi and 6000 psi. This was obtained by
testing 6 x 12 in. standard concrete cylinders. A total of
18 cylinders were cast with each multiple-connection specimen
and 6 cylinders were cast with each single-connection specimen.
Half of the cylinders were tested on the 28th day and the other
half were tested on the day of testing the specimen. The
average concrete compressive strengths at 28 days and at the

day of testing of specimens are summarized in Table 2.5.

Reinforcement in each specimen consisted of Grade 60 steel.

The stress-strain relationship of steel was obtained by testing
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Table 2.5

STRENGTH OF CONCRETE

Compressive Strength (psi) Age at Day
Specimen at of Test

28 Days Day of Test Days

C 5170 5805 230
CTB 4940 5640 217
CS1 4925 5695 204
cs2 5020 5695 162
CS83 5710 6000 47
Cs4 5670 6130 62
1 5140 5425 180
E 5140 5425 184
IS1 4845 5265 181
ES1 4745 5425 167
ES2 5340 5810 52
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three randomly selected samples representing each rebar
diameter. The properties of the steel at yield, strain hardening

and ultimate are listed in Table 2.6.
2.4.2 Fabrication Process

The specimens were cast vertically in a reusable plywood
formwork, shown in Fig. 2.10, which was cleaned and modified
after each casting to accommecdate the different configurations
of the test specimens. Prior to assembling the reinforcing
cage, strain gages were bonded on the reinforcement at
appropriate locations and were covered with special coatings
for protection against impact and water penetration during

casting of concrete.

The concrete mix for specimens was prepared in the
laboratery. All specimens were cast in two stages. Stage 1,
included the bottom columns, the beams and the slab. After
allowing the concrete to set for one hour, the top columns
were cast as a second stage. The formwork was stripped on the
fifth day, and the specimens were wrapped with wet burlap bags
and plastic sheets for 15 days to complete the curing process.
The specimens were then stored in the laboratory, as shown in
Fig. 2.11, until the day of testing. The concrete cylinders
wére treated identical to their mother specimens and were cured

in a2 similar environment.
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Table 2.6

REINFORCING STEEL PROPERTIES

Rebar €, €. fy fu E E
# in/in in/in Ksi Ksi Ksi Ksi
3 0.002 0.012 66 105 33000 2917
4 0.002 0.011 63 102 31500 2000
5 0.0021 | 0.0075 60 101 28570 1570
6 0.0025 0.009 68 107 27200 2059
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2.5 Testing Procedure
2.5.1 Test sSet~Up

The test set-up consisted of a steel reaction frame with
a four-hinge interior 1loading frame capable of lateral
displacement. Figure 2.12 shows a photograph of the testing
frame and Fig. 2.13 shows a schematic of the loading frame.
The test specimens were tested in a vertical position with the
lateral displacements applied at the top of the columns through
the rigid transfer beam of the four-hinge loading frame. The
top ends of the columns were pin connected to the rigid transfer
beam and the bottom ends of the columns were attached to the
reaction frame through a link mechanism that allowed rotation
as well as vertical movement but restrained the column ends

from lateral displacement.

Since this study is one of the few attempts at testing
indeterminate subassemblies, it may be of interest to discuss
the merits as well as the limitations of this testing
arrangement. Short of testing a multistory frame, the test
set-up used in this study is relatively simple and convenient
for studying the performance of connections in indeterminate
subassemblies. It is also a suitable arrangement for studying
the effect of axial restriction on the elongation of main beams

in multi-bay frame subassemblies subjected to large deformation
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reversals. The later facility may also be regarded as its
limitation if it is believed that the floor beams in a real
building are free to elongate. In that case, this set-up will
more closely simulate the first floor behavior since the
foundations, unlike floor beams, can not expand. It also
approximates the situation where a particular story experiences
relatively more inelastic deformations than that experienced
by the adjacent stories. Furthermore, by terminating the top
and bottom columns at inflection points, the effect of axial
restraint may be exaggerated at large drift levels. On balance,
however, it is believed that this testing arrangement represents
a step closer to reality and can provide a better insight into

the behavior of connections and frame subassemblies.

The cyclic routine was applied through a displacement
contreolled actuator placed at the top of the four-hinge loading
frame. One inch thick steel plates were welded to the
reinforcement at the column and beam free ends to provide
connection between the test specimen and the test set-up. In
single-connection specimens, the beam free ends were pin
connected with the reaction frame as shown in Fig 2.14. Such
a connection restrained the beam against any vertical movement,
while rotation and horizontal translation were permitted. The
column axial load was applied 24 hours prior to testing, through

hydraulic jacks placed at the bottom of the columns.
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2.5.2 Displacement Routine

All specimens were subjected to the same predetermined
displacement routine shown in Fig. 2.15. This routine consisted
of twelve cycles varying from 0.25 percent to 5 percent of the
total column height with the one percent cycle repeated three
times in order to detect the stiffness decay. Before reaching
the peak of any cycle, the test was paused several times to
collect data. These stops corresponded to significant changes

in the slope of the load vs. displacement curves.

2.6 Instrumentation

2.6.1 Load-Displacement

The displacement applied at the top of the columns and its
corresponding load were measured with a Linear Variable
Differential Transformer (LVDT) and a load cell directly
attached to the actuator. The lcad and displacement from the

actuator were continuously plotted on an X-Y analog plotter.

2.6.2 Shear in the Columns

The distribution of the total load among the columns of
the multiple-connection specimens was measured with three shear

transducers placed between the top ends of the columns and the
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rigid transfer beam. These shear transducers were composed
of a full Wheatstone bridge attached diagonally to a steel

clevis to measure shear forces only.

2.6.3 strain Gages

An average of 90 strain gages were attached to the
reinforcement of the multiple-connection specimens. These
strain gages were located in the joints and their surrounding
beams, columns, and slab, as shown in Fig. 2.16. The isclated
interior and isolated exterior connections had strain gages
placed at locations similar to these in the interior and the

exterior connections of the multiple-connection specimens.

2.6.4 LVDTs

Six LVDTs were used to measure the beam elongation and the
rotation in the beam flexural hinging regions. These LVDTs
were placed at the top and the bottom of the main beams covering
a gage length of 12 in. away from the face of the column. Two
pairs were used in the interior connection and one pair was
used in the exterior connection. The location of the LVDTs

is shown in Fig. 2.16.
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Chapter 3

RESPONSE OF INDETERMINATE SUBASSEMBLIES

In order to study the performance of connections in
indeterminate frames, six multiple beam-to-column connection
subassemblies were tested during this experimental
investigation. The wvariables studied were the presence of
unloaded transverse beams, the presence of a floor slab, the
amount of joint transverse reinforcement, and the location of
the beam flexural hinging region. In this chapter, the general
performance of the test subassemblies is presented, and the
effect of each of the studied variables on the performance of

bean-to-column connections is discussed.

3.1 General Behavior

Different types of data collected during the tests consisted
of the 1locad vs. displacement plots, the formation and
propagation of cracks, the reinforcement strain history, and
the rotation and elongation of beam flexural hinging regions.
These results are presented in this section in terms of the

overall behavior of each specimen.
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3.1.1 Load-Displacement Response

All specimens were subjected to the same predetermined
displacement routine. The displacement was applied
horizontally at the top of the columns simulating the lateral
shear imposed on columns during seismic input. The maximum
displacement during each c¢ycle corresponded to an even
percentage of the total column height referred to as drift
level. For the purpose of consistency, the term ’drift’ will
replace ‘displacement’ throughout the rest of the report. The
drift was defined as positive drift when the load was applied
from the right to the left, and negative drift when the load
was applied from the left to the right. The resulting load vs.
drift plots of each multiple~-connection subassembly are shown
in Figs. 3.1(a) through 3.1(f). These plots provide a variety
of information on the response of subassemblies., These include
the lateral shear resistance during each cycle, stiffness
degradation of the test specimen, and the energy dissipated

during each cycle.

The cyclic strength of a specimen is defined as the load
resisted by the specimen at the peak of a displacement cycle.
The maximum strength of a specimen, however, is the maximum
load carried by the specimen during the entire cyclic routine.

The ratio of the cyclic strength to the maximum strength of
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the test specimens is summarized in Table 3.1. Due to symmetry
in all multiple~connection specimens, the strength was taken
as the average of the strengths achieved at the positive peak
and the negative peak of a cycle. The reference specimen, C,
and the specimen with unloaded transverse beams, CTB, reached
their maximum strength at the 4 percent drift cycle and were
able to maintain their full strength throughout the 5 percent
drift cycle. The specimen with a floor slab, CS1, and the
specimen with a floor slab but with a reduced amount of joint
transverse reinforcement, €S4, showed increasing resistance
throughout the entire loading routine. Specimen €S2 which is
identical to specimen CS4 reached its maximum strength during
the 4 percent drift cycle. During the 5 percent drift cycle
the specimen experienced a small drop in its strength. This
drop in strength is attributed to an unforeseen shear damage
in the bottom interior column resulting from a malfunction of

the test set-up.

The specimen CS3, with the relocated flexural hinging
regions also achieved its maximum strength during the 4 percent
drift cycle. During the 5 percent drift cycle, however, the
specimen was able to carry only 86 percent of its maximum load.
This significant drop in the strength of specimen CS3 is due
to excessive damage that occurred in the flexural hinging

regions.
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Table 3.1

RELATIVE CYCLIC STRENGTH OF SPECIMENS

Cyclic strength normalized with respect to
the maximum strength
Specimen Drift (%)

0.25 0.5 1 1.5 2 3 4 5
C 0.17 0.32 0.%54 o0.71 0.81 ¢©€.922 1.00 1.00
CTB 0.16 0.29 0.52 0.71 0.82 @¢.95 1.00 1.00
Cs1 0.13 0.25 0.47 0.58 0.70 0.85 0.%96 1.00
cs2 0.13 0.25 0.44 0.58 0.71 0.91 1.00 0.98
Cs3 0.13 0.27 0.47 0.62 0.75 0.94 1.00 0.86
CS4 0.14 ©0.26 ©0.46 0.62 0.75 0.82 0.%92 1.00
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Stiffness is an important measure of the performance of
connections. Excessive shear deformation in the joints or
loss of bond in beam and column reinforcement is reflected in
the degradation of stiffness. During the loading sequence,
1 percent drift cycles, i.e. cycles 3, 7 and 11, were introduced
to measure the stiffness of the test specimens. The stiffness
measured from these cycles is defined as the average slope of
the two lines connecting the zero displacement points to the
positive and negative peaks of the cycles, as shown in Fig.
3.2. This stiffness definition was adopted in this study and
it will be used throughout the report. The stiffness measured
in cycle 3 in all test specimens was equal to their initial
stiffness. The stiffness measured in cycles 7 and 11 represent
the stiffness after the specimen has experienced drifts of 2
percent and 4 percent, respectively. For the purpose of
comparison, the stiffness measured in cycles 3, 7 and 11 is
normalized with respect to the initial stiffness for all

multiple-connection subassemblies, as shown in Table 3.2.

Two distinct behaviors were observed with respect to
stiffness degradation. The multiple-connection subassemblies
without a floor slab, specimens C and CTB, lost more than 50
percent of their initial stiffness after they were subjected
to a drift level of 4 percent. In the multiple-connection

subassemblies with a floor slab, however, the loss of stiffness



Table 3.2

STIFFNESS DEGRADATION OF SPECIMENS

Stiffness of 1 percent drift

cycles normalized with respect

to initial stiffness

Specimen Cycle
3 7 11

C 1.00 0.83 0.44
CTB 1.00 0.88 0.49
CS1 1.00 0.91 0.69
CS2 1.00 0.91 0.63
CS3 1.00 0.90 0.61
CS4 1.00 0.93 0.67
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was significantly lower and it varied with the extent of the
overall damage of the test specimen. Specimens CS1 and CS4,
which were able to maintain their strength throughout the
lcading sequence lost only about 30 percent of their initial
stiffness, while specimens CS2 and CS3, which had severe damage
in the interior column and in the flexural hinging regions,,

respectively, lost about 40 percent of their initial stiffness.

The energy dissipated by each specimen during a loading
cycle is represented by the area enclosed within the load vs.
drift curve of that cycle. Table 3.3 summarizes the amount
of energy dissipated by the multiple-connection subassemblies
during various drift cycles. Although the hysteresis loops
of the multiple—conhection specimens with a slab appear to be
narrower than the hysteresis loops of the multiple-connection
specimens without a floor slab, both type of specimens
dissipated approximately an equal amount of energy up to a
drift level of 4 percent. Beyond the drift level of 4 percent,
the specimens without a floor slab dissipated less energy than
the specimens with a slab because of the increased pinching
in their hysteretic loops at mid-cycles which resulted from

the more severe loss of stiffness.
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ENERGY DISSIPATION (K-in.)

Table 3.3

Specimen Drift (%)
0.25 0.5 1 1.5 2 3 4 5
C 0.0 0.6 4.7 11.8 23.2 57.5 90.3 114.5
CTB 0.2 0.6 4.0 9.2 18.2 50.4 90.3 118.5
CS1 0.1 1.0 4.7 9.2 20.0 55.7 91.4 145.6
cs2 .2 1.0 4.6 11.6 18.6 48.4 93.9 116.4
CS3 0.2 1.2 4.9 9.7 18.2 50.8 97.5 136.5
CS4 0.2 1.2 5.3 10.9 19.6 58.1 110.5 137.3
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3.1.2 Cracking Pattern

The cracking patterns provide important clues to the
behavior of test subassemblies., During each test the formation
and propagation of cracks was carefully observed and photographs

were taken to keep a complete record of the test specimens.

Several cracking patterns were common to nearly all
specimens. Flexural cracking of the beams is one example.
Since the columns were designed to be stronger than the beams,
flexural cracks were formed in the beams. Flexural cracks
appeared in the beams as early as the second loading cycle.
By the end of the third cycle, i.e. at 1 percent drift level,
the flexural cracks from the two loading directions joined and
extended through the entire depth of the beam. With each
additional loading cycle, the cracks opened wider and depending
upon the type of specimen, a few additional flexural cracks
formed along the length of the beam. Figures 3.3(a) and 3.3 (b)
show flexural hinges in the main beam of multiple-connection
subassemblies C and CS1, respectively. The flexural hinge in
specimens without a floor slab generally extended over a
distance equal to 1.25 the effective beam depth away from the
face of the column. In specimens with a floor slab, however,
the flexural hinge extended over a length equal to 0.75 the

effective beam depth away from the face of the column.
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Specimen CS3 was detailed to move the flexural hinges a
distance equal to the beam effective depth away from the face
of the column. Flexural cracks in the beams started at the
intended location during the second loading cycle. As the
test progressed, these cracks formed an inclined grid located
away from the column face as shown in Figs. 3.4(a) and 3.4(b).
Flexural cracks at the beam-column interface did not develop
throughout the entire loading routine. This indicates that
relocating the beam flexural hinges protected the joints from
surrounding inelastic action. During the negative 1loading
direction of cycle 10 (4 percent drift), the bottom bean
reinforcement of the right exterior connection of specimen CS3
buckled causing the bottom cover of concrete to spall off, as
shown in Fig. 3.5. And when the specimen was subjected to the
5 percent drift cycle, a beam shear failure, shown in Figqg.
3.6, occurred in that same connection. Buckling of beam
reinforcement and complete failure in the beam was only observed

in specimen CS3.

The columns in all specimens were designed to withstand
anticipated shear forces without any shear damage. Hairline
shear cracks were observed in the columns of specimens with
a floor slab during the 3 percent loading cycle. These cracks
did not develop any further during the entire loading routine.

In case of specimen CS2, however, the exterior bottom columns
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were not properly connected to the test set-up, which caused
the entire shear applied to the top columns to be resisted by
the interior bottom column only. This caused the interior
bottom column to develop severe shear cracks, as shown in Fig.
3.7, which may have altered the intended behavior of the test
specimen. Therefore, a new specimen, specimen CS4, was built
and tested in order to study the effect of the amount of joint

transverse reinforcement properly.

Transverse cracks in the slab of all multiple-connection
subassemblies were observed at the column face during the third
loading cycle. 1In addition to the major crack at the column
face, several other cracks developed which were parallel to
the column face and extended across the entire width of the
slab as shown in Fig. 3.8. In specimen CS3 the transverse
cracks in the slab were similar to other specimens except that
the major crack was located at a distance equal to the beam
effective depth away from the column face, as shown in Fig.

3.9.

Despite a large column to beam flexural strength ratio of
2.41, for exterior connections without a floor slab, and 1.20
for exterior connections with a floor slab, the exterior columns
of all multiple-~connection specimens suffered severe flexural

cracks at the outer faces of the columns, as shown in Figs
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3.10(a) and 3.10(b). These cracks which started at a drift
level of 1.5 percent and became significant by the end of the
loading routine, resulted from the elongation of beam flexural
hinges which was restrained by the exterior columns in

multiple-connection subassemblies.

Shear cracks in the joints could only be observed in specimen
C, which did not have transverse beams. These cracks consisted
of major diagonal cracks connecting the opposite corners of
the interior joint and several hairline cracks parallel to the
major cracks, as shown in Fig. 3.11. In exterior connections
due to the low joint shear stress level of5154d?i, only very

few minor shear cracks were observed in the joints.

Torsional cracks in the transverse beams of the exterior
connections were common to all specimens with a floor slab.
These cracks were initiated during the fourth loading cycle
(1.5 percent drift) as several small cracks inclined
approximately at 45 degrees on the back face of the transverse
beams. By the end of the fifth cycle, a major crack had
developed that spiraled around the transverse beam and joined
the flexural cracks at the face of the column as shown in Fig.
3.12. Torsional cracks in the transverse beams of the interior
connections were mostly insignificant and formed much later

during the test.
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3.1.3 Reinforcement Strain History

The strain in reinforcement was measured with electrical
resistance strain gages. The strain data was used primarily
to determine cracking of concrete and yielding of reinforcement.
The strain data was also used to detect slippage of beam bars
passing through interior 3joints, pull out of beams bars
terminated in exterior joints, and slippage of column bars

passing through interior and exterior joints.

Shear stress in the joint can only be assessed from strain
measurements in the joint hoop reinforcement. 1In the case of
joints without transverse beams, shear cracks could be readily
observed. In the case of joints with transverse beams, however,
sudden change in strain in the joint reinforcement indicates
initiation of shear cracks in the joint. Figure 3.13 shows
a typical variation in strain of the joint hoop reinforcement.
The sudden increase in strain between points A and B indicates
a transfer of stress from concrete to steel when the concrete
cracked. From strain measurements, it is observed that concrete
in the joints of all specimens cracked as early as the third

loading cycle.

The level of strain in the joint reinforcement and hence
the shear deformation of the joint varied with the type of

connection and the configuration of the test subassembly.
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Strain variation in the joint reinforcement of interior and
exterior connections of specimen C, without a floor slab, is
shown in Fig. 3.14. In exterior connection which had a joint
shear stress level of 5.54\/—]’—; , strain in the joint reinforcement
reached a maximum value of 40 percent of the yield strain.
In the interior connection which had a joint shear stress level
of 11.08y 7. , the strain in the joint reinforcement exceeded
the yield strain. The addition of transverse beams in specimen
CTB substantially reduced the strain in the joint reinforcement
of both interior and exterior connections, indicating that the
transverse beams helped in confining the joint and also assisted

in resisting the joint shear stress.

The presence of a floor slab in specimen CS1 increased the
joint shear which resulted 1in yielding of the Jjoint
reinforcement in both interior and exterior connections during
the 3 percent drift locading cycle, as shown in Fig. 3.15. The
strain level in the joint reinforcement of specimens €S2 and
CS4 was almost identical to that of specimen CS1. In specimen
CS3, which had a joint shear stress level almost equal to that
of specimen CS1l, the strain level in the joint reinforcement
remained below yielding, indicating that shifting the inelastic
action away from the face of the joint provided an excellent

protection against joint shear.
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Strain gages were attached to slab reinforcement across
the entire width of the slab to determine the slab width
effective 1in resisting bending. The behavior of slab
reinforcement was common to all multiple-connection
subassemblies with a floor slab. In general, the slab
longitudinal reinforcement close to the main beam experienced
high strains during early cycles, while the slab reinforcement
farther away from the main beam experienced relatively lower
strain. Figure 3.16 shows a typical behavior of slab
reinforcement close to the main beam and Fig. 3.17 shows the
lower strains in slab reinforcement farther away from the main
beam. At a drift level of 3 percent all slab reinforcement
yielded except for the rebar farthest away from the beam which
approached the yielding strain. This indicates that in all
multiple-connection specimens the entire slab width was

effective in resisting bending.

Strain measurements along the main beam reinforcement are
used to determine yield penetration through the joints. Except
for specimen ¢€S3, which had flexural hinges relocated away
from the column face, yielding of both top and bottom beam
bars penetrated through interior and exterior joints. 1In case
of specimen CS3, yield penetration through the joints occurred

only in the beam top reinforcement, as shown in Fig. 3.18.
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Strain measurements along the main beam reinforcement are
also used to detect any slippage of beam bars through the
interior joint resulting from loss of anchorage. Beam bars
passing through an interior joint are under tension on one
side of the joint and under compression on the other side of
the joint. This is only possible if bars experience no loss
of bond in the joint. Figure 3.19 shows a typical strain
history of the beam bar of specimen C, without a floor slab,
at the face of the column. It is noted that the bar exhibited
compressive strain during negative bending indicating no loss
of bond across the joint. Similar behavior was observed in
the beam bars passin§ through the interior joint of specimen
CTB. In case of specimens with a floor slab, however, the
performance of the beam reinforcement varied according to the
location of the rebar. The beam bottom rebars remained in
tension even though the moment sense at the section requires
the rebar to be in compression, as shown in Fig. 3.20. This
suggests deterioration of bond and slippage of rebar through
the joint. The beam top rebar also remained in tension while
the moment sense requires the bar to be in compression, as
shown in Fig. 3.21. This, however, is due to the presence of
slab which shifted the neutral axis above the beam top

reinforcement and is not the result of slippage of rebar.
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In exterior connections, beam rebars terminating in the
joint did not experience any loss of bond or rebar pull out
in any of the test subassemblies. Figure 3.22 shows a typical
strain history of a beam rebar at the face of the column. The
rebar sustained tension without any loss of anchorage. The
strain history also indicates that the rebar is under tension
even when the beam is subjected to positive bending. This is
again due to the participation of the slab in compression which

raised the neutral axis above the beam top reinforcement.

The slippage of column bars resulting from loss of bond
in the joint core can be seen from the strain in the column
bars immediately above and below the joint. When subassemblies
are subjected to lateral locad, the column bars are expected
to be in tension on one side of the joint and in compression
on the other side of the joint. If these bars had a perfect
bond within the joint, the strain would change its sense from
tension to compression somewhere within the joint. The observed
strain data for the multiple-connection specimens C, CS1, CS2,
and CS4 indicates that the bars of the interior column in these
specimens remained in tension irrespective of the directiocn
of loading. A typical strain variation for a bar of an interior
column at the location indicated is shown in Fig. 3.23. 1In
multiple-connection specimens CTB and CS3, where the joints

were protected by the presence of transverse beams and by
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moving the beam flexural hinges away from the joint face,
respectively, the slippage of column bars was minimum as

indicated by the strain history shown in Fig. 3.24.

In éxterior columns, the restraining effect provided by
the columns against beam elongation changed the deformed shape
of the column from that of double~curvature into a
single-curvature. Therefore, the cuter column bars were always
under high tension on both sides of the Jjoint, as shown in
Fig. 3.25, while the inner column bars were always under either
compression or low tension, as shown in Fig. 3.26. Due to
this type of deformation slippage of column bars through the
joint core was limited.

3.1.4 Rot;tion and Elongation of Beam Flexural Hinging
Regions

The rotation in the beam flexural hinging region of both
interior and exterior connections was measured with
displacement transducers mounted at 1.5 in. above and below
the beam faces. These transducers covered a gage length of
12 in. from the face of the column. The rotation in the beam
flexural hinging regions was calculated as the difference in
the readings of transducers above and below the beam divided
by the distance between the centerlines of the two transducers.

Figures 3.27(a) and 3.27(b) show the rotation history in the
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interior and the exterior connections of specimens C and CS1,
respectively. It is noted that the presence of a flocor slab
significantly reduced the rotation of the flexural hinges for
both interior and exterior connections of the

multiple~connection subassemblies.

The elongation of the main beams results mostly from the
yielding of the longitudinal bars in the flexural hinging
region. Figure 3.28 shows elongation of the beams measured
over the flexural hinging regions of interior and exterior
connections of specimen C and CS1. It is noted that the total
elongation in both specimens is almost identical. This
indicates that unlike results obtained from tests on isolated
connections (16), the presence of the floor slab did not reduce
the beam elongation as the entire subassembly is restrained
against beam elongation by the exterior columns. The effect
of such a restriction on the overall behavior of the connections

will be discussed in detail in the next chapter.
3.2 Effect of Transverse Beans

Specimens C and CTB were identical except that specimen
CTB had 56 in. long transverse beams added to all three
connections. These transverse beams were not loaded directly
or indirectly during the loading routine. From the hysteretic

behavior of both specimens, shown in Figs. 3.1(a) and 3.1(b),
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it is clear that the presence of the transverse beam did not
significantly affect the overall performance of the test
subassembly. Both specimens reached the éame peak load which
occurred at a lateral drift of 4 percent and remained constant
until the end of the test at 5 percent drift. The energy
dissipation capacity of both specimens represented by the area
enclosed within the hysteresis loops was also identical. The
loss of stiffness, however, was slightly improved when the
transverse beams were added to the basic configuration.
Although both specimens displayed an almost identical initial
stiffness, specimen C lost about 55 percent of its initial
stiffness by the end of the locading routine, while specimen
CTB lost about 50 percent of its initial stiffness. Since
both of these specimens had the same level of joint shear
stress and the same amount of joint transverse reinforcement,
the slight improvement in the loss of stiffness is attributable

to the confinement of the joints by the transverse beams.

The effect of the presence of transverse beams on confining
the joints could be further demonstrated by comparing the
strain in the joint transverse reinforcement of specimens C
and CTB. Figure 3.29 shows the strain variation of the interior
and the exterior joints of both specimens. Specimen C, which
had a joint shear stress level of 5154J7i for the exterior

connection and 11.084 f, for the interior connection experienced
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yielding of joint reinforcement only in the interior connection
and beyond a drift level of 3 percent. The specimen CTB, with
joint shear stress level similar to that of specimen C,
experienced substantially reduced strain in the Jjoint
reinforcement of both the interior and the exterior connections.
This is in conformity with the observations made from tests
on individual connections (9,16) which indicated that unloaded -
transverse beams provide additional area of concrete that

assisted the joints in resisting lateral shear.

Other aspects of behavior including cracking of beams,
columns and loss of bond of beam and column rebars were also
not significantly affected by the presence of transverse beams.
This seems to contradict with previous conclusions made from
tests on isolated connections (16,39), which indicated major
improvement in the performance of connections when transverse
beams were present. In multiple-connection test specimens,
however, the joints are partially confined by the continuity
of the systemn. Shear deformation in the Jjoints is also
restricted as the main beams are not free to elongate.
Therefore, the connections became less sensitive to the external

joint confinement provided by the transverse beams.
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3.3 Effect of the Floor Slab

The effect of the presence of the floor slab on the behavior
of beam-to-column connections in multiple-connection systems
can be studied by comparing the behavior of specimens C and
CS1l. Specimen CS1 had main beam and columns identical to those
of specimen C, and also had 56 in. long transverse beams in
all three connections and a 56 in. wide floor slab cast
monolithically with the beams. Specimen CTB, which had
transverse beams without a floor slab is an intermediate step
between specimen € and €81, thus it is included in this

discussion.

The presence of the floor slab in specimen CS1 resulted
in a substantial inprease in the lateral load resistance of
the test subassembly. This is indicated by the envelopes of
the locad vs. drift curves of all three specimens, shown in
Fig. 3.30. Unlike the specimens without a floor slab, the
load carrying capacity of specimen CS1 increased continuously
until the last loading cycle. At 5 percent drift, the strength
of the specimen CS1 was approximately 40 percent greater than

the strength of specimens C and CTB.

The presence of transverse beams and the floor slab also
had a significant effect on the loss of stiffness of the

multiple-connection subassemblies. Figure 3.31 shows the loss
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of stiffness of the three specimens at variocus drift levels.
Up to a drift level of one percent, the specimens maintained
their initial stiffness. However, beyond the 1 percent drift
level the loss of stiffness varied with the type of specimen.
At 4 percent drift, specimens C and CTB, which did not have
a floor slab, had lost more than half of their initial stiffness
while in the specimen with a floor slab, €S1, the stiffness

loss was approximately one third of the initial stiffness.

Figure 3.32 indicates that the energy dissipated by all
three specimens was approximately the same up to a drift of
4 percent, despite the significant difference in their strength.
Beyond the 4 percent drift level, however, the specimen CS1
was able to dissipate more energy than the two specimens without
a slab. This additional dissipation of energy is attributed
to torsional cracks in the transverse beams at the exterior

connections which became significant at 4 percent drift.

The effect of the presence of a floor slab on the behavior
of connections can be further studied by considering the strain
in the joint transverse reinforcement of specimens C, CTB and
CS1. Figure 3.33 shows the variation of such strain in the
interior as well as exterior connections of the continuous
subassemblies. The strain in the joint reinforcement of the

specimen CS1, with a floor slab, was significantly higher than
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the strain in specimens C and CTB for both interior and exterior
connections. This is the result of two factors. First, as
indicated by several researchers (14,16) the contribution of
the floor slab to the beam negative bending increased the
moment at the column face and, consequently, the shear applied
to the joint increased. Such an increase is related to the
effective slab width contributing to the negative flexural
capacity of the beam. For specimen CS1l, the test results
indicated that the entire slab width was effective during the
beam negative bending, which increased the joint shear stress
level from 5.544f. to ISIP}J;: for the exterior connection,
and from 11.08yf. to 20.45+f. for the interior connection.
Second, the T-beam action when the bean is subjected to positive
bending (slab in compression) increased the width of the
concrete compression block. In this case, the neutral axis
would typically be located above the beam top reinforcement
(25,28). This arrangement affected the gecmetry of the diagonal
concrete compression strut mechanism that resists the joint

shear.

Figure 3.34 shows a comparison of the concrete compression
strut of an interior connection without and with a floor slab.
The presence of the floor slab reduces the depth of the beam
compression block on the positive moment side of the joint and

also reduces the width of the column compression blocks above
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and below the joint by increasing the moment in the columns.
Thus, the entire size of the diagonal concrete strut is reduced,
which would result in a weaker joint. Therefore, the presence
of a floor slab not only increased the joint shear input but
also weakened the mechanism relied upon for joint shear

resistance.

3.4 Effect of the Amount of Joint Hoop Reinforcement

The effect of the amount of joint transverse reinforcement
on the behavior of beam~-to-column connections is discussed
using test results from specimens CS1, CS2, and CS4. The three
specimens were identical except for the amount of joint
transverse reinforcement. In specimen CS1 the ratic of the
joint transverse reinforcement for the interior and the exterior
connections was equal to 0.96 percent, provided in the form
of three #3 closed hoops. In specimens CS2 and CS4, only two
#3 closed hoops were placed in the interior and the exterior
joints which provided a joint transverse reinforcement ratio
of 0.64 percent. Specimen CS4 was a duplicate of specimen

cs2.

The effect of smaller percentage of transverse hoop
reinforcement can be best observed from the hysteresis curves
of specimen CS1, CS2, and CS4, shown in Figs 3.1(c), 3.1l(e),

and 3.1(f). These curves did not indicate any significant
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difference in the load carrying capacity, the stiffness
characteristics, and the energy dissipation of the three
specimens up to drift level of 4 percent. During the last
loading cycle, however, specimen CS2 was not capable of
increasing its load carrying capacity which was due to the

excessive shear damage in the bottom interior column.

The similarity in the hysteresis curves of the specimens
indicates that a reduction in the amount of joint transverse
reinforcement did not affect the overall behavior of connections
in multiple~connection systens. This fact can be further
substantiated by comparing strain level in the Jjoint hoop
reinforcement of the multiple-connection specimens CS1 and
CS4. Despite the reduction in the amount of joint transverse
reinforcement, specimen CS4 experienced strain in the joint
reinforcement similar to that observed in specimen CS1, as
shown in Fig. 3.35. Other bhehavior aspects of specimens CSl
and €S4, including the cracking pattern in the beams, columns,
slab, and the bond and anchorage characteristics of the
reinforcement, were also not affected by the reduction in the
amount of joint transverse reinforcement. This indicates that
in indeterminate connections the amount of joint transverse
reinforcement is not as critical to the joint performance as
perceived by tests on isolated connections as the joint is

confined by the continuity of the system. This may help relax
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the requirement for joint transverse reinforcement developed
based on observations made from tests on isolated connections

which lack the effect of continuity.

3.5 Effect of the Location of Flexural Hinges

Specimen CS3 was added to the test program to study the
effect of relocating the beam flexural hinges away from the
column faces on the performance of beam-to-column connections
in continuous systems. Relocating flexural hinges has been
investigated in the past by testing isolated interior or
exterior connections (49,50). These tests indicated that
relocating flexural hinges is a practical design alternative
which protects the joint from its surrounding plastic action.
This can eliminate strength and stiffness detericration of the
connection and reduce the amount of transverse reinforcement

required to confine the joint.

Similar observations to those made from testing isolated
connections were made from testing a continuous system with
relocated beam flexural hinges, specimen CS3. However, the
effect of continuity indicated that relocation of beam flexural
hinges could have certain side effects if not properly detailed.
In the case of isolated connections, the inflection points in
the beams were always fixed at the beam pinned ends. This

arrangement provides a shear span to beam depth ratio that
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does not change during the loading routine even if the test
specimen includes a floor slab. In the case of a continuous
system with a floor slab, however, the location of the inflection
points varies according to the ratio of the positive moment
to the negative moment in the beam. Therefore, at large drift
levels, when the contribution of the floor slab to the bean
negative flexural capacity becomes significant, the inflection
point would be located closer to the positive moment side of
the beam. This results in a significant reduction in the shear
span to beam depth ratio which increases the rotation demand
during a certain applied drift level, and also increases the
shear in the beam. This increase in the rotation demand and
the beam shear caused the beam bars of the exterior connection
in specimen CS3 to buckle during the 4 percent drift level
cycle, and resulted in a beam shear failure of the same

connection during the 5 percent drift cycle.

The beneficial effect of relocating the beam flexural
hinging regions away from the face of the column can be observed
by comparing the strain level in the joint reinforcement of
specimens CS3 and CS4. Although both specimens had an equal
amount of joint transverse reinforcement and the calculated
joint shear stress levels were nearly the same, relocating the
beam hinging regions reduced the shear demand on the interior

and the exterior beam~column joints. This is evidenced by the
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smaller strain level in the joint transverse reinforcement of
specimen CS3 in comparison with specimen CS4, as shown in Fig.
3.36. As the plastic acticn in the beam is removed away from
the face of the column, an improved environment that assists
the joint in resisting the shear would be expected. Figure
3.37 shows the free body diagram of an interior joint with the
beam flexural hinges relocated away from the face of the column.
Although the applied moment at the face of the column is greater
than the moment at the location of the flexural hinges, the
elastic behavior in beam sections adjacent to columns results
in deeper compression blocks on both sides of the joint. These
boundary conditions provide excellent confinement to the joint
concrete compression strut mechanism and also make a larger
volume of concrete available to resist the compression, thus,

improving the overall gshear strength of the joint.

Relocation of the beam flexural hinges away from the face
of the column reduced the participation of the floor slab to
the beam negative flexural capacity. This can be demonstrated
by comparing the strain variation across the slab width in
specimens CS1 and CS3, shown in Fig. 3.38. For clarity, the
strain distribution at different drift levels are shown in
separate plots, It is apparent that the slab rebar farthest
away from the main beams in the interior and the exterior

connections of specimen CS3 did not contribute significantly
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to the beam negative flexural capacity as it remained below
the yield strain level during the entire testing routine. In
the case of specimen CS1, however, the rebar farthest away
from the main beams yielded at 4 percent drift level, indicating
a full slab participation in resisting the negative moment.
This is due to the reduction in the shear span to slab width
ratio caused by shifting the plastic hinges away from the
column face which, as indicated by Ammerman and French (51),
would reduce the slab participation to the beam negative

flexural capacity.

3.6 Bond and Anchorage

3.6.1 Beam Bars

Although the beam bar diameter to column depth ratio
provided in the interior connections of all multiple-connection
specimens (except CS3) was 16 compared to a value of 20
recommended by ACI-ASCE Committee 352 (35), the slippage of
beam reinforcement passing through interior joints was minimal.
In specimens without a floor slab, C and CTB, no loss of bond
was observed during the entire loading routine as indicated
in Fig. 3.19. This type of bond performance in both specimens
indicates that the low shear stress level in the joints minimized
the crack openings and eliminated fragmentation of the joint

concrete core which improved the bond conditions.
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In specimens CS1, CS2, and CS4, the beam top and bottom
reinforcement showed a different bond behavior. The beam top
reinforcement remained in tension during both loading
directions as shown in Fig. 3.21. This is due to the fact
that the presence of the floor slab provided a wide compression
block when the section is under positive bending (slab in
compression), which raised the neutral axis above the top
reinforcement causing beam top reinforcement to be in tension
on both sides of the joints. Under such conditions, slippage
of beam top rebars is not expected. In the case of the beam
bottom reinforcement loss of bond was reported early during
the test, as indicated by the strain history shown in Figqg.
3.20. This 1is the result of the slab participation to the
beam negative flexural capacity which increased the tensile
force at the top of the beam thus increasing the compressive
stresses in the bottom steel. As indicated by Park (43), this
increased the demand for bond stress requirements and caused

the bottom beam bars to slip through the joint.

In order to relocate the beam flexural hinging regions
away from the face of the column the 45 beam rebars in specimen
CS3 were replaced by #3 and #4 rebars. This arrangement which

increased the column depth to beam bar diameter ratio together



64

with the minimal joint shear damage improved the bond behavior.
Specimen CS3, therefore, showed no slippage of beam top or

bottom reinforcement during the entire loading routine.

In exterior joints of multiple-connection specimens, the
beam top and bottom reinforcement terminated inside the‘joints
did not show any sign of loss of bond or beam bar pull out.
This is despite the fact that the provided development length
was equal to 85 percent of the development length suggested

by the current recommendations (35).
3.6.2 Column Bars

The anchorage of column reinforcement passing through
interior joints largely depended on the extent of damage in
the joint core and in the beam flexural hinging regions
surrounding the joints. The observed strain data for specimens
C, C81, €S2, and CS4 indicated that the column bars remained
in tension irrespective of the direction of loading as shown
in Fig. 3.23. In specimens CTB and CS3, where the joints were
protected by the unloaded transverse beams and by moving the
beam plastic action away from the joint face, respectively,
the slippage of column bars was minimal as indicated by the
strain history shown in Fig. 3.24. Although all specimens had

a column bar diameter to beam depth ratio of 16 compared to
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a recommended value of 20, specimens with smaller joint shear
damage showed better bond characteristics of column bars passing

through interior joints.

At exterior Jjoints, no slippage of column rebars was
observed in any of the multiple-connection specimens. This
is dQue to the restraining effect applied by the exterior columns
against beam elongation. Such an effect forced the column
rebars on the outer face of the columns to remain in high
tension above and below the joint as shown in Fig. 25. The
column rebars on the inner face of the column, on the other
hand, remained in compression or low tension above and below

the joint, as shown in Fig. 3.26.
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Chapter 4

EFFECT OF CONTINUITY ON CONNECTION BEHAVIOR

This chapter provides a discussion of the behavior of
connections observed from tests on multiple-connection
subassemblies versus tests on single-connection subassemblies.
The multiple-connection subassemblies used for this discussion
are specimen C which is the basic configquration and specimen
CS1 which have additional transverse beams and a floor slab.
The single-connection subassemblies used for this discussion
are specimens I and E which are the interior and the exterior
connection subsets of specimen C, and specimens IS1 and ES1
which are the interior and the exterior connection subsets of

specimen CS1i.

4.1 Elongation of Beanm

One of the factors which influenced the behavior of
connections in continuous subassemblies is related to expansion
of the flexural hinging regions followed by elongation of the
main beams which results from yielding of longitudinal beam

reinforcement. In single-connection test subassemblies, where
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the main beams are free to elongate, the effect of the elongation
of the main beam on the behavior of connectiocons can not be
detected. In multiple-connection test subassemblies, however,
the elongation of the main beams is partially restrained by
the columns. Such a restraint against free elongation has
been observed to increase the beam flexural capacity (48) which
would affect the behavior of connections as well as the overall
response of the test subassembly. A comparison of the measured
total elongation of the main beams 1in single-connection
subassemblies with that of the multiple-connection subassembly,
for specimens without a floor slab and with a floor slab, is
shown in Figs. 4.1(a) and 4.1(b) ; respectively. This elongation
was measured over a gage length equal to 12 in. away from the
column faces for both interior and exterior connections. The
effect of restraint by exterior columns to the elongation of
main beams in the continuous subassemblies is obvious from the

smaller growth of specimens C and CS1.

The beam elongation effect can be further observed from
the cracking pattern of columns in exterior connections.
Despite a large column to beam flexural strength ratioc of 2.41
for the exterior connection without a floor slab and 1.20 for
the exterior connection with a floor slab, extensive flexural

cracks developed on the outer face of the exterior columns of
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the multiple-connection specimens C and CS1, as shown in Figs.
3.10(a) and 3.10(b). These cracks, which started at a drift
level of 1.5 percent were accompanied by high strain in the
column outer longitudinal rebars as shown in Figs. 4.2(a) and
4.2(b). Such cracks did not develop in the column of the
isolated exterior connections, specimens E and ES1, because

of the free elongation of the main beamn.
4.2 Rotation of Beam Hinging Regions

The rotation of the flexural hinging regions was measured
with two LVDTs placed 1.5 in. above and below the beam. The
LVDTs covered a gage length of 12 in. away from the face of
the column. Figures 4.3(a) and 4.3(b) provide a comparison
of the rotation of the beam flexural hinges in continuous
systems versus single-connection subassemblies. The measured
rotation at the peaks of cycles was smaller in case of the
connections in continuous systems for both without a floor
slab connections and with a floor slab connections. This
reduction in rotation of the hinging region is a logical result
of the beam axial compression which developed 1in the
multiple~connection specimens due to restriction against beam

elongation.
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4.3 Distribution of Applied Lateral Load

The distribution of the total lateral load among the three
columns of the multiple-connection subassemblies C and CS1
followed a similar pattern. At drift levels of less than one
percent, the load was almost equally distributed among the
three columns. As the drift level increased, the load carried
by the first column in the direction of loading increased while
the load carried by the last column decreased. The load carried
by the center column, however, increased continuously during
the entire loading routine. Figures 4.4(a) and 4.4 (b) show
the distribution of the lateral load among the three columns
of both specimens C and CS1, respectively. This distribution
can be best explained by considering the egquilibrium of
individual columns as shown in Fig. 4.5. As the deformation
level increases and plastic hinges form in the beams, axial
force develops in the main beams due to restraining effect of
the exterior columns to the elongation of beams. By including
the presence of the axial force, N, the shear in the columns

above the joints becomes

(4.1)
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Ve = =2 (4.2)

(4.3)

where V;, V. and V; are the shear forces in the left, center,
and the right columns, respectively:; M, is the positive moment
in the beam (slab in compression), M, is the negative moment
in the beam (slab in tension), and H is the total column
height. The axial force in the main beams, which increased
with the drift level, caused the shear in the right column to
increase and the shear in the left column to decrease. The
shear in the center column is not affected as the beam axial

force on the two sides of the column balance each other.

The magnitude of the axial compression in the main beams
could not be measured directly during the test. However, its
value can be determined indirectly from the equilibrium
equations (Egqn. 4.1 - Egqn. 4.3). By subtracting Egqn. 4.1 from

Eqn' 4'3,

N =V, -V, + —=—=2 (4.4)
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In specimen C, the beams are symmetrically reinforced,
thus, the positive and the negative moments in the main beams
would be equal. The factor (M,-M;)/H in Egn. 4.4 will,
therefore, be equal to zero. Based on the measured values of
¥, and V', the magnitude of axial compression in the main beams

of specimen C can, thus, be calculated as

N = VR—V[_ (4‘.5)

The axial compression in the main beams of specimen C
ocbtained by uéing Egn. 4.5 is plotted against the applied drift
in Fig. 4.6. Up to a drift level of 0.5 percent, the beam
reinforcement remained within the elastic range, thus no axial
compression developed in the beams. As the beam reinforcement
began to yield, the axial compression in the main beams reached
3.5 Kips at one percent drift. At 3 percent drift, the axial
compression in the beams reached a value of approximately 15

Kips which is not insignificant.

For specimen CS1, which had a floor slab, the positive and
the negative moments in the main beams will not be equal because
of the contribution of the floor slab to the beam negative

moment. Due to the indeterminacy of the test subassembly, the
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magnitude of these moments can only be determined if shear was
measured at the columns both above and below the joints.
Constraints of the test set-up allowed measurements of shear
in the columns only above the joints. However, knowing the
theoretical positive and negative flexural capacities of the
beam with a slab, the upper and lower bounds for the axial
force, N, can be estimated. If it were to be assumed that
the slab did not contribute toward the flexural strength of
the beam, i.e. M, =M,, then the calculated value of the axial
force would be minimum and will simply be the difference between
the lateral shear in the two exterior columns, as indicated
in Egn. 4.5. However, if the entire slab width contributed
towards the flexural strength of the beam, the theoretical
value of the factor (Ad;—ﬁd;)/PI can be calculated using the
thecretical positive and negative flexural strengths of the
beam. Using the flexural strengths of the beam given in Table
2.3 the value of the factor (M,-M;)/H will be equal to 7
Kips and the corresponding axial force would represent the

maximum possible value.

The bounds of N calculated using the above procedure are

shown in Fig. 4.7. The actual width of slab that contributes

towards the flexural capacity of the beam will be somewhere
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between no participation to full participation of the slab
and, accordingly, the axial force will lie between the bounds
indicated. Therefore, comparing the upper and lower bounds
with the value of N obtained from specimen C, it is noticed
that the magnitude of axial force developed in the specimen
with a floor slab,'C81, is not very much different from that

developed in the specimen without a slab.

At 3 percent drift, the axial compression in the main beams
of specimens C and CS1 was approximately 15 Kips. With this
level of axial compression, the flexural capacity of the beams
would increase by about 15 percent which would result in a
reduction of the column to beam flexural strength ratio from
1.88 to 1.64 for the interior connection without a floor slab,
and from 2.41 to 2.09 for the exterior connection without a
floor slab. For connections with a floor slab, the reduction
in the column to beam flexural strength ratio is from 1.19 to
1.04 for the interior connection, and from 1.20 to 1.05 for
the exterior connection. This can be particularly critical
at exterior connections where the axial compression in the
main beams alsoc increases the moment in the exterior columns
causing it to crack earlier than expected. As illustrated in
Fig. 4.8, the maximum moment, M., in the exterior column is

given by
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My NH |
M, = =2+ (4.6)
2 4

where M, is the moment in the beam, N is the beam axial force,
and H is the total column height. The moment in the exterior
columns is thus increased by (NH /4)in addition to the increase
resulting from the increased flexural capacity of the beam due
to the presence of axial compression. This implies that for
a given drift level, the exterior columns in continuous systems
may suffer more damage and at much earlier stage, due to
restraint against beam elongation, than what is observed from
tests on isolated connections where the beams are allowed to
elongate freely. These observations can be demonstrated by
analyzing a multiple-connection subassembly with flexural

hinging regions modelled as a truss mechanism (52).
4.4 Contribution of Floor Slab to Beam Flexural Capacity

The contribution of the floor slab to the beam negative
flexural capacity can be assessed from the cracking pattern
in the slab and the variation of strain in the slab
reinforcement. Flexural cracking in the slab normal to the
main beam axis started in all connections at 1 percent lateral

drift. As the cyclic loading progressed several cracks
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developed in the slab of the interior and the exterior
connections. In the multiple-connection specimen CS1, these
cracks, which were parallel to the face of the column, extended
across the entire width of the slab, as shown in Fig. 3.8.
In the case of isolated interior and exterior connections IS1
and ES1, the flexural cracks in the slab followed a V-shaped
pattern pointing towards the columns, as shown in Figs. 4.9 (a)
and 4.9(b). These cracks did not extend across the entire
slab width even after the specimens were subjected to 4 percent

drift.

The strain variation across the slab width of connections
tested as a continuous subassembly was different from that
observed in the slab of isolated connections. The strain
distribution across the slab width of specimens €S1, IS1 and
ES1 at 2, 3, and 4 percent drift levels is given in Fig. 4.10.
The distribution shows a rapid decay in the strain variation
across the slab width of the single connection specimens
compared to a more uniform distribution of strain in the slab
reinforcement of the multiple-connection specimen CS1. This
strain distribution, which is in conformity with the flexural
cracking pattern, indicates that a larger slab width contributed
to the negative flexural capacity of beams in the continuous

system than what is indicated by single connection tests.
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This conclusion is attributed mainly to the fact that in
single connection tests the specimens are usually isolated
from the beam mid-spans and pin connected with the test set-up.
This type of connection has two different consequences that
affect the behavior of connections. First, pin connecting the
beam free end to the test set-up fixes the point of inflection
at that specific location. In continuous structures, however,
the location of the points of inflection may vary according
to the ratio of the positive and the negative moments in the
beam as shown in Fig. 4.11. And because the positive moment
(slab in compression) is normally smaller than the negative
moment {slab in tension) the points of inflection would be
located closer to the positive moment side of the beamn.
Therefore, on the slab in tension side of the beam there would
be an increase in the slab panel length to width ratio, which
as suggested by Ammerman and French (51) would increase the

contribution of the slab to the beam flexural capacity.

Second, pin connecting the beam with the test set-up, which
is intended to simulate continuity in the beam, causes a
discontinuity in the slab. As a result, when the column is
subjected to lateral drift in a direction which would result
in tension in the slab, the column and the transverse beams

rotate as a rigid body trying to 1ift the free end of the slab
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upward while the main beam is pulling the center of the slab
downward applying a point load at the center of the slab, as
shown in Fig. 4.12. This would result in bending stresses in
the transverse direction of the slab which in turn causes the
slab principal flexural cracks to follow a V-shaped pattern
peointing toward the column and thus reduces the contribution

of the floor slab to the beam flexural capacity.

4.5 Hysteretic Behavior

The load-drift plots, also referred to as hysteresis loops,
provide information on strength, stiffness, and the energy
dissipation capacity of the specimens. The hysteresis plots
of the multiple-connection specimens C and CS1, and their
subset single-connection specimens are shown in Figs. 4.13(a)

and 4.13(b), respectively.

4.5.1 Strength

The effect of continuity on the strength of connections
can be seen by comparing the lateral load resistance of the
multiple-connection specimens C and CS1, with the total lateral
load resisted by the individual connections. As shown in Figs.
4,14(a) and 4.14(b), the strength of connections does not

appear to be affected by the continuity of the subassembly up



79

to a drift level of 1 percent. At higher drift levels, however,
the multiple—-connection subassemblies displayed a
significantly higher strength which at a drift level of 4
percent was approximately 20 percent greater than the total
strength of the individual connections without a floor slab,
and in the order of 25 percent greater than the total strength
of the individual connections with a floor slab. This higher
lateral load resistance of the multiple-connection
subassemblies is attributed to the increase in the flexural
capacity of the beams resulting from the restraining effect
against axial elongation. And in the case of the connections
with a floor slab, the higher lateral load resistance is partly
due to a larger contribution by the slab to the negative

flexural strength of the beams in continuous systems.
4.5.2 Stiffness

stiffness degradation of the test subassemblies was
measured by including in the lcading routine cycles 3, 7, and
11 with displacement amplitude equivalent to one percent drift.
The loss of stiffness in the multiple-connection specimens
appears to be less severe than the loss of stiffness observed
in interior or exterior connections tested individually. As

shown in Fig, 4.15(a), the multiple-connection specimen without
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a floor slab lost about half of its stiffness by the end of
the eleventh c¢ycle at 4 percent drift, while the
single~connection specimens lost almost three quarters of their
original stiffness. For connections with a floor slab, the
multiple-connection specimen lost only about one third of its
original stiffness while the individual interior and exterior
connections lost approximately 50 to 70 percent of their
original stiffness by the end of the loading routine as indicated

in Fig. 4.15(b).
4.5.3 Energy Dissipation

The energy dissipation as measured by the area enclosed
within the hysteresis loops of the specimens was not affected
by the continuity of the test subassembly. Figures 4.16(a)
and 4.16(b) show that the hysteretic energy dissipated by
specimens C and CS1 was approximately equal to the total energy

dissipated by their subset connections tested individually.
4.6 Shear in the Joint

The joint shear stress in the interior and the exterior
connections without a floor slab was 11.08+y f. and 5.544f. ,
respectively. By including the slab reinforcement in the joint

shear calculations, the joint shear stress becomes 20.45y /.,
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for the interior connections and 15.044 f, for the exterior
connections. A joint transverse reinforcement ratio of 0.96
percent, in the form of three #3 closed stirrups placed at 3
in. spacing, was provided in both the interior as well as the
exterior connections with and without a floor slab. Since the
connections without a floor siab did not have transverse beams,
the joint shear damage could be inspected visually. Diagonal
shear cracks developed in the interior joints of both single
and multiple-connection specimens during the fourth loading
cycle. The shear cracks in the interior connection of the
multiple-connection specimen, which are shown in Fig. 3.11,
however, developed faster and were more severe than the shear
cracks in the single interior connection shown in Fig. 4.17.
The shear cracks in the exterior joints of the single and
multiple-connection specimens were minimal, as shown in Fig.
4.18, and developed at a much later stage in the displacement

routine.

A comparison of strain in the joint reinforcement of the
interior and exterior connections of the single and the
multiple-connection subassemblies without a floor slab is shown
in Fig. 4.19(a). The strain in the joint of the single interior
connecticn, specimen I, remained below the yield level while

the strain in the interior joint of the multiple-connection
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specimen exceeded the yield strain indicating a higher shear
deformation in the interior joint of the continuous subassembly.
The strain level in the exterior joint reinforcement of both
the single and the multiple—connection specimens remained below
the yield level due to the low joint shear stress level
(5£¥1J}:). The joint reinforcement in the exterior connection
of the multiple-connection specimen, however, experienced a
relatively higher strain than that experienced by the joint
reinforcement of the single exterior connection, specimen E,

especially at drift level greater than 2 percent.

For connections with a floor slab, the joint shear damage
can only be assessed from the strain measurements in the joint
transverse reinforcement. Similar to connections without a
floor slab, the joint reinforcement in single connections
remained below the yield level, as shown in Fig 4.19(b). 1In
the case of the multiple-connection specimen €CS1, the strain
in the joint reinforcement of both interior and exterior
connections exceeded the yield level. The continuity of the
subassembly, therefore, appears to have resulted in a higher
joint shear in both the interior and the exterior connections,

regardless of the presence of the floor slab.
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The increased shear in the joints of the multiple-connection
subassemblies can be explained by examining the effect of axial
compression in the main beams on shear in the joints. From
the equilibrium of forces acting on the joint, as shown in
Fig. 4.20, if the axial force in the main beams is ignored,

the shear in the interior joint is given by

V, = T,+C,-V,, (4.7)
and the shear in the exterior joint is given by
v, = T-V,, (4.8)

However, when the axial force is present, the beam is
acting more like a beam-column and the compressive force, C,
is no longer equal to the tensile force, T. From the equilibrium

of forces acting on the joint, the compressive force is given

by

C = T+N (4.9)

With axial compression present in the beams, the shear in the
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interior column of the multiple~-connection subassemblies

becomes

Mo+ M7,
Ve = = (4.10)

where M., and M., are the beam positive and negative flexural
capacities including the effect of axial compression.
Substituting Egns. 4.9 and 4.10 in Eqn. 4.7, the shear in the

interior joint becomes

Mo+ Mo
Vi = T1+T2+N‘-———[‘_'[—"_’—‘ (4.11)
Similarly for exterior connections, the lateral shear in

the columns above and below the joint after including the

effect of axial force in the main beams is

i\

nb

N
14 = — — 12
col H 2 (4 )
) Mw N
Vi, = PR 4.13
col H 2 ( )

Considering the equilibrium of horizontal forces at mid-height
of the joint, the horizontal shear in the exterior connection

is then
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Vj = T-V. (4.14)

V' C—“Vcoi (4'15)

i

Substituting the values of C., V., and V., from Egns. 4.9,
4.12 and 4.13 in Egqns. 4.14 and 4.15, the shear in the exterior

joint becomes

Mu N
V, = T-—=+= 4.1
J PR (4.16)
- Muw N
V, = T+N- - = 4.
; N ITE (4.17)
which simplifies to

. N Mg,
T (4.18)

Based on Egqns. 4.11 and 4.18, the observed axial compression
in the main beams of 15 Kips at 3 percent drift level would
increase the shear in the interior and exterior joints of the
multiple-connection specimens by almost 15 percent and 8
percent, respectively. The higher strain observed in the joint
reinforcement of the multiple-connection subassemblies

confirms this increase in the joint shear. Thus, in situations
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where beams could be restrained against elongation, ignoring
the presence of axial compression could 7result in

underestimation of the joint shear.
4.7 Anchorage of Beam Bars

Strain measurements along the main beam reinforcement can
be used in detecting slippage of bars passing through interior
joints due to loss of bond. Figure 4.21 shows the strain
history of the bottom beam baf of specimen I at the face of
the column. It is noted that the force in the bar changed its
sense from tension to compression or vice versa when the applied
displacement was reversed, thus indicating no loss of bond
along the joint. This behavior is similar to that observed
in the beam bars of specimen C, shown in Fig. 3.19. The bean
top reinforcement of both specimens experienced similar

behavior.

In the isolated specimen IS1 which has a floor slab, the
behavior of the beam top and bottom reinforcement were
different. The strain history of the beam top reinforcement,
shown in Fig. 4.22, indicates that the bar remained in tension
even though the moment sense requires the bar to be in
compression. This is due to the participation of the slab

concrete in compression which raised the neutral axis of the
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beam section above the beam top rebars. In the case of the
beam bottom reinforcement, the strain history shown in Fig.
4,23 indicates that minimal loss of bond occurred as the slope
of the curves change slightly when the bars are under
compression. The performance of the beam top and bottom
reinforcement of specimen IS1 is similar to that of the interior
connection of specimen CS1. This can be observed by comparing

Figs., 4.22 and 4.23 with Figs. 3.21 and 3.20, respectively.

In exterior connections, beam bars are terminated at the
joint back face with a 90 degree standard hook and an embedment
length equal to 85 percent of the value recommended by ACI-ASCE
Committee 352 (35). No loss of anchorage or pull out of beam
bars was observed in both isolated exterior connection specimens
E and ES1. This observation is very much similar to that made
from the response of the beam bars terminated in the exterior

connections of the multiple-connection specimens.

It can, therefore, be concluded that the bond and anchorage
performance of the beam reinforcement passing through interior
joints or terminated inside exterior joints was not affected
by the continuity in the test subassembly as both the isclated

and continuous connections showed similar beam bar behavior.
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4.8 Anchorage of Column Bars

The slippage of column bars resulting from loss of bond
in the joint core can be seen from the strain in the column
bars immediately above and below the joint. The observed
strain data for the multiple~-connection specimens C and CS1,
indicates that the bars of the interior column remained in
tension irrespective of the direction of loading. Typical
strain variation for column bars of interior columns of specimen
C at the location indicated is shown in Fig. 3.23. The slippage
of column bars was also observed in the isolated interior
connection specimens I and ISl as the column bars indicated
tension though the moment sense requires the bar to be in
compression. However, as shown in Fig. 4.24, tensile strain
level is smaller than that in multiple-connection specimen C.
This indicates that the slippage of column bars in isolated
interior connections was more controlled compared to slippage
in the interior connections of continuous systems. This type
of behavior implies that the anchorage of column bars is a
more serious problem in multiple-connection subassemblies than
in isolated connections due to the greater flexural demand
imposed on the columns and the more severe shear damage in the

joints.
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4.9 Design Implications

The current procedure for the design of connections (35)
is based primarily on the behavior of connections observed in
single-connection tests. As 1indicated by testing of
multiple-connection subassenmblies, any restraint to elongation
of the main beams could significantly affect the joint shear
stress, column to beam flexural strength ratio, lateral load
distribution among the columns, and the shear and moment imposed
on the exterior columns. As discussed earlier, if the elongation
of the main beams resulting from expansion of the plastic
hinging regions is expected to be partially restrained, which
can possibly happen in a highly indeterminate frame building,
then it might be appropriate to account for the presence of
axial compression in the main beams in designing beam-to-column

connections.

In a real situation, the restriction to the elongation of
the main beams may not be as severe as that imposed by the
test set-up of this experimental investigation. However, the
observations made from these tests may still be valuable in
making a conservative estimate of axial compression that may
possibly develop in the main beams of a moment-resisting frame.

The axial compression in the main beams of the continuous
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subassemblies was observed to begin developing as the bean
main reinforcement reached the yielding strain and continued
to increase until the reinforcement on the outer face of the
exterior columns vielded. The maximum value of axial
compression in the beams can thus be estimated from the
equilibrium of moments at the exterior connection, shown in
Fig. 4.8, by assuming the column to reach its yield moment.

Egn. 4.6 can then be rewritten as

M - M;zb+NmaxH
ve 2 4

(4.19)

where M,. is the yield moment capacity of the exterior column,
M., is the beam positive flexural capacity including the effect
of the axial compression, and N.. is the maximum value of
axial compressive force in the main beam. Since the ultimate
moment capacity of the column is more readily computed and the
difference between the yield capacity and the ultimate moment
capacity is usually not substantial, the M, value in Eqgn.
4.19 can be substituted with the c¢olumn ultimate flexural
capacity, M,. Rearranging Eqn. 4.19, the maximum value of
the beam axial force can be calculated from the beam and the

exterior column flexural capacity as
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Noae = %(MM—MZ"") (4.20)

Equation 4.20 indicates that the value of the beam axial
force would be larger if a smaller value of the beam flexural
capacity is used. This would occur when the beam is subjected
to pesitive bending (slab in compression). The presence of
the floor slab could, therefore, be neglected as its effect
on the beam positive flexural capacity is insignificant. It
was also shown earlier that the magnitude of the beam axial
force is not affected by the presence of the floor slab as
both specimens, C and CS1, developed almost identical values

of N , as indicated in Fiqg 4.7.

Substituting the column to beam flexural strength ratio

for an exterior connection

R = - (4.21)

M, can be eliminated from Egn. 4.20 and the axial force can
be expressed more meaningfully as a function of the column to
beanm flexural strength ratio and the positive flexural capacity

of the beam as
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Nipax = E-Ah%-ﬁ (4.22)

In calculating the axial force by using Egn. 4.22, the
effect of axial force on the flexural capacity of the beam can
be initially ignored. The maximum value of the axial force
can then be easily determined in two or three iterations.
Applying this procedure to the test subassemblies, Eqn. 4.22
yields a maximum axial compression in the beam of 22 Kips which
agrees well with the maximum value of the beam axial force of

approximately 25 Kips obtained from the test results as shown

in Fig. 4.6 and 4.7.

The observations and discussions presented in this chapter
are based on the premise that unlike those in isoclated connection
tests where the beams are free to elongate, the main beams in
an indeterminate subassembly may not be completely free to
grow and the indeterminate subassembly is thus likely to develop
some axial compression. Consequently, the results and
conclusions drawn from this discussion would apply to the
situation where axial restriction to the elongation of main

beams is anticipated.



93

Chapter 5

EFFECTIVE SLAB WIDTH

5.1 General

Since the first recommendations for the design of
beam-column joints in 1976 (34), and subsequent revision in
1985 (35), the qguestion of the effect of the presence of a
floor slab on the behavior of beam-column joints and how to
include the slab in the design of joints has not been completely
resolved. The current procedure for the design of connections
has been criticized for not addressing this important issue.
Numerous studies (12,13,18,23,24,25,28,49,53,54,55) have
underscored the significance of the presence of a slab on the
behavior of beam-to-column connections. Among other things,
the presence of a slab has been observed to affect strength,
stiffness, and shear in the joints. Perhaps the most critical
of all in terms of the overall performance of the buildings
is the effect on the column to beam flexural strength ratio.
Under lateral loading, the slab which acts as an integral part
of the main beam increases both the positive and the negative

flexural capacity of the beams. The contribution of slab to
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the positive flexural capacity of the beams in term of equivalent
effective slab width, as recommended by ACI 318-83 Building
Code (37,38), is well accepted and is commonly used in gravity
load design of buildings. However, the contribution of slab
to the negative flexural capacity of beams, i.e. when slab is
in tension, whether in term of an effective slab width or
otherwise has not yet been settled. The primary reasons for
not having any specific recommendations on the effective width
of slab include (a) lack of adequate and conclusive test data,
(b) difficulty in comparing results from tests of specimens
having varied configurations and tested under different loading
conditions, and most importantly, (c) the lack of information
on correlating the response of connections tested in the

labeoratory to that expected in a real building.
5.2 Theoretical Models

The participation of the slab in beam-column-slab
connection tests has been generally reported in the form of
strain distribution in slab reinforcement across the width.
This strain distribution has been mathematically modelled and
good agreement has been obtained between the theoretical results
and the observed participation of the glab in single-connection
tests. Pantazopoulou, Moehle, and shahrocz (56) developed a

theoretical model which is based on a strain distribution
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across the slab width which varies as a function of sin®a to
estimate the effective slab width; where a is the acute angile
formed by the rigid link assumed to develop between the beam
at a distance equal to the beam effective depth away from the
face of the column and the transverse beams at end of slab
rebar locations as shown in Fig. 5.1. This function represents
a rapid decay in strain of slab reinforcement in the transverse
direction which is in good agreement with strain distribution
observed from tests on isolated connections. Based on this
model, they proposed an effective slab width on each side of
the beam equal to 1.5 times the beam depth for up to yielding
of beam reinforcement, increasing to approximately three times
the beam depth for deformations expected during severe

earthquake loading.

Cheung, Paulay, and Park (57,58) develdped a model to
identify the slab and beam structural behavior and possibly
quantify the slab contribution. This model is based on the
assumption that when tensile forces, Ty, are generated in the
slab reinforcement parallel to the beam, shear forces, T4, and
a moment M at the slab-main beam interface must develop to
maintain equilibrium, as shown in Fig. 5.2(a). Consequently,
orthogonal tensile forces Ty are necessary to sustain the
moment M, as shown in Fig. 5.2(b). This suggests a mechanism

of force transfer within the slab panel consisting of a fan-type
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compression field which, in order to be developed, only slab
bars anchored in a suitable region, such as shown shaded in
Fig. 5.3, are assumed effective. This mechanism of force
distribution justifies the V-shape flexural cracks observed
in the slab of the isolated connections tested in this and in

many other programs.

Such theoretical models certainly explain the cbserved
response on isolated beam-column~slab connection
subassemblies. However, in continuous subassemblies, where
the slab is not acting as an isolated panel, the applicability
of such an approach may not be appropriate. Ammerman and
Wolfgram-French (51) addressed the effect o¢f boundary
conditions and continuity on modeling the slab contribution
to the beam negative flexural capacity. According to themn,
the presence of an end beam at the location of the line of
infection in isoclated connections is best approximation to
continuous structure. This is mainly because of the restriction
of the transverse~curvature mechanism, shown in Fig. 5.4, which
would cause the longitudinal-curvature to be uniform across
the entire slab width and, thus, eliminate the V-shape flexural
cracks observed in slabs of isolated connections. Unlike the
previous two models, this study indicated that the slab

participation to the beam flexural capacity can be influenced
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by the continuity in the system. Therefore, the observed
participation of slab in continuous subassemblies provides a

better benchmark for calibrating the theoretical models.
5.3 Experimental Data

Based on observations of strain distribution in slab
reinforcement across the slab width few researchers have made
specific recommendations on the effective slab width. Paulay
and Park (49) suggested that slab contribution to the load
input into the joint should be estimated by assuming an effective
slab width on each side of the beam as four times the thickness
of the slab for interior connections and twice the thickness
of the slab for exterior connections. Based on tests on
exterior connections in which transverse beams exceeded their
cracking torsional capacity, Durrani and Zerbe (55) suggested
an effective slab width equal to the width of the column plus

twice the depth of the transverse beams.

Other experimental investigations (12,13,18,24,25,28,
53,54) which tested connections with a slab reported a wide
range af slab participation to the beam negative flexural
capacity. The reason that né specific effective slab width
could be extracted directly from these studies is the different
configurations and different loading conditions used in these

studies. However, all of these studies share the following
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common conclusions: (a) the presence of slab increased the
beam negative flexural capacity, which if neglected could
result in hinging of columns instead of beams and caused
increased shear damage in the joints, and (b) the extent of
slab participation to the beam flexural capacity is directly

related to the torsional capacity of transverse beans.

A summary of recommended effective slab widths and typical
distribution of strain across the slab width as reported by
various researchers is shown in Figs. 5.5(a) and 5.5(b). The
broken lines in these figures represent the width of slab used
in the test specimens, and the solid lines represent the
effective slab width i.e. the width within which the slab
reinforcement yielded in tension during negative bending of
the beams. The effective slab width has generally been expressed
in terms of the slab thickness, depth of the main beam, or the
depth of transverse beams. For the purpose of comparison the
slab widths shown in Figs. 5.5(a) and 5.5(b) are expressed in

terms of the main beam total depth.

Durrani and Wight (53) and Ehsani and Wight (54) tested
interior and exterior connections with a relatively small slab
width of approximately one beam depth on each side of the beam.
After a few cycles the entire slab width was effectively

contributing to the beam negative flexural capacity. Suzuki
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et al (13) and Kitayama et al (25) tested interior and exterior
connections with available slab width equals to four times the
total beam depth on each side of the beam. Their effective
slab width at 4 percent lateral drift varied between 2.5 and
3 times the total beam depth on either side of the beam.
Joglekar et al (18) and Murray (12) alsc tested interior and
exterior connections with available slab width equals to 3.5
times the beam depth on each side of the beam. Unlike other
studies, the distribution of slab reinforcement in these
specimens was more representative of a real building and was
thus concentrated in the middle strip away from the main beam.
The entire width of slab was observed to be effective at a
drift level of 2.5 percent. Fujii et al (24) tested exterior
connections with a lightly reinforced slab of width equal to
three times the beam depth on either side of the beam. At 2
percent relative drift, the observed effective slab width was
close to twice the total beam depth on each side of the beamn.
In recent tests of interior connections by Wolfgram-French and
Boroojerdi (28), the entire slab width which was egqual to 5
times the total beam depth on each side of the beam was found

to be effective at a drift level of 4 percent.
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5.4 Effective 8lab Width

The participation of the slab to the beam negative bending
has been typically observed to increase with increase in the
drift level. In moment resisting frames, a lateral drift level
of three percent is generally assumed to be a realistic upper
limit. The strain measurements across the slab width in the
continucus test subassembly CS1 adjacent to both interior and
exterior connections indicate that the slab rebar farthest
away from the main beam approached yielding at this drift level
as shown in Fig. 4.10. Consequently, the width of the slab
in specimen CS1 may be considered as the effective slab width
which is equivalent to twice the total main beam depth on each
side of the beam. This effective slab width also represent
an accepted interpolation of the effective slab widths shown
in Figs. 5.5(a) and 5.5(b) which varied between one to five
beam depths on each side of the beam for interior connections
and between one to 3.5 beam depths on each side of the beam

for exterior connections.
5.5 Effect of the Size of Transverse Beams

In exterior connections the effective slab width is related
to the extent of torsional damage in the transverse beanms.
After the transverse beams develop torsional cracks due to

tension in the slab reinforcement, the resulting reduced
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torsional stiffness releases the strain in the slab
reinforcement farther away from the main beam. Zerbe and
Durrani (16) indicated that when the induced torsicnal moment
in the transverse beams reaches their torsional capacity the
transverse beams become flexible and they can no longer support
the slab. Under these conditions they recommended the effective
slab width to be limited to a distance equals to one transverse

beam depth on each side of the main beam.

In the case of specimen CS1, a comparison of the induced
torsional moment in the transverse beams of the exterior
connection with their cracking and nominal strength calculated
based on the Hsu’s theory (59) is shown in Fig. 5.6. It is
apparent from this figure that the induced torsional moment
in the transverse beams remained lower than their nominal
torsional capacity. Also, comparing the induced torsional
moment with the nominal torsional capacity calculated based
on ACI-318 (37,38), Fig. 5.6 indicates that the torsional
moment induced in the transverse beams remained below their
torsional capacity. Therefore, in conformity to the previous
recommendation, if the moment induced in transverse beams is
smaller than their nominal torsional capacity, an effective
slab width equals to twice the beam depth on each side of the

main beam can develop.
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To study the effect of the torsional stiffness of transverse
beams on slab participation, an isolated exterior connection,
specimen ES2, with a slab was also tested. The main beam, the
column and the slab of specimen ES2 were identical to those
of specimen ES1. The transverse beams of specimen ES2, however,
had a cracking and nominal torsional capacities egual to 80
percent and 75 percent, respectively, of those of specimen
ES1, while the initial and cracking torsiocnal stiffness of the
transverse beams in specimen ES2 were approximately 70 percent

of those of the transverse beams of specimen ES1.

The overall behavior of specimen ES2 was similar to that
of specimen ES1 except for the strain distribution across the
slab width. Figure 5.7 shows that the strain level in the
slab reinforcement of specimen ES1 was higher than the strain
in the slab reinforcement of specimen ES2 indicating a larger
slab participation to the beam negative flexural capacity in
specimen ES1. This is regardless of the fact that the ratio
of the torsional moment induced in the transverse beams to
their torsional capacity was approximately the same in both
specimens, as shown in Fig. 5.8. Therefore, it can be concluded
that a reduction in initial torsional stiffness of transverse
beams would result in reduction of siab participation to the

beam flexural capacity.
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5.6 Design Recommendations

Based on the results of this study and review of observations
made by other investigators, the following procedure is
suggested to account for the presence of a floor slab in the

design of beam-to-column connections.

1. Reinforcement in a slab width egual to twice the total
beam depth on each side of the beam should be considered
effective in calculating the negative flexural capacity
of the beams. The colunmn to beam flexural strength ratio
and the shear in the columns should, accordingly, be
based on the increased capacity of the beams. 1In the
case of exterior connections, if the torsiocnal moment
induced in the transverse beams by tension in the slab
reinforcement within the effective slab width exceeds
their torsional strength, the effective slab width for
the design of exterior connections should be reduced to

one beam depth on each side of the beam.

2. When calculating shear in the Jjoint, the slab
reinforcement within the effective slab width should be
considered together with the beam top reinforcement as
indicated in the free body diagram shown in Fig. 5.9.
Although the slab reinforcement does not pass through

the joint, the compressive force in concrete equilibrating
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tension in the top steel is directly applied to the jeoint.
The calculated shear in the joint will thus be higher

than that given by the current recommendations.

Appendix A includes two examples which demonstrate the
application of the suggested procedure to include the slab in

the design of interior and exterior beam-to-column connections.
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Chapter 6

SUMMARY AND CONCLUSIONS

6.1 Summary

Six two-bay frame subassemblies each consisting of two
exterior connections and one interior connection and five
isclated <connection subassemblies were tested under
earthquake-type loading to study the behavior of beam-to-column
connections in indeterminate subassemblies. The present
understanding of the behavior of beam-to-column connections
is based on the response of connections tested as isolated
connections. The current procedures for designing connections,
therefore, reflect the inadequacies inherent in isoclated
connection tests. As these test results have shown, the
indeterminacy of the test subassembly can significantly change

the response of connections.

The main objective of this investigation was to study the
performance of connections in indeterminate subassemblies and
to correlate the behavior with that observed in isoclated
connection tests. The variables investigated in this study

were: (1) the amount of joint transverse reinforcement, (2)
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the location of beam flexural hinging regions relative to the
face of columns (3) the presence of transverse beams, and (4)

the presence of transverse beams with a floor slab,

The experimental program consisted of tests on a total of
eleven half-scale beam-to~column connection subassemblies.
Six of the subassemblies were multiple-connection subassemblies
with each consisting of two exterior connections and one
interior connection in the form of a single story of a two-bay
frame isoclated at column mid-heights. The first specimen (C),
consisted of three columns framed together with one continuous
beam. The second specimen (CTB), was identical to the first
specimen except that transverse beams were added to the basic
configuration. The third specimen (CS1), had additional
transverse beams and a floor slab. The fourth specimen (CS2),
was similar to specimen CS1 except that it had smaller amount
of joint transverse reinforcement. The fifth specimen (CS3),
was identical to specimen CS2 except that the beam flexural
hinging regions were relocated a certain disténce away from
the face of the columns. The sixth specimen (CS4), was a

repeat of specimen CS2.

The other five specimens consisted of two isolated interior
connections and three isclated exterior connections. Specimen
I and specimen E represented the interior connection and the

exterior connection of specimen C, respectively. Specimen IS1
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and specimen ES1 represented the interior connection and the
exterior connection of specimen CS1, respectively. Specimen
ES2 was an exterior connection, which was identical to specimen

ES1 except that the transverse beams were smaller.

Each specimen was subjected to twelve displacement cycles
of increasing amplitude which varied between 0.25 percent and
5 percent of the total column height. The specimens were
tested in a wvertical position with the cyclic displacement
applied laterally at the top of the columns. Each specimen was
appropriately instrumented to measure various aspects of

behavior.

6.2 Conclusions

Based on the results obtained from this experimental

investigation, the following conclusions are drawn:

1. The behavior of connections 1in 1sclated connection
subassemblies was observed to be significantly different
than the behavior of c¢onnections in indeterminate
connection subassemblies. This difference in behavior
resulted primarily from the elongaticn of main beams at
large deformation reversals. When such elongation was
partially restrictéd in indeterminate subassemblies,

significant axial compression developed in the beams which

affected the response of connections as follows:
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a) Interior and exterior connections in indeterminate
subassemblies experienced higher joint shear than that

experienced by the joints in isolated connections.

b) Because of the presence of axial compressicn, the
flexural capacity of main beams in indeterminate
subassemblies increased which reduced the effective

column to beam flexural strength ratio.

c) The accumulated effect of elongation of main beams
was particularly severe at exterior columns which

experienced significantly higher moments.

These observations suggest that the design of connections
needs to be reviewed in global perspective of the structural

response.

The lateral load resistance capacity of the indeterminate
subassemblies was approximately 20 percent higher than the
capacity based on the étrength of isolated connections.
This is attributed mainly to the increased flexural capacity
of the main beams due to the presence of axial compression.
The lateral load resistance of indeterminate subassemblies

increased by 40 percent when a floor slab was added.

A larger width of slab contributed to the negative flexural
capacity of the beams in indeterminate subassemblies

compared to that in isolated connections.
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The continuity of the test subassembly did not affect the
overall energy dissipation capacity for both with and

without floor slab cases,

The stiffness degradation in indeterminate subassemblies
was more controlled and gradual compared to that of the
isolated connections. The stiffness degradation 1in
indeterminate subassemblies further improved when a floor

slab was present.

The beneficial effect of the presence of transverse beans
was alsc observed 1in <connections of indeterminate
subassemblies. In the presence of the floor slab, the
confinement provided by the transverse beams was reduced

and the joints suffered more shear damage.

Although the restriction to elongation of beams in
indeterminate subassemblies created more adverse effects,
it benefitted the interior connections by limiting the
crack cpenings in the hinging regions at the faces of the

joint.

Relocating the beam flexural hinges away from the face of
the column in indeterminate subassembly protected the
joints by increasing the volume of concrete in the joint
diagonal compression strut, thus improving the overall

joint shear strength. However, relocating the hinges
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10.

reduced the shear span to beam depth ratio which increased
the shear demand on the beams which could cause early beam

shear failure if not properly detailed.

The presence of a floor slab in interior connections
decreased the slippage of beam top reinforcement and
increased the slippage of beam bottom reinforcement passing
through, the joint. This suggests that the anchorage
requirement for beam top and bottom reinforcement need not
necessarily be equally restrictive when a floor slab is

present.

Based on strain measurements across the slab in
indeterminate subassemblies, a slab width equal to twice
the main beam depth on each side of the beam was found
most effective in resisting bending. The use of this slab
width is suggested for calculations of beam negative
flexural capacity and shear in the joints. The effective
slab width at exterior connections reduced to one beam
depth on each side of the beam when transverse beams cracked

in torsion.
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Fig. 2.11 Specimens Stored in the Laboratory

Fig. 2.12 Test Set-Up
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Fig. 3.3(a) Flexural Cracks in Specimen C

Fig. 3.3(b) Flexural Cracks in Specimen CS1
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Fig. 3.5 Buckling of Beam Reinforcement in Specimen CS3
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Fig. 3.9 Flexural Cracks in Slab of Specimen CS3
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Fig. 3.11 Joint Shear Cracks of Specimen C

:CYCLE 12

o 2z 4 § M

Fig. 3.12 Torsional Cracks in Transverse Beans
of Specimen CS4
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Fig. 4,12 Deflection Shape of

Slab in Isolateg Connectiong
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Fig. 4.17 Joint Shear Cracks of Specimen I

Fig. 4.18 Joint Shear Cracks of Specimen E
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Fig. 5.5(a) Effective Slab Width for Interior Connections
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Appendix A

DESIGN EXAMPLES

In order to demonstrate the effect of the slab on the
design of connections two design examples are presented in
this appendix. The examples are solved based on both the
procedure proposed in Chapter 5 of this report and the ACI-ASCE
Committee 352 design recommendations (35). The solution based
on the proposed procedure is done in detail, while only the
answers are given between parenthesis for the ACI-ASCE Committee

352 procedure.

In both design examples, the calculated column flexural
strength is based on zero axial load for calculation of column
to beam flexural strength ratio. When determining the beam
flexural strength the effect of compression reinforcement in

the beams is ignored.

A.1 INTERIOR JOINT

Slab: 7" Thick
Column: 28"x28"
12411 #4@15" Top & Bottom

1/)7jf£:__m~1 ///;ff//
Main Beam: 22"x30"
? 4#10 Top

-~ 3#10 Bottom
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T-be
pres
arti

be=

Check Joint Shear: Veol
Find effective slab width for M'n1
am action with slab in com- 12"
sion according to ACI-318 (37)

[]
cle 8.10.2 M n2
Span/4 (governs) v "
col

Assuming the Span = 25 ft., then bg = 75 in.

a =

the

M n2

Ag @ fy / 0.85 £’y bg

(3.81) (1.25) (60) / (0.85)(4.5)(75) = 1 in.

(3.4 in.)

= Ag a fy (d - a/2)
= (3.81)(1.25)(60) (27.3 - 1/2) = 7658 K~-in. = 638 K-ft.
(610 K-ft.)

Assume effective slab width in tension is equal to twice
beam depth on each side of the beam.

= Agph * 2(Agg)

4%#10 + 2(8#4) = 5.08 + 3.20 = 8.28 in.?2

(8.28) (1.25)(60) / (0.85)(4.5)(22) = 7.4 in.

(4.5 in.)

(5.08) {1.25) (60) (27.3 - 7.4/2)
+ (3.2)(1.25)(60) (30 ~ 7/2 -~ 7.4/2)

14464 K-in. = 1205 K-ft.

(795 K-ft.)
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Vy{joint)
e,
(%

Tul Cuz
-—— -
———

Veol

Vu(Jdoint) = Tyy + Cuz -~ Veol

I

Ty; = Ag @ fy = (3.81)(1.25)(60) = 286 Kips
(286 Kips)
Cuz = Tuz = Ast @ £y = (8.28)(1.25)(60) = 621 Kips.

(381 Kips)

Vool = (M'pp + M'p)/H = (638+1205)/12 = 154 Kips

(117 Kips)

Il
I

Vu(joint) 286 + 621 - 154 753 Kips
(550 Kips)
¢ Vn = 0vV1T. by b

where: by = (28 + 22) / 2 = 25 in. < bp + ba/2

The beams have been made wide enough to classify the joint

as an interior joint, so y = 20
¢ Vo = (0.85) (20) (v4500) (25) (28)

= 798 Kips > Vy(joint) (OK)
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Check Flexural Strength Ratio:

The column flexural strength was found with a egqual to

1.0. The beam flexural strengths, however, were found with
a equal to 1.25. Therefore, the beam flexural strengths will
be divided by 1.25 to obtain an approximate value for the beam
flexural strengths if a = 1.0.
Mpp = M'p1/1.25 = 638/1.25 = 510 K-ft.

(488 K-ft.)

M'y3/1.25

i

1205/1.25 = 964 K-ft.

Mno
(636 K~ft.)

Mp(col) = 1076 K-ft.

2 Mp(col) / Z Mp(beam)

it

Flexural Strength Ratio

2(1076)/(510+964)=1.46 > 1.4 (OK)

(1.91 > 1.4 OK)
sSummary

The applied joint shear as calculated by the proposed
procedure, including the effect of the slab, is equal to 753
Kips, while the applied joint shear calculated neglecting the
presence of the floor slab is equal to 550 Kips. This indicates

an increase in the joint shear by about 37 percent.

The ACI-ASCE Committee 352 (35) recommends a minimum
value of the column to beam flexural strength ratio of 1.4.

The value of the flexural strength ratio calculated including
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the presence of the slab is equal to 1.46, while the value of
the flexural strength ratio calculated excluding the presence
of the slab is equal to 1.91. This indicates a drop in the

flexural strength ratio in the order of almost 25 percent.

A.2 EXTERIOR JOINT

Column: 24"x24" Slab: 7" Thick
12#11 #4€15 Top & Bottom

pie
”//”' /////ﬁain Beam: 22"x30"
' 4#10 Top

I 3410 Bottom

Transverse Beam: 18"x28"
4#9 Top
3#9 Bottom

Check Joint Shear:

Assume that effective slab width in tension is equal to

twice the beam depth on each side of the beamn.

Agg = 8#4 = 8(0.2) = 1.6 in.2
Assuming the entire slab ‘
T L»
reinforcement yields, the torsion, u
I
Ty, generated in transverse beans <z+ <
is equal to

]

(1.6) (1.25) (60) (10.5) = 1260 K-in.
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According to ACI-318 (37) article _ “foi_
11.6.5, ¢Tp 2 Ty. However, ¢Tp = 1151
K-in. < Ty. Thus, torsional damage in
transverse beams 1is expected. Use 12' -
effective slab width equal to one beam M'n
depth on each side of the beam. >
Agt = Agp + 2Agg Yeol

= 4#10 + 2(4%4) = 5.08 + 1.6 = 6.68 in.2
a= (6.68)(1.25)(60) / (0.85){4.5)(22) = 5.95 in.
(4.5 in.)

(5.08) (1.25) (60) (27.3 - 5.95/2)
+ (1.6)(1.25)(60) (30 - 7/2 - 5.95/2)

= 12091 K-in. = 1008 K-ft.

(795 K-ft.)
vy (Foint)
e .
Cu
-
—
Veol

Cu = Ty = Agt @ £y = (6.68) (1.25)(60) = 501 Kips.

(381 Kips)
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Vool = (M'p)/H = (1008)/12 = 84 Kips
(117 Kips)

501 - 84 = 417 Kips

Vy(joint)

(315 Kips)
¢ Vn = o vyt b4 h¢

where: by = (22 + 24) / 2 = 23 in. < bp + bg/2

The beams have been made wide enough to classify the joint
as an exterior joint, so y = 15
0] Vp = (0.85) (15) (v4500) (23) (24)

= 472 Kips > Vy(joint) (OK)
Check Flexural Strength Ratio:

The column flexural strength was found with a equal to

1.0. The beam flexural strength, however, was found with o
equal to 1.25. Therefore, the beam flexural strength will be
divided by 1.25 to obtain an approximate value for the bheanm
flexural strength if a = 1.0.
Mp = M'p/1.25 = 1008/1.25 = 806 K-ft.

(636 K-ft.)
Mp(col) = 865 K-ft.

Flexural Strength Ratio = Z Mp(col) / I Mp(beam)

2(865)/(806) = 2.15 > 1.4 (OK)

(2.72 > 1.4 OK)
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Summary

The applied joint shear as calculated by the proposed
procedure, including the effect of the slab, is equal to 417
Kips, while the applied joint shear calculated neglecting the
presence of the floor slab is equal to 315 Kips. This indicates

an increase in the joint shear by about 32 percent.

The ACI~ASCE Committee 352 (35) recommends a minimun
value of the column to beam flexural strength ratio of 1.4.
The value of the flexural strength ratio calculated including
the presence of the slab is equal to 2.15, while the value of
the flexural strength ratio calculated‘excluding the presence
of the slab is equal to 2.72. This indicates a drop in the

flexural strength ratio in the order of almost 21 percent.



