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Exterior Reinforced Concrete Beam-to-Column Connections
Subjected to Earthquake-Type Loading

by M. R. Ehsani and J. K. Wight

The experimental results from reversed cyclic loading tests on six ex-
terior reinforced concrete beam-column subassemblies are presented.
The primary variables were the ratio of the column-to-beam flexural
capacity, the joint shear stress, and the transverse reinforcement in
the joint. The specimens were subjected to cyclic load reversals at de-
flection levels intended to represent the levels that could be obtained
during a moderate or severe earthquake. The results are compared
with the existing design recommendations. It is concluded that in
some cases the present design recommendations could be safely re-
laxed.

Keywords: beam-column frame; beams (supports); columns (supports); con-
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Investigating the behavior of reinforced concrete
beam-to-column connections has attracted many re-
searchers in the past 20 years. When a reinforced con-
crete ductile moment-resisting frame is subjected to
large seismic lateral forces, the beam-to-column con-
nections must be capable of carrying large shear forces
which are accompanied by large deformations. The first
behavior studies of beam-to-column connections were
conducted at the Portland Cement Association labora-
tories by Hanson and Conner.'? Since then the prob-
lem has been studied by other investigators in the
U.S.,*¢ as well as in Canada,’ Japan,® and New Zea-
land.*® Although the objectives have varied, the main
emphasis of these studies has been to develop guide-
lines which would insure proper anchorage of beam
bars in the joint and provide ductile behavior under re-
peated cyclic loading.

As a result of these studies, the design philosophy for
beam-to-column connections has changed considerably
over the past decade. The ACI-ASCE Committee 352,
Joints and Connections in Monolithic Concrete Struc-
tures, published its first design recommendations in
1976." At that time, it was generally assumed that the
shear capacity of a connection is the sum of the capac-
ities of the concrete and steel. The contribution of the
concrete was a function of the type of loading and the
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confinement provided for the joint by the transverse
beams. The contribution of closed reinforcing hoops
was similar to that of shear stirrups in the beams. Ad-
ditional rules were also provided for detailing joints in
seismic regions.

The recommendations of Committee 352 have been
undergoing major revisions in the past few years. Ac-
cording to the draft recommendations of ACI Com-
mittee 352, which were available at the time this re-
search project was initiated (subsequently referred to as
the draft recommendations), the contributions of steel
and concrete are not treated separately. It is now be-
lieved that a major factor in performance of a connec-
tion is the confinement of the concrete in the joint core.
It is assumed that the confining steel makes no direct
contribution to resisting the shear forces in the joint.
According to the draft recommendations, the designer
only needs to provide adequate column confining rein-
forcement through the connection and then limit the
nominal joint shear stresses to 124/f] psi (1.0 \/f, MPa)
for external connections. If the ultimate joint shear
stresses are found to be higher than the recommended
ultimate value, the dimensions of the connection must
be increased to reduce the shear stresses rather than
providing more transverse reinforcement. Increased
transverse reinforcement usually causes increased
congestion in the joint.

RESEARCH SIGNIFICANCE
This study investigates the effect of key variables on
the behavior of external reinforced concrete beam-to-
column connections subjected to earthquake-type load-
ing. The material presented is aimed at engineers who
are interested in designing reinforced concrete frame
structures capable of resisting earthquake motions.
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Table 1 — Physical dimensions and properties of
the specimens

Specimen number

Designation 1B 2B 3B 4B 5B 6B
L, in. 84.0 84.0 84.0 84.0 87.0 87.0
h,, in. 11.8 11.8 11.8 11.8 13.4 13.4
d,, in. 9.6 9.6 9.6 9.6 11.4 11.4
d,, in. 5.9 5.9 5.9 5.9 6.7 6.7
A 3#6 4#6 3#6 4#6 4#8 346
Ay* 2#6 2#6 2#6 2#6 2#8 2#6
L,, in. 60.0 60.0 60.0 60.0 42.0 42.0
h,, in. 18.9 17.3 18.9 17.3 18.9 18.9
b,, in. 10.2 10.2 10.2 10.2 11.8 11.8
d,, in. 16.9 15.4 16.9 15.4 16.9 16.9
dy, in. 15.0 13.4 15.0 13.4 15.0 15.0
A 3#7 3#7 3#7 3#7 3#7 3#7
Ay 3#6 3#6 346 3#6 3#7 2#6
Hoops* 2 2 3 3 2 2

f1 psi 4870 | 5070 | 5930 | 6470 L 3530 | 5770

Note: 1 in. = 25.4 mm; | psi = 0.0069 MPa,
*Summary of column steel yield stress, in ksi; bar size #6 = 71.0,
'Summary of beam steel yield stress, in ksi; bar size #6 = 50.0, #
‘Number of sets of #4 hoops in the joint with yield stress of 63.4

Y

TEST PROGRAM

Objective

In many cases the draft recommendations result in
congested joints which are very difficult to construct.
The main objective of this study was to show that in
certain cases, joints reinforced with a smaller percent-
age of transverse steel than that suggested by the draft
recommendations will exhibit satisfactory perfor-
mance.

Construction of the specimens

Six exterior reinforced concrete beam-to-column
connections were constructed and tested. The speci-
mens were designed in the fall of 1978. A detailed de-
scription of the specimens is provided in Reference 12.
The configuration of these specimens are presented in
Fig. 1 and their physical dimensions are listed in Table
1. Adequate shear reinforcement was provided in the
beam and columns outside of the joint to prevent shear
failure in the beam or the column.

All specimens were cast flat rather than vertical as in
actual construction. After the reinforcing cage was as-
sembled and placed inside the formwork, the concrete
was placed and internally vibrated. Specimens were
moist cured for a period of seven days in the forms.
Forms were removed after seven days and the speci-
mens were stored in the laboratory until they were
tested.

Primary variables
The effects of the following primary variables on the
performance of the connections were studied: (1) the
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Fig. 1—Configuration and dimension designation for
the specimens

flexural strength ratio My, defined as the sum of the
flexural capacities of the columns to that of the beam;
(2) the percentage of transverse reinforcement used
within the joint p,; and (3) the shear stress in the joint
as a multiple of \/f/, defined as .

Most building codes recognize the advantages of
having stronger columns than beams at every connec-
tion. However, the minimum code requirements are
usually satisfied by providing flexural strength ratios
slightly greater than 1.0. To investigate the effect of this
parameter, flexural strength ratios were varied between
1.1 and 2.0.

The joint transverse reinforcement can contribute to
the overall connection behavior in two ways. First, it
can provide potential shear forces with an upper limit
equal to the area of the hoops times its yield stress.
Second, the hoops can provide confinement to the joint
which is proportional to the number of hoops placed in
the joint. As a result, providing a larger number of
hoops with a lower yield stress is more advantageous
than providing fewer hoops with a larger yield stress,
even though the maximum potential shear capacity for
both cases may be the same. Except for Specimen 4B,
the test specimens had fewer hoops in the joint than
were suggested by the draft recommendations. Grade
60 transverse reinforcement was used in this test series.

According to the draft recommendations, the shear
stress in an exterior joint is limited to 12 </f/ psi (1.0
\f! MPa). For specimens tested, the joint shear stress
varied between 10 \/f] psi (0.83 ~/f7 MPa) and 14 \/f]
psi (1.16 /f; MPa). The joint shear stresses were cal-
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culated when the specimens were designed assuming
that strain hardening will increase the tensile stresses in
the beam longitudinal reinforcement by ten percent
over the measured tensile yield stresses.

Due to the changes in material properties and physi-
cal constraints, the final values for the primary vari-
ables were slightly different from the original design
values. The design values for the primary variables as
well as the actual values for each specimen are listed in
Table 2.

Materials

A concrete mix using Type I portland cement and
coarse aggregate with maximum dimension of %2 in. (13
mm) was used. The slump was kept at about 5 in. (125
mm) for ease of placement. Grade 60 reinforcing bars
were used for the column longitudinal and transverse
reinforcement including the transverse reinforcement in
the joint. Grade 40 steel was used for the longitudinal
and shear reinforcement in the beams. The test day
compressive strength for the concrete cylinders and the
average yield stress for the reinforcing steel are pre-
sented in Table 1.
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Table 2 — Design and actual values for the
primary variables

Specimen | P/A,, v = v

number psi M, bh f, psi | p,, percent
1B 287 1.1 (1.01) 14.0 (14.2) 1.0 (0.87)
2B 358 1.5 (1.35) 14.0 (14.2) 1.0 (0.98)
3B 358 | 1.1(1.07) 14.0 (12.8) 1.5 (1.30)
4B 358 1.5 (1.41) 14.0 (12.5) 1.5 (1.48)
5B 446 2.0(1.93) 14.0 (15.2) 1.0 (0.78)
6B 380 1.5 (1.56) 10.0 (8.8) 1.0 (0.74)

Note: 1 psi = 0.0069 MPa; 1.0:/f7, psi = 0.083/f,, MPa. Numbers outside
the parentheses are the design values. Numbers inside the parentheses are the
actual values.

Test setup and instrumentation

The specimens were tested in the testing frame shown
in Fig. 2. The column portion of the specimens were
tied down to the frame. Rollers were provided near the
ends of the columns to simulate inflection points, and
a hydraulic actuator was used to apply shear forces
near the free end of the beam.

Approximately 30 electrical resistance strain gages
were attached to the reinforcing bars near the joint re-
gion. Locations of the strain gages are shown in Fig. 3.
During each cycle of loading, the loading was tempo-
rarily stopped at selected points while the strain gages
and loads were recorded.

Loading

The column axial load, which was less than 40
percent of the balanced column load, was held con-
stant throughout each test (Table 2). The applied cyclic
loading followed the displacement controlled schedule
shown in Fig. 4. The specimen was first loaded to its
yield displacement. The yield displacement was mea-
sured during the test from the plot of the applied load
versus the displacement of the load point and corre-
sponded to the point when a significant decrease in the
stiffness of the subassemblage occurred. The loading
was then continued in the same direction to one and
one-half times the yield displacement. The specimen
was then unloaded and loaded in the other direction to
the same displacement. The maximum displacement for
each subsequent cycle of loading was incremented by
half of the yield displacement for each cycle after the
first cycle of loading.
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Fig. 5—Load versus deflection response for Specimens 1B through 6B, respectively

DISCUSSION OF TEST RESULTS

Plots of the applied load versus the displacement of
the load point for all specimens are shown in Fig. 5(a)
through 5(f). To make the comparison of the results
easier, the ratio of the maximum load carried by the
specimens during each cycle of loading to that of the
first cycle is shown in Fig. 6. For calculation of these
ratios, the maximum load during each cycle was de-
fined as the average of the maximum positive and max-
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imum negative loads carried by the specimen during
that cycle. The load-carrying capacity for Specimens
1B, 2B, and 3B was sharply reduced after the first cycle
of loading, while the reduction in load-carrying capac-
ity for Specimen 5B was not as severe. Specimens 4B
and 6B maintained their maximum first cycle load for
the first four and five cycles of loading, respectively.
Loss of stiffness in subsequent cycles is shown by the
““pinching’ of the hysteresis loops at midcycle. Two
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Fig. 6—Cyclic load-carrying capacity of the specimens

distinct behaviors were observed with respect to stiff-
ness degradation. The first observation was that after
the initial cycle of loading, the stiffness of the speci-
mens was substantially lower when the displacement
was near zero due to unclosed beam flexural cracks
near the face of the column. The second observation
was that the stiffness of the specimens reduced with
each additional cycle of loading. This is primarily due
to concrete deterioration in and adjacent to joint, slip-
page of column longitudinal reinforcement, and pull-
out of the beam longitudinal reinforcement.

Effect of M,

The flexural strength ratio had a major effect on the
location of the flexural hinging in the specimen. All
specimens tested in this study had flexural strength ra-
tios greater than 1.0. Therefore, in none of the speci-
mens did flexural hinges form in the columns outside
the joint. For specimens which had flexural strength
ratios slightly greater than 1.0, most of the damage was
concentrated in the joint. In specimens which had flex-
ural strength ratios considerably greater than 1.0, the
cracks were distributed more into the beam and away
from the joint.

The ratio of the maximum load carried by specimens
at the fourth cycle of loading to that of the first cycle
of loading for two groups of specimens for which the
only change was the flexural strength ratio is plotted in
Fig. 7. The improved retention of strength in the beam-
column subassembly as the flexural strength ratio is in-
creased is clearly shown in this figure. For flexural
strength ratios slightly greater than 1.0, flexural hinges
formed in the beam, but spread into the joint. Thus,
anchorage of bars was significantly impaired and this
led to the pullout of the beam longitudinal steel and
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slippage of the column longitudinal bars which reduced
the load-carrying capacity as well as the stiffness of the
specimens.

Effect of p,

In Specimens 3B and 4B, which had larger amounts
of transverse reinforcement than Specimens 1B and 2B,
respectively, although the concrete in the joint was
cracked, it was not crushed. The cover concrete around
the joint, however, had spalled off in all specimens by
the end of the test. A comparison of the cyclic load-
carrying capacity of Specimens 1B and 3B, Fig. 5(a)
and (c), respectively, indicates that for specimens that
had lower flexural strength ratios, where flexural hinges
form in the joint, only a slight improvement can be
achieved by providing additional transverse reinforce-
ment. However, in specimens that had larger flexural
strength ratios, such as Specimens 2B and 4B, Fig. 5(b)
and (d), respectively, the increase in the joint trans-
verse reinforcement made a significant improvement in
the overall behavior of the specimen.

Effect of vy

A reduction in the joint shear stress had a distinct ef-
fect on the load-carrying capacity of the specimens. As
shown in Fig. 5(f), Specimen 6B, which had a joint
shear stress of 8.8 \/f] psi (0.73 +/f; MPa), maintained
its maximum first cycle load through the fifth cycle of
loading. However, for Specimen 2B [Fig. 5(b)], which
had a joint shear stress of 14.2</f] psi (1.18 \/f] MPA),
the load-carrying capacity deteriorated after the first
cycle of loading. These joint shear stresses were calcu-
lated using the data from strain gages attached to the
beam longitudinal reinforcement which indicated that
these bars had yielded in tension.

Examination of the specimens during and at the con-
clusion of the tests indicated that the specimens that
had lower joint shear stresses suffered less damage than
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similar specimens with higher joint shear stresses. De-
terioration of the concrete in the joint due to higher
shear stresses had an adverse effect on the anchorage
conditions of the beam and column longitudinal rein-
forcement in the joint. As a result, in specimens with
higher joint shear stresses, beam bar pullout and col-
umn bar slippage started during earlier cycles of load-
ing.

Bar slippage

A major cause for loss of stiffness in the specimens
was slippage of the column bars through the joint and
pullout of the beam longitudinal reinforcement from
the joint. As cracks formed in the joint, the concrete in
the joint lost its ability to resist the bond forces exerted
by the beam longitudinal reinforcement which was an-
chored in the joint. The beam bars could then be par-
tially pulled out of the joint as the bar yield stress was
developed. In specimens that had low shear stresses in
the joint or in specimens with larger flexural strength
ratios and thus, with flexural hinges formed in the
beam instead of the joint, beam bar pullout did not oc-
cur during the first few cycles of loading.

Strain gage measurements were used to determine
beam bar pullout. Because the maximum displacement
the specimens were subjected to increased with each
cycle of loading, the strains in the beam longitudinal
reinforcement were expected to increase during each
cycle of loading. If the maximum strains during each
two consecutive cycles of loading remained the same or
decreased, it was concluded that a pullout of the bar
had taken place. As shown for Specimen 2B in Fig. 8,
due to the excessive damage to the joint, the bar started
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to pull out after the first cycle of loading. In contrast,
the beam longitudinal reinforcement in Specimen 6B
maintained adequate anchorage throughout the test due
to the low joint shear stresses. Beam bar pullout in
Specimen 4B, which had a flexural strength ratio of
1.41, was not recorded until the fourth cycle of load-
ing.

Cracking of the joint also led to slippage of the col-
umn longitudinal reinforcement through the joint. In
all specimens tested, the column reinforcing steel near
the face of the column closest to the beam slipped.
However, in specimens which had either a combination
of a larger flexural strength ratio and a larger joint
transverse reinforcement ratio or lower shear stresses,
such as Specimens 4B and 6B, the column bars on the
back side of the column either did not slip or slipped
only after a large number of cycles of loading. The
maximum strains for the same column longitudinal re-
inforcement in each specimen during each cycle of
loading is plotted in Fig. 9. The maximum strains in
Specimens 1B, 2B, and 3B started to drop after the first
cycle of loading, iqdicating the slippage of column lon-
gitudinal reinforcement. The combination of larger
flexural strength ratio and joint transverse reinforce-
ment delayed the slippage of column reinforcement in
Specimen 4B until the fifth cycle of loading. In Speci-
men 6B, which had small joint shear stresses, the col-
umn longitudinal reinforcement at the back face of the
column did not slip at all.

Based on the hysteretic behavior, strain gage data,
and the observation of the damage to the specimens,
only the performance of Specimens 4B and 6B were
rated satisfactory.
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Table 3 — Comparison of design parameters to
draft recommendations

Specimen Shy L' h,/column

number M, T* in. in. bar diameter
1B 1.01 (1.4){13.2(12) | 4.4 3.0)| 7.4 (8.8) 25.1 (24)
2B 1.35(1.4) [ 13.2(12) 1 3.9 (3.0) | 7.4 (8.6) 23.0 (24)
3B [1.07(1.4) | 12.0(12) 3.3 3.0)| 7.4 (8.0) | 25.1 (24)
4B 1.41 (1.4) | 12.2 (12)| 3.0 (3.0) | 7.4 (7.6) 23.0 24)
5B 1.93 (1.4) | 14.2 (12) | 4.3 (3.5) 1 9.4 (10.3) 18.9 (24)
6B 1.56 (1.4)| 8.1(12)14.6(3.5)[9.4(6.9) 25.1 (24)

Note: I in. = 25.4 mm; 1.0/f, psi = 0.083 \/f;, MPa. Numbers outside the
parentheses are the provided values. Numbers inside the parentheses are re-
quired by the draft recommendations.

*Shear stress as a multiple of \/f7, psi.

1 = 0.014 of, dy/FL, psi.

COMPARISON TO THE DRAFT
RECOMMENDATIONS

The design parameters for these specimens were
compared to the draft recommendations of the ASCE-
ACI Committee 352. The results are listed in Table 3.
For every entry in the table, the draft recommenda-
tions of Committee 352 are given in parentheses next to
the actual values for the specimens.

Only Specimens 4B, 5B, and 6B satisfied the require-
ment for minimum flexural strength ratio. The joint
shear stress was greater than 12 /f! psi (1.0 \/f, MPa)
for all specimens except Specimens 3B and 6B. The re-
quirement limiting the spacing of the hoops within the
joint to one-quarter of the column thickness was vio-
lated by all specimens except Specimen 4B. As shown in
Column 5 of Table 3, only Specimen 6B had adequate
development length for the hooked beam bars. The
recommendations require the ratio of the beam total
depth to column bar diameter to be greater than 24 to
inhibit slippage of column longitudinal reinforcement.
Column 6 of Table 3 indicates that only Specimens 1B,
3B, and 6B satisfied this requirement.

Specimen 4B, for which all the design parameters
were very close to the draft recommendations of Com-
mittee 352, demonstrated satisfactory performance.
The draft recommendations have separate require-
ments and limits for the different parameters contrib-
uting to the behavior of a joint. However, none of
these requirements are relaxed if one or more of the re-
maining requirements are satisfied more conservatively
than the committee recommendations. An example of
this can be seen in the behavior of Specimen 6B. The
provided hoop spacing was much larger than the draft
recommendations. However, because the shear stress
and anchorage requirements were met with consider-
able conservatism, the specimen showed satisfactory
behavior. It is therefore necessary that before selecting
joint transverse reinforcement, all factors influencing
the behavior of the connection should be considered
collectively.

CONCLUSIONS
The purpose of this investigation was to study the ef-
fect of the parameters influencing the behavior of
beam-to-column connections and to determine if in
certain cases the existing design guidelines could be re-
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laxed. From the test specimens the following can be
concluded:

1. To avoid formation of plastic hinges in the joints,
the flexural strength ratio should be no less than 1.4,
Larger flexural strength ratios improve the behavior of
the connections considerably.

2. The maximum joint shear stress in exterior con-
nections should be limited to 12 \/f! psi (1.0 /f, MPa)
to reduce excessive joint damage, column bar slippage,
and beam bar pullout. A significant improvement in the
behavior of a connection is observed if the joint shear
stresses are kept well below this limit.

3. Although slippage of column bars and pullout of
beam longitudinal reinforcement is undesirable, there is
no need to try to eliminate this problem completely.
Specimens which had minor slippage and bar pullout in
the later cycles of loading showed a very good overall
behavior.

4. Additional transverse reinforcement, when com-
bined with conclusions 1 and 2, does enhance the be-
havior of the subassemblage. However, the construc-
tion of such connections was found to be extremely
difficult.

5. The present guidelines for selecting joint trans-
verse reinforcement do result in satisfactory perfor-
mance of beam-column subassemblies in cases where
the flexural strength ratio, joint shear stress, and an-
chorage requirements are all approximately equal to the
limits of the draft recommendations. However, in cases
where either the flexural strength ratio, the joint shear
stress, or the anchorage requirements are significantly
more conservative than the limits of the draft recom-
mendations, the amount of joint transverse reinforce-
ment could be safely reduced.
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NOTATION

A, = cross-sectional area of column, in.?

A,. = area of tension reinforcement in column, in.?

A, = area of intermediate longitudinal reinforcement in column,
in.?

A,, = area of outer layer of tension reinforcement in beam, in.’

A, = area of inner layer of tension reinforcement in beam, in.*

b = width of column transverse to the direction of shear, in.

b, = width of beam, in.

d,, = distance from compression face to centroid of outer layer of
tension reinforcement in beam, in.

d,, = distance from compression face to centroid of inner layer of
tension reinforcement in beam, in.

d, = distance from compression face to centroid of tension rein-
forcement in column, in.

d,, = distance from compression face to centroid of intermediate
longitudinal reinforcement in column, in.

f! = compressive strength of concrete, psi
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h, = total depth of beam, in.

h = total depth of column parallel] to the direction of shear, in.

L, = length of beam section of specimen between the beam load-
ing point and the front face of column, in.

L. = length of column portion of specimens held between simple
supports, in.

I, = development length of hooked bars measured from the face

of the column core to back side of the hook, in.

M, = sum of the flexural capacity of columns to that of beam

P = applied column axial load during test, kips

s, = center-to-center spacing of hoops, in.

V, = joimt shear force, kips

o = stress multiplier for flexural reinforcement = 1.25 for earth-
quake lpading

¥ = joint shear stress as a multiple of \/f]

P, = transverse reinforcement ratio, percent
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