ACI STRUCTURAL JOURNAL

Title no. 89-S10

A report on research sponsored by
the Reinforced Concrete Research Council

TECHNICAL PAPER

Evaluation of Joint-Shear Provisions for Interior Beam-Column-
Slab Connections Using High-Strength Materials

by Gilson N. Guimaraes, Michael E. Kreger, and James O. Jirsa

Current provisions for design of beam-column-siab connections are
based primarily on results of tests of connections constructed with
concrete strengths not exceeding 6000 psi and reinforcement with
nominal yield strengths of 60 ksi or less. Results of tests conducted
on four interior beam-column-slab connections constructed with
combinations of normal and high-strength concrete and reinforce-
ment are presented, and existing joint-shear provisions are evaluated
Jor use in design of connections constructed with high-strength ma-
terials.
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During a strong earthquake, beam-column-slab con-
nections can experience severe reversed cyclic loads. If
the joints in a moment-resisting frame do not possess
adequate strength, the overall strength and stiffness of
the frame may be adversely affected. Current ACI
Building Code (ACI 318-89)! recommendations and
ACI-ASCE Committee 352 recommendations (ACI 352
R-85)* for design of beam-column connections were de-
veloped primarily from results of tests conducted on
specimens constructed with concrete strengths less than
6000 psi and steel nominal yield strengths of 60 ksi or
less.

Production of high-strength concretes with compres-
sive strengths exceeding 12,000 psi is now technically
and economically feasible in commercial ready-mix
concrete plants. It is not envisioned that complete
frame systems will be constructed in the future using
concrete with a 12,000 psi compressive strength. How-
ever, because columns have already been constructed
with concrete strengths exceeding 12,000 psi, it is likely
that concrete strengths exceeding 6000 psi will be used
in joints in the future. To evaluate current joint-shear
strength provisions for a large range of concrete
strengths, nominal compressive strengths as high as
12,000 psi were included in this study of interior beam-
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column-slab connections. In addition, use of high-
strength reinforcement and welded wire fabric (nomi-
nal yield stress of 75 and 80 ksi, respectively) has been
shown to increase productivity and reduce labor costs
on construction sites. One of the concerns about high-
strength welded wire fabric is whether it will perform
satisfactorily if the areas are proportioned using the ac-
tual yield capacity rather than the limiting value of 60
ksi specified in some codes. In this study, high-strength
welded wire fabric was used in conjunction with nor-
mal and high-strength concrete in two of the four
beam-column-slab specimens.

RESEARCH SIGNIFICANCE
The test results presented in this paper will be used to
evaluate current ACI Building Code (ACI 318-89) and
Committee 352 (ACI 352 R-85) joint-shear strength
provisions for use in design of connections constructed
with high-strength materials.

EXPERIMENTAL PROGRAM

Four reinforced concrete beam-column-slab connec-
tions were tested under cyclic bidirectional loading.3
The specimens were constructed using combinations of
normal and high-strength materials. Table 1 includes
the nominal concrete compressive strengths and rein-
forcing steel grades used in designing the specimens.
The actual strengths were somewhat higher. All col-
umn ties and beam-shear reinforcement in the speci-
mens with 75 ksi steel were fabricated using welded wire
fabric (nominal yield strength of 80 ksi). The four tests
discussed in this paper were part of a larger testing
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Fig. 1—Specimen dimensions

Table 1 — Specimen details

program composed of six beam-column-slab speci-
mens. Specimen notation associated with the four tests
described here is not in sequence, to preserve the origi-
nal designations (J2, J4, J5, and J6). Results of the two
tests not included here (an exterior joint and an interior
joint with beams in one direction only) are reported by
Kurose et al.*

All specimens were large-scale interior connections
with transverse beams, as shown in Fig. 1. To evaluate
the shear strength of the joint, beam and column cross
sections and reinforcement were chosen so that shear
stresses in the joint would reach strength design limits
according to ACI Building Code recommendations.

Bottom beam reinforcement was approximately half
of top reinforcement. In some specimens, beam top and
bottom reinforcement consisted of six reinforcing bars
placed in two layers. Table 1 shows the reinforcement
used and the reinforcement ratios. Column longitudi-
nal reinforcement was chosen to provide the column
with bending moment capacity at least 20 percent
greater than the beam moment capacities under bidi-
rectional loading. High reinforcement ratios in the col-
umn were needed to obtain the necessary flexural
capacity without affecting the joint dimensions. In-
creasing the column flexural capacity by increasing the
cross sectional area would also increase the joint-shear
strength, and consequently, the joint would not fail in
shear. Note that joint failure was desired for this ex-
perimental investigation, but in the design of a frame
located in a seismic zone a failure mode involving beam
hinging would be desired.

Details of the transverse reinforcement in the column
and joint were chosen to satisfy the requirements of
Chapter 21 of the ACI Building Code. Five sets of pe-
rimeter hoops and crossties were placed within the joint
area. Six sets were used in Specimen J4. One set was
always placed above the uppermost longitudinal rein-
forcing bars and another was placed below the lowest
longitudinal bars. Therefore, three layers were placed in
the region between top and bottom beam bars (four
layers in Specimen J4). Welded wire fabric was used for
all transverse reinforcement (including the joint region)
in high-strength steel specimens.

All closed ties terminated in standard 135-deg hooks.

Nominal design

strength Beam reinforcement Column reinforcement Slab reinforcement
: : . Longi-
Speci- f,» ksi | f,, ksi ¢
men X lcymgi- t{'ans- tudinal Longi-

no. |f!, psi|tudinal| verse | Top |Bottom| Transverse |tudinal Transverse Top Bottom
6#8 | 6#6 16 #9 #3 @ 12in.|#3 @ 24 in.

J2 4000 60 60 |(1.5%)| (0.8%)| 2-#4 @ 4in. |(4.0%)| 3-#4 @ 4in. (0.2%) (0.1%)
448 | 4#7 16 #9 #3 @ 12in.{#3 @ 24 in.

J4 4000 75 80 |[(1.0%)|(0.8%) | 3-D11 @ 4 in. |(4.0%)| 3-D11 @ 3 in. (0.2%) (0.1%)

2 #10 . .
6 #10 . |20 #10 . #3 @ 12in.|#3 @ 24 in.

J5 12,000 60 60 (2.3%) (,: ggfo) 3-#4 @ 3.5 in. (6.2%) 4-#4 @ 2 in. 0.2%) ©.1%)
6#9 | 44#9 20 #10 #3 @ 12 in. |#3 @ 24 in.

J6 (12,000 75 80 [(1.9%)|(1.3%) | 3-D20 @ 4 in. |(6.2%)| 4-D20 @ 2.5 in. (0.2%) (0.1%)

Notes:

1. Beam longitudinal reinforcement consisted of six bars placed in two layers.
2. Steel reinforcement ratio (shown in parentheses) based on gross cross-sectional area.

3. Slab reinforcement was Grade 60 steel for all specimens.
4. Joint transverse reinforcement same as column transverse

reinforcement. :
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Crossties fabricated from Grade 60 bars had a 135-deg
hook at one end and a 90-deg hook at the opposite end.
During cage fabrication, the 90- and 135-deg hooks
were alternated from one layer to the next. Welded wire
fabric crossties had 135-deg hooks at both ends. Speci-
mens J2 and J4 had two crossties in each layer, and
Specimens J5 and J6 had four crossties in each layer.

Fig. 2(a) shows the reinforcement details used in
Specimen J2, and Fig. 2(b) shows the reinforcement
details used in Specimen J6 where welded wire fabric
was used for transverse reinforcement.

The quality of reinforcement cages constructed with
welded wire fabric (WWF) was substantially higher
than the quality of cages constructed with Grade 60 re-
inforcing bars because closer tolerances were main-
tained during bending of the welded wire fabric. Dif-
ferences in fabrication quality are illustrated through
comparisons of five crossties in Fig. 3. The crosstie
shown on the extreme left was cut from a WWF cage
and was typical of all WWF crossties. The other ties
were fabricated by a local supplier using Grade 60 de-
formed bars. The large variation in dimensions of fab-
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Fig. 4—Welded wire fabric reinforcing cage for Speci-
men J6

ricated Grade 60 bars had a negative influence on the
quality of constructed cages and productivity in assem-
bly of reinforcing cages. However, ties having correct
dimensions were selected for use in the joint regions of
Specimens J2 and J5, so that the behavior of critical
joint regions would not be adversely affected by poorly
fabricated reinforcement. The close tolerances associ-
ated with WWF are illustrated by the photograph of the
reinforcing cage for specimen J6 (Fig. 4).

Welded wire fabric reinforcing cages for Specimens
J4 and J6 were assembled in less time and with greater
ease than the reinforcing cages of Grade 60 bars be-
cause substantially fewer pieces had to be tied into
place, and because dimensions of ties and crossties were
carefully controlled during fabrication. Fig. 5 and 6 il-
lustrate the assembly sequence for column and beam
WWEF gages. The column cage was fabricated horizon-
tally. Two column longitudinal bars were supported at
their ends, then crossties were tied to the bars as shown
in Fig. 5(a). Crossties in the orthogonal direction were
then tied in place, as shown in Fig. 5(b). The WWF that
composed half of the outer ties was placed in position,
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Fig. 6— Welded wire fabric beam cage assembly se-
quence for Specimen J6

then four longitudinal bars were threaded into place
and secured [Fig. 5(c)]. The other half of the outer ties
was temporarily secured to crossties [Fig. 5(d)], then the
remaining 14 longitudinal bars were threaded into place
and secured as shown in Fig. 5(¢). The completed col-
umn cage was erected, and beam reinforcement was as-
sembled in a similar manner as shown in Fig. 6(a)
through (c).

The secondary fabric wires noted in Fig 5 and 6 were
not considered as part of thelongitudinal reinforce-
ment. However, the position of secondary wires in
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Table 2 — 28-day concrete compressive strength,
psi

12 4 15 16
S(‘)‘l‘}l’tsl‘;:j‘e"r“ v 3700 4800 10,310 11,860
Jcoluﬁm (4010) (4590) (11,300) (13,360)

4420 12,720 10,040
Upper column 3780 (4220 (13.800) (10,200)

() Compressive strength at the time of testing, psi.

Table 3 — Reinforcing steel strength

Yield strength, Tensile strength,
Grade Bar ksi ksi
#3 80.8 118
#4 79.7 111
#6 74.2 108
60 #7 65.6 101
#8 67.2 106
#9 66.6 106
#10 78.8 108
80 #IWWEF* 84.8 90
HAWWEF* 82.6 99
#7 79.5 120
75 #8 80.0 108
#9 75.8 119
#10 81.4 121

*Welded wire fabric cage reinforcement.

WWEF cages is very important in the assembly of cages.
Poor positioning of secondary wires will make assem-
bly of reinforcing cages extremely difficult or imposs-
ible.

The 5-in. thick slab was reinforced with #3 Grade 60
bars placed in top (12-in. spacing) and bottom (24-in.
spacing) layers in both directions. All slab bars were
continuous over the beams. Concrete cover was 1) in.
for beam and column reinforcement and % in. for slab
bars. Tables 2 and 3 show the 28-day concrete com-
pressive strengths (determined from 6 x 12-in. cylin-
ders) and reinforcing steel strengths.

Fig. 7 illustrates the loading setup used in the inves-
tigation. The lower end of the column was connected at
the base by grouting it to a steel box which rested on a
spherical contact bearing that was connected to the
floor. The spherical bearing allowed rotation of the
steel box about any axis and restricted all horizontal
movement. The upper end of the column was grouted
to another steel box which was connected to the reac-
tion wall through square steel tubes and threaded bars.
Because the restraining system at the top of the column
was inherently flexible in the north-south direction
(parallel to the strong wall), displacement measure-
ments were corrected for rigid body motion of the
specimen in that direction. The upper connection al-
lowed rotation of the column end about any axis con-
tained in a horizontal plane. Additional details can be
found in Reference 3.

Each specimen was loaded by displacing beam tips
equal distances in opposite directions while holding
column ends fixed. The interstory drift angle was then
defined as the sum of beam tip displacements divided
by the beam span. The displacement-controlled loading

ACI Structural Journal / January-February 1992




history is shown in Fig. 8. Specimens were loaded to
prescribed drift levels in the east-west and/or north-
south directions. East-west was the primary loading di-
rection (perpendicular to the reaction wall). This load-
ing program was used in the series of specimens tested
as part of the U.S.-Japan-New Zealand-China Coop-
erative Research Project described in detail in Refer-
ence 4. Since control specimen J2 was part of that se-
ries, the same loading pattern was used for the speci-
mens constructed with high-strength materials.

During Cycles 1, 2, 3, 5, 6, 9, and 10, specimens were
loaded in the E-W direction only. During Cycle 4, uni-
directional loading was applied in the N-S direction.
Bidirectional cycles occurred at the 2 percent drift level
(Cycles 7 and 8) and at the 4 percent drift level (Cycles
11 and 12). During bidirectional load cycles, the speci-
men was first displaced to the prescribed drift level in
the E-W direction (a, in Fig. 8), then while maintaining
the E-W displacement, the specimen was displaced to
the required drift in the N-S direction (b). After reach-
ing the maximum drift, displacements were first re-
duced to zero in the E-W direction (c) then in the N-S
direction (d). The bidirectional loading in the opposite
quadrant was performed in the same manner.

TEST RESULTS

Behavior of test specimens is presented through story
shear-drift angle relations and story-shear orbits. The
contributions of joint-shear deformations and beam
and column deformations to total drift for each speci-
men are examined to provide an indication of the role
of each element in responding to large deformations.
Finally, the test results are compared with current joint
shear-strength provisions.

Overall behavior of specimens is shown using story
shear-versus-drift angle relations. Drift angle R, plot-
ted in figures that follow, is defined as the sum of beam
tip displacements (A; + A)) divided by the beam span L
expressed as a percentage (see the inset on Fig. 9 and
10). Uniaxial story shear is computed from beam reac-

East

tions by multiplying the sum of beam reactions P, + P,
by the ratio of half the beam span to column height L/
2H. Fig. 9 shows the E-W component of story shear-
versus-drift.angle for Specimens J2, J4, J5, and J6. Fig.
10 shows the N-S component of story shear-versus-drift
angle for Specimens J2 and J5. Overall behavior of
Specimens J2 and J5 in both directions was very simi-
lar to that of Specimens J4 and J6, respectively. Maxi-
mum story shear for unidirectional loading always oc-
curred during the positive loading portion of Cycle 9 (4
percent drift in E-W direction). Maximum unidirec-
tional story shears for 2 percent drift did not differ
from values measured for 4 percent drift by more than
15 percent. Test results indicated that the behavior of
specimens with high-strength steel was almost identical
to those with normal strength steel. Since the behavior
of Specimens J2 and J5 was similar to Specimens J4
and J6, respectively, differences in behavior between
normal and high-strength concrete specimens will be
emphasized.

The vertical segments in Fig. 9 and 10 at 0, 2, and 4

Fig. 7—Test setup
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Fig. 8—Loading history
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Fig. 9—Story shear-versus-drift angle (E-W direction)

percent drift cycles are due to loading interaction.
Loading or unloading in one direction decreased the
load in the other direction. A large drop in the story
shear was observed in the last bidirectional cycle for
each specimen. The loss of strength indicated failure.
A plot of measured E-W and N-S story shears pro-
vides a means of assessing bidirectional response. Such
plots occasionally have been referred to as story shear
orbits. Fig. 11 contains story shear orbits for Speci-
mens J2 and J5. An initial examination of the orbits
indicates that during bidirectional load cycles, change in
loading direction resulted in change in story shear in the
orthogonal direction, even though drift remained con-
stant in the orthogonal direction at peaks of bidirec-
tional cycles (2 and 4 percent drift) and at zero drift
(The same change in story shear is shown in Fig. 9 and
10 by the vertical offsets). Further examination indi-
cates that maximum bidirectional story shears (repre-
sented in Fig. 11 by the largest distance between the or-
igin and any ordered pair of story shears) occurred
during Cycle 7 (2 percent drift) for Specimen J5 and
Cycle 11 (4 percent drift) for Specimen J2. However,
peak story shears for 2 and 4 percent drift did not dif-
fer by more than 5 percent. Similar results were ob-
served for J4 and J6. A small decrease in story shear
occurred during the second loading cycle at a given
drift level. Larger reductions in story shear were ob-
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served for 4 percent bidirectional drift cycles (Quad-
rants 2 and 4 in Fig. 11), and were associated with the
failure just noted.

It can be shown that specimen strengths were limited
by joint shear, and not by flexure or shear in the beams
and columns. This is accomplished by examining the
three major components that comprise the total drift
response of each specimen: beam flexural response,
column flexural response, and joint-shear distortion.
The magnitude of each component was determined
from displacement transducer readings.

Fig. 12 shows the beam, column, and joint contri-
butions to story drift angle for Specimens J2, J4, J5,
and J6. Each contribution is expressed as a percentage
of the total drift angle. Plots for E-W and N-S loading
cycles are shown for each specimen. For each loading
cycle, the percent contribution shown is an average of
values calculated at positive and negative peak defor-
mations. In general, joint contributions increased and
column and beam contributions decreased as the drift
angle increased during testing. The largest contribution
(50 to 80 percent) was by the beams. The percent con-
tribution of the column decreased, but the absolute de-
formation contributed by the column remained nearly
constant; it simply represented a smaller fraction of an
increasing drift angle. The formation of plastic hinges
in E-W beams of Specimens J4, J5, and J6 was indi-
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cated by the increase in beam contribution from Cycle
8 to Cycle 9 during E-W loading. In Specimens J4 and
J5, beam hinging was accompanied by a relative de-
crease in the joint contribution, a trend which was not
observed in Specimen J6. Beam hinging is not indi-
cated in Fig. 12 for Specimen J2, although hinges were
observed to have formed in beams. Instead, changes in
behavior appear to have been dominated more by in-
creasing distress in the joint. Although beam hinges
formed in all specimens, it is significant that joint con-
tributions to total drift continued to increase through
remaining cycles, strongly indicating that the joint-
shear strength for each specimen had been reached.

EVALUATION OF JOINT DESIGN PROVISIONS

Measured joint-shear strengths are compared with
values calculated using the ACI Building Code (ACI
318-89)' and ACI-ASCE Committee 352 (ACI 352 R-
85) provisions. Related provisions used in the design of
joints, vis a vis, high-strength materials are also con-
sidered.

Joint shear strength
Maximum story shears for 2 and 4 percent uniaxial
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and bidirectional drift response are compiled in Table
4. To evaluate the joint strength provisions, measured
story shears were converted to shears acting on a hori-
zontal plane through the joint (joint shears). Measured
unidirectional joint shear components are listed in Ta-
ble 5, along with unidirectional joint shear strengths
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100 EW D‘irecltion NS Direction b, = effective joint width (average of the beam and
2 TTN— Joint X 15 column w1dths. in 1‘nchqs) o
5 80 AN <] h = column depth in direction of loading, in.
8 Column | g \ \\\ Y
2 \ M~ . . . .
§ 40 The data in Table 5 indicate that because of interac-
= Beam tion between response in the two primary loading di-
§ 20 rections, specimens did not maintain computed unidi-
rectional joint strengths during all bidirectional load
0 cycles. There are no recommendations in the ACI
123 5 6 7 8 9101112 4 7 8 11 12 yeues. . N .
) Building Code or ACI 352 recommendations'? for bi-
Loading Cycles, J5 . . . .
directional story-shear capacity. A simple model that
. EW Direction NS Direction yields a conservative estimate of measured joint
00 ] Joint 16 strengths is an elliptical interaction curve based on the
2 80 e N - calculated unidirectional joint shear strengths. For the
s Column ] ™ specimens in this study, the elliptical interaction curve
& 60— N ~ reverts to a circular interaction curve because joint di-
g mensions associated with the two loading directions are
g 40 Beam the same. The observed bidirectional strength can be
& determined using the square root of the sum of the
g 20
9] squares of the E-W and N-S shear values.
0 Unidirectional and bidirectional joint-shear maxima

1 2 3 5 6 7 8 9101112 4 7 8 11 12

Loading Cycles , 16 for 2 percent drift are compared with the proposed in-

teraction curve in Fig. 13. Data plotted in Fig. 13 have
been normalized using /f] b4 to facilitate compari-

Fig. 12(b)—Beam, column, and joint contributions to sons between data. Ratios of measured to computed

interstory drift angle joint shear strength are also listed in Table 6 for both

. . unidirectional and bidirectional response. The ratios of
which were calculated using the ACI 352 recommenda- measured to calculated strength are typically higher for
tions. For interior joints, shear strength was calculated bidirectional loading, indicating that perhaps a less
as conservative (but not necessarily simpler) interaction

relationship could be developed.
V, = 20Jf! bh

where Joint confinement
High-strength welded wire cages were used as trans-
V, = unidirectional joint shear strength verse reinforcement in Specimens J4 and J6, while
" = concrete compressive strength, psi Grade 60 bars were used as transverse joint reinforce-

Table 4 — Measured maximum story shear

Specimen J2 Specimen J4 Specimen J5 Specimen J6
Unidirec- Unidirec- Unidirec- Unidirec-
tional |Bidirectional| tional |Bidirectional| tional |Bidirectional| tional |Bidirectional
2% EW = 42.7 EW = 42.6 EW = 86.9 EW = 85.0
Measured |drift| 43 | NS =ss1| 629 |Ns=ss50| 1967 |nNs-=1058| 194 | Ns = 964
story shear, [ o EW = 37.6 EW = 32.0 EW = 74.8 EW = 72.4
kips 1 4in| 720 | Ns—e30| 671 |Ns=s578| 1239 Ns=mns| V47 |Ns = 1076

Table 5 — Measured and calculated joint-shear strength

Specimen J2 Specimen J4 Specimen J5 Specimen J6
Unidirec- Unidirec- Unidirec- Unidirec-

tional |Bidirectional| tional |Bidirectional| tional |Bidirectional| tional |Bidirectional
201 EW = 400 EW = 381 EW = 829 EW = 803
3 .‘f’t 602 NS = 544 562 NS = 491 1018 | NS = 1021 958 | NS = 906

Measured |l (675) (621) (1315) (1211)

joint shear,

ips 4% EW = 352 EW = 286 EW = 714 EW = 684
dr‘;t 674 NS = 590 599 NS =516 | 1182 |NS = 1076 | 1083 | NS = 1011

1 (687) (590) (1291) 1221)
Calculated joint EW = 456 EW = 488 EW = 765 EW = 832
shear, kips 456 | NS —4s6 | 488 | Ns-488| 70 [ Ns=765 | %2 | NS =82

() Bidirectional response based on square root of sum of squares of unidirectional response. .
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ment in Specimens J2 and J5. Size, number, and spac-
ing of joint ties were determined according to the fol-
lowing ACI 318 recommendation’

!

Ay = 0.12 sh, =
h f:v;,

where

A, = total cross-sectional area of transverse rein-
forcement (including crossties)

s = tie spacing

h, = size of column core measured center-to-cen-
ter of confining reinforcement

S = vyield strength of transverse reinforcement

Design yield strengths of 60 and 80 ksi were used for
proportioning the normal and high-strength reinforce-
ment.

Strain histories for ties within the joint demonstrated
that both normal and high-strength reinforcement were
effective for providing confinement in the joints of
normal and high-strength concrete specimens as indi-
cated by strains in ties exceeding yield levels and meas-
ured joint shear strengths exceeding calculated values.
A typical story shear versus strain history for a crosstie
in Specimen J4 (high-strength tie) is shown in Fig. 14.

SUMMARY

The primary objective of this study was to examine
the behavior of interior beam-column-slab specimens
constructed with high-strength materials. Therefore, the
four specimens included in this study were designed so
joint-shear stresses reached design values specified in
ACI 318 and ACI 352 documents. Observations and
conclusions are summarized in the following:

1. All specimens failed in joint shear at 4 percent
drift after formation of beam hinges adjacent to the
column.

2. All specimens resisted unidirectional joint shears
higher than those calculated using current ACI 318 and
ACI 352 design recommendations for joint-shear
strength.

3. Maximum unidirectional joint shears were ob-
tained during 4 percent drift cycles. However, maxi-
mum joint shears obtained during 2 percent drift cycles
did not differ from those obtained at 4 percent drift by
more than 15 percent and were still higher than calcu-
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Fig. 13—Joint-shear maxima at 2 percent drift
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Fig. 14—Story shear versus strain for joint crosstie
(Specimen J4)

lated joint shears. Bidirectional loading resulted in
practically no difference between joint-shear maxima
obtained during 2 and 4 percent drift cycles.

4. Bidirectional joint-shear strength for interior
beam-column-slab specimens constructed with normal
or high-strength concrete is conservatively predicted
using an elliptical interaction curve based on unidirec-
tional joint-shear strengths recommended by ACI 318
and ACI 352.

5. Both normal and high-strength transverse rein-

Table 6 — Comparison of measured and calculated joint-shear strengths

Specimen J2 Specimen J4 Specimen J5 Specimen J6
Unidirec- Unidirec- Unidirec- Unidirec-
tional |Bidirectional| tional |Bidirectional| tional |Bidirectional| tional |Bidirectional
Ratioof |2% | 35 1.48 115 1.27 1.33 1.72 1.15 1.46
measured to | drift
calculated | 4o7 | - -
strengths | e | 148 1.51 1.23 1.21 1.55 1.69 1.30 1.47
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forcement provided adequate confinement for joints.
Size, number, and spacing of ties were determined ac-
cording to ACI 318 recommendations.
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CONVERSION FACTORS

1in. = 25.4 mm
1 ksi = 6.90 MPa
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1 kip-ft = 1360 N-m
1 kip = 4450 N
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