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columns are reported
predictions from an analytic
(35 mm) square and 9 feet (2

OM an experimenta}

al model pro
- 74 m) long

continued until after the flexur
the load-deflection behavior.
investigated for their effects
longitudinal and lateral steel,
the amount of lateral steel.

1 INTRODUCTION

In seismic design of framed structures, a
prime consideration is the need to have
the structure capable of deforming in a
ductile manner to dissipate energy.
Various building codes (ACI 318-83; CSA
1984; SEAOC 1980) aim at having plastic
hinges form in the beams rather than in
the columns by restricting the ratio of
the sum of moment strengths of the columns
to that of the beams at a connection 1n
each principal plane [IM (cols)/IM
(beams))]. This requirement, though it
reduces the possibility of column hinging,
does not ensure that plastic hinges would
alvays form in beams (Park and Pauley
1975). Observations from various '
earthquakes indicated several failures 1n
columns designed according to the code
requirements. In the recent Mexico '
earthquake of 1985 (Rosenblueth and Meli
1986), one of the most common failure |
modes vas the deterioration of concrete 1l
columns and subsequent loss of load-
carrying capacity. In an attempt 1O
prevent column hinging, the New Zealanq
design code (NZ 1982) requires the ratip
IM (cols)/IM (beams) to be larger thfzah
at a joint, which is more stringent tio
most other codes. The corresponding ra
for the ACI Code is 1.2. Column hinglgg
at the base of structures 18, By SUVERT
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relied upon to dissipate energy. It is,
therefore, necessary to design columns
such that they are capable of behaving in
a ductile manner. It is well-established
(Sheikh and Uzumeri 1980, Sheikh and
Uzumeri 1982, Sheikh 1982, Sheikh and Yeh
1986) that confinement of core concrete
with appropriate detailing of both
longitudinal and lateral reinforcement can
increase strength and ductility of
concrete. Most of the previous
experimental work involved testing of
columns under concentric compression based
on vhich an analytical model was proposed
(Sheikh and Uzumeri 1980, Sheikh and
Uzumeri 1982). The model was further
extended to include both axial and
flexural loads (Sheikh and Yeh 1986).
Research reported here describes results

from an experimental study in'which |
columns were tested to large 1qelast1c
deformations under combined axial and 2
flexural loads. Experiment?I resul;s ;
also compared with the predictions IIo

the analytical model.
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2 g4 @ 6 13/167 1.68 70 0.75
2.23 6 um @ 2 178" 1.64 68 0.78
g'aa B85 0.84 70 0.78
.2”4& $3 @ 3 3/4' 1.68 /1 8.7
2'44 $3 @ 2 1/2° 1.68 71 0.7
2"{'& 6 mm @ 4 1/4" .77 68 0.74
S AN S N A -6 0.60
9. 44 4 @ 4 1/2" 1.69 /0 0.74
2.3 6 mm @ 4 1/4" 0.81 6/ 0.75
2.53 $3 @ 4 1/2" .08 N 0.75
9. 44 6 mm @ 4 1/4" 0.77 81 0.60

-

e « ratio of longitudinal and lateral steel, respectively

TR e volumetri
! Sl -
f = yield stress of lateral steel
yi
£ . concrete strength from a standard cylinder
e
Ag = gross area of section
P = axial load
?2:3; :z9-§ton§cally i“*‘-feasiﬂs flexural specified in Table 1 for the test zones
subjecte; fosmultaneous}y being vas provided outside the test region to
constant axial loads. The avoid failure there.

details of ‘ ' '
the specimens are given in The variables examined in the study

Table 1
vere 12 ﬁgh:;m(];gsl;m)ﬁ‘il the columns include distribution of laterally
(2.74 m) lon quare and 9 feet supported and unsupported longitudinal

. & €Xcept Specimen E4MM-
vhich wvas 13 inches (330 mm ) square1

: bars, overlapping hoops and crossties.
After this first test,

amount of lateral reinforcement, SPM%HE
of ties and axial load level. The a..}:lalq
load was applied to the column through th%
tWo hinges which were attached to the -
of the column. Each hinge consisted of
five roller bearings, which alloved -
rotation of the column with minimal
restraint, The column was SUPPO“ed -
these hinges as shown in Figure 2. ?he
lateral load vas applied using 150-kiF f 8
(670 kN) MTS actuator. With the help °
f"“‘cti‘m generator, the displace’en[ 3

vas control. . TR
W led at about .04 §os
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Test set-up

Figure 2.
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longitudinal bars. 1In all the specimens
strain in the lateral steel in the

compression zone of the critical section
increased slowvly with load unti} crushin
of concrete started at the top. This
indicated a lack of need for concrete
confinement. The maximum lateral load
approximately coincided with this
occurrence. Beyond this point tie strain
increased rapidly, resulting in the

yielding of steel. The column deflection
was the lowest in the case of

Configuration A and highest for
Configuration E when steel in the outer
tie yielded. Lateral load dropped rapidly
in the case of Specimen 2 (Configuration
E) after yielding of tie steel, which
accompanied crushing of core concrete.
The test was terminated when the lateral
load dropped to zero and the specimen was
unable to sustain the axial load.

Unlike Configuration E, the inner ties
in Configurations A and F provided the
necessary restraint to the middle

longitudinal bars and improved confinement

of concrete, which resulted in a gradual
drop in the lateral load beyond peak.
Stress in the inner ties was very low
before yielding of the outer ties and

increased comparatively rapidly thereafter

as the test progressed. This continued
lateral confinement appears to be ‘
responsible for increased mement capacity
and ductility. After yielding of the11
inner ties, the moment dro?ped gradually.
The test was continued untl}
load dropped to zero. Specimen 3'W?Zined
quite stable at this point and ma1E :

the axial load which was only glightly
less than the originally applie
(1780 kN). At this stage Spec
able to carry less load compare b e by
Specimen 3 but was in a stable cod .
The 90° hooks in Specimen 4 ShO:Tde

of opening but vere able to P:i 1% is
effective confinement. Howevc élic
believed that under reversed cY

. mod | :
are available Elgo el, details of which

. ewhere (Sheikh
Uzumeri 1982, Sheikh and Yeh 19822d Was
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Xperimental and an .
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Sho? good agreement, i
Figure

Specimens
F4AMH-6 and FIMH-9. The only differenzz

between the two speci

the eehavior of confined concrete is tie
SPpacing. Smaller tie spacing results in

hlgher moment capacity. 1In Specimen 6
tensile stress in the per] ’

cempression zone was only
yleld stress just before the maximum
lateral load was applied. The stress in

the vertical crosstie at that moment was
only 20% of the yield stress. The

corresponding stresses in both ties in
Specimen 9 were equal to about 65% of the
yield stress. All the tie steel
subsequently yielded in both the
specimens. The crossties initially
provided the necessary restraint to
prevent premature buckling of middle
longitudinal bars. A rapid drop in the
moment capacity in the last part of the
moment-curvature curves was caused by a
loss of confinement due to the opening of
the 90° hooks in both specimens. A
reduction of steel strain in the crosstie
was observed at this stage. This
phenomenon occurred at a 1ower.curvat\.}re
value in Specimen 9 (smaller tie spacing)
than in Specimen 6 due to the face that
crossties yielded earlier in Specmen 9.
In both the specimens an extension ot: :
eight times the bar diameter (d??‘ W;?n‘;i]im
beyond the hooks compared with the

6 d. recommended by the ACI Code (ACI

b
18—83 . :
: A coiparison between analytical and

experimental results indicates tha;,‘efor
large spacing, the model predm;ir e
behavior reasonably well; but,

spacing, the analytical mdglctility. -
overestimates strength and au

: ial load
gh axila < effective

821
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Figure 5. Effect of tie spacings

section ability to maintain the moment
capacity after crushing of concrete
started in Column E3MH-13 (high axial
load) indicates a brittle failure. As in
Specimen 2, behavior of vhich has been
discussed earlier, tensile strain in the
tie steel in the compression zone of
Specimen 13 was very low before crushing
of concrete Started. Crushing of concrete

ol ¥ -

were observed to significantly bend
outward. The strain measured by electric
strain gages and used in the analytical
model would, therefore, overestimate the
contribution of tie steel in confining the
concrete,

Figure 7 shows the effect of the amou
of lateral reinforcement on the colum
behavior. The only significant differenc
between Specimen 3 and Specimen 16 which
influences the behavior is the amount of”
tie steel. Specimen 16 has about ﬂﬂe*f‘aij
of the amount of lateral steel in Specit®
3. The almost identical ascending part®
the curves indicates that ties do not
Significantly influence the section 3
behavior Prior to the crushing of confff;
cover. The variation of tie strain vif
load was very similar in both the 0
SPecimens. The first significant df"g
the moment in Specimen 16 was caused %
Crushing of concrete cover. ;

Hﬂdiﬂg of perimeter ties follove

'““?; concrete crushing in both the

!i!n_ifw!;nt drop in the moment capa‘ por®

: nl}‘di"‘i ﬂf ‘inner ties resulted in 2
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to produce an acceptable behavior.'
5 An analytical model presented earlier
predicts the experimental results

reasonably well.
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