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ABSTRACT:

columns 1Is discussed.
are described.

effect under cyclic loading
by reinforcement slip can

1 INTRODUCTION

Performance of reinforced concrete struc-
tures during recent earthquakes has de mons~
trated that column hinging may occur in
the critical regions of structures during
a strong earthquake. Therefore, prediction
of inelastic deformations and the associated
hysteretic response of reinforced concrete
columns is essential for aseismic design of
structures.
. Inelastic deformations in a frame member
are generally produced by flexure. Shear
forces may also produce appreciable inelas-
ticity in a member depending on aspect ratio
and relative strengths in flexure and shear.
When hinging occurs adjacent to a connecting
element, ylelding of reinforcement generally
penetrates into the adjoining member. Elon-
gation of the embedded steel and the resul-
ting deterioration of bond between concrete
and steel produces additional deformations.
These deformations concentrate at member
ends in the form of rigid body rotations and
are not accounted for In flexural and shear
analyses. The contribution of reinforcement
slip to total deformation can be very signi~
flcant, and 1its neglect can lead to gross
inaccuricies in estimating structural
stiffness.
Ismafl and Jirsa (1972) Obﬂiwed tl;a:na
netration into the anchorage
fcﬁu:t: for up to 60 % of total deflerii;iz;-
Other researchers (Bresler and Bertero '
b oncluded that
Bertero and Popov 1977) also ¢
deformations due to bar slip can be Very
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concrete
load reversals

very significant portion
nforcing bar slip.

on
hysteretic response of first storey columns
was investigated by the authors, as part of

response of columns (Saatcioglu, Ozcebe and
Lee 1987). Full size column specimens were
(nstrumented to measure the hysteretic
deformations due to bar slip and were tested
under reversed cyclic loading. The results
are sum marized in this paper.

2 EXPERIMENTAL PROGRAM

2.1 Test specimens

A portion of a first storey column, between
the foundation and the inflection point was
selected for testing. Details of a repre-
sentative test specimen are {llustrated in
Fig. 1.

Four columns were instrumented to measure
deformations due to bar slip. Longitudinal
reinforce ment, consisting of eight 25 mm
diameter bars, were used in all specimens.
Computed flexural capacity, based o; .
specified concrete gtrength of 30 M ;Pa S
reinforcement yleld strength of 400 Ea S
985 kN.m. Shear capacity, in excess O =
corresponding to the flexural capacit{l,;
provided in all columns. Details of ti:n
trangverse reinforcement are shown >
rig.l. Type A transverse reinforcem £ i
arrange ment wag %sede:: ngmjl:tl:pecimenﬂ ‘s

. es B an W
:rfd {I);p respectively. A sum.mar); t;ieﬂ;?
naterial properties is given in Ia
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The test setup is fllustrated in Fig.2,
Column footing was post tensioned to g,
laboratory strong floor to achieve fy]]
fixity. The lateral load was applied by
means of two servo controlled 250 gy
capacity MTS actuators. A special 1lpagd
trransfer assembly was used to transfer the
load on to the columns. An additional
_ hydraulic jack was attached to the loag
J transfer assembly in the transverse
500mm direction for bi-directional loading.
All columns were tested under 600 kN
__l_ constant axial compression. Two 500 kN
capacity hydraulic jacks were used to apply
the axial load. The applied level of axia]
Figure 1. Details of test specimens load corresponded to approximately 12 7%
of the nominal column capacity, or 20 % of
the column design strength.

Hyhdraulic jack
in lateral loading set-up

2.3 LOHdiﬂg program

Loading beam

The specimens were subjected to displace-
ment controlled lateral load reversals,
following the displacement history shown in
Fig. 3. Horizontal displacement cycles were
progressively increased as increments of
yleld displacement A_ . The yield displa-
cement was determined during the test.
When the rate of increase in deflection
was beginning to be high at a relatively
constant level of load, the displacement
was recorded to be the yleld displacement.
This level of displacement was observed to
be slightly higher than the level at which
the first yielding of extreme reinforcement
was recorded.

Specimen B2 was sim ultaneously Subjecwd
Hollow square t0 deformations in both principal dir ectl”

_ On8. An elliptical deformation path, shovl

Figure 2. Tegt Set-up i;m:? 'nfala i s s gyt
. structure subjected to major
deformation cycles in one direction, while
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sim ultaneously subjected to minor cycles in
the orthogonal direction. The aspect ratio
of the ellipses was 1/2.

2.4 Instrumentation

The specimens were {nstrumented ”.lth i
operated Linear
Transformers (LVDT).
ments were measured at thre
locations along the column nelght. st 4
LYDT's were placed in the hinging Eifhiﬂﬂ
an upright position €O record She m;m
relative to the column eritica’ Mcr;;e.game
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region to measure the total rﬂt. column
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) SUMMARY OF RESULTS
All specimens developed flexural and shear
cracks. Flexural cracks first appeared near
the column base, during the initial three
cycles prior to ylelding. One of the Ffirst
flexural cracks took place at the column
footing interface. New flexural cracks
formed during the subsequent three cycles
at yleld displacement. Widening of the
crack at the column footing interface was
observed during the post yleld cycles.
This was an indication of bar slip within
the column footing. As the deformations
were Increased, further widening of tf\e
existing cracks were observed. Very few
new cracks formed during the subsequent
cveles. At 24, the crack at the -::nlumn‘
ft;()t'l.ﬂg interface became very wwﬂ’. indi
cating a significant concentration efm |
~otation due to bar slip at column 1'1%1 <
Shear cracks formed on faces i‘*"‘;: :m;l
the direction of loading. The first %{k*ldl
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gshear crack appe S ow diago-
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{ing. Unlike the B magﬂltudt’ of
nal cracks formed wheneve ,
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ined to
~ ermitted g m asses the Significance £
E:;h;ig:i ;)tagesttof t‘i‘;ﬁn;ec‘“dmg S deformation COm ponent. Figut‘esogeati:ough
% 12 show the make up of horiz i
Reversing of load undoubtedly increases ments at the top Gfpthe . ;:;al disiilace
deterioration of bond between steel and reglion. The results confirm the revifusg
concrete. However, the effect of cycling £

findings. All three components, namely;
rhe load at a constant deformation level shear, flexure, and bar slip produce

appears (O be negligible. The hysteresis approximately the same magnitude of dis-

curves follow a similar pattern during the placements. However, in many cases, dis-

three cycles of deformation at a constant placements due to bar slip and flexure

a m plitude. becomes more significant with increasing
Column specimens were designed to have inelasticity.

the same flexural strength and two different While the displacement components are in

shear strengths. Table 2 contains code the same order of magnitude in the hinging

apac behaviour changes with column
I 1983) predicted and observed capacities reglon, this
f}?cthe speciiens. The material strengths height. Unlike shear deformations, rotaitons
and the confinement patterns varied between are magnified with height. ;heﬂree;z;ee ;e
the specimens. Therefore the column beha- coatributions of bar slip an

men U4.
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4 CONCLUSIONS

The following conclusions can be made from
the experimental investigation reported in
this paper:
t 11- Reinforced concrete columns subjected
O inelastic deformation cycles develop
significant rotations due to the slip of
@ain column reinforcement in the adjoining
These rotations can form 40 to 60
. hinge rotation.
rem;(nl‘.ateral column displacement due to
— tﬁ:ement slip increases proportionately
i loade total column displacement. Cycling
does not at a constant level of displacement
slip. T increase the deformation due to béf
P- The effect of bar slip on lateral

dis
Placement Is magnified with column

A
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