BEHAVIOR OF SHORT R/C COLUMNS SUBJECTED TO CYCLIC
BILATERAL DEFORMATIONS

K. A. WoodwardI

SUMMARY

The types of behavior exhibited by short reinforced concrete col-
umns was experimentally investigated. The columns were subjected to
cyclic bidirectional translations which introduced high shear stresses
and double curvature onto the column. The main variables were the
amounts of longitudinal and transverse reinforcement in the column. The
purpose was to vary the ratio of shear to flexural capacity of the sec-
tion. A range of behaviors were observed including a diagonal-tension
failure and flexural hinging.

INTRODUCTION

The principal objective of the study is to explore the range of
behavior exhibited by short reinforced concrete columns subjected to
high shear stresses and cyclic bidirectional deformations. The cyclic
bidirectional deformations though applied slowly to the test specimens
represent the general characteristics of a seismic loading. The appli-
cation of bidirectional deformations reflects the three-dimensional
nature of seismic excitations. Several investigations [1,2,3] have in-
dicated the need to consider the effects of bidirectional loadings on
the response of a structure. The study of short columns was considered
necessary because of the relative lack of research on such members and
the reported failures of short columns during earthquakes, including
the 1968 Tokachi-Oki earthquake in Japan [4] and the 1967 Caracas
earthquake in Venezuela [5].

The current investigation on short columns was preceded by two
others [6,7] which examined the effect of deformation path and axial
load on the load-deflection characteristics of a short column. These
earlier investigations established much of the procedure and apparatus
used in the current study.

EXPERIMENTAL INVESTIGATION

Eleven reinforced concrete short columns were tested in the current
study. The test specimens represented a column bounded by large framing
members which restrained rotation. The columns were subjected to slowly
applied cyclic translations of the upper end relative to the bottom end
to simulate the action of a building column subjected to seismic exci-
tation.
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The main variable in the test series was the ratio of shear capac-
ity to flexural capacity in order to obtain a wide range of member be-
havior. Two other variables were also included in the investigation--
(1) axial load and (2) loading history. The capacity ratio (shear to
flexure) was varied by altering the amounts of longitudinal and trans-
verse reinforcement relative to each other.

The overall geometry of the specimen was not varied. The column
was a 2/3-scale model of a prototype column 137 cm long with a 46 cm X
46 cm cross section and a 3.8 cm clear cover. The resulting test col-
umn was 91 cm long with a2 30 cm X 30 cm cross section and a 2.5 cm
clear cover. The longitudinal reinforcement was either eight 19 mm bars
(86 series) or eight 13 mm bars (84 series) uniformly arranged around
the section. The transverse reinforcement consisted of 6mm perimeter
ties. The tie spacing in the test series varied from 2.9 cm to 30 cm.
The range of tie spacings and the specimen configurations are illus-
trated in Fig. 1.

The column was rotationally restrained at each end and the lower
end was held stationary. The upper end of the column was translated
laterally relative to the lower end producing reversed curvature condi-
tions in the column.

The same deformation path and loading history were used to test
the majority of the eleven columns. The columns were deflected along
their diagonals producing bilateral column deflections and forces.
Three cycles of reversed deflection were applied along each diagonal at
each deflection limit. A schematic of the loading history is shown in
Fig. 2. A constant 535 kN compressive axial load was applied to the
columns during testing. The axial load was approximately 50 percent of
the axial load at balanced strain conditioms.

Of the eleven columns, three were subjected to different loading
conditions. Two of the three columns were monotonically deflected along
a diagonal to a high deflection level, one having no applied axial load.
The third specimen had ties at the minimum spacing and was cyclically
loaded, but had no applied axial load.

The test schedule is listed in Table 1 which includes the key
characteristics of each test.

Figure 3 shows a typical test setup. The specimen was placed be-
tween two crossheads and bolted to each. The lower crosshead was an-
chored to a reaction floor while the upper crosshead was attached to
the three loading actuators and six rotation restraining rams. The
lateral loading actuators had a maximum load capacity of 670 kN and a
stroke of 30 cm. The axial actuator had a maximum capacity of 1335 kN
and a stroke of 15 cm.

Load cells, linear potentiometers, and strain gages were used to
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monitor the performance of the specimen. The linear potentiometers
measured the deflections imposed on the specimen both vertically and
laterally. The strain gages were bonded to various locations on both
the transverse and longitudinal reinforcement.

The acquisition of data and loading of the specimen were controlled
through a computer based load control system. The data were reduced
using computer based software which included digital plotting capabilities.

OBSERVATIONS

General Load-Deflection Relations~--The broad range of behavior observed
in the investigation are typified by the load-deflection curves from
three tests. Figure 4 shows the results of a specimen with 19 mm longi-
tudinal bars and a tie spacing of 2.9 cm. The loss of lateral load and
stiffness is fairly rapid after achieving the maximum lateral load. The
degradation is restrained in comparison to the degradation of the load-
deflection curve in Fig. 5 which is from a specimen with 19 mm longi-
tudinal bars and a 30 cm tie spacing. The specimen in Fig. 5 exhibited a
diagonal-tension failure and a nearly complete loss of load capacity.

In contrast to the previous two load-deflection curves, the load-deflection
curve for the specimen with 13 mm longitudinal bars and a 2.9 cm tie
spacing (Fig. 6) exhibited much more stable hysteretic load-deflection
curves. The degradation of load capacity at high deflections was the
result of longitudinal bar buckling.

Transverse Reinforcement--A short column with ties at a 30 cm spacing ex-
hibited a very brittle diagonal-tension failure. The maximum lateral
load attained by the specimen was taken to be a result of the concrete
shear capacity only. The maximum load achieved by the column was sub-
stantially (about 3 times) higher than the concrete shear capacity pre-
dicted by the 1977 ACI Building Code [8] Chapter 11 shear capacity
equations.

The short column with ties at a 30 cm spacing had practically the
same observed shear capacity as a short column with ties at 6.5 cm spac-
ings. The observed shear capacity was 80 to 90 percent of the computed
flexural capacity. Columns with smaller tie spacings (4.5 and 2.9 cm)
achieved computed flexural capacity.

The columns with smaller tie spacings exhibited a more stable hys-
teretic load-deflection relation. However, because of sliding shear
at the ends of the column it may be extremely difficult to achieve a true
flexural hysteretic behavior (Fig. 7).

Longitudinal Reinforcement--Two different amounts of longitudinal reinforce-
ment were used in the experimental investigation. The longitudinal rein-
forcement was either eight 19 mm bars or eight 13 mm bars. The most
significant difference was the occurrence of bond degradation in the speci-
mens with the 19 mm bars. The specimens with the 19 mm bars exhibited

loss of concrete around the longitudinal bars primarily in the mid-

height region of the column (Fig. 8).
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The specimens with 19 mm bars exhibited more inclined cracking than
the specimens with 13 mm bars. The increased amount of inclined crack-
ing was the result of a higher flexural capacity. The increased flexural
capacity led to a higher imposed shear force on the specimens with 19 mm
bars as compared to the specimens with 13 mm bars.

The specimens with 13 mm longitudinal bars exhibited a more stable
hysteretic behavior than the specimens with 19 mm bars. The load-
deflection curves for the 13 mm bar specimens exhibited less pinching
and did not exhibit the severe loss of stiffness that was common in the
specimens with 19 mm bars. The improved behavior was attributable to less
bond degradation along the 13 mm bars and a lower imposed shear force on
the column as the result of a smaller flexural capacity in the 13 mm bar

specimens.

CONCLUSIONS

Based on the tests, the following general conclusions may be made:

(1) The shear capacity of a short column is most dependent on the
capacity of the concrete to resist shear before inclined cracking. After
cracking, the shear resistance of the column is strongly related to the
effectiveness of aggregate interlock along the inclined cracks.

(2) The concrete contribution to the shear capacity of a short col-~
umn i3 conservatively estimated by the shear provisions of the 1977 ACI
Building Code. The shear provisions of the Code give a conservative
estimate of the ultimate shear capacity of the short columns. However,
the calculated values from the shear provisions do not follow the trend
of the short column test data.

(3) In the short columns tested, there was a lower limit on the
amount of transverse reinforcement which was required before an increase
in the maximum lateral load of the column was observed. Varying the
amount of transverse reinforcement while still below the limit did not
cause a proportionate increase in the shear capacity of the short columns.

(4) Bond degradation has a significant detrimental effect on the
short column load-deflection hysteresis loops. Bond degradation along
the longitudinal bars is strongly affected by the boundary and loading
conditions imposed on the test specimen. Double curvature and the lack
of positive restraint to cover spalling on the sides of the column
seemed to have a detrimental effect on bond conditions.

(5) In cyclically loaded columns which exhibit shear distress or
serious bond degradation, increasing the deflection of the column does
not necessarily cause the load-deflection curves to reach the monotonic
load-deflection curve.

(6) In short columns which exhibit degrading hysteretic behavior, the
degradation begins with cycling at the deflection at which the maximum
lateral load is achieved and continues with both cycling and increased
deflections.

(7) No single parameter uniquely determines the behavior a short
column will exhibit, but there does seem to be a hierarchy of parameters
which do define the member behavior.
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