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RC columns in cyclic biaxial bending and axial load
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ABSTRACT: The experimental behaviour of slender flexure-dominated reinforced concrete columns in eight
biaxial load paths under constant axial load is described. Results show strong coupling between the two
directions of bending, which increases energy dissipation, as well as between them and the axial direction.

1 INTRODUCTION

The force-deformation behaviour and failure of rein-
forced concrete columns under cyclic biaxial bending
and axial load is important for the three-dimensional
response of r.c. structures to bidirectional ground
motions. Recent years have seen the development
of various analytical/numerical biaxial models for
columns. The scarcity of test data for various bi-
axial load paths is a limiting factor for the further
development and calibration of such models. This
paper presents the results of a test program which
aims at supplementing the available experimental in-
formation (Kobayashi et al, 1980, Li et al, 1988, Low
& Moehle, 1987, Saatcioglou & Ozcebe, 1989, Tak-
izawa & Aoyama 1976). The program refers to a sin-
gle specimen geometry and reinforcement, selected
so that shear deformations and bond-slip effects are
insignificant, and the behavior is governed by bend-
ing and axial load. During each test the axial load
is essentially constant and approximately the same
in all the tests. The program focuses on the effect
of the biaxial load path.

2 TEST SPECIMENS AND RESULTS - DISCUS-
SION

The cantilever-type specimens have a length of 1.5m
and a 0.25mx0.25m square cross-section and are re-
inforced with eight 16mm bars, and two 8mm square
ties at a 70mm spacing (Fig. 1). Bars are deformed,
with yield and tensile strengths equal to 440MPa
and 660MPa respectively, and ultimate elongation
11%. Concrete cylinder strength at the time of test-
ing ranges between 25MPa and 33MPa. Transverse
and axial loads are applied at the tip of the can-
tilever. Longitudinal bars are anchored well in the
heavily reinforced 0.5m thick base of the specimen.

TEST No.l (f;=31MPa, v = N/Af.=-0.15): Tip
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displacement is constant in transverse direction X,
and is cycled in transverse direction Y, at a linearly
increasing amplitude up to the level of the X dis-
placement (Fig. 2a). Hysteresis loops in direction
Y exhibit a slight degradation with a step-increase
of the X displacement (Fig. 2d). Due to coupling
between the two directions, the force required in di-
rection X to maintain constant the X displacement
drops continuously with the cycling in direction Y,
and needs to be reversed to reduce the X displace-
ment to zero before its increase to the next level
of constant displacement (Fig. 2c). Mean verti-
cal displacements exhibit a slight and gradual axial
shortening when only the axial load is applied, and
a significant axial extension which accompanies the
transverse displacements and seems proportional to
a value between the sum of the absolute values of
transverse displacements and their vector resultant
(Fig. 2b). It is noteworthy that the axial extension
due to 2 half-cycles of the same amplitude, is much
larger in the first than in the second.

TEST No.2 (f.=28MPa, v=-0.03, v=-0.15): Im-
posed transverse displacement paths are circular,
consisting of 4 cycles at each level of resultant dis-
placement at about 20, 50, 80 and 110mm. The nor-
malized axial load v is equal to 0.03 during the cycles
at the first two displacement levels and to 0.15 dur-
ing the last two. Measured force paths are also quasi-
circular, but exhibit a large degradation of strength
and stiffness with cycling at the higher transverse
displacement levels, leading eventually to complete
failure (Fig. 3b). The phase-lag between trans-
verse force and displacement resultants, the sine of
which equals the damping ratio, remains nearly con-
stant during cycling at each level of transverse dis-
placement, increasing from about 8° at 20mm dis-
placement, to 25° at 50mm, 35° at 80mm and 45°
at 110mm (Fig. 3c). Axial extensions are nearly
proportional to resultant transverse displacements
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Figure 3. Test 2: (a) Imposed displ. paths; (b) Measured resultant force vs. imposed resultant displace-
ment; (c) Phase-lag between measured force and imposed displacements; (d) Vert. displacement.
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during the first two transverse displacement levels.
However, as we approach failure during the last two
transverse displacement levels, the gradually accel-
crating shortening due to the higher axial load dom-
inates over the extension (Fig. 3d).

TEST No.3 (f.=30MPa, v=-0.17) and 4 (f.=28
MPa, v=-0.15 ): As shown in Fig. 4a, in these tests
the force in transverse direction Y is kept constant
while 3 cycles of linearly increasing displacement am-
plitude are applied in direction X, for each constant
level of force Y. Test No.5 differs from No.4 in that
each level of force Y is applied first in the positive
and then in the negative sense, with repetition of
the displacement X cycling. In both tests the force
in direction Y causes some degradation of stiffness
in direction X (Fig. 4c). The displacement cycles in
X cause a gradual but significant increase in the Y
displacement under constant Y force (Fig. 4d). In
Test No.5, the reversal of this latter force reduces
the ratcheting displacements in its direction. The
effect of transverse displacements on the axial ones
(Fig. 4b) is the same as that observed in Test No.l.

TEST No.5 (f.=26MPa, v=-0.12) and 6 (f.=33
MPa, v=-0.10): As shown in Fig. 5a, in these tests
the imposed transverse displacement path consists
of nested cycles of a) uniaxial displacement in direc-
tion X up to point 1 or 1’, etc., b) uniaxial displace-
ment in direction Y equal to 100% (Test No.5) or
50% (Test No.6) of that in direction X, while keep-
ing the X displacement constant (point 2 or 2’), c)
proportional unloading to zero displacement in both
directions (point 0), d) proportional loading in both
directions, at 1:1 displacement ratio in Test No.5 or
2:1 in Test No.6, up to the maximum previous val-
ues of displacement in the opposite sense (point 3
or 3’), e) reduction to zero of the Y displacement
under constant X displacement (point 4 or 4’) and
f) uniaxial unloading to zero in direction X, etc. So
the two symmetric halves of the path are traced in
the opposite sense. As shown in Fig. 5b, the biax-
ial force paths are not similar to the corresponding
displacement paths. Branches of the force path are
rotated with respect to the corresponding ones of
the displacement path. The rotation is such that
the direction of the displacement path is intermedi-
ate between the one of the corresponding branch of
the force path and that of the immediately previous
branch of the load or of the displacement path. The
nested force paths converge to the same points at 1,
1’, etc. and 3, 3’, etc. where the (degraded) biax-
ial failure envelope seems to be reached. Symmet-
ric points of the type 2 and 3 on the displacement
path correspond to completely nonsymmetric ones
on the force path: At the end points 3 of diagonal
loading, the forces in the two directions are propor-
tional to the corresponding displacements, whereas
at point 2, which is reached by incrementing dis-
placements seperately in each direction, the force in
the subsequent direction of loading (Y) is dispro-
portionately larger, as the force in the prior direc-
tion of loading (X) is reduced during deformation
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in direction Y. Hysteresis loops in the two direc-
tions X and Y are significantly different, with the
exception of the parts corresponding to the propor-
tional unloading/reloading branches of the type 2-
0-3. The force drop along branches of the type 1-2
and 2-3 widens the loops and significantly increases
the amount of dissipated energy. This increase in
energy dissipation is related to the rotation of the
branches of the force path with respect to the ones of
the displacement path, and is due to the coupling of
the response between the two transverse directions.
Transverse displacements induce an axial extension
roughly proportional to their resultant and a reversal
of the shortening due to the axial load into gradu-
ally increasing stretching (Fig. 5e). So, as shown
also in the early part of Test No.2 and by the axial
displacement results of the two tests to be described
next, if the axial load is low cycling of the transverse
displacements produces gradually a net (i.e. at zero
transvesre displacement) axial extension, which may
turn into shortening only when failure is imminent.

TEST No.7 (f.=25.5MPa, v=-0.12) and 8
(f.=28MPa, v=-0.11): Imposed transvesre displace-
ment paths have the form of nested expanding (in
Test No.7) or shrinking (in Test No.8) squares. The
rotation of the branches of the resulting force paths
with respect to the corresponding ones of the dis-
placement paths follows the pattern discussed above
for tests No.5 and 6, is due to the coupling between
the directions (reduction in the force in one direc-
tion under constant displacement, due to the change,
positive or negative, of the displacement in the trans-
verse direction) and results in increased energy dis-
sipation (cf. the widening of the unloading branches
in Fig. 6¢). In Test No.7 the "squares” of the force
paths almost coincide, although the force point is
well inside the biaxial failure envelope of the column.
On the contrary, in Test No.8 the shrinking of the
nested displacement paths produces a nearly pro-
portional shrinking of the force paths. In both tests
a full revolution on the displacement path, back to
the starting point 1 or 1’ of uniaxial displacement,
leads to a different end point on the force path, and
actually to one at which force Y is not zero (as at
the starting point) but equal to force X. Finally, the
variation of mean axial deformations follow the same
pattern as in previous tests (Fig. 6d).

3 CONCLUSIONS

The coupling ot the response in the two orthogonal
directions of bending is significant and results in in-
creased energy dissipation. For the levels of axial
load applied herein, biaxial or uniaxial transverse
displacements induce an axial extension on the col-
umn, which is roughly proportional to their vector
resultant. At the same time the cycling of transverse
displacements causes a ratcheting shortening of the
column under axial load alone (ie. at zero lateral
displacement) for normalized axial loads v beyond
about -0.15 or a ratcheting extension, which turns



into rapid shortening when failure is approached, for
v less than -0.12.
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Figure 4. Tests 3 and 4: (a) Imposed displ. paths; (b) Vert. displacement; (c), (d) Hysteresis loops.
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Figure 6. Tests 7 and 8: (a) Imposed displ. paths; (b) Measured force paths; (c), (d) Hysteresis loops; (e)
Vert. displacement.
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