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The unprecedented damage to steel structures during the Hyogo-ken Nanbu Earthquake not only
prompted the revision of the Japanese seismic code but also emphasized the need for a comprehensive
understanding of seismic response, which in reality is complex and multi-directional, as opposed to the
conventionally assumed uni-directional approach. Thus, this experimental study investigated the effects of
multi-directional load histories on the response of tubular columns widely used in the construction of
elevated highways and building structures. Test results indicate that, in comparison with uniaxial
displacement paths, multi-directional displacement patterns lead to significant degradation of stiffness,

strength and ductility of tubular columns.
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1. INTRODUCTION

Bridge piers and building columns in Japan have
predominantly been constructed of steel, mostly
thin-walled box columns of the cantilever type®.
Although these steel structures have performed
adequately during the past moderate earthquakes,
their vulnerability to severe seismic loads was sadly
exposed during the 1995 Hyogo-ken Nanbu
Earthquake. The high intensity of this earthquake, one
of the largest ever experienced in the world in terms of
response spectral value at natural periods of 0.7-2
seconds, resulted in extensive damage to major
infrastructure including, most shockingly, steel bridge
structures®. During this great earthquake, rectangular
hollow steel piers designed according to 1973 or 1980
specification™® with usually high width to thickness
ratio, developed local buckling at web and flange
plates even though they were stiffened by longitudinal
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stiffeners and diaphragms”. The buckling of the
constituent plates may have caused sudden decrease of
bearing capacity in lateral direction after the peak
strength resulting in reduced energy dissipation, and
also deterioration of the bearing capacity in the
vertical direction. Further still, the increase in
out-of-plane deformations of the stiffened plates
resulted in the comers of the cross-section loosing
their straightness, finally causing cracks and
rupture™®.

The Hyogo-ken Nanbu Earthquake highlighted the
complexity of earthquake excitation and response of
structures, prompting the immediate revision of the
Japanese seismic design provisions. Accordingly, the
seismic codes for road and railway bridges have been
revised, most recent being that of highway bridges in
December 1996 which has adopted a limit state design
approach which considers elasto-plastic ductility of
structures in designing for seismic intensity level



similar to that of the Hyogo-ken Nanbu Earthquake®.
However, these code revisions only stipulate key
requirements for new construction, reconstruction and
repair, hence need to be validated and refined by
in-depth research findings in order to assure the safety
of structures.

A gaping omission from the design codes, not only
in Japan but also elsewhere in the world, is the lack of
consideration of effects of multi-directional seismic
motion. It is a umiversally accepted fact that
earthquake response of structures is complex and
random, and is likely to include at least a biaxial
lateral response in oblique directions™'”. Further still,
it has been recognized that the conventional two
dimensional nonlinear dynamic analysis in one lateral
direction under constant vertical load or capacity
design check performed separately in two orthogonal
directions (uniaxial flexure) or superposition of
response in the two orthogonal directions analyzed
independently, fails to capture some very important
features of the actual three dimensional response such
as the coupled inelastic response in two lateral
directions, and the torsional effects induced by lack of
symmetry even under uni-directional seismic
motions''”. As a matter of fact, structural response
observed during recent earthquakes has linked some
failures to bi-directional load effects, with the most
memorable failure being that of the columns of the
Imperial County Services building damaged during
the 1979 Imperial Valley Earthquake'"'”.

Hence, in-depth understanding of the inelastic
load-deformation behaviour of rectangular hollow
steel columns under cyclic multi-directional load
histories is obviously important in seeking enhanced
resistance of highway, bridge and building structures
to severe seismic excitation and to appraise previous
over-simplifications in design. This paper presents
experimental response of columns subjected to several
types of multi-directional displacement paths.

2. EXPERIMENTATION

(1) Outline of experimental program

Studies were conducted on nine identical hollow
steel box columns modeling bridge piers, tested as
cantilever columns under constant axial load and each
subjected to a different lateral displacement history.
The test specimens were fabricated as thin-walled
rectangular hollow steel box columns with rounded
corners and of size B=150mm, D=100mm, t=4.2 1lmm,
length L=881mm and effective height h=853mm as
shown in Fig. 1. To prevent cross-sectional distortions
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Fig.1 Dimensions of a test specimen (units in mm)

during tests, diaphragms of about 6.38mm thickness
were welded at three spaced locations along the length
of the specimens, on the outside since it was not
practically possible to weld on the inside.

The test variable investigated ie. lateral
displacement histories, included cyclic loading in a
designated X-direction parallel to the longer side of the
box section, a Y-direction parallel to the shorter side
of the box section, a linear direction inclined in the
Cartesian X-Y axes, a rectangular direction in the
X-Y axes, a circular direction in the X-Y axes, a
diamond shaped direction in the X-Y axes, and a plus
sign shaped direction also in the X-Y axes. In addition,
monotonic tests in the X and Y directions were
conducted.

In testing, each column specimen was subjected to a
constant axial load simulating the weight of
superstructure of magnitude P=0.2P, where Py is the
axial yield load, and lateral cyclic loads in the desired
loading path. The displacement paths were of
incremental amplitudes namely fractions and
multiples of the predicted uniaxial yield displacement
8,0 caused by lateral load in the respective XY
directions, and for each displacement amplitude three
cycle tests ie. three cycles of gradual loading and
unloading were conducted. Table 1 gives details of the
test program.



Table 1 Loading and cycling histories

Specimen Load path Typical cycling history
S-UX T(S/SYO)Y %/\Syo s 3
AAAAAAN
(also B AN >
S-UXm*) l (3/3y)x lv V'V V V v v v V Time
Uniaxial-X
S-UY /8y 3
(8/8y0)v
(also
S-UYm®) /3,0 Time
Uniaxial-Y
S-BL 5/
rmyo)y o 3
(@/3y0)x Time
Biaxial-Linear X-component
S-BS (8/8,0) 8/8y0
A
B
(8/850)x
Biaxial-Square X-component
S-BC (8/8,0)y 8/840 3
1/42 1 22 2
Time
X-component
S-BD (8/3,0)y 8/8y 2 3
1 2/42
(3/840)x
Biaxial-Diamond X-component
S-BP (3/8y0)y 8/39 2 3
(8/8y0)x
Biaxial-Plus X-component

* Monotonic tests in the X and Y directions for specimens S-Uxm and S-UYm, respectively, were also conducted

The uniaxial yield displacement (8,0) for the case of
zero axial load was predicted from the equation below,
for each of the respective X, Y directions;

where the corresponding yield load (Hyo) is given as

8,0=H,oh*/3E,]I

H,=M,o/h=0.,J/(Z:h)

and M,, = yield moment due to lateral load, I =
sectional moment of inertia, Z; = distance to extreme
fibre from the centre of gravity, h = effective height of
specimen, oy, = yield strength of steel, and E; =
modulus of elasticity of steel. Calculated values were
(8y0)x=5.73mm, (Hy)x=38KN, (8y0)y=8.58mm and
(Hyo)y =30KN.
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(2) Selection of paths and cycling histories

For a column considered to be in a loaded space
frame, the structural elements are subjected to the
concurrent action of two pairs of bending moments
and lateral force, axial force and torsion. Among these
six components, Takizawa, et al.” pointed out that
the most significant are the two components which
correspond to anti-symmetric distribution of bending
moments along the member axis, under constant axial
force, without torsion. Accordingly, this study

selected lateral load histories or paths for investigation.

The selected paths were approximate envelopes of
several recorded seismic motions of past earthquakes
e.g. Hyogo-ken Nanbu and Tokachi-oki Earthquakes
(see Fig. 2). It is acknowledged that actual seismic
motion is rather complicated and random, however the
paths selected represent the gross characteristics of
these complex motions, hence a worthy and valid
representation essential for structural analysis and
design. Similar paths have also been identified by
previous researchers mainly working in the line of
reinforced concrete structures'™''®. The cycling
history adopted i.e. 3 cycles at each amplitude was as
per the recommendations of European standards™,
whereupon the amplitudes were factors and multiples
of the yield displacement with the initial closer values
of 1/2,1/+/2,1and 2/+/2 being implemented in order
to capture currently used biaxial yield surfaces™, at
45° inclination as is illustrated in Fig.3.

(3) Test setup and loading

A newly developed multi-directional structure
testing system with servo-controlled hydraulic
actuators, jointly developed by Kyoto University and
Shimadzu Corporation of Japan, was used in testing
the specimens (see Fig. 4). This new
six-degree-of-freedom testing system has nine
hydraulic actuators (only some are shown in Fig. 4 for
clarity), fitted with in-built load cells and LVDTs,
with the ability to apply linear or coupling loads in six
directions, viz, linear loads along each of the X-Y-Z
axes as well as rotational moments about each of the
X-Y-Z axes. All the actuators have a capacity of 10
tonnes, with the exception of the vertical actuator in
the Z direction, which has a capacity of 50 tonnes in
compression and 30 tonnes in tension. In addition, the
stroke is +/-100mm and the rotation is also
+/-10.3(degree).

A specimen for test, having four strain gages pasted
at the corners of each of the plates forming the box,
was securely clamped within the loading head and
reaction frame of the testing system by bolting on to
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Fig.3 Displacement paths similar to likely biaxial yield surfaces

the end plates. Angle plates for holding external linear
variable displacement transducers (LVDT) were then
securely fixed at appropriate rigid parts of the
specimen, subsequent to which a total of six LVDTs
were fixed and alligned accordingly. Out the six
LVDTS, two were for displacement measurement in
the lateral X and Y directions, and the remaining four
were for the determination of curvature in the most
stressed bottom portion of the specimen. Prior
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check-up tests on the system indicated that in-built
transducers in the actuators had accrued errors
emanating from gaps and rotations in machine joints,
hence the external LVDTs gave the required
displacements.

After fixing and setting-up the specimen in the
testing machine, lateral cyclic loads in the relevant
displacement path and cycling history, under constant
axial force, was applied quasi-statically through
displacement control as ordered by computer. In each
cycle, the load was applied gradually until the
pre-determined maximum displacement and then
unloaded, followed by a similar process in the
opposite direction. As testing progressed, load and
displacement readings were intermittently recorded
using a computer, and testing ended when load
resistance of the specimen deteriorated to a level near
zero, as indicated by on-line computer monitoring, and
further confirmed by the observed damage on the
specimen,

A special and important feature noted for this testing
system was the simultaneous control of all the nine
actuators as loading progressed. Particulary, various
settings had to be implemented to ensure that erratic
loading was not imposed by the redundant actuators.

(4) Material properties

Fundamental material properties for the steel were
determined from tensile tests on strips cut from
different parts of the plates forming the steel box.
Further, compressive stub column test on a short box
section was conducted, while monitoring the
variations in load, central strains in the planes and
overall axial shortening,

Fig.S and Table 2 provide the determined material
properties and typical stress-strain curves for both
tensile coupon test and the compressive stub column
test. The abbreviations o, €, and v, stand for the
ultimate strength, yield strain and Poisson’s ratio of
steel, respectively. From the Fig. 5, a sudden
divergence of the two graphs occurs as the inelastic
range is approached. This is a clear case of difference
in failure mode; the stub column has premature failure
instigated by buckling of the plates forming the box, as
was observed during the test. On the other hand the
tensile strips attain their expected deformation
characteristics and do not exhibit a definite yield
plateau as is usually observed for mild steel. Fracture
failure of the tensile strips is instigated by necking. As
given by both Table 2 and Fig. 5 the strength and
ductility of thin-walled structural members under
tension is considerably higher than the compressive
strength and ductility, clearly demonstrating the

Reaction frame

Specimen

Loading head

Actuator

Fig. 4 Multi-directional testing system, with a total of 9
actuators (only 5 are shown for clarity)

potential catastrophic effect of inelastic local plate
buckling. The buckling of the plates appeared in the
form of two wider opposite plates folding outwards,
and the other two narrower plates folding inwards.
When the strength of a structural member deteriorates
by local a buckling, the deformation of the member is
localized in the local buckling zone, implying that the
member has a limited plastic deformation capacity.
Since contemporary steel structures are characterized
by the use of thin plates susceptible to local buckling,
current design codes emphasize that due consideration
must be given to local plate buckling, as well as the
coupled interaction with global member buckling®.
Ordinarily, the local buckling strength of
stub-columns, as determined from simple compression
test, is the basis for the evaluation of coupled strength
against local and overall buckling™. The stub test
presents the most extreme condition for local buckling
and the post local buckling behaviour, from which
fairly conservative estimates may be drawn. At
present, several approximate methods exist for the
determination of the local buckling strength of
stub-columns, some of which express the strength as a
function of the width-thickness ratio or plate
slendemess parameter (R), defined as;

Rt 120200 |oy 3
t kﬂ'z E.v

where o5 = elastic buckling stress , b=the plate width,
t=plate thickness, E;=modulus of elasticity,
v=Poisson’s ratio and k=the buckling coefficient (4 for
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Table 2 Steel material properties

Table 3 Sectional properties

Oy By E, v oy |Elong-at A I Radius of | Shape
ion (mm?) | (x1 06) gyration | factor
N/mm)| (%) |[KN/mm®) N/mm?)| (%) (mm)
Coupontest| 374 |0.174 211  j0.283] 459 42.5 About X | 2038 3.5 41.2 1.15
Stubtest | 275** | 0.146 206 - 386 0.48%* About Y | 2038 6.5 56.5 1.15
*Strain at the peak
**Limit of proportionality
500 H0e
Avemge=—0.28crsy
05¢
400 105, 050, .0 ®
Nf\ j \AY
g 300 Average=-0.33c,
s
% verage=-0.21 Oy
$ 200 ]
@ : : : ®
1000 i —&— Tensilecoupontest |
~{3— Ccompressive stub test A
0 \/ ] 05 -l.0g
0.5
0 9 4 6 8 10 12 %y Avsrage=-0.30t$w
1.0

Strain (%)

Fig. 5 Typical tensile and compressive Stress-strain curves
for steel strip and stub column, respectively

a simply supported plate). In this study, the
width-thickness ratio parameter (R) was found to be
0.53 for the narrower plates and 0.79 for the wider
plates. Another important design parameter in the
design of box-section columns, accounting for global
instability, is the column slenderness ratio, given as;

@

where r is the radius of gyration of the cross-section.
The column slenderness ratio for the tested specimens
was 0.555 for the weaker axis and 0.405 for the
stronger axis.

(5) Residual stresses and initial deformations

In recognition of the likely effects of initial
imperfections on structural behaviour, it was deemed
necessary to assess the extent and distribution of
residual stresses in the column specimens, as well as
initial out-of-plane deformations. Residual stress
determination was by the sectioning method which
involved pasting electrical resistance strain gages
spaced 10mm apart circumferentially around a box
section specimen and taking initial strain readings,
following which steel strips containing each of the

B4

Fig. 6 Distribution of residual stresses

pasted strain gages were cut out of the box section and
strains measured again for each of the individual strips.
Initial out-of-plane deformations were measured in the
two principal axes of the test specimens directly by
vernier calipers.

The distribution of residual stresses, determined as
the product of modulus of elasticity and the difference
between pre-cutting and post-cutting strain readings,
is shown in Fig. 6. The pattern depicted is one of low
tensile residual stresses at the corners or junctions, and
moderate compressive stresses distributed over the
central portion of each plate. Compressive residual
stresses have an average value of about 0.28c,, with a
maximum, which is about 0.836,,. The highest tensile
residual stress is only 0.166.,. In approximating initial
out-of-plane deformations (A), it was found that the
deformations emanating from the longitudinal axis are
negligible. However the deformations emanating from
the lateral axes were measurable, giving a maximum
at the centre of 0.575mm and 0.400mm from the two
lateral axes, respectively. These two values
correspond to A/b=1/261 and 1/250, respectively, and
are within the permissible fabrication tolerance of
Ab=1/150.
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3. RESULTS AND DISCUSSIONS

(1) Hysteretic response

The normalized load-displacement curves of the
tested columns, normalized with lateral yield load
(Hyo) and displacement at yield (8,0) calculated from
equations (1) and (2), are presented in Figs. 7-13. The
arrow mark pinpoints the ultimate normalized
horizontal load. In addition, a summary of the
hysteretic response at ultimate points is given in Table
4, which shows the ultimate strength in the designated
X and Y directions as well as ductility measure
(1) defined as;

Bm = 8m/8yo )
Ba =88y 6

where 8, and 3, are the displacements corresponding
to the maximum lateral load and its displacement
amplitude respectively.

A glance at Figs. 7 and 8 for the uniaxial loading
conditions shows that specimen S-UX has higher
normalized ultimate and ductility than S-UY as would
be expected since loading in the X-direction is resisted
with the narrower plates of lower slenderness
parameter (R). A ductility of 1.62 and 1.37 are
recorded for S-UX and S-UY, respectively. Whereas
S-UX could be loaded up to 3 cycles in cycling
amplitude 38y, S-UY could only be loaded up to 1
cycle in cycling amplitude 38,, afier which the
resistance degenerated towards negative resistance,
implying self-unloading of the column. The monotonic
loading graphs plotted show a lower ultimate strength,
but higher ductility when compared to cyclic loading.

The effects of biaxial load histories are illustrated by
comparing Figs. 9,10,11,12 and 13, for either the X
component series or the Y component series. A severe
reduction in strength and ductility of columns
subjected to biaxial loading, when compared to
uniaxial loading is promptly recognized especially for
the Y component response. Although the uniaxially
loaded columns had ultimate strengths above 1.0Hyo,
the biaxially loaded columns had reduced ultimate

strengths as low as 0.68Hy, for Y component response.

This attests to the coupling effects between the two
transverse directions X and Y under biaxial loading. It
is interpreted that biaxial loading induces stresses
simultaneously in all the four plates forming the steel
box section in a similar mode i.e. they are all flange
plates subjected to the extreme stresses at any loading
instant. When the maximum stress is attained in the
two opposite biaxially loaded slender plates, it would
seem that plastic flow occurs whereby additional

stress is redistributed to the other orthogonal plates,
which also degrade rapidly due to previously accrued
stress. Thus the disintegration of any one plate
adversely affects the other plates. The coupling or
biaxial effect is most intense in the post ultimate state
where a severe softening gradient is noted particularly
for the Y component. For example, although the
uniaxial response could progress up to a cycling
amplitude of 35, with some resistance, the biaxial
paths had positive load resistance only up to 28,y and
any attempt to proceed beyond this point resulted in
self-unloading of the specimen.

Considering only the biaxially loaded columns, it is
noted that the response is not uniform indicating that
the  structural resistance of columns is
displacement-path sensitive. The most severe strength
and ductility reduction occurs for the biaxial-linear
path (S-BL) and the biaxial-square path (S-BS) where
the Y component strength reduces to about 0.7Hy,
from about 1.0Hyo, and the ductility reduces to about
1.0 from 1.5. It is thought that the severity of S-BL in
terms of strength reduction emanates from the
in-phase similarity (zero time lag) of the cycling
histories of the X and Y components, ensuring that the
maximum displacement amplitude always occurs
simultaneously for both the X and Y components. In
other words, whenever the X displacement increases
the Y displacement also increases proportionally, and
vice-versa. The other biaxial paths have antagonistic
X and Y displacements i.e. they have out-of-phase or
time lag difference between the cycling histories of the
X and Y components implying that when e.g. the X
displacement is increasing the Y displacement is
constant, resulting in the attainment of maximum
loads at different times for the X and Y components in
the elastoplastic state. The severity of these paths will
depend on the continuous change of loading directions,
causing severe strength degradation. The severity of
S-BS could also be attributed to its being the longest
path at each displacement amplitude and also having
the largest resultant amplitude among all the paths,
since it engulfs or encloses all the other paths. Its
hysteretic shapes stand out uniquely from the others
with sudden drops or increments in load when the path
moves in the direction of the other orthogonal plate.

The biaxial-circular path (S-BC) path is also one of
the severest paths and has hysteretic curves that are
not very smooth i.e. they have some minor kinks or
jolts, which are caused by the many ramp waves used
in the loading program to simulate a circular motion of
the test specimen. At each change of ramp wave,
elastic unloading takes place, while the testing
machine maintains the prescribed displacement for
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several seconds to rearrange next ramp wave, hence
the kinks. Nonetheless, the curves give a very clear
and accurate overall shape of the response of the test
specimen loaded in a circular direction. It is recorded
that the X component strength remains fairly high at
about 1.0H,o unlike the Y component which is reduced
to 0.79H,,. Additionally, it is observed that the curves
for the biaxial-circular path (S-BC) become wider and
more rounded at the comers with the increase in the
level of loading and accumulation of damage,
indicating energy dissipation. This observation is
similar to that by Bousias, et al.'” who attributed the
phenomenon to the increase in phase lag between the
transverse force and deflection resultants. They say
that the energy dissipated during a full cycle around
the path can be analytically related to the phase lag.

The biaxial-diamond path (S-BD) and biaxial-plus
path (S-BP) present very similar characteristics in
terms of strength, ductility and softening degradation.
Amongst the biaxial cases, they have the least severe
effect of biaxial loading in terms of strength and
ductility, with X component strength, which remains
fairly high at about 1.0H,, unlike the Y component
which is reduced to about 0.80H,, However, their
post-ultimate degradation is as severe as the other
biaxial paths. It is to be recalled that S-BD has a short
rotational path length enclosed by both the circular
and square paths, while S-BP is actually close to
alternating uniaxial X and Y paths. A feature of
interest is the distinctly different response between the
components of biaxial S-BP and the corresponding
uniaxial S-UX and S-UY, despite the closeness of the
paths. The Y component of S-BP has a marked
reduction in strength and both its components have
severe softening gradient, when compared to uniaxial
S-UY and S-UX. A sudden shift between the
right-hand and left-hand curves of S-BP is also noted.
It can only derived that the change in direction of
motion of the column regardless of the biaxial or
uniaxial condition has severe degrading effects,
particularly in the inelastic range. This reaffirms the
dependent nature of the orthogonal plates of the box
column in the resistance of applied loading.

The hysteretic response is summarized in Fig. 14,
which has the envelope curves of the peak points
at each cycling amplitude. All the biaxial
envelope curves are located below those of
uniaxial histories, especially in the post elastic
range. Furthermore, the severe effect of biaxial
displacement histories, particularly biaxial-square
(S-BS), is clearly presented, attributable to factors
previously discussed above. It is also noted that the
severity of the biaxial loading cases is more
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Table 4 Strength and ductility of columns

Specimen| X direction Y direction

Hoo/Hy* | pm | pa | Hoe/Hy* Jbm | pa
S-UX {1.10 (0.00)} 1.62 { 2.00 - - -
S-UYy - - - 1(0.00)1.0711.37{1.41
S-BL [0.74(0.63)| 1.05 | 1.41 | (0.69) 0.68 |0.861.00
S-BS |0.96(0.40) | 0.95 | 1.00 | (0.61) 0.69[0.95|1.00
S-BC |1.06(0.24)]1.33]1.41((0.22)0.7910.96/1.00
S-BD |1.05(0.04)|1.31]1.41](0.04)0.83]1.29/1.41
S-BP |1.08(0.18)} 1.77 | 2.00 | (0.02) 0.88 1.38{1.41

*Corresponding Y or X value given in brackets

pronounced for the X component response, which is
the stronger loading axis. Namely, the softening
gradient for the biaxial cases deviate significantly
from that of the uniaxial response, demonstrating the
interdependence of the box plates in the inelastic range
as plastic hinges form rapidly. On the other hand, for
the Y component response, which is the weaker axis,
all the cases have the severe strength degradation.
Saatcioglu, et al.'® have found that for columns
subjected to simultaneously varying bi-directional
load reversals the level of damage in one direction
adversely affects the column in the other direction,
especially in the post-clastic range. They particularly
noted that if post-yield deformations are experienced
in both directions, severe strength and stiffness
degradation is observed. This hampers the ability of a
structure to satisfy a key performance criterion i.e.
resistance against severe earthquakes without collapse
through the ductility of the material to develop plastic
hinges.

Although it is preferable to design a structure such
that it behaves in an elastic mode even during severe
seismic attack, economic considerations dictate that
most structures be of rational size that automatically
responds beyond the elastic range during severe
seismic motion. Faced with this inevitable situation,
structural reliance is usually sought from the available
ductility of the structure. In general, structures should
be designed to meet two basic criteria; have adequate
strength and stiffness to satisfy serviceability limit
states when responding to moderate earthquakes,
implying elastic response, and have adequate strength,
stiffness, and ductility to satisfy the ultimate limit
states when responding to severe earthquakes,
implying inelastic response®”. It is thus apparent that
the degrading biaxial interactions, which feature
prominently in the inelastic range, are unavoidable,
and need to be catered for despite their complexities.
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(2) Buckling deformations

The effects of the different loading histories
investigated could also be observed visually as
testing progressed, in the form of local plate
buckling deformations as given in Photo 1. The
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Fig. 14 Envelope curves
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earliest visible buckling was detected for S-BS at a
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cycling amplitude of 18, third cycle soon followed by
S-BL at a cycling amplitude of 2/ 2 8, first cycle and
S-BC at a cycling amplitude of 2/+/2 8, second cycle.
S-BD and S-BP buckled at the same cycling amplitude




Plan
view |

Plan i
view f !

"

(a) S-BL

(b) S-BS(also S-BD and S-UX)

(c) S-BC(also S-BP and S-UY)

Photo 1 Typical buckling deformations of the specimens

of 2/4/2 8, third cycle. As would be expected, the
uniaxially loaded columns buckled at higher
amplitudes of 23, first cycle and 38, first cycle,
respectively. Thus, the previously discussed order
of degradation as presented by the hysteretic
curves is vividly manifested physically in the form
of local plate buckling i.e. much rapid propagation
and pronounced buckling deformations for biaxial
paths, especially for paths S-BS. Although the
earlier detection of local buckling for S-BL is
made, the propagation seems less significant
compared to other biaxial nonproportional paths
such as S-BC and S-BD. This is because all the
plates are subjected to in-plane bending only for
S-BL, but others have a state under uniform
compression once in each cycle.

The form of buckling deformations turned out to
be very puzzling for the case of biaxial paths in
that it varied for the different load paths. Biaxial
square S-BS and diamond S-BD load paths had
inward buckling in the opposite wider plates and
outward buckling in the orthogonal narrower
plates. Contrariwise, biaxial circular S-BC and
plus S-BP load paths had outward buckling in the
opposite wider plates and inward buckling in the
orthogonal narrower plates. Biaxial linear path
S-BL had the most outstanding and unexpected

buckling in that the two wider plates buckled inwards
and outwards, respectively while the orthogonal
narrower plates both buckled outwards. The reason for
these varied forms of buckling deformations is still
under contemplation, and may perhaps be linked to the
initial imperfections in the test specimens. Future finite
element modeling of the biaxial response may perhaps
shed some light on the effect of initial imperfections
such as initial out-of-plane deformations and residual
stresses.

In the case of uniaxial paths the forms of buckling
were quite consistent, with outward buckling occurring
in the flange plates perpendicular to the direction of
loading, accompanied by inward buckling of the
orthogonal plates. That is, S-UX had outward buckling
in the narrower plates perpendicular to the loading
direction and hence acting as flange plates, and inward
buckling of the wider plates acting as the web plates.
On the other hand, S-UY had outward buckling in the
wider plates acting as flange plates, and inward
buckling of the narrower plates acting as the web plates.
Again it is thought the direction of buckling
deformations i.e. whether outward or inward, is
determined by the extent of initial imperfections, and
will be investigated in future studies employing finite
element modeling taking into account the initial
out-of-plane deformations and residual stresses.
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(3)Load paths vis-a-vis displacement paths

Figs.15 to 19 present the normalized load paths as
well as the normalized displacement paths for the
biaxial loading cases tested. To enable comparison
of biaxial response with currently adopted design
strength criteria, the load paths have two types of
commonly utilized yield surfaces (linear and
circular) imposed on them.

These yield surfaces or ultimate surfaces have
been established from past experimental studies,
mainly on reinforced concrete sections, and are
derived from the general form below®";

Ma
M,

=1 Q]

Y

a
+
X

1 M
M,
where M is the yield moment and y is the shape
factor. The parameter o has been generally
recognized to lic between 1.0 and 2.0, depending on
the magnitude of axial compression. If the axial
compression is small, interaction curve for initial
yielding may be idealized as a straight line with o
being taken as 1.0 (also letting y=1). If the axial
compression is high, idealization as an ellipse is
more appropriate with a limiting value of o equal to
2.0 for reinforced concrete sections, but is
approximately 2.0 for steel section without local
buckling, particularly for the ultimate state.

A comparison between the load response and the
applied deflection paths promptly reveals a
pronounced difference in shape and form. The flow
of the load path is quite haphazard and inconsistent
with the smooth-flowing displacement path. For
example, S-BL displacement path is inclined at 45°,
but the load path shifts from linear inclination in the
elastic range to trapezoidal shape in the inelastic
range, with the peaks being rotated approximately
22.5° from the original path. Change of shape and
rotation of the load path is also recorded for S-BS
which approaches a diamond shape, S-BC which
approaches a square or diamond shape with rounded
corners, S-BD which retains its diamond shape
albeit a squeezed or pinched one and S-BP which
very interestingly has a shape which is best
encompassed by a diamond shape. It would seem
that as loading progresses towards the inelastic
range, the force components become out of phase
and increasingly lag on each. The probable cause
could be the non-concurrent yielding or buckling,
compounded with unpredictable inelastic flow in
each of the two principal axes of loading. Bousias et
al'” have also recorded the inconsistent flow

between load and displacement paths, and particularly
emphasized on the rotation of the load path. They
speculate that the rotational behaviour, which implies
that the displacement vector always trails the force
vector, is advantageous because it leads to increased
encrgy dissipation when compared to the uncoupled
response in the two transverse directions, In relation to
the vield paths, the Figures show that all the load paths
seem to be better enclosed by the circular yield surface,
probably due to the presence of a constant axial load of
0.2P,.

In consideration of the two limiting failure paths, i.c.
the initial yield and plastic interactions, Fig. 20 has been
drawn representing the resultant and summed responses
for each displacement cycling amplitude, respectively as
indicated on the axis label. The resultant response
represents equation (7) with a=2, while the summed
response is when a=1. This is an attempt to quantify the
biaxial responses in a manner, which could facilitate
correlation with the uniaxial response. A clear
distinction is evident between Fig. 20(a) and Fig. 20 (b),
in that while the resultant response presents a reasonable
comparison of biaxial and uniaxial curves in terms of
strength and its degradation, the summed response
shows significant differences between the uniaxial cases
and the biaxial cases. Furthermore, it also can be seen
that the severe strength degradation for the
nonproportional biaxial displacement histories, €.g.,
S-BS, S-BC and S-BD is well distinguished from others.
Accordingly, it would be desirable to adopt a=2 for
strength and ductility evaluation of multi-axial loading
situations, particularly in terms of effective load and
effective  displacement in  the  multiaxial
load-displacement space.

(4) Energy absorption capacity

With the world-wide trend towards unified limit state
design codes for structures, the assessment of structural
reliability for various limit states is becoming
increasingly important, highlighting the urgent task for
engineers to clarify the limit states under cyclic and
dynamic loading by rational testing procedures.
Although the classical static strength of structures
remains an important design criterion with regard to
external loads of frequent occurrence, the robustness
and survival of structures under rare extreme loads such
as strong earthquakes demand high-energy absorption
capacity and ductility”?®. In this context, several
formulae have been proposed to define ductility of
structures®”. However, it has been pointed out that the
inelastic performance of a structure is highly sensitive to
the displacement history, hence resulting in varied
ductility indexes. More so, evaluation made separately
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in X and Y directions may not be good enough, as
discussed in the previous section. In view of this, a
more objective measure of the inelastic performance
of a structure has been established, in the form of
normalized cumulative energy absorption per cycle,
E, defined as;

2 2
Ezg(—ii),-r-é«jwd&)/lze)i )

e

1
where g -2pg. s
e 2 BL 0%

and Ey = energy absorption in cycle k of a test, and
=1 to 2 represents X and Y directions.

At present, Design Specifications of Highway
Bridges prescribes that the seismic performance of
RC bridge piers in large earthquakes should be
evaluated by checking the horizontal load-carrying
capacity of RC bridge piers based on the energy
constancy law that elasto-plastic energy and elastic
input energy become equivalent in the limit state™.

In this study, the normalized energy absorption

1.5

(H1H )y +(H/H )}

(6/8,4)% +(5/5,0)§
(b) Resultant ; o=2
Fig. 20 Resultants and summations of load-displacement response

per cycle at the each of the cycling amplitudes have been
evaluated and presented in Fig. 21. The two different
effective displacement amplitudes in the multiaxial
space discussed previously are utilized for comparison.
Again, it can be understood that the resultant of
displacement amplitude is better measure to clarify the
energy absorption characteristics for the multiaxial
loading conditions, less variation.

Biaxial-square history (S-BS) shows the worst
response in that it has the least energy absorption per
cycle. This implies least resistance to cyclic loading. It is
followed by biaxial-diamond history (S-BD), possibly
biaxial-circular ~ (S-BC). In  contradistinction,
biaxial-linear (S-BL) history, which was recorded to
have the lowest resultant of loads, shows a surprisingly
high-energy absorption, even higher than that of the
uniaxial history. Biaxial-circular (S-BC) which was also
recorded to have one of the severest load-deflection
responses turns out to have the higher initial energy
absorption, which may be due to response lag of load
corresponding to the applied displacement.
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Fig. 21 Normalized energy absorption per cycle

The different characteristics derived from the
energy  absorption-amplitude  curves  and
load-deflection curves re-affirms the objective
nature of energy absorption assessment, hence it’s
overriding  suitability. Whereas load-deflection
response largely picks out specific points of interest,
the energy  absorption-amplitude  response
summarizes the response in a cycle.

It is also observed in Fig. 21 that energy
absorption increases beyond the expected
displacement amplitude at the peak load, a condition
reported by other researchers®*”, who found out
that the absorbed quantity of energy continues to
increase even after the maximum strength, and it
becomes a maximum near the point where the
strength deteriorates till an order of the yield

strength.
4. CONCLUSIONS

The main conclusion drawn from this
experimental study is that, in comparison with
uniaxial displacement paths, biaxial displacement
paths cause more extensive degradation of column
stiffness, strength and ductility, in each of the two
transverse directions considered separately.

From energy absorption concept, which provides
a more objective assessment, biaxial-square (S-BS)
displacement history was the severest since it had
the least energy absorption capacity as well as it had
the severest strength degradation. On the other hand,
from the load-deflection response in the component
directions, the lowest resultant of strength was given
in the biaxial-linear (S-BL).

It is particularly noted that biaxial effects are

more prominent in the inelastic range. In light of these
experimental observations, adequate inclusion of the
effects of biaxial loading in structural design would
seem prudent, in order to satisfy two basic criteria of
seismic design; namely high stiffness at working loads
and high ductility and energy dissipation in the inelastic
range. This calls for the accumulation of database and
formulation of realistic analytical equations
representative of the actual multi-axial response of
structures subjected to strong seismic motion.

The future direction of this study is to utilize the
experimental results in FEM analytical modeling, by
which further studies e.g. parametric studies, will be
conducted. The FEM modeling in conjunction with
experimental results will facilitate the quantification of
biaxial response, taking into consideration the local
buckling characteristics, in the form of biaxial
interaction curves suitable for design purposes or in the
form of simplified analytical expressions relating the X
and Y strength components into a unified scalar quantity.
Such quantification will consider factors influencing the
biaxial resistance of columns e.g. combinations of
slenderness parameters and shape of cross section.
Additionally, the severe post-ultimate state degradation
caused by complex biaxial loading may be quantified in
the form of post-ultimate ductility corresponding to
post-ultimate load level of e.g. 95% of the ultimate
strength, and finally including a magnified safety factor
for ductility-based seismic design.
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