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SUMMARY

The effect of the interaction of bi-directional forces on the aseismic
performance of reinforced concrete columns was analytically investigated.
The analytical method was already published and its application was extended
to the circular column section in this study. Restoring force-accumulated
plastic deformation relation, hysteretic energy absorption capacity and
ductility of section were discussed. As a result, it was proved that there
exists a significant difference on the aseismic performance of the reinforced
concrete columns between the case that the section is under bi-axial
curvature history and the case that the identical section is under uni-axial
curvature history.

INTRODUCTION

It is necessary to study the three dimensional behavior of reinforced
concrete structures during an actual earthquake in order to design aseismiti-
cally such structures. Authors are making experimental and analytical
researches of bi-axial restoring force characteristics of reinforced concrete
columns. The test results of rectangular section columns (Ref. 1, 2and 3) and
the analytical method (Ref. 4 and 5) were already published. In this study,
the circular section columns were tested and their test results were followed
by the analysis. It was found that the three dimensional behavior of long
columns could be predicted by the analysis. So the fundamental behavior of
reinforced concrete columns subjected to bi-directional horizontal forces
will be able to be discussed by the analysis of column section. The main
purpose of this study is to estimate the effect of interaction of bi-direc-
tional forces on the aseismic performance of reinforced concrete columns.

BI-AXIAL TEST OF CIRCULAR SECTION COLUMN

As shown in Fig. 1, specimens were longitudinally reinforced by twelve
deformed bars of 6 mm nominal diameter and laterally reinforced by 30 mm
pitch spiral hoop of 4 mm round bar in diameter. Concrete strength was 209
kgf/cmz. Yield stress of longitudinal reinforcement was 4005 kgf/cm2 and
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that of spiral hoop was 6195 kgf/cm? in
0.2% proof stress. Bending moments about
two axes were independently applied by
eccentric loads, and average curvatures
were calculated from the relative end
rotation of specimens. As for detail of
loading and measuring, the papers by
authors could be referred (Ref. 1).

Fig.l1 Test specimen of circular
section column

ANALYTICAL METHOD OF COLUMN SECTION

Cross sections were partitioned into small elements. It was assumed
that each element was uni-axially stressed and that Bernoulli's principle
could be applied. In the analysis, uni-axial non-stationary stress~strain
hysteresis rules of concrete and reinforcing bar were postulated according to
the recent studies on them. As for detail of the analytical method, the
papers by authors could be also referred (Ref. 4 and 5).

Experimental and analytical results of the circular section column were
shown in Fig.2-(1) through Fig.2-(7). In the experiment, curvatures about two
axes were compulsorily applied as shown in Fig.2-(1). The analytical results
agree with the experimental results both qualitatively
and quantitatively very well. It was found that the
analytical method would be applied to the circular
column sections. Then authors judged that the three
dimensional behavior of reinforced concrete long
columns which have sufficient lateral reinforcement
could be predicted by this analytical method and that
the fundamental behavior of reinforced concrete
columns subjected to bi-directional forces will be Fig.2-(1)
able to be discussed by the analysis of the column

Curvature history

gm

Fig.2-(2) Experimental result

of M1 - Y1 relation

Fig.2-(3) Experimental result

of M2 - Y2 relation

= 0o Analytical Result

-60.0 -
Fig.2-(5) Analytical result Fig.2-(6) Analytical result Fig.2-(7) Analyg;;al result
of M1 - Y1 relation of M2 - Y2 relation of M1 - Mz relation
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PARAMETERS OF COLUMN SECTION

The restoring force characteristics of E? 7 ;ﬁ*fﬁ = ‘fgﬁ
the columns, which could not be tested because i? e iﬁéj
of the difficulties of experimental technics i 2 Rt
and whose parameters were out of range of 8 an 38!
experiment, were discussed by the analysis. £ s Sk
The analytical model sections were designed by oo g;;é;Li$fg
changing the following parameters; concrete REINFORCED COMCRETE SECTKN _ ATTIONIG o5 G058 SCTION
strength (¢®p), tensile reinforcement ratio Fig.3 Analyzed Reinforced Concrete
(Pt), yield stress of reinforcement (s%) Section and its Partitioning
and espe?ial%y the magnitude of axial force. Table 4 Parameters of
The combination of the parameters was expressed Analyzed Section

as follows.
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Compressive strain of concrete at the maximum
strength (cEp) was assumed as follows.
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The analyzed section and its partitioning are
shown in Fig.3. The parameters of the analyzed
sections are shown in Table 1.
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AN TDEAL MODEL FOR NORMALIZATION
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Bi-directional and uni-directional deflection
histories do not essentially correspond to each
other. therefore, it is not so easy that the
restoring force characteristics to those deflection
histories are directly compared with each other.

A bi-directional restoring force model
formulated in this paragraph was used for the
normalization of analytical results. An ideal
mechanical model was designed as shown in Fig.4,
using the analogy to the theory of elasticity and
plasticity (Ref. 3, 6, 7 and 8). When the model is
subjected to uni-axial curvature history, it has
so-called bi-linear restoring force characteristics.
Yield locus is assumed to be an ellipse as shown
in Fig.4.

In the elastic range, the correlation of bi-
directional forces does not exist.
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{dM} = [EI] « {dy} ccvvvveecenennees (3)
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{dM}: incremental bending moment vector
[EI]: elastic stiffness matrix
{dy}: incremental curvature vector
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From the theory of plastic potential, Mo

{dwp} = {3F / oM} - dx , dA >0 ---- (%)

{dwp}: plastic incremental
curvature vector ol

F : surface of yield locus
{M} : bending moment vector

Moment-Curvature Relation
under Uaraxial Loading atogt
Axio-2

Assuming that the vector {dwp} is orthogonal
to the vector {dM},

Moment -Curvature Relation
under Un-axial Loading about

.................... (5) s

Fig.4 Yield locus and moment-
T curvature relation under
{dIIJp} = ‘_dlpp_, uni-axial loading of
normalization model

[}
o

qu)pa - {aM}

The incremental curvature vector {dy}
consists of elastic part {dye} and plastic part {dypl.

{dw} = {dwe} + {de} ................ (6)
The incremental bending moment was caused by elastic incremental curvature.
{dM} = [EI] - {dipp} crrerevrmvmrmmmamecrennennnn (7
Substituting Eq.6 into Eq.7 and that results into Eq.5,
depd - [EI] ( {dw} - {de} ) = 0 crereecieceaiaeee (8)
Substituting Eq.4 into Eq.8,

_wOF / M, - [EI] - {dy} ‘
dx = OF /oM, - [EL] - [oF 7 M} Tttt (9)

When the incremental curvature is given, dX is calculated from Eq.9 and
plastic incremental curvature is obtained from Eq.4. The elastic incremental
curvature is obtained from Eq.6. As a serult, incremental bending moment is
obtained from Eq.7. In this study, the accumulated plastic curvature ¢p was
defined as follows.

ddp = f |dyp]
J V(AU p) 7+ (Ahgp)? wrrrrrreerreee (10)

d1p , dipzp: incremental plastic curvatures about
axis-1 and axis-2, respectively

iy
CURVATURE HISTORIES

Curvature history is an important factor when
uni-axial and bi-axial restoring force characteristics § g gg G gg 8 _3
are compared with each other. The restoring force o = Wby
characteristics of columns must be infered from the

idealized deflection history (Ref. 2, 9 and 10), Fig.5-(1) Curvature history
e
because the deflection history in the actual earth- CASE-1
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Fig.5-(2) Curvature history Fig.5-(3)

Fig.5-(4) Curvature history
CASE-2 CASE-3 CASE-4
wg[/ﬁu ° $2fPay o
0 5
G_.zjg-
33 : %_M/ﬁy
-l
o
Fig.5-(5) Curvature history Fig.5-(6) Curvature history Fig.5-(7) Curvature history
CASE-5 CASE-6 CASE-7

quake can not be known in advance. Then, a section shown in Fig.3 was
analyzed under various idealized curvature histories as shown in Fig.5-(1)
through Fig.5-(7). Its parameters are No.2l in Table 1. The same curvature
history was applied to both the section and the mechanical model. Restoring
force of the section was normalized by that of the mechanical model. Figure
6~(1) and Fig.6-(2) show the relations between the normalized restoring force
fR and the accumulated plastic curvature of the section <I> when the mechanical
model is in plastic range. 1In Fig.5,

fr = VM Z + M2)2 /Y (M1F)Z 4+ (MaF)2 e (1

M1 . M2*: moments about axis-l and axis-2 of
the mechanical model, respectively,
when the model is inplastic range

(I)p = f ‘/(dwlp / 1P1y)2 + (dlpzp / wzy)z eaesescsseasnse (12)

Y1y , W2y: curvatures at uni-axial bending yield
axis-1 and axis-2, respectively

As a result, it was found
that the effect of curva-
ture history on the fr-dp ~f s
relation could be ignored
when uni-axial and bi-
axial curvature history o8 case-
were separated. TFrom the o4 -
above mentioned fact, two o
representative uni-axial e T
(case—1) and bi-axial 3 - i
curvature history (case-6) Fig.6-(1) IR - &p relation
were selected.

4 N/BDcOs0Q | N/B-D<0s=0.

PSRN

Fig.6-(2) fp - 5;, relation
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DIFFERENCE BETWEEN UNI-AXTAL AND BI-AXTAL RESTORING FORCE CHARACTERISTICS

The difference between uni-axial and bi-axial restoring force was
examined. Figure 7 shows an example of the relations between the restoring
force normalized by the mechanical model (fR, 8R) and the accumulated plastic
curvature (5p), when the identical section is under uni-axial and bi-axial
curvature histories.

It was assumed that the difference was ~

. N 1.2 fR : restoring force ratia calcr\.gme? from
expressed by the following equation. % m-axial restoring force characterestics|
OF T
g e
OLR=1_.gR/fR ceereaeeaaans (13) Zos 'L
N

06 N

fr , 8g: restoring force ratio
calculated from bi-axial o IR et force role e s
and uni-axial restoring 0.2
force characteristics, %
respectively 3 ]
Fig.7 fR - <1~>p and &g - 9p
In Fig.1l3, Og=0 means that there is no differ- relations
ence. According to the increase of the value .
of OR, the difference becomes large. Figure 8 S
shows the relation between OR and @p of the 23f
example shown in Fig.7. The straight line in
Fig.8 was obtained by regression analysis. 0.2
The slope of the straight line was considered e s
to be an index of the difference concerning
the restoring force when the identical section
was subjected to uni-axial and bi-axial bend- , .
ing moments. The relations between the index oI 0 wip °
a and the axial force ratio (N/B+D*(0p) are .
shown in Fig.9-(1) through Fig.9-(3). Fig.8 O - ¢p relation
The difference concerning the restoring force
has a tendency to become large according to the increase of axial force ratio
and the decrease of parameter q. Especially, the effect of the axial force
ratio is great.

The reason of these results would be concerned with the crash of
concrete. An example of the relation between the maximum compressive strain
of concrete elements (fmax) and the accumulated plastic curvature is shown in
Fig.10-(1) and Fig.10-(2). When there is no axial force, the difference of
the maximum compressive strain is small between the case that the section is
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under uni-axial curva-
ture history and the
case that the identi-
cal section is under
bi-axial curvature
history. There is, 19
however, the large
difference according

No 43 (FC series )
NIBD<CR = 0.0
9=0.15

Emax ()

tion Lnder biaxial bending moments

e —————
e

section under uni axigl bending mormerts|

o Emax (1)

No 63 (FC saries)
s NIBOCDR = 0.2
Faud 9:03
of 1
—
.;’_l\sncum nder bi-axial bending moments.

H tion under unraxial bendin
i /sx a g moments

to the increase of ©®
axial force. The
similar investigation
was done concerning
the hysteretic energy
absorption capacity.

RN R
2

of No.43 section

o1

Fig.10-(1) Epax - 5p relations

[s]

Fig.10-(2)

10720 30 & % 80 N80 50§Vm g
P

€nax — 5p relations
of No.45 section

As a result, it was also found that the magnitude of

axial force strongly affected the uni-axial and bi-axial restoring force

characteristics.
DUCTILITY OF SECTION AND AXTAL FORCE

Authors judged that the parameters except
for axial force could be ignored, because the
effect of axial force was especially great.
The relation between axial force ratio and the
experienced maximum curvature is shown in Fig.
11-(1) through Fig.1l1-(3) when the restoring
force decreased to 90%, 80% and 70% of the
restoring force at bending yield, that is, fr
or 8r of Fig.7 is equal to 0.9, 0.8 and 0.7.
In Fig.11-(1) through Fig.11-(3), the
experienced maximum curvature was expressed
as ductility factor u.

W=V W T i)+ W T Uag) e (14)

The size of the circle indicates the number of
the plotted points and the zigzag lines
connect the average value of the plotted points.
The plastic deformation capacity of the section
under bi-axial curvature history is inferior to
that of the section under uni-axial curvature
history, being compared with each other at the
same level of axial force. In other words,

in order to keep the same plastic deformation
capacity the magnitude of axial force should be
limited to smaller value in the case that the
section would be subjected to bi-axial bending
moments than in the case that the identical
section would be subjected to uni-axial bending
moment .

CONCLUSIONS
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The application of the analytical method of column section subjected to
bi-axial bending moments was extended to the circular column section. The
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analytical results agreed with the test results of circular column section
very well. .

The restoring force characteristics were compared between the case that
the section was under uni-axial curvature history and the case that the
identical section was under bi-axial curvature history. As the results, it
was proved that the interaction of bi-directional forces strongly affects'the
restoring force and the hysteretic energy absorption when the column section
is under high axial load, and that the plastic deformation capacity of the
column section under bi-axial curvature history was inferior to that of the
column section under uni-axial curvature history. Therefore, the magnitude
of axial load should be limited to the smaller value when the column section
would be subjected to bi-axial bending moments.
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