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SUMMARY

This is an experimental and analytical study about bi-directiomal
behavior of restoring force responding to relative displacement between the
top and the bottom of a reinforced concrete column which is under constant
axial force.

A unique loading apparatus was developed for this experiment and
twelve specimens were tested. The aseismic performance of a column was
estimated by being compared with those of an ideal mechanical model under
the same deflection history with respect to hysteresis energy absorption
and restoring force.

A bi-directional restoring force model was formulated. The test
results were followed by the model quite well.

INTRODUCTION

For reasonable aseismic design of reinforced concrete framed structures
it is indispensable to clarify the restoring force characteristics of
columns to bi-directional deflection history. Bi~directional behaviors of
columns, however, have been grasped only insufficiently. The authors have
been studying the bi-directional behaviors of reinforced concrete columns
for recent several years,<9><10><11><12>

This paper deals with bi-directional restoring force responding to
bi-directional relative displacement between the top and the bottom of a
reinforced concrete column which is under constant axial load.

EXPERIMENT

The loading system was developed in order to keep faces of the bottom
“and the top of the column precisely parallel. The concept 6f the loading

system is almost same as Okada's one.<®> The loading system, the test
setup, a link mechanism and a typical specimen are shown im Fig. 1 - Fig. 3
and Photo. 1 - Photo. 2. Twelve tested specimens are listed in Table 1.

When the apparatus was set up, the bottom stub of the specimen was
fastened to a horizontal bearing bed and the top stub to a stiff plate with
PC bars. The stiff plate was comnected to the bed with a newly developed
three dimensional linkage mechanism, which permitted the plate translational
motion in any direction and restrained it from any rotational movement.
Namely, the test columm was deformed compulsorily to have an inflection
point near the center of it and prohibited from torsional deformatiom.
Axial force was loaded by weights on the stiff plate. Deflection was
imposed on the specimen through two loading beams by two hydraulic jacks
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installed at the level of the specimen's center, and responding shear force
was measured by two load cells. Twelve specimens having 15cm X l5cm cross
section and 60cm clear height were tested. Elements varied in the
experiment were magnitude of constant axial force, deflection history,
arrangement of longitudinal reinforcements and amount of hoops. All
specimens were laterally reinforced more than being required from the
structural standards of Architectural Institute of Japan. The experiment
was successfully executed and the maximum rotation of the stiff plate was
only 2.0 x 10~% rad,.<1?>

A part of experimental results are shown in Fig. 4 - Fig. 12 and
Photo. 3 - Photo. 4. With respect to &ll specimens, any remarkable unstable
behavior was not recognized.

ESTIMATION OF ASEISMIC PERFORMANCE

An ideal mechanical model was designed as shown in Fig. 13. When the
model is subjected to uni-directional deflection history, it has so-called
bi-linear restoring force characteristics. The relation between restoring
force and deflection was formulated using the analogy to the theory of
elsticity and plasticity. The concept of plastic potential and Ziegler's
hardening rule<!><?> yere employed, however, anisotropy was considered both
in elastic and in plastic range.

Yield locus was postulated to be an ellipse in two-~dimensional
generalized stress plane. Yield surface is described by Ziegler's rul&!><2>

F(Qy-01,Q2-02)=k*=const. (¢H)
Q1,Q: :restoring force (generalized stress)
in direction~l and direction-2
01,02 :parameters of kinematic hardening
From the theory of plastic potential with considering orthotropic hardening,
(~w]{dDP}={3F/3Q}dA , dA>0 )

[~wi] . :diagonal matrix for orthotropic hardening
{apP}"=|apt,dDB] , {aF/3Q}"=|3%/3Q:,9F/3Q: ]

From Ziegler's hardening rule,<!><?>
{da}={Q-a}du , du>0 - (3)
{do}T=[day,daz] , {Q-a}T=[Q~01,Q2=02 |
From the condition that stress remains on the yield surface in plastic flow,
[dQ-da {3F/3Q}=0 4)

Substituting Eq. 3 into Eq. 4,

9F/2q){dq}
SamC=Ticion ®

Assuming that the vector {3F/3Q} is orthogonal to
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the vector ({dQ}-[~w.]{ad’}),
,19¥/3Q) ({dQ}-[~w-]1{dDP})=0 (6
Substituting Eq. 2 into Eq. 6,

_ | 9F/3Q{dq}
A=5¥/301 155 /507 D

Substituting Eq. 7 into Eq. 2,

py_ [Cw~17'{3F/3Q}| 3F/3Q){dq}
{an™} [SE/3Q113¥/3Q7 ®

In this case, the Xield locus _is an ellipse, so w 1,1)=E§ and w(2é2)-E§.
From Fig. 13, 1/(E1/100)=1/E;P=1/ES+1/EY and 1/(E5/100)=1/E5P=1/E5+1/E}.
When dX<0 {de}:O. As for the elasticity, {dD“}=[~E°.]"'{dQ}, where

E (1,1)=E; and E (2,2)=E§. Total generalized strain (deformation) is
represented by {dD}={dp®}+{dpP}.

Thus, restoring forge responding to deflection history of the ideal
model was formulated. Ej, Eg and initial yield ellipse of the model were
determined by referring to ACI-Code.<*>

Hysteresis energy absorption ratio of the tested specimen to the
corresponding ideal model AERP(IPl-d61+sz-d62)/§fQ1-dD1+sz~dD2) was
computed and it was related to DY, where DP=%|dDP|+|apP| and D=§.

Restoring force ratio of the specimen to the model QR=P/Q was also computed
and re}ated to Bp, where P and Q were defined as shown in Fig. 14. Envelope
of QR-D” curve were plotted. From AER-D° curve and QR-D° envelope as shown
in Fig. 15 and Fig. 16, aseismic performance of the specimen was estimated.
It doesn't seem that the aseismic performance of the specimen C79-8-10-6-
35:XY1 is remarkably inferior to that of C79:8~10-6-35-X. Fig. 16 shows
that the specimens C78-8-10-6-40+XY1l, C79-8-10-6-35-XY1 and C79-8-10-7-
40°XY1 have almost same aseismic performsance.

BI-DIRECTIONAL RESTORING FORCE MODEL

Bi-directional restoring force model was set up as shown in Fig. 17 by
the same way as ideal model mentioned above. Almost same approach was
performed by Takizawas’> Restoring force characteristics under uni-
directional deflection is similar to Fukada's model<*> and Nomura's oneT®>
¢P, yP and y8 in Fig. 17 were determined by Sugano's equation?®>

Some results obtained by this model are shown in Fig. 18, Fig. 19 and
Fig. 20, together with experimental results. These figures show that the

model can follow the experimental results quite well.
CONCLUSION

The following conclusions were obtained by this study abou.
bi-directional restoring force responding to bi-directional relative
displacement between the top and the bottom of a reinforced concrete column
under constant axial load.

1. The newly developed loading apparatus is efficient enough.
2. Fundamental data of the twelve specimens were obtained by this
experiment.
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3. Aseismic performance of a column can be estimated by the proposed method.

4, The columns sufficiently reinforced by hoops have stable restoring force
characteristics.

5. The restoring force model formulated here can follow the experimental
results quite well.

More and more experiments should be carried out under many varieties
of conditions, that is, shear span ratio, axial load, reinforcement ratio,
deflection history and so on, admittedly, to genmeralize the above
conclusions.
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Table 1 List of Specimens

Lateral Reinforcement [Longitudinal Reinforcement |  Concrete
| Test Defiection Size | vieid o | Number [ Vield [T Compressive | /8:0 ::
Specimens Histor and Strtngr and Strength Strength Ratio
interval | kg/cm? | % | Size kglem? | % | kglcm?
B8S-0 Uni-Dir.
B8S-1 Bi-DirA | 69 40
BBS-2 Bi-Dir.B 4368" |as3| 8-D10 | 3785 253 268

CB-8-106-40'X | Uni-Dir. |~ %0mm
C7-8-106-40-XY1| Bi-DirA
C78-106-3BX | Uni-Dir. | 69

C98-10°6-% 1| B-DrA |-%mm | 2o |7 sot0 | w2 |28 zo
C798-107-40X_| Uni-bir. | 78 | -n [, 235
C798-107-40'XY1 | Bi-Dir.A |-40mm - 303

cse0e-%x || 6s

CT9-6-106-35Y 2595 |07 6-D10 | 323|180

C796-106-BXY1 | Bi-DirA |~ o™

$ 82 8-D10 6-D10 5 0.2%
] Proot
: Cycle -5 a5 ¢ ® @ ] ° Strength
. ° o4-p1 3 1
A L ] [ 3 ® ®

Uni-Dir. Bi-Dir.A Bi-Dir.B

Fig. 5 6;-8,,

Fig. 6 P;-8; Curve Fig. 7 &;-83, P1-P, Curves
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