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Summary

The earthquake type loading tests of steel encased reinforced concrete (SRC) columns were

carried out. The main objectives of this program were to investigate the seismic behavior of SRC

columns using high strength longitudinal bars and lateral reinforcing bars and to obtain guideline

for its structural design for high-rise buildings.

1. Introduction

The 1995 Hyogoken-Nanbu Earthquake attacked Kobe on January 17, 1995 and brought us the

huge destruction. In general, we have thought that steel encased reinforced concrete (SRC)

members have more ductility than reinforced concrete ones have. But in this earthquake, a lot of
wide flange encased reinforced concrete columns, especially in multiple dwelling houses,

received shear failures. To avoid the shear failure, usage of more slender columns is effective.

But, in that case, flexural and shear strength will be short due to the small section. Then, high

strength longitudinal and lateral reinforcing bars are considered to be used for slender columns to

give more flexural and shear strength. We proposed to use the SD490 (yield strength: 490 MPa,

ultimate strength: 620 MPa) as the longitudinal bar, and the KSS785 (yield strength: 785 MPa,

ultimate strength: 930 MPa) as the lateral reinforcement for SRC columns. However, the

superposed strength method in the SRC Standards published by AIJ is not applicable to such

high-strength materials. This paper presents empirical results of tests on prototype columns. The

main objectives of this test were to determine the seismic behavior of the column using these

reinforcing bars and to obtain guidelines for its structural design for high-rise buildings.
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2. Beam-column test

2.1 Test Specimen

Seven column specimens were tested under earthquake-type loadings. The section of concrete(35

X35 cm, specified compressive strength: 35.3 MPa) and that of cross shaped steel(2H-210X80

X6X16, tensile strength: 490 MPa) are common to

all specimens. The variables are:

1) shear span to depth ratio(M/QD=2.0 and 1.29);

2) area ratio of longitudinal reinforcement

(Pt=0.47, 0.65 and 0.74%);

3) lateral reinforcement ratio(Pw=0.23~0.74%); and

4) axial load levels (n) with 0.1, 0.3 and 0.5, where n

is calculated by equation (1) and (2).

n N/N0 (1)
NO B'D'cT u"Fc + As "stTy + Ar'rCfy (2)

where: c T u 0.85-2.5 sPc
sPc sac/BD
sac : Total area of compressive steel (cm2)
NO : Ultimate compressive strength (N)
B : Column width (cm)
D : Column depth (cm)
Fc : Specified compressive strength (MPa)
As, Ar : Total areas of steel, longitudinal

reinforcement (cm2) „
s(7y,r(7y: Yield strengths of steel, longitudinal l^' es Pecimen

reinforcement (MPa)
Table 1 Details of Test Specimens

Specimen h
(mm)

Longitudinal
Reinforcement

Lateral
Reinforcement

Axial
Load
Ratio

Qmu
(kN)

Qsu
(kN)

Qsu/
Qmu

Arrangement Pt (%) Arrangement Pw(%' n

M
series

1

1400

(M/QD
-2.00)

4-D19 0.47 2-10 é @75 0.54
0.3 530 666 1.26

2 0.5 514 666 1.30

3 4-D16,
8-D13 0.74 2-10 <£@55 0.74

0.3 570 718 1.26

4 0.1 572 718 1.26

S
series

5
900

(M/QD
=1.29)

8-D16 0.65

2-6 <£ @80
0.23

0.3 888 561 0.63

6 2-6 é @80 0.5 857 561 0.65

7 2-6 é @40 0.45 0.3 888 712 0.80

h : Inside measurment of column Pt : area ratio of longitudinal reinforcement
Pw : Lateral reinforcement ratio
Axial load ratio : Ratio of axial load to ultimate compressive strength
Qsu : Ultimate shear strength
Qmu (Mui+Mu2)/h

Mul : Ultimate flexural strength of upper end
Mu2 : Ultimate flexural strength of lower end
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Fig. 2 Loading apparatus
Table 2 Mechanical Properties

of Concretes
*1 unit (MPa)

Table 3 Mechanical Properties of Steel

*1 unit (MPa)

Specimen
fc
*1

fc'
*1

Ej/Tc'
(GPa)

ft
*1

1~4 35.3 39.0 32.3 3.0

5~7 35.3 38.7 28.5 2.8

Thickness
(mm) *1

L
*1

£ »(%)

Flange 16 326.0 527.2 27.64
Web 6 372.4 526.4 26.38

fc' : Measured compressive strength of concrete fy : Yield strength of steel

E,/Sfc' : Secant Modulus of concrete at fc'/3 4 : Ultimate strength of steel

ft : Measured splitting tensile strength £ „ : Ultimate Strain

Table 4 Mechanical Properties of Steel Bars
Type of Steel Bars fY(MPa) f„ (MPa) £„(%)

Longitudinal
Reinf.

Deformed Bar
13mm dia 569.3 699.0 15.43

Deformed Bar
16mm dia 531.9 710.0 15.99

Deformed Bar
19mm dia 566.4 771.8 15.95

Lateral Reinf.

High Strength
Bar <t> 6mm 870.4 904.2 12.53

High Strength
Bar <t> 10mm 896.6 1096.9 12.30

fy : Yield strength of steel bars

f„ : Ultimate strength of steel bars

£ „ : Ultimate Strain

The variables and ultimate shear strength of each specimen are as listed in Table 1. The full
capacities of the specimen 1-4 in M series are determined so as to make them exhibit flexural-

type failure mode and those of the specimen 5-7 in S series are determined so as to make them

exhibit shear-type failure mode. The mechanical properties of concrete, steel and reinforcing
bars are shown in Table 2,3 and 4. Cyclic horizontal load is applied to each specimen while the

axial load keeping constant. The inflection point is kept at middle height of the column by using

testing apparatus, as shown in Fig.2.
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2.2 Test Results and Discussions

Table 5 gives the test results. Fig. 3 and 4 show a comparison of measured horizontal load-story

drift angle relations and the envelopes of horizontal load-story drift angle relations. The

following results can be derived from these table and figures:

M series (specimen 1-4): Specimen 3 shows excellent ductility and lateral load carrying capacity

up to the story drift angle exceeding 50xl03rad. On the other hand, specimen 1,2, and 4 tested

under the higher axial compressive load of 30,50% of the ultimate compressive strength behaves

in less ductile manner when compared with specimens 3. The failure mode for specimen 3 is

flexural failure, and those for all other specimens are flexural compressive failure. The ductility

of every specimen is reduced after reaching maximum strength, especially for specimen 2. It

seems that this is due to the difference of the axial load levels between specimens. The story drift

angles (RM) at which the maximum lateral loads are sustained vary from 7.0 - 12.4xl0"3rad. and

the ultimate story drift angles (Rc) at which 80% of the maximum lateral loads are sustained vary

from 12 - 50xl0"3rad. The ratios of the measured ultimate strength (V) to the calculated strength

by using superpose method1' (Veal) vary from 0.91 - 0.94. The strain of the concrete at ultimate

compressive strength is 1750xl0"6 and the yield strains of the longitudinal bars are

2647~2922xl0"6, respectively, and the compressive concrete had crushed before the longitudinal
bars yielded. The longitudinal bars maintain the elastic state when the maximum lateral loads are

sustained and this might be the reason why the ratios (V/'Vcal) of the measured ultimate strength

to the calculated one is smaller than 1.0. In case that the ultimate strength is calculated by using

Table 5 Test Result

Specimen
N

(kN)
NO

(kN)
n

Maximum Strength Rm

(xlO3
rad.)

Ru

(xlO3
rad.)

Measured Calculated
V/VealV (kN) Veal (kN)

M
Series

1 2112 7040 0.30 496 530 0.94 10.0 30

2 3521 7040 0.50 482 514 0.94 7.0 12

3 739 7392 0.10 534 570 0.94 12.4 50

4 2217 7392 0.30 521 572 0.91 9.9 40

S
Series

5 2162 7207 0.30 599 561 1.07 5.1 15

6 3604 7207 0.50 617 561 1.10 4.2 12

7 2162 7207 0.30 651 712 0.91 5.1 30

N : Axial load

NO : Ultimate compressive strength

V : Empirical value of shear force

Veal : Smaller one of the two values of shear forces Qmu and Qsu which are calculated by using

superposed method1'

Rm : The story drift angle at which the maximum lateral load was sustained

R,j : The ultimate story drift angle at which 80% of the maximum lateral load was sustained
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Specimen2| Vmax 490kN

sVmax 475kN
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R (xlO 3rad)

-70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70
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I 0

-200

-400
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-800

Specimen3j ^/Vmax 541 kN

Vmax 528kN-^
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R (xlO 3rad)

Specimen61 Vmax 638kN

Vmax 595kN-—^
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Specimen7j g* Vmax 668kN

Vmax 634kN —^
Fig.3 Comparison ofHorizontal

Load-Story Drift Angle
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Fig. 4 Envelopes ofHorizontal Load-Story Drift AngleCurves
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the stress of the longitudinal bars when their strains are 1750x1(1*, the ratios (V/Vcal) of the

measured ultimate strength to the calculated one vary from 1.01 ~ 1.04.

S series (specimen 5-7): The failure mode for each specimen is shear failure. Specimen 5 and 7

show enough ductility and lateral load carrying capacity up to the story drift angle exceeding

5xl0~2rad. However, specimen 6 tested under the higher axial compressive load of 50% of the

ultimate compressive strength behaves in less ductile manner when compared with specimens 5.

It seems that this is due to the difference of the axial load levels between specimens as same as

M series. The story drift angles (RM) at which the maximum lateral loads are sustained vary from

4.2 - 5.1xl0"3rad. and the ultimate story drift angles (R,,) at which 80% of the maximum lateral

loads are sustained vary from 12 - 30xl0~3rad.. The ratios (V/Vcal) of the measured ultimate

strength to the calculated strength of specimen 5 and 6 (Pw=0.23%) are 1.07 and 1.10,

respectively, and that of specimen 7 (Pw=0.45%) is 0.91. Therefore, the ratio V/Vcal tends to

decrease as lateral reinforcement ratio (Pw) increases. This might be due to the fact that the lateral

reinforcing bars maintain the elastic state when the maximum lateral load is sustained.

3. Conclusions

The conclusions obtained from the experimental study are summarized as follows.

(1) The SRC columns using high strength longitudinal bars and lateral reinforcing bars have the

same sufficient ductility as those of SRC columns using normal strength ones.

(2) Axial load level influences the flexural ductility of the SRC column.

(3) In this test, the measured ultimate strength of columns using high strength longitudinal bars

and lateral reinforcing bars are a little smaller than the calculated strength according to the

SRC Standards^. To evaluate the ultimate strength of these columns, it is necessary to

consider the relation between the strain of the concrete at ultimate compressive strength and

the yield strain of the longitudinal bar in case of flexural failure mode, and also the strength

balance between concrete and lateral reinforcing bar in case of shear failure mode.
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