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SUMMARY

In order to investigate the aseismic behavior of reinforced concrete columns
under high compressive stress and cyclic horizontal loading. Reversed cyclic
loading tests were performed on seventy specimens. The behavior of reinforced
concrete columns subjected to combined high axial compression, flexural moment and
shear forces is described in terms of type of cracking and mode of failure,
strength and ductility. The main variables in this test are axial compression
ratio, shear span ratio, amount of main bar and amount of hoop. Simple formulae
which predict the strength and ductility of the reinforced concrete members under
eccentric compression and shear loading are applied to these test specimens.

INTRODUCTION

In China, many reinforced concrete buildings have been planned in such a
manner as to minimize the area of columns. The effects of high compressive stress
in columns have to be considered especially under seismic loading. The purpose . of
this study is to confirm the effect of high compressive stress from the tests of
seventy specimens where the main variables are the axial compression ratio. The
careful consideration should be given to know the limit of useful region of the
axial compression ratio.

TEST SPECIMEN

The shape of the specimens, dimensions, details and its reinforcement are
shown in Figure 1 and Table 1. There are five series and seventy .specimens.
Mechanical properties of materials are listed in Table 2. The main variables in
this test are axial compression ratio, shear span ratio, amount of hoop and main
bar, and shape of hoop. Throughout this report an attempt is made to compare the
ductility with the effect of web reinfocement in specimens under various axial
compression stress. So, in the majority of cases, the specimens are designed to be
failedin bending. Three types of shape of web reinforcement havebeen chosen. Most
compression concrete strength Fc varied from 161 to 402 kg/aﬁ . Careful
consideration should be given to know the limit of useful region of the axial
compression ratio. The authors reported the test results on these 'specimens
subjected to the constant vertical load and cyclic horizontal load’ in the
Transaction of The JAPAN CONCRETE INSTITUTE vol.7,8,9. in 1985,1986,1987.
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Table 1 Test Specimens

(4) 4Z,BZ,CZ,DZ series (B) S series
Specimen Fc G No. Fe cgo| 7o | PW|MsaD Tn;e
to kg/cmz kg/cm? no kg/ca?  |kg/cu?| % hch
1AZ20-0 402 0 0
2A71-01 385 3.5 | 0.1 U I I I P R
3A12-02 330 78.0 0.2 122-02 161 3222 | 0.2 | 1.05 1 4
44Z3-03 350 105.0 0.3 103-04 w2 |108.8 | 0.4 | 0.6l t A
5Az4-04 263 105.2 1 0.4 us-oa| 22 [108.8 | 0.4 | 0.61 1 s
6AZ5-04 293 17.2 | 0.4 123-04) 22 [108.8 | 0.4 | 105 | 1 ¢
TAZ6-05 396 184.5 | 0.5 120-00] 22 {088 | 0.4 | tos | 1 ¢
8AZT-055 331 185.4 | 0.55: 121-06 161 9.6 | 0.6 | 0.61 1 A
9AZ8-06 328 197.4 | 0.8 m-06| 161 | 96.6 | 0.6 | 0.61 1 s
10A28-06 335 201.0 | 0.6 12106 161 | 966 | 0.8 | .05 | 1 ¢
11A210-07 347 242.9 | 0.7 os-08| 202 |sre | 0.8 | 0.61 | A
12AZ11-07 325 227.5 | 0.7 ueos| 202 |161.8 | 0.8 | 0.61 1 [
13AZ12-08 313 250.4 | 0.8 124-08 202 [161.6 | 0.8 | 1.05 1 ¢
14AZ13-08 334 300.6 0.9 106-10 161 181.0 | 1.0 | 0.61 1 A
154Z14-08 284 255.6 0.9 118-10 161 |161.0 | L0 | 0.61 1 ]
16AZ15-11 343 343.2 1.1 126-10 161 161.0 | 1.0 1.05 1 [4
17AZ16-12 270 324.0 1.2 213-02 s 3.0 | 0.2 | 0.61 2 ]
18BZal-02 310 62.0 0.2 212-04 s 86.0 | 0.4 0.61 2 ]
18BZaz-04 240 96.0 0.4 222-04 218 8.6 | 0.4 | 1.05 2 3
208Zb3-04 304 122.0 0.4 201-06 21 |131.0 | 0.62 | 0.81 2 A
21BZa4-05 310 155.0 0.5 211-06 21 [126.6 | 0.6 | o0.61 2 ]
22BZa5-06 310 186.0 0.5 221-08 | 126.6 | 0.67 | 1.08 2 c
23BZb6-06 240 134.0 0.56 204-08 s 172.0 | 0.8 0.61 2 A
24BZa7-07 304 213.0 0.7 214-08 us 172.0 | 0.8 0.61 2 8
25BZa8-08 240 192.0 0.8 224-08 215 72,0 0.8 0.61 2 [4
26BZag-095 240 228.0 0.95 223-09 25 193.5 0.9 1.0 2 c
27C2a1-02 w10 §2.0 0.2 303-04 268 [107.2 | 0.4 | 1.05 2 A
28CZa2-04 310 124.0 0.4 313-04 68 |107.2 | 0.4 | 0.61 3 8
290Zb3-04 310 124.0 0.4 323-04 %8 1072 | 0.4 | 0.61 3 c
300224-05 310 155.0 0.5 301-06 94 [176.4 | 0.6 | 1.05 3 A
31CZa5-06 310 186.0 | 0.5 ::z: z: :::: :: ::: : :
32CZa6-08 240 192.0 0.8 0207 21 zos:‘ 0'1 |'°s . X
33DZal-04 260 104.0 0.4 ’ :
312-07 4 |205.8 | 0.7 | 0.61 3 ]
34DZa2-06 260 156.0 0.5 322-07 294 (2058 | 0.7 | t.0s 3 c
35DZa3-08 260 208.0 0.8

(note)
B, D : width, depth of column
Fc  : concrete cylinder compressive strength Table 2 Mechanical Characteristics of

N : axial load Materials
oo unJ:.t axial str?ss of tfulumn Steel as cn? oy kg/om?  om kg/om
76 : axial compression ratie
pw : reinforcement ratio of a group of hoops 49 0.126 3480 4570
& 0=N/(B~D) 7 0= o/Fc 5¢ 0.196 5700 6000
64 0.283 3400 4420
g[ g[: [ spiral hoop D6 0.285 3430 3860
L ) hoor 7 l‘ 10¢ 0.785 3480 4570
S series 35 @lo D10 0.97 3720 5760
Type of hoop double spiral D13 1.31 3710 5560
A : hoop §[: @hnop D14 1.53 3730 5810
B : spiral as : area of steel

12.5, 135 ,12.5

C : double spiral oy,om : steel yielding, maximum strength
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BZ,CZ,DZ series S series

T TIET
< — = BxD=16x16 cm BxD=16x16 cm
- H/QD=2.0 ¥/Qd=1,2,3
. — > gg ‘_‘_E Main bars Main bars 8-10¢
g . S[E ] main §7 series 4-D10(p t=0.61%) P 0.2
L] <L a\.’rwo CZ series 4-D13(p t=1.04%)  Hoop
' g ==t DZ series 4-D14(pt=1.20%)  hoor 54 @40
--F Hoop 6 ¢ @100 pw=0.61%
p w=0.36% spiral
L_200 1801 200 | %mA o5 8500 p w2050 e
AZ series 20BZb3-04,23BZb6-06, 29CZb3-04 double spiral
BZ,CZ,DZ series S series pw=1.05%

Figure 1 Test Specimen

TEST PROCEDURE

Figure 2 shows the test set-up of BZ series with specimen under the load. To
investigate the cyclic behavior of these specimens, each of them was subjected to
similar sequences of static reversed cycle deflections. The axial load N was
maintained at a constant level during each test. The cyclic horizontal forces were
applied by a pulling and pushing hydraulic jack. The forces provided by the Jjack
were monitored by the load cell mounted at the top of the jack. The horizontal
force was controlled by the magnitude of the load before the specimen yielded.
After yielding, it was controlled by the displacement at the top of the columns.
The horizontal deflections at the top of specimens were measured using
displacement transducers. Besides, the strains in the reinforcement were measured
using electric resistance strain guages, respectively.

M‘Ss: t?
M . .
Load-Cell . » Figure 2 Loading Apparatus
0il-Jack
s b
c...; (_J.J :j oad-Cell = ="
Specimen

COMPARISON OF TEST RESULTS WITH CALCULATED VALUES

Initial Clacking Load Initial clacking loads are compared with calculated
values by means of several formulae for predicting the initial cracking load of
the column as follows. The relationship of the axial compression ratio and initial
cracking load is shown in Figure 3.
(cQBC;bending crack)
cope=(Z,) (1.8/Fc- ze+ D) Ea. (1) (Ref.1)

(cQSC;shearing crack)
M -
CQSC=0.971¢EEZB.D(1FZgE)oﬁll(Q f? 0605 Eg.(2) (Ref.2)
in which, Ze; equivalent section modulus, ho; inside height of columm,
go; axial stress, N; axial force in column, B; width of column,
D; over-all depth of column, cot; tensile strezggh of concrete, Fc; compres—
sive strength of concrete, co=N/(B:D), cot=1.8/Fe

IV-355



shearing crack
Fc=300kg/cm  cQbe, cQsc ; cracking load
ies H/QD=1.0
x /fe AZ sex ( bending, shearing )
AZ series 7 0=g o/F¢
BxD=8x8 cm o 0=N/(B>D)
o M/aD=1.0
Initial Cracking Main bars 4-D§
1
ocalcu‘ation bending crack P t=0.89% AZ series
bending crack ® experiment Hoop 4 ¢ @80
= ! a laci R
Fc=300kg/cw! calculation shearing crack p y¥=0.39% Equations (Ref.1.2)
¢ H/00=1.0 Aexperiment ) -1
N+D
Q. =—(co,*2+—) (1)
0 0.2 0.4 0.6 0.8 1.0 1.2 no C*BC he '°°t"2Tg
0.411 -0.605
CQSC=0.971/EE-B-D(1+—°L) M, @
BZ series coy QD
CZ series bending crack cot=1.8JFc
T /F¢ . Fc=300kg/cnl
DZ series H/0022.0
¢QBC : bending crack
o1 O calculation i
BZ series
@ experiment
& calculation
CZ series
A experiment
O calculation bz series
B experiment
¢ 0.2 0.4 0.6 0.8 1.0 1.2 no
£ F cQSC : shearing crack o £a.(D shearing cravk
‘ Fc=300kg/cwl
M/7QD=2.
0.1 O calculation 2.0
@ experiment BZ series
& calculation
A experiment CZ series
O calculation
ies 3
B experiment D2 SeT1® BZ,CZ,DZ series
e 0.1 0.4 0.6 0.8 1.0 1.2 no

Figure 3 Discussion on Initial Cracking

In general, the calculated values shows a similar tendency of the

experimental values in the initial cracking loadsuntill the compressive stress
reaches to 0.8Fc.
Maximum Strength The maximum loads are compared with calculated values by
means of several formulae for predicting the maximum load of the column. The
relationship of the axial compression ratio andmaximum load are shown in Figure 4.
Shear force decided by the flexural strength and the capacity for shear failure
for each specimens are calculated by the following equations.

Ny Ea. (3) (Ref.3)

2
chu—(hO)(O.Sat-scy D + 0.5N-D(1- 5D Fe

in case N>0.4B+D-Fc
=2 D2. Nm-N
cQmu: (ho)(o.sat.say.n + 0.12B.D2.Fc) (:

Nm-0.4B -D~Fc)
(0.115ku-kp(180+Fc) T A
cQmean={—"570 575012 + 2.7, Oy * 0-1001B3 Eq.(4)(Ref.3)
in which, ku=1.0, kp=0.82pt%23, §=0.875d, d; depth from compression surface
to centroid of tension reinforcement, at; sectional area of tensile rein-
forcing bars, soy,sowy; ylelding strength of main bar and hoop,
Nm=B+D+Fc + 2at-soy
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lculated
€ /Fc caicu . / t /Fc | Type of hoop Experiment [Calculated
PPy shear capacity [ A hoop (0]
. L‘D B spiral A A
- C double spiral | | a
Calcutated by Eq.(3) x
0.2 Maximum Load
0.1
S series o
Eq. (4)cQmeann/qp=3- Fe=200 Kg/ cw
calculated shear o + + —— + + ~ e
capacity P 0.5 1.0
o ® experiment L T /Fe
e X calculated flexural ]
X capacity
calculated A 2
flexural strength
AZ series ® 0.
0 R . . Q)
0.2 0.4 0.6 0.8 1.0 1.2 no e S series
i = =200 Kg/
0.2 b ° Eq.(4)cQmean H/Q0=2 Fc=200 Kg/ cof
t/fc  BZ,CZ,DZ series calculated L 0.5 10—l o
o . Tt /Fc
shear capacity __

® experiment
A experiment

| experiment

OcalculationBZ series

Acalculation C2 series

O calculation
* calculated shear capacity

Fc=300kg/cm'
1/00=2.0

calculated
¢ flexural capacity
DZ series

CZ series 0-

BZ series

DZ series

0.2 0.4

Shear

test results fairly agreed with values calculated by equation (4) when the

0.6 0.8 1.0 1.2 o

Figure 4 Discussion on Maximum Load

l

< §
>
S series

Eq. (4)cQmean H/QD=| FG=200 Kg/ cn

Axial Compression: Ratio

-+ + +

0.5 [.0=70
cQmu : flexural strength
cQmean : shear strength

strength increased with the increase in the axial compression and the

axial

compression ratio is less than 0.8 on AZ series. On BZ, CZ, DZ series, the values

calculated by equation (3)

fairly agreed with the

test results when the -axial

compression ratio is less than 0.4. The compressive area in the cross section of a
specimen under loading and compressive stress increased with the increasing of the

axial compression, and the compressive area of the specimen contributes to more
shear strength. The ultimate strength would be-controlled by the compressive
stress of concrete till the compressive stress reached to 0.8Fc. The shear

strength of the column can increase with the increasing of the concrete strength.

In the case thataxial compression ratio is more than 0.6, double spiral hoop
to prevent the buckling of the longitudinal bars. And-the calculated

very useful
bending

Ductility

strength was less than the test results. Therefore, in such

are practically increased instrength and ductility.
The ductility of specimens are compared with calculated wvalues

is
case, there

by

means of equation (5) for predicting the ductility.of the column. ?he relationship
of the axial compression ratio and ductility is shown in Figure 5. The ductility
for each specimen is calculated by the following equation.

cu=10(£QEE§E 2

cQmu

1) > 1.0 in case no>0.4 cp=1.0
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u . LI Y e )
1 moo=r.0 © calculation "1l ductility factor cu : ductility factor

® experiment !9 H/Q0=2.0

Fc=300kz/cm’

fc=300kg/cm’

o calculation
e @

S eee a, g8

0 0.2 0.4 0.6 0.8 1@—,1§
AZ series

® experiment

)
ductility —— o
factor A calculation 0 0.2 0.4 0.6 0.8 HO—Tﬁ.g
u . .
10 A experiment ductilicy BZ series
1 factor
M/Q022.0
Fc=300ksa/cw U1
N
Hr0=2.0 B pcalculation
Fc=300kg/c i .
A N e |} B experiment
A -
MR L R M T.T——«(—H) 0 0-2 0.4 'Eis 0.8 1:0—,(&.”2.) - experiment
CZ series T DZ series AZ series
. (Rmax) experiment
experiment 4.0x10°c ° -BZ series
ducrility A g AZ series  DEFORMATION ANGLE ! Ay experiment
factor ¢ BXperiment AT MAXIMUM LOAD T \ A CZ series
i ﬂ BZ series N\ B experiment
experiment 2.0x16% A, ‘w9 gy DZ i
a xR ALY ~ . series
e 4 CZ series " oA\,
experiment .

||
oW

DZ series

®
0 0.2 0T 0.6 08 1.0—=1:2

Figure 5 Relation between Ductility Factor and
Axial Compression Ratio

l.()xl(?l

0 0.7 [ 0.6 0.8 1.0—].2
AXIAL COMPRESSION RATIO (7-)

Increasing the concrete strength or decreasing the longitudinal reinforcement
of the column changed the failure pattern and improved its ductility. Increasing
the web reinforcement in column of a heavy axial load building will lead to
decrease its influence of axial compression and to improve its ductility by
preventing the buckling of the longitudinal bars and increasing the confinement of
the core concrete.

CONCRUSIONS

Axial compression ratio is the one of the main factor that effects the anti-
seismic performance of the reinforced concrete columns. When the axial compression
ratio is less than 0.6, the flexural strength of the reinforced concrete columns -
increases with the increasing of the axial compression ratio., When the axial
compression ratio is more than about 0.6, the flexural strength and the shear
strength decreases with the increasing of the axial compression. Double spiral
hoop is very useful to prevent the buckling of the longitudinal. bars and
toincrease theconfinment of the core concrete.
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