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Abstract
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Test, Spiral Spacing, Design Method, Strength, Ductility, Cost Effectiveness

This study explores the optimization of the important parameters of 5-spiral rectangular
RC columns. The purpose is to enhance the competitiveness of the 5-spiral RC columns and
further improve the cost effectiveness. This optimization study is comprised of two parts of
the axial compression test. The first part included fifteen 5-spiral RC columns and two
traditional hoop-tied RC columns, and the confinement reinforcements used were the
deformed bars with 412 MPa nominal .yield:stress. The second part included ten 5-spiral RC
columns and two traditional hoop-tied RC _columns;.and the confinement reinforcements used
were the high-strength coiled wires with-490-:A/Pa nominal yield stress.

The major parameters of this 'study included thé confined diameter of the big and the
small spirals, size and spacing of the spiral,_concrete-strength, and whether it is necessary to
add longitudinal bars in the intersecting zone of-the big and the small spirals. Another
important purpose of this study is to‘explore:whether the maximum clear spiral spacing for
the 5-spiral RC column can be allowed to exceed the 75 mm upper limit stipulated in Section
7.10.4.3 of the ACI 318-08 code.

Compared to the reinforced concrete column tied with traditional rectangular hoops, the
test results revealed that the RC columns confined with the 5-spirals demonstrated excellent
capability in strength, ductility and cost effectiveness. In respect to the optimum design of the
5-spiral RC columns, the test results of this study suggests that (1) the confined diameter of
the big spiral should be enlarged to the maximum ; (2) the confined diameter of the small
spiral can be taken approximately as 30% of that of the big spiral ; and (3) it is not necessary
for the intersecting zone of spirals to have supplementary longitudinal bars. The test results
also demonstrated that the 5-spiral RC columns can be successfully used to break the
limitation of the maximum 75 mm clear spiral spacing set by the ACI 318 code. Finally, this
study proposed two design methods for the confinement reinforcement of the 5-spiral RC
columns.
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Desian F;eqm_red Spgal (SHoop) Nominal | Small | Diameter (|S_|F2(r)al) Spiral

_ . aCign . pacing ar Size Concrete | Spiral Rat_lo of Volurse (Hoop)

Column_ Sp(_ammgn pacing B.|g Small Big | Small| strength |Diameter Spirals Rati Weight
Cross-Section | Designation Ky Spiral | Spiral | Spiral | Spiral P p (dj atio B

C _—
(mm) 81 Sy ¢1 ¢2 (MPa) | (mm) D '?S (N/m)
(mm) | (mm)|(mm)|(mm) (%)

Y1-S-95 95 94 189 13 10 274 150 0.28 1.36 283
Y2-S-145 145 146 189 16 10 27.4 150 0.28 1.20 249
Y3-S-75 75 75 151 13 10 34.3 150 0.28 1.73 359
Y4-S-115 115 117 151 16 10 34.3 150 0.28 151 315
Y5-M-55 55 55 164 10 10 27.4 180 0.33 1.88 394
Y6-M-95 95 98 164 13 10 27.4 180 0.33 1.45 305
Y7-M-150 150 152 164 16 10 27.4 180 0.33 121 255
Y8-M-75 75 78 131 13 10 34.3 180 0.33 1.84 386
Y9-M-120 120 122 131 16 10 34.3 180 0.33 1.52 319
Y10-L-100 100 99 142 13 10 27.4 210 0.39 1.47 310
Y11-L-140 140 154 142 16 10 27.4 210 0.39 1.37 288
Y12-L-75 75 79 114 13 10 34.3 210 0.39 1.96 414
Y13-L-110 110 124 114 16 10 34.3 210 0.39 1.74 366
Y14-S-145 145 146 189 16 10 27.4 150 0.28 1.20 249
Y15-S-115 115 117 151 16 10 34.3 150 0.28 1.51 315
. R1-120 120 123 13 27.4 NA NA 1.87 421
. R2-120 120 123 13 34.3 NA NA 1.87 421

Note : (1) Column dimensions: Height : 1200 mm ; Cross-section : 600 x 600 mm

(2) Diameter of the big spiral : D =540 mm ; diameter of the small spirals : d = 150 mm > 180 mm and 210 mm
(3) Nominal spiral(hoop) yield strength : SD420 ; f,, = 412 MPa
(4) Longitudinal bars : 16 #8 (D25) ; 1160 mm ; p, = 2.25% ; SD420 ; f, = 412 MPa
(5) Supplementary longitudinal bars : 4 #4 (D13) ; 1140 mm ; SD420 ; f, = 412 MPa (Specimens Y14 and Y15 only )
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Colurn Specimen Nominal Conc’rete Strength | Measured Co?crete Strength
Cross-Section Designation ( Mf;’a ) 8\%[3;2?3
Y1-S-95 27.4 31.0
Y2-S-145 27.4 30.1
Y3-S-75 343 36.9
Y4-S-115 34.3 37.6
Y5-M-55 27.4 31.0
Y6-M-95 27.4 30.1
Y7-M-150 27.4 31.0
Y8-M-75 34.3 37.6
Y9-M-120 343 36.9
Y10-L-100 27.4 31.0
Y11-L-140 27.4 31.0
Y12-L-75 343 36.9
Y13-L-110 34.3 36.9
Y14-S-145 27.4 30.1
Y15-S-115 34.3 36.9
’ R1-120 274 31.0
. R2-120 343 36.9
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Size Reinforcement (SD420)
Strength #3 (D10) | #4 (D13) | #5 (D16) | #8 (D25)
/y
487 468 466 497
(MPa)
Ju
663 665 676 723
(MPa)

%34 PR FIAE AR ERAL BTSSR

Smgll Spiral | Unconfined | Confined Single-Confined Double-Confined
Column Diameter Area Area — - 4 A4, A,
. Big Spiral | Small Spiral A —_— | —— | —
Cross-Section d Ay A, 8 Ay, A4, A4,
C 2 C C C
2 2 A]_ Az (mm*)
(mm) (mm*) (mm*) : 5
150 90100 269900 199200 40800 29900 74% | 15% | 11 %
RN
( ) 180 87600 272400 170700 43400 58300 63% | 16% | 21%
NI
210 86600 273400 134900 44400 94100 49% | 16% | 35%

(1) Ay s X PSRRI (¢ FHE B A LEG ) A, =4+ 4+ 4
(Q Di*RfzBAii:ds Wz BAiL > 2D’ /A=A + 4y : 7d® = Ay + 4
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Spiral (Hoop)

Design
Column Specimen Spaciig (P (R, )squash(Z) (P, )zm@) % (B st Weight
Cross-Section | Designation s ( P, ) (P, )Squash w
(mm) (kN) (kN') (kN) (N/m)
Y1-S-95 95 11558 13302 15566 1.35 1.17 283
Y2-S-145 145 11558 13038 12690 1.10 0.97 249
Y3-S-75 75 13612 15063 17650 1.30 117 359
Y4-S-115 115 13612 15268 18393 1.35 1.20 315
Y5-M-55 55 11558 13302 15148 131 1.14 394
Y6-M-95 95 11558 13038 14294 1.24 1.10 305
Y7-M-150 150 11558 13302 14913 1.29 1.12 255
Y8-M-75 75 13612 15268 18647 1.37 1.22 386
Y9-M-120 120 13612 15063 17771 131 1.18 319
Y10-L-100 100 11558 13302 15227 1.32 1.14 310
Y11-L-140 140 11558 13302 15659 1.35 1.18 288
Y12-L-75 75 13612 15063 19405 143 1.29 414
Y13-L-110 110 13612 15063 18104 1.33 1.20 366
Y14-S-145 145 11558 13038 13728 1.19 1.05 249
Y15-S-115 115 13612 15063 18166 1.33 121 315
* R1-120 120 11558 13302 14493 1.25 1.09 421
. R2-120 120 13612 15063 12517 0.92 0.83 421

Note : (1) (P,) is the nominal compressive strength of column : (P,)=0.85/.'4, + f,4,

(2) (P)yua s the calculated squash strength of column : (B)),,,, =0.85 (£ A+ ( I3 et A

(3) (P),., isthe ultimate compressive strength of column from test.
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Design Confined . Spiral (Hoop)
Column Specimen Spacing Area 1 @ 1! 2 e Weight
Cross-Section Designation Ky A, (MPa) (MPa) ‘ fw' w
(mm) (mm?) (N/m)

Y1-S-95 95 269900 269 436 1.62 283

Y2-S-145 145 269900 261 327 1.25 249

Y3-S-75 75 269900 320 514 1.61 359

Y4-S-115 115 269900 326 542 1.67 315

Y5-M-55 55 272400 269 416 1.55 394

Y6-M-95 95 272400 261 384 147 305
Y7-M-150 150 272400 269 407 1.52 255

Y8-M-75 75 272400 326 547 1.68 386
Y9-M-120 120 272400 320 514 1.61 319
Y10-L-100 100 273400 269 417 1.55 310
Y11-L-140 140 273400 269 434 1.61 288

Y12-L-75 75 273400 320 573 1.79 414
Y13-L-110 110 273400 320 525 1.64 366
Y14-S-145 145 269900 261 363 1.39 249
Y15-S-115 115 269900 320 529 1.66 315

* R1-120 120 291600 269 366 1.36 421
- R2-120 120 291600 320 297 0.93 421

Note : (1) £, is the unconfined compressive strength of unconfined concrete in the column : £, ' =0.85(f."),.,

co

(2) 1. isthe calculated compressive strength of confined concrete in the column = f." =[(B,) .y = 4y (f,) e ]! 4o
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Nominal

Spiral (Hoop) Spiral
Design Bar Size Concrete (Hoop)
sy P el IGCR G Il IS Y PN R
(mm) ¢ | 92 (MPa) (N/m)

(mm ) | (mm )
Y1-S-95 95 13 10 27.4 0.0108 | 0.0286 2.65 283
Y2-S-145 145 16 10 27.4 0.0128 | 0.0329 2.57 249
Y3-S-75 75 13 10 34.3 0.0112 | 0.0308 2.76 359
Y4-S-115 115 16 10 34.3 0.0083 | 0.0264 3.19 315
Y5-M-55 55 10 10 274 0.0163 | 0.0356 2.18 394
Y6-M-95 95 13 10 27.4 0.0128 | 0.0354 2.77 305
Y7-M-150 150 16 10 27.4 0.0114 | 0.0299 2.63 255
Y8-M-75 75 13 10 34.3 0.0135 | 0.0318 2.36 386
Y9-M-120 120 16 10 34.3 0.0092 | 0.0279 3.02 319
Y10-L-100 100 13 10 274 0.0111 | 0.0333 3.01 310
Y11-L-140 140 16 10 27.4 0.0116 | 0.0288 2.48 288
Y12-L-75 75 13 10 34.3 0.0100 | 0.0343 3.42 414
Y13-L-110 110 16 10 34.3 0.0098 | 0.0320 3.28 366
Y14-S-145 145 16 10 27.4 0.0133 | 0.0307 231 249
Y15-S-115 115 16 10 34.3 0.0087 | 0.0294 3.39 315
’ R1-120 120 13 274 0.0104 | 0.0213 2.05 421
. R2-120 120 13 34.3 0.0100 | 0.0216 2.16 421

Note : (1) &,

is the axial strain of column at ultimate axial load.

(2) &y, Iisthe axial strain of column at 70% ultimate axial load after reaching maximum capacity.

(3) The ductility index » u - is defined as the ratio of the axial strain measured at 70% of the post-peak

load » &y, - to the strain recorded at the peak load &, .
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Measured
; Spiral Spiral (Hoop)
. Reqm.red (Hoop) Strenath Measured Spiral
Design Spacing ; g
i Spacin Bar Size (f3) Conerete (P ) (Hoop)
Colgmn. Sp?mme.zn pacing vt /test Strength Yy L test U Weight
Cross-Section| Designation Ky Big | Small | Big | small . (fcy)m ( g )Squash w
(mm ) Spiral | Spiral | Spiral | Spiral B_'g Small ( MPa) (N/m)
Spiral | Spiral
Sp | S2 | 91| 92 (MPa)|( MPa)
Y1-S-95 95 94 189 13 10 468 487 31.0 1.17 2.65 283
Y2-S-145 145 146 189 16 10 466 487 30.1 0.97 2.57 249
Y3-S-75 75 75 151 13 10 468 487 36.9 117 2.76 359
Y4-S-115 115 117 151 16 10 466 487 37.6 1.20 3.19 315
Y5-M-55 55 55 164 10 10 487 487 31.0 1.14 2.18 394
Y6-M-95 95 98 164 13 10 468 487 30.1 1.10 2.77 305
Y7-M-150 150 152 164 16 10 466 487 31.0 1.12 2.63 255
Y8-M-75 75 78 131 13 10 468 487 37.6 1.22 2.36 386
Y9-M-120 120 122 131 16 10 466 487 36.9 1.18 3.02 319
Y10-L-100 100 99 142 13 10 468 487 31.0 1.14 3.01 310
Y11-L-140 140 154 142 16 10 466 487 31.0 1.18 2.48 288
Y12-L-75 75 79 114 13 10 468 487 36.9 1.29 3.42 414
Y13-L-110 110 124 114 16 10 466 487 36.9 1.20 3.28 366
Y14-S-145 145 146 189 16 10 466 487 30.1 1.05 2.31 249
Y15-S-115 115 117 151 16 10 466 487 36.9 1.21 3.39 315
* R1-120 120 123 13 468 31.0 1.09 2.05 421
. R2-120 120 123 13 468 36.9 0.83 2.16 421
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Required Spiral (Hoop) | gpar | Diameter Spiral

. . Nominal . Spiral
De5|_gn Spacing Concrete Bar Size Spiral Ratio of | (Hoop) (Hpoop)
Column Specimen Spacing Big | Small Strength Big | Small | piameter Spirals Volume Weight
Cross-Section | Designation Ky Spiral | Spiral 7 Spiral | Spiral b d] Ratio "
c R
(mm) sy | sy | (mpay | 91 | 92 (mm) (D /:s (N/m)
(mm) | (mm) (mm) | (mm) (%)

Note : (1) Column dimensions: Height : 1200 mm ; Cross-section : 600 x 600 mm

(2) Diameter of the big spiral : D =540 mm ; diameter of the small spirals : d = 150 mm > 180 mm and 210 mm
(3) Nominal spiral(hoop) yield strength : f,, = 490 MPa

(4) Longitudinal bars : 16 #8 (D25) ; 1160 mm ; p,=2.25% ; f, =412 MPa
(5) Supplementary longitudinal bars : 4#4 (D13) : 1140 mm ; f, = 412 MPa (Specimens YW9 and YW10 only )
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Nominal Concrete Strength Measured Concrete Strength

1 (st
(MPa) (MPa)

Column Specimen
Cross-Section Designation

% 43 % Z N4 PR EAMZ 4 SR R % R A

. Yield Strength | Ultimate Strength
Diameter
Type 5 Ju
(mm)
(MPa) (MPa)
6 544 599
8 531 629
Coiled Wire
10 690 729
14 578 606
13 468 665
Reinforcement

25 497 723
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Design o Spiral (Hoop)
; i ® 2 ® P Weight
Column Specimen Spacing (#) (P, )squash () s (& )test (£, )tesz g
Cross-Section | Designation s (7)) |(& )Squash w
(mm) (kN) (kN) (kN) (N/m)

Note : (1) (P,) is the nominal compressive strength of column : (P)=0.8571"4, + 1,4

v st

(2) (P)yuas 1s the calculated squash strength of column : (B, .., =0.85 ( I A+ ( S st A

(3) (P), isthe ultimate compressive strength of column from test.
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Design Confined - @ ' Spiral (Hoop)
Column Specimen Spacing Area S I S Weight
Cross-Section Designation Ky A, f ! w
(mm) (m?) (MPa) (MPa) @ (N/m)

Note : (1) £, isthe unconfined compressive strength of unconfined concrete in the column : £, ' =0.85(f."),..,

c

(2) f. isthe calculated compressive strength of confined concrete in the column : f." =[(B,) ., = 4, (f,)iee]/ 4

c
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Column
Cross-Section

Note : (1) 5@ is the axial displacement of column at ultimate axial load.

2) 50”" is the axial displacement of column at 70% ultimate axial load after reaching maximum capacity.
(3) The ductility index » ¢ - is defined as the ratio of the axial displacement measured at 70% of the post-peak

load » &, - to the displacement recorded at the peak load 0, .

Specimen
Designation

Design
Spacing
S
(mm )

Nominal
Concrete
Strength
ﬁf
(MPa)

Spiral (Hoop)
Bar Size

Big Small
Spiral | Spiral
$1 | #2

5P (6h)

Spiral
(Hoop)
Weight

(N/m)
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Measured )
; Spiral (Hoop) Spiral
: Requ!red Measured Strenath (Hoop) Spiral

Design Spacing Y ;
| . Spacin Concrete (f.) Bar Size ( P, ) (Hoop)
. Co ;mr: DSpt.ammt(?n pacing Strength vt Jtest (p test Weight

foss-section | Designation § Big | Small | (f))s _ Big | Small |\ “ )sguash W
() Spiral | Spiral | ( MPa) B,'g Small Spiral | Spiral (N/m)
Spiral | Spiral
51 52 (MPa) |( MPa) ¢1 ¢2
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1000

— D20-1
— D202
~ 750 ]
N — D20-3
5
_\@ 500
5 o qp <
8 :
% 250 -
7S |
| J o
A S | _"\_
0
0 0.02 0.04 0.06 0.08
strain
(a) el fi RCHMEBOE2 i+ -k %Y 5
' Elsar
1000
— C122-0606-8
— C122-0603-4
’c<E§T [ P — C122-0603-2
>
D500 ff N
g
n o 250 -
0
0.00 0.02 0.04 0.06 0.08
Strain

(b) 7 415 RC % pR2 b4 - ¥ 4
Bl 2.1 @K i RC & 477907 4146 RC 2 o4 - d &0t i [1]
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f!=27.4 MPa

16-#8 (D25)

(= £ # > SD420)
(4Rt 2.25%)

#4 (SR 4 )

(D =540 - SD420)

#3 (B0 40 )

(d=150 » SD420)

Unit © mm

f =343 MPa

16-#8 (D25)

(=X % » SD420)
(At © 2.25%)

#4 (B3 46 A7)

(D =540 » SD420)

#3 (SR 46 A7)

(d=150 » SD420)

Unit : mm

130

68
73

159

159

73

68

(a) Y1-S-95

600

130

o8]

73

159

159

73

68

(c) Y3-S-75

B 32 %- L

by

PR B 2 3
2S 711 ¥ fi RC2h

l 600 [
[ 1
"= 27.4 MPa
I 0 30 p
16-#8 (D25) 7
(X # > SD420)
(AR L * 2.25%) -
_— > 159
#5 (SRAR 46 )
(D =540+ SD420) N
159
—> DE—
#3 (B0 46 ) 73
(d=150 » SD420) 1
68
Unit : mm
l 600 |
[ 1
' =343 MPa
J. 0 30 o
16-#8(D25) 7
(A2 % > SD420)
(BBHH L © 2.25%)
S 159
[HIC Y 1))
(D =540 » SD420) —
159)
e S
#3 (B da &) 73
(d=150 > SD420) 1
. 68
Unit : mm

N I R O



600

77

A R E 2 EMETG B LB R A
M ,]‘s F T 43 1&: RC &4

I I i 600 i
f!=27.4 MPa 0 f!=27.4 MPa
30 7 ‘ 9 7
16-#8 (D25) — To#s (D25 | —
(F X # > SD420) 79 6-#8 (D25) 79
At 2.25%) _ " (=X %  SD420) _ 9
SR EL ¢ 2.25% (4P tk  2.25%)
149) 149
#3 (e s i) #4 (B4 4
(D =540 » SD420) 600 (D=s40- SD420) 600
149| 149
T TeT—— 7
#3 (Ve 4 ) 79 #3 (A 46 5h) 79
(d=150 » SD420) S (d=180 > SD420) _
72 7
Unit : mm Unit : mm
(a) Y5-M-55 (b) Y6-M-95
i 600 | 600
[
f!=27.4 MPa f!=34.3 MPa
0 0 72 0 72
16-#8 (D25) 16-#8 (D25)
(RE# » SD420) N (e - SD420) 79
(89 A bk © 2.25%) (GAM b 2.25%)
149 149
#5 (SRR 3 ) HE VRS
(D =540 » SD420) 600 (D =540 »'SD420) —1 600
149) 149)
RErEa T 79 ey prieaa 79
#3 (3R dE ) H#3 (380 dn 77)
(d=180 » SD420) | (d=180" SD420) S
72 72
Unit : mm Unit : mm
(c) Y7-M-150 (d) Y8-M-75
600
/! =343 MPa
0 0 -
16-#8 (D25)
(B E # > SD420) 79
(4Rt © 2.25%)
149
#5 (SR 46 4 )
(D =540 » SD420) 600
149)
#3 (BB 0 A 79
(d=180 > SD420) —
72
Unit : mm
(e) Y9-M-120



600 |

= 0 0
f!=27.4 MPa 70
16-#8 (D25) o
(A= X # > SD420)
(%A #H L © 2.25%) J—
142]
#4 (BB 45 ) 60
(D =540 > SD420)
142]
TR ] -
(d=210 » SD420)
Unit : mm 76
(@) Y10-L-100
| 600 |
! 1
f!=343 MPa 30 0 -
16-#8 (D25) 82‘
(1L 5 > SD420)
(4% 55 ¢ 2.25%) —
142
#4 (L7 2 Ja 55) 600
(05 =5403ﬁSD420)
142
#3 (¥ > da 53) 82
d =21OI’\15D420)
Unit © mm 76
(c) Y12-L-75

f!=27.4 MPa ”
16-#8 (D25) _82
(F£ £ # » SD420)
(5MAHE * 2.25%) —
1424
#5 (B IE ) —1 600|
(D =540 » SD420)
142
#3 (B 5 ) &l
(d=210 - SD420)
Unit : mm 76
l 600
I
< 130 0
f! = 384:3 MPa ”
16-48'(D25) _2
(A2 # > SD420) 8
(4Rt © 2.25%) —
142
#5 (BB 4 ) — 60
(D =540 » SD420)
142)
#3 (334 f #h) 82
(d=210 > SD420)
Unit : mm 76

(d) Y13-L-110

B NA PR RSG 2 EHETE B LB R R A S

7
-~

L k7|1 $1 4% RC ‘&L
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L 600 | L 600 |
1 1
f!=21.4 MPa o f!=343 MPa o
16-#8 (D25) 7 16-#8 (D25) 7
(#£ £ % > SD420) (# X # > SD420)
(SR LE & 2.25%) (GARHEE © 2.25%)
N N 159 I 159
#5 (B dh ) #5 (3R ¥4 )
(D =540 > SD420) — 1 60 (D =540 > SD420) —1 600
159 159
#4 (D13) 73 #4 (D13) 73
(#8 % » SD420) — (#Bh#5 > SD420) I
43 (B i) 68 #3 (S S i) 68
(d =150 » SD420) (d=150 > SD420)
Unit : mm Unit : mm
(a) Y14-S-145 (b) Y15-S-115
A5 >R )\ > L S5 Bar o . - . W N s
W35 - AR AUME F LB R
2.8 471 e RC @i
| 600 I 600 I
f!=27.4 MPa 130 ” /. =34.3 MPa 130 =
16-#8 (D25) % % T6-#8 (D25) o L4 Z ° —
(= E 5 > SD420) 122 (A= E 5 > SD420) 122
(4L © 2.25%) (GARHEL © 2.25%)
#4 (D13) j 122 44 (D13) 122
(B4 4 > SD420) 600 (B4-4& #h » SD420) 600
122 122
#4 (D13) ‘ 1 #4 (D13) ¢ —
(%% > SD420) (%% > SD420)
122 L 122
e lo/ e o e |— o o _ o o —]
Unit : mm 56 Unit : mm 56

(a) R1-120

(b) R2-120

B13.6 % - %A dhRiEk2 FHETH B 0 @A RC Ei
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o Strong ®

Frame
58800 AN
Hydraulic Jack

> Test Specimen

A-Az2G R FNYG

(& <t : 600 mmx600 mm)

o Joi

W38 15 S B2 e £4 5 LW
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fi!'=21.4 MPa f.!=27.4 MPa
"N 80 |t Y2-5-145
Y1-5-95 b =540 jum (#4) 5. @ D =540 mm (#5)
I = - &qp 0. d =150 #3
f0r 00286 d=150 mm (#3) P 018, _ 0.0329 _257 mm (#3)
=—"= =2.65 w=283N/m g, 00128 w=249 N Im
~ 60} &p 0.0108 —~ 60 Y
g ‘ s =95 mm g s =145 mm
> I
~ [72]
@ 40 § oF P,
j -
& h o} | 0.7P,
|
- 5 @ @ 1
20 20} | |
' U=0.91 MPa 1
- |
el Eozp, !
| u thu
0 = O [ I P | l [ P |
0 0.01 0.02 0.03 0.04 0 0.01 0.02 0.03 0.04
Strain Strain
(@) #%¥ Y1-S-95 (b) #48 Y2-S-145
VI r—
80 - Y3-5-75 J.'=34.3 MPa o |- ‘ — Y4-5-115 fc'=343 MPa
D =540 mm"(#4.) Dy D =540 mm (#5)
-, forn 00308 < d=150mm (#3) - oS 00264 o0 q d=150 mm (#3)
ook e 002" =359 N m o &, 0.0083 w=315 N/m
D‘t_s P s =75 mm D‘t_s P s =115 mm
= =
3 40 3 40 0.7P,
|- |-
) )
w w
20 20
€op,
O O l l L
0 0.01 0.02 0.03 0.04 0 0.01 0.02 0.03 0.04
Strain Strain
(c) #%8 Y3-S-75 (d) #4¥ Y4-S-115

B313 2 Hw@p¥amsiz S k57 il RCH2 B+ -E%d SF
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. S "'=27.4 MP
|| m—y5-M-55 Jo'= 274 MPa g0 ) — ve-meos “
‘ D =540 mm(#3) 4 D =540 mm(#4)
T G 00356 d=180mm(#3) - _fop 00354 d=180mm (#3)
ook e, To0m83 T w=394N/m ok en Qo128 T w=305N/m
g s =55mm Dc? § =95 mm
= s }
[72] [72]
3 40 3 40
S .
+— +—
(92] (92]
20 20
0 0
0 0.01 0.02 0.03 0.04 0 0.01 0.02 0.03 0.04
Strain Strain
(@) #%2 Y5-M-55 (b) #%% Y6-M-95
80 |- — 7-M-150 Jo' = 27.4 MPa g0f= £ | mm——y8-M-75 f'=34.3 MPa
D =540 mm (#5) ) D =540 mm (#4)
I s &7, 0.0318 _
_ Zo7p, 00299, . d=180 mm (#3) = o =236 d =180 mm (#3)
—~60} &p 00114 w=255N/m —~60F ér, P' w =386 N/m
E s =150 mm CCEE 777777777 Y s =75mm
2 -
— Pu \UT
a |-
$ 40 L 0.7P
hasl - -5 - - ———— — - — - - — - — - u
b S
& L AL 0:7P, Z
|
20 ; 20
|
l
|
0 i €07 P, 0 A
0 0.01 0.02 0.03 0.04 0 0.01 0.02 0.03 0.04
Strain Strain
(c) #%8 Y7-M-150 (d) %% Y8-M-75
f.'=34.3 MPa
Y9-M-120 = 540 smm (#5)
I =1 #
Gorr 0.0279 d=180 mm (#3)
=—+=—=--=3.02 w=319 N /m
—~ 60 Ep 0.0092 _
< “ s =120 mm
< 2
N— |
|
B a0 | 0.7P,
= ---5 - =
o) - |
|
|
20} l
|
N l
|
0 D R G L
0 0.01 0.02 0.03 0.04
Strain
(e) #%% Y9-M-120
B 314 EwRAFPREMHSZ M 7T iﬁl;]& RCHiz &7 -B%d 5 E
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80 b | m—\10-1L-100 f.'=27.4MPa
D =540 mm (#4)
[ s, 0.0333 d=210mm (#3)
— 60 S g, 00111 W—:f:)loo Nlim
[a §= mm
> L
= P,
g wr- :
A 0.7P,
|
! |
20= . U=112MPa
! |
I : |
\g ‘E
0 ) l:‘ i | . | ¢‘ 0.7P,
0 0.01 0,02. 0.03
Strain
(a) 4% Y10-L-100
] —12-L-75 Jo' = 34.3 MPa
0.0343 D =540 min (#4)
= =T =342 d=210 mm (#3)
—~ 60 K l w=414 Nm
[
o
=
[72]
8 40 ‘
= ‘
n |
|
|
20 |
|
|
l
0 il
0 0.01 0.02 0.03 0.04

i)

Strain
(c) %8 Y12-L-75

315 % B W mpeE 4w 2

85

[o2]
o

Stress (MPa)
S
o

20

[o2]
o

Stress (MPa)
5

20

f.'=27.4 MPa
D =540 mm (#5)
d=210 mm (#3)

=Y11-L-140

= _ gojp“ _ 00288 _ 48
H g, 0.0116 : w=288N/m
B ’ s =140 mm

- P
. ‘

| W T 0.7P,

L U =1.00 MPa

I 1
|

1 lfpu 1 | 80§7Pu | 1

0 0.01 0.02 0.03
Strain

(b) z4% Y11-L-140

Y — Y13-L-110 £'=34.3 MPa

D =540 mm(#5)
- P Eop, _ 0.0320 —328 d =210 mm (#3)
&,  0.0098 w =366 N /m

s =110 mm

0.02
Strain

(d) &4 Y13-L-110

L 4507 348 RCHr2 54 -5 % & SR

0.04




Stress (MPa)

Stress (MPa)

80

(o2}
o

N
o

N
o

i &, 00307 d =150 mm (#3)

f.'=27.4 MPa

c

D =540 mm (#5)

|| =— y14-5-145

700133 2.31 = 249 N Im
s =145 mm

&
ki

80

60

N
o

N
o

0.02
Strain

0.04

(@) :#%% Y14-S-145

¥l 3.16

R1-120 f.'=27.4 MPa
D=540mm (#4)
w=421 Nim

s =120 mm

[~ &7, 00213 ’
0.0104

&
B

0.04

(a) #*4% R1-120

® 3.17

86

so|- [ vis-sa15 o - 343 MPa
T D =540 mm (#5)
&y, 00294 o d=150 mm (#3)
oL en 00087 T w=315N/m
© =
o p s =115 mm
=
@ 40
Pl i
+—
(9p)
20
O u
0 0.01 0.02 0.03
Strain

Stress (MPa)

(b) #4%% Y15-S-115

TR TR E NS KT RC A2 4 Y SR

0.04

80
B R2-120 .fc,= 34.3 MPa
D =540 mm (#4)
60 &g, 00216 _  w=421N/m
~ e, 00100 7 s=120mm
] P,
7777777 |
=3 |
Y. @ 0.7P,
20} l
U =0.58 MPa
|
B |
s g
0 Gl Y
0 0.01 0.02 0.03 0.04
Strain

(b) #48 R2-120

B H i RC L2 4 - S



—— Y1-S-95 w=283N/m
15f= > (B /(B), g = 117
[ ) === Y6-M-95 w = 305N /m
. (E:)ust /(P )xquash 10
c
g
< 1F
o
S
e
051 G Y10-L-100 W =310 N /m
s (})u)lesl /(P )squmh 14
- —f= R1-120  w=421 N/m
(B est 1(P,) sguasn = 1.09
0 [l I [l I [l I [l I [l
0 10 20 30 40 50
Displacement (mm)
B 3.18 T % «'}ﬁb BT g L ;}Eb RC "l‘l\_ﬁ =
fLfihd - d A B RS
% & & 27.4 MPa; §i 35 SUZ@ &
% D13 ¥ D10 4k 5%
7S o= Y3-5-75 W =359 N/m
1.5 - — < (I)u)lmz /(P)quzsh 17
P == Y8M-T5 \, =386 N /m
= (B ost 1B squass = 1.22
°
g
< 1F
o
S
e
0.5 DS el Y12-L-75 w = 414 N Im
(B est 1B s = 1.29
(B ost 1B, uasn = 0-83

i 3.20

20 30 40
Displacement (mm)

I 7 ;]haa i i 5}131 RCHr2 ¢
bt - S R R
% K 5 343 MPa; ji 555U e &
% D13 & D10 4% 55

50

=

15

(Pu )test / (Pu )squash

0.5

Y — Y 2-S-145 W =249 N Im

(})u)lesl /(P )squmh 97

| === Y7-M-150 w = 255 N /m

(B et 1P s = 112

S| = Y11-L-140w = 288 N /m

(P I(P.) sy = 1.18

== R1-120 w=421N/m

(Pu )t:’st /(P )squash 09

20 30 40
Displacement (mm)
A ;Jma RC 1z i R
Al HOE PR R R
274MPa,£féb§2%‘11 Y
16 22 D10 4% 55

50

£
‘v L
v

151

(Pu )test / (Pu )squash

0.5

| === Y4-5-115 w=315N/m
1.20

| == Y9-M-120 1, = 319 N' /m

(Pu )te.v[ /(R4 ).vquuxh =

(B (B yuas = 118

S| e Y13-L-110 W = 366 N /m

(P) s I(P.) sy = 1.20

= R2-120 W =421 N/m

(I)u)lmz /(P )yquash 83

87

20 30 40
Displacement (mm)

50

kil 3{»‘?% By oot - & ;’fﬁ}, RC 41z &t H

L fih4 -2 A B
% B & 343 MPa;
% D16 &7 D10 4% 5%

yb/f{‘l’
i s s b



® 3.22

5.0

4.0

3.0

2.0

Ductility Index

1.0

0.0

IO —— Y2-S-145 w=249 N/m
e () /(P) s = 0.97
) e V45115 w =315 N /m
i () st !(P,) sguas = 1.20
% -
>
g
= 1
S
S
S
oS Y14-S-145 W =249 N/m
(B et 1B, uasn = 1.05
Y15-5-115 W =315 N/m
(B st (B, sguasn = 1.21
of 1 | 1 ] 1 | R 1 ,

Displacement (mm)

COPEE R E G R B R 2 L LT ph A AU R
B E A 52 R SOY2 sVANE B 4% 52 XA S Y14 21 Y15

| 9P 0 JE !
S )l ] 3 gt s
L > 248 257 263 2.65
2.31 :
2.05 i8 I I I I I
R1 Y5 Y14 Yl Y2 v7 Vi

Specimen Designation

B13.23 7 414i8r @ vl fi RC 41z v i2dp it M © £ =27.4 MPa
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5.0 }

4.0
&
2
=30
>
g
2 20

T Ps PYk kg
TG bod ===
; et 328 33
0.0

Specnmen De3|gnat|on
B 324 1 l4a s @ g RC +l Wt dn i R f'=343 MPa

. Hopp m Big Spiral Small Spiral

421

400 |

300 |

200 |

100 |

Lateral Steel Consumption ( N/m)

R1 Y5 Y10 Y6 Y11 Y1 Y7 Y2 Y14
Specimen Designation
325 Filmerdiifijs RCyz * Himk Rjst™ £ il f.'=27.4 MPa
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421

300 |

200 |

Lateral Steel Consumption ( N/m)

100 |

R2 Y12 Y8 Y13 Y3 Y9 Y4 Y15
Specimen Designation

F1326 7 iffi2 @4f i RCIL- HH-RAE LS § A : £ =343 MPa
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f/=34.3 MPa

16-#8 (D25)
(X /)
(4AAH L 2.25%)

—_———>
D14 (825 4 #)

(D =540)

D8 (75 4 #)

(d=150)

Unit : mm

/! =343 MPa

16-#8 (D25)
(X )
(5Af L © 2.25%)

D10 (¥25% & #5)

(D=540)

w7
D6 (¥25% & #5)

(d=180)

Unit : mm

(a) YW1-S-110

(\x,

(a) YW3-M-55

B2 B R L R )
%717 4 RC

(b) YW4-M-SPE

2B FEAE

f!=54.9 MPa
p _
16-#8 (D25)
73 (FEEH) l
— (4B EL T 2.25%)
159 159
D14 (38257 56 #5)
(D =540) — 09
59 159
p BT 7
S (d=150)
o . 68
Unit : mm
(b) YW2-S-55
A5 - FR )\ =X > 12X S .
o A phREE % 2 BN B R
g «{fﬁ? RC &4x
i
f!=34.3 MPa
7 72
16-#8 (D25)
79 REEH) -
(4RI © 2.25%)
14 ] 149
D14 (325 & &) —
— (D =540) o0
14 149,
79 D6 (85 4% 4 ) ?
(d=180)
- 72
Unit : mm



600

W43 % 20 paRER 2 E G ]
5711 414 RC 2

92

Qﬁ?;ﬁﬁaﬁﬁhéa

| i | o
f! =343 MPa f!=54.9 MPa
0 0 72 0 72
16-#8 (D25) 16-#8 (D25)
Gk £ #h) ” (R ) _7
(4 e © 2.25%) (SRR & 2.25%)
149 149
D14 (825 4% ) D14 ($24% 4 #5)
(D =540) 1 %9 (p=540) — 600
149 149
D8 (424% 46 #) 79 D8 (88 7% 46 #) 79
(d=180) — (d=180) _
7 72
Unit : mm Unit : mm
(C) YW5-M-110 (d) YW6-M-55
Bl 42 %ML REFEZLZFME R B © L E AP 4D
2. M k7T 1R a}'ﬁw RC &=41.(¥)
L 600 | 600 |
I 1 1
f!=343 MPa 130 0 i f!=54.9 MPa 130 ”
16-#8 (D25) o 16-#8 (D25) ©
(FEEH) (REH)
(Rt 2.25%) — Rt © 2.25%) —
142 142
D14 (7% o ) —1 600 D14 (s fi ) %
(D =540) (D =540)
142 142
D8 (3R %% 46 #5) 82 D8 (3R 4% 46 #5) 82
(d=210) (d=210)
Unit : mm 76 Unit : mm 76
() YW7-L-95 (b) YWS8-L-50




L 600 { N 600 i
| v
f/=34.3MPa 0 0 = f/=34.3MPa -
16-#8 (D25) 73 16-#8 (D25) 79
(i 2 ) — R ) _
(4RAFH L & 2.25%) (BAF L © 2.25%)
159 149
‘ ———— 6001
D14 (3% 56 #) — 600 Dli&%)},@} %)
(D =540) (D =540) 149
159
79| 4-#4 (D13) 7
= J
(z;g#;ﬁ(%s) &‘ — (B #5) 7
D8 (Bl ) 68 D8 (7 Jo i)
(d=150) (d=180)
Unit : mm (a) YW9-S-110 Unit : mm
EN =X ; =k g - A T, F2 B P pl t%
B 44 %=L BFEZLFME SR L F RS
2. S k78 Mk 713 B8 RC &4
L 600 ! 600
f'=343MPa 0 — f!=549 MPa - _1‘50 o=
16-48 (D25) @ ® ¢ % ® 16-#8 (D25) Q 7Y
(= EH) 122 (EEH) 122
AP ($FR L © 2.25%) _
Gmhe : 225%)| o ; - ;
7 > 122
122 N
D10 (M 44 #) D10 (B 44 ) o oo
o ® | —] 600 ® —_—
122 Nl 122
Ahe .
D10 (% #) e o | —] D10 (% #) e —
122 % 122
- o | —
L) o e o e ” - ® ) ) >
Unit : mm Unit : mm

(a) RW1-95

Bl 45 % = 304 fhR SR 2 EL TG

93

(b) RW2-50

B : s RC et



Compressive Force (kN)

Compressive Force (kN)

30000
: YW1-5-110 f,'=34.3 MPa
| = D =540 mm (D14)
So7p, _ 23.40 d =150 mm (D8)
p=—b =2 183
5, 1279 w =249 N Im
20000 T 777777 P s =110 mm
,,,,,,,,, 1 0.7P,
10000 |
|
|
|
|
|
5,
0 [ 10'7 Ry | " | "
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