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ABSTRACT
An experimental study was conducted to investigate the effectiveness of transverse reinforcement in reinforced

concrete  tied columns subjected to

monotonically increasing axial

compression.  Eighteen large-scale

columns(260x260x1200 mm) were tested. Effects of main variables such as the concrete compressive strength, the tie
configuration, the transverse reinforcement ratio, the tie spacing, and the spalling of the concrete cover were
considered. High-strength concrete columns under concentric axial loads show extremely brittle behavior unless the
columns are confined with transverse reinforcement that can provide sufficiently high lateral confinement pressure.
There is a consistent decrease in deformability of column specimen with increasing concrete strength. Test results
were compared with the previous confinement model such as modified Kent-Park, Sheikh—Uzumeri, Mander, and
Saatcioglu—Razvi model. The comparison indicates that many previous models for confined concrete overestimate or

underestimate the ductility of confined concrete.

Keywords : tied columns, confinement, transverse reinforcement, confined stress-strain relationship
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Fig. 1 Previously proposed confined concrete model
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Fig. 2 Details of column specimens

Table 1 Column properties
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Fig. 3 Set—up of column specimen

Longitudinal reinforcement Transverse reinforcement
Specimens (kgff;(k:mz) Diameter | Ratio fy Diameter| Spacing | Volumetric ratio fyn © prov.
(mm) (%) (kgt/cm?) | (mm) (mm) (%) (kgf/cm®) Cacr
NSC-P 245 - - - - - - - -
NSC-A-10 260 4-D22 2.29 3300 D10 %0 1543 4450 1.0
NCS-B-10 245 8-D16 2.36 3630 D8 100 1.302 5100 1.0
NSC-D-10 265 12-D13 2.25 3860 D8 130 1335 5100 1.0
NSC-E-10 225 12-D13 2.25 3860 D8 150 1.350 5100 1.0
NSC-F-10 255 12-D13 2.25 3860 D8 120 1.305 5100 1.0
NSC-E-NS 230 12-D13 2.65 3860 D8 150 1.350 5100 1.0
HSC-P 470 - - - - - - - -
HSC-A-10 445 4-D22 2.29 3300 D8 40 2.169 5100 1.0
HSC-E-10 450 12-D13 2.25 3860 D3 90 2.250 5100 1.0
HSC-F-10 490 12-D13 2.25 3860 D8 70 2.237 5100 1.0
HSC-B-NS* 470 8-D16 2.76 3630 D8 60 2.169 5100 1.0
HSC-A-08 440 4-D22 2.29 3300 D3 50 1.736 5100 0.3
HSC-B-08 495 8-D16 2.36 3630 D8 75 1.736 5100 0.8
HSC-E-08 445 12-D13 2.25 3860 D3 115 1.761 5100 0.8
HSC-A-12 470 4-D22 2.29 3300 D10 45 3.085 4450 1.2
HSC-B-12 480 3-D16 2.36 3630 D10 70 2975 4450 1.2
HSC-E-12 500 12-D13 2.25 3860 D8 75 2.700 5100 1.2

Denotation @ NSC-A-10 ;

* NS : Specimens without shell(cover) concrete
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First term-Compressive strength of concrete, Second term-Configurations of transverse reinforcement(Fig.
2), Third tEITH’ppmv/pACI (pprov .

Volumetric ratios of transverse reinforcement designed in this study)

flmPac|Esls] =28 M43 42(2002)



H}re dEL2 Husle ofF sFe] ide @
Al L= en, UF HSC AM8ACME FR32
9} I (Fracture)@2Fol HAEA =, 2 C, F-Type
ANgAlg F7te B2 i(mberme(hate hoop)7} S5
Ack A9 BE AgAGA s b (failure surface)o] 3
AEgleod, NSC AgABchs HSC AdAel shajdol
FEsA vehgrh w3 eEddy geHe) o)FE &
£ Hy) (R AT fle T 2IYHE A FA)A
Hx e FdAPoen NSC AgAEts HSC A8
'}94 740] aA, 17 %}4 HAol WeTE A §4ds
RETE £ gty A4S B8 BARY F
&°ﬂ 1 = 2709 %E%}%O] EidE A0E Yeyd
ARG A P& FAE(Ro} FAE) crushingol
of gt ‘;’r‘ﬁ%/‘a% NSC Alga 2}l HSC Aol Alst
Al SR, o= NP2 13 UHE A7 o
T Aoy g so} 2IYEY crushing A=
FRUbE Rl A EAHA

o r[r

O

42 232lE9] 7|0{ 5! ot 232|EL| HE &4

71Eel AA ZSE(Pmsr)ol A 2
Z2(Peonc) S A¥EQF 72Y AA Forniy F29
5Pl W3 79 R S ﬂ"ﬂwiﬂ Zzyo) A A
of sy J 9 (Fg. 4a) F2d s 28 &3}
o AL o) 234 *Eiﬂ‘bhﬂ ool |3k Wy
8ol Fal Wil wrAsyE ANas

aelEde] ud o

P 1EST

cone= Prest~ Psr

Axial load (tonf)
N
(=)
(=)

Psr

0 0.005 0.01 0.015 0.02 0.028
Average axial strain

(a) Contribution of concrete

c 1.5 Pcone /Pace ,

o Fgesponge of confined concrete
5 CONG /

2 N 00 b 10,85 fox (As - A s)
< 1.0 RACC:0.85 fox (Ace— Ast)
3

&

% 0‘5 - A: Onset of spalling of cover

s - B: After spalling of cover

O

- A Jm

0 0.005 0.01 0.015 0.02 0.025

Concrete axial strain

Fig. 4 Defining of behaviors for confined concrete
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Table 2 Test results

Axial load Axial strain Toughness
3 D 2}
Speamens P&?; PKZ?E; P cma.x/P oc3) Pcmax/P 0cc4) smax5) Eccﬁ) €c85c7) 8::5068) 8(:504:/ 8009) ASO(/ Acom)
NSC-P 143.08 143.09 1.02 1.02 0.00208 | 0.00174 | 0.0028 | 0.0044 212 2.77
NSC-A-10 | 207.24 137.98 0.95 1.33 0.00242 | 0.00430 | 0.0065 | 0.0123 5.91 10.59
NCS-B-10 | 225.96 130.95 0.95 1.34 0.00226 [ 0.00410 | 0.0066 | 0.0128 6.15 11.07
NSC-D-10 | 211.89 147.12 0.99 1.39 0.00256 | 0.00450 | 0.0083 | 0.0149 7.16 13.50
NSC-E-10 | 18664 123.90 098 1.38 0.00261 | 0.00440 | 0.0085 | 0.0144 6.92 11.56
NSC-F-10 | 221.50 14091 098 1.39 0.00250 | 0.00440 | 0.0071 | 0.0163 7.84 13.99
NSC-E-NS | 171.90 111.85 1.22 1.22 0.00443 | 0.00360 | 0.0067 | 0.0172 8.27 1159
HSC-P 269.43 26943 1.00 1.00 0.00238 | 0.00223 | 0.0027 | 0.0037 1.55 1.91
HSC-A-10 | 29370 233.56 094 1.32 0.00201 | 0.00370 | 0.0076 | 0.0155 6.51 10.10
HSC-E-10 | 351.16 258.03 1.02 1.44 0.00275 | 0.00414 | 0.0118 | 0.0214 8.99 16.04
HSC-F-10 | 364.22 278.60 1.01 1.43 0.00316 | 0.00469 | 0.0184 | 0.0193 8.11 16.21
HSC-B-NS | 29849 237.72 1.27 1.27 0.00362 | 0.00360 | 0.0139 | 0.0193 8.11 14.63
HSC-A-08 | 301.26 21348 0.86 1.22 0.00224 | 0.00480 | 0.0057 | 0.0091 3.82 542
HSC-B-08 | 356.66 251.08 0.90 1.27 0.00270 | 0.00440 | 0.0070 | 0.0125 5.25 9.02
HSC-E-08 | 325.20 22873 092 1.29 0.00272 | 0.00422 | 0.0077 | 0.0126 5.29 8.33
HSC-A-12 | 33554 263.84 1.00 141 0.00267 | 0.00480 | 0.0103 [ 0.0231 9.71 16.49
HSC-B-12 | 352.33 291.55 1.08 1.53 0.00370 | 0.003%0 | 0.0172 | 0.0333 13.99 26.91
HSC-E-12 | 39%.01 333.83 1.19 1.68 0.00419 | 000430 | 0.0184 | 0.0322 13.53 31.73

1)Max. axial load of carried by column, 2)Max. axial load carried by concrete(Fig. 4), 3)P : Axial capacity of total concrete cross
section(eq. (25)), 4)Puc @ Axial capacity of concrete core(eq. (26)), 5)Axial strain corresponding to Max. load, 6)Axial strain in confined
concrete corresponding to f'., 7)Axial strain in confined concrete corresponding to 0.85f'c, 8)Axial strain in confined concrete
corresponding to 0.5f'c, 9&, © Axijal strain in plain concrete corresponding to fa, 10)As. : Area under stress-strain curve of the

confined concrete up to €csoc, Aco ¢ Area under stress-strain curve of the unconfined concrete up to €

o NSC=E~10 HSC-E-08 HSC-E-10
fo(Kaf/em2) 260 440 445

S (mm) 90 50 40
1.543 1.736 2.169

NSC-B-10 HSC-B-08
fo(Kgt/cm?) 245 495
S (mm) 100 75
i (s (%) 1.302 1.736

NSC-A-10 HSC-A-08 HSC-A-10
f(Kaf/cm?) 260 440 445

S (mm) 90 50 40
1.543 1.736 2.169

s (%

B, HSC-E-10
NSC-B-10 R
HSC-A-10

HSC-B-08 1

NSG-A-10 HSC-E-08  Pnsc-E-10°
ok s i N N Aecrmareed A A I ' I 2 I A A n N . 2
0 0.005 0.01 0.015 0.02 0.025 0.03 O 0.005 0.01 0.015 0.02 0.025 0.03 0 0.005 0.01 0.015 0.02 0.025 0.03
Concrete axial strain Concrete axial strain Concrete axial strain
(a) A-Type (b) B-Type (c) E-Type

Fig. 5 Effects of concrete strength

HSC-B-08 HSG-B-12 2.0

S (mm) 75 70 1.8
Ps (%) 1.736 2.975 1.6
1.4

1.2

HSC-E-08 HSC-E-12
S {mm) 115 75
Ps (%) 1.761 2.700

HSC-A-08 HSC-A-12
S (mm) 50 45
Bag, Ps (%) 1.736 3.085

Pconc / Poce
-
o

0'8 HBgas HSC-B12 ng HSC-E-12
0.6} yHSC-A-08 o6l \Hscp

HSC-B-08

HSC-E-08

b ' HSC-A-12
HSC-P |

0-2 N N : N . . . . , 0.5 . . A . N )
0
0 0.005 0.01 0.015 0.02 0.025 0.03 O 0.005 0.01 0.015 0.02 0.025 0.03 0 0.005 0.01 0.015 0.02 0.025 0.03
Concrete axial strain Concrete axial strain Concrete axial strain
(a) A-Type (b) B-Type (c) E-Type

Fig. 6 Effects of volumetric ratio of transverse reinforcement
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%‘1] Mander E'_Eil% %E—“r‘?‘;ﬁéa o ]* o}LH Mo

2 A¢rela g7 WEe® ekt 28y Mander X By
do] 7S Bt w28l E, F-Type) % AAv|7} 2 74; e
A9 $8 Rl AgH FAHA dSstal gl Asl A
€ Aoz Yesth(Fig. 8 (i)

pARSE

Concrete axial strain, E¢

(i) HSC-E-12

52 7& 232|E2| 2

Fig. 95 NSCAE4 9]
A dlzska 9)
Zoe] wet ) e G2l
BaFT Yk ol

Kent-Park, Sheikh-

Uzumeri ¥ Mander B9 BHEZETAES 282

72 ZAZ AokE 2dolw Saatcioglu-Razvi Z@-2

5.1.4 Saatcioglu-Razvi 54 220 oo AEZAEANNY TABEALS G 3
Saatcioglu-Razvi B9 T4 ZALES] $H-HIFE /\jﬂ7]-'8]- Anz Budt Fe 102 Jieddre] ¥
TMo] AeREd Ao 38 9 Ho YA WEE 2% P42 Je 9=, Kent-Park 29 A%
o naA # dasin e Ao Yephdth 12y o Qi JJrJ_‘é7}6}il olom Mander Ed2 #og7}leta
ZRre. sgjgrle] 7Agke] FrgfA|w, 53] NSCollA 9) o1} Sheikh-Uzumeri®} Saaticioglui-Razvi @&
BZ IR cross tleb} 0 F2)o] e AT ol A dZata 9le-g BT gtk 18y Fig. 11°]

g 7%e o 20 bk
o ol
Ql Bt 2 7A@ F ek

e 2TEYEE Bk
Z0 7 7140 AFEstE Aoz g

thehd wheh o] wE
Ttste] geHoE oAEaA

2] e B o) Ei 94

2ehs

HojgEr

ol thie| mdlo] 22 A7|(small scale)®l AEA

5225

2|E:

gis| =28 H14H 45(2002)



= 80 8 0.015] 0.05]
CEL HSC «
= o (=] ) o3 a © a
= 60 : L 8 g ] 0.04 $ N
- a @ 0.010 Ty =8 a
5 < s © 0.09 Iy °o aX
2 40t NSC i o e b'e ¥ o x
£ S € S § x
. 5 0.005 o 28 00 x 2%
s 20t 2 Kent-Park model £  Kent-Park modet B2 x
I = Sheikh—Uzumeri mode! = 24 > Sheikh—Uzumeri model 2 001 #x 2 Kent—Park model
fy o Saatcioglu-Razvi model @ < Saatcioglu-Razvi model o x Sheikh—Uzumeri model
2 9 = Mander model 82 0 o Mander model 2 0 < Saatcioglu-Razvi model
Q2 5
'QO_, 0 20 40 60 80 '§ 0 0.005 0.01 0.015 0 0.01 0.02 0.03 0.04 0.05
- Measured max. stress, fcc (MPa) o Measured strain at max. stress, € e Measured strain at max. stress, € csoc
Fig. 9 Comparison of previous Fig. 10 Comparison of previous Fig. 11 Comparison of previous
model with test results(fcc) model with test results(ecc) model with test results(echH0c)

of i3 A3l okl WMeS 288 nEsH QL A vERE 0B, Mander$} Saatcioglu-Razvi 22-& 50 %4 %=
d¥ APAHE 2AR Agsglen, AN 3 Fhg7kstL Sl AoR UEgt tirie] Bdo] &
BAEe] SH(f)E FEAEE AHEslel Prsdys H-HYE Al SRS FelHoR st X3t
Hhg7ishe Aol it E, FMFE fFrEHASH © AR HEyTh

B7FoA xo7] Wos deE 5) ZAET}L g2 o8 52 4 Al 2
wRh e e ZAEY ASE AP 95 Ssh 4ol 71 71 AT B 9FE T
alo] Aol g o gl gEHoluA 4849 5 Ao ek ey olH@ Age A 452
9 7jdo] SatEY A T YE 75 ZAYEY Bde 1Px FAE B¢
A9l Q= Aol mehd 747 1R TaeEd
6.8 E AsS Ag] dFste] o] BHdE & Ye FHol

A AEA 2P st} 27 HT st

1) 24 2IE 715 R3] & os %

=9 d4S7HE 7IUE & AT 9 v AR

ZE 7158 53 njgo) 7w dA4Z1E 84 o B o3 nakt (A SohgEin 2uE TR
[o)

asQl gl Fest & 2AERE 20 keflent kgl o
ATAENSTRESS)S Sefvfsta s ATwe) A4
2 = ol L O
]j :H: io;;ggqgi Z}}Eﬂ}w BATEED g amgion, ol gAEYUL:
2) AHue] Z7ke F4E 2ag s Mj’%i % &
ﬁ} ARE B AL S dov, o EHEY ¢

o] M RU(E F-Typo g 7H 34, 22387 °ﬂ H 1. ACL “Building Code Requirements for Reirforced
?“’Ffé A2 kg e 3 7084 ]—‘1 19 % Concrete  (ACI  318-99)” ACl Committee 318
=L AgAoR HldsiAle g Ao et of American Concrete Institute, 1999,

o Asgt AAE PRI AA v_&o}t} s 2. Sheikh, S. A. and Uzumeri, S. M., “Strength
3) 543 AFEE KA A9 9 angel nzae and Ductility of Tied Concrete Columns,”
H2FEE F-Type)dl 98] o & 75743 233 ASCE Journal of Structural Engineering, 1980,
T sk wepd gudasl dags pamseq pp1079-1102.

BEle W 208 9JakS x| WA et 3. Nagashima, T. Sugano, S. Kimura, H., and
o o 2 9,15}. Ichikawa, A., “Monotonic Axial Compression

Test on  Ultra-Strength  Concrete  Tied
Columns.,” Proc. 10th World Conference on
Earthquake Engineering, 1992, pp.2983-2988.

4) 71& 2dE 1L ZAYE diEiME JdE
S AR cdEsta o, a7E ZaTE s
1= Kent-Park 29 4 14 %, Mander 23] % 4, Cusson D. and Paultre P., “High-Strength
+ 15 %3% ANG7), Sheikh-Uzumeri®} Saatcioglu- Concrete Columns Confined by Rectangular
Razvi 222 3 40 %A=/ gzt sk Aew Ties,” ASCE Journal of Structural Engineering,
Rtk Hd SEdAe WEES Kent-Park®t Vol. 120, No. 3, Mar, 1994, pp.783~804.
Sheikh-Uzumeri 22L& 45 %AE Jagrlshes o=z 5. Saatcioglu M. and Razvi S. R., “High-Strength

s HREa2E N Ji5e| FHET 587

Py



Concrete Columns with Square Sections under
Concentric Compression,” ASCE Journal of
Structural Engineering, Vol. 124, No. 12, Dec,
1998, pp.1438~-1447.

6. Mander ]. B, Priesttey M. J. N, and Park, R,
“Theorical Stress-Strain  Model for  Confined
Concrete,” ASCE Journal of Structural Engineering,
Vol. 114, No. 2, Feb, 1992, pp.1804~18%.

7. Sheikh Shamim, A. and Uzumeri S. M., “Analytical
Model for Concrete Confinement in Tied Columns,”

ASCE Jourrdl of Structural Engineering, Vol. 108,
No. ST12, Dec, 1982

. Scott B. D, Park R, and Priestley M. J. N,

“Stress—Strain Behavior of Concrete Confinedby
Overlapping Hoops at Low and High Strain
Rates,” ACI Structural Journal, No.79-2, Jan~
Feb, 1982.

. Saatcioglu M. and Razvi S. R, “Strength and

Ductility of Confined Concrete,” ASCE Journal of
Structural Engineering, Vol. 118, No. 6, June, 1992,

At E’—ELE}E TEES ¢ ‘ﬂy—i_‘-’i AR AgHeR AFes AR, od APHA AsS Hstel FxtAE F

LA Jd ?0} tﬂﬂE«J Zdéiffi T3 F29 I
Sk AR s F4E EAYES Frd AFA
&7 olFoA: Y WH?J}X]E 149 T ZIYE

3 ARE FEG Aog Huyy gtk
et 2 ATdME SAYE B, AR AHH],

A 2AYES A Lage-Sced] 715% ooz 7249

g7l Ao Lo HEFS Aavslels Aow
Z d2ax Eals Ao veittl el 1d 1
HolwA A44Q mdo] sute] a7HL} s},

71%4 24704 PN Pugel A
Bol Oe 977 Be A7AEe <8 Adsl] g, 1 A% 3

=
k=)
e
“i
| Lo
o
E
_5,

F238 nEAolL}

159 QL MY BAH0E FAANE RO 3Y

3 ge-ugE 540 e AT A D 5 3

3% & % ol 29e 79 glos, o] uu
o Wiy 2 747, F2o W FoWsE dof 1
et st e mde Ave A gelg 7

E_ﬂ] Hals 3’—)\%,] O}ﬂ\ﬂ\ﬂ 3] 3];(49_

&

2eles] AFE A% Ageel LA 0 4 st 89

MU0 W2 Jg, 7§, JRAS, 75 LI E] $H-H1YE WA

FnZac|EER =24 HM14H 45(2002)



