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Strength and Deformation Capacities of Short Concrete Columns
with Circular Section Confined by GFRP

Soon-Ho Cho"*
"Dept. of Architectural Engineering, Gwangju University, Gwangju 503-703, Korea

ABSTRACT To investigate the enhancement in strength and deformation capacities of concrete confined by FRP composites, tests
under axial loads were carried out on three groups of thirty six short columns in circular section with diverse GFRP confining rein-
forcement. The major test variables considered include fiber content or orientation, wrap or tube type by varying the end loading con-
dition, and continuous or discontinuous confinement depending on the presence of vertical spices between its two halves. The
circumferential FRP strains at failure for different types of confinements were also investigated with emphasis. Various analytical models
capable of predicting the ultimate strength and strain of the confined concrete were examined by comparing to observed results. Tests
results showed that FRP wraps or tubes provide the substantial increase in strength and deformation, while partial wraps comprising the
vertical discontinuities fail in an explosive manner with less increase in strength, particularly in deformation. A bilinear stress-strain
response was observed throughout all tests with some variations of strain hardening. The failure hoop strains measured on the FRP sur-
face were less than those obtained from the tensile coupons in all tests with a high degree of variation. In overall, existing predictive
equations overestimated ultimate strengths and strains observed in present tests, with a much larger scatter related to the latter. For more
accuracy, two simple design- oriented equations correlated with present tests are proposed. The strength equation was derived using the

Mohr-Coulomb failure criterion, whereas the strain equation was based on entirely fitting of test data including the unconfined concrete
strength as one of governing factors.
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Fig. 1 Confinement mechanism in circular section
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Table 1 Major test variables and results

Specimen Dimension Confinement Properties Test Results
No. | p(mm) | H(mm) | Eul(GP) [uMPD] fiu/ /e | fedMPR) | Fe/ S0 | El®) | Eer€oo | 84%) | 5850
Cw22-1 150 278 287 43 0.25 234 1.4 1.07 3.62 0.61 0.41
Cw22-2 149 286 279 3.8 0.22 20.8 1.2 0.84 2.85 0.40 0.29
CW32-1 156 303 346 5.6 0.32 29.7 1.7 2.09 7.07 0.80 0.50
Cw32-2 155 302 344 5.6 0.32 231 1.3 1.38 4.65 0.56 0.35
CW52-1 155 300 584 7.3 0.42 309 1.8 1.79 6.06 0.72 0.57
CWwW52-2 156 300 538 6.8 0.39 23.1 1.3 1.02 3.45 0.29 0.23
Cw72-1 156 302 657 12.0 0.67 379 2.2 3.40 11.50 0.72 0.41
Cw72-2 156 298 726 13.0 0.74 436 2.5 3.31 1120 0.81 0.46
CWw31-1 155 296 349 5.5 0.32 26.2 1.5 1.67 5.66 0.90 0.57
CWw31-2 156 298 278 3.9 0.23 26.6 1.5 0.54 1.81 1.01 0.72
CW43-1 150 281 468 6.3 0.37 27.4 1.6 1.20 4.05 0.77 0.57
Cw43-2 150 294 487 5.8 0.34 23.1 1.3 1.06 3.56 0.38 0.32
CF22-1 154 289 278 42 0.26 25.5 1.1 1.10 5.45 0.55 0.37
CF22-2 151 290 276 3.8 0.23 25.5 1.0 1.02 5.05 0.73 0.54
CF32-1 153 293 350 5.7 0.35 28.3 1.4 1.42 7.04 0.90 0.56
CF32-2 154 286 347 5.6 0.35 31.8 1.5 1.52 7.55 1.18 0.73
CF52-1 154 289 586 74 0.46 40.3 2.2 2.15 10.60 0.86 0.68
CF52-2 153 292 546 6.9 0.43 41.5 2.3 231 11.50 0.91 0.73
CF72-1 155 292 658 12.0 0.72 451 2.1 2.07 10.20 0.82 0.47
CF72-2 159 294 711 13.0 0.78 47.0 2.6 2.60 12.90 1.63 0.93
CF31-1 152 291 356 5.6 0.35 32.0 1.9 1.85 9.16 1.14 0.73
CF31-2 153 289 283 4.0 0.25 31.9 1.8 1.84 9.10 1.73 NA
CF43-1 153 290 458 6.2 0.38 34.6 1.3 1.28 634 0.81 0.60
CF43-2 153 286 474 5.6 0.35 33.7 1.5 1.51 7.46 0.91 0.77
CP22-1 155 304 277 4.2 0.25 253 1.5 1.40 429 1.07 0.71
CP22-2 153 303 273 3.7 0.23 26.7 1.6 1.23 3.76 1.40 1.02
CP32-1 155 305 347 5.6 0.34 26.7 1.6 1.26 3.84 0.68 0.42
CP32-2 156 306 343 5.5 0.34 27.5 1.7 1.73 5.30 0.90 0.56
CP32-1 156 305 580 7.3 0.44 29.6 1.8 1.62 494 NA NA
CP352-2 155 306 540 6.8 0.41 393 2.4 NA NA NA NA
CP31-1 156 301 347 5.5 0.33 31.7 1.9 2.34 7.16 1.76 1.12
CP31-2 156 307 278 39 0.24 223 1.4 1.15 3.50 0.68 0.49
CP43-1 157 304 448 6.1 0.37 33.2 2.0 2.11 6.44 0.96 0.71
CP43-2 156 305 468 5.6 0.34 394 2.4 1.58 4.82 1.17 0.98
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Table 2 FRP properties

Specimens tmm) | E(GPa) | fr(MPa) | &;(%)
22-1 1.24 17.3 240 1.5
22-2 1.49 14.0 138 1.4
32-1 1.84 NA 183 NA
32-2 1.83 14.6 225 1.6
52-1 2.58 NA 200 0.9
52-2 2.39 17.5 220 1.3
72-1 3.32 NA 188 NA
72-2 3.67 154 301 22
31-1 1.67 16.2 217 1.6
31-2 1.68 12.9 178 1.4
43-1 2.58 13.6 171 1.4
432 2.58 14.1 164 1.2
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Fig. 3 Failure modes for different confining methods

Fig. 4 Explosive failure for CP31-1
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Fig. 5 Axial stress-axial strain behavior for CW group
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Fig. 6 Axial stress-axial strain behavior for CF group
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Table 3 Existing predictive equations for ultimate strength and strain

Models Theoretical /.. Theoretical €',
' ' 0.86
) fv” =1+4.1 f['“’ or f'“ =1 +3.7(flf” : E
K:::;:S(?;gl) fco fco fco fco 2 :1+00005 ' lat'
for hlgh f/at €0 acaf co
d h t ] 'cc
Saadatmanesh | /e _ 5y |1 4 q9a lat oSl _ynsy | Eee =1+5(f, - 1)
et al. (1994) | 77 T €., S oo
o L L ™lo gy £y =0.872f",,+0.371 f;,,+6.258, and
' 0.7 1 E 8! co a
Saaman et al. fcc_,_l+60flﬂf €0 28co
(1998) o e 02
E,=245.61 f'07 +0.6728E,,
' 0.85 ' '
Toutanji (1999) f‘”c =1+35 (fl“”j & =1+(310.57¢g5, + 1.90)(f‘“ - 1) for 0.002 < gy £ &4
fco fC() 8co fco
Saafi et al. | f' (f] ,)0-34 g (f'cc )
£ =14+22(2 —£€ =1+ (537g4,+2.6)| — — 1
(1999) fvco f'co 8'00 ( ” ) f co
Spoelstra and
i ' 0.5 '
Monti 1 J v 5,5 (fl“‘> Cee —n4125 2, St g 500 J77
(Approximate | f' A €' Jeo o
Version, 2000)

GFRPZ T4E gt 232|E B 25 3 Bl 53 127



—
Eu CW group
‘BCF group

1
[1CP group

N SN S ) N >
. - ) N
& & & < Y & e}é\'\
< <® & < < o
’bgb
2
@ (a) Peak strength
2
18 € CW group
16 | & CF group
C ij * group

Exp f Pre

’06 .
& {b) Peak strain

Fig. 9 Predicted results by existing models

42 Mz2 2 Mot

AAH(granulan® FAE A AT 54 2 £ 7
2o Ar)d wE GEAEe FHE o Wy
(pressure-sensitive)?] FAZE AE EAS ddstd, &
AFNME 3% 35S AN EZY A 2718
o $5¥ 2o|-ZFFMohr-Coulomb) 3] 7]15S €3}
o FRPZ T£¥ ZAZEQ A Z=dE A¢sa

olx= &Y A3}

Asjel 2R 228 Beoln, nok
A3 A4 £HMYE 29 A3T + UE A
de 34 =Ro4 7ent

Sll’l¢ _ (f'cc _fZ) /(CCOt¢+ Omccz_fZ)) (4)
f'ee=2c1an(45 + 0.58) + fotan’ (45 + 0.5¢)
= [0t ke fio tan’(45 + 0.5¢) (5)

(f-F)2,

'
'
'
'
‘
'

(f,+f . )2

Fig. 10 Mohr-Coulomb failure criterion

128 | s1=2E32(Ests| =2 M98 M15 (2007)

AN fi=f'>h=fi=fuCl™, c=TANES] H3HA
¢=NEmrEZre) ) T 36~455%9)
olm 4715 7

“=(cohesion) ©]iL,
e et EE k= FaTEAT
¢ 0.950] ).
iﬂﬂE4 Wsapazhe AHgsly] Yt dddAE
ng) H5g 14288 o)gdly 2% 4EEHY T R
i}(deviatoric stress)Z ®A18 33 H2 Fig. 119 2
B AT *F‘lﬁ} iﬂﬂﬁ/] 7§—°r o9 e
s

3 A5ore) B 2 g
S a%] e AT A0 2

gadt, ole ol fd 2 Sg e
Fades FE(16.1~17.5MPa)= AR e 5
ol YA WA BFACE Rol.-2F B7IEE A
o} ¥ Q7o) AY ANEIE FEF AUBE o
He obehst 2k

f'cc :f’co + (2-4~2-6)flat (6)

O

Hﬂm
42 4 jo oo B

-

>.

Jl)hobo_
o_&

”5‘ o 2HE é‘—! 2
fittingshe] Lol Flg 12(a)«1 “*’“*Ur 'rl‘"]’@:% 2
s e, A () Bt ol2HoR frHAE
3 »ast Yk

3% ke FAYE M
o] &3} 2 Z (path- dependent)

30 F | * CWgroup
& CF group
oo O { =ArcSin(0.4257)=25.2 deg.
25t Linear {CW) =AroSin(0.4604)=27 4 deg.
~ ~— Linear (CF} =ArcSin(0.4716)=28.1 deg.
'\‘16 — — Linear (CP)
“.-;20 y = 0.4604x + 45732
&=

5 10 16 20 28 30 35
(f( cc"'ftat)’ 2
(a) Failure envelope of tested concrete
70
60 & CW group
& CF group
50 F B CP group
3 R
& .
= a0 b -
3" gy 2
4
gaor M A
o r 4 '
20 F For Observed / Predicted values
CW: Mean = 0.955, COV = 0.145
CF : Mean = 1.058, COV = 0.095
10 CP : Mean = 0.960, COV = 0.145
Total: Mean = 0.955, COV = 0.145
0

0 10 20 30 40 50 60 70

Predicted (Foo)
(b) Strength prediction

Fig. 11 Test results and Mchr-Coulomb failure criterion



(Foeff )= 1+2.8(fiat o)

%3 ¥y =2.3013x + 1.2197
o ® H R®=0.8133
-, 2 ;‘5 5]
an om0
=
1 For Observed / Predicted vaiues

CW : Mean = 0.783, COV = 0,110 + CF group
CF :Mean= 1014, COV = 0.096 w3 CW group
1 CP @ Mean = 0.934, COV = 0.110
Total: Mean = 0.908, COV = 0.158 & CPgroup
-— Linear fit based on CF

0 0.1 0.2 03 0.5 08 07 0.8 0.8
f, Feo
(a)Strength capacity
14
*
12 "
For Observed / Predicted values ) *

CW : Mean = 0,937, COV = 0.280 R
10} CF :Mean=1012,CcOv=0137

CP : Mean = 0.784, COV = 0.286
Total: Mean = 0.922, COV = 0.228

m + CF group
- A 1 CW group
S
) == Linear fit based on CF
o -+ +
0.0 0.5 1.0 1.5 2.0 25 3.0 35

cc’f'co
(b) Deformation capacity

Fig. 12 Proposed predictive equations derived from fitting of

test data

< BT Hso] FAY gy @ A7), EgE, B-
ARE ¥ 9 $R3F 55 JFS A E FQ /4
2 AANHI o, AA Ao diale) o3t &3
g X v TEY 3, AY A #=d )
HYET o9 AT BEE Holw glonms old A
ol A4HR0 HFE EEI)= vl$ oEe Aow
Adstct. weh B A+ Fig 12(0)9 2ol 38
E FEE FAHSTE sl FYEIES 2T 5 3
© B S ofg 9 Zol Attt

See s, o[f'“-o.s} )

&' oo

54 =
3719} 7Fo] FRP A B0 o8ty ZagzEs 74
g A dgEe 2adEe 4w 2 a4l 5Ye) 3y
A g ol&A

E5hE AR 9iated e due) 4E 3
ATV olfst 2& AES U5

r HU

1) 2AES 74580
Af o ZA AmEges, Az

FRPS] 7] Zo 2%
K wrapping
3 2 Full Shelldol 9J3le] 4% FATEE )
L 249 7ty 2 HIEF Y g4 epich
HZ

2) AR &2 FAES} Hjwste] F4E g

Eo] ALEZ7HE CWHOIA 1.3~2.49], CFY A=
1.6~2.94, CPEoIM = 1.6~2.1908 27 Jeplon,
A HEEY F7te CWolA 1.8~12.58), CFY
A= 5.1~12.98, CPHAAME 3.5~7288 7
UEbTh AR, CPE Y] A AAHOR o]
o] H4 AR Ak CW 2 CF8 2u A%,
3 "y sEo] Astye ¢S HeERiTh

3) RE AFAY $E-HMYE 4L gA= 24 A
3 #AAES Yo, e MyAs Axe
FRP 7 9 JAFE Xt FEHuAY 234
o ¢J&&tgitt o] SRS Xgsl= CP AFA L 7}
2 v Wy F3E UrE}kEE}

4) BE N@AANN w3 Al F

YHozNE Y53 —:fzwsggm Be e

Jn oz J}L o

¢

u
N
o
O L
N
mﬂ‘.
03“:
ol
32

= %ﬂv" A ZV]OF* F‘*Ol Wsé E¥ t
Z HMPEES Yo, CPREL ol5HE XSt
= FEA L] AP AstE Bk & WY Ec] A
st

Saafi & Spoelstra 2],
o) H87 WA YA 2
= o2 vEbsth

6) Eq— E'ﬂ:)\}-E] oq]z_o_ 213}

£-& Fardis ¥ Toutanji
g

#Aatel 2

=S AR@ESAALANS AR FFIE

o]
Az G YL ol FPE AF(R05-2003-11885-0)
olw}, A &A Az FxzaAFAl (FH2H7H BAA
FEAR S =g

i
ot

nl

1. Pantazopoulou, S. J., “Role of Expansion on Mechanical
Behavior of Concrete”, ASCE, Journal of Structural Engi-
neering, Vol.121, No.12, 1995, pp.1795~1805.

2. Di Prisco., M. and Mazars, J., “Discussion of Role of
Expansion on Mechanical Behavior of Concrete by S. I.
Pantazopoulou”, ASCE, Journal of Structural Engineering,
Vol.123, No.4, 1997, pp.535~537.

GFRPZ 7= glsiti 232|E oo Zx 2 HE 53| 129



. Z%£3%, “FRPE 748 ZAYEY] $¥E-H¥E &7 9
2 ZIYES =83, 2007HZA7%).

. Matthys, S., Toutnaji, H., Audenaert, K., and Taerwe, L.,
“Axial Load Behavior of Large-Sacle Columns Confined
with Fiber-Reinforced Polymer Composites”, ACI Struc-
tural Journal, Vol.102, No.2, 2005, pp.258~267.

. McAteer, P., Bonacci, J. F., and Lachemi, M., “Composite
Response of High-Strength Concrete Confined by Cicular
Steel Tube”, ACI Structural Journal, Vol.101, No.4, 2004,
pp.466~474.

. Mander, J. B., Priestley, M. J. N, and Park, R., “Theoretical
Stress-Strain Model for Confined Concrete”, ASCE, Jour-
nal of the Structural Division, Vol.114, No.8, 1988, pp.
1804~1826.

. Fardis, M. N. and Khalili, H., “FRP-Encased Concrete as a
Structural Material”, CCA, Magazine of Concrete Research,
Vol.34, No.121, 1982, pp.191~201.

. Saadatmanesh, H., Ehsani, M. R., and Li, M. W., “Strength

and Ductility of Concrete Columns Externally Reinforced
with Fiber Composites Straps”, ACI Structural Journal,
Vol.91, No.4, 1994, pp.258~267.

9. Samaan, M., Mirmiran, A., and Shahawy, M., “Model of
Concrete Confined by Fiber Composites”, ASCE, Journal
of Structural Engineering, Vol.124, No.9, 1998, pp.1025~
1031.

10. Toutanji, H. A., “Stress-Strain Characteristics of Concrete
Columns Externally Confined with Advanced Fiber Com-
posite Sheets”, ACI Materials Journal, Vol.96, No.3, 1999,
pp-397~404.

11, Saafi, M., Toutanji, H. A., and Li, Z., “Behavior of Concrete
Columns Confined with Fiber Reinforced Polymer Tubes”,
ACI Materials Journal, Vol.96, No.4, 1999, pp.500~594.

12. Spoelstra M. R. and Monti G, “FRP-Confined Concrete
Model”, ASCE, Journal of Composites for Construction,
Vol.3, No.3, 1999, pp.143~150.

2 9o B A7 ML FRP(fiber reinforced polymer) A2l oJdte] SAYEES 34 A dFHe 28 E9]
7w 2 Wy SEe g AAE Jolrs) Y5t AE F Ze WY, @HFEAN B wap T2 FEIY TE
ey, Mgy @ 2 57 o]gxe $Ro] BE 9% B HdE 712 Py 5L FL WLE & F 3eh] 43T A
Ao et @2t AL s g & Wyid] e FRPY AAAFH Eo] tetdME FoE T =
letath 748 2aE9 AU 2% 2 AFEL g3l Jste] 71Ee AAE ok WA o= A dist
o AEsgen, o5 o8 J=xo AP Hlw, AT FEHA % FAYES waste, CW % CFY
oS 2 2r 2 wysge] 248 Jggon, £7 o]gRg z2e CPYEL EF oz aIsglen, o A2
7 2@ HysEe 27 B2Ec AR, 28 AgAE 24 A3 BAY $H-HYE A5 vEblon, Fuks
o) WEAS AxE PEujAle A wel 2FEUT BE ARANA #E9 FRPY HHHFELS AFAHELR
By H=g FPAFSRT Aud gelds v Aot gz, 71FE dEEe B 499 Ad A= % HIES
A7t sgen, s e w9 APE BEs Jehith £, 2 A7 4F A 273 7 329
B9 AW 7AE 2 WIEL B} AT 2T F ' A ERQ &g AdAh B Bo-EF %
I 7128 ARt SRS, HEBALe v7d BAMES F JF 948 TP HY AHAE fittingslATh
WAL : JI5, 232E, T&, HY, AREZEUN

130 | 8F=23z|EstE =28 M19# 15 (2007)



