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Strengthening Effect and Failure Mode of
Rectangular Concrete Column Confined

with CFRP Sheet

Koh, Kwang Min

Department of Construction and Environmental Engineering
Graduate School of Industry

Cheju National University

Supervised by professor Park, Sang Yeol

Summary

This study deals with the strengthening effect and failure mode of
rectangular concrete column confined by carbon FRP sheet. The increase
in axial compression capacity comes from the confinement effect of
confined CFRP sheet. Because of the shape of rectangular concrete
column, the confinement effect is smaller than that in circular column. For
the experimental program, four parameters including the number of sheet,
the size of column specimen, the ratio of height and width, coner
rounding, and the transformation in shape from circular to square were

selected to examine the strengthening effect and failure mode of each

- vii -



parameter. Experimental program comprised thirty three circular concrere
column specimens for different eleven test column types.

The compression test results confirmed that the confinement effect due
to rolled and bonded CFRP sheet can considerably increase axial
compression capacity in square concrete column. The resistance in
compression capacity increased by 30% to 100% as the number of
wrapped and bonded CFRP sheet increased from one sheet to three
sheets. The strengthening effect of the parameters, the height and the
diameter of circular concrete column decreased as they increased. The
resisting capacity in axial compression was not affected by corner
rounding unless it was larger than 30mm of radius. All square columns
showed ductile behavior at the ultimate state. The transformation in shape
from square to circular greatly affected the strengthening effect by 75%
increase in axial compression capacity, compared to the original circular

shape.
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19854 Apostolos Fafitis, Surendra P. Shah: 3 &H ZAgES 37453

fcc=f00+(1.15+ f )fy (Eq 21)
£,= 14.61x10*7fw+0.0296%+o.00195

£t BTEE FAAEY FFLE (kgf/omd)
£t TS 2AE) FELE (hefl ond)
7, LTEY (kafl cm)

d, 5747 (cm)
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Fig 2.1 Equivalent area of a rectangular column
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Fig 2.4 Concrete columns confined by FRP Sheet
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Fig 2.5 Test view of Concrete
column confined by FRP Sheet
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3. FRPZ THE ZIAZEQ ¢

N

71Eel BAAAAE fsiA= FRPO &0 o3 B A=s I H
7betE Aol Aedtt AAR FE5E ZaGE dE Be AT S0 AAEH =
AL Aol A uHeg. Richart et al. 1928, 1929, Mander et al. 1988, cusson and
Paultre 1995), 9] dAFol= 719 AAE dFS5S ¥e A= B7E 23
gES] Ak H7t RdEo] HAARE 9A%A dov FRPR 7&dE ZAEd =
g8 4 gtk Aol velya vk (Mirmiran and Shahawy 1997, Samaan et al
1998, Saafi et al. 1999). 23}A o5 wdg 4595 wd FRPE 754 93 7%
o ddZd4E nwger I FEEHo] vl AFAEd oste] AAEIL T
(Karbhari and Gao 1997, Mirmiran et al. 1998a, Samaan et al. 1998, Miyauchi et
al. 1999, Saafi et al. 1999, Toutanji 1999, Lam and Teng 2001a).

)
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FRPZ F&%¥ FAYES AEH7E 93 7€ REdE2 g2 oy 34s
w23 ¢lth.(Kabhari and Gao 1997, Samaan et al. 1998, Miyauchi et al. 1999,
Saafi et al. 1999, Toutanji 1999).

Lo =1+k1—f1— (Eq 2.7)
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Ao 2 Yelta vk (Mirmiran and Shahawy 1997, Samaan et al. 1998, Saafi et
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2791 & FAARMetAL glth.(Karbhari and Gao 1997, Samaan et al. 1998,
Miyauchi et al. 1999, Saafi et al. 1999, Toutanji 1999) Miyauchi 5(1999)2 20~
100 MPa¢] %= W& 2zt CFRP=2 745d ZaE Add digk 43 ZA3E 7]
22 39 p s 298% AtaGit. v REEdAE kS AFE JHESA g1
Table 2.101 Yebdl AN f/f  EE £o WSt 52 Ao JHgsH.
o] RdEo)A Samaan et al.(1998)¥} Saafi et al.(1999)7} #I¢tet ndle FAHER
A A7 FRP#e| digh A@AHRe] ZAE Fi Jde ¥He & R Aees &
AYE 7]%FE& FRPE 8 Al@A aig 49 44258 A4S FE33%H. Table
219 YebA Karbhari ¢ Gao®] Model I Karbhari ¢F Gao(1997)°] #|¢H2& o]
b= Ao, 22 w=iolA B AbAE AAlskaL g1V Wil Model 22 &
skt

Mirmiran et al. (1998a)= A @A AGH(L/d)e] &35 s ew, A8zt

291 %ol @ ThE Zadee FEE g o e go wdsd.

fw=7F c10.0288(L/d)*—0.263(L/d)+ 1.418] (Eq 2.8)

21 279 W3le] Table 2.1 %
AP S ofg o} o] A}

3t A= W72 Karbhari®t Gao(1997)& th&

r (

52
o
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Table 2.1 Strength prediction models of concrete columns confined by FRP

Kabhari Samaan Miyauchi Saafi Toutansi
Source and Gao et al. et al. et al. (1999)J
(1997): 1 (1998) (1999) (1999)
: f Wi
Equation Lo
I 1+4A I
ki 6.0/ 208 2‘2(?1‘1—)70.16 3‘5(;;1_)70.15
M E, frot frp

oA71M veb E & Fobsel st Fagee] wysFeld. g g, = FRP
o] ' Aot o] Ede Karbhari®t Gao(1997)°] Model Meol™, thg =<l
Karbhari®} Gao(1997)¢] 29l I #+= T2 5= 3lolth

oj¢tE e WHoR ZAES s HO 2N E fF%¥ Mander et al.(1983)
o] Edo] FRPE &¥ IAYES AES 557 fste] AgEH7IE
t}.(Saadatmanesh et al. 1994, Purba and Mufti 1999, Spoelstra and Monti 1999)

s =— \/ 1.94% o Ji Eq 2.1
I 1.254+2 .254\| 1+ 7B 2},00 (Eq )

FRP W (strap)E& €443 40 23 7|5S FEHo=2 78 79, Saadatmanesh

g

et al(1990)% 2 669 £ f,0= talste] Atals

fi=k.f (Eq 2.11)

& FFel AL FE B0 PEGelRL g HAAFEA o g}



o (1= 54,/ Qd)?

£ 1—p,

(Eq 2.12)

A71A s, = FRP m(Strap)tte]l @xbola p = AA @@ og Sl 2

2o A2uE Uehhe el
FRP7} wha 5= S@408 4o Lstn Qe /&9 FRPE 748 2a9E

=
x
M
o,
i1
ey
i)
M
i
2
o
s
=
as)
fr
-
Ipr
it
H

AYEL A& r = IVY 75§,
B APHQA BAE ztow FH* AletE EPE(Karbhari and GAo 1997, Mirmiran
et al. 1998a, Samaan et al. 1998, Saafi et al. 1999, Toutanhi 1999)ol A4 H-7}& o =
AN e S EFe3 AESotlam and Teng 200la). Lam3}
Teng(2001a)= 2 279 k, ©] 2159 wf Table 229 #o] Setlell thsiA ge )
A Aas zbe AE dEley, s dds FEET 22 dle fi/f oD
ol k7t 9 HFHel Aow veuth wEkbA Lam? Teng(2001a) FRPE 4

H ZAEY dFUFAE At AT v S AN AEE As Adean.
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Table 2.2 Model coefficient of the Lam and Teng

Test-to—predicted ratio
Model Average Standard Coefficient of
2 deviation variation(%)
Lam and Teng(2001a) 1.03 0.10 94
Lo 495t 1.00 0.09 9.1
fCO f{,‘O
f /i
L cc (Eq 2.13)
Pty /A

o] A& of7t WAl AIE yEehdH, flelA AFE tE A5 v R
dd FEE etk o)A 2 Setld] AFAIE ARSI FRHA7] WEel Lam
¥ Teng(200la)>  AAA  wd  wWeke]  FRPY  AFAA=E ASTM
D3039/D3039M-95a(1995) el 2] 3k flat-couponAl &l 2]sk gho = A}
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Effective
confinement area b

h

Fig 2.6 Effective confined concrete in square column
o] 4789 x=d2 EAZ A 45%] Z#4S o|FA " °] 7/Hd& FRPE 754
Fag e Hgs = o (eg. Restrepol and De Vino 1996, Harries et al. 1998,

Chaallal and Shahawy 2000), ©] 7}d2 A1Zt8 ©wWS FRPZ #43lc A=

ZAYEY L7 ALY FEHEAVE BAsts dFIZAYE sl U BAERG

fi' =k, (Eq. 2.14)
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f,= Z_f&’%&a (Eq 2.15)

2 2148 2 2158 AHEstY fFETFEYS AE7] i A 51
7159 AFS AHgstolol @k 7 WS AR EW, FRPR 7 E5E AMA4E Z4
YE 7|59 AEE dgFAIAd dg A" FRP=
R d(eg. Lam and Teng 2001 a)9] & ¢S FaT7HYo= W, HE3l A5

T Utk

o,

S e S

— (Eq 2.16)
rE ksf % q
A71A k, = FRPE 759 dFFZAA A dPS Tt =2 7572

Aol Lam¥ Teng(2001a)e] AToA = 22 Fo4 At

2) AT
AR FE5E Tl dgte] AH®E ¥ 269 7HEe Restrepol®t De

vini(1996), Harries et al (1998)3} Chaallal ¥} Shahawy(2000)¢] ¢]&}o] S R A]
& Zte A 7159 84 ATE FESH] fgte] AFSEHAT. AT E FE

TEHEEHA( A ) FRPZ A AA i # (4 )] H2 FolAH, ofefet 2o

e

_ _ 2 _ 2 _
b= e o 1=LO=2R) T 2R GA )0 Eq 217)




A ,=bh— (4—T)R?% (Eq 2.18)
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+

(Flf B ARE N5os £48e
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T Utk

m= (zi) /i (Eq 2.19)

A71M, f, 7t L& 715l dF FEdolth Mirmiran et al (1998)= A4 @8 4d%=
B2FH p<15% & wWele ZlFd g EAGOo A FRP 70| H|E& Ao, &

=23 2% s AS AAEIT olE2 4)>15% ¢ W, Samaan et al
(1998)9] #+&EES A18E F S AASATE o5 AeHAL2 T3 7ol
FAATE Gt ot

ko= 2_1;2 (Eq 2.20)

2] 2202 AT Ug 2AMY w9y Zd= 88k
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371 913k 57152 A 52 ¥ F Cussond Paultre(1995)9] wak Aol <&t
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tolB2j= 4+ (Hybrid Fiber)
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Fig. 3.1 Stress-strain t:rellationship of FRP and
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Table 3.2 Characteristics of materials for FRP

Neo = AR = g4 Al A2k =
i (o) (yps) %) (glomd)
PAN 1735 354 2.0x103~ 2.4x10° 1.3~1.8 1.7~1.8

. g | 255~40.8 | 3 62103~ 6.6x103 | 04~08 | 1.8~20

o b E | 807102 | 50003~ 41,007 21725 | 1617

itc
LEA 30.6~35.7 4.1><103~ 82><103 04~15 1.9~2.1
Lot I 28.6 1.3x103 2.3 1.45
olaln = .
AR 35.7 7.6x102 4.6 1.39
E-Glass | 35.7~36.7 | 7 6x102~ 7.7x102 4.8 2.6
£2) Alkali
Resistant | 184~35.7 | 7 1x102~ 7.8x10%| 20~30 2.27
Glass
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Fig. 3.4 Application of NEFMAC method using CFRP grid
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Table 3.3 Advantages and disadvantages of carbon fiber
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Table 4.1 Parameters for square test columns

_ . FRP Sheet 4] (H/D)
A =t |1 28 w L=
FR 7y \ B=100mm 2 B
A8 A CO H=200mm H/B=2.0 (R=3.0)
Cl1 14
B=100mm
FA = gl = =
H A C2 24 H=200mm H/B=2.0 (R=3.0)
C3 34
C4 B=75mm
1 H=150mm
71% 9] - B=100mm D N
B 14 H=200mm H/B=2.0 (R=3.0)
C5 B=125mm
H=250mm
B=75mm N N
C4 H=150mm H/B=2.0 (R=3.0)
3 A}H) B=75mm
e = =
(H/B) C6 14 H=295mm H/B=3.0 (R=3.0)
B=75mm 3 3
c7 H=300mm H/B=4.0 (R=3.0)
C8 H/B=2.0 (R=0.0)
=) C9 14 BiIOOmm H/B=2.0 (R=1.5)
Cl H=200mm H/B=2.0 (R=3.0)
C10 H/B=2.0 (R=4.5)
gERE | Cll 918 1.7} b=l4lmm H/D=1.42
= H=200mm ‘
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Table 4.2 Characteristics of concrete

FA e TF wE T ZAYEL & A =2z
AA 7 =(MPa) 24 25
<H Z(cm) 10 9.8
#ie =49 A A4 (mm) 25 250] 3t
ANHE F5F 15 2% YEYE AWE | 15 25 L5859 AdE
5 71 (%) 4.5%1.5 3.2
A 3t= Fkg/m' 0.30 °]a} 0

2) ®AAlF Sheet(Carbon Fiber Reinforced Polymer Sheet)
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Table 4.3 Mechanical of CFRP Sheet

A5 JNZA= e Al 5 S HE(%)
CFRP Sheet 31576MPa 3.628x10° MPa 0.87
3) Epoxy

P SheetE F#317] 93 AF&3H o ZA](Epoxy)t SikaAltel

FR
4 FHzAC Sikadur-3302 ARG Sikadur-3302 FZA|

AA st AstAl BAlR FAEA=H, AAS BAIE FAH] 159 HIER2 4oJM AHE

T2 APA Azl AHEE ol FA S =84 54t

- UX(20C) : 131 kg/#¢ (A+B E3E)

- £¥=9 43 Azt

+10C : 90min (5kg)
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Table 5.1 Summary of experiment results

_ -~ HaHdsts | HoHAYAF
AlgddHS= | A A W H] 31
|8 | ADAY | AEESF (+10kN) e | 32
F R 7}
A# A CO |- 28.129 2.1994 -
C1 14 36.226 1.9074
HAAE C2 24 45.176 15.226 HF/{E?; %O
C3 37 55.906 16.765 '
C4 75/150 26.157 7.2871
715 <] H/D=2.0
2] &l 100/200 36.226 1.9074 R=3.0
C5 125/250 34.637 2.4806
C4 75/150 26.157 7.2871
LG C6 75/225 27.904 3.5648 R=3.0
(H/D) : : o
C7 75/300 26.737 4.3663
C8 R=0 35.377 2.6983
] C9 R=15 38.692 3.2242 H/D=20
Hu}r -9
C1 R=3.0 36.226 1.9074
C10 R=45 34.848 2.4216
LRl Cl1 A3 =27} 63.715 5.6138 -
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Table 5.2 Summary of ultimated loads and failure modes

. 2 o) 5} = #Fa= 3 a1 =

484 ﬁﬁOk}NT) 1(T%«lok}lxl) oA Y
1 29.031 9 = 37

o 2 27926 28.129 =3}
1 36.807 52+ 3}
Cl 2 36.639 36.226 2Ae ¥y
3 35.231 52+ 3}

1 49.462 52 13

C2 2 43.236 45.176 K2+ 3} 3
3 42.829 52 3}

1 54.538 52+ 3}

C3 2 64.773 55.906 52+ 3}
3 48.406 52+ 3}
1 25.406 2Ae 14y
C4 2 26.138 26.157 2 g 13
3 26.928 52+ 3}

1 33.268 -2+ 3}

5 2 35.239 34.637 52 3}
3 35.404 -2+ 33

T 28.414 52 13

6 2 28.299 27.904 52k 3} 3]
3 26.998 2AE 1hy
1 26.315 2AE 14y

C7 2 26.829 26.737 -2k 33
3 27.068 -2k 3}

1 33.263 52 94

C8 2 40.498 35.377 -2 94
3 32.371 52+ 3}

1 39.123 52 3}

9 2 37.34 38.692 -2 3} 3
3 39.614 52+ 3}

1 35.413 -2k 3} 3]

C10 2 37.144 34.848 52 13
3 31.987 52 94

1 73.67 52+ 3}

2 63.370 52+ 3}

Cll 3 =387 63.715 S35
4 58.95 -2k 33
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Fig 5.6 Real view of debonding failure (C2)

_51_



Fig 5.7 Real view of debonding failure (C3)
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Fig 5.13 Real view of debonding failure (C5)
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Fig 5.26 Real view of debonding failure (C10)
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