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Abstract

Aging, physical and chemical attacks induce deterioration and thus may
reduce the load carrying capacity of R.C structures. Many strengthening
methods are developed to repair such structures. Recently, external bonding
methods using a FRP plate or sheet have been focused on economical and
workable aspects. However, external bonding techniques using FRP plate or
sheet have the problem that cannot assure absolute composite action due to a
premature failure.

In this study, a total of 14 beams and 12 one-way slabs were tested to
investigate the flexural behavior and the failure mechanism of R.C flexural
members strengthened with CFRP plate and grid. Also, a nonlinear analysis
in R.C flexural member bonded with FRP was performed.

The test results of slabs ' showed that strengthened slabs with a little amount
of CFRP grid reinforcement were finally failed by CFRP grid tensile rupture
or dowel rupture. But strengthened slabs with a large amount of CFRP grid
reinforcement were suddenly delaminated by interfacial concrete or were failed
by typical shear failure. Balanced CFRP reinforcement ratio, considering initial
strains of the existing member, was derived. The test results of beams
showed that The debonding failure of CFRP plate was caused by the yielding
of reinforcing bar and the increasing of shear deformation in shear span.
Generally in debonding failure mode, the web anchorage has a considerable
effect near the loading point but no effect near the support.

On the basis of premature failure mechanism in R.C beams bonded with FRP,
a premature failure criterion was derived. Also, it was verified that Debonding
failure and Rip-off failure occur according to premature failure -criterion.
Finally, to prevent a premature failure, a control design theory in R.C beams

bonded with FRP was developed.
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2.2.3 +r2]4 f+(Glass Fiber)
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Fig. 2.3 Application of external bonding method using CFRP sheet
(Bridge slab)
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Fig. 2.4 Application of external bonding method using CFRP sheet
(Building slab, http://www kirt.co.kr)
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Fig. 2.5 Application of NEFMAC method using CFRP grid
(Bridge slab)

Fig. 2.6 Application of NEFMAC method using CFRP grid
(Bridge pier, http://www kirt.co.kr)
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Fig. 2.8 R.C beam with FRP U-strip

Fig. 2.9 R.C beam with anchor bolt
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4.3 A&

=3
Table 4.7 Cracking, yielding, ultimate load

o 4 st 5 g &5 5 = % 3 F
Al & A (tonf) (tonf) (tonf)

st || T || T | F A
1 1.22 3.87 5.24

RS 1.35 3.92 540
2 1.47 3.97 555
1 1.70 3.76 6.81

C4A-2T 1.68 3.66 6.54
2 1.65 3.55 6.27
1 1.96 577 10.04

C6A-2T 1.80 5.52 9.45
2 1.63 5.26 8.85

C8A-2T 1 1.88 1.88 513 5.13 9.56 9.56

COoN-2T 1 2.03 2.03 548 548 8.62 8.62
1 1.95 6.32 10.57

C6N-4T 2.44 6.64 10.39
2 2.93 6.95 10.20
1 1.87 4.55 5.64

C6N-2C 1.77 4.23 5.30
2 1.66 4.00 4.95
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Fig. 4.8 Typical shear failure(CA-2T)

Fig. 4.9 CFRP grid dowel rupture(C4A-2T-2)
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Fig. 4.10 Interfacial debonding failure(C6A-2T-2)

wl
L

/f 3
(g 11[ EHGI‘

Fig. 4.12 CFRP grid tensile rupture(C4A-2T-1)
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Fig. 4.13 Load-deflection curves of test slabs
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Fig. 4.27 Stress-strain distribution of cross section under balanced stage
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Fig. 5.1 Test beam dimensions, section detail
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Fig. 5.2 Experimental test parameters
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Table 5.1 Details and parameters of test beams

R CFRP4E | CFRP4]E | CFRP4E | CFRPHE RS
=R - _ N _ _
AzEe1A | F 220l (cm) | 4 2 #(Sheet) | A 2HEF(°) | CFRP%
1] FA4% 0 0 0
R - A=RE A
2] FAH 0 0 0
1] 4% 0 0 0
FPO -
2] #A4# 0 0 0
1 SR 35 1 90
FP1
2 SR 35 1 90
po 1| sksAst+ 35 1 90
Z]o]:
2| stEASE | % 1 9 4 [:208cm
% 44
FP3 - =70:1.29mm
2| AEAZE 70 1 90
1| AA 7 70 % 90
FP4
2| AEAZH 70 2 90
1| Ax 7k 70 1 45
FP5
2| AEAZE 70 1 45

522 AHEA R
AEA Az FAAFHA e FEd § 2Hetol AFAE AlFs AT

wel Aew Aol ¥

o2
ox
o,
i
av
O,
o
2
o
o
it
>
ol
ol
2
o
A
>,
)
24
x
N
2,
_?,‘i

oX,
N
rir
)
o
B
)
O,

5221 Z3AYE

A @A ZAYEE v Zs AMEste] Al Ae = AFE S din e AASS
B2 210 kgf/em?, F& A0 AWAFE 25 mm, EHEZE 12 el B
Table 5201 A @A Azl AME" ZAES] SAA7F vet ok Al A=

Al A58 FAAA0 <20 o) 6ME AAEe] A s =)
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Table 5.2 Properties of concrete

)
5;;};91 eHz AHMESF |deteddF| 371F U=
HA
25 mm 12cm  |BE ZENZ|03 paf/om®| 45% | 234 kaf/ om?
5222 A+
A FA A Zel AbEH AT SDAFTFEA FHIES DI6S dE5ELY ~HH
< DI10S& A3t
Table 5.3 Properties of steel
A= GIRERAR o1 A7} A A 5= FEHEE
A1(D16) | 4123 kgflem® | 6600 kgfl cm? | 2.0x10° kgf/ cm? 0.0022
A(D10) | 4057 kgt em® | 6700 kgffen® 1| 2.0x10° kgfl cm? 0.0023
52.2.3 CFRP#¥} A E
CFRP#e A%+ FAZF 1.29 mm = 100 pnS! SikaAle] #|3% CarboDur®
Abgstlom HAA R AREE o A= Zetolw glo] BEE oA A&
4 Q& Sikadur 30& AHSYTh BRYAEoR A4¥ CFRPAEEL 3%
o] flol HFE o WFoz wjdAA TE YE Tonenrte #l# Forca Tow
SheetE AH&3dtlom AE JHAAR ALRHE oEA= BE 5 8483 AHE
dtith. CFRP#3} CFRPAES AlHS A% & AGAFS A shslen of
g o] Fig. 530 st §-o Al RFo] vpof ik
Table 5.4 Properties of CFRP plate and sheet
Az N33 = B A5 SeMIE
CFRP% 28066 kgfl/cm® | 1.824x10° kgf/ cm? 0.0154
CFRPH E 31576 kaf] cm® 3.628%10° kaf/ em? 0.0087
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Table 55 Properties of epoxy

. . Tensile-Shear compressive
Material Tensile Strength
Strength Strength
CFRP3ZHE ol % A] 306 kgf/ cm? 184 kgf] em? 918 kgf| cm’®
CFRPHES AZA | 310 hgf om? 110 kgf/ cm? 640 kgf/ cm’

Fig. 5.3 Real view of tensile rupture of CFRP specimen

5.2.3 CFRPXE.7}+

AgA AL Aol $aE F CFRP®I HES olgsle] duzasee n
ARA Y BAe ARGt ne nEy Axel ueh AAsgon AP
544 R SUg A2 FaA shel BRAl gols se] mEE WA

Ad. AFAAEe] WAL CFRP® w4slo]l a2y ¥ 437 niyed e

ez gohyglon AFY EAL E717F 10 mmel dol 94 GEs A5
drh. madE gue aeld ¥ &3 AFH2UE olgdte] WASS @
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2). CFRP#+ 3+
CFRP#HS 2 50 yumZ o]l 208 ¢

m
T I A o]gste] el Zoldle ©

pud

FHoE A7) AN o] gate] A
B

2
T HES ol 8std ZAaYE xW I CFRPHC OF e FH=E vEE

F owie] REUE Aol ARFOoRA ARE FAQmm)7t B

s

A4S 913 CFRPAIEE # w45 9% CFRP#e] HAAI7F s &
Zatolmg WA ZAE B =X sto] AAIzl F zolwrl A3ld
Hel AES HAAE =X & F AES HFst] JHAATE G2 FAbol

Ae v Tl FHAZ EX sl

CFRP# ¥ HRAAHAE BA F FAS At FA Al oA ¢

524 A &
AR 48 APoz Aol 1345 F Rl dFl 4§ B F A= A
BE AXsD Y ZdPelA Fd 33571 (G0onE AHgEtel sl A A

v

ab aklem st Wel A wwos B9 o 15mme SEE AE e
# AstE 2tonf vith wAE EAISHAL AR FAstolth dHelH s
MDS2000 &# WgE FA7IE AEste] Aoy FHZRaAS o8

3%, A4, FAESE CFRP¥®O] WHES AU A8A dARG oF

A A9A M EA A ] SAH9A = Fig. 54, Fig. 559 2t}
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Fig. 5.4 Loading arrangement and gages of test beam

Fig. 55 Test beam set up
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5.3 d&&du

w dollde 3 A gAY A4 2 A 2dE dEhiddt Sges A

H Aol F47] Aol deEld Z29E EUE ZF AlgAe g, g5 A
W 49, mPEd 52 2Asgc
531 st Ejet A
Table 5.6 © Zt Al@A|o] AdHstFd Sdats ghol ekl
Table 5.6 Yield, ultimate load of test beams
Al g A G5 Al =3k 3k Al
= = - 1 =] = - ]
ol 23t 35 A A3 e 3t% A A A5t
(tonf) (mm) (tonf) (mm)
1 8.19 10.99 9.30 34.71
R 8.08 8.19 10.99 9.50 40.52
2 8.19 10.98 9.69 46.33
1 10.90 12.16 12.45 17.76
FPO 10.69 12.42 12.20 17.86
2 10.48 12.67 11.94 17.96
1 10.62 12.73 12.10 19.10
FP1 10.78 12.27 12.32 18.43
2 10.93 11.81 12.54 17.76
1 10.33 12.68 14.20 27.47
FP2 10.43 12.40 13.89 25.23
2 10.53 12.11 13.58 22.99
9.89
1 10.72 12.78 13.89 25.33
FP3 10.72 12.78 14.05 26.11
2 10.72 12.78 14.20 26.89
1 10.63 11.93 16.11 35.65
FP4 10.67 11.92 15.96 33.96
2 10.70 11.90 15.81 32.26
1 10.71 10.47 18.13 37.09
FP5 10.74 11.26 17.74 36.58
2 10.76 12.05 17.35 36.07
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Fig. 5.6 Interfacial debonding failure(FP1)

Fig. 5.7 Interfacial debonding failure(FP2)

Fig. 5.8 Interfacial debonding failure(FP3)
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Fig. 5.9 Load-deflection, Load—- concrete strain, Load-FRP strain curves
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Fig. 5.10 Load-deflection, Load- concrete strain, Load-FRP strain curves
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s g efel tigt vzl M HAHS dAxE dodl= FHe] Aol sleiM=
Aol 7IEe] nAde] wol wste] s FagsS & 4 Utk Table 538

o g1e] 14 Wrh MW Agete] Adtd 2 ARAA e o] vebgl

Table 5.8 Ductility index of test beams

Al A 5355 A = 3talF Al oA
A& (mm) | H 2 % (mm) bR 4
1 10.99 34.71 3.16
R 2 10.98 10.99 46.33 40.52 4.22 3.69
1 12.16 17.76 1.46
FPO 5 1267 12.42 179 17.86 12 1.44
1 12.73 19.10 1.50
FP1 5 1181 12.27 1776 18.43 150 1.50
1 12.68 27.47 2.17
FP2 5 211 12.40 2999 2543 190 2.04
1 12.78 25.33 1.98
FP3 5 1278 12.78 26,80 26.11 510 2.04
1 11.93 35.65 2.99
FP4 5 1190 11.92 996 33.96 571 2.85
1 10.47 37.09 3.54
FP5 5 120 11.26 36.07 36.58 500 3.27
3.69 ]
3.5 '3___'
3 2.85 .
2.5 -1
£ 2.04 2.04
T 2 = .
a
15 1.44  1.50 _
] R
0.5 -1
° R FPO FP1 FP2 FP3 FP4 FP5

Fig. 5.14 Ductility index of test beams
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AolA & F3l FAE AFHH HAH o= AE gho] Ao dAF Holi 9]

&8 g 4 g
T rrpy = Mg (54.1)
p— -
2
Mugp= M,— (A, f,— As'fs')(d—g)—As'fs'<d— d) (5.4.2)
AS +A fi— A S
= — — 5.4.3
a 0.857.,0 (54.3)
M= AR A 29 FesFoR AdG T 3 BaEC L aE 57t
Q&2 o Zoloth hiz ®el ¥olE Uei glon jr,..%= FRPo o

Table 5.9 Strain and tensile force in CFRP plate

] Tested Calculated
Specimen Tested/Calculated
Strain | Trpp, (k8D | T rpp, (kef)
FPO 1 0.00607 7141 7076 1.01
2 0.00636 7482 6182 1.21
FPL 1 0.00583 6859 6461 1.06
2 0.00553 6506 7232 0.90
FPY 1 0.00856 10071 10239 0.98
2 0.00762 8965 9097 0.99
FP3 1 0.00760 8941 9668 0.92
2 0.00901 10600 10239 1.04
FP4 1 0.00982 11553 13914 0.83
2 0.00977 11494 13320 0.86
1 - - 18102 -
FP5
2 - - 16443 -

* Table 599 -&= Ao|A|7} SAHEA] & AlAA <
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Fig. 5.20 Distribution of shear stress from experimental measurement
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A7 Trgp, = Efbtefrpuo] =+

ol Ao Z CFRPH X7 HoAe =3 AGSHS AL 4= )
Table 51091 $1°] 4] 54107 4 5416& cl&ate] A4t 7t A@Ae] 5
Agg et A2agsyzie] thet glvh # dwra .

Aol 9= AH(FPO, FP1)9 A%+ 3815 4

]
BaAer 333/ 7,2 tehda ok

Table 5.10 Bond stress, yield length, CFRP ultimate force

FRAEE

15 A Pu Mu | AMrrp| 1, T T'rrpu kefl em)
(tonf)} () | fem) | (cm) | (kat) | e [, "

R || 950 | 3324 | - - | 16368 | - - -
1 | 1245 | 4358 | 1.491 | 1442 | 16368 | 7076 | 12.06 | 52.62

P T iea [ 4179 | 1s12 | 1201 | 16368 | 6182 | 1152 | 4517
1 | 1210 | 4235 | 1.368 | 12.81 | 16368 | 6461 | 11.68 | 49.63
T 125a | 4sm0 | 1522 | 1482 | 16368 | 7232 | 1216 | 5351
1 | 1420 | 4970 | 2103 | 21.27 | 16368 | 10239 | 13.75 | 65.42

T [ 1358 | 4758 | 1886 | 19.04 | 16368 | 9097 | 1314 | 6108
1 | 1389 | 4862 | 1.995 | 20.18 | 16368 | 9668 | 13.45 | 63.29

T 1420 | 4970 | 2108 | 2127 | 16368 | 10239 | 1375 | 65.42
1 | 1611 | 5639 | 2772 | 27.05 | 16368 | 13914 | 1565 | 7861

T 1581 | 5531 | 2667 | 2623 | 16368 | 13320 | 1535 | 7650
1 | 1813 | 6346 | 3.479 | 31.83 | 16368 | 18102 | 17.66 | 93.12

T 173 | 6073 | 3206 | 3012 | 16368 | 16043 | 1688 | 8739
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Agel= 2 Ao EFAe] g2k & FolA= g wtelata e} shw A F
Aot 2 FAste] detliglth 7S] AT Aol e gy T AAE A
v+ 913 Plate Separation, ZAlWure] v}z F-2uty) HE ®vteuy) 5 5H
A e Eistlen ZadE 2t 9, rip-offyhy] = ©F vbE| g
et 27 Ale =30 adel yekdle= e dddns F=
Fuz ostglen o RAFHE HAAE e ey AgAswitt b
gEA wdsta = AE FLsAT A7IM 2 AelA st By w
gl o} st Al F-Autd = 5o ddddelA vebd z7]vkd o] sy dls
CAR 7 gHe 2 ERedt ols v d el tie v}l AW o

539 AdgAye g2 oy AFAte] 93 AFE dFAH}E Table 6.1~
Table 6.4 e AT}

Table 6.1 Ultimate load and failure mode according to FRP reinforcement

g7 &
gupalagal o TEEI B aag g —

Al & A | (Sheet) | 2 o] il S

CF0 | A1-0 0 9.49(tonf) 3 A% 31y -

CF1 | Al-1 1 - 11.36 WA 5 -

dEs| CF2 | A1-2 2 - 12.89 AA Bkg PF
(2000) | CF3 | A1-3 3 - 13.49 rip—off EF
CF4 | Al-4| 4 - 13.62 rip—off EF

CF6 | Al1-5| 6 - 13.92 rip-off EF

FO | A2-1 0 0 |7.44(tonf) 2 % 9 -

moge | FL [ A2-1 1 |095L| 1059 [AAW Avhvtelsty]| PF
F2 | A2-2 2 |095L| 1169 | AAdddeg]sy] | PR

(200D T35 TA2 3] 3 |09%L| 1297 |AAW daure o] PF
F4 | A2-4| 4 [09L| 1393 [#AAW Avutaglsty)| PF

Co | A3-0 0 0 89(KN) Flexural Failure -

=449 [ C1 | A3-1 1 [095L| 107 Plate Separation | P.F
2001) | €2 | A3-2 2 [095L] 125 Plate Separation | P.F
C3 | A3-3 3 0.95L 132 Plate Separation PF
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<4 (2001)¢]
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Table 6.1 CFRPHES H7}F
2 5(2000), HHEE(2001) Z=A)

12 A% )
HE JenQ 674, B
ol mol Ytk W vlelsiuel oF
AAE A" Aol

Table 6.2 Ultimate load and failure mode according to strengthening width

Hl A}

il

=

o

v

hui
LA

A

o

KN
=

f

ta

anma | Awa H&féiﬂ LERA S W] =gksts 3} 3] & el
AlEA | (em) (tonf) =3 A
Con | B1-0| 0 0 6.30 2 7] -
C6-N5 | Bl-1 5 0.6L 8.86 rip-off 3 | EF
. C6-N10| B1-2 | 10 0.6L 8.22 rip-off 3 | EF
C8-N5 | B1-3 | 5 0.8L 1067 | AAutg sty | PF

(1998) : -

C8-NI10| B1-4 | 10 0.8L 10.02 | rip-off %= | EF
C10-N5| B1-5 | '5 1.0L 1015 | AAetg=ty | PF
C10-N10| B1-6 | 10 1.0L 13.3 Awute]sty] | PF
R B2-0 | 0 0 9.50 2 A%y -
5% FPO | B2-1 5 099L | 12.20 -2} 1} 3 P.F
28 Az Fpo’ | B22 | 10 | 099L | 1350 -2} 5} 37 PF

Table 6.3 Ultimate load and failure mode according to strengthening length

v A r = 3 7} 3] &)
?_g'_'ﬂ_%?:ﬂ }\]%]j_“ LO% E—ZD E_z}%k - T15__ J’]’ ]OEH
AFA |4 o] st 5 il T4
CON [c20| o 0 | 744 % <A}y -
1A == —ﬁ_iﬂé E:L]7H
aE | FPS1 | €2-1 | 05L | 10em | 8.84 e o EF
(2002) Fpr1 | c2-2 | 093L | 10cm | 1158 | 2 719 Ackutel 4] | PR
FPo° | €2-3 | 099L | 10cm | 1350 | A AW A ghure) 5] | PF
4 EC c3-0| o 0 |29 2 513 -
"2 EG1-B1 | €3-1 |0.79L |1 Sheet| 4.46 A Eukg PF
(2003)
EGI-B2 | C3-2 [ 0.96L |1 Sheet| 4.47 HEvg PF
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stu 2ade FEATA

Table 6.3 BHFE(2002), 714 5(2003)¢] #3 % FRPEZAY RAAE
WaER slo] Agd WS ArAste] eyl 714 5(2003)2 £33
GFRPHEZ 1#Zo 72 RmZse AFS AAsdar w32 (2002)& CFRPHS
10cm= R 7 ste] Ads AA AT}
BAZol= 2+ AFAY Azt o] wE B dol7l e #AAR A7t o
3 B ole] n& she] YER ST
Table 6.4 Ultimate load and failure mode according to web anchorage
W7 7¥ v} ] &
%]_l%:i }\]sdiﬂ o 7371} X o ;,L?:ﬂ'ﬁ}-%‘ JJ!“"] oEH
Al A 2 o] il A
R D1-0 5 0 9.50 # Hw}y] -
5% FPO D1-1 10991 | 12.20 -2} 3} 31 P.F
2843 FP1 D1-2 | A% |099L | 12.32 -2t 3} 7 P.F
FP2 D1-3 | 354 |099L | 13.89 -2t 3} 7 P.F
R D2-0 5 0 7.44 # Hw}y] -
. ZagE g7
FPL1 D2-1 & 0.95L | 11.58 S EF
AAA
EE | rFpL2 | D22 | A" |095L| 14.49 °TT  |PF
ket 93]
(2002) = :
Fpst | p23| w |osL| ssa | T = #Mpg
B ' ' u}2) 53] '
FPS2 D2-4 |Ae437 05L | 122 AAE PF
e ' Aoty |
EC D3-0 5 0 2.94 2 93 -
#7149%| EGI-B2 | D3-1 & 0.79L | 4.47 AE vg | PF
(2003) |EG1-UCB2| D3-2 | st |0.79L | 4.76 AE vg | PF
EG1-UEB2| D3-3 | A% |0.79L | 4.22 AE vg | PF
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Fig. 6.2 Rip-off failure 2
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Fig. 6.4 Debonding failure 2

Fig. 6.5 Debonding failure 3
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Fig. 7.1 Detail of web anchorage in R.C beam bonded CFRP
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Fig. 7.2 Load-deflection curve in R.C beam with web anchorage
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(Beam Test Reult, 1)
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(Beam Test Result, 2)
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(Beam Test Result, 3)

15—

10—

TTTTTTTT{TTT 2 TTTTTTTT]TITTT
P31l [
—] 5%

15—

10—

-1 15—

- 185 -

Lo b b v bers b i
50 60 70 80 0 10 20 30



(Beam Test Result, 4)
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(Slab Test Result, 1)
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(Slab Test Result, 2)
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(Slab Test Result, 3)
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