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ABSTRACT In this papet, a total of 13 beams with bonding, anchorage system, amount of prestressing and span length as vari-
ables of experiment were tested in flexural test and analyzed in finite element analysis; one control beam, two simplified FRP-boned
beams, four prestressed FRP-unbonded beams and four prestressed FRP-bonded beams. Also, a nonlinear finite element analysis of
beams in the flexural test is performed by DIANA program considered material nonlinear of concrete, reinforcement and the inter-
facial bond-slip model between concrete and CFRP plates. The failure mode of prestressed CFRP plated-beams is not debonding
but FRP rupture. RC members strengthened with external bonded prestressed CFRP plates occurred 1st and 2nd debonding of the
composite material. After the debonding of CFRP plates occurs in bonded system, behavior of bonded CFRP-plated beams change
into that of unbonded CFRP-plated beams due to fix of the anchorage system. Also, It was compared flexural test results and ana-
lytical results of RC members strengthened with CFRP plates. The ductility of beams strengthened by CFRP plates with the anchor-
age system is considered high with the ductility index of above 3. Analysis results showed a good agreement with experiment results

in the debonding load, yield load and ultimate load.

Keywords : anchorage system, CFRP plate, ductility, finite element analysis, flexural test
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Table 1 Details of tested beams
Beams Variables Content Span length (mm)
Control - Not strengthened
NFCBI 1 ply
Not anche
NFCBW2 ot anchorage system 2 plys of width direction
PFCUI1-0R Prestressing 0% + Anchorage
PFCU1-2R Unbond Prestressing 20% + Anchorage
PFCUI4R on Prestressing 40% + Anchorage 2,400
PFCUI-6R Presiressin Prestressing 60% + Anchorage
PFCBI-0R & Prestressing 0% + Anchorage
PFCB1-2R Bond Prestressing 20% + Anchorage
PFCB1-4R Prestressing 40% + Anchorage
PFCB1-6R Prestressing 60% + Anchorage
PFCUI1-6L2 L Unbond + Prestressing 60% + Anchorage 4,500
PFCU1-6L3 f Unbond + Prestressing 60% + Anchorage 6,000
Table 2 Material properties of CFRP plates
Tensile strength (MPa) Modulus of elasticity (MPa) Remarks
s Width : 50 mm
CFRP plate 2,350 1.73x10 Thickness: 1.3 mm
Epoxy resin 33.5 1,500~3,500 Bond strength : 4.3 MPa
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Fig. 4 Location of strain gauges (CFRP plates)

Z2|AERAE EH

Canerete Compression bar Stirrup

P

/

o S~ ~
Bond-Siip CEFRP Plates
Anchorage /

system T Tension bar

Fig. 5 Finite element model of beam with prestressed CFRP
plates

_04

1=K

el Atk 53], 4% Az A 2
2 0w ASFoE 1FE S =Y gdfd 1A
2] 8d A%e FHILA A Fig SlAM &
FYE A 2de 45 5 54 Drucker-Prager
a4 mdz pAey, 9FEFE qAaEds T

FaEE AN GEFF 2 2P AEd
)5t smeared crack 29E 23S HME F
o}, 3, AL embedded rebar 84E ARSI
von Mises &8 Z71& 7FX 1, 2%2] hardening=
g2 bilinear 28& H&3taAct. 293, @y
dhe @ egAEA AR AR FIHTI 7t
o] EfA 94 ARSI BRI 239
W& Fig. 63 7o) A wWake] 2 A
Lo hakel AL o] &3 48 Q4AE AMES)

”g' =
W axg Aesd WA W Il 33
(e}

A
2
r

o o ffo
ol
o
32

¥R 20 im ox o MY
orr &

£y
m\i

rl of
A

ol
S

[e)

,

o
ey

olo i

18 ofo

)

X :‘—l‘
)
=2
4
2
-0
N
2
o
ol
1o
I
ot
oo o
HiL)

o
it
r
39,
o

i3
7z



=

3 Ad 2 i AgolA 28R 19 (F 50 mm)
2 oe 3" ANEAE ZFAEAEG 2F 40~60%2)
stz 7 veigod, g4 20 (& 100 mm)E
BE AgAe EFAEA Eoh oF 100% o4 SV
Atk o)A BAAY FERo 2 QAR EIT FIHeAT)
W &Folth, 2E3, 11AEE =YF dAhdfHos vy}
3 AgAE 138 S7HESFE 27|FEsES 2
Z7lele Aoz A HYTH

2488 4% ehdFHez BE AJEA <
Fe EFAEY HA oReh= Aaglel A
P Ao yehgth ole AFAY HF g3 o]
o o st 2= Aol ofY
ggoz g3yt A5y s Hk
o] &3ty FAE E¥AME= FHDES &
o] Z71H7] Wi, 7148 =4 T F
e NPAE FAEHA gL AgARY FEEEH
FEIS (AT FES o AFA Y F)el o F
5 1=

Table 3914 B uiel zho], atEsiF oA o] AEzk=h
A zke] FFu) &L 1.05, MEATE 4.07%°Ith 1

e

ST
.
Jm
>,

b

y“

Fig. 6 Interface element (4-nodes)

3, FEaFN e BEFHEL 1.00, AEATE 595%
0% HE FIEAYE B

e 4

1

4.2 }3| At

BadsReRs wtd AgAe] 8 T 4ge U
el ™ Fig. 73 2k @24/ 17 (& 50 mm)E 7
FEe wYsiA @ ¥asle Fr7E A¥A (NFCBI)
= g2 w3 Eo] oF 65,000~7,000 p A= FUF
THEY 9RE A4z ue eyt A, 2, &
oz v (ZF 100mm) 27 AEA (NFCBW2)
A50e] Hh WPEo] < 5200 po® 17 B
ARt e HPEAA @ gy s &
ated, B7 AFHAM 2 As 12 2T Ao

=]
B

s
s

=

TR REAFAE AW ZHET} FEse 7
vy Zo| & FEo| g BAHE e ¢
| tistel BadfEE TS FeolA 1
F AFAE 229 Fde FARAT, A
g Fo] S/t BEFE e
, 0%EE 299 gadfReR By
g A AgA 2o 13 =YeR

=)

o £ 2
L
2

D H
o xo

[o}

L

o, K
dfif pot > 30 o oo Ay Y

oo rir

S 2

fo x0 0¥ L o 1Y ¥ 2
=
R
R

il
o
fru
5
i
it
Al

43283 TS| b2 BHAMRESE BLUE A
Al

2wz NEAQ EFAEA (contro)St 1FFHE =
3 278 AgAY 49
3 ¥AE fetelsd e FPstd 3 FE5H A

g

=

s
—

Table 3 Result comparison of RC beams strengthened with CFRP plates

B Cracking load Yield load Ultimate load
eams (kN) Test (2) (kKN) | Analy. (b) (kN) (b)/ (@) Test (c) (KN) | Analy. (d) (kN) @/@©

Control 182 404 41.0 1.01 494 49.5 1.00

NFCBI1 137 56.3 590 1.05 710 834 1.08
NFCBW2 - 984 99.5 1.01 98.4 104.0 1.06
PFCUI1-0R 189 430 474 1.10 1150 1142 0.99
PFCUI1-2R 335 56.4 61.0 1.08 119.8 112.6 0.94
PFCU14R 470 759 839 1.1 120.7 1242 1.03
PFCU1-6R 54.1 83.6 92.6 1.11 122.5 123.6 1.01
PFCB1-0R 245 554 56.4 1.02 1215 1178 097
PFCBI1-2R 264 71.6 75.5 1.05 123.0 108.0 0.88
PFCB14R 424 852 91.6 1.08 1252 114.8 0.92
PFCB1-6R 51.8 100.5 105.9 1.05 122.8 121.7 0.99
PFCU1-61.2 25.7 1013 98.4 097 1214 1255 1.03
PFCU1-6L3 33.6 624 65.0 1.04 71.8 76.8 1.07

Mean 1.05 1.00
COV (%) 4.07 595

470 | 32232 ESE =2 H193 M4 (2007)



s

Lm~i”

|t

PFCB1-0R

;
NN

KV §

(d) PFCB1-2R

[

!

e
N
\

N

N
£

%

(e) PFCB1-4R

h 4

| : L - |
{ ;

N\

V-4V

Fig.

A
A

3

Ald

120

Load(kN)

Load(kN)

Fig.

49 A3tet Y ZHE vasjE

(f) PFCB1-6R

7 Crack modes of beams

=
=

YERN® Fig. 8(a)t 2Tt

A9 A3l 43 Al 7

o]

l

T
|~ Control {test)

~£ NFCBI (test)

o NFCBW2 (test)

~#~ Conirol (analysis)

~#- NFCBI (analysis)y

4~ NFCBW2 (analysisy

Deflection(mm}

(a) Relation of load and deflection

e Analysis

i 1000 2000 3000 40

Microstrain

5000

6000

oo 8000

(b) Relation of load and CFRP plates strain

8 Result comparison of RC beams strengthened with

bonded CFRP plates

Z2AERAE

B7rE A 8A (NFCB1, NFCBW2)oll= AR a4
ko) 9F 5~10% A= = (strength)bl- A (stiffness)™
oA zZA HAHU}. zeht B2 17 o} 2uf
2 R AR aE wie) AP e dA
o] AY UXFe AR e

Fig. 8(b)x= NFCB1 A @A 9] &aiF3
& At Aaas JeRd Zolth 2
¥z S|kl HEE Ao|7) BlesiA
A o)|Zo A S GAZA HEE Aol7F Bol
bt 282, ala 2 AF Asex Ho] &
oF 50 kNollAl B73AIQ] Al fte] WP o
=7}kl

O [e]

E
o
L

o fr

A} 71749 o]
YeERgA T, 7173
200%7FA] =7
gE M=
100% A =744
o= TEAFARG °F 130~150%7HA =
o] 714l #AGle] A Ml g ‘/]’E}lﬂ—h ATk

Fig. 9@°A 21488 =YsiA] && AdA (PFCUI-
OR)= 2718kl A 74 Xol7t ol A=A g
A Zo) A Aole AY gle ALE et PFCUL-
4R¥} PFCUI-6R A @AY Agole AAHez 343

1.
.

140

~3~ PFCUI-0R {test) —#— PFCU1-0R {analy.)

120 B PECUI2R (est) - PECU1-2R (analy)

o= PECUL-4R {test)

E3

PFCU 1-4R (analy.)

160 - PRCUL-6R (test)

»

PECU1-6R (analy.)

e CONTROL {test)

“ CONTROL (analy)

Load(kN)

o 0 40 &
Breflection(mm)

{a) Relation of load and deflection

Load(kN)

i -8 PFCUT-0R (testy - PRCUL-OR (analy.)

‘ &~ PRCU1-6GR (test)

& PFCU1-6R (analy.)

2000 4006 6000
Microstrain

(b) Relation of load and CFRP plates strain

8000 16000 12000 14000

Fig. 9 Result comparison of unbonded prestressed CFRP
plated beams
Eba

ZZ232(E 22| 8 HS ¥ oM | 471



Z3dol ARG AA eSS PFCUL-2R A9
= stz =EEFE sMgte] Aol F2 Ao
2 HAHAL, RAAY g Fle ZTAFASY 2
AZFEE Hole AS ¢ & Al

Fig. 9(b)= 1880l = (0%, 60%)E <% H]F-2]
AR 3t FIH dagdGFe] o d5 Wy
£ #AE JEd Aotk PFCUI-0RT PFCUI-6R A&
A7t 4EEA Aol AP Az "FE Aolvt
H AT, 9 o4 E FEE7HA] HEE 3t
ol7} ®ol HAHAUT iy FE3F o] FdE Y
g}o] /\]B'J%l-oﬂ qu}m o= 2413}‘_ 34\3 01- )\ ;J\?iﬁ]-

fu 2 fo,

Olﬂ &= 4 03:

Eis
2

ok
o

mlo K

rlo

452133 T8 BAMFEUOE FEE AFHF|

Table 3914 bt wpe} o] FE3FolA 7 F
oM Aol =UHA & APA e ofF vF-
ki3 *]ﬁiﬂ% go] EEANFARD oF 35% = S7F

e Ao Uegd, 2148E Syl REAFAE
o JM 180%7+4] f_r dsol Z7hete A& ¢+ A
Aok A @A 17, 22 dErE AgE $, ARFA
BRI ge] a4 o3l uF-2 AldA e 2 AFS 8t
v AoE JEEt. FEFFANE 18T we %
SAFA R oF 35~150% % 577};4 Z718l= Aoz U
ERA W, Seksld e vz AR ek A9
< SFelA gadfaol JME]L o2 eyttt

Fig. 10()2] 25 A@A7; 12 2 22 227 2e)
of AFH oz aadaRe] A daM HE 7t

—8—PFCB19R (test) ~—#—PFCBI-0R (agaly.}

ot PFCBE-2R {test) == PFCBI-2R (wnaly.)

&~ PFCBI4R (fest) ~~#— PFCBI-4R (analy.)

e PFCBI-GR (test) 4~ PFCBI-6R (analy.}

e CONTROL tfest) = CONTROL (snaly.)

Deflection (mm)

(a) Relation of load and deflection

o~ PFCBI-OR (test) -a- PFCB14R (analy.)

- PECBI-6R (test) * PECBIR (ansly.)

Load (kN)
A
".

j &

o 2000 A 5000 8000 10000 12000 14000
Microstrain

(b) Relation of load and CFRP piates strain

Fig. 10 Result comparison of bonded prestressed CFRP plated
beams

472 | si=2E32| e8| =2 M19& H4S (2007)

22tk PFCBI-0R A &A= AA A 2717440
SAFEER | gE BRow ¢l 13wy Ale e A3
o] A¥RTt WA s Aoz yepgoer 12 ¥
231 vkg) 39 35 F7MIE AEREG siHge] F&
Roz vyt 71480 =YE AEAY Afode

20%7F YR AFAE AT 2717 BAA 9
gehal o] &F3 o] A A AR et
a2y, 20%7F S48 AlgAe Aol 27173448 A
o] wlstA T 23R Fale] 3L zpolrt & A

o2 YEst

Fig. 10(b)& 9% F2ro|dA 713 =98 AgA
9] EBAAMST HIEES JeER Aotk ¥ AlEA EF
2719 A BA e v stEedl e HIE Ao
B 15% A% LA, 22 1xpe 23 9
Fol= A9 AP AR AL ¢ 5 Aok

4.6 Lid, B&kol| LB EtAMFHOR HZHE AR

AFA Aol we s AP F4E JERE Fig,
1) 7ok A" 60%7F U A7 Aolrt
4,500 mm¢! A|@A (PFCU1-6L2)% 4] Al ofstd
gad e e HHe F 10mm B A&
Bol YA 2717 FeetES AY %—8— Ao
vehgth a8, 218Eel 60%7F =UHEL B Ao
7} 6,000 mm$! A @A (PFCUI-6L3)= sﬂﬂﬂol AP gk
Boh 2717043 2R JaA7A 10% A= AAH
o2 A YehgAw, gdA e NP A dAse

—

_4

memnnn PECU1-61.2 (fest) = = PRCUI-6L2 (analy.)

—ECUL-6L3 (test) « = PFCUL-6L2(ansly}

Loud(kN)

L 20 40 0 B¢ 160 lin 140 166 ls& 200
Deflection(mm)
(a) Relation of load-deflection

Load (kN)

i PRCUL-61.2 (test) o~ PRCUL-6L2 (analy.}

= PECUL-6L3 (test) ~&~ PFCUL-61.3 (apaly.)

[ 1000 2000 3000 4000 5000 6000 7008
Microstrain

(b) Relation of load and CFRP plates strain

Fig. 11 Result comparison of CFRP plated beams in terms of
L/d, effect



Aoz AT ™
Fig. 11(bye B2 fe] AP E gloiA a2zt il . =
I

i % 2nd debonding
)é]ia %}\—% H —E’—?} 7)—101 Iq' ‘ﬂoﬂ}\_‘ Od%:_ E}'% /\]%‘iﬂﬂ' 5000 § e 6OKN Tot debonding
7Y e Fdor T AFA BT Mgy 27134 o] s
= /

o] Z7Vgel wet Y%
3000 e

Z2F 3 ] VN
FA ATS e AL ¢ F dA. — /

2008 //0

47 51 B-EANGEC HYE B ) )

S

Microstrain
g
5

0 153 30 a5 60 % 0 105 it 135

2 Mg uRa AzgoR nikd ARA 3 () Bonded systern
FHse) W gayade) W¥E 22 Jehiu

~4—122kN

Fig. 12(a), (b)s} 7},

S0u ~E- 100kN

Fig. 12(a)2} Zo] ¥-3td e fvke] Wy Eel d + R e
2ol AR AgHoR kAR, sl SkEel ot £
B dad R sFd @ TaEe] Ftste] WEE Fo| o
o 71 FIkse AL ¢ & Atk awy R 2 N R . )
# Al2dolME Fig 122004 Yebd Azt o] Rt T
Zelo] AA Aol AAF W] UEhgon 50| EEm—————
Tt A9 usd P FAsAS P S e
(b) Unbonded system
4.8 914 ¥ot Fig. 12 Relation of load and CFRP plates strain
B A7elMe £Ae HAE Hrter) feia Ad PFCUL-6R)Z A9lste = A o) dA4E 714
7 a4 Aol ek ARASFE Brlegnh. A4 W P, 13 =Rl Ae5s ddEE 5 AR Y
7¥al7] flste] gEatFolM e AR FestselA g epsteh. 2eu, ARV 28 BE ARAS] A5
A7l A2 YeERSIT Table 4014 R npeh 2ol dE AL o1 vERY FEE A4S FRI
godfus e Faste B8 AlEA (NFCBI, ol Aoz el dutrom wRA wjE AY
NFCBW2)= #4#¢l sradfwel ulg) shazh @4 Ayh 3234084 5oy Q57 & Ao vehdo.
o] AAAF 3olatE, HEAFA ] vlste] A=} ool A A gsol, BAANGAE oFA] -zl o5 &
ge Ao ® v A wEe PAstez FRaEH Aol HIEAANAA
EY, RS =A% EAREes W A9 ®oh 27} g os AaEn
AllMe 1045 60%7F =U¥ A EA (PFCB1-6R, g3 F3eFe AN AHtH A
Table 4 Estimation of ductility
Beams Deflection of yield load Deflection of ultimate load Ductility index
Test (a) (mm) | Analy. (b) (mm)| (b)/(@) | Test (¢) (mm) |Analy. (d) (mm)| (d)/(c) Test Analy.
Control 5.7 54 0.95 33.6 34.7 1.03 5.89 6.43
NFCB1 72 6.5 0.90 154 15.5 1.01 2.14 238
NFCBW2 7.8 14 0.95 16.2 15.6 0.96 2.08 2.11
PFCU1-0R 5.8 4.7 0.81 55.7 53.7 0.96 9.60 1143
PFCU1-2R 49 4.8 0.98 433 43.1 1.00 8.84 8.98
PFCU14R 5.8 45 0.78 344 345 1.00 5.93 7.67
PFCUI1-6R 53 55 1.04 29.5 24.8 0.84 557 451
PFCB1-0R 6.5 6.0 092 58.0 55.5 0.96 892 925
PFCB1-2R 72 7.0 0.97 493 311 0.63 6.85 444
PFCB1-4R 59 75 127 324 344 1.06 5.49 4.59
PFCBI1-6R 83 8.9 1.07 320 304 095 3.86 342
PFCU1-6L2 9.8 8.0 0.82 73.8 82.0 1.11 753 10.25
PFCU1-6L3 12.8 12.6 0.98 102.0 102.1 1.00 797 8.10
Mean 0.96 0.96
COV (%) 1333 12.30
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