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Abstract

Carbon FRP sheets or plates as advanced composites seem to gradually play
a significant role in future construction applications, especially in the
strengthening and rehabilitation of existing bridges. Such techniques as
external prestressing and epoxy-bonded steel plate have been used
successfully to increase the strength of girders in existing bridges and
buildings. Because of the advantages of composite materials such as
immunity to corrosion, a low volume to weight ratio, and unlimited delivery
length thus eliminating the need for joints, Carbon FRP sheets and plates as
high strength composites are an efficient substitute for the steel plating
method.

This paper presents the flexural behavior and strengthening effect of
reinforced concrete beams strengthened using glued-on carbon fiber reinforced
plastic(CFRP) sheet or plate. Parameters involved in this experimental study
are the number of CFRP sheet or the bond length of plate and whether there
1s web anchorage or not. In general, normally sheet-strengthened beams with
no web anchorage were failed by delamination shear failure within concrete.
The delamination occurred suddenly and the concrete cover cracked vertically
and diagonally by flexure and shear was spalled off due to the released
energy. The sheet-strengthened beams were stiffer than the reference beam
before and after steel yielding. On the other hand, sheet-strengthened beams
with web anchorage were finally failed by CFRP sheet rupture after reaching
their maximum ultimate loads. The ultimate load considerably increased with
an Increase of strengthening level. However, the ultimate deflection
curvilinearly decreased. The sheet-strengthened beams with web anchorage
had slightly increased ultimate loads and high ductility in their ultimate

deflection. Therefore, the increment of the load obtained by strengthening was

- vii -



curvilinearly proportional to the strengthening level. The shape of strain
distribution of CFRP sheet was very similar to that of bending moment
diagram. Based on the assumption of constant shear stress in the analysis of
delamination shear stress of concrete, the average shear stress of concrete at
interface ranges between 0.3@ and 0.7@ (in  kg/em?) depending on
strengthening level.

The plate-strengthened beams with no web anchorage were generally failed
by concrete cover failure along the longitudinal reinforcement. On the other
hand, plate-strengthened beams with web anchorage were finally failed by
delamination shear failure within concrete after breaking of CFRP sheet
wrapping around web. The ultimate load and deflection of plate-strengthened
beams increased with an increased bond length of CEFRP plate. Also, the
ultimate load and deflection increased with an increased anchorage length of
CFRP sheet. Particularly, the plate-strengthened beams with web anchorage
maintained high ultimate load resisting capacity until very large deflection.
The shape of strain distribution of CFRP plate along beam was very similar
to that of bending moment diagram. Therefore, an assumption of constant
shear stress in shear span could be possible in the analysis of delamination
shear stress of concrete. In the case of full bond length, the ultimate resisting

shear stress provided by concrete and CEFRP sheet increased with an increase

of web anchorage length from 0.45,/f, to 2.12y/f, (in kg/cm®). In the

resisting shear force, about 90kgf/cm shear force was provided by FRP

anchorage sheet.
Keywords : strengthening, carbon FRP sheet, number of sheet, bond length,

concrete cover failure, delamination, shear failure, FRP sheet rupture, web

anchorage

— viii -



I A&

FRP(Fiber Reinforced Polymer) 37341 %

I L B!

o]

B

%

o
Nfo

R

A2

skt

ol
=1

ERELE

=
1.

ol
=

o] A=A

0
3

on
pl

p—

0

N

—_
o

Ay

o
;OU
T

o

U wE oo}

ol
Nr

G
el

T
Jjo

FzEe 54

T U Hh

el
o8

2] 2~ E ¢ 4 (external

hyA

9

-
1

o] A 74 A]

el

o]/

e

H =)L 3L
B 2-gH

73

o
~

prestressing) &%

fite)

O
o
el
s
Mo
X

il
en

ol
s
Ho
< H

¢l FRP #EY &= ©
AR Aoz w2, g

j
a-

7¥

al

o,
of

&

Z]
&

AYar gtk FRP F1EY 32 o

ma

oM et ol 7E Fx=

@3} deviater 2}

1

ZS_'

Al A

T

=]

B
<)

o
1

FRP #1EY %

-

R

of Ab&-+



b 4
o 2% B

Aol Hdf s

AR,
= T

FEHOoR

& el ol A

EEE N S LR

=
T

o
=

%

RN

-
1

< ZAYE

7]

el
s
Mo
.1!

ot
7

ojv] AE&stElom ey E 7]E9]

w7k ok ey Ad A o)

9]

HEL @

I FRP

)
-

wk = 7] o A

1|

—
fite)

olo
&
el
TR
Mo
_1!

il

!

%

o).

o]
N

25

] o 2ol

A5

s

"

Hr

B!

A7= & FRP AEY &5 AFA=

=

&7l =ol=dl A

& A

o

%
)

Gt
Ho
__Aﬂ

il

4
m

)

ox

B!

o

AL E Ho| AREH

o = =7
Aok =3 A=

WA BHe F

Bl FRP #Ec°] ¢

ot

<M
)

ox

ATH.

—_
o

o
Hr

o
I
el

)

"o

eav

el
N

3. AA9 AT



el T B

=
=

2] -7

=13
=1

da A Zazee] ddae ofd e

el
‘_ﬂo
o
rJ

w0

)

g

N

!

N
Nlo

o

o]

!

ﬁo

N

o

Nlo

ol

o]

¥, 1999).

N
33

ol m A=

o] RCH O] H7Fg

z L
A

3}

W32 B4 FRP 4JEZ A

=

Y

]

H

>

REAC

fite)
:AE

™

o
o

<
il

2
=
=y

il

il

FRP

o meel 94

&t = AT,

o] A

P
S s

=R

SIS R

~
;.OO

olo
o]

LFER A TH(

AAEE FA

%1—

74

ke
T

ol

T2 A% ZAYEI A #1048 23, 1998.4).

wK

bol ) A

Hefs

o8

bol &

5|

d(Control beam)®] A& Hlu

& %

—_
o

)



bl w7epol

5]

AS Bl

o

A

S

2 ar

a4 8

g2 FRP 3 53 A

A 9N =L

Al

—_
o
oF
i

R4

g e H

el A

N

g4 FRP R =Fe] S7kdl uhel

e

=
NJo

X
0
e

)A

ol
T

olo

A

X

Iz

ﬁo

o
w

oM

2 A Alstar 9l

ol

X

)

o me FHRes ol

9 74

il

i

el
TR

=0

"k

)

17 ol]
FAct

5]

o] 1% FRPY

5}

o A$A4%, FRP|

=z} 3L
2555

|=]
T

/Nd 2 FRP

o Nt

=No
[OE=1

§314

]
A

]

9

=2
H

Mo

L,

FRP 3

ol
=

< €l
— H

)

wK

H

Aol &

4o A B4 FRP HE A

lo] €2 FRP 41E9 B7

5|

ol
=

HA AFA WS

AT

5|

}71 4

S

N

g FRP #e] o F-&dolef

1
T

1o A

Al A el

g FRP 1E9] Y& st

vl
=

—L
.

&l

7 =9}

&=

o mE

o+

o
53}

=
=

W e g4 FRP

ST
it

4 ZagE]



A At o=

52 4

bob ol Aol A

)

b

5]

mhA oo 2

=3,

A

el

HE A

(¢}

%

Z

S e R

5
=

Aol HHgee Aol AL 7t A

A4
FRP HE=&

~N

o
W
il

o

M=

=
=

SEECEEEREEE

Al

beloh o

S|

PN
=

ahel A

2l

i~

3ol

=2k

1ol A 45 74A] H

e
EE

l

A
T

}o] B4 FRP

o17] 913

o)
=

ang

A

H

.

u}

it

2 FRP @9 3

ny

o B9 2/3 Az

-

o
ﬁo
o}
X

fviel

r
~

3

X

oF
ﬁo
o}

w

vze)

r

N

iz
il

—

R

o
ﬁo

il

Att.

]

272 ste] W



II. FRP &34

1. FRPY 714

M

FRP(Fiber Reinforced Polymer): Wt

)

o® AAol & AFE BAE 1
2t A (Polymer matrix) 2 o€t 1174 g Abol] AR5 = FRP= A9 Al
AR S-S 65%7FA Abgslar Qth A A FRPE % (bar), 7] E(cable, strand),
A A (grid), 1 E(sheet), &(plate) o FE= ALHIL vk AHAEZA 9
FRP+= 1950d ] S8 24 E Fx2=9 A (reinforcement) 241 H thAl
e AFEFHo] 19708 o= 4] WA]& o FA] ¥&E AI(epoxy coated
reinforcing bar)@}2] A7} Al ZE A 1986 = AA 22 549 1
&5 Aot
dA FRP FAEY #& &t 2ATHS w5, 48, 789 XA o9
83t HRom g RGN = A FATHS st H&Ha i
FRP &oly 7lo]l&2 A4 ZAZE FxEo JYoM= AE HEDAZA Al
Al Zb=re] A4 2 giste A B AFE Fole I 484 (applicability) S &
et AAZ|Eolu AMErE S vhdskal Sl

FRPE Aoz nREAA u0A474E v Hd7] - A4, 48348 5L AYx

-

£ 2 aek HIg4l FRP 59

slom], ghozy v A FAAH 4A% e DY AURE, B A%
22 alol Aol &5 A (stressrupture) @A 5ol AT AAl Hlate] w7
A Fol 9tk

2. FRP #& 33 AE&AE



S AE HFA(resin matrix) & ZA HEE Hsto] wrE=o)

wrge] Wad TRBe ARAIIEH AGHE FHARE o FA, B
B, vdel 28 5o A48y Bdol} VAR, Eeddd Fo drtay 23
o] Ahg-Htt

714 % el FRPE: vHeh(aminate)o] o). 9Hhe @& 5o gre HREE

al
H a2 gk #E(sheet)tt HlaLZ F7& B(plate)sol ATk T2AfF= THE
CFRP +E/¥, fredfr2 WE GFRP HE/3, E offtv=Af2 WE
AFRP HAE/R5& o FA, Eeo2H, vdd 2y 9 uiA HAAZ 72

ol F2sto] A Al AREEIL vk Fig. 213 22+ @A AREEHIL U=
P /A0 %S 717 nolFm gt

FRP 1 E/%#3 FRP

Fig. 2.1 CFRP sheet and plate

Fig. 2.2 FRP reinforcing bar and tedon
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Table 2.1 Technical data for CFRP sheet and plate

A= Sika Tonen Mitsubishi
A2 CarboDur Forca Tow #E Replark
B /5w Type 50 FTS-C1-20 FTS-GE-30 Type 20
Type 80 FTS-C1-30 FTS-GT-30 Type 30
Type 100 FTS-C5-30 Type MM
Type HM
e BhA A 203748 CF | E-®Ed+ a4 CF
Toray uANZddH CF | T-#ed+ | 975 CF
T300 & T700 | & A4 CF T Al CF
AR ASF CF
AR | NZA g=A | ZA GAA [z ARA | ) ZA G2
NG = 2,400 3,480 1,516 3,400
(MPa) 3,480 2,694 3,400
2,942 2,900
1,900
A Al 150 °]%+ 230 72.6 230
(GPa) 230 7.1 230
373 390
640
v A 1.4 15 Al N/A
A= 15 8.2
(%) 0.8
e H A N/A™ 200 300 200
A (g/m?*) 300 300 300
300 300
300
9U% p 1.6 1.82 2.55 1.6
(g/em?) 2.50
FA" 1.2 0.11 0.118 0.11
(mm) 0.17 0.120 0.17
0.17 0.17
0.14
FE = 50 50 50 25
(cm) 30 50 50 33
50 50
A=A Sikadur30 Primer, Primer, EpothermPrimer,
FR-E3P, FR-E3P, Putty,
FR-E3PS, FR-E3PS, Resin
FR-E3PW FR-E3PW
2 -§-7 o] 250m77}A| ¥ ¢ 100m ¥ ¢ 100m ¥ . 100m
arglolw Afel WA, eN/A L FIAR S




27| (Adhesive)

22. FRP A
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Table 2.2 Properties of different adhesives

AE | Sika Tonen Mitsubishi
R shi
[ Sikadur| FP- | FP- | FP- 3 FP- | FP- | FR- | FR- | FR- | PS- | PS- | PS- .
o 30 | NS | Nss [Nsw | TP | we7 [werw| E3P | E3PS |E3PW| 301 | 401 | 318 | 192 | L7005 [L700W \L700R
A = off A | ol F-A]| o) F-A] | of] A | of] FA] | of] F A |of] F-A] | of] F-A] | of] AL | o] AT | o] AT | O] ZFA]| O] FA] || FA] o] ZA] | of] ZEA] o] 4]
. . i . .
— = Z 24 |Primer|Primer|Primer|Primer Prlrr;er P;néer A2 | A 2A | A 2 A P;irg;r Pgir;ir Primer| Putty %‘;7;:] HEA | H 2
o REH | E37 | 95 | 9dF | AE §7]U@ 2w ¥ s W= —H; U% AF | 9= ‘j_% AL | °HE
AE2%=(C) | 18-30 |15-25|25-35| 5-15 | 5-35 | 15-25| 5-15 | 15-25|25-35| 5-15 | 5-25 |20-35| 5-35 | 5-35 | 15-35 | 5-15 | 5-25
S5 A 2:1 2:1 21 Iesd] 2:1 2:1 Zolk 2.1 2:1 2:1 2:1 2:1 2:1 2:1 2:1 21
-] 31
500 500 17 4,000 | 3,500 | 4,000
A% (cps) N/A™ | 2,000 | 2,000 | 1,300 90 {45,000 | 45,000 | 20,000 | 20,000 | 10,000 | (MPa | (MPa | (MPa | Putty | (MPa | (MPa | (MPa
S) S) S) S) S) S)
Pot Life(&)
@30T 40 120 40 25 140 120 30 50
@207C(237C) (70) 40 120 20 120 40 20 40 110 20 (40) | (240) (50) (70) (20) (20)
@10C 120 50 50 95 120 100 70 70
73 BFA ZH(AT)
@30T 7 7 - 4.0 - 3.0 35
@20T((23T) | N/A 10 12 7 3 12 10 10 12 12 (35) | (7.0) | 25) | (35) | (6.0) | (35) | (35)
@10C 6.5 - 4.0 5.0 - 6.0 6.0
FAATHY)
@30T 5 -
@23C N/A | NJA | NJA | NJA | NJA | NJA | NJA | N/JA | N/A | NJA | N/A | NJA | N/A | N/A 7 7
@10C - 14 14

* N/A @ FAE e
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2.3. FRP
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£ 8- E 4 (stress-strain curve)S Ho]F
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(Grade

270)

Prestressing steel 4 2
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. N
GFRP(V=68%) | 0.5
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P
m
3 200 F
2
5
100 |
0 |
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|
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Tensile strain (%)

Tensile stress (GPa)

Fig. 2.3 Stress-strain curves of various FRP reinforcements
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o JF, H F9E FRP Aty F1EZ 4 459 AddEsE A
st S
o H A A (adhesive)e] 7 H3tadet vjEagdR=zE FZL 2 PC ZAY AW

Ao} 457

FRP F-&3 2 WA o= Fig. 24¢ 22 #AHo2 FAYE FxE &
"t &, 238 E 1WA, Zeeo]w (primer) vHE, HE (putty) BHE(Z S A),

24 ¥}E (undercoating), FRP HE #2 24 v} (overcoating), v} <&

¥ 19 (painting) &< T« =2 A&

Applieation
Procedure

Concrele surface

. g Putty application
preparatian by grinding

[optional)

L

V.
“F Resin application 7 Carbon fiber sheet ¥ Resin application
{undercoating) application [overcoating)

/ Fimishing and/or painting

Fig. 2.4 Procedure for FRP bonding technique
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4.2. FRP ®B7} A2~

o2l 7pAle] B Aladel whE HgAdel #d vaE Table 2.6 HER9l
t}. TonenAte] Forca Tow Sheet, MitsubishiAt®] Replark, SikaA}¢] CarboDur
7F AlFe A4 Alado g a1 EHAT. TonenAte] Forca Tow Sheet A2~
E HeEMA BAE xdo] §olsta ¢ SA4CR HE M EAss

al
Aol F2d FAE 7FAa o o8 g Algd ueh FHA g &

-

2 7F @Ak bsAd o]l =k 3 Sikarle] CarboDur Al 2~®1& o] FA 7}

ox  Hn

A9 B BFY AS ole AL RANAE 08 D F do} Adng
o]
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Table 2.6 Applicability of different strengthening systems

39 TonenA} MitsubishiA} SikaA}
Al 2H€ Forca Tow #E Replark CarboDur
- AFEMA B7E Z |- Tonen Forca Tow |- UYW(strip)d Zo=
d 8o AES 25 A R =4
= 7 0 8ke(0.17mm) - A ¢ F7A5(1.19mm)
-8 BA -3 17}
o Y B, AAER SHH, AR 1
— o7 W Ao
CFRP I=2% 3 Al
e Sl EE TER S1EETE B 17
e BN Ho A
- A 1A ARSI <]
« Ho| 77| o] - AgRZy
e TES H2 uA o 7] BV
o 2ol fg o BEZES 2 wA
s AAREE
- Zage gd 7] |- 71F 2 wet 2|- Sikadur 30 FH2A
I A A | F79 dEzAer 3| o FHIAZ FHE
ol Z-A] 2} ohFst J2ZA Al T/ Primer s FA S e &
Primer g (4FFY dEA A7 Sty SR
¢} 6572 Primer) Sk 5
e Primer oA %<
- oA 12071 - 1671 Ao 2 & - T2 FYoA A&
Aol A& - F2EYF wwFA |- 292 ojutst uF
AFAE |- v7 ddgoF ool & (AArE ®)o| A&
Foulk Road xl#
(A B)o H &
- daigo] e degt| - AYFEYol =2l - 292~ EMPA(AW
o] E2nE %=1 (Caltrans) AMEAEg 2L A
- AW AYo}l gt - FRIYE "HEA| b)
AT+ - Al e 2 B(FHA) 2] AWt ESE R R
zgogd |- AYFYoldgiduw |- ZREYF E=2u
(Mt FEAR|=AY) | T

- AYFEYol TRl
%= (Caltrans)

ZA ok U (GIT)
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Table 2.7 Recommended methods for surface preparation
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* Strain gages on concrete |
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Fig. 3.1 Test beam set—up, dimensions and gauges
Table 3.1 Details and parameters of test beams
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Table 3.2 Details and parameters of test beams

CFRP % CFRP 4 E
A @A 232 o] 2R3 o| zdz Agaz
L, (mm) L, (mm)
FPO 0 0
FPL1 2,000 0
FPL2 2,000 325x2sides SD40 2D10
Eay = =
FPL3 2,000 650x2sides SD40 2D16 1% ,
: (397 mm?) (143 mm?)
FPL4 2,000 1,000x2sides p—1.31% @ 100mm
FPS1 1,400 0 Py = 0.95%
FPS2 1,400 350x2sides
FPS3 1,400 700x2sides
2. A&
21 ZaYE

% dqch AME FFE EZEAS A1FE AWES, FEAE Adnde

X AAREE 20.6MPagom FAAE AdAL B 27

FOSE o 20T, % oF 500 AuolA FUsA AGA 28 Ade 57

o] FAA A=A E AT AFT}E H 23.3MPag YERY AT

A& A A Ze] Ale"E "o BAASI 2.0x10° MPa?l SD40 EH 2 FHEL
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Fig. 3.3 Reinforcement bar settlement

23. &4 FRP A E

ff

2 Ao AE ¥ ©A& FRP AE+ HJATo] 9o 3oz wjgaaA =
Aoz F7A4 01lmm, % 500mm<e U¥E Tonenit?] A3, Forca Tow
Sheet(FTS-C1-20)& A&ttt Al ZALl A Al&d g4 FRP HE9] A4
T 383N/mmoln BAAFE 2.28%x10°MPaol i, AWAEE 15%0]|th
A2 ARG ol FAIE AR SO wel oY A FR7F dedH B Al

AFEE o ZEAE BHE EF37 8¢ FR-E3PE Zelo|HE “X3 T A8

ot

_82_



24. €4 FRP ¥

B Ago|A 3 Bnggow ALEEH B4 FRP #2 54

A

1
Sikarte] A&, CarboDurE AF&3&FA T Al Ao A Al F3F B2 FRP 9] <13
FEE 2,868 N/mmel™ @A AGE 1.53x10° MPaol i, HWRPELS 1.4%0°| ).
HZAZ AFEH o ZA = Ztolw glo] BE A& 3HA 0 AF&3FE= Sikadur30
= ARESH @, BRAREoR ARE A FRP AE= F&Fol
s duldkow mjdA 7 weE Zo=w AX Tonenite #|3%, Forca Tow

Sheet(FTS-C1-20)& AH&3Fdth. AEAfAl A Al &3 &4 FRP HEQ] AFA

X

10° MPao) 1 HUWEEFL 15%0|t}h HE
HAAZ ALEH AIFA = HE F53174 82 FR-E3PE AE31%it)

T 383N/mmoly BAAlTE 2.28

2.5. Strain gauge

AdAY A2y ZAYE ¥ B4 FRP HE9 WHIEES =H37] 9ste] A
A QAL T4 A AAE(Zo] 5mm) Strain gauget A1 A T
¥Ho] ZATEE(Zo] 60mm) Strain gauge 2 A A

2l BHA FRP 91E 9 3 {9 ZA&(Zo] 5mm)

R aeeldstel AASAL #& A= o] w6 A
3]
H

o
)
oo
w
=
®

=)

(ije}

Q

o

(1je}

D

=
B
2,
O
Z,
re
[
it
i
)
i
rd
=3
B
=2
zl
By
ofr
ol
9
4
By
ftlo
ot

W8 "ol 2l VM(vinil/mastic)Blo] & Zhalvd = wpxupo m obA a5 =)

¢l ThreeBondES =33}

2
ol
N
WE,
ol
oy
_}1[_11
Ach
it
i
)
o
1%
o
b
=X
oy
N
1o,
il
N

_33_



A A pERe Tl ZATYES Strain gauges H 23] St ZATE
FWe aeld #AYgS 3 F HAE A7EL oMAELR 3ol otk
E W9 55 wW$7] Sl 2A Strain gauge H & WA

o a5 @A =3 J2AE 4] =2 5 FAESR Strain gauge

= A& el wek A § 57 dFE wiAEr] flske] 1 9ol N-1=

A= &4 FRP AE 9 d9] ool dARA00cm) ez ZFA§ Strain

gauge® HHF ¥ vAMAE N-129 A Sxste] ¥ A2 34k (Fig

Fig. 3.4 Water proofing on concrete strain gauge

_34_



Fig. 3.6 Strain gauges bonded on CFRP plate test beams
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Fig. 3.7 Concrete disk grinding
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Fig. 3.9 Priming
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Fig. 3.10 CFRP sheet cutting

Fig. 3.11 CFRP sheet-bonded test beams
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Fig. 3.15 Hydraulic load test system
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Fig. 4.1 Steel yielding—concrete compression failure (Control beam)
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Fig. 4.2 Delamination shear failure of 1-layer CFRP sheet
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Fig. 4.3 Delamination shear failure of 2-layers CFRP sheet
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Fig. 4.6 Tensile failure of 1-layer CFRP sheet with web anchorage
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Fig. 4.7 Tensile failure of 2-layers CFRP sheet with web anchorage
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Fig. 4.8 Tensile failure of 3-layers CFRP sheet with web anchorage
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Fig. 49 Concrete compression failure of 4-layers CFRP sheet with web
anchorage
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Fig. 4.10 Steel yielding—concrete compression failure (Control beam)
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Fig. 411 Concrete cover failure of beam FPL1
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Fig. 412 Concrete cover failure of beam FPS1

_78_



lo] o] 1/6% A
I A& A FPL29| Z$ %o 720z =7}3)

Al (FPL2)

1—/\]

=z
»Asta A3

2 E R 1/3A%F

=

2= EAFRP JE=

2} A

MJ
—_

i
o

_24:!
~,

tgout o

°

%

stol S7HE AT

S

e
==

Al

uh2] = 7|
Bl FRP #1E¢ %37 3o

§l_

5l
=

57 o]
Z}

bt

of 4

e B8 4
WA AEA W ol & mAZA sy s etk webd g4 FRP

°©

U A
]_
Ay

=

=

SR
%)

=

=2

el
Z¥) o] 9l A FRP
z;‘jl—

S 2l

7}&
g
Z7t

=

b 13.77F<) ©]

).
)

Z

°©

4
=

7}
1=}
B

=

o

WA Ao 7187 A

o
Il A

=

=

=

==
o

°

2 3

too] 1157=0 =%
oS

e Apold

o] 2]

EEp!

)
2}

°

3

S
]

T

E==A
pas

]

S

=
L

g4 FRP HE7}

il

=
[¢}

0]
s

LHER]
e AL

[e)

16.910mme] A
AAT= 2217

e
[e)

eh el

[e)

=] O
=
e
7h&

=
o

=

[e)

=

.
a

2
A A

a5
HE
=

Al AR A T ol A

LR AT

tol ohef 35%2

ato] HEF 25% ]

S

7}

7}
Aol A7 12

7}

= o

=

=

o

=

19 0.461

S

[e)

Fe& oF 2.9

5|

Fol th=F 95% 9]

1.796

°©

7}

o =
b ddAsE @

=

P
T
[

A

o
% TE o)
e

al

o
nr
o)
He

9"}
Ro]F=31 9t} Fig. 4.13

oF o
5

Al

Ay 51
_74_

=

=

=N

By

-

1

Jepy)



A& A FPL2e ZadE AAW

AAW A vhelvha GEE wof

Fig. 4.13 Delamination shear failure of beam FPL2

_75_



gtFol 14838202 F7katA Al@dAS &5 A9 sHielA FAHETL 79
7] AlZetdar Al&ste] atge] ket AhwlE WAl Ho]l dEsgith
O Fo = AEste] FHAF R StFo] FUtste 16.83Ee o] 2A A FRP &
W BAW ZAYE Aol R zte] sty o] W H 7] AJ&E ot of A o
& F&Ho] e ®4& FRP %9 &5 AFdHL Al&stel S7kEAn. 22u
g0l A& S7rgel wel g FRP #H3 AW ZAYE Alole] Rzt &

2 Ay Fea5e FUsG 29y 9

i)
i
=
g
_>|:
At
lo
&
o
1
N,
e}

N
)
N
B

on AQAFE 21665 YERUNATE Ho FestFS TR AFA A v sk
ofF 9% ol FTUtste] diEF 126%9 ¥ TUFES Y v dAASE
1.847 zFAshe] di=F 46%9] A& YE
FPL1o| ®lstH Hd SghatsS °F 538 4

M-S Uehga glow dAAASE 0831 S7Hske] ek 62% ol e w2

oN =
32
v
e
i
o
By
o
ol
ol
X
&2
rlo
>,
e
N

o|N

_76_



~

& vy

e

= BARYE Ay

ehy

ol
M

o
ﬁo

Al FPL29] 7 -5-o H] 3|

b A

vERd oL 9t Fig.

AYE AAW B0y g4 FRP A E dokuby] o

==A
T

414= A€ A FPL3¢

ox

™
N

]
0

\_|!L‘|
=

ol

)
N

X

e
ﬁo
!
T

_77_



B = — i

Fig. 4.14 Delamination shear failure of beam FPL3
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Fig. 4.15 Delamination shear failure of beam FPL4
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Fig. 4.16 Delamination shear failure of beam FPS2
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AAFE B g 71E AZAFE0)S] FE Al A, =9.416mm) I Al
A AW T3 kg Al & g Ao AR, 7 S,,) el vE ey
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Table 4.1 Failure mode and process of CFRP sheet bonded test beams

A2 A o3 747 HE 7 I
FO |#H2¥5-I3JE 4533 2 A3t
F1 |Z2%5-CFRP & 2% AW Akere] 93
F2 | H<38E-CFRP 41E &% A Ak st
F3 |Z22%E-CFRP AE 22 R
F4 | HZ¥E-CFRP 4E &2 A Ak st

FIW | Hg5-AAH Adisy] A 2-CFRP 41E 3¢ |CFRP 3} &3}

F2W | A2 5-2AW dday] A #-CFRP A& dt& | CFRP ¥} 32

F3W | A2 g5-2AW dday] A #-CFRP A& dt& | CFRP ¥}&vh2)

FAW |22e8-saee g5 ZaeE § 450
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Table 4.2 Ultimate load, deflection and ductility of CFRP sheet bonded test

beams
. Ao S33FAl A X A% 93 A o A A 2
e 3=, ton | A3, mm $ 3=, ton | A 3F, mm 2

FO 7.443 37.782 4.01 6.953 40.776 4.33

F1 10.592 30.441 3.23 10.223 33.179 3.52

F2 11.685 24.190 2.57 11.547 24.926 2.65

F3 12.971 21.699 2.30 12.826 21.808 2.32

F4 13.929 18.617 1.98 13.865 18714 1.99
F1IW 11.157 35.586 3.78 10.841 37.732 4.01
F2W 12.806 30.952 8.29 12.417 34.583 3.67
F3W 13.591 25.703 2.73 11.498 38.499 4.09
F4W 15.493 24.708 2.62 12.004 43.140 4.58

o= EFsta Alg Aol F7isit Fardle ZIYE AEFFEo A=
AP F o Auy] JHE LRSI
vy BB g3zto] ¢lE Fl, F2, F3, F4 A @A&= 5150 =713t oigp A

of FUF F hFo] FAHoE F/1F W WY A AR Qe A
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Fig. 4.18 Load-deflection curves with no web anchorage(above), with
web anchorage(below)
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Table 4.3 Failure mode and process of CFRP plate bonded test beams

Al @A o} 74 HFod FH
FPO | AZdE-ZAE 591y 2 G

FPL1 |#H28E-Z38E ) 2@2-FRP & &g ZABEY ) vre] gy
FPL2 | &5 -FRP3# 2319 -FRPYHHE vt A Akt o
FPL3 | <& 5-FRP# #2313 -FRPA A E Itk AWM M ehake] ut
FPL4 | <% 5-FRP¥ #23¥-FRPA 4 E 3t AR Aeake vy
FPSl |d<¥E-Z32E 97) 9=-FRP % 9% FAEC v
FPS2 | A& 5-FRP# 7233 -FRPH A E Ittt AAH A a7
FPS3 | A& E-FRP¥ 7233 -FRPAAHE 3t AAA deeke] g

Table 4.4 Ultimate load, deflection and ductility of CFRP plate bonded test

beams

) Hd S35TA AR A %
el 3} % ,ton A A, mm o
FPO 7.443 37.782 4.013
FPL1 11.577 12.570 1.335
FPL2 14.486 16.910 1.796
FPL3 16.829 20.392 2.166
FPL4 17.629 22.635 2.404
FPS1 8.841 9.947 1.056
FPS2 12.200 12.909 1.371
FPS3 12.808 13.317 1.414

2o Fig. 421904 9 a29& w4 FRPES A A3, 5 A ddx
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Fig. 4.23 Delamination shear failure of beam FPL3
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Fig. 4.28 Strain curves of FRP sheet along beam FW1

Table 45 Average ultimate shear stress

Aq=e| S99 | FRPAY | 223% | 9%ed | FeI® | 20
ANFA | 35 P | =HE, EAE, B, | o, L I
(ton) | M(t-m) | Mpgp(t-m) | T,,*(ton)| a™(em) | Tumlton) | == °70
(kq/ cm?)
FO | 7443 | 2721 - 16.309° | 549 - -
F1 | 10592 | 3707 0.986 16.309 7.03 4590 4567
F2 | 11685 | 4.090 1.369 16.309 767 6.468 6.436
F3 | 12970 | 4540 1.819 16.309 8.35 8.753 8.709
F4 | 13920 | 4875 2.154 16.309 9.03 10515 | 10.463
FW1 | 11157 | 3.905 1.184 16.309 7.36 5553 5525
FW2 | 12806 | 4482 1.761 16.309 8.34 8.453 8411
FW3 | 13591 | 4757 2.036 16.309 8.82 9.888 9.839
ST — A XF —397x4108=16,300kg ** q— w2 TuERE
us— s Ty T g 0.85f..b
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Table 4.6 Average ultimate shear stress

AN@A | P,(tonf)| M, (tf-m)| alem) |Trrp(tonf)|r, (kgf/em®)| vp, (kgf/cm?)

FPO 7.443 2.605 549 B = -

FPL1 11.577 4.052 7.76 6,736 6909 0

FPL2 14.486 5.070 9.87 13,027 20.042 96.78

FPL3 16.829 5.890 11.83 18,821 28.995 92.96

FPL4 17.629 6.170 12.56 21,012 32.326 109.82

FPS1 3.841 3.094 5.98 1,453 2.768* 0

FPS2 12.200 4.270 3.19 3,017 20.906 93.77

FPS3 12.808 4.483 3.62 9,300 26.571 112.10

1= TFHP/(blb)
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