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Resin Density Tensile Modulus of | Elongation | Maximum Long-Term
Strength Elasticity at Fatlure Temperature Use
(kg/m’) (MPa) (GPa) (%) (°C)
Polyester 1.2 50-65 3.0 2-3 120
Viﬁylester 1.15 70-80 3.5 4-6 140
Epoxy 1.1-14 50-90 3.0 2-8 120-200

Stress — logarithm of the Number of cycles at failure '



Fibres Type Diameter | Density Tensile Modulus of | Elongation
Strength Elasticity at Failure
(microns) | (kg/m’) | (MPa) (GPa) (%)
Glass E 10 2.54 3450 72 4.8
S 10 2.49 4300 87 5.0
Carbon PAN 7 1.76 3650 231 i4
Pitch 10 2.00 2400 380 0.5
Aramid Keviar 49 11.9 1.45 3620 131 2.8
Twaron 12 1.45 3600 127 2.5
@l FRP (slpotus sogos Dloogas : V-V oo
FRP system Areal Density | Thickness Tensile | Modulus in | Elongation
Weight Strength Tension at Failure
(gm?) | (gfem’ ) (mm) (MPa) (GPa) (%)
Replark (Mitsubishi)
Type 202 200 1.8 0.111 3400 230 1.5
Type 30° 300 1.8 0.167 3400 230 1.5
Type MM? 0.165 2900 390 0.7
Type HM? 200 2.1 0.143 1900 640 03
Mbrace (Master Builders)
CF 530 300 1.82 0.165 2940 372 0.8
CF 1302 300 1.82 0.165 3480 227 1.5
EG 900' 0.353 1730 88 2.0
Tyfo Fibrwrap (Composite Retrofit International)
SEHS1' 930 0.72 1.3 552 27.6 2.0
SCH41? 1.0 1034 68.9 1.5
Sika
SikaWrap Hex 100G’ 913 2.54 1.0 600 26.1 22
SikaWrap Hex 103C? 618 1.8 1.0 960 73.1 1.3
CarboDur §? 2240 1.6 1.2-1.4 2800 165 1.7
CarboDur M? 2240 1.6 14 2400 210 1.2
CarboDur H? 2240 1.6 1.4 1300 300 0.5
1 Glass FRP

2 Carbon FRP
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Rebar arrangement v

“,-.‘ Ay

I

121 1] 1151 111 311

Appiication of CFRP sheels (bottom) /

PN
CFRP sheet

1S

SP2

Lo Load cell
.Y L] Load a5 jon beamn
= i
';
77 . strain gage transducer —7777~
feogol _7:5¢ 1 506 } 7859

2400

Jzoo}l

L digei (6,105 ,0 5 Cagil o9 : V-F IS

b diges Sloogas : V-5 Jyi

Width of beam (b) [mm] 200 200
Depth of beam (h) [mm] 250 250
Maximum aggregate (d,,,,) [mm] 25 25
Cylinderic compressive strength (f°.) [MPa] 29.9 29.9
Cubic compressive strength (£f,,) [MPa] 36.9 36.9
Depth of tension bars (d) mm] 220 220
Area of tension bars (A;) [mm?] 398.2 398.2
Perimeter of tension bars (u,} [mm] 122.5 122.5
Yield stress of tension bars (f,) [MPa] 345 345
Ultimate stress of tenision bars (f,) [MPa] 491 491
Module of elasticity of tension bars (E,) [GPa] 206 206
Depth of compression bars {(d’) [mm] 30 30
Area of compression bars (A’)) [mm?] 3982 398.2
Yield stress of compression bars (f°,) [MPa] 345 345
Module of elasticity of compression bars (E’,) [GPa 206 206
Width of FRP (b)) [mm] — 200
Thickness of FRP (t) [mm] - 0111
Number of layer (ny) . i
Ultimate stress of FRP (f;) [MPa] - 1101
Module of elasticity of FRP (E)) [GPa] — 7
Thickness of adhesive (t,) [mm] ---
Module of elasticity of adhesive (E,) [GPa] - i
Shear Module of adhesive (G,) [GPa] — 4.4
Support-End of FRP distance (L;) {mm] 750 50
Force-End of FRP distance (L;) [mm] 0 700
Midspan-Force distance (L;) [mm 250 250
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© Crack Begining / Steel Yielding Ultimate

Samples Models Acrmodel Permodet Ay,modd Pymudel : Ponacnodel Failur_e
Al’.E\'I). PV-EW' ,,  Exp, Prav.ip. Mode

_ Aty | Perisn.

Proposed - 0.92 v 10 I j
Simplified : 092 | 0 7 103 | - ‘
No Crack | 0.92 S0 1.04
NoT.C. . 08 | ... : 109 |
NoSH. 092 10

Proposed : 0.95
Simplified 0.95
No Crack | 0.95
NoT.C. : 097 | .= | <
NoSH. . 095 | .. . L o

C : Concrete crushing , R : FRP Rupture , ED : F End debonding , CCS : Concrete cover separation

@]

[ === == 0lnlolo

* Proposed model without contribution of Crack strength
* Proposed model without contribution of Concrete in Tension and Crack strength

* Proposed model without consideration of strain hardening in steel

S wlaz eaisS S slodas bl s Y-8 Jgun

Ultimate

Samples Models Amax;model | Pmax.model
; A_m‘.""E"'”j . Pmax,E.x P-

7 Exp.
. Failure
Mode

No Debonding Controt
FRP End Debonding Control 7 >125.14

Concrete Cover Separation Contrel >125.14
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7 Model {SP1)
~a— Model (SP2)
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Mid-Span Deflection (mm)
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Width of beam (b) [mm]

Depth of beam (h) [mm]

Maximum aggregate (d,,,,) [mm]

Cylinderic compressive strength (f,) [MPa]
Cubic compressive strength (f,,) [MPa]
Depth of tension bars (d) [mm]

Area of tension bars (A;) [mm?]

Perimeter of tension bars (u,) [mm]

Yield stress of tension bars (f,) [MPa]
Ultimate stress of tension bars (f,,) [MPa]
Module of elasticity of tension bars (E,) [GPa]
Depth of compression bars (d’) [mm]

8 Area of compression bars (A’,) [mm?]

Yield stress of compression bars (f£,) [MPa]
Module of elasticity of compression bars (E’,) [GPa]
Width of FRP (b)) [mm]

Thickness of FRP (t;) [mm]

Number of layer (ng)

Ultimate stress of FRP (fg) [MPa]

Module of elasticity of FRP (E) [GPa]

Thickness of adhesive (t,) [mm]

# Module of elasticity of adhesive (E,) [GPa]
Shear Module of adhesive (G,) [GPa]
Support-End of FRP distance (L.;). [mm]
Force-End of FRP distance (L,) [mm]
Midspan-Force distance (L;) [mm

0
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Ultimate

Models

Perinodet

Pcr,Exp.

BARATHN NRARLRYE NG

Ay,nwdal
Avk

P ymodel
Pv.Exp.
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Prevmode

Pmax'Exp.

Failure
Mode

Proposed

SO

C

Simplified

e T

Proposed

N

Simplified

Proposed

b
)
&

Simplified

Proposed

R|m AE O

N

Simplified '

Samples

Proposed

Simplified
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Ultimate

' C : Concrete crushing , R : FRP Rupture . ED : FRP End debonding , CCS : Concrete cover separation

Models

Amaxmodel
Amax.E.m .

Poax,model
Pmax.Erp‘

Failure

Mode

o o) ol

Exp.

. Failure

Mode

No Debonding Control

FRP End Debonding Control

Concrete Cover Separation Control

No Debonding Control

FRP End Debonding Control

Concrete Cover Separation Control

> 124.20

No Debonding Control

156.23

FRP End Debonding Control

Concrete Cover Separation Control

>156.23

FRP End

% Debonding .

FRP End

z Debonding

No Debonding Control

173.06

FRP End Debonding Control

[T A)

Concrete Cover Separation Control

159.44

qy

FRP End

: Debonding |§
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b wiges loogas : V-5 s
b il )b F-HM

¥l Width of beam (b) [mm)] 150
Depth of beam (h) [mm] 200
Maximum aggregate (d,,,,) [mm] 20
Cylinderic compressive strength (f,) [MPa] 338
Cubic compressive strength (f.,) [MPa] 43.08
Depth of tension bars (d) [mm] 158
Area of tension bars (A,) [mm?] 402
Perimeter of tension bars (u,) [mm] 100.5
Yield stress of tension bars (f,) [MPa] 390
Ultimate stress of tension bars (f;,) [MPa] 580
Module of elasticity of tension bars (E;) [GPa] 200
Depth of compression bars (d’) [mm] 42
Area of compression bars (A’,) [mm?] 265.5
Yield stress of compression bars (/,) [MPa] ' 390
Module of elasticity of compression bars (E’;) [GPa] 200
Width of FRP (by) [mm] 100
Thickness of FRP (t) [mm] 0,163
Number of layer (ng) 2
Ultimate stress of FRP (f;) [MPa] - 420 4000
Module of elasticity of FRP (E) [GPa] 350
Thickness of adhesive (t,) [mm] 2.5
Module of elasticity of adhesive (E,) [GPa] 1.47
Shear Module of adbesive (G,) [GPa] 0.54
Support-End of FRP distance (I.;) [mm] 50
Force-End of FRP distance (I.,) [mm] 550
Midspan-Force distance (L;) [mm 300

Crack Begining | Steel Yielding Ultimate
Samples Models Acmode | Permoder © Apmodet | Promoder Puarmozer. | Failure
Acr,ﬁ_:m. ) PCI‘,EApK vaEm Pma'\'iExPA Mode

Proposed

Simplified

Proposed
Simplified

Proposed

Simplified .
' C : Concrete crushing , R : FRP Rupture , ED : FRP End debonding , CCS : Concrete cover separation

0



Sz ouiS S sl gl 1 48 Jsar

Ultimate Exp.
Samples Models P Amgxmodel | Pmasmodet | Failure @ Failure
Mode

max
ON) | Apso | Poomisy | Mode

No Debonding Control - 12185
FRP End Debonding Control >121.85

Concrete Cover Separation Control ; > 121.85

Concrete
Crushing

AR

Concrete
: Cover
% Separation

No Debonding Control 141.79
FRP End Debonding Control > 141.79

Concrete Cover Separation Control ;

1 40 ............................ g e
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Sl Ko g golu) Olavgas . (o] aats duw (g ,135 L) Wil oo (5,J05 L L5 ailas Jawg ;o 5 ae
ool a3l VY-F g VV-F ol > 10 55 ol el oad on gl Vo= Jgum o 5 calises (gl
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Width of beam (b) [mm]
Depth of beam (h) [mm]
Maximum aggregate (d,,) [mm]
Cylinderic compressive strength (f,) [MPa]
Cubic compressive strength (f,) [MPa]
Depth of tension bars (d) fmm]

)| Area of tension bars (A;) [mm?]
Perimeter of tension bars (u;) [mm]
Yield stress of tension bars (f,) [MPa]
Ultimate stress of tension bars (f,,) [MPa]
Module of elasticity of tension bars (E;) [GPa]

Il Depth of compression bars (d’) [mm]
Area of compression bars (A’)) [mm?]
Yield stress of compression bars (f°,) [MPa]
Module of elasticity of compression bars (E’;) [GPa]
Width of FRP (b) [mm]
Thickness of FRP (t) [mm]
Number of layer (n)
Ultimate stress of FRP (f;) [MPa]
Module of elasticity of FRP (E) [GPa]
Thickness of adhesive (t,) [mm]
Module of elasticity of adhesive (E,) [GPa]
Shear Module of adhesive (G,) [GPa]
Support-End of FRP distance (L;} [mm]
Force-End of FRP distance (L;) [mm]
Midspan-Force distance (L;) fmm
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. Crack Begmmg r Steel Yielding Ultimate

Samples | Models © Avpss | Permoas : Prmotd Praxmoder | Failure

Normal Proposed : 090 R . C

DI S

RC Beam | Proposed = 0.99

RC beam | Simplified . 0.90 Lmi 5 o c

C
C

S.W, L. i
CFS Simplified 6.99

C : Concrete crushing , R : FRP Rupture , ED : FRP End debonding , CCS : Concree cover separation

Sz 00 J S slgdae glis Yy

‘ Ultimate Exp.
Samples Models .| Amaxmodel | Pmaxmodel | Failure - Failure
l PrroxExo. Mode Mode

A |

No Debonding Contrel 3. 1.0
. ; e 20 Conerete
FRP End Debonding Control . - T Crushing

Concrete Cover Separation Control
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7] P ......... e ......................... ......... s
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Normal RC Beam
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Load (kN)

40

30 7ol S S I et e
; : : [ Model {Normal RC Beam) | |
; : ~~ Model (RC Beam S.W. CFS) |
20} ; . . o - Exp. {Nommal RC Beam)
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C7s 1350 {dimensions in mm)

Lo aiges Cugli 5 5,105 )L o2 s A-F ISLS

e}

Width of beam (b) [mm] 115 115 115 115 115
Depth of beam (h) [mm] 150 150 150 150 150
Maximum aggregate (d,,;) [mm] 10 10 10 10 10
Cylinderic compressive strength (£,) [MPa] 30 30 30 30 30
Cubic compressive strength (£,) [MPa] 433 | 433 | 433 | 433 | 433
Depth of tension bars (d) [mm] 130 130 130 130 130
Area of tension bars (A;) [mm?] 235.6 | 2356 | 235.6 | 2356 | 235.6
Perimeter of tension bars (u,) [mm] 94 94 94 94 94
Yield stress of tension bars (f,) [MPa] 534 534 534 534 534
Ultimate stress of tension bars (f;,) [MPa] 622 622 622 622 622
Module of elasticity of tension bars (E;) [GPa] 184 184 184 184 184
Depth of compression bars (d”) [mm] 20 20 20 20 20
Area of compression bars (A’,) [mm?] 157 157 | 157 157 157
Yield stress of compression bars (f,) [MPa] 534 534 534 534 534
Module of elasticity of compression bars (E’;) [GPa] 184 184 184 184 184
Width of FRP (b) [mm] — | 115 | 115 | 115 | 115
Thickness of FRP (t) [mm] - 0.111 } 0.111 | 0111 | 0.111
Number of layer (np - 7 3
Ultimate stress of FRP () [MPa] — 3400 | 3400 | 3400 | 3400
Module of elasticity of FRP (Eg [GPa] - 230 230 230 230
Thickness of adhesive (t,) [mm] --- 0.636 1 1.5 2
Module of elasticity of adhesive (E,) [GPa] --- 1.47 1.47 1.47 1.47
Shear Module of adhesive (G,) [GPa] - 056 | 056 | 056 | 0.56
Support-End of FRP distance (L;) [mm] 500 30 30 30 30
Force-End of FRP distance (L;) [mm] 0 470 470 470 470
Midspan-Force distance (L;) [mm 175 175 175 175

14
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Crack Begining

Steel Yielding

Ultimate

Models

Acrﬂdel Poronodet

Aa,Erp.‘ } Pcr,E.\p.

Avmodel
Av.Exn

szadd :
Py k. 7

|

qux,Em

Failure
Mode

Proposed

1.0

0.94

099

093

A ST T S R A ST T P

Simplified
Proposed

1.0

1.11

Simplified

1.01

1.13

Proposed

1.0

1.07

% R e N

‘Simplified

L0

e

Proposed

1.0

Simpliﬁed 1’

1.0

Proposed

10

Simplified

' C : Concrete crushing , R : FRP Rupture , ED : FRP End debonding , CCS : Concrete cover separation

Sl saisS 8 sladas gli 1 10-F Jsuo

Ultimate

| Samples Models

Amax.model

Prmax.nodel

Pmax;Ex_p.

Failure
Mode

Exp.

" Failure

Mode

No Debonding Control

FRP End Debonding Control

Concrete Cover Separation Control

Concrete
Crushing

No Debonding Control

FRP End Debonding Control

Concrete Cover Separation Control

No Debonding Control

FRP End Debonding Control

Concrete Cover Separation Control

I AT T

No Debonding Control

1.27

FRP End Debonding Control

. >100.70

Concrete Cover Separation Control

TR T A

Concrete
Cover

~ Separation

Concrete
Cover

Separation g

LT T T N

Concrete
Cover

e Separation
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[ : : : i Concrete
prRCTUShING

"7 Model (Beam1)
~p- Model (Beam2)
= EXp. (Beam1 & Beam2)

70f-

oy
(=]
T

Load (kN}
s
(=]
T

w
[=]

10

i H F i i J
i) 2 4 6 8 10 12 14 16
Mid-Span Deflection (mm)

(220 @l g soleiiy Joo) Beam2 g sald slo 5 Jawg ()50 skl dr S 905 Dl sl 1 S0 2 -7 S5

Teng-2001-519

Beam3
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¥

o
L

o

Load (kN)

"~ Wodel (Beam1) K
-9 Wodel (Beam3) [
= Exp. (Beam1 & Beamn3) | :

20 gl e ................... ......................

10 . P ................... .................... ....................... ................... , ................... ....................

8 2 4 6 3 10 12 14 16
Mid-Span Deflection (mm)
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- Concrete Cover

80

70}

60

50}

Load (kN)

¢ == Modet (Beamd) ¥
20k e b | == Mode] (Beamd)
_ ¢ | -~ Exp.{Beam?i & Beamd) | :

10

i i i ; R i i
4 6 8 10 12 14 16
Mid-Span Deflection {mm)

Teng-2001-518

80 e e R AT s S R
{ : : ¢ AConcrate Cover

i Separation

sob Y & SO e

Load (kN)

i

d : : Dol lies Moael (Beam1j [ ;
20 FEEPIN el e e . ‘ .................... . _v- Model (BaamS) .,
' : : - . | -~ Exp.(Beam1 & Beams) | -

L i . —t

. : ; i
0 2 4 6 8 10 12 14 16
Mid-Span Deflection {mm)
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sBeam4 . Beam3 , 51 agai aw jo . 0odl o oo mli b asbie jly Lo digai jlid, 4 5
2 cdee mls U msr 6,85 a5 s0g S by adlis  SoxlS 090 < Beam5
Sg-2g a1 > c o o, 9V ed o pudd pl Ky i g s BeamS aiged

30,8 oo o2uitS sloygile, T, 2508 adasde Bl mali3l 5l aile FRPOL; (sl ayYolaas

s s Lo3T 2 Y -5
Sl Uy & Sigm 6y 30 Sk nsl 00 plonil Xiong et al. (2001) Lawsgs a5 ialej ol o
5 CFL e S Sl (S FRP £55 50 5l 1o g ol o Coaghs g - 2l g0 chlihs
©515,5 VFF Jaoz 10 Lo digel Siliogas . ol 00t solizal (GF1 ¢ atis clodll b 6,550

cait ook @il ol Lo g Jglaz o letale;l )50 aiiles 5 guls . Cawl s

Width of beam (b) [mm]
Depth of beam (h) [mm]
Maximum aggregate (d,.,») [mm]
Cylinderic compressive strength (f.) [MPa]
Cubic compressive strength (f.,) [MPal
Depth of tension bars (d) [mm]
Area of tension bars (A,) [mm?]
Perimeter of tension bars {(u,) [mm]
Yield stress of tension bars (f,) [MPa]
Ultimate stress of tension bars (f,) [MPa]
Module of elasticity of tension bars (E,) [GPa]
Depth of compression bars (d’) [mm]
Area of compression bars (A’,) [mm?]
Yield stress of compression bars {(f,) [MPa]
Module of elasticity of compression bars (E’;) [GPa]
Width of FRP (b} [mm]

| Thickness of FRP (t) [mm]
Number of layer (ny)
Ultimate stress of FRP (f;) [MPa]
Module of elasticity of FRP (E) [GPa

V-V
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Thickness of adhesive (t;) [mm]
Module of elasticity of adhesive (E,) [GPa]

Shear Module of adhesive (G,) [GPa]
Support-End of FRP distance (L;) [mm]
Force-End of FRP distance (L,;) [mm]
Midspan-Force distance

wMMlebéﬂjomumWabpsno&Lm \?—?de?)bds)gbl-«h
B e cl ol ool CFRP f Lis sl il diged oied Cogll S p9d (S 0 45 Lgd

el 00 sy (VF-F 5 VT8 clelS5) calises JSE 90 0 LT (slgel Shio

S5 oye denlonn 5 oud ool Joe g solpitug o gl s VW-F jgan

Ultimate

Aw,model Pricrmodet Failure
Apsiip. | Pravesp. | Mode

. Crack Begining | Steel Yielding
Samples Models ' Avuwis | Pemodt : Asmodst | Pumada
i Aaf,Ew. » P cr,Exp. Av,@p. P v.E-xp.‘

Proposed ; --- T 104 e
Simplified = -~ | 104 | o

Proposed - N 126 e 1‘29,., S
Simplified — . 123 T EET

T 22 e ] s BT T TS T T AT 5 g 1 T T LS

e e RN AN AN N

=~
[t

Proposed . - - 110 TEE
| Simplified | - | . 107 | o 117

Proposed : -—- : - . -
Simplified

©
Alaalao ala o ala

MP’roposed-’ . - - R ‘ --- i )
CF3 - ; . :
Simplified - S e

"C : Concrete crushing , R : FRP Rupture , ED : FRP End debonding , CCS : Concrete cover separation
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Models

S Sl s S sledas gl VAP Jgun

%

Ultimate

P
N |

Anux.madel
Amas ey |

Pmax, meodel

Pma.x. Exp.

Failure
Mode

Exp.

. Failure

Mode

No Debonding Control

46.89

FRP End Debonding Control

>46.89

Concrete Cover Separation Control ¢

> 46.89

Concrete
Crushing

No Debonding Control

42.53

FRP End Debonding Control

>42.53

Concrete Cover Separation Control 7

>42.53

T AT LA

Load (kN)

No Debonding Control

2429

0.80

A

FRP End Debonding Control

¢ >2429

(7
12

(22
(=]

N
o

N
[=]

=y
h

-
(=]

[2,)

Concrete Cover Separation Control

P T e

>24.29

;Mmm-q Crushing

Concrete

: ;
10 15

Mid-Span Deflection (mm)

R,

Concrete
Crushing

Concrete
Crushing

(olgitan Jow 5l ool Cows)
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é i g : Concrete

-
[2,]
T

Load (kNj

-
[~

i i i
10 15 2¢ 25
Mid-Span Deflection (mm)

CF3 3P3 la,u ailes Jawg 50 (41K0 i o Corms gm0 Ol s ol Sho : VF-2 IS5
(solgiing Joe 51 oael s

wied tolol:Y-Y-$
s Canmand (sl 40 oS el 0 plonil Wedjian and Huiming (2001) bawgi iolesl oyl
50 Lgi plaS 50 K45 digai 50 5 005 el digad Jg! digai. 025 (o 48 sy 050 O] S igad
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Width of beam (b) [mm]
Depth of beam (h) [mm]
Maximum aggregate (d,,,,) [mm]
Cylinderic compressive strength (£,) [MPa]
Cubic compressive strength (f.,) [MPa]
Depth of tension bars (d) [mm]

8| Area of tension bars (A,) [mm?]
Perimeter of tension bars (u,) [mm]
Yield stress of tension bars (f,) [MPa]
Ultimate stress of tension bars (f,) [MPa]
Module of elasticity of tension bars (E,) [GPa]
Depth of compression bars {d’) [mm]
Area of compression bars (A’)) [mm?]
Yield stress of compression bars (f,) [MPa]
Module of elasticity of compression bars (E’,) [GPa]
Width of FRP (b [mm]
Thickness of FRP {t) [mm]
Number of layer (n)
Ultimate stress of FRP (f;) [MPa]
Module of elasticity of FRP (Eg [GPa]
Thickness of adhesive (t,) [mm]
Module of elasticity of adhesive (E,) [GPa]
Shear Module of adhesive (G,) [GPa]
Support-End of FRP distance (L;) [mm]
Force-End of FRP distance (L,) [mm]
Midspan-Force distance

Crack Begining © Steel Yielding
MOdelS Acr smodel Pcr model Av model
A‘a.‘Exp.‘ P cr.E.W. ) AV.E\‘DA

Failure
Mode

Proposed
~ Simplified

AEIRTRLNT T SO NN ooy

e R

Proposed
Simplified

#8

Proposed

#6

Simplified _— R B

' C : Congrete crushing , R : FRP Rupture , ED : FRP End debonding , CCS : Concrete cover separation

VoY
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Ultimate Exp.
. Failure

Samples Models . Pmaxmodel |  Failure

Mode @ Mode

P max,Exp.

No Debonding Control
: - Concrete
FRP End Debonding Control . s Cover

7 Separation

R RS

Concrete Cover Separation Control / 49,57

No Debonding Control
’ R R - Concrete
FRP End Debonding Control | L 7 Cover

7 Separation

Concrete Cover Separation Control ; N

CICE-2001-399

a5}

Concrete (r‘,o;ver _ #8 |
Separation :

40

(2
[3)]

(74
(=

Load (kN)
~ [\
(=] (5)]

-
(3,

A0k g ........................... ........................ .......................... ...................... .........................

0 10 20 30 40 50 60
Mid-Span Deflection (mm)

(o yus o g jo S0 s s Conasd g, ol puass pl Lo 1 VO-F IS
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o (guslojl i A-Y-F
D FRP sla aY oloay 5l ol oo plol Beber et al. (2001) dawgi a5 iolesl cnl po

Ol ol o0 oy Sy - gy a0 09, 2 Of Al 5 s (gilaneglia i
] 20 S 985 ¢ 20l diged ylgae ds Lot 1 SO a5 at8 S8 ) 000 diged gty iule))
gl (oo Oy 4 CFRP ¥ 00 g Cdo oz « S bl 5 plaSpo (g diged oz
03Y 6lm 00l . ol 00 00l s VF-F S 0 Lo digad (6 jlamsslic g g il g2 . il o

el 0ad (6,310, 5 YV-F ooz 10 55 ldoe jo solenul s

LOAD

SECTION AA

SEAMITHICn
o

Q @

Dsplacement gages
FY &
I575" 807
78l hall 783 783 _
2%

o digel Cosll g (6,105 ,L ogou 1 VP-F 1SS

Width of beam (b) [mm]

J Depth of beam (h) [mm]
Maximum aggregate (d,,) [mm]
Cylinderic compressive strength (f°,) [MPa]
Cubic compressive strength (f,,) [MPa]
Depth of tension bars (d) [mm]
Area of tension bars (A,) [mm?]
Perimeter of tension bars (u,) [mm]
Yield stress of tension bars (f,) [MPa]
Ultimate stress of tension bars (f;,) [MPa]
Module of elasticity of tension bars (E;) [GPa]
Depth of compression bars (d’) [mm]
Area of compression bars (A’,) [mm?]
Yield stress of compression bars (f,) [MPa]
Module of elasticity of compression bars (E’,) [GPa]
Width of FRP (bg [mm]
Thickness of FRP (t) [mm]
Number of layer (n

V-4



o dgei Oluwgurs : YY-F Jaaz delsl

Ultimate stress of FRP (f;) [MPa]

Module of elasticity of FRP (E) [GPa]

Thickness of adhesive (t,) [mm]

Module of elasticity of adhesive (E,) [GPa]
3l Shear Module of adhesive (G,) [GPa]

Support-End of FRP distance (L;) {mm]

Force-End of FRP distance (L;) [mm]

Crack Begining ; Steel Yielding

Models Awposs | Pormodet ¢ Avmods | Prmodet mo, Failure
Aapg | Papg | Awo | Pube | | Mode
Proposed : 101 SO BT T = 2 C
Simplified © 101 | 10 | *
Proposed ;| 1.03 o 1.03; |
Simplified ~ 103 | 1.0
Proposed '.; 1.05 D087
Simplified | 105 | 1 094
Proposed = 1.07 o2 0.86
s ) Simplified © 1.07 SO .0
s i A,M.Pmposed 107 v /086
VR9 . —
Simplified | 1.07 7 0.85 Sl
' C : Concrete crushing , R : FRP Rupture , ED : FRP End debonding , CCS : Concrete cover separation

RS

8

N

1IoY Iool I ios

AR

L;._L.i,b? ooiS S gledus C"L"’ : YY-F Jou

; Ultimate i  Exp.
Samples Models Ponax Amax,model | Pmaxmodel Failure /j Failure
| (Y | A | Puwsss | Mode |

No Debonding Control / 81.92 1.29
FRP End Debonding Control ~ ~ 77

Concrete Cover Separation Control /

No Debonding Control
FRP End Debonding Control

Concrete Cover Separation Control "

No Debonding Control
FRP End Debonding Control

Concrete Cover Separation Control !

Debonding

Yy
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Ultimate Exp.

Samples Models - Amax.model | Pmax.model Failure Failure
P oo Exp. Mode Mode

Amas s

No Debonding Control 1.41 o
i 2 Concrete
FRP End Debonding Control 0.82 . Cover

. : s i i Separation |8
Concrete Cover Separation Control 7 (0204 i :

120_ ........................ g ......................... ....................... ........................ ,

100

FRP End
Debonding

Load (kN)

0" :
0 10 20 30 40 50 60
Mid-Span Deflection {(mmj}

((solgidion Jow 3l oanl ) by o ailas Jawg 3o (100 poasts 4o S g Ol pass o Shis 1 VY-F IS

00 Cmsitl Slb diged coled « 09 o odalin VY-F SO 4 YE-F Jouz 0 4 jshilan

JrmS Ja—e 99 ;8 VRY g VR7 ¢ VRS (slo digai 0. 200,85 o aibend  Sollas oagay Sl
13 Lo adigas (ol a8 ailosd (oo (o i 5 0955 3990 1) 5 (ol 59 ¢ (Sl
2l 69y ;Jaie VR7 5 VRS aiged g0 jo Ll Wgd o Sadlis jlao ¢ pbws S5
oodlaz Jas gl ol s lade I 2eS FRP slel o Sadlas Joe lawgs odd iur (i
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g adl el Kzl 5l L 0 S0, calaly sl oo ralS L0 dlas Jawg 800 uis

Ll el palS g B ek w o oy JS8

e o lojl 1 4-Y-#

3,50 digal g3 « Tl 00l plonil Shokrieh and Mousavi (2001) Jawgs a5 ialesl ol 4o
o g &y (Beam-B) pg0 diges g 005 valld digei (Beam-A) ol diges . wil a8 )38 )
00l 03,1 YO-F Jguz ;0 diges 90 (ol Silaskiin . ol 00l G4l oiiad O yguo 4y GFRP 4Y
Gl 003 (5,910,5 YV=F 5 YF-F Jglam 0 jui ldow gl .

» 4.59..&' QL_..AB.»A} - YO-7 J5¢>
Beam-A Beam-B

Width of beam (b) [mm]
Depth of beam (h) [mm]
Maximum aggregate (dug,) [mm]
Cylinderic compressive strength (f°,) [MPa]
Cubic compressive strength (f,,) [MPa]
Depth of tension bars (d) [mm]
il Area of tension bars (A, [mm?]
Perimeter of tension bars (u;) [mm]
Yield stress of tension bars (f,) [MPa]
Ultimate stress of tension bars (f;,) [MPa]
§i Module of elasticity of tension bars (E,) [GPa]
b Depth of compression bars (d’) [mm]
Area of compression bars (A’,) [mm?]
Yield stress of compression bars (f,) [MPa]
Module of elasticity of compression bars (E’;) [GPa]
Width of FRP (b)) [mm]
Thickness of FRP (t) [mm]
Number of layer (n)
Ultimate stress of FRP (f;;) [MPal
Module of elasticity of FRP (E) [GPa]
Thickness of adhesive (t,) [mm]
Module of elasticity of adhesive (E,) [GPa]
Shear Module of adhesive (G,) [GPa]
Support-End of FRP distance (L;) [mm]
Force-End of FRP distance (L;) [mm]
Midspan-Force distance (L;

WYy
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Crack Begining ; Steel Yielding Ultimate
Samples MOdelS Ac.model Pormoder Av,modd Py model Amaxmodel Poax.modet Failure
H Pcr, Ewp. A,,E_u, A v.;Pv'E“\P‘ , Anm.\‘F.m Pmu,Exp, Mode ’

£ A"'-E‘?’: ,

1.03 01095 e C

Proposed

Beam A

) | Simplified @ 1.03 ’ 092 ] -
Proposed ;. 1.03 US4 095 ---

Beam B

Simplified ~ 1.03 2 0.90 AT E—
' C : Concrete crushing , R : FRP Rupture , ED : FRP End debonding , CCS : Concrete cover separation

Sl oaisS S sledse bl YV-F Jyuer

: Ultimate Exp.
Samples Models } Pmax Amaxmodel | Pmax.model Failure / Failure
(N) | Apmsy | Pmaemp | Mode | Mode

No Debonding Control 624
FRP End Debonding Control >64.24

Concrete Cover Separation Control >64.24

CICE-2001-507

L=l - Boam-A

B ‘
. R ] Beam-B |

1 FRP
[Rupture

=
(=]

Load (kN)

[
[=]

20

tof — SRR SR SO

!

L
0
Mid-Span Deflection (mm)
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Load
152 mm Point
(6in) ! 559 mm
b B mm (42 in} -t (2240}
T Rk ~food S
305mmr|— I [ El r ; ] [ ﬁ/g #3 Bars
(12 m 1 / EERNARERE
s = o TRy
P -~ ‘l 76 mm
. . (3in)
16 £4 Stirrups, 102 mm (4 in) 0.C. -/ \ 127m
! L (5in) !
305 mm : |
b (120} e [ L
T TS L g v
. ; ; l,a: Pam——— ':'z; 1 ///;;//, 8 Bars
I UIREL S (e
Oz | P
.ol s
|

A= 2s mma‘im Clear Cover

b digod (5,135, oy 1 VA5 IS5

Control Bonded Beam

Width of beam (b) [mm]

Depth of beam (h) [mm]

Maximum aggregate (d,,,,) [mm]

Cylinderic compressive strength (£,) [MPa]
Cubic compressive strength (f,) [MPa]

Depth of tension bars (d) [mm]

Area of tension bars (A,) [mm?]

Perimeter of tension bars (u,) [mm]

Yield stress of tension bars (f,) [MPa]
Ultimate stress of tension bars (f;,) [MPa]
Module of elasticity of tension bars (E,) [GPa]
Depth of compression bars {d’) [mm]

Area of compression bars (A’)) [mm?]

Yield stress of compression bars (f,) [MPa]
Module of elasticity of compression bars (E’,) [GPa]
Width of FRP (bj [mm]

Thickness of FRP (t) [mm]

Number of layer (n/)

(RA
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Control Bonded Beam

Ultimate stress of FRP (f;) [MPa]

Module of elasticity of FRP (E) [GPa]
Thickness of adhesive (t,) [mm]

Module of elasticity of adhesive (E,) [GPa]
Shear Module of adhesive (G,) [GPa]
Support-End of FRP distance (L;) [mm]
Force-End of FRP distance (L;) [mm]

Samples | Models | Appsr | Pomos Prmode Prasmods | Failure |

PC?;E«W- P vExp. P qu.ExD. Mode )

; Aa,Eg).

Control | Proposed = 10 R S o C
Beam | Simplified = 1.0 | - [ c

e e R R

Bonded PI’OpOSCd 7 1.07 Lo » R
Beam Simplified @ 1.07 E BRI s R
' C : Concrete crushing , R : FRP Rupture , ED : FRP End debonding , CCS : Concrete cover separation

Sl eaisS S sledie bt ¥eof Jgun

Ultimate . Exp.
Failure
Mode

Samples Models : Amaxmodel | Pmax.model Failure j
Ao o, ) - Mode

No Debonding Control . 36118 1.24
Bonded [ on U FRP End

Beam

FRP End Debonding Control - o “suii: Debonding

Concrete Cover Separation Control >361.18

RN
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200

150

Load (kN}

= Control ' :
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0 10 20 30 40 50 60 70 80
Mid-Span Deflection (mmj)
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Ii sniE

1501 2000 | 150 (D13 =10

(a) NO {contro! specimen)}

l P
IR
__gg_??gL_ e 1860 NL ??0?150 ’..EI
{b) N (without anchoring} CFS for flexural strang™griv,
1 ‘zweed
o dgos Cusdl ¢ (5 A8k ogoui s TY-F S
b dges Olusgas : ¥1-F Jga
Width of beam (b) [mm] 160 160 160
Depth of beam (h) [mm] 250 250 250
Maximum aggregate (d,,,) [mm] 25 25 25
Cylinderic compressive strength (f,) [MPa] 31.3 313 39
Cubic compressive strength (f.,) [MPa] 39.08 39.08 49
Depth of tension bars (d) [mm] 225 225 225
Area of tension bars (A,) [mm?] 265 265 265
Perimeter of tension bars (u,) [mm] 81.7 81.7 817
Yield stress of tension bars (f,) [MPa] 341 341 341
Ultimate stress of tension bars (f;,) [MPa] 503 503 503
Module of elasticity of tension bars (E,) [GPa] 179 179 179
Depth of compression bars {d’) [mm] 25 25 25
Area of compression bars (A’,) [mm?] 265 265 265
Yield stress of compression bars (f°,) [MPa] 341 341 341
Module of elasticity of compression bars (E’;) [GPa] 179 179 179
Width of FRP (by [mm] - 140 140
Thickness of FRP () [mm] - 0.165 0.165
Number of layer (n) e i
Ultimate stress of FRP (f;) [MPa] - 3480 3480
Module of elasticity of FRP (Ep [GPa] - 230 230
Thickness of adhesive (t,) [mm] - 1.5 1.5
Module of elasticity of adhesive (E,) [GPa] --- 11 11
Shear Module of adhesive (G,) [GPa] --- 4.23 423
Support-End of FRP distance (L;) [mm] 1000 70 70
Force-End of FRP distance (L;) [mm] 0 930 930
Midspan-Force distance (L;) [mm 0 0 0

LSJJ ua)E M[’Lﬂ )Q ol odluw Jg.\.a 9 LSQLQ”“:"':" Jd.a CJL.J :VY-F Jsd&

?Crack Begining : Steel Yielding Ultimate
Samples Models | Apmods | Persmode

Proumds | Failure
| ; Papn | Ao | Prow Praip. | Mode
Proposed . 0.98 o o C
Sxmpleled - - O 93 37 I C

Agmadel P v model

R N

SRV

Proposed : 10
Simplified | / 1.0

R
R

VVY
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| Crack Begining . Steel Yielding

%

Ultimate

Pmgemoder Failure
| S Mode

Samples | Models | Avmoss | Powost | Aumoss | Prmods
I Pv.Exp.

N RGN

/ v Aa.@rg. Pckr.’E.\p.  ' A\ﬁEm

Proposed 091 s T R
} Simplified 7 093 DO
" C: Concrete crushing , R : FRP Rupture , ED : FRP End debonding , CCS : Concrete cover separation

Sabh iS5 JS sledis ol TYF Jyuo

g Ultimate Exp.
Models ; P,,mx Amax,model | Pmaxmodel Failure / Failure
© 0N | Apro | Pmaxpp | Mode © Mode

No Debonding Control 1.0 1.02
: ; U Z FRPEnd ||
FRP End Debonding Control . - Debonding

Concrete Cover Separation Control

No Debonding Control
FRP End Debonding Control

Concrete Cover Separation Control

FRPRCS-5-409
BO orovovoreres o o s g ......................

[+ Model (NO)
; - Model (N1) : ;
70k o l Model (M1) .................. ....................... b :

: s Exp. (NO,N1,M1) IR e

o
o
L

Load {(kN)
=9
[=]
L ]

W
<

20

10 e ....... s O ....................... ......................... .......................

Mid-Span Deflection (mmj}
o, ailas Jawg ;0 )8 ol as Cad g0 Ol s pl Fho s YY-F S
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iy Oy5—0 diges Cubd « 0l plal Takahashi and Sato (2003) lawgs a5 iulejl ol 5o
sl e oloss U Lo aiges ;500 ¢ o0l Cugli dald diged lgie @ diged S . ol 28,5 13
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1000 200 ) 1000 )
| 4 /§tirrup
i D[
<
/ (5}
300 F 7 1600 N ? 300
{ 4 2200 1 .
200 \
Tension rebar P CFRP sheet
Tension rebar
[=3 <
Stirrup—————1> ﬁ;/
e g
]
R
ke e

50 100 50

la g5 Cugds g ngl;\f)lg 050 Yy-2 o

o @iga Sloogas i V-5 oo

Width of beam (b) [mm] 200 200
Depth of beam (h) [mm] 300 300
Maximum aggregate (d,,,) [mm] 25 25
Cylinderic compressive strength (f’.) [MPa] 50.3 495
Cubic compressive strength (f,,) [MPa] 60.3 59.5
Depth of tension bars (d) [mm] 250 250
Area of tension bars (A,) [mm?] 573 573
Perimeter of tension bars (u,) [mm] 120 120
Yield stress of tension bars (f,) [MPa] 371 371
Ultimate stress of tension bars (f;,) [MPa] 570 570
Module of elasticity of tension bars (E;) [GPa] 200 200
Depth of compression bars (d) [mm] 50 50
Area of compression bars (A’;)) [mm?] 63.34 | 63.34
Yield stress of compression bars (f,) [MPa] 377 377
Module of elasticity of compression bars (E’;) [GPa] 200 200
Width of FRP (b) [mm] 200 | 200
Thickness of FRP (t) [mm] 0.167 | 0.167
Number of layer (ny 3
Ultimate stress of FRP (f;) [MPa] 3480 | 3480
Module of elasticity of FRP (E) [GPa 230 | 230

14



b aig0s Sluogas 1 V-F ooz dalsl

Thickness of adhesive (t,) [mm]

Module of elasticity of adhesive (E,) [GPa]

Shear Module of adhesive (G,) [GPa]

Support-End of FRP distance (L;) [mm]

Force-End of FRP distance (L) [mm]

Midspan-Force distance (L;

MOdelS Acrmadd Pcrnmdd Pl' odel -

2 Acr, Exp. Pcry Exp. Exp. Pv. Exp.

Failu re
Mode’

Proposed . 1.28

C

Simplified © 128

Proposed

Simplified
Proposed

LR

Simplified

Proposed

 Simplified

Proposed

‘\

» Simplified

Proposed

Simplified

Proposed

&

| Simplified 0075 | oo 124
' C : Concrete crushing , R : FRP Rupture , ED : FRP End debonding , CCS : Concrete cover separation

Sadlaz sauS S sledae ol s Y9-F Jgo

Ultimate

Samples Models Pra: | Amaxamodel | Pmaxymodel | Failure
(kN) Amax,Exp‘ Pmax‘Ex_p, ‘ Mode

AN NS A R

oliel Ieliel

Exp.
Failure

Mode

No Debonding Control 23078
FRP End Debonding Control >230.78
Concrete Cover Separation Control >230.78

No Debonding Control 298.09
FRP End Debonding Control f >298.09

Concrete Cover Separation Control ; >298.09

VY.

N
N A R A MO R

Concrete
Crushing



S wilae it 18 (sledas mlii s YP-F gao aalol

%
%

Ultimate Exp.
~ Failure

Samples Models P Amax.model | Pmax.model Failure

&N) | Apacio. | Pmocsn | Mode | Mode

No Debonding Control 334.48 1.24 o ’
FRP End Debonding Control / 307.19 . o I;%};Eifg

Concrete Cover Separation Control ; 920

No Debonding Control 230.32
FRP End Debonding Control >230.32

Concrete Cover Separation Control # >230.32

S I 2

No Debonding Control Z 31150
i Concrete
FRP End Debonding Control 7 >311.50 ST % Cover i
. s % Separation
Concrete Cover Separation Control 7 >311.50 ‘

At

No Debonding Control 35276
Concrete

FRP End Debonding Control ~  >352.76 et £ Cover
’ L » Separation

Concrete Cover Separation Control / G936

FRPRCS-6-23
BOQ e S s o :

250

200
z
=
Z 150
(] :
[-] :
- :
106 e
50p
0-: i L [ l 1 J
0 2 4 6 8 10 12

Mlid-Span Deflection {mm}
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FRPRCS-6-237

== [odel (FO)

| == fodel (F4) :

300k ; Wodel (F5) ;- B
| =+ Model (F6) 5

00k : T %

Load (kN)
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(528

(=]
1]
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50 .......... ........................... .......................... .......................... .......................

plid-Span Deflection {mm)
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g 0l diged lgue an abged S i« Bepgd (g jo . wil ol Cogii ot Oyg 4 FRP

5o Lo asee (6,105, 5 (o 3luoglie ogoni . wil 00y )8 o gds FRP calioes glail U K0 diges jlo>

- Sl 00 o0ly ol YE-F IS

Anchor plate 9mm . €
1050 250
/} -+ 4 D10@100mm Bl o
7 T ] T +
avee | 7 e
) a3 g
FRP Shect
¢ <
T T T i "? +
g Oed
2 FR . = b
P Sheet * Strain gauge foction 9,79, 40
- 1500
23
5200‘10? 2400 100 200,
| 3000 1 (mm)

B g A gy g9 0 b aiged Cugi 5 o 05 )L ogoni 1 YE-F 1SS

A gy sl diged Sloogas : YV-F g

Width of beam (b) [mm]
Depth of beam (h) [mm]
Maximum aggregate (d,,,,) [mm]
Cylinderic compressive strength (f,) [MPa]
Cubic compressive strength (f.,) [MPa]

§ Depth of tension bars (d) [mm]
Area of tension bars (A,) [mm?]

k Perimeter of tension bars (u,) [mm]
Yield stress of tension bars (f,) [MPa]
Ultimate stress of tension bars (f,) [MPa]
Module of elasticity of tension bars (E,;) [GPa]
Depth of compression bars (d’) [mm]
Area of compression bars (A’)) [mm?]
Yield stress of compression bars (f,) [MPa]
Module of elasticity of compression bars (E’;) [GPa]
Width of FRP (by) [mm]
Thickness of FRP (t) [mm]

Il Number of layer (1
Ultimate stress of FRP (f;) [MPa]
Module of elasticity of FRP (Ep [GPa]
Thickness of adhesive (t,) [mm

\YY



A 6y 5l diged Olaogas 1 TV-F Jgu aslol

A-Control

Module of elasticity of adhesive (E,) [GPa]
Shear Module of adhesive (G,) [GPa]
Support-End of FRP distance (L;) [mm]
Force-End of FRP distance (L;) [mm]
Midspan-Force distance (L;

B-AT

Width of beam (b) [mm]

Depth of beam (h) [mm]

Maximum aggregate (d,,,.) [mm]
Cylinderic compressive strength (f°,) [MPa]
Cubic compressive strength (f.,) [MPa]
Depth of tension bars (d) [mm]

Area of tension bars (A,) [mm?]

Perimeter of tension bars (u,) [mm]

Yield stress of tension bars (f) [MPa]
Ultimate stress of tension bars (f;,) [MPa]
Module of elasticity of tension bars (E,) [GPa]
Depth of compression bars (d) [mm]

Area of compression bars (A’,) [mm?]
Yield stress of compression bars (f,) [MPa]
Module of elasticity of compression bars (E’;) [GPa]
Width of FRP (b [mm]

Thickness of FRP (t) [mm]

Number of layer (n)

Ultimate stress of FRP (f;) [MPa]

Module of elasticity of FRP (E) [GPa]
Thickness of adhesive (t,) [mm]

Module of elasticity of adhesive (E,) [GPa]
Shear Module of adhesive (G,) [GPa]
Support-End of FRP distance (L;) [mm]
Force-End of FRP distance (L,) [mm]

| Steel Yielding Ultimate
Samples Permodet Asmoget | Pronodel Pmaxmoder | Failure
Ay,_Em P e w P oo Exp. Mode

Pcr,Exp.

Proposed i [ 1.05
Simplified . 114
Proposed . o ); 0.95
Simplified = 1. H 0.97
Proposed . 2 1.00
Simplified | 1. e 1.02

A-Control

e R e e

A-AT

o A AL ST

A-AK

Y
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Samples

Models

Crack Begining Steel Yielding

Ultimate

7
7
%
%
2
Z

Acromoder

AU,EAJJ.

Permoder

PLT,E.\.ZJ. /

; Av,madd

A\nExn.

Prsmodei
P)‘.Exp.

Pmax model

Pmax.Exp.

Failure
Mode

A-C1

Samples

Proposed

1.04

;101

C

Simplified

1.04

. 1.03

" C : Concrete crushing , R : FRP Rupture , ED : FRP End debonding , CCS : Concrete cover sepaation '

(A § o 5o dged) (Fadlaz oansS 1S sldow b Fo-F Jgux

Models

Ultimate

Amax.model

Preax.model

Failure
Mode

C

EXp,
Failure
. Mode

No Debonding Contral

1.0

FRP End Debonding Control

Concrete Cover Separation Control

Concrete
Crushing

No Debonding Control

FRP End Debonding Control

Concrete Cover Separation Control

No Debonding Control

A T

FRP End Debonding Control

Samples

Concrete Cover Separation Control ?

Models

> 88.40

Crack Begining

é
H
K
%
%

Acrmodel

K AauExp.

Perimoder ©

Pcr,Exp. ;(

Av,modd

Av;ExD.

&
%
4
%

Poiw.

Pz‘model /

Pmax, Fxp.

T
Pmmc model

Failure
Mode

B-Control

Proposed

0.98

1.04

Simplified

0.98

L

T L S e AT

B-AT

Proposed

0.92

1.0

Simplified

0‘927 2

0.98

Proposed

1.06

1.01

Simplified

Proposed

092

106 | .

1.0

LA

s Y A T

Simplified

0.92

Proposed

Simplified

" C : Concrete crushing , R : FRP Rupture

, ED : FRP End debonding , CCS : Concrete cover separation
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%

’ Ultimate Exp.
Samples Models } Pracmodel | Failure Failure
P pox xp. Mode Mode

No Debonding Controt / 5. 1.25
: o FRP End
FRP End Debonding Control 7 172.55 e i Debonding

Concrete Cover Separation Control ¢ >205.74

No Debonding Control 201.29

FRP End Debonding Control . 17762 £.90 : D?ES Ifi’lfa

Concrete Cover Separation Control 7 >201.29

No Debonding Control ;19608

FRP End Debonding Control 000 ‘ ‘jk Sizn%ﬁn

Concrete Cover Separation Control 4

No Debonding Control
FRP End Debonding Control 6.5 a1 Debonting

Concrete Cover Separation Control

FRPRCS-6-327-A-AT Concrate
90 -, ...................... ST PRI ....................... .......... YTPITTITPIN .................... ( ...... Crushing

~7++ Madel {A-Controf)
| =% Madel (A-AT) R SO SV WP
Exp. (A-Control) | - . 4
Exp. (A-AT) _Jf

Ieip

704

(2]
(=]
T

Load (kN)

s
o

30

10 ...................... S

: F e H H ; ;
0 5 10 15 20 25 30 35
Mid-Span Deflection (mm)
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FRPRCS-6-327-A-AK
GO gm- v s PP L g e e e X
[ ; - ’ é . FRPEnd
-1 Model [A-Controf) _ : : , ’ Debonding
=9~ Model (A-AK) e e o === N Fo :

Exp. {A-Control)
- Exp. {A-AK)

1
80f= e }
1

[<2]
(=1
]

Load (kN)
wn
=)
4

$a
[~

20}

10l

1 : i ; i i H i
0 5 10 15 20 25 30 35
Mid-Span Deflection (mm)
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FRPRCS-6-327-A-C1

. FRPEnd 5 , :
i

v S

70k ......................

[~2]
(=]
¥

[24]
o

Load (kN)

-+ Model {A-Control}
=7~ [Model (A-C1)

& . Exp. (A-Control)

- Exp. (A~C1)

‘ i i i i : i j
0 5 10 15 20 25 30 35
Mid-Span Deflection {mm)
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180

160

140

Lead (kN)
o0
<

{ - Modei (B-Controlj !
| ~~ Model (B-AT) 1
- Exp. (B-Controf)

| oo Exp. (B-AT)

[+1]
(=]

40

20§

0" e i i i i X J
0 5 10 15 20 25 30 35
Mid-Span Deflection {mm)

160 ‘ ........................ ‘
140k e ............

120 .................. ," /

100

80

Load (kN)

60

: -2 Model (B-Control
i | ke ladel (B-AK)

: Exp. {B-Control)
Exp. (B-AK)

40

i i i ) ; i i ¥
0 5 10 15 20 25 30 35
Hid-Span Deflection {mm)
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FRPRCS-6-327-B-C1

100 ...........

Load (kN)

i == Model (B-Control) |
i == odel (B-C1)
| Exp. (B-Control) |
i =a Exp, (B-C1) :

50

j i i R i H
0 5 10 15 20 25 30 35
Mid-Span Deflection {mm)

(soe 2ol g (golgidony ) B-CL 15 il Lansg 30 (100 pasd &0 S 505 Syt ol Sh2 2 ¥Y-F IS5
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Beam Type A Beam Type B

#*~ 100 —* *— 100 —* .
[26 T 128
266 L2210
l 2810] | | 210
122 A Bl P2

s 300 —k 200 #— 300 —x

Fabric 275) i lP/Z Fabric

Strip —>

+ 1.000 —t
+ 1.200 +

b digai Cugdi 5 (5 080 ogoni : V-7 IS5

o iges Sleoguas : FY-F Jouo

Width of beam (b) [mm]

Depth of beam (h) [mm]

Maximum aggregate (d,,,) [mm]
Cylinderic compressive strength () [MPa]
Cubic compressive strength (f,,) [MPa]
Depth of tension bars (d) [mm]

Area of tension bars (A,) [mm?]

Perimeter of tension bars (u,) [mm]

Yield stress of tension bars (f,) [MPa]

i Ultimate stress of tenston bars (f,) [MPa
Module of elasticity of tension bars (E,) [GPa]
Depth of compression bars (d’) [mm
Area of compression bars (A’,) [mm?

Yield stress of compression bars (f7,) [MPa]
Module of elasticity of compression bars (E’,) [GPa]
Width of FRP (b)) {mm]

Thickness of FRP (t) [mm]

Number of layer (ny)

Ultimate stress of FRP (f;) [MPa]

Module of elasticity of FRP (Ep [GPa]

Il Thickness of adhesive (t,) [mm]

Module of elasticity of adhesive (E,) [GPa]
Shear Module of adhesive (G,) [GPa]l
Support-End of FRP distance (I.;) [mm]
Force-End of FRP distance (L;) [mm]
Midspan-Force distance (L;) [mm

<
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. Crack Begining - Steel Yielding Ultimate
Samples Models ; M Per.modet A____LML__M Pymodet 4 7 Py modet Failure
; Aa’,E—w. Pcr,Exp. [ AME.\IL PV'E’Q’- JEXD. Plf!ax,E\'D. Mode

Proposed . 0.90 o7 0098
| simplified | 090 | . 0 102 |
Proposed . 099 | = 097
Simplified © 099 | o097
Proposed © 090 | ~.°  0.64
Simplified =~ 090 | ' @ 0.63
Proposed . 1.90 5
| Simplified - 1.90

Proposed

Simplified | - o

' C : Concrete crushing , R : FRP Rupture , ED : FRP End debonding , CCS : Concrete cover separation

Saslier saus J5S sledas gl FO-F Jsan

Ultimate

Sam ples Models c Amaxmodel | Pmax.model

Amax,Expt Pmax,E\p.

No Debonding Control
FRP End Debonding Control

Concrete Cover Separation Control

No Debonding Control

FRP End Debonding Control 8.0 B b * Debonding

Concrete Cover Separation Control 7 100.60

No Debonding Control . 101.04

FRP End Debonding Control 7651 0 = Debonding

Concrete Cover Separation Control

AR
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22in.
h560 mmri 8in.

2-#3 Bars r-—*f (203 mm)
(— No. 6 g wire @ 4 in. (102 mm) _{

12.5in. 14 in.
(318 mm) (356 mm)
T T
2-#5 Bars Crack Initiator

L 106 in. ' |
! (2690 mm) 1
{a) Beams Strengthened using Composite Systems A and B
22in.
"(—560 mm—)‘i ‘
2-#3 Bars 2031 in.
r No. 6 g wire @ 4 in. (102 mm) } (203 mm)
14.5in. 16 ?n
(368 mm (406 mm)
\ {’ 1
L 2-#5 Bars Crack Initiator

18in. R

(3000 mm) i
(b) Beams Strengthened using Composite Systems C and D

|
I
Reinforcement details for test specimens.
== { r 7
| —— Loading Frame {

Actuat : :
etasiar \ Spherical Bearing i :
Spreader Beam ( /

nﬁu (- Specimen
-

X EEX]
.
»
229348

Concrete
Pedestal

L 1 1 Fo ol I

(a) Side Elevation (b) End Elevation
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ol O
Width of beam (b) [mm] {203
I Depth of beam (h) [mm] 356
Maximum aggregate (d,,,,) [mm] 25
Cylinderic compressive strength (f,) [MPa] 351
Cubic compressive strength (f,,) [MPa] 45.1
Depth of tension bars (d) [mm] 318
Area of tension bars (A,) [mm?] 400
Perimeter of tension bars (u,) [mm] 100
Yield stress of tension bars (f,) [MPa] 440
Ultimate stress of tension bars (f;,) [MPaj 520
Module of elasticity of tension bars (E,) [GPa] 200
Depth of compression bars {d’) [mm] 38
Area of compression bars (A’,) [mm?] 142
Yield stress of compression bars (f,) [MPa] 440
bl Module of elasticity of compression bars (E’,) [GPa] 200

Width of FRP (by) [mm]

Thickness of FRP (t) [mm]

Number of layer (n9)

Ultimate stress of FRP (f;) [MPa]
Module of elasticity of FRP (E) [GPa]
Thickness of adhesive (t,) [mm]

Module of elasticity of adhesive (E,) [GPa]
Shear Module of adhesive (G,) [GPa]
| Support-End of FRP distance (I.;) [mm]
Force-End of FRP distance (L,;) [mm]
Midspan-Force distance (L;) [mm

DSCLSJ,MJLSLQ A g QL_.@}A??V—F JS»

0 )

Width of beam (b) [mm] 203 203 203
Depth of beam (h) [mm] 406 406 406
Maximum aggregate (d,,,) [mm] 25 25 25

Cylinderic compressive strength (f°,) [MPa] 35.1 35.1 372
Cubic compressive strength (f,,) [MPa] 451 451 472
Depth of tension bars (d) [mm] 368 368 368
Area of tension bars (A,) [mm?] 400 400 400
Perimeter of tension bars (u;) [mm] ﬂ 100 100 100
Yield stress of tension bars (f)) [MPa] 440 440 440
Ultimate stress of tension bars (f,) [MPa] 520 520 520
Module of elasticity of tension bars (E;) [GPa] 200 200 200
Depth of compression bars (d’) [mm] 38 38 38

Area of compression bars (A’;) [mm?] 142 142 142
Yield stress of compression bars (f,) [MPa] 440 440 440
Module of elasticity of compression bars (E’,) [GPa] 200 200 200
Width of FRP (b fmm] - 50 50

Thickness of FRP (1) [mm] o 1.64 1.9
Number of layer (n - 2 2

\YF
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Ultimate stress of FRP (f;) [MPa] - 760 2400
Module of elasticity of FRP (Ep [GPa] — 62 155
Thickness of adhesive (t,) [mm] --- 2.5 2.5
Module of elasticity of adhesive (E,) [GPa] - 3 3
Shear Module of adhesive (G,) [GPa] — 1.154 1.154
Support-End of FRP distance (1.;) [mm] 1220 128 128
Force-End of FRP distance (L) [mm] 0 1092 1092
Midspan-Force distance (L;) [mm 280 280 280

(BBALgf‘"LgLa’ 4g03) JJ; s d_,,..;bm)o odl oslw Ja.angoLQ,;..:‘;.._..; Joe @L‘ZJ:\CA—? g

%Crack Begining%i Steel Yielding Ultimate
Samples Models Avpsa | Permoder

Punae modet Failure
P, max.Exp. Mode

Aymodel Pynosa

0 AN TR RO

oo | Poe | Duow

Control Proposed 0.50 0.96 L C
~ AB | Simplified © 050 | 100 |
AI"rdposed 049 0.82 R
_Simplified | 049 | o 090 | .
W!/I’;r;posedm;f 0.55 0.82'(”,“
Simplified 055 | 7 091
Proposed = 0.67 | . 084 | "
Simplified | 067 | .o . 094 | "o
Proposed 0.74 0.84 .,
Simplified © 074 | "~ . 092 S 074
" C: Concrete crushing , R : FRP Rupture , ED : FRP End debonding , CCS : Concrete cover separation

A3

B1

N
&

AR R A

(BBA S Lng 4)94.)) Gfu\.;o!» INILY J}""‘S 61%"\" CJL.J : fa-5 Js.k?

Ultimate / Exp.

Samp]es Models / Amax.model | Pmax.modet Failure Failure
: Mode @ Mode

Am,u-_ Exp. P max. Exp,

No Debonding Control 0.99
FRP End Debonding Control :

Concrete Cover Separation Control ¢ > 137.18

-~ FRPEnd
2 Debonding |

No Debonding Control 7 14523 ;
% P % [RP
FRP End Debonding Control ~ ° > 14523 - P D}i‘m%‘ﬁg

Concrete Cover Separation Control ¢ > 14523

No Debonding Control © 13365
FRP End Debonding Control | >133.65

Concrete Cover Separation Control ; > 133.65

YO
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Ultimate

Exp.

Models

P
tH

Amax.model | Pmax.model

Failure

Failure
Mode j§

Mode

No Debonding Control

131.73

FRP End Debonding Control

>131.73

Samples

Concrete Cover Separation Control

- Crack Begining

>131.73

Steel Yielding

Ultimate

Models

Acr model Pormodet

Acr,Ew.

Pcr,Eap. (/

Pz,modd 14:
P v.Exp.

Avmodel
Av.Em ;

Failure
Mode

P modet

P max.Exp.

Control

Proposed 0.34 L

_ Simplified 0.34

0.86 s

Proposed 0.49

. 0.9
©0.83

| Simplified - 049

0.74

Proposed 0.81

083

Simplified 0.81

0.90

' C : Concrete crushing , R : FRP Rupture , ED : FRP End debonding , CCS : Concrete cover separation

Samples

Dy C s s dLgod) J@‘A? IREILY JJ.‘.S LgLQJ.M C"L“" : OV-F JB*?

Ultimate

Exp.

Models

Py
N

Amax.model
_ Aras e

Pinax,model
Pmm;Ex_p.

Failure Failure
Mode - Mode

No Debonding Control

142.66 0.74

FRP End Debonding Contro}l

> 142.66

Concrete Cover Separation Control

: > 142.66

FRP
Rupture

No Debonding Control

¢ 249.97

FRP End Debending Control

Concrete Cover Separation Control

; >249.97

\YF
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Normalized Load {F/Fy,control)

o
a

. ] T Model (Conirol)
: : == Madel (A3}
weme EXP. {Control, AJ)

.

J ; i i _ ;
o 1 2 3 4 5 6 7
Normalized Mid-Span Deflection {delta/deitay,control)
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=7 Modef (Contraol} :
- =ip= fodel (B2} oo :
~oe Exp. {Control, B2 :

Normalized Load {F/Fy,control)

I
s

Normalized Mid-Span Deflection {deita/deitay,contral}
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(b) swrengthening

Lo diges gain,9ile,l § Cuagdd ogo s Fouf IS

o il
Width of beam (b} [mm]

Depth of beam (h) [mm]

Maximum aggregate (d,,.,) [mm]

Cylinderic compressive strength (f,) [MPa]

Cubic compressive strength (f,,) [MPa]

Depth of tension bars (d) [mm]

Area of tension bars (A,) [mm?]

Perimeter of tension bars (u,) [mm]

il Yield stress of tension bars (f,) [MPa]

Ultimate stress of tension bars (f;,) [MPa]

Module of elasticity of tension bars (E;) [GPa]

Depth of compression bars (d’) [mm]

Area of compression bars (A’,) [mm?]

Yield stress of compression bars (f°,) [MPa]

Module of elasticity of compression bars (E’,) [GPa]

Width of FRP (b)) [mm]

Thickness of FRP () [mm]

Number of layer (n)

Ultimate stress of FRP (f;) [MPa]

Module of elasticity of FRP (Ep) [GPa]

Thickness of adhesive (t,) [mm]

Module of elasticity of adhesive (E,) [GPa]

Shear Module of adhesive (G,) [GPa]

Support-End of FRP distance (L;} [mm]

Force-End of FRP distance (L) [mm]

Midspan-Force distance (L;) [mm

(A
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_ Crack Begining Steel Yielding Ultimate
Samples Models Acumoser | Permose ; Av.modet Pyomodes ; Powcoozet | Failure

¢ Ao, Pcr-ExP- / Avkw. Py o, .| Pmaxio, Mode

Proposed . 083 | .7 | 1.03 e

Simplified 083 | . ¢ 105 | -
Proposed = 083 | 074 |
Simplified . 0.83 | | 080 | .
Proposed : 0.80 ‘ 10.95 L
Simplified | 080 | -~ | 093 [

Proposed © 093 ” : 0.98 [
Simplified © 0.93 h 1.0l _

' C : Concrete crushing , R : FRP Rupture , ED : FRP End debonding , CCS : Concrete cover separation

Sl oaisS 1S sledie mlis s 0F-F Jpur

Ultimate
Samples Models Pooe | Amuxmodel | Pmaxmodel | Failure
| B | KN | Ay | Prase | Mode

No Debonding Control 6346 0.89 0.86
FRP End Debonding Control > 63.46

Concrete Cover Separation Control | >63.46

No Debonding Control 4 8987
FRP End Debonding Control ~ ; >89.87

Concrete Cover Separation Control >89.87

V-



Load (kN)

Load (kN)

[+]1 PRI g e e s T e ;

gob i f

(2]
(=]
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£
(=]
¥

[£)
L]

[ Wodel (R2C) |
—= Model (R2O)

20 Sl oo Exp, (R2C,R20) |

! i i i i H i M 1 i
0 5 10 15 20 25 30 35 40 45
Mid-Span Defiection (mm)

R20 3 R2C (5l 5 dilos Lawsy 10 350 sl &y G g8 Slyeetd ol Lo $1-5 IS5

ACI-2003-2-231-R3

80 R O R e

{| == Nodef {R30} :
| e Exp. (R3C,R30) |

; " i . i i H i
0 5 10 15 20 25 30 35
Mid-Span Deflection {(mm)
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¢

Width of beam (b) [mm]

245 (16 mm) Strengthening

. 762 37 02, 15
/ T [ T \ (it |
2744 s
S—— S iamme e
/ N '
43 (9.5 mn) Stirrups & 102 mm Spacing
Matesial

(o digoi Coghs g (gxinygile,l ¢ (6,108 L g s FY-F 1S5

> 43 god C)L_a_uaya? FEATASS 4 JBJ.?-

Control

Depth of beam (h) [mm]

Maximum aggregate (d
Cvlinderic compressive strength (.} [MPa]

Cubic compressive strength (f,,) [MPa]

Depth of tension bars (d) {mm]

Area of tension bars (A;) [mm?]

Perimeter of tension bars (u,) [mm]

Yield stress of tension bars (f,) [MPa]

Ultimate stress of tension bars (f;,) [MPa]

Module of elasticity of tension bars (E,) [GPa]

Depth of compression bars (d’) [mm]

Area of compression bars (A’)) [mm?]

Yield stress of compression bars (f7,) [MPa]

Module of elasticity of compression bars (E’,) [GPa]

Width of FRP (b3 [mm]

Thickness of FRP (t) [mm]

Number of layer {np

Ultimate stress of FRP (f;) [MPa]

Module of elasticity of FRP (Ej [GPa]

Thickness of adhesive (t,) [mm]

Module of elasticity of adhesive (E,) [GPa]

Shear Module of adhesive (G,) [GPa]

Support-End of FRP distance (L;) [mm]

Force-End of FRP distance (L,) [mm]

Midspan-Force distance (L;

VFY
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Crack Begining Steel Yielding Ultimate
Samples Models - Acwdet | Poromodel Nvaodd | Pramode Poavspodet
~ Aomg | Perg | Avso | P

Proposed = 097 | © 0 . 068 | 7
Simplified | 097 | ". . 064
/'ll’xloposed 0.97 - 066 ”
Simplified ~ 097 | . & 068
Proposed . 0.96 L 0.74

Simplified ; 0.96 0.74 — |
* C: Concrete crushing , R : FRP Rupture , ED : FRP End debonding , CCS : Concrete cover separation

Control

LR AL,

C-1

T T

C-2

Sadlaz euisS 08 sledas ol OV-F Jgom

; Ultimate Exp.
Samples Models : - | Amasomodel | Pmaxmodel | Failure ; Failure
P on. Mode Mode

AmtnEm

No Debonding Control 0.83 :
FRP End Debonding Control - Rilfti .

Concrete Cover Separation Control /

No Debonding Centrol

FRP End Debonding Control 150.0% gt b Dﬁﬂ;g ]

Concrete Cover Separation Control

AC1-2002-5-692
140 e ............ ............ ............. ............. g ............. ............ ........... .

120

s 80
<
2
[
]
-
606
404+
20} ;
o ; HE H : ; - j
1} 5 10 15 20 25 30 35 40 45 50

Mid-Span Deflaction (mm)
(solgiinn Joo 5l edel o) W 15 ailas lawg ,o Ol patd 4y Cnnnd g0 il i ol Lo = FE-F IS
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1300 typ. J
P P o
—2#3 top (dimensions in mm})
#3@ 135 typ. 3-20M bot.
I B [ N v
: U e
A 40 cover L4
[ 3650 | 270
" 4350

b aigai (0550 g g gileyl gomi - ¥O-F IS0

o digad Sluwgas : OA-F oo

Width of beam (b) [mm]
Depth of beam (h) [mm]
Maximum aggregate (d,,,,) [mm]
Cylinderic compressive strength (f°.) [MPa]
Cubic compressive strength (f,,) [MPa]
Depth of tension bars (d) [mm]
Area of tension bars (A)) [mm?]
Perimeter of tension bars (u;) [mm]
Yield stress of tension bars (f,) [MPa]
Ultimate stress of tension bars (f;,) [MPa]
Module of elasticity of tension bars (E,) [GPa] 201
Depth of compression bars (d’) [mm]
Area of compression bars (A’;) [mm?] 142
Yield stress of compression bars (f°,) [MPa] 507
Module of elasticity of compression bars (E’;) [GPal 199
Width of FRP (bp [mm] - 250
Thickness of FRP (t) [mm] - 0.167
I Number of layer (n) Z
Ultimate stress of FRP (f;,) [MPa] 3400
Module of elasticity of ERP (E) [GPa] 230
)l Thickness of adhesive (t,) [mm]
Module of elasticity of adhesive (E,) [GPa]
Shear Module of adhesive (G,) [GPa]
Support-End of FRP distance (L) [mm]
Force-End of FRP distance (L) [mm]
Midspan-Force distance (L3

V¥
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AT 2

Crack Begining Steel Yielding Ultimate
Samples MOdels 2 Aﬂ,’lwdﬂl Permodel Avmoder Pymadel : Ponge moder Failure

e Z -
Aq_.Exp. Poig : Mgo VPV-E'\E ¢} DmaxExp. PmM.Exv. Mode

Proposed = 1.0 120
Simplified | 1.0 1325

Proposed “ 0.99 10/
Simplified | 0.99 o 1.03 o
" C : Concrete crushing , R : FRP Rupture , ED : FRP End debonding , CCS : Concrete cover separation

Sodhir eans S sledae gls #0-F Jpuxr

Ultimate Exp.
Samples Models P Amoxmodel | Pmax.model Failure / Failure
0 6N) | Apepo | Prasip | Mode . Mode

No Debonding Control . 359.93
FRP End Debonding Control SR

Concrete Cover Separation Control 7 >359.93

: FRPEnd
Debonding

ACI-2000-5-703

.y . FfRPERG b
250k /2N, 'Ewm""ﬁé’bbﬁdiﬁ\gm ST T T P P

B PR

Load (kN}
T
o
L

;7 j ] © [ Model (B1) |
i

! : f ! Exp. (81,82)

i i i i H H
o 10 20 30 40 50 60 70
Mid-Span Deflection (mmj)

(.,_gmLi.i;.‘uLnj s 5 eolpiiny Joe odal Cea)
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Ll 050 Qi 3

aR3)g loyl 1 14-Y-#

Aigai g0« oad ol i Ross et al. (1999) lawgs a5 zulej] cpl o

digad . 00,5 ad CusdS 5 009 dall digad lgie dy digad SO G iabeyl cpl yo L ceal au8 )T 18

e La 4_494_1 Lg)b.f)l_: 9 Lg-.L.J)}s[_A)T 09_7(3 s ] 00 gJ_’:‘s_a_g CFRP 6\.__{&’ -] d_li_;us dy )ig_k)

Sieel Reink;rced Concrete Beam \ >l r No. 3 Stitrups’

GIOmecc ea. end

CFRP Plale] ! A< |
91cm $ 107 em —

X

3053 cm

P/2

re—914 mm—»L——QM mm~—>j<—~914 mm-—»

el o0 a3l Lt FY-5 S

i(——-—— ZDOnmm -—-—-—bi

SG

k. No. 3bars
(Typ. all beam)

Tension Stee!
{see Table 1)

~rxr=—

56
Saction A-A

Tes! Beam

152 mm >4 ?«——————2742 mm——————»«f f«152 mm
’ P2

P/2

la aigas (g l0550 4 6@)955)-‘ oy FY-F 1SS

o diged Sluogas : FV-F  Joox

I Width of beam (b) [mm]

Depth of beam (h) [mm
Maximum aggregate (d,..) [mm]

Cylinderic compressive strength (f°,) [MPa]

Cubic compressive strength (f,) [MPa]

Depth of tension bars (d) [mm]

Area of tension bars (A,) [mm?]

Perimeter of tension bars (u;) [mm]

| Yicld stress of tension bars (f) [MPa]

Ultimate stress of tension bars (f;,) [MPa]

Module of elasticity of tension bars (E,) [GPa]

Depth of compression bars (d’) [mm]

Area of compression bars (A’) [mm?]

Yield stress of compression bars (£,) [MPa]

Module of elasticity of compression bars (E’,) [GPa]

Width of FRP (b;) [mm]

Thickness of FRP (1) [mm]

Number of layer (n)

¥ Ultimate stress of FRP (f;) [MPa]

Module of elasticity of FRP (Ep [GPal

Thickness of adhesive (t,) [mm

\FF




o aiges Slaogas 1 F1-F Jsuz aslsl

Module of elasticity of adhesive (E,) [GPa]

Shear Module of adhesive (G,) [GPa]

Support-End of FRP distance (L;) [mm]

Force-End of FRP distance (L,;) [mm]

Models

: Acr model

Acr,E-\;o.

Av,nmdel

Av.Em

P eg. %

P proder

Failure
Mode

Proposed 0.94

Pl:r,mad’el :
Pq,EAp. :

1.18

“\

C

Simplified 0.94

1.16

' C : Concrete crushing , R : FRP Rupture

’ Samples

Proposed 0.92

134

Simplified 0.92

Models

. 138

L;J.fub.? ouisS S ledoe s FY-F oo

Ultimate

R ED : FRP End debonding , CCS : Concrete cover separation

7z

oy

Prax

Amax,model

AW'Ex”t .

Puaxmodel

qux.Exp.

Failure
Mode

C
C

Exp.

- Failure

Mode

No Debonding Control

156.49

0.89

FRP End Debonding Control

> 156.49

Concrete Cover Separation Control a7

-

\FY

Concrete
Cover

Separation




ACI-1999-2-212
go P e RPN prree \ .............. s

B :
"~ Model (A2) :
.| ~g= Model (B2) |...

Load (kN)

20 30 40 50 60 70 80
Mid-Span Deflection (mm)

5 ailes dawg 40 8 il 4y Gl g Sl s o Fho  TA-F IS
(b.mliiﬂuj Ul g soloidun Juw ol Cwds)

Lo aiges 3 6,500 oot o g tulesl ol o« 098 o onalie FA-F IS0 yo aS jshilen

slo oals dy atsly MalS” Joe zulis a5 Sloul 1. conl 428 5 alals Lol8islej] bt 1 Jaw alss
olialol gl 3 Jae b« dig o)1y om0l o ool a8 (5550 50 ity (o0 )T (6399
abimme augs oo plowl slotole] jo oS cndls pl o ol o fy ol e L 08 5 Balys alald
L (FRP g o¥g5c opm) o iulejl a5 0 8,0 ol Olaoguas c il o Sae ¢ calizes

coudl andlo cigles ¢ slge ol 5 calisee slo digad Gialeyl wlady ool Coy i Olioguas

PEIWOT I PETE E O 4
S 90 0 o) 5l dbigai (i d o plodl Arduini et al. (1997) lawgs a5 zalest cpl o

CFRP @)Y 99 9 SQ b i e iged 99 Jol gm0 50 - B g A (5m) Senl i85 18 S5 9590
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3 Ages QL_..ag_.p : FY-F Js&.?

Lo sl

Width of beam (b) [mm]

Depth of beam (h) [mm]

Maximum aggregate (d,,,) [mm]
Cylinderic compressive strength (f,) [MPa]
Cubic compressive strength (f,,) [MPa]
Depth of tension bars (d) {mm]

Area of tension bars (A,) [mm?]

Perimeter of tension bars (u;) [mm]

Yield stress of tension bars (f,) [MPa]
Ultimate stress of tension bars (f;,) [MPa]
Module of elasticity of tension bars (E,) [GPa]
Depth of compression bars (d’) [mm]

Area of compression bars (A’;) [mm?]

Yield stress of compression bars (') [MPa]
Module of elasticity of compression bars (E’;) [GPa]
Width of FRP (b)) [mm]

Thickness of FRP (t) [mm]

Number of layer (ng)

Ultimate stress of FRP (f;) [MPa]

Module of elasticity of FRP (E) [GPa]
Thickness of adhesive (t,) [mm]

Module of elasticity of adhesive (E,) [GPa]
Shear Module of adhesive (G,) [GPa]
Support-End of FRP distance (L;) [mm]
Force-End of FRP distance (L;) [mm]
Midspan-Force distance (L;) {mm

Steel Yielding *
Models Acfmﬁd Permodes - Apmodel Punodel 4 i Poriaxmodel Failure
Aa’,E\'p. P cr.Exp. : AV. Exp. Pv‘Exz:. // Pmax,EJm Mode

Crack Begining |

Proposed . 0.68 oo 10 e
Simplified | 068 | 0= . 098 |
Proposed 0.97 RIS
Simplified 1 097 |
‘Proposed 10
Simplified ¢/ 1.0 S :
C: Cncrete crushing , R : FRP Rupture , ED : FRP End debonding , CCS : Concret cover separation

V¥4
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Ultimate

Puasmods | Failure

_ Crack Begining | Steel Yielding
Samples ModelS | Awmosa | Pormode Prmodet

R O N

4 Acr,Eq;. PcrEqu O PV-EXD- Z Exp. Pmax.E\-p. ’MOde

Proposed 1.0
~ Simplified ©= 1.0
Proposed . 0.87
Simplified | 0.87
Proposed - 0.85
Simplified ; 0.85 E = |
C : Concrete crushing , R : FRP Rupture , ED : FRP End debonding , CCS : Concrete cover separation

Sodlaz canS S sldas gl s FY-F g

Ultimate Exp.

Samples Models Amaxmodel | Pmasmodel i Failure
:  Mode

Amax,Exp. » Pmax. Exp.

No Debonding Control 1.79
: FRPEnd |§
FRP End Debonding Control PERE Cnih. © Debonding

Concrete Cover Separation Control

No Debonding Control
FRP End Debonding Control

Concrete Cover Separation Control 7 119.36

No Debonding Control 174.30
FRP End Debonding Control > 174.30

Concrete Cover Separation Control ; > 174.30

No Debonding Control 356.99
FRP End Debonding Control ~ ; 21714

Debonding

onen

Concrete Cover Separation Control 7 >356.99

Vo



Load (kN}

Load (kN}

Baglel sl b oolaity Jas annld) B2 o0 S0 v oy ol 5 o0 ol o

AC1-1997-4-363-B2

180 ..................... ................. e Fr e e :

~ Model (B1)
oo == Model (B2)
| = Exp.(B1,B2) |

15 20 25 30 35
Mid-Span Deflection (mm)
md ‘Alf_ﬂ_ig AR L’Liie

ACI-1997-4-363-B3

~3= Model (B3)

C Model B1) |

/ FRP End |
:IDebonding :

" i i i : N ;
0 5 10 15 20 25 30 35
Mid-Span Deflection (mm}

(aKle] gl b (solgiion Jhe dunlie) B3 55 S0y iy Caras g5 Sl s ol Shio : OY-8 IS

VoY



&Lﬂ ‘SM)J.!:‘H—F

doddo : 1-Y-7

S sy S S o o ookl il le;l 5l ool iy gl dy 4 g3 b ol o
B ¢ ey Sl Cead 10955 e ] 4T @y & oyt ) 005 (o0 0 T )
@l e 53T ez 0wl (oo es @l @ e (Lol Jae s o Slae )1 Lol
00,5 o dunlie olfinle;l mls 5 Lol Jos gl b calisee glgdow

ol o Ll g o ey 5095 slo il 45 LT b Sl ) s 5
2090 oo @il SBES g S Caaglie (528,530 Bl s Ciand 0L 005 (oo dunlin
shol Jaw i b o zlss auslas 4 Alace and Karihaloo(2003) Jos 4 a5 b« p)las dl>ys
Al (B9 ¢ (ol Comnd 100005 (s (gt ST (2,8 delre 40 o0l L Jae il ¢
s ool Joas o atd, IS & Jos 4y Ceewd Charkas et al. (2002) Joo oS 1 IS0 s

.ao)fsa

P lojT 25 b Lol Jote g duwns o : Y- ¥ F
Lo olltnle)l gl an o (oolgitg Joo 5,8las Como )y S Ceanad 0l 0
S cand ashl V-2 55 0 aS calisee sladaleyl 5l Jore o gi sael Ciniy gulii 4y 4o
ol (S A0 sy @ISt Lol (sl digai i b)) gz 90T (o0 g uiiner
35— oS (gl oad Cnga (gl dgai (V ¢ dald (gla aisai (V 1 5l ol e a8 Wisd oo (g0

( otad KB nF) 0l e 5,25 oy (St > L g FRP 5L Ll oSl S nS

Flexural Failure |

VoY



gy oadlas b g Lkl 0 FRP  Sauilos il SisunS 0ge a5 (gl ool Cughi b aiges (7
CFaslan jf 36 (Fadens) wal oo
i 2] 65 el K & 45 LA Sy (0l (clo aige) ol s
dw 5o Jold a5 b ages audS (6l aizmen 5 K00 dlwd 90 lp Jos (pl L Sl oild pudas Y-£
PSUECHENEIN < WU N (PN SNSRI PUER SCRVR AU § TN NIV PLov
2l onal iy ailan o g S0 paa®i g g5 Jo 5 sl sy ailes Jaung lSe uuss
sl Sl 5 o285 glaysile)] (Fud pelud 9,0 ¢ 0 (S0 S5 g,h il a0 las
ASYV-F NP5 om0 .l oo deailona il Jlian Ll ol Cyeizrad o, Siseend
iy iz 5 FRP (glem il |5 Suhiz 990 99 ¢ wily o ol Cupsii (gl diga 4y by o
solo el ol Jus jo ol zuli 5 oot J,08 iy Juad ,0 ool yee Jow g0 s amgi b

Control Samples

F

Exp.

V5 = b diges oloas Crack Begining Steel Yielding Uitimate

e

oele

8l ol
3 laitwl

OeSiles

&l ol
3 st

=

eSSl

oyl
5 it |

0.12

0.07

0.09

1OF

Debonding Failure '



O (Fad05 b s FRP (b Lol (Sidern 390 o5 0l diged sl (ol Joo gl gy 0 1 £AF J3ar
(P> 4iws) oty 5 Lad

| | Fleural Failure Samples | | ]

FPr ed,
Jo

Exp.

Ultimate
No Dehonding
Control

Debonding
Control

Grack Begining Steel Yielding

=

Oebs

e
3 lastd

=

OSibee

Sl =il

o last]

OeSilee

e
3 lastu]

b

syl
KRGLIN]

0.08

0.08

0.11

0.11

ot A 55 ol e b5 (eSiloe 35 n oalie PAF Jpizr 3 45 pohilas
soinwlts 45 00 1.00 plyy b wabes 9,8 il 45 5 0t 0 0.95 s by i s (5l
8, el adl e ee S 4 K03 s ol slo diged j0 Jow ol aF Cul gadge
G 45 gl digS dy 09l o odoline boums alS  Swilb I PA-F Jou> slo digai jo
1345 (6l 455 Al 0 0.96 _Suit el (lig s s  0.93 1l e oLy
5 Fotlaz oa iS58 sletan Ly olyan Jdo zolts aSiuil ol dlisdo JlE 545 Jgur
05 olilan Lo digai (ol (SieeaS (slogs a5 el airgn pl ooimailis 5 059 5Ly il gy
W3l e )28 G (Sano,5 b g FRP (Sl oYl I (G 5 009 (Sodlar ) (o U

A salyS led Gl Cod 5 Cusly (Fullar 7S slidos 3929 & jgaislpd s &STix

VoL



LSFRP LS.LQ“"‘)O L;MI» LQJTMD}AC\SLS_’LQ 4.194; ‘51}4 ‘5]..0‘ JAAC.JL..: \5...))).!\"—? J}A)

o Debonded Samples | ]

Ultimate

Crack Begining

Steel Yielding

No Dehonding
Control

Dehonding

Sl =]
&l
O 5 ol

Syl
Sl
S 5, ol

Sl o]
Sl
o 5 st

0.13

0.12

0.34

Lo iges aulS (slp ol Jao g5 (g VVF Jpor

F,

Total Sampes |

Crack Begining

Steel Yielding

Ultimate

No Dehonding
Control

Dehonding
Control

=

eSikes

Sl ol

5 it

Gl
. "L_&
O 5 ot

Sl ol
Sl
o 5 sl

0.10

0.31

0.12

gl A Lo (0 (S0l el (g S a5 000 g5 (o0 Vo -F Jguzr 0 280

pasd S shilad 5 les sy 2l 45+ Censl oy 1.05 o 4y g axily ldl LS slo

\oF



Caanils il 0 ol o by ol e el 135 1l g 009 1.0 51 it hwy o1 juolie 058 oo
Bl §od S0 slp ¢ Wigd (o0 dienS (Sadlix 0 eS (59 0 b diged (pl 09 S
S =3l (69, 9 00908 S | (Sadlaa Sl (pledoe &5 ol 0¥ oe il ey oo
2ot (phyma (Fadlier gledos (58,5, k5,0 L 09l oo canline oS jshilas . aliS aculon |,
S o Gtalol sl conany alad log,s s 4 Jao ol slog o sl « ety Juad
00,8 0098 Ll g 00l o2 4 SO

oS jshilen . sgei allyl Jas 5 (L5 (5 aomel G le (o0 a0 YNF Jguz 0
2ol 5eils ¢ 0ail s dges AD Lgamme oS Sisernd OVl alad gl 050 oo ouplie
S stedas anamg by (ialesl slonsl cony clog s ar Jos 5l asal ey (slog i v
el 012 iy g 00 Sl e 3 01 sleen Glonl Jlade . asl 2 0.96 o, Saslas
aiiled jus Jodm ol 0wl oo sli ) 1.02 & Lo (oSiles Jfadie ol (Sod ekt >
rln g o0en 1.0 51,285 (Sadlaar J,05 Gon 2l log,el Comd gl Jlade Ve -F Joor
Lo ot oado,s b g FRP as o)y 5 Jud a8 cl e aigai 3529 oo e a8 cand 112
cailead Sadlas jloge S

b b Joe jloael oy (6,955 polie colizue sla digai glp « O5-F JIOY-F JS2 0
6oYsh glaysile)l (Fud pelud £5,0 ¢ G (S0 55 S g5,0 abamd sl iy @ lejl
F el oD dnlie (Fatlaa J S bolee aled 55 5 (Sadlaa S5 G0 aled g9 ¢
el a Soop s Joe ol a5 s Gles oo YV I FA-F gl o JISCST caf jo o b
3525 518 oolizul 050 lae 3)l5e 10 (> ¢ ranlin Joo S plyie a4 Al e 5 005 alRinle)]
Jos bt s ooz o, Sadlis [, 56 puilyy oo 055 5 00-F S 90 auylis 0.

- plei onalie ol&isles! puls 4

VoY



fodel (kM)

hodel (ki)

70

B0

a0

T

40

T

30

20r

10

[

Crack Begining Load

{ i

10

20 30 40 50 50

Experimental (k)

S0y S5 90 Jolas gy sl (piulesl ol b Joo golts duglie : OV-F IS5

Steel Yielding Load

300

J

n

[ ]
T

200 -

150

100 -

50

i

T T T

50

i 1 ! ]
100 150 200 250
Experimantal (k)

300

oVgh Sl pubed Jolae (695w (ol 2Eislesl 2l b Jowo zolt dauglie s 0F-F S0

VOA



Model (ki)

Model (kM)

Ultimate Load (No Debonding Control)

400
380 F v Yy B
v
L 4
300 + v .
250+ . v L 4 7
w
L 4
200 + i
v. ¥
¥

3 vy hd
150 4 §

L W
1[:":1 v -

,
4
50+ -
D 1 alt i 1 1 1 H
0 50 100 1580 200 260 300 350 400

Experimeantal (kN)
Sz L85 Gev il s slr Rl mli b Jue gl avolie s 00-F IS

Ultimate Load {Debonding Control}

350

& E

3[][:' ~ S ER & 1

260 + 4

W A
200 _
150 e i
5
100 - -
&

20 - _

0 | I i ! i 1
] a0 100 160 200 240 300 350

Experimanial (kIN)

Saslaz S boler olys G, sl 2Easlesl sl b Joe zoli awslie s 0F-F IS5

164



Joo yo oY Fud cdiw J1 gy V-Y-F
leysile)] gl (Fo Ctes o Shoc e s o)lil Juo ()20 50 ponty Juad 50 45 jshailen
O 0 S s 0l580 S5 e oV ed ol aeded (o aF (gl disT @ 04l g0 4z 5 Ao g0Ye8
e Lo aal T 0 Yyane a5 Jl ol csledie 5o . el palys  Siden abiod b ] pglia
o leleog b losaxs S dain 0 miy o,l5 ahblowe Sy o Sod Comw pl e 0gd oo colasud
BLod 31l las s b Juo gl o 25035 sy 4l bl ol 59 o 0 oLl
Sl S5 45850550 $Y5h Fab G o i s ol 3l gyt sl 995 o
ey Jos Lawgi ool (g (o o S Sk gl 00 )5 dlone V-7 (250 (3 disel j0
aamli d yo Lol asilen oy LS i Connd puolie cpizmas 5 byl 5l onsl cenns (g9
V7 e ml a g b o (SooenS ale cdlo g (Fod ol 5,5 ¢ (59,05 S5 890
oS el le disai doy by yp0 VY-F Jsoz . Cecsl 00 (0] paz YO-5 NI VY=F Jslaz o
ol oo 0ie V8 Ll olo i oS gl o 438,58 15550 vl slo diges jlaie dy g s0uii i
5 ol Al (2Etlel s Blard jla8 el (gl oud a5t glo aigai 4y bogype YY-F Jgor
b0 g (ol digad 4y gy VE-F Jgaz . il ssdh Sioeend o (g,lis o LSado s b
cacal e iy (b Godlaz b s FRP lesl o Sodlas il (K5 oS 05 o5 ced (4l

Lo aslys b diged S @ bgyye i VO-F Jgao

\pe



Wgas (gl 0gd sod aid S s oYed Fak S ] o aS o mlo b ol Joe s awnlie : YY-F Jgas

(sl o) 2l sla

| controISamples o I

£

Exp.

Y8 = o dges oloss Crack Begining

Steel Yielding

Ultimate

Sl ol
5 sl

S8l o
K RL

ol Jow b 0.12

0.07

0.07

Wges (5l dad o 418,50 Yed  Fak Cow ] 0 a5 Jae i b ol Jae ol awnlie t YY-F Jgus

(poo asd) 2l 6,Lad 2 Sado,5 L g FRP 5L Ll S 550 a8 oo

FPrea'.

E

Exp.

Ultimate
Debonding Control

Crack Begining Steel Yielding No Debonding

Control

ey ).7-_3‘
3, st

g_é|).7-_i|
3, lasled

d‘);-_.‘
3,y failial

o

iy ).7-_3‘
3y ladle

0.08

0.08

0.11

0.11

Vgd  Fol Lo (e

0.08

0.10

Vs Fal Comw s

\ld




Wgos 5l 090 go at8 T a3 s Ye8  Fak S ] o aS S il b Lol Joe ol anslie : YE-F Jsoe

l Dehonded Samples | | !

Crack Begining

Steel Yielding

URtimate

Ho Debonding
Control

Debonding Control

Szl
5, sl

J'):;-.Sl

Sele
5 st

J'):;-_:'l

eSles
< 5 fasle

;éf):;-_}l
3, sl

0.13

0.12

0.34

0.12

2¥gs Sl o s

0.13

0.12

0.34

0.12

2Ygd [ Fod S e

Al sl 0l et atd T a5 s SYed Sud S C)-l P Jae mli b Lol Joe pull dnslin : YO-F Jouo
b dgas

| | Total Samples | | | ]

Crack Begining

teel Yielding

Ultimate

Ho Debonding
Control

Debonding Control

S,z
5 fastd

J‘FJ‘
3, lasteut

J‘):;-_Sl

e Sles
“ ol

d‘):;-_:]
5, lst

bl Je mlis

0.12

0.10

031

0.12

o¥gs Fud Comw g

0.12

0.10

0.32

0.11

Ypd Sl Coew e

\PY




s i8Sy L 3 gl YO8 L5 VY5 Jglo mults o <, o Uil o5 johailen

Mol S Joe 99 zulis o 5 Jmu8 g 050 (o0 onmlie (Fod pulud dab 5l oas lgi ¢ aYe8 Fad
el ¢ py dmliay (il 0l g (23S (sloygile,l ot palud Slan . dites KaS) wiiles
Lig o0, (e o ol 55 o0 2y 05 oo 4285 Jlaiyo (Sad s o5 Jas 3l Lol Joe
c00,5 o yiSu05 olRiyle;] bt 4 Jaw ol ¢ letule;l b 5l oael sy nSilis 4y amgs
ol 805 ogon L st (oo yiS005 3 (oally 8, @ gunli  (Fad s i Jleel b ke &
S8, 05 oo 000 ¢ el ey ooyl valds (sl diges I So a5 OV-F S5 0 s d ]
IS8 50 55 iy Gialoj] (slo iged (gym 3l aid Capgii (slo diged 31 (Ko o O¥g (Sl e
Jolaz i uzmen 9 OA-F 5 OV-F Lol annlin ;o a5 jshailen . ol ool ool lis OA-#
Gsy st ymdly L) 03 L5k Sl Cde 5l asls gle dgei j0 ¢ 08d oo 0np0 YO-F JIVY-F
SLOFRP 5525 8 ol e by ol e . ol o 2l Lo ygile, ] (St ot 3 a3 58,
sl (sla diged ds s 1)55la,T 5o LS « b 0iiS Cang ol 959 b STy ¢ il e
AT e (e a; (23,5 Oli b (ot Oj00 4 45 (S0D S 3T 4z 50 5 ol LeS

CCSlAE vl ol jo (5 eS

VFY



Load (kN)

Load (kN}

ACI-1987-4-363-B1
20 e g e s e e e o

100

80

- Proposed rﬁodel :
-~ Proposed model without stress hardening for steel | :

20

i i H H i i
1 5 10 15 20 25 30
Mid-Span Deflection {(mm)

ol wiges G sl oo 2l 50 oY (Fud o Il auy s OV-F IS

ACI-1997-4-363-B2

1605 e ................. .................. ................... R ':

140

~-Z= Propased model
| ~— Proposed model without stress hardening for steel
~-~ Experimental

aok g ................... — S E— S R e e :

i i ] i H
i} 1 2 3 4 5 6
Mid-Span Deflection {mm)

- e
7
odD Lo gdi diged Ko (gl Jue gt jo o¥ed (Sod Covu Bl g AR S

V5



S (50 9 S 53 Cogliio Bl oyt F-T-F
2O Blod pas 5 (225 (2 Coaglie craizan 5 ST eaglie 28,5050 il Gase ol )
VP-F Jgloz) Jgoz ez « V-Y-F ion aiiled jud Coond ol 100005 oo aslin ¢ Lol Jow

905 oo Sl Jglaz Gl o a8, )5 4 (glo el )l yme ST A 050 oo pudas (VAP T

9 g 418 S 050 LAAS g S5 Caglie (3 50 a5 aledas il b el Jue gulis dslie s YE-F Joax

! Control Samples I - }

F,

Exp.

Y8 = b aiges olows Grack Begining Steel Yielding Ultimate

8 2] Syl Sl ool
Sl . . R /'L.a
o= 5 st T s stz o 5 it

——

1.06 0.12 0.07 0.09
1.06 0.12 0.07 0.09
0.24 0.08 0.07 0.09

zll poole > (alesl Lo aiged) #4-F 5 09-F ladSs g Jsloz ol j0 a5 jshilaa
S5 gty (ilS ey Cenglie 9 5 5 Ceaglie 28,8 hai o Sl 05l e cmline (Wil euls
g 0¥s 3 Fod paled 4l 0 g odd ot e i - gy vl plail anl 0 g (S0 ,05

adl s ahie Yl S aS 00 )5 s casline Lol Jow mbs 4 cond pals  Soil Sl <>

VPO



Jola =l 5 5o ;55 LB AT 00,8 (o0 Bl Lol )0 S5 g (o285 (5% i &2
Cdla o y0 ailes lawg LS yasi o 82S 0 Ceaglie G 5 5 Y Caaglis Bho L aSes]
Sy B alawly 4y 3 o RalS 5 ol Cle 5 0sd e yidn SYg (Fad pelud 5 oly
a5 00955 ol ol Al ol 4L A5 o S 5 5 S B polie 55,
aS o g Lol Joe g0 (50,95 S5 g5, adam) 3 Lol g ea by cugler Lol Jue b St
S, Jae jsi0 a5 caril andls gl 87 K0 S b agls cenl sad Bas o 50 55 Caglis
O S5 Sl gt b oS Ao I 5 Cuglie Sl ply oS 00l £g,0 (59,0
o B Ly ai g ad,§ alold 05 ai Bl 55 Cosglie a5 o 51 ol o gl oiS
58,5 o i s 4 ol e s (005 el 28,5 el (¢ lac gl
§ S o SIS A8 Lo 5 99 Bl 5 5 enle 5 45 o 50 e Al
Jedos pgd Jow b Jol Joo (53,07 S5 51 JB U Ll 5 gl ayazgi be 005 jlatdye S5
L gt oloasal 5 la S5 (Sodil 5lace Lol o)ly (ool i (s3] 225 5 Ciaglis 3455
ay e 53+ ol oagamme (o o8 Sy (T (0 Ceeglis 1830 @y 0 9 15 leeSuo
s Ly s Sl (S ek ol 5o a8 BT o (ol 58 & 0 Sy 50
RENCVREVORT SETOURTEARRETY RUPIPEINE JUSE PREPER P R PRI
Sl a5 o 105 es b s Jow gl o e i — gy 515, eyl o b i

el salys sl s g (Sod puked 5lom b k8, aalsl o 5

155



oe.uso.,c\..s)f)la.,)o SalS g S Caglie ol jo aS sldoe mlB L el Jos gl anglis s YY-F oo

(po> amsa) 2l 5,Lad b Saia,d L s FRP L Lyl SisenS 950 a5 sla diges gl

lexural Failure Samples

Ultimate

Debending Control

Crack Begining icidi Ha Debonding
Control

8l =l e 5 ol
~ S Sile ~ ~
5, hasbed 2, ksl 5, laslent

(G

0.08 0.11 0.11
0.08 0.11 0.11
0.07 0.11 0.11

O3 ab a8 S laiys LS g S Caeglie ) 0 4 ol mls b Lol Joe gl anlie  YASF Jeu
(pom dimwd) Wil i idigs oilaz b g FRP glol o Sadloe il Kibeund 050 oS oo aiges 5l

| Debonded Samples | | | N

Ultimate
Debonding Control

Crack Begining teel Yielding Ho Debonding
Control

Syl 8zl Sy Sl
el ” - oSl
3, lastent >l 3, hasl! >, sl

0.13 0.12 0.34 0.12 <1
0.13 0.13 0.35 012 |}
0.08 0.12 0.35 0.12

\PY



Sob g i 5 Jai o S i 5 S 5 Canglie ] 0 a5 ledas gl b (Lol Joe ol anglie s VA5 Joor

Ultimate

Crack Begining Stee! Vielding o Debonding :
Control Debonding Control

S il 3ol RS AT
~ Sl a Sile i il i
o laslest 5 laslead o, laslnd 3 sl

0.12 0.10 0.31 0.12
0.12 0.11 0.32 0.12

0.08 0.10 032 0.12

FRPRCS-6-337-A-C

sob -

A0F - ......................... RS

: | Without concrete in tension '

L. ..| === Without crack strength _
== Proposed model [

=== Experimental J :

Load (kN)
w
[

{

20

T /A AU — S — H— e

0 1 2 3 4 5 6
Mid-Span Deflection (mm)

VFA



FRPRCS-6-337-A-S1
100 r .................. ‘ ................... ......................... e e .................... ‘ . ...........

60

| Without cancrete In tension :
.~ Without crack strength | :

50 . . v' ‘3 ................. )
: : i i = Proposed madel (

{ = Experimental

A0 5 ......................... e e ' e . o ..................

Load (KN}

30 TP, . ............... .................... , ....................
205 7{:' g ..... b ................... IRV

Mid-Span Deflection (mm)

OLMK:A-{?.QJ‘LJSAJ‘S\J6‘)JJAAG\LQ)Q(5M§L)_Q55)JMA3LM)J‘£5M)JJ?'_;L’m

Sy P8 damilio y0 4, 4 S £oi T gy i O-T-F
2 aidy LS A By, pogdle S5 (5,0 drlne gz ¢ ol Gl ooty Jad 0 &5 shailen
Alaee and Karihaloo(2003) lawg a5 5 ool Jow K « (Proposed model) golgaig Joo
oS oe Ly golpitn Joe 5l ool ey zulii ¢ Caand ol (0L 000,88 jms el oo &)
dwulie « (Simplified model) 553  —o acwloxs Alace and Karihaloo Jos lawg S5 b,

g oo 59105 Jsoz ez o il S (i cnl 0 005 (o

154



aald slo digal Glp Sy 0P damolne 50 oud ool Jow b (_gal.e,...u..i._, Joe E"L"’ daslBs i A =F oo

I Control Samples }

o

Pred.

F

Exp.

YE = 1o aiged oloas Crack Begining Steel Yielding Ultimate

Syl o} o

. /‘L‘_Q . . . /.L_Q
S 5 sl - o
Proposed Model 0.12
Simplified Model 0.12

Proposed Model
Simplified Model

S 5 #Y-7 IPV-F GldSs imen g AV-F JIA-F Joluo il j0 a5 jshailes

50 Lol ool @l K0S a4 S0 i Ll il Jow 50 (ol ¢ 053 o0 odnline FA-F o V-5
5 L e diges AT o Coglas b andle wilo Qiglas oS Jow 90 ol #Y-F 8o alos 31 (50150
S 3, aslol oYe 8 Fud audud o Sl Jade U g 00g i (59,05 S5 5l om 4l
sl o & Comd S o5 S Sleal Sl oS Cd 25 Joe g8 cpl M S o
gt ) (nl 5o 090 aslie dos i L g oad bl Jow 9 sln ()05 Jol e ples 5o
Jol digad as o 48,5 15 ) 0590 35 950 Wil I (50 altylejl l iy oS aigad
digai g0 g (F-HMgF-HT (F-N slo asgad) Y-F 2 5 )0 sad gz jdos po ilesl s by

(b-

5
N
Y%
by

[0

VY.



05.4: a5 6:[.9: 4;5,04 LEIJ" J).: UGJ‘C d.u.ubpo )J o ealw JJ.A Ls LEJLQ"":"'?' JJ.A C‘sLu CL..uJLM : A\—F' JS\.L)
(3o aiws) &by (g las o Sudo,s b g FRP 5L Ll  Sisend
Flexural Failure Samples
I

Pred.
FExp.
= b aiges olass Ultimate
ini ol Visldi D i .
“ Crack Begining Stsal Vislding Ho :z::;&:mg ebonding Control
b1, a1 ] 81, ] a1, ]
S | T s |7 oS | T e | T
5,k 5 lastent 3, laslid 3, laslf
Proposed Model 1.01 0.08 0.99 0.08 0.93 0.11 0.93 0.11
Simplified Model 1.01 0.08 0.98 0.08 0.93 0.11 0.93 0.11
5Pred.
é‘Exp,
Proposed Model 0.88 0.17 0.87 0.16 0.96 0.26 0.96 0.26
Simplified Model 0.88 0.17 0.88 0.15 0.96 0.28 0.96 0.28

Sge s d.sl.ﬁ: duj,o.) LE‘)" J)J uaJ.c ML?LA ).) o ool ,JJ.A Ls (_SQLQ....U.:J JJ.A EJL»J E.:Lu ‘Ludl-ﬂ.ﬁ : AY-# J}&?
(pom aiws) Al S by adlax b g FRP bl o ol il Ksns

o DcbondedSamples

Ultimate

Crack Begining

No Behonding

Bebonding Control

Control

el

Lol
5 lailet

8l
FRARECIN

Sl

Szl
5k

Proposed Model

0.13

0.34

0.12

Simplified Model

0.13

0.35

0.12

Proposed Model

Simplified Model

A




o diges audS (ol S5 (50 awlone ;0 0nd ool Joo b (golprins Joe b mls awglie : AY-F oo

Total Samples

FPrecL
FE.xp
= o diges olaas Ultimate
Crack Beginin el Yieldi i .
» Begining Steel Yielding No gz::rl:)(llmg Debonding Control
w51, ol N L il il
JRI &l Filea il
o SR B o, laite o 5 laiteud e 5 laitd
Proposed Model 1.03 0.12 1.02 0.10 1.12 031 0.96 0.12
Simplified Model 1.03 0.12 1.03 0.10 1.13 0.32 0.96 0.12
5Pred.
5Exp4
Proposed Model 0.89 0.16 0.86 0.15 1.03 0.29 0.83 0.27
Simplified Model 0.89 0.16 0.88 0.15 1.02 0.29 0.82 0.28
SP-188-66-767-F-N

&
<

3 /
< : : : : :
s 40 U PN I ST A .............................. e e e . .................................
o] 4 : : : :
] { : : : : :
4 : : - Simplified model

] * S e e, e o =7 Proposedmodel |
Oﬂ e ' (! l i

1] 5 10 15 20 25

Mid-Span Deflection {(mm})

Aol aiged Ss gl S5 B dalze 0 Joe g5 Sl oy PP IS

\VYY



Load (kN)

Load (kN)

140

120

100

80

G0

40

20}

SP-188-66-767-F-HT

== Simplified model |
=7~ Proposed model |’

160

140

120

100

80

60

40

20

10 15 20 25
Mid-Span Deflection (mm)

ol -:43_0.: “w&’élfﬂjfuﬂf ML?LA)J J-.Lnéj.;):l KS“’)J'}"PT—? /.,15:':’

"o~ Simplifiedmodel ||
{ == Propased model |:

1 i i 1

[ 5 10 15 20 25

Mid-Span Deflection (mm)

OMC,‘.:}O.)@w&:é‘fkjfsuo)cww)QJJA&)j‘\sm)f?‘#—?VKJ:

VY



Load (kN)

"+ Proposed modsl |- R
== EXpOriImental

[~ \c?ﬂ‘)(
L

0.2 0.4 0.6 0.8 1 1.2 14 186
Crack width (mm)

2Eiolesl s Ll gl s F-N diges ol lodoe 5l ool sy S35 (0,8 = 5,0 o SLo 1 £F-F IS0
8P-188-66-767-F-HT

140..,......5,.._,... _: e :

== Simplified madel
=2+ Proposed model | [ . .
<= Experimental

Load (kN)

60

4 i ; s i H i i i i F
0 04 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Crack width (mm)

2Elo}T zlis b Ll dulio 5 F-HT aiged gl ldae 5 ool Cawss S35 (5,0 = 5,0 pl Sho : £O-F IS




SpP-188-66-767-F-HM
160 e g R ; ...................... e

140p L ..................... ...........

120 -
100k e : ....... e .......................

80

Load (kN)

6of i R S

== Simplified model : :
-+« Proposedmodel |
wsen EXpOTimMental : :

40 £

6 0.1 0.2 0.3 0.4 05 0.6 07 08

Crack width (mm)

PEasle sl ol b il aglie 5 F-HM digas sl ldon 3l odal Cowsds S5 o50 - g pl Sho 1 £5-5 IS

SP-188-856-1009-5P1

Load (kNj)

i i i i i i ;
5 10 15 20 25 a0 35
Mid-Span Deflection {mm)

2Eaale sl bl b Lo dunlio 5 wald aiges S (gl S5 (5,8 dnuliee 10 Jas goi 3 gy PY-F ISS

N



SP-188-85-1009-SP2

100

0
=

Load (kN)

j ~— Simplified model
’ ~=-- Proposed model

i« Experimental
L~_—.—~.~:_.

[=x]
(=]

, i i ;
5 10 15 20 25
Mid-Span Deflection (mm)

275 7l b Ll i 5 00 gl dised Sy (sl S5 20 arsloe 5 e 58 Sl ey PASE S

SP-188-85-1009-SP1

80
708 4 : .......................... ........................ ...................... .......................

G50kd ,,,,,,,,,,,,,,,,,,,,,,, - .......................... ..................... ......................... ........................

50 ( ................. ..................... - .......................... ........................ .........................

£ '; : : ~7- Simplified model :
40 [ REEEEERE ....................... e .......................... ............ P Proposed model |
: : : : =+ Experimental :

Load (kN)

) ; i i M i s
) 0.5 1 15 2 2.5 3 35

Crack width {mm)

Lodos ods! Cowds S5 S sl s
R e Jlode cendy O P (P E - g0 P

duglio 5 SP1 wiges

G

VY&



SP-188-85-1009-SP2

ET171] P S Al

©
Q
L]

[~ Simplified mode! |
<<+ Proposed model |
~w< Experimental

Load (kN)

60F

40 : ............. ..................... ................... .................... .................... ...................

0 0.2 0.4 0.6 0.8 1 1.2 14
Crack width {(mm)

@&ubj CJL:.)'L:'LQ.A} an.ogSPZ 4900 6‘,}[{,‘&@ )l cAJ Condo JJ.) uo,r“—SJ:-’ ‘ni;boY‘—;’ ,__Li[b

¢ 2l lesl il b Lyl aslie § digai gy ot glp 555 (o0 Slmasi o, Slo jo 2B L

S5 0 055 s 25 (b o) ool e 5 oot soliial g, o5 S o5 o
zels an STy b jad oo ool Jow gulos a5 cnl o po ot et ools &1l e
¢ oyt | 2Bl digai 10 4T 00,5 o oaeline Jol (g sl digai o o b o) ol
hos mls aiilen 0502l 93,8 5 035y F0aSs i (B30 Jow 90 sl I Lo ye lis g
50 a28,5 adold ol ayle;l el 5load aols Jos « ool Csdi glo digad jo . aS o 8,
dmgliie 500500 228 @l b e 8o Jol amb o (55 Lo Bl (Lol Joo bl &5 >
S Sl ol Jo s 0 S5 oy ol eS wigfs aS W el e Jow g0 0 S oy
o ol cde 00,5 L FY-F o £Y-F cladSh (o ond ool Jae db G Jae (ol Gl g8 A

Cooglie T-0 o 0 ouls &l o1, 5Lo &y azgi L adl 28 S5 6,0 az o aST > ¢ ol o1l

YYY



2 S e g il S8l aalss il wdade S Ceaglie aoi 50 g 0ad i S
030 dsrae ) ledSl o oS jshilas S5 oy 0 BBl ol pe Sl bes Caglie
LSS Al T il Ly (ol i - gy 13, p (Slaiz 3l 250

3 &ldion Jae sl S5 e (Sl Jol s Ko ¢ 090 G Sl g 5
o 50 0ot = g5 Pl FLd i )3 g 009 o ool o0l Jue 4 S (LS5 (Slog
B ol e oliyle;] gl i ay o3 Sl « Vo F 9 885 cllS2 4y amgi b Lol Jois
corwlin L Jow ¢ 50 cdies (8, do 50 ol oolarul Jow c 00,8 oo adanMe &S jshilen
oo ddy e S5 oy e AMIS aSiil ¢ Coil Conal Sl oS Gl aiSi > ol o L 0dl e
oS (Sledye 0 S| nl & 038 aalys by 53 )i, BB s (5 ki 3T alfin Jono
o Lall0sd swonnlin dald aiged sl Ve-F 9 73-F LSO o aF wil ails 0429 S5
S5s Ly ot s oo 33 sl Sl « a2l Sl il 5 55 L S S 0
200,5 o0y S5 Caoglin ¢ ol o> K ) i S5 (Sadb L asTe 00,8 asales

corbin s o, Sl fib (2001) Jow a5 S gaomme ;0 o5 (o0 by p (pl b azgi b
=95 L 2l ¢ (Solw e o Alaee and Karihaloo (2003) lawgs ool &3l)l Jow g azdilo
o N L eeld® salsss gmls o iz il g asl oo Swl )] las 4l a8 cud 00 )5 )

23 ot Slbos S s Rl sl ¢ Sl 1,55 0 (65T (S 5l &S Jow cnl Sl Bl

\YA



alrd lawg 30 i (100 pedd dplmo (g1 00 (8500 Jobo 99 Lo g (quy 0 i P-T'-F
e 5o ailes dawg 10 (S et drlone (gl 00l (Byme Joo 99 ay azgi b Cand (nl o

S pgo apdd Sl Lol Jaa ;o ol ooletul (g, - 9,65 (oo D0 Wil i (6l aalie - iy
agi a5 pgs g, Lal o a0, o8 ee Sud aS ot o il Jaug b ol 4S5 51 5 zrhans
Joms ay o055 Sl YY=5 5 YA-5 2llSs &) x93 b 50 ol 00 il Charkas et.al (2002)
e 15 5 00 oanltie 5o K00 slo Wigas plo 4o bt o055 5 caaled oyl il o Lol

led oolaul Lol Jaw o azd, IS« yig, sl 4y 5 ool Jao S olsie 4 Jow cpl 5l audley

ACI-2000-5-703-B1

Load (kN)

100

o= Charkas et al. {2002) model to calculate mid-span deflection
: Proposed model
L o e e - Experimental

£ L 1 I 1
] 10 20 30 40 50 60 70
Mid-Span Deflection (mm)

2oLl diged S (gl 5T dils Jawg K6 puds duslons (gl oalds oolazul (g, 90 auglis : V-7 IS5

1va



ACI-2000-5-703-B2

350F
300

250 ................ ....... ]

200k -

Load (kN)

150

Y] - Y A Charkas et al. (2002) model to caiculate mid-spén deﬂecﬁon
A i 1= Proposed modet
{ - Expetimental

g 5 10 15 20 25 30 35 40 45 50
Mid-Span Deflection (mmj}

ol L:AJ}O.! mw&d‘fﬂu&aw ML’?LA le).v ou ookauwl b:Jj)jn-J d.....%‘LE.n:VY &S

VA



L aol oo gl b Juto gy dunsy o : o Juad

doddo : V-V

Syrs ¢ st S ;3 FRP Clonics Jf odlital g« 15 ol s ot 53 €5 shales
Do 5 lez sl 10 0,5 &g dlge ol 5l celin o Slae U cosl 1 2l b slalasal,
riite b Jite laste bangi ol yuilpw j0 (g0l (sle adl ol g lalacal, sl oz 50
oliodsa>55 b 55 ael LU cpl jo o asl ol ol b oo a8l)] Joe aunlie (ol . ol so
5 Lt lalg,y 50, Slac 0g o (g0gals 5 0did (B yme pyas Juad jo dali ol s ¢ a0y
fib « ACT 440.2R-02 5l uiog cojlue a5 a0, F ailylaa,l oy 05 tad cod b alo
o= 50 . ISIS Canada (2Z001) 4 UK Technical Report No.55 (2000) « Bulletin 14 (2001)
Lo aob ol zubi U losT oalfagle)l golis 5 428,85 1,8 ) p 3,50 o0d (alejl digei ¥ Lisy
o duslin golis o a5 g el )l ¢ ol sales adasdle oS jshiles L 00,8 o dunlin Jos mll g
g o0 dpwlma 2ol ol lead Lo ael ol jo aST e ¢l an )T gy 5 adade oles Gl < 050
Eard b p 5185 00l al)] Joo jo oS cnl Jlo 0 ol 0,8 o S8 eolatil 00 o 2l (o

JLdy Sole 4 g i ailed Jawg (4150 dd Hlode uiomed g odd gy (aled alasd U (5135

VAN



Gi‘o‘éb_‘)aég‘soOydfM)@ﬁJ)LE)Jﬁw)o a5 ol ‘5:1__»_..'2_..40 J.tl.‘i QT Qlia)-:-:-*-’—ﬁ)-f:-‘

W a0l s T 2wl U Jow gl dalio s Y-V
sl glae e L ael ol ol b Jow zuls aglie cgor < ol o,Laf d00ds ;o oS jshilea
CpR0js ¢ 0 833l90 ¢ p sladlel (glo disai uludy gl 0,8 o JE (a2 0550 phaie
o0 gz Sl diged cpl Ll (o0 Y7 Jad Sl s 5 poode ¢ o0l < maopl < oo lex
S 0 odd Al _Bg5 (o, 58] o 5 SaS L L diid 00l Cugil aiges YA g aald diged Voo Jull
¢ Joae jloaal Cnsy ol Caizmes g Lo dal ol 5EK S0 j5mis Gub 5 ol oles alone
Soe £ rizmad 3 olas las e Jhin ol 0 . ol 00l oalass AY JIV-Y gl
ol 1 el 0ol 00,9] Jo o 5 oalKinle;] aulis g Lo aeli a5l s (ol oS St S

LD _Lmb} solerl J..\..e 9 2 dal u:_:‘j 4...4_'._5_4 g__Q_> 30 a—lt‘-’

(w85 Gile3D) sl 550 sl aiged 10 o5l (S80S 950 5 (aled Caoslie @l i VY Joor

M, (kN.m) Failure Mode
Model | ACI BS FIB Exp. | Model | ACI | BS | FIB | ISIS

10.71 8.6 7.2 6.74 6.7 6.4
19.11 | 13.49 8.07 7.6 10.92 | 10.14 |

(o215 GialesD) poo (5 0 6l Wigad sl (KirenS 390 5 2o Cusglin gl s V-V Jpur

M,,, (kN.m) Failure Mode
Exp. Model | ACI BS FIB Exp. | Model | ACI | BS FIB | ISIS

YAY



(920500 iale3]) g (5o Sl Wigad sl (Kot 050 5 altp Conglio b+ V=Y Jooor

(o aiges M, (kN.m) Failure Mode
Exp. | Model | ACI | BS | FIB | ISIS || Exp. | Model | ACI | BS | FIB | ISIS

X
45,78 4434 | 3539 [ 2953 | 328 | 32.54 C
44415 | 4486 | 36.25 | 29.7 | 33.21 | 33.37 C

42 40.05 37.2 30 3366 | 34.8 D
86.415 | 90.59 | 79.18 | 58.53 | 62.87 | 79.63 D
84.05 8278 | 81.81 | 5894 | 63.85 | 82.73 D

D
D

82.37 72.66 | 84.22 | 59.64 | 64.88 | 8548
68.25 61.19 59.2 | 5407 | 63778 | 61.26

A iiviielielle!

M, (kN.m) Failure Mode
Model | ACI | BS | FIB | ISIS |{ Exp. | Model | ACI | BS | FIB | ISIS

72 8.18 7.7 7.7 7.4
8.07 1384 | 11.8 | 1244 | 123
8.07 8.16 7.66 | 7.65 7.37
8.07 149 | 11.87 | 127 13.9
8.07 14.5 15.7 1 1571 | 13.51

( Concrete Crushing ) 5,Lad o Sab s> C

( FRP Debonding ) FRP Soiles:D

(FRP Rupture ) FRP 5,L:R

(2035l Ltales]) ponty (5 sl digai sl (SieenS 050 5 led Ceoglio s : O-Y Jour

Failure Mode
Exp. | Model [ ACI | BS | FiB [iSIS

Control
A3
B1
B2
B3

M, (kN.m) , Failure Mode ,
Exp. [ Model | ACI [ BS | FIB Exp. | Model | ACI | BS | FIB | ISIS
C C C C C

R R D D R
C C C C C
R R D D R

VAY



(pasad ialo))) 200 (55 sl digad slp (Situns 050 5 ld Ceaglio gl : V-V oz

M., (kN.m)
Exp. Model | ACI

M, (kN.m) Failure Mode
ACI BS FIB Exp. | Model | ACI | BS | FIB | ISIS

( Concrete Crushing ) (5,las o Sad 5,5

o o

(FRP Debonding ) FRP Suslas -

X

( FRP Rupture ) FRP ‘;)LJ

s G oK ilesl ol Joo i cogd e onalie Jolio plmll jo oS jshiles

QLzm ozt é[g&ﬂiﬁdbg)l@f));ppé_bbu_e}"_iﬁof 5)15.9 x_..ls[),\lﬁé..al_: uﬁial_b
Jgomz 0 ¢ Staleyl sl el canay oly Sl & Joe 5 1o asli ] boagy oanl censs ol
oo adl sl 51 S, gl s @Sl SasuS g0 Gillal 0oy Cpizmen . Coal 0dd 00,50 4V
(_gl)__x.c,‘_..»lo.;_..f:d._?l)l"t—v Jj&)ojodﬁo)fdwbuow CQ}SS‘_QLQ AJ}QJW&I)_;JM
sgo Ly Joe po 50 Ll ol onal casny Sus0uF 0g0 a5 lo diged oloai « o)y ol dilore

100 sace ;o g oo puudi Lo aigas 5 oloai s il dillay Gialesl slsael cnny  Susn§

005 (0 oyt

YAY



lo dal oyl g Jow gl dunglio : A=Y Jgas

Muur,theoretical S/“ . . ? .;9.0 &th M) S

UK. TR. (BS) 0.72 0.13 68.97
FIB 0.77 0.12 65.52
ISIS | o 0.21 37.93

¢ Jauz cpl j00ad asline gla el )l elad 0 09l e 0valine 1Y Jguz 0 a5 jshilas

2l ¢ ol slateglie i uSilie Blod 50l (i o el ol gl @ o Joo i
el Sy olligleyl bt L o5 il (0 0.95 ol st 8yas olo diged gl Jos
5,800 aal ol 90 @ i 1) (6,55005 G ISIS o 51 am g ACT asb e Jas Jlis 4 Wl
Shoasteols flasiog 3 3l g miuy o 5 abablons FIB ¢ BS asl ol g0 adly 10 g 00ls oyl 0g5
o,lugd 4§ as ab [y o de o ieS oud &)l Jow o jlae Bl il 5 Lo 0oly 0dgumme Ol sy Bl
Soma 800 3 Lol el 0ad ol 5 cied Cunglin aculons (o o anl T & cos o 655 5
Sl o ol el anily Lo del ol 500 Cnd (610 Hlewn ol Jow 1 oSl Sis S
S5 ay ey andl. coul ools @il 095 ol aliali [l 0550 cpl 0 ISIS aals (ol oS
Sodlaz « Lazaly ol jo a8 caaf o1 51 GBUISIS ael ool o y1alyly ol ol aals oS oo
= A8n BLS Sygo dnolyen 0 g FRP (o Jlail a5 005 (0 (23 5 0ts ] 58 FRP
3 g araly (¢ min Coles 5,00 ol & Cuwi FIB 9 BS Logas Lo ael oyl oo jo el el
sy sl ¢ o B 5l Yyoun a1z « sl a0 iS00z olSiiales] gults & il gl
ol s daslie gly . Xigd oo 4ieand FRP Sl jil,« iad & )p0 4 FRP L oad

)_QLQJS_&Q{‘)Q.C;.Q‘Q-J_:JM)){)‘Q)PQOAVGH\‘VGWLLﬁéAUOﬁ‘I@bbJM

YAD



Slis cadl 0ol ey a3 3l 5 b a5 (90 0 g 00 digad S eaauilid bla 3l S
bl 5l aS oo L gadogiys aal ol by ole loe oo an lore lade aSiul
SaS diges o] WS> KisunS 050 Gl sozeailes « blas og g8 uimras . ol oliyle;!
ol oo Stalesl 5 socel Caidy (Kt 050 b el ool iy Joo by 5 abogy o anls oy
50 a5 jshilan . sl o oS> (Fimed 050 Glai pas Sily o] Gasr S5 5 ganlndyo
aal el 5ol o alRinle;l bt ar 005l Jue s < a5d oo oaalin V-V S
o 2dalesl s jl g it alold « ole oo GRlEIL 5 00 o> 5 yitp b cla
G gl ¢ PS50 o0l ooy las lows Ol pesd 00900t coled 0 Loyad Juwe o Lol W, 8

el S0 Joe gl 4y a0l

Model Result
100 T T T T —T T T T T
a0 A N
80+ A .
AN
A

70+ A 4
€
=
X g0} A N
= A A
c A
5
= 0r 7
= b
L
T 4ok A N
g aAdd
(= A

30+ .

A
20+ —
A
10F 4
0 | i L ol Jo i 1 i i
0 10 20 30 40 50 60 70 80 80 100

Experimental Moment (kN.m)

beon 4 o PR LT B <3
b $ga) adS gl Jos mln V-Y S8

\AF



Theoretical Moment (kN.m)

Theoretical Moment (kN.m)

100

90

80

70

60

50

40

30

20

10

100

90

80

70

60

50

40

30

20

10

ACI Result

T T T T T T T 3 T

o o

A 1 B -

i
0 10 20 30 40 50 60 70 80 90 100
Experimental Moment (kN.m)

! i —t 1 i

b yes &S (sTs ACT 440 2R.02 als (o] gl - T=¥ IS5

UK. TR. Resuit

T T T T T T T T T

Ei

—t 1 g 1 |2 I 4 1 —i

0 10 20 30 40 50 60 70 80 90 100

Experimental Moment (kN.m)

———l
-t

s wges 4ol (gl UK Technical Report No.55 (BS) a.b (0

VAY



Theoretical Moment (kN.m)

Theoretical Moment (kN.m)

100

90

80

70

60

50

40

30

20

10

100

90

80

70

60

50

40

30

20

10

FIB Result

—l 1 —l 1 L. 1 —t I\

T T ¥ T T T T T T

10 20 30 40 50 60 70 80 90 100

Experimental Moment (kN.m)

(o diges adS” gl 2 /7B Bulletin 14 (2001) asb /ol bl ¥ 5

SIS Result

— 1 . L

T T T T T T T

1 1 L -

1
10 20 30 40 50 80 70 80 90
Experimental Moment (kN.m)

t g als o1, ISIS Canada (2001) wb ol mts i a-v s

YAA



Ololidudn 9 (55 Ao ¢ (Guuro : piled i

Sy Amdd g (oo S Ol (o0 el L 50 0l il Gl gy az g b ad a0
(FRP L oo s doyl 0 (gl yud sy yr 9 Judoed (gl 0 s alamMa a5 jghailen . 0gai S
59+ Sl 00 oolai il gl oo S ool Bles B 5 ledaws b o 5 00l &l oS (6,655 (slpdae
s it p Ly ol e 5y 500095 03y Sl s 0y 3 0 e Lol
O 5 6,108 G (i L L8, (5,8 L cabgie Joe po el onnd S ddlf 380
St 1 50, Blad ogdlay 5 ghate glyd Cosglie o 28 0 g S 57 Ceaglin yols Sdleo
Lol conan o oolBinle;] zmlii b duglin 10 055 sl zulii « g0V o8 sla,gila,l 6l (Sa
SiFeS 39— &5 olb digei ;3 (pglhae ol 4 Juo cnl ¢ (Sadlax S5 ldae (59,5 9)ls
sbopi JLad, Julow o Jal5 Jos ey Jaass g8y 5o g asdl s cudl oo St Ll oS>
DLl el 3 555 IS ity Ml IS ko &y 30,5 (FRP U s S & 00 g
Fadled (goipnez ) oot ) il (oo T, Lol U ol 5l el
g 0,8 e c dorie ales il Laditee SIS (o dS 009 CajealS £95 SGFRP 0lge <
S Congl o a5 0591 3, 9 Sl FRP Glxas onims JuSid glizl . aial 0 0920

Cae oo olad og 5l Bl sy o oYL

VA4



S8 g i ¢ B Djga A (o5 Lo 05l (glunnglie g 0 FRP Clie <
O35 A CrnglBe o 09y S 3 Ol8 oo 1y Wil 0 )l (2T Ll s 5 o0 sl
3y pl (T3 il 0 liteglie 5 cual (I, Guizan 5 0Y58 L daunlis o Lyl
a0l i sl (ohas JB8, Julod gz j0 cad lo Jad cnl glasl ;0 o5 pshilea <
iyt Ly o LB, ¢ 0aisS ools 3led, b a5 el 0 ail,f olgfos < FRP b o g
sla il o, o gi Logas goae BT oSS o jui olgmdled < Lol ol jo Lol L ail aogas
Gl 428,58 &g < Dgaous sl o
g et SiPtnS W 90 At war 0 FRP ool Cogdd slo s (KbuS slooge <
St 59 4 095 (ot S o) 3l AL &8 Dig (oo (50 el Tt
GllSs o ((Sudlas) pgo aiws . 00,5 e oaslinw FRP 5L 4 g lid oy Sobo,>
Dby oomdlos ¢ ol sla il o FRP 4 s Satlaz il o jionl, a5 a0l sago 8lise
8l (o0 2Dy g oe> SlS ) S 0 FRP axmie  Sodlie 5 o228 o
5 009 yzuly Jol 0550 g0 ¢ Sadlie 5l 23U 0 Koe S 0 00l PBpae dlws dw jf <
2 Sz saay (o Gl b adal) )0 (g 5don sledone 1) e wtdl o BT 20 pos 9590
Gl ool &IV laz anl iy Jol 0590 g0
035 (¥4 s FRP 0¥ 1y (sletd Jelow iy 5o « FRP (glecil o (Sadloa J 5 sldoe <
LS g (K005 50 5 5 5o ST Sl (B L g s - g0 CuaSB 6555 L g
cebyme LT 51 Joa i aal sl oyl o 45 il ooged il 1, Jlaily, ¢ ozl o 3list ]
BRVER ¢
S Soamdlaz aSlz coog (i (oAES Cuaglin iy g by (bl S5 sledae <

slticwly o oa sl oy g ay sl )5 olazal b g ools &, o285 i ,0 Jsle slo,gile,] Joro



90 dhaly ol 300 00,5 e lam 15 3l 1 as odiws FRP Y oljsm a4y 22y idigy « Lo ygile ]
-Gl 00l (B Jue
sl Faslar a8 ol Joo S« alisie glo digas olfilesl ml @y amgi b <
Dt 055 31 it bt 5 9,Shos o 3%y ey sl S ol Jae Ko 9 FRP
Jos pgd 3,50 ;0 g Malek et al. (1998) Jas Jol 5,50 10 a5 Cand ool Gleil ¢ ail 0ols
s i () ¢ a5l A5l 458,5 JS0 IS 5,5 90 b 4l by ool Joe <
FRP Gy 3530 5 (7 ¢ (si 4 8) ale (go (3 gelas 5 1 s 55 0 2 990
L O9h (o0 yLS 1o T g

aod> 15 9o Olo (oo by T Gl ki - 9500 JL8) Jedod 5 gy 50 Jobe 9 8ee R

3900
ol CEB oluly a5 < 0.0035 G0 jlode 5f o led )b iV o i)S olss v
el g ld o Sado >
oo it Ay olid 6 YL o 50T bl szl K00 50 50T dele V7
- adate glas )l yo 2,8

iz 2 ln by gl OF po (i Jlade g7 oo alalie 5l glaif yo 50 (10 rib L v
gs—*“-“‘jLSL—‘—”)yLé"“)B—”‘S)-‘u—h S e g lad s el oS )

.;,)Q‘x____:m‘ &hﬂ_cul_:ml.uta_a.)a._d Y L._U!FRPS‘S)LJ‘SLQJJJ‘_Q)
S (Fad S 55T (28 L (s g D90 4 ygile)T (sl 25,5 - 5 e, Y

.o&;@m;;&)a

V40



D90 4 (AT 55 Sl 5 Seten Dge a5l G sl GRS - T Sl
il 03,55 S 5 oy dy9e p S5 BB aIi L 00,8 e Lpyd CEB Lulul,y as g
T o olaii,S o 5 Sl b asle avab bee 25,5 - aad alayly S0 55 50
s 5,5 oo m i abaly I ams e i | 093 i1 LFadjl Oy d g 00
CEB a sl oyl 5l tasgs &yg0 ay adaf) o ol a8 aud Blow )5 Caaglin arlos

200,5 o gl

(i o U iYL o 1S ke ril Lo S5 (Sadil Slhes dsslona gl v
il 30 Fossl ol ol Alace and Karihaloo (2003) L 5 /ib (2001) Luls, ;i
gt i)l o (Sl ke ht Olsd (2,8 g ool e i 5)La8 B a3
ol asloe 5 ¢ i) alais a0 S5 e«

polie Glow aulome 5o ol (oo« 2 LS U a3Vl o S T ke o gl Y
YL )0 S e 1) o JBline (les (sl adate slizwl ¢ (115l Boc 5 alaia
Sy 1) atade slamil - Glase pl,Sho ol g 0050 sy 135 )6 e (g)L2d b
L5l

slimil @597 Ol (on low @ G bzl Dt 5 3 Jsb 0 plew gy Rl L Y
e e K g3 Al oolin ol SaS L Ll g 00 5] oy ) 3 Job 3
COged dpwbe 1) a5 0500 ahais )0 (86

Sl b g 55 ds 00y (6o, ke lg e sud 050 09z g alade clas il LV

B 4 Gl dlone LB 25 e i - 9 el b0 Bl ¢ Gl 2 50 Ol pnsS

a3l (oo Joe ol

Moment - Area |

Y4y



o 5 438,515 Lo oolo ozl o  SK81F O g0 @ aS 0,8 se plonil ¢ o 00l ags S
8l oo F e et g eSO Ojpe e 1 29y

el 00 CusBl LD Blod 5l A5 oslait 4y 5 a5 00 5 e 8 ead &) Juw 0 v

14y



=i 1-A

a5 gloud G sdi sld diged Crimen g il 0did Cusdi FRP L as vald slbe aiges ;o <
laicadl L FRP (SF)LL o g)lad oo (Faso s &jgo 4 il )0 oSl S508 590
SO el bl ¢ (50,05 I 69,0 Al ye a0 elfitlejl gl @y o s
Al e S5 et € 2l Sl 5 0¥

coab (Sadlho gladge 3 S Ll oSl S5 050 a5 gl 0ol Cagii glo aigai 0 <
aliod 5 53,05 55 3,0 Sl o Stz s S8 slofae s gy Jae gl
S i glocie o plas Clls o Lal sy olKisleyl zulis oy Shoji c oV58 Fa ol
FRP slgsil o sudlr clls g0 4o Faslie Jm8 cldos 50,5 ol b o las gl
o S35 s b olad b 5 aliilel gl oy Jae gl ¢ (G Gl Gtz
co0,8

FRP Ly iad O dy 0l S gl az 5 wald dz o la diged solod (gl LS b ay <
Sl iglar olltylejl ml oy o o (Sl Bl 8 5 clleo by (Lol Jos glis
conal oo gl Shap Ly 5 4zl

e 9920 9V 08 0l anr o5 ol Jae 0 o¥58 S Sk 58,5 B it <
3oy sl S0 alie MalS b g0 48 K Suusi - g0 lael, Sl o 51 L8 g 05
Aty Sl 93 sl S s T 58,5055 alandy ¢ Lol e 5 (a5 s
i3l ol s 0ms e Hlid 0g3 5l onizs Bl o jo 3l oplas Jas e s 5,58
03,5 o oS FRP L osd Cugas slo aiges 10 g 00 yidon aald slo diges 4o

o el 53 LS abaie led Cnglie ;3 03,95 S5 o Ceaglie 528,5 Jai 0 55l <

(5 9= ek 5l am g oot ey T (59,95 S5 £9pd 5l e g Ol et - g oSl

19F



LS TSRS PE I RU-JOVI I3 JRCHPLY JESRAC SRV P G [ [ PR PRIt
(005 g iy ¢ ol 4Ll | 228 Jaoe bl S5 S (g i 5l 5 axdly il

LS (4ol 55 503 55 Soaglie b olyon (S 55 Seaglie 38,5 0 b <
9 S o Songla SINS a5 (Joe g (hol Jo oy BB g 0392 e i - 9
Lo g 0Ygd (Fod el sl dmy g 00l £905 6,5k sl les 5l wiS Jlaid e S
O el Colie i 2aS 9 S5 (Fadil (Rl )0 i ol e £ 005 oo iaS ol
cadl o (A5

g Al Og-2g ok gldd ¢ ainles oo dnulowe |, ST o0 aF Joe 90 e dnlie o <
fib Joe gl ol8 tyleT gl Uy aglie o Lol ¢ 0l o ot Sp0 30 Ly LT gl
Jib Joo (Souza Wl ol o 205 Alaee and Karihaloo (2003) Jow ol 4y coed
5 ool Joos Sy lsas 4 Alaee and Karihaloo (2003) Jows 5l ols5 oo 1) g o0 sty
- g oolauml

Charkas et al. (2002) Jawgs ouds B Joao b ol Jow ol us avulows cga 0 <
= el Joms d i pgd Jow (ol v azgi b i 090 Gl )0 1 g 0050 S0 5 s
0,5 oolanul Jow ol 5T les

2l ey Joms i ¢ odol o 5o Vb o lge slad (9,8 Blod b S ol oo cules o <
a0 15,05 lad Sl 5 9VsE Sk peld ¢ (50,55 S5 g5,h Sl a8yl
R Y PRI R

Lo aali ol aSil a an g Lo ol8iyle;] ol b asel Ll ;o ool adl)f Jos aslie 0 <

Ol (50 ¢ 30 (o0 )8 drlons 9,90 | ghaie (2l Cuaglie 9 03 (o) |y piled > Lo

syo dbal) ol o 05 aidnlis Lo a ol o ol bt b olas cesglin Ll 511, Jae ol

ARYA



oo danlie alfisle;l b b ¢ suel Caway dal (il 5 Joe bawgs a5 15 oSl (Kt
2 2Bilejl b ey 20055l Jae gl a5 aeo oo ot Ly cnl 4z el
sl by ada g e Lo ael a8 cod oy cpl g ¢ 09 o ael ol el b aylis
doli oyl ily ol joaiyl zlias 05 Slilze jo eyl cu b Sy a legy) ¢ b
10 00, el altlal gults o e |, ults 250035 ISIS aal oyl o] iy 5 ACI
olii 0g5 1 bt cp 3 ail,l5 abdloe ¢ fib o1 Jlis ar g UK. TR (55) 4ol fyul oS>

R IPRIAY

(Ve



Slolgadon 1 T-A
0 5 08 el FRP olse e JolS5 glival, o 5 ameli loly cral Eosmae ddlal o
00,5 oo &)l 53 Oy Slolgiing ol ol pglae
2 =50 5,95 Jame o Wl g FRP o b (50 slea sl polie 0 17 J18) oy <
3 e e A b 0 O] A 43S B (S5 9, alid 315 el gz
o Jdos cam o JulS oy Joe O a glei oo e anb b o oo sl Jue bl Gedls
LS8l o ¢ oud Cogdi FRP ilrin b oS (gl as)] i 5
4l ol By 9 (i 55l palde 0 FRP (Futlar slodge 55) 2 5505 <
ol oLl lay peo Juad o S Sew  Saudlus slaogs
it e 5o aliee slo el )y il it 51wy Sz o les cliylesl el <
FRP loras b oads Cugali b Cusglie
o Sealips gl oo FRP lonio by o0 gl 55,03, ooyt sl 6985 Jobe il <
FRP Silorio b oo Cogii an, | oy eWlasl o) cqer jo Jae @l <
JFRP Glorio ool o gii de,l ot slaggin Jl, ooy o jo Jae al)! <
Slotio Ly (ot &5 a 00 Coshi del (2 loyed 18 s Sz 4o Jas ) <

B N UL g} FRP

Vay



REFERENCES

CODES :

1) ACI 440.2R (2002) , “Guide for the Design and Construction of Externally
Bonded FRP Systems for Strengthening Concrete Structures” , Draft Report by ACI
Committee 440 , American Concrete Institute , Farmington Hills .

2) Concrete Society Technical Report No. 55 (2000) , “Design Guidance for
Strengthening Concrete Structures Using Fibre Composite Materials™ , Report of a
Concrete Society Committee .

3) FIB , Federation Internationale du Beton (2001) , Bulletin 14 |, “Externally
Bonded FRP Reinforcement for RC Structures” , Technical Report ,Task Group 9.3.

4) Model Code 90 , CEB-FIP Committee , Lausanne , 1993 .

5) Neale K. (2001), “Strengthening Reinforced Concrete Structures with Externally-
Bonded Fibre Reinforced Polymers™ , Design Manual No 4 | ISIS Canada .

OTHER REFERENCES :

6) Ahmed O. and Van Gemert D. (1999) ; “Effect of Longitudinal Carbon Fiber
Reinforced Plastic Laminates on Shear Capacity of Reinforced Concrete Beams™ ,
Fourth International Symposium on Fiber Reinforced Polymer Reinforcement for
Reinforced Concrete Structures , ACI International SP-188 | pp. 933-943 .

7) Alace F.J. and Karihaloo B.L. (2003) ; “Fracture Model for Flexural Failure of
Beams Retrofitted with CARDIFRC” , ASCE , Journal of Structural Engineering
,September 2003 |, Vol. 129 , No. 9, pp. 1028-1038 .

8) Arduini M. , Tommaso A.D. and Nanni A. (1997) ; “Brittle Failure in FRP Plate
and Sheet Bonded Beams” , ACI Structural Journal , V. 94 | No. 4, July — August
1997 , pp. 363-370 .

9) Beber AJ. , Campos Filho A. and Campagnolo J.L. (2001) ; “CFRP 1in the
Strengthening of Reinforced Concrete Beams™ | Proceedings of the International
Conference on FRP Composites in Civil Engineeting , 12 — 15 December 2001 ,
Hong Kong , China , pp. 391-398 .

10) Benham P.P.and Crawford R.J. (1990) ; “ Mechanics of Engineering Materials™ ,
John Wiley & Sons Inc. , Fourth impression published , pp. 356 .

VAA



11) Bonacci F. and Maalej M. (2000) ; “Externally Bonded Fiber-Reinfored Polymer
for Rehabilitiation of Corrosion Damaged Concrete Beams™ , ACI Structural Journal
, V.97 ,No. 5, September - October 2000, pp. 703-711 .

12) Brena S.F. , Bramblett RM. , Wood S.L.. and Kreger M.E. (2003) ; “Increasing
Flexural Capacity of Reinforced Concrete Beams Using Carbon Fiber-Reinforced
Polymer Composites” , ACI Structural Journal , V. 100 , No. 1, January — February
2003 , pp. 36-46 .

13) Brosens K. and Van Gemert D. (2001) ; “ Anchorage of Externally Bonded
Reinforcements Subjected to Combined Shear/Bending Action” , Proceedings of the
International Conference on FRP Composites in Civil Engineering , 12 — 15
December 2001 , Hong Kong , China , pp. 589-596 .

14) Charkas H., Rasheed H.A. and Melhem H. (2002) ; “Simplified Load-Deflection
Calculations of FRP Strengthened RC Beams Based on a Rigorous Approach”, 15™
ASCE Engineering Mechanics Conference , June 2-5 , 2002 , Columbia University ,
New York , NY , pp. 1-8.

15) Grace N.F. , Abdel-Sayed G. and Ragheb W.F. (2002) ; “Strengthening of
Concrete Beams Using Innovative Ductile Fiber-Reinforced Polymer Fabric” , ACI
Structural Journal , V. 99 | No. 5, September —~ October 2002 , pp. 692-700 .

16) Kachlakev D.I. and Bames W.A. (1999) ; “Flexural and Shear Performance of
Concrete Beams Strengthened with Fiber Reinforced Polymer Laminates” , Fourth
International Symposium on Fiber Reinforced Polymer Reinforcement for
Reinforced Concrete Structures , ACI International SP-188 , pp. 959-972 .

17) Kage T. , Masuda Y. and Ina T.(1999); “Influence of Separation on Flexural
Performance of Reinforced Concrete Beams Reinforced by Carbon Fiber Reinforced
Polymer Sheets” , Fourth International Symposium on Fiber Reinforced Polymer
Reinforcement for Reinforced Concrete Structures , ACI International SP-188 | pp.
1009-1021 .

18) Kishi N. , Mikami H. , Matsuoka K.G. and Kurihashi Y. (2001) ; “Failure
Behavior of Flexural Strengthened RC Beams with AFRP Sheet” , Proceedings of
the 5™ International Conference on Fiber-Reinforced Plastics for Reinforced
Concrete Structures (FRPRCS-5) ,16 — 18 July 2001 ,Cambridge , UK, pp. 87-95 .

19) Lamanna A.J., Bank L.C. and Scott D.W. (2001) ; “Rapid Flexural Strengthening
of RC Beams Using Powder Actuated Fasteners and FRP Strips” , Proceedings of
the 5™ International Conference on Fiber-Reinforced Plastics for Reinforced
Concrete Structures (FRPRCS-5) ,16 — 18 July 2001 ,Cambridge , UK, pp. 389-397 .

20) Leong K.S. and Maalej M. (2003) ; “Effect of Beam Size on Interfacial Shear
Stresses and Failure Mode of FRP-Bonded Beams” , Proceedings of the 6™
International Symposium on FRP Reinforcement for Concrete Structures (FRPRCS-
6) ,8 — 10 July 2003 Singapore , pp. 257-266 .

149



21) Maalej M. and Bian Y. (2001) ; “Interfacial Shear Stress Concentration in RC
Beams Strengthened in Flexure with Externally — Bonded FRP” , Proceedings of the
International Conference on FRP Composites in Civil Engineering , 12 — 15
December 2001 , Hong Kong , China , pp. 519-526 .

22) Malek A.M. , Saadatmanesh H. and Ehsani M.R. (1998) ; “Prediction of Failure
Load of R/C Beams Strengthened with FRP Palte Due to Stress Concentration at
Plate End” , ACI Structural Journal , V. 95, No. 1, January — February 1998 , pp.
142-152 .

23) Mihilmy M.T. and Tedesco J.W. (2000) ; “Analysis of Reinforced Concrete
Beams Strenghtened with FRP Laminates”™ , ASCE , Joumnal of Structural
Engineering , Vol. 126 , No. 6 , June 2000 , pp. 684-691 .

24) Raoof M. and Hassanen A.H. (2000) ; “Peeling Failure of Reinforced Concrete
Beams with Fiber-Reinforced Plastic or Steel Plates Glued to Their Soffits” ,
Proceedings of the Institution of Civil Enginers , Structures and Buildings , Vol. 140
, August 2000 , pp. 291-305 .

25) Rizkalla S.H. and Hassan T. (2003) ; “Bond Characteristics of Various FRP
Strengthening Techniques™ , Proceedings of the 6" International Symposium on
FRP Reinforcement for Concrete Structures (FRPRCS-6) ,8 — 10 July 2003
,Singapore , pp. 123-132.

26) Ross C. A. , Jerome DM. , Tedesco J.W. and Hughes M.L. (1999) ;
“Strengthening of Reinforced Concrete Beams with Externally Bonded Composite
Laminates” , ACI Structural Journal , V. 96 , No. 2 , March — April 1999 , pp. 212-
220 .

27) Saadatmanesh H. and Malek A. M. (1998) ; “Design Guidelines for Flexural
Strengthening of RC Beams with FRP Plates” , ASCE , Journal of Composite for
Construction , Vol.2 , No.4 | pp. 158-164 .

28) Sagawa Y., Matsushita H. and Tsuruta H. (2001) ; “Anchoring Method of Carbon
Fiber Sheet for Strengthening of Reinforced Concrete Beams™ , Proceedings of the
5™ International Conference on Fiber-Reinforced Plastics for Reinforced Concrete
Structures (FRPRCS-5) ,16 — 18 July 2001 ,Cambridge , UK, pp. 409-417 .

29) Sharif A. , Al-Sulaimani G.J. , Basunbul .A. , Baluch M.H. and Ghaleb B.N.
(1994) ; “Strengthening of Initially Loaded Reinforced Concrete Beams Using FRP
Plates” , ACI Structural Journal , V. 91, No. 2, March — Appril 1994 | pp. 160-168 .

30) Shehata 1.A.E. , Cerqueira E.C. and Pinto C.T.M. (2001) ; “Strengthening of RC
Beams in Flexure and Shear Using CFRP Laminate” , Proceedings of the 5"
International Conference on Fiber-Reinforced Plastics for Reinforced Concrete
Structures (FRPRCS-5) ,16 — 18 July 2001 ,Cambridge , UK, pp. 97-106 .



31) Shin Y.S. and Lee C. (2003) ; “Flexural Behavior of Reinforced Concrete Beams
Strengthened with Carbon Fiber-Reinforced Polymer Laminates at Different Levels
of Sustaining Load” , ACI Structural Journal , V. 100, No. 2 , March — April 2003 ,
pp. 231-239 .

32) Shokriech M.M. and Mousavi Malevajerdy A. (2001) ; “Strengthening of
Reinforced Concrete Beams Using Composite Laminates” , Proceedings of the
International Conference on FRP Composites in Civil Engineering , 12 — 15
December 2001 , Hong Kong , China , pp. 507-515 .

33) Takahashi Y. and Sato Y. (2003) ; “Flexural Behavior of RC Beams Externally
Reinforced with Carbon Fiber Sheets” , Proceedings of the 6™ International
Symposium on FRP Reinforcement for Concrete Structures (FRPRCS-6),8 — 10
July 2003 |Singapore , pp. 237-246 .

34) Tann D.B. , Shin J.K.C., Delpak R. and Andreou E. (2001) ; “Optimum Design
Approach for FRP Strengthening of RC Elements in Flexure” , Proceedings of the
International Conference on FRP Composites in Civil Engineering , 12 — 15
December 2001 , Hong Kong , China , pp. 475-482 .

35) Teng J.G. , Chen J.F. , Smith S.T. and Lam L. (2001) ; “FRP-Strengthened RC
Structures” , John Wiley & Sons .

36) Toutanji H., Deng Y., Zhang Y. and Balaguru P. (2001) ; “The Use of Inorganic
Matrix for Strengthening of RC Beams with Carbon Sheets” , Proceedings of the
International Conference on FRP Composites in Civil Engineering , 12 — 15
December 2001 , Hong Kong , China , pp. 1117-1126 .

37) Tumialan G. , Serra P. , Nanni A. and Belarbi A. (1999) ; “Concrete Cover
Delamination in Reinforced Concrete Beams Strenghtened with Carbon Fiber
Reinforced Polymer Sheets” , Fourth International Symposium on Fiber Reinforced
Polymer Reinforcement for Reinforced Concrete Structures , ACI International SP-
188 , pp. 725-735 .

38) Valcuende M. , Benlloch J. and Parra C.J. (2003) ; “Ductility of Reinforced
Concrete Beams Strengthened with CFRP Strips and Fabric” , Proceedings of the 6™
International Symposium on FRP Reinforcement for Concrete Structures (FRPRCS-
6) ,8 — 10 July 2003 ,Singapore , pp. 337-346 .

39) Weijian Y. and Huiming H. (2001) ; “Experimental Study on the Flexural
Behavior of RC Beams Strengthened with CFRP Laminates” , Proceedings of the
International Conference on FRP Composites in Civil Engineering , 12 — 15
December 2001 , Hong Kong , China , pp. 399-405 .

40) Wu Z., Matsuzaki T. , Yokoyama K. and Kanda T. (1999) ; “Retrofitting Method
for Reinforced Concrete Structures with Externally Prestressed Carbon Fiber
Sheets” , Fourth International Symposium on Fiber Reinforced Polymer



Reinforcement for Reinforced Concrete Structures , ACI International SP-188 , pp.
751-765 .

41) Xiong G.J., Jiang H. , Huang J.Z., Yang J.Z. and XIE H.C. (2001) ; “Behavior of
Concrete Beams Strengthened with Hybrid Carbon Fiber - Glass Fiber Sheets™,
Proceedings of the International Conference on FRP Composites in Civil
Engineering , 12 — 15 December 2001 , Hong Kong , China , pp. 407-414 .

42) Yoshizawa H. and Wu Z. (1999) ; “Crack Behvior of Plain Concrete and
Reinforced Concrete Members Strengthened with Carbon Fiber Sheets”, Fourth
International Symposium on Fiber Reinforced Polymer Reinforcement for
Reinforced Concrete Structures , ACI International SP-188 , pp. 767-779 .

43) Zhang G.F. , Kishi N. and Mikami H. (2003) ; “Influence of Material Properties
of FRPs on Strength of Flexural Strengthened RC Beams” , Proceedings of the 6"
International Symposium on FRP Reinforcement for Concrete Structures (FRPRCS-
6) ,8 — 10 July 2003 ,Singapore , pp. 327-336 .

44) Ziraba Y. N. , Baluch M. H. , Basunbul I. A., Sharif A. M. | Azad A. K. and Al-

Sulaimani G. J. (1994) ; “Guidelines Towards the Design of Reinforced Concrete
Beams with External Plates” , ACI Structural Journal , V.91 , No. 6 , pp. 639-646 .

Yoy



o 9 FRP QY&HJLO)SSGJ.@J.?@'MW:QH_WH

hiloes 5 taie dy 8283 o Jow ol o 5 0o 481, Malek et al. (1998) Lawgi s, ool
Sled . colaid S o 50 JFRP lesl o (Sadlaa 85 Cue o g FRP @Y sletas
el Jaw ol
- 59Ysh sloygile)l 5 om ¢ (STl (FRP (gl (80,5 a0 o i Jas olpnss ¢
o g FRP (333 0929 pas (25 ¢
- ghie gyl o 24,5 (s Slpess ¢
Obes b g o los b amb )0 Voouos FRP (glgail 51,2 ¢ aly (ooi lata e Slud 9 0

Cogei 28 st Djge aydlge gl 1) RS - s St GlgT oo (b 9 0,10 1,8 08

‘fa’éﬁg&'etf_:..uL@:\~=éﬂ

Gl ailre BB 5 adal, SIFRP @Y ey oads Jlasl 23y s V-l S ol

(x) = df(fiix) t (V=)

s

MLGAWWL?EJstJBFRP dxw)osx.wfwsff(x) ui)odf

Yov



Jx)

w(x) '

“i —7 N RS
s~ FRP | peem
dx

FRPW,_;BJJJOM JLAC' ,_gLQ,.u....’ \‘—»CL” ‘JS":’

04 emmgiil ) Oygo dr dlgs o V-l alal, ¢ das Sl LS, 58 L

df;(x) _G,(du L )
dx I, \dy dx B

=532 J930 G g 035 oy 4V )3 (69508 g (Bl (it i f 4V 5 Gl 0 a5

oy dalem dmi X Ay Cannd (Y-call) ala)l) sl 200

1) _G,[du d y
dx® 1, \dxdy dx? (F-alh
caul e Cy a5l pted i g (ohes (las (s alad
dv__M |
d* EI, (F-alh

2 u"._' u_.)l__'().b Jé'.'_e C.J.’.’.Q..~A LF“"H! ul.a.z_‘ I;;- 35 ,‘._,._S o 52 O_'L: 4\7-‘-_:'7~-Y! Jg..\_e cEC LJ' 52 4y

VL COPRVISVEIPY PP BUVITS SN d*u/dxdy ogdle . aily

L1, -s) Y
ddy 1, (6l

é___)_Yk__.el_?L_otaa.)__&le_At_;..‘_?é\.i\.} 63“.35&‘)__53’1:!)\) U—J)SL‘T!)) 4.1\85-581fd1)¢ FLY

095 g0 egih ) Doge & (Y-l adal) Gl cod



dsz(x)_@_(g_f_&_*— M '
d®> o\, 1, EI (5-all)

\ “a “a ct1r
Q.g_i).gl_l.gjoos_.g &}YMWQQMMMB U‘—’-‘ wbm)! £ g w%)‘m

95 (g2 gl pj Dz dy (Pocill) dlaly aoii o L 0gai b s T 51l e

dsz(x) _ Ga (gf_g )

de - tfta (Y*J-”)

Shocead can v auly G0 o sas n v f(X) g dorbis aiataY Jgaa By ol 0 a8

590 Gy oy adady ST FRP o s ad conm g Juendlyins alolas olgs oo (Y-call) aladf,

dsz(‘x) _ Gaff(x) _ f;(X)Ga (A g_Q.”
d* 1t E, 1tE, it

0] oo Cewds FRP dambn 28§ it ol oy adady o YU Leiléyo alales o

£,(x) = C, sinh(yAx)+ C, cosh(y/dx )+ bx? + byx + b, (-l
ol o as
A= fafi;;ff )
b = y]a‘gf (V) -all)
b, = ]Wif (2a,L, +a,) () Y-ally
by = Ef[—gg—c(a]Lﬁ +a,l, + a3)+ 2b, %J (VY-call)

u;_&b l—’u‘&—? w3 gy « ay u___{‘fa Ml?na Lg‘).gjoos_gFRP LS‘LQ;"‘ e X c‘..L;.AJ.?uv

Oges ooleiul g adal) sl ol8 AT e 5l ok o lee Ol sy o Sl

AREA



M(xo):a1x§ T ayx, +4d; (\$-h)
sl o8 4S5 U FRP ain slyail dlold 51 a5 6,0 4y wlily oo o 4S5 0 0 sloe Joxs
Sl ) O ygee A X A e Xp bl cail L

Xy =x+1, (\O-Jh)

Ca 5 C1 5 0mily e FRP domivo caslieds 35 50 b o i aaiio 3 L2155 (e alold O
c(V—caly ol o (A=catl) abal, 51 ool cwds THX) jlade (o liSila . siten JL,52l glonl

ol oo Sy 55 @90 GFRP Job jo Jhp (i jlade

7(x) = ¢,{C, V4 cosh{v/Aix )+ C, A sinh{\/4x )+ 26, + b,) (1 #-all

@« (f(x)=0) el jao LI FRP o a8 o« FRP Gl x =0 j0 el @y ax g b
=t oy A4S Sl (oo (gm0 byl K0 g 41818 ooliiul 0 j50 (55,0 b0 S lsie
s b i bt lplo 098 jho jui (8 (AT 90,5 (o8 w290 &S 00l jho 1 o B

ol Gl py O)ge Gl
{
x=0——> f,(x)=0
(YY-Jh
df,(x)

LI’zO—-——;f‘(LS)=O Or =0

o OF o a5 (ol adadi L FRP (lail cpu abald (L g 405 j0 A3 2V ol 5 aS
= adaly 90 51Ch 5 Gy Jlacte ¢ (6 e dayl s il Sleolazal b ol oo ol 00 oo o5

R
o by sinh(VAL, )~ 26,1, - b,
1 JA cosh(ﬂLJ

O A-
Cz = —b3

Y.$



L cosh(VAL, )y sinh(yAL, ) &5 w83 (oo oli Y alasy (sl yeite 51 (5,20l anlllns S
caidb e 8 Gy (goue Bl 1 adaly sle addie (K0 a4 Cad g 009 ol K0S
09 (o0 drline bl 5l T el 8 b 4 €y Hlade cplpl

C, =b, (4=

ol

D ygan Ay LF“:’)" o e (\P—g.sl”) :da.:l) 9 LQJ—‘ 6)"-11:'.’“?9 m.\_ﬂi Cawrds C; 5C1 )l o-)lﬁ;__slb

o dales dwls )

£(x) = 1, (b, VA cosh(VAx)- b,y A sinh(y Ax)+ 26,5 + b, ) (Y -~
b Sy M‘g? )__sl)_j 9 ool SX (x=0)FRP Lgl.b\‘:ul J?u 0O ey e t""“i)'ﬂ"’

Tnax = ff(bﬂ/z'*”bz) (YY-ah

\u‘

ﬁ:(x)
—_— S Y’) Mp+dMP

VP +dVP

——

JL@JJ ‘_)L..: b[?u' éﬁi?BFRP Ao )|dX¢\L¢L‘3 (_Sﬁ)]’si"é Guﬁﬁjwuk‘ﬁéjlﬁ oya"—;ﬂ.” '..,K‘:’

Jlo 3 GAEF draloo : Y- il
oS Conl p3¥ camin Jgb o i g FRP o Jloy iy aul sy alayly 0,50 ciway 51 L3
Vool STl 0 4 jehailan . 00,8 g, o 4 FRP Jlasl Job o Jloy s sl e
290 dx Job WFRP ambn 8, b g0 o AP 285 (69,00 ;0 Bl ol ool i

Ozl a5 00,5 o alaxde « V-call S0 j0 cBo b g 00,8 s sl Y o o0y slpass ol

Yoy



aelgs gl asy o Jleyi il el 0539 dr a3l FRP amiio 8yl 90 40 05250 A3 [y
F09h (o8 Jos i Djge e GRS Cnl lade dalona sl Lol o S

D)o 4 09D (o8 el 55 & ey Lamgs S FRP dotio g 00l Cosll (0 5 09 S L
05 (g0 g py Dgeo Ay s> 90 5l S um p)laz ad e Jel s alal) V-G IS

14
—-Ed, %1% =q—b,1,(x) (YY-l)

4

d v,
~E, == b, £, () (Y¥-al)

il Olas i le s lr g o0y (S T 9 FRP dmdia (805087 i i i ve g vr ol 0 o8
L;._Z.'J'f,{x\).&ml@l{ﬁ‘éﬁ)ﬁo‘.\ié{)}:)l{qﬁod%FRP uojcbfm&s.bﬁﬁm
&Q‘quylﬁ@wybﬁ)m‘))lu@u.il)LLB.a..\..:;b‘_s.owfg‘}’))oo)bgjl.n);

S =k, (v, -v,) (YE-l)

¢

. t.__..v‘ . 4 Caalses . ta § é.___h.q'?_:-u.:“._q\.” J;.p_l.q Ea Ek;; :Ea/ta L)I 0 a5

gix}
LA TR SR S
Coseqele {70 .
Peerin {
P S _
f L
f.ix) Ve
i 1 ]
1
AdBC T —R
1 1] 1 [ i
Jaix)
Plote el e L) e
Fie i [ N ARSI
s,

5 9wz FRP & Jlo il 0l o)lg ogo : Y- IS

YA



P Cadly penles  (YE-Call) alall; 5165 Jelyinn L ez b

d*f(x d*v d*v 1
0{;4( )=k{ dxf - dx:/ (Yo-all)

YU aba) o LT o il o dvfdxt o dPvddx® gl (YY-Gall) o (YY) o¥oles o L

ol on Gy ) Oyzo dy Jloy (235 Jadl i) alolas

P ko k
7 + n__p ¥) = n .
a,le Ef]f f.fn(v) q Ec] (Y; JJD

o ahaly o —ogad sllex g Ken dloles slplsx pex o YU fwdlyays doles > L
. _ . . gk I,
f()=e /”‘[Dl cos(,B x)+ D, sm(ﬂ x)]+ eﬂ"[D3 cos(ﬂ x)+ D, s1n(ﬂ x)]+ —b-—i—]’-— (YV-4&l)
fHete

cal oo ey abaly 5B g oo S sl Dy B Dy ol o a5

1%
knbf & .
p= 451, (YA-all

‘-H‘ILS)I)’?)JCAPYL d.la.gl))é lﬂjod;&ﬁ)&dwtbgju);w‘x j))a).ﬁéuu Lgb.»
) Q)yi’\}la d.‘a.:‘) u.g.l).»l...:‘))L)MLg)L).B.A o)‘}chB iﬂ)}cMLD'j:DLl:O A._\'L b)&
09,5 o0 00l

qE 1,
b, E.1

¢ cC

(Ya-cal)

£,(x)=eP*[D, cos(B x)+ D, sin(8 x)]+

L. POL] DN S oolazl FRP slet P S Soe .Ia._)")..:.) )IDZ 4 D1 L_g\.QS.nlJ dumilone &l
cal op ey o alalas o (YE-call) adail) 5l (6,05 Jusdl i
fx)  (dv, d
A >:,(n[ ;_d™, el

dx dx*  dx’

Y9



adly ls g o sl = los ala, s azgi L g ;K308 5T FRP ambo 5 o yo3 (30,5l b

05 (el py Sge d ;YL

A’ f(x) &k k
G LI L. T U
a’ EJd, (=) El (%) (¥ -alh

LSO L aiten 55y e g FRP ammbs i las cod 3 4y Mu(x) o Mp(x) o1 j0 oS

(S D &

df(x) &k k
AT P WL I v_s
& E L (=) £l (%) (¥Y-alh

Slache . ol o i g FRP ambio o0 L3y slog,ud i i 4 Vo) ¢ Vi) o] 5o oS
5 o s FRP fr (005 slog ol Jasgi oo slomal (o 90 gazr b il Mo(x) 9 My(x) 51 S 50
<2l lal gl (b plee a5 00 5 o0 (B8 il adl (o ¢ (21 sla)l T (GBU e
Sl 95,5 o S5 55 V() 5 V(X) dlins sy 0l ol . 855 go il M) o s
sFradl b ang L FRP 5 o cj2 90 0 sl (o0 0 25 5l (230 slpplos auloes

g oo odlazl i dailgy 3l (Ve —call) ala,
M (x) ==b 1,5, (b, sinh(VAx )~ b, cosh{yAx )+ bx? + b,x+b,)  (F¥-Galh

1

S~y N

M2 (x) = —b, L (b, sinh(Vdx )~ b, cosh(VAx )+ bx? + byx+8,)  (FF-l

|

s 90,8 40 cded Gles (mlply g ool po Y les 99 ;0 c (r = 0) FRP 0¥ slyaif jo

Bl (o0 ) Do d a8 00 ()5 Jlesl slal T AU e

(Yo-af)

Y-



el (23 gl st BB FRP a Y glgail jo am yud 0 oded Glas e Mo o jo oS

c Sl ond Jloel (£ 5 p 5 (215 LS 00,5 (oo 5,8 YL Ll

{ ]

T T T T S Conerele Deamn
¥, : b
o Tt % Plale Beamt
b @l
-—_.12—.==5—.=_-L—-.-,311.—m- foowi~= (Cendevlive of Cunvrete Beawm
T TS T I
M,
§ == s ol =6 Centerline of Plate Beam
M, b)

25 9 FRP (595 pr (o (55 0 Shoe s F-call IS2

3ol s gy «x =0 ol )8 o (VF-all) 5 (YY-l) ddal, 90 51 (6,05 a0 b

2308 (oo dnalns 123 Ojg0 4« (FRP aomio g (o ,05) 22 58 0 (200 slets

VI (x) = bt 3. \bN A + by (¥F-al)

/2
Vi(x)=-b, gf(bﬂ/Z +by) (Y-l

B FRP 5 0 53 552 50 0 FRP (il o (o2 slog i i f s Vi 9 Ve ol 0 o8
Pbogy aeles plp Wl cj2 90 (ol i (2l (B 950 - 2Bl (oo (S St ]
jVC:VO +V

(YA-D
LVf = V;

ca-dl oo 2B sl F SGLFRP Y slesil o o 0 0 oSS m (s ¢« Vo ol oS
> syl 5l (30 (eI 0 S9y J5 e A (S 5 4T 93,5 (o0 (25 03lg0 ¢ Ll o

cosS oo o |

AR



S8 g (YY-cadl) 5 (VY -cadh) dalg, conly Con 50 (VA=) 4 (YO-AD) Lasle, (6,005 L
= Cygme dn Dy D1 gl jlaie o Bl adaly g0 ol G Coun jo (Y- ddadly o000

ke Ve k Vv My

D, = n__, __n )
LB, 280 B 2B (Fa-
kM
D — n_ ., 0 .
2 Ec]C 2ﬂ3 (f ‘-Q'”)

G5 e ey jSLe ¢ 08 s e Lo oo s €7 e o x ial33l b oSyl adasdle L

S8 U parsShe Jloo s G255 ol - ol slys &, FRP &Y slyih FRP 3y e 5o Jloyi

canl e gy pyadaly slox =00 ks

V E 1
fn.max = kn3 I V; A ﬂMO + 9 L7 (\c\—ua.”)
msTop\E g, EL | bE.

Yy



et U 090 i lojT 5l diged (g1 Leduro andS ool 0 — Cawgs

e Jos iy b« gialesl e sl aised ol ¢ ol ojlal it Juad o a5 jshailes
el Ge (D e poe Sz 4 bl 28,518 aglie 890 5 b drlone iy b 50 00l
lataloj] 50 slo digai gln 5 00,3 )] Jao iy o @l Jgl stales] sl b e adli (Ll
el 00l (65310,5 (Joloz j0 g ol o ldae K00 aull 5 aaid 00,5 gl Jos 90 gl s
sl aai e a3 4 S Caal algdos 3T Jos a5l jalaie oS el 3 ay a3y
(No Crack) 00,9 S5 i Conglae (28,5 110 oo (eolpain Jow A
(NOT. C) G2t 5y 5 55 Canglie (58,5 53 (o0 gl Jao 9

(No S. H.) soYs8 sla,sile,l (ol S o il 28 8 dai s ey eolgriy Jae Y

9 (e ) ool (g BS codle aised S Jyaz o 500 Jguz gl pad iids, Sy

u’_.ng;_%):.a).i)u)}.ad.:u.:.:);d.J;Yl.:)ooA.&oéba.oyJumsﬁ)wmay‘
L9008
" C : Concrete crushing , R : FRP Rupture , ED : FRP End debonding , CCS : Concrete cover separation

* Proposed model without contribution of Crack strength
* Proposed model without contribution of Concrete in Tension and Crack strength

* Proposed model without consideration of Strain Hardening in steel

TiY



Ultimate

¢ Acromodel Pormodet ; Ay,madd Pymade[ . Ponax modet Failure

Samples Meodels
Pcr,Exp. 9 AIEXD P wExp. 3 ax, Exp. P miax, Exp. Mode

 Aaes

Proposed IR

Simplified
No Crack’
No T.C.
No S.H.-

Proposed

Simplified

No Crack
No T.C.
No SH

Proposed

Simplified
No Crack
No T.C.
No S.H.

N
N
B
B
&

Proposed
Simplified
No Crack
NoT.C.
NoSH. -

N

olojojojo wlaim|alm ® =(=|=|m ===~ = clalolo]a

Proposed

Simplified

No Crack
No T.C.
No S.H.

Models Acrmodel Permodel ; Pomotes & Amarmodel T Ponerymiodet Failure

Mokn. | Pozs | Auss | Psw | Ameo | Praciw | Mode

~

Proposed
Simplified

No Crack’
No T.C.

AR



Permodel

Pcr,Ew- 4

Prnax.modet
Pmax, Exp.

Failure
Mode

Proposed

@]

Simplified

No Crack

No T.C.

No S.H.

Proposed

Simplified

No Crack

No T.C.

No S.H.

ol il s Yoo o

aloalaciclalala

° Crack Begining z Ultimate
Samples Models Acrmodet | Permodel / Avrodet | Prmodel : Ao | Prgsmoss | Failure |
¢ Avig. | Popg ¢ Ao | Prkwm ! Amacin ‘P""‘“’E*_”' Mode‘
Proposed : 0.90 s 0.84 LEE 2098 C
Simplified © 0.90 . 0.87 098 C
R%);T;]n No Crack. © 090 0.92 098 C
No T.C. 0.70 0.92 Y. 098 C
NoS.H. = 0.90 © 084 | 1 098 C
Proposed 0.99 £ C
RC Beam | Simplified = 0.99 C
S.W. No Crack = 0.9 g C
CFS NoT.C. ; 0.76 C
C

ARIA




Samples

Models

Ultimate

’ Aa',E\;r.

P cr.modef

Pa,l;‘w-

Avmodet
Al’,E\'p.

Amar model

P max,model
Pmax,Exp.

Failure
Mode

Proposed

1.0

0.94

Simplified

0.99

0.93

No Crack

1.02

0.94

No T.C.

1.02

0.94

No S.H.

1.0

093

Proposed

10

Simplified

No Crack

No T.C.

JoSH

Proposed

Simplified

No Crack

No T.C.

No S.H.

Proposed

Simplified

No Crack

No T.C.

‘NoS.H.

Samples

St R

Proposed

Simplified

No Crack

No T.C.

No S.H.

Models

i0lo|olojo nlojnlala aolajalolo alojalolo olalalale

7
Permoder 2
4
%

Pcr,Exp. %

Aﬁmadd
Av.Em

%

Py,mmizl 3
Pv.Exp-

Failure
Mode"

Proposed

1.04

A

Simplified

1.04

No Crack |

1.06

No T.C.

1.06

ARl




B &u)i : a_&T“ JE‘X? d.AL)‘

- Crack Begining © Steel Yielding Ultimate

Samples | Models Ao | Poosst o Aumoss | Pusosst | Anmomodes | Proxmoss | Failure
‘  Aary | Pore © Awe | Puio | Anaso | Presss | Mode
Proposed - 1.26 e 1.29 C
Simplified = - 123 C
CF1 No Crack = --- 1.4 C
No T.C. © 124 C

NoSH. = - 126 . c
Proposed - 1.10 9 C
Simplified | - . 1.07 C
GF1 NoCrack = - . 1.09 g C
NoT.C. = - . 1.09 C
NoSH . - BECH C
Proposed - - C
Simplified C
P3 No Craek -— - C
No T.C. ——— C
Proposed - -~- C
Simplified . --- e ,, C
CF3 No Crack = --- L - - C
NoT.C. ' --- -~ - C
NoSH = - e C

pie Gialesl: o Juor

: Crack Begining

Steel Yielding

Ultimate

Samples Models - Acrmodet | Pormodd : Avmodet | Prmodet Puaxmoder | Failure
D | Poow | A | P Frases | Mode |
Proposed --- - ' - C
Simplified ; - C
#10 No Crack = - - . C
No T.C. - , - P C
No S.H. e - — c
Proposed --- —- — C '
Simplified = --- C 1
#8 No Crack - . . C ‘1
No T.C. - - - c v
NoSH. = -- C

YV




Samples

Models

PRTTIISA Y SN PRCSPIRY

J;; Acrmodd

/, Aa-,E.\p.

P cr, Exp. /‘

A"P"" ;

Failure
Mode

Samples

Proposed

Simplified °

No Crack

%

No T.C.

No S.H.

Models

z

e Glolejl s V-0 Jooor

Crack Begining Steel Yielding

Ultimate

%
%

g Aa-,E.\p.

’7&_@@ . Avmodel

Pcr,E.\p. AV.E\-D.

Pv;gndzl. :
Pv.E.m z

Prax modet

Pma.x.Ex-p.

Failure
Mode

VTl

Proposed

1.01

1.11

C

Simplified

NN RN

1.01

1.0

No Crack’

1.01

1.03

No T.C.”

0.74

IESCEREN SO

1.03

No S.H.W_

101

LI

Proposed

1.03

Z

N 9,.S'H°

105

087

Proposed

1.07

0.86

Simplified = 1.03 1.0

VR3 No Crack ~ 1.03 1.01
NoT.C. & 106 | -+ . 101 | =+ -
NoSH. 103 | - 103 | o - |
Proposed 1.05 05087 = -
Simplified © 1.05 S0 0.94

VRS NoCrack © 105 | .7 = 093
NoT.C. . 097 093

0.85

Simplified 107 |
No Crack = 1.07 T 0.84 -
Do 4 0.84 —

No T.C.

0.85

1.07.

0.86 S

R AR

VRY

SRz

Proposed

No S.H.

1.07

0.86

0.85

AL SR R SRR £ R T e o SRR RN e v

Simplified 1.07 Ll -
NoCrack - 107 | 084
NoT.C. . 105 | .- = 084

1,07 o2 086

No S.H.

YA

aloiololo alolalocaolalala mlxim|mi= alalala



ot Shalesl s Ao Jgar

Samples

Models

; Acr,modzl

- Ao,

Crack Begining

Ultimate

- Crack Begining | Steel Yielding Ultimate
Samples Models  Acposs | Permods * Asmoddt | Pomads Poccwotz | Failure
¢ Aapp. | Pamw @ Avew. Pory. - Prax . Mode
Proposed 103 0.95 C
Simplified 1.03 0.92 - C
Beam A No Crack 1.03 0.93 - C
No T.C. 0.70 0.94 C
__NoS.H. .03 095 | C
Proposed | 1.03 0.95 R
Simplified . 1.03 090 R
| BeamB | NoCrack @ 1.03 097 R
No T.C. 093 | . 0.98 R
No S.H. 1.03 0.95 R

Permodel ;

Pcr.Exp. ; X,

Pymoder :
Pv,Ew. z

P ey madel
Pmax. Exp.

Failure
Mode

Control
Beam

Proposed

1.0

C

Simplified

1.0

No Crack™ :

No T.C.

Samples

NoSH. ~ 10 | =

Proposed

Simplified

No Crack

No T.C.

Models

| Crack Begining

. Steel Yielding

Ultimate

iwwwwwi@omoo

Acr odel Permoder

; Aa-,E,q).

Pcr,Exp.

Avanodet

Av,ljlm

Prmodet

Pv.Exp.

P e anedel
Pma.\'.Exn.

Failare
Mode

Proposed

0.98

L

C

Simplified

0.93

No Crack

1.07

No T.C.

109

No S.H.-

0.98

Y34




0203L Gialeslt Vomo Jgan sl

- Crack Begining | Steel Yielding Ultimate
Samples Models 2 Acrimodel Permogel ; Aymodet Pymodet // Punacmadel Failure

f Au,qu. Pa‘,E.\p. 2 Av.E.\n PV-EW- / Pmax,ExI?» Mode

el

Proposed e 1.0
Simplified 10
No Crack 111
NoT.C. - 114 |
NoSH. = — 10 s

Proposed i 0.91
Simplified 093
No Crack . 1.08
No T.C. * 0 105
NoSH. 091

SRR

Ultimate
Samples Models Acmodet | Permodd © Apmodes | Pomodet 7 Pracmets | Failure
Aar,E\;p. Pcr,.Exp. . Av.Exp. Pv.Em ; xExp. Pma_x,Exp, Mode

Proposed 128 076 TS
Simplified 1.28 0.75 Y
No Crack : 1.28 L7 085
NoT.C. . 080 | ~.= _ 079
NoSH ~ 128 | = 076
Proposed Soo07
Simplified * So0 080
No Crack LU 0.86
NoT.C. 7081
_NoSH._ o7

Proposed

Simplified

No Crack
No T.C.
No S.H.

Proposed

Simplified
No Crack
No T.C.
No S.H.

alojaloo alalalalo mm|mim| mioolalolo

Yy



Mo}‘so J...ILA)T : \\—u ng aalol

Fe

0.88
128

3

- Crack Begining | Steel Yielding Ultimate
Samples ModelS  Acomoia | Pomodd © Apmogd | Poomosa Poacmode | Failure
Aage. | Popp | Avew | Puew Procpo | Mode
Proposed 0.88 0.86 : S R
Simplified © 0.88 091 R
F4 NoCrack = 0.88 0091 R
No T.C. 0.76 094 R
No S.H. 0.88 ©0.86 R
Proposed 0.88 ol 0.74 C
Simplified 0.88 0.77 C
F5 No Crack 0.88 0.76 R
NoT.C. . 0.76 079 | C
| NosH 0.74 1. R
C
C
C
C
C

Proposed 0.81
Simplified & 128 0.75
No Crack | 1.28 0.82
NoT.C. : 0.72 0.77
NoSH. 128 0.81

Models

(A 5w sl Wiga) o005 Sile3] 1 VV-0 Jor

Per e

Perimodel

- Avg

Pumodet ;
Pv.Esw. /

Prax model
Pmax,Em.

Failure
Mode

Control

Proposed

1.04

o

1.05

-

Simplified

1.04

1.14

No Crack

1.04

1.11

No T.C.

0.87

1.11

No S.H.'

1.04

0.05

Proposed

1.04

0.95

Simplified

1.04

0.97

No Crack

1.04

0.95

No T.C.

0.84

0.98

1.04

095 |

Propesed

1.03

1.00

Simplified .

1.03

1.02

No Crack

1.03

1.00

No T.C.

0.84

1.02

No S.H.

1.03

1.00

Ty

alalalalo aalalala alalalain




| Samples

Ultimate

%

Permodet

Pcr,E«\zf- ;

A!,modd
Avks |

Py,modd ;
| .

Pacmodet
Pmax,E.\'D,

Failure

Mode

Samples

Acr.Exp.

Models

B (50 5o 3503) o035 Slalojl 1 Voo Jgaor

Crack Begining Steel Yielding

Ultimate

Proposed = 1.04 1.01 - C
Simplified ~ 1.04 ~ 1.03 C
A-C1 No Crack . 1.04 1.01 R
No T.C. 0.84 1.04 C
NoS.H. ~ 1.04 1.01 R

7 Acr model

i At:r,Exp.

P. cr.model

7
Z
4

z

Ag,madd
Av‘Ew. )

Pgmodd
Porop

_A.M: model

Ama.\',ExD.

Prnax.modet

Pmax,Exp.

Failure
Mode

B-
Control

Proposed

0.98

1.04

7

1.27

Simplified

0.98

1.11

1.18

No Crack

0.98

1.14

1.21

No T.C.’

0.46

1.16

1.21

1.04

1.09

B-AT

B-AK

No Crack

0.92

NoSH. = 0098

Proposed = 0.92 o 1.0 -

Simplified ; 0.92 - 0.98
; ¢ 0.98

No T.C.

0.86

1.02

~ NoSH.

0.92

1.0

Proposed

1.06

Lo

1.01

3
B

Simplified :

1.06

1.0

No Crack

1.06

1.11

No T.C.

0.68

1.03

No S.H.

- 1.06

T

101 R

B-C1

e e e

B-C2

Proposed

0.92

1.04

i
N

Simplified

0.92

1.03

No Crack

0.92

1.15

No T.C.

0.84

0.97

NoSH

0.92

T A D

- N A T A TN

0.92

X
¥

N

AR IR PR A IR Eol ot o io N oY ot T ol o Nle!

No S.H.

Yyy

Proposed -—-

Simplified | 0.92

NoCrack . 0.92 R

No T.C. 0.84 R
0.92 R



Models

w2 lez Ghalesl s VF-0 Jgaer

Ultimate

/ Acr model

Aa-,.Erp.

Permodet

P cr, E)f'p.

Az,modd

; A)’,Em )

P y.madel o

P VEXD.

P rax model

P nux Exp.

Failure
Mode

Proposed

0.90

0.98

Simplified -

0.90

1.02

No Crack’

0.90

1.0

No T.C.

0.75

1.0

No SH

0.90

0.98

Proposed

0.99

097 |

Simplified

0.99

0.97

No Crack

0.99

1.0

No T.C.

0.99

1.0

| NosH.

0.99

097 i

Proposed

0.90

0.64

Simplified

0.90

0.63

No Crack

0.90

0.67

No T.C.

0.80

0.90

Proposed

1.90

Simplified

1.90

No Crack

1.90

No T.C.

1.70

No SH

. 1.90

Samples

TR

Propesed

Simplified

Models

aloiain|aiaalaloin alalaala alalalale alalalala

P may, maddj
Pm,Exp.

Failure
Mode

Ceontrol

Proposed

~

Simplified

No Crack’

No T.C.

Yyvy




By A 50 slo diged) poo 3yl U‘..g‘l.n)'i 10— gz dalof

Ultimate

Pracinoser | Failure
P s Exp. Mode

' Crack Begining : Steel Yielding -
Samples Models Acumodes | Permodel ¢ Asmogsr | Prmodet
Ackg | Pre | Aeo | Puw
Proposed 0.49 SoS 082 O
Simplified = 049 | . © 09 | -
A3 NoCrack © 049 | °.° = 094 | == |
NoT.C. ' 035 | .- : 08 | = | -
NoSH. 049 | ° 08 | =

N T

Proposed : 0.55
Simplified °~ 0.55
Bl No Crack | 0.55

NoT.C. . 038
| NoS.H. 0.55
Proposed = 0.67 E
Simplified | 0.67
B2 No Crack :© 0.67
NoT.C. | 048 "
| Nosm. {067 |

Proposed 074
Simplified © 0.74
B4 No Crack @ 0.74
NoT.C. : 051
NoSH ~ 0.74

AR R PR T PPl el PR ol P P o P

Samples ; Acrmodet Permodet Avimodet P}g,madd ‘ P modet Failure |
Mode

. Ac Ep. Pokw. & Avgo. P ko - Praxpn.

%

Proposed  0.34 D2 086
Simplified = 034 | . 090
NoCrack | 034 0.94
NoT.C. ' 025 | « . ! 101
NoSH. = 034 086
Proposed : 0.49 ULED 0.83
Simplified © 049 | . . 0.74
No Crack | 049 076
NoT.C. = 040 | ... : 081
NoSH. 049 | “° = 083

mmimimiEialnalinlo

YY¥



(D} C S Lng 44}4.:) p.hb).:l.i Wu)—‘. : \?—u Jy.b dalal

ARTA

Ultimate
Samples Acimodel | Permodel - Aymodet | Pumodet § Amasmodet | Pmaemoses | Failure |
Ario | Pape | Moo | Pk | Omasiy | Precio | Mode
Proposed 0.81 Ne 0.83 R o R ;
' Simplified © 081 | .. © 090 R : R
NoCrack = 081 | - © 093 o 2 R |
NoT.C. = 055 | .. ' 094 = % R |
- NoS.H. . 081 oL 0.83 o - | rR |
- ]
e 5ls Gialel s WY-0 Jguar
* Crack Begining @ Steel Yielding Ultimate
Samples | Models | Ao | Pomodd | Aumodt | Pumodst | Amosmosst | Pracmoss | Failure
| Acin | Porg | Auo | Puom | Ausn | Prasw | Mode
Proposed 0.83 1.03 o5 1.24 C
Simplified : 0.83 1.05 1.26 C
R2C No Crack' . 0.83 . 1.04 > 1.29 C
NoT.C. | 0.89 0.92 1.29 C
No S.H. 0.83 1.03 1.19 C
Proposed © 0.83 074 0.89 R
Simplified / 0.83 ©0.80 0.78 R
R20 No Crack | 0.83 . 0.79 0.78 R
NoT.C. & 086 0.79 0.78 R
NoSH. = 0.83 o R
Proposed 0.80 C
Simplified 0.80 C
R3C No Crack 0.80 C
No T.C. 0.74 C
No S.H. 0.80 c
Proposed 0.93 R
Simplified @ 0.93 R
R30 No Crack 0.93 : R
No T.C. 0.83 R
No S.H. 0.93 R



Samples Models Acamode | Permoded ¢ Avmodet Pymoder Amacmoded | Pmamoder | Failure |f
: Aa‘,Em. P a,Eap. Al’.EW. P wExp. Ama-\ExD | g Mode

Proposed : 097 | ~.°° . 068 | .27 . 092
Simplified @ 0.97 o2 064 | 0 o 0095
NoCrack' . 097 | “° © 063 | =~ 089
NoT.C. - 086 | ..o » 066 | ~ - & 090
NoSH. © 097 | "o 068 | 5 - 090
Proposed | 097 | - ¢ 066 S 083
Simplified | 097 | ' © 068 | "5 . 088
NoCrack = 097 | = .- 0092
NoT.C. . 087 | ... . 0 S5 093
NoSH, . 097 | "2 = 0. 083

O e A e

Proposed 0.96 o 0. PR W
Simplified | 0.96 0. 30 1.74
NoCrack - 0.96 o2 0. R
NoT.C. = 076 | . . 0. LT
NoS.H. = 096 R 1) s 175

olnin|ojo ®mlm m = alalala|a

iz Glalojl : 14-0 Joazr

7 Crack Begining ; Steel Yielding } Ultimate
Amaxmodet | Pmaxmodr | Failure
Amﬂx.Ex‘p. Pmax.E\‘u Mode

Samples ModelS | Appmoid | Pemodet o Avmodt | Promodet

AT

Aa-EqJ P rnExp. AvEx:p P v.Exp.

Proposed . 1.0 1.20 SEI B W) C
Simplified © 1.0 . 125 7168
Bl NoCrack 1.0 | o0 124 | = © 170
No T.C. 087 | = . 124 | 0 170
NoSH. 1.0 o120 Do LTT
Proposed | 099 | o 1.0
Simplified | 099 | 0/ 103 | 0 0 -
B2 NoCrack © 099 | "~ ¢ . 110 E e
NoT.C. : 083 | “:l © 102
NoSH . 099 | . 10

| lolioXiokioNiol Ivlioliolle!

vys



Samples

Models

20595 Sialejl 1 Yoo Jaa

" Crack Begining © Steel Yielding

Acr.modet Permodel Ay,madd Pg\madel f

Failure
Mode

Proposed

Ac:r.E\'p. Pa,Exv- i Dyp Py e, i

0.94 o7 118

@!

Simplified

0.94 116

No Crack

0.94 o127

No T.C."

0.68 S 1.28

No S.H.

094 | 118

Proposed

092 | 134

Simplified

092 | . 138

No Crack

0.92 S 142

No T.C.

078 | oo ¢ 130

No S.H.

0.92 134

(A o sl wig0d) pla Gialejl: V0 Jouor

alojalaloialalalo

Permodel ; Az,madel Pr,mmld j
Pcr,E«‘T- 4 AvExn PV-Exzz. .

Failure
Mode

Proposed

1.0 =

Simplified

0.98

No Crack’

0.96

No T.C.

No S.H.-

Proposed

Simplified

No Crack

No T.C.

1 No S.H. 4

Proposed

Simplified

No Crack

No T.C.

No S.H.

Yy

OOOOO;?;OOOOO eoliolioliole!




* Crack Begining © Steel Yielding - Ultimate

Samples MOdelS ; Acrmodet Per.model yi Lh’ model Py model : Amaxmodet Prusmoder Failure
Ama.\-,Exp. Pma.xE.\p Mode

;/ Acr.Ew. P aExp. 4 Av.Exz). P v.Exp-‘ -

Proposed 1.0 L 0.80 SEEE

Simplified © 1.0 099 | e

BI No Crack’ | 1.0 018 | T

NoT.C. ~ 090 | =~ 7 134 | 0 ¢ -

NoSH. - 1.0 e 080 | Lo e

Proposed = 0.87 D099
Simplified 0.87 e 1.03
B2 No Crack 0.87 Soso 18
NoT.C. = 0.80 S 1.18
| _NosH. 087 | “° 099 o

Proposed = 0.85 . 1.0

Simplified : 085 | . . 101

B3 NoCrack | 0.85 C 18

NoT.C. = 10 | = = 1.09

w|m || m|m wm | m R e ololala]a

NoS.H. 085 10

YYA



5138 o comd golpaiian Joo aoli el (ot 7~ Cawguy

MATLAB 6.5.1

B ot ] Main Function ARk Rvede

function data = crack fib2 (filename,PED,PCCS) ;

load (filename):

Eco = 21500 :

fcmo = 10 ;

foem = fc + 8 ;

FEci = Eco*[fcm/fcmo]l ~(1/3) ;
epscl = 0.0022 ;

Eel = fem / 0.00622 ;

fctkom = 1.40 ;

fcko = 10 ;

fectm = fctkom * (fc/fcko)™(2/3) :
epsctl = 0.9*%fctm / Eci ;

if dmax <= 8
GFo = 0.025 ;
alfaf 8 ;
elseif dmax <= 16
GFo = 0.030 ;
alfaf = 7 ;
elseif dmax <= 32 ;
GFc = 0.058 ;

I

alfaf = 5 ;
end
GF = GFo * (fem/fcmo) ~0.7 ;
wc = alfaf*Gr/fctm ;
wl = 2*GE/fctm - Q.15%we
Af =t * nf * bf
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for

epsc = 0:0.0001:0.0035

L =L+ 1
Mcl = 0 ;
Mo2 = 20:
number = 0 ;
Br = 1 ;
numb = 0

while (abs(Mol-Mo2) > 0.001*Br) & (BBt == 0)
FT = 0 ;
pl =0 ;
p2 = 0 ;
n =20 ;
numb = numb + 1 ;
if numb > 100
numb = 0 ;
Br = 10 * Br ;

while abs (FCCS - FT) > BT
numbt = numbt + 1 ;
if numbt > 100
numbt = 0 ;
BT = 10 * B
if BT > 100
BBt =1
break
end
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for i=10:-1:1
epsci = (1-0.5)*epsc / 10 ;
f(i) = fcm*[ (Eci*epsci)/(Ecl*epscl) - (epsci/epscl) 2] /
(Eci/Ecl - 2)*epsci/epscl] :
fce = fce + £(i) :

suml = sumi + £(1)*(1-0.5)*c/10 ;
end
if (£(10)/fcm < 0.5 & £(1O)<E())
con =1 ;
break
end
if fcc ~= 0
Zc = suml/fcc ;

en
FCC = fcc*c*b/10 ;

if number >= 1
if Mk < Mcr
Zeta = 0;
else
Zeta = 1-(Mcr/Mk)"2:
end

Aceff = min([2.5*b* (h-d} , b*(h-c)/3]) :

Roeq = (As + Af*Ef/Es)/(b*d) :
Roceff = Aceff/(b*d) :
eps?Z = epsc*(d-c)/c ;

Nrk = eps2*(Es*As + Ef*Af) ;

w = 1.89*Zeta*Roceff*Nrk/ (Es*Roeg* (us + 0.684*bfj) ;
else

w = 2* (h-d) * (h-c) *epsc/c ;
end
k=20 :

for i=1:10
epsct = epsc*(i-0.5)* (h-c)/ (10*c) ;
if epsct > 0.00015

wct = (1~k-0.5)*w/ (10-k) ;

end

if epsct <= epsctl
Fct (i) = Eci*epsct*(h-c)*b/10 ;
FCT1 = FCT1 + Fct(i) ;

sum2 = Fet(i)*(i-0.5)* (h-¢c)/10 + sum2 ;
k =%k + 1;
elseif epsct <= 0.00015
Fct(i) = [fctm - 0.1*fctm*(0.00015-epsct)/ (0.00015~
0.9*fctm/Eci) ] * (h-c)*b/10 ;
FCT2 = FCT2 + Fct{(i) ;
sum3 = Fct(i)}* (i-0.5)* (h~c)/10 + sum3 ;

k=%k+ 1;
elseif wect <= wl
Fct(i) = fctm*[1 - 0.85*wct/wl]* (h-c)*b/10 ;

FCTC1 = FCTCl + Fct(i) ;
sumd4 = Fct(1)*(1i-0.5)* (h-c)/10 + sum4 ;
elseif wect <= wcC
Fct (i) = [0.15*fctm*(wc - wct)/(wec-wl)]* (h-c)*b/10 ;
FCTC2 = FCTC2 + Fct(i) :
sumS = Fct (1)*(i-0.5)* (h-c)/10 + sumb ;
else
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Fct(i) = 0 :

end
end
if FCT1 ~= C

Ztl = sum2/FCT1
end
if FCT2 ~= 0

Z2t2 = sum3/FCT2
end
if FCTC1l ~= 0

Zt3 = sum4/FCTC1l ;
end
if FCTC2 ~= 0

Zt4 = sumb/FCTC2 ;
end

FCT = FCT1 + FCT2 + FCTCl1 + ECTCZ2 ;

epssc = epsc* (c-dc)/c ;
fsc = Esc * epssc ;
if fsc > fyc

fsc = fyc ;
end
Fsc = fsc * Asc ;
Zsc = c-dc ;

FCCSs = Fsc + FCC ;

epss = epsc* (d-c)/c ;

fs = Es * epss ;

if fs > fy
fs = fy + {epss-fy/Es)*EsZ;
Frs = 1 ;

end

Fs = fs * As ;

Zs = d~c ;

if (Af * f£fu * Ef > 0)
Frf = 0 ;
Frk = 0 ;
epsf = epsc*(h-c)/c ;
ff = Ef * epsf
if ff > ffu

£ff =0 ;
Frf =1 ;
Frk = 1 ;
end
Ff = £ff * Af
Zzf = h-c :
else
Ff G ;
VAN ;
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n=mn+1;

if round(n/2) == n/2
C(2) = ¢ ;
else
c(ly = ¢ ;
end
if FCCS > FT
if p2 == 0
c =c¢c - d/50 ;
else
¢ =c - abs{{C(1l) - C{2;)/2) ;
end
pl =1 ;
end
if FPCCS < FT
if pl == 0
c =c + d/50 :
else
c =c + abs{(C(1) - C(2))/2) :
end
r2 =1 ;
end
end
if con == 1
break
end

M(L) = FCC*Zc + FCT1*Ztl + FCT2*Zt2 + FCTCl*Zt3 + FCTC2*Zt4 + Fs*Zg +
Fsc*Zsc + Ff*2f ;

wp (L) = epsc/c ;

number = pnumber + 1 ;

if round (number/2) == number/2
Mo2 = M(L)
else
Mol = M(L) ;
end
if number ==
Mk = Mol
else
Mk = (Mol + Mo2)/2 :
end
end
FEnnwnais fng of Second Loo
if con == 1
break
end

if Pf == 0 & epsc > 0 & Af > 0
Af = 0 ;
bf = 0 ;
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break

end

F(L) = 2*M(L) / (L2+L1i) ;

if F(L) > PED & PED <= PCCS & control beam ==
Frk = 2
break

elseif F(L) > PCCS & PED > PCCS & control beam == 0
Frk = 3
break

else
PPP (L) = F(L);

end

deltam = 0 ;

for nmu = 1 : 50
Me (nmu) = (0.02*nmu-0.001)*M(L) ;
Mde = Me (nmu) ;
if L >1
wpk (nmu) = interpl (M, wp,Mde)
else
wpk (nmu) = (0.02*nmu-0.001)*wp (L) ;
end
if round(L/5) == L/5 & round(nmu/5) == nmu/5
end
deltam = deltam + wpk(nmu) * (0.02*nmu-0.001) * (L1+L2)"2/50 :
end
delta (L) = {(wp(L)*L3*(L1+L2+1L3/2) + deltam)
,,,,, - ) s
if fs > fy & dfs == 0
My = M(L) :
Fy = F(L) »
wpy = wp (L) :
dfs = 1 ;
end
if dfs == 1 & dfl == §
deltay = delta(lL) ;
dfl = 1 ;
end
epsct = epsc*(h-c)/c ;
if epsct > 0.00015 & dfk ==
Mcr = M(L)
Fcr = F{L)
wpcr = wp (L) 7
dfk =1 ;
end
if dfk == 1 & dfn == 0§
deltacr = delta(l) :
dfn = 1;
end

end
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if dfk ==

data(l) = Fcr/10"3 ;
data (2) = deltacr :
data(3) = data{(l)/Pcre ;
end
if dfs == 1
data(4) = Fy/10"°3 ;
data(5) = deltay ;
data({6) = data(4d)/Pye i
end
data(7) = max(F)/1073 ;
data (8) = max(delta)
data (9) = data(7)/Pmaxe :
hold on
grid on

hl Bagheri = plot (delta,F/1000) :
set (hl Bagheri, *linewidth',2, 'color’,[1 0 0], 'Marker','s’
, '"Markerfacecolor', 'auto', '"Markersize',5);
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ABSTRACT

Composite materials made of fibers in a polymeric resin, also known as fiber-reinforced
polymers (FRP), have emerged as an alternative to traditional materials and techniques
(such as steel plates and concrete jackets) for retrofitting of concrete structures. FRP
materials as thin laminates or fabrics, have high strength to weight and stiffness to
weight ratios and are chemically quite inert, offering significant potential for

lightweight, cost effective and durable retrofit.

To improve the flexural behaviour of RC beams, FRP laminates can be bonded to the
tension face of the beams to carry the tensile stresses caused by bending. The aim of this
study 1s develop a model for the prediction of the complete behaviour of RC beams,
retrofitted by FRP in flexure. In this model, the effects of concrete, steel and FRP are
considered according to their strain and real stress-strain diagrams. The contribution of
concrete in tension (before and after cracking) is also taken into account. To predict
immature failures such as debonding of FRP and concrete cover separation, the relevant

models are studied and the most reliable ones are selected and added to the model.

The model is able to predict the complete load-deflection response of RC beams,
retrofitted by FRP, from the beginning of loading to the failure, under various
configuration of loading. Comparing the results of the model with those of at least
twenty experimental investigations indicates that the model can predict the failure type,
failure load and also the load-deflection response of control and retrofitted beams, with

good precision.

Keywords: Retrofitting, Fiber Reinforced Polymer (FRP), RC Beams, Debonding,

Failure ,Crack.
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