AA-EL AT 5 S

Hybrid Reinforcement System=- ©]-&3}
ZAYE B el 3 Asy A4

PENIRERE KEE
TR TR

xKOEC A

20044F 121



Hybrid Reinforcement System& o] &3l
ZadE £ re 3 Ay AA

R A 2N

ROkl

o] Wmx & LB LB ez e

20044 11H

Rjuel T8 fHBA fasts FBHES

FERAE (ED)
% = (&
% 151 (E)

PR EIL KRBT

20044 11H



Flexural Behavior and Ductility of
Concrete slab using
Hybrid Reinforcement System

Sung-Wook Boo
(Supervised by Professor Sang-Yeol Park)

A thesis submitted in partial fulfillment of the requirements
for the degree of Master of Engineering

2004. 11.

This thesis has been examined and approved.

Department of Civil & Ocean Engineering
GRADUATE SCHOOL
CHEJU NATIONAL UNIVERSITY



TLZJ wereeseeseese et ss bR i
TSt Of Tables ceeereeererenerresenerenentontnntitrirtitrtittittrti ittt ttiettntattiettstastiteantanne 11
List of Figures ............................................................................................................. v
V0] 72110 8 1S TR LR PP P PP P PP D PP TP PPPPPRIPPRPPPRD Vil
ADSEIACE #eeereereresrrssssesmsnssnsssse st s st X
I /\1 K O P PP P P PO PP PP PP 1
L1 QTEHI T weeereeeseesseeseesse ettt 1
1.2 QO TEEL AL cerireeieiss ettt 9
1.3 QA LU rvereeseessees st 3
14 _::_;%:r’-}\é ................................................................................................................ 3
I FRP A Eo]] T8l 7] GG TLF e, 5
21 FRP 708 H] B ittt 5
2.2 FRPE] AE 2 BT} QBF2] BEA] e 6
2.3 FRP rebar?] 7] Q1T HTF oo 8
231 {['LLHQ] ?j:ll%‘ég: ............................................................................................ 9
232 g—ﬂg} ?j:rL%ég: .......................................................................................... 10
233 ACI 440 A A A1 0] TLEE ererererrseeserssssissessssisssssssis sttt 18

111 Hybnd Reinforcement System ............................................................................ 29
3.1 Hybrid Reinforcement SyStemoO]Th - wesremseremsremmssumsimisiiisinisinisiianns 20
32 WA ZeH R T} T3] MeChaniSm - e weseeeesseesseessesssessssssssseesas. 30
33 HRS. S B.9] AR T} BB O L] A crerrerrrerrerseeeremsrineriesineesiseessssissenene. 32
33.1 71&9] A (ductility) <=2 MPolUAE gt Akl g uz
....................................................................................................................... 32



332 94 = WX FATHFH c U

IV, 2] 8] coreeeeeiisissie st 37
4.1 /\]t‘giﬂ xﬂ?i} ......................................................................................................... 37
A2 AJBA] A Q] weereererreereireitisei s 38
A3 N ALY BHZFTET B TLEIAF coorereererreersre e 39
44 AFEA TR AR L B e 41

AA4] FLILT]E coevererereeeretss s 41
442 HTTE GERP TEbar e ewseeeeeesessesserersersnsintiseieiesesissississisesessessessssississsens A1
443 %65] 7:" ............................................................................................................ 42
45 A8 HO]E] G crrrererssersssesisissss s 49

V. ABIZ T} Tl G1EF e s 43
51 S B AT A] AT AT} oo 43
52 ZF AT A I AN H LA A 44

521 BT ZITE A G A erererrerrerensseremenii s A4
522 FRP ZEB|E A[F A orerererrrrmmssmserssisesscsemsinsistsissssssenssss sttt 49
5.2.3 Hybrid Reinforcement System A] & ]« weeeressrmsseisssissrininicisees 55
53 ig ...................................................................................................................... 63

VL A AT M Z EAT coororrereresveemmmsssssssseseessssssosssssssssssssss s 6
B1 T AT BA] H|TL orersemsemsenserstssissmsimsisensessississisisssssssstassssssssssisississasesssssssssons 65
6.2 AT} BB LR H] H]TL wevverreremremremremsessessississsiemeie e 73

VIL LB evrereteeenesstetets et 77
71 QOF T ZIE e e 77



List of Tables

Table 2.1 Parameters and variables of experimental Specimen «««:-«««ssseeeeeeeeees 16

Table 2.2 Environmental reduction factor for fibers and exposure conditions 19

Table 4.1 Details of cross section and reinforcement quantity --re--ere-eeeeeeeee 40
Table 4.2 Properties Of COMCIELE - rwseressresssermssiseisesamscsissesessesessscseesoas A1
Table 4.3 Properties of steel, GFRP rehar « s sseseseserssnnnintiiiiiininin. 41
Table 4.4 Strain Qauge SPECHICALION, -« w wwsssserrssseresssseresssressesimscsiise s A2
Table 5.1 Result sUMMATY Of eXPEIIMENt «wsessesereeesessermmttesnnititisisiiiticies 13
Table 6.1 Summery of ductility index and strain energy index «:--«:-wsseeeeeees 73



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

List of Figures

. 21 FRP CpmpOSiteS material .............................................................................. 5
. 2.2 Stress-strain relationship of FRP material and Steel «---«eeeeseereeseeeeeennns 7
. 2.3 Details of reinforcement, dimensions and loading layout of test beam
.................................................................................................................................. 15
. 2.4 Stress and strain distribution at ultimate conditions ««--«s«esseeseeeereeens 20
. 25 StreSS—Strail’l distribution Of Cross SeCtiOI’I .............................................. 22

. 2.6 Strength reduction factor as a function of the reinforcement ration - 25

. 31 Typlcal concrete bndge deCk Slab ............................................................ 30
32 Faﬂure mechanism ........................................................................................ 31
3.3 Inelastic strain energy in FRP and HRS concrete slab ««weeeeeseeeeeeeeess 33
3.4 Elastic—perfectly plastic fIOw - s remssseremmmmermmmsmrimsieseesssssesssssenes 33
3.5 Average gradient of elastic strain energy in load—deflection curve -+ 35
3.6 Computation of elastic energy average tangent curve --:-:-sweeeee 36
41 FOI'H’I Of eXperimental SpeCimel’l ................................................................. 3’7
42 Dimensions and loading 1ayout of test eam - seeesseeesseceeenece. 38
43 Real VieW Of Slab eXpeIimental Specimen ............................................... 39
5.1 Crack propagation with different load levels in Steel concrete slab - 44

52 Load*deﬂection curves Of Steel concrete Slab ........................................ 45
5.3 Load-strain curves of lower steel in positive moment zone -+« 45
54 Load-strain curves of upper concrete in positive moment zone -+ 46
5.5 Load-strain curves of lower concrete in negative moment zone *-**** 46
5.6 Real view of RS1 experimental SpECcimen « s sssessssssessssssississiiunns. 47
5.7 Real view of RS2 experimental SpPECImen « -+« swssesssssssssssssississiinine, 48
5.8 Crack propagation with different load levels in FRP concrete slab - 49

59 Load_deﬂection curves Of FRP concrete Slab ......................................... 50

5.10 Load-strain curves of lower FRP in positive moment zone -« 51

_iv_



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

5.11 Load-strain curves of upper FRP in negative moment zone -+ 51
5.12 Load-strain curves of upper concrete in positive moment zone -+ 52

5.13 Load-strain curves of lower concrete in negative moment zone - 52

514 Real VieW Of RFl eXpeI‘imel’ltal Specimen ............................................. 53
515 Real VieW Of RF2 eXpeI“il’nental SpeCimen ........................................... 54
5.16 Crack propagation with different load levels in HRS concrete slab 56

5.17 Load-deflection curves(1) of HRS concrete slab - 57
5.18 Load-deflection curves(2) of HRS concrete slab «wwweeeesssssnne. 57
5.19 Load-strain curves(1) of lower steel in positive moment zone -+« 58
5.20 Load-strain curves(2) of lower steel in positive moment zone -+ 58
5.21 Load-strain curves(l) of upper FRP in negative moment zone -+ 59
5.22 Load-strain curves(2) of upper FRP in negative moment zone -+ 59
5.23 Load-strain curves(1) upper concrete in positive moment zone -+ 60
5.24 Load-strain curves(2) upper concrete in positive moment zone -+ 60
525 Real VieW Of RSl eXpeIimental Specimen ............................................. 61
5.26 Real view of RSI1 experimental SPECImEn s wssssessesssssssssssssssussunns. 62
6.1 Load-deflection curves in group (1) SPECIMENS «ws-ssssesesesssssssssesenanes 65
6.2 Load-deflection curves in group (2) SPECIMMENS +#+#weeresrsrssssssssmsssusssssnnss 65
6.3 Relationship of ultimate load and reinforcement ratio «««-««sseeseeeseseeens 63
6.4 Relationship of ultimate deflection and reinforcement ratio - 63

6.5 Load-strain curves(l) of lower reinforcing bar in positive moment

/08 (< TR P PP O PP T DR PP PPEEOPPEPPPED 70
68 Crack pattem of RS1 experimental SpeCimel’l ....................................... 71
6.9 Crack pattem of RF1 eXpeI‘imental SDeCimen ......................................... 71
6.10 Crack pattem of RH2 eXpeIimental Specimen ...................................... 71



Fig
Fig
Fig

Fig.

Fig.

. 6.11 Crack pattern of RS2 experimental specimen
. 6.12 Crack pattern of RF2 experimental specimen
. 6.13 Crack pattern of RH6 experimental specimen

strain energy index in group (1) specimens

strain energy index in group (2) specimens

_Vi_

6.14 Relation of ultimate load, ultimate deflection, ductility index and

6.15 Relation of ultimate load, ultimate deflection, ductility index and



Notations

W

cm

cm

cm

cm

A

gl

Hr

1)

A

kgf

0

N
;AT!
™
Nlo

7= Azle) W

]

<H

14

9/]

M

~O

1+

¥ FRP X

tonf - mm

kgf/cm’

GFRP2] & Al

’

E;

kgf - cm

tonf - mm

A W%

’

E,

kgf/cm’

oo A

!

’

E;

tonf - mm

oy

%o

B
e

A

’

E tot

kgf/cm®

kgf/cm®

1

g ol A o] GFRPS] 8-

NS
ol

g

el Ee] A4

=
L

kgf/cm®

kgf/cm’

kgf/cm’

kgf/cm®

- vii -



kgt/cm’
kgf/cm®

0

Nl

|

A

cm
cm
cm

FRP B 7¢3} &3¢

’

e

<
A

kgf - cm
kegf - cm

Positive Moment Zone
Negative Moment Zone

()M
(=M

kef - cm

ﬂo

tonf

<)

GFRP¢} Z=agE 9] e ASH|(

’

tonf

Nfo

—~
file)

Hr
_60
M

0

tonf

)
=

Al A
Al AA

ERLS
GFRP] ¢

HAHAEA AHEE = A
O]

1

=

il

T
XO

—_—

+

il

0

Can)
Hr

ki3

GFRP<]

Sfu

— viii -



Gl

+ Al 3]
Al 3l

hs

)
1

—_L
=

GFRP2] H 7HH]

’

_ix_



Abstract

This study presents the flexural behavior and ductility of concrete slab using
Hybrid Reinforcement System(HRS) with conventional steel and Glass Fiber
Polymer reinforcing bars(GFRP). In HRS concrete slab, positive moment is
resisted by the tensile force of lower steel reinforcing bars and negative moment
by upper GFRP bars, respectively. HRS bridge slab has the advantages of upper
corrosion—free GFRP bars compared with steel bars only and economy compared
GFRP bars only.

For experimental study, a total of 10 concrete slab were tested to investigate
the flexural behavior, the crack distribution width and the failure mode. 2
concrete slabs with steel reinforcing bars, 2 concrete slabs with GFRP bars and 6
HRS concrete slabs with GFRP and steel bars.

Test result showed that HRS concrete slab had sufficient ductility through the
vielding of lower steel reinforcing bars in positive moment zone. HRS concrete
slab insured sufficient ductility, which is the advantage of concrete of with steel
bars, and avoided brittle faillure, which is the disadvantage of slab with GEFRP
bars. HRS slab had great performance in the ultimate deflection, ductility index
and strain energy index.

Proposed strain energy index is a useful base line to evaluate the safety of

structure. It 1s the extent of sudden brittle failure at the ultimate state.
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Fiber Reinforced Polymer(FRP)&= dWbd o2 73do] & A+ A
A (polimer matrix)® A 2] ¥t} FRP:= glass, aramid, carbon 53 #& & d=U%
BEE THE Afr(fiber) &3 olEe] YATE Hol AFdER st ZEHE V1A
(matrix) A &2 sto] T4tk A -gAbe] AFR-H = FRP= Aol Al4H&5 65%7}
Al AR&SEaL Ut

FRP= AHEE Aok 71 A (matrix)oll whel 3ts] S4do] 2efA A v 1 7]5}8}
A PAw vdatrh ol dWrA <l AAlets g oW 3FS 7ML AFEHE B0
ofuel MAl ofe] A|ZAMEo] 712t 15V FRPE Y, A A 7] wiEelth
FRP= T2 AH8d Aol wet E7FEch =, 34 GFRP(Glass Fiber Reinforced
Polymer), AFRP(Aramid Fiber Reinforced Polymer), CFRP(Carbon Fiber Reinforced
Polymer) 12]3, HFRP(Hybride Fiber Reinforced Polymer)= u¥o] Zt} 18]ar
FRP+= %-(re-bar), 7°]E-(cable), Bl (strand), Z*Hgrid), 4] E (sheet), F(plate)s <]
FEj= Aol A] 3L itk Fig. 212 A @o] 2:0]al 9= FRPO| Jed ARlS

Bl Hlolt,

a) Bar type FRP b) Plate type FRP ¢) Grid type FRP

Fig. 2.1 FRP composites material
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Aol ACI A7l GFRP Z22E Ho| ARgetg-Ad2 Hagrieal das B

w3 gk 18] GFRP 27 232 E Heo] HZEI3 = GFRPY HAd 49l 1t
G 7t old Z2AYE AFTHd &) HFud FE& Holal Q)

Saleh Hamed Alsayed 5(2000)2 ACI modelo| A AFS¥ 11 = § A=, ALEsls
Ale] AR, 2e]al, FRPO QI utdks 98 o= e H4 AR 55 AEstL 45
TA4E A& ARbstAh Ak =AM ] BHEAdS lstr] fal 7 A BdE A
Aato] Adst & AFAARE AL S vl - HESSIT

of 2] AFAp5ol ofgk Ak AP AL Aefatal AbEasts Al Aol tigk At
23 7 AdRks gkt

Tl

=

D ACIBISU97) 5 1,= 1,(Meeyo g 1 — (Mo 1)

2311,

@ Faza and Ganga Rao(1992) ; 7, = 81, + 151,

(ACI-318°] & AH%)

- | A I MU 3 o ﬂ@ 3
@ ACE40A98) 5 I,= 5 ()0 0 L, [1= ()]

@ A0, AAATFE) 5 1= 1,4 )7+ 1,11 ()]

o}A] HAAATLE) ; 7 = _ 2 M, M,
@ xﬂL-_‘(ZOOOr ‘—;(H ;?_-6_) Ie [1.40 15 (Mcr )] Icr fOI' ]-< Mcr <3

I,=1, for M, >3

FRPE W3k S E Fajol A AxbAl o] A3} Fo] A7kAe] Wstz <la)
el AAGE a3 G 23k eS| Aol welt Mg ] Aoldt AdE
7P el givk @A FRPO] Aol thdth dA+-Foll o] w8 @ 23 ErlEs] 414
Aol ek A7k 7 dds] a9l

A ACE 717842 d A2 E FAllA e A oza 4] FRP v 247

E R4 Adry dgs] Fawrbea dvkar Barskal ok e]al AljbE Ao



dE AEA ot AWl AsA% nwE T PG BFAACk AW, 9
=

H
Fo AFAE A0l FYuY] SaAE o Be A9 dely $ust Basita

Abdalla, H. A.(2002)= FRPE witsl a2 E HAo|A] FRPS vt e A<}
Ay $H-HHEAEE 2t7] uitol] A2 284S AESH: Zo] Folrt Fas
v Bausta ok 53], AR oA AT} 7E-S> FRPZ vidd A E &

Aol AAIAGNA 7 T oA e Eojof sk FEolgkal Warsta vk 7)o B
AEA ek 8ol SUB AAAS A= - AF ko] dAAH F adZE A AL ACT
Committee®] T34 ISIS(ntelligent Sensing for Innovative Structures) Canada
model, o2l AFAE2] AQke S Hal - A ESIST

2E 49 A3 gz Buge gsa Ee FAAs @A A 5o
Mg §3) FRP wle 2aelee] dA) goid A 795 AHgd AEst o

a
U FagkA mlal - HE = o A

@ ACI Z2A|71 AAE A2 S o] &3 A dHets o] oA A AA 2
AR o A 49 8
® ISIS Canada model®} o1& AFAFE2] ASks A A2 AA AdA3 k3t A
o] UXFS e 7 AT
28], A4 ACI Committee2] AA #4324 E0 ey B2 Ay} A4E 53
24 AT BYE I s Aol

Balendran, R. V. 5(2002)2 22 A7x&9 29 - = 24HE Q&3] EEF X
2o HAANEA FRPY 54 A8AHE AAH ez aokAde] gty EST2E
o] A&AQ 14 L Ay PS Ao FAS xsta o A A AP E
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Houssam Toutanji 5(2003)> FRP2] w2 e A= Q1] H: ZagE Ko} v
W Aol ¥ B2 AR HES Bola &S yeha ok aea e F47
E Hol| oA ARgstEAlel ARH dd-S AXtelr] Sl dAle] AAMS FRPE
A ZAE Hell= A85A] ee Bola itk EE, ACI 440.1R-01 A A2} 2] A

A2 e Abgom AyAdtel vasiglon, SR 14 w4
ArtA o]l AgehE BolAnh 2 Hidol M= AN Wl A E oo s
A ol tiEk AR d Ak S AlSekaL Sl
d& F 180mm, =°] 300mme] @} A7t o] 3mE 7H F 671 AlEAE
A A akal 49 A sE S o] &t A skl AFEE GFRPE =27] 127mm, 9% 7=
7087kgf/cm’(695MPa), B4 715+ 4.08x10°kgf/cm’(40GPa)o]th. H7F M=% GFRP bar
2701, 370(1Q), aMQ2E)E 22 2702 AlAetArh B 5 7HA 9] A s |
Bhv] 98 AAE AT

DO wHsd 2aNE FEHE ngAe) g

@ BAA7E ALA] gAS 7L S Wel a2 ES] tsvd

HA, A Aol A= HPRAN S} 22 BAES 7Ieo® AAstaL, F HAE
FIREG ¥ 2 8BS 7oz AT

%‘@éﬁr% AR A LA 2] ACT 440.1R-01 A A4S *}%5}04 Arker 32 A@gd

HI

-l

rh

X

o i
7

2
2
rr
N

o,
=]
ruR m&

]
<
o

a2

i

iy

A kol knE 12014 142 FAEojof g-& HolaL 9tk ¢7]A, ky- GFRP9} 717
E Aol R#AAHEE YehllE AFE oveth

o] AEH Ame FAUEL @Al 20034 ACI Committee 4409] A 5% ¥]o]
e DL

Johnney Rooney 5(2004)2 At 30 &<t RAAAe] Fa2 A Z2aE F2&



2 Baskal vk g7k o sjA A o2 HEo A
otsli= Aoz uF-AA WA= FRP(Fiber Reinforced Polymers)E A<t}

NE o

3L gtk FRP+= H2 vwstds 49 =2 74y 3 A58 /X3 Qo A+
At 2 S 7HA A o] A RA e BREE Holal it 53], AR&A
7 A ZAE B} GFRP 242 E He| 3 AFS val - AESh 2494
¥} GFRP £33 E B+ < Z3YE Hof H3)] =2 JH3tF, =2 27 39y

Al A ZIEel= AR S Rt AR Ed sl Aot Felug Tt 7

o T}
m 22

O w=, iy}l Y (Dolan, 1999, Rizkalla, et. al, 1999, Fukuyama, 1999)% 2]
Aol A= 1980 o] ek wigrgte] H: A A ZA FRP BAALS Al
43171 g AG7F olFolA, dA FRPo digh Al - g 2leo]l AJHEo] sha
U AAolaL AANE AEA R £ - B gtk

s

O FRP A4 54| tish @7 olv] sgslo] gl Adeolw, 2§ HA=
pzs

O 4 - Bebs]= ATl FRP i FA1e] AFEA, S A3} ddel i o
T7F 7P #ae] o] FojH Al glvk ACISl Al digh g Ae A A
A S FEY A rhE A glo] ol Wi e Atrh ol FoixaL glth

O A n#o| FRP A& Al-FAd|(Taerwe, et. al, 19995 7FA 2 Qi FRPO

FEAAE Ate) gl diF ASA Be) - BAL 31 v
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m] A= v AlE A7)

Leung, H Y. S(2003)& FRP RC H.0] A7 714 2kelo] lo]A] of
Yel 3 2=t o] 32> FRP rebar?] =

2 A% pazel A4 Padl A Ao wushu otk oleF ¥4

I
7] Y&l ZAYE FZEE)] FRP rebargt 23S W BAeE A= )
Alekatar Qlt} Fig. 2.3 AlEA Sgre] Adws daga)

A3 A 7]
< )& 2831 FRP rebar®] %1 54

pP/2 P/2

| 700mm | 800mm | 700mm

700 I StrZin gauges

]

40

‘Z Steel rebar(dia. 10mm)

GFRP rod(dia. 9.53mm)

15Q I 1,100mm I 1.100mm | | 150

Omm|

Strain gauge
200m I gans

® [ ® ® ® Steel rebar

T=omm GFRP rebar

Fig. 2.3 Details of reinforcement, dimensions and loading layout of test beam

E 79 NEAZ FAEe] X7kdo] 25m, WA ] Eo] 200mm, T Z 150mm
4445 s o g AeEedt AdA Ly bH S Fig. 2.39] YeER I
305.9kgf/cm*(30MPa) # 509.9kgf/cm’(50MPa)e] thE 7 7}x|e] ZATE #:

il Table 213 2& W& 2t A3s3

e

=5 7HA
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Table 2.1 Parameters and variables of experimental specimen

23 E AR A<t | A& GFRP| % ¥ A A
Al & A v 2 25
A% (kgf/em?)|  AF A BAHE] | B3
LO 305.9 2 - 2.84° 081" | An%
L1 305.9 - 2 0.45" 0.59° %17
L2 3059 2 2 0.05° 059° | #r7
L5 305.9 2 3 0.05° 0.89° %17
H1 509.9 - 2 0.63" 0.59° R RAL
H2 509.9 2 2 0.23¢ 059° | #r7Z
H5 509.9 2 3 0.23¢ 0.89° S
3 0 10, L1, L2, L5 = The lower strength concrete
H1, H2, H5 = The high strength concrete
a = use equation p,= 0'8}53[3 Lo, S:-T-usy
b = use equation p, = %j , ¢ = use equation p, = %ﬁ
d = use equation p, = L[()_85f6131x( £ )—Aixf,]
T €t €y bd; 77

5 A3 BE vushd Ao dEeks A A= AL 22 S Holgr) v
st Tl A AMAQ HEHE Holx Steel B} ZAPE HOE gy ¢ =&
a5y o e ARSI HEaGEE 5SS Bolal gl o] AL GFRP rebar
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2.3.3 ACI 440 AAA Y 1%

2.3.3.1 FRP vl &34 E 3 HA9 FAL=

1) 7% AL
FRP ¥l 22]e 3 FAle] 4712 918 718 7FAare ot 2ok oj7)q =
£ bgage Aeaae 3§ P A4 1% )

vi)2 FRP rebar®] 5A4& 183 Ao 2 FRP H4te] $8-HYE AAE Hkgdsh

e
N
-~
o
N
=
ogt
o
off
e
ol
i
x
d
=
D)
_)

i) 22 ES FRP B MAELS THFO2THE 7ol v# g
i) ZAES] S PEL 00030t
i) ZAYES] G

=
iv) ZagEe] 4FeY Ra A77) 08k A AN BEE M @ 5 9

v) 2 ES} FRP BAL ¢hds] #2350 3l
=

vi) FRP 27379 22 A1 e

2) FRP<+2] A A1

=
FRP vl 234 E 3 249 F3 374 % (Norminal moment capacity) = 2 4 &}
q ol
v
-

71 S8 E A H83817] 918 FRP rebar? 2 A|91%47 = (Specified
tensile strength, 2.3.1)¢} =3kl & & (Ultimate tensile strain, 2.3.2)2 A& 3ok
=g

OSRIAUFEE 1 ¢, =Cp - e, (2.3.2)



e, = NYoRRH de FRFAAIAYE

(et—¢,,.—30) (= 0= EEWAD)

u ave

FRP rebars= 73 2%1 21l &3] &7] 7& stollA g4 =7F tha Had o 3l

ow olglgt 7] A sty FEgAe dFS s et A= F=
Y =FAES widAFe  Fiel wel FHEedd did AEAAAF
(Environmental reduction factor, ¢, )& #3dt] AAJNGAZEE ALeES stal 9l

o

th. Table 2.2= A0 7ok 874 aclol we FegaAsE vekd Aol

Table 2.2 Environmental reduction factor for fibers and exposure conditions

Exposure Condition Fiber type Environmental reduction factor CE

Carbon 1.0

Concrete not exposed to

Glass 0.8
earth and weather

Aramid 0.9

Carbon 0.9
Concrete exposed to

Glass 0.7
earth and weather

Aramid 0.8

3) FRP rebar W<+ A E FH-A)9] vyn= .

FRP rebar W2 Ze]e 3 BAlo] shyncs dam=ee 54 gwe
7 2 FRP rebar®] vkl whel 28 E 9] I3 (concrete crushing), w3 3}
¥ (balanced failure), FRP rebar?] 3}¢t3}3] (FRP rebar rupture failure)2] 37F4| 2
FHt} Fig. 24% FRP #< 238 E ZAZHE Ho] uyrs9l Z38]E 9 FRP
rebar?] SHEEE YERH Blolth
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cu

€ @|
i C=0.85f,ab

T= Afffu

< b S
(a) Failure governed by concrete crushing
f ck

€ cu @|
_i C=0.85f4ab
C a=
N..A By
d
o o £ 7 >
b e
(b) Balanced failure condition
E d:i C=0.85/yab
N.A By
d
Af T: Afffu
o o . >
fu ffu

< b >
(C) Failure governed by FRP rupture

(concrete stress may be nonlinear)

Fig. 2.4 Stress and strain distribution at ultimate conditions

=

FRP ¥l 3 A9 §745 #ase] saeh FRPe] shekshs] 3 ofw o]
Aol wheh ebzich @ RAle] )RS FRP el F e g v

goll whe} A4 ol
¢ Bove o

FRP rebar® 4%

reinforcement ratio)S A= 9

(2.33)%F #Fuu(234)E T2 2



et 2
HEE Ad=a4
Cb _ 861{ = _ 80 %
d N 8cu—'—ffu/Ef Cb_ Scu—’_ffu/Ef d <235)
AU ;
C=T
~ A — 0, bd?lEE (237
Pa=pa o A=0,ba%lE 3.
= 0.85fckab = pfbbd ffu
D o= 0.85x Lok x4 (a=8B,C)) (2.3.8)
ﬂ, . ffu d 1 b NON
_ fa Cs
P p=0.858 1< 5% <=5 (2.39)

o714, ¢, o 2(235E dste] Felsha,

= x ka X € au 2.3.10

P ,=0.858, [P (2.3.10)

_ oL ok 2311

pfb 085131 ffu ScuEf+ffu ( NN )

A7, B, = FAYUEY AAVIEA = et A5 = oA E2 ZAYE ¥

_21_



m

Aol A8k gkt 2k
gk, FRP wl<n) 7k st ol ek 28 A9-(p, (¢ p )t FRP dbe gtu)7h 2| u) =
i, Rt 2 FRP wiH7h @i u| Bet F F5(p,) o) SAHES] 337} AJuj
=3

rt

4) FRP rebar vt 23T E HAZFE thA W o] X)L

€., = 0.003 Ja/2
/[\ C=0.85f ab

o
A

Cy

:T: Ar’ffu

fu
kb ;= g 90

Fig. 2.5 Stress—strain distribution of cross section

FRP rebar®] Wl p,= A/pq )7} FEN2U( p, JRTF 2 AS(HTA 53

= Z2agE9 ¢=3¥) Fig. 259 & AAAgdd Be) 3G EE iy
PPz o2 HE 223117 o] fEHT)

ta

o
=

M,=A;f;(d—al2) (2.3.11)

A231DE HE8] fr=sto] 4(2.313)3 o] yEhd 4 gl

e Ay=rbd (2312)
M,=A,f(d=al2) o= Al 2 geism gels
n frr ’ 085fckb ,

= _*Alif; A) = o3 Ja] sl
M= A f(d= 77 )9 ARBIDE digisiel 4esy,

_22_



_ _ bsbdfy,
My=0fd = ) bd

M=o 5,1 = =2y g (2313

A@31DA 2azes] S8Eee] ol 49 FRP rebars] £ st t}e¥ 2

c}.
a= TA;;S’%%, (2.313)
. ck
B,d—a
— R
Fr=Ese s, (2:3.14)

HEE AgxdAs o) 8ste] 242314 = B oh&at 2k

HEE AYgxa4 ;
C, d—C d—C,
= = €= x€ ) (Cl:B C )
€ Sf f Cb cu 10
d—alB B.d—a
A rYa—a
ST T B, T T BT T g e

ff: Efg Cum

21(23.14)9] gl 2(2313)2 tidsta vhA] Aelshd, FuiEAtel(over reinforced
condition)®| A1 2] FRP rebar®] &2 2](23.15)9 #o] f=¥t}

2
f,= (\/ (EfZCu) n 0.85;31 * Ee., —05E%2,| < fu (2.3.15)
f

FRP] wl<2H|7} &t 2h2 74 -9-(F 93] . =FRP rebar rupture failure)®]

= FagEe] $URES 4EF AuolAY WPES FH sets] @) ol
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offth. A maele wolA Aol WA 33 @ we| FPAYEE A 34
3 el AR, 4Q316)7 2o, o e AAl 2aE

M, = Af(d=5) (2.3.16)

A@3I0NA o= A231304 7, A £, 2 Bdete] Abe.

5) FRP rebar Wi+ A E AFA O] =gt

FRP rebar9} FAYEL F Am EF Sl 22w 33 A% (brittle
failure) S X o2& FRPTO.Z vty 3T E A9 A aAss F419
3+ o] 7} = (reserve strength)=
T5 A&aloF gt Yo 7, FRP rebar= v H =Y
3 A=A AS1/1.300769) = AHEsk=S A7kl 9tk Benmokrane & (1996)2
= 3] FRP rebar ¥+ 3 E FFA S A5 E 07655 AHE-5F

Iy
re
-
s
OHH

ACI Committee 440(2003)91 41 = FRP] shbol] o] 5}3](p,¢ p,)9 22 Eo]
A=t el oF A AF(p,> 1.40,)s TS AEHLATE AL £
T A A Akel(p <o (1.4 ,)MA BEFFLAG7E AP oz Wsks Adug 3t
(linear transition zone)< #1-&3t% o™, o] AP WelA= Alkel oJa) 2=
A2eAFE AA3ES slal k. o] #AXS A(2317% Fig. 260 YeERAALH

0 50 for Dfé pfb
b= o= for Py <0< LD, (2.3.17)
I
O 70 fOr DfZ 1'4pfb
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P Ps<CL.APy

Ps<DPp D > 1.4p,

I
(0] i :
0.5 7 %
: ..
7 Failure by FRP g Failure by Concrete
4 /@
_ Rupture % Crushl%ng
v | H
? % % R R T
p fb 1.4[3 b p 2

Fig. 2.6 Strength reduction factor as a function of the

reinforcement ration

2.3.3.2 FRP v+ 238 E IHA AMeA HE

ox &
-
)
i,
_\:L_L
2

Ao Qe FEuA ¥ Azow wad ZaE 8 Pal ms 2a A 8
7o) AolAr, o]z Qg Age] 2l WA web, FRP rebark vl £
JE @ Pl AHEH PEE BRUAS et FL% 227k @ Stk ¥ Ao
A FRP nos was 22 8 PAo A8, & A4 Al A1gss

2o Ay 2 i) AR da] Aeskith

1) FRP B2 vid ZA8E XA A

i

—L
.

rid

AYE 3 FA4Y AQo] 3k A HE 2o HAFAS FAHAHER
WA 7 - A, 2003) =M Algkstal vt 1Evh FRP Rt o 2 bty £3g
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E 3 5Ae] A5 FAY HaFA weiA = dA AqrdAed lon, ofA A=
A A edolE oz Altbste] ThAMA A wkedstar vk A FA A
< e - A (elastic deflection)? 4714 (long-term deflection) &= ¥ T} 7]
J1e ZadE9 A8 Z(creep) ¥ HAEFZ(drying shrinkage)s¥ & F o),

FRP B0 = v Za2E 3 FA9 edAS F-A19 A7 4y o
AE 7HA L o, ZAYES WA SR M st 2HEete o A7]dd wE F-A 9]

oW 24 wlEe] W] F2 9P WA H

=

X

A ZAYE B} AR o

oy
u)
L\J
N
ré
r{r
O
rXL
o)
2
fu)
rot
AV
gl
Do
=
R
=,
[m
'\.
|
>
=
.
[\]
L
_124_,
ol
QL
ol

A2 2aeE wel B Fig 249 2 AA4EEwe 1o s o8 =
EE 2(2318)8 2o, oJ7|A, ,, = FRP W7
Yol 3, k= -21(2.319)¢F 2t

I,= <k 4+ 0 Ard (11— k) (2.3.18)

k= \/2pf%f+(pf%f)2 *pf%f (2319)

FRP Ao ® wjd ZaHE FRA] 44 A2 ZAYE AFA <} vzt
M2 Agetgol Frbstel wel wdo] HAsHY] Ao HAAdT dde] LA &
A7 Abololl EA8kAl ©tk FRP B o2 mjd w1 x| ZAze Bl ol
21382 A4 3 Benmoknane, 1996)0] 2 A ZAE FRA 9 ALEA HE
8% = Branson®| & @ 22 EHEES FRP Bkt o & =)
of 283 9 dwe] T¥o] AR rtE= Aoz veRtt o)l ek A2 7= FRP
o] RAIETE Aol el 2, FAAETE A om 2] wE e 2 (ACT

%)
Aol A-83std Branson®] X3 & ©

fe

e

-{E -qm

Committee 440, 2003), A+ 23 E I
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W23 WRlE A2 Fskel 4232008 2 £ Awste] Alekahait.

I,=qa], +(TI; a]cy)( M, < I (2.3.20)

&
a

2123200914 a ¢} B FRP B 7 <to] Ao Hldl ZFAdo] 22 Jak& niedste 7
aAFRA AR ol dgsofof g,

ACI Committee 440 (2003)ell A& o] 2] gt 03?7234% v o 2 th5-3 o] FRP B
AW 220E 9 FAe] f5 9 23 LUEA (Bransone] 47 §A4e Gl
)& Alekakglon], o 22320604 p = 223223 o] AFHh

1= (e )98, +{ (%)S}IW <1, (2321)
By= %{% +1} (2.3.22)

2232204 g Ao @dAToIY, o, 2B ES FRP B2 o] F2kE o

As2A, GFRP rebar®] 4-% 058 AH&sl=5 #AFsta Qi) o714, 24 (2.3.22)¢]
EMA EE dAsHH = 10] ¥2® 4 (23.15)% 71£9] Branson®] 23} 24 #
.

2) 4

FRP ®7 o] A &3 <o shb= F-Aol vk AaAdo] v Atk= Zojth A
T 2AE FA A Ao RaolM ZAE #HES AFEe T 29o)g)
W FRP B710% w2y ZAE B A2 239 E 2] b5 &8t o
21 I Rl o A R Rt L

FRP BAo= wid ZA2E FA9 818t d o] A3 A Ao 45
0.02in. (0.5mm)= sk glom, Ffurre] 4-goll= 243 ok 45 diqf
I} FLaHA 0.02in. (0.5mm), TF=2] Aol A= FAe] 4 0.028in. (0.7mm)=
3 ATh(ACI Committee 440, 2003)

Faza®} GangaRao(1993)+= A& Al A+E 35te] FRP Rt o 2 vty &3



E FAe] wdERS dS5e7] A7 AL S Gergely-Lutz(1973) o8 d 24
A

E AT o ARE FAE ARG SRkl 4(2323)3 2ol AAsS

w=0.07658 % £, d.A (2323)

w= JE}Z Bk, Wd A (2.3.24)

22324914 £k g0l @913 MPacl®, g9 9] mm, A9 @91 mm’e]th.
ky FRP B33t Za2E0] A5 kgt A2 4, FRP BAe] Sl w
g} debd 4= ok dwbA o o]F FRP B7btel tisiA 125 AHE3lES Altstal
Ath.(ACI Committee 440, 2003)
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[II. Hybrid Reinforcement System
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(D GFRP* Fig. 2.2(FRP A

=
A7 A3 A o] AR Ee] AN A Re] APl 4 o

Edoen F2Ee A IS WAL 5 A Pk

Fig. 3.2 Failure mechanism
a) Bridge deck model , b) Bending moment diagram ,
¢) Failure mechanism of HRS
@ plastic hinge of steel bar,

@,® rupture of FRP rebar or crush of concrete
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3.3 HR.S. £8Bo] A3} M3~
3.3.1 719 AA(ductility) A=} HPANUAE 113 #|Qk2]o] T3k a1z

Adol& A=, F2GH, FERFA, B F2ATE AAE Ao E4gle] B
(collapse)dl7] ZA7FA] HolFE= H)Ad W (inelastic deformation)s WER =
(qualitative) 2?1 7id o]t} A2 % z

2 "o g A AA =7 FaE AArTE 9T sk 8% =
2} 3 4 Sk (AR, 1998)

AME FA457] A% wHor AAF(ductility index) B A4 A (ductility
factor)7} AF8-o] % =Hl & (curvature), 3] #(rotation), *] 3 (deflection)e] ¥ = Tt}
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Concrete failure or FRP rupture Concrete failure or FRP rupture
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a) FRP concrete slab b) HRS concrete slab

Fig. 3.3 Inelastic strain energy in FRP and HRS concrete slab
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o AE FAHer] flal &dBE ol LVDT(Linear Variable Differential
Transformer)& A X3} th M E 545 $13 Strain gage™ Positive Moment zone
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Fig. 4.3 Real view of slab experimental specimen

4.3 AgAe] B ¥

=

SRy

_39_



& AGAE vz S A vlashr] 918k FRP 242 E Alg A 2 HRS 2
AYE AlgA A GFRP R 7aS WstAZTE Table 4.1 AlEAA 9 w3 73-S
e AL 2L

Table 4.1 Details of cross section and reinforcement quantity

Al A RS i =3
Steel 2H16 (A =3.972cm?)
RS1 * ®
Steel 2H16 (A, = 3.972cm?) L -
Steel 3H16 (A," = 5.958¢m?) e o o
RS2 ;
Steel 3H16 (A = 5.958cm?) * &
GFRP 3¢16 (A, = 6em?)
RF1
GFRP 3#16 (A, = Gem?)
GFRP 4#16 (A, =8cm?) O G, 00
RF2 R
GFRP 4#16 (A ,= 8cm? OO OO
GFRP 2416 (A, = 4cm?) O e
RH1
Steel 2H16 (A, = 3.972cm? & &
GFRP 3#16 (A, = 6cm?) O O
RH2 .
Steel 2H16 (A = 3.972cm?) e . o
GFRP 4#16 (A, =8cm? oo OO
RH3 ) '
Steel 2H16 (A = 3.972¢m?) e o
GFRP 2#16 (A, =4cm?)
RH4
Steel 3H16 (A = 5.958cm?) e e o
GFRP 3#16 (A, = 6cm?) O O O
RIT5
Steel 3H16 (A, = 5.958cm?) ® & o
GFRP 4#16 (A, =8cm?)
RH6 ; '
Steel 3H16 (A = 5.958¢m?) e e o
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4.4 M-SR =42

4.41 F3IYE
SYH AJgA 9] Aol AMEE ZAYEE AADSAE £, = 270keflom® , T
A9l HUASF 256mm, EHE 12cm, HE LEWE AHEE AFESH gr] & ALE-
stttk A SAS 1070 SAIAY HEFSHEE 7, = 286kef/ em? ©1ATE
Table 4.29] ZAag]E9] AnbAl Fdo] e} Stk
Table 4.2 Properties of concrete
=2 29
Yz | AWME F7 | 438 FF 7% ==
A x5
25mm 12cm | BE ZEW=|0.30kgf/m’ol 8l | 45+1.5%0]0 | 286 kgf/cm®
4.4.2 ZH:3} GFRP rebar
ZAE EY B Ao AR 2L SD40 Hi-bar2A 57} A& S0] 5% DI6

&
=

Ao Aol AH&H GFRP=

Agagr. g A

AHg-3h9

w]=+ Concrete Protection

. A% GFRP

Products Inc. AFe] A3% V-RODEH= 53 HAES

rebars 2 E9}e] RALFLE 27N 7]7] Y5 T RS o AR F2A g
wo] Qlt} Table 432 H* D169 IFAA AT} Azt 4 A 2¥ GFRP rebar
#16°] =214 A3 9sh ddS vEhda

Table 4.3 Properties of steel, GFRP rebar

aud | wdAs | G809 | 98098 | FuAF | Aol
s (em?) | (10°%kgf/cm®) |  (kgf/cm®) (kgf/cm®) | AP E(%)| (mm)
Steel | H16 16 2.1 4756 1880 0.22 -
GFRP | #16 159 0.40 5459 1357 14 320
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A MY ES S4317] 918t e Holl 3} GFRP rebar®] 7A)
AP AE F-2stath Mz RS WA & CN(Cyanoacrylate Adhesive)
2 Fasta, WgHol 22 ikttt 1ol AlPA Sl A E A st
=

%)
T A FEUESR & sigel] FaERS vy A ekl

Table 4.4 Strain gauge specification

Gauge Gauge Coefficient of
Type Adhesive Other
Type Factor Thermal Expansion
Concrete FLA-5-11 | 2.13£1% P-2 11.8x10-6/C Tokyo Sokki
Steel & Kenkyujo Co.,
PL-60-11 | 2.13%+1% P-2 11.8x10-6/C
GFRP rebar Ltd.

4.5 A9 dolg +4

A4 A AA2 3% AstHoezr b Z#9l(Loading frame)ol A S k57|
(Actuator, 50tonf) S AF-g-3le] WL Ao] ¥ (Displacement control)2 ©]-&3fo] 1
15mme] £xg o] FoHaL st Ast A AlFAS] ARUMER e} FRHER WF X
< ek 2 ) 74A aFs Alsk Tk A4 A@A Y] 27D ET, 6&%3}%, =3t
To WES goF Aeste] 2 AIFAE AR HSAAGHE
2tonf 8t5 Ajet Alvtth LS S AR FFste] AFAAF S 71553

]_
B 2 4 HEE 54 7](1\/[DSZOOO)E ol-g3ato] sz, A3, L3 GFRPe W
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Table 5.1 Result summary of experiment

Ultimate | Ultimate Maximum strain

Specimen Load Deflection of rebar(%) Failure mode
(tonf) (mm) (+)M (-)M
RS1 15.14 53.58 101 1014 Positive steel yield
RS2 20.16 52.75 1014+ 10] 4+ - concrete compression failure
RF1 16.53 3491 0.95 1014
Positive concrete compression
RF2 19.32 39.29 1017 0.74
RH1 13.21 48.30 1017 1017
RH2 14.97 52.82 1017 0.92
Positive steel yield
RH3 16.16 62.52 1014 0.80
- concrete compression
RH4 16.60 43.81 1014 1014
failure
RH5 17.50 45.43 1017 1017
RH6 18.75 46.10 1017 1014
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Fig. 5.1 Crack propagation with different load levels in Steel concrete slab
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5.2.2 FRP ZIYE A&A
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o RF2 A @A A9 370 A v - AEey) 98] waws dehm uj
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Fig. 5.8 Crack propagation with different load levels in FRP concrete slab
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Fig. 5.15 Real view of RF2 experimental specimen
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Fig. 6.10 Crack pattern of RH2 experimental specimen



Fig. 6.11 Crack pattern of RS2 experimental specimen

Fig. 6.12 Crack pattern of RF2 experimental specimen

Fig. 6.13 Crack pattern of RH6 experimental specimen
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Table 6.1 Summery of ductility index and strain energy index

Speci | Ductility index Strain energy index

-men | p,= A, /A | E, (tonfsrmm)| E, (tonf*mm) | index
RS1 5.93 626.21 171.57 3.65
RS2 5.39 832.63 205.70 4.05
RF1 1.00 321.01 238.95 1.34
RF2 1.00 384 378.95 1.01
RHI1 5.84 434.96 99.96 4.35
RH2 6.90 582.07 114.59 5.08
RH3 7.60 740.98 140.52 5.27
RH4 3.90 512.55 167.47 3.06
RH5 4.15 551.98 159.17 3.47
RH6 4.61 682.28 189.07 3.61
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