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　　　　　　　　　　　　　　　　　　　　　　　　ABSTRACT
F星ex 田 al　pelfb    of 　notchod 　corrcrete　bea皿 s　ex 巳¢ ma 皿y　bonded　w 汕 ca由o皿 ∬ber（CF）sheets

止rough 　valious 　bond血g　sysIems 　was 　expe 血 nentally 　evalua 重ed．　Two　lypes　of　sheet 　geometries
（c。nveI 血 o衄 曲 et　ancl　new 　sIrarKl　sh  1）aod 血 ee 　types　of　adbesive 　bon曲 lg　Systems（nom 囲

adhesive 　bOnding，　ductilc　adhestVe　bOndin呂　and 　a　1rybrid　use 　of 　two　of 廿Rm ）we 【e　applied ．　Thc　new

CF　sロaコd　sheet　proves　i鵬 superiorityω de　conven血onaL　CF　sheeI．　In　additio【し廿re　bybnd　bo血 9
SyStem　can 　achicve 　optirniz£ d Ωe翩 pedb    at　bo血 the　selviceab 皿虻y　and 　uldm 缸 e　s呱 es．
Keywords： （肋 ◎皿 s  shoe も colrcrete　be皿 血exural 　s紅eng 曲en血g，　hybrid　bo曲 叫l　diictile
adhes 孟ve

，
　selviceabni 重y，

　ultima に state

1．INTRODUCTtON

　　　F且exural 　Strengthenirrg　of 　leh血 E℃ed 　concrete

（RC ）member 　w 虻h　extema皿y　bo面 ed　fiber爬 血foroed
polymcr （FRP）shcet 　has　become　a　popUlar　apPlication
nowadays ，　 St爬 ss　tlansfe了　betWeen　鵬 　exにma ∬y
bo扣Uled　 FRP 洫 RC 　member 遮　u皿 1山y　achieved

througli　adhesivc 　bonding　syste皿 However，　the　b血 le
debond  g 制 u 盻 飢 U蛤 FRP 　 to　 conc爬 萄e 血 terfaee
usually 　p爬   des　to血e　fle  岨s  or 伽 f…血 爬 of

血est 爬 ng 山ened 　me 皿址nr ．　As　a 爬 訓 ち 廿鴎 role　of　bond
between　conc「e山e　and 　FRP 　has　become　a 　hot総 st
conoern 　fbr　the　FRP 　Streng血eni皿91edhnology　over 　the
］ast　decade．
　　　 With　respect 　to　th鳩　del×md 洫9 鉛皿皿 re，　a　fortUna！e
ti血 g お 血aI　good　u 広le国 and 洫g　h細 been　achieved 　o 皿

山c 血ih鵬 modcs 　and 　mechal 血sms 血 de 　FRp 　fiexaJral
stre叫9ヒhened　RC 　me 曲 e1s．　A聾so ．爬   n1　advart 血9  

bonding　mode 血ng 　has　enabled 　reasonable 　pledic虹on 　of

U鳩 st皿 （翻 perforrnance　of　FRP 　strengthent 　RC

membe 】5　a1翼1　皿u皿 elous 　models 　have　pmved 　山eir

successes 　in　predicting廿鴇 debondi皿g　stlen9 血 fbr　the
FRP ■concr巳te　i血e   …ヨce 　eitb ¢ r　a重ele紅鴎 劃瞳or 　a1　n蟹診缸由er

level．　A   o1魄 置y，　design　g購idelines丘br　prediCting山e

flex皿 al　capadly 　of　FRP 蜘 d 鵬 血 bels　w 血

considelatiol 且　of 　the　  eπ勉 ¢ 　debondi夏培　have　been
deve10ped 血 many 　n飢ions　le．g．ト 31．　However

，
虹 is

hard　to　recognize 血 貰 齬 debon晦 g　problem　has　been
solved 　血　natule 　because　struct巳ml　deSigne！s　st譴l
C。血 皿 圃 e  to 伽 0呱 紬 岫 帥

st爬   th　advan 電age 　of 　FRP 　lo 皿   t山e　demand 　fbr　a
safe　smengthening 　desiglt　Fo「 actUal　s註uc 血 に s　with

large　dimensions，　b 血rprvve仕B 　me 血ber曲 ss　or
st「eng 由 eve 皿 alitde 　us 皿a1取 鵬 quh鵠 s　a 「eladvely 　large
amoun £ of 　FRP．　But曲¢ 舳 重y 誌，廿鳴 置  er　amoun 重of
FRP 　lequi 罵 d　fbr　the　des孟9凡 廿1e　10wer　its　mat 弓r囲

strength 　wc 　can 　udlize 　fOr　desigri　a面 t血e 　less　m ¢ mbe 「

du｛：匝血ty　at　the　ultima1e 　s姶te．　Tb　solve 血 s　prob且em ．
舘 ve 蹈 L 爬 scI口℃bels　面鴫d　1｛｝ use 　nex嵒⊃1e　and 　血 c口k｝

ad血薗 ves 　 wi 血 1e  vdy 　 bw 　 elastic　 modulus 　 f（）r
  pmving　d遮 洫重e  盈  bond　betw  n　conc 祀 罅   d
FRP 【461　a【蛆 gaj鵬 d 甜 cccsses 　in　achicvi   匝g  r

u1廿m 飢c　flexural　strengIh　and 　imprOved　d鵡 血ty　at 山e

ul1irnate　stage ．　Howeve ら the　flex孟b且e　or　ductile　bon曲 1g

system 　m 血 1y　co 血 butes　the　s鵬   山 e血 lccment

狙 er　s鵬 1　yidds　a以1　hardly 洫 pmv6s 山 ： me 曲 er

se翩 b曲 y．魅 is　 mot 　favored　 win 　conoerns 　a爬

also　 r）eeded 　 to　 contro 星　 crack 　 wid 曲」　 member
defbrTnatioq　and 　st爬 ss　level　in　st  1　！ei皿「blcement
under 　aロ　increased　design　load，　Tl血s　paper　ailns　to
develop　a　better　configu 瑜 口on 　fbr山e　FRP 　sheet　to
◎0鷹 椥 曲 mbo 山 900  圃 圃 鷹 C  C訓

po  重s　 of　view 　 so 蝕 an 　qp1洫 zed 　 FRP 　flexu副
stieng 山ening 　effeCt　can 　be　lealized　with 　a　sirnUlmmus

conside 祕 on 　of 血e　sewi   abiIity　and 　u 舳 te　li皿並t

state　perforn旧 nce ．

2．正 ST　PROGRAMS

2．t　Mate 「ial3

　　 Concrete　used 　i皿 this　study 　ha〔1　de　compressive

stlength 　of　33．7MPa 　at　the　t  e　of　testing．　Pwo　types　of

CF 　sh  ts　 s1】own 　in　 F   ．1　were 　used ．　 One　was

ceirvemional 　CF 　sheet 　w ！匝ch 　is　being　pOpUlarty　used
nowadays ．　Am 廿踊e】r　was 　a 皿ew ！Ype　nalned 　CF　slm 凪 1
shceもh亘which 　CF　fibers　vve爬 p隠 cu爬d　to　FRP 舳 1s
a”d　then　the　S圃 s　we 爬 woven 血 sheet 　forrna重，　In　dle
cune 皿 s加dy　bolh　two　types　of　shects　wc 爬 made 　of 　the
same 　fiber　amount 　and 　had　the　same 　desig皿 tension
s【ff囗ess （see 　T自ble　1）．　TWo　types　of　adhes重Ψes　we 【e

used 　as 重he　bOnding　ma 重e由 1s（s  F  ．2）．　One　was

nom 衄 1ヨdhcs押e　Al　that　has　a　linear　ma 重eliI皿 propeay．
Ano血er 　was 血 cd 且e　adhesive 　A2 血at　has　a 　mn 一血 ear

material 　property．　The 　elastic　moclUlus 　ef 　Al　and 　A2 的
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2.41GPa and  O.39GPq and  thcir ftacturing strains are

1.85% and  60%, respectively.  Different ffom the
fiexible adhesive (see Fig,2) which  has a  very  low
elastic miulus  but a  linear material  property, the

ductile adhesive  has a yielding phenomenon as sbown

inFig.2.

   Corrverrtional wet  lay-up processes were  applied

for both CF  corrventional  sheet  and  CF  strarKt sheet

irrrplemerTtations. Adhesives usod  for the bonding 1ayer
aiKl for the impregnating matrix  of  FRP  sheets  were

different when  the ductile adhesive  A2 was  used.  Also,
adhesives  used  for the irrrpregnating manix  of  FRP

sheets  were  different when  different sheet  geometries
were  used.  In the conyendonal  CF  sheet  case, adhesive
Al  was  used  for the irrrpregnating matrix.  Howeveq  in
the CF  strand  sheet  case,  qpoxy putty was  used  instead
since the CF  sheet  hact already  been pre-cured, The

se1ected  epoxy  putty had the simi1ar  mechanical

propenies with  Al but much  higher visoosity  than Al,
The  thickress of  FRP  1ayer in the CF  strand sheet  case

was  rrruch laTger thaii that in CF  corrverniDnal  sheet

case. Consequently, the thickuess of  bonding adhesive
1ayer achioved  during CF stiaiKl sheet  irnplementation
was  much  larger thari that achieved  during coirventienal
CF  sheet  irru)lernentation because the qpoxy  putty in
fact also actod  as  the bonding layer between CF  strand

and  concrete.

Conventional CF  sheet  CF  strand  sheet

  . Fig.1 Geometry  of  used  FRPsheet

?50sV40302010oO.O

 O.2  O.4  O,6  O.8  1.0e

Fig.2 tensile stress  - strain curves  of adhesives

Tabte1ProertiesofFRPsheet
Corrventioma1CFsheetCFstrandsheet

m3 4oo 400

tOvtPa
>3,4co >3,4oo

(GPa) 245 245
O.222mm O.555mm

(mm) 13.32 13.32

(kN/rnm) 54,39 54,39

Note: f} 
=
 fiber density; fi =

 tensile strength; t}f =

elastic  rrKKIulus;  ij =: design thickness of  CF sheet  or

section  area  of  a single  CF stsaix!; 4f= design sectienal
area; and  E),4f= tension gtiffness.

.2.2 lnformation of  epecimens
    In total, 18 concrete  beams of  900mm  in length

and 1oox1SOmm  in cfoss-sectienal  area  weTe  prepared.
Beam  geometry is shown  in Fig.3. All tested beams
were  notched  in the mid-span with  a depth of  50mm  In

the pure bending zonc,  the CF  sheet  was  un-bonded

with  concrete substrate  to improve the measurement  of

strain in the sheet  over  there. The  above-mentioned  two

types of  CF sheets  were  externally  bonded to the
bottom of  beams. After that U-shape end  ancborage  was

applied  at the end  area  ofone  shear  span (see Fig,3).
Through a  combined  use  of  different types of  CF  sheet

and  adhestve  materials,  five bond configurations  were

piepared for the tests (see Fig.4 and  fable 2). Ameng
them there was  a hybrid use  of  normal  and  ductile
adhesicves  in the same  specimens  (see A-3-1 and  A-3-2
in 

'lable
 2). The background for applying  this bybrid

bond was  that use  of  low elasdc  r[K)duTus will decrease
the stilfiiess of the interfboe bond and  consequently

may  ruin  the serviceability  of  the flexura1 strengthened

member  [7]. Since a  diictile adhesive  usually  has
smalleT  elastic modulus,  it was  expectecl  that the loss of
bond stiffness due to using  dnctile adhestves would  be
compensated  through the bybrid bonding system. Tb
understand  the most  critical part which  may  require  the
use  of  ductile adhcsive,  thc ductile adhesive A2 was

applied  in the sheardominating  zone  and

flexure-dominating mne  (see Fig, 4> in test series

A-3-1 and  A-3-2, respectitrely. The remained  parts -rere

applied  with the normal  actheslve  A1,

       425 50

Fig.3 Geometry  ofspecimens

'dcrninortingzmne
 dominatingzone

    Fig.4 Profile of bonding configuration

Tabte2Differentbondinconfiurations'
Adhesive L(mm)BeamcodeTypeofsheetPart1Part2Part1Part2

A-1CCFSAlAl 355o
A-2CCFSA2M 355o
A-3.1ccrsAlA2 165190
A-3-2CCFSM Al 165190
A-4CFSSAlAl 355o
A-5CFSSM M 355o

Note: CCFS  =  corrventional  CF sheet; arKl CFSS =  CF
strand  sheet
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2,3 Measurernent

   Among  the three specimens chaTacterized  with  the

same  test variables,  one  was  mounted  with  a lieu of

strain gages on  FRP with  the interval of  20mm  in the
shear span without U  ancboiage, During the loading
tests, besides the load and  mid span  deflectiony ttie

opening  of  noteh  induoed at the mid span  was

monitored  at the beight of  5mrn, 25mm,  and  S5mm

ftom the bottom of  teste(S beams using  throe z  gages at
fivnt arKt back beam sides, iespectively (refer to Fig.3).

3, TEST  RESUL:1'S AND  DISCUSSIONS

3,1 strength and  Ductitity

    Tkvo types of  fai1um modes  were  observed  in the
tests. Ore  was  irrterface peeling failure between FRP
and  concrete  chie to the opening  of  fiexural cracks in
concrete  beams (see A  in Fig.5) and  another  was

irrterface peeling failuie due to the opening of
fiexuretshear cracks  (see B in Fig.5) in concrete  beams.
Jn the latter parts, these two  modes  are callod  fle,qiral

peelimg (FP) and  flexuralIsbear peeling (EtSP),
respectively.  As listed in 

'lable
 3, oven  with  the simi1ar

fiexuraYshear peeling mecharrism, the ultimale suength
of  strengthened  concrete  bearns varies  bctween 16.8kN
and  32,8kN, indicating the signifTicant influenoes of
boncling configuratioms  on  controlling  the opening  of

flexurullshear cracks. ln general tlre failuie of

flexuiallshear peeling occurred  at relatively high
loacling levets. One  exoeption  is the A-3-2 test series, in
which  the ductile mbslye and ix)rmal  adhesive were
used  in the fiexuredominating monc  and  shear

dominating rone,  respectively.  [ivvo of  tbe three tested
specirnems in series A-3-2 were  subjected  to

flexural!shear peeling fairure and  had relative  low
ultimate  strength at 16.gkN and  18.3klNl, respectively.  It

was  expected  that the ductile adhesive  at the fiexuiat

table 3 Summary  of test resutts
Code AstzateefthrteFailntetnedePmt(Sc)l)op<mm)einf")P.ptfp

A.l.1ts.s3.63s"s re

A.1-2IS.]3.9962g2t6.S3.695999-
A.1;3t6.S3."6269 rv
A-2.1213.7S7499 "

A-2-2n.243gnesp22.14.997egsFts?
A-2-3".o6.Sl6676 FSS?

A.3.1.t19.S4.366S39 n
A3.12t9.S7.725SS719.SS.4S676Srv

A.].1.3lg.54.366S99 rv
A.3.2.1!S.33.46Sou7 Frs?

A.3-2.216.S2.52570517.S3.ooc"48F,S?
A.3.2.3IS.33.02S592 rv

A.4.1t9.7322S19S rr

A.4.220.S4.961"20.74.se56S9Frs?
AL4-321.7S.S7srocs FtS?

A.S.130.S10.49061 Fts?

A-S-232.g7.g997SIS29.97.92S7?2Frs?
A-S.326.5S.477"1 FsS?

Note: P... i;... 
=
 rnaximum  loadcarrying capacity  arxt

defiection of  the strengthened  beam. respoctively;  and

q...= maximum  strain in FRP  at ultimate state.

dominating zonc  would  alleviate the stress

concentration  at the vicmity  of  flexural cracks  while

delaying the debonding  prooess. The cunent  test result

boweve4 indicates that the deborNiing at the fiexural
dominating zone  may  rK)t be critical for the ultirnate
failure of  the strengther)ed  system
    Figs.6 and 7 present the load versus  mid span

deflection (P--ol curves  of  strengtheind  concrete  bearns.
The eifocts of  slmet  geomctry arKl mechanical  prvperty
of  adrvestves  are  inctuded As sbown  in thc figures
series  A-2  and  A-5  have  much  higher ultimate

load-carrying capacity  and  ductility than test A-1 and

A-4  series. respectively,  irKlicating that the ductiSe
bon(ling is superior  to the noiTnal  bonding in terms of

     B: FIexurakshear peeling (FISP)
Fig.5 Failure modes  of CF  sheet  strengthened
          concrete  beams

35302SA

 2ei.Lr

 15IO5oo246g

 S(mm)10l2

Fig.6 P 
-

 5 curves  of CCFS  strengthened  beams
      with  unique  adhesive  bonding

353025A

 20&ar

 1510soo2468

 fi (mm)1012

Fig.7 P --  6 curves  of  CFSS  strengthened  beams
      with unique  adhesive  bonding
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the ultirnate state perfbm)ance of  strengthened

members.  On  the other  hand, series A-4  arKl A-5 tend to
achieve  higher ultimate load-canying capacity  and

ductility thafi series A-; and  A-2, respectively,

indicating that CF  strarKl sheet  perfbrms better than
conventional  CF  sheet  although two  types of  sheets

have the same  tension  stiflrness (see 
-lable

 1), Therefore,
use  of  the CF  strarKt sheet  together with  dnctile borscling
would  be ideal for optirnizing the flexura1 perfbrrnance
of  strengthened  beams in terms of  the ultimate strength

and dnctility.
    Figs.8 and  9 present the effectof  hybrid bonding

system en  be P --  6curve. In Fig,8 the bybrid bonding
is realized by arTanging the normal  and  ductile
adhesives  at tbe fle)qiial and  shear  dominating zone,

respectively,  rvhile in Fig.9 the sltnation becemes
contrary. Oornpared the trybrid bonding system to the
oormal  or  ducdle bondirig system, it is sbown  that test
series A-3-1 aiKt A-2 have alrrK)st the same  strength  and

ductility at the ultimate state (see Fig.8). On the other
hand, test series A-1 and  A-3-2 hasre the similar
ultimate state perfbrrnance (see Fig.9). As iiKlicated in
fable 2, tbe same  adhesive A2  and  Al  were  used  in
shear  dominating zone  for A-3-1 and  A-2 series, and

A-3-2 and  A-1 series, respectively.  As  a  consequent,  it
can  be concluded  that the ultirnate strengtli and  ductility
are mainly  influenced by the mechanical  properties of
the  adhesive  used  for the shear  dominating mnc.

3S302S

  202e

  ISm10

oo24686(mm)
!o12

Fig,8 P --  5 ou  rves of strengthened  bearns with the
       hybrid use  of  two adhesives

353025r-h

 20R

 is10

oo246S5(mm)
1012

Fig.9 P  
-v

 6 curves  of strengthened  beams with  the
       hybrid use  of two adhesives

3,2 Member  Stiffness

    Fjg.10 presents the stiffness perfbmxe  of

stTengthenod  rnermbers  with  different borKling
configurations  under  serviceability  state, The mid span
deflection of  all the strengthencd  beams under  the same
exteTnal  load which  is assumed  to be 10kN, is used  to

evaluate the effects of  bonding configurabon  on  the

global stifrness of  the strengthened  beams (see Fig. 1O).
It is clearly seen  that deflections in test series A-2,
A-3-2, and  A-5 series aie approximately  the same,

while  the defiections in the remaining  series are also
almost tlre sainc  at the given load level 10kN, As  has
been indicated in 

'Tlable
 2, ductile adhesive  was  used  in

the full spans  of  series A-2 and A-5 and  only in the
fiexural ctomirLating  zone  of  series A-3-2. 0n  the other
hand. normal  adhesive  was  used  in the fu11 span of
series A-larKl A-4  and  only  in the fiexural dominating
zone  of  series A-3-l, It can  be concludea  therefore, the

global stiffness of  strengthenecl  beams is minly
influenced by the mechanical  propenies of  adhesive
within  thc fle)qiral dorninating tone.  Usualty, use  of

ductile adhesive  in the fle)airal daminating mnc  will

decrease the global stiffncss of  the strengthened  bearns
and  hence increase the deflection of  the strengthened
merribers  (see series A-2, A-3-2, arKl A-S in Fig. 1O).

  O,7E

 
O,6g

 O.55

 O.4g

 
o,3S

 O,2a
 o.t

  o.oA-1

 A-2 Ae3-1 J\32  A-4 A-5

     Bondcontiguration

Fig. 1O  Memberdefiection at P =  1O kN

e  o.4g=

 O.3gg

 o.2,g

 o.1go

 o.oAt
 A-2 A-3-1 N32  A-4 A-5

     Bondconfiguration

Fig. 11 Crack performanoe at P =  1O kN

O,7O.6O.5O.4O.3e.2O.1o.o

O.4e.3

O.2o,to.o

3.3 Crack VXficth

    The opening  of  mid-span notch.  which  was

obtairred  ffom the z  gage at the height of  Smm  ffom the
bottom of  tested beams, was  presented in Fig.11 to see
bow the bonding configuration  influences the
development of  the maximum  crack  width in the
strengthened  members,  It is sbown  in Fig.11 that test
series A-2, A-3-2, arxl A-5 have the similar  notch
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opening,  while  tests series A-1, A-3-l, and  A-4 have de
sirnilar notch opening  at the given load 10kN. It is
understarKlable  that use of  ductile adhesive  in the
flexural domimating zone  causes  larger mm  cracl[
width  in the strengthened bearn (series A-2, A-3=2, and
A-S). Cornparatively sman  crack  width  can  be seen  in
test series A-2, A-3-2, and  A-5, where  tlre iK)rmal

adhesive  was  used  in the fiexural dominating zor)e.
Considering that the drictile adhesive  cart improve the
uldmate state performairce in tcrms of  be  member

strength and  ductility as discussed in Section 3.1, it is
neeessary  to enrploy  a Irybrid use  of  normal  and  ductile
adlvesives  in the sarne  strengthcning system to achieve
optimized  serviceability  arti ultimate state peifbrmance
sirrtultancously, The different sl)eet gmmetry, the CF
strand sheet and  the coirverrtiona! CF sheet, seems  not

to influence rtoticeably the giobal stifirness (see series
A-1, A-4 arKl A-2, A-5 in Fig.tO) and  the rnaxirrrum

cnck  width (see series A-1, A-4  arK! A-2, A-5 in Fig.1t)
of  strengthened  rneniber,

3.4 strain Development  in FRP

   Fig.t2 presents the developmerit of  maximm

strain in FRP  with  the mid span deflection in cases of
dilferent bonding configurations.  In the figure the
maxiirmm  strain  in FRP  is the average  of  thTee
specimems  characteTized  with the same  test vaiiables. It
is sbown  that, after the initial peeling of  FRP  (see
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Fig.13 Strain development in FRP:  comparison

    betvveen CCFS  and  CFSS  system

tlx)se peaks in the linear aseeiKtitzag braches in Fig.12),
series A-1, A-2, and  A-3-2  slK)w the similar manner

although A-2 achieves the greatest maxiimrm  strain in
FRP, in other  woms  tbe greatest strengthening

crfficierrcy. Agaiza this benefits ffom the use  of  ductile
adhesive in tlre ful1 mciaber  span.  Howeve4  use  of
ductile adhesive only  in thc flexural dominating cone
hardly can improve  the maximulli  strain in FRP  at the
ultimate state (see A-3-2 in Fig.12). When  a hybrid use
of  the normal  adhestve  airi ductile adhesives  was

applied in fiexural antt sbear  dominating cones

respectively  (see A-3-1 in Fig.12), the strain in FRP
seems  clearly to be srnaller compared  to oim  bond
codigurations  at de  same  mid-span dof1ection in

atldibog  the maximum  strain in FRP  stops increasing
soon  aftcr the initia! peeling load, implyiirg an  early
clebonding  occurTing  near  the initial crack  (iK)tcD, So
stiff bond at the mid-span  aocempanied  with  ductile
bond at the ut  arx horage pert may  lead to an  early

oocuirerxe  of  debonding at the mid-span area.

Fortnnately, this eariy  detx}nding (k)es mot stop the
signifTicant ircrease of strain in FRP  aftcrwards sin)e

the ducule adhesive  in tbe stmar  dorninating core

governs the ultimate state peifbrrrtance. Consjdering the

good servioeabmaty  perfbrmance achieved  in series

A-3-1 as discllssed in Sections 3.2 asKt 3.3, the
bonding configuTation  used  for A-3-1 conseclucntly

proves to be an  optimal one  for fle,qiial strengthening.

    Fig.13 also presents be  development of

maximum  strain in FRP  with the rnid-span  deflection in
cases  of  clifi7erent sheet  geomenies (CCFS arK! CFSS).
Ttre measured  surface strain in CFSS system seerns
alvvays smaller  thaii that observed  in CCFS  system at
the same  mid-spari  deflection (soe the enlarged  view  in
Fig.13), Tliis ditfereirce is considembly  attributed  to

me  rclattve srmar  displaoeinent between the CF  strand

arKt the surToundiirg  putty. Tttse FRP  layer in CFSS

system is rrruch thicker thari that in CCFS  system.
Because of this the measured  strain is on  de surface  of

puby rather than on  the sutface  of  suand  itseE This
strain differeine may  cxplain  wby  CF  strarKi sheet  is
more  eMcient  than coirventional  CF  sheet  as  concluded

in Section 3.a. The defomiabMty in shear of  the thick

putty 1ayer can  enhanoe  the shear  force transfer

between FRP  1ayeT and  ooncrete. It is hard to achieve a
bond layer rich in shear  deformability in coirverrtional
sheet  borKling systcm Howeve4 the CF strand sheet

bonding system makes  this possible.

3.5 Srain Disbibution in FRP
   lb have better understaiyting  on  the debondipg

prooesses in cases  of  different borxling configurations.

Figs.14 to 16 present the strain distribution in FRP  at
different load levels. Only the opamal  1rybrid bond
configuiation  used  for serics A-3-1 is piesented
coinpared  to unique  ncnnal  (A-1) arKt ductile (A-2)
borKling systerns. The main  difference between the
norTnal  (see Fig.") aiKl ducule adhesive  borKling (soe
Fig,15) seems  to be (tre magnitude  ofeffecttve  bonding
area between the FRP and  concrete. Here the effbctive
bonding area  is described as  the active  bonding area
with  a morotonic  decreasing strain giadient in FRP  by
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neglecting the local zigzag  variations  caused  by
concrete  cracks.  ln the ductile bending system the
effective  borKling area  is large so  that the overall strain

gradient becomes smaller and  the locai bond stress

concentration  can be alleviated. Owning to this the
overall  bonding interface can  consume  more  fractuie
eneptes  over  a larger interfacial shear  softening  mpe.

Of course,  the wide  effective  bonding area  means  a

wide  rartge  ef  strain distributien in FRP, which

increases the relative slip between the FRP  sheet  and

concrete,  This sltp is balaficed with  the crack  width  at

crack  1ocations herK)e the increased effbctive bond area

is rK)t favoied for corrtrolling the crack  width  Howeveg
once  an  optimal  1rybrid bonding system is used  as
sbown  in Fig.16, the normal  adhesive  in the flexural
dominafuig zone  makes  it possible to have a shoTter
effbctive  bonding area  at a re1advely  small  load level
(serviceability state) and  consequently  the local slip

between FRP  and  concrete at the rK)tch  (crack) position
is supl)ressed.  At a  larger load or  deformatio4 the
irxxeased effbctive  bond  aiea  contributes  increased
interfacial energy absorptioa which  is desiral)le at the
ultimate state when  the crack  is no  longer tbe coircem
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4. CONCLUSIONS

(1) Ihe new  type of  sheet  geometry, CF strand  sheet

   achieves improved  strengthening effects than

   corrvemional  CF  shoet  although both two  types of
   shoets  were  designed with  the same  tension

   stiffness,

(2) Sheet stiengthened  beams wnh  ductile adhesive

   bonding achieve  much  better ultirnate state

   perfbrmance than those strengthened through

   nomial  bondmg  system  Use  of strand sheet

   together with  the ductile adbesive  bonding

   seemed  to be an  optimal solution for achieving

   best ultirnate strength  and  ductility.

(3) Use of  ductile bondng  system has some  demerits

   particulasly cenceming  the craek  width  of  the

   strengthened merribers  for serviceal)ility. A  1rybrid

   use  of  morrnal  and  ductile adhesive booding in the
   flexural dominaimg and  shear  dominating zone,

   respectively,  can  conrpensate  this sbortcoming.

   This ncw  type of  bondmg  system  may  become an

   optimal solution for flexural stiengthening if

   consideTing  the serviceahility  aiKl ultimate state

   perfbrmance sirnulrmously.
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