
Japan Concrete Institute 

NII-Electronic Library Service 

JapanConcreteInstitute

)>･PU-F]  \ffikitNifi, VDt. 24, Ne.2, 2002

SHEAR  UPGRADING  OF  REINFORCED  CONCRETE  BEAMS  VVITH

          EXTERNALLY  BONDED  COMPOSITE  SHEETS
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                   and  Kciji WA[IIANABE*4

ABSTRACT:  Experiments were  conducted  to invcstigate thc shear  behavior of  RC  bcams strengthcned

with  externally  bonded FRP  shccts. Ninc RC  bcams strcngthcned  using  CFRP  and  AFRP  shects  wcrc

tested. Study was  focuscd on  cffectivc  utilization of  FRP  shccts  to prcvcnt dcbonding ef  sheet,  Tt was

found that  both CFRP  and  AFRP  sheets  possess excellent  capability  to cnhancc  shcar  capacity  ef  RC

beams  and  sheet  debonding can  be prevented by previding anchoragc  of  additional  lcngth of  shect  at  thc

tep surfacc  of  the bcam, Design rncthodologics  prQposcd by  difTk]rent researchers  to calcu]atc  thc  FRP

contribution  to shcar  capacity  is also  discusscd and  comparcd  with  thc experimental  results.
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1. INTRODUCTION

    Strcngthcning and  repairing  deteriorating reinforced  concrete  (RC) structures  has now  bccome  a

major  challenge  to construction  industry all ovcr  the world.  RC  stiucturcs  dctcrioratc due to many  reasons

such  as  corrosion  of  intcrnal rcinforcement,  chloride  attack,  carbonation,  freeze-thaw action,  ctc.

Furthcrmorc, poor initial design and  construction  faults also  rendcr  existing  RC  structure  deficient.

Howcvcr,  thc most  important rcason  for strengthening  RC  structures  is due to upgrading  of  dcsign codcs

and  increased vehicle  loads. In Japan, the dcsign vehicle  load for highway bridges has rcccnt]y  bccn

incrcascd from 196 kN  to 245 kN, which  has creuted  the safety  and  reliability problem for sevcral  existing

bridge stiuctures,  ln particular, thc shcar  rcquircmcnt  in this situation  has bccomc more  stringent  for highway

bridgc structurcs,  Such  dcficient structures  have to be either  replaced  or  upgradcd  in ordcr  to muintain

eMcicnt  transpottation network.  Ovcr  thc  ycars, innovativc tcchniqucs  for upgrading  of  RC  structurcs  have

becn invented such  as cxtcmal  prcstrcssing and  cxtcrnal  bonding of  stccl plates or fiber reinforccd  piastics

(FRPs). Through intcnsivc research  and  devclopmcnt, flcxible FRP  sheets  have brought new  and  innovatiye

solutions  for strcngthening  ofcxisting  RC  stiucturcs.  Thc  advantagcs  otTt  rcd  by FRPs  are  high mechanical

properties, lightweight, corrosion  resistance,  non-magnetic,  low scaffblding  and  labor cost  and  1¢ ss

intenuption during app]ication,

    Bond  of  FRP  sheet  to concrctc  is of  critical importancc for cfTbctivcncss  of  strcngthcning  technique

using  externa]ly  bonded FRP shects, Because of  low bond strcngth,  failurc occui's duc to dcbonding of  FRP

prior to achieving  fu11 tcnsilc strcngth  of  FRP  shcct, Such a modc  of  failurc diminishcs thc strcngthening

potential ofexternally  bonded shects.  This paper prcsents the  sheaT  behavioT of  RC  bcams strcngthcncd  with

FRP  sheets  and  influencc of  anchoragc  ef  shccts  on  thc top surfacc  of  thc bcam  on  shect  dcbonding, Thc

provision of  anchorage  by sheet  itself is found to bc yery  effective,  practical, and  easy  technique  to avoid

dcbonding between the sheet  and  concrete,
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2. EXPERIMENTS

     Fig. 1 shows  thc  dimcnsiens of  RC  bearns used  in the  tcst, All bcams had thc  samc  cross  section,

flcxural reinfbrcements,  and  a clear  span  of  2800 rmn,  Since all beams werc  dcsigncd to fail in shcar

before the yiclding oflengitudinal  reinforcement,  stirrups  were  not  provided. Mechanical propertics of  thc

FRP  sheets  and  the reinfbrcing  bars are  shown  in lltble 1 and  Table  2 vcspcctivcly.
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Fig. 1 Beam  detai]s

     Bcam  B-1 was  thc control  beam  without  strengthening,  Four  beams were  strengthened  using  CFRP

shccts,  whilc  thc othcr  four wcrc  strcngthcncd  using  AFRP  shccts.  FRP  shcets  uscd  wcrc  unidircctional,

whcrc  principul fibcrs werc  kcpt pcrpcndicu]ar to thc  longitudinal uxis  of  thc  bcams. To rcducc  the  strcss

conccntration  in thc shcet  at sharp  coiners,  the cross  scction  of  thc beams were  chamfercd  at 30 mm  in
AFRP  sheet  bonded beams. On  the other  hand, thc chamfered  edges  were  further smoothened  jn a round

shape  at  100 mm  diameter in CFRP  sheet  bonded beams due to relatiyely  stiffer  nature  ofCFRP  sheets

compared  to AFRP  sheets  [Fig. 2].

     Fig. 3 shows  the  typical  bonding pattern of  the  sheets  and  Fig. 4 shows  the  wrapping  layouts of  FRP

sheets  and  bonded anchorage  on  the top surface  ofthe  beams, . .
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Table 1 Properties of  FRP  sheets

Designthickn"ess(mm)TensiLestrength(MPa)Elasticmodulus(GPa)Ultimate
elongation(o/o)

CFRPO.t67 3400 230 1,S

AFRPO,286 2000 120 l.8
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Fig. 4 Sheet wrapping  scheme

Table 2 Properties of  reinforcement

Yieldstrength(MPa)UitirnutestrengthCMPa)Elasticmodulus(GPa}

D-32398 574 206

D-22391 570 186
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3. EXPERIMENTAL  RESULTS  AND  DISCUSS[ON

    The ultimatc  failure loads, shear  contributcd  by FRP  shcct  ( P}･), and  increasc in shear  capacity  ovcr  thc

control  beam  for all  beams arc  shown  in Tabte 3, The  P7 values  are  as obtained  by subtracting  the shear

strength  ofcontrol  beam from the shear  strength  ofrespective  strengthened  beams, i.e., a constant

K. is assumed,  whjch  is an  acceptable  procedure for simpljcity  ofcaiculation.

Table 3 Test results

Beamseries'Failureload(kN)Vf(kN)increase("16} Failuremode

ControlB-1224.0 - - DiaL,onalshear-

C-1330,O 53,O 47,3 Diagonalshear+debonding

C-2457.0 116.5 104.0 Dia.g.onalshear+splitting
CFRPC-3475.0

125.5 1l2.0 Dia-gonalshear+splitting

C-4500.0 l38.0 123.2 Flexure+concretecrushing

A-1310.0 43.0 38,4 Diagona}shear+debonding

A-2400.0 88.0 7g.6 Dia.L.)onalshear+splittin.L.)
AFRPA-3490.0

133.0 ]18.8 Dia.L.,onalshear+splittin.u.

A-4488.0 132.0 ]17.9 Flexure+concretecrushin.y

'Shcar
 strcngth  of  beam  is halfof fiiilure loud; +avcrage  load for flexural t'ailure for all beams  is 506 kN,

3.1 FAILURE  LOADS  AND  FAILURE  MODES

    Thc final failurcs of  beams C-1 and  C-2 arc shown  in Fig. 5, Beams C-1 and  A-1, which  wcrc

strcngthcned  by U-wrap of  CFRP, and  AFRP  rcspectivcly,  failcd in diagonal shcar  fo]]owcd by the

dcbonding of  shect, Bcams  C-2 and  A-2 strcngthened  with  anchoragc  of  shcct  at thc top surface  of  bcams

showed  higher load carrying  capacity  and  did not  show  shcct  dcbonding, The ultimatc  failure modc  fbr both
thc beams was  concvete  splitting,  which  occurrcd  on  a vcrtical  planc along  the comprcssion  rcinforcemcnt.

Beams C-2 and  A-2  showed  an  increasc of  120.0 %  and  1 04,7 %  in shear  capacity  compared  to bearns C-1

und  A-1 rcspective]y.  Longcr  bonded  anchoragc  of  1 10 mm  was  provided in beams C-3 and  A-3. which

failcd in thc samc  manncr  as bcams C-2 and  A-2, Bcams  C-4 and  A-4 strengthcned  with  fu11 wrapping  of

CFRP  and  AFRP  shects  failcd in flexurc, Fig. 6 shows  the load displaccmcnt relationships  for CFRP  and

AFRP  scrics  beams. As  secn  from this figure that though  thc beam  A-3 and  A-4 failed at almost  samc  load

leyel, thc final failurc in A-3 was  duc te shear  and  splitting aftcr thc  yiclding ofrcinforccment,  whcreas  in

beam  A-4, failure was  duc to yiclding and  crushing  of  concrcte.  Bccause  of  fu11-wrapping of  bcam  A-4,

splitting  faiiurc was  avoidcd,  whilc  bcam  A-3,  theugh  veached  to yielding failed in splitting mode.

pa,'
     

(a) Debonding ofshcet  in bcam  C-1 (b) Concrcte  splitting  in bcam  C-2

Fig. 5 Obseryed  failure modes
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3.2 STRAIN  Irv FRP  SHEET

    Fig. 7 shows  thc strains  in thc  shect  in principal fiber direction fbr all strcngthcncd  beams. It is sccn

that in prc-diagonal cracking  stage,  strains arc almost  negligible.  When  the diagonal crack  occurs,  thc

strain  in sheet  increases rapidly  contributing  to thc shcar  rcsistancc  ef  the bcam. Thc incrcasc continues

until the failure of  the beam occurs  due to dcbonding, concrctc  splitting  or  flexure.
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                     Fig. 7 Lead  ys. FRP  yertica]  strain  relationship

3.3 BOND  STRESS  AT  THE  INTERFACE

    The  average  bond stresses  at the concrete-epoxy-FRP  interface at  ultimate  toad wcrc  calculated

from thc stvain gradicnt in thc shcct  at thc location of  shcar  crack.  For sheet  debonding in bcarns C-1 and

A-1, avcrage  bond strcss  was  fbund to bc 4.05 MPa.  Fig. 8 shows  thc bend strcss  v'crsus  bondcd

anchoragc  ]cngth rclationship,  [t is seen  that thc provision of  bended  anchoragc  rcsultcd  in significant

reduction  in bond stress  at  the interfacc. Fig. 9 shows  that the cfft)ctive  strain  in FRP  shcct  has

significantly  increased with  the bonded anchorage  length. Morc  than 100 94) increase in cffectivc  strain

was  achieved  as a result ofbonded  anchoragc  thus resulting  in an  efTk ctivc  utilization of  FRP  sheet.
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Fig. 8 Bond  stress  ys. bonded  anchorage  ]ength Fig. 9 Sheet strain  ys. bonded anchorage  ]ength
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4. FRP  SHEET  CONTRIBUTION  TO  SHEAR  CAPACITY

    For RC  beams with  cxtcmally  bondcd FRP  sheets,  the shear  strength  may  bc computed  by Eq. 1,

                     4, ==
 K.+Vk+PC, (1)

    whcre,  Z. and  V} are  the shear  forces caiTicd  by concrctc  and  wcb  reinforcement  and  V}･ is thc

contribution  ofcxternally  bonded FRP.  The  extcrnal  FRP  reinforccment  may  bc trcatcd in analogy  to thc

internal stecl ifit is accepted  that FRP  carTies  only  the normal  stresses  in principal FRP  matcrial  dircction

and  at the ultimate  state in shear  FRP dcvelops an  effective  strain efe in thc principal material  direction that

is lcss than the tensile failure strain qfu. Thcn, VF for FRP  sheets  or strips can  be calculated  by Eq. 2.

                     Vl=pk E}･op op･b,. tsin fi +cos  ll) (2)

    whcre,  af =  FRP  shear  reinfbrcement  ratio =  (2ijlb.,)(wfoj; (f ==  thickncss of  FRP;  Mtf=  width  of  FRP

strip; Ef= spacing  of  FRP  strips;  E} =
 elastic  modulus  of  FRP; 4?= depth of  the FRP  shect  usually  cqua)  to

efTZ]ctive dcpth of  cross  section;  b,. =  width  of  cross  section  and  13 =
 angle  between the principal fiber and

the  longitudinal axis  of  thc beam, Many  rescarchcrs  havc proposed cmpirical  equations  io estjmatc  lhe

cffbctivc  strain (Efe) in the sheet  at failure; some  of  them  are presented below and  comparcd  with  thc

cxpcrimcntal  values  of  Pil

JSCE  Code  lll Vf =K(Afffu,  (sin l3+cos l3)Xsf )zfr, (3)

    wherc,  Af=  2 ip"; K  t:  shear  rcinforcing  ethciency  of  FRP  shects  
=
 1.68 - O.67R  but O.4 .<K  -< O,8;

R =  (pf E})t'4[t;bd/ E?l2'3(1 Lf'',d)L 
]
 and  (O.5 -<R m< 2.0);f7ind= design tensilc strength  of  FRP  shect; z =

 lcvcr arm

lcngth generally d1 1.15; 7$ =
 membcr  factor gcncrally 1.25 andf'.d  

=
 tcnsile strcngth  ofconcrete.

fib Code  I2] V7=O.9op,.  D- llXop-h. tsin fi +cos  ll) (4)

    For U-wrap FRP  op =  min  lD. 65(f 
'.`"iP.fElf)O'jti

 x lO'j , o. 11 (f 
'.2"iPf

 E?-)O-3 &be1 (s)

                       (shcet dcbonding) (FRP rupturc)

    For fuIT wrap  CFRP  Eh,=O.17  (f'."'31pk 4)O'3 c,u (6)

    For full wrap  AFRP  &p=O. 048 (f 
',"'lp7･

 Ef)e'`7 E), (7)

    and  Eit,,. =  aqv  S E.,. where,  a=  O.8 and  c,,., =
 O,O05

7[iriantafi11ou and  Antonopoutos [31 P7= op." a4b.d  tsin6+cosrv (g)

    wherc,  efe.t 
=
 O.9 efe S E,..,,.g and  E..,.a 

=

 O,O06

Khalifa et al. (41 Authors  proposed two  design approachcs  and  suggcsted  taking  the mimimum  as  dcsign

value  ef  P'7, First one  is based on  an  cffectivc  strain in FRP  sheet,  for which  Eq. 2 is used,  wherc  E)i, =
 R c?b

and  Efu is tlie ultimate  strain ofFRP  shcet,  while  R is given by Eq. 9.

                                  i
                     R 

=-
 O. 5622 (R, Ert?--i.278S (R, E}? +  D, 788 -< O. )-O (9)
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Sccond approach  is bascd on  thc bond mcchanism  and  IG･is given by Eq. 1O.

                      V)'=2L. u7}, tb. (1O)

    whcre,  L,, =  effbctivc  bond lcngth =  e6'ij4'O'5Sh'fetEl); x,fe ==  cfTtictive width  ef  FRP sheet  =  d]･- L,,; Tb,, =

avcragc  bond strcss  =  k a'', f42)2L' E?lt･ andk=  avcrage  strain gradient =:
 11O.2x1O'6 1lmm.

    Tabte 4 shows  the comparison  betwccn the cmpirical  and  expcrirnentul  valucs  of  P7 None  ofthe

equations  exccpt  the proposed  by JSCE  is able  to predict 4･correct]y as ebscrvcd  in thc cxperimcnts.  Thc

rcason  is that thc detailcd invcstigation en  shear  strengthening  of  RC  mcmbcrs  using  externally  bonded

FRP  sheets  havc been relatively  Iimitcd and  to ccrtain  degrcc controversiar,  Duc  to the  lack of  adcquate

laboratory data, it is diencult to standardization  a dcsign cquation  taking into account  of  ull factors

aflbcting  thc  FRP  sheets  contribution  te the  shear  capacity  ofbeams  ( Yl).

1lable 4 Contriblltion of  FRP  sheet  (PG ) in kN

U-wra Full-wra
Rcferenceresearch

CFRPAFRP CFRP AFRP

JSCE[1] - ' 135.8 133.4
Fib[2] 63.962.3 74.1 66.4

Triantafi11ouandAntonopoulos[3]80.0 77,8 99.1 88.6

Khalifactal,[4] 69.267,e 101.0 98.3

Prescntexprimcnt 53.043,O 138,O 132.0

5. CONCLUSIONS

L

2,

3,4.

Effectivencss of  cxtcrnally  bondcd  CFRP  and  AFRP  shcets  fbr shear  stvcngthening  of  RC  bcams

was  confimncd,  A  maximum  of  123%  increase fbr CFRP  and  118 %  incrcasc for AFRP  in shear

capacity  of  beams wcrc  obscrvcd  as  comparcd  to that of  control  beam.

It is confirmed  that thc FRP  shcct  with  bondcd anchoragc  is much  more  effbctive  than  U-wrap

schcmc  and  that the p}'ovisien ofbondcd  anchoragc  is an  cfTbctive  way  to inhibit shcct  dcbonding.

Bondcd  anchoragc  of  shcct  at  thc  top  surfacc  ofbcam  rcsultcd  in a  dccrcasc ofin{erface  bond strcss.

Provision of  bonded anchoragc  showed  an  increasc of  morc  than 1OO 94, in efft)ctivc strain of  FRP

shcct  at failurc as  comparcd  to thc U-wrappcd bcams,
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