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Abstract：Aconcisestatc-ofLthc-artsurveyoffiber-reinfbrcedpolymer(alsoknownasfiber-remfbrcedplastic)compositcsfbrconstruc‐

tionapplicationsincivilengineeringispresented・Thepaperisorganizedintoseparatesectionsonstructuralshapes,bridgcdecks,intcrnal

reinfbrcements,extemallybondedreinfbrcements,andstandardsandcodes,Eachsectionincludesahistoricalreview§thecurrentstatcof
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Introduction marktheoccasionofthel50thanniversaryoftheAmericanSo-

cietyofCivilEngmeers(ASCE),thispaperreviewsaclassof

structuralmaterialsthathasbecnmusesinccthel940sbutonly
recentlyhaswontheattentionofcngmecrsinvolvedinthecon‐

structionofcivilstructurcs斗iber-reinfbrccdpolymcr[orhbcr‐
reinfbrccdplastic(FRP)]compositcs，

ＴｈｅearliestFRPmaterialsusedglassfibersembeddcdinpoly‐
mericresinsthatweremadcavailablebythcburgconingpetro-
chemicalindustryfbllowingWOrldWarnThccombinationof

high-strength,high-stifIilessstructuralhberswithlow-cost,light‐
ｗeight,environmentallyresistantpolymersresultcdmcomposite
materialswithmechanicalpropertiesanddurabilitybetterthan
eitherofthcconstimentsalone，Fibermaterialswithhigher
strength,higherstifIhess，andlowerdensitybsuchasboron,car‐

bon,andaramid,werccommercializedtomectthehigherperfbr‐
manccchallcngesofspacecxplorationandairtravclinthcl960s

andl970s・Atfirst,compositesmadewiththcschighcrpcrfbrm‐
ingfiberswcretooexpensivetomakemuchimpactbeyondmchc
applicationsintheaerospaccanddefbnscindustries、WOrkhad

ahcadybeguninthel970s,howeveLtolowcrthccostofhigh
perfbrmanceFRPsandpromotesubstantialmarketingopportuni-
tiesinsportinggoods､Bythclatel980sandearlyl990s,asthc
defbnscmarketwaned,increasedimportanccwasplacedbyfiber
andFRPmanufacturersoncostreductionfbrthccontinued

growthoftheFRPindustrybAsthccostofFRPmaterialscontin-
uestodecreascandtheneedfbraggressiveinnnstructurcrcnewal

becomesincrcasinglycvidentmthcdevelopedworld，pressure
hasmountedfbrtheuscofthescnewmaterialstomcethigher
pUbliccxpectationsintennsofiniiPastructurefimctionalityAided
bythcgrowthinresearchanddemonstrationprqjectsfUndcdby
industriesandgovenunentsaroundtheworldduringthelate
l980sandthroughoutthcl990s，FRPmatcrialsarcnowfinding
wideracceptanccinthecharacteristicallyconservativein丘astruc‐

tureconstructionindustryHcnce,abriefrcviewofthedcvelop‐
ment,stateoftheart,andfUtureofthesepromisingconstruction
materialsisatimelyandappropriatemarkerfbrthel50tｈａｎｎｉ－
ｖｅｒｓａｒｙｏｆｔｈｃＡＳＣＥ．

lnthelast200years，rapidadvancesmconstructionmaterials

technologyhavcenabledcivilengmeerstoachicveimpressivc

gainsinthcsafetyうcconomyうandfUnctionalityofstructurcsbuｉｌｔ

ｔｏｓｅｒｖｅｔｈｃｃｏｍｍｏｎｎｅｅｄｓｏｆsociety､Throughsuchgams，the
hcalthandstandardoflivingofindividualsareimproved，Ｔｂ
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profileshapeBothopen-sectionandsingleormulticellcdcloscd‐

sectionprofilescanbcproduced、Thecommonfiberrcmfbrce-

mentinpultrudedshapcsconsistsoffiberbundles(calledrovings
fbrglassnberandtowsfbrcarbonfiber),continuousstrandmat

(alsocalledcontinuoushlamentmat),andnonwovensurfacmg
veils・Typically§fibervolumehPactionsof35-50％areutilized､In

recemyears，bidirectionalandmultidirectionalwoven，braided，

andstitchedfiberfabricshavebeenusedtoproducepultruded
partswithc血ancedmechanicalpropcrtics・Filledthennosetting

resinsinthepolyesterandvinylestcrgroupsaregenerallyusedin
pultrusion・Additionallyうphenolic，epoxyうandthcnnoplasticres‐

inshavebeendevelopedfbrthepultrusionprocess・Meyer(1985）
providcsathoroughmtroductiontothepultrusionprocess，its

earlyevolution,thekeypatentsawardcd,ａｎｄｔheparameterscon-

trollingthedesignofapultrudedpart､Hisbookalsoprovidesan
annotatcdbibliographyofthekeypapersdealmgwithpultrusion

technologyfiFoｍｔｈｅｌａｔｅｌ９５０ｓｔｏｔｈｃｅａｒｌｙｌ９８０ｓ．

Ｆorthepurposcofwritingthispaper,alearnedgroupofwrit-
erswasrecruitedfromtheranksofthceditorialboardofthe

ASCEﾉbm'Ｍｑ/､ＣＯ叩osjres/brCD"mwc"。"・ThebrCadthand
depthoftopicscovcredinthisworkarenecessarilyconstrained
byspacclimitations、Thebreakdownoftopics，whichroughly
fbllowstheannualsunⅡnaryoftopicsinthejournal,andthe
respcctivccontributingwritersareasfbllows：

・Editor-ProfbssorCharlesEBakis（ThePennsylvaniaState

Univ.)，

・StructuralShapes-ProfbssorsLawrenccCBank(University
ofWisconsin--Madison)andEdoardoCosenza(Univcrsityof

Naples,Italy)，
・HighwayBridgeDecks-ProfessorsJohnJLesko(Virginia

PolytcchniclnstimteandStateUniversity)andJulioEDava‐
los(WestVirgmiaUniversity)，

・IntemalFRPReinfbrccments-ProfessorsVickiL・Ｂｒｏｗｎ

（WidcnerUniversity)andCharlesEBakis(ThePennsylvania
StateUniversity)，

・ExtemallyBondedReinfbrccmcnts-ProfbssorThanasisTri-
antaiillou(UmversityofPatras,Greece),and

・StandardsandCodcs-ProfessorsSamiHRizkalla（North

CarolinaStatcUniversity)andAtsuhikoMachida（Saitama
University;Japan)．
Thestyleandcontentofeachsectionvaryaccordingtothe

difIerenthistoricaldevclopmentsandmaturitiesoftherespcctivc

subjectmattcrsPultrudcdshapes,fbrcxample,havcbeeninwide
uscinanumberofindustriesfbrapproximately30years,whereas
FRPdcckshavcbeenunderdevelopmentfbronlyaboutlOyears，
Hence，thediscussionofFRPdccksisrelativclybiasedtoward

mcthodsofanalysis(structuralaswcllaseconomical)anddesign，
whercasthcdiscussionofpultrusionsinvolvcsamorehistorical
pcrspectivc・Similarlyぅｄｅｓｉｇｎｇｕｉｄｅｓａｎｄｃｏｄｅｓｆｂｒｔｈｅｕｓｃｏf
intemalandcxternalFRPreinfbrcememsfbrconcrctestructures

areonlyreccntlybcinghnalized・Therefbre，adiscussionofde‐
signapproachesandremainingquestionsinthesearcasisofcur‐
rcntintcrCst．

EvoﾉurionofRberReimbrcedPolyme｢Ｓ伽cru'aノ
Shapes

Large-sizcdpultrudcdFRPstructuralshapes[definedhcrcinas
havingacross-sectionalenvelopegreaterthanl50×150ｍｍ（６

×６in.)]fbrbuildingandbridgesupcrstructurcconstructionap‐
plicationswerCdcvelopedhPomcarlieradvancesmpultrusion
technology;whichpriortothel970swasprhnarilyfbcusedon
developingsmall-sizedcommodityproductsfbrnonstructural
buildingandelcctricalapplications,Ａｋｅyapplicationdriverthat
lcdtosignificantdevelopmentsandstandardizationofthetech‐

nologywasthcFRPstcpladder・TheseminalpapcrbyWerncr
(1979)describesthedevelopmentofstatisticallyreliablCdesign
propertyvaluesfbrpultrudedpartsusedinthepultrudedladder

railindustryB-basisallowablepropertyvaluesfbrdcsignwere

devclopedfbrpultrudcdchannelsusedasladderrailsfbllowmg
theproccduresofthcUnm肋びんα"dbooﾉ、７（CO叩osire
2001).Inthel970sandcarlyl980s,advanccsmpultrusiontech‐
nologyledtothcabilitytoproducelargerpultrudedpartscapable
ofservingasstructuralmembersinload-bcaringapplications・
Profileshapesweredevelopedandfirstusedincompletcbuildmg
structuralsystcmstoconstructelectromagneticimerference
(EMI)testlaboratorybuildingsthatcontaincdnometalliccom-
poncnts(Smallowitzl985).Atthesametime,anumberofpul‐
trusioncompaniCsinthcUnitedStatesbeganproducmg“stan‐
dard，，I-shapedbeamsfbrconstructionapplications・Inthe

pultrusionmdustrybthenaｓｎｏｗうthetcnnstandarddoesnotimply
anythingｍｏｒｃｔｈａｎｔｈｅｆａｃｔｔｈａｔｔｈｅｐａｒｔｓａｒｃproducedona

regularbasisbythecompanybarcusuallyavailableoffLthe-shelf
havepublisheddimensions，andmcetnnimummanufacturer-

providedpropcrtyvalues(Bankl995).Thesestandardprofilcs
were，andstillare，generallyusedfbrsmallstructuralunitsand
partsofstructuralsystemsofnonprimaryloadcarryingsignifi‐
cancc、Nonstandardshapesarccalled“custom”shapes・Inthe
latel980sandcarlyl990s,acustomizedbuildmgsystemofpul-
trudedcomponentsfbrtheconstructionofindustrialcooling
towerstructures(Greenetal､1994)wasdcvelopedCoolingtow‐
ersarcculTentlyconstructedfiomeitherstandardpultruded
shapes(angles,tubes,andchannelandlsections)produccdbya
varictyofmanufacturers（called“stickbuilt，,）orcustomizcd

components（called“modular，，）（i､e､，www・strongwelLcomor
www・creativepultrusions､com).Pultrudedcoolmgtowcrsystems
aredesignedaccordingtocxistingbuildingcodesusmgproperty
datasuppliedbythemanufacturerandverifiedbythedesigner・In
theabsenceofanAmericanNationalStandardslnstituteapproved

StructuraIShapes

、rroducriOn

Constantcross-sectio､cdFRPcompositcstructuralshapes，also

commonlyrcfbrrcdtoasstructuralprofiles,producedfbrusein
theconstructionindustryfbrbuildingandbridgcsuperstructure
applicationsarcdiscussedinthissection､Pultrudcdsectionsfbr
highwaybridgcdccksaredescribedclsewhcre､Pultrusiontech‐
nologyuscdfbrmanufacturingFRPstructuralshapesisbricHy
rcviewe｡.Thisisfbllowedbyabriefdiscussionofthedevelop‐
mentandevolutionofstructuralshapcs丘omnonstructuralcom‐

modityapplicationstoculrentstructuralapplications、Signiiicant
buildingandbridgcsuperstructurcdevclopmentsaredescribed
RcccntresearchonpultrudedFRPshapesisdescribcdandcom-
mentsonthcfUturcofpultrudedstructuralshapesareprovided．

ＰｕﾉmjsiOnProcess

Themanufacturmgmethodofchoice，fbrbothproductconsis‐
tcncyandcconomybfbrstructuralshapcsisthcpultrusionprocess・
Thiscontinuousmanufacturingprocess，whichishighlyauto‐
mate｡,consistsof``pulling，，resinimprcgnatedrcinfbrcinghbers
andfiberfabricsthroughahcatedcuringdicatspcedsｏｆ叩ｔｏ３

ｍ（120in.)/min,dependingonthesizcandcomplexityofthe



designguidefbrpultrudedstructures,designersgcncrallyrelyon

engineeringjudgmcnt,fUndamentalmechanicsprinciplcs,experi‐

encc，andmanufacturer-produced“designguides”（Fiberline
l995；CreativePultrusionsl999；Strongwelll999)．Sincethe
earlyl990s，ｔｈｅｕｓｅｏｆｓｍａｌｌｐｕｌｔｒｕｄｅｄＦＲＰｓｔｒｕｃturalshapes
[crosssectionslessthanlOO×100ｍｍ(4×４in.)]tobuildindus-
trialplatfbnnsandwalkwaysandtobuildrelativelyshortsinglc-

span[9-18ｍ(30-60ft)]pedcstrianbridgeshasalsoincrcascd
significantly(JohansenetaL1997)．

buildingstructuralproductmarkets，customstructuralshapes
havebeendevelopedfbrlatticcdtransmissiontowers,lightpoles，
andhighwayluminairesupportsandguardrails．

RecenrResearch

Intheearlyl990s，researchonthcuseofpultrudcdstructural
shapesfbrcivilcnginceringbuildingandbridgeapplicationsin‐
creasedsignificantlyasthcpotcntialfbrthcuseofthescproducts
innonproprietaryload-bearingstructuralsystemsbecameevident、
AsearchoftheASCEdatabase(www・pubsascc､org)revealsthat
archivaljoumalpaperspublishedbytheASCEonthctopicof
FRPpultrudedstructuresormaterialsdatebackonlytol99q
Approximately20archivalresearchpapersonthistopicwcre
publishedsincethａｔｔｉｍｅ，andappcarintheASCEdatabase，In

l997,theASCEbeganpublishingthqﾉb"'ｗﾉq/､ＣＯ叩Cs"es/ｂｒ
ＣＯ"sj7wcrjo",whichhasprovidedanoutletfbrmanyofthere-
searchpapersonthetopic・IntheUnitedKingdom,Ｔ舵Snwcr"7αノ

EP7gmeer,publishedbytheBritishlnstimtionofStructuralEngi‐
neers，haspublishcdanumberofkeyresearchpapersonpul-
trudedstructuresfbrcivilcngineering．

Ｃｕ'7℃ｎｒＤｅｖｅﾉopmentsjnPuﾉrrudedSrrucrulaノＳ'Dapes

Sinccthcl990s,therehasbeenasignificantincreasethroughout
theworldintheuse(albeitstillonademonstrationprqjectbasis）
ofpultrudedstructuralshapesmprimaryload-bearingsystemsfbr
gcneralconstruction・Thisexcludcsthccoolingtowermarket，

whichisaweU-establishednichcmarketfbrpultrudedstructural

shapＣｓ・Signiiicantbridgeandbuildmgstructureshavebeendc‐

signcdandconstructedusingpultrudedprofiles・
Majorpedcstrianbridgcsconstructedofpultrudedstructural

shapesincludcthell4-m(371-ft)longcablc-stayedAberfeldy
FootbridgeinAberfeldyうScotland,ａｎｄｔｈｃ４０－ｍ（130-ft)long
cable-stayedFiberlineBridgｅｉｎＫｏｌｄｍｇ，DenmarklhCAber‐

fbldyBridge，constructedinl992，anddesigncdbyMaunsell
StructuralPlastics(Beckenham,ＵＫ.),usedaproprietaryinter‐
lockingmodularpultrudeddeckingsectionproducedbyGECRc‐
mfbrcedPlastics(nowFibrefbrceComposites,Runcom,ＵＫ.)．
TheKoldingBridge，constructedinl997，ａｎｄdcsigncdbythc
DanishfinnRAMBOLL,uscsstandardpultrudedshapcsinboth

thecablctowerandthcdeckingsystem､ForsmaUhighwaybridgc
supcrstructureandbuildingstructuralclements，Strongwellhas

recentlydevelopcdanewstandardpultrudedFRPdoubleweb

beam(DWB)ina200×150ｍｍ(8×６in.)size､Adesignguidc
fbrthcbeamisavailablefiPomStrongwell(1999).Thcbeamhas
bcenusedinademonstrationbridge（HayesetaL2000a).Ａ
900×450ｍｍ(36×１８in.)versionofthebeamthatcanbeused

asahighwaybridgegirderoratransfergirderinabuildmgfiame
isalsoavailable・Aneight-girdcrtimbcrdeckbridge[twolane，
11-ｍ(38-ft)clearspan]employingthis914-mm(36-ｍ.）deep
DWBwasinstalledinMarion，Virgmia，duringthesununerof

2001，StandardpultrudedcompositeshPomCreativcPultrusions

wercrecentlyuscdtodesignandconstructalarge［7.4×4.6
×1.5ｍ(24×15×５ft)]box-girderpultrudedcausewaystructurc
(BanketaL2000〕

Pultrudcdshapcs，bothstandardandcustom，havcalsobeen

usedinbuildingandhousingconstructionsystcms，andcontinue

tobeusedintheEMIbuildingmarket､Asix-story19.4-ｍ(63-ft）
highload-bearingstair-towerwasreccntlyconstructcdinFort
StoryうVirginia,ｏｆ250×250,ｍ（10×１０in.)pultrudedl-section

shapcsmanufilcturedbyStrongwell・ＩｎＡｖｏｎ,Ｕ,Ｋ,，atwo-story
buildingwasdesignedbyMaunsellStructuralPlasticsusingits

proprietarypultrudcdinterlockmgpanelizedsystem（Raasch
l998).InBasel，Switzerland,afive-storyl5m（４９ｆｔ）high
rcsidential/ofIiccbuildingwasconstructedwithaprnnaryload‐
bearingstructuralfiFameofFRPshapesfbrthcl999Swissbau

Fair,Ｎａｍｅｄｔｈｅ‘`EyecatcherBuilding,，，thebuildingwasde-
signedusingFiberlineshapesandthcFi6e7ﾉj"ｅｄｂｓｊｇｍ?、""αノ
(Kellerl999).InltalybthepultruderTbpG1assS・ｐＡ・produccsa
varictyofstructuralshapesthathavcbeenusedinsmallbuilding

constructions・InWestVirgmia，anexperimentalmulticellular

FRPbuilding［12.3×6.5×4.3ｍ（40×21×１４ft)］wascon-
structedfbrthcWestVirginiaDepartmentofnansportationusing
pultrudedprofilesmanufhLcturedbyCreativePultrusions､Ｉｎｎｏｎ‐

Ｆｕｔｕｒｅ巾「ＰｕﾉtmdedSrrucruraﾉShapes

Theincreasedacceptanceofpultrudedstructuralshapcsfbrma、‐
streambuildingandbridgesuperstructureapplicationswillde‐
pendonthreekeydevclopmcnts・TY1ehrstisthedevelopmentof
anmtcmationallyacceptedmaterialspecificationfbrpultruded
materialsthatwillallowuserstodetenninematerialpropertiesof
interesttodesignersinarationalandｎｏ叩roprietarymannerwith
well-knownreliabilitybThesecondisthcdevclopmentofadesign
codcfbrpultrudedstructuresthatisconscnsusbasedandincor‐

poratedintobuildingandbridgccodessuchasthclnternational

BuildingCodcandtheAmericanAssociationofStateHighway
andTransportatｉｏｎＯ伍cials(AASHTO)bridgecodeThcrecent
papcrbyZureickandSteffen(2000)providesanexampleofwhat
isnecdcdtodevelopthesetwoitcms､Thethirddevelopmentrc‐
quired,ａｓｉｓｔｏｂｅｅｘｐｅｃｔed,willbetoreducethecostofpultruded
shapes，whicharccunPentlynotcompctitivewithshapesmade
hPomtraditionalmaterialsfbrmainstreamstructuralapplications．

ＨｉｇｈｗａｙＢｒｉｄｇｅＤｅｃｋｓ

mflodUcriOn

Withinthefieldofhighwaystructures,severalncwFRPstructural

systemshavebeenproposed,designedandexperimentallyimplc‐
mentedThescincludebridgedecksfbrrehabilitationandnew

construction,ConcretehllcdFRPshellsfbrdrivablepiles(Karb‐
harietaL2000;MinniranetaL2000),andwoodFRPcompositc
girdcrs（DagheretaL1997).HoweveLbridgedcckshavcre‐
ceivedthe巴eatestamountofattcntioninthepastfbwyears,duc
totheirinhercntadvantagesinstrengthandstiffilessperunit
wcightascomparedtotraditionalstcelreinfbrcedconcrete(RC）
decksReducingtheweightofreplaccmentdecksinrchabilitation
prqjcctspresentsthcopportunityfbrrapidrcplaccmcntandrcduc-

tionindeadload,thusraisingthelivcloadratingofthcstructure・
TheNewYOrkStateDepartmcntofTransportationandotheror-
ganizationshavesuccessfUllypursuedthisstrategyintherchabili-
tationofsevcralshort-spanandthrough-trussbridges(Alampalli
etaL1999)．
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Fig.１．Examplesoftwotypesofsandwichconstruction:(a)genenc
fbamcore；（b）proprietary（KSCI）coITugatedcore-takenfiPom
Davalosetal.(2001）

｡

Thus，thefbcusofthisdiscussionisonthecfIicacyofFRP

bridgedccksfbrrehabilitationandnewconstruction・Gencralpcr‐

fbnnanceandcostissuesfbrthetwomajortypesofFRPdecks

cun･entlyinuse-sandwichandadhesivelybondedpultruded
shapes-arcoutlinedquantitatively．

(｡）

Ｆｉｇ．２．FRPdecksproducedhPomadhesivelybondedpultruded
shapes:(a)EZSpan(AtlanticResearch);(b)Superdeck(CreativePul‐
trusions);(Ｃ)DuraSpan(MartinMariettaMaterials);(｡)squaretube
andplatedeck(Strongwell）

FMDerRemfbにedPolymerDecks

Abridgedeckinthisdiscussionisdefinedasastructuralelement
thattransfersloadstransverselytosupportssuchaslongimdinal
runninggirdcrs，crossbeams，and/orstringersthatbearonabut‐
mentsTheconncctionofthcdecktothescunderlyings叩portsis

typicallymadcthroughthcapplicationofshearsmdsoraboltcd
connectioninasmplysupportedconditionthatdoesnotneccs‐

sarilyprovidcfbrcompositeaction.Althoughdeckshavebeen
designedandimplementedbearingdirectlyonabutmentswithout
underlyingsupports(e9.,theNo-NamcCreekBridgcinRussell，
Kansas，ａｎｄｔｈｅＭｕｄｄｙＲｕｎＢｒｉｄｇｅｏｎＤｅｌａｗａｒｅStateRoute

896),thesetypesarcnotthcfbcusofthisdiscussion、
FRPdeckscomnerciallyavailablcatthepresenttimecanbe

classiiiedaccordingtotwotypesofconstruction-sandwichand

adhesivelybondedpultrudedshapcs・Inbothcases，qualitycon‐
troloftheproductiscnabledbystandardizedfabricationprocc‐
dureswithinindividualmanufacturingftlcilities・Thefabrication

andperfbrmanceofthesetypcsofdecksaredescribednext．

lndividualsandwichdeckpanelsareusuallyjoinedtocach
othcrbytongue-and-groovcendsandaresecuredtotheunderly‐
ingstructureusingaclampmcchanism・Skewboundariescanbe

easilyaccomnodatcdandedgcpanelscanbedeliveredwithpre‐
installedbridgcrailingsystems，Specialattentionmustbegiven
tothedesignofconnectionsduetothepropensityoffaceshcets
todclaminatehomccrtaincorcmaterialsinthcpresenccof
through-the-thicknesstension、Conncctionpomtscanbelocally
reinfbrcedwiththickerfacesheets,ahigherdensitycore,and/or
high-strengthmoldedinserts、TIlusfhLthedcsignprocessfbr
sandwichdecksisnotinacodefbnnat､Rather,individualdecks

aredcsignedonajob-by-jObbasisusingiinite-elementtcch‐
nlqucs．

AdhesivelyBondedPultrudedShapes

Mostculrentlyavailablecommercialdecksareconstructedusing
assembliesofadhesivelybondedpultrudedshapes、Suchshapes
canbccconomicallyproducedmcominuouslengthsbynumerous
manufacturersusingwcll-establishedprocessmgmethods(secthe

previousdiscussionofshapesmthispaper).Secondarybonding
operationsarebestdoncinthemanufacturingplantfbrmaxnnum

qualitycontroLDcsignflexibilityinthistypeofdeckisobtaincd
bychangingthcconstimentsoftheshapes(suchasfibcrsand
fiberorientations)and,toalesscrcxtent,bychangingthccross
sectionofthcshapes.，uetothepotentiallyhighcostofpultru‐
siondics，however,variationsinthecrossscctionofshapesarc
feasiblconlyifsufIicientlyhighproductionwalrantsthetooling
investment・

Closed-fbrm,mechanics-basedmethodsfbrdesigningsection
propertiesofacompositcshapcarcdetailedbyBarberoetal．
(1993).Thesemcchanicsconceptscanbetranslatedintoapproxi-
matcmethodsfbrestimatingtheequivalcntorthotropicplatcbe-
haviorofdecks(QiaoetaL2000).Inthiswaybdeckdesignscan
bcadjustedtoderivestructurallyefficientandeasytomanufac‐
turepultrudedsections､Whilesystcmaticmethodsofoptimizmg
pultrudedshapeshavebeendeveloped(DavalosetaL1996),op-
timizeddeckdcsignsarclargclyderivedbytrialandenPor
(McGhecetaL1991)．

Severaldecksconstructedwithpultrudedshapesarcshownin
Fig2・Thepultrudedshapesaretypicallyalignedtransverseto
thetrafIicdirection・Eachdeckdcsignhasadvantagesintennsof
stifIiless,strength,andfieldimplementation､Inlaboratorytesting，

SandwichConstruction

Sandwichstructureshavebeenwidelyusedfbrapplicationsinthc
aerospacc,manne,andautomotivcindustries,whercstiffilessand
strcngthrequirementsmustbemetwithminimumweight,ａｓｅｘ‐
plainedinanumberoftextbooksonthesUbject(Vinsonl999)．
Sandwichconstructionimpliesthcuscofstrong,stifrfhccshects

thatcarryHcxuralloadsandalow-dcnsityうbondedcorcmaterial
thatseparatesthcfncesheetsandensurcscompositeactionofthe
dcck､Cellularmatcrialsarethemosteflicientcorcmaterialsfbr

weight-sensitivcapplications．Ductothceasewithwhichface
shcctsandcorcmatcrialscanbechangedinmanufacturing,sand‐

wichconstructionpresentstrcmendousHexibilityindesigningfbr

varieddcpthsanddeflectionrequlrements・Facesheetsofsand-

wichbridgcdecksareprimarilycomposedofE-glassmatsand/or
rovingsinfUsedwithapolyesterorvinylesterresin・Culrcntcore

materialsarerigidfbamsorthm-walledcellularFRPmatcrials，
suchasthoseshowninFig・L

Openorclosed-moldcompositcfabricationproccsseswhereby

liquidresinisdrawnthroughadryfiberprcfbnn,typicallywitha
vacuum,holdgrcatpromisefbrtheeconomicalmanufhcturingof
bridgedecks、Insuchproccsses,ｔｈｅｃｏｒｃａｎｄｆａｃｃｓｈｅｅｔｓｃａｎｂｅ

ｉｍｐｒｅgnatedwithresinandcurcdatonce、Changesindetails
relatedtomaterials,orientations,andthicknessesoftheFRPfnce

shectsorcorccanbcdetenninedanalytically（DavalosetaL
2001)andareeasilyaccommodatedinmanyofthescproccsscs．

豆 ノ



ＴａｂＩｅｌ、SummaryofDeckCharacteristicsfbrTWoFabricationMethods

Deflectionb

(reported）

Deflectionc

(nonnalized）

Depth
(m､） kg/ｍｚａ Dollars/ｍｚDecksystem

(a)SandwichConstrucuon

Hardcorecomposites

KSCI

L/785.

Ｌ/1,300ｆ

570-1,184

700

Ｌ/1,120

Ｌ/1,300

'５２－７１０

１２７－６１０

ｇ８－１１Ｚ

７６ｅ

(b)AdhesivelyBondedPultrusions

DuraSpan

Superdeck

EZSpan

Strongwell

ＬＨ５０ｇ

Ｌ/530ｂ

Ｌ/9501

Ｌ/605ｋ

194

203

229

120-203

700-807

807

861-1,076

700Ｊ

9０

１０７

９８

１１２

Ｌ/340

Ｌ/530

Ｌ/950

Ｌ/325

aWithoutwearingsurftlce、

bAssumesplateactlon、

cNolmalizedtoHS20＋ＩＭｆｂｒａ２,4-ｍcent昨to-centerspanbetweensupportinggirders，

dHS20＋IMloadingofa203-nⅡn-deepsectionatacenter-to-centerspanbetweengirdersof２．７ｍ．

cFora203-mm-deepdecktalgetedfbrRCbridgedeckreplacements、

fHS20＋IMloadingofa203-mm-dcepdeckatacenter-to-centerspanbetweengirdersof24m，

gHS20＋IM1oadingofa203-mm-deepdeckatacenter岩to-centerspanbetweengirdersof２．２ｍ、

hHS20＋IMloadingatacenter-to-centerspanbetweengirdersof２．４ｍ・

iHS20＋IM1oadingatacente腰to-centerspanbetweeｎｇｉｒｄｅｒｓｏｆ２､４ｍ・

jForal71-mm-deepdeckwithawearingsurfaceunderexperimentalfabricationprocesses・

kHS20＋IMloadingofal71-mm-deepsectionatacenter-to-centerspanbetweenｇｉｒｄｅｒｓｏｆ２ｍ．

near98kg/mz(20lb/f(2),withthcexceptionoftheKSCI(Kansas
StructuralComposites,Inc.）corrugatedcorcdecksystem,fbr
whichthereducedweightappearstosuggestextraeE6ciencyin
theuscofmatcrials．

thcobservcdfnilurcsinsuchdecksaregcncrallybylocalpunch‐
ingshearandcrushmgorlarge-scaledclaminationoftheshapes
constimtingthecrosssection・Localbuckling，shearing，or
delaminationofinternalstiffenersunderconcentratcdwheelloads

canalsocontributetoalossmoverallstiffhess(GangaRaoetaL

1999;HarikctaL1999).Stitchmgandotherfbnnsofout-ofL

plancreinfbrccmentarepossiblemcansofmitigatmgdclamina‐
tlon・

MatcrialsinFRPdecksdifferprimarilyinfiberarchitecturc

andresmtypePolyesterresinsarefavoredfbrtheirlowcost，
althoughvinylesterrcsmsarcpreferredinvcrymoistenviron‐
ments(PethrickctaL2000).WOvenandstitchedfhbricsareoftc、

employed(DuraSpanandS叩crdeck)fbrprcciseplacementof
multiaxialreinfbrcementfbrimproveddelaminationresistance・

EZSpanemploysthrough-thc-thicknessbraidedprefbrmsasthe
reinfbrcementfbrthctriangulartUbes・

TT1esquareplatetUbcandplateｄｃｃｋｓｈｏｗｎｉｎＦｉｇ，Zisa
prcconunercialdesigncomposedofoffLthc-shclfshapestypicalof
manyofthebasicpultrusionCompanies(Strongwclll999;Hayes
etaL2000b).TheseconⅡnonlystockcdshapesareusuallycom‐
ｐｏｓｅｄofcontinuousstrandmatandroving,asitallowsfbreHi-
cientwet-outofthcreinfbrccmemandisacost-effbctivemeansto

dcvelopanｕｍｂｅｒｏｆｄｉＥ[brentshapeswithinaproductline,Ｃｏｍ‐
biningoffLthe-shelfplatcsandmbesofvariousslzesprovides
variedscctionswithperfbnnancesuitedtoparticularapplication

requlrcments・ＡｓｉｍｉｌａｒｄｃｃｋｓｙｓｔｃｍｗａｓｕｓｅｄｂｙＢａｎｋｃｔａｌ．
(2000)asthedeckfbrafloatingcausewaysystem．

CostCompanson

lntennsofroughcost,＄700/mz($65/ft2)appcarstobethclowcr
boundfbrculrcntFRPdecks,whichcorespondstoabout＄7/kｇ
($3/lb)ofmatcriaLThiscostisgreaterthantheroughly$322/ｍ２
($30/ftz)typicallyqUotedfbrthcconstructionofanewbridgeor
adeckreplacemcntwithconventionalmaterials（Lopez-Anido
2001)However,thehighercostsofFRPdeckscanbcabsorbed
incertainconditions,particularlywhenacompletereconstruction
isnecessaryinthcabsenccofalightweightdeckaltcmative・It
remainstobcdetenninedifthchigherinitialcostofFRPdecks
canbcjustificdbasedonothereconomicconsiderations．

ComparisonofDeflections

Althoughlimitcdfieldexpenenccandconcernsovercostshavc

slowedtheintroductionofFRPdecksimomainstreambridge
applications,thespeciiicationsfbrdeHectionshavepresentedthe
greatcstnumberofquestionsinthcdesignoftheseSystems､As
indicatcdbythenonnalizeddeflectionsinTablclfbrdecksof

about203-mndepth，undcrHS20＋IMloading（AASHTO

1998),thereisnoculrentconscnsusondcckdeHectionsbythc
manufhcturers、TIlediscrepancycanbeattributcdｔｏｔｈｅｗａｙｉｎ
ｗｈｉｃｈＦＲＰｂｒｉｄｇｅｄｃｃｋｓａreculrentlydesigned--i.e､,ｏｎａｃａｓｅ‐
by-casebasis、However，theuncertamtymdefiningdeflection
limitsisalsopresentinexistingdesignguidelinesfbrconven-
tionalstructures,asdiscussednext，

ＩｎｓＣｃｔｉｏｎ２ｏｆｔｈｃＡＡＳＨＴＯｌｏａｄａｎｄｒｅsistanccfactordesign
(LRFD）spccincations（AASHTO1998)，deHcctionlimitsfbr
steel，aluminum,andconcrctcconstructionsunderliveloadsare

providedasQprio"α/､Thecriteriaarestatcdasoptionalbecause，
atprcsent,therearenodefinitivcguidelinesfbrthelimitsoftol-
erablestaticdeHectionordynamicmotionduetovehiculartraHic
(nLlyl998).Undergeneralvehicularloads,thcdcHectionofa

ＣｏｍｐａｎｓｏｎｏｆＤｅｃｋｓ

Ａｔｅｃｈｎｉｃａｌｃｏｍparisonofsandwichandpultrudeddｅｃｋｓｉｓ
ｓｈｏｗｎｉｎｎｂｌｅｌ、Althoughcostandstiffhessare‘`system，，ｄｅ‐

pcndcntandafilnctionoftheapplicationrequlrcmcnts，each
manuitlcturerwasaskcdi"d直pe"ぬ"'帆oprovidearcpresentativc

value、Notsurprisingly6thereisgrcatcrflexibilitywiththc
sandwich-constructcddeckstoproducestructuresofvaricddcpth

andtherefbrcstiD[ilcss・ＴｈｅｍａｓsperunitsurfHccarcaistypically



structuralelement（Le.，abridgedeck）islimitedtothcspan
lengthdividedby800(Spa､/800).ThedeHectionofanorthotropic
(Steel)platedeckislimitedtothcspanlengthdividcdby300
(Spa､/300).ForRCbridgcdecks,theapproachfbrcontrolling
dcHectionsisindirect・Inparticular,amimmumdepth[rmm(ft)]is
statedmEq.(1),Whercthespanisinfbct

L2(span＋10）
rmin＝ （１）

３０

ＴｈｅｃｏｍｍｃｎｔａｒｙｔｏｔｈｃＡＡＳＨＴＯＬＲＦＤｓｐccificationstates
thatthepurposeoftheabovecritcriaistwofbld-(1)toprevent
excessivedeHectionsthatmaycausedamagetotheweanngsur‐

facesapplicdtobridgedecks;ａｎｄ(2)toprovidefbrridercom‐
fbrt､Atpresent,、ocritcriaarcgivenfbrFRPcompositeconstruc‐
tiona

Forthctimebcing,FRPbridgedeckdcsigⅨlersquantifydeck

perfbnnanceintcnnsofcritcriadevelopedfbrconventionalma-
terials・Furthercxpencncewilldetcnnincifthesecritcriaareap-
propriateandsuHicientfbrdesignpurposcsorifothercriteria
uniquetoFRPdeckswillbeneedcd．

requiringimprovedconPosionresistanceorclcctromagnetictrans‐

parency､Thescopcoftheremaindcrofthisdiscussiononinternal

reinfbrcementsincludesproducts，structuralbchavior，applica‐
tions,andfUturedirections．

Ｐｒｏｄｕｃｔｓ

ThcmaindifIbrencesbetweennon-prcstrcssedandprestressed

FRPreinfbrcementsarcthelevelofstressand,correspondmgly;
thetypeofconstimemFRPmaterialschosenfbrtheapplication・

Low-costE-glassFRPsaregenerallychoscnfbrnon-prestressed
applications,whereasmgh-strengthcarbonandaramidfiberFRPs

areprefbrredfbrprestressedapplicationsbecauscoftheircapabil‐
ityofsustainingmuchhighcrstressesoverthedesignlife､mer‐

mosettingresinssuchasvinylcsterandcpoxyarethepredominant
polymerschosenfbrmtemalFRPreinfbrccmcntsonaccountof
theirexcellcntenvironmcntalrcsistance,althoughailbrdablethcr‐

moplasticrcsinsarerccentlygainingattentionductothcirpoten‐
tialfbrbeingheatedandbentinthefield・

InternalFRPreinfbrcementshavebeenfabricatedinavaricty
ofone-dimensionalandmultidimcnsionalshapes(Nannil993)．
Ｔｂdate,mostcommerciallyprehlbricatedmultidimcnsionalrein‐

fbrcementsareorthogonal，two-dimensionalgrids，although
three-dimensionalgridsofvariousconhgurationshavebeenpro‐
posedfbrccrtainprecaststructures,Aswithsteelreinfbrcements，
multidimensionalFRPreinfbrcementscanalsobefabricatedon-

sitebyhandplacemcntandtyingofone-dimcnsionalshapes・
One-dimcnsionalFRPrcinfbrcementsarctypicallymadeby

thcpultrusionprocessoraclosevariantsuchaspull-fbrmmg,In

suchcases,thefibersarcimpregnatedwithresinpulledthrougha
fbnningdiethatcompactsandhardensthcmatcrial，andthen

coiledorcuttoaprescribedlength､Tbenhanccthcbondwith

concretc,surfacedefbnnationsareappliedtothebarbefbrehard‐
enmgbyoneormoreofthcfbllowingrepresentativemethods:（１）

ｗｒａｐｐｍｇｏｆｏｎｃｏｒｍｏｒｅｔｏｗｓｏｆｈｂｅｒｓａlongthelengthofthe

bar;(2)ｍｏldingofwhiskerreinfbrccdribsalongthelengthofthe
bar;(3)wrappingofatexturedreleasefilmalongthelengthofthe
barfbrthclaterremovalandcreationofacomplememaryimpres‐
sioninthebar;and(4)bondingoffincaggregatetothesurfaceof
thebar・Inaddition,bundlesoftight-packedsmall-diameterFRP

rodscanbetwistcdtofbnnastrand,asisconunonlydonewith
steelprcstressingstrands・CoscnzaetaL(1997)rcviewanumber

ofone-dmcnsionalFRPbarproducts・AlthoughculTcntlyem-
ployedhbersinFRPreinfbrccmentsbehavcinalinear-elastic

fashiontofailure，developmcntalFRPrcinfbrcementspromisc
“pseudoductilityう”orgracefUlfailure,byincolporatingfibersof
disparateultimatcstramsororientationsinthcrcinfbrcemcnt

(SomboonsongctaL1998).Itispossiblctomcorporateaninter‐
nalstrain-scnsingcapabilityinpultrudedFRPproductsaswell
(BenmokraneetaL2000;BakisetaL2001)．

Gridreinfbrccmcntshavcbcenmadebywindingresin-
impregnatedbundlesoffibersintoprescribedtwo‐andthrec-

dimcnsionalshapesusingavarietyofmanufacturingprocesses
(Nannil993).ThegridsareoftenuscdasHat,two-dimensional

flexuralreinfbrcementinslabsorthree-dimcnsionalcagesfbr
combinedshearandaxialreinfbrcementmbeams・OffLthe-shelf

pultrudedshapescanalsobemechanicallyjomedwithproprietary
connectiondevicestocrcatcprcfbnncd，multidimcnsionalgrid

rcinfbrcements（BankandXil993)．ThejointsofFRPgrids
dominatebondstiffhessandstrength,inefIectprovidmgaperi‐

odicaUybondedreinfbrcementsystemincaseswhereminimal

bondingexistsbetwcenthecross-overpoints（Matthysand
nlerwc2000）

FurureChaﾉﾉenges

ArelativelylargcnumberofFRPdecksarealrcadyinservice
(GangaRaoctaL1999;HariketaL1999;Tbmeleseta1.2000）
andseveralothersarescheduledfbrinstallationinthcnearfUture

(DavalosetaL2001).Also,thercexistsgrowinginterestinthe
fUtureofthescstructures・However,severaltechnicalnccdsand

qucstionsmustbcaddressed,asfbllows:（１）developmentofde‐
signstandardsandguidclines;(2)efIicientdesignandcharacter‐
izationofpancl-to-paneljoimsandattachmentofdcckstostring‐
ers;(3)fatiguebchaviorofpanelsandconnections;(4)durability
characteristicsundercombinedmechanicalandenvironmcntal

loads;（５）failurcmechanismsandultimatestrength,including

localandglobalbucklingmodcs;and(6)efliciencyanddurability
ofsurfaceoverlays(e9.,polymerconcrete)andapplicationof
hot-mixasphaltmrclationtoglass-transitiontemperaturcofthe
polymer、Inaddition，thcappropriateimplementationofcrash-
testedguardrailsremainsanopenquestionwhenconsidemgthe
variabilityinthedeckdesignsRecentlyうprogresshasbeenmade
toaddresstheseconcernsfbrspccificsystems(P'Ｍｲα2000)．

ThesituationfacmgtheFRPbridgedeckindustryisnotdis-

similartothatfaccdbypreviousindustries-suchassteeland
concrete-uponthcintroductionofnewmaterialstoawcll‐
entrenchedmarketplace・Whenironwasfirstintroducedasa
buildingmatcrial，itwasfashionedintoshapesthatresembled
timberPerhapstheFRPdecksoftomorrowwillevolvetotake
fhlleradvantageofthcmaterialpropertiesandmanufacturing
methodsofFRPmaterialsasexpenenceandcomfbrtwiththc

materialgrow．

lnternaIReinforcements

ﾉmroducfjOn

Non-prestressedandprestressedintemalFRPreinfbrcemcntsfbr
concretehavebccnunderdcvclopmentsinccascarlyasthel960s
inthcUnitedStates（Dolanl999）ａｎｄｔｈｃｌ９７０ｓｉｎＥｕｒｏｐｅ

(nlerwcandMatthysl999）ａｎｄJapan（Fukuyamal999)，ａｌ‐
thoughthcovcraUlevelofresearch,demonstration,andcommer-

cializationhasincrcasedmalkedlysincethel980s、FRPrein-
fbrccmcntshavebeenusedprimarilyinconcretcstructures



Srlucru旧ノBehavior moreexhibitsignificantsignsofdistresspnortofailure・AsFRP

remfbrcementdoesnotyicld,alternatemeansofquantifyingthe
warningsignsofimpendingftlilurｅｍｕｓｔｂｅｕｓｅｄ・Avarietyof
mdicestomeasurepseudoductilityhavebcenproposcd,including
defbnnabilityindices,definedastheratioofultimatedeHectionto
service-loaddeHectionorultimatecurvaturetoscrvice-loadcur‐

vature(orcurvatureataspeciiiedconcretestrainlevel).Defbnn‐
abilityratiosofabouteighthavebeenreportedfbrovcrreinfbrced
beamswithglassFRPbars(GangaRaoandVijayl997).TT1eCa‐
nadianHighwayBridgeDesignCodeusesanoverallperfbnnance
factorUftlctor),computedastheratiooftheproductofmoment
andcurvatureatultimateｔｏｍｏｍｃｎｔａｎｄｃｕｒvatureataconcretc

strainof0.001(corTespondingtothcconcretcproportionallimit)．
TheCanadiancodespeciiicsminimumacceptablcvaluesfbrthis
pelfbnnanccindexoffburfbrrectangularsectionsandsixfbrT

sections(BakhtetaL2000).Anothcrapproachconsidersthcmag‐
nimdcofthenettensilestrainmtheoutennostlayerofFRPbars
astheconcretecompressivcstrainreachestheultimatelimitstate・

ＷｈｅｎｔｈｅｎｅｔｔｅｎｓｉｌｃｓｔｒａｉｎｉｓＯ,O05orgreater，ｔｈｅｓｃｃｔｉｏｎｉｓ
"tension-controllcd，，andalowerresistancefhctorisrequiredto
compensatefbrthesuddennessofFRPtensilerupture(ACICom‐
mittee4402001)．

Foroverreinfbrccdmcmbers，conhnementofcomprcssion‐
zoneconcretewillincreasetheconcreteductilityandthusthc
memberdefbnnabilityPrestresscdbeamswithunbondedcarbon
FRPtendonsexhibitbilinearmomcnt-curvatu1℃bChavjorwith

considerablcrotationatfhilure､Thclargerotationcapacityallows
momcntstoredistributeandcnergytobestored,butasencrgyis
notdissipated,thcmembersarenottrulyductilcTypicallyうＳＣＣ‐
tionsprcstressedwithbondedtendonsdonotachieveunbonded

rotationcapacities,althoughmomentcapacitiesmaybegreater・
Possiblealtemativcsarepartialprcstressingorpartiallybonded
tendons(LcesandBurgoynel999).Anchorsandconncctorsfbr
FRPtendonsdifferfromthoseusedfbrsteeltendonsduetothe

anisotropicstrengthcharacteristicsofFRPmaterialswithhighly
orientcdfibers、ThemostsuccessfUlanchorsfbrFRPtcndons

mmimizelocalizedtransvcrscandshear-stressconcentrationsin

thetendonbythcuseofgrippingelementswithtailoredstiHhess
andgcometry(NannietaL1996)．

DesignPhilosophy

Althoughanalysesfbrflexuralandshearcapacitiesdrawonmany
ofthesameassumptionsusedfbrsteelreinfbrcement,significant

diflbrencesbctwecnthematerialpropertiesandmechaniｃａｌｂｅ－

ｈａｖｉｏｒｏｆＦＲＰａｎｄｓｔｅｅｌｎｅｃessitateashiftawayfiDmconven-

tionalconcretedesignphilosophy・Inparticular,thelinear-elastic
stress-straincharacteristicofmostFRPcomposites（1-3％ulti-

matcstrain)impliesthatFRP-remfbrccdconcretedcsignproce‐
duresmustaccountfbri血ercntlylessductilitythanthatexhibited
byconventionallyreinfbrccdconcrete、

CunPentlyウFRP-reinfbrccdconcretcisdesigncdusinglnit‐
statcsprinciplestoensurcsufIicicntstrength(typicallybasedon
somcfbnnofloadandresistancefactordesign),todetenninethe

govemingfailuremode,andtovcrifyadequatebondstrcngth

Scrviceabilitylimitstatessuchasdeflectionsandcrackwidth，
stresslevelsunderfatigueorsustainedloads，andrelaxation

losses(fbrprestrcssedconcrctc)arethencheckcdAlthoughser‐
viceabilitycritcriaareusuallyappliedafterstrcngthdcsign,rela‐

tivelylower(especiallyfbrglassFRPandaramidFRP)elastic
modulimcanthatscrviceabilitycriteriawillusuallycontrolthe
design．

Flexure

FlexuralbehavioristhebcstunderstoodaspectofFRP-reinfbrccd

concretc，withbasicpmciplesapplymgregardlcssofmember

configuration,reinfbrcementgeometryうormaterialtypc・TWopos-
siblcHexuralfhiluremodesprevail、Sectionswithsmaller

amountsofreinfbrcementfailbyFRPtensilerupture,whilelarger
amountsofrcinfbrcementresultinfailurebycrushingofthe
comprcssion-zoncconcretepriortothCattainmentofultimatctcn‐

silestrainintheoutcnnostlaycrofFRPreinfbrcemcntJheab-
senceofplasticityinFRPmaterialsimpliesthatundcrrcinfbrced

flexuralscctionscxpcricnceasuddcntensileruptureinsteadofa

gradualyie1.ｍｇ,asinthecasewithsteelreinfbrcement・Thus,the
concrctccrushmgfailuremodcofanovcrreinfbrcedmemberis

somcwhatmorcdcsirablc,ｄｕｃｔｏｅ血ancedenergyabsorptionand

greaterdcfbnnabilityleadingtoamoregradualfailurcmodc・

Mcmbcrrecoveryisessentiallyelasticwithlittlcornoencrgy
dissipationresultingfiPomlargcdefbnnations，

NominalHexuralcapacityiscalculatedfiFomthcconstimtive
bchaviorsofconcrcteandFRPrcinfbrccmcntusingstraincom-

patibilityandintcmalfbrccequilibriumprinciples，assumingthe
tensilestrcngthoftheconcrcteisnegligible,aperfbctbondexists

betweentheConcreteandFREandstrainisproportionaltothe

distancchPomthcneutralaxis・Thefbnnofthcanalyticalexpres‐
sionwilldcpcndupontheprcvailingfailuremode・TheWhitney

rectangularstressblockisadequatcfbrHexuralcapacitypredic‐
tionwhcncrushingofcompression-zoneconcretcoccursinover-

remfbrcedscctions,providedthatstraincompatibilityisusedto
dctennmcFRPtensilefbrces・IfFRPtensilerupturccontrolsfail-

ure，ｔｈｅＷｈｉｍｃｙｓｔｒｅｓｓｂｌｏｃｋｍａｙｎｏｔｂｃａｐplicable，ｕnless
compression-zoneconcreteisatnear-ultimateconditions・An

equivalentstressblockthatapproximatestheactualstressdistri-

butionintheconcrcteatFRPrupturecanbeuscd,orthemoment
capacitycanbedetennincdusinganestimatedtensionfbrｃｅｍｏ－
ｍｃｎｔａｒｍ・Comprcssion-zoncFRPreinfbrcementisnotconsid-
crcdeffbctivefbrincreasingmomcntcapacitybcnhancingductil‐

ityborreducinglong-tenndeHections・

Forsteel-reinfbrcedconcrete，ductilitycanbedefinedasthc
ratiooftotaldefbnnation(curvaturcordcflection)atfailureto

defbnnationatyieldi､9.Ｍｅｍｂｅｒｓｗithductilityratiosoffburor

DeflectionsandCracking

DeHectionsandcrackwidthsarctypicallylargerinFRP-
reinfbrcedconcretebeamsandslabs(especiallyglassFRP)than
insteel-reinfbrcedconcrcteｂｅａｍｓｄｕｅｔｏＦＲＰｓ，lowerclastic

modulus・Limitsondeflectionorcrackwidthhcquemlycontrol
dcsignsandareusuallysatisfiedbyusingovelreinfbrcedsections、
DeHectionprcdictioncquationsdcvelopedfbrsteel-remfbrced
concretetypicallyunderestimateinuncdiatedeflections,withdis-

paritiesincreasingastheloadapproachesultimate,Suchbehavior
correlateswithobscrvationsthatcrackpatternsatlowerloadlev-
elsaresimilartothoscofsteel-reinfbrcedsections,butasloads

mcrcasebeyondthcservicclevel，crackspacingdecreascsand
crackwidthincreasesrelativetosteelreinfbrccment、Various

modiiiedexprcssionsfbrthecffectivemomentofinertiahave

beenproposedfbrusewithFＲＰ(MasmoudietaL1998)．
CrecpandshrinkagebehaviorinFRP-reinfbrcedmembersis

similartothatinsteel-reinfbrcedmembers、AmericanConcrctc

lnstimtc（ACI）codccquationsfbrlong-termdeHectioncanbe
usedfbrFRPrcinfbrcementうwithmodiiicationstoaccountfbr

diffbrencesinconcretecompressivcstrcssandtheparticularelas-
ticmodulusandbondcharacteristicsoftheFRPreinfbrcement

(ACICommittee4402001).Compression-zoneFRPremfbrce-
mentdoesnotreducelong-termdcHcctions．



wasusedfbrprestrcssedreinfbrcement,althoughtherewcrealso

glassandaramidFRPapplications．Ｎon-prestresscdreinfbrce-
mentwastypicallyglassFRBalthoughca【bonFRPwasalso
used．

Shear

Thcconcrctecontributiontoshcarstrengthisrcducedinbeams

withFRPlongitudmalreinfbrcementbecauseofsmallcrconcrete

compressionzones，widercracks，andsmallerdowelfbrces、A
rcductionfactorproportionaltothcmodularratio,EFRP/Estccl，is

typicallyappliedtoconcreteshearcontributionequationsfbrcon-
ventionalbeams，althoughsuchanapproachundercstimatesthe

shearstrengthinflcxurａｌｍｅｍｂｅｒｓｗｉｔｈｌａｒｇｅｒａｍｏｕｎｔｓｏｆＦＲP
longitudinalreinfbrcement(MichaluketaL1998)．

Onc-waydeckslabsreinfbrcedwithglassFRPbarstypically
ftlilindiagonaltensionshear,asopposedtoflexure,LargedeHec-
tionsandcrackwidthsprovidcanadequatcwarningofmpending

fhilure､ThcEFRp/Estee1reductionfactorundcrcstimatestheshear
strengthofdccktestpanelsbyafactorofthrce（DeitzetaL
1999).Intwo-waytestslabs,punchingshcarfailureshavebeen
observedTheshearcapacitymsuchcasescanbepredictedusing
anonlinearfimtc-elemcntanalysis，

InbcamswithFRPstirrups,shearfailurcsoccurcitherbyFRP

ruptureatthcbcndpointsorbyshear-compressionfailureinthc
shcarspanoftheｂｅａｍ・Failurc丘omstressconccntrationsatstir‐
rupbendsmaylimittheeEfbctivccapacitytoaslittleas３５％of
thestrengthparalleltothcfibers(ShehatactaL2000).Multidi‐
rectionalFRPgridscanalsobeusedasshcarreinfbrccment(Bank
andOzell999;RazaqpurandMostofinGjadl999)．

ReinfOrcedConcrete

FRPrcinfbrcingbarshavebeenusedmmagneticresonanceun‐

agmgfacilities,anaircraftstationcompasscalibrationpad,tunnel

boringoperations，chemicalplams，electricalsubstations，high‐
ｗａｙbarriers，andavarictyofscahFontstructures･Ｔｗｏ‐

dimensionalglassFRPｇｒｉｄｓｈａｖｅｂｅｅｎｕｓｅｄｉｎＲＣｄｅｃｋｓａｎｄ

ｔunncllmmgs,whileademonstrationprqjectonFRP-reinfbrced

undergroundchambersiscurrentlyunderwayinCanada,Glass

FRPdowelbarsappearfeasiblefbrloadtransferacrosshighway
pavemcntjoints,providedthedoweldiametcrincreasesand/orthe

dowclspacingdecreasesrelativetodesignswithsteelbars､Per-

fbnnancecomparabletothatofepoxy-coatedstceldowelshas
beendemonstratcd(DavisandPorterl999)．

PrestressedConcrete

BridgcscomprisethemajorityofprcstressedFRPapplications、
Pilcs,piers，Maglevguidewaybeams，andailportpavcmentsare

othcrexamples､Deckslabsystemsdevoidofsteclrcinfbrcemcnt
andutilizingcarbonFRPprestressedtendonsmthetransverse

directionarcunderinvestigation・Thesystcmrelicsoncompres‐
sivemcmbraneactiontoincreasepunchmgshcarfailureloads
andtolimitdeflections，A1soundcrdevelopmemareprecast
double-TpanelsreinfbrcedwithglassFRPbarsandprcstrcssed

intemallyandextcmallywithcarbonFRPstrandsthatrcquireno
shOringorfbnnsfbrmstallation､Thcdouble-Tpanelsareuscdm

amultispanprestressedconcretcbridgesystcmutilizmgmternal
bondedtendonsandcontmuousexternallydrapedtendons．

BondandDevelopmentofReinfbrcement

DiffbrencesinFRPreinfbrcingproductsmakcbondcharacteris-

ticsquitevariable､Insomecases,thcbondstrengthiscomparable
toorgreaterthanthatmsteelreinfbrccment,whileotherproducts
exhibitlessbondstrength(Cosenzactal､1997)Bondstrengthis
largelymdependentofconcretestrengthfbrsmoothandsand‐
coatedrodsandtwistedstrands,providedthereisadequatccovcr

topreventlongimdinalcracking､Barswithmoldeddefbnnations
andhelicalwrapsobtainbond丘ommcchanicalmterlock，and
thushavcrclativclygoodbondperfbnnanceandmoredcpcn‐
dcncyontheconcretecovcr､Localbond-sliprclationshavcbccn
applicdtoglassFRPreinfbrcemcntsofdiffbrcntdiametersand
embedmentlengths(inpullouttcsts),andwerefbundtomatch
experimcntalresultsreasonablywellwhileprovidingpredictive
capabilityfbrbarsofaIbitrarydiamctcrandembcdmentlength
(FocaccietaL2000).DevelopmentlengthsfbrglassFRPrein‐
fbrccmentbarsbypulloutfailurearcgcnerallyintherangeof
26-37timesthebardiametcr(ACIConⅡnittee4402001)．

Inprcstressedconcrcte,transfbrlengthsofFRPtendonshave
beennotedtobelessthanapproximately50timcsthctendon
diameter､Developmentlengthinprestrcsscdconcrctcbeamsde‐

pcndsonadditionalfactorsbcsidesthediameter,suchasthedif
fbrcncebetweenthestressesmthetendoninitiallyandatfailure

ofthebcam(LuetaL2000)．

RJrureDir巴criOns

ApplicationsofFRPreinfbrcementinmEUorandinnovativecon‐
cretestructureshavebeenfacilitatedbythcdevclopmemof
``smartstructure，，sensortechnology;thusalleviatingthclackof
perfbnnancedatafbrFRP-reinfbrccdstructures､Canada，slntelu‐

gentSensingfbrlnnovativeStructures(ISIS)prqjccttargctsthe
developmentofsmartsensortechnologyincombinationwithrc-
searchonFRPinfrastructureapplications・Aslong-tenndatabe‐

comeavailable,designerswillfeelmorecomfbrtablespecifymg
intemalFRPreinfbrcementsfbrconcretcroadwaysandbuildings、
Thebriskdevelopmentofdesignguidesandcodesaroundthe
worldwillalsospeedtheinsertionofFRPreinfbrcemcntsincon-

structionpractice．

ExternaIIyBondedReinforcements
App'iCafiOns

BackgroUnd

Duetotheagingofmfiastructureandtheneedfbrupgradingto
meetmorestringcntdesignrequlrcments，structuralrcpairand
strcngthcnmghavercceivcdconsidcrablecmphasisoverthepast
twodecadesthrougｈｏｕｔｔｈｅｗｏｒｌｄＡｔｔｈｅｓａｍｅｔｉｍｅ，seismic
retrofithasbccomcatleasｔｃｑｕａｌｌｙｉｍportant，especiallyin

earthquake-pronearcas､Statc-ofLthe-artstrengthcningandrctrofit

techniqucsincreasinglyutilizeexternallybondedFRPcompos-

ites,whichoflbruniqucpropcrtiesmtcrmsofstrength,lighmcss，
chcmicalresistance,andeaseofapplicationSuchtechniqUesarc
mostattractivefbrtheirfastexccutionandlowlaborcosts．

Bridges

DuringtheperiodfiPoml980throughl997,thcrcwcreatleast32
documentedbridgeprqjects(20withvehiculartraHic)usingcon‐
crctcwithFRPreinfbrcement(。/ookl998).Ofthese,sixbridges

wcreconstructcdi、Europe(primarilyinGennany),sevenin
NorthAmerica，ａｎｄｌ９ｉｎＪａｐａｎ、Prestressedapplicationspre‐

dominated，includingllbridgesconstructcdwithprctensioned

FRP-rcinfbrcedconcretegirdersandlOwithposttensionedgir｡‐

ers，FivebridgesutilizedFRPfbrprestressedslabs，ａｎｄｌｌｈａｄ

ＦＲＰｒｅｂａｒｉｎｔｈｃｄｃｃｋｓｌａｂｏｒｂｅａｍｓ．Scveralbridgcsutilizcd

morethanonetypeofFRPreinfbrcement・Ingeneral,ｃａｒｂｏｎＦＲＰ

￣



Compositesfbrstructuralstrengihe､ingareavailabletodayin
thefbnnofprecuredstripsoruncuredsheets・Precuredshells

meanttostrengthencolumnsarcalsoavailable,butarenottreated
fUrtherinthisdiscussion・Precuredstripsaretypically0.5-1.5
ｎｕｎ(0.02-0.06in.)thickand50-200mｍ(2-8ｍ.)wide,and

madeofunidirectionalhbers(Ｃａ【bon,glass,aramid)inanepoxy
matrix･Uncurcdsheetstypicallyhaveanominalthickncssofless
thanlmm(0.04ｍ.),aremadeofunidircctionalorbidirectional

iibers(oftencalledfabrics,inthelattercasc)thatarceitherpre‐

impregnatcdormsituimpregnatedwithrcsin，andarchighly
confbnnabletothcsurfaccomowhichtheyarebonded・Bonding

istypicallyachicvcdwithhigh-perfbnnanccepoxyadhesives．
HistoricallyうcompositeswcrefirstappliedasHexuralstrength‐

eningmaterialsfbrRCbridges(Meierl987;Rostasyl987)and
asconiiningrcinibrcememofRCcolumns（FardisandKhalili
l981；KatsumataetaL1987).Developmentssmcethefirstre‐
searcheffbrtsinthemid-1980shavebeentremcndous､Therange

ofapplicationshascxpandedtoincludemasonrystructurcs,tim‐
ｂｅ喝andevenmctals､Thenumberofapplicationsinvolviｎｇｃｏｍ‐

positesasstrcngthening/repairorretrofitmaterialsworldwidchas
grownfiPomjustafewlOyearsagotoscveralthousandtoday・
Varioustypesofstructuralclemcntshavcbccnstrengthencd,ｉｎ‐
cludingbeaIns，slabs,columns，shearwalls,joints，chhnneys，
vaults,domcs,andtrusses．

野霜而､丁
(c）(b）

Fig.３.Shearstrengthening:(a)closedjacketappliedtocolumn;(b）
openjacketappliedtobeam;(c)stripsWithendanchorage

mcntsintension,withfibersparalleltotheprincipalstressdirec‐

tion､Well-establishedstrengthcningproceduresfbrRCstructures
maybefbllowed,providcdthatspecialattcntionispaidtoissues
relatedtothelincar-elasticnatureofFRPmaterialsandthebond

betweentheconcreteandＦＲＰL

CentraltothcanalysisanddesignofFRP-strengthenedRC
clemcntsisthcidentificationofallofthepossiblefailuremodes，

Thesemcludethcfbllowingmodcs:(1)Steelyieldingfbllowedby
FRPfiPacture;(2)steelyicldingfbllowedbyconcrctccompressive
crushmg（whiletheFRPismtact)；（３）concretecompressivc
crushing;(4)FRPpeel-offatthctcrminationorcutofrpoint,due
toshcarfailurcoftheconcrete;（５）FRPpcel-oEfmitiatingfhr
丘omtheends,duetoinclmedshearcracksintheConcrete;(6)

FRPpeel-ofratthetennmationpointorataflexuralcrackdueto

hightensilestresscsinthcadhesive;ａｎｄ(7)dcbondingatthc
FRP-concreteinterfaccinareasofconcretesurfaceunevennessor

ductofaultybon.ing､Ofthcabove,mode(2)isthemostdesir‐
able・Modeｓ(4)ａｎｄ(5)willbeactivatedwhenthcclemem,s

shearstrcngthisapproachcd；hence，theymaybcpreventedby
providingshearstrengtheningMode(6)canbesuppressedby
limitingthetensilestrainintheFRPtoavalueofrougmy0.008．
Fmallybmo｡c(7)maybeavoidedbyproperqualitycontroLSlip
attheconcrcte-FRPintcrfhcemaybeignoredmdesign．

SfrengrheningofRein化rcedConcl巴ねSrmcful℃sMfh
Rber-ReimbrcedPolymer

General

Compositeshavcgainedwidesprcaduseasstrengtheningmateri‐
alsfbrRCstructuresinapplicationswhereconvemionalstrcngth‐

eningtechniqucsmaybeproblcmatic・Forinstance，ｏｎcofthe

mostpopulartcchniquesfbrupgradingRCclementshastradition-
allymvolvedtheuseofexternallyepoxy-bondedstcelplatcs､This
techniqueissimple，cost-effective，andcflicient，butitsufIers
hPomthefbllowing:deteriorationofthcbondatthesteel-concrcte

mterfacecauscdbythecorrosionofsteel;diHicultyinmanipulat-
ingtheheavystcelplatesatthcconstructionsitc；ｎｅｅｄｆｂｒscafL
fblding;andlimiteddeliverylengthsofstcelplates(inthecascof
flexuralstrcngthenmgoflongelements).Asanalternative,the
steelplatescanbcreplacedbyFRPstripsorshects．Ａnother
commonstrengthenmgtechniqueinvolvesthcconstructionof
RC,shotcrete,orsteeljacketsJacketingisquitecffectiveasfnr
asstrength,stiffhess,andductilityareconccmed,butitincreases
thecross-sectionaldimensionsanddeadloadsofthestructure,is

laborintensivc，obstructsoccupancy）andprovidesRCelements
withapotentiallyundcsirablestiffilessincrease、Alternatively〉
ＦＲＰｓｈｅｅｔｓｍａｙｂｅｗｒａｐｐｅｄａｒｏｕｎｄＲＣｅlements，resultingin
considerableincreascsinstrengihandductilitywithoutanexccs‐

sivestiffhesschange・Furthennore,FRPwrappingmaybetailored
tomectspccificstructuralrequirementsbyadjustingtheplacc‐
mentofhbcrsinvariousdirections(ACICommittee4401996)．

AnimportantpointconcerningthedesignofexternalFRPrein‐
fbrcementisthat,inordertomaintainasuHicientsafetyfactorin

caseofanaccidentalsimation(e9.,FRPdcstructionduetofirc)，
thedegreeofstrengthening(ultimatecapacityofthcstrengthened
elcmentdividedbythatoftheunstrcngthenedelement)shouldbe
limited,unlesspropermeansofprotectingtheexternalrcinfbrce‐
ｍｃｎｔｈＦｏｍｌｏｓｓａｒｅｔａｋｅｎ

ShearStrengthening

ShearstrengtheningofRCclementsmaybcprovidedbyepoxy-
bondingFRPmaterialswithfibersasparallelaspracticallypos‐
sibletotheprincipaltensilcstressesDependmgonaccessibility;
strengtheningcanbcprovidedeitherbypartialorbyfUllwrap‐
pingoftheelements,asillustratedinFig3・

ThccffectivcncssofthcexternalFRPreinfbrcemcntandits

contributiontotheshearcapacityofRCelementsdependonthe
modeoffailure,Whichmayoccureitherbypeeling-ofTthrough
theconcrete(neartheconcretc-FRPinterface)orbyFRPtensile
丘actureatastressthatmaybclowerthanthcFRPtensilestrength
(c､9.,bccauseofstrcssconccntrationsatroundedcomcrsorat

dcbondedareas).Whetherpeclmg-offorfiPacturcwilloccurfirst
dcpendsonthcbondconditions，theavailableanchoragclcngth
and/orthetypeofattachmentattheFRPtcnninationpomt(filll
wrappingvcrsuspartialwrapping，withorwithoutmechanical

anchors),theaxialrigidityofthcFREandthestrcngthofthe
concrete,Inmanycases，theactualmechanismisacombination

ofpceling-offatcertainareasandfiPactureatothers､Inlightofthe
abovc,theloadcarriedbyFRPatthcultimatelimitstateinshear
ofthcRCelcmentisextrcmelydifIiculttoquantifybasedon
ngorousanalysis・

Accordmgtoasimpliiicdmcthodofcalculationofshcarfbrce
inextemalFRPremfbrcement，theFRPmaterialisassumedto

carryonlynonnalstresscsinthcprincipalFRPmaterialdirection・
Itisalsoassumedthat,intheultimatelimitstatcinsheantheFRP

developsanG〃ｍｉyesかαi〃(mtheprincipalmaterialdirection)，

FlexuralStrengthening

FlexuralstrengthenｉｎｇｏｆＲＣｅｌｅｍｅｎｔｓｕｓｍｇｃｏｍｐｏｓｉｔｅｓｍaybe

providedbyepoxybondingthematerialstoportionsoftheelc‐



Axialstress ingamongfibcrs,misalignment,anddamagedfibersatsharpcor‐
nersandlocalprotrusions，

Fromthcargumentsdiscussedabove,itisrealizedthatreliable
modclsfbrFRP-connnedconcretcmustaccountfbranumbcrof

paramcters，including：（１）thecircumferentialstifIilessofthe

FRP;(2)thecontinuouseffbctofthercstraintprovidcdbythe
FRPonthedilationtendcncyofthcconcrete;ａｎｄ(3)thecom‐
positeactionoftheFRP-concreteｃｏｌｕｍｎandtheFRP-concrete

mteraction,bascdonmicromechanics､Asasimpliiiedapproach，
oneｍａｙassumeamaximumcompressiveaxialstraininthccon‐

creteattheultimatclimitstatcofapproximatelyO､O1andanxed
Poisson，sratioofapproximatelyO､５todetenninctheconfinemcnt
effbct、

ConiincmcntofRCcolumnsislesseflbctiveifthecrosssec‐

tionisrcctangular､Inthiscasc,theconfiningstrcssistransmitted
totheconcrcteatthefburcornersofthecrosssectionandm‐

crcaseswiththccorncrradius・Theconfinementmodelmthis

casemustaccountfbrareduccdvolumcoffilllyconiincdcon‐
crete(MhmiranetaL1998)．

l６ｃ

Ｉｔｏ 。

alstrain

ＥａＪ

Ｆｉｇ､４．Axialstress-strainresponseofFRP-confinedconcreteversus
plainConcrete

eバビ，whichisgenerallylessthanthetensilcftlilurestrain・ForRC
elcmentswitharectangularcrosssection,thcafbrementioncdefL

fbctivestraindecreasesastheaxialrigidityoftheFRP(thatis,the
productofthcFRPshearreinfbrcementratiotimesitsclastic

modulusintheprmcipalmaterialdirection)incrcasesandasthe

concrctetensilestrengthdecreascs(niantafillouandAntonopo‐

ulos2000).Morcovenkeepingmmindthatlargcvaluesofe〃
correspondtoconsiderableopeningofdiagonalcracks，tothe
extentthatthecontributionｏｆconcreteshear-resistingmecha‐

nismsisreduccdbydegradedaggrcgatcintcrlock,ｅかshouldｂｅ
ｌｉｍｉｔｅｄｔｏａｖａｌｕｃｏｎｔｈｅｏｒｄｃｒｏｆ0.004-0.OＯ５ｆｂｒｔｈｅｃａｓｅｏｆ

ｆｉｂerspcrpendiculartothelongimdinalaxisofthcRCelemcnt，

Inthecaseofelementswithacircularcrosssection（ｅｇ，
wrappcdcircularcolumns),expcnmentalandanalyticalsmdies
havedemonstratedthatFRPjacketswithfibersinthccircumfbr‐
entialdircctionsignificantlyincrcaseboththestrcngthandthc
ductilityinthcpresenceofmonotonicorcycliclateralloads・The
contributionofFRPtoshearresistanccmsuchcascsmaybc

cstimatedbytakingeかapproximatclyequaltoO､004(Priestley
andSeiblel995)．

Masonly

Recentycarshaveseenproposalsandpracticalapplicationsthat
usecompositcsasalternativestrengtheningmatcrialsfbrmasonry
structures，mcludingthoseofconsiderablehistoricalimportance・
Thegencralapproachistocpoxy-bondFRPstripstothesurface
ofmasonryinlocationsanddirectionsdictatcdbytheprincipal
tensilcstressficld(Schweglerl994)．

Intennsofdesign,masonrystrengthenedwithFRPstripsor
shectsmaybctreatedmthesameｍａｎｎｅｒａｓＲＣ，fbllowingthc
proceduresofmodcmdesigncodes（Triantafilloul998).Thc
analysisofsimplecaseshasledtothefbllowmgconclusions:(1)
Ｗｈｅｎout-ofLplanebendingdominates（e､9.,asinthecascof
upperlevclsofmasonrybuildings),horizontallyappliedFRPmay
ofIbraconsiderablcstrengthincreasc;(2)inthe(ratherrare)casc
ofin-planebending,theamountanddistributionofreinfbrcemcnt

areofhigllimportance;highreinfbrcingratiosplaccdncarthe
highlystrcssedzonesglveasigniiicantstrengthincrease;(3)the
achievementoffUllin-planeHexuralstrengthdependsonthc
propcranchoragcofthestripsattheirends,mthesensethatshort

anchoragelengthsand/orthcabscnccofclampingatthestrips，
curtailmentpositionsmayrcsultmprcmatureftliluresthrough
peeling-oHbcneaththeadhesivc(asinthecascofRC);and(4)
thein-planeshearcapacityofmasonrywallsstrengthcnedwith
FRPmaybcquitehigh,too，cspeciallyinthecaseoflowaxial
loads・

ＦＲＰｃｏｍｐｏｓｉｔｅｓｃａｎａｌｓｏｂｅａｐｐｌｉｅｄａsconiinemcntreinfbrcc‐
menttomasonryusingunbondedstripsthatarecolor-matched
withtheunderlyingmasonrystructure，andcanberemovedif
necessaryatalatertime(TriantafillouandFardisl993)Recent
applicationsincludesnPengtheningofvaultsinoldmasonrybuild-
mgscitherhPombelowbusingtransparentglassFRPftlbrics，or
fromabove,usingepoxy-bondedFRPshcetsinagridlikepattern
(BorrietaL2000)．

Conhnement

TheenhancementofconiinementinstructurallydeficientＲＣｃｏｌ‐
umnsinseismicallyactivereglonsoftheworldhasprovcntobe
oneofthemostsignificantcarlyapplicationsofFRPmaterialsin
in丘astructureapplications､Properconiincmentincrcasesthcrota‐

tionalcapacity(aｎｄｈcncetheductility)inplastichingeregions
andpreventsdebondingofthcintcmalreinfbrcementinlap
splices・Confinementmaybebeneficialinnonseismiczoncstoo，

where,fbrinstance,survivabilityofcxplosivcattacksisrcquired
(CrawfbrdetaL1997)ortheaxialloadcapacityofacolumnmust
beincreasedductohigherverticalloads(e､9.,increasedtraHicon

abridge).Inanycase,coniinementmaybeprovidedbywrapping
RCcolumnswithFRPmatcrials(prcfabricatedjackctsorinsim
curcdshects),mWhichtheprincipalhbcrdirectioniscircumfbr‐
entiaL

InciF℃zｲﾉZJrcolumns，anFRPwrapeffectivelycurtailsthelat-
eralexpansionofconcreteshortlyaftertheunconiinedstrengthis
rcached､Itthenrevcrsesthedirectionofthevolumetncresponse，
andtheconcretercspondsthroughlargeandstablevolumccon‐

traction(thisisnotthecasewithsteelconiinementjackets,wherc
yieldingisassociatcdwithunstablevolumctricexpansion).Asa
result,thestress-strainresponseofFRP-connnedconcretcischar‐

acterizcdbyadistmctbilmearresponscwithasharpsoftcningat
astresslcvclncarthestrengthofunconiinedconcrete,八・(Fig.
4).Afterthissofteningpoint,thetangentstiflhessstabilizesata
ncarlyconstantvalue・Thcultimatcstate(/1cc，ｅｃｕｉｎＦｉｇ､４)is
characterizedbytensilcfailureofthewrap,Atfailure,thctensilc
stressinthcFRPwrapisgenerallylessthanthcuniaxialtensile
strcngthofthcFRPmaterialductotriaxialstressesandvariations

inthcqUalityofinstallationthatcouldleadtounequalloadshar-

７７mberandMetals

ThchighpotcntialofFRPstripsorsheetstoincreascthestrength
(Hexuralorshear),stiffhess,andductilityof伽6erbeamsandVor
columnshasbeendcmonstratcdinvanousresearchstudiesand

quiteafewfieldapplicationｓ（PlevrisandTriantahlloul992)．
MoreoveBFRPwrappinghasbeenuscdasanefIectivcmeansof

cnhanci､gthcdurabilityoftimberelements(QiaoetaL1998)．



ResearchanddcvelopmentrclatcdtｏＦＲＰｃｏｍｂｉｎｅｄｗｉｔｈ腕a-

ahusedinconstruction(e､９，Steel,castiron,andwrouglltiron）
havestartedrelativelyrecently（KarbhariandShulleyl995)．
High-stifHlessshcets(suchascarbon)mayenhancethemechani‐
calpropertiesofmctallicelementｓｗｈｉｌｅｏ舵ringccrtamothcr

advantagcs,suchasthclowweightofbondcdmaterial,theeasy
applicabilityうandtheabilitytocffectivelycoverareaswithhigh
boltorrivetcongestion．

structurescontainingFRPmaterialstobedesigncd，built，and
operatedwithsafetyandconfidence、Thisscctiondescribesthe

standardandcodcdevelopmentactiviticsinJapan，Canada,the
UmtcdStates，ａｎｄEurope・Themainaccomplishmentsofthesc
activitics，ｔｏｄａｔｃ，ｐｅｒｔａｉｎｔｏｔｈｅｕｓｅｏｆＦＲＰｍａterialsfbrthe

reinfbrcementofnewstructuresandfbrtherepairandretrofitof
existingstructures．

Japan

Effbrtstoprescribespecihcationsfbrthedesignandconstruction
ofconcretcstructureswithFRPreinfbrcemcntsstartedinJapanin
thel980s・Examplesofspecificationsfbrintemalremfbrcemcnts
completedbythemiddleofthcl990sareasfbllows：

LRccommendationfbrDesignandConstructionofConcretc

StructuresUsingContinuousFiberRcmfbrcmgMaterials、
2．GuidelinefbrStructuralDesignofFRP-ReinfbrcedConcrete

BuildingsinJapan、
3．DcsignMethodsfbrPrcstressedFRP-ReinfbrcedConcrete

BuildingStructurcs・

Ｉｔｅｍｌ,referredtohercasthcreconunendation,waspublished
bytheJapanSocietyofCivilEngineers(JSCE)inl997,andis

intendedfbrconcrctcstructuresotherthanbuildings(Machida
l997b).Therecommendationincludesqualityspeciiicationsand
testmethodsfbrFRPmatcrials，ａｓｗｃｌｌａｓｒｅｃｏｎⅡnendationsfbr

designandconstructionwithFRPmaterials・Thequalityspeciii-
cationsfbrFRPreinfbrcementsdefinethcreqUiredcharacteristics
andpropertiesoftheremfbrcements，ａｎｄｓcrvetoguidethede‐
velopmcntofnewrcinfbrcementsfbrpracticalapplications、Ｒｅ‐
infbrcemcntcharacteristicsaddrcssedmcludefibertypcandrem‐
fbrcementconnguration､Specificdproperticsincludethevolume
ratioofaxialfibcrs，reinfbrcementcross-sectionalarea，guaran‐
teedtensilestrength,tensilemodulus，elongation，crecprUpturc
strength,rclaxationratc,anddurabilitMmongothers・Mostofthe
speciiiedpropertiesaredetenninedbasedontestsdescribedmthe

recommendation・FurtherdetailsarealsogivenbyUoｍｏｔｏｅｔａｌ．
(1997)．

Thedesignandconstructionrccommendationsinitemlabove

arebascdontheJSCEStandardSpecificationfbrDesignand
ConstructionofConcreteStructures,whichisfbrconcretestruc‐

turesmgeneral(JSCE1986a,b).Thercconunendationsfbrcon‐
structioninitcmldealwithissuessuchasFRPconstituemma‐

terials，FRPstorageandhandlmg，assemblyandplaccmentof
FRPrcinfbrccments,precautionsinconcretcplacingandtendon
jackmg,andqualitycontroLSomcdetailscoveredintherecom‐
mendationhavcalsobeenprcsemedelscwhereintheliterature

(Machidaeta1.1995;Machidal997a;TmjietaL1997)．
Items2and31istedaboveareintendedfbrbuildingstructures、

Thesespeciiicationsweredevelopedinl993asthefinaloutputof
therescarchanddevclopmentprqject,“EffectiveUtilizationof
AdvancedCompositconConstruction,，,sponsoredbytheMinis-
tryofConstructionoftheJapanesegovcmnent.Ｉtcm2adoptsa
limitstate-baseddesignmethodwithspecihcprovisionsｓｏｍｅ‐
whatdiffbrcntfiomthoseofiteml、Detailscanbefbundinthc

English-languagepublicationsbySonobcetal.(1995,1997)．
AftertheHyogoken-Nanbuearthquaｋｅｉｎｌ９９５，theuscof

cxtcrnallybondcdca[bonfibcrsheetsfbrscismicrctrofittingof
RCpiersandcolumnsgreatlyincrcasedinJapan、Priortothis
time,theusehadbeenmainlyfbrrepair・Aramidfibershectsfbr
retrofitandrepalrwercalsodevelopedatthistime、

DesignguidelinesfbrtheapplicationofFRPsheetstohighway
bridgcpiersorrailwayviaductcolumnsareasfbllows：

Specia/Ｓｒｒｅｎｇ２ｈｅｎｍｇ花c'DMVues

Anumberofspecialtechniqucsrelatcdtotheapplicationofcom‐
positesasexternallybondedreinfbrccmentneedtobementioned，

althoughspacelimitationspreventdetaileddescriptions．

．Ｐ'１es舵ssedsかＩＰＳ・Prestressingofcompositcstripspriortothe
bondingprocedureresultsmamoreeconomicaluseofmatc‐

rials(TriantafillouetaL1992),butrequlrcsspecialclamping
devices．

・Ａｍｏｍａｒｅ‘wrqppi"ｇα"ａｃｍ"9.Wrappingofcolumns（or
othcrverticalelemems,suchaschimneys)withHexibleFRP
sheetsispossibletodaybyusingautomatedmachinery,The
machinerycanalsoapplyhcatandvacuumtoassistcurmg．

．ｎMDio〃６０"火‘ｐｉルノoadb‘srmps,Anumberofnonlaminated

thermoplasticFRPlaycrsthatmaymovcrclativctoeachother
whenloadcdareappliedinasingle,Continuous,thmtapethat
isfUsion-bonded(welded)toitselffbranchoragc(Winistoerfer
andMottraml997)．

．Ｐﾉace碗e"『j"sidbsﾉ伽ＦＲＰｓｔｒｉｐｓｏｒｃｖｅｎｒｏｄｓｍａｙｂｃｂｏｎｄｅｄ
intoslits，ｗｈｉｃｈａｒｃｃｕｔｉｍｏｔｈｅｃｏｎｃｒｅｔｃｏｒｍｔｏmasonry
mortarjoints(BlaschkoandZilchl999;TinazzietaL2000）

．Ｐ'巳/b6rjcqZedshqpaF・Prefabricatedanglesorshellsmaybe
extemallybondedtostructures．

・Ｍｂｃｈα"icaﾉ10ﾉﾉbsje"ｅｄＦＲＰｓかjps・Speciallydesigned,pre‐
curedFRPstripscanbcrapidlyattachcdtoconcrctcbeamsfbr
Hcxuralstrengtheningusingpowder-acmatcdfasteners（La‐
mannaetaL2001)．

ConcﾉudmgRemalks

Thcuseofadvancedcompositesasexternalreinfbrcementofcon-

cretcandotherstructureshasprogresscdwellinthepastdecade

inselectiveapplicationswheretheircostdisadvamageisout‐
weighedbyanumberofbencfits・Therearcclearindicationsthat

theFRPstrengthcningtechniquewillincreasinglycontinuetobc
theprefbrredchoiccfbrmanyrepairandrchabilitationprqjccts
mvolvingbuildings,bridges,historicmonuments,andotherstruc-
turcs．

CodesandStandards

ﾉ､rrodUcriOn

Ductotheimportanccofcontrollmgriskinmattersofpublic
safetyうstandardsandcodesfbrFRPmaterialsuscdincivilstruc-

tureshavcbeenindevelopmentsincethel980s，FRPmaterials
warrantseparatetreatmentmstandardsandcodesonaccountof

thcirlowermodulusandductilityincomparisonwithconven‐
tionalmatcrialssuchasmctals､Withoutstandardsandcodes,itis

unlikelythatFRPmaterialscouldmakeinroadsbeyondlimited
researchanddcmonstrationprOjects､Standardizedtcstmethods

andmatcrialidentiiicationschemesminimizeuncertaintyinthe
perfbnnanceandspecificationofFRPmaterials・Codcsallow



LProposedDesignandConstructionGuidelincsfbrRetrofit-

tingofReinfbrcedConcretePiersUsingCarbon(Aramid）
FiberSheetsbytheJapanRoadAssociationand

2・DesignandConstructionGuidelinesfbrSeismicRetrofitting
ofRailwayⅥaductColumnsUsingCa【boｎ（Aramid）
FibcrShcetsbytheRailwayTbchnicalResearchlnstimte
（1996a,b)．

Theseguidelinesincludeequationsfbrevaluatingtheeffects

ofFRPsheetsonshearcapacityandductilitySimilarguidelmes

havealsobeenprcscribedfbrbuildingcolumnsandcentcrpillars
ofsUbwaytunnelsandbridgedecks、

StandardtestmcthodshavebecndevelopedfbrFRPshcetsby

theJapanConcrctelnstitute(1998).TT1emcthodsincludeatest
fbrtensilepropertiesofFRPshcctsandatestfbrbondstrength．

fbrthcdesignandconstructionofconcretemembersprcstressed
withＦＲＢ，，whichareexpectedtobecompletedin2002and
2003．

ＥＵｒｏｐｅ

ＲｅｓｅａｒｃｈｏｎｔｈｅｕｓｅｏｆＦＲＰｂｃｇaninEuropeinthel960s､A
Pan-Europcancollaborativcresearchprogram（EUROCRETE）

wasestablishcdinl993andendedin1997．Thcprogramwas
aimedatdevelopingFRPrcinfbrccmemfbrconcrete，ａｎｄｉｎ‐

cludcdpartncrsfiPomtheUnitedKingdom，Switzcrland,France，
NorwayうandThcNetherlands、ThelnternationalFederationfbr
StructuralConcrete［F6d6rationImernationaleduB6ton(F、）
2001]TaskGroup9.3,“FRPReinfbrccmentfbrConcreteStruc‐
tures,,，ｗａｓｃｏｎｖｅｎｅｄｉｎｌ９９３ｗｉｔｈａｎａｉｌｎｔｏｅstablishdesign
guidelinesfbllowingthcfbnnatoftheComit6Euro-International
duB6ton-F6d6rationlnternationaldclaPr6contraintcModel

CodeandEurocode2（http://allserv・rugacbe/～smatthys／
fibTG9､3/).ThskGro叩９３isdividedintosUbgroupsonmatcrial
testingandcharactcrization,ＲＣ,prestressedconcrcte,externally
bondedreinfbrcement,andmarkctingandapplications,Thetask

groupconsistsofmcmbcrsrepresentingmostEuropeanuniversi‐
ties,researchinstimtes，andcompaniesinvolveｄｗｉｔｈＦＲＰｒｅｉｎ‐
fbrccmentsfbrconcrctc，Membcrshipmcludesreprcscntatives

hPomCanada,Japan,andtheUnitcdStates・Thctaskgrouphas
completedthedevelopmentofanFIBbulletinondcsignguide‐
linesfbrexternallybondedFRPreinfbrcememfbrreinfbrccd‐

concretestructures（FIB2001)．SupportingthcworkofTnsk
Group9､３isaEuropeanUnionTrainingandMObilityofRe‐
searchers(TMR)Network,``ConFibreCrete.，，Morcinfbnnation

aboutthcTMRConFibrcCreteNetworkcanbefbundatｈｔｔｐ：／／
ｗｗｗ､shefacuk/～tmrnet・

IntheUnitedKingdom,theInstitutionofStructuralEngmeｃｒｓ
ｈａｓｐUblishedaninterimguideonthedesignofRCstructurcs

withFRPrcinfbrcement(Instimtionl999).Prestressingandex‐
temallybondedreinfbrcementsarcnotaddressedinthcguide，

ThegUideiscloselybasedonandrcferstorelatedBritishdesign
codes(British1985,1990,1997).Theapproachesadoptedare
similartothoseunderdevelopmentinJapan，Canada，andthe
UnitedStates．

Ｃａｎａｄａ

TheuscofFRPfbrcivilcngineeringapplicationsinCanada

beganincamestmthclatel980swhentheCanadianSocietyfbr

CivilEnginccrscreatcdaTbchnicalConⅡnitteeontheUseof

AdvancedCompositcMaterialsinBridgesandstructures､Ehfbrts

oftheconⅡnittceweresupportedbytheCanadianfedcralgovem‐
ment,andledtothecstablishmentofthcNetworkonAdvanced

CompositeMatcrialsinBridgesandStructuresinl992Thcnet-

worksponsorcdsevcralmissionsinJapan,Europe,andthcUnited
States,ａｎｄdocumentedthefindmgsinstate-ofLthe-artreportsin

thisfield(MuftietaL1991a,b).1,1995,thcCanadianfederal

govcmmentestablishedtheNctworkofCentersofExccllenceon
lntclligemSensmgfbrlnnovativeStructurcs・Ｏｎｅａｒｅａｏｆｆｂｃｕｓｏｆ
ｌＳＩＳｉｓｔｈｃｕｓｅｏｆFRPmatcrialsfbrnewstructuresandthereha-

bilitationofexistmgstructures、ISISpUblishedseveraldesign

gUidelinesoncxtemallybondedandintemalFRPreinfbrcements，

participatedinseveralCodcandStandardscommittees,andspon-
soredseveralnationalandinternationalconferences・

Intheycar2000CanadianHighwayBridgeDesignCodescc-
tionl6，“FiberReinfbrcedConcrete,，，wascomplcted（CSA

2000).TheFrcnchtranslationisexpcctedtobepUblishedinearly

2001（BakhtetaL2000).ThcCanadianStandardsAssociation

alsoapprovedthccode，‘`DesignandConstructionofBuilding
ComponcntswithFRPin2002”(CSA2002)．

FUfureWb欣ｏｎＳｒａｎｄａｒｄｓａｎｄＣｏｄｅｓ

Ｆｒｏｍａｔｅchmcalstandpoint，theneedfbrspccializedstandards

andcodesfbrFRPmaterialsarisesfiPomtheirsubstamiallydi舵r‐
entmechanicalandphysicalproperticsmcomparlsonwithcon-

ventionalconstructionmaterials・Asthcprecedingdiscussion
pointsＣｕt,thcdevelopmentofstandardsandcodesfbrthcuscof

FRPreinfbrcementwithconcretestructuresisoIlgoingandisex-
pectedtocontmueinthenextscveralyears・Muchofthisactivity
ismotivatedbyimmediate，obviousncedsfbrimproved，eco-
nomicalmatcrialsfbrtherepairandrctrofitofstructuresthatarc
obsolcte，degraded，orlocatedinseismiczoneslnothcrcascs
suchasnewconstruction,wherethcneedfbrnewmatcrialsisnot

alwaysclearfiPomashort-termeconomicstandpoint，standards
andcodeswillfacilitatethcuscofFRPmaterialssothataddi‐

tionallong-termexpenencecanbeaccmedThisexpenencemay
eventuallyleadtothcrcalizationofpromisedlife-cyclccostben-

efitsofFRPmaterialsbydesignersandownersofstructurcs，Of

theapplicationscoveredinthisreviewpaper，FRPshapesand

bridgedeckssufIerhFomthelcastamountofdevclopmentofstan-
dardsandcodＣｓ,Futurercscarcheffbrtsonstandardsandcodcs

shouldtherefbrebeincreasmglyconcentratedinthescareas．

UniledStales

ＴｈｅＵｎｉｔｃｄＳｔａｔｃｓｈａｓｈａｄａｌｏｎｇａｎｄｃontinuousintercstinfiber-

basedreinfbrcementfbrconcretestructures,Acceleratcddevelop-
mcntandrcsearchactiviticsontheuseofthcsematerialsstarted

inthel980sthroughtheinitiativesandvisionoftheNational

ScienceFoundationandthcFederalHighwayAdmimstration，

ｗｈｏｓ叩portedrcsearchatdiffbrcntuniversiticsandresearchin‐
stitutions・Ｉｎｌ９９１，theACIestablishedCommittee440，‘`FRP

Reinfbrcemcm.，，ThecommitteepUblishedastate-ofLthc-artre‐

portonFRPrcinfbrccmentfbrconcretestructuresinl996(ACI
Committee4401996).Comnittcc440rccentlyproducedtwo

documentsapprovcdbytheTbchnicalActivitiesConmittccfbr

publicationintheyear2001､nledocumentsare(1)“Guidefbr
thcdesignandconstructionofconcretercinfbrcedwithFRPbars，，
(ACIConⅡnittcc4402001);ａｎｄ(2)“Guidefbrthcdesignand

constructionofextemallybondedFRPsystemsfbrstrcngthening
concrctcstructures.，，TYlecommittcciscurrentlyworkingonthe

fbllowingdocuments:（１）“Stay-inplaccstructuralFRPfbnns;”
(2)“DurabilityofFRPfbrconcretcstructures;，，and(3)“Guide
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ThispaperatteststothemanypotentialapplicationsofFRPcom-

positematerialsinconstruction，althoughthcnecdfbrbrevity
prcventsalltopicsfiPombeingfUllyaddressed､Itcanbesaidthat
theamountofcxperienccwithvariousfbnnsofFRPconstruction

materialsvariesinaccordancewiththcperceivednear-tenneco‐
nomicandsafetybcncfitsofthematerialsJnthecaseofcxter-

naUybondedreinfbrcements,fbrexample,theimmediatecostand

safbtybenefitsarecleaLandadoptionofthematerialbymdustry
iswidcsprcad､InothercascswhereFRPmaterialsareconsidered

tobcprimaryload-bearingcomponentsofstructures,fieldappli‐
cationsstillmaintainaresearchflavorwhilelong-tcnnexpcnence
withthematerialaccumulates．Ａｎｕｍｂｅｒofcarefmmonitomg
programsofstructureswithprimaryFRPreinfbrcementhave
beensetuparoundtheworldandshouldprovidethiscxpenence
baseinthecomingyears、

StandardsandcodesfbrFRPmateriaｌｓａｎｄｔｈｅｉｒｕｓｅｉｎｃｏｎ‐

structionareeitherpublishedorculrentlybeingwritteninJapan，
Canada,thcUnitedStatcs,ａｎｄEurope､Ｔｈｅｓｃｏ伍cialdocuments
aretypicallysimilarinfbnnattoconventionalstandardsand

codes，whichshouldeasetheiradoptionbygovemingagencics
andorganizations、Thcmostsignincantmechanicaldifferences
betweenFRPmaterialsandconventionalmetallicmaterialsare

thehigherstrengtll,lowerstiffhess,andlinear-elasticbehaviorto
failurcofthefbrmer・Otherdifferencessuchasthcthennalex-

pansioncoeHicient,moistureabsorption,andheatandfireresis‐
tanceneedtobeconsideredaswelL

Theeducationandtrainingofengineers,constructionworkers，
inspectors，andownersofstructuresonthevanousrclevantas‐

pectsofFRPtechnologyandpracticewillbecrucialmthesuc‐
cessfUlappncationofFRPmaterialsinconstruction・Howevenit

shouldbeemphasizedthatevenwithanticipatedmodcratede‐
crcasesinthcpriccofFRPmatcrials，theirusewillbemainly
restrictedtothoscapplicationswherctheiruniqUeproperticsare
cruciallyneede｡．
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