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It wasthoughtthatconcretestructureswouldbemaintenance-AceandwouldretaintheirfuncdDndtysemi-
permanendy.The concretebluks makingup the breakwaterat h Pod, for example,werecarefuuy
constructedwithappropriatematerialsandwereexpectedtohaveconsiderabledurability[1].Onthecontrary,
though,somestruchm havetan fToundto not matchtheirplannedfunctionahbr.Changesof sbutural
functionalitycanbe causedby inadequatematerials,inadequatemix-propodoningor construcdonmethods,
severeenvimnmentalconditions,orachangeinloadingconditions.

Justonecenturyhaspassedsincecivilengineersconstructedwithfirsttx5ganusingCOnCmte,andthereisno
guaranteethatconcntesbctures willhavelong-termdurabilityunderdieactualenvironmentalconditions
experiencedonearth.Giventhisunderstanding,itis radonalto acceptthat:concretestructuresgenerallysuffer
fromreducedperformanceastimeelapsesandneedmaintenanceworkiftherequiredfunctionahtyis to tx5
maintained.
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Fig. 1Classificationof PerformanceofConcreteStructures

Thenaredm kindsofperformancerequiredofa concretestructure,asshowninFig.1.Functionahtyand
envirormentalimpactonstumumdingsrelatetoperformanceatdiePresentpointintime,WhnedurabiLtyrelates
tothedecreaseinfunctionalitybrformance)andtheincreasingenviFOrmentalimpacton sunDundingswith
time.It is dlerefornecessarytopredictdural)ilityandconsiderdiefuturedecreasein performancesindleSe
areas.

Thedeterioradonof concretestructLmis causedby variousfactors.h thispaper,cedaintypesof factorare
ignored:disasters(fin, eardlquake,etc.) and changesin loadingconditions.Still, any comprehensive
implementadonofmaintenanceworkmustincorporatethefouowingprccesses:

0 predictionofdeterioration
@methodsofinspecdonandsurvey
@ assessmentandjudgementofdeterioradon
@meastmagainstdeterioration
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Thissectionlistscues ofndntenanceforconcretestructuresthathavebeenprofX)SedsofarinJapan.Cues
pubhshedbyoWICialorganizadons- generauymorepractical.
(1) RecommendationsforMaintenanceofConcreteStructures- Draft(JapanSex:ietyofCivdEngineers)[2]

(1995.lO)

(2) RecommendadonsandCo-nentaries forhspection, Assessment,Repairof Bundings(JapanSKiety of
AIThitects)(1988)

(3) Recorrmendadonsforthspection,Repair,SbmgtheningofConcreteCracking(JapanConcretehstitute
(JCD) (l987.2)

(4) GuidelinesforhspectionandRepahofStructuresDanuq;edbyJu-aggregate Reaction(JCI)(l989.7)
(5) RecommendationsforRepairofConcreteStructuresDamagedbyChlorideAttackandRecorrmendahons

forRepairandStrengthemingofConcreteStructuresDamagedbyJu-aggregak ReactionPstry of
PublicWork)[6](1988.1I)

(6) Manual fTorPmtectionof bteriomdon and Repair of bteriorabd ConcreteStructures(Coastal
IkvelopmenthstituteofTeclmology)(1989.9)

(7) Standardsand Corrmentariesfor Maintenanceof StructuresPesearch hstitute of Japan Rauway)

(8)
(9)
(lO

(l987.9)

GuideforMaintenanceandRepairofBridges(JapanHighwayBureau)(l988.5)
GuideforRepairofRoadConcreteShcturesPanshin HighwayBtmu (19n.6)

) GuideforRepairarLdStrengtheningofBridgeStructLmPetrorx)litanfhghwayBLm) (l993.7)

Maintenancesystemsvaryzmrding toalePrCductinquestion,Enddependonthecontrolmed10d,dy3scaleOf
the pduct, whetherthe prduct is manufacturedon siteor in a factory,and so foul. Whenan elatrical
appliance,fTorexample,gas outoforder,itis ofteneasiertoIePkh3eitradlerthanexpendingefforttorepairit.h
thecaseofairplanes,cedainpartsarereplaceda[padcularintervalsinadditiontomutineinsrxdons.Con-te
structures,however,differfromfactoryprcxluctsandan generallyconstructedonsiteaccordingto designand
conshcdondKumentS.

Thesodndnessof astructurecantmlassined asfollows:GX:ompletelysoundconditionwithnohmitahons;
&o visibledeteriorationonthesurfacethoughdeteriorationhastxgun within;and &teriorahon isvisible
Nldtheperformanceof theshcture hastx=gunto decreaBie.h mostcasescounterme&uresaqeintrducedat
stage @, but for somestructuresndntenance is requiredat stages0 or @. Thesemighth= calledthe
preventivemaintenancestages,whereas@ repleSentSeXpst factomaintenzulCe,Reference[2]classifiesdle
comtx)nentofa maintenancesystemas follows:A:preventivemaintenance;B: expostfactomaintenance;C:
observationalmaintenance,and D: ndntenance wid10utinspection.The typeof ndntenanceappliedto a
shcture dependsontheimprtanceoftheshctural memtxrs,theinfluenceofdeteriorationondhrdpades,the
requiredservicelife,environmentalconditions,andaledifhcultyofmaintenzncework.

It is necessarytoconsiderthetotalcostofmaintainingtheexpectedperformanceof a structureoveritsservice
life.TThstotalcostcomprisesthecostof construcdonplusthemaintenancecost.Atpnsent,constructioncost
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onlyisconsidered.

Miyamotoet al.propsedtheBridgeManagementSystem@MS)to considermhtenanceworkintotal[3].
Matsuhimaetal.consideredaleoptimuminspectionintervalforPdedpiers,inwhichalePlt)blemwasdefined
as a badecffproblemtx3tWeeninsrxxtioncostrepaircost,andthecostoflostperfomwce[4].Theoptimum
intervalwascalculatedsoastominink thetotalexpectedcostbywayofreliabihtytheory.

TTk:rean VariousLnCedaintiesinvolvedinexecutingnuhtenancework,andsomeresearchemhavetRn bled
to treatdkSeunCedaindesin ndntenancemathemahcauy.Shimishiet al.usedFuzzyTheoryto evaluatethe
degreeofdeteriorahonofconcretebridgeslabs,andpropsedanexper(systemforestimahgthedanugeInde
anddegreeof deterioradon[5][6].Miyamotoet al.alsoappliedFuzzyTheoryto evaluatethe scRmdnessof
concretebridges[7]and fudy3rmOreestimatedthe saLTetyof actualshctures based on stahsticaldata[8].
Matsushirrnetal.profX)Sedan evaluadontechniqueinwhichFuzzyTheoryis appliedto the deteriorahonof
concreiA;Structuresbasedon visualinspectiondda[9].Htmtaetal.attemptedto intrduceFuzzyTheoryasan
effativem=thdofimprovingandrmintainingamaintenancedatabase[lO].

a) btemhation ofServiccLifeWon
Itis generauysaiddlatdy3Servicelifeofa shcture dqEX:ndsonthefouowingconditions:ebhysicalcondition
(lossof performma dueto physicalandchemicalattack);bctional condition(changeof functionor
enhancem3ntOffuncdon);and &onomical condidon. A is dilhcultto auowfor @ and @ at the
constructionstage,andthefouowingconditionmusttx:sahsfied:

hign servicelife < bsign durablelife
nx: designdurablelife is dc pericdfor whichsuitableperformanceis guaranteedin considerationof the
structure'sphysicalcondition.

Vdous cds orsuggestionshaveh3enPrOPSedregardingtic definitionofservicelife.
Wlndforce(inconsideradonofrepeahgperid): 50years
Environncntalforce(h1ainlyWaveaction):10years
Servicehfeasdetenninedbydepreciahonofnahonalassets:

bridges:15years;tunnels:QeBuS;ranWaySleepers:20years
bvemrrmtal subsidy

piemandbreakwaters:5qears;bridges:nears
b) Estimion ofLifeSpanofShctures
h estindng lifespanof a concretestructure,thefouowingfX)intShaveto tx clarifled..&e performance
requirements;&e factorsthatreducetheperk)rrrunce.,Qb chmgesin tk factors'indexes;and &e
limitson performanceloss. h addition,variousconsideradonsrelabd t6 decreasein both safetyand
functionalitymusttx3Summarized.A JCI comitb% rerx)rt[11]summarizesthepresentstateof research
regardinganalpicalmethds fTorpredictingdurablehfe,thepredictionoflitrespansinotherengineeringfields,
andmdels forpredictingdeterioration.
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a) Chloride-induceddeteriorahon
I) Ikteriorationandperformmceloss:Saltdamageis aphenom3nOninWhichcomsionofninforcingbazs

MurS aSa nSult Ofchloride.moride is suppliedwidldy3COnCntematerials(SeaSand,cement,
admixtums)orh dyeenVirormntalconditions(coastalaJeaS,de-icingsalt).ne deteriomtionpruess
is inustraledinFig.2.Chcechloridehasaccumulatedintheconcreteuptothecorrosionhmit,corrosionof
die It:inforcingbars begins.utimately, the comsion prducts expandand applypressureto die
sunDundingconcrete,cwing crackingin th3dirt3CtiOnOfdy3reinforcingbaJS.

2) Penebdonanddisbibutionofchloride:CNorideionspenebdeintodyeinrLerConcretedmgh transprt
of liquidwaterardbydiiRISionofionsinaqueoussolution.BazBLntimitiatedanamiydcalapproachtothis
phenorrxnon[l2J[l3].Manyotherexperimentaland analpicalapproacheshavealsotxxn repded.
Cbuki et al., for example,prD
psed an appanntcancient of
dihsion usingactualchloride
data bm concretestructLmin
the Beld[14].T*ewaka et al.
solveda dihsiw equahcndd
includeda term for th=chloride
concenbdonin the surfacehyer
of theconcrete[15].Mamyaet al.
analyzed dy3 aCCumulahonof
chloride in concnte in consi-
derahon of such factors as
dilhsion of chloride ions,
dihsion of wakr thmughpores
in concrete,type of chloride
(soluble or bed), and dy=
influena of webg and drPg
[16].Oshiroet al. consideredale
chloridepresent in th= surface
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Fig.2 DeteriorationProcessandDecreasein Performance

layerasafunctionoftim5,andprpEXd ananalpicaltechmiqtk5forestimatingth: chloridedisbibutionin
concrete[l7].Kdbayashiet al. discovereda phenotTX3rK)nin Whichchlorideions c-ntrale at dye
cartx)nationbnt[l8]. Maekawaetal.analyzedth=prKeSSOfchlorideiontransprt zmmpanPg water
moverrmtdueto drPg[l9]. Gotoetal.discussedth5mOVem:ntOfvadousiorudissolvedin concrete
fX)reWak:r,takingintoamountdc concretepre sizeanddyeelectricalchargedconditionof hardened
cement[20].

3) LimitchloridecontentforMtmnCe Ofcorrosion:Thelimitcontenthastx3enttk:tTKuSOfmny research
results.Cksukietal.evaluatedhm elecbD{h5miCaleXperirrk5ntSWhedwor notapassiveh existson
dRbar surface,andhally propsed a hmitchloridecontentof 0.75kg/m3(for1 m3of concrete)[21].
Miyagawaet al. suggesteda limitchloridecontentof 1.2-2.5kg/m3basedon testsof corrosiona bans
emtxxkkxlin concretesrxx:imens[22].RecommendahonsforMaintenance[2]pmfXuSa lhnitof 0.4%
a)yweightofumitcement,orapproximatelyI.2kg/m3for1m3ofconcrete)[2].

4) ControlphaBCOfcorrosionBuldcorrosionrate:Phaseof m- co-sion areclassiBedas ande contm1,
cathde contml,andelecdcalresistancecontrol.Thoughcorrosionofreinforcem:nthastRn COnSidered
to tx conbud with dihsion of oxygen(dw is, ancdecontrol),onepaper[23]has suggestedthat
elecbicalresistancemightndy controlcorrosionrateofbars.

5) Corrosionprcductsandcrackacurrence..Thephysicalpropediesofco-sion prducts mustbe clarified
in orderthattheexpansionpressunappliedbycom)sioncantxHValuated-TYk=nun crystanizahonof
corrosionpducts is knownto h=Fe,0. bm X-rayanalysis[24],butonlyonepape425]hasrefX)ded
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experimentaldatarelahgtophysicalpropedes.Ananalpicalappmachhasbeenusedtoobtainthetime
of comsion MurrenCeand corrosioncracking,in whichth= comsionmdel was assembledin
considerahonof suchfactorsasthe ccmcientof chloridedifRISion,aleCCCWICientof oxygendiLRISion,
the watercontentin concrete,and dle mdulus of elasticityof corrosionproducts[26][27].Actual
shctures generauyhave evidencepeehgiOffCracksin additionto longitudinalcmcks,and the
mxhamismbywhichthesecracksarisehash5eneXperim=ntanyandanalyticallyinvestigabxl[28].Many
researchemconsiderthatwhencrackingis observedontk concntesurfacethenthelimitofserviceabnity
hastxxnleached,whileodlemtX=lievedla(aAm Crackwidthmusttx=auowedtx:causetinyczukshave
nodNnaginginfluenceonload-txxuingcapacity.

b) Cartx)nationofconcrete
1) Bterioradonanddecreaseinperforrrmcc..TheJCI ResemhComittee on Carbonationof Concrete

propd strictdefinitionsof 'cartnnadon' and 'neubalizahon'. 'Cartx)nation'is dy3PrCCeSSby which
cementhydratesnact widl CartX)ndioxideand txxam=either cartxmicpducts or daomfXXition
pducts. a the odw hand 'rx5ubaMon' is definedas dN5Phenomenonby whichtk aJkaJinityof
cenmt hydratesdecreases.Thmgh neubahzationcan h3 Causedby acidmin and fm in additionto
cartx}nahon,dc nun factorin rN=ubdizahonis cartx)nahon.It is dy3reforegenerauyundetstd that
neubalizahonduetocartx)nahonisrefTerredto 'neubalizahon'.
ReseBLrChactivitieson neutralizahonare in to two areiLS:Qh chemicalmechamismand &hysical
pmpedies.AJCIcomittee reprt hasscrutinizedthenKhanism[29].Kobayashietal.[l8] discusseddy3
movementOf irner ion due to carbonahonof cot)Crete,and fX)intedout that dyeC-S-Hgel would
deconTPSeinCarbonatedaJeaSOfconcrete.Manypapershaverepd ondw3StrengthOfconcrete.Saeki
etal.[30]reprted thatcartx)nahoncausedtightnessofarmnt hydratesandanincw insbength.
TYx5mostdamabngnsult ofneubalizahonis thatconcretelosesitsami{ormsionpmpedywithregardto
ninforcingbaqsemtdded in dc concrete.bhino et al.[31][32]camiedcut exhaAdveexrx=rimntal
workto investigatevariousrelatedfactotsarldexplaineddw dle Predominantfactorin neubauzadon
diBTeredfromthatcausingdy3COtTOSionof reinforcem5ntbars.Saekiet al.[33]evaluatedtherelahonship
tx3tWeenneubdizationand ninforcewnt corrosionby way of ale meiLSurem:ntSbasedon ekx:bD
chemicaltEX:hnique.

2) Predictionof neubdizahon:Vdous equahonsfor neubdizahondepthhavet#n deducedhm dye
insrxxtionof actualsbuctLm,andthesealeSummarizedinref.[34].Ananalpicalbasedondevelopinga
neubaJjzedmodelwasfonowedbySaekiet al.[35]andFukushimaet a1.[36].Theirmd1 includedthe
dilRJSionof cartx)ndioxideandcalcitmhydroxide,dy3SOludonrateofvaporintoliquid,anddc reaction
rateofneubahzahon.

3) Neubdizationandpredictionof deteriorahon:kmi et al. surveyedthe neubdizadonof concreteand
corrosionofbarsin actualstructures,andpmpsed anestindon medld fTordc deteriorahonofconcrete
rKmbersandremaininghfespan[34].

c) Cur Ikteriomhonfactors
I) Alkali-aggregatenactions: And-sihca reactions (denotedASR) cause expansivepresstm on

sumundingconcreteand visiblecmcksMurS at die COnCreteSurfTaRA JCI comittee reprt[37]
suggestedthat it might tx pssible to estimatequahtativelythe pmgress of deteriorahon.
RecomendahonforMaintenance[2]proposesestimationmedld hm acorespecimen.F thesfXXirrKn
expandsabr tx:ingcuredindyeWater,d3elimitVOlum5expansionshouldtx lessdlan0.1%.

2) Frostdamage:TheAtczingandthawingof waterinconcnteleadstocracking,scalingof theconcrete
surfacelayer,coarseaggregatepoppingat tk surfacelayer,anda danqed apEXmCe.Thoughit is at
present imfX)SSibleto quandtadvelypredictthe pmgressof deterioradon,Recomm:ndadonfor
Maintenance[2]suggestsdyefollowingindexesforrnakingjudgementsngadng Btx:lingandduwing
action:Qhhysicaltestof aggregate(waterabsorpdon:lessthan3%;weightlossdueto soundnesstest:
lessawl 12%),bzing arldthawingtest(relahvedynamicelasticity:largerthan80%),and &e
bst dam%erado(depd10fbst damage/concretecover).
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3) Fatigue..Cyclicloadsactonsuchstructuresasrauwaybridges,roadbridges,andbreakwaters.Railway
facihtiesaredesignedtocopewithfdgue loadbywayofMiners'theory.ThereinfTorcedconcreteslabsof
mad bridgessufferdegradedload capacityaccordingto the followingprKeSS:Gkrackingin one
dinctionWlattice cracking8racks passingthough slab cmsssectionOsition fromtw&
diJtX:tionslabmemtx=rto one dilution tx3ammemtXr.Bteriorationindexesmightbe crackdensity,
amountofcrackopeningandclosing,diffelt:neeinlevelontwosidesofcrack,anddenection[2].
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Fig. 3 InspectionProcess

hspectioncanh3brokendownintothecategoriesof imitialinsrdon, dauyinsrxxdon,peridic inspection,
detauedinspection,andexburdinaryinspecdon[2].Figun3 indicatesthe generalprtms of inspecting
structuns.Theactualtypeof insrxx:tionsandtheirintervalsdependon themaintenanceclassification,the
imprtanceofthestructLmandthecostofinspections.Momitoringsystemsmighttx requiredforthepurrx)seof

-7-



preventivermintenance.DailyinspectionsarecarriedoutwidlVisuany,whiledetauedinspectionsincludethe
samplingof coresfromthestructures.It is recorrmended,hm thepint of viewof mininhg costsforboth
inspectionandrepair,thatpericdcinspectionsh3Camiedoutat4-yearintervalfordieimitial20yearsofservice
lifeandevery2 yearsth5reafter[4].TheitemsctKXkedduringinspectionsareindicatedinTib.1[38].Figure4
showsdy3insfdon prccessforchloride-induceddeterioradon[2].

TableI Itemsof Inspection
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Fig. 4 InspectionProcessfor Chloride-inducedDeterioration
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C lassification Inspection Item s

D eteriorati ng action

A pplying loading and cyclic loading. Supply of chlori de.
D ry and w et action (chloride dam age). Tem perature (alkal i-aggregate
reaction, chloride dam age). Freezing and thaw ing action. Supply of w ater
(alkal i-aggregate reaction). C hem ica) action.

M aterial s

C onstruction records (type of cem ent, aggregate, m ix-proportion, etc).
Prope rties of concrete (strength, m odulus of elasticity, ultrasonic w ave,
etc). C hloride ions contai ned in concrete. C orrosion of bars (natural
potential, polari zation resistance, decrease of cross-section). D epth of
neutral ization, R esidual expansion.

C onstru ction C oyer of bars. A rrangem ent of bars. Inner defects.

S tru cture
D esign strength . D im ensions of cross section. C racking (depth of crack,
w idth of crack). R igi dity (denection). V ibration. Support condition.
H istory of repai r.

Possible im pact on Free lim e. Leakage. D elam ination of cover concrete. Looseness of cover
third parties concrete. Change of surface color (rust stai ns, etc).



VariousnondstructiveinspectionareavauableoronareDial.Sonc examplesaJ?notedbelow.
0 &neralinsfdon ofdeteriorahon:visualm=thds,photographs
@ Estimahonofphysicalprppedes:surfaa hardness,uhasonicnRthds,vibrationrrKthds
@ Estindon ofirmerdefectofsbuchm:hammering,inAaredmethds,AEmethd, uhasomicm'thds,

microwaves
Testmethcdsdlatentaudarrngetosnd areasareasfollows.

0 Meastmofcorrosion:nahd rx)tendal,rx)larizahonresistance
@ Estimahonofphysicalpropedes:penehdonresistance,pun-outresistance

Fder, coresrxximenscanprovidedc typesofdatalistedh3low.
0 physicalpropediesincludingactualstrengd10fconcrete
@ Estimion ofnh-pmprtioning
@ wofneubahzahon
@ htindon ofalkaliaggregaterezk:tiOn

Trx:appendixofref.[2]summui2XSth5Selectionof suitabletechniquesh)m th# avanal)leaccordingto th5
deteriorahonITKhamism.Manytxx)ksgivingguidelinesareinprint.
Veryfewofdy5Curredyavauablem=thdsotterhighacctmy andapphcabnity.Asa result,dyereisaneedfor
activeresearchinto new tEX:hmiquessuch as Qhunm=nts tha(are higldyreliableand repeatable,@
equipm=ntthatisfastandeasytouse,and Qhsrxxtionm:thd that*eld twohnsional data.
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Fig. 5 Change inPerformance andRepair/StrengtheningWork

a) ConceptofassessmentandjudgeITknt
ThedecreiLSeina StruCtm'SAnctionalityas tirrKelapsesis anticipated.Figure5 indica[testhe changein load
txdng capacityas a functionof age.Accodingto the degreeof deteriomdon,ajudgerrx:nthas to tx5nuKk:
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regardingale mnSunStOtX'imple.ranted.Wlthregardto loadtxdng capacity,themainitemsrequiring
inspectionareasfouows.

bterioradonactionGoadingconditions,andcyclicloading)
Materials(constructionrecords,prppertiesofconcreteandreinforcingbars)
constructionworkO)ararrangem=nt,intemaldefects)
structuralitenu(designsot:ngth,dimensionsofcrosssection,cmcking,flexuralrigidity,supEX)rtCOndition)

ItisditRculttocanyouta comprehensiveandquandtahveassessmentofsuchdata,andjudgementisusuauya
qualitahveprcKXSSbasedonsomelimitedsubsetoftheseitems.

Table2 Methodsof Repair

b) Practicalassessmntandjudgement
I) &neraljudgenmt:Abialnd.A hasI-n pmpsed forth, quantitahvedetemhadonofjudgements[2],

inwhicheiLChinsrdon itemhasitsowngding (weightedvalue)anddc totalgradeis comparedwith
someauowablefigure.F theauowablevalueisexceeded,adetailedinspectionI)-mes necessary.h the
caseofranwaystructures,judgewntsamclassified(ClassJu-Class S)ondnasis of animitialvisual
inspection,andm3aSunSforeach classificahonare pmpsed- For instance,a ClassAA judgement
requiresthatuseofdc structuretx=haltedorareplacem3ntStructuretX:used,whneClassSm- thatthe
structureremainsinswd condition.Yonezawaetal.hasprofK)Sedanidea[40]basedontwocategoriesof
visibledeteriorahon:oneisdc widd1andlengthofcracks,andtheodcr relatestotheareaoffXdedcover
concrete.Ahal categorizahonis nde byconsideringdc twocategories,andth=levelofperformmce,
suchasloadtxmig capacity,isjudgedonthebasisofdk value.

2) Judgementof chlohde-induceddeteriorahon:h ref.[2],dc stagesof deterioradonaqeclassifiedfromI
(latentpericd)to rV (aggressivedeteriorahonperiod)usingindexesof com'sionand cracking.
Limitationsonperfomance(asshowninFig.1)aredehed foreachclassificahon.
Amorepracticalapproachhashxn appliedtoreinforcedconcreteslabsatpiers.Thepnxessisasfonows.
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First,the degreeof barconDSionobserveda[ the concretesurfaceandthe deteriorahonof the cover
concreteaqeinspectedvisuauy,Endthenthedegreeofdeteriorahonof eachmemtxrisclassified.Finally,
diedegreeofdeteriorationofthestructLmiscomprehensivelyevaluated[4I]. Accordingtothismethd,

bgree ofdeterioration0 andI:norepairsneeded
IkgreeofdeteriorationII:norepairs(thoughrepairsalmeuSSaryinSOmeCases)
bgnx ofdeterioradonIIIandrV:repairsneeded
bgree ofdeteriorahonV:repairsneeded(andinsomecases,strengthening)

Visualinspection

Deteriorationdegree
5; II

:"a-I;s-s-ifi-c-ati-o-n-;i -iI

: surrounding i--------
: environments :

: Fick'sdiffusion i.
: law :
I---_____________

r - - i;a-tis-tic-a-I-" :
I l

; ca)culation of F----
i __d-e_sign_V_al9e_i

;-ifi-c-k-,-s-ark-u-s-i-o-n-:
law

Distributionof
chloridein concrete

Chloride
concentrationat
surfacelayer(Co)

and diffusion
coefficientD

Prediction ofchloride
ion diffusion

Chlorideions do
notexceedthe limit

value

Norepair

Chlorideions do
not exceedthe limit
alueof corrosioni
chloridesupplyis

Surfacecoating

Deteriorationdegree
2; III

Chlorideions
exceedthe limit

value regardlessof
surfaceprotection ----i Visual inspection :l

l_________________-

Delamination area and
crack length

Smallerdelamination
area, less crack width

Largerdelamination
area, larger crack width

Some distance from
sea, good working

conditions (not awash
withseawater

Cathodicprotection

No distancefrom
sea(awashwith

sea water)

Restorationto original
cross section

Combinationof repair methods

Fig. 6 SelectionProcessof RepairMethodsfor Piers
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3) Judgementof neubdizahon:The rmbahzed depth is generallymeasuredwith an alcoholsolution
containing1%phnolphthalein.u dc neutralizeddepthisfoundtotx3largerthintheconcntecover,then
itisassund thatcorrosionofdyereinforcingbarshash3gun.AnelecbD{hemicalapproachmighttx one
eqbctivealtemive forjudgingdirecdywhetherornotthereinforcingbarshavecotTW

4) Judgem:ntof alkah-aggregatereaction:Ref.[35]suggeststhat th: need forcounterm:astmhas to tx:
judgedin considerahonof dc fouowingfactors:degreeof damage,visualappemce of structure,
irnEXhce ofsbuctuqeandexpansionofsampledcons (residualexpansion).AmorepracticaljudgerrKnt
mighth3Obtainedbyaddingsuchfactorsasthegelringstmding coarseaggregate,andthewidthand
lengthofcKks.

5) Judgenmt of crackwidth:Matsushimaet al. analyzedtb widh of cracksthathadtRn rqPair* and
pmFd an auowablecwk widh by wayof a stadsdcalmettKX1[42].heko suggestedan allowable
mk widthfromthestandpintofapEX3aranaandangle,asfollows.

JUowablecrackwidd1forappearance:0.4m
JUowablecrackwidthaccordingtoangleofcmcktom:mtx:raxiswheresbctural anxietyh5felt:

Perpendicularto ncrnlxr axis 0.5rrm(forRC)
0.4mm(forfq

SoncangletoITCmh=raxis 0.25mm(forRC)
0.15rrm(forrC)

Paralleltom5miXraxis 0.1mm

TYN5temBusedinddssation aledefinedasfollows.
Repair:wodHamiedouttorecoverorenharKXdurabilityandredua rxxsibleinvactondd padies
Strmgdcning:workcarriedouttorecoverorenhanceloadtxdg capacity

a) Sdectionofrqxdrnxdlds
RqxdmxdKXhin zKhalusearecrackinjationm:thcKh,surfaceprdectionnTdlds, m=dlds thatrestorethe
originalcrosssection,andelecbicalITCthcKk.Table2 sumnarizesmdlds thatapplyto eachdeteriorahon
mxhanismh surfaaprdEX:tiOnm3dlds, tb padclescausingdeterioradonareblaked byaconcretesurface
film.TtkHurfacelayerof dc concrete,whichcontainsdc hannAdpadcleS,is removedanda newconcrete
layerputinplace.Figure6 showshw arqpairm=tM isselectedforthereinforcedconcreteupperelem3ntSOf
piets[44].ThissectiongivesaAdldescripdonofvariotSelecbicalm=thdsofrepair.
b) ElecbicalTrKdkxh
Elecbicnkdld useth5ninforKm3ntaSa Cadld andanand isattactd todc concretesurface.Anelecbic
currentpassesbm anodeto cahde, and dv ninfoqcenmtforcedintoa non,{orrosdingstate.Becbical
tEChmiquesareused:9o direcdypmtectreinforcem=ntshm corrosion('cadxxLcpmtecdon'),&o remwe
chlorideions fromtb concrete(generauy'desahadon m=thods'),& retumconcreteto highalkalinity
('reaMizahonm=dlds'), and & clu crackswithreactionpdKtS @eneranyCawed'elecbtxk'fXXition
nydxxh'). CathcKhcprcdon requiresonlya sndl elecbicalcurrent,so thereis litdeinfluenceonconcrete
pmperties.a trx:odw hand,desalinahonand reaMon have the meritof completingthe electrical
treabTX3ntwithina shorttirrk5.

1) Cadldc pr&tion:TTx:rearetwotypesofcahdc protection,tb mterbabry systemandthegalvamic
system.nk=Ct-nt Passingfromanodeto cahodeisgenerallyin dyerangelB20 mjVm2(ofconcrete
surfacearea)dmughmt dc servicelife.A JCIcomittee refK)rt[45]summarizesin detauthe reseaJth
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camiedoutsofartheandexperimentalresultsobtained.be areashavebeenrepairedusingcathdc
protecdon.Fhrthermon,Ishiietal.attemptedto applycathdc prdectionto fC m3miX3rS[46],testingfor
ale hydmgenembridementof fC tendonsin dw laboratoryand measuringthe load,caLTPg
characteristicsofPCrrkmtX:rS.Heconcludedthattheudld presentednoproblemsatthesmallcurrents
usuauyusedinpracticalcahcxLcprtdon work.

2) hsalinahon rrKthcKh:TTKelechphoresisisusedin orderthattheionsin ttKCOnCretem)Veunderthe
drivingforceofan elecbicalpotentialdifference.lmekx:tmphoresis,thecurrentrequiredrmgeshm I.0
to5.0Nm2 (ofconcretesurfaceaJ%),andthetreahent generauylasts4-8 weeks.
Cedainproblemshave h3en Pinted out with the methcd.Cemnt paste in dyevicinityof the
reinfTorcem=nttendsto sobn underdc influenceof ttK:highctmnt apphed.h th5actualWOrk,the
ctmuladvecurrentmusth5 kid h=lowa cemi valuewhichensuresnoeffecton bondstrengh[47].
Nishibayashiet al.[48]evaluateddyeaccumulationofalkalineionsinth: cahde aJ%andtrk=rXXSibility
ofinducinganalkali-aggregatereacdon.Hisadaet al.[49]rqx)dedthatchlorideionsnmed towarddc
and area,thLBeRbctivelytopmtectingdc reinfort3erKntbm corrosion.

3) ReaMon m5thCXh:Elecbicalosmwisis usedin orderdd dyeliquidcontainedin concretemoves
andconcretereanudizes.The liquidphasein dc concretepres movesto dc cathde. Thisalkaline
solution,whichisgenerallycombinedwithsdtm cartxnateandlithiumcart-ate soludm,buildsupin
theande areaandappmximately1jVm2ofelechccurrentis appliedtx=tweentheand andcadld to
causeittomigrate.AfterimrKrSionin dyeawe solution,tic neubdizedcorKreterettmStOhigtcrpH
withinseveraldays.

4) Elecbtxk:psitionm=dld: Anelecbicalcurrentis passedtx:tweendc ancKk:(seawah=r)anddieCadlde
(reinforcem3nt),andCaCO,andMg(OfD2fromCa2'andMg2+ionssolvedin dc seawater.Yokotaet
al.[50]repd thatcmcksin seaWallwerefinedwithcrystal1irk=reaCdonprducts abr applicadonof
o.5Nm2 for 5 months.

c) htstandingissuesregardingrepairrrx3ttXXls
It is nd thatrrNy yearsSirKeCivuenginectsrealizedtheimprtanceofrq)airwork,aqldeffectiveinfomion
relahngto repahmethds is limitedin qumtity.Tkn aremanyissuesrenuhing totx3resolved,suchas dc
following:

0 Ttk=durabilityofrepairmaterialsrenvhs uncertain.
@ when stnACttmaredesigd rxBt,amPledonmahtenanceworkis nd takenintoconsiderahon.This

placesseveremaintenanawork,suchasdc needtoerectscaffolding.
@ Howtohtrduce rotxdcsystemswhereworkingconditionsareparticularlysevere.

Changeconcretemembers

Increasecrosssectionof members

Additionof members

Addi(ionof supports

Additionalgirder

Attachmentofsteelplates
Attachmentof othermembers

PTe-streSSing

Fig. 7 Methodsof Strengthening
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Figure7 indicatesncdlds of strengtheningstructures[2].FewpapershaverefX)d on suchmethodsas
comparedwithrepairmedlds, as it mightbe nasonedthat mostrrmstms takento counterstructural
deteriorahonrelateto repairs.Fromnowon,however,moreresearchandtechmicaldevelopmentmightare
likelytotxxam:necessary.

Thispapersummarizesthep4unt StateOfteclmologyforthendntenanceofconcretestructures.Theideathat
concreteshctures musttx:careAdlyndntainedhasnowbeenfimiygmsfXdbymostcivilenginars.Various
issuesrelatingtormintenancenowrequireactiveinvestigahonfromdleStandfX)intOftechmicalengineeringand
ndntenancesystems,includingthefouowing:
(1) Whenstructtm aredesigned,pd,ampletion maintenancemusth3takenintoamunt suchasby: 0

inbducing structureslesssusceptibleto deteriorahon,&veloping structuraltypesthatareeasyto
maintain,and &NTPg outdurd)ilitydesigninconsideradonthedeteriorationofmemtm.

(2) FhdlerreSeamhworkisrequiredregardingdiePredictionofdeterioration.
(3) Mostinspectionsand researchworkhasso fTarrelatedto concretematerialsand concretememh=rs.

Morediscussionbm dleShctural standfX)intis required,such as dc effectof changesin loading
conditionsduringdc servicelifTe,dc decreBLSein Shctural perfTormnce,and medlds for the
nvhtenanceof structunsthemselves.

(4) Lide infomion is avanableon whichto basea comprehensivejudgementof loss of functionahty.
Fdnherworktoquandtadvelyestablishthelimitsofperformanceisneeded.

(5) Maintenanasystemsmusth5develofd to incorpratesuchconceptsas a)o applyFuzzyTheoryand
NeuralNetworkTheoryto th5 unCemidesin maintenanceand &onsiderahontotalcostover tb
servia lifeofashcture.

(6) I(is naessarytoclHifythedurabilityof maintenancematerials,toestablishjudgementcriteriafordwir
performance,anddevelqptestingmethods.

(7) Newlydevelqd nonJestructivetestequipmentiseagerlyawaited.
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