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ABSTRACT

Ilwasclarifiedthatthｅｂｏｎｄｓｔにss-slipにlationshipwasnotuniquebutthcbondstlEss-slip-stmin
唾lationshipwasuniqueunderdi雌rentboundaIyconditions，BondtestsofdefbmncdbaIsembeddedin

massiveconcretewhichhavenoeffectofsplittingcmckwelCcamedout・Thcbond-snp応lationships
obtamedけｏｍｃｘ唾melyshortembeddedspecimens…。i錠renlfromthoseobminedけomlongerones・
InthecasesofshortcmbeddedpuU-outtcstandsho【tembeddcdaxiallensiontest･thebond-s1ip
Idationshipsar己。i錘【巴ntaccordingtothelocationalongａｂａｒ・n1ebond-slipだIationsbipofan
aluminumbarisdi歴rmtmmthatofsteelbar、ThebondstIBssdecpeascdsomuChartごryieldmgofstccl
bar・T11escにsultscanbeexplainedbythcpmposeduniquebond-slip-stminにlationship．
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Inthcanalysisofにinfbrcdconc応tcstmctuにs，bondactionbetwcenstccIbarsandconcretcisoften

conside唾ｄｂｙｕｓｉｎｇａｂｏｎｄ－ｓｌｉｐ唾lationship．、Uebond-slipにIalionshipexpressestheIocalbondst8Ess
atanyIocationalonｇａｂａｒａｓａｈｍｃｔｉｏｎｏｆｔｈｃｌｏｃａＩｓｌｉｐ・Manybond-slipにIationshipshavcbecn
publishedandsomeofthcmwcにfbnnuIated，ｂｕｔＩｈｅｙａＩＥｖｅｒｙｄｉｆｆ℃にｎｌｅａｃｈｏｔｈｅｍｓｓｈｏｗｎｉｎＦｉｇ､１
becauscbond-sIipにlationshipsarcaffectcdbyvaIiousfactD応ｗｈｉｃｈａｒｅｄｉ酢｢ｃｎｔｍ型chbondtest．

Bond-slipにlalionshipsutUizcdmlheanalysiｓｏｆにinfOrcBdcOncrctesImcmにｓａｒｅｇｅｎｅｍｌｌｙｄｅ㎡ved
basedonにsultsofbondtests，MostofthoscreIationshipsweにobIainedけomspedmenswithshort
lenglhusiｎｇｌｈｅａｖｃｍｇｅｂｏｎｄｓｔにｓｓ/2.4,5/、ｍｅ妃fbre,ｉｔｉｓｕｍ巳asonabIctoapplyth-modelstoacmaｌ
ｍｅｍｂｅ厩ｗbichusuaIIyhavela【geembedmentlengmT11eにfbre，morenBalisticbond-5Iip唾lationship
whichexpressesthediffCrencecauSedby
cmbcdmcntIcnglhorIocationalongabarshouId

bedeveIoped．
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RcgaIdingtotheeffbctofstcelstにssonbondfbr
defbnncdba喝ilhasbeemconsidc唾ｄｔｈａｔｌｈｅ

ｓｔｌＰｓｓｉｎａｂａｒｄｏｅｓｎｏｔａｆfbctlhebondstTUss

becauscthｃｂｏｎｄｏｆａｄｅｆｂｍｌｅｄｂａ「dcpcndson
thcm唾h幻nicalactionofnbsmtherlhanonthc

frictionasinthecaseofplainbams．
】０、

nmspaperdescTibesthemechanismofthesc

diffCrencesinbond-slipにlationsbipbymking
accountoflheｅｆｆＣｃｔｏｆｓｔｃｅｌｓｔＴａｉｎｏｎｔｈｅ

鹿lalionship、Bondstressatanylocationalomga
ba『ｉｓｃｘｐ応sscdbyanuniquebond-slip-sImin
応lationshipwcnunderdifferEntembedmcnt

Icngthsordi陸rentboundmycondilions．
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2．EXPERIMENTＢ

2.1SpccimenandExpenmentalconditions

BothpuUoutandaxialtcnsiontestswemBcmTiedout、
ｍｅｓｐｃｃｉｍｅｎｆｂｒｔｈｅｐｕＵｏｕｔｉｓｓｈｏｗｎｉ、Fig.2．A
stcelbarwasanangcdverticallym山cccnteTofa
concrctccylindncalspccimenhavingdiamclcrof
50cm・ThisdiamctcrwasdeteImmcdtobclaIgc
cnoughtopmhibitasplittingcrackandtomakestにss
mconcrcIｅｓｍａＵａｎｄｕｎｉｆＯｒｍ、T1lecXperimenIal
conditionsandpropcltiesofeachspeclmenaIｃＳｈｏｗｎ
ｉｎＴ１ａｂｌｅｌ、T11cfbllowingfWesericsoftestswere
caITiedoUt．

(1)SeneslconSistsofpuUouttestsmwhich
cmbeddcdlengthswcrcshortcnedandvaricdtoobtain
variousbeeendslipswithzem-stにｓｓｏｆｔｈｅｂａｒ．’、
apaItoflhisscncSvunbondcdlengthatthehcccndiS

陰＝
ⅥETER

PYg2Specime1UajTd叩，α'ﾛ“ﾉbrpullbuf湾Ｌ

ｖａｎｅｄｉｎｏ｢ｄｃｒｔｏｃｈｅｃｋｔｈＢ
ｍｂｌｅｌＰｍＰ”riesq/”eclm“・

ｃｆｆＣｃｔｏｆｃｎｄｂｌｏｃｋａｌｔｈｅ犀巳

end．（２）Scricsllisanaxial
tensionにstinwhichthclength

ofthcspccimcnissclectcdto
be40D(､:nominaldiameterof
thcbar),tomakethebaratthe
ccnter0fthespccimcnhave
somestrCsswherclheｓｌｉｐｉｓ

ｚｅｍ．（３）Ｐｕll-outbondtests
usmganaluminiumbarwhich
hadsmallerYoungsmodulus
thanthaIofsteClwascamed
outinScriesllltoinvcstigate

thccffCctofstminsonbond-

slipにlationships.'(4)ScricslV
consistsofpullouttestsin
whichcmbcddcdlengtbsarc

ext｢emclyshorttoinvestigate
thcinOucnceofconcrete

stIEngthwherclhcstrainisveryStIEngtnWnerC【nCSKImmIごｖ厚ＬｙＤ：、A…to因。rｂ０Ｅ（．：Ⅱ｡●GE……｡Z）

smaUwhilctheslipislarge．foo：ｃ■pご…ＡＶ。‘…且Ｂｔｈｏｒｃ｡……．Ｈｏエ…ｏｏ２ＱＢ８Ｅ｡B……ユ5国区･Ｌｏ８ｍｂＳｄｄ０ｄｌｃ■BEE

(5)SpecimensinSeTicsVhavcu.L､L､：ｕ●b･…‘1..0…Ｃｌ…｡｡●ｄＵＬ･ＦＤ:Ｕ■bopdOdLen8LhBとfrc●●■d

longcmbeddcdlengthssuchas
40DoＴ５０ＤｔｏｇＣｔｚｅｍ－ｓｔＩ巳ｓｓ

ｗｉｔｈｚＢｍ－ｓｌｉｐ・ｍｅｃｆｆｃｃｔｏｆｂａｒｄｉａｍｃｔｃｒａｎｄｓｔにngthofconcreteonbond-slip庇Iationshipsar巳
iIwesmgaled．

Ｚ２Ｐｍｐｃ前ｉｃＳｏｆＢｍ＆

n1emcasurcmentofsteelstrainalongabaristhcmostimportantworkinthccxpcriment・becausethc
Iocalbondstにｓｓａｎｄｓｌｉｐａｒｅｄｅｔｅｒｍｍｅｄｂｙｓｔｍｉｎｄｉstlibutionalongthebar、IfMdina【ystcclbaIswe態
used･ribsofthcbarshouldhavebeememovcdtoattachstraingauges応sullinginにductionofthecross－
sccti⑪naIarcaofthebar・Tbsolvethisproblcm，screw-shapeddcfbm1edba届wiIhoutIongitudinalnbN
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ｗｅ｢BusedTY1ebarsizeswe熊

、１９，、２５ａｎｄＤ３ｚ

Ａｌｍｍｉｎｉｕｍａｎｄｓｔｅｅｌｂａ応ｕｓｃｄ

ｉｎＳｃｍｃＳｌｌｌｗｃ鹿mnchinedso

thatthedistanceandgcome位ｙ
ｏｆｔｈｅｌＴｂｓｂｅｃａｍｅｓｉｍｉＭｒｔｏ

Ｄ１９ｂａｒusedinotherscnes、

medimcmsionsandpropeIties
・ｏｆｂａｒｓａｒｃｇｉｖｅｎｉｎＴｎｂｌｃ２．

ｍｂに２ＰγDperlf“、ゴゴdime'１si､西｡/比感

Ｄ3２ＤＺ５、ﾕ,ＳｔＢｏＬＡ１～６両6帝ＩｙＰＤｏｆｂ■丘

蕊i二|'ij露HighstlcngthstecIbarswe妃

uscdtoobtainlargeslipspvenUsed[ＤＯＤ[amlargeSllPSPVen。△Ｌ･口■■ｈｏｆ●１回ＥＰＥ｡j…･ｄｏ回ｐＬ………｡n…`ｇｔｏｂｎ琴■…

bcfbrcthcyicldingofstcel，：:::麓`h:::.`::､古::!'屋.』｡.G…｡……四'…`.､……
becausetheslipsofordinaloC且ユロBtic1iﾕif
strCmgthsteelba応couldnotbc

laIge・ｎｅｈｉｇｈｓｔ応ngthsteelbarswc肥obtaincdbyaspecialheattreatmcntofordinarysteelbaIs

2.3Descriptionof亜sｔ

FOilIcsistancestlaingaugeshavinggaugclcngthof5mmwercattachcdonopposiにfacesatbasicallyan
intervalof5D、ThegaugeintcrvalofSpecimensNo､７ｔｏＮｏ９ｗａｓＺＤｂｅｃａｕ蘂【hesespecimenswelB
aimedtoinvestigatethebondbehaviournearthehecend，andthegaugeinten-alatthecenterofthe
specimcninSpecimcnNo・l0wasZ5Dtoinvestigatc,indetaiLthebondbehaviourthe孵.

Ａｂａｒｗ霞fiXedcentricaUyalongacylind【icaIpapeEfblmwhichwassetvemcaIlv．Ｔ1】ｅｂｏｎｄｗａｓ
にmovedwithinthel己giomoflODftomtheloadedendbyclayandducttoavoidtheinnuenccofdiffb雁nt
confiningconditionneartheIoadedendfbralllhcspecimensexceptthoscofSeriesV・Unbondedにgion
wassetatthefteeendfbrSpecimensN０．８alldNo9inScricsltocheckthcsimilarinUuenceatthe錘e
end、Ｃｏｎｑ巴tewascastinverticaldjにctionpamUeltothebar．

TmeapparatusfbrthepuUouttestaregiveninFi9.2．Axialloadwasappliedbvacenter-holejack・Ｔ１１ｅ二

.i唾ctionoftensileloadapplicdtoIhcbarwasoppositetothccastingdiにctionofconcTetefbrboththc
pullouttestsandthe･aximtensiontcst・ｌｎａｄｄｉ【iontostmins，ftcecndsIipsweにmeasuにｄｂｙａ
ｄispIacementmeterandappIiedfbmceswel巳measuredbyaloadceIl．

2.4DetemlinationofLocalBondSlressａｎｄＳｌｉｐ/6／

Thestmindistributioncuwewasobtaincdbycomectingcverythreeneighboringpointswith2nddcgree

poIynomialhmctions．

InpuUouttests,theIocalslipisobtaincdbytakingｓｕｍｍａｔｉｏｎｏｆｔｈｃｈｃｅｅｎｄｓｌｉｐａｎｄｔheintegmtionof
stminsftomthefteｅｅｎｄｔｏ・tbepointconcerned、Inaxialtcnsiontests，thelocalslipisobtainedby
integrationofthestminhomthezero-slippointtothepointconccmed・THezero-sIippointwas
det｡【minedtobethepointwheretheslopeofstraindistributioncuWeiszer０．n1esIipisthusdefined
as，ｎｏｔ配IativediSplacementbetweenba庵andconcrcte，ｂｕｔｔｈｅｄｉｓｐｌａｃｅｍｅｎｔｏｆｔｈｅｂａｒａｔｔhepoint
concemedけｏｍｔｈｅＨｘｅｄｐｏｉｎｔｉｎｃｏｎｃ雁te，ThisdcfmitionhasgeneralirTbecausethe唾lanve●

dispIacementbetwcenba【sandconcTetedepemdsonlhcdistancetothepointconcごmedinconcretefom
thebarsmfhce．

、

T11cIoca】ｂｏｎｄｓｔ妃ｓｓａ[anylocationalonganembeddedbaristhusproportionaltoIhesIopeofthestmin
dismbutioncuWeatthatPoint・Atmypoint,thebondstIpssiscxpressedasT=E､ノィ.。E雄,whcrBEis
theYoungDsmodulusofthBbar・Disthebardiamete「ａｎｄ‘Eはistheslopeofthest画indistribution
pBTVe.
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ItwaspointedoutbyYamaoetal./刀thatbond-

slipIclationshipsobtainedmmpuUouttestswith
longembedmentwerBdiHbrent台omthose
obtaimedhomtestswithex杜emelyshort

embedmemt、Likcwise，ＣｈｏｕｃｔａＬ/8/唾ported
thalbond-sliprelationshipsmpuUoutspecimens

withshortembedmentdependsonIocatiomsalong
abar、Bond-slipldationshipsatdiffe【ent

distances亡omthe廿cccndaｴcshowninFig3、
ｎｅｓｅｄａｔａｗｅｒｓａｔ５Ｄ，１０Dandl5Dobtained

亡omSpecimensNo2toNo､５，No.３ｔ、No.ｓａｎｄ

No.４tＯＮ0.5,にspectively、Ｄａｔａａｔ２０Ｄａｎｄ酉D
welCobtainedEromSpecimenN0.5．ｎＢｂｏｎｄ－

ｓｌｉｐにIationsbipsdi睦rwithlocatiollsalongabar
andthebondstにssbecomeslaIgeratthelomtion
closeTto【ｈｅｎｃｃｅｍｄ．
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Ｔ１１ｅｒｃｉｓｎｏｓｉ厚】ificantdiffbrenceinbond-slip
にlationshipsamongvanousunbondcdｌｃｎｇｔｈｓａｔ
ｔｈｅｈＢｅｅｎｄａｓｓｈｏｗｎｉｎＦｉ9.4,whichshowsthat

thcbond-slipにlationshipsat2Dmｍｔｈｅｆｔｅｅ
ｅｎｄｉｎＳｐｅｃｉｍｅｎｓＮ０．７，８，，whoseunbonded

Iengthatthe錘ｅｅｎｄｗｅ犀ｖａ面ｅｄｔｏｂｅＯＤ,2.5Ｄ

ａｎｄ５Ｄ,IPspectively．
０１２３４－￣‐５

n1BeXpemmelutalにsultsofthestraindistlibution WD｡■

obtainedmmtheaxialtensiontestａＩｅｇＷｃｎｍＦ醇乎EC"d-slip『Ulp[ｉＤ,Rsliipcrm加、ケee…ｗｉ的
Fig.5．T1lebond-sliplElationshipsatdifferentm““四刷り､"d巴回Ｉ印g腕α(βEBe"zf
Iocationalongabarcalculatedhｏｍｔｈｅｓｔｍｉｎ

distributionisshowninFi9.6,whichshowsthebond-slip唾lationshipdependsonthelocationandthe
bondstressbecolnBssmaUerasthcIocationisclosertothecenterofthespGCimens．
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Morcovcr，ｉｎｔｈｅｐｕＵｏｕｔＩｃｓｔｗｉｔｈｌｏｎｇ
ｃｍｂｅｄmcnLlhcbond-slipに'３Ｉｉｏｎｓｈｉｐｏｆａｎ
ａｌｕｍｉｎｉｕｍｂａｒｉｓｄｉ錠睡ntftomthatofastcclbar，

Tmebond-slip配lationshipsatevcrymcasu肥d
Iocationalomgthealuminiumbarandthesteclba「

obtaincdmmSpccimcnsNo,ｌ１ａｎｄＮｏ､ｌ２ａｒｃ
ｓｈｏｗｎｉｎＦｉｇ､7．Asmcntioncdlalcr，ｔhcbond-

sIiprcIationshipsatdiffe『entIocationsalongabar
arethesameiftheembcddcdIcngthislong
cnou9h．ｎｃｂｏｎｄｓｔ唾ssoflbeaIuminiumbaris

si印1ificantlysmaUcrthanthatofthcslｃｃＩｂａｒａｔ

ｔｈｅｓａｍｅｓｌｉｐ・Tmisfactindicalcsthatthc

diffC配nceinstminaffCctsthcbond-slip
にlationship．
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Ｆｒｇｂ７
ＦｉｒｓｔｏｆａＩｌ，itispostuIatedthatthebondstにsｓａｔ釘ＧＢノ
ｌｈｃｓａｍｃｓｌｉｐｂｅｃｏｍｃｓｓｍａｌｌｃ「ｗｈｃｎ

Ａ)thcstminbBcomeslarge｢ｏｒ

Ｂ)Ihctensilestrcssbccomcslalgcr
rcgardlcssofthcmaterial・nlcn･ｆｔｏｍｔｈｅｃ⑪mparison
bctweenthealuminiumbａｒａｎｄｔｈｃｓＩｃｅｌｂａｒ,itisassumcd
thatthcsmauerbonｄｓｔ陀ssofIllemluminiumbnrisにsuItcd

n0mlaYgcTstminofthealuminiumbarcompaTingwiththat
DfstceIba「ａｔｔｈｅｓａｍｅｓｌｉｐａｓｓｈｏｗｎｉｎｔｈｃｕｐｐ巳Tparmf
Fig､8．mismeansthatthepostuIalionAisused，Tmenthc
tcnsilcst歴ｓｓｏｆｔｈｅａｌｕｍｉｎｉｕｍｂａｒｓｈｏｕＩｄｂｅｓｍａIle「than

lhatofthesteeIbarwhenｌｈｅｂｏｎｄｓｌにssofthealuminium

barbccomcssmallerthanthatofthcstccIbaTaｓｓｈｏｗｎｉｎ

ＩｈｃｂｏｔｔｏｍｐａｒｔｏｆＦｉｇ８、T11iSindicatcsIhattheinfluenceｏｆ

ｓＩＴｃｓｓｏｎｔｈｅｂ【】nd-slipにIationshipisconlTawtolhe
postuIationB・ItisconcludcdIhatthcdiHCにnccoftcnsilc

st冗ssDfabardoesnotaffCctthcbon｡－sIiprela【ionshipo「
IbcinHucnceoftensiIest礎ｓｓｉｓｑｕｉｔｃｓｍｍｌｌｃＴｔｈａｎｔｈａｔｏｆ
ｓtminltmaybedoubtfi｣Ｉｉｆｔｈｃｃｏｍ〕sionaffCctstheIowcT
hondstrcssofthea1uminiumbar・HOwcveT，lhcmaterial

madcbytheconosionaroundthcaIuminiumbarcmbeddcd

inconcrctcispreciscandvc｢ｙthin/,/、FuTthcmmTc、ｔhc
samccquationofthccffbctofstｍｉｎｏｎｂｏｎｄｓｍＢｓｓｈｏｌｄｓ

ｇｏｏｄｉｎｂｏｔｈlhealuminiumba「ａｎｄthcstceIbaTas
mentionedIater，nleTefbuC，ｌｈｃｒｃｉｓｎｏｃｆｆＣｃｔｏｆｃｏｒｍｓｉｏｎ

ｏ「ICWC「hardnessofaluminiumonlhcIowcTbondstIcss．
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T11cIocaIdifferenceofbond-sIｉｐにIationshipofthcstcelbarinIhccaseofpulIoutspecimcnswithsho｢t
embcdmentandaxialtensionspcciｍｅｎｓｃａｎｂｅｅｘｐｍＢｓｓｅｄｂｙｌｈｃｃ【ｍｃｅｐｔｏｆｔｈｅｅｆｆＥｃｔｏｆｓｔｍｉｎｏｎｔｈｃ
bond-sIipにlationship・InthcpuIloutspecimens,ｗｈｅｎthe行ｅｃｅｎｄｓＩｉｐ【)CCU『s,thatisthczerostminwiIh
thenon-zemslip,ｔｈｅｓｔｍｉｎｏｆｌｈｃｂａｒｃｏｒＴｅｓｐ⑥ｎｄｉｎｇｔｏａｃｃ｢tainsIipbccomcssmaIlerandfmallｙｔｈｃ
ｂｏｎｄｓｔ歴ssbecomesIa｢ge「nea「lhchccend，Conve届eIy，intheaxialtensi()nspccimcn，ｔｈｅｓｔｍｉｌｌｏｆｕ
ｂａ「incrcascslEgaIdlcssofzcr0sIipatlbcccntc「()fthcspc巴imen、Ｔ１１ｅｓｔｍｉｎＤｆｔｈｃｂａｒｃｏ【1℃sponding
toacc｢tainSlipbecomesIa唱crncarlheccnte「（)ｆｔｈｅｓｐｅｃｉｍｅｎａｎｄｆｉｎａｌｌｙｌｈｅｂｏｎｄｓｔ唾ssbccomcs
smallcr．

、

mcrcfb｢c,itisconsidcにｄｔｈａｌｌｈｃｄｉ雌｢cnccsinbond-slipldati⑪nshipmcnti⑥nedab｡vｃ国nbeexpTcsscd
byusinganuniqucbomd-sIip-sIrainにIati｡､Ship．
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丁
３２FOrmulationofaBond-S1ip-S【minRcIaUonship

lnordertofbnnulatcabond-sIip-stIainにlationshipwhichholdsgoodumderanyboundarycondilions
andmaにIials，thefbUowingfbImisimroduccdIoexprcssthebondstressてｂｙ【hcfUnctionofslipSand
stminB．

Ｔ＝T０．９に）（１）

whcrethcbondstにssToisIbconcthatisafimctionofslipwhenthestminiszero,andthcfimctiong(E）
exprcsscstheeffCctofstmin．

TT1esefhnctionsa肥impossiblclobcobtaincddiにctIyhomexperimental『esuIts・Amongthccxperimcn【s，
theclosestmnctionfbrToisthcb〔md-sIiprclatiomshipat2DftomthefrcecndofSpecimcnsNo,７ｔｏNo.g
withexはcmelysho面ｃｍｂｅｄｍｃｎｔａｓｓｈｏｗｎｉｎＦｉｇ,4．HCIご゜ｗｅｈａｖｅｔｏｐａｙａｔｔｅｎｔｉｏｎｔｏｌｈｅｅｆｆＣｃtof
concrEtestmgth，Bccauscthcstminatacc前ainslipbecomesIargerfbrlongcmbcdmcntspccimenswhen
theconcT巴testrcngthbccomcshighcrductolheIargerbondstにss，TheTefbTe，ＩｈｃｃｆｆＣｄｏｆｃｏｎｃ礎te
strengthmustbecomcIargcrIhanthatinaIongcmbcdmentspecimen．

Ｔ１１ｅｅ態ctofconcrctestにngthinzero-stにsswasdctcmlincdhomthcにIationshipbetwecnthcconcrctc

stIungthandtheavcmgcbondstにssatsufncientlyIaIgeslipcomparcdwiththestminassh⑥ｗｎｉｎＦｉｇ､９．
n1iswasobtainedftomcxtrcmclyshmtcmbcdmentspccimcnsNo､ｌ３ｔｏＮｏ・l5whoscstminswc祀ｓｍａⅡ
compaIEdtolhcslips・ＴｈｅｃｆｆＣｃｔｏｆｂａｒｄｉａｍｅｔｃｒｉｓａＩｓｏｃｏ､sideにdbvusingnon-dimcnsi《Dnalslip
s＝l000SZD，ｗｈｃｒｃＳｉｓｓｌｉｐａｎｄＤｉｓｂａ「diametcr，becauseｔｈｅｓｌｉｐｉｓｐｒＤｐｍｔｉｏｎａＩｌＤｌｈｃｂａ「
diamete"7.10/，
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ＷｈｅｎｔｈｅｂｏｎｄＳＩにssispToportionalIothe
concrｃｔｃｓｌｒｃｎｇｔｈｉｎｃａｓｃｔｈｃｒｃｉｓｎｏｉｎｎｕenceof
stminonthcbond-sIipにIationship，thcbond

stにｓｓてｚＤａｔＺＤｈｏｍＩｈｃｎｃｅｃｎｄｓｈｏｗｎｉｎＦｉg4
iscxprcsscdas

ＴｚＤ＝2.1.1,(I＋5J）（Mpa） (3)’０

whereｓ＝1000sｿ、、Usingthisldationship，ｔｈｃ

ｂｏｎｄｓｔｌＥｓｓＴＯｉｓａｓｓｕｍｅｄａｓｃｘpTcsscdby
P

T｡＝ﾉﾋﾞ.Ａ･(I､(I＋5J))⑬（MPa）（４）

４０

[（｡、｡

1０ZO３００

FYg69ReltzJjmsAjpbg『ＷＢＥ〃“"睦にs"配ｇＪｈａ"dbp"ｄ
ｓｌｒ“oWhems"ロiJUiFSmq小omparmmFlip．

wherckandcarcconstanls＝

FmmEq.(1)ａｎｄＥｑ.(4),wccXpTcsslhchmctionofg(c)ａｓ

了

ルリ(c)＝/xIn(,＋5s))Ｆ （５）

T11efmctiong(B)canbeobtaincdbyplottingstminsonlhcxaxisandcomputedvalueshUｍＩｈｃｎｇｈ【－
handsideofEq.(5)onlhcyaxis,asweknowthaItheslipandstmincmTごspondingtoaccrtainbond
strEssaregivenbycxpcnmcnt・Tmcmostsuitablevaluefbrtheconstantcisdctemuinedbymakingthc
hmctiontobecxpにSScdbyanuniqucequationinspitcofmaIeriaIsandboundaryconditions、Aftcrmany
lTiaIswedecidedIoIhにctobelhcmosIsuiIablcvalucfbｒｔｈｃｃｏｎｓｔａｎｔｏｆｃｌｔｉｓｓｈｏｗｎｉｎＦｉｇ・l0that

thefhnctionbecomesuniqucfbrIhcconstantcof3incaseofthcstceImdaIuminiumbar・T11cn･Ihc
cons【ａｎＩＡｂｅｃｏｍｅｓＯ､７３ａｎｄｔｈｃｂ⑪ｎｄｓｔにssToisfinaIlyにpJEsentedby
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Tb＝0.73(I､(l＋５３))擁（MPa)． (6)
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FmmEq.(1)ａｎｄＥｑ.(6)，thefimctiollg(B）is
expI巳ｓｓｅｄｂｙ

［ てﾒﾉﾋﾞ
ｇ(8)＝－＝ （７）T00.73(lnU＋5s))３．

lx】Fig.１１ａｎｄFig.12,tbelEciprocalsofEq.(7)fbr

thespecimenshavingdiffCrcntbond-slip

l巳Iationshipsaredemonstm[ed，Figllfbrthe
boundaryConditionofnon-zerostlzuinwithzero

sIiｐｉｎｓｐｅｃｉｍｅｎＮｏ・ｌ０ａｎｄＦｉｇ」Zｆｂｒｔｈcstccl
andthealn1miniumbar・AsshowmixTthesc

figures，ａｌＩｄａｔａｃａｎｂｅｅｘｐｒｅｓｓｅｄｂｙａｎｕｎｉｑｕe

bond-slip-strainにlationshipandthenthe
mnctiong(c)canbeexpressedby
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PHgIol'iJrimTc“ｑﾉﾊg(c）ｗ蛾。!脆｢師『'１E"qf
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Finally,ｍｍＥｑ(1),Ｅ9.(6)andEq.(8),lhcbond-

slip-stminにIationshipcanbeexpにssedas

Tq73(I､(1＋5s))ｊ
－－

/゛１１＋c×1０，．（,）

Ｇ⑬

００．コxﾕ０－ユ

ーノー/1x1o-j
2,0F、

3×10.コ

|亡｣二二i三百二j二三
｡③

’タ
グ

レニに0.＄

０．１

whereｓ=1000s、，強ｂｏｎｄｓｔ配ss,'c:concrete
stにngth,Ｓ:slip,、:bardiamctcr,Ｅ:ｓｔｍｉｎＵｎｉｔｓ
ａｒｅｓａｍｅｆｂｒｔｈｅｂｏｎｄｓt熊sｓａｎｄthcconcrete

st正ｎｇｔｈａｓｗｅｌｌ題thosefbrthesIipandtbebar
diameter･Figo131wealsthcbond-slip-strain
唾Iationshipbymcansoftheeffectofstminon

bond-Sliprelationship．
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n1cdiffcrcntbond-slipI巳lationshipsにsuIting面omthedifferemtboundaryconditiomsandYoungrs

moduIuscanbccaIculatedbackwardけomthisbond-sIip-strainrBIatiDnship-T7lesearc日ｈｏｗｎｉｎＦｉｇ,3．
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Ｆｉｇ．６ａｎｄFig.7．Theseflguresdearlyindicatedtbatthebond-slip”Ialionshipsundervanousconditions
canbecxpresscdbytheuniqueequationufbond-sIip-strainにlationship

Inordertoverifytheaccuracyofmeasuredstraindistmbutionsundcrthにcdifferentboundarycomditions，
non-zcrostrainwithzeroslip,ｚｅｍｓｔｍｉｎｗｉｔｈｚｃｒｏｓｌｉｐａｎｄｚｅｒｏｓｔｍinwithnon-zerosliparccomparcd
withthosecalculated仕omthcbond-sIip-stｍｉｎｌｄａｔｉｏｎｓｈｉｐａｓｓｈｏｗｎｉｎＦｉ9.5,Fig.１４叩ｄＦｉｇ.15,
にspectively・mcanaIyticalrBsultsag正ewellwiththeexperimentalr巳sults・Tmebond-slip-strain
にlationshipexp罐ｓｓｅｄｂｙＥｑ.(9)hashighaccumcyunderaUdiffC【cntconditiDns．
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TmebondtestscalTiedoutbyothc「investigato厩

canbesimuIatedifconfiningconditionof
conm巳teissimilar，Ｔ１１ｃｃｘｐｃｎｍｃｍｓｏｆＨａｗｋｉｎｓ
ｅｔａＬ/S／ａｎｄＭｉ【zaandHoude/3／ａｒｅｓｈｏｗｎｉｎ

Ｆｉｇ,l6compa配dwiththccalcuIatcd「esults、
HawkinsetaLcaTriedDutthepuIlouttcstswith

tmbcdmentlengthhomlribtoJTibsundcrIhe
conditionofwcU-confmcdconcTete･causingno

occu【Tenceofsplittingcracks・andproposedthe

bond-sIipにIationshipobtained壮omthcavcmge
bondstrssMilzaandHoudeproposcdthc

bond-slipにIationshipobtainedmmaxialtension

testswitbshortcmbcdmcmt・A1thoughjhesetwo
[EIationshipsaICverydiffeTent，ｔｈｃｂ〔〕nd-sIip-
stminldationshipcanexprcssthcboth．
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4．BOND-SL1PRELATIONSHIPINLIMITEＤＣＯＮＤｌＴＴＯＮＡＳＬＯＮＧＥＭＢＥＤＭＥＮＴ

lntheIimitedconditionthatthcembeddcdIengthislongcnough，inwhichtheconditionisaIwavsthat⑪

thestmincquaIstozerowherethcslipiszcmoTtheslipequalstozcrowhcrcthestmimiszerD･thcstrain
dismbutioncurvesatanyloadingstcpar巳supposcdlobcmadebyparalleltransIationsofanuniｑｕｃｃｕｗｃ
ｉｎｄｉにctionalongthebar・T11ismeansthatthethrCcfactorｓｏｆｂｏｎｄｓ[礎ss,ｓｌｉｐｍｎｄｓｔｍｉｎｈａｖｃａｎｕｎｉｑｕｅ
にlationshipamongthem-nlenothcbond-sIiprcIationshipcaｎｂｃ唖pにscntcdbyanuniqueにlationship・
becauscthestminataccrtainpointaIongabarisnotindcpendentontｈｅｂｏｎｄｓｔ【CssorthcsIip．
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Tmeaulhms/11／investigatedthebondchamcteristicsinpost-yieId【ｚｍｇｅｏｆｄｃｆｂｍｌｃｄｂａｒｓｂｙｍｅａｎｓｏｆ
ｌｈｅSimilarpuUouttestSwithlongembedmentusingdiHerentstmgthba応．Itwasclanficdthatthebond
strcssmpost-yieldmngewasmuchlowerthanthatinclasticlangeanddcc配ascdsuddenlywiththc
yieldingofsteeLA1soitwasにportedlhatthcbond-slipにlationshipillposl-yicIdmngedependcdon
lhestにss-slminproperticsofaba｢chamctenzedbyyieldstにngth，ＩｃｎｇｔｈｏｆyieIdpIateauandstiffmcss
instminhaIdcningrange、Accordingtolhcbond-sIip-stminmodeLs扉５s･stminandstiff正ｓｓｏｆａｓｔｃｅＩ
ｂａｒａｔａｃｃｒｔａｉｎｓｌｉｐｓhouldbedependcmlonthcst藤s-stlainprope【ti巴ｓｏｆｔｈｃｂａｒ,andisconside配dto
bcappIicabletothepost-yieIdmngc．

Thebond-sliprdationshipsofspecimcnsSD35(yicIdstrengthﾙｰ350MPu，initiaIstminofstlainhardcning
zsh=1.65%),SD50(/i,=610MPa,csb=1.`↓0%)andSD70M,=820MPa,８５，１=060%)arcshowninFig､17.Thc
bond-sIipにlationshipisindependentonlhclocalions曲ｏｎｇａｂａ「incascoflheconditionthatthesｌｉｐ
ｉｓＺｅｒｏｗｈｃｒｃｔｈｅｓｔｍｉｎｉｓｚｅｒｏ，T11eanaIyIicalbond-sIiprclalionshipsusingthcbond-slip-strain
にlationsｈｉｐａｒｅａｄｄｃｄｔｏＦｉｇ,17．T11canalyticalにsuItsagrccwellwiIhthc⑫Xperimcntalにsults・T11e
analysisusingthebond-slip-stramにIaIionsbipexpresscstheva｢ianceofthc息Iipatyieldingandthc
bond-slipにlationshipin口Dst-yieIdmngcwithIhcdifferenｃｅｏｆｐｒｏｐｃｍﾋﾟｓｏｆｓにel．

●

が
．
ロ
ゴ
●
“
】
⑭

Ｌ

戸
萄
智
（
』

０．

1．

０．

１．

、

０．、

０１０巴０３０

s/ＤＤ名

FHgbl7Bb"d-SliPremriOJUWpSmElmmgpoSr-yjel‘
、"geb

ＯＢ】⑪ｎＤＺＯ

ＤｔＢ８ＢｐＣ●【丘｡■lOBdCdD□ｄＤＢ１０Ｄ

ＦＩｇｌ８ｓｉｒ面、“"jbmjonmpo虹－ｙｉｇｌｄｍ"gａ

1１－４６

４
３
曰

０
３
２
１
０
３
巳
８

０
５
０
６
０
５

5，３０

－閂 ￣－ －｡

、Ｉ
Sｐ３０

ごﾐご＼
、

、
、

手

、
へ

～
、

'。

５，７０

、
N州 ｡

■■■■■■■

③

Ａ■■

口上

、L;Ｌ－１－－ｌ－－

－－－他aly ｓｉ１
Ｓ、。０

Ｉ
＝■▲

－－ｅＵ￣ＯＣ

ＤＡｓｔＢ且ｃｅｆＥＤｍ

loodedcnd

００，

￣▲２．３，

□３Ｄ

－←

｡

ＳＤ３０

同
￣

ロロー 。□垣ｂｏ

ＤＡＢﾋﾆヱＥＤｆｒＱ回

lｏＱｄｃｄｃｐｄ

oＯＤ

ｐ３，－

￣e-D-5万

ＳＤプ0

f牝P～且

患
。

ﾆﾊﾍ▲
｡――

ＤＡＢｍｎＣｅｆｒｃ＝

１｡■ｄｃｄｅ■。

ｏＯＤ

－▲ユ.３Ｄ￣

ロ３Ｄ

,̄



T￣
lnordcrtoverifytheaccumcyofIhebmxl-slip-sminにlationship，thccxpcrimuntalresultsmcasurEd
dirccUymmthctestsaIccompaI巴dtothosecaImlatedusingthebond-slip-stmin応lationship，Fig.１８
showsthecompansonofthcanalyticalstmindistributionwiIhthcexpcmmentaIrcsults・Itisindicatcd【haI
thcaccuracyisgoodlnconcIusion，thebond-slip-strainにlationshiphasg⑪udaccuracyeveninthcp⑪st-
yieIdmngeofsteel．

6．ＣＯＮＣＬＵＳＩＯＮＳ

islha【(1)mcbond-sliprclationshipdc陣､dsonthclocmionalongabmrwhcnthじboundarycondition
thcstminiszcrｏｗｈｅｒｃｔｈｃｓＩｉｐｉｓｎｏｔｚｅｒｏ，ｏ『ｌｈｃｓｔｍｉｎｉｓｎｏｔｚｅｒｏｗｈＣｒｃｌｂじｓｌｉｐｉｓｚｅｒｏ．

(2)T1MBbond-sliprdationsbipofanaluminiumba｢whichhassmaIlcrY`)ung1smodulusthanstcclis
differentけomthat0fastceIbar．

(3)n1ccxpcrimentalfnctsdcscTibcdｉｎ(1)and(2)canbccxplainedbythcmnaIysisusingthcpropI)scd
bond-sIip-stminlClationShip，fOnnulatedconsideringthcビｆｆｅｄｏｆｃ⑥､c｢ＣＩＣ机TUngthandba「diamcIcr．

(4)ｎｌ上ｐ｢op【)sedbond-slip-郡rainにIationshipisappIicablctopost-yieIdnlngcIDf時tccLT11ccomplicalc
bond-slip鹿lationshipsilup〔〕st-yicldmngccanbじじxpTcsscdbvthcalnnly§isusingthcuniquc
bond-slip-stminreIationship．

(5)nM3bl)ndst庇sscanbccxprcssudbyamnction()f()nlylhcsIipincasc()fIhcc(》nditiunlhatthcHImin
iszc｢ｏｗｈｃｒｃｔｈｅｓｌｉｐｉｓｚｃｒ｡．
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