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EffectofDrylngStress
●

.ntheFractureToughnessofWood*l

NobuoSoBUE*2,DenisBAJOLET*3andGuyPLUVlNAGE*3

木材の破壊敵性におよぼす乾燥応力の影響*1

祖父江信夫*2,D.バジョレ*3,G.プルビナ- ジェ*3

乾燥中における木材の破壊敵性 KICをSEN引張試験 (TR-System)によって求めたロ 乾燥の進
行につれて KICは低下し,その低下には乾燥速度の影響が大きいことがわかった｡K,Cの低下の原

因は,乾燥中に試験体表層付近に発生する乾燥応力がクラック近傍の応力壌中を高めるため と考

えられるQ また,荷重-クラック開口変位曲線は破壊荷重付近で非線形となったO

Thecriticalstressintensityfactor(KIC)intheTRsystemwasinvestigatedinrelationtoresidual

stressdurlngdrying･The∬ lCValuedecreasedverymuchwiththedecreaseormeanmoisturecontent

andalsowassensitivetothedryingrate･TheseresultssuggestedthatthediminutionOFKICresulted

fromtheresidualdryingstresses･Italsowasobservedthattheload-COD(crack-openingdisplace一

ment)curveshowednon-1inearitynearthefailureload･

1.INTRODUCTION

Fracturemechanicsisconcernedwiththefailureof

materialsbycatastrophiccrackpropagation,andit

hasbeenprovedthattheconceptorlinearelastic

fracturemechanics(LEFM)isusefulFordescribing

thefailureofwoodandwood-basedmaterials!ト6)

However,allortheseapplicationshavebeencon-

cernedwithfailureunderequilibriummoisturecon-

tentconditions,thatis,themoisturecontentora

sampleisconditionedtobeconstantataglVen

relativehumidity.Thefailureofwoodundernon-

equilibriummoisturecontentconditionsalsoisvery

important,Forexample,inthecheckingofwood
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durlngdrying･lnthiscase,itmaybenecessaryto

applythegeneralizedtheoryor什acturemechanicsor

non_elasticmaterials,butitfわrcesustoenduremuch

complexltyanddimCulty･Therefわre,theconceptor

LEFM wasappliedtoexplaintheproblemorcrack

propagationduringdrying･

TheobjectorthisworkwastoinvestlgatetheelL.ect

orthedevelopmentorinternalstressdurlngdrylngOn

thefracturetoughnessofopenimgmodeIintheTR

system(therlrStletterreferstothedirectionnormalto

thecrackplaneandthesecondtothepropagation

direction)undernon-equilibrium moisturecontent

conditions,andtheresultsalsoarecomparedwith

thoseunderequilibriummoisturecontentconditions

atdifTTerentmoisturecontents.

2.MATERIALSANI)METHODS

Europeanbeech(FagussylvaiicaL.)40yearsof

ageand30cm indiameterwasused.Thespecific

gravltylntheaiトdriedconditionwas0.72,andthe

averageringWidthwas3.2mm.

Fracturespecimensweredesigned asthesingle

edge-notch(SEN)intheTRsystem. Theconrlgura-

tionortheSENtensionspecimenusedisshownin

Fig.1.Initiallyanotch3mmdeepwascutbyathin
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Fig･1･Conngurationorspecimen.

band-saw;thenitwasextendedbyarazorblade

withaspecialguidesothatthefinalnotch-lengthwas

exactly6mm.Specimenswereheldbyapln-loading

systeminordertoavoidtherestrictionorrotationat

theendsdurlngloading.

ForthepreparationoFthespecimensfornon-equi-

libriummoisturecontentconditions,twogroupsor

fifteengreenspecimenseachwereplacedinachamber

inwhichthenominalaircirculationwas2m/Secand

theairconditionswerecontrolledatュo℃,良.H.55%

foronegroupand20℃,R.H.17%fortheother.

Specimensoreachgroupweretakenoutatthesame

timeinterval什omthechamberandimmediatelywere

subjectedtothe什acturetests.

Theconditionedspecimenswithdifferentmoisture

contentswerepreparedasfわllows:thegreenspeci一

menswereleftatroom conditiorlSOr20oC,R.H,

50%.Thengroupsorthreespecimenswerewrapped

togetherinplasticfilm atsometimeintervalfor

equalizationorthemoisturedistributioninthespeci一

mensuntilthefracturetests.Themoisturecontentof

specimenswasmeasuredjustafterthefracturetestsby

anautomaticbalance.

Thefracturetestsweremadeat20oC.Thecross-

headspeedusedwas0.5mm/min.Thecrackopening

displacement(COD)wasmeasuredbyaspecially

designedclipgage(Fig.1),andtheloadversusCOD

curveswererecordedonanX-Y recorder.Atthe

sametime,theloadversustimecurvesalsowere

recorded.

Thecriticalstressintensityfactor(KIc)wascalcu-

latedbytheisotropICSOlution, EquationI,行om

Tada了)namely

Ktc-o･J& Y(a/W) (I)

whereq:grosssection-stressatFailure,

α:notchdepth,

W:specimenwidth,and

Y(a/W)- I.12-0.231(a/W)+10.55(a/W)2
-21.72(a/W)3十30.39(a/W)チ

Therehasbeenlittlediscussionaboutthecritical

loadinthecaseortheTRsystem3)･Generally,the

maximum loadatfailurehasbeenregardedasthe

criticalload.lnthiswork,themaximumloadisused

alsoasthecriticalload.

3.RESUIJTSANI)DISCUSSION

3.1"KIC" inDon-equilibrium moL'slure.contentcon-
dition

Fig･2Showsacomparisonbetweentheapparent
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Fig.2.ComparisonofKIcbetweennon-equilibrium
moisturecontentconditionandequilibrium
moisturecontentcondition.

Criticalstressintensityfactor(K'lc)calculatedby

EquationIinthenon-equilibriummoisturecontent

conditionandKIcintheequilibriummoisturecon-

tentcondition.

Inthelattercase,〟leIncreasesWithadecreaseor

moisturecontentbelow thefibersaturationpolnt

(FSP),about30乳anditisalmostconstantabovethe

FSP.Thisphenomenonissimilartomoistureeffects

onothermechanicalpropertiesofwood,forexample,

Your唱'smodulusandsomestrengthsorwood.

Ontheotherhand,∬′I｡undernon-equilibrium

moisturecontentconditionsbeglnStOdecreasewitha
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decreaseorthemeanmoisturecontent什omahigher

moisturecontentabovetheFSP.Fig.2alsoshows

theeffectofdryingconditionsonthecurveK'Ie

versusmeanmoisturecontent,andFig.3showsthe
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Fig.3.Rela.tionshipsbetweenKIcanddryingtime
andbetweenmeanmoisturecontentand

drylngtime.

plotsofmeanmoisturecontentversusdryingtime

andofK′.c vcr:Busdryingtimeundertwodrying

conditions.Theyshow that∬′Ⅰ｡decreasesmore

rapidlyirtherateordryinglnCreaSeS,anditsuggests

thatthedecreaseor〟′Ⅰ｡isrelatedtotheresidual

drylngStressinthespecimens.

Thedryingof-thespecimensbeginsatthesurface,

andasthedryingproceedstheplanewherethe

moisturecontentcoincideswiththeFSPadvancesin

th･edirectionofthecenter.Fig.4showsasimple

--=:=- I: …… 書 喜｢

Fig-4.Three-layermodelofmoisturecontentdis-
tribution.

modelof-moisturedistributionfTorcalculatingthe

averagevalueoFKIcduringdrying.lfwesuppose

thatthereisnodryingStressinthespecimen,the

valueofK'.cmaybecorTIPutedroughlyfromthe

followingequations):

K′Ic-(2Bl/B)Ktcl十 (B2/B)Klc2 (2)

whereBlandB2arethethicknessofthepartswhere

themoisturecontentisbelowandabovetheFSP,

respectively,andKIclandKIC2aremeanValuesofKIc

inpartsBlandB2,respectively,asshowninFig.4.

lMokl/EaiGakkaz'shz'

‡nthecaseoranequilibrium moisturecontent

condition,asshowninFigl2,thevalueofKIL.below

theFSPisgreaterthanthatabovei一lthatis･KIcl>
KIc2.TheresultofthecalculationbyEq･2rorthe

modelglVeS

K',e-(2Bl/B)(K"2+△ Krcl)+(B2,/B)Ktc2
(3)

where△ Klcl istheincrementorKlel rr()m KIcu

(constant)belowtheFSP･

ThismeansthatthemeanvalueorKIDisgreとIteT

thanitsvalueinagreenconditionirthewoodbegins

todry.But,theresultofthecalculation(K'Ie>Kle,1)
contradictstheexperimentalresult(Krleく Kl｡2)･

Thiscontradictionsuggeststhattheresidualstress

duringdrylngplaysanimportantroleinthedecrease
■

ofK'ICundernon-equilibriummoisturecontentcon-

ditions.

Tensilestressappearsonthesurface,andcompres-

sivestressappearsintheinnerpartdurlngdrylngl

andthegradientandthelevelofresidualstresses

becomegreaterirtherateordryingbecomesmore

rapid･Thetensilestressmakesthelocalconcentrか

tionorstressnearthecracktipgreater.Therefわre,it

ispossiblethatthetensilestressdiminishestheglobal

external Stresswhichisnecessaryforcatastrophic

propagationoracrack.

3.2Load-CODcurves

Aload-CODcurvegivesusefulinformationabout

thestressconditionnearacracktip.Fig.5Shows

threetypicalcurvesatdifferentmean moisture

contentsduringdrylng.Aload-CODcurveisalmost

linearinthefirststageofloading,butitshows

gradualnon-1inearltyWhentheloadapproachesthe

failureload.Fig.5exhibitstwoimportantcharacter-

istics:1)themaximum loaddecreaseswiththe

decreaseofmeanmoisturecontent,and2)theload-

CODcurvetrailsbehinditsloadafterthemaximum

loadpointWhenthemeanmoisturecontentde-

creases.Thefirstpointwasdiscussedin隻3.1.The

secondpointgivesinterestlngin丘)rmationabout

crackpropagation.Whenthemoisturedistributionin

specimensisunifわrm,theloaddecreasessuddenlyat

themaximumloadpolnt,thatis,thecrackpropaga-

tioniscatastrophic･However,thetrailingortheload

suggeststhatthecrackpropagationisrathersub-
critical.

Fig.6showstheplotsofCODatfailureAversus
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Fig.5.TypICalcurvesorloadvsCOD atdifferent
stagesordrying.

Notes:A;Initialstateordrying(unifTormdistribu-
tionormoisturecontent),B;Middlemean
moisturecontentstate,C;Lowmeanmois-
tureconterltState,St;CODatfailureload.
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Fig.6.RelationshipbetweenCOD atfailureload
andmean moisturecontentin non-equ卜
libriummoisturecontentconditions.

meanmoisturecontent.Thea decreaseswitha

decreaseofmeanmoisturecontent.Thismeansthat

the specimen becomes什agile,and itcoincides

seemlnglywiththedecreaseorcriticalload.However,

itcontradictsthetendencyofthetrailingoftheload

afterthemaximumloadpointShowninFig.5.

ItisdiFrlCulttointerprettheabovefindingsfrom

onlytheviewpolntOrLEFM.Thisisbecausethereis
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ahighstressconcentrationnearthecracktip,andthe

theoryorLEFM requiresthatmaterialshaveelastic-

ityatinrlnitestress.Woodisaviscoelasticmaterial,

anditisunreasonabletosupposeelasticltyathigh

stresslevelsnearacracktip.Forthesematerials,the

pathindependentJ-integralproposedbyRICES)may

beuserul.

4.CONCI.USⅠON

ltwasprovedthatthecriticalstressintensltyFactor,

KIc,WasreducedbytheresidualdryingStress.Onthe

otherhand,Ktcunderequilibrium moisturecontent

conditionswasalmostconstantabovetheFSP,andit

increasedbelowtheFSP.

Theimplicationsortheseresultsfbrthepropaga-

tionoFacrackdurlngdryingarethatthecritical

conditionorcrackpropagationisaffectedverymuch

byresidualdryingStress,anditoccursundersmaller

globalstressthanthosewhichareestimated什omthe

resultsfわrequilibriummoisturecontentconditions,

ltalsowasprovedthattheload-CODcurveshow -

ednon-1inearlty,anditmightbenecessarytoconsid-

ertheviscoelasticpropertyofwood.
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