
､S'ごて､J持‡jごもこ〉ドT夏至E
P喜汀Sに.ごゝこノ軍記〔やE臣Tl∬三ぎこ;FWOOニき‡アキ

REi..ATKガ寸TOT吾ほ苧､王NESTRUC′‡lU設ESOFCELLWÅLL

(癖樹の各種物性と繊盤壁徽纏構造との関連性についての研究)

2004

YO‡C喜ま‡KOJ亘MA



STUDIESONTHEPHYSICALPROPERTIESOFWOODIN

RELATIONTOTHEFINESTRUCTURESOFCELLWALL

(木材の各種物性と細胞壁微細構造との関連性についての研究)

by

YbichiKOJIMA

LaboratoryofBiomaterialPhysics

DivisionofBiologicalMaterialSciences

DepartmentofBiosphereResourcesScience

TheGraduateSchoolofBioagrlCulturalScience

NagoyaUniversity

Nagoya,464,JAPAN

41570559





CONTENTS

GENERALINTRODUCTION.....…..........................................･････････････････････････

CHAPTERI BACKGROUND.......................................................…･････････････

1.1Modellingofthephysicalpropertiesofwood････････････････････････････

1･2 Physicalpropertiesofcellwallconstituents･･･････････････････････････････

1.3 Longitudinalelasticpropertiesofwood･･･…･･･････････････････････････････

1.4 Viscoelasticpropertiesofwood･･･…･･･････････…･･･････････････････････････････

CHAPTER2 FORMULATIONOFTHELONGITUDINALELASTICITY

OFANISOLATEDWOODFIBER.......................................

2.1Introduction...........................…............…….................…..........･.･･

2.2 Modelingtheoriginthelongitudinalelasticityand

thePoisson?sratiobythereinfbrcedmatrixhypothesis …････････

2.2.1 NomenclatⅦreS........….….…..………....….....…....……….･･…･･…･･

2.2.2 GeneralizationofBarber,swoodfibermodel…….......….....

2.2.3 Formulationofthereinfbrced-matrixhypothesis

byuslngthegeneralizedBarber)swoodfibermodel･････････

2.2.4 LongitudinalYbung,smodulusandthePoisson'sratio

ofthewoodnbermodel.…....................................…..….....….

2.2.5 Determlnlngtheparametervaluesintheequations･･･････････

2.3 CasestudiesandDiscussions...............…..........................･･･････････

2.3.1MFAdependencyofthelongitudinalYbung'smodulus･････

2.3.2 MoisturecontentdependencyofthelongitudinalYbung's

modulus ..……..………...…....….....………….…....……….…..…...…..

2.4 Conclusiom..….……..……....…...….…......……….......….…….….…....･…

2.5 Summary.…......……･･……･･･……･…････････…･･･……･…･･…･･…･…･･…･……

FiguresandTablesinChapter2････････…･･････････････…･････････…･･･････････････････

CHAPTER3 0RIGINOFTHEMOISTUREDEPENDENCYOFTHE

LONGITUDINALELASTICITYOFWOOD …....................

3.1Introduction............................................…........................･･･････････

3.2 Materialandmethods.................…...…...........…...........…･･…･･…･･

l

4

4

`V

/b

00

爪V

O

l

l

12

12

13

2
0
2
1
2
3
2
3

2
4
2
9
3
0
3
1

0

0

'一

4

4

4



3.2.1 Materials.……..………...…..…..………….…......….……....…...….....

3.2.2 Samplepreparation････…････…･･･…････････････････…････････････････････････

3.2.3 Methods ….…..….…..…..…..…..…….….….…..…..……..….…………

3.3 Resultsanddiscussion.................….......….….....…........................

3.4 Conclusion.….….…...….….….…..…….....……..………..……..….………･･

3.5 Summary..…...･･…･………･……･･…････････…･………･…･･…･･…………･････…

FiguresandTablesinChapter3･･････････････････････････････････････…････…･･･････････

CHAPTER4 THERELATIONSHIPBETWEENTHELONGITUDINAL

TENSILECREEPBEHAVIORANDTHEFINESTRUCTURE

OFTHEWOODCELLWALL..............................................

4.1Introduction...….........….........................................…....................

4.2 Materialandmethods.......…......................................…...............

4.2.1 Material..………....….…......….......…..….…......….…....……...……

4.2.2 Methods..…...…….…...……..……….….…...…....…….……..….…....

4.3 Resultsanddiscussion......…...................…...................….............

4.3.1Thelongitudinaltensilecreepproperties･････････…･････････…････

4.3.2 Simulatedresultsuslngthesimplifiedviscoelastic

model..…..………...…...…….……..………..…..…….…….….…..…..…

4.4 Conclusion..….……...….….…….....….…....…....………..…….….………..

4.5 Summary ……･…･…･……･･…･…･･…･･…･･………･…･…･･……･･…･…･…････…

FiguresinChapter4･･･････････････････････････････････････････････…･･･････････････････････…･･

GENERALDISCUSSIONANDCONCLUSION.....….....................….............

4
2
4
2
4
2
4
4
4
6
4
7
亜

5`

56

58

5$

5$

62

62

糾

砧
〓
椚
甜

75

REFERENCES ……………………………………………………………………………………….
77

ACKNOWLEDGMENTS ………………………………………………………………………‥
82

SUMMARY(InJapanese)

APPENDIX ……………………………………………………………………………………………‥
87

LISTOFPUBLICATIONSCONCERNINGTHETHESIS

LISTOFOTHERPUBLICATION

ii



GENERALINTRODUCTlON

Inwoodcellwall,highlycrysta11izedcellulosemicro丘bril(CMF)isformedduringthe

xylemcellmaturation･TheCMFineachlamellaisorientedinacertaindirectiontothe

丘beraxis,therefore,thestruCtureandphysicalpropertyoftheCMFhighlya脆cttothe

physicalpropertiesofwood･TheorientationoftheCMFisdi飴rentamongeachce11

walllamella.Moreover,the
CMF was surrounded

by the matrix substance of

lignin-hemice11ulose,therefore,theonglnOfthephysicalpropertiesofwoodismoreor

lessa飴ctedbythepropertiesofthematrixsubstanCeinspitethattheYbung,smodulus

ofthecellulosecrystalismuchlargerthanthematrixsubstance･

ForexamPle,thephysicalpropertiesofwoodarehighlyaffbctedbythetemperature

andthemoisture.TheorlglnOfsuchphenomenashouldbeclari丘edfromtheviewpoint

ofthe macro-mOleculelevelofthe constituents ofthe cellwall,namely,CMF and

matriⅩSubstanCe.

ManyStudieshavebeenconductedontherelationshipbetweenthe丘nestruCture

andphysicalpropertyofwood･However,mOStOfthoseconclusionsareindividualized

ones,Whichareestimatedfromeachphenomenon･Therefore,generaltheorywhichcan

explainmanyphenomenaatthesametimewithoutanycontradictionhasnotbeenglVen

yet･Thisisthemainreasonthatitissti11di伍culttounderstandtheonglnSOfvarious

physicalpropertiesofwoodonthebasisofageneralmodelofthe丘nestruCtureOf

woodce11wall･Especially,rOleoftheinterfacialstruCture Ofthe CMF andmatrix

substanCeisessentiallyunsoIved･Inthis situation,nOmatterhowthe dataandthe

observation are accomplished at the molecularlevelby uslngisolated constituent

materials,thoseresultsshouldnotbededucedtothetheorytoexplainthepropertiesof

thecellwa1lorwood.

Somephysicalbehaviorsofthewoodaredescribednumericallybasedon"the

reinforced-matrixhypothesis"origina11yproposedbyBarberandMeylan(1964)･This

hypothesisis usefulforformulating the mechanicalinteraction between the CMF

bundleandthematrixskeletononthe basis of"two-Phase struCture"･Thephysical

propertiesandmechanicalbehaviorsofwoodcanbesimulatedbyuslngthestruCtural

modelofwood丘berwhichisconstruCtedbythereinforced-matrixhypothesis･



Besides,the mechanicalmodelderived on the basis ofthe reinforced-matrix

hypothesiscontainsvariousparameterSWhichcharaCterizethecompositestruCtureOf

eachlayerandthephysicalpropertyofeachconstituentmaterial･Itisconsideredthat

information on the丘ne struCtureS and theintemalproperties of each cellwall

constituentaredispersedandincorporatedintothoseparameterS･Whencomparlngthe

simulatedresultswiththeexperimentalone,theauthorneedstoglVeCOnCreteValuesto

thoseparametersinarationalmanner･Thenitisquitenaturaltoconsiderthatthevalues

ofthe parameterS glVeninthe simulationreflectintrinsicinformation onthe丘ne

struCtureandtheintemalpropertiesofthecellwallconstituents･

In this thesis,based on the above background,the author tried to explain the

relationshipsbetweenthesomephysicalpropertiesofwoodandthe丘nestruCtureOfthe

ce11wa11･Amongthephysicalpropertiesofwoodatthemacroscopiclevel,itisvery

important tO
Clarifythe physicalpropertiesin thelongitudinaldirection since the

longitudinalpropertiesofwoodreflectsthepropertiesofwoodcellwallmoredirectly･

Theauthorfocusedthelongitudinalelasticpropertyandviscoelasticpropertyofclear

WOOdspecimen.

In Chapterl,the authorlooked back on the history ofthe studies about the

relationshipsbetweenthephysicalpropertiesofwoodandthe丘nestruCtureOfthecell

wall.

InChapter2,the authordevelopedthemathematicalmodelwhichpredictsthe

longitudinallbung,s modulus of a clear wood specimen on the basis of the

reinforced-matrixhypothesis,andgavesomecasestudiesontheelasticbehaviorsofthe

woodbyusingthenewly-developedmodel.Then,SOmePOSSibilities(Predictions)on

thestruCtureSandthemoisturepropertiesoftheCMFandthematrixsubstancewere

PrOPOSed.

InChapter3,PrOPrietyofthepossibilities(predictions)proposedinChapter2were

discussedthroughboththeexperimentationuslngaSuglmicrotomedspecimenandthe

Simulationuslngthewood丘bermodel.

InaboveCh叩terS,theauthorthoughtthatwoodisanelasticbody,however,1tlS

alsoimportanttoclarifytheviscoelasticpropertiesofwoodcellwallinordertouse

forestproductsasstruCturalmemberforbuildingsorfumiture･Therearefbwreportson
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thelongitudinaltensiletestsinrelationtotheviscoelasticpropertiesofwood･Moreover,

therelationshipbetweentheviscoelasticpropertiesandthe丘nestruCtureOfwoodcell

wa11has not been soIved yet.Then,in Chapter4,the author tried to
clarifythe

longitudinaltensilecreepbehaviorinrelationtothe丘nestruCtureOfwoodcellwa11･

Finally,theauthorinducedtheresultsobtainedintheaboveChaptersasgeneral

conclusion.
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CHAPTERI BACKGROUND

1.1Mode"ingofthephysICalpropertiesofwood

Forbetterunderstandingofthe orlglnS Ofthe mechanicalandphysicalproperties of

WOOd,itisrequiredtorevealthe丘nestruCtureSandmicroscopICPrOPertiesofeachcell

Wa11constituentasitisinthecellwall.Moreover,itisindispensabletoobtainaproper

theorywhichdeducesthemicroscopICinformationonthece11wallconstituentsintothe

macroscopicbehaviorsofthewood.

WiththeprogressofateclmiqueforthemicroscopICObservationthroughthe1950s

into1960s,it was revealed that each ce11walllamella can be approximated as a

"two-Phase struCture"consisting ofthe cellulose microfibril(CMF)as aframework

bundleandthelignin-hemicelluloseasamatrixskeleton.

"The reinforced-matrix hypothesis"was proposedbyBarber and Meylan(1964).

Theirideawas usefulforformulatingthe mechanicalinteractionbetweenthe CMF

bundleandthematrixskeletononthebasisof"thetwo-PhasestruCture".Therea氏er,

SeVeralresearchers adopted Bafber and Meylan'sidea and叩Pliedit to their own

theoreticalmodel.Atpresent,thisideaseemstobefbasibletodescribesomephysical

behaviorsofthewoodnumerically,includingl)shrinkageandswellingproperties,2)

longitudinalYbung'smodulus,and3)growthstressgeneration.

Astheresearchesoftheswellingandshrinkingproperties,atheoreticalmodelthat

each wood cellwa11was treated as a thick-Wallcircular cylinderwas proposedby

Barber(1968).Inhismodel,a11micro丘brilslayatthesameangleOtothelongitudinal

axissothattheywindhelicallyaroundthecell.Then,BarberandMeylan'stheorywas

reformulated uslng afundamentalshrinkage relation derivedfor丘ber-reinforced

COmPOSite materials(Cave1972a,1972b).The theory was extended toinclude

COnSiderationofthevariation(duetochangesinmoisturecontent)ofthesti伍1eSSOfthe

matrixthatbindsthece11ulosemicro丘brilstogether.Withthetheorydeveloped,itwas

POSSibletospecifyshrinkagewithrespecttomoisturecontent,aSWellaswithfactors

invoIvedincell-Wallgeometryandcomposition･Shrinkagebehaviorofthecellwall

layerswasrelatedtoconstituentbehaviorthroughtheuseof"mechanicsofmaterials=

teclmiquesand"energymethods"(Barrettetal.1972).Doublece11wa11behaviorwas

4



determined by regarding the ce11wa11as a multi-layered struCture COmPOSed of

OrthotropIClayersorientedatanglestothecell-aXisdirection.Doublecellwallmodel

Were uSed to assess efftcts of micronbrilangle,layer thickness,and chemical

COmPOSitionofthewa1lontheshrinkagebehaviorofatypICalearly-WOOd,1ate-WOOd,

and compression woodcell(Cave1972a,1972b,Barrett et al.1972).Amodelwas

developedforestimatlngShrinkagepropertyofasoftwoodce11wallfromtheproperties

Ofitspolymericconstituents:Cellulose,hemicelluloseandlignin(Koponenetal.1989).

Themodeltookintoaccountthehelicalwindingofthemicro丘brilsinthecellwalland

itestimatedthebehaviorofabalancedlaminateddouble-Ce11wallinwhichrotationwas

restrained by
a句acent cells･Yamamoto et al.(1999,2001)simulated the shrinking

PrOCeSSOfaslnglewood丘berregardingwaterdesorptlOntOelucidatetheorlglnOfthe

Shrinkinganisotropyofwoodduringthedryingprocess,aSWellastobeglntOgalnan

understandingoftheinteractionbetweenthemoistureandthece11wallcomponents.

Thewood丘bermodelusedforthesimulationwasacomplexcircularcylinderhaving

threelayers.Itconsistedofthecompoundmiddlelamella(CML),theoutermostandthe

middlelayersofthesecondarywa11(SlandS2,reSPeCtively).Themicro丘brilangles

(MFA)took90degreesintheSllayerandavaluebetweenO-60degreesintheS2layer.

AstheresearchesoftheoriginofthelongitudinalYbung'smodulus,Cave(1978a,

1978b)construCtedadouble-Wa11edmodelthatsimultaneouslypredictedthevariation

With the moisture content change of thelongitudinalYbung's modulus ofwood.

Koponenetal･(1989)developedamodelforestimatingelasticpropertyofaso免wood

Ce11wall丘omthepropertiesofitspolymericconstituents:Cellulose,hemice11uloseand

lignln.Inthismodel,thece11wallconsistedoflayersM+P;Sl,S2andS3,andtwo

aqjacent ce11walls were examined as a unit.The secondary wa11consisted of

microfibrils embeddedinlignln and the middlelamella consisted oflignln Only･

Thereafter,YamamotoandKqjima(2002)developedthetheorybyusingamulti-1ayered

Circularcylindermodel,Whichcan simulate the elastic behaviors ofthe clearwood

SPeCimenmorerealisticallyinrelationtothechangeofmoisturecontent.

Astheresearchofthegrowthstress,Yamamoto(1998,inpress)triedtoexplainthe

generation mechanism of tree growth stressesin relation to time andlocation

inhomogeneltylnthesecondarywallligni丘cation,andhemadeatheoreticaldiscussion
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Onthegenerationprocessofthegrowthstrain(maturationstrain)byusingacomplex

Circularcylinder,CML+Sl+S2,OrCML+Sl十S2+G(gelatinouslayer)･

1.2PhysICalpropertiesofce"wa"constituents

Inthesimulationofthephysicalpropertiesofwoodbyuslngtheoreticalmodel,the

valuesofeachparameterinthemodelshouldbedeterminedinadvance･Someofthem

have alreadybeenknownby experiments andobservations･Forinstance,the axial

Young,s modulus of pure cellulose crystal,that of amorphous ce11ulosein the

frameworkbundle,andthatofisotroplCmatrixsubstanceareimportantparametersin

additiontotheirproportionsineachcellwalllayer･FromthemacroscopICObservations,

thicknessoftheeachce11walllamellaandthevalueoftheMFAareeasilyrevealed.

ThevalueoftheaxialYoung,smodulusofthecellulosecrystalwasmeasureduslng

bleachedramie(Sakuradaetal.1962,1964).Thelatticeextensionwasmeasuredby

x-ray difh･aCtion under a constant stress･The obtained elastic modulus was

137×104kgqcm2(=134GPa).Moreover,Nishino etal.(1995)measuredthecrystal

modulusinthedirectionparalleltothechainaxisoffivekindsofcellulosepolymOrPhs

byx-raydi緻action･TheyalsosuggestedthatthecrystalmodulusofcelluloseIwas

138GPa.Ontheotherhand,Ishikawaetal.(1997,1998)triedtoestimatetheYoung's

modulusoftheamorphouscellulosebyuslngramie丘ber･Theydeterminedit4-8GPain

theair-driedcondition.

TheaxialYoung,smodulusoftheisotropICmatrixsubstancewasdeterminedby

isolatingit(Srinivasan1941,Cousins1976,1978)･Theyrevealed thatthe Young's

modulusofthemoldedmatrixsubstancetakesavalueof20×103kgf7cm2(=1.96GPa)

abovethe丘bersaturationpolnt,then,itincreasesmonotonouslydependingonthewater

desorptlOn,anditreachesvaluesof4-6GPaattheoven-driedstate･

1.3LongitudinaJelasticpropertiesofwood

Thelongitudinalyoung,smodulusofwoodishighlyafftctedbytheMFAintheS2

layer･The relationship between thelongitudinalYoung,s modulus and MFA was

measuredusingPinusradiata(Cave1968)･SobueandAsano(1976)alsomeasuredthe

LongitudinalYoung,smodulusinrelationto the MFAuslng a Sugithin specimen･
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Moreover,Pageetal.(1977)triedtomeasurethelongitudinalYoung'smodulususing

anisolatedso氏wood(blackspruCe)nber.Page'sdatawasbasedonthe丘bersprepared

fromaholocellulosepulpandakra氏pulpof45%yield･Abovethreeexperimental

resultsconformedthatthelongitudinalYoung,smodulustendstodecreaseastheMFA

intheS21ayerincreases･

Furthermore,OrlglnOftheMFAdependencyofthelongitudinalYoung,smodulus

wasexplainedonthebasisofthetheoreticalmodelshavingunidirectiona11yreinforced

ce11walls.Cave(1968,1972b,1978b),andSobueandAsano(1976)simulatedthe

relationshipbetweenthelongitudinalYbung,smodulusandMFAbyuslngthedouble

cellwallmodel.Salmen(1982),SalmenandDeRuvo(1985)andSalmenetal･(1985)

con丘rmedtheimportanceoftheMFAintheS2layerbyuslngthemodelwhichwas

basedonassumlngeaChce11wa111ayertoconsistofcellulosemicro丘brilsembeddedin

amatrix ofhemice11ulose･ThelignlnWaS COnSideredto existinseparateisotropIC

lamellaelocatedinthemiddleofeachcellwa11layer.Koponen(1991)developeda

modelbasedonwoodstruCtureforestimatlngtheelasticpropertiesofsoftwoods･The

woodmodelconsistedofearly-WOOd,late-WOOdandrayce11s,eaChofwhichhasa

di脆rentcellwallstruCture.Thecalculatedelasticpropertiesweregoodagreementwith

testresults.

TheLongitudinalYbung,smodulusisalsohighlyafftctedbythemoisturecontent･

ThelongitudinalYbung,smodulusofwooddecreasesasthemoisturecontentincreases

uptoFSP;andbecomesconstantaboveFSP(KollmannandKrech1960)･Furthermore,

thelongitudinalYoung,smodulusofwoodtendstodecreaseto60-70%oftheinitial

valuefromtheoven-driedstatetoFSP(e.g.Ko11mannandKrech1960)･

Itisgenera11ybelievedthatthereductionoftheYoung,smodulusofwoodduetothe

increaseofthemoisturecontentiscausedmainlybythehygroso氏enlngOfthematrix

substancewhichisanisotropICmixtureoflignln,hemice11ulose,andamorphousdomain

oftheCMFbundle(e.g.NorimotoandYamada1967)･Ifthissuggestionwouldbetrue,

thereductionofthelongitudinalYoung,smodulusduetowaterdesorpt10nShouldbe

moreremarkableinspecimenwithlargeMFAthanwithsma11MFA,Whichwaspolnted

outtheoretica11ybySalmen(1982).However,thissuggestionwascontradictedbythe

experimentalresult(KqjimaandYamamotoinpress)･
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1.4ViscoeLasticpropertiesofwood

ItisverylmPOrtanttOClarifytheviscoelasticpropertiesofwoodce11wa11inorderto

useforest products as struCturalmemberfor buildings orfumiture･Studies on the

Viscoelasticpropertiesofwoodbeganonalargescaleinthe1960s(e･g.Yamadaeta1

1961),andincludedcreepandstressrelaxation.

Itiswellknownthattheviscoelasticpropertiesofwoodarehighlyaffbctedbymany

factors,forexample;mOisture,temPerature,and丘nestruCtureOfcellwa11etc.Inthis

SeCtion,thereportsabouttheviscoelasticpropertiesofwoodwereshortlyglVen.

As the researches ofthe relationship between the viscoelastic properties andthe

temperature,KitaharaandYukawa(1964)studiedtheextentoftheinfluenceofchange

Oftemperatureoncreeplnthemidstcreep.Moreover,theinfluenceofhightemperature

(100～180℃)onthecreepofHinoki(C71amaeqParisobtusaENDL.)wasinvestigated

bycompressivetestinoven-driedcondition(Arima1967).

As the researches ofthe relationship betweenthe viscoelastic properties andthe

moisture content,Studies on the mechano-SOrPtive creep behavior were begun

(Armstrong1972,ArmStrOngandKingston1960,ArmstrongandChristensen1961).

TheyreportedthatcreeplnWOOdenbeammarkedlyincreasedwhenitsmoisturecontent

Changedwhileitwasunderload.Thedeflectionofaloadedbeamthatistakenthrough

OneOrmOreCyClesofhumiditylnCreaSeS farbeyondthedeflectionofbeamsloaded

after they have been conditioned to either ofthe extreme moisture contents.After

extensivemoisturecycling,SuChadeflectionincreases duringthedryingpartofthe

CyCles anddecreases duringwetting.Then,Grossman(1976)reviewedcharacteristic

fbaturesofthee脆ctofsimultaneousmoisturechangeandloadonthedeformationof

wood.

Astheresearchesoftherelationshipbetweentheviscoelasticpropertiesandthe丘ne

StruCture Ofcellwall,the stress relaxation ofdeligni丘ed wood(Hinoki)which are

Obtained by the stepwise treatments with acidi丘ed sodium chlorite solution was

measured(Fushitani1968a～d).The stress relaxation was studied by three points

bendingtestinbothair-driedandwater-Saturatedcondition.Accordingtohisresults,

residuallignln COntent has abig ef悔ct on the stress relaxation.The studies on the

rheologicalbehaviors ofwood during decrystallization were conducted(Aokiand

8



Yamada1977).It has been reported that woodis decrystallized markedly with the

mixture of diethylamine,Sulfur dioxide and dimethylsulfoxide(DMSO)and

decrystallizedwoodis easilyrecrystallizedbyimmerslnglnWater.Inthis study,the

temperaturedependenceoftorsionalcreepofwoodduringdecrystallizationandofthe

decrysta11ized wood were examined.As a result,Creep complianceincreasedin

PrOPOrtiontodegreeofdecrystallization･Moreover,therelationsbetweencrystallattice

Strainof(004)planeandsurfacestrainatdifftrentmoisturecontent,andbehaviorof

duringcreepandstressrelaxationwereexamined(MoriizumiandOkano1978)･Asa

result,CryStallattice strain changes with time;itincreases during creep,Whileit

decreasesduringstressrelaxation.

Astheresearchoftherelationshipbetweentheviscoelasticpropertiesandacoustic

emission,the relationships between the bending creep behaviors and the acoustic

emission(AE)characteristics of wood under changing moisture conditions were

measured(Ozawaetal.1995).Itwasfoundthatcreepstrainwasnotrelatedcloselyto

thecumulativeAEeventcountsfora1lofthemoistureconditions.

Therearenoreportswhichqpplythereinforced-matrixhypothesistotheviscoelastic

PrOPerties.Moreover,the behavior ofwood cellwa11constituent materials to the

Viscoelasticpropertiesofwoodhasnotbeenrevealedyet･
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CHAPTER2 FORMULÅT10NOFTHE LONG]TUDINALELASTICITYOFAN

ISOLATEDWOODFIBER

2.1Introduction

ForbetterunderstandingoftheorlglnSOfthemechanicalandphysicalpropertiesof

wood,itisrequiredtorevealthe丘nestruCtureandmicroscopICPrOPertiesofeachcell

wallconstituent.Moreover,1tisindispensabletoobtainapropertheorywhichdeduces

the microscopICinformation on the cellwallconstituentsinto the macroscopIC

behaviorsofthewood･WiththeprogressofatechniqueforthemicroscopICObservation

throughthe1950sintothe1960s,itwasrevealedthateachcellwa11lamellacanbe

approximatedasa"two-PhasestruCture"consistingofthece11ulosemicro丘bril(CMF)

asaframeworkbundleandthelignin-hemice11uloseasamatrixskeleton･

=Thereinforced-matrixhypothesis"wasproposedbyBafberandMeylan(1964)･

Theirideawas usefulforformulatingthe mechanicalinteractionbetweenthe CMF

bundleandthematrixskeletononthebasisof"thetwo-PhasestruCture".Therea氏er,

severalresearchers adopted Barber and Meylan,sidea and appliedit to their own

theoreticalmodels･Atpresent,thisideaseemstobefeasibletodescribesomephysical

behaviors of the wood numerically,for example,the growth stress generation

(Yamamoto1998),theswellinganisotropy(Barber1968,Cave1972a,1972b,Barrettet

al.1972,Koponenetal.1989,Yamamotoetal.2001),andtheoriginofthelongitudinal

Ybung'smodulus(Cave1978a,1978b,Koponenetal･1991)･However,theideaof"the

two-Phase struCtureMis effbctive only at thelevellarger than the cellwalllayer,

therefore,itisimpropertoapplythereinforced-matrixhypothesisforelucidatingthe

internalpropertiesand丘nestruCtureSOfeachce11wallconstituentdirectlyasitisinthe

cellwalllame11a.

Besides,the mechanicalmodelderived on the basis of the reinforced-matrix

hypothesiscontainsvariousparametersderivedfrom=two-Phaseapproximation"･Itis

consideredthatinformationonthe丘nestruCtureSandtheinternalpropertiesofeachce11

wallconstituentaredispersedandincorporatedintothoseparameters･Whencomparlng

thesimulatedresultswiththeexperimentalone,theauthorneedstoglVeCOnCreteValues

tothoseparametersinarationalmanner･Thenitisquitenaturaltoconsiderthatthe
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Valuesoftheparametersoptlmizedinthesimulationreflectintrinsicinformationonthe

丘nestruCtureandinternalpropertiesofthece11wa11constituents･

Inthepreviousstudy,adoptingBarber's(1968)circularcylindermodelconsisting

Ofthe S21ayer,WhichisadevelopedversionofBarberandMeylan,s orlglnalone,

Yamamoto(1999)andYamamoto etal.(2001)generalizeditinto the one havinga

multi-layered ce11wall･Moreover,theyformulated the dynamics ofthe anisotropIC

shrinkage ofthe wood丘ber during the moisture adsorpt10n by uslng the newly

generalizedmodel･

In this chapter,the author tries to developltinto the one which predicts the

longitudinalYoung,smodulusofthewoodinrelationtothemoisturecontent･Then,itis

anticipated to estimate the丘ne struCture andintemalproperties ofthe cellwall

COnStituentspeculiartothewoodbyexaminlngthevaluesoftheparameterswhichare

OPtlmizedthroughthesimulation.
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2･2 Mode"ingtheorlglnOfthe10ngitudinalYbung,smodulusandthe

Poisson'sratiobythereinforcedmatrixhypothesis

2,2.1 Nomenclatures

E:Young'smodulusoftheCMFbundleinthedirectionparalleltothemolecularchains

Ofthecellulose.(Speci丘callytosay,thevalueofEshouldbedistinguishedinrespective

layers･ThisissubdividedintoE｡andEsintheSlandtheS21ayer,reSPeCtively.)

S:Shearmoduli(×2)ofthematrixskeletonsineachlayer.SisdenotedasS),S｡andSs

intheCML(compoundmiddlelamella),theSlandtheS2layers,reSPeCtively

〟:=∫s/乱

rin:theimmerradiusofeachlayer.rinisdenotedasu2,ulandrlintheCML,theSland

theS21ayers,reSPeCtively

r｡｡t:theouterradiusofeachlayer.r｡｡tisdenotedasu2+h,u2andr2(=ul)intheCML,

theSlandtheS2layers,reSPeCtively

h:thicknessoftheCMLlayer

r,k,u:r=r｡｡t/rin.k=r2/rl.u=u2/ul.

0:themicro丘brilangle(MFA)

Pin:boundarypressureactlngOntheinnersurfaceofeachlayer.PinisdenotedasP3,P2

andOintheCML,theSlandtheS2layers,reSPeCtively

P｡｡t:boundarypressureactlngOntheoutersurfaceofeachlayer.P｡｡tisdenotedasO,P3

andP2intheCML,theSlandtheS2layers,reSPeCtively

Lo,Lo,Lo:thetensileorcompressiveloadsinducedinthe CML,the Slandthe S2

layers,reSPeCtively

G:∃訂S･Gis denoted as Gl,Gu and Gsin the CML,the Sland the S2layers,

respectively

CL,8T,CR:reSPeCtively,thelongitudinal,the tangentialandthe radialnormalstrains

inducedateverypolntOfthewood丘bermodel

cTu2:=[cT(r)],=u,.tangentialnormalstraininducedattheoutersurfaceoftheSllayer

(r=〟2)

cTul:=[cT(r)],=u..tangentialnormalstraininducedattheinnersurfaceoftheSllayer

(r=叫)
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a,¢p,e,q,r,e,q,q*,a,b,P,B,H:SeeAPPENDIXlandrIbble2-1･

2.2.2 GeneralizationofBarber,swoodfibermodeI

In the previous study(Yamamoto et al.1995),Barber's(1968)wood丘bermodel

consistingofthecompoundmiddlelame11a(CML)andtheS21ayerwasdevelopedinto

anewonehavingtheSllayerbetweentheCMLandtheS21ayer(Fig2-1)･Moreover,

formulatedwas the anisotropIC Shrinkingprocess ofthe woodtracheid without any

extemalforce(Yamamoto1999).Inthatmodel,eaChlayeriscomposedoftwoparts,

namely,the ce11ulosemicro丘bril(CMF)bundle
as theframework andtheisotropic

lignin-hemice11uloseskeletonasthematrix･InthemacroscopIClimit,boththeCMF

bundle andthe matrix skeletoncanbe consideredto occupythe same domain.Itis

supposed that the CMFsin the S2layer and the Sllayer are orientedin certain

directions.Ontheotherhand,theorientationoftheCMFisrandomlydistributedinthe

CML,Whichcanthenbeconsideredmechanica11yisotropIC.

2.2.3 Formu)ationofthereinforced･matrixhypothesisbyuslngthe

generaIizedBarber'swoodfibermodel

(a)MechanicalinteractionbetweenthematrixskeletonandtheCMFbundlein

thesecondarywaII

Thedeformationofthewood丘bermodelisassumedtobesymmetricwithrespectto

thecentralaxis.Thenacylindricalcoordinatesystem(0-IJR)canbeappliedtothe

PreSentanalysIS･Ateverypointineachlayerofthesecondarywall,alocalorthogonal

coordinatesystem,0-LrR,Canbeapplied･TheL,TandR-aXeSareinthelongitudinal,

tangentialandradialdirections,reSPeCtively,aSShowninFig･2-2･

Asignificantdeformationinducedateverypointineachlayerofthesecondarywa11

isexpressedbytheobservablestraintensorcomponentssij(ij=L,T,R)intheO-IJR

coordinatesystem･ThedeformationofthematrixskeletonisequaltothatoftheCMF

bundle.Therefore,theyareexpressedbythesamestraincomponents･

The stress componentsinducedin the matrix skeleton of eachlayer ofthe

SeCOndarywa11句marerelatedtotheobservablestraincomponentscり(ij=L,T,R)asthe

followlngCOnStitutiveequation:
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q『=C蒜1Ckl
(Eq･2-1)

Thelignin-hemicellulosematrixasaskeletonisconsideredtobeisotropic(Kerr

andGoring1975),then,elasticconstantsofthematrixskeleton(nonzeroterms)are

denotedas

CごLLL=C笛TT=C品RR=A+2FL

CごLTT=C毘RR=C箭LL=C晶RR=C品LL=C品TT=A,

C品TR=C毘RL=Cご1LT=FL

WithLame'sparameters

l′---gn-

(ト2vm)(1+vm)
and/ノ=

gm

(Eqs.2-2)

whereEm,VmaretheYoung,smodulusandthePoisson,sratioofthematrixskeletonin

eachlayerofthesecondarywall,reSPeCtively･

ByintroduclngneWParameterS

g=3A+2/ノ,∫=2〃,

theauthorcanrewritetheelasticconstants(Eqs.2-2)asfollows,

C毘LL=C品TT=C品RR=;(K十2S)

c毘TT=C毘RR=C品LL=C毘RR=C品LL=C品TT=;(K-S)

C品TR=C鼠RL=CnLT=‡s

(Eqs.2-3)

ItiswellrecognizedthattheCMFbundleineachlayerofthe secondarywall

consistsofatransverseisotropicmaterialwhoseprincipalaxis(x-aXis)ispara11eltothe

directionofthemolecularchains･Figure2-3showsasmallflat-boardelementofthe

CMFbundleinthe S2layer,PrOVidedthatthepositivedirectionofthenormalaxis

(z-aXis)iscoincidentwiththeradialdirection(R-aXis)ofthe丘bermodel･Inthismodel,

theCMFintheS21ayerisassumedtobeorientedinaS-herixatanangleofO･

Therelationshipbetweenstress(q吉*)andstrain(c芸)componentsinducedinthe
CMF bundle ofeachlayer ofthe secondary wa11canbe written as thefo1lowlng

constitutiveequationintheO-XyZOrthogonalcoordinatesystem,

q£=C£｡･Cニ｡,
(Eq･2-4)

where c£distheelasticconstanttensoroftheCMFbundleintheSlortheS21ayers
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intheO-XyZCOOrdinatesystemwhosenon-ZerOtermSaredenotedas

C£,C:yy,C:zz(=C:yy),C;;yy,C:;zz,C芝z(=C:;yy),C:;yz,C£x,C芸xy(=C誌z)･
The author supposed that the CMF bundleis considerably compliantin the

transverse direction,therefore,allshear moduli,Poisson's ratios,and the Young's

modulusinthetransversedirectionaresma11enoughtobeneglected.Thismeansthat

theCMFcannotbekeptlnabundleshqpewithoutareinforclngagent.Then,theauthor

mayconsiderthestif払esscomponents c£｡areallnilexcept c三ニ(=E).

BytransformlngthecoordinatesystemfromO-XyZintoO-IJRsystem,thenon-ZerO

termsofthestifhesscomponentsoftheCMFbundle(C左l)areexpressedas

C王LLL=l4E,C工LTT=l2m2E,CニLLT=-l3mE,CfTLL=l2m2E,C壬TTT=m4E,

C壬TLT=-lm3E,CこTLL=-l3mE,C工TTT=-lm3E,C三TLT=l2m2E,
(Eqs.2-5)

Wherel=cosO,m=SinO,andEistheYoung'smodulusoftheCMFbundleinthedirection

Ofthe molecularchains.Byuslngthisformula,Eq.2-4canbe rewritteninto anew

expressionbasedontheO-IJRcoordinatesystemasfo1lows

α吉=C左l･どkl･
Then,thefo1lowlngnOn-ZerOStreSSCOmPOnentSareObtained:

Jこ=g′2(どノ2+どT〝72),J与=g椚2(どL/2+どT〝72),

一三T=｢引加(どL′2+どT〝72),

(Eq.2-6)

(Eqs.2-7)

providedthat qt=qLL,qT=qTT,TLT=qLT,6t=CtL,C与=C与T.Moreover,itissupposedthat
ELJ=OwhenderivlngEqs.2-7,duetotheassumptlOnOftheaxISymmetricaldeformation.

Thus,thefactcanbeexpressedthatthetorsionaldeformationofanindividualfiberis

COmPletelyrestrictedbytheforceofbinding丘bersinsidethewoodspecimen.

Accordingto thereinforced-matrixhypothesis,the CMFframeworkas abundle

and thelignin-hemicellulose matrix as a skeleton occupy the same domainin the

macroscopiclimlt,therefore,thefo1lowlngCOnditionscanbeassumedasbalanceofthe

forceineachlayerofthesecondarywall,

Jij=J㌻･げ吉
(Eq･2-8)

Whereqij(ij=L,T,R)arethestresscomponentsgeneratedinthesecondarywall･Then,

byrearranglngEq･2-8uslngEqs･2-1,2-3,2-7andthecompatibilityofthestrains,

どR-どT=r生dr'

15



けL=〈;(方+2両′4〉い(;(…)+g′2ヰ
JT=(;(方一小且′2㌦ト+〈;(2…)+且㌦ト
JR=;(㌃づh+;(2方･恥+;(打+ゆ告
TLT=-Elm6Ll2+cTm2)qR=TRL=0

+;(片-∫)患

･;(好一∫咤(Eqs.2-9)

Amongthe shearstress components,OnlyTLTis notnu11,Whichis aninevitable

COnSequenCefromtheassumptlOnOftheaxISymmetricaldeformation･TIJglVeSnOefftct

uponthenormalstresscomponents,qL,qTandqR,therefore,itisnotrequiredtotakethe

effbctofTLrintoconsiderationwhencalculatingthedimentionalchangeofthewood

丘bermodel.

(b)MechanicalinteractionbetweenthematrixskeletonandtheCMFbundlein

theCML

Inthecompoundmiddlelamella(CML),theauthorshouldconsiderE=OinEqs.2-5,2-7

and2-9.Thisdoesnotmeanthatthereis no CMFinthe CML,butthatmechanical

COntribution ofthe randomly distributed CMFframeworkin the CML should be

isotropIC.

(C)Dimensionalchangeofeachlayer

Equations2-9areregardedasasimultaneousequationofcL,CTandrdcT/dr,andcanbe

SOIvedforcL.Then,WeObtain

如･2れ3∽2-3湖L=(2･吉小一(1･吉∽2′2)JT+音別2¢2一極
(Eq.2-10)

InderivlngtheEq.2-10,itisassumedthatthebulkmodulusinthematrixskeleton

(K)is su伍cientlylargerthanEandS.Thismeans,thePoisson'sratio ofthematrix

skeletonisalmostO.51ikeakindofelastomer.

Tbintegrate the Eq･2-10in the crosscut surface of thelayer,the necessary
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arrangementsareasfollows:SOIvingthesecondandthethirdformulaeintheEqs.2-9

forcTandrdcT/dr,andeliminatlngtheteramofqTbyuslngtheconditionofthestress

equilibrium(inthecaseofaxisymmetry),

αT一打R=r吐dr'

恒+g椚4おT=一日+g椚2/2おL.r坐&

恒･g椚4轄=g研2¢-3椚2ゝL-2r蜃d才一

(Eqs.2-11)

Moreover,eliminatingthetermOf8TintheEqs.2-11,alinearsecondorderdiffbrential

equationofrisobtained,namely,

r2祭･3r吐=β椚2¢-3椚2王L
dr

(Eq.2-12)

Equation2-12canbesoIvedundersuitableboundaryconditions:

inr=rin(innersurfaceofeachlayer),qR=-Pin,and

inr=r｡｡t(outersurfaceofeachlayer),qR=-P｡｡t,

WherePinandP｡｡taretheinternalandexternalpressures,reSPeCtively,aCtlnguPOneaCh

layer.A氏er soIving Eq.2-12,OT Can be derivedfrom the condition ofthe stress

equilibrium･Then,theauthorintegratesEq･2-100Verthecrosscutareaofthelayerand

assumlngthatcLisindependentofrsincethewood丘bermodelisanin丘nitelylong

Circularcylinder･Asatheresult,theauthorobtainsthefollowlngeXPreSSion‥

2
α●どL=丁■ ¢+G椚4)･‡･蝿･吉･甲･雪n (Eq･2-13)

PrOVidedthatcoefncientsa,¢andparethefunctionsofG(=E/S),Oandr(=r｡｡t/rin).Lo

is

上0=去†αL舶=JαLrdr･
Ineverylayerofthesecondarywall,itisrequiredtoglVeCOnCreteValuestothe

ParameterS,0,rin,r｡｡t,r(=r｡｡t/rin),S,E,Pin,P｡｡.,Lo,a,¢andpinEq.2-13,aSShownin

｢hble2-1.
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(d)Dimensionalchangeofthefiberasawhole

Foreachlayer,Eq.2-13canberewrittenasfo1lows:

For the CMLlayer:aS mentioned above,in this case,E shouldbe O,andSis

denotedbySI.Then,Eq.2-13canbeexpressedas:

3F･∂L=2･キーろ, (Eq.2-13,)
〟2

WhereFtSlh/u2,histhethicknessoftheCML,andu2istheinnermOStradiusofthe

CML.

FortheSllayer‥inthiscase,EandSshouldbeEuandSu,reSPeCtively･AndOis

assumedtobe90degrees.Then,

～ ～ 2
e●どL=二●

2 2
〟2-〟1 (2+Gu)･吉･す･ろ+吉･7･ろ,(Eq･2-13")

Whereu2andularetheoutermOStandtheinnermostradiioftheSllayer,reSPeCtively･

FortheS2layer‥inthiscase,EandSshouldbeEsandSs,reSPeCtively.Then,

2
e◆どL==● ¢･Gs椚4)･去･頼･去･再,(Eq･2-13,")

Wherer2andrlaretheoutermOStandtheinnermOStradiioftheS21ayer,reSPeCtively,

andcoefncientse,qand;arefunctionsofG｡(=g｡/S,)andu(=u2/ul),ande,qandq*

arefunctionsofGs(=Es/Ss),0,andr(=r2/rl)(SeeAppendixl),andPlisO.

Eliminating P3from the Eq･2-13,and2-13=,the author obtain thefo1lowlng

equation,

2 2+G｡

(ぎ+3G｡GI7)どL=;･ 広･小吉･す･ろ
4 Gu･上0 1n〟

〟2-1'

(Eq.2-14)

PrOVided that the author assumes the continulty Ofthelongitudinaldisplacement

(strain),

どL=どL=どL

TbomitthelastLotermSintherighthandsideofEq･2-14,thefo1lowlngformulais

derived(SeeAppendix2).
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Gu･G′bどL･巌)=盲詔
(Eq.2-14')

Inthiscase,CTShouldberegardedasthefunctionofr･Bysubstitutlngtheabove

equationintoEq･2-14,afo1lowlngequationcanbederived:

〟･どL=叫r=〟コ･÷サろ･そ･∫u`ん 3 ∫u

2+Gu

2 2
〟2-〟l

広+∠｡), (Eq.2-15)

wherethecoefncientsa,bandparenon-dimensionalquantities,andtheyarefunctions

OfG｡,GIandu(seeAppendixl).

BysubstitutlngEq･2-13=,intoEq･2-15,theauthorcaneliminatetheP2term,and

thenthefo1lowlngequationcanbeobtained･

(α･言-e･言〕どL=ゐ･言･∂Tト=〟2･瓦･首･
41 ゼ
9 5'｡ち

転+上｡+⊥｡)
(Eq.2-16)

CoefncientBisdescribedindetailinAppendixl･Itisassumedthatanextemal

load2nLactsonthewood丘bermodelalongthelongitudinalaxis,andthencanbe

COnSidered L｡+Lo+Lo=L･

TheunknownvariableLoisderivedasdescribedinAppendix2.Consequently,Eq･2-16

isrewrittenaftereliminatlngthetermsofLo,namely,

トe･肌β)+;〟
1 β

〟2-12十Gssin4β (ピー‡¢2-1k

×〈Gssin20@-3sin20(1-2*l+2-2Gscos20sin20〉)kL
一頼司r=〟,+;〟算]ヴ･β･どTト=り3

=呈.〟.q

2+G｡

(Eq.2-17)

where肪Ss/S｡.Threeunknownvariables,CL,kT】,=u2,kT],=り柾T],=ul)arecontainedin
Eq･2-17･InthisanalysIS,OnthebasisofthecontinultyOftheradialdisplacement,the

fo1lowlngboundaryconditionwasimposedonthetangentialstrains,

grlr=り=叶=〟l(≡ど芸1);キト=〟2=叶=〟ヱ(≡g芸2)
rIbsoIveEq･2-17,tWOmOreequationscontainlngthesameunknownsarerequired･

ThenthefollowingequationsarederivedthroughthesolutionofEq･2-12(inthecaseof
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theSllayer),

gu

2

gu

2

〈1-2(孟血〕‡･どL-2(ろ-ろ)差
〈ト2(台n恥-2(ろ-ろ競

(Eqs.2-18)

TheP3-P2termSinEqs･2-18mustbe eliminated･P3has alreadybeen glVenin

Eqn.(A2-1)(SeeAppendix2),andP2CanbeobtainedfromthefirstequationofEqs･2-11

(for the S2layer)and the solution ofthe difftrentialEq･2-12(for the S2layer)･

Thereafter,bysubstitutingEqs.2-18intothefirstformulaofEqs･2-11(fortheSllayer),

weobtainthefollowlngtWOequationshavingcL,Cギ1and cヂasunknownvariables,

(1･2〟差〃･叶2孟1n〟))どL

+〈2･Gu･M差k2-1齢･Gssin4中4差GuGICP=0

〈1+2〟吉〃･河-2力赫+〟去¢2-1齢･Gssin4轟1

･(2+Gu･4;吉GuGl)串0

and

(Eq.2-19)

(Eq.2-20)

wherethecoefncientHisdescribedindetailintheAppendixl･TheauthorcansoIve

thesimultaneousEquations2-17,2-19and2-20for8L,C;1and c;2･

2.2･4 LongitudinalYbung,smodulusandthePoisson,sratioofthewood

fibermodel

ThesimultaneousEquations2-17,2-19and2-20,Whoseunknownvariablesare cL,E;1

and c;2,Canbeexpressedasfo1lows;

つJ

っJ

つJ

･■-

｢｣

】
-
.

〃

〃

〃

2

2

2

-

｢｣

'
'
l

α

α

d

l

l

1

1

2

つJ

〃

〃

〃

三･〟･ヴ
3

2+Gu
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cLandc;2aresoIvedasfo1lows;

どL=捨)･肌ヴ･筒告小‡〕2･古′
巧(窓〕･〟サ筒･告･(1+‡〕2･百′

(Eq.2-22)

(Eq.2-23)

where6/=2nL/(u2+h)2,All=a22a33-a23a32,A13=a21a32-a22a31andAisthedeterminantof

thecoe伍cientmatrixinthele氏handsideofEq.2-21.

Sincehissmallenough,C;2isnearlyequaltothestraininthediameterofthe

wood丘bermodel･Then,thelongitudinalYoung,smodulusELandthePoisson,sratio

vLJareWrittenasfo1lows;

gL=古′′潮･(忽)t肌偶･鈷‡)2](Eq･2-24)
vLT=-8;2/8L=-Al,A11 (Eq･2-25)

Baseduponabovetheory,theauthorwritesaN88-BASICprogram･Theprogram

usedbythesimulationisshowninAppendix3･

2.2.5 DetermlnJngtheparametervaluesintheequations

TbcalculatethevaluesofELandvLTbyuslngformulae2-24and2-25,theauthorhasto

glVePrOPerValuestotheparameters,Eu,Es,SI,Su,Ss,u,k,h,andOwhosemeanlngSare

de丘nedinNomenclature.

Accordingtothemethodemployedinthepreviousstudy(Yamamotoetal･2001),

theaxialYoung,smodulusofthecellulosecrystalEcry,theisotropicYoung,smodulusof

thematrixsubstanceEmatr,andtheweightratioofthece11ulosecrystaltothematrix

substanceineachcellwalllayerareimportantfactorsfordeterminlngthevaluesofEu,

Es,SI,嵐,andSs.ItisgenerallyconsideredthatEmat,Varieswiththemoisturecontent

change,however,Ecryisnotafftctedbythemoistureadsorption･Srinivasan(1941)and

Cousins(1976,1978)revealedthattheYoung'smodulusofthemoldedmatrixsubstance

takes a value of2GPa above the丘ber saturation point(FSP),then,itincreases

monotonouslydependingonthewaterdesorptlOn,anditreachesvaluesof4-6GPaat

theoven-driedstate･Then,inthis study,aSthe standardvalueforEmatr,Of2GPais

adoptedabovethe FSP;andof4GPaatthe oven-dried state･Moreover,theauthor
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supposesthatmoisturecontentdependencyofEmatrisfo1lowlngaSlgmOidalcurveWith

refbrencetoapreviousreport(Yamamotoetal･2001)

TheframeworkoftheCMFiscomposedoftherigidcrystalwhichisnotafftcted

bythemoisturesorpt10n･Then,WeSuPPOSethe134GPaasthestandardvalueofEcry

withrefbrencetoSakuradaetal.(1962)andNishinoetal.(1995).Ontheotherhand,

Ishikawaetal(1997,1998)triedtoestimatetheYoung'smodulusoftheamorphous

cellulosebyuslngramie丘ber,andtheydeterminedit4-8GPainair-driedcondition･

Then,inthisstudy,ltisassumedthattheamorphousreg10nintheCMFbehavesas

matrixsubstanceforconvenience.

Regardingthedistributionofthechemicalcomponentswithinthewoodcellwa11,it

shouldbeconsideredthatitishighlydependentonspeciesandageofthewood･In

calculatingtheelasticpropertiesofthewoodbyuslngEq･2-24and2-25,theweight

ratioofthecellulosecrystaltothematrixsubstanceisappliedwithinarangeofvalues

so as to simulate the observable phenomena quantitatively･Thus,the author can

determinethevaluesofE｡,Es,SI,Su,andSs.

The values oftheparameters u,kandh are estimatedbytheformulae onthe

relationshipsbetweenthedensltyOfthespecimenandthevolumeratiosoflayerstothe

wholece11wall(Yamamotoetal.2001).Thoseparametersalsodependonthemoisture

content,however,theirchangesduetothemoistureadsorptlOnareSOSmallastobe

neglectedcomparedtothatEmat,･
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2.3 Casestudiesanddiscussions

2･3･1MFAdependencyofthelongitudinalYoungIsmoduIus

ManyresearchershavereportedthatthelongitudinalYoung,smodulusofthesma11

coniftrouswoodspecimentendstodecreaseastheMFAintheS21ayerincreases(Cave

1968,Sobue and Asano1976).Their conclusions were con丘rmed also by the

experimentalusinganisolatedsoftwood丘ber(Pageetal･1977)･Furthermore,many

researchers have tried to explainits orlglnbyuslng the theoreticalmodels having

unidirectionallyreinforcedcellwalls(Cave1968,1978a,1978b,SobueandAsano1976,

Salmen1982,SalmenandDeRuva1985,Koponen1991,Norimotoetal･1967)･Then,

baseduponthewood丘bermodelintroducedinthisstudy,ltistriedtosimulatethe

MFAdependencyofthesubstantialYoung,smodulusofthewoodinthelongitudinal

directionET,Whichisde丘nedasfollows:

且㌣=且L･里-
β0

(Eq.2-26)

wherepWisthedensityofthecellwall,andpoisthedensityofthewoodinthe

oven-driedcondition･Whenuslngtheformulae2-24and2-25,theweightratioofthe

ce11ulosecrystaltothematrixsubstancesisassumedasshowninThble2-2･

SimulatedresultswereplottedwiththeobservedonesinFig･2-4･Theobserved

oneswereobtainedattheair-driedcondition(20-250C,50-65%RH),andthesimulated

resultswereglVenundertheassumptionthatthemoisturecontentofthewood丘ber

modelis12%･Figure2-4demonstratesthattheobservedresultscanbequantitatively

simulatedwhentheratioofthecellulosecrystaltothematrixsubstanceineachlayeris

chosen adequately,Which suggests that the elastic properties ofthe wood can be

formulatedonthebasisofthereinforced-matrixhypothesis･

FromFig.2-4,itbecomesapparentthattherelationshipbetweentheMFAandET

isdependentontreespecies･Regardingthedependencyoftherelationshipbetweenthe

MFAandET onspeciesorigin,thefo1lowingpossibilities(1),(2)and(3)canbe

refbrredto:

(1)Theratioofthecellulosecrystaltothematrixsubstanceisdifftrentamongspecies,

orbetweenthematurewoodandjuvenilewoodinthesametrunk･Thisisaproblem
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COnCern1ngthebiosynthesisofthesecondaryxylem.

(2)Crystallinityofthece11ulosemicro丘briltendstovarywithtime,Whichchangesthe

ratio ofthe cellulose crystalto the matrix substance.This presents a problem

regardingthetimedependentpropertiesofthematerialsafterlumbering･

(3)Dryingandheatingprocessesgiveanirreversiblechangetothecohesionstateof

eachcellwallcomponentaspointedoutbyFurutaetal.(1998).Insuchcases,the

ValueoftheYoung'smodulusofthematrixsubstance(Em｡t,)wouldchangefromthe

Orlglnalvalue.

Atpresent,theprobabilitiesoftheabove-mentionedpossibilities(1),(2)and(3)cannot

beexamined,Sincetheauthorhasnoinformationonthesamplingpositionsandagesof

thematerialsusedfortheexperimentinFig.2-4.Thus,aPrOPereXPerimentneedstobe

Plannedinordertomakeclearwhichpossibilityamong(1),(2)and(3)isthemost

reasonable.

2.3.2 Moisturecontentdependencyofthelongitudina]Young'smoduIus

Itis wellknownthatthelongitudinalYbung's modulus ofthe wood(EL)tends to

decreasewithanincreaseinthemoisturecontent.Thisdecreaseisoftenupto30-40%

Oftheoven-driedYoung'smodulus.AboveFSP;Ontheotherhand,itismoreorless

COnStant(Ko11mannandKrech1960).

ItisgenerallybelievedthatthereductioninYoung'smodulusofthewooddueto

theincrease ofthe moisture contentis caused mainlyby the hygroso銃ening ofthe

matrix substance whichis anisotropIC mixture oflignln,hemicellulose.Amorphous

reg10nintheCMFisalsoimportant･Becauseofitsnature,1tishighlysensitivetothe

moisturechanges.Then,inthissection,basedonEq.2-24,theauthortriestoverifythe

above-mentionedexplanation.

ELinEq･2-24iscontrolledbyvariousparameters,andsomeparametersaredependent

Onthemoisturecontent.Inthisstudy,theauthorexaminestheefftctofthemoisture

contentinthece11walluponthevalueofEL,andthenadopts2GPa,4GPaand134GPa

asthestandardvaluesforEm｡t,atFSP,theoven-driedstateandforEc,y,reSPeCtively･

Moreover,aSValueofEmat,attheoven-driedcondition,Variousvaluesbesides4GPaare

assumed,andthustherelationshipbetweenELandthemoisturecontentiscalculated･
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The weight ratio ofthe cellulose crystalto whole substancein eachlayer ofthe

SeCOndarywallissupposedtobe40%intheS2layerand20%intheSllayer･

The simulatedresultsare showninFig･2-5･Dotsrepresentexperimentaldataof

spruCeSPeCimenswhosedensityisO.52g/cm3(KollmannandKrech1960).Moreover,

theMFAintheS2layeroftheexperimentalspecimenhadbeenleftunknown･However,

COnSideringthespecimenusedinFig･2-5iscomposedofsufncientlymaturedtracheids,

10degrees as the MFA may be assumed when calculating Eq･2-24･Tb obtain a

reasonablesimulation,Ematrwasassumedtobefrom24-28GPaattheoven-driedstate,

whichis ratherlarger as comparedto the standardvalue of4GPa･Acceptlngboth

Cousins'(1976,1978)experiments and the reinforced-matrix hypothesis,One CannOt

help regarding this resultas anunreasonable cruX･As the orlglnOfsuch cruX,the

fo1lowingpossibilities(1),(2)and(3)arerefbrredto:

(1)Insidetheactualwoodce11wall,Emat,takesonvalueof2GPaattheFSP,however,it

takes severaltimes aslarge avalue as that ofisolated matrix substance at the

oven-driedcondition.

(2)Insidetheactualwoodce11wa11,Em｡trtakesonseveraltimesaslargeavalueasthat

Ofisolatedmatrixsubstancenotonlyattheoven-driedconditionbutalsowithina

largerangeofthemoisturecontent･However,ifthepropertiesofthecompound

middlelamella(CML)vary with the water sorption,then shear or slipping

deformationswillbecausedbetweena句oinlngfibersbythetensileload･Thus,EL

becomesconsiderablysmallwithincreaslngthemoisturecontent･

(3)Insidetheactualwoodce11wall,Ematrtakesonvaluesof2GPaatFSP,and4GPaat

OVen-driedcondition.Ontheotherhand,theCMFframeworkasabundlebecomes

morestiffasthemoisturecontentdecreases.

Inthis stage,ltis not surewhichpossibilityholds,however,aneXPerimentcanbe

PrOPOSedsoastoverifypossibility(1).Ifthiswouldbetherightone,thereductionof

theELduetothewatersorptlOnShouldbecomemoreremarkableinspecimenwithlarge

MFAthanintheonewithsmallMFA,WhichwaspointedouttheoreticallybySalmen

(1982).Therefore,itisplannedto examinethepossibility(1)throughanexperiment

uslngSamPlespreparedfromnormalwoodandcompressionwoodorJuVenilewood

havingalargeMFA･ThedetailsofthisexperimentwerediscussedinChapter3･
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Itisquitedifnculttoadmitpossibility(2)becauseofthefo1lowingreasons:First,

thewoodcanberegardedasacontinuousparallel丘berlaminaconsistlngOfnumerous

tracheids,thus,itisexpectedthatthecontributionoftheelasticmodulusintheCMLto

ELbecomesquitesmallaccordingtothesimpleru1eofmixture(Mallick1988)･Second,

ifshearorslipplngdeformationwouldoccurintheCMLbetweenadjoinlngnbersat

highmoisturecontent,theauthorexpectsthatmanytracheidswouldhavepulledout

fromoneanotheralongtheCMLwhenthespecimenwasbrokenintension･Onthe

basis ofthe scanning electronmicroscopic observation,Saiki(1973)revealed
that

separationofthetracheidfrequentlyseemstooccuralongtheCMLinthelate-WOOd

zone,Ontheotherhand,failureintheearly-WOOdzonetakestheformofbrittletension

withseparationoccurrlngaCrOSSthecellwalls･Moreover,SeVeralresearchers,including

Saiki(1973),havedemonstratedthatwhatappearedtobeafailureintheCMLwas

actuallyafailureintheouterreg10nOfthesecondarywalleveninthecaseofhigh

moisturecontent(e.g.Mark1967)･

Astothepossibility(3),itappearsalittlestrangesincetheCMFcrystalwouldnot

reactwiththewatermolecule.Then,tO discuss thispossibilitywhile stillacceptlng

4GPaasthestandardvalueofEma.rattheoven-driedstate,thefo1lowlnghypothesisis

assumedonthemechanicalpropertyofthewoodCMFframework:

Fromamechanicalpointofview,thereisanintermediatedomainbetweenrigid

crystalandcompletelydisorderedamorphousdomainsinthewoodCMFbundle,and

such a domain fluctuates between quasi-CryStaland quasi-amOrPhous statesin

accordance with the moisture adsorpt10n･The quasi-CryStaldomain,Whichis

mechanically close to the complete crystaldomain,tends toincrease with water

desorption･Therefore,theaxialYoung,smodulusoftheCMFasabundletendsto

increase as themoisture contentdecreases.Transformationfromquasi-amOrPhous
to

quasi-CryStalstatesmaybemoreorlessreversible･Thisisamainreasonwhythe

longitudinalYoung,smodulusofwoodbecomeslargerwithdrying･

Basedonthisidea,themoisturedependencyoftheELWaSSimulated･Resultsare

showninFig･2-6･Areasonablesimulationisobtainedassumlngthatthecontentofthe

unstabledomaininthesecondarywallreachesaboutone-thirdasmuchasthecontentof

thestablecrystaldomain･Thisresultisalsoefftctiveforsimulatingthebehaviorof
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specimenswithdensitiesotherthanO.52g/cm3(Fig.2-7).

Salmen(1982)pointed out apossibility that a hygroplaticization occursin the

disorderedreg10nSOftheCMFofthewoodpulp丘ber,andsuccessfu11yexplainedthe

drasticreductionoftheelasticmodulusofthewoodpulp丘berorthepaperwhenitis

immersedinwater.Atthesametime,heproposedthelaminatemodelofthein丘nite

Planece11wall,andheshowedthattheobservedreductionofELinthewood丘berdue

tomoistureadsorptioncanbepredictedbythesofteningofthehemicellulose(Salmen

1982,Salmen and De Ruvo1985,Salmen et al.1985).Then,he
deduced that no

noticeable hygroplasticizationdue to waterimpregnationtakes placeinthe CMF of

WOOdcellwall.Howeversofarasuslngthewoodfibermodelintroducedinthepresent

Study,it should be rather considered that waterimpregnation causes a certain

hygroplaticizationintheCMFframeworkofwoodcellwall.Itisnaturaltoconsider

that a drastic hygroplasticization occursin the unstable domain,Which should be

distlnguishedfromstableamorphousdomain-namely,Permanentlyamorphouscellulose,

hemicellulose,andtheirmixture.

Recently,Tbkohetal.(1998)observedthatthecellulosemicro丘brilsofAcetobacter

サIinumformedin medium containlng aCetylglucomannan areloosely arrangedin

COntraSttOthestiffribbon-1ike丘brilsformedinthecontro11edmedium.Further,they

noticed that with the glucomannan,droplet-1ike struCtureS Of hemicellulose are

developed around the base ofthe micro丘brils.It was therefore concluded that the

depositionofthematrixsubstance,e.g.hemicellulose,intotheCMFaggregateswould

not onlyinduce the stability ofthe bundle but also assistin theformation ofthe

heterogeneouscon丘gurationinthebundle.

RefbrrlngtOTbkoh,sreport,theauthorimagestheCMFstruCtureinthewoodcell

WallvisuallyasshowlnginFig.2-8.TheCMFframeworkinthesecondarywallformSa

StruCturebasedonthe"stripelame11ahypothesis"proposedbyKataokaetal.(1992).

Then,ifitwasformedasabundleofseveralunitsofthewoodCMF(CMFaggregation),

theimageattheelectronmicroscopelevelwouldbeillustratedasshowninFig.2-8a.

The matrix substances,mainly hemicellulose,Which depositslater than the CMF

deposition,arenOtOnly丘11ingupporespacebetweentheCMFaggregationsbutalso

PenetratlnglntheCMFaggregations.Asaresult,ltisconsideredthatthecrysta11inlty
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WaSblockedandstableamorphousreg10nWaSmadenearpartofthepenetratedmatrix

SubstanceasshowninFig･2-8b･Ontheotherhand,theunstabledomainwasformed

aroundtheamorphousreglOn,WhichtakesamixedstruCtureOfbothquasi-CryStalstate

and quasi-amOrPhous state,and the ratio ofboth states may be dependent on the

moisture･Theauthorimagesthatthestableamorphousreg10ndistributeslikeaJlgSaW

PuZZleatthesurfaceoftheCMFaggregations,andtheunstabledomainsspreadaround

theeachjigsawpuzzle-1ikeamorphousreglOn.
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2.4 Conclusion

In this chapter,thelongitudinalYoung,s modulus oftheisolated woodfiber was

formulatedonthebasisofthereinforced-matrixhypothesis･

Some case studies on the elastic properties ofthe wood were glVen uSlng the

newly-derivedmodel.Asaresult,SOmehypothesesonthemicroscopICPrOPertiesofthe

Ce11wallconstituentspeculiartothewoodwerepredicted･

ThehypothesesglVeninthischapterwereexaminedandveri丘edinthenextchapter

(Chapter3).
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2.5 Summary

Inthischapter,theauthortriestopredicttheorlglnOfthelongitudinalYoung,smodulus

OftheclearwoodspecimeninrelationtothecompositestruCtureOfthewoodcellwall.

Then,an analyticalprocedure was developed on the basis of theidea of"the

reinforced-matrixhypothesis"originallyintroducedbyBarberandMeylan(1964).

Amulti-1ayeredcircularcylinder,havlngtheCML,the SlandtheS2layer,WaS

usedasamodeloftheligno-Cellulosic(wood)fiber,andtheelasticpropertiesofan

isolatedwood丘berwereformulatedmathematically.Intheformulation,nOtOnlythe

StruCturalfactors,SuChasthemicro丘brilangleandthethicknessofeachlayer,butalso

theenvironmentalcondition,e.g.themoisturecontent,Weretakenintoconsideration.

Theeffbctsofthemoisturecontentandthemicrofibrilangleuponthelongitudinal

Young'smodulusofthewoodfiberweresimulatedbyuslngthenewlyderivedformulae.

ItisantlCIPatedtoglVeaStarttOeStimatethe丘nestruCtureandtheintemalpropertiesof

thecellwallconstituentsinrelationtothemacroscopicbehaviorsofthewoodthrough

Simulatingthemechanicalbehaviorsofthewood丘ber.
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FiguresandTablesinChapter2

CMF

Fig.2-1.Wood丘bermodel-threelayeredwood丘ber(Tracheid)･

CMF;Cellulosemicro丘brils.Sl;theouterlayerofthesecondarywall.S2;themiddle

layerofthesecondarywa11･CML;Compoundmiddlelamella･
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Longitudinal
directioll

Fig.2-2.L,T,Rlocalorthogonalcoordinate.

directionpara11el

totheCMFmolecular

chahl

Fig.2-3.Flat-boardoftheCMFbundle.
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1もble2-1.CorrespondenceofthesymboIstovariousparametersintlleequations･
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Table2-2･Weightproportion(%)ofCMFcrystaltothematrixsubstanceineachlayerof

typICalearly-WOOdtracheid.

34



0 10 20 30 40 50 60

MFA(deg.)

Fig･2-4･RelationshipsbetweensubstantialYoung'smodulusofthewood(ET)andthe

MFA.

0;Anisolatedholocellulose丘berof勒ruce軍.(Pageetal.1977).

●;AthinspecimenofPinusradiata(Cave1968).

A;AthinspecimenofSugi(C77PtOmeriaj甲Onica,SobueandAsano1976).

Allexperimentalresultswereobtainedunderair-driedcondition.

Conditionsforsimulation:

1)Theassumedweightratioofthecellulosecrystaltothematrix substanceineach

layerislistedinlもble2-2.

2)Ematrtends toincrease monotonouslyfrom2GPaatthe fiber saturationpointto

4GPaattheoven-driedstate.

3)Averagemoisturecontentofthecellwallis12%.
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Fig･2-5･Moisturecontentdependencyofthelongitudinalyoung,smodulusofthewood

(且L).

ExperimentalresultsareobtainedfromawoodspecimellOfspruCe(densityO.52g/cm3,

KollmannandKrech1960).

Conditionsfbrthesimulation:

1)Theweightratioofthecellulosecrystaltowholesubstanceineachlayerofthe

SeCOndarywallis40%(S2),and20%(Sl).

2)Em｡trtendstoincreasemonotonouslyfr01n2GPaatthe丘bersaturationpointtoa;

4GPa,b;12GPa,C;20GPa,d;28GPaattheoven-driedstate.

3)MFAintheS21ayerislOdegree.
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Moisturecontellt(%)

Fig･2-6･1MoisturecontentdependencyofthelongitudinalYoung,smodulusofthewood･

1)Inthiscase,itissupposedthattheCMFcontainsunstabledomainwhichchanges

丘omcompliantquasi-amOrPhousstatetorigidquasi-CryStalstateinaccordancewith

moisturesorpt10n･

2)Experimentalresults are obtainedfrom
a wood specimen of spruCe(density

O.48g/cm3,Ko11mannandKrech1960)･

Conditionsfbrthesimulation:

1)Theweightratioofthece11ulosecrystaltowholesubstanceineachlayerofthe

secondarywa11is40%(S2),and20%(Sl)･

2)Theweightratiooftheunstabledomaintowholesubstanceineachlayerofthe

secondarywa11is:a;10%(S2),5%(Sl)b;12%(S2),6%(Sl)c;14%(S2),7%

(Sl).

3)Emat,tendstoincreasemonotonouslyfrom2GPaatthe丘bersaturationpointto

4GPaattheoven-driedstate.

4)MFAintheS21ayerislOdegree･

37



(
d
d
ロ
)
J
呵

10 20

MoistureCOnte血(%)

30

Fig･2-7･MoisturecontentdependencyofthelongitudinalYoung,smodulusofthewood･

1)Inthiscase,itissupposedthattheCMFcontainsunstabledomainwhichchanges

fromcompliantquasi-amOrPhousstatetorigidquasi-CryStalstateinaccordancewith

moisturesorptlOn.

2)Experimentalresults are obtainedfrom awood specimen ofspruCe(density,a;

0.44g/cm3b;0.48g/cm3c;0.52g/cm3,givenbyKollmannandKrech1960)･

Conditionsforthesimulation:

1)Theweightratioofthecellulosecrystaltowholesubstanceineachlayerofthe

SeCOndarywa11is40%(S2),and20%(Sl)･

2)Theweightratiooftheunstabledomaintowholesubstanceineachlayerofthe

SeCOndarywa11is:12%(S2),6%(Sl)･

3)Emat,tendstoincreasemonotonouslyfrom2GPaatthe丘bersaturationpointto

4GPaattheoven-driedstate.

4)MFAintheS2layerislOdegree･
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仲)interfhceoftheCMFandthemabix

Fig･2-8･AnimageofthemicrostruCtureOfthewoodcellwall･

a;attheelectronmicroscopelevel･b;interfaceoftheCMFandthematrix･
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CHAPTER3 0RIGIN OFTHEMOITURE DEPENDENCYOFTHE

LONG]TUD]NALELASTICITYOFWOOD

3.1]ntroduction

Inthepreviouschapter(Chapter2),PerCeivillgthemulti-1ayeredcircularcylindermodel

COnSistingofthecompoundmiddlelamella(CML),theSllayerandtheS21ayer,the

authorformulatedthelongitudinalYoung'smodulusofanisolatedwoodnberthatwas

predictedinrelationtothemicro且brilangle(MFA)andthemoisturecontent･Tbexplain

quantitativelythe factthatthelongitudinalYoung's
modulusofwood(EL)tends

to

increaseas.themoisturecontentdecreases,theauthordevelopedtwohypothesesonthe

behaviorofthecellwa11constituents.

The 丘rst attributes the moisture dependency of EL tO the matrix substance

(NorimotoandYamada1967).Inasimulationusingthewood丘bermodel,thisimplies

thattheYoung'smodulusofthematrixsubstance(Ematr)underoven-driedconditionis

SeVeraltimeslargerthanthatatthe丘bersaturationpoint(FSP)･AccordingtoCousins'

(1976,1978)experiments,theYoung'smodulusoftheisolatedmatrixsubstanceisonly

twoorthreetimeslargerthanthatattheFSP.

Thesecondholdsthatthereisanintermediate(unstable)domainbetweentherigid

CryStalandthecompliantdisorderedamorphousdomainsinwoodCMFbundle･This

domainnuctuatesbetweenthecrystal-1ikeandtheamorphous-1ikestates,atWhichthe

elasticmodulusisofthesameorderasthelignin-hemicellulosematrixinaccordance

WithmoistureadsorptlOn.Thecrystal-1ikestate,Whichismechanicallysimilartothe

COmPletecrystaldomain,tendstoincreasewithwaterdesorptlOn･Therefore,theaxial

Young's modulus ofthe CMF as abundletendstoincrease as the moisture content

decreases.Thus,ELbecomeslargerwithdrying･Asmentionedinthepreviouschapter,

this hypothesisis based on the studies reported by Cousins(1976,1978)on the

relationship between the elastic modulus oftheisolated matrix substance andits

moisture content.However,Sincethe results ofCousins(1976,1978)were obtained

fromtheisolatedmatrixsubstance,theauthorcannotlgnOrethe丘rsthypothesis･

ThischapterdiscussesthemoisturedependencyofELuSlngeXperimentalresultsof

thetensiletestusingaslnallclearspecimenofsugi(C77PtOmeriajqponicaD･Don)and
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simulationsuslngthewood丘bermodel･Then,theauthordeterminedwhichofthetwo

hypothesesisvalid.
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3.2 MaterialandMethods

3.2.1 MateriaIs

A-25-year-Old,20-CmDBHsugi(C77PtOmeriajqponicaD･Don)growinginNagoya

universltyeXPerimentalfbrestwasusedasthematerials･

3.2.2 SampIepreparation

Fourblocks(A,B,C,D)ofnormalwoodwerecutfromthesapwoodandtheoutermost

regionoftheheartwood.Twoblocks(E,F)werecutfromthejuvenilewood･Each

block was about70×8×50mmin LxTxR directions,reSPeCtively･A氏er cuttlng the

blocks,theywereboiledinhotwaterfor5minutes,threetimes,tOSaturatethem･Then,

tangentialsectionsO･2mmthickwerepreparedfromtheearly-WOOdreglOnOfeach

block uslng a Sliding microtome and usedfor the tensile test･Smallblocksfor

measurlngtheoven-drieddensitywerecut丘omthesameannualringsasthespecimen

usedforthetensiletest.

3.2.3 Methods

(a)LongitudinaIYbung'smodulusMeasurement

Tbpreventslippageattheclampsduringtensiletest,PleCeSOfsandpaperwereattached

toeachedgesofspecimenuslngquick-dryingglue･Then,thespecimenwereputinan

air-COnditionedcabinet.ThemoisturecontentofthespecimenwascontrolleduslngH20,

NaClaq,SilicaGel,andP205POWder,atlOO%,76%,20～23%andO%RHat200C,

respectively･Thetestwasconductedinanair-COnditionedroomat200C･ARerthe

specimen reached each equilibrium moisture content,they were attached to the

hand-made testing machine with an air-COnditioned system(Fig･3,1)･Two spots

20～30mmapartalongthegrainweremarkedwithblackenamelpalnttOmeaSurethe

displacementcausedbythetensileload･Tomeasurethedistancebetweenthetwodots,

atravelingmicroscopewithanxy-microstage(0･0011nmaCCuraCy)wasused･Then,a

stress-StraincurveWaSObtainedandusedtocalculatethelongitudinalYoung,smodulus･

TensiletestswereperformedinthewetstateinadditiontothefourRHconditions･For

eachRHcondition,丘vespecimenwereusedfbrthetensiletest･
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(b)MicrofibriLangIedetermination

Afterthetensiletestwasperformed,themicro丘brilangle(MFA)intheS21ayerofeach

specimenwas measuredusinganX-raydi飽actometer(Shimadz,XD-DIwtype)

(Yamamotoetal･1993)･

(C)Wooddensitymeasurement

WooddensltyWaSdeterminedbythegravimetricalmethoduslngmerCurylmPregnation･

Thewooddensityofeachspecimenwasdeterminedaftersmallspecimenprepared

reachingconstantweightinanovenatlO50Cfor24hours･rIbmeasureoven-dried

volume,themercurydisplacementteclmiquewasemployed･

(d)SimuLationusingawoodfibermodel

Theformulationderivedinthepreviouschapter(Chapterl)wasusedinthischapter･

Theformula(Eq.2-24)whichpredictsthelongitudinalYoung'smodulusofthewood

丘beris characterized
by severalparameters,Which represent the struCture and

mechanical/physicalpropertiesofthelignifiedce11wall･ThosewerelistedinTable2-1

(inChapter2)･

Inthischapter,meaSuredMFAwasusedforthesimulation･Thicknessineachlayer

wasestimated丘omthemeasuredoven-drieddensltyandtheformuladerivedinthe

previousstudy(Ⅵmamotoetal･2001)･Incaseofusingthisformula,thevolumeratios

oflayerstothewholecellwa111ayershouldbeglVeninadvance･Inthissimulation,the

authorusedthedataollthetypicalearly-WOOdtracheidgivenbyKoponenetal･(1989)･

Ratioofthecellulosecrystaltothewholesubstanceineachlayerdeterminesthe

mechanicalrigiditylntheCMFframeworkasthebundleandthelignln-hemicellulose

asamatrix.Theratiowasassumedonacase-bycasebasisinthesimulation･Inthis

simulation,theauthorusedthevalueof134GPaastheYoung,smodulusofthecellulose

crystalinthedirectionparalleltothemolecularchain(Sakuradaetal･1962,1964)･On

the other hand,the authorassumed thatthe non-CrySta11ine polyoseincluding the

amorphouscelluloseislneChanicallyequlValenttothematrixsubstance･
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3.3 Resultsand Discussion

Tbble3-1showstheMFAandoven-drieddensltyOfthespecimen･BlocksAtoDwere

preparedfrom mature(normal)wood,and
both the MFA and density were

comparativelylow･Ontheotherhand,thevaluesforblocksEandFwerequltehigh,

sincetheywerepreparedfromJuVenilewood･Then,theauthordiscussesthemoisture

dependencyofELinrelationtotheMFA･Figs･3-2showtherelationshipsbetweenthe

moisturecontentsandEL･ThepolntSaretheexperimentalresults･Asobservedinthese

丘gures,ELtendedtodecreaseasthemoisturecontentincreasedbelowtheFSP,andit

becomesconstantabovetheFSP.Theseobservationsconcurwithvariousexperimental

reports(e.g.KollmannandKrech1960)･ThepercentagereductionofELfromthe

oven-dried state to the FSPtendedto be constant or slightly decrease as the MFA

increased･Figure3-3ashowsthatELdecreasedastheMFAincreasedforeachRH

condition.Moreover,Fig･3-3bshowstherelationshipbetweenthesubstantialYoung's

modulus(ET)andtheMFA.ETisdennedasEq･2-26inChapter2･3･Figures3-3and

3-4showtherelationshipbetweentheMFAandthepercentagereductionofELdueto

watersorptlOnmOreVisuallythanFigs･3-2･

Here,theauthorexaminesthehypothesisthatthereductioninELduetowater

sorptlOnis
dominatedmainlybythemoistureproperties ofthe matrix substance･

Accordingtothishypothesis,1nSidetheactualwoodcellwall,Ematrtakesavalueof

2GPa at the FSP,andis severaltimes greater than the valueforisolated matrix

substanceunderoven-driedcondition.Ifthisiscorrect,thereductionofELduetowater

sorptlOnShouldbemoreremarkableinspecimenwithalargeMFAthaninthosewitha

smallMFA･Thisisqultellatural,SinceELisdominatedmainlybythematrixsubstance

atalargeMFA,WhileisdominatedmainlybytheCMFatasmallMFA･Ascanbe

observedinFigs･3-3and3-4,however,thereductionofELtendstoincreaseslightlyln

specimenwithasmallMFAthaninthosewithalargeMFA,OrtObealmostconstant

regardlessoftheMFA･ThesolidlinesinFig･3-4indicatethesimulatedresultsuslngthe

wood丘bermodel,inwhichtheauthorassumesthatthevaluesofEmatrintheoven-dried

stateare4,7andlOGPa･Thosevalueswerebasedontheassumpt10nthatthel-10isture

dependencyofELisdueonlytothatofthematrixsubstance･Discrepancybetween

experimentalresultsandthepredictedoneswereratherremarkableespeciallylnthe
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specimenwithalargeMFA･Thisresultisthoughttoruleoutthe丘rsthypothesis･

Next,theauthorassumesthatthevalueofEmatrinsidetheactualcellwallisaslarge

asthat｡fisolatedmatrixsubstance.ReftrringtoCousins(1976,1978),theauthorused

2and4GPaasthestandardvaluefbrEmatrattheFSPandtheoven-driedcondition,

respectively･Theauthorhypothesizedthatthereisanintermediate(unstable)domain

betweentherigidcrystalandthecompliantdisorderedamorphousdomaininthewood

CMF bundle.Moreover,this domain fluctuates between quasi-CryStaland

quasi-amOrPhous statesinaccordance withmoisture adsorptlOn･The quasi-CryStal

domain,Whichismechanicallysimilartothecompletecrystaldomain,tendstoincrease

withwaterdesorptlOn;therefore,theaxialYoung,smodulusoftheCMFasabundle

tendstoincreaseasthemoisturecontentdecreases･Baseduponthishypothesis,the

authorsimulatedthemoisturedependencyofELmeaSuredin sugi･Theresults
are

showninFigs･3-5･TheconditionimposedineachsimulationwasshowninTbble3-2･

Forsma11MFAs,reaSOnablesimulationsareperfbrmedwhensuitablevaluesareglVen

forthecontentoftheintermediate(unstable)domainintheCMFbundle･Ontheother

hand,theunstabledomainintheCMFbundleappearstohavelesse脆ctontheELfor

largeMFAs･ThisconcurswiththefactthatELismarkedlya鮎ctedbythematrix

substanceforlargeMFAs,WhileitisaffbctedbytheCMFcrystal丘ameworkforsmall

MFAs.Therefore,thesecondhypothesisissupportedinthisstage･
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3,4 Conclusion

Inthepreviouschapter(Chapter2),theauthorproposedtwohypothesesthatexplainthe

orlglnOfthemoisturedependencyofthelongitudinalYoung,smodulusofwood･Inthis

chapter,theauthorexaminedtheirconsistenciesonthebasisoftheexperimentand

theoreticalcalculation.Asaresult,theauthorconcludesthatthenewhypothesis,Which

hypothesizes anintermediate(unstable)domainbetweenthe rigidcrystaland the

compliantdisorderedamorphousdomainsinwoodCMFbundle,lSmOreCOnSistentwith

theobservedphenomena･Thisintermediatedomainfluctuatesbetweenthecrystal-1ike

andtheamorphous-1ikestatesinaccordancewithmoistureadsorpt10n･Theauthorneeds

toverifythishypothesisthroughfurtherinvestigation･
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3.5 Summary

ThischapterexaminedtheorlglnOfthemoisturedependencyofthelongitudinal

Young･smodulusofwood(EL)inrelationtothemicronbrilangle(MFA)oftheS21ayer

ofthesecondarywall･Microtomedearly-WOOdspecimenofsugi(CTWtOmeriajqponica

D.Don)wereusedfortheexperiment･Thefo1lowingwasrevealed:

(1)ELtendstodecreaseasthemoisturecontentincreasesintheregionbelowthe丘ber

saturationpoint(FSP)･

(2)ThepercentagereductionofELfromtheoven-driedstatetotheFSPtendsto

increaseslightlylnSPeCimenwithasma11MFAthaninthosewithalargeMFA,Or

tobealmostconstantregardlessoftheMFA･

subsequently,therelationshipbetweenELandthemoisturecontentwassimulated

theoreticallyuslngthesimpli丘edwoodnbermodelproposedinthepreviouschapter

(Chapter2)･ThesimulationconsideredthetwohypothesesproposedinChapter2for

theorlglnOfthemoisturecontentdependencyofEL･The丘rstisatraditionaltheorythat

the reduction of ELis caused mainly by the moisture
dependency of the

lignin-hemicellulosematrix･Thesecondassumesthatanintermediatedomainexists

betweentherigidcrystalandthecompliantdisorderedamorphousreglOnSinwood

ce11ulosemicronbril(CMF)･Itisassumedthatsuchadomainfluctuatesbetweenthe

rigidquasi-CryStalandthecompliantquasi-amOrPhousstatesatwhichtheelastic

modulusisofthesameorderasthelignin-hemice11ulosematrixinaccordancewiththe

moisturesorption･

whenthe丘rsthypothesisisadoptedforthesimulation,thepercentagereductionof

EL丘omtheoven-driedstatetotheFSPshouldincreaseasMFAincreases;thiswas

contradictedbytheexperimentalresults(2)･Ontheotherhand,Whenthesecond

hypothesisisappliedtothesimulation,theexperimentallyobtainedresults(1)and(2)

aresimulatedreasonably･ThissuggeststhatthemoisturedependencyofELiscontrolled

bythesecondhypothesis･
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FiguresandTable$inChapter3

XY-COunterTravelingmicroscope

Fig.3-1.Thehandmadetensiletestingmachineset･
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Tbble3-1･TheaveragevaluesofMFAandoven-drieddensltyforblocksAtoF･

A B C D E F

MFA(deg.) 10.6 14.0 20.6 25.8 31.4 36.6

density(g/cln3) 0.21 0.22 0.26 0.29 0.31 0.22
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(GPa)

Wet

0 10 20 30 Wet

Moistul･eCOntent(%)

Figs.3-2.MoisturecontentdependenciesofthelongitudinalYoung'smodulusofthewood(EL)･

Note:

1)Eachplotrepresentsanaveragevalue･

2)Theerrorbarrepresentsthestandarddeviation･

3)Thespecimenwascut丘omblockA～F(SeeTbble3-1)･
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Figs.3-3.TherelationshipsbetweenthelongitudinalYoung'smodulusofthewood(EL),

thesubstantiallongitudinalYoung,smodulusofthewood(ET),andthe

MFA.

Legends:･;0%RH(conditionedbyP205POWder),○;20～23%RH(bySilicaGelgrain),

×;76%RH(byNaClaq.),A;100%RH(byH20)･

Note:AlltheexperimentalresultswereobtainedfromasmallsuglSPeCimenat200C･

51



(
㌔
)
J
恕
○
誌
8
已
U
リ
レ
乳
ロ
○
で
n
p
U
出 20

MFA(deg.)

30 40

Fig･3-4･TherelationshipbetweenthepercentagereductionofthelongitudinalYoung's

modulus(EL)andtheMFA-Simulationsbasedontwohypotheses･

Conditionsforthesimulation:

1)The weight ratio ofthe rigid crystalto whole substancein eachlayer ofthe

SeCOndarywallisassumedtobelO%(S2)and5%(Sl)･

2)Theoven-drieddensityisassumedtobeO.22g/cm3.

3)ThesolidlineshowsthecaseinwhichEmat,increasesmonotonouslyfrom2GPaat

the FSPto a;4GPa,b;7GPa,C;10GPa atthe oven-dried state,and thereis no

unstabledomainintheCMF.

4)ThebrokenlineshowsthecaseinwhichEmatrincreasesmonotonouslyfrom2GPaat

theFSPto4GPaattheoven-driedstate,andthereisanunstabledolnainintheCMF.

Theweightratiooftheunstabledomaintowholesubstanceineachlayerofthe

SeCOndarywa11is4.5%(S2)and2.25%(Sl).
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Figs･3-5･TheMoisturecontentdependenciesofthelongitudinalYoung,smodulusofthe

wood(EL)-Simulationusingawood丘bermodel･

Conditionsofthesimulation:

1)TheCMFcontainsanunstabledomainthatchangesbetweenthequasi-CryStaland
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thequasi-amOrPhousstatesinaccordancewithmoistureadsorpt10n･

2)Em｡t,increasesmonotonouslyfrom2GPaattheFSPto4GPaattheoven-driedstate

inaccordancewithmoisturedesorptlOn･

3)Theweightratiosoftherigidcrystalandtheunstabledomaintowholesubstancein

eachlayerofthesecondarywa11areassumedinrrbble3-2･

Experilnent:

1)Theexperimentalresultswereobtainedfromaspecimenofsugiwood･

2)Eachplotrepresents anaveragevalue,andthe errorbarstandsforthestandard

deviation.
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Table3-2.SimulationconditionsinFig･3-5"Weightratiosoftherigidcrystalandthe

unstabledomainstowholesubstanceineachlayerofthesecondarywall･

(a)The weight ratio ofthe rigid crystalto whole substancein eachlayer ofthe

SeCOndarywall.

(b)Theweightratiooftheunstabledomaintowholesubstanceineachlayer?fthe

SeCOndarywall.

Specimen A B C D E F

MFA(deg.) 10.6 14.0 20.6 25.8 31.4 36.6

density(g/cln3) 0.21 0.22 0.26 0.29 0.31 0.22

SPeCimen conditiona conditionb conditionc conditiond

A 14%(S2),7%(Sl)10%(S2),5%(Sl) 5%(S2),2･5%(Sl) 0%(S2),0%(Sl)

B 10%(S2),5%(Sl) 6%(S2),3%(Sl) 3%(S2),1･5%(Sl) 0%(S2),0%(Sl)

C 9%(S2),4.5%(Sl) 6%(S2),3%(Sl) 3%(S2),1･5%(Sl) 0%(S2),0%(Sl)

D 6%(S2),3%(Sl) 4%(S2),2%(Sl) 2%(S2),1%(Sl) 0%(S2),0%(Sl)

E 10%(S2),5%(Sl) 6%(S2),3%(Sl) 3%(S2),1･5%(Sl) 0%(S2),0%(Sl)

F 12%(S2),6%(Sl) 8%(S2),4%(Sl) 4%(S2),2%(Sl) 0%(S2),0%(Sl)
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CHAPTER4 THERELAT10NSHIPBETWEENTHELONG[TUD]NAL

TENS[LECREEPBEHAV10RANDTHE F]NESTRCTUREOF

THEWOODCELLWALL

4,1[ntroduction

Toclarifythemechanicalpropertiesofwood,itisverylmPOrtanttOinvestlgatethe

behaviorofwoodsubjectedtothelongitudinalsimpletensileload･Byunderstanding

thosebehaviors,theauthorcandiscussthemechanicalproperties ofwoodfromthe

viewpolntOfthe丘nestructureofthecellwall･Astheoneofthosestudies,theauthor

focusedhisattentionontherelationshipbetweenthelongitudinalYoung,smodulusand

themoisturecontentinthepreviousChapters2and3･Asaresult,theauthorobtained

thenewimageofthebehaviorofwoodCMFinrelationtothemoisturedependent

propertiesoftheYoung,smodulusofthewood･Then,tOunderstandthelongitudinal

mechanicalpropertiesofwooddeeply,theauthorneedstoinvestigatethelongitudinal

viscoelasticpropertiesofwood･The studies ontheviscoelasticpropertiesofwood

began on alarge scalein the1960s,Whichincludes the mechano-SOrPtlVe CreeP

(Armstrong1972,ArmStrOngandKingston1960,ArmstrongandCllristensen1961,

Yamadaetal.1961).Subsequently,therehavebeenmanyreportsontheviscoelastic

propertiesofwood(Grossman1976,rIbkemura1967,1968,1970a,1970b,1972aand

1972b,MukudaiandYata1986,1987and1988,Navietal･2002)･Mostofthosereports

invoIvedbendingorcompressiontestsuslngWOOdbeamssincetheresultsus111gWOOd

beamsarepracticallyimportantforbuildingorfurnitureenglneerlng･Ontheotherhand,

thereareftwreportsonthelongitudinaltensiletestsexceptaftwexample(e･g･Naviet

al.2002).ThisisbecausethestruCturalmemberforbuildingisusuallysubjectednotto

tensileforce but to bellding or compressiveload,furthermore,the viscoelastic

measurementsrequiredfbrthelongitudinaltensileteststakeaverylongtlmetOPerfbrm,

anditisdifnculttodetectasma11amountofdeformationcausedbythelongitudinal

tensileload.

TounderstandandexplaintheorlglnOftheviscoelasticpropertiesofthewood,itis

requiredtoclarifytheviscoelasticpropertiesofwood丘･OmtheviewpolntOfthenne

struCtureS and properties ofthe constituent materialsin the wood cellwall･Itis
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consideredthatthemechanicalpropertiesdetermined丘omthelongitudinaltensiletest

uslngahomogeneousclearspecimenwouldreflectthe血estructureofthecellwall

(Naviet al.2002,Ⅵmamoto and Kqjima2002,Kqjima and Yamamotoinpress)･

Therefore,itisnecessarytomeasurethelongitudinalviscoelasticpropertiesofwood

uslngathinspecilnenWhichisapproximatelyregardedasaslngle丘ber･Amongthe血e

struCtureOfthewoodcellwall,themicro丘brilangle(MFA)ofthemiddlelayerofthe

secondarywall(S2)1ikelyplaysaveryimportantroleincontrollingvariousmechanical

propertiesofwoodandthewoodcellwa11e･g･thelongitudinalYoung'smodulus(Cave

1968,SobueandAsano1976,Pageetal･1977,Norimotoetal･1981,Yamamotoand

Kqjima2002),and,theanisotropicswe11ingandshrinkage(BarberandMeylan1964,

Meylan1972,Cave1972b,%mamoto1999,%mamotoetal･2001)･Itiseasilyexpected

thattheMFAgivesacertaininnuenceontheviscoelasticpropertiesofwood,mOreOVer,

itisalsoexpectedthattheviscoelasticpropertiesofwoodareafftctedbythemoisture

content･However,nOPOSitiveverificationhasbeenobtainedyet･

Inthischapter,theauthorfocusedthelongitudinaltensilecreepbehaviorofwood,

especiallyinrelationtotheMFAandthemoisturecontent,uSingasugi(CりP10meria

j呼OnicaD･Don)early-WOOdthinspecimen･Moreover,theauthortriedtoclarifythe

rolesofthewoodcellwallconstituentmaterialsonthelongitudinaltensileviscoelastic

PrOPerties･
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4.2 Materialand methods

4.2.1 Material

A40-year-01d,20-CmDBHsugi(C77PtOmeriajqponicaD･Don)growinginNagoya

UniversltyeXPerimentalforestwasstudied･Blockswerecutfromthesapwoodofthe

verticalstem.SomeblockswerecutfromtheJuVenilewood･A魚ercuttlngtheblocks,

they were boiledin hotwaterforlOminutes to saturate them･Then,homogeneous

tangentialsections(70×8×0･2mmin LxTxR directions)were preparedfrom the

early-WOOd reg10nOfeachblockuslnga Slidingmicrotome,andwere usedforthe

tensiletest･Early-WOOdspecimenusedtomeasuretheoven-drieddensltyWaSCutfrom

thesameannualringsasthespecimenusedforthecreeptest･

4.2.2 Methods

(a)Determiningthecreepstrain

Ingeneral,thestraingaugemethodisusedtodetectthestrainofdeformationinduced

bythetensiletest･Then,theapplicabilityofthestraingaugemethodwasdiscussed･The

efftctofthethicknessoftheearly-WOOdspecimenpreparedfromthesapwoodreglOn

(70×8×0.2～0.8mminLxTxRdirections)ontheapparentlongitudinalYoung'smodulus

wasmeasureduslngthestraingaugemethodwithwetspecimen･Themeanvalueofthe

MFAofthespecimenwas15.50(thestandarddeviationl･22,SPeCimennumber4)･The

resultis showninFig･4-1･Inthis丘gure,theapparentYoung,smodulusislargerin

SPeCimen O･2～0･5mm thick thaninthose over O･6mm thick･This suggests that the

efftctsoftherigidityofthestraingaugeandthequick-dryinggluebecomemaniftstin

SPeCimenlessthanO･5mmthick･ThatlS,SPeCimenmustbeatleastO･6mmthickto

eliminatetheefftctoftherigidityofthestraingaugeandgluewhenthestraingauge

methodisusedtodetectthemechanicalstrain.Inthis study,homogeneous nat-SaWn

specimenofearly-WOOdwasusedforthecreeptest･SincethespecimenwareoRenless

thanO.5mmthick,itisimpropertoadoptthestraingaugemethodtodetectthecreep

strain.Therefbre,tOdetectthecreepstrain,theauthormeasuredthedistancebetween

two dots marked on the grain uslng a traVeling microscope with an xy-1nicrostage

directly.
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(b)Determining.thecreepload

Theshapeofthestress-Straincurvewasinvestlgatedtodeterminetheproportionallimit･

Theproportionallimitwas12～15MPa(average14･OMPa)regardlessofthethicknessof

thespecimen,aSShowninFig･4-2･Therefore,aloadof14･2MPa,COrreSPOndingtothe

proportionallimitofthenormalearly-WOOdspecimenwasusedforthecreepload･

(C)ThelongitudinaIcreeptest

Tb prevent slippage at the clamps during the creep test,PleCeS Ofsandpaper were

attachedtoeachedgeofthespecimenuslngquick-dryingglue･Then,thespecimenwas

putinasmallair-COnditionedcabinet･Inthisstudy,mOisturecontentsofspecimenwere

controlledatoven-dry(MC2%),air-dry(MC15%)andthenbersaturationpoint(FSP)

(MC25%)at20OC.ThemoisturecontentwerecontrolledusingH20,NaClaq･,P205

powder,atlOO%,76%,0%RHat200C,reSPeCtively･Thecreeptestwasperformedinan

airtightchamber,1nWhichtheairwascirculatedbyamicro-electricfan,andtheRH

wascontrolledwithabovethreematerialsat200C.Afterthespecimenwasconditioned

inthecabinetforaftwdays,itwasattachedtoahand-madetensiletestlngmaChinein

thechamber･Twospots20～30mmapartalongthegrainweremarkedwithblackpalnttO

measurethedisplacementcausedbシthetensileload･Tbmeasurethedistancebetween

thetwodots,atraVelingmicroscopewithanxy-microstage(0･001mmaccuracy)was

used･Aloadof14･2MPa,COrreSPOndingtotheproportionallimitofsuglearly-WOOd,

WaSaPPliedtothespecimenasadeadload･Theinitialdisplacementwasmeasuredsoon

afterapplyingtheloadandwasconsideredaninstantaneousdisplacement･Then,the

displacementwasdetectedeveryftwhoursforseveralhundredhours･ARerthecreep

testwas丘nished,atime-CreePCOmPliancecurveWaSObtained･Thecreeptests were

PerformedforabroadrangeofMFA･

(d)Microfibrilangledetermination

Anerthecreeptestwasperfbrmed,themicro丘brilangle(MFA)intheS21ayerofeach

specimen was measured using an X-ray di放actometer(Shimadz,XD-DIw type)

(Yamamotoetal.1993)･
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(e)Wooddensitymeasurement

WooddensltyWaSdeterminedbythegravimetricalmethoduslngmerCurylmPregnation･

ThewooddensltyOfeachspecimenwas determinedaftersmallspecimenprepared

reachingconstantweightinanovenatlO50Cfbr24hours･Tomeasureoven-dried

volume,themercurydisplacementtechniquewasemployed･

(f)SimulationusingthesimpLifiedviscoelasticmodel

AsimplifiedmodelexplainlngthelongitudinalcreeppropertiesisshowninFig･4-3･The

modelconsistsofanindependentspring(SPringl)andaⅥ)igtelement(spring2and

dashpot2)inseries.Theelasticmodulusofspringl,SPring2andtheviscositycoefncient

ofdashpot2are denoted byEl,E2,T12,reSPeCtively･Using this creep model,the

fo1lowlngequationsarederived:

8(t)=q(f･去(1-e#2)),l2=若
(Eqs･4-1)

ノ(t)=去+去(トビメ2),ス2=若
(Eqs-4-2)

wherec(t),J(t),q,tandA2denotethecreepstrain,CreePCOmPliance,loadedstress,time,

andtheretardationtime,reSPeCtively.

Then,theparametersEl,E2,and772aretranSfbrmedasfo1lows:

β1→gr(=L射
βo

g2→g㌢(=Lg2),
βo

772→′7㌢(=L772)

where pW,Po,Er,E㌢andげstandfor
the denslty Ofthe cellwall,that of

oven-driedwood,thesubstantialelasticmodulusofsprlnglandsprlng2,thesubstantial

viscosltyCOefncientofdashpot2,reSPeCtively･TheauthorcanrewriteEqs･4-2asthe

JW(t)=古･古(1-e〆㌢)A㌢=A2=若
(Eqs･4-3)

ItisquitenaturaltoconsiderJW(t)asthesubstantialcreepcomplianceofthecellwallin
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thelongitudinaldirection■Theauthortriedtodeterminethevaluesoftheunknown

parameters(EIW,E2W,q2W,l2W)tosimulatetheexperimentalresultsquantitatively･

Fina11y,theauthordiscussesthephysICalmeanlngSOfthoseestimatedvalues,andtheir

dependenciesontheMFA･
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4.3 Resultsanddiscussion

4.3.1TheIongitudinaltensilecreepproperties

Itiswellknownthatthemechanicalpropertiesofwoodarea脆ctedbythedenslty･

ViscoelasticpropertylSalsoaffbctedbythedenslty･Tbunderstandtheviscoelastic

behaviorofwood as a cellwa11property,itis necessaryto transformJ(t)into a

substantialvaluebyconsideringtheef托ctofthedensltyOfthespecimen･Tbtransform

thelongitudinalYbung,smodulusofwood,EL･intothesubstantial%ung,smodulusof

thewoodcellwall,ELW,theauthorcanusethefo1lowlngformula:

gr=gL･L

where,PWisthedensityofthece11wall,andpoisthatofoven-driedwood･Forlinear

viscoelastic materials,the substantialcreep compliance of the cellwa11in the

longitudinaldirection,JW(t),iscalculatedasfo1lows:

ノW(t)=ノ(t)･舎

Figures4-4showthetimedependenciesofthesubstantialcreepcomplianceofthe

ce11wa11JW(t)inrelationtotheMFA･ThreecurveSineach丘gureshowtheresults

conductedatthreemoistureconditions(･:OVen-dry,○:air-dry,▲‥FSP)･Asseen丘om

these丘gures,theinstantaneouscomplianceappearedimmediatelyaftertheloadwas

叩Plied･Subsequently,thetotalcreepcomplianceincreasedwithtimeandpeakedafter

severalhundredhours.Theseobservationsconcurwithvariousexperimentalreportson

thebendingcreeppropertiesunderasteady-mOistureconditionuslngthewoodbeams

(HearmonandPaton1964,Armstrong1972)･Sincetheinstantaneouscompliance(=the

instantaneousdeformation)highlydependsontheMFAandmoisturecontent,itis

di伍culttodiscusstheMFAandthemoisturecontentonthecreepbehaviorbyuslngthe

resultsdisplayedinFigs･4-4･Then,theauthorneedstocalculatethesubstantialcreep

function ofthe cellwa11,甲W(t),Whichis calculated
by subtracting theinitial

instantaneouscompliance丘omJW(t).Figures4-5showthesubstantialcreepfunctionof

thece11wall,PW(t).

At丘rst,therelationshipbetweenthemoisturecontentandthelongitudinaltensile

62



creepbehaviorwasdiscussed･Itisclearthattheamountofvariationsofthecreep

functionisaffbctedbythemoisturecontentfromFigs4-5･Inthelowmoisturecontent

region(oven-drystate),thevariationofthecreepfunctionwassmallerthaninother

moisture contentstates.Asthemoisturecontentbecomehigher,thevariationofthe

creepfunctionalsobecomeslarger･Thatistosaythatthelongitudinaltensilecreep

behavior clearly shows the dependency ofthe moisture content･Furthermore,the

dependencyofthemoisturecontentisremarkableinthelargeMFAreglOn,however,1n

thesmallestMFAregion(MFA:12.Odeg.),thedependencyofthemoisturecontentisnot

clear.Thisisbecausethatthelongitudinaltensilecreepbehaviorhighlyreflectedthe

properties ofthe wood ce11wa11constituents･Since thelongitudinaltensile creep

behaviorforasmallMFAwasaffbctedbytheCMF,Whichmaybelessafnnitivetothe

moisture,thevariations ofthe creepfunctionwereverysmallevenifthemoisture

contentchanged･Ontheotherhand,forthelargeMFA,Sincethematrixsubstancein

thece11wall,Whichmaybehighlyafnnitivetothemoisture,affbctedthelongitudinal

tensilecreepbehavior,thevariationsofthecreepfunctionweremoredistinctivewhen

themoisturecontentchanged･

Next,therelationshipbetweentheMFAandthelongitudinaltensilecreepbehavior

wasdiscussed･Figures4-6showtherelationshipbetweentheMFAandthesubstantial

creepfunctionofthecellwall･InFigs･4-6,itisclearthatthevariationofthecreep

functionwasverysmallinthesma11MFAreglOn,andasMFAincreased,thevariation

becamelarger･Thisshowsthatthelongitudinaltensilecreeppropertiesofwoodare

highly dependent on the MFA･Thisis because the viscoelastic behavior to the

lollgitudinaltensileloaddirectlyreflectsthepropertiesofthece11wallconstituentsand

theirarrangementinthecellwall･Intllereg10nOfsmallMFA,becausethelongitudinal

creepdefbrmationwasafftctedbytheCMF,Whichismuchmoreviscousthanthe

matrix substancein the ce11wa11constituents,the variation ofthe creepfunction

becomesverysmall･Bycontrast,atalargeMFA,thematrixsubstanceinthecellwall

afftctsthelongitudinaltensilecreepbehavior,Sincethemechanicalcontributiol-Ofthe

CMF decreases.Since thematrix substanceislessviscous thanthe CMF,thecreep

functionbecomesseveraltimeslargerthanatasma11MFA･
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4.3.2 Simulatedresultsus.ngthesimpIifiedviscoe]asticmodeI

TheobservedJW(t)wassimulatedusingthesimplinedviscoelasticmodelformulatedas

Eqs･4-3･Itisquitenaturaltoconsiderthatthevaluesoftheparametersinthesimulation

renectintrinsicinformationonthe丘nestruCtureandinternalpropertiesofthecellwa11

constituents･Figures4-7 show the dependency of the ntted values of the

Er,E2V,T7㌢andA㌢ontheMFA･As seeninFigs･4-7,the valueof Erdecreased

concavelyastheMFAincreased,Whichconcurswiththepreviousresultsreportedby

Cave(1968),SobueandAsano(1976),Pageetal･(1977)andNorimotoetal･(1981)･

TheMFAdependenciesofthesimulatedvaluesof E㌢and77Tweresteeperthanthat

ofEr,aSShowninFigs.4-7･Thevaluesof E㌢andげtendedtobesmallintheMFA

reg10nlargerthan20deg･,andbecomeverylargeinthereg10nOfsmallerMFA･The

valuesof E㌢andげbecomelargerasthemoisturecontentbecomessmallerinthe

reglOnOfMFAlargerthan20deg･,however,thevaluesattheoven-driedstatebecome

smaller than the other two moisture states.This.reason was not clearfrom this

simpli五edviscoelasticmodel.Thevalueof E㌢isanindicatorofthesmallnessofthe

creepdefbrmation.Thevalueof E㌢inthereglOnOfsmallMFAismuchlargerthan

thatatlargeMFAreglOn･Inthereg10nOfsmallMFA,thisiswhythelongitudinalcreep

deformationwasaffbctedbytheCMF,Whichismuchmoreviscousthanthematrix

substance.inthe cellwallconstituents.Conversely,inthereglOn Oflarge MFA,the

longitudinalcreepdeformationisaffbctedbythematrixsubstance,Whichismuchless

viscousthantheCMF.Thevaluesof T7㌢andA㌢areindicatorsofthesmallnessofthe

creeprate.Thevalueof17㌢isclearlydependentontheMFA･InthesmallMFAreglOn,

thevalueof77TismuchlargerthanthatinthelargeMFAreglOn,Sincethecreeprateis

af托ctedmainlybytheCMF.Conversely,thevalueof T7㌢decreasesasMFAincreases,

sincethelongitudinalcreeprateismarkedlyafftctedbythematrixsubstanceinthe

reglOnOflargeMFA.Thevalueof A㌢isnotdependentontheMFAclearly･Thiscanbe

explainedasfo1lows.Thevalueofガ′iscalculatedastheratioof17㌢andE㌻･The

MFAdependencyof17㌢wasmoreorlesssimi1arasthatof E㌢･Therefore,thevalue

ofl㌢becomesmoreorlessconstantregardlessoftheMFA･

The author estimated the unknown parameters of the simplined modelby

comparlngthe simulationwiththe experimentalresults･Theparameters arehighly
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dependentontheMFA･Thisisbecausethetensilecreepdefbrmationisafftctedbythe

arrangement ofthe ce11wallconstituents,namelythe
CMFframework andlnatrix

substance.Tbclarifytheefftctofthecellwallconstituentsonthelongitudinaltensile

creeppropertyofwood,theauthormustconstruCtamulti-1ayeredcellwallmodel

consideringthecompositeandnnestruCtureSOfthecellwa11lame11a･
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4.4 Conclusion

Inthischapter,theauthorexaminedthedependencyofthelongitudinaltensilecreep

behaviorofthinclearwoodspecimenofsug10ntheMFAandthemoisturecontent･As

aresult,thefbllowlngCOnClusionsweremade:

Thelongitudinaltensilecreepbehaviorishighlydependentonboththemoisture

contentandtheMFA･InthelargeMFAreg10n,thereislargedifftrenceinthevariation

ofthecreepfunctionamongthreemoisturecontentstates,theoven-dried,theair-dried,

andthe丘bersaturationpolnt･Ontheotherhand,inthesmallMFAreglOn,thereisvery

littlediffbrenceinthecreepfunctionamongthreemoisturecontentstates sincethe

creep deformationinthesmallMFAreglOnis afftctedbytheCMF,Whichis very

viscousandlessreactivetothemoisture.Conversely,1nthelargeMFAreg10n,thecreep

deformationisafftctedbythematrixsubstance,Whichismuchlessviscousthanthe

CMFandveryreactivetothemoisture･

Thesearethereasonthatthelongitudinaltensilecreepbehavioraswellastheother

mechanicalpropertieswasafEbctedbythebehaviorofthece11wallconstituentsdirectly･

To clarifythe e脆ctofthe cellwallconstituents onthelongitudinaltensile creep

propertylndetail,theauthorneedstoconstruCtamulti-layeredcellwallmodelthat

considersthecompositeand丘nestruCtureSOfthece11wa11lame11a･
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4,5 Summary

Tomeasurethemechanicalpropertiesofthewoodasthebehaviorofthecellwa11,itis

requiredtoperformthelongitudinaltensiletestuslngathinclearwoodspecimenwhich

is approximatelyregardedas aslnglewood丘ber･Inthis chapter,theauthortriedto

understandthetensilecreepbehaviorofwoodfromtheviewpolntOfthe丘nestructure

andpropertiesoftheconstituentmaterialsinthewoodcellwall･

Microtomedthinspecimenofearly-WOOdofsugi(ClつPtOmeriaj甲OnicaD.Don)

WaS uSedforthelongitudinaltensile creep test.The creep testwas conducted three

moisture content states(oven-dry,air-dry,丘ber saturationpoint(FSP))with abroad

rangeofthemicro丘bri1angle(MFA).

FollowlngreSultswereobtained.Thelongitudinaltensilecreepbehaviorwashighly

dependentonboththemoisturecontentandtheMFA.InthesmallMFAreglOn,the

CreePfunctionwasverysmall.InthelargeMFAreglOn,thecreepfunctionwas very

large.Inthelowmoisturecontentreg10n,thecreepfunctionwasverysma11,andinthe

high moisture content reg10n,itbecalne Verylarge.These were the reason that the

longitudinaltensile creep behavior was directly afftcted by the丘ne struCture and

internalproperties ofthe cellwallconstituents,namely,the CMF and the matrix

substance.
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FiguresinChapter4
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Fig.4-1.TherelationshipbetweenthethicknessoftlleSuglearly-WOOdspecimenandthe

apparentlongitudinalYoung'smodulusmeasureduslngthestraingauge

method.

Notes:

1)Eachplotrepresentsaveragevalues

2)Theerrorbarshowsthestandarddeviation.

3)Allthetestswereconductedunderwetcondition･
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Notes:
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Fig･4-3･Asimpli凸edviscoelasticmodelofwoodfbrsimulatingthelongitudinalcreep

behavior.

Note:

Springlandsprlng2haveelasticmodulusElandE2,reSPeCtively,anddashpot2has

ViscosltyCOe伍cientq2.
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GENERALD]SCUSSJONANDCONCLUS10N

Theaimofthisstudyistoclarifythemechanicalpropertiesofwoodinrelationtothe

五nestruCtureOfwoodce11wa11.

InChapter2,theauthortriedtoformulatethelongitudinalYoung'smodulusofthe

isolatedwood斤beronthebasisofthereinfbrced-matrixhypothesis.Somecasest･udies

OntheelasticbehaviorsofthewoodwereglVenuSlllgthenewly-derivedmodel.Then,

the author estimated the丘ne struCture andinternalproperties of the cellwall

COnStituentspeculiarto woodbyexaminlng the values oftheparameters which are

OPtlmized tllrOugh the reasonable simulation･As theinevitable consequence,SOme

hypotheses(possibilities)onthemicroscopicproperties ofthe cellwa11constituents

WerePredicted.

In Chapter3,the authormeasured thelongitudinalYoung,s modulus ofa clear

WOOdspecimenhavlngVariousMFAinrelationtothemoisturecontent･Theproprleties

Ofthehypotheses(possibilities)proposedinChapter2wereexaminedonthebasisof

boththeexperimentandthesimulation･Theexperimentrevealedthatthelongitudinal

Young'smodulustendedtodecreaseasthemoisturecolltentincreasedbelowtheFSP,

andit became collStant above the FSP･Moreover,the reduction ofthelongitudinal

Young'smodulusduetowatersorptlOntendstoincreasemoreremarkableinspecimen

WithasmallMFAthaninthosewithalargeMFA,OrtObealmostconstantregardlessof

theMFA･ThesimulationuslngaWOOd丘berlnOdelwellsupportedthehypothesisthat

thereis anintermediate domain between rigid crystaland completely disordered

amorphousdomainsinthewoodCMFbundle,andsuchadomainnuctuatesbetween

quasi-CryStalandquasi-amO11〕housstatesinaccordancewiththemoistureadsorpt10n･

Then,based on above hypothesIS,the authorproposed the newimage ofthe CMF

StruCtureinthewoodce11wallvisually.

InaboveChapters,theauthorthoughtwoodastheelasticbody,however,1tisvery

importanttoclarifytheviscoelasticpropertiesofwoodillOrdertouseforestproductsas

StruCturalmemberfbrbuildingsorfurniture.Therearefbwreportsonthelongitudinal

tensile viscoelastic tests,Whichrenects thepropertiesofthe cellwallmore directly.

Moreover,therelationshipbetweentheviscoelasticpropertiesandthe血estruCtureOf
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wood cellwa11has not been soIved.Tb understand and explain the orlgln Ofthe

viscoelasticpropertiesofwood,itisnecessarytocomprehenditfromtheviewpolntOf

the丘nestruCtureSandpropertiesoftheconstituentmaterialsinthewoodcellwall･In

Chapter4,theauthorstudiedthedependencyofthelongitudinaltensilecreepbehavior

ofthinclearwoodspecimenontheMFAandthemoisturecontent･Moreover,theauthor

analyzed the experimentalresults
by uslng a Simpli丘ed viscoelastic model,and

evaluatedthevaluesofparametersinthemodel･Thelongitudinaltensilecreepbehavior

ishighlydependentonboththemoisturecontentandtheMFA･Thatistosaythatthe

creepdeformationislargerastheMFAbecomeslarger,aSthemoisturecontentbecomes

larger･Thesewerethereasonthatthelongitudinaltensilecreepbehaviorwasdirectly

afftctedbythe丘nestruCtureandinternalpropertiesofthecellwallconstituents,namely,

theCMFandthematrixsubstance.

Inthispaper,theauthorfocusedthephysicalpropertiesofwoodinthelongitudinal

directioninrelationto the丘ne struCture Ofcellwall.Based
on the methods and the

resultsproposedinthisthesis,theauthorhopestoconstructamodelwhichcanexplain

manyproperties ofwood,andto clarifythe丘ne struCture Ofthe CMF,thematrix

substance,andtheirinterfacestruCture･
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SUMMARY(inJapanese)

木材細胞壁において,セルロースは高度に結晶化して剛直なミクロフィブリル

(CMF)をなす.各ラメラにおいてCMFは規則的に配向し,さらにラメラごと

にその配向が異なっていることから木材の力学物性にはCMFの内部構造と物性

が大きく反映していると考えられる.さらに,木材細胞壁において,CMFはヘ

ミセルロースとリグニンからなるマトリックス物質に包み込まれているから,

木材の力学物性の発現はマトリックス物質の構造および物性も少なからず関与

しているだろう.

例えば,木材の力学物性には温度および水分が大きく影響する.その作用機

序はセルロース,リグニンおよびヘミセルロースといった個々の細胞壁構成要

素の分子レベルでの温度･水分物性から還元的に解明されるべきである.

細胞壁構成要素の構造や物性については,単離した木材構成成分を用いた研

究のほか,藻類や執皮繊維のCMFから得られた知見をもとに興味深い考察がな

されている.しかしながら,そのほとんどが個別的現象論にとどまっており,

巨視的レベルで木材が示す種々の力学物性を矛盾なく説明するには至っていな

い.その最大の理由は,木材細胞壁の分子レベルでの複合構造の理解に不足が

あること,特にCMFとマトリックス物質との界面構造が実質的には未解明であ

るということが挙げられる.このような状況においては,分子レベルからのア

プローチによって観察･測定データが得られたとしても,それを細胞壁あるい

は木材の挙動にまで演緯するようなモデルは組み立てられない.

なお木材のレオロジー現象のいくつかはしばしば補強マトリックス仮説によ

ってモデル化される.これは,細胞壁ラメラをCMFの強化相とマトリックス物

質の母材相とで二相近時し,両者の力学的相互作用を定めるものである.そう

いった意味から考えると,細胞(壁)以上のオーダーの現象を記述する解析方

法であって,CMFヤマトリックスの内部構造や物性について言及するものでは

ない.

ところでト補強マトリックス仮説から導かれる木材細胞(壁)モデルには各

種パラメータが含まれており,個々の細胞壁構成要素の挙動や物性はこれらの

中に分散されて折り込まれている.シミュレーションを行い,結果を観測事実

と比較する時に,各種パラメータを合理的に決定しなければならないが,これ
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らの値は細胞壁構成要素のミクロな性質をなんらかの形で示しているはずであ

る.すなわち,パラメータの合理性を検討することによって,CMFヤマトリッ

クス物質のさまざまな挙動が,いわば逆解析的に浮かび上がってくるのではな

いかとも期待できる.

以上のことを背景として,本論文では,木材の各種物性と細胞壁微細構造と

の関連性について研究を行った.各種物性の中でも特に繊維方向の挙動を知る

ことは大変重要である.なぜなら繊維方向の物理特性は細胞壁構成要素の特徴

を直接反映しているためである.本研究においては,繊維方向の弾性的性質お

よび粘弾性的性質に焦点を絞って研究を進めてきた.

第1章では,木材の持つ各種物性(弾性的性質,粘弾性的性質)に関するこ

れまでの研究についてまとめた.

第2章では,単離した木部繊維の繊維方向ヤング率を記述するためのモデル

を構築し,木材の弾性的性質に関するいくつかのケーススタディーを行った.

従来,繊維方向ヤング率の含水率依存性は主に細胞壁構成要素の中のマトリッ

クス物質の水分物性によって支配されていると考えられてきたが,提案したモ

デルを用いてシミュレーションを行ったところ,マトリックス物質のヤング率

の値として不合理な値を設定しなければならないことが明らかとなった.これ

を回避するために,細胞壁構成要素であるCMFの構造についてある仮説を提案

した.それは,｢細胞壁中のCMFが安定な結晶相,安定な非晶相,不安定な相

の3相からなる｣という仮説である.不安定な相のセルロースは乾燥状態では

力学的に見て結晶と同じである(擬結晶状態)が,その内部の水素結合は侵入

してきた水分子によって容易に断ち切られ,水を含んだ状態では非晶状態とふ

るまうもの(擬非晶状態)とする.このイ反説に基づいてシミュレーションを行

った場合,繊維方向ヤング率の含水率依存性は定量的に説明可能となった.そ

の佃にも考えられうる仮説を提案したが,次章において否定された.

第3章では,第2章で提案した繊維方向ヤング率の含水率依存性を説明する

仮説の整合性を実験的･理論的両観点から検討した.本研究に用いた細胞モデ

ルは一本の木部繊維を模式化したものであるために,よりモデルに近い形状の

試験片を用いた実測が必要となる.そこで,スギ早材部位からスライディング

ミクロトームを用いて均一な薄試験片を採取し,これを繊維細胞モデルに近似

しうるものと考えて,繊維方向ヤング率の含水率依存性を実測した.測定され
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た繊維方向ヤング率は低含水率領域では非常に高く,水分吸着に伴ってその値

は減少していき,繊維飽和点以上の高含水率域で一定となる典型的な含水率依

存性を示した.また第2章で提案した仮説の一つである｢木材細胞壁中のマト

リックス物質のヤング率は単離して測定された値よりも仝乾状態で数倍大きく

なっている｣ということの是非をも検討するために,水分吸着による繊維方向

ヤング率の減少率をMFAとの関連で測定した･もし,このイ反説が正しいならば,

ヤング率の減少率はMFAが小さな試験片よりもMFAが大きい場合においてよ

り顕著になるはずである.しかしながら,ヤング率の減少率はMFAの大きさに

関係なくほぼ一定,もしくはM払が小さい場合の方が顕著であるという結果が

得られた.この結果は｢木材細胞壁中のマトリックス物質のヤング率は単離し

て測定された値よりも仝乾状態で数倍大きくなっている｣という仮説を否定す

るものであると考えた.また,本研究で測定した繊維方向ヤング率の含水率依

存性の実測結果を細胞モデルを用いたシミュレーションにより検討したところ,

細胞壁中のCMFに｢不安定な相｣を仮定することで定量的に実測結果を説明す

ることが可能であり,逆に,不安定な相の存在を仮定せずにシミュレーション

を行った場合は実測結果を説明することは不可能となることが明らかとなった･

以上の結果から,木材細胞壁を構成しているCMFには安定な結晶と安定な非晶

との中間状態としての｢不安定な相｣が存在しているという結論を得た･

ここまでの研究は木材を弾性体と捉え,繊維方向ヤング率に注目して細胞壁

微細構造と関連付けて考察を行ってきた･なお,木材を建築や家具部材として

用いる場合に粘弾性挙動を明らかにしておくことは大変重要なことである･し

かしながらこれまでの研究において,繊維方向引張における粘弾性挙動の報告

はほとんどない.つまり繊維方向引張における粘弾性挙動と細胞壁微細構造と

の関連性はほとんど未解明のままにおかれている･

そこで,第4章では,スギ早材部位から採取したミクロトーム試験片を用い

て繊維方向引張クリープ挙動を実測し,細胞壁微細構造との関連で考察を行っ

た.従来報告されている曲げ試験や横圧縮試験による結果と同様に,繊維方向

引張クリープ挙動は負荷と同時に瞬間コンプライアンス(瞬間変形)を生じ,

その後,時間経過に伴って変形が増加して,数百時間後には一定となった･ま

た繊維方向引張クリープ挙動のM払依存性および含水率依存性を検討した結果,

両者に対し高い依存性を示すことが明らかとなった･その原因として,繊椎方
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向引張における物理的挙動は細胞壁構成要素の性質とそれらの空間的配置のあ

り方を直接的に反映することが挙げられる.つまり,MFAが小さい木部繊維の

場合には,繊維方向の物性は主に水分の影響を受けないであろうCMFの挙動を

直接に反映し,クリープ変形量は小さくなる.一方,MFAが大きい場合にはCMF

の影響が小さくなり,水分の影響を受けやすいマトリックス物質の影響が顕著

となる.そのためにクリープ変形量はMFAが小さい場合に比べ数倍以上にも大

きくなると考えられる.また,粘弾性モデルを用いた解析ではモデルを構成す

る個々のパラメータがMFAと含水率の両者に強く依存することが分かった.し

かしながら,用いた粘弾性モデルではパラメータの値は決定できても,それら

と現実の細胞壁構成要素との対応関係は必ずしも明確ではない.今後,現実の

木部繊維の構造に近い力学モデルを用いることによって個々の細胞壁構成要素

の粘弾性挙動を明らかにしていく必要がある.第3章で導入･定式化した多層

木部繊維モデルがその契機となるものと期待する.

本研究では,木材の繊維方向の力学物性と細胞壁微細構造との関連性につい

て実験および理論的手法を用いて考察を行い,細胞壁構成要素の性質を明らか

にした.本論文で提案した研究手法と,それを用いることによって得られた結

果は,木材の持つより多くの性質を統一的に説明できるモデルの構築と,それ

を用いることでCMF,マトリックス物質の微細構造と物性および両者の界面構

造のあり方を解明する研究へと直接につながるものと期待される.
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APPENDIX

1:DetaiLsofthevariouscoefficientsintheequations

e,q and rinEq･2-13"are

ぎ=1+号Gu-;G他1n〟用す=
J■=

3(〟2-1)〈2+Gu-2Gu去(1nu))

〈2Gu差(1n両+Gu)),

e=1･号Gsh-3sin20+3sin40)-iG3sin40b-3sin20ア伍Id)2-i),
〈2+Gssin40+2Gssin20ト3sin20)A),

ヴ*=- 〈2･Gsin40+2Gsin20仁一3sin20)Alnk)

a=1+;Gu-;G他1nu)2-‡〉+GuG)(A〕(2･Gu)･iG3Gl〔A)1nu,
カニ号G叫轟p=〈2Gu孟(1n〟)-2-Gu)

BandHinEqs･2-16,2-19and2-20are

B=Gu@+Gssin40(差1nu〕･Gs(2+Guわin20仁一3sin20(A),
H=告GuGI-‡叫Gssin20仁一3sin20(1一孟1nk)-2-2Gssin20cos20〉
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2:LoinEq･2-14,LoinEq･2･16

E[iminatingthe LoterminEq･2-14

The丘rstfbrmulaoftheEqs･2-11isrewrittenastheproblemoftheCILlayer,and

appliedthesolutionofthediffbrentialEq･2-12･Therea氏er,WeSubstituteu2intor,and

considerhasthesecondorderedinnnitesimalquantlty,then,Obtain

2ダ言Tll･=u2=ろ-F亡L

(A2-1)

ByuslngtheEq･2-13,,WeeliminateP3,then,ObtaintheEq･2-14,･Bysubstitutlng

theEq･2-14,intoEq･2-14,WeCaneliminatethe LoterminEq･2-14･

EliminatingtheLoterminEq,2-16

The solution ofthe diffbrentialEq･2-12is substitutedinto the丘rstformula ofthe

Eqs･2-11astheproblemoftheS2layer,andsoIvedforP2aSSumlngr=r2･Thereafter,P2

0btainedhereissubstitutedintotheEq･2-13,=,thenLocanbesoIvedasfo1lows･

旦⊥丁㌧b･G∫′嬬

=ト‡折1ヰG∫′772(2-3和一2去叫-2-2G〝)]EL
･‡ヴ(丘2-1)(2+G∫′頼Ir=r2

(A2-2)

TheEq･2-16isrewritteneliminatlngthetermsofLo,andtheEq･2-17isobtained･
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3:Detailsoftheprogramusedbythesimu[ation

(1)TheN88-BASICprogramcalculatingtherelationshipbetweentheMFAand

theLongitudina]Ybung'smodulus

Program,stitle=YANGMFA2･bas"

10`save=YANGMFA2.bas".

20 CLS3

30 CONSOLEO,25,1,0:SCREEN2‥CLS:PRrNT"PLEASESTOPTHEROUTrNE,AND

RE-INPUTTHEDEFAUIJVALUESOFTHEPARAMETERS,ANDRESTARTFROMTHE

LINENUMBER60.一

40 PRINT:PRINT

50 LIST60-97

60`PARAMETERSOFTHECOMPONENTSATGREENCONDITION,*10^3kg打clnHFOR

ELASTIC.

70 T=1.015:K=1.165:SIG=50:HT2=.025:ECELL=1340:EMATR=20

80'PARAMETERSATOVEN-DRIEDCONDITION･

90 SIO=50

95`CRYSTALVOLUMERATIOSATGREENCONDITION･

97 A=40:ADASH=20

100'

110 CLS

120 rNPUT‖MOISTURECONTENTOFWOOD(%)‖;MC

130INPUT‖DOYOUMAKEDATAFILES(SEQUENTIALFILES)(Y/N)";QUITl$

140IFQUITl$=‖Y‖ORQUITl$==y"THENGOTO150ELSEGOTO170

150INPUT‖ GIVETHENAMEOFTHEFILES";NAM$

160 0PENNAM$+‖.YAN"FOROUTPUTAS#1

170 CLS

180 ECELL=ECELL*1000:EMÅTR=EMATR*1000

190 SIG=SIG*1000:SIO=SIO*1000

200INPUT‖VOLUMERATIOOFTHEREVERSIBLEDOMAIN(CRYSTしAMORP)rNS2(%)

";L

210INPUT一･VOLUMERATIOOFTHEREVERSIBLEDOMAIN(CRYSrIIAMORP)INSl(%)
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";LDASH

220INPUT‖YOUNGMOD.OFTHEMATRIXSUBSTANCEATDRIEDCONDITION(*10"3

kgf/cm2)";GUZAI

230 GUZAI=GUZAI*1000

240 DGUZAI=GUZAI-EMATR

250 MfA=-1

270 HIJU=1.5*(K*K*T*T*(1+.5*HT2)-1)/(1+･5*HT2)/K/K/T/T

280 PRINT"DENSITYOFTHEMATERIAL"

290 PRrNT"R=";HIJU

300 PRINTllMFA(deg),EL(kgf/cm2),EいⅤ(kgf/cln2),VIJ="

310 LINE(320,200)-(560,200):uNE(320,0)-(320,300):LNE(320,0)-(560,0)‥LINE

(320,300)-(560,300)‥LINE(560,0)-(560,300)

320 LINE(320,250)-(328,250)

330 LINE(320,100)-(328,100):LINE(320,0)-(328,0):uNE(320,150)-(328,150)

340 uNE(360,192)-(360,200):uNE(400,192)-(400,200):LINE(440,192)-(440,200)

350 LINE(480,192)-(480,200):LINE(520,192)-(520,200)

360 LINE(560,192)-(560,200):uNE(320,50)-(328,50)

370
`

380
`

390 SI=.5.*(SIO-SIG)*COS(3.14159*MC/30)+･5*(SIO+SIG)

SS=(1/150)*(100-A-.5*L-.5*L*COS(3･14159*MC/30))*(･5*DGUZAI*COS(3･14159*MC/30)+･5*(

EMATR+GUZAI))

ST=(1/150)*(100-ADASH-.5*LDASH-･5*LDASH*COS(3･14159*MC/30))*(･5*DGUZAI*COS(3･

14159*MC/30)+.5*(EMATR+GUZAI))

420 YAN2=(1/100)*(A+.5*L*COS(3･14159*MC/30)+･5*L)*ECELL

430 YANl=(1/100)*(ADASH+.5*LDASH*COS(3･14159*MC/30)+･5*LDASH)*ECELL

440 GS=YAN2/SS

450 GT=YANl/ST:SM=SS/ST

460 GI=SI*HT2/YANl
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465 ===========ROOPFORCHANGrNGTHEMFA==============

467 MFA=MFA+1

468 M=MfÅ*3.14159/180

470 S=SIN(M):M2=2*M:S2=SIN(M2):C=SQR(1-S*S)‥C2=1-2*S*S

EI=T*TLl+(2/3)*GT*(T*T-1)-(1/3)*GT*GT*(T*LOG(T)*T*LOG(T)/(T*T-1)-･25*(T*T-1))+GT*G

I*T*T*(2+GT)+(2/3)*GT*GT*GI*T*T*LOG(T)/(T*T-1)

490 KYU=(K*K/3/(K*K-1))*(2+GS*S*S*S*S+2*GS*S*S*(2-3*S*S)*LOG(K)/(K*K-1))

E=1+(2/3)*GS*(1-3*S*S+3*S*S*S*S)-(1/3)*GS*GS*S*S*S*S*(2-3*S*S)*(2-3*S*S)*((K*LOG(

K)/(K*良一1))<2-(1/4))

510 PI=(1/3)*(2*GT*T*T*LOG(T)/(T*T-1)-2-GT)

BII=GT*(2+GS*S*S*S*S)*T*T*LOG(T)/(T*rIll)+GS*(2+GT)*S*S*(2-3*S*S)*LOG(K)/(K*K-1)

530 BI=-1*(4/3)*GT*GT*GI*T*T*LOG(T)/(T*Tll)

540 CI=(1+GT)*(T*Tll)-GT*GT*(T*T*LOG(T)*LOG(T)/(T*TLl)-･25*(T*T-1))

550 EF=トGS*S*S*C2+GS*GS*S*S*S*S*S*S*(2-3*S*S)*((K*LOG(K)/(K*K-1))^2-1/4)

560 ZI=(1/3)*GS*(2-3*S*S)-(2/3)*GS*GS*S*S*S*S*(2-3*S*S)*((K*LOG(K)/(K*K-1))<2-1/4)

570 DI=-1*(1/3)*GT*(T*Tl)+(2/3)*GT*GT*(T*T*LOG(T)*LOG(T)/(T*T-1)-･25*(T*T-1))

580

ECHI=GT*GI-(1/4)*SM*(K*K-1)*(GS*S*S*(2-3*S*S)*(1-2*LOG(K)/(K*K-1))-2-2*GS*C*C*S*

S)

590 AI=-1*(3/4)*(K*K-1)*(2+GS*S*S*S*S*(1-2*LOG(K)/(K*K-1)))

600

All=EI*KYU-E*SM*PI+(2/3)*SM*BII*(E-(1/4)*(K*K-1)*KYU*(GS*S*S*(2-3*S*S)*(1-2*LOG

(K)/(K*K-1))-2-2*GS*C*C*S*S))/(2+GS*S*S*S*S)

610 A12=(1/3)*SM*KYU*BII*(K*K-1)

620 A13=-1*BI*KYU

630 A21=(T*T-1)+2*T*T*ECHI+･5*GT*(T*T-1-2*T*T*LOG(T))

640 A22=(2+GT)*(T*T-1)+SM*T*T*(K*K-1)*(2+GS*S*S*S*S)

650 A23=4*T*T*GT*GI
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660 A31=T*T-1+2*ECHI+(1/2)*GT*(T*TLl-2*LOG(T))

670 A32=SM*(K*K-1)*(2+GS*S*S*S*S)

680 A33=(2+GT)*(T*T-1)+4*GT*GI

690

DA=All*A22*A33+A12*A23*A31+A13*A21*A32-All*A23*A32-A12*A21*A33-A13*A22*A

31

700 Dll=A22*A33-A23*A32:D12=-A21*A33+A23*A31:D13=A21*A32-A22*A31

710 D21=-A12*A33+A13*A32:D22=All*A33-A13*A31:D23=-All*A32+A12*A31

720 D31=A12*A23-A13*A22:D32=-All*A23+A13*A21:D33=All*A22-A12*A21

730 EL=3*DA*ST/Dll/KYU/(2+GT)/T/T/1.05

740 ELW=EL*(1.05*K*K*T*T/(1.05*K*K*T*T-1))

750 VIJ=-D13/Dl1

760 EL=EL/1000:EIM=EuV/1000

770 MMFA=MFA/10

780IFMMFA-INT(MMFA)<.005THEN830ELSE850

790 'IFMMFA=20GOTO 690ELSE684

800 `IFMMFA=30GOTO 690ELSE686

810 `IFMMFA=40GOTO 690ELSE688

820 `IFMMFA=50GOTO 690ELSE720

830 PRINT

840 PRrNTMFA;EL;EいⅤ;VLr

850
`

860
`

870IFQUITl$="Y"ORQUITl$="y"THENGOTO880ELSEGOTO890

880 WRITE#1,MFA,EL,ELWVLr

890 `LPRrNT:LPRINT

900
`

910 X=320+MFA*4:YL=200-EL*1:YT=200-VIJ*100

920 CIRCLE(X,YL),2:CIRCLE(X,YT),1

930 IFMFA>59THENGOTO990

940 GOTO467
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950
`

960
`

970
`

980
`

990
`

1000IFQUITl$="Y"ORQUITl$="y"THENCLOSE#1ELSEGOTOlOlO

lOlO
`

1020
`

1030
`

1040
`

1050
`

1060 END
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(2)TheN88-BASICprogramcalculatingthereIationshipbetweenthemoisture

COntentandthelongitudinalYbung'smodulus

Program'stitle"YANG98-5･bas"

10 save"YANG98-5.bas".A

20 CLS3

30 CONSOLEO,25,1,0:SCREEN2:CLS:PRINT‖PLEASESTOPTHEROUTrNE,AND

RE-rNPUTTHEDEFAULrVALUESOFTHEPARAMETERS,ANDRESTARTFROMTHE

LINENUMBER60"

40 PRTNT:PRrNT

50 LIST60-70

60'PARAMETERSOFTHECOMPONENTSATGREENCONDITION,*10^3kgf/cln"FOR

ELASTIC.

70 T=l.015:K=1.211:SIG=50:HT2=.025:ECELL=1340:EMATR=20

80`PARAMETERSATOVEN-DRIEDCONDITION.

90 SIO=50

100
`

110 CLS

120INPUT"MFAINTHES2LAYER(DEG)";MFA

130INPUT"DOYOUMAKEDATAFILES(SEQUENTIALFILES)(Y丑寸)";QUITl$

140IFQUITl$="Y"ORQUITl$="y"THENGOTO150ELSEGOTO170

150INPUT=GIVETHENAMEOFTHEFILES";NAM$

160 0PENNAM$+り.YAN‖FOROUTPUTAS#1

170 CLS

180 ECELL=ECELL*1000:EMATR=EMATR*1000

190 SIG=SIG*1000:SIO=SIO*1000

193INPUT=VOLUMERATIOOFTHECONSTANTCRYSTALCELLULOSEINS2(%)";CR

195INPUT"VOLUMERATIOOFTHECONSTANTCRYSTALCELLULOSErNSl(%)

";CRDASH

200INPUT"VOLUMERATIOOFTHEREVERSIBLEDOMAIN(CRYSTIAMORP)rNS2(%)

";L

210INPUT"VOLUMERATIOOFTHEREVERSIBLEDOMAIN(CRYSl.LAMORP)rNSl(%)
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";LDASH

220INPUTltYOUNGMOD.OFTHEMATRIXSUBSTANCEATDRIEDCONDITION(*10^3

kgf/cm2)";GUZAI

225 GUZAI=GUZAI*1000

230 DGUZAI=GUZAI-EMATR

240
`

250 M=MFA*3.14159/180

260 HIJU=1.5*(K*K*T*T*(1+.5*HT2)-1)/(1+･5*HT2)/K/K/T/T

270 PRINT=DENSITYOFTHEMATERIAL"

280 PRⅡヾT"R=";HIJU

290 PRINT"MC(%),EL(kgf/cm2),EIJW(kgf/cm2),VLJ="

300 LINE(320,200)-(560,200):LINE(320,0)-(320,300):LINE(320,0)-(560,0):LINE

(320,300)イ560,300)‥LINE(560,0)イ560,300)

310 LNE(320,250)-(328,250)

320 LINE(320,100)-(328,100):LINE(320,0)-(328,0):LINE(320,150)-(328,150)

330 LINE(360,192)-(360,200)‥LINE(400,192)-(400,200):LINE(440,192)-(440,200)

340 LNE(480,192)-(480,200):LINE(520,192)-(520,200)

350 LNE(560,192)-(560,200):LINE(320,50)イ328,50)

360 FORI=OTO150

370 MC=.2*Ⅰ

380 SI=,5*(SIO-SIG)*COS(3.14159*MC/30)+･5*(SIO+SIG)

390

SS=(1/150)*(100-CR-.5*L-.5*L*COS(3･14159*MC/30))*(･5*DGUZAI*COS(3･14159*MC/30)+･5*

(EMATR+GUZAI))

400

ST=(1/150)*(100-CRDASH-.5*LDASH-.5*LDASH*COS(3･14159*MC/30))*(･5*DGUZAI*COS(3

.14159*MC/30)+.5*(EMATR+GUZAI))

410 YAN2=.01*(.5*L*COS(3.14159*MC/30)+.5*L+CR)*ECELL

420 YANl=.01*(.5*LDASH*COS(3.14159*MC/30)+･5*LDASH+CRDASH)*ECELL

430 GS=YAN2/SS

440 GT=YANl/ST:SM=SS/ST
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450 GI=SI*HT2/YAN1

460 S=SIN(M):M2=2*M:S2=SrN(M2):C=SQR(1-S*S):C2=l-2*S*S

470

EI=T*T-1+(2/3)*GT*(T*T-1)-(1/3)*GT*GT*(T*LOG(T)*T*LOG(T)/(T*T-1)-･25*(T*T-1))+GT*G

I*T*T*(2+GT)+(2/3)*GT*GT*GI*T*T*LOG(T)/(T*T-1)

480KYU=(K*KJ3/(K*K-1))*(2+GS*S*S*S*S+2*GS*S*S*(2-3*S*S)*LOG(K)/(K*K-1))

490

E=l+(2/3)*GS*(1-3*S*S+3*S*S*S*S)-(1/3)*GS*GS*S*S*S*S*(2-3*S*S)*(2-3*S*S)*((K*LOG(

K)/(K*K-1))<2-(1/4))

500 PI=(1/3)*(2*GT*T*T*LOG(T)/(T*T-1)-2-GT)

510

BII=GT*(2+GS*S*S*S*S)*T*T*LOG(T)/(T*TLl)+GS*(2+GT)*S*S*(2-3*S*S)*LOG(K)/(K*K-1)

520 BIニ1*(4/3)*GT*GT*GI*T*T*LOG(T)/(T*Tl)

530 CI=(1+GT)*(T*TLl)-GT*GT*(T*T*LOG(T)*LOG(T)/(T*Tll)-･25*(T*Tll))

540 EF=1-GS*S*S*C2+GS*GS*S*S*S*S*S*S*(2-3*S*S)*((K*LOG(K)/(K*K-1))<2-1/4)

550 ZI=(1/3)*GS*(2-3*S*S)-(2/3)*GS*GS*S*S*S*S*(2-3*S*S)*((K*LOG(K)/(K*K-1))<2-1/4)

560 DI=-1*(1/3)*GT*(T*Tl)+(2/3)*GT*GT*(T*T*LOG(T)*LOG(T)/(T*T-1)-･25*(T*Til))

570

ECHI=GT*GI-(l/4)*SM*(K*K-1)*(GS*S*S*(2-3*S*S)*(1-2*LOG(K)/(K*K-1))-2-2*GS*C*C*S*

S)

580 AI=-1*(3/4)*(K*K-1)*(2+GS*S*S*S*S*(1-2*LOG(K)/(K*K-1)))

590

A11=EI*KYU-E*SM*Pl+(2/3)*SM*BII*(E-(1/4)*(K*K-1)*KYU*(GS*S*S*(2-3*S*S)*(1-2*LOG

(K)/(K*K-1))-2-2*GS*C*C*S*S))/(2+GS*S*S*S*S)

600 A12=(1/3)*SM*KYU*BII*(K*K-1)

610 A13=-1*BI*KYU

620 A21=(T*T-1)+2*T*T*ECHI+.5*GT*(T*T-1-2*T*T*LOG(T))

630 A22=(2+GT)*(T*Tll)+SM*T*T*(K*K-1)*(2+GS*S*S*S*S)

640 A23=4*T*T*GT*GI

650 A31=T*T-1+2*ECHI+(1/2)*GT*(T*Tll-2*LOG(T))

660 A32=SM*(K*K-1)*(2+GS*S*S*S*S)
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670 A33=(2+GT)*(T*T-1)+4*GT*GI

680

DA=All*A22*A33+A12*A23*A31+A13*A21*A32-All*A23*A32-A12*A21*A33-A13*A22*A

31

690 Dll=A22*A33-A23*A32:D12=-A21*A33+A23*A31:D13=A2l*A32-A22*A31

700 D21=-A12*A33+A13*A32:D22=All*A33-A13*A31:D23=-All*A32+A12*A31

710 D31=A12*A23-A13*A22:D32=-All*A23+A13*A21:D33=A11*A22-A12*A21

720 EL=3*DA*ST/Dll/KYU/(2+GT)/T/T/l.05

730 EIN=EL*(1.05*K*K*T*T/(1･05*K*K*T*T-1))

740 VIJニD13/Dl1

750 EL=EL/1000:EuV=ELW/1000

760 MMC=MC/10

770IFMMC-INT(MMC)<.01THEN820ELSE840

780`IFMFA=20GOTO 690ELSE684

790`IFMFA=30GOTO 690ELSE686

800`IFMFA=40GOTO 690ELSE688

810`IFMFA=50GOTO 690ELSE720

820 PRmT

830 PRINTMC;EL;EuV;VLT;SS,ST,YAN2,YAN1

840
`

850
`

860IFQUITl$="Y"ORQUITl$="y"THENGOTO870ELSEGOTO880

870 WRITE#1,MC,EL,VIX

880`LPRINT:LPRrNT

890
`

900 X=320+MC*8:YL=200-EL*l:YT=200-VLr*100

910 CIRCLE(X,YL),2:CIRCLE(X,YT),1

920 NEXTI

930
`

940
`

950
`
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960
`

970
`

980
`

990IFQUITl$="Y"ORQUITl$="y"THENCLOSE#1ELSEGOTOlOOO

lOOO
`

1010
`

1020
`

1030
`

1040
`

1050 END
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