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IdentificationofPowerSpectrumPeaksofVibrating

Completely-FreeWoodPlatesandModuliof
ElasticityMeasurements*I

NobuoSoBUE*2andMasayoshiKITAZUMI*3

全辺自由条件で振動する木材平板のパワースペクトルピーク

の同定と弾性率測定*1

祖父江信夫*2,北住将義*3

板の振動を利用して,木材の異方性弾性定数を同時測定する方法について検討した｡

まず,板を打撃したときに発生する音のパワースペクトルのピークを振動の各モードに自動帰

属させる方法について検討した｡スペクトルのパターンは弾性定数によって変化するが,最も周

波数の低い振動モードは (0,2)モードまたは (1,1)モードであることがわかっ7TL,｡この結果

と高次振動の周波数の規則性を利用し,コンピュータによってスペクトルピークを自動帰属させU
たところ,木材の弾性定数を決定するため隼不可欠な4つの振動モー ドについては,帰属の適中
率が約85%であった｡

適中率を高めるため,振動の位相を考慮したスペクトル解析を行なったところ,二つのヤング

率とせん断弾性率を計算するために必要なピークを1000/.正しく帰属させることができたOしか

し,板振動によるポアソン比の測定は,困難なことがわかった｡

Asimultaneousdeterminationoforthotropicelasticconstantsofwoodusingaplate･vibration

techniquewasstudied.

First,theidentificationofpower･Spectrum peaksofavibratingcompletely-freeplatewas

examined.Thespectrumpatterndependedontheelasticconstants,butthesmallestvibrationmode

wasa(0,2)or(1,1)mode.Ther喝ularitiesoftheresonancefrequenciesofhigherordervibrationsヽ
wereusedtoidentifythefouressentialmodesneededforthecalculationoftheenglneerlngCOnStantS

■ l■

El,E2,GL2,andLJ12.Thisproceduregaveadegreeofcorrectjudgmentofabout850/0.

Byintroducingspectrumanalysiswhichtakestheseparationofsignalsofbendingandtwisting

vibrationsintoconsideration,thethreeimportantpeaksof(2,0),(0,2),and(1,1)modesneededto

calculateEl,E2,andG12,respectively,wereidentified.APoisson'sratio,however,couldnotbe

determinedbytheplate-vibrationtechnique.

Keywoyds:identification,power･spectrumpeaks,platevibration,orthotropicMOB,simultaneous
measurements.
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1.ⅠNTROI)UCTION

Measurementofelasticconstantsofwoodusinga

platesampleenablesasimultaneousdeterminationof

anisotropicconstantswithonetestspecimen.

However,theapplicationofaplate-bendingand

-twistingmethodbyavibrationtechniqueisnot

simplebecauseidentificationoftheresonancepeaks

ofapowerspectrumisacomplicatedproblem,and
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becauseadirectconfirmat血10fthenodaipatternof

av竜bra血gp翫eusingtheChladm浦guretechnique

nomaHyisneededfororthotrop五cmaterialssuchas

woodandwood･basedmateria旦S .

Inthiswork,autom離edidentificationofpower

spee旺umpeaksinacomp臨eRy-freevibratingwood

platewasstudied･Furthermore,aIHmprovedmethod

如 Simuitameously鹿terminingtheamisotropicelastic

e｡nsはntSWasdeveloped.

2.BAS王CCONC濫PTSANDPRELⅠMⅠNARY

AppROAC王ⅠTOIDENTIFICAT王ON

oF王)OWERSPECTRUMPEARS

TheRay廟ghmethodprovidesgoodestimationsof

the陀SOnanCefrequencies,fr(t,j)S,oforthotropic

woodplates.l･2)

1
I-r(iJ')=官有
S-DllRy ･D22解

･2D12# ･4D66
A一寸ノーNL

扉

(1)

where,Pisdensity,hisheight,aislength,andbis

width-Theconstants仇,鶴,鶴,andα4areglVenaS

showninTable1from theenergyequlValence
●

principle.2)Flexura且rigiditiesDll,D22,D12,anda

torsiona王rigidityD66arerelatedtofourengineering

constants;twoYoung'smoduli,oneshearmodulus,

andonePo豆sson'sratioasfol且ows:

El瑠 伽 ,E2-iD22P,

G12諸 振 レ12-D12/D22,

where,p-1-D122/(Dll･D22),

(2)

[Mokuzaz'Gakkaishi

Therefore,ifthefrequenciesofthefouressential

vibrationmodes,(0,2),(1,1),(2･0)Iand(2,2), are

determined,theengineeringconstantscanbeobtained

simultaneouslyfromEquationsIand2asdescribed

later.

However,theproblem ishow weautomaticany

identifythespectrum peakofeachvibrationmode

fromapowerspectrumWithoutmakingdirectobser-

vationsofnodalpatterns･

2.1Power･sPectrum Patterns Of a Vibrating

combletelyfree柁CtangularPlate

lfthepower･SpectrumpatternOfavibratingwood

plateisunique,theproblem wouldbecomesimple･
Thefollowingsimulationapproachwasmadeto

examinetheregularityofpowerspectrumpattemsof

woodplatesunderthefree-edgesboundaryconditions･

Themine叶fivepublisheddatasetsa)ofthe fu約

0rthotropicelasticconstantsofwood･inwhichthe

dataofforty-sevensoftwoodandforty-eighthard-

wood･wereincluded,wereusedtocalculatethereso-

nance･frequencyofeachvibrationmode･

Thesimulationresultprovedthattheregularityof

thespectrum patternwasrelativelygreat,butthe

patternwasnotuniqueasshowninTable2･ The

resultsonthetensmallestresonancefrequenciesof

calculatedspectraaresummarizedasfollows:

(1)Thesmalkstvibrationmodewasthepure

bendingmode(0,2)orthepuretwistingmode(1,1)I

(2)Inthecaseofthelongitudinal-radialplane

specimens,themostprobablesmallestmodewas(1,

1),andthesecondwas(0,2).

(3)Inthecaseofthelongitudinal-tangentialplane

specimens,themostprobablesmallestmodewas(0,

2),andthesecondwas(1,1).

Table1.Constants軌 .
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Table2.Simulationresultofthepower･spectrum
pattern.
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Notes: ThenumberintheTableistheprobability
whenthepeakof(i,i)modelocatesatthe
n･thorder;forexample,intheuppertable
theprobabilitywhenthepeakofthe(1,1)
modelocatesatthelowestorderis65%.

Legend:L-氏:longitudinal･radial. L- T:
longitudinaユ･tangential.

(4)Theregularityofthespectrumpatterninthe●
longitudinal-radialplanespecimenwasgreaterthan

thatinthelongitudinal-tangentialplanespecimen.

Thismeansthattheidentificationofthespectrum

peaksshouldbemadeforeachspecimen.

2.2Feasibil物′ofautomated identif2'cationofrlCSO-
nancePeaksusingacomputeranalysis.

Inthispart,theautomatedidentificationofthe

spectrumpeaksbasedontheregularityoftheres0-

mancefrequenciesofaseriesofh短herordervibration

modesinpurebendingandpuretwistingvibrations

wasexamined.Theflowchartoftheprocedureis

showninFigure1.

Theidentificationprocedurewasstartedbyuslng
●

Assumption-i Assumption-2

Fig.1.Automatedidentificationofresonancepeaks
ofapowerspectrum.

Note:F(1)andF(2)aretheresonancefrequenciesof
thesmallestandthesecondmodes,respec･
tively.

theinformationobtainedintheabovesimulation

study.

Assumingthatthesmallestmodeis(0,2)andthe

secondmodeis(1,1),theflexuralrigidityD22andthe

torsionalrigidityD66aregivenasfollows:

A
D22=耶 fr(0･2)2

k
D66=砺 ｢汀fr(1,1)2

(3)

where,kis47r2pha4.

U岳ingtheseprovisionalvaluesofD22andD66,the

fiveresonancefrequenciesof(0,3),(0,4),(1,2),(1,

3),and(1,4)modeswerecalculated.Then,themost

probableresonancepeaksofthesevibrationmodes

weredeterminedsothatthedifferenceofresonance

frequencybetweenthecorrespondingmodeandthe

modebeingsearchedforbecameaminimum.

Then,Changingtheorderoftheassumed(0,2)and

(1,1)modes,thatis,thesmallestmode(1,1)andthe

secondone(0,2),anotherseriesoftheabovevibra･

tionmodeswasobtained.Theseriesofvibration

modeswhose7℃,asdefinedinEquation5,islesswas
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SelectedaSthemostproperchoiceof(0･j)and(i,j)

modes.

TD-買R(0,j)2+是 R(1,)I)2 (5)

R(i,i)-(jr(l',j)a-fr(t,j))/fr(i,i)×100 (6)

wherefr(i,i)sandfr(t,i)aretheresonancefre･

quenciesOfthepeakbeingsearchedforandthe

calculatedone,respectively･

Therefore,oftheremainingthree(2,i)modes,the

smaHestandthelargestareassignedto(2,0)and(2,

2)modes,reSpeCtively･Then,DHandD12aregivenas

fol旦ows:

Dll-# fr(2,0)2

ikfr2(2,2トDllαl(2,2)

-D22a2(2,2ト4D66a.(2,2))

(7)

(8)

Thepublisheddatasetsofthefullelasticconstants

ofthirteenspeciesbyTonosakiandOkano4)then

wereusedtoverifytheapplicabilityoftIlisidentifica-

tionmethod.

TheresultsoftheR(i,j)ofeachspecimenproved

thatthemeanvalueandthemaximumvalueofR(i,

i)were2.50/.and9.5%,respectively.

Thepercentagesofthenumberofthefouressential

modeswhichwereidentifiedcorrectlywere92,92,92,

and77%ofor(1,1),(0,2),(2,0),and(2,2)modes,

respectively.

Aseriousmisidentificationbetween(1,1)and(0,2)

modesoccurredinonespecimen.Thedifferenceof

theirresonancefrequencieswastwワpercent･This

conditionwasprobablybeyondtIleabilityofthe

judgmentoftheproposedmethod.However,this

misidentificationhastobeavoidedbecausecorrect

identificationsoftheessentialmodesareneededto

calculateelasticconstants.Thecausewouldbedue

totheheterogeneityofthewoodpropertiesinaplate

suchasalocaldispersionoffiberorientation,ring

width,ordensity. Thisconditionwouldnotbeinevi-

tablesolongaswedealwithwoodbecausewood

substantiallyhastheseheterogeneousproperties.

3.IMPROVEDMET‡IOD

Thefol王owingpr･ocedure,whichtookthephaseof

de封ec血mofavibratingplateintoconsideration,

givesasubstantialresolutionofthemisidentification

ofspectrumpeaks.

(1,1)

(ユ''g

(1) と ゝてフ凸 ℃7

I:: #

Addition

Subtractio野
Twist ing

[Mokuzaibkkaishi

(0,2)

I-T ､I3 1-

△ ▽△て7
△てフ△て7

卵胞卿加

Bend ing

Fig.2.Additionandsubtractionproceduresforse･
paratingtwistingandbendingmodes･■

Figure2showstheconceptofthisprocedure･The

bendingvibrationprovidesthesamephaseofdeflec-

tionatbothedges,aandb,ofaplate.Ontheother

hand,thetwistingvibrationprovidesthephasediffer-

enceof7rbetweenbothedges. Accordingly,the

additionandthesubtractionofthedeflectionsatthe

adjacentedgesofanendatanytimeprovideforthe

doublingsofthedeflectionsofthebendingvibration

andofthetwistingvibration,respectively.

Bythisprocedure,thevibr･ationsignalscanbP

separatedintothefollowlngtwogroups:Oneisthat

oftwistingvibtations(1,1),(1,2),(1,3),and(1,4)

modeswhichareseparatedbythesubtractionproce･

du℃e,andtheotheristhatofbendingvibrations(0,2),

(0,3),(0,4),(2,0),(2,1),and(2,2)modesseparated

bytheadditionprocedure.

Accordingly,thisprocedureenablesdetectionof

misidentificationsofmodesbetweentwistingmodes

andbendingmodesinsuchcasesasoccurredinthe

previoussection;namely:confusionbetween(1,1)

and(0,2)modes,between(1,2)and(0,3)modes,

between(1,3)and(0,4)modes,andsoforth.

3.1且ゆeriments

Fiveplat.esamples〔(30cmx30cmx1cm;western

redceder(ThujaPlicataDonn),Agathisspリhemlock

(Tsugasp.),buna(FLquSC柁nataBl.),andkeyaki

(Zelkou)aserrataMak.)〕wereused.

Thedispositionofaspecimenandapairofmicro-

phonesiss110WninFigure3･Aspecimenissupported
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unit:mm

Fig.3. Supportandtappingconditions.
Legend:○:microphone,冒:sponge･rubber sup･

port,◎:tapposition.

onfourpiecesofspongerubber.Apreliminaryexper･

imentprovedthatthesupportconditiondidnotaffect

theresonancefrequenciesofspectrumpeakstobe

identified.

Theadditionandsubtractionoperationsoftap

tonesweremadebyadditionalanddifferentialamplト

fierscomposedoflinearoperationalamplifiers.5)

Aspecimenwastappedwithasmallhammerat

threepointstoenhancethespectrum peaksofthe

essentialvibrationmodes,asshowninFigure3,and

thetaptoneswereanalyzedbyusingaFastFourier

Transformationspectrumanalyzer(OnoSokkiCo.;

dual-channelsanalyzerCN-910).

3.2Resultsanddiscussions

Figure4(a)Showsapowerspectrumwhosesignal

wasdetectedbyamicrophonelocatedatacornerof

aplate.Thetenpeakstobesearchedforcanbe

distinguished.Figure4(也)showsthepowerspectrum

isolatedbythesubtractionprocedure.Theidentifica･

tionofthetwistingmodes,(I,j)S,wereautomatically

madebyassigningtheoutstandingpeaksintheorder

ofthemagnitudeoftheresonancefrequencies.Figure

4(C)showsthepowerspectrumisolatedbytheaddi-

tionprocedure.Threeoutstandingpeaksof(2,i)

modesandrelativelyweakpeaksof(0,∫)modeswere

resolved.However,seeingbothspectraofFigs.4(b)

and4(C)indetail,alittlecontaminationwasfound

betweenbothspectra,buttheidentificationofea血

(
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Fig.4.Typicalpowerspectr･a(westernr･edcedar);
(a)detectedbyamicrophone,(b)Separatedby
subtractionprocedure,and(C)separatedby
additionprocedure.

modecouldbemadeeasilybycomparingbothspec-

tra.Inthiscase,theidentificationofthe(0,2)and(L

1)modes,whicharelocatedclosely,Canbemade

easilybecausetheintensityofthe(1,1)peakis

greaterthanthatofthe(0,2)peakinthesubtr･action

spectrum,isveryweak五mtheadditionspectrum,and

theintensityofthe(0,2)peakismorethanthatofthe

(1,1)modeintheadditionspectrum,andisweaker

thanthatofthe(1,1)modeinthesubtractiomspec-

trum.

Figure5Showsanexamplewhereaclearisolation

wasmade.

Figure6showsthecasewhenmisidentifications

occurredintheAgaihissp.plate.Theidentif王cations

ofthe(2,2)and(0,4)modesweredifficultinthatthe

judgmentsweremadebyonlyacomparisonofboth

additionandlSubtractionspectrabecausebothmodes

belongedtothebendingvibrationmodes,theirspec-

trumpeakswerelocatedclosely,andbecausetheir

intensitieswerenearlyequal.Here,theideritifica-

tionsof(2,2)and(0,4)modeswereconfirmedby

Chladni-figureobseⅣations.

Ⅰnconclusion,therewasonecaseofmisidentifica･

tionbetweenthe(2,2)modeandthe(0,4)mode,

although thecombination ofthe phase･isoユation
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一 一 I J J(0.2) . . . I -q(2.0) (2.2)(2.1) (0.4)l l l

(0.3)

0.5

Frequency (kH z )

Typicalclearisolationofspectra(keyaki).
Upperissubtraction;lowerisaddition･

l l(1.l) 】 l l(1,2) l l l l

l l l l l l I(2.日 l l

(2,0)

(0.2) (0.3) (2,2)(0,4)

0.5 1

Froquency (kH之)

Fig.6.Isolatedspectra(Agathissp.).
Note:Misidentificationbetween(2,2)and(0,4)
modesoccurredinthecomputeridentifica-
tion.Upperissubtraction;loweris,addi-tion.

methodandthecomputeridentificationbasedonthe

vibrationtheorywasapplied.However,ofthefour

essentialmodes,thethreemodes,thatis(2,0),(0,2),

and(I,1),whichwererequiredtocalculateEl,E2,

andG12,respectively,wereidentifiedcorrectly.

Accordingly,ifacomparisonoftheadditionand

subtractionspectraisintroducedintothecomputer

program fortheidentificationofpowerspectrum

peaks,automatedsimultaneousmeasurementsofthe

elasticconstantsofwoodiTillbecomepossible.

FourengineerlngCOnStantSWereCalculatedfrom

Equations2to4and7to8,butsomeresultsofEl,E2,

andLJ12Werenegative.Thiscontradictsthephysical

meani咽SOfelasticconstants.Thiscontradictionwas

causedbyanegativevalueofiL(ニト D122/DllD22)i

namely:theoverestimatedvalueofD12duetothe

peakshiftofthe(2,2)modewhichwouldbecaused

bytheirregularityofaphysicalpropertyinaplate.

Here,wenotethatinEquation2theproductofレユ2

andレ21isnegligiblysmallcomparedwith1.Accord･

ingly,ifweglVeproperValuestoLJ12andレ21,theeffect

ofthepresumedvaluesofthePoisson'sratioonthe

calculationofElandE2wouldbewithinacceptable

error.Then,レ12andv21Weregivenas0.4and0.04,

respectively;namely.･FL-0.984(-1-0.4×0.04). A
simulationresultprovedthattheeffectofthis

assumptiononthecalculationofElandE2Wasless

than1.5% (0.43% onaverage)fortherangeofレ12
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thy(.}咽hO･:きtoO･5.6) Accordingly,thisprocedurecan

beus,edintheusualmeasurementsofElandE2.

F主脚re7showstherelationshipsbetweenEl,E2,

芝IndG12byplatespecimensandbyshorトbeamspeci･

n服nSpreparedfromeachplatesample.Themean

v拍lesOftheratiosofEl,E2,andGI芝betweenthose

byplatespecimensandthosebybeamspecimenswere

胴7 (standard deviation (S.d.):0.15),1.03 (S.d.:

0.13),and1.05(S.d.:0.17),respectively.

Alittledifferenceintheelasticconstantsbetweena

platespecimenandabeamspecimenwouldbecaused

byirr曙ularitiesofphysicalpropertiesinaplate,

becauseaplatespecimenwaspreparedbygluingtwo

orthreepiecesofnarrowlumber.

4.CONCLUSION

identificationofpowerspectrumpeaksofavibrat-

i欄 COmpletely守reewoodplatewasexaminedby

usmgaFastFourierTransformationanalyzeranda
●

micro･computer.

Theproposedspectrumpeakidentificationmethod

whichtakesthephasesofdeflectionsofbendingand

twistingvibr,ationsatneighboringcornersofaplate

intoconsiderationwasefficientfortheidentification

ofnearspectrumpeaks.

Thethreespectrum peakswhichareneededfor

calculatingtheorthotropicconstantsEl,E2andG12,

thatis,thespectrumpeaksof(2,0),(0,2)and(1,1)

modes,respectively,wereidentifiedcorrec机yby

introducingaspectrumanalysiswhichconsideredthe

phasesofdeflections,butwithoutmakingChladni-

figureobservations･ Then,thethreeengineering

constantsweredeterminedsimultaneously.

However,aPoisson'sratiocouldnotbedetermined

bytheplate･vibrationmethod.
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