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App且icatiomtO鮎Ⅹu柑且vibTa抽nofbeams*l

NobuoSoBUE*2

木材の打音のFFT分析による弾性定数の瞬間測定
一 梁の曲げ振動への適用 *1

祖父江 信夫*2

両端自由はりの打撃音から,木材のヤング率 Eとせん断弾性係数 Gを同時に,瞬間的に求める

方法を検討した｡FFTスペクトルアナライザによる打音の周波数分析から得られる固有振動数と

はりのせん断変形および回転慣性を考慮したチモシェンコはり理論により,EとGを分離して求

めた｡はりの支持方法,効率的なはりの打撃位置,また曲げ振動の高次の固有振動数を分析スペ

クトルから自動的に選別する計算プログラム,およびFM電波による打撃音の送信法についても

検討した｡簡便な打撃法と合わせ,FFTアナライザと16ビットパーソナルコンピュータの結合

によって,Eおよび Gを計測するための高速自動処理が可能となることが確かめられた.

AninstantaneousmeasurementfわrobtainingaYoung'smodulus(E)andashearmodulus(G)
simultaneouslyfromthetaptoneofnexuralvibrationsofwoodenbeamswasinvestigated.The

resonancefrequencieswereobtainedbyaninstantaneousfrequencyanalystsOfthetaptoneuslng

aFFT(FastFourierTransformation)spectrum analysis.TheTimoshenkotheoryofnexural

vibrationtakingtheoccurrenceofshearandrotatoryInertiaeffectsintoaccountwasappliedinthe

calculationofE andG.Theholdpositionofabeam,theeffectivetappositiontoexciteits

vibration, thecomputerprogram tOidentifyautomaticallytheresonancefrequenciesofhigher■●
vibrationmodesfromtheorlglnalspectrum,andthetransfermethodofataptonebyFMradio

waveswereinvestigated.

ItwasprovedthatarapidandautomatedproceduretomeasureEandGwaspossiblebythe

connectionoraFFTanalyzeranda16-bitmicrocomputer.
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1.INTRODtJCTION

Anelasticconstantisoneorthepracticaland

prlnClpalstrengthpredictorsinnondestructiveevalu-

ationorwoodenbeams.Developmentofarapidand

simpletestlngmethodwouldcontributetothequal-

ityevaluationofwoodsbyvibrationmethods･

Thispaperaimsthedevelopmentofasystemfわr

instantaneousmeasurementofYoung'smodulus(E)
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andshearrnodulus(G)orwoodenbeamsbyaflexu-

ralvibrationmethod･Thedesignedsystem hasthe

followingcharacteristics:(I)detectionofavibra-

tionbythetaptoneorabeam,(2日nstantaneous

FFT(Fast臣ourierTransformation)spectrumanaly-

sis,(3)applicationortheTimoshenkotheoryora

nexuralvibratingbeamtoasimultaneousmeasure-

mentofE and G,and(4)system controlbya

microcomputer.Byconnectingthese,anautomated
●

andinstantaneousmeasurementoftheelasticcon-

stantsorwoodenbeamswasattempted.

2.EXP五RIM瓦NT

2.1Materials

Theexperimentwasmadeonspecimensorbinoki

(Chamaecyparis obiusa S.etZ.),buna (Fagus

crenataBl.),keyaki(ZelkowaseryalaMak.),and

shirakashi(QuercusmyrsinaefoliaBl.).Specimensof

spruce(Piceasp･),westernredcedar(Thuyaplicata

Donn),Douglas-fir(Pseudotsugamenziesii(Mirb.)

Franco),andmeranti(Shoreasp.)alsowereused.

Thegraindirectionorb由mswasparalleltotheir

lengths.Thedimensionsandthedensitiesaregivenin

TablelfortheJapanesespecies.

Table1.Dimensionsanddensitiesofspecimens.

speci-en L(ecnmg;h Th(iccEn)ess TciSt)h(Z/ecnS 3t)y

Hinoki 40.1 1.03 2.50 0.368
Buna 40.2 1.03 2.50 0.635

Keyaki 40.2 1･03 2･50 0･65I
Shirakashi 37.2 1.03 2.50 0.672

2.2Measunngsystem

ThemeasuringapparatusisshowninFigure1.

Besidesamicrophone,thissystemwasmadeupof-a

microphoneamplifier,aFFT spectrum analyzer

(CF-910;OnoSokkiCo.),anda16-bitmicrocom-

puter(PC-9801;NEC).TheFFTanalyzerwascou-

pledtothemicrocomputerbyaGP-IBinterface

board.

Thespecimenswereheldverticallyandlightlyby

thenngersatthenodalpointsOfvibrations,while

theyweretappedwithasmallplastichammer.The

taptonewasdetectedatanendofthebeambythe

microphone.Theinherenterrorortheresonance

frequencymeasurementbytheFFTanalyzerwas6.25

Specimen

現地

FMwireless
microphone

Fig･1･Measurlngapparatus.

Hzinthiswork.

2.3Methods

2.3･1Heaymon'SmethodonthefreeJreevibration

ofbeams

Thefulldifferentialequationofanexuralvibra-

tiontakingtheoccurrenceorshearandrotatory

inertia effects into accountwas proposed by

Timoshenko.1)AccordingtoHearmon'ssolutionon

fTree-iTreevibrationbearns,2)

E-第 fr2･T･and

･-I･% Fl(-)･i F2(-)

Mm4L'2
F2(m)l2T)･筈 (1)

where E=Young'smodulus,

G-shearmodulus,

i- radiusofgirationofcross-section,

p=denslty,

fr-resonancefrequency,
7-lengthorabeam,

S-sheardeformationcoefrlCient,and

Fl(m),F2(m),andMmareconstantsdeter一

minedbyvibrationmodes.

ToobtainthevaluesofE andG,provisional

valuesofsE/GandTaregiventotheaboveequa-

tion;thenthecalculationsarerepeateduntilboth

valuesofE andsE/Gconvergeoneachconstant

usingeachimprovedvalueofsE/GandT.

ThefinalvaluesofE and G areobtainedby

applyingthemethodofleastsquarestoEquationi.

Thevalueofsforwoodenbeamshasbeendiscus_

sedbyHearmon2)andbyNakaoandotbers3)by･

experimentalcomparisonsbetweennexuralandtor-
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sionalvibrationtests.Hearmonobtained∫=1･06on
average･lntherecentworkofNakaoandothers,they

obtaineds=1.18fromvibrationtestsinwhichthe
supportconditionsofthebeamswerecarefullycon-

sidered.Thus,the∫-1･18ObtainedbyNakaowas
usedinthiswork.

2.3.2Computeyprogram

particularconsiderationwasglVentOidentifythe

resonancefrequenciesoftheflexuralvibrationsfrom

theorlglnaldatainwhichthedataoffalsepeaksby
++

noiseswereincluded,becausetheFどTanalyzercan

notdiscriminatethetruepeaksorflexuralvibrations･

Theresonancefrequenciesthereforeweresearched

successivelyfromthoseoflowervibrationmodesby

solvingtheTimoshenkoequationateachsteporthe

searchoftheirhighervibrationmodesasfollows:

First,theresonancefTrequencyofRIndamental

vibrationwassearchedforastheminimumvalueof

thefrequencydata･

Theresonancefrequencyofthe2ndvibration

modewassearchedfromtheresultofthecalculation

ofEquationlunderthecondition5<sE/G<60･

ThentheprovisionalvalueofsE/Gforthe3rd

vibrationmodewascalculated,andtheestimated

resonancefrequencyofthe3rdvibrationmode(fr3')

wasobtained(Figure2)･

Thesearchfortheresonancefrequencyofthe3rd

vibrationmodewasmadeasfollows･.

First,thefrequencieswhichsatisfiedthecondition

0.9fr3'<fr<日fr;weresearched･Usually,aplural
numberoffrequencieswerefoundinthehigher

vibrationmode.Theresonancefrequencywasdeter-

minedbywhathadthemaximumintensltyWithinthe
●

searchedpeaks･Thentheestimatedvalueorthe4th
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Fi苦一2･Schematicdiagramorthesearchprocessor
resonancefrequenciesofhigher-ordervibra-
tionmodes.

Notes･.fr'nistheestimatedresonancefrequencyof
then_thvibrationmode.Blackdotsarethe

trueresonancefrequenciesofnexuralvibra-
tions.Whitedotsarethefalsepeaksby■
nOISeS.

vibrationmodewasobtainedinthesamewayasin

the3rdvibrationmode.

Thesameprocedurewererepeatedfわrthehigher

vibrationmodesuntilthe5thvibrationmode.

3.RESULTSANDDISCIJSSIONS

3.1Ejfectoftheholdpositionofabeam ontile

resonancefrequencies

Thesupportpositionofabeamaffectsthereso-

nancefrequencyalittleinlowvibrationmodes･2m)

Table2comparestheresonancefrequencieswhen

abeamisheldatthenodalpointsOrfivevibration

modes.Thevaluesinparenthesescanbeconsidered

asthestandardresonancefrequenciesofthevibration

modesbecausetheirnodalpolntSCOincidewiththeir

holdpositionsonabeam.Thedifferenceoffre･

Table2.Effectoftheholdpositionofakeyakibeamontheresonancefrequency･

Holdpositionis Measuredresonancefrequency(Hz)
nodalpolntOrN-th
vibrationmode lst 2nd 3rd 4th 5th

1--
M
M
仙
弛

(293.75) 793.75
293.75 (793.75)
293.75 800.00
293.75 793.75
293.75 793.75

1525.00 2456.25
1531.25 2462.50

(1531.25) 2456.25
1525.00 (2462.50)
1525.00 2456.25

3562.50
3562.50
3562.50
3562.50

(3562.50)

Af/fr(%) 0 0 0.41 0.25 0

Note:Af/frmeanstherelativeerr?roftheresonancefrequencyofeachvibrationmodewhena
beamisheldatthenodalpointOffundamentalvibrationagainstthestandardvalueofthe
resonancefrequencymarkedwithparentheses.
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quenciesbetweenthestandardvaluesandthemea-

suredvalueswaswithin6.25Hz.Thisistheinherent

errorofthe frequencymeasurementoftheFFT

analyzerused･Accordingly,therewasnoslgnificant
●

effectoftheholdpositionofabeamonthemeasured

resonancefrequency･

3･2EHeclof thelappositiononpowerspectra

Figure3showstherelationshipbetweenthespec･
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Fig･3･Relationshipbetweenspectrum intensityof
each vibrationmodeandtappositionfわr
keyaki.

Notes:△,nodalpoint;O,loop.

trum intensltyOfeachvibrationmodeandthetap

positionsinkeyakiwhenthebeamwasheldatthe

nodalpolntOffundamentalvibration.Itshowsthat

thespectrum intensitiesarestrongwhenabeamis

tappedonalooporitsvibrationmode,andthatthe

spectrumintensitiesdiminishordisappearwhenitis

tappedatanodalpolnt･

Consideringthesefacts,thefollowingtwomanners

oftappingWereinvestigatedtoobtainaclearpower

spectrumofnexuralvibration･Onewasatapatan

endofabeambecauseallvibrationmodesoffree-free

beamhavetheirloopsattheendofabeam･However,

thespectraintensitiesof2ndand3rdvibrationmodes

wereweak,andinthecaseofmistaps,theintensityOf
I

the2ndvibrationmodewasconfusedwithnoises.

Thismisreadingofthedatacouldbeavoidedbya

checkorthespectruminthemonitorTVorbyan

averagingprocedureormultipletapsfb∫thespec-
trum.

Themorereliablemannerwasthefollowing"two-

timestapplng".AsshowninFigure3,thecenterora

beamcoincideswiththeloopsoftheodd-numbered

vibrationmodes,andthepositionbetweenposition

numbers3and4nearlycoincideswiththeloopsor

theeven-numberedvibrationmodes.Fi糾re4(a)

showstheresultoratapatthecenterorabeam;

odd-numberedmodesaredominant.Figure4(b)

A

)

!

s

u
a
)

u
叫

uJn
L
n

Uad
s

1 5 (□)^ 止 _.山 ^ 一

勾 (b)^ L ^ _ 6

Ll (C )

ユ 5

1 2 3 4 5

F｢equency (kHz)

Fig･4･Spectrapatternsofthetwo-timestapping
procedureprocessfわrkeyaki.
(a)Tappositionisthecenterofthebeam.
(b)Tappositioniscenteredbetweentap
positions3and4inFigure3.
(C)Sumofspectra(a)and(b).

Showsthespectrumwhenabeamwastappedatthe

positionbetweenthepositionnumbers3and4;

strongpeaksofeven-numberedmodesareseen.

Figure4(C)showsthesumofthetwospectra.This

operationgaveaclearspectrumofnexuralvibration.

Here,abeam washeldatitscenterwhenitwas

tappedfToreven-numberedvibrationmodesbecause
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●
thecentercoincideswiththenodalpolntSOrall

even-numberedvibrationmodes.A"two-timestap-

ping"thereforewasmadeinthefollowingtests.
●

3.3CalculationofE anda

Figures5and6showtheresultsofthecalculations
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Fig.5.RelationshipbetweenYoung'smodulusor
theshearmodulusandtheresultingnumber
ortheaveraglnglntheleastsquaresproce-
dure(na)inthecaseofanatwisetap.

Legend:△,hinoki;O,缶una;X,keyaki;㊨,
Shirakashi.
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Fig･6･RelationshipbetweenYoung'Smodulusor
theshearmodulusandtheresultingnumber
oftheaveraginglntheleastsquaresproce-

●

dure(na)inthecaseofanedgewisetap.
Note:ForlegendrefertoFigure5･

ofEandGinthecasesofanatwisetap(abeamwas

tappedonabroad払ce)andoranedgewisetap(a

beamwastappedonanarrowface),respectively.

Theirabscissaearetheresultingnumbersorthe

averagingintheleastsquaresprocedure(na)in
Hearmon'smethod.

TheYoung'smoduluswasnotaffectedbynal0n

theotherhand,theshearmoduluswasaffectedvery

muchinsomecasesbyna.However,thevaluehada

tendencytoconvergetOaCOnStant(Gf) withan

increaseofna.

TheconstantGfWasCOmparedwiththeshear

modulus(G.) whichwasobtaineddirectlybythe

free-fTreetorsionalvibrationtest.TheGtWasCalcu-

latedfromtheanisotropICtheoryoftorsionalvibra-

tionasNakaoandothers3)made.InsplteOrthe

changeoftheshearmoduluswithna,thevalueofGf

agreedverymuchwithGtasshowninFigure7･The

0■■
1(edg

)
叫}9

.-9

1.0

GL(GPa)

Fig.7.Comparisonsoftheshearmodulusobtained
from nexuralvibration (Gf) and that
obtainedfromtheisotropictheoryoftorsion
(Gti)withthatobtainedfromtheanisotropic
theoryoftorsion3)(Gt).

Note:Theabovevaluesweremeasureduslngthe
samespecimensandfわuradditionalspeci-
mensofspruce,westernredcedar, Douglas一
触 andmerantlpreparedfb∫thispurpose.

Legend:@,Gf;0,Gti.

ratioGf/Gtwas1.013.Thisagreementisnotan

unexpectedcoincidencebecausethevalues-1.18

ObtainedbyNakaoandothersistheexperimental

valuewhichwascalculatedbythesameexperimental

comparisonasinthiswork.Furthermore,thisvalue

agreesverymuchwiththetheoreticallyestimated

s(S-i.1-1.2),2･4) butthevalues-1.18Shouldbe

consideredasanexperimentalcoemcient.Thevalue

ofswhichwascalculatedinverselyfromtheresults
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ofthisworkisI.17.Thisagreesverymuchwiththat

obtainedbyNakaoandothers.3)

TocalculatetheshearmodulusofsuchanisoもropIC

materialaswood,itisnecessarytoknowtheratioor

thetwoshearmuduliconcerningthetorsion,for

exampleG55/G44.Thisprocedureistroublesomeor,

sometimes,difficult.Therefore,usuallytheshear

moduliarecalculatedfrom theisotropICtheoryof

tOrSIOn.

Theshearmodulus(Gti) whichwascalculated

fromtheisotropICtheoryalsoiscomparedwithGtin

Figure7.TheGtlissmallerthantheGtbyabout3%.

CornparingGtI/GtwithGf/Gt,theyare0.974and

I.OL3,respectively,andtheirstandarddeviationsare

isnotmuchdifferenceinaccuracybetweenthe

calculationsbytheisotroplCtheoryortorsionand

thosebyIthetheoryofnexuralvibration.

Ithasbeennotedthatsdependsonthegrain

direction ofwood.Therefore, thevalues-1.17

Obtainedinthisworkshouldbeappliedwithinthe

limitthatthegraindirectionorabeamisparallelto

itslength.However,thiswouldbethemostprobable■
caseinnondestructivetestsonwoodenbeams.

Theoperationtimeorthissystemisanimportant

factorfromtheviewpointOfinstantaneousmeasure-

ments.ThereadingtimeOftap-tonedatabytheFFT

analyzeris160mS,andtheFFTanalysistimeand

thetransfertimeofthedatafromtheFFTanalyzerto

thecomputerarebothabout200mS･Therefわre,the

rate-determlnlngStageOfthissystem isthatofthe
●●

calculationoftheelasticconstants.Thiscalculation

timewastwosecondswhentheaveragingProcedure

wasmadeuptothe5thvibrationmodelThisspeed

wouldbecomefasterbyimprovementsinthecalcula-

tionprogram.

Animprovedmethodofthetap-tonetransferby

■
『M radiowavesalsowasinvestlgatedusingaFM

wirelessmicrophoneandtheusualFM radio.A

transferofabout20mwasobtainedinabuilding.

ThiswaylSCOnVenientnotonlylnlumberyardsbut

alsoinlaboratories.

4.CONCLtJSⅠONS

AnewsystemformeasuringtheYoung'smodulus
●

andtheshearmodulusbythenexuralvibrationofa

beamwasdesigned.Anautomatedandinstantaneous

measurementortheseconstantswasobtainedby

connectingatap-tomemeaSureme叫 aFFTspectrum

analysts,theTimoshenkotheoryornexuralvibration

ofbeams,andthesystemcontrolofamicrocomputer.

Tbeequipmentfわrmeasurlngthevibrationor
●

beamsweresimplirledverymuchcomparedwiththat

orsteady-statevibrationmethodsbyapplyingatap
■●

toabeamfわrexcltlngaVibrationandthedetection

ortbetaptonewithamicrophone.

Theshearmodulusobtainedbythissystemagreed

verymuchwiththatobtainedbythetorsionalvibrか

tionmethodofanisotropicbodies.Themeasurement

ortheshearmodulusbythissystemisrecommended

asaconvenientmeanswhentheapplicationortor

sionalvibrationisdimcult.
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