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ONTHENUMERICALANALYSISOFSOLID

DYNAMICSUSINGTHEMOVINGPARTICLE

SEMI-IMPLICIT(Mrs)METHOD

KojiUenishil)

Abstract:Weexaminethevalidityofthemovingparticlesemi-implicit(MPS)methodasappliedtosolid

dynamics.Numericalsimulationsareperfわrmedf♭rwavepropagationinatwo-dimensionallinearelasticplate

withstress-freeboundaries.WeshallcomparethedynamicparticledisplacementsobtainedbytheMPSmethod

withthosecalculatedbythefinitedifferencemethodusingthewave一片acturesimulatorSWIFD.Theadvantages

anddisadvantagesoftheuseoftheMPSmethodwillbepointedout.

Keywords:Wavepropagation,movingpa什iclesemi-implicit(MPS)method,boundalYCOnditions,large

defわrmation

1.INTRODUCTION

Asmentionedinourpreviousreportl),recentprogresshcomputationaltechnologieshasenabledusto

simulaterathercomplexphysicalphenomenaevenonaPCbasis2-4)･Ⅰnsoliddynamics,besidesthetyplCal

numericaltechniques-finitedifferencemethod(FDM),nniteelementmethod(FEM)andboundaryelement

method(BEM)-particlemethodsareextensive)yusedforproblemsinvolvinglargedeformationsandcomplex

geometries.Theideaofconnectlng"Particle"to"deformation"isratherclassical:Thesmallestpartofabody

studiedincontinuummechanicsiscalledaparticleingeneral,andadeformationisexpressedbyadisplacement

field,whichisanarrayofdisplacementvectorsconnectlngthepositionsofparticlesbeforeandafter

deformation5).AsshowninFigure1,adeformationcanbeexpressedasthesumoffourdifferenttypesof

movement:rigid-bodytranslation;rigid-bodyrotation,elongation(orcontraction)andpureshear.TheGerman

physiologistandphysicistHermannLudwigFerdinandYonHelmholtz(1821-1894)demonstratedin1858that

thissummationistrueofanydeformationandeachtypeofmovementisindependentoftheothers5)･Theparticle

methodsareessentiallybasedonthisclassicalideaandevaluatethefわurhdependentmovementsexplicitlyor

implicitly.TheMPS(坦oving聖article墨emi-implicit)methoddiscussedhereisoneofthese"particle"methods,

andtheinfluenceofaneighboringparticleisevaluatedwiththe"weight"inverselyproportionaltotheparticle

distance.Ithasbeenreportedthatsimulationsinvolvinglargedeformationsand&acturemaybeperformed

rathersimply6,7)byuslngtheMPSmethod,butitsvalidityinsimulatingwavephenomenahsolidshasnotbeen

clearlydemonstrated.Ⅰnthisstudy,Weshallperfわrmsimulationsoftwo-dimensionalwavepropagationha
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FigureI Defわrmationrepresentedbytwolines:(a)Originallocation;(b)Shiftedandrotated;(C)Oneline

segmentelongated;and(d)Sheared(ModifiedaRer5)).

linearelasticplateuslngtheMPSmethodandFDM,comparetheirnumericalresults,anddiscussthecapability

oftheMPSmethodinwavedynamics.

2.THEMPSMETHOD6,7)

Here,alhearelasticbodyisassumedtobeconsistingofparticles.Theposition,velocity,rotationalangle

andangularvelocltyassociatedwiththepartic)eiaredenotedbyrI,V/,q/and(o′,respectively.Therelative

positionoftheparticlej'withrespecttoi,initiallyr,,0andcurrentlyr/,,isgivenby(seeFigure2)

rIJO-rJO-Plo,

㌦=㌧~｢･

Forthetwo-dimensionalcase,therelativedisp)acementu/JCanbeexpressedas

u,j-rIJIRrIJO,

wheretherotationmatrixRis

R- [:?nSoOI; -C:isno?: ],

withOIJ-(OI+OJ)/2,and0,(OJ)beingtherotationalangleoftheparticleiU),respectively･

Forthethree-dimensionalproblems,Weintroducethenotationofquaternionrotationas

q-(qx,q,,qz,S)=Lvxsin(0/2),V,sin(0/2),vZsin(0/2),cos(0/2)),

(1)

(2)

(3)

(4)
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(a) (b)

Figure2 Relativedisplacementbetweentwoparticles:(a)lnitialstate;and

(b)Currentposition(ModinedaRer7)).

二

Figure3 Rotationinathree-dimensionalspace,representedbyquaternionrotation(Modifiedafter7)).

withtheunitvector(vJ,Vy,Vz)relatedtotherotationalaxis(Figure3)satisfying

v…+V三+V…-1,

i.e.,

qx2+q3+qz2+S2-1･

Then,therotationmatrixRbecomes

andtherelativedisplacementu〝1SWrittenas

uL,-[(r,,-R(q,)r,,0)+(rI,-R(qJ)r,,0)]/2･

Onceobtainingu/J,WeCanCalculatethenorma)andtangentialstresses,G/JnandGI;,respectively,basedon

GZ-2弼 -2uu;/lr,JOl,

6;-2弼 -2uu;/Ir,JOl･

(7)

(8)

(9)

Here,Llistheshearmodulus,andeIJnande,;(u,Iandu/Jりaretherelativestrains(displacements)normaland

tangentialtorリ,respectively･TheHpressureMA
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p,-一九dN(U,I-一九霧 ･ew (.rL,0.,,
(10)

isequlValenttothethermodynamicpressureinf一uidmechanics,determinedbythethermodynamicequationof

state.Inequation(10),んisLame'Sconstant,div(u),isthedivergenceofrelativedisplacementrelatedtothe

particlei,d-2foratwo-dimensionalproblemand3forthree-dimensionalcalculations,andtheparticledensity

noandtheweightw,afunctionofthedistancer,are

W(r)=

no=∑W(lr,,ol),
ノ≠J

re /rll, forr<re
0, forr>re

respectively.Inthecalculationsperformedinthenextchapter,Weassumere-2.1lo,withlobeingtheinitial

distancebetweenthenearestparticles.

Usingtheaboverelations,theaccelerationoftheparticleiattimekisglVenby

v,A-三糖 % W(IrlJO" 抽 (･r,10.,-吾a w(.r,JO.,], '13'

withplisthemassdensityoftheparticlei,PIJ=伍,+pJ)/2,()isapartialderivativewithrespecttotime,and

vlkisthevelocityOftheparticleiattimek･Then,thevelocityandpositionoftheparticleiattimek+I,V,k+Iand
A+)
r′,respectively,are

V,A+-=vlk+tf△t,
rk'l=rlk+Vさ+1△t.∫

TheparticlejrenderstheshearingforceactlngOnthepartic)ei

､ ■ヽIII- ､

FL,-mJi;錨 W(,rLj0,,-撃 吉E w(.rLJ0.,,

andthetorque

T'J=FtjXrtj ,

(14)

(15)

Ll(.)

isinducedonbothparticlesiandjl.Usingthemomentofinertiaoftheparticlei,IJ(-m/l.2/6for2Dsquareand
for3Dcubeparticleswithsidesoflengthlo),theangularaccelerationmaybeevaluatedbysummationofhalfof

eachinducedtorqueas

･Id7--三吉 TIJ ,

and,theangularvelocltyOftheparticleiattimek+1is

of'1=oE+ふさ△t.

(17)

(18)
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Foratwo-dimensionalmodel,therotationalangleoftheparticleiattimek+1maybewrittenas

oF'■=oE+loE+■lAt. (19)

Inthethree-dimensionalcase,theassociatedchangesareexpressedas

v:k'L-(V:r,vy,vj,k'.-読 (u∫,wy,oz,F'1,
′

lLt):

O,'k']∃ot+-l△t,

q:k･･-(qこ,qL,q:,Sγ+.-(V,Isin(0′/2),V;sin(0′/2),V,Isin(0′/2),cos(0′/2)十 t, (20)

andthequaternionrotationattimek+1isobtainedby

k+I A
S'k'lqxk+q;k'.sk+q;k'lqzk-qzq,

/A+Ik
S'川q;+q;k'lsk+q:k'lq;-qxqz

/A+I k

s'川 qzk+qz'k'lsk+q:k'■q;-q,qx
/A+Ik /A+I k /A+I k /A+I A

S S-q,qx-qyqy-qzqZ

(21)

Fromtheexpressionsgivenabove,wecancalculatetheposition,velocity,rotationalangleandangularvelocity

ofeachparticleateachtimestep.

3.DISCUSSION:COMFIARISONWITHTHEFlNlTEDIFFERENCEMETHOD

NowletuscalculatethedynamicdisplacementfieldusingtheMPSmethod.Consideratwo-dimensional

linearelasticplate.Itsdimensionsare0.19mx1m,andthemassdenslty,Young'smodulusandPoisson'sratio

areassumedtobe1000kg/m3,1000N/m2,andO･3,respectively･Fromthele氏side,anincidentsinusoidalwave

(length0.64mandamplitudelO~4minthehorizontal血･ection)ispropagatedtotheright.Theotherthreesides

arestress-freeboundaries.Figure4showstheresultsnumericallygeneratedbytheMPSmethoduslng20×100

particles.Thele氏(right)columncorrespondstothehorizontal(vertical)particledisplacement,respectively.The

effectoftheupper,lowerandrightboundariesonwavepropagationseemsvisible.

Thesametwo-dimensionalproblemissolvedbythefinitedifferencesimulatorSWIFD2･3)andthesnapshots

ofdisplacementdistributionsarefoundinFigure5.Thehorizontal(le氏column)andvertical(right)particle

displacementscalculatedusingthe20×101grid-point-systemsuggestthattheboundaryeffectnotedinFigure4

istooweak.Forexample,attime0.474S,YonSchmidt(head)wavesandtheirinteractionintheplatecanbe

clearlyidentifiedinFigure5whileinFigure4theMPSmethodcannotwellreproducethestrongeffectof

propagationandinteractionofheadwavesgeneratedatstress-freeboundaries.Also,thewavefocuslngeffectat

laterstages,inducedbytheupperandlower(andright)boundaries,seemstobetoolittleinFigure4compared

withthatinFigure5(seee.g.,1.164S),andtherefわre,theresultsobtahedbytheMPSmethodmaynotbe

reliable,especiallywhentheproblemconsideredinvolvesboundaries.
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Figure4 Thehorizontal(le氏column)andvertical(right)particledisplacementsassociatedwithwave

propagationinatwo-dimensionalplate(0.19mx1m).Themassdensity,Young'smodulusandPoisson'sratio

oftheplateare1000kg/mJ,1000N/m2,andO･3,respectively･Theincidentsinusoidalwave,havingthelength

o･64mandamplitude10-4minthehorizontaldirection,propagates五･omle氏toright･Theresultsobtainedbythe

MPSmethodwith20×100particlesareshown.
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Figure5 Wavepropagationinatwo-dimensionalplate:Horizontal(le氏column)andvertical(right)particle

displacementscalculatedbythefinitedifferencemethod(SWIFD2,3))with20×101gridpoints.Material

propertiesandboundaryconditionsremainthesameasinFigure4.WeimmediatelynoticethattheMPSmethod

cannotwellreproducethestrongeffectofpropagationandinteractionofheadwavesthataregeneratedat

stress-B･eebouJldaries.
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4.CONCLUSIONS

Bysimulatingtwo-dimensionalwavepropagationina)inearelasticplate,Wehavecheckedthecapabilityof

theMPSmethod.ThecomparisonofthedisplacementneldsnumericallyobtainedbytheMPSmethodwith

thoseofthefinitedifferencemethodsuggeststhefoHowlngmeritsandquestionsrelatedtotheMPSmethod:The

advantagesare(1)Thealgorithmitselfisverysimp)e;and(2)TheCPUtimeneededbytheMPSmethodisas

littleasthatoffinitedifferencemethod;ThequestionablepollltSare<1>TheMPSmethodhasbeenorlglnally

developedinthefieldoff一uidmechanics,andtherefore,theeffectofshearinglnSOlidmaynotbecorrectly

evaluated;and<2>Strainsnearsurfacesmaynotbeproperlyassessedandsmallervaluestendtobeobtained,

andhenceboundaryconditionsmaynotbepreciselysatisned;Carefulattentionshouldbepaidinsimulatlng

fracture,impact,andnear-surfacewavephenomenawhentheMPSmethodisused.
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