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Abstract:Particlesgenerationisthepre-stepofdiscreteelementsimulationof
practicalproblems.Oneadvancingfrontface (AFF)algorithmforthree-
dimensionalsphere/polyhedronparticlespackingisadvanced.Itcanbeusedto
constructivelygeneratearandominitialpackingofspheres/polyhedronswith
differentradiiwithina3Ddomain.Firstly,selectthreeradiirandomlyand
generatethreesphereswhichcontactwitheachother.Thecentroidsofthe
initialthreespheresformtwoadvancingfrontfaces.Then,selectanAFFas
theactiveface,randomlyselectaradiusandgenerateanewspherewhich
contactswiththethreeoldspheresformingthecurrentactiveAFF.Update
AFFlist,selectanewactiveAFFandgenerateanewsphereuntilallneeded
sphereshavebeengeneratedorthedomainhasbeenfilledin.Ifpolyhedron
particlesarerequired,verticesaregeneratedrandomlyonthespheresurface
andthesepointsareconnectedtoformaconvexhull.Gothroughallspheres
andpolyhedronparticlesareformedandfilledinthe3Ddomain.Thegenerated
packingisnotagloballyoptimalarrangement,butalocallyhighestdensityis
achievedfromthealgorithmicpointofview.Theperformanceofthealgorithm
isillustratedbyseveralexamples.Themajorbenefitofthisalgorithmisthe
significantreductionofCPUtimerequiredforthepreparationofaninitial
discreteobjectconfigurationindiscreteelementmethod(DEM)/discontinuous
deformationanalysis(DDA)simulations.Itisdemonstratedthatittakesonly
86sfortheproposedalgorithmtogenerate50thousandparticlesonaPCwith
one2.8GHzprocessor.
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0 Introduction

Thediscreteelement method (DEM)/

discontinuous deformation analysis (DDA),

coupledwiththefiniteelementtechnique,has
become a powerful numerical approach,

particularlyforengineeringproblemsinvolving
discrete/discontinuousphenomena [1-3].Typical
examplesinclude process simulation (e.g.
granular assembly,powder compaction and
particledynamics)andfracturedamagemodeling
(e.g. cohesive frictional materials, rock



blasting,miningapplicationsandhighspeed
projectileimpact).Usingsimplifiedgeometric
entities,such as circular disks/spheres,to
modeldiscreteobjectshasbeendemonstratedto
provideanacceptableapproximationto many
complexphysicalphenomena[4].Thepre-stepin
the discrete element simulation of practical
problems often requires the generation of
discreteobjectspackedinaform whichcan
representvariousrealisticsituations.Particle
packing/arrangementhasbeenoneofthemost
attractiveresearchfieldsinrecentyears.

Inthecaseofequalsizeobjectsandregular
containers,theinitialpackingofspheresmaybe
implementedbyregulararrangement.Inmany
practicalsituations,however,differentsizespheres
havetobeusedinthesimulation.Preparationof
an initial distribution of a large number
(sometimes,itisuptomillions)ofsuchspheres
inarealistic(random)mannerisnottrivial.

Currently,manyapproacheshavebeenused
ingeneralpractice.Severaloftheseapproaches
arebrieflyreviewedinthefollowing[5-11].

Thefirstapproachisrandom generation.
The particles are sequentially generated by
determiningtheircentrallocationsrandomly.
Whenthenewlygeneratedparticleconflictsor
overlapswiththeexistingones,theyarethen
rejected orremoved to a suitable position.
However, with the increase of generated
particlesnumber,thetimesofrejectionsor
movementalsoincreasesignificantly.Sothe
disadvantage of this approach is the time
consumptionofthewholeprocedure.Another
disadvantageisthatthepredefinedparticlesize
distribution maynotbeachievedduetothe
rejectionofmanyparticles.

Thesecondapproachadoptsatwo-stage
procedure.Inthefirststage,allspheresare
assumedtohaveamaximumradiuswiththeir
centerbeingplacedinaregularstyle.Whilefor
manyparticles,theactualradiiaresmaller.
Thereareusuallyrelativelylargegapsbetween
thespheres.Inthesecondstage,thespheresare

compressedtoreducesomegapsbypushingthe
boundariestowardthespheresinoneorseveral
directions.

Inthethirdapproach,ahopperisusedto
mixdifferentsizesofspherestogether.The
spheresareinitiallypackedregularlyinlayersat
thetopofthehopper,andthesphereswith
largerradiiareplacedabove.Undertheactionof
gravity,thespheresfallthroughthechuteand
settledownwitharandommixtureofdifferentsizes
ofspheresinthecontainerbeneaththehopper.

Astothefirstapproach,manyspheresare
notgettingintouchwithsomeoftheothers.
Thisreducesthedensityofthesample.Boththe
compressionoftheboundaryandthemovement
ofspheresundergravityforceinthelattertwo
approaches mentioned above are normally
simulated by the same numerical procedure
employedintheDEM/DDA.Realforcesare
involvedinthe packing procedureforthese
approaches.However,theCPUtimerequiredto
undertakethispre-processingphasecanbetime-
consuming.

Han, etal. [12] also suggested a
compressionalgorithm ofrandomlyfilling a
domain withspheresofdifferentsizes.The
algorithm is atwo-step procedure.Firstly,

spheres of different radii are randomly
distributedorregularlypositionedtocreatean
initialpackingwithinageometricdomain,and
theinitialpackingiscompressedtoa much
densercondition.Secondly,theremainingspace
inthefirststepisrefilled.Ifsuccessful,it
compressesthespheresbyusingthetechniquein
thefirststepandrepeatstheprocedureuntilthe
domainisfull.Cui,etal. [13]proposedto
generatesmallballsofagivennumberfirstly,

andthen madetheballstogrowlargerand
largerbyincreasingtheirradii.Theprocesswill
stopwhenthedomainisfullyfilled.Atlast,

withthecompressionoftheboundaryandthe
actionofthegravity,theballswillfall,rolland
cometoastableanddensecondition.This
particlegenerationalgorithmiswidelyusedin

732 第2期 LIUJun,etal:Three-dimensionalparticlesgenerationalgorithm



theparticleflowcode(PFC).
Feng,etal. [4]proposed an advancing

front-basedalgorithmtoconstructivelygenerate
arandominitialpackingfordiskswithdifferent
radiiwithina2Ddomain.Lit.[14]extended
themethodologytoothershapeddiscreteobjects
includingellipticparticlesandconvexpolygons,

andaswellto3Dsphereswithdifferentsizes.
Butthedetailsofthealgorithmin3Dparticles
generationaren'tpresentedinhispaper,and
thereisnodetailedsolutionspresentedforthe
situation,inwhichsomespheresmaypenetrate
through the facets without necessarily
overlappingexistingspheres.

Inthispaper,arandomfillingapproach,

termedadvancingfrontface(AFF)algorithm,is
presentedina3D domain basedon Feng's
ideologyin detailto reducethe CPU time
requiredforthepreparationofaninitialdiscrete
objectconfigurationinDEM/DDAsimulations.

1 Spheresgeneration

Firstly,select three random radii and
generatethreesphereswhichcontactwitheach
other.Thecentroidsoftheinitialthreespheres
formtwoAFFs.Thenselectan AFFasthe
currentactiveface,selectarandomradiusand
generateanewspherewhichcontactswiththe
threespheresformingthecurrentactiveAFF.
UpdateAFFlist,selectanewactiveAFFand
generateanewsphereuntilallneededspheres
havebeengeneratedorthedomainhasbeen
filledin.Ifpolyhedronparticlesarerequired,

verticesaregeneratedrandomlyonthesphere
surfaceandthesepointsareconnectedtoforma
convex hull. Go through all spheres and
polyhedronparticlesareformedandfilledinthe
domain.
1.1 Thefirstthreespheresandinitialfrontfaces

Thefirstthreespheres,denotedasB1,B2
andB3,canbegeneratedtohavethedensest
packingbybeingcontactwitheachotherinthe
centerofthe domain asshownin Fig.1.
Firstly,selectrandomlyaradiusandlocatethe

firstsphere(B1)atthecenterofthedomain.
Then,randomlyselectaradiusandputthe
secondsphere(B2)tocontactwiththefirstone.
Lastly,randomlyselectaradiusastheradiusof
thethirdoneandputittocontactwiththe
existingtwospheres.A plane (B1B2B3)is
formedbyconnectingtheircenterstogether,and
twofaces(B1B2B3andB3B2B1)oftheplaneare
obtained.Thetwofacesaredefinedtohave
directions,withB1→B2→B3orB3→B2→B1as
positive.AndtheorientedfacesB3B2B1 and
B1B2B3 aretermedtheinitialadvancingfront
facesandrecordedinfrontfaceslist.Theregion
surroundedbyfacesisconsideredtobeorhave
beenoccupiedbyspheres.Thedefineddirections
ofthefacesensurethatanynewsphereshould
beplacedontheoutwardnormalside when
travelingalongthefrontfaces.

Fig.1 Thefirstthreespheres

Withtheinitialfrontfacesestablished,new
spherescanbegeneratedtofillthespaceby
incrementallyadvancingthefrontfaceuntilthe
originaldomainhasbeennearlyfull-filledorthe
neededsphereshavebeengenerated.Detailsof
thegenerationofanewsphereandtheupdating
ofthecurrentactivefrontfacesaredescribed
below.
1.2 Newspheregenerationandfrontfacesupdate

Startingfrom thetwoinitialfaces,one
face,e.g.B1B2B3ischosenasthecurrentactive
face(CAF).Atfirst,randomlyselectaradius
andgeneratesphereB4,whichisincontactwith
B1,B2andB3andliesintheoutwardnormal
directionofthefaceB1B2B3,asshowninFig.2.
AfterB4isgenerated,thecurrentactiveface
B1B2B3isdeletedfromthefrontfaceslistand
three new frontfaces B1B2B4,B2B3B4 and
B3B1B4areaddedtothefrontfaceslist.Now
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therearefourfrontfacesavailableinthelist.
Then,thelastfrontface(e.g.B3B1B4,whichis
thelastoneinthefrontfaceslist)ischosenas
thecurrentfacetogeneratenewsphere,and
then,anewsphereB5isgeneratedinasimilar
manner.Thecurrentactivefaceisdeletedfrom
thelistandanotherthreenewfrontfacesare
thenaddedtothelist.Thenumberoffrontfaces
inthelistisincreasedtosix.

Fig.2 Generationofthefourthsphere

Theaboveprocedurewillbeperformeduntil
thewholedomainisfilledinoralltheparticles
areusedup.Ingeneralcases,newgenerated
spheremaypartlylocateoutofthedomainor
overlapwiththeexistingspheresinthedomain.
Severalmeasuresarethereforetakentodealwith
theseproblems.Now the algorithm ofthe
spheresgenerationisproposedasbelow.

(a)Generatethefirstthreespheresand
formthefrontfacelist.

(b)Selectafrontfaceasthecurrentactive
faceandselectrandomlyaradiusastheradiusof
thenewgeneratedsphere.Determinethecentral
coordinatesofthenewsphereBi,whichisin
contactwiththethreespheres(Ba,BbandBc)

onthecurrentactiveface.Thisisasimple
geometricproblem.AsshowninEq.(1),(x,

y,z,r)arethecentercoordinatesandradiusof
thenewballand(xi,yi,zi,ri)(i=1,2,3)are
thecentercoordinatesandradiusofthethree
ballsontheactivefrontface.Threeunknown
variablesofthecentralcoordinateofthenew
spherecanbesolvedthroughEq.(1).Twosets
ofsolutionsareobtained.Oneislocatedinthe
insideofthefaceandtheotheroneislocatedin
itsoutside.Thelatteroneneededastheinside
hasbeenfilledbytheexistingballs.Ifthecenter

pointislocatedintheoutsideoftheface,the
determinantinEq.(2)shouldbegreaterthan
zero.IllustrationisshowninFig.3.
(x-x1)2+(y-y1)2+(z-z1)2 = (r+r1)2

(x-x2)2+(y-y2)2+(z-z2)2 = (r+r2)2

(x-x3)2+(y-y3)2+(z-z3)2 = (r+r3)2

(1)

1 x1 y1 z1
1 x2 y2 z2
1 x3 y3 z3
1 x4 y4 z4

>0 (2)

Fig.3 Generationoftheithsphere

(c)Checkifthenewsphere,Bi,islocated
intheoutsideofthedomainoroverlapswiththe
existingspheres.Ifanyofthesetwoconditions
appearsforthenewspherewiththeselected
radius,itisthenchangedtoarelativelysmaller
radius.Thisprocesscontinuesuntilasuitable
sphereisfound,which meansthereis no
overlappingandoutsidelocating.Ifallthegiven
radiiaretriedandfailedintheaboveprocess,

whichmeans,basedonthecurrentactiveface,

eventhesmallestspherecannotbefilledinto
thedomain.Thespacehereisthentreatedas
toosmalltobefilled,andthecurrentactiveface
is then deleted from the face list. This
phenomenonhappenswhenthecurrentactive
facereachestheboundary.

(d)Ifallthefrontfacesareusedorallthe
needed particles are generated,the filling
processisfinished.

The spheres generation procedurein a
containerintroducedabovecanbedescribedby
theflowchartinFig.4.

Thefollowingfeaturescanbederivedfrom
theabovealgorithm:Alocallyoptimalpackingis
achievedwhenaddinganewspheresinceitisin
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contactwiththethreespheresassociatedwith
thecurrentactiveface.Asintermediateactive
faces are only temporarily presented and
removed after new spheres are successfully
generated,theavailablecurrentfacesalways
formaclosedpolyhedron(maybeconcave),and
leavenogapbetweenspheresonthecurrent
activeface.Theregioninsidethefrontfaces
representsthesphere-filleddomainandanynew
sphereisplacedoutsidetheregion.

Fig.4 Flowchartofspheresgeneration

2 Furtherissues

2.1 Facevisitsequence
Theoretically,thefacesonthefrontcanbe

visitedinanyorderbutalogicalwayofchoosing
an activeface will benefit. Here the new
generatedfrontface,whichhasthelargestface
listnumber,ischosen.First,itwillbeeasyfor
programming.Second,itwillbenefitthedomain
fillingonthebehalfoffillingdensity.
2.2 Furthertightening

Asthecurrentalgorithmcanachieveonlya
localoptimalpacking,the spheres may be
furtherpackedbymeansofgravitycompaction
and boundary compression. This further
tighteningmayalsobeabletoeliminatelocal
instabilityofsomespheres.
2.3 Extensiontootherdomainshapes

Thealgorithmisdiscussedonthebasisofa
cuboidsdomaintobefilled.Itcanbeeasily

extendedto other domain shapes,such as
sphere,cylinderorevenmorecomplexgeometric
shapes.Whatitneedstodoisjusttoadjustthe
boundaryconditions.
2.4 Disadvantage

Thedisadvantageofthisalgorithmisthat
relatively large gaps may appear near the
boundary.Inordertoavoidthisdisadvantage,

smallradiusgroupshouldbesuppliedtofillin
thisspace.

3 Generation of polyhedron in
sphereparticle

After the generation of spheres, if
polyhedronsareneeded,apolyhedronwithall
verticesonthespheresurfacecanbegenerated
ineachsphere.Inordertoassurethatthe
volumeofthepolyhedroninasphereisnottoo
smallincontrasttothesphere,severaldistance
conditionsare defined.Theprocedureofthe
polyhedron'sgenerationisintroducedasfollows:

(a)Thevertexnumber(N)ofapolyhedron
isdeterminedrandomly,whichshouldnotbe
smallerthanfoursoastoformapolyhedron.

(b)Thefirstvertexofthepolyhedronis
randomlylocatedonthespheresurface.

(c)Thesecondvertexislocatedrandomly
butitshouldbenottooclosetothefirstone.

(d)Thethirdvertexislocatedrandomly
butitshouldbenottooclosetotheformertwo
pointsandnottooclosetothelineconnecting
theformertwovertices.

(e) The fourth vertex is determined
randomly,andiskeptfarenoughfrom the
formerthreeverticesandtheplaneformedby
theformerthreevertices.Ifwithinmanyloops
(e.g.500iterations),thefourthvertexcannot
beobtained,thenthelocationofthefourth
vertexisdirectlydetermined withthelargest
distanceto the plane ofthe former three
vertices.

(f)Thefollowingverticesarerandomly
generatedonebyone,whichshouldbewitha
distancelimittotheformers.
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(g)Alltheverticesonthespheresurface
formaconvexhullthatisthepolyhedron.

Steps (a)to (g)arerepeateduntilall
sphereshavebeenchangedtopolyhedrons.

Thechartofthepolyhedron'sgeneration
algorithmisshowninFig.5.

Fig.5 Flowchartofapolyhedrongeneration

4 Examples

Therearefourexamplestoillustratethe
validityofthealgorithm.Thefirstcontainerisa
cubewiththesidelengthof10cm.Thissample
hasfourfractionalgroups,andtheirdiameters
are2.0cm,1.0cm,0.6cmand0.4cm.The
resultsofspheresgenerationandpolyhedrons

generationareshowninFig.6.Inthesecond
example,thecontainerisacylinder,whose
heightand diameterare20 cm and 10 cm
respectively.Alsofourfractionalgroupsare
usedasabovementioned.Theresultsareshown
inFig.7.Inthethirdexample,itisacuboid
container.Thesidelengthofthebottomsquare
is10cm,andtheheightofthecontaineris20
cm.Inordertohaveadensersimulation,ten

fractional groups are considered. And the
minimumandthemaximumdiameterare0.5cm
and 5.0 cm respectively. The results of

generatedspheresandpolyhedronsareshownin
Fig.8.ThefourthexampleisshowninFig.9.
Thecontaineris morecomplicatedthanthe

previousthreeexamples.Onlyonediameteris
settogeneratespheres.

Fig.6 Particlesgenerationinacube

Fig.7 Particlesgenerationinacylinder

Fig.8 Particlesgenerationinacuboid

142 第2期 LIUJun,etal:Three-dimensionalparticlesgenerationalgorithm



Fig.9 Particlesgenerationinacomplicatedcontainer

Thispaperalsogivesacomparisonbetween
the practical gradation and the simulated
gradation.Thecontainerisacubewiththeside
lengthof30cm.Thesimulationresultofthe
particlesisshowninFig.10,andthesieving
dataofthematerialislistedinTab.1.Fromthe
Tab.1,twocoefficientsofthesamplecanbe
calculated,and they are the coefficient of
uniformityCuandthecoefficientofcurvature
Cc.Cu=5.29,whichislargerthan5,andCc=
1.32,whichisbetween1.0and3.0.Sothe
sampleis uniformly and well graded.The
gradationcomparisonbetweenthepracticaland
simulatedsamplesisplottedoutinFig.11.Itis
shownthatthetwocurvesmeetwell.

Fig.10 Particlesgenerationsimulationresult

Tab.1 Resultcomparison

D/cm
Percentfinerf

Practical Simulated

≤0.1 0.0024 0.0038
≤0.2 0.0312 0.0572
≤0.5 0.1927 0.2438
≤1.0 0.3165 0.4381
≤1.5 0.3984 0.5708
≤2.0 0.6143 0.7236
≤3.0 0.8468 0.8013
≤4.0 0.9179 0.8960
≤5.0 0.9790 0.9746
≤7.0 1.0000 1.0000

Fig.11 Comparisonsbetweenpracticaland

simulatedsamples

5 Conclusion

Inthis work,a new algorithm,called
advancingfrontfacealgorithm,forspheresand
polyhedronsgenerationisadvanced.Although
thegeneratedpackingisnotaglobaloptimal
arrangement,ithasachievedalocallyhighest
densityfromthealgorithmicpointofviewand
should besufficienttorepresenta practical
situation, as illustrated in the examples
presented.

Theperformanceofthealgorithmandthe
final spheres distribution may be further
improvedbytakingseveraladditionalissuesinto
considerationinimplementationasdiscussed.
Additionalcompressionandcompactioncanbe
appliedtofurthertighteningthepackingifa
higherdensityisrequiredinpractice.Actuallyin
manycasestheinitialstageof DEM / DDA
computation can act as a means of further
tightening.

Themajorbenefitofthisalgorithmisthe
significantreductionoftheCPUtimerequired
forthepreparationofaninitialdiscreteobject
configurationinDEM/DDAsimulations.Itis
demonstratedthatittakesonly86sforthe
advancedalgorithm to generate50thousand
spheresonaPCwithone2.8GHzprocessor,

whileusingahoppertomixspheresmaytakea
fewdaystoachievethesamegoal.
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三维颗粒生成算法

刘  君*, 耿 庆 东

(大连理工大学 海岸和近海工程国家重点实验室,辽宁 大连 116024)

摘要:颗粒生成是进行散粒体细观数值模拟的前提.为快速生成指定级配的颗粒并减少自

由堆积过程,针对三维球形及多面体颗粒生成,改进了颗粒生成的前进面算法.其基本思想

是:随机选取3种粒径,生成3个相互接触的球,3个球的球心构成初始的2个前进面;随机

选取前进面和一种粒径,在前进面的外侧生成新的球,使新球与构成前进面的3个球相切;更
新前进面,进而生成新的球,如此往复直到生成全部颗粒或填满容器.在球的表面随机生成

点,这些点构成一个凸锥-多面体,进而生成多面体颗粒.编制了前进面法颗粒生成程序,5个

算例证明了该算法的高效性.采用此法生成的颗粒不一定是全局最优的排列,但可以保证局

部最密分布.该算法的最大优点是可以大大减少CPU运算时间.在主频为2.8GHz的PC机

上生成5万个颗粒只需86s.

关键词:颗粒生成;前进面;离散元法(DEM);非连续变形分析(DDA);散粒体
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