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Graphical Modeling and Animation of Ductile Fracture

Jamed~. O'Brien
Universityof California, Berkeley

Abstract

In this paperwe describea methodfor realisticallyanimatingduc-
tile fracturein commonsolid materialssuchasplasticsandmetals.
The effectsthat characterizeductile fractureoccurdueto interac-
tion betweermplasticyielding andthefractureprocessBy modeling
this interaction,our ductile fracturemethodcan generateealistic
motion for a much wider range of materialsthan could be real-
izedwith a purely brittle model. This methoddirectly extendsour
prior work on brittle fracture[O'Brien andHodgins,SIGGRAPH
99]. We shaw thatadaptingthat methodto ductile aswell asbrit-
tle materialsrequiresonly a simpleto implementmodi cation that
is computationallyinexpensve. This paperdescribeshis modi -
cationand presentgesultsdemonstratinggomeof the effectsthat
mayberealizedwith it.

CR Categories:  1.3.5 [Computer Graphics]: Computational
Geometry and Object Modeling—Physically based modeling;
1.3.7 [Computer Graphics]: Three-DimensionalGraphics and
Realism—Animation;l.6.8 [Simulation and Modeling]: Typesof
Simulation—Animation

Keywords:  Animation techniquesphysically basedmodeling,
simulation, dynamics,fracture, cracking, deformation, nite ele-
mentmethod ductilefracture plasticity.

1 Introduction

As techniquesor generatingphotorealisticomputerenderedm-
ageshave improved, the useof physicallybasedanimationto gen-
eratespecialeffectsin Im, television, andgameshasbecomen-
creasinglycommon. Physicallybasedanimationtechniqueshave
proven to be particularly useful for violent or destructe effects
thatwould beimpracticalor expensve to achieve usingothermeth-
ods. For example,when creatingeffects for the Im Pearl Har-
bor, IndustrialLight and Magic madeextensie useof simulation
methodsfor modelingthe destructionof ships, planes,and other
structure§Duncan,2001.

Animating objectsasthey break,crack,tear or in generalffrac-
ture appeardo be an obvious placewhere physically basedmod-
eling should be useful, particularly if the objectis expensve, ir-
replaceablegr if breakingit would be hazardous.However even
the mostgeneralof currenttechniquesfor animatingfractureare
limited to modelingonly brittle materials.

Thetermbrittle doesnotmearnthata materialis fragile. It means
thatthe materialexperiencenly elasticdeformationbeforefrac-
ture. Few real materialsaretruly brittle. In contrast,ductile ma-
terials behae elasticallyup to a point and then experiencesome
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Figurel: Four hollow balls that have beendroppedonto a hard
surface.Theballin (a) attens outandvisibly demonstrateplastic
yielding. The otherthreedo not shav an appreciableamountof
plasticdeformation but the mannerin which they split andtear as
opposedo shatteringarisesrom of theinteractionbetweerplastic
yielding andthefractureprocess.

amounbf plasticdeformatiorbeforefracture.Whenbrittle materi-
alsfracture,they shatter However, ductile materialsdemonstrata
muchwiderrangeof fracturebehaiors. (See gures 1 and3.) This
wider rangeof behaiors arisesdueto theinteractionof plasticen-
ergy absorptiorwith thefractureprocess.

This paperdescribesamethodsuitablefor modelingductilefrac-
ture in commonsolid materialssuchas plasticsor metals. This
methoddirectly extendsour prior techniquepresentedn [O'Brien
and Hodgins, 1999 for modelingbrittle fracture. Adaptingthat
techniqueto ductileaswell asbrittle materialsrequiresonly a sim-
ple to implementand computationallyinexpensve modi cation.
Thisextensiondramaticallyexpandgherangeof materialg¢hatmay
be modeled.For the sale of brevity, this paperdescribesonly this
modi cation andpresentsesultsdemonstratingomeof the effects
thatmayberealizedwith it.

2 Related Work

The primary contrikution of this paperis extending[O'Brien and
Hodgins, 1999 to include ductile fracture by adding a plastic-
ity modelto the underlying nite-element method. The plastic-
ity modelwe describeis not novel. It consistsof the von Mises
yield criterion,simplekinematicwork hardeninganda nite yield
limit [Fung,1969. This plasticitymodelis similar to theoneused
in [TerzopoulosandFleischer 19883 and[TerzopoulosandFleis-
cher 1988l. The primarydifferencedetweertheir modelandthe
one presentechereare that this model realistically preseresvol-
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ume andit includesa secondelasticregime oncea limit on the
amountof plastic o w hasbeenexceeded.

Although ductile fracturehasnot beenwidely addressedh the
graphicsliterature,several othergraphicsresearcherbave investi-
gatedbrittle fracture. In [Terzopoulosand Fleischey 19884 and
[Terzopoulosand Fleischer 1988 a nite differencingscheme
was usedto model tearing sheetsof cloth-like material. Work
by [Norton et al,, 1991 useda mass/springsystemto model a
breakingteapot.Fracturein thecontet of explosionswasexplored
by [Mazaraket al., 1999, [Neff and Fiume, 1999, and[Yngve
etal., 2000. Most recently[Smith et al., 200] usedconstraint-
basednethodsor modelingbrittle fracture.

Outsidethe graphicsliterature,both brittle and ductile fracture
have beeninvestigatedextensiely. A comprehense review of this
work canbefoundin [Anderson,1999.

3 Ductile vs. Brittle Fracture

The commonusageof thetermselasticandbrittle differs substan-
tially from their technicalmeanings.For example,elasticis often
usedincorrectlyasa synorym for exible, andthetermbrittle asa
synorym for fragile [Merriam-Webster1999. Thetechnicallycor-
rectde nition of anelasticmaterialrefersto a materialthatreturns
to its original con guration whendeformingforceshave beenre-
moved. Theratio betweerthe magnitudeof aforceandtheamount
of deformatiorit inducesthatis how easilythematerialdeforms,s
thecomplianceof the materialandit is irrelevantto whetheror not
the materialis elastic. Although no real materialis perfectlyelas-
tic, both naturalrubberand commonglassare examplesof nearly
elasticmaterials.Rubbers elasticbehaior is obvious while glass
appeardo berigid. A brittle materialis simply onethat behaes
elasticallyup until the pointwhereit fractures.

In contrastto an elasticmaterial,a plasticmaterialwill not re-
turn to its original con guration oncedeformingforceshave been
removed. Whena material,suchaslead,bendsandthenholdsits
new shapejt demonstrateplasticbehaior. As previously stated,
real materialsdo not behae perfectly elastically Real materials
canbedeformedonly to alimited extentbeforethey will nolonger
returnto theiroriginal con guration. Thislimit is knovn asthema-
terial's elasticlimit or yield point. Whenthe elasticlimit hasbeen
exceededthe materialentersa plasticregime andbeginsto experi-
enceplastic o w. Eventually atthefailurethresholdjt fractures.

The termsbrittle andductile relateto the relative valuesof the
elasticlimit andfailure threshold. If the failure thresholdnearly
coincideswith the elasticlimit, thenthe materialwill experience
only negligible plasticdeformationbeforefracture. The term brit-
tle refersto sucha material. In contrastfor a ductile materialthe
failurethresholds signi cantly largerthanthe elasticlimit sothat
asthe materialdeformsit experiencesnelasticregime,followeda
plasticregime,andthen nally fracture.

The signi cance of the distinction betweenductile and brittle
materialsarisesbecauselasticdeformationstoresenegy whereas
plastic deformationdissipatesit. When a brittle materialis de-
formedto its failure threshold the majority of the enegy usedto
deformit hasbeenstoredas elasticpotential. When fractureoc-
curs,theenepgy is releasedndit tendsto drive the fracturefurther
into the material. Thus, even thougha large or small force may
be requiredto starta crackin a brittle material(dependingon its
toughness)oncethecrackis startedonly a smallamountof enegy
is requiredto pushit further. In contrastaductilematerialrequires
signi cantly morework to propagatea crackbecausenepy is be-
ing absorbedy plasticdeformation. As a result, brittle materials
tendto shatteywhereasluctile onestendto tear

In generalthe underlyingcausesf plasticity arefairly compli-
catedandthey give rise to a numberof phenomenaFor example,
theenegy absorbedy plasticdeformationdoesnot simply vanish
andit mayresultin effectssuchasfatiguewealening. However for
the purposef animatingfailure eventsthat occurover relatively
shortperiodsof time, themostsigni cant effect of plasticityis how
it directly effectsfracturepropagationandthe methodsdiscussed
herefocuson modelingthoseeffectsef ciently. Additional infor-
mation aboutmathematicaimodelsof deformationand plasticity
canbe foundin [Fung, 1965 Fung, 1969 and[Han and Reddy
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1999. Additional informationconcerningooth brittle andductile
fracturemaybefoundin [Anderson,1993.

4 Modeling Ductility

Thedynamicfracturepropagatiortechniquedescribedn [O'Brien
and Hodgins, 1999 modelsthe fracture processusing a simple
tetrahedralnite-elementmethod,rulesfor fractureinitiation and
propagation,and proceduresor automaticremeshingas a crack
adwances. The quality of the resultsproducedwith that method
is sufcient for graphicalapplicationsandthe only limitation that
malesit unsuitabldor modelingfracturein ductilematerialgs that
the continuummodeldoesnot accountfor plasticdeformation.

Extendingthat modelto accountfor plasticity may be accom-
plishedby simply rede ning the strainmetricusedto computeele-
mentstressesThis changehasonly a local impacton the fracture
algorithm,andsowe will notrepeathedetailsof themethodwhich
appeaiin [O'Brien andHodgins,1999. Insteadwe describeonly
themodi cationsthatshouldbe madeto the algorithm:

Theelasticstrain, ¢ de nedin section4.1of thispapertakes
the place of the total strain, , when computingthe elastic
stress.

A routine for updatingthe plastic strain, describedin sec-
tion 4.2 of this paper mustbe calledduring every integration
step.

Eventhoughthis extensionrequiresonly incrementamodi cations
to the previous methodit signi cantly extendstherangeof materi-
alsthatmayberealisticallymodeled.Furthermoreasourexamples
will demonstratesmall amountsof plastic yielding can dramati-
cally effecttheoverallappearancef fracturepatternsn amaterial,
even thoughthe plastic deformationitself cannotbe obsered di-

rectly. We feel thatthe signi cant relationshipbetweenplasticity
andthe appearancef fracturein mostmaterialsmakes modeling
plasticity a requiredcomponenbf ary generalsystemfor animat-
ing fracture.

4.1 Decomposing Strain

The rst steptowardsmodelingplasticdeformationrequiressepa-
ratingthe straininto two components:

=P M

where is the total strain, P is the strain due to plastic defor

mation,and € is the straindueto elasticdeformation. The total

strainis a purely geometricmeasure,t indicateshov muchthe

local shapeof an objecthaschangedirom someinitial reference
con guration andit may be computedfrom the materials current
con guration. (See[O'Brien andHodgins,1999 for computation
of Greens strain.) The plasticstrainre ects how thematerialsrest
shapehasbeenpermanentiydistortedandit is partof thematerials

state.Initially, the plasticstrainis zerd andit will evolve accord-
ing to anupdaterule asthesimulationprogressesBecausehetotal

andplasticstrainsareknown at ary giventime, equation(1) may
be usedto computethe elasticstrain.

4.2 Plastic Update

Thealgorithmfor modelingthe evolution of the plasticstraincon-
sistsof a yield conditionthat mustbe metbeforeplasticdeforma-
tion occursanda rule for computingplastic o w oncethe yield
criterion hasbeenmet. We emplagy von Misesss yield criterion for
theconditionundemwhich plastic o w will begin[Fung,1965. Our
methodfor updatingthe plasticstrainassumeshattherateof plas-
tic o w in thematerialis closeenoughto its rateof deformationso
that plastic o w canbe updatednstantaneouslyThis assumption
precludesmodelingphenomenauchas creepandrelaxation,but

1 A non-zeroinitial valuefor the plasticstraincould be usedto model
anobjectthathasalreadyexperiencedlasticdeformation.
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Figure2: Thesediagramsillustratethe behaior of the plasticity
model. (a) Elasticdeformation. (b) and (c) Plasticdeformation.
(d) Limit of plasticyield. (Seeexplanationin thetext.)

undermostcircumstancethesephenomenalo notsigni cantly ef-
fect fracturebehaior. We alsoignorethe wealeningof a material
dueto repeatedplastic deformationknown asfatigue. While fa-
tigueoftenplaysasigni cant rolein thefailureof mechanismand
structuresa previously fatiguedobjectmay be modeledby locally
adjustingits toughnesandplasticlimits.

The von Misesyield criterion is basedon the deviation of the
elasticstraingivenby

0_ e

T (®)

3 ()
whereTr () is the traceof a matrix and is the identity matrix.
By averagingout the sum of the diagonalterms,the elasticstrain
deviation re ects only the portion of the elasticstrainthatis dueto
shapedistortionandit excludesdilation. Excludingdilation makes
the plasticdeformationinsensitve to hydrostaticpressureandwill
preventthe materialfrom changingts volumewhich would gener
ateunnaturabehaior.

Theyield criterion compareghe magnitudeof the elasticstrain
deviation (Frobeniusorm)to a materialconstant, 1:

% : ®)

Togetherequations(2) and (3) de ne the von Misesyield crite-
rion [Fung,1969. If this conditionis metthenplasticdeformation
will occur We computethe basechangen plasticdeformationac-
cordingto:

1<

.
P — I/ 1 0. (4)
i Y%
A limit onthetotal amountof plasticdeformatiorthatcanbewith-
stoodby thematerial, », is enforcedby updatingthe plasticstrain
atevery time-stepaccordingo:

Pi= (P4 = 5)

PYmin 1, ————
e+ P
The behaior of this plasticity modelis illustratedby gure 2.
The image plane representsa two-dimensionalprojection of the
ve-dimensionabspaceof straindeviations? The plasticstrainbe-
havesasif it werebeingdraggedy thetotal strainusinga ropeof
length 1. Thedifferencebetweerthe plasticstrain's andthe total

2 For three-dimensionaibjects strainisa3 3 symmetrictensorwith
nine componentsBecausef symmetry only six of thesecomponentsre
independentEquation(2) remoresonedegreeof freedomeaving ve.

g=0.00 g=0.00 ,=0.001 g=0.006

0,=0.0044 =0.486

=0.001 g=0.018

=0.0022 ¢-0.486 g=0.001 g=0.162

,=0.00044 g-0.486 g=0.001 g=0.486

Figure3: Imagesshawing the resultsof simulatinga setof eight
thin walls with differentmaterialparameterasthey areeachstruck
by a heavy projectile. A purelybrittle materialis shavn in thetop-
left. The othersimagesdemonstratédow varying the plasticity of
thematerialcanproducea rangeof effects.

strain's locationsrepresentshe currentelasticstrain. A barrierat
radius ; restrictsthe motion of the plasticstrain,but not the total
strain. An elasticforce (stress)attractsthe total strainto the plas-
tic strain,but not the plasticstrainto the total strain. As shavn in
gure 2.c, theplasticdeformatiorwill depencdbn thehistory of the
total strain's movement.

5 Results and Discussion

Figure3 shaws a setof thin walls thathave beenstruckby a heary
weight. The walls are clampedat the bottom, and they experi-
encecollision forcesdue to contactswith the ground plane, the
weight, and self-collisions. The top-left imagein gure 3 with
( 1= 2= 0)shavsthebehaior of apurelybrittle material. The
otherimagesin gure 3 shav someexamplesthatdemonstrat¢he
effectsof differentplasticparametewalues.In theleft column 1
hasbeenvariedwhile , washeld x ed. Theright columndemon-
stratesheresultof varying » while 1 washeld x ed.Someof the
images suchasthe bottom-rightwith ( 1 = 0:001;, » = 0:486),
demonstratebviousamountf plasticyielding. However, plastic-
ity alsoplaysasigni cant role in theimageswhereplasticyielding
is not obviously visible. For example,( 1 = 0:00L;, 2 = 0:162)
shavs only a small partof the wall beingtorn away largely intact,
and( 1 = 0:001; , = 0:006) shavsthewall breakinginto several
large pieces.Both of thesebehaiors demonstratéow thefracture
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Figure4: A solid cylinderthatexperiencesluctilefracturewhenit
is pulledapart.

Figure5: A thin sheethathasheentorn apart.

processanbeaffectedby otherwiseunnoticeablamountof plas-
tic deformation. The proceedingDVD containsanimationsthat
further illustrate the behaiors depictedin gure 3 aswell asthe
behaiors shavn in the other gures.

Figure4 shavs asolid cylindertearingasit is pulledandtwisted
apart. Figures5 and 7 shav the ductile fracturethat resultswhen
otherobjectsarerippedapart.

Oneway to assesshe realismof an animationtechniqueis by
comparingit with the realworld. Figure6 shavs arealclay slab
that hasbeenstruckby a sphericalprojectileanda simulatedslab
of plasticmaterialthathasalsobe struckby a sphericalprojectile.
Although the two imageshave obvious differencesthe holesleft
by the projectilesdemonstratgualitative similarities.

While modifying the computatiorof the elementstresseso use
the elastic strain insteadof the total strain requiresonly minor
changego an existing code, the changemay also have an effect
ontheintegrationscheme Ourimplementatiorusesanexplicit in-
tegratorthattakesadaptve time steps.The stepsizeis determined
by monitoringthe total enegy to ensurethatthe systemis not go-
ing unstable We comparedhesizeof stepsakenwhensimulating
apurely elasticmaterialto thosetaken whensimulatinga material
thatwasidenticalexceptthatthe plasticity codehadbeenenabled.
During periodswhen collisions were occurring, both simulations
took similar-sizedintegration steps. At othertimes, however, the
averagestepsizefor the plasticmaterialwas approximatelytwice
thatof the purely elasticone. This resultis not surprisingbecause
plasticdeformationabsorbsenegy implying thatit shouldtendto
help stabilizethe system put it is only a singleteston a singleset
of parametersandfurther testswould needto be donebeforeary
moregeneraktatementouldbe made.

Thedeformatiormodelwe implementedllows aregimeof elas-
tic deformation,followed by a plastic regime, and then possibly
followed by a seconcelasticregime. While this modelsufces for
mary materials,other materials,suchas woven fabrics, may go
throughmultiple cycles of elasticand plastic behaior. We have
alsoworked only with a linear relationshipbetweenelasticstrain
andstressWhile alinearmodeladequatelylescribesnary materi-
als,othermaterialssuchasbiologicaltissueslemonstrateistinctly
non-linearelastichehaior. Developingadequatgraphicalmodels
for thesetypesof materialsremainsanareafor futurework.
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