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COMPUTATIONAL BRllTLE F’RAcruRE USING
ShKXYlll PARTICLE HYDRODYNAMICS

D.A. Mandcll, C. A. Wingatq and L, A, Schwalbo
JAMAlamorJNatiorml Laboramry, Los Alarms, New Mexico 87545

We are developingstatisticallybased,brittle-hctum modelsand arc imp!cmmnting
them into hydmcodasthat canbe usedfix designing sysIcms with components of
ocramiw gl~ and/rMothcs brittle snatids. Becmsa of the advantagesit has
aimuMW - we are woddrtg pimarily with the smooth partich
hydmdynasdca code SPHINX We dcxribc a new brittle fracturemodd that w
have impicmcnted into SPHINX, TO illwtratc the code%current capabilhy, wc
hwe simulmd ● numberofexperimcnts, We discussthree of themesimulations in
this pqer. The first cxpaimcnt consistsofs brittle steel sphereimpacting a plate,
The experimental sphcrafragment pattcms arc comparodto the oaloulathnw Tlw
aeccmdexperiment is a steel flyer plate in which the mowed sled target crack
pmlcms art cumpared 10the calcadatcdcrack patterns, We also briefly describea
simulation of a tungsten rod impacting a heavily cxmtlncdalumina target, which
hasb- rcccntly reportedon in datail,

lNTIWDUL”IWN

IMi[[le mmrials we used in mwy dclimse ~pplicrnlions. Cwlain anuum hdvc
ceramic cJarnentqfor cmrnplc, Undqrcnmd bunkersccmsistof rcxk and concrutc,
and windshields In trucks, jeep~ and hclicoptcm are mada of glass Any
hydrocodo used in the designor in the pei fotmancciassessmentof syalcms like
these must acwrately model the stren~th and fracture properties of hrildc
mamrisls, lb resuhs of s hydrocado simulation depend on scvaral factors
including the panicular way ha fracturomalal is Implanmmcd In general, fracture
motlda must be tdlorcd to the type of cde-LwIu@an, Eulaian, w smooth
particle hydrodynamics (SPI 1)-w that phyalcally ronllstlc crack~ result In the
oontcxt of thocoda’snumerical meatmant. M evan the sarna mold, implemontcd
Into two hydrocodea of ho same typt! but with diffiwent coding details, can
jModucc diil’crcnt Iewhs,

StAtiatIcd fraature modol~should Incorporate a number of fetturca including I t
the introduction cd’D randusndisttibutiun d’ flaws, 2) ~ difhmntid equation h
evolving thohum!damWc wriahle, 3) fIIMwdam fiw’ d~r’mling the ma(wial Wq@,



f- modi&ing the quation ofamta (EOS), and for ddng ho mrem components

Ofth darmgad malwial,and 4) molhods fcwproducing and repreaemin~ cracks in
the computadotd mesh All of those oumponents am intmdepcndant and must

fbnction in mutually compatible ways if tha oxpedmontaam lo bc modckd

aCcurUely.

We havochosen●. usethe SP1-flNXhydrocodefor dw prosont studies SPHINX

is baaed on the smodt psnicle hydrodynamics (SPH) formslism, whkh has
cumin advantagesover other mahods fw modoliq fkacture For exampk awe
the dmsge iscaladated and the material propeniea dogradd, SPH allows for the
natml insertion of vmds SPH offers several additmal bencfiIs Unlike
ccmvmtional ~ techniqw SPH wokla mesh tangling md is thereforo
much mom robustin its uoaunom of problems with Isrgs matuial distortka In
general. SPH it more camputationdly ofllciom than Eulerian wales. and it svuids
advoctionproblems,suchas nurnalcd dlfisicm SPII dow havo Its own set of

problomsincluding inaubilitios in tension]

To ba usedhlM a dedgn toot, ● hydrcwode, along with it~ material strength and
fracture nmdols must bo able to prwhct a wide ran~ of oxpmmants Many
frwntre modols aresblc to shnuhte aw4immkma! (lD) flyw plate oxporimoms
mccumloly,M are unable to prodIcl multi4imauiunat data Sume mudeh me
mcumte for a restrictedsetofgeometrios and bamdary and mltial C.ondnknrn.hut
not for @hors Our ~, which w have not yot roaohod, is to provide ●

hydruwdo-baaed d+n tool with a rn@s mcdol for the strengthand fractureof

brmlc materialsthaIwill auuratdy mmula[ea wdo rangeuf cxperimcnisam.iKA
applmatlons

The SPHINX wk is wdl dutwwnied2 ml inchdos swctal uf a m.rmbw uf

m!lddh thafhavehecnpropmed to simulatedyrmmlchrtttlcfhcturc ‘~ w@have
q!plkd S1’1lINX with its Capou%.CllaMmodol”a to umuhte the impocts o;

smi projooths on glasa9-”. ‘Iho roaulu of tho slmuiathm agrosd reasonably
*I with ha ~dmi dam, muchaa dep[h or penotmlkmmndthe moasumrrwntn(J
the fmo mdhco VOkl[) on ha bdwdo of [ho Mr#et, hd *O W~l~ unabk to

match flnw &ails of tho crack patterns Nor wao wo able to predict othor
cxporhnonlawith tha model pammotoiI dial wors aucccwfu]In the @s.impsU
nkdy



THE FRKTURE MODEL

Benz and Azphzug (BA) dwe!opod two statistical fkcture modcls3’4. We bqzn
our inveztigat.hm of UStistiozl tire with the model described in their mm

recent work4, but in the prooess of implementing snd testing the model in
SP~ we ohznged it to such M oxtou; thzt it is no lat~ ftir to zttribuw the
rezult to the original suthore. We shall dmply rofsr to aJr verzbn as the smooth
particle hydrodynsndcsstatisticalfractura(SPHSF) model.

The most impmtant diffwoncez botweon tho SPHSFmodeland thoso published
by BA am the wnyrnwe zeed the flmvz mndazdgn the flaw strq@z ur threzhdd
stressvalues at which the flaws initiate dam~ in their Iocd pefiicles. BA selod
flaw urongth as uniform intorvah on tho donmin of tlm Woi!ndl distribution
Mtction znd zzdgn the flmvz to randomly #electedpzrticlas. BA CO#ldllUGthO

procow of aseigningflaws to particles unlil uvwy pmticle conleins at least me
fltw. In SPHW, we begin with M empirical parzmeter that dellnM the mwzge
number of fkvs por unit vdurno Wo then cdadata the nurnba of flaws in d
particle b a Poissondistributionuzing the putkle volume and the ~vwago flaw
density, We adopted the new approach to avoid having the final dhibutimi of
flmvz depending on the spatial remlution of the problem, (Although to spara
computar memory, wc typicaliy limit tho number of’ flawz in azch pmiclo to the
ten wakcst,)

h principle, onto the flmvz arc moededw cauid uzozny WZtizticnldistribution for
ausi~ng their strengths, However, we fbllow thu procedem set by BA and use
the Wabuil distribudon ehhough we use a slightly diil’crenl functional ibrtn
Delzh of our model heve been reconlly presenlad’t

A SCZIUdamagevzrhblc D is ddlned for each panicle asthe ikoctionnf its volume
IJMtig reliaved d’ rntr~uby the growing crzck~.

(.)nce wo compwo tha dnmagq wo hevo to ooupla h bsck to the matcriai strangth
end hydrodynamics CJICUMWU, 7he current verdon of SP}llNX allows us w
de the yield utrest nndhr shear mwhrlurnfor each particle Ilnezrly lwtwctn n
valua cormpondhtg to tho Intact matdl and ● valuo CW-IWpondingto the tblly
bxurod mstoriai. In thinwork, w usoa eorwtantrnhwrmodulussnd let the ylold
strcfi Amm Iinemly 104wrcramthe damageino aauernftom zcIu Iu knw,

Finally, the coda must hsvo a wsy to lot tho panloios aeparatomtd form craakrn
znd msterhi fh~menu @In, difhront reaenrchortuso different methods to
Aieve particle rnqmmtion If’ a parIicle iu Miy dUIUI@ (D M I O), 11A emhdc
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that psniclc h tic SPH sumrnatmnsmer the nm~ng paticlcs This

exdusim cffeuidy dmonnccts & dama@ @de fran itsneighbors

Odwr methods haw km used to pioducc crack SUWIUICS Randks ad

COWOrkCrSsdwconnccttheir damsgedpamclcs by raducmgthe smoommg :cI@
h To prcvcm adwusc cfkcts on the time step. they hmit the reduction of h m 0 fl
of ils or@tal value SPHINX can usmeither ufthcsc two methods WhuI wc use
the sum cxlticm method. we do so only when the wrn of the presmwe~of [he

_ pnmcle ud that of IIS naghbm IS ~VC TIUS dICITK dIOWS

dantq@ ~cks to rcsm COmplCSSiOtl bul not ~ai.

STEEL SPIIERE FRAGMENTATION

Experiments IMW been comhxted of bntdc steel spheres Impacted imo PhfMA
pks for a nurnk of wlocitifi and plmc thlclcne~cs” TM-Ox-ray po~itiuns
dowwrcam of the plaie recorkl the sphere fragmerupanern~ llw wiy was
SdJU8kd so tht the plarcdid not appearm lhc x-my SPHINX 3D calmdatmnso’f
two of these experiments.for a 3311 mm duck plate.were madeusing the model
described&vo and an clasw-perfkclly plasuc mmcrial sIrcngdI mudel FOI ●

sphere vclocIty of 7 f) km:.swmthe sphereremamodintactm the experiment llc

SPIISF model paramotorswera SdJUSd for thiscasoso thatthospherahmdonly s
srnsllamuumof surfaoedams~c IIIc 4 S7 law= uxpmmcm was then wmulwd
‘1he dam nml calcukmd Jpherc@rncnl pucrm me shuwn III FIgIHc- 1 ●n,l :
(IMU m KXIC) for the sec~ondx-ray posmon The dmrncwr of the cxpcnmenW
dwris pattern wms46 mm and tho calculateddmmotcrwas 428 mm As can bo
=n frum FIg 2. he calculmicdPalIan hasan umbrella shape, whcrcag the dma I*
plarm Inwewngly. rw a thlcLer phta (I I 23 rnni). the d~ta was umbrdh

shaped Grndy awmmcs Ihat tho spherebrdic up mm ahcw 44CJfrqgrn~fs III

the SPHINX cdmdatmm. thorc were only 16411parnclcs m the sphere. w
calculawnwwdl mmc IcsulutionaIa nccdmlIlmac ulculwiuns a19undciw-at
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Fig, 1.Ex~mantal spherefiqjpncnt

pattern.

Fig, 2,Calcuhcd fragmentpattern,

SPALL IN WEEL PLATES

Mock and Hdt conducted● smka of expmimentain which they shot a steel flyer
plate ●l ● sled targd plate‘4 %% IargatWM recovered●nd acctioncd so that the

pattom of apcll cracks is viaiblo, The axperimonta wuro ccmductcd at fair
velocidea and fa two difforen; atad ht treatments, SPIUNX has no model to
accountfor the heat treatmeng but axperimenta f“ cmcheat treatment and two
velocirk wcm almulatcd The SP}IINX mcrdd fcw theaa cdculstians used the
Cagnoux4imn _ modol with - ~ 10% random variatiar in the thrcshdd
stress fur the starl of -, The lohnstm-Cook maturial Won@h model was
usedand a linear Ua4Jp equation of date. A comparisonof thewqwimenml steel
platoaand tho SPHINX MBUIISarc shown in V’lguros3 and 4 The craok patlcms
are in qualhatiw agreement, but difbmncaa in the details uxlst Theac two
dlmenuiunaicylindrical calcuhtions show that SPHINX ttaa ● problem on the axim
aymmalry

.,,,
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CONCLUSIONS AND IMSCX!SS1ON

Smnottipuucla hydrodynamic medmds hit= uwanwga owcr nwc IAItmnml

hdrocodennhodsforfrusuresimdmicmsw wck-c chasmm us LIW mmkxl
A wmber ofkcwe rmxk!s haw been~mplomemadInm k SPHINX SPtl U&
S- ● hydrtxmk must be sbk m -ralcly wmultis s rqp of cqxnmems
bcfofailmbeusdasmrahaledw ~looi. Welmvaevduuedt hesemodelsnnd
tie * b wmukmg a number of am-. mm-. and titimawmul impci
expanmems

Compsnswu b.mm theqenmenm d ha cdcuhuom m pxl m sane uses
awl rmly qwhwiwly CMWCIm ak - Funk WCMkm ncded m urdm fw
the smulandns 10 nmlch demds of W cqwintmfc One mdel mid OIW sel 01

madd puunacfx wll csnna ●kqumdy simulmadt ot W cxpcnmenls wc IMWC
mm’nlnd
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signif-tly roducd by indudi~ more pariicles in tic SPH wms We and Acrs

ue investigxtmg mmhodsto diminatc tis problem

Aldtougb ftir wwk is needed m both britdc fiaaure modd devdopmcnt and in
the codesin ordertodesign kiccs owsidethemngeof currentexperience. the
COdcSarcvuy useti m conjuaion wilh expimuual resultsm aplammg the

cxperimennsnd Ms to gude tixwe cxpcrimenmlwork
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