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T The results of a two-youar program on dynamic fracture behavior of rocks are
doscribed., The goasl was to dovelop tho capability to predict the froguent sizo distr
bution of rock resulting from known dynomic lunds, This gonl hus boen largely
realized for o simple, well-charactorived rock type, Arkansas novaculite, undor once
diwensional-strain impact loading, - A gas gun wss uwsced to accelercte flat plates
angainst flat rock specimens, Ytterbium plezoresistive stress gagoes were used to
wcasure strosas historics, end the dynsmic tensile strongth and fregment stne distri-’
butfons were dotermined. Tho mechanism of fragmentation was dcduced from .ractogruphi
0hucrvutio1& on impacted gpecimons,

A computationn} frogmentoticon model was dovelorcd that treats quantitatively the
four stages of the hypothosized fragmentuplon rechruism: (1) activaticn cf inkerent
flaws, (2) crack growth, (3) crack coalescence, and (4) fragmentation, This modol wes
tunvitcd intu o one-dimensional, fintte difference wavo propagation compuicr code to
obtiin o capability to predict the frhgmcnt size distribution,

~The requircd input paramcters include the load history snd such reck spocific
proporties as the inittial flaw size distrituution, the fracture {oughness. und the
crach growth voloéity. Those matoriol parameters wore determined for Arkonsas:
rnoveculite, and a eslculation vas mode to simulate the conditions of & dynamic impact
oxporiment, Tho calculated snd oxperimontal fragment size distributions (Figure 12)

i4

are in qualitntive sgreement, and indicoto that 4t 13 feoasible to make succensfyl
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1ha rwauxts 02 a vwoayoaw pr¢grom on dynami@ fgaetugo behev&ar 02

- rooks aro deseribed, ’Ph@ g@az van to dovelop zhe ﬁnyangtty te prodiet

tho fregméne size dtstr&@atto& of roek: resuvtang £xen Ynosm dynsu&c 10868.‘
This gool . h&s bcon lazgoly realxwed foyv n at@@ic, Cl!wchaﬁﬁciarl sed :oes

type, Arknnseo novaeuxitc, un&er @ne-&Areﬁga@ncxwuﬁxgﬁn sepoet 1@&@&@3. .

t.,.l{ .

Yeterbiud psezv'o@zs?iVG streea ynp@s ao&@ uqeﬁ 1o noroure otregs h;ﬂtorgta,_:

and the aynanlc %onntlo azrﬁngtb ond grogment 0ieo diotributions were

detarainﬂﬂ.,lxho e aaﬂzam @ﬂ Axaymhnﬁmtiea wak dc@ugvd fren aresﬁﬂgxrphg@

'obsersnzx@ns on iapactcﬁ apecinesu.

A eccaputationcl frﬂgnentﬂﬁéon medel won devolﬁped that treots quentie

~taotively tho four stoges of the bhypothooized ffugmomtmezon cochundon:

(2) activation of inhcrént,finws, (2) ovoel growth, (3) crack eoenlesecneo,

'_and (4) frogmentotion, %hin rodel won inserted ingo o enc=dinenoieant ,

findte differance wave pxobaﬁa%ion canputos eode (o obtain o copobility

to predict the fraguant 81=0 diotributien, )

The rcqulrod input parnm@tewg ineludc tke lond hﬁﬂtefy ond such r@ck
opoczfic propertios as the 151t1a1 flaw alzo distribution, the fracturo
toughnoss, ard the crack growth veloeity, Thesg nateriel poaremeters wcro
determined for Arkansag novncu{&te. and ‘o celcula&&og was nade te aimélnte .

the conditions of a dynamic fapact éxporimohf. Tho caleculated and expori-

‘mental frogment size distributions (Figure 12) are in qualitative agrco~

mdnt, and {ndicate that it is feesible to make succasuful quentitativo
piedlctxons nf rdck {rogmentation bosed on knowlodpe of a fow meesuroble
rocl propertios, Characterizotion work on Siour gquartzite, Holgton

limostone, and Westorly granite was begun,
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1 INTHODUCTION

Rock {ragesentation under hlgﬁ rate losd spplications 48 o Jittle~

underntooﬂ phonomcnom. There. is at presont no dattatactory theoretical

bnsis tor predicting dynantc Lracturz behavigr, although such . cupnb&lzty

would be vury u?atul in tbc golutioh of many proottcal nining and civil

onxtneer:nu probleun. Yor example, raptd excavation could be done wore.

‘. f?aately aad cuonomicallv the atabil‘ty of etructur@a zn rook could be

fdlsignwd anﬁ evaluated ¥ith more con?idenco, end the efiiciency of rock

dxlintegrntian prncésacn could he &mprovaﬂ It was with this motivation

‘ that the work deaqrib@d tn this repurt was uwaortakcn~

. Ouy ‘goal wﬁs to deve)op a cwpability for predicting tho tragment

size distribution ik rock resulting from dynamis londs, ¥e limlted tho

main effort to u simple, well characierized, homogeneous rock typc,'

Arkensss novsculite,. under one~dirongional-strain loading, The approach

conﬁisted of: tho following steps:

&

Irpnct expcrxmenta were pcxtormvd on u howogcneoub rock
under woll-controlled conditions, cnd tha fracture behavior
under various dynamic load histories was studied.

Observationa“uaro made on’ impacted speclmens to
rstablish - the phvsicnl probu rreq undarlying rock
rragmcntntzon.

A computntionai modal of the 1rabme totion process
wss constructed bused on eiperinental evidcnco to
prodict the frogument size distribyvtion resulting
from a givon lond history.

. Rock properties needed for the madel were mossured,

The model was insorted into o wave propagation’ cede
ond calcul~tions were pbrfOPde "The results were
compared with exporimental results,

v
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This report is organized into gix chapters, Chapter 11 describes

the {mpoct cxporiments, the cxporimental and calculationral rotheds used
to_decarélnc'tne utrcéo'ntstoyy in the speeimonui, and the oxiont of
tructdre nnd fragﬁentatioﬁ.of tho:npccxmanuf Chubter'lxr prefchts potro-
graphtc and fractogrnphic observntions made on the {mpagtod apuylmonn’

thlu ovxdenco t5 used to doducc tho m"chauisw of trugmcntattoa, 1.6., the

fquuonce of mieroprotesses uhicb occur in tho sgcczmenu during iOQﬁlnb
" and ro-ult ln tragmentation. In.Chaptcr IV o co"putntlonnl mode). of rcca

'fragmantatlon undar thosﬁ loading condxtions 15 constructod to descrive

the resulting tragmenc siza dzstrihution. The odel 18 based on the

'hypothesized frogmcntation nechunism ond requitea tho loading history

pnd cortoin rock properties ag input. In Chaptcr V, the rock propertics
that control tho fragmcntatiun behnvior (the initial flaw size dixtrl-
bntxap tho frncturo toukhneas, oné the voloeity of cruck growth) are
detcrmingd in Arkansas novaculite, In Chapter VI the yosulte of the

calculations arn‘prcnented and comparod with tho moakdrcd recultu.,

. The rosults of charactartzation work on three othor rncm typas ore

prosanted in tho ppendix,

The essential results of this work may be quickly grcgped by
comparing {ipgures showing c:perimentully obnorvcd crack pntturnb and -

meagured fragmont size distributions for notvaculite (rigures < and 6,

© respectively) with the corresponding calculational results shown

respectively in Figures 1) and 12, Tho agrocment is consiriared good,
ond {ndicates that the approach taken hore could lead to a vseful

solution to tho probleuns ot rock fragmentation under dyasmic loads,
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1T IMPACT EXPERIMEXTS

Matoriol

Arkangas novqculite, s naturally occurring poiycfya;alline qunrtiito,
was chosen sa he basxeline meterial for this utud}'becauqe of 1ts_simpii€ity.
"ot As burc. dense, and homogencous, and consists of equisized, wguiaxed
and fnndohly orientud quartz grains having an eversgo dz-notpr of about
10 ym. A.popuxutxon of fist flsws exista on planes roughly pafallel to
esch othor. The stiuctursl snd mechpnical properties of novaculite sre
pkeaoﬁtéd énd discussed more fully in cﬁupter v, '

meact Losdingy Procadure

Controlled impeot expnriﬁents on novaculite were carried out with s
gos gun using o flst projectile impoct iechniqug, ﬁd that !racturd.and
frageentation occurred undor.onnadlmcnsionnl Htrain conditions. .

Projectilus, 30.0 cm long by 6.33 cm in diameter for tho smsller gas
gun' end 76.2.cﬁ'lopg by 10,2 em §n dsndatep for the largor, verQ
scceloratoed down éhé evacunted barrel of tho_gun by the gud¢qn relosse
of pfossuro from an udjncént présnurized chambor of helium, Flat target
npéciméne were impacted with thin polﬁothylano or plexigfaas flyer piates
attgbhéd.td the front end of ghe.projcctxlau (Figure 1). Under such flat
plate ;mbuqt, comprosaive wavos fnitinlly run into thc}spbcimcn end

. projectile head to produce a state of one-dimensional compressive strain.
‘_ Tonsion 18 produced in the gpecimens when releasc woves running inward
frdm the freo surfuco of the spocimon meot similar release waves running .

. tnward frowm tho back surface of tho flyer plste, From a knowledge of tho

B i LEST o S ST o gty £ ]

shock tmpedance (product of denkity und shock velocity) of the rock and
tlyér plate, the gtresses in the rock spocimon coan be calculsted, A
sufficiently large diomoter-to-thickness ratio for the specim&n ensures
thut_tho tenstle strain 4w 6ne—dxmvnﬂionnl by provonting unlondink wéven
from the specfme . poriphery from reaching the interier during €hu tension

phose,
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The target spociuwens were shovt cylindors, usually about 0,638 cm
thick and 1,27 to 3.al'cm tn disnoter, Their axes were cnréfully aligned
to coincide with that of the gun boavrel to ensure flat plate {mpact, The

ﬂbeciman» were fit tightly into cmnstrninxbg rings of slunminum, vhich {a

‘8 very cloeo match to hovnculito tn shock impodance, Most of the

olumtnum constroining rings had an 8#degroo taper on thc.outor circumference

urdt wora prébs-fttted into s lnfger nlunisum ploto serving as n apocimon

; _hol4er} Others had no tnpor and wore 11ght1y held 4n the spocimen holder

jby several dabs at‘eroxy, Lpan *mpact vxth the flyar plate, the spccimen

nnd conﬂt:nxning ring flv free trom tho a,umxnum holder ane into Y catchor

tank whlch 19 filled with regs to prevent subsegquent 1mnac?a nnd poqnlblc-

unconirvllod dgmnge. The projecc:lo,nnd projectile kead are preventoed

‘fron entering the eateher tank by the ateollplato.

Fifty-throe tensile experiments on Arkonsss novaculite at high loading

rotos weru porformcd using the gos xuns. Fourtoen of theso were instrumentod

with yttcrLium stre.s gagos to deternine étress hxﬁtorias und to mea uroe

.l
the mnﬁnituﬁee'of recompression waves produced by Iracturo. . An additional
twoﬁty &cre uningtrunented expariments 4n which we attomptod to detorminc

the dynomic frncture stréngth of novaculite and any effectn of orientation

: 1,2 : .
“on fracturc strength, ' wheress ten others wore performed on jacketod

. specineng to study fragmentation bebavior, The romasning nine exporie

ments wore oithof of o prclimihary npturé, to dotermine in & rough way
tho impact velocities ond o»k?r oxvﬂriwental cot ditiona roquired to

conrry out tho propoeod program, or of an investipative nature to dctermina,

- for exnmplc, thclrcnaon for the occurrence of undeairublo rodisl crncking.

Detormination of Dynsmic Tensile Streongth

’ A serics of 20 uninstrumen:ed oxpcrimcntn was perfornmcd to mowsure
the dynamic tensilo strength of novaculite, to detormine the ceffect of
apecimen orientation on the dyramic fracture étrength, and to produce |
fyracture surfouces for examination 1n the scanning electron microﬁcoﬁo

to gatn information concerning the fracture mechanism,
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Ten spoeclimeng wore cut so0 thav the fmpsct diructxoﬁ way normul to tho
planog of the iuheront {luwe; spocimens in the remafining 10 wure orieatoed
80 that the xmpact direction was parullel to the {law planus. ALl spoci-
meng wore 3,27 cm in diameter by 0,635 cm thick and prese~fittsd fnto
J.81 cm diamator by 0,633 cm aluminum annult, Thc outhur periphery of |

oach annulus was providaed witl an B-degéeo taper to facilitute ejoction .

-upon impact of the specimen-ring aszembly irom the sluminum targot plate,

Var§ extdnstvo'cruckinr' usually rosultlng in comminuttoh'and loss

" of one or both utdca of the spcc&men Irom the nlumlnum annulus, was
'producod ih 511 of the tirnt nfno expcrimenta ovon st streeﬁou a8 low as

20 Nh/m (”QOO/psi). ' This 1nitlallv puzzling bchavior wus prevcnted in

the subuoquant 11 shots by lightly tncking the tapered snnuli to tho

n.targot plntea 1n threo or four pluCPs with epoxy instosd of prezu—f\tt‘ub.

In the lattor e\ycrtuontn no radiol crackinh occurrod nnd a uood oatimnte
of tho dynamic fracture_&trangth wngd obtoined,

The ronultn of this sarioé of axpériments are prononttm tn Table 1.
The dynemic tensi]e stxangth was taken ag the a»eraro of Lho highest stress
at.which ne d«mage coul& ve obscrved on diometricol sections of tho

specimen, uand the lowort stress ut which inciplent spallntion ocrurred

A cross-scctional view of incipient'spullation is provided {n Figure 2.

Fér tho pnrallol spocimcn orlenthtinn Bpecimen 306 did ﬁot crack at

39,4 Mh/m {3710. psx) but Specimen 35 did crack at 43.5 “W/m (6300 pst),
Ior the normnl'spocimun oriontotd or, no cracking wag. ob»oerd in Spoctmon 43,
which wig aubjected to o peak tensile stross of 38 8 MN/m (5630 psi),
whorgas Specimen 37 showed cracking at 42,6 hLVm (6180 puf). Thus the
d)nanic tenuxlo ﬁtrcngth of no\uuulite in thc direction nurmol to the plsnag
£ 2.0 MN/mD (5390 290 psi), the dynemic

of inhoront cracks is 40.8

strength in the parallel direction iy 41.4 = 2,0 mN/m (6000 t 290 psi),

‘Stnndnrd International (S,I.) units, as now roquirod hy many government
agencies and professional sociot:us for technical reparta, papers and

Journals will bo used fn this report., For convonience, howgver, Lnglish
units will also bo given {n porentheses directly thercafter., Stress
equivnlnuts to slide ruls uccurucy are as follows: ) Mogapagcal (AN/mz) -
108 N/m? = 10,2 tg/cm® = 145 psi = 10 bar,
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FIGURE 2 CROSS-SECTIONAL VIEW OF SPECIMEN 30 SHOWING
INCIPIENT SPALLATION
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Wo conclude that the dynomiec tensile strepgth of Arknnau@ novaculite ia
{neens{tive te tho orfentation of precxisting flaws., In viow of the
pronounced flaw orfentntion anisotropy of hovaculite, the fracture
strongth {notropy i éurpvimin:.

Doterntination of Fragment #izo Distribution

At'ﬁow impact volocities (less then cbout 20 m/sec), Arkansos novaculite

~ Aporimens 2ould sustain corisiderable frocture damage while maintaining

integrity, At imﬁnec velocitiens sufficient to causo fragﬁcntnizon, a

’ﬁothod was requircd to prevent the'frndkantﬁ'?"oﬁ'scattcring aud thoreby

0su1txng 1) 9onsxhlc domsge ond Aoss of thc fr:amants. The arrangemont

used for recovertnu honvily dnmaged spccxwenn entnilcd oncasing the

cyllndrtcal racu ﬂpeciuens comp)otely_in.a much tougher materful of
ulﬁtlnr shock lmpcdsnce. Aluminum was Iound to be n qutinblo encasing
matortnl, firnt, ‘becouye it doos not-undergo brittle fracture undor the
loadi -x conditions of thenc owporimonlq and thorafore contains the craching
and trngmenting rock’ apcctm»r, rnd second, beconuze its shock impedance is
vory simllar to thet of novaculite, ®o that dlsturﬁanco Qf gtregs waves
as thoy cross tho Bpocimon-cncnucmcnt tnterface is mintmal. The d1m§n4ton5
of the torgets wefc'desinued to reduce edpe effects,

. 27 em in

As shown in Figure 3, spocimens 0f Arkansas novaculite 1.

dtumetcr by 0.635 em thick were fit tightly in the cenler ot an aluninum

disk 5.08 em in dinmoter and 0,953 cm thick, An uluminum cover plato

'5.08 cm in diameter by 0.318 cm thick vas then placed :over the exposed

end of the spectmen nnd hold firmly to the disk with four egually spaced
serews, An epoxy wna applicd to the specimon surface sdjucent to tho

cover ﬁlutc to cnsure fntimate contact with the aluminum casing. This

'~turget assumbly was then subjected to flat-plate fmpact with the gas yun,

Ten uxperiments were corried out; the deteils are riven {n Table 2

1t wog planned to subject Specimuns 44, 15, and 46 to stressas a foctor

of about 2,0, 1.5, snd 1,25 in excess of the dynamic tennile streéengths in an

attempt to obtain various degreos of cruck coalescence lewding to fragmen-

tation, The resultfing fracturoe damage is dnﬂcrlbed in the next section.
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The next. three oxperimonta, 17, 48, ond 48 wore parformed at strosns
levols nenr the dynemic tensile strongth to doteraino whether the aluninum
encugenont arrangenent caused significont stross eaplitude 0ttﬁnuution.

1t so, inpact volocxtieq suffictont to cause incipient spall fracture in

~unencosod Spocimons vould not result tn dnmugo whon eucnsed Experimonte

47 and 19 porformed at o 1mpact velocity of 16,4 n/sec producod uignxt-

icant crncking, whorens owpcrimcnt 418 at 14, 8 m/sen produced no damege.

-.Theso rosults nre in agrooment with the dnmago thrashold voloctty of

:

rcport,1 and so ve concluﬂo thut the eluminum encﬂsomont had little

' nttunuuting cftect on tho Btrcss.

Spccimens 80 and 51 woro to be 1mgactad at obout- 28 m/soc, in the
volocity range of advanced stagos of crack coalopeernce and 1nc1plent
rrngacntation. but unfoztunntely nuch lower velocities, nbout 17 m/sec,
were: attuiued and much lcua damage rosulted than wes dcaired.. The flnnl_
tuo spocimena were shock-loaded %t significantly Bipher velocitioe to

produco dotachcd fragmenta, The sluminum casing (i{igure 3) was {mpoc .ed

by the f{lyer plete in the fir:t &ight experimonts. In "xpdriments 52 ond

JJ howover, the apocimcn nsuonbly wag orientod such that the cover pleto

- side was 1mpactcd

Tho recovered tnrgetb woro preparced for fractographic observntion
and nnulysis in one of two ways, Eiither they were cut carefully on o
diometer to roveal the cracklng pnttorn on a croos gection, or clise the

aluminum oncanemont wag removed by cnroful]y machining the poriphery

“down to a few nils in o Iathe and subsgsequently disgelving the remaining '

fow uils of aluminum 1n a 50% HCL bolution.
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15.1 * 0 8 m,aec establisued ior uncmcased novaaulx%a 1n tna firat annual
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In 8{tu Obscvrvotions

Sl A

Spocimans 45 through 52 were sactioned ond polishod to rovasl the

i

e

cracking pattcrﬁa. Tho effeect of stress levul on tho exteat of crncking

is z‘lustrated in Figure 4, whlch vhows cross sections of spocimenu

.._..,.__.,

'lmpacted at various elocitieu. Tho churnetcriatic dome-ahuped erack

pnttorn is avidout' Damagc is usuqlly heavicst in the holf ncarer the

i
i
i
g
:
}é
£

1npnct surturo. Fino particlon seen to bo produced at nidthicaneas and

R

‘Ain the rone cncoapnsaed hy the dowe cracks. Lerge fragrania ortyznato

, moinly near the flat.aur!occs. The ‘roe-surface pide of tha specinmen is -

usually lepst dnmégcd”end ib ofton recoverscd in one piece, oven vhen tho

é . romainder of tho spocimon has frogmented, Freé, uncoalesced crack tips

T

Y ' . aro commonly observed in specimens impacted st high as well og at low

TR e D e AR

‘i strecses,
§ .

Frnpmont Size Diatribution

Ve attenpted to detormino the Irngnont size distributions produced

R SO

in Exporimonts 44; 45, ond 83 by cwrefullv removing the alumtnum oncnags

ments,  Spocimon 44, hoaevcr fcll apert 1n only a fow lnrge p.cucn and

B R e
e o .

wag unsuitable for a sieve annl;ais. Specimen 45 remained intuct after

removal of the aluminum ond retained considersoble strength (firs hard -

R T S R G N T YL AT T I

pressure was {nsufficlent to.hrcdk it up), so 1t'wuu mounted. in epoxy

ond scctionced as described in tho previous discussion,

e —

Sk T

The fragment stzo distribution for Specimcﬁ 83 was deternined by

cand cad

plucing the colloctad frogrents 4n tﬁe fop sicve of a series of U.S.

sieves placed in tho following order from top to bottom: No. &, #, 10,

e

14, 20, 40, 50, 100, 200, nnd 400, and Y pan to cntch the fines, The

L MO ST AR

gystom wap vibrated for a qhort time, and the pnrticleq rotninod on

‘each screon were countcd and weivhed Figure 5 shows the shapos of the

P T LY

particlos; the raw dntn ore presented in Teble 3 end 4in Figure 6, These

ST TN eI R
i

experimental fragmdntutibn dntn-wory used to dovolop and check the lynomic

{racture model.
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() EXPERIMENT 43
4%.4 2 07 PASCAL

u;” SR
. - {6) EXPERIMENT &7 TR
’ F4B8 x 107 PASCAL

s

Do
e} EXPERIMENT 46 R

© 831 x 10° PASCAL v 1A

>
.
P .

(d} EXPERIMENT £2
138 x 10% mASCAL

hP.1792-7
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Stregs Wavo Measurements

In fourteen experiments, on sttempt wog made Lo measure Sireds wove
: s ] . )
profiles tranamitted through the speciwen, In sddition to providing the

peak stress and stress duration experienced by the rock under tmpact loads,

’ Qeasutdd_strcss histories'yiéld importont 1nformut16n about the conatitutive

relations and rate depepdonce. In the caso of a specimen undergoiny fracture,

rdcompreaaion wavos emitted ns mlcrbcracks forn, lmpinpo on, snd rcload

thc gago to an extont proportionnl to the dynamic tensile etrength of the

E rock. Furthe*mo e, tno slopo of ‘Ie rclcading pulno vivog on indication

"ot the tata of tractureu-n rnnrp rlsc corrcsponds to brlttle behavtor.

Ytterbium piezoreslstant stress gagcb moanted in plexigloss blocks
wore held 4n contnct with the rear snrfaco of the specimen, Upon,impact,

comprossivc waves implnga on thc goge nnd the,s;ress-lnduccd alectrical

’ sighnls are recorded with an oscilloscope. The tensile gtresses in the

rock spacimon are then qalculable<rrom tho gége record, if the relative
shock impadance of1spoctmen and bﬁckxng material are khown,

Thq pctudl oscilloscopolfocoyd..ohtained in theso ekhgrimentn, us
well as a more detailed account of this stfess'wuﬁo~mousuring techniquo,

can be found in refuroqcc 1. The results may be 9ummnxized by notxng

"that clear uad consistent d1fferences in the gage records vere observed

for spocimens which underwent fracture, Théxefore it wvs~possible to tell

vhether or not a spocimen was cracked beforo actuslly cexomining it. Peak

‘compressive stresser oxperienced by the specimens, however, were not

measurable from the gage records because of significant deviations from

planatr impact and hence ‘excessive fouthng of the oscilloscope traces.
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IIXX JTHE MECHANISM OF FRAGMENTATION

Considerable importance 1a’nttached to establishing the frogmentation
mcchnnism, becausw this torms the basis for the computattonal model. The‘
. fragmentatien mochanisn 1a defined un thaot sequonce of evants that occurs
in the rock during loading and lends up to trngnentation.'~We constructed
tho compu\ational model for prodicting trugment sfzo distrihutions by

modoling 1nd1v1dua11/ tho physical procasses that precedo lr-gmentutton,‘

] eccurnte a8 well as more applicable tr othor materiale undor other 1oad1n¢
conditions thaos modol based on qay, enpirical correlations. Thus, ea*h
impactod Yock' spocimen was exanmined cnrefully 1n search of evidence con=
cerning the physicnl proccsses involvad in fragrentation, :

Fractographic Tachniques

Two main fractogruphic tochniqucs wero used to deduce the fyagmentntion
mechnnism from fmpnctod spncimons,' In one techniquo frpcture surfaces and
in.lviduzl frogments were examined hy opticoal ond sceaning eleatron micro~
scopy to look for murkings that &ould reveal how the surfaces and frégments
wore formed. Those obserQutions brnvxdod information on the histories of
.1nd1v1dua1 c}ndks. ' The other technique entﬁilqd stopping the irbgmcntution
process at'various stages of completion through careful control of the
experiment, then sectioning the spocimon, and unnminink the pattern of
cracks 1nterseuting the section, 1h1c technique yielded insight into
the behavior of interacting cracks,

Fractographic Obscrvations

The burpose of optical and scanning electron microscope examinations
of fracture surfeces was to look for 1nhomog6neities that could have served
as crack initiotion sites, and river lines and hesitation lines which

indicate the nature of crack growth,
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As 18 typical of most fbckﬁ, the grncturqd surfaces wera nearly
ténturoloss and for the most purt yielded little evidenco of how frnciur«
e _ o occu;red. The broken surrnceslponsistod of countleas, woll-defined and
. . aaui#lzed ﬁolygondi blocka--qunrtz proins exposed by the passuge of s

crnck along zho araln boundarxeu. Only 1ntrequént1y were prapagatioﬁ,
. murkinsa nnd hasztaticn linos obver\ed. Tbe'circulér markings in
thurns 7& and b ara known ﬂB hcnitmt‘on linaa because thoy are produced

when th‘ urack undergooc a suddam change of valccity e8, for 1nsturca.

whaﬂ the crack ‘ﬂ*impingad upon hv’n utrasa wave.

Nt

the arreat lines forﬁed uhere 8 crack haa actually stop,ed

ph e
L

*Thus
hesttazion linos and arrust lines delineuta thu position of ‘tho crack
; '-' front at some. instant in fiae and thesebu reveul the contour of the

; ‘ propngating crack ,Frum thc.appenrance of the hesitntion xines in
Figure 7, L] dcduce thqﬁ the crachs had ctrculnr'pcriphuries, i;e.. they
were pennymshnped .

_Also: evident on the frﬂcturu wurtane 1u Figure 7a are several linea
rgdiating putwaqﬁ from the apparcni center of the circular heaitatiof
line and 1ntersccéing the hesitotion line st right angles, . Thcaé lines -
'nré nctually height. diacontxnuitieé and thug are reminiscent of river
lines and cleavnge stops commonlv obscrvod on frauturo surfaces of
mgtalllc nnd.ionlcqlly bonded materionls, As such they form parallcl to
the prbpngatioh direction and thus indicate the proppgatlon dircction,
Thus. the river_iines prﬁvtdc a ruhﬁing history of thé cracknpath and n
hesitation lino gives the crack shape at an instant in time., . Figure 7
is tﬁcrntore interpreted to mean that crack propagstion in novactlite
under dyranic uni&xiul stfain.lnnding occu;s by the cxbpnsian of ﬁenny-
TR - shaped crocks rndinlly outward érom {nitintion sitos.,

. . A corollary of the fsct that river -lines form ﬁurnllol_to the crack

propogation direction is that the fracture origin may be located by

following the lines in n direction opposite to the propogation direction,
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FIGURE 7 SECTIONS OF CIRCULAR HESITATION LINES
ON THE FRACTURZ SURFACES OF DYNAMICALLY
LOADED NOVACULITE
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F{gure 7 shows clearly that the rivor lines emsnaie from o singlc s{te
situcated at the approximate center of the circular heattation lirne,

High resolution examination of this sitc with the scanning elcctron

microscope did not rcveal any obvious hetarogeneity that might have

served as the weak spot, In fnct 1n no instanco was ${t possible to
1dentity positivel; the hetorogenolty in tho rock rosponsib)e tor the
1n1ttation of a crack at thnt partlculnr plnce. Thus wo can on;y

0 .
sptvulatc thnt the hetcgsenelties r0a90n91b10 for crack 1nit1ntlon

'cre thc anll crnck-lihe flnws that cxisted 1nbarontly tn tho rock.

lndividual frugments such 0s thosc shown in Figuro 5 wcre also

.exumined with optical micxoscopos. Their shnpos as coan be seen from

the figure aro roughly cqulsxed as opposed to elongnted bodies s

might perhapg be expected from Figuros 4b and 4¢. In general tho fragmonts

hnd from 6 to 8 focéts, regardlcss of iruévcnt size, 1np1y1n§ that on

thc average 3 to 4 c: ackq are nssociated with one frngmcnt and indicating
that larger crackq produce larger frakmcnts uhereas smaller cracks

prod'. e smaller frngmcnts. It was also noteu that 1nd1v1duu1 fragments

gcncrally contninod a number of cracks {n their voiumes, which mecans

that not 011 cracks were cfloctive in producing frnbments.

. The purpose of pe rforming impact exporiments at stresses 1nsuff1cicnt_

to. produce fragments, was to providae spocimens for observation that
contained varjous degrces of prcfragmentntion fracturo danago, Sdch

specimens wore cut ‘carefully on n diunoter with o diumond saw,. nnd this

surfnce was polished to rcveal a cross s cctlon of thn cracking pattern

and fo provide in situ views of fragmentation. Figure 4 shows thc
nppeurnﬂca of four such specimens Iimpocted at stress }evols ranging from
one below the tensile strength fhroukh one sufficient to produce loose
fragments, This figure may also be viewed as depicting successive stages
tn time of a frogmenting rock specimen, 1.,¢,, as the stress in the wave

rises, increasingly more crocks ori{giunste and grow
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These pictures show thot cracks initiunlly form nonr to the impact
surface and propagate predominately in thﬂ loteral direction (normal tev
tho dircction'of tho maximum tensile stross), At low stresses, fow
fragmeats can form, and they are luargc. As.tho stress levol 1ncraases.-:
more cra#ks ure initiated and wmore coalesconse occurs, Cruck'growth does
1t épﬁear to e pérticu)uriy gensitive to stross level, Oﬁly at'the

hlghcst strows (Figure 4d) can signlficant numbcrs of verticsl crncks be

"seen. The eifect of the ve“ticnl craok\ 18 clearlx 1o, increasa the extont

of specimehwvomminution.- Tley trunsfarﬂ the Largn «¢longetad tragmentc

(Figure 4;) to many smnllcr, rore equtaxed tragmonts (Figure 4d) und thua
1nfluenee nbly the rcsultiug Ix 0t aize diqtrsbution..

' Figure 4d nlso 1ndicateq that 9maller fragments tend to originate
near the mid-thickqess of the spccimcns wharoas the loarger frnﬁments cane
from the material necar the impacted ond free surfar ts, . .

2

Bypothesized Fragmontation Mechanism M

From thede observations we envision a mechanism v fragmeatation

conéistiné of fodf_ﬁtngeﬁ, namely : .
.‘(1). Activat:on of-d'nqmbcr of preagiafing structural fiaws

(2) Prépqgntion.qﬁ activated grncks radially outward

(5)_ (oalcqccnco and branching of prépngctiqg craéks

(1) Isolntion of 1nd1v1du1‘ rock fragments from one another,

fhe first two s11gns have becn verified by similor 1mpqct experiments.
oﬂ a transpnrcnt.mnterinl. Figure 8 shows the internsl penny-shuped cracks
produced in this mnterinl, n_polycarbona;c. The tiny black aress that are
6bser"2010 at the center of.ovéry crack bhave beon positively identificed 5§
1ﬁherent flaws in the mntcrinllproduced dur{ng fabrication., The multiple
concentric rings vis;blc on the crack surfaces in polycarbonate are similnr
to the nesitation lineé found on novaculitc fracture surfaces and imply
that the crack morphology in novaculite should.bc basically penny-shaped

and should roemain penny-shaped during growth until coalescence bepins,
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FIGURE 8

INTERNAL CRACKS IN A TRANSPARENT POLYCA:RBONAT
PRODUCED 8Y SIMILAR DYNAMIC LOADS
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IV CONSTRUCTION OF ML PUEDICTIVE CAPABILITY

Tho capability for prediceing the fragment aizo distribution for
novaculite under dynamic ono-dimorsional-strain loods was obtained by
combiulng a cnmpututlonal model of the fragmontation mechanism with a

finito diffurence wave propagutlon code, The computattonnl frugmentntlon

' model is bagoed on the fragnuntat:0u mechanism hypothesized in tho proviouﬂ

chuptor and treata quantltutively cach of the four steges, namely;

'_flnw activation. cvack ‘growth, crack coalescenc@, and feagaent fnvmatxon.

" The one—dimonsional wave propagntion LOdQ. PUFP calculates from the

impact cenditions the stress bBistory in the gpectmen, i.e., the magnie

tude and duration of the stregs at any point in tire,

Tho Ceomputational Frughentntion Nod el

The frngmpnthtxon of novaculite under dynanic, an-dlmunsxanal-
strain conditions is modeled by treating quantitatively the hypothesized
étages of éﬁo fragmentation mechanism, A treatment of each of the four
st.-;e8 13 given below,

Activation of proexisting flaws--Baged on exporimental observations

o{ impacted and'unimpéctcd Arkansn; novaculite (Chepters 11] and V,
}ﬁepectively) we assume that fho material contains inherently a populution
ot penny~shapcd flaws of varying stzes, some of which becpme unstable
upon passege of the stress wave and dc?elop into propagating cracks, To .
calculate the nuﬁber of flaws activated by ﬁ given stress pulse (and
hencc tLe nunmher of cracks in the mateo rinl) wo invoke a leitith-lx“in

,6

i.c,, flaws having o xadiuq ¢ largor

fracturc-mechnnics criterion,
than gome critical gize that is a function of the tensile strass

c‘ = c‘(O) will be activated, ﬁhoreas those fiaws'smnllcr than c‘ renain
domant, Of the various crack geometries for which fracture mechanics

. 7
stress analyses exist, Sneddon's relation for an internal penny~shaped

crack in an infinite elastic medium subjected to a uniform tengile stress
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Crack Propugntion—fThe distance which each crack can pronagate

- .’n - -. . r-rw-' . M- T -v e Pr-y», darsd .:gv_'t :b'x_‘y-'ﬂ?’.-m-:’:’t’-"\\ﬂrﬂ'\"”""fﬂ'ﬂ’—f(-f‘h o "':fn"_-"‘.“’v'T?"’-'""f-?’"""’f*”m7m?‘mf}“f“"’wm"meﬁf?rm‘.ff’,”\"”ﬁ
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{ , ) ' ' o B

[ v

PR Y

1

s ; ‘normnl to the crack plano H ';

1ol i :

|I‘ Lo . . 2 2 . 5 i

c . : : ¢ =K /a (89 NS

: O . Lo Ie 1
' Cp ' ' Loy

i B L

oy . most noearly applies to the conditiona of our exporiments, {.,e., the 3 ”@

LI . . . . =

. ' . : A H

b cracks appoar to bo roughly ponnv-nhnped and- the specimen behaves as s ;

. t X ; b

.., 3- 3 it lt wero mflnlto duung the 1ife of tho tonsile pulse, The planc ' {i’

;- strnin fracture toughnesa ch for novaculite is determined in the }'~i§

.. . " TN follovlng chnpter. ) Thus wo. uso lq. (1) to c¢olculate the sizo of the g} '

IR - z . ;

. emallest flaw which will’ vo activated by a. dynumic load, To obtain the i i

" , numbor of activated flaws, wa need to knom the size distribution of ﬂt\ws i

H 4

R

. f.; “in thc rock. This has been measured for novaculite and tho results are co

- t : : R

. S 'presented in Chapter V. 4

e depépds on the crack velocit& and the duration of the stross‘pulso. Vo :
. i ~assume here that the cracks accelerato very rapidiy to a cdnatqnt max mun ’ :, :
: ? N velocity of one third the longitudinal wave speed. This is in accord ?
~;g = with our experimental observations (Chapter V) os well as - with theoretical i
1 . . N . : i b
: - 8-11 ' . . : :
o estimates, " Knowing that crack propagation occurs radfally outward R .
f I . . 2 ¥
N i : . . ' L]
! i from activation sites, the fracturc surface arcea produced per crack at ; :
/ .o . o : ;
. P any given time step can be approximated by _ ; :
i S . : ' . ' L
! ' L Py
i | Aty = zﬂ(c st/ (2) .
. ) i :
'S

€

_pxoviding the crack was not stoppod prematurel» by barrier to c15ck o . : :
growth or couloqccnce with other cnackq. Individual cxackq arrost whan i
the stress lcvel falls below the value given by Eq. (1). Thus the
tdtal {racturc surface area produced in novactulite b& a known sgtress pulse
of peak stress ¢ and duration At insufficient to couse significapt

coalescenco {8 given by
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Crack Coalesconce-~-Our quantitative treatment of coalescence of

.’p:opugatxng cracks .entailod assuming B criterion for the distance

between converging cracks at which intceraction first occurs, and'tukiﬁg

a stattsticnl approach by treating large numbers of coalescing cracks,

To dovelop the coalescence criturion, the concept of the “crack
range’ is introduced. - The crack range Tc(c) is dofincd as the volume

of solid matorial'surrounding a crack that oxporiences mugﬁified strains

of some arbitrary level, wpich érise from the sgtress concontrating cffect

of the crack, When the crack ranges of two cracks oégrlup, they are
considered to have coalesced, As an upper 11mit(obtu1néd fﬁom the
gsolution of the elastic stress f;eld around o penny-shupgd qfuck_in an
infinite medium) the'crack range includes the material within one crack
radius of ahy purt df the crack, Thus for a penny-shaped crack the
maximum crack range is an elilpéoidal-vnlumc of revolution shaped like
a hamburger. The volpmé then &5

_ "rc(c) = (10 4 %9 M ¥ 20,34 ¢ o (5)
The obsorvation that theé ftﬁgments.arc nearly equiaxed suggosts a

much smaller crack raryge volume. For instonce Lf the fragments wera

27

e e e

A TRIATR S e ek S TN e M et edii wemr

Cda enpa e o

ek W

P "L

PR AR S G SIS S SN




;-

v

- ~

!
¢

N N I

’

RN

———

it 2

dietetan

ey . e

PR

e

e

Ry

i

R LN

REYRUR)

4

“of tho crnck ronge volumes for a;l tho crncks 1n a finito dlfforence

-

cubo~&hap0d thoen the crack ranges would be the volumes of two nmnlll
pyramids on oither slde ot onch crnck (ono crack forminz one gide of
the cube) and the crack rnuge volume 18

When this criticul nearness.iu.attaineq, the cracks sense each other

_suporimpose. and the propazaflon behavior of each érnck'ls influvenced

tion fs given by pc(c). the density of cracks as n function of size,

..
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where T_ will probably lto botwoen 2 and 20 '
Wo can now”poétulato i couiescence criterion., It is logtcal that
two propqguting "racks in an infinite body have no knowlodge ot one

snother until they come within some critical dastance of each other.
and interaction begins.' The concentrated stresses at each cruck front

by tﬁq pregéﬁce of the othor., In the prosent experiments the crack tip
strosses are similar dﬂq.therefore should'be additive,.thereby.encournglng
the crncﬁsnto prqpagate into each'other and conlesce, fhe.axtent of the
strain field aboﬂt & crack is given by §ts fnngo a8 previously deffined,
and wo.prosume'thnt.crnck comlescence occurs when the ranges overlap.

For numoricél~computntions with the wave propngation code we adopt theo

follo&ing coalescencc critorion: cfuck coniefcuncc occurs when the sum

cell is equal to the volume of that coll. This criterion may be

expressed mathematically as follows:

Consider a distribution of penny-shaped cracks whose size distribu-
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Tho cumulative crack density N; (the pumber of cracks por unit volume
withk rodit greator than c¢) is glvdn by
. o
c .
N = o (¢)de (8).
['4 c - . .
_ ¢
Rocalling the detinition of the crack range T o€V we can write tho

oxprossion for the rolatlve volumw of matorial influovnced by the cracks

" per unit volumo

S

V. = f T (c) n (¢) dec. L : (é)
. § o] [o] .
o -

The coalescence criterion then may be simply stated as
V. o=1 . , : Qo)

Prugment Form ation--Aftcr & certain degree of crack coulescenco,.

' trarmonts df various vizea will form. Theo froagment sizeg will ref]cct

in some way, the crnck size discributton which led to the, frngmentution.
Thc procedure for dctermining whether {ragments have toxmed i8 to

compute the volumes of the fr\umcntq whirh would be formed by the cracks

f“hich exibt, If the fragment volumes fi1l the volume cf the finite

'dgtfercnce cell, ‘then complete fragmentation has Qpcurred. Otherwise,
the fracture calculations continue, Preparatory to introducing the
procodure for computing tho number of fragmentg, the frngment sizo
distributlon. the fragment voluma,'und the relations between the crack

and fragment variables are defined,

Let tho fragment size distribution be described by or(cx o denaity

of fragments associated with the crack radius ¢. As for eracks, the

" continuous size dlstribqtion is represonted in the computer program by

p digersate geot of size groups

Pty

o et 4 p e Y WSO FASD e I e T VU S e 8

-~

o1 el =

A TTem mtecabn e e et st

L




- e .
- s -
. .
: -

l" . !
) .

'
.

~0.

bl
Ve

.-

-

' - -. -. .
; - Tew . . e
: ..

.-

-

.~

ST

. - K3 .
PRSP -

LT e

»

- \7“ . IR - . ' oW )"

. N . ’ FE h A

-

.
R 4

T

I L

e . ——— e A A

e

e ma e .3

o e .

erg A s

R

s 4 i e R ki e B

c.1+1
of(c)dc

(11)

G

Here we nota that the fragaent size distrtbution fa n'tunction of tho
radii of the cracka, not of the fragments. Lot Tf(ct) be t.¢ volumse
of the frazment with fragmont radius c¢

t'. This volume may be written

1 | Tt(cf) = chf (12)
- whore T, 18, for example 4m/3 for spherical particles and 8,0 for

cubos.,

The fragment volume will just f£1{11 the total volume at <he timoe of

complete fragmentation. Therefore the fregmentation criterion is

o
vl {o () T.(c) deml - (13)
= *a ). . .
T .t t f .
vy
or
vi e o afrc) e (14)
= (-3
T . i £ f
1
" To determnine the number and size of fragments, wo introduco the
following rolétioné between crack and fragment variables,
0.~ = V Ba (c) (15)
T f .
¢ =y e . (16)

b4

where 8 and vy may be functions of ¢, and Vr i5 the rematining

relative volume which has not been fragmented vy cracks larger than c,
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For 8-sided fragments where cach fece 18 formed by onu crack, 8§ = 1/4

ond v = 1,0,

The procodure for computing the fragment size disgtribution and
" tor determining whethor fragmentstion has occurred begins with vr.' 1,0,
' Firat, the largest cracks are traniformed to frogments using Eq. (15). .

These fragments have o volu@c

an

~

lﬁ thé compptor program.' Thig Qolﬁmo vlf 1s.presumed.t6'contuin

: smuli cracks which do not form fragments., 'Theratore, to coaﬁute the
fragments for the'néit gmaller crack size, this volume is removed befora

compufing the nunber of frogments of the next smallor sizo, ~In.general,

the wumber ©f fragmonta is

&N - gan Sv (18)
A Ao .
:I £
where 'V = 1'- T y. .
. r. J

Jeisd

This.process for detc}mining the number of frapgments is followed until
all activated cracks aro treated or until all the volume is full cf
frugments., If all the volume is filled with fragments,. then the cell

‘i3 presumed to be completely fragmented.

:At the end of the cémputntion thc.matorial that congniné conleacing

' éracks but is not fully frAgmented is tuken as partially fragmented, .
The number of frngmests of ecach-size is determined by the foregoing
cslculation. The remaining unf:ngmcnted.méterial is not nssigned to any
fragmont size groub, but 18 assumcd to ﬁc part of one ¢f the large chunks

ohgserved in the exporiments,
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Stress Hisrnri Calculations

1
PUFF, & one=dimenstonal, fintte difforance wave propagatton codo)

was used to calculato the magnitude and duration of the stress at avary

location in the spcctmﬁn and.at every peint in time, It nlso cnlculntos

tho current donstty and onergy nccausa af tho low stresses required to

produce fragmentnt!on, thu Hugonxmt elastic limit is uever exceeded and
plastic behqvior Is never rcnlirod Theruforc a vory simple equation
_of stato. Hoake s lnw cnn be. used to calculnte the stresses in
2novaculico._ The cqunticn uf &tnte for plc\iglnﬁs is uell known.12 nge
PU}F code his been used snccessfnlly to predfet wave pxoflles in a :

number of materials under known ;ondxtions oi,onc~dxmenstonnl impact

(Reference 13, for examplo) .,

The simple elastfc equatien of state for novaculite is no longer
hdcquntc for describing thc'muter§u1 résponse once the fragwentation
process begins.' When cracks begin to form and grow, the apparent

clastic stiffness decreases, [Hoecompression waves run out from the

surfaces of the propagating crac.! to interact with and erode the stress

pulse., This ecffoct {4 of congiderable ﬁngnitude, and must be taken into

account in tho calculations, . S

The procedure used to determine the stiffness gf.material under-
going fracturc and.fragmentation has becﬁ given elsewhére.13 The
basis of the method §s the concgpt of a two-cdmpanent system: solid
material, and void inside the open cracks. The specific volnmé of the

gystem changoes when loaded: thla change is duc partially to the solid

and partially to the change in the -vold volume. The void volume calcula-

. 7 .
tion follows the analysis of Sunecddon for a penny-shaped crack in an

elastic material, During the wave propagation calculation, the following

scquénce of events may occur while the material is in tension:
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.a i (a) Inttial tenstle loads cause oﬁly clastic volume changes 5
oo : in the solid until v threshold stress (equal to the J
fi ' dynamic fracture strength) 48 reoched, :
E (b) Whon the stress cxceeds the fracture threahold, cracks S
. begin to nucleate and grow, and the void volume produced i
g 'juy the crucks ncets tu decrense the volume change reguired 2
x . of the =s0lid, Thus the tensile stress in the solid is 4
g lower than it would be Jor undamaged material under the t
} "same volumo change; hencoe, the erfective modulus of the i
¢ ,sd}td has decrensed, : : : z"
o . f . N, ) 5 . . . . . N
é (e) With increasing stress swd continuing volume change, a ?:
H <" point is reached wherc the vold volume increase just P
E equals tho applied volume change. Here theroe is no }f
fy " change {n so0lid volume and hence no chunge in tensile ?”
% stress: . the stress-volume path has resched a peab and i
g_ : o " the effective modulus is zero, ’ . ' ' %
ol o (d) - With further volume changoa the increase of void volume
' {by growth ond nucleation of cracks) tends to dxceed the
applied volume change, Then the solid volume c.ange is ) \

negative and the tenasile stress is decreaging., The
effective modulus is aegative during this period,

(@) If compressive volume changes occur at any time, there
' will ugually bo a decrease in both void volume and solid
volune. Then the cffective modulus {s positive as in (a),

Pt o e AT RS

s

PEPRSRIRNIC AU Sy e W P R

(f) 1If no net velume change'occurs, there will usually
Le an {ncrease in void volume and a corresponding
decrease in solid velume: the offective modulus

Bt —a Al opin £ B g ST SR MM R A e R O
o e s —t

o in such a caso is infinite.
if . .
_§ . The preceding sequonce of events 3s treated in the present formula-
i tion of the beha§ior of materiel undcrgoing'frhcture.. A derivation of

i the 0§£oct.af damﬁge on the mnﬁcriul stiffnoss is glvon below to indicate |
% the basis of the méthdq. Here the cnsé is considered in which no E'
;f grdwih or nuéleatibn of cfacks.occhrs: the'resulfing modulus ig that ‘
; which §s appropriate for a residual strength calculation. The funda- ) ;
Y ‘mental relation g ;hnt the total volumo chaﬁgc is the sum of solid aﬁd f
void volume changes: ' - . %
3
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OV = LV 4 AY (19)
| v
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The void volumo change ia dorived from thoe analysis of Sneddon for the

!
,

. . . ; ,

oponing of a ponny-shaped crack in an elastic modium under uniform - o jé :

tongion, The half-opening of tho crack faces is ‘3
L t
i
i

6 - a0~y oo .

>

" where - q.'ls'the hal? crack length .,:i.l;:' T A _=._1'J Ll

S8 S i

- :
RPN M I . K _ ) r .
o 18 the stross appliod normal to the crack plane g é o’

E 18 Young's modulus E?
v'ISS'Pbisson's ratio. | ? B
The void within the crack faces iy an ellipsoid with semiuxos ¢, ¢, and -

6, no the volume is

< 2 3
4 2 16(1-v Y c o
3 e = ~3E (20)

' To determine the fotnl erack volume a gum i8 mnde over all cracks.

it s ate ¥ N Ibmt L AnM A W el W

v NV
v_n < i ic

1

.
3

where Nl is the numbor of cracks of volume V1c per unit volume. Then

Eq. . (19) becomes

S Y L T

eV 2 ,
v - o 8 16(1~v YA 3 -
- = ap " o nic1 } . (21)
(K +. 3wV
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where (0 1 a changu in stress i
: W
K, u are bulk and shear moduli #
%
W iy the total spectific vdlume, g
Dividing tgq. (21) by 40, an offective modulus M {s derived,
v v 2
1 u/ : 18(1=v ) cs (22) ’
= 3
M 4 3E - 11
K+ =y
" This compliance 1e'aim£1ar to. that which would be obtrined for a n
A : ' ' 4 . “E :
-'composite made of solid material plus velid. The term K + ; u is the ;
stiffness of the solid and VS/V is 1ts volume fruction.. The last tern
on the right in Eq, (22) must be into-preted then as the compliance of
the cracks. This expression shewg that the complionce of the composite

increases with fncreasing vold fraction, i.e., incrcasing number and/or

increasing size of cracks.
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VvV ROCK PROPERTIES

Exocution of the predic:ive capubtlity described in the provious

chapter requires o kinowledge of certain rock-specific properties, for

their valués are required as input., Included are the size distribution

,lnheront Flaw-Structure

of inherent fldws,~tho plane strﬁln'frncturo‘toughness. nnd the crack

growth velocity. Values of theso purameters for Arkansas novaculite are

determined in tdis chapter.

“Casual observation with the unatdod eye of polishod'novacultte aurtaces

is sufficiont to show tP;t this rock has a strongly oriented flaw structure.

‘The tlaw structure is Llearly evident in the 1ow mngnitication composito

mlcrograph of Figure 9. The size distrlbutlon of tho inherent tlaws wag

ﬂetormined'by counting and mcasuring the flaw traces on a poligshed section

through a specimen. Those data, which ropresented the size distribution

“of flaw traces per unit ared, were then converted by me¢ans of a statistical

transformation to obtain the actual size distribution cf inherent flaws

pe. unit volume,

. Nine overlapping photographs at 40X werc required to span the

diameter ol a rock specimen, Tho total photographed area was slightly

more

9
than 1,1 cm , and in this area 194 preexisting crack traces were

éounted and neasured. These data wore converted by means of a Scheil

typo

18
code;

than

14,15
utattstical tranaformatiun '. 1mplemented by the BABSZ2 computor

the results are presented in Figure 10,

Hore tho cumulative concontration of cracks having radii greater

radius ci is ploctted as a function of ct{ The relatively few (194)

. . 2 . :
traces observed on about 1 cm: of thoe surface of section transform into

3
a very large volume density (~100,000/cm ). The stze distribution ot

preexisting cracks has a parabolic form in log-normal space with a cut-

off at about ¢ = 500 ym. The curve is well described by the unalytxéul
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expression
' 2 4 2
N = 8(c) exp{11.1 - (3.7 x 107 )c + (0.42 x 10 )c ] (23)

where &(c¢c) =1 for 0 <c 50,05

6(c) =0 for c > 0,05

)
‘,\

and ¢ 18 in centlmotern.

The cutoff in crock half size st about 500 um appears to be
rcalisticﬂ' A very iarge numhor of observations of polished novaculite

surfoces wore made, and never were flaw traces significantly greater

. than 1 mm olbserved, Statistically speaking if many observations of

crack traces are made, the length of the 1u§gest'trﬂée is approximately

2qual to the diamcter of the largest flaw, 'Thus the radius of the largest

inherent flaw in the present gpecimens of Arkansas novaculito was taken

to be about 500 um,

Fracture Touphnoss

largest penny-shaped {law Cmax to theo dynamic fracturo toughness K .

The plane strain fracturec toughness ch is a material property
that describes the resistance of tho material to crack propagation, This

parameter is used in the first stage of the fragmentation model to

.determine the critical flaw size for a given dynsmic stregs and hence

the number of 1ﬁhorent flaws in novoculite thot became propagating

cracks, ' ' . : .

The dynamic plune strain fracturc toughness for novaculite was
calculated from the measured dynamic tensile strength of 41, 0*2 0 MN/m
(5950 4290 psi) (Chﬂpter I1) und the radius of the largest flaw, 500 um,
established in the previous section. Sneddon s expression, Eq. (1), is

uscd to relate the dynamic tensile strength .af and the radfus of the

Ics
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‘and a value for chs of 1,04 MN/m / - 18 obtuined. Quasi-stautic tensile
strongth determinations using the SRI expanded ring tests yielded

_similar valués for the tensile strength and hence tho fraéture toughness,

demonstrat!ng~thnt fhese broperties of novaculite are strain rate-
= i ' -1

e ] . . 2. . < = T wd
 ingensitive, at least for strain rates in the range of .3 x 10 gec
.. to 7.x.10 scc f.ij,}% S

o ene e

- Cruck-Veioci@y

The dléthnéq éaéh créck can propﬁgnte aepends oﬁ the crack vilocits
ngd fhe dh}ation ot:thd strqsé pulso, therbigm str05§ gages wero pse&
to measure the latter fn this work and crack v016c1t1e9 were iﬁferrcd
from direct moasurémcﬁts of the distance propagated by cracks in
eséentially'crack;freq material., The radii of the cricks shown in

' Figure 2 aro ubbut 2 mm, - The ytterbium stress gage veceords indicated
éhat thé étrqss duratlon‘wns ohout one microsccond, in £grcom§nf with

- the result obtuiﬁe@ frém slmble calculations using the moeasured clastic
wave spocd and the thickncesscs of.ihe specimen and flyer plate, Thus
crndk,pfépngntiun-vo;oéltlcs of 2 x 105 cm/sec are indicated--an
inforésting:ncsﬁ}t; sinco it fs approximately one-t?lré of the measured -

. lonéitﬁdinul wave velocity for novaculite, and is thus in agreement with

. fheorotical estimates of the ﬁaximum crack velocities of bLrittle 1. teri-

.hls.g-IF Materiuis such asg Armgo iron and berylljum, investigated in
other proJects,ls'ls fractured in.a'brittle manner at high Qtraiﬁ rates,
'but cxhiblted viscous crack érohugutlon'and maximum crack speeds well

b 3.
below cz/
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A test of the predictivo cupablility of the model was mrde by
calculating the frngment 8izo distribution of Experimont o3 and then

compnring the prcdictcd résult with tho oxpertmentnllv measured rosult

Experlmontal Condlt!ons

Exporimoncs 52 and 53 wore rdrfled ouﬁ under identical condttions

. (Table 2). Both novaculite specimens wero encased in n;umlnum te retain
ithe !ragmonts, and both were irpacted ut a voloci:y o. about 49 m/sec._
N Specimen 52 was soctloned nfteruarda to revenl the locatiun of cnacka

. and fragments (Flgure 4d), whereus the elumninum encasemant was carcfully '

removod frcm Speclmon ‘33 nnd the llze dlstrlbution ot the tragmonts was

determined (Figures 5 and 6).

In both expcrimonts the onnculito upecinens were bonded on the
impact side to the aluminum with epoxy; the rear surface however wag
unbonded, and 1t.uppears therefore that a gap perhaps 10 to 30 um wide
existed thefo. It was not redl&z‘x et the time of the“cxpériment how
critical tho gap at the rear interface wéuld'bo, and- consegquently no
stops were taken to efthor eliminate or messure tho gap, 'Subsequené

wave propagation cnlculntions, however, showed that tho presence of a

gap has a large influence on the location and magnitude of the pesk

tengile stresses ahd,_théregoro. on the fracture behavior,

Calculational Conditions

Conpulations made at atress ]ﬂVcls bolow that required for fracture

for the situntiou whore a bonﬂ ewisted at the rear 1nterfuce predicted

.a peak tonsion of about 160 MN/m (23,200 psi), which first nppeared_-

near the rear interface, For tﬁe situution of an unbonded interface
with no gap, a peuk tension of 100 MN/m (14 500 pst) occurred first

noar the interface and dropped off rapidly as a gup formed. For the
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-.rear interface.

D

”." ex‘sted at the roar: interface.

.B=1/4nndY=10

case whero an 1ﬂit1a1 ga2p existed at the 1ﬁtertnco fhe roar face of
the specimon bohnvcd as a freec surface, and tensile strcsses of about
100 MN/m (14,500 psi) wcre predicted throughout the spocimen thickneass,
arising first at about one-third of the spncimen thickneas from the

This laet stress distribution is in nccord with the

i cracking pntterns obsorvcd 1n Pigure 4d and 80 we nssumcd 1n calculating !

the tragment slzc distributiun tor Experiment 53, that a 0 0025-cm gap

-

. ~'\'

,f 1n nttempting to pzodict the fragment size distribution tor‘r

Yy ":,' e T T e

Exporinent 53 we assumed 8—sidod tragmenta and fragment sizes equal to
the si7es of the cracks at the timo of conlcscence, 1. e., wo let
The cclculatlon was stopped aftor tive raverbera-

tiona of the tensile waves.

Predicted versus Observed Results

fragmented.

The results of the calculations are'pfeﬂénted in Figure 11, which

shows that fragmontation Cccurred.at three poaitidns'through the specimen

thickness. The coalescence criterion was choson by comparing this

computed result with tho obsoerved crack patterns of Figure 4. This

. comparison indicates that tho total crack range volume for coalescence

3 - :
should be about 3 cm , whicn implies a value for Tc of #/3. In view

of our previous eafimateslof.tye Tc parameter in Chapter IV, this value
is somewhat.;ow, bt soveral calculations with different values of Té
show that theré is no signtficant cffect on-the fraghent stzes, Rarefac~
tion waves interacted to produce tension first near Cell 40, .and the
gtrecs duration was sdfficiently long that énough crack growth oécurred
fof the total.crdck range to.equal the cellIVOIUme. Hence Cell 40
During the third tensile reverberation, Céll 14 fragmented
which exceedeé

and during the fifth, Cell 21 also fragmented. Cell 22,

‘the coalescence condition by nearly as much as Cell 21, did not reach

tho fragmentation condition., Thus the calculations predict two heavily
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fractured positions in the vicinity of each facu of thé specimon--a
prodiction that is in reasonable gccord with tho experimental resul¢ as

shown in Figure 4d.

.Although the fracture pdttern in Specimen 52 (Figure dd) wai,prqdictod

woll by the code calculation, the Bgreoment may be somewhat fortuitous,

Whercas the calculations ‘showed craqking and frogmentation occurring

fi;nt ntitwo locations near the rear surface and later at 1oéhtions

nearer the impact_surface,’the sories of microérnphs of Figure 4 implies

2that crmckin@ occure first mear the tmpect surface and later near the

rear surface, Thus 1f the microgrﬁphﬁ of Figure 4 muy be thought of as

a time sequence,'the expérimontnl observations are opposite {rom the

~ fracture behavior'predicted by the code,

.To compute the fragment.size distribution, the tragmenfs in all the
pelxs wore gsummed. In Cells 21, 40, and 44, the frugmenté were counted
and sized as described in éhnpter IV, In the other cells, vhere the
total crack range did not meot the fragmentation critorion but did_maet.

the coalesconce criterion, we computed the fragments in the usunl we- and

. disregardod the unfragmented -matorial. Tho computed fruémént size distfi-

.bution is presented in Figure 12, where the distribution measured

. . *
experimentally is also given for tomparison,

. fhe celculated and experimental curves in Figure 12 do not coincide;

. but .they are qualitatively aslike. Agrecemont concerning the sizes of the

large fragments is good, and the curves have tho same shapo for inter-

,ﬁedint@-gizod~fragments. There appcar to be too many computed fragments

* We attempted to obtain an extra point on the exporimental curve by

- measuring the radii of the three la.grn«t fragments, This point i3
included in Figure 12 ond used to guide the extension of the cxyeri-
mental curve (broken line), The three largest fragments weighed
0,4367 g.
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in thé ranga of ¢ s 0,03 cu, Thin Suggoutn that changos should be made

in either the grdwth or tragmuutntion'process for the smaller sizo ciracks.

The cutaff in fhe.computcd distribution curve at small fragment sizes

exists becauso no fregments wore romputed for those sizes since inherent
flaws smaller than cbout 0,02 cm 'were not activatoed.

‘No attemnz was made to rcpeat the calculat{ons using diffe. 9Int values

'ot B and V. However, it is likely tha* better ogreenent could be obtained,
'nnd 1t would be valunble xn tuture work to study the consequences of vari-

,atlone 1n thase parraeters Ior cnqes where nore expevimental data are.

avnilablo.

The nbovo fructure and" fragmcntation model applies only to uniexial

:strain loading conditions. However, the geueralization to two dimensional

axially symmetric 1o»d1ng goometries such as those obtaining in mony
blasting and drilling situetions is possible, and i3 in fact currentyy

in progress unde4 Contract DAADOS~73 C~0025 with the Bsllistic Research

,Laborutory, Aberdeen, Maryland.

In this report all incipiv.t fluws are sssumed:to;rze normal to the

direction of wave propagation. However, our present frocture model allows

an initlnl flaw orientetion distribution which is muintaincd during :
propagation. In this cose the driving and opcninp stress for a given
crack is the component normal to the crack. This option was not exercised
in the present WOrk beceuse tho incipient flaws nearly all lay in a plane

normal to the direction of wave propagation,
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APPENDIN 1 CHARACTERIZATION OF OTHER ROCKS

Four rock.typed‘ wero used in thi i study. Arkanans novaculite was
:tho material most completoly 1nvestigntod ut characteriration work
.wus also pertormed on Sioux (Julpar) quartzite, Holston limestone (Pink
Tennessee murble). nnd Weaterly granite. Thiq section describcs thp'

microatructuros and dotept structurés of the fou; rock types and presents

" the results of meqsurements'of thoii.physical and mechanical properties,

:ﬂiéfostructureé

Flgure 13 shows a polinhed nurface of Arkansas novnculite “that was
Eotched for 2 ninuteﬁ 1n 40“ HF at room temperaturo to roveal the grain
structlre.' lack areas are holes where 1nhcrent flaws 1ntornoct the f“
surface or where grains have been removed durtng the polishing proces§°

brtght.nreas are caused by reflected light from internal flaw surfaces,

By exploiting iha translucency of novuculifo und'focuétng into the
material to o dqpth.of nb&ut 100 um, we fbund that the gnhercnt flaws .
ox’vt.predominatoly in two shapes: pcnny-sﬁéped and péncil-shuped.
Bost results were obtatined by viewing the specimens in reflected polar-
ized light thrqugh a micréscopc slide und with an oil film of'mafching
fefructive index (n = 1,%5) on the specimen surince. Figure 14 shows a

penny~shaped and a pencil-shaped flaw slightly below tho surface of

polish end inciined at on angle to.tt,“so.thnt only a section of each is

in focus. The planes of the rﬂtheé homogeneously distributed penny-
shaped flaws are roughly parallel to one anothor, and mogt of the pencil-

shaped flaws are inclined at about 45 degrees to these plnnos.A

~.One-inch cubes of Sioux quartzite, Westerly granite, and pink

Tennessee marble were cut from the large blocks received from the

*. Supplied by the Property Determination Research Support Croup, .
Twin Cities Mining, Research Center, Burcuu of Minos, Twin Cities,
Minncsotan 55111, ’
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ﬁ ' Burenu of Minos and polished on three porpendicular sides in preparation
% o for pctrbkrnphic 9gnm1natlon. Photomicrographs showing the grain
g. structures of the throe rock.types are prosented in Flgﬁ&e 15,
[y : _ :
: . ) _The Sioux quartzite is rolatively pure, dense, and homogeneous,:
E Largo cracks, pores, and faulfs are noticeably ahsent.” Th2 grains are
: equinxed, féndomly orienéed and abéuf'zo times.lnrger than tﬁose in
[ Arkansas. novaculito (nverage grain dituneter 13 ot the order of 300u), .
. Ve :
As indicnted by the pronounced reliet otvp;iishad eurfacos, Westerlx j fJ
srnnite consi;ts of hard grains (quartz) tin & aottor matrix (mlcrocline : .
j nnq plngiocluue).. The quartz groaing are gonerally irrcgular with
2 'diametqré.often exceéding 10001,. The dark blotite phase 1a.pundo§}y'
6r;ented. e - |
Tho grﬂln size in the marble rungod from very small (~104) to very
lurge (3000u) and was eusily discernible in 3/4 polarized light. A
. large majority of the grains exhlbited ‘pronounced twinning. No preferréd
grain orientntian was eQident; ' .
lnherént Flaw Structures
The inherent flaQ structure of Arkansas novaculite wﬁs easily
discernible, and it was pdgsiblc by counting and measuring flaw traces
on polished surfaces to dotermine quantitatively the inherent flaw size
distribufion. This effort wus-describéd fully in Chubter V. The
inherent flnw'qtructure of Siou& quartzite, Westerly granite, and pipk
a Tennessee marble, howevcr; was much more diff;cult to see, Ncn;ly all
§ .flnws in these rocks are associated with grain boundarics nﬁd could be
; détectbd only by.focusing painstakingly up and QOwn with the optical
g microscope at magnifications géenter than 100X, Occasional transgranular,
- cfuéks were observed in the feldspar gralns_of the Westerly granite,
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Spectoel viewing and crack decoration techniques were tried in
nttomﬁt;ng to observe the flaw structure, Phase contrast photography
and scanning electron microscopy proved 1noftcctiv0; likewise swnbblng
polished rock surfaces Qtth gilver nitrate and vecuum impregn@tion with
an'orgnnic tlhoresciné agent to decorato the mic#ocrucks was of little
use, .Thgrmnl grooving was not nt;empted. but scems. of doubtfu. valuo
since the gla&s are associntcd:nlmost oxclusively with grain boundaries
whtqh thamqglves.ahoﬁld be attackcd by the thermal grooving proccss,

It mighi be'fru;tful ﬁo attempt to relate greip gize or somo other
readily obsgrvkblézcharacter;zing paQnmctor of the grain boundaries tou .

the number, stzes, and shapos of crack-like defects between the grains,

. N ) ' : 17 T
A proceduroe recently reported by Brace at al., which uses ion
thinning to reveal cracks in Westerly granite and Rutland -quartzite,

appears promising, flowever, we wore not able to try 1t in this work,

Physical and Mechanicel Propertics

The dansity of each reck t:pe wés moasured by nk inmersion tcchhique
and the ldngitﬁdlnal and transverse sound wave velocitids were determined
'by the time~in~flight method. The results are givén in Tablo 4, The
density mensurcménts were all near the theoretical v&lue and indicated
that porosities were less fhnn 1%. The'Young's moduli‘fo} the four
roék types wére cAlculnted from the measured densities and sound speeds

according to the relationship

. “
02 (s (1-2v) S :
E = OCL [ ) J - _ (24)

where a valuc of 0,25 was assumed for Poisson's ratio, and the resulting

values are included in the tnbie.
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‘a. tcnslle strength of 44,1 + 3.2 “h/m (6400 =

. (2660 + 330 psi)-

\ : ) e ' : o

Quani~Static Strongth Meagurements

Tho tengile strength of navaduiito and Sioux quartzite under

quaaieﬂtgtlc loading conditiong wus determined using the SRI expanded

8,19

shown in Figuro 16, In this tecst hydrostatic presasure

acts radially ageinst the inside wall of a cylindrical specimen to

create & uniform tangontinl tensile stress in the specimon wall, Non-

axial stresses caused by misalignment and localized stress concentrations,

'vhich normnlly arise from gripping or supporting the test apecimens,

are eliminated in this method

K

Ring-shapad specimena wexe diumond ground Lrom overaized blanks

to the following dimenslons- : .o _
Arkangas © . Sioux

. - , Novnculite Quartzite
1.0, (mm) R - 50,8 : 81.4
0.D. (mm) : 58.4 | 87.8 to 91.2

Height (mm) .. 1.62 . 26.4

: i -4 -1
All strength measurements were made at a strain rate of 3 x 10 - sec .

Measurements oin novaculite werc taken both irn air.und under a

' -5 . .
vacuum of 10 torr. Some materials show higher strengths under vacuum,

indicqting-fhat strosé corrosion 18 an importsat faétor. No significant

diffefence wag geen for novnculite. Rcsults ‘of 15 tests in eir 1ndicated

440 psi) and .2 tests

~under vacuum indicated 44,9 * 3 o MN/m> (6500 & 480 psi). The extrcres

measured were 50,7 and 38,6 MN/m . The results of nine teots on Sloux
quartzite in air indicated a tensilc stxcngth of 13.3 + 2.3 rm/m
- Average values ‘of the quasi- static tensile strength

of Westerly granite and pink Tennessco-marble have bLeen reported by,

. . 2 : : 2
Wawersik and Brown to be 10.8 MN/m (1575 psi) and 8.14 MN/m (1185 psi),

respectively,
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} ’ It {3 notoworthy that the quosi-static teaslle strength of novaculite

is the gnme as the high strain rate tensile strength moasured in the

:

ke v watte

-
~

i &

impact exporiments in Chapter II, The strain rate of the dynamic tests

was ostimated from the oscilloscop2 records of the ytterbium stress

Ao

d

gagos in the instrumented cxperiments, The rise time of the stross

4 o
e

3

L I e P e

pulse 1s about a tenth of a.microsecond,'fhe elastic strain is about

L

. : -4 .
oA 0. 7T x 10 , hence the atrain rato is-estimoted to have boen npproximately {

N
S P

. 3 -1
7 x 10 sec .. Since this is more than seven ordors of magnitudo higher

Q . : than the ntrain rates of tho qunsi~static ring testq, the nogligidble

-—

- -
-~

"~

: ' . d;tference in strength vulpes indicatoa that the fracturc strength iy

X

. straiﬂ-rnto insensitive, at least in this range.

JCTPUUEUNET W RRPRPIS.S AN SPUR PRIV DS SRy A S A

Stregs Wave Measurements

S e Oz,
s

Four attempts were made to measure the load. history in specimchs L
of Westerly granite that were impacted in the gas gun. The experimental

‘conditions wereo similar ;6 those described in Chapter Il pnd'neferenco 1. 1

L T e o YA P S S N e L W £ L

- ) Small grid-like gmbes made of ytterbium wore camented to the back '

e Tt

surfaces of the rock specimcns and backed by <Y pluxipluss plato. Bccause

..

~of the plczoresistive nature of ytterbium, a change in resistance is

.produced in tho material when traversed by a compressive wave, This

e b MO NE T

e tae Al e m e

rosistnnce change is measured uand recorded by an nscilloscape as a

chunge in voltnge and is subsequentl) converted to o rocord of stress
22
versis time by means of an established culibrntion.' The tensile stress

) hiscory in tho rock specimen is then calculated from the measured

P S Ll o

-
3~

compressive atress history in the vlexigluss and the relative shock

R N T R P e e

impedances of the two materials. (Sceo the Appendix to the I'irst Annual

- 13 . ‘Report).

Four specimens of Westerly grani:e, 10 cm ﬁqua}c by 0,625 cm thick,
were impacted by flat plexiglass flyer plates 0,165 cm thick at volocities

of 27.4, 123, 36.9 and 41.0 m/éec. The impact velocities were chosen
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such that strossus {n excess of the dynamic tonsile atrenbth were,

. e o8ty

obtained, Tho purpose was ‘to record the fracture signal,’

n sccond
hump on ‘the stress gage record cnused by iwpingement on the gogo of
recomprcasion waves emanating from intornal surfaces as cracks form

and grow. In all four experiments, the impact waws too nonplanar to

. yield analyzable results, -

Figure 17 gives the measure& stress'hietory at'thq régr surface of
A cleﬁf fracture signal was
recorded but nonplannrity of 1mpac‘ reaulted in a triangular rather
than a flat=-topped 1n1t1n1 compressive wave, and therefore a direct

und unumblguous detormination ‘'of the dynawuic tensile strength ot
Westerly granito 1s not obtainuble from this record. staver, the peak
ccmprossive'streus wna calculated for this experiment, ond using the
results of this record an upper limig on the dynamic tensile strength

. : . 2
of Westerly granite was determined to bo 47 MN/m (6800 psi).
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COMPRESSIVE STRESS - — MH/m?

LISEIL A L UL L O P O O A

et Do - BXPERIMENT NUMBER 1200 -
CemaThU UL IMPACT VELOCITY &Y m/sec _
= " CALCULATED PEAK - c
7. COMPRESSIVE STRESS 64 MN/m?
EEAE L

FRACTURE SIGNAL

N NN T OO SO NS SN IS O U N O

FIGURE 17

t 2 3 4 6 6 7 8
TIME —— uiec
MA71793-14

EXPERIMENTAL STRESS MISTORY NEAR THE REAR SURFACE OF A

WESTERLY GRANITE SPECIMEN MEASURED WITH AN YTTERBIUM
STRESS GAGE '
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