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u1 "itiTr^Trxsremmyv" *— 
'Tho results <*f a two-your program on dynamic fracture behavior of rocks or© 

described. The god was to develop tho capability to predict the frograent oiato dlstri 
button of roch resulting front known dynorslc loads. This goal hoa been largely 

realized for o simple, well-characterised roch type, Arkansas novaculltc, undor one- 
: dioonslonal-strain Impact loading. A gas gun was used to accolercte flat plates 

against flat rock specimens. Ytterblua plezoresistlvo stress gages were used to 

utoaeuro stress histories, and tho dynonlc tensile strength and fregment 9l«o distri- 

butions were determined. Tho mechanism of fragmentation was deduced from froetogrüplsl 
observations on  iispactcd specimens, 

A computational frogmentotion model was developed that tronti» quantitatively the 

lour stages of tho hypothesized fragmentation mechanism: (1) activation of inherent 

flaws, (2) crack growth, (3) crack coalescence, and (4) fragmentation. Thin :.-sodol was 

liiBvi'tctl into o one-dimensional, finite difference wovo propagation Computer code to 
obtain a capability to predict tho fragment else distribution. 

The required Input parameters Include the load history r.nd such reck specific 

properties as tho Initial flaw si?.o distribution, tho fracture toughness, and the 
crock growth voioeity. Those tnatorlol parameters were determined for Arkansas 

novaculltc, and n calculation vas tandc* to «jiaulato the conditions of a dynamic impact 

experiment.  The calculated and experimental frußrecnt size distributions (Kipure 12) 
are in qualitative nprocreent, and indicate that it la feasible to make successful 
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.1 
V 

u 

tho rosuXts &S o ^©-yoatf pttr^roüi ©a dynsiie. traefeus« behavior of 

roefca aro described.   'Ifoe goal %?on to dowlep tbe ciapshllity to predict 

the fregwen* siz* distribution.e£ roefc.resuitiß$ fro» JSBOKS dynselc loads, 

Tfal* BOB! has boon largoly .realised lev- 8'ßlrpXo, v;cii*eharectariscd ro& 

typo, Artensos eovaeoAito, uttäer oae-diis©Bsi©aoi«cträin aepoet. loedies» •■ 

A cf>* g©s was BööJä td"oöepioifi*te:*4at g»iotes' oiftsS-nsfc flat ssss*? npectetns.■ 

Yttorbiu» piez«n'0(8t8fcive stress ßagee eor© use*! t@ ßoeaore otrouR feiwtorioö, 

a«d the dynamic tensile • streegth aad fp&gBCUt oiso distributions *rcs"e 

dot oral so?,"; ,-TtJO oootenicm e£. ffragBoniofclesr wau dedtetod ftfea JEreotegropbia 

'obttärvcitione oa impacted speeinea«, 

A coaputatloaol fragot'inteiaoa sr.»««Scl wns developed that trooto quanti- 

tatively the four stages of the hypothesised Irüßcomtation eeeaanicm: 

(1) activation of iahoront..fX&w3l  <2) ©raels growth,  (3) crack ceaSonecaoo, 

and (4)  frugesontotion,    thiß ncwSol OOB inoertcd isiS© s one-diiscoaSoaßS., 

finite difference wovo propegßtion cenpufce. eod© to oistoi» o copabllity 

to predict the frogootit eizo distribution.   . 

The required input parameters itieluao the load history onä euch rech 

specific properties as the initial flaw p,i?.e distribution, tho Iracturo 

touß'jnoss, and the crack growth velocity.    Those material poromotors wcro 

detcmimsd for Arkanson novaculite,  end o cclculotien voa mnde to ßirauiote 

tho conditions of a dynamic impact experiment.    Tho calculated end er.pcri- 

mental fragment alze distributions  (Figure 12)  ore in qualitative agree*» 

tsont,   nnd  indicate thnt  it io feasible to taake  oucceauful quentitotivo 

predictions of rock fruKmcntation based on knowlofjRö of a few seosuroble 

rock proportions,    Chorecterlz.ntion work on SAous qunrtaito,  Hoicton 

liraestono,  and Westerly granite v/os be^un. 

xx 



INTRODUCTION I 

i 

Rock fragwwmtaUon under hljjjh rate load application* is o little- 

underatoofl phofcosaetton,'   There .Is at präsent no aattsfactory theoretic»! 

baais for predicting dynamic fracturs behavior, although auch « capability 

would be very useful in the »olutioh of raony practical «inSng and civil 

.: engineer:».a« probloM.    For example, rapid excavation could be done »ore 

\aaJfoly and «eonemieeily, the stability of efcructure* in iw>k could be 

designed and evaluated vifch «»ore confidence, «nd the efficiency of rock 

dialntagration procwBae» could be Improved, it was with thi» motivation 

that the work described in thi» report was undertaken» 

Our goal was to develop n capability for predicting tho fragment 

eifco distribution it*, rock resulting from dynamic loads.    Ke limited tho 

main effort to a simple, well character!zed,  ttowygtcneousi rock type, 

Arkansas« novofsulito,  under one-dUwnRlonal-straln loading.    The approach 

con*isted.of the following «tops: 

• Iir.paet experiments were porforraod on a homogeneous rock 
under well-controlled conditions,  and the fracture behavior 
under various dynamic  load histories won atudled. 

e    Observations wore wade on ircpnetod sped «ten a- to 
establish the physical processes underlying rock 
f ragtsciVtiitlon. 

• A computational model of the fragmentation process 
wss constructed busied on experimental  evidence to 
predict the fragment si?.o distribution reitultin^ 
fron a given lond history. 

• Rock properties needed for the model  were measured. 

• The model wn3 inserted into a wave propagation cede 
and calculations were performed.     The  ronulta wore 
coaparod with experimental  results. 
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Thiß report Is organised Into sin  chapters. Chaptor II Uonerlbes 

two impact experiments, tho experimental and calculations! Eothodn used 

to detoristnc the «tr«8» history In the specimcny, and the extent of 

fracture and fragaentatlon of the epoeimsnu. Chapter III prefionts petro- 

graphies and fractogrcphlc observations made on Cb*> impacted Hpt.imcRa; 

thla evidence is usod to deduce tho rsechauisffl of fragmentation, i.e., the 

»«quonc« of Bieroprotefcses which occur in  tho Kpectaenu during loading 

and result In fragmentation. In Chapter IV a computational attxiel of rock 

fragmentation under those loading conditions Is constructed to describe 

the resulting fragment »lzo distribution. Tho tsodel is based on the 

hypothesized fragmentation mechanism and require» the» loading history 

and cortoln rock properties OB Input.  In Chapter V, the rock properties 

that control tho fragmentation behavior (tho Initial Haw size distri- 

bution, tho fracture touRhneos, and tho velocity of crack growth) are 

determined in Arkansas »ovacullte. In Chapter VI tho results of the 

calculations are presented and compared with the measured recultii. 

The results of characterisation work on three other rock typoa are 

presented in tho ppondix. 

The essential rosultu of this work may bo quickly grasped by 

comparing figures ehotving experimentully observed crack pntterm? and 

measured fragment «i/o distribution« for novacullte (Figures -'.  and 6, 

respectively) with tho correspondinc calculntlonal results s'town 

respectively In Figures 11 and 12. Tho agreement is considered good, 

and indicates that the approach taken here could lead to a useful 

solution to tho problems of rock fragmentation under dynamic loocSs. 
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II    IMPACT EXPKIUiffiOTS 

i 
-I 

Material 

Arkansas novaculite, s naturally occurring poiycryatalline quartslte, 

wan chosen a« *;h(j baitaili.no material for thia study because of Its simplicity. 

it  is pure, dense, and homogeneous, and consists of «qulslKed, «quiaxed 

and randomly oriented quart» Brain» having an average diameter of about 

10 UM. A population of flat flaws exiista on plans« roughly parallel to 

each other. The »tjuctursl and ««chemical properties of novacullt« are 

presented ond discussed more fully in Chapter V. 

Impact Loading Procedure 

Controlled Impact experiments on novaculite were carriad out with a 

Kos gun using n flat projectile impact technique, BO that fracture and 

frogieentation occurred under one-dimensional «train condition«. 

Projectile», 30.ö cm long by 6.33 cm in diameter for the smaller gas 

gun end 76.2.cm long by 10.2 cm in diameter for the larger, were 

accelerated down the evacuated barrel of the gun by the suddon reloos« 

of proasuro from «n adjacent prusßurized chamber of helium. Flat target 

Dpecimena wero impacted with thin polyethylene or plexiglesa flyer plates 

attached to the front end of the projectile* (figure 1).  Under such flat 

plate impact, comprpsnlvo wave» initially run into the specimen end 

projectile head to produce a etato of one-dimensional compre»sive strain. 

Tension la produced in the ßpeclmcna when release wave» running inward 

fro» the free surface of the specimen meet similar release waves runniPft 

inward froa tho back Hurface of the flyer plate,  t-'rom a knowledge of the 

shock impedance (product of density und shock velocity) of the rock and 

flyer plnte, the stresses In the rock specimen can be calculated.  A 

sufficiently large dlnmotcr-to-thlcknoss ratio for the specimen onsures 

that tho tensile strain 1« ono-dlmrnnlonal by preventing unloading waves 

from the iipocine i periphery from reaching tho interior during tho tension 

phase. 

u 
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FIGURE    1      EXPERIMENTAL ARRANGEMENT FOR HIGH RATE TENSILE TESTING 
OF CYLINDRICAL ROCK SPECIMENS IN A GAS GUN 
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' The torpct «poclHsena were short  cylinders,   usually «bout  0.0J3 cm                                V, •; 
i .%     ' 

';. thick und 1.27 to 3.&1 era In dlaraof«*!*, Their axes were carefully aligned          p ' 
- H > 

'i to coincide with that of the ßun barrel to ensure flat plate irapoct. The          S ..i 
"i '                                                       i 
;> specimens »cro fit tightly into constraining ringo of nluralnura, vhich i»          | i 
f! ' • .                                                                      II 
| ', a very cloeo match to novacullto in shock impedance. Most of the               I 3 

B ' '                                                 I -i a aluminum constraining rir\Rs had on S-dcgroo toper on the outer circumference       } 

S •                    ■■'■■■                                                            H I «nd woro press-fitted into a larger aluminum ploto «orvlnjj an a Bpoclraen          |' i 

p holder. Other« had no topor and woro lightly hold In the specimen holder         {'• 

Klfty-throo-tensile experiment« on Arkan.-jo« novacullto at high loading 

rotes were porforracd using the gas i;uns.  Fourteen of thotio wore instrumented 

1^1 
by several dab» of ©poxy. tJpoa impact with th* flyer plat«, tho specimen > ■ 

$ ' -:  •    ■■-■'■'..■.:•■,.'   ■■■•.'■   ■              • i.J 
E and constraining ring fly free from tho aluminum holder one* Ifcto a catcher } j 
I '                                           :■■ b, 
5 tank, which is filled with regs to prevent eubsequfmt inpaeta and possible * , 
6 I -i 
p • ' - ■ ■}■■■* 
j? uncontrolled damage. The projectile and projectile he«d are prevented j ' 
I"   . '               ■•'"■■.                   ■• I 1 
'; froa entering the catcher tunk by tho ateol plate. ' 

with ytterbium stress cages to determine stress histories und to measure j 
•r ■ I 

the magnitudes'of rocoraprcssion waves produced by frpcturo.  An additional 
1 i 
tj        twonty were unlnstruraentod experiments in which wo attempted to determine 1 :i 

1  . 1 

i 

the dynoolc fracture strength of novacullte and any effect« of orientation        i 
1,2 

I '■! 

1 i 
on fracture strength, ' whereas ten others «-ore performed on JacUctud 3 

specimens to study fragmentation behavior.  The roranlning nine export- \    i 

ments wore oither of 0 preliminory nature, to determine in a rough way 

tho impact velocltlon and oi^?r experimental conditions required to 

carry out tho proposed program, or of an investigative nature to determine, 

for example, tho reason for tho occurrence of undesirable radial crocking. 

Determination of Dynamic Tenallo Strength 

A series of 20 uninstrumen;eti experiments was performed to measure 

tho dynamic tensllo strength of novacullte, to determine tho effect of 

specimen orientation on the dynamic fracture strength, end to produce 

fracture surfaces for examination in the scanning electron vjlcrorcopo 

to gain Information concerning the .fracture mechanism. 



■ { 

Ten »poclraens wore <:ut so thai the impact direction watt normal to the 

planes of the inherent flaws; specimens In the remaining 10 were oriented 

so that tho irapact direct ton was parallel to the flaw plan««. All speci- 

mens» wore 5.27 cm In diameter by 0.U3S cm thick und preas-fltljd into 

3.B1 cm diameter by 0.G33 cm aluminum unnuli. The outhor periphery of 

oach annulua wa« provided wit:» an S-degreo toper to facilitate« ojoctlon 

upon impact wi the specimen-ring assembly fro« the aluminum target plate. 

Very extensive cracking, usually resulting In comminution »nd los» 

of one or both Hides of tho specimen fro» the aluminum annulua, was 

produced in oil of the first nine experiments even at stregtie» a« low aw 

20 US/a    (2»00/psi).  This initially puzzling behavior was prevented in 

the subsoquent 11 shots by lightly tacking the topered annul! to tho 

target plates in three or four places with «poxy instead 'it  prees-fittiiig. 

In the latter experiments no radial cracking occurred, and a good estimate 

of tV>o dynamic fracture strength wna obtained. 

The results of this scries of experiments ore presented in Table 1. 

The dynamic tensile strength was taken as the average of tho highest stress 

at-which no damage could be observed on diametrical section* of tho 

specimen, and the lowest stress ut which incipient spoliation occurred. 

A cross-sectional view of incipient'spoliation is provided in Figure 2. 

For the parallel specimen orientation, Specimen 30 did not crock at 

39.-1 MN/m' (STIO.psi) but Specimen 35 did crock nt 43.5 MN/m" (0300 psl); 

for tho normal specimen oriontotion, no cracking was -.observed In Specimen 43, 
2 

which was subjected to a peak tensile stress of 38.8 MN/w (5030 psi), 

2 
v.'horens Specimen 37 «bowed crocking at 42.6 MN/m (6180 psi). Thus tho 

dynamic tensllo strength of novncullte in the direction normal to the plants 
2    " 

of inherent cracks is 40.6 ± 2.0 MN/m (5B90 ±  290 psi); the dynamic 
2 

strength in tho parallel direction is 41.4 ± 2.0 MJf/m (6000 ±  290 psl). 

Standard International (S.I.) units, as now roqulrod by many government 
agencies and professional sociut:ju for tochnical reports, papers and 
journals will bo used in this report.  For convenience, however,. English 
units will also bo given in parentheses directly thereafter. Stress 
equivalents to »lido rul« accuracy are as follows:  1 Mogapaucal (MN/m) 
10° N'm2 = 10.2 Ug/CB2- =145 psi » 10 bar. 
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12.7 mm 
JS^^^mSmm^Z^Sii^PeiSS^^^^^ MP-10BM7A 

FIGURE 2      CROSS-SECTIONAL VlCW OF SPECIMEN 39 SHOWING 
INCIPIENT SPALLATION 
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Wo conclude that the dynamic tensile Dtrcngih o£ Arkansas novacullto la • 

lntonsitive to tho orientation of preexisting flaws.  In viow ot  the (- ' 
A 

pronounced flaw orientation anlsotropy of novncullto, tho fracture I 
t 

strength lootropy Iß surprising. .     \  i 
J :' 

Determination of Fragment Size Distribution , t 

At low Impact velocities (less then about 20 m/uoc), Arkansas novncullto       f ; 

specimen» nould euatoin considerable f.rncturo damage while maintaining ; '■ 
■  i  - 

integrity. At impact velocities sufficient to cause fragmentation, a i • 
,•■•-.'• ' i   '~j 

mot hod was required to prevent tho froKmsnt» f>osi scattering and thereby j .■& 

resulting ii» ponsiblc «Jotsaife nnd loss of tho fragments, The Arrangement 

used for recovering heavily damaged specimenr. entailed uncasing the ; /' 

cylindrical rock i^ecl'vCns completely In. a much tougher material of 

Hlmllnr shock lmpcdfcnco. Aluminum was found to be a .suitable encasing r '* 

material, first, becnuuo it doos not-uudertto brittle fracture under tho f. 

loodl:.g conditions of these exporin;entf; and thorofore contains the cracking 

and fragmenting rock (specimen, md,second, because its shock Impedance is 

very similar to thfit of novacuiito, no that disturbance of stress waves 

aa thby eross the specimon-cnenscracnt interface is minimal.  Tho dimen ions 

of tho targets were designed to. reduce edge effects. ; 

As shown in Figure 3, .specimens of Arkansas novaculitc 1.27 cm In , 

dinmotor by 0.6.15 cm thick »ore fit tightly in tho center of an aluminum \ 

disk 5.08 cm in diameter and 0.953 cm thick,  /\n aluminum cover plate j 
1 

5.08 cm in diameter by 0.318 cm thick was then placed over tho exposed i ■     .. •        I    ■ 
end of the specimen and hold firmly to tho disk with four equally spaced j ', 

I 
Rcrews.  An epoxy was applied to the specimen nurface adjacent to the i 

i 

cover plato to ensure intimate contact with the aluminum casing;.  This t . 

target assembly wna then subjected to flat-plate impact with tho pas gun. : 

Ten experiments wore carried out; the details are piven in Table 2. I 

It was planned to subject Specimens 44, 15, and 40 to stresses u factor 

Of about 2.0, 1.5, and 1.25 in excess of the dynamic ten»lie strengths in un 

attempt to obtain various degrees» of crack coalescence lending.to fragmen- 

tation.  Tho resulting fracture damage is described in the next section. 
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The next throe experiment«, t7, 48, ond 49 were performed at strens 

levels near the dynamic tensile strongth to (let oral no whother the oluralnum 

encasement arrangement caused significant streau  amplitude attenuation. 

If so, impact velocities eufflciont to cause Incipient spaiJ. fracture in 

unenoasod specimens would not result In damage when encased. Experimente 

47 ond 49 performed at on impact velocity of 10,4 ra/eoc produced signif- 

icant cracking, whereas experiment 48 at 14.8 la/eoc produced no damage. 

Those results are in agreement with the damage threshold velocity of 

15.1 * 0.6 e/see'established for unötieased novceulito in the i'iret «nnual 

report, and so wo concludo that the aluminum encasement hod little 

attenuating effect on the etrosa. 

Specimens SO and SI wer© to be impacted at about 23 ra/sce, in the 

voloclty range of advanced stages of crack coalcoeenco and incipient 

fret;.nontation, but unfortunately much lower velocities, about 17 m/sec, 

were attained and much 1CI;G damage resulted than was desired. The final 

two specimens were shock-loaded nt Hignlficantly higher velocities to 

produce detached'fragments. Tho aluminum casing (IIpure 3) was impai..cd 

by the flyer plete in the flr.it eight experlmentc.  In Experiments 52 and 

53, however, the specimen aGscrably was oriented auch that the covor plate 

side was impacted. 

The recovered targets wero prepared for fraetographic observation 

and analysis in one of two ways. Either they were cut carefully on a 

diameter to reveal tho cracking pattern on a croue section, or else the 

aluminum oncanemont was removed by carefully machining the periphery 

down to a few mils, in a lcthe and subsequently dissolving tho remaining 

few mils of aluminum in n 50% HCL solution. 

i-.-'i 
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In ftttu Oüi<oyvDtlons 

Spociiwäns 45 through 52 were ßßctloned end polltshod to roveol tho 

cracking patterns. Tho effect of stress level on tho extent of crackina 

ts illustrated in Figure 4, which ühows cross sections of speciaen« 

impscted «t various velocities, Tho characteristic dome-shaped crock 

pattern 1B evident» Daaage is usually heaviest In tho holf nearer tbe 

Impact surface.  Tine particles eeem to bo produced at midthlckneo*« and 

in tho rone encompassed by the derae cracks, terge Jragtsenfcs originate 

mainly near the flat surfaces. The froe-surfaee eido of tho speeiaen IK 

usually least damaged and is ofton recovered in one piece, oven when the 

remainder of tho specimen has fragmented. Free, uncoaiosccd crack tips 

are commonly observed in specimens itapocted at high es well aa at low 

streaacG. 

Frnjpncnt Sl/.e Distribution 

W« attempted to determine tho fragmont size distribution!? produced 

In Experiments 4.4., 4b,  and 53 by carefully removing the nluminujn encaoo" 

rscnta,  Specimen 44, lto*avcr, fell apart in only a  few large placet) and 

was unsuitable for a sieve analysis.  Specimen 43 remained'intact after 

removal of the aluminum ond retained considerable strength (fins hard 

pressure was insufficient to break It up), so It woo mounted in opoxy 

and Hoctloncd aa doscrlbod In tho previous discussion. 

The fragment size distribution for Specimen S3 wos determined by 

piecing; the colloctod frogmehts in the top sieve of a series of U.S. 

sieves placed in tho following order from top to bottom: No. 6, ö, 10, 

14, 20, 40, 50, 100, 200, und 400, and a pan to catch tho flnos.  The 

system woe vibrated for o short time, and the particles retained on 

each screen were counted and weighed.  Figure 5 shows tho shnpos of the 

particles; tho raw data uro presonted in Table 3 ond in Figure C.  Theao 

experimental fragmentation dnta-wen used to dovoiop and check tho .iynomlc 

fractui"o model. 
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Stress Vfovo Measurements 

In fourteen experiments, on attempt v;po made to measure otrcüs wave 

profiles transmitted through tho specimen.  In addition to providing the 

poak stress und stress duration experienced by the rock under impact loads, 

measured stress histories yield Important information about the constitutive 

relation« and rate dependence. In the caso of n specimen undergoing fracture, 

r«compression wavos emitted us mlcrocracks form, impinge on, and reload 

the gage to nn cxtont proportionol to the dynamic tensile strength of the 

rock. Furtheraare, tho slopo of the reloading pulra gives nn indication 

of tho rate of fracturer-n sharp rise corresponds to brittle behavior. 

ytterbium piezorosistant stress gages moanted in plexiglass blocks 

wore hold in contact with the rear surface of the specimen. Upon impact, 

comproasive waves impinge on the gogo and the.stresa-indeced electrical 

signals «re recorded with an oscilloscope The tensile stresses in the 

rock specimen arc then calculable from tho gage record, If tho relative 

shock impoclcnce of specimen and backing taaterlal are known. 

The actual oscilloscope record • obtained in theso experimontn, us 

»ell as a more detailed account of this stress wave-measuring technique, 

can be found in reference 1. The results may be summarized by noting 

that clear and consistent differences in the gage records were obsorvod 

for spocimens which underwent fracture. Therefore it was possible to toll 

whether or not a specimen was cracked before actually examining it. Peak 

compresslve stresses experienced by the specimens, however, were not 

mensurable from the gage records because of significant deviations from 

planar impact and nonce excessive rounding of the oscilloscope traces. 

18 
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Ill  THE MECHANISM OF FRACKCENTATION 

Considerable importance la attached to establishing the fragmentation 

mechanism, becausu this forma the basin for the computational model. The 

fragmentation mechanism in defined as that sequence of event» that occurs 

in the rock during loading nnd lends up to fragmentation. We constructed 

the computational model for predicting fragment siae distributions by 

modeling individually the physical processes that precede fragmentation. 

A model developed on such a physical bcaio should bo inherently;
t«or©  ^*-..■■■'■'- 

accurate as well as more applicable to other materials under other loading 

conditions theA - model based on, say, empirical correlations. Thus, ea-^h 

impacted rock apocimon was examined carefully in search of evidence con- 

cerning the physical processes involved in fragmentation. 

Fractogrnphlc Techniques 

Two main fractogrophlc techniques wore used to deduce the fragmentation 

mechanism from impacted «ppcimens.  In one technique fracture surfaces and 

In '.vidual fragments were examined by optical and scanning electron micro- 

scopy to look for markings that would reveal hew the surfaces nnd fragments 

were formed. Those observations provided information on the histories of 

Individual cracks.  The other technique entailed Btopping the fragmentation 

process at various stages of completion through careful control of the 

experiment, then sectioning the specimen, and oxnmlning the pattern of 

cracks intersecting the section.  This technique yielded insight into 

the behavior of interacting cracks. 

Fractogrnphic Observations 

The purpose of optical nnd scanning electron microscope examinations 

of fracture surfaces was to look for inhomogeneities that could have served 

as crack initiation sites, and river Lines and hesitation lines which 

indicate the nature of crack growth. 

¥i 
■i 

»- 
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As la typical of most rocks, tho fractured surfaces were nearly 

featureioäg and for tho most pert yielded llttlo evidence of ho*' fractur« 

occurred. The broken sur/ncea consisted of counties«, well-defined and 

equlslited polygonal blocke—quartz ßrnlns exposed by the passage of t 

creek along fche grain boundaries, Only Infrequently were propagation 

marking« and hesitation linos observed. The circular markings in 

Figure» 7ft and b are known no hesitation lino» beceuae thoy are produced 

when tW uyaek«adergo»e * sudd»» change of velocity as, for Instance, 

wheA the-oraSkXitfimpinged upon by « utress vav«* Thoy are analogou* to 

the arrest lines-16raed wbe«> a crack ho» actually »topped. Thus 

hesitation line» and arrost lines delineate th» position of tho crack 

front at some instant. In time and theröby reveal the contour of tho 

propagating crack. From the appearance of the hesitation lines in 

Figure 7, wo deduce that the cracks hod circular peripheries, i.e., they 

were penny-shaped. 

Also evident on the fractur« surface iu Figure 7a are »«vorol lines 

radiating outward from the apparent center of the circular hesitation 

line and intersecting the hesitation lino at right angles.- These lines 

are actually height discontinuities and thus are reminiscent of river 

lines and cleavage steps commonly observed on fracture surfaces of 

metallic and lonlcally bonded materials. As such they form parallel to 

the propagation direction and thus Indicate the propagation direction. 

Thus the river lines provide a running history of the crack path and n 

hesitation lino gives the crack shape at nn instant in time.  Figure 7 

is therefore interpreted to mean that crack propagation in novacv.lito 

under dynamic unlaxlal strain loading occurs by the expansion of penny- 

shaped crocks radially outward from initiation sites. 

A corollary of the fact that river lines form parallel to the crack 

propagation direction is that the fracture origin may be located by 

following the linos in n direction opposite to the propagation direction. 

is 

l 

\ 
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FIGURE  7      SECTIONS OF'CIRCULAR  HESITATIOM  LINES 
ON  THE  FRACTURE  SURFACES OF   DYNAMICALLY 
LOADED  NOVACULITE 
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Figur« 7 shows clearly that the rlvor lino« emanate from a single site 

situated at the approximate center of the circular hesitation line. 

High resolution examination of this site with the scanning electron 

microscope did not reveal any obvious heterogeneity that might have 

served ns the weak spot. In fact In no Instance was it poiMible to 

Identify positively the heterogeneity In the rock responsible for the 

initiation of a crack at that particular place. Thus we can only 
0 

speculate that the heterogeneities responsible for crack initiation 

were the small crack-like flaws that existed inherently in the rock. 

The nvture of these flaws is described more fully in Chapter V. ' ••,  ? 

Individual fragments such os those shown in Figure 5 wore also | 

examined with optical microscopes. Their shapes as can be seen  from !     i 

tho figure are roughly e<juisxed, as opposed to elongated bodies us -'::y;Lf:*\'■:•;■■'■■'\ 

mipht perhaps be expected from Figures 4b and <lc.  In general tho fragments     ; 

hod from G to 8 facets, regardless of fragvsnt sine, implying that on 

the average 3 to 4  cracks are associated with ono fragment, and indicating       !      :i 

that larger cracks produce larger fragments whereas smaller cracks !V '; . ' 1 
'  - ' ti 

prod'. o smaller fragments.  It was also noted that individual fragmonts . \ 

generally contained a number of cracks in their volumes, which means 

that not nil cracks were effective in producing fragments. '      j 

The purpose of performing impact experiments *t stresses insufficient i 

to produce fragments, was to provida specimens for observation that .- 

contained various degrees of prefragraentatlon fracture damage.  Such 

specimens woro cut carefully on a diameter with a diamond saw, and this 

surface was polished to rcvonl a cross section of the cracking pattern 

and to provide in situ views of fragmentation.  Figure 4 shows the 

appearance of four such specimens impacted at stress levels ranging from ! 

one below the tensile strength through one sufficient to produce loose 

fragments.  This figure may also be viewed as depicting successive stages 

in time of a fragmen ting rock specimen, i.e., as the stress in the wave 

rises, increasingly more cracks originate and grow. 

22 
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These pictures «how that crocks Initially form nottr to the lopsct 

surface and propagate predominately In tho loteral direction (nornal to 

tho direction of tho maximum tensile stress). At lo* stresses, lew 

fragments can ton», and thoy arc large. As the stress level increases, 

more crocks ure initiated «md »ore coalescence occurs. Crack growth docs 

i>t appear to be particularly sensitiv© to stresB level. Only at the 

highest stress (Figur© M) can significant numbers of vortical cracks bo 

seen; The effect of the vertical cmottst l» clearly to increase the extent 

of specimen coaaatnutlon. They trans torn the targe elongated fragment«* 

(Figure 4c) to many smaller, raor© eo.utased fregments (Figure 4d) und thus 

influence strongly the resulting fregi-nt size distribution. 

Figure 4d olso indicates» that smaller fragments tend to originate 

near tho tald-thickness of the specimens wheroas the larger fragments came 

from tho material near the impacted and free surfor »s. . 

Hypothesized Fragmentation Mechanism !> . 

From these observations wo envision a mechanism I'i:  fragmentation 

consisting of four stages, namely: 

(1) Actiyot on of a number, of preexisting structural flaws 

(2) Propagation of activated cracks radially outward 

(3) Coalesccnco and branching of propagating cracks 

• H) Isolation of individual rock fragment» from one another. 

Tho first two stages have been verified by similar impact experiments 

on a transparent material. Figure 8 shown the internal penny-shaped cracks 

produced in this material, a polycarbonate. The tiny black areas that are 

obser,-,.ole at tho center of. every crack have been positively identified as 

inherent flaws in the material produced during fabrication.  The multiple 

concentric rings visible on the crack surfaces in polycarbonate are similar 

to the Hesitation lines found on novaculltc fracture surfaces and  imply- 

that tho crack morphology in novacullte should be basically penny-shaped 

and should remain penny-shaped during growth until coalescence begins. 

■»;"•* 

i • 
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FIGURE 8      INTERNAL CRACKS IN  A TRANSPARENT POLYCARBONATE 
PRODUCED BY SIMILAR  DYNAMIC  LOADS 
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IV CONSTRUCTION OF THK PilEDICTIVK CAPABILITY 

Tho capability for predicting the fragment elzo distribution for 

novoculite under dynamic ono-dimenstcnal-etrain load« was obtained by 

combining a computational model of the fragmentation mechanism with a 

finite difference wave propagation cod«. Tho computational fragmentation 

model is based on tho fragmentation möchnnien hypothesized in tho previous 

chapter, end treats quantitatively each of the four stegos, namely; 

flaw activation, crack growth, creek coalcseeneo„ and ft-agaent formation. 

The one-diaonsional wave propagation code, PUFF, calculate» from tho 

impact conditions tho stress history in the specimen, i.e., the magni- 

tude and duration of the stress at any point in time. 

Tho Computational Fragmentation Model 

The fragmentation of novaculite under dynamic, onc-climensiönal- 

strain conditions is modeled by treating quantitatively the hypothesized 

stage» of tho fragmentation mechanism, A treatnont of each of the four 

et.-joa io given below. 

Activation of prooxisting flaws—-Based on experimental observations 

of impacted and unimpacted Arkansas novaculito (Chapters III and V, 

respectively) we assume that tho material contains inherently a population 

of penny-shaped flaws of varying sizes, some of which become unstable 

upon passage of the stress wave end develop into propagating cracks. To . 

calculate the number of flaws activated by n given stress pulse (and 

hence U;o number of cracks in the material) wo Invoke & Griffith-Irwin 

fracture mechanics criterion, 
5,6 

i.o., flaws having a radius c larger 

than some critical size that is a function of the tensile stress 

c => c (CT) will be activated, whereas those flaws smaller than u remain 

dormant. Of the various crack geometries for which fracture mechanics 
7 

stress analyses exist, Snoddon's relation for an internal penny-shaped 

crack in an infinite elastic medium subjected to a uniform tensile stress 

25 
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normal to tho crack piano 

•      2  2 
C  a TK  "/4TT 

ic 
(1) 

i ; 

t ! 

I 
■ I 

f I 

most nearly applies to tho conditions of our experiments, I.e., the 

cracks appear to bo roughly ponny-nhnped, and tho specimen behaves ns 

if It woro infinite during the life of tho tensile pulse. Tho plane 

strain fracture toughness K.  for novaculite is determined in the 
ic 

following chapter. Thus we use Kq, (1) to calculate the size of the 

smallest flaw which will bo activatwl by a dynamic load. To obtain the 

numbar of activated flaws, wo need to know tha size distribution of flaws 

in tho rock. This has been measured for novaculite and the results are 

presented in Chapter V. 

Crack Propagation—The distance which each crack can propagate 

depends on the crock velocity and the duration of tho stress pulse. Wo 

assume hero that the cracks accelerate very rapidly to a constant maximum 

velocity of one third the longitudinal wave speed. This is In accord 

with our experimental observations (Chapter V) as wull as with theoretical 

estimates.     Knowing that crack propagation occurs radially outward 

from activation sites, tho fracture surface area produced per crack at 

uny given time step, can be approximated by 

■i 

• "' J 
'*■ 

.1 

f i 
Aft) 5" 2ff(C.£t/3) 

i I 

2 
(?) 

providing the crack was not stopped prematurely by barrier to crack 

growth or coalescence with other cracks.  Individual cracks arrest whon 

the stress level falls below the value given by Kg. (I). Thus the 

total fracture surface area produced in novaculite by a known stress pulse 

of peak stress (7 and duration  £t  insufficient to cause significant 

coalcsccnco is given by 
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2N 
art       ° 

At t , w—— (C.At)". 
total   3     £ 

C3) 

where N  i» tho number of activated flow», 
act 

Furthermore, the total energy absorbed In creating new surface 

area can bo estimated if the specific fracture surface energy Y i» 

known. 

2vN    . „ 
E„    • V—£Z± <C,At)* fracture 3 i (4) 

Crack Coalescence—-Our quantitative treatment of coalescence of 

l .-opugating cracka entailed assueilng a criterion for the distance 

between converging cracks at which interaction first occurs, and taking 

a statistical approach by treating large numbers of coalescing cracks. 

To dovolop tho coalescence criterion, the concept of the "crack 

range" is introduced.  Tho crack range T  (c)  is doflned an tho volume 
c 

of solid material surrounding a crack that experiences magnified strains 

of some arbitrary level, which arise from the stress concentrating effect 

of the crack. When tho crack ranges of two cracks overlap, they are 

considered to have coalesced.  A» an upper limit(obtalnod from the 

solution of the clastic stress field around a penny-shaped crack in an 

infinite medium) the crack range Includes the material within one crack 

radius of uhy part of tho crack.  Thus for a penny-shaped crack the 

maximum crack range is an ellipsoidal volume of revolution shaped llko 

a hamburger.  Thfe volume then is 

'< J 
; J 
; i 
! ' t 

■ i 

.   2   -10    3 
T (c> a (W  + —■ TT)c 
C 3 

20.34 c (5) 

The observation that the fragments are nearly equlaxed suggests u 

much smaller crack range volume.  For instance» if the fragments were 

27 



iyyiB>|w'"-'»\,Teyl?y-'!'-»V»; <*yy^g?*p?y»^ 

r    !' 

cubo-shapod, then the crack range» would be the volumes of two small 

pyramids on either aid« of each crack (ono crnck forming ono ride of 

the cube) and the crack rn..g«j volume Is 

8    3 
T  (o) « - c 

C 3 

For our purposes we will define T  by 
c 

(6) 

T (c) « T c <7> 
■•c ■•■   •'■.-.  c   •.•■••   ■'.. ..'  '• -■■    • ■'■ ♦:■> 

where T  will probably lie between 2 and 20. 

We can. now postulate a coalescence criterion. It is logical that 

two propaguting cracks in an infinite body hRvo no knowledge of one 

another until they come within some critical distance of euch other. 

When this critical nearness 1B attained, the cracks sense each other 

and interaction begins. The concentrated stresses at each cruck front 

superimpose, and the propagation behavior of OBch crack Is influenced 

by the prasence of the other.  In the present experiments the crack tip 

stresses are similar and therefore should be additive, thereby encouraging 

the cracks to propagate into each other and coalesce. The extent of the 

strain field about a crack is given by its rnngo as previously defined, 

and wo presume that crack coalescence occurs when the ranges overlap. 

For numerical computations with the wavo propagation code we adopt the 

following coalescence criterion:  crack coalescence occurs when the sum 

of tho crack rango volumes for all the crack9 in a finite difference 

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- 

tion is given by p (c) , tho density of cracks as a function of si?.e. 
c 

! f 

N 

W-l 

i 
■"•■$ 

4 
« 

5 

■i 

-; 

i 
i  i 

I   ! 

i : 
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Tho cumulative crack density N  (tho number of «racks par unit volume 
K 

with radii greater than c) Is (five» by 

OS 

/•• 
IT - . I 0 (c)dc 
g   J  c 

(8) 

Recalling the definition of tho crack rang© T (c), we can write tho 

expression for the relative volume of material Influenced by the crack» 

per unit volume 

»    ■, • 

(9) 
a c . 

"O 

The coalescence criterion then may be simply stated as 

V_ = J T (c) o (c) dc. 
!  c   c 

V   B 1 
r 

(10) 

Fragment Formation—After ft certain degree of crock coaleaccnco, 

fragments of various elzea will form. Tho fragment »izes »ill reflect 

in some way,the crack size distribution which led to the.fragmentation. 

The procedure for determining v.-hcther frogmen's hnvo formed ia to 

compute the volumes of tho fragments which would be formed by the cracks 

which exist.  If tho fragment volumes fill the voluroo of tho finite 

difference cell, then complete fragmentation has occurred. Otherwise, 

the fracture calculations continue.  Preparatory to introducing the 

procedure for computing tho number of fragments, tho fragment size 

distribution, the fragment voluma, und the relation« between the crack 

and fragment variables «re defined. 

Lot the fragment size distribution be described by oAc),  a density 

of fragments associated with the crack radius c.  As for cracks, tho 

continuous size distribution is represented in the computer program by 

a di?cr«t<? set of size groups 



■W"" !F^ .»^^«yr^i^^i^r^iwrwy^ 

c 
1+1 

0 (c)dc (11) 

(• 
\ f* - r v ; 

IK 

Here ire note that the fragmont size distribution la a function of tho 

radii of the cracks, not of the fragments. Lot Tf(r. ) bo t:»e voluae 

of the fragment with fragment radius c . Thii volume aay be written 

W a V/ (12) 

whore T la, for example 4rr/3 for spherical particles and 8.0 for 

cubes. 

H 

h 

'• i 

The fragment  volume will  just fill  tho total  volurae at the t<tno of 

complete fragmentation.    Therefore tho ^fragmentation critorion la 

V        a     I   p    fc)   T   (c   )   dC   a   1 
T .    ' f ft (13) 

/ 

or 

Vf    «=    L   AN* T(c)  el (14) 
T ill 

i 

To determine the number and  size of fragments,  wo  introduce the 

following rolotions  between crack nnd  fragment variables. 

0/      » V Bn (c) (15) 
ire 

Cf   a Y   C (16) 

where 8 and y mav ue functions of c, and V  is the remaining 

relative volume which has not been fragmented by cracks larger than c. 
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i, and Y K 1.0 

&N/ = BAN, CV (IB) 
i       1 r 

•I    1 
where ■ V B 1 -  £   V' . 

r J 
J=i+1 

This process lor determining the number of fragments Is followed until 

5 all activated cracks nro treated or until all the volume is full cf 

i fragments.  If nil the volume is filled with fragments, then the cell 

i Is presumed to be completely fragmented. 
. s   ■  . 

' ' \ 
• >   ' \ At the end of the computation the matorlal that contains* coalescing 

! • .       cracks but is not fully fragmented is taken as partially fragmented. 

i    -     Tho number of fragments of each-size is determined by the foregoing 

• calculation. The remaining unfrngmented material Is not assigned to any 

fragment size group, but Is assumed to bo pnrt of one of the largo chunks 

observed in tho experiments. 

31 

i For 8-»idod fragments where euch face is formed by one crack, (5 a 1/4 
I 

I 
2 The procedure for computing thn fragment slsse distribution and j 
I .  i 
I for determining whether fragmentation has occurred begins with V ■ 1,0, 
{' r ! 

t 

First, the largest cracks ire transformed to fragment» using Eq. (15). }   * 

These frngrnonts have a volume j■.j 

H 

f      f    3  3 
V, - t*t    TfV ., (17) , 

small cracks which do not form fragment*. Therefore, to compute the 

fragments for the next smaller crack size, this volume is removed before 

computing tho number of fragments of tho next smallor size.  In general, 

the lumber of fragment» is 

lMiyil»tjnA^UijK,H«:.W;««*..t^«*iri.iri<.»J(!.^,,y.-«<.v-,i^.a^:jv*. s^^^'.W^Xvu.i^.^Ui^s-J.isa^i^::.*■;'--.; ,-'v. .i^'.-.v— -i;-fc 
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Stress HI story Calculations 

4 
PUT, 8 one-dlmenstonal« finite difference wave propagation code 

was used to calculate the magnitude und duration of the stress at ovory 

location In tho specimen and at every point in time.  It also calculate» 

tho current density and energy. Because of tho low stress«« required to 

produce fragmentation, the Kugoniot elastic limit is never exceeded and 

plastic behavior Is never realized. Therefore a very simple equation 

of »täte, Hooke's law, can be used to calculate the stresses In 

12 
novaculito. The equation of state for plexiglass is well known.   The 

PUFF code has boon used successfully to predict wave profiles in a 

number of materials under known conditions of one-dimensional impact 

(Rofcrenco 13, for example). 

The simple» elastic equation of state for novacullte is no longer 

adequate for describing the material response once tho fragmentation 

process begins. When cracks begin to form and grow, the apparent 

clastic stiffness decreasos.  Hocompression waves run out from the 

surfaces of the propagating crac ■ i to interact with and erode the stress 

pulse.  This effect is of considerable magnitude, and must be taken into 

account in tho calculations. ' 

Tho procedure used to detoralne the stiffness of material under- 

13 
going fracture and fragmentation has been given elsewhere.   The 

basts of the method is the concept of a two-component system:  solid 

material, and void inside the open cracks.  The specific volume of the 

system changes when loaded:  this change is duo partially to the solid 

nnd partially to the chunge In the void volume.  Tho void volume calcula- 
7 

tion follows tu.e analysis of Sncddon. for a penny-shaped crack in an 

elastic material.  During the wave propagation calculation, the following 

sequence of events may occur while the material is in tension: 

I, A 
■1 ' I 
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(£) If no not volumo change occurs, thero will usually 
be an increase in void volume and a corresponding 
decrease in solid volumo:  the effective modulus 
in such n case is infinite. 

The preceding sequoncc of events Is treated in the present formula- 

tion of the behavior of materiel undergoing fracture,  A derivation of 

the effect of damage on the material stiffness is given below to indicate 

the basis of the method,  lioro the case is considered in which no 

growth or nucleation of cracks occurs:  the resulting modulus is that 

which is appropriate for a residual strength calculation.  The funda- 

mental relation is that the total volumo chango is the sum of solid and 

void volume changes: 

33 
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(a)  Initial fensile loads cause only olastle volume changes '  ' 
(3 in the solid until a threshold stress» (equal to the \      \ 
4\ dynamic fracture strength) ia reached. !  ■} 
!''■ .  '•            '••                                               ■  |- 

: (b) When the stress exceeds the fracture threshold, crack« \  ] 
£ begin to nucleate ai;d grow, and the void volume produced i  i 
I by the crncks acts t^ decrease tho volume change required : '{ 
fi of the solid. Thus tho tensile stress in the solid 1« I • | 
I lover than it would be .or undamaged material under the             '  ' ' 1 
\ same volumo change; hence, tho orfective modulus of tho                 * 

i ■J 

solid has decreased. II 

(c) With increasing stress ßüd continuing volutae change, & ',. ;| 
f point is reached whore the void volumo increase juat |"■■J 
f equals tho applied volume change. Hero there i8 no 
ij change in solid volume and henco no change in tensile .1 
Jf stress:  the stress-volume path has reached a peaf: and "? 
* tho effective modulus is zero. ! ' i 
«■ ■ ' ■ ( 

'" (d) With further volume changes tho increase of void volume i 
■J (by growth end nucleation of cracks) tends to exceed tho 
ji applied volume change. Then the solid volume change is I  | 
j nogative and the tensile stress is decreasing. The I 
B    ■ .  effective modulus is negative during this period,                    ■ j j 
v.           ■                 ' ' I         i 

r i 
h (e)  If comprossivo volume changes occur at nny time, there ■ ' V 
\ will usually bo a decrease In both void volume and solid i  \ 
g volume. Then the effective modulus is positive as in (a). \ 

i ; 
i 1 1 i 
f 1 
i i 

j 1 
j i 



L\'  «= £V  ♦ ÄV 
a    v (19) 

To determine the total crock volume o sum la mnde over nil cracks. 

where K la the number of cracks of volume V   per unit volume. Then 
1 lc 

Eq. (19) becomes 

V 

to  • v 

(K + - u)V 

16(l»v )to v, 3 
+   N c 

3Ü       1 1 
(21) 

3-1 

The void volume change la dorived from the analysis of Sneddon for the 

opening of 0 penny-shaped crack In an elastic medium under uniform 

tension. The half-opening of the crack faces is 

6 
4(l-v )ccr 

where c i« the half crack length 

C lö the stress appliod normal to the crack plane 

£ la Young's modulus 

v is Poisaon's ratio. 

The void within the crack faces i» an ellipsoid with semlaxes c, c, and 

6, so the volume is 

4 - A 2    16(l-v2) c3Q V  s= - ff OC   er   —  
c  3 3E 

t- 

(20) 

1 

; 

) 

i 
i 

V  a 2 N V 
v      i lc 
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I 

1 
where to In a change in stress 

K, u are bulk and »horn- moduli 
1 | V      itj tho total specific volume. 
a    ■ 
H Dividing tq. <21) by &r, an effective modulus M la dorived. 

V /V 2 
1   H        16<l-v )   3 
«T"«" * -«—Vi (22) 

K
 ■♦ 3 "' 

This compliance Is similar to that which would be obtained for a 
4 

composite made of solid material plus void. Tho terra K + ~ u is the 

stiffness of tho solid and V /V Is Its volume fraction. Tho last terra 
| -       s 

I on the right in Eq. (22) must be into.-prcted then aa the compliance of 

I the cracks. This expression shows that the compliance of the composite 

i, increase« with increasing void fraction, I.e., increasing number and/or 

R Increasing size of cracks. 

3 
i 

35 

,;( 

1 ' 

$ ■s 

I 1 
•< 

! ■| 

I 1 
« i s ;    ,* 
B \ 
f ' A 5 L>. 

f :.1 

1 ,•4 
j 
4 
i 

i ! 
! 1 

V 

\ \ 

J.*«H(W««iWMHt**'.'' 



R r. 

% 
i 

*Ä3to#flWt»3»*iiUilfcMevjiiilM*»rtW->(.i 

V  ItOCK PHOPEKTIES 

locution of tho predlc ivo capability described in tho previous 

chaptor requires a knowledge of certain rock-specific properties, for 

their values are required as input.  Included are the size distribution 

of inherent flaws, the plane strain fracture toughness, and the crack 

growth velocity. Values of these parameters for Arkansas novacullte are 

determined in tjia chapter. 

Inherent Flaw Structure ■'■  -''y^T^Ji'v. ;- ,,-■. •. „.  ■.,.• ;;. 

'' . *.' ■'-..: Vv'''. '  ' ■  ■ : * ■'■'':     ' '' » -■'"'-   •' • 

Casual observation with the unaided eye of polished novacullte surfaces 

is sufficient to show tf"*t this rock has a strongly oriented flaw structure. 

The flow structure is clearly evident in the low magnification composite 

micrograph of Figure 9. .The size distribution of tho inherent flaws was 

determined by counting and measuring the flaw traces on a  polished section 

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

of flaw traces per unit area, were then converted by means of a statistical 

transformation to obtain the actual size distribution of inherent flaws 

po. unit volume. 

Nino overlapping photographs at 40X were required to span the 

diameter of a rock specimen. The total photographed area was slightly 

2 
more than 1.1 cm , and in this area 194 preexisting crack traces wore 

counted and measured. These data wore converted by means of a Scheil 

14 15 
typo statistical transformation  V  implemented by tho BABS2 computer 

16 
code;  the results are presented in Figure 10. 

Here tho cumulative concentration of cracks having radii greater 

than radius c is plotted as a function of c . The relatively few (194) 
1 2 

traces observed on about I cm of the surface of section transform into 

3 
a very large volume density (~100,0007cm ). The size distribution of 

preexisting crack3 has a parabolic form in log-normal space with a cut- 

off at about c. = 500 um.  Tho curve is well described by the analytical 
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FIGURE 9      COMPOSITE MICROGRAPH OP A BLOCK OF 
NOVACULITE SHOWING THE PRF.FERRED 
ORIENTATION OF THE  INHERENT FLAWS 
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expression 

N = 5(c)   tmpC11.1 -  <3.7 x  10~)c  +  (0.42 x 104)c
2]       (23) 

whero    6(c)    a 1  for 0 < c £ 0.05 

6(c) . « 0 for c > 0.05 

and c 1B in centimeter«. 

The cutoff In crack half sisso at about 500 urn appears to be 

realistic. A very large nuubor of observations of polished novaculito 

surfaces wore made, and never were flaw traces significantly greater 

than 1 mm observed. Statistically speaking if many observations of 

crack traces are made, the length of tho largest trace is approximately 

equa] to the diawctcr of the largest flaw. Thus the radius of the largest 

inherent flaw in the present specimens of Arkansas novaculito was taken 

to be about 500 urn. 

Fracture Toughness 

The plane strain fracture toughness K   is a material property 
Ic 

that describes the resistance of tho material to crack propagation, Th*s 

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

determine the critical flaw size for a given dynamic stress and hence 

the number of inherent flaws in novaculito that became propagating 

cracks. . 

The dynamic plane strain fracture toughness for novaculito was 

2 
calculated from the measured dynamic tensile strength of 41,0±2.0 NSN/m 

(5930 i290 psi) (Chapter II) and the radius of the largest flaw, 500 um, 

established in the previous section, Sneddon's expression, Eq. (1), is 

used to relate tho dynamic tensile strength ff      and the radius of the 

largest penny-shaped flaw c    to the dynamic fracturo toughness  K  . 
max Ics 

I  :; 

40 



-i>LJ0'j^^v'C*~'Uti^^."^
,»^iA*a>c;^Mo**i%Ae- 

•A 
res    ik    n 

! ■■■ 

I   a 
! 
t ■J 

1. 
i'    : 1 i ?! 
1 
1 

I.. 

( V v    ■ • [  , 
H    ' 

f 8 

!  g 
1 

3/2 
and a value for K   of 1.04 MN/ra   Is obtained. Quasi-static tensile 

Ice . 

strength determinations using the SRI expanded ring tests yielded 

similar values for the tensile strength and henco the fracture toughness, 

demonstrating that these properties of novaculite are strain rate- 

-4-1 
insensitive, at least for strain rates in the range of 3 x 10  sec 

to 7 x.10 sec .-.' ".;■■. -k»; ,-V/, -' "'••■• 

Crack Velocity 

The distance each crack can propagate depends on the crack vclocit;- 

and the duration of the stress pulse. Ytterbium stress gages wero used 

to measure the latter in this work and crack velocities were Inferred 

from direct measurements of the distance propagated by cracks in 

essentially crack-free material.  The radii of the cracks shown In 

Figure 2  are about 2 mm.  The ytterbium stresB gage records indicated 

that the stress duration was about one microsecond, in agreement with 

the result obtained from simple calculations using the measured elastic 

wave spocd and the thicknesses of the specimen and flyer plate. Thus 
8 

crack propagation velocities of 2 x 10 cm/sec are indicated—an 

interesting r.osult, since it Is approximately one-third of the measured 

longitudinal wave velocity for novaculite, and Is thus in agreement with 

theoretical estimates of the maximum crock velocities of brittle r. lerl- 

8-11 
als.     Materials euch as Armco iron and beryllium, investigated in 

1116 
other projects,  '   fractured In a brittle raanner at high strain rates, 

but exhibited viscous crack propagation and maximum crack speeds well 

below c./3. 
I 

N i - r 
f i 

[■: i 

41 



*>'■ ' 

:^'»r*.T*"T" ' Tjf- »•")} iff '¥,|f*T*!F * 

{flS,"*i?*!'«fä'3l#«aW r*Ü»"'*yj(f8i a<fgr. awwMVTHw^m <«*.> inro<*>Ki«i*N>ti 

1 
* H M* — NV> « f*■***,■■.« 

If  > 

($ 
VI  COMPARISON OK PIIEOICTED AND BfPKUIMÖJTAL KESULTS 

A te*t of the predictive capability of the model was mndo by 

calculating the fragment size distribution of Experiment 53, and then 

comparing the predicted result with tho experimentally measured result. 

Experimental Conditions 

Experiments 52 and 53 wore carried out under identical conditions 

(Table 2),  Doth novacullte specimens were encased in aluminum to retain 

the fragments, and both were impacted at a velocity of about 49 m/aec. 

Specimen 52 was sectioned afterwards to reveal the location of cracks 

Bnd fragments (Figure 4d), whereas the'aluminum encasement was carefully 

removed from Specimen 53 and the size distribution of the fragments was 

determined (Figures 5 and 6). 

In both experiments tho uovacullte specimens were bended on the 

impact side to tho aluminum with' epoxy; tho rear surface however waa 

unbonded, and it appears therefore that a gap perhaps 10 to 30 um wide 

existed there.  It was not realise'.< at the time of the experiment how 

critical tho gap at the rear interface would bo, and consequently no 

stops wore taken to either eliminate or measure tho gap. Subsequent 

wave propagation calculations, however, showed that the presence of a 

gap has a large influence on tho location and magnitude of the peak 

tensile stresses and, thoroforo, on the fracture behavior. 

Calculatlor.al Condition» 

Computations made at stress levels below that required for fracture 

for the situation whore a bond existed at the rear Interface predicted 
2 

a peak tension of about 160 NSN/m  (23,200 psi), which first appeared 

near tho rear Interface.  For the situation of an unbonded interface 
2 

with no gap, a peak tension of 100 MN/m (14,500 psi) occurred first 

near tho Interface and dropped off rapidly as a gap formed.  For tho 

) : 
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case where an Initial gap existed at the Interface, the roar face of 

the specimen behaved as a free surfaco, und tensile stresses of about 
2 

100 MN/m (14,500 psl) wore predicted throughout the specimen thickness, 

arising first at,about one-third of the apoeimen thickness front the 

rear interface. This last stress distribution is in accord with the 

cracking patterns observed in Figure -Id, and so we assumed In calculating 

the fragment size distribution tor Experiment 53, that a 0,0025-cm gap 

ex'sted at the roarinterface. " v ■-' 

In attempting to predict the fragment si»e distribution for 

Experiment S3, we assumed 8-sidcd fragments and fragment sizes equal to 

the sizes of the cracks at the time of coalescence, i.e., we let 

ß »1/4 and y  «* 1.0. The calculation was stopped aftor five reverbera- 

tions of the tensile waves. 

Predicted versus Observed Results 

The results of the calculations are presented in Figure 11, which 

shows that fragmentation occurred at three positions through the specimen 

thickness. The coalescence criterion was chosen by comparing this 

computed result with the observed crack patterns of Figure 4. This 

comparison indicates that the total crack range volume for coalescence 

should be about 3 cm , whicn implies a value for T  of IT/3. 
c 

In view 

of our previous estimates of the T  parameter in Chapter IV, this value 
• c 

is somewhat low, but several calculations with different values of T 
c 

show that there is no significant effect on the fragment sizes.  Rarefac- 

tion waves interacted to produce tension first near Cell 40, and the 

stress duration was sufficiently long that enough crack growth occurred 

for the total crack range to equal the cell volume.  Hence Cell 40 

fragmented. During the third tensile reverberation, Cell 44 fragmented 

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

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

the fragmentation condition.  Tiius tho calculations predict two heavily 

44 
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fractured position» in tho vicinity of each facu of the specimon—a 

prediction that 1» in reasonable accord with tho experimental result as 

shown in Figure 4d. 

Although tho fracture pattern In Specimen 52 (Figure 4d) was predicted 

well by the code calculation, the egreoraont may be somewhat fortuitous. 

Whereas tho calculations showed cracking and fragmentation occurring 

first at two locations near the rear surface end later at locations 

nearer the impact surface, the aeries of micrographs of Figure 4 implies 

that cracking occurs first near tho impact surface and later near tho 

rear surface. Thus if the micrographs of Figure 4 may be thought of as 

a time sequence, the experimental observations aro opposite from the 

fracture behavior predicted by the code. 

To compute tho fragment size distribution, the fragments in all the 

cells wore summed.  In Cells 21, 40, and 44, tho fragments were counted 

and sized as described in Chapter IV.  In the other cells, whore the 

total crack range did not meet the fragmentation criterion but did meet 

the coalescence criterion, we computed the fragments la the usual we- and 

disregarded the unfragmented material. The computed fragment size distri- 

bution is presented In Figure 12, where the distribution measured 

+ 
experimentally is also given for comparison. 

The calculated and experimental curves in Figure 12 do not coincide; 

but they are qualitatively alike.  Agreomont concerning the sizes of the 

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

mediate-sizod fragments. There appear to bo too many computed fragments 

\:i 

i . 

* We attempted to obtain an extra point on tho experimental curve by 

measuring the radii of the three In. »r;<*t fragments.  This point is 

included in Figure 12 and used to guide the extension of the experi- 

mental curve (brokon line). The three largest fragments weighed 

0.4367 g. 
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in tho rango of c» 0.03 cm.  Thlis suggests that chnngos should bo made 

in either the growth or fragmontntlon procc-aa for tho smaller size cracks. 

The cutoff In the computed distribution curve ot small fragment sizes 

exists bocauso no fragments wore computed for those sizes since Inherent 

flaws smaller than about 0.02 era were not activated. 

No attempt was made to repeat the calculations using diffemt values 

. of ß and y.    However, it Is .likely that bettor agreement could be obtained, 

and it would be valuable in future work to study the consequences of vari- 

ation» In these parriieters for cases where more cxpei-iuiental data ore 

available. 

The above fracture and fragmentation model applies only to uniaxial 

strain loading conditions.  However, the generalization to two dimensional 

axlally symmetric loading goometrles such as those obtaining in many 

blasting and drilling situations is possible, and Is in fact currently 

in progress under- Contract DAAD05-73-C-0025 with the Ballistic Kcsearch 

Laboratory, Aberdeen, Maryland, 

In this report all incipi». .t flaws are assumed to: lie normal to the 

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

an initial flaw orientation distribution which is maintained during 

propagation.  In this case th<> driving and opening stress for a given 

crack is the component normal to the crack.  This option was not exercised 

in tho present work because the incipient flaws nearly nil lay in a plane 

normal to the direction of wave propagation. 

I  ! 
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APPENDIX I CHARACTERIZATION OF OTHER ROCKS 

■* . 

Four rock typos woro used In Ihi i study. Arkansas novacullte was 

the material most conipletoly Investigated, but characterisation work 

was also performed on Sioux (Jasper) quartzite, Holston llraoston© (Pink 

Tennessee marble), and Westerly granite. This section describes the 

ralcroatructures and defect structures of the four rock types and presents 

the results of measurements of their physical and mechanical properties. 

Micro-structures 

Figure 13 shows a polished surface of Arkansas novacullte that was 

etched for 2 minutes in 40% HF at room temperature to reveal the grain 

structure. Black areas are holes where inherent flaws intersect the 

surface or where grains have been removed during the polishing process; 

bright areas are caused by reflected light from internal flaw surfaces. 

By exploiting the translucency of novacullte and focusing Into the 

material to a depth of about 100 um, we found that the inherent flaws 

ox.' t predominately in two shapes: penny-shaped and pencil-shaped, 

Bost results were obtained by vlowing the specimens in reflected polar- 

ized light through a microscope slide and with an oil film of matching 

refractive index (n = 1.55) on the specimen surface.  Figure 14 shows a 

penny-shaped and a pencil-shaped flaw slightly below the surface of 

polish and inclined at an angle to It, so that only a section of each is 

in focus. The planes of the rather homogeneously distributed penny- 

shaped flaws are roughly parallel to one another, and most of the pencil- 

shaped flaws are inclined at about 45 degrees to these planes. 

Ono-incli 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 Group, 

Twin Cities Mining, Research Center, Bureau of Minos, Twin Cities, 

Minnesota 55111. 
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FIGURE 13     MICROSTRUCIURF: OF ARKANSAS NOVACOLITF. SHOWING THE COUIAXED 
OUARTV CHAIN;; 
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Ji • ? ■• li Bureau of Minos and polished on three perpendicular sides in preparation       "<f 
I' ■ h 
k for petrographlc •.•>xamination.  Photomicrographs showing (.ho grain ,> 

f 
V. 

structures of the three rock types are presented in Figure 15. 

The Sioux quartzite is relatively pure, dense, and homogeneous. 

Largo cracks, pores, and faults are noticeably absent. Tb'j grains are 

equlaxed, randomly oriented, and about 30 times larger than those in 

Arkansas novaculite (average grain diameter Is of the order of 300u). 

As Indicated by the pronounced relief of polished surfaces, Westerly 

granite consists of hard grains (quartz) in e softor matrix (mlcrocline 

and plagioclaje). The quartz groins are generally irregular with 

diameters often exceeding lOOOu. The dark blotite phase is randomly 

oriented. 

<l 
i Tho grain size in the marble ranged from very small ("-lOu) to very 

I large (3000u) and was easily discernible in 3/4 polarized light. A f; 

I . large majority of the grains exhibited pronounced twinning. No preferred $ 
I i 
» grain orientation was evident. g 

| . 5 
ft Inherent Flaw Structures £ 

! 

The inherent flaw structure of Arkansas novaculite was easily i 
s 

discernible, and it was possible by counting and measuring flaw traces i 

I on polished surfaces to determine quantitatively the inherent flaw size 
,!•■.■■ 

j distribution. This effort was described fully in Chapter V. The 

inherent flaw structure of Sioux quartzite, Westerly granite, and pink -8 
k 

Tennessee marble, however, was much more difficult to see. Nearly all .„i 

flawä in these rocks are associated with grain boundaries and could bo ,j 

detected only by focusing painstakingly up and down with the optical * 

microscope at magnifications greater than 100X. Occasional transgranular, 

cracks were observed in the feldspar grains of the Westerly granite. ; 
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FIGURE  15      MICROSTRUCTURES OF  (a) SIOUX 
QUARTZITE. (b) WESTERLY GRANITE. 
AND  id PINK  TENNESSEE MARBLE 
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Special viewing and crack decoration techniques were tried In 

attempting to obsorvo the flaw structure.  Phase contrast photography 

and scanning electron microscopy provod ineffective; likewise swabbing 

polished rock surfaces with silver nitrate and vacuum impregnation with 

an organic fluoresclng agent to decorate the raicrocracks was of llttlo 

use. Thermal grooving was not attempted, but seem» of doubtful value 

since the flaws are associated nlmost exclusively with grain boundaries 

which themselves should be attacked by the thermal grooving process, 

It might be fruitful to attempt to relate grain size or some other 

readily observable characterizing parameter of the grain boundaries to 

the number, sizes, and shapes of crack-like defects between the grains. 

17 
A procedure recently reported by Brace at al.,  which uses ion 

thinning to reveal cracks in Westerly granite and Rutland quartzite, 

appears promising. However, we wore not able to try it in this work. 

Physical und Mechanical Properties 

The density of each reck tpe was measured by an immersion technique 

and the longitudinal and transverse sound wave velocities wore determined 

by the tlrae-ln-flight method. The results are given in Table 4. The 

density measurements were all near the theoretical value and indicated 

that porosities were loss than 1«.  The Young's moduli' for the four 

rock types were calculated from the measured densities and sound speeds 

according to the relationship 

B a DC 
2 f(l+\>)(l-2v)| 

/ L " ■ u-v> J 

i ■ 

(24) 

where a value of 0.25 was assumed for Poisson's ratio, and the resulting 

values are Included in the table. 
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QuaBl-Stotlc Strength Measurements 

The tensilo strength of novaculito and Sioux quartzite under 

qua9l-static loading conditions' was determined using the SRI expanded 

18 19 
ring test  '  shown in Figuro 16.  In this toot hydrostatic pressure 

acts radially against the inside wall of a cylindrical specimen to 

create a uniform tangontiai tensile stress in the apecimon wall. Non- 

axial stresses caused by misalignment and localized stress concentrations, 

which normally arise from gripping or supporting the test specimens, 

are eliminated in this method. 

Ring-shaped specimens were diamond ground from oversized blanks 

to the following dimensions:  . 

Arkansas Sioux 
* Novaculito Quartzite 

I.D. (mm) 50.8 81.4 

O.D. (mm) 58.4 87.8 to 01.2 

Height (mm) 7.62 26.4 

_4   -i 
All strongth measurements wore made at a strain rate ox  3 x 10  sec . 

Measurements on novaculite were taken both ir. rtlr und under o 

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

indicating that stross corrosion is an importeit factor. No significant 

difference was seen for novncultte.  Results "of 15 tests in eir indicated 

2 
a tensile Strength of 44.1 ± 3.2 MN/m (6400 ± 440 psi) and *2 tests 

2 
under vacuum indicated 44.9 ± 3.0 MN/m (6500 ± 480 psl).  The extrcres 

2 
measured were 50.7 and 38.6 MN/m .  The results of nine tests on Sioux 

2 
quartzite in air indicated a tensile strength of 13.3 ± 2.3 MN/m 

(2660 ± 330 psi).  Average values of the quasi-static tensile strength 

of Westerly granite and pink Tennessee marble have been reported by 

2 2 
Wawerslk and Brown to bo 10.8'MN/m (1575 psl) and 8.14 MN/m (1185 psi), 

■K 

W 

respectively 
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It ia noteworthy that the quasi-static teiisllc strength of novncullto 

Is the «rune as tho high strain rate tunsilo strength measured in the 

Impact experiments in Chapter II, The strain rate of the dynamic tests 

was estimated from the oscilloscope records of the ytterbium stress 

gogos in the instrumented experiments.  The rise tin© of the stress 

pulse is about a tenth of a microsecond, the elastic strain is about 
-4 

7 x 10 , hence the strain rato is estimated to have been approximately 
3   -1 

7 x 10 sec . Since this is more than seven, orders of magnitude higher 

than the strain rates of the quasi-static ring tests, the negligible 

difference iu strength values indicates that the fracture strength is 

strain-ratfc insensitive, at least in this range. 

Stress Wave Measurements 

Four attempts were made to measure tho loac' hiatory in specimens 

of Westerly granite that were impacted in the gas gun. The experimental 

conditions were similar to those described in Chapter II and Reference 1. 

Small arid-like gages made of ytterbium wore cemented to the back 

surfaces of the rock specimens and backed by a plexiglass plate.  Because 

of the pi^noreslstlve nature of ytterbium, a change in resistance is 

produced in tho material wh-sn traversed by a compi^easlvo wave.  This 

resistance change.is measured and recorded by on oscilloscope as a 

change in voltage,, and is subsequently converted to a record of stress 

22 
versus time by means of an established calibration.   The tensile stress 

hisvory in the rock specimen is then calculated from the measured 

compresslve stress history In the plexiglass and the relative shock 

impedances of the two materials.  (See the Appendix to the First Annual 

Report), 

Four specimens of Westerly grant:o, 10 cm square by 0.625 cm thick, 

were impacted by flat plexiglass flyer plates 0.165 cm thick at velocities 

of 27.4, 123, 30.9 and 41.0 m/sec.  The impact velocities were chosen 

A-10 
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auch that stresses in excess of the dynamic tonalle Btrength wore.. 

obtained. Tho purpose was to record tho "fracture signal," P. second 

hump on tho stress gage record caused by impingement on the gage of 

recomprosslon waves emanating from internal surfaces as cracks form 

and grow. In all four experiments, tho impact wu* too nonplanar to 

yield uiiulyzable results. 

<i? n» 

' :" 

y' 

\.:\ 

Figure 17 gives the measured stress history at the rear surface of 

specimen 1260 Impacted at 41 ia./sec. A clear fracture signal was 

recorded, but nonpianarity of impact resulted in a trion&uiar rather 

than a flat-topped initial comprcsalve wave, and therefore a direct 

und unambiguous determination of the dynamic tensile strength of 

Westerly granite is not obtainable from this record. Hc-,«sver, the peak 

compress!ve stress was calculated for this experiment, and using the 

results of this record an upper limit on tho dynamic tcnäile strength 
2 

of Westerly granite was determined to be 47 MN/ra (6800 psi). 
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FIGURE 17      EXPERIMENTAL STRESS HISTORY NEAR THE REAR SURFACE OF A 
WESTERLY GRANITE SPECIMEN MEASURED WITH AN YTTERBIUM 
STRESS GAGE 
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