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ON THE EFFECT OF ANISOTROPY
IN EXPLOSIVE FRAGMENTATION

John K. Dienaee
Theoratical Division, Group T-3
Upiversity of California
Loa Alamoe National lLaboratory
Loa Alamoa, NM 87545

ABSTRACT

There appeara to be a growing interest in the use
of statistical thcoriee to characterize the behavior
of ruck. In many caaee esuch theoriee can be uead to
represent the reduction in elaatic modulus and the de-
crease in strength that reeult from the presence of
cracks. In the current approach we are attempting to
characterize the behavior of rocks at large defourma-
tiona, including the effacta of crack growth when un-
etable, the effects of aniautropy, the dietinction be-
tween open and cloeed cracke, the influence of crack
intereectione, the role of pore preesure, and a cal-
culation of permeability. The thevry is quite gener-
al, and is intended for vae in e computer program
rather than us a vehicle for obtaining analyLic re-
sults, though eome auch reaults have been raported in
the previvus eympousium.

When a epherical axploeive charge ia embedded in
vil ehale {t produces an aspir.n-ahaped cavity at late
times as a resmult of the bedded structure of the
ruck. In this paper a ecelculstion of the cavity pro=
duced by a apherical expluelve ie compared with a ra-
diograph, showing remerkable agreement between the
twu. The eheape »wf the rcavity is explained by tha
behaviur of cracke lying in the bedding planas.
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INTRODUCTION AND SUIMMARY

An alternative to th: use of the plasticity theo~
ries to characterize the dynamic behavior of rock is
to represent thte effect of flaws by statistical meth-
ods. We have tuken such an approach to study the
fragmentation of oil shale because it appears to have
a large number of advantages. Foremost among these is
that by considering the effect of cracks on rock be-
havior {t becumes pussible to address the underlying
physics directly and tu understand the phenomena that
veeur during fragmentation. In addition, in such an
approuach the parameters that characterize material
pruperties have a straightforward physical interpreta-
tion and can often be determined by dircct measure-
ments. Mean crack size and the number density of
cracks are impourtant examples. In a mure physical ap-
proach {t shouuld alsu be poussible to encompass a wider
range of scales with a few purameters than in a phe-
nomenclogical theory. For instance, we note that
plasticity thaor: dues not naturally accuunt for rate
effects, though they can be ertificially introduced
through additional fuuctions, which are determined em-
pirically. In our SCM (Statistical Crack Mechanics)
theury, however, rate effects are naturally eccounted
for by intreduzing the epeed of crack growth tou char-
acterize the behaviur of unstable cracks. It was
shown by Dienes end Margolin (1980) cthat chis is auf-
ficient to represent the observed race effects {n oil
shale, which are very large. Similarly, eize effects
are known tou be lmportant i{a ruck mechanice, with
small samples shuwing much higher etrength than large
unes, and such effects are accounted by atetistical
methods without introducing eny wew physics. Another
s¢riovus concern {s thet the dilatancy ohserved when
rocke sre ehsared 1ls not moudelled in a necural wey by
vlasticity theorfes. JIn  micrumechanical approach,
hcwever, crecks open during loading end ma- remain
vpen on unloading, and this appsars tu be the esesence
of diiatancy. An additionel edventage is that {t be-
comes puseible tu computo parmeabilicy frum an analy-
cis of intersecting cracks with such a theory.

An attempt to formulate an {feotropic etstiwtical
theoiy by Dienes (1978a) was abandoned because it
couid not incorporate the cffects of ahaer cracks,
which we belisve are important undar compreseive load-
ing, end becaume it eppeare to be {important to permit
cracks with certein orientatiuns tu grow while others
retain fixnd in size. This i{s perticolarly the caee
in o) ehatie, in wiiich pedding cracks play an impor-
tant ri.ie. The current theory, which allown for an-
feovtrupic crack dfstributione, has now haen couvled to
the SALE hydrodvnemic code, making it porsible to com=-
pute explosion, impect ov othar dvnamic procaseea. 'n
addition tv summarizing the theanry, the obje~t of thia
peper ie tu ehuw that a epherical exploeive calcuta-
tion with SCPAM using prbiieched mechanical properties
of uil ahale agrees well with expariment.

SCRAM

In the preceeding sympusium a theoretical approach
to Statistical Crack Mechanics was described and sume
results based on the SCM computer prugram were pre-
sented. SCM returns the stress as a function of time
when supplied with a tensor strain rate history, ac-
counting for growth and coalescence of cracks. In
SCRAM the SCM subroutine is coupled to a general pur-
pose code, SALE, written by Amsden, Ruppel and Hirt
(1980) which integrates the equations of continuum
motion. Although in the current work SALE i{s used as
a Lagrangian code, it has the capability to calculate
deformation using an Eulerian mesh, or with a mesh
which passes through the continuum in an arbitrary
manney. Hence, SALE i{s an acrunym for Simpirified
Arbicrary Lagrangian Eulerian.

A central idea of SCM i{s to represent the strain
rate as the sum of several parts. The first is a
strain rate due to disturtion of the watrix material,
which i{s charscterized as a Maxwell sulid. The sec-
ond i{s a dtrain rate due to distortion of an ensemble
of open microcracks. The third results frum interfa-
cial sliding of shear (clused) cracks. The fourth {s
a atrain rate due tou unstal.le crack extension, and
the fifth is the result of materfai rotaction. Ex-
pressions for these g antities have been derived in
Los Alamus oii shale quarterly reports, and here we
ehail oniy summarize the main results. For the ma=-
trix strain rate we put

[ ]
4y " € k% ()

where the dot is used tu dencte the rate of change of
etrese. It js not the Zarembs~Jaumann-Null stress
rate, nor its generelizativn described by Dienes
(1979h), for thy rutatiovn terms are accounted for
aaparately below.

In addition to the matrix deformation we acci.unt
for the influence of micrucrecks, which ere conaid-
ered as an ensemble of f{let circular crecks. The
theory is exact in the eense that the upening of ar
feclated circular {(penny-shaped) creck under an arbi-
trary (etatic) etate of stress i known. Though une
might consider more Renerai cracks, the infiuence of
ehape appears tu be quite small. We conaider the
crack stacintice to he defined by e distributiun
functi{on N(c,fl,t) in which Q0 dosignates, symboifcal-
ly, crack orifentation. Then N(c,f,t Al representa
the numbar of cracks with oriontation near fI whute
redii exceei! ¢ with nurmala in the renge of eulid rn-
s+ ® represented by Afie It ia ehown by Dienes end
Margolin (iyon) suat the etrain rete due to opening
of these cracks ia givan by

- v
0 (U 4 !N__ 3
dlj =80, 6 dn g nn, { de 30— ¢ (2)



where the ng are the components of the unit crack

normal, N° denotes the distribution of open cracks,
and

g% = 8(1-v)/3W , (3)

with v and y the Poisson ratio and shear modulus.
Since the general solution for a crack in an aniso-
tropic material is not knowui, we have to use average
values for y and v 1f the matrix i{s considered aniso-~
tropics In the current calculation, however, we will
be considering the material to be isotropic, and will
assume that the observed anisotropy arises from cracks
in the bedding planes, so that the theory is self-con-

sistent in this example. The superscript in N° g
used to dencote the distribution of open cracks. The
criterion for cracks to be open i{s that the normal
component of traction oljninj' be pusitive (tensile).

In addicion to the strein resulting from crack
opening there may be a significant contribution from
interfacial sliding of closed cracks. By arguments a
little mure complicated than for oper cracks, we have
obtained the expression

S
. N> 3 ,
s é dn b”“ £ de 3o~ ¢ {4)

] S
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for the rate of strain due to shear cracks in which

85 = B(1-v)/3u(2-v) (5)
and

Bygkg = MO ge My Sy - Iyymynyn, . (6)

Here N5 denotes the distribution of closed (shesr)
cracks - those for which the normal romponent of trac-
tion {s negative (compreasive).

1f the normal furce on e closed creck s signifi-

cantiy greater then the tangentiei furce, friction may
pravent interfaciai sliding. 1In this cese we say that

the crack ia locked, and Ns is eet to zeru. The nor-
mal cumpunent of traction is given by

B = o440y 0y (7

and the tangentiel strass by

T = VA -B! (8)

vhere

Aw IRLILITLN 9

1: the magnitude squered of the traction acting on »
cracke The lucking criterion {e simpiy

A< (32+1)8 {10)

where : i{s the coefficient of friction.

Cracks bLecome unstable when the far-field stress
is large enough. The effect of unstable crack growth
on a microscopic level is t¢ produce additional
strain rate at the macroscopic level. According to
data cullected by Stroh (1957), under high stresses
cracks propagate at about a third of the longitudinal

wave speed. We denote this constant speed by c. The
stability criterion we use is given by Dienes and
Margolin (1980) as

A> vB2/2 + ¢ (11)
where
¢ = MEY(2-v)/4c(1-v2) . (12)

and {s an extension of the Griffith criterion. For
shear cracks the stabilicy criterion i{s significantly
more complicated because of the et'fect of interfacial
friction. Dienes (1978¢) finds

¢ < myp(2=v)/2(1-v){1=1)(1-37) {(13)
where
T e uB (14)

and 1t is the shear stiess defired abuve.

Creck growth ipg cufte dif:rerent frum crack open-
ing, es it invulves a change in crack diameter rather
than crack width. If we write

G o L7
€y " B0, , é df nlnjnk"gF (Q) (15)

as thr stra’'n due tou open cracks, it may change be-
cause of either changes in stress, O gr f changes {n
thse distribution, No(c.n.L) which influencea ¢

1

1)
through

3c *

- o
FO) » [ de o) A LCadt) (16)
0

The rate of change of atrain due to the cruck growth
can ba written ae

B _ a0 e
dlj 8 é da ngn N, FUC) {17)

Mt

where
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. (18)

There 1s a similar contribution due to unstable exren=
sion of shear cracks which we write as

8S _ .S e S
4y = 87 9, é dQ bljkl F (19)
where
[ S
5 - [ de 3 3%: (20)
[¢]

and the integral i{s taken over all unstable, closed
cracks that &r+ not locked, The total strain rate due

to crack extensien, d% » 8 the sum of the expressions
fn (17) and (19). J

The need to account for material rotation was men-
tiuned abuve, and arises from the effect of material
rotation on the stress tensor. It is shown by Dienes
(1979d) cthat the strain rate due to material rotation
is given by

r
- - ’
a5 Yy T Vg 21)

where

v s S
Yy B2 % * BT (200t 9ty T 28] %)

. (22)

€1 jke%s

and for moderatsiy smail distourtions “11 ie the vorti-
city., If the deformatiun is lerge it is ehown by
Dienea (1979b) that U‘J ahould be replaced by a rate

{ material rotacion, “15' end the current code has
this capabifity. 1In (22)

0 - "
Zijkl é dan nlnjnknlr R 2%
S S
Z{ it | da b ke F , (24)
and
t,, =/ dinmn Fs . (2%)
1) a 1)

At high preeeure the crecks ere c,ored and locked
and material beheviur e guverned by a high-pressure
vquetion of state which we eesmame to be i{mutropic end
have the Mie-Grinefsen form deecribed by McQueen et

al. (1970). However, since material behavior in the
linear regime is already accounted for by the pre-
ceeding (aniscotropic) representation, the lirear be-
havior must be subtracted out of the equation of
state. If we take the general form of the equation
of state to be

p=Gp 1+ fo) (26)

where 1 denotes the internal energy and p, the densi-
ty; and also assume the linear form

Ug ™= ¢ + Su (27)

S p

between shnack velocity, Ugs and particle veloeity,

upe then it is straightforwvard to show that

Fp) = %8{1-G _8/2)/(1-50)7 (28)

where 6 {8 used tu denovte the compression

6= 1= po/p . (29)

It fullows that the high-pressure portion of the
stress tensor is given by

. 2 . 1
o;j - [(kou/p - fD)o - Gupollélj . (1]

where k {a the bulk moudulus.

The preceeding resulta cen be summerized by

- r - R - (
Ay =95y 7 9y " e G0
where
v S, S
Hoge = % pe ¥ 8 T80 20807 P
9
+ Cljkl . (12)

In the corrent vereion of S {t {s eesumed thai
ifnitially eil the cracks ere exponentially diatrib-
uted and acticve, that is, tree to gruw if the atreas
1s great encugh to make them unstable. As a resuly
of interwectiona, however, we enviaage that many
cracks will bacume fnactive. Withou! intermectirma
failuve of ruck sampien wuuid be cataniruptic with
the largest cracka free to propagate through the sam-
pie. Thia is nut whet {a usuaily uvbeerved, and we
believe that this ia, at lesst in part, becsore Che
material hehavior s mudified by crack intersec-



tions. We denote by L{c,Q, t) the number of active
cracks with orientation Q1 whose radii exceed c, with a
similar definition of M(c,R,t) for the inactive
cracks. The total number density of cracks, N, {s the

sum of L and M. Wren cracks with the mein siie, ¢,
are unstable we consider all the cracks with that ori-
entation to be unstable. This {s a great simplifica~-
tion, end does not cause a major error since the
svillest cracks do nut contribute significantly to the
overall behavior. It is shown by Dienes (1978a) that
L satisfiea the Livuville equation

L+cl' =a=M (33)

where L' denotes the derivative with respect tov ¢ and

M= kL (34)

is the rate at which active cpacks become inactive.
It can be shuwn that fur ¢ > ct

L =N exp[-(cmet)/cmke] (35)
and

M = [Nok/ZB)[exp(Bt-c/z) - exp(~c/c)] (36)

whereas for ¢ < ct, L = 0 ond

M {Nuk/EB)[exp(-kc/é) - exp(=c/c)) . (an
Here,
B = c/c=k (38)

and k describes the rete at which cracks become inec-
tive. Dienes (1978a) gives an eetimate for k i{n the
case of an fsutrupic distribuction. Since it has he-~
cume cleer that fsutropy is too strong an sssumption,
ve have furmulated s mure genersl thecry with the pa-
remeters depending un orientation. We essume thut the
crack orientations are lumped intc a finite number of
bine (currently 9) with average orientation, QJ.

For oil ehele it is natural to divide the uiectri-
bution of crecks into a Ledded set end an i{sotroupic
aet. Then, {t cen be shown that

2 2,-2 =2
kJ e (4n°cra)(n"Le” + L alnej) (39}

where L represents the number denafty of i{aotropic
cracke; Nb' the number density of bedded cracke; ©

the engle of the ith bin with the bedding planea;
¢, the mean size of ifectropic crecce; Zb' the wean

1'

eiza of bedded crecle, and o, a crack intersection pa-
remeter, typiecally 4.

The fragmentation theory has been incorporated {n-
to a famlly of subroutines called SCM. The simplest
use of the subroutine is with a driver that pre-~
scribes the strain rate for SCM, which theu prints
out stress and strain at prescribed intervals. Veri-
fication of SCM was described {n the preceeding sym-
posium. One method was to run hystersis loops simu-
lating triaxial test conditions and verify that the
behavior was credible and that the residual energy
had the correct sign. Another test was to run load-
ing histories to a fixed strain at different strain
rates. The final stresses were strcngly strain rate
dependent, and are in qualitative agreement with ex-
perimental data obtained by Grady and Kipp (1980).
Quantitat ive compariscns are not feasible because the
crack statictics for the samples tested are not
avajlable. The must definitive test of SCM was tu
determine the moduli of the cracked material for scvv=~
eral kinds of loading from cumputer ovutput and com=-
pare with analytic sclutions, which can be cvbtained
when the crack distribtution {is isotropic.

CCMPARISON OF SCRAM WITH EXPERIMENT

The original purpose of the spherical shouts car-
ried out by Fugelso (1978) was tou determine an effec-
tive yield strength for oil ahale by embedding in {t
spheres of high explusive and comparing rsiiugraphs
of the cavity produced with numerical :alcuiatiwis.
Such a comparisun was made by Dienes (1978d) using
plasticity theory and an average yield strength of
100 MPe (14500 psi) for 1.R5 g/cc ofl shale and
showed fair agreemynt. The discrepancy was due pri-
mar{ly to asymmetry of the cavity which {s aspirin-
shaped, having vertical sides and rouunded toup and
botcum. In uvrder to explain this curiou shape, cal-
cufatiuns were made with e number of variations on
the anisotropic plasticity theury develuped by Dienes
(1979a), dut in ) ~ese were there any significant
deviations of che cavity frum a apherical shape. It
was, therefore, woa. gratifying to find that SCRAM
could celculate the shape accurately. In the remain-
der of this aection we diacuss the experiment, de-
tails of the calculation, and present an explsnatioun
ot the cavity euepe.

The spherical explosive experiment wes eet up by
machining a one=~inch hule with e hemisphericesl bottom
in en ircegular block roughly a fout ecruss. A oune-
inch ephere of PBX~9501 wes placed in the hole, which
wae then filled with clay. The detonation mechanism
for the spharse hes been carefully designed tu result
in spherical detonation wavee. Testa on shales of
different densitiee #ere made, but in this paper w-

will be cuncerned only with the cevity in 1.85 g/cm3
material. A radiograph wam made e 30 us and s re-
produced in Fig. l. The hurizcntal linea are evi-
dence of the layered structure, and the aspirin-shepe
{e evident.

In order to obtain a credible explanstion of the
cavity shape uaing numericel celculatiovne it ia im-
portant to establish a priori{ the properties of the
oil ehale. Since the current theory ie bamed un
crack atatistica, ona could go fur direct measure-
menta of crack eize and number denaity, and this {e
tha spproach taken at SRY, a; diecussed by Seaman,
Curran, and Shockey (1976). There is an alterrative,
howevar, which may be more conesrvative and { .auch
eaeier (o {mplement, end that ie to infer crack ete-
tietics from eimple mechenicel properties euch as
etrength and elaetic woduii. This eilowe um tu evoid
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Fig. 1. Radiograph of the cavity prouduced in oil
shale at 30 us by a onc-inch sphere of enplo-
sive.

difficult questiuns such as how tu characterize crscks
that are not penny-shaped, what tu do abour character-
{2ing flaws that are not cracks, such as inclusions
end crystal bouundaries, end how to determine vulumet-
ric properties frum ubservations on a surfece. Though
Dienes .1979c) has addreseed the prublem of infecring
vulume statistics from obawrvationa on a plane, the
ciscumstances are¢ somewhat idealized and have not baen
verifiad by direct obeervation. Perhaps more to the
puint, mechanical properties are available for oil
shale and crack stetistica ere not.

According to ultrasunic measursments by Olinger
(1976) the elastic properties of oil shale with denei-

ty 1.85 g/cm3 cuneidered ae » transversely fsotropic
materiai are given by ey - 21.7 GPa, Cyy = 3.2 GPa,

Sy " 4.2 GPe, €12 " 8.0 CPe and ¢y " 6.0 GPa. 1In

terns of Young's modulue and the gererelized Poisaon
retive Dienes (1976; finds E = 17.5 GPa, E' » 1J,8
GPa, v = 0.276, v’ = 0.204, end v"' ® 0.332. 1In order
to diatermine creck size, we make ume of the Griffich
criterion end tenaile atrengih measuremente by Youash
(1969), who has tested & number of anfsotropic materi-
ale at varying orientatione. He finds chat rich oill
shale varies in etrength from 300 pr! whan loaded
acroes the bedding planes to 1600 psi{ when loaded in
the badding planes. The lean varied from 900 to 1400
pei with vrientetion. Dynamic meseurements have been
wade by Schuler, Lysne and Stevens (1976) who find
thet rich oifl shale haa a dynamic tensile strength
averaging 2045 pei{ and the lean, 3340 pai, with no ap-
parant dependence on orientation. For the SCRAM cal-
culatiun we assume o teneile strength of 12350 ps{ whon
loaded ecruss the betding p'enee end 2?3500 pui when
loaded i{n the bedding plenes. Much mors work needs 1o
be dune to characterize the tensiie ntrength.

To determine the crack statistics we begin with
the fracture toughness relation

olc = k¥/n = 2y (40)

and an estimate by Grady (1980) for K of about | MPa
3

m‘. To estimate the surface energy, y, We need a
value of E, which we take as the Young'z mudulus when
loaded in the bedding planes and is given above,

Then, y = 7.57 J/ml. In the current analysis we make
the assumption that the aniscotropy is entirely due to
the effects of penny-shaped cracks in the bedding
planes. Since these cracks do not affect the stiff-
nuse measured in thefr plane, the Young's modulus of
the matrix material and che in-plane modulus are the
game. Using the theory of “he preceeding section and
the assumption that the crack radii are exponentially

distributed with mear ¢ {t is straightforward to show
that the compliance matrix has the furm

1/E -V/E  -v/E 0

~v/E 1/E -v/E 0
He=

-v/E =V/E l/E4a°th 0

aswbh+l/23
(41)

where Nb i{s the number of bedding cracks per Cm1 and

h = 60 (62)
The fourth-order material tersor in (32) cen be re-
placed by a 9x9 matrix and the stress and strain ten-
sors redefined as 9-vectors. Because of the symmetry
of the stress and strain tensors, there ave unly 6
indepandent components, end it is sufficient to coun-
tider @ 6r5 matrix to characterize the material. Fur
axisymmetric deformations there are only 4 {ndepend-
ent etressea and strains, and it {s pussible tu rede-
fine H aa a «x4 matrix. In (41)V, E, and u denote

properties of the isotropic matrix material. H 1s
somewhat different frum the general compliance matrix
for a transversely i{sotropic material

1/E -u/% ~-v'/E 0
-v/E \/F ~v"/E 0
- (43)
~-v'/E -v"/E 1/E' 0
0 0 0 1/2u

~

To bring H and H {nto approximate agreement we take F
-~ E, end V to be the nverage of v, V', and v, which
fs 0.27. Then Hia = Hig = Hyq = ~1.55, whereas H,, =

-1.58, H = 1.16 and W, = =1.90, all {o {nverne

11" 23



megabars. Thus the error is on the order of 207%.
However, Hll - Hll = sz - H22. To complete the rep-

resentation of oil shale with bedded cracks, we re-
quire that

1/E + s"th - 1/E' . (44)

The nunber deasity of bedding cracks can be obtaired
from this result if ¢ (hence h) s known. To estimate

T we consider the strength of the samples tested by
Youash which is determineg by the largest cracks they

contain. The crack size ¢ such that on average there

is just one crack greater than ¢ in radfus in the vol=-
ume V {s given by

-

vnbe"c’c -1 (45)
If we consider an ensemble of samples of sgze Vv, the

mean size of the bedding cracks erceeding ¢ in radius
is given by

Ve == e T ¢ ln(\'.\‘b/e) , (46)

provided that V >> .

Tu cumplete the est{mate of © we use the preceeding
result and write the fiacture toughness relation for
peny~shaped cracks (31Ven. for example, by Terteiman
(1967)) as

os :. (ﬂ/&)Ki - (/20E/ Gy (47)

Cumbining thes: resulte we have

R (48)
2(1=v") o an(VN /e)
P o

Though the result depends on aesumptions about asemple
size and creck ehape, it is eumewhst inseneitive to
them, and the reader should not infer that different
asaumptione would leed tu vary different resulca.
Strictly epeaking, we do not have Nb at this puint,

and the sulution should pruceed {teretively. We enti-
cipete, howevar, snd nute that on the basie of explour-
atory celculations with SCRAM the cevity ehapt eeame
about right for N, = 100, Wa estimate V the esmple

volume for the Youaeh teats, tu be 3 cmg. With the
{evtropic matrix perameters Fed v given above and
o, = 8.62 MPe (1250 pst) we find c = 0.0% cm. Wich

thie result (44) can be solid for the number deneicy,

and we find N = 107 ca "} In eddition to thr bedeud
cracke there ere ieotrupicelly dimtributed cracks.
Their mean eize ie taken ae 0.014%5 cm on the hasie
thet the etrength ecrona the badding plenean is half

the strength in the bedding planes, and cricical
crack size goes as the inverse square of strength.

The high pressure behavior {s specified by the
Gruneisen parameter G = 1.5 end the slupe of the ug =
up line, S = 1.5, 1In addition, it {a nccessary to

specifiy the coefficient of friction, which we take

to be y = 0.2. The high exploaive is represented as
an ideal gas expanding adiabatically with a ratio of
specific heats y = 3 and end inicial energy of 1000
cal/g. Though this is not the best representation of
the explosive, it gives good resulta sc long as the
pressure remains above a few kilobars, as it does in
the current prublem. The volume uf the explusive
products, which {s necessary and sufficient to com=
pute the pressure in the adiabatic appruximation, is
obtained by numerical integration.

The SCRAM calculation was rur with a time step of

2 x 1077 gec using a pelar courdinate system, with
the (spherical) cavity edge a cocvdinate surface.
Cells near the cavity have a radial dimension of ) mm
and are very nearly square. Away from the cavity the
cell dimensions increase geumetrically with a growth
rate of 10%. The initlal pressure in the cavity is
167 kilubars, and it results in an essentially radial
muticn of the oil shale at early times since the ma=-
terial behaviur at high pressure is douminated by {its
(isotrupic) equation of atate. At later times

cracks begin to open and tu gruw as a result of ten-
sile hoop stresres. The effect of anisotropy at la-
ter times aay be seen in Fig. 2 which {llustrates the

Fig. 2. The grid dieworcion in oil shale at W us
due tu detonation of a one inch explusive
sphere.

grid distortion. The etrain in ceil 19, which {s ad-
jacent to the intereection of the equator and the
cavity, i{s stronply influenced by the diletant effect
of the bedding cracke. The average deneity of the

celi gets very low, on the order of | ./cm’. et late
t{mas. The celculeted cavity shape {8 compared with



the radiographic shape at 30 us in Fig. 3. The dif-
ference in the two shapes appears co be within the re-
solution of the radiocgraph. The reason for ivhe pill
shape of the cavity {s the extreme dilatancy of the
material in cell 19, which causes the displacenment at
the edge of the cavity to be dominated by strain nor-
mal to the bedding.

~ = =—Radiograph at 30 us

SCRAM Caiculotion ot 20 us
o= ~——— Initiai Cavity Boundary

Fig. 3. Comperisun of the rediogrephic cavity shepe
et 30 ys with e SCRAM calculetion.
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