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ON THE EFFECT OF ANISOTROPY
IN EXPLOSIVE FRAGMENTATION

John K. Disnaes
Theoretical Division, Group T-3
Upiversity of California
Loa Alamos National Laboratory
Loa Alamos, NM 87545

ABSTRACT

There appears to be a growing interast in the use
of stacistical theuries to characterize che behavior
of ruck. In many cases such theories can be used to
reprasent the reduccion in elastic modulus and the de-
crease in sctrangth cthat result from the presence of
cracke. In the current approach we are attempting to
characterize the behavior of rocks at large deforma-
tiovns, including che offecta of crack growth when un-
stable, the effects of anisucropy, the distinccion be-
tween open and closed cracks, the influence of crack
intersections, the role of pore pressurs, and a cal-
culation of permeability. The theory is quite gener-~
al, and is intended for use in & computer prugram
rather than us a vehicle fur obtaining analyiic re-
sults, thuugh some such results have been reported in
the previvus sympus{um.

When a spharical explosive charge is embedded in
vil shale it pruduces an aspir.n-shaped cavity at late
times as a result of the bedded structure of the
rucke In thin paper a calculscion of the cavity pro-
duced by a spherical explualve is compared wich a ra-
diograph, shuwing remarkable agreement between the
two., The shape of the cavity is explained by tha
behaviur of cracks lying in the bedding planes.
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INTRODUCTION AND SUIMMARY

An alternative to the use of the plasticity theo-
ries to characterize the dynamic behavior of rock is
to represent tte effect of flaws by statistical meth-
ods. We have take«n such an approach to study the
fragmentation of oll 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 it becomes pussible to address the underlying
physics directly and tov understand the phenomena that
vecur during fragmentation. In addition, in such an
appruach the parameters that characterize material
pruperties have a straightforward physical interpreta-
tion and can often be determined by direct measure-
ments. Mean crack size and the number density of
cracks are important examples. In a more physical ap-
pruach 1t should alsu be possible to encompass a wider
range of scales with a few purameters than in a phe-
numenolougical theory. Four instance, we note that
plasticity theor: duves not naturally account for rate
effects, though they can be artificially introduced
through additional fuuctions, which are determined em-
pirically. In our SCM (Statistical Crack Mechanics)
theory, however, rate effects are naturally sccounted
for by intruduzing the speed of crack growth tu char-
acterize the behavior of unstable cracks. It was
shown by Dienes and Margolin (1980) that this is suf-~
ficlent to represent the observed rate effeacts in ofl
shale, which are very large. Similarly, size effects
are known to be Impurtant i{n rock mechanics, with
small samples showing much higher strength than large
vnes, and such effects are accounted by statistical
methuds without introducing any vwew physics. Another
s¢tivus concern is that the dilatancy ohserved when
rocks are sheared is not mudelled in a netural way by
plasticity theorfes. JIn \ micromechanical approuach,
hewever, cracks open during luading snd ma remain
vpen on unloading, and this appears tu be the essence
of dilatancy. An additional advantage is that {t be-
cumes pussible tu computo parmeability frum an analy-
cin of intersecting cracks with such a theory.

An attempt to furmulate an {sutropic statistical
theuty by Dienes (1978a) was abandonad because ft
cvuid nut incurporate the cffects of shaer cracks,
which we bel{sve are important urdar compressive load-
ing, and because it appears tuv be {mpurtant to permit
cracks with certain uvrientations tu grow while othere
remain fixed f{n size. This is perticularly the case
in of! ehale, in wilch bedding cracka play an impor-
tant rcole. The current theory, which allown for an-
feotropic crack distributiona, has now baen couvled to
the SALE hydrodvnamic code, making it poraible tv com=
pute explusion, {mpact or othar dvnamic proceesan. 'n
addition tov summarizing the thanry, the obje~t of this
paper {ms tu shuw that a spherical explosive calcula-
tion with SCPAM using prbliehed mechani{cal properties
of uil shale agrees well with expariment.

SCRAM

In the preceeding symposium a theoretical appruach
to Staristical Crack Mechanics war 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. Alcthough in the current work SALE is used as
a Lagrangian code, it has the capability tu calculate
deformation using an Eulerian mesh, or with a mesh
which passes through the continuum in an arbitrary
manner. Hence, SALE is an acrunym for Simpaified
Arbitrary Lsgrangian Eulerian.

A central idea of SCM 18 to represent the strain
rate a8 the sum of several parts. 7The first is a
strain rate due to distortion of the watrix material,
which {8 characterized as a Maxwell soulid. The Ssec-
ond {s a atraia rate due to distortion of an ensemble
of open micrucracks. The third results from {nterfa-
cial sliding of shear (closed) cracks. The fourth is
a atrain rate due to unstal.le crack extension, and
the fifth is the result of material rotation. Ex-
pressions fur these g antities have been derived in
Los Alamos oil shale quarterly reports, and here we
shall oniy summarize the mair results. Fur the ma-
trix strain rate we put

[ ]
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where the dot is used tu dencte the rate of change of
stress. It s not the Zaremba-Jaumann=Null stress
rate, nor ite generalization described by Dienes
(1979h), for thy rutation terms are accounted fur
separately bdelow.

In addition to the matrix deformation we accrunt
for the influence of microcracks, which are cunanid-
ared as an ensemble of {lat circular cracks. The
theory {» exact in the¢ sense that the upening of aw
fsolated circular (penny=-shaped) crack under an arhi-
trary (static) state of stress is known. Thuugh one
aight consider mure peneral cracks, the influence uf
shape sppears tu be quite small. We conaider the
crack statintics to be defined by a distrtbution
function N(c,fl,t) in which 0 dosignates, symbulical-
1y, crack orientatfon. Then N(c,i,t}al represents
the number of cracks with urientation near § whune
redii{ exceed c with nurmala {n the range of sulid »n-
p. @ rapresented by A, It ia shown by Dienen and
Margolin (irou; wuat the atrain rate due tu upening
of these cracks i{a givan hy
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where the n, are the componentr of the unit crack

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

8% = 8(1-v)/3u (3)

with v and g the Poisson ratio and shear modulus.
Since the general sclution for a crack in an aniso-
tropic material is not known, we have to use average
values for y and v if the matrix is considered aniso-
tropics In the current calculation, however, we will
be considering the material to be isotropic, and will
assume that the observed anisctropy arises from cracks
in the bedding planes, so that the theory is self-con-

sistent in this example. The superscript in N® 1g
used to denote the distribution of open cracks. The
criterion for cracks to be open is that the normal
component of traction °ij"1"j’ be pusitive (tensile).

In addicion to the strain 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
s S = N> 3 ,
djlj 87 0, é da b”“{, de 37— ¢ {4)

fur the rate of strain due to shear cracks in which

8% = B(1-v)/3u(2-v) (5)

and

Bygke = MiMS g0 * MymSyy - ngnynen, . (6)

Here NS denvtes the distribution of cloused (shear)
cracks -~ thuse for which the normal romponent of trac-
tion is negative (compressive).

1f the normal force on a closed crack (s signifi-

cantly greater than the tangential furce, friction may
prevent interfacial sliding. In this case we say that

the crack is locked, and N5 18 set to zeruv. The nor-
mal compunent of traction ia given by

B« oy ynydy @)

and the tangential stress by

1= VA -B (8)

where

A= °11"j°lk“k (9)

I+ the magnitude squared of the traction acting on a
crack. The lucking criterion {s simply

A< (3241)8 {10)

where : is the coefficient of friction.

Cracks bLeceme unstable when the far-field stress
i1s large enough. The effect of unstable crack growth
on a microscopic level is t¢ produce additiconal
atrain 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 t. The
stability criterion we use is glven by Dienes and
Margolin (1980) as

A> vB2/2 + ¢ (1)
where
¢ = MEY(2-v)/4e(1-vd) (12)

and is an extension of the CGriffith criteriun. For
shear cracke the stability criterion i{s significantly
more complicated because of the etfect of i{nterfacial
friction. Dienes (1978c) finds

¢ < myu(2=v)/2(1=v){1~1)(1~31) {13)
where
T = uB (14)

and 1t is the shear stiess defired above.

Crack growth {p cutte dif:rerent from crack open-
ing, as it involves a change in crack diameter rather
than crack wideh. If we write

1 - Q (7 ¢
€y 870, , ‘/‘ dn ninjnkan Q) (15)

as thr stra'n due to open cracks, it may change be-
cause of either changes in stress, O g ©F changes in

thse distribution, Nu(c,n.t) which {nfluences ¢

18]
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The rate of change of atrain due tu the cruck growth
can be written as
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Fo-fdcc _— . (18)
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There 1s a similar contribution due to unstable exten-
sion of shear cracks which we write as

8S _ oS S
dij 8 o, é a8 bijkl F (19)
where
[ S
FS = e 8 (20)
(9]

and the integral 1s taken over all unstable, closed
cracks that &r+ not lucked. The total strain rate due

tuv crack extension, d% , s the sum of the expressiuns
tn (17) and (19). ]

The need to account for materifal rotacion was men~
tioned abuve, and arises from the effect of material
rotation on the stress tensors It 18 shown by Dienes
(1979d) that the strain rate due to material rotation
is given by

T
- - {
455" Yoy = Yoty 21)
where
- g% S _ a8
Yy B %k BT (20t 9ty T 28 %)

+ (22)

€1 k2%

and fur muderately small distortions W, K6 {s the vorti-

1}
citys If the defurmation i{s large it is shown by
Dienes (1979b) that U‘J should be replaced by a rate

{ materfal rotation, nlj. and the current code has
this capability. In (22)

(4] (1]
zijk‘ - é dq ninjnknlr , (2%)
S S
zljkl ] dn bljkl F R (24)
and
r,, =/ dannf . (2%)
i} 0 17}

At high pressure the cracke are ciored and locked
and material behavior {s guverned by a high-pressure
equation of state which we sasmume to be i{motroplic and
have the Mie-Grunelaen furm described by McQueen et

al. (1970). However, since material behavior in the
linear regime is already accounted for by the pre-
ceeding (anisotropic) 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=Cp, 1+ o) (26)

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

ug = ¢ + Sup (27)

between shack veloclity, Ugs and particle velvelity,

U then it {s straightfurward to show that

£{p) = k8{1-6_0/2)/(1-50)? (28)

where 6 18 used tu denote the compression

b=1-p/0 - (29)

It foullouws that the high-pressure portiovn of the
stress tensor is given by

oh 2 . :
o " [(kpU/o - fp)o - Guoulléij . ()

where k {8 the bulk moduius.

The preceeding results can be sumnarized by

- r - R - (
4y =95 7 9 " M 0D
where
[ S, s
Mgkt " B % pe * T80 Y 208507 P
. (1)

it

In the current version of S"M {t is assumed that
inftially all the cracks are expunentially diatrib-
uted and acctive, that is, tree 1o gruw 1if the Atress
fs great enough to make them unstable. As a result
of internectiona, however, we envisage that many
cracks will bacume inactive. Without {intermectinne
fatluve of ruck samples would be catantruptic with
the largest cracks free to propagate through the sam-
ple. This {a nut vhat is usually observed, and we
believe that thim {n, at leas¢ in part, because the
material hehaviur im mod{fied by crack {intersec-



tions. We denote by L(c,R, t) the number of active
cracks with orientation Q whose radii exceed c, with a
similar definitfon of M(¢,,t) for the inactive
cracks. The total number density of cracks, N, is the
sum of L and M« Whren cracks with the mean sice, ¢,
are unstable we consider all the cracks with that ori-
entation to be unstable. This 1s a great simplifica-
tion, and does not cause a major error since the
smallest cracks do not contribute significantly to the
overall behavior. It is shown by Dienes (1978a) that
L satisfies the Liovuville equation

L+cl==-M (33)

vhere L' denotes the derivative with respect to ¢ and

M= kL (34)

{s the rate at which active cpacks become 1nactive.
It can be shown that for ¢ > ct

L =N exp|-(c-¢t)/c=k] (3%
and

M = (N k/cB)[exp(Bt=c/c) = exp(-c/c)] (36)

whereas for ¢ < ¢ct, L= 0 and

M e {NUR/EB)[exp(-kc/E) - exp(-¢/cY) . (37
Here,
B = c/c-k (38)

and k descridbes the rute at which cracks become inac-
tive. Dienes (1978a) gives an estimace fur k in the
case of an {sutrupic distribution. Since it has he-
cume clear that isuvtropy is too ezrong an aesumption,
we have formulated a mure general theory with the pa-
rameters depending on urientation. We assume thut the
crack orientations are lumped intc a finite number of
bins (currently 9) with average ortentatiun, nj.

For oifl shale it 1is natural to divide the uiscri-
butfon of cracks into a Ledded set and an i{sotropic
set. Then, {t can be shown that

Ky = (4n%t/a)(n212 + N72 atne (39)

y)

where L represents the number density of isotropic
cracks; Ny the nunber danaity of bedded cracke; &

the angle of the ith bin with the bedding planes;
¢, the mean size of fsotropic craces; Z}. the usan

t.

siza of bedded crachs, and o, a crack intersection pa-
rameter, typically 4.

The fragmentacion theory has been incorporated in-
to a family of subroutines called SCM. The simplest
use of the subroutine is witn & 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 in 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 atrain race
dependent, and are in qualitative agreement with ex-
perimental data obtained by Grady and Kipp (1980).
Quantitative compariscns are not feasible because the
crack statictica for the samples tested are not
avajlable. The moust definitive test of SCM was to
determine the modulil of the cracked material for scv-
eral kinds of loading from coumputer output and com-
pare with analytic sclutions, which can be obrained
when the crack discribution is isotropic.

CCMPARISON OF SCRAM WITH EXPERIMENT

The original purpouse of the spherical shouts car-
ried out by Fugelso (1978) was tu determine an effec—
tive yleld strength for oil shale by embedding in it
spheres of high explusive and comparing rsdivgraphs
of the cavity produced with numerical talcuiatisis.
Such a comparisvn was made by Dienes (1978d) using
plasticity theory and an average yield strength of
100 MPa (14500 psi) for 1.85 g/cc ofl shale and
showved fair agrecemynt. The discrepancy was due pri-~
mar{ly to asymmetry of the cavity which is aspirin-
shaped, having vertical sides and ruunded toup and
botcum. In urder to explain this curiouw shape, cal-
culations were made with s number of varfations on
the anisotrupic plasticity theury develuped by Dienes
(1979a), bdut in ) ~ase were there any significant
deviations of the cavity from a spherical shape. It
was, therafore, mos:. gratifying to find that SCRAM
could calculate the shape accurately. In the remain-
der of this section we discuss the experiment, de-
tailes of the calculation, and present an explanatioun
ot the cavity suape.

The spherical explosive experiment was set up by
machining & one-inch hole with a hemispherical bottoum
in an ircagular block roughly s fouot acrouss. A one-
inch sphere of PBX-9501 was placed in the hole, which
was then filled with clay. The detonation mechanism
for the spheres has been carefully designed tu result
in spherical detonation waves. Tests on shales of
different densities wera made, but in Lhis paper wo

will be cuncerned only with the cavity in 1.8 g/cm3
material. A radiograph wan made at 30 ys and is re-
produced in Fig. 1. The horizontal lines are evi-
dence of the layered structure, and the aspirin-shape
is evident.

In order to obtain a credible explanstion of the
cavity shape using numerical culculations 1t is im-
portant to establish a priort the properties of the
oil shale. S8Since the current theory is bamed on
crack statistice, one couuld gu fur direct measure-
mantn of crack size and number density, and this is
tha approach taken at SRY, a; discussed by Seaman,
Curran, and Shockey (1976). There {s an alterrative,
however, which may be more conservative and 1 .uch
essier (v implement, and that 1s to infer crack sta-
tistics from simple mechanical properties such as
strength and elastic woduli. This allows us to avuld



Fig. 1. Radiograph of the cavity produced in oil
shale at 30 ps by a onc-inch sphere of enplo-
sive.

difficult questiuns such as how to characterize cracks
that are not penny-shaped, what tu do about character=~
izing flaws that are nut cracks, such as inclusi{ons
and crystal boundaries, and how to determine volumet-
ric properties from observations on a surface. Though
Dienes .1979c) has addressed the problem of inferring
vuolume statistics from obeservations on s plane, the
cizcumstances are somewhat idealized and have not baen
verifiad by direct vbservation. Perhaps more to the
puint, mechanical properties are available for oil
shale and crack statistice are not.

According to ultrasvnic measurements by Olinger
(1976) the elastic properties of oil shale with densi-

ty 1.85 g/cm3 considered as a transversely fdotropic
material are given by € " 21.7 GPa, tyy " 3.2 GPa,

Sy " 4.2 GPa, €2 " 8.0 GPa and ¢y " 6.0 GPa. 1In

terns of Young's modulus and the geraralized Poisson
ratios Dienes (1976) finds E = 17.5 GPa, E' » 0.8
GPa, v = 0.276, v' = 0.204, and v" @ 0,332. In order
to diatermine crack size, we make use of the Griffith
criterion and tensile strengih measurements by Youash
(1969), who has tested & number of sanisvtropic materi-
ale at varying orientations. He finds that rich oil
shale varies in strength from 300 pr! when lomded
across the bedding planes to 1600 psi vhen loaded in
the bedding planes. The lean variad from 900 to 1400
pei with orientacion. Dynamic messurements have been
made by Schuler, Lysne and Stevens (1976) who find
that rich oil shale has a dynamic tensile strength
averaging 2045 psi and the lean, 3340 pei, with no ap-
parant dapendence on orfentation. For the SCRAM cal-
culation we assume a tensile strength of 1230 pst whon
loaded acrues the batding planes and 23500 psi when
loaded in the bedding planes. Much more wurk needsm to
be dune tou characterize the tensile atrangth.

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

olc = k2/n = 28y a0

and an estimate by Grady (1980) for K of about 1 MPa

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

Then, y = 7.57 J/m.  In the current analysis we make
the assumption that the anisctroupy 1s entirely due to
the effecrs of penny-shaped cracks in the bedding
planes. Since these cracks do not affect the stiff-
nuse measured in their plane, the Young's mudulus of
the matrix material and the {n-plane modulus are the
same. Using the theory of “he preceeding section and
the assumption that the crack radii{ are exponentially

distributed with mean ¢ fc is straightforward tov show
that the compliancz matrix has the furm

1/E  =V/E -V/E 0

-v/E 1/E -v/E 0
Hw»

S/E  -V/E 1 /E+3°th 0

8N he1 /25
(41)

where Nb is the number of bedding cracks per cm‘ and

h o= 60 (42)

The fourth-order materisal tersor in (32) can be re-
placed by a 9x9 matrix and the stress and strain ten-
sors redefined as 9-vectors. Because of the symmecry
of the stress and strain censors, there ave only 6
independent components, and it is sufficlent to con-
rider a 6r5 matrix to characterize the material. Fur
axisymmetric deformatfons there are only 4 independ-
ent stresses and strains, and it is pussible tu rede-

fine H as a «x4 matrix. In (41) U. E, and U denute

properties of the isotropic matrix material. A is
somevhat different from the general compliance matrix
for a transversely isotropic material

1/E -vu/¥ =-v'/E 0
-v/% \/E ~v"/E 0
| (41)
-v'/E -v"/E 1/€' 0
0 0 0 1/2u

~

Tu bring H and H nto approximate agreement we take F
~ E, and V to be the nverage of v, v', and v", which
is 0.27. Then H,, = Hyg = Hyq = ~1.55, wherean H,;, =
-1.58, Hyg = - 1,16 and H,q = 1,90, atl {n {nverse



megabars. Thus the error is on the order of 20%.
However, Hll = Hy ® Hyy = H22. To complete the rep-

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

1/E + BOth - 1/E' . (44)

The nunber deasity of bedding cracks can be obtaired
from this result 4f ¢ (hence h) is known. To estimate

T we consider the scrength of the samples tested by
Youash which is determtneg by the largest cracks they

cuntain. The crack size ¢ such that on average there

18 just one crack greacer than ¢ in radtus in the vol-
ume V {s given by

v /e - (45)
If we consider an ensemble of samples of '1’* v, the

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

1/3
aN

Ve = de Fc ln(VNb/e) . (46)

-
c =

0o r~<

pruvided cthat V >> E’.

To complete the estimate of € we use the preceeding
result and write the fiacture toughness relation for
peany=-shaped cracks (31Ven. for example, by Tetelman
(1967)) as

oz T (n/a>x§ . (/20E/ Gy (47)

Cumbining theg: results we have

T ﬂYEz - 1 (48)
201=v%) o an(VN /e)
p v

Though the result depends on assumptions abuut sample
size and crack shape, it {8 sumewhat insensitive to
them, and the reader should not infer that different
assumptions would lead tu very different results.
Striccly speaking, we do not have Nb at this point,

and the sulution should pruceed {teratively. We anti~
cipate, however, and note that on the basis of explor-
atory calculations with SCRAM the cavity shape seins
about right for Nb = 100, We estimate V the sample
volume for the Youash tests, to be 3 cma. With the
isotropic matrix parameters Ead vV given above and

o, = 8.62 MPa (1250 pst) we find T = 0.0%8 cm. WNith

this rvesult (44) can be solid fuor the number density,
and we find N = 107 ca "3 In addition to tha bedawd

cracks there atve fsotropically distributed cracks.
Their mean size e taken as 0.014% ¢m on the basis
that the mtrength acrons the bedding planen s half

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

The high pressure behavior i{s specified by the
Gruneisen parameter G = 1.5 and the slope of the ug ~
up l1ine, S = 1.5. 1In addition, 1C is necessary to

specifiy the coefficlent of friction, which we take

to be u = 0.2. The high explosive is represented as
an 1deal gas expancing adiabatically with a ractio of
specific heats vy = 3 and snd initial energy of 1000
cal/g. Though this is not the best representation of
the explosive, it gives good results so long as the
pressure remains above a few kilcobars, as it does in
the current problem. The volume uf the explosive
products, which is necessary and sufficlent to com-
pute the preasure 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 geometrically with a gruwth
rate of 10%. The inftial pressure in the cavity is
167 kilobars, and it results in an essentially radial
moticn of the oil shale at early times since the ma-
terial behavior at high pressure is dominated by its
(isotropic) equation of state. At later times

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

Fig. 2. The grid discortion {n oil shale at 30 us
due tu detonation of a one inch explusive
sphere.

grid disturtiun. The strain in ceil 19, which is ad-
jacent to the intersection of the equator and the
cavity, is otronply influenced by the dilatant effect
of the bedding cracks. The average density uf the

cell gets very low, on the order of | ./cm’. at late
timan. The calculated cavity shape lo compared with



the radiographic shape at 30 ps in Fig. 3. The dif-
ference in the two shapes appears (o be witi.in the re-
solution of the radiograph. The reason for i1he pill
shape of the cavity is the extreme dilatancy of the
material in cell 19, which causes the displacement at
the edge of the cavity to be dominated by strain nor-
mal to the bedding.

- - ~=— Radiogroph at 30 us

SCRAM Calculation ot 28 us
o= ~——— Initial Cavity Boundary

Fig. 3. Comparison of the radiographic cavity shape
at 30 ys with a SCRAM calculation.
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