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I INTRODUCTION

In seeking to improve the tensile modeling of geological materials

for use in ground shock app lications , a revi ew , Ref. [1], was made of

current practices in the field. Both rate—dependent and rate—

independen t models were summar ized and i t was recommend ed tha t some of

the more promising models be investigated in somewhat greater detail.

In this report , the Stanford Research Institute (SRI) brittle

fracture model (rate—dependent) is studied and , to some extent , is

compared with a simple tension cut—off procedure (rate—independent).

Although the SRI model was originally designed for metals , it has been

adapted for ground shock applications in rocks in recent years . A copy

of the model routine BFRACT was obtained from SRI . It has been

examined theoretically and computationally for one—dimensional problems

and some of the results are presented herein. The model was first

exercised to sim ulate simple uniaxial extension and then incorporated

into the one—dimensional wave code WONDY for plate slap calculations.

As writ ten , the BFRACT algorithm requires the storage of more than

ten memory parameters per mesh point. This added computer storage

requirement is a major impediment to its direct incorporation into

large—scale ground shock calculatons . In Section Ii , modifications to

the algorithm are suggested to ameliorate this situation , following a

review of the continuum assumptions upon which EFRACT is based . In

Section III , one—dimensional numerical tests of BFRACT , with and without

modifications , are presented. it is shown that BFRACT is highly rate—

dependent , but much less sensitive to the variation of many of the

BFRACT material parameters.

In Section IV , it is pointed out that time steps greater than 100

3
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microseconds are used in typ ical large—scale ground shock calculations ,

but  t ha t  t ime  scales of less than 10 mic roseconds  are be l i eved  necessary

t o resolve the  r at e — d e p e n d e n t  t e n s i l e  behavior  of geo log ica l  m a ter i a l s .

For pr a c t i ca l  c o m p u t a t i o n s , t h e r e f o r e , i t  is i m p o r t a n t  to  avoid r a t e —

dependent models , if poss ib le .  On the o t h e r  h a n d , i t  is p o i n t e d  out t h a t

current continuum uniqueness—stab i lity theory is incompatible with rate—

independent~~rittle fracture models even though such models have been

used in computations for many years. It is necessary to examine this

situation further to resolve these inconsistencies. It may be possible

to extend current uniqueness—stability theory to permit some form of

s t r ess d i s co n t i n u i t y .  A n o t h e r  p o s s i b i l i ty  is t h a t  a c c e p t a b l e  r es u l t s  may

he o b t a i nab l e , fo r  some types  of ground shock problems , if  a p l a s t  i c i t y

model  (such as contained in the cap model r o u t i n e  CAP75 , R e f .  [ 2 ] ) , is

used t o  model  t e n s i le  f a i l u r e .  These ideas and o t h e r s  can  be examined  by

means  of  a ser i e s  of o n e — d i m e n s i o n a l  wave code c a l c u l a t i o n s  co u p l e d  w i t h

some t i t c o r e t  i ca l  st u d i es  d e s i g n e d  to  f o c us  on t i l e  que s t  ion ( i f  wli ich t ypes

01 t e n s i  ii . mode l s  are a p p r o p r i a t e  f o r  g round  shock app i icat i o n s .

Conc l t t s i ons  and r e commenda t  i (ins , l);Ised on the above , arc  s t i mm ar  i zed in

~ i • c t  ion V .

4
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II BRITTLE FRACTURE MODEL OF SRI

A. Introduction

A l t h o u g h  the b r i t t l e  f r a c t u r e  model ,  of SRI was o r i g i n a l l y des igned

for  me ta l s , Re f s .  [3 , 4 , 5 ] ,  i t  has been , more  r e c e n t l y ,  ad a p t e d  f o r

ground shock app l i c a t i o n s  in rocks , ReI s .  [6 , 7 , 8 ] .  T h i s  mod e l  is based

on r a t e — d e p e n d e n t  concepts  of fr a c t u r e , inc l ud ing  ( ‘rack n u c l e a t i o n  r a t e s

and c rack  growth  r a t e s .  S t r e s s — s t ra i n  behav io r  of t h e  m a t e r i a l  s

p o s t u l a t e d  fo r  va r ious  s t a g e s  of damage , i n c l u d i n g  f u l l  f r a g m e n t a t i o n ,

d e f i n e d  as coalescence  of c r acks  and f u l l  separa c i  o n .

A copy of the  model r o u t i n e , B FRACT , R e f .  [5 ]  , Was o b t a i n e d  and in s

J been examined  t h e o r e t i c a l l y ,  as wel 1 as c om p u t at i  onal 1 y ,  f o r  on e—

d imens iona l  p rob lems . The has ic  p o s t u l a t e s  of the model nod t h e  r e su l t s

of numerical investigations are discussed in this section . Sonic

modif  ica t ions  of BFRACT , based on the  nssump t. ion of spat m l  isot rop\’ , arc

sugges ted .

B. Cons t E iation~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

The BFRACT model r o u t i n e  c o n ta in s  many  e l e m e n t s  common to other

constitutive equation routines and these  a s s u m p t i o n s  a re  s u mm ar i z e d

t 

below .

I L  is presumed t h a t  compress ive  states are r e p r e s e n t e d  by an

appropriate set of stress—strain relations and that , at some p o i n t  based

on e x p e r i m e n t a l  d a t a , t h e  t e n si l e  b e h a v i o r  r e q u i r e s  a r e p r c s en t a t  ion  of

c racks  and t h e i r  p r op a g a t i o n .  The model  i s  based on c o n t i n u u m  c o n c e p t s

and t h u s  i t  is assumed that tim e m i c r o s c o p i c  c racks  can he r ep r e s en t ed  b y

means of a few simple m ac r o s c o p i c  p a r a m e t e r s .

5
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When f r a c t u r e  begins , the  s p e c i f i c  volume , V , at -i p o i n t  i n  the

continuum is given by the sum

v = v  + v  ( 1)
5 C

where V is the s p e c i f i c  volume of the s o l i d  m a t e r i a l , and  V i s  t h e
S C’

s p e c i f i c  vo lume oi the c racks .  The p r e s s u re , P . at  a P0 j I l t IS  •i s s i ime d

to be r e l a t e d  to the  pressure , P , of the  s o l i d  m a t e r i a l  by t h e

Carroll—H olt equation , Ref. ~9 ’J , for porous materials , i.e .,

P V = P V  (2)
s s

Since tensile strains associated with brittle fracture are initi a l l y

small , a l inea r i zed  Mie—Gr i ineis en e q u a t ion  of s t a t e  is assumed f o r  the

s o l i d  behavior

P K (~ s~~~~I )  ~~~~ (3)
S o V  V

S S

where  K is the  ambien t  b u l k  modulus , V the i n i t i a l  solid s p e c i f i c
0 0

volume , F the Gr~ineisen ratio and E the internal energy. Interns]

energy changes are assumed independent of the “energy of distortion ”

so t h a t

• d E = — P  dV (4)

• The dev ia to ric  s t ress  tensor , S . . ,  at a po in t  is ca l c u la t e d  b y

me ans  of

ds . = 2 ~i (de . .  - 
~~~. . ~~~~~ ) + 0 . (5)red ij  3 fl V

where t~ . is the strain tensor , ~~~. . the Kronecker delta , e. . i• s aI i ‘1 i j

6



Correction due to rot:tion (large displacement theory) and 
~ red is tht

reduced shear modulus

V
u = ~i ( I  — 1.88 •c ) (6)red o V

The shear  St rcngth ) , Y , is assumed to dec rease l i nea r ly w i t h  i nc reas ing

p o r o s i t y  or e i a e k  v o l  U n i t’  Si t h a t

= Y ( 1 — ‘
~ (7)

1%

where a von Mi ses v i ~ I d  cond i t ion

(8)

o assumed and J is I .  und i nv m r t a u t  of t he  s t ress  d e v iat o r s .

I t  r em a i n s  u n i v  to  s p t o ’ i f y an eq u a t i o n  f o r  t he  speci  f it. vo lume of

t~~ c- c r a c k s , V . h o r  a g e ner a l  d i s t r i b u t i o n  of cracks one may w r i t e
C

V v (R) dN (R) (9)
c c c

0

where v is the volume of cracks with radius R , and dN is the  number
C C

d e n s i t y  of cracks  w i t h  r a d i u s  R.  The Sneddon r e l at  [on ship  fo r  t h e

elastic opening of a penny—shaped crack , Ref. [101, is assumed so t h at

the  e l l i p s o i da l  volume of the  crack is

v = ‘-~~ ~~~~~~~~~~~~ R~ o (10)

T h e  f a c t o rs  1.88 and 4 i l l  I~ and  Y are , In f a c t , m a t e r i a lred
p a r a m e t e r s , b u t  were chosen as cons tant s  in a l l  SRI work so far.

See R e f . [ 4 ,  i .  20 ]  f o r  d i s c u ss i o n .

7



where v is Poisson ’s ratio , E is Young ’s modulus , and 0 is the tensile

stress norma l to the plane of the penny—shaped crack .

C. Nucleation and Crowthi Rates

The laws which govern the size distribution and growth rates of

crack radii arc the relations which distinguish the SRI model from other

theories. A distribution function for the inherent flaws (penny—shaped

cracks) in a brittle substance , as well• as the laws governing their

continued nucleation and growth under tensile stress , are postulated ,

with the SRI experimental program providing the material parameters.

The usua l size distribution of penny—shaped cracks seen in brittle

m a t e r i a l s  is an exponen t i a l  f o r m

N = N(t) exp ( — R/R
1
) (11)

where N is the number density of cracks with radii greater than R , N(t)

is the total number density at time t , and R
1 

is the shape parameter of

the crack size distribution. The crack radius , R , is also a f u n c t i o n  of

t i m e  w h i c h  will subsequentl y he defined.

The r a t e  at w h i c h  new cracks  n u c l e a t e  unde r  the  i n f l u e n c e  of a

tensile stress is taken to be

N C X I )  ~~~~~~~~~~~~~~~~~~~~ 
, 0 < 0

o no

N = (12)

0 , 0 > 0
— no

S t ress  is assumed p o s i t i v e  i n  c o m p r e s s i o n .

8
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where N is t h e  i n i t i a l  n u c l e a t i o n  r a t e , 0 is the n u c l e a t i o n  st r es s
0 nO

*)
threshold and 0

i 
is the nucleation stress sensitivity parameter.

The crack growth law found to give best agreement with experimenta l

data, even for brittle materials , is of a Vis cous form (see R e f . [11])

CT (o-o )R , 0 < 0
I go go

( 1 3 )

0 > 1 3
— go

where T is a c o n s t a n t  r e l a t e d  to t h e  “v i s c o s i t y ” and  o i s  t h e  growthI go

th resho ld  s tress.

D. F u l l  F r a g me n t at i o n

Up to t h i s  po in t , i t  has been t a c i t ly assumed t h at the ~r o w i n g

cracks do riot i n f l ue n c e  one a n o t h e r .  To go f r o m  m i l d  to severe d amage ,

t h e  coa l e scence  of cracks  and the resui taut formation of fragments w h i c h

cannot  suppor t  t e n s i l e  s tresses mus t  be a c - c o u n t e d  f o r .  T h i s  is done

• th rough  the  f o l l o w i n g  h e u r i s t ic  argument.

I f  i t  is assumed t h a t  the  r a d i u s  of a f r a g m e n t , R 1, is

p r o p o r t i o n a l  to the  s ize , R , of the  c racks  f o r m i n g  i t , and t h a t  toe

number  d e n s i t y  of p o s s i b l e  f r a g m e n t s , N f .  i s  p r o p o r t i o n a l  t o  t h e  n u m b e r

density of cracks , N , two material constants are de f i ned

R

~Y ( 14 )

The a ppare’nt di sc un t  i nu  i tv in the one I en t ion rate lon e  t i o n  i s  no t

s i g n i f i c a n t  s i n c e  ~ is taken to he the tens i II stress at w h i c h
iii)

the c eac k  vol  ume f i r s t  becom es n o n — z e r o .

9
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I

and

N
( 15)

Experience shows 
~~
‘ to be near one and ~3, r e f l e c t i n g  f r a g m e n t  shape , to

be one—quarter for eight—sided fragments , as are most often assumed . A

th ird parameter , Tf. 
relating relative frogment volume , v

1
, to  r a d i u s ,

is also of order unity.

3
V
f 

= T
f 
R
f 

(16)

Then , the relative volume of a11 fragments is

V
f 

= J V f dN f

Upon i n s e r t i n g  Eqs.  (14) — (16) ,

• V
f 

= T
fY
3 

~ f R 3 dN (17)

• The number density of cracks with radius R, dN , is  ob ea ined  f rom Eq.

(11).

While the function V
f 
varies continuously f r o m  s l i g h t ly cracked to

• fully fragmented material states , it is thought to overestimate

• fragmentation in the early stages of damage . It is likel y that some

threshold density of cracks must be reached before the likeliho od of

cracks intersecting sufficientl y to form fragments becomes signi fi cant.

This threshold value , V~ , defining the beginning of crack eoale~ cence ,

is given in terms of the material constants discussed above and T , a

measure of material brittleness , Refs. [5, 11]

T
= ~~~~ (18)

k. • . . • • .~~~~~~~ ~ -.•- •—~~~
• •~~. . - = = — •.



The actual relative fragment volume , V f
a
, is defined then as

-I f *V
f 

= 

~~~~ 
V~ > V

~
(19)

V~~~~~V~

Total porosity, V .  is the sum of the c-rack volumes determined from

Eqs. (9) — (13) and the portion of the solid volume w h i c h  has f r agmen ted

V = V  + V a V (20)v c f s

(The thi rec ’ quan tities , V . V , V , are s p e c i f i c  v o l u m e s .  V
f

d 
is a

relative volume).

E . BFRACT A l g o r i t h m

W h i l e  the  nuc  teat ion and growth  laws arc both  given as f u n c t i o n s  of

ti le norma l  s t ress , s p e c i f y i n g  t h i s  q u a n t i t y  for  each propagating crack

would be enormousl y cumbersome and some s i m p l i f ying assumptions are made.

The above continuum model is implemented in BFRACT by first assuming that

each computational cell can be broken into an array of crac k orientations

or “bins”, Ref . [4, p. 21]. For two—dimensional b e h a v i o r , each b i n  is

d e f i n e d  as c o n t a i n i n g  cracks p e r p e n d i c u l a r  to  c~ ( in  t h e  x , y p l a n e ) ,

and to 1P’ (perpendicular to the x, y plane), where the index , i , r e f e r s

to the i—th bin. Then , direction—dependent damage functions are

specified retative to these bin orientations . Thus , is the  t e n s i l e

stress in the direction (~~
1
, ~j

1
), R’ is the radius of a crack

p e r p e n d i c u l a r  to and growing  under  the  i n f l u e n c e  of ~~~~ and dN ’ is the

time—dependent number density of cracks with radii equal to R’.

• It is u~ e f u I  to  see t h e  t r a n s i t  ion f rom c o n t i n u u m  expression to

a l g o r i t h m  fo r  a s p e c i f i c  f u n c t i o n . In t e g ra t i n g  E q .  (13) gives

11
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R(t) = R(o) exp f (a (t ’) — O
go
) dt ’] (21)

for the radius of an arbitrary crack under the influence of tensile

stress 0 (< O
go)• 

If the time of observation is taken incremental ly

close to a time , t , at which the radius was known to be R , then
0 1)

R(t) R(t + At) R exp [T (
~~~ 

— o ) At] (22)
o o 1 go

wher 2  a is the average stress d u r i n g  the  t i m e  i n t e rva l  At.  Us ing  the

bin breakup,

R’(t ) R ’ exp [T1 ~~~~~~~~~ 
— O

go
) At] (23)

Volumetric damage—related functions require summation over the bins

in each cell. So , fur examp le , t he  r e l a t i v e  f r a g m e n t  v o l u m e , d e f i n e d  in

Eq. ( 17 ) ,  becomes

V f 
= T

1
y3 

~ 

(R ’)~ dN ’ ( 2 4 )

F. Storage Requirements

One consequence of this partitioning into bins is the need to save

at least “h” memory parameters ner c o m p u t a t i o n a l  e l e m e n t , where  b is t h e

ri ’~nib er of b ins .  In f a c t , two time—dependent functions , N’(t) and R ’( t )

must  be s tored fo r  each bin. In addition , the void  v o l u m e , V , and the
V

unfragmented volume fraction , f , are stored , where

=
u f

making  a t o t a l  of 2h + 2 memory parameters per element. As BFRACT is

c u r r e n t l y i m p l e m e n t e d , l i v e  b i n s  per element a re  assumed , m a k i n g  a t o t a l

of t w e l v e  i tems per e l e m ent  f o r  t h e  c h a r a c t e r i z a t i o n  of b r i t t l e  t e n s i l e

f r a c t u r e .  12
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G. Possible Modifications of BFRACT

The function of BFRACT is to calculate the time—dependent growth of

damage caused by the application of tensile stress, while accounting for

the strength reductio,i caused by the developing damage. The routine

functions well for small—scale shock loading problems and has been used

successfully to mode l plate slap experiments , Ref. [5], armor

penetration problems , Ref. [5j, and laboratory—dimension crater

detonations , Ref . 181 .

However , for large—scale app lications , such as many ground shock

problems. u scheme which requires more than ten memory parameters to

model t . n ~~i le behavior appears too costl y. This seems especiall y true

when h i t  u n c e r t a i n t i e s  in model ing the  in s i t u  m a t e r i a l  are considered .

For th is reason , it was decided to examine ways of simp lif ying BRFACT

while retaining the nucleation , growth and fragmentation concepts. The

hope is that a significant portion of the modeling capability can be

preserved but at a more modest cost in computer storage.

Two approacnes toward simplification could be considered , depending

on the type of fracture occurring. In the case of brittle fracture

(e.g. of rocks), cracking tends to be highly localized and riented

norma l to the axis of maximum principal stress. In contrast , d u c t i l e

fracture (e.g. of many soils or metals) occurs in a form wh ich is

• • characterized by spherical voids and hence is associated with s p a t i a l

isotropy .

Thus , for brittle fracture , the use of the maximum tensile stry~-

in place of o v ’t il d seem appropriate. The maximum pri r .- - & nal stress

cr1 te n o n  , I I imp lemented w i t h o u t  t h e  use of bins , s h o u l d  l u - n d  t a

sign it leant reduct ion in s t o r a y ~ requirements. Simi la r lv , or d u c t i l e

13



fracture , the use of a c o m b i n a t i o n  of stress invaniants (e.g. t h e

pressure and J;) in  p lace of ~~ wou ld  seem a p p r o p r i a t e  and , i f

implemented without bins , should lead to a reduction in sto rage

requirements.

In fact , as the continuum concepts underl ying BFRACT have actuall y

been implemented in difference form by SRI , 0 is various ly

approximated , depending on its sensitivity in a calculation an tI upon

the brittle material itself. In some expressions it is t aken  as a

f u n c t ion  of the solid pressure , in others as some linear combination of

the  solid pressure  and t h e  most  t e n s i l e  s tress d e v i a t o r .  Thus ,

examining different approximations for a~~~, in the  search for a more

economical BFRACT, seems qtite appropriate.

14



Ill ONE-DIMENSIONAl. STUDIES OF BFRACT

A . Introduction

In the  preceding sect ion , the  bas ic  continuum relations underl ying the

model rou t inc BFRACT were reviewed , and some p o s s i b le  modif ..cat ions ot~ the

al ,~or i t  hm were discussed . In t h i s  si - c t  ion , t h e  r esu l t s  of some s imp le one—

dim ensional calculations with BFRACT j r~- p r esented , and the  f e a s i b i l i t y  of

some of the  modi f i c a t  ions is tested . At t h e  same t ime , the rate—dependence

of the model r o u t i n e , and i t s  ~e n s j t t v i t v  to parameter changes , is

exp lored .

Arm & -o I ron

T h e  m a t e r i a l  chosen fo r  t i~. s t t i d  l i - s  is Armco iron , a wel l  c h a r a c t e r i z e d

b r i t t l e  m e t a l  f o r  w h i c h  the  SRI e x p e r i m e n t a l  program has provided a f u l l

s i t  ~ t model p a r a m e ter s .  T h e  reason f o r  t h i s  is  t h a t  geologica l m a t e r i a l s ,

whi  cli ir e  tlit~ m a i n  (~() fl( (~f f l  of I he p resen t  s t u d y ,  have been i n v e s t  pated

less I o i l y  and ;Ir i  ~; r c  comp lex .  In Tab l e  I , some general  proper t ies  of

Arm ’  c i ron ar t ~ l i s te d .  In  T a b l e  2 , t hose p a r am e t er s  necessary fo r  t h e

imp l e men t a t i o n  of BFRACT ir e  g iven .

Table I .  M a t e r i a l  gr 1,~~r t  ies  of • \ rmco I ron ( F r om  i~( f  . [5] )

- - 3Ma s s  d e n s i t y , 7 .~~ - gm/cm
0

Po i s~ nn ’s r a t i o , V 0.2801

Cr~incisen pa r amet er , 1 1.690

Bu lk modu lus , K 1.589 x ~~~~ d v n / c m 2

Ii 2Shear  m o d u l u s , a 8 . 19 )  x I~) d v n / c m

I n i t i a l  y i e l d  s t re n g t h , Y 5. 50 x lO~ dvn/cm 2

Bulk sound speed , c ~ .499 x i O 5
crn/sec~~~~~

J

15
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**)Table 2. Fracture  and ~srimated Fragmentation Parameters for Armcn I ron

Code Name In Parameter  1
Name D e r i v a t i o n  D e f i n i t i o n  Value  U n i t s

T S R ( l )  T
1 

Growth c o e f f i c i e n t  — 6.0 x l O  cm 2 / d yn/ sec

TSR (2) 0 Cr owth threshold — 2.0  x io 8 
dyn/cm

2

go

TSR(3)  R 1 
Nuclea t ion  crack 5.0 x l O  cm
size d i s t r i b u t i o n

TSR(4)  N Nuc lea t ion  ra te  4 .6 x lO 12 
No./cm

3
/sec

0 c o e f f i c i e n t

TSR(5 )  0 N u c l e a t i o n  th resho ld  — 3.0 x IO~ dy n / c m 2

stress

TSR( 6 )  0
1 

Nuc lea t ion  stress — 4 .56 x 10~ dyn /cm
2

s e n s i t i v i t y

T S R ( I 0 )  R a t i o  of t he  number  0 . 2 5
of f r a g m e n t s  to the
number of cracks

T S R ( l l )  y R at i o  of f r agment  1.0
r a d i u s  to crack
rad ius

T S R ( l2 )  V~ Thresho ld  r e l a t i v e  0 . 2
volume of p o t e n t i a l
f r a g m e n t s  to produce Ia c tua l f r agmen t s

TSR( 13)  T
1 C o e f f i c ie n t  r e l a t i n g  1.0

f r a g m e n t  shape to
f r agmen t  volume

From Re f .  [4 , p . 571

Based on v;i l ties chosen f o r  armor s tOt I R e f .  I ~~~
. p. 89 1



-

V

C. lJnia xi al Extension Tests

The model routine BFRACT was driven in simple un i axial extension at

a constant strain—rate of 1.8 x 10~ sec 
I 

Fig. I shows a plot of

tensile stress versus specific volume for Arinco iron . The curve l abeled

“SRI ” appeared in Ref. [5, p. 551 , and the curve labeled “WA” was

produced at Weidlinger Associates wi th BFRACT , using the paric~et ers

shown in Tables 1 and 2. The discrepancy of a few percent h~-t ~~ -~ n the

two curves is the result of using somewhat different paramet er values

(due in part to rounded values given in reports). Since the mode l is

quite rate—sensitive (see below) , a few percent difference is lot

surprising.

C. 1 Stress d i f ca t i  of BFRJ~cT

As a tes t of the hypo thes i s  t h a t  • f or  ground shock purpu ’ses , BFRACT

may be si~~p 1 if i e d  w i t h o u t  sacrificing signific a nt modeling ca~ ah i h j t ~

the u n i ax i a l  extension t e st  was rerun with t h e  f o l i o ~~ing  modific ati ons:

O p t i o n  I — l’ressure only

Opt ion  2 — Three “bir-~” instead of f i v e

In option I t he  q u a n t i t y , , winch ontru ’ls t a. devel ; t r t  ‘t

t ens ion—induced  f r , ~~rie n t n t  ion , was t uk . a t o  be independent  of t h u . - (-a-~~t

t e n s i l e )  d e v i at o r i c  st re ss .  S i r  in  t h e  p re s e n t  examp l e t hu d e y j u t  n c

St  rtsse .-~ ire an ord er  of neigni t i d - ~ sma l h -r  t h i n  t h c  p r t - -~suri - • i t  i s  to

be expet-t ed that ~etc ing the -Puu- .ur modulus to zero in t -  i n n  w i l l  nu t

at I c t  t the ru sul t s by more t h an  jbeut ten per cent

In opt jon 2 • the number 1 bins p r u i  m u - n t  was reduced Iron I lvi

t t r  c (th ~ ~~i n imum number which can hu~ ac ’ - —~- -~~ t ed without recod ing

L 

or suppressing a ~tr e~~— com ponent). It is .-xpectu d that this variati on

17
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w i l l  p r o d uc e  l i t t l e  change i n  the r e s u l t s  of t i l e  present example.

F i g .  2 confirms these expectations. The c u r v e  l abe l ed  SRI  IS  t i l e

same as t h a t  l abe l ed  WA in F i g .  1. The t h r e e  other  curves (o r r e sp o nc l  t o

option 1, option 2, and options i and 2 combined. The d i s t i n g u ish a b l e

quantity, total strain to full fragmentation , is identical to within four

significant figures, while peak stresses vary by less than ten per cent.

C. 2 Ra t e — D~~~endence of BFRACT

BFRACT is a r a t e — d e p e n d e n t  model  devised fo r  shock load ing

app l i c a t i o n s  and the  r e l a t i o n s h i p be tween  s t r a i n — r a t e  and damage is

ii ig h l y noni  i n ear .  For i l l u s t r a t i ve  purposes , the  s t r a i n — r a t e  in the

u n i a x i a l  e x ten s i o n  problem under  d i s c u s s i o n  was va r i ed  over several orders

of m a g n i t u d e .  T o t a l  s t r a i n s  to l u l l  f r a g m e n t a t i o n  and peak tensile

stresses are listed in T a b l e  3 and t h u -j r  v a r i a t i o n s  c o n f i r m  t h a t  BFRACT

is st r o n g l y r a t e — d ep en d e n t .

T ab l e  3. R a t e — D e p e n d en c e  of BI RACT (Un i a x i a l  E x t e n s i o n )

Strain—R ate T o t a l  St r a i n  Pe ak Stress
—I *

(s dl ) ( ‘
~

) (khars )
- :

1.8 x 10~ 6 — 48
‘-4- - 1.8 x 10 — 19 

1 khar .1 CPa

Aa is w e l l  known , many m e t a l s  e x h i b i t  d u c t i l e  b e h av i o r  ( p r i o r  to

fra cturing in a brittl e mode) under quasi—static testing conditions , as

illustrated in Fig. 3, Ref . [3]. BFRACT is designed to model brittle

t 

behavior at h i g h  strain rates , but not the  d u c t i l e  t r an s i t i o n  expected in

the q u a s i - s t a t i c  r eg ime  (~: ~ ~~~~ sec~~ ). The stress—strain curves of the

t h ree  rap id  extension tests  are superimposed on F i g .  3 to f a c i l i t a t e

19 
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compar ison. Again , the strong rate—sensitivity of BFRACT is i l l u s t ra t e d

by the dramatic  increase in peak tensi le  stress w i t h  s t r a i n — r a t e .

One of the p o t e n t i a l  dangers of a d o p t i n g  a mode l such as BFRACT

w i t h o u t  c a r e f u l  e x a m i n a t i o n  is t h a t  pa rameters  may have been d e t e r m i n e d

from a set of exper iments  w i th  a limited range of strain—rates. If the

routine is used indiscriminatel y for applications (and strain—rates )

other than those for which it was envis ioned , d i f f i c u l t i e s  may arise.

In fact , the use of a rate—d ependent ~i ode1 adds another din~’nsion to the

modeling problem and should only be used if it is clearly necessary . An

at tempt  to c l a r i f y t h i s  po in t  is made in s ec t i o n  IV.

D. Wave Code Calculations

The one—dimens iona l  Lag rang ian  wave u-ode WONDY (deve loped  at

Sandia) was selected as a convenient program by which BFRACT could he

examined in dy n a m i c  c a l c u l a t i o n s .  The coding and data structure of

WONDY allow for the inclusion of s p e c i a l  e q u a t i o n  of state and material

model r ou t ines  w i t h  a minimum of effort. The i n c o m p a t i b i l i t i e s  w h i c h

ar i se  between BFRACT and WONDY are e a s i l y  overcome f o r  t h e  p r e s e n t

purposes .

For c o m p a r a t i v e  purposes , t e n s i le  b e h a v i o r  was mode led  i n  t h r e e

ways

Case 1) B FRACT

Case 2) BFRACT with modification option 1 (MOD1)

Case 3) Instantaneous tensile fragmentation , i.e . the s t r e s s

i n s t a n t a n e o u s l y  r ese t  to  zero  when the  tensil e strength

of a m a t e r i a l  is  exceeded

21
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Case 3) represents  one of the  s tandard t e n s i l e  f r a c t u r e  op t ions

a v a i l a b l e  in WONDY , Ref. (12]. When the stress at a cell boundary is

reset to zero , at t he  moment of f r a c t u r e , the  two f r e e  s u r fa ce s  c rea ted

are acconmodated by the introduction of an additional node.

E. SRI Plate Slaj  C a l c u l a t i o n s

ln the 1973 SRI report , Ref. [5] , resul ts  of a tapered l i v e r  p l a t e

experiment — copper impacting steel armor — were given and compared to

two—dimensional code calculations in order to test t he  predicti ve

capability of BFRACT. The e x p e r i m e n ta l  c o n f i gu r a t i o n  is reproduced , f rom

Ref . [5, p. 601, as Fig. 4.

For the  coarse  c o m p u t a t i o n a l  g r id  i n i t i a l l y  selected , t he s t ress

h i s t o ry  near  the  end of the t a r g e t  was severely eroded and a c l e a r  sp a i l

s i g n a l  was not  e v i d e n t .  There f o re , th e  c a l c u l a t i o n  was repeated  w i t h  a

i ner  g r i d  i n  a o n e — d i m e n s i o n a l  c a l c u l a t i o n  in wh ich  onl y t he c e n t r a l

r eg i o n  of the  t a r g e t  and f l yer we re s i m u l a t e d . The d i s c r e p a n c y  between

measured and computed  s t r ess  h i s t o r i e s  at t he  f r e e  s u r f a ce  of t he  t ar g e t

is shown in Fig. 5, Ref. [5 , p. 64 ] .  I t  was f e l t  t h a t  ag reemen t  h e t w - e n

the  two w a v e f o r m s  nh gu t be improved by altering the  mat -- rial parameters

in such a way as to  de lay  t h e  damage process . In particular , it ~~~is

suggested , R e f .  [5 , p. 6 51 ,  that tile spall arrival time mi ght be

criticall y dependent on V~~, the threshold volume (relative) for

fragmentation . This hypothesis was not t e s t ed  fo r  armor s t ee l  , b u t  suc h

parameter sensitivit y was examined for Armee i ron , as desc r ibed  in t he

nex t  s e c t i o n .

F. P l a t e  Sl
~~p Pa r . ime t€ - r Sensitivity Stu d y

In the p e r f o rm an c e  of the  parameter sensitivi ty ~.tudv , it would have

L 
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been u s e f u l , fo r  compara t ive  purposes , to  have u t i l i z e d  the  p l a t e  s lap

configuration of Fig. 4. However , the BFRACT rarameters appropriate to

copper  were not  d i r e c t l y a v a i l a b l e  ( t h o u g h  they could  have been o b t a i n e d

from SRI) and copper and steel are l ess rock—like in their responses to

tension than the highly brittle Armco iron previousl y selected for

examination . Thus , one—dimensional wave code calculations were made , as

par t  of the present  s tud y ,  f o r  the case of an Armco f l y e r  (of  0 .1270 cm)

i m p a c t i n g  on an Armco t a rge t  (of 0 .4233  cm) w i t h  a v e l o c i t y  of

5.0 x l0~ cm/sec. The size and t ime scales are s i m i l a r  to the  SRI one—

dimensional simulation discussed in the previous section .

The free surface velocity histories of the Armco target are shown

in Fig. 6 for the three cases of tensile modeling listed in Section D.

For t h i s  s imple  p r o b l e m , the  f i r s t two cases — BFRACT and BFRACT MOD I —

are practical ly i nd i s t i ngu i shab l e .  As expected , in st an taneous

fragmentation results in a slightly earlier spall signal arriva l time .

The velocity histories subsequent to the spall tine are similar but the

instantaneous case results in a slightl y higher average velocit y . T h i s

is probab ly due to t i l e  f a c t  t h a t  f r e e  s u r f a c e  v e l o c i t y  coO t inues  to

decrease , once t h e  l oad ing  wave r c f I e c t ~~, u n t i l  the  a r r i v a l  of t h e  spa I l

s i g n a l .  Thus , the  ear l ie r  th e t ime of s pa l l , the  less th e  v e l o c i t y  has

dcc reaseci .

The sens i t i v  i ty  of BFRA C T to  r a t e — d e p en d e n c e  was d i s c u s s e d  e a r l  i c r

and i s  q u i t e  s t r o n g ,  as shown in  l a b l e  3 and  F i g .  3. Tn o rde r  to s t u dy

m a t e r i a l  paramc ’ t €’ r s e n s i t i v i ty ,  t i l e  p a r a m e t e r  l i s t  can he s e p a r a te d  i n t o

a fracture’ set:

[TSR (,T), .1 = I , 61
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and a fragmentation set:

[TSR(J), J = 10, 13]

(See Table 2 for  the ph ysical  s i g n i f i c a n c e  of t he se  p a r a m e t e r s . )

The value of V~~, [ T ( 1 2 ) ] ,  was varied f rom 0.1 to 0 .5 , the  o r ig ina l

choice being 0 .2 .  The f r ee  surface velocity histories are shown in

Fig. 7 for  these three values of V~ . No change was detected in spall

signal arrival time and virtually no change occurred in the post—spal l

signal , contrary to expectations.

In an effort to detect sensitivity to the fragmentation parameter

Tf. [T(13)] was increased from 1.0 to 4.0 (the latter being an

alternate choice in various SRI BFRACT calculations.) The post—spall

velocity history , shown in Fig. 8, became slightl y oscillatory but tile

difference is not considered significan t in the context of ground shock.

As another test of sensitivity, some of the fracture parameters

were varied dramatically, being assigned values appropriate to armor

steel rather than to Armco iron. As shown in Table 4, parameter

values changed by as much as four orders of magnitude. While the spall

signal arrival time , from Fig. 9, became less clearl y defined , t he pos t—

spall s igna l  was not a l te red  very much .

Thus , the p i c t u r e  t h a t  emerges f rom this limited stud y is of the

BFRACT model being h ighl y rate—sensitive , but much less sensitive to a

number of the material parameters .
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27

_ _ _ _ _ _  
_ _ _ _ _ _ _ _ _



-— - -. 
~~~~~~ - -. “‘ 

—w~~~~~ - :

Table  4 .  Dy n a m i c  F r a c t u r e  Pa ramete r s  fo r  Armor S t ee l  and Armco I ron

Code Name In  Armor Armco
D e s i g n at i o n  D e r i v a t i o n s  U n i t s  Steel Iron

TSR( l )  T
1
, Growth cm

2
/dyn/ sec — 0.00012 — 0.0006

coeffi cient

T S R(2 )  0 or P , d y n / c m
2 

0.0 — 2.0 x io 8
go go

Growth  t h r e s h o l d

TSR(3 ) R
1
, Nucleation cm 4.0  x 10 5.0 x 10

size parameter

TSR(4 )  N , Threshold No.cm3/sec 5.0 x io
8 4 .6  ~ io 12

nuc l eation rate

TSR(S )  0 or P , d y n/ c m 2 
- l . 1 2 x  10 10 

- 3.0 x lO~no no
N u c l e a t i o n
t h r e s h o l d

T S R ( 6 )  01 
or P

1 . d y n / c m  - 7.4  x - 4 . 5 6  x IO 9

Nuc  Tea t  i on
s e n s i t i v i t y

From Ref. [5, P. 89]
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IV RATE-INDEPENDENT MODELS FOR GROUND SHOCK CALCULATIONS

A. I n t r o d u c t i o n

In the two preceding sections a rate—dependent model , based on

experimental tests , has been examined in some detail as a candidate model

for tensile behavior of geological materials in ground shock calculations.

I t  is i m p o r t a n t  at t h i s  p o i n t  to t r y  to specif y ,  as c l ea r l y as po s s i b l e ,

the type  and scale  of problems w h i c h  are i n t e n d e d  b y t he ph r a s e  “ground

shock app l i c a t i o n s .” This is done in the  p resen t  s e c t i o n  and i t  is argued

t h at , fo r  p r a c t i c a l  reasons , tens i le  behavior  should  be mode led  as a r a t e —

independen t  e f f e c t  fo r  t h i s  class of prob lems .

B. Larje-Scale - Ground Shock Prob lems

There are many l and—based , nea r  s u r f a c e , d e f e n s i v e  systems f o r  w h i c h

ground m o t i o n  effects f r o m  l a r g e — s c a l e  e x p l o s i o n s  are of concern  (see

Fig .  10) . Such sys tems  would  not  he e x p e c t e d  to  s u r v i v e  a one megaton

n u c l e a r  s u r f a c e  b u r s t  at a d i s t a n c e  of less t h a n , say , 200 m e t e r s  because

th i s  d i s t a n c e  is less t h a n  the  c r a t e r  r a d i u s  i n  o r d i n a ry  g e ol o g i e s .

However , beyond two or  t h ree  c r a t e r  r a d i i , i t  is p o s s i b le  t o  de s i g n

p r ot e c t  ive  s t r u c t u r e s , i f  t he  expec t ed  a i r b ia s t  and g r o u n d  shock e f f e c t s

can he assessed .  I t  is a c u r r e n t l y a c cep t e d  p r i n c i p l e  t h a t  t h c  cos L of

suc h sys t ems  are  k e p t  to  a more  r e a son a b l e  l e v e l  if sit e—specific , th reat—

spec i f  i e~ case  s t u d i e s  a re  made .  To orde r  to  r educe  t h e  n u m b e r  of case

s t u d  ies to a t o l e r a b l e  l e v e l , an a t  t e m p t  m u s t  he’ made  t o  c h a r a c t e r i z e  t i l e

most  c r i t i c a l  p a r a m e t e r s  f o r  such  prob lens .

The th r ca t— s p e r  i~ i c pa r am c  t er s  a r e  , f r o m  t h e  stand po jot of r - , round

shock , r e l a t i v e l y few i n  n u m b e r  c o m p a r e d  t o  t h e  s i t e— s p e c i f i c  p aram eters.

For m a n y  a p p l  i c a t  i o n s , t h e  s i ze  and l o c a t i o n  ~ I t i l t  exp l o s i o n  are  a l l

29
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THREAT ( Y I E L I ) , LOCATION)

SITE PROFILE

TYPICAL RANGES OF INTEREST (1 MT) : 0 . 3  to 3 kilometers

TYPICAL TIMES OF INTEREST (1 MT) : 0.1 to lO seconds

FIG . 10 LARGE—SCALE GROUN D SHOCK PROBLEM S
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t h a t  are  r~ q u i  red.  ( O t h ~~r . ro t i g h l  v e q u i v a l e n t  , p a r a m e t e r s  a rc  a l so  u s e d . )

Givei~ he ~~e pa r amet  e rs , i t  i s  presumed t h a t  an a i r  ove rp ressure  t ime

h i s t o r y  wh l i ch i s  i tIde ’ j)e llde n t of az i cmi t I l  a I di  rec t i Oil cati he defined and

used is an app  l i ed  s u r f a ce  l o a d i n g .  Tb is  procedure has m a n y  h i d d e n

assump t i o n s  such  as :

a) d e t a i l s  of t he  exp l o s i v e  process a re  not  i m p o rt a n t ,

h) details of crater formation are not i m p o r t a n t ,

c) details of air—ground interactions are not important .

The s i t e — s p e c i f i c  p a r ame te r s  are u s u a l ly  c h a r a c t e r i z e d  by a s i t e

prof i le , which is a list of geological materials versus depth from ground

s u r f a c e .  im p l i c i t  in t h i s  procedure are h i d d e n  a s s u m p t i o n s  such as:

a) the  s i t e  can he con s idered  to be horizontall y layered ,

b) each layer is homogeneous and i s o t r o p i c  (pe rhaps ,

t r a n s v e r s e l y ) ,

c) a material model for each layer can be determined .

Typ ically, with current continuum mechanic s assumptions , t h c  n u m b er  of

materi als is between two and twe l ve , and t he  number of model parameters

fo r  each m a t e r i a l  is t h r ee  or more . ThUS , tile number of mo del  p a r a met er s

i ieeded to define a typ I (‘ .1 I g round shock ca 1 cu 1 a t  ion is  he tween s i x  and

few hund red.  If  t h e  a s sumpt ion of h o r i z o n t a l  l a ye r i n g  is considered

in v a l i d  or the  mode ’ Is are made qu i ti compl i cated , t h en  t he  n u m b er  of

p a r a m e t e r s  can inc rease  even f u r t h e r .  Such e ump i  i ca t e d  cal c u l a t  ions  :1cc

some t imes made for  research purposes hu t  s h o u l d  be avoided  u n l e s s  shown

to be a b s o l u t e l y necessa ry  s in c e ’  t h e  e f f o r t , bo th  e x p e r i m e n t a l l y and

computationally, al so w i ll  i n c r e a se  co n si d e r a b l y .  S i nc e  tile i n t ro d u c t i o n

of ra te—dependence  w i l l  add a new d ime’ns i on to the  m od e l  ing proce ss . it

is wor thwh i le a v o i d i n g  i t  * i f  p o s s i b l e , in  g round  shock a p p l  i c a t  i o n s .
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C. Time Scales

The time scale associated wi th  the ra te—dependen t  t e n s i l e  b e h a v i o r

of Armco iron can be es timated by studying the results of Sections II

and I I I .  Fig . 4 shows that  the spall  signal a r r iva l  t imes fo r  the

instantaneous and rate—dependent models differ by approximatel y 0.1

microseconds. The behavior of the iron in this problem can be described

as follows . The flyer plate , impacting at a speed of 5 x lO~ cm/sec .

induces a compressive stress pulse with an amplitude of more than 90

kbars (9 GPa) in the iron . The stress pulse travels to the free end of

the target , attenuating to about 60 kbars (6 CPa), reflects as a

tensile wave , and cr eates tensile stresses ( locall y) of abou t 50 kbar s

(5 GPa). These tensile stresses can be sustained for only a short time

however. As shown in Table 2 (Section III), for uniaxial extension , a

peak tensile stress of 48 kbars (4.8 GPa) corresponds to a strain—rate

= 1.8 x 10~ sec
’, and a total fragmentation strain = 0 . 0 6 .  At

t h i s  s t r a i n— r a t e , the t a r g e t  w i l l  f r a g m e n t  in a t ime

6t f = 0.33 x 10 sec.

Th us , the stress can be expected to reach its most tensile value of 50

kbars (5 CPa) in about half this t ime and then relax hack to zero ( s ee

Fig. I). It is quite reasonable then that the strain—r ate effect leads

to a d i f f e r e n c e  of 0 .1  microseconds in  s pa l l  s i g na l  a r r i v a l  t i m e s .

U s i n g  t h i s  case as a gu ide , i t  can he see n t h a t  1 l I v er  plate of

lower velo city will induce a lower strain—rate and the time d e l ay  w i l l

increase  somewha t .  ( T h i s  t r end  h a s  been o b s er v e d  by p e r f o r m i n g

calculations with fl yer p la te speed s o f 2 . 5  x if ’ ’ cm/sec and

I x 1O~ c m / s e c . )  However , s ince the  t o t a l  l r a g m . . n t a t i o n  s t r a i n  a l s o

decreases , the d e l a y  t imes  do not change as r a p i d l y  Is t he  strain—rate.

32



For exam p le , if the induced t ens i le  s tress is about  8 kb ar s  ( . 8  CP a)

Table 2 shows that  the f r agmen ta t ion  t i m e , as e s t i m a t e d  above , w i l l  he

about 5 microseconds , and t he re fo re  a spa ll  s i g n a l  d e l a y  ot  or 3

microseconds , as compared to i n s t a n t a n e o u s  f r a c t u r e , would  he ex p e c t e d .

Delay times much longer than a few microseconds are not dete ctable s i n c e

the nucleation threshold , o , is about 3 kbars ( .3 GPa) .no

Up to this point , only Armco iron was examined because , as noted

earlier , there is relat ively little rate—dependent data available on

geological materials. Nonetheless , it is possible to make some genera l

statements about soils and rocks for use in ground shock problems . As

indicated in Ref. [1], soils close to the surface have tensile strengths

which are practicall y zero (less than 1 bar) while competent rocks at

depth may have tensile strengths of more than 300 bars (.03 GPa).

Compressive strengths are about 10 times the tensile strength , and

modulus values are 100 to 1,000 tmes the compressive strengths.

Table 5 shows representative values for several geological materials.

(Se e, fo r  examp le , Refs. [13, 14]).

Table 5 “Representative ” Properties of Geological Materials

Tensile Compressive Loading
I Strength Strength Modulus

Material (kbar)* (kbar) (kbar)

“Soil” .0001 to .001 .001 to .01 .3 to 3

Sandstone .01 .1 30

Shal e .03 .3 100

Limestone . 1 1 300
Sla te .1 1 300

(;r~irlit e .2 1 .5 500

kbar = .1 (;Pa
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These p r o p er t i e s  can  va ry  c o n s i d e r a b l y and are  p r e se n te d  o n l y IS a roug h

I nd i eat  ion of p a r a m e t e r  va lues  t o r  some ‘‘ t Yl ’ i ea I’’  m a t e r i a is

Oat a on r a t  c—depe ndent t e n s i l e  b eh a v i o r  of  s o i l s  and rocks  is q u i t e

meager bu t  w h a t  I i t t  Ic ’  t h e r e  is  i n d i c a t e s  t h a t  hcsc’ H a t e  I I a I ~ do n o t

r equ i  re r a t e — d e p e n d e n t  r ep r e se n t  a t  ion  i n  I ar ~~ ’-~ s . I  le  g r ot i t i d  ~ h i , x - k

c a l cu l a t  ions  of t h e  t y p e  d e p i c t e d  i n  F i g .  10. Ti l ls  is  i n d a e n t e d  by t i l e

f a c t  t h a t  t ime scales of less t h a n  10 m i cr o s e c o n d s  are  n e e d e d  t o  re s a l v e

r at e—dependence  in these mat  er i a  I s , y e t  g round  shoc k ca l  eu 1 : u l  10fl5 Ire

c o n d u c te d  w i t h  t ime  s t e p s  one or two orders  of rn agci i t  ude l:i  r ge r .  Ti l e

t i m e  s t e p  is con t ro l led  by wave p r o p a g a t i o n  e f f e ct s  in a g r i d  w i t  Ii boxes

of the  o rder  of one m e t e r  or mo re and wi  t h i  wave  speeds of s ix  k i l o m e t e r s

p e r  sec ond or l ess .  T ime  s teps  g r e a t e r  t h a n  100 m i c r o s e c o n ds  are  t h u s

t y p i c a l  in l a r g e — s c a l e  ground shock ap p i  i t a t i o n s  . (On the ’ o t h e r  h an d

sma I l — s c a l e  p r o b l e m s , e .g .  l a b o r a t o r y  spec imen s  of a f e w  t e n t  m e t  e rs ,

r e q u i r e  m i c r o s e c o n d  scale t ime  s t eps  and r a t e — d e p e n d e n t  e f f e c t s  ~re

d e t e c t a b l e . )

D. Stabilit y and U n i qyeness

In v iew of the  above t i m e— s e a  Ic d i  sctiss i on , i t  w o u l d  he p r e f e r a b l e

to  model  t en s i l e  f a i  lu re ’  b y means of a r a t e — i n d e p e n d en t  c o n t i n u u m

descri ption . However , it is important that certain theoretical c o n d i t i o n s

he’ satisfie d to guarantee that the continuum model yield a unique

solution. To do so may require ’ some m o d e l i n g  a p p r o x i m a t i o n s  w h i c h  t hen

need examination to d e t e r m i n e  t h e i r  range of validity.

The key p o i n t  to observe is t h a t  t e n s i l e  f~i i  l u r e  i s  a lways  a s s o c i a t e d

w i t h  a phenomenon w h i c h  can be c h a r a c t e r i z e d  as b r i t t le .  There may be

v a r i o u s  d u e t  i i c— I ike t r a n s i t i o n s  bu t  u l t i m a t e l y t h er e  appears  a r ap i d

relaxation from a measurable non—zero stress level to a zero stress. This
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r e l a x a t i o n  occurs in a time frame which is practicall y instantaneous . At

this p o i n t , separation of the  m a t e r i a l  occurs  and i t  is no longer a t rue ’

“ c o n t i n u u m ” . However , in l igh t  of the  variability of geo log ica l

materials , it is unreasonable to try to keep track of the various

particles which are c reated by this process.

On th e o the r  hand , the  s t a b i l i t y — u n i queness theory  for rate—

in d e p e n d e n t  c o n t i n u a  is i n c o m p a t i b l e  w i t h  the  i n s t a n t an e o~is. ~st r ess j um ps

( d i s co n ti nu it i e s )  needed to represent brittle tensile failure~~~. One

approa ch to t h i s  s i t u a t i o n  is to examine the uniqueness t h e o r y  and t r y  to

extend the theory somewhat to permit these d i s c o n t i n uit i e s .  Th i s  is

precisely what was done in the case of shock waves in c o n t i n u a , Ref . [ 15 ,

p. 490]. Shock waves are stress jumps in compress ion  (or shea r )  and can

be unde r s tood  ph y s i c a l l y  as the  l i m i t  of v iscous  m a t e r i a l  behav ior  as the

vi s c o s i t y  becomes ex t r e m e l y  small . Mathematically these discontinuous

f u n c t i o n s , c a l l e d  weak s o l u t i o n s , are o b t a i n e d  as t h e  l i m i t  of con t inuous

solutions. N u m e r i c a l l y the solutions are discrete functions which

approxima t e’ the weak solutions; viscosity is sometimes i n c lu d e d  in the

scheme in order to maintain numerical stability. For linear equations

the t h e o r y  i s  comp l e te , and f o r  nonlinear p r o b l e m s  a number  of special

cases ( m a i n l y  o n e — d i m e n s i o n a l )  hav e  been worked out  c o m p l e t e l y  so t h a t  a

p h ys ic - a l  I y, mat l iemat  ica I ly and n u m e r i c a l  ly cohe ren t  t heo ry  e x i s t s  fo r  a

large c lass  of problems . Howeve r , brittle tensile failure is q u i t e

different from a shock wave , and the  theory  r e f e r r e d  to cannot  s imp l y he

transferred to t h is  s i t u at i o n .

Private communication , l.S. Sand ier , Weidlinger Associates , 1976 .
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It is interesting then that numerical solutions have been obtained

using models which represent idealized brittle failure. For example , the

TE NSO R code , R e f .  [16 , p. 198],  has a l lowed a b r i t t l e  f r a c t u r e  o p t i o n  f o r

many years and (presumabl y) no i n s t a b i l i t y  has been traced to ti le use of

t h i s  mode l .  As another example , Ref . [17] presents results for one—

dimensional spherical wave propagation in a material which is linearly

e’lastic , except th at an instantaneous brittle fracture model is

i n t r o d u c e d  when a specified tensile hoop stress develops . There is no

theoretical basis for accepting the results , but since they appear

ph y s i c a l ly sensible  and numericall y stable there may be a mathematical

b a s i s  f o r  u s i n g  c e r t a i n  types  of b r i t t l e  f r a c t u r e  m o d e l s .  One p o s s i b i l i t y

then is to examine this numerical model to sec whe the r  t h e  solution

corresponds  to  .i mathematica lly well—posed problem which is physicall y

a c c e p t a b l e .

A n o t h e r  app roach  to  til e un iqueness  p rob lem is to  t rv t o  mode l  hr  i t t  I c ’

f a i l u r e  by  means of I ) l a s t  i e ’ i t y  fo r  which  the re  i s  an Cst a i ) 1 i sh e d

u n i q u e n e s s  t h e o ry .  Tile ’ I l I ) p e  lle’re i s t h a t  t h i s  ;Ip p r o x  I f l I 1  t i O n  ( i . e’ . d u c t  i i  e’

ía i I t i re  i n s t e a d  of b r i  t I c )  can be shown t t ) he ’ I t  I I )  t II ) I c ’  f or  Us e  i n

I a r g e — s c ale  g round  shock app  I i  c’a t i ons .  Tb i s  is tIl e t e c h l l i  i qut ’ ~~i i c i i  iS

used in the  cur  r en t  cap node ’ 1 r o u t  i Il e ’ , Re’ I .  [2 ] . A s c r  i -
~~ ot ~ i ml ) I t ’  (~llC ’

d i m e n s i o na l c a l c u l a t  i c~ns c arl he made w h i c h  w i  I I I I  I ow t h i s  mod~ I i n g

t e c h n i que to be e x a m i n e d .  The s t a b i l  i t v  and  t I l i i I l l I t ’ l I t - --5 the ory b r  b r i E  I t

f r a c t u r e  can be st u d  ied a t  tile ’ same ’ t ime ’ qu i t e  eonven j el l  t 1 v and

recommenda t ions  c o n c er n i n g  these  ideas  a r e  d i  scusat cI in St t i on V .

The’ b r i t i  Ic ’  f r a c t u r e  model i n  l E N S O R  r e d o  os to t h e  mo de l usc ’d  i n

R ef  . [ I sJ f o r  t h e  t a  se of  sp he r i c a  I symm t ’  t rv •
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V CONCLUSION

A. Summ a ry

As recommended in R e f .  [ 1] ,  the  SRI r a t e — d e p e n d e n t  b r i t t l e  f r a c t u r e

model (as implemented in BFRACT) has been examined by means of some simp le

o n e — d i m e n s i o n a l  c a l c u l a t i o n s  u s i n g  parameters for Armco iron . Tile’ model

is st r o n g l y  r a t e — d e p e n d e n t  b u t  t ime  sc a l e s  of a few microseconds  arc

needed to resolve these rate effects . From t he  m e a g e r  d a t a  a v a i l a b l e ’  on

geological materials , rate e’ffects in rocks are b e l i e v e d  to he of t h e  same

time scale . Since large—scale ground she)ck calculations are typicall y

performed with time steps larger than 100 microseconds , i t  is im p r a c t  i l - a l

to c o n s i d e r  u s i n g  such a model for these problems and other modeling

t e chn i ques shou ld  be c o n s i d e r e d .

l ’ l t i m a t e l v  t e t l s i l e  f a i l u r e  a l w ay s  appea r s  as a b r i t t l e ’  phenom ’n on

where in  a p r a c t i c a l l y i n s t a n t a n e o u s  s t r e s s  d r o p  o c c u r s .  In its ideal ized

r a t e — i n d e p e n d e n t  f o r m , hr  I t t i e  f ra c  t u re  I s in c o mp a t  i h i  e w i t h  stab i i It v and

u n i q u e n e s s  t h e o r y  f o r  a continuum. (Once’ fracture occurs t h ~ ma terial is

no longer  even a con t  inuum . ) H o w ev e r , two p o s s i b le  a p p r o a c h e s  s l l o l l l  d he

examined  s ince  the’y may he a c c e p t a b l e  f o r  b r i t t l e  t e n s i l e  m o d e l i n g  i n

l a r g e — s c a l e  g round  shock app l i c a t  i ons .  F o r t u n a t e l y , t hese  two a p p r oa c h e s

can be s t u d i e d  ~ t t h e  same t ime q u i t e  c o n v e n i e n t ly .

B. R e c o m m e n d a t i o n s

I t  is recommended  t ha t .  a s e r i e s  of o n e — d i m e n s i o n a l  p r o b l e m s  he

examined in order

( i )  to  d e t e r m i n e  i f  i t  is  p o s s i b l e  to  u se ’ an i d e a l  i zc ’d  b r i t t l e

f r a c t u r e  model  i n  a wave code w i t h  t h e  gua ran t ee ’  t h a t  a w e- I I —

posed p r o b l e m  ( w i t h  a on i q ne  so l  u t  i o n )  i s be i r ig s o l v e d
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( i - i ) to t e s t  the range  of v a l i d i t y  of u s i n g  a 1) 1 ~st i c i t y  me Rle I i n

p lace ’ of  a b r i t  t I~ ’ f r a c t u r e  mode l  in g r o u n d  shoe- k

app l i c a t i o n s .

O n e — d i m e n s i o n a l  wave p ropa ga t  ion w i l l  be stud ied wi th a r a t e — i n d e p en d e n t

b r i t t l e  fracture model. This numerical model will he examined

theoretical ly to try to determine if it represents a physi cally

reasonab l e , mathematically well—posed problem. The plasticity model

which is currentl y used in tile cap model routine , Ref. [2 ] ,  w i l l  a l s o  be

used in the same wave code and t h e  results will be examined with large—

sca le  ground shock a p p l i c a t i o n s  in m i n d . By t h i s  means it is hoped t h a t

an acceptable rate—independent tensile model can be developed .
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