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20. ABSTRACT (Continued )

~~~~ The application of the CAPRI code to numerically analyze the response of a
magnesium nose capped cylindrical steel projectile strikin g sandstone is
demonstrated and discussed . Detailed numerical results depictin o the confin-
uration of the projectile-sandstone system , and contours of stress in the
projectile , at various times after impact are given. Also , time histories of
acceleration , velocity , displacement and stress at selected mate rial locations
are shown .

The CAPRI code represents an initial attempt to develop an Eulerian nume rical
code suitable for numerical analysis of such a class of impact problems . It
is suggested , however , that further refinements be made in several features
of the numerical scheme before the code is ritade generally available for
projectile design studies.
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PREFACE

It has been suggested that one possible way of cushion-

ing the impact of an earth penetrating weapon (EPW) striking

rock at high velocity may be to add a sacrificial nose cap to

the EPW. Such a nose cap would be designed to undergo large

plastic flow and fracture during the impact process and , in so
doing , dissipate a significant portion of the initial kinetic

energy.

The investigation reported herein was part of a larger

effort sponsored by the Defense Nuclear Agency , Strategic

Structure Division , to examine the feasibility of the sacrific-

ial nose cap concept. The objective of Systems, Science and

Software ’s (S3) participation in the program was to develop

a two-dimensional Eulerian numerical method suitable for analy-

zing EPW-rock impacts which could be used for parametric

studies to perfect the design of sacrificial nose caps. The

work performed by S3 toward this goal is described herein .

The Principal Investigator for S3 was Dr. H. E. Read , and the

Project Officer for the DNA was Lt. Col. D. Spangler .

We wish to express our appreciation to Dr. Paul Hadala ,

U.S. Army Waterways Experiment Station , for his help during the

early phases of this work , and for his continuing encouragement

‘1 throughout. Thanks are also extended to Mr. M. H. Wagner ,

California Research and Technology (CRT), for helpful conversa-

tions pertaining to the CRT sandstone model and for performing
a Lagrangian stress propagation calculation using this model to

aid us in checking our algorithm for incorporating the model

into our Eulerian code.
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1. INTRODUCTION

1.1 BACKGROUND

Considerable interest has developed within the defense

community during recent years in weapons that are capable of
penetrating some distance into the earth before detonating .

Such a weapon function is particularly attractive because it

(a)  reduces the collateral damage produced , and (b) enhances
the direct-induced ground shock developed . To be generally
effective , earth penetrating weapons (EPW) must be capable of

penetrating various geologic targets , ranging from soil to rock ,
without producing critical damage to the payload . To design
weapons with such a mission capability requires knowledge of

the intensity of the dynamic loads experienced by the reen try
vehicle and its internal components during the penetration

process.

The major e f f o r t  to date to understand projectile
penetration reponse has been directed toward soil targets .~~~~

7
~

In this case , the hard (usual ly  steel) penetra tors undergo
relatively small deformation during penetration into soil. An

extensive data base on projectile penetration has been accumu-

lated over the years from numerous field tests involving both

large and small scale penetrators and a variety of soil targets .

The penetration of projectiles into hard rock is also

of defense interest but has received less attention —- both
experimentally and numerically -- than soil penetration .
In an effort to reduce the intensity of the stress waves that

are propagated back into the main body of such a penetrator

after impact on rock , several modifications to the basic pene-

trator design have been proposed . One of these involves

attaching a nose cap of different material to the penetrator .

The notion behind this concept is that the nose cap material

can be designed to undergo large plastic flow and/or fracture
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during the penetration process , and in so doing , dissipate

sufficient kinetic energy tc’ cushion the impact process.

In the case of projectiles which are sufficiently hard

that they experience very little deformation on impact with

rock , the Lagrangian numerical method~ 
8 original ly developed

for projectile-soil penetration appears to be adequate . How-

ever , if on impact with rock a projectile experiences large
deformation , the Lagrang ian numerical approach described in
Reference 8 is inadequate . For such cases , a numerical method

is needed that can cope with large plastic deformations accur-

ately , and can also treat the effect of sliding friction ,

which develops between the penetrator and the rock , on penetra—

tor deceleration .

Unfor tuna te ly, none of the exis t ing  Lagrangian or Eulerian
numerical methods are suitable for this class of impact prob-

lems . While Lagrangian methods are capable of t rea t ing mul-
tiple materials and frictional sliding quite accurately , they

are unsuitable for problems involving large plastic flow ; al-

though Lagrangian methods are often applied by the de fense
community to problems involving large plastic deformations ,

the calculational process usually requires extensive rezoning,

and little is known about the credibility (accuracy) of the

results so obtained.

‘1 The basic strength of  the Euler ian method lies in its
ability to treat large deformations straightforwardly . On

the other hand , the Eulerian method is not particularly well-

suited for handling explicit material interfaces , especially

those defining free surfaces and sliding interfaces . The

Eulerian approach is also susceptible to spurious numerical

diffusion , which arises from motion of material through a fixed

Eulerian grid. In Lagrangian schemes , on the other hand ,

the grid is attached to and moves with , the material and con-
sequently there is no mass transport across cell boundaries.

4 8
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The mass transport procedure typical of most Eulerian schemes

requires a mixing between the advected mass and that which

remains in a zone; this mixing is responsible for the numerical

dif f u s i o n , but dces tend to stabili :e the numerical scheme .

Whil e the Lagr angian an d Eulerian me thods each have
their own characteristic limitations and virtues , we decided

to adopt the Eulerian approach in the present effort as the

basis on which we would attemp t to develop a numerical method
suitable for  the ana lyses of penetrator—rock impact . Because

of the severe distortion expected to occur in the class of

problems of interest to the present study , it was ~e1t that
the Eul er ian app roa ch would be pref erable if the errors ~iue
to numerical diffusion did not significantl y degrade the

numerical solution . Fur thermore , an improved mass transport

algorithm would be needed to reduce numerical noise c~enerated

as ma ter ial interf aces cross cell boundari es , It was recog-

nized at the outset that , to accomplish this objective would

require a number of significant advancements in Eulerian code

techno1o~ v , and the present study was undertaken with this

risk in mind .

1.2 SCOPE OF EFFORT

The scope of the effort described herein was limited to

(a) the development of a two—dimensional numerical method suit-

able for analyzinq the impact of projectiles with rock targets ,

and (b) solution of a problem involving the normal impact of

a solid projectile havinq a soft nose cap with hard rock to

demonstrate the feasibility and applicability of the new num-

erical method . P±tention was confined to solid projectiles

since it was recognized that fu r ther adva ncements in nume r ical
methods , beyond the scope of the presen t e f f o r t , would be re-

quired to produce a procedure that would be satisfactory for

analyzing the impact reponse of soft nose capped penetrators

having thin-walled main bodies.

9
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1.3 SUMMARY OF RESULTS

The main objectives of this study were accomplished ,

namely (a) a new Eulerian code CAPRI* was developed which is

specif ica l ly  tailored to trea t problems involving the normal
impact of deformable projectiles with rock , and (b) the app li-
cation of CAPRI to a projectile—rock impact problem was demon-

strated .

The CAPRI code is a two—dimensional Eulerian code devel-

oped from the existing HELP code~~
9
~ framework . It features

the following new capabilities which are evidently important
for the class of impact problems of interest to the present

investigation:

• Accounts for material strength in mixed-
material computational cells.

• Treats frictional sliding between ma ter ial
surfaces in contact.

• Satisfies the correct boundary conditions on
stress an d veloci ty at interfaces between
materials in contact by equilibrating the
normal components of stress and velocity .

• Contains an improved algorithm for trans-
por ting mass and other rela ted material
properties through the Eulerian grid.

• Accommodates complex geologic material models ,
including those having a number of history-
dependent parameters (see Appendix A for
further discussion on this point)

The major portion of study was devoted to the formulation ,

development and debugging of the intricate numerical algorithms

required to incorporate the new features listed above.

To examine and demonstrate the abi l i ty  of the new code

CAPRI to perform numerical analysis  of deformable projecti le-

rock impacts , it was applied to a problem involving a solid

*CAPRI is an acronym for Code for Analysis of Projectile—Rock
Impacts.

4 10

- 
I 

— — 

P

_
_ 2 _ ~~’.J~~p~~_t 

~~~~~~~~~~~~ .-~- - ~ ..e_4s..~
j
~.-- - - - 

~~~~~~~~~~~~ — —  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



cylindrical projectile , having a soft magnesium nose cap ,

impacting sandstone at normal incidence . A numerical solution ,

which appears to be acceptable , was obtained out to a time
af te r  impact (27 ~.isec) at which a substantial part of the pene-

tration process had occurred . In the process of performing

this calculation, however , a number of d i f f i cu lties wi th the
numerical scheme arose which made it necessary for  us to discon-
tinue the calculations . Each time this occurred , the source of
the difficulty was uncovered . An appropriate modification was

made in the f low f ield at that time*, and the calculation resumed .

The calculat ion was not continued beyond 27 ~sec because ,
by this time , the soft magnesium nose cap material had undergone
such severe p las t i c  f low that  i ts th ickness , in some regions ,
became less than the Euler ian  zone size ; this resul ted in three
materials  being presen t in one zone and , in the present state
of development, CAPRI (as well as most Euler ian codes) is
unable to adequately cope with such a situation. However , the
numer ical calculation could have been rather straightforwardly
continued by rezoning the Eulerian grid wi th  smaller zones;
this was not done .

The work reported here clearly represents only a first

step toward developing a numerical method specifically designed
for analysis  of projectile-rock impacts. To adequately incor-

pora te some of the physical e f fec ts fel t to be important in
such impact problems into the Eulerian framework possibly re-

quires extending the Eulerian method to the limits of its cap-

ability . Clearly, there is a need for further investigation of ,

and improvements in , a number of features of the CAPRI code

before it is made available for general use in penetrator design.

*Each time a modification in the flow field was made , it was
confined to a single cell .  Furthermore , the cells in which
such modifications were made were located in regions where
their effects probably had negligible influence on the over-
all deformation and penetration process .

~~~~~~ 

_ _  
_

11

_ _ _ _  
I

P

- — ~~~~~~~~~~~~~~ 

-



2. NEW FEATURES OF THE CAPRI CODE

The major  new capabilities which are ava ilab le in the
CAPRI code are described in this section ; these include : (a)

an approach for treatin g f r ictional s l id ing , (b) a procedure
for incorporating material strength in mixed-material zones ,

and Cc ) an improved algorithm for transport of mass and other

related material properties.

2.1 FRICTIONAL SLIDING

Euler ian  numerical  procedures have been developed and
incorporated into codes for treating frictionless sliding be-

tween materials in contact.~~
9
~ In many problems of practical

interest which involve the sliding between two ~eta1s in contact ,

the heat generated by the sl i d~~ng process may produce melting

at , and in the v i c in i ty  of , the mater ia] .  i . at e r face . In many

such cases , it can be reasonably assumed that the sliding pro-

cess is frictionless and this s:~ p1i~ ication leads , in man y
instance s , to predictions that exhibit reasonable correlaticn

with  observat ions .

For the class of problems of interest to the present

study , however , ~t was felt that the frictional forces due to

s l iding may have a significan t effect on nose cap deformation

and overall penetration performance . On this basis , a nume r ica l
procedure for treating f r i c tional slid ing was developed , in-

corpora ted into the CAP RI code , and utilized in the numerical

study discussed later in Section 3.

In the seque l , the term “slip cell” is used to denote an

Eulerian computational cell which , a t the time of in terest , con-
tains two materials that may slip relative to each other along

their common interface . The sliding materials may be either

similar or dissimilar . In the sections which follow , the pro-

cedure developed for treating sliding friction in the CAPRI

4 1 2
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code is desc r ibed .  P a r e n t h e t i c a l l y, we note tha t  the E u l e r i a n
numerical scheme on which CAPR1 is based consists of three basic

phases , namely, (1) a Layran~ ian i’h~ se in  w h i c h  the g o v e r n i n g

equat  ions  are tr e a t e d  by d i s r e g a r d i n g  the  e f f e c t  of n ; J S S  f l o w ,

(2) a flow phase in which t he  material i s  t r a n s p o r t e d  t h r o u g h
the fixed Eulerian grid , and (3) a final phase in which the

rritcr ial c(Juj eflefltS in a cell are homogenized. The major

r1 ’ vi  ~~i Of l S  to  the Ct H  r ( ’flt Eulerian methoJoloqy wI re m .ele in the

no i an and Mass ~an~~poi t phases , and the det a i is of how

this ‘.~,is ~IvcoIn pl i ~ht ’d are qivefl below.

2.1.1 Eq~uat  ens for Laoranoi an l’hase

In the CAPRI numeric al s cheme , the material interface

is defined by a string of (~ .~ssivc ) tracer particles which are

attached to , and move with , the i~ate ri a l as it travels through

the fixed grid during the de f o r r .~a t i on  process  (see  J-’i (:ure 1)

To facilitate the treatnent of sliding, the interface is con—

sidered to be defined by a strai ght line connecting the points

where the tracer string intersects the boundaries ot the slip

cell , i.e., line ab in Figure 2. The normal and tangential

c1ir .~ct  i c n ~ are defined in terns of t h e  angle C wh i ch the line

ab ro~ es w ith the ra bial axis.

Fioure 3 depi cts the stresses a c t  i n g  on each of the two

n1itcri al elenents occupying a typical slip cell. Across the

corrn’on nat~ ria1 interface the tangenti al component of velocity

is in ceneral , discontinuous , while the following continuity

conditions hold for the normal stress a~~, the tangential shear

stress , r , and the normal component of velocity V ;

=

T
i 

= 12 (1)

(V) 1 = (V) 2
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Material 1 
,

~~~ . ~1ateri 1 1

a
a Material 2 Material 2

H

Figure 1. Mixed Eulerian cell Figure 2 . Idealization of slip
with  sl ip interface , interface employed in

sliding algorithm .

~~zz~ 1A1(1)
~~rz~ 1R

rr~ 1L~~~~~ 

- 

~~rr~ lR

n

_______r ( t) 2~

~
‘zz~ 2B

Figure 3. Stress components acting upon
material elements in a slip cell,
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Here , and in that which follows , the subscript 1 refers to

material 1 and subscript 2 to material 2. Upon applyi ng the

law of motion over a time interval 1~t to each of the material

elements , the following system of linear equations result which

govern the motion of the material elements during the Lagrangian

phase of the numerical scheme :

~n+1 (At Sin (‘A .\~ 
— cos dA .\~ = Iu ’~ + ~~~~ F~~\ (2)

1 11 fl ~m1 ‘1 k 1 m1 1/

~n+l (At cos OA.\o - sin flA . \~ /V’~ + ~~~~~ F’~ \ (3)
1 ~m1 1/ n ~~~~ 1/ 1 m1 

2 /

s in  OA.\o + cos OA . \~ (u i’ ÷ ~~ l?’~ \ ( 4 )
2 ~m2 1/ n ~~~ 1/ 2 m2 3 /

~n+l (t~t cos C A . \ O  + s in  CA. \~ Iv~ + ~! F~ ~ (5)2 ~m2 1/ n ~ m 2 2 m2 4 /
Here , m1 and m2 

denote the masses of the material elements

occupying the slip cell at time t~~, and A~ is the surface

area of the interface between the materials at t~~. The tilde

is placed above the velocity symbols to denote their values at

the end of the Laqrangian phase. Finall y ,  the forces

are defined by the following equations:

F~ = 

~~rr~ 1R A iR 1°rr~ lL A lL + (T z)1A A lA

- ( T )
lB A 1B 

— 

~~OO~ l 
A
1

= 

~°zz~ lA A lA 
- 

~~zz~ 1B 
A 1B + ( T ) 1R A iR - ( T ) lL A lL (6)

F~ = ~~rr~ 2R 
A2R 

- 

~°rr~2L 
A2L + C i )  2A

— ( T ) 2B A 2B 
— 

~°OO~ 2 
A2

~~zz~~2A A 2a — 

~°zz~ 2B 
A 2B + (T rz

)
2R A2R 

— (T rz )2L A 2L
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where all quant i t ies  to the r ight  of the equal signs are eval-

uated at time to, and the A’s denote partial areas .

Upon requiring equality between the normal components

of velocity for both materials , one obtains the expression ;

sin® - 
~~~~ ~os® = U~~

1 sin® + V’~~~ cos® = 0 (7)

To complete the above system of equations , the dependence

of the frictional shear stress r on the other independent var-

iables must be prescribed . In a related DNA-sponsored program ,

a series of experiments was performed by S3 to characterize the

frictional shear stress developed between steel and rock during

high speed sliding .~~
0
~ Experimental results were obtained in

th is  study for  sl iding velocities up to 3000 cm/sec and for
normal stresses up to about 1 kbar . Within this ranqe of slid-

ing velocities and normal stresses , the frictional shear stress ,

, in all cases studied was found to obey the law :

= 

~ 
exp (

~ ~
a) (8)

where C denotes the sliding velocity , a~ is the stress normal
to the direction of sliding , and and ~ are material-dependent

parameters. For the class of defense—related impact problems

of interest to the present study ,  the sliding velocities and
normal stresses lie well beyond the range covered by the ex-

(10)periments noted above . In such cases , i t  can be argued

that the frictional resistance will most likely be less than
that indicated by the low velocity—low stress laboratory tests ,

and also exhibit only a weak dependence on sliding velocity .
On this basis , the following expression was proposed in Refer-
ence 11 and adopted in the present study to describe the fric-

tional shear stress i developed between steel and Dakota

sandstone for high velocity—high stress conditions:

= a exp (—c 0/b) for (.9)
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Her e , a = 0.19 and b = 1 .6 kbars. Equation (9) prevents an

unlimited buildup of frictional stress , reaching a peak value

of 0 . 1 1 2  h b a r s  a t  o = 1.6 kbars. In the  CAPRI n u m e r i c a l

S C hem e , F .qutt ion (9) is described by t h e  f o l  lowi ny expression:

= si gn  {(V~ )2 
— (V~ )1 } 

F(o~~) (10)

w h i c h  oov ides the r g cr sign of i i n f enns of the . nj e n t  i a 1

v e l o c i t  i 1 ’s. The f u n c t ion  F ( o 0 ) is d e f i ne d  by :

p 
F (a) = ac cx : (_ o ~~/b )  ( 11)

w h e r e  the v a l u e s  of the constants a and b are listed above .

J~du a t  ions (2) to (5), (7) and (10) f o r m  a system of six

l i n e a r  e q a at i o n s  w h i  eli is solved in t h e  CAPR I code by m a t r i x

i n ver s i o n  t o  y i e l d  t h e  v a l u e s  of t h e  s i x  u n k n o w n s  , v~~
4 1 ,

~~~ 1 Th~ 1U 2 V 2 , a and ~t at  t h e  e n i  of t h .~ T a g r a n q i a n  ohase of the

c a l c ul a t i o n .

2 . 1 . 2 C a l e C a t  ~en of th p. vj it ~~~j c  S t r a i n  ~~~t s  f o r
. t , . r ~~~ s l n  ~~~~~~~~~~ 

— — . — — — —

A s  i e t  ed ab o ve , the prec’elino e 1u a t  i ons  app l y  to the

Ti.jrangian phase of t h e  1;u lcrian numerical scheme , and they

‘1 ensure that the basic conditions which app ly at material inter—

faces [see Eq. (1)] are satisfied during this phase of the cal-

culation. In order to equilibrate the normal stress components

after the mass transport phase , one m u s t  ca lcu l a t e  t he st r ai n

rates for each material in the sli p cell. This is not a trivial

task , since the material interface is a surface across which

the s t r a i n  t enso r , and consequently the deviatoric strain rates ,

are discontinuous.

A procedure was developed for the CAPRI code which pro-

vides an approximate method for calculating the deviatoric

strain rates in each sli p cell ma terial; this approach utilizes

4 17
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the velocity components of a material element in the slip cell ,

as well as those of the same material in neighboring cells , to

calculate the deviatoric strain rates for that material. The

procedure is clearly most accurate when the material interface

passes through , or near , the cell center , and becomes more

approximate as the position of the interface deviates further

f rom t h i s  c o n d i t i o n .

2.1.3 E~j u i 1i br at i on of Norma l_ St ress  Components  A f t e r
Mass Transport phase 

- - —

After comp letion of the mass transport phase , the code

utilizes an iteration p :ocedure to equilibrate the normal com-

ponents of stress in the two slip-cell materials. In the iter-

ation scheme , the deviatoric strain rates , determined by the

method dts’ribed in Section 2.1.2 , remain fixed and the den-

sities of the two materials in the mixed cell are adjusted

until the components  of s t ress  normal  to the i nt e r f a c e  are

equal. The present iteration scheme is particularly tailored

to treat the case of interest herein in which one of the slid-

ing materials is a metal and the other a rock material. A

rock-type constitutive model introduces considerable complex-

ities into the iteration procedure because , for such mat erials ,

the hydrostatic and deviatoric components of stress are usuall y

coupled through the dependence of the yield strength on pres—

sure.

After the procedure for treating frictional sliding be-

tween materials , described in the preceding sections , had been

incorporated into the CAPRI code , a simple two-material prob-

1cm , for which a theoretical solution could be obtained to

check the numerical results , was analyzed with the new code.

A description of this analysis , and the corresponding results

obtained are provided in Appendix B. As shown there , the

agreement between the theoretical and numerical solutions is

excellent.

4 18

Pp ...~j k  
. 

~~~
*., ,

j i -

~~ — ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ - — —~~~~~~~~~~~~~~
-

~~~~~ 
--

~~~~~~~~~ -~~



~1
2 . 2  MASS TRANSPORT

2.2.1 Shortcomings of Existing Methods

In s t a t e — o f - t h e — a r t  E ul 9r i a n  codes such as HELP ,

the mass f l u x , 
~~~~ 

of mater ia l  i t h r ugh a boundary  of a
mixed material ~e1l i~ usuall: ~ive n by an expression of the
form:

f.m. = o . v .  A.2.t (12)
1 i i  1

where denotes the donor cell dens ity, v~ is an interpolated
velocity representing the velocity normal to that boundary at

the end of the time s tep ~t , and A 1 represents  that  portion of
the area of the cell boundary  intersected by mate r ia l  i. The
area A 1 is determined by tracer particle positions.

There are several shor tcomings in the mass transport
algorithm described above . In the firs t place , subs tant ia l
inaccuracies can arise in the ca lculation of mass f l uxes as
a material interface crosses over an entire cell boundary
during a single time step . To illustrate this , consider
Figure  4 which shcws the positions of a mate r ia l  in te r face
before and after it crossed a cell boundary at times t and
t.- .~.t , r e s p e c t i v e l y .  According to the i n t e r f a c e  posi t ion at
time t, the cell boundary is intersected only by material 2.
Thus , on the bas is of the algor ithm d iscussed above , the area
for material 1, A1, is zero and no material 1 is transported

across the boundary. It is obvious , however , from the position
of the interface at time t+~. t that some material 1 has entered
the cell. Moreover , it is necessary to reduce the flux of
material 2 as calculated by Eq. (12) since , for this case ,

there is general ly  less mass of mater ia l  2 in the cell than
is calculated .

Another difficulty may occur if an interface leaves a
cell and the flux of material calculated by Eq. (12) is in—

s u f f i c i e n t  to evacuate all of tha t ma te r i a l  from that  cell ,
i.e., some of the material is left behind . In this case, special

~:ii.. IT:1~T~L2 1JIi:±~t:.~I11~ ±~~i~ . .
~~~ I
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procedures are  u s u a l l y employed to increase the flux so that

a l l  of the m a t e r i a l  is e v a c uat e d .

Since  the  d i f f i c u lt  ics noted above v a n i s h  as t h e  t n-ic

step becomes very  smal l , subcycl  in g  p rocedures  hav e been

i n t r o d uc e d  to r educe  e r r o r s  in  t ranej ort across  m i x e d — m a t or ia l

cell  b o u n d a r i e s .  T h i s  i s  accomp l i s h e d  by u s i n g  N t i m e  s t ep s

for r:iass t r a n s p o r t  c a l c ul a t i o n  w i t h i n  each n o r I ~~I l  t i m e  st e p

‘t .  The nu~iber  N is  selected by the user , and , i n  i t  a c t  ical

app l i c a t i o n s , is usuall y taken to fall in the ran~~e 2 < N ~ 4 .

One disadv. nt :Iee of subcvcl  in  , of cour se , is  t h a t  i t  can

increase significantl y t h e  cos t of  a calculation . F iirt  h - m ore

al t hou gh t h e  e r r o r s  i n  t r , i n r r t  a r e  e n b t a n t  i a l  l v  r e du c e d ,

they are not ci iminat e l . ; t h e y  a r e  u s u a l l y sIT~al  I and  are

quickly cla:r~~ed by t h e  sp u r i o u s  :i~i:~ieri ca1 ( h f  fusion character-

is tic of E u l e r  ian codes.

2.2.2 ~~ew A l a r i t  hr~ for  M a ss  T r an sp o r t

I n  t h e  c i ir se  of t he ~e se n t  pro~ r am , i t w a S  f ou n d

that t he mass  t a n s p o r t  a i ro r  i thm d ser ibed i l  eve  .~ a s unsa t i s —

f a c to r y  for t h e  c l as s  of  i~:ipact  r o b lem s  of m t  rest. In o a r —
i : i l i r , he re i i~ i’.’ely l w  s t  i s.s -s : - n c i a t d b y p r o j  c~ n e —

r ’ ” ~ i m p x ’t s w r o  si qni I h -a n t  i y pe r t u r b e d  by the  r e l a t  i v ely

l i r e rrnri rie,~l er r o r s  h - h r - r a t  -d as mat e rial interfaces c r os se d

c e l l  bou n d a r i e s .  Fut hormore , t h e  h i s t o r y — d e p e n d e n t  pa r a m e t e r s

i n  t he sa n d  t o n e  r ’rrsle 1 m aW i t “ re member ~ t h e  n o n — p hy s i c a l

S t  i t e S  i t  p~~sse l .  t } i r c r i n h , t h u s f u r t h e r  d e a r a d i n q  t h e  rd i a b i l —

i tv  of the r e s u l t s  o b ta i n e d . Since  t h e  number of “ subcvc lc’ s ”
of t h e  m u l t i n a t e r i a l  c e l l  mass  t r a n s po r t  a l g o r i t h m  necessary
to reduce these errors to a n accepta b l e  level wou ld ha ve m ad e
the calculation prohibitively expensive to do , it was decided

to a t t e m p t  to improve  the  a l g o r i t h m .

The improvement essentially involves a redefinition of

the area term , An~ 
in Equation (12) whenever either of the two
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problem cases discussed p r ev ious ly  are  encounte red . I n each

case , ‘rn , the mass f l u x , is considered to be known , i . e . ,
i t  is the to ta l  amount  of mass of m a t e r i a l  n r e m a i n i n g  in t h e
c e l l .  The n the  area term is d e f i n e d  to be the  v a l u e  necessary

to sa t i s f y  E q u a t i o n  ( 12)

A ‘ni /~ ~ ‘t . ( 13 )n n n n

The area t e r m s  f o r  any  o t he r  m a t  r i a l s  w h i c h  i n t e r s e c t  t h a t

cel l  bo u n d ar y  are  now -report io n a  I l y 1 ~iisted to s i t  i sf y t h e

c on s t r a i n t :

A ( 1 4 )

-,ch -re  A is t h e  t o t a l  ir ea o f  th~ ‘ i i  f a c e .

‘rho ai ror ithu (1 -s - m i l l. ri ~~-~ e was incor :orat ed i n t o

the CA I Rl co lt - aol used  n o n ; w ith “ srrbc vcl m g ’ on s e v er a l

t e s t  : roblems inv ivin ; \- ‘ -r ti -a l , l i  r i s o n t al  a r i d  d i  a r o n n l

oove:n e nt  of a sol id  b ar  i n  u n i f o r m  m o t i o n  in r o sn d c d  b~ a
f r e e  s u r f a c e .  V i r t u a l  1 v no n r - i - r i c a l  noise war; p-r -rated

by t h e  im p r o v -d n i s s  t ra~ i p r t  i l n o r i t  hn .

2. 3 M A T E R I A L  1-’Al L U R E

Th e prob lems  cons iu ’m -cI in  t h e  resent s t u d y a re  c h a r —

ac te r i  zed by ex t  ens ive  f r  i I ir e  of m a t - r i  a 1 . The p e r r e t  rat ion

o f a p r o j e c t i l e  i n t o  rock is iccomp i ished t h r o r r ; h  e x t  en s ive

f r a c t  i i i  ing and conm inut ion of the rock. Furl hermore , t he

severe  d e f o r m a t ions t h a t  sof t n ose caps w i l l l i ke l y exper i-

ence d u r i n g  p e n e t r a t i o n  can be expected to far exceed  the

failure threshold of the m a t t r r n l .

Reg ions of failed m a t e r ia l  move t h r o ug h an Eril erian

grid as a result of (a) further crar-kinq and failure , and

(b) elvection of material. An approx imat e met hod w i n  devel-

oped and i n ’ or p o r a t e d  i n to  the  CAPR I code to (a )  r educe the

4 22
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e f f ec t of numerical d i f f u s i o n  on the iden t i f i ca t ion  of regions
of f a i l u r e  and (b )  allow for the e f fec t of fa i lu re  on material
proper ties. This was accomplished through the introduction of
a f low f ield  f r ac ture var iable  F.  Th is var iable is a ma terial
property which characterizes the failure state of a material.
If the mater ia l  in a zone is unf rac tu red , F = 1, whi le  F = 0
for a zone occupied by fractured material only. For zones

con ta in ing  both f rac tured  and unf rac tu red  mater ia l , the value
of F lies somewhere be tween zero and un i ty . Since F is a
mate r ia l  p roper ty , i t  is t ransported through the Eule r ian  grid
in the same manner as the stress deviators.

A s presently structured , the CA PRI code assumes tha t
failed material is unable to support deviatoric stresses.

According ly, in zones containing both f ailed and unfa i led
ma te r i a l , i . e . ,  where 0 ~~. F 1, the shear modulus G and yield

s t rength  Y are reduced propor t ionate ly  in the fo l lowing  manner

to reflect the degradation in material strength :

G = FG 0
(15 )

Y = FY
0

Here , F denotes the f r a c t i o n  of failed material in the zone ,

and G0 and Y0 represent , respect ively, the initial unfailed

values of the shear modu lus and y ield strength.
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3. NUMERICAL STUDY OF NOSE-CAPPED PROJECTILE IMPACTIN G ROCK

A two-dimensional numerical study was performed with the

new CAPRI code to examine , and to demonstrate , its ability to

a n a l y z e  the response of highly deformable projectiles strikino

rock . The details of the study are given in this  sec t ion .

3.1 DESCRIPTION L)F IMPACT PROBLEM

Fi cure  5 depicts the initial axisymmetric configuration
of the projectile—rock impact problem considered in the numeri-

cal study . The projectile consisted of a solid cy linder of

D6A—C steel to which a soft magnesium alloy nose car: of the

same diameter was attached . The diameter of the nrojectile

was 2 cm and its overall length was 4 cm. The nose cap was

1 cm t h i ck . It was assumed in the numerical stud’ that the
nose cap and the main both ’ r ema ined  nermanentl ’ ;  bonded t o c e t he r

during the penetration process; frictional slidincn took place

only between the sandstone and t:ro-ectile. The ~~nac t velocity

was 6 x ~~~ cm/sec . The num bered locations in F:~ ure 5 f en a t e

the initial positIons of :~~ ~r a n r i a n  p o i n t s  wh i ch  ~dentif/.’ the

material posit:ons at which time h:stor~ es of the f l o w  f i e l d

variables were monitored throuchout t h e  c al c u l a t i o n .

The Eu l e r i an  :rr ~~d used to o b t a i n  t h e  numer:cal  results

reported herein is shown in Figure 6. In a l l , a to ta l  of
3 ,000 computational zones was employed .

3.2 CONSTITUTIVE MODELS

3 .2 . 1  P r o j e c t i l e  and Nose Cap

The cons titutive behav ior of the projec ti le and nose cap
m a t e ri a l s  was described by s imple  e l a s t i c — i d e a l ly p l a s t i c  models .
Mate r i a l  property  data f o r  D6A-C steel was obta ined from Refer-
ence 12 and corresponding da ta  for  the magnes ium a l loy  A Z S OA - T 5
was found in Re fe rence  13. Because of the r e l a t i ve ly  low
stress levels expected in the class of problem s of in te res t ,
a simp le equat ion of s t a t e  of the form :

2 4
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P = K ( p / o  — 1) ( 16)

was emp loyed . Here , K deno tes the bulk modulus , is the den-

si tv , and is the initial value of the density . If the

accumulated generalized plastic strain in a material element

reached a prescribed level , the material was assumed to frac-

ture ; when this occurred , all componen ts of the devia toric
stress tensor were reduced to zero (see Section 2.3)

The values of the material parameters used for crojectile

m at e r i a l s  in the numer i ca l  stud’; are sununarized in Table 1.

3 . 2 . 2  Rock

Dakota sandstone was selected for  the numerical s tudy
because i t  t y p i f i e s  the kinds of rock materials found at many
hard sites of defense interest. Furthermore , the complex be-
havior of Dakota sandstone has been rather extensively investi-

gated in the laboratory by the U.S. Army Waterways Experiment

Station and Terra Tek , 
(14) and recently a constitutive model

for this material was developed by CRT . The CRT model

describes the complex plastic behavior of Dakota sandstone

within an elastic—plastic framework ; it requires knowledge

of a number of history-dependent parameters , including the

pressure , the extent of fracture and the generalized plastic

s t r a i n .  Provis ion  is made in the model for  descr ibing pos t—
fracture response , wherein the strength of the fractured

ma ter ial is degra ded to tha t charac teristic of the f u l l y
crushed condition. In most regions of behavior , the model
uses an associated flow rule; however , under certain conditions ,

a non-associated rule is employed ; this model has been employed

in several Laqrangian numer ical  studies performed by CRT , and
appears to provide a reasonably sa tisfac tory description of
the constitutive behavior of this material.

The CRT mod el requires informa tion on the current  value s
of six history-dependent material parameters which , of cour se ,
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~1 i t  e r i a l  Pr or -r - t  i e s  of P r o j e c t i l e  ~-t - .r i a l  s

Material r~cs u; ~ A l l o y  ‘ ._
~~

•

P r o p e r t y  A Z 8 0 A - ~~5

Mass —3 - s - i  t v  1 . 8 7 . 85
3( ~~~ cm

Pu I k :-~o- l u l u s  1 1  ,
~ 10 1 2

K (d y se s/ c m~~)

S i n - a r  m o du l u s  1 .71 x io
h l  7. 888 x

G ( i v ne n/ c m
2 )

Y i e l d  s t  ress 
* 

2 .~~0 x 1 3 .0 x 10 10

Y ( l \ ’n -s / cm~~)
0

(~ -nc’ra1 1 ;e i  ~ l - i s —
t i ’  strain fr -n c— 0.0142 0.0)40
t ir e  t h r e s h ol d ,

1. -

* Y d en o t e s  t h e  y i e l d  st r es s  in  s i m p l e t e n s i o n .
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are associated with given (identifiable) material elements.
In a Lagran gian formulation , material  elements mainta in  the ir
iden t i ty  throughout a calculat ion, and the task of keeping
track of history-dependent material parameters associated with

such elements poses no special problems. In an Eulerian for-

rnu lat i on , however , the task is more complex since the basic
formulation is not designed to maintain the identity of indiv-

idual ma terial  elements.  Because of this , there was some
uncertainty at the outset of the study as to the accuracy tha t
could be achieved in treating such a complex , history-dependent

mater ial model wi th an Euler ian  f ramework , and a part of the

effort was devoted to addressing this question .

In the course of the present study, we found tha t the
complex CRT sa ndstone model could be adequa tel y trea ted in the
Eulerian CAPRI code framework if the six history-dependent
ma ter ia l  pa rameters were incrementa lly upda ted in the numerical
scheme by the same approach used to update the deviatoric

stresses (see Ref. 9 for details of proc’~dure for updating

deviatoric stress components) . To demonstrate the accuracy of

this procedure , a one-dimensional wave propagation problem was

formulated as a test case ,~~~
5
~ and analyzed independently by

CRT ,~~
16
~ using their WAVE-L Lagrang ian code , and by 53 , with

the Eulerian CAPRI code . The specific details of the impact

conf i gura tion considered by both CRT and S3 ar e g iven in
Appendix A , together with the numerical results from both

ca lcu la t ions .  An inspection of these resul ts shows tha t the
calculated stress wave p r o f i l e s  from both computations are in
reasonable agreement , and , thus , demonstrates  the accuracy
with wh ich the Euler ian  CAPRI code can trea t a comp lex ,

history-dependent constitutive model .

3.3 EARL Y TIME ONE-DIMENSIONAL SHOCK STATES

Under the assumption of uniaxial stress , the shocked
states produced in the sandstone , magnesium and steel by the

impact can be determined analytically, and used to check ,

2 9
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where appropriate , the calculational results. A plot of the

Hugoniots for sandstone , magnesium and steel appropriate for

the material configuration and impact velocity of interest is

g iven in F igure  7. As th i s  f i gure  reveals , the sa nd s t one

Huqoniot intersects the reflected steel Huqoniot at a stress

of approx ima te l y 26 k b a r s.  In ad d i t i o n , the f ig ur e show s tha t

the shock transmitted from the sandstone-magnesium interface

produces a shock in the s teel  of a p p r o xi ma t e l y  29 kbars . Thus ,

on the basis of one-dimensional shock propagation theory, whi ch

is va l i d  onl y at earl y t imes near  t h e  a x i s  a t  the  s a n d s t o n e —

m a gn e s i u m  i n t e r f a c e , it is concluded that the ure of a soft

nose cap causes  the shock t r a n s mi t t e d  back i n t o  the  s teel  m a i n

body to be gr ea t e r  t h a n  i f  the re  were no nose cap. Conversely,

i f  th e nose cap had bee n fab r i cat e d  f rom a m a te r i a l  w h i c h  is

h a r d e r tha n stee l , such a s a t u n g s t e n  a l lo y  for  ex am! le , s i m —

i l ar  one—dimensional considerations indicate that t he  s t r e s s

pro~ aiated into the steel body w o u l d  be less t h a n  if (a) the

nose cap was made f rom a mat  e r i a l  s o ft e r  t h a n  s t ee l , a nd (b )

there was no nose cap. This result follows from Figure 8,

where the aln ropri ate Huqoniots for sandstone , steel  and a

t u n g s t e n a l l o y  are  shown .

It should be emp h a s i;e d  that the above conclusions apnlv

onl y to sands tone  t a r g e t  s , and t o other rock mat erials $ h a t

exhibit H w r o n i ot s  which are less stiff than sandstone. For

‘1 rocks havin g s u f f i c i e n t l y  stiffer Huqoniots than sandstone ,

it can be shown , using similar arguments , that a soft nose cap

se rves to r ed u c e  the  t r a n s m i t t e d  s t re s s  l eve l s .

Whether or not the above conclusions also hold when two—

dimensional effects are t a k e n  i n t o  co n s i d e r a t i o n  is not known ;

their validity could be investigated by performing a similar

numer ica l  c a l c u l a t i o n  w i t h  the CAPRI code fo r  a steel projec-

tile without a nose cap, and comparing the stress levels

generated in the steel with those determined for the magnesium

capped p r o j e c t i l e  in the presen t  st u d y .
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4 .  NUMERI CAL RESULTS

The results obtained f rom the numerical stud y described
in Section 3 are presented here. As noted earl ier , the numer-

ical calculation was taken out to 27 ~sec after impact. At

this time , significant deceleration of the projectile had not
taken place , bu t the sof t magnes ium nose cap ha d un der~rone
such severe plastic flow that its thickness had become smaller

than the size of the calculational Eulerian zone ; this resulted

in three materials being present in a single zone , and in the
current state of development , CAPRI , as well ar Eulerian cod es ,

is unable to adequately cope with such a situation. The numer-

ical calculat ion , however , could have been c o n t i n u e d  by re-
zoning the Eu le r i an  gr id  wi th  smaller  zones and c on t inu i n-  the

cal cula tion , but this was not attempted due to limitations of

remaining funds .

4 . 1 CONFIGURAT ION OF SYSTEM AT VARIOUS TIME S AFTER IM PACT

F~ oures 9 and 10 de~~ict the calculated oonf~ curations of

the projectile-rock system at various times after impact up to

the time (27  ‘ isec) at which  the c a l c u l a t i o n  was d i scon t inued .
Also shown in these f i -~ures is the mroqressive development of
f a i l u r e  regions in both the p r o j e c t i l e  and rock materials.
Although sianificant deceleration of the projectile had not

occurred by 27 ssec , severe d i s to r t i on  and f low of the sof t
magnesium nose cap has taken place. By 3 ~.r sec , the nose cap

had completely failed and its thickness was reduced to a thin

layer of f low ing metal by 27 isec . Note also that  some fa i l u r e
has also taken place in the steel at th is  time .

4 . 2  ACCELERATION , VELOCITY AND DISPLACEMENT AT SELECTED
LAGRANG IAN POI NTS

The calculated time histories of the axial and radial  com-
ponents of acceleration , velocity and displacement at the most

in teresting Lagrang ian gaae points noted in Figure 5 are depicted
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in F igu re s  11 to 2 . The response ~t Gage 5 is of particular
in terest , since the early—time deformation at this location is
un iax ia l  strain until relief waves arrive from the free sur-
face . Comparison of the calculated peak velocity at early times,

shown in Figure 16 , wi th  the ana ly t i ca l ly  determined velocity

given in Section 3 . 3  shows good agreement .  The reason for  the
gradual increase in the axial velocity at Gage 5 at later times

(say past 10 ~.sec) is not known , however;  this could be the
result of complex wave interactions within the magnesium , or be
due to features of the numerical scheme . The accuracy with

which the code can t rea t  the response of the magnesium nose cap
undoubtedly decreases as the magnesium is f u r t h e r  deformed
into a thin layer .  Inspection of the velocity and displacement
histories in the magnes ium at Ga ce 5 , shown in Figures 16 and 17 ,

indicates no s i g n i f i c a n t  decelerat ion of the pro jectile has
occurred by 2 7 ~sec. However , the velocity history for Gage 3 ,

shown in Figure 12 , reveals tha t  there has been some small de-

celeration of the steel main body .

4.3 STRESS HISTORIES AT SELECTED LAGRAN GIAN POINTS

The calculated time histories of the axial stress , the

radial stress the hoop stress ~~ and the shear stress
at the most i n t e r e s t ing  Lagrangian points are presented in

‘1 Figure s 23 to 28 .  For the Lagrangian points which lie on the
axis , the condit ions :r =:.. and T = O  hold. Here , and in that

which follows , compressive stresses are taken as positive .

Consider now the calculated stress histories in the steel

main body at Gage 3 , which are shown in Figure 23. The early—

time axial stress response shows a peak of about 8 kbars which

is considerably smaller  than the 29 kbar s tress level predicted
in Section 3.3 on the assumption of one—dimensional deformation .

It is thus concluded that  the ear ly  time response is not one—
dimensional , but is influenced strongly by the arrival of relief

(4 33
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waves. At later times , the axial stress increases up to about
14 kbars possibly as a resul t  of complex in te rac t ion  between
waves contained within the steel ma in body.

The stress h is tor ies  in the magnes ium at Gage 5 are shown

in Figure 25. A t early times , the response at this location is
one—dimensional. The calculated peak axial stress when one—

dimensional cond itions prevail is 15.8 kbars which compares well
wi th the value of 17 kbars determined f rom Figure 7 in Section
3.3. The magnesium in the neighborhood of the gage fails at
about 1.5 .~sec , and thereafter behaves as a strengthless solid .

After the initial pulse , the axial stress increases up to a

nominal level of about 18 kbars at late times. The cause of

this rise in axia l  stress is not c u r r e n t l y  known . As noted
ear l ier  in Section 4 .2 , it may r e su l t  f rom wave interactions
w i t h i n  the magnes ium , or be due to possible d e f i c i e n c i e s  in
the numerical scheme for dealing with the nose cap material

as it  deform s in to  a layer which has a thickness on the order
of the zone s ize .

In Figure 27 , the s tress h i s t o r i e s  in the sandstone at
Gage 7 are shown . Again , the c a l c u l a t e d  peak ax ia l  s t ress  of
about S kbars at early times is substantially smaller than  that

predicted by one—dimensional considerations in Section 3.3.

Thus , the ea r ly  time ress-onse at this location also appears
‘1 to be si g n i f i c a n t l y  a f f e c t e d  by r e l i e f  waves .

F i n a l l y ,  the s tress  h i s t o r i e s  at the off—axis Lagrancian

locations are given in Figures 24 , 26 and 28.

4 . 4  STRESS CONTOURS IN THE P ROJ ECTILE AT SEVERAL TIMES
AFTER IMPACT

In order to dep ict the evo lu t ion  of s t ress  d i s t r i b u ti o n  in
the projectile contours showing the stress fields in the pro-

jectile at 5, 15 and 25 ~sec after impact are presented in
Figures 29 to 31. In each figure , contours of the radial stress

the hoop stress c 9, the axial stress -: , and the shear  stress
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rz are shown separately . The contour intervals are two kbars ,
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except in the case of the shear stress where they  are one k b a r .  
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5. CONCLUSIONS

The study reported herei n should be regarded as an
initial attempt to develop a numerical method suitable for

an a ly s e s  of prob lem s involving the impact of nose—capped
projectiles with rock. Such problems are characterized by

large plastic deformation , extensive material failure , fric—

tional sliding between cracked (comminuted) rock and the

projectiles metal surfaces , and sys tems involving mul tiple
materials.

In view of the complexities noted above , ne ither the
standard Eulerian nor the standard Lagrang ian approaches are

well—suited for numerical analysis of such problems . A deci-

sion was made at the beginnino of the effort to adopt the

Euler~ an approach  as the basis  on which to develop a numerical
method for this class of problem ; this decision was difficult

and node only a f t e r  weighing the many advantages and disadvan—

tac~~ of both  a n - ~~- i ch e s .  The E u l e r i a n  approach appeared to
offer more promi3e primaril y because of its superior ability

to 2ea l with large dc:ornations , which we felt to be important

in the anahsis of h i gh l y  deformable projectiles. Lagrangian

methods are nevertheless frequently applied by the defense

c o mm un i ty  to nrob’.ens involving large deformations, and numer—

cal solutions ure made possible through extensive rezoning proce-

- l u r e s .  L it t l e  c a n  be said , h oweve r , about  the c r e d i b i l i t y
(a c c u r a cy )  of results so obtained .

The main objectives of this study were accomplished ,

namely (a) a new Eu erian code CAPRI was developed wh ich  is

specificall y tailored to treat problem s invol’.’ing the normal

impact of deforrnablc’ projectiles with rock , and (b) the appli-

cation of CAPRI to a p ro j ec t i l e - rock  impact problem was demon—

stra ted .
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The CAPRI code is a two-dimensional E u l e ri an  code de’.-el-
oped from the existinq HELP code~

9
~ framework. 7t features the

following new capabilities which are evidently important for

the class of impact problems of interest to the present inves-

t i c at i o n .

• Accounts  for  m a t e r i a l  ~t r - ’n ’i t h  in mixed-
m a t e r ial compu ta t i ona l  c e l l s .

• Treats  f r i c t io n a l  s l i d i n g  between m a t e r i a l
surfaces in contact.

• Attempts to satisfy the correct boundary
conditions on stress and v e l o c i ty  at inter-
faces between materials in contact .

• Contains an improved al~ orithm for trans-
porting mass and other related material
p r o p e r t i e s  th rough  the  E u ler i an  or i d .

• Accommodates complex geolocic  m a t e r i a l  model s ,
i n c l u d i ng  those h . a v in~ a number of h i s t o ry —
dependent parameters (see Appendix .-\ f o r
f u r t h e r  d iscuss ion  on t h i s  i~o i nt )

The m aj o r  p o r t i o n  of st-j dt’  w-u s devoted to the formulation ,

dove lo r~ment  and dobuca  Inc  of the in r ~c a t e  n u m er  i-ca l  al ~o ri  thm s
recu i red  t c  i n c orp o r a t e  the  f e a t u r e s  l i st e~ above .

To e x a m i n e  and d e m o n s t r a te  the a b i l i ty  cf t h e  new code

C AP R I  to v e r f o r m  n u m e r i c a l  a n a l y s i s  of de f or ma b l e  ro~~ect ~~l e —

rock im u a c t s , i~ was o n c l i -.~d to a 1~rn b l e m  ~n vc lv i nc  a so l id

c y l i n d ric a l  ~t roj e c t il e , h a v i ng  a s o f t  m a 2 n e s i u m  nose cayc , im-

pacting sandstone at norma l incidence. A numerical solution ,

which appears to be acceptable , was obtained out to a time after

imp act ( 2 7  ~sec ) at  which  a s u b s t a n t i a l  pa r t  of the p e n e t r a t i o n

process had occurred. In the process of ~‘- ‘rf~~~~inc this calcu-

lation , however , a number of difficulties with the numerical

scheme arose which made it impossible to continue the calcu-

lation until the source of the difficult’; was u n co ver e d . An

a p p r o p r iu t e  m o d i f i c a t i o n  was made in the f l o w  f i e l d  at that  t im e ,

a n d t h e  calculation was resumed . As noted earlier , h o w e v e r , t h e

modifications were of limited extent and made in material r ’-oions

where the ir e f f e c ts were probabl y of n eg l i g ib l e  u i cn i f i c an c e .
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The c a l c u l a t i o n  was not con t inued  beyond 27 -~isec because ,
by th is  time , the so f t  m a an c s i um  nose cap m a t e r i a l  had under-
cone such severe p las t i c  f l o w  tha t  i t s  t h i cknes s , in some
region became less than the E ul er i a n  zone s i z e;  t h i s  r esul ted
in t h r e e  m a t e r i a l s  be inc  present in one zone and , in the present

state of development , CAPRI is unable to adequatel’.’ cope w i t h
such a situation. The c a l c u l a t i o n  could have been continued
f u r t h e r  by rezoning  the calculational field with smaller Euler-
ian zones; this , however , would orovide only a temmorarv so—
l-ati~~n if f u r t h e r  o h in n i nc  of the  ma 1nesi-wm l ay e r  reduced  i ts
t h i c k n e s s  to t h a t  of the new zone s i ze . Two o ther  a lt e rn ot ~~ves
anp ea r  to be more de s i r ab l e , name ly , e i t h e r  cene ra l i ze  the
n u m e r ica l  scheme to hand le  (a dm ~~ot edlv  an or o x i m a t e)  three
m a t e r i a l s  in a cel l , or in  very  t h i n  macnes i ic i  r eqions  remove
the magnesium and re~~os i t : o n  the  s an d s t o n e  ~n t c r f a ce  to  be in
immediate con tac t  with the s tee l .

Some ~ener al comments on the st uLi v are as f o l l o w s :
( 1)  \‘o f ir m  c o n c l us io n  can be ir~~wn from ‘ho st:d’:

reP or tec  net  -a r e ca r d i nc  t he  - ‘i f e ct ~~ve n es s  of no~~~- a ns  ~n

duc~~nc t he  level of s t ress  pr ooa - 1at - .~ oa-c k i:~to t h e  ma :n  bed ’. -
of  a n r o je - ct i le  ~~~~a c t:n o  r o c h .  To address t h i s  cuest : -o n ,
n u m e r ic al  ca~~c ula tio n s  shcu d be nerforme-a w : t :~ ~nc C. TR code
f o r  cro~ ec t : l os  h av i nc  a )  no nose - i n  and (b) nose c an- s  of
m a t e r i a l  h a r d e r  t h a n  ~he s teel  ma in  body , So’: a tun5:St-o n 0110’ .

Dn t h e  basis of o n e — d i m e n s ion a l  r e sn onse  c o n s i d e ra t i on s  :nre —
sented in Sec t ion  3.3 , however , it was found that the use  of
a s o f t  nose can served to increase the level of s tress pro~~a-
(2a t e d  in to  the  main steel body. Conversely, the use of a

nose can of mate r i a l  h a r d e r  than  steel serves to red-ace the
t r a n s m i t t e d  s t ress  level .  The v a l i d i ty  of these  conc lus ions ,
based on one—dimens iona l  c o n s i d e r a t i o n s, needs to be inves t i -

-~a ted  under  more genera l  two-dimens iona l  condi t ions .
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( 2 )  The numerical approach developed and incorpora ted
in CAPR I for trea ting f rictional s liding between mater ia ls
appears to be reasonably accurate so long as the volumes of

the two sliding materials in a mixed cell are approximately

of the same order of magn i tude . However , as the s l id ing inter-
f a c e  moves th rough  the f ixed  Eule r ian  gr id dur ing  the calcu-
lation , situations will frequently arise wherein the volume
of one material is very much less than that of the other. As

the re l ative volume of one of these mat eri als decreases , the
accuracy of the present numerical algorithm for treating the

motion of the smaller volume material also decreases. This
may not , however , cause a sionificant problem since a numeri-

cal error made in a small volume of material would be expected

to have much less effect on the overall response of the

nrojectile—rock system than a comparable error made in a
larger volume of material .

( 3 )  it  is not clear f r o m  the  r e s u l t s  of the nr es e n t
s t u dy  t h a t  the  add i t iona l  c o mp l e xi ty  i nt r o d u - - d  ~n tc  the  , APR I
-code by the i n c o r p o r a tio n  of tne  slidinc friction canabil~~tv

is ~-ast i f i e d , s ince the levels of shear stress cenerated b’.’

h~ :h speed slidino between steel m d  rock ar- evidently

r e l a t iv e l y s m a l l .  The f r i c t i o n a l  s l i dm n o  law adont ed
the c a l c u l a t i o n  presented h e r e i n  was suc-cested to us by Ur.

Pa ul H a d a l a , U . S .  Arm’.’ Waterways  Ex o e r i m e n t  S t a t i o n , o n tn e
basis of results from a related experimental s tud’.’. ~~ 0)

Acc o r d i ng  to this law , t he  peak shear stress that can be
generated from frictional sliding is abou t 0.1 kbars an d , fo r
the range of normal stresses of major interest , the shear

stress is expected to be cons iderabl y less th a n  0.1 kbars.

It is not clear what influence such relatively small shear

stresses have on a )  the nose cap deformation and (b) t h e

overall oro:ectile deceleration. If their effect is small

and can be reasonably  neglected , it would provide considerable

simp l i f i c a t i o n  in the  numer i ca l  scheme ; t h i s  was not i r ives t i—
rated , however , in the present study.
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(4)  The abili ty of the CAPRI code to trea t prob lem s
involving the impact of highly deforinable projectiles with

rock was demonstra ted for  the case of a projec tile that had
a solid body . Althoug h the scope of this study did not

inc lude  a n a l y s i s  of several nose cap mate r i a l s , a great  deal
can be learned about the e f f e c tiveness of various nose cap
ma ter ia l s  from ana lys is  of nose capped solid projectiles.
With the existing version of the CAPRI code , however , calcu-

lations can be performed for  pro jec tiles hav ing shape s of
more practical interest. Rather than the blunt nose type

orojectile considered in the present study, numer ical studies
should be n e r f orm e d  for ogive-shaped projectiles having a

variety of nose cap materials in order to f u l l y  understand
the role that nose caps play in effecting stress levels trans-

mitted into the main body of a projectile . Before such studies

are undertaken , however , we recommend tha t some e f f o r t be
devoted to improving several portions of the code.

a
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APPENDIX A

COMPARISON BETWEEN LAGRANGIAN AND E D L E R I A N ’  CODE
CALCULATIONS FOR ONE-DIMENSIONAL WAVE PROPAGATION

IN SANDSTONE

In order to examine how well the complex CRT sandstone
model , with its six history—dependent parameters , can be treated

by the Eulerian CAPRI code , a one—dimensional test problem

in’,’olving wave prop aga tion  in sandstone was fo rmula ted~~
5
~ and

n u m e r i c a l l y  a n a l y z e d  w i t h  both a Lacranci an  code and an Eulerian
code . The problem consisted of a sandstone flyer plate impact-

ing a target of like material . The initial configuration of the
sys tem is shown in Fi gure 3 2 .  The impact ve loc ity was chosen
to be 3 :-: 1O

4 
cm/sec so t h a t  the impact stresses initially

develoued in the f l y e r  and ta rge t  would be about 8 kbars ; at

this stress level the  dev ia to r i c  component of stress is a sub-
s t an t i a l  part  of the total  stress , and it  is nct masked by a
much larger  h y d r o s t a t i c  component .

A u n i f o r m  zone s i z e  of 0 . 0 5  cm w a s  used in both the
ta rge t  and f l y e r  p l a t e . The c a l c u l a t i o n  was t a k e n  out to 2 . 5

—5 - _ -x 10 sec to permit the ~ormation and sub s equ e n t  p r c p a c at ~~cn

of the  tens ile wave the develops near t h e  rear  su r f ace of the
target; t h i s  p e r m i t t e d  the code to exercise the tensile c u t o f f  

-

feature of the CRT sandstcne model. However , no separation of

the material was permitted in the calculation when the tensile

cutoff was invoked .

At S3 ’s request , CRT perf ormed a numerical  an a l y s i s  of
the above problem with the i r  Lagrar.gian WAVE-L code , to provide
us with Lagrangian res ults aga in st which we co uld compare the
corresponding Eulerian CAPRI code resu1ts .~~~

6
~ The results of

t he  CRT numerical s tu d y  are shown in Figures 33 to 3~ where the
calculated stress and generalized pla s tic s tra in f ields at a
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n umber of selected times a f t e r  impact are given . The results
obtained by S3 using the new Eulerian CAPRI code are depicted
in Figures 38 to 42 , where calculated stress and generalized
plastic stra in f ie lds  at the same time s as the CRT results  are
shown . ~ compar ison of the corresond ing numer ical solut ions
reveals that there is good agreement between the stress and

generalized plastic strain fields predicted by the two differ-

ent calculational approaches , and thus demonstrates tha t the
spurious numerical diffusion of an Eulerian approach is not a

serious factor , at least at the se stress and veloci ty levels.
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A P P E N D I X  B

N U X ERICAL AN ALYSIS . -F A SIMPLE PFCBLEY INVOLVING
F R I C T I O N A L  S L T D T : - ~G P E T W E E N  TWO SURFACES

The c o n f i g u r a t i o n  of the p rob lem cons idered  in this sec-
t ion  is depicted in Figure  43. Here , a cyl ind rical rod , in-
itially at rest , is put in mot ion th rough  s l i d i ng  f r i c t i o n a l
contact  w it h  an a n n u l a r  region of l ike  ma te r i a l  moving w i th  an
iniri-i l ax :al  velocity of V0 . As a r esu l t  of the f r i c t i o n  con—
tact , the axial velcc~ t~’ of the rod , V1, increases while that

of the outer material , V21 decreases. E v e n t u a lly , the two mater-
ials reach the same axoal velocity .

The m a t e r i a l s  are assa.meci to behave  e las t ica l ly  wi th  the
b u k  and shear moduli taken to have the respective values of

1,280 and 1 ,600 kbars . The initial density of the material was

taken t o  be 7 .8 gm . cm 3 , while the f r i c t i o n a l  shear in g stress
be tween the sl~ Jinc m a ter i a l s  was assumed to have a constant

0 -

‘,‘alue of 1.22 kbars . The inner material was :nitially at rest ,
w h i l e  the  outer  m at e r ia l  was ci’:er. an initial velocity of 1 0

4x lu cm/sec.

THEORETICAL SOLUTION

A theoretical analysis of the motion of the two materials

acted upon by a constant frictional shear stress , at their

common interface leads to the following expressions for the var-

ia tion of the ax ial veloci ties V1 and V2 with time :

~~~~~. 
=(

~~

-

~~

° ) t (B.l)

2r Tl o
2 - 

° o ( r ~~-r~~) ~ B.
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where 0 is the density of the two materials, and r1 
and r,,

are defined in Figure 43. Furthermore , it can be shown that the
two materials reach a common velocity of

I

V = ~~~ (a  
— —-~— ( B . 3 )

\

at t ime , t~~, given by:

ar , \
= 

~~~~~~~

- ) “  
( B . 4 )

0

B . 2  N U M E R I C A L  R E S U L T S

In the n u m e r i c a l  sc- i ut~~on to the p roblem d e p i ct e d  ~n
F igure  43 a u n i f o r m  Eu l er i an  gr i d  hav~~na zones  w i t h  d imens ions

= -~z = 1 cm. was used. As 1nd~ cated :n F igure  4 3 ,  th ree
computational zones were used in th~ radIal d~~rect~~on , wi th the

( S i  :d~~n g)  m a t e ri a l  i n t e r f a c e  pa .s1n~ m i d w a y  t h r c ueh  the  in t e r i o r

zone . :n the a x L a l  d i r e c t i o n , e ieh t  z o n e s  were emy l o v e d , a n d

t r an s m i tt : ve  bc-:ndaries were used to introduce and remove mat-

e r: a l  f r o m  b ot h  en s .

The CAPRI calculaticns were carried out  to  a ~~ me s l i o r . t l v

less than that at which t h e  two m at e r i a l s  reached a ccr’r~cr.  ve l-

o c i ty . The r e s u l t s  of the  c a l c u l a ti o n  - ir e  d e p z ct e d  :n F icu re

44 , where the ‘~‘~ar :aticr. of the ‘— elc cit~ es V . and V 2 w i t h  t :me
are shown . A s o  shown in this figure are t h e  v a r i a t I on s  of

V1 
and V 2 with time as given by the theoretical expressions in

E~~u a t ion s  B . l  an d  B . 2 .  As an inspec t ion  of F~~qure  44  reveals ,

t h e  ae r eem ent  between the CAP R I  code numerical results and the

t h e o r e t i c a l  so lu t ion  is e x t r e me l y  good f o r  th is  r e l a tiv e ly  s imple

rrob lem In which the s l i d i n g  i n t e r f a c e  passes mi dway  th rough

the calculational cells and remains parallel to the vertical

~rid lines. Similar accuracy cannot , however , be expected for

more comp licated ~rcblems in which the sliding interface is not

centrally pos tl-Jned in the calculational ~ r id .
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