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I INTRODUCTION

During the past few years , It has become apparent that

problems of wave propagation in the earth cannot be adequately

studied without appropriate information regarding the

mechanical behavior of the in situ material , Refs. [1], [2],

and [3]. Any or all of the practices of coring , sampling,

samp le preparation and testing may introduce substantial ‘in—

certainties and errors into any laboratory assessment of the

behavior of a particular geological site. For this reason ,

various in situ testing procedures have been developed to

directly determine the ground response to various types of loading.

This data can be used in conjunction w i t h  laboratory data to

obtain a more compl ote picture of the in situ material behavior.

One of thy more promising of the dynamic in situ tests is

the Cylindrical In Situ Test (ciST), Ref. [4 1 .  In such a test ,

a vertical cylindrical cavity two  feet in diameter Is explosively

loaded (and subsequently unloaded as the cavity pressure decays)

in an axisymmetric fashion. The cavity generally extends

through several layers of geological m ater i a l s to depths ranging

from 30 to 75 feet. A number of vertical boreholes at various

range a and azimuths from the central cavity contain instrumenta-

t i o n  a t  a n u m b e r  of depths to measure ground motion in various

directions in the different layer s of material.

The purpose of the present study Is to investi ga te the

m e a n s  b y which the results obtained in CIST experiments can

be ut ilized in the construction of a material model to rep—

resent in situ behavior. Because the CIST confi guration does

3
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not exercise the material in all stress and/or strain paths

expec ted in a ground shock problem , the use of data from

l a b o r a t o r y  t e s t s  is a l s o  i n c o r p o r a t e d  into the modeling pro-

cedure as described in this report.

The  ca p mo d e l , Refs. [5]—[7], was used for this study

because many recent ground shock computations have utilized

th is type of model. The model is capable of representing a

wi de range of ma ter ial behav ior while sa ti sf y ing conditions

of  ex istence , uniqueness and stability of solution. In the

p r e s en t s t u d y ,  the capability of the cap model to represent

material behavior in CIST is investigated.

4
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I I  O U T L I N E  OF S T U D Y

The procedur e employed in this study is based on the

p r e m i se t ha t , if possible , the material model should represent

as man y important features of material behavior as is practi-

cal. Specifically, on e should select the manner in which the

CIST test is employed for the construction of a model in such

a way as to m inimize the differences between the behavior of

the resulting model and the laboratory based property data

(prov ided , of course , there is no inherent Inconsistency be-

tween the CIST and laboratory results).

The mos t natural way to accomplish this objective is to

define the qualitative behavior of the material in a number

load ing and unloading paths. Because materials can be subjected

to a wide range of controlled Stress and/or strain paths in

the laboratory, the labora tory da ta will lead to a selection

of model func tional forms and par ameters which properly represent

- 
t h e  v a r i a t i o n s  in m a t e r i a l  b e h a v i o r  u n d e r  t h e s e  p a t h s .  The

C I S T  m e a s u r e m e n t s  c a n  t h e n  be used  to  a d j u s t  t h e  m o d e l  p a r a m e t e r s

( i f  p o s s ib l e )  to  a r r i v e  a t  a f i n a l  m o d e l  w h i c h  is in quanti—

t a t i v e  a g r e e m e n t  w i t h  in s i t u  b e h a v i o r .

Th e starting point for the present study involves fitting

the cap model to available laboratory data for the site under

consideration — the HARD PAN site in Kansas at which CIST 12

was performed. Using the laboratory based cap model , a cal—

culation of the CIST event was performed and the results

c o m p a r e d  to  t h e  m e a s u r e m e n t s  made  d u r i n g  C I S T .  B a s e d  on t h e s e

S 
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comparisons , several changes were made in the model parameters Iand the calculations were rerun. An iterative procedure

involving computation , comparison of results and measurements ,

and alteration of the model , was undertaken in order to

reduce the discrepancies between experiment and calculation

until satisfactory CIST results were obtained in the computation.

As expected it was necessary to re l in q .~~sh some of the quanti-

tative agreement of the model and laboratory data in order to

achieve improved results in the CIST computation. The

d ifferences between the final CIST based model and the labora-

tory data are not unduly large , h o w e v e r , and are considered

to be well within the usual uncertainties involved in representing

ma terial behavior at a real site. The CIST based cap model

obtained in this study is currentl y be ing used to represent

the HARD PAN site in free—field and structure—medium interaction

problems for the Space and Missile Systems Organization (SAMSO).

6
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I l l  S I T E  P R O F I L E  A N D  M O D E L

T h e  p a r t i c u l a r  s i t e  c h o s e n  f o r  t h i s  s t u d y  i s  t h e  H A R D  P A N

site in Kansas at which CIST 12 w a s  p e r f o r m e d .  T h e  HARI) PAN

series of field tests i s  d e s i g n e d  t o  i n v e s t i gate t h e response

of a s c a l e d  ‘ilnuteman Launch F a c i l i t y  t o  e x p l o s i v e l y  g e n e r a t e d

air blast and ground shock in an interbedd ed clay/shale/limestone

geology. The H A R D  PAN g e o l o g y  is  c o m p l e x  a n d  v a r i e s  s i g n i f i c a n t l y

f r o m  p o i n t  t o  p o i n t  o v e r  t h e  s i t e .  An i d e a l i z e d  a n d  s i m p l i f i e d

s i t e  p r o f i l e  b a s e d  on R e f s .  [ 8 1 — [ l O J  was  c h o s e n  f o r  t h e  C I S T

c a l c u l a t i o n s  p e r f o r m e d  i n  t h i s  s t u d y i n an a t t e m p t  to “ a v e r age ”

t h e  m a t e r i a l  p r o p e r t i e s  f o r  e a c h  l a y e r  i n  w h i c h  t h e  C I S T

m e : f s u r e m e n t s  w e r e  t a k e n .  T h e r e  a re  t w o  r e a s o n s  t o  m a k e  s u c h  a

s i m p l i f i c a t i o n .  F i r s t , t h e  e x a c t  s i t e  p r o f i l e  is  n o t  k n o w n  f o r

each CIST guage hole; it varies somewhat w i t h  azium th and

r~i n g e  f r o m  t h e  c e n t r a l  C I S T  c a v i t y .  S e c o n d , t w o  d i m e n s i o n a l

axisymmetric calculations of practical size cannot adequately

represent that portion of the ground si g na l  a r i s i n g  f r o m  s u c h

small scale variations In m a t e r i a l  p r o p e r t i e s .  The  i d e a l i z e d

HARD PAN site profile chosen for this stud y is shown in Fig. 1 .

A set of laboratory based data which describes the material

behavior of each of the layers of Fig. 1 was taken from Ref. [8].

Although a more detailed se t  of  material properties is included

in Ref. [9], the use of such a set of properties for t h e  p r e s e n t

study is not warranted for the reasons described above. The

laboratory based material behavior for each of the five 
m ater ialc7
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Includ ed in the current study was fit by means of an ei ght

parameter version of the cap model , Ref. [5], modi f i e d , where

required , to repr esent rocks as described in Refs. [6] and [7].

The model , which is depicted in Fig. 2 , includes a failure

envelope ,

F F (J l
) = A - C exp(B3

1
) ( 1)

an e l l i p t i c a l  cap of constant ec c e n t r i c i t y ,

1 2
= F ( J

1 ,
K) = ~ / [ X ( K ) — L ( v )  ] — [J

1
— L ( e )  ] ( 2 )

which is governed by the hardening rule

= W [exp (DX) — 1] (3)

and constant bulk and shear moduli , K and G , within the yield

surface. In the above equations A , B , C , R , W and 1) are m odel

parame ters , J1 is the first invariant of stress (tension

pos itive), J~ is the second invariant of the stress deviators ,

K is the cap hardening parameter and X and L are functions of

K through the relations

~~K i f  K < 0
L ~~~~

L 0 i f K > 0 ( 4 )

X — K — REA — C exp(BK)]

Th e quantity c~ depends on the plastic volumetric strain , € ! ,~

through the relations

9
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p.-

i f  < o
V

p 1 p 
> 0 m d  K ~ 0 f o r  s o i l s  o n l y  ( 5 )

0 If ~
- () [ o r  ~ 0 o r  f o r  r o c k s

V -
~~

In t h i s  study the d ays , I. e., the two upper layers in Fig. I ,

a r e co n s i d e r ed to  be so i l s , The  m a t e r i a l  i s  a s s u m e d  t o  be

i n c a p . m b l e  o f  s u p p o r t i n g  h y d r o s t a t i c  t e n s i o n  — a l l  s t r e s s e s

c o m p o n e n t s  a r e  s e t  t o  z e r o  w h e n  h y d r o s t a t ic  t e n s i o n  o c c u r s .

The model Is described in greater detail in Ref . 1 7 1 .

The  p a r a m e t e r  v a l u e s  f o r  w h i c h  t h e  c a p  m o d e l  f i t s  t h e

l a b o r a t o r y  b a s e d  m a t e r i a l  b e h a v i o r  a r e  l i s t e d  in  T a b l e  I , a n d

t h e  b e h a v i o r  o f  t h i s  m o d e l  i s  s h o w n  in  F i g s .  ( 3 — 1 2 )  t o g e t h e r

w i t h  t h e  l a b o r a t o r y  d a t a  t o  w h i c h  t h e  m o d e l  w a s  f i t t e d .

11
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C A P  M O U F I .  B A S E D  O N  lA IIOR AT O RY DATA

M A T E R I A L
M O D E L  I ) R Y  W E T

P A R A M E T E R  C L A Y  ( LAY L I M E S T O N E  S HA L E  C O A L
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~~~~~~~~~

-

~~~~~~~~

-

~~~~~~~~~
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~
.t 

K ( k s j )  7 2 5 .  7 2 5 .  16 0 0 .  1160.  2 9 0 .

2.9 4.35 957. 2 4 7 ~~ 174.

A (ksi) .0334 .016 58 . 55.2 33.8

B(ksi 1
) 0. 0. .00966 .00966 .00966

C(ksi) 0. 0. 57.1 55.1 33.4

D(ksi ’) .483 3.45 .69 .11 .586

W .0 5 4  . 0 0 2 1  . 0 0 0 25  . 0 0 2 9  . 002

R 2.3 2.5 3.5 5.0 3.8

Density (p.c.f.) 124. 128. 167. 155 . 84.9

L .~~
_

~~~~_ _  _____
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I V (~~) M l’UTAT ON A I. S FF111’

1’ I i e m o d e  I d c s  c r i he d in lie p r e c t  e ci I n g s ec  I on w i  s u s e d

t 0 p e r o r iii a C , i  I c u 1.i I on o f t l it C I ST Ev ~ n t . F o r t h i s p u r p o s t

l i t ’  L A Y  ER t ’ o d e  , w h  ( c l i  is  b r I c  I I v d t ’ s c  F 1 b t ’ d  i n  t h F  A p p e n d  i x

w i s  used. The c o m p u t  a tio ii , i l g r i d  l a y o u t  is s h o w n  i n  F i g .  ( 1 3 ) .

Tli e t i mc ’ s t t ’  ~ I o r t h e  c a 1 Cu  I a t I o n  w a s  (I . OH m 5 a n t i  t h e  ca  I c i i  I a —

i o n  w a s  c a r r i e d  to a time o f  a b o u t  10 m s .  ‘F l i e  t o m p u t a t  i o n

r e q i i i r d a p p r o x im a t e l y  sIx m i n u t e s  of  c e n t r a l  proce ssor t i m e

On a CI)C 6600.

The proper input l oading f o r  the C I s r  c o m p u t a  t i  on is  a

m a t t e r of  c o n s i d e r a b le  u n c e r t a i n t y .  No r e l i a b l e  p r e s s u re

m e a s u r e m e n t  w a s  obt a ined for the HARD PAN CIST t e st and

co n s i d e r a b l e  v a r i a t i o n  i n  t h e  c a v i t y  p r e s s u r e  l o a t l i n g s  h a s  be en

o b s e r v e d  in  o t h e r  C I S T  t e s t s .  T h e r e f o r e  i t  w a s  d e c i d e d  that

the nominal o r  i d e a l i z ed c av i t y  p r e s s u r e l o a d i n g  s h o w n  in

Fi g. 14 would be used unless it was later found to h e  i n c o r r e c t

or inadequate. During t h e  pre s ent s t u d y  n o  a i t e r a t  i o n  of t h e

input load ing of Fig. 14 was f o u n d  to b~’ r & qu i red.

Several checks were perform ed t o  v a l i d a t e  th e LAY I- F c’~de

setup to handle CIST. One a n d  two d i m e n s i o n a l  a x i s y m m e t r i c

calculations were performed w i t h  t h e  b i l i n e a r  m a t i ’r i . i ~ m o d e l

of Ref. t i l l .  In thes e c a l c u l a t i o n s  v a r i a t i o n s  were m ath ’ in

the grid size and the procedure used to :ippiv t h e  c a v i t y

pressure boundary c-ond it ion to th e g r i d .  The results ot t h e s e

comp utations were comp ared t o  results o b t a i n e d  h~’ m eans of th e

c h a r ; i c t e r i s t  ic—based code of Re f. I l l  . The agr eement between

l I e  t’ h i r .1 C t C r i s I i c c o de  a iid L.A YE R was 
~i 
u I t e go 0( 1 , as r e p0 t Cd
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in Ref. [111 .

An add it ion al chec k on th e i t  feet of g r i d  size was made

by  r e r u n n i n g  t h e  e a r l y  p o r t i o n  o f  the r a p  m o d e l  F I S T  c a l c u l i —

t ion w i t h  a 1/2 foot rad ia I mesh spa c i n  g I n st  t’ id of the 1 foot

spa c ing orig i n a l l y  used. N o  s i g n i f i c a n t  d i f f e r e n c e s  were

observed in th e r es ults , so the orig Inal 1 foot sqcare mesh

was r e t a i n e d  b r  t h e  entire study performed here.

As indic ated in the A ppendix , LAYER is a small disp lacement

code , i.e., the a ssumption is made in this study that convection

and transport effects near the CIST cavi t y  can be neglected.

Furthermore , the small air blast loading effects on the ground

surface away from the cavity are also neglected , and t h e  applied

pressure , Fig. i4 , is assumed to ~~ t’ u n i f o r m  throughout the

cavit y . The agreement obtained h etveei the computations and

the measured CIST data — to be shown in the next section —

i n d i c a t e s  that the above assumptions are appropriate as well

as e x t r e m e l y  c o n v e n i e n t .  T h i s  is i m p o r t a n t  b e c a u s e  t h e s e

assumptions drastically reduce the computer t ime requir e d to

p e r f o r m  a CIST computation and therefore enable one to perform

the iteration ,~rocedure required in this study quickly and

e f f i c i e n t l y .
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V ‘UHF I F E ~RA~T_ ! O N  _ i > l ~O ( : E I ) u _ R~E A N t ) (1ST RAS LD ~I O D E L

T li t ’ i t e rat i t t  H p roe c i i  ii re e d I n t h 1 s s t ti d y t o d e V C  I op

lit ’ I in ;1 I t : 1 ST ha St  d mod .’ I c . ‘ns  i s t s o I t lie f it I I owl n g t h r i ’ e

st t’ps

— t () m p a r i  t he r su I t ~ o f t l i e  C I S ‘F c , i 1 c u 1 a t, i en s  w i t  ii

measured C 1 S F  ground response , n o t i n g  s i m i l a r  i t  ies

a n d  cl i I F e r c ut .  e s i n t b i t’ w a vi’ f or m s as W I ’  I I as t h e

s e n s i t i v i t y  of v a r i o u s  waveform t e i t u r e s  to model

chang e s made in p r e v i o u s  FIST c a l c u l a t i o n s .

2 .  B a s e d  on the a b o v e  c o m p i r i s o n s , d e t e r m i n e  p h y s i c a l l y

a c c e p t a b l e  m o d e l  p a r a m e t e r  c h a n g e s  w h i c h  a r e  l i k e l y  to

r e d u c e  the d i s c r e p a n c i e s  b e t w e e n  the CIST calculations

and t h e  CIST experimental data .

3. Make the r e q u i r e d  revisions in th e m a t e r i a l  model

and rer ,- i l c u l , i t e  the CEST event.

‘J ’hi e’se t h r e e  s t e p s  ;i r i’ r e p e a t e d  u n t i l  e i t h e r  a )  sat i s t - i c t o r y

a g r e e m en t  b e t ween c a l  c u l a t  i on  a n d  e x p e r I m e n t  i s  o h i  a i ned , or

b )  l n ; i h i l i t v  o f  t h e  m o d e l  t o  r e p r e s e n t  t h e  i t i t e r i a l  b e h a v i o r

i n  the (:1ST event is d e m o n s t r a t e d .

T li t’ It t ’ r a t I ye p r o ced are em p 1 o ye d I n t I I s s t id v he g I n s w i t hi

t h e c o m p i r  i son of the F IST m e a s u r em e n t s  a n d  t h e re sul t i  0 ?  t i e

C I S T  i ’ i l c u l a t  i o n  p e r l o r m e d  w i t h  the l a b  b a s e d  m .d e I .  A t y p i c a l

s e t  o I w a y . -  I orms u s e d  f o r  t h i s  comp a r I ‘;on i s  s h o w n  in I ’  I . (1 5)

~~~ i n  which t h e  h o r i z o n t a l  p a r t i c l e  v e l o c i t y  v e ’r s u s  t i m e  is p l o t t e d

a t  r a n g e s  of  3 f e e t , 5 f e e t  a n d  M f e e t  at  a d e p t h  o l  4 5  f t .
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( i n  t h e  c o a l  l a y e r ) .  T h e  c o m p u t e d  w a v e f o r m s  a r e  q u a i l  t a t i v e l y

q u i t e  s i m i l a r  t o  the m e a s u r e d  F I S T  w a v e l o r m s , es p e c i a l l y  i f

o ne  a l l o w s  f o r  b a s e l i n e  s h u t c o r r e c t i o n s  t o  t h e  C I S T  d a t a .

T he  m a j o r  d i s . ’ r e p a n c i e s  b e t w e e n  t h i .  c a l , ’ u l a t  ed and m e a s u r e d

w a v e f o r m s  o c c u r  I n  t h e  m a g n i t  od e  o f  t Il t- peak V(’ l o c i t  V , w h I c h

i s t 0 0  Ii I g h i n t l ie  c o r n  p u t  a t i en s  • and t h .  r r i v a I t i me o f t li t ’

w a v e  I r o n t  , w h i c h  i s  t o o  l a t e  I n  t h e  . o m p i i t a l  l~~ i i s .

T h e s e  f a c t s  suggest t h a t  t h e  h t ’ h a v l o  r o f  t h e  l a b  b a s e d

m o d e l  I s t o o  so I t I 0 r I n i t I a 1 1 o a d  i n  g ( a  t I I I cr  I it ad i n  g m o d  u h i s

t e n d s  t o  r e d u c e  p e a k  p a r t i c l e  v e l o c i t y  at  t l i , ’  same t i m e  as it

i n c r t ’ i s e s  w a v e  p r o p a g a t i o n  s p e e d , t h e r e b y  r e d u c i n g  - i r r i v i l

t i m e ) .  T h e r e f o r e , a s t i f f e r  l o a d i n g  b e h a v i o r  w a s  h i t  r o d u c e d

b y  h a l v i n g  t h e  p a r a m e t e r  W i n  a l l  l a y e r s .  T h i s  h i s  t h e  e l f e c t

o f  h a l v i n g  t h e  volumetric’ hysteresis , or locking s t r a i n , and

increases the loading mo duli of the m a t e r i a l  w h i l e lt ’ i v i n g  th e

unloading modu li unchanged. The CIST comp u t a t i o n  was repe ated ,

thus completing the first cycle of the iteration p rocedure.

Although the results of the s e c o n d  c o m p u t a t i o n  w e r e  m u c h

improved , It was clear th at further improvem ent could he obtained

b y increasing the unloading wave speeds In the model (and ,

therefore , the parameters K and G). This was done and several

it .’ration loops were completed in which quantitative variations

of K , G and W In the various layers were made. This is , of

course , a trial and error process. The last computation of the

st ’r l e s resulted In the final CIST based material model. The

m a t e r i a l  parameters for t h i s  mode l are l i s t e d  in Table 11 and

the behavior of the model is shown In Figs. (16—25). The

i t  
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I’AHL E 1 1

(;Al’ MOJ ) E I. I3ASEI ) ON I T E T ~A ’I I O N  W I l l ?  C IS]’

MODE!, 
- - 

DRY T W E F ’  ‘~PARAMETER CLAY C I,AY L I  M E  I O N  IT Sl i A I . E (M A I
- --— — I

K ( k s i )  7 2 5 .  1 0 2 0 .  2 3 9 0 .  1 1 6 1 ) . 5 80 .

G ( k s i )  2 . 9  6.09 1441) . 247 . ‘34~~.

A ( k s i )  . 0 3 3 4  .0 1 6  58 . 0 5 5 . 2  3 3 . 8

B (ksi
1 ) 0 .  0 .  .0 0 9 66  . 00 9 6 6  . i)09661

C (ksj) 0. 0. 57 .1 55.1 3 3 . 4

D (ks i~~~ ) .481 3.45 .69 . 1 1  .586

.054 .0011 .00013 .0029 .001

R 2 . 3  2.5 3 . 5  5 . 0  3 . 5

Densitv(p.c.f.)~ [24. 12N . 167. 155. 84 .9
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c o m p u t a t i o n a l  r e s u l t s  o b t a i n e d  w i t h  this CIST based mod el art-

shown in Figs. (26—11 ). They are labeled “CA IC . WITH CIST

B A S E D  P R O P S ” a n d  a r e  c on p a r e d  wi t la t h e  correspo~~d I n g C I  ST

m e a s u r e m e n t s .  F o r  c o i lV e f l i e n C e  t h e  r e s u l t s  o f  t h e  f i r s t  C I S T

c o m p u t a t i o n  a r e  also shown in t h e s e  f i gu r e s  a n d  a r e  l a b l e e d

“ C A L C .  W I T H  L A B  B A S E D  P R O P S ” .

F i g u r e  ( 2 6 — 3 1 )  s h o w  t h a t  t h e  a g r e e m e n t  b e t w e e n  t h e  C I S T

m e a s u r e m e n ts  a n d  t h e  f i n a l  C I S T  c o m p u t a t i o n  i s  g o o d .  T h e

c o m p u t e d  m a g n i t u d e s  a n d  w a v e f o r m s  o f  t h e  horizontal v e l o c i t y

t i m e — h i s t o r i e s  throughout the r e g i o n  o f  t h e  C I S T  e v e n t co m pa r e

well w ith t h e  overall behavior measured in CIST. The agreement

oi the CIST measurements to the computational results obtained

with the LAB based model is of course not as good , but is still

s u b s t a n t i a l ;  it is pos s ible that the LAB based model for the

HARD PAN site would be adequate for man y ground shock a p p l i c a t i o n s .

It  is  i m p o r t a n t  t o  n o t e  t h a t  t h e  C 1S T  ha~~ed model behavior

as shown in Figs. (16—25) is not o v e r w h e l m i n c ~l y  d i f f e r e n t  from

t h e  o r i g i n a l  l a b o r a t o r y  d a t a .  It is reassuring t h a t , at l e ast

for this s i t e , a model has been obtained that can adequately

represent both laboratory and in s i t u  data.

It should h&’ p ointed out that , although a l l  of the CIST results

present ed here i n v o l v e  horizontal motions , measurements and

comput a? ions of vert ical ground motions are also available. As

one might expect , however , these do not agree well at all because

th e v e r t i c a l  motions in CEST art ’ extremel y se nsitive to non-

u n i f o r m i t y  i n  the l a y e r i n g  and to m a t e r i a l  n o n — h o m o g e n e i t y

4 1 

~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ 
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w i t h i n  t h e  l a y e r s .  Because most of the n o n — u n i f o r m i t i e s  are

alway s unknown and , even if known , cer t a i n l y  can not be

incl u ded in two dimensional axisymmetri c CIST computations .

it seems futil e  to hope that they can ever be represented~~in a

CIST comput ation of the type performe d in this stud y.
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V t  t : o s c iu s  I O N S  A N D  R E C O M M E N D A T I  O N S

K v m e a n s  o f a n  i t t ’ r a t I on p r o c e d u r e  i n  wh i i c i t  a cap m ode 1

I i t  t e d t o l a b  o r a t o r y ti a t  a w a  a I t or e  d i n  s a le  h a w a y  a s  t o 1 ca d

t o  i m~~~ovt ’d results i n  t h a t ’ c o m p u t a t i o n  o f  C I S T  12 , a m o d e l

has ‘ten ob t a i n e d  f o r  t h e  H ARD PAN s i t e  w h i c h  agrees r e a s o n a b l y

w e l l  w i t h  both l a b o r a t o r y  a n d  in s i t u  m e a s u r e m e n t s .  This model

i s  n o w  b e i n g  used i n  a n u m b e r  o f gro und shock and St r u c t u r e—

m e d i u m  I n t e r a c t i o n  c o m p u t a t i o n s  f o r  t h e  hARt) PAN SITE.

T h e  ( ‘ o n s t r u c t i o n  o f  t h e  f i n a l  c a p  m o d e l  ( w h i c h  i s  consis-

te n t  w i t h  lab o r a t o r y  as well as GIST data ) pr e sented l i t t l e

l i t  I i c u l  t y  i n  t a i s  stud y. It is not clear , b aowever , whe t h e r

t h i s  is a general phenomenon or whether it is m e r e l y  a f o r t u n a t e

c o n s e q u e n c e  of the behavior of the HARD PAN s i t e  in part icu ]ar.

T h e r e f o r e , i t  i s  e n v i s i o n e d  t h a t  a n u m b e r  o f  o t h e r  s i t e s  a t

which CIST tests have been performed w i l l  h e  s t u d i e d  u s i n g

t h e  p r o c e d u r e  d e v e l o p e d  i n  t h i s  i n v e s t i g a t  i o n .  These :,ites

i n c h i d e  t h e  N e v a d a  T e s t  S i t e  ( C E S T  5 , 6 , 7 )  t h e  M h I ) D L L  G U S T

w e t  s i t e  ( G I S T  9)  a n d  the DiCE T H R O W  s i t i -  (CIST 1.5).

T h e  p r e s e n t  s t u d y h a s  sh o w n  t h a t  the v t - r t  i c a l  v e l o c i t  i t s

o b s e r v e d  d u r i n g  a C I S T  t e s t  are t o o  s e n s i t  lye to l a y e r  i r r t - g u —

l a r i t i i ’ s to be useful for f l t t i n g mo dels . For t h i s  reason ,

It is recommended that emphasi s should be placed on f i e l d i n g

a d d i t i o n a l  and/or redundant h o r i z o n t a l  v e l o c i t y  g a u g e s  i n

future CIST tests. This w i l l  p e r m i t  one to obtain e s t i m a t e s

of data sc a t t e r a n d  n o  ci ’  r t a I n t y , a n d  t o  e stab 1 1 s hi t he ma gn It ud  e

of base lin t’ sh i It wit ir ht can he expected In t h e  C 1ST m e a s u r e m e n t s .
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S a t c i i  i n r m a t  i on w o u 1 d en a b I e t l i e  inn d i ’  I e r 1 o j a t  (I -
~ 0 b e t  t e r

he a di ’ q it ,a a \ of  a n y  p a r I I e t a  I a r f I t a n d  t o e v a  I t a  t e I lao

ac e u r a r v wh i it  can ha - a cli 1ev ed I n a g r o u n d  s i t  o r  k ~ on P ~t t I t i on

u s i n g  the m iht - 1.

Because the amount of use ful data obtained from CIST

is lim ited to horL’.ontal m o t i o n s  a n d  ma y not d i r e c t l y  ri -lat e

to d e e p  o u t  r u n n i n g ,  a i r h i a s t  or  i - r a t e r  i n d u c e d  b e h a v i o r , t h e

need for a d d i t i o n a l  information is clear. Especiall y w h e n

the site is anisotrop ic , tests which excite p r i m a r i l y  v e r t i c a l

m o t i o n s , e . g . ,  D I S K  H E S T  o r  a b o v e  g r o u n d  b u r s t s , a r e  i m p o r t a n t

so t h a t  l a b o r a t o r y  d a t a  ( w h i c h  is  o b t a i n e d  m a i n l y  f r o m  v e r t i -

call y cored samples) may be related to t h e  in situ behavior

in that direction. Hopefully, a comparison of laborator y and

in situ behavior will beco m e available for the CIST confi guration

wh en T E R R A  T E K , Inc ., completes tests in which GIST—like stress

paths will he applied to laboratory spec t mens and t h e  results

compared to CIST measurements and calculations.

As far as the h ARD PAN site in particular is concerned ,

it is recommended that the material model obtained in this

study be used in a calculation of the DISK HEST whi ch was

conducted as one of the events in the HARD PAN series. A

better assessment of the current HARD PAN model may then he

made and , if required , an Improved model could be constructed

to take into account this additional in s i t u  information.
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A P P E N D I X

Rri e f I ) i - s  a r  i p i  i o n  o f  the L A Y E R  C o d e

l’he L A Y E R  c o d e  i s  an  e x p l i c i t  two d i m e n s i o n a l  a x l s v m m e t r i a ’

d y n a m i c  f i n i t e  d i f f e r e n c e  c o d e  d e s i g n e d  f o r  t h e  e f f i c i e n t

s o l u t i o n  o f  p r o b l e m s  i n v o l v i n g  wave propagation In a ] : a v e r e d

medium. The code can accept a wide range of material model

behavior for each layer of a horizontally bedded geometry

and can be modified to accept arbitrary i n i t i a l  conditions and

t r actio n and/or velocity boundary conditions. The use of

reasonabl y “quiet ” transmitting boundaries allows half—space

problems to be eff i c i e n t l y  solved. The code neglects m a t e r i a l

transport (convect lon )ef fects .

A typ ical grid layout for the T,AYER code is shown in

Fig. A — i . Each of the layers consists of a homogeneous s i n gl e

phase transversely isotrop ic m a t e r i a l .  N o n — s l i p  c o nt act between

layers is assumed , although su p and seperat ion e ff e c t s  can he

modeled by introducing an additiona l thin lay er of :m m a t e r i a l

which is weak in shear and/or tension.

As can he seen from Fig. A — i , various types of hou n d ;m rv

co n a i i t  ions m a y  he a p p l i e d .  Those i n c l u d e  a p p l i e d  surface

pr e ssure s as  w e l l  as ri g id , roller a n d  “t r a n s m i t t i n g ” boundari e s.

I n  a d d i t i o n , the ;a m i n u l m i s  s h o w n  in  F i g .  A — I  m a y  b a  r e p l a c e d

by  a s o l i d  c y l i n d e r  b y s i t t i n g  r
0 

= 0 .  T h i s au t o m a t  i c a l l y

i n t r o d u c e s  t h i a- p r o p e r  s y m m e t r y  a n d  c o n t i n u i t y  b o u n d a r y  c o n d i -

t I o n s along the ce nta ’r l i n e .  P l a ne s t r a i n  p r o b l e m s  may be
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r - - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _- - - .

sol va- d by us in s ’  a large va I m a t’ of r
0 -

Becaus e t r a n s p o r t  • o r  - O n V C C L I V C , - f f a ’ c t s  ,a r c’ i g n o r e d  i n

L A Y E R , i t  i s  p o s s i b l e  t o  f o r m u l a t e  t h e  g o v - r n i n g  a - o n t l n u u m

a - q t i a t i a l n s  so t h a t  t h e  s t r e s s  a n d  v e l o c i t y  a r e  t h e ’  o n l y  u n k n o w n

f i e l d  v a r i a b l e s . At a n y  p o i n t  ( r , z ) ,  l e t 0
r ’ 07 1 0~ 

and T

r a p r a- s a-nt l i i i’ r a d i a l , a x i a l , t a n g e n t ia l  a n d  s h e a r  s t r e s s  c o r n —

p o n e n t s  i n  t i m e  c y l i n d r i c a l  ( r , z )  c o o r d i n a t e  svst -m as f u n c t i o n s

o í  r , z a n d  t i m e  t a n d  l e t  u a n d  v r e p re s e n t  t h e  r a d i a l  a n d

a x i a l  ve l a )city components at (r , z , t). T h e  g o v e r n i n g  e q u a t i o n s

c o n s i s t  of the equations of motion

30 cy — Ii
— 

1 
~ 

r + r O  + L!)— 
p ) r r

303v 1 z 3T I— a, —- + —- + — ) + ga t  a ’ 3 z  3 r  r

i n  w h i c h  ‘ i s  the local density and g is  t h e  , m e e e l e r a t f o n  of

g r a v i t y ,  t o g e t h e r  with the c o n s t i t u t i v e  equations , w h i c h  m a y

be represented as

30
;~~r = M -

~~
-

~~ + M + M
I~~~t rr2l r rz.’z r r

30
z ~i v  11-- + M  + M ,

It zr~)r z z 1 -z r

= M + M + M
0z )z ‘a r

= M (
~~ +

In which the m o du ll H~~. art’ d e fined by the local cons t i t u t i v e

model.
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l ’lme f i n i t e  d i t  I a’ ren a - e analog of t l i t -  t h y ’-  e q u a l  Ions is

- o n st r u c t e d  for LAYER by us i n g  a st a I ’~~a - r t -d g r i d , Fig. (A—I) ,

and b y t a k i n g  c e n t r a l  d t f f a ’ r e n c i -s fo r a l l  s p a t i a l  d a - r i v a t i v e s ,

forward time d e r i v a t i v e s  in tim e &‘qu;a t i ons of ma i t I o n , and

backward t i m e  d e r i v a t i v e s  in the cons t i t il t lye equat inns.

Therefore , a t a n y  t i m e , the a- q u a t i o n s  of m o t i o n  are f i r s t

employed to d a ’term in e t lia - new v e l o c i t y  f i e l d  ,and t h i s  f i e l d

is then used to construct the strain rate compon ents Iim / d r ,

~v/ 4 z , u/r and ( iu /~ h -, + 4 v / I r ) / 2 .  ‘l’hesa’ a r t ’  t h e n  u s e d  i n

t h e  m a t e r i a l  subroutine to obtain the n e w  s t re s s e s .

The L A Y E R  ca )mputa tl onal grid Is orthogonal w i t h  a constant

r a d i a l  m e s h  s i z e , A r , a n d  a v a r i a b l e  v e r t i c a l  rnesba size , ~z ,

w h i c h  ch -angc s a r b i t r a r i l y w i t h  d e p t h .  B e c a , a s e -  l o n g  a n d  i a - a r r o w

g r i d  a ’lem ent s can sometimes i n t m i d u c e  s i g n i f i c a n t  n u m e r i c a l

errors into a comp u t a t i o n , tha’ a sp i- ct r;ati o , A r / ’ z , for a ma-hi

m e s h  p o i n t  is generally kept between 1/5 and 5. Of cour’u’ ,

t h e  u s u a l  C o u r a n t , F r i e d r i c h s , Lewy s t a b i l i t y  c-o n d i t ion gov erns

the choice of time step, At.

There are sever a l additional featur e s of in t e r e s t  In

LAYER. In order to improv e i’f fici en c ’,’ in solving certain t ypes

o f  e x t e n d e d  g r o u n d  s h o c k  p r o b l e m s , LAY ER h a s  a r e s t a r t  c a p a —

b i l i t v  as well as  an option to shift th e c o m p u t a t i o n a l  grid in

space (dropping grid cells behind and a c q u i r i n g  undisturbed

n a ’w  a e l l s  in front). As far as o u t p u t  i s  concerned , qu antit les

sua l a as St n&’ ta s a n d  v e l a c i t y  components , stress i n v a r i a n t s , or

other desired va ri ai ,Ies , are written at a ’acim t I m e  step and at



specified points of interest on a binary tape. Further , p e a k

stresses , velocities , and displacements are stored for all

depths at given ranges , and peak disp lacements are stored for

all ranges at specified depths. Plots of the time histories

and cross plots of pairs of quantities can easily be obtained.

The LAYER code has been implemented on a number of computers ,

but it has been used principally on Control Data Corporation

equipment , specificall y on CDC 6600 and 7600 machines. A

large problem may hav e about 10 ,000 space points and involve

about 2000 time steps. Such a run typicall y requires about

three hours of central processor time on a CDC 6600 if the cap

model is used.
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