
r
It AD A056 3814 LOCKHEED MISSILES AND SPACE CO INC PALO ALTO CALIF PA—ETC FIG 8/7

I DOU84..Y ASYMPTOTIC . BOUCARY—ELEMENT ANALYSIS OF DYNAMIC SOIL— ST——ETC (U)
MAR Ye P 6 UNDERWOOD. I L GEERS DN*OO1 75 C~ O29le

UNCLASSIFIED LMSC/D6214828 DNA~~ 5l2T 

J im  
___!141

_ _•cH III 9’~9

I I



10 r~~ DlH~L 3.5 =

2’Oj j  L 140 —
L ~

_____ 

~ llll~!~1
~
•flhII125 ~~~~~~

NATIONAL BUREAU OF STANDARDS
MICROCOPY RESOLUTION TEST CHART



/ ~~ 
~~~~~ ;

DNA

~ DOUBLY ASYMPTOTIC, BOUNDRY-ELEMENT

~ ANALY SIS OF DYNAMIC SOIL-STRUCTURE 
[

~ INTERACTION

Lockheed Palo Alto Research Laboratory LEVEL ~~~~~
3251 Hanover Street
Palo Alto , Cal i fornia 94304

31 March1978

Topical Report for Period 1 June 1975—31 March 1978

>-
,

CONTRACT No. DNA 001 -75-C-0294

‘ I C-)
1 1 

_ _ _ _ _ _ _

• APPROVED FOR PUBLIC RELEASE;
DISTRIBUTION UNLIMITED.

THIS WORK SPONSORED BY THE DEFENSE NUCLEAR AGENCY
UNDER RDT&E RMSS CODE B344075464 Y990AXSC06137 H2590D.

D D C’~Prepared for j~trj~fl~f2flflflf~ffi)
Director .iui 20 1978

DEFENSE NUCLEAR AGENCY
Wash Ington, D. C. 20305 

~ 
~~~~~~~~~~ B

~~~~~~~~~~~~~~

* .~~ : .. 
_ _ _ _ _

L --



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Destroy this report when it is no longerneeded . Do not return to sender.

(

O~~

;

~ .— ~~~~r. 
—



LVNC I.A SS IFIEJ )
j~~!~~~ \,~~~~~_ $ ~~~~~~~~~ 

,~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ t . ~ ,,
.t , ,

REPORT DOCUMENTATION PAGE I~ 1..I.~~~~~
L
~~~~~~IM flNC~~F~~RM 

. ,, .. . . . ~~~~~ 1 A C C  [ 3,S hJ N NO.] 3. ~~~~~~~~~ NT  4 ’ A ~ )c; N~~~Mt ~~ P 

- 4 _i_._ .-“*~~. 
_

~~~~
. .. .,, .- . ..

~~~~~ 
. . .  ‘t..~~

/ T ~ PL  ~ jr ~~ P”~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ -

/ ~DU UBLY A S Y N P I O F I C , B O U N D A R Y - E l , E N EN I ’  ANALYSIS OF ~ fropical ~ep~~ t~ t~~I . D Y N A N I C  S O I L — S T R U C T U R E  IN T E R A C T I O N , ) ~i Jun~~~~ 75—31 NartW~~ 78..
,~~ P F Q~~M1~~~~~~~~G

— — 
~
. J~ 

LMSc~f 
6 248 284~ -

~~~~ ~~~~~~~~~~~~~ A N T  v c ~ 3

; j  P. C. ~ ude rwood / .- 
‘ 

-
T. L . ,Cccr s  . - 

1 DNA OQ1-75—C-O294• - —I J
v ~~~~~~~~~~~~~~~~~~~ A ’~~ A . -~~ V R ..  !.‘~~~L E M E N ’ pR T , , E:~ ~~~~~

l o c k h e e d  Pa lo  A l  to Research  Labora to~~’r~~~~—~~— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

3251 Hanover Street .
~ 

j ~ /~~ Sub
~~~~~

LY99QAXSFO61
~~
37 .

l ilo \ l t o  ( i i i t  orniq 94304 
- 

/ 
._~~~ ~/ ~~~

j  
_______________

1)ircctor (~ (~~~i Marc~~~~ 78j 
________Defense Nuclear Agenc y N M V  - PA

~ ;ish i n g t  on , I). .  20305 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~_I~~._ _ _ _ .___ . ~~~~~~ .

. . 
• ‘ ~~~~ ~ v .  • - . 

~.l CL~~~ A

/ :111 .‘1T~ 7~~7 UN CLASSIFIED
— ~~~~~~~~~~~~~~ r A I C A T  C A N  PA  N

~~~~~~~~~~~~~~~~ ~2Yi~Ii~ i~ .
A p p r o v e d  for p u b l i c  release; distribution unlimited.

.. ‘, — .1 . 1 0 . ii (i f?  

iii i s  work sp o n so r e d  b y the Defense N u c l e a r  Ag ency  under  RDT &E RNSS Code

~:~~~754~ 4 Y9 9~~AN ~~C06 137 H259 0D . 

~~~~~ 
TTT T .~~ 

S o i l — S t r u c t u r e  i n t e r a c t  ion
D o u b l y  A svmp tot Ic Approximations
B o u n d a r y  M oment  Techni q ues  

i  . v  ~ i . ,

T h i s  report describes a doubl y asymptotic (DA), boundary—element (BE) treat-
ment of -i surrounding soil medium t h a t  offers considerable promise for
d y n a m i c  soil—s tru cture inter action analysis. The soil—structure interaction
is reduced to a surface relat i o n s l t i  p t h a t  i s  a s v m p t o t ic a l  l v  exact at both
h i p h  and low frequencies . Coverning equations for l inear problems are
develop ed i n  m a t r i x  f o r m  f o r  a p p l i c a t i o n  to comp lex structures. Numerical
rt’sults are  p r e s e n t e d  fo r  a t w o — d i m e n s i o n a l  p rob l em for which analytical —

DD ... .,
“ 

, 1473 - ‘ ‘ . ‘ ‘. . ‘ ~ ~~“~~~~~~ ‘ UNCl ASS IFIED
‘a T,., ~~~ 4 N •~~~ ¶ ç ’ i ‘ ‘i ,

~~~~~~~~/ L ’ / / /



UNCLASSIFIED
S E C U R I T Y  C L A S S I F I C A T I O N  OF THIS  PAG E(H~~ n Date Enlered)

20. ABSTRACT (Continued)

-solutions have appeared In the literature. Good agreement between the DA/BE
and analytical results is observed.

UNCLASSIFIED
S E C U R I T Y  CL A S S I F I C A T I O N  OF T H I S  PA C E ’ ( 4 ? i # r i  On? , F,i~ 9~ #df

• ., 4 • - . • . ..

~~1



SUMMA RY

This report describes a doubly—asymptotic (DA), boundary—element (BE) treatment of

a surrounding soil medium that offers Considerable promise for dynamic soil—structure

interaction analysis. The soil—structure interaction is reduced to a surface relation-
ship that is asymptotically exact at both high and low frequencies. Governing equations
for linear problems are developed in matrix form for application to complex structures.
Numerical results are presented for a two—dimensional problem for which analytical solu-
tions have appeared in the literature. Good agreement between the DA/BE and analytical
results is observed .
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SECTION I

INTRODUCTION

The treatment of soil—structure interaction is of considerable importance in analy-

ses of the integrity of structures in ground—shock environments. There are currently

three basic approaches to the linear treatment of this problem : ana lytical , lumped—

element , and finite—element. Analytical opproaches are restricted to very simple geo-

metries ; hence , the results are useful for providing insight into the physics of the

problem , but the extension to complex geometries is difficult. The lumped—element ap-

proach , in which the soil characteristics are represented by discrete masses , springs

and dashpots, is economical , but the representation of actual soil behavior is crude.

The finite—element (FE) approach can model the problem to almost any accuracy desired ,

but the large number of elements required precludes efficient computation. An approach

to achieve a more versatile and more economical method for the treatment of these prob—

lens would combine the best features of the different techniques. Such an approach is

pursued in this study: an analytical approximation of the soil—structure interaction

is combined with the modeling capabilities of the FE method , wtiile avoiding the burden

of many elements in the soil.

This report examines a boundary—element (BE) treatment of the surrounding soil that

offers considerable promise for complex soil—struc ture dynamic analysis. The structure

is modeled through the use of an available FE code , and the soil—structure interaction

is reduced to a surface relationship through the use of a doubly asymptotic approxima-

tion (DAA ) [1], which requires the app lication of BE techniques [2). The present study

focuses on the two—dimensional plane—strain response of structures surrounded by an in-

finite elastic medium; the exterlsion to more general problems is discussed .

The report first addresses the development of the method : the matrix equation of

motion for a structure embedded in an elastic medium is given , the doubly asymptotic

surface relationship is presented , and the response equation for the embedded structure

is synthesized . Then the solution procedure is discussed , and three numerical examples

are considered that illustrate the validity and accuracy of the approach.

5
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SECTION II

GOVERNING EQUATIONS

In t h i s  s ec t i on , gove rn ing  e q u a t i o n s  f o r  a f i n i t e — e l e m e n t  (FE)  model of a structu re

and a boundary-element (BE) formulation of a firs t—order doubly asymptotic approximation

(DAA ) for the soil—structure interaction are provided . These equations are then com-

bined to form the response equation for the embedded structure. Finally , computational

)rocedures for the solution of th e response equation are discussed .

2.  1 STRUCTURAL MODEL

The matrix FE equation of motion for a linear structure embedded in an elastic med-

ium t h r o u g h which  an inc iden t  d i s t u r b a n c e  p ropagates  is

N a + q = — (1 + ~) ( 1)

where N and K are the mass and stiffness matrices for the structure , ~ is the struc-

tura l  d i sp lacement vector , and are surface—force vectors associated with the in-

cident and s ca t t e r ed  waves , r e s p e c t i v e ly , and a dot denotes tempora l differentiation.

The mass and stiffness matrices are easily obtained from any available FE code. The

a p p l i e d  load is considered separable i n t o  an i n c i d e n t — w a v e  f o r ce  tha t would exist  if the

s t r u c t u r e  were a b s e n t  (hence  a known q u a n t i ty ) ,  and a s c a t t e r e d — w a v e  f o r c e  due to the

presenc e of the structure. The scattered—wave force constitutes a troublesome unknown~

hence an a p p r o x i m a t i o n  is i n t r o d u ced  fo r  i t s  e v a l u a t i o n .

2.  2 DOUBLY ASYMPTOT IC APPROX IMA T ION

• A f i r s t — o r d e r  DAA i s  i nt r o d u c e d  to evaluate the scattered—wave force [1]. This

app rox ima t ion  is a s u r f a c e  i n t e r a c t i o n  a p p r o x i m a t i o n , rep lac ing  the infinite volume of

externa l medium by a surface coinciden t with the external surface of the structure.

The approximation is asymptoticall y valid at bot h high and low frequencies , as are the

previously developed ap p r o x i m a t i o n s  for  f l u i d — st r u c t u r e  i n t e r a c t i o n  [3 , 4 , 5] .

The development of a first—order DAA for linear soil—structure interaction proceeds

as follows. A t high frequencies , each surface elemen t of the discretized structure acts

as an infinite flat plate radiating plane waves into the medium . This can be v isua l ized

by considering that , for a fixed surface—vibration pattern oscillating at high frequen—
• cies , the characteristic propagation wave lengths in the medium are short compared with

the characteristic wavelength of the surface—vibration pattern. For normal and tangen-

tial motions of the ith surface element , this model yields as scattered—wave surface forces

n
= II Cd a . u~

t
= P c a j u 1 (2)

6



whore  p is the mass density ~f the medium , a~ is the sur c e area of the element , c
d 

and

c are the sound speeds for dilatational and shear waves in the medium , respectively, and

~~ and are the norma l and t a n g e n t i a l  s c a t t e r e d  ve loc i t i e s  a t  the s u r f a c e  of the ele-

m e n t ;  see, e.g., [6]. For an assemblage of elemen ts, (2) lead to the matrix relation

=

where  is a d iagona l  e l emen t—area  m a t r i x , C is a diagonal sound—speed matrix for the

medi um , and is the computationa l scattered—velocity vector for the surface elements

expressed in loca l coordina tes. Upon assembly,  the local coordina tes in (3) are trans-

fo rmed  to the global coordinates for the problem as

= 

~~~~~~~~ 
(4)

From ( 3 ) ,  i t  is c lear t h a t  t h e  e x t e r n a l  medium appears  to th e  s t r u c t u r e  as an added dam—

per in the hi g h — f r e q u e n c~’ l i m i t .

! o w — f r e q u en c v  behavior  of the medium is descr ibed  by the q u a s i — s t a t i c  s u r f a c e  r e l a—

t ion

= K ~ (5)S m S

in w h i c h  K is a su r tiuct s t i f f n e s s  matrix far the medium . In this limit , the external

m edium appears to the St  rIle ture is an added stiffness embodied in K . The c o n s t r u c t  ion

of K is discussed i i i  ~~ t 1I’fl 2 .  ~~.

~~;fl

To c o n s t r u c t  the fir -~t—1 rd1r )\ \ (3 )  and (5) are  added  to  o b ta i n

= p G~ \ C C a • + K u (6 )

where the transformation of (3) as 
~~ 

G
T
g~ 

~~~S~~~~ r n -~S 

(4) and t h u  fact that y i r t u : I 1

work mus t  be i n d e p e n d e n t  of the c o o r d i n a t e  sv st enu  used , i.e. , (~ u)
T 

~~ = c 
-
.

I t  i s  easy to see t he  d o u b l y asvmptot ic n a t u r e  of  the s u r f a c e  approx ini t jot ’ . A t low

irequenc ies , the v e l o c i ty  v e c t o r  is s m a l l  r e l a t i v e  to t h e  d i s p l ac e m e n t  v e ct o r , so t h i  l t

the sca tt ered f o r c e  is essent  m l  lv g i ven  by t h e  s t a t i c  s t i f f n e s s  r e l a t i o n s h i p ;  a t  h i g h

f r e c i ienc  i es , the r ev e rn e  is t rue , so that the  s ca t t e r ed  f o r c e  is e s s e n t ia l ly  civen bw

the  r a d i a t i o n  d a m p i n g  r u 1 , i t  i o n s hip .  In  the i n t e r m e d i a t e  f r e q u e n cy  range , t h e  P A \  is , of

c o u r se , in e r r o r;  the  purpose  of  t h e  n u m e r i c a l  r e s u l t s  p r e s e n t e d  h e r e i n  is to i n d i c a t e

t h e  m a g n i t u d e  of that e r r o r .  I f  n u m e r i ca l  c a l c u l a t i o n s  d e m o n s t r a t e  the need for  an im-

proved a p p r o x i m a t i o n , one may be derived ; for f l u i d — s t r u c t u r e  i n t e r a c t i o n , an improved

DAA has been developed tha t s u b s t a n t i a l ly  o u t p e r f o r m s  t h e  o r i g ina l [ 5 ] .

7
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2.3 RESPONSE EQUATION

In linear problems , not only is the surface—force vector separable into incident—

wave and scattered—wave components [See (1)], but the surface disp lacement vector u is

also separable such that u = U
1 

+ u~~. Hence (1) and (6) may be combined to give the

doubl y—asymptotic response equation fur t h u  embedded structure

+ D
T
C
1
A 
~~~~~ ~ 

+ (K + = + 
TC T

~~~~m~ p + DTK (7)

where u and have been tc.~~--~~’rn1 •i is ii f~ q and I = DTg i . e . ,  I) s e l e c t s  the struc-

tural d e g r e e s  of f r e e d o m  t h a t  uli- t inc t~~~1 soi l—str ~i ture interface. In (7) ‘1 and K

are readily provided by an Pb. St  r i l e  t u r a  1 t n t  Iv s i  s c ’d e , D C A C C U is easily c o m p u t e d

11 
and are known , and K i s  d c t e r r i n t d through t he  ap; l i c a t i o n  of b o u n d a r y — i n t e g r a l —

equa t ion  t u c h n  i qu1 s I~~ flow dese r i  1 2

2 . 4  MEDIUM STIFFNESS ~IA TRJX

The basic b o u n d a ry — i n t e g r a l e q u a t i o n  in two dimensions is [2]

1 , + fT
k 

(P ,Q)  u ’
~(Q) d L ( Q )  = f U~~~ (P ,Q)  t ~~~ 2 L ( Q )  (8)

where  P an~ Q arc s u r f i c  points , ~
k an d t k a re  s u r fa ce  d i s p l a c e i : c r i t s  and t r a c t i o n s ,

respec tively, T~~ and ck are  Green ’s f u n c t i o n s  fo r  the b o u n d a ry , and k = 1 , 2 and i =

1, 2 are the Car t e s i an  c o o r d i n a t e  i n d i c e s .  Through  d i v i s i o n  of t h e  s t r u c t u r e ’ s

dimensional) externa l surface into a series of boundary e l e m e n t s . (8) ma\ ’ he expressed

in ma tr ix  no ta t ion as

S u  = F t  (9)

in w h i c h  the  2 x 2 e l e m e n t s  of  S and F are  g iv e n  be

S~~ = ~~~~ 
. ~ + T~~. ~~ dL .
i j  k~ i j  j 3

= ~ (10)
1 j  1 J  1 1

where . . and S - are Kronecker del tas , i and j  are boiun ih irv— ul em ent in d i ce s , ~~ and
• k

a rc  assumed BE shape—function s , and L . is t h e  l e n g t h  of t h e  j t h  bou n d a r y  c l e m e n t .  b r

t he  t w o — d i m e n s i o n a l p l a n e — s  t r a i n  case , th u  k e r n e l s  I . and  1’ . a rc c~ yen by [2 . 7 1

= 

~~~ 
[~

-
1~i ~~k Z C , + 2 r

H k  
r
1~~ ç ) + C~ (n~ r i j ~~ 

- n~ r
H k )]

= C (1 C 2 n r ., - r . .  r .. ) ( 1 1)i j  1 k~ 2 ij  ij , k i j, 9

8



where C1, C2, C3 
and C4 are material constants , r1~ is the distance from a node point

on the ith element to the variable (field) point of integration on the jth element , n .
kis the unit normal to the surface of the j t h  element , n . is the cosine of the angle

• between n . and the kth Cartesian direction , and a subscript following a comma repre-

sents spatial differentiation with respect to the indicated Cartesian coordinate at

point j. In the present implementation, the displacement and traction shape—functions

and are assumed to be constant over the j th  element, so they may be brought out

from under the integral signs in (10). The numerical techniquea used to evaluate the

integrals in (10) are discussed in the appendix.

Once the matrices in (9) have been generated , it is a simple matter to obtain the

medium stiffness matrix; because F is nonsingular , it can be factored to obtain

-~~ 
= F 1 S = 

~~~~~ 
(12)

As t l u  pru ced iup developm ent is not based on variational principles , the derived

stiffness matrix may not be symmetric ; therefore K is symmetrized before it is used in

(7).

The brevity of the preceding BE formulation is appropriate , in view of the exten-

sive coverage of the subject provided in [2). The emphasis here has been on the spe-

cific approach of this study; it has been found to be most economical , especially the

use of numerical integration to evaluate the matrix elements defined in (10). The appar-

ently new technique of using boundary integral equations to define a medium stiffness
• matrix is valuable , in that it facilitates the use of the form (12). This form is

required for an efficient marriage of an FE structura l model and a BE soil model. There

are also improved forms of the BE method available tha t utilize higher order shape—func-

tions to describe boundary disp lacements and tracticuns , as well as sophisticated isopara—

metric—elemen t representations; these procedures are reviewed by Cruse [8]. The simple

approach used in this stud y is, however , adequate for the purposes of the present investi-

gation. If software were to be constructed for production analysis , the incorporation of

refined BE techniques would be appropriat e .

2.5 SOLUTION PROCEDURE

The doubly asymptotic response equation for the embedded structure , (7), has the

form of the standard matrix equation of structura l dynamics; hence , the solution of (7)

• may be accomplished with well—established techniques. For the linear response problems

considered here , the integration of (7) is performed in accordanc e with the trapezoidal

rule [9]. The equation solver used with the time integrator is the skyline format pro-

cedure of Felippa [101.

9



A study of (7) on a term—by—term basis is informative. The mass matrix produced

by REXBAT [ill, the structural finite—element code used in this study, is diagonal; a

consistent mass matrix could be used , however , without unduly complicating the solution .
The damping matrix is highly banded in all cases and presents no computational diffi-

culties. The stiffness matrix , on the other hand , may be nearly full, due to the added

stiffness terms. (Note that the matrices generated from (10) are full.) For the simp le

examples considered here , this dense stiffness matrix presents no difficulty. However ,

for large systems , the compac t bandwidth (low connectivity) of the structural model ,

which is needed for efficient solution, would be lost through the addition of the fully

populated medium stiffness matrix . To overcome this problem , a staggered—solution ap-

proach , such as the one developed for fluid—structure interaction analysis by Park,et

al. [12) should be considered for large systems of equations . The forcing function , i.e.,

the righ t side of (7), may look complicated , but each term is known and the load vector

is easily computed by simple matrix—vector multiplication and vector addition .

The power of the present approach is certainly evident for engineering app lications ,

as the FE and BE methods enjoy direct applicability to the complex geometries of eng i—

neering structures. Furthermore , the doubly asymptotic response equation for the em—

bedded structure is merely the second—order ordinary differential equation of structural

dvnarni cs.
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SECTION I I I

NUMERICAL RESULTS

In this section , numerical results for the transverse excitation of an infinite ,

c ircular cylindrical cavity and for two infinite , circ ular cy lindrical shells by an

incident p l ane , d ilatational wave are compared with correspond ing analytical solu-

tions. Problem geometry and notation are shown in Figure 1; in all cases, plane strain

response is assumed . The coincident finite—element and boundary—elemen t grids for all

three problems consist of 40 elements of equal length. The finite—element shell models

incorporate straight beam elements with elastic moduli modified for replication of plane

strain conditions.

The results are presented in nondimensional form. Length is normalized to a , t ime

is normalized to a/c 1, and stress is normalized to pc~ = A + 2 p ,  where A and ~i are the

Lame c o e f f i c i e n t s  fo r  the medium.

3. 1 I N C  1 DENT K \ v b :

A plane dila tationa l step—wave , c h uar a ct er i z e d  by a compressive pressure P0 and

moving  in the x
1
— di rcction . Ian be described in terms of a ~ond inuensional scalar poten-

tial 
~ 

as

- 

I 
= - 

~ 
P~~(T - x 1 

- 1 ) 2  H ( T  — x
1 

— 1) ( 13)

where I is nond imens~~ana l t ime , x
1 

is n o n d i m e n s i o na l  p o s i t i o n  a l o n g  t h e  x
1 

ax i s , and H

is the H e av v s i d e  o p e r a t o r .  For t h u i s  i n c i den t  wave , the  sbuear  p o t e n t i a l  is zero [6 ) .

The inc id u n t —wave fo r c e eec t o r  f
~~

, w h i c h  appears  on the  r i g h t  s ide  of ( 7 ) ,  is ob—

tam ed as fo l lows . F i r st  . the  e l e m e nt s  of the i n c i d e n t — w a v e  c o m p u tat i o n a l s t ress  v e c t or

in globa l (x 1, x , ) c o o r d i n a t e s  a r e  de t e r m i n e d  be a p p l i c a t i o n  of c l a ss i c a l  c o n t i n u u m  form-

ulas  to  ( 13) [6 ) :  t h i s  y i e l d s

o~~. = - (1 + 2 D S lk
) P0 H ( T  — xF — 1 )

= 0 (14)

where  x 1 . denotes the  x
1

— p o s  i t  ion of the i t h  s u r f a c e  mode.  Second , a g l o h u u  I stress ‘w—

t o r  is cons t r u c  ted from thc~ e el  e m e t i t  s , wit i ch i  is then t r i n s f o r m e d  , on t iu e  basis of Mc’hr ’ s

Ci r~ le , m t  I t  lo c a l  cI t l I r u l  a l t  cy  as a = . F i n a l  l v , the force eec t or in l ocal coordin—

I t  u s  is ule t e r m i  ned is f = — A c , which i s  then t r a i l s  formed Into globa l coordinates to

yi eld Ic , f . , (6)

= - (1 A ~I (15)

11
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The incident—wave displacement and velocity vectors and i~~~, which also appear on

the right side of (7), are obtained from the classical relation uk = 3 I~ / 3  x
k
. This

relation and (13) yield as the elements of these vectors

k
U
fl 

= 1k 
p
0

c~ — — 1) h-1 (T — x 1. — 1)

= 
~ lk  P0 H(T - x

1~ 
- (16)

3.2 CIRCULAR CAVITY

The cavity problem is formulated simp ly by taking N = K = 0 , which  reduces  (7 )  to

a first—order equation . A comparison between results obtained by the  present method and

analytical results presented in [13] is provided , for step—wave excitation , in Figure 2.

Minor discrepancies exist between the PA/BE and anal ytical response histories at earl y

times. At late times , both sets of response histories approach  the appropriate asvmp—

t o t e s  [1, 14); these asymptotes are t— 4 , i— i  and T+2 for  =0 0
, 90°, and 1800 , respect-

ively.

3. 3 CONCRETE SHELL IN SLOW GRANITE

The second check probl em , the response o a concrete shell to an inc ident eave of

rec tangular pressure—profile , is also taken from [13). The nondimensional parame te r s

for this problem are h/a = 0.01 , p /p  = 0 .865 , c /c 0.63 , c Ic = 1.87 , V = 0 .25 , ands d cu d
V = 0. 2;  thu d u r a t i o n  of the  i n c i d e n t  r e c t a n g u l a r  p u l s e  is 10. PA/RE and ana l vt i c a l  I i s —

p l a c e m e n t  h i s t o r i e s  f o r  t h i s  p r o b l e m  are  c ompared i n  F i g u r e  3. rn  t h i s  f i gu re , as in

Fi gure 2 , the  P A / B E  responses g e n e r a l  lv  tend to  lag  b e h i n d  t h e i r  a n a ly t i c a l  c o u n t e r p a r t s .

As d i s c u s s e d  in [ 1 ) ,  t h i s  t e n d e n c y  is the  r e s u l t  of excess r a d i a t i o n  damp i n g  introduced

by t h e  DAA . Also of i n t e r e s t  is the P A / R E  prod j e t  ion of s h e l l  r e s p o n se  a t  flr(L i l - f o r e

• i 1  . 53 , which is the earliest t i m e  a d i s tu r b a n c e  c-i n reach t h a t p o i n t  [1  ~1 ; t h i s  n onp h v s —

t ea l  r e s u l t  i 1 lui strat es tha t ti l t DAIS is not a WaVe P~~0~~~lCf l  t ion ap p r o x im a  t t a n .  Desp i t u  i t s

d e f i c i e n c i e s, I1I I WI v cr  , t h e  PA/u p r o d u c e s  r e s u u l ts  that l o wi l t r u  d i f f e r  f r o m  t h e  i r  m a  let ica I

c o u n t e r p a r t s  by more  t h a n  l0  of t i m e  peak response  and u~ so approach the  proper  l a t e — t i m e

a sym p t o t e .  The l a t t e r  c h a ra c t e r i s t i c  a t t e s ts  to tiue correctness of thu K
m~

calcula tion.

A l t h o u g h  the  DAiS t ends  to overestimate radiation damping, its  inclusi on is absolute—

• ly necessary for an ac curate treatment of abrupt soil—structure interaction. This is

i nd ica tech in Figure 4 , where d i sp l I e u - n t - n t  r e sponse s  c o r r t  spend i rig t t ti e 1)/u/FE responses

o f  Figure 3 have bus -n com put e l from ( 7 )  wi  t bl ( Set  equa l t o  ,~~~. A s ant- would ex p e c t

t h e  h i g h l y  osc i l l  a t  or v r e sponse  t h u s  cal en ]  a t  ed p r o d uc e s  t x  t r ome lv poor st ross  / str ni n

l u s t !  I t s .

13
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3.4 CONCRETE SHELL IN GRANITE

The final check problem , the response of a concrete shell to an incident step—wave ,
is taken from [1]. The appropriate nond imensional parameters here are h/a = 0.05, p0/p 

=

1.0, cs/cd = i/Ji , c / c d = lAf2, and v = V
0 

= ü. 2 5.  Velocity response histories at 0 =

00 & l80°are shown in Figure 5, corresponding to PA/BE, DA/analytical and exact/analyt-

ical treatments of the structure—medium interaction. It is seen that the DA/BE and DA/

ana lytical results are in almost perfect  agreement , which is most reassuring. Premature

initial response at points in the shadow region and excessive radiation damping charac—

terize the PA results here as they did in Figure 3. The associated error is modest, how— —

ever , with all results coalescing at late times. Stress response histories in the middle

and inner fibers of the shell at 13 = 900 are shown in Figure 6. Here , some minor dis-

crepancies between the DA/BE and PA/analytical results appear: near T = 0, the DA/BE

histori es exh ibit a mor e rea li s t ic  delay before a stress response appears ; near T = 1.5,

shor t—term reversals in stress appear in the PA/BE histories , whe reas the analytical

histories are smooth; f i na l l y ,  at late times , t he PA/BE asymptotic stress va lues are

sl ight ly less than their analytical  counterpar ts .  Much larger discrepancies exist be—

t ween the DA r esu l ts and t he exac t r esul ts , especially during the period 4 < t < 12.

Even here , however , the error never exceeds 15% , whic h is genera lly acceptable for engi—

neering ana lysis.
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SECTION IV

CONCLUSION

The numerical  resul ts  of the previous section indicate that the doubly asymptotic
approximat ion of [11 offers considerable promise for the satisfactory treatment of dyna-

mic soil—structure interaction. In addition , the boundary—element methods described in

Sect io n II and the Append ix cons t i tu te  a f i r m  technology for appl icat ion to eng in eer ing

struc tures wi th  comp lex surface  geometries.

The ex tension  of PA/B E method s for the t reatment  of nonlinear soil respr inse is dis-

cussed in [16]. As one would expect , this is a major effort , requiring consideration of

the s t a t e  of the medium at points removed from the surface of the s t r u c t u r e .  In sp i t e

of the difficulties , however, the nonlinear problem appears to be yielding to the new

methods.
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APPENDIX

This appendix discusses the numerical approach used to evaluate the integrals in

(10) for de termination of the matrix elements S
1
~~ and F

’
~~.

Firs t, the boundary is divided into 2—D boundary elements , each wi th a cen tra l  lv

located node. For a single calculation of S~~ and F~~~, fixed values are assigned to
1] 1]

i ,j,k and Q~, and a circle is fi tted to the nodal poin ts j—l , j and j+l ; t h i s  c o mp l e t e ly

determines the center and radius of the arc describing the jth element. The ends of the

j t h  element are then point j —~ on the arc half—way between points j— l and j and p o i n t

on the arc half—wa y between poin ts j and j+l. Hence L . is the ar c length between

poin t s  j —~ and j + ’~. and the unit norma l anywhere on the element i s  comp letc lv defined.

Second , the d isp lacemen t and trac t ion shape — functions , and ~~~~~, a r e  t a k e n  as U n i t y ,

so the integrals in (10) only involve the kernals (11). In this connection , i t is import-

a n t  to remember tha t T~~ and U~~ per ta i n  to a f i~~ed poin t ( th c  noda l  poin t) on the i t h

e lement , but to a variable point on the j t h  clement. For j ~ i , t I l c c c v m et r i c  q l l a n t i —

ties in (11) are easily determined as

II
= ~(x

1~ - ‘lj ~~ 
+ (x 7~ 

- x 2 ) 2

1

r . .  = (x . - xij , k l<j  ki i j

- 1 2
= n . r . - + n . r . - ( 17)

- 1 1 ] , I 
* 2

and Simpson ’s r u l e i s  used to e v I l i l l a t I -  t h e  i nt e g r a l s  w i t h  p o i n t s  i— ~~, and j+ ~~, as t h e

int c 1~r;I t L I l n  paints. For = I , s p e c i a l  eyIl l u.-ltion m1 - thod s a r -  I l l _ I - I l , aS  dts cri~- c h  in the

~o1 l o w i n g  parai~raph.

W it h re gard to the int egra l  of T~~~, it nay be- sho~~ [ 7 1  t h a t  [ 5 1 1-  ( 1 1) 1

f r;~ ~ 
~~k Q  C 4 + 2r 1~ k 

r .. 9
) dL . = - + 1)

J (n~ r .. - n~ r . .  ) dL . = 0 (1-5 )
i it , ? i u .k 1

where the first i—subscript of the do li hi’,- s u b s c r i p ted v a r i a b l e r 1 • 
r,- f e- r s to t I~i- fixed

nodal point for the f t l~ ole-me- n t , and th e sec-mid f—subscri p t of r . .  and any single i—

subscript r e f e r s  to a variabl e point on that eli-m ont. W ith regard I the i n t e g r a l of



~~~~~~~~~~~~

it may be shown that (see (11)]

f  c~ r . .  dL . = r . ( . ½) (in r . ( . ~~~~ — 1) + r . ( . +~ ) (&n ~~~~~~~~ - (19)

where the subscripts ( i— s) and (i+~J refer  to the end points of the ith element. Inte-

gration of the second term in the expression for U~~ [see (11)] is performed by means of
Simpson ’s rule , with the nodal point i and the end points i— ¾ and i+~ as integrat ion
points. In this exercise , the second of (17) is used directly to evaluate ~~ k 

r~ .
12~, 11,

at the end points , while it is used at the nodal point in conjunction with a Ri chardson
extrapolation [17] of the form

(n) (n)  —
~~~~ + 2  rr l~~~k 

r
~1~~ 

- 
2 

_r
l(~ ...~~) , k ~~~~~~~~~~ 

r I(l. 2C) k i ( i - 2r ) , t

+ 2r
~~(~+2C) k 

r
~~(~÷2C)~~ 

- r
l(~+C) k 

ri(i÷C)~~
] 

(20)

where r . . , for example , denotes the value of r .~ [obtained from the second of
ii ,k

(17)] that pertains to the ith nodal point and to a fixed point located between the nodal

points 1—1 and i at a distance c from nodal point i; here , r has been taken as 0.05 L..

Finally , each value of F~~ is scaled through division by L .. This scales the trac—
ktions t . so that they, in effect , become nodal forces , producing a stiffness niatrix l<

of the standard FE forni.

t. 
. 
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AT ’N F. ‘ti
Commander
US Army Mobility Equi p. R&D Ctr.

ATTN: Technical Library ~A - i~~i~ I C-  ‘ - ‘ c i e  / s t  I ’ S

ATTN : A. Tolbert  A ’ , - “ 1 
~~

~I __
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11 CA I PTMI NT OF THE NAVY (Continued) DEPARTMENT OF THE AIR FORCE (Continued)

Cal Irk,ndi ru q Alto - A - ,- 4F Geophysics Laboratory . AFSC
‘ A a v t l  slIbaniv e Ord . Disposal Fac. ATTN : SUOL . Rsch. Library

- \TTN:  code -14 , 3. Petrousky ATTN: LWW . K. Thompson

Commander AF Institute of Technology , AU
N av al Fac ilities Eng ineeri ng Command AT IN: Library . AF I T, Bldg. 640. Area B

ATTN: Code 0411
AT C T A :  technical Library AF Weapons Laboratory , AFSC
A T T N : Code 03A ATTN : Dep. 3. Bratton

ATTN : DES-F.. Mr. Meizer
Commander ATTN: DES-S . M . Pla,iiondon
‘ lavy l  Ocean Systems Center AIIM : DES-C , R. Henny

fu N: Technical Librvry T IN : Lt Col 3. Leech
ATIN: E. Cooper ATTN : DElI

Superintendent (Code 1424) t I - a 1eI 1J I r te rs
Nava l Postgraduate School A l ,- cs -CO ~yste i’ ls Command

ATT ’I : Code 21:?4 . Tech . Rpts . Librarian AT T ’i : R. Cross
AT T N : DLC A W

:1 1 r e c t o r
C a v i l  -C-soa , -c h Laboratory omIndor

- T T ’ C :  Code CiCO . Technical  Lib l -a, - v ASD
Code - lAG , F. Rosenthal AT T 4 : Technica l Library

Ass i - c ta C t Secretary of the Air Force
a nil Sea ~y s  tec :s Command Research and Ce-VA- I opnient

Ru N : ORD—O 33 A TT N : Col R .
SEA_ -i-i h O

-~~ C’? : V c t ~- 03511 G P! ’ y t y  Chief of ~t I  f t
ORD _ A 11 13 Library h I - Se a l -O h and [level ( ‘p c I - ! l t

- \T TC: Col J. Gilbert
Con-s ink-
N A v al Si i;’ En-: ilee rino I

A T T’? : ,~-i C 61 1S F.  ~o, -
~~i~~~i TcsI l I le l oqy G i v ~ sion , -lFs(

AC T’ ? :  T, e lni C al Library A T ~,: P006
ATT’ c :CD . Library

O f f i c e r — i n — C h a ’ - - :i- - TT T N : I ‘GA
N av a l  ~- : i c f a c o  W eapons C i n T e - , - A T ’ ’ - P 1 !1F . l’ Spi - inli

AT : n-i - WASG I  . Nav e  ‘ill - rrqms . (1 ’ -

AT ~ C o l e -IC , C. Ar ans on HQ USAF
A TTN : C . ‘ ‘ i: 0 5 5 1  A’ ‘ 1

-I . sC
HQ 1A A R

Commander - - T T I  PRE
Naval Surface Weapons L y le-
Dahlqren Laboratory H-) USAF/RD

ATT’4: Techni ca l Library l\1 T ’A : 7f l C , L’ Col A. Chi - -’ I

AT T N  PC ~~‘-‘ - Col S. C- I-I- i
N a v a l  War College A l T ’ ? :

‘iT T i : Technical Libra ry A T  1’? - h G ) C ’ ,. ~
‘ l F. V I  Ja

A T T N
Lornna n ilir
‘I~v il Weapons cI-nter Commander

ATIN : ode- 533 , Techn i a l L ibra ,-y hors A i r  Development C - n t - , - , AFSC
ATT N:  FMTLD . Docu ment L i t - i n

- Ill ellanhI i l l  L i f t  I cer A TTN:  RBES. R. ‘I~ i r
‘ l i n t !  Wea~ nri s Evaluation Facil i ty

-‘iT T ’ ? :  T ,-chni cal Library -A-1 - G DE
AT T ? : 0. Hughes A T I C :  DIR

Dl’- - P S , - - AkS DY
- I I I  li ii c Sys t ern-, i ll)  II t 5 Ii ‘IT T N :  DYS

A T IN : N-C —- i A , T hni c~ l Library
AT T I :  4 5 P — ’ 7 1  SA MOP ~ 1’?
A TT’? : ‘?SP— ’T?  A T C:  ‘t’? ’III

A I T ’  - ‘Me
DE IC T M ! ‘ IT hr T HI A t  P FORCE

I i)’ lnyIll t, I , - - Cf L ’~i~ A l T ?  RSS/ Co l D. Dowler
iTT’? .51
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DEPARTMENT OF THE AIR FORCE (Cont inued ) OTHER C O V E R’?MF NT AGENCIES (Cont inued)

Commander in Chief Off ice of Nuclear Reactor Regulation
Strategic A ir Command See lear Regulatory Commission

ATTN : NRI—STINFO , Library ATTN : L. Shao
ATT’A : P. Heineman

DEPARTMENT OF ENERGY
DEP t R I M LId  or DE FENS E CONTRA CTORS

Albuquerque Operations Office
ATTN : Doc. Con, for Technical Library A~’rospace Corp.

ITT’? : L. Seizer
Division of Headquarters Services I TN: P. Mathur

ATTN : Doc. Con. for Class Technical Library 2 cy -~~ IN : Tec h . Info. Services

Nevada Operat i ons Off ice A i t n a t e , a , i  Associates
ATTN : Doc . Con. for Technical Library AT I’ ? : C. Bagge

AC T ’?: ‘1 Agbabian
Division of Military App lication

ATTN: Doc . Con, for Test Office Analytic Services , I nc
ATTN : F.. Hesselbacher

University of California
Lawrence L i ve rmore Labora tory Applied Theory . Inc.

ATTN: Doc. Con, for T. Butkovich 2 cy A C T ’ ? :  T . Tru lio
ATTN : Doc. Con, for J . Goudreau
AITN : Dec. Con , for M . Fernandez Artec Associates . Inc.
ATTN: Doc. Con, for I. Gold ITT’? S. Gill
ATTN : Doc. Con , for J. Thomsen
ATTN : Doc. Con, for L-96, L. Woodruff Avco Research P. Systems Group

- I ATTN : Doc. Con , for L-205 , 3. Hearst A TT ’A : W . Brodi ng
ATTN : Doc. Con . for L-200 , 3. Cortez A C T S :  Research Lib . , A830, Rm. 7201
ATTN : Doc. Con , for L-9O , D. Norris
ATTN : Doc. Con. for L-437 . R. Schock Battel le Memorial Institute
ATTN : L-3 , Technical Info. Dept. AIIM: Technical Library
ATTN : Dec. Con . for L-7 , 3. Kahn ATTN: R. f lin oc ri th
ATTN : Dec. Con . for L-90, R. Dong

8DM Corp.
Los Alamos Scientific Laboratory AC TS : A. Lavagnino

ATTN: Doc . Con . for A Davis ATT I? : Technica l Library
ATTN : Doc. Con. for T. Dowler
ATTN : Dec. Con, for F.. Sp ili man 11DM Corp.
ATTN : Dec. Con, for Reports Library Albuquerque International

ATTN : R. Hensley
Oak Ridge National Laboratory
Union Carbide Corporation - Nuclear Division Bell Telephone Laboratories

ATTN : Doc. Con , for Technical Library ATTh : 3. W h i te
ATIN : Doc. Con, for Civil Def. Res. Proj .

Boeing Co.
Sandia Laboratories . Livermore Laboratory ATTN: Aerospace Library

A C T S :  Doc . Con. for Technical Library A C T S : R. Dyrdahi
A C T S :  P. Carlson

Sandia Laboratories
ATTN: Doc. Con. for W . Caudle Brown [nq i n i - e- r i n r To-: ! nnv, Inc.
ATTh: Doc. Con , for L. Vortman ACT ? : ‘-P . C at ch
ATTM : Doc. Con. for W. Roherty
A T T N :  Doc. Con . for L. Hill California Institute of Technology
A C T S : Doc. Con , for W. Herrmann ATTN I. Ah rens
ATTN : Doc. Con . for 3141 , Sandia Rpt. Co l l .
A C T S :  Doc. Con , for A. Chaban California Research S Technology , Inc .

ACT S : K. Kreyenhaqen
OTHER GOVERNMENT AGENCIES ATT N : Technical Library

AIIM : S. Shuster
Central Intelligence Agency

ATTN : RD/SI, Pm . 5048, HQ. Bldg . for Calspan Corp .
NED /OSI-5 G48, HQS ATTN: Technical Library

Department of the Interior , Bureau of Mines Center for Planning P Rsch. . Inc.
A T T N :  Technical Library ATTN: P. Shnider

N A S A , Ames Research Center Civil/ N uclear Systems Corp.
A T T I ? :  P. Jackson AIIM : R. Crawford
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DEPARTMENT OF DEFENSE CONTRACTORS (Continued) DEPARTMENT OF DEFENSE CONTRACTORS (Continued)

University of Dayton Institute for Defense Analyses
Indus t r ia l  Sec u r i ty Su per , KL— 505 ATTN : IDA , Librarian , R. Smith

ATTN : H. Swift AIIM : Director

University of Denver 3 H Wiggins , Co. • Inc.
Colorado Seminary ATTN : J. Collins

ATTN : Sec. Officer for 3. Wisotski
Kaman Av iDyne

EG&r. Washington Analytical Services Center , Inc .  Division of Kaman Sciences Corp.
ATTN: Technica l Library ATTN : N. Hobbs
AITN: Director ATTN : F. Criscione

ATTN : Technical Library
Elec tri c Power Resea rch Ins t itu te

AIIM : 6. Sliter Kama n Sciences Corp.
AIIM : P. Ellis

Electromechanical Sys. of New Mexico, Inc. ATIN : L i brary
ATTN : R. Shunk ATTN : F. Shelton

Engineering Decision Analysis Co. , Inc. Karagozian and Case
AIIM : P. Kennedy ATTN : J. Ka ra goz i an

Frankl in Institute Lockheed Missiles & Space Co., Inc.
AIIM : Z. Zudans AIIM : Technical Library

Gard , Inc. Lockheed Missiles P Space Co. , Inc.
AIIM : 6. Neidhardt AIIM : I. Geers , D/52-33, Bldg . 205

AIIM : P. Underwood
Genera l Dynamics Corp.
Pomona Division Lovel ace Foundation for Medical Eduation & Research

A C T S :  K. Anderson A T T N : Asst Dir , of Res. • R. Jones
AIIM : Technical Library

Genera l ly nar ’ics c e d e .
Elec tr ic Rc,tt fl ivis i on Martin Marietta C o c c i .

Al’S: M. - Il s l y - ,  - H - la,rCc T 1 i v is i o n
A TT’ ? 0. Iotieo

Genera l Electric Co.
O i l  e Ci vision . Valley I c r - re Space I Pe r  M1 li n,e,-  1 1 Dougl as co -ce -

A CT ’?: ‘A Bortner , c e d e  Sc~ : it ’ - ‘ I ’  P5 P. Ha l ; - r i i

General E l ec ’ - i - Co. “ “ l A in Sc -, - Associates , Inc.
Re — ho t- v P Env ironmenta l l I e .  A ’ ’ ’ , P. Oliver

Al”? : A. Ross
Mer r,’ ’  A cES , Inc.

1— ne- ral [1+- ‘ r .. Co. - ‘~ ~ i- -~-~ 
‘‘, ‘ ‘ - I  ry l lC~~l h o a ry

- ‘1 ’ - ‘ccc 1 i’ - :  S’ - I - ’ -  - -
~ 

‘ J. ‘-1 -
A ’ ‘S CANTAi

‘-~ - t ,’ - - L~~ v Resea ,- ih . Inc.
?enera I “ e S P I  il l , , -: - ‘‘N -

Sa’ , ’i ha C - , -  , T i l v i s c o n
-‘.1 ‘‘ I B. AT e , ~ ‘ I - ’  Inivp r ~~i ‘ of  - -

~~ 
‘-‘- -ico

I ’ ,e~~uc - - t
~ and Police

Geocenters . m i  - ‘ ‘ 0. Tri anlt ’ili di s
I ’ ’ ’  F ‘

~~ - -
Na than ‘~ , w ’ s,lrk

H—Tech - I A - c  t o r i es , 1,1 Cons CT • 1fl (~ c - : ’ ipPl I ncA
AT ’S B. - - - t ’ ”,t- 1 ’ ‘C S Newniark

.i Ief l , yW1 t I • l’s -t - ‘ i ra  c
- ) i v l s c - , , e  l’~~’A B cc  A

- ‘ ‘ ‘. - He1 vie~ A ’  ‘ ‘A 6. - plc?

I IT .iI 5 I .d , - L b Ins 1 P j t c  : y~~, 1 c s i n tern a ’ ion al Co.
A T’ ’ ? Pp hr,i,  ai L I P - a r y  -II C F .
A ’ ’ ’ ?  R. -~r- h ch A T’S - C. Vt’ - n ’

A’’N - P . -w ~~’ t
‘ A o , t  h w i , P  L in ive rs  i’ — A ’  ‘ ‘ 4 E .
Dept . 01 CIvi l En ii ne e r inq A ’ ‘S 0. F A rp lial

AIIM : 1 . BeTi ? - c i  A T T N  1. Behrinann
A ’ ’N ‘~ - c icr ~i~~~ l Library

2~)



DE PARTME NT OF DEFENSE CONTRA CTOR S (Continued) DEPARTMENT OF DEFENSE CONTRACTORS (Continued)

Prototype Development Associates , Inc. Terra Tek , Inc.
AIIM : T. McKinley AIIM: Technical Library

ATTN : A. Jones
R&D Assoc iates ATTN : S. Green

AITN: 3. Lewis
AIIM: H. Brode Tetra Tech , Inc.
AIIM: C. Knowles ATTM : L. Hwang
AIIM: 3. Carpenter ATTN : Technical Library
ATTN : W. Wright , Jr.
AIIM : P. Port Texas A & M University System
ATTN : A. Fields C/O Texas A & M Research Foundation
AIIM : Technical Library AIIM: H. Coyle
AIIM: P. Rausch
ATTN: A. Latter TRW Defense & Space Sys. Group

AIIM : P. Bhutta
Rand Corp. AIIM: N. Lipner

ATTN: A. Laupa AIIM: D. Jortner
ATTN: Technical Library ATTN: Tech. Info. Center
AI I M : C . Mow 2 cy AIIM : P. Dai

Sc ience Ap p l icat ions . Inc. TRW Defense & Space Sys. Group
AIIM: Technical Library San Bernardino Operations

AIIM : 6. Hulcher
Science Appl icat ions , Inc. A ITN: F. Wong

AIIM : S. Oston
Universal Analytics . Inc.

Science Appl ications , inc . AIIM : F. Field
AIIM: D. Bernstein
AIIM : D. Maxwell The Eric H. Wang

C i v i l E ng ineering Rsch , Fac.
h%l ) Assoc ia tes  The University of New Mexico

ATTN: H. Cooper AIIM : N. Baum
ATTN: L. Bickle

Science Applications , Inc.
AIIM : B. Chambers Weid linger Assoc . . Consulting Eng ineers
-ACT S : W. Layson ATT N : M . Baron

ATTN: 3. McCormick
Southwest Research Institute

ACT’? : W. Baker Weid linger Assoc. . Consulting Eng ineers
AlT’? : A . Wenze l AIIM: 3. Isenberg

SRI Inte,’national Westingh ouse E lect r ic  Corp.
AIIM : 6. Abraharnson Marine Division

AIIM : W. Volz
7 Systems . Science & Software , I nc.

ATTN : T. Riney
ATTN : Technical Library
AIIM : P. Sedgewick
ATTM: D. Grine
ATIN: I. Cherry

‘A: 30
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