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1 . 0  INTRODUCTION

I n t e r a c t i o n  b e t w e e n  s t r u c t u r e  a n d  s u r r o u n d i n g  s o i l  i s  

o f  c o n s i d e r a b l e  i n t e r e s t  i n  s o i l  m e c h a n i c s  a n d  a v a r i e t y  o f  

g e o t e c b n i c a l  s i t u a t i o n s .  E a r t h q u a k e  a n a l y s i s  o f  s t r u c t u r e s  

b u i l t  on d r y  o r  s a t u r a t e d  s o i l s  r e q u i r e s  s p e c i a l  c o n s i d e r ­

a t i o n  d u e  t o  t h e  i n t e r a c t i o n  b e t w e e n  s t r u c t u r e  a n d  s o i l .

When o ne  a n a l y z e s  t h e  r e s p o n s e  o f  a s t r u c t u r e  d u e  t o  

e a r t h q u a k e  g r o u n d  m o t i o n ,  o n e  m u s t  r e c o g n i z e  t h e  a d d i t i o n a l  

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

c a u s e  by t h e  s o i l  s u r r o u n d i n g  t h e  s t r u c t u r e .

The m a in  o b j e c t i v e  o f  t h i s  t h e s i s  r e s e a r c h  i s  t o  

d e t e r m i n e  t h e  I n f l u e n c e  o f  p o r e  w a t e r  on t h e  d y n a m ic  r e s p o n s e  

o f  s t r u c t u r e  s u b j e c t e d  t o  e a r t h q u a k e  g r o u n d  m o t i o n .  To d a t e ,  

e x t e n s i v e  s t u d i e s  h a v e  b e e n  made f o r  e a r t h q u a k e  a n a l y s i s  

o f  s t r u c t u r e s  b u i l t  on  s i n g l e - p h a s e d  n o n - s a t u r a t e d  s o i l .  

H o w ev e r ,  n o  s u c h  s t u d y  h a s  b e e n  made f o r  e a r t h q u a k e  a n a l y s i s  

o f  s t r u c t u r e s  b u i l t  on t w o - p h a s e d  s a t u r a t e d  s o i l .

F o r  a n y  m e d ia ,  n u m e r i c a l  a p p r o x i m a t i o n  t e c h n i q u e s  a r e  

u s e d  w i d e l y  s i n c e  a n a l y t i c a l  s o l u t i o n s  a r e  a v a i l a b l e  o n l y

f o r  t h e  s i m p l e s t  p r o b l e m s .  T h e s e  n u m e r i c a l  m e t h o d s  a r e
( 9 )

b a s e d  on e i t h e r  f i n i t e  d i f f e r e n c e  o r  f i n i t e  e l e m e n t  
( 1 1 , 1 5 , 1 6 )

m e t h o d s .  H ow ever ,  s y s t e m s  w i t h  c o m p l e x  g e o m e t r y  and

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

m e t h o d .  T h e  f i n i t e  e l e m e n t  m e th o d  on t h e  o t h e r  h a n d  i s
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v e r y  e f f e c t i v e  i n  a n a l y z i n g  t h e  r e s p o n s e  o f  c o n t i n u a  o f  

c o m p l e x  g e o m e t r y  t o  d y n a m ic  e x c i t a t i o n .  T h e  f i n i t e  e l e m s n t  

m e th o d  i s  u s e d  i n  c o n j u n c t i o n  w i t h  v a r i a t i o n a l  p r i n c i p l e s  

h e r e i n  t o  s t u d y  t h e  c o u p l e d  r e s p o n s e  o f  s t r u c t u r e s  

em bed d ed  i n  s a t u r a t e d  s o i l s  an d  s u b j e c t e d  t o  e a r t h q u a k e  

m o t i o n s .

The f i n i t e  e l e m e n t  i d e a l i z a t i o n  o f  t h e  s a t u r a t e d  s o i l  

s y s t e m  r e p l a c e s  t h e  a c t u a l  c o n t i n u u m  w i t h  a f i n i t e  num ber  

o f  d i s c r e t e  e l e m e n t s ,  w h e r e  t h e  g e o m e t r y  o f  t h e  e l e m e n t s  i s  

d e f i n e d  by  a s e t  o f  n o d a l  p o i n t s  o f  t h e  s y s t e m .  S h a p e  

f u n c t i o n s  f o r  t h e  unknown f i e l d  v a r i a b l e s  a r e  a s s u m e d  w i t h i n  

e a c h  e l e m e n t .  The f i e l d  v a r i a b l e s  w i t h i n  e a c h  e l e m e n t  a r e  

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

p o i n t s .

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

d e a l  w i t h  m u l t i p l e - d i m e n s i o n a l  s i t u a t i o n s .  H o w ev e r ,  t h e  

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

and c o u l d  o v e r t a x  t h e  c a p a b i l i t i e s  o f  t h e  a v a i l a b l e  c o m p u t e r .  

O n ly  t w o - d i m e n s i o n a l  p l a n e  p r o b l e m s  a r e  c o n s i d e r e d  h e r e i n .

F o r  a c t u a l  p r o b l e m s ,  t h e  s t r u c t u r e  i s  t y p i c a l l y  i d e a l i z e d  

by  s i m p l e  lu m p e d  m ass  s y s t e m  c o n n e c t e d  by  e q u i v a l e n t  b e a m s ,  

t h i s  s t r u c t u r e  r e s t i n g  on o r  i n  t h e  s a t u r a t e d  s o i l .  The 

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

a n a l y s i s  p u r p o s e s  and  t h e  i n t e r a c t i o n  f o r c e s  d e v e l o p e d  

b e t w e e n  t h e  s o i l  and  t h e  s t r u c t u r e  a c t  a s  f o r c i n g  f u n c t i o n s
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t o  t h i s  f r e e - f r e e  s y s t e m .  The i n t e r a c t i o n  f o r c e s  a r e  

p r o p o r t i o n a l  t o  t h e  d i f f e r e n c e  b e t w e e n  t h e  a c t u a l  m o t i o n  

o f  t h e  g r o u n d  and  t h e  g r o u n d  m o t i o n  t h a t  w o u ld  d e v e l o p  

w i t h o u t  t h e  s t r u c t u r e  ( c r i t e r i a  e a r t h q u a k e  m o t i o n ) .  The 

c o n s t a n t s  o f  p r o p o r t i o n a l i t y  a r e  t h e n  t h e  s o i l  c o m p l i a n c e  

c o e f f i c i e n t s .  T he  o b j e c t i v e  o f  t h i s  r e s e a r c h  i s  t o  f i n d  

t h e s e  c o m p l i a n c e  c o e f f i c i e n t s  f o r  t h e  t w o - d i m e n s i o n a l  

c a s e ,  f o r  s a t u r a t e d  s o i l s ,  f o r  w h ic h  no s o l u t i o n s  c u r r e n t l y  

e x i s t .
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2 . 0  TECHNICAL DISCUSSION

I n  A p p e n d i x  A, t h e  e q u a t i o n s  o f  m o t i o n  o f  b o t h  s o i l  

a n d  p o r e  w a t e r  a r e  p r e s e n t e d .  T h e s e  e q u a t i o n s  p r e s c r i b e  

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

c o n t a i n i n g  a c o m p r e s s i b l e  v i s c o u s  f l u i d .  When i n e r t i a  

t e r m s  a r e  t a k e n  o u t  o f  t h e s e  e q u a t i o n s ,  one  o f  t h e m  w i l l  

r e d u c e  t o  D a r c y ' s  law  o f  s e e p a g e .  T h e s e  e q u a t i o n s  a r e  

v a l i d  f o r  t h e  r e l a t i v e  low f r e q u e n c y  r a n g e  w h e r e  t h e  

a s s u m p t i o n  o f  P o i s e u i l l e  f l o w  i s  v a l i d .  T he  a s s u m p t i o n  

i s  v a l i d  o n l y  b e lo w  a c u t o f f  f r e q u e n c y  w h ic h  we d e n o t e  

by  a n d  w h ic h  d e p e n d s  on t h e  k i n e m a t i c  v i s c o s i t y  o f  t h e  

f l u i d ,  AJ , and  t h e  s i z e  o f  t h e  p o r e s ,  d ( o r  t h e  a v e r a g e
( 4)

d i a m e t e r  o f  t h e  p o r e s ) ,  a s  f o l l o w s ,  

f  = 7 C 1 / /4  d 2

F o r  a v e r a g e  p o r e  s i z e s  o f  0 . 1  mm o r  l e s s  ( s a n d  o r  
( 7 7

f i n e r  s o i l s ) ,  a c u t o f f  f r e q u e n c y  o f  a b o u t  1 0 0  c p s  i s

c o m p u t e d .  F o r  m o s t  i n t e r a c t i o n  p r o b l e m s ,  u p p e r  b o u n d s  o f  

a p p r o x i m a t e l y  30 c p s  a r e  o f  i n t e r e s t ,  I m p l y i n g  t h a t  t h e  

l a m i n a r  a s s u m p t i o n  i s  v a l i d .
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2 . 1  FINITE ELEMENT ANALYSIS

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

e n g i n e e r i n g  c a n  be  s p e c i f i e d  i n  one  o f  tw o  w a y s .  I n  t h e  

f i r s t ,  d i f f e r e n t i a l  e q u a t i o n s  g o v e r n i n g  t h e  b e h a v i o r  o f  

a t y p i c a l ,  i n f i n i t e s i m a l ,  r e g i o n  a r e  g i v e n .  I n  t h e  s e c o n d ,  

a v a r i a t i o n a l  ( e x t r e m u m )  p r i n c i p l e  v a l i d  o v e r  t h e  w h o l e  

r e g i o n  i s  p o s t u l a t e d  a n d  t h e  c o r r e c t  s o l u t i o n  i s  t h e  one  

m i n i m i z i n g  a ' f u n c t i o n a l *  w h i c h  i s  d e f i n e d  by  s u i t a b l e  

i n t e g r a t i o n  o f  t h e  unknown q u a n t i t i e s  o v e r  t h e  w h o le  

d o m a i n .

F o r  a s i n g l e - p h a s e d  e l a s t i c  c o n t i n u u m ,  t h e  s e c o n d  

m e th o d  m e n t i o n e d  a b o v e  c a n  b e  u s e d .  The f i n i t e  e l e m e n t  

m e th o d  u s e s  t h e  p r o c e s s  o f  m i n i m i z i n g  t h e  t o t a l  p o t e n t i a l  

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

f i e l d .  F i r s t ,  t h e  c o n t i n u u m  i s  s e p a r a t e d  by  i m a g i n a r y  

l i n e s  o r  s u r f a c e s  i n t o  a nu m b er  o f  f i n i t e  e l e m e n t s ,  w h ic h  

a r e  a s s u m e d  t o  b e  I n t e r c o n n e c t e d  a t  a d i s c r e t e  n u m b er  o f  

n o d a l  p o i n t s  s i t u a t e d  on t h e i r  v e r t i c e s .  T h e  d i s p l a c e m e n t s  

o f  t h e s e  n o d a l  p o i n t s  w i l l  b e  t h e  b a s i c  unknown p a r a m e t e r s  

o f  t h e  p r o b l e m .  A s e t  o f  f u n c t i o n s  i s  c h o s e n  t o  d e f i n e  

u n i q u e l y  t h e  s t a t e  o f  d i s p l a c e m e n t  w i t h i n  e a c h  ' e l e m e n t 1 

i n  t e r m s  o f  i t s  n o d a l  d i s p l a c e m e n t s .  T h i s  p r o c e s s  i s  t h e  

w e l l - k n o w n  R i t z  p r o c e d u r e .  T he  d i s p l a c e m e n t  f u n c t i o n s  now 

d e f i n e  u n i q u e l y  t h e  s t a t e  o f  s t r a i n  w i t h i n  a n  e l e m e n t  i n  

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

t h e  m a t e r i a l  d e f i n e  t h e  s t a t e  o f  s t r e s s  t h r o u g h o u t  t h e  

e l e m e n t  a n d ,  h e n c e ,  a l s o  on i t s  b o u n d a r i e s .  By t h e  v i r t u a l  

w o rk  m e t h o d ,  t h e  f i n i t e  e l e m e n t  e q u i l i b r i u m  e q u a t i o n s  a r e  

o b t a i n e d  f o r  t h e  w h o le  m e d i a .  A f i n i t e  e l e m e n t  d i s c r e t i z a ­

t i o n  o f  a g e n e r a l  e l a s t i c  m e d ia  i s  p r e s e n t e d  i n  A p p e n d i x  B. 

F o r  a s i n g l e - p h a s e d  ( o r  d r y )  s o i l ,  t h e  p r o c e d u r e  o u t l i n e d  i n  

A p p e n d i x  B i s  g e n e r a l l y  u s e d .

F o r  t h e  t w o - p h a s e d  s o i l / w a t e r  s y s t e m ,  d i f f e r e n t i a l  

e q u a t i o n s  g o v e r n i n g  t h e  b e h a v i o r  o f  a t y p i c a l ,  i n f i n i t e s i m a l ,  

r e g i o n  a r e  d e f i n e d  i n  A p p e n d i x  A. The d i f f e r e n t i a l  e q u a t i o n s  

m u s t  b e  t r a n s f o r m e d  i n t o  f u n c t i o n a l  f o r m  b e f o r e  t h e  f i n i t e

e l e m e n t  m e th o d  c o u l d  b e  u s e d .  The G a l e r k i n  p r o c e s s  o f
( 2 1 )

w e i g h t e d  r e s i d u a l s  i s  u s e d  t o  t r a n s f o r m  t h e  d i f f e r e n t i a l  

e q u a t i o n s  i n t o  f u n c t i o n a l  f o r m .  I n  A p p e n d i x  C, t h e s e  

e q u a t i o n s  a r e  d i s c r e t i z e d  u s i n g  t h e  f i n i t e  e l e m e n t  m eth o d

and  t h e  r e s u l t i n g  e q u a t i o n s  d e v e l o p e d .  S i m i l a r  r e s u l t s  h a v e
( 1 0 )

b e e n  o b t a i n e d  by  G h a b o u s s i  a n d  W i l s o n . u s i n g  a m eth o d
( 1 9 , 2 0 )

s u g g e s t e d  by  Sandhu  a n d  P l s t e r .  T he  m e th o d  i n v o l v e s

b i l i n e a r  m a p p in g  a n d  u t i l i z a t i o n  o f  sy m m et ry  o f  c o n v o l u t i o n .  

T h e  a d v a n t a g e  o f  t h e  G a l e r k i n  p r o c e s s  i s  t h e  e a s e  and  

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

A p p e n d i x  C p r e s e n t s  t h e  f i n i t e  e l e m e n t  d i s c r e t i z a t i o n  

o f  t h e  e q u a t i o n s  o f  m o t i o n  f o r  t w o - d i m e n s i o n a l  s a t u r a t e d  

e l a s t i c  p o r o u s  m ed ia  f o r  s t e a d y  s t a t e  s o l u t i o n s .
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A p pend ix  D p r e s e n t s  t h e  t w o - d i m e n s i o n a l  i s o p a r a m e t r i c  

e l e m e n t s  t o  be  u s e d  i n  t h e  f i n i t e  e l e m e n t  a n a l y s i s  o f  t h e  

s o i l / w a t e r  m e d i a .  I t  a l s o  p r e s e n t s  t h e  m e th o d  o f  e v a l u a t i n g  

c e r t a i n  r e l e v a n t  e l e m e n t  m a t r i c e s  a n d  t h e  n u m e r i c a l  i n t e g r a ­

t i o n  sc h em e  by  G a u s s  q u a d r a t u r e .
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2 . 2  BOUNDARY CONDITIONS

When t h e  f i n i t e  e l e m e n t  m e th o d  i s  u s e d  t o  s o l v e  t h e  

e q u a t i o n s  o f  m o t i o n  o f  t h e  s o i l  a n d  p o r e  w a t e r ,  a n  i n f i n i t e  

h a l f - s p a c e  i s  i d e a l i z e d  i n t o  a f i n i t e  s p a c e  w i t h  a p p r o p r i a t e  

b o u n d a r y  c o n d i t i o n s .  I n  t h e  i n f i n i t e  s p a c e  p r o b l e m ,  t h e  wave 

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

r a d i a t e  away f r o m  t h e  s i t e .  I n  t h e  f i n i t e  c o m p u t a t i o n a l  

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

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

away f r o m  t h e  z o n e  o f  i n t e r e s t ,  r a t h e r  t h a n  a r t i f i c i a l l y  

r e f l e c t i n g  b a c k  i n t o  t h e  z o n e  b y  t h e  b o u n d a r y  c o n d i t i o n s .

I n  A p p e n d i x  F, p r o p e r  t r a n s m i t t i n g  b o u n d a r y  c o n d i t i o n s  

f o r  d r y  s o i l  and  f o r  s t e a d y  s t a t e  c a s e  a r e  p r e s e n t e d .  T h e s e  

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

c a s e  a n d  h a v e  b e e n  f o u n d  t o  w o rk  r e a s o n a b l y  w e l l  f o r  t h e  

t w o - d i m e n s i o n a l  c a s e .

I t  i s  show n, in  A p p en d ix  E, t h a t  a n a l y t i c a l  s o l u t i o n s  

c o u ld  b e  o b ta in e d  f o r  s t e a d y  s t a t e  o n e -d im e n s io n a l  s a t u r a t e d  

e l a s t i c  p o r o u s  m ed ia . I t  i s  a l s o  shown t h a t  norm al s t r e s s  

and w a te r  p r e s s u r e  c o u ld  be e x p r e s s e d  in  te r m s  o f  b u lk  

d is p la c m e n t  and r e l a t i v e  w a te r  d is p la c e m e n t  f o r  an i n f i n i t e  

r o d . R e s u l t s  o f  A p p en d ix  E a r e  u se d  in  A p p en d ix  F t o  

f o r m u la te  t h e  t r a n s m i t t in g  b ou n d ary  c o n d i t i o n s  f o r  tw o -p h a se d  

s o i l / w a t e r  p r o b le m . I t  i s  a l s o  shown in  A p p en d ix  F t h a t  

t h e s e  t r a n s m i t t in g  b ou n d ary  c o n d i t i o n s  a d e q u a t e ly  s im u la t e  

t h e  t r a n s m is s io n  o f  e n e r g y  f o r  t h e  o n e -d im e n s io n a l  p r o b le m .



2 . 3  UTILIZATION OF SOIL-STRUCTURE INTERACTION COEFFICIENTS

Once t h e  s o i l - s t r u c t u r e  i n t e r a c t i o n  c o e f f i c i e n t s  a r e  

o b t a i n e d ,  t h e y  c a n  be  u s e d  i n  g e n e r a l  e a r t h q u a k e  a n a l y s i s  

o f  s t r u c t u r e s  em b e d d ed  i n  s o i l .  The p r o c e d u r e  o f  how t o  

u t i l i z e  t h e s e  c o e f f i c i e n t s  a r e  o u t l i n e d  i n  A p p e n d i x  3 .

S i n c e  t h i s  p o s t  p r o c e s s i n g  i s  n o t  t h e  m a in  o b j e c t i v e  o f  t h i s  

t h e s i s  r e s e a r c h ,  we w i l l  l i m i t  o u r s e l f  w i t h  o n l y  t h e  g e n e r a l  

p r e s e n t a t i o n  o f  A p p e n d i x  G.
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2 , 4  COMPUTER PROGRAM

F o r  s m a l l  s t r u c t u r a l  p r o b l e m s ,  c o m p u t e r  p r o g r a m s  c a n  

b e  w r i t t e n  s u c b  t h a t  o n l y  c o r e  memory i s  u s e d .  P r o g ra m m in g  

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

t o o  much b a c k - u p  s t o r a g e  s p a c e  i s  u s u a l l y  f a i r l y  s t r a i g h t ­

f o r w a r d ,  H ow ev e r /  f o r  p r o b l e m s  i n v o l v i n g  many e q u a t i o n s  and  

m a t r i c e s  w i t h  w id e  b a n d w i d t h s ,  a v e r y  l a r g e  c o r e  memory i s  

r e q u i r e d  f o r  t h e  o r d i n a r y  b a n d  s o l v e r  s u b r o u t i n e s .  I n  

many c a s e s  s u c h  c o r e  r e q u i r e m e n t s  f a r  e x c e e d  t h e  c a p a c i t y  

o f  t h e  e x i s t i n g  c o m p u t e r .

I n  A p p e n d i x  H, a s i m p l e  and  s t r a i g h t f o r w a r d  f i n i t e  

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

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

d e v i c e s  t o  l i n k  t h e  b a c k - u p  s t o r a g e  o f  t h e  c o m p u t e r  i s  p r e ­

s e n t e d .

T h e  tw o  v e r y  i m p o r t a n t  f e a t u r e s  o f  t h i s  p r o g r a m  

p r o c e d u r e  a r e  ( 1 ) i t  d o e s  n o t  s t o r e  a n y  z e r o  s u b m a t r i c e s  

w i t h i n  t h e  b a n d  and  ( 2 ) d u r i n g  t h e  s o l u t i o n  o f  e q u a t i o n s  

a l l  o p e r a t i o n s  d e a l i n g  w i t h  z e r o  s u b m a t r i c e s  w i t h i n  t h e  

b a n d  a r e  s k i p p e d  a u t o m a t i c a l l y .
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3 . 0  NUMERICAL RESULTS

A s e r i e s  o f  36 t w o - d i m e n s i o n a l  f i n i t e  e l e m e n t  r u n s  

w e r e  made t o  c o m p u te  t h e  f r e q u e n c y  d e p e n d e n t  s o i l - s t r u c t u r e  

i n t e r a c t i o n  c o e f f i c i e n t s .  F o r  a l l  t h e  c o m p u t e r  r u n s ,  s o i l  

and  w a t e r  p r o p e r t i e s  l i s t e d  on T a b l e  M - l  a r e  u s e d .  T h e s e  

p r o p e r t i e s  w h i c h  a r e  o b t a i n e d  f r o m  A p p e n d i x  K a r e  e s s e n t i a l l y  

t h o s e  o f  s a n d .

A v a r i a t i o n  o f  p a r a m e t e r  s t u d y  was t h e n  made i n  a n  

a t t e m p t  t o  a s c e r t a i n  t h e  i m p a c t  o f  t h e  v a r i o u s  p a r a m e t e r s  

on t h e  c o m p u t e d  r e s p o n s e s .  The v a r i a t i o n s  c o n s i d e r e d  a r e  

a s  f o l l o w s .

( a )  F o u r  d i f f e r e n t  mesh s i z e s  a r e  u s e d  a s  shown i n  

F i g u r e s  1 ,  2 ,  4 ,  a n d  5 w i t h  t h e  l o c a t i o n  o f  

l a t e r a l  a n d  b o t t o m  b o u n d a r i e s  v a r i e d .

( b )  Two d i f f e r e n t  e l e m e n t  s i z e s  a r e  u s e d  a s  shown i n  

F i g u r e s  2 a n d  3 .

( c )  F o r  m o d e l  shown on F i g u r e  1 # s i x  d i f f e r e n t  l e v e l s  

o f  s o i l  s a t u r a t i o n  a r e  u s e d .

-  M ode l  1 ( F u l l y  S a t u r a t e d )* s o i l  i s  f u l l y  s a t u r a t e d  

t o  d e p t h  = 0 .

-  Model  lA i  s o i l  i s  s a t u r a t e d  t o  d e p t h  o f  -  -%a,

w h e r e  ' a '  i s  t h e  h a l f  w i d t h  o f  t h e  f o o t i n g .

-  Model  IB s  s o i l  i s  s a t u r a t e d  t o  d e p t h  = - a .

-  M ode l  I F s s o i l  i s  s a t u r a t e d  t o  d e p t h  -  - l ^ a .
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-  M ode l  1C: s o i l  I s  s a t u r a t e d  t o  d e p t h  = - 2 a .

-  Model  1  ( D r y ) i  d r y  s o l i .

( d )  F o r  Model  1 ( F u l l y  S a t u r a t e d ) ,  shown i n  F i g u r e  1 ,  

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

u s e d .

F o r  a l l  t h e  p r o b l e m  r u n s ,  n o  h y s t e r e t i c  s o i l  d a m p in g  

w a s  u s e d .  A l t h o u g h  t h e  c o m p u t e r  c o d e  was  w r i t t e n  t o  i n c l u d e  

t h e  e f f e c t s  o f  s o i l  d a m p i n g ,  i t  was  f e l t  t h a t  t h e  undamped 

r e s u l t s  w e re  o f  p a r t i c u l a r  i n t e r e s t .

F o r  a l l  t h e  c o m p u t e d  r e s u l t s ,  t h e  f o l l o w i n g  b o u n d a r y  

c o n d i t i o n s  w e r e  u s e d  f o r  t h e  f i n i t e  e l e m e n t  m esh :

( a )  The r i g h t  a n d  b o t t o m  s i d e s  h a v e  t r a n s m i t t i n g  

b o u n d a r i e s .

( b )  The l e f t  s i d e s  h a v e  v e r t i c a l  s o i l  a n d  v e r t i c a l  

r e l a t i v e  w a t e r  m o v e m e n ts  r e s t r i c t e d  f o r  h o r i z o n t a l  

a n d  r o c k i n g  d i s p l a c e m e n t s  o f  t h e  f o o t i n g s ,  a s  

Bhown i n  F i g u r e  6 , a n d  h a v e  h o r i z o n t a l  s o i l  and 

h o r i z o n t a l  r e l a t i v e  w a t e r  m o v e m e n ts  r e s t r i c t e d  f o r  

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

( c )  T he  t o p  s i d e s  a r e  s t r e s s  f r e e  e v e r y w h e r e  e x c e p t  

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

a r e  p r e s c r i b e d .

T h e  r e s u l t s  f r o m  c o m p u t e r  r u n s  a r e  t a b u l a t e d  on T a b l e s  

M-3 t h r u  * H 4 .  T he  f r e q u e n c i e s  and  t h e  c o m p l i a n c e  c o e f f i c i e n t s  

h a v e  b e e n  n o n - d i m e n s i o n a l i z e d  a c c o r d i n g  t o  T a b l e  M-2.  The 

r e s u l t s  a r e  a l s o  p l o t t e d  on  P l o t s  N - l  t h r u  N - 7 2 .
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3 . 1  MESH SIZES

By c o m p a r i n g  t h e  c o m p l i a n c e  c o e f f i c i e n t s  o f  Model  2 

( F u l l y  S a t u r a t e d ) , t a b u l a t e d  on T a b l e  M - l l  a n d  p l o t t e d  on 

P l o t s  N—1 7 ,  N—10, N - 4 1 , N—4 2 ,  N -6 5 ,  N - 6 6 , an d  t h o s e  o f  M odel  

4 ( F u l l y  S a t u r a t e d ) ,  t a b u l a t e d  on T a b l e  M-13 a n d  p l o t t e d  

on P l o t s  N -2 1 ,  N -2 2 ,  N - 4 5 ,  N -4 6 ,  N -6 9 ,  N -7 0 ,  t h e  f o l l o w i n g  

c o n c l u s i o n s  c a n  be  m ad e .  When Model  2 mesh h a s  b e e n  

w i d e n e d  l a t e r a l l y ,

( a )  t h e  r e s u l t s  i m p r o v e  c o n s i d e r a b l y  f o r  t h e  h o r i z o n t a l  

c a s e ,

( b )  t h e  r e s u l t s  im p r o v e  s l i g h t l y  f o r  t h e  r o c k i n g  c a s e ,  

and

( c )  t h e  r e s u l t s  im p r o v e  s l i g h t l y  f o r  t h e  v e r t i c a l  c a s e .

By c o m p a r i n g  t h e  c o m p l i a n c e  c o e f f i c i e n t s  o f  Model  2

( F u l l y  S a t u r a t e d )  a n d  t h o s e  o f  M odel  5 ( F u l l y  S a t u r a t e d ) ,  

t a b u l a t e d  on T a b l e  M-14 a nd  p l o t t e d  on P l o t s  N -2 3 ,  N -2 4 ,  

N - 4 7 ,  N - 4 8 ,  N -7 1 ,  N -7 2 ,  t h e  f o l l o w i n g  c o n c l u s i o n s  c a n  b e  

m a d e .  When Model  2 mesh h a s  b e e n  d e e p e n e d  v e r t i c a l l y ,

( a )  t h e  r e s u l t s  im p r o v e  c o n s i d e r a b l y  f o r  t h e  h o r i z o n t a l  

c a s e ,

( b )  t h e  r e s u l t s  i m p r o v e  a f a i r  a m o u n t  f o r  t h e  r o c k i n g  

c a s e ,  an d

( c )  t h e  r e s u l t s  i m p r o v e  a f a i r  a m o u n t  f o r  t h e  v e r t i c a l  

c a s e .
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By c o m p a r i n g  t h e  c o m p l i a n c e  c o e f f i c i e n t s  o f  Model  4 

( F u l l y  S a t u r a t e d )  a n d  t h o s e  o f  Model  1 ( F u l l y  S a t u r a t e d ) ,  

t a b u l a t e d  on T a b l e  M-3 a n d  p l o t t e d  on P l o t s  N - l ,  N -2 ,  N -2 5 ,  

N - 2 6 ,  N - 4 9 ,  N -5 0 ,  t h e  f o l l o w i n g  c o n c l u s i o n s  c a n  b e  m ade .

When M ode l  4 mesh h a s  b e e n  d e e p e n e d  v e r t i c a l l y ,

( a )  t h e  r e s u l t s  i m p r o v e  s l i g h t l y  f o r  t h e  h o r i z o n t a l  

c a s e ,

( b )  t h e  r e s u l t s  i m p r o v e  s l i g h t l y  f o r  t h e  r o c k i n g  

c a s e ,  and

( c )  t h e  r e s u l t s  im p r o v e  s l i g h t l y  f o r  t h e  v e r t i c a l  

c a s e .

By c o m p a r i n g  t h e  c o m p l i a n c e  c o e f f i c i e n t s  o f  Model  5 

( F u l l y  S a t u r a t e d )  a nd  t h o s e  o f  Model  1 ( F u l l y  S a t u r a t e d ) ,  

t h e  f o l l o w i n g  c o n c l u s i o n s  c a n  b e  m ad e .  When M odel  5 mesh 

h a s  b e e n  w i d e n e d  l a t e r a l l y ,

( a )  t h e  r e s u l c s  im p r o v e  s l i g h t l y  f o r  t h e  h o r i z o n t a l  

c a s e ,

( b )  t h e  r e s u l t s  i m p r o v e  s l i g h t l y  f o r  t h e  r o c k i n g  

c a s e ,  a n d

( c )  t h e  r e s u l t s  i m p r o v e  s l i g h t l y  f o r  t h e  v e r t i c a l  

c a  s e .

S i n c e  o n l y  s l i g h t  i m p r o v e m e n t s  a r e  o b t a i n e d  b y  d e e p e n i n g  

t h e  mesh o f  Model  4 t o  t h a t  o f  M ode l  1 o r  by  w i d e n i n g  t h e  

m esh  o f  Model  5 t o  t h a t  o f  M odel  1 ,  i t  c a n  b e  c o n c l u d e d  t h a t  

M o d e l  1 mesh s i z e  w i l l  y i e l d  r e a s o n a b l e  c o m p l i a n c e  c o e f f i c i e n t s
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a n d  f u r t h e r  w i d e n i n g  o r  d e e p e n i n g  o f  t h e  mesh w i l l  r e s u l t  

w i t h  v e r y  i n s i g n i f i c a n t  i m p r o v e m e n t s .

15



3 . 2  ELEMENT SIZES

By c o m p a r i n g  t h e  c o m p l i a n c e  c o e f f i c i e n t s  o f  Model  2 

( F u l l y  S a t u r a t e d )  a n d  t h o s e  o f  Model  3 ( F u l l y  S a t u r a t e d ) ,  

t a b u l a t e d  on M-12 a n d  p l o t t e d  on P l o t s  N -1 9 ,  N -2 0 ,  N -4 3 ,

N -4 4 ,  N - 6 7 ,  N -6 9 ,  t h e  f o l l o w i n g  c o n c l u s i o n s  c a n  b e  m ade .

When t h e  e l e m e n t  s i z e s  o f  M odel  2 a r e  r e d u c e d  t o  one  q u a r ­

t e r  s i z e s ,

( a )  t h e  r e s u l t s  i m p r o v e  s l i g h t l y  f o r  t h e  h o r i z o n t a l  

c a  s e ,

( b )  t h e  r e s u l t s  i m p r o v e  a f a i r  a m o u n t  f o r  t h e  r o c k i n g  

c a s e ,  and

( c )  t h e  r e s u l t s  i m p r o v e  s l i g h t l y  f o r  t h e  v e r t i c a l  

c a s e .

T he  i m p r o v e m e n t s  d u e  t o  e l e m e n t  s i z e  c h a n g e  a r e  s m a l l e r  

t h a n  t h e  i m p r o v e m e n t s  d u e  t o  mesh s i z e  c h a n g e .  S i n c e  e l e m e n t  

s i z e  c h a n g e  a d d s  t o  c o m p u t e r  t i m e  r e q u i r e m e n t s  s i g n i f i c a n t l y ,  

o n l y  t h e  e l e m e n t  s i z e  shown on Model  1 ,  2 ,  4 ,  a n d  5 w e r e  

u s e d .
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3 . 3  DEGREE OF SATURATION

C o m p a r i s o n s  w e r e  made b e t w e e n  t h e  r e s u l t s  f r o m  Model  1 

( D r y ) ,  t a b u l a t e d  on  T a b l e  M-10 a n d  p l o t t e d  on P l o t s  N -1 5 ,

N - 1 6 ,  N -3 9 ,  N -4 0 ,  N -6 3 ,  N -6 4 ,  and  t h e  a n a l y t i c a l  r e s u l t s  

f r o m  L u c o ,  R e f e r e n c e  1 3 .  S i n c e  t h e  r e s u l t s  a r e  v e r y  c l o s e ,  

we know t h a t  t h e  e l e m e n t  s i z e  and mesh s i z e  u s e d  i n  Model  1 

a r e  a c c e p t a b l e .

By c o m p a r i n g  t h e  c o m p l i a n c e  c o e f f i c i e n t s  o f  Model  1 

( D r y )  a n d  t h o s e  o f  Model  1 ( F u l l y  S a t u r a t e d ) ,  t h e  f o l l o w i n g  

c o n c l u s i o n s  c a n  b e  m ad e .

( a )  F o r  t h e  h o r i z o n t a l  c a s e ,  t h e  a v e r a g e  r e a l  p a r t  o f  

t h e  c o m p l i a n c e  c o e f f i c i e n t  o f  t h e  s a t u r a t e d  s o i l  

i s  a b o u t  50  % h i g h e r  t h a n  t h a t  o f  d r y  s o i l ,  and  

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

50 % h i g h e r  t h a n  t h a t  o f  d r y  s o i l  f o r  a l l  f r e q u e n c i e s .

( b )  F o r  t h e  r o c k i n g  c a s e ,  t h e  r e a l  p a r t  o f  t h e  c o m p l i a n c e  

c o e f f i c i e n t  o f  t h e  s a t u r a t e d  s o i l  i s  h i g h e r  t h a n  

t h a t  o f  d r y  s o i l  f o r  low f r e q u e n c i e s  a n d  c h a n g e s  

s i g n  f o r  h i g h  f r e q u e n c i e s .  The  i m a g i n a r y  p a r t  o f  

t h e  c o m p l i a n c e  c o e f f i c i e n t  o f  t h e  s a t u r a t e d  s o i l

i s  more t h a n  t w i c e  t h a t  o f  d r y  s o i l  f o r  a l l  

f r e q u e n c i e s .

( c )  F o r  t h e  v e r t i c a l  c a s e ,  t h e  r e a l  p a r t  o f  t h e  c o m p l i a n c e  

c o e f f i c i e n t  o f  t h e  s a t u r a t e d  s o l i  I s  s l i g h t l y  h i g h e r  

t h a n  t h a t  o f  d r y  s o i l  f o r  v e r y  lo w  f r e q u e n c i e s  a n d



c h a n g e s  s i g n  f o r  a l l  o t h e r  h i g h e r  f r e q u e n c i e s .

The i m a g i n a r y  p a r t  o f  t h e  c o m p l i a n c e  c o e f f i c i e n t  

o f  t h e  s a t u r a t e d  s o i l  i s  more t h a n  f i v e  t i m e s  t h a t  

o f  d r y  s o i l  f o r  a l l  f r e q u e n c i e s .

By c o m p a r i n g  t h e  c o m p l i a n c e  c o e f f i c i e n t s  o f  Model  1 

( F u l l y  S a t u r a t e d ) ,  M ode l  1A ( t a b u l a t e d  on T a b l e  M- 6  and  

p l o t t e d  on P l o t s  N -7 ,  N - 8 , N -3 1 ,  N -3 2 ,  N -5 5 ,  N - 5 6 ) ,  Model  I B  

( t a b u l a t e d  on T a b l e  M-7 a n d  p l o t t e d  on P l o t s  N -9 ,  N -1 0 ,  N - 3 3 ,  

N -3 4 ,  N -5 7 ,  N - 5 8 ) ,  M odel  IF  ( t a b u l a t e d  on T a b l e  M -e  and  p l o t t e d  

on  P l o t s  N - l l ,  N -1 2 ,  N - 35,  N -3 6 ,  N -5 9 ,  N - 6 0 ) ,  Model  1C ( t a b u ­

l a t e d  on T a b l e  M-9 a n d  p l o t t e d  on P l o t s  N - 1 3 ,  N - 1 4 ,  N -3 7 ,

N-3B, N - 6 1 ,  N - 6 2 ) ,  and  Model  1 ( D r y ) ,  t h e  f o l l o w i n g  c o n ­

c l u s i o n s  c a n  be  m ade ,

( a )  F o r  t h e  h o r i z o n t a l  c a s e ,  a s  t h e  d e p t h  o f  t h e  g r o u n d  

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

When t h e  s o i l  i s  d r y  t o  a d e p t h  e q u a l  t o  t h e  w i d t h  

o f  t h e  f o o t i n g  ( d f  = 2 a ) ,  t h e  s o i l  c a n  b e  c o n s i d e r e d  

a s  d r y  s o i l .

( b )  F o r  t h e  r o c k i n g  c a s e ,  a s  t h e  d e p t h  o f  t h e  g r o u n d  

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

When t h e  s o i l  i s  d r y  t o  a d e p t h  e q u a l  t o  t h e  w i d t h  

o f  t h e  f o o t i n g ,  t h e  s o i l  c a n  be  c o n s i d e r e d  a s  d r y  

s o i l .

( c )  F or t h e  v e r t i c a l  c a s e ,  t h e  e f f e c t  o f  w a te r  i s  p r e s e n t  

f o r  a l l  d e p th  o f  s a t u r a t i o n .
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As p r e v i o u s l y  s t a t e d ,  f o r  t h e  c a s e  o f  a f u l l y  s a t u r a t e d  

s o i l ,  t h e  s t i f f n e s s  c o e f f i c i e n t s  f o r  b o t h  t h e  r o c k i n g  and  

v e r t i c a l  m o t i o n  c a s e s  becom e  n e g a t i v e  a t  t h e  h i g h e r  

f r e q u e n c y  r a n g e .  A l t h o u g h  t h e  r e a l  p a r t s  o f  t h e  r o c k i n g  

and  v e r t i c a l  c o m p l i a n c e  c o e f f i c i e n t s  becom e n e g a t i v e  a t  

t h e s e  h i g h e r  f r e q u e n c i e s ,  t h e  i m a g i n a r y  p a r t s  a r e  a l w a y s  

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

t h e  s a t u r a t e d  s o i l  a r e  c o n s i d e r a b l y  h i g h e r  t h a n  t h o s e  

o f  t h e  d r y  s o i l .

T h e s e  r e s u l t s  a r e  c o m p a r e d  w i t h  t h e  a n a l y t i c  r e s u l t s  

f o r  t h e  c a s e  o f  an i n c o m p r e s s i b l e  s i n g l e  p h a s e  e l a s t i c  

s o l i d  p r e s e n t e d  i n  R e f .  1 4 .  As may be  n o t e d  f r o m  

F i g u r e s  7 t h r u  12,  t h e  c h a r a c t e r  o f  t h e  c o m p l i a n c e  

c o e f f i c i e n t s  a r e  s i m i l a r  t o  t h e  i n c o m p r e s s i b l e  c a s e ,  a l t h o u g h  

d i f f e r e n t  i n  m a g n i t u d e .  T h i s  i n d i c a t e s  t h a t  t h e  e f f e c t  

o f  t h e  p o r e  w a t e r  i s  t o  make t h e  s o i l  b e h a v e  e s s e n t i a l l y  

a s  a n  i n c o m p r e s s i b l e  s o l i d ,  w i t h  g r e a t e r  a m o u n t  o f  

d a m p in g  c a u s e d  by  t h e  a d d i t i o n a l  d i s s i p a t i o n  c a u s e d  by 

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

p h a s e s .

1 9



3 . 4  EFFECT OF COEFFICIENT OF PERMEABILITY

F o r  M odel  1 ( F u l l y  S a t u r a t e d ) ,  t h r e e  d i f f e r e n t  c o e f f i ­

c i e n t s  o f  p e r m e a b i l i t y  ( 0 . 1  c m / s e c ,  0 . 0 1  c m / s e c ,  a n d

0 . 0 0 0 1  c m / s e c )  a r e  u s e d .  T he  c o m p l i a n c e  c o e f f i c i e n t s  w i t h  

v a r i o u s  c o e f f i c i e n t s  o f  p e r m e a b i l i t y  a r e  t a b u l a t e d  on T a b l e  

M-3 t h r u  M-5 a n d  a r e  p l o t t e d  on P l o t s  N - l  t h r u  N - 6 , N-25 t h r u  

N -3 0 ,  N -49  t h r u  N - 5 4 .  By c o m p a r i n g  t h o s e  c o m p l i a n c e  c o e f f i ­

c i e n t s ,  t h e  f o l l o w i n g  c o n c l u s i o n s  c a n  b e  m ad e .

When t h e  c o e f f i c i e n t  o f  p e r m e a b i l i t y  d e c r e a s e s  f r o m  

A x  = 0 . 1  c m / s e c  t o  = 0 . 0 1  c m / s e c ,

( a )  f o r  t h e  h o r i z o n t a l  c a s e  a n d  f o r  a l l  f r e q u e n c i e s ,  t h e  

r e a l  p a r t  o f  t h e  c o m p l i a n c e  c o e f f i c i e n t  i n c r e a s e s

by  a p p r o x i m a t e l y  1 0  %, w i t h  t h e  i m a g i n a r y  p a r t  o f  

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

( a b o u t  2 % ) j

( b )  f o r  t h e  r o c k i n g  c a s e  a n d  f o r  a l l  f r e q u e n c i e s ,  t h e  

a b s o l u t e  v a l u e  o f  t h e  r e a l  p a r t  o f  t h e  c o m p l i a n c e  

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

p a r t  o f  t h e  c o m p l i a n c e  c o e f f i c i e n t  I n c r e a s e s  s l i g h t l y ;

( c )  f o r  t h e  v e r t i c a l  c a s e  a n d  f o r  a l l  f r e q u e n c i e s ,  t h e  

r e a l  p a r t  o f  t h e  c o m p l i a n c e  c o e f f i c i e n t  h a s  n e g l i ­

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

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

•At = 0 . 0 1  c m / s e c  t o  = 0 . 0 0 0 1  c m / s e c ,

( a )  f o r  t h e  h o r i z o n t a l  c a s e  a n d  f o r  a l l  f r e q u e n c i e s ,  t h e  

r e a l  p a r t  o f  t h e  c o m p l i a n c e  c o e f f i c i e n t  i n c r e a s e s  

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

c o e f f i c i e n t  h a s  n e g l i g i b l e  c h a n g e ;

( b )  f o r  t h e  r o c k i n g  c a s e  and f o r  a l l  f r e q u e n c i e s ,  t h e  

r e a l  p a r t  a n d  i m a g i n a r y  p a r t  of  t h e  c o m p l i a n c e  

c o e f f i c i e n t  h a v e  n e g l i g i b l e  c h a n g e s ;

( c )  f o r  t h e  v e r t i c a l  c a s e  and f o r  a l l  f r e q u e n c i e s ,  t h e  

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

c o e f f i c i e n t  h a v e  n e g l i g i b l e  c h a n g e s .

When t h e  f u l l y  s a t u r a t e d  s o i l  w i t h  c o e f f i c i e n t  o f  

p e r m e a b i l i t y  o f  0 . 1  c m / s e c  o r  l e s s  i s  e x c i t e d  by t h e  r o c k i n g  

o r  v e r t i c a l  m o t i o n  o f  t h e  f o o t i n g ,  t h e  p o r e  w a t e r  i s  e s s e n ­

t i a l l y  t r a p p e d  b y  t h e  s o i l .  For  r o c k i n g  a n d  v e r t i c a l  c a s e s ,  

t h e r e  i s  n o  n e e d  t o  f i n d  t h e  c o m p l i a n c e  c o e f f i c i e n t s  f o r  

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

l o w e r  t h a n  0 . 1  c m / s e c ,  b e c a u s e  we c a n  u s e  t h e  c o m p l i a n c e  

c o e f f i c i e n t s  o b t a i n e d  f o r  t h e  s a t u r a t e d  s o i l  w i t h  c o e f f i c i e n t  

o f  p e r m e a b i l i t y  o f  0 . 1  c m / s e c .  H o w ev e r ,  u n d e r  t h e  h o r i z o n t a l  

m o t i o n  o f  t h e  f o o t i n g ,  t h e  p o r e  w a t e r  b e c o m e s  t r a p p e d  by 

t h e  s o i l  o n l y  when t h e  c o e f f i c i e n t  o f  p e r m e a b i l i t y  f a l l s  

b e lo w  0 . 0 1  c n v ' s e c .  F o r  h o r i z o n t a l  c a s e ,  t h e r e  i s  n o  n e e d  

t o  f i n d  t h e  c o m p l i a n c e  c o e f f i c i e n t s  f o r  t h e  f u l l y  s a t u r a t e d
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s o i l  w i t h  c o e f f i c i e n t  o f  p e r m e a b i l i t y  l o w e r  t h a n  0 . 0 1  c m / s e c ,  

b e c a u s e  we c a n  u s e d  t h e  c o m p l i a n c e  c o e f f i c i e n t s  o b t a i n e d  f o r  

t h e  s a t u r a t e d  s o i l  w i t h  c o e f f i c i e n t  o f  p e r m e a b i l i t y  o f  0 . 0 1  

c m / s e c .

S i n c e  p o r e  w a t e r  i s  e s s e n t i a l l y  t r a p p e d  by t h e  s o i l  f o r  

s a t u r a t e d  s o i l  w i t h  c o e f f i c i e n t  o f  p e r m e a b i l i t y  o f  0 . 0 1  c m / s e c  

o r  l e s s ,  t h e  q u e s t i o n  a r i s e s  a s  t o  t h e  a b i l i t y  t o  p r e d i c t  t h e  

s a t u r a t e d  r e s p o n s e  o f  t h e  s o i l  f r o m  t h e  p r e v i o u s l y  Known 

d r y  s o l u t i o n  by  s i m p l y  m o d i f y i n g  some o f  t h e  p a r a m e t e r s  

i n v o l v e d ,  a s  f o l l o w s .

( a )  R e p l a c e  j 5 .  o f  t h e  d r y  s o i l  by  ■ - f M  *
K ( F m C I - 2 5 >  '

w h e r e  E  i s  t h e  Y o u n g ' s  m o d u l u s ,  V i s  t h e  P o i s s o n ' s  

r a t i o  a n d  i s  t h e  b u l k  m o d u l u s  o f  f l u i d .

( b )  R e p l a c e  by  ^  > w h e re  i s  t h e  m a s s  d e n s i t y  o f

t h e  d r y  s o i l  a n d  i s  t h e  m a s s  d e n s i t y  o f  t h e  b u l k  

o f  f l u i d - s o l i d .

( c )  R edu ce  s u c h  t h a t  <Sr ( s h e a r  m o d u l u s )  w i l l  b e  

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

A f t e r  v a r i o u s  t r i a l s ,  no  c o r r e l a t i o n  f a c t o r s  c o u l d  b e  

f o u n d  t o  p r e d i c t  t h e  s a t u r a t e d  r e s p o n s e  o f  s o i l  o f  low 

p e r m e a b i l i t y  f r o m  t h e  p r e v i o u s l y  known d r y  s o l u t i o n .
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4 . 0  CONCLUSION

T he  i n f l u e n c e  o f  p o r e  w a t e r  on t h e  d y n a m ic  r e s p o n s e  

o f  s t r u c t u r e  s u b j e c t e d  t o  e a r t h q u a k e  g r o u n d  m o t i o n  i s  q u i t e  

s u b s t a n t i a l .

F o r  t h e  f u l l y  s a t u r a t e d  h o r i z o n t a l  c a s e ,  p o r e  w a t e r  

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

p a r t s  o f  t h e  c o m p l i a n c e  c o e f f i c i e n t s  by  a p p r o x i m a t e l y  50 %.

F o r  t h e  f u l l y  s a t u r a t e d  r o c k i n g  c a s e ,  p o r e  w a t e r  i n c r e a s e s  

t h e  i m a g i n a r y  p a r t s  o f  t h e  c o m p l i a n c e  c o e f f i c i e n t s  by  a 

f a c t o r  o f  tw o  a n d  c h a n g e s  t h e  s i g n s  ( d i r e c t i o n s )  o f  t h e  r e a l  

p a r t s  o f  t h e  c o m p l i a n c e  c o e f f i c i e n t s  a b o v e  c e r t a i n  f r e q u e n c i e s .  

F o r  t h e  f u l l y  s a t u r a t e d  v e r t i c a l  c a s e ,  p o r e  w a t e r  i n c r e a s e s  

t h e  i m a g i n a r y  p a r t s  o f  t h e  c o m p l i a n c e  c o e f f i c i e n t s  by  a 

f a c t o r  o f  f i v e  a n d  c h a n g e s  t h e  s i g n s  ( d i r e c t i o n s )  o f  t h e  

r e a l  p a r t s  o f  t h e  c o m p l i a n c e  c o e f f i c i e n t s  a b o v e  c e r t a i n  

f r e q u e n c i e s .

F o r  t h e  h o r i z o n t a l  a n d  r o c k i n g  c a s e s ,  a s  t h e  d e p t h  o f  

t h e  g r o u n d  w a t e r  i n c r e a s e s  t h e  e f f e c t  o f  w a t e r  d e c r e a s e s  a s  

e x p e c t e d .  When t h e  s o i l  i s  d r y  t o  a  d e p t h  e q u a l  t o  t h e  w i d t h  

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

H o w e v e r ,  f o r  t h e  v e r t i c a l  c a s e ,  t h e  e f f e c t  o f  w a t e r  i e  f e l t  

e v e n  when t h e  d e p t h  o f  t h e  g r o u n d  w a t e r  i n c r e a s e s  s u b s t a n t i a l l y .

F o r  f u l l y  s a t u r a t e d  s o i l  u n d e r  t h e  e x c i t a t i o n  o f  t h e  

f o o t i n g ,  t h e  p o r e  w a t e r  c a n  b e  c o n s i d e r e d  e s s e n t i a l l y  t o  b e
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t r a p p e d  by  t h e  s o i l ,  when t h e  c o e f f i c i e n t  o f  p e r m e a b i l i t y  i s  

b e lo w  a c e r t a i n  c u t o f f  v a l u e .  T he  c u t o f f  v a l u e  o f  c o e f f i ­

c i e n t  o f  p e r m e a b i l i t y  f o r  t h e  h o r i z o n t a l  m o t i o n  o f  t h e  f o o t i n g  

i s  l o w e r  t h a n  t h o s e  o f  t h e  r o c K i n g  and  v e r t i c a l  m o t i o n s  o f  

t h e  f o o t i n g .

A l t h o u g h  no  c o m p u t e r  r u n  h a s  b e e n  o b t a i n e d  t o  s t u d y  t h e  

e f f e c t  o f  t h e  c o e f f i c i e n t  o f  p e r m e a b i l i t y  on p a r t i a l l y  

s a t u r a t e d  s o i l ,  we c a n  e x p e c t  t h a t  t h e  c o e f f i c i e n t  o f  p e r m e a b i ­

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

on f u l l y  s a t u r a t e d  s o i l .
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APPENDIX A

THE EQUATIONS OF MOTION FOR SATURATED E IA STIC  POROUS MEDIA

D e n o t i n g  by  U x j  u y , u ,  t h e  c o m p o n e n t s  o f  t h e

d i s p l a c e m e n t  o f  t h e  s o i l  and  a s s u m i n g  t h e  s t r a i n  t o  b e
( 2 , 3 , 4 )

s m a l l ,  t h e  v a l u e s  o f  t h e  s t r a i n  c o m p o n e n t s  a r e

« ~ & t a y

e * * = T x
■

(1)A

G n =
d U v

* Y 1

Assum e t h e  s o i l  t o  h a v e  i s o t r o p i c  p r o p e r t i e s  a n d  n e g l e c t  

w a t e r  p r e s s u r e ,  we h a v e  t h e  w e l l - k n o w n  s t r e s s - s t r a i n  

r e l a t i o n s h i p s

e * * “  % - - £ - ( % 6 ? = ^ * "  

e y y « 2 a — ( 2 ) A

I n  t h e s e  r e l a t i o n s ,  t h e  c o n s t a n t s  £  , Qc , y j  a r e ,  r e s p e c t i v e l y ,  

Y o u n g ' s  m o d u lu s ,  t h e  s h e a r  m o d u lu s  a n d  P o i s s o n ' s  r a t i o  f o r  

t h e  s o l i d  s k e l e t o n .  T h e  s h e a r  m o d u lu s  c a n  b e  e x p r e s s e d  a s
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& = 2 (14-0)

S o l v i n g  E q . ( 2 ) A  w i t h  r e s p e c t  t o  s t r e s s e s  we f i n d

O J A

(4)A

w h e r e

{e} = O J A

an d

|V1S ESfclj)

1 l-v
V

I-*
o 0 0

T̂ F 1
V o O O

T̂ JT l-P I 0
l-ZV

O 0

o o o o 0

o o o o *ly&tiL e 
2G-JJ)

o o o 0 a°  ZCh-i&

( 6  )A

I f  w a t e r  p r e s s u r e  i s  a l s o  c o n s i d e r e d ,  t h e  b u l k  s t r e s s

t e n s o r  m u s t  b e  c o n s i d e r e d .  T he  c o m p o n e n t s  o f  t h e  b u l k  s t r e s s
39



t e n s o r  a r e  T i j  w h e re  i , j  = x , y , z .  L e t  u s  f i r s t  c o n s i d e r  

a u n i t  v o lu m e  o f  b u l k  m a t e r i a l .  The  c o m p o n e n t s  of  t h e  

a v e r a g e  f l u i d - d i s p l a c e m e n t  v e c t o r  a r e  U *  , t l y  , .

T h e s e  c o m p o n e n t s  a r e  d e f i n e d  i n  s u c h  a way t h a t  t h e  v o lu m e  

o f  f l u i d  d i s p l a c e d  t h r o u g h  u n i t  a r e a s  n o r m a l  t o  t h e  x , y , z  

d i r e c t i o n s  a r e  f U a .  ( T l y  . f U ,  , r e s p e c t i v e l y ,  w h e r e  f  

d e n o t e s  t h e  p o r o s i t y .  T h e  f l o w  o f  t h e  f l u i d  r e l a t i v e  t o  

t h e  s o l i d  b u t  m e a s u r e d  i n  t e r m s  o f  v o lu m e  p e r  u n i t  a r e a  of  

t h e  b u l k  medium i s

w«— f  (U x — Ux)

w y - f ( W y - U y >  ( 7 ) A

w ,s=f(U >-U  P
( 5 , 6 )

T he  f l u i d  v o l u m e t r i c  s t r a i n  i s  o b t a i n e d  by B i o t  a s

(a )A

B i o t  h a s  shown t h a t  t h e  w a t e r  p r e s s u r e  i s  a s  f o l l o w i n g

(9)A

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

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

T he  b u l k  s t r e s s  t e n s o r  i s
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Tu x  *  (Hex 

T f y -  < %  —

T n » c r »  —

Ticy — O x y

T/ i = ° y *

S u b s t i t u t i n g  E q . ( 9 ) A  i n t o  E q . ( 1 0 ) A  a n d  u s i n g  E q . { 4 )  

we h a v e

i ={&D+/M [iOH4+*‘MKI {*}

w h e r e

{ w }  = <  w y

and

1 1 1 O 0  o ^  4 "

I I  1 0  O 0 i r  1 7  ^

1 1 1 0  © © 1_
__

1
H

A A 0

o 0 0 0 0 0

W w »

0 0 0

0  o  o  0  © o 0  0  0

4 1

(1 0  )A

t

( 11 )A

(12 )A

( 13)A



T h e  k i n e t i c  e n e r g y  o f  a u n i t  v o lu m  o f  b u l k  m a t e r i a l
' ( 5 , 6 )  

i n  low  f r e q u e n c y  r a n g e  i s

T = "J-/0 (Ujf+ Uy + U>) +ft(U t W, +UfVtf -t-UjWj)

+  j r » ( * ? +  w y‘ + w , ‘ )  U , , ) A

w h e r e

i s

M = ^ -

^  s  p o r o s i t y

t o t a l  m a s s  o f  b u l k  m a t e r i a l  p e r  u n i t  v o lu m e

y j | = m a s s  d e n s i t y  o f  t h e  f l u i d .

T h e  d i s s i p a t i o n  e n e r g y  o f  a u n i t  v o lu m e  o f  b u l k  m a t e r i a l
( 5 , 6 )

+  1 W y + W j )  (15  )A

w h e r e

•A s : t h e  p e r m e a b i l i t y  o f  s o i l  

sa t h e  v i s c o s i t y  o f  t h e  f l u i d  

I f  we now l o o k  a t  t h e  f o r c e s  a p p l i e d  t o  a u n i t  v o lu m e  

o f  b u l k  m a t e r i a l  and  c o n s i d e r  U x  * U y  # U f  > (Afc ' W y  * 

and  g e n e r a l i z e d  c o o r d i n a t e s ,  we c a n  a p p l y  L a g r a n g e ' s

e q u a t i o n s .

“  *5^7 — (1 6  )A
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w h e r e

We h a v e

B u t

T h e r e f o r e

S i m l l a r y

T h e r e f o r e

i  ( > £ ) m  &  ( f *•)■- z 9 “*+A**
- 2 I - » o

= / »Wy+/»# ivy

2 c ( r k )

~ 4 ?" + 7 */? ̂  + i r

- ■ i f - - / *  « y + 7 - / » w y + - S - ^

4 3

, e t c .

(17)A

C18)A

(1 9 )A
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APPENDIX B

FIN IT E  ELEMENT DISCRETIZATION OF A GENERAL ELASTIC MEDIA

S t a t i c  C a s e s

E l a s t i c  m ed ia  c o u l d  b e  r e p r e s e n t e d  a s  an  a s s e m b l a g e  o f  

f i n i t e  e l e m e n t s  i n t e r c o n n e c t e d  a t  a d i s c r e t e  num ber  o f  

n o d a l  p o i n t s .  T he  d i s p l a c e m e n t s  o f  t h e s e  n o d a l  p o i n t s  

w i l l  b e  t h e  b a s i c  unknown p a r a m e t e r s  o f  t h e  p r o b l e m .  A s e t  

o f  f u n c t i o n s  i s  c h o s e n  t o  d e f i n e  u n i q u e l y  t h e  s t a t e  o f  

d i s p l a c e m e n t  w i t h i n  e a c h  ' f i n i t e  e l e m e n t '  i n  t e r m s  o f  i t s  

n o d a l  d i s p l a c e m e n t s .  L e t  t h e  d i s p l a c e m e n t s  a t  any  p o i n t  

w i t h i n  t h e  e l e m e n t ,  2C , b e  d e f i n e d  a s  a c o lu m n  v e c t o r

( 1 )  B

w h e r e

and

I  i s  a t h r e e  by  t h r e e  i d e n t i t y  m a t r i x  a n d  N i *  a r e  t h e

4 5



s h a p e  f u n c t i o n s .  The s h a p e  f u n c t i o n  m a t r i x  h a s  s i z e  3 by 3< 

w h e re  ^  i s  t h e  num ber  o f  n o d e s  i n  e a c h  e l e m e n t .

T he  s t r a i n s  a t  a n y  p o i n t  c a n  b e  d e t e r m i n e d  f r o m  t h e  

r e l a t i o n s h i p  b e t w e e n  s t r a i n s  a n d  d i s p l a c e m e n t s .

a x
o

o

o o

t * *ir 7
t

~»V »y J

f i f {2 )B

Combine  E q . ( l ) B  w i t h  E q . ( 2 ) B ,  we now h a v e

(3 )B

w here

M '

o O ^  a x

0 O 0

o o # * ,* M
a x •  #* o

0
a t f  •

*

i£ k  iftL 
“  *y

*  ■ •



F o r  i s o t r o p i c  m a t e r i a l ,  we h a v e  t h e  w e l l - k n o w n  s t r e s s -  

s t r a i n  r e l a t i o n s h i p s

<4>B

T he  c o n s t a n t s  £  , Gr > 2) a r e ,  r e s p e c t i v e l y ,  Y o u n g ' s  m o d u lu s ,  

t h e  s h e a r  m o d u lu s  and  P o i s s o n ’ s  r a t i o .

S o l v i n g  E q . ( 4 ) B  w i t h  r e s p e c t  t o  s t r e s s e s ,  we f i n d

( < r } - [ D ] { c }  <5)B

w h e r e

t « i - j

an d

47

<5,

E ( l - V )

I -a—l~j>
-X—
1-2) o o  o

l-p ; - f y
o o  o

_±i_
l-J/
o

o

l-v
0
O

i
0

o

o

oO-p)
a

O o

0 O

J=2JL -ZCI-iO °
o O 0 o °  za-id



C o m b in e  E q . ( 3 ) B  a n d  E q . ( 5 ) B ,  we now h a v e

(6  )B

L e t

w h e r e

{ f } =

F r  =
r t f

F'iF>)r

(7 )B

d e f i n e  t h e  n o d a l  f o r c e s  w h i c h  a r e  e q u i v a l e n t  s t a t i c a l l y  t o  

t h e  I n t e r n a l  s t r e s s e s  a n d  t h e  d i s t r i b u t e d  l o a d s  on t h e  

e l e m e n t .

L e t

(B)B

b e  t h e  'b o d y  f o r c e *  c o m p o n e n t s .
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L e t  u s  h a v e  a v i r t u a l  d i s p l a c e m e n t  

a t  t h e  n o d e s .  W i th  t h e  h e l p  o f  E q . ( l ) B  a n d  ( 3 ) B ,  we h a v e

w r - M ( 9 - a  )B

a nd

S{=} =  M ( 9 - b ) B

T h e  v i r t u a l  w ork  d o n e  by t h e  e x t e r n a l  n o d a l  f o r c e s  i s  

e q u a l  t o  t h e  sum o f  t h e  p r o d u c t s  o f  t h e  i n d i v i d u a l  f o r c e  

c o m p o n e n t s  a n d  t h e  c o r r e s p o n d i n g  d i s p l a c e m e n t s .

S i *  S j  a* a ,  D { f}

S i m i l a r l y ,  t h e  v i r t u a l  w o rk  p e r  u n i t  v o l u m e  d o n e  by t h e  

s t r e s s e s  a n d  'b o d y  f o r c e '  i s

[tj*  

- * G &  v t  a* a* a { R l W - M W }
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T he  e x t e r n a l  w o rk  i s  e q u a l  t o  t h e  i n t e r n a l  v i r t u a l  w o r k .  

T h e r e f o r e ,  we h a v e

£ fc  H i  s »  u , ]{F f

=  a ,  u *  5 .  •]

F o r  n o n - t r i v i a l  y [ t r »  Jfj u ,  U i -  ........ 1  ,  we h a v e

(1 0 )B

W ith  t h e  h e l p  o f  E q . ( 6 )B, we now h a v e

( 11)B

w h e r e

(12  )B

I n  g e n e r a l ,  e x t e r n a l  c o n c e n t r a t e d  f o r c e s  may e x i s t  a t  

t h e  n o d e s t
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w h e r e

* r =
S I

T h ey  w i l l  b e  a d d e d  t o  t h e  c o n s i d e r a t i o n  o f  e q u i l i b r i u m  a t  t h e  

n o d e s .

Now l e t  u s  l o o k  a t  t h e  e l e m e n t s  n e a r  t h e  b o u n d a r y .  I f ,  

a t  t h e  b o u n d a r y ,  d i s p l a c e m e n t s  a r e  s p e c i f i e d ,  no p r o b l e m  

a r i s e s .  I f  t h e  b o u n d a r y  i s  s u b j e c t  t o  a d i s t r i b u t e d  e x t e r n a l

t h e  e l e m e n t  w h ic h  h a s  a  b o u n d a r y  f a c e  w i l l  now h a v e  t o  be  

a d d e d i

a l o a d i n g  t e r m  on t h e  n o d e s  o f

w h e r e

1 % o °  i f  i t  °

[ j f ] -  «  h  «  t .  O l y

5 1



The p r e c e d i n g  a n a l y s i s  f o r  i n d i v i d u a l  e l e m e n t  may be  

a p p l i e d  d i r e c t l y  t o  t h e  w h o l e  c o n t i n u u m .  T h e  v i r t u a l  work 

p r i n c i p l e  w i l l  b e  a p p l i e d  t o  t h e  w h o le  s t r u c t u r e .  I n t e r ­

e l e m e n t  f o r c e s  no  l o n g e r  n e e d e d  t o  b e  c o n s i d e r e d .

L e t

1r}=

w h e r e

* r =

b e  t h e  e x t e r n a l  c o n c e n t r a t e d  f o r c e s .  O  i s  t h e  num ber  o f  

t o t a l  n o d a l  p o i n t s .

T he  e x t e r n a l  v i r t u a l  w o rk  d u r i n g  any  v i r t u a l  d i s p l a c e m e n t s  

o f  a l l  n o d e s  * » • ...............................b e c o m e s

S  [&I

+ £  &  *  I*

w h e r e  N  i s  t h e  num ber  o f  t o t a l  e l e m e n t s  a n d  i s  t h e
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nu m ber  o f  e l e m e n t s  a t  t h e  b o u n d a r i e s .  T he  a b o v e  c o u l d  b e  

a r r a n g e d  a n d  l e t  t h e  s u m m a t io n  s t a n d s  f o r  a d d m l x .  We t h e n  

h a v e

Us

T h e  I n t e r n a l  v i r t u a l  w o rk  d u r i n g  a n y  v i r t u a l  d i s p l a c e ­

m en t  o f  a l l  n o d e s  t f * .............. U j T i s

s
9i

A g a i n ,  t h e  a b o v e  c o u l d  b e  r e a r r a n g e d  and  l e t  t h e  su m m a t io n  

s t a n d s  f o r  a d d m l x .  We h a v e

£  ( .  W f c ]  M

5 3



T h e  e x t e r n a l  v i r t u a l  w o rk  i a  e q u a l  t o  t h e  i n t e r n a l  

v i r t u a l  w o rk  a n d ,  f o r  n o n - t r i v i a l  v i r t u a l  d i s p l a c e m e n t ,  

we h a v e

5  f  W r M  W *
t - i  v

( 13)B

w h e r e

(14  )B

5 4



Dynamic  C a s e s

When a s t r u c t u r e  I s  u n d e r  d y n a m ic  l o a d s ,  t h e  d i s p l a c e ­

m e n t s  w i l l  v a r y  w i t h  t i m e .  We m u s t  c o n s i d e r  tw o  s e t s  o f  

a d d i t i o n a l  f o r c e s .

T he  f i r s t  i s  t h e  i n e r t i a  f o r c e .  By t h e  w e l l - k n o w n  

d ' A l e m b e r t  p r i n c i p l e ,  we h a v e  t h e  s t a t i c  e q u i v a l e n t ,

i s  t h e  g e n e r a l i z e d  d i s p l a c e m e n t  a n d  i t  i s  a f u n c t i o n  o f  

s p a c e  a n d  t i m e  c o o r d i n a t e s .

T he  s e c o n d  f o r c e  i s  d u e  t o  r e s i s t a n c e s  o p p o s i n g  t h e  

m o t i o n .  U s u a l l y  i t  i s  a l i n e a r ,  v i s c o u s  t y p e  a n d  t h e  

s t a t i c  e q u i v a l e n t ,

Add t h e  tw o  a d d i t i o n a l  f o r c e s  t o  E q . ( 1 3 ) B  a n d  r e c o g n i z e  

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

o f  b o t h  s p a c e  and  t i m e .  We h a v e

DO

55



By E q . ( 1 ) B, E q . ( 1 5 ) B  b e c o m e s

(16 )B

w h e r e

(1 7 )B

T h e  s u m m a t io n  s t a n d s  f o r  a d d m l x .

T he  m ass  m a t r i x  we a r e  u s i n g  I s  c a l l e d  ' c o n s i s t e n t  

m ass  m a t r i x 1. I n  p l a c e  o f  ' c o n s i s t e n t  m ass  m a t r i x *t 

' l u m p e d  m a s s  m a t r i x *  i s  o f t e n  u s e d .  'Lumped m ass  m a t r i x 1 

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

m a s s e s  e x i s t e d .  T h i s  a p p r o a c h  i s  o f t e n  t a k e n  a l t h o u g h  t h e  

r e s u l t s  a r e  l e a s  a c c u r a t e .

5 6



T h e  d a m p in g  m a t r i x ,  L > J  i s  c a l l e d  ' c o n s i s t e n t  dam ping

m a t r i x 1. H ow ever ,  t h e r e  a r e  v a r i o u s  a l t e r n a t i v e  d a m p in g  

m a t r i c e s .  The  s e l e c t i o n  d e p e n d s  on t h e  p r o b l e m .

One a l t e r n a t i v e  d a m p in g  m a t r i x  i s  p r o p o r t i o n a l  d a m p in g  

m a t r i x .  P r o p o r t i o n a l  d a m p in g  m a t r i x  i s  a m a t r i x  w h ic h  i s  

p r o p o r t i o n a l  t o  t h e  s t i f f n e s s  m a t r i x ,

d a m p in g  c o e f f i c i e n t ,  , i s  p r o p o r t i o n a l  t o  t h e  n a t u r a l

f r e q u e n c y ,  f jJ i  . T h i s  w i l l  c a u s e  t h e  h i g h  f r e q u e n c y  

c o m p o n e n t s  o f  t h e  s o l u t i o n  t o  b e  damped o u t .

A n o t h e r  a l t e r n a t i v e  d a m p in g  m a t r i x  i s  t h a t  o f  m oda l  

d a m p i n g .

T h i s  m e th o d  c o u l d  b e  c a r r i e d  o u t  t o  h i g h e r  o r d e r  t y p e .

w h e r e  J  i s  s e l e c t e d  by  j u d g m e n t  and  i s  l e s s  t h a n  t h e  

t o t a l  num b er  o f  t h e  n a t u r a l  f r e q u e n c y  o f  t h e  s t r u c t u r e .

w h e r e i s  a c o n s t a n t .  H ow ever ,  i n  t h i s  m e tho d  t h e

[c]=a[M]+b[K]

5 7
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APPENDIX C

FIN IT E  ELEMENT DISCRETIZATION OF THE EQUATIONS OF MOTION

FOR TWO-DIMENSIONAL SATURATED ELASTIC POROUS MEDIA

T h e  e q u a t i o n s  o f  m o t i o n  f o r  s a t u r a t e d  e l a s t i c  p o r o u s  

m e d i a ,  E q „ ( 1 7 ) A  a n d  E q . ( 1 9 ) A ,  c a n  e a s i l y  b e  r e d u c e d  i n t o  

t w o - d i m e n s i o n a l  c a s e .  E q . ( 1 7 ) A  r e d u c e s  t o  t h e  f o l l o w i n g .

T he  b o d y  f o r c e  ( g r a v i t a t i o n a l  f o r c e )  i s  t a k e n  o u t  o f  E q . ( 1 ) C  

a n d  E q . ( 2 ) C ,  b e c a u s e  i t s  e f f e c t  c o u l d  e a s i l y  b e  s o l v e d  

s t a t i c a l l y .  From  h e r e i n ,  a l l  d i s p l a c e m e n t s  a n d  f o r c e s  a r e  

v a l u e s  i n  e x c e s s  o f  v a l u e s  d u e  t o  g r a v i t a t i o n a l  f o r c e .

F o r  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 ,  t h e  s t r a i n - d i s p l a c e m e n t  

r e l a t i o n s h i p s  a r e

( l ) c

E q .  (1 9 )A  r e d u c e s  t o  t h e  f o l l o w i n g ,

(2 )C

( 3 ) C

5 9



an d

=  e n = o (4 )C

The  s t r e s s - s t r a i n  r e l a t i o n a h i p s  a r e

i< r } =

flxx
° y y

S & i

=  E c

I

o

J L .
\ - j f

I

o i - Z »
XU-»)J

{e} (5 )C

w h e r e

( 6 )C

From E q . ( 9 ) A ,  t h e  w a t e r  p r e s s u r e  i n  t w o - d i m e n s i o n a l  c a s e  

r e d u c e s  t o

• #  =  - ^ M f e a + e y y )  + M j ( 7 ) c

w h e r e

J — ( B)C

I n  m a t r i x  f o r m ,  we h a v e

6 0



T he  b u lK  s t r e s s  t e n s o r  i s

(  Oxx 

% ■  

y
< * #

(Jx>

C o m b in in g  E q . ( 3 ) C ,  E q . ( 5 ) C  a n d  E q . ( 7 ) C ,  we h a v e

{t > = e . w

w h e r e

M -

1 \- i>

T ^ r  i

a  o  

°

w - l r
d x

U
L

J
II

• R T  I f

i r  i f "
0  o

o
L z M

( 9 ) C

(1 0 )C

(11  ) c

(1 2 )C

6 1



Add h y s t e r e t i c  d a m p in g  r a t i o s  a n d  we h a v e

( 13  )C

w h e r e

w -

X c

M -

i U L
l-J>

X c

o

C14 )C

X c  i s  t h e  c o m p r e s s i v e  h y s t e r e t i c  d a m p in g  r a t i o  a n d  X *  i s  

t h e  s h e a r i n g  h y s t e r e t i c  d a m p in g  r a t i o .

F o r  s t e a d y  s t a t e  s o l u t i o n s ,  l e t

U-EK B - B
iS lt

C  ( 1 5 )

A l s o ,  l e t

e = ^ -

V c =

( 16  }C
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W ith  a i d  o f  E q . ( 1 5 ) C  a n d  E q . ( 1 6 ) C ,  E q . ( 9 ) C  become*

“f f e (17  )C

a n d  E q . ( 1 3 ) C  b e co m es

(18  )C

w h e r e

[*> o  >

If

M -
5 r

i r
I f -

7 f

I I o

I I o  

O o a

( 19)C

C4

W it h  a i d  o f  E q . ( 1 8 ) C  and  d i v i d i n g  e a c h  t e r m  by 

E q . ( 1 )C c a n  b e  w r i t t e n  i n  m a t r i x  f o r m  a s  f o l l o w i n g .

O ( 2 0 )C

6 3



2
W ith  a i d  o f  E q . ( 1 7 ) C  a n d  d i v i d i n g  e a c h  t e r m  by  ^ S L  , 

E q . ( 2 ) C  c a n  b e  w r i t t e n  i n  m a t r i x  f o r m  a s  f o l l o w i n g ,

}£ } { •« & • f c © +K fe- & ]{ * * } )

S t a r t  f i n i t e  e l e m e n t  d i s c r e t i z a t i o n  o f  E q . ( 2 0 ) C  a n d  

E q . ( 2 1 ) C .  From  E q . ( 9 ) D a n d  E q . ( l l ) D ,  t h e  b u l k  d i s p l a c e m e n t s  

w i t h i n  e a c h  f i n i t e  e l e m e n t ,  7X , c a n  b e  e x p r e s s e d  a s

+ * N
C 21 J c

w h e r e

R = w ‘  f t

(22  )C

u * .

w«- [ n ] ,  H

| M  ^

M s =  [Wi Nt M i n J

Nm =  s h a p e  f u n c t i o n  *  X, ^ - J l ,  i

( 23)C

S i m i l a r l y ,  t h e  r e l a t i v e  f l u i d  d i s p l a c e m e n t s  c a n  b e  e x p r e s s e d  

a s
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v z ;

and K L - W ,  ( 24)C

D i s c r e t i z e  E q . ( 2 0 ) C # t h e n  p r e m u l t i p l y  e a c h  t e r m  by  [A  1 '  
a d d m ix  a n d  i t e g r a t e  w i t h  r e s p e c t  t o  t h e  w h o l e  a r e a  S  » s u c h

t h a t

r q «

+ 2
K*

n  *'K  W M .*

W .

W f c -

=  O (25  )C

N o te  t h a t  t h e  su m m a t io n  s t a n d s  f o r  a d d m i x .  L- i s  n u m b er  o f  

e l e m e n t s  a n d  Q  i s  n u m b er  o f  t o t a l  n o d a l  p o i n t s .

L e t  u s  l o o k  a t  t h e  l a s t  t e r m  o f  E q . ( 2 5 ) C .
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99

,  H

Y * 4 >

I t  < ( »  <g1
w  t o

r*±s;
< e 

is  ©.Se t

t o  o
W  o
t o  *
t o  •  

•  t o
e  <N 
o !W
o  ^

1 r -

0 ( 9 Z ) * £ > 3  puedicg

^  W  ^ ] [ [ j  ”

[ * N  * N  * N  ’ N  o  °  0  <>1

o  O O  o  * N  * N  * N  TN J

t «]p a] =  SG9]
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~ * s f
3 - . ^

* 6 6  *S l *S£ 
* * f t .............................................................................
M i j ^  . . .  . . .

. . .  . . .

* & k ....................................
* 8 b ....................................
tkjjjjji . . .  . . .
frZ sk
**»#»

/ V & /

(28  )C

C o n s i d e r  t h e  f i r s t  row o f  E q . ( 2 8 ) C ,  a n d  u s e  i n t e g r a t i o n  by

p a r t s ,

£  [ * &  * &  * * ■  * &  * &  * & * & ] * *  

. ^ j j t  « £ .  * £ .  * £  * ^ ] %

- $ &  &  2 %  £ 2  W  W f f l *  S # ] *

=ia[*£  * *  * £  * »  * 8  * #  * # > ■ “

- f l j t W  S # 99 99 99 99 * *  * »  w  w j *

i n  w h i c h  ft# i s  t h e  d i r e c t i o n  c o s i n e  o f  t h e  o u t w a r d  n o r m a l

6 7



i n  t h e  3  - d i r e c t i o n ,  a n d  i n t e g r a l  i s  t a k e n  o v e r  t h e

w h o le  b o u n d a r y  o f  e a c h  e l e m e n t .

C a r r y  o u t  s i m i l a r  p r o c e d u r e  f o r  a l l  r o w s .  We now h a v e

’v $ .

w h e r e

Dr]=[n #  o  Yi+

°  IOf Kl#
: ]

( 29)C

Now l o o k  a t  t h e  s e c o n d  l a s t  t e r m  o f  E q . ( 2 5 ) C .

i =

I n t e g r a t e  b y  p a r t s .

6 8



w h e r e

Com bine

( 3 0 ) 0

[ * 1 = M M t t

m  m . m  M .  o  o » o
^  ^

HJi ML 2Ak. ML JlL ML ML ML
<*• I f  H  * * * •  M T  9* *

( 3 1  ) c

-*ac

E q . ( 2 9 ) C a n d  E q . ( 3 0 ) C .

1 + 1  =

[»]+ ^ p W +A

6 9



W i t h  h e l p  o f  E q , ( 1 8 ) C ,  t h e  a b o v e  b e c o m e s

( U * ( 

$

L e t

— S «
f «

w -

( 32 )C

(33 )C

Now E q , ( 2 5 ) C  c a n  b e  e x p r e s s e d  a s

i  [ # l | 9  • "

- kk[eJ
i v * .

* !
w * J

=  O (34)C
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D i s c r e t i z e  E q . ( 2 1 ) C ,  t h e n  p r e m u l t i p l y  e a c h  t e r m  by
x
g ,  a d d m ix  and  i n t e g r a t e  w i t h  r e s p e c t  t o  t h e  w h o l e  a r e a  

, s u c h  t h a t

( . I * *

(  \  / "W t \

O (35 ) C

u s  l o o k  a t  t h e  l a s t  t e r m  o f  E q . ( 3 5 ) C .



JL =

iO <
- i

•  

-

-

« ■ &  • 

*3». •

<U

I n t e g r a t e  by p a r t s .

* J ® k “

/ V f t , -

w j

( 3 6 )C

S i m i l a r l y ,  t h e  s e c o n d  l a a t  t e r m  o f  E q . ( 3 5 } C  i s  t o  b e  

i n t e g r a t e d  b y  p a r t s  a n d  vie h a v e

(

’a *

72



( 37)C

C om bine  E q . ( 3 6 ) C  a n d  E q . ( 3 7 ) C .

K + K  =

W ith  h e l p  o f  E q . ( 1 7 ) C ,  t h e  a b o v e  b e c o m e s

f t d l

( 3 8 ) C

Now E q . ( 3 5 ) C  c a n  b e  e x p r e s s e d  a s

7 3



tr*>

-K M U S*-

‘M M ®
T )
V C * }.

- l i J
■ M

( 3 9 ) 0

L e t

( 4 0 ) 0

E q . ( 3 4 ) 0  a n d  E q . ( 3 9 ) 0  c a n  b e  c o m b in e d  and  e x p r e s s e d  i n  

m a t r i x  f o r m .

t
V ? W  “ [w O  « x k [ e ]  - n [ M ]  ] ( v c l  

^ k C e J -n C m ] K K - ( ^ - ^ f c ) M j W

=:§* f e s * * © *
I Ju  f  r.nT r n . \  . ( 41 )C
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APPENDIX D

TWO-DIMENSIONAL ISOPARAMETRIC ELEMENTS

y s
k

1 ( 0 , 1 ) k (  1 , 1 )

a
i

1 ( 0 , 0 )

F i g u r e  D - l F i g u r e  D-2

F i g u r e  D - l  sh o w s  a t y p i c a l  q u a d r i l a t e r a l  f i n i t e  

e l e m e n t  t o  be  c o n s i d e r e d ,  w i t h  n o d e  i , j , k , l  n u m b e re d  i n  an  

a n t i - c l o c k w i s e  o r d e r .  The  e l e m e n t  i s  shown i n  C a r t e s i a n  

c o o r d i n a t e s ,  x a n d  y .

T h e  e l e m e n t  c a n  a l s o  b e  shown i n  i t s  l o c a l  c o o r d i n a t e s ,  

r  a n d  s ,  a s  i n  F i g u r e  D - 2 .  A m o s t  c o n v e n i e n t  m e th o d  o f  

e s t a b l i s h i n g  t h e  c o o r d i n a t e  t r a n s f o r m a t i o n s  i s  t o  u s e  t h e
( 2 1 )

s h a p e  f u n c t i o n

TRANSFORMATION MATRIX

We c a n  w r i t e  t h a t

+ < ? ( , S ( 1 ) D

7 6



a n d  we know t h a t

X i m O i ,

X j« >  « < | -h  <>(% 

d%  •+■ 0<# +  o C f  

Xx* cX|-h c<$

S o l v i n g  E q . ( 2 ) D ,  we o b t a i n

r t , =  X i  

< * , =  X j  -  X i

ex,ss x f  — x;

* a +  Xi -  X* — Xi

and

x= [T i Tj 7*. T j p l

w h e r e



T L - ( i - r ) O - s )  

1 5  -  r ( i - s )  

t*=» r s

i i - ( l - r ) s

S i m i l a r l y ,  we h a v e

( 5 ) D

y=[T* Tj l i  TI] l%

%

{6 ) D

DISPLACEMENT SHAPE FUNCTION MATRIX

T h e  d i s p l a c e m e n t  o f  e a c h  n o d e  h a v e  tw o  c o m p o n e n t s

w - I S }

(7 )D

T he  d i s p l a c e m e n t s  w i t h i n  a n  e l e m e n t  c a n  b e  u n i q u e l y  

d e f i n e d  by  t h e  s h a p e  f u n c t i o n s  i n  i t s  l o c a l  c o o r d i n a t e s ,

Ux =  ̂ 5i -k-jSg.lr 4yG»s -+ya*.rs ( 8 )D

7 9



and

Uxil

u* = [Mi Mi N«. nJ  ^

w h e re

u

(9 )D

M  —  ( i -r ) ( i -s )
A/.- -  r C l - s )

( 1 0 )D
r s

A4 =  ( i - r ) s

S i m i l a r l y ,  we h a v e

' i V

t i y « [ M i  N *  N t ]  < 1 1 ) D

I t

C l e a r l y ,  we h a v e  s e l e c t e d  t h e  t r a n s f o r m a t i o n  m a t r i x  t o  

b e  e q u a l  t o  t h e  d i s p l a c e m e n t  s h a p e  f u n c t i o n  m a t r i x ,

[ t ]  =  In ] ( 12  )D

7 9



w h e r e

M  -  C u T» T j (13  )D

a n d

[nQ = [_N. N i M N l <14)D

When t h e  s h a p e  f u n c t i o n s  d e f i n i n g  g e o m e t r y  ( t r a n s f o r m a t i o n  

m a t r i x )  a n d  f u n c t i o n  { d i s p l a c e m e n t  s h a p e  f u n c t i o n  m a t r i x )  

a r e  t h e  sam e,  t h e  e l e m e n t  w i l l  b e  c a l l e d  i s o p a r a m e t r i c .

EVALUATION OF ELEMENT MATRICES

To p e r f o r m  f i n i t e  e l e m e n t  a n a l y s i s  t h e  m a t r i c e s  

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

b e  o f  t h e  f o r m

d e r i v a t i v e s  w i t h  r e s p e c t  t o  g l o b a l  c o o r d i n a t e s .

To e v a l u a t e  t h e s e  m a t r i c e s ,  two  t r a n s f o r m a t i o n s  a r e

r  and  a ,  i t  i s  n e c e s s a r y  t o  e x p r e s s  t h e  g l o b a l  d e r i v a t i v e s  

i n  t e r m s  o f  l o c a l  d e r i v a t i v e s .  T he  e l e m e n t  o f  a r e a  o v e r

8 0

(1 5 )D

i n  w h ic h  t h e  e x p r e s s i o n

n e e d e d .  As i s  d e f i n e d  i n  t e r m s  o f  l o c a l  c o o r d i n a t e s ,



w h i c h  t h e  i n t e g r a t i o n  h a s  t o  b e  c a r r i e d  o u t  n e e d s  t o  b e  

e x p r e s s e d  i n  t e r m s  o f  t h e  l o c a l  c o o r d i n a t e s  w i t h  an  a p p r o ­

p r i a t e  c h a n g e  o f  l i m i t s  o f  i n t e g r a t i o n .

By u s u a l  r u l e s  o f  p a r t i a l  d i f f e r e n t i a t i o n ,  we h a v e

- O r ] (16 )D

w h e r e

&■]-
i x
9 r

a x
a s

2 *
Br

9 s

(17} D

C o m b in in g  E q s . ( 4 ) D ,  (5}D, ( 6 )D and  ( 1 7 ) D ,  we h a v e

M -
(-Xc«4) -KXi-xs+fc-x^s (_j5+jj)+(yi-)S+)jk-)05 

+(Ki-Xj (-*+ 'd)+ ty-Y i +yfc-)Or
( 1 8 J D

To f i n d  t h e  g l o b a l  d e r i v a t i v e s  we i n v e r t D O a n d  we

h a v e

8 1



w h e r e

( 1 9 ) D

k T -
- ( - y s #  +  * - * > * ]

( 20)D

an d

+  Xy*.-)fc)+ ( * * - & ) ( / ,-  ^ 3  r

+  |be# -X*X)t-)t)+< Xi-X»)<jsi- jfci] s
( 21 )D

From  v e c t o r  a n a l y s i s ,  we c a n  e a s i l y  show t h a t

JA = JxJy =  M ' M  Jrds { 22 }D

We c a n  now m o d i f y  E q . ( 1 5 ) D  i n t o

J ^ [ t ]  Jri*=££{(r,s) Ards <23)D
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i n  w h i c h  [ S C r . a ^  I s  t h e  t r a n s f o r m  o f  f u n c t i o n  i n  t h e

l o c a l  c o o r d i n a t e s .

NUMERICAL INTEGRATION

One o f  t h e  m ost  e f f e c t i v e  m e th o d s  o f  e v a l u a t i n g  

i n t e g r a l  i s  t o  u s e  G a u s s  q u a d r a t u r e .  T h e  m o s t  o b v i o u s  way 

o f  o b t a i n i n g  t h e  i n t e g r a l  o f  E q . ( 2 3 ) D  i s  t o  f i r s t  e v a l u a t e  

t h e  i n n e r  i n t e g r a l  w h i l e  k e e p i n g  s  c o n s t a n t ,  s u c h  t h a t

( 24)  D

F o u r  i n t e g r a t i n g  p o i n t s  w i l l  b e  u s e d  a nd  we h a v e

'  nb! *

w h e r e

H i »  0 . 1 7 3 9 2 7 4 2 2 7 H a  0 . 0 6 9 4 3 1 0 4 4 2  

r i a  0 .  3 3 0 00 9 47 8 2  

r * a  0 .6 6 9 9 9 0 5 2 2 0  

) ^ a 0 .  9 3 0 5 6 8 1 5 6 0

h l t =  0 .  3260725775
(26  )D

M i-  Hx
H 4= H l

T h e  I n t e g r a t i o n  o f  E q . ( 2 3 ) D  c a n  now b e  t a k e n  i n  s -  

d i r e c t i o n ,  s u c h  t h a t



,y# £ f C r j S ) i ( r d s  — 6 m H n f f r r » ,S M i  ( 2 7 ) D

w h e r e

<& =  H ;

S i  =  n  C 2 8 ) D

1  =  1, 2 , 3, 4
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APPENDIX E 

ANALYTICAL SOLUTION FOR ONE-DIMENSIONAL 

SATURATED EIASTIC POROUS MEDIA

T he  e q u a t i o n s  o f  m o t i o n  f o r  s a t u r a t e d  e l a s t i c  p o r o u s  

m e d i a ,  E q . ( 1 7 ) A  a n d  E q , ( 1 9 ) A  w i l l  r e d u c e  t o  o n e - d i m e n s i o n a l  

c a s e  i n  t h e  f o l l o w i n g  f o r m s

( 1 ) E

a n d

(2 )E

F o r  o n e - d i m e n s i o n a l  w a v e ,  t h e  s t r a i n - d i s p l a c e m e n t  

r e l a t i o n s h i p s  a r e

€ * *  =  ( 3 ) E

an d

en = en —° (4)e

T h e  s t r e s s - s t r a i n  r e l a t i o n s h i p s  a r e

Cxx =  Ec<?*x (5 ) e

8 6



w h e r e

c  a  ^  ( 6 )E
“  (I  +1 0 0 - * * )

F rom  E q . ( 9 ) A ,  t h e  w a t e r  p r e s s u r e  i n  o n e - d i m e n s i o n a l  wave 

r e d u c e  t o

- ^ = — < * M e ,o <  -j- m Y  <7 ) e

w h e r e

( 8 )E

T h e  b u l k  s t r e s s  t e n s o r  i s

^Kjt“ 0 Xx ( 9 ) E

C o m b in in g  E q . ( 3 ) E ,  E q . ( 5 ) E  a n d  E q . ( 7 ) E ,  we h a v e

( 1 0 ) E

Add h y s t e r e t i c  d a m p in g  r a t i o  a n d  we h a v e

Tm— E .

07



F o r  s t e a d y  s t a t e  s o l u t i o n s ,  l e t

T T  Mu * =  U U c
( 1 2 } E

-  * A f  
W* =  W x  C-

A l s o  l e t
  n.x
e ~ TE~
\£ =  J E ^ £ M

C1 3 )  E
N = * - f r -  

M

Witt) a i d  o f  E q . ( 1 2 ) E  a n d  E q . ( 1 3 ) E ,  E q . ( 7 ) E  b e c o m e s

< 1 4 ) E

a n d  E q . ( l l ) E  b e c o m e s

E e ^ j  ( I ^jjf * ^ L

+  0<̂ %  ( 1 5 )E

W i th  a i d  o f  E q . ( 1 4 ) E  a n d  E q . ( 1 5 ) E ,  E q . ( l ) E  a n d  E q . { 2 ) E  

c a n  b e  e x p r e s s e d  a s

« K % f r + K ^  =  - N U * - f n ,  W ,

X

( 1 6  )E
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w h e r e

( 1 7 ) E

T he  s i m u l t a n e o u s  l i n e a r  d i f f e r e n t i a l  e q u a t i o n s  i n  E q . ( 1 6 ) E
( 1 2 )

c a n  b e  s o l v e d  by  m e th o d  o f  o p e r a t o r .  R e w r i t e  E q . ( 1 6 ) E

i n  o p e r a t i o n a l  f o r m

I +Z >t i )D *  +  Q  U t t + (•<KD*+" =  0

(<*kdV n)ii. +CkpV  jf— -  o
The o p e r a t o r  i s

( 1 0 ) E

A =
(H-iJAiJlf-H otKI?+N 
• O t t f + N  kj>N- (1 9  )E

A= AD++BJ>* +- C
w h e r e

A = K-4*K

B  =  C f +  K  +  # * ) + i  f y - t f x )

c = f - / va-^fer
We now h a v e

8 9



(A tf+ B D + c ) ! !*  =  o
( a d * + b d *-t-c)VJ5t =  «

We n o t i c e  t h a t  t h e  c h a r a c t e r i s t i c  e q u a t i o n  f o r  b o t h  LG. and 

w *  i s  o b t a i n e d  by f o r m a l l y  r e p l a c i n g  “J )  by r  i n  t h e  

e x p r e s s i o n

A =  o
( 2 0 ) E

A r + +  3 ^ + -  c — o

S o l v i n g  f o r  T  , we h a v e

p* =  ± R » ,  ±  R l  ( 2 1 ) E

w h e r e

d  i - a W B i - 4 A C  

R , “ a /  2 A  

R , =  j - B - J B ' - V CJ
R* f t  >  o
R. R*> °

H e n c e  we o b t a i n

u« = a,e?*+ a,eM+  a»e" 

v s =  G . e * ^ f  t . e ” 4 -  k , e *  +  k » e f c #

9 0



I n s e r t  E q . ( 2 2 ) E  i n t o  £ q . ( 1 6 ) E ,  we o b t a i n  t h e  f o l l o w i n g  

r e l a t i o n s h i p s ,

k — <S0 jg § 1 * '

k —

k -  -  t fe t fS t 1 -
We now h a v e

. •  W .  HU* . . - M
U x  =  ^ i C  - h a » e  *4-a*.fi

C 23) E

W -  -

W i t h  A p p r o p r i a t e  b o u n d a r y  c o n d i t i o n s ,  c o e f f i c i e n t s  Q.% , 

A S l  fly a n d  O f  c a n  b e  o b t a i n e d .
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IN FIN IT E  ROD

T y p i c a l  b o u n d a r y  c o n d i t i o n s  f o r  t h e  i n f i n i t e  r o d  a r e  

t h e  f o l l o w i n g .

II* (o) = i
tlx(oo) i s  f i n i t e  ( 2 4 ) E

Vft(o)= o
WxCocJ i s  f i n i t e

S i n c e  and  WxCo) a r e  f i n i t e ,  c o e f f i c i e n t s  4| an d  i n

Eq . ( 2 3 ) E m u s t  b e  z e r o .  T h e r e f o r e ,  we h a v e

  “ R i i  “ 8 *®
» =  ~ h C U G

( 2 5 )  E

S i n c e  a n d  V£fo)=o , we h a v e

= /

S o l v i n g  t h e  a b o v e  tw o  s i m u l t a n e o u s  e q u a t i o n s ,  we o b t a i n

p K - A / C l + y C j J

92



T h e r e f o r e

. t _ < w c K ,» N ) G :n - a » j ) i t . ^ D  - M  + » ]  £ * •
U * ~  p K - M ( l * y d ] ( l l ? - W e

( 26 )E

« -  -  g ta siK g g 's g g ir*1 < « ■ * -

C o m b in in g  E q . ( 1 5 ) E  and  E q . ( 2 6 ) E ,  we h a v e

% = f . .(-H.toKft+N) (j>3*jKN-l] e

+ r » G « k r J + / v ) [ < i + ^ k < N - i 3  £ * * }

S i m i l a r l y ,  c o m b i n i n g  E q . ( 1 4 ) E  a n d  E q . ( 2 6 ) E ,  we h a v e

- R » < * k k J + n )  [ < / + ^ i ) K . V i ]

I t  w i l l  b e  v e r y  c o n v e n i e n t  i f  we c a n  e x p r e s s  s t r e s s e s ,  'txx 

a n d  f t  ,  i n  t e r m s  o f  d i s p l a c e m e n t s ,  U% a n d  t t f e , s u c h  t h a t
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t n  =  C.U* + C » W »  

=  CiUx ■+■ CsUfe

( 2 9 ) E

The  a b o v e  c o n d i t i o n s  a r e  a c h i e v a b l e  f o r  an i n f i n i t e  r o d .  

S o l v i n g  f o r  C, , Ca. , C* , a n d  C* f  rom E q .  ( 26 )E ,  E q . ( 2 7 ) E ,  

E q . ( 2 0 ) E  a n d  E q . ( 2 9 ) E ,  we h a v e

e  - t f i L .  D - 0 ^ ) R , r 3
’ R , +  I f .

C .- VULfUKKKt-N)
R » +  K i  

r  _  ( 3 0 ) E  
'  [f0 <— /M< l + p * ) 2  ( R f - H i )

„  (~WR6 <KKt+A<) MRiGtKri+N) / -  - Q
/  o + y W + i  ( i + 2 f M + i  I * 1 ■ ' /

C  -  V U t *  C*KR,N- N ) f r *  R i + N )  
C ^ K - N 0 + 2 / i ) j

x (_  *» c<n-̂ o»r+a +a(/ Ri_ R\ )
|  «<KKi+N *<k.R J+N  '  'J

Mow we c a n  e x p r e s s  s t r e s s e s ,  Tim an<3 t i n  t e r m s  o f  

d i s p l a c e m e n t s ,  U% a n d  s u c h  t h a t
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r w =  5 £ 4 ^ t i ^ a i 2 & l J Ux _  ^

(31 )E

- * - ~^iy> K [< i+*OrN-i][C i  + a p > ) K ? + 1 3

v ( dftfoKgJ+N) «fe.6<KBN-/V) /p  _ p  -v) 

V*SL*K<i*Ktf+NX«K1lt+N)
t ‘K - N C H - ^ « 3 (Ki,,-- T C )

I - ,  v )
[  « < K R i * + N  5 k ^ + a /  ^ K l  ' J
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APPENDIX F

TRANSMITTING BOUNDARY CONDITIONS

When t h e  f i n i t e  e l e m e n t  m e th o d  i s  u s e d  t o  s o l v e  t h e  

e q u a t i o n s  o f  m o t i o n  o f  t h e  s o i l  a n d  p o r e  w a t e r ,  a n  I n f i n i t e  

h a l f - s p a c e  i s  i d e a l i z e d  i n t o  a f i n i t e  s p a c e  w i t h  a p p r o p r i a t e  

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

wave p r o p a g a t i o n  t h r u  t h e  h a l f  s p a c e  w i l l  a l l o w  t h e  e n e r g y  

t o  r a d i a t e  away f r o m  t h e  s i t e .  I n  t h e  f i n i t e  c o m p u t a t i o n a l  

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

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

f r o m  t h e  z o n e  o f  i n t e r e s t ,  r a t h e r  t h a n  a r t i f i c i a l l y  r e f l e c t i n g  

b a c k  i n t o  t h e  z o n e  by  t h e  b o u n d a r y  c o n d i t i o n s .  To d a t e ,  

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

s i n g l e - p h a s e d  n o n - s a t u r a t e d  s o i l  p r o b l e m .  H o w ev e r ,  no  s u c h  

d e v e l o p m e n t  h a s  b e e n  u s e d  f o r  t h e  t w o - p h a s e d  s o i l / w a t e r  

p r o b l e m .

The m o s t  p r o m i s i n g  way t o  i n c o r p o r a t e  t h e  t r a n s m i t t i n g

b o u n d a r y  c o n d i t i o n s  i n  t h e  s i n g l e - p h a s e d  n o n - s a t u r a t e d  s o i l
( 1 , 16, 18)

i s  t o  e x p r e s s  t h e m  by  c o n d i t i o n s

0 ‘ =  a % U c

“C ™  ( 2 )F

i n  w h i c h  0 “  a n d  t  a r e  t h e  b o u n d a r y  n o r m a l  a n d  s h e a r  s t r e s s e s .
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•  •
r e s p e c t i v e l y *  U c a n d  Us a r e  t h e  c o r r e s p o n d i n g  n o r m a l  and  

t a n g e n t i a l  v e l o c i t i e s ,  r e s p e c t i v e l y *  ^ 0  i s  t h e  m ass  d e n s i t y  

o f  t h e  s o l i d t  a nd  a r e  t h e  s h e a r  wave a n d  c o m p r e s s i v e

wave  v e l o c i t i e s .  T he  a b o v e  t r a n s m i t t i n g  b o u n d a r y  f o r m u l a t i o n  

i s  c a l l e d  t h e  v i s c o u s  b o u n d a r y ,  a n d  h a s  b e e n  u s e d  e x t e n s i v e l y .

Now l e t  u s  f i n d  how t h e  c o n d i t i o n  o f  E q . ( l ) F  c o u l d  be  

o b t a i n e d  f o r  s t e a d y  s t a t e  wave p r o p a g a t i o n .  The  wave 

e q u a t i o n  f o r  o n e - d i m e n s i o n a l  d r y  s o i l  i s  t h e  f o l l o w i n g

( 3) F

w h e r e  £  a nd  j j  a r e ,  r e s p e c t i v e l y ,  Y o u n g ' s  m o d u lu s  a n d  

P o i s s o n ' s  r a t i o .

F o r  s t e a d y  s t a t e  s o l u t i o n s ,  l e t

Uc = XJc C
J j l t

(4 )F

W ith  h e l p  o f  E q . ( 4 ) F, E q . ( 3 ) F  b e co m es

<5)F

w h e r e

The s o l u t i o n  o f  E q . ( 5 ) F  i s
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j o t *
U c =  a.e w + a»e ^

The  p r o b l e m  o f  i n t e r e s t  i s  a n  i n f i n i t e  r o d ,  w h e re

L T e ( o ) =  c

and

IXc (<») =  f i n i t e

A p p l y  t h e  a b o v e  c o n d i t i o n s ,  we h a v e

TT  -  r  U c  3  C 6

T h e  n o r m a l  s t r e s s ,  CT" , c a n  b e  e x p r e s s e d  i n  t e r m  o f  

d i s p l a c e m e n t  a s

W i th  h e l p  o f  E q . ( 4 ) F  a n d  E q . ( 9 ) F ,  E q . ( 1 0 ) F  b e c o m e s

<T =  -a V L A iU c

S i n c e  Uc =  jLStUc, t h e  s t r e s s  c a n  b e  e x p r e s s e d  a s

9 9

( 6  )F

(7 )F

( 8 )F

( 9 ) F

( 1 0 )  F

( 1 1  )F



( 1 2  )F

N o t i c e  t h a t  now t h e  n o r m a l  s t r e s s  c a n  b e  e x p r e s s e d  i n  t e r m  

o f  t h e  n o r m a l  v e l o c i t y .  T he  t r a n s m i t t i n g  b o u n d a r y  t a k e s  

t h e  n e g a t i v e  o f  t h e  n o r m a l  s t r e s s  f o r  t h e  o n e - d i m e n s i o n a l  

i n f i n i t e  r o d  p r o b l e m  a n d  i s  a p p l i e d  t o  t h e  a r t i f i c i a l  

b o u n d a r y ,  im p o s e d  when t h e  i n f i n i t e  s p a c e  i s  c u t  i n t o  a 

f i n i t e  s p a c e .

F o r  s t e a d y  s t a t e  s o l u t i o n s ,  i t  i s  m ore  c o n v e n i e n t  t o  

e x p r e s s  t h e  n o r m a l  s t r e s s  i n  t e r m  o f  t h e  n o r m a l  d i s p l a c e m e n t  

a s  shown i n  E q . ( l l ) F .

I f  a h y s t e r e t i c  d a m p in g  r a t i o ,  X  , I s  i n c l u d e d  i n  t h e  

wave e q u a t i o n ,  E q . ( 3 ) F  b e c o m e s

Upon s o l v i n g  E q . ( 1 3 ) F ,  t h e  n o r m a l  s t r e s s  c a n  b e  e x p r e s s e d  a s

b o - p ) ____ ( 1 3 )F

< r = I L i  ( i + ^ t X 5  U c (14  )F

w h e r e

S i m i l a r l y ,  f o r  s h e a r  w ave ,  we h a v e

1 0 0



( 15  )F

w h e r e

V ? = f -

E s s e n t i a l l y ,  we h a v e

<t = q , u c  ( 1 6 ) F

T = I > , U *  (17 ) F

T he  v a l u e s  o f  Ot and  bf a r e  u s e d  t o  m o d i f y  t h e  m a s t e r  

s t i f f n e s s  m a t r i x  o f  t h e  f i n i t e  e l e m e n t  m o d e l s  t o  s i m u l a t e  

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

Now l e t  u s  o u t l i n e  t h e  p r o c e d u r e  o f  i n c o r p o r a t i n g  t h e  

t r a n s m i t t i n g  b o u n d a r y  c o n d i t i o n s  f o r  t h e  t w o - p h a s e d  s o i l /  

w a t e r  p r o b l e m .  T he  e q u a t i o n s  o f  m o t i o n  f o r  s a t u r a t e d  e l a s t i c  

p o r o u s  m ed ia  f o r  o n e - d i m e n s i o n a l  c a s e  a r e  shown i n  A p p e n d i x  E .  

F o r  an  I n f i n i t e  r o d  w i t h  h y s t e r e t i c  s o i l  d a m p in g  and  

c o n s i d e r i n g  t h e  s t e a d y  s t a t e  s o l u t i o n ,  t h e  b u l k  s t r e s s ,  txx * 

a n d  w a t e r  p r e s s u r e ,  , c a n  b e  e x p r e s s e d  i n  t e r m s  o f  t h e  

d i s p l a c e m e n t  o f  s o i l ,  Ux  , and  t h e  r e l a t i v e  w a t e r  d i s p l a c e m e n t ,  

life , f r o m  E q . ( 2 9 ) E  a s
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tit# a  Ci Mx +  Ct UTk

( 1 8  )f

=  CftUv *+■ C+TjUx

The  c o e f f i c i e n t s  C t , C a  , C* and  C +  a r e  shown i n  E q . ( 3 0 ) E .  

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

m a s t e r  s t i f f n e s s  m a t r i x  o f  t h e  f i n i t e  e l e m e n t  m o d e l s  t o  

s i m u l a t e  t h e  t r a n s m i t t i n g  b o u n d a r y  c o n d i t i o n s  f o r  t w o -  

p h a s e d  s a t u r a t e d  s o i l .

T he  s t e a d y  s t a t e  n o r m a l i z e d  n o n - d i m e n s i o n a l  e q u a t i o n s  

o f  m o t i o n  f o r  s a t u r a t e d  e l a s t i c  p o r o u s  m ed ia  f o r  t h e  

o n e - d i m e n s i o n a l  c a s e  i s  g i v e n  by  E q . ( 1 6 ) E  a s

w h e r e  e . n  an d  fa  a r e  n o n - d i m e n s i o n a l  p a r a m e t e r s  d e f i n e d  

i n  E q . ( 1 3 } E .

T he  f i n i t e  e l e m e n t  d i s c r e t i z a t i o n  o f  E q . ( 1 9 ) F  b e g i n s  

by l e t t i n g  t h e  b u l k  d i s p l a c e m e n t s  w i t h i n  e a c h  f i n i t e  e l e m e n t , 

3  , b e  e x p r e s s e d  a s

= - V n -N W x
(19  )F

+  K = - N U , - f Wi+ f t z t WTm

( 2 0 ) F

1 0 2



w h e r e  o a  i s  t h e  s h a p e  f u n c t i o n  m a t r i x ,  a s  d e s c r i b e d  i n  

A p p e n d i x  C.

S i m i l a r l y

W x a = [ A i ]

T he  p r o c e d u r e  f o r  t h e  o n e - d i m s n s i o n a 1 c a s e  i s  s i m i l a r  t o  

t h a t  f o r  t h e  t w o - d i m e n s i o n a l  c a s e ,  w h i c h  i s  p r e s e n t e d  i n  

A p p e n d i x  C. A f t e r  d i s c r e t i z a t i o n ,  E q . { 1 9 ) F  b e co m es

- N L m > ^ K L k J
- 1

- N  [ m ] + « i k [ k ]

“ t)Ot|
O

( 21 )F

w h e re

1 0 3



W - - # 1

N o te  t h a t  t h e  s u m m a t io n  s t a n d s  f o r  a d d m i x ,  L i s  number  o f  

e l e m e n t s  a n d  Q  i s  num ber  o f  t o t a l  n o d a l  p o i n t s .

L e t  t h e  t r a n s m i t t i n g  b o u n d a r y  t o  b e  l o c a t e d  a t  n o d e  Q  . 

T he  m a s t e r  s t i f f n e s s  m a t r i x  o f  E q , ( 2 1 ) F  m u s t  b e  m o d i f i e d  

a nd TxXa a n d  - f t *  a r e  s e t  e q u a l  t o  z e r o .  The new m a s t e r  

s t i f f n e s s  m a t r i x  i s  f o r m e d  a s

w
■ t

[M]+(l+$*i)[K] -NCM]+o<KQ<]

n Q * ]+ « k O<]

• C i

Q t h  c o lu m n

- c »  
1

, - C . ^

t

(22  )F

Q t h  row

^ ( 2 © ) t h  row 

( 2  © ) t h  co lum n

From  E q . ( 2 2 ) F ,  we h a v e  a  s e t  o f  m a t r i x  e q u a t i o n s  t o  s i m u l a t e  

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

1 0 4



Once t h e  a p p r o p r i a t e  b o u n d a r y  c o n d i t i o n s  a r e  s p e c i f i e d  a t  

n o d e  1  ( t h e  f r e e  e n d  o f  t h e  r o d ) ,  t h e  a b o v e  e q u a t i o n s  c a n  b e  

s o l v e d  e a s i l y  by c o m p u t e r .  As an  e x a m p le ,  t h e  s i m p l e  r o d  o f  

F i g u r e  F - l  was u s e d  t o  g e n e r a t e  c o m p a r i s o n  s o l u t i o n s .

f t f W l qe  •  1 e  1— 0  4  i—

h -
1500  i n c h e s

F i g u r e  F - l

1 0 5

\\
\\

\\
\



F o r  t h i s  p r o b l e m  t h e  f o l l o w i n g  p a r a m e t e r s  w e r e  u s e d .

E * =  _ £  = 0 35
6 + P > C l - 3 J 4 >  t

= 1 4 , 0 3 0  p s i  = 0 . 0 0 9 0 9 6  i n 3 - s e c / s l u g

d  = 1  ( 'k r  = 0 . 0 1  c m / s e c )

M  = 2 9 3 , 9 0 0  p s i  = 3 9 , 9 2 3  i n / s e c

f t  = 0 . 0 0 2 3 2 4  s l u g / i n 3 X  = 0

f t  = 0 . 0 0 0 3 9 2 5  s l u g / i n 3

( S e e  A p p e n d i x  K f o r  d e t a i l  p a r a m e t e r  d e f i n i t i o n s . )

L i n e a r  s h a p e  f u n c t i o n s  w e r e  u s e d  i n  t h e  e l e m e n t s  and  

t h e  b o u n d a r y  c o n d i t i o n s  t r , = i  and  W .= -o  w ere  c h o s e n .

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

a t  t h e  l e f t  e n d  o f  t h e  r o d  ( n o d e  1 ) .  A n a l y t i c  a n d  f i n i t e  

e l e m e n t  s o l u t i o n s  a r e  t a b u l a t e d  i n  T a b l e  F - l  a n d  T a b l e  F -2  

f o r  c o m p a r i s o n  p u r p o s e s .  As may b e  n o t e d ,  t h e  r e s u l t s  o f  

t h e  a n a l y t i c  s o l u t i o n  a r e  v e r y  c l o s e  t o  t h o s e  o f  t h e  f i n i t e  

e l e m e n t  s o l u t i o n  f o r  a f r e q u e n c y  r a n g e  o f  0 . 5  r a d / s e c  t o  

6 4 . 0  r a d / s e c .  D i f f e r e n c e s  o c c u r  a t  a f r e q u e n c y  o f  1 2 9 , 0  

r a d / s e c .  The c a u s e  f o r  t h e  d i f f e r e n c e s  d o e s  n o t  come f r o m  

t h e  t r a n s m i t t i n g  b o u n d  a ".y c o n d i t i o n s ,  r a t h e r ,  i t  a r i s e s  f r o m  

t h e  f a c t  t h a t  t h e  e l e m e n t  s i z e  c h o s e n  ( 3 0 0 - i n c h  l o n g  e l e m e n t )  

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

t h e  h i g h  f r e q u e n c y ,  we a r e  t r y i n g  t o  s i m u l a t e  s i n e  o r  c o s i n e  

b e h a v i o r  w i t h  o n l y  6  o r  l e s s  p o i n t s  i n  o n e  p e r i o d .  S i n c e  

t h e  d i f f e r e n c e s  a r e  c a u s e d  by  t h e  mesh s i z e s  a n d  n o t  b y  t h e

1 0 6



t r a n s m i t t i n g  b o u n d a r y  c o n d i t i o n s ,  we c a n  c o n c l u d e  t h a t  t h e  

t r a n s m i t t i n g  b o u n d a r y  c o n d i t i o n s  a d e q u a t e l y  s i m u l a t e  t h e  

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

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

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

1 0 7



T a b l e  F - l

( A n a l y t i c  S o l u t i o n )

FREQUENCY BULK DISPLACEMENT WATER DISPLACEMENT
(RAD/SEC) (INCHES) (INCHES)

0 . 5 ( . 100E 1 , - . 1 8 8 E - 1 ) ( . 1 5 6 E - 6 , . 8 2 9 E - 5 )
1 . 0 ( . 999E 0 , - . 3 7 6 E - 1 ) ( . 6 2 4 E - 6 ,  . 1 6 6 E - 4 )
2 . 0 ( . 997E 0 , - . 752E- 1 ) ( . 2 5 0 E - 5 ,  . 3 3 1 E - 4 )
4 . 0 ( . 989E 0 , - . 1 5 0 E 0 ) ( . 9 9 5 E - 5 ,  . 6 5 6 E - 4 )
8 . 0 ( . 955E 0 , - . 297E 0 ) ( . 3 9 4 E - 4 ,  . 1 2 7 E - 3 )

1 6 . 0 ( . 824E 0 , - . 5 6 6 E 0 ) ( . 1 5 0 E - 3, . 2 1 9 E - 3 )
3 2 . 0 ( . 358E 0 , - . 9 3 3 E 0 ) ( . 4 9 6 E - 3 ,  . 1 9 0 E -3 )
6 4 . 0 ( - . 742E 0 , - . 6 6 8 E 0 ) ( . 7 0 9 E - 3 , 7 8 9 E - 3 )

1 2 8 . 0 ( . 104E 0,  . 991E 0 ) ( - . 2 1 0 E - 2 ,  . 2 2  3E -3 )

FREQUENCY BULK STRESS WATER PRESSURE
(RAD/SEC) ( P S I ) ( P S I )

0 . 5 ( -  . 726E-- 1 , 306E 1 ) ( . 6 9 3 E - 1, . 368E 1)
1 . 0 ( - . 290E 0 , - . 772E 1 ) ( . 277E 0 ,  . 7 37E 1)
2 . 0 ( -  *116E 1 . - . 1 5 4 E 2 ) ( . 111E 1 ,  . 147E 2)
4 . 0 ( - . 4 6 3 E 1 , - . 3 0 5 E 2 ) ( . 442E 1 ,  . 292E 2)
8 . 0 ( - . 183E 2 , - . 590E 2 ) ( . 175E 2, . 56 3E 2 )

1 6 . 0 ( - . 700E 2 , - . 1 0 2 E 3) ( . 6 6 8 E 2, . 972E 2)
3 2 . 0 ( - . 2  31E 3 , - . 8 8 6 E 2 ) ( . 220E 3, . 846E 2)
6 4 . 0 ( - . 331E 3, . 367E 3) ( . 316E 3 , - . 350E 3)

1 2 8 . 0 ( . 979E 3 , 102E 3) ( - . 935E 3, . 9 7 2E 2)

1 0 8



T a b l e  F - 2

( F i n i t e  E l e m e n t  S o l u t i o n )

FREQUENCY BULK DISPLACEMENT WATER DISPLACEMENT
(RAD/SEC) (INCHES) (INCHES)

0 . 5 ( . 1 0 0 E l , - . i e 0 E- 1 ) ( . 1 3 8 E - 6 ,  . 8 2 0 E - 5 )
1 . 0 ( . 999E 0 , - . 376E- 1 ) ( . 5 0 6 E - 6 , . 1 6 6 E - 4 )
2 . 0 ( . 997E 0 , - . 7 5 2 E - 1 ) ( . 2 4 4 E - 5 ,  . 3 3 2 E - 4 )
4 . 0 ( . 9B9E 0 , - . 150E 0 ) ( . 9 8 9 E - 5 ,  . 6 5 0 E - 4 )
0 . 0 ( . 955E 0 , - . 297E 0 ) ( . 3 9 3 E - 4 ,  . 1 2 7 E - 3 )

1 6 . 0 ( . 024E 0 , - . 566E 0 ) ( . 1 5 0 E - 3 ,  . 2 1 9 E -3 )
3 2 . 0 ( . 359E 0 #- . 931E 0 ) ( . 4 9 4 E - 3 ,  . 1 9 2 E -3 )
6 4 . 0 ( - . 7 2 0 E  0 , - . 685E 0 ) ( , 7 2 7 E - 3 J, - . 7 6 2 E - 3 )

1 2 0 . 0 ( - . 5 8 4 E - 1 ,  . 956E 0 ) ( - . 2 0 3 E - 2 , - . 1 1 7 E - 3 )

FREQUENCY BULK STRESS WATER PRESSURE
(RAD/SEC) ( P S I ) ( P S I )

0 . 5 ( - . 6 5 4 E - 1 , - . 386E 1 ) ( . 6 2 4 E - 1 , . 368E 1)
1 . 0 ( - . 2 6 1 E  0 ,  - . 7 7 2E 1 ) ( . 250E 0 ,  . 7 37E 1)
2 . 0 ( - . 105E 1 , - , 154E 2 ) ( . 998E 0, . 147E 2)
4 . 0 ( - . 4 1 7 E  1 , - . 306E 2 ) ( . 390E 1 ,  . 292E 2 )
0 . 0 ( - . 165E 2 , 595E 2 ) ( . 158E 2 ,  . 560E 2)

1 6 . 0 ( - . 637E 2, - . 106E 3) ( . 608E 2 ,  . 101E 3)
3 2 . 0 ( - . 217E 3 , 115E 3) ( . 207E 3, . 110E 3)
6 4 . 0 ( - . 4 0 9 E  3, . 264E 3) ( . 390E 3 , - . 252E 3)

1 2 0 . 0 ( . 794E 3, . 4 4 5 E 3) ( - . 750E 3 , - .4 2 5 E  3)

1 0 9
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APPENDIX G

TYPICAL EARTHQUAKE ANALYSIS OF STRUCTURES EMBEDDED IN SOIL

E a r t h q u a k e  a n a l y s i s  o f  s t r u c t u r e s  b u i l t  on s o i l  

i n v o l v e s  e q u a t i o n s  o f  m o t i o n  o f  s t r u c t u r e ,  e q u a t i o n s  o f  

m o t i o n  o f  s o i l  a n d  i t s  e n t r a p p e d  w a t e r ,  a n d  i n t e r a c t i o n  

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

r e s p o n s e  t o  e a r t h q u a k e  i s  p r i m a r i l y  d u e  t o  t h e  f i r s t  few 

modes  o f  v i b r a t i o n ,  o n l y  t h e  low f r e q u e n c y  c o m p o n e n t s  o f  

t h e  s t r u c t u r a l  m o t i o n  n e e d  t o  b e  c o n s i d e r e d .

A s t r u c t u r e  o f  i n t e r e s t  b u i l t  on s o i l  i s  shown i n  

F i g u r e  G - l .  S i n c e  t h e  p r i m a r y  p u r p o s e  o f  t h i s  r e s e a r c h  i s  

t o  i n v e s t i g a t e  s o i l  b e h a v i o r  a n d  s i n c e  e x t e n s i v e  s t u d i e s  

a r e  a l r e a d y  b e i n g  made on t h e  s t r u c t u r e ,  a s i m p l e  e q u i v a l e n t  

s t r u c t u r a l  m o d e l  w i l l  b e  u s e d  h e r e i n .  I n  f a c t ,  s u c h  

s i m p l i f i e d  m o d e l s  a r e  o f t e n  u s e d  i n  e a r t h q u a k e  a n a l y s i s  

o f  a c t u a l  f a c i l i t i e s .  T he  s t r u c t u r e  i s  i d e a l i z e d  i n t o  t h e  

n o d a l  c o n f i g u r a t i o n  s u c h  a s  shown i n  F i g u r e  G - 2 .

T h e  b a s e  o f  t h e  s t r u c t u r e  i s  a l l o w e d  t o  h a v e  h o r i z o n t a l  

m o t i o n ,  v e r t i c a l  m o t i o n  a n d  r o c k i n g .  F o r  s i m p l i c i t y ,  l e t  u s  

c o n s i d e r  o n l y  t h e  h o r i z o n t a l  m o t i o n  and  r o c k i n g  o f  t h e  b a s e .

C o n s i d e r  t h e  s t r u c t u r e  a s  a f r e e - f r e e  s y s t e m .  E a c h  

n o d e  h a s  t w o  d e g r e e s  o f  f r e e d o m ,  t h e  h o r i z o n t a l  d e f l e c t i o n  

a n d  r o t a t i o n  a s  shown i n  F i g u r e  G - 3 .  L e t  t h e  d i r e c t i o n  o f  

t h e  e a r t h q u a k e  m o t i o n  c o i n c i d e  w i t h  X - d i r e c t i o n .  The 

m o t i o n  i n  ^ - d i r e c t i o n  i s  c o n s i d e r e d  z e r o  h e r e i n .  L e t  U i
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b e  t h e  h o r i z o n t a l  d i s p l a c e m e n t  a n d  &i b e  t h e  r o t a t i o n  o f  

t h e  ' i ' t h  n o d e .  5  i s  t h e  r i g i d  b o d y  r o t a t i o n  o f  t h e  

c e n t e r  o f  g r a v i t y  o f  t h e  s t r u c t u r a l  m a s s .  T h e  e q u a t i o n s  

o f  m o t i o n  a r e

w h e r e

U 2

U «
d .
o ,

M  i s  t h e  lu m p ed  m a s s  m a t r i x ,  DO i s  t h e  s t i f f n e s s  

m a t r i x ,  a n d  a n d  a r e  t h e  l o a d  v e c t o r s .  I n  t h e  

a b o v e  f o r m u l a t i o n  t h e  d a m p in g  t e r m s  a r e  n e g l e c t e d  a n d  

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

L e t

1 1 5



w h e r e  Jt* i s  t h e  v e r t i c a l  d i s t a n c e  b e t w e e n  ' i ' t h  n o d e  a n d  

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

a n d  a r e  t h e  f l e x i b l e  r o t a t i o n s .  H o w ev e r  E q . ( 2 ) G  c o u l d

b e  e x p r e s s e d  i n  m o d a l  t e r m s  ( s o l u t i o n s  o f  f r e e  v i b r a t i o n ) .

f f l -

w h e r e  Ju* 1 * t h e  ' J ' t h  m o d a l  d i s p l a c e m e n t  v e c t o r .

1 1 6



L e t

[ z ]  =

I t ,  
I Zt

I * •  (=
O I 
o  I

i - ’ l

O 1

T h e n  E q . ( 3 ) G  b e c o m e s

w h e r e

1 1 7



P r e m u l t i p l y i n g  E q . ( 1 ) G  by  an<3 u t i l i z i n g  E q . ( 4 ) G  t h e

e q u a t i o n s  o f  m o t i o n  b e com e

w h e r e

Mt
*C.*.

iff.

i * }  +

o

a

*

f - 2 “4 V A -1

ft}

=  I Oct)} (5 )G

f A r  =
I c . e .  =

Jh i  =

u > i  *

/ a c e j -

t o t a l  m a s s  o f  t h e  s y s t e m  

r o t a r y  i n e r t i a  a b o u t  e . g .  

1 i ' t h  m o d a l  m ass  

* i ' t h  m o d a l  f r e q u e n c y

w T . )

F o r  t h e  f o r c e d  v i b r a t i o n  p r o b l e m ,  we w i l l  c o n s i d e r  

m o d a l  d a m p in g  i n  t h e  fo rm *

1 1 8



MW

o

*  *

$  +

2 /lu l,

i‘ M<0 . 
f r*  14-lj

h i = i  0(t)]

IS u )
U - l  M-t

{ 6  )G

w h e r e  i s  t h e  * i * t h  m o d a l  d a m p in g  c o e f f i c i e n t .  Once  t h e

i n t e r a c t i o n  f o r c e s  a r e  s p e c i f i e d ,  t h e  l o a d  v e c t o r s  f f i c l  a n d  

i c i  c a n  b e  d e t e r m i n e d  a n d  t h e  f o r c e d  v i b r a t i o n  s o l u t i o n  

o b t a i n e d .

I f  t h e r e  i s  n o  b u i l d i n g  p r e s e n t ,  t h e  c r i t e r i a  e a r t h ­

q u a k e  m o t i o n  o f  t h e  g r o u n d  s u r f a c e  w o u ld  b e

am „ AIN ___ ■ a  . 1

^ '  =  2 . X i  e  * (7}G

w h e r e  i s  t h e  * j * t h  c o m p l e x  a m p l i t u d e  a n d  i s  t h e

• J ' t h  c i r c u l a r  f r e q u e n c y .  NN i s  u s u a l l y  f r o m  500  t o  1 0 0 0 . 

E a c h  i s  t h e  F o u r i e r  c o e f f i c i e n t  o f  t h e  a c t u a l  t r a n s i e n t  

e a r t h q u a k e  m o t i o n .

1 1 9
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T he  d i s p l a c e m e n t  o f  t h e  b a s e  a s  c a u s e  by  t h e  i n c i d e n t  

wave  i s

—
^  A T T  ^ j *I > A j X £  '
j  *

( 8 )G

w h e r e  A j  i s  t h e  ' j ' t h  c o m p l e x  m a g n i f i c a t i o n  f a c t o r  f o r  

t h e  h o r i z o n t a l  d i s p l a c e m e n t  o f  t h e  b a s e  m a s s ,  a s  shown i n  

F i g u r e  G - 4 .

The  a n g l e  o f  r o t a t i o n  o f  t h e  b a s e  a s  c a u s e  by  t h e  

i n c i d e n t  wave  i s

# =  l i = t  *
(9)G

i n  w h i c h  i s  t h e  ' j ' t h  c o m p l e x  m a g n i f i c a t i o n  f a c t o r ,  

F o r  e a c h  _0.j  , we h a v e

t H  =  1 %  * * * (10  )G

The  i n t e r a c t i o n  f o r c e s  a r e ,

o

a n d
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One o f  t h e  p r i m a r y  p u r p o s e s  o f  t h i s  r e s e a r c h  i s  t o  

f i n d  a n d  i i l j  C f ' i )  . T h e s e  a r e  t h e

c o m p l i a n c e  c o e f f i c i e n t s  o f  t h e  s a t u r a t e d  s o i l  a t  e a c h  

r e s p e c t i v e  f r e q u e n c y .  Once  t h e s e  c o e f f i c i e n t s  a r e  known, 

we c o u l d  s o l v e  E q . ( 6 )G a s  f u n c t i o n  o f  e a c h  f r e q u e n c y .  The  

f i n a l  r e s u l t s  a r e  t h e n  t h e  s u m m a t i o n s  o f  s o l u t i o n s  a t  

e a c h  f r e q u e n c y .
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APPENDIX H

F IN IT E  ELEMENT SOLUTION PROGRAM FOR LARGE STRUCTURES

F o r  s m a l l  s t r u c t u r a l  p r o b l e m s ,  c o m p u t e r  p r o g r a m s  c a n  

b e  w r i t t e n  s u c h  t h a t  o n l y  c o r e  memory i s  u s e d .  P ro g ra m m in g  

f o r  t h e s e  s m a l l  p r o b l e m s  w h i c h  c a n  be  h a n d l e d  w i t h o u t  u s i n g  

t o o  much b a c k - u p  s t o r a g e  s p a c e  i s  u s u a l l y  f a i r l y  s t r a i g h t ­

f o r w a r d .  H ow ever ,  f o r  p r o b l e m s  i n v o l v i n g  many e q u a t i o n s  and  

m a t r i c e s  w i t h  w id e  b a n d w i d t h s ,  a v e r y  l a r g e  c o r e  memory i s  

r e q u i r e d  f o r  t h e  o r d i n a r y  b a n d  s o l v e r  s u b r o u t i n e s .  I n  many 

c a s e s  s u c h  c o r e  r e q u i r e m e n t s  f a r  e x c e e d  t h e  c a p a c i t y  o f  t h e  

e x i s t i n g  c o m p u t e r s .  T h e  m ore  s o p h i s t i c a t e d  s o l u t i o n  p r o g r a m s  

s u c h  a s  f r o n t a l  s o l u t i o n s  w e n t  a l o n g  way i n  m i n i m i z i n g  

s t o r a g e  r e q u i r e m e n t s  a n d  r e d u c i n g  e x e c u t i o n  t i m e .  H ow ever ,  

t h e y  s t i l l  r e q u i r e  a f a i r  a m o u n t  o f  c o r e  a n d  t h e r e f o r e  a r e  

u n s u i t a b l e  f o r  v e r y  l a r g e  s t r u c t u r e s ,

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

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

p r o b l e m s  b y  t h e  u s e  o f  r a n d o m  a c c e s s  d e v i c e s  t o  l i n k  t h e
( 8 )

b a c k - u p  s t o r a g e  o f  t h e  c o m p u t e r  i s  u s e d  h e r e i n .  T h i s

c o m p u t e r  p r o g r a m  p r o c e d u r e  i s  u s e d  f o r  a s s e m b l i n g  a n d  s o l v i n g  

w i d e l y  b a n d e d  a nd  s p a r s e  f i n i t e  e l e m e n t  m a t r i x  e q u a t i o n s .

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

a r e i  ( 1 ) i t  d o e s  n o t  s t o r e  a n y  z e r o  s u b m a t r i c e s  w i t h i n  t h e  

b a n d  a n d  ( 2 ) d u r i n g  t h e  s o l u t i o n  o f  e q u a t i o n s  a l l  o p e r a t i o n s
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F i g u r e  H-2

( N o te  t h a t  t h e  n u m b e r i n g  s y s t e m  i s  n o t  c h o s e n  
t o  m i n i m i z e  t h e  b a n d w i d t h s ,  b u t  i t  i s  c h o s e n  
o n l y  f o r  e x a m p le  p u r p o s e s . )
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d e a l i n g  w i t h  z e r o  e u b m a t r i c e s  w i t h i n  t h e  b a n d  a r e  s k i p p e d  

a u t o m a t i c a l l y .

L e t  R , F i g u r e  H - l ,  b e  t h e  r e g i o n  s u b j e c t e d  t o  a 

n um b er  o f  l o a d i n g s  a n d  w i t h  c e r t a i n  s p e c i f i e d  b o u n d a r y  

c o n d i t i o n s .  The f i n i t e  e l e m e n t  i d e a l i z a t i o n  o f  r e g i o n  R 
r e s u l t s  i n  NNODES nu m ber  o f  n o d e s  a n d  NEMENT num ber  o f  

e l e m e n t s .  F o r  o u r  a n a l y s i s ,  o n l y  q u a d r i l a t e r a l  e l e m e n t s  a r e  

u s e d .  A m a t r i x  N E L E M (I ,4 ) ,  i n  w h ic h  I  v a r i e s  f r o m  1 t o  

NEMENT, i s  f o r m e d  t o  s p e c i f y  e l e m e n t  c o n n e c t i v i t y .  Each  

n o d e  i n  any  e l e m e n t  h a s  f o u r  d e g r e e s - o f - f r e e d o m s . T hey  

a r e  tw o  d e g r e e s - o f - f r e e d o m s ,  a n d  Uy , f o r  t h e  s o i l

d i s p l a c e m e n t s  and  tw o  d e g r e e s - o f - f r e e d o m s ,  Wx and  h N y , f o r  

t h e  f l o w  o f  t h e  f l u i d  r e l a t i v e  t o  t h e  s o i l .  T he  w h o le  

d e g r e e s - o f - f r e e d o m s  a r e  s t o r e d  i n  a v e c t o r  C S P D ( I ) ,  i n  

w h i c h  I  v a r i e s  f r o m  1 t o  4 x NNODES. T hey  a r e  s t o r e d  i n  

t h e  f o l l o w i n g  o r d e r ,  ( CTx,, Uy, , Wx,. W y,. Ox. , Hy*.
W x. < Wy*  ..............Ux* . Hy* , W x i, Wyi  ..................... ).

An e x a m p le  i s  c o n s i d e r e d  f o r  i l l u s t r a t i o n  o f  m e t h o d o l o g y .  

F i g u r e  H-2 sh o w s  a s o i l  r e g i o n ,  w i t h  l o a d i n g s  a n d  w i t h  

c e r t a i n  s p e c i f i e d  b o u n d a r y  c o n d i t i o n s .  T he  s o i l  i s  i d e a l i z e d  

by  d i v i d i n g  i t  i n t o  NEMENT (= 6 ) num ber  o f  q u a d r i l a t e r a l  

e l e m e n t s  w i t h  NNODES ( = 1 2 )  num ber  o f  n o d e s  and  t h e  e l e m e n t  

n u m b e r s  a r e  shown i n s i d e  t h e  s m a l l  c i r c l e s .  A s t i f f n e s s  

m a t r i x  f o r  t h e  s o i l  c a n  b e  e a s i l y  a s s e m b l e d .  One i m p o r t a n t  

i n f o r m a t i o n  n e e d e d  i n  s o l u t i o n  sc h em e  i s  t h e  e f f e c t i v e  

b a n d w i d t h .  T h e  b a n d w i d t h s  o f  t h e  s t i f f n e s s  m a t r i x  a f t e r

1 2 6
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a s s e m b l y  a n d  t h e  e f f e c t i v e  b a n d w i d t h s  ( d u r i n g  r e d u c t i o n )  

a r e  n o t  n e c e s s a r i l y  t h e  same i n  a l l  c a s e s .

F i g u r e  H-3 show s t h e  m a s t e r  s t i f f n e s s  m a t r i x  f o r  s o i l  

r e g i o n  o f  F i g u r e  H - 2 .  The s h a d e d  a r e a s  a r e  f i l l e d  d u r i n g  

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

c i r c l e s  a r e  f i l l e d  up  by  n o n - z e r o  t e r m s  i n  t h e  p r o c e s s  o f  

r e d u c t i o n  by  t h e  G a u s s  e l i m i n a t i o n  t e c h n e q u e .  From F i g u r e  

H-3  i t  c a n  b e  s e e n  t h a t  t h e  e f f e c t i v e  b a n d w i d t h  a t  n o d e  6  

i s  28 a l t h o u g h  t h e  l a s t  f i v e  b l o c k s  c o n t a i n  z e r o s  b e f o r e  

r e d u c t i o n .  T h i s  i s  b e c a u s e  t h e s e  f i v e  b l o c k s  w i l l  b e  f i l l e d  

u p  by  n o n - z e r o  t e r m s  i n  t h e  p r o c e s s  o f  r e d u c t i o n  by  t h e  

G a u s s  e l i m i n a t i o n  t e c h n i q u e  when u s i n g  n o d e  2 a s  t h e  p i v o t a l  

n o d e .

C o n s i d e r  t h e  J t b  n o d e  o f  t h e  s o i l  r e g i o n  a t  w h ic h  

c e r t a i n  e l e m e n t s  a r e  c o n n e c t e d .  From  m a t r i x  NELEM, we 

c a n  f i n d  o u t  t h e  d i f f e r e n c e  b e t w e e n  J  and  t h e  h i g h e s t  

nu m ber  i n  e a c h  o f  t h e  e l e m e n t s  i n c l u d i n g  J  n o d e  a s  c o n -  

n e c t i n g  n o d e .  T h e  h i g h e s t  among a l l  t h e s e  d i f f e r e n c e s  

i s  s t o r e  i n  a v e c t o r  MMDL a s  MMDL(J) i n  w h ic h  J  v a r i e s  

f r o m  1 t o  NNODES. However  MMDL(J) s h o u l d  s a t i s f y  t h e  

f o l l o w i n g  c o n d i t i o n

MMDL(J)^MMDL( J - n - l  (1 )H

w h e r e

J  = 2 , 3 , 4 , ..................... NNODES

A l s o  MMDL(J) = t o t a l  num ber  o f  s m a l l  b l o c k s  r e p r e s e n t i n g

1 2 8



o n e  n o d e  i n  t h e  u p p e r  t r i a n g u l a r  p a r t  o f  t h e  s t i f f n e s s  

e q u a t i o n s  o f  t h e  J t h  n o d e  m in u s  1 ( s e e  F i g u r e  H - 3 ) .  The 

e f f e c t i v e  b a n d w i d t h  o f  J t h  n o d e  i s  4 x (MMDL(J) + 1 ) ,

I n  many p r a c t i c a l  p r o b l e m s  t h e r e  may b e  many z e r o

s u b m a t r i c e s  i n s i d e  t h e  b a n d  a n d ,  a s  i t  i s  l o g i c a l  n o t  t o

s t o r e  t h e m .  To d o  t h i s  i t  i s  n e c e s s a r y  t o  c a l c u l a t e  t h e  

t o t a l  nu m b er  o f  n o n - z e r o  m a t r i x  c o e f f i c i e n t s  i n s i d e  t h e  

b a n d ,  a n d  t h i s  r e q u i r e s  t h e  i n t r o d u c t i o n  o f  a n o t h e r  v e c t o r  

NLOG w hose  I t h  c o e f f i c i e n t  c o n t a i n s  t h e  t o t a l  num ber  o f  

n o n - z e r o  b l o c k s  a b o v e  t h e  I t h  d i a g o n a l  b l o c k  p l u s  1 .  I n  

t h e  e x a m p le  NLOG v e c t o r  i s  ( 1 , 2 , 3 , 4 , 5 , 6 , 7 , 7 , 8 , 9 , 1 1 , 1 2 ) ,  and  

c a n  b e  a u t o m a t i c a l l y  c a l c u l a t e d  u s i n g  NELEM. MMDL and  NLOG 

t o g e t h e r  w i l l  i d e n t i f y  a l l  t h e  z e r o  b l o c k s .

C o n s i d e r  now t h e  same e x a m p le  o f  s o i l  r e g i o n  shown i n  

F i g u r e  H - 2 .  The u p p e r  d i a g o n a l  t e r m s  o f  t h e  m a s t e r  s t i f f ­

n e s s  m a t r i x  ( s e e  F i g u r e  H - 3 )  a n d  t h e  l o a d  m a t r i x  a r e  d i v i d e d

i n t o  NNODES num ber  o f  r e c t a n g u l a r  b l o c k s ,  a n d  t h e  b l o c k s  a r e

n u m b e re d  1 , 2 , .....................I , ................, NNODES. T h e  I t h  b l o c k  c o n t a i n s

an  u p p e r  d i a g o n a l  p o r t i o n  o f  t h e  m a s t e r  s t i f f n e s s  e q u a t i o n s  

o f  t h e  I t h  n o d e  and  i s  s t o r e d  i n  t h e  ramdom a c c e s s  f i l e  n o .

14 o f  t h e  d i s c  a s  t h e  I t h  r e c o r d .  T he  t o t a l  num ber  o f  n o n ­

z e r o  m a t r i x  c o e f f i c i e n t s  i n  t h e  I t h  r e c o r d  i s  NBND(I) ,  w h ic h  

i s  c r e a t e d  f r o m  MMDL a n d  NIOG a n d  w h ic h  v a r i e s  f r o m  n o d e  t o  

n o d e ,  a n d  i t  i s  t h e r e f o r e  c o n v e n i e n t  t o  s t o r e  t h e  r e c t a n g u l a r  

m a t r i x  a s  o n e - d i m e n s i o n a l  v e c t o r  A i n  o r d e r  t o  s a v e  s t o r a g e  

s p a c e  i n  t h e  d i s c .
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Reduced p e r t

D i s p l a c e m e n t s’M a s t e r  s t i f f n e s s  m a t r i x

F i g u r e  H-4
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BOUNDARY CONDITIONS

B o u n d a r y  c o n d i t i o n s  a r e  i n c o r p o r a t e d  by l e t t i n g  t h e  

l e a d i n g  d i a g o n a l  t e r m s  t o  be  o n e s  an d  c o r r e s p o n d i n g  row s  

a n d  c o l u m n s  t o  b e  z e r o s .  The load v e c t o r  i s  m o d i f i e d  t o  

i n c l u d e  t h e  e f f e c t s  o f  t h e  g i v e n  s p e c i f i e d  d i s p l a c e m e n t s .

REDUCTION OF MASTER STIFFNESS MATRIX

C o n s i d e r  t h e  s t a g e  w h e re  t h e  s t i f f n e s s  e q u a t i o n s  of  

( I  -  1)  n o d e s  h a v e  a l r e a d y  b e e n  r e d u c e d .  The f o r m  o f  t h e  

m a s t e r  s t i f f n e s s ,  t o  be  r e d u c e d  f u r t h e r ,  i s  shown i n  F i g u r e  

H - 4 .  T he  e x p r e s s i o n  f o r  r e d u c t i o n  o f  t h e  I t h  n o d e  e q u a t i o n s  

i s  a s  f o l l o w s *

C(5i] = M - [ cJ t[kO*,CcJ (2 )H

a n d

( 3 )H

w h e r e  i s  t h e  r e d u c e d

a n d  DU i s  t h e  r e d u c e d  f

L*MU i s  t h e  r e d u c e d  f o r m  o f  t h e  s t i f f n e s s  m a t r i x  

DU i s  t h e  r e d u c e d  f o r m  o f  l o a d  m a t r i x  

L e t  b e  d i v i d e d  i n t o  MMDL(I) s m a l l  s u b m a t r i c e s i

m a t r i x

orm
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S i m i l a r l y  Lp*y c a n  a l s o  b e  d i v i d e d  i n t o  ( MMDL( I ) x MMDL(I)) 

s u b m a t r i c e s  a s  f o l l o w s i

’[ * £ .• ren t MM9UD

................

F i n a l l y  [ f i d  i s  d i v i d e d  i n t o  MMDL(I) s u b m a t r i c e s t

W  =

K T

K J MMDLO)

I n  s u b m a t r i x  f o r m  we c a n  r e w r i t e  E q u a t i o n s  (2 

( 3 )H a s t

DoCC -  C <  -  [c j f  1* 1"

and

K f -  W ? - [C « 3 f  [Kxj'[Px]

(5 )H

( 6 )H

)H and

(7)H

( 8  )H
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S u b m a t r i c e a  MJ ̂  a n d  CM? a r e  o b t a i n e d  by  d i v i d i n g  Ml 
and M  i n  s i m i l a r  way a s  an<3 W  a r e  d i v i d e d .

Now, i f  i  o r  M ?  h a p p e n s  t o  b e  a n u l l  m a t r i x ,  t h e n

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

a b l e  am o u n t  o f  c o m p u t e r  t i m e  i s  s a v e d .  I n  t h e  p r o g r a m  t h i s  

i s  t e s t e d  by  t h e  v e c t o r  NLOG.

BACK SUBSTITUTION

The s t i f f n e s s  e q u a t i o n s  o f  t h e  I t h  node  t a k e  t h e  

f o l l o w i n g  f o r m  a f t e r  r e d u c t i o n :

[ K r ] [ i i ] + [ C r 3 C & D  =  [ f t G  ( 9 ) H

o r

iwrnifi m of

w w + 2  c<4U a =  [ rJi s l  * (10  )H

wh e r e  ^ i s  s i m i l a r  t o

A t  t h i s  s t a g e  M  i s  known, h e n c e  M  c a n  b e  o b t a i n e d  

by u s i n g  t h e  f o l l o w i n g  e q u a t i o n :

[ & ] =  [ K x J tF j -  W  J P  [ C x f r  * ] *  (1 1  )H
i s |

D u r i n g  t h e  p r o c e s s  o f  r e d u c t i o n  w r . w  m a t r i c e s  a r e  

s t o r e d  i n  t h e  ran do m  a c c e s s  f i l e  n o . 1 4 .  H e r e  a l s o  t h e  

m u l t i p l i c a t i o n  K t R f  i s  s k i p p e d  i f  M  j. i s  n u l l .
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APPENOIX I 

P ROGRAM LISTING

DIMENSION HE LEM I 3 0 0 , * ) .ENCOE SI 300.21 . MMDL( 300) .NLOG (300) , NBNO 130 0) 
DIMENSION MArvPEt300 l ,N T BCI3 00 ,*> ,N U t l3 00 l , NUC13 0 0 1, SPOI 1200) 
DIMENSION STP(1 2 0 0 ) ,0NST13 0 ) .MPLOT(50,101 .MDIRI101.MLENGI101 
DIMENSION ISIGNCSOI, NDCC(10)
DOUBLE PRECISION SNOOE S 1300. 2 1 , P AR ( 12)
COMPLEX CKVV.CKHH.CKTr.CKHT.CKTH 
C0MPlEX*l6 CSTPI1 2 031 ,CSPOtiaOOl 
DEFINE FILE 1*1 600, l b  00* U, I N T)

133 FORMATI 8110)
NNNN» 300 
N***«1200
CALL REA300I I S IGN,NEMENT , NNODES,NELEM, NA TYPE , END DES . MMDL ,

L NLCG.N8M0.NUC.MUC.JUW,SPD,NTBC,NTRAN, JT8C , S TP , ‘IPLOT , MOIR ,
2 MLENG,MPLOT,NOCCP.MCCl,NCC2,NCC3.NPSUMI.NPSUM2,NDCC* ADIM,NNNN,
3 naaa . nddecci

REAOI 3, 10 0 INCASE
OQ 1000 IC-l.NCASE
CALL PARAM(PAR.AL1.CF1, OF,0MS)
CALL ONONI NOAMP* 01 NOAM, 3 1NOA S.NOM.OMST)
DO 1001 KOH-L*NOAMP 
CALL WTPAR IP AR, AL1,CF1, OF.QMS I 
DO 1002 KOM-L.NOM 
3M«0MST( <0M)
PAR 17 ) • DM 
30 *01 I-L.NNODES 
00 *01 J - l . Z  

*01 SNOOESII* J ) -  ENOOESIl*J) ♦OMSTIKOM 1 / PAR I 121 
PARI11)>2.«PAR(1 1 ) /DM 
QMS-2.*OMS/OM
CALL STMATRINNODES,,NEMENT.SNOOES.NELEM,MBNO.PAR.NLOG,MATYPE,DF, 

tOMS.NNNN)
CALL STMOOI( NNODES*NBNO* NLOG.MMOL * NUC,MUC *JUW,SPO.S TP.CS TP,NT X ,

1 NTRAN* JTBC.PAR.MATYPE, SNOOE S.  OF , DMS ,NNNN,M***,CSPOI 
CALL SOLUTNt NNODES,NBNO,NLOG.MMOL,CSPO,CSTP,NWJN,N***I 
CALL PRINUtNNOOES.RARI7),CSP0,N***i 
CALL PRINPINNODES,PARI f t . CSTP .N ***)
IFINOCCP.LE.OIGO T3 S3
V S 2 * P A R ( 1 0 ) * ( l . - 2 .* P A R ( 9 ) ) t  ( 2 . « ( l . - P A R <9 I )« < PAR 18 ) - C F ) )
VS*50RTIV S2)
3MOL"OM*AO IM/VS
CALL COMCCFINOOECC * NCC1 *NCC2 * NCC3,NPSJM1.NPSUM2.NOCC.AOIM.

1 £N00eS,C5TP,CSP0,NNNN, N***,PAR,CKVV,CKHH,CKTT .CKMT.CKTM )
CALL MR1TECINCC1,NCC2.NCC3*0M0L*CKHH,CKVV,CXTT.CKHT*CXTH)

33 IF INPLOT.LE * 0 ) GO TO 1002
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CALL PLOTUMINPLOT.MLCNG.MDIR , MPLOT,CSPD.CSrP.NA4A)
J ARI 1 l)OM*PAR( 11 ) / , ! .
DMS-OM-DNS/2.

1332 CONTINUE
DM S*DHS*DINOAS 

1331 PARI ID -PA RI H I  OIN3AK 
L033 CONTINUE 

STOP 
END
SUBROUTINE STM JO UNNODES.NONO, NLOG , MMOL, NUC *MUC,JJW .5P0.STP,  CST P, 

1 NTBC.NTRAN,JTBC.PAA . MATT PE , SNOOES ,OF .QMS,NNMN,N4<,4 , CSPD) 
COMPLEAM6 A( A3Q),CSTP(NAVA) ,BI 4 0 0 ) .C5P0IN444)
DIMENSION NATYPE( NNNNI
DI MENSI ON NUC( NNNN), NUC t hNNNI, SPOI NAVA I , ST P I HAAA) , NT BCINNNN. AI 
DI MEN SI 3N N6N0INNNN), NL33tNNNN), NMOL(NNNN) .NSPACEI25)
DOUBLE PRECISION PA11 1 2 1 , SNOOESCNNNN*2 I , XLL. CABS 
COMPLEX*16 C l . C 2 . D l , 0 2 , C l D . T C l  ,TC2, POI,PD2, TCI 0 , SH,TSH 
NA-NNOOES-A 
DO 2 1 * 1 . NA 
CSPOI I )*D •

2 CSTPt I)*STP( I t
IFINTRAM.LE.OIGO TO AO

ADO IN TRANSMITTING BOUNDARY 
CALL TRANQCIC1,C2,01,D2,C1 0 , SH ,PAR,0F, DNS)
DO AA 1 * 1 . JTBC 
FIND!14'NTBCII,2)»NN0DESI 
J1*NBND(NTBCI1 . 2 ) I 
J2*NBN0t N TBCI1 .3 )1  
IFIIABSINTBCII .A)) . E 3 . 1 )GO TO Al 
I F I I4 0 S I N T B C I I .4 ) ) .E Q .2 ) G 0  TO A2 

Al XLL*OABSISNOOESINTQCI1.2 )  . 2 ) -SNOOES( NT3C11. 3 ) . 2 ) )
19*1 
I S*6
GO TO AS

A2 XLL*0A3S(SNOOES(NTBCI1 . 2 )  . 1 1-SNOOESINTBC11, 3 ) . 1 1 )
10-6  
I 5-1 

AS SSIGN— I .
J99-NTQC( l . t )
IF IMA TYPE I J9 9 ) .L E .0 1 G 3  TO A3 
TC1D* SSIGN*ClD*XLL/3.
TSH-SSIGN*SH*XLL/3.
READ!IA* NTBCI 1 . 2 ) +NN03ES >( A I K ) . K * l . J l )
Al 101*41 I01-TC 10*1 PARI 0 ) - 0 F )  *PARI 12) * *Z  
Al IS I -At1S)-TSH«tPA*l  81-OFI«PARI12)**2 
IFINTBCII.3I-NT8CI I . 2 ) ISO,SO,51 

St ME ST-NT3CI 1 . 3I-NT3CI 1 ,2 )
J J t - N T B C I I .2 )
JJ2-NTSCI 1 . 3 )
00 52 U J - U J l . J J 2
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j n l - j j - N r o c i i , 2 i » i
IFINLCOt J J I . L T .JN IH E ST -N E ST -I

32 CONTINUE 
LI■ME ST*16
41 L1*I0)-A(L1*I0I-TC13*(PAIM 3 l-DF 1 *PAR (1 21 **2/2 .  
U L  l* m - A < L l * I S I - T 3 H * l P A f t c a i - D F  l*PARI 1 2 1 * * 2 /2 .

33 JRITEI1A*NT3CI1.21 *NNJ3E SM AtKI ,K-1 , J l  1 
RIAOt 1A*NTBC< I ,  JU'INOOES) 1 At XI , K - 1 , J 2 I  
At 101 ■At IQ l-TC 13*t P ARI Ol-DFl *PARI12) **2 
At t S ) - 4 ( I S  I-TSH*(P Alt 3I -3FI* P4RI 121**2 
IF 1NTBCtt , 2 1 -NTBCt1, 3 ) 1 6 0 , 6 0 , 6 1

61 MEST-NT3CII ,2)-NT3:i  1 ,3 )
J J l - N T B C t I ,31 
J J 2 * N T 3 C t I ,21
30 62 J J * J  J 1 * J J 2
Jft l -JJ-NTOCt I ,  31*1
I F I N L O O t J J l . L T . J N l ) MCST-MEST-l

62 continue
L1**EST*16
A tL l* 1 0 )* A tL l* t0 ) -T C 1 3 * IP A R l3 l -D F )* ?A R t1 2 )* * 2 /2 ,  
A tL l* IS )* 4(L l* IS )- T SH *tP A f l( B) - t )F l  *PAR 11 2 1 * * 2 /2 .  

S3 JR1TEI IV'NTBCt I ,  31 *'4N00E SI ( Al K1 ,K»l , J21 
30 TO AA 

Al TCl-SSI3N*Cl*XLL/3.
TC2«SSI3N*C2*XLL/3.
PQ1— SSISN*01*XLL/3.
P02— SSI3N*02*XLL/3.
TSH-SSISN*SH*XLL/3.
I E 401 16*NTBCI 1 , 2 l*NN03£S1( At X I ,X«1, J 11 
Al IOI*AtID)-TCl«PARt01*PAR11 2)**2 
At 10*81-11 I0*8)-TC2*P4ft( 3I*P AR I 121 **2 
Al 10*21 -At 10*2 l-P31*PARt 0 l*P4«t 12J **2 
At 10* 101 -  At ID*10I-P32*PAR t B1 *PAR 112) **2 
At IS I» A t ISI*  TSH*I PAR (8 1 - 0 F)* P A R (121 **2 
IF(NTBCII ,31-NTBCI1 , 2 ) 1 7 0 , 7 3 , 7 1

71 AEST*NTSC t I , 31-NTBC(1 ,21  
J J l - N T B C t 1,21 
JJ2-N73CI 1 ,3 )
30 72 J J « J J 1 , J J 2
JN1-JJ-NT0CI 1,21*1
IFINLOGIJJ 1 . L T . JNLI MIST-ME ST-1

72 CONTINUE
11-NEST*16
A l L l* I0 ) - A (L l* I3 l> T C l* P A R ta i  *PARt 121 * * 2 /2 .
AIL 1*10*8 1-AIL 1*10*81-TC2*PARt0 1*PAR11 2 1* * 2 / 2 .
AlLI*10*21-AIL 1*10*2)-PDl*PAR(B )*PAR11 2 ) * * 2 / 2 .
At L1*I3*101-At  Ll*10* 10) -P02*PAA181 *PARt 1 2 1 * * 2 / 2 .  
At L I * I S ) - A t  L I * I S I - I S M * tP A R t 8 I - 0 F l * P A R t 1 2 ) * * 2 /2 .  

TO RRtTEt lA’ NTBCI I ,2I*NN30ES11A I X ) , K - l , J t )
READ!1A*NTBC( 1 , 3 ) *NMQOESI( At X I , K - t , J 2 I
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4 1 IOI-AII0)-TC1*P4RI 01 *PARI12I**2 
41 10*81-41 ID*ai-T:2*PARta)*i*ARI12l**2 
Al ID*2I-AI ID*2l-PDl*PAR(8 )*PAR< L2> **2 
41 1D*10)-A(ID*10I-P02*?ARI8l*PARf 12) **2 
*1 l S t - 4 1 1 S) -T$H*IPAAm-DFI*PARI 121**2 
IF (N TBCII .21-N T BCII .3 1 ) 8 0 . 9 0 . 0 1  

31 *EST-NT8CI1,21-NTaCI I t  I t  
j j i - ntbci  i .3)
JJ2-NTSCI 1 .2 )
30 a2 J J  * J J I . J  J 2 
J N l - J J —NT 3 C I I > 3 1*1 
I F ( N L C 3 I J J ) ,L T . J N l ) NEST-NEST-I 

82 CONTINUE 
Ll»NeST*16
AIL 1*131-A I I 1 * I 0 I - T C I * ? A R ( 81*PAR( 12 I ** 2 /2 .
4 U  1*10*8 l—AIL 1* IO*B I-* TC2 *P4 Rl 0 1 *PAR (12) * * 2 / 2 .
41 L I * 10*2 ) -AIL 1*10*2)-PDl*P4R(0)*PAR1 1 2 ) * * 2 / 2 .
41L1*10*10 ) - A I L l * l 0*10)-P02*PARC 3 I* P 4 R (12) * * 2 /2 .  
A U l * I S I - A I L l * I S I - r S H * I P A R ( 8 ) - D f  )*PARI 12 I * * 2 / 2 .  

33 JRITEIIA'NTBCI I ,3  I+NN03ES11 4 IK) , K - l , J 2 )
A* CONTINUE 
A3 NlN-N‘IOOES-1 

30 3 1 - 1 . NIN 
J*NBNDI1)
TA-J/A
READ!14* l*NNODES)t AIK I . K - l . J )
30 A K * l , J  

A 31 K) -  Al K)
CALL 4L3CALII. MNOL, IL33,NSPACE, IJ,NNNNI 
30 9 K-l . JUU 
IF I I.NE.NUCIK)ICO TJ 9 
00 6 KK-l.PA 

A 41 (KK~l)*A*MLtC(K>)-3.
00 T KK-1,4 

7 41 INUCl! t t - l )*4*KK)-3 .
41 l * U C I K ) - l ) * A * N U C U l l - l .
IFISPDIK I .EC.O.IGO TO 9 
00 8 KK-1.  A
IF I KK *E0. MUCIK 11 GO TC 8 
N - l I - I I  *A*KK
CSTPINI-CSTPINI-31INUC I K ) - I )  *A»KK) *$P0(Kl 

3 CONTINUE 
00 30 L - t . I J  
00 30 L L - l . A  
NN» INSP4C C IL)- 1) *A*LL 

33 CSTPI Nfll-CSTPI ‘IN 1-01 L*IS* IL L -1) *4*.NUC! Kl )*SPOIKI 
9 CQNTINJE 

00 9 K - l , I J  
00 9 L-l . JUW
IFINSPACEIKI ..NE.NUCI LI ICO TO 9
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<30 10 K t » l , 4  
13 AIK*16MMUCCLI-H*4*KIO-0.

IF(SPOIL I .E O.O .)G3 TO 9 
00 11 KK-1,4 
N-l I -  1>*4*KK

11 C5TF( N)*CSTP(N>>B(K«lb*(MUC( L I - n * 4 f K K )
9 CONTI NUE
3 JRIT E(14* I♦NNCOE SI t KK I ,K» 1 , J l  

J-NBNO(NNQOESI 
N 4 - J / 4
RE401 14*2*NN0De$M UK)  , * - l , J I  
00 12 K* I > J

12 31 K J «  A( ft 1
30 13 K*1■ JUM
IFINNOOES.NE.NUCIKI1G3 TO 13 
30 14 :<K«1»M4 

19 41 t KK-11 *4*MUC ( K IJ *0 •
30 15 KK- 1 ,4  

i s  i t  i * g c m - i i * 4 * k k i « o .
41 < M U C U I - l l* 4 P N U C (< l l - l .
IF IS P O U I  .E Q .0 . IG 3  TO 13 
00 16 KK-1.4 
I F ( KK• EQ * HUC(X 11 GO TC 16 
N-INNODES-U«4*KK
CSTPf N)- CSTP INl-O l( NUC IK) -1)  *4*KKI-SPDIKI 

IS CONTINUE
13 CONTINUE

MRITE(1 4 * 2*NNOOE SH Al < I , K - l ,  JJ 
00 20 l-WJUW 
N-INUCIl)- l l*4*MUCI I )

23 CSTPCNI-SPOI 11 
RETURN 
ENO
SUBROUTINE AINVtA,N,N2, 0 , L. N>
31NENSION LIMI»*(NJ
C0NPLE**16 A J N2 I *0 ,3  ISA, HOLD 
COMPLEX AO,09

SEARCH FOR LARGEST ELEMENT

3 - 1 . 0  
NK— N
30 90 K - l . N  
NK-NK*N 
LIK t-K
H  Kl-K 
KK-NR4K
3 1 GA-AI tK)
30 20 J-K,N 
l Z " N « t J - l l

•SPOIL)
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30 29 l*K,N 
[ J - I I M  

13 19*9104
*dH-RS*L( 481 
40I-AINAGI401 
A8A*AM**2»40I**2 
8B-A1 U t  
BOR*REAL(391 
30 1-4 I MAG t 30 I 
BOA* 9 DR**2*0ai* * Z  
I F < 4 0 4 - 3 0 4 1 1 5 ,2 3 .2 0  

IS B1GA-4MJ)
L  < K 3 -  I  
’M K l - J  

2 3 CONTINUE
C
C HERCHANGE ROWS
C

J - L I K l
IF ( J - K )  3 5 , 3 5 , 2 5  

25 <I*K-N
90 30 I -L .N  
<I*KI*H 
HCL0*-41K I 1 
J I*KI -X*J 
A O U l - A I J I l  

33 AtJIl-HOLO

C INTERCHANGE COLUMNS

35 I **11K 1
1 F II -K )  4 5 , 4 5 , 3 0  

j B J P * N * ( I - l l
00 40 J*1 ,N  
JK-NK+J 
J I * J P * J  
HOLO— 41 JK1 
41J K 1 - 4 I J 1 )

43 A( J 11 “MOL0 
C
C OIVIOE C3LU**N BY MINUS PIVOT! VALUE OF
:  p i v o t  element i s  contained  i n  b i c a i
45 40-0IGA

A8A«PEAL1401 
AO I *A IN AG 1 AB I 
A6A*ABR**2 *481**2 
1FIABAI46, 4 6 , 4 8

44 3 * 0 .0  
RETURN

43 90 55 1 * 1 . N

1 4 0



IF I I - K I  9 0 , 5 5 , 5 0  
53 [K«NK»I

4(I XI-A <1KI/ I -6 IGAI 
55 CONTINUE

C REDUCE NATRlX
£

00 65 1 * 1 , N 
IX*NKM 
HOLD*A<IK)
1 J * l - N
30 65 J - L , N  
IJ«IU*N
I F I I - K I  6 0 , 6 5 , 6 0  

53 I F I J -K I  6 2 , 6 5 , 6 2
52 KJ»[J-1*K

A l I J l “HOLD*AIKJ(+ 4 1 I J I
65 CONTINUE
C
C 3IVI0E 10W 9V PIVOT
c

KJ-K-N 
00 75 J - l . N  
K J»KJ*7I
I F I J - K I  7 0 , 7 5 , 7 3  

73 4IKUI-4IKJI/01GA
75 CONTINUE

C PRODUCT OF PIVOTS
c

0*0*6134
C
C REPLACE PIVOT 3V RECIPROCAL
C

41KKI* 1 , 0 /3 1 3 4  
»3 CONTINUE

C FINAL ROW ANO COL'JHN INTERCHANGE
C

A*N
133 K* IK- II

IFIK) 150*150,  105 
135 I-LIK1

IFI (“ Kl 120,  120. 103 
138 JQ«N*tK>ll

JR *N M I-1 I  
30 110 J * 1 , N 
JK*JQ*J 
HOLD* Al UK I 
J l - J R * J
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A ( J K I *- A ( J t l  
113 A tJU - I O L Q  
123 J-NIK)

I F I J - K )  1 0 0 ,1 0 3 ,1 2 5  
125 KI-K-N

30 130 1 - 1 . *
KI-K1fN 
HOLD-AI *1 )
J I«KI -K*J 
A( K I » « - At J I I 

113 A ( J 1 I-HOL0 
30 TO 100 

153 RETURN 
END
SUBROUTINE SOLUTNINN03ES* MONO«NLOG,NHDL,CSPO,CSXP,NNNN, I AAA) 
:CNPLEX*16 CSTP(NAAA),C3P0IM444) ,D,E1400)
3 1NENSION N8NDINNNNI, NLCGINNNN) , MMDL(NNNN)
COMPLEX-16 4111161,41 400 1 , 3 t 4 0 0 ) , Cl 400) , B I I t  1 6 ) , C111 16) 
3IN6NSI3N LI 4) ,,N( A) , NSP4CC 1251 
NIN-NN33E S— I 
00 1 1- l .N IH  
J-NBNDI I I
1EA0I 14* I +NN036S)' AIKI , * « l , J )
30 2 K - l ,  16

2 AlHKI-A IK I
CALL A lM V tA l l ,4 , 1 6 , 0 , L . 41 
00 30 K - l , 16 

33 AIKI-AI IIK)
XRITEI14* I-NNC3ESH A K I , K - l ,  J)
NK-CJ- 161/16 
4N -J -16  
4K4-I J -  1 6 ) / 4  
30 22 K-l  , *

22 I I I IK I -C S T P I  1 l - l )*4*K>
CALL ANULTKAII.BII , 4 , 4 , 1  ,16 , 4 , 4  ,C 11)
00 23 K-l .HN

23 Cl XI -At 16 -KI
CALL ATRANPI C,4,. '1K4,4*)1K4,0)
CALL ANULT1I0.C1I ,NK4,4,1 ,  4-NK4,4.MK4,Cl 
CALL ALOCALI l,MNOL,.NL03,NSPAC£,l J.NNNN)
00 45 KK-l.HK 
30 45 L L - 1 , 4

45 CSTPIINSPACE IKK)- 11*4*LL)-CSTPIINSPACE(KK)-l ) *4+LLJ- 
1 C11 KK- 11 *4-LL I 

DO 3 J8-1 .HN
3 J l  J B I - A t J 8  + 16I

CALL AHULTtI A l l , 8 , 4 * 4 , MK4, 1 6 ,4*NK4,4MK4, C1 
CALL ALOCALII,P*OL,NLC3,NSPACE, IJ,NNNNI 
00 6 K - l ,  I J
FINOI14*NSPACEIK)>NN03ES)
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00 T K K - l , 16 
7 S II (K K )-* tK K fK *l6 l

CALL AnUN PfBU tA .A .  1 6 ,4 1 1 )
CALL AiULT11 AI I ,C.4»A.MK4. 1 6 ,4*HKA,4*#K4,81 
NNN-NBN3( NSPAC EIK 11
REA0( 14»NSPACEU)*NM03ES) (E ( L l)  .LL-l .NNN)
00 3 Wl-A, IJ
LS-NSP4CE(Kt
LF-NSP4CEIKKI
NEST— I
00 4 LL-LS.LF
JN1-LL-LSM
1EST-MESTM
If (N L OSILD.L T.JNl )  JO TO 9 

9 CONTINUE
00 10 5 1 0 - 1 , 1 6  

10 El iEST«l& ♦M10>* £MEST*16 **U0 »-B (1 KK-l I *16* *10)
1 CONTINUE

rfRITEUA*N5PACEU) MN30CSME ILL) . LL-1 , NNN)
3 CONTINUE 
I CONTINUE

J-N6NCMNNQDES1
AEADtIA*2*NN00ESM A ( I ) , 1 - 1 , J >
CALL AINVIA,4,16,0,L*M>
00 50 K l - 1 , 4  
30 30 * 2 - 1 , 4

30 CSPOt INNODES-I)-4**1 ) •CSPDt I NNCOE S - l  )*4H(1) *AI «  1 - 1 )  X K 2 - 1 ) *4«-U 
1 *CSTPI(NN IDE S - l )  *4*K21

00 31 I-2.NN0DES 
J-NN00ES*1-1 
JJ-NBN01J)
AEAOt 14*J ♦ NNODESM A( Kl , K - t , J J I  
I J J - J - 1
FINOI 14*1 JJ+NNJDESi 
00 32 K 1 - 1 , 4  
00 52 4 2 - 1 . 4

52 CSPOt IJ -1  I *4*«1)«CS?0I( J - l ) * 4 * K U * A (  (Kl - I )  ♦ (42- 1) *4* l )
I *CSTP(t J - l l - 4 * X 2 l  

N K - < J J - 1 6 ) / 1 6 
5 N - J J - 1 6  
NK4-I J J - l b l / 4  
00 31 K - l ,  16

31 AIMKl-AIKJ 
00 32 K-l.MN

32 0 ( 4 1 -A4K*16)
CALL ANULT1IAII, 0 , 4 , 4 , NK4,16 , 4-MK4, A-MKA,C)
CALL ALOCALIU,NMOL,NL03.NSPACE, 1 J.NNNKI
oo 3* KK- I ,HK
00 36 LL- 1 *4
00 36 NN- 1 . 4
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51 CSPDt U - l  I * 6 ' L L 1 - C S P 0 (  I J - l l - 6 ' L L I -  C I ( KK-1 I * 1 6 ' I L L - 1 I  ' I N N -  I ) * 6 ' l  I 
1 -C S P O II N  SPACE(KK1-1I*6*NNI  

51 CONTINUE 
N6-6*NNOOES 
3 0  6 0  I - l , N 6

60 CSTPI 1 1 * 0 .
0 0  6 1  I - l , N I N  
J 'NANDI I I
HEIDI 1 6 * I H A t K I , K « l . J I  
f INDI 16* I ' l l
CALL ALQCALtl .MMOL.NLJa ,MSPACE,I J .NNNNI 
0 0  6Z K - l *16

62 A I MK l -AI  K)
00  63  K - 1*6

63 B U I K  I - C S P O I ( I - 1 ) - 6 ' K )
CALL ANIC T i t A t l t & I I  * 6 , 6 , I , 1 6 , 6 . 6 . Cl I )
0 0  6 6  K - l , 6  

66 C S T P I I  1 - 1 1 * 6 ' K ) - C S T P I t l - l ) * 6 ' K ) * C  1 11 K)
00 6 5  K - l . l J  
OC 6 6  KK—1 , 1 6

66 AI M K K I- A IK * l& 'K K I  
00 6 7  K K - 1 , 6

67 5 1 I I K K I - C S P O I I N S P A C E I K I - I } * 6 ' K K I  
CALL A N U L T I I A I I . B M  , 6 , 6 , 1  , 1 6 , 6 , 6 , C U )
00  6 5  K K - 1 , 6

63 CSTPt  11-1 3  * 6 ' K K ) - C S r P (  I I - 1 I * 6 * K K I * C I  I IKKI  
CALL A T I A M P ( A l l , 6 , 6 , 1 6 , C t l )
00  6 9  K K - 1 , 6  

6 )  I I I I K K 1 - C S P D I I I - 1 I * 6 ' K K )
CALL ANULTIIC 1 1 , 3 ( 1 , 6 , 6 , I , 1 6 , 6 , 6 , A I I  I 
00  70  K K - 1 , 6

70 CSTPt (MSP ACE I K ) - 1  l * 6 ' K K l - C S T  PI INSPACEIK)- 1 1 * 6 ' K K I - A t  I ( K t I  
65  CONTINUE
61 CONTINUE

J-N8NOINNCOESI
AEAOt 1 6 ' N N O O E S I I A U I , t - 1 . J l
00  71 K - l , 16

71 A1 I t  K )«A I KI 
DO 72 K - l , 6

72 B111K l - C S PO t  N I N * 6 ' K l
CALL ANULTit  A l l , 0 1 1 , 6 , 6 , 1 , 1 6 , 6 , 6 , Cl  I I  
00  73 K - l , 6

73 C S T P I N I N « 6 ' K I  -  C S T P I N I N * 6 ' K I ' C I I ( KI 
RETURN
ENO
SUBROUTINE TRAN0CIC1 , C 2 , 0 1 , 0 2 , C 1 0 , SH,PAR,0F ,OMSI  
00U9LE PRECISION PAH 11 2 ) , 2 1 , 1 2 , £ 3 , 2 6  
CQNPLEX*16  C l ,  C2,  0 1 ,  0 2 ,  C IO .S H
C0NPLEX*16 E 6 ,  OCNPLX, E 1,  E2 , E 3 , C 2 1  ,C22 , C Z 3 , C 2 6 , C 2 7 ,C O M 3  T 
COMPLEX 3
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00 10 i or y - i .2
IFIIDRY.EQ.IIGO TO U
21- 1 .
2 2 -P A P I7 )* P A R (l l )
E6-DCHPLX(Z1,Z2>
E4-C0S3ATIE4I
2 3*0*
E 3 - D C n P i x m , - i i )
VP2-PARI 10 ) /  IP AR13 1-OF)
VP-SCRTIVP2»
; 10-E3*E4*VP/PAR11 i  I 
Z2-PARI 7I*0M$
E 4-OC PPL XI 21.  2 2 1 
E4-CDS0RTI E4J
VS2-VP2*! 1 . - 2 .  •PARI 911 / ( 2  .* t  1 . -PA RI91I  I 
VS-SQRTIVS2I 
'-H-E 3*E4«VS/PAR(12I 
30 TO 10 

11 2 1 * 1 .
22-1 PARI10>*PAR( l l l * P A A m  1/ (PARI 0)*PAR( 12 >**2»
E4-DCHPLX(21*221 
23>PAR(2l- tPARI3 )*PA R (2 II**2 
2 4-PARI2)*22 
E l -OCNPUl Z3.Z4I
Zl -PARIII  /PARI 4)*PA R (2 I- 2 .* P  API 3) *PAR( 2» *P AR 11»

1 HZ2*PAA(91I / (PAR(3)*PAR(6)*PARI T) )
24—1 2 2*PAR 1111 /PARI 4 ) - PAR ( 5 1 / (PARI 81 *PAR(6I *PAR(7I )
E2-0CMPLXI23,241 
2 3-PARIU /PAR(4)-PARI l l * * 2
2 4-PAR I 31/(PARIS)*PARI 6 1*PAR(71 )
E3*DC*Pt-X( 2 3 , - 2 4 1
CZ 1-E2**2-4.*E1*E3 
CZ1-CDS0RTICZ11 
C 2 2 - t - E 2 * C 2 1 * / ( 2 . * E l l  
C 2 3 - ( - E 2 - C Z l ) / ( 2 . * E l )
C26-COSQRTIC2?)
0-C26
IFIREALIOI.GT.OJGO TO 1 
C26--CZ6

1 C27-CDS8RTIC23)
Q-CZ7
I FIREALI9 ) . 0 7 . 0 ICO TO 2 
CZ7— CZ7

2 CONTINUE
C l -  - IE4*CZ6*C27-t . I / (C26+C2 71
3 2-  - (PARI 31*PAR( 2 ) *C26*C2 7 - PAR I 1 1 1 / IC26*C27)
0 1-  ( I P A R (2 ) * (E 4 * C Z 6 * * 2 » l . )« (E 4 * C Z ? * * 2 * l . )  I

1 /  ( (PARI 3 )*PAR I 2 1- PAR ( 11 *€4) •  (C26**2-C2 7**2 11 I 
2*1 (PAR(3t*CZ6*(PAR(3l*PAR(2) *C26**2+PAR( 1 1 I I /
3 ( E4*C 14** 2*1 • I -  (PAR 13 I *C2 7* IP ARI 3I*PAR (2) *C 27**2 * P A ( ( l ) M
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A / lEA*C Z7 **2 *l . l  -CZ6*CZ7)
J 2 -  I ( PARt2l*|PAft(3l*?AR(2l«CZ6**2»PAft111)*1PAR(3I*PARI2I 

l*CZ7**2»PAR< U I ) / ( (PARIS)*PAR(2 1-PARIII*E4I  
2*1CZ6**2 - e Z 7 * * 2 I M * l l - C Z 6 * I E * * C Z 6 * * 2 M . 11/
31 PARI JI*P ARI21*CZ6**2*PAR( II I * IC2 7*(EA*CZ7**2 * 1 . 1 ) /
Al PARI 3 ) • • AR|2) *CZ7**2*PAR| 1) ) ♦ PAR I 3 1 * ( CZ6-CE7))

13 CON7 INUE 
RETURN 
END
SUBROUTINE CSPOINI NNODES,NUC ,NUC,JJR,SPD»CSPO,XNNN*N AAAI 
DIMENSION NliCI NNNMI . MUC INWIN I , SPD INAAA I 
COMPLEX*!6 CSP0INAA4I 
NA«A*NNOOES 
00 1 l - l .N A  

1 C S P O l I ) - 0 .
RETURN
END
SUBROUTINE ALDCALIA,MMDL,NLOG.NSPACE,!J.NNNN)
DIMENSION MMDL(NNNN)»ML0GINNNNI, NSPACE 125)
I S - J * 1  
IP-J*MNOtIJ>
U - 0
00 55 KK-IS.1P 
J N t -K K - IS n
IFINLOGIXKI.LT.JNII50 TO 55 
NSPACE( I J ♦ ! 1 »KK
1 J - I J H  

55 CONTINUE
RETURN
END
SUBROUTINE CC0R01NN3DES,ENODES,NNNNI 
DIMENSION ENOOESI.NN'IN, 21

1 FORMATiailOl
2 FORMAT<•1 * * • NODE POI NTS• , / ,6X, •NODE*,5X,* X I I N l • , 5X, *YI INJ• , /  I
3 FORMAT!I10,2F10.2I 
* FORMATIBf10.01

DO 310 I-1,NN00ES 
00 310 J * 1,2  

313 ENODES! I , J I - O ,
303 READ! 5 , l )L ,NR,N I,MR2,Nl  2 , NSTOP

REAOt 5 , A IENODE St L * I I , ENOOE S I L , 2 ) , X I ,T l ,X 2 ,T 2  
IFINR .LE.CIGO TO 301 
00 302 K-2.NR
ENODE S ( L * N I * ( K - l l , l >  > ENOOESII*NI*1 K-21 , 11 * XI 

302 EN00ES<l*NI«(K-l> ,2)  « ENCOE SIL *NI *(K- 2 1 , 2 1 *71 
IF I NR 2 .LE.01 GO TO 30!
DO 306 N-2.NRZ 
00 306 K-l ,NR
ENOOE $ ( l + N I * ( K - l l * N I 2 * I M - l l ,  ll-ENODf S(L*NI*!K-U*NI2*(M-2> , II fX2 

336 ENODE SIL*NI* (K-l )*N I2*IN» l l ,2 ) -ENCOE SIL*NI*IK“ l l*N I2 *(N *2 l» 2 l*V 2
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301 IF ( NST3P, G T . 0 ICO TO 300 
30 TO 303 

303 WRITEI6.2I
30 30 V l»l,NNCOES 

30V WRITE C 6* 3 J UENOOESC 1 ,1 )  ,EMCDESC[,2I 
RETURN 
SNO
SUBROUTINE PRI NF riN3 JE S. F ,CS TP ,NVVV)
;3MPLEX*16 C5TPCNVW1 
3QU8LE PRECISION F

1 F n H R R T I ' l 1 ,* FRECJENCY* ' .FI  2 .  6 ,  /  ,6X ,* NODE * . 2 0 * ,  • TX I t ) • ,2CA , 
1 ' TYU)* , 2 0 X , ' F x m  ' ,20X,  'F Y I I I*  , / l

2 F 0 R H A T ( I l 0 , V ( 3 X , C 2 E U . v m  
NV»V*NNODES
00 100 I - l . N V

100 CSTPt n«CSTPt  I 1 /1 2 .
FG-F
MR I TEC 6 , 1 IFG 
30 10 I »l  , NNCOES 
<■( I— 11*V

10 MR ITE <6,2 J I t l C S T P C K f J I , J * I , V I  
RETURN
END
SUBROUTINE SPDI SPINJC.UUC ,JUM, SPD,NNNN,NVVV)
01 1ENSI0N NUCC NNNNI , MUC 1NNNN I , SPDCNVWI 

U  F0RM A T I2 IL 0 ,F10 .0 ,3 I101
12 FORMAT)• 1 '  , * SPECIF 1E3 3 1 SPLACENENT* , / ,

I O X ,* ! ' ,V X . 'N uC I I I '  ,VX, 'NUCI I) »,VX, • SPDC I J* , />
11 FORMATI3 1 1 0 , F 10.21 

J»1
351 REAOC 5,11 )NUM,NUN, UNN,NSTUP,NREP,MNC 

MUCtJl-MUH 
NUCCJl-NUN 
SPOC J  l-UMN
IFINREP.LE. 0 ) 3 0  TQ 360 
00 361 M»2 ,NRCP 
•iUCCU**-!I-MUM 
NUCCJ*N-1t-NUM*CM-ll*NINC

361 SPDI J*.H-l(-UHN 
J-J+NREP
30 TO 362 

360 J » J * l
362 IFINSTUP.LE.OIGO TO 351 

JUW-J-1
MR ITEC6,121 
00 600 I >1 , JUN 

600 MR I TEC 6, 13)1 ,NUCt I ) • MUCH >,SPOt I >
RETURN
ENO
SUBROUTINE ANf LEHINEMENT , NEL E" iMATYPE, fJNNNI
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0 1 PENSION NELEHl NNN'I .At . HA TYPE I N.'JNNI
1 FORMAT)16151
2 FORMAT)*I** * ELEMENT CONNCCTtV ITY • , /  .

1 3X, 'ELEMENT*, AX, • NOOE I * .  AX,*NC06 J* . <1X1 *MO)E S ' ,  A), 'NCOS L*.
2 1K * * NATVPEII) ' t /  I

3 FORMATtSIlOt 
I - l

202 REAOI5. l l  (NELEM) I , J  I , J -  I , At .NREP .VI DC, NREP2 .Nl NC2 , MTP 
MATYPE)I) -MTP 
IFINREP.LE.OIOJ TJ 200 
00 201 K - 2 . NREP 
MATYPCI U K - l l -M T P  
OC 2 0 1 J - l . A  

201 NELEM( l*R- 1 > J l  -  MELEM)I*K-2,J1*NINC 
IF1MREP2.LE.0ICC TO 203 
00 204 M-2.NREP2 
00 20A A-I ,NREP 
MATYPEl I *K- 1 ►NRE P*1 M-lt l-MTP 
00 20A J * I . A

20V NELEHl I ♦ K - U ’JREP*) 1-11 , J  )■ MELEMI UK-UNREP*)  1-2 ) , J l  +NINC2 
233 ‘IP 2 - I

IF) NREP2.CT.0t  NR2-MREP2 
I«I*NR2*MREP 
CO TO 20 5 

233 U U 1
205 IF)I.LE.NfMENTICO TO 202 

WRITE I 6 .2  I
30 2 36 I-l.NCNENT

206 WRITEI6.3I 1 , 1 NELEM)I, J ) . J " I  * A t  . M A T YPE)I)
RETURN
END
SUBROUTINE E MMOL I NNCOE S * NEME NT . ME LE M . MMOL t NNNN)
OIMENSION NELE Ml NNN’4 .At t M MDL I NMNN I 
DIMENSION MO IF IA . AI 
DO I l-l.NNODES

1 MMOL)11-0
00 2 I-l.NEMENT 
00 2 J a l . A  
00 3 K - l .A  

3 HOIFIJ.KI-NELE'M I.Kt-NELEM)I . J I
MT-MAXO)M D I F I J . l t , MO IF I J , 2  I , MO I F ( J , 3 1 , MO I F I J , A I )
IDX-NELEM)1 , J I

2 MMOL(NELEM)I,J)t-MAXO) NT,MMOL)10X11 
DO 4 I-2.NN00ES
M-MMOLII-It-I  
IF(MMOL)I) .LT.MtMMOLII I -M 

A CONTINUE 
RETURN 
END
SUBROUTINE BANCAINNJOEStNEMCNT.NELEM.NLOG.NNNN)
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DIMENSION NELEHl NNN'I 1Al t N L05 ( NNNN)
DIMENSION MOIFM.AI 
DO 1 I-1 * NNCOE S

1 NLOfll I I "  I
DO 2 1*1,  NEMEN T 
DO 3 > 1 , 1  
DO 3 K - l . 4

3 NOIFIJ.KI-NELEMl I .  KMNELE Hit , J  )
DO * K - l , *
HT-UNAXOIMOIFt l .K I  ,M3IF( 2,KI , "O I F I3 ,K )  , MDIF I 4 , A I I

4 NLUCI f*LE MU ,K) l-MAXOI MT, NLOCI NELEMI I ,K1 II
2 CONTINUE 

RETURN 
END
SUBROUTINE ANBriDINNGDES, MMDL,NLCG, N6N0, NNNNI 
DIMENSION MMOL I NNNN) .NLDC IWNNI , NO NO (NNNN I 
DO 1 I • 11NNOOE S

1 NONOIII-O
DO 2 I-l.NNCOES 
M-MMDLI I M l  
DO 3 J M . N
IF INLOGII♦ J - 11.GE.JIN3NDI I I -N 5 M O I I I U

3 SONTINUE
2 IBNDI II-NBNOII 1*16 

RETURN
ENO
SUBROUTINE SPFORCI NNQ3ES» STP ,N+*4)
Dt PENSION STPIN444I

1 FORMATI 81 I Cl
2 FORMAT!2 1 1 0 , F I D . 0 . 3 1 1DI 

M4-4*NN0DES
DO 3TO I - 1 . N 4

370 S TPI II -O .
READl S, 1 1NSCASE 
IFINSCASC.LE.OIGO T3 371

373 READ!5,2 I NUN,MUM,TPNM,MSTUP,NREP,NINC
I - t  NUN- U *  A* MUM
STPII l-TPNM 
IF INREP.L E ,0100 TO 372 
00 374 M-2.NRE9 
MINUM-lMM-l)  *NINCI*VMUM

374 STPIIMTPNM
372 IFINSTUP.LE.0I30 TO 373
371 CONTINUE

DO 100 I * I  ,N4 
100 STP( I ) - 1 2 . « S T P I t I  

RETURN 
ENO
SUBROUTINE BCTRANINTOC, NTRAN, J TOC, NNNNI 
DIMENSION NTBCINNNN* A)
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n
o

o
o

1 FORMAT! 8110)
2 FORMAT ( • I * , * TRANSMITTING Q3UN0AR Y* » / » AA , * NOOE l ' ,AX,*N )3 E  J ’ ,

I U, 'DIRECTION* , / I
3 FORMAT!*I ' , '  NO TRANSMITTING QOUNDARY' I 

R£ADI5,1)NTRAN
JT3C*0
IFINTRAN.LE.OIGO TO 100 
J - l

13 REAOt 5r 1 INELK,NODI, MJJ2 , NDIR,NREP,NI NE.NINC, NSTOP 
NTOCt J ,  11“ NELM 
NTOCIJ12 1-NODI 
N T 3 C I J i i ) “ NC02 
NTOCIJ,A)-NDIR 
IFINREP.LE .OIGU TO 20 
30 AO M-2.NREF
‘1T3CI J + K - l ,  ll-NEL.N*! M-l)*NINE 
NT3CI J*H- 1 1 2 ) •NOO1*1 M- 1 1 *NINC 
NT3C t J*H*1 , 3)»N032*lM-1J *NINC 

A3 NTBCf J*M- 1 ,4 ) *  NOIR 
J*J  *NREP 
GO TO 30 

20 J *3* I
33 IFtNSTOP.LE.OIGO TO 10 

JT3C«J- l  
MR ITE16 .2  I 
00 60 I ■ 1 , JTBC 

60 MRITEI6, IMNTOC! 1. K » I ) . * * 1 , 3 )
GO TO TO 

100 4R IT EI6 .3 I  
70 CONTINUE 

RETURN 
ENO
SUBROUTINE REAODOf IS I3N.NEM6NT ,NNOQES,NELEM. MATT PE, ENCOES , MMOL.

MOIR.
AO I M.NNNN. 

IGNI801

100 FORMA TIB 1101 
111 FORMAT!BF10*0)
115 FORMATI80A11
116 FORMATl 'l*, / / / / / / / / / / )
117 FORMAT! 2SX.80A I)

READ TITLE
 CARO TITLE--------

AEADf 5 ,115)1  ISIGNI11 ,1*1 .901

1 NLQG.MBND.NUC.MX.JUW.SPO.NTBC.NTRAN, JTBC .STP.NPLOT,
2 MLENC.MPLCT.NOCCP.NCCl,NCC2,NCC3, NPSUMl, NPSUH2 ,NOCC,
3 NAAA.NCOECCI

DIMENSION MOIR 1101, NLENGI 101 ,MPLOT ( 5 0 .  10) , CCC I 10),  I S 
DIMENSION NELEMINNNN.A), NATYPE(NNNN),ENOOESINNNN , 2 1 
DIMENSION MNDL1NNNN) , NLOGINNNN), NO NO(NNNNI, STP IN AAA I 
DIMENSION NUCINNNNI. MJCINNNN1 , SPDIN4441, NTBCI NUNN,AI
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WRITEI6,1 161 
30 300 J - l , 3 

3 33 WRITE (6 ,  I 1 7 1 0  SI GNU I ,  I - 1,801

READ NUMBER OF ELEMENT ANO NUMBER OF N03ES 
 -CARO A —

READ! 5* lOOlNEMENT.NMQDES

READ AND GENERATE ELEMENT CONNECTIVITY 
— - — CARO B— - - -

CALL ANELEM<NEMENT,MELEN,MATYPE.NNNN)

READ A NO GENERATE NODAL COORDINATES 
 — CARD Cl C ; 2---------

:  ALL COORD(NNOOEStE NODES,NNNN)

GENERATE EFFECTIVE HALF BANDWIDTH BLOCK VECTOR

CALL EMMDLINNODEStNEHENT, NELEM,MMOL, NNNNI

GENERATE VECTOR SHOWING TOTAL NUMBER OF NON-EERO BL3CKS 
ABOVE THE I-TH DIAGONAL BLOCK PLUS ONE

CALL BANCAINHOOESfNEHENT,NELEM,NLOG,NNNN)

VECTOR SHOWING TOTAL NUMBER CF NCM-IEAO 
MATRIX COEFFICIENTS AT NODE I

CALL ANBNOINNCOES, MMOL, NLX,NB AD, NNNN)

READ SPECIFIEO NODAL DISPLACEMENT 
 CARD D--------

CALL SPOISP(NUC,MUC, JJW *SP0,NNNN,N44A)

READ TRANSMITTING BOUNDARY 
 CARO El  & E2---------

CALL BCTRANINTBCi NTRAN,JTBC,NNNNI

REAO SPECIFIED NODAL FORCE 
 CARO FI C F 2---------

CALL SPFORCt NNODEStSTP, VAAA)

PLOT OPTION
 CARO Gl L 32---------

151



»n

CALL PLOTOPINPLOT.NDIR ,NLEhG,HPLOT)

READ D IME NSIONLE SS COMPLIANCE C3EFFIC I ENT PARAMETERS 
  CARD HI* M21 Hi t  * HA--------

READI5 . 1 0 0 INDCCP 
IFINOCCP.IE.OJGO TO SO
REAOIS.ICOtNOOECC.NCC1, NCC2.NCC3,'IPSUMl, HPSUM2 
READ! 5 ,103)1 NOCCILN) ,LNM .NODECCI 
REAOI S* IL I )ADIN

53 RETURN 
ENO
SU3R0UTINE DMCMlNDAMP,3 I NOAM,DI NOAS, NJM,CMST)
DIMENSION ON ST I S3)

103 FORMAT I SI 1C)
111 FORMATIOF10 .0 )
1 IA FORMAT!I 1 0 , 2F 10.01

READ FREQUENCIES TO OE A NALI CEO AND NUMBER OF DAMPING
 CARD IA.1S * 16---------

REAOI St l  L A) NDA.'IPf OINOAMfO I NO AS
REAOIS.IOOINOM
REAOI 5, LI 1 XOMSTI I I ,  ! •  1, NCMI
RETURN
END
SU3R0UT1NE PARAMIPARtALItCFltDFtOMS)
3CUDLE PRECISION PARI12)

I F0RMATI8F10.01
REAOI S, I) ALL tC S .CF l .  JS .OFtPO.VI  .PE
REAOIS. ll  DM.POIS.JMS
AL-12.*AL1
CF»12.*CFI
AK«CF/IAL+CS**2*CF)
VC2*( AL*’CS««2*CF )/DS 
VC-SQRTIVC2)
AN-OF/OS 
PARIi l-AN 
PAR(2 )>AK 
PAR13I-CS 
PARIA)>PO 
PARI 5 l-VI 
PAR I 6 l-PE 
PAR I 7 )*0.
PARI8I-0S 
PAR I 9 )-PQIS 
PARI101-AL 
PARI 1D-0M 
PARI12)-VC 
RETURN 
ENO
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subroutine  mtpaai par  , all , cf i  . o f . omsi
DOUBLE PRECISION PARI12I

112 FORMAT1 * 1 ' ,  'AL- ELASTIC COMPLIANCE CONSTANT- ' , E 1 3 . 6 , / , '  CS- MATE 
H I  AL CONSTANT REPRE SENTI NO THE COMPRESSIBILITY OF THE S3LIO PART IC 
2LES- ' . E 1 3 . 6 , / , '  CF« 3JLK MODULUS OF FLJIO-  ' , 6 1 3 . 6 , / ,  '  OS- MASS 
33ENSITY OF BULK OF FLJID-SOLID- ' , E L 3 . 6 , / , '  OF- MASS CEN5ITY OF FL 
♦ 1 0 -  ' , E 1 3 . 6 , / , '  PQ- POROSITY- ' . E 1 3 . 6 , / , *  V I-  VISCOSITY OF ThE FLJ 
310-  ' . E 1 3 . 6 I

113 FORMAT!' PE- COEFFICIENT OF PERMEABILITY- ' , E L 3 . 6 , / , '  DM- MATERIAL 
1 DAMP INS COMPRESSIVE- ' , E 1 3 . 6 , / , '  OPS- MATERIAL DAMPING SHEARING- 
2**6 13.61

MR ITE (6 ,  112J AL I ,  PARI 3) ,CF I,PAR I 9) , OF .PAR (4 1.PARIS)
WRITE I 6 , 1 1 3 ) PAR 16 1 , PAR( Li I,OMS
RETURN
ENO
SUBROUTINE STMATRINNC3ES,NEMENT,SN30E5,NELEM,NOND,PAR,NLCG,MATY* 6,  

1 OF, 0 MS, NNNN)
Of ME MS I 3N NELC Ml NNN.N, V) ,  NBND ( NNNN) , NL031 NNNN ) t MATYPE t NNNN )
OOUQLE PRECISION SNOOi S (NNNN ,21 ,P AR I 12 I , APARB , APAR3 
COMPLEX 30
COMPLEX-16 At 4 0 0 1 , COM,OCMPLX,ESTU1 8 , 0 ) ,3(  16,161 
3CU8L E PRECISION THI ♦) ,PHl ♦) , EMAS14, 4) ,E STwtfl ,01 , C l , C2 
00 1 I - l , NNOOES 
J-NBNOI1 1 
DO 2 K - 1 , J  

2 AIKI-O.
L MR ITE( ! ♦ ' 1  11 A (K ),K *1 ,J I  

00 3 I-l,MENENT 
IF) MATYPE I D.EQ.OIGO TO 20  
APAR8-PAR( El 
PAR(Ot>PAR(RI-OF 
APAR3-PAR|3)
PARI3I -0 .
5Q TO 30 

23 Cl-PARI 1 ) /PAR(A I
C2-PARI3) / iPAR I 3 ) - P a r i  T)-PAR( 6 ) )
CCM-OCMPLX (C L.-C2I 

33 DC ♦ K - l , 4
TH(K)-SNOOES< NELEM1I.K) ,II  

♦ PHI K1-SNOOESt NELEMtI, K ) , 2 )
CALL £MASS(TH,PH,EMAS)
CALL ESTIFWITH,PH,CSrwi 
CALL ESTIFUt TH,PH,PAR,CSTU,OMSI 
DO 1 M - l , 16 
00 S N - 1 ,1 6  

9 9IM ,N )-0 .
IF (MATYPE I I I ,E Q . I I G 3  TO 31 
00 6 M -l , ♦
90 6 N - 1 , 4  
MI - 1M—II • ♦
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M I * t N - l ) * 4
3 I M I + l . N I + l l - B < M I + l , N I + l l  +EMASIM,M1-ESTUtM,N)
31 MI* IvXI +2)-B(MI+l,Ml+2)>£STUfMtN+AI
B(MI+1,NI+3)>B(NI+1 ,N|+3I  +EMAS(M(N|*PAR( 1 )-ESTwl M ,N ) -PAt ( 31-PARt 2) 
fitMI + WMI ♦41-BIMI+l ,NI+4)-€STW(Mt N+4)»PAR( 31 -PAR I 2)
81 MI+2*MI+1I-&1MI+2,NI + U-ESTUtM+A,N>
fit MI+2,MI+2 l-a (MI+2 ,Nl+2l  +EMA5IH,NI-ESTU(N+A,N+A )
D( Ml+2,Nl+3)»0IMI+2.NI+3)-ESTd(N+A,N)*PARI 3) -PAR 12 I 
3( M1 + 2,MI + 4)>8tMl+2*.MI +61 +EM ASI M ,N J *PA« I 11-ESTWt M+4, N+4I-PAR( 31 

I -PAR12I
01 Ml + 3,;4t + lI-Q< Ml+3»Nl+ll*CMA5IN,NI *PARU)-ESTW( M,N) -PAftt J )*P AR( 21 
D< Ml+3,MI +2)-BCMl+3,MI +2 I-CS TWt M ,N+4) *PARt 3t *PAR(2I 
SI HI* 3.*1+3 I-fit  Ml*3.  MI* 3 1♦ EMAStM.NIACOM-ESTWIN.NI-PAR (2)
8(MI+3.MI*A)-B(M1+3,NI +41-ESTNIM,N+4) -PARI 2 I 
31 Ml+ 4 , MI + U«BtMI + 4 ,Ml*l l -£STWIN*4,N)-PARt 31 -PAR(21 
31 Ml +4,Nl+2i-B(MI+A,  MI+2) +EMAStM,N| -PARI i)-€STWlM+4, N+Al *P AR I 31 

I -PAR(2)
01 MI+4,NI + 3) -0 tMI+4,Nl  +3 I-E S TWt M+4,N1-PAR(21 

3 BIMI+A.MI»4)-Q(MI+4,MI+ 4 ) +E*A$(M,M)+CQN-ESTMlM+4 ,N+4)-PAR(2)
3a ra  aq

31 OC 32 M-1,4 
oa  32 M-t .A 
M I - t M - l l * 4  
MI «t M-ll -A
J(M |+ l ,M t+ lJ -B (M l+ l» N t+ l l+ E M  ASt M,N)-ESTJ(M,MI 
3 1MI>l ,NI+ZI-BtMt+l ,Nl+21-ESTU(N,N+4I  
fit Ml+ 2 , Ml +1)-B(M1+2»NI +11-ES TUlM+AiMI

32 Bt MI+2,NI+2)-Q(MI+2,MI+2)+EMAStM,Nl-ESTU( M+4,N+4)
A3 30 33 R i l l  16

30 33 N-l  , 16
33 fit M,N|-fit M.Ml-PARI 3 ) * P 4 !U 12)- * 2  

30 7 M-1,4
Jfi -NSWt MELEMt I,Ml  I
REAOIlA'MELCNtI#M»)tAtIO,X»l ,J fi )
00 10 M -1 ,4
1 Ft MELEMt I )M l-MELENI I « Ml 1 1 0 , 9 , 9  

S DO 11 M l - I i A
00 11 M l - 1 ,4  
L 1 - I N l - l l  -4+Nl

11 At LI ) - f i t  ( M—1 ) •  A+Ml, I M~ 11 * A+M1 1+A t LI 1 
00 TO 10

9 MEST-NELEMt I ,N l-MELE Ml I , ft)
JJ l -MELEtt t1,M1
JJ2-MCLEMII.N1
00 12 J J - J J U J J 2
JNl-JJ-^CLEMt I .Mt  + l
IF(NLCSIJJ  ),LT*,JN1IMEST-NEST-1

12 CONTINUE
90 13 Ml- 1 *A 
00 13 M l - 1 , A
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LI-ME STM 6*1 N l - I )  *4**1 
13 t l l L l ' B t  ( M-l)*4*Ml,  < N - l ) * 4 + N l ) * A ( U )
13 CONTI WE 

T NR ITEI14'NELENl I i M D U I K I  , K » l , JBI 
IF(NATVP£ I I ) . E 3 . 0 I S 3  T3 3 
PARI3 l-APARl 
PARIBI-APARO 

3 CONTINUE
30 203 I - l  .NNCOES 
J-NBNDI 11
RE 401 14* I I U U I  ,K M ,  J)
30 100 I K - 1 . 4  
KIM I K-l ) *5*1 
aQ-AtKl)
I Ft REALIQQ I *NE * 0 IGO TO 100 
IFIAIMAGIQQI.EQ.OIAIKI I - l  .

100 CONTINUE
ZOO URITE t 14* I+NNQOES)( 4 IK I . K - l , J l  

RETURN 
END
SUBROUTINE JWPLCTI NOR ICR , NOF ,X,N)
INTEGER TITLE18) /• UK* , • J T * , 1 AX • ,  • W Y * , * TX» , *

1 • PX*,* PYV
INTEGER OOT/ ' .* / ,OL4NK/* V . E S S / ' X * /
0 1 ME N S ION XI 5 0 ) ,  I SIGN! 101 ) ,Y (50) , NOROE Rl 50)

1 F O R N A TlI5 .E 15.5 ,5X,191 All 
I  FCRMATI25X,101411 
3 FORMAT! * 1 1 »1NQOE * , I I X , A 4 , / )

MRITEI6,3ITITLEIN0FI
M-t
I F IN .L E .Z 5 1M-2 
IFIN.LE.16IM-3  
IF1N.LE,121N-4 
IFIN.LC,  0 ) N-6 
IFIN.LE.  6IM-B 
00 10 1*1,101  

13 IS IGNIIl-OLANK 
I SIGN1511 -DOT 
9IGA-XI 1)
00 29 1 - 2 , N
[FtX|  I )*GT •BIGAIBIGA-XI I)

ZO CONTINUE 
SNALLA-XII)
00 30 1 - 2 , N
I F I I I  II.LT.SMALLAISNALLA-XII I 

13 CONTINUE
XM AX-ABSI B 1GA 1
(FIABSISMALLA),ST.XNAX) XMAX*AB5I SMALLA)
IFIXNAX.LE.1 0 . * * 1 -1 0 )1 0 0  TO 40 
00 30 I - l , N

r y* ,



53 v t ( i - n * * + n - x ( n / x ' f A x  
IF < h . L E . 1 ) GO TO 60 
Nl-N-1
30 TO I> 1 ,N l
DEL TA-I Y1 I*M+1I-Y(I I - l ) * N + l l  ) / *
30 70 J - 2 , H  

70 » l l  ! -  l )*N+JI«Vt  1 1 -1 1 * 1 + 1 ) + (J - l ) * O E l TA 
63 ' (1-N +1M-1) * ( M-1 (

30 TO 61
60 NN-N + (N-1>*(M-1)

30 41 i * u n :i
h i  Y( t 1 -0 .
61 K -l  

<K-l
30 80 J - l  ,N!4
I S - 3 0 , * Y ( J t  +31.1
I SIGN!ISI-ESS
t F { J . EQ.K ) GO TO Ql
- R I T E (6* 2 >( I S I G M J J )  i J J -  L ,131)
30 TO 32

Ql HR I T E I 6 , 1 )MCR3EKIKX) , XI KK) . (  I SIGN! J J I • J J - t , 1 011 
<-K+«
KK-KK+1 

12 IS IGNIIS)-BLANK 
ISIGNIS11-001 

33 CCNTINJE- 
3 ETURN 
ENO
SU3R0UTI ME CO.NCOFt NODECC. NCC t.NCC2,NCC3, MP5UN1. 1 PSU'12,N3CC,43 11* 

I ENDDESt C S TP tC SP3. NNNN t N444» PAR. CK VV *CKHH,CXrT ,CKHT . CKT:( ( 
DIMENSION NOCCIIOI ,EN3DES(fJ,'4NN,2 I 
OOUOLS PRECISION P 41(121
COMPLEX TXONLS.TYONLS. TAN MLS .0 fCKVV tCKHH .CKT T . CXHT * CKTH. C2
CO1PLEX*16 CSTPt N444) . CSPDt N444I
3-PAR(1 0 1 * 1 l . - 2 . * ? A f t ( ? > ) / ( 2 . * ( l . - P A R ( 9 1 l I
3 -G /1 2 .
P I - 3 . 141593 
TXOMLS-a.
TYOMLS-O.
TANMLS-O.
CKVV-O.
CKHH-O.
CKTT-O.
CKHT-3.
CKTH-O.
IFINCC2.LE.Q)G0 TO 51 
00 52 l-t.NOOECC 

32 TYDNL S-TYOML S^CSTPI( N3CCI I ) - I )* 4+2)*2 .
O-CSPOt( NPSUN1-1 1*4+2)
CKVV«TY3NLS/(REAl(«)*P!*G)
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51 IF(INCC1*NCC3I.LE.0I33 TO 60 
DO 36 I * 1 iNQOECC 
<-NDCCtM
TXO*LS-TX0MLS-CSTP| ( K - l )  *4*1) *2.

94 rANNLS*TANMLS*CSTPUK-ll*4*21*I ENODE SI K. 11 -ENOOE S1NPSUMI ,11 1*2. 
IFINCC1.LE.01G0 TO 59 
3-CSPOIINPSUMl-l1*4411;khh«txd»ls/(reali
CKHT-TANMLS/IA01M *REAL1 0 ) *PI«G1 

53 IFINCC3.LE.OIGO TO 60 
J»CSP9UNPSUH1-1I*4*1)
32-CSPOIINPSUM1-1)*442»
9H1-REALIQI
3VI-REALIQ2)
3»C5P0l t  NPSUN2-11 *4* 11 
3 2-CSPOI ( NPSUM2- 11 *4*2)
DH2*P EAL I QI 
3V2-REAL I 021
A X-ENCOESINPSUM2, 1 t-ENDOESINPSUN1,1)
AV-ENC9E S{NPSU42,2)-EN30CSINPSUML,2)
3X-AX4DH2-DH1
3Y«AV*0V2-DVl
COSANG-I AX*BXMY*OY)/( SO«TIAX**2*AY**2)*$GRTIOX**24BY**2 I 1 
RA0*AAC3SIC3SANG I 
CKTT-TANNLS/IA0IN**2*RAO*PI*GI 
c k t h - t x d m l s / < a o i m « r a d * p i * g i  

63 RETURN 
ENO
SU3R0 UT IN E DETJJt TM, P-t ,0E T J ,  J)
DOUBLE PRECISION A, 8 ,C ,T H I4 ) ,PH(4 1 , 3 1 4 1 , 0 E T j <4 )
A»TMl1 )*lPHI 21 -PHI 4 1 14THI2 1 * ( PHI 41-PHI 11 I*TH( 4 1• (PHI 1 l - P H I 211 
0 - I T M I 2 I - T M I U 1*1 PHI 3 ) -PH I 41 l + ITHI31- tHl  4)1*1 PHI1I-PHI21 I 
C-ITH I2 1 - T HI 311* IPH( 11-PH I 4 ) ) ♦ ! THIll -THI 4)1*1 PH IJ l -P H 1 211 
31 1 1 * 6 .9431846-2  
3 1 2 1 - 3 . 300C936-1 
QI 3 1 - 4 . 6 9 9 9 0 SC-1 
0 1 4 1 - 9 . 305602S-1 
00 1 1 *1 .4  
00 1 J - l . 4  

1 OETJI I . J 1*A4Q*Q(11*C*31J1 
RETURN 
END
SUBROUTINE PLCTUMl NPLOT, NLENGtNO IR , NPLOT,C SPD, CSTP.N4441
DIMENSION XI90I.NOR0ERI501
DIMENSION NLENSIIDl .NOtRI1 0 ) .MPLOT150.10)
COMPLEX 00
C0MPLEX»16 CSPDtN444I.CSTPIN444)
DO 40 K-1.NPL3T 
NL-MLENGIKJ 
90 50 KK*l,NL

157



X
o
M

Aa Mm AaA o
«#*4IN ft! ft M

♦ ♦ ♦ ft 4 4 4 4
* ♦ * ’ft ♦ ft ft ft to
• * ft ft • • • • UJ
-4 f4 *4*«•*4•4 o
• 1 1 1 I 1 1 o•*#* •to a •to•to z
ft 3ft3ft X  X X X X to
to to• tototo to to to

3ft 1ft X X 1£XX X •to X
X * X ft 1ft ft X X ft •C •toww ** •to *to ft to-to
wk-ttoto*k-to*to-to* ft X. to
o o 3 o 3 Oo o Z toto
-J-J J uj -1 to ’O*
ft ft ft. ft ft ft ft ft o •to*
X XXX XXr y ft CM-*
v •• v to*w•to 0 •to > ft
A tototo* A o ft * to
o o o a a ft f t ft z to toto ** •4
ft ft. ft a* ^ u*to*ft to ft to to Mm0 il V) 0 o>m0 X to X•to “i
u o o o o i) tJU * m #©ft to

A ■ ft ft ft ft II ii to ft tu VIM • A
X o o A o to•4 ">
• y O ft y * 4to z ft IU•toIU X
x n o r»9 0 fj 9 a ft z ft f t  D to*IN wwe?a o O 9 <y(?n Ul z 9 VH o*-a A •toA•tomm O o z IUX to t1 ft
c •4IN ’ft mft totom ft «_O  O Ct X x UJ 11
•j * to • ■ • to to mA a M ft •toft to 0 o UJ
ft- o 9 Oa o ©*ya  o z ft VI to to•to o •to
z UlWwUJIUUJIUuj <7 to* ft u •to• X ft o»z to
■ • • ♦ » to to to tototo A to* o too to ft z •4

—*——>* -*■——* J  1C — o UJ <0 UJ • *M © ■—• to *

O

ft ft ft
sett ittoto toto ttoo o o

^ ^
5 k egto* to4 toto
o o oX z t

a it u. a. u,

^  «  
-* — UJ f t  ft ft a  —** ** f o 
o o - r  x z  X l— — X ft U. ft — O

©
iO

X J
— a.
S5:
X -* 
h m
3! O

•— # & . •  •
z  5 2 iu ►» — K O J J j -  3  a  <x r? r  >•~ o a  r  n a 3 u z s u o a *  KlUMljntl.

-J -i 4- im 
•  I t *  — D — — «

«fIT u « •
o  oIL IL

O  Ia# w

85

3  
1 - 0  
Ui Z  Of tu

A  *
l*J m 
* 4 1 

I L *  *
-  lb  —r? "*
c i z  «• y> o -* •* -*
3 «  I i -•49MUIUJILo « * * *
m u  o  Z r ^ Q 4
fc p- <N # 3 tU » i -  
Oft 9 <• • *C J O - N3 0 0 0  I V)04«t(U

to* to* ••Mm •to
ft ftto to to
IN K1! ft•to •to •to
f t f t f t
« • •

•4 to4
*1 o f9
f t f t ft
4 4 4
•to •* •to
ift n n
to to to

9 n ft
f t f t f t
• • •
IN *MN
O <3 O
ft f t ft
4 4 4to* m
CMN INto to to
IN o ft
f t f t ft
» 4 »
•N IN IN
O o o
ft f t ft
4 4 4•* •*
•4 ■4 •4
to to to

IN 0 ft
f t f t ft
• • «•4 •4 •4
o o
ft f t ft
#rv

*• 4
O o o
ft f t ft
4 4 4

N 14

*m
*
u.*
*r
*

*

,* «m * * *K

^ * T 
h N O  <*kUOOmo * *

» HI

*

X 't -  i

3

Z 3 IU Mlft O J J3  ft OONOA33 
to 2? D O C  afiumofi

to
0 N
X •to *
9 -m
X INto ^4
•4 mr
x ato ̂ to «
— f*-to f t
9  » 9 «to “1 » —to A
0 1 - 0 9 N
to* 111 ft
3  O  * f t ftf t  - X — ft ft
ui X f t *4 N  f t f t
U lft to •4 N  v «
•  •■ X v to A

X ft f t -4 — <u
O f t  — f t N  O #V  UJ a ••  -4 ft
f t  9  ft • X ^ A
-* 9  ft toto

& 5
m

•  f t  X f t v *
K U J 0 V *  to «  oW O O f t u l ft 4
-I to f t o  -*• f t «4
f t  J W •4 f t Ul toto o
K -J  J i ■ 4 * ■ i
o <  3 •4 IN 4  -• IN •4
o o o toj •MUl 1 ' 9  X

15
8



H 2 -IPA R I 9 I / I  l . - P A R l 9 m  *&1*G2
M J * t 1 . - 2 . * PAR( 9 ) I* 3 1 / 1 2 . *(L . -PAR(91 1 I
I2-0*S*PARIT)
C5-0CNPLX I 21.221 
M3-H3*E5/E A 
IK-t
00 1 K* 1, 9 
00 9 L-IK , 8 
OC 2 l - t , 4  
00 2 J * l , 4

2 F I l . J I - l  I S U , I , J ) * A 5 I L , 1 ,  J M / O E T J t t  , J t  
CALL GAUSSatF.Ct

9 ETUIK,L)*E
1 1 K - U * l  

K-8 
L-0
00 12 1 * 1 .7  
00 15 J - 2 . K  

15 ETUIL *J,  I )*E TUI I ,L* Jl 
K-K-l  

12 L*LM
00 3 1 - 1 , 4  
00 3 J -L ,  4
ESTUI I , J I » H 1 * E T J I I , J I M 3 * E T U I I  *4,J*4»
E5TUI 11 J*-4 I-H2*E TJI I , J*4I  *H3*ETUI1 * 4 , J I  
ESTUI 1 * 4 , J )-H2*ETUII*4,J>*N3*ETUII ,J»4>

3 ESTU II* 4 , J*4I*H1*ETUI I * 4 , J * 4 1♦H1*6TUIIrJI  
RETURN
ENO
SUBROUTINE ESTIFWIf«,PH,ESTUI
DOUBLE PRECISION TH( 41 , Pi I ( 4) , ESTM 3 ,  81 ,3  141 ,0E TJ 14 ,4 I
DOUBLE PRECISION ASt8 , 4 , 4 ) ,FI 4 , 4 1 , E
CALL OETJJ|TH,PH,OETJ,3I
CALL DSHAPEtTH,PH,AS.3I
I K - 1
00 2 K-1 ,0  
OC 9 L-IK»8 
00 3 1*1,4  
30 3 J - l , 4

3 P I t , J I * I A S I K , I , J ) * A S I L , I , J ) I / 0 E T J ( | , J 1  
CALL GAUSSQIF, E)

7 ESThlK,LI-E
2 IK-IK*!

K-8
L -0
00 12 I - l . T  
00 15 J - 2 ,K  

15 E ST4I L*J * I )-E STWII , L* JI 
K - K - l  

12 L -L * l
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r* 
o 

%

RETURN
ENO
SUBROUTINE ENA SS( TH« PH(E MAS)
30UBLE PRECISION TH(4 ) , PHI 4 1 ,EMASI 4 ,A ) ,Q 1 4 1 , 0 6 TJ1A,4>
OOUBLE PRECISION SHAPE I A,4 , 4 1 ,FI A»A1 ,E 
CALL DETJJ(TH,PH,DETJ.3I 
CALL ESHAPEIQt SHAPE)
U - l
00 3 K-l  t 4 
30 9 L - I K .4  
00 A I - l , A  
00 A J-L t A

♦ Ft i , j  i- s h a p e ( k , t , j i * s h a p e i l • i , j i • o e t j i i , j j
CALL GAUSSQIF,EJ 

9 EMAStK,Ll-E 
3 IK-IK+1 

K-4
L»3
00 12 1 - 1 , 3  
OC IS J - 2 , K  

IS E M AS!L+JtIl -EMASII  , L * J )
K-K-l  

12 L«L*t  
RETURN 
ENO
SUBROUTINE ATRANPI A ,*,N,MN,3J  
COMPLEX*16 AtMN I ,BI  AN)

MATRIX A IS M BY N 
MATRIX B IS TRANSPOSE CF A
matri n  i s  n r  h

30 1 I - l , N  
00 1 J - l , M  

1 3 t ( J - l l * N M I - A ( (  I-1I*M*JI 
RETURN 
ENO
SUBROUTINE WRi TECINCCi , X C 2 ,  MCC3,CJM0LtCKHH ,CXVV, CKTT , CKHT , CRT Ml 
COMPLEX CKVV,CKHH,CKTT,CKHT,CKTH 

L19 FCRMATt// /)
119 FORMATIl X, •OIMENSIO.NLESS FREQUENCY » ■ ,E 10.3  , /  *2 IX, • CKVJ • ,21X ,

1 *CKHH*, 2 IX,*CXTT*, 2 IX, *C KHT * ,21X,*CKTh*I 
123 FORMAT 130 X , ( 2 E 1 0 * 3 l i 3 3 X , l  2EI 0* 3) I
121 FQRMATISX,I2E1 3 .3 1 )
122 FORMAT IBS X,(2E10 * 3 ) 133 X,I 2E10. 31 )

JRI TE I A, 11 SI
IFINCCl.LE>OIGC TO SI 
WRITE( 6 , 1 19IOM0L 
WRITE(At120tCKHH,CKHT 

SI IFINCC2.LE.0IG0 TO S2 
WRITEI At 1191CMOL 
WR1TEI6,1 2 1ICKVV
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o
o

o

52 IFCNCCJ.LE.OIGO TO S3 
HRITEtA.llSIOMOL
HPITEIfc,122)CKTT,CKTH

53 RETURN 
ENO
SU3ROUTINE PLCT3PINP13T,MOIR, MLENG,MPLOT I 
31 MENSIJN MO 1 0 ( 1 0 ) * (LENGI 1 0 ) .MPLQTt5 0 , 1 3 1 

130 FORMAT!0110)
REAOI5tICOINPLQT 
IF INPL3T• LE, 0)30 TO 500 
00 501 IP* 1 *NPLCT 
READ! 5 ,1 0 0  ILtNftEP.NlNC.NDU 
‘10 IP! IP I ■ N01R 
MLENC11 PI-NPEP 
MPLQT( I , 1 Pl*L 
NREPl-NAfP-l  
00 301 KK- l .NREP1 

J01 MPLOTIKK+WIPI-MPLQTUK.IPI+NINC 
303 RETURN 

ENO
SUBROUTINE DSMAPEI TM»PH,AS,S)
OOUBLE PRECISION D1, 3 2 , 0 3 . A l , A2 ,A3, TH(A) , PM!At ,QI41 , AS! 8 , A,A)
31— PH! 11* PH I A )
32 —PHI 1 ) - PHI 2 1+PHI 3 1-PHI A I
33— PH( D  *PH!2)
At— THm*TH!M
A2-TH11>-TH(2I*TM( 31-TH! A)
A3— THI I I*TH!2I  
00 1 1*1,4  
00 1 J - l , 4
AS! I ,  I ,  J  I -  ! Bl*02*3l  I I )  * O U  I - l .  >-(0 3*62 *Q I J l  1 •(  U(II -1.1 
AS 12*I t J I -  ( 0 1 *B 2» Q (I ) ) • ! l . - Q I  J ] ) - (  03+B2 *Q I J 11 *( -  J t ! )  I 
AS! 3 * I *J ) -  I 61*82*0! 1 ) l* Q (J )  - 1 6 J + B 2 * Q ( J ) I *31 11
A S I 4 . I . J I -  I B 1*92*31 II I *! -  01 J I  1-133*32*0! J>) *( 1 . - 3 !  II )
AS!5 * I t J I — (Al*A2*Qt I I 1*1 01J I - l . )♦ (A3* A 2 * 0 ! J ) ) * ( 0 1 I I - I . )
ASt 4 * I , J I  — ! A1+A2*Q( I I ) • ! 1 . - Q 1 J ) I  + ( A3*A2 +Q{ J ) >*1-01 I I I 
AS! 7 * I « J I — (Al +A2*Q( II 1*01 J l  + (A3*A2*Q (J I) *Q!11

1 AS t 3 , 1 *JJ — ! Al+A2*5! I) |* (  - Q I J I 1  ♦ ( 4 3 + A2* « ( J I >*11.-Q1111
RETURN 
ENO
SUBROUTINE ANULT11 A*B,N,N• L*MN.NL, ML *CI 
COMPLEX*16 A(MN).61 N L I I N L I  

MATRIX A IS * 3Y N 
MATRIX B IS  N 9Y L 
MATRIX C IS A TIMES S 

00 2 1 - 1 . ML
ct 1 I- 0 .
00 I I - l . L
00 1 J - l . M
00 I K-l* N
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1 CM I - l l * M * J I - C U  1-1 l*H*J) *4 I J+I K - l l  •*) *3 U  I - l  I* N*K> 
RETJRN
ENO
SUBROUTINE ESHAPE!Q. SHAPE)
DOUBLE PRECISION Q lA ) , SHAPE!* ,* ♦* )
DO 2 1 - 1 , 4  
00 2 J - l . 4
SHAPE 11 . I , J I M l . - Q I I  I I * 1 1 , - Q ( J 1»
SHAPE! 2.1 , J) - Q U  )*( l . - Q I  J 11 
SHAPE (3 .1  . J I -Q M  I *Q(J)

2 SHAPEIA,I, J ) - ( l . - Q I I l ) * Q ( J l  
RETURN
END
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APPENDIX J

U SE R 'S MANUAL FOR PROGRAM

A l l  i n p u t  d i m e n s i o n s  s h o u l d  b e  e i t h e r  d i m e n s i o n l e s s  o r  

i n  c o m b i n a t i o n s  o f  i n c h e s ,  p o u n d - f o r c e s ,  s l u g s ,  s e c o n d s ,  

a n d  r a d i a n s .  A l l  i n t e g e r s  a r e  r i g h t  a d j u s t e d  t o  t h e  s p a c e s  

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

s p a c e s  w i t h o u t  b e i n g  e i t h e r  r i g h t  a d j u s t e d  o r  l e f t  a d j u s t e d .

D i s p l a c e m e n t  o u t p u t s  w i l l  b e  i n  i n c h e s .  F o r c e  o u t p u t s  

w i l l  b e  i n  p o u n d - f o r c e s . Moment o u t p u t s  w i l l  b e  i n  i n c h -  

p o u n d - f o r c e s . T he  c o m p l i a n c e  c o e f f i c i e n t s  w i l l  b e  d i m e n s i o n -  

l e s s  .
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C a rd  T i t l e ;  R ead  T i t l e

FORMAT(80A1) o n e  c a r d

I TITLE.
80

3
TITLE a r r a y  o f  l e t t e r s  o r  n u m b er  

(u p  t o  80 s p a c e s )  t o  i d e n t i f y  

t h e  p r o b l e m  t o  b e  s o l v e d .

C a r d  A ; R ead  Num ber o f  E l e m e n t s  a n d  Number o f  N o d es

o n e  c a r d
10

FORMAT(8 1 1 0 )  
20

NEMENT

NNODES

t o t a l  n um b er  o f  e l e m e n t s .

t o t a l  num ber o f  n o d e s .

C a r d  Bi R e ad  E le m e n t  C o n n e c t i v i t y

FORMAT(1 6 1 5 )  a s  m any c a r d s  a s  n e c e s s a r y
___________ 5 ____________ 1 0 ____________ 1 5 _____________ 20 25 30
[NELEM(I.l)1 NELEM(1*2)1 NELEM(1.3)1 NELEM(I,4)1 NREPl NINCJ 

35 4 0  45
-    n

NELEM(1,1)

NELEM(I,2) 
NELEM(I,3)

f i r s t  n o d e  o f  e l e m e n t  ' I '

' I *  i s  o n e  a t  t h e  s t a r t  o f

f i r s t  B C a r d .

s e c o n d  n o d e  o f  e l e m e n t  1 1  '

t h i r d  n o d e  o f  e l e m e n t  ' 1
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NELEM (I,4 ) 

NREP

NINC

NREP2

NINC2

* f o u r t h  n o d e  o f  e l e m e n t  ' I ' .

3  t o t a l  n u m b er  o f  e l e m e n t s  by

f i r s t  l e v e l  g e n e r a t i o n ,  

i n c l u d i n g  t h e  o r i g i n a l  e l e m e n t .  

I t  i s  b l a n k  o r  z e r o  o r  o n e ,  i f  

n o  f i r s t  l e v e l  g e n e r a t i o n  i s  

r e q u i r e d .

= i n c r e m e n t  a d d e d  t o  e a c h  n o d e  

n u m b er  o f  t h e  s u b s e q u e n t  

e l e m e n t  by  f i r s t  l e v e l  g e n e r a ­

t i o n .  I t  i s  b l a n k ,  i f  no  f i r s t  

l e v e l  g e n e r a t i o n  i s  r e q u i r e d .

* t o t a l  n u m b er  o f  s e t s  o f  e l e m e n t s  

b y  s e c o n d  l e v e l  g e n e r a t i o n ,  

i n c l u d i n g  t h e  o r i g i n a l  s e t  o f  

e l e m e n t s . I t  i s  b l a n k  o r  z e r o  

o r  o n e ,  i f  n o  s e c o n d  l e v e l  

g e n e r a t i o n  i s  r e q u i r e d .

■ i n c r e m e n t  a d d e d  t o  e a c h  n o d e  

n u m b er  o f  s u b s e q u e n t  s e t  o f  

e l e m e n t s  b y  s e c o n d  l e v e l  

g e n e r a t i o n .  I t  i s  b l a n k ,  i f  

n o  s e c o n d  l e v e l  g e n e r a t i o n  i s
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r e q u i r e d .

MTP 3  t y p e  o f  s o i l .  I f  t h e  s o i l  i s

s a t u r a t e d ,  i t  i s  b l a n k  o r  z e r o .  

I f  t h e  s o i l  i s  u n s a t u r a t e d ,  i t  

i s  o n e .  T he  t y p e  i s  a s s i g n e d  

t o  a l l  e l e m e n t s  ( o r  e l e m e n t )  

g e n e r a t e d  by  e a c h  B C a r d .

C a r d  C l  & C 2 1 R e ad  N o d a l  C o o r d i n a t e s

FORMAT(8 1 1 0)  s e t  o f  tw o  c a r d s ,  a s  many s e t s

FORMAT(8F10. 0 )  a s  n e c e s s a r y
10 20 30 40  50 60

1 LI tlftl  N i l  NR2 1 NI2I NSTOP1 I
1 0  2 0 30  40 50 6 0

I E N O D E S (L . l )1 ENODES(L,2 ) I , * M  ... Y l l  . X2 1 Y2 1 1

L = n o d e  n u m b e r .

NR * t o t a l  n u m b e r  o f  n o d e s  by  f i r s t

l e v e l  g e n e r a t i o n ,  i n c l u d i n g  t h e  

o r i g i n a l  n o d e . I t  i s  b l a n k  o r

z e r o  o r  o n e ,  i f  n o  f i r s t  l e v e l

g e n e r a t i o n  i s  r e q u i r e d .

N l  »  i n c r e m e n t  a d d e d  t o  e a c h  s u b ­

s e q u e n t  n o d e  n u m b e r  b y  f i r s t  

l e v e l  g e n e r a t i o n .  I t  i s  b l a n k ,  

i f  n o  f i r s t  l e v e l  g e n e r a t i o n  i s
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NR2

NI2

NSTOP

ENODES(L*l)

ENODES(L,2>

X I

r e q u i r e d .

t o t a l  n u m b er  o f  s e t s  o f  n o d e s  

by  s e c o n d  l e v e l  g e n e r a t i o n *  

i n c l u d i n g  t h e  o r i g i n a l  s e t  o f  

n o d e s .  I t  i s  b l a n k  o r  z e r o  o r  

one*  i f  n o  s e c o n d  l e v e l  

g e n e r a t i o n  i s  r e q u i r e d ,  

i n c r e m e n t  a d d e d  t o  e a c h  n o d e  

n u m b er  o f  s u b s e q u e n t  s e t  o f  

n o d e s  b y  s e c o n d  l e v e l  g e n e r a ­

t i o n .  I t  i s  b l a n k *  i f  no  

s e c o n d  l e v e l  g e n e r a t i o n  i s  

r e q u i r e d .

one*  i f  t h e  c a r d  s e t  i s  t h e  l a s t  

s e t  o f  C C a r d s .  I t  i s  b l a n k  o r  

z e r o *  i f  i t  i s  o t h e r w i s e ,  

x - c o o r d i n a t e  o f  n o d e  ' L ' .  

D i m e n s i o n  i s  i n  i n c h e s ,  

y - c o o r d i n a t e  o f  n o d e  1L 1. 

D i m e n s i o n  i s  i n  i n c h e s . 

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

s e q u e n t  n o d a l  x - c o o r d i n a t e  by  

f i r s t  l e v e l  g e n e r a t i o n .
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D i m e n s i o n  i s  i n  i n c h e s .

Y l  = i n c r e m e n t  a d d e d  t o  e a c h  s u b ­

s e q u e n t  n o d a l  y - c o o r d i n a t e  b y  

f i r s t  l e v e l  g e n e r a t i o n .  

D i m e n s i o n  i s  i n  i n c h e s .

X2 = i n c r e m e n t  a d d e d  t o  e a c h  n o d a l

x - c o o r d i n a t e  o f  s u b s e q u e n t  s e t  

o f  n o d e s  b y  s e c o n d  l e v e l  

g e n e r a t i o n .  D i m e n s i o n  i s  i n  

i n c h e s .

Y2 = i n c r e m e n t  a d d e d  t o  e a c h  n o d a l

y - c o o r d i n a t e  o f  s u b s e q u e n t  s e t  

o f  n o d e s  b y  s e c o n d  l e v e l  

g e n e r a t i o n .  D i m e n s i o n  i s  i n  

i n c h e s .

C a r d  D; R e ad  S p e c i f i e d  N o d a l  D i s p l a c e m e n t s  

FORMAT( 2 1 1 0 , F l O . 0 , 3 1 1 0 )

a s  many c a r d s  a s  n e c e s s a r y
10 20 3 0 _______4 0  50 60

I NUMl MUMl UMNl NSTUPl NREFI NINCI 1

NUM * n o d e  n u m b e r .

MUM * s p e c i f i e d  d i s p l a c e m e n t

d i r e c t i o n .  Ux i s  o n e .  Uy i s

1 6 9



UMN

NSTUP

NREP

NINC

t w o .  Wx i s  t h r e e .  Wy i s  f o u r ,  

m a g n i t u d e  o f  s p e c i f i e d  d i s p l a c e *  

m e n t  i n  i n c h e s . 

o n e ,  i f  t h e  c a r d  i s  t h e  l a s t  

c a r d  o f  D C a r d s .  I t  i s  b l a n k  

o r  z e r o ,  i f  i t  i s  o t h e r w i s e ,  

t o t a l  n u m b e r  o f  n o d e s  w i t h  

same s p e c i f i e d  d i s p l a c e m e n t  

b y  f i r s t  l e v e l  g e n e r a t i o n ,  

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

s e q u e n t  n o d e  n u m b e r  w i t h  same 

s p e c i f i e d  d i s p l a c e m e n t  by  

f i r s t  l e v e l  g e n e r a t i o n .  

D i m e n s i o n  i s  i n  i n c h e s .

C a r d  E l i  R e ad  I f  T h e r e  I s  T r a n s m i t t i n g  B o u n d a r y  

FORMAT(8 1 1 0 )  o n e  c a r d
10

NTRAN o n e ,  i f  t h e r e  i s  t r a n s m i t t i n g  

b o u n d a r y .  I t  i s  b l a n k  o r  z e r o ,  

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

b o u n d a r y  a n d  t h e r e  s h o u l d  b e  

no  E2 C a r d .
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Card E 2 ; Read Transmitting Boundary

FORMAT(8 1 1 0 )  a s  many c a r d s  a s  n e c e s s a r y
10  20 30  4 0  50 60 70________80

l~NELM\ MODII NOD2I NDIRl NREPI NINE! NINCI NSTOP ]

NELM

NODI

NOD2

NDIR

NREP

e l e m e n t  ' J ' „

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

t r a n s m i t t i n g  b o u n d a r y  s i d e  

o f  t h e  e l e m e n t  ' J ' . 

s e c o n d  n o d e  c o n n e c t i n g  t h e  

t r a n s m i t t i n g  b o u n d a r y  s i d e  

o f  t h e  e l e m e n t  ' J ' . 

o n e ,  i f  i t  h a s  p o s i t i v e  

x - f a c e .  I t  i s  t w o ,  i f  i t  h a s  

p o s i t i v e  y - f a c e .  N e g a t i v e  

v a l u e  w i l l  b e  f o r  n e g a t i v e  

f a c e .

t o t a l  n u m b e r  o f  e l e m e n t s  w i t h  

sam e  t r a n s m i t t i n g  b o u n d a r y  b y  

f i r s t  l e v e l  g e n e r a t i o n ,  

i n c l u d i n g  t h e  o r i g i n a l  e l e m e n t .  

I t  i s  b l a n k  o r  z e r o  o r  o n e ,  i f  

no  f i r s t  l e v e l  g e n e r a t i o n  i s  

r e q u i r e d .
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NINE

NINC

NSTOP

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

s e q u e n t  e l e m e n t  n u m b e r  w i t h  

same t r a n s m i t t i n g  b o u n d a r y  by  

f i r s t  l e v e l  g e n e r a t i o n ,  

i n c r e m e n t  a d d e d  t o  e a c h  n o d e  

n u m b e r  c o n n e c t i n g  t h e  t r a n s ­

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

s u b s e q u e n t  e l e m e n t  b y  f i r s t  

l e v e l  g e n e r a t i o n .  I t  i s  b l a n k ,  

i f  no  f i r s t  l e v e l  g e n e r a t i o n  

i s  r e q u i r e d .

o n e ,  i f  t h e  c a r d  i s  t h e  l a s t  

o f  E2 C a r d s .  I t  i s  b l a n k  o r  

z e r o ,  i f  i t  i s  o t h e r w i s e .

C a r d  F l t R e ad  I f  T h e r e  I s  S p e c i f i e d  N o d a l  F o r c e s  

FORMAT(8 1 1 0 )  o n e  c a r d
10

NSCASE

]
o n e ,  i f  t h e r e  i s  s p e c i f i e d  

n o d a l  f o r c e .  I t  i s  b l a n k  o r  

z e r o ,  i f  t h e r e  i s  n o  s p e c i f i e d  

n o d a l  f o r c e  a n d  t h e r e  s h o u l d  

b e  no  F2 C a r d s .
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C a r d  F 2 i  R e a d  S p e c i f i e d  N o d a l  F o r c e s  

FORMAT( 2 I l O , F l O . O , 3 l l O )

10  2 0  30
I NTJMl MUM I TRNmT

a s  many c a r d s  a s  n e c e s s a r y
4 0  50 6 0 ________________________

NSTUPl NREPl NINC I 3
NUM

MUM

TRNM

NSTUP

NREP

NINC

n o d e  n u m b e r .

s p e c i f i e d  f o r c e  d i r e c t i o n .

Tx i s  o n e .  Ty i s  t w o .  Px i s  

t h r e e .  Py i s  f o u r ,  

m a g n i t u d e  o f  s p e c i f i e d  f o r c e  

i n  p o u n d s .

o n e ,  i f  t h e  c a r d  i s  t h e  l a s t  

o f  F2 C a r d s .  I t  i s  b l a n k  o r  

z e r o ,  i f  i t  i s  o t h e r w i s e ,  

t o t a l  n u m b e r  o f  n o d e s  w i t h  

same s p e c i f i e d  f o r c e  b y  f i r s t  

l e v e l  g e n e r a t i o n ,  

i n c r e m e n t  a d d e d  t o  e a c h  s u b *  

s e q u e n t  n o d e  n u m b e r  w i t h  same 

s p e c i f i e d  f o r c e  b y  f i r s t  l e v e l  

g e n e r a t i o n .

C a r d  G l a  R e ad  I f  P l o t  O p t i o n  I s  N e e d e d  

FORMAT ( 8 H 0 ) o n e  c a r d
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10

NPLOT n u m b e r  o f  p l o t s .  I t  i s  b l a n k  

o r  z e r o ,  i f  no  p l o t  i s  n e e d e d  

a n d  t h e r e  s h o u l d  b e  n o  Q2 

C a r d .

C a r d  G 2 1 R ead  P l o t  O p t i o n  P a r a m e t e r s

FORMAT (8 1 1 0 )  a s  many c a r d s  a s  s p e c i f i e d  by

t h e  i n t e g e r  v a l u e  o f  NPLOT on  

Gl  C a r d
10 2 0 _________ 30 4 0

I Ll NREPl NINCT N D IR 1 ]

NREP

NINC

NDIR

n o d e  n u m b e r .

t o t a l  n u m b e r  o f  n o d e s  t o  b e  

p l o t t e d  i n  o n e  p l o t  by  f i r s t  

l e v e l  g e n e r a t i o n . 

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

s e q u e n t  n o d e  n u m b e r  b y  f i r s t  

l e v e l  g e n e r a t i o n ,  

d i s p l a c e m e n t  o r  f o r c e  d i r e c t i o n  

t o  b e  p l o t t e d .  Ux i s  o n e .  Uy 

i s  t w o .  Wx i s  t h r e e ,  wy i s  

f o u r .  Tx i s  f i v e .  Ty i s  s i x .  

Px i s  s e v e n .  Py i s  e i g h t .

1 7 4



Card H i ; Read If Compliance Coefficients Are Heeded
FORMAT(8110)

10

NDCCP

one card

D
o n e ,  i f  c o m p l i a n c e  c o e f f i c i e n t s  

a r e  t o  b e  g e n e r a t e d .  I t  i s  

b l a n k  o r  z e r o ,  i f  no  c o m p l i a n c e  

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

s h o u l d  b e  n o  H2, H3,  a n d  H4

C a r d s .

C a r d  H 2 .  H3 & H 4 : R e a d  C o m p l i a n c e  C o e f f i c i e n t  P a r a m e t e r s

FORMAT(8 1 1 0 )  o n e  c a r d  f o r  H2 C a r d ,  a s  many

FORMAT(8 1 1 0 )  c a r d s  a s  n e c e s s a r y  f o r  H3 C a r d ,

FORMAT(8F10.0) a n d  o n e  c a r d  f o r  H4 C a r d
10  20 30  4 0 _______ 5 0 _______ 6 0 ___________________

f NODECCI NCCll NCC2I NCC31 NFSUM1I NPSUM2I
10 20

10
H i INDCCtlll \ I INPCC (NODECC)l I

w jn r n

NODECC

NCCl

n u m b e r  o f  n o d e s  w h o s e  f o r c e s  

a n d / o r  m o m en ts  a r e  t o  b e  

summed.

o n e ,  i f  f o r c e s  i n  x - d i r e c t i o n  

a r e  t o  b e  summed. I t  i s  b l a n k  

o r  z e r o  i f  i t  i s  o t h e r w i s e .
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NCC2

NCC3

NPSUMl

NPSUM2

NDCC ( I )

ADIM

o n e ,  i f  f o r c e s  i n  y - d i r e c t i o n  

a r e  t o  b e  summed. I t  i s  b l a n k  

o r  z e r o  i s  i t  i s  o t h e r w i s e ,  

o n e ,  i f  m om en ts  a r e  t o  b e  

summed. I t  i s  b l a n k  o r  z e r o  

i f  i t  i s  o t h e r w i s e ,  

n o d e  p o i n t ,  w h e r e  t h e  f o r c e s  

a n d / o r  m o m e n ts  a r e  summed, 

n o d e  p o i n t  u s e d  t o  d e t e r m i n e  

a n g u l a r  r o t a t i o n ,  

n o d e  w h o s e  f o r c e  a n d / o r  moment 

a r e  t o  b e  summed, 

r a d i u s  o r  h a l f - l e n g t h  o f  f o o t i n g  

u s e d  t o  n o n - d i m e n s i o n i z e  t h e  

f r e q u e n c y  a n d  t h e  c o m p l i a n c e  

c o e f f i c i e n t s .

C a r d  I I ; R e a d  Number o f  C a s e s

FORMAT(8 1 1 0 )  o n e  c a r d
10

I  1

NCASE *  n u m b e r  o f  c a s e s  t o  b e  a n a l y z e d ,

E a c h  c a s e  w i l l  h a v e  a  s e t  o f  

1 2 ,  1 3 ,  1 4 ,  1 5 ,  a n d  16 C a r d s .

1 7 6



C a r d  1 2 .  1 3 ,  1 4 .  15 & 16

1) C a r d  12 & 1 3 ;  R e ad  M a t e r i a l  P r o p e r t i e s

FORMAT(8F10.0) t w o  c a r d s  f o r  e a c h  s e t

FORMAT(8F10.0)
1 0 2 0 30 40 50 60 70 80

lA L lI c s l CFll DSl DFl pol VII PE |
1 0 2 0 30

Ldmi POISl DMSl 1

ALl

CS

C F l

DS

DF

PO

V I

e l a s t i c  c o m p l i a n c e  c o n s t a n t .  

D i m e n s i o n  i s  i n  p s i .  

m a t e r i a l  c o n s t a n t  r e p r e s e n t i n g  

t h e  c o m p r e s s i b i l i t y  o f  t h e  

s o l i d .  I t  i s  d i m e n s i o n l e s s . 

b u l k  m o d u l u s  o f  t h e  f l u i d .  

D i m e n s i o n  i s  i n  p s i .  

m a s s  d e n s i t y  o f  t h e  b u l k  o f  

t h e  f l u i d - s o l i d .  D i m e n s i o n  

i s  i n  s l u g . / i n . 3  . 

m a s s  d e n s i t y  o f  t h e  f l u i d .
3

D i m e n s i o n  i s  i n  s l u g . / i n .  

p o r o s i t y .  I t  i s  d i m e n s i o n l e s s .  

v i s c o s i t y  o f  t h e  f l u i d .  L e t  i t  

b e  d i m e n s i o n l e s s  a n d  l e t  i t  t o  

b e  o n e .

1 7 7



PE

DM

POIS

DMS

c o e f f i c i e n t  o f  p e r m e a b i l i t y .  

D i m e n s i o n  i s  i n  i n . / s e c .  . 

m a t e r i a l  c o m p r e s s i v e  d a m p i n g .  

I t  i s  d i m e n s i o n l e s s .

P o i s s o n ' s  r a t i o .  I t  i s  

d i m e n s i o n l e s s .

m a t e r i a l  s h e a r i n g  d a m p i n g .  I t  

i s  d i m e n s i o n l e s s .

2) C a r d  1 4 ;  R e ad  Number o f  M a t e r i a l  Dam ping  To Be 

C o n s i d e r e d

FORMAT ( H O ,  2 F 1 0 . 0 )
1 0 _______ 2 0 _________ 30

INDAMPI DINDAMI DINDASI

o n e  c a r d  f o r  e a c h  s e t

3
NDAMP

DINDAM

DINDAS

n u m b e r  o f  m a t e r i a l  d a m p in g  t o  

b e  c o n s i d e r e d .  I f  i t  i s  tw o  

o r  g r e a t e r ,  t h e  v a l u e s  o f  DM 

a n d  DMS o f  13 C a r d  w i l l  b e  

a l t e r e d .

i n c r e m e n t  a d d e d  t o  t h e  p r e v i o u s  

v a l u e  o f  DM. I t  i s  d i m e n s i o n l e s s .  

i n c r e m e n t  a d d e d  t o  t h e  p r e v i o u s  

v a l u e  o f  DMS. I t  i s  d i m e n s i o n ­

l e s s  .
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10

3) C a r d  1 5 ;  R e a d  Number o f  F r e q u e n c i e s  To Be 

C o n s i d e r e d

FORMAT(8 1 1 0 )  o n e  c a r d  f o r  e a c h  s e t

_______________  - "  ~ i

NOM = n u m b e r  o f  f r e q u e n c i e s  t o  be

c o n s i d e r e d .

4 )  C a r d  1 6 :  R e ad  F r e q u e n c i e s  To Be C o n s i d e r e d

FORMAT(8F10. 0 )  a s  many c a r d s  a s  n e c e s s a r y

f o r  e a c h  s e t
10  20

l o M S T I l l I  OMST (2)1 U  loMST(I)l  U  lOMSTWOM)! I

OMST(I) = ' I ' t h  f r e q u e n c y  t o  b e  a n a l y z e d ,

1 7 9
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APPENDIX K

PROGRAM INPUT DATA AND SOURCES

T he  c o m p u t e r  p r o g r a m ,  l i s t e d  i n  A p p e n d i x  I  and  u s e d  

f o r  s o l v i n g  s o i l  p r o b l e m s  o f  i n t e r e s t ,  r e q u i r e s  a s e t  

o f  r e l e v a n t  s o i l  a n d  w a t e r  p r o p e r t i e s  a s  i n p u t s .  T h e s e  

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

a r e  l i s t e d  a n d  d e f i n e d  on T a b l e  K - l ,

T a b l e  K - l

INPUT
PARAMETER

COMPUTER
SYMBOL

DEFINITION

AL e l a s t i c  c o m p l i a n c e  c o n s t a n t

ot CS

m a t e r i a l  c o n s t a n t  r e p r e s e n t i n g  t h e  

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

c l e s :  e q u a l  o n e  f o r  s a t u r a t e d  s o i l

/VI CF b u l k  m o d u lu s  o f  f l u i d

/ • DS m a s s  d e n s i t y  o f  b u l k  o f  f l u i d - s o l i d

A DF m a s s  d e n s i t y  o f  f l u i d

f PO p o r o s i t y

n VI v i s c o s i t y  o f  t h e  f l u i d

4 . PE c o e f f i c i e n t  o f  p e r m e a b i l i t y

1 8 1



E l a s t i c  C o m p l i a n c e  C o n s t a n t

I n s t e a d  o f  o b t a i n i n g  t h e  I n d i v i d u a l  v a l u e s  o f  E  a n d  if ,

u s e  t h e  c o m p r e s s i v e  m o d u l u s ,  A l i r  , w h ic h  i s  e q u i v a l e n t  t o

Range  o f  v a l u e s  f o r  A w a r e  o b t a i n e d  f r o m

R e f e r e n c e  1 5 .

T a b l e  K-2

SOIL MATERIAL /Viv
2

k g /c m p s i

S a n d ,  d e n s e 500 t o  1000 7112  t o  142 2 3

C l a y ,  medium h a r d e o  t o  150 1 13 8  t o  2134

C l a y ,  p l a s t i c 5 t o  40 71 t o  569

M a t e r i a l  C o n s t a n t  R e p r e s e n t i n g  t h e  C o m p r e s s i b i l i t y  o f  t h e  

S o l i d  P a r t i c l e s

Use OC e q u a l s  o n e  f o r  s a t u r a t e d  s o i l .

B u i k  M o d u lu s  o f  F l u i d

M  * 4 2 . 3 2 4  x 10 6  l b / f t 2

= 2 9 3 . 9 1 7  x 1 0 3 p s i

M ass  D e n s i t y  o f  B u l k  o f  F l u i d - s o l i d

M ass  d e n s i t y  o f  b u l k  o f  f l u i d - s o l i d  i s  r e l a t e d  t o  

p o r o s i t y  o f  s o i l ,  r e l a t i v e  d e n s i t y  o f  d r y  s o i l  a n d  w a t e r  

d e n s i t y  a s  f o l l o w i n g
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yO =  ( I — f } G r $ % r  “h  fS v *

Use

<X = 2 . 6 5

& * =  ■ -6^ f — l b / f t 3 = 0 . 0 0 1 1 2 1 4 6  s l u g / i n 3

T a b l e  K-3

SOIL MATERIAL f /&  ( s l u g / i n 3 )

S a n d ,  d e n s e 0 .  35 0 . 0 0 2 3 2 4 3

C l a y ,  medium b a r d 0 . 4 0 0 . 0 0 2 2 3 1 7

C l a y ,  p l a s t i c 0 . 5 0 0 . 0 0 2 0 4 6 6

Mass D e n s i t v  o f  F l u i d

Mass d e n s i t y  o f  f l u i d  i s  r e l a t e d t o  p o r o s i t y  o f  s o i l

and  w a t e r  d e n s i t y  a s  f a l l o w i n g

T a b l e  K-4

SOIL MATERIAL f / \  ( s l u g / i n 3 )

S a n d ,  dense 0 . 3 5 0 . 0 0 0 3 9 2 5

C l a y ,  medium h a r d 0 . 4 0 0 . 0 0 0 4 4 8 6

C l a y ,  p l a s t i c 0 . 5 0 0 . 0 0 0 5 6 0 7

1 0 3



P o r o s i t y

F o r  v a l u e s  o f  p o r o s i t y  s e e  T a b l e  K-3  o r  T a b l e  K - 4 .

V i s c o s i t y  o f  t h e  F l u i d  and  C o e f f i c i e n t  o f  P e r m e a b i l i t y
( 2 , 3 , 4 )

B i o t ' s  d e f i n i t i o n  o f  c o e f f i c i e n t  o f  p e r m e a b i l i t y
( 1 3 )

i s  d i f f e r e n t  f r o m  J u m i K i s ' s  d e f i n i t i o n .  T hey  a r e

r e l a t e d  i n  t h e  f o l l o w i n g  way,

( — )  =   t t j u m l k i s
/ B i = t  t v

w h e r e  i s  s p e c i f i c  w e i g h t  o f  w a t e r .

T a b l e  K-5

SOIL MATERIAL - * J u m i K i s Ccrn /sec ) ( 4 ) B 1 3 t ( l n 3 - s e c / s l u , 3>

S a n d ,  d e n s e 1 0 ~ 3 t o  1 0 - 1 9 . 0 8 5 4  x ( l 0 ~ 4  t o  1 0 ~ 2)

C l a y ,  m edium  h a r d 1 0 “ 6  t o  1 0 ~ 5 9 . 0 9 5 4  x ( l 0 “ 7  t o  1 0 - 6 )

C l a y ,  p l a s t i c 1 0 ~ 6 9 . 0 8 5 4  x 1 0 ~ 7

1 8 4
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APPENDIX L

SAMPLE PROGRAM INPUT DATA

P r o g r a m  i n p u t  d a t a  Cor t h e  h o r i z o n t a l  c a s e  o f  Model  1 

( F u l l y  S a t u r a t e d )  a r e  l i s t e d  on T a b l e  L - l .

1 8 6



CARD h234S67e901234567(J90i£34567B90i234567890123456789Q l23456769012345678901234567890
TITLE UORI. STIFFNESS, (K SOIL DAMPING, TRANSMITTING BOUNDARIES, SAT 135 NODES,A=300
A 112 135
B 1 2 11 10 B 1 14 9
C l 1 9 1 15 9 1
C2 0 . 0 . 0 . 1 5 0 . 1 5 0 . 0 .
D I 1 1 0 . 3 9
D 1 2 0 . 3 9
D I 4 0 . 3 9
□ 2 2 0 . 8 1
D 2 4 0 . 1 8 1
E l 1
E2 a 9 18 -2 14 8 9
E2 105 127 128 1 8 1 1 1
F I 1
F2 28 2 0 . 12 9
F2 28 4 0 . 1 12 9
G1 0
HI 1
H2 3 1 1 19
H3 1 10 19
H4 300 .
11 1
12 1 4 0 0 0 . 1 . 2 9 3 9 0 0 . 0 . 002 3243 0 .0 0 0 3 9 2 5 0 .  35 1. 0 .0 9 0 8 5 4
13 0 . 0 .2 5 0 .
14 1 0 .0 5 0 .0 5
15 50
16 1 . 7949 3 .5 8 9 4 5 .3 8 4 0 7 .1 7 8 7 8 .9 7 3 4 1 0 .7 6 8 1 1 2 .5 6 2 8 1 4 .3 5 7 4
16 1 6 . 1521 1 7 .9 4 6 8 1 9 .7 4 1 5 2 1 .5 3 6 2 2 3 .3 3 0 8 2 5 .1 2 5 5 2 6 .9 2 0 2 2 8 .7 1 4 9
16 30 . 5096 3 2 .3 0 4 2 3 4 .0 9 0 9 3 5 .8 9 3 6 3 7 .6 8 8 3 3 9 .4 8 3 0 4 1 .2 7 7 6 4 3 .0 7 2 3
16 4 4 . 9670 4 6 .6 6 1 7 4 8 .4 5 6 4 5 0 .0 4 5 7 5 2 .0 4 5 7 53.B 404 5 5 .6 3 5 1 5 7 .4 2 9 8
16 5 9 . 2244 6 1 .0 1 9 1 6 2 .8 1 3 9 6 4 .6 0 8 5 6 6 .4 0 3 2 6 8 .1 9 7 8 6 9 .9 9 2 5 7 1 .7 8 7 2
16 7 3 . 5819 7 5 .3 7 6 6 7 7 .1 7 1 2 7 8 .9 6 5 9 8 0 .7 6 0 6 0 2 .5 5 5 3 8 4 .3 5 0 0 8 6 .1 4 4 6
16 V * 9393 8 9 .7  340

T a b le  L - l
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T a b l e  M - l

{P a r a m e t e r s  U sed  f o r  C o m p u te r  R u n s )

PARAMETER VALUE

u + i»a -2U ) 1 4 , 0 0 0  p s i

1

M 2 9 3 , 9 0 0  p s i

p 0 . 0 0 2 3 2 4  s l u g / i n 3

f t 0 . 0 0 0 3 9 2 5  3 l u g / i n 3

f 0 .  35

*a 9 . 0 8 5 4  x ( 10~^ t o  1 0 “ 2 ) i n ^ - s e c / s l u g

•At
- 4  - 1  

1 0  t o  1 0  c m / s e c

3 9 , 0 2 3  i n / s e c

X 0

{See  A p p e n d i x  K f o r  d e t a i l  p a r a m e t e r  d e f i n i t i o n s . )

1 8 9



T a b l e  M-2

( D e f i n i t i o n  o f  D i m e n s i o n l e s s  P a r a m e t e r s )

PARAMETER DIMENSIONED
VARIABLE

DIMENSIONLESS
VARIABLE

F r e q u e n c y SL ( 1 / s e c ) x = a £ l  /  >4
C o m p l i a n c e  

C o e f f  i c i e n t s : 

H o r i z o n t a l  

V e r t i c a l  

R o c k i n g

Fh /Ah  ̂Ps f ) 

F v  / A v  ( p s f )

M / $  f i b s )

Kkh =  / l K6f An)  

K v v  =  Fv  / ( T C ^ A v ) 

K t t =  M  /{-KjGkdfy)

w h e r e

Sim  -  f r e q u e n c y ,

F h = h o r i z o n t a l  f o r c e  a c t i n g  on t h e  f o o t i n g  d u e  

t o  A h  * h o r i z o n t a l  d i s p l a c e m e n t ,

F v  = v e r  t i c a l  f o r c e  a c t i n g  on t h e  f o o t i n g  d u e  t o  

A v -  v e r t i c a l  d i s p l a c e m e n t ,

= moment a c t i n g  on t h e  f o o t i n g  d u e  t o  , 

r o c k i n g  d i s p l a c e m e n t ,

CL = h a l f  w i d t h  o f  t h e  f o o t i n g .

1 9 0



Tabl-: .‘1-3

10DEL 1 (F3LL! 3 AT28 ATED, KJ-"0. 1 C 3 / j £C)

F D E Q U E H C T K H H ( H O R I Z O N T A L ) K V 7  ( V E R T I C A L ) K 7 r  ( R O C K I N G )

0 .  1 . 6 9 4 1 0 , . 3 8 5 ! 0 ) ( . 7 8 1 ! 0 , .  7 9 7E 0 ) ( . 1 5 5 8  1 .  3 0 4 ! 0)
0 . 2 •  7 9 4 ! 0 . . 3 1 5 ! 0) ( . 1 1 8 ! 1 . .  8 7 . 3 E 0 ) ( . 1 6 7 ! 1 . 2 8 2 ! 0 )
0 . 3 .  7 6 2 ! 0 , .  3 1 4  E 0 ) ( .  12 9 E 1 , . 8 3 5 ! 0 ) ( .  1 6 8 ! 1 .  2 6 9 E 9 )
0 . 4 . 6 8 2 ! 0 , . 3 8 4 ! 01 ( . 1 2 2 B 1 , . 8 1 7 ! 0 ) ( . 1 6 5 ! 1 .  2 7 7 S 0 )
0 . 5 . 6 1 5 ! 0 , . 5 1 6 ! 01 ( . 1 0 2 ! 1 , .  8 5 9 ! 0 ) i . 1 5 9 ! 1 .  3 0 2 ! 3 )
0 . 6 . 5 7 7 1 0 . . 6 S 0 E 0) ( . 7 1 9 ! 0 , .  9 9 4 2 01 1 . 1 5 0 ! 1 .  3 4 3 ! 0 )
0 . 7 . 5 1 5 ! 0 , . 7 8 5 ! 0 ) 1 . 3 8 3 ! o . .  1 2 6 E 1) (  . 1 3 7 ! 1 .  4 2 6 ! 0 )
O . S .  4 2 9  E 0 , . 9 8 6 2 o> ( . 1  1 0 E 0 , .  H 3 E 11 f . 1 2 5 5 1 . 5 8 2 ! 0)
0 . 9 .  4 1 7 E 0 , . 1 2 9 ! 1) ( - . 5 6 2 6 -  1 , .  1 9 8 E 1. ( . 1 2 2 ! 1 .  7 7 2 E 0)
1 . 0 . 6 1 0 ! 0 . .  1 5 S E 1) ( - . 3 0 7 ! o . . 2 2 2 1 ( . 1 2 4 ! 1 . 8 7 4 !
1 . 1 .  9 9 3 ! 0  * . 1 6 3 ! 1 ) 7 3 7 E o . . 2 6 1 ! l l ( .  1 1 6 ! 1 .  9 2 9 ! 01
1 . 2 . 9 8 1 ! 0. .  1 4 9 E 1} 1 0 3 E 1 , .  3 3 3 E 11 ( . 1 0 3 ! 1 .  1 0 8 ! 1)
1 . 3 .  8 6 0 ! 9 , . 1 4 2 ! 1) ( - . 8 2 3 8 0 , .  3 9 9 Z 11 ( . 9 9 4 ! 0 .  1 3 3 E 1)
1 . 4 . 6 7 9 1 0 . .  1 5 1 E 1) ( - . 5 5 6 E Or .  4 0  7 2 l l 1 .  11 I E 1 .  1 4 8 E 1)
1 . 5 .  5 7 7  E 0 , . 1 7 3 ! 1) 7 5 8  E o , .  3 9 0 ! 1 j ( . 1 1 6 E 1 .  14 5 B 1)
1 . 6 .  5 8 1 1 0 . . 1 9 6 ! 1) ( - .  1 1 6 2 1 . .  4 0 6 3 1) ( . 1 C  2 5 1 .  1 4 2 ! 1)
1 . 7 . 6 6 7 1 0 . •  2 1 5 E 1) ( - . 1 o 3 E 1 , .  4 2 3 E 11 ( . 8 2 8 ! 0 .  1 5 5 E 1)
1 . 8 . 7 9 7 ! 0 . . 2 2 5 ! 1) ( - . 2 2 9 ! 1 , .  4 5  I E 1} ( . 7 5 5 E 0 .  1 7 7 ! 1)
1 . 9 . 8 6 7 1 0 , . 2 2 3 ! 11 ( - .  2 9 6 6 1 , .  5 1 0 E l l ( .  7  7 1 E 0 .  1 8 8 ! 1)
2 . 0 .  9 0 6 ! 0 , . 2 2 0 ! 1) ( —. 3 4 4 E 1 , .  5 8 8 E 1) ( . 6  9 6 E 0 .  1 8 2 ! 11
2 .  1 . 6 6 6 ! 0 , . 2 2 7 ! 1) ( - . 3 6 9 ! 1 , . 6 7 9 ! 1) ( . 5 4 6 ! 0 .  2 0 2 ! 1)
2 . 2 . 5 4 7 ! 0 , .  2 4 5 ! 1) ( - . 3 4 7 ! 1 , .  7 6 3 E 1) ( - 3  3 7 E J .  2 2 0 E 1)
2 . 3 . 5 1 1 ! 0 , . 2 6 8 ! 1) ( - . 3 0 2 ! 1 , .  7 8  I E 1) ( . J 2 4 S 0 .  2 4 5 ! 1)
2 . 4 . 5 6 2 ! 0 , .  2 9 1 ! 1) I - . 3 1 2 ! 1 , .  7 4 6 E 1) ( . 4 0 1 ! 0 -  2 6 b ! 1)
2 . 5 . 6 9 3 1 0 , .  3 0 8 ! 1) ( - . 3 8 3 ! 1 . . 7 2 7 ! 1) ( . 4 S 7 E 0 .  2 6 0 ! 1)
2 . 6 .  8 6 9  E 0 * . 3 1 6 ! 1 ) ( - . 4 8 4 ! 1 , • 7 4  4 E 1) [ . 4 3 0 E 0 .  2 5 9 ! 1)
2 . 7 . 9 9 3 ! 0 . .  3 1 0 ! 1) ( - . 5 9 6 ! 1 , . 8 0 5 ! 1) ( . 1 9 3 E 0 .  2 5 - i E 1)
2 . a .  1 0 0 ! t . . 2 9 8 5 1) ( - . 6 9 0 ! 1 , .  9  1 8 E 11 ( - . 1 0 9 ! 0 .  2 6 9 ! 1)
2 . 9 . 8 7 0 ! 0 . . 2 9 0 ! 1) ( - . 7 2 7 ! 1 , .  1 0 6 ! 21 ( - . J 5 4 E 0 .  2 9 7 ! 1)
3 . 0 . 6 5 8 ! o . .  2 9 2 ! 1) ( - . 6 9 9 ! 1 , . 1 1 7 ! 2 ) ( - . 4 6  1E 0 .  J 3 1 E
3 . 1 . 4 4 4 ! 0 , . 3 0 8 ! 1 ) ( - . 6 6 7 ! 1 , .  1 2 2 ! 2 ) ( - . 4 1 6 ! 0 . 3 6 1  C 1)
3 . 2 . 3 0 8 ! 0 , . 3 3 4 ! 1 ) ( - . 6 7 1 ! 1 , .  1 2 U E 2 ) ( - . 2 9 4 E 0 .  J 7 7  E 1 j
3 . 3 .  2 9 6 ! 0 , .  3 6 4 ! 1 ) ( - . 6 9 4 ! 1 , .  1 2 7 ! 2 ) ( - . 2 2 7 E 0 .  3 ? ? E 1)
3 . 4 . 4 1 0 ! *  * . 3 9 0 ! 1 ) ( - •  7 2 3 E 1 , .  1 2 8 E 21 I - . 3 0 4 E 0 .  3 7 1 2 1)
3 . 5 • 6 0 3  E o , .  4 0 6 ! 1) [ - .  7 8 8 E 1 , .  1 3 0 E 2 ) ( - . 5 1 5 ! 0 .  3 7  2  E 1)
3 . 6 . 7 9 7 ! 0 . •  4 0 9 E 1 ) ( - . 8 6 8 ! 1 , .  1 3 4 ! 21 ( - . 7 5 2 ! 0 .  3 8 6  E 1)
3 . 7 . 9 2 5 ! 0 , .  4 0 2 ! 1 ) ( - . 9 5 3 ! 1 , .  1 3 9 E 2 } ( - . 6 9 7 ! 0 .  4 0 b ! 1)
3 . 8 . 9 6 6 ! 0 . . 3 9 2 ! 1) ( - . 1 0 4 ! 3 , ,  1 4 7 2 21 ( - . 9 4 4 ! 0 .  . 2 5 1 l l
3 . 9 . 9 2 5 ! 0 . . 3 8 2 ! 1 ) ( - .  1 1 J E 2 , .  1 5 t E 2 ) ( - . 1 0 2 ! 1 .  4 3 2 ! 1)
4 . 0 . 3 1 3 ! 0 . .  3 7 5 ! 1 ) ( - . 1 2 2 2 2 , .  1 6 7 E 2 ) ( - . 1 1 8 ! 1 .  4 3 8 ! 1)
4 .  1 . 6 4 6 ! 0 , . 3 7 4 ! 1 ) ( - . 1 2 0 ! 2, .  1 9 3 ! 2 ) ( - .  1 3 6 ! 1 .  4 5 0  E 1)
4 . 2 . 4 6 3 ! 0 . . 3 8 3 ! 1) ( - . 1 2 9 ! 2 , .  2 3 0 ! 21 ( - . 1 5 JE 1 .  4 6 3 ! 1)
4 . 3 . 3 4 9 ! C , .  4 0 0 ! 1) ( - .  1 2 3 2 I . .  2 1 5 E 21 ( - . 1 7 5 E 1 .  4 7 b E 1)
4 . 4 . 3 3 0 ! C, . 4 1 9 ! 1) ( - ,  1 1 4 2 2, .  2 2 0 ! 2 ) ( - . 2 0 2 ! 1 .  4 9 7 ! 1)
4 . 5 . 4 1 0 ! 0 . . 4 3 0 ! 1 ) ( - .  1 1 0 ! -I* j . 2 1 9 ! 2J ( - . 2 2 5 ! 1 . 5 3 1 ! 1J
4 . 6 . 4 6 9 1 0 , .  4 3 1 ! 11 ( - . 1 1 3 ! 2 , . 2  I 7 E 2 ) ( - . 2 3 2 ! 1 . 5 7 3 ! 1)
4 . 7 . 4 3 0 ! 0 , . 4 2 7 ! 1) ( - . 1 2 1 2 2 , . 2 1 7 ! 2) ( - . 2 1 7 ! 1 .  6 1 0 ! 1)
4 . 8 . 3 0 1 ! 0 , .  4 3 0 E 11 ( - . 1 3 0 ! 2 , .  2 2 0 E 21 ( - .  1 H 8 E 1 .  6 2 4 ! 1)
4 . 9 .  1 8 7 ! o. .  4 4 7 ! 1) ( - .  1 4  2S 2 , . 2 2 5 ! 2) ( - . 1 6 7 ! 1 .  6 0 8 ! 1)
5 . 0 . 2 1 7 ! 0 . . 4 7 2 ! 1) ( - . 1 5 - * ! ■yA* # .  2 3 4 ! 21 ( - . 1 7 2 ! 1 . 5 7 7 ! 1)

1 9 1



T ab le  M-4

BO DEL 1 (FULLr SITURAT8D,KJ»0. 01 CB/SEC)

F R E Q U E N C Y K B H ( H O R I Z O N T A L ) K V V  ( Y B H T I C A L ) K T T ( R O C K I N G )

0 .  1 . 7 5 4 1 o» .  4 1 6 E 0 ) ( . 8 0 5 8 0 . 8 0 8 8 0 ) (  . 1 6 8 8  1 . . 2 2 4 8 0)
0 . 2 .  8 5 9 E 0 , .  3 2 1 E 0 ) ( . 1 2 1 8 1 . 8 7 9 8 0) (  . 1 7 5 8 1 , . 2 1 1 8 0)
0 . 3 . 8 1 4 1 0 , . 3 1 4 8 0 ) ( . 1 3 2 8 1 .  8 3 8 8 0 ) ( . 1 7 4 8 1 , . 2 1 2 8 0 )
0 . 4 . 7 2 2 8 o . . 3  9 0 8 0 ) ( . 1 2 4 E 1 .  8 1 9 8 0 ) ( . 1 6 9 8 1 , . 2 3 5 8 0 )
0 . 5 . 6 4 9 8 o . . 5 3 4 8 0 ) ( . 1 0 3 8 1 . 9 6 4 8 0 ) ( . 1 6 2 8 1 r .  2 7 3 8 0 )
0 . 6 . 6 1 1 1 O r .  6 7 9 E 0 ) ( . 7 1 8 8 0 .  1 0 1 8 1) ( . 1 5 3 8 1 , .  3 2 4 8 0 )
0 . 7 .  5 4 4 E 0 , . 8 2 1 8 0 ) (  . 3 7 3 8 0 .  1 2 8 8 1) ( . 1 4 0 8 1 , . 4 1 7 8 01
o . e . 4 5 0 8 0 . . 1 0 4 8 1> ( . 9 0 7 E - 1 . 1 6 7 8 1) ( . 1 2 8 8 1 , .  5 8 5 8 01
0 . 9 . 4 3 2 8 0 , .  1 3 7 8 1 ) ( - . 5 7 3 8 - 1 . 2 0 3 8 1 ) t  . 1 2 6 8 1 , •  7 8 2 E 0)
1 . 0 . 6 5 1 8 0, . 1 7 1 8 ( - . 3  1 0 8 0 .  2 2 6 8 1) ( . 1 2 8 8 1 , .  8 7 7 8 0 )
1 .  1 . 1 0 0 1 1 , . 1 7 6 8 1 ) ( - . 7 6 7 8 0 . 2 6 4 8 1) ( . 1 1 9 8 1, .  9 2 9 8 0)
1 . 2 . 1 1 3 8 1, .  1 5 7 8 1) ( - . 1 1 0 8 1 .  3 3 8 8 1) (  . 1 0 4 8 1 , .  1 0 8 8 1 )
1 . 3 . 9 8 9 8 o . .  1 4 5 8 11 ( - . 8 9 5 8 0 . 4 0 9 8 1) ( . 1 0 0 8 1 , .  1 3 5 8 1)
1 . 9 . 7 7 2 1 0, .  1 5 4 8 1) ( - . 6 0 7 8 0 . 4 1 8 8 1) 1 . 1 1 3 8 1 , .  1 5 2 8 1)
1 . 5 . 6 4 7 8 0 , .  1 7 7 E 1 ) ( - . 8 2 3 8 0 . 4 0 9 8 1) (  . 1 1 9 8 1 , .  1 4 7 8 1 )
1 . 6 . 6 5 0 1 Or . 2 0 3 8 1 ) ( - .  1 2 5 8 1 .  4 2 3 8 1) ( . 1 0 3 8 1, .  1 4 4 8 1)
1 . 7 . 7 5 0 1 o. .  2 2 3 8 1) ( - . 1 6 9 8 1 .  4 4 1 8 1) ( . 8 2 2 8 o . .  1 5 8 8 1)
i . a . 9 0 2 8 o . . 2 3 3 8 1 ) ( - . 2 3 3 8 1 . 4 7 0 8 1) ( . 7 4 9 8 Or .  1 8 3 8 1 )
1 . 9 .  9 8 2 1 0, . 2 2 9 8 1 ) ( - . 2 9 9 8 1 .  5 3 0 8 1) ( . 7 8 2 8 Or .  1 9 5 8 1)
2 . 0 . 9 1 4 8 Or .  2 2 5 8 11 ( - . 3 4 6 8 1 . 6 0 9 8 1) ( . 7 1 4 8 Or .  1 9 8 8 1)
2 . 1 . 7 5 9 8 Or . 2 3 i e 1 ) ( - . 3 7 2 8 1 . 7 0 1 8 1) ( . 5 5 4 8 0 , . 2 0 7 8 1)
2 . 2 . 6 2 3 8 o. . 2 5 0 8 11 ( - . 3 4 8 8 1 . 7 8 9 8 1) ( . 3 8 5 8 Or .  2 2 5 8 1)
2 . 3 . 5 7 7 8 0, . 2 7 5 8 ( - . 2 9 9 8 1 .  8 0 7 8 1) ( . 2 9 7 8 0 , . 2 5 3 8 1)
2 . 4 . 6 2 9 1 Or . 3 0 0 8 11 ( - . 3 0 7 8 1 . 7 7 1 8 1) (  . 3 8 0 8 o . .  2 7 6 8 1)
2 . 5 . 7 7 6 1 Or . 3 2 0 8 11 ( - . 3 7 7 8 1 . 7 5 2 8 1) ( . 5 0 0 8 o . .  2 7 9 8 1)
2 . 6 . 9 8 1  8 Or . 3 2 7 8 11 ( - . 4 7 6 8 1 . 7 6 7 8 1) ( . 4 4 5 8 o. . 2 6 9 8 1)
2 . 7 . 1 1 4 1 1 , .  3 2 1 8 11 ( - . 5 8 9 8 1 . 8 2 5 8 1) (  . 2 0 2 8 0 , .  2 6 5 8 1)
2 . 9 . 1 1 6 8 1 , . 3 0 5 8 11 ( - . 6 8 6 8 1 . 9 3 6 8 1) ( - . 1 1 4 8 o . .  2 7 8 8 1)
2 . 9 . 1 0 1 8 1 r . 2 9 4 8 1 ) ( - . 7 2 7 8 1 .  1 0 8 8 2 ) ( - . 3 7 2 8 Or .  3 0 6 8 1)
3 . 0 . 7 6 8 8 0, . 2 9 5 8 1) ( - . 7 0 1 8 1 .  1 2 0 8 21 ( - . 4 8 5 8 0 , .  3 4 2 8 1)
3 .  1 . 5 2 7 8 Or . 3 1 1 8 1 ) ( - . 6 6 9 8 1 .  1 2 5 8 2 ) ( - . 4 4 0 8 Or .  3 7 4 8 1)
3 . 2 . 3 7 2 1 o. .  3 3 9 8 1 ) ( - . 6 7 4 8 1 . 1 2 7 8 2 ) ( - . 3 1 4 8 0 , .  3 9 1 8 1)
3 . 3 . 3 5 3 8 Or . 3 7 1 8 11 ( - . 6 9 5 8 1 .  1 3 0 8 2 ) ( - . 2 4 2 8 o . . 3 9 1 8 1 )
3 . 4 . 4 7 1 8 Or . 4 0 0 8 1 ) ( - . 7 2 5 8 1 . 1 3 2 8 2 ) ( - . 3 1 8 8 0 . . 3 8 6 8 1)
3 . 5 . 6 7 8 8 o . . 4 1 7 8 1) ( - . 7 7 9 8 1 .  1 3 4 8 2 ) ( - . 5 4 0 8 Or . 3 8 7 8 1)
3 . 6 . 8 9 2 8 0. . 4 2 1 8 1) ( - . 8 5 3 8 1 .  1 3 9 8 2 ) ( - . 7 9 1 8 o . . 4 0 3 8 1)
3 . 7 .  1 0 4 1 1, . 4 1 5 8 11 ( - . 9 3 1 8 1 .  1 4 3 8 2 ) ( - . 9 3 1 8 0 . .  4 2 8 8 1)
3 . 9 . 1 1 0 1 1 , .  4 0 4 8 11 ( - . 1 0 2 8 2 .  1 4 9 8 2 ) ( - . 9 4 1 8 Or .  4 4 7 8 1)
3 . 9 . 1 0 8 8 1 r .  3 9 2 8 11 ( - . 1 1 1 8 2 .  1 5 7 8 2 ) ( - . 9 7 1 8 0 . .  4 5 3 8 1)
4 . 0 . 9 6 9 8 o. . 3 8 2 8 11 ( - . 1 2 1 8 2 .  1 6 9 8 2 ) ( - . 1 1 2 8 1 , . 4 5 6 8 1)
4 . 1 . 7 8 7 1 Or . 3 7 9 8 1) ( - . 1 2 9 8 2 .  1 9 4 8 2 | ( - . 1 3 2 8 1 , .  4 6 5 8 1)
4 . 2 . 5 8 5 1 o. . 3 8 6 8 1 } ( - . 1 3 0 8 2 . 2 0 2 8 2 ) ( - . 1 5 2 8 1 , .  4 7 6 8 1)
4 . 3 . 4 4 2 8 0, . 4 0 3 8 11 ( - . 1 2 3 8 2 . 2 1 8 8 2 ) ( - . 1 7 7 8 1 , . 4 8 9 8 1)
4 . 4 . 4 1 3 8 o . . 4 2 3 8 11 ( - . 1 1 4 8 2 . 2 2 4 8 2) ( - . 2 0 7 8 1 , . 5 1 1 8 1)
4 . 5 . 4 7 5 8 Or . 4 3 6 8 1) ( - . 1 1 0 8 2 . 2 2 2 8 2) ( - . 2 3 3 8 1 r .  5 4 8 8 1)
4 . 6 . 5 2 6 8 Or . 4 3 8 8 1) ( - . 1 1 3 8 2 . 2 2 0 8 2) ( - . 2 4  18 1 , .  5 9 6 8 1)
4 . 7 . 4 8 0 8 Or . 4 3 5 8 11 ( - . 1 2 0 8 2 . 2 2 1 8 2) ( - . 2 2 4 8 1 , .  6 4 0 8 1)
4 . 9 . 3 4 7 8 0, . 4 4 0 8 1) ( - . 1 3 0 8 2 .  2 2 4 8 2) ( - . 1 8 9 8 1 # . 6 5 7 8 1)
4 . 9 . 2 3 5 1 Or . 4 6 0 8 11 ( - . 1 4 0 8 2 . 2 2 9 8 2) ( - . 1 6 0 8 1 , . 6 4 0 1 1)
5 . 0 . 2 8 8 1 Or . 4 8 8 8 11 ( - . 1 5 3 8 2 . 2 3 7 8 2> ( - . 1 6 1 8 1 , . 6 0 3 8 1)
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Tab’ s  M-5

K O D S L  1 ( F U L L !  S A T U R A T E D , K J » 0 . 0 0 0 1  C H / S E C )

P R E Q U E V C T  K H H ( H O R I Z O R T A L )  K V V ( V E R T I C A L )  K T T  ( R O C K I N G )

0 .  1 ( . 8 0 0 1 0 , . 4 1 4 ! 0 ) (  . 8 0 8 8 O r . 8 1 6 8 0 ) ( . 1 7 1 8 1 , .  1 9 1 8 0 )
0 . 2 ( . B 8 4 Z O r . 3 0 6 ! 0 ) ( . 1 2 2 8 1 , . 8 8 7 8 0 ) [ . 1 7 6 8 1 , . 1 9 0 8 0 )
0 . 3 ( . B 3 0 E o . . 3 0 3 8 0 ) ( . 1 3 3 8 1 , . 8 4 2 8 0 ) ( . 1 7 5 8 1 , . 1 9 7 8 0}
0 . 4 ( . 7 J 4 E 0 . . 3 8 5 8 0 ) (  . 1 2 5 8 1 , . 8 2 1 8 0 ) ( . 1 7 0 8 1 , . 2 2 4 8 0 )
0 . 5 ( . 6 6 2 1 o . . 5 3 4 8 0 ) ( .  1 0 3 8 1 , . 8 6 6 8 0 ) ( . 1 6 3 8 1 , .  2 6 5 8 0 )
0 . 6 ( . 6 2 4 E o . .  6 6 0 E 0 ) ( . 7 2 4 8 o . .  1 0  1 E 1) ( . 1 5 4 8 1 , .  3 1 9 E 0)
0 . 7 ( . 5 5 7 1 0 , . 8 2 5 8 0 ) ( . 3 7 8 8 O r - 1 2 9 8 1 ) ( . 1 4  1 2 1 , . 4 1 4 8 0 )
0 . 8 ( . 4 6 2 1 0 , . 1 0 4 8 1 ) ( . 1 0 5 8 0 , .  1 6 9 8 1 ) ( . 1 2 9 8 1 , .  5 8 4 8 0)
0 , 9 ( . 4 4 6 E 0 , . 1 3 9 8 1) ( - . 4 7 7 8 - • 1 , . 2 0 4 ! 1 ) ( . 1 2 7 E 1 . . 7 8 1 8 0)
1 . 0 ( . 6 7 3 E 0 . .  1 7 3 8 1) ( - . 3 0 1 8 0 , . 2 2 6 ! 1) ( . 1 2 9 8 1 , .  B 7 5 E 0)
1 .  1 ( . 1 0 4 ! 1 , . 1 7 7 8 1) ( - . 7 6 3 8 O r .  2 6  5 E 1 ) ( . 1 2 0 8 1 , . 9 2 7 8 0 )
1 . 2 ( .  1 1 6 E 1 , .  1 5 7 8 1) ( - .  1 1 0 8 1 , . 3 3 9 8 1) ( . 1 0 5 8 1 , .  1 0 9 8 1)
1 . 3 (  * 1 0 1 1 1 , .  1 4 5 8 1» ( - . 8 9 3 8 O r .  41 I E 1) [ . 1 0 1 8 1 , .  U S E 1)
1 . 4 ( . 7 9  1 E 0 . . 1 5 4 8 1) ( - . 5 9 9 8 O r . 4 2 1 8 1) ( . 1 1 4 8 1 , . 1 5 2 8 1)
1 . 5 ( . 6 6 4 8 o . .  1 7 7 ! 1 ) ( - . 0 1 4 8 O r . 4 1  1 8 1 ) ( . 1 2 0 8 1 , .  1 4 8 8 1)
1 . 6 ( . 6 6 0 1 o . . 2 0 3 ! 1 ) ( - . 1 2 4 E 1 , .  4 2 6 8 1) ( . 1 0 4 8 1 , .  1 4 5 8 1)
1 . 7 { . 7 7 1 ! O r . 2 2 4 ! 1) ( - . 1 6 7 8 1 , • 4 4 5 E 1) ( . 8 2 9 8 o . .  1 5 4 8 1)
1 . 0 (  . 9 2 0 ! o . . 2 3 3 8 1) ( - . 2 3 1 8 1 , . 4 7  3 8 1 ) ( . 7 5 7 8 o . .  1 0 4 8 1)
1 . 9 ( . 1 0  I S 1 , . 2 2 9 8 1) ( - . 2 9 6 8 1 , .  5 3 3 8 1) ( . 7 9 4 8 O r .  1 9 6 E 1)
2 . 0 ( . 9 3 6 ! O r . 2 2 5 ! 1) ( - . 3 4 4 8 1 , . 6 1  1 8 1 ) ( . 7 2 6 8 O r .  1 9 4 8 1)
2 . 1 ( . 7 7 8 ! o . .  2 3 1 8 1 ) ( - . 3 7 0 8 1 . .  7 0  4 E 1 ) ( . 5 6 3 8 o . .  2 0 8 8 1)
2 . 2 ( . 6 4 0 ! O r . 2 5 0 8 1) ( - . 3 4 6 8 1« . 7 9 2 8 1) ( . 3 9 2 8 O r .  2 2 6 8 1)
2 . 3 ( . 5 9 3 1 0 . . 2 7 5 8 I t ( - . 2 9 6 8 1 . . 8 1 0 8 1) ( . 3 0 3 8 Or . 2 5 4 8 1)
2 . 4 ( . 6 4 7 ! Or . 3 0 1 ! I t ( - . 3 0 4 8 1 , . 7 7 4 8 1 ) t  . 3 9 0 8 o . . 2 7 8 8 1)
2 . 5 ( . 7 9 8 ! o . . 3 2 1 8 ’ t ( - . 3  7 4 8 1 , . 7 5 4 E 1) ( . 5 1 4 8 0 , . 2 8 1 8 1)
2 . 6 ( . 1 0 1 ! 1, . 3 2 9 ! M ( - . 4 7 2 8 1 , . 7 6 8 ! 1 ) ( . 4 6 0 8 O r . 2 7 0 8 1)
2 . 7 1 . 1 1 7 ! 1, .  3 2 1 8 I t ( - . 5 3 6 8 1 , .  B 2  6 8 1) ( . 2 1 5 8 0 . .  2 6 6 8 1)
2 . 8 ( . 1 1 9 ! 1 , . 3 0 5 8 1> ( - . 6 8 4 8 1 , • 9 3 7 E 1) ( - .  1 0 4 8 Or .  2 7 9 8 1)
2 . 9 ( . 1 0 4 ! 1 , . 2 9 3 8 1) ( - . 7 2 6 8 1 . .  1 Q 8 E 2) ( - . 3 6  3 8 O r .  3 0 8 8 1)
3 . 0 [ . 7 0 0 ! o # . 2 9 4 8 ' > ( - . 7 0 0 8 1 , .  1 2 0 E 2 ) ( - . 4 7 6 8 o . . 3 4 4 8 1)
3 .  1 ( . 5 4 2 ! o . . 3 1 1 8 M ( - . 6 6 8 8 1 r .  1 2 5 8 2 ) ( - . 4 3  I B 0 , . 3 7 6 8 1 )
3 . 2 ( . 3 0 6 8 O r . 3 3 9 8 1 ) ( - . 6 7 2 8 1 , .  1 2 7 8 2 ) ( - . 3 0 3 8 O r . 3 9 2 8 1)
3 . 3 ( . 3 6 7 ! Or . 3 7 2 8 1) ( - . 6 9 3 8 1 , .  1 3 0 E 2 ) ( - . 2 3 1 8 o . . 3 9 3 8 1)
3 . 4 ( . 4 8 6 ! Or . 4 0 1 8 11 ( - . 7 2 3 8 1 , .  1 3 2 E 2 ) ( - . 3 0 8 8 o . , 3 8 7 8 1)
3 . 5 ( . 6 9 6 ! Or . 4 1 9 8 I t ( - . 7 7 6 8 1, . 1 3  4 8 2 ) ( - . 5 3 1 8 o » . 3 0 0 8 1)
3 . 6 ( . 9 1 4 ! Or . 4 2 2 8 U ( - .  S 4 9 8 1 , .  1 3 8 8 2 ) ( - . 7 8 2 8 o . .  4 0 5 8 1)
3 . 7 ( . 1 0 7 ! 1 r .  4 1 6 8 1 ) ( - . 9 2 7 8 1 , .  1 4 3 8 2 ) ( - . 9 2 0 8 0 , . 4 3 1 8 1)
3 . 8 ( . 1 1 3 ! 1 , . 4 0 5 8 11 ( - . 1 0 1 8 2 r .  1 4 5 8 2) ( - . 9 2 3 8 0 , .  4 5 0 8 1)
3 . 9 (  . 1 1 1 ! 1 , . 3 9 2 8 11 ( - . i  u s 2 , .  1 5 7 E 2) ( - .  9 4  B E o , . 4 5 5 E 1)
4 . 0 ( . 9 9 7 ! 0 , . 3 8 2 8 I t ( - . 1 2 1 8 2 , .  1 6  B E 2 ) ( - . 1 1 0 8 1 , .  4 5 7 8 1)
4 .  1 ( . 8 1 1 ! Or . 3 7 8 8 1 | ( - . 1 2 8 8 2 , . 1 8 4 8 2 ) ( - . 1 3 0 8 1 , .  4 6 6 8 1)
4 . 2 ( . 6 0 4 ! 0 , . 3 8 6 8 1) ( - . 1 3 0 8 2 , . 2 0 3 8 2 ) ( - . 1 5 1 8 1 , . 4 7 7 8 1)
4 . 3 (  . 4 5 7 ! O r . 4 0 3 8 11 ( - . 1 2 3 8 2 , . 2 1 8 8 2 ) ( - .  1 7 6 8 1 r .  4 9 0 8 1 )
4 . 4 ( . 4 2 6 ! o . . 4 2 3 8 1 ) ( - . 1  1 4 8 2 , .  2 2 4 8 2 ) ( - . 2 0 6 8 1, . 5 1 3 8 1)
4 . 5 ( . 4 8 6 ! Or . 4 3 6 8 1 ) ( - . 1 1 0 8 2 , . 2 2 3 8 2 ) ( - . 2 3 2 8 1 , . 5 5 0 8 1)
4 . 6 ( . 5 3 7 ! o . . 4 3 8 8 11 ( - . 1 1 3 8 2 , . 2 2 0 8 2 ] ( - . 2 4 1 8 1 r •  S 9 9 E 1)
4 . 7 ( . 4 9 1 ! 0 , . 4 3 6 8 I t ( - . 1 2 0 8 2 r . 2 2 1 8 2 ) ( - . 2 2 4 8 1 * . 6 4 4 8 1)
4 . 8 (  . 3 5 0 ! O r . 4 4 1 8 1 ) ( - . 1 2 9 8 2 , . 2 2 4 8 2 ) ( - .  1 8 7 8 1, . 6 6 1 8 1)
4 . 9 (  . 2 4 8 ! O r . 4 6 1 8 1 ) ( - . 1 4 0 8 2 , . 2 2 9 8 2) ( - .  1 5 8 E 1 r . 6 4 3 8 1)
5 . 0 (  . 3 0 6 ! O r . 4 9 0 8 11 ( - . 1 5 2 8 2 , . 2 3 7 8 2 ) ( - . 1 5 9 8 1 , . 6 0 5 8 1 )
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T abla M-6

i l O D E L  1 A  ( P A R T I A L L Y  S A T U R A T E D  

F R E Q U E N C Y  K H R ( H O R I Z O N T A L )

0 . 1 ( . 6 1 9 1 o . . 2 8 3 1 0
0 . 2 ( . 6 7 4 1 o . .  2 1 8 E 0
0 . 3 ( . 6 4 4 1 0 . • 2 2 5 E 0
0 . 4 ( . 5 9 3 1 0 . . 2 9 3  E 0
0 . 5 ( . 5 7 2 1 0 , .  4 0 2 E 0
0 . 6 ( . 5 7 9 1 0 . .  4 9 7 E 0
0 . 7 ( . 5 6 5 1 0 . . 5 9 0 1 0
0 . 9 ( . 5 5 4 1 0 , .  7 3 7 E 0
0 . 9 ( . 6 4 5 1 0 . . 9 2 4 E 0
1 . 0 ( . 8 5 0 1 0 , . 9 7 9 1 0
1 . 1 ( . 9 5 1 E 0 , . 8 6 5 1 0
1 . 2 ( . 8 7 5 1 0 , .  7 7 4 E 0
1 . 3 ( . 7 3 5 1 0 . .  8 2 1 E 0
1 . 4 ( . 6 7 1 1 0 , .  9 8 5 E 0
1 . 5 ( . 7 2 7 1 0 . .  1 1 4 1 1
1 . 6 (  . 8 1 8 1 0 . .  1 2 1 1 1
1 . 7 { . 9 0 2 1 0 , .  1 2 3 E 1
1 . 8 ( . 9 5 6 1 0 , . 1 2 0 1 1
1 . 9 ( . 9 4 1 1 0 . . 1 1 6 1 1
2 . 0 ( . 8 6 6 1 0 , . 1 1 5 1 1
2 . 1 ( . 7 9 3 1 0 , .  1 2 3 1 1
2 . 2 (  . 7 8 3 1 0 , .  1 3 4 1 1
2 . 3 ( . 8 3 7 1 0 , .  1 4 1 E 1
2 . 4 ( . 9 0 7 1 0 . .  1 4 3 E 1
2 . 5 ( . 9 5 5 1 0 . . 1 3 9 1 1
2 . 6 ( . 9 4 3 1 0 , .  1 3 1 1 1
2 . 7 ( . 8 5 8 1 0 . .  1 2 4 E 1
2 . 8 ( . 7 1 8 1 0 , .  1 2 3 1 1
2 . 9 ( . 5 6 6 1 0 , .  1 2 9 E 1
3 . 0 ( . 4 5 4 1 0 . .  1 4 2 1 1
3 .  I (  - 4 2 5 1 0 , .  1 6 0 1 1
3 . 2 ( . 4 9 1 1 0 . .  1 7 4 1 1
3 . 3 (  . 6 1 7 1 0 . .  1 8 0 1 1
3 . 4 (  . 7 3 2 1 0 . . 1 7 5 1 1
3 . 5 ( . 7 6 6 1 0 , .  1 6 1 E 1
3 . 6 ( . 6 8 8 1 0 . .  1 4 5 1 1
3 . 7 (  . S H E 0 , .  1 3 5 E 1
3 . 8 (  . 2 8 9 1 0 , .  1 3 5 1 1
3 . 9 ( . 8 3 9 1 - 1 . .  1 4 3 E 1
4 . 0 ( - . 7 2 7 1 - 1 , .  1 S 8 E 1
4 .  1 ( - . 1 7 0 1 0 , .  1 7 6 E 1
4 . 2 ( - . 1 8 9 1 0 . . 1 9 5 1 1
4 . 3 ( - . 1 1 2 1 0 , .  2 1  I E 1
4 . 4 ( . 2 5 2 1 - 1 , .  2 1 6 E 1
4 . 5 (  . 1 3 0 1 o . .  2 0 9 E 1
4 . 6 (  . 1 3 1 1 0 . . 1 9 5 1 1
4 . 7 ( . 2 5 6 1 - 1. .  1 8 3 1 1
4 . 8 ( - . 1 4 6 1 0 * • 1 7 7 E 1
4 . 9 ( - . 3 3 9 1 0 . .  1 7 8 1 1
5 . 0 ( - . 5 2 2 1 0 . .  1 8 5 1 1

UP TO D E PT H  OF - 1 / 2

K V V  ( V E R T I C A L )

7 2 4 E 0 . . 5 6 8 1 0
9 8 8 1 0 . .  S 5 5 E 0
1 0 5 1 1 , . 5 2 0 1 0
1 0 1 1 1 , .  5 1  5 E 0
8 8 3 1 0 . . 5 6 5 1 0
6 9 8 E 0 . .  7 0  1 E 0
5 0 7 1 0 * . 9 7 4 1 0
4 3 8 1 0 , .  1 3 8 E 1
5 4 7 E o . .  1 7  1 E 1
5 9 7 1 0 , .  1 9  2 1 1
5 8 7 1 0 * .  2 2 7 E 1
8 0 9 1 o . . 2 6 8 1 1
1 15 E 1 , . 2 8 2 1 1
1 2 5 1 1 , .  2 8 2 S I
1 2 3 1 1 , . 2 9 7 1 1
1 2 3 1 1 , . 3 1 8 1 1
1 1 6 1 1 , . 3 5  5 1 1
1 3 6 1 1 , . 4 2 6 1 1
2 1 3 1 1 , . 4 7 5 1 1
2 9 9 1 1 , .  4 6 7 1 1
3 5 2 1 1 # . 4 1 8 1 1
3 5 4 1 1 , . 3 6 9 1 1
3 2 8 1 1 , . 3 6 0 1 1
3 2 5 1 1 , . 3 9 3 1 1
3 7  I E 1 , .  4 2 4 E 1
4 3 8 1 1 , .  4 0  6 1 1
4 7 3 E 1 , .  3 5  I E 1
4 7 0 1 1 , . 3 0 0 1 1
4 5 1 1 1 , . 2 7 0 1 1
4 3 3 1 1 , . 2 6 1 1 1
4 2 8 1 1 , .  2 5 9 E 1
4 3 2 1 1 , . 2 5 3 1 1
4 3 8 E 1 , .  2 4 0 E 1
4  3 9 1 1 , . 2 1 8 1 1
4 3 2 E 1 , .  1 9 4 E 1
4 1 6 1 1 , .  1 7 5 E 1
3 9 7 1 1 , .  1 6 3 1 1
3 8 0 1 1 , .  1 5 5 1 1
3 6 3 1 1 , .  1 4 9 1 1
3 4 6 1 1 , .  1 4 6 E 1
3 3 1 1 1 , .  1 4 5 1 1
3 1 9 E 1 , .  1 4 6 1 1
3 1 0 1 1 , .  1 4 6 E 1
3 0 1 1 1 , .  1 4 2 E 1
2 9 1 1 1 , .  1 3 6 1 1
2 7 7 1 1 , .  1 3 0 1 1
2 6 2 1 1 , .  1 2 6 1 1
2 4 6 E 1 , .  1 2 3 E 1
2 3 1 1 1 # .  1 2 2 1 1
2 1 5 1 1 , .  1 2 1 1 1

A f K J » 0 . 1 C f l / S E C )

K T T ( R O C K I N G )

( . 9 8 1 1 0 , .  1 0 6 E 0)
( .  1 0 2 E 1 , .  1 0 5 E 0)
( . 1 0 2 1 1 . .  1 0 9 1 0 )
( . 1 0 1 1 1 # .  1 2 2 Z 0)
(  . 9 9 0 E o , .  1 4 0 1 0 )
( . 9 6 1 1 0 . .  1 5 9 1 0 )
( . 9 1 2 1 o . .  1 9 4 E 0 )
( . 8 6 5 1 o . . 2 6 9 1 0 )
( . 8 6 6 E 0 , .  3 6 2 E 0 )
( . 8 9 0 1 o * . 4 0 4 1 0)
( . 8 6 6 E o . . 4 3 4 1 01
( . 8 3 0 1 0 . .  5 1 3 1 0 )
( . 8 4 9 1 0 , . 6 1 5 1 0 )
( . 9 0 3 1 0 , .  t > 6 2 1 0)
(  . 9 1 2 1 0 , . 6 6 6 1 0 )
(  . 8 7 2 1 0 , .  7 0 4 1 0 )
( . 8 5 8 1 0 , . 7 9 6 1 0)
( . 9 0 3 1 0 , . 8 6 4 1 0 )
( . 9 1 6 1 0 , . 8 7 4 1 0 )
( . 8 7 4 1 0 , . 9 2 0 1 0)
( . 8 5 9 1 0 , .  1 0 3 E 0 )
( . 9 0 2 1 o * .  1 1 4 1 1)
( . 1 0 1 1 1 , .  1 2 1 1 1)
( . 1 1 1 1 1 , .  1 1 9 1 1)
[ -  1 1 1F 1 . .  1 1 2 1 1)
( . 1 0 2 1 1 , . 1 1 1 1 1)
( . 9 3 5 1 0 . .  1 2 1 1 1)
(  . 9 4 0 1 O f .  1 3 8 1 1)
( . 1 0 7 1 1 , .  1 5 2 1 1)
( . 1 2 4 1 1 # .  1 5 4 1 1)
(  . 1 3 6 1 1 , .  1 4 5 1 1}
( . 1 3 5 1 1 , .  1 3 4 E 1)
(  .  1 2 7 1 1 , .  1 3 0 1 1)
( . 1 1 9 1 1 , .  1 3 4 1 1)
I  . 1 1 7 1 1 , .  1 4 5 1 1)
( . 1 2 3 1 1 , .  1 5 5 1 1)
( .  1 3 3 E 1 , .  1 6 0 E 1)
( . 1 4 5 1 1 , .  1 5 8 1 1)
(  . 1 5 2 1 1 , .  1 5 0 1 1)
(  . 1 5 3 1 1 , .  1 4 1 1 1)
( . 1 4 9 1 1 , .  1 3 6 1 1)
( . 1 4 5 1 1 , .  1 3 5 1 1 )
( . 1 4 5 1 1 , .  1 3 5 1 1)
( . 1 4 4 1 1 , .  1 3 3 1 1)
( . 1 4 3 1 1 # .  1 3 1 1 1)
( . 1 4 0 1 1 , .  1 3 1 1 1)
(  .  1 3 9 E 1 , .  1 3 2 E 1)
( . 1 4 2 1 1 , .  1 3 3 E 1)
( .  1 4 6 1 1 , .  1 2 9 1 1)
( . 1 4 7 1 1 , . 1 2 2 1 1 )
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Tabl.J M-8

BO D U  I F  ( P I S T I A L L  1 S A T U B A C 1 0  UP 1 0  D 2 F X U  OF - 1  1 / 2  A . K J - 0 . 1  C B / S E C )

F B E f l U E M C l H U B ( U C B I Z O N I A L ) KITV ( V I A T I C A L ) K I T  ( I C C K U t G )

0 .  1 (  . 5 3 9 1  0 . 2 5 4 E 0) (  . 7 0 6 E 0 . 4 4 5 1 0 ) ( . 8 6 4 1  0 , . 5 5 5 1 - 1)
0 . 2 (  . 5 6 4 1  C . 1 9 6 E 0 ) (  . 6 6 6 8 0 .  3 8 2 1 0 ) (  . 6 9 6 1  0 , . 5 3 1 1 - 1}
0 .  3 ( . 5 6 1 1  0 . 2  1 3 C 0 ) ( . 9 1 3 1 0 . 3 4 7 1 0 ) (  . 8 8 8 1  0 , . 5 8 0 1 - 1)
0 . 4 ( . 5 3 4 1  C . 2 7 4 E 0 ) ( . 6 6 9 1 0 . 3 5 1 1 0 ) ( . 6 7 3 1  0 , . 7 0 3 1 - 1)
0 . 5 (  . 5 3 2 1  C . 3 4 7 E 0 ) |  . 7  7 5 1 0 . 4 0 4 1 0 ) (  . 6 5 5 1  0 , . 6 4 1 1 - 1)
0 . 6 |  . 5 3 0 1  C . 3 9 6 E 0 ) ( . 6 5 4 1 0 . 5 3 7 1 0 ) (  . 8 2 5 1  0 ( . 9 8 1 1 - 1)
0 . 7 ( . 4 9 5 1  C .  4  5 4 E 0 ) ( . 5 6 2 8 0 . 7 9 6 1 0 ) (  . 7 7 6 1  0 , . 1 2 8 1 0 )
0 . 6 (  . 4 6 0 1  0 . 5 6 0 E 0 | (  . 7 2 4 1 0 .  1 0 8 1 1) (  . 7 3 4 1  0 , .  1 9 4 1 0 )
0 . 9 ( . 4 9 4 1  0 . 6 9 8 E 0 ) ( . 9 4 5 E 0 . 1 1 1 1 1 j ( . 7 4 5 1  0 , . 2 7 8 1 o>
1 . 0 ( . 5 6 0 1  C ( 7 2 B E 0 ) ( . 9 4 9 1 0 .  1 0 7 1 1) (  . 7 8 0 1  0 , . 2 9 6 1 01
1 . 1 (  . 5 8 6 2  0 . 6 8 7 E 0 } ( . 9 3 9 B 0 . 1 1 8 1 1) (  . 7 5 9 1  0 , . 2 9 3 1 0)
1 . 2 ( . 4 8 9 1  0 . 6 8 0 6 0 ) (  . 1 0 7 1 1 .  1 2 5 1 1) (  . 7 1 4 1  0 , . 3 2 9 1 Of
1 . 3 ( . 3 6 6 1  0 •  7 9 1 E 0 ) ( . 1 1 4 1 1 . 1 1 7 1 1) (  . 6 9 9 1  0 , .  3 9 3 1 01
I U I . 3 2 3 1  0 .  9 5 3 E c t ( .  I 0 9 E 1 .  1 1 1 1 1) 1 . 7 1 4 1  0 , . 4 3 0 1 0 )
1 . 5 ( . 3 6 5 1  0 .  1 0 9 E 1 ) ( . 1 0 1 1 1 .  1 1 1 1 1) (  . 7 0 5 1  0 , . 4 3 5 1 01
1 . 6 ( . 4 2 5 1  C .  1 1 7 E 1) (  . 9 6 0 1 0 . 1 1 1 1 1) (  . 6 6 3 8  0 . . 4 5 5 1 0}
1 . 7 1 . 4 5 3 1  a .  1 1 6 E 1) ( . 8 8 7 E 0 .  1 0 8 1 1 ) 1 . 6 3 0 1  0 , . 5 0 6 1 0)
1 . 6 ( . 4 0 2 1  0 . 1 1 6 E 71 ( . 7 6 1 1 0 .  1 0 4 1 1) (  . 6 2 6 1  0 , . 5 5 3 1 0 |
1 . 9 (  . 2 9 1 1  0 .  1 2 6 E 1) (  . 5 6 1 1 0 .  1 0 2 1 1J (  . 6 1 9 1  0 , .  5 7 3 1 ct
2 . 0 ( . 2 4 2 1  C .  1 4 4 E 1> ( . 3 6 9 1 0 .  1 0 5 1 11 ( . 5 9 7 1  0 , . 5 7 9 1 0 }
2 . 1 [  . 3 0 4 1  a .  1 5 7 E U ( . 1 4 4 8 0 .  1 1 2 1 1) I  . 5 3 9 1  0 , . 5 7 9 1 0)
2 . 2 (  . 3 3 3 1  C .  1 6 0 E 1) ( - . 1 2 3 E 0 .  1 2 2 E 1 ) ( . 4 4 6 1  0 . . 6 1 9 1 0 )
2 . 3 t  . 2 5 2 1  C .  1 6 5 E 1) ( - . 4 0 7 1 0 .  1 4 4 1 1) ( . 3 7 4 1  0 , . 7 1 6 1 0 )
2 . 4 [ . 1 5 5 1  0 .  1 8 6 E 1) ( - . 5  7 3 1 0 . 1 7 7 1 11 (  . 3 7 0 1  0 , . 8 2 4 1 01
2 . 5 I  . 2 6 5 1  0 . 2 1 UE 1) ( - . 5 5 3 1 0 . 2 0 3 1 11 ( . 3 9 4 1  0 , . 6 6 8 1 0»
2 . 6 ( . 5 0 1 1  0 . 2 2 5 1 U ( - . 5 1 0 1 0 . 2 1 0 1 1) (  . 3 8 0 1  0 , . 8 6 8 1 C)
2 . 7 (  . 7 0 2 1  0 .  2 2 0 E 1 ) 1 - . 6 3 B E 0 .  1 9 6 1 11 (  . 3 0 1 1  0 , . 8 6 8 1 01
2 . 8 ( . 7 7 4 1  0 . 2 0 6 1 1) ( - .  1 0 9 1 1 .  1 9 4 1 1) ( . 1 6 2 1  0 f . 9 3 3 1 0 )
2 . 9 ( . 6 6 9 1  0 .  1 9 5 E 11 ( - . I 6 5 E 1 . 2 1 9 1 1) I  .  1 0 3 1  0 , .  1 0 8 1 1)
3 . 0 I  . 5 5 3 1  C •  1 9 9 E 1) ( - . 2 1 0 1 1 . 2 7 2 1 1) (  . 1 0 8 1  0 , .  1 2 0 1 1)
3 .  1 ( . 5 1 2 1  0 . 2 1 3 Z 1* ( - . 2 3 2 1 1 .  J 4 0 1 1) ( . 9 6 1 1 - 1 , .  1 2 7 1 1)
J .  2 ( . 5 7 4 1  C . 2 2 5 1 1 ) ( - . 2 2 2 1 1 . 4 0 0 1 11 (  . 6 6 1 1 - 1 , . 1 3 5 1 1)
3 . 3 I  . 7 0 0 1  0 . 2 2 9 1 1) ( - . 2 0 3 1 1 . 4 2 2 1 11 (  . 3 9 0 1 - 1 , -  1 4 4 1 1)
3 . 4 (  . 8 2 1 1  0 . 2 2 2 1 11 ( - . 2 2 3 1 1 . 4 1 8 1 1) (  . 2 4 4 1 - 1 , .  1 5 4 1 1)
3 .  S ( . 8 5 8 2  C . 2 0 7 1 D ( - . 2 9 0 8 1 . 4 3 9 1 11 ( - . 6 5 6 1 - 2 . .  1 6 3 1 1)
3 . 6 ( . 7 7 2 1  C . 1 9 0 1 I t ( - . 3 6 0 8 1 . 5 1 5 1 11 ( - . 2 5 9 1 - 1 , .  1 7 5 1 11
3 . 7 ( . 5 7 6 1  C . 1 7 6 1 11 ( - . 4 5 7 8 1 . 6 7 3 1 1) ( - . 1 7 6 1 - 1 , .  1 8 4 1 1)
3 . 8 ( . 3 2 9 1  0 .  1 7 6 E H ( - . 4 3 2 1 1 . 9 1 5 1 11 ( - . 9 9 3 1 - 1 , .  1 9 3 1 1)
3 . 9 1 . 9 5  1 1 -  1 . 1 6 9 1 1) ( - . 2 3 2 1 1 . 1 1 0 1 21 ( - . 1 7 1 1  0 , . 2 2 0 1 1)
4 . 0 ( - . 9 7 1 1 - 1 . 2 1 0 1 11 ( - . 2 5 6 1 1 . 1 0 9 1 2 ( ( - . 2 2 7 1 - 2 , . 2 5 2 1 1)
4 .  1 ( - . 1 6 3 1  0 . 2 3 7 1 1) ( . 3 0 8 1 0 .  1 0 5 1 21 ( . 3 1 2 1  0 , . 2 5 9 1 1)
4 . 2 ( - . 8 2 7 1 - 1 . 2 6 1 1 11 (  . 4 4 3 1 u .  1 1 3 1 2 ) (  . 4 4 3 1  0 , . 2 5 0 1 1)
4 . 3 (  . 7 6 5 1 - 1 . 2 7 1 1 11 ( . 2 2 3 8 1 . 1 3 1 1 2 ) (  . 4 5 7 1  0 , .  2 4 7 1 1)
4 . 4 (  . 1 6 1 2  0 . 2 6 9 1 11 (  . 6 1 0 1 1 . 1 2 8 1 2 ) ( . 4 1 9 1  0 , . 2 4 9 1 1)
4 . 5 ( . 1 7 9 1  0 . 2 6 2 1 11 (  . 8 1 6 1 1 . 9 7 2 1 11 (  . 3 5 6 1  0 , . 2 6 6 1 1)
4 . 6 (  . 8 9 9 1 - 1 . 2 6 1 1 11 ( . 7 9 2 1 1 . 7 1 4 1 1 j (  . 4 6 6 1  0 , . 3 0 0 1 1)
4 . 7 1 - .  1 3 5 1 - 1 •  2 6 9 E 1» (  . 7 1 0 1 1 . 5 8 0 1 11 ( . 9 8 6 1  0 . . 3 1 9 1 1)
4 . 8 ( - . 4 2 4 1 -  1 . 2 8 1 E 1 ) (  . 6 5 0 1 1 . 5 1 2 1 1) |  . 1 5 0 1  1, . 2 8 9 1 1)
4 . 9 ( - . 4 6 2 1 -  1 . 2 6 9 1 D ( . 6 2 0 1 1 . 4 6 0 1 1) ( . 1 5 9 1  1 , . 2 3 8 1 1)
5 . 0 ( - . 7 3 0 1 - 1 . 2 9 9 1 1 ) ( . 5 9 9 1 1 . 3 9 4 8 12 (  . 1 3 8 1  1, . 2 0 4 1 1)
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T a b l’ M-9

b o o e l  t c  i P i s i i m *  s j i o j u i z d  o f  t o  o e f i h  or - 2 2 , 2 .1- 0 . 1  c a / s e c j

F S BG U EM C l  KUE ( E C f i i Z O N l i L )  KVV ( V E & T I C 1 L )  K l l  ( SO C XI t l G )

0 . 1 1 . 5 0 8 1 0 , . 2 5 9 1  0) ( . 6 9 8 8  0 , . 4 0 6 8  0) . 6 7 3 8 0 ,  . 5 0 5 2 - 1}
0 . 2 ( . 5 5 9 1 c . . 2 0 7 2 O) ( . 6 5 1 8 0 , . 3 3 5 8 01 . 6 0 3 2 0 . . 4 7 8 2 - 1 |
0 . 3 1 . 5 4 2 1 0 , .  2 2 3 1 03 I . 8 6 5 8 0 , . 3 0 3 8 0 ) . 8 7 4 2 0 , .  5 2 1 8 - 1)
o . « ( . 5 2 3 1 c . . 2 1 8 2 0) ( . 8 2 0 8 Or .  3 0 9 8 01 . 0 5 7 8 o . . 6 2 8 2 - 1)
O.S ( . 5 1 9 1 0 . . 3 3 6 1 0 ) ( . 7 3 5 8 Or . 3 5 9 8 0) . 0 3 6 1 Or . 7 5 4 8 - 1)
O . b ( . 5 0 1 1 C, . 3 7 8 1 0 ) |  . 6 3 5 8 0 , . 4 7 7 8 0) . 6 0 2 8 Or . 9 0 4 2 - 1}
0 . 7 ( . 4 5 0 1 0 . . 4 3 7 1 0) ( . 5 8 9 8 Or . 6 8 1 8 0) . 7 5 4 2 0 , . 1 2 1 8 0}
O.S ( . 3 9 9 1 c . . 5 4 8 8 0) ( . 6 9 5 8 Or .  8 6 6 8 01 . 7 0 9 1 Or .  18 72 0)
0 . 9 ( . 4 1 2 1 c , . e a s e 01 ( . 8 1 5 8 0 , . 4 6 7 8 01 . 7 1 6 8 Or . 2 7 0 2 0)
1 . 0 ( . 4 6 0 1 0 , . 7 6 1 8 0 ) ( . 79 -> e Or . 6 3 0 8 01 .  7 4 9 8 Or . 2 9 0 2 0)
1 . 1 ( . 4 8 8 1 0 , . 7 5 8 8 0 ) ( . 7 3 6 8 Or . 8 4 6 8 01 . 7 2 8 2 Or .  2 8 4 2 0)
1 . 2 ( . 4 0 3 1 C, . 7 8 6 8 01 ( . 6 6 0 8 Or . 0 4 5 8 01 . 6 7 7 2 Or . 3 1 1 2 0)
1 .  J ( . 3 0 3 1 Or . 9 2 4 8 01 ( . 5 0 8 8 Or . 6 7 4 8 Oj . 6 4  12 Or . 3 6 5 2 01
1 . 4 ( . 2 9 8 1 0 , . 1 1 3 8 11 ( . 3 4 3 8 0 , . 9 9 4 8 01 . 6 2 0 8 Or . 4 1 5 2 01
1 . 5 ( . 4 1 0 1 C t .  1 3 0 8 1) ( . 2 4 9 8 Or . 1 1 7 8 11 . 5 9 5 2 Or . 4 6 6 8 0)
1 . 6 t  . 5 4 6 1 Or . 1 3 4 8 1J ( . 2 2 9 E Or .  1 2 9 8 1) . 5 6 9 2 0 , . 5 2 1 8 0)
1 . 7 ( . 6 0 7 1 Or . 1 3 0 8 1) I . 1 8 6 E 0 , .  13 08 1) . S 8 0 E 0 , . 5 4 7 2 0)
1 . 6 ( . 5 7 3 1 Or . 1 2 6 8 1) ( - .  1 9 0 8 - 1 , .  1 2 7 8 11 . 5 4 6 8 Or . 5 7 9 2 01
1 . 9 { . 4 7 3 1 Or . 1 3 0 8 1) ( - . 3 4 9 8 o . .  1 3 7 8 1> . 5 1 2 8 0 , . 6 1 6 2 0)
2 . 0 ( . 4 2 5 1 Or .  14 28 11 ( - . 6 9 8 8 Or .  16 48 11 . 4 5 9 2 0 , . 6 5 3 2 01
2 . 1 t . 4 3 2 1 Cr . 1 5 4 8 11 ( - . 9 9 1 8 Or . 2 0 7 8 11 . 3 0 9 1 o . .  7 2 2 8 0)
2 . 2 ( . 4 7 1 1 Or . 1 65 8 1J ( - . 1 0 5 8 1 , .  2 6 6 E 11 . 3 3 6 8 0 , . 0 2 9 2 0}
i .  J ( . 5 6 0 1 Cr .  16 98 11 ( - . 7 9 3 8 o . . 3 0 7 8 1) . 3 2 4 2 o . . 3 5 8 2 01
2 . 4 ( . 5 8 8 1 Cr . 1 6 7 8 1) ( - . 6 1 6 8 0 , . 3 0 7 8 1J . 3 6 9 8 0 . .  1 0 7 2 11
2 . 5 ( . 5 5 6 1 C, t 1 67 8 11 ( - . 6 7 1 8 Or . 2 9 9 8 11 . 4 3 9 2 Or . 1 1 2 2 11
2 . 6 ( . 5 2 3 1 Cr . 1 6 8 8 11 ( - . 1 4 7 8 1 , . 3 2 7 8 1) . 4 6 0 2 o . .  10 92 1)
2 . 7 ( . 4 6 7 1 Cr .  1 6 9 8 11 ( - . 2 0 8 8 1 , . 4 1 3 8 1) . 3 8 6 2 Or .  1O0E 11
2 . 8 ( . 3 6 2 1 Cr .  17 38 1) ( - . 2 2 1 8 t r . 5 6  58 11 . 2 7 0 8 0 . .  11 68 1)
2 . 9 ( . 2 5 6 1 Cr .  1 8 5 8 11 ( - . 1 0 7 8 1 . . 7 3 0 8 1) . 1 0 3 8 o . .  1 3 3 8 1}
2 . 0 ( . 2 2 3 1 Or . 2 0 3 8 1) ( . 9 1 3 8 Or . 7 5 2 8 11 . 2 2 2 2 Or .  1 5 8 2 1}
3 . 1 1 . 2 8 6 1 Cr . 2 1 8 8 11 ( . 1 6 9 8 1 , . 6 6 5 8 1) . 4 4 0 2 Or .  1 7 4 2 1)
3 . 2 ( . 3 5 1 1 Cr . 2 2 2 8 1) ( . 2 0 1 8 1 , . 6 2 1 8 11 . o 5 2 2 o . .  1 6 8 2 11
3 . 3 1 . 3 1 4 1 Or . 2 2 5 8 11 ( . 2 3 2 8 1 , . 6 3 8 8 11 . 6 8 7 2 Or .  1 5 3 8 1j
3 . 4 I . 2 9 6 1 Or . 2 4 0 8 11 ( . 3 3 0 6 1 « . 6 3 3 8 11 . 5 8 5 8 o . .  1 47 2 1)
3 . 5 ( . 4 1 7 1 c . . 2 5 4 8 1) ( . 4 1 4 8 l r . 5 4  0 8 11 . 4 7 6 2 0 , .  155 2 1)
3 . 6 { . 5 6 0 1 o . . 2 5 4 8 1) ( . 4 2 1 8 1 , . 4 3 3 8 1) . 4 8 3 2 0 , .  1 6 8 2 1)
3 . 7 ( . 6 4 5 1 Cr . 2 4 6 8 1) ( . 3 9 7 8 1 , . 3 5 9 8 11 . 5 6 0 2 o . . 1 7 6 6 11
3 . 8 ( . 6 1 9 1 o . . 2 3 6 8 11 ( . 3 6 7 8 1 , . 2 9 8 8 11 . 6 6 0 2 Or .  1 7 7 2 1)
3 . 9 ( . 5 1 3 1 o . . 2 3 4 8 1) ( . 3 2 5 8 1 , . 2 4 6 8 11 . 7 2 1 1 0 , .  1 7 1 2 1)
4 . 0 ( . 4 3 9 1 o . . 2 4 2 8 1) ( . 2 7 2 8 1 , . 2 0 7 8 11 . 7 1 5 2 0 , .  1 6 4 2 1)
4 . 1 ( . 4 4 8 1 0 , . 2 5 0 8 11 ( . 2 1 4 8 1 , .  1 8 3 8 1) . 6 5 1 2 0 , .  1 5 9 8 1)
4 . 2 1 . 5 0 7 1 Or . 2 5 4 8 1) ( . 1 5 6 8 1 , .  1 7 2 8 11 . S 8 4 e 0 . .  1 61 8 1}
4 . 3 ( . 5 5 1 1 c . . 2 4 9 8 11 ( . 9 8 2 8 0 , .  1 7 2 8 11 . 5 6 6 2 Or .  1 6 3 2 1)
4 . 4 ( . 4 9 3 1 0 , . 2 4 3 8 1) ( . 4 5 1 8 Or . 1 8 4 8 11 . 5 3 1 2 0 , .  1 6 0 2 1)
4 . 5 ( . 4 4 3 1 C. . 2 4 9 8 11 ( . 7 2 7 8 - 2 r . 2 0 3 8 11 . 4 3 4 2 Or .  1 6 1 2 1)
4 . 6 ( . 5 4 3 1 Or . 2 5 1 8 1) ( - . 3 5 7 8 Or . 2 2 4 8 11 . 3 6 8 2 0 , .  1 6 9 2 1)
4 . 7 ( . 6 0 6 1 o . . 2 3 1 8 11 ( - . 6 4 7 8 0 , . 2 3 9 1 11 . 3 9 0 2 o . . 1 7 6 2 1)
4 . 8 ( . 4 3 2 1 C, . 2 0 9 8 13 ( - .  1 0 1 8 1 , . 2 4 2 8 1) . 4 4 9 2 0 , .  1 6 8 2 1)
4 . 9 ( . 1 2 8 1 0 . . 2 0 2 8 1) ( - . 1 5 6 8 1 r . 2 5 1 8 1) . 3 4 1 2 0 . .  1 5 4 2 1}
5 . 0 ( - . 1 7 5 1 Cr . 2 1 1 8 1) ( - . 2 1 6 8 1 , . 2 6 2 8 11 . 9 3 7 1 - 1 , .  1 4 9 2 1)
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T ab l . r  M-10

aOOIJ. 1 (OBI)
FB£QU£»Cr KBE (ECBIZONliL)

0.  1 ( . 3221 0, . 3 4 4 1 0
0 .2 { .4791 c . . 3 2 3 1 0
0 . 3 1 .5U81 0, . 3 1 6 1 0
0 . 4 ( .4941 0, . 343 1 0
0 . 5 I .4661 c . .4041 0
0 . 6 ( . 4471 C, .4 9 6 1 0
0 . 7 ( . 4 6 1 1 0 . . 6 0 5 8 0
0 .6 ( .SCSI C, .689 8 0
0 . 9 ( . 5471 0, -7358 0
1.0 ( . 5 6 3 1 0 , . 7 6 0 8 0
1.1 I . 5471 0, . 7 8 2 8 0
1.2 I .5001 C, . 6 2 3 8 0
1.3 ( . 4401 0, .90 58 0
1.4 ( . 4041 0. . 1038 1
1 .5 ( .4372 0 , . 1178 1
1.6 1 .5111 0. .126 8 1
1.7 ( .5691 C, .  1288 1
1.6 ( .5761 C, . 1288 1
1.9 ( . 5 4 9 1 C. .1298 1
2 . 0 ( .5031 0 , . 1338 1
2. 1 ( . 4 4 CI 0 , . 1398 1
2 . 2 f . 3671 C, * 1488 1
2 . 3 ( .3661 c . . 1608 1
2 . 4 I . 3711 C. .1 7 0 8 1
2 . 5 ( . 3971 c . . 1618 1
2 . 6 I . 4591 c . . 1698 1
2 . 7 ( .5251 c . .1928 1
2 . 8 { .5561 C, .1908 1
2 . 9 ( .5301 c . .167 8 1
3 . 0 ( . 4511 C, .16 78 1
3 .1 ( .3521 c . .192 8 1
3 .2 { .2652 C, .203 8 1
3 .3 ( . 2161 0 , . 2 1 8 8 1
3 . 4 ( .2341 C. . 2 3 5 8 1
3 . 5 1 .3321 c . .249 8 1
3 . 6 ( .4761 c . . 254 8 1
3 . 7 ( .5991 C. .249 8 1
3 . 8 ( . 6421 C. .238 8 1
3 . 9 ( .5802 0 . . 2 2 6 8 1
4 . 0 ( .4361 0 , . 2 2 0 8 1
4.  1 j .2621 0. . 223 8 1
4 . 2 ( .1041 0 . . 2 3 4 8 1
4 . 3 ( - . 8 2 9 1 - 3, . 2 5 3 8 1
4 .4 ( - . 1 3 0 1 - 1. . 2 7 7 8 1
4 . 5 ( . 1 0 4 1 C. .300 8 1
4 .  b ( . 3461 0, . 3 1 4 8 1
4 . 7 ( .6431 C, .3108 1
4 . 8 ( . 6611 0. . 2868 1
4 . 9 ( .8771 0. . 2 5 3 8 1
S.O ( .6962 0 , . 2268 1

X V V  ( V E B T I C A l )

. 2 0 4 8  0 , . 3 5 4 8 0

. 3 9 4 8 0 , . 5 2 1 8 0

. 5 3 2 8 0 , . 5 8 6 8 0
.6038 0 , . 6 1 5 8 0
.6228 0 , . 6 4 1 8 0
. 5 9 8 8 0 . . 6 8 1 8 0
.5448 0 , . 7 5 2 8 0
.4888 0 , . 6 6 5 8 0
.4728 0 , . 1008 1
44778 0 , .  1068 1
. 3 8 0 8 0 , . 1138 1
. 2148 0* . 1348 1
. 2 2 6 8 0 , .  1688 1
.4538 0 , .  1858 1
.5438 0/ .  1808 1
.4258 0 , . 1828 1
.3528 0 , . 2 0 2 8 1
.3998 0 , . 2 1 6 8 1
. 4 4 1 8 0 , . 2 2 7 8 1
.4368 0 , .2338 1
. 5 7 5 8 0 , . 2 4 0 8 1
• 3B48 0* .254 8 1
. 2 3 9 8 0 , . 2 7 4 8 1
. 2 6 7 8 0 , . 2 9 4 8 1
.3338 0 , . 3 0 8 8 1
• 3 766 0 , . 3 1 7 8 1
. 3 7  28 0 , . 3 2 5 8 1
.5588 0 , .337 8 1
. 3 6 2 8 0 , . 3 5 0 8 1
.3808 0 , . 3 6 3 8 1
. 4  108 0 . . 3 7 4 8 1
. 4 4 6 8 0 , . 3 6 3 8 1
.4698 0 , . 3908 1
. 4 7 0 8 0 . . 3 9 6 8 1
. 4 4 8 8 0 , . 4028 1
.4008 0 , . 4 1 0 8 1
. 3 4 3 8 0 , .4 2 0 8 1
.3068 0 . . 4 3 3 8 1
. 2  63 8 0 . . 4 4 5 8 1
. 2 6 1 8 0 . .4588 1
. 2 4 7 8 0 , . 4 7 1 8 1
.2358 0 , . 4 8 4 8 1
.2228 0 , . 4 9 9 8 1
.2518 0 . . 5 1 7 8 1
.3528 0 , . 5 3 2 8 1
. 4  728 0 , . 5 4  08 1
. 5 7 4 8 0 , . 5 4 2 8 1
. 6 4 0 8 0 . . 5 3 8 8 1
. 6 2 6 8 0 , . 5 3 1 8 t
. 5 2 8 8 0 , . 5 2 7 8 1

K l l  (BCCKING)

( . 8 3 0 8 0 . 6 4 5 8 - •1)
( . 8 4 7 8 0 : 7 4 6 i - i i
( . 8 5 1 8 0 . 8 1 5 1 - 1)
( . 8438 0 .  8821-1)
( . 6 2 4 1 0 . 9 8 0 1 - 1 )
( . 7 9 5 8 0 . 1 1 3 1 0)
( . 7568 0 .  1381 0)
i  . 7111 0 . 1821 0)
( . 6 8 0 8 0 . 2 5 3 1 0)
( . 6 9 5 8 0 . 3 2 2 8 0)
( . 7118 0 .  3281 0)
( . 6558 0 . 3 2 6 1 01
L . 5 6 9 8 0 . 4 0 7 8 0)
( . 5748 0 . 5578 0)
( . 6841 0 . 6 0 1 8 0)
( . 6951 0 .5361 01
( . 6 0 0 8 0 . 5271 01
( .51  11 0 .6231 0)
( . 5 2 2 8 0 .7 5 0 1 C)
( . 5 8 1 1 0 . 7958 0)
( . 5 9 3 8 0 . 7621 0)
( . 5378 0 .  7761 0)
( . 4501 0 . 8 3 9 1 0)
i  . 4178 0 . 9 6 0 1 0)
( . 4558 0 . 1061 1)
( . 5 0 4 8 0 .  1098 1)
I . 5 0 5 8 0 . 1078 1)
I . 4 3 5 8 0 . 1088 1)
( . 3 6 7 8 0 . 1178 1)
I . 3698 0 . 1298 1)
( . 4 1 6 1 0 .  1361 1)
( . 4 5 0 8 0 .  1381 1)
( . 4 4 3 8 0 . 1378 1)
< . 3 6 4 1 0 .  1391 1)
( . 3 1 8 8 0 .  1471 1)
t . 3 1 3 1 0 .  1588 1)
I . 3 4 5 8 0 .  1658 1)
( . 3 7 1 1 0 . 1701 1)
( . 3 9 5 8 0 .  1738 1)
( . 4 0 2 8 0 .  1748 1)
t . 3 6 8 1 0 .  1751 1)
( . 3 2 8 8 0 .  1808 1)
( . 3 0 5 8 0 .  1861 1)
I . 2 8 6 8 0 .  1938 1)
I . 2 8 6 8 0 . 2 0 1 1 1)
( . 3 2 2 8 0 . 2 0 8 8 1}
( . 3 7 4 1 0 . 2 1 2 8 1)
( . 3 9 7 1 0 . 2 1 1 8 1)
I . 3921 0 . 2 1 1 8 1)
I . 3 6 7 1 0 . 2 1 1 8 1)
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T a b i *  M - l l  

NOUEL 2 (FULL V S J H U M l i E ,  K J - O . I  C l t / J c t )

FUECUEkCI KHH Ifi CL 120 tiT A LJ X V If (V EKIICAL) X I 1 (DOCKING)
— — — — »■* - ————————— — - — ——.——------- — — — ———— — —— -
0.1 ( . 4 7 0 1 . 6 1 * 1 0 ) ( . 4 6 6 ! 0 . . 44 7 E C) £ . 12 J £ 1 * .  5 2 2 ! Of
0. 2 I .6  2 It • 672E 0) ( . 7 e o 5 0* .  137E 1) ( * 145E 1 , . c 12 t 0)
0 .  J ( . 1CGt . 64 OE 0 ) I . 1  1 JE 1 , . 1 7 6 1 D ( .  IbOE 1 , . c67E 0)
0 . 4 1 . 10 / ! . 6 1 2 2 0 ) ( .  14 4 E 1, . 201 ! 1) ( .  1fc9E 1, . 6 9  7! Cf
Q. 5 t . i o e t . 5 5 5 E 0) ( . 1 7 0 ! 1, .  * 11* If ( . 1 7 5 ! 1 , .  7 18 E 0)
0 . 6 ( . 1 0 6  t . 6C7E o> ( . 1 9 7 6 1, .  2 2 4  E 1) ( . 1 7 6 ! 1 , .  738 c 0)
0 . 7 ( . 101! . 6 4 0 6 0 ) ( . 1i oE 1, .  *2 7E 1) t . 17 9 E 1, .  762E 0)
0 . 8 ( . 9 4 2 1 • 6 SSE 0) ( - 19 7 E 1, . 2 2 7 0 If ( . 1 7  7E 1 , . 7 9 2 ! 0)
0 . 9 ( . 6 7 5 ! . 7 9 0 ! 0) (' .  1b »a 1, . 22bE 1) ( • 175E 1 , . 62 7! I)
1.0 ( . 6 2 2 1 . 5C1E 0 ) ( . 17 JE 1, .  22 6E If ( . 1 7 JE 1, . 3 6 J ! C)
1.1 ( . 7 9 0 ! o! . 10* E 1> I . 1 49E 1, . 22 8! D ( . 1 6 0 ! 1. . 0 * 3 ! 0 )
1.2 ( . 7 7 2 ! 0 , .  112E 1) ( . 1 19E 1 , . * J JE If ( . 1 6 4 ! 1 , . * 1 5 ! 0)
1.  J { . 7 4 9 1 o . .  120E 1) ( . 0 * 4 * Of . 24 IE 1) ( . 1 5 7 ! 1 , . 9 3 2 ! 0)
1 . 4 ( . 7  C7 I £ . 1 2 7 F 1) ( • J 9 9 2 Of . 254E If ( . 1 4 7 ! 1, .  9 5 3 ! 0 )
1 . 5 ( . 6 2 5 ! .  1 J4L If ( - . 7  7b*- 1, . * 7  JE If ( . 1J 4E 1. . 904E C)
1.6 ( . 5 4 5 ! . 142E 1) 1 - . 5 5 5 E Of . J j 9! If ( . 1  10E 1, . 10 J E 1)
1 . 7 ( . 4 2 1 ! . 1 5 * 1 1) ( - .  1 141; 1 f . J J j L If I . 1UJS 1 , . 111! 1)
1. ii ( . 2 0 5 ! .  i 6 t r 1) ( - . l bJE If . J7SE 1) ( . d4 S E 0 , . 12  1! 1)
1.  J ( . 1 7 6 6 . 1041 1) ( - . 22  IE 1, . 42 0E D ( . 066E 0 f . 1 35 t 1)
2.0 ( . 5 6 5 6 - . 2Q5E 1) ( - • J o o * If . 4 8 0 * 1) ( . 4 7 2 ! Of . 15JE 1)
2 .  1 ( - . 3 5 5 ! - . 2 J 1 E 1) ( - .  JOSc 1, - 5 5 5 E 1) ( -JOSE Of . 175E 1}
2.2 ( - . 02  3 1 - . 261 £ ( - .  JJO* 1, .  b* j L 1) ( . 1 3 b ! Of . 201! 1)
2 , 3 ( - . 6 5 2 1 - . 2 5  JE 1) ( - .  J42E If • 60 5E 1) ( . 1 2 9 E Of .  2 2 9 1 1]
2 . 4 ( . 2 7 6 6 - . 3 2 4 ! 1) ( - • J4u 2 1, . 73 JE If ( . 1 4 4 ! 0 . .  2 5 5 ! 1}
2 . 3 ( . 1 4  4 6 . 3 5  IE 1) ( - . J j l i 1, . 7 b 5 ! If ( . 210 ! Of . 2 7 *  E 1)
2 . b ( . 4 1 4 ! .  372E 1) ( - . 3 6 5 E 1, .  7a2E 11 ( . 3 1 0 ! Of . 28 o E 1)
2 .  7 ( . 6 5 o ( .  J84L 1) J 9 5 i 1, .  7 9 2 ! 1) 1 . 3 7 o ! Of . 2 6 9 ! 1)
2 . d ( . 6 0 2 ! .  3B7E 1) 1 - . 4 4 2 E 1, .  80 0 E 1) ( . 30UE 0 , • 2o 7E 1)
2.9 ( . 1 0 6 ! .  J d u t 1) ( - . 5 0 5 E 1, . 3 1  J* 1) ( . 3 1 4 ! 0 f . 2 0 3 ! 1)
J . O ( . 11'JI .  J76E 1) ( - . 5o  1* If . 0 J 5 E If ( . 1 3 2 ! Of . * 7 9 ! 1)
j .  i ( . 1 2  5! - 3 6 7 F If ( - . o o 7 E If .  do'.’E 1) ( - . 2 0  1E- 2 , . 2 7 6 1 1)
2 . 2 ( . 1 2 7 ! . 256F 1) ( -  . 7  60E If . 9 1 7 F- 1) ( - . * 2 2 ! Of .  20 1 i 1)
2 . 2 ( . 1 * 4 ! . J30F u ( - • 4 5  7 £ 1, . 9 0  l £ 1f ( - . 4c  JE 0 . . 2 0 6 ! 1)
J.  4 ( . 1 1 7 * .  34ur 1) ( - . 9 5 5 E 1, . 1 0 c ! *) ( - . 7 1 3 ! Of . 2 9 6 ! If
2 . 5 ( . 1 0 0 ! .  J41E 1) ( - . 1 0 5 * 2 , .  11 e fc i f ( - . 9 6 4 ! Of . 3 1 2 ! 1)
2 .  6 ( . 9 7 8 ! c ! .  335E 1i ( - . 1 13E * f . 1 2 7 ! 2f 12 1! 1 , . 3 2 9 ! 1)
3 .  7 ( . t o 3 ! o , . 340E n ( - . 1 * 1 * 2 , .  1 4 0 ! i f ( - . 1 4 5 ! I f .  J4b£ If
J .  d ( . 7 4 4 ! Of . J4JE 1} ( - . 1 * 7 ! * , . 1 5 4 ! 2) ( - .  U 7 E 1 , .  3 6 9 ! 1)
3 . 9 ( • ! 2 4 1 c . . 3 4 6 ! 1) ( - .  m e T * 0 .  IbUE 2) 1 - .  1ts9E 1 , . J92E 1)
4 . 0 ( • 506 I 0 . .  2 5 5 E 1) ( - .  U J S 2, .  14JE . 1 I - . 2 0 9 E 1, . 4 1 7E 1)
4 .  1 ( . 2 9 0 ! c . . 3 6 J E 1) 1- .  U J t 2 , . W7L *1 ( - . 2 * c ! 1, . 444E 1)
4 . 2 ( . *791 c . . 372!: 1) ( - . 13 IE * f .  2 1 CE 2f (—. * 4  3 £ 1 , . 4 7 2 ! 1)
4 . 2 ( . 1 7 4 ! c , .  3eJ  E 1) ( - .  U / E * . • 2* JL 2) l - . * 5 b £ 1, . 4 9 9 E 1)
4 . 4 ( . 7 9 0 1 - 1, • 3 9 b l 1) ( - .  12 JE 2 , .  2 3 3 ! 2) ( - . 2 6 8 E I f .  5 2 CE 1)
4 . 5 ( - . 8 6  2 1 - 2 « . 4 1 0 ! 1) l - . i  i de 2, . 2 4 1 ! 2) ( - . 2 7 8 ! 1 , • 550E If
4 . b t - . t o c t - 1, . 4 2 6 ! 1) ( - . 1  12E * , . 2 4 7 ! i f ( - . 2 0 0 ! 1, • 5 7 4 ! If
4 . 7 ( - . S J 2 I - 1, . 4 4 2 1 1) t - . l U b ! 2 , . 2 5 0 ! 2} ( - . * 9 9 E 1 f . 5 9 6 ! 1)
4 . 8 ( - . 9 6 6 ! - 1, . 4 5 8 ! 1) 1- .  U S E 2 , .  *52E *) ( - . 3 1 1 ! 1, .  b l 6E 1f
4.. 9 ( - . 6 7 7 ! - 1, .  473E 1) ( - .  1042 2 f . 2 5 3 ! i f ( - . J*4E If .  6 4 2 ! 1)
5 . 0 ( - . 6 S C I - 2 1 . 4 0 7 1 1) ( - .  1 USE 2 . - 2 5 4 E 2) ( - . J 3 7 ! I f . 6 6 8 ! 1)
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T ablJ M-12

MODEL J (FULLI 5110RHED, K J*0 .1  Ctt /SIC)

FHEQ0E8CY KHB(HOfilZOWTLL) KVV (FEETIC6L) KTT(BOCKIHG)

0.  1 .4921 0 . .5 3 3 F 0) ( . 4 4 9 ! 0 . 7 9 8 ! 0) ( . 1 0  1! 1, . 3731 0)
0 . 2 .1861 c. .  5 3 1 ! 0) ( . 8118 0 . 1251 1) ( . 1 1 8 ! 1 , . 4201 0)
0 . 3 .9071 0 , . 488E 0) ( .1 16! 1 . 152! 1) ( . 1 2 8 1 1, . 4 3 5 ! 0)
0 . 4 .951 ! 0 , • 459E 01 { .1448 1 . 1661 1) ( . 134! 1, . 4 3 6 ! 0)
0 . 5 . 9S3E 0 , . 446E 0) { .1648 1 . 172! 1) ( .136E 1, . 4 3 7 ! 0}
0 . 6 .9271 0 , . 4 5 2 ! 0) ( . 1748 1 . 1 7 4 ! 1) ( . 1 3 6 ! 1, . 4421 01
0 . 7 .880 1 0 , . 4 7 7 ! 0) ( . 1768 1 . 1 7 3 ! 1) ( . 1 3 4 ! 1, . 455! 0)
0 . 8 .6221 3 . • 524E 0) ( .1718 1 . 1 7 2 ! 1) ( . 1 3 1 8 1, . 4 7 5 ! 0)
C.9 .7611 0 . . 5 9 1 ! 0) ( . 1 5 6 ! 1 . 172! 1) ( . 1288 1, . 5 0 2 ! 0)
1 .0 . 7 0 5 ! 0. * 675E 0) ( . 1408 1 .1748 1) ( . 1 2 3 ! 1, . 5 3 2 ! 01
1.1 . 658E o. .  765E 0) ( .  1 168 1 . 1 7 9 ! 1) ( . 1 1 8 ! 1, . 5 6 2 ! 01
1.2 .6131 0. . 8 5 5 ! 0) ( . 8688 0 .1 671 1) ( . 1128 1# . 5 9 1 8 0)
1.3 .5641 o, . 9 4 4 ! 0} ( . 5408 0 . 1 9 9 ! 1) ( . 1 0 4 ! 1 , . 6258 0)
1.4 .5021 0 , . 1 0 4 ! 1) ( . 1 8 3 ! 0 . 2 1 5 1 1) ( . 9 4 7 ! 0 , . 6 7 1 ! 0)
1 .5 .429 1 0. . 11 5! 1) [ - .1 938 0 . 236E 1) [ . 8 4 1 ! Of . 7 3 5 ! 0)
1 .6 . 3 4 7 ! 0 . . 1 2 8 ! 1) ( - . 5 7 2 ! 0 .2613 1) ( . 7 3 1 ! 0 . . 8 2 0 ! 0)
1 .7 .2691 0, . 1 4 5 ! 1 J ( - . 9 4 2 ! 0 . 2 9 1 ! 1) ( . 6 2 6 8 Of . 9 3 0 ! 0)
1 .8 .2081 0. . 165E 1) ( - .1 2 9 8 1 . 3 2 1 ! 1) j . 5 3 8 ! Of . 1068 1)
1.9 .1861 0, . 1 6 8 ! 1) ( - .1 6 3 8 1 . 351! 1) ( . 4 7 7 ! 0 , . 120! 1)
2 .0 . 2231 0. . 2 1 4 ! 1) (- .  198E 1 . 3 7 8 ! 1} ( . 4 4 4 ! 0 , . 1 3 2 ! 1)
2 .1 . 333! 0. . 2 3 7 ! 1) ( - . 2 3 9 ! 1 .4 0 3 1 1} ( . 4 2 7 ! Of . 1 4 2 ! 11
2 .2 . 5 0 5 ! 0. . 2 5 5 ! 1) ( - . 2 8 8 ! 1 . 428! 1) ( . 4 0 1 8 Of .  148! 1)
2 .3 . 7 0 0 ! 0 . . 2 6 5 ! 1) I - .348E 1 . 4 6 0 ! 1} ( . 3 4 7 8 Of . 1 5 2 ! 1)
2 . 4 . 8 6 7 ! 0 , . 2 6 6 ! 1) ( - .4 1 6 8 1 . 5 0 3 8 1) ( . 2 5 3 8 Of . 156! 1)
2 . 5 . 9 7 2 ! 0. . 2 6 1 ! 1) ( - . 4 8 7 ! 1 . 5 6 4 ! 1) ( . 1 2 2 8 Of . 1 6 1 ! 1)
2 . 6 .  10 1! 1, . 2 5 6 ! 1) ( - . 5 5 3 ! 1 . 6 4 4 ! 1) ( - . 3 3 8 ! - ■1, . 1 6 9 ! 1)
2 .7 . 9 8 2 ! 0 , . 2 5 2 ! 1) ( - .605 8 1 .  743! 1) ( - . 2 0 2 8 Of . 182! 1)
2 . 3 . 9 2 4 ! 0. . 2 5 2 ! 1) ( - . 6 3 4 ! 1 . 8541 1) ( - . 3 6 8 ! Of . 1998 1)
2 . 9 . 8 5 2 ! 0. . 2 5 5 ! 1) ( - . 6 3 2 ! 1 . 9 6 5 8 1) ( - . 5 1 1 ! Of . 2 2 1 ! 1)
3 . 0 . 7 7 7 ! 0, . 2 6 2 ! 1) ( - . 5 9 9 ! 1 . 106! 2) ( - . 5 9 8 8 0 , . 249! 1)
3.  1 . 7 0 8 ! 0, . 2 7 1 ! 1) ( - . 5 4 6 ! 1 . 1 1 2 ! 2) ( - . 5 9 8 1 Of . 2 7 7 ! 1)
3 .2 . 6 5 1 ! 0 , . 2 6 3 ! 1) ( - . 4 9 0 ! 1 . 1151 2) ( - . 5 0 6 8 Of .3018 1)
3 . 3 .6181 0. . 2 9 7 ! 1) ( - . 4 5 2 ! 1 .1138 2) ( - . 3 6 9 8 Of . 315E 1)
3 .4 . 6 1 7 ! 0 , . 3 1 1 ! 1) ( - .4 4 9 8 1 . 1 1 0 ! 2) ( - . 2 4 9 8 Of .3208 11
3 . 5 . 6 5 1 ! 0 , . 3 2 5 ! 1 ) ( - . 4 8 4 ! 1 . 106! 2) ( - . 1 8 5 1 Of .3198 1)
3 .6 . 7 1 2 ! o . . 3 3 6 ! 1) ( - . 5 5 1 ! 1 . 1 0 3 ! 2) ( - . 1 7 5 ! Of .3168 1)
J .  7 . 7 8 0 ! 0 , . 3 4 3 ! 1) ( - . 6 4 0 ! 1 .  102! 2) ( - . 2 0 1 8 Of .3138 1)
3 . 8 . 8341 0 . . 3 4 7 ! 1) ( - .7 4 1 8 1 . 104! 2) ( - . 2 5 2 8 Of . 3 0 9 ! 1)
3 .9 .8581 0 . . 3 4 8 ! 1) ( - .8 4 7 8 1 . 108! 2} ( - . 3 4 1 1 Of .  303E 1)
4 . 0 .8511 0 . . 3 4 9 ! 1) ( - . 9 5 5 ! 1 . 1 1 3 ! 2) ( - . 4 8 5 8 Of .2971 1)
4 .  1 . 8 1 7 ! 0. . 3 5 1 ! 1) ( - . 1 0 6 ! 2 .  121! 2) ( - . 6 9 3 ! O f . 2938 1)
4 . 2 . 7 6 5 ! 0 , . 3 5 4 ! 1) ( - . 1 1 6 ! 2 . 1318 2) ( - . 9 5 3 8 Of .2938 1)
4 . 3 . 7 0 6 ! 0. . 3 6 0 ! 1 ) (- .  1258 2 . 143! 2) ( - . 1 2 4 8 I f . 3 0 1 8 1)
4 . 4 .6471 0, . 3 6 7 ! 1 j ( - .  131! 2 . 156E 2) ( - . 1 5 3 ! 1 f .315 8 1)
4 . 5 . 5 9 0 1 0 . . 3 7 6 1 1 ) ( - .1 351 2 . 171! 2) { - . 1 7 9 ! I f . 3 3 5 ! 1)
4 . 6 .5361 0, . 3 8 5 1 1) ( - .1 3 5 1 2 . 1 8 5 ! 2) ( - . 2 0 2 ! 1 , . 360 8 1)
4 . 7 . 4 8 4 ! 0 . . 3 9 5 1 1) ( - . 1 3 1 ! 2 .  197! 2) ( - . 2 2 0 1 1 , . 3 8 9 ! 1)
4 . 8 . 4371 0. . 4 0 7 ! 1 ) ( - . 1 2 7 ! 2 . 2 0 6 ! 2) ( - . 2 3 2 ! I f . 4211 1)
4 . 9 . 4 0 0 ! 0 , . 4 2 0 1 1 ) ( - . 1 2 2 ! 2 . 2 1 0 ! 2 ) ( - . 2 3 6 ! 1 , . 453 1 1)
5 . 0 .3771 0 . . 4 3 5 1 1 ) ( - .1 208 2 . 2 1 1 ! 2 ) ( - . 2 3 2 ! I f .  4838 1)
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TabL; M-13

flUOEL u (FULLI KJ>0.  I C.1 / a £ C J

FRZgl lEHCY Kffh ( H C P I Z C M M ) K4 V (VEU' I ICAL) K I 1 (LOCKING)

0 .  1 . 4 9 4 1 0 , . 4 0 4 1 0) ( . 5 4 0 1 0 .  U79E 0) ( .  1 c 4 2 1 . 5 2 4 a 0)
0 . 2 . 6 2 0 1 c . . 4 2 2 E 0) ( . 9 4 6 6 0 . 12 54 1) ( • 1 4 e e 1 . 50 9 E 0)
0 .  J . 6  331 c . .  4 8t>i 0) ( .  U J E 1 .  1 66 E 1) ( . 1b J ! 1 .  o l  JE 0)
0 . 4 . 6 1 5 7 c , . 59 4  E 0) ( . 1 4 0 6 1 . 1 0 6 6 1J ( . 1 7 0 E 1 . 62  j £ C)
0 . 5 • t O C l C, ■ 7 4 4 E 0) 1 . 1 4 5 2 t . 1 b 7 £ 1) ( . 1 7  3 E 1 .  6 3 0 1 0}
0 .  o .  6 1 5 f c . . 92 I t 0) ( .  1 4 U t 1 . 1 7 u 6 1) ( . 1 7  34 1 . b 4 2 E 0)
0 . 7 . 6 7 8 1 C, . 1 1UE 1) ( . 1 2 6  E 1 .  WOE 1> ( . 1 7 0 E 1 . b b4 E 0)
o .  a . 7 7 6 ! c . .  123E 1) < . 1 07E 1 .  2 1 aE 1) ( .  1 b 5 E I .  70 3 E 0}
0 . 3 C, . 132 E 1> ( . 6 9 0 2 0 . 2 4 3Z n ( . 1 5 b ! 1 . 7 6 4E C)
t .  J . 6 6 5 1 C, . 1 35 E 1) ( .  b 14 6 3 - 2 7 3 E i ) ( . 1 5 1 1 1 . 0 5 0 ! 0)
1.  1 . 5 9 0 1 0 , . 137E 1i ( . d 3 52 0 . 3 0 4 6 i j ( .  14 7 E 1 . 9 5 2 2 0}
1 . 2 . S031 C, . 1 3 8 1 1) ( . d d * t J .  J l  2L i ) ( . 1 4 4 1 1 .  1Q4E 1}
1 . 3 . 54 31 C. . i 4 3 r 11 ( .  5 d 9 c 0 . 3 1 4 4 i j ( .  14 11 1 .  108 6 1)
1 . 4 . 0 * 9 1 0 . .  1 50E 1) ( . 1 9 * 6 0 .  J 2 5 E D ( . 1J  J E 1 . 1 1 1 1 1)
1.  5 . 6 6 0 1 C, . 1 5 6 1 1) l - . 2 * 2 £ 0 .  3 5  JL i ) ( . 1 2CE 1 .  1 1 t E 1)
1 . 0 . 6 2 5 ! C. , 16 6E 1) ( - . 6  0 7c 0 .  3 9 5 6 i j ( . 10bE 1 . 1 3 1 6 1)
1 . 7 . 7 3 7 ! C, . 174E 1) ( - . 0 * 5 6 0 .  4 J 7 E i j ( . 5 7 3 1 U . 14 7 E 1)
l . b . 734  1 c . .  1B1E 1) ( -  • 9 7o6 0 • 46 OE i t ( . 94 b E 0 .  1621 1)
1 . 3 , f c 5 5 i C. .  1U9E 1) 1 i t E 1 .  4 8 2 6 i ) ( . 9 3 3 6 ‘u .  17C£ 1)
2 . 0 . 5 5 C1 c . . 1 9 9 6 1) l o o t 1 .  5 0 OE i ) ( . 0 5 7 E 0 . 17 J E 1}
2 .  1 . 4 3 4 1 c . . 2 1 4 f 11 ( - . 2 2  IE 1 . 5 3 3 6 i> ( . 7  1 5E 0 . 179 1 1)
* . 2 . J t O ! 0 . .  2 35E 11 I -  * 2 b * t 1 .  5 o 0 6 i ) ( .  5 5‘ 4 £ 0 . 192E 1)
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