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ABSTRACT 

Ana lyses  o f  a 1:6-scale r e i n f o r c e d  c o n c r e t e  con ta inmen t  model t h a t  w i l l  be 
t e s t e d  t o  f a i l u r e  a t  Sand ia  N a t i o n a l  L a b o r a t o r i e s  i n  t h e  s p r i n g  o f  1987 were 
conduc ted  by t h e  f o l l o w i n g  o r g a n i z a t i o n s  i n  t h e  U n i t e d  S t a t e s  and Europe: 

Sand ia  N a t i o n a l  L a b o r a t o r i e s  (USA)  
Argonne N a t i o n a l  L a b o r a t o r y  (USA) 
E l e c t r i c  Power Research  I n s t i t u t e  (USA) 
Commissar ia t  a L ' E n e r g i e  Atomique ( F r a n c e )  
HM N u c l e a r  I n s t a l l a t i o n s  I r i s p e c t o r a t e  (U.K.) 
C o m i t a t o  N a z i o n a l e  p e r  l a  r i c e r c a  e p e r  l o  s v i l u p p o  de 

N u c l e a r e  e d e l l e  E n e r g i e  A l t e r n a t i v e  ( I t a l y )  
U.K. A tomic  Energy A u t h o r i t y ,  S a f e t y  and R e l i a b i l i t y  D 
G e s e l l s c h a f t  f u e r  R e a k t o r s i c h e r h e i t  (FRG) 
Brookhaven N a t i o n a l  L a b o r a t o r y  (USA) 
C e n t r a l  E l e c t r i c i t y  G e n e r a t i n g  Board  (U .K . )  

1 I E n e r g i  a 

r e c t o r a t e  (U.K.) 

Each o r g a n i z a t i o n  was s u p p l i e d  w i t h  a s t a n d a r d  i n f o r m a t i o n  package, w h i c h  
i n c l u d e d  c o n s t r u c t i o n  d r a w i n g s  and a c t u a l  m a t e r i a l  p r o p e r t i e s  f o r  most  o f  
t h e  m a t e r i a l s  used i n  t h e  model.  Each o r g a n i z a t i o n  worked i n d e p e n d e n t l y  
u s i n g  t h e i r  own a n a l y t i c a l  methods. 

T h i s  r e p o r t  i n c l u d e s  d e s c r i p t i o n s  o f  t h e  v a r i o u s  a n a l y t i c a l  approaches and 
p r e t e s t  p r e d i c t i o n s  s u b m i t t e d  by each o r g a n i z a t i o n .  S i g n i f i c a n t  m i l e s t o n e s  
t h a t  o c c u r  w i t h  i n c r e a s i n g  p r e s s u r e ,  such as damage t o  t h e  c o n c r e t e  
( c r a c k i n g  and c r u s h i n g )  and y i e l d i n g  o f  t h e  s t e e l  components, and t h e  
f a i l u r e  p r e s s u r e  ( c a p a c i t y )  and f a i l u r e  mechanism a r e  d e s c r i b e d .  A n a l y t i c a l  
p r e d i c t i o n s  f o r  p r e s s u r e  h i s t o r i e s  o f  s t r a i n  i n  t h e  l i n e r  and r e b a r  and 
d i s p l a c e m e n t s  a r e  compared a t  l o c a t i o n s  where e x p e r i m e n t a l  r e s u l t s  w i l l  be 
a v a i l a b l e  a f t e r  t h e  t e s t .  Thus, t h e s e  p r e d i c t i o n s  can be compared t o  one 
a n o t h e r  and t o  e x p e r i m e n t a l  r e s u l t s  a f t e r  t h e  t e s t .  

-i i i / i v- 

- - 
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D e f o r m a t i o n s  o f  Conta inment  ( n o t e  Sca le -Fac tor )  caused by 
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Genera l  C o n f i g u r a t i o n  o f  Conta inment  
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Deformed C o n f i g u r a t i o n  a t  8 0  p s i  ( 0 . 5 5 2  MPa) 
Deformed C o n f i g u r a t i o n  a t  90 p s i  ( 0 . 6 2 1  MPa) 
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Deformed C o n f i g u r a t i o n  a t  104 p s i  (0.717 MPa) 
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Computed V e r t i c a l  D isp lacemen ts  A long  S t r u c t u r e  
R a d i a l  D isp lacements  A long  C y l i n d e r  Wal l  
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Wal l /Base J u n c t i o n  Crack P a t t e r n  a t  0.690 MPa (100 p s i )  
Wa l l /Base  J u n c t i o n  Crack P a t t e r n  a t  1.000 MPa (145 p s i )  
Wal l /Base J u n c t i o n  Crack P a t t e r n  a t  1.100 MPa (159.5 p s i )  
Wal l /Base J u n c t i o n  Crack  P a t t e r n  a t  1.103 MPa (160 p s i )  
P r o g r e s s i v e  V e r t i c a l  Crack  P a t t e r n  i n  C y l i n d r i c a l  Wa l l  
P r o g r e s s i v e  V e r t i c a l  Crack  P a t t e r n  i n  Dome 

A c t u a l  and as M o d e l l e d  i n  ADINA-TW 

vs R a d i a l  D isp lacemen t  
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v s  P r e s s u r e  

a t  0.1 MPa (14.5 p s i )  

a t  0.1 MPa (14.5 p s i )  

Those w i t h  P e n e t r a t i o n  T h i c k e n i n g s  

4.44 m E l e v a t i o n  

A long  V e r t i c a l  S e c t i o n s  o f  Model 

L i n e a r  E l a s t i c  2-D D isp lacemen ts  

L i n e a r  E l a s t i c  A x i s y m m e t r i c  D isp lacemen ts  
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Maximum p r  n c i p a l  s t r a i n  on i n s i d e  l i n e r  s u r f a c e  
a t  EL 2 ' -0 8", 8 = 90 ( j u s t  above k n u c k l e )  
A x i a l  s t r a  n i n  l a y e r  2 m e r i d i o n a l  r e b a r  
a t  EL 2 ' -0  8 " ,  8 = 90 ( j u s t  above k n u c k l e )  
A x i a l  s t r a i n  i n  l a y e r  5 m e r i d i o n a l  r e b a r  
a t  EL 2 ' -0 .8" ,  8 = 90 ( j u s t  above k n u c k l e )  
Maximum p r i n c i p a l  s t r a i n  on i n s i d e  l i n e r  s u r f a c e  
a t  EL 23 ' -11" ,  8 = 90 
A x i a l  s t r a i n  i n  l a y e r  2 m e r i d i o n a l  r e b a r  
a t  EL 23'-11",  8 = 90 
A x i a l  s t r a i n  i n  l a y e r  5 m e r i d i o n a l  r e b a r  
a t  EL 23'-11' ' ,  0 = 90 
V e r t i c a l  d i s p l a c e m e n t  o f  l i n e r  a t  dome apex, @= 90 
V e r t i c a l  d i s p l a c e m e n t  o f  l i n e r  r e l a t i v e  t o  s p r i n g l i n 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  l i n e r ,  @ = 70, 8 = 90 
Maximum p r i n c i p a l  s t r a i n  on i n s i d e  l i n e r  s u r f a c e ,  

A x i a l  s t r a i n  i n  l a y e r  2 m e r i d i o n a l  r e b a r ,  4 = 72, 8 = 90 
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A x i a l  s t r a i n  i n  l a y e r  5 m e r i d i o n a l  r e b a r ,  4 = 37, 8 = 90 
H o r i z o n t a l  d i s p l a c e m e n t  o f  i n s i d e  edge o f  equipment h a t c h  B 
s l e e v e  a t  m i d t h i c k n e s s  ( t o p )  a t  EL 14 ' -7" ,  8 = 180 
R a d i a l  d i s p l a c e m e n t  o f  l i n e r  a t  EL 20'-1.5", 8 = 312.5 
( c o n s t r a i n e d  p i p e )  
R a d i a l  d i s p l a c e m e n t  o f  l i n e r  a t  EL 20 ' -1 .5" ,  8 = 305 
( c o n s t r a i n e d  p i p e )  
R a d i a l  d i s p l a c e m e n t  o f  l i n e r  a t  EL 20 ' -1 .5" ,  8 = 290 
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Maximum p r i n c i p a l  s t r a i n  on i n s i d e  l i n e r  s u r f a c e  
a t  EL 13 ' -0 ' ' ,  8 = 158 
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Change i n  s l e e v e  h o r i z o n t a l  d i a m e t e r  (Equipment h a t c h  B 
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Maximum p r i n c i p a l  s t r a i n  on i n s i d e  s u r f a c e  o f  l i n e r  v s  
p o s i t i o n  ( k n u c k l e  r e g i o n )  a t  100 p s i  (0.689 MPa) 
Maximum p r i n c i p a l  s t r a i n  on i n s i d e  s u r f a c e  o f  l i n e r  vs  
p o s i t i o n  ( k n u c k l e  r e g i o n )  a t  150 p s i  (1.034 MPa) 
Maximum p r i n c i p a l  s t r a i n  on i n s i d e  s u r f a c e  o f  l i n e r  vs  
p o s i t i o n  ( s p r i n g l i n e  and dome r e g i o n )  a t  100 p s i  (0.689 MPa) 
Maximum p r i n c i p a l  s t r a i n  on i n s i d e  s u r f a c e  o f  l i n e r  v s  
p o s i t i o n  ( s p r i n g l i n e  and dome r e g i o n )  a t  150 p s i  (1.034 MPa) 
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1. E X E C U T I V E  SUMMARY 

T e s t i n g  and a n a l y s i s  o f  s c a l e  models o f  con ta inmen t  b u i l d i n g s  t h a t  a r e  
p r e s s u r i z e d  t o  f a i l u r e  a r e  b e i n g  conducted  a t  Sand ia  N a t i o n a l  L a b o r a t o r i e s  
as p a r t  o f  t h e  Conta inment  I n t e g r i t y  Programs sponsored by t h e  U.S. N u c l e a r  
R e g u l a t o r y  Commission (NRC). The o v e r a l l  o b j e c t i v e  o f  t h e  programs i s  t o  
d e v e l o p  t e s t  v a l i d a t e d  methods t h a t  can be used t o  p r e d i c t  t h e  per fo rmance 
of  l i g h t  w a t e r  r e a c t o r  con ta inmen t  b u i l d i n g s  s u b j e c t  t o  l o a d s  beyond t h e  
d e s i g n  b a s i s .  F i v e  s c a l e  s t e e l  con ta inmen t  mode ls  have a l r e a d y  been t e s t e d ;  
as a r e s u l t ,  a n a l y t i c a l  methods a p p r o p r i a t e  t o  s t e e l  con ta inmen t  b u i l d i n g s  
were v a l i d a t e d .  C u r r e n t l y ,  f i n a l  p r e p a r a t i o n s  f o r  t e s t i n g  a l : 6 - s c a l e  
r e i n f o r c e d  c o n c r e t e  con ta inmen t  model a r e  b e i n g  comple ted .  

P r e t e s t  ana lyses  o f  t h e  l : 6 - s c a l e  r e i n f o r c e d  c o n c r e t e  model con ta inmen t  
model have been conducted  by a number o f  o r g a n i z a t i o n s  i n  t h e  U n i t e d  S t a t e s  
and Europe i n  o r d e r  t o  p r e d i c t  t h e  response and f a i l u r e  o f  t h e  model caused 
by s t a t i c  i n t e r n a l  p r e s s u r i z a t i o n .  The o r g a n i z a t i o n s  t h a t  have p a r t i c i p a t e d  
i n  t h e  p r e t e s t  a n a l y s i s  and have s u b m i t t e d  d e s c r i p t i o n s  o f  t h e i r  a n a l y s i s  
and r e s u l t s  a r e  l i s t e d  below: 

Sand ia  N a t i o n a l  L a b o r a t o r i e s  (SNL), U n i t e d  S t a t e s  
Argonne N a t i o n a l  L a b o r a t o r y  (ANL), U n i t e d  S t a t e s  
E l e c t r i c  Power Research I n s t i t u t e  ( E P R I ) ,  U n i t e d  S t a t e s  
Commissar ia t  a L ' E n e r g i e  Atomique ( C E A ) ,  F rance 
HM N u c l e a r  I n s t a l l a t i o n s  I n s p e c t o r a t e  ( N I I ) ,  U n i t e d  Kingdom 
C o m i t a t o  N a z i o n a l e  p e r  l a  r i c e r c a  e p e r  l o  s v i l u p p o  d e l l ' E n e r g i a  

N u c l e a r e  e d e l l e  E n e r g i e  A l t e r n a t i v e  (ENEA-DISP), I t a l y  
U.K. A tomic  Energy A u t h o r i t y  - S a f e t y  and R e l i a b i l i t y  D i r e c t o r a t e  (SRD) 
G e s e l l s c h a f t  f u e r  R e a k t o r s i c h e r h e i t  (GRS), Federa l  R e p u b l i c  o f  Germany 
Brookhaven N a t i o n a l  L a b o r a t o r y  (BNL), U n i t e d  S t a t e s  
C e n t r a l  E l e c t r i c i t y  G e n e r a t i n g  Board (CEGB), U n i t e d  Kingdom 

The model w i l l  be p r e s s u r i z e d  t o  f a i l u r e  u s i n g  n i t r o g e n  gas a t  ambien t  
t e m p e r a t u r e  i n  t h e  s p r i n g  o f  1987 a t  SNL. F i g u r e  1.1 i s  a pho tog raph  o f  t h e  
model and t h e  t e s t  s i t e .  

SNL and NRC i n v i t e d  o r g a n i z a t i o n s  t o  p a r t i c i p a t e  i n  t h e  p r e t e s t  a n a l y s i s  
b e g i n n i n g  i n  e a r l y  1986; t h e  a n a l y t i c a l  e f f o r t  was c o o r d i n a t e d  by SNL. SNL 
has a t t e m p t e d  t o  encourage independent  m o d e l l i n g  e f f o r t s  w h i l e  t r y i n g  t o  
m a i n t a i n  c o n s i s t e n t  i n p u t .  Each o r g a n i z a t i o n  w a s  s u p p l i e d  w i t h  t h e  same 
b a s i c  i n f o r m a t i o n ,  w h i c h  i n c l u d e d  c o n s t r u c t i o n  d raw ings ,  s p e c i f i c a t i o n s ,  and 
as-measured m a t e r i a l  p r o p e r t i e s .  

Severa l  b e n e f i t s  were expec ted  f r o m  t h e  round- rob in  a n a l y s i s .  F i r s t ,  
because o f  t h e  l a r g e  number o f  a n a l y t i c a l  approaches and i n t e r p r e t a t i o n s ,  a 
g r e a t e r  number o f  p o t e n t i a l  l i m i t  s t a t e s  have been recogn ized .  As a r e s u l t ,  
t h e  i n s t r u m e n t a t i o n  p l a n  f o r  t h e  model i s  more t h o r o u g h  and SNL's a b i l i t y  t o  
a n t i c i p a t e  and respond t o  e v e n t s  d u r i n g  t h e  h i g h  p r e s s u r e  t e s t  has been 
enhanced. Second, a measure o f  t h e  u n c e r t a i n t y  i n  p r e t e s t  p r e d i c t i o n s  w i l l  
be o b t a i n e d  by comparisons o f  d i f f e r e n t  a n a l y s e s  as w e l l  a s  comparisons 
between a n a l y t i c a l  and e x p e r i m e n t a l  r e s u l t s .  T h i r d ,  a l a r g e  number o f  
s t a t e - o f - t h e - a r t  f i n i t e  e lement  codes have been a p p l i e d  t o  t h e  prob lem,  
i n c l u d i n g  ABAQUS, A D I N A ,  CASTEM, NEPTUNE, NFAP, PAFEC, and TEMP-STRESS, 
w h i c h  w i l l  make i t  p o s s i b l e  t o  e v a l u a t e  t h e  s u i t a b i l i t y  o f  t h e s e  codes f o r  
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n o n l i n e a r  a n a l y s i s  o f  r e i n f o r c e d  c o n c r e t e  s t r u c t u r e s .  F i n a l l y ,  t h e  round- 
r o b i n  e x e r c i s e  has l e d  t o  g r e a t e r  r e c o g n i t i o n  o f  t h e  i m p o r t a n c e  o f  
con ta inment  per fo rmance and r e 1  i a b l e  p r e d i c t i o n  t e c h n i q u e s ;  i t  has a l s o  
f a c i l i t a t e d  t h e  exchange o f  i n f o r m a t i o n  on t h e s e  and o t h e r  r e l a t e d  t o p i c s .  

T h i s  r e p o r t  d e s c r i b e s  t h e  p r e t e s t  a n a l y s e s  and compares t h e  r e s u l t s  produced 
by t h e  p a r t i c i p a t i n g  o r g a n i z a t i o n s .  Background i n f o r m a t i o n  on t h e  
conta inment  i n t e g r i t y  programs and on t h e  s c a l e  model a n a l y s e s  i s  g i v e n  i n  
S e c t i o n  2. The geometry  and m a t e r i a l  p r o p e r t i e s  o f  t h e  r e i n f o r c e d  c o n c r e t e  
conta inment  model a r e  d i s c u s s e d  i n  S e c t i o n  3 .  The h e a r t  o f  t h e  r e p o r t  i s  
c o n t a i n e d  i n  S e c t i o n  4 ,  w h i c h  c o n s i s t s  o f  s u b s e c t i o n s  w r i t t e n  by each 
o r g a n i z a t i o n  p a r t i c i p a t i n g  i n  t h e  round r o b i n .  These s u b s e c t i o n s  d e s c r i b e  
t h e  a n a l y t i c a l  approach, r e s u l t s ,  and c o n c l u s i o n s  reached by each group 
r e g a r d i n g  t h e  b e h a v i o r  o f  t h e  model.  

I n  a d d i t i o n ,  each o r g a n i z a t i o n  was asked t o  submi t  r e s u l t s  a t  c e r t a i n  
l o c a t i o n s  f o r  response measures, such as s t r a i n  and d i s p l a c e m e n t ,  as a 
f u n c t i o n  o f  p ressu re .  These a r e  r e f e r r e d  t o  as t h e  s t a n d a r d  p l o t s ,  and t h e y  
appear i n  Appendix A. The l o c a t i o n s  s p e c i f i e d  i n  t h e  s t a n d a r d  p l o t s  
cor respond t o  l o c a t i o n s  where i n s t r u m e n t a t i o n  was p l a c e d  t o  enab le  
compar isons o f  d i f f e r e n t  a n a l y s e s  w i t h  each o t h e r  and d i r e c t l y  w i t h  t h e  
e x p e r i m e n t  a 1 da ta .  

A t  t h i s  t ime ,  comnents on t h e  compar ison between d i f f e r e n t  a n a l y s e s  a r e  
l i m i t e d  p r i m a r i l y  t o  o b s e r v a t i o n s .  A t r u e  e v a l u a t i o n  o f  t h e  accuracy  o f  t h e  
a n a l y s e s  can be made o n l y  i n  l i g h t  o f  t h e  e x p e r i m e n t a l  r e s u l t s .  A s  
d i s c u s s e d  l a t e r  i n  t h i s  r e p o r t ,  SNL and, no doub t ,  many o r  most o f  t h e  o t h e r  
o r g a n i z a t i o n s  w i l l  f o l l o w  t h r o u g h  w i t h  p o s t t e s t  a n a l y s e s  and assessments o f  
t h e  s t r e n g t h s  and weaknesses o f  t h e  d i f f e r e n t  a n a l y t i c a l  approaches t h a t  
have been taken.  

The p r e d i c t e d  p r e s s u r e  l e v e l s  a t  w h i c h  c e r t a i n  damage mechanisms i n i t i a t e  i n  
areas c h a r a c t e r i z e d  by membrane b e h a v i o r  ( g l o b a l  response)  a r e  shown i n  
Tab le  1.1. Hoop c r a c k i n g  r e f e r s  t o  c r a c k s  e x t e n d i n g  i n  t h e  m e r i d i o n a l  
d i r e c t i o n ,  i . e . ,  c r a c k s  t h a t  r e s u l t  f r o m  c i r c u m f e r e n t i a l  (hoop)  s t r e s s .  
S i m i l a r l y ,  m e r i d i o n a l  c r a c k i n g  i m p l i e s  c racks  t h a t  l i e  i n  a p l a n e  
p e r p e n d i c u l a r  t o  t h e  s u r f a c e ,  i .e . ,  c r a c k s  t h a t  a r e  due t o  m e r i d i o n a l  
s t r e s s .  A l t h o u g h  t h e r e  a r e  d i f f e r e n c e s  i n  t h e  p r e d i c t e d  p r e s s u r e  l e v e l s  a t  
w h i c h  c r a c k i n g  i n i t i a t e s ,  a l l  o f  t h e  a n a l y s e s  p r e d i c t  w idespread c r a c k i n g  
b e f o r e  t h e  a t t a i n m e n t  o f  any l i m i t  s t a t e s .  A l so ,  a l l  o r g a n i z a t i o n s  e x p e c t  
hoop c r a c k i n g  i n  t h e  c y l i n d e r  t o  b e g i n  be low o r  nea r  t h e  model d e s i g n  
p r e s s u r e  o f  46 p s i g  (0.317 MPa). I t  shou ld  be n o t e d  t h a t  t h e r e  a r e  
s i g n i f i c a n t  v a r i a t i o n s  i n  t h e  c o n c r e t e  c o n s t i t u t i v e  models  used by d i f f e r e n t  
o r g a n i z a t i o n s ;  i n  a few cases, c r a c k i n g  was n o t  e x p l i c i t l y  mode l led .  

The i n i t i a t i o n  o f  g e n e r a l  y i e l d i n g  o f  t h e  s t e e l  l i n e r  i s  p r e d i c t e d  o v e r  a 
f a i r l y  w ide  range o f  p r e s s u r e ,  f r o m  82 t o  115 p s i g  (.565 t o  . 793  MPa). The 
v a r i a t i o n  i s  a t  l e a s t  p a r t l y  a t t r i b u t a b l e  t o  d i f f e r e n c e s  i n  t h e  a n a l y t i c a l  
models o f  t h e  l i n e r ;  some o f  t h e  models do n o t  t r e a t  t h e  b i a x i a l  s t a t e  o f  
s t r e s s  i n  t h e  l i n e r  because t h e  hoop and m e r i d i o n a l  s t i f f n e s s  a r e  
r e p r e s e n t e d  w i t h  s e p a r a t e  e lements .  The y i e l d  p r e s s u r e  c a l c u l a t e d  based on 
a u n i a x i a l  s t a t e  o f  s t r e s s  may be 15% lower  t h a n  t h a t  c a l c u l a t e d  u s i n g  t h e  
von Mises y i e l d  c r i t e r i o n  f o r  a b i a x i a l  s t a t e  o f  s t r e s s  i n  w h i c h  t h e  
p r i n c i p a l  s t r e s s e s  a r e  b o t h  t e n s i l e .  A second d i f f i c u l t y  i s  i n t r o d u c e d  by 
t h e  c o n c r e t e ,  w h i c h  has c racked b u t  p r o b a b l y  s t i l l  r e t a i n s  some t e n s i l e  l o a d  
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c a r r y i n g  c a p a b i l i t y  i n  t h e  p r e s s u r e  range o v e r  w h i c h  l i n e r  y i e l d i n g  i s  
p r e d i c t e d .  There  i s  g r e a t  u n c e r t a i n t y  and t h u s  w i d e  d i f f e r e n c e s  i n  t h e  
a n a l y t i c a l  m o d e l l i n g  o f  how t h e  t e n s i l e  c a p a b i l i t y  o f  t h e  c o n c r e t e  decreases  
a f t e r  c r a c k i n g .  C l e a r l y ,  t h e  c a l c u l a t e d  l i n e r  y i e l d  p r e s s u r e  w i l l  depend on 
how much t e n s i l e  l o a d  c a r r y i n g  c a p a b i l i t y  t h e  c o n c r e t e  i s  a l l o w e d  t o  r e t a i n  
i n  t h e  a n a l y t i c a l  model a f t e r  c r a c k i n g ,  and t h e  v a l u e  o f  s t r a i n  a t  w h i c h  t h e  
t e n s i l e  l o a d  c a r r y i n g  c a p a b i l i t y  o f  t h e  c o n c r e t e  i s  assumed t o  go t o  zero .  

T a b l e  1.1 
P r e s s u r e  H i s t o r y  M i l e s t o n e s  ( G l o b a l  Response) 

P r e s s u r e  
P s i g  
MPa 

SNL ANL EPRI  CEA N I I a  ENEA SRD GRS BNL CEGB I n i t i a t i o n  o f :  

Hoop C r a c k i n g  30 40 40 43 53 32 28 40 40 50 
( C y l i n d e r )  0 .21 0.28 0.28 0.30 0.36 0.22 0.19 0.28 0.28 0.34 

- - -  - - -  - - - -  

Hoop C r a c k i n g  40 40 80 43 87 34 32 43 50 53 
(Dome) 0.28 0.28 0.55 0.30 0.60 0.24 0.22 0.30 0.34 0.36 

M e r i d i o n a l  C r a c k i n g  35 40 100 73 87 32 7 1  75 NR 75  
( C y l i n d e r )  0.24 0.28 0.69 0.50 0.60 0 .22  0.49 0.52 0.52 

M e r i d i o n a l  C r a c k i n g  40 40 80 73 87 34 33 43 NR 53 
(Dome) 0.28 0.28 0.55 0.50 0.60 0.24 0.22 0.30 0.36 

L i  n e r  Y i e l d i n g  115 100 95 87 116 92 110 NR 104 82 
( C y l i n d e r )  0.79 0.69 0.66 0 .60  0.80 0.63 0.76 0.72 0.56 

Hoop Rebar 130 120 120 130 130 120 138 120b 124 124 
Y i e l d i n g  0.90 0.83 0.83 0.90 0.90 0.83 0.95 0.83 0.85 0.85 

M e r i d i o n a l  Rebar 135 145 135 135b NR 129 174' 145b NR 142 
Y i e 1 d i  ng 0.93 1.00 0.93 0.93 0.89 1.20 1.00 0.98 

Notes : 
1. C i r c u m f e r e n t i a l  (hoop)  s t r e s s e s  a r e  t h e  d r i v i n g  f o r c e  f o r  hoop c r a c k i n g ;  

M e r i d i o n a l  s t r e s s e s  a r e  t h e  d r i v i n g  f o r c e  f o r  m e r i d i o n a l  c r a c k i n g .  
a. S i n c e  N I I  conducted  a n a l y s i s  o n l y  a t  53,  87, 116, 145, and 174 p s i  (0.37, 

0.6, 0.8, 1.0, and 1.2 MPa) ,  t h e  r e p o r t e d  v a l u e s  do n o t  n e c e s s a r i l y  
r e f l e c t  i n i t i a t i o n ,  b u t  o n l y  t h e  l o w e s t  p r e s s u r e  a t  w h i c h  t h e  e v e n t  was 
d e t e c t e d  f o r  w h i c h  c a l c u l a t i o n s  were made. 

b .  E d i t o r ' s  e s t i m a t e .  
c.  R e s u l t s  o f  hand c a l c u l a t i o n .  
NR = n o t  r e p o r t e d  
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I n  c o n t r a s t  t o  t h o s e  f o r  t h e  l i n e r ,  t h e  c a l c u l a t i o n s  f o r  i n i t i a t i o n  o f  
g e n e r a l  y i e l d i n g  i n  t h e  hoop r e b a r  (deformed r e i n f o r c i n g  s t e e l )  produce 
q u i t e  s i m i l a r  r e s u l t s ,  w i t h  most  p r e d i c t i o n s  f a l l i n g  i n  a range between 120 
and 130 p s i g  (0.827 and 0.896 MPa). W i t h  t h e  e x c e p t i o n  o f  SRD, w h i c h  
r e p o r t e d  r e s u l t s  f r o m  a hand c a l c u l a t i o n ,  t h e  r e s u l t s  f o r  m e r i d i o n a l  r e b a r  
y i e l d i n g  a r e  a l s o  q u i t e  s i m i l a r .  ( A  number o f  o r g a n i z a t i o n s  d i d  n o t  
c a l c u l a t e  a p r e s s u r e  a t  w h i c h  m e r i d i o n a l  r e b a r s  wou ld  b e g i n  t o  y i e l d  because 
t h e y  p r e d i c t e d  f a i l u r e  a t  a l o w e r  p r e s s u r e . )  S i n c e  t h e  r e b a r s  a r e  
e s s e n t i a l l y  u n i a x i a l  l o a d  c a r r y i n g  members, t h e y  a r e  much s i m p l e r  t o  model 
a n a l y t i c a l l y .  Fur thermore ,  i n  t h e  p r e s s u r e  ranges f o r  w h i c h  g e n e r a l  
y i e l d i n g  o f  t h e  r e b a r s  b e g i n s ,  n e a r l y  a l l  o f  t h e  a n a l y t i c a l  models assume 
t h a t  t h e  c o n c r e t e  cannot  c a r r y  any t e n s i l e  l o a d .  From t h i s  s t a n d p o i n t ,  t h e  
agreement i s  n o t  s u r p r i s i n g .  

The r a d i a l  d i s p l a c e m e n t  o f  t h e  c y l i n d e r  near  m i d h e i g h t  away from 
p e n e t r a t i o n s  i s  shown i n  F i g u r e  1.2 as a f u n c t i o n  of  p r e s s u r e .  F i g u r e  1.2a 
shows t h e  d e t a i l s  o f  t h e  response a t  l o w  p r e s s u r e ;  hoop c r a c k i n g  i n  t h e  
c o n c r e t e  causes a sudden i n c r e a s e  i n  d i s p l a c e m e n t  w i t h  l i t t l e  o r  no i n c r e a s e  
i n  p r e s s u r e .  Some o f  t h e  c a l c u l a t i o n s  d i d  n o t  e x p l i c i t l y  model c o n c r e t e  
c r a c k i n g  (e.g., SNL and NII)  and t h u s  a sudden i n c r e a s e  i n  d i s p l a c e m e n t  i s  
n o t  observed.  The o n s e t  o f  r a p i d l y  i n c r e a s i n g  r a d i a l  d i s p l a c e m e n t  seen i n  
F i g u r e  1.2b cor responds t o  g e n e r a l  y i e l d i n g  o f  t h e  w a l l ,  i n c l u d j n g  b o t h  hoop 
and s e i s m i c  r e b a r s .  The v e r t i c a l  d i s p l a c e m e n t  o f  t h e  c y l i n d e r  a t  m i d h e i g h t  
r e l a t i v e  t o  t h e  base o f  t h e  c y l i n d e r  ( F i g u r e  1 .3 )  does n o t  e x h i b i t  t h e  
s i n g l e  sudden i n c r e a s e  t h a t  c h a r a c t e r i z e s  t h e  r a d i a l  d i s p l a c e m e n t .  The 
d i f f e r e n c e  i s  due t o  t h e  f a c t  t h a t  m e r i d i o n a l  c r a c k s  d e v e l o p  o v e r  a 
r e l a t i v e l y  w i d e  p r e s s u r e  range, whereas t h e  hoop c r a c k s  occur  a lmost  
s i m u l t a n e o u s l y  t h r o u g h o u t  t h e  c y l i n d e r .  Note  a l s o  t h a t  t h e  magni tude o f  t h e  
r a d i a l  d i s p l a c e m e n t  i s  s i g n i f i c a n t l y  g r e a t e r  t h a n  t h e  v e r t i c a l  d i s p l a c e m e n t ,  
even a f t e r  g e n e r a l  y i e l d i n g .  

W h i l e  g l o b a l  response i s  a u s e f u l  and i n t e r e s t i n g  measure o f  b e h a v i o r ,  t h e r e  
i s  t h e  p o s s i b i l i t y  t h a t  l o c a l  response may govern  f a i l u r e .  F o r  i n s t a n c e ,  
t h e  l i n e r  i s  s u b j e c t  t o  l o c a l  s t r a i n  c o n c e n t r a t i o n s  a t  d i s c o n t i n u i t i e s ,  
w h i c h  may r e s u l t  i n  s m a l l  t e a r s  i n  t h e  l i n e r  and l o s s  o f  i n t e g r i t y .  T h i s  
h y p o t h e s i s  has been c o n s i d e r e d  i n  some d e p t h  by E P R I  and t o  a l e s s e r  e x t e n t  
by s e v e r a l  o t h e r  o r g a n i z a t i o n s  i n c l u d i n g  SNL. A s  a n o t h e r  example, t h e  shear  
s t r e n g t h  o f  t h e  w a l l  may be exceeded due t o  l o c a l i z e d  shear  f o r c e s  and 
b e n d i n g  moments, w h i c h  p r e d o m i n a n t l y  o c c u r  a t  t h e  basemat c y l i n d e r  w a l l  
j u n c t i o n .  

M i l e s t o n e s  i n  t h e  l o c a l  response a t  t h e  basemat c y l i n d e r  j u n c t i o n  a r e  
r e c o r d e d  i n  T a b l e  1.2. M e r i d i o n a l  c r a c k i n g  o f  t h e  c o n c r e t e  on t h e  i n s i d e  
f a c e  i s  expec ted  a t  v e r y  low p r e s s u r e  and s h o u l d  be t h e  f i r s t  p a r t  o f  t h e  
model t o  e x p e r i e n c e  damage. The m e r i d i o n a l  r e b a r  a t  t h e  j u n c t i o n  y i e l d s  
b e f o r e  g e n e r a l  y i e l d i n g  o f  t h e  hoop r e b a r .  There was c o n s i d e r a b l e  
d i f f e r e n c e  i n  t h e  p r e d i c t i o n s  w i t h  r e g a r d  t o  basemat u p l i f t .  About h a l f  t h e  
a n a l y s t s  c a l c u l a t e d  u p l i f t  i n  excess o f  1 / 2  i n c h  (12.7 mm) as i n d i c a t e d  i n  
T a b l e  1.2; t h e  remainder  d i d  n o t  p r e d i c t  s i g n i f i c a n t  u p l i f t  (see a l s o  F i g u r e  
A . 1 ) .  Many a n a l y s t s  p r e d i c t e d  c r u s h i n g  o f  t h e  c o n c r e t e  on t h e  o u t e r  f a c e  o f  
t h e  w a l l ,  w h i c h  s i g n i f i c a n t l y  reduces t h e  shear  and moment r e s i s t a n c e .  

The " b e s t  e s t i m a t e "  c a p a c i t y  o f  t h e  model and t h e  l i m i t  s t a t e  mechanism 
p r e d i c t e d  by each o r g a n i z a t i o n  a r e  compared i n  Tab le  1.3,  The p r e d i c t e d  
c a p a c i t y  v a r i e s  f r o m  128 t o  190 p s i g  (0.800 t o  1.310 MPa), w h i c h  i s  
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T a b l e  1 . 2  
M i l e s t o n e s  i n  L o c a l  Response a t  Basemat C y l i n d e r  J u n c t i o n  

I n i t i a t i o n  o f :  

Mer i d i ona 1 
C r a c k i n g  

L i n e r  
Y i e l  d i  ng 

M e r i d i o n a l  Rebar 
Y i e l  d i  ng 

U p l i f t  = 0.5  i n c h  
( 1 2 . 7  mn) 

C r u s h i n g  

P ressu re  
P s i g  
MPa 

a SNL ANL EPRI  CEA N I I  ENEA SRD GRS BNL CEGB 

NR 25 30 29 53 18 NR 29 30 20 
0.17 0 .21  0.20 0.37 0.12 0.20 0 .21  0.14 

- - -  - - -  - - - -  

NR 105 60 NR l l O b  92 NR NR N R  127 
0.72 0.41 0 .76  0.63 0.88 

127 135 130 NR 92 133 NR 130 104 140 
0.88 0.93 0.90 0 .63  0.92 0.90 0.72 0.97 

NE 157 129 111 NE NR 132 117 NE NE 
1.08 0.89 0.77 0.91 0 .81  

145 140 140 NR NR 138 NR 116 NR 159 
1 .00  0.97 0.97 0.95 0.80 1.10 

Notes :  
a. S i n c e  N I I  conduc ted  a n a l y s i s  o n l y  a t  53,  87, 116,  145,  and 174 p s i  (0.37, 

0 . 6 ,  0 .8 ,  1 . 0 ,  and 1.2  MPa), t h e  r e p o r t e d  v a l u e s  do n o t  n e c e s s a r i l y  
r e f l e c t  i n i t i a t i o n ,  b u t  o n l y  t h e  l o w e s t  p r e s s u r e  a t  w h i c h  t h e  e v e n t  was 
d e t e c t e d  f o r  w h i c h  c a l c u l a t i o n s  were made. 

i n s u f f i c i e n t  t o  a c h i e v e  t h e  f u l l  y i e l d  s t r e s s  and t h u s  t h e  l i n e r  i s  
expec ted  t o  d e t a c h  i t s e l f  a t  t h i s  p o i n t  be low 110 p s i  (0 .76 MPa). 

NR = n o t  r e p o r t e d  
NE = u p l i f t  was l e s s  t h a n  0 . 5  i n c h e s  o v e r  t h e  p r e s s u r e  range ana lyzed  

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

a p p r o x i m a t e l y  2.8 t o  4 . 1  t i m e s  t h e  d e s i g n  p r e s s u r e .  ( A s  d e s c r i b e d  on page 
251, N I I ' s  p r e d i c t i o n  i s  c o n s e r v a t i v e  and perhaps  s h o u l d  n o t  be v iewed i n  
t h e  same l i g h t  as t h e  o t h e r  c a l c u l a t i o n s . )  Seven o f  t h e  t e n  o r g a n i z a t i o n s  
i d e n t i f i e d  t h e  basemat c y l i n d e r  j u n c t i o n  as a l o c a t i o n  where f a i l u r e  was 
l i k e l y  t o  o c c u r ,  b u t  even among those ,  t h e r e  were w i d e  v a r i a t i o n s  i n  t h e  
p r e d i c t e d  c a p a c i t y  and l i m i t  mechanism. F a i l u r e  a t  t h e  basemat c y l i n d e r  
j u n c t i o n  was a s c r i b e d  t o  shear ,  f l e x u r e ,  o r  l i n e r  s t r a i n  l i m i t s .  Severa l  
g roups  a l s o  c a l c u l a t e d  t h e  p r e s s u r e  a t  w h i c h  t h e  hoop r e b a r  wou ld  f a i l ;  BNL 
and CEA d e f i n e d  t h i s  as t h e  p o i n t  a t  w h i c h  g r o s s  y i e l d i n g  o r  r a p i d l y  
i n c r e a s i n g  d i s p l a c e m e n t s  began; SNL, ANL, and GRS c o r r e l a t e d  f a i l u r e  w i t h  
t h e  u l t i m a t e  s t r e n g t h  o f  a r e b a r  s p l i c e .  C l e a r l y ,  t h e r e  a r e  s i g n i f i c a n t  
d i f f e r e n c e s  i n  t h e  f a i l u r e  c r i t e r i a  t h a t  were a p p l i e d ;  a consensus approach 
t o  t h e  use and i n t e r p r e t a t i o n  o f  c a l c u l a t e d  response measures ( d i s p l a c e m e n t ,  
s t r a i n ,  f o r c e ,  moment, s t r e s s )  has n o t  emerged. 

Each o r g a n i z a t i o n  w a s  a l s o  asked t o  i n d i c a t e  t h e  maximum p r e s s u r e  a t  w h i c h  
t h e y  had h i g h  c o n f i d e n c e  t h e  con ta inmen t  model wou ld  - n o t  f a i l  ( i n  c o n t r a s t ,  
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T a b l e  1.3 r e p r e s e n t s  " b e s t  e s t i m a t e "  v a l u e s  f o r  f a i l u r e ) .  O f  t h e  seven 
o r g a n i z a t i o n s  t h a t  responded t o  t h i s  i n q u i r y ,  t h e  v a l u e s  ranged f r o m  92 t o  
160 p s i g  (0.634 t o  1.103 MPa) o r  2.0 t o  about  3.5 t i m e s  d e s i g n  p r e s s u r e .  
(The r e p o r t e d  v a l u e s  were 92, 100, 105, 127, 135, 138, and 160 p s i g  
(0.63, 0.69, 0.72, 0.88, 0.93, 0.95, and 1.10 MPa)). I t  i s  i n t e r e s t i n g  t h a t  
some o r g a n i z a t i o n s  had h i g h  c o n f i d e n c e  t h a t  t h e  conta inment  model would n o t  
f a i l  a t  p r e s s u r e  l e v e l s  g r e a t e r  t h a n  t h e  b e s t  e s t i m a t e  f a i l u r e  c a p a c i t y  made 
by o t h e r s .  A l s o ,  j u d g i n g  f r o m  t h e  range o f  v a l u e s  r e p o r t e d ,  t h e  u n c e r t a i n t y  
i n  t h e  maximum p r e s s u r e  a t  w h i c h  t h e  model i s  n o t  expec ted  t o  f a i l  i s  n e a r l y  
t h e  same as t h e  u n c e r t a i n t y  i n  t h e  " b e s t  e s t i m a t e "  f o r  c a p a c i t y .  

A d e f i n i t i v e  assessment o f  s t a t e - o f - t h e - a r t  c o m p u t a t i o n a l  methods f o r  
p r e d i c t i n g  per fo rmance o f  LWR r e i n f o r c e d  c o n c r e t e  conta inment  b u i l d i n g s  
l o a d e d  t o  f a i l u r e  i s  premature.  N e v e r t h e l e s s ,  a few t e n t a t i v e  o b s e r v a t i o n s  
may be made a t  t h i s  t i m e .  A l t h o u g h  e x i s t i n g  approaches may n o t  adequate ly  
model t e n s i l e  c r a c k i n g ,  t h i s  i s  n o t  l i k e l y  t o  be c r i t i c a l  as t h e  l i m i t  s t a t e  
i s  approached. Near t h e  l i m i t  s t a t e ,  t e n s i l e  l o a d s  a r e  c a r r i e d  
p r e d o m i n a n t l y  by s t e e l  e lements ,  w h i c h  by consequence govern t h e  g l o b a l  
response.  However, g i v e n  t h e  apparent  impor tance o f  t h e  basemat c y l i n d e r  
j u n c t i o n ,  i t  may be c r i t i c a l  t o  a c c u r a t e l y  model shear  and compression 
r e s i s t a n c e  o f  t h e  c o n c r e t e ,  p a r t i c u l a r l y  a f t e r  damage has o c c u r r e d .  The 
p o s s i b i l i t y  o f  l o c a l  l i n e r  f a i l u r e  i s  r e c o g n i z e d  as a m a j o r  u n c e r t a i n t y  i n  
t h e  a n a l y s i s  by n e a r l y  everyone.  There i s  a s t r o n g  need f o r  t e s t  v a l i d a t e d  
f a i l u r e  c r i t e r i a .  To be o f  g e n e r a l  use, t h e s e  c r i t e r i a  must be e x p l i c i t  
e x p r e s s i o n s  i n  te rms of  parameters  t h a t  can be c a l c u l a t e d  w i t h  s ta te -o f - the-  
a r t  c o m p u t a t i o n a l  t o o l s .  C r i t e r i a  t h a t  a r e  based on t h e  a n a l y s t ' s  
e x p e r i e n c e  o r ,  worse s t i l l ,  l a c k  o f  convergence i n  a f i n i t e  e lement  program 
s h o u l d  n o t  be accepted.  

A more t h o r o u g h  e v a l u a t i o n  o f  a n a l y t i c a l  methods w i l l  be made a f t e r  t e s t i n g  
o f  t h e  model i s  completed and t h e  p r e t e s t  p r e d i c t i o n s  and e x p e r i m e n t a l  
r e s u l t s  can be compared. SNL p l a n s  t o  p u b l i s h  a second NUREG r e p o r t  t h a t  
w i l l  c o n c l u d e  t h e  work on t h e  r e i n f o r c e d  c o n c r e t e  s c a l e  model. The 
o r g a n i z a t i o n s  p a r t i c i p a t i n g  i n  t h e  round- rob in  a n a l y s i s  w i l l  a g a i n  be 
i n v i t e d  t o  w r i t e  s e c t i o n s  f o r  t h i s  r e p o r t ,  w h i c h  wou ld  d e s c r i b e  any 
a d d i t i o n a l  a n a l y s e s  t h e y  m i g h t  choose t o  conduct  and t h e i r  assessment o f  
a n a l y t i c a l  methods, based on compar isons w i t h  t h e  e x p e r i m e n t a l  r e s u l t s .  I t  
i s  e x p e c t e d  t h a t  many o f  t h e  o r g a n i z a t i o n s  w i l l  conduc t  p o s t t e s t  ana lyses  t o  
g a i n  a d d i t i o n a l  i n s i g h t  i n t o  t h e  a c t u a l  f a i l u r e  mechanism r e a l i z e d  f r o m  h i g h  
p r e s s u r e  t e s t i n g  o f  t h e  s c a l e  model.  

Research i n t o  t h e  b e h a v i o r  o f  r e i n f o r c e d  c o n c r e t e  conta inment  s t r u c t u r e s  
s h o u l d  n o t  end w i t h  t h e  s c a l e  model.  V a r i a t i o n s  i n  t h e  d e s i g n s  o f  a c t u a l  
r e i n f o r c e d  c o n c r e t e  conta inment  b u i l d i n g s  i m p l i e s  t h a t  v a r i a t i o n s  i n  t h e  
b e h a v i o r  and t h e  r e a l i z a t i o n  o f  t h e  o t h e r  p o t e n t i a l  l i m i t  s t a t e s  a r e  t o  be 
expec ted .  The need f o r  d e v e l o p i n g  t e s t  v a l i d a t e d  methods t h a t  can be used 
t o  p r e d i c t  con ta inment  per fo rmance on a case-by-case b a s i s  i s  founded on 
t h i s  i d e a .  A t  a minimum, i t  wou ld  appear t o  be necessary  t o  conduct  
s e p a r a t e  e f f e c t s  t e s t s  t o  s t u d y  p o t e n t i a l  l i m i t  s t a t e s  o t h e r  t h a n  t h e  one 
r e a l i z e d  i n  t h e  t e s t i n g  o f  t h e  s c a l e  model and t o  propose a p p l i c a b l e ,  t e s t  
v a l i d a t e d  f a i l u r e  c r i t e r i a .  I n  a d d i t i o n ,  t h e  e f f e c t s  o f  e l e v a t e d  
t e m p e r a t u r e  s h o u l d  be i n v e s t i g a t e d  by t e s t i n g  a n d / o r  a n a l y s i s .  
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T a b l e  1.3 
F a i l u r e  P r e d i c t i o n s  f o r  t h e  l :6 -Sca le  Conta inment  Model 

C a p a c i t y  
p s i g  (MPa) 

168 (1.16) 

180-190 (1.24-1.31) 

140-150 (0.97-1.03) 

138 (0.95) 

130 (0 .90)  

161-184 (1.11-1.27) 

164 (1 .13)  

167-174 (1.15-1.20) 
174-189 (1.20-1.30) 

128 (0 .88)  

160 ( 1  

* Lowest  bound o f  e s t  

L i m i t  Mechanism 

F l e x u r a l  f a i l u r e  a t  t h e  cy l inder -basemat  
j u n c t u r e  b r o u g h t  on by e x t e n s i v e  c r u s h i n g  
o f  c o n c r e t e .  

E i t h e r  (1) f a i l u r e  o f  a hoop r e b a r  s p l i c e  
nea r  m i d h e i g h t ,  ( 2 )  f a i l u r e  o f  a w e l d  i n  
t h e  l i n e r  nea r  t h e  basemat, o r  (3 )  f a i l u r e  
o f  t h e  l i n e r  j u s t  above t h e  knuck le .  

L i n e r  t e a r i n g  a t  t h e  c o n n e c t i o n  o f  t h e  
l i n e r  t o  t h e  wal l -basemat  j u n c t u r e  k n u c k l e ,  
t r i g g e r e d  by basemat bend ing  f a i l u r e .  

P1 a s t i c i  t y  o f  r e b a r s  c o r r e s p o n d i n g  t o  
r a p i d l y  i n c r e a s i n g  d i s p l a c e m e n t s  o f  t h e  
s t r u c t u r e  . 
T r a n s v e r s e  shear  f a i l u r e  o f  c y l i n d e r  j u s t  
above t h e  shear  r e i n f o r c e m e n t  (some 
p r o b a b i l i t y  f o r  l o c a l  t e a r i n g  o f  l i n e r  
around s t u d s ) .  

F a i l u r e  a t  t h e  base o f  t h e  c y l i n d e r  caused 
by combined e f f e c t  o f  bend ing ,  t e n s i o n ,  and 
shear .  

Rebar a t  t h e  p o l e  o f  t h e  basemat exceeds 
i t s  u l t i m a t e  s t r e n g t h .  

F a i l u r e  a t  cy l inder -basemat  i n t e r s e c t i o n .  
F a i l u r e  o f  hoop r e i n f o r c e m e n t  o r  t e a r i n g  o f  
1 i n e r .  

F l e x u r a l / s h e a r  f a i l u r e  a t  t h e  wal l -basemat 
j u n c t i o n  o r  g r o s s  y i e l d i n g  o f  hoop r e b a r s .  

F l e x u r a l  f a i l u r e  a t  t h e  wal l -basemat  
j u n c t i o n .  

mates ( see  page 251) 
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Figure 1.1 l:6-Scale Reinforced Concrete Containment Model 
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2. I N T R O D U C T I O N  

2 .1  Background 

I n  a l i g h t  w a t e r  r e a c t o r  (LWR) n u c l e a r  power p l a n t ,  t h e  con ta inmen t  b u i l d i n g  
i s  t h e  l a s t  e n g i n e e r e d  b a r r i e r  t o  t h e  r e l e a s e  o f  r a d i o a c t i v i t y .  Thus, t h e  
pe r fo rmance  o f  t h e  con ta inmen t  b u i l d i n g  s i g n i f i c a n t l y  a f f e c t s  t h e  s a f e t y  o f  
a n u c l e a r  power p l a n t .  I n  t h e  e v e n t  o f  a seve re  or  degraded c o r e  ( C l a s s  9 )  
a c c i d e n t ,  t h e  con ta inmen t  b u i l d i n g  may be s u b j e c t  t o  i n t e r n a l  p r e s s u r e  and 
t e m p e r a t u r e  l e v e l s  much g r e a t e r  t h a n  t h e  d e s i g n  b a s i s .  
per fo rmance o f  t h e  con ta inmen t  b u i l d i n g  under  t h e s e  c o n d i t i o n s  i s  c r u c i a l  t o  
r e l i a b l e  emergency preparedness ,  a c c i d e n t  m i t i g a t i o n ,  and r i s k  assessment. 

Knowledge o f  t h e  

The U.S. N u c l e a r  R e g u l a t o r y  Commission (NRC) has e s t a b l i s h e d  a s e t  o f  
programs w i t h  t h e  u l t i m a t e  o b j e c t i v e  o f  i d e n t i f y i n g  methods t h a t  can be used 
t o  p r e d i c t  t h e  pe r fo rmance  o f  LWR con ta inmen t  b u i l d i n g s  s u b j e c t  t o  l o a d s  
beyond t h e  d e s i g n  b a s i s .  The programs a r e  known c o l l e c t i v e l y  as t h e  
Conta inment  I n t e g r i t y  Programs; t h e  o b j e c t i v e s  and o r g a n i z a t i o n  o f  t h e  
i n d i v i d u a l  programs a r e  d e s c r i b e d  i n  C2.11. The programs a r e  managed by t h e  
Conta inment  I n t e g r i t y  D i v i s i o n  a t  Sand ia  N a t i o n a l  L a b o r a t o r i e s  (SNL). 

One i n d i c a t o r  o f  con ta inmen t  b u i l d i n g  per fo rmance i s  damage, such as 
c r a c k i n g  o r  c r u s h i n g  o f  c o n c r e t e  and y i e l d i n g  o f  s t e e l .  However, t h e  f i n a l  
measure of  pe r fo rmance  i s  f a i l u r e ,  w h i c h  i s  most l o g i c a l l y  d e f i n e d  on a 
f u n c t i o n a l  b a s i s .  On t h i s  b a s i s ,  f a i l u r e  must  be d e f i n e d  a s  any even t  t h a t  
l e a d s  t o  a s i g n i f i c a n t  r e l e a s e  o f  r a d i o a c t i v e  m a t e r i a l  t o  o u t s i d e  t h e  
con ta inmen t  boundary .  A r e l e a s e  may be c o n s i d e r e d  s i g n i f i c a n t  when i t  has a 
measurab le  e f f e c t  on s a f e t y ,  w h i c h  i s  g e n e r a l l y  c o n s i d e r e d  t o  occu r  i f  
l eakage  i s  on t h e  o r d e r  o f  10% volume p e r  day o r  g r e a t e r .  A r e l i a b l e  
methodo logy  f o r  p r e d i c t i n g  con ta inmen t  per fo rmance must c o n s i d e r  a l l  
p o t e n t i a l  f a i l u r e  mechanisms, i n c l u d i n g ,  f o r  example, f a i l u r e  t o  i s o l a t e ,  
l eakage  p a s t  t h e  s e a l i n g  s u r f a c e  o f  p e n e t r a t i o n s ,  and t e a r i n g  o r  o t h e r  
m a t e r i a l  f a i l u r e s  o f  t h e  c o n t a i n m e n t  s h e l l .  Fu r the rmore ,  a n a l y t i c a l  methods 
s h o u l d  be v a l i d a t e d  by r e l e v a n t  e x p e r i m e n t a l  d a t a .  

Thus, an i m p o r t a n t  p a r t  o f  t h e  Conta inment  I n t e g r i t y  Programs i s  t o  conduct  
e x p e r i m e n t s  t h a t  can be used t o  v a l i d a t e  a n a l y t i c a l  methods. I n  f a c t  t h e r e  
i s  a s y m b i o t i c  r e l a t i o n s h i p  between t e s t i n g  and a n a l y s i s  i n  t h e s e  programs: 
t e s t i n g  i s  used t o  v a l i d a t e  a n a l y t i c a l  methods and a n a l y s i s  i s  used t o  h e l p  
p l a n  t h e  t e s t s .  An e x p e r i m e n t a l  d a t a  base t h a t  can be used t o  v a l i d a t e  
methods f o r  p r e d i c t i n g  con ta inmen t  per fo rmance up t o  and i n c l u d i n g  f a i l u r e  
i s  b e i n g  deve loped  t h r o u g h  t e s t s  conduc ted  on s c a l e  models o f  con ta inmen t  
b u i l d i n g s ,  p e n e t r a t i o n s ,  and s e a l s  and g a s k e t s .  

F i v e  s t e e l  con ta inmen t  s c a l e  mode ls  have a l r e a d y  been p r e s s u r i z e d  t o  
f a i l u r e ,  f o u r  o f  1 :32-sca le  C 2 . 2 )  and one o f  1:8-scale [2.3,2.4]. Methods 
f o r  p r e d i c t i n g  t h e  b e h a v i o r  o f  s t e e l  con ta inmen t  b u i l d i n g s  have been 
i d e n t i f i e d  and v a l i d a t e d  u s i n g  t h i s  e x p e r i m e n t a l  d a t a  base C2.5, 2.61. The 
t e s t s  and a n a l y s i s  i n d i c a t e  t h a t  t h e  c a p a c i t y  o f  s t e e l  con ta inmen ts  i s  
s i g n i f i c a n t l y  g r e a t e r  t h a n  t h e i r  d e s i g n  p r e s s u r e ,  b u t  t h a t  c a t a s t r o p h i c  
r u p t u r e  i s  p o s s i b l e  u n l e s s  p receded  by l eakage  f r o m  p e n e t r a t i o n s  o r  v a l v e s  
C2.61. The leakage  p o t e n t i a l  o f  p e n e t r a t i o n s  i s  b e i n g  i n v e s t i g a t e d  t h r o u g h  
t e s t s  on s e a l s  and g a s k e t s ,  p e n e t r a t i o n s ,  and v a l v e s  C2.7-2.91. D e t a i l e d  
r e p r e s e n t a t i o n s  o f  equipment h a t c h e s ,  i n c l u d i n g  p r e s s u r e  s e a t i n g  and 
p r e s s u r e  u n s e a t i n g  d e s i g n s ,  have been i n c l u d e d  i n  t h e  s c a l e  models.  A f u l l  
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s i z e  pe rsonne l  a i r l o c k  w i l l  be t e s t e d  under  i n t e r n a l  p r e s s u r e  a t  e l e v a t e d  
t e m p e r a t u r e s  i n  mid-1987 C2.10). 

C u r r e n t l y ,  f i n a l  p r e p a r a t i o n s  a r e  b e i n g  made t o  t e s t  a 1:6-scale model o f  a 
r e i n f o r c e d  c o n c r e t e  c o n t a i n m e n t  b u i l d i n g  by s t a t i c a l l y  p r e s s u r i z i n g  t h e  
model t o  f a i l u r e  w i t h  n i t r o g e n  gas. The e x p e r i m e n t  i s  expec ted  t o  p r o v i d e  a 
l a r g e  d a t a  base t h a t  can be be used t o  v a l i d a t e  a n a l y t i c a l  models.  
p r e v i o u s  e x p e r i e n c e  has been t h a t  p r e t e s t  a n a l y s e s  a r e  u s e f u l  i n  t h a t  
(1) t h e y  e n a b l e  i n s i g h t s  t h a t  can be used t o  h e l p  p l a n  i n s t r u m e n t a t i o n  and 
t o  h e l p  r u n  t h e  t e s t ,  and (2 )  " b l i n d "  p r e d i c t i o n s  a r e  g e n e r a t e d  f o r  t h e  
model b e h a v i o r ,  w h i c h  can be used t o  assess t h e  u n c e r t a i n t i e s  i n  t h e  
ana 1 y t i ca 1 met hods. 

S N L ' s  

Two p o i n t s  need t o  be made c o n c e r n i n g  t h e  conduct  o f  t h e  t e s t .  F i r s t ,  i t  
must  be n o t e d  t h a t  t h e  c o n t a i n m e n t  model may be s u b j e c t  t o  seve ra l  c y c l e s  o f  
l o a d i n g  f r o m  ambien t  t o  low p r e s s u r e  (up t o  1.15 x d e s i g n  p ressu re ,  Pd) i n  

o r d e r  t o  p e r f o r m  a S t r u c t u r a l  I n t e g r i t y  T e s t  ( S I T ) ,  an I n t e g r a t e d  Leak Rate 
T e s t  ( I LRT) ,  and o t h e r  system checkouts .  Second, t h e  h i g h  p ressu re  t e s t  
( t e s t  t o  f a i l u r e )  w i l l  o c c u r  o v e r  a two t o  t h r e e  day p e r i o d .  D u r i n g  t h e  
h i g h  p r e s s u r e  t e s t ,  p r e s s u r e  may be h e l d  c o n s t a n t  f o r  up t o  s e v e r a l  hours  i n  
o r d e r  t o  conduct  ILRTs. I n  g e n e r a l ,  t h e  a n a l y s e s  do n o t  account  f o r  t h e  
e f f e c t s  o f  l ow  p r e s s u r e  c y c l i n g  o r  t i m e  dependent e f f e c t s  d u r i n g  h i g h  
p r e s s u r e  t e s t i n g .  

2.2 Round-Robin A n a l y s i s  

A s i g n i f i c a n t  e f f o r t  was made t o  i d e n t i f y  o r g a n i z a t i o n s  t h a t  would 
c o l l a b o r a t e  w i t h  SNL t o  make p r e t e s t  p r e d i c t i o n s .  A l t h o u g h  t h e  absence o f  
f u n d i n g  wou ld  appear t o  have been a m a j o r  o b s t a c l e  t o  t h i s  p u r s u i t ,  t h e  
response was e n t h u s i a s t i c .  A number o f  o r g a n i z a t i o n s  welcomed t h e  
i n v i t a t i o n  t o  p a r t i c i p a t e  i n  t h e  a n a l y s i s  o f  t h e  model as a un ique 
o p p o r t u n i t y  t o  e v a l u a t e  t h e i r  a n a l y t i c a l  methods. The o r g a n i z a t i o n s  
p a r t i c i p a t i n g  i n  t h e  a n a l y s i s  round r o b i n  a r e  l i s t e d  below: 

Sand ia  N a t i o n a l  L a b o r a t o r i e s  (SNL), USA 
Argonne N a t i o n a l  L a b o r a t o r y  (ANL), USA 
E l e c t r i c  Power Research I n s t i t u t e  (EPRI) ,  USA 
C o m n i s s a r i a t  a L ' E n e r g i e  Atomique ( C E A ) ,  F rance 
HM N u c l e a r  I n s t a l l a t i o n s  I n s p e c t o r a t e  ( N I I ) ,  UK 
C o m i t a t o  N a z i o n a l e  p e r  l a  r i c e r c a  e p e r  l o  s v i l u p p o  d e l l ' E n e r g i a  

UK Atomic  Energy A u t h o r i t y ,  S a f e t y  and R e l i a b i l i t y  D i r e c t o r a t e  (SRD), UK 
G e s e l l s c h a f t  f u e r  R e a k t o r s i c h e r h e i t  ( G R S ) ,  FRG 
Brookhaven N a t i o n a l  L a b o r a t o r y  (BNL),  USA 
C e n t r a l  E l e c t r i c i t y  G e n e r a t i n g  Board (CEGB), UK 

N u c l e a r e  e d e l l e  E n e r g i e  A l t e r n a t i v e  (ENEA-DISP), I t a l y  

These o r g a n i z a t i o n s  r e p r e s e n t  a d i v e r s e  range o f  i n t e r e s t s ,  f rom r e g u l a t o r s  
t o  i n d u s t r y .  Except  f o r  BNL and SNL, none o f  t h e  o r g a n i z a t i o n s  r e c e i v e d  
f u n d i n g  f r o m  t h e  NRC. An e x c e p t i o n  was made f o r  BNL because o f  i n t e r e s t  i n  
a s s e s s i n g  t h e  NFAP code, w h i c h  has been used f r e q u e n t l y  by NRC t o  c a l c u l a t e  
t h e  c a p a b i l i t y  o f  c o n c r e t e  conta inment  b u i l d i n g s .  

Each p a r t i c i p a n t  was s u p p l i e d  w i t h  t h e  same i n f o r m a t i o n  f o r  a n a l y z i n g  t h e  
model ,  w h i c h  i n c l u d e d  c o n s t r u c t i o n  d r a w i n g s  by U n i t e d  Eng ineers  and 
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C o n s t r u c t o r s  and Chicago B r i d g e  and I r o n  ( f o r  t h e  l i n e r  and p e n e t r a t i o n s ) ,  
s p e c i f i c a t i o n s ,  as-measured m a t e r i a l  p r o p e r t i e s ,  and photographs  o f  t h e  
model i n  v a r i o u s  s tages  o f  c o n s t r u c t i o n .  SNL a t t e m p t e d  t o  encourage 
independent  m o d e l l i n g  and a n a l y s i s  e f f o r t s ;  however, c o n s i s t e n c y  i n  t h e  
b a s i c  i n p u t s  was d e s i r a b l e .  F o r  t h i s  reason,  s t a n d a r d  m a t e r i a l  p r o p e r t i e s  
were s u p p l i e d  as g i v e n  i n  S e c t i o n  3.2. O f  course ,  each o r g a n i z a t i o n  has a 
u n i q u e  p e r s p e c t i v e ;  as a r e s u l t ,  o b j e c t i v e s  were n o t  a lways a l i k e  and 
d i f f e r e n t  a n a l y t i c a l  approaches were adopted.  

SNL made two i m p o r t a n t  r e q u e s t s  o f  t h e  p a r t i c i p a t i n g  o r g a n i z a t i o n s .  F i r s t ,  
each g r o u p  was asked t o  w r i t e  a s e c t i o n  f o r  t h i s  p r e t e s t  a n a l y s i s  r e p o r t  
d e s c r i b i n g  t h e i r  a n a l y t i c a l  methods, assumpt ions ,  m a t e r i a l  models,  r e s u l t s ,  
and p r e d i c t i o n s  f o r  t h e  model b e h a v i o r .  A l i m i t  o f  f o r t y  pages was 
suggested  and d r a f t s  were r e q u e s t e d  by F e b r u a r y  1, 1987. Second, each group 
was asked t o  g e n e r a t e  " s t a n d a r d "  p l o t s  o f  response q u a n t i t i e s  such as s t r a i n  
o r  d i s p l a c e m e n t  as a f u n c t i o n  o f  p r e s s u r e  o r  p o s i t i o n .  The s t a n d a r d  p l o t s  
were chosen t o  c o r r e s p o n d  t o  i n s t r u m e n t e d  l o c a t i o n s ,  such t h a t  compar isons 
between t h e  d i f f e r e n t  a n a l y s e s  as w e l l  as w i t h  measured response wou ld  be 
f a c i l i t a t e d .  These p l o t s ,  w h i c h  appear  i n  Appendix  A, were a l s o  due 
F e b r u a r y  1. O t h e r  c o o r d i n a t i o n  a c t i v i t i e s  a r e  a l s o  p lanned,  i n c l u d i n g  a 
p o s t t e s t  m e e t i n g  o f  a n a l y s t s  a t  SNL, s p e c i a l  s e s s i o n s  a t  t h e  9 t h  
I n t e r n a t i o n a l  Conference on S t r u c t u r a l  Mechanics i n  R e a c t o r  Technology,  and 
a f i n a l  NUREG r e p o r t ,  w h i c h  w i l l  i n c l u d e  compar isons o f  a n a l y t i c a l  and 
e x p e r i m e n t a l  r e s u l t s ,  p o s t t e s t  a n a l y s e s ,  and e v a l u a t i o n s  o f  a n a l y t i c a l  
met hods. 

I t  s h o u l d  be n o t e d  t h a t  some o r g a n i z a t i o n s  became i n v o l v e d  a f t e r  t h e  i n i t i a l  
i n f o r m a t i o n  package was s e n t  o u t ,  and t h u s  t h e y  had l e s s  c a l e n d a r  t i m e  t o  
comple te  t h e i r  ana lyses .  The o r d e r  i n  w h i c h  t h e  o r g a n i z a t i o n s  appear i n  
t a b l e s  and o t h e r  l i s t s  r e p r e s e n t s  t h e  o r d e r  i n  w h i c h  t h e y  j o i n e d  t h e  round- 
r o b i n  a n a l y s i s  e f f o r t .  A l s o ,  t h e  r e s o u r c e s ,  budget ,  and manpower a v a i l a b l e  
t o  t h i s  t a s k  appear  t o  have v a r i e d  w i d e l y  among t h e  p a r t i c i p a t i n g  
o r g a n i z a t i o n s .  

2.3 O r g a n i z a t i o n  o f  t h e  R e p o r t  

T h i s  r e p o r t  c o n s i s t s  o f  f o u r  m a j o r  s e c t i o n s .  The E x e c u t i v e  S u m a r y  i s  a 
b r i e f  s y n o p s i s  o f  t h e  e n t i r e  r e p o r t ,  i n c l u d i n g  o b s e r v a t i o n s  on t h e  
compar isons between t h e  d i f f e r e n t  a n a l y s e s .  N o  a t t e m p t  has been made t o  
j u d g e  t h e  a n a l y s e s  a t  t h i s  p o i n t ;  t h i s  w i l l  be done a t  a l a t e r  s t a g e  when 
t h e  e x p e r i m e n t a l  r e s u l t s  can be used as a y a r d s t i c k .  I n  t h e  second s e c t i o n  
o f  t h i s  r e p o r t ,  background i n f o r m a t i o n  on c o n t a i n m e n t  i n t e g r i t y  r e s e a r c h  and 
t h e  c o o r d i n a t i o n  o f  t h e  r o u n d - r o b i n  a n a l y s i s  i s  p r e s e n t e d .  The geometry o f  
t h e  1:6-scale r e i n f o r c e d  c o n c r e t e  model and as-measured m a t e r i a l  p r o p e r t i e s  
a r e  d e s c r i b e d  i n  S e c t i o n  3. These t h r e e  s e c t i o n s  were w r i t t e n  by t h e  e d i t o r  
o f  t h i s  r e p o r t  and may n o t  r e f l e c t  t h e  o p i n i o n s  o r  b e l i e f s  o f  o t h e r  
p a r t i c i p a n t s  i n  t h e  r o u n d - r o b i n  a n a l y s i s .  

S e c t i o n  4 i s  composed o f  s u b s e c t i o n s  s u b m i t t e d  by each o r g a n i z a t i o n  
p a r t i c i p a t i n g  i n  t h e  a n a l y s i s .  The a u t h o r s  a r e  l i s t e d  a t  t h e  b e g i n n i n g  o f  
each m a j o r  s u b s e c t i o n .  Each s u b s e c t i o n  b e g i n s  w i t h  a b r i e f  one-page 
synops is ,  f o l l o w e d  by  an i n - d e p t h  d i s c u s s i o n  o f  t h e  a n a l y t i c a l  approach, 
m o d e l l i n g  c o n s i d e r a t i o n s ,  f a i l u r e  c r i t e r i a ,  r e s u l t s  and p r e d i c t i o n s  f o r  
f a i l u r e .  
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The s t a n d a r d  p l o t s  r e f e r r e d  t o  i n  S e c t i o n  2.2 appear i n  Appendix A .  Each 
o r g a n i z a t i o n  s u p p l i e d  SNL w i t h  a m a g n e t i c  computer  t a p e  w i t h  t h e i r  p l o t  d a t a  
i n  a s t a n d a r d  f o r m a t .  SNL c o n v e r t e d  these  tapes  i n t o  a n e u t r a l  f i l e  f o rma t  
t h a t  c o u l d  be used by t h e  GRAFAID code [2.11] so t h a t  t h e  r e s u l t s  f r o m  each 
o r g a n i z a t i o n  f o r  a g i v e n  c u r v e  c o u l d  be combined, t h e r e b y  s i m p l i f y i n g  
compar isons o f  t h e  d i f f e r e n t  ana lyses .  Most o f  t h e  o r g a n i z a t i o n s  d i d  n o t  
p r o v i d e  d a t a  f o r  a l l  p l o t  q u a n t i t i t i e s ;  some o f  t h e  r e q u e s t e d  d a t a  was 
beyond t h e  scope o f  t h e  ana lyses .  I t  i s  l e f t  t o  t h e  r e a d e r  t o  n o t e  
d i f f e r e n c e s  i n  t h e  a n a l y t i c a l  r e s u l t s  and t o  draw whatever  i n f e r e n c e s  a r e  t o  
be made. 

The r e m a i n i n g  appendices p r o v i d e  supp lementary  i n f o r m a t i o n  f o r  t h e  ana lyses  
d e s c r i b e d  i n  S e c t i o n  4 .  

Throughout  t h i s  r e p o r t ,  gage p r e s s u r e  i s  used f o r  i n t e r n a l  p r e s s u r e  i n  t h e  
conta inment  model u n l e s s  s p e c i f i c a l l y  n o t e d  o t h e r w i s e .  

2.4  P o s t t e s t  P lans  

Whi le  much has been l e a r n e d  f r o m  t h e  p r e t e s t  a n a l y s e s  o f  t h e  s c a l e  model,  
t h e r e  w i l l  u n d o u b t e d l y  be some unexpected l o c a l  b e h a v i o r s  observed d u r i n g  
t h e  course  o f  t h e  t e s t .  P o s t t e s t  a n a l y s e s  may be needed t o  u n d e r s t a n d  such 
b e h a v i o r s  and t o  p r o v i d e  a d d i t i o n a l  i n s i g h t  i n t o  t h e  r e a l i z e d  l i m i t  s t a t e  o f  
t h e  conta inment  model.  The s t r e n g t h s  and weaknesses o f  a n a l y t i c a l  methods 
can t h e n  be assessed i n  l i g h t  o f  t h e  e x p e r i m e n t a l  d a t a .  SNL i n t e n d s  t o  
p r e p a r e  a NUREG r e p o r t  t h a t  w i l l  d e s c r i b e  t h e  p o s t t e s t  i n v e s t i g a t i o n s ;  i t  i s  
hoped t h a t  t h e  o r g a n i z a t i o n s  t h a t  have p a r t i c i p a t e d  i n  t h e  p r e t e s t  a n a l y s i s  
w i l l  a l s o  p r o v i d e  i n p u t  f o r  t h i s  r e p o r t .  

The N R C ' s  u l t i m a t e  goa l  i n  t h e  Conta inment  I n t e g r i t y  Programs i s  t o  have 
v a l i d a t e d  methods t h a t  can be used t o  r e l i a b l y  p r e d i c t  t h e  per formance o f  
con ta inment  b u i l d i n g s  s u b j e c t  t o  l oads  beyond t h e  d e s i g n  b a s i s .  Thus, i t  
w i l l  be necessary  t o  p r o v i d e  g u i d e l i n e s  f o r  t h e  a p p l i c a t i o n  o f  t h e  methods 
v a l i d a t e d  f o r  t h e  s c a l e  model t o  a c t u a l  r e i n f o r c e d  c o n c r e t e  conta inment  
s t r u c t u r e s .  Most l i k e l y ,  t h i s  w i l l  r e q u i r e  t h e  s t u d y  o f  o t h e r  p o t e n t i a l  
l i m i t  s t a t e s ;  a d d i t i o n a l  c r i t e r i a  f o r  e v a l u a t i n g  l i m i t  s t a t e s  n o t  r e a l i z e d  
i n  t h e  s c a l e  model t e s t  w i l l  have t o  be proposed and v a l i d a t e d .  The e f f e c t s  
o f  e l e v a t e d  t e m p e r a t u r e  i n  c o n j u n c t i o n  w i t h  i n t e r n a l  p r e s s u r e  must  a l s o  be 
cons ide red .  

-14- 



3. DESCRIPTION OF THE 1:6-SCALE REINFORCED CONCRETE CONTAINMENT MODEL 

T h i s  s e c t i o n  d e s c r i b e s  t h e  geometry  and m a t e r i a l  p r o p e r t i e s  o f  t h e  l : 6 - s c a l e  
model.  I t  i s  n o t  i n t e n d e d  t h a t  a l l  o f  t h e  d e t a i l s  o f  t h e  model be d e s c r i b e d  
here ,  r a t h e r ,  t h e  i n t e n t  i s  t o  g i v e  t h e  f l a v o r  o f  t h e  f e a t u r e s  t h a t  a r e  
s i g n i f i c a n t  t o  a s t r u c t u r a l  a n a l y s i s .  
c o n s t r u c t i o n  o f  t h e  model ,  t h e  r e a d e r  i s  r e f e r r e d  t o  [3.1,3.2]. The a c t u a l  
c o n s t r u c t i o n  d r a w i n g s  [3.3,3.4] a r e  a v a i l a b l e  f r o m  SNL and w i l l  appear l a t e r  
i n  C3.5). 

F o r  a d e s c r i p t i o n  o f  t h e  d e s i g n  and 

3 .1  Geometry 

A schemat ic  o f  t h e  l : 6 - s c a l e  model,  w h i c h  was f a b r i c a t e d  by U n i t e d  Eng ineers  
and C o n s t r u c t o r s ,  I n c .  t o  a d e s i g n  p r e s s u r e  o f  46 p s i  (0.317 MPa), i s  shown 
i n  e l e v a t i o n  v i e w  i n  F i g u r e  3.1. The model c o n s i s t s  o f  a basemat t h a t  i s  
300 i n c h e s  (7620 mn) i n  d i a m e t e r  and 40 i n c h e s  (1016 mn) t h i c k  and a 
c y l i n d e r  and dome, b o t h  w i t h  an i n s i d e  d i a m e t e r  o f  264 inches  (6706 mn) and 
h a v i n g  t h i c k n e s s e s  o f  9-3/4 and 7 i n c h e s  (248  and 178 m n ) ,  r e s p e c t i v e l y .  A 
number o f  p e n e t r a t i o n s  a r e  found  i n  t h e  c y l i n d e r ,  i n c l u d i n g  equipment  
ha tches ,  pe rsonne l  a i r l o c k  r e p r e s e n t a t i o n s ,  and p i p i n g  c l u s t e r s .  A s t e e l  
l i n e r  i s  used t o  p r o v i d e  a l e a k - t i g h t  p r e s s u r e  boundary;  t h e  l i n e r  t h i c k n e s s  
i s  1 /16  i n c h  (1.59 mn) a l o n g  t h e  basemat and c y l i n d e r  and 1 / 1 2  i n c h  (2 .11  
mn) a l o n g  t h e  dome. B e f o r e  t h e  basemat l i n e r  was i n s t a l l e d ,  a 3 i n c h  ( 7 6  
mm) t h i c k  c o n c r e t e  l e v e l i n g  c o u r s e  was p l a c e d  on t o p  o f  t h e  basemat f rom t h e  
c e n t e r  o u t  t o  t h e  c y l i n d e r  w a l l .  ( E f f e c t i v e l y ,  t h e  basemat i s  43 i nches  
(1092 mn) t h i c k ,  e x c e p t  f o r  t h a t  p o r t i o n  o u t s i d e  o f  t h e  c y l i n d e r  w a l l ,  w h i c h  
i s  40 i n c h e s  (1016 mn) t h i c k ) .  The model s i t s  a t o p  a "mudmat", w h i c h  i s  
used t o  p r o v i d e  a m o i s t u r e  b a r r i e r  between t h e  s o i l  and t h e  model basemat, 
t h a t  i s  492 i n c h e s  (12497 mm) i n  d i a m e t e r  and has a minimum t h i c k n e s s  o f  6 
i n c h e s  (152 mn).  The s o i l  i s  d e s c r i b e d  as s i l t y  c l a y  w i t h  sand. Based on 
b e a r i n g  p l a t e  t e s t s ,  an average s o i l  modulus o f  390 k s f / f t *  (61.26 MPa/m) 
was recommended by Western T e c h n o l o g i e s .  I t  s h o u l d  be n o t e d  t h a t  t h i s  
recommended v a l u e  i n c l u d e s  t y p i c a l  s o i l  f a c t o r s  o f  s a f e t y  t h a t  may n o t  be 
a p p r o p r i a t e  f o r  a n a l y t i c a l  models  used t o  p r e d i c t  f a i l u r e ;  f o r  d e t a i l s  o f  
t h e  s o i l  t e s t s  t h e  r e a d e r  i s  r e f e r r e d  t o  C3.6). 

The r e i n f o r c i n g  s t e e l  i n  t h e  basemat c o n s i s t s  o f  t h e  f o l l o w i n g :  (1) on t h e  
l o w e r  face ,  a r e c t a n g u l a r  g r i d  o f  #6 r e b a r * *  on 4 i n c h  (102 mn) c e n t e r s ,  
( 2 )  on t h e  u p p e r  f a c e ,  a r e c t a n g u l a r  g r i d  o f  #5 r e b a r  on 6 i n c h  (152 m) 
c e n t e r s ,  #5 r e b a r s  i n  t h e  r a d i a l  d i r e c t i o n ,  and #6 r e b a r s  i n  t h e  
c i r c u m f e r e n t i a l  d i r e c t i o n ,  and ( 3 )  shear  t i e s  t h r o u g h  t h e  t h i c k n e s s  o f  t h e  
basemat o f  #3 r e b a r .  A t y p i c a l  c r o s s  s e c t i o n  i s  shown i n  F i g u r e  3.2.  A t  
t h e  basemat c y l i n d e r  j u n c t i o n ,  a d d i t i o n a l  l a y e r s  o f  r e i n f o r c e m e n t  a r e  used, 
i n c l u d i n g  shear  t i e s ,  d i a g o n a l  b a r s  ( l a y e r  ll), and an a d d i t i o n a l  l a y e r  o f  
m e r i d i o n a l  b a r s  ( l a y e r  l o ) ,  t o  c a r r y  t h e  h i g h  shear  f o r c e s  and bend ing  
moments. F i g u r e  3.3 i s  a p h o t o g r a p h  o f  t h e  model t a k e n  d u r i n g  c o n s t r u c t i o n  
t h a t  shows some of  t h e  r e i n f o r c e m e n t  i n  t h e  basemat and a t  t h e  c y l i n d e r  
basemat j u n c t i o n .  

* 1 k s f  = 1000 l b / f t 2  
** A #6 r e b a r  has a nomina l  d i a m e t e r  o f  6 / 8  i n c h  ( 1 9  m n ) ;  t h e  s i z e  

d e s i g n a t i o n  i n d i c a t e s  t h e  nominal  d i a m e t e r  i n  e i g h t h s  o f  an i n c h  
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A t y p i c a l  c r o s s  s e c t i o n  of  t h e  c y l i n d e r  w a l l  i n  t h e  f r e e - f i e l d  (away f r o m  
p e n e t r a t i o n s )  i s  d e p i c t e d  i n  F i g u r e  3.4. 
r e i n f o r c e m e n t  s t e e l ,  i n c l u d i n g  f o u r  l a y e r s  o f  #4 r e b a r  spaced a t  4.5 i nches  
(114 mn) i n  t h e  hoop d i r e c t i o n ,  two l a y e r s  o f  #4 r e b a r  spaced a t  4.5 i nches  
(114 mn) i n  t h e  m e r i d i o n a l  d i r e c t i o n ,  and two l a y e r s  o f  o r t h o g o n a l  #4 r e b a r  
spaced a t  6.25 i nches  (159 mn) and i n c l i n e d  a t  45 degrees.  

There a r e  e i g h t  l a y e r s  o f  

The w a l l  t h i c k n e s s  t a p e r s  f rom 9-3/4 t o  7 i n c h e s  (248 t o  174 m) b e g i n n i n g  
f r o m  t h e  s p r i n g l i n e  o v e r  an a r c  l e n g t h  o f  r o u g h l y  26 i nches  (660 mn). The 
d i a g o n a l  ( s e i s m i c )  b a r s  a r e  t e r m i n a t e d  i n  t h e  dome a t  an e l e v a t i o n  o f  30'- 
lo". H a l f  o f  t h e  m e r i d i o n a l  b a r s  a r e  t e r m i n a t e d  a t  e l e v a t i o n  34'-10" as 
shown i n  F i g u r e  3.5. The dome apex p l a t e s  can a l s o  be seen i n  F i g u r e  3.5. 
H a l f  o f  t h e  m e r i d i o n a l  r e b a r s  above e l e v a t i o n  34'-10" a r e  t i e d  i n t o  t h e  dome 
apex p l a t e s .  

The r e i n f o r c e m e n t  p a t t e r n s  around t h e  m a j o r  p e n e t r a t i o n s  a r e  v e r y  complex 
and can be f u l l y  d e s c r i b e d  o n l y  by r e f e r e n c e  t o  t h e  c o n s t r u c t i o n  drawings .  
F i g u r e s  3.6 and 3.7 a r e  photographs  o f  t h e  r e i n f o r c e m e n t  around equipment  
ha tches  A and B, w h i c h  a r e  t y p i c a l  o f  most  p e n e t r a t i o n s .  Re in fo rcement  
l a y e r s  1 t h r o u g h  8 a r e  ' b e n t '  around t h e  m a j o r  p e n e t r a t i o n s ,  as shown i n  
F i g u r e s  3.8 t h r o u g h  3.13. A d d i t i o n a l  l a y e r s  o f  r e i n f o r c e m e n t  around 
p e n e t r a t i o n s ,  such as ' s u n  r a y '  ( p r o j e c t i n g  r a d i a l l y  ou tward  f r o m  
p e n e t r a t i o n )  b a r s ,  c i r c u l a r  b a r s  around t h e  p e n e t r a t i o n ,  and shear  t i e s ,  can 
be seen i n  F i g u r e s  3.6, 3.7, and 3.14. 

The r e i n f o r c e m e n t  i n  t h e  mudmat c o n s i s t s  o f  a r e c t a n g u l a r  p a t t e r n  o f  #5 b a r s  
on 12 i n c h  (305 mm) c e n t e r s  l o c a t e d  a p p r o x i m a t e l y  2.5 i nches  (64 mn) below 
t h e  t o p  o f  t h e  mudmat. A p a r a f i n  based c u r i n g  compound was sprayed on t h e  
mudmat, w h i c h  was f i n i s h e d  w i t h  a s t e e l  t r o w e l ,  b e f o r e  t h e  c o n c r e t e  f o r  t h e  
basemat was p laced .  As a r e s u l t ,  t h e  bond between t h e  c o n c r e t e  i n  t h e  
mudmat and basemat i s  expec ted  t o  be n e g l i g i b l e .  W i t h i n  a r a d i u s  o f  54 
i nches  (1.37 m) o f  t h e  c e n t e r  o f  t h e  mudmat, a number o f  keyways were formed 
w i t h  m a t c h i n g  keys i n  t h e  basemat. T h i s  was i n t e n d e d  t o  p r e v e n t  t h e  basemat 
f r o m  s l i d i n g  r e l a t i v e  t o  t h e  mudmat. A l t h o u g h  some a n a l y s t s  i n c l u d e d  t h e  
mudmat i n  t h e i r  f i n i t e  e lement  models ,  SNL c o n s i d e r s  t h e  s t r u c t u r a l  c o u p l i n g  
between t h e  basemat and t h e  mudmat t o  be i n s i g n i f i c a n t .  

The basemat l i n e r  i s  covered by a c i r c u l a r  s l a b  o f  c o n c r e t e  c o n s i s t i n g  o f  a 
3 i n c h  (7.6 mn) p r o t e c t i v e  l a y e r  and a 12 i n c h  (30.5 mn) pad f o r  t h e  model 
i n t e r n a l  s t r u c t u r e  t h a t  i s  r o u g h l y  230 i nches  (5840 m) i n  d iamete r .  The 
basemat l i n e r  i s  n o t  anchored t o  t h e  c o n c r e t e  i n  t h e  basemat o r  t o  t h e  
p r o t e c t i v e  course  above i t .  The basemat l i n e r  i s  welded t o  a q u a r t e r  p i p e  
s e c t i o n ,  r e f e r r e d  t o  h e r e a f t e r  as t h e  knuck le .  The d e t a i l s  o f  t h e  
a t tachment  o f  t h e  l i n e r  t o  t h e  k n u c k l e  a r e  shown i n  F i g u r e  3.15. Note t h a t  
t h e  d i a m e t e r  o f  t h e  t o p  p r o t e c t i v e  course  and pad o f  c o n c r e t e  i s  l e s s  than  
t h a t  o f  t h e  c y l i n d e r ,  and t h u s  t h e  i n s i d e  s u r f a c e  o f  t h e  k n u c k l e  i s  n o t  
s u p p o r t e d  by c o n c r e t e .  

A s t r e t c h  o u t  o f  t h e  c y l i n d e r  l i n e r  i s  shown i n  F i g u r e  3.16, w h i c h  a l s o  
shows t h e  l a y o u t  o f  t h e  p e n e t r a t i o n s  i n  t h e  model.  The c y l i n d e r  l i n e r  i s  
anchored t o  t h e  c o n c r e t e  by means o f  headed s tuds ;  t h e  t y p e  and spac ing  o f  
these s t u d s  v a r i e s .  The f i r s t  r o w  o f  s t u d s  i s  a p p r o x i m a t e l y  0.8 i nches  
(20.3 mn) above t h e  t o p  o f  t h e  knuck le ,  and f o r  e l e v a t i o n s  up t o  6'-6", 112 
i n c h  (12.7 mm) l o n g  headed s tuds  a r e  used w i t h  a spac ing  o f  2 by 2 i nches  
(51 by 51 mn) up t o  e l e v a t i o n  5'-2" and 4 by 4 i nches  (102 by 102 mn) 
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between e l e v a t i o n  5 ' -2 "  and 6 ' -6 " .  Above e l e v a t i o n  6 ' -6 " ,  3 / 4  i n c h  ( 1 9  mn) 
l o n g  headed s t u d s  were used w i t h  2 by 2 i n c h  ( 5 1  by 5 1  mn) s p a c i n g  near  
p e n e t r a t i o n s  and 6 by 6 i n c h  (152 by 152 mn) s p a c i n g  e lsewhere .  F i g u r e s  
3.17 and 3.18 a r e  photographs  o f  t h e  l i n e r  w i t h  s t u d s  a t t a c h e d  near  t h e  base 
o f  t h e  c y l i n d e r  ( i n c l u d i n g  t h e  t r a n s i t i o n  r e g i o n s  a t  e l e v a t i o n s  5 ' -2 "  and 
6 ' - 6 " )  and n e a r  pe rsonne l  a i r l o c k  A, r e s p e c t i v e l y .  Around p e n e t r a t i o n s ,  
t h i c k e n e d  s e c t i o n s  o f  t h e  l i n e r  ( 3 / 1 6  i n c h ,  4.76 mn) were used (see  F i g u r e  
3.16) .  I n  t h e  dome, t h e  s t u d s  were u n i f o r m l y  spaced a t  8 by 8 i n c h e s  (203 
by 203 mn). 
formed whereas t h e  dome s e c t i o n  o f  t h e  l i n e r  was d i s h e d  by a p r e s s i n g  
o p e r a t i o n .  

I t  s h o u l d  be n o t e d  t h a t  t h e  c y l i n d e r  l i n e r  was e l a s t i c a l l y  

3.2 As-Measured M a t e r i a l  P r o p e r t i e s  

A l l  m a t e r i a l s  used i n  c o n s t r u c t i n g  t h e  model have mechan ica l  p r o p e r t i e s  t h a t  
a r e  t h e  same, o r  as n e a r l y  t h e  same as p o s s i b l e  as t h o s e  used i n  a c t u a l  
r e i n f o r c e d  c o n c r e t e  c o n t a i n m e n t  b u i l d i n g s .  Reference s t r e s s - s t r a i n  c u r v e s  
were d e r i v e d  based on a c t u a l  measurements o f  t h e  p r o p e r t i e s  o f  t h e  most  
w i d e l y  used m a t e r i a l s  i n  t h e  model ,  i n c l u d i n g  t h e  1 /16  and 1 / 1 2  i n c h  (1.59 
and 2.11 mn) t h i c k  l i n e r  m a t e r i a l ,  t h e  #4 r e b a r ,  and v a r i o u s  l i f t s  o f  t h e  
c o n c r e t e .  

The c o n c r e t e  used i n  t h e  s c a l e  model was composed o f  we l l - rounded c o a r s e  
a g g r e g a t e  w i t h  a nominal  maximum s i z e  o f  3 / 8  i n c h  (9.5 mn). High-range 
w a t e r  r e d u c e r s  ( s u p e r p l a s t i c i z e r s )  were used w i t h  a water /cement  r a t i o  o f  
0.53. The c o n c r e t e  was c e n t r a l l y  b a t c h e d  and hau led  i n t o  t h e  t e s t  s i t e ,  
w h i c h  r e s u l t e d  i n  a c o n s i s t e n t ,  h i g h  q u a l i t y  m ix .  I n  o r d e r  t o  t e s t  t h e  
p r o p e r t i e s ,  15 c o n c r e t e  c y l i n d e r s  were poured f r o m  each l i f t  o f  t h e  model 
( t h e r e  were a t o t a l  o f  11 l i f t s ;  1 f o r  t h e  basemat, 6 f o r  t h e  c y l i n d e r ,  and 
4 f o r  t h e  dome). D i r e c t  t e n s i o n ,  s p l i t  c y l i n d e r ,  and compress ion t e s t s  have 
been r u n  on specimens f r o m  each l i f t  aged f o r  28 days, 4 months, o r  6 
months.  M a t e r i a l  p r o p e r t i e s  o f  t h e  c o n c r e t e  w i l l  a l s o  be measured a t  t h e  
t i m e  o f  h i g h  p r e s s u r e  t e s t i n g .  S t a n d a r d  c y l i n d e r s  were used i n  t h e  s p l i t  
c y l i n d e r  and compress ion t e s t s ;  t h e  d i r e c t  t e n s i o n  t e s t s  were conducted  w i t h  
a dog-bone specimen deve loped by U n i t e d  E n g i n e e r s .  
was f e l t  t h a t  t h e  v a r i a t i o n  i n  t h e  p r o p e r t i e s  between t h e  d i f f e r e n t  l i f t s  
was n e g l i g i b l e  ( t h e  d a t a  were w i t h i n  normal s t a t i s t i c a l  l i m i t s  f r o  a s i n g l e  
l i f t  o f  c o n c r e t e ) .  Thus, SNL has recommended a s i n g l e  s t r e s s - s t r a i n  cu rve ,  
as g i v e n  i n  T a b l e  3.1, t o  r e p r e s e n t  t h e  c o n c r e t e  f o r  t h e  e n t i r e  model.  The 
recommended c u r v e  i s  based on e x t r a p o l a t i o n  o f  s t r e n g t h  v a l u e s  o u t  t o  t h e  
e x p e c t e d  t i m e  o f  h i g h  p r e s s u r e  t e s t i n g .  The compress ive  s t r e n g t h  i s  
e s t i m a t e d  a t  6 .8  k s i  (46.9 MPa). The t e n s i l e  response i s  assumed t o  be 
l i n e a r  up t o  t h e  u l t i m a t e  t e n s i l e  s t r e n g t h ,  w h i c h  was e s t i m a t e d  a t  0.5 k s i *  
(3 .45  MPa). 

Based on t h e  t e s t s ,  i t  

U n i a x i a l  t e n s i l e  t e s t s  were conducted  on t h e  l i n e r  m a t e r i a l s  and t h e  #4 
r e b a r .  Average r e s u l t s  o f  t hese  t e s t s  ( t h e  recomnended v a l u e s )  a r e  
p r e s e n t e d  i n  T a b l e s  3.2 t h r o u g h  3.4. F o r  a g i v e n  m a t e r i a l ,  t h e  measured 
p r o p e r t i e s  were v e r y  c o n s i s t e n t  f o r  t h e  number o f  t e n s i l e  coupons t e s t e d .  
The s t r e s s - s t r a i n  c u r v e  f o r  t h e  #4 r e b a r  i s  based on t h e  nominal  c ross-  

s e c t i o n a l  a rea ,  w h i c h  i s  0.2 i n 2  (129 mn ) .  F o r  t h e  l i n e r  m a t e r i a l s ,  t h e  2 

* 1 k s i  = 1000 p s i  
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s t r e s s - s t r a i n  c u r v e  i s  based on t h e  a c t u a l  c r o s s - s e c t i o n a l  a r e a  o f  t h e  
t e n s i l e  coupons; t h u s ,  t h e  a c t u a l  t h i c k n e s s  o f  t h e  l i n e r  s h o u l d  be used i n  
an a n a l y t i c a l  model.  However, t h e  d i f f e r e n c e  between t h e  nominal  
t h i c k n e s s e s  and t h e  average a c t u a l  t h i c k n e s s e s  o f  t h e  l i n e r  m a t e r i a l s  i s  
s m a l l ,  as i n d i c a t e d  by T a b l e  3.5. T h e r e f o r e ,  t h e  a n a l y t i c a l  r e s u l t s  s h o u l d  
n o t  be p a r t i c u l a r l y  s e n s i t i v e  t o  t h i s  f a c t o r ,  e s p e c i a l l y  s i n c e  t h e  l i n e r  
r e p r e s e n t s  l e s s  t h a n  20% o f  t h e  t o t a l  s t r e n g t h  o f  t h e  conta inment  model 
w a l l .  Because t h e  # 4  r e b a r  i s  p redominant  i n  t h e  model ,  i t  was t h e  o n l y  
s i z e  r e b a r  f o r  w h i c h  a comple te  s t r e s s - s t r a i n  c u r v e  was made a v a i l a b l e .  I t  
was recommended t h a t  t h i s  s t r e s s - s t r a i n  c u r v e  ( s e e  T a b l e  3 .4 )  be used f o r  
a l l  t h e  r e i n f o r c i n g  s t e e l  i n  t h e  model ;  however, m i l l  p r o p e r t i e s  f o r  each 
s i z e  o f  r e b a r  used i n  t h e  model were a l s o  made a v a i l a b l e  t o  t h e  a n a l y s t s .  
The m i l l  p r o p e r t i e s  and nominal  c r o s s - s e c t i o n a l  a reas  f o r  t h e  r e b a r s  used i n  
t h e  model a r e  p r e s e n t e d  i n  T a b l e  3.6.  Note  t h a t  t h e  p r o p e r t i e s  i n  T a b l e  3.4 
r e f l e c t  a r e d u c t i o n  i n  t h e  u l t i m a t e  s t r e n g t h  caused by s p l i c e s .  
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T a b l e  3.1 - Concre te  M a t e r i a l  P r o p e r t i e s  

E l a s t i c  Cons tan ts  
Young's modulus - 4800 k s i  (33100 MPa) 
P o i s s o n ' s  r a t i o  - 0.2 
U l t i m a t e  T e n s i l e  S t r e n g t h  - 500 p s i  (3 .45 MPa) 

U n c o n f i n e d  Compressive 
E n g i n e e r i n g  S t r e s s  

( k s i )  (MPa) 
1.0 6.9 
2.0 13.8 
3.0 20.7 
3.9 26.9 
5.0 34.5 
6.8 46.9 
6.8 46.9 
0.0 0.0 

S t r e s s - s t r a i n  Curve  
E n g i n e e r i n g  

S t r a i n  
0.00021 
0.00045 
0.00072 
0.00100 
0.00140 
0.00200 
0.00230 
0.00600 

T a b l e  3.2 - C y l i n d e r  and Basemat L i n e r  P r o p e r t i e s  

E l a s t i c  Cons tan ts :  
Modulus - 30000 k s i  (207000 MPa) 
P o i s s o n ' s  r a t i o  - 0.3 
Y i e l d  s t r e s s  - 50.2 k s i  (346 MPa) 

E n g i n e e r i n g  S t r e s s - s t r a i n  c u r v e  
E n g i n e e r i n g  S t r e s s  P1 a s t i  c - 

( k s i )  (MPa) S t r a i n  
50.2 346 0. 
50.2 346 0.0157 
59.0 407 0.0308 
66.0 455 0.0696 
68.0 469 0.0937 
70.0 482 0.1620 

T a b l e  3.3 - Dome L i n e r  P r o D e r t i e s  

E l a s t i c  Cons tan ts :  
Modulus - 30000 k s i  (207000 MPa) 
P o i s s o n ' s  r a t i o  - 0.3 
Y i e l d  s t r e s s  - 51.4 k s i  (354 MPa) 

E n g i n e e r i n g  S t r e s s - s t r a i n  c u r v e  
E n g i n e e r i n g  S t r e s s  P l a s t i c  

( k s i )  (MPa) S t r a i n  
51.4 354 0. 
61.1 42 1 0.0230 
66.9 46 1 0.0478 
70.5 486 0.0977 
71.0 489 0.1476 
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T a b l e  3.4 - Rebar M a t e r i a l  P r o p e r t i e s  

E l a s t i c  Constan ts :  
Modulus - 31000 k s i  (214000 MPa) 
P o i s s o n ' s  r a t i o  - 0.3 
Y i e l d  s t r e s s  - 66.6 k s i  (459 MPa) 

E n g i n e e r i n g  S t r e s s - s t r a i n  c u r v e  
E n g i n e e r i n g  S t r e s s  P1 a s t i  c 

( k s i )  (MPa) S t r a i n  
66.6 459 0. 
73.3 505 0.0094 
85.6 590 0.0200 
99.0 682 0.0430 

T a b l e  3.5 - L i n e r  Th icknesses  

C y l i n d e r  and Basemat L i n e r :  
Nominal Th ickness  - 1/16 i n c h  (1.59 mn) 
A c t u a l  Th ickness  - 0.068 i n c h  (1.73 mn) 

Dome L i n e r :  
Nominal Th ickness  - 1/12 i n c h  (2.12 mn) 
A c t u a l  Th ickness  - 0.090 i n c h  (2.29 m) 

T a b l e  3.6 - M i l l  P r o p e r t i e s  f o r  R e i n f o r c i n g  Bar  
Nominal 

Bar  Area Y i e l d  S t r e n g t h  U l t i m a t e  S t r e n g t h  E l o n g a t i o n  

Size ( i n 2 )  (m2) ( k s i )  (MPa) ( k s i )  (MPa) ( i n / i n )  
6 mm 0.04 28 72.2 497 100.9 695 0.27 
6 mrn 0.04 28 69.9 482 99.0 682 0.23 

# 3  0.11 71 68.0 469 103.0 710 0.15 
#4 0.20 129 68.0 469 105.0 723 0.14 
#5 0.31 198 66.5 458 94.0 648 0.15 
#6 0.44 285 64.8 447 103.0 710 0.14 
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F i g u r e  3.3 Photograph D u r i n g  C o n s t r u c t i o n  o f  Basernat Cylinder J u n c t i o n  
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Figure 3.17 Stud Pattern in Lower Cylinder 
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4. PRETEST ANALYSES 

Each o r g a n i z a t i o n  p a r t i c i p a t i n g  i n  t h e  round- rob in  a n a l y s i s  c o n t r i b u t e d  a 
s e c t i o n  t o  t h i s  r e p o r t ;  t h e  o r d e r  o f  p r e s e n t a t i o n  cor responds t o  t h e  o r d e r  
i n  w h i c h  t h e  o r g a n i z a t i o n s  f o r m a l l y  j o i n e d  i n t o  a c o o p e r a t i v e  agreement t o  
c o n d u c t  a n a l y s e s  and exchange i n f o r m a t i o n  w i t h  t h e  NRC.  I t  i s  n o t e d  a g a i n  
t h a t ,  w i t h  t h e  e x c e p t i o n  o f  SNL and BNL, t h e s e  a n a l y s e s  were n o t  funded by 
t h e  NRC. I t  i s  t o  be e x p e c t e d  t h a t  t h e  manpower, t i m e ,  and resources  
b r o u g h t  t o  b e a r  on t h i s  p r o b l e m  by each o r g a n i z a t i o n  were n o t  i d e n t i c a l  and 
may have d i f f e r e d  c o n s i d e r a b l y .  SNL and NRC a r e  g r a t e f u l  f o r  t h e  en thus iasm 
and c o o p e r a t i o n  d e m o n s t r a t e d  by t h e  o r g a n i z a t i o n s  t h a t  have v o l u n t e e r e d  
t h e i r  manpower and r e s o u r c e s  f o r  t h e  r o u n d - r o b i n  a n a l y s i s .  

I n  g e n e r a l ,  f i n i t e  e lement  approaches were used t o  c a l c u l a t e  t h e  model 
response,  a l t h o u g h  some o r g a n i z a t i o n s  supplement t h e i r  f i n i t e  e lement  
a n a l y s e s  w i t h  hand c a l c u l a t i o n s  o r  o t h e r  s i m p l i f i e d  approaches. A s  p a r t  o f  
t h e i r  s e c t i o n ,  each o r g a n i z a t i o n  was asked t o  p r e p a r e  a b r i e f  summary o f  
t h e i r  a n a l y t i c a l  approach.  I n  g e n e r a l ,  t h i s  sumnary appears a t  t h e  
b e g i n n i n g  o f  each s u b s e c t i o n .  A l i s t  o f  t h e  p r i m a r y  a n a l y t i c a l  codes used 
by each o r g a n i z a t i o n  f o l l o w s :  

SNL 
AN L 
E P R I  
C EA 
N I  I 
ENEA 
SRD 
GRS 
BNL 
CEGB 

- ABAQUS (2-D) 
- TEMP-STRESS, NEPTUNE (2-D, 3-D) 
- ABAQUS (2-D, 3-D) 
- CASTEM (2-D) 
- PAFEC (2-D, 3-D) 
- A D I N A  (2-D) 
- ABAQUS (2-D) 
- A D I N A  (2-D) 
- NFAP (2-D) 
- ADINA-TW (2-0 n o n l i n e a r ) ,  PAFEC (2-D, 3-D l i n e a r )  

R e s u l t s  o f  t h e  a n a l y s e s  a r e  d e s c r i b e d  i n  t h e  f o l l o w i n g  s e c t i o n s  and a r e  
compared i n  t h e  E x e c u t i v e  Summary and Appendix  A. 
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4 . 1  Sand ia  N a t i o n a l  L a b o r a t o r i e s  

T h i s  s e c t i o n  was w r i t t e n  by J .  R .  Weatherby o f  t h e  E n g i n e e r i n g  A n a l y s i s  
Depar tment  a t  Sand ia  N a t i o n a l  L a b o r a t o r i e s  ( S N L ) .  

4.1.1 Summary 

A s e r i e s  o f  s t r u c t u r a l  a n a l y s e s  was conducted  a t  SNL t o  p r e d i c t  t h e  
s t r u c t u r a l  response,  f a i l u r e  p r e s s u r e ,  and f a i l u r e  mode o f  t h e  l : 6 - s c a l e  
c o n t a i n m e n t  model .  T h i s  s e c t i o n  o f  t h e  r e p o r t  summarizes t h e  methods, 
r e s u l t s ,  and c o n c l u s i o n s  o f  t h e  SNL s t r u c t u r a l  s t u d y .  

The m a j o r  o b j e c t i v e  o f  S N L ’ s  in-house p r e t e s t  a n a l y s i s  e f f o r t  was t o  
e v a l u a t e  t h e  a b i l i t y  o f  e x i s t i n g ,  c o m e r c i a l l y  a v a i l a b l e  f i n i t e  e lement  
codes t o  model t h e  s t r u c t u r a l  response o f  a r e i n f o r c e d  c o n c r e t e  conta inment  
b u i l d i n g  s u b j e c t  t o  h i g h  i n t e r n a l  p r e s s u r e .  F o r  t h i s  reason,  no a t t e m p t s  
were made t o  d e v e l o p  new c a p a b i l i t i e s  i n  t h i s  a r e a .  The ABAQUS g e n e r a l  
purpose f i n i t e  e lement  code C4.1.11, v e r s i o n  4-5-171 was used i n  a l l  
n u m e r i c a l  c a l c u l a t i o n s .  T h i s  p a r t i c u l a r  code was chosen because i t  i s  
r e p r e s e n t a t i v e  o f  t h e  s t a t e  o f  t h e  a r t  i n  c o m m e r c i a l l y  a v a i l a b l e  f i n i t e  
e lement  programs.  

The scope o f  t h e  a n a l y t i c a l  e f f o r t  c o n s i s t e d  o f  n o n l i n e a r  a x i s y m m e t r i c  
f i n i t e  e lement  s h e l l  and cont inuum a n a l y s e s  o f  t h e  c o n t a i n m e n t  s t r u c t u r e .  A 
n o n l i n e a r  membrane a n a l y s i s  o f  t h e  c y l i n d e r  w a l l  was a l s o  conducted and 
compared w i t h  t h e  f i n i t e  e lement  model p r e d i c t i o n s .  T a b l e  4 . 1 . 1  c o n t a i n s  a 
s y n o p s i s  o f  t h e  i m p o r t a n t  r e s u l t s  f r o m  t h e s e  ana lyses .  

A l l  o f  t h e  models  c o n s i d e r e d  a r e  l i m i t e d  i n  t h a t  t h e y  do n o t  p r o v i d e  
i n f o r m a t i o n  about  t h e  s t a t e  o f  s t r e s s  and d e f o r m a t i o n  i n  t h e  v i c i n i t y  o f  
equipment  ha tches  and o t h e r  p e n e t r a t i o n s  t h a t  a r e  p r e s e n t  i n  t h e  a c t u a l  1:6- 
s c a l e  model .  W h i l e  some o f  t h e s e  p e n e t r a t i o n s  a r e  c o n s i d e r e d  p o t e n t i a l  
f a i l u r e  s i t e s ,  t h e r e  was n o t  s u f f i c i e n t  t i m e  t o  examine t h e s e  r e g i o n s .  

4 .1 .2  M a t e r i a l  Models 

I n  o r d e r  t o  p r e d i c t  t h e  response o f  t h e  conta inment  b u i l d i n g  a t  h i g h  
i n t e r n a l  p r e s s u r e s ,  m a t e r i a l  models  were i n t r o d u c e d  t o  d e s c r i b e  t h e  b e h a v i o r  
o f  t h e  l i n e r ,  c o n c r e t e ,  and s t e e l  r e i n f o r c e m e n t  w e l l  beyond t h e  e l a s t i c  
l i m i t .  Because g e o m e t r i c  n o n l i n e a r  e f f e c t s  a r e  n o t  c o n s i d e r e d  i n  any o f  t h e  
a n a l y s e s  t o  be p r e s e n t e d ,  e n g i n e e r i n g  s t r e s s  and s t r a i n  measures a r e  used 
e x c l u s i v e l y  i n  t h e  d e f i n i t i o n  o f  m a t e r i a l  p r o p e r t i e s .  I n  t h e  f i n i t e  e lement  
c a l c u l a t i o n s  p r e s e n t e d  he re ,  t h e  p o s t - y i e l d  s t r e s s - s t r a i n  b e h a v i o r  o f  t h e  
l i n e r  and r e i n f o r c i n g  s t e e l  have been r e p r e s e n t e d  t h r o u g h  t h e  use o f  a 
von M ises  y i e l d  f u n c t i o n  t o g e t h e r  w i t h  i s o t r o p i c  h a r d e n i n g  and an a s s o c i a t e d  
p l a s t i c  f l o w  r u l e .  E l a s t i c  c o n s t a n t s  and p o i n t s  f r o m  t h e  p i e c e w i s e  l i n e a r  
s t r e s s - p l a s t i c  s t r a i n  c u r v e s  used i n  t h e  ana lyses  a r e  l i s t e d  i n  T a b l e s  4 .1 .2  
t h r o u g h  4.1.4 f o r  t h e  l i n e r  and r e b a r .  These v a l u e s  were o b t a i n e d  by 
a v e r a g i n g  r e s u l t s  f r o m  a number o f  u n i a x i a l  t e n s i l e  t e s t s  t h a t  were 
conducted  on samples o f  t h e  l i n e r  m a t e r i a l  and #4 r e b a r .  

The s t a n d a r d  c o n c r e t e  c o n s t i t u t i v e  model s u p p l i e d  w i t h  t h e  ABAQUS code was 
used i n  a l l  f i n i t e  e lement  a n a l y s e s .  A comple te  d e s c r i p t i o n  o f  t h e  model i s  
g i v e n  i n  t h e  ABAQUS T h e o r e t i c a l  Manual C4.1.11. T h i s  m a t e r i a l  model i s  
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Tab1 e 4.1.1 Anal  v s i  s Sumnarv 

Anal  y t  i c a l  Met hods 

C o n s t i t u t i v e  Models 

F a i  1 u r e  C r i t e r i o n  

P r e d i c t e d  F a i l u r e  
Mode 

P r e d i c t e d  C a p a c i t y  

n o n l i n e a r  a x i s y m n e t r i c  f i n i t e  e lement  s h e l l  and 
cont inuum models;  n o n l i n e a r  membrane a n a l y s i s .  

Concre te :  e l a s t i c / p l a s t i c  m a t e r i a l  w i t h  Chen and Chen 
y i e l d  s u r f a c e  and a s s o c i a t e d  f l o w  r u l e .  

L i n e r :  e l a s t i c / p l a s t i c  m a t e r i a l  w i t h  von Mises 
y i e l d  s u r f a c e ,  a s s o c i a t e d  f l o w  r u l e ,  and 
i s o t r o p i c  ha rden ing .  

Rebar: p i e c e w i s e  l i n e a r  u n i a x i a l  s t r e s s - s t r a i n  
cu rves .  

Lack o f  convergence i n  f i n i t e  e lement  s o l u t i o n  and 
e v i d e n c e  o f  c o n c r e t e  c r u s h i n g  i m p l y  s t r u c t u r a l  
i n s t a b i l i t y .  

S t r u c t u r a l  i n s t a b i l i t y  due t o  c r u s h i n g  f a i l u r e  o f  
c o n c r e t e  on t h e  o u t s i d e  o f  t h e  c y l i n d e r  w a l l  nea r  t h e  
basemat c y l i n d e r  j u n c t i o n .  

170 p s i g  (1 .17 MPa) 

P r e s s u r e  Event  

30-35 p s i  Hoop s t r a i n  a t  t h e  m i d t h i c k n e s s  o f  t h e  c y l i n d e r  exceeds t h e  
(.21-.24 MPa) c r a c k i n g  s t r a i n *  o f  t h e  c o n c r e t e .  

35-40 p s i  M e r i d i o n a l  s t r a i n  a t  t h e  m i d t h i c k n e s s  o f  t h e  c y l i n d e r  
(.24-.28 MPa) exceeds t h e  c r a c k i n g  s t r a i n *  o f  t h e  c o n c r e t e .  

40-45 p s i  Hoop and m e r i d i o n a l  s t r a i n s  a t  t h e  m i d t h i c k n e s s  o f  t h e  dome 
( .28- .31 MPa) exceed t h e  c r a c k i n g  s t r a i n *  o f  t h e  conc re te .  

100-120 p s i  Hoop and m e r i d i o n a l  s t r a i n s  a l o n g  t h e  l o w e r  s u r f a c e  o f  t h e  
( .69-.83 MPa) basemat exceed t h e  c r a c k i n g  s t r a i n "  o f  t h e  c o n c r e t e .  

115 p s i  L i n e r  y i e l d s  i n  t h e  c y l i n d e r  m i d s e c t i o n .  
( . 7 9  MPa) 

130 p s i  Hoop b a r s  y i e l d  i n  t h e  c y l i n d e r  m i d s e c t i o n .  
( . 9 0  MPa) 

135-140 p s i  S e i s m i c  and m e r i d i o n a l  b a r s  y i e l d  i n  t h e  c y l i n d e r  m i d s e c t i o n .  
( .93-.97 MPa) 

170 p s i  Concre te  above t h e  c y l i n d e r  basemat j u n c t i o n  c rushes  l e a d i n g  
(1.17 MPa) t o  numer i ca l  i n s t a b i l i t y  i n  t h e  f i n i t e  e lement  model.  

190 p s i  Hoop b a r s  reach  u l t i m a t e  s t r e s s  a t  t h e  c y l i n d e r  m i d h e i g h t .  
( 1 . 3 1  MPa) 

* The c r a c k i n g  s t r a i n  f o r  t h e  c o n c r e t e  i s  t aken  t o  be t h e  s t r a i n  l e v e l  a t  
maximum l o a d  i n  a u n i a x i a l  t e n s i l e  t e s t .  

-4 1- 



T a b l e  4.1.2 
M a t e r i a l  P r o p e r t i e s  f o r  C y l i n d e r  and Basemat L i n e r  

E n g i n e e r i n g  s t r e s s  P1 a s t i  c 
( k s i  ) (MPa) s t r a i n  

50.2 34 6 0. 
50.2 346 .0157 
59.0 407 .0308 
66.0 455 .0696 
68.0 469 .0937 
70.0 483 .1620 

Young's  modulus = 30000 k s i  (207000 MPa) 
P o i s s o n ' s  r a t i o  = 0.3 
Y i e l d  s t r e n g t h  = 50.2 k s i  (346 MPa) 
Th ickness  = .0625 i n c h e s  (1.59 mm) 

T a b l e  4.1.3 
M a t e r i a l  P r o p e r t i e s  f o r  Dome L i n e r  

E n g i n e e r i n g  s t r e s s  P l a s t i c  
( k s i  1 (MPa) s t r a i n  

51.4 354 0. 
61.1 421 .0230 
66.9 461 .0478 
70.5 486 .0977 
71.0 490 .1476 

Young's  modulus = 30000 k s i  (207000 MPa) 
P o i s s o n ' s  r a t i o  = 0.3 
Y i e l d  s t r e n g t h  = 51.4 k s i  (354 MPa) 
T h i  c kness = .0833 i n c h e s  (2.12 mm) 

T a b l e  4.1.4 
Rebar M a t e r i a l  P r o p e r t i e s  Based on Nominal  C r o s s - s e c t i o n a l  Areas 

E n g i n e e r i n g  s t r e s s  P l a s t i c  
( k s i )  IMPa) s t r a i n  

66.6 459 0. 
73.3 505 .0094 
85.6 590 .ozoo 
99.0 683 .0430 

Young's  modulus = 31000 k s i  (214000 MPa) 
P o i s s o n ' s  r a t i o  = 0.3 
Y i e l d  s t r e n g t h  = 66.6 k s i  (459 MPa) 
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c a p a b l e  o f  r e p r e s e n t i n g  y i e l d i n g ,  c r u s h i n g ,  and c r a c k i n g  o f  t h e  c o n c r e t e  and 
i s  an e x t e n s i o n  o f  t h e  c o n s t i t u t i v e  t h e o r y  d e v e l o p e d  by Chen and Chen 
C4.1.21. The t h e o r y  d e f i n e s  two s u r f a c e s  i n  s t r e s s  space: a y i e l d  s u r f a c e  
t h a t  s u r r o u n d s  t h e  r e g i o n  o f  l i n e a r l y  e l a s t i c  response,  and a f a i l u r e  
s u r f a c e  where c r a c k i n g  o r  c r u s h i n g  occu rs .  Between t h e  y i e l d  and f a i l u r e  
s u r f a c e s ,  t h e  m a t e r i a l  i s  assumed t o  d e f o r m  a c c o r d i n g  t o  an a s s o c i a t e d  
p l a s t i c  f l o w  r u l e  w i t h  i s o t r o p i c  s t r a i n  h a r d e n i n g .  A f t e r  c r a c k i n g  o r  
c r u s h i n g ,  t h e  c o n c r e t e  s o f t e n s  w i t h  i n c r e a s i n g  d e f o r m a t i o n  f i n a l l y  l o s i n g  
a l l  s t r e n g t h  once a c r i t i c a l  s t r a i n  l e v e l  i s  reached. 

Numer ica l  p rob lems f r e q u e n t l y  a r i s e  once c r a c k i n g  t a k e s  p l a c e  i n  a f i n i t e  
e lement  s o l u t i o n .  P r e v i o u s  work C4.1.31 i n d i c a t e d  t h a t  a f t e r  c r a c k i n g  
o c c u r s  t h e r e  a r e  c e r t a i n  p r e s s u r e  ranges where t h e  i t e r a t i v e  p r o c e d u r e  i n  
t h e  ABAQUS program f a i l s  t o  converge,  l e a v i n g  u n a c c e p t a b l y  l a r g e  f o r c e  
imba lances  i n  t h e  s t r u c t u r a l  model .  To a v o i d  these  numer i ca l  d i f f i c u l t i e s ,  
c r a c k i n g  was p r e v e n t e d  by s u p p l y i n g  t h e  u n i a x i a l  s t r e s s - s t r a i n  cu rves  shown 
i n  F i g u r e  4 .1 .1  as i n p u t  t o  t h e  c o n c r e t e  model .  Here,  t h e  s o f t e n i n g  
b e h a v i o r  caused by c r a c k i n g  and c r u s h i n g  has been e l i m i n a t e d  by u s i n g  a v e r y  
l a r g e  v a l u e  f o r  t h e  p l a s t i c  s t r a i n s  c o r r e s p o n d i n g  t o  t h e  u l t i m a t e  t e n s i l e  
and u l t i m a t e  compress ive  s t r e s s e s .  Two s t r e s s - s t r a i n  cu rves  have been 
d e f i n e d  i n  o r d e r  t o  model t h e  response a t  b o t h  l ow  s t r a i n  l e v e l s  (Curve  A)  
and h i g h  s t r a i n  l e v e l s  (Curve B ) .  One s e t  o f  f i n i t e  e lement  a n a l y s e s  was 
conducted  u s i n g  Curve A f o r  t h e  c o n c r e t e  i n  t h e  dome and c y l i n d e r ;  a second 
s e t  o f  a n a l y s e s  was conducted  u s i n g  Curve B f o r  t h e  c o n c r e t e  i n  t h e  dome and 
c y l i n d e r .  The r e a s o n i n g  b e h i n d  t h i s  approach w i l l  be d i s c u s s e d  l a t e r .  
T a b l e  4.1.5 l i s t s  t h e  r e m a i n i n g  m a t e r i a l  c o n s t a n t s  r e q u i r e d  by t h e  ABAQUS 
c o n s t i t u t i v e  r o u t i n e  f o r  c o n c r e t e  models  A and B. No b i a x i a l  compress ion 
d a t a  was a v a i l a b l e  so t h e  d e f a u l t  va lues  s u p p l i e d  i n  t h e  ABAQUS code were 
used f o r  t hose  parameters  r e l a t e d  t o  t h e  b i a x i a l  compress ive  s t r e n g t h  o f  t h e  
c o n c r e t e .  

4.1.3 F a i l u r e  C r i t e r i a  

R e a l i s t i c  f a i l u r e  c r i t e r i a  must  be adopted f o r  a l l  p o t e n t i a l  f a i l u r e  
mechanisms i n  o r d e r  t o  p r e d i c t  t h e  u l t i m a t e  p r e s s u r e  c a p a c i t y  o f  t h e  
c o n t a i n m e n t .  F a i l u r e  i s  d e f i n e d  as any e v e n t  t h a t  r e s u l t s  i n  s i g n i f i c a n t  
leakage.  A h i g h  degree o f  u n c e r t a i n t y  e x i s t s  i n  s e l e c t i n g  these  c r i t e r i a  
s i n c e ,  i n  many cases, t h e  c r i t e r i a  a r e  based on f a i l u r e  p o i n t s  observed i n  
s i m p l e  u n i a x i a l  t e n s i o n  and compress ion  t e s t s  and a p p l i e d  t o  l o c a t i o n s  i n  
t h e  s t r u c t u r e  t h a t  a r e  s u b j e c t  t o  more complex m u l t i a x i a l  l o a d i n g  
c o n d i t i o n s .  

Except  f o r  r e g i o n s  where a l a r g e  t r a n s v e r s e  shear  f o r c e  i s  p r e s e n t ,  t h e  
s t e e l  r e i n f o r c i n g  b a r s  a r e  p r i m a r i l y  i n  a s t a t e  o f  u n i a x i a l  t e n s i o n .  Under 
these  l o a d i n g  c o n d i t i o n s ,  t h e  r e i n f o r c i n g  b a r s  a r e  assumed t o  f a i l  a t  a 
t e n s i l e  s t r e s s  l e v e l  o f  99 k s i  (680 M P a ) .  T h i s  v a l u e  i s  based on r e s u l t s  o f  
t e n s i l e  t e s t s  on s p l i c e d  r e b a r  specimens s i m i l a r  t o  t hose  used i n  t h e  
c o n s t r u c t i o n  o f  t h e  c o n t a i n m e n t  model .  The nominal  c r o s s - s e c t i o n a l  a rea  o f  
t h e  r e b a r  specimens was used t o  c o n v e r t  f r o m  t h e  f a i l u r e  l o a d  t o  t h e  
u l t i m a t e  s t r e s s .  Nominal c r o s s - s e c t i o n a l  a reas  f o r  each t y p e  o f  r e b a r  i n  
t h e  c o n t a i n m e n t  model a r e  l i s t e d  i n  T a b l e  4 . 1 . 6 .  These areas were used i n  
a l l  o f  t h e  a n a l y s e s  t o  be p resen ted .  
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Tab le  4.1.5 
M a t e r i a l  Parameters Used w i t h  t h e  Concrete C o n s t i t u t i v e  Model i n  ABAQUS 

Parameter D e s c r i p t i o n  

Young's modulus 

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

R a t i o  o f  each non-zero s t r e s s  component a t  f a i l u r e  
under b i a x i a l  compression t o  t h e  s t r e s s  magnitude 
a t  f a i l u r e  under u n i a x i a l  compression. 

R a t i o  o f  t h e  s t r e s s  a t  f a i l u r e  under u n i a x i a l  
t e n s i o n  t o  t h e  s t r e s s  a t  f a i l u r e  under u n i a x i a l  
compression. 

R a t i o  o f  t h e  magnitude o f  a component o f  p l a s t i c  
s t r a i n  a t  f a i l u r e  under  b i a x i a l  compression t o  t h e  
p l a s t i c  s t r a i n  a t  f a i l u r e  under u n i a x i a l  compression. 

R a t i o  o f  t h e  magni tude o f  p l a s t i c  s t r a i n  a t  f a i l u r e  
under u n i a x i a l  t e n s i o n  t o  t h e  p l a s t i c  s t r a i n  a t  
f a i l u r e  under u n i a x i a l  compression. 

Model A1 Model B2 

4800 k s i  4800 k s i  
33000 MPa 33000 MPa 

0.2 0.2 

1.16* 1.16* 

.0735 .00147 

1.28* 1.28* 

1. 1. 

Notes:  
1 corresponds t o  Curve A i n  F i g u r e  4.1.1 
2 corresponds t o  Curve B i n  F i g u r e  4.1.1 
* d e f a u l t  v a l u e  i n  ABAQUS 

Table 4.1.6 
Nominal C ross -sec t i ona l  Areas o f  R e i n f o r c i n g  Bars i n  t h e  Containment Model 

Area 
2 m 2 

- i n  - Bar S i z e  

#2  .05 32 
# 3  * 11 71 
#4 .20 129 
#5 .31  200 
#6 .44 280 
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The f a i l u r e  c r i t e r i o n  used f o r  t h e  s t e e l  l i n e r  i s  based on e q u i v a l e n t  

p l a s t i c  s t r a i n .  The e q u i v a l e n t  p l a s t i c  s t r a i n ,  rP, i s  d e f i n e d  as 
1 

(4 .1 .1 )  

where 
iyj = plastic strain rate. 

F a i l u r e  i s  assumed t o  o c c u r  when t h e  e q u i v a l e n t  p l a s t i c  s t r a i n  reaches t h e  
l e v e l  o f  e q u i v a l e n t  p l a s t i c  s t r a i n  a t  maximum l o a d  i n  a u n i a x i a l  t e n s i l e  
t e s t .  
i n c h  t h i c k  l i n e r s .  

T h i s  v a l u e  i s  a p p r o x i m a t e l y  15% f o r  b o t h  t h e  l / l Z t h - i n c h  and 1 / 1 6 t h -  

A n o t h e r  p o s s i b l e  t y p e  o f  m a t e r i a l  f a i l u r e  i s  c o n c r e t e  c r u s h i n g ,  w h i c h  can 
o c c u r  i n  r e g i o n s  o f  h i g h  compress ive s t r e s s e s  b r o u g h t  about  by bend ing .  As 
d i s c u s s e d  p r e v i o u s l y ,  t h e  response o f  t h e  c o n c r e t e  i s  assumed t o  be a lmos t  
p e r f e c t l y  p l a s t i c  a f t e r  t h e  compress ive y i e l d  s t r e s s  i s  reached so t h a t  t h e  
compress ive  y i e l d  and f a i l u r e  s u r f a c e s  v i r t u a l l y  c o i n c i d e  i n  s t r e s s  space. 
I n  o r d e r  t o  d e t e r m i n e  i f  t h e  s t r e s s  s t a t e  l i e s  on o r  nea r  t h e  compress ive 
y i e l d  o r  f a i l u r e  s u r f a c e ,  t h e  c r u s h i n g  parameter ,  @, i s  i n t r o d u c e d .  T h i s  
parameter  was d e r i v e d  f r o m  t h e  d e s c r i p t i o n  o f  t h e  c o n c r e t e  c o n s t i t u t i v e  
model g i v e n  i n  t h e  ABAQUS T h e o r e t i c a l  Manual and i s  based on t h e  assumpt ion  
t h a t  t h e  compress ive  y i e l d  s t r e n g t h  i s  equa l  t o  t h e  compress ive u l t i m a t e  
s t r e n g t h .  The c r u s h i n g  parameter ,  @,  i s  d e f i n e d  by t h e  r e l a t i o n  

where 

(4 .1 .2 )  

1 
1 q = von Mises stress = - &i ((01 - a2)2 + ( 0 2  - 0 3 ) 2  + (a3 - a#) 

P = equivalent pressure = - (u1 + U2 + 03> 1 

f :  = uniaxial compressive strength 

f b c  = biaxial compressive strength 

0 1 , 0 2 ,  u3 = principal stresses 

When < 1, t h e  s t r e s s  s t a t e  l i e s  i n s i d e  o f  t h e  Compressive f a i l u r e  
enve lope;  and when @ = 1, t h e  s t r e s s  s t a t e  l i e s  on t h e  compress ive f a i l u r e  
s u r f a c e  and c r u s h i n g  i s  s a i d  t o  o c c u r .  

The f i r s t  i n c i d e n c e  o f  c r u s h i n g  i s  n o t  c o n s i d e r e d  t o  i n d i c a t e  f a i l u r e  o f  t h e  
c o n t a i n m e n t  s t r u c t u r e ;  however, because o f  c r u s h i n g ,  a l i m i t  p o i n t  may e x i s t  
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beyond w h i c h  d e f o r m a t i o n s  become v e r y  l a r g e  w i t h  l i t t l e  o r  no i n c r e a s e  i n  
i n t e r n a l  p r e s s u r e .  When such a c o n d i t i o n  deve lops ,  i t  i s  c o n s i d e r e d  t o  be 
an i n d i c a t i o n  t h a t  t h e  conta inment  s t r u c t u r e  i s  v e r y  n e a r  f a i l u r e .  Many 
t i m e s  n u m e r i c a l  s o l u t i o n s  cannot  be o b t a i n e d  beyond such a l i m i t  p o i n t  so 
t h a t  o t h e r  f a c t o r s  must be c o n s i d e r e d  t o  h e l p  d e t e r m i n e  i f  i n s t a b i l i t y  i n  a 
n u m e r i c a l  a n a l y s i s  i s  caused by t h e  e x i s t e n c e  o f  a t r u e  l i m i t  p o i n t .  

One o f  t h e  most  d i f f i c u l t  modes o f  f a i l u r e  t o  e v a l u a t e  i n  a r e i n f o r c e d  
c o n c r e t e  s t r u c t u r e  i s  f a i l u r e  b r o u g h t  about  by s h e a r i n g  f o r c e s  a c t i n g  
p e r p e n d i c u l a r  t o  t h e  r e i n f o r c e m e n t  d i r e c t i o n .  I n  t h e  c y l i n d e r  and dome, 
t h e s e  s h e a r i n g  f o r c e s  a c t  p e r p e n d i c u l a r  t o  t h e  s u r f a c e  o f  t h e  s h e l l  i n  t h e  
r a d i a l  d i r e c t i o n  and, hence, a r e  r e f e r r e d  t o  as r a d i a l  shear  f o r c e s .  When a 
c r a c k  deve lops  t h r o u g h  t h e  c o n c r e t e  w a l l ,  t h e  shear  l o a d  i s  c a r r i e d  by 
f r i c t i o n  and aggregate  i n t e r l o c k  across  t h e  c r a c k  s u r f a c e s ,  and by dowel 
a c t i o n  o f  t h e  r e i n f o r c i n g  b a r s  t h a t  span t h e  c r a c k  p l a n e .  The models used 
t o  r e p r e s e n t  t h e  r e b a r  and c o n c r e t e  a r e  t o o  s i m p l i f i e d  t o  d i r e c t l y  e v a l u a t e  
t h e  p o t e n t i a l  f o r  shear  f a i l u r e  based s o l e l y  on t h e  f a i l u r e  c r i t e r i a  f o r  t h e  
c o n c r e t e  and s t e e l  d i s c u s s e d  p r e v i o u s l y .  F o r  t h i s  reason,  e m p i r i c a l  
c r i t e r i a  were adopted  t o  e s t i m a t e  t h e  shear  s t r e n g t h  o f  a s e c t i o n  under  t h e  
combined a c t i o n  o f  r a d i a l  shear  and membrane t e n s i o n .  R e s u l t s  o f  " p u s h - o f f "  
t e s t s  p r e s e n t e d  i n  C4.1.41 i n d i c a t e  t h a t  t h e  u l t i m a t e  shear  s t r e n g t h  o f  a 
r e i n f o r c e d  c o n c r e t e  s e c t i o n  f a l l s  w i t h i n  t h e  range 

(4 .1 .3 )  

where 
7 = u l t i m a t e  shear  s t r e n g t h ,  p s i .  

f; = u l t i m a t e  compress ive s t r e n g t h  o f  c o n c r e t e ,  p s i .  
U 

Between t h e s e  l i m i t s ,  t h e  u l t i m a t e  shear  s t r e n g t h  i s  assumed t o  be g i v e n  by 
t h e  r e l a t i o n  

7 U = [ . 0 1 3 ( p f y  - uv)  + 1 . 9 ] c  (4 .1 .4 )  

where 
p = m e r i d i o n a l  r e i n f o r c e m e n t  r a t i o  = A / A  

s 9  
= t e n s i l e  y i e l d  s t r e n g t h  o f  s t e e l ,  p s i  

f Y  
o = P I A  

V m 9  
2 

A S  

A = g r o s s  a r e a  o f  con ta inment  w a l l  i n  m e r i d i o n a l  d i r e c t i o n ,  i n  
9 

Pm 

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

2 

= f o r c e  i n  m e r i d i o n a l  d i r e c t i o n ,  l b .  

The area  o f  t h e  l i n e r  i s  n o t  i n c l u d e d  i n  c a l c u l a t i n g  A S  o r  A * l i k e w i s e ,  t h e  

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

c r i t e r i o n  based on t h e  s h e a r - f r i c t i o n  model C4.1.51 was a l s o  used t o  
e s t i m a t e  t h e  u l t i m a t e  shear  s t r e n g t h  between t h e  l i m i t s  i n  E q u a t i o n  (4 .1 .3 ) .  
The s h e a r - f r i c t i o n  model assumes t h a t  t h e  shear  s t r e n g t h  v a r i e s  a c c o r d i n g  t o  

9 '  
A second 
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7 = p fy  - uv 
U 

(4.1.5) 

Shear  f a i l u r e  i s  assumed t o  o c c u r  when t h e  a p p l i e d  shear  f o r c e ,  V ,  i s  such 
t h a t  

V I A  > ru . 
9 

(4.1.6)  

4 .1 .4  N o n l i n e a r  Membrane A n a l y s i s  

B e f o r e  p r o c e e d i n g  i n t o  a d i s c u s s i o n  o f  t h e  f i n i t e  e lement  r e s u l t s ,  a 
s i m p l i f i e d  n o n l i n e a r  membrane a n a l y s i s  o f  t h e  c y l i n d e r  w a l l  w i l l  be 
p r e s e n t e d .  The r e s u l t s  o f  t h i s  a n a l y s i s  s e r v e  as a check on t h e  f i n i t e  
e lement  c a l c u l a t i o n s  and a l s o  p r o v i d e  an upper  bound on t h e  s t r e n g t h  o f  t h e  
c o n t a i n m e n t  s t r u c t u r e .  F i g u r e  4.1.2 i l l u s t r a t e s  t h e  i d e a l i z e d  membrane 
model ,  w h i c h  i s  used t o  r e p r e s e n t  a s e c t i o n  o f  t h e  c y l i n d e r  w a l l .  I n  t h i s  
a n a l y s i s ,  t h e  hoop and m e r i d i o n a l  s t r a i n s  a r e  assumed t o  be u n i f o r m  t h r o u g h  
t h e  t h i c k n e s s  o f  t h e  c y l i n d e r  w a l l .  Bend ing  r e s u l t i n g  f r o m  t h e  shear  f o r c e s  
and moments a t  t h e  s p r i n g l i n e  and basemat c y l i n d e r  j u n c t i o n  a r e  i g n o r e d  so 
t h a t  t h e  a n a l y s i s  i s  e x p e c t e d  t o  be most  a c c u r a t e  n e a r  t h e  m i d h e i g h t  o f  t h e  
c y l i n d e r ,  f a r  away f r o m  p e n e t r a t i o n s  and o t h e r  d i s c o n t i n u i t i e s .  Smal l  
s t r e s s  and s t r a i n  measures a r e  used i n  t h e  a n a l y s i s .  

The l o a d i n g  on t h e  c y l i n d e r  c o n s i s t s  o f  an i n t e r n a l  p r e s s u r e ,  p, and a 
v e r t i c a l  l o a d ,  W, caused by t h e  w e i g h t  o f  t h e  s t r u c t u r e .  To s i m u l a t e  
c o n d i t i o n s  a t  t h e  m i d h e i g h t  o f  t h e  c y l i n d e r ,  W i s  s e t  equa l  t o  t h e  w e i g h t  o f  
t h e  dome p l u s  one-ha l f  t h e  w e i g h t  o f  t h e  c y l i n d e r .  The i n t e r n a l  p r e s s u r e  
g e n e r a t e s  a f o r c e  p e r  u n i t  l e n g t h  o f  pR i n  t h e  hoop d i r e c t i o n  and pR/2 i n  
t h e  m e r i d i o n a l  d i r e c t i o n  (R = t h e  c y l i n d e r  r a d i u s ) ;  t h e  w e i g h t  c o n t r i b u t e s  a 
f o r c e  p e r  u n i t  l e n g t h  o f  W/(2nR) i n  t h e  m e r i d i o n a l  d i r e c t i o n .  

Because o f  t h e  l o w  t e n s i l e  s t r e n g t h  o f  t h e  c o n c r e t e  (500 p s i ) ,  t h e  t e n s i o n  
c a r r y i n g  c a p a c i t y  o f  t h e  c o n c r e t e  i s  i g n o r e d ,  and t h e  a p p l i e d  f o r c e s  a r e  
assumed t o  be c a r r i e d  i n  t h e  l i n e r  and r e b a r .  The r e i n f o r c e m e n t  i n  t h e  w a l l  
o f  t h e  c y l i n d e r  i s  composed o f  #4 s t e e l  b a r s  r u n n i n g  i n  t h e  hoop and 
m e r i d i o n a l  d i r e c t i o n s  and #4 s e i s m i c  b a r s  t h a t  r u n  a t  a n g l e s  o f a 5  degrees 
t o  t h e  m e r i d i o n a l  d i r e c t i o n .  Each l a y e r  o f  r e i n f o r c e m e n t  i s  assumed t o  
c a r r y  l o a d  o n l y  a l o n g  t h e  d i r e c t i o n  o f  r e i n f o r c e m e n t .  The l i n e r  i s  i n  a 
s t a t e  o f  b i a x i a l  s t r e s s  and c a r r i e s  a share  o f  t h e  a p p l i e d  l o a d  i n  b o t h  t h e  
m e r i d i o n a l  and hoop d i r e c t i o n s .  

By t r a n s f o r m i n g  t h e  u n i a x i a l  s t r e s s  s t a t e  i n  each r e i n f o r c e m e n t  l a y e r  i n t o  
components i n  t h e  hoop and m e r i d i o n a l  d i r e c t i o n s ,  t h e  e q u i l i b r i u m  e q u a t i o n s  
f o r  t h e  membrane a n a l y s i s  can be w r i t t e n  as 

h u h h h  s n A + 0.5ussSnSA + tlul 

in u s n A + 0.50 s n A + tlul m m m  s s s  

= pR 9 (4 .1.7)  

(4 .1 .8 )  

where 
uh, u s ,  um = a x i a l  s t r e s s e s  i n  t h e  hoop, s e i s m i c ,  and m e r i d i o n a l  b a r s ,  

nh, ns ,  nm = number o f  l a y e r s  o f  hoop, s e i s m i c ,  and m e r i d i o n a l  b a r s ,  
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sh, s s ,  sm = number o f  b a r s  p e r  u n i t  l e n g t h  i n  t h e  d i r e c t i o n  p e r p e n d i c u l a r  

t o  t h e  b a r  f o r  t h e  hoop, s e i s m i c ,  and m e r i d i o n a l  b a r s ,  

= l i n e r  s t r e s s e s  i n  t h e  hoop and m e r i d i o n a l  d i r e c t i o n s ,  

= l i n e r  t h i c k n e s s ,  

A = c r o s s - s e c t i o n a l  a r e a  o f  each b a r ,  and 
R = c y l i n d e r  r a d i u s .  

h m  
O 1 ’  O 1  

S t r e s s - s t r a i n  e q u a t i o n s  must  be i n t r o d u c e d  t o  s o l v e  E q u a t i o n s  (4.1.7)  and 
( 4 . 1 . 8 ) .  The s t r e s s  i n  each r e b a r  l a y e r  i s  expressed i n  te rms o f  t h e  hoop 
and m e r i d i o n a l  s t r a i n s  t h r o u g h  t h e  r e l a t i o n s  

a h  = f c n ( c h )  , 
u = f c n ( c m )  , 
u = f c n ( E S )  , 

‘h’ ‘m 

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

m 

S 
where 

= hoop and m e r i d i o n a l  s t r a i n s ,  r e s p e c t i v e l y ,  

E = ( c h  + c m ) / 2  = s t r a i n  i n  t h e  d i r e c t i o n  o f  t h e  s e i s m i c  b a r s ,  and 
S 

S i n c e  t h e  l i n e r  i s  i n  a s t a t e  o f  b i a x i a l  t e n s i o n ,  t h e  s t r e s s - s t r a i n  
e q u a t i o n s  w i t h  p l a s t i c  d e f o r m a t i o n  a r e  more c o m p l i c a t e d  t h a n  t h o s e  f o r  t h e  
u n i a x i a l  s t r e s s  s t a t e  e x i s t i n g  i n  t h e  r e b a r  l a y e r s .  To s i m p l i f y  t h e  
a n a l y s i s ,  t h e  l i n e r  was assumed t o  be a l i n e a r l y  h a r d e n i n g  m a t e r i a l ,  and a 
r a d i a l  r e t u r n  a l g o r i t h m  [4.1.6]  was used t o  i n t e g r a t e  t h e  r a t e  c o n s t i t u t i v e  
e q u a t i o n s  f o r  t h e  l i n e r .  

The e q u i l i b r i u m  e q u a t i o n s  r e p r e s e n t  a n o n l i n e a r  system o f  e q u a t i o n s  w i t h  two 
unknowns: c h  and cm. A s h o r t  computer program was w r i t t e n  t o  s o l v e  t h e  

system o f  e q u a t i o n s  u s i n g  a m o d i f i e d  Newton method. The s o l u t i o n  was 
o b t a i n e d  o v e r  a range o f  i n t e r n a l  p r e s s u r e  v a r y i n g  f r o m  5 t o  191 p s i q  ( .034- 
1 .32 MPa) by i n c r e m e n t a l l y  i n c r e a s i n g  t h e  p r e s s u r e  
MPa). E q u i l i b r i u m  i t e r a t i o n s  were c o n t i n u e d  d u r i n g  

t h e  norm o f  t h e  ou t -o f -ba lance f o r c e s  was l e s s  t h a n  
t h e  a p p l i e d  f o r c e s .  

M a t e r i a l  p r o p e r t i e s  used f o r  t h e  r e b a r  a r e  t h e  same 
4.1.4.  The y i e l d  and u l t i m a t e  s t r e n g t h  o f  t h e  r e i n  
t o  be 66.6 k s i  (459 MPa) and 99 k s i  (683 MPa) based 

s e c t i o n a l  a r e a  o f  -20 i n 2  (129  M ) .  Between y i e l d  2 

. -  
n s t e p s  o f  2 p s i g  i . 0 1 4  
each p r e s s u r e  s t e p  u n t i l  

1 x o f  t h e  norm o f  

as t h o s e  l i s t e d  i n  T a b l e  
o r c i n g  s t e e l  were t a k e n  
on a nominal  c ross-  

and u l t i m a t e ,  a 
p i e c e w i s e - l i n e a r  s t r e s s - s t r a i n  c u r v e  was used f o r  t h e  r e b a r .  
t r e a t e d  as a l i n e a r l y  h a r d e n i n g  m a t e r i a l  w i t h  an i n i t i a l  modulus of 30000 
k s i  (210000 MPa), a y i e l d  s t r e n g t h  o f  5 0 . 2  k s i  (346 MPa), a harden ing  
modulus o f  256 k s i  (1770 MPa), and a t h i c k n e s s  o f  .0625 i n c h e s  (1.59 mm). 
F i g u r e  4.1.3 shows a p l o t  o f  t h e  s t r e s s e s  i n  t h e  l i n e r  and r e i n f o r c e m e n t  as 
a f u n c t i o n  o f  p r e s s u r e  as p r e d i c t e d  by t h e  membrane a n a l y s i s .  

The l i n e r  was 

6 These r e s u l t s  were g e n e r a t e d  w i t h  a deadweight  l o a d  o f  .221 x 10 l b  a p p l i e d  
i n  t h e  m e r i d i o n a l  d i r e c t i o n  t o  account  f o r  t h e  w e i g h t  o f  t h e  conta inment  
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s t r u c t u r e  above t h e  m i d h e i g h t  o f  t h e  c y l i n d e r .  
l i n e r  y i e l d i n g  o c c u r s  a t  a p r e s s u r e  o f  95 p s i g  (.66 MPa). 
hoop b a r s  o c c u r s  a t  an i n t e r n a l  p r e s s u r e  o f  129 p s i g  ( .89 MPa), f o l l o w e d  by 
y i e l d i n g  o f  t h e  s e i s m i c  r e i n f o r c e m e n t  a t  135 p s i g  ( .93 MPa), and y i e l d i n g  o f  
t h e  m e r i d i o n a l  b a r s  a t  149 p s i g  (1.03 MPa). The u l t i m a t e  s t r e n g t h  o f  t h e  
hoop b a r s  i s  reached a t  a p r e s s u r e  o f  191 p s i g  (1.32 MPa). These r e s u l t s  
a r e  r e l a t i v e l y  i n s e n s i t i v e  t o  v e r t i c a l  p o s i t i o n  i n  t h e  c y l i n d e r  s i n c e  t h e  
w e i g h t  o f  t h e  s t r u c t u r e  above t h e  c y l i n d e r  m i d h e i g h t  accounts  f o r  o n l y  2% o f  
t h e  t o t a l  m e r i d i o n a l  f o r c e  a t  190 p s i g  (1.3 MPa) i n t e r n a l  p r e s s u r e .  

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

4.1.5 F i n i t e  E lement  S h e l l  Ana lyses  

The n o n l i n e a r  membrane a n a l y s i s  p r e s e n t e d  i n  t h e  p r e v i o u s  s e c t i o n  p r o v i d e s  
c o n s i d e r a b l e  i n s i g h t  i n t o  t h e  c o n t a i n m e n t  response a t  t h e  m i d h e i g h t  o f  t h e  
c y l i n d e r ;  however, i t  g i v e s  no i n f o r m a t i o n  about  s t r e s s e s  i n  t h e  dome o r  i n  
t h e  r e g i o n  near  t h e  base o f  t h e  c y l i n d e r  where a s i g n i f i c a n t  m e r i d i o n a l  
b e n d i n g  moment and r a d i a l  shear  f o r c e  e x i s t .  To e v a l u a t e  t h e  c o n t a i n m e n t  
response i n  t h e s e  l o c a t i o n s ,  n o n l i n e a r  f i n i t e  e lement  s h e l l  a n a l y s e s  were 
conducted  u s i n g  t h e  ABAQUS f i n i t e  e lement  code. On ly  m a t e r i a l  n o n l i n e a r  
e f f e c t s  were c o n s i d e r e d  i n  t h e s e  ana lyses ;  g e o m e t r i c  n o n l i n e a r i t i e s  were 
n e g l e c t e d .  

An a x i s y m e t r i c  f i n i t e  e lement  model o f  t h e  conta inment  s t r u c t u r e  was 
c o n s t r u c t e d  u s i n g  two-noded, t h i c k - s h e l l  e lements  f o r  t h e  basemat, dome, and 
c y l i n d e r .  The c o n c r e t e ,  l i n e r ,  r e b a r ,  and dome p l a t e s  a r e  a l l  r ep resen ted .  
The g e n e r a l i z e d  force-moment s t r a i n - c u r v a t u r e  r e l a t i o n s  f o r  t h e  s h e l l  a r e  
o b t a i n e d  by u s i n g  S impson 's  r u l e  t o  i n t e g r a t e  t h e  s t r e s s e s  t h r o u g h  t h e  
t h i c k n e s s  o f  t h e  s h e l l .  I n  t hese  ana lyses ,  n i n e  i n t e g r a t i o n  p o i n t s  were 
used t h r o u g h  t h e  t h i c k n e s s  o f  t h e  c o n c r e t e  l a y e r ,  and f i v e  i n t e g r a t i o n  
p o i n t s  were used t h r o u g h  t h e  l i n e r  t h i c k n e s s .  S i n g l e - p o i n t  i n t e g r a t i o n  was 
used a l o n g  t h e  l e n g t h  o f  each s h e l l  e lement  t o  e v a l u a t e  t h e  e l e m e n t ' s  
c o n t r i b u t i o n  t o  nodal  f o r c e s  and moments. A model f o r  t h e  s o i l  t h a t  
s u p p o r t s  t h e  basemat was n o t  i n c l u d e d  i n  t h e  ana lyses ;  i n s t e a d ,  t h e  basemat 
i s  assumed t o  r e s t  on a r i g i d  s u r f a c e .  Gap e lements  a r e  used between t h e  
basemat and t h e  r i g i d  s u r f a c e  t o  a l l o w  f o r  basemat u p l i f t .  

The l a y e r e d  s h e l l  and r e b a r  o p t i o n s  i n  t h e  ABAQUS code were used t o  p l a c e  
t h e  l i n e r  and r e b a r  a t  t h e  a p p r o p r i a t e  l o c a t i o n s  t h r o u g h  t h e  t h i c k n e s s  o f  
t h e  s h e l l .  Each l a y e r  o f  s t e e l  r e i n f o r c e m e n t  i s  r e p r e s e n t e d  by an 
o r t h o t r o p i c  l a y e r  t h a t  c a r r i e s  l o a d  o n l y  i n  t h e  d i r e c t i o n  o f  t h e  
r e i n f o r c e m e n t .  The r e b a r  o p t i o n  was used t o  r e p r e s e n t  t h e  se i sm ic  as w e l l  
as t h e  hoop and m e r i d i o n a l  r e i n f o r c e m e n t .  Problems were encountered  when 
t h e  r e b a r ,  l i n e r ,  and c o n c r e t e  were a l l  p l a c e d  i n  a s i n g l e  l a y e r e d - s h e l l  
e lement .  These problems were c i r c u m v e n t e d  by o v e r l a y i n g  t h r e e  s e p a r a t e  
s h e l l  e lements  a t  each l o c a t i o n  i n  t h e  model.  One o f  t hese  e lements  
c o n t a i n e d  t h e  r e b a r  l a y e r s ;  a second e lement  c o n t a i n e d  t h e  s t e e l  l i n e r ;  and 
a t h i r d  e lement  was used f o r  t h e  c o n c r e t e .  Nominal va lues  were used f o r  t h e  
t h i c k n e s s  o f  t h e  dome, c y l i n d e r ,  and basemat l i n e r s .  These v a l u e s  a r e  
l i s t e d  i n  T a b l e s  4.1.2 and 4.1.3. The c r o s s - s e c t i o n a l  areas used f o r  t h e  
r e i n f o r c i n g  b a r s  a r e  l i s t e d  i n  T a b l e  4.1.6. To account  f o r  t h e  reduced 
shear  s t i f f n e s s  o f  t h e  c o n c r e t e  a f t e r  c r a c k i n g ,  t h e  t r a n s v e r s e  shear  
s t i f f n e s s  o f  t h e  c o n c r e t e  s h e l l  e lements  was s e t  equa l  t o  G t /6 ,  where G and 
t a r e  t h e  shear  modulus and c o n c r e t e  t h i c k n e s s ,  r e s p e c t i v e l y .  T h i s  v a l u e  i s  
equa l  t o  20% o f  t h e  d e f a u l t  v a l u e  used i n  ABAQUS. The l i n e r  and r e b a r  
e lements  were g i v e n  a v e r y  'low t r a n s v e r s e  shear  s t i f f n e s s  (.01 l b / i n ) .  
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F i g u r e  4.1.4 shows an o u t l i n e  o f  t h e  s h e l l  model used i n  t h e  analyses.  
model c o n t a i n s  a t o t a l  o f  92 nodes. The base o f  t h e  c y l i n d e r  has been 
o f f s e t  f r o m  t h e  c e n t e r l i n e  of  t h e  basemat by 20 i n c h e s  t o  account  f o r  t h e  
t h i c k n e s s  o f  t h e  basemat. A m u l t i p o i n t  c o n s t r a i n t  i s  used t o  f o r c e  s l o p e  
and d i s p l a c e m e n t  c o n t i n u i t y  a t  t h e  c y l i n d e r  basernat j u n c t i o n .  
l i s t s  t h e  e lement  l e n g t h  and conta inment  t h i c k n e s s  i n  each r e g i o n  o f  t h e  
model .  G i v e n  t h a t  t h e  e lement  l e n g t h  i s  i n  a l l  cases l e s s  than  t h e  s h e l l  
t h i c k n e s s ,  f u r t h e r  mesh r e f i n e m e n t  wou ld  n o t  be expec ted  t o  y i e l d  a more 
a c c u r a t e  p r e d i c t i o n  f o r  t h e  response o f  t h e  s t r u c t u r e .  

T h i s  

Tab le  4.1.7 

Two s e p a r a t e  a n a l y s e s  were conducted u s i n g  t h e  f i n i t e  e lement  model shown i n  
F i g u r e  4.1.4. I n  t h e  f i r s t  a n a l y s i s ,  Curve A o f  F i g u r e  4.1.1 (500 p s i  
t e n s i l e  y i e l d  s t r e n g t h )  was used as t h e  u n i a x i a l  s t r e s s - s t r a i n  cu rve  f o r  t h e  
c o n c r e t e  a t  a l l  l o c a t i o n s  i n  t h e  conta inment  s t r u c t u r e .  T h i s  a n a l y s i s  w i l l  
be r e f e r r e d  t o  as Model 1. I n  Model 2 t h e  u n i a x i a l '  s t r e s s - s t r a i n  cu rve  
d e s c r i b e d  by Curve B i n  F i g u r e  4.1.1 (10  p s i  t e n s i l e  y i e l d  s t r e n g t h )  was 
used f o r  t h e  c o n c r e t e  i n  t h e  dome and c y l i n d e r ,  and Curve A was aga in  used 
f o r  t h e  c o n c r e t e  i n  t h e  basemat. 

Two a n a l y s e s  were used r a t h e r  t h a n  a s i n g l e  a n a l y s i s  i n  o r d e r  t o  p r o v i d e  a 
bound on t h e  response o f  t h e  conta inment  s t r u c t u r e  and t o  o b t a i n  more 
r e a l i s t i c  r e s u l t s  a t  b o t h  low and h i g h  p ressu res .  A t  very low p ressu res ,  
b e f o r e  c o n c r e t e  c r a c k i n g  occu rs  i n  t h e  a c t u a l  con ta inment ,  Model 1 w i l l  g i v e  
a more a c c u r a t e  p r e d i c t i o n  o f  s t r u c t u r a l  response t h a n  Model 2. A f t e r  
c r a c k i n g  occu rs ,  panel  t e s t s  suggest  t h a t  t h e  c o n c r e t e  w i l l  c o n t i n u e  t o  
c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  o v e r a l l  s t i f f n e s s  o f  t h e  s t r u c t u r e  C4.1.71. 
These t e s t s  i n d i c a t e  t h a t  t h e  s t i f f e n i n g  e f f e c t  o f  t h e  c racked c o n c r e t e  
decreases  w i t h  i n c r e a s i n g  s t r a i n  and f i n a l l y  v a n i s h e s  as t h e  s t r a i n s  
approach t h e  y i e l d  s t r a i n  o f  t h e  reba r .  F o r  t h i s  reason,  t h e  Model 1 
r e s u l t s  a r e  expec ted  t o  remain t h e  most  a c c u r a t e  o f  t h e  t w o  s e t s  o f  r e s u l t s  
u n t i l  b o t h  t h e  m e r i d i o n a l  and hoop s t r a i n s  reach  a l e v e l  equal  t o  h a l f  o f  
t h e  r e b a r  y i e l d  s t r a i n  ove r  a s i g n i f i c a n t l y  l a r g e  r e g i o n  i n  t h e  c y l i n d e r  and 
dome. Model 2 w i l l  become more a c c u r a t e  as t h e  r e i n f o r c e m e n t  approaches 
y i e l d  i n  t h e  dome and c y l i n d e r .  

I n  b o t h  f i n i t e  e lement  ana lyses ,  t h e  dead l o a d  caused by t h e  w e i g h t  o f  t h e  
s t r u c t u r e  was a p p l i e d  i n  t h e  f i r s t  s tep .  The i n t e r n a l  p ressu re  was then  
i n c r e a s e d  u s i n g  a u t o m a t i c  l o a d  i n c r e m e n t a t i o n .  E q u i l i b r i u m  i t e r a t i o n s  were 
c o n t i n u e d  w i t h i n  each l o a d  s t e p  u n t i l  t h e  f o r c e  imbalance a t  every  node was 
l e s s  t h a n  t h e  convergence t o l e r a n c e .  T a b l e  4.1.8 shows t h e  convergence 
t o l e r a n c e  and maximum p r e s s u r e  s t e p  s i z e  a l l o w e d  w i t h i n  each p ressu re  range. 
E q u i l i b r i u m  i t e r a t i o n s  were c o n t i n u e d  w i t h i n  each l o a d  s t e p  u n t i l  t h e  
maximum f o r c e  r e s i d u a l  was l e s s  t h w  t h e  s p e c i f i e d  convergence t o l e r a n c e .  
Convergence was a c h i e v e d  i n  each s t e p  o f  t h e  a n a l y s i s  up t o  p ressu res  o f  190 
p s i g  (1 .3 MPa) and 168 p s i g  (1 .16  MPa) f o r  Model 1 and Model 2, 
r e s p e c t i v e l y .  Convergence c o u l d  n o t  be o b t a i n e d  beyond these p ressu res  i n  
e i t h e r  mode l ,  and i n  b o t h  cases t h e  node w i t h  t h e  l a r g e s t  f o r c e  imbalance 
was t h e  f i r s t  node above t h e  c y l i n d e r  basemat j u n c t i o n .  F u r t h e r  
i n v e s t i g a t i o n  r e v e a l e d  t h a t  i n  each case t h e  c o n c r e t e  had crushed on t h e  
o u t s i d e  o f  t h e  c y l i n d e r  i n  t h e  f i r s t  elemen't above t h e  basemat. T h i s  i s  
b e l i e v e d  t o  be t h e  even t  t h a t  p r e v e n t e d  convergence a t  h i g h e r  p ressu res .  

Deformed shape p l o t s  a t  maximum p r e s s u r e  a r e  shown i n  F i g u r e s  4.1.5 and 
4.1.6 f o r  Models 1 and 2, r e s p e c t i v e l y .  Note t h a t  t h e  presence o f  
m e r i d i o n a l  c u r v a t u r e  i n  t h e  m i d s e c t i o n  o f  t h e  c y l i n d e r  v i o l a t e s  t h e  no- 

-50- 



b e n d i n g  assumpt ion  made i n  t h e  n o n l i n e a r  membrane a n a l y s i s .  
shows t h e  r a d i a l  d i s p l a c e m e n t  a t  t h e  m i d h e i g h t  o f  t h e  c y l i n d e r  as p r e d i c t e d  
by t h e  membrane and f i n i t e  e lement  ana lyses .  
a n a l y s i s  c l o s e l y  agrees w i t h  t h e  r e s u l t s  f r o m  Model 2, w h i c h  uses a t e n s i l e  
y i e l d  s t r e n g t h  o f  10 p s i  (.07 MPa) f o r  t h e  c o n c r e t e  i n  t h e  dome and 
c y l i n d e r .  The s t i f f e r  response o f  Model 2 i s  p r o b a b l y  a t t r i b u t a b l e  t o  
m e r i d i o n a l  bend ing ,  w h i c h  i n c r e a s e s  t h e  s t r e s s  i n  t h e  s e i s m i c  b a r s  above t h e  
v a l u e s  p r e d i c t e d  by t h e  membrane a n a l y s i s .  
i s  p l o t t e d  as a f u n c t i o n  o f  p r e s s u r e  f o r  a p o i n t  d i r e c t l y  beneath  t h e  
c y l i n d e r  w a l l .  The d i s p l a c e m e n t  p r e d i c t i o n s  f r o m  Models 1 and 2 a r e  v e r y  
c l o s e  a t  t h i s  l o c a t i o n  because b o t h  a n a l y s e s  use t h e  same c o n c r e t e  model 
(Curve  A )  i n  t h e  basemat. F i g u r e  4.1.9 shows t h e  v e r t i c a l  d i s p l a c e m e n t  o f  
t h e  dome apex as a f u n c t i o n  o f  p ressu re .  
o f  t h e  dome moves c o n t i n u o u s l y  upward i n  c o n t r a s t  t o  r e s u l t s  f r o m  one o f  t h e  
e a r l i e r  a n a l y s e s  r e p o r t e d  i n  C4.1.31 where t h e  dome apex moved downward w i t h  
i n c r e a s i n g  p r e s s u r e .  C o n c r e t e  c r a c k i n g  was n o t  suppressed i n  t h i s  e a r l i e r  
a n a l y s i s ,  and, as a r e s u l t ,  a c o n v e r g e n t  numer i ca l  s o l u t i o n  was n o t  o b t a i n e d  
i n  most  l o a d  s teps .  G iven t h e  r e s u l t s  f r o m  Models 1 and 2, i t  appears t h a t  
t h e  downward d i s p l a c e m e n t  r e p o r t e d  i n  C4.1.3) was caused by l a r g e  r e s i d u a l  
( o u t - o f - b a l a n c e )  f o r c e s  i n  t h e  f i n i t e  e lement  model and does n o t  r e p r e s e n t  a 
p h y s i c a l  l y  r e a l  phenomenon. 

F i g u r e  4.1.7 

A s  expected ,  t h e  membrane 

I n  F i g u r e  4.1.8 basemat u p l i f t  

B o t h  models  p r e d i c t  t h a t  t h e  apex 

Even though c r a c k i n g  was suppressed i n  t h e  a n a l y s i s ,  c o n c r e t e  c r a c k i n g  can 
be t r a c e d  a p p r o x i m a t e l y  by examin ing  t h e  s t r a i n s  i n  Model 1 and compar ing 
them t o  t h e  s t r a i n  l e v e l  a t  w h i c h  c r a c k i n g  o c c u r s  i n  d i r e c t  t e n s i o n  t e s t s  
( a p p r o x i m a t e l y  .Ol%). T h i s  approach i s  v e r y  approx imate  and i s  n o t  expec ted  
t o  y i e l d  r e s u l t s  t h a t  a r e  as a c c u r a t e  as t h o s e  o b t a i n e d  by a t r u e  c r a c k i n g  
a n a l y s i s .  F i g u r e s  4.1.10 t h r o u g h  4.1.13 show t h e  hoop and m e r i d i o n a l  
s t r a i n s  a t  t h e  c e n t e r l i n e  o f  t h e  c y l i n d e r  and dome and a l o n g  t h e  l ower  
s u r f a c e  o f  t h e  basemat. I n  t h e s e  F i g u r e s ,  t h e  c o o r d i n a t e  s ,  d e f i n e d  i n  
F i g u r e  4.1.4, has been used t o  i d e n t i f y  p o s i t i o n  w i t h i n  t h e  model;  s=so 

c o r r e s p o n d s  t o  t h e  basemat c y l i n d e r  j u n c t i o n .  T h i s  d a t a  was used t o  
d e t e r m i n e  t h e  c r a c k i n g  sequence, w h i c h  i s  l i s t e d  i n  T a b l e  4.1.1. 

The m i d t h i c k n e s s  s t r a i n s  can a l s o  be examined t o  e s t i m a t e  t h e  p r e s s u r e  l e v e l  
a t  w h i c h  t h e  r e s u l t s  f r o m  Model 2 become more r e p r e s e n t a t i v e  o f  t h e  a c t u a l  
c o n t a i n m e n t  response t h a n  t h e  r e s u l t s  f r o m  Model 1. I t  i s  assumed t h a t  t h e  
l o a d  c a r r i e d  by t h e  c o n c r e t e  decreases  l i n e a r l y  w i t h  i n c r e a s i n g  s t r a i n  a f t e r  
c r a c k i n g  and f i n a l l y  v a n i s h e s  when t h e  hoop and m e r i d i o n a l  s t r a i n s  exceed a 
v a l u e  o f  .2%, w h i c h  i s  t h e  y i e l d  s t r a i n  of  t h e  r e i n f o r c i n g  s t e e l .  F i g u r e s  
4.1.14 and 4.1.15 show t h e  m e r i d i o n a l  and hoop s t r a i n s  i n  t h e  dome and 
c y l i n d e r  w a l l  f o r  t h e  p r e s s u r e  range 80-140 p s i g  (.55-.97 MPa). From these  
F i g u r e s  i t  can be seen t h a t  by 120 p s i g  (.83 MPa) t h e  s t r a i n  i n  b o t h  t h e  
m e r i d i o n a l  and hoop d i r e c t i o n s  has reached a l e v e l  c l o s e  t o  .l% over  much 
o f  t h e  dome and c y l i n d e r .  By t h e  t i m e  t h i s  s t r a i n  l e v e l  i s  reached, t h e  
average s t r e s s  c a r r i e d  by t h e  c o n c r e t e  i n  b o t h  d i r e c t i o n s  w i l l  have dropped 
t o  a v a l u e  equa l  t o  h a l f  o f  t h e  c o n c r e t e  t e n s i l e  s t r e n g t h  ( p r o v i d e d  t h e  
average s t r e s s  i n  t h e  c o n c r e t e  decreases l i n e a r l y  as assumed). Fo r  t h i s  
reason,  120 p s i g  (.83 MPa) i s  chosen as t h e  c u t o f f  above w h i c h  t h e  r e s u l t s  
f r o m  Model 2 a r e  t h o u g h t  t o  b e s t  a p p r o x i m a t e  t h e  s t r u c t u r a l  response. 

F i g u r e s  4.1.16 t h r o u g h  4.1.19 show t h e  s t r e s s e s  i n  r e i n f o r c e m e n t  l a y e r s  1, 
2, 5, and 8 as a f u n c t i o n  o f  p o s i t i o n  i n  t h e  c y l i n d e r  and dome r e g i o n s  f o r  
i n t e r n a l  p r e s s u r e s  r a n g i n g  f r o m  130-168 p s i g  (.go-1.16 MPa). These p l o t s  
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were made f r o m  t h e  r e s u l t s  o f  t h e  Model 2 a n a l y s i s ,  w h i c h  i s  b e l i e v e d  t o  be 
t h e  most  a c c u r a t e  o f  t h e  two a n a l y s e s  i n  t h i s  p r e s s u r e  range. 
s t r e s s  jumps seen i n  t h e s e  p l o t s  a r e  caused by r e b a r  t e r m i n a t i o n s  i n  t h e  
s t r u c t u r e .  The a c t u a l  s t r e s s  d i s t r i b u t i o n  w o u l d  be expec ted  t o  be smoother 
as i t  t a k e s  a f i n i t e  d i s t a n c e  t o  t r a n s f e r  l o a d  i n t o  a b a r .  A t  168 p s i g  
(1.16 MPa) t h e  most  h i g h l y  s t r e s s e d  b a r s  i n  t h e  s t r u c t u r e  a r e  t h e  hoop ba rs  
i n  t h e  c y l i n d e r  m i d s e c t i o n .  Bending a t  t h e  basemat c y l i n d e r  j u n c t i o n  a l s o  
produces  h i g h  s t r e s s e s  i n  t h e  Layer  2 m e r i d i o n a l  ba rs ,  and u n t i l  140 p s i g  
( .96  MPa) t h e  maximum s t r e s s  i n  t h e  m e r i d i o n a l  r e i n f o r c e m e n t  occu rs  a t  t h i s  
l o c a t i o n .  The t e r m i n a t i o n  o f  Layer  2 and Laye r  5 m e r i d i o n a l  b a r s  a d j a c e n t  
t o  t h e  dome p l a t e s  was n o t  i n c l u d e d  i n  t h e  f i n i t e  e lement  model making t h e  
r e i n f o r c e m e n t  a t  t h i s  p o i n t  i n  t h e  model t w i c e  as dense as t h a t  i n  t h e  
a c t u a l  s t r u c t u r e .  The s t r e s s e s  i n  t h e  m e r i d i o n a l  b a r s  a t  t h i s  l o c a t i o n  can 
be e s t i m a t e d  by m u l t i p l y i n g  t h e  p r e d i c t e d  s t r e s s e s  by a f a c t o r  o f  two. 
P e r f o r m i n g  t h i s  c a l c u l a t i o n  shows t h e  i n s i d e  m e r i d i o n a l  ba rs  near  t h e  dome 
p l a t e s  a r e  a t  a s t r e s s  l e v e l  o f  a p p r o x i m a t e l y  86 k s i  (593 MPa) a t  168 p s i g  
(1 .16 MPa) i n t e r n a l  p r e s s u r e .  

The sudden 

The h i g h e s t  s t r a i n s  i n  t h e  l i n e r  and r e i n f o r c e m e n t  a r e  found a t  t h e  
m i d s e c t i o n  o f  t h e  c y l i n d e r .  Y i e l d i n g  o f  t h e  l i n e r  and r e i n f o r c e m e n t  a t  t h  
l o c a t i o n  i s  surrmarized i n  T a b l e  4.1.9 f o r  t h e  two s h e l l  models and f o r  t h e  
membrane a n a l y s i s .  I n  Model 2 t h e  l i n e r ,  hoop b a r s ,  and se i sm ic  b a r s  y i e l l  

S 

a t  p r e s s u r e s  v e r y  c l o s e  t o  those  p r e d i c t e d  by'  t h e  membrane a n a l y s i s .  
i s  a s l i g h t l y  l a r g e r  d i s c r e p a n c y  (12  p s i  ( . 0 8  MPa) o r  9%) between t h e  two 
a n a l y s e s  w i t h  r e g a r d  t o  y i e l d i n g  o f  t h e  m e r i d i o n a l  r e i n f o r c e m e n t .  F i g u r e s  
4.1.20 and 4 . 1 . 2 1  c o n t a i n  p l o t s  o f  t h e  s t r a i n s  i n  r e b a r  l a y e r s  2, 3, 5, and 
8 as a f u n c t i o n  o f  p r e s s u r e  a t  an e l e v a t i o n  o f  13 ' -9 " ,  12 inches  (300 m) 
above t h e  c y l i n d e r  m i d h e i g h t .  Note t h a t  bend ing  deve lops  a f t e r  y i e l d i n g  o f  
t h e  m e r i d i o n a l  b a r s  as ev idenced by t h e  d i f f e r e n t  s t r a i n  l e v e l s  i n  t h e  Layer  
2 and Laye r  5 m e r i d i o n a l  r e i n f o r c e m e n t .  The s t r a i n  l e v e l  i n  a l l  r e b a r  
l a y e r s  remain w e l l  be low t h e  v a l u e  o f  4.6% necessary  t o  cause f a i l u r e  o f  t h e  
r e b a r  s p l i c e s  (4 .6% i s  t h e  s t r a i n  t h a t  cor responds t o  t h e  99 k s i  (683 MPa) 
s t r e n g t h  o f  t h e  s p l i c e d  b a r s ) .  

There 

F i g u r e  4.1.22 c o n t a i n s  h i s t o r y  p l o t s  o f  t h e  e q u i v a l e n t  p l a s t i c  s t r a i n  i n  t h e  
l i n e r  as a f u n c t i o n  o f  p r e s s u r e  a t  t h e  m i d h e i g h t  o f  t h e  c y l i n d e r .  Each 
p o i n t  i n  t h i s  f i g u r e  shou ld  be i n t e r p r e t e d  as an average va lue  o f  p l a s t i c  
s t r a i n  s i n c e  s t r a i n  c o n c e n t r a t i o n s  b rough t  on by c racks  i n  t h e  c o n c r e t e  w a l l  
a r e  n o t  accounted  f o r  i n  t h e  a n a l y s i s .  U n i a x i a l  t e n s i l e  t e s t s  o f  t h e  l i n e r  
m a t e r i a l  show t h a t  t h e  e q u i v a l e n t  p l a s t i c  s t r a i n  reaches 15% a t  t h e  u l t i m a t e  
s t r e s s .  The average v a l u e  o f  p l a s t i c  s t r a i n  i n  t h e  l i n e r  remains w e l l  below 
t h i s  l e v e l ;  however, t h i s  does n o t  r u l e  o u t  t h e  p o s s i b i l i t y  o f  l i n e r  t e a r i n g  
caused by s t r a i n  c o n c e n t r a t i o n s  i n  t h e  v i c i n i t y  o f  c racks  i n  t h e  c o n c r e t e  
w a l l .  I n  a d d i t i o n ,  t h e r e  i s  reason t o  q u e s t i o n  t h e  use o f  a maximum 
e q u i v a l e n t  p l a s t i c  s t r a i n  o b t a i n e d  f rom u n i a x i a l  t e n s i l e  t e s t s  as a 
c r i t e r i o n  f o r  p r e d i c t i n g  l i n e r  t e a r i n g  under  b i a x i a l  l o a d i n g  c o n d i t i o n s .  

F i g u r e s  4.1.23, 4.1.24, and 4.1.25 show t h e  d i s t r i b u t i o n  o f  t h e  r a d i a l  shear 
f o r c e ,  t h e  m e r i d i o n a l  moment, and hoop membrane f o r c e  a t  140 p s i g  ( .97  MPa) 
i n t e r n a l  p r e s s u r e .  As expec ted ,  t h e  l a r g e s t  v a l u e  o f  t h e  hoop membrane 
f o r c e  i s  reached i n  t h e  c e n t r a l  r e g i o n  o f  t h e  c y l i n d e r  where i t  i s  
a p p r o x i m a t e l y  equa l  t o  pR. The l a r g e s t  v a l u e  o f  t h e  m e r i d i o n a l  moment 
occu rs  a t  t h e  i n t e r s e c t i o n  o f  t h e  basemat and c y l i n d e r .  The average 
t r a n s v e r s e  shear  s t r e s s ,  o b t a i n e d  by d i v i d i n g  t h e  shear  f o r c e  i n  F i g u r e  
4.1.23 by t h e  s h e l l  t h i c k n e s s ,  a l s o  reaches a maximum v a l u e  j u s t  above t h e  
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T a b l e  4.1.7 
Lengths and Thicknesses o f  S h e l l  Elements Used 

i n  Each Region o f  t h e  F i n i t e  Element Mesh i n  Models 1 and 2 

l o c a t i o n  Element Leng th  She1 1 Thickness 

ba s ema t 6.84 i n c h e s  43 i nches  
(174 m) (1090 m) 

cy1 i nder  6.68 i n c h e s  9.75 i nches  
(461 mn) (248 mn) 

d ome 6.91 i n c h e s  7 i nches  
(176 mn) (178 mn) 

T a b l e  4.1.8 
Maximum and Minimum S tep  S izes  and 

Convergence To le rances  S p e c i f i e d  f o r  t h e  Model 1 and 2 Analyses 

P ressu re  Maxi mum Minimum Convergence 
Range Pressure S tep  Pressure S tep  To1 erance 

0-50 p s i  5. p s i  .5 p s i  625 l b .  
(0-.345 MPa) (.0345 MPa) (.00345 MPa) (2780 N) 

50-100 p s i  5. p s i  .5 p s i  1250 l b .  
(.345-.689 MPa) ( - 0 3 4 5  MPa) (.00345 MPa) (5560 N) 

100-150 p s i  5. p s i  .5 p s i  1875 l b .  
(.689-1.03 MPa) ( .0345 MPa) (.00345 MPa) (8340 N) 

> 150 p s i  .5 p s i  .005 p s i  2500 l b .  
(> 1.03 MPa) (.00345 MPa) (.0000345 MPa) (11100 N) 

T a b l e  4.1.9 
P ressu res  a t  Which Y i e l d i n g  Occurs i n  t h e  L i n e r  and Reinforcement  a t  t h e  
M i d h e i g h t  o f  t h e  C y l i n d e r  i n  t h e  Model 1, Model 2, and Membrane Analyses 

Event  Model 1 Model 2 Membrane A n a l y s i s  

1 i n e r  y i e l d s  115 p s i  90 p s i  95 p s i  
( .793 MPa) ( .621 MPa) (.655 MPa) 

hoop b a r s  y i e l d  152 p s i  130 p s i  129 p s i  
(1 .05 MPa) ( .896 MPa) ( .889 MPa) 

s e i s m i c  b a r s  y i e l d  158 p s i  135 p s i  135 p s i  
(1 .09 MPa) ( .931 MPa) ( .931 MPa) 

m e r i d i o n a l  b a r s  y i e l d  162 p s i  137 p s i  149 p s i  
(1.12 MPa) (.945 MPa.) (1.03 MPa) 
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basemat c y l i n d e r  j u n c t i o n .  
t h e  s p r i n g l i n e  and near  t h e  dome apex, a d j a c e n t  t o  t h e  dome p l a t e s .  

O t h e r  peaks i n  t h e  shear  s t r e s s  a r e  p r e s e n t  a t  

F i g u r e s  4.1.26 t h r o u g h  4.1.28 show p l o t s  o f  t h e  r a d i a l  shear  f o r c e  as a 
f u n c t i o n  o f  p r e s s u r e  a t  t h r e e  c r i t i c a l  l o c a t i o n s :  t h e  c y l i n d e r  basemat 
j u n c t i o n ,  t h e  s p r i n g l i n e ,  and t h e  edge o f  t h e  dome p l a t e s .  E q u a t i o n s  
(4.1.4)  and (4.1.5) were used t o  d e t e r m i n e  t h e  p o t e n t i a l  f o r  shear  f a i l u r e  
i n  t h e s e  r e g i o n s  a t  168 p s i g  (1.16 MPa) i n t e r n a l  p ressu re .  A t  t h i s  
p r e s s u r e ,  a l l  m e r i d i o n a l  b a r s  nea r  t h e  dome p l a t e s  and a l l  m e r i d i o n a l  and 
s e i s m i c  b a r s  a t  t h e  s p r i n g l i n e  a r e  above y i e l d ,  so t h a t  t h e  shear  s t r e n g t h  
a t  t h e s e  l o c a t i o n s  cor responds t o  t h e  l o w e r  ext reme (1.9fl) o f  t h e  range i n  

E q u a t i o n  (4 .1 .3 ) .  The r e s u l t s  o f  t h e  s t r e n g t h  c a l c u l a t i o n s  a r e  l i s t e d  i n  
T a b l e  4.1.10 and compared t o  t h e  p r e d i c t e d  l e v e l s  o f  shear  s t r e s s  f r o m  t h e  
f i n i t e  e lement  r e s u l t s  o f  Model 2. Based on t h i s  comparison, i t  appears t h a t  
a shear  f a i l u r e  i s  n o t  l i k e l y  t o  o c c u r  a t  e i t h e r  t h e  t o p  o r  t h e  base o f  t h e  
c y l i n d e r .  There appears t o  be a much h i g h e r  p r o b a b i l i t y  o f  shear  f a i l u r e  a t  
t h e  edge o f  t h e  dome p l a t e  a t  t h i s  p r e s s u r e .  

As m e n t i o n e d  e a r l i e r ,  t h e  f i n a l  f a i l u r e  o r  l a c k  o f  convergence beyond t h e  
l o a d s  r e p o r t e d  he re  i s  b e l i e v e d  t o  be caused by c r u s h i n g  o f  t h e  c o n c r e t e  on 
t h e  o u t s i d e  o f  t h e  c y l i n d e r  combined w i t h  y i e l d i n g  o f  t h e  m e r i d i o n a l  
r e i n f o r c e m e n t  i n  t h e  f i r s t  e lement  above t h e  basemat. Crush ing  i s  b rough t  
about  by t h e  l a r g e  m e r i d i o n a l  b e n d i n g  moment t h a t  d e v e l o p s  a t  t h e  c y l i n d e r  
basemat j u n c t i o n .  F i g u r e  4.1.29 shows t h e  bend ing  moment a t  t h i s  l o c a t i o n  
as a f u n c t i o n  o f  p r e s s u r e  f o r  b o t h  s h e l l  models.  I n  F i g u r e  4.1.30, t h e  
c r u s h i n g  parameter ,  q ,  ( s e e  E q u a t i o n  ( 4 . 1 . 2 ) )  a t  t h e  base o f  t h e  c y l i n d e r  i s  
p l o t t e d  as a f u n c t i o n  o f  p r e s s u r e  f o r  Models 1 and 2 .  Crush ing  beg ins  i n  
Model 1 a t  a p r e s s u r e  o f  167 p s i g  (1.15 MPa) and i n  Model 2 a t  a p r e s s u r e  o f  
145 p s i g  (1  MPa). I n  b o t h  models ,  t h e  p r e s s u r e  l e v e l  where a convergent  
s o l u t i o n  can no l o n g e r  be o b t a i n e d  i s  a p p r o x i m a t e l y  25 p s i  ( .17 MPa) h i g h e r  
t h a n  t h e  p o i n t  a t  w h i c h  c r u s h i n g  i s  i n i t i a t e d .  The s t r a i n s  i n  t h e  
m e r i d i o n a l  and s e i s m i c  b a r s  a t  t h e  c y l i n d e r / b a s e m a t  j u n c t i o n  a r e  p l o t t e d  as 
a f u n c t i o n  o f  p r e s s u r e  i n  F i g u r e s  4.1.31 and 4.1.32 f o r  Models 1 and 2, 
r e s p e c t i v e l y .  The i n s i d e  m e r i d i o n a l  r e i n f o r c e m e n t  a t  t h i s  l o c a t i o n  reaches 
y i e l d  a t  an i n t e r n a l  p r e s s u r e  o f  147 p s i g  (1 .01  MPa) i n  Model 1 and 127 
p s i g  (.875 MPa) i n  Model 2. 

4.1.6 F i n i t e  Element Ana lyses  w i t h  a Cont inuum Basemat 

Because t h e  t h i c k n e s s  o f  t h e  basemat i s  l a r g e  r e l a t i v e  t o  i t s  d iamete r ,  
t h e r e  i s  reason t o  q u e s t i o n  t h e  use o f  s h e l l  t h e o r y  i n  t h i s  r e g i o n  o f  t h e  
s t r u c t u r e .  To i n v e s t i g a t e  t h i s  q u e s t i o n ,  a second s e t  o f  f i n i t e  e lement  
a n a l y s e s  was made u s i n g  a cont inuum r e p r e s e n t a t i o n  f o r  t h e  basemat and lower  
c y l i n d e r  w a l l  r e g i o n s .  As w i l l  be seen, t h e  r e s u l t s  o f  t hese  a n a l y s e s  a r e  
i n  r e a s o n a b l e  agreement w i t h  r e s u l t s  f r o m  t h e  s h e l l  models d i s c u s s e d  i n  t h e  
p r e v i o u s  s e c t i o n .  

The f i n i t e  e lement  mesh t h a t  was used i n  t h i s  s e t  o f  a x i s y m n e t r i c  ana lyses  
i s  shown i n  F i g u r e  4.1.33. T h i s  model con t .a ins  a t o t a l  o f  461 nodes. 
Eight-noded, q u a d r i l a t e r a l  con t inuum elements were used t o  model t h e  basemat 
and c y l i n d e r  w a l l  up t o  an e l e v a t i o n  o f  75 i nches  where t h e  Laye r  10 
m e r i d i o n a l  r e i n f o r c e m e n t  i s  t e r m i n a t e d .  I n  t h i s  r e g i o n ,  t h e  s t e e l  l i n e r  i s  
m o d e l l e d  w i t h  three-noded ax i sy r r i ne t r i c  s h e l l  e lements  t h a t  a r e  a t t a c h e d  
a l o n g  t h e  i n s i d e  s u r f a c e  o f  t h e  conta inment  model.  A t  e l e v a t i o n s  above t h e  
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p o i n t  where t h e  L a y e r  10 r e i n f o r c e m e n t  i s  t e r m i n a t e d ,  t h e  conta inment  w a l l  
and l i n e r  a r e  m o d e l l e d  w i t h  two-noded, t h i c k - s h e l l  e lements .  As i n  t h e  
p r e v i o u s  s h e l l  a n a l y s e s ,  t h r e e  s e p a r a t e  s h e l l  e lements  a r e  used a t  each 
l o c a t i o n  i n  t h e  upper  c y l i n d e r  and dome r e g i o n s :  one f o r  t h e  l i n e r ,  one f o r  
t h e  c o n c r e t e ,  and one t h a t  c o n t a i n s  t h e  r e b a r  l a y e r s .  The r e b a r  o p t i o n  i n  
t h e  ABAQUS computer  code was a g a i n  used t o  r e p r e s e n t  t h e  r e i n f o r c e m e n t  i n  
b o t h  t h e  c o n t i n u u m  and s h e l l  s e c t i o n s  of t h e  model.  The #2 and #3 shear  
t i e s  be low e l e v a t i o n  75 i n c h e s  ( 1 9 1  cm) a r e  a l s o  i n c l u d e d  i n  t h e  model.  Gap 
e lements  were p l a c e d  a l o n g  t h e  l o w e r  s u r f a c e  o f  t h e  basemat t o  a l l o w  f o r  
u p l i f t  o f  t h e  basemat f r o m  a r i g i d  f o u n d a t i o n .  

F o u r - p o i n t  Gauss ian  q u a d r a t u r e  was used t o  i n t e g r a t e  t h e  cont inuum elements.  
The two-noded s h e l l  e lements  were i n t e g r a t e d  u s i n g  f i v e  i n t e g r a t i o n  p o i n t s  
t h r o u g h  t h e  t h i c k n e s s  and one p o i n t  a l o n g  t h e  l e n g t h  o f  t h e  s h e l l .  Three- 
noded s h e l l  e l e m e n t s  were i n t e g r a t e d  w i t h  f i v e  i n t e g r a t i o n  p o i n t s  t h r o u g h  
t h e  t h i c k n e s s  and two i n t e g r a t i o n  p o i n t s  a l o n g  t h e  l e n g t h  o f  t h e  s h e l l .  

The s h e l l  and c o n t i n u u m  r e g i o n s  o f  t h e  f i n i t e  e lement  model a r e  j o i n e d  
t o g e t h e r  t h r o u g h  t h e  use o f  m u l t i p o i n t  c o n s t r a i n t s  i n  t h e  ABAQUS program. 
Nodes a l o n g  t h e  upper  edge o f  t h e  cont inuum r e g i o n  a r e  c o n s t r a i n e d  t o  move 
so t h a t  t h e  deformed s e c t i o n  remains  p l a n e  and does n o t  warp. The r o t a t i o n  
o f  t h i s  p l a n e  i s  f o r c e d  t o  remain  equa l  t o  t h e  r o t a t i o n  o f  t h e  f i r s t  node a t  
t h e  l o w e r  edge o f  t h e  s h e l l  r e g i o n .  A l s o ,  t h e  d i s p l a c e m e n t  o f  t h e  f i r s t  
node a t  t h e  base o f  t h e  s h e l l  s e c t i o n  i s  t i e d  t o  t h e  d i s p l a c e m e n t  o f  t h e  
c e n t e r  node on t h e  upper  edge o f  t h e  cont inuum r e g i o n .  

As i n  t h e  p r e v i o u s  s e c t i o n ,  two s e p a r a t e  a n a l y s e s  were conducted u s i n g  t h e  
same f i n i t e  e lement  mesh ( F i g u r e  4.1.33)  b u t  w i t h  d i f f e r e n t  c o n s t i t u t i v e  
models  f o r  t h e  c o n c r e t e .  I n  one a n a l y s i s ,  Curve A o f  F i g u r e  4.1.1 (500 p s i  
t e n s i l e  y i e l d  s t r e n g t h )  was used as t h e  u n i a x i a l  s t r e s s - s t r a i n  cu rve  f o r  t h e  
c o n c r e t e  a t  a l l  l o c a t i o n s  i n  t h e  s t r u c t u r e .  T h i s  a n a l y s i s  i s  r e f e r r e d  t o  as 
Model 3. I n  Model 4, Curve B o f  F i g u r e  4 .1 .1  was used f o r  t h e  c o n c r e t e  i n  
t h e  dome and c y l i n d e r ,  and Curve A was a g a i n  used f o r  t h e  c o n c r e t e  i n  t h e  
basemat. As b e f o r e ,  t h e  shear  r i g i d i t y  o f  t h e  c o n c r e t e  s h e l l  e lements  was 
reduced t o  20% o f  t h e  d e f a u l t  v a l u e  t o  account  f o r  l o s s  o f  shear  s t i f f n e s s  
due t o  c r a c k i n g .  To d e t e r m i n e  t h e  e f f e c t s  o f  t h e  f i n i t e  e lement  m o d e l l i n g  
assumpt ions  ( s h e l l  v e r s u s  c o n t i n u u m ) ,  t h e  r e s u l t s  f r o m  Model 3 s h o u l d  be 
compared t o  t h e  r e s u l t s  f r o m  Model 1 and, l i k e w i s e ,  t h e  Model 4 r e s u l t s  
s h o u l d  be compared a g a i n s t  t h e  r e s u l t s  f r o m  Model 2. 

The l o a d i n g  p r o c e d u r e  d e s c r i b e d  f o r  Models 1 and 2 was a l s o  f o l l o w e d  f o r  
a p p l y i n g  l o a d s  i n  Models  3 and 4. T a b l e  4.1.11 l i s t s  t h e  convergence 
t o l e r a n c e s  a l o n g  w i t h  t h e  maximum and minimum p r e s s u r e  s t e p  s i z e s  a l l o w e d  
w i t h i n  each p r e s s u r e  range.  Convergence was a c h i e v e d  i n  each s t e p  o f  t h e  
a n a l y s i s  up t o  p r e s s u r e s  o f  188 p s i g  (1 .3  MPa) and 166 p s i g  (1.14 MPa) f o r  
Models  3 and 4, r e s p e c t i v e l y .  The Model 3 a n a l y s i s  was n o t  t e r m i n a t e d  
because o f  l a c k  o f  convergence;  however,  convergence c o u l d  n o t  be o b t a i n e d  
beyond an i n t e r n a l  p r e s s u r e  o f  166 p s i g  (1 .14 MPa) i n  Model 4. A t  t h i s  
p r e s s u r e ,  t h e  l a r g e s t  f o r c e  r e s i d u a l s  i n  Model 4 o c c u r r e d  a t  nodes l o c a t e d  
near  t h e  base o f  t h e  c y l i n d e r ,  on t h e  o u t e r  s u r f a c e  o f  t h e  conta inment  w a l l .  
F u r t h e r  e x a m i n a t i o n  r e v e a l e d  t h a t  t h e  c o n c r e t e  a t  t h i s  l o c a t i o n  was r a p i d l y  
a p p r o a c h i n g  t h e  c r u s h i n g  p o i n t  j u s t  p r i o r  t o  166 p s i g  (1.14 MPa). As i n  
Models  1 and 2, i t  i s  b e l i e v e d  t h a t  t h e  l a c k  o f  convergence a t  h i g h e r  
p r e s s u r e s  was caused by c r u s h i n g  o f  t h e  c o n c r e t e  j u s t  above t h e  basemat 
cy1 i n d e r  j u n c t i o n .  
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L o c a t  i o n  

T a b l e  4.1.10 
Comparison o f  Shear S t r e s s  f r o m  Model 2 A n a l y s i s  

t o  Shear S t r e n g t h  a t  170 p s i  (1.2 MPa) I n t e r n a l  P ressu re  

Shear S t r e n g t h ,  rU 

V / A  E q u a t i o n  4.1.4 E q u a t i o n  4.1.5 
9 

c y l i n d e r  a t  s p r i n g l i n e  78 p s i  157 p s i  157 p s i  
(.538 MPa) (1.08 MPa) (1.08 MPa) 

dome a t  o u t e r  edge 128 p s i  157 p s i  157psi 
o f  dome p l a t e  (.883 MPa) (1.08 MPa.) (1.08 MPa) 

c y l i n d e r  a t  c y l i n d e r  400 p s i  1290 p s i  685 p s i  
basemat j u n c t i o n  (2.75 MPa) (8.89 MPa) (4.72 MPa) 

T a b l e  4.1.11 
Maximum and Minimum S t e p  S i z e s  and 

Convergence T o l e r a n c e s  S p e c i f i e d  f o r  t h e  Model 3 and 4 Analyses  

P r e s s u r e  Maximum Minimum Convergence 
Range Pressu re  S tep  P ressu re  S tep  To le rance  

0-50 p s i  2.5 p s i  .1 p s i  312 l b .  
(0-.345 MPa) (.0173 MPa) (.000689 MPa) (1390 N)  

50-100 p s i  2.5 p s i  .1 p s i  625 l b .  
(.345-,689 MPa) (.0173 MPa) (.000689 MPa) (2780 N )  

100-150 p s i  2.5 p s i  .1 p s i  1250 l b .  
(.689-1.03 MPa) (.0173 MPa) (.000689 MPa) (5560 N) 

> 150 p s i  2.5 p s i  .005 p s i  1875 l b .  
(> 1.03 MPa) (.0173 MPa) (.0000345 MPa) (8340 N )  
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B e f o r e  compar ing  t h e  r e s u l t s  f r o m  Models 3 and 4 t o  t h o s e  o b t a i n e d  f r o m  
Models 1 and 2 ,  one f a c t  s h o u l d  be no ted .  The e q u i v a l e n t  noda l  f o r c e s  f o r  
a x i s y m n e t r i c  she1 1 e lemen ts  s u b j e c t  t o  a p r e s s u r e  l o a d i n g  a r e  e v a l u a t e d  
based on t h e  r a d i a l  p o s i t i o n  o f  t h e  c e n t e r l i n e  o f  t h e  s h e l l ,  whereas f o r  
con t inuum e lemen ts  t h e  e q u i v a l e n t  noda l  f o r c e s  a r e  c a l c u l a t e d  based on t h e  
r a d i a l  p o s i t i o n  o f  t h e  e lemen t  f a c e  t o  w h i c h  t h e  p r e s s u r e  i s  a p p l i e d .  The 
l a t t e r  method i s  t h e  c o r r e c t  way t o  c a l c u l a t e  noda l  f o r c e s .  As a 
consequence o f  t h i s  d i f f e r e n c e ,  a p r e s s u r e  p a p p l i e d  t o  t h e  i n s i d e  o f  t h e  
9 . 7 5  i n c h  t h i c k  con t inuum c y l i n d e r  w a l l  i s  e q u i v a l e n t  t o  a p r e s s u r e  o f  .96p 
a p p l i e d  t o  t h e  i n s i d e  o f  t h e  s h e l l  c y l i n d e r  o f  t h e  same t h i c k n e s s .  I n  
Models 3 and 4 ,  t h e  p r e s s u r e  a p p l i e d  i n  t h e  s h e l l  r e g i o n  was reduced by 4% 
r e l a t i v e  t o  t h a t  a p p l i e d  i n  t h e  con t inuum r e g i o n  t o  accoun t  f o r  t h i s  
d i s c r e p a n c y ;  however, no a d j u s t m e n t  was made i n  t h e  Model 1 and 2 ana lyses .  
T h i s  d i s c r e p a n c y  accoun ts  f o r  much o f  t h e  d i f f e r e n c e  i n  p r e d i c t e d  response 
between t h e  f u l l  s h e l l  a n a l y s e s  and t h e  c o r r e s p o n d i n g  s h e l l / c o n t i n u u m  
ana lyses .  

F i g u r e  4 .1 .34  shows t h e  h i s t o r y  o f  r a d i a l  d i s p l a c e m e n t  a t  t h e  upper  
t e r m i n a t i o n  of t h e  Laye r  10 r e i n f o r c e m e n t  ( e l e v a t i o n  75 i n c h e s  (190 cm.)) as 
p r e d i c t e d  by Models 1 t h r o u g h  4.  I n  compar ing  t h e s e  cu rves ,  r e c a l l  t h a t  t h e  
same c o n c r e t e  p r o p e r t i e s  a r e  used i n  Models 1 and 3 ,  and t h a t  a second s e t  
o f  c o n c r e t e  p r o p e r t i e s  a r e  used i n  Models 2 and 4 .  
c o n t i n u u m / s h e l l  a n a l y s e s  a r e  s h i f t e d  t o  t h e  r i g h t  o f  t h e  c u r v e s  f r o m  t h e  
c o r r e s p o n d i n g  f u l l  s h e l l  a n a l y s e s .  As d i s c u s s e d  p r e v i o u s l y ,  a 4% p r e s s u r e  
s h i f t  can be accoun ted  f o r  by t h e  d i f f e r e n t  methods used t o  c a l c u l a t e  
e q u i v a l e n t  noda l  f o r c e s  f r o m  t h e  a p p l i e d  p r e s s u r e  l o a d i n g .  T h i s  s h i f t  
accoun ts  f o r  most  o f  t h e  d i f f e r e n c e  i n  p r e d i c t e d  d i s p l a c e m e n t .  

The c u r v e s  f r o m  t h e  

The basemat u p l i f t  benea th  t h e  c y l i n d e r  w a l l  i s  p l o t t e d  as a f u n c t i o n  o f  
p r e s s u r e  i n  F i g u r e  4 . 1 . 3 5  f o r  Models 3 and 4 .  These p r e d i c t i o n s  a r e  i n  
c l o s e  agreement w i t h  r e s u l t s  f r o m  t h e  c o r r e s p o n d i n g  f u l l  s h e l l  ana lyses  
p r e s e n t e d  i n  F i g u r e  4 . 1 . 8 .  F i g u r e  4 . 1 . 3 6  shows t h e  r a d i a l  shear  f o r c e  as a 
f u n c t i o n  o f  p r e s s u r e  a t  a l o c a t i o n  j u s t  above t h e  c y l i n d e r  basemat j u n c t i o n .  
These r e s u l t s  a r e  a l s o  i n  good agreement w i t h  t h e  shear  f o r c e s  c a l c u l a t e d  a t  
t h i s  l o c a t i o n  i n  t h e  f u l l  s h e l l  mode ls  ( see  F i g u r e  4 . 1 . 2 6 ) .  F i g u r e s  4 .1 .37  
and 4 . 1 . 3 8  c o n t a i n  h i s t o r y  p l o t s  o f  t h e  s t r a i n  i n  t h e  m e r i d i o n a l  and s e i s m i c  
r e i n f o r c e m e n t  a t  t h e  base o f  t h e  c y l i n d e r .  I n  g e n e r a l ,  t h e  s t r a i n s  i n  these  
l a y e r s  a r e  somewhat l o w e r  t h a n  t h e  s t r a i n s  a t  t h e  same l o c a t i o n  i n  t h e  f u l l  
s h e l l  mode ls  ( see  F i g u r e s  4 . 1 . 3 1  and 4 . 1 . 3 2 ) .  T h i s  i s  because a r i g i d  
c o n n e c t i o n  i s  assumed t o  e x i s t  between t h e  c e n t e r l i n e  o f  t h e  basemat and t h e  
edge o f  t h e  c y l i n d e r  i n  t h e  f u l l  s h e l l  models.  I n  c o n t r a s t ,  t h i s  c o n n e c t i o n  
i s  n o t  p e r f e c t l y  r i g i d  i n  t h e  con t inuum a n a l y s e s  o f  t h i s  r e g i o n .  The end 
r e s u l t  i s  t h a t  l e s s  bend ing  i s  i nduced  a t  t h e  base o f  t h e  c y l i n d e r  i n  Models 
3 and 4 l e a d i n g  t o  l o w e r  s t r a i n s  i n  t h e  m e r i d i o n a l  and s e i s m i c  
r e i n f o r c e m e n t .  A l s o ,  t h e  shear  t i e s  w h i c h  a r e  i n c l u d e d  i n  t h e  Model 3 and 
Model 4 a n a l y s e s  c a r r y  p a r t  o f  t h e  m e r i d i o n a l  l o a d ,  t h u s  r e d u c i n g  t h e  s t r a i n  
l e v e l s  i n  t h e  m e r i d i o n a l  and s e i s m i c  r e i n f o r c e m e n t  be low t h e  l e v e l s  seen i n  
t h e  Model 1 and Model 2 a n a l y s e s  where t h e  shear  t i e s  were n o t  mode l l ed .  

C r u s h i n g  above t h e  c y l i n d e r  basemat j u n c t i o n  i s  b e l i e v e d  t o  be t h e  cause f o r  
t h e  l a c k  o f  convergence seen i n  t h e  Model 4 a n a l y s i s  above 166 p s i g  (1 .14  
MPa) i n t e r n a l  p r e s s u r e .  F i g u r e  4 .1 .39  shows t h e  c r u s h i n g  parameter  
( E q u a t i o n  ( 4 . 1 . 2 ) )  a t  t h i s  l o c a t i o n  as a f u n c t i o n  o f  i n t e r n a l  p r e s s u r e  f o r  
b o t h  Models 3 and 4 .  The v a l u e  o f  t h e  c r u s h i n g  pa ramete r  a t  a g i v e n  
p r e s s u r e  l e v e l  i s  c o n s i s t e n t l y  l o w e r  i n  each c o n t i n u u m / s h e l l  a n a l y s i s  as 
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compared t o  t h e  c o r r e s p o n d i n g  f u l l  s h e l l  a n a l y s i s  (see F i g u r e  4.1.30). The 
r e d u c t i o n  i n  t h e  c r u s h i n g  l o a d s  i s  a g a i n  b r o u g h t  about  by t h e  more f l e x i b l e  
c o n n e c t i o n  between t h e  basemat and c y l i n d e r  i n  t h e  cont inuum models as 
compared t o  t h e  r i g i d  basemat - to -cy l inder  c o n n e c t i o n  used i n  t h e  s h e l l  
models o f  t h i s  a rea .  Even though t h e  h i s t o r y  o f  t h e  c r u s h i n g  parameter  i s  
c o n s i d e r a b l y  d i f f e r e n t ,  Models  2 and 4 become n u m e r i c a l l y  u n s t a b l e  a t  
v i r t u a l l y  t h e  same p r e s s u r e  l e v e l .  

4.1.7 S t a n d a r d  P l o t s  o f  t h e  S t r u c t u r a l  Response 

One o f  t h e  o b j e c t i v e s  i n  t h e  p r e t e s t  a n a l y s i s  phase o f  t h i s  p r o j e c t  was t o  
p r o v i d e  s t r a i n  and d i s p l a c e m e n t  p r e d i c t i o n s  f o r  i n s t r u m e n t e d  l o c a t i o n s  
t h r o u g h o u t  t h e  c o n t a i n m e n t  s t r u c t u r e .  These p r e d i c t i o n s  a r e  c o n t a i n e d  i n  
Appendix A o f  t h i s  r e p o r t .  
models,  a c h o i c e  had t o  be made as t o  w h i c h  s e t  o f  r e s u l t s  was most  
r e p r e s e n t a t i v e  o f  t h e  a c t u a l  c o n t a i n m e n t  response. F o r  t h e  p r e s s u r e  range 
f r o m  0-120 p s i g  (0-.83 MPa), a l l  o f  t h e  p r e d i c t i o n s  r e p o r t e d  i n  Appendix A 
were t a k e n  f r o m  r e s u l t s  o f  t h e  Model 1 a n a l y s i s  ( s h e l l  mode l )  w i t h  t h e  
e x c e p t i o n  o f  p l o t s  2 and 11, w h i c h  were t a k e n  f r o m  r e s u l t s  g e n e r a t e d  by t h e  
Model 3 a n a l y s i s  ( s h e l l / c o n t i n u u m  mode l ) .  P l o t s  2 and 11 c o n t a i n  h i s t o r y  
p l o t s  o f  t h e  s t r a i n s  and d e f o r m a t i o n s  i n  t h e  r e g i o n  near  t h e  basemat 
c y l i n d e r  j u n c t i o n .  Above 120 p s i g  ( .83 MPa), t h e  p r e d i c t i o n s  r e p o r t e d  i n  
Appendix A were t a k e n  f r o m  t h e  Model 2 a n a l y s i s  f o r  a l l  p l o t s  excep t  p l o t s  2 
and 11, w h i c h  were t a k e n  f r o m  t h e  r e s u l t s  o f  Model 4. The 120 p s i g  ( .83  
MPa) c u t o f f  was e s t a b l i s h e d  based on o b s e r v a t i o n s  o f  t h e  s t r a i n  l e v e l s  i n  
t h e  dome and c y l i n d e r  r e g i o n s  (see F i g u r e s  4.1.14 and 4.1.15).  A t  t h i s  
p r e s s u r e  l e v e l ,  b o t h  t h e  m e r i d i o n a l  and hoop s t r a i n s  i n  t h e  dome and 
c y l i n d e r  r e g i o n s  a r e  l a r g e  enough so t h a t  t h e  c o n t r i b u t i o n  o f  t h e  c o n c r e t e  
t o  t h e  t o t a l  t e n s i o n  s t i f f n e s s  i n  these  r e g i o n s  i s  c o n s i d e r e d  t o  be 
neg l  i g i  b l  e. 

S i n c e  a n a l y s e s  were conducted u s i n g  a v a r i e t y  o f  

4 .1 .8  C o n c l u s i o n  

N o n l i n e a r  a x i s y m e t r i c  membrane, s h e l l ,  and cont inuum ana lyses  o f  t h e  1:6- 
s c a l e  c o n t a i n m e n t  model have been p r e s e n t e d  a l o n g  w i t h  d e s c r i p t i o n s  o f  t h e  
m a t e r i a l  models  and f a i l u r e  c r i t e r i a  used f o r  t h e  d i f f e r e n t  e lements o f  t h e  
s t r u c t u r e .  T a b l e  4.1.1 s u m a r i z e s  t h e  expec ted  h i s t o r y  o f  even ts  based on 
t h e  a n a l y t i c a l  r e s u l t s .  

The n o n l i n e a r  membrane a n a l y s i s  g i v e s  an upper  bound o f  192 p s i g  (1 .32 MPa) 
f o r  t h e  f a i l u r e  p r e s s u r e  o f  t h e  c o n t a i n m e n t  s t r u c t u r e .  R e s u l t s  f r o m  t h e  
membrane a n a l y s i s  a r e  i n  c l o s e  agreement w i t h  f i n i t e  e lement  p r e d i c t i o n s  
w i t h  r e g a r d  t o  r a d i a l  expans ion ,  r e b a r  y i e l d i n g ,  and l i n e r  y i e l d i n g  near  t h e  
m i d h e i g h t  o f  t h e  c y l i n d e r .  

Separa te  f i n i t e  e lement  a n a l y s e s  were conducted  u s i n g  two s e t s  o f  c o n c r e t e  
m a t e r i a l  p r o p e r t i e s  t o  o b t a i n  r e s u l t s  b o t h  a t  l o w e r  p ressu res ,  where t h e  
c o n c r e t e  c o n t r i b u t e s  s i g n i f i c a n t l y  t o  t h e  o v e r a l l  s t i f f n e s s  o f  t h e  s t r u c t u r e  
under  t e n s i l e  l o a d i n g ,  and a t  h i g h e r  pressur .es,  where t h e  c o n c r e t e  i n  t h e  
dome and c y l i n d e r  i s  so h e a v i l y  damaged t h a t  i t  c o n t r i b u t e s  l i t t l e  t o  t h e  
o v e r a l l  s t r u c t u r a l  s t i f f n e s s  i n  t e n s i o n .  On t h e  b a s i s  o f  t hese  
c a l c u l a t i o n s ,  s t r a i n  and d i s p l a c e m e n t  p r e d i c t i o n s  were made f o r  p o i n t s  
c o r r e s p o n d i n g  t o  i n s t r u m e n t e d  l o c a t i o n s  i n  t h e  1:6-scale model (see  Appendix 
A ) .  
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The f i n i t e  e lement  r e s u l t s  f r o m  Models  2 and 4 suggest  t h a t  a l i m i t  p o i n t  i s  
reached a t  an i n t e r n a l  p r e s s u r e  o f  a p p r o x i m a t e l y  170 p s i g  (1.17 MPa) due t o  
c o n c r e t e  c r u s h i n g  a t  t h e  base o f  t h e  c y l i n d e r .  
s o l u t i o n s  c o u l d  n o t  be o b t a i n e d  f o r  h i g h e r  i n t e r n a l  p ressu res .  I t  i s  
s p e c u l a t e d  t h a t  beyond t h i s  p o i n t ,  t h e  base o f  t h e  c y l i n d e r  w i l l  undergo 
l a r g e  r o t a t i o n s  r e s u l t i n g  i n  f a i l u r e  o f  t h e  m e r i d i o n a l  b a r s  o r  leakage 
because o f  l i n e r  t e a r i n g  a t  t h i s  l o c a t i o n .  The p o s s i b i l i t y  e x i s t s ,  however, 
t h a t  a p l a s t i c  h i n g e  fo rms a t  t h i s  l o c a t i o n ,  and t h e  s e c t i o n  c o n t i n u e s  t o  
c a r r y  l o a d  beyond t h e  170 p s i g  p r e s s u r e  l e v e l .  I n  t h i s  even t ,  t h e  n e x t  most  
p r o b a b l e  f a i l u r e  modes appear t o  be f a i l u r e  o f  t h e  hoop r e i n f o r c e m e n t  nea r  
t h e  m i d h e i g h t  o f  t h e  c o n t a i n m e n t  a t  a p p r o x i m a t e l y  190 p s i g  o r  a shear  
f a i l u r e  a d j a c e n t  t o  t h e  dome p l a t e s .  F u r t h e r  a n a l y s i s  i s  necessary  t o  
e v a l u a t e  t h e  p o t e n t i a l  f o r  f a i l u r e  a round t h e  equipment  ha tches  and 
c o n s t r a i n e d  p e n e t r a t i o n s .  

Convergent  numer i ca l  
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M E R I D I O N A L  REINFORCEMENT 
I 

Nh = hoop membrane f o r c e  

Nm = m e r i d i o n a l  membrane 
f o r c e  

W = weight  o f  t h e  
overburden a t  
t h e  midheight  
o f  t h e  c y l i n d e r  

Figure 4.1.2 Nonlinear membrane idealization o f  the cylinder wall 

-6 1- 



(9
 

(9
 

N
 . 

'
r
 

-0
 

c
 

m
 

m
 

n
 

L
 

Q
) 
e
 

. (9
 

LD 
d
 

d
 

(9
 
t
 d

 

(9
 

W
 (9

 
lo

 

(9
 

N
 

(9
 

m
 

Ln 
m

 
m

 
Ln 

t
 

t 
t 

t 
t 

W
 

W
 

W
 

W
 

W
 

(9
 

(9
 

(9
 

(9
 

(9
 

(9
 

(9
 

(9
 

(9
 

(9
 

(9
 

(9
 

(9
 

(9
 

(9
 

t
 

M
 

N
 

Ln 

(9
 

m
 

Ln 
Ln 

Ln 
lo

 
t 

t 
t 

t 
t 

W
 

W
 

W
 

W
 

W
 

(9
 

(9
 

(9
 

(9
 

(9
 

(9
 

(9
 

(9
 

(9
 

(9
 

(9
 

(9
 

(9
 

(9
 

(9
 

d
 

m
 

00 
n 

la 
d
 

U
J

I
-

I
Y

W
~

~
 I 

a
m

+
. 

n
 

u
l 
a a 

-62- 



AXIS OF 
SYMYE T RY 

T y p i c a l  e l ement  
l e n g t h  ~7 i n .  --L 
throughout t h e  
s t r u c t u r e  t 

I 

o o r d i n a t e ,  

CYLINDER 

Cy l inder  and basemat J connec ted  u s i n g  a 
I-, mu1 t i -p o i n  t con s t r a i n  t 

on t h e  s l o p e  and 
d i sp lacement  components 
a t  t h e s e  l o c a t i o n s  

BASEXAT 

F i g u r e  4 .1 .4  O u t l i n e  of t h e  axisymmetric f i n i t e  element s h e l l  model 
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I I I I I I I I I I 

Figure 4.1.5 Deformed shape plot o f  Model 1 at 191 psi (1.32 MPa) 
(displacements multiplied by a factor of 10) 

I I I I I I I I I 

Figure 4.1.6 Deformed shape plot o f  Model 2 at 168 psi (1.16 MPa) 
(displacements multiplied by a factor o f  10) 
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4 .2  Argonne N a t i o n a l  L a b o r a t o r y  

The a u t h o r s  of  t h i s  s e c t i o n  a r e  P. A. P f e i f f e r ,  R. F. Ku lak ,  J .  M .  Kennedy, 
A. H.  M a r c h e r t a s ,  and C. F i a l a  of  t h e  R e a c t o r  A n a l y s i s  and S a f e t y  D i v i s i o n  
a t  Argonne N a t i o n a l  L a b o r a t o r y .  

4.2.1 Sumnary 

P r e t e s t  p r e d i c t i o n s  were made by t h e  R e a c t o r  A n a l y s i s  and S a f e t y  D i v i s i o n  o f  
Argonne N a t i o n a l  L a b o r a t o r y  f o r  t h e  response o f  t h e  l : 6 - s c a l e  r e i n f o r c e d  
c o n c r e t e  model t o  be t e s t e d  by SNL. F o r  t h i s  purpose a s e r i e s  o f  
a x i s y m n e t r i c  models were s t u d i e d  w i t h  t h e  two-d imensional  computer program 
TEMP-STRESS and a th ree-d imens iona l  c i r c u m f e r e n t i a l  segment model w i t h  t h e  
program NEPTUNE. 

I n  b o t h  computer programs, b o t h  g e o m e t r i c  and m a t e r i a l  n o n l i n e a r i t i e s  were 
f u l l y  t r e a t e d .  The r e b a r s  were i n c l u d e d  i n  t h e  models by a homogen iza t ion  
approach w h i c h  accounts  f o r  t h e i r  a rea ,  d i r e c t i o n  and e l a s t i c - p l a s t i c  
p r o p e r t i e s .  The c o n c r e t e  c o n s t i t u t i v e  model i s  based on a von Mises  y i e l d  
c o n d i t i o n  and an a s s o c i a t e d  f l o w  law;  c r a c k i n g  i s  t r e a t e d .  The s t r e n g t h  
c a p a c i t y  i s  c h a r a c t e r i z e d  by a four -parameter  f a i l u r e  s u r f a c e ,  and a f t e r  
f a i l u r e  an element-size-independent approach i s  used. 

S o l u t i o n s  t o  t h e  n o n l i n e a r  e q u a t i o n s  w h i c h  govern  t h e  systems i n  b o t h  TEMP- 
STRESS and NEPTUNE a r e  o b t a i n e d  by dynamic r e l a x a t i o n .  The l o a d  i s  a p p l i e d  
i n c r e m e n t a l l y ,  and i t e r a t i o n s  a r e  c o n t i n u e d  u n t i l  e q u i l i b r i u m  i s  reached 
w i t h i n  a s p e c i f i e d  t o l e r a n c e  be fo re  p r o c e e d i n g  t o  t h e  n e x t  l o a d  inc remen t .  

Three a x i s y m m e t r i c  models w e r e  ana lyzed.  The f i r s t  was a s i m p l i f i e d  model,  
w h i c h  o n l y  r e p r e s e n t e d  t h e  c y l i n d r i c a l  and s p h e r i c a l  con ta inment  s h e l l  and 
o m i t t e d  t h e  basemat. The l a t t e r  was i n c l u d e d  i n  t h e  t w o  more complex 
models.  The complex models a l s o  i n c l u d e d  r e p r e s e n t a t i o n s  o f  t h e  f o u n d a t i o n  
and s l i d i n g  i n t e r f a c e s ,  w h i c h  p e r m i t t e d  s e p a r a t i o n  and s l i d i n g  between 
components o f  t h e  basemat and t h e  basemat and f o u n d a t i o n .  

The 1:6-scale c o n c r e t e  conta inment  model c o n t a i n s  s e v e r a l  l a r g e  
p e n e t r a t i o n s ,  such as an equipment h a t c h  and personne l  a i r l o c k ,  t h a t  w i l l  
cause d e v i a t i o n s  f rom a pu re  a x i s y m m e t r i c  response and may decrease t h e  
c a p a c i t y  o f  t h e  conta inment .  I n  o r d e r  t o  p r e d i c t  t h e  b e h a v i o r  near  these  
r e g i o n s ,  a nominal  50 degree c i r c u m f e r e n t i a l  segment o f  t h e  model was 
developed.  The segment i n c l u d e s  t h e  c y l i n d e r  f r o m  t h e  basemat t o  t h e  
s p r i n g l i n e  and dome. The c y l i n d e r  p o r t i o n  c o n t a i n s  one-ha l f  o f  t h e  
p e n e t r a t i o n  opening f o r  Equipment H a t c h  B .  The basemat was n o t  i n c l u d e d  i n  
t h i s  model ;  t hus ,  i t s  e f f e c t s  on t h e  c y l i n d e r  a t  t h e  cy l inder -basemat  
j u n c t i o n  a r e  n o t  t aken  i n t o  account .  

The two-d imensional  models a l l  p r e d i c t  s i m i l a r  sequences o f  i n i t i a l  damage: 
m e r i d i o n a l  c r a c k i n g  commences a t  base o f  vesse l  a t  25 p s i g  (0 .172 MPa); 
y i e l d i n g  o f  t h e  l i n e r  beg ins  a t  t h e  m i d p o i n t  o f  t h e  c y l i n d e r  a t  100 p s i g  
(0.690 MPa) and propagates  up and down; y i e l d i n g  o f  t h e  hoop r e i n f o r c e m e n t  
s t a r t s  a t  120-125 p s i g  (0.827-0.862 MPaJ. The sequence o f  damage m i l e s t o n e s  
and p r e s s u r e  l e v e l s  p r e d i c t e d  by t h e  th ree-d imens iona l  a n a l y s i s  agrees w i t h  
t h e  two-d imensional  r e s u l t s .  A d i m p l e  d e f o r m a t i o n  p a t t e r n  o c c u r r e d  i n  t h e  
r e g i o n  o f  t h e  boss, i n d i c a t i n g  a d d i t i o n a l  bend ing  s t r a i n s .  
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The t h r e e  two-d imens iona l  mode ls  a l l  i n d i c a t e  f a i l u r e  a t  185-190 p s i g  
(1.276-1.310 MPa). However, t h e  t h r e e  mode ls  p r e d i c t  t h r e e  d i f f e r e n t  
f a i l u r e  mechanisms: (1) hoop f a i l u r e  o f  t h e  v e s s e l  a t  m i d h e i g h t  f o l l o w i n g  
f a i l u r e  o f  a s p l i c e  i n  t h i s  area,  (2) f a i l u r e  o f  a w e l d  i n  t h e  l i n e r  n e a r  
t h e  basemat due t o  e x c e s s i v e  s t r a i n s ,  and (3) f a i l u r e  o f - t h e  l i n e r  j u s t  
above t h e  k n u c k l e  due t o  compress ion  f a i l u r e  o f  t h e  c o n c r e t e .  I n  r e a l i t y ,  
s i m u l t a n e o u s  f a i l u r e  i n  more t h a n  one mechanism i s  u n l i k e l y  s i n c e  t h e  o n s e t  
o f  f a i l u r e  i n  any one mechanism w i l l  reduce t h e  p r e s s u r e  and t h e r e f o r e  
reduce  t h e  s t r e s s  on o t h e r  p o s s i b l e  s i t e s  o f  f a i l u r e .  

The th ree -d imens iona l  model p r e d i c t s  f a i l u r e  a t  an i n t e r n a l  p r e s s u r e  o f  180- 
185 p s i g  (1.241-1.276 MPa) when t h e  s p l i c e s  o f  t h e  hoop r e b a r s  f a i l  j u s t  
above t h e  c y l i n d e r  m i d h e i g h t  i n  a r e g i o n  away f r o m  t h e  equipment h a t c h  
open i ng . 
4.2.2 I n t r o d u c t i o n  

P r e d i c t i o n  o f  t h e  response o f  t h e  1:6-scale r e i n f o r c e d  c o n c r e t e  con ta inmen t  
model i n  t h i s  s e c t i o n  was p r e p a r e d  by t h e  s t a f f  o f  t h e  RAS E n g i n e e r i n g  
Mechanics Program o f  Argonne N a t i o n a l  L a b o r a t o r y  (ANL). The computer 
programs used t o  a r r i v e  a t  t h e  f i n a l  r e s u l t s  have been f u l l y  deve loped  a t  
ANL. The two-d imens iona l  code TEMP-STRESS C4.2.1-4.2.53 has been deve loped 
a t  ANL f o r  s t r e s s  a n a l y s i s  o f  p l a n e  and a x i s y m e t r i c  2-D r e i n f o r c e d  
s t r u c t u r e s  under  v a r i o u s  the rma l  c o n d i t i o n s .  The NEPTUNE C4.2.6-4.2.83 code 
was p r i m a r i l y  i n t e n d e d  f o r  3-D f l u i d  s t r u c t u r e  i n t e r a c t i o n  problems. B o t h  
programs a r e  a p p l i c a b l e  t o  a w i d e  v a r i e t y  o f  n o n l i n e a r  p rob lems,  and a r e  
u t i l i z e d  i n  t h e  p r e s e n t  s t u d y  t o  p r e d i c t  t h e  response o f  t h e  r e i n f o r c e d  
con ta inmen t  model t o  i n t e r n a l  p r e s s u r i z a t i o n .  The compar ison o f  t hese  
p r e t e s t  compu ta t i ons  w i t h  t e s t  d a t a  on t h e  con ta inmen t  model w i l l  p r o v i d e  a 
u n i q u e  o p p o r t u n i t y  t o  t e s t  t h e  v a l i d i t y  o f  t h e  r e s p e c t i v e  codes t o  p r e d i c t  
f a i l u r e  modes. 

The a n a l y t i c a l  approaches i n  TEMP-STRESS and NEPTUNE a r e  s i m i l a r .  B o t h  
codes a r e  based on t h e  e x p l i c i t  t empora l  i n t e g r a t i o n  coup led  w i t h  dynamic 
r e l a x a t i o n .  T h i s  enab les  t h e  codes t o  be used f o r  s t a t i c  as w e l l  as dynamic 
p rob lems.  The c h o i c e  o f  t h e  i n t e g r a t i o n  scheme was p r i m a r i l y  d i c t a t e d  by 
t h e  h i g h l y  n o n l i n e a r  c o n c r e t e  b e h a v i o r  and t h e  r e l a t i v e  ease o f  a c c o u n t i n g  
f o r  n o n l i n e a r i t y  i n  t h i s  t y p e  o f  a l g o r i t h m ,  and t h e  f a c t  t h a t ,  a l t h o u g h  
w i t h i n  each l o a d  s t e p  t h i s  p rocedure  i n t r o d u c e s  some dynamic response, 

4.2.3 Numer ica l  Method 

4.2.3.1 General  F i n i t e  Element E q u a t i o n s  

The e x p l i c i t  t i m e  i n t e g r a t i o n  scheme i s  used i n  t h e  TEMP-STRESS and NEPTUNE 
codes. The n u m e r i c a l  a l g o r i t h m  f o r  t h e  e x p l i c i t  t i m e  i n t e g r a t i o n  i s  based 
on t h e  s o l u t i o n  o f  t h e  f o l l o w i n g  e q u a t i o n  o f  m o t i o n :  

.. 
[M]{d} = {Fex t }  - {Fint} - {FdamP} + {Fgrav} 3 (4.2.1) 

where [ M I  i s  t h e  lumped mass m a t r i x ,  { d }  i s  t h e  column m a t r i x  o f  nodal  
d i s p l a c e m e n t s  (where  t h e  superposed d o t  i n d i c a t e s  t i m e  d e r i v a t i v e s ) ,  {F) i s  
t h e  column m a t r i x  o f  mechan ica l  f o r c e s  ( i n t e r n a l ,  e x t e r n a l ,  damping, o r  
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g r a v i t y ) .  The i n t e r n a l  f o r c e s  a r e  element-dependent and may be expressed 
as f o l l o w s :  

{Fint) = Jv [BIT{o)dV , (4.2.2) 

where V i s  t h e  volume o f  t h e  e lement  and { u }  i s  t h e  e lement  s t r e s s  m a t r i x .  

The [B] m a t r i x  r e l a t e s  t h e  v e l o c i t y  s t r a i n  { E }  o f  t h e  e lement  t o  t h e  nodal  

v e l o c i t i e s  {d )  as 

(4.2.3) 

The damping f o r c e  i s  i n t r o d u c e d  i n t o  t h e  e q u a t i o n s  o f  m o t i o n  t o  f a c i l i t a t e  
t h e  dynamic r e l a x a t i o n .  The p a r t i c u l a r  f o r m  used i s  g i v e n  by 

(4.2.4) 

where t h e  f i r s t  t e rm p e r t a i n s  t o  t h e  s t i f f n e s s - p r o p o r t i o n a l  damping and t h e  
second t e r m  r e f e r s  t o  t h e  m a s s - p r o p o r t i o n a l  damping; p,  and p2 a r e  t h e  

damping r a t i o s  f o r  t h e  h i g h e s t  and lowes t  mesh f requency ,  r e s p e c t i v e l y ;  o 

and w . a r e  t h e  maximum and minimum c i r c u l a r  f r e q u e n c i e s  o f  t h e  mesh, 

r e s p e c t i v e l y .  The s t i f f n e s s  m a t r i x  [ K ]  approx imates  t h e  model s t i f f n e s s e s ;  
i . e . ,  nodal  s t i f f n e s s  o f  t h e  j - t h  degree o f  freedom, , i s  g i v e n  as 

max 

m i  n 

K j  

K j  = I AFjint/Ad. J I . (4.2.5) 

The minimum c i r c u l a r  f r e q u e n c y  omin i s  computed f r o m  an approx imate  R a y l e i g h  

q u o t i e n t ,  and t h e  maximum f r e q u e n c y  omax i s  r e l a t e d  t o  t h e  c r i t i c a l  t i m e  

s t e p  f o r  t h e  mesh as f o l l o w s :  

(4.2.6) 

where N i s  t h e  t o t a l  number o f  degrees o f  f reedom and A t  i s  t h e  c r i t i c a l  
t i m e  s t e p  o f  t h e  mesh. 

4.2.3.2 E x p l i c i t  Temporal I n t e g r a t i o n  

I n  o r d e r  t o  t a k e  advantage of  t h e  e x p l i c i t  f o r m u l a t i o n ,  t h e  f o l l o w i n g  
d i f f e r e n c e  f o r m  o f  Eq. (4.2.1) i s  u t i l i z e d :  
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.. 
CMl{dli = {F  1 - {F  i n t  1 i + {Fgrav}i - 20 1 /a max [K]{d)i-1/2 

.. 
e x t  i 

-‘Pz o m i n  . [Mild}' , 

where 

.. 
1 i+l * i - 1 / 2  A t  {dli 

= ( { d l  - {dIi- ’)  = { d }  +2 

(4.2.7) 

(4.2.8) 

By s u b s t i t u t i n g  Eq. (4.2.8) i n t o  Eq. (4 .2 .7 )  and s o l v i n g  f o r  a c c e l e r a t i o n ,  
we g e t  

(4.2.9) 

The v e l o c i t i e s  and d i s p l a c e m e n t s  a r e  i n t e g r a t e d  by  t h e  c e n t r a l  d i f f e r e n c e  
e q u a t i o n s  as f o l l o w s :  

.. 
9 (4.2.10) 

i + 1 / 2  = {;)i-1/2 + At{dli {i} 

(4 .2 .11)  ’ i + 1 / 2  {d)i+l = {d} i  + A t  { d }  

4.2.3.3 Dynamic R e l a x a t i o n  

I n  t h e  computer code t h e  e x t e r n a l  l o a d  { F  ex t }  i n  Eq. (4.2.1) i s  p r e s c r i b e d  
by  i n p u t .  To f a c i l i t a t e  t h e  dynamic r e l a x a t i o n  p rocedure ,  t h i s  l o a d i n g  i s  
a p p l i e d  i n c r e m e n t a l l y ,  i . e .  i n  l o a d  s t e p s  o f  s p e c i f i e d  magn i tude .  Hence, i n  
t h e  dynamic r e l a x a t i o n  p rocedure ,  f o r  each o f  t h e  l o a d  i n c r e m e n t s  t h e  
s t r u c t u r e  responds d y n a m i c a l l y  and t h e n  approaches s t a t i c  e q u i l i b r i u m  
a s y m p t o t i c a l l y ,  as shown i n  F i g u r e  4.2.1.  Thus, t h e r e  may be some s l i g h t  
d e v i a t i o n s  between a p u r e l y  s t a t i c  s o l u t i o n  i n  p a t h  dependent m a t e r i a l s ,  b u t  
t h e r e  i s  no c o n s i s t e n t  d r i f t  f r o m  e q u i l i b r i u m .  We have chosen l o a d  
i n c r e m e n t s  w h i c h  a r e  s u f f i c i e n t l y  sma l l  so  t h a t  t h e  e f f e c t s  o f  t h e  
i n t e r m e d i a t e  dynamic responses  appear t o  be n e g l i g i b l e .  

E q u i l i b r i u m  o f  t h e  system i s  checked by means o f  two c r i t e r i a .  
c r i t e r i a  makes a compar ison o f  t h e  unba lanced f o r c e  w i t h  t h e  i n t e r n a l  f o r c e ,  
w h i l e  i n  t h e  o t h e r  c r i t e r i o n  t h e  d i s p l a c e m e n t s  a r e  compared a t  s u c c e s s i v e  
i t e r a t i o n  s t e p s .  The c r i t e r i a  a r e  exp ressed  i n  ma themat i ca l  te rms as 
f o l  1 ows: 

One o f  t h e  

i n t  2 N e x t ) 2 ’  
(F:xt - FI ) 1 C (FI L c F  ’ 

1=1 
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and 

N .  N 
100 ( C dIAt/ C dI) - < c d  , 

1=1 1=1 
(4.2.13) 

where c F  and c d  a r e  t h e  f o r c e  and d i s p l a c e m e n t  t o l e r a n c e s  i n  p e r c e n t .  Fo r  

t h i s  c a l c u l a t i o n ,  c F  = 2 and c d  = 0 .1  w i t h  0, = 0 and 0, = 90 p e r c e n t .  The 

sequence o f  compu ta t i ons  u s i n g  dynamic r e l a x a t i o n  i s  shown i n  F i g u r e  4.2.2. 

4.2.4 M a t e r i a l  Models 

B o t h  t h e  s t e e l  and t h e  c o n c r e t e  a r e  modeled as n o n l i n e a r  m a t e r i a l s .  The 
c o n s t i t u t i v e  e q u a t i o n s  f o r  t h e s e  m a t e r i a l s  a r e  based on an e l a s t i c - p l a s t i c  
l aw  w i t h  i n i t i a l  y i e l d i n g  and t h e  subsequent l o a d i n g  s u r f a c e  d e s c r i b e d  by 
t h e  von Mises  c o n d i t i o n .  An a s s o c i a t e d  f l o w  r u l e  i s  used. 

The u n i a x i a l  s t r e n g t h  d a t a  f o r  t h e  m a t e r i a l s  i s  g i v e n  i n  Tab les  4.2.1-4.2.4; 
e x c e p t  f o r  m i n o r  a l t e r a t i o n s ,  i t  co r responds  t o  t h a t  recommended by SNL. 
The r e b a r  m a t e r i a l  p r o p e r t i e s  a r e  m o d i f i e d  t o  t a k e  i n t o  account  t h e  s t r e n g t h  
o f  t h e  s p l i c e s .  Wherever mechan ica l  s p l i c e s  a r e  l o c a t e d ,  t h e  s t r e n g t h  o f  
t h e  r e b a r  i s  assumed t o  be t h e  average h o l d i n g  s t r e n g t h  o f  t h e  s p l i c e .  The 
average s t r e n g t h  c a p a c i t y  o f  t h e  s p l i c e  i s  t a k e n  t o  be 99 k s i  (683 MPa). 

The s t r e s s - s t r a i n  d a t a  f o r  t h e  r e b a r  d i f f e r s  s l i g h t l y  f r o m  t h e  d a t a  
recommended by  SNL. I n s t e a d  o f  73.3 k s i  (505 MPa) f o r  t h e  second v a l u e  i n  
T a b l e  4.2.2, we use 75.0 k s i  (517 MPa), and 50.25 k s i  (306 MPa) i s  used 
i n s t e a d  o f  50.0 k s i  (346 MPa) i n  T a b l e  4.2.3. T h i s  i s  done t o  assure  t h a t  
t h e  h a r d e n i n g  s l o p e s  i n  t h e  p l a s t i c  r e g i o n  i n c r e a s e  m o n o t o n i c a l l y  w i t h  
s t r a i n .  The c o n s t i t u t i v e  e q u a t i o n s  use i s o t r o p i c  ha rden ing .  

The s t r e n g t h  c a p a c i t y  o f  t h e  c o n c r e t e  i n  m u l t i a x i a l  s t r e s s  space i s  
c h a r a c t e r i z e d  by t h e  s o - c a l l e d  Hsieh-Ting-Chen C4.2.91 f o u r  parameter  
f a i l u r e  s u r f a c e .  The c o n c r e t e  response a f t e r  f a i l u r e  i s  s i m u l a t e d  u s i n g  t h e  
element-size-independent c r a c k i n g  c r i t e r i o n  e s t a b l i s h e d  by Bazant  and Oh 
C4.2.101. I n  t h e  u n i a x i a l  s t r e s s - s t r a i n  r e l a t i o n s h i p ,  a l i n e a r  r e d u c t i o n  o f  
s t r e n g t h  i s  s p e c i f i e d  f r o m  t h e  u l t i m a t e  s t r e s s  down t o  ze ro .  The maximum 
s t r a i n  i n  t e n s i o n  (where t h e  s t r e s s  i s  s p e c i f i e d  as z e r o )  f o r  t h e  s o l u t i o n s  
d e s c r i b e d  i n  t h i s  r e p o r t  i s  0.0007 i n / i n .  The i n p u t  d a t a  r e q u i r e d  t o  d e f i n e  
t h e  f a i l u r e  s u r f a c e  i s  g i v e n  i n  T a b l e  4.2.5. 

4.2.5 Ax i symmet r i c  S i m u l a t i o n  

TEMP-STRESS i s  a 2-D code f o r  t h e  s t r e s s  a n a l y s i s  o f  p l a n e  and a x i s y m e t r i c  
r e i n f o r c e d / p r e s t r e s s e d  c o n c r e t e  problems. Elements a v a i l a b l e  f o r  
r e p r e s e n t i n g  t h e  m a t e r i a l s  a r e  a q u a d r i l a t e r a l  con t i nuum e lement  w i t h  one 
p o i n t  i n t e g r a t i o n  and a f l e x u r a l  e lement  w i t h  two-po in t  i n t e g r a t i o n  a l o n g  
i t s  l e n g t h  and an a r b i t r a r y  number o f  i n t e g r a t i o n  p o i n t s  t h r o u g h  t h e  dep th .  

The r e b a r s  a r e  modeled by what i s  known as "homogen iza t i on " :  t h e  s t r e s s -  
s t r a i n  law o f  t h e  r e b a r s  i s  embedded i n  t h e  s t r e s s - s t r a i n  law o f  t h e  
e lements .  T h i s  approach can account  f o r  t h e  d i r e c t i o n ,  t h e  p o s i t i o n ,  and 
t h e  pe rcen tage  o f  r e i n f o r c e m e n t .  The r e b a r s  a r e  assumed t o  remain  r i g i d l y  
bonded t o  t h e  c o n c r e t e ;  debond ing  o f  r e b a r s  and c o n c r e t e  i s  n o t  cons ide red .  
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T a b l e  4.2.1 Concre te  M a t e r i a l  P r o p e r t i e s  

Young's  Modulus - 4800 k s i  (33100 MPa) 
P o i s s o n ' s  r a t i o  - 0.2 
U l t i m a t e  T e n s i l e  S t r e n g t h  - 500 p s i  (3.45 MPa) 

E l a s t i c  C o n s t a n t s  

E n g i n e e r i n g  S t r e s s  
( k s i )  (MPa) 

1.0 
2.0 
3.0 
4.0 
5.0 
6.8 
6.8 
0.0 

6.9 
13.8 
20.7 
26.9 
34.5 
46.9 
46.9 
0.0 

E n g i n e e r i n g  S t r a i n  

0.00021 
0.00045 
0.00072 
0.00100 
0.00140 
0.00200 
0.00230 
0.00600 

T a b l e  4.2.2 Rebar M a t e r i a l  P r o p e r t i e s  

E l a s t i c  C o n s t a n t s  
Modulus - 31000 k s i  (214000 MPa) 
P o i s s o n ' s  r a t i o  - 0.3 

E n g i n e e r i n g  S t r e s s  
( k s i )  (MPa) 

66.6 459 
76.0" 524 
85.6 590 
99.0 682 

105.0** 724** 
107.0** 738** 

E n g i n e e r i n g  S t r a i n  

0.00215 
0.01176 
0.02276 
0.04619 
0.0650** 
0.0950** 

T a b l e  4.2.3 C y l i n d e r  and Basemat L i n e r  M a t e r i a l  P r o p e r t i e s  

E l a s t i c  Constan ts  
Modulus - 30000 k s i  (207000 MPa) 
P o i s s o n ' s  r a t i o  - 0.3 

E n g i n e e r i n g  S t r e s s  
( k s i )  (MPa) 

50.2 346 
50.25* 346 
59.0 407 
66.0 455 
68.0 469 
70.0 482 

E n g i n e e r i n g  S t r a i n  

0.00167 
0.01738 
0.03277 
0.07180 
0.09597 
0.16433 

*Value changed f r o m  t h a t  s u p p l i e d  by SNL. 
* * E s t i m a t e d  f r o m  S t r e s s - S t r a i n  Data  S u p p l i e d  by SNL. 
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T a b l e  4.2.4 Dome L i n e r  M a t e r i a l  P r o p e r t i e s  

E l a s t i c  Constan ts  
Modulus - 30000 k s i  (207000 MPa) 
P o i s s o n ' s  r a t i o  - 0.3 

E n g i n e e r i n g  S t r e s s  
( k s i )  (MPa) 

51.4 354 
61.1 42 1 
66.9 46 1 
70.5 486 
71.0 489 

E n g i n e e r i n g  S t r a i n  

0.00171 
0.02500 
0.05000 
0.10000 
0.15000 

T a b l e  4.2.5 Parameters D e f i n i n g  t h e  F a i l u r e  Sur face  o f  Concre te  

D e f i n i t i o n  

1. U l t i m a t e  t e n s i l e  s t r e n g t h ,  f; 

2. Equal  b i a x i a l  compress ion,  bC 

Value 

0.07535 f;* 

1.15 f; 

3&4. C o n f i n e d  t r i a x i a l  compress ion,  0.8 f; 

4.2 f i  vic ' f '  1 PC 

*f; i s  t h e  maximum u n i a x i a l  s t r e n g t h  o f  c o n c r e t e  i n  compress ion.  

R e i n f o r c e m e n t  i n  t h e  cont inuum element  can be s p e c i f i e d  i n  t h e  hoop 
d i r e c t i o n  and a r b i t r a r y  o r t h o g o n a l  d i r e c t i o n s  i n  t h e  r-z o r  t h e  x-y p lane.  
The r e i n f o r c e m e n t  arrangement i n  t h e  cont inuum element  i s  shown i n  F i g u r e  
4.2.3. I n  t h e  f l e x u r a l  e lement ,  r e i n f o r c e m e n t  can be s p e c i f i e d  a t  a r b i t r a r y  
l a y e r s  measured f r o m  t h e  n e u t r a l  a x i s  and spanning f r o m  t h e  a x i a l  
( m e r i d i o n a l )  d i r e c t i o n  t h r o u g h  t h e  hoop d i r e c t i o n .  I n c l i n e d  r e i n f o r c e m e n t  
t h r o u g h  t h e  d e p t h  o f  t h e  c r o s s - s e c t i o n ,  r e p r e s e n t i n g  t h e  c o n n e c t i n g  t i e s ,  
can a l s o  be t r e a t e d .  Re in fo rcement  o p t i o n s  i n  t h e  f l e x u r a l  e lement  a r e  
shown i n  F i g u r e  4.2.4. 

The e lements  account  f o r  t h e  c r a c k i n g  i n  t h e  conc re te .  A t o t a l  o f  t h r e e  
o r t h o g o n a l  c r a c k s  may c o e x i s t  a t  t h e  c e n t r o i d  o f  t h e  a x i s y m n e t r i c  con t inuum 
e lements :  one c r a c k  i n  t h e  hoop d i r e c t i o n  and two o r t h o g o n a l  c racks  i n  t h e  
r-z p l a n e .  S i m i l a r l y ,  two o r t h o g o n a l  c racks  may o c c u r  i n  t h e  a x i s y m m e t r i c  
s h e l l  e lement  a t  each i n t e g r a t i o n  p o i n t :  one c r a c k  i n  t h e  hoop d i r e c t i o n  
and one c r a c k  i n  t h e  m e r i d i o n a l  d i r e c t i o n .  
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I n  a d d i t i o n  t o  t h a t  s p e c i f i e d  w i t h i n  t h e  c o n c r e t e  e lements ,  r e i n f o r c e m e n t  
can a l s o  be modeled by means o f  d i s c r e t e  r o d  and r i n g  e lements .  The 
c o m b i n a t i o n  o f  homogenized and d i s c r e t e  e lemen ts  can t h u s  be used t o  
r e p r e s e n t  t h e  d e t a i l s  o f  r e i n f o r c e m e n t  i n  t h e  con ta inmen t  t e s t  s t r u c t u r e .  

4 .2 .5 .1  F i n i t e  Element Models and R e s u l t s  

The f i n i t e  e lemen t  mode ls ,  w h i c h  were u t i l i z e d  t o  p r e d i c t  t h e  response o f  
t h e  t e s t  s t r u c t u r e  under  i n t e r n a l  p r e s s u r i z a t i o n ,  v a r i e d  i n  c o m p l e x i t y .  
G e n e r a l l y ,  t h e  f i r s t  model was s i m p l e ,  s i m u l a t i n g  t h e  g e n e r a l  g l o b a l  
b e h a v i o r  o f  t h e  con ta inmen t  s h e l l .  The subsequent models,  w h i c h  i n c r e a s e d  
i n  c o m p l e x i t y ,  r e v e a l e d  a d d i t i o n a l  i n f o r m a t i o n .  

The f i r s t  f i n i t e  e lement  model c o n s i s t s  o n l y  o f  t h e  a x i s y m e t r i c  c y l i n d r i c a l  
v e s s e l  and a s p h e r i c a l  dome. T h i s  model i s  i n t e n d e d  t o  p r o v i d e  an 
u n d e r s t a n d i n g  o f  t h e  g l o b a l  d e f o r m a t i o n  o f  t h e  con ta inmen t  w a l l  d u r i n g  
p r e s s u r i z a t i o n .  The n e x t  f i n i t e  e lement  model a l s o  i n c l u d e s  a s i m p l e  model 
o f  t h e  c o n c r e t e  s l a b  t o  w h i c h  t h e  vesse l  i s  a t t a c h e d .  T h i s  model p r o v i d e s  
an e s t i m a t e  o f  t h e  u p - l i f t  d u r i n g  t h e  t e s t .  D e t a i l s  o f  t h e  j u n c t i o n  between 
t h e  t e s t  v e s s e l  and t h e  s l a b  a r e  r e p r e s e n t e d  by s t i l l  a n o t h e r  f i n i t e  e lement  
mode l .  T h i s  model g i v e s  a r e f i n e d  p i c t u r e  o f  t h e  l i n e r  response a t  t h e  
v e s s e l  base. 

4 .2 .5 .1 .1  R e i n f o r c e d  S h e l l  Model 

The purpose o f  t h e  s i m p l i f i e d  r e i n f o r c e d  s h e l l  model,  wh ich  i s  composed o n l y  
o f  a x i s y m n e t r i c  r e i n f o r c e d  s h e l l  e lements ,  i s  t o  p o r t r a y  t h e  g l o b a l  response 
o f  t h e  v e s s e l .  I t  i s  shown i n  F i g u r e  4.2.5. T h i s  model c o n s i s t s  o f  3 1  
r e i n f o r c e d  c o n c r e t e  s h e l l  e lements :  e l e v e n  o f  them r e p r e s e n t i n g  t h e  7 
i n c h  (178  mm) t h i c k  s p h e r i c a l  dome, one e lement  r e p r e s e n t i n g  t h e  t r a n s i t i o n  
f r o m  t h e  dome t o  t h e  c y l i n d e r ,  and e i g h t e e n  e lements  r e p r e s e n t i n g  t h e  9-3/4 
i n c h  (248  mn) t h i c k  c y l i n d e r .  A l i n e r  on t h e  i n s i d e  s u r f a c e  o f  t h e  vesse l  
i s  made up o f  s t e e l  s h e l l  e lements .  The l i n e r  e lemen ts ,  wh ich  a r e  o f f s e t  
f r o m  t h e  r e i n f o r c e d  c o n c r e t e  e lements ,  have d i f f e r e n t  t h i c k n e s s e s  and 
m a t e r i a l  p r o p e r t i e s  i n  t h e  dome and i n  t h e  c y l i n d e r .  The t h i c k n e s s  o f  t h e  
l i n e r  i n  t h e  dome (used  i n  t h e  f i n i t e  e lement  mode l )  i s  0.09 i n c h  (2.29 mn) 
and t h a t  i n  t h e  c y l i n d e r  and base i s  0.068 i n c h  (1.73 mn). 

The m o d e l i n g  o f  t h e  r e i n f o r c e m e n t  c l o s e l y  co r responds  t o  t h e  s t r u c t u r a l  
s p e c i f i c a t i o n s  o f  t h e  con ta inmen t  s t r u c t u r e .  The number o f  r e i n f o r c e m e n t  
l a y e r s  ranges  f r o m  f o u r  i n  t h e  s p h e r i c a l  dome t o  t e n  l a y e r s  a t  t h e  base o f  
t h e  c y l i n d e r .  F o u r t e e n  d i f f e r e n t  c o m b i n a t i o n s  o f  r e i n f o r c e m e n t s  a r e  used 
w i t h i n  t h e  f l e x u r a l  e lements .  The nominal  c r o s s - s e c t i o n a l  d imens ions  o f  t h e  
r e i n f o r c e m e n t  b a r s  a r e  used i n  t h e  model.  

P r e s s u r i z a t i o n  o f  t h e  s h e l l  model i s  imposed by m o n o t o n i c a l l y  i n c r e a s i n g  t h e  
i n t e r n a l  l o a d i n g  i n  5 p s i g  (0.0345 MPa) i nc remen ts .  The i m p o r t a n t  
m i l e s t o n e s  i n  t h e  response o f  t h e  model a r e  shown i n  T a b l e  4.2.6. I t  i s  
obse rved  t h a t  up t o  25 p s i g  (0 .172 MPa) t h e  b e h a v i o r  o f  t h e  vesse l  i s  
e n t i r e l y  e l a s t i c .  A t  i n t e r n a l  p r e s s u r e s  25-40 p s i g  (0.172-0.276 MPa) 
m e r i d i o n a l  c r a c k i n g  a t  t h e  base o f  t h e  v e s s e l  p ropaga tes  f r o m  t h e  i n s i d e  o f  
t h e  v e s s e l  t o  t h e  n e u t r a l  s u r f a c e .  The o n s e t  o f  hoop and m e r i d i o n a l  
c r a c k i n g  i n  t h e  c y l i n d e r  above 40 p s i g  (0.276 MPa) i s  f o l l o w e d  by hoop and 
m e r i d i o n a l  c r a c k i n g  i n  t h e  dome. Hoop and m e r i d i o n a l  c r a c k i n g  a r e  b a s i c a l l y  
comp le ted  a t  90 and 115 p s i g  (0 .621  and 0.793 MPa), r e s p e c t i v e l y .  
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Y i e l d i n g  o f  t h e  l i n e r  i s  obse rved  t o  s t a r t  a t  abou t  100 p s i g  (0.689 MPa) a t  
m i d - c y l i n d e r  h e i g h t ,  p ropaga tes  a l o n g  t h e  c y l i n d e r  and, f i n a l l y  reaches t h e  
base a t  abou t  105 p s i g  (0.724 MPa). The y i e l d i n g  o f  hoop r e i n f o r c e m e n t  on 
t h e  i n s i d e  o f  t h e  c o n c r e t e  v e s s e l  b e g i n s  a t  abou t  120-125 p s i g  (0.827-0.862 
MPa). F a i l u r e  o f  hoop r e i n f o r c e m e n t  i s  governed by t h e  s t r e n g t h  o f  t h e  
s p l i c e s ;  t h i s  s t r e s s  l i m i t  o f  t h e  s p l i c e s  o f  99 k s i  (683 MPa) i s  reached a t  
an i n t e r n a l  p r e s s u r e  o f  about  185-190 p s i g  (1.276-1.310 MPa). F a i l u r e  o f  
t h e  hoop r e i n f o r c e m e n t  was found  t o  cause c a t a s t r o p h i c  f a i l u r e  o f  t h e  l i n e r  
and r u p t u r e ;  i n  subsequent ana lyses  t h e  f a i l u r e  was n o t  modeled, b u t  i n s t e a d  
t h e  a t t a i n m e n t  o f  t h e  u l t i m a t e  s t r e s s  f o r  t h e  s p l i c e s  was c o n s i d e r e d  t o  
c o n s t i t u t e  f a i l u r e  o f  t h e  v e s s e l .  The deformed c o n f i g u r a t i o n  o f  t h e  v e s s e l ,  
b e f o r e  impend ing  f a i l u r e ,  i s  shown i n  F i g u r e  4.2.6 w i t h  no m a g n i f i c a t i o n .  

T h i s  model p r o v i d e s  i n f o r m a t i o n  on t h e  response o f  t h e  con ta inmen t  vesse l  
r e l a t i v e  t o  t h e  v e r t i c a l  d i s p l a c e m e n t  o f  t h e  c y l i n d e r  base. De fo rma t ion  o f  
t h e  v e s s e l ,  as w e l l  as t h e  s t r a i n s  i n  t h e  l i n e r  and t h e  r e b a r s  a r e  o b t a i n e d  
f o r  i n t e r n a l  p r e s s u r e s  r a n g i n g  f r o m  5 p s i g  (0.0345 MPa) up t o  about  185 p s i g  
(1.276 MPa). Maximum v e r t i c a l  d i s p l a c e m e n t  a t  t h e  dome apex b e f o r e  
impend ing  f a i l u r e  o f  t h e  hoop s p l i c e s  i s  2.2 i n c h e s  (56  m); t h e  
c o r r e s p o n d i n g  v e r t i c a l  and h o r i z o n t a l  d i sp lacemen ts  a t  t h e  vesse l  s p r i n g l i n e  
a r e  2.6 i n c h e s  (66  mm) and 2.4 i n c h e s  ( 6 1  mm). The maximum r a d i a l  
d e f o r m a t i o n  a t  m i d h e i g h t  o f  t h e  c y l i n d e r  a t  t h e  same i n s t a n t  i s  5.7 i nches  
(145 nm) and t h e  r e s p e c t i v e  s t r a i n  i n  t h e  l i n e r  i s  0.043 i n / i n .  
D isp lacemen ts  and s t r a i n s  f o r  t h e  model a r e  g i v e n  i n  F i g u r e s  4.2.7 t h r o u g h  
4.2.20. 

T a b l e  4.2.6 Response o f  S h e l l  t o  P r e s s u r i z a t i o n  

P r e s s u r e  
pslg - MPa Response 

0-25 0-0.172 E l a s t i c  b e h a v i o r .  

2 5-4 0 0.172-0.276 

40-90 0.276-0.621 

M e r i d i o n a l  c r a c k i n g  on i n s i d e  base o f  
v e s s e l .  

Hoop c r a c k i n g  i n  c y l i n d e r  and hoop/ 
m e r i d i o n a l  c r a c k i n g  o f  t h e  dome. 

40-115 0.276-0.793 M e r i d i o n a l  c r a c k i n g  i n  t h e  cy1 i n d e r .  

95-110 0.655-0.758 Y i e l d i n g  o f  l i n e r  b e g i n s  and spreads 
a l o n g  c y l i n d e r .  

100-105 0.689-0.724 Y i e l d i n g  o f  l i n e r  a t  t h e  base. 

120-1 25 0.827-0.862 Y i e l d i n g  o f  hoop r e i n f o r c e m e n t  s t a r t s .  

185- 190 1.276-1.310 The u l t i m a t e  s t r e n g t h  o f  t h e  s p l i c e  i s  
reached i n  t h e  c y l i n d e r  ( a t  p o i n t  A i n  
F i g u r e  4.2.6) l e a d i n g  t o  f a i l u r e  o f  t h e  
1 i n e r .  
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4.2.5.1.2 R e i n f o r c e d  S h e l l  w i t h  S l a b  Model 

The purpose o f  t h i s  f i n i t e  e lement  model i s  t o  e s t i m a t e  t h e  p o s s i b l e  
v e r t i c a l  u p l i f t  o f  t h e  base o f  t h e  v e s s e l  d u r i n g  i n t e r n a l  p r e s s u r i z a t i o n  and 
t o  p r o v i d e  i n f o r m a t i o n  on t h e  e f f e c t  o f  t h e  s l a b  on t h e  f a i l u r e  mode. 
model i s  an e x t e n s i o n  o f  t h a t  d e s c r i b e d  i n  S e c t i o n  4.2.5.1.1. The 
p r e v i o u s l y  d e s c r i b e d  v e s s e l  model i s  connected  t o  a model o f  t h e  s l a b  
c o n s i s t i n g  o f  r e i n f o r c e d  a x i s y m n e t r i c  con t inuum elements.  The f i n i t e  
e lement  model i s  shown i n  F i g u r e  4.2.21. Note  t h a t  t h e  gap i n  t h e  basemat 
a t  t h e  l i n e  o f  symmetry r e p r e s e n t s  t h e  v o i d  t h a t  was i n d i c a t e d  i n  d r a w i n g  
No. 7847-F-1204. The b o t t o m  o f  t h e  s l a b  r e s t s  on a s o i l  f o u n d a t i o n  t h a t  i s  
modeled by a l a y e r  o f  e l a s t i c  con t inuum e lements  f o r  w h i c h  an e l a s t i c  
modulus o f  350 p s i  (2 .41  MPa) and a d e p t h  o f  10 inches  (254 mn) were used. 
A f r i c t i o n l e s s  s l i d i n g  i n t e r f a c e  i s  used between t h e  e l a s t i c  f o u n d a t i o n  and 
t h e  s l a b  so  t h a t  u p l i f t  o f  t h e  s l a b  can be modeled. A l s o ,  a no- tens ion  
c o n s t i t u t i v e  model was used f o r  t h e  s o i l ,  so i t  does n o t  r e s i s t  t h e  s l a b  
f r o m  u p l i f t i n g .  

The model o f  t h e  s l a b  a l s o  i n c l u d e s  a f r i c t i o n l e s s  i n t e r f a c e  between t h e  
embedded l i n e r  and t h e  c o n c r e t e  above t h e  l i n e r .  T h i s  i s  done t o  s i m u l a t e  
t h e  e f f e c t  o f  s t e e l / c o n c r e t e  i n t e r a c t i o n  d u r i n g  t h e  f l e x u r a l  d e f o r m a t i o n  o f  
t h e  s l a b .  I t  was f e l t  t h a t  t h e  s l i d e r  wou ld  s i m u l a t e  t h e  a c t u a l  r o l e  of  t h e  
c o n c r e t e  above t h e  l i n e r  b e t t e r  t h a n  a r i g i d  c o n n e c t i o n .  W i t h  a r i g i d  
c o n n e c t i o n ,  t h e  f l e x u r a l  s t i f f n e s s  o f  t h e  b o t t o m  s l a b  i s  v e r y  l a r g e  whereas 
t h e  absence o f  a shear  t r a n s f e r  mechanism between t h e  l i n e r  and t h e  
superposed c o n c r e t e  p r e v e n t s  i t  f r o m  c o n t r i b u t i n g  s u b s t a n t i a l l y  t o  t h e  
f l e x u r a l  c a p a c i t y  o f  t h e  s l a b .  

T h i s  

R e i n f o r c e m e n t  o f  t h e  s l a b  was e s t i m a t e d  f r o m  t h e  s u p p l i e d  s t r u c t u r a l  
d r a w i n g s .  Very l i t t l e  r e i n f o r c e m e n t  was p l a c e d  i n  t h e  c o n c r e t e  o f  t h e  s l a b  
above t h e  l i n e r ,  so  i t  was n e g l e c t e d  i n  t h e  a n a l y t i c a l  model.  I n  t h e  vesse l  
p o r t i o n  o f  t h i s  model t h e  s p l i c e s  a r e  used t o  connect  i n d i v i d u a l  l e n g t h s  o f  
r e i n f o r c i n g  b a r s .  The s t r e n g t h  o f  t h e  r e b a r s  i n  t h a t  p a r t  o f  t h e  model i s ,  
t h e r e f o r e ,  l i m i t e d  by t h e  u l t i m a t e  s t r e n g t h  o f  t h e  s p l i c e s .  I n  t h e  s l a b  
p o r t i o n  o f  t h i s  model s p l i c e s  a r e  n o t  used so t h a t  t h e  f u l l  s t r e n g t h  o f  t h e  
r e b a r s  s h o u l d  be u t i l i z e d .  The s t r e n g t h  o f  t h e  r e b a r s  i n  t h e  s l a b  i s  
s p e c i f i e d  a t  t h e i r  u l t i m a t e  l i m i t ,  as i n d i c a t e d  i n  T a b l e  4.2.2. T h i s  a l s o  
e n a b l e s  us t o  observe  o t h e r  p r o b a b l e  f a i l u r e  mechanisms o f  t h i s  model .  O f  
p a r t i c u l a r  c o n c e r n  a r e  t h e  m e r i d i o n a l  r e i n f o r c i n g  b a r s  and t h e  l i n e r  on t h e  
b o t t o m  c o r n e r  o f  t h e  v e s s e l .  Because o f  t h e  p o s s i b i l i t y  o f  t h e  s l a b  t o  move 
upward, t h e  a n g u l a r  d e f o r m a t i o n  a t  t h e  c y l i n d e r - s l a b  i n t e r s e c t i o n  c o u l d  be 
g r e a t e r  t h a n  i n  t h e  p r e v i o u s  s h e l l  model w i t h  f i x e d  suppor t .  T h i s  would 
i n c r e a s e  t h e  s t r e s s  a t  t h e  j u n c t i o n  o v e r  what i s  p r e d i c t e d  by t h e  s i m p l i f i e d  
model.  

Because o f  t h e  e l a s t i c  s u p p o r t  be low t h e  b o t t o m  s l a b ,  t h e  e f f e c t  o f  t h e  
w e i g h t  o f  t h e  s t r u c t u r e  had t o  be accounted  f o r  f i r s t .  T h i s  i s  accompl ished 
by  s u b j e c t i n g  t h e  f i n i t e  e lement  model t o  t h e  w e i g h t  o f  t h e  s t r u c t u r e  p r i o r  
t o  i n i t i a t i n g  t h e  i n t e r n a l  p r e s s u r e .  T h i s  s o l u t i o n  p r o v i d e s  t h e  s e t t l e m e n t  
( a p p r o x i m a t e l y  a 0.26 i n c h  (6.6 mn) t r a n s l a t i o n  downward), i . e .  t h e  o r i g i n a l  
v e r t i c a l  d i s p l a c e m e n t ,  b e f o r e  i n t e r n a l  p r e s s u r e  i s  a p p l i e d .  As b e f o r e ,  
i n t e r n a l  p r e s s u r i z a t i o n  i s  a p p l i e d  i n  5 p s i g  (0.0345 MPa) l o a d  inc rements .  

The response o f  t h e  s h e l l  p o r t i o n  o f  t h i s  model t o  i n t e r n a l  p r e s s u r i z a t i o n  
i s  s i m i l a r  t o  t h e  r e s u l t s  o b t a i n e d  w i t h  t h e  p r e v i o u s  model.  S t r e s s  and 
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s t r a i n  r e s u l t s  f o r  b o t h  models  a r e  s i m i l a r  i n  t h e  s h e l l ,  e x c e p t  n e a r  t h e  
b o t t o m  s u p p o r t .  The sequence o f  c r a c k i n g  o f  t h e  c o n c r e t e ,  t h e  y i e l d i n g  o f  
t h e  l i n e r  and r e i n f o r c e m e n t  i n  t h e  s h e l l  f o r  t h i s  model i s  n e a r l y  t h e  same 
as t h e  i n f o r m a t i o n  d e p i c t e d  i n  T a b l e  4.2.6. R a d i a l  d e f o r m a t i o n  o f  t h e  s h e l l  
i s  d i f f e r e n t  f r o m  p r e v i o u s  r e s u l t s  n e a r  t h e  j u n c t i o n  o f  t h e  c y l i n d e r  and t h e  
s l a b  ( s e e  F i g u r e s  4.2.22 and 4.2.23) .  The v e r t i c a l  d i s p l a c e m e n t  o f  t h e  dome 
i s  l a r g e r  t h a n  b e f o r e ,  r e f l e c t i n g  t h e  u p l i f t  o f  t h e  s l a b  w h i c h  was 1.2 
i n c h e s  ( 3 1  mm) b e f o r e  impending f a i l u r e  (see F i g u r e  4.2.24).  Maximum 
v e r t i c a l  d i s p l a c e m e n t  a t  t h e  dome apex b e f o r e  impending f a i l u r e  o f  t h e  hoop 
s p l i c e s  i s  2.4 i n c h e s  ( 6 1  m), t h e  c o r r e s p o n d i n g  v e r t i c a l  and h o r i z o n t a l  
d i s p l a c e m e n t s  a t  t h e  v e s s e l  s p r i n g  l i n e  a r e  2.8 i n c h e s  ( 7 2  m) and 2.5 
i n c h e s  ( 6 4  m). The maximum r a d i a l  d e f o r m a t i o n  a t  m i d h e i g h t  o f  t h e  c y l i n d e r  
a t  t h e  same i n s t a n t  i s  6.0 i n c h e s  (152 mn) and t h e  r e s p e c t i v e  s t r a i n  i n  t h e  
l i n e r  i s  0.045 i n / i n .  

The mode o f  f a i l u r e  p r e d i c t e d  by t h i s  model i s  a l s o  s i m i l a r  t o  t h a t  o f  t h e  
p r e v i o u s  model.  We c o n s i d e r e d  f a i l u r e  t o  have o c c u r r e d  when t h e  s t r e s s e s  i n  
t h e  r e b a r s  exceeded t h e  nominal  s t r e n g t h  o f  t h e  s p l i c e s .  F a i l u r e  o c c u r r e d  
i n  t h e  hoop r e b a r s  a t  t h e  m i d h e i g h t  o f  t h e  c y l i n d e r ,  l e a d i n g  t o  r u p t u r e  o f  
t h e  l i n e r  a t  185-190 p s i g  (1.276-1.310 MPa). 

S i n c e  m o d e l i n g  t h e  c u r v a t u r e  o f  t h e  l i n e r  a t  t h e  c o r n e r  wou ld  e n t a i l  a 
p r o h i b i t i v e l y  r e f i n e d  model ,  hand c a l c u l a t i o n s  were made t o  e s t i m a t e  t h e  
s t r a i n s  i n  t h e  c o r n e r  u s i n g  t h e  r e l a t i v e  r o t a t i o n s  between t h e  h o r i z o n t a l  
and v e r t i c a l  s e c t i o n  o f  t h e  l i n e r  and d a t a  on i t s  r a d i u s  o f  c u r v a t u r e .  
These hand c a l c u l a t i o n s  i n d i c a t e  t h a t  maximum s t r a i n s  would be on t h e  o r d e r  
o f  3 . 6  p e r c e n t  when f a i l u r e  o c c u r s  a t  t h e  m i d h e i g h t  o f  t h e  c y l i n d e r ,  no 
f a i l u r e  w o u l d  o c c u r  due t o  t h e  r o t a t i o n  o f  t h e  l i n e r  a t  t h e  c o r n e r .  Whi le  
an unwelded c o r n e r  s h o u l d  e x p e r i e n c e  no d i f f i c u l t i e s  a t  t h e s e  nominal  
s t r a i n s ,  because o f  t h e  presence o f  d i f f i c u l t  we lds  and i n h e r e n t  s t r e s s  
c o n c e n t r a t i o n s  i n  t h i s  a rea ,  f a i l u r e  c o u l d  p o s s i b l y  o c c u r  t h e r e .  

4 .2 .5 .1 .3  D e t a i l e d  R e f i n e d  Model o f  t h e  S h e l l / S l a b  J u n c t i o n  

T h i s  f i n i t e  e lement  model was used t o  r e v e a l  more d e t a i l e d  i n f o r m a t i o n  on 
t h e  b e h a v i o r  o f  s h e l l / s l a b  j u n c t i o n  d u r i n g  p r e s s u r i z a t i o n .  R e i n f o r c e d  
a x i s y m e t r i c  cont inuum e lements  i n  t h i s  model r e p r e s e n t  n o t  o n l y  t h e  s l a b ,  
b u t  a l s o  p a r t  o f  t h e  s h e l l ,  as shown i n  F i g u r e  4.2.25. As was t h e  case i n  
t h e  p r e c e d i n g  model ,  t h e  s l a b  r e s t s  on an e l a s t i c  f o u n d a t i o n  ( s o i l ) .  Aga in ,  
f r i c t i o n l e s s  s l i d i n g  i s  p r o v i d e d  between t h e  nodes o f  t h e  e l a s t i c  f o u n d a t i o n  
and t h e  b o t t o m  o f  t h e  s l a b  and a l s o  between t h e  embedded l i n e r  and t h e  
s u r r o u n d i n g  c o n c r e t e .  

As d i s p l a y e d  i n  F i g u r e  4.2.25, a r i g i d  i n t e r c o n n e c t i o n  i s  used t o  model t h e  
i n t e r a c t i o n  between l a r g e  and smal l  e lements .  The j o i n t  between t h e  
cont inuum and f l e x u r a l  e lements  i n  t h e  w a l l  o f  t h e  s h e l l  assumes t h a t  p l a n e  
s e c t i o n s  remain  p l a n e .  

The r e i n f o r c e m e n t  i n  t h e s e  a d d i t i o n a l  con t inuum e lements  i s  modeled by 
smear ing t h e  r e s p e c t i v e  s t e e l  r e b a r s  o v e r  t h e  cont inuum elements.  The 
r e i n f o r c e m e n t  i n  t h e  hoop, r a d i a l  and a x i a l  d i r e c t i o n s  i s  e s t i m a t e d  f r o m  t h e  
s u p p l i e d  s t r u c t u r a l  d r a w i n g s .  

The s e t t l e m e n t  o f  t h e  model i n t o  t h e  e l a s t i c  f o u n d a t i o n  i s  f i r s t  o b t a i n e d  
when t h e  w e i g h t  o f  t h e  s t r u c t u r e  i s  imposed on t h e  f i n i t e  e lement  model. 
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Subsequent i n t e r n a l  p r e s s u r i z a t i o n  i s  o b t a i n e d  by l o a d  inc remen ts  as i n  t h e  
p r e v i o u s  mode ls .  

The r e f i n e d  f i n i t e  e lement  model o f  t h e  s h e l l / s l a b  j u n c t i o n  i n d i c a t e s  a 
d i f f e r e n t  mode o f  f a i l u r e ,  w h i c h  i s  n e a r  t h e  j u n c t i o n .  Because o f  t h e  
d e t a i l e d  m o d e l i n g  o f  c o n c r e t e ,  r e i n f o r c e m e n t  and t h e  l i n e r  a t  t h e  j u n c t i o n ,  
t h e  model was a b l e  t o  c a p t u r e  t h e  h i g h  shear  f o r c e  t h a t  deve lops  between t h e  
basemat and t h e  w a l l .  The p r e v i o u s  mode ls  c o u l d  n o t  c a p t u r e  t h i s  b e h a v i o r  
because t h e  s h e l l  e lement  t h a t  was u t i l i z e d  i s  f o r m u l a t e d  under  t h e  
assumpt ion  t h a t  t h rough- the - th i ckness  s t r e s s e s  a r e  n e g l e c t e d .  

The s t a r t  o f  f a i l u r e  a t  t h e  j u n c t i o n  t a k e s  p l a c e  a t  about  140 p s i g  (0.965 
MPa) i n t e r n a l  p r e s s u r e ;  a t  t h i s  p r e s s u r e ,  two t o  t h r e e  rows o f  c o n c r e t e  f a i l  
i n  compress ion  i n  t h e  r a d i a l  d i r e c t i o n .  These e lemen ts  a r e  l o c a t e d  between 
t h e  k n u c k l e  o f  t h e  l i n e r  ( i n s i d e  o f  v e s s e l )  and t h e  t o p  o f  t h e  o u t e r  
basemat, see F i g u r e  4.2.25. A f t e r  t h e  c o n c r e t e  f a i l s  i n  compression, t h e  
r e b a r  shear  t i e s  a t  t h e s e  l o c a t i o n s  f a i l  i n  t e n s i o n ,  and abou t  40 p e r c e n t  o f  
t h e  m e r i d i o n a l  r e i n f o r c e m e n t  a l s o  f a i l  i n  t e n s i o n .  As t h e  i n t e r n a l  p r e s s u r e  
i n c r e a s e s ,  t h e  m e r i d i o n a l  r e i n f o r c e m e n t  l a y e r  n e a r e s t  t h e  l i n e r  i s  s t r e s s e d  
t h e  h i g h e s t ,  and a t  a round 185 p s i g  (1.276 MPa) t h i s  l a y e r  f a i l s  i n  t e n s i o n ,  
and t h e n  t h e  l i n e r  r i p s  open j u s t  above t h e  k n u c k l e  due t o  t h e  m e r i d i o n a l  
t e n s i o n .  A t  t h i s  p r e s s u r e ,  t h e  f a i l u r e  mode observed i n  t h e  p r e v i o u s  models 
a t  t h e  m i d h e i g h t  c y l i n d e r  c o u l d  a l s o  o c c u r  i n  t h i s  model.  

The i m p o r t a n t  m i l e s t o n e s  o f  t h e  response o f  t h i s  model w i t h  r e s p e c t  t o  
i n t e r n a l  p r e s s u r e  a r e  o u t l i n e d  i n  T a b l e  4.2.7. I t  i s  observed t h a t  t h e  
i n i t i a l  response r e g a r d i n g  t h e  c r a c k i n g  o f  c o n c r e t e  and t h e  i n i t i a t i o n  o f  
y i e l d i n g  do n o t  d i f f e r  a p p r e c i a b l y  f r o m  t h e  r e s u l t s  shown i n  T a b l e  4.2.6.  

4 .2 .6  Three-Dimensional  S i m u l a t i o n  

NEPTUNE i s  a th ree -d imens iona l  f i n i t e  e lement  p rogram t h a t  was deve loped t o  
s i m u l a t e  t h e  response o f  r e a c t o r  components i n  th ree -d imens iona l  space t o  
d e s i g n  b a s i s  and beyond-design-basis l oads .  The code has e v o l v e d  o v e r  t h e  
y e a r s  t o  add ress  t h e  t h e n  c u r r e n t  s a f e t y  i s s u e s .  S i n c e  t h e  code was 
deve loped  t o  s o l v e  a v a r i e t y  o f  p rob lems,  t h e  c u r r e n t  v e r s i o n  i s  a g e n e r a l  
pu rpose  t h r e e - d i m e n s i o n a l  f i n i t e  e lement  code p r i m a r i l y  s u i t e d  f o r  n o n l i n e a r  
p rob lems.  The code i s  capab le  o f  t r e a t i n g  prob lems t h a t  i n v o l v e :  (1) p l a t e  
a n d / o r  s h e l l  s t r u c t u r e s ,  ( 2 )  f l u i d s ,  ( 3 )  c o n t i n u a ,  ( 4 )  f l u i d - s t r u c t u r e  
i n t e r a c t i o n ,  ( 5 )  m e d i a - s t r u c t u r e  i n t e r a c t i o n ,  ( 6 )  c o n t a c t  mechanics,  and ( 7 )  
s i l e n t  b o u n d a r i e s .  An i m p o r t a n t  f e a t u r e  o f  NEPTUNE i s  i t s  a b i l i t y  t o  hand le  
n o n l i n e a r  p rob lems ,  w h i c h  o f t e n  o c c u r  d u r i n g  beyond-design b a s i s  l oads .  The 
e lement  f o r m u l a t i o n s  can p r o p e r l y  t r e a t  l a r g e  d e f o r m a t i o n s  ( g e o m e t r i c  
n o n l i n e a r i t i e s ) ,  and t h e  r a t e - t y p e  m a t e r i a l  mode ls  can hand le  l a r g e  m a t e r i a l  
s t r a i n s  ( m a t e r i a l  n o n l i n e a r i t i e s ) .  E x p l i c i t  s o l u t i o n  a l g o r i t h m s  a r e  used t o  
e c o n o m i c a l l y  s o l v e  s h o r t  d u r a t i o n  t r a n s i e n t  p rob lems.  An e x t e n s i v e  e lement  
l i b r a r y  i s  p r o v i d e d  t o  model b a r s ,  p l a t e s ,  s h e l l s ,  s o l i d s ,  f l u i d s ,  r i g i d  
b o d i e s ,  r i g i d  l i n k s ,  i n t e r f a c e s ,  and s i l e n t  boundar ies .  

I n  o r d e r  t o  use t h e  code f o r  t h e  s i m u l a t i o n  o f  t h e  con ta inmen t  model,  i t  was 
necessa ry  t o  deve lop :  (1) a s t a t i c  a n a l y s i s  c a p a b i l i t y ,  and ( 2 )  a s h e l l  
e lement  t h a t  can model r e i n f o r c e d  c o n c r e t e .  The dynamic r e l a x a t i o n  (DR) 
method was chosen t o  p e r f o r m  s t a t i c  a n a l y s i s  because o f  i t s  (1) 
a r c h i t e c t u r e ,  w h i c h  i s  s i m i l a r  t o  t h e  e x i s t i n g  e x p l i c i t  t i m e  i n t e g r a t i o n  
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T a b l e  4.2.7 Response o f  R e f i n e d  Model o f  S h e l l / S l a b  J u n c t i o n  t o  P r e s s u r i z a t i o n  

P r e s s u r e  
MPa - pslg Response 

0-25 0-0.172 E l  a s t  i c behav io r .  

25-40 0.172-0.276 

40-90 0.276-0.621 

M e r i d i o n a l  c r a c k i n g  on i n s i d e  base o f  
v e s s e l .  

Hoop c r a c k i n g  i n  c y l i n d e r  and hoop/ 
m e r i d i o n a l  c r a c k i n g  o f  t h e  dome. 

40-1 15 0.276-0.793 M e r i d i o n a l  c r a c k i n g  i n  t h e  c y l i n d e r .  

95-110 0.655-0.758 Y i e l d i n g  o f  l i n e r  beg ins  and spreads 
a1 ong cy1 i nder .  

100-105 0.689-0.724 Y i e l d i n g  o f  l i n e r  a t  t h e  base. 

120- 125 0.827-0.862 Y i e l d i n g  o f  hoop r e i n f o r c e m e n t  s t a r t s .  

135- 140 0.931-0.965 

185-190 1.276-1.310 

R a d i a l  compress ive c r u s h i n g  o f  c o n c r e t e  
a t  j u n c t i o n  o f  w a l l  and basemat. P a r t i a l  
f r a c t u r e  o f  some m e r i d i o n a l  and shear t i e  
r e b a r .  

Complete j u n c t i o n  f a i l u r e ,  l i n e r  r i p s  
j u s t  above k n u c k l e  l o c a t i o n .  

scheme, (2) r o b u s t n e s s ,  and (3) sma l l  c o r e  r e q u i r e m e n t s  ( i . e .  r e l a t i v e  t o  
imp1 i c i  t s o l v e r s ) .  

To s i m u l a t e  t h e  response o f  t h e  l : 6 - s c a l e  c o n c r e t e  conta inment  model, i t  was 
necessary  t o  use a p l a t e  e lement  t h a t  wou ld  r e p r e s e n t  t h e  b e h a v i o r  o f  
r e i n f o r c e d  c o n c r e t e  w i t h  a s t e e l  l i n e r  on one o f  i t s  o u t e r  su r faces .  A t h i n  
p l a t e  e lement ,  w h i c h  e x i s t e d  i n  NEPTUNE, has some o f  t h e  f e a t u r e s  needed t o  
p r o p e r l y  s i m u l a t e  t h e  mechanics o f  t h e  response o f  t h e  conta inment  d u r i n g  
p r e s s u r i z a t i o n .  The p l a t e  e lement  i s  a b i l i n e a r  four-node q u a d r i l a t e r a l  
C4.2.111 t h a t  i s  based upon a v e l o c i t y - s t r a i n  f o r m u l a t i o n  and a one-point  
q u a d r a t u r e  r u l e  i n  t h e  p l a n e  o f  t h e  e lement  and a f i v e - p o i n t  q u a d r a t u r e  r u l e  
t h r o u g h  t h e  dep th .  I t  can t r e a t  problems c h a r a c t e r i z e d  by l a r g e  
d e f o r m a t i o n s  and f i n i t e  s t r a i n s .  Fo r  t h i s  a n a l y s i s ,  t h i s  p l a t e  element was 
enhanced w i t h  a m a t e r i a l  model f o r  conc re te ,  a r e p r e s e n t a t i o n  f o r  
r e i n f o r c i n g  b a r s ,  and a l i n e r  model t h a t  accounts  f o r  i t s  membrane response. 

The m a t e r i a l  model f o r  c o n c r e t e  i s  i d e n t i c a l  t o  t h e  model used i n  TEMP- 
STRESS. Some changes t o  t h e  TEMP-STRESS c o d i n g  were r e q u i r e d ,  however, i n  
o r d e r  t o  make t h e  TEMP-STRESS c o n c r e t e  module c o m p a t i b l e  w i t h  t h e  NEPTUNE 
cod ing .  W i t h i n  each o f  t h e  f i v e  through- the-depth l a y e r s  o f  t h e  e lement ,  
c r a c k i n g  i s  s i m u l a t e d  by a smeared c r a c k i n g  model t h a t  a l l o w s  two o r thogona l  
c r a c k s  p e r p e n d i c u l a r  t o  t h e  d e p t h  d i r e c t i o n  t o  deve lop .  The remain ing  
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d e t a i l s  o f  t h e  c o n c r e t e  model were p r e v i o u s l y  g i v e n  i n  S e c t i o n  4.2.4 and 
w i l l  n o t  be r e p e a t e d  here .  

The r e b a r s  a r e  r e p r e s e n t e d  i n  t h e  e l e m e n t  by d i s c r e t e  l a y e r s  o f  smeared 
r e i n f o r c i n g  s t e e l .  W i t h i n  t h e  e lement ,  i n d i v i d u a l  l a y e r s  a r e  used t o  
r e p r e s e n t  c o r r e s p o n d i n g  l a y e r s  o f  a c t u a l  r e i n f o r c e m e n t .  The f o l l o w i n g  
g e o m e t r i c  i n f o r m a t i o n  i s  r e q u i r e d  f o r  each l a y e r  o f  r e b a r s :  l o c a t i o n  i n  t h e  
d e p t h  o f  t h e  c r o s s - s e c t i o n  r e l a t i v e  t o  t h e  c e n t r o i d a l  p l a n e ,  o r i e n t a t i o n  o f  
t h e  b a r s  r e l a t i v e  t o  s i d e  one o f  t h e  e lement ,  t r u e  c r o s s - s e c t i o n a l  a r e a  o f  
t h e  b a r s ,  and s p a c i n g  between b a r s .  The s t r e s s  s t a t e  i n  t h e  b a r s  i s  assumed 
t o  be u n i a x i a l .  The u n i a x i a l  s t r e s s  s t a t e  i s  r o t a t e d  i n t o  a two d i m e n s i o n a l  
s t r e s s  s t a t e  i n  t h e  q u a d r i l a t e r a l  e lement  c o o r d i n a t e  system; bend ing  o f  t h e  
b a r s  i s  n o t  c o n s i d e r e d .  The r e i n f o r c e m e n t  i s  assumed t o  l i e  a l o n g  a 
s t r a i g h t  l i n e  w i t h i n  each l a y e r  o f  an e lement .  Regions i n  w h i c h  t h e  
r e i n f o r c e m e n t  f o l l o w s  a c u r v e d  l i n e  a r e  a p p r o x i m a t e d  by s p e c i f y i n g  d i f f e r e n t  
b a r  o r i e n t a t i o n s  f r o m  e lement  t o  e lement .  The r e i n f o r c e m e n t  i s  t a k e n  t o  be 
r i g i d l y  bonded t o  t h e  c o n c r e t e  t h r o u g h o u t  t h e  s i m u l a t i o n ,  t h u s  debonding o f  
r e b a r s  and c o n c r e t e  cannot  o c c u r .  R e i n f o r c e m e n t s  t h r o u g h  t h e  d e p t h  o f  t h e  
c r o s s - s e c t i o n ,  such as c o n n e c t i n g  t i e s ,  c a n n o t  be t r e a t e d .  A u n i a x i a l  
e l a s t o - p l a s t i c  s t r a i n  h a r d e n i n g  m a t e r i a l  model i s  used t o  r e p r e s e n t  t h e  
response o f  t h e  r e b a r s .  The r e b a r s  a r e  assumed t o  r u p t u r e  when t h e  
p r e d i c t e d  a x i a l  s t r a i n  exceeds t h e  u l t i m a t e  s t r a i n  v a l u e ,  as g i v e n  i n  
T a b l e  4 .2 .2 .  

The f i n a l  i n g r e d i e n t  t h a t  was added t o  t h e  o r i g i n a l  p l a t e  e lement  w a s  an 
a d d i t i o n a l  l a y e r  p o s i t i o n e d  o u t s i d e  o f  t h e  e x i s t i n g  i n s i d e  s u r f a c e  l a y e r  o f  
c o n c r e t e  f o r  c a p t u r i n g  t h e  membrane response o f  t h e  l i n e r .  A two- 
d i m e n s i o n a l  e l a s t o - p l a s t i c  s t r a i n  h a r d e n i n g  m a t e r i a l  model w i t h  t h e  von 
Mises  y i e l d  c r i t e r i o n  i s  used t o  r e p r e s e n t  t h e  l i n e r  s t e e l .  F a i l u r e  o f  t h e  
l i n e r  i s  assumed t o  o c c u r  when t h e  c a l c u l a t e d  e q u i v a l e n t  t r u e - s t r a i n  exceeds 
t h e  v a l u e  f o r  t h e  u l t i m a t e  s t r a i n  g i v e n  i n  T a b l e s  4.2.3 and 4.2.4. 

A s m a l l  s e t  o f  t e s t  p rob lems were s u c c e s s f u l l y  r u n  t o  v e r i f y  t h e  deve loped 
methodo logy  and i t s  i m p l e m e n t a t i o n  i n  t h e  code. However, a l a r g e r  p rob lem 
s e t  needs t o  be e x e r c i s e d  b e f o r e  c o m p l e t e  c o n f i d e n c e  i s  ga ined.  A l s o ,  
l o n g e r  t h a n  e x p e c t e d  CPU t i m e s  were n o t e d  when l a r g e  p a r t s  o f  t h e  s t r u c t u r e  
behave p l a s t i c a l l y .  Changes i n  t h e  method t h a t  s h o u l d  reduce CPU t i m e s  a r e  
b e i n g  imp lemented i n t o  t h e  code. 

4 .2 .6 .1  F i n i t e  E lement  Model 

The 1 : 6 - s c a l e  c o n c r e t e  c o n t a i n m e n t  model c o n t a i n s  s e v e r a l  l a r g e  
p e n e t r a t i o n s ,  such as an equipment  h a t c h  and p e r s o n n e l  l o c k ,  t h a t  w i l l  cause 
d e v i a t i o n s  f r o m  a p u r e  a x i s y m n e t r i c  response and may decrease t h e  c a p a c i t y  
o f  t h e  c o n t a i n m e n t .  I n  o r d e r  t o  p r e d i c t  t h e  b e h a v i o r  near  t h e s e  r e g i o n s ,  a 
nomina l  50 degree c i r c u m f e r e n t i a l  segment o f  t h e  model was deve loped ( F i g u r e  
4 .2 .26) .  The segment i n c l u d e s  t h e  c y l i n d e r  f r o m  t h e  basemat t o  t h e  
s p r i n g l i n e  and t h e  dome. The c y l i n d e r  p o r t i o n  c o n t a i n s  one-ha l f  o f  t h e  
p e n e t r a t i o n  o p e n i n g  f o r  Equipment H a t c h  B. The basemat was n o t  i n c l u d e d  i n  
t h i s  mode l ;  t h u s ,  i t s  e f f e c t s  on t h e  c y l i n d e r  a t  t h e  cy l inder -basemat  
j u n c t i o n  a r e  n o t  t a k e n  i n t o  a c c o u n t .  

The model c o n s i s t s  o f  266 q u a d r i l a t e r a l  p l a t e  e lements  and 305 nodes w i t h  
1830 degrees of freedom. The e l e m e n t s  a r e  7 i n c h e s  (178 mn) t h i c k  i n  t h e  
s p h e r i c a l  dome w i t h  a 1 / 1 2  i n c h  (2 .12  mn) t h i c k  l i n e r  added t o  t h e  i n s i d e  
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s u r f a c e  and 9-3/4 i n c h  (248 mm) t h i c k  i n  t h e  c y l i n d e r  w i t h  a 0.068 i n c h  
(1 .73  mn) t h i c k  l i n e r .  The e lements  i n  t h e  r e g i o n  o f  t h e  boss a r e  21  i nches  
(533 mn) t h i c k ,  and t h o s e  i n  t h e  t r a n s i t i o n  r e g i o n  a r e  15-3/8 i nches  (391  
m); b o t h  have a 0.068 i n c h  (1.73 mn) l i n e r  on t h e  i n s i d e  s u r f a c e .  

The t o p o l o g y  o f  t h e  r e i n f o r c e m e n t  was s p e c i f i e d  f o r  each e lement  by 
p r e s c r i b i n g  t h e  l o c a t i o n  o f  each l a y e r  i n  t h e  d e p t h  d i r e c t i o n  and t h e  
o r i e n t a t i o n  r e l a t i v e  t o  s i d e  one o f  t h e  e lement .  The c i r c u m f e r e n t i a l ,  
m e r i d i o n a l ,  and s e i s m i c  r e b a r  t o p o l o g y  i s  c a p t u r e d  f a i r l y  a c c u r a t e l y  i n  
r e g i o n s  remote f r o m  t h e  p e n e t r a t i o n .  The cu rved  shape o f  t h e  r e b a r s  near  
t h e  p e n e t r a t i o n  i s  approx imated by s t r a i g h t  b a r s  w i t h i n  each e lement ,  b u t  
t h e  o r i e n t a t i o n  o f  t h e  b a r s  f rom sma l l  g roups  o f  c o n t i g u o u s  e lements t o  
sma l l  g roups  o f  c o n t i g u o u s  e lements  i s  v a r i e d  t o  g l o b a l l y  c a p t u r e  t h e  cu rved  
shape. The number o f  l a y e r s  o f  b a r s  i n  each e lement  cor respond t o  t h e  
s p e c i f i c a t i o n s .  The e x t r a  r e i n f o r c e m e n t  t h a t  forms a cage around t h e  
p e n e t r a t i o n  open ing  i s  a l s o  taken  i n t o  account  as a r e  t h e  sun-ray ba rs .  The 
t i e s  i n  t h e  d e p t h  d i r e c t i o n  a r e  n o t  t r e a t e d .  Rebar l a y e r s  10 and 11, wh ich  
a r e  l o c a t e d  a t  t h e  c y l i n d e r - b a s e m a t  j u n c t u r e ,  a r e  accounted f o r  i n  t h e  
model.  Nominal  v a l u e s  o f  t h e  r e b a r  a reas  were used i n  t h e  a n a l y s i s .  I t  i s  
assumed t h a t  t h e  development  l e n g t h  o f  t h e  r e b a r s  i s  m a i n t a i n e d  t h r o u g h o u t  
t h e  l o a d i n g .  The apex p l a t e s ,  w h i c h  anchor  t h e  r e b a r s  i n  t h e  dome, a r e  
model 1 ed by ove r1  a y i  ng two q u a d r i  1 a t e r a l  p l  a t e  e lements ,  w h i c h  have o n l y  
s t e e l  m a t e r i a l  p r o p e r t i e s  s p e c i f i e d ,  o n t o  a n o t h e r  q u a d r i l a t e r a l  p l a t e  
e lement ,  w h i c h  has o n l y  c o n c r e t e  m a t e r i a l  p r o p e r t i e s  s p e c i f i e d .  

The model i s  s u b j e c t e d  t o  a f i x e d  boundary c o n d i t i o n  (no  t r a n s l a t i o n s  o r  
r o t a t i o n s  a l l o w e d )  a t  t h e  base o f  t h e  c y l i n d e r .  Symmetry c o n d i t i o n s  a r e  
e n f o r c e d  on t h e  nodes t h a t  l i e  i n  each o f  t h e  t w o  v e r t i c a l  symmetry p lanes ;  
t h e  f i r s t  p l a n e  c o n t a i n s  t h e  m e r i d i o n a l  edge o f  t h e  model w i t h  t h e  
p e n e t r a t i o n  open ing ,  and t h e  second p l a n e  c o n t a i n s  t h e  o t h e r  m e r i d i o n a l  
edge. The symmetry boundary c o n d i t i o n  i s  a r o l l e r  c o n d i t i o n  i n  wh ich  m o t i o n  
( t r a n s l a t i o n a l  and r o t a t i o n a l )  i s  o n l y  a l l o w e d  i n  t h e  symmetry p lane .  The 
apex node i s  o n l y  p e r m i t t e d  t o  move i n  t h e  v e r t i c a l  d i r e c t i o n ;  no r o t a t i o n s  
a r e  a1 lowed. 

The l o a d  i s  a p r e s s u r e  i n c r e m e n t a l l y  a p p l i e d  t o  t h e  i n s i d e  s u r f a c e  o f  t h e  
c o n t a i n m e n t  and a l i n e  l o a d ,  w h i c h  i s  e q u i v a l e n t  t o  t h e  p r e s s u r e  l o a d  on t h e  
h a t c h  c o v e r ,  a p p l i e d  i n  t h e  r a d i a l  d i r e c t i o n  t o  t h e  edge o f  t h e  p e n e t r a t i o n  
open ing  i n  t h e  u p d a t e d  geometry .  A p r e s s u r e  o f  20 p s i g  (0 .138 MPa) i s  
a p p l i e d  i n  t h e  f i r s t  l o a d  s t e p ,  and 5 p s i g  (0 .034 MPa) i n c r e m e n t s  a r e  used 
t h e r e a f t e r .  

The numer i ca l  s i m u l a t i o n  was per fo rmed on an I B M  3033 computer,  wh ich  i s  n o t  
a supercomputer .  The c o n t a i n m e n t  model r e q u i r e d  2.2 megabytes o f  co re  and 
about  6 hours  o f  CPU t o  reach  f a i l u r e .  Note ,  a r e c e n t  computer benchmark 
s t u d y  conducted  by ANL's Computer S e r v i c e  D i v i s i o n  i n d i c a t e d  t h a t  t h e  
NEPTUNE code runs  e i g h t  t i m e s  f a s t e r  on a CRAY. Thus, t h i s  p rob lem would 
r e q u i r e  about  45 m i n u t e s  on a CRAY. The 6 hour  CPU r e q u i r e m e n t  imposes 
severe  l i m i t a t i o n s  on t u r n a r o u n d  because o f  t h e  p r i c i n g  f a c t o r  t h a t  i s  
a p p l i e d  t o  computer  c o s t .  S ince  l i m i t e d  in-house funds  were used, most o f  
t h e  c o m p u t a t i o n s  w e r e  p e r f o r m e d  d u r i n g  weekends a t  w h i c h  h i g h l y  reduced 
r a t e s  were i n  e f f e c t .  T h e r e f o r e ,  a c o n s i d e r a b l e  amount o f  r e a l  t i m e  was 
r e q u i r e d  t o  p e r f o r m  t h e  t a s k s  o f  debugging,  model e v o l u t i o n ,  model 
v e r i f i c a t i o n ,  and p o s t p r o c e s s i n g .  
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4.2.6.2 R e s u l t s  

The model was p r e s s u r i z e d  i n c r e m e n t a l l y  up t o  f a i l u r e ,  w h i c h  o c c u r r e d  a t  180 
p s i g  (1.241 MPa). The response m i l e s t o n e s  a r e  l i s t e d  i n  T a b l e  4.2.8. A l l  
m a t e r i a l s  i n  t h e  model behaved e l a s t i c a l l y  up t o  25 p s i g  (0.172 MPa). 
C r a c k i n g  a t  t h e  i n n e r  d i a m e t e r  o f  t h e  boss a t  t h e  6 and 12 o ' c l o c k  p o s i t i o n s  
began a t  t h e  p r e s s u r e  o f  30 p s i g  (0.207 MPa). M e r i d i o n a l  c r a c k s  a l s o  formed 
a t  t h e  base o f  t h e  c y l i n d e r .  I t  was n o t e d  t h a t  t h e  r a d i a l  d i s p l a c e m e n t s  o f  
t h e  c y l i n d e r  n e a r  t h e  r e g i o n  o f  t h e  boss and i n c l u d i n g  t h e  boss were l e s s  
t h a n  t h o s e  f u r t h e r  away. T h i s  d e f o r m a t i o n  p a t t e r n  formed an i n w a r d  d imp le .  
B e g i n n i n g  a t  40 p s i g  (0.276 MPa), e x t e n s i v e  c r a c k i n g  o c c u r r e d  i n  t h e  boss, 
c y l i n d e r ,  and dome. The l i n e r  m a t e r i a l  b e g i n s  t o  behave p l a s t i c a l l y  a t  85 
p s i g  (0.586 MPa). S t r e s s  i n  t h e  hoop r e i n f o r c e m e n t  reached t h e  y i e l d  v a l u e  
a t  125 p s i g  (0 .862 MPa), and t h e  m e r i d i o n a l  r e b a r s  were s t r e s s e d  t o  y i e l d  a t  
145 p s i g  (1.000 MPa). D i s p l a c e m e n t s  and s t r a i n s  f o r  t h e  model a r e  g i v e n  i n  
F i g u r e s  4.2.27 t h r o u g h  4.2.31. 

T a b l e  4.2.9 Response o f  Three-Dimensional  Model t o  P r e s s u r i z a t i o n  

P res  su r e  
pslg MPa 

25 0.172 

30 0.207 

40 0.276 

85 0.586 

Response 

E l  a s t i  c b e h a v i o r .  

C r a c k i n g  a t  6 and 12 o ' c l o c k  p o s i t i o n s  o f  
boss;  m e r i d i o n a l  c r a c k i n g  a t  base o f  
cy1 i n d e r .  

E x t e n s i v e  c r a c k i n g  i n  boss ,  c y l i n d e r ,  and 
dome. 

L i n e r  m a t e r i a l  b e g i n s  t o  behave 
p l  a s t i c a l  l y .  

125 0.862 Hoop r e b a r s  behave p l a s t i c a l  l y .  

145 1.000 M e r i d i o n a l  r e b a r s  behave p l a s t i c a l l y .  

180 1.241 F i n a l  p r e s s u r e  a t  w h i c h  e q u i l i b r i u m  was 
o b t a i n e d .  A s p l i c e  i n  a l a y e r  6 (hoop)  
r e b a r  f a i l e d  a t  p o i n t  A shown i n  F i g u r e  
4.2.26 when 185 p s i g  o f  p r e s s u r e  was 
app l  i ed. 
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4.2.7 C o n c l u s i o n s  

The t h r e e  TEMP-STRESS models  i n d i c a t e  r a t h e r  s i m i l a r  l e v e l s  o f  f a i l u r e  
p ressu re ,  a l l  o f  w h i c h  l i e  i n  t h e  range o f  185-190 p s i  (1.276-1.310 MPa). 
However, t h e  t h r e e  models  p r e d i c t  d i s t i n c t l y  d i f f e r e n t  f a i l u r e  mechanisms a t  
t h e s e  p r e s s u r e s .  I t  appears f r o m  these  s t u d i e s  t h a t  t h e  f a i l u r e  modes i n  an 
a n a l y t i c a l  model wou ld  o c c u r  a lmos t  s i m u l t a n e o u s l y .  However, i n  r e a l i t y  a 
s i m u l t a n e o u s  o c c u r r e n c e  o f  s e v e r a l  f a i l u r e  mechanisms i s  n o t  l i k e l y  s i n c e  
t h e  onse t  o f  f a i l u r e  w i l l  reduce t h e  p r e s s u r e  and t h e r e f o r e  reduce t h e  
s t r e s s  on t h e  o t h e r  p o s s i b l e  s i t e s  o f  f a i l u r e s .  T h e r e f o r e ,  i t  i s  i m p o s s i b l e  
t o  p r e d i c t  w h i c h  f a i l u r e  mechanism w i l l  occu r ;  we p r e d i c t  one o f  t h e  
f o l l o w i n g  t h r e e  mechanisms: 

1) Hoop f a i l u r e  o f  t h e  vesse l  a t  t h e  m i d h e i g h t ,  p o i n t  A i n  F i g u r e  
4.2.6,  f o l l o w i n g  t h e  f a i l u r e  o f  t h e  s p l i c e  i n  t h i s  area.  

2 )  F a i l u r e  o f  a w e l d  i n  t h e  l i n e r  nea r  t h e  basemat due t o  e x c e s s i v e  
s t r a i n .  

3 )  F a i l u r e  o f  t h e  l i n e r  j u s t  above t h e  k n u c k l e  due t o  compress ive 
f a i  1 u r e  o f  t h e  c o n c r e t e .  

The response o f  t h e  t h r e e - d i m e n s i o n a l  model was q u a l i t a t i v e l y  s i m i l a r  t o  t h e  
two-d imensional  s h e l l  model .  F u r t h e r m o r e ,  t h e  sequence o f  damage m i l e s t o n e s  
o c c u r r e d  a t  p r e s s u r e s  t h a t  agreed q u a l i t a t i v e l y  w i t h  t h e  two-d imensional  
r e s u l t s .  However, a d i m p l e  d e f o r m a t i o n  p a t t e r n  o c c u r r e d  i n  t h e  r e g i o n  o f  
t h e  boss i n d i c a t i n g  bend ing  d e f o r m a t i o n s .  The th ree-d imens iona l  model 
p r e d i c t s  f a i l u r e  a t  an i n t e r n a l  p r e s s u r e  between 180-185 p s i g  (3.241-1.276 
MPa) when t h e  s p l i c e s  i n  l a y e r  6 f a i l  j u s t  above c y l i n d e r  m i d h e i g h t  i n  a 
r e g i o n  away f r o m  t h e  equipment  h a t c h  opening.  Note,  i f  t h e  development 
l e n g t h  o f  e i t h e r  t h e  sun r a y  r e b a r s  i n  t h e  boss a rea  o r  t h e  l a y e r  10 and 11 
r e b a r s  near  t h e  basemat i s  n o t  m a i n t a i n e d ,  t h e n  these  areas c o u l d  weaken and 
become p o t e n t i a l  f a i l u r e  s i t e s .  

I t  i s  o u r  c o n c l u s i o n  t h a t  t h e  t e s t  model has been p r o p e r l y  des igned,  w i t h  
f u l l  u n d e r s t a n d i n g  o f  b a s i c  d e s i g n  r e q u i r e m e n t s  and i t  possesses no weak 
components t h a t  wou ld  f a i l  p r e m a t u r e l y .  Thus, t h e  t e s t  model i s  e q u a l l y  
s t r o n g  i n  a l l  o f  i t s  weakest l i n k s  and t h e  f a i l u r e  mode i s  d i f f i c u l t  t o  
p r e d i c t .  
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S t a r t  

17- Element S t r a i n s  

S 
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Element S t r e s s e s  

Nodal Fo rces  

I n t e r n a l  

E x t e r n a l  

Damping 

G r a v i t y  

Nodal " A c c e l e r a t i o n "  

Nodal "Ve l  o c i  t y "  

Nodal D isp lacemen t  

T e s t  End o f  T r a n s i e n t  S o l u t i o n  

Time Inc remen t  ( t  = t + A t * )  

T e s t  E q u i l i b r i u m  

Load Inc remen t  (L = L + AL) 

End 

C o n s t i t u t i v e  

Mode 1 s I 
Eq. (4 .2 .2 )  

( I n p u t )  

Eq. (4.2.4) 

( I n p u t )  

Eq. (4 .2 .9 )  

Eq. (4.2.10) 

E-q. (4 .2 .11)  

Eqs. (4.2.12-4.2.13) 

*For  p rob lems i n v o l v i n g  dynamic r e l a x a t i o n  A t  i s  used as an i t e r a t i o n  parameter ,  
n o t  a t i m e  i n c r e m e n t .  

F i g u r e  4 .2 .2  Sequence o f  C a l c u l a t i o n s  U s i n g  Dynamic R e l a x a t i o n  
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Ar - % OF A R E A  (hw) 

A, - % OF A R E A  (bw) 

A, -  % OF A R E A  (bh) 

h 

F i g u r e  4.2.3 R e p r e s e n t a t i o n  o f  R e i n f o r c e m e n t  i n  Conc re te  o f  t h e  
A x i s y m n e t r i c  Cont inuum E lement  
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SHELL 
ELEMENTS 
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- CENTERLINE 
O f  LINER 

44 

45 
46 
47 
48 
49 
50 
SI 
52 
53 
54 
55 
56 
57 
50 
59 
60 
61 
62 

///// 

ELEMENT NUMBERS 

€ 
1 
1 

OF LINER 

84 ' 20 
1, 

90 26 

CENTERLINE OF 7 
CONCRETE WALL 

96 32 

NODE NUMBERS 

F i g u r e  4.2.5 D i s c r e t i z a t i o n  o f  Shell Model 
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F i g u r e  4.2.7 R a d i a l  D isp lacemen t  o f  L i n e r  and V e r t i c a l  D isp lacemen t  
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4 . 3  E l e c t r i c  Power Research I n s t i t u t e  

S e c t i o n  4.3 was p r e p a r e d  by ANATECH I n t e r n a t i o n a l  C o r p o r a t i o n .  The 
p r i n c i p a l  i n v e s t i g a t o r s  were R. A. Darneron, R. S. Dunham, V .  R. Rashid,  and 
M. F. Su l l away .  The work  was conducted  f o r  t h e  N u c l e a r  Pawer D i v i s i o n  o f  
t h e  E l e c t r i c  Power Research I n s t i t u t e ,  where t h e  p r o j e c t  manager was H. T. 
Tang. 

4 .3 .1  Sumnary 

T h i s  r e p o r t  p r e s e n t s  t h e  r e s u l t s  o f  p r e t e s t  ana lyses  o f  t h e  s t r u c t u r a l  
b e h a v i o r  o f  t h e  Sand ia  1:6 S c a l e  Re in fo rced  Conc re te  Containment Model. 
T h i s  work  i s  p a r t  o f  EPRI ' s  ongo ing  r e s e a r c h  t o  d e v e l o p  t e s t - v a l i d a t e d  
methodo logy  f o r  t h e  p r e d i c t i o n  o f  t h e  o v e r p r e s s u r e  b e h a v i o r  o f  c o n c r e t e  
con ta inmen ts .  
r e q u e s t e d  by  SNL. 

T a b l e  4.3.1 i s  a sumnary o u t l i n i n g  t h e  p r e d i c t i o n s ,  wh ich  was 

The approach t a k e n  f o r  t h e  1:6 s c a l e  model was f i r s t  t o  conduct  g l o b a l  
a x i s y m m e t r i c  a n a l y s e s  t o  i d e n t i f y  c r i t i c a l  r e g i o n s ,  t h e n  t o  ana lyze  these  
r e g i o n s  s e p a r a t e l y  i n  d e t a i l e d  2-D a x i s y m n e t r i c  and r-8 geomet r i es ,  and 
f i n a l l y  t o  s e l e c t  t h e  most l i k e l y  f a i l u r e  l o c a t i o n s  and p e r f o r m  d e t a i l e d  
l o c a l  3-D ana lyses .  
many v a l u a b l e  automated p rocedures  were deve loped f o r  g r i d  g e n e r a t i o n ,  
p o s t p r o c e s s i n g  o f  r e s u l t s ,  automated r e b a r  g e n e r a t i o n ,  and a p p l i c a t i o n  o f  
l a r g e  s e t s  o f  d i s p l a c e m e n t  boundary c o n d i t i o n s  t o  t h e  edges o f  l o c a l  models. 

I n  e x t e n d i n g  t h e  c u r r e n t  a n a l y s i s  c a p a b i l i t i e s  t o  3-D, 

The 2-D a n a l y s i s  s e r i e s  show t h a t  l i n e r  s t r a i n  c o n c e n t r a t i o n s  a r e  l o c a t e d  a t  
t h e  w a l l  basemat j u n c t u r e ,  a t  t h e  s p r i n g l i n e  where l i n e r  t h i c k n e s s  
t r a n s i t i o n  o c c u r s ,  and near  each p e n e t r a t i o n  where t h e  r i g i d - i n c l u s i o n  
e f f e c t  o f  t h e  o v e r - r e i n f o r c e d  p e n e t r a t i o n  causes seve re  l o c a l i z e d  l i n e r  
s t r a i n .  The a x i s y m m e t r i c  ana lyses  a l s o  show t h a t  l a r g e  bend ing  moments a r e  
i nduced  i n  t h e  basemat and t h a t  a t  h i g h  p r e s s u r e s  a p l a s t i c  moment h i n g e  
fo rms  f o l l o w e d  by s i g n i f i c a n t  basemat l i f t o f f .  The 2-D a n a l y s i s  s e r i e s  t h u s  
enab led  a p r e l i m i n a r y  r a n k i n g  o f  t h e s e  p o t e n t i a l  f a i l u r e  l o c a t i o n s  and 
e s t a b l i s h e d  t h e  framework f o r  t h e  3-D a n a l y s i s  s e r i e s .  The 3-D s e r i e s  
focussed  on th ree -d imens iona l  e f f e c t s  w h i c h  c o u l d  n o t  be s i m u l a t e d  t h r o u g h  
a x i s y m m e t r i c  o r  p l a n e  a n a l y s i s ,  p a r t i c u l a r l y  t h e  i n t e r a c t i o n  o f  hoop and 
m e r i d i o n a l  d e f o r m a t i o n s  around p e n e t r a t i o n s .  I n  t h e  l o c a l  3-D models h a t c h  
d e f o r m a t i o n s  and d i s p l a c e m e n t  g r a d i e n t s  were c a l c u l a t e d ,  and d e t a i l e d  l i n e r  
s t r a i n  p r o f i l e s  were deve loped,  t h u s  f o r m i n g  a b a s i s  f o r  f a i l u r e  
p r e d i c t i o n s .  

The s t r u c t u r a l  f a i l u r e  mode t h a t  i s  p r e d i c t e d  t o  o c c u r  f i r s t  i s  t h e  r u p t u r e  
o f  t h e  l i n e r  seam a t  t h e  wal l -basemat j u n c t u r e .  T h i s  f a i l u r e  mode i s  d r i v e n  
i n  p a r t  by t h e  f a i l u r e  o f  t h e  basemat i n  bend ing  due t o  t h e  y i e l d i n g  o f  t h e  
basemat b o t t o m  b a r s  a t  135 p s i  ( .93  MPa). A t  140 p s i  ( .97  MPa), t h e  
e f f e c t i v e  l i n e r  s t r a i n s  a t  t h e  j u n c t u r e  reach  6 p e r c e n t .  Between 140 and 
160 p s i  ( . 97  and 1.10 MPa), t h e  e f f e c t i v e  s t r a i n  a t  t h i s  l o c a t i o n  grows t o  
16 p e r c e n t ,  w h i c h  i s  t h e  d u c t i l i t y  l i m i t  o f  t h e  m a t e r i a l .  Over t h e  same 
p r e s s u r e  range, basernat edge l i f t o f f  exceeds one i n c h ,  wh ich  i s  p r o b a b l y  
l a r g e r  t h a n  i s  p o s s i b l e  w i t h o u t  d e p r e s s u r i z a t i o n .  Thus, f a i l u r e  i s  expec ted  
t o  o c c u r  between 140 and 150 p s i  ( . 97  and 1.03 MPa) a t  t h e  basemat j u n c t u r e .  
F a i l u r e  a t  t h i s  l o c a t i o n  i s  a l s o  l i n k e d  t o  t h e  b e h a v i o r  o f  t h e  l i n e r  
anchorage, and t h i s  i s  d i s c u s s e d  i n  t h e  r e p o r t .  Wh i le  t h e  basemat j u n c t u r e  
i s  p r e d i c t e d  t o  be t h e  f i r s t  leakage l o c a t i o n ,  a t  150 p s i  (1 .03  MPa) many 
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T a b l e  4.3.1 Surrmary T a b l e  

I tem 

A n a l y t i c a l  Method 

C o n s t i t u t i v e  
Model s 

Mode 1 
Geome t r i e s 

F a i  1 u r e  C r i t e r i o n  

P r e d i c t e d  F a i l u r e  
Mode 

P r e d i c t e d  F a i l u r e  
P r e s s u r e  

D e s c r i  p t  i on 

ABAQUS C4.3.3) w i t h  sma l l  d i s p l a c e m e n t  t h e o r y .  

S t e e l :  ABAQUS n o n l i n e a r  i s o t r o p i c  m a t e r i a l  w i t h  s t r e s s -  
s t r a i n  c u r v e s  as p r o v i d e d  by SNL. 
Concre te :  S u b r o u t i n e  UMAT C4.3.2, 4.3.4) w i t h  i n t e g r a t i o n  
p o i n t  t e n s i l e  c r a c k i n g  and shear  r e t e n t i o n .  Compressive 
p l a s t i c i t y  w i t h  no s t r a i n  s o f t e n i n g  f o r  2-D a n a l y s i s  b u t  
w i t h  s t r a i n  s o f t e n i n g  f o r  3-D ana lyses .  

S e r i e s  o f  2-D a x i s y m m e t r i c  and r-8 a n a l y s e s  f o r  l o c a t i n g  
and r a n k i n g  f a i l u r e  l o c a t i o n s .  D e t a i l e d  ax i sy r rme t r i c  
a n a l y s i s  f o r  f i n a l  wal l -basemat  j u n c t u r e  p r e d i c t i o n .  G loba l  
and l o c a l  3-D a n a l y s e s  o f  w a l l ,  dome and m a j o r  p e n e t r a t i o n s .  
Rebar modeled as tens ion-compress ion  subelements.  Concre te  
was modeled w i t h  q u a d r a t i c  cont inuum elements.  The l i n e r  
was modeled w i t h  q u a d r a t i c  cont inuum e lements  i n  a reas  o f  
l o c a l  i n t e r e s t  and w i t h  s h e l l  e lements  e lsewhere .  

La rge  l o c a l i z e d  l i n e r  s t r a i n  c a u s i n g  l i n e r  r u p t u r e  and 
leakage.  E f f e c t i v e  ( v o n  M ises )  s t r a i n  o f  15 p e r c e n t  was 
reached a t  one l o c a t i o n  a t  160 psi (1.10 MPa) w h i c h  i s  t h e  
m a t e r i a l  d u c t i l i t y  l i m i t .  However, c o r r e l a t i o n  w i t h  
p r e v i o u s  t e s t s  C4.3.2) shows t h a t  a t  s t i f f n e s s  
d i s c o n t i n u i t i e s  s t r a i n s  may be l o c a l l y  a m p l i f i e d  and t h e  
d u c t i l i t y  a t  welded seams i s  p r o b a b l y  reduced C4.3.91, t h u s  
l i n e r  r u p t u r e  i s  p r e d i c t e d  a t  c a l c u l a t e d  e f f e c t i v e  s t r a i n s  
o f  6 p e r c e n t  t o  8 p e r c e n t .  

L i n e r  t e a r i n g  a t  t h e  c o n n e c t i o n  o f  t h e  l i n e r  t o  t h e  w a l l -  
basemat j u n c t u r e  knuck le .  L i n e r  t e a r i n g  mechanism i s  
t r i g g e r e d  by basemat b e n d i n g  f a i l u r e .  

Between 140 and 150 p s i  (0 .9  to 1.03 MPa). 

l o c a l  a reas  near  t h e  h a t c h e s  and t h e  p e n e t r a t i o n s  s u s t a i n  maximum p r i n c i p a l  
s t r a i n s  r a n g i n g  f r o m  3 p e r c e n t  t o  6 p e r c e n t .  If l eakage i s  d e l a y e d  a t  t h e  
basemat j u n c t u r e ,  f a i l u r e  i s  p r e d i c t e d  a t  t h e  3 o ' c l o c k  o r  9 o ' c l o c k  
p o s i t i o n  i n  t h e  1 / 1 6 "  (1 .59  mm) l i n e r  m a t e r i a l  n e x t  t o  t h e  3 /16 "  (4.76 mm) 
r e i n f o r c e d  l i n e r  a round a p e n e t r a t i o n .  The p e n e t r a t i o n s  a r e  ranked f r o m  
h i g h e s t  f a i l u r e  p o t e n t i a l  t o  l o w e s t  as f o l l o w s :  t h e  8" c o n s t r a i n e d  
p e n e t r a t i o n s ,  4 "  p r e s s u r e  n o z z l e  c o n n e c t i o n ,  Equipment H a t c h  A, Equipment 
H a t c h  B, p e r s o n n e l  a i r l o c k s  a t  90" and 2700,  r e s p e c t i v e l y ,  and f i n a l l y ,  t h e  
sma l l  p e n e t r a t i o n s .  

4.3.2 I n t r o d u c t i o n  and Scope o f  Work 

T h i s  r e p o r t  d e s c r i b e s  a n a l y s e s  p e r f o r m e d  f o r  t h e  SNL 1:6 Sca le  R e i n f o r c e d  
C o n c r e t e  Conta inment  Model ,  u s i n g  methods deve loped by ANATECH as p a r t  o f  
E P R I  sponsored r e s e a r c h  t o  p r e d i c t  t h e  o v e r p r e s s u r e  b e h a v i o r  o f  c o n c r e t e  
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con ta inmen ts .  As one o f  t h e  many p r e t e s t  a n a l y s i s  teams, we have f o l l o w e d  
g u i d e l i n e s  s e t  f o r t h  by SNL r e g a r d i n g  t h e  c o n t e n t  and o r g a n i z a t i o n  o f  t h i s  
r e p o r t .  Thus, we b e g i n  b y  d e s c r i b i n g  i n  S e c t i o n  4.3.3 t h e  a n a l y t i c a l  
approach, i n c l u d i n g  f i n i t e  e lement  mode l i ng ,  m a t e r i a l  r e p r e s e n t a t i o n ,  
l o a d i n g  and boundary  c o n d i t i o n s .  
r e s u l t s  o f  two- and th ree -d imens iona l  ana lyses ,  r e s p e c t i v e l y .  The 2-D 
a n a l y s e s  were c a r r i e d  o u t  i n  r-z and r-8 g e o m e t r i e s  t o  make s p e c i f i c  
p r e d i c t i o n s  o f  t h e  p a r t s  o f  t h e  response t h a t  a r e  p r e d o m i n a n t l y  two- 
d i m e n s i o n a l .  D e t a i l e d  d i s c u s s i o n  o f  t h e  r e s u l t s  a r e  p r e s e n t e d  i n  S e c t i o n  
4.3.6, and c o n c l u s i o n s  a r e  g i v e n  i n  S e c t i o n  4.3.7. Many s p e c i f i c  
i l l u s t r a t i o n s  a r e  i n c l u d e d  i n  t h e  ma in  t e x t  as s u p p o r t i n g  m a t e r i a l ,  b u t  t h e  
b u l k  o f  t h e  a n a l y s i s  r e s u l t s  a r e  i n  t h e  f o r m  o f  s t a n d a r d i z e d  p l o t s ,  as 
r e q u e s t e d  by SNL, and a r e  i n c l u d e d  i n  Appendix A. 

I n  S e c t i o n s  4.3.4 and 4.3.5 we p r e s e n t  t h e  

The scope o f  t h i s  phase o f  t h e  c u r r e n t  r e s e a r c h  encompasses t h e  a p p l i c a t i o n  
o f  a n a l y s i s  t o o l s  t h a t  have been deve loped i n  t h e  p a s t  few y e a r s  C4.3.1) t o  
t h e  response a n a l y s i s  and f a i l u r e  p r e d i c t i o n  o f  t h e  1:6 S c a l e  Model. P r i o r  
t o  t h e  p r e s e n t  work,  t h e s e  t o o l s  have been used f o r  t h e  a n a l y s i s  o f  
p r o t o t y p i c a l  r e i n f o r c e d  and p r e s t r e s s e d  c o n c r e t e  con ta inmen ts  C4.3.21 and 
s t r u c t u r a l  specimens. The p r e s e n t  a n a l y s i s  i s  t h e  f i r s t  a p p l i c a t i o n  o f  
t h e s e  t e c h n i q u e s  t o  an a s - b u i l t  con ta inmen t  model s t r u c t u r e .  

P r e t e s t  p r e d i c t i o n s  o f  con ta inmen t  s t r u c t u r a l  response r e q u i r e  v e r y  d e t a i l e d  
c a l c u l a t i o n s  f o r  many d i s c o n t i n u i t y  r e g i o n s .  However, because o f  
c o m p u t a t i o n a l  l i m i t a t i o n s ,  i t  i s  i m p o s s i b l e  t o  c a l c u l a t e  an a c c u r a t e  
response a t  a l l  o f  t h e  p o i n t s  o f  s t r a i n  c o n c e n t r a t i o n  i n  a s i n g l e  model. 
T h e r e f o r e ,  i t  was necessary  t o  p e r f o r m  scop ing  ana lyses  t o  i d e n t i f y  h i g h  
s t r a i n  l o c a t i o n s  w h i c h  were t h e n  ana lyzed  i n  g r e a t e r  d e t a i l  i n  separa te  3-D 
mode ls .  T h i s  r e q u i r e d  t h e  development o f  a 3-D c o n c r e t e  c o n s t i t u t i v e  model, 
t h e  i m p l e m e n t a t i o n  o f  t h i s  model i n  t h e  ABAQUS code, and t h e  development o f  
e x t e n s i v e  pre-  and p o s t p r o c e s s i n g  c a p a b i l i t i e s  t o  hand le  t h e  l a r g e  volume o f  
o u t p u t  d a t a  g e n e r a t e d .  The compu ta t i ons  were c a r r i e d  o u t  on a VAX 11/750. 
I t  i s  s i g n i f i c a n t  t o  p o i n t  o u t  t h a t  t h e  computer r u n  t i m e s  were measured i n  
days  and weeks, w h i c h  was i m p o r t a n t  i n  choos ing  g r i d  s i z e s ,  o p t i m i z i n g  
s o l u t i o n  wave f r o n t s  and s e l e c t i n g  l o a d  s teps .  

The f a m i l i a r  n o t i o n  t h a t  c o n c r e t e  con ta inmen ts  l e a k  b e f o r e  t h e y  b u r s t  
c a t a s t r o p h i c a l l y  under  excess p r e s s u r e  w i l l  soon be p u t  t o  t h e  t e s t  i n  t h e  
1 :6  s c a l e  model.  T h i s  f a i l u r e  mode i s  caused by l o c a l i z e d  d i s l o c a t i o n  
m o t i o n  near  s t i f f n e s s  d i s c o n t i n u i t i e s  and a t  m a j o r  c racks .  L i n e r  c o n c r e t e  
i n t e r a c t i o n  i n  t h e  p resence  o f  p o s i t i v e  anchorage i s  t h e  p r i m a r y  mechanism 
o f  t h i s  f a i l u r e  mode. As w i l l  be shown i n  t h i s  r e p o r t ,  t h e  p r e s e n t  a n a l y s i s  
i d e n t i f i e s  a number o f  such mechanisms i n  t h e  1:6 s c a l e  model, p a r t i c u l a r l y  
i n  t h e  wal l -basemat j u n c t u r e  a r e a  where l i n e r  c o n n e c t i o n ,  l i n e r - w e l d e d  s t u d  
anchorage d e s i g n ,  and basemat bo t tom r e i n f o r c i n g  d e s i g n  p l a y  m a j o r  r o l e s  i n  
t h e  f a i l u r e  o f  t h e  s t r u c t u r e .  

4.3.3 A n a l y t i c a l  Approach 

Under ex t reme l o a d i n g  c o n d i t i o n s  r e s u l t i n g  f r o m  o v e r p r e s s u r e ,  c o n c r e t e  
con ta inmen t  b u i l d i n g s  become t e n s i o n  s t r u c t u r e s  and d e v e l o p  numerous 
d i s c o n t i n u i t i e s  t h a t  a r e  p o t e n t i a l  leakage l o c a t i o n s .  To a c c u r a t e l y  p r e d i c t  
t h i s  t y p e  o f  b e h a v i o r  and r e l a t e d  f a i l u r e  modes i t  i s  e s s e n t i a l  t h a t  
c o n c r e t e  c o n s t i t u t i v e  b e h a v i o r  be a c c u r a t e l y  modeled and t h a t  an a n a l y s i s  
methodo logy  i s  used w h i c h  has been e x p e r i m e n t a l l y  v e r i f i e d  f o r  s i m i l a r  
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e n g i n e e r i n g  s t r u c t u r e s .  
f o r  t h e  1:6 s c a l e  model.  

T h i s  s e c t i o n  d e s c r i b e s  t h e  a n a l y s i s  approach used 

4.3.3.1 Computer Code and A n a l y s i s  O p t i o n s  Invoked  

ABAQUS-EPGEN, v e r s i o n  4-5-171 r e l e a s e d  i n  J u l y  1985 C4.3.31, was used f o r  
a l l  o f  t h e  a n a l y s e s  d e s c r i b e d  h e r e i n .  ABAQUS-EPGEN i s  a w e l l - e s t a b l i s h e d  
g e n e r a l  purpose f i n i t e  e lement  code and p r o v i d e s  e x t e n s i v e  m o d e l i n g  
c a p a b i l i t i e s  f o r  a v e r y  l a r g e  c l a s s  o f  e n g i n e e r i n g  s t r u c t u r e s  s u b j e c t e d  t o  
s t a t i c  o r  dynamic l o a d i n g s .  The code can t r e a t  m a t e r i a l  n o n l i n e a r i t i e s  and 
l a r g e  d i s p l a c e m e n t /  l a r g e  s t r a i n  g e o m e t r i c  n o n l i n e a r i t i e s .  A c o n s t i t u t i v e  
model f o r  c o n c r e t e  was d e v e l o p e d  and implemented f o r  use w i t h  t h e  code 
C4.3.21 as p a r t  o f  EPRI ' s  c o n t a i n m e n t  r e s e a r c h  program. The code and t h e  
c o n s t i t u t i v e  model have been a p p l i e d  e x t e n s i v e l y  t o  r e i n f o r c e d  and 
p r e s t r e s s e d  c o n c r e t e  c o n t a i n m e n t  s t r u c t u r e s  and f u l l  s c a l e  s t r u c t u r a l  
specimen t e s t s .  As a p a r t  o f  i t s  c o n c r e t e  a n a l y s i s  c a p a b i l i t i e s ,  t h e  code 
i n c l u d e s  an e x t e n s i v e  u s e r - o r i e n t e d  i n p u t  scheme t o  p e r m i t  t h e  c o n v e n i e n t  
u t i l i z a t i o n  o f  c o n c r e t e  s t r u c t u r a l  m o d e l i n g .  T h i s  i s  d e s c r i b e d  i n  d e t a i l  i n  
R e f e r e n c e  C4.3.3). The two most  h e l p f u l  u s e r  f e a t u r e s  f o r  t hese  problems 
a r e  t h e  o p t i o n  t o  c a l l  a u s e r  w r i t t e n  SUBROUTINE UMAT f o r  a use r  s u p p l i e d  
g e n e r a l  c o n s t i t u t i v e  model and t h e  p r o v i s i o n  f o r  a r e b a r  sub-element, w h i c h  
a l l o w s  t h e  d e f i n i t i o n  o f  a c o n c r e t e  e lement  w i t h  r e b a r s  p o s i t i o n e d  anywhere 
i n  t h e  e lement .  S m a l l  d i s p l a c e m e n t  t h e o r y  was used t h r o u g h o u t  t h e  ana lyses ,  
i . e . ,  no g e o m e t r i c  n o n l i n e a r i t i e s  were i n c l u d e d .  The UMAT c o n s t i t u t i v e  
model deve loped by ANATECH i s  d e s c r i b e d  l a t e r  i n  t h i s  s e c t i o n .  

V a r y i n g  l o a d s  and v a r y i n g  d i s p l a c e m e n t  boundary c o n d i t i o n s  were a p p l i e d .  
Load i n c r e m e n t s  a r e  f i x e d  by t h e  use r  and can be changed i n  a RESTART run .  
The number o f  i t e r a t i o n  c y c l e s  p e r f o r m e d  a t  each l o a d  inc remen t  t o  hand le  
m a t e r i a l  n o n l i n e a r i t i e s  i s  p r e s e t  by t h e  use r .  Fo r  t h e  c u r r e n t  ana lyses ,  
t h e  number o f  c y c l e s  was s e t  by t r i a l - a n d - e r r o r  based on e x p e r i e n c e  i n  
p e r f o r m i n g  dozens o f  a n a l y s e s  w i t h  s i m i l a r  g e o m e t r i e s .  S e l e c t i n g  t h i s  
p a r a m e t e r  i s  v e r y  i m p o r t a n t  f o r  t h i s  t y p e  o f  a n a l y s i s  as a means o f  
c o n s e r v i n g  c o m p u t a t i o n  t i m e .  

S o l u t i o n  convergence measure i n  ABAQUS i s  a fo rce-based c r i t e r i o n  and i s  
c o n t r o l l e d  by a u s e r  s p e c i f i e d  r e s i d u a l  f o r c e  t o l e r a n c e .  I t  shou ld  be 
n o t e d ,  however,  t h a t  i n  c o n c r e t e  a n a l y s i s ,  f a i l u r e  t o  meet t h e  ABAQUS f o r c e  
convergence c r i t e r i o n  does n o t  n e c e s s a r i l y  i m p l y  i n a c c u r a t e  s o l u t i o n .  Large  
f o r c e  r e s i d u a l s  a r e  a t t r i b u t e d  t o  t h e  f a c t  t h a t  i n  p a r t i a l l y  c racked 
e l e m e n t s  t h e  s t r e s s e s  a r e  d i s c o n t i n u o u s  as a r e  t h e  nodal  p o i n t  f o r c e s  w h i c h  
a r e  computed f r o m  t h e  e lement  s t r e s s e s ;  however, t h e  d i s p l a c e m e n t  f i e l d  i s  
c o n t i n u o u s .  Thus a more a p p r o p r i a t e  convergence measure f o r  c o n c r e t e  
a n a l y s i s  wou ld  be a d isp lacement -based c r i t e r i o n  w h i c h  i s  n o t  a v a i l a b l e  i n  
ABAQUS r a t h e r  t h a n  a fo rce-based c r i t e r i o n .  T h e r e f o r e ,  we r e l i e d  on 
e x p e r i e n c e  and o t h e r  checks w h i c h  were r o u t i n e l y  made t o  ensure s o l u t i o n  
q u a l i t y .  F o r  example,  o v e r a l l  e q u i l i b r i u m  must be s a t i s f i e d  by e n s u r i n g  
t h a t  t h e  sum o f  t h e  e x t e r n a l  l o a d s  and r e a c t i o n  f o r c e s  on t h e  s t r u c t u r e  i s  
z e r o  o r  s m a l l .  A n o t h e r  check w h i c h  becomes i n t u i t i v e  a f t e r  p e r f o r m i n g  many 
such a n a l y s e s  i s  t h a t  i f  l o a d  i n c r e m e n t s  a r e  t o o  l a r g e  o r  t h e  s o l u t i o n  i s  
d i v e r g e n t ,  f o r c e  r e s i d u a l s  grow w i t h o u t  bound on subsequent i t e r a t i o n s  
w i t h i n  t h e  same l o a d  inc remen t .  I f  t h i s  s i t u a t i o n  occu rs  i t  shows up 
i m m e d i a t e l y  and can u s u a l l y  be t r a c e d  t o  a g r i d  e r r o r  o r  e x c e s s i v e l y  l a r g e  
l o a d  s t e p s .  



The ABAQUS s o l u t i o n  a l g o r i t h m  t o  s o l v e  t h e  n o n l i n e a r  e q u a t i o n s  i s  a f u l l  
Newton method where t h e  s t i f f n e s s  m a t r i x  and t h e  unbalanced f o r c e s  a r e  
r e c a l c u l a t e d  a t  t h e  end o f  eve ry  i t e r a t i o n .  G e n e r a l l y ,  a minimum o f  t h r e e  
i t e r a t i o n s  were used i n  each l o a d  s t e p .  

4.3.3.2 M a t e r i a l  P r o p e r t i e s  and C o n s t i t u t i v e  M o d e l i n g  

M a t e r i a l  p r o p e r t i e s  f o r  a l l  t h e  a n a l y s e s  a r e  c o n s i s t e n t  w i t h  t h e  
s t a n d a r d i z e d  p r o p e r t i e s  p r o v i d e d  by SNL. S t e e l  p r o p e r t i e s  were modeled w i t h  
ABAQUS i s o t r o p i c  m a t e r i a l  w i t h  t h e  s t r e s s - s t r a i n  d a t a  p o i n t s  i d e n t i c a l  t o  
t h e  t a b l e s  p r o v i d e d  by SNL i n  [4.3.10]; #4 b a r  p r o p e r t i e s  r e p o r t e d  by SNL 
were used f o r  a l l  r e b a r s .  Nominal  r e b a r  s i z e s  and l i n e r  t h i c k n e s s e s  were 
used as f o l l o w s .  

2 2 #3 b a r s :  Area = 0.110 i n  ( 7 1  mn ) 
2 2 #4 b a r s  : Area = 0.200 i n  (129 mn ) 
2 2 #5 bars :  Area = 0.310 i n  (200 mn ) 
2 2 #6 b a r s  : Area = 0.440 i n  (284 mn ) 

1 / 1 6 "  L i n e r :  Th ickness  = 0.0625 i n  (1.59 mn) 
3 / 1 6 "  L i n e r :  Th ickness  = 0.188 i n  (4 .78  mn) 
1 /12 "  L i n e r :  Th ickness  = 0.0833 i n  (2 .12 mn) 

The same c o n c r e t e  c r a c k i n g  model and c r a c k i n g  p r o p e r t i e s  used i n  p r e v i o u s  
c o n t a i n m e n t  a n a l y s e s  were used i n  t h e  1:6 s c a l e  model a n a l y s i s .  A c o n c r e t e  
c o n s t i t u t i v e  model w i t h  m o d i f i e d  Drucker-Prager  y i e l d  s u r f a c e  was 
i n c o r p o r a t e d  i n  t h e  l a t e s t  v e r s i o n  o f  t h e  u s e r  r o u t i n e  UMAT developed by 
ANATECH. D e t a i l e d  d e s c r i p t i o n s  o f  e a r l i e r  v e r s i o n s  o f  UMAT may be found i n  
C4.3.21 and C4.3.4). 
same as i n  e a r l i e r  v e r s i o n s .  The newer v e r s i o n  i n c l u d e s  compress ive 
p l a s t i c i t y  as w e l l  as c r e e p  and a g i n g  c a p a b i l i t i e s ;  however, no c reep  o r  
a g i n g  was used f o r  t h e  1:6 s c a l e  model.  D e t a i l e d  d e s c r i p t i o n  o f  UMAT i s  
beyond t h e  scope o f  t h i s  r e p o r t ,  b u t  i t  i s  a p p r o p r i a t e  t o  d e s c r i b e  a few o f  
i t s  ma in  f e a t u r e s  as t h e y  p e r t a i n  t o  t h e  p r e s e n t  a n a l y s i s .  The p l a i n  
c o n c r e t e  model accounts  f o r  compress ive p l a s t i c i t y  and t e n s i l e  c r a c k i n g  
( i . e . ,  c r a c k i n g  smeared o v e r  t h e  i n t e g r a t i o n  p o i n t s )  w i t h  p o s t - c r a c k i n g  
shear  r e t e n t i o n  C4.3.51. F o r  t h e  1:6 s c a l e  model t h e  shear  r e t e n t i o n  te rm 
i s  q u i t e  i m p o r t a n t ,  e s p e c i a l l y  i n  t h e  l o c a l  r e g i o n  o f  t h e  base o f  t h e  
c y l i n d e r  where l a r g e  shear  t r a n s f e r  occu rs  coup led  w i t h  m a j o r  c r a c k i n g .  
However, t e n s i o n  s t i f f e n i n g  w h i c h  i s  i n c l u d e d  i n  some c r a c k i n g  models 
c4.3.51 seems t o  be o f  l i t t l e  i m p o r t a n c e  because conta inment  s t r u c t u r e s  a r e  
p r a c t i c a l l y  p u r e  t e n s i o n  s t r u c t u r e s ;  a f t e r  c r a c k i n g ,  t h e  e f f e c t i v e  t e n s i o n  
c a r r y i n g  a r e a  i n  a t y p i c a l  w a l l  s e c t i o n  i m n e d i a t e l y  d rops  t o  t h e  area  o f  t h e  
s t e e l  e lements .  Consequent ly ,  t h e  s t r a i n  i n  t h e  w a l l  ac ross  a c r a c k  
i m m e d i a t e l y  jumps by an o r d e r  o f  magn i tude,  making any reasonab le  l e v e l  o f  
t e n s i o n  s t i f f e n i n g  n e g l i g i b l e .  The ABAQUS-EPGEN code i n t e r f a c e s  t o  UMAT i n  
t h e  f o l l o w i n g  manner. D u r i n g  any l o a d  i n c r e m e n t  ( i . e . ,  an e q u i l i b r i u m  
i t e r a t i o n ) ,  t h e  code passes t o  t h e  s u b r o u t i n e :  t h e  t o t a l  s t r e s s e s  a t  t h e  
end o f  t h e  p r e v i o u s  i nc remen t ,  t h e  t o t a l  s t r a i n s  a t  t h e  end o f  t h e  

p r e v i o u s  i nc remen t ,  E - t h e  i n c r e m e n t a l  s t r a i n s  i n  t h e  c u r r e n t  inc rement ,  

h e n  ( t h e s e  a r e  a lways z e r o  a t  t h e  s t a r t  o f  an i nc remen t ) ;  t h e  c r a c k i n g  

s t a t u s  v a r i a b l e s  a t  t h e  end o f  t h e  p r e v i o u s  i nc remen t ;  and genera l  c o n t r o l  
i n f o r m a t i o n  such as t i m e ,  t e m p e r a t u r e ,  m a t e r i a l  p r o p e r t i e s ,  e t c .  The 

The c r a c k i n g  a l g o r i t h m s  o f  t h e  c u r r e n t  UMAT a r e  t h e  

n-1' 
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s u b r o u t i n e  t h e n  computes and passes back t o  t h e  m a i n  code: t h e  t o t a l  
s t r e s s e s  a t  t h e  c u r r e n t  s t a t e ,  un, and t h e  c u r r e n t  c r a c k i n g  s t a t u s  

v a r i  ab1 es.  

F o r  t h e  1:6 s c a l e  model t h e  c o n c r e t e  t e n s i l e  p r o p e r t i e s  i n p u t  t o  UMAT 
E = 4800 k s i  (33100 MPa) 
P o i s s o n ' s  R a t i o  = 0.2 
U l t i m a t e  T e n s i l e  S t r e n g t h  = 500 
U l t i m a t e  C r a c k i n g  S t r a i n  = 104 

Two d i s t i n c t  models  f o r  compress ive  p l a s t  
p l a s t i c i t y  model w i t h  no s t r a i n  s o f t e n i n g  
s c o p i n g  s t u d i e s  and t h e  f i n a l  a x i s y m m e t r i  

p s i  (3.45 MPa) 
m i c r o n s  

c i t y  were used. A compress 
was used f o r  a l l  o f  t h e  2-D 

and r-8 ana lyses .  When t h  

a re :  

ve 

3-D 
a n a l y s i s  s e r i e s  was s t a r t e d  a s t r e s s - s t r a i n  c u r v e  w i t h  s t r a i n  s o f t e n i n g  was 
i n t r o d u c e d .  I n  t h e  n o n - s o f t e n i n g  model ,  t h e  r i s i n g  p o r t i o n  o f  t h e  SNL 
s t a n d a r d  c u r v e  was matched, b u t  t h e  s t r e s s  remained a t  u l t i m a t e  f o r  l a r g e r  
s t r a i n s .  I n  t h e  second model ,  t h e  t o t a l  c u r v e  was matched f a i r l y  w e l l  
e x c e p t  t h a t  t h e  UMAT c u r v e  i s  a p a r a m e t r i c  e q u a t i o n  r a t h e r  t h a n  a sequence 
o f  l i n e  segments; t h u s ,  t h e  SNL c u r v e  c o u l d  n o t  be matched p r e c i s e l y .  
However, t h e  d i f f e r e n c e s  between t h e  two c u r v e s  a r e  s m a l l ,  and t h e y  o c c u r  a t  
v e r y  h i g h  s t r a i n  l e v e l s  w h i c h  a r e  o f  l i t t l e  i n t e r e s t  i n  t h e  p r e s e n t  
a n a l y s i s .  Compress ive s t r e s s  s t r a i n  p l o t s  o f  t h e  v a r i o u s  cu rves  ment ioned 
above a r e  shown i n  F i g u r e  4.3.1. The c u r v e  l a b e l e d  "6-MONTH UNIAX TEST" i s  
t a k e n  f r o m  one o f  t h e  t y p i c a l  u n i a x i a l  t e s t s  s e n t  o u t  by SNL i n  October .  

r e s u l t s  f o r  a s t r a i n  c o n t r o l l e d  3-D The c u r v e  marked "UMAT OUTPUT" i s  s t r e s s  
c o n t i n u u m  e lement  t e s t  problem. 

The d i f f e r e n c e s  i n  t h e  compress ive  model ng have l i t t l e  o r  no e f f e c t  on t h e  
model response e x c e p t  f o r  a sma l l  r e g i o n  a t  t h e  base o f  t h e  c y l i n d e r  and a t  
t h e  c e n t e r  o f  t h e  basemat where c o n c r e t e  c r u s h i n g  occu r red .  However, a t  
t h e s e  l o c a t i o n s ,  c o n c r e t e  c r u s h i n g  a f f e c  s t h e  m o d e l ' s  response a t  h i g h  
p r e s s u r e s  where t h e  f o r m a t i o n  o f  p l a s t i c  moment h inges  a t  t h e s e  two 
l o c a t i o n s  t r i g g e r e d  s i g n i f i c a n t  basemat l i f t o f f .  T h i s  phenomenon w i l l  be 
addressed i n  d e t a i l  i n  l a t e r  s e c t i o n s .  

4.3.3.3 Rebar M o d e l i n g  

As m e n t i o n e d  e a r l i e r ,  a l l  r e i n f o r c e m e n t  was modeled u s i n g  t h e  ABAQUS REBAR 
sub-element,  w h i c h  super imposes r e b a r  s t i f f n e s s  o n t o  an e x i s t i n g  c o n c r e t e  
e l e m e n t ,  w h i l e  t a k i n g  i n t o  account  t h e  r e b a r  p o s i t i o n  and o r i e n t a t i o n  w i t h i n  
t h e  e lement .  The advantage o f  t h e s e  sub-elements i s  t h a t  use r  i n p u t  i s  
r e l a t i v e l y  s t r a i g h t f o r w a r d  ( a l t h o u g h  r a t h e r  l a b o r  i n t e n s i v e  i n  3-D 
e l e m e n t s ) .  The r e s u l t i n g  s t i f f n e s s  c o n t r i b u t i o n  o f  t h e  b a r  i s  s i m i l a r  t o  
t h a t  o f  a d d i n g  a t r u s s  e lement .  To f a c i l i t a t e  g e n e r a t i o n  o f  r e b a r s  i n  3-D 
e l e m e n t s ,  a FORTRAN program c a l l e d  REGEN was deve loped.  The program, w i t h  
r e l a t i v e l y  s i m p l e  f r e e  f o r m a t  i n p u t ,  a l l o w s  t h e  s p a t i a l  g e n e r a t i o n  o f  
a r b i t r a r y  r e b a r  l i n e s  and areas  o r  s u r f a c e s ,  t h e n  p l o t s  t h e  b a r s  as they  a r e  
g e n e r a t e d ,  and searches an ABAQUS i n p u t  deck w i t h  noda l  p o i n t  c o o r d i n a t e s  
and e lement  c o n n e c t i v i t i e s  t o  f i n d  w h i c h  e lements  c o n t a i n  b a r  segments. By 
c a l c u l a t i n g  e lement  f a c e  i n t e r s e c t i o n  p o i n t s  and ang les ,  i t  g e n e r a t e s  ABAQUS 
*REBAR i n p u t .  



4.3.3.4 A n a l y s i s  S e r i e s  O u t l i n e  

T h i s  s u b s e c t i o n  o u t l i n e s  t h e  a n a l y s i s  s e r i e s  used t o  d e v e l o p  comprehensive 
p r e t e s t  p r e d i c t i o n s  f o r  t h e  1:6 s c a l e  model.  The a n a l y s i s  s t r a t e g y  i s  
d e s c r i b e d  as f o l l o w s :  ( a )  conduct  g l o b a l  a x i s y m n e t r i c  a n a l y s e s  t o  i d e n t i f y  
p o i n t s  o f  l i n e r  s t r a i n  c o n c e n t r a t i o n  and t o  d e v e l o p  a p a r e n t  g r i d  t o  be used 
f o r  l a t e r  l o c a l  e f f e c t s  ana lyses ;  ( b )  s e l e c t  w h i c h  l o c a l  e f f e c t s  a r e  most  
c r i t i c a l  and a n a l y z e  s e p a r a t e l y  w i th  a s e r i e s  o f  two-d imensional  d e t a i l e d  
a n a l y s e s  i n  r-z and r-8 g e o m e t r i e s ;  ( c )  s e l e c t  t h e  most l i k e l y  f a i l u r e  
l o c a t i o n s  f r o m  ( b )  and a n a l y z e  i n  3-D. The a n a l y s e s  w h i c h  were conducted 
a r e  l i s t e d  i n  t h e  T a b l e  4.3.2 i n  c h r o n o l o g i c a l  o r d e r  o f  t h e i r  comp le t i on .  

The 2-D a n a l y s i s  s e r i e s  was aimed a t  i d e n t i f y i n g  and r a n k i n g  p o s s i b l e  
f a i l u r e  modes and leakage l o c a t i o n s ,  e s t i m a t i n g  f a i l u r e  p r e s s u r e  l e v e l s ,  and 
p r e p a r i n g  f o r  t h e  f i n a l  3-D a n a l y s i s  s e r i e s .  Many f a c t o r s  i n f l u e n c e d  t h e  
p l a n n i n g  o f  t h e  3-D s e r i e s .  F i r s t ,  i t  was f e l t  t h a t  t h e  basemat and w a l l -  
basemat j u n c t u r e  were modeled v e r y  a c c u r a t e l y  w i t h  t h e  a x i s y m n e t r i c  
ana lyses .  The m a i n  response component t h a t  had n o t  been de termined w i t h  
c e r t a i n t y  by t h e  2-D a n a l y s e s  was t h e  i n t e r a c t i o n  between hoop and 
m e r i d i o n a l  d e f o r m a t i o n s  around t h e  ha tches .  F o r  these  reasons, t h e  basemat 
was l e f t  o u t  o f  t h e  3-D s e r i e s .  G r i d  s i z e  was d e t e r m i n e d  i n  a t r a d e - o f f  
between c o s t  and accuracy .  A 90"  q u a r t e r  model geometry  was chosen. The 
1:6 s c a l e  model q u a d r a n t  w h i c h  c o n t a i n e d  t h e  h i g h e s t  f a i l u r e  p o t e n t i a l  
p e n e t r a t i o n s  based on t h e  2-D a n a l y s e s  was f r o m  270" t o  0". T h i s  segment 
c o n t a i n e d  Equipment H a t c h  A,  an 8" c o n s t r a i n e d  p e n e t r a t i o n ,  t h e  4 "  p r e s s u r e  
n o z z l e  and t h e  2700 pe rsonne l  a i r l o c k .  The 90" g l o b a l  model was p lanned t o  
be r e l a t i v e l y  coarse  t o  p r o v i d e  d i s p l a c e m e n t  boundary c o n d i t i o n s  f o r  t h e  
more r e f i n e d  mode ls  o f  t h e  h a t c h  and p e n e t r a t i o n  r e g i o n s .  

4.3.4 2-D Ana lyses  

4.3.4.1 A x i s y m n e t r i c  A n a l y s i s  

The c u r r e n t  a n a l y s i s  s e r i e s  was begun w i t h  a b r i e f  g l o b a l  a x i s y n e t r i c  g r i d  
convergence s t u d y  t o  i n v e s t i g a t e  t h e  t r a d e o f f s  between accuracy,  m o d e l i n g  
c o m p l e x i t y  and c o m p u t a t i o n  t i m e .  T h i s  s tudy  produced what i s  deemed t o  be a 
r e l i a b l e  g l o b a l  g r i d  t h a t  c o u l d  be used as a p a r e n t  g r i d  i n  w h i c h  t o  embed 
v a r i o u s  l o c a l  e f f e c t s  g r i d  r e f i n e m e n t s ;  however, s tudy  o f  g r i d  convergence 
was n o t  e x h a u s t i v e .  The t h i r d  g r i d  o f  t h i s  s t u d y ,  C3, i s  shown i n  a 
deformed g r i d  p l o t  a t  p=100 p s i  ( . 69  MPa) i n  F i g u r e  4.3.2. The a n a l y s i s  was 
c a r r i e d  o u t  t o  p=140 p s i  (.97 MPa). The e v o l u t i o n  o f  t h e  model b e h a v i o r  as 
p r e s s u r e  i n c r e a s e s  i s  shown g r a p h i c a l l y  i n  F i g u r e s  4.3.3 t h r o u g h  4.3.5, 
w h i c h  d i s p l a y  l i n e r  s t r a i n  p r o f i l e s  m e r i d i o n a l l y  a t  i n c r e a s i n g  p ressu res .  
I n  these  f i g u r e s ,  s t r a i n s  a r e  p l o t t e d  ve rsus  p o s i t i o n  w i t h  p o s i t i v e  and 
n e g a t i v e  v a l u e s  shown on e i t h e r  s i d e  o f  t h e  dashed l i n e  (dashed l i n e  i s  
z e r o ) .  No s c a l e  i s  g i v e n ,  b u t  t h e  h i g h e s t  s t r a i n  on t h e  p l o t  i s  g i v e n  so 
t h a t  o t h e r  s t r a i n s  may be r e l a t i v e l y  sca led .  I n  t h e  p r e s e n t  d i s c u s s i o n ,  t h e  
te rms "hoop c r a c k i n g "  and " m e r i d i o n a l  c r a c k i n g "  a r e  used t o  r e f e r  
r e s p e c t i v e l y  t o  c r a c k s  caused by t h e  hoop s t r a i n  and t h e  p r i n c i p a l  s t r a i n  i n  
t h e  r-z p lane .  

M e r i d i o n a l  b e n d i n g  l o c a t i o n s  a r e  v e r y  pronounced i n  F i g u r e  4.3.3. A t  60 p s i  
(0 .41  MPa), a f t e r  hoop c r a c k i n g  b u t  b e f o r e  g e n e r a l  m e r i d i o n a l  c r a c k i n g ,  most 
o f  t h e  m e r i d i o n a l  l i n e r  s t r a i n s  a r e  sma l l  w h i l e  t h e  s t r a i n  j u s t  above t h e  
wal l -basemat  j u n c t u r e  i s  a l r e a d y  h a l f  o f  t h e  u n i a x i a l  y i e l d  s t r a i n .  
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T a b l e  4.3.2 O u t l i n e  o f  A n a l y s i s  S e r i e s  

Code 

c1 

c2  

c3  

C3HA 

C3HB 

c4 

C4B 

c4c  

c5 

c3 P 

CRTA 

CRTPA 

C3-D 

C3-DHA 

C3-DPN 

C3-DPN 

C3-DHB 

Desc r i p t  i on 

F i r s t  o f  g l o b a l  a x i s y m n e t r i c  g r i d  convergence s t u d y .  Very coarse  
g r i d ,  40 c o n c r e t e  8-node c o n t i n u u m  e lements ,  21 l i n e r  3-node s h e l l  
e 1 emen t s . 
Second o f  g l o b a l  a x i s y m n e t r i c  g r i d  convergence s tudy .  86 c o n c r e t e  
8-node c o n t i n u u m  e l e m e n t s ,  46 l i n e r  3-node s h e l l  e lements .  

T h i r d  o f  g l o b a l  a x i s y m n e t r i c  g r i d  convergence s tudy .  G r i d  deemed 
a c c u r a t e  f o r  g l o b a l  r e s u l t s .  S t i l l  needs r e f i n e m e n t  a t  w a l l -  
basemat j u n c t u r e .  200 c o n c r e t e  8-node c o n t i n u u m  e lements ,  58 
l i n e r  3-node s h e l l  e lements .  

C3 g l o b a l  g r i d  w i t h  Equipment H a t c h  A added. A x i s y m n e t r i c  s h e l l  
w a l l  i s  c o n t i n u o u s  t h r o u g h  ha tch .  Th ickened s h e l l  and h a t c h  
e lements  modeled w i t h  p l a n e  s t r e s s  e lements  and beam e lements .  

Same as C3HA b u t  w i t h  h a t c h  B geometry .  

C3 g l o b a l  g r i d  b u t  g r e a t l y  r e f i n e d  a t  wal l -basemat  j u n c t u r e .  
T o t a l  o f  a p p r o x i m a t e l y  450 8-node cont inuum c o n c r e t e  e lements ,  50 
3-node l i n e r  s h e l l  e lements ,  and 50 8-node l i n e r  cont inuum 
e lements  a t  j u n c t u r e  t o  b e t t e r  r e s o l v e  l i n e r  bend ing .  

Same as C4 w i t h  added r e f i n e m e n t  a t  l i n e r  k n u c k l e  i n c l u d i n g  
" s i n g u l a r i t y "  e lement  a t  l i n e r - k n u c k l e  seam weld.  

R e s t a r t  o f  C4B a t  140 p s i  a l l o w i n g  k n u c k l e  t o  t e a r  o f f  o f  back ing  
b a r .  

C3 g l o b a l  g r i d  w i t h  r e f i n e m e n t  a t  s p r i n g l i n e  t o  s t u d y  l i n e r  
d e f o r m a t i o n  t h e r e .  

C3 g l o b a l  g r i d  w i t h  8 "  c o n s t r a i n e d  p e n e t r a t i o n  p l u s  4 "  p r e s s u r e  
n o z z l e  c o n n e c t i o n .  

Conta inment  r-8 Run A; 180" r-8 s l i c e  m o d e l i n g  equipment  h a t c h  A, 
B,  and t h e  c o n s t r a i n e d  p e n e t r a t i o n .  Model has p l a n e  s t r e s s  
geometry  w i t h  264" ( 6 . 7 1  m) ou t -o f -p lane t h i c k n e s s .  

r-8 a n a l y s i s  w i t h  b o t h  pe rsonne l  a i r l o c k s ;  p l a n e  s t r e s s  geometry.  

3-0 a n a l y s i s  o f  90" segment o f  wa l l /dome.  

3-D a n a l y s i s  o f  equipment  H a t c h  A. 

3-D a n a l y s i s  o f  c o n s t r a i n e d  p i p e  p e n e t r a t i o n .  

3-D a n a l y s i s  o f  p r e s s u r e  n o z z l e  c o n n e c t i o n .  

3-D a n a l y s i s  o f  Equipment H a t c h  6.  
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S i g n i f i c a n t  bend ing  a l s o  o c c u r s  a few f e e t  above t h e  basemat j u n c t u r e  and a t  
t h e  s p r i n g l i n e .  A t  100 p s i  ( .69  MPa), t h e  c y l i n d e r  w a l l  i s  c r a c k e d  
m e r i d i o n a l l y  o v e r  most o f  i t s  l e n g t h .  A t  140 p s i  ( .97 MPa) when s i g n i f i c a n t  
basemat l i f t o f f  b e g i n s  t o  deve lop ,  a sha rp  peak i n  s t r a i n  occu rs  a t  t h e  
w a l l / b a s e m a t  j u n c t u r e .  The basemat l i f t o f f  phenomenon i s  d i s c u s s e d  i n  
d e t a i l  i n  S e c t i o n  4.3.6.2. F i g u r e  4.3.4 and 4.3.5 show s i m i l a r  p r o g r e s s i o n  
o f  hoop s t r a i n .  I n i t i a l  hoop c r a c k i n g  d e v e l o p s  i n  t h e  model between 45 and 
50 p s i  ( . 3 1  and .34 MPa), and i t  o c c u r s  a t  t h e  c y l i n d e r  m i d h e i g h t .  T h i s  i s  
i l l u s t r a t e d  i n  F i g u r e  4.3.4 a t  50 p s i  ( - 3 4  MPa) where t h e  l a r g e r  l i n e r  hoop 
s t r a i n s  o c c u r  where t h e  c o n c r e t e  i s  c racked.  A t  60 p s i  ( . 4 1  MPa) t h e  
c y l i n d e r  i s  e n t i r e l y  hoop-cracked and l i n e r  hoop s t r a i n  up t h e  w a l l  i s  
r e l a t i v e l y  c o n s t a n t .  A t  80 p s i  ( .55  MPa) t h e  dome b e g i n s  t o  show hoop 
c r a c k i n g  s t a r t i n g  a t  t h e  s p r i n g l i n e  and mov ing  up, and a t  100 p s i  ( .69 MPa), 
t h e  e n t i r e  model s u p e r s t r u c t u r e  i s  c r a c k e d  i n  t h e  hoop and m e r i d i o n a l  
d i r e c t i o n s .  A t  140 p s i  ( . 9 7  MPa), l i n e r  hoop s t r a i n  a g a i n  i n c r e a s e s  
d i s p r o p o r t i o n a t e l y  a t  t h e  c y l i n d e r  m i d h e i g h t  m a r k i n g  t h e  onse t  o f  hoop r e b a r  
y i e l d i n g  t h e r e .  

I t  was observed f r o m  these  and s i m i l a r  a n a l y s e s  f r o m  p r e v i o u s  r e s e a r c h  t h a t  
t h e  f o u n d a t i o n  p r e s s u r e  d i s t r i b u t i o n  on t h e  b o t t o m  o f  t h e  basemat p l a y s  a 
s i g n i f i c a n t  r o l e  i n  d r i v i n g  t h e  s e c t i o n  moments i n  t h e  basemat and i n  t h e  
w a l l  a t  t h e  wal l -basemat  j u n c t u r e .  The basemat -so i l  i n t e r f a c e  was modeled 
u s i n g  n o n l i n e a r  n o - t e n s i o n  s p r i n g s .  R e l a t i v e l y  s t i f f  s p r i n g  c o n s t a n t s  were 
c a l c u l a t e d  i n  p r o p o r t i o n  t o  t h e  t r i b u t a r y  a rea  a t  each node: a p p r o x i m a t e l y  

7780 l b s l i n ' l i n  (2110 M N l m  ) .  
d i r e c t l y  under  t h e  basemat t h a t  d i s p l a c e s  0.001 inches  (.025 mm) under  t h e  
e n t i r e  s t r u c t u r e  dead l o a d  o f  a p p r o x i m a t e l y  550,000 l b s  (2 .45  MN).  T h i s  
s p r i n g  s t i f f n e s s  was chosen somewhat a r b i t r a r i l y  and i s  s i g n i f i c a n t l y  
s t i f f e r  t h a n  t h e  s o i l  s p r i n g  c o n s t a n t  f i e l d  measurements p r o v i d e d  by SNL. 
However, s i n c e  t h e  f o u n d a t i o n  s u p p o r t  seen by t h e  conta inment  basemat i s  
a c t u a l l y  t h e  l o w e r  c o n c r e t e  f o u n d a t i o n  mat w h i c h  i n  t u r n  i n t e r a c t s  w i t h  t h e  
s o i l ,  t h e  f o u n d a t i o n  s t i f f n e s s  seen by t h e  conta inment  basemat wou ld  be 
s t i f f e r  t h a n  i s  i n d i c a t e d  by t h e  f i e l d  s o i l  measurements, t hus  t h e  s t i f f -  
s p r i n g  a p p r o x i m a t i o n  was made. The s t i f f n e s s  i s  z e r o  i n  t h e  t e n s i l e  
d i r e c t i o n ,  w h i c h  i s  a r e a s o n a b l e  a p p r o x i m a t i o n  s i n c e  t h e  drawings  show t h a t  
t h e  l o w e r  f o u n d a t i o n  mat i s  p a i n t e d  w i t h  bond b reake r .  From p a s t  
e x p e r i e n c e ,  t h e  v a l u e  o f  t h e  compress ion s p r i n g  c o n s t a n t  has l i t t l e  o r  no 
e f f e c t  on t h e  c o n t a c t  p a t t e r n  o f  t h e  b o t t o m  o f  t h e  basemat as l o n g  as t h e  
s p r i n g s  a r e  d i s t r i b u t e d  i n  p r o p o r t i o n  t o  a rea .  The i m p o r t a n t  f e a t u r e  i s  t o  
a l l o w  l i f t o f f  t o  occu r  so t h a t  f o u n d a t i o n  p r e s s u r e s  a r e  r e d i s t r i b u t e d  
a c c o r d i n g  t o  t h e  c o n t a c t  p a t t e r n .  

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

4 .3 .4.2 P e n e t r a t i o n  Ana lyses  

Once a f ramework f o r  t h e  c o n t a i n m e n t  response was e s t a b l i s h e d  by t h e  C3 
a n a l y s i s ,  p e n e t r a t i o n s  were added t o  t h e  C3 g r i d  as p l a n e  s t r e s s  e lements  
super imposed on t h e  a x i s y m n e t r i c  g r i d .  Thus, t h e  p l a n e  s t r e s s  s u b s t r u c t u r e  
o f f e r e d  no hoop c o n s t r a i n t s  t o  t h e  a x i s y m n e t r i c  w a l l .  However, t h e  
r e s i s t a n c e  t o  l o c a l  punch ing  shear  i s  n o t  c o r r e c t l y  modeled. T h i s  t y p e  o f  
b e h a v i o r  can be s t u d i e d  o n l y  i n  a 3-D a n a l y s i s .  

Separa te  a x i s y m n e t r i c  s t u d i e s  o f  t h i s  t y p e  were per fo rmed f o r  Equipment 
H a t c h  A, Equipment H a t c h  B, t h e  pe rsonne l  a i r l o c k s ,  an 8" c o n s t r a i n e d  
p e n e t r a t i o n ,  and t h e  4 "  p r e s s u r e  n o z z l e .  The c o n c r e t e  was modeled w i t h  
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a x i s y m m e t r i c  8-node q u a d r i l a t e r a l s ,  and p l a n e  s t r e s s  quads were used f o r  t h e  
embossed r e g i o n s .  The l i n e r  was modeled w i t h  2- and 3-node a x i s y m n e t r i c  
s h e l l s ,  and t h e  l o c a l  s t e e l  s h e l l  p o r t i o n s  o f  each p e n e t r a t i o n  were modeled 
w i t h  beam e lements .  A deformed g r i d  p l o t  a t  120 p s i  ( . 8 3  MPa) i s  shown f o r  
Equipment  H a t c h  A i n  F i g u r e  4.3.6. 
t h e  s h e l l  w a l l  and does n o t  s i g n i f i c a n t l y  a f f e c t  t h e  g l o b a l  s t r u c t u r a l  
response.  
L o c a l  l i n e r  s t r a i n  c o n c e n t r a t i o n s  e x i s t  n e a r  t h e  h a t c h ,  and t h e  c o n c r e t e  a t  
t h e  w a l l - b o s s  boundary i s  s u b j e c t e d  t o  more s h e a r i n g  s t r e s s e s  t h a n  t h e  r e s t  
o f  t h e  c y l i n d e r  s h e l l .  The b e h a v i o r  o f  H a t c h  B i s  s i m i l a r  e x c e p t  t h a t  t h e  
peak l i n e r  s t r a i n s  were h i g h e r  f o r  H a t c h  A t h a n  f o r  H a t c h  B .  The p r i m a r y  
d i f f e r e n c e  i n  b e h a v i o r  between t h e  two h a t c h e s  i s  t h e  f a c t  t h a t  f o r  H a t c h  B 
t h e r e  i s  l e s s  b e n d i n g  a c r o s s  t h e  w a l l  t h i c k n e s s  because t h e  " w a l l - b o s s "  
c o n s i s t s  o f  added m a t e r i a l  i n s i d e  and o u t s i d e  o f  t h e  c y l i n d e r  w a l l .  I n  
H a t c h  A ,  t h e  c y l i n d e r  w a l l  has e x t r a  s t i f f n e s s  on t h e  o u t s i d e ,  t h u s  c a u s i n g  
h i g h e r  b e n d i n g  a t  p o i n t s  l a b e l e d  1 and 2 i n  F i g u r e  4.3.6, and c o n s e q u e n t l y  
h i g h e r  f a i l u r e  p o t e n t i a l  because o f  t h e  h i g h e r  l i n e r  s t r a i n s .  S i m i l a r  
r e s u l t s  were o b t a i n e d  f o r  t h e  pe rsonne l  a i r l o c k s  embedded i n  t h e  
a x i s y m n e t r i c  g r i d .  The 90"  pe rsonne l  a i r l o c k  caused h i g h e r  s t r a i n  
c o n c e n t r a t i o n s  t h e n  t h e  2700 a i r l o c k ,  because t h e  270" a i r l o c k  i s  much more 
f l e x i b l e .  However, t h e  2700 a i r l o c k  i s  s u b j e c t  t o  g r e a t e r  o v a l i z a t i o n ,  
w h i c h  w i l l  be addressed i n  t h e  3-D d i s c u s s i o n .  

I n  t h i s  model t h e  h a t c h  moves a l o n g  w i t h  

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

F o r  t h e  8" d i a m e t e r  c o n s t r a i n e d  p e n e t r a t i o n  and t h e  4 "  d i a m e t e r  t e s t  
p r e s s u r e  n o z z l e ,  t h e  purpose o f  t h e  a n a l y s i s  was t o  e v a l u a t e  t h e  e f f e c t s  o f  
t h e  p e n e t r a t i o n  d i s c o n t i n u i t y  on t h e  a x i s y m m e t r i c  b e h a v i o r .  The t i e  r o d  f o r  
t h e  8" c o n s t r a i n e d  p e n e t r a t i o n  was m o d e l l e d  u s i n g  a s i n g l e  2-node beam 
e lement  w i t h  t h e  a rea  o f  a #2 b a r  t h a t  ex tended f r o m  t h e  p e n e t r a t i o n  ove r  t o  
t h e  s y m e t r y  a x i s ,  where i t  was r e s t r a i n e d  w i t h  a r o l l e r  boundary c o n d i t i o n  
a g a i n s t  h o r i z o n t a l  m o t i o n .  I n  2-D, t h e  r e s u l t s  o f  t h e s e  a n a l y s e s  showed t h e  
d i s t u r b a n c e  t o  t h e  s t r u c t u r a l  system caused by these  p e n e t r a t i o n s  t o  be 
m i n i m a l .  However, when 3-D e f f e c t s  a r e  i n c l u d e d ,  h i g h  l o c a l  l i n e r  s t r a i n s  
d e v e l o p  n e x t  t o  t h e  t h i c k e n e d  p o r t i o n  o f  t h e  l i n e r  a round t h e s e  
p e n e t r a t i o n s ,  as p r e v i o u s  s t u d i e s  C4.3.7) have shown, w h i c h  makes these  
l o c a t i o n  c a n d i d a t e s  f o r  p r e m a t u r e  l i n e r  t e a r i n g .  These p e n e t r a t i o n s  a r e  re-  
examined i n  t h e  3-D a n a l y s i s  d i s c u s s i o n .  

A l l  o f  t h e  a x i s y m n e t r i c  a n a l y s e s  showed h i g h  c o n c e n t r a t i o n s  o f  s t r a i n  a t  t h e  
s p r i n g l i n e  j u n c t u r e .  T h i s  c o n c e n t r a t i o n  was g e n e r a l l y  n o t  as h i g h  as t h a t  
a t  t h e  wal l -basemat  j u n c t u r e ,  b u t  n e a r l y  so, t h u s  w a r r a n t i n g  f u r t h e r  
i n v e s t i g a t i o n .  I n  a d d i t i o n ,  a l i n e r  r u p t u r e  a t  t h e  s p r i n g l i n e  l e a d s  t o  a 
more d i r e c t  leakage t h a n  a r u p t u r e  a t  t h e  basemat j u n c t u r e  because a l l  o f  
t h e  c o n c r e t e  w a l l  i s  i n  t e n s i o n  a t  t h e  s p r i n g l i n e ,  whereas a t  t h e  j u n c t u r e ,  
a sma l l  compress ion e x i s t s  on t h e  o u t s i d e  o f  t h e  w a l l .  T h e r e f o r e ,  t h e  C 5  
g r i d ,  w h i c h  i n c l u d e s  a d d i t i o n a l  r e f i n e m e n t  a t  t h e  s p r i n g l i n e  j u n c t u r e ,  was 
deve loped.  S t r u c t u r a l  f e a t u r e s  a t  t h e  s p r i n g l i n e  w h i c h  may cause l a r g e  
l o c a l  s t r a i n s  i n c l u d e :  t r a n s i t i o n  f r o m  t h e  c y l i n d r i c a l  s t i f f n e s s  t o  t h e  
h i g h e r  dome s t i f f n e s s ,  a g r a d u a l  r e d u c t i o n  i n  c o n c r e t e  t h i c k n e s s  by 2-3/4" 
(69 .9  mn), and an a b r u p t  change i n  l i n e r  t h i c k n e s s  f rom 1 / 1 6 "  (1 .59 m) i n  
t h e  c y l i n d e r  t o  1 / 1 2 "  (2 .12  mn) i n  t h e  dome. Moreover ,  t h i s  a b r u p t  
t h i c k n e s s  change i s  accompl ished w i t h  a f i e l d  welded seam a t  t h e  s p r i n g l i n e  
c a u s i n g  a p o s s i b l e  c r a c k  i n i t i a t i o n  l o c a t i o n  a t  h i g h  s t r a i n s .  Ref inements  
o f  t h e  p r e v i o u s  C3 g r i d  i n c l u d e  t h e  a d d i t i o n  o f  22 e x t r a  rows o f  c o n c r e t e  
e lements  nea r  t h e  s p r i n g l i n e  and t h e  use o f  8-node cont inuum e lements  t o  
model t h e  l i n e r  i n  t h i s  r e g i o n .  These changes improved t h e  m o d e l i n g  o f  t h e  
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l i n e r ' s  b e n d i n g  b e h a v i o r  and showed more severe  s t r a i n  c o n c e n t r a t i o n s  t h a n  
t h o s e  p r e d i c t e d  when t h e  l i n e r  was modeled w i t h  s h e l l  e lements.  

I t  i s  c o n v e n i e n t  t o  c l a s s i f y  s t r u c t u r a l  response and modes o f  d e f o r m a t i o n  as 
p r i m a r i l y  r e l a t e d  t o  e i t h e r  m e r i d i o n a l  a c t i o n  o r  hoop a c t i o n .  F o r  t h e  w a l l  
basemat j u n c t u r e  o r  t h e  s p r i n g l i n e  s t r a i n  c o n c e n t r a t i o n ,  hoop response i s  o f  
secondary i n t e r e s t .  However, f o r  most  o f  t h e  p e n e t r a t i o n s ,  hoop response i s  
t h e  m o s t . i m p o r t a n t ,  e s p e c i a l l y  a t  t h e  b e l t  l i n e  o f  t h e  c y l i n d e r  w a l l .  
hoop s t r a i n s  a r e  r o u g h l y  t w i c e  t h e  m e r i d i o n a l  s t r a i n s ,  and s t r a i n  
c o n c e n t r a t i o n s  d e v e l o p  e a r l i e r  because o f  much e a r l i e r  hoop c r a c k i n g .  
O v a l i z a t i o n  o f  t h e  p e n e t r a t i o n s ,  w h i c h  a f f e c t s  s e a l  t i g h t n e s s ,  i s  i n f l u e n c e d  
by t h e  r e l a t i v e  magn i tudes  o f  hoop and m e r i d i o n a l  c r a c k i n g .  These e f f e c t s  
r e q u i r e  m o d e l i n g  o f  t h e  i n t e r a c t i o n  between m e r i d i o n a l  and hoop d e f o r m a t i o n s  
w h i c h  i s  i m p o s s i b l e  t o  do i n  a two-d imensional  a n a l y s i s .  However, by 
examin ing  t h e  m e r i d i o n a l  ( r - z  geomet ry )  b e h a v i o r  and t h e  hoop ( r -8  geomet ry )  
b e h a v i o r  s e p a r a t e l y ,  s i g n i f i c a n t  i n s i g h t  was g a i n e d  i n t o  t h e  f i n a l  f a i l u r e  
a n a l y s i s  o f  t h e  h a t c h  and p e n e t r a t i o n  l o c a l  e f f e c t s .  

Here 

Severa l  p l a n e  s t r e s s  r-8 s l i c e  models  were a n a l y z e d  i n  w h i c h  p l a n e  s t r e s s  
and beam e lements  were used. The h a t c h  e lements  o u t  o f  p l a n e  t h i c k n e s s e s  
ranged f r o m  30"  t o  60"  (762 t o  1524 mm), w h i l e  t h e  r e m a i n i n g  e lements  were 
264" ( 6 . 7 1  m) t h i c k  w h i c h  i s  t h e  h e i g h t  o f  t h e  1:6 s c a l e  model c y l i n d e r .  A 
deformed g r i d  p l o t  a t  100 p s i  ( . 6 9  MPa) i s  shown i n  F i g u r e  4.3.7 w i t h  
e n l a r g e d  v iews o f  t h e  h a t c h  r e g i o n s .  E a r l i e r  i n  t h e  a n a l y s i s ,  a t  40 p s i  
( .28  MPa), b o t h  ha tches  b u l g e d  o u t  more t h a n  t h e  r e s t  o f  t h e  s h e l l ,  a c t i n g  
as r i g i d  " p l u g s " ,  b u t  a f t e r  a l l  hoop c r a c k i n g  o c c u r r e d ,  t h e  s h e l l  moved o u t  
f u r t h e r .  Note  t h a t  t h e  8" c o n s t r a i n e d  p e n e t r a t i o n  and t h e  t i e  r o d  have 
l i t t l e  e f f e c t  on t h e  o v e r a l l  response.  A t  100 p s i  ( . 6 9  MPa), s i g n i f i c a n t  
l o c a l  d i s t o r t i o n  o c c u r s  around t h e  ha tches .  The h a t c h  covers  appear t o  be 
s e v e r e l y  deformed,  b u t  t h i s  has no e f f e c t  on t h e  response q u a n t i t i e s  o f  
i n t e r e s t ;  p l a n e  s t r e s s  r e p r e s e n t a t i o n  o f  t h e  h a t c h  c o v e r s  g r e a t l y  
u n d e r e s t i m a t e s  t h e i r  s t i f f n e s s .  The maximum l i n e r  hoop s t r a i n  a t  t h e  end o f  
t h e  a n a l y s i s  (120 p s i ,  .83 MPa) was about  0.9 p e r c e n t  n e x t  t o  Hatch  A and 
0 .7  p e r c e n t  n e x t  t o  Hatch  B .  A s i m i l a r  180" r-8 g r i d  was ana lyzed w i t h  t h e  
90"  and 270" personne l  a i r l o c k s  i n  p l a c e  o f  t h e  ha tches ,  and t h i s  produced 
s i m i l a r  r e s u l t s .  The peak s t r a i n s  n e x t  t o  t h e  a i r l o c k s  were g e n e r a l l y  l o w e r  
t h a n  n e x t  t o  t h e  ha tches ;  t h e  90"  a i r l o c k ,  w i t h  two h e a v i l y  s t i f f e n e d  
i n t e r i o r  p l a t e s ,  showed t h e  h i g h e s t  s t r a i n s  o f  t h e  two a i r l o c k s .  

4.3.4.3 D e t a i l e d  R e s u l t s  o f  F i n a l  A x i s y m m e t r i c  A n a l y s i s  

Two a x i s y m m e t r i c  ana lyses  were per fo rmed t o  f o c u s  on t h e  b e h a v i o r  a t  t h e  
wal l -basemat  j u n c t u r e  r e g i o n .  The reasons f o r  t h i s  f u r t h e r  s t u d y  were t o  
a c h i e v e  b e t t e r  m o d e l i n g  o f  t h e  severe  s t r a i n  c o n c e n t r a t i o n s  a t  t h e  l i n e r  
k n u c k l e  we lds  i n  an a t t e m p t  t o  e s t a b l i s h  f a i l u r e  c r i t e r i a  f o r  t h e s e  p o i n t s  
and t o  g e t  a more a c c u r a t e  r e p r e s e n t a t i o n  o f  t h e  l i n e r - c o n c r e t e  i n t e r f a c e .  
A c l o s e u p  v i e w  o f  t h e  C4B j u n c t u r e  r e g i o n  c o n t a i n i n g  t h e  g r i d  r e f i n e m e n t s  i s  
shown i n  F i g u r e  4 .3 .8 .  These g r i d  r e f i n e m e n t s  a r e  f u r t h e r  i l l u s t r a t e d  i n  
t h e  schemat ic  w h i c h  shows t h e  c o n t a c t  s p r i n g s .  The s u r f a c e s  marked " c o n t a c t  
s p r i n g s "  have ABAQUS n o n l i n e a r  s p r i n g s  between nodes p e r p e n d i c u l a r  t o  t h e  
s u r f a c e  w i t h  l a r g e  s p r i n g  c o n s t a n t s  f o r  r e l a t i v e  movement o f  t h e  s u r f a c e s  
toward  each o t h e r  and z e r o  s p r i n g  c o n s t a n t s  f o r  movement o f  t h e  s u r f a c e s  
away f r o m  each o t h e r .  The s u r f a c e s  marked " s t u d  i n t e r f a c e  s p r i n g s "  have 
n o n l i n e a r  s p r i n g s  p a r a l l e l  t o  t h e  s u r f a c e  f o r  shear  r e s i s t a n c e  and 
p e r p e n d i c u l a r  t o  t h e  s u r f a c e  f o r  p u l l o u t  r e s i s t a n c e .  The s p a c i n g  and 
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magni tude o f  t hese  s p r i n g s  a c c u r a t e l y  model t h e  s t u d s  i n  t h e  1:6 s c a l e  
model .  S tud  s p r i n g  c o n s t a n t s  a r e  r e p r e s e n t a t i v e  o f  t h e  s t u d  shear  and 
p u l l o u t  t e s t  d a t a  p r o v i d e d  by SNL C4.3.8). 
were a t t e m p t e d  based on p r e v i o u s  r e s e a r c h  C4.3.11, b u t  t h e  m o d e l i n g  scheme 
a r r i v e d  a t  h e r e  produced t h e  most  c o n s i s t e n t  r e s u l t s .  

O t h e r  fo rms o f  i n t e r f a c e  models  

F i g u r e  4.3.8 shows t h e  added g r i d  r e f i n e m e n t  nea r  t h e  k n u c k l e - l i n e r  we lds  
f o r  p r e d i c t i n g  p o s s i b l e  t e a r i n g .  The c o n s t r u c t i o n  c o n f i g u r a t i o n  a t  t h e  w e l d  
on t h e  l o w e r  edge o f  t h e  k n u c k l e  t o  t h e  basemat l i n e r  i s  such t h a t  a sha rp  
n o t c h  e x i s t s  a t  t h e  c o r n e r  o f  t h e  k n u c k l e  and t h e  2 " x l "  ( 5 1  mm x 25 mm) 
s t e e l  b a c k i n g  b a r .  T h i s ,  combined w i t h  t h e  f a c t  t h a t  f i e l d  w e l d  u n i f o r m i t y  
i s  more d i f f i c u l t  t o  c o n t r o l  make t h i s  p o i n t  a c a n d i d a t e  f o r  t e a r i n g .  The 
upper  we ld ,  on t h e  o t h e r  hand, i s  a shop weld.  T r e a t i n g  t h e  n o t c h  as a 
f l a w ,  s i n g u l a r i t y  e lements  were p l a c e d  as shown i n  t h e  f i g u r e ,  w i t h  a l l  5 
a d j a c e n t  m i d s i d e  nodes moved t o  t h e  e lement  s i d e  q u a r t e r  p o i n t s .  

A c l o s e u p  o f  t h e  deformed j u n c t u r e  r e g i o n  a t  140 p s i  ( .97 MPa) w i t h  
d i s p l a c e m e n t s  m a g n i f i e d  by 5 i s  shown a t  t h e  t o p  o f  F i g u r e  4.3.9. A t  t h i s  
s tage ,  t h e  mechanism f o r  e v e n t u a l  f a i l u r e  has begun, and a t  150 p s i  (1 .03  
MPa) t h e  d e f o r m a t i o n  p a t t e r n  l o o k s  s i m i l a r  b u t  l a r g e r  i n  magni tude.  The 
l i n e r  p e e l e d  away f r o m  t h e  c o n c r e t e  w a l l  f o r  t h e  f i r s t  one i n c h  above t h e  
k n u c k l e  ( a s  shown i n  t h e  f i g u r e ) ,  w h i c h  i n d i c a t e s  a p o s s i b l e  p u l l o u t  o f  t h e  
f i r s t  row o f  welded s t u d s  above t h e  k n u c k l e .  

The h i g h  s t r a i n s  a t  t h e  edges o f  t h e  k n u c k l e  prompted two d i f f e r e n t  
t r e a t m e n t s  o f  t h e  a n a l y s i s  i n  t h e  p r e s s u r e  range o f  140 t o  160 p s i  ( .97 t o  
1.10 MPa). I n  t h e  f i r s t ,  t h e  a n a l y s i s  was r e s t a r t e d  w i t h o u t  change and 
c o n t i n u e d  t o  160 p s i  (1.10 MPa). A t  140 p s i  ( .97  MPa), t h e  s t r a i n s  nea r  t h e  
s i n g u l a r i t y  node i n d i c a t e  t h e  p o s s i b i l i t y  o f  l i n e r  f a i l u r e  e i t h e r  by t e a r i n g  
o f f  t h e  b a c k i n g  b a r  o r  by r u p t u r e  i n  t h e  l i n e r  m a t e r i a l .  A t  t h e  same 
p r e s s u r e ,  s t r a i n s  a t  t h e  t o p  o f  t h e  k n u c k l e  were o f  s i m i l a r  magn i tude.  I n  
o r d e r  t o  f u r t h e r  i n v e s t i g a t e  t h e  b o t t o m  o f  t h e  k n u c k l e ,  t h e  a n a l y s i s  was 
r e s t a r t e d  f o r  t h e  second t i m e  f r o m  140 p s i  ( .97 MPa) u s i n g  t h e  ABAQUS *MODEL 
CHANGE command t o  d e t a c h  t h e  l i n e r  f r o m  t h e  b a c k i n g  b a r  and l e t  t h e  k n u c k l e  
l i f t  up by removing t h r e e  sma l l  e lements  on t h e  t o p  o f  t h e  b a c k i n g  b a r .  
T h i s  was named a n a l y s i s  C4C. *MODEL CHANGE was i n v o k e d  g r a d u a l l y  between 
140 and 152 p s i  ( . 97  and 1.05 MPa) and t h e n  remained i n  e f f e c t  u n t i l  160 p s i  
(1 .10 MPa). T h i s  s i m u l a t e s  t h e  1:6 s c a l e  model l i n e r  k n u c k l e  b r e a k i n g  o f f  
o f  t h e  b a c k i n g  ba r .  The e f f e c t  on d i s p l a c e m e n t s  o f  t e a r i n g  away f r o m  t h e  
b a c k i n g  b a r  i s  t o  a l l o w  a n e t  upward movement o f  t h e  c y l i n d e r  l i n e r ,  t h u s  
r e l a x i n g  t h e  s t r e s s  a t  t h e  l i n e r - k n u c k l e  j u n c t u r e .  When t h i s  occu r red ,  
l i n e r  s t r a i n s  nea r  t h e  w e l d  l e v e l e d  o f f ;  whereas when t h e  k n u c k l e  s tayed  i n  
c o n t a c t  (C4B),  s t r a i n s  c o n t i n u e d  t o  r i s e  s h a r p l y .  I t  shou ld  be n o t e d  t h a t  
f a i l u r e  i n  t h e  manner o f  C4C w i t h o u t  a t  l e a s t  p a r t i a l  t e a r i n g  o f  t h e  l i n e r -  
k n u c k l e  w e l d  i s  u n l i k e l y .  F i g u r e  4.3.9 a l s o  shows t h e  l i n e r  s t r a i n  p r o f i l e  
f o r  C4B. The dashed l i n e  i s  b o t t o m  o r  " c o n c r e t e - s i d e "  i n t e g r a t i o n  p o i n t  
s t r a i n  and t h e  s o l i d  l i n e  i s  t o p  o r  " p r e s s u r e - s i d e "  i n t e g r a t i o n  p o i n t  
s t r a i n .  S t r a i n s  e lsewhere  i n  t h e  s t r u c t u r e  a r e  s i m i l a r  t o  p r e v i o u s  
ana lyses .  Between 140 and 160 p s i  (0 .97  and 1.10 MPa), C4B s t r a i n s  a t  t h e  
b o t t o m  k n u c k l e  w e l d  grow v e r y  r a p i d l y ,  p r o b a b l y  r e p r e s e n t i n g  a f a i l u r e  
mechanism - t h e  m e r i d i o n a l  s t r a i n s  grow f r o m  3.6 p e r c e n t  t o  9.0 p e r c e n t  (Von 
Mises  e f f e c t i v e  s t r a i n s  o f  6 p e r c e n t  t o  16 p e r c e n t ) .  However, i n  C4C, once 
t h e  l i n e r  i s  r e l e a s e d  f r o m  t h e  b a c k i n g  b a r ,  s t r a i n s  l e v e l  o f f .  The 
r a t i o n a l e  f o r  a l l o w i n g  t h e  k n u c k l e  t o  t e a r  away f r o m  t h e  back ing  b a r  a t  a 
Von Mises  s t r a i n  o f  6 p e r c e n t  i s  s u p p o r t e d  by l i t e r a t u r e  c4.3.91, w h i c h  
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shows t h a t  i n  t h e  e m b r i t t l e d  zone around a s t e e l  weldment,  d u c t i l i t y  i s  
sometimes s i g n i f i c a n t l y  reduced. As ment ioned b e f o r e ,  i t  i s  a l s o  l i k e l y  
t h a t  t e a r i n g  t h r o u g h  t h e  l i n e r  a t  t h e  t o p  o r  b o t t o m  o f  t h e  k n u c k l e  wou ld  
o c c u r  a t  t h i s  l o a d  l e v e l  i n s t e a d  o f  o n l y  t e a r i n g  o f f  o f  t h e  back ing  b a r ,  b u t  
s i n c e  t h i s  c o n s t i t u t e s  f a i l u r e  o f  t h e  p r e s s u r e  r e t a i n i n g  system, no pos t -  
t e a r i n g  a n a l y s i s  was necessary f o r  t h a t  s c e n a r i o .  

The c o n c l u s i o n s  w h i c h  can be drawn f rom these  a n a l y s e s  are :  
p remature  l i n e r  f a i l u r e  does n o t  occu r  nea r  a p e n e t r a t i o n  ( d i s c u s s e d  l a t e r  
i n  t h i s  r e p o r t )  o r  a t  a weak seam e lsewhere  i n  t h e  s t r u c t u r e ,  l i n e r  f a i l u r e  
w i l l  f i r s t  o c c u r  a t  t h e  edge o f  t h e  k n u c k l e  between a p r e s s u r e  l o a d  o f  140 
and 150 p s i  (0.97 and 1.03 MPa); and (2) f a i l u r e  o f  t h i s  t y p e  w i l l  be by 
t e a r i n g  a t  t h e  we ld  between t h e  k n u c k l e  and t h e  basemat l i n e r  o r  a t  t h e  we ld  
between t h e  t o p  o f  t h e  k n u c k l e  and t h e  c y l i n d e r  l i n e r .  

( 1 )  i f  

4.3.5 3-D Analyses  

As d i s c u s s e d  i n  t h e  p r e c e d i n g  s e c t i o n ,  t h e  main  response component t h a t  i s  
l a c k i n g  i n  t h e  2-D a n a l y s e s  i s  t h e  i n t e r a c t i o n  between hoop and m e r i d i o n a l  
d e f o r m a t i o n s  around t h e  ha tches  and p e n e t r a t i o n s .  The basemat and w a l l -  
basemat j u n c t u r e  were modeled reasonab ly  a c c u r a t e l y  by a x i s y m m e t r i c  a n a l y s i s  
and were e x c l u d e d  f r o m  f u r t h e r  3-D a n a l y s i s .  The f o l l o w i n g  a n a l y s i s  was 
implemented: 

1. Ana lyze  a 90" wa l l /dome model w h i c h  c o n t a i n s  p o r t i o n s  o f  t h e  s t r u c t u r e  
t h a t  a r e  o f  most i n t e r e s t  and h i g h e s t  f a i l u r e  p o t e n t i a l .  The c u t  a t  t h e  
base o f  t h e  w a l l  i s  d r i v e n  by d i s p l a c e m e n t  boundary c o n d i t i o n s  g e n e r a t e d  
i n  t h e  most d e t a i l e d  o f  t h e  a x i s y m m e t r i c  a n a l y s e s  (C4B). 

2. E x t r a c t  nodal  d i s p l a c e m e n t s  a l o n g  f a c e s  and c u t s  around p e n e t r a t i o n s  and 
ha tches  t o  d e v e l o p  d i s p l a c e m e n t  boundary c o n d i t i o n s  f o r  l o c a l  3-D runs  
w i t h  s m a l l e r  g r i d s .  

3. Analyze  l o c a l  models w i t h  more r e f i n e m e n t  t o  d e t e r m i n e  maximum l i n e r  
s t r a i n s  and f a i l u r e  mechanisms. 

From t h e  2-D ana lyses ,  t h e  1:6 s c a l e  model q u a d r a n t  w h i c h  c o n t a i n e d  t h e  most 
c r i t i c a l  p e n e t r a t i o n s  i s  f r o m  270" t o  0". The model c o n t a i n s  equipment 
h a t c h  A ,  an 8" c o n s t r a i n e d  p e n e t r a t i o n ,  t h e  4 "  p r e s s u r e  n o z z l e ,  and t h e  270" 
personne l  a i r l o c k .  S t r a i n  c o n c e n t r a t i o n s  w i l l  p r o b a b l y  be h i g h e r  n e x t  t o  
t h e  90" a i r l o c k ,  b u t  t h e  270" a i r l o c k  i s  most s u s c e p t i b l e  t o  o v a l i z a t i o n  and 
i s  t h e r e f o r e  i n c l u d e d  i n  t h e  model.  The l o c a l  models  o r i g i n a l l y  p lanned 
were equipment h a t c h  A ,  t h e  8"  c o n s t r a i n e d  p e n e t r a t i o n  and t h e  4 "  p r e s s u r e  
n o z z l e  because these  rank  h i g h e s t  i n  l i n e r  f a i l u r e  p o t e n t i a l .  However, 
based on t h e  r e q u e s t  f o r  s t a n d a r d i z e d  p r e d i c t i o n s  f r o m  SNL, d e t a i l e d  
i n f o r m a t i o n  a t  h a t c h  B i s  reques ted ,  so a l o c a l  model o f  h a t c h  B was a l s o  
deve loped and ana lyzed f o r  t h e  same boundary c o n d i t i o n s  as h a t c h  A. 

The r e s u l t s  o f  t h e  3-0 a n a l y s e s  p r o v i d e  much needed 3-0 i n f o r m a t i o n  such as 
d i s p l a c e m e n t  g r a d i e n t s  and severe  d i m p l i n g  near  t h e  ha tches ,  h a t c h  
o v a l i z a t i o n ,  e f f e c t  o f  l o c a l  d e t a i l s  i n  r e b a r  p a t t e r n s  w h i c h  go around t h e  
ha tches  and p e n e t r a t i o n s ,  and t r i a x i a l  l i n e r  s t r a i n s  and s t r a i n  g r a d i e n t s .  
A l l  o f  t h e  r e s u l t s  i n  t h e  a rea  o f  ha tches  and p e n e t r a t i o n s  w h i c h  a r e  
p r e s e n t e d  i n  t h i s  r e p o r t ,  i n c l u d i n g  those  l i s t e d  i n  t h e  SNL s e t  o f  
s t a n d a r d i z e d  p r e d i c t i o n s ,  a r e  taken f r o m  t h e  3-D ana lyses .  
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4.3.5.1 G l o b a l  3-D Quar te r -Mode l  A n a l y s i s  

The c o m p u t a t i o n a l  g r i d  f o r  t h e  90" wa l l / dome q u a r t e r  model i s  i l l u s t r a t e d  i n  
F i g u r e  4.3.10. The g r i d  i n  t h e  g l o b a l  r e g i o n s  away f r o m  t h e  ha tches  i s  
r e l a t i v e l y  c o a r s e  b u t  i s  c o n s i d e r e d  adequate  f o r  c a p t u r i n g  t h e  d i s p l a c e m e n t  
b e h a v i o r  o f  t h e  1:6 s c a l e  model.  Twenty-node con t inuum e lemen ts  w i t h  
reduced ( 2 x 2 ~ 2 )  i n t e g r a t i o n  were used f o r  a l l  o f  t h e  c o n c r e t e ,  and 8-node 
s h e l l  e lemen ts  w i t h  5 p o i n t  i n t e g r a t i o n  t h r o u g h  t h e  t h i c k n e s s  were used f o r  
a l l  o f  t h e  l i n e r  p l a t e  and h a t c h  s t e e l .  D i s c r e t i z a t i o n  o f  t h e  g r i d  i s  
a c t u a l l y  b e t t e r  t h a n  i t  appears  i n  F i g u r e  4.3.10 because t h i s  f i g u r e  does 
n o t  p l o t  t h e  m i d s i d e  nodes w h i c h  a l l o w  each e lemen t  t o  have c u r v e d  s i d e s  
( m i d s i d e  nodes a r e  n o t  p l o t t e d  w i t h  t h e  c u r r e n t  " h i d d e n  l i n e "  p l o t t e r ) .  One 
c o n c r e t e  e lement  i s  used t h r o u g h  t h e  t h i c k n e s s ,  because i n  t h e  p a s t ,  t h e  20- 
node e lemen ts  have demons t ra ted  e x c e l l e n t  b e n d i n g  c a p a b i l i t y ,  and t h e  
r e s u l t s  a l o n g  t h e  m e r i d i o n a l  p l a n e  8 = 315" compare w e l l  w i t h  a x i s y m m e t r i c  
a n a l y s i s  where t h r e e  second o r d e r  e lemen ts  t h r o u g h  t h e  t h i c k n e s s  were used. 
A t o t a l  o f  218 C3D20R c o n c r e t e  e lemen ts  and 428 S8R l i n e r  p l a t e  and s t e e l  
h a t c h  e lemen ts  were used. A t o t a l  o f  2365 nodes were used, w i t h  14,190 
degrees  o f  freedom. 

F i g u r e  4.3.10 shows a g r i d  r e f i n e m e n t  t r a n s i t i o n  o f  2 : l  a t  t h e  r e c t i l i n e a r  
b o u n d a r i e s  o f  t h e  h a t c h  r e g i o n s .  F u l l  model c o m p a t i b i l i t y  was ach ieved  a t  
t h e s e  b o u n d a r i e s  t h r o u g h  t h e  use o f  ABAQUS m u l t i p o i n t  c o n s t r a i n t  o r  *MPC 
commands. The dome apex was n o t  c o l l a p s e d  t o  a s i n g l e  p o i n t  b u t  t o  a sma l l  
r a d i u s  because a 15-node wedge was n o t  a v a i l a b l e .  A long  8 - 270" and 8 = 
O", symmetry boundary c o n d i t i o n s  were imposed. 

The model i s  c u t  n e a r  t h e  b o t t o m  o f  t h e  w a l l  a t  t h e  1:6 s c a l e  model 
e l e v a t i o n  o f  z = 3 ' 3 " ,  w h i c h  i s  13 i n c h e s  ( . 3 3  m) above t h e  t o p  o f  t h e  w a l l -  
basemat k n u c k l e .  T h i s  c u t  e x c l u d e s  t h e  c r i t i c a l  shear  and bend ing  moment 
zone a t  t h e  j u n c t u r e  b u t  i n c l u d e s  t h e  s i g n i f i c a n t  s l o p i n g  o f  t h e  s h e l l  w a l l .  
I n v e s t i g a t i o n  o f  an a x i s y m m e t r i c  r u n  w i t h o u t  h a t c h e s  (C4B) and a x i s y m m e t r i c  
r u n s  w i t h  a h a t c h  (C3HA, e t c . )  r e v e a l e d  t h a t  t h e  boundary  d i s p l a c e m e n t s  a t  
t h i s  e l e v a t i o n  v a r i e d  between r u n s  by no more t h a n  2 p e r c e n t .  T h e r e f o r e ,  i t  
was deemed s u f f i c i e n t  t o  a p p l y  b o t t o m  f a c e  boundary  c o n d i t i o n s  t h a t  were 
c o n s t a n t  w i t h  8. The boundary c o n d i t i o n s  v a r y  s i g n i f i c a n t l y  a t  t h e  t h r e e  
nodes t h r o u g h  t h e  t h i c k n e s s ,  as i s  e v i d e n t  i n  t h e  de formed shape p l o t s  
p r e s e n t e d  l a t e r  i n  t h i s  s e c t i o n .  The x and y components o f  d i s p l a c e m e n t s  
were g e n e r a t e d  so t h a t  t h e i r  v e c t o r  sum a lways  added up t o  t h e  same r a d i a l  
component. P r e s s u r e  was a p p l i e d  t o  a l l  i n s i d e  s u r f a c e s  i n c l u d i n g  h a t c h  
s l e e v e s  and end caps. Some, b u t  n o t  a l l ,  r e b a r  l a y e r s  i n  t h e  model a r e  
shown i n  F i g u r e  4.3.11. A l l  r e b a r s  were modeled u s i n g  ABAQUS *REBAR sub- 
e lemen ts  and a u t o m a t i c  g e n e r a t i o n  u s i n g  t h e  FORTRAN program d e s c r i b e d  i n  
S e c t i o n  4.3.3. F o r  t h e  3-D q u a r t e r  model,  3168 r e b a r  sub-elements were 
genera ted .  

The l o a d  s t e p p i n g  h i s t o r y  was made c o a r s e r  t h e n  t h e  t y p i c a l  a x i s y m n e t r i c  
a n a l y s e s  by a p p r o x i m a t e l y  a f a c t o r  o f  2. T h i s  l o a d  s t e p p i n g  was s e l e c t e d  by  
t r i a l  and e r r o r  w i t h i n  reasonab le  c o m p u t a t i o n  t i m e  l i m i t s ,  g i v i n g  c a r e f u l  
c o n s i d e r a t i o n  t o  s o l u t i o n  accu racy ,  c o n c r e t e  c r a c k i n g ,  s t e e l  p l a s t i c i t y ,  and 
f o r c e  r e s i d u a l s .  Based on t h e  a x i s y m m e t r i c  a n a l y s e s ,  between 140 and 150 
p s i  ( .97  and 1.03 MPa) a d e f o r m a t i o n  mechanism w i l l  be reached i n v o l v i n g  
basemat l i f t o f f  and l i n e r  t e a r i n g ,  w i t h  a l m o s t  c e r t a i n  t e s t  
d e p r e s s u r i z a t i o n :  t h u s ,  t h e  a n a l y s i s  was s topped  a t  148 p s i  (1.02 MPa). 
Many o f  SNL's r e q u e s t e d  s t a n d a r d i z e d  p l o t s  a r e  f reeze - in - t ime  p r o f i l e s ,  
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r e q u e s t e d  a t  100, 150, and 200 p s i  ( .69,  1.03 and 1.38 MPa). T h e r e f o r e ,  i n  
g e n e r a l ,  ANATECH w i l l  be r e p o r t i n g  t h e  f i r s t  two o f  t h e s e  r e q u e s t e d  curves .  

I n  a d d i t i o n  t o  p r o v i d i n g  d i s p l a c e m e n t  boundary c o n d i t i o n s  f o r  t h e  f i n e r  
l o c a l  3-D ana lyses ,  t h e  3-0 q u a r t e r  model shows i n t e r e s t i n g  g l o b a l  r e s u l t s .  
Severa l  deformed g r i d  p l o t s  a r e  shown i n  F i g u r e s  4.3.12 and 4.3.13. 
D isp lacement  m a g n i f i c a t i o n s  a r e  g i v e n  i n  t h e  c a p t i o n s  f o r  each f i g u r e .  The 
l e f t  p l o t  o f  F i g u r e  4.3.12 shows t h e  l i n e r  and ha tches ,  w i t h o u t  c o n c r e t e ,  
f o r  c l a r i t y .  The s h e l l  w a l l  r o t a t i o n  a t  t h e  base i s  s i m i l a r  t o  t h e  
a x i s y m n e t r i c  a n a l y s i s  because o f  t h e  2-D imposed boundary c o n d i t i o n s  a t  t h e  
b o t t o m  edge. F u r t h e r  up, however, b o t h  ha tches  behave as r i g i d  i n c l u s i o n s  
i n  t h e  s h e l l  w a l l .  The d i m p l i n g  w h i c h  can be observed around t h e  ha tches  
i n t e n s i f i e s  l i n e r  s t r a i n  c o n c e n t r a t i o n s  near  t h e  ha tches ,  r e s u l t i n g  i n  much 
h i g h e r  s t r a i n  i n  3-D than  i n  2-D. The r a d i a l  d i s p l a c e m e n t  p a t t e r n  a t  t h e  
b e l t l i n e  o f  t h e  c y l i n d e r  w a l l  ( i n  l i n e  w i t h  t h e  ha tches )  i s  much d i f f e r e n t  
t han  t h a t  a t  t h e  s p r i n g l i n e .  T h i s  i s  shown i n  t h e  r i g h t  p l o t  o f  F i g u r e  
4.3.13 w i t h  o n l y  a few e lements  around t h e  b e l t l i n e  p l o t t e d .  F i g u r e  4.3.13 
shows t h r e e  deformed s l i c e s  o f  t h e  3-D g r i d  a t  p = 136 p s i  ( .94 MPa) f o r  
2700, 3150,  and 00. These p l o t s  c l e a r l y  show t h e  d i f f e r e n c e  i n  c y l i n d e r  
r a d i a l  d i s p l a c e m e n t  a t  t h e  ha tches  versus  t h e  c l e a n  w a l l  s e c t i o n  (8 = 315" ) .  
B o t h  ha tches  behave as r i g i d  i n c l u s i o n s  because o f  t h e  i n c r e a s e d  c o n c r e t e  
w a l l  t h i c k n e s s  and because o f  t h e  h i g h  r e b a r  d e n s i t y  around t h e  ha tches .  

Another  aspec t  o f  t h e  conta inment  response t h a t  was i m p o s s i b l e  t o  c a p t u r e  i n  
2-D a n a l y s i s  i s  h a t c h  o v a l i z a t i o n .  F i g u r e  4.3.14 shows d i a m e t r a l  l e n g t h  
change h i s t o r i e s  f o r  t h e  h a t c h  A and t h e  personne l  a i r l o c k  s leeves .  The 
d i a m e t e r  changes a r e  measured across  t h e  open ing  a t  t h e  a t tachment  t o  t h e  
l i n e r .  The cu rves  i n  each p l o t  a r e  l a b e l e d  as t h e  d i a m e t e r  change f rom 3 t o  
9 o ' c l o c k  and f r o m  6 t o  12 o ' c l o c k .  A t  t h e  end o f  t h e  a n a l y s i s ,  t h e  r a t i o  
between h o r i z o n t a l  and v e r t i c a l  e x t e n s i o n  i s  4.6 f o r  h a t c h  A and 2.8 f o r  t h e  
personne l  a i r l o c k .  The a i r l o c k  a c t u a l l y  expands more i n  p r o p o r t i o n  t o  i t s  
d i a m e t e r  t h a n  t h e  equipment ha tch .  T h i s  was a n t i c i p a t e d  due t o  t h e  
c o n s t r u c t i o n  d e t a i l  used, i . e . ,  t h e  a i r l o c k  has no s t i f f e n i n g  p l a t e  o r  h a t c h  
cove r  i n  t h e  p l a n e  o f  t h e  l i n e r .  The h a t c h  s l e e v e  d i a m e t e r  i s  40"  (1.02 m),  
g i v i n g  a maximum percentage hoop d i a m e t r a l  change o f  4.6 p e r c e n t .  The 
a i r l o c k  d i a m e t e r  i s  20" ( . 5 1  m), g i v i n g  a maximum hoop d i a m e t r a l  change o f  7 
p e r c e n t .  T h i s  o v a l i z a t i o n  f u r t h e r  i n t e n s i f i e s  t h e  l i n e r  s t r a i n  
c o n c e n t r a t i o n s  near  t h e  ha tches ,  and may p r o v i d e  u s e f u l  d a t a  f o r  f u t u r e  
e v a l u a t i o n  o f  h a t c h  covers  and s e a l s .  

4.3.5.2 Loca l  3-0 Hatch  Ana lyses  

The c o m p u t a t i o n a l  g r i d s  f o r  t h e  l o c a l  3-D a n a l y s i s  o f  Equipment Hatches A 
and B a r e  i l l u s t r a t e d  i n  F i g u r e  4.3.15. The l i n e r  t h i c k n e s s  has been 
exaggera ted  f o r  c l a r i t y .  Each p l o t  shows a "h idden  l i n e "  p l o t  o f  t h e  g r i d  
combined w i t h  two l a y e r s  o f  r e b a r .  Not  a l l  l a y e r s  o f  b a r s  a r e  shown, b u t  i n  
t h e  a n a l y s e s  each b a r  f r o m  t h e  c o n s t r u c t i o n  drawings  was modeled, i n c l u d i n g  
t h e  m u l t i p l e  l a y e r s  o f  hoop and m e r i d i o n a l  b a r s ,  s e i s m i c ,  "sun-ray" ,  and 
e x t r a  shear  bars .  I n  S e c t i o n  4.3.4, i t  was shown t h a t  l i n e r  s t r a i n  
c o n c e n t r a t i o n s  were l a r g e r  f o r  t h e  h a t c h  A geometry t h a n  f o r  h a t c h  B; 
t h e r e f o r e ,  h a t c h  A was modeled i n  t h e  g l o b a l  a n a l y s i s .  Because o f  t i m e  
l i m i t a t i o n ,  a h a t c h  B v e r s i o n  o f  t h e  g l o b a l  r u n  was n o t  ana lyzed.  I n s t e a d ,  
d i s p l a c e m e n t  boundary c o n d i t i o n s  f rom h a t c h  A were used t o  d r i v e  a l o c a l  
model o f  h a t c h  B under  t h e  assumpt ions t h a t  away f r o m  t h e  h a t c h  t h e  
d i s p l a c e m e n t  f i e l d s  a r e  n o t  a f f e c t e d  by h a t c h  d e t a i l s .  Near t h e  edges, t h e  
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two l o c a l  g r i d s  a r e  i d e n t i c a l ,  so i t  i s  f e l t  t h a t  t h i s  s i m u l a t i o n  o f  t h e  
d i s p l a c e m e n t  f i e l d  was good. 

The p r i m a r y  d i f f e r e n c e s  i n  t h e  l o c a l  h a t c h  g r i d s  and t h e  g l o b a l  g r i d  a r e  
e x t r a  r e f i n e m e n t  nea r  t h e  h a t c h  ( i . e . ,  nea r  t h e  l i n e r  s t r a i n  c o n c e n t r a t i o n )  
and t h e  use o f  m u l t i p l e  l a y e r s  o f  con t inuum e lements  t o  model t h e  l i n e r  
i n s t e a d  o f  t h e  s i n g l e  l a y e r  s h e l l  e lement  w h i c h  was used i n  t h e  g l o b a l  
a n a l y s i s .  I t  was shown i n  S e c t i o n  4.3.4 t h a t  t y p i c a l  l i n e r  s t r a i n  
c o n c e n t r a t i o n s  were l a r g e r  and t h e  s t r a i n  g r a d i e n t s  more r e f i n e d  when 2 
l a y e r s  o f  con t inuum e lements  were used t o  model t h e  l i n e r  i n s t e a d  o f  a 
s i n g l e  l a y e r  o f  s h e l l  e lements .  Fo r  t h e  h a t c h  A l o c a l  a n a l y s i s ,  two e x t r a  
e lement  rows were added, w h i c h  enab led  t h e  c a l c u l a t i o n  o f  a r e f i n e d  s t r a i n  
p r o f i l e  i n  t h e  r a d i a l l y  o u t w a r d  d i r e c t i o n .  The h a t c h  s l e e v e  and h a t c h  cove r  
a r e  s t i l l  modeled w i t h  s h e l l  e lements .  F o r  t h e  h a t c h  A l o c a l  model ,  80 20- 
node cont inuum c o n c r e t e  e lements ,  80 20-node cont inuum l i n e r  e lements ,  and 
72 8-node s t e e l  s h e l l  e lements  were used; f o r  h a t c h  6, 144 20-node cont inuum 
c o n c r e t e  e lements ,  152 20-node cont inuum s t e e l  l i n e r  e lements ,  and 112 8- 
node s h e l l  h a t c h  e lements  were used. A q u a r t e r  symnetry  was s e l e c t e d  f o r  
t h e  ha tches  t o  keep t h e  prob lem o f  manageable s i z e .  From examin ing  t h e  3-D 
g l o b a l  model r e s u l t s ,  t h e  h a t c h  response i s  n e a r l y  symmetr ic  about  t h e  3 
o ' c l o c k  l i n e  o f  t h e  ha tch ,  so t h e  quar te r -symmet ry  model a p p r o x i m a t i o n  i s  
j u s t  i f i ed. 

R e s u l t s  o f  t h e  l o c a l  Equipment Hatch  a n a l y s e s  p r o v i d e  d e t a i l e d  i n f o r m a t i o n  
about  t h e  s t r a i n  f i e l d  around t h e  ha tches  w h i c h  c o u l d  n o t  be accompl ished 
w i t h  t h e  c o a r s e  g l o b a l  model.  Due t o  space l i m i t a t i o n s ,  deformed g r i d  p l o t s  
and o t h e r  g r a p h i c a l  r e s u l t s  a r e  n o t  i n c l u d e d  he re .  E x a m i n a t i o n  o f  deformed 
g r i d s  and o t h e r  d a t a  g i v e s  e v i d e n c e  o f  t h e  cause o f  t h e  h i g h  l i n e r  s t r a i n s  
i n  t h e  f i r s t  20 i nches  ( . 5 1  m) o u t  f rom t h e  ha tches ,  p a r t i c u l a r l y  H a t c h  A. 
N o t  o n l y  does t h e  l i n e r  change t h i c k n e s s  f r o m  3 / 1 6 "  t o  1 / 1 6 "  (4 .76 t o  1.59 
mn), b u t  t h e  h a t c h  i n c l u s i o n  causes a r e v e r s e  i n  c u r v a t u r e  o f  t h e  s h e l l  
w a l l .  T h i s  a c c e n t u a t e s  t h e  severe  l i n e r  t e n s i o n  and a l s o  induces  sma l l  
amounts o f  bend ing  w h i c h  wou ld  enhance t h e  p o t e n t i a l  f o r  f a i l u r e .  F i g u r e  
4.3.16 i l l u s t r a t e s  t h e  l i n e r  s t r a i n  c o n c e n t r a t i o n  m e n t i o n e d  above by showing 
s t r a i n  p r o f i l e s  moving f r o m  t h e  edge o f  t h e  h a t c h  s l e e v e  ou tward  a l o n g  a 3 
o ' c l o c k  l i n e ,  a 1:30 l i n e  and a 12 o ' c l o c k  l i n e  f o r  b o t h  ha tches .  F i g u r e  
4.3.16 i s  t aken  a t  150 p s i  (1 .03 MPa). A l l  s t r a i n s  a r e  maximum p r i n c i p a l  
s t r a i n s ,  b u t  i n v e s t i g a t i o n  o f  t h e  i n d i v i d u a l  d i r e c t i o n a l  s t r a i n  components 
shows t h a t  hoop s t r a i n  dominates  t h e  p r i n c i p a l  s t r a i n  c a l c u l a t i o n .  F o r  
H a t c h  A, t h e  maximum p r i n c i p a l  s t r a i n  i s  3.5 p e r c e n t  a l o n g  t h e  3:OO l i n e ,  7 
i n c h e s  (178 mm) o u t ,  w h i c h  i s  i n  t h e  f i r s t  e lement  o f  t h e  1 /16 "  (1 .59 mn) 
m a t e r i a l .  I n  t h e  1:6 s c a l e  model,  t h i s  i s  near  a seam w e l d  between t h e  two 
m a t e r i a l  t h i c k n e s s e s .  F o r  H a t c h  6, t h e  maximum p r i n c i p a l  s t r a i n  a t  t h e  end 
o f  t h e  a n a l y s i s  (150 p s i  , 1.03 MPa) i s  1.2 p e r c e n t  w h i c h  o c c u r s  a t  t h e  edge 
o f  t h e  embossed c o n c r e t e  (9 = 358") .  

4.3.5.3 Loca l  3-D P e n e t r a t i o n  Analyses 

The c o m p u t a t i o n a l  g r i d s  f o r  t h e  l o c a l  3-D a n a l y s i s  o f  t h e  4 "  d i a m e t e r  
p r e s s u r e  n o z z l e  r e g i o n  and t h e  8 "  c o n s t r a i n e d  p e n e t r a t i o n  r e g i o n  a r e  
i l l u s t r a t e d  i n  t h e  deformed s t r u c t u r e  p l o t s  o f  F i g u r e  4 .3 .17  ( c o n c r e t e  
e lements  n o t  shown). B o t h  g r i d s  c o n t a i n  4 l a y e r s  o f  hoop b a r s ,  2 l a y e r s  o f  
m e r i d i o n a l  ba rs ,  and 2 l a y e r s  o f  s e i s m i c  b a r s  s i m i l a r  t o  t h e  l o c a l  h a t c h  
ana lyses ,  and t h e  4 i n c h  n o z z l e  r e g i o n  c o n t a i n s  #6 shear  r e i n f o r c e m e n t  
e x t e n d i n g  f r o m  t h e  basemat up s e v e r a l  f e e t  i n t o  t h e  w a l l .  U n l i k e  t h e  h a t c h  
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ana lyses ,  q u a r t e r  symmetry c o u l d  n o t  be used because t h e  g l o b a l  q u a r t e r  
model g r i d  c o u l d  n o t  be made t o  l i n e  up w i t h  each p e n e t r a t i o n  a l o n g  v e r t i c a l  
and h o r i z o n t a l  axes. I n  a d d i t i o n ,  t h e  p e n e t r a t i o n  response v a r i e s  
s i g n i f i c a n t l y  i n  t h e  a x i a l  d i r e c t i o n  because one p e n e t r a t i o n  i s  l o c a t e d  near  
t h e  b o t t o m  o f  t h e  w a l l  where s i g n i f i c a n t  c u r v a t u r e  and d i s p l a c e m e n t  g r a d i e n t  
t a k e  p l a c e .  The response i s  v e r t i c a l l y  asymmetr ic f o r  t h e  p r e s s u r e  n o z z l e  
because o f  t h e  presence o f  t h e  #6 b a r s  men t ioned  above w h i c h  a r e  t e r m i n a t e d  
n e a r  t h e  same e l e v a t i o n  as t h e  n o z z l e .  

Ano the r  d i f f e r e n c e  i n  t h e  sma l l  p e n e t r a t i o n  ana lyses  i s  i n  t h e  m o d e l i n g  o f  
t h e  t r a n s i t i o n  i n  l i n e r  t h i c k n e s s  f r o m  t h e  3/16" (4.76 mm) t h i c k  p o r t i o n  
n e a r  t h e  p e n e t r a t i o n  t o  t h e  g l o b a l  l i n e r  t h i c k n e s s  o f  1/16" (1.59 mm). F o r  
t h e  ha tches  t h i s  e lement  was r e l a t i v e l y  c l o s e  t o  t h e  h a t c h ,  and t h e  
t r a n s i t i o n  was made by chang ing  f r o m  3 l i n e r  cont inuum e lements  t o  2 .  F o r  
t h e  p e n e t r a t i o n s  more rows o f  e lements  were used mov ing  r a d i a l l y  o u t  f r o m  
t h e  p e n e t r a t i o n s ,  t h u s  e n a b l i n g  t h e  m o d e l i n g  o f  t h e  e x a c t  t h i c k n e s s  
t r a n s i t i o n  shown on t h e  c o n s t r u c t i o n  d raw ings ,  i . e . ,  chang ing  f r o m  3/16" t o  
1/16" (4.76 t o  1.59 mm) a t  a s l o p e  o f  4 i n  12 o r  o v e r  a l a t e r a l  d i s t a n c e  o f  
3/8" (9.53 mm). Two l i n e r  cont inuum e lements  a r e  used t h r o u g h  t h e  t h i c k n e s s  
t h r o u g h o u t ,  and t h e  t h i c k n e s s  t r a n s i t i o n  i s  i n t r o d u c e d  a c r o s s  one e lement  
row. B o t h  p e n e t r a t i o n  ana lyses  use t h e  same g r i d  p a t t e r n  and number o f  
e lemen ts  b u t  w i t h  d i f f e r e n t  d imens ions ,  namely, 80 20-node c o n c r e t e  
e lements ,  160 20-node l i n e r  e lemen ts ,  and a p p r o x i m a t e l y  60 8-node s h e l l  
p e n e t r a t i o n  e lemen ts .  D isp lacement  boundary c o n d i t i o n s  and p r e s s u r e  were 
a p p l i e d  i n  a manner c o n s i s t e n t  w i t h  t h e  d i s c u s s i o n s  i n  t h e  p r e v i o u s  
s u b s e c t i o n s .  A t  t h e  edges o f  t h e  g r i d s ,  d i s p l a c e m e n t s  a t  nodes w i t h o u t  one- 
to-one cor respondence w i t h  g l o b a l  g r i d  nodes were i n t e r p o l a t e d  u s i n g  second 
o r d e r  i n t e r p o l a t i o n .  

F i g u r e  4.3.18 shows s t r a i n  p r o f i l e s  a t  150 p s i  (1.03 MPa) f o r  t h e  two 
p e n e t r a t i o n  g r i d s .  The t o p  p l o t  o f  each f i g u r e  i s  a p r o f i l e  mov ing  o u t  f r o m  
t h e  edge o f  t h e  n o z z l e  p i p e  a l o n g  t h e  3:OO p o s i t i o n ,  and t h e  b o t t o m  p l o t  i s  
a p r o f i l e  mov ing  i n  t h e  m e r i d i o n a l  d i r e c t i o n  f r o m  t h e  b o t t o m  o f  t h e  g r i d  up 
t o  t h e  p i p e ,  t h e n  w i t h  a gap ac ross  t h e  p i p e  and on up t o  t h e  t o p  o f  t h e  
g r i d .  A l l  s t r a i n s  a r e  maximum p r i n c i p a l  s t r a i n s ,  w h i c h  a r e  g e n e r a l l y  
dominated  by t h e  hoop component. These p l o t s  show t h e  seve re  s t r a i n  
c o n c e n t r a t i o n s  near  t h e  r e i n f o r c e d  p o r t i o n  o f  t h e  l i n e r  a t  about  4 i nches  
(102 mm) o u t  f r o m  t h e  n o z z l e  p i p e  and 9 i n c h e s  (229 mn) o u t  f r o m  t h e  8" 
p e n e t r a t i o n .  The maximum s t r a i n  a t  150 p s i  (1.03 MPa) i s  5 p e r c e n t  a t  t h e  
3:OO p o s i t i o n  f o r  t h e  4" n o z z l e  and 6 p e r c e n t  f o r  t h e  c o n s t r a i n e d  
p e n e t r a t i o n .  These s t r a i n s  a r e  s i g n i f i c a n t l y  h i g h e r  t h a n  what was p r e d i c t e d  
i n  t h e  2-D a n a l y s i s .  The s t r a i n  c o n c e n t r a t i o n  f o r  t h e  8 "  p e n e t r a t i o n  i n  t h e  
s h e l l  w a l l  i s  l a r g e r  t h a n  f o r  t h e  n o z z l e .  T h i s  i s  a t t r i b u t e d  t c  a h i g h e r  
g l o b a l  hoop s t r a i n  i n  t h e  8 "  p e n e t r a t i o n  r e g i o n  t h a n  i n  t h e  4 "  n o z z l e  
r e g i o n .  I n  t h e  l a t t e r  case t h e  g l o b a l  hoop s t r a i n s  a r e  p a r t i a l l y  c o n f i n e d  
by t h e  p r o x i m i t y  o f  t h e  n o z z l e  t o  t h e  basemat. 

4.3.6 D i s c u s s i o n  o f  R e s u l t s  

4.3.6.1 Comparison o f  2-D and 3-D Ana lyses  

The p a r t s  o f  t h e  1:6 s c a l e  model t h a t  a r e  p r e d o m i n a n t l y  a x i s y m m e t r i c  a r e  t h e  
basemat and wal l -basemat j u n c t u r e  and t h e  dome f r o m  s p r i n g l i n e  t o  apex. 
i s  shown i n  S e c t i o n  4.3.4 and 4.3.5 t h a t  a x i s y m n e t r i c  m o d e l i n g  o f  t h e  
c y l i n d e r  w a l l  w i t h  embedded ha tches  and p e n e t r a t i o n s  l e a d s  t o  v e r y  d i f f e r e n t  

I t  
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r e s u l t s  t h a n  3-D mode l i ng .  T h e r e f o r e ,  t h e  2-D r e s u l t s  were used o n l y  t o  
r a n k  p o s s i b l e  f a i l u r e  l o c a t i o n s  r a t h e r  t h a n  compute d e t a i l e d  s t r a i n  
i n f o r m a t i o n .  T a b l e  4.3.3 g i v e s  compar isons  o f  key response q u a n t i t i e s  i n  
t h e  2-D and 3-D ana lyses .  

T a b l e  4.3.3. Comparison o f  2-D and 3-D Key Response Q u a n t i t i e s  

Q u a n t i t y  o r  M i  1 e s t o n e  Pressu re  2-0 R e s u l t  
p s i  (MPa) 

3-D R e s u l t  

Onset  o f  1 s t  Hoop C r a c k i n g  - 40 p s i  (0.28 MPa), z=13' 

R a d i a l  D i s p l .  - Cyl. M i d h g t .  150 (1.03) r-z 1.8" (46 mn) 
I t  I t  - Cyl.  M i d h g t .  120 (0.83) r-z 0.3" (7.6 m) 
I1 II 120 (0.83) r -z 0.28", r-8 0.0" 
I, I t  120 (0.83) r -z 0.29", r-8 -0.5" - Hatch-A 

- Hatch-B 

V e r t i c a l  D i s p l .  - Dome Apex 150 (1.03) r-z 1.6" (41 rrm) 

Max P r .  S t r a i n  - S p r i n g l i n e  
II - Hatch-A 

- Hatch-B 
- 4" N o z z l e  
- 8" P e n e t r .  
- Hatch-A 
- Hatch-B 
- 4" N o z z l e  
- 8" P e n e t r .  

II II 

I1 I t  

I 1  I t  

I 1  I t  

I t  II 

I 1  I t  

II II 

I I  11 

I t  

I t  

I I  

II 

I 1  

I t  

I I  

150 (1.03) 
100 (0.69) 
100 (0.69) 
100 (0.69) 
100 (0.69) 
150 (1.03) 
150 (1.03) 
150 (1.03) 
150 (1.03) 

r-z 0.9% 
0.6% 
0.25% 
0.3% 
0.3% 

Not  A v a i  1 ab1 e 
No t  A v a i  1 ab1 e 
Not  A v a i  1 ab1 e 
Not  Ava i  1 ab1 e 

45 p s i  (0.31 MPa), 
~ = i 3 1 ,  e = 3 w  

1.3" (32 mn) 
0.26" (66 mn) 
0.07" (1.8 mm) 
0.08" (2.0 mn) 

1.2" (30 m) 

0.4% (Coarse G r i d )  
0.9% 
0.4% 
1.6% 
2.2% 
3.4% 
1.2% 
5.0% 
6.0% 

4.3.6.2 Basemat L i f t o f f  Phenomenon 

One o f  t h e  dominant  f e a t u r e s  o f  t h e  1:6 s c a l e  model response a t  h i g h  
p r e s s u r e  ( >  120 p s i ,  0.83 MPa) i s  basemat l i f t o f f .  The l i n e r  s t r a i n  
c o n c e n t r a t i o n  a t  t h e  wal l -basemat j u n c t u r e  ( w h i c h  we r e g a r d  as t h e  most  
c r i t i c a l  f a i l u r e  l o c a t i o n )  seems t o  be p a r t i a l l y  d r i v e n  by t h e  basemat 
l i f t o f f  mechanism. The l i f t o f f  b e h a v i o r  was p r e d i c t e d  i n  a l l  o f  t h e  g l o b a l  
a x i s y m m e t r i c  a n a l y s e s ,  and i t  was d i s c u s s e d  b r i e f l y  i n  S e c t i o n  4.3.4. The 
most  r e f i n e d  basemat model i s  t h e  C4B g r i d  w h i c h  shows l i f t o f f  a t  140 p s i  
(.97 MPa) i n  F i g u r e  4.3.19. The p r o g r e s s i o n  of p r e d i c t e d  basemat l i f t o f f ,  
f r o m  z e r o  l i f t o f f  a t  l e s s  t h a n  20 p s i  (.14 MPa) t o  1 i n c h  (25 mn) a t  140 p s i  
(.97 MPa), i s  summarized i n  F i g u r e  4.3.20. The f i g u r e  shows v e r t i c a l  upward 
d i s p l a c e m e n t  p r o f i l e s  a l o n g  t h e  b o t t o m  o f  t h e  basemat f r o m  t h e  c e n t e r  t o  t h e  
o u t e r  edge. F o r  b e t t e r  v i s u a l  comparisons, t h e  l o g a r i t h m s  o f  d i s p l a c e m e n t s  
a r e  p l o t t e d ;  t h e r e f o r e ,  p o i n t s  w i t h  n e g a t i v e  ( compress i ve )  o r  z e r o  

d i s p l a c e m e n t  f a l l  on t h e  b o t t o m  a x i s  o f  t h e  p l o t .  Moving o u t  t oward  
t h e  edge, as soon as t h e  basemat i s  no  l o n g e r  i n  c o n t a c t  ( i . e . ,  l i f t o f f  

g r e a t e r  t h a n  * p o s i t i v e  d i s p l a c e m e n t s  a r e  p l o t t e d .  The i n t e r s e c t i o n  o f  
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each c u r v e  w i t h  t h e  d i s p l a c e m e n t  a x i s  shows t h e  edge o f  t h e  basemat 
c o n t a c t  p a t t e r n .  

The l a r g e  l i f t o f f  b e g i n n i n g  a t  a p p r o x i m a t e l y  130 p s i  (.90 MPa) c o u l d  
a c t u a l l y  be c a l l e d  f a i l u r e  o f  t h e  basemat s i n c e  such l a r g e  d i s p l a c e m e n t s  (> 
0.5 i nches ,  13 mn) f o r  a model o f  1:6 s c a l e  wou ld  r e p r e s e n t  d i s p l a c e m e n t s  i n  
an a c t u a l  con ta inment  t h a t  a r e  p r o b a b l y  l a r g e r  t h a n  wou ld  be a l l o w e d  f o r  i n  
t h e  e n g i n e e r i n g  o f  t h e  conta inment  system. I t  shou ld  be no ted ,  however, 
t h a t  t h i s  i s  an unsuppor ted  o p i n i o n  o f  t h e  a u t h o r s  o f  t h i s  s e c t i o n .  Fo r  t h e  
1:6 s c a l e  model w i t h  no p i p e  o r  e l e c t r i c a l  systems r u n n i n g  i n  and o u t  o f  t h e  
conta inment ,  i t  i s  p o s s i b l e  f o r  t h e  model t o  s u r v i v e  t o  p r e s s u r e  l e v e l s  10 
o r  20 p s i  (.07 t o  .14 MPa) h i g h e r .  However, l o s s  o f  p r e s s u r e  t o  l i n e r  
r u p t u r e  a t  t h e  l i n e r / k n u c k l e  c o n n e c t i o n  i s  p r e d i c t e d  t o  precede e x c e s s i v e l y  
l a r g e  l i f t o f f  d i s p l a c e m e n t .  

E x a m i n a t i o n  o f  t h e  s e c t i o n  s t r e s s e s  and s t r a i n s  a c r o s s  t h e  f i r s t  and second 
v e r t i c a l  rows o f  e lements  n e x t  t o  t h e  symmetry a x i s  o f  t h e  C4B a n a l y s i s  
r e v e a l s  t h a t  l a r g e  l i f t o f f  i s  t r i g g e r e d  by t h e  y i e l d i n g  o f  t h e  basemat 
b o t t o m  r e i n f o r c e m e n t .  The basemat a c t s  as a deep s l a b  b u i l t  i n  a t  t h e  a x i s  
o f  symmetry and i s  a c t e d  on by d i s t r i b u t e d  f o u n d a t i o n  f o r c e  on t h e  b o t t o m  
w h i c h  r e s i s t s  t h e  dead load ,  d i s t r i b u t e d  downward f o r c e  on t h e  t o p  
( p r e s s u r e )  and a v e r y  l a r g e  c o n c e n t r a t e d  upward f o r c e  where t h e  w a l l  i s  
a t t a c h e d .  The d i s t a n c e  between t h i s  upward f o r c e  and t h e  l i n e  o f  a c t i o n  o f  
t h e  p r e s s u r e  on t h e  basemat causes a l a r g e  moment couple.  The b o t t o m  o f  t h e  
basemat w i l l  be i n  h i g h  t e n s i o n  and t h e  t o p  w i l l  be i n  h i g h  compression. 

The basemat b o t t o m  r e i n f o r c e m e n t  c o n s i s t s  o f  o n l y  #6 b a r s  a t  4 i nches  (102 
mn) on c e n t e r  each way i n  a r e c t a n g u l a r  p a t t e r n .  Not  i n c l u d i n g  t h e  t o p  
r e i n f o r c i n g ,  t h i s  r e p r e s e n t s  a percentage o f  t e n s i o n  s t e e l  o f  o n l y  0.24 
p e r c e n t  on a t y p i c a l  r a d i a l  l i n e ,  w h i c h  i s  a smal l  t e n s i l e  r e i n f o r c e m e n t  
r a t i o .  T h i s  i s  l e s s  than  t h e  minimum r e q u i r e d  by t h e  A C I  code f o r  f l e x u r a l  
members. A C I  318-83 S e c t i o n  10.5 r e q u i r e s  pmin = 2 0 0 / f y  = 0.33 p e r c e n t .  

Comparison can be made t o  basemats o f  p r o t o t y p i c a l  r e i n f o r c e d  conta inments  
a n a l y z e d  i n  C4.3.21 where a t y p i c a l  f u l l  s c a l e  conta inment  basemat had a 
r a d i u s  o f  a p p r o x i m a t e l y  75 f t  (22.9 m)  and a t h i c k n e s s  o f  n i n e  f t  ( 2 . 7  m) 
w i t h  a t h r e e  f t  (0.9 m) o v e r l a y  on t o p  o f  t h e  l i n e r  f o r  a t o t a l  t h i c k n e s s  o f  
12 f t  (3.7 m). T h i s  basemat had b o t t o m  r e i n f o r c e m e n t  as f o l l o w s .  A t  a 
r a d i u s  g r e a t e r  t h a n  30 f t  (9.1 m ) :  t h r e e  r a d i a l  l a y e r s  o f  #18 bars  w i t h  12 
i n  (.30 m) spac ing  and 1 hoop l a y e r  o f  #18 b a r s  w i t h  8 i n  (0.20 m) spac ing .  
I n s i d e  30 f t  (9.1 m) r a d i u s :  one l a y e r  each way i n  a r e c t a n g u l a r  p a t t e r n  a t  
8 i n  (0.20 m) spac ing .  T h i s  g i v e s  r e i n f o r c e m e n t  r a t i o s  o f  0.37 p e r c e n t  w i t h  
a r a d i u s  l e s s  than  30 f t  (9.1 m) and 0.74 p e r c e n t  e lsewhere.  The geometry 
o f  t h e  p r o t o t y p e  C4.3.21 i s  r e p r e s e n t a t i v e  o f  many e x i s t i n g  conta inments  b u t  
i s  n o t  i n t e n d e d  t o  be e x a c t l y  p a t t e r n e d  a f t e r  any one conta inment .  Thus, 
t h e  1:6 s c a l e  model i s  h i g h l y  u n d e r - r e i n f o r c e d  as a f l e x u r a l  member, y e t  i t s  
f l e x u r a l  response may h e l p  t r i g g e r  t h e  g o v e r n i n g  f a i l u r e  mode. 

A d d i t i o n a l  c o n t r i b u t i o n s  t o  t h e  l i f t o f f  phenomena, a l t h o u g h  t o  a l e s s e r  
e x t e n t ,  come f rom t h e  moment f o r m a t i o n  a t  t h e  base o f  t h e  w a l l ,  and t h e  
compress ive c r u s h i n g  o f  t h e  c o n c r e t e  a t  t h e  t o p  o f  t h e  basemat i n  t h e  
s e c t i o n  near  t h e  s y n e t r y  l i n e .  N e i t h e r  o f  t hese  e f f e c t s  i s  as g r e a t  as t h e  
l o s s  o f  t e n s i l e  s t r e n g t h  i n  t h e  b o t t o m  o f  t h e  basemat a t  t h e  symnetry  l i n e .  
W i t h  r e g a r d s  t o  t h e  f i r s t  e f f e c t ,  a t  p r e s s u r e s  g r e a t e r  t han  130 p s i  (.90 
MPa) as t h e  basemat s t a r t s  t o  l i f t  up s i g n i f i c a n t l y ,  h i g h e r  bend ing  moment 
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o c c u r s  ac ross  t h e  base o f  t h e  w a l l ,  and as t h e  moment c a r r y i n g  c a p a c i t y  a t  
t h i s  l o c a t i o n  decreases  ( t h r o u g h  c o n c r e t e  c r u s h i n g  o r  y i e l d i n g  r e b a r ) ,  t h e  
s t r u c t u r e  o f f e r s  l e s s  r e s i s t a n c e  t o  u p l i f t .  I n  t h e  second e f f e c t ,  c o n c r e t e  
c r u s h i n g  a t  t h e  t o p  d i r e c t l y  a f f e c t s  t h e  moment c a r r y i n g  c a p a c i t y  o f  t h e  
b e n d i n g  s e c t i o n  a t  t h e  symnetry  l i n e .  I n  t h e  C4B a n a l y s i s ,  t h e  t o p  s u r f a c e  
c o n c r e t e ,  o r  i n  beam bend ing  te rms,  t h e  ex t reme f i b e r  c o n c r e t e ,  reaches  
u l t i m a t e  e f f e c t i v e  s t r e s s  between 135 and 140 p s i  (.93 and .97 MPa). 

As m e n t i o n e d  i n  S e c t i o n  4.3.3, a l l  o f  t h e  a x i s y m n e t r i c  a n a l y s e s  u t i l i z e d  a 
c o n c r e t e  compress ive  p l a s t i c i t y  model w i t h  no s t r a i n  s o f t e n i n g .  T h i s  
a l l o w e d  t h e  c o n c r e t e  t o  m a i n t a i n  i t s  compress ive  s t r e n g t h  r e g a r d l e s s  o f  how 
much t h e  symnetry  a x i s  b e n d i n g  s e c t i o n  r o t a t e s  as a p l a s t i c  h inge.  
Consequent ly ,  a f t e r  140 p s i  (.97 MPa) t h e  l i f t o f f  s o l u t i o n  was s t i l l  
t r a c t a b l e  up t o  160 p s i  (1.10 MPa), a l t h o u g h  by t h i s  p o i n t  l i f t o f f  reached 
2.5 i n c h e s  (64 mn) w h i c h  i s  an u n r e a l i s t i c  s i t u a t i o n  t o  o c c u r  w i t h o u t  l o s s  
o f  t e s t  p r e s s u r e .  The s o l u t i o n  was s topped t h e r e  because t h e  l i n e r  reached 
i t s  d u c t i l i t y  l i m i t  n e x t  t o  t h e  basemat j u n c t u r e  knuck le .  More r e c e n t l y  C4B 
was re-ana lyzed w i t h  t h e  compress ive s t r a i n  s o f t e n i n g  model;  t h e  a n a l y s i s  
c o u l d  n o t  be c o n t i n u e d  p a s t  140 p s i  (0.97 MPa) because o f  a d i v e r g e n t  
s o l u t i o n  even though l o a d  i n c r e m e n t  s i z e s  were reduced. The source  o f  t h e  
d i v e r g e n c e  was l o s s  o f  moment c a p a c i t y  n e x t  t o  t h e  symnetry  l i n e  as t h e  
compress ive  c o n c r e t e  s t r a i n  so f tened .  Even though t h e  a n a l y s i s  w i t h  t h e  
s t r a i n  s o f t e n i n g  model f a i l e d  between 135 and 140 p s i  (.93 and .97 MPa), t h e  
o t h e r  r e s u l t s  a r e  s t i l l  u s e f u l  f o r  r a n k i n g  f a i l u r e  l o c a t i o n s .  The s t r a i n  
s o f t e n i n g  model g i v e s  even s t r o n g e r  e v i d e n c e  t h a t  basemat f a i l u r e  may 
dominate  t h e  model f a i l u r e .  

4.3.6.3 L i n e r  Anchorage 

Based on t h e  d e t a i l e d  a n a l y s e s  d e s c r i b e d  h e r e i n ,  t h e  mechanism t h a t  w i l l  
most  l i k e l y  l e a d  t o  d e p r e s s u r i z a t i o n  i s  l i n e r  t e a r i n g  a t  t h e  l i n e r - k n u c k l e  
c o n n e c t i o n  o f  t h e  wal l -basemat  j u n c t u r e .  T h i s  f a i l u r e  mode, d i s c u s s e d  i n  
d e t a i l  i n  S e c t i o n  4.3.4.3, i s  l i n k e d  t o  basemat l i f t o f f ,  d i s c u s s e d  i n  
S e c t i o n  4.3.6.2. However, a s t r u c t u r a l  component t h a t  c o n t r o l s  when and 
where t h e  l i n e r  w i l l  f a i l  i n  t h i s  r e g i o n  i s  l i n e r  anchorage. The e f f e c t  o f  
mechan ica l  bond ing  o f  t h e  l i n e r  t o  t h e  c o n c r e t e  has been t h e  s u b j e c t  o f  much 
a n a l y t i c a l  and e x p e r i m e n t a l  r e s e a r c h  C4.3.1, 4.3.23, w h i c h  has shown t h a t  
s u b s t a n t i a l  l o c a l  l i n e r  s t r a i n s  can o c c u r  ac ross  a d i s l o c a t i o n  c r a c k  because 
o f  t h e  e f f e c t i v e n e s s  o f  l i n e r  anchorage. F o r  example, f o r  a conta inment  
w a l l  specimen p r o t o t y p e  i n  C4.3.21, i t  was shown t h a t  a 0.4" (10 mn) 
d i s l o c a t i o n  m o t i o n  i n  t h e  r e g i o n  o f  a s t i f f n e s s  d i s c o n t i n u i t y  caused a l i n e r  
s t r a i n  w e l l  above t h e  l i n e r  r u p t u r e  l i m i t ,  w h i l e  t h e  same d i s l o c a t i o n  
produced a maximum r e b a r  s t r a i n  o f  o n l y  0.75 p e r c e n t .  Much o f  t h e  r e s e a r c h  
o f  t h e  e f f e c t s  o f  l i n e r  anchorage has been f o r  p r e s t r e s s e d  c o n t a i n m e n t s  
w h i c h  u t i l i z e  we lded ang les  and channe ls  f o r  anchorage. However, a f u l l  
s c a l e  specimen o f  a s e c t i o n  o f  r e i n f o r c e d  c o n c r e t e  conta inment  w a l l  w i t h  
l a r g e  p i p e  p e n e t r a t i o n  was r e c e n t l y  t e s t e d  [4.3.11], w h i c h  demonst ra ted  t h e  
e f f e c t i v e n e s s  o f  we lded s t u d  anchorage. E f f e c t i v e  s t u d  anchorage i n  t y p i c a l  
c o n t a i n m e n t s  can be p a r t i a l l y  a t t r i b u t e d  t o  t h e  comnon d e s i g n  p r a c t i c e  o f  
e x t e n d i n g  t h e  s t u d s  beyond t h e  i n n e r m o s t  l a y e r s  o f  ma in  w a l l  r e i n f o r c i n g .  
I n  t h e  case o f  t h e  1:6 s c a l e  model a t  t h e  j u n c t u r e  r e g i o n ,  anchorage i s  
p r o v i d e d  by 0.148" d i a m e t e r  x 0.5" l o n g  (3.8 x 12.7 mn) welded s t u d s  spaced 
i n  a 2 " x Z "  (51 mn x 51 mn) g r i d  p a t t e r n  s t a r t i n g  a t  e l e v a t i o n  z=2'2" o r  0.81 
i n c h e s  (20.6 mn) above t h e  t o p  o f  t h e  knuck le .  The f i r s t  l a y e r  o f  r e b a r s  i s  
l o c a t e d  1-1/2 i n c h e s  (38.1 mn) i n  f r o m  t h e  l i n e r  so t h e  1:6 s c a l e  model 
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s t u d s  do n o t  p e n e t r a t e  t h e  r e b a r  cage. 
0 . 8 1  i n c h e s  (20 .6  mn) o f  l i n e r  i s  s u b j e c t e d  t o  severe  bend ing  and s t r e t c h i n g  
and t h a t  t h e  l i n e r  t ends  t o  pee l  away f r o m  t h e  c y l i n d e r  w a l l  s t a r t i n g  a t  t h e  
k n u c k l e  and mov ing  up. 
a f f e c t e d  by t h e  anchorage e f f e c t i v e n e s s  j u s t  above t h e  knuck le .  
l i n e r - k n u c k l e  s t r a i n  c o n c e n t r a t i o n  i s  a t  t h e  bo t tom o f  t h e  knuck le ,  b u t  
s i n c e  t h e r e  a r e  no s t u d s  i n  t h e  basemat l i n e r ,  t h e  s t u d  d e s i g n  has l i t t l e  
e f f e c t  on t h e  s t r a i n s  a t  t h a t  l o c a t i o n .  

F i g u r e  4 . 3 . 9  showed t h a t  t h i s  f i r s t  

The peak s t r a i n  n e x t  t o  t h e  k n u c k l e  i s  g r e a t l y  
The o t h e r  

As a r e s u l t  o f  t h e  r e l a t i v e l y  weak l i n e r  s t u d  anchorage, h i g h  l i n e r - k n u c k l e  
s t r a i n s  i n  t h e  1:6 s c a l e  model occu r ,  as r e p o r t e d .  r e l a t i v e l y  l a t e  i n  t h e  
t e s t .  W i t h  s t r o n g e r  l i n e r  anchorage, l i n e r  s t r a i n s  wou ld  be more l o c a l i z e d  
and cause h i g h e r  s t r a i n  c o n c e n t r a t i o n  f a c t o r s .  I t  i s  hoped t h a t  t h i s  
c r i t i c a l  f a i l u r e  mode w i l l  n o t  be e l i m i n a t e d  f r o m  t h e  t e s t  by t h e  s t u d  
d e s i g n  d e t a i l s .  I n  o r d e r  t o  e v a l u a t e  t h i s  e f f e c t ,  t h e  a s - b u i l t  welded s t u d  
m o d e l i n g  o f  t h e  C4B model i n  S e c t i o n  4 . 3 . 4  was r e p l a c e d  w i t h  beam e lements  
w i t h  t h e  same c r o s s - s e c t i o n a l  p r o p e r t i e s  as t h e  a s - b u i l t  s tuds,  b u t  
e x t e n d i n g  2 i n c h e s  ( 5 1  mn) i n t o  t h e  conta inment  w a l l ,  p a s t  t h e  f i r s t  l a y e r  
o f  hoop and m e r i d i o n a l  r e i n f o r c i n g .  T h i s  q u i c k  and rough a n a l y s i s  i s  n o t  
s u f f i c i e n t l y  d e t a i l e d  f o r  a d e f i n i t i v e  e v a l u a t i o n  o f  s t u d  anchorage e f f e c t s ,  
b u t  i t  i s  adequate f o r  t h e  p r e s e n t  purposes. T h i s  r e v i s e d  model was 
ana lyzed  w i t h  t h e  same l o a d  h i s t o r y  as C4B and produced v i r t u a l l y  t h e  same 
d i s p l a c e m e n t  and s t r a i n  h i s t o r i e s  everywhere i n  t h e  model excep t  f o r  t h e  
f i r s t  i n c h  above t h e  l i n e r  k n u c k l e  connec t ion .  A t  t h a t  l o c a t i o n ,  l i n e r  
e f f e c t i v e  s t r a i n  f r o m  C4B a t  140 p s i  (0.96 MPa) was 6 p e r c e n t ;  f o r  t h e  
r e v i s e d  a n a l y s i s  t h e  s t r a i n  i n c r e a s e d  by 50 p e r c e n t  t o  9 p e r c e n t .  A l a r g e r  
i n c r e a s e  wou ld  p r o b a b l y  be observed i f  t h e  e l e v a t i o n  o f  t h e  l o w e s t  s t u d  were 
made c l o s e r  t o  t h e  t o p  o f  t h e  knuck le ,  t h u s  f u r t h e r  c o n c e n t r a t i n g  t h e  
s t r a i n .  The s t r a i n s  a t  t h e  bo t tom o f  t h e  k n u c k l e  near  t h e  we ld  s i n g u l a r i t y  
d i s c u s s e d  i n  S e c t i o n  4 . 3 . 4  were unchanged. Lower ing  t h e  e l e v a t i o n  o f  t h e  
l o w e s t  s t u d  c l o s e  t o  t h e  t o p  o f  t h e  k n u c k l e  c o u l d  a l s o  reduce t h e  s t r a i n  a t  
t h e  b o t t o m  o f  t h e  k n u c k l e  by d e c r e a s i n g  t h e  p i v o t i n g  o f  t h e  k n u c k l e  about  
i t s  base, t h u s  mak ing  t h e  k n u c k l e  t o p  s t r a i n  c o n c e n t r a t i o n  t h e  c o n t r o l l i n g  
r u p t u r e  l o c a t i o n .  

4 . 3 . 7  P r e t e s t  P r e d i c t i o n  Conc lus ions  

T h i s  s e c t i o n  i s  a b r i e f  sumnary o f  t h e  expec ted  b e h a v i o r  d u r i n g  t h e  1:6 
s c a l e  model t e s t .  
i n  T a b l e  4 . 3 . 4  i n  o r d e r  o f  m i l e s t o n e s  reached w i t h  i n c r e a s i n g  p ressu re .  
F o l l o w i n g  t h e  t a b l e  i s  t h e  s ta temen t  o f  t h e  most l i k e l y  cause o f  p r e s s u r e  
l o s s  ( o r  f a i l u r e )  i n  t h e  t e s t .  
o f  l e s s  l i k e l y  f a i l u r e  modes. 

The key f e a t u r e s  o f  t h e  s t r u c t u r e  response a r e  o u t l i n e d  

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

Fa i 1 u r e  Pred i c t i on 

1 - L o c a l  L i n e r  Rupture .  T h i s  i s  t h e  p r i m a r y  f o c u s  o f  t h i s  r e s e a r c h  e f f o r t .  
There  a r e  so many l a r g e  s t r a i n  c o n c e n t r a t i o n  l o c a t i o n s  t h a t  t h e  p r o b a b i l i t y  
o f  r e a c h i n g  r e b a r  f a i l u r e  w i t h o u t  a l i n e r  t e a r  i s  e x t r e m e l y  low, i .e . ,  w h i l e  
t h e  p r o b a b i l i t y  o f  d e p r e s s u r i z a t i o n  by 180 p s i  (1 .24  MPa) i s  a p p r o x i m a t e l y  
1 . 0 ,  t h e  p r o b a b i l i t y  a t  140 p s i  ( . 9 7  MPa) i s  a l s o  v e r y  h i g h  (perhaps  0 . 9 5 ) .  
I n  a comprehensive p r o b a b i l i s t i c  f a i l u r e  s t u d y  such f a c t o r s  as c o n s t r u c t i o n  
d e f e c t s  and m a t e r i a l  f l a w s  s h o u l d  be t a k e n  i n t o  account ,  b u t  t h a t  i s  beyond 
t h e  scope o f  t h e  c u r r e n t  research .  
s t r u c t u r e ' s  most severe  l i n e r  s t r a i n  c o n c e n t r a t i o n s  o c c u r  a t  l i n e r  seams, 

T h i s  i s  e s p e c i a l l y  p e r t i n e n t  because t h e  
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and o f t e n  a t  f i e l d  we lded seams, w h i c h  s i g n i f i c a n t l y  i n c r e a s e s  t h e  chance o f  
p rematu re  l eakage  by t h e  presence o f  weldment f l a w s  o r  reduced d u c t i l i t y  
a l o n g  we lds .  N e v e r t h e l e s s ,  s h o r t  o f  a f l a w  o c c u r r i n g  a t  a secondary s t r a i n  
c o n c e n t r a t i o n  l o c a t i o n  ( l i s t e d  i n  i t e m  4 be low) ,  i n i t i a l  l i n e r  r u p t u r e  i s  
most  l i k e l y  t o  o c c u r  a t  t h e  w a l l  basemat j u n c t u r e  between 140 and 150 p s i  
(.97 and 1.03 MPa). (See S e c t i o n  4.3.4 f o r  more d e t a i l e d  d i s c u s s i o n  o f  t h i s  
mechanism.) L i n e r  r u p t u r e  i s  p r e d i c t e d  t o  be l o c a l i z e d  a t  f i r s t ,  but 
w idesp read  i n  8 soon t h e r e a f t e r  ( w i t h i n  a few p s i ) ,  so t h a t  leakage w i l l  be 
l a r g e r  t h a n  t h e  t e s t  p r e s s u r i z a t i o n  c a p a b i l i t y .  However, no l e a k  r a t e  
e s t i m a t e  has been made. T h i s  f a i l u r e  i s  l i n k e d  t o  t h e  f a i l u r e  o f  t h e  i n n e r  

T a b l e  4.3.4 Sumnary o f  Key F e a t u r e s  o f  Expec ted  B e h a v i o r  

P r e s s u r e  
psi (MPa) 

30 ( .21 )  

40 ( .28)  

50 ( . 3 4 )  

60 ( . 41 )  

70 ( . 48 )  

80 (.55) 

85 (.59) 

90 (.62) 

95 ( .66) 

100 (.69) 

120 ( . 8 3 )  

130 ( .go) 

135 ( .93)  

140 (.97) 

1 50- 1 60 

M i l e s t o n e  D e s c r i p t i o n  

L o c a l  c o n c r e t e  c r a c k i n g  n e a r  t h e  wal l -basemat j u n c t u r e  b e g i n s  
due t o  shear  and bend ing  t h e r e .  

Conc re te  c y l i n d e r  hoop c r a c k i n g  b e g i n s  a t  c y l i n d e r  m id -he igh t .  

F u l l  l e n g t h  o f  c y l i n d e r  w a l l  i s  c racked  i n  hoop d i r e c t i o n .  

Onset o f  l o c a l  l i n e r  y i e l d i n g  n e x t  t o  k n u c k l e  ( p r i m a r y  s t r a i n  
component i s me r i d i o n a l  ) . 
Onset o f  l o c a l  l i n e r  y i e l d i n g  n e s t  t o  8" p e n e t r a t i o n  and 4 "  
p r e s s u r e  n o z z l e  (hoop) .  

F u l l  l e n g t h  o f  dome c r a c k s  i n  hoop d i r e c t i o n .  

Onset of  l o c a l  l i n e r  y i e l d i n g  n e x t  t o  equipment ha tches  (hoop) .  

Onset o f  l o c a l  l i n e r  y i e l d i n g  n e x t  t o  pe rsonne l  a i r l o c k  a t  90". 

G l o b a l  c y l i n d e r  l i n e r  y i e l d i n g .  

G l o b a l  m e r i d i o n a l  c o n c r e t e  c r a c k i n g .  

Onset o f  hoop r e b a r  y i e l d i n g  s t a r t i n g  a t  c y l i n d e r  m i d h e i g h t ,  
midway between ha tches .  

Basemat b o t t o m  b a r s  y i e l d ,  t r i g g e r i n g  l a r g e  basemat l i f t o f f .  

Onset o f  g l o b a l  m e r i d i o n a l  r e b a r  y i e l d i n g .  

H i g h  p r o b a b i l i t y  o f  l i n e r  r u p t u r e  n e x t  t o  l i n e r / k n u c k l e  
c o n n e c t i o n  accompanied by knuckJe t e a r i n g  o f f  b a c k i n g  b a r  and 
l o c a l  we lded s t u d  f a i l u r e  a t  j u n c t u r e .  

P o s s i b i l i t y  o f  l i n e r  r u p t u r e s  d e v e l o p i n g  i n  o r d e r  o f  l i s t  i n  
C o n c l u s i o n  #4 below, but t h e r e  i s  a l ow  p r o b a b i l i t y  o f  r e a c h i n g  
t h i s  p r e s s u r e .  
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basemat i n  bend ing  and t o  t h e  c o n s t r u c t i o n  d e t a i l s  o f  t h e  welded s t u d s ,  
w h i c h  a r e  v e r y  s h o r t  and do n o t  p e n e t r a t e  t h e  main r e i n f o r c e m e n t  cage. I t  
i s  a l s o  l i n k e d  t o  t h e  c o n s t r u c t i o n  d e t a i l s  o f  t h e  l i n e r / k n u c k l e  c o n n e c t i o n .  

2 - Basemat F a i l u r e .  The b o t t o m  b a r s  i n  t h e  basemat y i e l d  between 130 and 
135 p s i  ( .90 and .93 MPa). T h i s  causes s u b s t a n t i a l  i n c r e a s e  i n  t h e  
i n c r e m e n t a l  basemat l i f t o f f  so t h a t  a t  t h e  basemat o u t e r  edge l i f t o f f  
reaches  1" (25 mn) a t  140 p s i  ( .97 MPa). Large  basemat m o t i o n  c o n t r i b u t e s  
h e a v i l y  t o  l i n e r  f a i l u r e  p o t e n t i a l  a t  t h e  wal l -base j u n c t u r e .  

3 - G l o b a l  Rebar F a i l u r e .  As i s  t h e  case w i t h  a t y p i c a l  con ta inment ,  t h e  
1:6 s c a l e  model i s  a complex s t r u c t u r e  where many d i f f e r e n t  l o c a l  response 
mechanisms a c t  t o g e t h e r  t o  produce t h e  t o t a l  response. The " u l t i m a t e  
f a i l u r e  p r e s s u r e "  o r  " u l t i m a t e  f a i l u r e  mode" cannot  be p r e d i c t e d  by 
a n a l y z i n g  a c l e a n  r e i n f o r c e d  c y l i n d e r  and dome cap and r e p o r t i n g  t h e  g l o b a l  
r e b a r  f a i l u r e  p o i n t .  However, s i n c e  t h e  i n c l u s i o n  o f  o t h e r  response 
components seems t o  cause l o c a l  l i n e r  s t r a i n  c o n c e n t r a t i o n s  w h i c h  a c t  t o  
l o w e r  t h e  u l t i m a t e  p r e s s u r e  t h a t  c o u l d  be reached by a c l e a n  s h e l l ,  g l o b a l  
r e b a r  f a i l u r e  serves  as a good upper  bound on conta inment  o v e r p r e s s u r e  o r  a 
p o i n t  where t h e  p r o b a b i l i t y  o f  p r e s s u r e  l o s s  approaches 1.0. The 1:6 s c a l e  
model approaches t h i s  p o i n t  a t  180 p s i  (1.24 MPa). A t  160 p s i  (1.10 MPa), 
t h e  hoop b a r s  a t  c y l i n d e r  mid-he igh t  r e a c h  a s t a t e  where i n c r e m e n t a l  
p r e s s u r e  i n c r e a s e s  cause l a r g e  r a d i a l  d i s p l a c e m e n t  i n c r e a s e s .  

4 - Ranking o f  L i n e r  R u p t u r e  L o c a t i o n s .  Again,  t h e s e  p r e d i c t i o n s  a r e  
p r e d i c a t e d  on t h e  assumpt ions o f  p e r f e c t  seams and m a t e r i a l s ,  e s p e c i a l l y  
a round ha tches  and p e n e t r a t i o n s  where seams a r e  c o m p l i c a t e d  and i n c l u d e  
1 / 1 6 "  (1 .59  m) m a t e r i a l  welded t o  3 / 1 6 "  (4 .76  mm) m a t e r i a l .  L i n e r  r u p t u r e  
l o c a t i o n s  a r e  ranked f r o m  h i g h  t o  low p r o b a b i l i t y  o f  r u p t u r e  as f o l l o w s :  

1. 
2. 
3.  

4. 
5. 
6. 
7. 
8. 
9. 

10. 

11. 
12. 

13. 
14. 
15. 

Wal l  l i n e r  t o  k n u c k l e  seam 
Knuck le  t o  basemat l i n e r  seam 
Next  t o  1 /16"  t o  3 / 1 6 "  (1.59 t o  4.76 mn) seam a t  3 o ' c l o c k  o r  9 
o ' c l o c k  p o s i t i o n  o f  t h e  8" p e n e t r a t i o n s  
Same f o r  4 "  p r e s s u r e  n o z z l e  c o n n e c t i o n  
Same f o r  equipment  h a t c h  A 
Same f o r  equipment  h a t c h  B 
Same f o r  personne l  a i r l o c k  a t  90" 
Same f o r  personne l  a i r l o c k  a t  270" 
S p r i n g l i n e  seam o f  1 /16"  (1.59 mn m a t e r i a l  t o  1 / 1 2 "  (2.12 mn) 
m a t e r i a l  
1 / 1 6 "  t o  3 / 1 6 "  (1.59 m) seam n e x t  t o  m i s c e l l a n e o u s  smal l  
p e n e t r a t i o n s  
V e r t i c a l  l i n e r  seam near  c y l i n d e r  m i d - h e i g h t  (hoop f a i l u r e )  
L i n e r  f r a c t u r e  n e x t  t o  a welded s t u d  i n  f i r s t  1 '  (30  m) above w a l l -  
basemat j u n c t u r e  
L i n e r  f a i l u r e  a t  t h e  dome apex 
Any l i n e r  seam i n  t h e  dome 
Genera l  l i n e r  f a i l u r e  away f r o m  a seam 
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F i g u r e  4.3.2 A n a l y s i s  C-3 Deformed G r i d  at 100 p s i  (0.69 MPa) 
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F i g u r e  4 . 3 . 5  C-3 Ana lys is  L i n e r  Hoop S t r a i n  a t  100 and 140 p s i  
(0 .69  and 0.97 MPa) 
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F i g u r e  4 . 3 . 6  C3HA Analysis  Deformed G r i d  a t  120 p s i  (0.83 MPa) 
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F i g u r e  4 .3 .8  C4B Ana lys is  Computational G r i d  
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C4B A N A L Y S I S  

DEFORMED JUNCTURE REGION 
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F i g u r e  4 . 3 . 9  C4B A n a l y s i s  - Deformed Shape and M e r i d i o n a l  S t r a i n  P r o f i l e  
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HATCH-A SLEEVE DIAMETER CHANGE HISTORY 
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F i g u r e  4.3.14 D iamet ra l  Length  Change H i s t o r i e s  for  Hatch-A 
and Personnel A i  r l  ock S1 eeves 
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ss  exaggerated 

Hatch A w i t h  a hoop & mer id .  
r e b a r  1 a y e r  shown 

Hatch B w i t h  e x t r a  h a t c h  
r e i n f o r c e m e n t  shown 

F i g u r e  4.3 .15  Computat ional  G r i d s  f o r  Equipment Hatches A and B 
Loca l  Analyses 
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F i g u r e  4.3.16 Loca l  Hatch  Maximum P r i n c i p a l  L i n e r  S t r a i n  P r o f i l e s  
a t  150 p s i  (1.03 MPa) 
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F i g u r e  4 . 3 . 1 8  4 "  Pressure  N o z z l e  and 8 "  P e n e t r a t i o n  Loca l  Analyses Maximum 
P r i n c i p a l  L i n e r  S t r a i n  P r o f i l e s  a t  150 p s i  (1.03 MPa) 
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F i g u r e  4.3.19 C4B A n a l y s i s  Deformed G r i d  (Basemat) a t  140 p s i  (0.97 MPa) 
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F i g u r e  4.3.20 C4B A n a l y s i s  P r o g r e s s i o n  o f  Basemat L i f t o f f  f r o m  0 t o  140 p s i  
( 0  t o  0.97 MPa) 
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4 .4  Commissar ia t  a L ' E n e r g i e  Atomique 

T h i s  s e c t i o n  was a u t h o r e d  by A. M i l l a r d * ,  G. Nahas**, Ph. Jarnet* and B. 
Barbe***. 

4 . 4 . 1  Sumnary 

- F i n i t e  e lement  a n a l y s i s  u s i n g  t h e  CASTEM system. 

- M u l t i - c r i t e r i a  c o n c r e t e  model,  i n c l u d i n g  t r a c t i o n  damage, shear  
damage, c o n f i n i n g  p r e s s u r e  damage. 

- I s o t r o p i c  h a r d e n i n g  p l a s t i c  model f o r  t h e  r e b a r s  and t h e  l i n e r .  

- A x i s y m n e t r i c  m o d e l i z a t i o n .  

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

- P r e d i c t e d  f a i l u r e  mode: p l a s t i c i t y  o f  r e b a r s  a f t e r  development o f  
m e r i d i o n a l  and hoop c r a c k s  i n  t h e  c o n c r e t e .  

- P r e d i c t e d  f a i l u r e  p ressu re :  138 p s i  (0 .95 MPa). 

4 . 4 . 2  Genera l  C h a r a c t e r i s t i c s  o f  t h e  C a l c u l a t i o n s  

The main  goa l  o f  t h e  c o m p u t a t i o n  per fo rmed by C . E . A . I D . E . M . T . 1 L . A . M . S .  i s  t o  
t r y  t o  p r e d i c t  t h e  o v e r a l l  b e h a v i o r  o f  t h e  1:6-scale r e i n f o r c e d  c o n c r e t e  
conta inment  model,  s u b j e c t e d  t o  an i n t e r n a l  i n c r e a s i n g  p ressu re .  

More p r e c i s e l y ,  t h e  f a i l u r e  mode as w e l l  as t h e  f a i l u r e  p r e s s u r e  w i l l  be 
de termined.  T h e r e f o r e ,  an a x i s y m m e t r i c a l  a n a l y s i s  was dec ided,  w i t h o u t  
a c c o u n t i n g  f o r  t h e  v a r i o u s  p e n e t r a t i o n s  o f  t h e  model. 

The c a l c u l a t i o n s  have been per fo rmed on one hand w i t h  an i n f i n i t e l y  r i g i d  
s o i l  and on t h e  o t h e r  hand w i t h  an e l a s t i c  s o i l .  

The CASTEM system has been used: t h e  code GIB1 f o r  t h e  mesh g e n e r a t i o n ;  t h e  
code I N C A  f o r  t h e  mechan ica l  c a l c u l a t i o n ;  t h e  code ALICE f o r  t h e  p o s t -  
p r o c e s s i n g  o f  t h e  r e s u l t s .  

We have used t h e  s t a n d a r d  v e r s i o n s  o f  t hese  programs, d a t e d  January  1986, 
w i t h o u t  s p e c i a l  m o d i f i c a t i o n .  

The o n l y  modeled n o n l i n e a r i t y  was m a t e r i a l ,  d i s p l a c e m e n t s  b e i n g  assumed t o  
be s m a l l .  

*CEA - DEMTISMTSILAMS - France 
**SOCOTEC I n d u s t r i e s  - France 
***CEA - I P S N I D A S I S A M  - France 
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4.4.3 D e s c r i p t i o n  o f  t h e  S t r u c t u r e  

4.4.3.1 The Mesh 

The s t r u c t u r e  has been modeled u s i n g  v a r i o u s  a x i s y m n e t r i c  f i n i t e  e lements:  
- 1913 l i n e a r  t r i a n g u l a r  e lements  f o r  t h e  c o n c r e t e ;  
- 657 two nodes t h i n  s h e l l  e lements  f o r  t h e  m e r i d i o n a l  r e b a r s ,  f o r  t h e  

s e i s m i c  r e b a r s ,  f o r  t h e  basemat r e b a r s ,  f o r  t h e  l a y e r  11 r e b a r  and 
f o r  t h e  l i n e r ;  

- 419 one node t r u s s  e lements  f o r  t h e  hoop r e b a r s .  

The l i n e a r  t r i a n g u l a r  e lements  have t h r e e  nodes w i t h  two degrees o f  f reedom 
p e r  node. The t h i n  s h e l l  e lements  a r e  f l a t ,  w i t h  two nodes and t h r e e  
degrees o f  f reedom p e r  node. The t r u s s  e l e m e n t s  have one node w i t h  two 
degrees o f  f reedom p e r  node. 

I n  t h e  second c a l c u l a t i o n ,  t h e  s o i l  has been modeled u s i n g  31 f l a t  t h i n  
s h e l l  e lements .  A l l  t hese  e lements  a r e  a n a l y t i c a l l y  i n t e g r a t e d .  F i g u r e s  
4.4.1 and 4.4.2 show t h e  whole mesh f o r  t h e  c a l c u l a t i o n s  w i t h o u t  and w i th  
s o i l  m o d e l i z a t i o n .  

F i g u r e  4.4.3 shows t h e  r e b a r s  and t h e  l i n e r  m o d e l i z a t i o n .  

The shear  t i e s  and t h e  t e r m i n a t i o n  o f  b a r s  have n o t  been modeled i n  t h i s  
ana l  y s  i s . 
The c o n c r e t e  l o c a t e d  under  t h e  basemat r e b a r s  has n o t  been modeled s i n c e  i t  
has no r e s i s t a n c e .  The t o t a l  number o f  degrees  o f  f reedom i s  3564. 

4.4.3.2 C h a r a c t e r i s t i c s  o f  t h e  S t e e l  E lements 

Basement R e c t a n g u l a r  Rebars: 
The basemat r e c t a n g u l a r  r e b a r s  have been modeled on one hand by an 
e q u i v a l e n t  a x i s y n e t r i c  s h e l l ,  t h e  t h i c k n e s s  o f  w h i c h  i s  de te rm ined  on t h e  
b a s i s  o f  an e q u i v a l e n t  u l t i m a t e  l oad ,  and on t h e  o t h e r  hand by t r u s s  
e lements,  t h e  c r o s s  s e c t i o n  o f  w h i c h  a r e  p r o p o r t i o n a l  t o  t h e  r a d i u s .  

The r e s u l t s  o b t a i n e d  a r e  t h e  f o l l o w i n g :  - f o r  t h e  l o w e r  r e b a r s ,  t h e  e q u i v a l e n t  s h e l l  t h i c k n e s s  i s  e = 0.110 i n  
(.0028 m) - f o r  t h e  upper  r e b a r s ,  t h e  e q u i v a l e n t  s h e l l  t h i c k n e s s  i s  e = 0.051 i n  
(.0013 m) 

B,asemat R a d i a l  Rebars:  
'The basemat r a d i a l  r e b a r s  have been modeled u s i n g  a s h e l l  w i t h  v a r y i n g  
t h i c k n e s s ,  depending on t h e  r a d i u s  r: 

t = 3.024 10-3/r ( i n  m e t e r s )  

Basemat Hoop Rebars: 
The c r o s s  s e c t i o n s  o f  t h e  basemat hoop r e b a r s  have been c a l c u l a t e d  i n  
accordance w i t h  t h e  nomina l  v a l u e s  and t h e  l o c a t i o n  o f  t h e  t r u s s  e lements .  
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Basemat Layer  11 Rebars:  
The t h i c k n e s s  o f  t h e  e q u i v a l e n t  s h e l l  v a r i e s  w i t h  t h e  r a d i u s ,  r, t o  t h e  
c e n t e r  o f  t h e  e lement :  

e = 3 .871  ( i n  m e t e r s )  

Mer i d i ona l  Rebar s : 
The t h i c k n e s s  o f  t h e  e a u i v a l e n t  s h e l l  i s  c a l c u l a t e d  f r o m  t h e  number o f  
r e b a r s ,  t h e i r  c r o s s - s e c t i o n  and t h e i r  l o c a t i o n .  

Se i  smi c Rebars: 
The s e i s m i c  r e b a r s  a r e  r e p l a c e d  by m e r i d i o n a l  and hoop r e b a r s  on t h e  b a s i s  
o f  an e q u i v a l e n t  s h e l l  and t r u s s  e lements  u s i n g  t h e  same approach as b e f o r e .  

S t e e l  P l a t e s  a t  t h e  Top o f  t h e  Dome: 
They have been modeled u s i n g  s h e l l  e lements,  w i t h  t h i c k n e s s e s  a c c o r d i n g  t o  
t h e  p lans .  

L i n e r :  
The l i n e r  has been modeled u s i n s  s h e l l  e lements  w i t h  t h i c k n e s s e s  a c c o r d i n g  
t o  t h e  p l a n s .  
t h i c k n e s s e s  g i v e n  by SNL on t h e  p lans .  

Note t h a t  f o r  a l i  e lements ,  we have used t h e  nominal  
- 

4 . 4 . 4  C o n s t i t u t i v e  Models and P r o p e r t i e s  

4 . 4 . 4 . 1  Concre te  

The model used f o r  t h e  c o n c r e t e  has a l r e a d y  been p r e s e n t e d  (see References 
C4.4.3) and C4.4.4)) .  I n  t h i s  model,  t h r e e  p r i n c i p a l  damage modes a r e  
rep resen ted :  (1) shear damage, ( 2 )  t r a c t i o n  damage, and ( 3 )  c o n f i n i n g  
p r e s s u r e  damage. 

F o r  t h e  shear  damage, two t y p e s  o f  b e h a v i o r  have been i d e n t i f i e d  f rom 
e x p e r i m e n t s  C4.4.21: 

- a b r i t t l e  b e h a v i o r  f o r  low c o n f i n i n g  p ressu res .  T h i s  b e h a v i o r  i s  
modeled by two Drucker-Prager  c r i t e r i a ,  one w i t h  s t r a i n - s o f t e n i n g ,  
l i m i t e d  by a second f i x e d  Drucker-Prager  c r i t e r i o n .  

- A d u c t i l e  b e h a v i o r ,  f o r  h i g h  c o n f i n i n g  p ressu res .  T h i s  b e h a v i o r  i s  
modeled by a Von Mises c r i t e r i o n  w i t h  s t r a i n  h a r d e n i n g  and l i m i t e d  by 
a f i x e d  Drucker-Prager  c r i t e r i o n .  

F o r  t h e  t r a c t i o n  damage, a maximum p r i n c i p a l  s t r e s s  c r i t e r i o n  i s  assumed. 
When t h e  t e n s i l e  s t r e n g t h  i s  reached, t h e  r e s i s t a n c e  i n  t h e  c o r r e s p o n d i n g  
d i r e c t i o n  i s  i m m e d i a t e l y  s e t  t o  zero .  The model e n a b l e s  t h e  r e p r e s e n t a t i o n  
o f  t h e  a n i s o t r o p y  induced by t h e  c racks .  The d i r e c t i o n  o f  t h e  c r a c k s  i s  
k e p t  i n  memory. 

F o r  t h e  c o n f i n i n g  p r e s s u r e  damage, t h e  c r i t e r i o n  i s  based on t h e  f i r s t  
i n v a r i a n t  o f  t h e  s t r e s s  t e n s o r .  L i n e a r  s t r a i n  h a r d e n i n g  has been assumed. 

Fo r  a l l  c r i t e r i a ,  t h e  p l a s t i c  s t r a i n s  a r e  o b t a i n e d  t h r o u g h  t h e  n o r m a l i t y  
p r i n c i p l e .  
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The f o l l o w i n g  p r o p e r t i e s  have been adopted  f o r  t h e  c a l c u l a t i o n :  

Young's modulus = 4800 k s i  (33100 MPa) 
P o i s s o n ' s  r a t i o  = 0.2 

S p e c i f i c  w e i g h t  
L i m i t  i n  t r a c t i o n  = 0.5 k s i  (3.45 MPa) 
L i m i t  i n  compress ion  = 6.8 k s i  (46 .9  MPa) 

= 144 l b / f t 3  (2300 kg/m3) 

F i g u r e  4.4.4A shows t h e  compar ison between t h e  e x p e r i m e n t a l  compress ion  
c u r v e  and t h e  one i n t r o d u c e d  i n  t h e  compu ta t i on .  

4.4.4.2 Rebars 

F o r  t h e  r e b a r s ,  a c l a s s i c a l  e l a s t o - p l a s t i c  model based on a Von Mises  
c r i t e r i o n  w i t h  i s o t r o p i c  s t r a i n  h a r d e n i n g  i s  used. 

The f o l l o w i n g  p r o p e r t i e s  have been adopted  f o r  t h e  c a l c u l a t i o n :  

Young's modulus = 31000 k s i  (21400 MPa) 
P o i s s o n ' s  r a t i o  = 0 

D e n s i t y  
Y i e l d  s t r e s s  = 66.6 k s i  (459 MPa) 
U l t i m a t e  s t r e s s  = 98.9 k s i  (682 MPa) 
U l t i m a t e  s t r a i n  = .0451 

3 = 486 l b / f t 3  (7800 kg/m ) 

No te  t h a t  t h e  P o i s s o n ' s  r a t i o  has been assumed t o  be z e r o  i n  o r d e r  t o  have 
o n l y  a u n i a x i a l  b e h a v i o r  o f  t h e  r e b a r s .  

4.4.4.3 L i n e r  and S t e e l  P l a t e s  

The same model has been used f o r  t h e  l i n e r  and t h e  s t e e l  p l a t e s ,  w i t h  t h e  
f o l l o w i n g  p r o p e r t i e s :  

Young's modulus 
P o i s s o n ' s  r a t i o  

D e n s i t y  
Y i e l d  s t r e s s  (basemat 

and c y l i n d e r  dome) 
Y i e l d  s t r e s s  (dome) 
U l t i m a t e  s t r e s s  (basemat 

and c y l i n d e r )  
U l t i m a t e  s t r e s s  (dome) 
U l t i m a t e  s t r a i n  (basemat 

and c y l i n d e r )  
U l t i m a t e  s t r a i n  (dome) 

4.4.4.4 S o i l  

= 30000 k s i  (20700 MPa) 
= 0.3 
= 486 l b / f t 3  (7800 kg/m 3 ) 

= 50.2 k s i  (346  MPa) 
= 51.3 k s i  (354  MPa) 

= 69.9 k s i  (482 MPa) 
= 70.9 k s i  (489  MPa) 

= 0.164 
= 0.149 

F o r  t h e  c o m p u t a t i o n  i n c l u d i n g  s o i l  m o d e l i z a t i o n ,  some e l a s t i c  v e r t i c a l  t h i n  
s h e l l  e lemen ts  have been i n t r o d u c e d  under  t h e  basemat. T h e i r  t h i c k n e s s  
depends on t h e  r a d i a l  d i s t a n c e .  
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T h e i r  s t i f f n e s s  has been c a l c u l a t e d  a c c o r d i n g  t o  measurements per fo rmed by 
Western T e c h n o l o g i e s  I n c .  (see Reference C4.4.71). 

K s  = 390 k s f / f t  (61.26 MPa/m) 

4.4.4.5 I n t e r a c t i o n  Between Concre te  and Re in fo rcement  

I n  o u r  c a l c u l a t i o n ,  we assumed a p e r f e c t  c o n n e c t i o n  between t h e  c o n c r e t e  and 
t h e  s t e e l .  

4.4.5 Computa t iona l  S t r a t e g y  

4.4.5.1 Boundary C o n d i t i o n s  

I n  o u r  two computa t ions ,  u n i l a t e r a l  c o n s t r a i n t s  have been i n t r o d u c e d  a t  t h e  
b o t t o m  o f  t h e  basemat i n  o r d e r  t o  a l l o w  u p l i f t  o f  t h e  basemat under  i n t e r n a l  
p ressu re .  

Symnetry c o n d i t i o n s  have been assumed on t h e  a x i s .  

4.4.5.2 Load H i s t o r y  

The s t r u c t u r e  i s  s u b j e c t e d  t o  i t s  dead w e i g h t ,  w h i c h  i s  m a i n t a i n e d  c o n s t a n t  
d u r i n g  t h e  c a l c u l a t i o n ,  and t o  an i n c r e a s i n g  p ressu re .  

4.4.5.3 S o l u t i o n  A l g o r i t h m  

The a l g o r i t h m  used i s  t h e  c l a s s i c a l  i n i t i a l  s t r e s s  method (see Reference 
C4.4.61). The convergence c r i t e r i a  a r e  based: 

- on one hand, on t h e  r e l a t i v e  d i f f e r e n c e  between p l a s t i c  energy 
inc rements :  

where AWp 

n. 

i s  t h e  p l a s t i c  energy i n c r e m e n t  i n  t h e  s t e p  a t  i t e r a t i o n  
( n )  

- on t h e  o t h e r  hand, on t h e  r e l a t i v e  d i f f e r e n c e  between d i s p l a c e m e n t s  
inc rements :  

where Aq i s  t h e  d i s p l a c e m e n t s  i n c r e m e n t  a t  i t e r a t i o n  n. 
( n >  

The t o l e r a n c e  e has been s e t  t o  0.01 i n  t h e  c a l c u l a t i o n .  The p r e s s u r e  
has been a p p l i e d  i n  28 s teps .  The c o m p u t a t i o n  has been s topped due t o  a 
convergence f a i l u r e  f o r  a p r e s s u r e  p = 124 p s i  (0.98 MPa). F o r  t h i s  
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p r e s s u r e ,  t h e  c o n c r e t e  i s  e x t e n s i v e l y  c racked  and t h e  p l a s t i c  s t r a i n  o f  t h e  
r e b a r s  i n c r e a s e s  v e r y  r a p i d l y ,  meaning t h a t  t h e  s t r u c t u r a l  l i m i t  p r e s s u r e  i s  
n e a r l y  reached. 

4 . 4 . 6  F a i l u r e  Mechanisms 

4 . 4 . 6 . 1  Case o f  an I n f i n i t e l y  R i g i d  Soil 

D i  spl acements H i  s t o r y :  
F i g u r e s  4 . 4 . 5  t o  4 . 4 . 1 2  show t h e  d e f o r m a t i o n s  o f  t h e  con ta inmen t  f o r  v a r i o u s  
p r e s s u r e  l e v e l s .  The d i s p l a c e m e n t s  have been a m p l i f i e d  by a f a c t o r  30. The 
ma in  e v e n t s  w h i c h  can be observed a re :  

- a t  p = 43 p s i  ( 0 . 3  MPa), a sudden i n c r e a s e  o f  t h e  r a d i a l  d i s p l a c e m e n t  

- a t  p = 80 p s i  ( 0 . 5 5  MPa), an i m p o r t a n t  u p l i f t  movement o f  t h e  

- a t  p = 142 p s i  ( 0 . 9 8  MPa), t h e  r a d i a l  and 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  cy1 i n d e r .  

basemat. 

i n c r e a s e  s i g n i f i c a n t l y .  

F i g u r e s  4 . 4 . 1 3  and 4 .4 .14  show t h e  r a d i a l  and v e r t i c a l  d i s p l a c e m e n t s  a t  t h e  
l o c a t i o n s  shown on F i g u r e  4 .4 .48 .  I t  can be n o t e d  t h a t  t h e  s t r u c t u r e  
behaves l i n e a r l y  e l a s t i c a l l y  up t o  a 43 p s i  ( 0 . 3  MPa) p r e s s u r e .  Then a 
f i r s t  n o n l i n e a r i t y  due t o  c r a c k s  i n  t h e  c o n c r e t e  o c c u r s  ( see  F i g u r e  4 . 4 . 1 3 ) .  
A second d i s c o n t i n u i t y  i s  observed on F i g u r e  4 . 4 . 1 4 ,  c o r r e s p o n d i n g  t o  a 
sudden i n c r e a s e  o f  t h e  dome apex d i s p l a c e m e n t  a t  p = 73 p s i  ( 0 . 5  MPa). 
F i n a l l y ,  a t  p 131 p s i  ( 0 . 9  MPa), t h e  d i s p l a c e m e n t s  b e g i n  t o  i n c r e a s e  r a p i d l y  
( F i g u r e  4 . 4 . 1 3 ) .  

M e r i d i o n a l  Cracks:  
The f i r s t  f a i l u r e  mechanism t o  o c c u r  i s  t h e  development o f  m e r i d i o n a l  c r a c k s  
f o r  a p r e s s u r e  o f  29 p s i  ( 0 . 2  MPa) a t  t h e  j u n c t i o n  between t h e  basemat and 
t h e  c y l i n d e r  as shown on F i g u r e  4 . 4 . 1 5 .  

These c r a c k s  t h e n  d e v e l o p  i n  t h e  c y l i n d e r  where some r e b a r s  t e r m i n a t e ,  a t  
t h e  b o t t o m  o f  t h e  c y l i n d e r  and a l s o  i n  t h e  dome, nea r  t h e  s t e e l  p l a t e s ,  a t  a 
p r e s s u r e  p = 4 3  p s i  ( 0 . 3  MPa). The r a d i a l  d i r e c t i o n  o f  t h e s e  c r a c k s  can be 
c l e a r l y  observed on F i g u r e  4 . 4 . 1 6 .  

F i g u r e  4 .4 .17  shows t h a t  f o r  a p r e s s u r e  p = 73 p s i  ( 0 . 5  MPa), t h e  dome i s  
c o m p l e t e l y  c racked,  and t h e  f i r s t  c r a c k s  o c c u r  i n  t h e  basemat. They d e v e l o p  
r a p i d l y  f o r  a sma l l  i n c r e m e n t  ( see  F i g u r e  4 . 4 . 1 8 ) .  

Then f o r  a 93 p s i  (0 .64  MPa) p r e s s u r e ,  t h e  c y l i n d e r  and t h e  dome a r e  
c o m p l e t e l y  c racked  as w e l l  as an i m p o r t a n t  p a r t  o f  t h e  basemat, as seen on 
F i g u r e  4 .4 .19 .  
( s e e  F i g u r e  4 . 4 . 2 0 ) .  

A f t e r w a r d s ,  t h e  c r a c k s  p a t t e r n  does n o t  change v e r y  much 

Hoop Cracks: 
The second i m D o r t a n t  f a i l u r e  mechanism t o  o c c u r  i s  t h e  d e v e l o m e n t  o f  hooD 

- I  

c r a c k s ,  f o r  a ' p r e s s u r e  o f  43 p s i  (0.3 MPa), i n  t h e  who le  c y l i n d e r  and t h e  
dome (see F i g u r e  4 . 4 . 2 1 ) .  I t  causes a sudden i n c r e a s e  i n  t h e  r a d i a l  
d i s p l a c e m e n t  o f  t h e  c y l i n d e r ,  as can be seen on F i g u r e  4 . 4 . 6 .  
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F o r  a 73 p s i  (0.5 MPa) p r e s s u r e ,  t h e  f i r s t  hoop c r a c k s  happen a t  t h e  bo t tom 
o f  t h e  basemat ( see  F i g u r e  4.4.22). 

Then, f o r  an 80 p s i  (0.55 MPa) p r e s s u r e ,  t h e  l o w e r  h a l f  p a r t  o f  t h e  basemat 
i s  c o m p l e t e l y  c racked  (see F i g u r e  4.4.23) w h i c h  r e s u l t s  i n  an u p l i f t  
movement o f  t h e  basemat ( see  F i g u r e  4 . 4 . 9 ) .  A f t e r w a r d s ,  f o r  a g r e a t e r  
p r e s s u r e ,  t h e  hoop c r a c k s  do n o t  d e v e l o p  much as can be seen on F i g u r e s  
4.4.24 and 4.4.25A. 

Rebars and L i n e r  P l a s t i c i t y :  
WARNING: I n  t h e  a n a l y s i s ,  c o n c r e t e  i s  r e p r e s e n t e d  as an e q u i v a l e n t  
homogeneous m a t e r i a l .  On t h e  o t h e r  hand, s t r e s s e s  and s t r a i n s  i n  r e b a r s  and 
i n  t h e  l i n e r  a r e  p r o b a b l y  g r e a t l y  i n f l u e n c e d  by t h e  s p e c i f i c  l o c a t i o n  o f  
r e a l  c r a c k s .  T h e r e f o r e ,  t h e  compu ta t i ons  o n l y  g i v e  "average"  v a l u e s  f o r  
t h e s e  q u a n t i t i e s ,  and d i r e c t  comparison cannot  be made between e x p e r i m e n t a l  
and n u m e r i c a l  r e s u l t s .  

The e v o l u t i o n  o f  r a d i a l  and v e r t i c a l  d i sp lacemen ts  o f  some p o i n t s  chosen i n  
t h e  s t r u c t u r e  shows t h a t  up  t o  131 p s i  (0.9 MPa) p r e s s u r e  t h e  b e h a v i o r  o f  
t h e  r e b a r s  i s  p u r e l y  e l a s t i c  " i n  average. "  Then, t h e  d i sp lacemen ts  i n c r e a s e  
r a p i d l y  as t h e  l o a d i n g  approaches t h e  u l t i m a t e  l oad .  F i g u r e  4.4.25C shows 
t h e  "average"  p l a s t i c  s t r a i n  a l o n g  t h e  c u r v i l i n e a r  a b s c i s s a  o f  t h e  l i n e  
f o r  v a r i o u s  v a l u e s  o f  t h e  p ressu re .  The l i n e r  i s  e l a s t i c  " i n  average, "  
t o  87 p s i  (0 .6  MPa) p ressu re .  The maximum "average"  e q u i v a l e n t  p l a s t i c  
s t r a i n  o b t a i n e d  i s  .00584 l o c a t e d  c l o s e  t o  t h e  dome apex, nea r  t h e  s t e e  
p l  a t e s .  

Shear F a i l u r e :  
T h i s  f a i l u r e  mechanism i s  v e r y  l i m i t e d  i n  t h e  compu ta t i on :  i t  i s  n o t i c e  
o n l y  a t  142 p s i  (0.98 MPa) p r e s s u r e  a t  t h e  i n n e r  p a r t  o f  t h e  j u n c t i o n  
between t h e  c y l i n d e r  and t h e  basemat (see F i g u r e  4.4.25B). 

D i s c u s s i o n :  
The above d i s c u s s i o n  c l e a r l y  i n d i c a t e s  t h a t  t h e  m a j o r  f a i l u r e  mechanisms 
w h i c h  a r e  l i k e l y  t o  o c c u r  a r e  t h e  m e r i d i o n a l  c r a c k i n g ,  t h e  hoop c r a c k i n g  and 
f i n a l l y  t h e  r e b a r s  p l a s t i c i t y .  

4.4.6.2 Case o f  an E l a s t i c  S o i l  

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

D isp lacement  H i s t o r y :  
I n  t h i s  case, t h e  g r a v i t y  l o a d  has been a p p l i e d  f i r s t  i n  o r d e r  t o  e v a l u a t e  
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  o f  t h e  s o i l ,  shown i n  F i g u r e  4.4.26. 

Then t h e  i n t e r n a l  p r e s s u r e  i s  g r a d u a l l y  i nc reased .  F i g u r e s  4.4.27 t o  4.4.34 
show t h e  i nc remen ts  o f  d i sp lacemen ts  o f  t h e  s t r u c t u r e ,  due t o  p r e s s u r e  o n l y ,  
a m p l i f i e d  by a f a c t o r  30. 

The ma in  e v e n t s  w h i c h  can be observed a re :  

9 

UP 

b l  e 

- a t  p = 43 p s i  (0.3 MPa), an i n c r e a s e  i n  t h e  r a d i a l  d i sp lacemen t ,  as 
f o r  t h e  case o f  an i n f i n i t e l y  r i g i d  s o i l .  
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- a t  p = 80 p s i  (0 .55  MPa), c o n t r a r y  t o  t h e  p r e v i o u s  case, t h e  movement 
o f  t h e  basemat i s  more a r o t a t i o n ,  due t o  t h e  d e f o r m a b i l i t y  o f  t h e  
s o i l ,  t o g e t h e r  w i t h  a downwards t r a n s l a t i o n .  

F i n a l l y ,  a t  142 p s i  ( 0 . 9 8  MPa) a g a i n  t h e  d i s p l a c e m e n t s  i n c r e a s e  r a p i d l y .  
F i g u r e s  4 . 4 . 4 8  and 4 .4 .49  show t h e  e v o l u t i o n  o f  r a d i a l  and a x i a l  
d i s p l a c e m e n t s  a t  t h e  l o c a t i o n  shown by F i g u r e  4 .4 .48 .  

The c u r v e s  a r e  v e r y  s i m i l a r  t o  t h o s e  o b t a i n e d  w i t h  c a l c u l a t i o n  1. The main  
d i f f e r e n c e  can be seen by compar ison o f  F i g u r e s  4.4 .14  and 4 .4 .49  between 
p r e s s u r e s  73 p s i  ( 0 . 5  MPa) and 87 p s i  ( 0 . 6  MPa). 

M e r i d i o n a l  Cracks:  
T h i s  i s  a g a i n  t h e  f i r s t  f a i l u r e  mechanism t o  o c c u r  i n  t h e  s t r u c t u r e .  As 
seen on F i g u r e s  4.4 .35  t o  4 .4 .40 ,  t h e  d i f f e r e n c e  w i t h  t h e  p r e v i o u s  case i s  
t h e  i n i t i a t i o n  o f  v e r t i c a l  c r a c k s ,  nea r  t h e  a x i s ,  i n  t h e  basemat. T h i s  i s  
due t o  t h e  f a c t  t h a t  t h e  s o i l  d e f o r m a b i l i t y  a u t h o r i z e s  t h e  b e h a v i o r  o f  t h e  
basemat as  a p l a t e  under  u n i f o r m  p r e s s u r e .  Thus, f o r  t h e  same p r e s s u r e  p = 
73 p s i  ( 0 . 5  MPa), t h e  basemat i s  much more c r a c k e d  i n  t h e  p r e s e n t  case (see  
F i g u r e  4 . 4 . 3 8 ) .  Ano the r  consequence i s  t h a t  t h e  c y l i n d e r  and t h e  dome a r e  
c o m p l e t e l y  c racked  f o r  p = 87 p s i  ( 0 . 6  MPa) ( i n s t e a d  o f  94 p s i  (0 .65  MPa) i n  
t h e  p r e v i o u s  case ) .  

Hoop Cracks :  
Aga in ,  i n  t h i s  case, hoop c r a c k s  d e v e l o p  i n  t h e  basemat, a c c o r d i n g  t o  a 
p l a t e  b e i h i n g  b e h a v i o r ,  f o r  a l o w e r  p r e s s u r e  ( p  = 58 p s i  ( 0 . 4  MPa) t h a n  i n  
t h e  p r e v i o u s  case. 
d i f f e r e n t  due t o  t h e  s o i l  e l a s t i c i t y  ( F i g u r e  4 . 4 . 4 1  t o  4 . 4 . 4 5 ) .  

Note  t h a t  t h e  basemat hoop c r a c k s  p a t t e r n  i s  c o m p l e t e l y  

Rebars and L i n e r  P l a s t i c i t y :  
As  i n  t h e  p r e v i o u s  c a l c u l a t i o n ,  t h e  d i s p l a c e m e n t s  i n c r e a s e  r a p i d l y ,  f o r  a 
131 p s i  ( 0 . 9  MPa) p r e s s u r e ,  when t h e  r e b a r s  a r e  p l a s t i c .  The maximum 
e q u i v a l e n t  "ave rage"  p l a s t i c  s t r a i n  i n  t h e  l i n e r  i s  .00614 ( F i g u r e  4 . 4 . 5 0 ) .  

Shear F a i  1 u r e :  
I n  t h i s  case, t h e  f a i l u r e  mechanism o c c u r s  a t  116 p s i  ( 0 . 8  MPa) ( F i g u r e  
4 . 4 . 4 6 ) ,  b u t  remains  v e r y  l i m i t e d  ( F i g u r e  4 . 4 . 4 7 )  as i n  t h e  p r e v i o u s  case. 

4 . 4 . 6 . 3  Comparison Between t h e  Two Cases 

The o v e r a l l  b e h a v i o r  o f  t h e  con ta inmen t  p r e d i c t e d  i n  t h e  two cases i s  v e r y  
s i m i l a r .  The main  d i f f e r e n c e  w h i c h  can be drawn f r o m  t h e  comparison i s  t h a t  
t h e  soil e l a s t i c i t y  i s  r e s p o n s i b l e  f o r  a d i f f e r e n t  development o f  t h e  
c r a c k s ,  p r i n c i p a l l y  i n  t h e  basemat: 

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

- t h e  hoop c r a c k s  d e v e l o p  more p r o g r e s s i v e l y  and s t a r t  a t  a l o w e r  
l o c a l i z e d  n e a r  t h e  a x i s ,  i n  t h e  second case. 

p r e s s u r e ,  i n  t h e  second case. 

T h e r e f o r e ,  o n l y  one d i s c o n t i n u i t y  i s  v i s i b l e  on t h e  dome apex d i sp lacemen t ,  
a t  p = 80 p s i  (0 .55  MPa) due t o  t h e  f i n a l  m e r i d i o n a l  c r a c k i n g  o f  t h e  
c y l i n d e r ,  i n s t e a d  o f  two f o r  c a l c u l a t i o n  1, due t o  t h e  sudden hoop c r a c k i n g  
o,f t h e  basemat a t  p = 73 p s i  ( 0 . 5  MPa) and t h e n  t o  t h e  f i n a l  m e r i d i o n a l  
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c r a c k i n g  o f  t h e  c y l i n d e r  a t  p = 87 p s i  (0.6 MPa). However, t h e  f i n a l  c r a c k  
p a t t e r n s  a r e  i d e n t i c a l ,  as w e l l  as t h e  l i m i t  l oad .  

4.4.7 M i s c e l l a n e o u s  

U s i n g  t h e  s t a n d a r d  v e r s i o n  o f  some CASTEM programs, i t  has been p o s s i b l e  t o  
c a l c u l a t e  t h e  SNL 1:6-scale c o n c r e t e  con ta inmen t  model.  

F o r  computer c o s t ,  and p e r i o d  o f  t ime,  these  ana lyses  a r e  comparable t o  
s t u d i e s  pe r fo rmed  w i t h  c l a s s i c a l  e l a s t o - p l a s t i c  m a t e r i a l s  ( i . e .  m e t a l s  w i t h  
Von Mises  b e h a v i o r ) ,  on meshes w i t h  t h e  same number o f  degrees o f  freedom. 

Concern ing  t h e  g e n e r a l  r e s u l t s  o f  t h e  a n a l y s i s ,  s e v e r a l  comnents must be 
made: 

- o n l y  2-D compu ta t i ons  have been c a r r i e d  o u t ,  t h e r e f o r e ,  t h e  ana lyses  
o n l y  a p p l y  i f  t h e  a c t u a l  f a i l u r e  mechanism i s  an o v e r a l l  f a i l u r e  o f  
t h e  s t r u c t u r e .  
l i n e r  undergoes seve re  l e a k i n g ,  i t  i s  o b v i o u s  t h a t  no  comparison 
between e x p e r i m e n t a l  and n u m e r i c a l  r e s u l t s  can be made. 

I f  m a j o r  damages appear due t o  p e n e t r a t i o n s  o r  i f  t h e  

- t h e  c o n c r e t e  i s  t r e a t e d  as an e q u i v a l e n t  homogeneous m a t e r i a l .  I n  
t h e  t e s t ,  c r a c k s  w i l l  appear a t  d i s c r e t e  l o c a t i o n s .  T h e r e f o r e  l o c a l  
s t r e s s e s  o r  d e f o r m a t i o n s  g i v e n  by  t h e  ana lyses  can o n l y  be c o n s i d e r e d  
as averaged q u a n t i t i e s ,  w h i c h  a r e  n o t  d i r e c t l y  comparable t o  
e x p e r i m e n t a l  d a t a .  D i r e c t  comparison can be c a r r i e d  o u t  on pressure-  
d i s p l a c e m e n t  cu rves ,  and v a l u e s  o f  p r e s s u r e  c o r r e s p o n d i n g  t o  s p e c i f i c  
phenomena such as r a d i a l  c r a c k i n g ,  hoop c r a c k i n g  basemat u p l i f t ,  
u l t i m a t e  b e h a v i o r .  

- t e n s i o n - s t i f f e n i n g  has n o t  been t a k e n  i n t o  accoun t  i n  t h e  ana lyses .  
I t  i s  n o t  b e l i e v e d  t o  have a s i g n i f i c a n t  i n f l u e n c e  on t h e  u l t i m a t e  
b e h a v i o r  o f  t h e  s t r u c t u r e .  However, i t  m i g h t  a f f e c t  t h e  shape o f  
some o f  t h e  pressure-d isp lacement  curves .  

REMARK: Knowing a p o s t e r i o r i  t h e  b e h a v i o r  o f  t h e  s t r u c t u r e ,  i t  i s  p o s s i b l e  
t o  c a l c u l a t e  t h e  u l t i m a t e  p r e s s u r e  l oad ,  assuming t h a t  t h e  u l t i m a t e  s t r e n g t h  
i s  due t o  t h e  hoop r e b a r s  o n l y .  The c o r r e s p o n d i n g  p r e s s u r e  v a l u e  i s  found 
equa l  t o  Pu = 131 p s i  (0.90 MPa),  w h i c h  i s  i n  good agreement w i t h  t h e  

c a l c u l a t i o n  p r e d i c t i o n .  
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PRESSURISATION D UNE ENCEINTE DE CONFINEMENT 

F i g u r e  4.4.1 Mesh f o r  calculation 1 ( r i g i d  s o i l )  
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PRESSURISATION D UNE ENCEINTE DE CONFINEMENT 

F i g u r e  4 . 4 . 2  Mesh f o r  c a l c u l a t i o n  2 ( e l a s t i c  s o i l )  
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PRESSURISATION D UNE ENCEINTE DE CONFINEMENT 

F i g u r e  4 . 4 . 3  Mesh o f  t h e  r e b a r s  m o d e l i z a t i o n  
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PRESSURISATION D UNE ENCEINTE DE CONFINEMENT 

F i g u r e  4 . 4 . 4 B  L o c a t i o n  o f  nodes f o r  r a d i a l  and a x i a l  d i sp lacemen ts  
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DEFORMEE PRESSION 8 .2  MPA 

F i g u r e  4.4.5 Deformed s t r u c t u r e  a t  29 p s i  (0.2 MPa) ( c a l c u l a t i o n  1) 
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- 
DEFORHEE PRESSION 0.3 HPA 

F i g u r e  4 . 4 . 6  Deformed s t r u c t u r e  a t  43.5 p s i  (0.3 MPa) ( c a l c u l a t i o n  1) 

-187- 



I 
OEFORHEE PRESSION 8 . 4  ? P A  

F i g u r e  4.4.7 Deformed s t r u c t u r e  a t  58 p s i  (0 .4  MPa) ( c a l c u l a t i o n  1) 
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F i g u r e  4.4.8 Deformed s t r u c t u r e  a t  72.5 p s i  (0.5 MPa) ( c a l c u l a t i o n  1) 

-189- 



\ 

Figure 4.4.9 Deformed structure at 79.8 p s i  (0.55 MPa) (calculation 1) 
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DEFORMEE PRESSION 0 . 8  HPA 

F i g u r e  4 .4 .10  Deformed s t r u c t u r e  a t  116 p s i  (0.8 MPa) ( c a l c u l a t i o n  1) 
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DEFORKE PRESSION 0 . 0  WPA 

F i g u r e  4 . 4 . 1 1  Deformed s t r u c t u r e  a t  130.5 p s i  (0.9 MPa) ( c a l c u l a t i o n  1) 
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F i g u r e  4 .4 .12  Deformed s t r u c t u r e  a t  142 p s i  (0 .98 MPa) ( c a l c u l a t i o n  1) 
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F i g u r e  4 . 4 . 1 5  M e r i d i o n a l  c r a c k  p a t t e r n  a t  29 p s i  (0 .2  MPa) ( c a l c u l a t i o n  1) 
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I I 

FISSURES DANS LE PLAN RZ PRESSION 8 . 3  PIPA 

F i g u r e  4.4.16 
M e r i d i o n a l  c r a c k  p a t t e r n  a t  43.5 p s i  (0 .3 MPa) ( c a l c u l a t i o n  1) 
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c 
FISSURES DANS LE PLAN RZ PRESSION 0 . 5  WA 

F i g u r e  4.4.17 

M e r i d i o n a l  c r a c k  p a t t e r n  a t  72.5 p s i  (0.5 MPa) ( c a l c u l a t i o n  1) 
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FISSURES DANS LE PLAN RZ PRESSION 0.55 flPA 

F i g u r e  4.4.18 
M e r i d i o n a l  c r a c k  p a t t e r n  a t  79.8 p s i  (0.55 MPa) ( c a l c u l a t i o n  1) 



FISSURES DANS LE PLAN RZ PRESSION 8.64 MPA 

F i g u r e  4.4.19 

M e r i d i o n a l  c r a c k  p a t t e r n  a t  92.8 p s i  (0.64 MPa) ( c a l c u l a t i o n  1) 
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FISSURES DANS LE PLAN RZ PRESSION 8.98 MPA 

Figure 4.4.20 
Meridional crack pattern at 142 psi (0.98 MPa) (calculation 1) 
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ZONES ENDOHHAGEES EN TETA PRESSION 0 . 3  HPA 

F i g u r e  4.4.21 Hoop c r a c k  p a t t e r n  a t  43.5 p s i  (0 .3  MPa) ( c a l c u l a t i o n  1) 
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u 
ZONES ENDOflflAGEES EN TETA PRESSION 0 .5  flPA 

F i g u r e  4.4.22 Hoop c r a c k  p a t t e r n  a t  72.5 p s i  (0 .5  MPa) ( c a  
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e 
ZONES ENDOMHAGEES EN TETA PRESSION 8 . 5 5  HPA 

F i g u r e  4 . 4 . 2 3  Hoop c r a c k  p a t t e r n  a t  7 9 . 8  p s i  ( 0 . 5 5  MPa) ( c a l c u l a t i o n  1) 
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ZONES ENDOMAGEES EN TETA PRESSION 0.64 ? P A  

F i g u r e  4 . 4 . 2 4  Hoop crack p a t t e r n  a t  92.8 p s i  (0 .64  MPa) ( c a l c u l a t i o n  1) 
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ZONES ENDOMAGEES EN TETA PRESSION 0 . ~ 9 ~  PIPA 

F i g u r e  4 . 4 . 2 5 A  Hoop c r a c k  p a t t e r n  a t  142 p s i  (0.98 MPa) ( c a l c u l a t i o n  1) 
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ZONES ENOOWAGEES EN CISAILLEKNT PRESSION 8.08 WA 

F i g u r e  4.4.258 

Shear c r a c k  p a t t e r n  a t  142 p s i  (0.98 MPa) ( c a l c u l a t i o n  1) 
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DEFORHEE SOUS POIDS PROPRE 

F i g u r e  4 . 4 . 2 6  Deformed s t r u c t u r e  under  dead w e i g h t  ( c a l c u l a t i o n  2 )  
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F i g u r e  4 . 4 . 2 7  Deformed s t r u c t u r e  a t  29 p s i  ( 0 . 2  MPa) ( c a l c u l a t i o n  2) 
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I I 
DEFORMEE PRESSION 0 .3  MPA 

F i g u r e  4.4.28 Deformed s t r u c t u r e  a t  43.5  p s i  (0.3 MPa)  ( c a l c u l a t i o n  2 )  
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u 
DEFORKE PRESSION 8 . 4  UPA 

Figure 4.4.29 Deformed s t ruc ture  a t  58 p s i  ( 0 . 4  MPa) (calculation 2 )  
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F i g u r e  4.4.30 Deformed s t r u c t u r e  a t  72.5 p s i  (0 .5  MPa) ( c a l c u l a t i o n  2 )  
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F i g u r e  4.4.31 Deformed s t r u c t u r e  a t  79.8 p s i  (0.55 MPa) ( c a l c u l a t i o n  2 )  
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F i g u r e  4.4.32 Deformed s t r u c t u r e  a t  116 p s i  (0.8 MPa) ( c a l c u l a t i o n  2 )  
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OEFORHEE PRESSION 0 .9  MPA 

F i g u r e  4.4.33 Deformed s t r u c t u r e  a t  130.5 p s i  (0.9 MPa) ( c a l c u l a t i o n  2 )  
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I 
DEFORHEE PRESSION 8.98 MPA 

F i g u r e  4.4.34 Deformed s t r u c t u r e  a t  142 p s i  (0.98 MPa) ( c a l c u l a t i o n  2) 
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FISSURES DANS LE PLAN RZ PRESSION 0 . 2  MPA 

F i g u r e  4.4.35 Mer id iona l  crack p a t t e r n  a t  29 p s i  ( 0 . 2  MPa) ( c a l c u l a t i o n  2 )  
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F i g u r e  4.4.36 
M e r i d i o n a l  c r a c k  p a t t e r n  a t  43.5 p s i  ( 0 . 3  MPa) ( c a l c u l a t i o n  2) 
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FISSURES DAN9 LE PLAN RZ PRESSION 0 . 4  MPA 

F i g u r e  4.4.37 M e r i d i o n a l  c r a c k  p a t t e r n  a t  58 p s i  (0.4 MPa) ( c a l c u l a t i o n  2 )  
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FISSURES DANS LE PLAN RZ PRESSION 0.5  HPA 

F i g u r e  4.4.38 

M e r i d i o n a l  c r a c k  p a t t e r n  a t  72.5 p s i  (0 .5 MPa) ( c a l c u l a t i o n  2 )  
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FISSURES DANS LE PLAN RZ PRESSION 0 .6  WA 

F i g u r e  4 . 4 . 3 9  Mer id iona l  crack p a t t e r n  a t  87 p s i  (0 .6  MPa) ( c a l c u l a t i o n  2)  
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FISSURES OANS LE PLAN RZ PRESSION 8.98 WA 

Figure 4.4.40 
Meridional crack pattern at 142 psi (0.98 MPa) (calculation 2) 
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e 
ZONES ENDOMAGEES EN TETA PRESSLON 0.3 WA 

F i g u r e  4 . 4 . 4 1  Hoop crack p a t t e r n  a t  43.5 ps i  ( 0 . 3  MPa) ( c a l c u l a t i o n  2 )  
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F i g u r e  4 . 4 . 4 2  Hoop c r a c k  p a t t e r n  a t  58 p s i  (0.4 MPa) ( c a  
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c u l  a t  on 2 )  
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e 
ZONES ENDOMHAGEES EN TETA PRESSION 0 . 5  HPA 

F i g u r e  4 .4 .43  Hoop crack p a t t e r n  a t  72 .5  p s i  (0.5 MPa) ( c a l c u l a t i o n  2 )  
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ZONES ENDOMAGEES EN TETA PRESSION 8.84 ? P A  

F i g u r e  4.4.44 Hoop c r a c k  p a t t e r n  a t  92.8 p s i  (0.64 MPa) ( c a l c u l a t i o n  2 )  
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ZONES ENDMAGEES EN TETA PRESSION 0.98 HPA 

F i g u r e  4 . 4 . 4 5  Hoop c r a c k  p a t t e r n  a t  142 p s i  ( 0 . 9 8  MPa) ( c a l c u l a t i o n  2 )  
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ZONES ENDOMMAGEES EN CISAILLEMENT PRESSION 0 . 8  MPA 

F i g u r e  4.4.46 Shear c r a c k  p a t t e r n  a t  116 p s i  ( 0 . 8  MPa) ( c a l c u l a t i o n  2 )  
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ZONES ENDOHHAGEES EN CISAILLEMENT PRESSION 8.08 MPA 

F i g u r e  4.4.47 Shear c r a c k  p a t t e r n  a t  142 p s i  (0.98 MPa) ( c a l c u l a t i o n  2 )  
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4 . 5  HM N u c l e a r  I n s t a l l a t i o n s  I n s p e c t o r a t e  

The a u t h o r s  o f  t h i s  s e c t i o n  a r e  R. J .  Stubbs and I. W. Todd o f  HM N u c l e a r  
I n s t a l l a t i o n s  I n s p e c t o r a t e  and D. C o l l i e r  and B. Walker o f  Ove Arup & 
P a r t n e r s ,  U n i t e d  Kingdom. 

4.5.1 Sumnary 

A n a l y t i c a l  Method 
The a n a l y s i s  was p e r f o r m e d  by r u n n i n g  l i n e a r - e l a s t i c  ana lyses  a t  d i s c r e t e  
p r e s s u r e  s t e p s .  
was c a r r i e d  o u t  u s i n g  b e s t  e s t i m a t e  e lement  s t i f f n e s s e s .  The a n a l y s i s  
r e s u l t s  were compared w i t h  c a l c u l a t e d  n o n l i n e a r  r e l a t i o n s h i p s  and t h e  
e lements  were s o f t e n e d  u s i n g  nodal  l o a d s .  The a n a l y s i s  was re -submi t ted  
w i t h  t h e  s o f t e n i n g  l o a d s .  T h i s  p r o c e d u r e  was r e p e a t e d  u n t i l  convergence was 
ach ieved.  

A t  each p r e s s u r e  s t e p  an i n i t i a l  l i n e a r  e l a s t i c  a n a l y s i s  

C o n s t i t u t i v e  Models 
The c o n c r e t e  compress ive  s t r e s s - s t r a i n  model used was t h e  m o d i f i e d  Kent  
Park.  A l l  o t h e r  r e l a t i o n s h i p s  were based on t h e  m a t e r i a l  p r o p e r t i e s  
suppl  i ed. 

Model G e o m e t r i  
The m a j o r i t y  o f  t h e  a n a l y s i s  was c a r r i e d  o u t  u s i n g  an a x i s y m n e t r i c  
o r t h o t r o p i c  f i n i t e  e lement  computer model.  A 3-D l i n e a r  e l a s t i c  a n a l y s i s  o f  
a q u a r t e r  model o f  t h e  conta inment  was c a r r i e d  o u t  t o  assess t h e  i n f l u e n c e  
o f  t h e  non-ax isymmetr ic  d e t a i l s .  

F a i  1 u r e  C r i t e r i o n  
The c o n c r e t e  r e i n f o r c e m e n t  and l i n e r  had a f i n i t e  s t r a i n  t o  f a i l u r e  b u i l t  
i n t o  t h e  s o f t e n i n g  r o u t i n e .  However shear  f a i l u r e  had t o  be assessed 
e x t e r n a l l y  t o  t h e  computer program. 

P r e d i c t e d  F a i l u r e  Mode 
The a n a l y s i s  was c a r r i e d  o u t  o n l y  t o  p r e d i c t  t h e  g l o b a l  b e h a v i o r  o f  t h e  
c o n t a i n m e n t  s t r u c t u r e ,  t h e r e f o r e  d e t a i l e d  assessment o f  p o s s i b l e  f a i l u r e  
mechanisms due t o  t h e  p e n e t r a t i o n s  were n o t  assessed. 

The most  l i k e l y  g l o b a l  mode o f  f a i l u r e  o f  t h e  s t r u c t u r e  i s  a shear  f a i l u r e  
o f  t h e  c y l i n d e r  above t h e  shear  r e i n f o r c e m e n t .  However, as t h e  r e s t r a i n t  t o  
t h e  l i n e r  a t . t h e  w a l l  base i s  i n s u f f i c i e n t  t o  a c h i e v e  y i e l d i n g  i n  t h e  
v e r t i c a l  d i r e c t i o n ,  t h e  l o c a l  d e f o r m a t i o n  may cause l o c a l  t e a r i n g  around t h e  
s tuds .  

P r e d i c t e d  F a i l u r e  P r e s s u r e  
The minimum p r e s s u r e  a t  w h i c h  t h e  conta inment  w i l l  f a i l  i n  shear i s  116 p s i  
(0 .8  MPa), i n  accordance w i t h  t h e  ASME code. T a k i n g  i n t o  c o n s i d e r a t i o n  t h a t  
t h e  code i s  c o n s e r v a t i v e ,  f a i l u r e  w i l l  p r o b a b l y  occur  between 2.8 Pd and 3.8 

Pd. 
l o w e r  p r e s s u r e .  

However, i t  i s  p o s s i b l e  t h a t  t h e  l i n e r  w i l l  t e a r  a t  t h e  w a l l  base a t  a 

4 . 5 . 2  I n t r o d u c t i o n  
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The r e g u l a t i o n  o f  n u c l e a r  i n s t a l l a t i o n s  i n  t h e  U n i t e d  Kingdom i s  ach ieved by 
means o f  a l i c e n s i n g  system a d m i n i s t e r e d  by  HM N u c l e a r  I n s t a l l a t i o n s  
I n s p e c t o r a t e .  F o r  some y e a r s ,  t h e  I n s p e c t o r a t e  has been a s s e s s i n g  a 
m o d i f i e d  SNUPPS d e s i g n  f o r  t h e  i n t r o d u c t i o n  o f  a PWR system t o  t h e  UK. P a r t  
o f  t h i s  work has i n v o l v e d  t h e  a n a l y s i s  o f  t h e  p r e s t r e s s e d  conta inment  
s t r u c t u r e  p roposed f o r  t h e  S i z e w e l l  B s i t e ;  t h i s  and t h e  p r e s e n t  s t u d y  have 
been c a r r i e d  o u t  on b e h a l f  o f  t h e  i n s p e c t o r a t e  by c o n s u l t a n t s  Ove Arup and 
P a r t n e r s  (OAP). 

The r e q u i r e m e n t s  o f  t h e  I n s p e c t o r a t e  w i t h  r e g a r d  t o  s t r u c t u r a l  a n a l y s i s  a r e  
r a t h e r  d i f f e r e n t  t o  t h o s e  o f  t h e  l i c e n s e e .  The l i c e n s e e  i s  r e s p o n s i b l e  f o r  
e n s u r i n g  t h a t  t h e  s t r u c t u r e  c o m p l i e s  w i t h  s t a t u t o r y  r e q u i r e m e n t s ,  and i s  
a l s o  economica l .  The r e g u l a t o r ,  on t h e  o t h e r  hand, i s  concerned l e s s  w i t h  
t h e  d e t a i l  o f  t h e  d e s i g n  t h a n  w i t h  t h e  adequacy o f  i t s  approach. Such 
a n a l y s i s  t h e r e f o r e  t e n d s  t o  c o n c e n t r a t e  upon s e n s i t i v i t y  s t u d i e s ,  and t o  
t a k e  a somewhat b r o a d e r  v iew.  F o r  t h i s  reason,  t h e  approach adopted f o r  t h e  
S i z e w e l l  s t r u c t u r e  was n o t  a f u l l  n o n l i n e a r  a n a l y s i s ,  b u t  a more s i m p l i f i e d  
approach.  B a s i c a l l y ,  a l i n e a r  a n a l y s i s  i s  per fo rmed,  t o  w h i c h  n o n l i n e a r i t y  
i s  added o n l y  a t  t h o s e  l o c a t i o n s  and a t  t h o s e  l o a d  l e v e l s  a t  w h i c h  i t  i s  
r e q u i r e d .  The method i s  t h e r e f o r e  h i g h l y  economica l ,  r e q u i r e s  a g r e a t e r  
l e v e l  o f  e n g i n e e r i n g  judgement ,  and i n  a d d i t i o n ,  p r o v i d e s  a d i v e r s e  check on 
t h e  more s o p h i s t i c a t e d  a n a l y s e s  s u b m i t t e d  by t h e  l i c e n s e e .  

I t  i s  t h i s  t e c h n i q u e  w h i c h  has been used f o r  t h e  p r e - t e s t  p r e d i c t i v e  
c a l c u l a t i o n s  o f  t h e  b e h a v i o r  o f  t h e  Sand ia  model con ta inment .  Some 
improvements have been made s i n c e  t h e  S i z e w e l l  work.  F o r  example, 
n o n l i n e a r i t y  i s  now i n t r o d u c e d  by t h e  use o f  pseudo- loads r a t h e r  t h a n  
s o f t e n i n g  o f  t h e  e lement  s t i f f n e s s ;  t h i s  i s  more economical  i n  te rms o f  
computer  t i m e  and a l l o w s  a g r e a t e r  number o f  v a r i a b l e s  t o  be m o d i f i e d .  The 
t e c h n i q u e  i s ,  however, f u n d a m e n t a l l y  t h e  same, and t h e  I n s p e c t o r a t e  i s  
i n t e r e s t e d  t o  see how i t s  p r e d i c t i o n s  compare w i t h  t h o s e  o f  more advanced 
t e c h n i q u e s .  

The computer  m o d e l l i n g  o f  t h e  s t r u c t u r e  i s  d e s c r i b e d  i n  more d e t a i l  i n  t h e  
f o l l o w i n g  s e c t i o n ,  b u t  i n  o u t l i n e  was based upon t h e  PAFEC s u i t e  C4.5.11 o f  
f i n i t e  e l e m e n t s ,  and has been c a r r i e d  o u t  on a VAX 11/785 computer.  The 
a n a l y s i s  was p e r f o r m e d  i n  two s t a g e s .  F i r s t ,  t h e  g l o b a l  b e h a v i o r  was 
d e t e r m i n e d  by means o f  an a x i s y m m e t r i c  a n a l y s i s  o f  t h e  f i n i t e  e lement  
i d e a l i z a t i o n .  The second s t a g e  c o n s i d e r e d  t h e  e f f e c t s  o f  t h e  p e n e t r a t i o n s  
on t h e  a x i s y m m e t r i c  b e h a v i o r ,  u s i n g  a t h r e e - d i m e n s i o n a l  model o f  a q u a r t e r  
o f  t h e  c o n t a i n m e n t ,  and a l o c a l  sub-model o f  an equipment  ha tch .  The f i n i t e  
e lement  r e p r e s e n t a t i o n s  used i n  b o t h  s t e p s  a r e  i l l u s t r a t e d  i n  F i g u r e  4.5.1.  

I t  i s  necessary  t o  s t a t e  a t  t h e  o u t s e t  t h e  l i m i t a t i o n s  o f  t h i s  t e c h n i q u e .  
F i r s t l y ,  i t  i s  n o t  t h e  i n t e n t i o n  o f  t h i s  s t u d y  t o  i n v e s t i g a t e  t h e  d e t a i l e d  
f a i l u r e  mechanism b u t  t o  assess t he  s t r u c t u r e ' s  b e h a v i o r  up  t o  t h e  range o f  
p r e s s u r e s  a t  w h i c h  f a i l u r e  m i g h t  be expec ted  t o  i n i t i a t e .  E s t i m a t e s  o f  t h i s  
range o f  p r e s s u r e  appear  i n  t h e  f i n d i n g s  o f  t h i s  s t u d y .  Secondly ,  t h e  
t e c h n i q u e  i s  n o t  c a p a b l e  o f  p r o v i d i n g  d e t a i l e d  p r e d i c t i o n s  i n  h i g h l y  
l o c a l i z e d  a r e a s ,  and f o r  t h i s  reason no p l o t s  a r e  g i v e n  o f ,  f o r  example, t h e  
l i n e r  s t r a i n  on t h e  k n u c k l e  a t  t h e  wa l l -base c o n n e c t i o n .  ( S p e c i a l  
a n a l y t i c a l  t e c h n i q u e s  had t o  be i n t r o d u c e d  a t  t h i s  l o c a t i o n  due t o  t h e  
p r e d i c t i o n  o f  l i m i t e d  r e s t r a i n t  t o  t h e  l i n e r  a t  t h e  w a l l  base. T h i s  i s  
d e s c r i b e d  i n  d e t a i l  i n  t h e  t e x t . )  
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4.5.3 A x i s y m n e t r i c  A n a l y s i s  

4 .5.3.1 I n t  r o d u c t i o n  

F o r  t h e  f i r s t  s t a g e  o f  t h e  a n a l y s i s  t h e  conta inment  was assumed t o  be 
a x i s y m n e t r i c  f o r  t h e  f i n i t e  e lement  i d e a l i z a t i o n .  The e f f e c t s  o f  t h e  non- 
a x i s y m m e t r i c  e lements ,  such as t h e  p e n e t r a t i o n s ,  were i g n o r e d  s i n c e  t h e  
a n a l y s i s  was p r i m a r i l y  t o  i n v e s t i g a t e  t h e  g l o b a l  s t r u c t u r a l  response. The 
a n a l y s i s  was c a r r i e d  o u t  t w i c e .  The f i r s t  a n a l y s i s  was c a r r i e d  o u t  u s i n g  
t h e  p r e l i m i n a r y  m a t e r i a l  p r o p e r t i e s  and t h e  r e s u l t s  a r e  r e p o r t e d  i n  C4.5.2). 
The a x i s y m m e t r i c  model o f  t h e  c o n t a i n m e n t  was m o d i f i e d  t o  i n c o r p o r a t e  
a d d i t i o n a l  f e a t u r e s  n o t  used i n  t h e  i n i t i a l  a n a l y s i s ,  and t h e  model was re- 
r u n  w i t h  t h e  f i n a l  m a t e r i a l  p r o p e r t i e s  g i v e n  by Sandia L a b o r a t o r i e s  ( T a b l e  
4 .5 .1 ) .  

The approach was a development  o f  t h e  method used t o  a n a l y z e  t h e  S i z e w e l l  
'B' conta inment .  R a t h e r  t h a n  u s i n g  a s p e c i a l i z e d  n o n l i n e a r  f i n i t e  e lement  
code i t  was d e c i d e d  t o  account  f o r  t h e  n o n l i n e a r  b e h a v i o r  o f  t h e  r e i n f o r c e d  
c o n c r e t e  and e l a s t i c  p l a s t i c  b e h a v i o r  o f  t h e  l i n e r  u s i n g  a q u a s i - l i n e a r  
approach.  F o r  t h e  S i z e w e l l  ' B '  a n a l y s i s ,  t h e  n o n l i n e a r  s o f t e n i n g  was 
c a r r i e d  by m o d i f y i n g  t h e  s t i f f n e s s  o f  t h e  e lements  and c a r r y i n g  o u t  
i t e r a t i v e  l i n e a r  e l a s t i c  a n a l y s e s  u n t i l  convergence was achieved.  A l t h o u g h  
t h i s  method was s u c c e s s f u l  i t  was l i m i t e d  by t h e  number o f  v a r i a b l e s  t h a t  
c o u l d  be m o d i f i e d .  F o r  t h i s  s t u d y  i t  was d e c i d e d  t o  employ a l o a d  s o f t e n i n g  
t e c h n i q u e  f o r  t h e  w a l l  s e c t i o n .  T h i s  had advantages o v e r  t h e  s t i f f n e s s  
s o f t e n i n g  t e c h n i q u e  p r e v i o u s l y  employed: 

i )  The i n v e r t e d  s t r u c t u r e  s t i f f n e s s  m a t r i x  c o u l d  be saved and used f o r  
each i t e r a t i o n ,  w h i c h  gave economies i n  computer t i m e  and c o s t .  

ii) C e r t a i n  f e a t u r e s  t h a t  cannot  be m o d e l l e d  u s i n g  s t i f f n e s s  s o f t e n i n g ,  
such as a moment w i t h  z e r o  c u r v a t u r e ,  c o u l d  be m o d e l l e d  u s i n g  l o a d  
s o f t e n i n g .  

i i i )  More parameters  c o u l d  be i n d e p e n d e n t l y  s o f t e n e d  u s i n g  l o a d  
s o f t e n i n g .  

P r e v i o u s l y  t h i n  s h e l l  a x i s y m n e t r i c  e lements  were used. For  t h i s  s t u d y ,  t h e  
a x i s y m m e t r i c  t h i c k  s h e l l  e lement  was s e l e c t e d  as i t  has t h e  c a p a b i l i t y  f o r  
s p e c i f y i n g  o r t h o t r o p i c  m a t e r i a l  p r o p e r t i e s .  B e f o r e  u s i n g  t h e  o r t h o t r o p i c  
t h i c k  s h e l l  e lements  t o  model t h e  conta inment  s t r u c t u r e ,  t h e  e lement  was 
t e s t e d  f o r  accuracy  and t o  assess t h e  r e q u i r e d  mesh d e n s i t y .  

A model r e p r e s e n t a t i v e  o f  t h e  l o w e r  c y l i n d r i c a l  p a r t  o f  t h e  Sand ia  
c o n t a i n m e n t  was g e n e r a t e d  u s i n g  one e lement  t h r o u g h  t h e  t h i c k n e s s .  The 
mode l ,  s u b j e c t e d  t o  an i n t e r n a l  p r e s s u r e  l o a d ,  was ana lyzed t w i c e ,  f i r s t  
u s i n g  i s o t r o p i c  e lements  and second ly  u s i n g  o r t h o t r o p i c  e lements w i t h  
m a t e r i a l  p r o p e r t i e s  r e p r e s e n t i n g  t h e  i s o t r o p i c  e lements.  On ly  m i n o r  
d i f f e r e n c e s  were f o u n d  between t h e  models.  

I n  a d d i t i o n ,  t h e  same s t r u c t u r e  was ana lyzed t o  assess how many e lements a r e  
r e q u i r e d  t h r o u g h  t h e  w a l l  t h i c k n e s s  t o  a c h i e v e  r e a l i s t i c  r e s u l t s .  Models 
were a n a l y z e d  w i t h  one, two and f o u r  e lements  t h r o u g h  t h e  t h i c k n e s s .  The 
r e s u l t s  were compared w i t h  t h e  c l o s e d  f o r m  s o l u t i o n  and i n  a l l  cases v e r y  
good agreement was found.  I n  te rms o f  base shear  t h e  f o u r  e lement  t h i c k  
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T a b l e  4.5.1 Recommended M a t e r i a l  P r o p e r t i e s  

C o n c r e t e  M a t e r i a l  P r o p e r t i e s  

E l a s t i c  C o n s t a n t s  
Young's  modulus - 4800 k s i  (33100 MPa) 
P o i s s o n ' s  r a t i o  - 0.2 
U l t i m a t e  T e n s i l e  S t r e n g t h  - 500 p s i  (3.45 MPa) 

U n c o n f i n e d  Compress ive S t r e s s - s t r a i n  Curve 

E n g i n e e r i n g  S t r e s s  E n g i n e e r i n g  
( k s i )  (MPa) S t r a i n  

1.0 
2.0 
3.0 
3.9 
5.0 
6.8 
6.8 
0.0 

6.9 
13.8 
20.7 
26.9 
34.5 
46.9 
46.9 
0.0 

0.00021 
0.00045 
0.00072 
0.00100 
0.00140 
0.00200 
0.00230 
0.00600 

Rebar M a t e r i a l  P r o p e r t i e s  

E l a s t i c  C o n s t a n t s :  
Modulus - 31000 k s i  (214000 MPa) 
P o i s s o n ' s  r a t i o  - 0.3 
Y i e l d  s t r e s s  - 66.6 k s i  (459 MPa) 

E n g i n e e r i n g  S t r e s s - s t r a i n  c u r v e  
E n g i n e e r i n g  S t r e s s  P l a s t i c  

( k s i  ) jMPa) S t r a i n  

66.6 459 0. 
73.3 505 0.0094 
85.6 590 0.0200 
99.0 682 0.0430 

C y l i n d e r  and Basemat L i n e r  

E l a s t i c  Constan ts :  
Modulus - 30000 k s i  (207000 MPa) 
P o i s s o n ' s  r a t i o  - 0.3 
Y i e l d  s t r e s s  - 50.2 k s i  (346 MPa) 
U l t i m a t e  s t r e s s  - 69.9 k s i  (482 MPa) 

Dome L i n e r  

E l a s t i c  Constan ts :  
Modulus - 30000 k s i  (207000 MPa) 
P o i s s o n ' s  r a t i o  - 0.3 
Y i e l d  s t r e s s  - 51.4 k s i  (354 MPa) 
U l t i m a t e  s t r e s s  - 70.9 k s i  (489 MPa) 
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model was i n  e r r o r  by 0.5 p e r c e n t ,  t h e  one e lement  t h i c k  model i n  e r r o r  by 
1.2 p e r c e n t .  T h e r e f o r e ,  f o r  t h e  a n a l y s i s  a model w i t h  one e lement  t h r o u g h  
t h e  c y l i n d r i c a l  s e c t i o n  and t h e  dome was adopted.  

4.5.3.2 Computer Model 

The computer model used f o r  t h e  a x i s y m m e t r i c  a n a l y s i s  i s  shown i n  F i g u r e  
4.5.1. The r e i n f o r c e d  c o n c r e t e  c y l i n d e r  and dome were r e p r e s e n t e d  by t h i c k  
s h e l l  e lements ,  one e lement  t h r o u g h  t h e  w a l l  t h i c k n e s s .  The r e i n f o r c e d  
c o n c r e t e  base was m o d e l l e d  w i t h  f o u r  e lements  t h r o u g h  t h e  t h i c k n e s s .  

I n  o r d e r  t o  assess t h e  b i a x i a l  s t r e s s  s t a t e  i n  t h e  l i n e r  i n d e p e n d e n t l y  o f  
t h e  c o n c r e t e  i t  was d e c i d e d  t o  model t h e  l i n e r  u s i n g  t h i n  s h e l l  e lements  
w i t h  t h e  nodes c o u p l e d  t o  t h e  i n s i d e  f a c e  o f  t h e  t h i c k  s h e l l  e lements u s i n g  
r e p e a t  f reedoms. P o i s s o n ' s  r a t i o  o f  t h e  l i n e r  was 0.3 w h i l e  t h e  l i n e r  was 
e l a s t i c .  A s  soon as t h e  l i n e r  was p r e d i c t e d  t o  have y i e l d e d ,  P o i s s o n ' s  
r a t i o  was reduced t o  z e r o  t o  s i m p l i f y  t h e  s o f t e n i n g  procedure .  

The f o u n d a t i o n  s t i f f n e s s  was r e p r e s e n t e d  by  s p r i n g s  t o  ground t h a t  were 
t a k e n  o u t  i f  t h e y  went  i n t o  t e n s i o n .  

4 .5.3.3 S i t e  C h a r a c t e r i s t i c s  

The ground a t  t h e  t e s t  s i t e  i s  d e s c r i b e d  as l o o s e  g r a v e l  and decomposed 
g r a n i t e  f i n e s .  I t  i s  a l s o  d e s c r i b e d  as s i l t y  c l a y  w i t h  sand i n  t h e  
l a b o r a t o r y  r e p o r t  o f  t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  s o i l .  Some s o i l  has 
been i m p o r t e d  t o  t h e  s i t e ,  w h i c h  i s  d e s c r i b e d  as s i l t y  sand. 

Three p l a t e  b e a r i n g  t e s t s  have been p e r f o r m e d  on t h e  s i t e  i n  accordance w i t h  
ASTM D-1194. P l a t e  s i z e s  o f  12, 18 and 30 i n c h e s  (305,  457, and 762 m) 

3 were used. A v a l u e  o f  subgrade r e a c t i o n  modulus o f  390 k s f / f t  ( 6 1  MN/m ) 
was recommended by t h e  American c o n s u l t a n t .  

U s i n g  t h e  r e s u l t s  o f  t h e  p l a t e  b e a r i n g  t e s t s  OAP c a l c u l a t e  an average 

e l a s t i c  s t i f f n e s s  o f  128 k s f / f t  ( 2 0  MN/m ) .  Assuming a r i g i d  base w i t h  a 
r a d i u s  o f  142 i n  ( 3 . 8  m) t h e  l o w e r  bound modulus o f  subgrade r e a c t i o n  i s  

26.8 k s f / f t  ( 4 . 2  MN/m3). 
l e v e l  o f  i n f l u e n c e  o f  t h e  p l a t e  b e a r i n g  t e s t s ,  t h e  modulus o f  subgrade 

3 

A s  an ext reme upper  bound, assuming r o c k  below t h e  

3 r e a c t i o n  i s  320 k s f / f t  ( 5 0  MN/m ) .  F o r  t h e  f o l l o w i n g  ana lyses ,  255 k s f / f t  

( 4 0  MN/m ) was used as a r e a s o n a b l e  upper  bound s t i f f n e s s .  The l o w e r  bound 

o f  25.5 k s f / f t  ( 4  MN/m ) was a l s o  used t o  assess t h e  i n f l u e n c e  o f  t h e  
f o u n d a t i o n  s t i f f n e s s .  

3 

3 

4.5.3.4 Q u a s i - l i n e a r  A n a l y s i s  

The conta inment  b e i n g  c o n s t r u c t e d  f r o m  r e i n f o r c e d  c o n c r e t e  behaves 
n o n l i n e a r l y  when p r e s s u r i z e d  i n t e r n a l l y .  Even w i t h  o r t h o t r o p i c  m a t e r i a l s  i t  
was n o t  p o s s i b l e  w i t h o u t  a l t e r i n g  t h e  geometry  t o  c o r r e c t l y  model t h e  a x i a l ,  
bend ing  and shear  s t i f f n e s s  f o r  a l l  t h r e e  o r t h o g o n a l  d i r e c t i o n s  
s i m u l t a n e o u s l y .  T h e r e f o r e  a d e c i s i o n  o f  f i r s t  o r d e r  m a t e r i a l  parameters  was 
taken,  and t h e s e  parameters  were a c c u r a t e l y  r e p r e s e n t e d  i n  t h e  model.  F o r  
each s e c t i o n  t h e  chosen parameters  were as f o l l o w s :  
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( i )  C y l i n d r i c a l  s e c t i o n  
M e r i d i o n a l ,  R a d i a l  & Hoop S t i f f n e s s  
M e r i d i o n a l  m o m e n t / c u r v a t u r e  
P o i s s o n ' s  r a t i o  e f f e c t s  
R a d i a l  and Hoop Shear S t i f f n e s s  

( i i )  Dome s e c t i o n  
M e r i d i o n a l ,  R a d i a l  & Hoop s t i f f n e s s  
P o i s s o n ' s  r a t i o  e f f e c t s  
R a d i a l  & Hoop shear  s t i f f n e s s  

(iii) Base s e c t i o n  
M e r i d i o n a l ,  R a d i a l  & Hoop s t i f f n e s s  
R a d i a l  moment c u r v a t u r e  
P o i s s o n ' s  r a t i o  e f f e c t s  
R a d i a l  & Hoop shear  s t i f f n e s s  

( i v )  L i n e r  
M e r i d i o n a l  R a d i a l  & Hoop s t i f f n e s s  

The a h a l y s i s  was p e r f o r m e d  by r u n n i n g  l i n e a r - e l a s t i c  a n a l y s e s  a t  d i s c r e t e  
p r e s s u r e  s teps .  A t  each p r e s s u r e  s t e p  t h e  s t i f f n e s s  o f  each e lement  was 
c a l c u l a t e d  f o r  t h e  f i r s t  o r d e r  m a t e r i a l  parameter  g i v e n  above. These 
s t i f f n e s s e s  were e i t h e r  based on t h e  d e t e r m i n a t e  s t r e s s e s  and s t r a i n s  ( such  
as i n  t h e  dome) o r  were e x t r a p o l a t e d  f r o m  t h e  p r e v i o u s  p r e s s u r e  inc rement .  
I t  can be seen i n  (i) above t h a t  i t  was n o t  p o s s i b l e  w i t h o u t  changing t h e  
e lement  geometry  t o  r e p r e s e n t  b o t h  t h e  c o r r e c t  c y l i n d e r  a x i a l  and bend ing  
s t i f f n e s s  i n  t h e  m e r i d i o n a l  d i r e c t i o n  w i t h  o n l y  one s t i f f n e s s .  T h e r e f o r e ,  
a t  each p r e s s u r e  i n c r e m e n t  t h e  m e r i d i o n a l  m o m e n t / c u r v a t u r e  was compared w i t h  
t h e  n o n l i n e a r  r e l a t i o n s h i p  and t h e  e lements  were s o f t e n e d  i f  necessary  u s i n g  
noda l  l oads .  However, m o d i f i c a t i o n  t o  t h e  moment c u r v a t u r e  r e l a t i o n s h i p  
caused b o t h  r e d i s t r i b u t i o n  o f  l o a d s  i n  t h e  hoop d i r e c t i o n  and v a r i a t i o n s  t o  
m e r i d i o n a l  s t r a i n s  and l i n e r  f o r c e s ,  i n v a l i d a t i n g  t h e  o r i g i n a l  m a t e r i a l  
p r o p e r t i e s  assumpt ions .  T h e r e f o r e ,  a t  each i t e r a t i o n  t h e  c o n c r e t e  c y l i n d e r  
e lements  and t h e  l i n e a r  were a l s o  s o f t e n e d  i n  t h e  m e r i d i o n a l  and hoop 
d i r e c t i o n s .  

The c a l c u l a t e d - s o f t e n i n g  f o r c e s  were combined w i t h  t h e  p r e s s u r e  and g r a v i t y  
f o r c e s  and t h e  model r e a n a l y z e d .  T h i s  p r o c e d u r e  was r e p e a t e d  u n t i l  
convergence was a c h i e v e d  ( F i g u r e  4 .5 .2 ) .  The base and t h e  dome s t i f f n e s s e s  
were n o t  a d j u s t e d  between each p r e s s u r e  s t e p .  F o r  t h e  base a m u l t i - e l e m e n t  
approach was adopted  whereby each l a y e r  o f  e lements  was i n d e p e n d e n t l y  
a d j u s t e d  t o  model t h e  c o r r e c t  r a d i a l  and bend ing  s t i f f n e s s .  I n  t h e  dome 
o n l y  t h e  membrane s t i f f n e s s  was c o r r e c t l y  r e p r e s e n t e d .  

I t  shou ld  be n o t e d  t h a t  a l t h o u g h  t h e  n o n l i n e a r  moments and f o r c e s  have 
u l t i m a t e  v a l u e s  beyond w h i c h  convergence wou ld  n o t  be p o s s i b l e ,  t h e r e  i s  no 
such m o d e l l e d  c r i t e r i o n  f o r  t h e  shear  f o r c e .  ( U n l i k e  t h e  l a r g e  3-D 
n o n l i n e a r  p rograms) .  T h e r e f o r e  t h e  p r e d i c t i o n  o f  u l t i m a t e  shear  f a i l u r e  i s  
c a r r i e d  o u t  e x t e r n a l  t o  t h e  computer  a n a l y s i s .  
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4.5.3.5 M a t e r i a l  Model1 i n g  

I n t r o d u c t i o n :  
The model was c o n s t r u c t e d  such t h a t  one e lement  r e p r e s e n t e d  t h e  composi te  
b e h a v i o r  o f  t h e  c o n c r e t e  and t h e  r e i n f o r c e m e n t ,  i n  a l l  t h r e e  o r t h o g o n a l  
d i r e c t i o n s .  T h e r e f o r e ,  i n  t h i s  a n a l y s i s  f o r  t h e  c a l c u l a t i o n  o f  t h e  m a t e r i a l  
models,  a l l  t h e  t r i a x i a l  s t r e s s e s  were assumed decoupled.  However t h i s  
s i m p l i f i c a t i o n  was n o t  c o n s i d e r e d  t o  produce s i g n i f i c a n t  i n a c c u r a c i e s  as t h e  
conta inment  i n  g e n e r a l  i s  i n  b i a x i a l  t e n s i l e  s t r e s s  s t a t e .  

Moment-curvature:  
A program was w r i t t e n  t o  c a l c u l a t e  t h e  moment c u r v a t u r e  o f  any s e c t i o n  f o r  a 
g i v e n  a x i a l  l o a d .  The b a s i s  of t h e  c a l c u l a t i o n  was t h a t  t h e  s t r a i n  remains 
1 i n e a r  even a t  l a r g e  c u r v a t u r e s .  

The program d i v i d e s  t h e  s e c t i o n  i n t o  a s e r i e s  o f  s l i c e s  o f  e i t h e r  c o n f i n e d  
o r  u n c o n f i n e d  c o n c r e t e  (depend ing  on t h e  presence o f  c o n f i n i n g  l i n k s )  and 
areas  o f  r e i n f o r c e m e n t .  The c u r v a t u r e  was f i x e d  and t h e  a x i a l  s t r a i n  
i t e r a t e d  u n t i l  t h e  a x i a l  f o r c e  on t h e  s e c t i o n  was t h a t  p r e s c r i b e d .  The 
c u r v a t u r e  was t h e n  incremented f o r  a n o t h e r  s o l u t i o n  u n t i l  f a i l u r e  was 
p r e d i c t e d .  The c o n c r e t e  compress ive s t r e s s - s t r a i n  model used was t h e  
m o d i f i e d  Kent  Park C4.5.31. F o r  c o n c r e t e  c o n f i n e d  by l i n k s  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  was e f f e c t i v e l y  s t r e t c h e d  and t h e  c o n c r e t e  assumed t o  
have a s m a l l  r e s i s t a n c e  a t  h i g h  s t r a i n s .  I n  c o n t r a s t ,  t h e  u n c o n f i n e d  
c o n c r e t e  was assumed t o  have no r e s i d u a l  s t r e n g t h  a t  h i g h  s t r a i n s .  The 
c o n c r e t e  was assumed t o  have a s m a l l  a l l o w a b l e  t e n s i l e  s t r e n g t h  b e f o r e  
c r a c k i n g ,  and t o  t a k e  i n t o  account  t h e  i n f l u e n c e  of  bond and t e n s i l e  
c o n c r e t e  s t r e s s e s  between c r a c k s ,  a m o d i f i e d  s t r e s s - s t r a i n  r e l a t i o n s h i p  as 
i n d i c a t e d  by a dashed l i n e  on F i g u r e  4 .5 .3  has been used. The o t h e r w i s e  
assumed a b r u p t  l o s s  o f  t e n s i l e  s t r e n g t h  f o r  c o n c r e t e  i s  shown by a s o l i d  
l i n e .  A s t u d y  by H a l v o r s e n  r e p o r t e d  by Chen C4.5.41 demonst ra tes  t h a t  t h i s  
method g i v e s  v e r y  good r e s u l t s .  F o r  t h e  f i n a l  a n a l y s i s  t h e  t e n s i l 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  was f u r t h e r  m o d i f i e d ,  i n c r e a s i n g  6 t o  0.0015 t o  

ensure  a p o s i t i v e  a x i a l  w a l l  s t i f f n e s s  t h r o u g h o u t  t h e  range. 
max 

The assumed s t r e s s - s t r a i n  r e l a t i o n s h i p  f o r  t h e  r e i n f o r c e m e n t  i s  shown on 
F i g u r e  4.5.3. 

Moment-curvature c a l i b r a t i o n :  
The moment-curvature program was f i r s t  c a l i b r a t e d  u s i n g  t h e  r e s u l t s  o f  a 
s e r i e s  o f  t e s t s  c a r r i e d  o u t  by G o o d s i r  C4.5.51 i n  New Zealand.  These 
r e s u l t s  a r e  p a r t i c u l a r l y  u s e f u l  as t h e  s t r u c t u r e ,  a shear  w a l l ,  was t e s t e d  
w e l l  i n t o  t h e  n o n l i n e a r  range.  The compar ison between t h e  measured r e s u l t s  
and t h o s e  produced by t h e  moment-curvature program a r e  shown on F i g u r e  
4.5.4. I t  can be seen t h a t  v e r y  good agreement i s  a c h i e v e d  f o r  two t e s t s  
w i t h  d i f f e r e n t  c u r v a t u r e  d i r e c t i o n s  and a x i a l  l o a d s .  

4.5.3.6 Element S o f t e n i n g  Program 

I n t r o d u c t i o n :  
P r e v i o u s l y  t h e  e lement  s o f t e n i n g  u s i n g  t h e  s t i f f n e s s  s o f t e n i n g  approach was 
c a r r i e d  o u t  by hand. F o r  t h i s  s t u d y  s o f t e n i n g  by hand was c o n s i d e r e d  t o  be 
t o o  t i m e  consuming and r e s t r i c t i v e ,  t h e r e f o r e  an automated approach was 
adopted.  
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On c o m p l e t i o n  o f  t h e  PAFEC a n a l y s i s  t h e  s p e c i a l l y  w r i t t e n  program c a l c u l a t e d  
t h e  s o f t e n i n g  moments and f o r c e s  f o r  each e lement ,  w h i c h  were t h e n  compared 
w i t h  t h o s e  f r o m  t h e  p r e v i o u s  i t e r a t i o n .  
converged a r e v i s e d  PAFEC i n p u t  d a t a  deck was a u t o m a t i c a l l y  r e - w r i t t e n  
c o n t a i n i n g  a l l  t h e  s o f t e n i n g  noda l  l o a d s  and t h e  a n a l y s i s  was r e s t a r t e d .  
When a l l  t h e  e lements  had converged t h e  a n a l y s i s  s topped and a u n i v e r s a l  
f i l e  was w r i t t e n  f o r  p o s t  p r o c e s s i n g .  See F i g u r e  4.5.5 f o r  t h e  f l o w c h a r t .  

I f  t h e  moments and f o r c e s  had n o t  

M e r i d i o n a l  Moment-curvature s o f t e n i n g  i n  c y l i n d e r :  
The m e r i d i o n a l  moment o f  each c y l i n d r i c a l  e lement  was c a l c u l a t e d  f r o m  t h e  
s t r e s s e s  t a k i n g  i n t o  c o n s i d e r a t j o n  t h e  w a l l  geometry .  
moments were averaged, f r o m  w h i c h  t h e  c u r v a t u r e  was c a l c u l a t e d  knowing t h e  
i n p u t  m e r i d i o n a l  s t i f f n e s s .  I n  a d d i t i o n  t h e  e lement  c u r v a t u r e  was 
c a l c u l a t e d  d i r e c t l y  f r o m  t h e  noda l  d i s p l a c e m e n t s  o f  t h e  w a l l  f a c e s  f o r  
d i r e c t  compar i  son. 

The t o p  and b o t t o m  

A l s o  t h e  a x i a l  f o r c e  on t h e  s e c t i o n  was c a l c u l a t e d  d i r e c t l y  f r o m  knowledge 
o f  t h e  i n t e r n a l  p r e s s u r e  and t h e  l i n e r  f o r c e .  The hoop s t r a i n  was 
c a l c u l a t e d  i n  o r d e r  t o  d e t e r m i n e  t h e  s t r a i n s  i n  t h e  s e i s m i c  r e i n f o r c e m e n t  a t  
45 " .  Then t h e  moment c u r v a t u r e  program was accessed d i r e c t l y  w i t h  t h e  
c u r v a t u r e ,  hoop s t r a i n  and a x i a l  f o r c e .  

F o r  each e lement  t h e  n o n l i n e a r  moment i s  c a l c u l a t e d  f o r  q u a n t i t y  o f  
r e i n f o r c e m e n t  and c o n c r e t e  c o n f i n e m e n t  a t  t h a t  s e c t i o n  ( t h e  change i n  
v e r t i c a l  r e i n f o r c e m e n t  i s  m o d e l l e d  by g r a d u a l l y  i n c r e a s i n g  t h e  a r e a  o f  
r e i n f o r c e m e n t  o v e r  t h e  anchorage l e n g t h ) .  F o r  l a t e r  c a l c u l a t i o n  t h e  a x i a l  
s t r a i n  i s  a l s o  c a l c u l a t e d  f o r  t h e  p a r t i c u l a r  a x i a l  f o r c e  and c u r v a t u r e  
g i v e n .  The d i f f e r e n c e  between t h e  a n a l y s i s  moment and t h e  n o n - l i n e a r  moment 
was denoted  t h e  pseudo moment and was degraded t o  f o u r  e q u i v a l e n t  a x i a l  
l o a d s  t o  be a p p l i e d  t o  t h e  c o r n e r  nodes ( F i g u r e  4 .5 .6 ) .  A f l o w c h a r t  f o r  t h e  
s u b r o u t i n e  i s  shown ( F i g u r e  4.5.7) .  

M e r i d i o n a l  s o f t e n i n g  i n  c y l i n d e r :  
F o r  each e lement  t h e  d e t e r m i n a t e  m e r i d i o n a l  s t r e s s  was c o n v e r t e d  t o  an 
e q u i v a l e n t  s t r a i n ,  and compared w i t h  t h e  a x i a l  s t r a i n  f r o m  t h e  moment- 
c u r v a t u r e  c a l c u l a t i o n .  The two s t r a i n s  were c o n v e r t e d  i n t o  e q u i v a l e n t  
f o r c e s  f o r  t h e  comple te  c i r c u m f e r e n c e  and t h e  d i f f e r e n c e  between t h e  two 
f o r c e s  denoted  as t h e  m e r i d i o n a l  pseudo f o r c e .  The pseudo f o r c e  was 
c o n v e r t e d  t o  s i x  e q u i v a l e n t  noda l  f o r c e s  t o  s o f t e n  ( o r  s t i f f e n )  t h e  e lement  
( F i g u r e  4 .5 .8 ) .  A f l o w c h a r t  o f  t h e  s u b r o u t i n e  i s  shown ( F i g u r e  4 . 5 . 9 ) .  

Hoop s o f t e n i n g  i n  c y l i n d e r :  
F o r  each e lement  t h e  average hoop s t r a i n  was c a l c u l a t e d  and c o n v e r t e d  t o  a 
hoop f o r c e .  A m o d i f i e d  v e r s i o n  o f  t h e  moment c u r v a t u r e  program was used t o  
c a l c u l a t e  t h e  n o n l i n e a r  hoop f o r c e  f o r  t h e  c a l c u l a t e d  hoop s t r a i n  (and z e r o  
c u r v a t u r e ) .  I n  t h i s  case t h e  m e r i d i o n a l  s t r a i n  was a l s o  i n p u t  i n t o  t h e  
moment c u r v a t u r e  program and t h e  s t r a i n  i n  t h e  s e i s m i c  r e i n f o r c e m e n t  was 
assumed t o  be t h e  average o f  t h e  hoop and m e r i d i o n a l  s t r a i n s ,  t h e  component 
o f  hoop f o r c e  was c a l c u l a t e d  a c c o r d i n g l y .  The d i f f e r e n c e  between t h e  hoop 
and n o n l i n e a r  hoop f o r c e  denoted  t h e  pseudo hoop f o r c e .  

The pseudo hoop f o r c e  was c o n v e r t e d  i n t o  an e q u i v a l e n t  i n t e r n a l  p r e s s u r e  and 
t h e n  c o n v e r t e d  t o  an e q u i v a l e n t  t o t a l  f o r c e  o v e r  t h e  e lement  h e i g h t  and 
a p p l i e d  as r a d i a l  noda l  l o a d s  ( F i g u r e  4 .5 .10) .  A f l o w c h a r t  o f  t h e  
s u b r o u t i n e  i s  shown ( F i g u r e  4.5.11) .  
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The r a d i a l  shear  s t i f f n e s s  f o r  each e lement  was m o d i f i e d  a t  each p r e s s u r e  
i n c r e m e n t  based on t h e  average o f  t h e  c u r r e n t  a x i a l  and r a d i a l  s t i f f n e s s e s .  

P o i s s o n ' s  r a t i o :  
The P o i s s o n ' s  r a t i o  was reduced t o  e f f e c t i v e l y  z e r o  i n  each e lement  i f  t h e  
c o n c r e t e  r e p r e s e n t e d  has c racked.  

L i n e r :  
I n  t h e  a n a l y s i s  t h e  l i n e r  i s  m o d e l l e d  s e p a r a t e l y  b u t  i t  i s  assumed t o  a c t  
c o m p o s i t e l y  w i t h  t h e  r e i n f o r c e d  c o n c r e t e .  F o r  t h e  l i n e r  a t t a c h e d  t o  t h e  
cy1 i n d r i c a l  s e c t i o n ,  t h e  m e r i d i o n a l  and hoop s t r e s s e s  were c a l c u l a t e d  from 
t h e  nodal  d e f o r m a t i o n s .  The s t r e s s e s  were combined u s i n g  t h e  von Mises 
c r i t e r i a  t o  assess i f  t h e  l i n e r  has y i e l d e d .  Where t h e  l i n e r  s t r e s s  i s  
found t o  exceed t h e  von Mises y i e l d  c r i t e r i o n  t h e  e q u i v a l e n t  o r t h o g o n a l  
p l a s t i c  s t r e s s e s  a t  t h e  y i e l d  p o i n t  u s i n g  a r a d i a l  r e t u r n  c r i t e r i o n  were 
c a l c u l a t e d  and t h e  d i f f e r e n c e  between t h e  l i n e a r - e l a s t i c  l i n e r  s t r e s s  and 
t h e  s t r e s s  a t  t h e  y i e l d  p o i n t  was denoted  t h e  pseudo s t r e s s .  Nodal l o a d s  
were used t o  s o f t e n  t h e  l i n e r  i n  a s i m i l a r  manner t o  t h o s e  d e s c r i b e d  
e a r l i e r .  When t h e  converged s o l u t i o n  was reached t h e  p l a s t i c  s t r a i n s  i n  
each d i r e c t i o n  and t h e  t o t a l  p l a s t i c  s t r a i n  i n  t h e  l i n e r  f o r  each e lement  
were s t o r e d  i n  a f i l e .  F o r  t h e  n e x t  p r e s s u r e  i n c r e m e n t  t h e  p l a s t i c  s t r e s s e s  
were c a l c u l a t e d  f r o m  t h e  p r e v i o u s  p l a s t i c  s t r a i n  and t h e  y i e l d  s t r e s s  
enhanced depending on t h e  t o t a l  p l a s t i c  s t r a i n .  The l i n e r  was computed t o  
f a i l  when t h e  t o t a l  p l a s t i c  s t r a i n  exceeds t h e  c a l c u l a t e d  maximum e l o n g a t i o n  
f o r  b i a x i a l  t e n s i o n  u s i n g  t h e  m a t e r i a l  t e s t s  r e s u l t s .  A f l o w c h a r t  o f  t h e  
s u b r o u t i n e  i s  shown ( F i g u r e  4 .5 .12) .  

Hand c a l c u l a t i o n s  i n d i c a t e d  t h a t  t h e  r e s t r a i n t  t o  t h e  l i n e r  a t  t h e  w a l l  base 
was i n s u f f i c i e n t  t o  a c h i e v e  t h e  f u l l  y i e l d  s t r e s s .  T h e r e f o r e  f o r  t h e  w a l l  
base t h e  assumpt ion t h a t  t h e  l i n e r  was compos i te  w i t h  t h e  c o n c r e t e  would 
have been c o n s e r v a t i v e .  To model t h e  r e d u c t i o n  i n  l i n e r  m e r i d i o n a l  
s t i f f n e s s  i n  t h i s  r e g i o n  t h e  b o t t o m  t h r e e  l i n e r  e lements  were decoup led  f r o m  
t h e  w a l l  e lements  and t h e  r e p e a t  f reedoms were r e p l a c e d  by s p r i n g s .  The 
a c t u a l  v a l u e  o f  t h e  s p r i n g  s t i f f n e s s  was d i f f i c u l t  t o  d e t e r m i n e .  A v a l u e  
e q u i v a l e n t  t o  t h e  e l a s t i c  s t i f f n e s s  o f  t h e  b o t t o m  t h r e e  l i n e r  e lements was 
used. The s p r i n g  f o r c e s  were m o n i t o r e d  d u r i n g  each i t e r a t i o n  and i f  t h e y  
exceeded a v a l u e  r e p r e s e n t a t i v e  o f  t h e  u l t i m a t e  s t r e n g t h  o f  t h e  r e s t r a i n t  
( i n c l u d i n g  t h e  s t u d  c o n n e c t o r s ) ,  t h e  s p r i n g s  were s o f t e n e d  u n t i l  convergence 
was ach ieved.  

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

4 .5.3.7 A n a l y s i s  Pressures  

I n i t i a l  hand c a l c u l a t i o n s  i n d i c a t e d  t h a t  based on t h i n  s h e l l  t h e o r y  t h e r e  
was s u f f i c i e n t  r e s i s t a n c e  i n  t h e  r e i n f o r c e m e n t  and t h e  l i n e r  t o  p o t e n t i a l l y  
w i t h s t a n d  o v e r  f o u r  t i m e s  t h e  d e s i g n  p r e s s u r e ,  a l t h o u g h  t h e  d e f o r m a t i o n  t o  
a c h i e v e  t h i s  p r e s s u r e  wou ld  be c o n s i d e r a b l e .  T h e r e f o r e  p r e s s u r e  inc rements  
o f  a p p r o x i m a t e l y  29 p s i  ( 0 . 2  MPa) were adopted f o r  t h e  a n a l y s i s  commencing 
a t  15 p e r c e n t  o v e r  t h e  d e s i g n  p r e s s u r e .  The f i v e  p r e s s u r e  inc rements  
ana lyzed were chosen t o  h i g h l i g h t  t h e  changes i n  t h e  modes o f  b e h a v i o r  o f  
t h e  conta inment .  The f o l l o w i n g  p r e s s u r e s  were ana lyzed:  52.9, 87, 116, 
145, and 174 p s i  (0.365, 0.6, 0.8, 1.0, and 1.2 MPa). M i l e s t o n e s  i n  t h e  
s t r u c t u r a l  response a t  t h e s e  p r e s s u r e s  a r e  g i v e n  i n  S e c t i o n  4.5.4. 
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4.5.3.8 Convergence 

The convergence o f  t h e  a n a l y s i s  was f o u n d  t o  be r e a s o n a b l y  s t a b l e  e x c e p t  f o r  
t h e  m e r i d i o n a l  s t i f f n e s s  o f  t h e  c y l i n d e r .  There  were a number o f  reasons  
why t h e  m e r i d i o n a l  s t i f f n e s s  caused prob lems.  F o r  example,  t h e  a x i a l  s t r a i n  
was n o t  o n l y  d i r e c t l y  i n f l u e n c e d  by t h e  a x i a l  f o r c e  b u t  a l s o  i t  was 
s i g n i f i c a n t l y  a f f e c t e d  by changes i n  t h e  m e r i d i o n a l  b e n d i n g  moment, hoop 
s t r a i n  and l i n e r  f o r c e s .  I n  a d d i t i o n  o v e r  a range o f  m e r i d i o n a l  s t r a i n s  
between 0.00005 and 0.0007 t h e  c y l i n d e r  had an e f f e c t i v e  n e g a t i v e  s t i f f n e s s ,  
caused by t h e  r a t e  o f  r e d u c t i o n  i n  t h e  c o n c r e t e  t e n s i l e  c a p a c i t y  exceed ing  
t h e  r a t e  o f  i n c r e a s e  i n  f o r c e  i n  t h e  r e i n f o r c e m e n t .  T h i s  p r o b l e m  was 
overcome by i n c r e a s i n g  t h e  s t r a i n  o v e r  w h i c h  t h e  c o n c r e t e  was assumed t o  a c t  
i n  t e n s i o n .  To damp t h e  n u m e r i c a l  o s c i l l a t i o n s  between i t e r a t i o n s  t h e  
pseudo s o f t e n i n g  f o r c e s  i n p u t  i n t o  n e x t  i t e r a t i o n  were t h e  average o f  t h e  
s t o r e d  pseudo f o r c e s  f r o m  t h e  c u r r e n t  and f i v e  p r e c e e d i n g  i t e r a t i o n s .  A s  
t h e  pseudo f o r c e s  a r e  i n i t i a l l y  s e t  a t  z e r o  t h i s  a l s o  had t h e  e f f e c t  o f  
ramping up t h e  s o f t e n i n g  f o r c e s .  

The a c t u a l  convergence c r i t e r i a  was based on t h e  change i n  pseudo s o f t e n i n g  
f o r c e s  between each i t e r a t i o n .  When t h e  change i n  pseudo f o r c e  was s m a l l  i n  
compar ison w i t h  t h e  l i n e a r  e l a s t i c  a n a l y s i s  f o r c e ,  t h e  e lement  was deemed t o  
have converged.  The t o t a l  number o f  i t e r a t i o n s  r e q u i r e d  was found t o  
i n c r e a s e  w i t h  t h e  i n t e r n a l  p r e s s u r e .  A t  52.9 p s i  ( 0 . 3 6 5  MPa) o n l y  e i g h t  
i t e r a t i o n s  were r e q u i r e d  whereas a t  174 p s i  ( 1 . 2  MPa) t h e  s t r u c t u r e  was s o  
n o n l i n e a r  o v e r  30 i t e r a t i o n s  were necessary .  Each i t e r a t i o n  t o o k  
a p p r o x i m a t e l y  2 . 5  m i n u t e s  C . P . U .  t i m e .  

4 .5 .3 .9  R e s u l t s  

Cy1 i n d r i c a l  S e c t i o n :  
I n  t h e  hooD d i r e c t i o n  t h e  c o n t a i n m e n t  can r e s i s t  about  t h r e e  t i m e s  t h e  
d e s i g n  p r e s s u r e  b e f o r e  y i e l d i n g .  
be s m a l l .  However, t o  s u s t a i n  p r e s s u r e s  o v e r  about  145 p s i  (1 .0  MPa) l a r g e  
d e f o r m a t i o n s  a r e  r e q u i r e d  as t h e  a d d i t i o n a l  s t r e n g t h  i s  p r o v i d e d  by work 
h a r d e n i n g  o f  t h e  r e i n f o r c e m e n t  and t h e  l i n e r .  These d e f o r m a t i o n s  wou ld  be 
accompanied by a l a r g e  amount o f  v e r t i c a l  c r a c k i n g  i n  t h e  c o n c r e t e  c y l i n d e r .  

A t  t h i s  p o i n t  t h e  d i s p l a c e m e n t  wou ld  s t i l l  

F o r  compar ison t h e  m e r i d i o n a l  b e n d i n g  moment, c u r v a t u r e ,  r a d i a l  shear  f o r c e s  
and hoop s t r e s s e s  a t  each p r e s s u r e  i n c r e m e n t  a r e  shown on F i g u r e s  4.5.13 - 
4.5 .16  r e s p e c t i v e l y .  

The moment i s  c a l c u l a t e d  about  t h e  m i d  d e p t h  o f  t h e  c o n c r e t e  c y l i n d r i c a l  
s e c t i o n .  I t  does n o t  i n c l u d e  t h e  l i n e r  m e r i d i o n a l  f o r c e .  I t  can be seen 
t h a t ,  even though a t  t h e  h i g h e r  p r e s s u r e s  t h e  c u r v a t u r e  a t  t h e  w a l l  base i s  
r a p i d l y  i n c r e a s i n g ,  t h e  moment i s  o n l y  i n c r e a s i n g  s l o w l y .  T h i s  i s  caused by 
t h e  r e d u c t i o n  i n  moment c a p a c i t y  due t o  t h e  h i g h  a x i a l  t e n s i o n  f o r c e .  

The e f f e c t  i n  c o u p l i n g  t h e  hoop and m e r i d i o n a l  s t r a i n  t o  c a l c u l a t e  t h e  f o r c e  
i n  t h e  45"  s e i s m i c  b a r s  i s  t o  i n c r e a s e  t h e  n e g a t i v e  bend ing  moments i n  t h e  
areas  o f  h i g h  hoop s t r a i n ,  and e f f e c t i v e l y  p r e s t r e s s  down t h e  c y l i n d e r  due 
t o  t h e  h i g h  hoop s t r a i n s .  

The s i g n i f i c a n t  change i n  w a l l  r e i n f o r c e m e n t  o c c u r s  i n  t h e  w a l l  a t  t h e  t o p  
o f  t h e  e i g h t h  e lement  f r o m  t h e  base. T h i s  r e d u c t i o n  i n  bend ing  s t i f f n e s s  
does n o t  appear  t o  have any n o t i c e a b l e  e f f e c t .  
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Dome : 
The dome was m o d e l l e d  t o  r e p r e s e n t  o n l y  t h e  c o r r e c t  membrane s t i f f n e s s ,  
t h e r e f o r e  t h e  bend ing  and shear  f o r c e s  were n o t  assessed. From t h e  p l o t s  o f  
t h e  d i s p l a c e d  shape i t  can be seen t h a t  t h e  dome, a l t h o u g h  i t  g e n e r a l l y  
f o l l o w s  t h e  r a d i a l  g r o w t h  o f  t h e  c y l i n d e r ,  i s  s l i g h t l y  s t i f f e r  c r e a t i n g  some 
d i s c o n t i n u i t y  e f f e c t s  e s p e c i a l l y  a t  t h e  h i g h e r  p r e s s u r e s .  

Base: 
Once f l  
s t i f f n e  

e x u r a l  c r a c k i n g  has o c c u r r e d  t h e  moment c a p a c i t y  d r o p s  and t h e  
s s  i s  reduced by an o r d e r  o f  magn i tude.  The geometry  o f  t h e  e lements  

i n  t h e  base were a d j u s t e d  such t h a t  t h e  bend ing  s t i f f n e s s  c o u l d  be reduced 
w h i l s t  m a i n t a i n i n g  t h e  c o r r e c t  a x i a l  s t i f f n e s s .  The r a d i a l  f o r c e s  i n  t h e  
base a r e  caused by shear  i n  t h e  w a l l s ,  r e s i s t e d  by t h e  hoop t e n s i o n  and a l s o  
by t h e  c o n c r e t e  i n  t e n s i o n .  I f  t h e  c o n c r e t e  i s  c r a c k e d  due t o  bend ing  o r  
s h r i n k a g e  t h e  r a d i a l  s t i f f n e s s  w i l l  be o v e r e s t i m a t e d .  However t h i s  may n o t  
have a l a r g e  e f f e c t  as t h e  f o r c e  w i l l  a l s o  be r e s i s t e d  by t h e  hoop t e n s i o n .  

Foundat ions :  
A t  h i g h  p r e s s u r e  l i f t  o f f  o c c u r s  under  t h e  edge o f  t h e  s l a b  under  t h e  w a l l  

3 when assuming t h e  upper  bound f o u n d a t i o n  s t i f f n e s s  o f  255 k s f / f t  ( 4 0  MN/m ) .  

A t  25.6 k s f / f t  ( 4  MN/m ) no l i f t  o f f  o c c u r s .  The a n a l y s i s  o f  P = 1.2 MPa 
was c a r r i e d  o u t  f o r  b o t h  bounds o f  t h e  f o u n d a t i o n  s t i f f n e s s  t o  assess i t s  
e f f e c t  on t h e  c y l i n d e r  moments and f o r c e s .  The r e s u l t s  o f  t h e  two r u n s  
showed no s i g n i f i c a n t  d i f f e r e n c e s .  

3 

L i n e r :  
The l i n e r  i s  s o f t e n e d  f o r  t h e  membrane f o r c e s  o n l y ,  w h i c h  i s  j u s t i f i e d  by 
t h e  f a c t  t h a t  g l o b a l l y  t h e  bend ing  s t r e s s e s  

The i n i t i a l  a n a l y s i s  was a l s o  c a r r i e d  o u t  w 
s o f t e n e d  a t  t h e  w a l l  base i n  t h e  m e r i d i o n a l  
s t r e s s  i n  t h e  l i n e r  was found t o  be h i g h e s t  
c o m b i n a t i o n  o f  a x i a l  t e n s i o n  and h i g h  c u r v a  
ana lyses  t h e  maximum s t r e s s  i n  t h e  l i n e r  a t  
k s i  ( 5 0  MPa) i n  t h e  m e r i d i o n a l  d i r e c t i o n ,  ( 
t h e  hoop d i r e c t i o n ) .  

a r e  v e r y  s m a l l .  

t h o u t  t h e  l i n e r  a r t i f i c i a l l y  
d i r e c t i o n .  I n  t h e s e  r u n s  t h e  
a t  t h e  w a l l  base due t o  t h e  
u r e .  However, i n  t h e  l a t e s t  
t h e  w a l l  base i s  l i m i t e d  t o  7.2 
t i s  assumed f u l l y  e f f e c t i v e  i n  

I n  g e n e r a l  t h e  h i g h e s t  hoop l i n e r  s t r e s s e s  o c c u r  i n  t h e  c e n t e r  o f  t h e  w a l l  
s e c t i o n  and t h e  h i g h e s t  m e r i d i o n a l  s t r e s s e s  o c c u r  where t h e  c o m b i n a t i o n  o f  
m e r i d i o n a l  s t r a i n  p l u s  c u r v a t u r e  i s  a t  a maximum, now t o  be found n e a r  t h e  
t o p  o f  t h e  c y l i n d r i c a l  s e c t i o n .  The d e f o r m a t i o n  i n  t h e  s p r i n g  c o n n e c t i n g  
t h e  b o t t o m  o f  t h e  c y l i n d e r  l i n e r  t o  t h e  c o n c r e t e  a t  t h e  w a l l  base i s  
e q u i v a l e n t  t o  s l i p p a g e  o f  t h e  l i n e r  up t h e  w a l l  due t o  i n s u f f i c i e n t  
r e s t r a i n t .  T h i s  v a l u e  was compared w i t h  t h e  r e s u l t s  o f  t h e  p r e l i m i n a r y  s t u d  
embedment t e s t s  ( s u p p l i e d  by Sand ia)  t o  assess t h e  p o s s i b i l i t y  o f  s t u d  
f a i l u r e .  The s l i p p a g e  v a l u e s  f o r  t h e  f i v e  p r e s s u r e s  cases c o n s i d e r e d  a r e  
0.01, 0.021,  0.042, 0.075, 0.2 i n c h e s  (0 .26  mm, 0.55 mm, 1.07 mm, 1.91 mm 
and 5.17 m). 
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4.5.4 Three-Dimensional  A n a l y s i s  

4.5.4.1 I n t r o d u c t i o n  

The purpose o f  c a r r y i n g  o u t  t h e  t h r e e - d i m e n s i o n a l  a n a l y s i s  was t o  s t u d y  how 
t h e  n o n - a x i s y m n e t r i c  f e a t u r e s  o f  t h e  c o n t a i n m e n t  m o d i f i e d  t h e  g l o b a l  
s t r u c t u r a l  response p r e d i c t e d  u s i n g  t h e  a x i s y m m e t r i c  model.  

A s  d e s c r i b e d  p r e v i o u s l y ,  s i m p l i f i e d  t e c h n i q u e s  can p r o v i d e  i n f o r m a t i o n  
adequate f o r  t h e  I n s p e c t o r a t e ' s  r e q u i r e m e n t s ,  and such an approach was 
adopted  f o r  t h i s  work.  A f u l l y  n o n l i n e a r  a n a l y s i s  was, as p r e v i o u s l y ,  
c o n s i d e r e d  i n a p p r o p r i a t e ,  and even t h e  pseudo- load approach d e s c r i b e d  i n  t h e  
p r e c e d i n g  s e c t i o n  wou ld  have r e q u i r e d  e x c e s s i v e  development  t o  accommodate 
t h e  l e v e l  o f  c o m p l e x i t y  around t h e  p e n e t r a t i o n s .  An a l t e r n a t i v e  approach 
was t h e r e f o r e  adopted.  

By p o s t u l a t i n g  t h a t  t h e  p e n e t r a t i o n s  and t h e  o t h e r  non-ax isymmetr ic  f e a t u r e s  
had no e f f e c t  on t h e  o v e r a l l  s t r u c t u r a l  response o f  t h e  c o n t a i n m e n t ,  i t  was 
p o s s i b l e  t o  t a k e  advantage o f  t h e  r e s u l t s  f r o m  t h e  n o n l i n e a r  a x i s y m n e t r i c  
a n a l y s i s .  Thus, t h e  n o n l i n e a r  a n a l y s i s  o f  t h e  c o n t a i n m e n t  i n c l u d i n g  
p e n e t r a t i o n s  c o u l d  be reduced t o  a 3-D l i n e a r  e l a s t i c  a n a l y s i s  o f  t h e  
conta inment  u s i n g  m a t e r i a l  p r o p e r t i e s  c a l c u l a t e d  f r o m  t h e  f i n a l  converged 
s o l u t i o n  o f  t h e  a x i s y m m e t r i c  models .  

Such an approach t h e r e f o r e  presumes t h e  r e s u l t  t h a t  t h e  presence o f  
p e n e t r a t i o n s  i n  t h e  t h r e e - d i m e n s i o n a l  model w o u l d  have no e f f e c t  upon t h e  
g l o b a l  b e h a v i o r .  However, i t  i s  p o s s i b l e  t o  check t h i s  assumpt ion  by 
compar ing t h e  d i s p l a c e m e n t s  and b e n d i n g  moments p r e d i c t e d  by each o f  t h e s e  
two t e c h n i q u e s ,  i . e .  

i )  two-d imensional  a x i s y m m e t r i c  mode l ,  a n a l y z e d  as n o n l i n e a r  u s i n g  t h e  
pseudo- load method. 

i i )  t h r e e - d i m e n s i o n a l  model ,  a n a l y z e d  as l i n e a r  b u t  u s i n g  " s o f t e n e d "  
m a t e r i a l  p r o p e r t i e s  as p r e d i c t e d  by t h e  a x i s y m n e t r i c  a n a l y s i s .  

The compar ison o f  t h e  r e s u l t s  appears i n  S e c t i o n  4.5.3.4, f o l l o w i n g  more 
d e t a i l e d  d e s c r i p t i o n s  o f  t h e  m o d e l l i n g  t e c h n i q u e s  and m a t e r i a l  p r o p e r t i e s  
used. 

4.5.4.2 Computer Model 

The t h r e e - d i m e n s i o n a l  f i n i t e  e lement  model o f  t h e  c o n t a i n m e n t  i s  compr ised 
o f  t h r e e  b a s i c  e lements :  s o l i d  e lements  f o r  t h e  c o n c r e t e  w a l l s  and base, 
s h e l l  e lements  f o r  t h e  l i n e r ,  and ground s p r i n g s  t o  r e p r e s e n t  t h e  f o u n d a t i o n  
s t i f f n e s s .  I t  was r e q u i r e d  t h a t  b o t h  t h e  s o l i d  and s h e l l  e lements  be a b l e  
t o  model o r t h o t r o p i c  m a t e r i a l  p r o p e r t i e s .  

F o r  t h e  c o n c r e t e  w a l l s  and base, 20 node i s o p a r a m e t r i c  b r i c k  e lements  were 
used, e x c e p t  a t  t h e  c e n t e r  o f  t h e  base and t o p  o f  t h e  dome, where 15 node 
wedge e lements  were used. A d i s c r e t i z a t i o n  o f  one e lement  t h r o u g h  t h e  
t h i c k n e s s  o f  t h e  w a l l  was adopted,  as t h i s  had been f o u n d  t o  g i v e  a c c e p t a b l e  
r e s u l t s .  The o n l y  s u i t a b l e  PAFEC e lements  f o r  t h e  l i n e r  were t h e  8-node 
q u a d r i l a t e r a l  and 6-node t r i a n g u l a r  semi - loo f  s h e l l  e lements .  
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Due t o  
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t h e  o v e r a l l  s i z e  o f  t h e  prob lem t h e  d i s c r e t i z a t i o n  o f  t h e  model was 
i m a t e l y  h a l f  as f i n e  as t h a t  used by t h e  a x i s y m n e t r i c  model,  w i t h  
t s  b e i n g  p l a c e d  eve ry  15" around t h e  c i r c u m f e r e n c e .  

I n i t i a l l y  a h a l f  model o f  t h e  conta inment  was s e t  up b u t  t h i s  was abandoned 
i n  f a v o r  o f  a q u a r t e r  model t o  reduce t h e  computer C.P.U. t ime .  The q u a r t e r  
model i n c l u d e d  h a l f  o f  one personne l  a i r l o c k  and h a l f  o f  equipment h a t c h  B. 
The a p p r o p r i a t e  boundary c o n d i t i o n s  were a p p l i e d  t o  t h e  s t r u c t u r e .  

4.5.4.3 M a t e r i a l  P r o p e r t i e s  

The o r t h o t r o p i c  m a t e r i a l  p r o p e r t i e s  of  t h e  c o n c r e t e  and l i n e r  e lements were 
c a l c u l a t e d  f r o m  t h e  r e s u l t s  o f  t h e  a x i s y m n e t r i c  a n a l y s i s .  P r o p e r t i e s  were 
c a l c u l a t e d  f o r  each h o r i z o n t a l  l a y e r  o f  e lements.  

F o r  t h e  c o n c r e t e  e lements  a secant  modulus was c a l c u l a t e d  i n  t h e  hoop 
d i r e c t i o n  f r o m  t h e  hoop s t r e s s  and s t r a i n .  U n f o r t u n a t e l y ,  i n  t h e  m e r i d i o n a l  
d i r e c t i o n  u s i n g  t h i s  secant  modulus t e c h n i q u e  o n l y  t h e  bend ing  s t i f f n e s s  o r  
t h e  a x i a l  s t i f f n e s s  c o u l d  be m o d e l l e d  i n  any one e lement .  The compromise 
adopted was t o  model t h e  bend ing  s t i f f n e s s  a t  t h e  w a l l  base and t h e  a x i a l  
s t i f f n e s s  h i g h e r  up t h e  w a l l .  T h e r e f o r e ,  t h e  secant  m o d u l i  were c a l c u l a t e d  
f r o m  t h e  a x i a l  s t r e s s e s  and s t r a i n s  f o r  a l l  b u t  t h e  b o t t o m  t h r e e  e lement  
l a y e r s  a t  t h e  w a l l  base. I n  these  l a y e r s  t h e  m e r i d i o n a l  s t i f f n e s s  was 
c a l c u l a t e d  f r o m  t h e  bend ing  moment and c u r v a t u r e ,  as t h i s  was shown t o  be 
dominant  i n  t h i s  area.  I n  t h e  t h r o u g h  t h i c k n e s s  d i r e c t i o n  t h e  modulus o f  
uncracked c o n c r e t e  was used. P o i s s o n ' s  r a t i o  was t a k e n  t o  be 0.01 
t h r o u g h o u t ,  r e p r e s e n t i n g  c r a c k e d  conc re te .  The o r t h o t r o p i c  p r o p e r t i e s  o f  
t h e  base and dome e lements  were t h e  same as those  used i n  t h e  a x i s y m n e t r i c  
ana lyses .  Around t h e  ha tches  t h e  o r t h o t r o p i c  p r o p e r t i e s  were c a l c u l a t e d  
assuming t h e  c o n c r e t e  t o  be i n  t e n s i o n  and o n l y  t h e  r e i n f o r c e m e n t  t o  be 
e f f e c t i v e .  

I s o t r o p i c  p r o p e r t i e s  were used f o r  t h e  l i n e r  e lements  u n l e s s  t h e y  had 
y i e l d e d  i n  t h e  a x i s y m n e t r i c  a n a l y s i s .  Fo r  t h e  y i e l d i n g  e lements ,  secant  
m o d u l i  were c a l c u l a t e d  i n  t h e  hoop and m e r i d i o n a l  d i r e c t i o n s .  Around t h e  
ha tches  t h e  l i n e r  e lements  were i n i t i a l l y  assumed t o  be l i n e a r  e l a s t i c .  A t  
t h e  end o f  each r u n  t h e  l i n e r  s t r e s s e s  around t h e  p e n e t r a t i o n s  were 
i nspec ted .  I f  i n  any e lement  t h e  von Mises y i e l d  c r i t e r i o n  was exceeded a 
more r e a l i s t i c  secant  modulus f o r  t h e  l i n e r  was c a l c u l a t e d  i n  t h e  
o r t h o t r o p i c  d i r e c t i o n s  and t h e  a n a l y s i s  repeated .  A s i m i l a r  p rocedure  was 
adopted f o r  c h e c k i n g  t h e  s o l i d  e lements  around t h e  p e n e t r a t i o n s  t o  assess i f  
t h e  r e i n f o r c e m e n t  had y i e l d e d .  

4.5.4.4 R e s u l t s  

The q u a r t e r  model d e s c r i b e d  above has been r u n  f o r  t h e  52.9 p s i ,  87 p s i ,  116 
p s i ,  145 p s i  (0.365, 0.600, 0.800 and 1.00 MPa), l o a d  cases. Fo r  a l l  f o u r  
cases r e a s o n a b l e  compar ison can be made w i t h  t h e  r e s u l t s  f rom t h e  
a x i s y m n e t r i c  ana lyses .  I n  o r d e r  t o  make compar isons between t h e  two models 
t h e  va lues  g i v e n  f o r  t h e  th ree-d imens iona l  model have been taken  f r o m  a 
v e r t i c a l  c r o s s  s e c t i o n  midway between t h e  two ha tches .  

Good agreement was found between t h e  d i s p l a c e m e n t s  shown by b o t h  models ( see  
T a b l e  4.5.2) .  The m e r i d i o n a l  bend ing  moments shown i n  F i g u r e  4.5.17 a t  t h e  
w a l l  base a r e  a l s o  i n  good agreement. However, f u r t h e r  up t h e  w a l l ,  where 
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t h e  s t i f f n e s s  i s  d e r i v e d  f r o m  t h e  m e r i d i o n a l  r a t h e r  t h a n  b e n d i n g  s t i f f n e s s ,  
as w o u l d  be expec ted  t h e  moments do n o t  show t h e  same agreement.  A l s o  u s i n g  
t h e  q u a s i - l i n e a r  method i t  was p o s s i b l e  t o  a c h i e v e  a n e g a t i v e  moment f o r  a 
p o s i t i v e  c u r v a t u r e .  U s i n g  a s t i f f n e s s  s o f t e n i n g  approach t h i s  was n o t  
p o s s i b l e .  The m e r i d i o n a l  moment a t  t h e  w a l l  base away f r o m  t h e  c e n t r a l  
p o s i t i o n  were f o u n d  t o  v a r y  by no more t h a n  t h r e e  p e r c e n t  f r o m  t h e  c e n t r a l  
v a l u e .  

The hoop s t r e s s e s  i n  t h e  c o n c r e t e  a l s o  show t h a t  t h e  e f f e c t  o f  t h e  
p e n e t r a t i o n  i s  l o c a l i z e d  as t h e  hoop s t r e s s e s  change v e r y  l i t t l e  o v e r  t h e  
c e n t r a l  p o r t i o n  o f  t h e  w a l l .  

4.5.4.5 D i s c u s s i o n  

I t  was f o u n d  f r o m  t h e  compar ison o f  b e n d i n g  moments and shear  f o r c e s  a t  t h e  
w a l l  base between t h e  a x i s y m m e t r i c  model and t h e  3-D model t h a t  t h e  
p e n e t r a t i o n s  have a n e g l i g i b l e  e f f e c t  on t h e  c r i t i c a l  f o r c e s  a t  t h e  w a l l  
base. A l s o  t h e  o v e r a l l  d i s p l a c e m e n t s  a r e  s i m i l a r  between t h e  two mode ls .  
There  were some d i f f e r e n c e s ,  some o f  w h i c h  were caused by t h e  f a c t  t h a t  t h e  

TABLE 4.5.2 ComDarison o f  DisDlacements Imml 

P r e s s u r e  52.9 p s i  (0.365 MPa) 
A x i  s y m e t  r i c 3 - D  

P o s i t i o n  UX UY ux UY 

1 -2.18 -2.06 
2 -2.19 -2.07 
3 -1.0 0.21 -1.09 0.17 
4 -1.02 -0.14 -1.1 -0.10 
5 -0.71 2.05 -0.77 2.0 
6 -0.72 2.7 -0.77 2.56 
7 -0.561 2.42 -0.60 2.37 
a 0.32 1.4 0.6 1.56 
9 I .  054 1.15 

P r e s s u r e  = 116 p s i  (0.8 MPa) 
A x i  symmetr i  c 3 - D  

P o s i t i o n  UX UY ux UY 

-4.44 
-4.47 

0.35 0.74 

1.33 5.17 
1.87 6.01 
3.01 5.2 
5.07 3.07 
6.59 

0.32 -0.57 

-4.66 
-4.68 

0.50 0.88 

1.69 5.27 
2.29 5.541 
3.49 5.0 
6.03 3.33 
7.29 

0.46 -0.52 

P r e s s u r e  87 p s i  (0 .6  MPa) 
A x i s y m m e t r i c  3 - D  

ux UY ux UY 

-2.47 -2.45 
-2.49 -2.47 
-0.78 0.3 -0.82 0 .28  

-0.12 3.77 0.05 3.81 
0.05 4.49 0.32 4.18 
0.62 4 .01  0.89 3.87 
2.15 2.3 2.87 2.54 
3.27 3.8 

-0.8 -0.19 -0.84 -0.17 

P r e s s u r e  = 145 p s i  (1 .0 MPa) 
A x i s y m m e t r i c  3 - D  

ux UY ux UY 

-5.28 -5.54 
-5.32 -5.58 

1.29 1.02 1.08 1.15 

2.86 7.74 3.06 7.70 
4.01 9.8 4.63 8.84 
6.4 5.70 6.36 6.63 
8.9 3.68 9.54 4.17 

1.26 -0.83 1.04 -0.69 

10.72 11.11 

Note:  f o r  p o s i t i o n s  r e f e r  t o  F i g u r e  4.5.18 
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3-D model had a c o a r s e r  mesh t h a n  t h e  a x i s y m n e t r i c  models.  However, i n  
g e n e r a l  t h e  r e s u l t s  showed t h a t  t h e  g l o b a l  e f f e c t s  a r e  a d e q u a t e l y  p r e d i c t e d  
u s i n g  t h e  a x i s y m n e t r i c  a n a l y s i s .  

An i m p o r t a n t  r e s u l t  o f  t h e  above c o n c l u s i o n  i s  t h a t  i n v e s t i g a t i o n s  i n t o  t h e  
b e h a v i o r  o f  t h e  area  o f  t h e  s t r u c t u r e  around t h e  p e n e t r a t i o n  can be c a r r i e d  
o u t  u s i n g  a l o c a l  submodel, w i t h  boundary c o n d i t i o n s  f r o m  t h e  a x i s y m e t r i c  
models  r a t h e r  t h a n  r e f i n i n g  t h e  mesh i n  a l a r g e  3-D model.  

As d i s c u s s e d  above, t h e  conta inment  was ana lyzed as a q u a r t e r  model,  
t h e r e f o r e  t h e  e f f e c t  o f  t h e  r e s t r a i n i n g  b a r  a t  h i g h  l e v e l  c o u l d  n o t  be 
assessed. The e f f e c t  o f  t h e  b a r  was i n v e s t i g a t e d  by hand c a l c u l a t i o n  and i t  
was conc luded t h a t  i t  would n o t  e f f e c t  t h e  g l o b a l  response. 

4 . 5 . 5  Standard  R e s u l t s  P l o t s  

A number o f  s t a n d a r d  p l o t s  have been produced f r o m  t h e  r e s u l t s  o f  t h e  
a x i s y m e t r i c  a n a l y s i s  and a r e  reproduced i n  Appendix A .  

4 . 5 . 6  M i l e s t o n e s  i n  S t r u c t u r a l  Response 

P r e s s u r e  = 52.9 p s i  (0 .365  MPal  
D isp lacements :  F i g u r e  4 . 5 . 1 8  

Cy1 i n d e r :  
Mer i d i  ona l  f l e x u r a l  c r a c k s  a t  base on i n s i d e  
Hoop p a r t i  a1 l y  c racked 
L i n e r  max. a x i a l  s t r e s s  = 8 . 7  k s i  (60  MPa) ( m i d  h e i g h t )  

max. hoop s t r e s s  = 27 k s i  (186 MPa) (mid  h e i g h t )  

Dome : 
Concre te  unc r a c  ked 
L i n e r  b i a x i a l  s t r e s s  = 23.8 k s i  (164 MPa) 

Base: 
Concre te  uncracked 
L i n e r  max. s t r e s s  = 4 . 5  k s i  (31 MPa) (comp) 

P r e s s u r e  = 87 p s i  ( 0 . 6  MPa) 
D isp lacements :  F i g u r e  4.5.18 

Cy1 i n d e r :  
M e r i  d i ona l  f l e x u r a l  c r a c k s  a t  base on i n s i d e  
Hoop t o p  314 cracked 
L i n e r  max. a x i a l  s t r e s s  = 17 k s i  (117 MPa) ( e l a s t i c )  

max. hoop s t r e s s  = 45.7 k s i  (315 MPa) ( e l a s t i c )  
( m i d  h e i  g h t  ) 

Dome : 
Con c r e t  e c r a c k e d  
L i n e r  b i a x i a l  s t r e s s  = 39.2 k s i  (270 MPa) ( e l a s t i c )  

Base : 
Concre te  c racked 
L i n e r  max. s t r e s s  = 5.9 k s i  ( 4 1  MPa) (comp) 
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P r e s s u r e  = 116 p s i  (0 .8 MPa) 

D isp lacements :  F i g u r e  4.5.19 

Cy1 i n d e r :  
Mer i d i ona 1 f l e x u r a l  c r a c k s  a t  base on i n s i d e  
Hoop r e i n f o r c e m e n t  a b o u t  t o  y i e l d  
L i n e r  max. a x i a l  s t r e s s  = 34.8 k s i  (240 MPa) ( p l a s t i c )  

max. hoop s t r e s s  = 57.4 k s i  (396 MPa) ( p l a s t i c )  

n i n e  l i n e r  e lement  y i e l d i n g  
(m i  d h e i  g h t  ) 

Dome : 
Conc r e t e  c r a c k e d  
L i n e r  b i a x i a l  s t r e s s  = 51.6 k s i  (356 MPa) ( e l a s t i c )  

Base: 
C o n c r e t e  c r a c k e d  
L i n e r  max. s t r e s s  = 24.6 k s i  (170 MPa) (comp) 

P r e s s u r e  = 145 p s i  ( 1 . 0  MPa) 

D isp lacements :  F i g u r e  4.5.19 

C y l i n d e r :  
Mer i d i o n a l  f l e x u r a l  c r a c k s  a t  base on i n s i d e  and l o w e r  m i d  1 / 4  

o f  w a l l  o u t s i d e  ( b o t t o m  e lement  y i e l d i n g  i s  
b e n d i n g )  

f u l l  h e i g h t  

max. hoop s t r e s s  = 58.4 k s i  (403 MPa) ( p l a s t i c )  

A l l  l i n e r  e lements  p l a s t i c  

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

L i n e r  max. a x i a l  s t r e s s  = 35.1  k s i  (242 MPa) ( p l a s t i c )  

( m i d  h e i g h t )  

Dome : 
Concre te  r e i n f o r c e d  about  t o  y i e l d  
L i n e r  b i a x i a l  s t r e s s  = 51.6 k s i  (356 MPa) ( e l a s t i c )  

Base : 
Conc r e t e  c r a c k e d  
L i n e r  max. s t r e s s  = 33.3 k s i  (230 MPa) (comp) 
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P r e s s u r e  = 174 p s i  (1 .2 MPa] 

D isp lacements :  F i g u r e  4.5.20 

Cy1 i n d e r :  
M e r i d i o n a l  f l e x u r a l  c r a c k s  2 / 3  o f  o u t e r  w a l l  above base 

( b o t t o m  e lement  y i e l d i n g  i s  b e n d i n g )  
Hoop r e i n f o r c e m e n t  y i e l d i n g  - l a r g e  d e f o r m a t i o n s  and 

c r a c k i n g  
L i n e r  max. a x i a l  s t r e s s  = 27.4 k s i  (189 MPa) ( p l a s t i c )  

max. hoop s t r e s s  = 62.8 k s i  (433 MPa) ( p l a s t i c )  
( m i d  h e i g h t )  

Dome : 
Concre te  r e i n f o r c e m e n t  y i e l d i n g ,  c r a c k i n g  
L i n e r  b i a x i a l  s t r e s s  = 63.5 k s i  (438 MPa) ( p l a s t i c )  

Base: 
Concre te  c r a c k e d  
L i n e r  rnax. s t r e s s  = 23.6 k s i  (163 MPa) (cornp) 

4.5.7 D i s c u s s i o n  

I f  t h e  c y l i n d r i c a l  w a l l  o f  t h e  conta inment  were f r e e  t o  r a d i a l l y  de form due 
t o  t h e  i n t e r n a l  p r e s s u r e  and n o t  be r e s t r a i n e d  by t h e  base ( o r  t h e  dome) 
r a d i a l  shear  f o r c e s  wou ld  n o t  be genera ted .  

A l t h o u g h  i t  i s  s t r a i g h t f o r w a r d  t o  c a l c u l a t e  t h e  u l t i m a t e  p r e s s u r e  a t  w h i c h  
t h e  conta inment  w i l l  f a i l  by b a r r e l  b u r s t i n g  o r  dome b u r s t i n g ,  t h e r e  a r e  no 
s i m p l e  methods o f  a s s e s s i n g  t h e  u l t i m a t e  shear  r e s i s t a n c e .  I n  g e n e r a l ,  t h e  
r a d i a l  shear  f o r c e s  peak a t  t h e  w a l l  base i n t e r s e c t i o n .  However, t h e y  a l s o  
e x i s t  around equipment ha tches  and personne l  l o c k s .  A l t h o u g h  t h e r e  a r e  a 
number o f  methods o f  a s s e s s i n g  shear  r e s i s t a n c e  o f  a beam, t h e r e  i s  l i t t l e  
gu idance i f  t h e  beam i s  a l s o  s u b j e c t  t o  a l a r g e  a x i a l  t e n s i o n  and t h e r e  i s  
a l m o s t  no i n f o r m a t i o n  i f  i n  a d d i t i o n  t h e  beam i s  a c y l i n d e r  w i t h  hoop 
r e i n f o r c e m e n t  and i n t e r n a l  p r e s s u r e .  I n  C4.5.61, t h e  r e c e n t  r e s e a r c h  i n  
t h i s  a r e a  i s  rev iewed and a number o f  f o r m u l a s  a r e  p r e s e n t e d .  However, i t  
was found t h a t  n o t  o n l y  d i d  t h e  c o n t r i b u t i o n  o f ,  f o r  example, a x i a l  t e n s i o n  
t o  r e d u c i n g  t h e  shear  r e s i s t a n c e  as d e s c r i b e d  by Beeby and Rangan d i f f e r  by 
a f a c t o r  o f  8 ,  b u t  a l l  t h e  f o r m u l a s  were found t o  be u n s u i t a b l e  f o r  a l l  
s e c t i o n s  a p a r t  f r o m  t h e  w a l l  base. F i g u r e  4 .5 .21  shows t h e  comparison o f  
t h e  shear  f o r c e  c a l c u l a t e d  a t  t h e  w a l l  base w i t h  a number o f  d i f f e r e n t  
f o r m u l a s .  I t  can be seen t h a t  f o r  a l l  cases t h e  r e s i s t a n c e  i s  c a l c u l a t e d  t o  
exceed t h e  shear  f o r c e  a p p l i e d .  

I n  a d d i t i o n  t o  t h e  w a l l  base t h r e e  o t h e r  s e c t i o n s  were assessed where t h e  
q u a n t i t y  o f  shear  r e i n f o r c e m e n t  changes. L e v e l  2 i s  1 ' - 0 "  (300 mrn) above 
t h e  base, Leve l  3 i s  2 ' - 0 "  (600 mm) above t h e  base and Leve l  4 i s  4 ' - 0 "  
(1200 mrn) above t h e  base and i s  t h e  p o s i t i o n  where t h e  shear  r e i n f o r c e m e n t  
i s  d i s c o n t i n u e d .  I n  each case t h e  a p p l i e d  shear  f o r c e  i s  compared w i t h  t h e  
u l t i m a t e  shear r e s i s t a n c e  c a l c u l a t e d  u s i n g  t h e  ASME S e c t i o n  111 D i v .  2 
f o r m u l a .  T h i s  i n d i c a t e s  t h a t  t h e r e  i s  a p o t e n t i a l  f o r  a shear  f a i l u r e  a t  
L e v e l  4 a t  a p r e s s u r e  o f  116 p s i  ( 0 . 8  MPa), o r  2.5 P . A l s o  a t  t h e  p o i n t  
where t h e  c y l i n d e r  meets t h e  dome t h e  c a l c u l a t e d  shegr  f o r c e  exceeds t h e  
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shear  r e s i s t a n c e  c a l c u l a t e d  u s i n g  t h e  ASME f o r m u l a  a t  t h e  same p r e s s u r e .  
However, i t  i s  g e n e r a l l y  r e c o g n i z e d  t h a t  t h e  ASME f o r m u l a  i s  c o n s e r v a t i v e  
( a l t h o u g h  i t  i s  n o t  known by how much) and i t  i s  a l s o  c o n c e p t u a l l y  d i f f i c u l t  
t o  v i s u a l i z e  a r a d i a l  shear  f a i l u r e  i n  t h e  w a l l  because as soon as t h e  
shear - induced d i s p l a c e m e n t s  o c c u r  t h e  hoop r e i n f o r c e m e n t  w i l l  p i c k  up  more 
l o a d  r e d u c i n g  t h e  shear  f o r c e .  

T h e r e f o r e ,  on t h e  b a s i s  o f  t h e  a n a l y s i s  t o  d a t e ,  t h e r e  i s  no i n d i c a t i o n  t h a t  
t h e  con ta inmen t  w i l l  f a i l  a t  p r e s s u r e  l e s s  t h a n  116 p s i  ( . 8  MPa) or  2.5 P d ,  
w i t h  an upper  bound o f  174 p s i  (1 .2  MPa) o r  3.8 P . To na r row t h e  bounds i t  
i s  necessary  n o t  o n l y  t o  e s t a b l i s h  t h e  l e v e l  o f  c g n s e r v a t i s m  i n  t h e  r a d i a l  
shear  f o r m u l a s  b u t  a l s o  t o  i n s p e c t  t h e  d e t a i l s  o f  t h e  con ta inmen t  i n  much 
g r e a t e r  dep th .  I t  i s  most  l i k e l y  t h a t  f a i l u r e  w i l l  i n i t i a t e  a t  a l o c a l  
s t r e s s  c o n c e n t r a t i o n  caused by perhaps  t h e  p e n e t r a t i o n ,  l i n e r  d e t a i l s  o r  
even poor  workmanship d u r i n g  c o n s t r u c t i o n .  Due t o  t h e  l a c k  o f  r e s t r a i n t  t o  
t h e  l i n e r  i n  t h e  v e r t i c a l  d i r e c t i o n  a t  t h e  w a l l  base, i t  i s  p r o b a b l e  t h a t  
t h e  m e r i d i o n a l  s t r e s s  i n  t h e  l i n e r  caused by t h e  a x i a l  t e n s i o n  and h i g h  
c u r v a t u r e  w i l l  cause some l i n e r  s t u d s  t o  f a i l ,  p r o b a b l y  by p u l l i n g  o u t ,  b u t  
p o s s i b l y  by t e a r i n g  t h e  l i n e r ,  c a u s i n g  p rematu re  leakage.  

I f  t h e  ASME shear  f o r m u l a  i s  c o n s e r v a t i v e  and l o c a l  e f f e c t s  do n o t  
p r e c i p i t a t e  an e a r l y  f a i l u r e ,  i t  i s  p r o b a b l y  t h a t  t h e  l o w e r  f a i l u r e  bound 
w i l l  be a t  t h e  p o i n t  where p l a s t i c  d e f o r m a t i o n  commences ( a b o u t  130 p s i  (0 .9 
MPa) o r  2.8 PD) .  

4 .5 .8  Summary o f  Conc lus ions  

( i )  A 3-D computer model has been g e n e r a t e d  and r u n  t o  assess t h e  
e f f e c t s  o f  t h e  l a r g e  p e n e t r a t i o n s  on t h e  o v e r a l l  s t r u c t u r a l  
b e h a v i o r .  The r e s u l t s  i n d i c a t e  t h a t  t h e  p e n e t r a t i o n s  o n l y  have a 
l o c a l i z e d  e f f e c t .  

( i i )  The c o n c r e t e  c y l i n d e r  r e i n f o r c e m e n t  y i e l d e d  i n  t h e  hoop d i r e c t i o n  
a t  t h e  w a l l  m i d  h e i g h t  a t  2.8 P . I t  i s  c a l c u l a t e d  t o  reach  i t s  
u l t i m a t e  s t r e n g t h  a t  4.6 P,,. TRe c o n c r e t e  dome r e i n f o r c e m e n t  i s  
c a l c u l a t e d  t o  y i e l d  a t  3.9 P and reach  i t s  u l t i m a t e  s t r e n g t h  a t  
5.6 P . 
P . 
y y e l d e d  a t  3.2 PD. The l i n e r  on t h e  basB remained e l a s t i c  up t o  
3.8 PD. 

( i i i )  The shear  r e i n f o r c e m e n t  a t  t h e  w a l l  base i s  s u f f i c i e n t  t o  r e s i s t  
t h e  g e n e r a t e d  shear  f o r c e s  up t o  3 .8  PD, however t h e  shear  f o r c e s  
i n  t h e  u n r e i n f o r c e d  s e c t i o n  exceed t h e  ASME l i m i t  a t  2.5 PD. 

( i v )  T a k i n g  i n t o  c o n s i d e r a t i o n  t h a t  t h e  ASME code i s  c o n s e r v a t i v e  t h e  
f a i l u r e  of  t h e  con ta inmen t  w i l l  p r o b a b l y  o c c u r  between 2.8 P 
3.8 PD, u n l e s s  i t  i s  i n i t i a t e d  a t  a l o c a l  s t r e s s  c o n c e n t r a t i l n .  

The f i r s t  p l a s t i c  m8ments o c c u r r e d  a t  t h e  w a l l  base a t  2.4 
?he c y l i n d e r  l i n e r  y i e l d e d  a t  2.5 P and t h e  dome l i n e r  

and 
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b AXISYMMETRIC 
MODEL 

3D-QUARTER 
MODEL 

20 noded orthotropic 
solid elements 
representing the 
reinforced concrete 

Liner modelled using 
thin shell elements 

Liner nodes coupled to 
shell elements using 
repeat freedoms 

Springs to ground 

Semi- loof thin shell 
elements representing 
the liner 

ng 
doms 

F i g u r e  4.5.1 A x i s y m n e t r i c  and 3-D Q u a r t e r  Models 
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Moment 

M 

ITERATON 1 

, Linear olastic 
characteristic 

Pseudo moment Mps I 

Non-linear moment Mnrl 

.. e 

Pseudo moment Mps I 

Non-linear moment Mnrl 
I 
! 

Y I # 
.. e 

Curvature K l  

ITERATION 2 K i  

t Moment I 

-7 

Curvature 

V I * 
Curvature Ka 

Mpsr +t Iterations cease when -< 0.05 MnLo 
Mpsi 

F igu re  4 . 5 . 2  N o n l i n e a r  a n a l y s i s  
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I 
I 

I 
I 
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I 
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Strain 
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Reinforcement Liner 

STEEL STRESS/STRAIN RELATIONSHIPS 

A 
Stress 

t Stress 

Confined concrete in comoression Uncon fined concrrte in compression 

Stress + 
I /  

Straln --_ 
c,- = 0.0015 
Ecr = OsSEct 

b 
Concrete in tension 

CONCRETE STRESS/STRAIN RELATIONSHIPS 

F i g u r e  4.5.3 S t e e l  and Concre te  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  
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0 
0 

0 

\ 
Moment- curva twt 

program 

0 
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+Y 

Experimental points 
0 1st cycle 
o 2nd cycle 

P = 0 . 1 6 f i 4  8; 
I 

I 1 

0.02 0.03 0.OL 0 0.01 

Test 1 

12001 

Test 2 

F i g u r e  4 . 5 . 4  Moment C u r v a t u r e  Program C a l i b r a t i o n  
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+ 
INCREMENT THE PRESSURE 

CALCULATE BEST ESTIMATE 
MATERIAL PROPERTIES FOR FE MODEL . 

I 

I I f  COMPLETE A PAFEC LINEAR 
ELASTIC ANALYSIS 

I I INCREMENT ITERATION NUMBER 
OPEN PAFEC DATA BASE 

READ FILE CONTAINING PSEUDO 
FORCES AND MOMENTS FROM 
PREVIOUS ITERATION 

1 READ FILE CONTAINING PLASTIC 
STRAINS IN THE LINER 

I + 
READ DISPLACEMENTS AND 

STRESSES AT NODES 

1 

1 
SOFTEN THE WALL ELEMENTS 

FOR MERIDIONAL BENDING MOMENTS 

SOFTEN THE WALL ELEMENTS 
IN THE MERIDIONAL DIRECTION 

I 1 SOFTEN THE WALL ELEMENTS 
IN THE HOOP DIRECTION 

1 
WRITE ANALYSIS AND NON-LINEAR 

FORCES, MOMENTS AND LINER STRESSES 
TO AN OUTPUT FILE 

I WRITE IPERTAB 
UNIVERSAL FILE 

PLASTIC STRAINS 

STORE IN A FILE ALL THE 
PSEUDO FORCES AND MOMENTS 

+ 
GENERATE A NEW PAFEC 

DATA INPUT FILE INCLUDING 
A U  THE PSEUDO FORCES 

F i g u r e  4 . 5 . 5  F l o w c h a r t  : Main Program 
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Stage 1 - Forces and moments from linear-elastic analysis 

Stage 2 - Calculation of non-linear moment 

I+ 
r - A - i  
I I 

Stage 3 - Pseudo moments converted to node loads 

Pseudo moment 
Mpsi = MLI- MnL; 

- Mps 

F i g u r e  4.5.6 S o f t e n i n g  Elements f o r  M e r i d i o n a l  Bending 
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, 

CALCULATE THE AXIAL FORCE 
AND BENDING MOMENT 

RESISTED BY THE CONCRETE 
FROM THE AXIAL STRESSES - 

* 
I LOOP THROUGH WALL 1 

CUULATE THE HOOP 
STRAIN AT THE SECTION 

1 CONCRETE ELEMENTS 
A 1 

* 
CALCULATE THE APPLIED AXIAL 

FORCE AT THE SECTION FROM 
THE INTERNAL PRESSURE, SELFWEIGHT 

AND LINER FORCE 

w 

I RETRIEVE NODAL COORDINATES. 

F I T  A PARABOLA THROUGH THE 
THREE DISPLACED NODE POINTS 

AND DIFFERENTIATE TO GIVE 
THE CURVATURE 

CALCULATE THE ELEMENT 
THICKNESS AND POSITQN OF 

NEUTRAL A X I S  

+ I 

+ 

+ 
I READ STRESSES AT NODES 

* 

CARRY OUT LEAST SQUARES 
F I T  TO STRESSES TO OBTAIN 
BEST ESTIMATE OF STRESSES 

AT CORNER NODES 

CALCULATE NON-LINEAR MOMENT 
AND AXIAL STRAIN FOR 
INTERPOLATED SECTION A 

9 

CALCULATE THE PSEUDO 
MOMENT ANALYSIS MOMENT - 

NON-LINEAR MOMENT 

COMPARE PSEUDO MOMENT 
WITH PREVIOUS PSEUDO MOMENT 

I F  DIFFERENCE I N  SMALL 
ELEMENT HAS CONVERGED 

CONVERT PSEUDO 
MOMENT TO EQUIVALENT 

AXICLL NODE U A D S  

+ 
- 

CALCULATE THE NON-LINEAR 

Figure 4.5.7 Flowchart : Softening o f  the Meridional Moment 
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I 

Stage 1 - Calculation of element axial strain 

Stress f 

/ ! I  
; I  t 

Strain trri E i  

Stage 2 - Calculation of non-linear force 

2 Pa + Pa = Fpsi 
LP, = P2 

Stage 3 - Pseudo force converted to node loads 

F i g u r e  4.5.8 S o f t e n i n g  Elements f o r  M e r i d i o n a l  S t r a i n  
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+ 
LOOP THROUGH WALL 
CONCRETE ELEMENTS I 

OBTAIN NON-LINEAR 
AXIAL STRAIN FROM MOMENT 

CURVATURE ANALYSIS 

I READ STRESSES AT NODES I 

CALCULATE NON-LINEAR 
FORCE REQUIRED TO ACHIEVE 

NON-LINEAR STRAIN 

CARRY OUT LEAST SQUARES 
F I T  TO OBTAIN BEST ESTIMATE I OF AXIAL STRAIN 

L 

CALCULATE "ANALYSIS 
FORCE" AXIAL FORCE 

RESISTED BY THE ELEMENT 

CALCULATE AXIAL PSEUDO FORCE 

FORCE 
ANALYSIS FORCE - NON-LINEAR 

1 

1 

COMPARE AXIAL STRAIN 
WITH NON-LINEAR STRAIN 
I F  DIFFERENCE IS SMALL 
ELEMENT HAS CONVERGED 

CONVERT AXIAL PSEUDO PORCE 
TO EQUIVALENT AXIAL 

NODE LOADS 

RETURN NO YES 

F igu re  4.5 .9  F l o w c h a r t  : S o f t e n i n g  o f  t h e  M e r i d i o n a l  S t r a i n  
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Radial strain = AR/R =En 

Hoop stress = & = E n  

Stago 1 - Calculation of dement hoop strain 

/ 

I // I 

I 

Stage 2 - Calculation of non-linear foro. 

r- -1 
I 

I I 

Equivalent pseudo 
pressure = IU; -0nLi 1 x t 

Pseudo force Pps. 
R 

FPS: = 1 Ui- 0 n ~ ;  1 x t x 2  n x d  

2P1 + Pa = Fpsi 
dP,  = P2 

Stage 3 - Pseudo foroe oonverted to node loads 

F i g u r e  4.5.10 S o f t e n i n g  Elements f o r  Hoop S t r e s s  
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CALCULATE ELEMENT 
HOOP STRAIN 

- 

CALCULATE EQUIVALENT 
ELEMENT HOOP FORCE 

1 
OBTAIN ELEMENT 

MERIWNAL STRAIN 

I + 
CALCULATE THE EQUIVALENT 

NON-LINEAR ELEMENT HOOP FORCE 

1 
1 

CALCULATE PSEUDO HOOP FORCE 
= ELEMENT FORCE - NON-LINEAR FORCE 

COMPARE THE P S E U W  FORCE 
WITH THE PREVIOUS PSEUDO 

FORCE I F  DIFFERENCE I N  . SMALL ELEMENT HAS CONVERGED 

1 
RETURN 

NO 

F i g u r e  4.5.11 F l o w c h a r t  : S o f t e n i n g  o f  t h e  Hoop Forces 
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READ DISPLACEMENTS AT 
EACH NODE 

COMBINE STRESSES USING 
VON-MISES YIELD CRITERION 

CALCULATE MEMBRANE LINER 

HOOP DIRECTION 
STRESS IN AXIAL AND 

- 0 ELEMENT CALCULATE PLASTIC 
STRAIN FROM 

PREVIOUS PLASTIC 
STRAIN 

I 
USING ELASTIC MODULUS 

w 
CALCULATE TOTAL PLASTIC 
STRAIN AND ENHANCE 

YIELD STRESS 

NO 

* 

+ w 
PSEUDO STRESS * 

ELASTIC MODULUS STRESS 
. SECANT MODULUS STRESS 

* 
CALCULATE PLASTIC FORCE 

IN LINER IN AXIAL 
AND HOOP DIRECTIONS 

4 
CALCULATE PSEUDO FORCE - ANALYSIS FORCE - PLASTIC FORCE 

4 
COMPARE PSEUDO FORCE 

WITH PREVIOUS PSEUDO FORCE 
IF DIFFERENCE IN SMALL 
ELEMENT HAS CONVERGED 

F i g u r e  4 .5 .12  F lowchar t  : L i n e r  S o f t e n i n g  
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F i g u r e  4.5.13 M e r i d i o n a l  Bending Moments 
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F i g u r e  4 .5 .14  M e r i d i o n a l  Curvature  
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F i g u r e  4 .5 .15  Rad ia l  Shear Force 
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DISPLACEMENTS 
I 1 

1 -2.18 - - 0.088 
2 -2.19 - 0.088 

3 -1.00 0.21 
-0.030 0.008 

4 -1.02 -0.14 - 0.04 - 0 . 0 0 5  

5 -0.71 2.05 - 0.028 0.08 
6 -0.72 2.71 

-0 .028 0.11 
7 -0.56 2.42 - 0.0 2 2 0.00 
8 0.37 1.40 

- 

0.015 0.0 5 5  
9 1. 041 - 

DISPLACEMENTS 
I 

ux UY 
(m) (m) 

1 -2.47 - - 0.007 
2 -2.49 

- 0 . 0 0 8  

3 -0.79 0.30 - 0.031 0.012 
4 -0.81 -0.20 - 0.032 -0 .008 

5 -0.12 3.78 - 0 .005  0.1 5 
0.05 4.49 
0.00 2 0.18 

6 

0.62 4.01 
0.0 24 0.16 

7 

2.15 2.30 
0.085 0.0 0 

8 
9 3.27 - 

- 

Pressure = 0.365 MPa (52.9 ps0 

X 

). Pressue = 0.6 MPa (87 psi1 

F i g u r e  4.5.18 D isp laced  Shape 
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F i g u r e  4 . 5 . 1 9  D i s p l a c e d  Shape 
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DISPLACEMENTS 

Presswe = 1.2 MPa t 174 ps0 

F i g u r e  4.5.20 D isp laced  Shape 
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F i g u r e  4 .5 .21  Wall Base Shear Force 

-272- 



4.6 ENEA-DISP 

T h i s  s e c t i o n  was w r i t t e n  by Giampiero  O r s i n i  and Giuseppe P i n o  o f  ENEA-DISP, 
N u c l e a r  S a f e t y  and H e a l t h  P r o t e c t i o n  D i r e c t o r a t e ,  Rome, I t a l y .  

4.6.1 Sumnary 

The c o n t a i n m e n t  has been a n a l y z e d  u s i n g  t h e  ADINA code (Dec.1978 v e r s i o n ) ,  
c o n s i d e r i n g  an a x i s y m n e t r i c  con t inuum model c lamped a t  t h e  c y l i n d e r  w a l l  
bo t tom.  I t  c o n s i s t s  o f  300 e igh t -noded i s o p a r a m e t r i c  c o n c r e t e  e lements ,  252 
r i n g  and 283 t r u s s  e lements  r e p r e s e n t i n g  hoop, m e r i d i o n a l ,  s e i s m i c  r e b a r s  
w i t h  t h e i r  nominal  a rea ,  99 r i n g  and 100 m e r i d i o n a l  t r u s s  e lements  
r e p r e s e n t i n g  a l a t t i c e  e q u i v a l e n t  t o  t h e  l i n e r  nominal  t h i c k n e s s .  R i n g  and 
t r u s s  e lements  have been p l a c e d  a t  t h e  a c t u a l  r e b a r  p o s i t i o n s .  The number 
o f  t h e  model nodes i s  1109 w i t h  2197 DOF. The c o n c r e t e  m a t e r i a l  model t a k e s  
i n t o  account  t h e  m u l t i a x i a l  s t r e s s - s t r a i n  b e h a v i o r  by c o n s i d e r i n g  a t r i a x i a l  
f a i l u r e  enve lope,  d e s c r i b e d  i n  te rms o f  d i s c r e t e  p r i n c i p a l  s t r e s s  r a t i o s .  
When c r u s h i n g  occu rs ,  t h e  m a t e r i a l  has no more s t i f f n e s s .  I f  t h e  computed 
p r i n c i p a l  s t r e s s  exceeds t h e  u n i a x i a l  c u t - o f f  t e n s i l e  s t r e s s ,  a c r a c k  i s  
formed p e r p e n d i c u l a r  t o  t h i s  s t r e s s  and b o t h  t h e  normal and shear  
s t i f f n e s s e s  a r e  decreased,  t h e  f o r m e r  t o  0.1E-3 and t h e  l a t t e r  t o  0.5 t i m e s  
t h e  i n i t i a l  s t i f f n e s s .  

The s t e e l  m a t e r i a l  model f o l l o w s  t h e  e l a s t i c - p l a s t i c  s t r e s s - s t r a i n  l aw  w i t h  
i s o t r o p i c  ha rden ing .  

The F.E. system has been s o l v e d  u s i n g  an i n c r e m e n t a l  s o l u t i o n  o f  t h e  
e q u a t i o n s ,  p e r f o r m i n g  e q u i l i b r i u m  i t e r a t i o n s  (BFGS method) up  t o  0.67 Pd. 

S i x t e e n  i n t e g r a t i o n  p o i n t s  i n  t h e  c o n c r e t e  e lements  were cons idered.  

A n a l y z i n g  t h e  s t r e s s e s  and s t r a i n s  t h a t  were computed, t h e  most  l i k e l y  
f a i l u r e  i s  t h a t  o f  t h e  b o t t o m  w a l l  due t o  t h e  combined e f f e c t  o f  bend ing ,  
t e n s i o n  and shear  a t  a p r e s s u r e  v a l u e  between 3.5 and 4 Pd. 

p e n e t r a t i o n s  were n o t  c o n s i d e r e d ,  t h e  p r e d i c t i o n  assumes t h e i r  i n t e g r i t y  up 
t o  t h e  w a l l  f a i l u r e .  

S i n c e  

4.6.2 A n a l y t i c a l  Model 

4.6.2.1 F i n i t e  Element Model 

The c o n t a i n m e n t  s t r u c t u r e  has been a n a l y z e d  u s i n g  t h e  ADINA f i n i t e  e lement  
code v e r s i o n  Dec.1978 C4.6.1). The f i n i t e  e lement  model i s  an a x i s y m n e t r i c  
con t inuum model,  c o n s i s t i n g  o f  300 e igh t -noded i s o p a r a m e t r i c  e lements  
r e p r e s e n t i n g  t h e  c o n c r e t e ,  252 r i n g  e lements  r e p r e s e n t i n g  t h e  hoop r e b a r s ,  
and 283 two-noded t r u s s  e lements  r e p r e s e n t i n g  t h e  m e r i d i o n a l  r e b a r s  and t h e  
shear  r e s i s t i n g  r e b a r s  (11 e l e m e n t s )  a t  t h e  c y l i n d e r - b a s e m a t  j u n c t i o n .  

The l i n e r  has a l s o  been modeled by t r u s s  e l e m e n t s  ( 9 9  r i n g  e lements  and 100 
two-noded m e r i d i o n a l  e l e m e n t s ) .  The two dome cap s t e e l  p l a t e s  i n  t h e  apex 
r e g i o n  and t h e  g r o u t  i n  between have been modeled by l i n e a r  e l a s t i c  e i g h t -  
noded i s o p a r a m e t r i c  e lements .  

Three e lements  have been used t h r o u g h  t h e  t h i c k n e s s  o f  b o t h  t h e  c y l i n d e r  and 
dome w a l l s  ( F i g u r e  4.6.1) .  The t r u s s  e l e m e n t s  r e p r e s e n t i n g  t h e  r e b a r s  have 
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been p l a c e d  i n  t h e  a c t u a l  p o s i t i o n  shown i n  t h e  d e s i g n  d r a w i n g s ,  and t h e  
d i a g o n a l  r e b a r s  have been modeled w i t h  e q u i v a l e n t  hoop and m e r i d i o n a l  
t r u s s e s  ( F i g u r e  4.6.2).  
w a l l  base i s  shown. 

I n  F i g u r e  4.6.3 t h e  r e b a r  m o d e l i n g  a t  t h e  c y l i n d e r  

The t o t a l  number o f  t h e  model nodes i s  1109 w i t h  2197 D . O . F .  The p r e s e n t  
model does n o t  i n c l u d e  t h e  basemat and t h e  nodes a t  t h e  base o f  t h e  c y l i n d e r  
a r e  r e s t r a i n e d  i n  eve ry  d i r e c t i o n .  I n  t h e  dome apex, t h e  nodes on t h e  a x i s  
o f  r e v o l u t i o n  a r e  a l l o w e d  t o  d i s p l a c e  a l o n g  t h e  v e r t i c a l  a x i s  o n l y .  

4.6.2.2 M a t e r i a l  Model f o r  Concre te  

The c o n c r e t e  b e h a v i o r  has been r e p r e s e n t e d  by t h e  model implemented i n  t h e  
ADINA code C4.6.21. The b a s i c  p r i n c i p l e  i s  t o  t r e a t  t h e  genera l  m u l t i a x i a l  
s t r e s s - s t r a i n  b e h a v i o r  as an e q u i v a l e n t  u n i a x i a l  r e l a t i o n .  To t h i s  purpose 
t w e n t y - f o u r  i n p u t  p o i n t s  a r e  r e q u i r e d ,  c o v e r i n g  a l l  t h e  expec ted  p r i n c i p a l  
s t r e s s  va lues ,  t o  model t h e  t r i a x i a l  c o n c r e t e  compress ive  f a i l u r e  envelope.  
The b a s i c  f e a t u r e s  o f  t h i s  model i n c l u d e  (1) a n o n l i n e a r  s t r e s s - s t r a i n  
r e l a t i o n  a l l o w i n g  f o r  t h e  weakening o f  t h e  m a t e r i a l ,  ( 2 )  s t r e s s  induced 
o r t h o t r o p y ,  ( 3 )  f a i l u r e  enve lopes  d e f i n i n g  t e n s i o n  and compress ion f a i l u r e s ,  
( 4 )  p o s t - c r a c k i n g  and c r u s h i n g  m o d e l i n g  a b i l i t y ,  i n c l u d i n g  s t r a i n  s o f t e n i n g ,  
and ( 5 )  l o a d i n g  and u n l o a d i n g  c o n d i t i o n s .  The c o n c r e t e  u n i a x i a l  parameters ,  
used i n  t h e  a n a l y s i s ,  a re :  

i n i t i a l  t angen t  modulus = 5700 k s i  (39300 MPa), 
P o i s s o n ' s  r a t i o  = 0.15, 
u n i a x i a l  c u t - o f f  t e n s i l e  s t r e n g t h  = 0.4 k s i  (2.7 MPa), 
u n i a x i a l  maximum compress ive s t r e s s  (SIGMAC) = -6.5 k s i  (-44.8 MPa), 
compress ive s t r a i n  a t  S IGMAC = -0.002, 
u n i a x i a l  u l t i m a t e  compress ive s t r e s s  = -6. k s i  (-41.4 MPa) 
u n i a x i a l  u l t i m a t e  compress ive s t r a i n  = -0.0035. 

The f o l l o w i n g  parameters ,  i n  te rms o f  d i s c r e t e  p r i n c i p a l  s t r e s s  r a t i o s  t o  
d e s c r i b e  t h e  t r i a x i a l  f a i l u r e  enve lope,  a r e  r e q u i r e d :  

p r i n c i p a l  
s t r e s s  r a t i o s  1=1 2 3 4 5 6 

S P l ( 1 )  0.0 0.25 0.5 0.75 1.0 3. 

SP3( I ,  1) 1.0 1.4 1.7 2.2 2.5 2.8 
( a t  SP2=SP1) 

SP3( I ,2) 1.3 1.5 2.0 2.3 2.7 3.2 
( a t  SP2=.75SP3) 

SP3( I ,3)  1.25 1.45 1.95 2.25 2.65 3.15 
( a t  SP2=SP3) 
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I f  t h e  maximum p r i n c i p a l  s t r e s s  exceeds t h e  u n i a x i a l  c u t - o f f  t e n s i l e  s t r e s s ,  
a t e n s i l e  f a i l u r e  p l a n e  i s  d e f i n e d  p e r p e n d i c u l a r  t o  t h i s  s t r e s s .  Once a 
t e n s i l e  f a i l u r e  p l a n e  has o c c u r r e d ,  t h e  normal  s t i f f n e s s  a c r o s s  t h i s  p l a n e  
i s  decreased t o  t h e  o r i g i n a l  s t i f f n e s s  t i m e s  t h e  normal  s t i f f n e s s  r e d u c t i o n  
f a c t o r  (STIFAC),  and s i m i l a r l y ,  t h e  shear  s t i f f n e s s  i s  decreased t o  t h e  
o r i g i n a l  shear  s t i f f n e s s  t i m e s  t h e  shear  s t i f f n e s s  r e d u c t i o n  f a c t o r  
(SHEFAC) . 
I n  t h e  p r e s e n t  a n a l y s i s ,  t h e s e  p a r a m e t e r s  assume t h e  f o l l o w i n g  va lues :  

S T I F A C  = 0.1E-3. 
SHEFAC = 0.5. 

4.6.2.3 M a t e r i a l  Model f o r  S t e e l  

The e l a s t i c  p l a s t i c  s t r e s s - s t r a i n  law, w i t h  i s o t r o p i c  h a r d e n i n g ,  has been 
used t o  r e p r e s e n t  t h e  b e h a v i o r  o f  t h e  r e b a r s  and t h e  l i n e r .  The parameters  
f o r  t h e  r e b a r s  a re :  

i n i t i a l  t a n g e n t  modulus = 30000 k s i  (209000 MPa), 
y i e l d  s t r e s s  = 69 k s i  (476 MPa) 
p o s t  y i e l d i n g  modulus = 470 k s i  (3200 MPa), 

F o r  t h e  l i n e r :  

i n i t i a l  t a n g e n t  modulus = 30000 k s i  (209000 MPa), 
y i e l d  s t r e s s  = 51.5 k s i  (355 MPa), 
p o s t - y i e l d i n g  modulus = 110 k s i  (700 MPa). 

4.6.2.4 Method o f  A n a l y t i c a l  S o l u t i o n  

The f i n i t e  e lement  system has been e v a l u a t e d  u s i n g  an i n c r e m e n t a l  s o l u t i o n  
o f  t h e  e q u a t i o n s  o f  e q u i l i b r i u m :  

- tF  t+d tR tKU = 

t where K = t a n g e n t  s t i f f n e s s  m a t r i x  c o r r e s p o n d i n g  t o  t h e  c o n f i g u r a t i o n  o f  
t h e  system a t  t i m e  t, U = v e c t o r  o f  noda l  p o i n t  i n c r e m e n t a l  d i s p l a c e m e n t s  

t+dtR = v e c t o r  o f  e x t e r n a l l y  a p p l i e d  noda l  p o i n t  t+d tu t 
( i . e . ,  U = - U ) ,  

t l o a d s  c o r r e s p o n d i n g  t o  t i m e  t + d t ,  and F = v e c t o r  o f  noda l  p o i n t  f o r c e s  
c o r r e s p o n d i n g  t o  t h e  i n t e r n a l  s t r e s s e s  a t  t i m e  t. 

The s o l u t i o n  o f  t h e  p r e v i o u s  e q u a t i o n  y i e l d s ,  i n  g e n e r a l ,  an approx imate  
d i s p l a c e m e n t  i n c r e m e n t  U. To  improve t h e  s o l u t i o n  accuracy  and i n  some 
cases t o  p r e v e n t  t h e  development  o f  i n s t a b i l i t i e s  i t  may be necessary  t o  use 
e q u i l i b r i u m  i t e r a t i o n  i n  each o r  p r e s e l e c t e d  t i m e  s teps .  I n  t h i s  case t h e  
BFGS (Broyden-Fletcher-Goldfarb-Shanno) m a t r i x  updated  method has been 
cons ide red .  The a l g o r i t h m  used i s :  

t + d t u ( i )  - - t + d t u ( i - 1 )  + b e t a  dU( i )  
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where tK+ i s  an updated  s t i f f n e s s  m a t r i x  (based on t h e  i t e r a t i o n  h i s t o r y )  
and ' b e t a '  i s  an a c c e l e r a t i n g  f a c t o r  de te rm ined  by a l i n e  sea rch  i n  t h e  

d i r e c t i o n  o f  dU(i)[4.6.1] 

The a p p l i e d  l o a d s  a re :  dead l o a d ,  as a l o a d  p r o p o r t i o n a l  t o  t h e  lumped mass, 
w i t h  i t s  who le  v a l u e  f r o m  t h e  b e g i n n i n g  o f  t h e  a n a l y s i s  and i n t e r n a l  
p r e s s u r e ,  as c o n c e n t r a t e d  l o a d s  a c t i n g  a t  t h e  i n n e r  nodes o f  t h e  s t r u c t u r e ,  
w i t h  v a l u e s  i n c r e a s i n g  s t e p  by  s t e p .  

The ana lyses  have been pe r fo rmed  w i t h  t h e  f o l l o w i n g  l o a d  s t e p s  ( t h e  i n t e r n a l  
p r e s s u r e  v a l u e s  a r e  r e f e r r e d  t o  t h e  d e s i g n  p ressu re ,  Pd, equa l  t o  46 p s i  

(0.317 MPa)): 

LOAD PATH LOAD STEP STIFFNESS EQUILIBRIUM NOTES 
INCREMENT REFORMATION ITERATIONS 

0 - 50 5 a t  e v e r y  a t  e v e r y  Maximum number (90 )  
s t e p  s t e p  o f  eq. i t .  

reached 

Out o f  ba lance  
50 - 67.5 0 .5  a t  e v e r y  a t  e v e r y  l o a d  l a r g e r  

s t e p  s t e p  t h a n  i n c r e m e n t a l  
1 oads 

67.5 - 401 0.5 a t  e v e r y  no 
s t e p  

N e g a t i v e  
p i v o t  . 

I n  t h i s  a n a l y s i s  s i x t e e n  i n t e g r a t i o n  p o i n t s  a r e  c o n s i d e r e d  f o r  t h e  c o n c r e t e  
2-D e lements .  I n  p r e v i o u s  ana lyses  f o u r  i n t e g r a t i o n  p o i n t s  were used for 
t h e  same e lements  i n  o r d e r  t o  reduce t h e  computer t ime .  I n  t h a t  case when 
t h e  p r e s s u r e  l o a d  reached abou t  65% Pd some i n s t a b i l i t i e s  deve loped and t h e  

r u n  stopped, h a v i n g  found a n e g a t i v e  p i v o t  f o r  t h e  e q u a t i o n  c o r r e s p o n d i n g  t o  
a node l o c a t e d  a t  1 / 4  c y l i n d e r  h e i g h t .  C lose  t o  t h a t  r e g i o n ,  w i t h  t h e  
s i x t e e n  i n t e g r a t i o n  p o i n t s  model,  a t  300% Pd p r e s s u r e  l e v e l ,  an abnormal 

d i sp lacemen t  d i s t r i b u t i o n  o f  t h e  o u t e r  nodes may be observed ( F i g u r e  4 .6 .4 ) .  
N e v e r t h e l e s s  t h e  c a l c u l a t i o n  went on w i t h o u t  i n s t a b i l i t i e s  and i n  t h e  
f o l l o w i n g  s t e p s  t h e  d i s p l a c e m e n t  o f  t h e  who le  c y l i n d e r  w a l l  absorbed t h a t  
l o c a l  p ro tube rance  ( F i g u r e  4 .6 .5 ) .  
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4.6.2.5 A n a l y t i c a l  Model Approx ima t ions  

I n  t h i s  s u b s e c t i o n  t h e  ma in  a p p r o x i m a t i o n s  o f  t h e  ana lyzed  model a r e  p o i n t e d  
o u t  i n  o r d e r  t o  keep them i n  mind  when s t u d y i n g  t h e  c a l c u l a t i o n a l  r e s u l t s .  

a The ana lyses  pe r fo rmed  a r e  a x i s y m n e t r i c  ana lyses ,  t h e r e f o r e  no 
p e n e t r a t i o n s  were c o n s i d e r e d  (e.g. ,  t h e  equipment ha tches ,  t h e  pe rsonne l  
a i r l o c k s  and p i p e s ) .  Thus, s t r e s s  c o n c e n t r a t i o n s  i n  t h e s e  r e g i o n s  a r e  
d i s r e g a r d e d  and f a i l u r e s  i n i t i a t i n g  i n  t h e s e  l o c a t i o n s  canno t  be 
p r e d i c t e d .  On t h e  o t h e r  hand, such a model enab les  c a l c u l a t i o n s  w i t h i n  
t h e  c a p a c i t i e s  o f  p r e s e n t  computers.  A f t e r  t h e  t e s t ,  l o c a l  ana lyses  
around t h e  p e n e t r a t i o n s  may be necessary  t o  comp le te  t h e  s t u d y  o f  t h e  
model.  

b )  The basemat i s  n o t  i n c l u d e d  i n  t h e  model and s o i l - s t r u c t u r e  i n t e r a c t i o n  
i s  d i s r e g a r d e d .  The p o s s i b l e  i n c r e a s i n g  o f  t h e  bend ing  moment and shear  
f o r c e  a t  t h e  basemat-wall  j u n c t i o n  i s  n o t  e v a l u a t e d .  

c )  t h e  l i n e r  i s  modeled as a r e b a r  l a t t i c e  a l o n g  t h e  p r i n c i p a l  (hoop and 
m e r i d i o n a l )  d i r e c t i o n s .  The b i a x i a l  s t r e s s  s t a t e  b e h a v i o r  i s  n e g l e c t e d .  

d )  I n  t h e  apex o f  t h e  dome, t h e  s t e e l  cap p l a t e s  and t h e  g r o u t  i n  between 
a r e  modeled w i t h  l i n e a r  e l a s t i c  e lemen ts .  

e )  A f t e r  t h e  s t a r t  o f  c o n c r e t e  c r a c k i n g ,  e q u i l i b r i u m  i t e r a t i o n s  were 
d i s c o n t i n u e d  i n  o r d e r  t o  a v o i d  l a c k  o f  convergence. However, i n  t h i s  
p a r t  o f  t h e  a n a l y s i s  t h e  l o a d  s t e p s  were chosen t o  be q u i t e  sma l l  (0.5% 
o f  Pd) t o  o b t a i n  a r e l i a b l e  s o l u t i o n .  

4.6.3 Ana lyses  R e s u l t s  

4.6.3.1 Main  Steps  D u r i n g  I n t e r n a l  P ressu re  R i s i n g  

B e f o r e  d e s c r i b i n g  t h e  ana lyses  r e s u l t s  i t  i s  u s e f u l  t o  show s i g n i f i c a n t  
p o i n t s  o f  s t r u c t u r a l  b e h a v i o r  d u r i n g  l o a d i n g .  

a )  The f i r s t  c r a c k s  i n  c o n c r e t e  happen a t  t h e  c y l i n d e r  w a l l  base a t  40% P 
These c r a c k s  a r e  caused by  t e n s i o n  and bend ing  moment and t h e i r  p l a n e  qi 
a lmos t  h o r i z o n t a l .  

b )  The e x t e n s i v e  c r a c k i n g  o f  c o n c r e t e  due t o  hoop f o r c e s ,  b e g i n s  a t  68% Pd 
and i s  comple te  a t  abou t  70% P . A t  80% P t h e  c o n c r e t e  c r a c k i n g  i s  
q u i t e  wide-spread i n  t h e  m e r i d f o n a l  d i r e c t f o n  as we1 1 .  

c )  

d )  

The y i e l d i n g  o f  t h e  l i n e r  b e g i n s  a t  200% Pd. 

The y i e l d i n g  o f  t h e  hoop r e b a r s  b e g i n s  a t  258% Pd a t  t h e  c y l i n d e r  
m i d h e i g h t .  

e )  The y i e l d i n g  o f  t h e  m e r i d i o n a l  r e b a r s  b e g i n s  a t  285% Pd a t  t h e  c y l i n d e r  
m i  d h e i  g h t  . 

f )  General  y i e l d i n g  i s  reached a t  about  300% Pd i n  t h e  c y l i n d e r  w a l l ,  b o t h  
a l o n g  m e r i d i o n a l  and hoop d i r e c t i o n s .  
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4.6.3.2 Concre te  C r a c k i n g  

The conta inment  s t r u c t u r e  i s  d i v i d e d  i n t o  f o u r  r e g i o n s  f o r  a d e t a i l e d  
d e s c r i p t i o n  o f  t h e  development o f  c o n c r e t e  c racks :  

- r e g i o n  1: c y l i n d e r  wal l -basemat j u n c t i o n ;  
- r e g i o n  2: c y l i n d e r  w a l l ;  
- r e g i o n  3: dome-cy l inder  w a l l  j u n c t i o n  ( s p r i n g l i n e ) ;  
- r e g i o n  4: dome. 

Region 1: c y l i n d e r  wal l -basemat j u n c t i o n  
As c o u l d  r e a s o n a b l y  be a n t i c i p a t e d ,  c r a c k i n g  o f  t h e  c o n c r e t e  appears f i r s t  
a t  t h e  i n n e r  s i d e  o f  t h e  c y l i n d e r  w a l l  base due t o  m e r i d i o n a l  t e n s i o n  
s t r e s s e s  caused by t h e  bend ing  moment. The bend ing  moment e f f e c t s  a r e  
r e l e v a n t  up t o  70 i nches  (178 cm) f rom t h e  basemat t o p  (15  c o n c r e t e  
e lemen ts ) .  A t  t h e  i n n e r  l a y e r  o f  e lements ,  t h e  c o n c r e t e  beg ins  t o  c r a c k  a t  
40% Pd and t h e  c r a c k  p lanes  have i n c l i n a t i o n ,  w i t h  r e s p e c t  t o  t h e  v e r t i c a l  

p l a n e ,  r a n g i n g  f r o m  79 t o  83 degrees.  

I n  t h e  i n t e r m e d i a t e  l a y e r  o f  e lements,  t h e  c o n c r e t e  beg ins  t o  c r a c k  a t  45% 
Pd and t h e  c r a c k  p lanes  have i n c l i n a t i o n ,  w i t h  r e s p e c t  t o  t h e  v e r t i c a l  

p l a n e ,  r a n g i n g  f rom 76 t o  83 degrees.  

I n  t h e  o u t e r  l a y e r  o f  e lements ,  t h e  c o n c r e t e  beg ins  t o  c r a c k  a t  55% Pd and 

c racks  p lanes  have i n c l i n a t i o n ,  w i t h  r e s p e c t  t o  t h e  h o r i z o n t a l  p lane ,  
r a n g i n g  f r o m  68 t o  83 degrees.  These c r a c k s  appear a t  t h e  i n n e r  s i d e  o f  t h e  
e lements ,  a t  t h e  l o c a t i o n s  o f  t h e  f i r s t  5 i n t e g r a t i o n  p o i n t s .  A t  t h e  o t h e r  
i n t e g r a t i o n  p o i n t s ,  a t  t h e  o u t e r  s i d e ,  t h e  c o n c r e t e  never  c racks  due t o  t h e  
m e r i d i o n a l  compress ion s t r e s s e s .  

A t  h i g h  va lues  o f  t h e  i n t e r n a l  p r e s s u r e  c o n c r e t e  beg ins  t o  c rush .  Crush ing  
f i r s t  o c c u r r e d  a t  3 Pd i n  t h e  o u t e r  l a y e r  o f  e lements  and, a t  4 Pd, where 

t h e  c o m p u t a t i o n  s topped owing t o  numer i ca l  i n s t a b i l i t y ,  c o n c r e t e  c r u s h i n g  
had spread a long  t h e  w a l l  t h i c k n e s s  a t  t h e  bo t tom.  I t  must  be n o t e d  t h a t  
t h e  r e f e r e n c e  c r u s h i n g  s t r e s s  a t t a i n s  va lues  o f  6.7 t o  8.9 k s i  (47 t o  62 
MPa), because o f  t h e  e f f e c t  o f  con f inement  due t o  t h e  two o t h e r  p r i n c i p a l  
s t r e s s e s .  

Hand c a l c u l a t i o n s  have been per fo rmed t o  check t h e  p r e v i o u s  r e s u l t s ,  u s i n g  
w e l l  known fo rmu las  f o r  an i n t e r n a l l y  loaded c y l i n d e r  r e s t r a i n e d  a t  t h e  
base. The f o l l o w i n g  fo rmu las  has been d e r i v e d  t o  c a l c u l a t e  t h e  i n t e r n a l  
p r e s s u r e  a t  w h i c h  c o n c r e t e  beg ins  t o  c rack :  

2 pc = s i g m a c / ( A / A c + l / ( 2 L  W))-G/Ac 

where pc i s  t h e  i n t e r n a l  p r e s s u r e  a t  w h i c h  c o n c r e t e  beg ins  t o  c rack ;  sigmac 

i s  t h e  c o n c r e t e  t e n s i l e  s t r e n g t h ;  A i s  t h e  c y l i n d e r  i n t e r n a l  a rea ;  Ac i s  t h e  

c o n c r e t e  c y l i n d e r  w a l l  h o r i z o n t a l  s e c t i o n  area ;  L i s  t h e  c y l i n d e r  
c h a r a c t e r i s t i c  l e n g t h ;  W i s  t h e  s t r e n g t h  modulus o f  t h e  c o n c r e t e  s e c t i o n ;  
and G i s  t h e  dead load .  The r e s u l t  o b t a i n e d  i s :  
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pc = 14 p s i  (0 .1  MPa), o r  0.31 Pd 

T h i s  p r e s s u r e  v a l u e  must be compared w i t h  t h e  40% Pd v a l u e  r e l a t i v e  t o  t h e  

i n n e r  c o n c r e t e  e lements  c r a c k i n g .  The hand c a l c u l a t e d  v a l u e  does n o t  t a k e  
i n t o  accoun t  t h e  c o n t r i b u t i o n s  o f  t h e  r e b a r s  and o f  t h e  l i n e r .  

Reg ion  2: c y l i n d e r  w a l l  
When t h e  f i r s t  c r a c k s  appear a t  t h e  wa l l -base  j u n c t i o n ,  t h e  maximum t e n s i l e  
s t r e s s e s  i n  t h e  c y l i n d e r  w a l l  r e g i o n  a r e  hoop s t r e s s e s  and t h e i r  v a l u e s  
range f r o m  0.06 k s i  ( 0 . 4  MPa) up t o  0 .1  k s i  (0 .7  MPa). I n  t h i s  r e g i o n ,  
c o n c r e t e  c r a c k i n g  b e g i n s  a t  68% Pd and t h e  c r a c k s  p l a n e s  a r e  v e r t i c a l .  A t  

70% Pd, a l l  t h e  t h r e e  c o n c r e t e  e lements  l a y e r s ,  t h r o u g h  t h e  w a l l  t h i c k n e s s  

a r e  c r a c k e d  due t o  hoop s t r e s s e s .  The c r a c k s  appear a t  t h e  same t i m e  i n  t h e  
t h r e e  l a y e r s  and a t  t h i s  t i m e  a lmos t  a l l  t h e  c y l i n d e r  w a l l  i s  c racked .  

A t  t h e  same v a l u e  o f  t h e  i n t e r n a l  p r e s s u r e ,  70% Pd, c r a c k s  a l o n g  h o r i z o n t a l  

p l a n e s  caused by m e r i d i o n a l  s t r e s s e s  appear about  60 i n c h e s  (160 cm) f r o m  
t h e  base. I n c r e a s i n g  t h e  i n t e r n a l  p r e s s u r e ,  t h e  h o r i z o n t a l  c r a c k i n g  
deve lops  a l o n g  t h e  w a l l  h e i g h t  and i s  q u i t e  w idesp read  a t  73% Pd. 

A l s o  f o r  t h i s  r e g i o n ,  hand c a l c u l a t i o n s  have been pe r fo rmed  t o  check t h e  
r e s u l t s  o b t a i n e d  w i t h  t h e  ADINA Code. A s i m p l e  c o n c r e t e  r i n g  has been 
ana lyzed  t o  f i n d  t h e  i n t e r n a l  p r e s s u r e  l e v e l  a t  w h i c h  t h e  hoop s t r e s s e s  
reach  t h e  t e n s i l e  s t r e n g t h  o f  t h e  c o n c r e t e .  Us ing  t h e  f o r m u l a  f o r  membrane 
s t r e s s  i n  a c y l i n d e r  s u b j e c t e d  t o  i n t e r n a l  p r e s s u r e :  

pc  = sigma A / R  c r  

where pc  i s  t h e  i n t e r n a l  p r e s s u r e  a t  w h i c h  c o n c r e t e  b e g i n s  t o  c r a c k ;  sigma 

i s  t h e  c o n c r e t e  t e n s i l e  s t r e n g t h ;  Ar  i s  t h e  c o n c r e t e  r i n g  a r e a  ( f o r  u n i t  

h e i g h t ) ;  and R i s  t h e  con ta inmen t  i n t e r n a l  r a d i u s .  The r e s u l t  o b t a i n e d  i s  

C 

p, = 30 p s i  (0 .21  MPa) (65% Pd) 

A s i m i l a r  e v a l u a t i o n  f o r  t h e  h o r i z o n t a l  c r a c k s  l e a d s  t o  t h e  f o l l o w i n g  v a l u e  
o f  t h e  i n t e r n a l  p ressu re :  

pc = sigmac/A/Ac-G/Ac 

where t h e  symbols have t h e  same meaning as above. The r e s u l t  o b t a i n e d  i s  

= 64 p s i  (0 .45  MPa) (139% Pd) PC 
Reg ion  3: dome-cy l inder  w a l l  j u n c t i o n  ( s p r i n g l i n e )  
The c o n c r e t e  c r a c k i n g  b e g i n s  i n  a l l  e lement  l a y e r s  a t  73% Pd, w i t h  most  

c r a c k  p l a n e s  t h a t  have i n c l i n a t i o n ,  w i t h  r e s p e c t  t o  t h e  v e r t i c a l  p l a n e ,  
equa l  t o  abou t  85 degrees. 

A t  t h e  same p r e s s u r e  m e r i d i o n a l  c r a c k  p l a n e s  appear as w e l l .  
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Region  4 :  dome 
I n c r e a s i n g  t h e  i n t e r n a l  p r e s s u r e  f rom 73% Pd, t h e  c r a c k i n g  o f  t h e  c o n c r e t e  

spreads  q u i t e  soon t o  t h e  dome, and a t  75% Pd a lmos t  a l l  t h e  dome e lements  

a r e  c racked  i n  b o t h  m e r i d i o n a l  and hoop d i r e c t i o n s .  

4.6.3.3 Rebar Y i e l d i n g  

The same s u b d i v i s i o n  o f  t h e  con ta inmen t  i n  r e g i o n s  s p e c i f i e d  i n  t h e  p r e v i o u s  
s u b s e c t i o n  w i l l  be adopted  t o  d e s c r i b e  t h e  r e b a r  b e h a v i o r .  

Reg ion  1: c y l i n d e r  wal l -basemat j u n c t i o n  

a )  M e r i d i o n a l  reba rs :  The i n n e r  l a y e r  o f  #4 and #6 r e b a r s  b e g i n s  t o  y i e l d  
a t  2.9 Pd ( 1  t r u s s  e lement  a t  t h e  bo t tom) .  

con ta inmen t  f a i l u r e  i s  reached, a t  4 Pd, t h e  s t r a i n  v a l u e  o f  t hese  

r e b a r s  i s  7.2% 

When t h e  computed 

W i t h  hand c a l c u l a t i o n s ,  t h e  p r e s s u r e  a t  w h i c h  t h e  i n n e r  l a y e r  o f  r e b a r s  
y i e l d s  has been e v a l u a t e d  and i t s  v a l u e  i s  3.5 Pd. 

l e v e l ,  t h e  compression s t r e s s  i n  t h e  o u t e r  l a y e r  o f  c o n c r e t e  e lements  i s  
3 .1  k s i  ( 2 2  MPa). 

A t  t h i s  p r e s s u r e  

b )  Hoop r e b a r s :  I n  t h i s  r e g i o n ,  t h e  f i r s t  two hoop r e b a r s  a r e  s t i l l  
e l a s t i c  a t  3.6 Pd. A t  u l t i m a t e ,  4 Pd, a l l  t h e  hoop r e b a r s  have y i e l d e d .  

c )  D iagona l  s e i s m i c  r e b a r s :  A s  a1 ready  s a i d ,  d i a g o n a l  s e i s m i c  r e b a r s  have 
been modeled w i t h  e q u i v a l e n t  m e r i d i o n a l  and hoop reba rs .  I n  r e g i o n  1, 
t h e y  behave as t h e  analogous ones d e s c r i b e d  above. 

d )  Shear r e b a r s :  The y i e l d i n g  o f  t h e  shear  r e b a r s  occu rs  a t  3.2 Pd and t h e  

s t r a i n  a t  4 Pd i s  1.9%. 

Region 2: c y l i n d e r  w a l l  

a )  M e r i d i o n a l  r e b a r s :  The o u t e r  l a y e r  o f  r e b a r s  b e g i n s  t o  y i e l d  a t  2.8 Pd. 

A t  3.2 Pd, a lmos t  a l l  t h e  e lements  a r e  y i e l d e d .  

con ta inmen t  f a i l u r e  i s  reached, a t  4 Pd, t h e  s t r a i n  v a l u e  o f  t hese  

r e b a r s  i s  about  2%. The i n n e r  l a y e r  o f  r e b a r s  b e g i n s  t o  y i e l d  a t  2.9 

Pd. 
e s t i m a t e d  con ta inmen t  f a i l u r e  i s  reached, a t  4 Pd, t h e  s t r a i n  v a l u e  of 

t h e  i n n e r  r e b a r s  i s  about  1%. 

When t h e  e s t i m a t e d  

A t  4 Pd, about  50% o f  t h e  e lements  have been y i e l d e d .  When t h e  

b )  Hoop r e b a r s :  The o u t e r  l a y e r  o f  hoop r e b a r s  b e g i n s  t o  y i e l d  a t  2.6 Pd. 

A t  2.9 Pd, a lmos t  a l l  t h e  e lements  a r e  y i e l d e d .  

u l t i m a t e  p r e s s u r e  t h e  s t r a i n  i s  about  6.5%. 

A t  t h e  computed 
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The i n n e r  l a y e r  o f  hoop r e b a r s  b e g i n s  t o  y i e l d  a t  2.6 P . 
a l m o s t  a l l  t h e  e lements  a r e  y i e l d e d .  
p r e s s u r e ,  t h e  computed s t r a i n  i s  abou t  7%. 

A t  2.8 Pd, 
A t  t h e  e s t i m a t e d  f l l t i m a t e  

A l s o  t h e s e  r e s u l t s  have been checked p e r f o r m i n g  hand c a l c u l a t i o n s .  The 
f o r m u l a s  f o r  membrane s t r e s s  have been used, c o n s i d e r i n g  t h e  l i n e r  t o o ,  
and t h e  f o l l o w i n g  v a l u e  f o r  t h e  i n t e r n a l  p r e s s u r e ,  a t  y i e l d i n g  o f  t h e  
s t e e l ,  has been found:  

p = 2.9 Pd 

c )  D iagona l  s e i s m i c  r e b a r s :  The e q u i v a l e n t  s e i s m i c  hoop r e b a r s  b e g i n  t o  
y i e l d  a t  2.5 P 
e q u i v a l e n t  merqd iona l  r e b a r s  b e g i n  t o  y i e l d  a t  2.5 Pd and a t  3.3 Pd t h e  
y i e l d i n g  i s  reached i n  a lmos t  a l l  r e b a r s .  

and a t  2.9 Pd a l l  t h e  e lemen ts  a r e  y i e l d e d .  The 

Reg ion  3:  dome-cy l inder  w a l l  j u n c t i o n  ( s p r i n g l i n e )  

a )  M e r i d i o n a l  r e b a r s :  The o u t e r  l a y e r  o f  r e b a r s  b e g i n s  t o  y i e l d  a t  3 Pd. 

A t  3.4 

A t  3.4 P , a lmos t  a l l  t h e  e lements  a r e  y i e l d e d .  When t h e  e s t i m a t e d  
con ta inmgn t  f a i l u r e  i s  reached, a t  4 P , t h e  s t r a i n  v a l u e  o f  t h i s  l a y e r  
i s  1.1%. The i n n e r  l a y e r  o f  r e b a r s  b e g i n s  t o  y i e l d  a t  2.9 P . 
P , a l l  t h e  e lements  a r e  y i e l d e d .  
f i i l u r e  i s  reached, a t  4 Pd, t h e  s t r a i n  v a l u e  o f  t h e  i n n e r  r e b a r s  i s  
6.3%. 

When t h e  e s t i m a t e d  conta i f lment  

b )  Hoop r e b a r s :  
A t  3.4 Pd, a l l  t h e  e lements  a r e  y i e l d e d .  
p r e s s u r e ,  t h e  s t r a i n  i s  1%. 

The o u t e r  l a y e r  o f  hoop r e b a r s  b e g i n s  t o  y i e l d  a t  3.2 Pd. 
A t  t h e  e s t i m a t e d  u l t i m a t e  

Reg ion  4: dome 

a)  M e r i d i o n a l  r e b a r s :  I n  t h i s  r e g i o n  t h e  m e r i d i o n a l  r e b a r s  do n o t  reach  
y i  e l  d i  ng . 

b )  Hoop r e b a r s :  The hoop r e b a r s  a l s o  do n o t  reach  y i e l d i n g ,  e x c e p t  f o r  t h e  
f i r s t  10 e lements  nea r  t h e  s p r i n g l i n e ,  as s a i d  b e f o r e .  

4.6.3.4 L i n e r  

The y i e l d i n g  o f  t h e  e q u i v a l e n t  r e b a r s ,  used t o  r e p r e s e n t  t h e  l i n e r  i n  t h e  
F . E .  model,  b e g i n s  when t h e  i n t e r n a l  p r e s s u r e  reaches  t h e  v a l u e  o f  2 Pd, 
b o t h  a t  t h e  w a l l  base and m i d h e i g h t .  A t  u l t i m a t e  ( 4  P ) ,  t h e  computed 
maximum s t r a i n  i s  11% a t  t h e  base, 9.2% a t  t h e  s p r i n g l f n e  and 7% i n  t h e  
cy1 i nder  w a l l .  

4.6.3.5 D isp lacemen ts  

I n  F i g u r e  4.6.6, t h e  p o i n t  a t  wh ich  c o n c r e t e  c r a c k s  i s  c l e a r l y  d e t e c t a b l e .  
The s t r u c t u r e  s o f t e n s  and a sha rp  i n c r e a s e  o f  t h e  r a d i a l  d i sp lacemen ts  
o c c u r s  ( d  = 0.08 i n c h e s  (2.0 mm) a t  75% P ) .  A f t e r  t h i s  p o i n t ,  t h e  
d i s p l a c e m e n t  i n c r e a s e s  and t h e  c u r v e  s l o p d  i s  d i f f e r e n t  f r o m  t h a t  o f  t h e  
i n i t i a l  segment, r e l a t e d  t o  homogeneous r e s i s t a n t  s e c t i o n s  w i t h  uncracked 
c o n c r e t e .  E x t e n d i n g  t h i s  s e c t i o n  o f  t h e  c u r v e  i t  n e a r l y  meets t h e  a x i s  
o r i g i n .  

-281- 



A t  a n o t h e r  s i g n i f i c a n t  p o i n t  o f  t h e  curve ,  about  300% P , t h e  b e g i n n i n g  o f  
t h e  conta inment  s t r e n g t h  l o s s  i s  shown: 
w i t h  r e l a t i v e l y  smal l  i n c r e a s e s  o f  t h e  i n t e r n a l  p r e s s u r e .  The development 
o f  a g e n e r a l  y i e l d  s t a t e  i n  t h e  c y l i n d e r  w a l l  i s  e v i d e n t .  The maximum 
r a d i a l  d i s p l a c e m e n t  o c c u r s  a t  m i d h e i g h t  o f  t h e  c y l i n d e r  and i t s  v a l u e  i s  
n e a r l y  10 i n c h e s  (25 .4  cm) a t  4 P . The s p r i n g l i n e  d i s p l a c e m e n t  ( F i g u r e  
4.6.7) shows a s t i f f e r  b e h a v i o r ,  g l o n g  t h e  r a d i a l  d i r e c t i o n ,  whereas t h e  
v e r t i c a l  d i s p l a c e m e n t  i s  g r e a t e r  t h a n  t h e  r a d i a l  one. 

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

L o o k i n g  a t  t h e  v e r t i c a l  d i s p l a c e m e n t  o f  t h e  dome apex ( F i g u r e  4.6.8) t h e  
same s i g n i f i c a n t  p o i n t s  o f  t h e  p r e v i o u s  c h a r t  a r e  e v i d e n t ,  e.g., c o n c r e t e  
c r a c k i n g  and t h e  b e g i n n i n g  o f  y i e l d i n g ,  w h i c h  o c c u r  a t  a p p r o x i m a t e l y  t h e  
same p r e s s u r e  l e v e l s .  F i g u r e  4.6.8 shows v e r t i c a l  d i s p l a c e m e n t  v a l u e s  
s i m i l a r  t o  t h o s e  o b t a i n e d  a t  t h e  s p r i i i g l i n e .  A f t e r  t h e  s t a r t  o f  c o n c r e t e  
c r a c k i n g ,  t h e  s p r i n g l i n e  v e r t i c a l  d i s p l a c e m e n t  i s  s l i g h t l y  g r e a t e r  t h a n  t h a t  
a t  t h e  apex a t  t h e  same l o a d .  The v a l u e  computed a t  4 P i s  2.2 i n c h e s  ( 5 . 6  
cm) a t  t h e  s p r i n g l i n e  and 2.0 i n c h e s  (5 .1  cm) a t  t h e  domg apex. 

4.6.3.6 Pressure  H i s t o r y  P l o t s  

A d d i t i o n  p l o t s  o f  d i s p l a c z m e n t  and s t r a i n s  as r e q u e s t e d  by Sandia a r e  g i v e n  
i n  Appendix A. 

4.6.4 C o n c l u s i o n s  

The s t o p  o f  c o m p u t a t i o n  by t h e  ADINA code o c c u r r e d  when e x t e n s i v e  c r u s h i n g  
o f  t h e  c o n c r e t e  a t  t h e  basemat-wall j u n c t i o n  t o o k  p l a c e  due t o  t h e  combined 
e f f e c t s  o f  m e r i d i o n a l  t e n s i o n  and bend ing  moment a t  t h e  clamped w a l l  bot tom. 
A t  t h i s  t i m e  t h e  i n t e r n a l  p r e s s u r e  has reached t h e  v a l u e  o f  184 p s i  (1.27 
MPa), f o u r  t i m e s  t h e  d e s i g n  p r e s s u r e  l o a d .  That  mode o f  f a i l u r e  c o u l d  be 
deemed q u i t e  reasonab le ,  c o n s i d e r i n g  moreover  t h a t  t h e  bend ing  e f f e c t  would 
have i n c r e a s e d  i f  t h e  f o u n d a t i o n  and 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  had been 
t a k e n  i n t o  account  i n  t h e  p r e s e n t  a n a l y s i s .  

L o o k i n g  a t  t h e  r e s t  o f  t h e  s t r u c t u r e ,  i t  appears t h a t  a l a r g e  s t r a i n  o f  t h e  
hoop r e b a r s  i n  t h e  c y l i n d e r  w a l l  i s  r e q u i r e d ,  about  7%, i n  o r d e r  t o  c a r r y  
such p r e s s u r e  l o a d .  C o n s i d e r i n g  t h a t  t h e  h a r d e n i n g  modulus o f  t h e  r e b a r s  
has been t a k e n  as a s e c a n t  modulus,  t h e  e f f e c t i v e  d e f o r m a t i o n  o f  t h e  hoop 
r e b a r s  m i g h t  be l e s s  t h a n  7% a t  t h e  l i m i t  s t a t e  e v a l u a t e d .  On t h e  o t h e r  
hand, t h e  A D I N A  Code t a k e s  i n t o  account  t h e  t r i a x i a l  s t r e s s  s t a t e  o f  t h e  
c o n c r e t e  e lements  t o  d e c i d e  i f  c r u s h i n g  occurs .  Do ing  so ,  t h e  conf inement  
e f f e c t  o f  t h e  base r e s t r a i n t  a l l o w s  a l a r g e  i n c r e a s e  o f  t h e  u l t i m a t e  
compress ion s t r e s s  o f  t h e  c o n c r e t e ,  w h i c h  i n  t h i s  s p e c i f i c  case reaches t h e  
v a l u e  o f  8.9 k s i  ( 6 2  MPa). I n  o u r  o p i n i o n ,  i t  i s  more reasonab le  t o  r e l y  on 
t h e  l a r g e  s t r a i n  c a p a b i l i t y  o f  t h e  s t e e l  r e b a r s  i n s t e a d  o f  such i n c r e a s e s  i n  
t h e  c o n c r e t e  s t r e n g t h .  T h e r e f o r e  t h e  conta inment  f a i l u r e  mode s h o u l d  be t h e  
r u p t u r e  o f  t h e  c y l i n d e r  w a l l  base due t o  t h e  combined e f f e c t  o f  m e r i d i o n a l  
t e n s i o n  and bend ing  moment, a t  a p r e s s u r e  v a l u e  l y i n g  i n  t h e  range 3.5-4 Pd. 

T h i s  assessment i s  an upper  bound o f  t h e  conta inment  s t r e n g t h ,  whose 
o c c u r r e n c e  assumes t h a t  p e n e t r a t i o n s  and t h e  w a l l  r e g i o n  around them ( n o t  
c o n s i d e r e d  i n  t h i s  a n a l y s i s ) ,  m a i n t a i n  t h e i r  s t r u c t u r a l  i n t e g r i t y  up  t o  t h e  
u l t i m a t e  p r e s s u r e  l o a d .  
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Y DIP. MAX, DISP, = 
2 DIR. MAX. DISP, = 
SCCILE FACTOR= 

F i g u r e  4 . 6 . 1  Concrete elements mesh 
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SANDIA C O N T A I  lMENT MODEL 
FFFSSIIRF L E V E L =  n esh 

Y D I R .  MAX. D I S P .  
2 D I R .  MAX. D I S P .  = 

SCALE FACTOR= 8 . 3 8 1 8 8 E + U ?  

D I S P L W f E D  TRU55 t LEMENT 
GROUP ==> A L L  

F i g u r e  4.6.2 Truss  e lements mesh ( r e b a r s  and liner) 
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Liner equivalent 
hoop and vertica 

La er 5 

K 
Seismic equivalent 
hoop and vertical 
rebars 

Figure 4.6.3 Detail o f  truss elements at the cylinder wall base 
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SANDIA CONTAI iMENT MODEL 
PRFWSIIRF LEVEL' 3'00.5 Prf. 

Y DIP.. MhX. D I S P .  = 0.gbb88E+B1 
Z D I R .  MAX. D I S P .  = 0 . 5 1 8 5 7 € + 0  

BCALE FACTOR= 0. 30000E+02 

F i g u r e  4.6.4 Displacements a t  p 3 P d  
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SANDIA CONTAIIMENT MODEL 
PPFss11RF LEVEL= 400.5 Pd 

'i DIR. MAX. DI5P. 1 . 1 1 0 3 8 E + l  
2 IIIRn MAX. DI5Pm = 0.2582ZE+I 

SCALE FACTOR= 0. 3 0 0 0 0 E + 8 1  

Figure 4 .6 .5  Displacement a t  p=4Pd 
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p r e s s u r e  l e v e l  (p/Pd) 

F i g u r e  4.6.6a C y l i n d e r  d i s p l a c e m e n t s  a t  EL 11'-0" ( d e t a i l )  

8- 
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p r e s s u r e  l e v e l  I p I P d )  
5 0  

F i g u r e  4.6.6b C y l i n d e r  d i s p l a c e m e n t s  a t  EL 11'-0'' 
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Figure 4.6.7a Cylinder displacement at EL 24'-0" (detail) 
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Figure 4.6.7b Cylinder displacement at EL 24'-0" 
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F i g u r e  4.6.8a Dome d isp lacement  a t  apex ( d e t a i l )  
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F i g u r e  4.6.8b Dome d isp lacement  a t  dome apex 
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4.7 S a f e t y  and Re1 i a b i  1 i t y  D i r e c t o r a t e  

T h i s  s e c t i o n  was a u t h o r e d  by M. H.  B l e a c k l e y ,  J .  A .  Hargreaves ,  L. P. 
H a r r o p ,  D.  W .  P h i l l i p s ,  J .  J o w e t t  & P. B a r r  f r o m  t h e  S a f e t y  and R e l i a b i l i t y  
D i r e c t o r a t e  o f  t h e  U.K .  A tomic  Energy A u t h o r i t y .  

4 .7.1 Summary 

F i n i t e  e lement  a x i s y m m e t r i c  s t u d i e s  have been u n d e r t a k e n  p e r t a i n i n g  t o  t h e  
1 1 6 t h  s c a l e  r e i n f o r c e d  c o n c r e t e  c o n t a i n m e n t  b u i l d i n g .  R e s u l t s  f r o m  t h e s e  
s t u d i e s  w i l l  be compared t o  o t h e r  s i m i l a r  s t u d i e s  i n  d i f f e r e n t  o r g a n i z a t i o n s  
t o  p r e d i c t  t h e  response t o  i n t e r n a l  s t a t i c  o v e r p r e s s u r i z a t i o n .  

The main  p r e d i c t i o n s  a r e  t h a t  t h e  hoop r e b a r  w i l l  y i e l d  a t  138 p s i  (0 .95  
MPa) and t h a t  t h e  p e r i p h e r y  o f  t h e  basemat w i l l  be s u b j e c t  t o  e x c e s s i v e  
u p l i f t  a t  164 p s i  (1 .13 MPa) when t h e  t e n s i l e  r e b a r  a t  t h e  p o l e  o f  t h e  
basemat reaches  i t s  u l t i m a t e  t e n s i l e  s t r e n g t h  ( U T S ) .  

Synops is  o f  R e s u l t s  

O r g a n i z a t i o n :  S a f e t y  8, R e l i a b i l i t y  D i r e c t o r a t e  o f  t h e  
U.K.A.E.A. C u l c h e t h ,  W a r r i n g t o n ,  WA3 4NE. 

A n a l y t i c a l  Method: F i n i t e  e lements .  

C o n s t i t u t i v e  Model: M o d i f i e d  Chen-Chen c o n c r e t e  model as 
implemented i n  ABAQUS v e r s i o n  4-5-171. 

Model Geometry: a x i s y m m e t r i c  s h e l l  and a x i s y m m e t r i c  
s h e l l l s o l i d  g e o m e t r i e s .  

F a i l u r e  C r i t e r i o n :  R u p t u r e  o f  l i n e r  so gas leakage i s  
i n  excess o f  gas i n p u t .  

P r e d i c t e d  F a i l u r e  Mode: T e n s i l e  f a i l u r e  o f  t h e  r e b a r  due 
t o  b e n d i n g  a t  t h e  p o l e  o f  t h e  basemat. 

4.7.2 I n t r o d u c t i o n  

T h i s  paper  d i s c u s s e s  a n o n - l i n e a r  f i n i t e  e lement  a x i s y m m e t r i c  a n a l y s i s  o f  a 
1 / 6 t h  s c a l e  model r e i n f o r c e d  c o n c r e t e  PWR c o n t a i n m e n t  t o  p r e d i c t  t h e  
per fo rmance o f  t h e  c o n t a i n m e n t  when t h e  d e s i g n  p r e s s u r e  i s  exceeded. 

The a c t u a l  c o n c r e t e  c o n t a i n m e n t  i s  b e i n g  c o n s t r u c t e d  a t  Sand ia  N a t i o n a l  
L a b o r a t o r i e s ,  New Mexico f o r  t h e  USNRC. I t  i s  i n t e n d e d  t h a t  t h e  conta inment  
w i l l  be t e s t e d  t o  f a i l u r e  t o  d e t e r m i n e  i t s  response t o  i n t e r n a l  s t a t i c  
o v e r p r e s s u r i z a t i o n .  A s  a p r e c u r s o r  t o  t h e  e x p e r i m e n t a l  t e s t ,  a number o f  
o r g a n i z a t i o n s  a r e  p a r t i c i p a t i n g  i n  an i n t e r n a t i o n a l  e f f o r t  t o  p r e d i c t  t h e  
outcome o f  t h e  t e s t  by a n a l y t i c a l  methods. The r e s u l t s  f r o m  t h e  h e a v i l y  
i n s t r u m e n t e d  t e s t  w i l l  t h e n  be compared w i t h  t h e  a n a l y t i c a l  p r e d i c t i o n s .  
T h i s  paper  r e p r e s e n t s  one c o n t r i b u t i o n  based on f i n i t e  e lement  c a l c u l a t i o n s  
u s i n g  t h e  n o n - l i n e a r  f i n i t e  e lement  code ABAQUS mounted on t h e  UKAEA CRAY- 
XMPl24. 
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Three d i s t i n c t  n u m e r i c a l  ax isyr runetr ic  ana lyses  have been under taken:  
f i r s t l y  a t y p i c a l  s e c t i o n  o f  c o n t a i n m e n t  w a l l  was m o d e l l e d  u s i n g  a ring-beam 
r e p r e s e n t a t i o n ,  second ly  a f u l l  s h e l l  a n a l y s i s  was p e r f o r m e d  and f i n a l l y  a 
mixed s h e l l / c o n t i n u u m  model was u n d e r t a k e n  w i t h  t h e  dome and t h e  upper  p a r t  
o f  t h e  c y l i n d e r  w a l l  m o d e l l e d  by s h e l l s  and t h e  r e m a i n i n g  l o w e r  p a r t s  o f  t h e  
c o n t a i n m e n t  m o d e l l e d  by cont inuum e lements .  O n l y  a l i m i t e d  a n a l y s i s  was 
u n d e r t a k e n  on t h e  l a t t e r  model.  These t h r e e  ana lyses  p r o v i d e d  a n a t u r a l  
p r o g r e s s i o n  a l o n g  a l e a r n i n g  c u r v e  f r o m  a w e l l  d e f i n e d  ring-beam model w i t h  
s i m p l e  boundary c o n d i t i o n s  t o  a f u l l y  f l e d g e d  geometry  w i t h  a c o m p l i c a t e d  
response.  

4 .7 .3  Numeri c a l  Model 

The f i n i t e  e lement  code ABAQUS 4-5-171 C4.7.11 was used i n  t h i s  a n a l y s i s .  
T h i s  code was chosen because o f  i t s  n o n - l i n e a r  c a p a b i l i t i e s  ( s m a l l  
s t r a i n / d i s p l a c e m e n t  t h e o r y )  and c o n s t i t u t i v e  c o n c r e t e  model .  T h i s  v e r s i o n  
o f  ABAQUS i n c o r p o r a t e s  a m o d i f i e d  v e r s i o n  o f  t h e  Chen-Chen c o n c r e t e  
c o n s t i t u t i v e  model.  

The Chen-Chen model t r e a t s  c o n c r e t e  as an e l a s t i c - p l a s t i c  s t r a i n  h a r d e n i n g  
m a t e r i a l  w h i c h  f r a c t u r e s  i n  t e n s i o n .  E l a s t i c  response i s  assumed whenever a 
s t r e s s  p o i n t  l i e s  w i t h i n  a y i e l d  s u r f a c e  and an e l a s t i c - p l a s t i c  b e h a v i o r  
whenever t h e  y i e l d  s u r f a c e  i s  reached. A l s o  d e f i n e d  i s  a f a i l u r e  s u r f a c e  
beyond w h i c h  s t r e s s  s t a t e s  cannot  be reached. 

The y i e l d  and f a i l u r e  s u r f a c e s  o f  t h e  Chen-Chen model a r e  b o t h  d e f i n e d  by a 
c o m b i n a t i o n  o f  p a r a b o l i c  and h y p e r b o l i c  f u n c t i o n s .  The p a r a b o l i c  f u n c t i o n  
i s  used t o  r e p r e s e n t  t h e  t r i a x i a l  compress ion r e g i o n ,  and t h e  h y p e r b o l i c  
f u n c t i o n  t h e  t e n s i o n / c o m p r e s s i o n  r e g i o n .  I f  t h e  compress ion f a i l u r e  s u r f a c e  
i s  reached,  t h e  c o n c r e t e  i s  assumed t o  c r u s h  w i t h  a l l  s t r e n g t h  l o s t  (o=O).  
I f  t h e  t e n s i o n  s u r f a c e  i s  reached,  c r a c k i n g  normal t o  t h e  most  t e n s i l i  
p r i n c i p a l  s t r a i n  i s  f l a g g e d .  T o  l i m i t  t h e  e x c e s s i v e  degree o f  t e n s i l e  
s t r a i n i n g  b e f o r e  c r a c k i n g  w h i c h  e x i s t e d  i n  Chen and Chen 's  o r i g i n a l  model ,  
H i b b i t t  e t  a l . ,  C4.7.1) have added a l i m i t i n g  t e n s i l e  s t r a i n  c r i t e r i o n  f o r  

. c r a c k i n g .  

W h i l s t  t h e  ABAQUS i m p l e m e n t a t i o n  o f  t h e  Chen-Chen model p r o v i d e s  a good 
r e p r e s e n t a t i o n  o f  c o n c r e t e  b e h a v i o r  i n  b i a x i a l  o r  t r i a x i a l  compress ion,  i t s  
per fo rmance i n  t h e  t e n s i o n  r e g i o n  i s  n o t  so  good. F o r  a s t r e s s  s t a t e  o f  
equa l  b i a x i a l  t e n s i o n ,  t h e  model u n d e r p r e d i c t s  t h e  f a i l u r e  s t r e n g t h  by 40 
p e r c e n t .  A s  b o t h  t h e  w a l l s  and r o o f  o f  a c o n t a i n m e n t  s t r u c t u r e  e x p e r i e n c e  a 
b i a x i a l  t e n s i l e  s t r e s s  f i e l d ,  t h e  c a l c u l a t i o n  i s  l i k e l y  t o  u n d e r p r e d i c t  t h e  
p r e s s u r e  a t  w h i c h  i n i t i a l  c r a c k i n g  o c c u r s .  

F o r  t h e  p r e s e n t  a p p l i c a t i o n ,  a more s e r i o u s  s h o r t c o m i n g  i n  t h e  ABAQUS model 
i s  i t s  use o f  t h e  smeared c r a c k i n g  a p p r o x i m a t i o n .  W i t h  t h i s  a p p r o x i m a t i o n  
no a t t e m p t  i s  made t o  s i m u l a t e  t h e  f o r m a t i o n  and development o f  d i s c r e t e  
c r a c k s ,  r a t h e r  t h e  d i s p l a c e m e n t s  a s s o c i a t e d  w i t h  c r a c k  open ing  a r e  smeared 
u n i f o r m l y  a c r o s s  an e lement  and t h e  s t i f f n e s s  o f  t h a t  e lement  i s  
c o r r e s p o n d i n g l y  reduced.  T h i s  a p p r o x i m a t i o n  g r e a t l y  s i m p l i f i e s  t h e  
c a l c u l a t i o n s  b u t  f o r  t h e  p r e s e n t  a p p l i c a t i o n  i t  means t h a t  p o s s i b l e  l o c a l  
l i n e r  f a i l u r e  modes cannot  be examined d i r e c t l y  u s i n g  ABAQUS. 

When t h e  smeared c r a c k i n g  a p p r o x i m a t i o n  i s  employed, some means o f  
a c c o u n t i n g  f o r  t h e  t e n s i o n  s t i f f e n i n g  e f f e c t  i s  needed. I n  t h e  ABAQUS model 
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t h e  a r t i f i c e  o f  g i v i n g  t h e  c o n c r e t e  a d e c a y i n g  p o s t - t e n s i l e  f a i l u r e  
s t r e s s / s t r a i n  c u r v e  i s  used. I n  t h e  c u r r e n t  c a l c u l a t i o n s  a l i n e a r  decay 
f u n c t i o n  w h i c h  reaches z e r o  a t  a s t r a i n  o f  one p e r c e n t  has been used. Such 
a t r e a t m e n t  a l s o  has t h e  b e n e f i t  o f  i m p r o v i n g  code convergence.  However i t  
s h o u l d  be n o t e d  t h a t  i n  a r e v i e w  conducted  by G i l b e r t  C4.7.21, t h e  above 
method was r e v e a l e d  as b e i n g  l e s s  s t a b l e  t h a n  a method based on t h e  
a d j u s t m e n t  o f  t h e  r e b a r  s t r e s s / s t r a i n  c u r v e .  

The r e i n f o r c i n g  b a r s  w i t h i n  t h e  c o n c r e t e  can be a r b i t r a r i l y  s p e c i f i e d  
because t h e  r e b a r  i s  n o t  r e p r e s e n t e d  by s e p a r a t e  e lements .  The model sees 
t h e  r e b a r  i n  an e lement  as a sheet  w i t h  e q u i v a l e n t  c r o s s - s e c t i o n a l  a r e a ,  
a x i a l  s t i f f n e s s  and o r i e n t a t i o n  as t h e  s p e c i f i e d  r e b a r .  N u m e r i c a l l y ,  t h e  
r e b a r  w i l l  e x h i b i t  o n l y  a x i a l  s t i f f n e s s  e.g.  no shear  s t i f f n e s s .  The 
r e c t a n g u l a r  r e i n f o r c e m e n t  met a t  t h e  base o f  t h e  model has been r e p l i c a t e d  
as s p e c i f i e d  by ABAQUS i n p u t  p r o c e d u r e s ,  b u t  i t  i s  n o t  c l e a r  how t h i s  
r e i n f o r c e m e n t  i s  t r e a t e d  a t  t h e  p o l e  o f  t h e  basemat w i t h i n  ABAQUS. 

The w e i g h t  o f  t h e  c o n t a i n m e n t  has been m o d e l l e d  by assuming t h e  d e n s i t y  o f  
c o n c r e t e  w i t h  no r e b a r .  

The conta inment  b u i l d i n g  i s  n o t  t r u l y  a x i s y m m e t r i c  by v i r t u e  o f  p e n e t r a t i o n s  
such as p e r s o n n e l  a i r l o c k s  and equipment  ha tches .  A l t h o u g h  i t  i s  an o b v i o u s  
o v e r - s i m p l i f i c a t i o n ,  we chose t o  model t h e  c o n t a i n m e n t  as an a x i s y m m e t r i c  
s t r u c t u r e  because o f  i t s  n e a r  symmetry and t h e  p r e s s u r e  l o a d i n g  i s  n a t u r a l l y  
a x i s y m m e t r i c .  Such a model i s  p r a c t i c a b l e  g i v e n  t h e  s i z e  r e q u i r e m e n t s  f o r  
r u n n i n g  a n o n - l i n e a r  a n a l y s i s .  

Two t y p e s  o f  e lement  a r e  used i n  t h i s  a n a l y s i s :  t h e  e ight -noded 
a x i s y m m e t r i c  q u a d r i l a t e r a l  (CAX8R) and t h e  three-noded q u a d r i l a t e r a l  s h e l l  
e lement  (SAX2). The f o r m e r  a r e  i n t e g r a t e d  by 2x2 Gauss i n t e g r a t i o n  and t h e  
l a t t e r  by two i n t e g r a t i o n  s t a t i o n s  a l o n g  t h e  s h e l l  l e n g t h  and f i v e  t h r o u g h  
each l a y e r  o f  she1 1 .  

4.7.4 M a t e r i a l  P r o p e r t i e s  

A l l  t h e  m a t e r i a l  p r o p e r t i e s  used i n  t h i s  a n a l y s i s  a r e  t h o s e  s u p p l i e d  by SNL 
and a r e  g i v e n  i n  F i g u r e  4 .7 .1  and T a b l e  4 . 7 . 1 :  t h e  e n g i n e e r i n g  u n i a x i a l  
s t r e s s / p l a s t i c  s t r a i n  c u r v e s  f o r  t h e  #4 r e b a r ,  c o n c r e t e ,  basemat/  c y l i n d e r  
and dome l i n e r .  V a r i o u s  c u r v e s  were s u p p l i e d  by SNL f o r  each t y p e  o f  
u n i a x i a l  t e s t  f r o m  d a t a  a v a i l a b l e  i n  March 1986. A r e p r e s e n t a t i v e  u n i a x i a l  
s t r e s s / p l a s t i c  s t r a i n  r e l a t i o n s h i p  was chosen f o r  each m a t e r i a l  by t h e  
a u t h o r s .  Subsequent ly ,  recommended m a t e r i a l  p r o p e r t i e s  f o r  each t e s t e d  t y p e  
o f  m a t e r i a l  were s u p p l i e d  by SNL C4.7.31 i n  O c t o b e r  1986 b u t  o n l y  t h o s e  
p e r t a i n i n g  t o  t h e  dome were used by t h e  a u t h o r s .  The s t e e l  used i n  t h e  
r e b a r  and t h e  b a s e m a t / c y l i n d e r  w a l l  l i n e r  e x h i b i t e d  a d i s t i n c t  y i e l d  p l a t e a u  
w i t h  no s i g n i f i c a n t  work-hardening i n  e v i d e n c e  u n t i l  a p l a s t i c  s t r a i n  o f  0 .5  
p e r c e n t  t o  1 .5  p e r c e n t .  The s t r e s s  v a l u e s  of  t h e  u n i a x i a l  s t r e s s / s t r a i n  
c u r v e  f o r  t h e  #4 a r e  based on a nominal  d i a m e t e r  o f  0 .5 ”  (0 .1963 s q .  i n . ,  
1 2 6 . 6  sq. mm c r o s s - s e c t i o n a l  a r e a ) .  The m a t e r i a l  p r o p e r t i e s  o f  t h e  #4 r e b a r  
a r e  a l s o  t a k e n  as r e p r e s e n t a t i v e  o f  t h e  # 2 ,  #3,  #5 and #6 r e b a r  s i n c e  t h e  #4 
r e b a r  i s  by f a r  t h e  most  common r e b a r  i n  t h e  c o n t a i n m e n t .  

The c o n c r e t e  compress ive  s t r e s s / s t r a i n  d a t a  a r e  based on a 90 day t e s t .  The 
s l o p e  o f  t h e  c u r v e  i s  t a k e n  as l i n e a r  up t o  5.9 k s i  (40.48 MPa) and u s i n g  a 
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T a b l e  4.7.1: L i s t  o f  M a t e r i a l  P r o D e r t i e s  

S t e e l  

Rebar Basemat/Wal l  
L i n e r  

Dome L i n e r  

E = 30000 k s i  (207000 MPa); v = 0.3 

- - - - - - 
U EP U EP U E P  

k s  i MPa % k s  i MPa % ks i MPa % 

68.1 469.87 0.0 
68.1 469.87 0.5168 
82.4 567.95 1.4942 
93.7 645.75 2.661 

100.4 692.43 3.8556 
105.0 723.75 5.0544 
107.8 743.00 6.2601 
108.3 746.9 7.4748 
108.7 749.31 8.6904 

49.4 340.72 0.0 51.3 354.0 0.0 
49.4 340.72 1.5080 61.1 421.0 2.300 
55.3 401.82 3.1519 66.9 461.0 4.78 
62.9 433.79 4.8094 70.5 486.0 9.77 
65.6 452.05 6.4736 70.9 489.0 14.76 
66.9 461.18 8.1422 
68.2 470.31 9.98108 
68.5 472.60 11.4827 
69.4 478.48 16.1643 

Concre te  

U EP 
MPa % 

40.48 0.0 
40.79 0.00342 E = 3600 k s i  (24800 MPa) 
41.08 0.00655 v = 0.15 

41.61 0.01980 pg = 23.544 kN/m 3 

R a t i o  o f  t h e  s t r e s s  components under  b i a x i a l  compress ion (ul = u 2 )  

a t  f a i l u r e  t o  t h e  f a i l u r e  s t r e s s  i n  u n i a x i a l  compression = 1.16 
(ABAQUS d e f a u l t ) .  

R a t i o  o f  t h e  p l a s t i c  s t r a i n  components under  b i a x i a l  compression 
a t  f a i l u r e  t o  t h e  p l a s t i c  s t r a i n  a t  f a i l u r e  i n  u n i a x i a l  compression 
= 1.28 (ABAQUS d e f a u l t ) .  

R a t i o  o f  t h e  u n i a x i a l  t e n s i o n  f a i l u r e  s t r e s s  t o  t h e  u n i a x i a l  
compress ive f a i l u r e  s t r e s s  = 0.06. 

R a t i o  o f  t h e  u n i a x i a l  t e n s i l e  f a i l u r e  p l a s t i c  s t r a i n  t o  t h e  u n i a x i a l  
compress ive f a i l u r e  p l a s t i c  s t r a i n  = 0.09 (ABAQUS d e f a u l t ) .  
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Young's  modulus o f  3600 k s i  (24800 MPa), w h i c h  i s  1 / 3  l e s s  t h a n  recomended 
now C4.7.31. A v a l u e  o f  363 p s i  (2 .5  MPa) i s  o b t a i n e d  f rom a SNL d i r e c t  
t e n s i o n  t e s t  a t  120 days. T h i s  i s  compared t o  500 p s i  (3.45 MPa) 
r e c o m e n d e d  by C4.7.31, w h i c h  o r i g i n a t e s  f r o m  a s p l i t  t e n s i o n  t e s t .  The 
f o r m e r  v a l u e  i s  more a p p r o p r i a t e  f o r  t h e  i n p u t  o f  ABAQUS C4.7.11. The 
u n i a x i a l  s t r e s s / s t r a i n  c u r v e  i n  t e n s i o n  i s  assumed t o  be l i n e a r  up t o  t h e  
f a i l u r e  t e n s i l e  s t r e n g t h .  I t  i s  a l s o  assumed t o  l o o s e  i t s  t e n s i l e  s t r e n g t h  
l i n e a r l y  f r o m  363 p s i  (2 .5  MPa) u n t i l  one p e r c e n t  s t r a i n  i s  reached when t h e  
c o n c r e t e  i s  s p e c i f i e d  t o  have z e r o  s t r e n g t h .  

4.7.5 F i n i t e  Element Models 

4.7.5.1 Ring-beam Model 

The mesh and r e b a r  p o s i t i o n i n g  f o r  t h e  ring-beam, w h i c h  i s  r e p r e s e n t a t i v e  o f  
t h e  c o n t a i n m e n t  w a l l  above t h e  shear  r e i n f o r c e m e n t  l e v e l  (>  3.6 f t  (1100 m) 
above t h e  t o p  o f  t h e  basemat) ,  a r e  shown i n  F i g u r e  4.7.2. The mesh 
r e p r e s e n t a t i o n  i s  o f  a square c r o s s - s e c t i o n .  I t  c o n s i s t s  o f  s i x  e lements:  
two s h e l l  e lements  r e p r e s e n t i n g  t h e  l i n e r  and f o u r  cont inuum e lements  t h e  
c o n c r e t e .  The s e c t i o n  i s  r i g i d l y  f i x e d  i n  t h e  m e r i d i o n a l  p o s i t i o n  b u t  i s  
f r e e  t o  move r a d i a l l y .  T h i s  r e p r e s e n t a t i o n  approx imates  t o  a c r o s s - s e c t i o n  
a t  m i d - c y l i n d e r  h e i g h t  above t h e  shear  r e i n f o r c e m e n t .  T h i s  model 
i n c o r p o r a t e s  t h e  e i g h t  l a y e r s  o f  p r i m a r y  r e i n f o r c e m e n t :  f o u r  l a y e r s  o f  
c i r c u m f e r e n t i a l  (12  r e b a r s ) ,  two l a y e r s  o f  m e r i d i o n a l  and two o f  d i a g o n a l .  

The r i n g  i s  l oaded  by s t a t i c  l o a d  i n c r e m e n t s  o f  u n i f o r m  p r e s s u r e  a long  t h e  
l i n e r  f a c e  a t  t h e  nodes. 

4.7.5.2 S h e l l  Model 

An a x i s y m e t r i c  s h e l l  model p r o v i d e s  a c rude  b u t  economical  r e p r e s e n t a t i o n  
o f  t h e  e n t i r e  c o n t a i n m e n t .  

F o r t y - s i x  three-noded a x i s y m n e t r i c  s h e l l  e lements  (11 r e p r e s e n t i n g  t h e  
basemat, 20 t h e  w a l l  and 15 t h e  dome) a r e  used w i t h  a s i n g l e  e lement  
r e p r e s e n t i n g  t h e  c o n t a i n m e n t  w a l l  t h i c k n e s s .  Each e lement  i s  i n  t u r n  
d i v i d e d  i n t o  two l a y e r s  so as t o  r e p r e s e n t  t h e  r e i n f o r c e d  c o n c r e t e  and s t e e l  
1 i n e r .  

The model i s  f i x e d  k i n e m a t i c a l l y  a t  two nodes: i n  t h e  r a d i a l  d i r e c t i o n  a t  
t h e  apex and b o t h  r a d i a l l y  and v e r t i c a l l y  a t  t h e  c e n t r e  o f  t h e  basemat. 

The i n s i d e  o f  t h e  c o n t a i n m e n t  i s  loaded by u n i f o r m  p ressu re ,  a p p l i e d  i n  
i n c r e m e n t s  as a s t a t i c  l oad .  

T h i s  model may l a c k  r e f i n e m e n t  (e.g.  t hese  s h e l l  e lements  have a pseudo 
t h i c k n e s s )  b u t  i t  p r o v i d e s  t h e  g l o b a l  response a t  m in ima l  c o s t .  

Most o f  t h e  m a j o r  r e i n f o r c e m e n t  has been m o d e l l e d  w i t h  t h e  e x c e p t i o n  o f  t h e  
shear  r e i n f o r c e m e n t  i n  t h e  w a l l  and t h e  v e r t i c a l  r e b a r  i n  t h e  basemat. 

4.7.5.3 S h e l l / C o n t i n u u m  Model 

The n e x t  l e v e l  o f  c o m p l e x i t y  i n  t h i s  f i n i t e  e lement  a n a l y s i s  i s  an 
a x i s y m e t r i c  model i n c o r p o r a t i n g  s o l i d  e lements .  The main  a d d i t i o n a l  
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c a p a b i l i t y  o f  t h i s  model i s  t o  r e p r e s e n t  t r a n s v e r s e  shear ,  e s p e c i a l l y  a t  t h e  
c y l i n d e r  wa l l /basemat  j u n c t i o n .  

I n  t h e  i n t e r e s t s  o f  economy, as shown i n  F i g u r e  4.7.3, t h e  c o n t a i n m e n t  above 
t h e  shear  r e i n f o r c e m e n t  l e v e l  (>  4.92 f t  ( 1 . 5  m)  above t h e  basemat) i s  made 
up o f  30 s h e l l  e lemen ts  f r o m  t h e  p r e v i o u s  model.  Below t h i s  l e v e l  t h e  
conta' inment i s  m o d e l l e d  w i t h  t h r e e  hundred and f i f t y  2-D a x i s y m e t r i c  e i g h t -  
noded e lements  and t h e  1 /16 "  (1.6 m) l i n e r  by f i f t y - f o u r  three-noded s h e l l s  
(SAX2). The c o n c r e t e  w a l l  t h i c k n e s s  c o n s i s t s  o f  two  e ight -noded e lements  
and t h e  e n t i r e  w a l l  has 2x32 = 64 2-0 e lements.  The basemat i s  e l e v e n  
e lements  t h i c k  and c o n s i s t s  o f  11x26 = 286 e ight -noded e lements.  I n  t o t a l ,  
t h e  model possesses 434 e lemen ts  1250 nodes. 

A d e t a i l  o f  t h e  mesh and r e b a r  f o r  t h e  cont inuum s e c t i o n  o f  t h e  model i s  
shown 
v i s i b  

4.7.6 

4.7.6 

The r 

i n  F i g u r e  4.7.4. The #2 and #3 shear  t i e s  i n  t h e  w a l l  a r e  c l e a r l y  
e as i s  t h e  i n c l i n e d  #4 r e b a r .  

R e s u l t s  

1 R e s u l t s  f o r  t h e  Ring-beam Model 

ng-beam i s  l oaded  by u n i f o r m  p r e s s u r e  l o a d i n g  u s i n g  A B A Q U S ' s  a u t o m a t i c  

I 

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

F i g u r e  4.7.5 shows t h e  p r e s s u r e / d i s p l a c e m e n t  c u r v e  f o r  t h i s  r ing-beam model. 
The c u r v e  has f o u r  d i s t i n c t  l i n e r  s lopes .  

The f i r s t  s l o p e  i s  l i n e a r  up t o  0 . 8 5 ~  d e s i g n  p r e s s u r e  ( 3 9  p s i ,  0.27 MPa); a t  
t h i s  p o i n t  t h e  c o n c r e t e  c r a c k s  on a p l a n e  normal t o  t h e  hoop r e b a r .  The 
model now l o s e s  s t i f f n e s s  t o  accoun t  f o r  t h e  c o n c r e t e  c r a c k i n g .  T h i s  
m o d i f i e d  s t i f f n e s s  response now c o n t i n u e s  up t o  3 . 1 5 ~  d e s i g n  p r e s s u r e  (145 
p s i ,  100 MPa), a t  w h i c h  p o i n t  t h e  l i n e r  y i e l d s  p l a s t i c a l l y .  The l i n e r  
y i e l d i n g  reduces t h e  s t i f f n e s s  response o f  t h e  beam f u r t h e r ,  and t h e  c u r v e  
f o l l o w s  a new l i n e a r  s l o p e  t o  3 . 8 8 ~  d e s i g n  p r e s s u r e  (178  p s i ,  1.23 MPa). 
The hoop r e b a r  y i e l d s  p l a s t i c a l l y  a t  t h i s  p r e s s u r e .  The response i s  now 
e s s e n t i a l l y  h o r i z o n t a l  w i t h  no i n c r e a s e  i n  l o a d ,  as t h e  12 hoop r e b a r s  i n  
t h e  model y i e l d  v i r t u a l l y  s i m u l t a n e o u s l y  l e a v i n g  o n l y  t h e  s e i s m i c  r e b a r  w i t h  
any l o a d  c a r r y i n g  c a p a c i t y  and a b l e  t o  s u s t a i n  o n l y  one-ha l f  o f  t h e  s t r e s s  
o f  t h e  hoop r e b a r .  The s e i s m i c  r e b a r  i s  i n  t h e  p l a n e  o f  maximum shear  ( 4 5  
degrees t o  t h e  hoop and m e r i d i o n a l  d i r e c t i o n )  and a s  t h e  m e r i d i o n a l  s t r e s s  
i s  a p p r o x i m a t e l y  z e r o  i n  t h i s  model ,  i t  i s  o n l y  t o  be expec ted  t h e  s e i s m i c  
r e b a r  s u s t a i n s  t h i s  s t r e s s .  

The hoop r e b a r  i s  unab le  t o  e x h i b i t  a f u r t h e r  i n c r e a s e  i n  l o a d  ow ing  t o  t h e  
shape o f  t h e  u n i a x i a l  s t r e s s / s t r a i n  cu rve .  To o b t a i n  maximum l o a d ,  15 l o a d  
i n c r e m e n t s  were r e q u i r e d ,  t h e  s h o r t  h o r i z o n t a l  r e g i o n  r e q u i r e d  an equal  
number o f  i nc remen ts .  The l i t t l e  p r o g r e s s  o f  t h e  l a t t e r  l o a d  s t e p s  i s  due 
t o  t h e  h o r i z o n t a l  ( L u d e r ' s )  p o r t i o n  o f  t h e  u n i a x i a l  s t r e s s - s t r a i n  c u r v e .  
The Luders  band o f  t h e  #4 r e b a r  ex tends  t o  0 .5  p e r c e n t  s t r a i n  w h i c h  i s  equal  
t o  a hoop s t r a i n  o f  d r / r ,  and hence i s  e q u i v a l e n t  t o  a d e f o r m a t i o n  o f  0 .66  
i n c h e s  (16.75 mm). 

The response o f  t h e  ring-beam model i s  summarized i n  T a b l e  4.7.2. 
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T a b l e  4 . 7 . 2  P r e d i c t i o n  f o r  t h e  Response o f  t h e  Conta inment  Model 

Numeri c a l  Anal y t i ca 1 
S h e l l  S h e l l /  Ring- C4.7.51 

2-D be am 
Comments 

I n t e r n a l  P r e s s u r e  p s i  (MPa) 

28 28  39 30  M e r i d i o n a l  c r a c k s  t h r o u g h  c o n c r e t e  i n  
( 0 . 1 9 )  ( 0 . 1 9 )  ( 0 . 2 7 )  ( 0 . 2 1 )  u n d i s t u r b e d  r e g i o n s  o f  t h e  c y l i n d e r .  

32 41 38 M e r i d i o n a l  c r a c k s  t h r o u g h  c o n c r e t e  i n  
( 0 . 2 2 )  ( 0 . 2 8 )  - ( 0 . 2 6 )  dome. 

32 
( 0 . 2 2 )  

33 
( 0 . 2 3 )  

59 
( 0 . 4 1 )  

71  
( 0 . 4 9 )  

48  C i r c u m f e r e n t i a l  c r a c k s  i n  c y l i n d e r  j u s t  
- ( 0 . 3 3 )  below t h e  s p r i n g  l i n e .  

C i r c u m f e r e n t i a l  c r a c k i n g  i n  dome. 
- 

Dome e n t i r e l y  c r a c k e d  i n  o r t h o g o n a l  
p l  anes. 

62 H o r i z o n t a l  c r a c k s  t h r o u g h  c o n c r e t e  i n  
- ( 0 . 4 3 )  u n d i s t u r b e d  r e g i o n s  o f  t h e  c y l i n d e r .  

110 145 8 6  L i n e r  on c y l i n d e r  w a l l  y i e l d s  i n  
( 0 . 7 6 )  (1 .00 )  ( 0 . 5 9 )  u n d i s t u r b e d  r e g i o n s  o f  c y l i n d e r .  

132 
( 0 . 9 1 )  

138 
( 0 . 9 5 )  

Hoop t e n s i o n  r e b a r  y i e l d s  a t  t h e  p o l e  o f  
t h e  basemat.  

Concre te  c rushed a t  b a s e m a t / c y l i n d e r  w a l l  
i n t e r s e c t i o n .  

138 178 129 Hoop r e b a r  y i e l d s  i n  c y l i n d e r  away f r o m  
( 0 . 9 5 )  ( 1 . 2 3 )  ( 0 . 8 9 )  d i s c o n t i n u i t i e s .  

145 
( 1 . 0 0 )  

155 
( 1 . 0 7  

164 
( 1 . 1 3 )  

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

Hoop compress ion r e b a r  y i e l d s  a t  t h e  p o l e  
o f  t h e  basemat. 

A l l  t e n s i l e  r e b a r  a t  p o l e  o f  basemat 
reaches UTS.  

167 Hoop r e b a r  i n  dome y i e l d s .  
- ( 1 . 1 5 )  

174 A x i a l  r e b a r  y i e l d s  i n  u n d i s t u r b e d  r e g i o n s  
( 1 . 2 0 )  o f  t h e  c y l i n d e r .  

229 F a i l u r e  i n  b e n d i n g  o f  b a s e m a t / c y l i n d e r  
>( 1 . 5 8 )  w a l l  j u n c t i o n .  
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4.7.6.2 R e s u l t s  f o r  t h e  S h e l l  Model 

The s h e l l  model was loaded  by 133 l o a d  i n c r e m e n t s  t o  a maximum l o a d  o f  164 
p s i  (1.13 MPa). The f i r s t  one hundred i n c r e m e n t s  were a p p l i e d  i n  f i x e d  
s t e p s  o f  9 .5  kPa up t o  0.95 MPa. 

The r e m a i n i n g  t h i r t y - t h r e e  i n c r e m e n t s  were a p p l i e d  u s i n g  t h e  ABAQUS 
a u t o m a t i c  i n c r e m e n t a l  l o a d e r .  F o r  t h e s e  r e m a i n i n g  i nc remen ts ,  i f  
convergence was n o t  ach ieved  w i t h i n  t h e  f i r s t  e i g h t  i t e r a t i o n s  o f  a l o a d  
i n c r e m e n t ,  convergence was abandoned and t h e  r e s i d u a l  f o r c e s  t r a n s f e r r e d  t o  
t h e  n e x t  l o a d  inc remen t .  T h i s  can cause problems i f  t h e  r e s i d u a l  f o r c e s  a r e  
o f  t h e  same o r d e r  as t h e  a p p l i e d  f o r c e s .  The u n i a x i a l  s t r e s s / s t r a i n  c u r v e s  
f o r  t h e  s t e e l  has been m o d i f i e d  s l i g h t l y  t o  a i d  convergence by remov ing  t h e  
Luders  band. 

A s  t h e  basemat i s  s u b j e c t  t o  u p l i f t ,  i t  has been j u d g e d  unnecessary t o  model 
b a s e m a t / s o i l  i n t e r a c t i o n .  I ndeed  t h e  recommended s o i l  compl iance C4.7.3) o f  
390 k s f / f t  (61 .3  MPa/m) i s  l o w  enough f o r  i t  t o  be u n l i k e l y  f o r  i t  t o  impose 
any s i g n i f i c a n t  v e r t i c a l  o r  shear  l o a d i n g  on t h e  s t i f f  basemat. 

The p r e s s u r e / d i s p l a c e m e n t  response c u r v e  f o r  t h e  conta inment  a t  m i d - c y l i n d e r  
h e i g h t  i s  shown i n  F i g u r e  4.7.5.  I t  has t h e  same f o r m  as t h e  r ing-beam 
model ,  w i t h  t h e  c o n c r e t e  c r a c k i n g ,  l i n e r  and hoop r e b a r  y i e l d i n g  a t  r o u g h l y  
t h e  same d i s p l a c e m e n t s .  F o r  a g i v e n  d i s p l a c e m e n t ,  t h e  conta inment  a t  t h i s  
h e i g h t  s u p p o r t s  a l o w e r  p r e s s u r e ,  f o r  u n l i k e  t h e  ring-beam model,  t h e  
c y l i n d e r  w a l l  i s  s u b j e c t  t o  bend ing .  I n i t i a l l y  b o t h  models  have t h e  same 
comp l iance .  The c o n c r e t e  c r a c k s  a t  22 p s i  (0 .15  MPa) i n  t h e  c y l i n d e r  w a l l  
and t h e  response i s  l i n e a r  t o  109 p s i  ( 0 . 7 5  MPa) when t h e  l i n e r  y i e l d s .  
F u r t h e r  l o a d i n g  y i e l d s  t h e  hoop r e b a r  a t  138 p s i  ( 0 . 9 5  MPa). 

Up t o  t h i s  l o a d  t h e  r e s i d u a l  f o r c e s  ( t h e  ou t -o f -ba lance f o r c e s  produced by 
t h e  d i f f e r e n c e  i n  a p p l i e d  l o a d i n g  and i n t e r n a l  s t r e s s e s )  a r e  k e p t  t o  t h e  
o r d e r  o f  1 / 1 0 0 t h  o f  t h e  a p p l i e d  l o a d .  The moment t o l e r a n c e  i s  s i m p l y  t h e  
maximum r e s i d u a l  f o r c e  s p e c i f i e d  m u l t i p l i e d  by a t y p i c a l  e lement  s i z e :  11.8 
i n c h e s  ( 0 . 3  m) i n  t h i s  case.  F o r  h i g h e r  l o a d s ,  t h i s  c r i t e r i o n  i s  r e l a x e d  so  
t h a t  t h e  r e s i d u a l  f o r c e s  and moments can i n c r e a s e  by a f a c t o r  o f  10. F o r  
l o a d s  g r e a t e r  t h a n  144 p s i  ( 0 . 9 9  MPa), (>0.5 i n .  ( 1 2  mrn) r a d i a l  
d i s p l a c e m e n t ) ,  convergence i s  neve r  a g a i n  ach ieved .  

F i g u r e  4 .7 .6  shows t h e  s t a t e  o f  t h e  conta inment  a t  t h e  maximum l o a d  a c h i e v e d  
o f  164 p s i  (1 .13  MPa). Excess ive  d i s p l a c e m e n t s  a r e  o c c u r r i n g  a t  t h e  
p e r i p h e r y  o f  t h e  basemat. The maximum e f f e c t i v e  s t r a i n  i n  t h e  c y l i n d e r  w a l l  
i s  a p p r o x i m a t e l y  t h r e e  p e r c e n t  ( 4  i n c h e s  (100  mm) r a d i a l  d i s p l a c e m e n t ) .  
T h i s  a n a l y s i s  though  cannot  model a c c u r a t e l y  t h e  s t r a i n s  a t  t h e  c y l i n d e r  
w a l l / b a s e m a t  j u n c t i o n .  The l a r g e s t  r e s i d u a l  f o r c e s  o c c u r  i n  t h e  basemat and 
t h e  l o w e r  s e c t i o n  o f  t h e  c y l i n d e r  w a l l .  

A t  maximum l o a d ,  due t o  bend ing ,  a l l  t h e  t e n s i l e  r e b a r  a t  t h e  p o l e  o f  t h e  
basemat reach  t h e i r  U T S .  The l i n e r  a t  t h e  p o l e  p o s i t i o n  a l s o  a t t a i n s  i t s  
UTS, b u t  i n  compress ion.  The c e n t r e  o f  t h e  basemat e s s e n t i a l l y  bec 
h i n g e  a t  t h i s  p o i n t  as t h e  basemat l o s e s  i t s  bend ing  s t i f f n e s s .  A t  
l o a d  t h e  ABAQUS computa t ion  s t o p s .  

The g l o b a l  response o f  t h e  s h e l l  model i s  o u t l i n e d  i n  T a b l e  4.7.2.  
s h o u l d  be n o t e d  t h a t  t h e  numbers o b t a i n e d  f r o m  F i g u r e  4 .7 .5  and Tab 
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may n o t  cor respond,  as t h e  f o r m e r  r e p r e s e n t s  a l o c a l  response and t h e  l a t t e r  
a g l o b a l  response.  

4.7.6.3 R e s u l t s  f o r  t h e  She l l /2 -D Model 

When l o a d i n g  t h i s  model ,  even a t  v e r y  l ow  l o a d s  ( 7  p s i ,  ~ 0 . 0 5  MPa), two 
problems became apparen t :  (1) t h e  j u n c t i o n  o f  t h e  s h e l l  and 2-D e l e m e n t s  i n  
t h e  c y l i n d e r  w a l l  and ( 2 )  t h e  boundary c o n d i t i o n s  p e r t a i n i n g  t o  t h e  basemat. 

The f o r m e r  c o n d i t i o n  a l l o w e d  e x c e s s i v e  r e l a t i v e  r o t a t i o n  and a ' k i n k '  
deve loped a l o n g  t h e  i n t e r f a c e  l i n e  between t h e  s h e l l  and 2-D e lemen ts .  T h i s  
i s  n o t  s u r p r i s i n g  as t h e  s h e l l  has a r o t a t i o n a l  DOF w h i c h  i s  u n r e s t r a i n e d  a t  
t h e  i n t e r f a c e  and so t h e  s h e l l  can r o t a t e  as a h i n g e  ( a l b e i t  i n  
a x i s y m m e t r i c a l  mode). The prob lem was r e c t i f i e d  by a p p l y i n g  a r i g i d  
c o n s t r a i n t  f r o m  seven i n c h e s  (178  mm) above t h e  i n t e r f a c e  i n  t h e  s h e l l  
e lement  t o  t h r e e  i n c h e s  ( 7 6  mm) be low t h e  i n t e r f a c e  i n  t h e  c e n t r e  o f  t h e  
w a l l  t h i c k n e s s .  T h i s  10 i n c h  (0.25 m) h i g h  r e s t r a i n  i s  e q u i v a l e n t  t o  
a p p l y i n g  a r i g i d  r i n g  t h r o u g h  t h e  c e n t r e  o f  t h e  w a l l .  

I n i t i a l l y ,  t h e  c o n s t r a i n t  on t h e  l o w e r  f a c e  o f  t h e  basemat was m o d e l l e d  as 
i n  t h e  s h e l l  model ,  w i t h  t h e  basemat r e s t r a i n e d  r a d i a l l y  and m e r i d i o n a l l y  
a l o n g  t h e  a x i s  o f  symmetry. T h i s  produced e x c e s s i v e  c o n c r e t e  c r a c k i n g  and 
c o r r e s p o n d i n g  p o o r  convergence.  The l o w e r  f a c e  o f  t h e  basemat was t h e n  
m o d e l l e d  u s i n g  t h e  * R I G I D  SURFACE o p t i o n  i n  ABAQUS b u t  t h e  c o s t  i n c u r r e d  was 
t w i c e  t h a t  o f  m o d e l l i n g  t h e  s t r u c t u r e  w i t h  t h e  boundary o f  t h e  e n t i r e  l o w e r  
f a c e  o f  t h e  basemat f i x e d  v e r t i c a l l y .  

The few r e s u l t s  p r e s e n t e d  i n  T a b l e  4.7.2 f o r  t h i s  model have been o b t a i n e d  
by mak ing  t h e  f i r s t  t h r e e  e lements  o f  t h e  b o t t o m  s e t  o f  e lements  o f  t h e  
basemat r i g i d  ( s e e  F i g u r e  4 .7 .4 ) .  The i n n e r m o s t  two o f  t h e  t h r e e  a r e  
c o n s t r a i n e d  v e r t i c a l l y .  T h i s  f i x e s  t h e  basemat a g a i n s t  v e r t i c a l  m o t i o n  
w i t h i n  a r a d i u s  o f  1.59 i n c h e s  ( 4 0  mm) o f  t h e  c e n t r e  l i n e  o f  t h e  mode l .  

F i g u r e  4.7.5 shows t h e  p r e s s u r e / r a d i a l  d i s p l a c e m e n t  response t o  l . l x  d e s i g n  
p r e s s u r e  ( 5 1  p s i ,  0.35 MPa). The a n a l y s i s  was t e r m i n a t e d  a t  t h i s  l o a d  a f t e r  
45 i n c r e m e n t s  owing t o  c o s t :  13 m i n u t e s  o f  C R A Y  CPU t i m e  had been consumed. 
A f t e r  t h e  i n i t i a l  m e r i d i o n a l  c r a c k i n g  i n  t h e  c y l i n d e r  w a l l  t h e  n u m e r i c a l  
response became v e r y  s l u g g i s h  w i t h  s m a l l e r  l o a d  i n c r e m e n t s  and more 
i t e r a t i o n s .  

The compar ison i n  F i g u r e  4 .7 .5  w i t h  t h i s  model and t h e  s h e l l  model i s  v e r y  
c l o s e .  T h i s  i s  n o t  s u r p r i s i n g  as t h e  d i s p l a c e m e n t s  a r e  t a k e n  a t  t h e  same 
d i s t a n c e  above t h e  c e n t r e  o f  t h e  basemat 11.5 f t ,  3 . 5  m ) .  T h i s  i s  above t h e  
c o n t i n u u m  e lements  and hence b o t h  model responses i s  produced by s h e l l  
e lements  a t  t h i s  h e i g h t .  I t  i s  t o  be expec ted  t h e  r e s u l t s  p e r t a i n i n g  t o  t h e  
dome i n  T a b l e  4.7.2 f o r  t h e  s h e l l  model would be a p p l i c a b l e  t o  t h i s  model .  

A t  t h e  maximum l o a d i n g  o f  t h i s  model ,  t h e  u p l i f t  on t h e  p e r i p h e r y  o f  t h e  
basemat i s  a p p r o x i m a t e l y  t h r e e - q u a r t e r s  t h a t  o f  t h e  w h o l l y  s h e l l  mode l .  
T h i s  a n a l y s i s  has n o t  d e t e c t e d  t h e  phenomenon o f  t h e  dome d i s p l a c i n g  
downwards a f t e r  25 p s i  ( 0 . 1 7  MPa) as had C4.7.4). The l a t t e r  r e s u l t  was 
a c h i e v e d  u s i n g  a w h o l l y  2-D cont inuum a n a l y s i s .  
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4.7.7 D i s c u s s i o n  and C o n c l u s i o n  

The response o f  t h e  ring-beam and conta inment  t o g e t h e r  w i t h  t h e  a n a l y t i c a l  
C4.7.51 r e s u l t s  a r e  compared i n  T a b l e  4.7.2. The p l o t s  r e q u i r e d  by SNL 
C4.7.31 a r e  g i v e n  i n  Appendix A .  

The r e s u l t s  o b t a i n e d  by C4.7.53 f o r  t h e  v a r i o u s  s t a g e s  o f  damage show good 
agreement w i t h  t h e  numer i ca l  model p r e d i c t i o n s ,  p a r t i c u l a r l y  a t  t h e  l o w e r  
p r e s s u r e s .  The d i f f e r e n c e s  a r e  p a r t l y  due t o  b i a x i a l  e f f e c t s  w h i c h  a r e  n o t  
accounted f o r  i n  t h e  a n a l y t i c a l  and, t o  some e x t e n t ,  t h e  r ing-beam model .  

The s i m p l e  a x i s y m m e t r i c  s h e l l  model i s  more n u m e r i c a l l y  s t a b l e  t h a n  t h e  
cont inuum element  model when heavy c r a c k i n g  has o c c u r r e d .  Most o f  t h e  
numer i ca l  problems p e r t a i n  t o  t h e  c r a c k i n g  o f  t h e  c o n c r e t e ,  and i f  t h e  
s t i f f n e s s  i s  reduced s u f f i c i e n t l y  t o  r e p r e s e n t  t h e  c r a c k i n g ,  n u m e r i c a l  
problems may ensue. 

A l t h o u g h  t h i s  a n a l y s i s  has been t a k e n  t o  a p r e s s u r e  o f  3 . 6 ~  d e s i g n  p r e s s u r e  
(164 p s i ,  1.13 MPa) i t  i s  d i f f i c u l t  t o  p r e d i c t  when f a i l u r e  o f  t h e  vesse l  
w i l l  o c c u r  i . e .  when t h e  l i n e r  i s  r u p t u r e d  and t h e  gas l eakage  r a t e  i s  i n  
excess o f  t h e  r a t e  o f  gas i n p u t  and hence i n t e r n a l  p r e s s u r e  o f  t h e  
conta inment  cannot  be s u s t a i n e d .  T h i s  f a i l u r e  may m a n i f e s t  i t s e l f  as a 
g r o s s  and r a p i d  s t r u c t u r a l  f a i l u r e  o r  a l o c a l  r u p t u r e .  

A t  t h e  maximum l o a d  a t t a i n e d ,  t h e  maximum e f f e c t i v e  s t r a i n  s p  i n  t e n s i o n  i s  
o n l y  about  t h r e e  p e r c e n t .  U s i n g  t h e  s i m p l e  p remise ,  and w i t h o u t  r e c o u r s e  t o  
any d u c t i l e  mechanics t h e o r i e s ,  t h a t  t h e  l i n e r  w i l l  t e a r  on r e a c h i n g  i t s  
u l t i m a t e  t e n s i l e  s t r e n g t h  i n  u n i a x i a l  e l o n g a t i o n  a t  16 p e r c e n t  C4.7.53, 
l eakage  w i l l  t h e r e f o r e  n o t  o c c u r .  A s  t h i s  f i n i t e  e lement  s t u d y  has 
p r e c l u d e d  p e n e t r a t i o n s  t h a t  g i v e  r i s e  t o  s t r e s s  c o n c e n t r a t i o n s ,  i t  i s  n o t  
p o s s i b l e  t o  p r e d i c t  when r u p t u r e  o f  t h e  l i n e r  w i l l  o c c u r .  

The l i n e r  a t  t h e  p o l e  o f  t h e  basemat i n  t h e  s h e l l  model does a t t a i n  i t s  UTS 
i n  compress ion a t  maximum l o a d i n g  w h i c h  wou ld  i n d i c a t e  b u c k l i n g  o f  t h e  
1 i n e r .  

The o v e r a l l  c o n c l u s i o n  about  t h e  o v e r p r e s s u r e  b e h a v i o r  o f  t h e  model 
Containment i s  t h a t  i t  s h o u l d  s u r v i v e  w i t h o u t  g r o s s  d i s t o r t i o n  o f  t h e  
p r e s s u r e  boundary t o  138 p s i  ( 0 . 9 5  MPa) when t h e  hoop r e b a r  i n  t h e  c y l i n d e r  
w a l l  y i e l d s .  

The mode o f  f a i l u r e  p r e d i c t e d  i s  t e n s i l e  f a i l u r e  o f  t h e  r e b a r  due t o  bend ing  
a t  t h e  p o l e  o f  t h e  basemat w h i c h  o c c u r s  a t  164 p s i  (1 .13 MPa). T h i s  r e s u l t s  
i n  e x c e s s i v e  u p l i f t  o f  t h e  basemat p e r i p h e r y .  However, t h e  ABAQUS m o d e l l i n g  
o f  t h e  r e b a r  i n  t h i s  r e g i o n  may n o t  be r e p r e s e n t a t i v e  i n  t h e  a x i s y m m e t r i c  
s h e l l  model and hence t h i s  mode o f  f a i l u r e  may n o t  be r e a l i s t i c .  A l i k e l y  
mode o f  f a i l u r e  wou ld  t h e n  be hoop d e f o r m a t i o n  o f  t h e  c y l i n d e r  w a l l  a t  a 
p r e s s u r e  above 138 p s i  ( 0 . 9 5  MPa). 

I t  would seem t h a t  t h e  l i n e r  w i l l  f a i l  f r o m  a s t r e s s  c o n c e n t r a t i o n ,  g i v e n  
t h e  amount o f  d e f o r m a t i o n  t h e  l i n e r  must be S u b j e c t  t o  i n  a t t a i n i n g  an 
e f f e c t i v e  s t r a i n  o f  16 p e r c e n t .  T h i s  c o u l d  be a known c o n c e n t r a t l o n  as t h e  
b a s e m a t / c y l i n d e r  w a l l  j u n c t i o n  o r  an unknown c o n c e n t r a t i o n  such as a we ld  
d e f e c t .  
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F i n a l l y  we wou ld  l i k e  t o  p o i n t  o u t  t h a t  t h e  f i n i t e  e lement  s tudy  r e p o r t e d  
h e r e  proceeded i n  p a r a l l e l  w i t h ,  and t o  some e x t e n t  g u i d e d  by hand 
c a l c u l a t i o n s  C4.7.51. We a r e  o f  t h e  o p i n i o n  t h a t  t h e s e  two approaches a r e  
complementary w i t h  t h e  c o s t  advantages o f  hand c a l c u l a t i o n s  ba lanced a g a i n s t  
t h e  g r e a t e r  v e r s a t i l i t y  t o  model d e t a i l e d  b e h a v i o r  w i t h  t h e  f i n i t e  e lement  
method. 

4.7.8 Ackowledgments 

The a u t h o r s  a r e  g r a t e f u l  t o  SNL f o r  t h e  
a n a l y s i s  by s u p p l y i n g  t h e  c o n s t r u c t i o n  d e t a i  
Thanks a l s o  t o  P. B a i n b r i d g e  and I .  R .  B r e a r  
t e x t  and innumerab le  d r a w i n g s .  
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ey f o r  h e l p  

t o  u n d e r t a k e  t h i s  
a1 p r o p e r t i e s .  
i n  p r e p a r i n g  t h e  
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R A D I A L  DISPLACEMENT ( m m l  

Figure 4 .7 .5  Overall Pressure Displacement Response 
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4.8 G e s e l l s c h a f t  f u e r  R e a k t o r s i c h e r h e i t  

The a u t h o r s  o f  t h i s  s e c t i o n  a r e  P. Bachmann, P. E i s e r t ,  P. G runer ,  W .  
Kun tze ,  and H. S c h u l z  o f  G e s e l l s c h a f t  f u e r  R e a k t o r s i c h e r h e i t  (GRS), and J .  
E i b l  and F.-H. S c h l u e t e r  o f  t h e  I n s t i t u t  f u e r  Massivbau and 
B a u s t o f f t e c h n o l o g i e  a t  t h e  U n i v e r s t i t a t  K a r l s r u h e .  

4 . 8 . 1  Surrunary 

A p r e - t e s t  a n a l y s i s  o f  a p r e s s u r i z e d  1:6-scale l i n e d  and r e i n f o r c e d  c o n c r e t e  
c o n t a i n m e n t  model i s  p r e s e n t e d .  The h i g h  p r e s s u r e  e x p e r i m e n t  w i l l  be 
conducted  by S a n d i a  N a t i o n a l  L a b o r a t o r i e s  (SNL). 

Based upon m a t e r i a l  p r o p e r t i e s  o f  c o n c r e t e ,  l i n e r  s t e e l  and r e i n f o r c e m e n t  
s t e e l  as o b t a i n e d  by SNL f r o m  i n - s i t u  e x p e r i m e n t s ,  t h e  n u m e r i c a l  a n a l y s i s  
was p e r f o r m e d  w i t h  an a x i s y m m e t r i c  f i n i t e  e lement  model .  The n o n - l i n e a r  
a n a l y s i s  i n c o r p o r a t e s  t h e  i n t e r a c t i o n  between c o n c r e t e  and r e i n f o r c e m e n t  
w h i c h  was d e t e r m i n e d  by supp lementary  t e s t s  a t  t h e  U n i v e r s i t y  o f  K a r l s r u h e .  
F o l l o w i n g  t h e  e v a l u a t i o n  o f  damage f o r m a t i o n  i n  c o n c r e t e  and s t e e l  d u r i n g  
p r e s s u r i z a t i o n ,  t h e  i n v e s t i g a t i o n s  i d e n t i f y  p o t e n t i a l  mechanisms o f  
s t r u c t u r a l  f a i l u r e .  F o r  a q u i c k - l o o k  r e f e r e n c e ,  model c h a r a c t e r i s t i c s ,  
c a l c u l a t i o n  p r o c e d u r e s ,  and r e s u l t s  a r e  compacted i n  t h e  " T a b l e  Summary." 

The n u m e r i c a l  a n a l y s i s  and t h e  supp lementary  t e s t s  were sponsored by t h e  
B u n d e s m i n i s t e r  f u e r  Forschung und T e c h n o l o g i e  (BMFT) t o  whom we express  o u r  
t h a n k s .  

A n a l y t i c a l  
Methods 

C o n s t i t u t i v e  
Model s 

Mode 1 
Geome t r y  

F a i  1 u r e  
C r i t e r i o n  

P o t e n t i  a1 
F a i  1 u r e  
Modes and 
F a i  1 u r e  
P r e s s u r e s  

T a b l e  Summary 

I n c r e m e n t a l  n o n - l i n e a r  f i n i t e  e lement  a n a l y s i s ,  
Updated L a g r a n g i a n  f o r m u l a t i o n  ( l i n e r ,  r e i n f o r c e m e n t ) ,  
t o t a l  L a g r a n g i a n  f o r m u l a t i o n  ( c o n c r e t e ) .  
S t a t i c  s tep-by-step i n t e g r a t i o n  w i t h o u t  e q u i l i b r i u m  i t e r a t i o n  
( s t e p s  o f  0 .001  MPa above 0 . 2  MPa, dead l o a d  c o n s i d e r e d ) .  

N o n l i n e a r  e l a s t i c  ( r e i n f o r c e m e n t ) ,  
M u l t i l i n e a r  e l a s t i c - p l a s t i c ,  i s o t r o p i c  h a r d e n i n g  ( l i n e r )  
B i l i n e a r  e l a s t i c - p l a s t i c ,  i s o t r o p i c  h a r d e n i n g  ( k n u c k l e ,  
s u p p o r t  f rame,  dome p l a t e s )  
ADINA-concrete model 

A x i s y m e t r i c ,  2-D i s o p a r a m e t r i c  f i n i t e  e lemen ts  ( l i n e r ,  dome 
p l a t e s ,  c o n c r e t e ) :  r i n g  t r u s s e s  (hoop r e i n f o r c e m e n t ) ;  and 
two-node t r u s s e s  ( o t h e r  r e i n f o r c e m e n t ,  s u p p o r t  f rame) 

L i n e r :  S t r a i n  c r i t e r i o n  c o n s i d e r i n g  m u l t i a x i a l  s t r e s s  
c o n d i t i o n s  and r e d u c t i o n  f a c t o r s  f o r  w e l d s  and u n d e t e c t e d  
f a u l t s ;  R e i n f o r c e m e n t :  s t r a i n  c r i t e r i o n  c o n s i d e r i n g  p a r t i a l  
weakening o f  l o a d  c a r r y i n g  c a p a c i t y  o f  r e b a r s .  

Leakage o f  l i n e r  i n  c y l i n d e r  m i d - s e c t i o n  a t  1.2-1.3 MPa 

Hoop r e i n f o r c e m e n t  i n  c y l i n d e r  m i d - s e c t i o n  a t  1.2-1.3 MPa 

C y l i n d e r  basemat i n t e r s e c t i o n  a t  1.15-1.2 MPa (167-174 p s i )  

(174-189 p s i )  

(174-189 p s i  ) 
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4.8.2 I n t r o d u c t i o n  

The h i g h  p r e s s u r e  t e s t  t o  be per fo rmed on b e h a l f  o f  USNRC a t  Sandia N a t i o n a l  
L a b o r a t o r i e s  w i t h  a l : 6 - s c a l e  l i n e d  and r e i n f o r c e d  c o n c r e t e  conta inment  
o f f e r s  a u n i q u e  o p p o r t u n i t y  t o  v a l i d a t e  or d i s c a r d  m a t e r i a l  models ,  
s t r u c t u r a l  models  and n u m e r i c a l  methods. 

The c a l c u l a t i o n s  w i l l  be per fo rmed by s e v e r a l  a n a l y s t s  employ ing  a w ide  
scope o f  c o m p u t a t i o n a l  p rocedures .  Thus, t h e  a n a l y s i s  r e s u l t s  o b t a i n e d  by 
d i s t i n c t  methods may be compared. 

The a n a l y s e s  w i l l  be per fo rmed by two m a j o r  s t e p s .  I n  t h e  f i r s t  phase, t h e  
response o f  t h e  s t r u c t u r e  due t o  h i g h  p r e s s u r e  l o a d i n g  w i l l  be c a l c u l a t e d  
p r i o r  t o  t h e  e x p e r i m e n t s .  These p r e - t e s t  r e s u l t s  w i l l  t h e n  be compared t o  
t h e  e x p e r i m e n t a l  d a t a .  Depending on t h e  outcome o f  t h i s  comparison, t h e  
i d e a l i z a t i o n  and t h e  m a t e r i a l  p r o p e r t i e s  used m i g h t  be s u b j e c t  t o  
m o d i f i c a t i o n .  I n  t h e  second phase, t h e s e  m o d i f i c a t i o n s  w i l l  be i n c o r p o r a t e d  
i n  f u r t h e r  c a l c u l a t i o n s  t o  improve t h e  r e s u l t s  o f  t h e  p r e - t e s t  compu ta t i ons .  

I n  S e c t i o n  4.8.3,  t h e  f i n i t e  e lement  model o f  t h e  1:6-scale conta inment  i s  
d e s c r i b e d .  Boundary c o n d i t i o n s  a r e  d i s c u s s e d  i n  S e c t i o n  4.8.4.  M a t e r i a l  
p r o p e r t i e s  o f  c o n c r e t e ,  s t e e l  r e i n f o r c e m e n t  and t h e  l i n e r  a r e  p r e s e n t e d  i n  
S e c t i o n  4 .8 .5 .  T h i s  c h a p t e r  a l s o  c o n t a i n s  a summary o f  e x p e r i m e n t a l  
i n v e s t i g a t i o n s  o f  t h e  bond t r a n s f e r  mechanism between r e i n f o r c e m e n t  and 
c o n c r e t e  w h i c h  were c a r r i e d  o u t  a t  t h e  I n s t i t u t  f u e r  Massivbau and 
B a u s t o f f t e c h n o l o g i e  o f  t h e  U n i v e r s i t y  o f  K a r l s r u h e .  F o l l o w i n g  a d i s c u s s i o n  
o f  t h e  employed n u m e r i c a l  p rocedures  i n  S e c t i o n  4 .8 .6 ,  t h e  r e s u l t s  o f  t h e  
p r e - t e s t  c o m p u t a t i o n s  a r e  p r e s e n t e d  i n  S e c t i o n  4.8.7. 

4.8.3 F i n i t e  Element Model o f  t h e  S t r u c t u r e  

4.8.3.1 Genera l  f e a t u r e s  

W i t h i n  t h e  scope o f  t h e  p r e - t e s t  c a l c u l a t i o n s ,  t h e  g e n e r a l  b e h a v i o r  o f  t h e  
s t r u c t u r e  w i l l  be ana lyzed w i t h  an a x i s y m m e t r i c  model .  I n  t h e  i d e a l i z a t i o n ,  
l o c a l  g e o m e t r i c  v a r i a t i o n s  w i l l  be n e g l e c t e d .  T h i s  s i m p l i f i c a t i o n  i s  
j u s t i f i e d  i f  l o c a l i z e d  i r r e g u l a r i t i e s  i n  t h e  geometry o f  t h e  s t r u c t u r e  do 
n o t  s i g n i f i c a n t l y  i n f l u e n c e  t h e  dominant  f a i l u r e  modes. T h i s  assumpt ion 
seems t o  be r e a s o n a b l e  on accoun t  o f  t h e  s t r o n g l y  r e i n f o r c e d  a reas  around 
ha tches  and a i r l o c k s .  F i n a l  j u s t i f i c a t i o n s  o f  t h e s e  arguments a r e  t o  be 
expec ted  f r o m  t h e  t e s t  r e s u l t s .  I f  t h e  t e s t  r e s u l t s  s h o u l d  d i s p r o v e  t h e  
s i m p l i f y i n g  assumpt ions,  f u r t h e r  improvements o f  t h e  i d e a l i z a t i o n  w i l l  have 
t o  be i n c o r p o r a t e d  i n  t h e  p o s t - t e s t  a n a l y s i s .  

I n  a d d i t i o n ,  i t  must be ment ioned t h a t  t h e  a x i s y m m e t r i c  i d e a l i z a t i o n  does 
n o t  d i s t i n g u i s h  between l o c a l  s t i f f n e s s  v a r i a t i o n s  due t o  t h e  d i s c r e t e  
ar rangement  o f  t h e  m e r i d i o n a l  b a r s .  S i n c e ,  however, t h e  spac ings  between 
t h e s e  b a r s  a r e  r a t h e r  s m a l l ,  t h e  e r r o r  made by smearing t h e  m e r i d i o n a l  
r e i n f o r c e m e n t  i n  t h e  c i r c u m f e r e n t i a l  d i r e c t i o n  i s  n o t  expec ted  t o  be 
s i  g n i  f i c a n t  . 

The f i n i t e  e lement  mesh used i n  t h e  p r e - t e s t  c a l c u l a t i o n s  i s  shown i n  F i g u r e  
4.8.1.  The c o n c r e t e  s h e l l  and basemat i s  modeled by 2-D i s o p a r a m e t r i c  

e lemen ts .  The c r o s s - s e c t i o n a l  a reas  o f  t h e s e  e lements range f r o m  4 i n  2 
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2 .  (25 .8  cm ) i n  t h e  dome, t h e  c y l i n d e r  and t h e  o u t e r  basemat p a r t s  t o  some 

23 i n  (148.4 cm ) i n  t h e  basemat a t  t h e  i n n e r  p o s i t i o n s .  2-0 i s o p a r a m e t r i c  
e lements  a r e  a l s o  used f o r  t h e  l i n e r .  The e lement  l e n g t h s  range f r o m  some 
2-1/4 i n c h e s  (57.2 rrm) t o  some s i x  i n c h e s  (152.4  mn). 

2 2 .  

M e r i d i o n a l  r e i n f o r c e m e n t ,  shear  t i e s  and t h e  45"  b a r s  i n  t h e  basemat a r e  
modeled by two-node t r u s s e s .  F o r  t h e  hoop r e i n f o r c e m e n t ,  r i n g  t r u s s e s  a r e  
used. The b e n d i n g  r e i n f o r c e m e n t  n e a r  t h e  t o p  and t h e  b o t t o m  o f  t h e  basemat 
i s  r e p l a c e d  by e q u i v a l e n t  r i n g  and two-node t r u s s e s .  The procedure  t o  
o b t a i n  t h e  e q u i v a l e n t  t r u s s e s  i s  d e s c r i b e d  l a t e r .  Two-node t r u s s e s  a r e  a l s o  
used f o r  t h e  s u p p o r t  f rame i n  t h e  basemat, whereas t h e  s t e e l  p l a t e s  a t  t h e  
dome t o p  i s  modeled by 2-D i s o p a r a m e t r i c  e l e m e n t s .  

The model c o n t a i n s  3187 Elements connected  a t  2335 noda l  p o i n t s .  The number 
o f  degrees  o f  f reedom i s  4567. 

4 .8.3.2 F e a t u r e s  r e l a t e d  t o  m a i n  s t r u c t u r a l  p a r t s  

4 . 8 . 3 . 2 . 1  Conta inment  s h e l l  

A s i d e  f r o m  t h e  c o n c r e t e  e lement  where t h e  s e i s m i c  r e i n f o r c e m e n t  ends i n  t h e  
dome, a l l  c o n c r e t e  e l e m e n t s  a r e  four-node e lements  w i t h  f o u r  i n t e g r a t i o n  
p o i n t s .  The c y l i n d r i c a l  s e c t i o n  and p a r t s  o f  t h e  dome between t h e  s p r i n g  
l i n e  and t h e  p o s i t i o n  where t h e  s e i s m i c  r e i n f o r c e m e n t  ends a r e  modeled by 
s i x  e lements  a c r o s s  t h e  w a l l  t h i c k n e s s .  The r e s t  o f  t h e  dome s e c t i o n s  
c o n t a i n  f i v e  c o n c r e t e  e lements  a c r o s s  t h e  w a l l .  

P r e - c a l c u l a t i o n s  showed t h a t  t h e  d i s c r e t i z a t i o n  i s  s u f f i c i e n t l y  f i n e  t o  
p roduce r a t h e r  smooth s t r e s s  d i s t r i b u t i o n s  a c r o s s  t h e  conta inment  s h e l l .  I n  
case t h a t  t h e  t e s t  r e s u l t s  r e q u i r e  an even f i n e r  r e s o l u t i o n  a t  t h e  
t r a n s i t i o n  a r e a s  between c y l i n d e r  and basemat and between c y l i n d e r  and dome, 
r e s p e c t i v e l y ,  t h e  m o d e l i n g  o f  t h e s e  s e c t i o n s  w i l l  be improved by u s i n g  
e lements  w i t h  a h i g h e r  number o f  noda l  p o i n t s  i n  t h e  p o s t - t e s t  c a l c u l a t i o n s .  

To g u a r a n t e e  p r o p e r  b e n d i n g  b e h a v i o r  o f  t h e  s h e l l ,  t h e  m e r i d i o n a l  
r e i n f o r c e m e n t  and t h e  s e i s m i c  r e i n f o r c e m e n t  as w e l l  i s  p o s i t i o n e d  as i n  t h e  
s t r u c t u r e .  The l o c a t i o n s  o f  r i n g  t r u s s e s  i n  t h e  model ,  however, s l i g h t l y  
d e v i a t e  f r o m  t h e  p o s i t i o n s  o f  t h e  hoop r e i n f o r c e m e n t  i n  t h e  s t r u c t u r e .  Yet ,  
t h e  c o n t e n t s  o f  s t e e l  i s  p r e s e r v e d .  

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

A s  a l r e a d y  m e n t i o n e d ,  t h e  s e i s m i c  r e i n f o r c e m e n t  has t o  be t r a n s f o r m e d  i n t o  
an a x i s y m m e t r i c  r e p r e s e n t a t i o n .  The o r t h o g o n a l  i n c l i n e d  mesh o f  t h e  s e i s m i c  
r e i n f o r c e m e n t  o f  s p a c i n g  D i s  f i r s t  r e p l a c e d  by  an o r t h o g o n a l  u p r i g h t  mesh 
w i t h  spac ing  D t i m e s  r/2. Assuming t h a t  t h e  s t e e l  c o n t e n t s  remains unchanged 
t h e  c r o s s - s e c t i o n  a reas  o f  t h e  rep lacement  t r u s s e s  have t o  be i n c r e a s e d  by a 
f a c t o r  o f  4.2 as compared t o  t h e  c r o s s - s e c t i o n s  o f  t h e  #4 b a r s  o f  t h e  
i n c l i n e d  s e i s m i c  r e i n f o r c e m e n t .  T h i s  r e s u l t  i s  c o m p a t i b l e  w i t h  t h e  outcome 
o f  a s i m p l e  e q u i l i b r i u m  c o n s i d e r a t i o n  assuming equa l  s t r e t c h i n g  o f  b o t h  
meshes. 
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R e i n f o r c e m e n t  b a r s  w h i c h  do n o t  r u n  a l o n g  t h e  c i r c u m f e r e n t i a l  d i r e c t i o n  a r e  
t o  be smeared i n  t h e  a x i s y m m e t r i c  case. They a r e  modeled by two-node 
t r u s s e s .  The c r o s s - s e c t i o n  areas  o f  t h e s e  t r u s s e s  have t o  be r e f e r r e d  t o  
one r a d i a n t .  T h i s  h o l d s  f o r  t h e  m e r i d i o n a l  r e i n f o r c e m e n t ,  t h e  shear  t i e s  i n  
t h e  l o w e r  c y l i n d e r  and t h e  m e r i d i o n a l  rep lacement  b a r s  o f  t h e  s e i s m i c  
r e i n f o r c e m e n t .  

I n  t h e  upper  dome area,  t h e  m e r i d i o n a l  r e i n f o r c e m e n t  i s  connected t o  t h e  
four-node i s o p a r a m e t r i c  e lements  r e p r e s e n t i n g  t h e  s t e e l  p l a t e s  by 
degenera ted  four-node e lements  o f  t r i a n g u l a r  shape ( F i g u r e  4.8.2) .  

V a r i a t i o n s  o f  c o n t e n t s  o f  s t e e l  i n  l o w e r  c y l i n d e r  ( e n d i n g  b a r s  #6 a t  
EL 6 ' -6 "  (1.98 m) and t h e  e n d i n g  d i a g o n a l  b a r s  w h i c h  come up f r o m  t h e  
basemat and end a t  EL 3 ' - 9 "  (1 .14 m))  a r e  c o n s i d e r e d  by v a r i a t i o n s  o f  cross-  
s e c t i o n  areas  o f  t h e  l o w e r  m e r i d i o n a l  t r u s s  l a y e r s  ( 2  and 5 ) .  

4.8.3.2.2 Basemat 

The basemat i s  modeled by f o u r t e e n  l a y e r s  o f  c o n c r e t e .  F i g u r e  4.8.1 shows a 
f i n e  mesh i n  t h e  v i c i n i t y  o f  t h e  i n t e r f a c e  between basemat and c y l i n d e r .  
The mesh i s  becoming more c o a r s e  w i t h  d e c r e a s i n g  h e i g h t  and r a d i u s .  I n  
F i g u r e  4.8.3 an e n l a r g e d  v i e w  o f  t h e  cy l inder -basemat  t r a n s i t i o n  a r e a  i s  
shown. 

Hoop and v e r t i c a l  r e i n f o r c e m e n t  i s  modeled by r i n g  t r u s s e s  and two-node 
t r u s s e s ,  r e s p e c t i v e l y .  The s e i s m i c  r e i n f o r c e m e n t ,  w h i c h  i s ,  a c c o r d i n g  t o  
t h e  d r a w i n g s ,  n o t  connected  t o  o t h e r  r e i n f o r c e m e n t ,  ends a t  t h e  t o p  o f  t h e  
second c o n c r e t e  l a y e r  above ground.  

The d i a g o n a l  b a r s  r u n n i n g  under  f o r t y - f i v e  degrees  and c o n n e c t i n g  t h e  
basemat w i t h  t h e  l o w e r  c y l i n d e r  a r e  a g a i n  modeled by two-node t r u s s e s .  

S i n c e  t h e  s u p p o r t  f rame i n  t h e  basemat w i l l  c a r r y  some amount o f  t h e  shear  
l o a d s ,  t h i s  s t e e l  s t r u c t u r e  was modeled, t o o ,  by smear ing i t s  s t e e l  c o n t e n t s  
on r a d i a l  and v e r t i c a l  two-node t r u s s e s .  

To d e t e r m i n e  a r e i n f o r c e m e n t  p a t t e r n  w h i c h  f i t s  i n t o  t h e  a x i s y m m e t r i c  model 
and w h i c h  i s  e q u i v a l e n t  t o  t h e  r e c t a n g u l a r  mesh o f  t h e  upper  and l o w e r  
bend ing  r e i n f o r c e m e n t ,  t h e  s t e e l  i s  assumed t o  be c o n t i n u o u s l y  d i s t r i b u t e d  
w i t h  c o n s t a n t  d e n s i t y  i n  b o t h  o r t h o g o n a l  d i r e c t i o n s .  Assuming f u r t h e r  t h a t  
s t r e t c h i n g  i n  t h e  r e s p e c t i v e  mesh p l a n e s  has c e n t r a l  symmetry, t h e  d e n s i t i e s  
o f  e q u i v a l e n t  r a d i a l  and r i n g  t r u s s e s ,  r e s p e c t i v e l y ,  can be d e t e r m i n e d  by 
s i m p l e  e q u i l i b r i u m  c o n s i d e r a t i o n s .  From t h e  l a t t e r  d e n s i t i e s ,  t h e  cross-  
s e c t i o n  areas  o f  r a d i a l  and r i n g  t r u s s e s  were o b t a i n e d .  

The mud mat was n o t  modeled s i n c e  i t  does n o t  c o n t r i b u t e  t o  t h e  load- 
c a r r y i n g  c a p a c i t y  i n  any s i g n i f i c a n t  way. 

4 .8.3.2.3 S t e e l  l i n e r  

Two-D i s o p a r a m e t r i c  e lements  a r e  a l s o  employed t o  f o r m  t h e  l i n e r .  I n  
g e n e r a l ,  t h e s e  e lements  c o n t a i n  f o u r  noda l  p o i n t s  w i t h  t h e  e x c e p t i o n  o f  t h e  
l i n e r  k n u c k l e  where s ix-node e lements  a r e  used. F i g u r e  4.8.4 d e p i c t s  t h i s  
l a t t e r  s e c t i o n .  I f  bend ing  s t r e s s e s  i n  t h e  k n u c k l e  t u r n  o u t  t o  be o f  m a j o r  
impor tance t h i s  s e c t i o n  o f  t h e  l i n e r  w i l l  be r e p l a c e d  by h i g h e r  v a l u e d  shape 
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f u n c t i o n s  f o r  t h e  p o s t - t e s t  c a l c u l a t i o n s .  On t h e  b a s i s  o f  t h e  c o n s t r u c t i o n  
d r a w i n g s  i t  was c o n c l u d e d  t h a t  t h e  space between t h e  l i n e r  K n u c k l e  and t h e  
s u r r o u n d i n g  c o n c r e t e  s t r u c t u r e  was empty. L a t e s t  i n f o r m a t i o n ,  however, 
showed t h a t  t h i s  space i s  f i l l e d  w i t h  c o n c r e t e .  The r e m o d e l i n g  o f  t h i s  a r e a  
w i l l  be pos tponed u n t i l  t h e  t e s t  r e s u l t s  a r e  a v a i l a b l e .  

T h i s  r a d i u s  o f  t h e  k n u c k l e  amounts t o  2.25 i n c h e s  (57 .2  mn) i n  t h e  computer 
model whereas,  i n  t h e  s t r u c t u r e ,  t h i s  r a d i u s  i s  1.2 i n c h e s  (30.5 mn). T h i s  
v a r i a t i o n  was necessary  f o r  reasons  o f  t h e  mesh s i z e  i n  t h e  a d j a c e n t  
c o n c r e t e  s t r u c t u r e s .  As t h e  k n u c k l e  i s  s t i f f e r  t h a n  t h e  a t t a c h e d  l i n e r  
s h e l l ,  y i e l d i n g  s h o u l d  o c c u r  f i r s t  n e a r  t h i s  j u n c t i o n  i n  t h e  l i n e r  s h e l l .  
W i t h  r e s p e c t  t o  p o s s i b l e  f a i l u r e  o f  t h i s  j u n c t i o n  i t s  a c t u a l  p o s i t i o n  does 
n o t  seem t o  be o f  g r e a t  i m p o r t a n c e .  The w i d t h  o f  t h e  k n u c k l e  model i s  
r o u g h l y  0.15 i n c h  (3 .81  mm) and t a p e r s  o f f  a t  t h e  ends t o  1 / 1 6  i n c h  (1.59 
mm). 

The w i d t h  o f  t h e  dome s e c t i o n  o f  t h e  l i n e r  i s  1 /12  i n c h  ( 2 . 1 1  mm) and o f  t h e  
c y l i n d r i c a l  and base p a r t s  1 / 1 6  i n c h  (1 .59  m). 

Studs  were n o t  e x p l i c i t l y  modeled.  The l i n e r - c o n c r e t e  c o n n e c t i o n s  a r e  d e a l t  
w i t h  i n  t h e  n e x t  s e c t i o n .  

The f i l l  s l a b  above t h e  l i n e r  b o t t o m  was n o t  modeled e x p l i c i t l y .  To accoun t  
f o r  t h e  w e i g h t  o f  t h i s  s l a b  i t s  mass i s  c o n s i d e r e d  by an i n c r e a s e d  mass 
d e n s i t y  o f  t h e  e lements  f o r m i n g  t h e  l i n e r  bo t tom.  

4 . 8 . 4  Boundary C o n d i t i o n s  and Stee l -Concre te  Connect ions  

4 . 8 . 4 . 1  Re in fo rcement -Concre te  Connect ions  

I n  g e n e r a l ,  r i n g  and m e r i d i o n a l  t r u s s e s  a r e  f i x e d  t o  noda l  p o i n t s  o f  t h e  
c o n c r e t e  e lement  mesh i n  t h e  dome and i n  t h e  c y l i n d e r .  A s i d e  f r o m  
t r a n s i t i o n  r e g i o n s  where b e n d i n g  o c c u r s ,  t h e r e  i s  no  m a j o r  r e l a t i v e  m o t i o n  
between m e r i d i o n a l  and hoop b a r s  t o  be e x p e c t e d  a t  c r o s s i n g  p o i n t s  o f  t h e  
b a r s  under  t h e  symmetr ic  l o a d i n g  by i n t e r n a l  p r e s s u r e .  I n  a d d i t i o n ,  a f t e r  
c r a c k s  have formed t h e  c o n c r e t e  p i e c e s  s h o u l d  g e n e r a l l y  f o l l o w  t h e  m o t i o n  o f  
t h e  n e t  o f  r e i n f o r c e m e n t  b a r s .  

End ing  t r u s s e s  i n  t h e  l o w e r  s e c t i o n  o f  t h e  c y l i n d e r  a r e  a g a i n  assumed t o  be 
f i x e d  a t  c o n c r e t e  mesh p o i n t s .  The same assumpt ion  h o l d s  a l s o  f o r  t h e  
s e i s m i c  r e i n f o r c e m e n t  modeled by m e r i d i o n a l  t r u s s e s  w h i c h  end above t h e  
s p r i n g  l i n e  i n  t h e  dome. If c o n c r e t e  c r a c k s  i n  t h e s e  a r e a s  t h e  e n d i n g  b a r s  
g r a d u a l l y  l o s e  t h e i r  a b i l i t y  t o  c a r r y  p a r t  o f  t h e  l o a d  w h i c h  i s  a d e s i r e d  
r e s u l t .  However, f o r  t h e  r i n g  t r u s s e s  w h i c h  r e p l a c e  p a r t  o f  t h e  s e i s m i c  
r e i n f o r c e m e n t  i n  t h e  model ,  t h i s  e f f e c t  w i l l  n o t  o c c u r .  T h e r e f o r e ,  o t h e r  
measures s h o u l d  be t a k e n  i n t o  account  t o  model t h e  p o s t - c r a c k i n g  s t a t e s  o f  
t h i s  t y p e  o f  r e i n f o r c e m e n t .  A l s o ,  t h e  r e d u c t i o n  o f  l o a d - c a r r y i n g  amount o f  
t h o s e  m e r i d i o n a l  b a r s  o f  t h e  m a i n  r e i n f o r c e m e n t  w h i c h  end i n  t h e  dome s h o u l d  
be c o n s i d e r e d .  A t  p r e s e n t ,  a g r a d u a l  weakening o f  t h e  r e i n f o r c e m e n t  under  
c o n s i d e r a t i o n  ( e i t h e r  by r e d u c t i o n  o f  c r o s s - s e c t i o n  a reas  o r  by chang ing  
r e s p e c t i v e  s t r e s s - s t r a i n  d i a g r a m s )  c a n n o t  be c a r r i e d  o u t  w i t h  ADINA. On 
accoun t  o f  t h e s e  r e s t r i c t i o n s ,  t h e  i n t e r a c t i o n  between s t e e l  and c o n c r e t e  
canno t  be d e s c r i b e d  as a f u n c t i o n  o f  l o a d i n g  h i s t o r y .  P o s s i b l e  impac ts  o f  
t h e  d i s c u s s e d  r e d u c t i o n  of  l o a d - c a r r y i n g  c a p a b i l i t y  on f a i l u r e  modes have 
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t h e r e f o r e  t o  be e v a l u a t e d  a f t e r  t h e  c a l c u l a t i o n s  on grounds o f  t h e  computed 
1 oad-def ormat  i on h i  s t o r y .  

The f o r t y - f i v e  degree t r u s s e s  w h i c h  model t h e  d i a g o n a l  b a r s  i n  t h e  basemat 
a r e  anchored t o  t h e  m e r i d i o n a l  t r u s s e s  i n  t h e  l o w e r  c y l i n d r i c a l  p a r t  and t o  
t h e  l o w e r  bend ing  r e i n f o r c e m e n t  o f  t h e  mat.  They do n o t  d i r e c t l y  c o u p l e  
w i t h  o t h e r  s t e e l  r e i n f o r c e m e n t .  There i s ,  however,  a c o n n e c t i o n  w i t h  t h e  
c o n c r e t e  mesh p o i n t s .  V e r t i c a l  r e i n f o r c e m e n t  b a r s  w h i c h  r u n  f r o m  t h e  
c y l i n d e r  i n t o  t h e  basemat and t r a v e r s e  t h e  upper  bend ing  r e i n f o r c e m e n t  a r e  
connected t o  c o n c r e t e  mesh p o i n t s  and anchored a t  t h e  l o w e r  bend ing  
r e i n f o r c e m e n t .  The v e r t i c a l  t r u s s e s  w h i c h  a r e  used t o  s i m u l a t e  p a r t  o f  t h e  
s e i s m i c  r e i n f o r c e m e n t  end w i t h i n  t h e  basemat. They a r e  n o t  c o u p l e d  t o  any 
o t h e r  t y p e  o f  r e i n f o r c e m e n t .  

Hoop r e i n f o r c e m e n t  and v e r t i c a l  r e i n f o r c e m e n t  i n  t h e  basemat i s  modeled by 
r i n g  and two-node t r u s s e s ,  r e s p e c t i v e l y ,  w h i c h  a r e  b o t h  f i x e d  a t  c o n c r e t e  
mesh p o i n t s .  

The t r u s s  model o f  t h e  s u p p o r t  f rame i s  a t t a c h e d  t o  t h e  c o n c r e t e  mesh p o i n t s  
b u t  has no d i r e c t  c o n n e c t i o n s  w i t h  o t h e r  r e i n f o r c e m e n t .  

4 .8 .4 .2  L iner -Concre te  Connect ions  

I n  t h e  a x i s y m m e t r i c  model t h e  nodal  p o i n t s  o f  t h e  o u t e r  l i n e r  s u r f a c e  a r e  
f i x e d  t o  t h e  noda l  p o i n t s  o f  t h e  i n n e r  c o n c r e t e  s u r f a c e .  Studs a r e  n o t  
modeled e x p l i c i t l y .  

T h i s  s i m p l i f i c a t i o n  seems t o  be reasonab le  f o r  a reas  w h i c h  a r e  p r e d o m i n a n t l y  
l oaded  by membrane s t r e s s e s .  

I n  o t h e r  a reas  where s t r e t c h i n g  and bend ing  o c c u r s ,  t h e r e  m i g h t  be s l i g h t  
r e l a t i v e  m o t i o n  o f  s t u d  ends anchored w i t h i n  t h e  cc jncre te  l a y e r  and t h e  ends 
welded t o  t h e  l i n e r  s h e l l .  S ince ,  however,  c o n c r e t e  c r a c k s  a t  r a t h e r  l ow  
s t r a i n  l e v e l s  and s i n c e  m i c r o c r a c k s  d e v e l o p  p r e d o m i n a n t l y  a t  f a u l t s ,  i t  may 
be argued t h a t  t h e  bonds between c o n c r e t e  and s t u d s  g r a d u a l l y  become weaker 
as d e f o r m a t i o n  goes on. Hence, i t  seems t h a t  bend ing  s t r a i n s  t r a n s m i t t e d  
i n t o  t h e  l i n e r  by s t u d s  a r e  n o t  o f  g r e a t  impor tance  a t  h igJ s t r a i n  l e v e l s  
where c r a c k s  i n  c o n c r e t e  open up and t h e  l i n e r  b e g i n s  t o  y i e l d  due t o  
membrane s t r a i n s .  I f ,  however, bend ing  s t r a i n s  due t o  s t u d  a c t i o n  may be 
n e g l e c t e d ,  t h e n  t h e  i n t e r a c t i o n  between t h e  l i n e r  and t h e  c o n c r e t e  as 
modeled s h o u l d  a p p r o x i m a t e l y  be c o r r e c t .  

Ye t ,  an o v e r e s t i m a t i o n  o f  t h e  s t r e s s e s  i n  t h e  l i n e r  k n u c k l e  caused by 
" n a i l i n g "  t h e  ends o f  t h e  bend o n t o  t h e  a d j a c e n t  c o n c r e t e  s t r u c t u r e  as i t  i s  
done i n  t h e  model canno t  be exc luded .  

I f  t h i s  s i m p l i f i e d  approach t o  t h e  l i n e r - c o n c r e t e  i n t e r a c t i o n  i s  t o  be 
r e c o n s i d e r e d  i n  v iew  o f  t h e  e x p e r i m e n t a l  r e s u l t s ,  t h e n  r e a l i s t i c  f o r c e  
d e f o r m a t i o n  c h a r a c t e r i s t i c s  o f  t h e  s t u d s  s h o u l d  be made a v a i l a b l e .  

The nodal  p o i n t s  o f  t h e  l o w e r  s u r f a c e  o f  t h e  l i n e r  b o t t o m  a r e  r i g i d l y  
connected t o  t h e  mesh p o i n t s  o f  t h e  upper  s u r f a c e  o f  t h e  basemat. T h i s  
i d e a l i z a t i o n  does n o t  q u i t e  match t h e  anchorage i n  t h e  s t r u c t u r e  where o n l y  
t h e  c i r c u m f e r e n c e  o f  t h e  l i n e r  b o t t o m  and i t s  c e n t e r  a r e  f i x e d  t o  t h e  
basemat. S i n c e  p a r t i a l  s l i d i n g  o f  t h e  b o t t o m  o f  t h e  l i n e r  w i t h  r e s p e c t  t o  
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t h e  basemat s h o u l d  be v e r y  s m a l l ,  t h e  approach t a k e n  i n  t h e  model s h o u l d  be  
a c c e p t a b l e .  

4 .8 .4 .3  Basemat - s o i l  i n t e r a c t i o n  

The modulus o f  subgrade r e a c t i o n  as g i v e n  by 4 . 8 . 1  seems t o  be o b t a i n e d  by 
a v e r a g i n g  t h e  i n i t i a l  s l o p e s  o f  t h e  p r e s s u r e  p a t h  measurements f o r  t h e  12, 
18, and 30 i n c h  d i s k s  and e x t r a p o l a t i n g  t h e  mean v a l u e  l i n e a r l y  t o  t h e  
c r o s s - s e c t i o n  a r e a  o f  t h e  basemat. The modulus o b t a i n e d  i n  t h i s  way amounts 

t o  1.16 x 10" N/m (390 k s f / f t ) .  
space, however,  t h e  s o i l  s p r i n g  c o n s t a n t  s h o u l d  v a r y  w i t h  t h e  square  r o o t  o f  
t h e  c r o s s - s e c t i o n  a rea .  I t  was t h o u g h t  t h a t  e x t r a p o l a t i o n  a c c o r d i n g  t o  
h a l f - s p a c e  t h e o r y  i s  p r e f e r a b l e .  The v a l u e  o f  t h e  s o i l  s p r i n g  c o n s t a n t  

o b t a i n e d  a c c o r d i n g  t o  t h e  l a t t e r  p r o c e d u r e  amount t o  = 25.2 k s f / f t  ( 7 . 5  x 

10 N / m ) .  T h i s  v a l u e  was used i n  t h e  model c a l c u l a t i o n s .  The t o t a l  s p r i n g  
f o r c e  was assumed t o  be d i s t r i b u t e d  i n t o  s i n g l e  f o r c e s  under  t h e  asSumption 
t h a t  equal  a reas  c a r r y  same w e i g h t s .  T h i s  l e a d s  t o  s p r i n g  c o n s t a n t s  v a r y i n g  
l i n e a r l y  w i t h  t h e i r  r a d i a l  p o s i t i o n  under  t h e  basemat as 

A c c o r d i n g  t o  t h e  t h e o r y  o f  e l a s t i c  h a l f -  

8 

- 
K 
2 r r  a 

K ( r )  = - - r r : o u t e r  r a d i u s  o f  basemat a 

The s o i l  s p r i n g s  were modeled as l i n e a r  compress ion /no- tens ion  t r u s s e s  
t r a n s m i t t i n g  f o r c e s  o n l y  i n  t h e  v e r t i c a l  d i r e c t i o n .  

4 .8 .5  M a t e r i a l  P r o p e r t i e s  

4 .8 .5 .1  Concre te  

4 . 8 . 5 . 1 . 1  Summary o f  m a i n  f e a t u r e s  o f  t h e  ADINA c o n c r e t e  model 

The m a t e r i a l  b e h a v i o r  o f  c o n c r e t e  i s  d e s c r i b e d  i n  t h e  f i n i t e  e lement  code 
ADINA C4.8.21 by t h r e e  b a s i c  f e a t u r e s :  

( 1 )  The c o n s t i t u t i v e  e q u a t i o n s  a r e  f o r m u l a t e d  by i n c r e m e n t a l  e l a s t i c  non- 
l i n e a r  s t r e s s - s t r a i n  r e l a t i o n s  t o  a l l o w  f o r  weakening o f  t h e  m a t e r i a l  
under  i n c r e a s i n g  compress ive  s t r e s s e s .  

( 2 )  The u l t i m a t e  l o a d - c a r r y i n g  c a p a c i t y  i s  d e s c r i b e d  by f a i l u r e  s u r f a c e s  i n  
s t r e s s  space f o r  t h e  compress ion and t e n s i o n .  

( 3 )  To model p o s t - c r a c k i n g  and p o s t - c r u s h i n g  b e h a v i o r  o f  c o n c r e t e ,  s p e c i a l  
s t r a t e g i e s  a r e  p o s t u l a t e d .  

To model s t r e s s - i n d u c e d  a n i s o t r o p y  d i f f e r e n t  s t r e s s - s t r a i n  r e l a t i o n s  a r e  
used f o r  m a t e r i a l  l o a d i n g  and u n l o a d i n g ,  r e s p e c t i v e l y .  To d e c i d e  whether  
t h e  m a t e r i a l  i s  l o a d i n g  o r  u n l o a d i n g  i n  t h e  s t r e s s  s t e p ,  a l o a d i n g  f u n c t i o n  
i s  d e f i n e d  w h i c h  depends on t h e  second i n v a r i a n t  o f  t h e  d e v i a t o r i c  s t r e s s e s  
and on t h e  h y d r o s t a t i c  s t r e s s .  The r e s p e c t i v e  l a r g e s t  v a l u e  e v e r  
encountered  d u r i n g  t h e  l o a d i n g  h i s t o r y ,  

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

i s  s t o r e d .  U n l o a d i n g  o c c u r s  Fmax 3 
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I n  t h i s  case, t h e  m a t e r i a l  i s  supposed t o  be i s o t r o p i c  e l a s t i c  and t h e  
i n i t i a l  Young's  modulus i s  used t o  f o r m u l a t e  t h e  i n c r e m e n t a l  s t r e s s - s t r a i n  
r e l a t i o n .  On t h e  o t h e r  hand, i f  t h e  l o a d i n g  f u n c t i o n  i s  l a r g e r  t h a n  Fmax, 

i . e . ,  t h e  m a t e r i a l  i s  l o a d i n g ,  d i f f e r e n t  s t r e s s - s t r a i n  m a t r i c e s  a r e  used 
depend ing  on t h e  s t r e s s  s t a t e  o f  t h e  m a t e r i a l  p r i o r  t o  t h i s  s t e p .  I f  t h e  
m a t e r i a l  was i n  t e n s i o n  o r  l ow  compress ion t h e  m a t e r i a l  i s  s t i l l  assumed t o  
be i s o t r o p i c .  However, t h e  Young's  modulus i s  o b t a i n e d  i n  t h i s  case by an 
a v e r a g i n g  scheme w h i c h  employs t h e  p r i n c i p a l  s t r e s s e s  and t e n s i o n  m o d u l i  
w h i c h  a r e  d e r i v e d  f r o m  t h e  u n i a x i a l  s t r e s s - s t r a i n  c u r v e  f o r  each p r i n c i p a l  
d i r e c t i o n .  Under h i g h  compress ion,  on t h e  o t h e r  hand, an o r t h o t r o p i c  
s t r e s s - s t r a i n  m a t r i x  w i t h  t h e  d i r e c t i o n s  o f  o r t h o t r o p y  d e f i n e d  by t h e  
p r i n c i p a l  s t r e s s e s  i s  used. The e lemen ts  o f  t h i s  a n i s o t r o p i c  m a t r i x  a g a i n  
a r e  d e r i v e d  f r o m  t h e  u n i a x i a l  s t r e s s - s t r a i n  c u r v e  employ ing  t h e  p r i n c i p a l  
s t r e s s e s  and t h e  t a n g e n t  m o d u l i  w h i c h  a r e  r e f e r r e d  t o  t h e  t h r e e  d i r e c t i o n s  
o f  p r i n c i p a l  s t r e s s e s .  The boundary between low  and h i g h  compress ion s t a t e s  
i s  m o n i t o r e d  by a u s e r - d e f i n e d  pa ramete r .  I f  t h e  s m a l l e s t  p r i n c i p a l  s t r e s s  
component i s  l a r g e r  t h a n  t h e  p r o d u c t  o f  t h i s  parameter  and t h e  compress ive 
s t r e n g t h  o f  t h e  m a t e r i a l  under  m u l t i a x i a l  c o n d i t i o n s ,  i s o t r o p i c  b e h a v i o r  i s  
assumed. I f  t h e  s m a l l e s t  p r i n c i p a l  s t r e s s  component i s  s m a l l e r  t h a n  t h i s  
p r o d u c t  o r t h o t r o p i c  s t r e s s - s t r a i n  r e l a t i o n s  a r e  employed. I n  any case, 
P o i s s o n ' s  r a t i o  i s  rega rded  as b e i n g  c o n s t a n t .  

The u n i a x i a l  s t r e s s - s t r a i n  c u r v e  o f  c o n c r e t e  i s ,  i n  A D I N A .  approx imated by 
an a n a l y t i c a l  f u n c t i o n .  T h i s  f u n c t i o n  i s  t o  be d e t e r m i n e d  by t h e  f o l l o w i n g  
i n p u t  q u a n t i t i e s :  i n i t i a l  t a n g e n t  modulus,  maximum compress ive s t r e s s  and 
i t s  r e l a t e d  s t r a i n ,  u l t i m a t e  compress ive s t r e s s  and i t s  r e l a t e d  s t r a i n ,  and 
t e n s i l e  s t r e n g t h .  

To model c r a c k i n g  and c r u s h i n g  o f  c o n c r e t e ,  f a i l u r e  s u r f a c e s  a r e  used f o r  
t h e  compression-compression r e g i o n ,  t h e  c o m p r e s s i o n - t e n s i l e  r e g i o n ,  and t h e  
t e n s i l e - t e n s i l e  r e g i o n .  I n  a d d i t i o n ,  t h e  f a i l u r e  s u r f a c e s  a r e  employed t o  
d e f i n e  u n i a x i a l  s t r e s s - s t r a i n  b e h a v i o r  under  m u l t i a x i a l  s t r e s s  c o n d i t i o n s .  
The t e n s i l e  f a i l u r e  s u r f a c e  i s  composed o f  t h r e e  p l a n e s  each o f  w h i c h  i s  
p e r p e n d i c u l a r  t o  t h e  p r i n c i p a l  s t r e s s  d i r e c t i o n s .  The p o s i t i o n s  o f  t h e s e  
p l a n e s  i n  s t r e s s  space a r e  f i x e d  by t h e  u n i a x i a l  t e n s i l e  s t r e n g t h .  To adapt  
t h e  f a i l u r e  s u r f a c e  i n  t h e  compression-compression r e g i o n ,  24 i n p u t  
parameters  have t o  be p r o v i d e d  by t h e  use r .  They d e t e r m i n e  a s e t  o f  c u r v e s  
i n  t h e  p l a n e  o f  two p r i n c i p a l  s t r e s s  d i r e c t i o n s .  Each c u r v e  be longs  t o  a 
c e r t a i n  v a l u e  o f  t h e  t h i r d  p r i n c i p a l  s t r e s s .  These c u r v e s  can be t h o u g h t  o f  
as b e i n g  t r a c e s  o f  c u t s  p e r p e n d i c u l a r  t o  t h e  t h i r d  p r i n c i p a l  s t r e s s  t h r o u g h  
t h e  compression-compression f a i l u r e  s u r f a c e .  The t r a n s i t i o n  f a i l u r e  s t a t e s  
between t h e  t e n s i l e - t e n s i l e  r e g i o n  and t h e  compression-compression r e g i o n  
a r e  d e t e r m i n e d  by l i n e a r  i n t e r p o l a t i o n .  

C r a c k i n g  o c c u r s  i f  t h e  l a r g e s t  p r i n c i p a l  s t r e s s  i s  l a r g e r  t h a n  t h e  t e n s i l e  
f a i l u r e  s t r e s s .  I n  t h i s  case, i t  i s  assumed t h a t  a p l a n e  o f  f a i l u r e  
d e v e l o p s  p e r p e n d i c u l a r  t o  t h e  p r i n c i p a l  s t r e s s  d i r e c t i o n ,  t h e  normal and 
shear  s t i f f n e s s  a r e  reduced by user -prov ided f a c t o r s  and t h e  normal s t r e s s  
i s  r e l e a s e d .  

I f  t h e  s t r e s s  s t a t e  l i e s  on o r  o u t s i d e  o f  t h e  compression-compression 
f a i l u r e  s u r f a c e  t h e  m a t e r i a l  i s  assumed t o  be c rushed .  
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A f t e r  a t e n s i l e  f a i l u r e  p l a n e  has d e v e l o p e d  f u r t h e r  c r a c k i n g  may o c c u r .  I t  
i s ,  however,  assumed t h a t  a maximum o f  t h r e e  t e n s i l e  f a i l u r e  p l a n e s  can be 
formed,  each b e i n g  o r t h o g o n a l  on t h e  two o t h e r  p l a n e s .  Whether a t e n s i l e  
f a i l u r e  p l a n e  i s  a c t i v e  o r  i n a c t i v e  i s  c o n t r o l l e d  by t h e  normal s t r a i n  
a c r o s s  t h e  p l a n e .  

The m a t e r i a l  i s  assumed t o  s t r a i n - s o f t e n  i f  i t  i s  c r u s h e d  and s u b j e c t e d  t o  
f u r t h e r  compress ive  s t r e s s e s .  A f t e r  t h e  u l t i m a t e  compress ive  s t r a i n  has 
been reached  t h e  m a t e r i a l  has no f u r t h e r  s t i f f n e s s  and a l l  s t r e s s e s  w i l l  be 
r e 1  eased. 

4 .8 .5 .1 .2  P r e p a r a t i o n  o f  i n p u t  d a t a  f o r  t h e  A D I N A  c o n c r e t e  model 

T a b l e  4.8.1 l i s t s  t h e  parameters  t o  be used t o  d e f i n e  t h e  u n i a x i a l  s t r e s s -  
s t r a i n  c u r v e  o f  c o n c r e t e .  The v a l u e s  l i s t e d  t h e r e  a r e  t h e  same as t h o s e  
proposed by Sandia.  

T a b l e  4 .8 .1 :  U n i a x i a l  C o n c r e t e  P r o p e r t i e s  

Young ' s modul u s  
P o i s s o n ' s  r a t i o  
T e n s i l e  s t r e n g t h  

Compressive s t r e n g t h  

E = 4800 k s i  (33000 MPa) 
Y = 0.2  

= 0 . 5  k s i  ( 3 . 4 5  MPa) 

u = -6.8 k s i  ( -47.0 MPa) 
ut 

C 

E = -0.0021 
C 

U 

U 

S t r a i n  a t  compress ive  s t r e n g t h  

U l t i m a t e  compress ive  s t r e n g t h  u = -6.8 k s i  ( -47.0 MPa) 

S t r a i n  a t  u l t i m a t e  compress ive  s t r e n g t h  E = -0.003 

To g e n e r a t e  t h e  24 i n p u t  parameters  w h i c h  d e f i n e  t h e  f a i l u r e  s u r f a c e  f o r  
s t r e s s  s t a t e s  i n  t h e  compress ion-compress ion r e g i o n ,  t h e  f o l l o w i n g  method 
was a p p l i e d .  A c c o r d i n g  t o  O t t o s e n  C4.8.31, a s t r e s s  s t a t e  on t h e  f a i l u r e  
s u r f a c e  i s  most  c o n v e n i e n t l y  d e s c r i b e d  by t h e  o c t a h e d r a l  normal s t r e s s ,  t h e  
o c t a h e d r a l  shear  s t r e s s  and an a n g l e  i n  t h e  d e v i a t o r i c  p l a n e ,  t h e  l a t t e r  
q u a n t i t y  b e i n g  a f u n c t i o n  o f  t h e  t h i r d  i n v a r i a n t  o f  s t r e s s .  I n  t h e  
d e v i a t o r i c  p l a n e ,  t h e  t r a c e  o f  t h i s  f a i l u r e  s u r f a c e  i s  o f  t r i a n g u l a r  shape 
w i t h  convex c u r v e d  edges and c o r n e r s .  P r o c e e d i n g  a l o n g  t h e  h y d r o s t a t i c  a x i s  
( 1 . e .  a l o n g  t h e  d i r e c t i o n  o f  n e g a t i v e  o c t a h e d r a l  normal s t r e s s ) ,  t h e  t r a c e d  
a r e a  i n  t h e  d e v i a t o r i c  p l a n e  becomes l a r g e r ,  and t h e  t r a c e  i t s e l f  more and 
more approx imates  t h e  shape o f  a c i r c l e .  The re  a r e  two d i s t i n c t  m e r i d i a n s  
on t h a t  s u r f a c e .  They pass t h r o u g h  t h e  d e v i a t o r i c  p l a n e  a t  an a n g l e  o f  8 = 
0 ( t e n s i l e  m e r i d i a n )  and a t  an a n g l e  8 = 6 0 °  ( c o m p r e s s i v e  m e r i d i a n ) .  

O t t o s e n  showed t h a t  i f  f a i l u r e  s t r e s s e s  a r e  s c a l e d  t o  t h e  compress ive  
s t r e n g t h  o f  c o n c r e t e ,  t h e  a v a i l a b l e  e x p e r i m e n t a l  d a t a  f i t  v e r y  w e l l  t h e  two 
m e r i d i o n a l  t r a c e s .  T h i s  shows t h a t  f a i l u r e  o f  c o n c r e t e  i n  t h e  compression- 
compress ion range may t o  a v e r y  good a p p r o x i m a t i o n  be d e s c r i b e d  by a s i n g l e  
f a i l u r e  s u r f a c e  i f  s t r e s s e s  a r e  r e f e r r e d  t o  t h e  compress ive  s t r e n g t h .  7 0  
d e t e r m i n e  t h i s  s u r f a c e  a n a l y t i c a l l y  t h e  f o l l o w i n g  q u a n t i t i e s  must  be known: 
t h e  u n i a x i a l  Compressive s t r e n g t h ,  t h e  u n i a x i a l  t e n s i l e  s t r e n g t h ,  t h e  
b i a x i a l  compress ive  s t r e n g t h  and t h e  s t r e s s  c o o r d i n a t e s  o f  one p o i n t  on t h e  
compress ive m e r i d i a n .  The f i r s t  two q u a n t i t i e s  a r e  g i v e n  i n  T a b l e  4 . 8 . 1 .  
Suppor ted  by e x p e r i e n c e ,  t h e  v a l u e  f o r  t h e  b i a x i a l  compress ive  s t r e n g t h  i s  
t a k e n  as 1.16 t i m e s  t h e  u n i a x i a l  compress ive  s t r e n g t h .  Concern ing  t h e  p o i n t  
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on t h e  compress ive m e r i d i a n ,  t h e  s c a l e d  o c t a h e d r a l  normal s t r e s s  and t h e  
s c a l e d  o c t a h e d r a l  shear  s t r e s s  a r e  2.89 and 2 .31  t i m e s  t h e  u n i a x i a l  
compress ive s t r e n g t h ,  r e s p e c t i v e l y .  

To d e f i n e  f a i l u r e  c u r v e s  as needed f o r  t h e  A D I N A  c o n c r e t e  model ,  t h e  O t t o s e n  
s u r f a c e  i s  c u t  w i t h  p l a n e s  p e r p e n d i c u l a r  t o  t h e  a x i s  o f  t h e  f i r s t  p r i n c i p a l  
s t r e s s .  Thus, a s e t  o f  f a i l u r e  c u r v e s  i n  t h e  p l a n e s  spanned by t h e  second 
and t h i r d  p r i n c i p a l  s t r e s s e s  i s  o b t a i n e d .  On ly  t h r e e  p o i n t s  on each o f  
t h e s e  f a i l u r e  cu rves  can be used f o r  t h e  A D I N A  i n p u t .  F a i l u r e  s t a t e s  i n  
between t h e s e  p o i n t s  a r e  l i n e a r l y  i n t e r p o l a t e d  by t h e  program. Numer ica l  
v a l u e s  f o r  t h e  i n p u t  parameters  as o b t a i n e d  i n  t h i s  way a r e  l i s t e d  i n  T a b l e  
4.8.2.  F u r t h e r  i n f o r m a t i o n  on t h e  parameters l i s t e d  i n  t h i s  t a b l e  may be 
o b t a i n e d  f r o m  t h e  A D I N A  manual [4 .8 .2] .  The l i n e a r i z e d  f a i l u r e  c u r v e s  as 
used i n  t h e  program a r e  shown i n  F i g u r e  4.8.5.  T a b l e  4.8.3 c o n t a i n s  
a d d i t i o n a l  s p e c i a l  c o n c r e t e  parameters  w h i c h  a r e  needed f o r  t h e  ADINA 
c o n c r e t e  model .  The u n i a x i a l  s t r a i n s  c o r r e s p o n d i n g  t o  t h e  compress ive 
s t r e n g t h  under  u n i a x i a l  c o n d i t i o n s  and t h e  compress ive s t r e n g t h  under  
m u l t i a x i a l  c o n d i t i o n s ,  r e s p e c t i v e l y  a r e  supposed t o  be equal  (GAMMA = 1 . 0 ) .  
Depending on t h e  v a l u e  o f  KAPPA,  e i t h e r  i s o t r o p i c  b e h a v i o r  o r  a n i s o t r o p i c  
b e h a v i o r  i s  used (KAPPA = 0 . 5 ) .  T h i s  means i f  t h e  minimum p r i n c i p a l  s t r e s s  
i s  s m a l l e r  t h a n  50 p e r c e n t  o f  t h e  c u r r e n t  u n i a x i a l  maximum compress ive 
s t r e n g t h ,  an o r t h o t r o p i c  s t r e s s - s t r a i n  m a t r i x  i s  used. O the rw ise ,  i s o t r o p i c  
b e h a v i o r  i s  assumed. The c o n s t a n t  CLFN i s  p u t  equal  t o  z e r o  w h i c h  means 
t h a t  t h e  l o a d i n g  f u n c t i o n  depends o n l y  on t h e  second i n v a r i a n t  o f  t h e  
d e v i a t o r i c  s t r e s s e s .  

A f t e r  c r a c k i n g  has o c c u r r e d ,  t h e  normal s t i f f n e s s  i n  a c o n c r e t e  e lement  i s  
reduced by a f a c t o r  S T I F A C .  I n  o r d e r  t o  a v o i d  n u m e r i c a l  d i f f i c u l t i e s  t h i s  
f a c t o r  i s  t a k e n  t o  be somewhat l a r g e r  t h a n  z e r o  (STIFAC = 0 .0001) .  A 
g r a d u a l  r e d u c t i o n  o f  t h e  shear  s t i f f n e s s  a f t e r  c r a c k i n g  has o c c u r r e d  i s  n o t  
p o s s i b l e  i n  t h e  p r e s e n t  v e r s i o n  o f  A D I N A .  as was p o i n t e d  o u t  e a r l i e r .  
T h e r e f o r e ,  a c o n s t a n t  shear  s t i f f n e s s  r e d u c t i o n  f a c t o r  had t o  be used 
(SHEFAC = 0 . 2 ) .  Comparisons between f i n i t e  e lement  a n a l y s e s  and t e s t s  o f  
shear  p a n e l s  seem t o  s u p p o r t  t h i s  v a l u e  o f  r e d u c t i o n  C4.8.41. 

4 . 8 . 5 . 2  S t e e l  Re in fo rcement  

I n  t h e  model ,  c o n c r e t e  and s t e e l  e lements a r e  o n l y  connected a t  t h e  nodal  
p o i n t s .  Hence, t h e r e  i s  a p r i o r i  no s t e e l  c o n c r e t e  i n t e r a c t i o n  between t h e  
noda l  p o i n t s .  T h i s  means, i f  a c r a c k  p l a n e  forms i n  c o n c r e t e  p e r p e n d i c u l a r  
t o  t h e  s t e e l  e lemen t ,  t h e  c o n c r e t e  l o s e s  i m m e d i a t e l y  i t s  s t i f f n e s s  and t h e  
l o a d  c a r r i e d  b e f o r e  c r a c k i n g  by t h e  c o n c r e t e  i s  now c a r r i e d  o v e r  t h e  s t e e l  
e lemen t .  T h i s  wou ld  be a p r o p e r  d e s c r i p t i o n  i f  s i m u l t a n e o u s l y  a cont inuum 
o f  p a r a l l e l  c r a c k  p l a n e s  would f o r m  i n  t h e  c o n c r e t e  e lemen t .  T e s t s  show 
t h a t  c r a c k s  a r e  u s u a l l y  i n i t i a t e d  a t  d i s c r e t e  p o s i t i o n s .  A l t h o u g h  t h e  bond 
between c o n c r e t e  and s t e e l  i s  l o s t  a t  t h e  l o c a t i o n  where t h e  c r a c k  p l a n e  
c r o s s e s  t h e  s t e e l .  t h e  bond i s  g r a d u a l l y  i n c r e a s i n g  w i t h  i n c r e a s i n g  
d i s t a n c e s  f r o m  t h e  c r a c k  p l a n e .  Hence, an i n c r e a s i n g  amount o f  l o a d  i s  
a g a i n  t r a n s m i t t e d  t o  c o n c r e t e .  T h e r e f o r e ,  t h e  s t r a i n  i n  t h e  s t e e l  due t o  a 
c e r t a i n  l o n g i t u d i n a l  l o a d  i s  s m a l l e r  t h a n  t h e  s t e e l  s t r a i n  o b t a i n e d  i f  t h e r e  
wou ld  be complete bond breakdown. T h i s  change o f  s t r a i n i n g  o f  t h e  composi te  
e lement  t h a t  c o n t a i n s  a s i n g l e  c r a c k  p l a n e  r e f l e c t s  i t s e l f  i n  a m o d i f i e d  
s t r e s s - s t r a i n  d iagram f o r  t h e  s t e e l  i f  t h e  a p p l i e d  f o r c e  i s  r e f e r r e d  t o  t h e  
c r o s s - s e c t i o n  a r e a  o f  t h e  s t e e l .  I n  t h i s  way, t h e  bond a c t i o n  o f  uncracked 
zones i n  a r e g i o n  c o n t a i n i n g  a s i n g l e  c r a c k  can be p r o j e c t e d  o n t o  t h e  
s t r e s s - s t r a i n  b e h a v i o r  o f  t h e  s t e e l .  To o b t a i n  t h i s  m o d i f i e d  m a t e r i a l  
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T a b l e  4.8.2:  Compression F a i l u r e  Envelopes 

S t r e s s  Curve I 1 2 3 4 5 6 
r a t i o s  

S P 1  ( I )  0.0 0.05 0 . 2  0 . 5  1.2 2.5 

SP3 ( I l l )  1 .0  1.40 2 .31  3 . 6 4  5.99 9.40 
(SP2 = SP1) 

SP3 ( 1 , Z )  1.33 1 . 7 9  2.82 4.32 6.92 10.63 
(SP2 = * S P 3 )  

SP3 ( I , 3 )  1 .15 1 . 5 5  2 . 4 7  3 . 8 1  6.16 9.57 
( S P Z  = SP3) 

S P 1  ( I )  = u 1  ( I ) / u c  

SP3 ( 1 , J )  = C J ~ ( I . J ) / O ~  

I: Number o f  Curve ( I  = 1 . . . 6 )  
J :  P o i n t  on Curve ( J  = 1 . . . 3 )  
u : Compression s t r e n g t h  

p :  P r i n c i p a l  s t r e s s  r a t i o  ( e q u a l  0 . 5 5 )  
Values i n  t a b l e  o b t a i n e d  by c u t s  o f  t h e  O t t o s e n  f a i l u r e  s u r f a c e  f o r  

- T e n s i l e  s t r e n g t h  u = 0 . 5  k s i  ( 3 . 4 5  MPa) 

C 
- 

a m a t e r i a l  w i t h  

t 
- Compressive s t r e n g t h  u = 6 . 8  k s i  (47 .0  MPa) 
- B i a x i a l  compress ive  s t r e n g t h  

C 

u - 1.16 u C  2 c  - 
- 0 / u c  = 2.89 oc t 

act c - T / a  = 2 .31  

T a b l e  4 . 8 . 3 :  S p e c i a l  Concre te  Parameters Needed f o r  ADINA-Concrete Model 

U n i a x i a l  c r i t i c a l  s t r a i n  s c a l i n g  f a c t o r  GAMA = 1 .0  

C o n t r o l  parameter  f o r  chang ing  m a t e r i a l  l aw  KAPA = 0 . 5  

Constan t  used i n  l o a d i n g  f u n c t i o n  CLFN = 0 . 0  

Normal s t i f f n e s s  r e d u c t i o n  f a c t o r  S T I F A C  = 0 .0001 

Shear s t i f f n e s s  r e d u c t i o n  f a c t o r  SHEFAC = 0.2 
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b e h a v i o r  o f  r e i n f o r c i n g  s t e e l  t h a t  r e f l e c t s  t h e  s t e e l - c o n c r e t e  
i n  c e r t a i n  s e c t i o n s  o f  t h e  conta inment ,  r e s p e c t i v e  exper iments  
conducted a t  t h e  U n i v e r s i t y  o f  K a r l s r u h e .  

4.8.5.2.1 M o d i f i e d  s t r e s s - s t r a i n  b e h a v i o r  f o r  hoop and s e i s m i c  
i n  t h e  c y l i n d r i c a l  s e c t i o n  o f  t h e  1:6-scale c o n t a  

i n t e r a c t i o n  
we r e  

r e i n f o r c e m e n t  
nmen t 

To o b t a i n  t h e  m o d i f i e d  s t r e s s - s t r a i n  b e h a v i o r  f o r  t h e  r e i n f o r c i n g  s t e e l ,  two 
groups  o f  t e s t s  were per fo rmed i n  K a r l s r u h e  C4.8.51. I n  t h e  f i r s t  g roup,  
specimens r e p r e s e n t i n g  a t y p i c a l  w a l l  e lement  o f  t h e  c o n c r e t e  conta inment  
s u b j e c t e d  t o  c i r c u m f e r e n t i a l  l o a d i n g  were t e n s i o n e d  u n i a x i a l l y .  The 
segments were r e i n f o r c e d  w i t h  f o u r  b a r s  i n  l o n g i t u d i n a l  d i r e c t i o n  
r e p r e s e n t i n g  t h e  hoop r e i n f o r c e m e n t .  D i v i d i n g  t h e  t o t a l  a p p l i e d  l o a d  by t h e  
c r o s s - s e c t i o n s  o f  t h e  r e i n f o r c i n g  b a r s  and measur ing  t h e  d e f o r m a t i o n ,  t h e  
m o d i f i e d  s t r e s s - s t r a i n  r e l a t i o n s  were o b t a i n e d .  The mean s t r e s s - s t r a i n  
c u r v e  o f  a l l  t e s t s  f o r  r e b a r  #4 i s  p r e s e n t e d  i n  F i g u r e  4.8.6. The r e s u l t s  

2 shown a r e  r e f e r r e d  t o  t h e  nominal  b a r  c r o s s - s e c t i o n  o f  0.2 i n 2  (129 m ) .  

The second group o f  t e s t s  were conducted t o  s t u d y  t h e  bond t r a n s f e r  
mechanism f o r  t h e  d i a g o n a l  s e i s m i c  r e i n f o r c e m e n t  under  b i a x i a l  t e n s i l e  
l o a d i n g .  A s  t o  t h e  t e s t  se tup ,  we may r e f e r  t o  C4.8.51. The mean s t r e s s -  
s t r a i n  c u r v e  o b t a i n e d  f o r  these t e s t s  f o r  r e b a r  #4 i s  shown i n  F i g u r e  4.8.7.  

Aga in ,  t h e  r e s u l t s  a r e  based on t h e  nominal  b a r  c r o s s - s e c t i o n  o f  0 . 2  i n  2 

2 ( 1 2 9  rnm ) .  

4 . 8 . 5 . 2 . 2  S t r e s s - s t r a i n  r e l a t i o n s  used i n  t h e  a n a l y s i s  

To i n c o r p o r a t e  i n  t h e  a n a l y s i s  t h e  s t e e l - c o n c r e t e  i n t e r a c t i o n ,  t h e  s t r e s s -  
s t r a i n  d iagrams o b t a i n e d  a t  t h e  U n i v e r s i t y  o f  K a r l s r u h e  w i l l  be used f o r  t h e  
hoop r e i n f o r c e m e n t  and t h e  s e i s m i c  r e i n f o r c e m e n t  i n  t h e  c y l i n d e r .  

The t e s t s  have shown t h a t  t h e  d e v i a t i o n s  o f  t h e  m o d i f i e d  s t r e s s - s t r a i n  
curves  f r o m  t h e  m a t e r i a l  b e h a v i o r  o f  t h e  b a r e  s t e e l  a r e  c o n f i n e d  t o  s t r a i n s  
w e l l  be low t h e  y i e l d  s t r a i n .  The amount o f  t h e  d e v i a t i o n s  i s  a f u n c t i o n  o f  
s t e e l  c o n t e n t .  F o r  low s t e e l  c o n t e n t s ,  one o b t a i n s  l a r g e r  d e v i a t i o n s  t h a n  
f o r  h i g h  s t e e l  c o n t e n t s .  

F o r  t h e  m e r i d i o n a l  r e i n f o r c e m e n t  i n  t h e  c y l i n d e r ,  we a p p l y  t h e  same m o d i f i e d  
s t r e s s - s t r a i n  r e l a t i o n s  as f o r  t h e  hoop r e i n f o r c e m e n t .  T h i s  i s  j u s t i f i e d  
f o r  t h e  f o l l o w i n g  reasons. The s t e e l  c o n t e n t  i n  t h e  m e r i d i o n a l  d i r e c t i o n  i s  
a p p r o x i m a t e l y  50 p e r c e n t  o f  t h e  r e i n f o r c e m e n t  i n  hoop d i r e c t i o n .  T h e r e f o r e ,  
t h e  d e v i a t i o n s  o f  t h e  m o d i f i e d  s t r e s s - s t r a i n  b e h a v i o r  f r o m  t h e  b e h a v i o r  o f  
t h e  b a r e  s t e e l  as o b t a i n e d  f o r  t h e  hoop r e i n f o r c e m e n t  s h o u l d  be 
a p p r o x i m a t e l y  t w i c e  as l a r g e  f o r  t h e  m e r i d i o n a l  r e i n f o r c e m e n t .  On t h e  o t h e r  
hand, due t o  c i r c u m f e r e n t i a l  s t r e s s e s ,  t h e  bonds between m e r i d i o n a l  r e b a r s  
and c o n c r e t e  w i l l  be weakened. T h i s  r e d u c t i o n  i n  bond s t r e n g t h  may be 
assumed t o  amount t o  some 50 p e r c e n t  C4.8.6). The m o d i f i e d  s t r e s s - s t r a i n  
b e h a v i o r  i s  a l s o  employed i n  t h o s e  s e c t i o n s  o f  t h e  m e r i d i o n a l  r e b a r s  #4 
w h i c h  e x t e n d  i n t o  t h e  basemat. 

A l t h o u g h  t h e r e  were no t e s t s  conducted f o r  t h e  dome s e c t i o n ,  i t  w i l l  be 
assumed t h a t  t h e  m o d i f i e d  s t r e s s - s t r a i n  b e h a v i o r  found f o r  t h e  c y l i n d r i c a l  
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p a r t s  may, t o  a good degree o f  a p p r o x i m a t i o n ,  a l s o  be employed f o r  t h e  dome 
r e i n f o r c e m e n t .  

F o r  a l l  o t h e r  r e i n f o r c e m e n t  s t e e l  w h i c h  has n o t  been e x p l i c i t l y  addressed 
above we use t h e  s t e e l  s t r e s s - s t r a i n  b e h a v i o r  as o b t a i n e d  by  Sand ia .  The 
l a t t e r  m a t e r i a l  c u r v e s  w i l l  i n  a l l  cases be  based on  t h e  nomina l  c ross-  
s e c t i o n s  o f  t h e  r e s p e c t i v e  bars .  

I n  t h e  l o w  s t r a i n  range, where c o n c r e t e  has n o t  y e t  c racked,  t h e  l o a d  i s  
c a r r i e d  b o t h  by t h e  uncracked c o n c r e t e  and t h e  s t e e l .  Hence, t h e r e  i s  some 
amount i n  t h e  m o d i f i e d  s t r e s s - s t r a i n  c u r v e s  o f  t h e  t e s t s  w h i c h  i s  t o  be 
a t t r i b u t e d  t o  t h e  c o n c r e t e .  S i n c e ,  i n  t h e  a n a l y s i s ,  t h e  t e n s i l e  b e h a v i o r  o f  
c o n c r e t e  i s  modeled up  t o  i t s  maximum t e n s i l e  s t r e n g t h ,  t h e  m a t e r i a l  
c h a r a c t e r i s t i c  o f  t h e  b a r e  s t e e l  i s  used u n t i l  c r a c k i n g  o f  c o n c r e t e  i s  
i n i t i a t e d .  The m a t e r i a l  b e h a v i o r  o f  s t e e l  used i n  t h e  a n a l y s i s  i s  e x h i b i t e d  
i n  F i g u r e s  4.8.8, 4.8.9 and 4.8.10. F i g u r e s  4.8.8 and 4.8.9 r e f e r  t o  r e b a r  
#4 o f  t h e  ma in  r e i n f o r c e m e n t .  F i g u r e  4.8.10 shows t h e  s t e e l  b e h a v i o r  f o r  
t h e  s e i s m i c  r e i n f o r c e m e n t .  The s l o p e s  chosen i n  t h e s e  f i g u r e s  t o  connec t  
t h e  s t e e l  s t r e s s  s tages  j u s t  b e f o r e  c o n c r e t e  c r a c k s  and a f t e r  c r a c k i n g  has 
o c c u r r e d ,  r e s p e c t i v e l y ,  a r e  t o  some e x t e n t  a r b i t r a r y .  They depend on t h e  
r a p i d i t y  o f  s t r e s s  r e d i s t r i b u t i o n  f o l l o w i n g  c r a c k  i n i t i a t i o n  i n  t h e  
c o n c r e t e .  I n  t h e  c o n c r e t e  model p r e s e n t l y  a v a i l a b l e  i n  t h e  A D I N A  program, 
t h e  s t r e s s e s  c a r r i e d  by  t h e  c o n c r e t e  a r e  i m m e d i a t e l y  r e l e a s e d  when t h e  
t e n s i l e  s t r e n g t h  o f  c o n c r e t e  i s  passed. F o r  t h i s  reason, t h e  s l o p e s  i n  t h e  
s t e e l  s t r e s s - s t r a i n  c u r v e s  shou ld  be as s t e e p  as p o s s i b l e .  The s l o p e s  were  
adapted  a c c o r d i n g  t o  t h e  r e q u i r e m e n t  t h a t  s t i f f e n i n g  o f  t h e  compound 
m a t e r i a l  normal t o  a c r a c k  p l a n e  must  n o t  o c c u r  a f t e r  c r a c k i n g  has t a k e n  
p l  ace. 

I t  i s  t o  be n o t e d  t h a t  p o s s i b l e  s l i g h t  changes i n  t h e  m o d i f i e d  s t r e s s - s t r a i n  
c u r v e s  f o r  t h e  main  r e i n f o r c e m e n t  and f o r  t h e  s e i s m i c  r e i n f o r c e m e n t ,  
r e s p e c t i v e l y ,  due t o  t h e  mutua l  i n t e r a c t i o n  of  b o t h  t y p e s  o f  r e i n f o r c e m e n t ,  
were d i s r e g a r d e d .  

F o r  a comparison, F i g u r e  4 .8 .11  shows t h e  m a t e r i a l  b e h a v i o r  o f  t h e  b a r e  
s t e e l  w h i c h  i s  used f o r  t hose  r e i n f o r c i n g  b a r s  f o r  w h i c h  s t e e l - c o n c r e t e  
i n t e r a c t i o n  i s  n o t  cons ide red .  The shown c u r v e  f o r  r e b a r  #4 i s  t a k e n  f r o m  
C4.8.5). I t  i s  e s s e n t i a l l y  t h e  same as t h a t  o b t a i n e d  by t h e  Sand ia  
measurements. Young's modulus and y i e l d  s t r e n g t h  f o r  r e b a r s  #4 a r e  l i s t e d  
i n  T a b l e  4.8.4. 

The m a t e r i a l  b e h a v i o r  o f  t h e  r e i n f o r c i n g  s t e e l  i s  modeled as b e i n g  non- 
l i n e a r  e l a s t i c .  There i s  no m a j o r  u n l o a d i n g  t o  be expec ted  i n  r e g i o n s  o f  
l a r g e  s t r a i n i n g  so  t h a t  use o f  e l a s t o - p l a s t i c  m a t e r i a l  b e h a v i o r  s h o u l d  n o t  
be r e l e v a n t .  

4.8.5.3 S t e e l  P l a t e s  i n  Dome, Suppor t  Frame i n  Basemat and L i n e r  Knuck le  

The m a t e r i a l  p r o p e r t i e s  o f  t hese  s t r u c t u r a l  p a r t s  have n o t  been measured. 
The r e s p e c t i v e  d a t a  have been t a k e n  f r o m  ASME Tab les  C4.8.7, 4.8.8, 4.8.91. 
The m a t e r i a l  d a t a  used i n  t h e  a n a l y s i s  f o r  t h e  s t e e l  p l a t e s  (ASTM A 516 
Grade 6 0 ) ,  t h e  s u p p o r t  f rame (ASTM A 36)  and t h e  k n u c k l e  (ASME SA 106 Grade 
B )  a r e  l i s t e d  i n  T a b l e  4.8.5.  B i l i n e a r  e l a s t o - p l a s t i c  b e h a v i o r  w i t h  
i s o t r o p i c  h a r d e n i n g  i s  assumed f o r  t h e s e  s t r u c t u r a l  p a r t s .  
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T a b l e  4.8.4: Rebar M a t e r i a l  P r o p e r t i e s  

R E B A R * *  
Modulus Y i e l d  S t r e s s  

k s i  (MPa) k s i  (MPa) 

Rebar #4 w i t h  bond t r a n s f e r  31000 (214000) 64.3 (443.1) 

Se ismic  Rebar #4 w i t h  bond t r a n s f e r  31000 (214000) 63.8 (440.0) 

Rebar #4 w i t h o u t  bond t r a n s f e r  
( " b a r e  S t e e l  ' I )  31000 (214000) 65.3 (450.0) 

** M a t e r i a l  d a t a  a r e  based on nominal  c r o s s - s e c t i o n a l  areas 

T a b l e  4.8.5: M a t e r i a l  P r o p e r t i e s  f o r  S t r u c t u r a l  S t e e l  

Y i e l d  T e n s i l e  S t r a i n *  

STEEL S t r u c t u r e  k s i  (MPa) k s i  (MPa) k s i  (MPa) S t r e n g t h  
Modulus* S t r e s s  S t r e n g t h  a t  T e n s i l e  

S t e e l  P l a t e s  i n  Dome 
ASTM A516 Grade 60 C4.8.71 29000 (200000) 31.9 (220)  69.6 (480) 0.2 

L i n e r  Knuck le  
ASME SA106 Grade B C4.8.8) 29000 (200000) 34.8 (240) 60.2 (415) 0.2 

S t e e l  Framing 
ASTM A36 C4.8.91 29000 (200000) 36.3 (250)  65.3 (450) 0.2 

* Values e s t i m a t e d  P o i s s o n ' s  R a t i o  = 0.3 
T a b l e  4.8.6: L i n e r  M a t e r i a l  P r o p e r t i e s  

L I N E R * *  
Modulus Po i  sson I s Y i e l d  S t r e s s  

k s i  (MPa) R a t i o  k s i  (MPa) 

S t e e l  L i n e r  1 /16 "  
(Basemat and C y l i n d e r )  30000 (207000) 0.3 54.5 (376) 

S t e e l  L i n e r  1 /12 "  
(Dome) 30000 (207000) 0.3 55.4 (382) 

** M a t e r i a l  d a t a  a r e  based on nominal  c r o s s - s e c t i o n a l  areas 
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4.8.5.4 L i n e r  

F o r  t h e  c y l i n d r i c a l  and b o t t o m  s e c t i o n s  o f  t h e  l i n e r ,  as w e l l  as f o r  t h e  
dome s e c t i o n ,  t h e  r e s p e c t i v e  m a t e r i a l  c u r v e s  as o b t a i n e d  by  Sand ia  a r e  used 
They a r e  shown i n  F i g u r e s  4.8.12 and 4.8.13. The s t r e s s e s  a r e  i n  each case 
based upon t h e  r e s p e c t i v e  nomina l  l i n e r  t h i c k n e s s e s .  To d e s c r i b e  t h e  
s t r e s s - s t r a i n  b e h a v i o r  i n  t h e  a n a l y s i s ,  t h e  m u l t i l i n e a r  e l a s t o - p l a s t i c  mode 
o f  ADINA i s  employed. T a b l e  4.8.6 c o n t a i n s  a d d i t i o n a l  m a t e r i a l  p r o p e r t i e s  
o f  t h e  l i n e r .  

4.8.6 Numer i ca l  Procedure  

The 
cond 
o f  s 

numer 
u c t e d  
imp1 e 

i c a l  s t e p  by s t e p  c o m p u t a t i o n  o f  t h e  s t r u c t u r a l  response w i l l  be 
f i r s t  w i t h o u t  e q u i l i b r i u m  i t e r a t i o n s .  A v a r i e t y  o f  i n v e s t i g a t i o n s  
r e i n f o r c e d  c o n c r e t e  s t r u c t u r e s  under  m o n o t o n i c a l l y  i n c r e a s i n g  

q u a s i - s t a t i c  l o a d i n g  (e .g . ,  C4.8.101) seems t o  i n d i c a t e  t h a t  t h e  d e v i a t i o n s  
o f  r e s u l t s  o b t a i n e d  w i t h  i t e r a t i o n  and w i t h o u t  i t e r a t i o n ,  r e s p e c t i v e l y ,  do 
n o t  a f f e c t  s i g n i f i c a n t l y  t h e  l oad -de fo rma t ion  b e h a v i o r  a f t e r  c o n c r e t e  has 
c r a c k e d  and t h e  l o a d  i s  r e d i s t r i b u t e d  t o  t h e  r e i n f o r c i n g  s t e e l ,  p r o v i d e d  
s u f f i c i e n t l y  s m a l l  l o a d  i nc remen ts  a r e  used i n  t h e  compu ta t i on .  D e v i a t i o n s  
become, however, somewhat l a r g e r  d u r i n g  t h e  l o a d i n g  phase when c o n c r e t e  
c r a c k i n g  t a k e s  p l a c e .  

Very  l i t t l e  r e s p e c t i v e  e x p e r i e n c e  i s  a v a i l a b l e  f o r  more complex s t r u c t u r e s .  
T h e r e f o r e ,  t h e  con ta inmen t  response as o b t a i n e d  by t h e  s t r a i g h t - f o r w a r d  
method must  be c o n f i r m e d  by a f u r t h e r  i n v e s t i g a t i o n  t h a t  t a k e s  i n t o  accoun t  
t h e  step-by-step b a l a n c i n g  o f  r e s i d u a l  f o r c e s .  The r e s u l t s  o f  t h i s  ex tended 
s t u d y  w i l l  be p r e s e n t e d  as soon as t h e y  become a v a i l a b l e .  

I n  t h e  f i r s t  s t e p  o f  t h e  s t a t i c  a n a l y s i s  w i t h o u t  e q u i l i b r i u m  i t e r a t i o n  t h e  
s t r u c t u r e  w i l l  be l oaded  by 14.5 p s i g  (0 .1  MPa) i n t e r n a l  p r e s s u r e  and by  
dead l o a d .  I n  f u r t h e r  l o a d i n g  up t o  29 p s i g  (0 .2  MPa) a l o a d  inc remen t  o f  
1.45 p s i g  (0.01 MPa) i s  used. Above 29 p s i g  ( 0 . 2  MPa) a c o n s t a n t  i nc remen t  
o f  0.145 p s i g  (0 .001 MPa) i s  m a i n t a i n e d .  S t i f f n e s s  r e f o r m a t i o n  i s  a p p l i e d  
i n  each s t e p .  To i n c o r p o r a t e  l a r g e  d i s p l a c e m e n t s  and l a r g e  s t r a i n s ,  as 
w e l l ,  t h e  updated  Lagrang ian  f o r m u l a t i o n  i s  used f o r  l i n e r  and r e i n f o r c e m e n t  
e lemen ts ;  f o r  t h e  c o n c r e t e  e lements  we a p p l y  t h e  t o t a l  Lag rang ian  
f o r m u l a t i o n  w h i c h  i s  s u i t e d  f o r  l a r g e  d i s p l a c e m e n t s  and sma l l  s t r a i n s .  
Deformat ion-dependent upda te  o f  p r e s s u r e  l o a d i n g  i s  cons ide red .  

4.8.7 R e s u l t s  

4.8.7.1 S tandard  p l o t  q u a n t i t i e s  

P l o t s  o f  t h e  q u a n t i t i e s  t h a t  were reques ted  f o r  compar ison  w i t h  e x p e r i m e n t a l  
d a t a  (C4.8.111) a r e  p r e s e n t e d  i n  Appendix A. A s i d e  f r o m  q u a n t i t i e s  w h i c h  
canno t  be o b t a i n e d  w i t h  t h e  a x i s y m m e t r i c  model (e .g . ,  d a t a  a t  p e n e t r a t i o n s )  
and f r o m  t h e  s e c t i o n  f o r c e s  o f  t h e  l i n e r  w h i c h  cannot  be d e r i v e d  w i t h  
s u f f i c i e n t  p r e c i s i o n  d u r i n g  y i e l d i n g  f r o m  t h e  o u t p u t  r e s u l t s  a t  i n t e g r a t i o n  
p o i n t s  o f  t h e  l i n e r  2-D e lements ,  a l l  d a t a  l i s t e d  i n  C4.8.11) a r e  p resen ted .  

The computed r e s u l t s  may be compared w i t h  e x p e r i m e n t a l  d a t a  measured i n  
r e g i o n s  w h i c h  a r e  s u f f i c i e n t l y  f a r  away f r o m  p e n e t r a t i o n s  and o t h e r  
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i r r e g u l a r i t i e s  o f  t h e  s t r u c t u r e .  On account  o f  t h e  a x i a l  symnetry o f  t h e  
a n a l y s i s  model t h e r e  i s  no a n g u l a r  dependence o f  t h e  computed da ta .  

4.8.7.2 E v a l u a t i o n  o f  a n a l y s i s  r e s u l t s  a t  s p e c i a l  s t r u c t u r a l  p o s i t i o n s  i n  
v iew  o f  p o t e n t i a l  f a i l u r e  mechanisms 

To f o l l o w  t h e  e v o l u t i o n  o f  damage i n  c o n c r e t e  and s t r a i n i n g  i n  s t e e l  a t  
h i g h e r  p r e s s u r e  l e v e l s  a t  p o s i t i o n s  o f  t h e  s t r u c t u r e  where d e f o r m a t i o n s  a r e  
expec ted  t o  be severe ,  t h e  f o l l o w i n g  s e c t i o n s  denoted  by e l e v a t i o n s  (EL) 
1 eve1 s ,  were s e l e c t e d :  

a )  P o s i t i o n s  o f  s e l e c t e d  c o n c r e t e  and r e i n f o r c e m e n t  s e c t i o n s  

BLC: basemat l o w e r  c e n t e r  r e g i o n  ( r a d i u s  0 t o  4 ' ,  EL - (1 ' -7 ' ' )  and 0 ' )  

C B I :  c y l i n d e r  basemat i n t e r s e c t i o n  (between EL 0 '  and 5 ' -6 ' ' )  

CTL10: c y l i n d e r  nea r  t e r m i n a t i n g  l a y e r  10 (between EL 5 ' - 6 "  and 7 ' -7 ' ' )  

CC: c y l i n d e r  c e n t e r  s e c t i o n  (between EL 12 ' -0"  and 14 ' -0 ' ' )  

CSL: c y l i n d e r  nea r  s p r i n g l i n e  (between EL 22'-0" and 24 ' -0 " )  

DSL: dome near  s p r i n g l i n e  (between 0"  and 11.3")  

DTL8: dome near  t e r m i n a t i n g  l a y e r  8 (between 32" and 42" )  

DC: dome c e n t e r  (between 50" and 60" )  

DTO: dome t o p  (between 70" and 90" )  

BH: hoop r e i n f o r c e m e n t  i n  basemat nea r  l o w e r  s u r f a c e  

BL11: l a y e r  11 r e i n f o r c e m e n t  nea r  b a s e m a t / c y l i n d e r  i n t e r s e c t i o n  

b )  L i n e r  p o s i t i o n s  

LK : 1 i n e r  k n u c k l e  

LLC: l i n e r  l ower  c y l i n d e r  (between EL 2 ' -0"  and 5 ' -0 ' ' )  

LCC: l i n e r  c e n t e r  c y l i n d e r  (between EL 12 ' -0"  and l 4 ' - 0 ' ' )  

4.8.7.2.1 E v o l u t i o n  o f  damage i n  c o n c r e t e  

T a b l e  4.8.7 e x h i b i t s  t h e  p r o g r e s s  o f  c r a c k  f o r m a t i o n  i n  t h e  v a r i o u s  
s t r u c t u r a l  r e g i o n s .  F i g u r e  4.8.14 shows t h e  e v o l u t i o n  o f  c r a c k  p a t t e r n s  a t  
t h e  c y l i n d e r  basemat i n t e r s e c t i o n  f o r  v a r i o u s  s e l e c t e d  v a l u e s  o f  i n t e r n a l  
p ressu re .  The f o l l o w i n g  n o t a t i o n s  f o r  t h e  i d e n t i f i c a t i o n  o f  c r a c k  p l a n e s  i s  
used: 

hoop c racks :  normal o f  c r a c k  p l a n e  p o i n t s  i n  c i r c u m f e r e n t i a l  d i r e c t i o n  
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m e r i d i o n a l  c racks :  normal o f  c r a c k  p 
r e i n f o r c e m e n t .  ( d e f i n i t i o n  h o l d s  f o r  
we1 1 ) 

A c c o r d i n g  t o  T a b l e  4.8.7 hoop c r a c k s  beg 

40.6 - 42.1 p s i  (0.28 - 0.29 MPa) i n  t h e  
deve loped ( t h r o u g h  c r a c k s )  a t  about  PT = 

ane p a r a l l e l  t o  m e r i d i o n a l  
c y l i n d r i c a l  and dome s e c t i o n s  as 

n g e n e r a l l y  t o  f o r m  a t  about  PI = 

c y l i n d r i c a l  r e g i o n s  and a r e  f u l l y  
42.1 p s i  (0.29 MPa). Through-wal l  

hoop c r a c k s  a t  t h e  s p r i n g l i n e  a r e  deve loped a t  t h e  same p ressu re .  I n  t h e  
l o w e r  c y l i n d r i c a l  r e g i o n  where s t r o n g  bend ing  b e h a v i o r  i s  dominant  t h e  hoop 
c r a c k s  a r e  f u l l y  deve loped a t  about  49.3 p s i  (0.34 MPa). Due t o  bend ing  i n  
t h e  l o w e r  basemat hoop c r a c k s  f o r m  between 53.7 and 56.6 p s i  (0.37 and 0.39 
MPa). 

I n  t h e  dome, hoop and m e r i d i o n a l  c r a c k s  b e g i n  t o  f o r m  a t  about  PI = 43.5 p s i  

(0.3 MPa) due t o  e q u i v a l e n t  s t r a i n i n g  i n  b o t h  d i r e c t i o n s .  On account  o f  
i n c r e a s i n g  and v a r y i n g  amounts o f  bend ing  i n  t h e  dome and t h e  t r a n s i t i o n  
r e g i o n  o f  t h e  s p r i n g l i n e  t h e  p l a n e s  o f  t h e  m e r i d i o n a l  c r a c k s  w i l l  be f u l l y  
deve loped a t  h i g h e r  p ressu res ,  r a n g i n g  f r o m  50.8 p s i  (0.35 MPa) t o  76.8 p s i  
(0.53 MPa). 

M e r i d i o n a l  c r a c k s  i n  t h e  c y l i n d e r  c e n t e r  b e g i n  t o  f o r m  a t  75.4 p s i  (0.52 
MPa). They p e n e t r a t e  t h e  w a l l  a t  about  81.2 p s i  (0.56 MPa). Due t o  bend ing  
i n  t h e  l o w e r  c y l i n d e r  m e r i d i o n a l  c r a c k s  f o r m  f i r s t  a t  i n n e r  s e c t i o n s  o f  t h e  
c y l i n d r i c a l  w a l l  a t  l ower  p r e s s u r e  va lues  (46.4 - 47.9 p s i ,  0.32 - 0.33 
MPa). Through-wal l  m e r i d i o n a l  c r a c k s  appear i n  t h i s  s e c t i o n  between 84.1 
p s i  (0.58 MPa) and 87 p s i  (0.60 MPa). 

The p r e s s u r e  v a l u e s  o b t a i n e d  by t h e  numer i ca l  a n a l y s i s  f o r  c r a c k i n g  i n  t h e  
c y l i n d e r  and dome c e n t e r  s e c t i o n s  agree w e l l  w i t h  r e s u l t s  o f  s i m p l e  hand 
c a l c u l a t i o n s .  

There a r e  s e v e r a l  r e g i o n s  where a l s o  t h i r d  c r a c k  p lanes  developed.  T h i s  was 
observed i n  t h e  l o w e r  basemat c e n t e r  a t  about  56.6 p s i  (0.39 MPa) and i n  
r e g i o n s  where t h e  geometry and t h e  c o n t e n t s  o f  s t e e l  v a r i e s  a t  p r e s s u r e  
v a l u e s  r a n g i n g  f r o m  r o u g h l y  87 p s i  (0.6 MPa) t h r o u g h  130 p s i  (0 .9 MPa). A 
t h o r o u g h  i d e n t i f i c a t i o n  o f  t h e  r‘easons f o r  t hese  l a t t e r  c r a c k  p a t t e r n s  i s ,  
however, impeded by numer i ca l  e r r o r s  w h i c h  occu r  i n  t h e  s t r e s s  c a l c u l a t i o n s .  

C r u s h i n g  o f  c o n c r e t e  was o n l y  observed a t  t h e  c y l i n d e r / b a s e m a t  i n t e r s e c t i o n .  
The e v o l u t i o n  o f  compress ion and c r a c k i n g  damage i n  t h i s  a rea  i s  shown i n  
F i g u r e  4.8.14. A t  an i n t e r n a l  p r e s s u r e  o f  116 p s i  (0.8 MPa) c r u s h i n g  o f  t h e  
c o n c r e t e  b e g i n s  a t  t h e  c o r n e r  between c y l i n d e r  and basemat. A s e c t i o n  o f  

4 i n  (25.8 cm ) has f a i l e d  c o m p l e t e l y  a t  about  145 p s i  (1.0 MPa). A t  

174 p s i  (1 .2  MPa), an a rea  o f  some 30 i n 2  (193.5 cm ) e x t e n d i n g  f rom t h e  
c y l i n d e r  s u r f a c e  t o  t h e  p o s i t i o n  o f  l a y e r  11 r e i n f o r c e m e n t  i s  crushed.  The 

c rushed a rea  amounts t o  some 45 i n 2  (290.3 cm ) a t  t h e  p r e s s u r e  o f  193 p s i  
(1.33 MPa) where t h e  c a l c u l a t i o n  f a i l e d  f o r  reasons t o  be d i s c u s s e d  i n  t h e  
n e x t  s u b s e c t i o n .  A t  t h i s  p r e s s u r e  t h e  compress ion area  ex tends  i n  d e p t h  t o  
about  t w o - t h i r d s  o f  t h e  w a l l  t h i c k n e s s  and j o i n s  t h e  i n n e r  zone w h i c h  i s  
c r a c k e d  due t o  bending.  There i s  no a p p r e c i a b l e  c a p a c i t y  l e f t  t o  c a r r y  
shear  s t r e s s e s  by t h e  c o n c r e t e  a t  t h i s  p ressu re .  
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4.8.7.2.2 S t r a i n s  i n  t h e  r e i n f o r c e m e n t  and t h e  l i n e r  

F o r  v a r i o u s  p r e s s u r e  l e v e l s  t h e  maxima o f  s t r a i n s  i n  t h e  r e g i o n s  d e f i n e d  
above a r e  l i s t e d  i n  T a b l e  4.8.8. The d a t a  e x h i b i t e d  a r e  t o t a l  s t r a i n s  f o r  
t h e  r e i n f o r c e m e n t  and accumulated e f f e c t i v e  p l a s t i c  s t r a i n s  o b t a i n e d  a t  
i n t e g r a t i o n  p o i n t s  f o r  t h e  2-D- l iner  e lements.  The upper  l e f t  f i g u r e  i n  a 
s e c t i o n  o f  t h e  t a b l e  denotes  m e r i d i o n a l  s t r a i n s  o f  t h e  i n n e r  r e i n f o r c e m e n t ,  
t h e  upper  r i g h t  f i g u r e  t h e  m e r i d i o n a l  s t r a i n s  i n  t h e  o u t e r  r e i n f o r c e m e n t  
l a y e r ,  and t h e  l o w e r  f i g u r e  r e f e r s  t o  hoop s t r a i n s .  The r e s p e c t i v e  maximum 
v a l u e  o f  s t r a i n s  o f  o u t e r  and i n n e r  hoop b a r s  i s  e x h i b i t e d .  

n 

The numer i ca l  c a l c u l a t i o n s  f a i l e d  a t  193 p s i  (1 .331 MPa) f o r  t h e  f o l l o w i n g  
reason.  To compute s t r a i n s  a t  t h e  i n n e r  s u r f a c e  o f  t h e  l i n e r  2-0 e lements,  
t r u s s  e lements  w i t h  v e r y  low s t i f f n e s s  were connected t o  i n n e r  s u r f a c e  nodes 
o f  t h e  l i n e r  a t  p o s i t i o n s  where compar ison w i t h  measured s t r a i n s  i s  
reques ted .  The s t r e s s - s t r a i n  curves  used f o r  t hese  t r u s s e s  were c u t  o f f  a t  
a s t r a i n  o f  0.2. As may be seen f r o m  T a b l e  4.8.8 ( l i n e  LK ( k n u c k l e )  i n  
column 7 )  t h e  accumulated e f f e c t i v e  p l a s t i c  s t r a i n  a t  r e s p e c t i v e  i n t e g r a t i o n  
p o i n t s  o f  t h e  2-D e lement  exceeds by 4.5 percentage p o i n t s  t h e  c u t - o f f  
s t r a i n  o f  t h e  connected t r u s s  e lement .  (The d e v i a t i o n  i s  due t o  t h e  
m u l t i a x i a l  s t r e s s  s t a t e  i n  t h e  k n u c k l e  as opposed t o  t h e  u n i a x i a l  s t r e s s  
s t a t e  i n  t h e  connected t r u s s  e lements . )  

The h i g h  s t r a i n s  deve loped a c c o r d i n g  t o  t h e  a n a l y s i s  seem t o  i n d i c a t e  t h a t  
t h e  l i n e r  k n u c k l e  i s  one o f  t h e  most v u l n e r a b l e  l i n k s  i n  t h e  s t r u c t u r e .  
However, a more t h o r o u g h  assessment o f  t h i s  f i n d i n g  i s  i n d i s p e n s a b l e  f o r  t h e  
f o l l o w i n g  reasons .  F i r s t l y ,  t h e  k n u c k l e  s e c t i o n  was n o t  modeled q u i t e  
a c c u r a t e l y .  The change i n  geometry of  t h e  k n u c k l e  t o  f i t  t h e  ends o f  t h e  
bend t o  t h e  p a t t e r n  o f  t h e  a d j a c e n t  c o n c r e t e  mesh, as d e s c r i b e d  i n  s e c t i o n  
4.8.3.2.3 ( t h e  r a d i u s  o f  t h e  k n u c k l e  i s  i n  t h e  model r o u g h l y  t w i c e  as l a r g e  
as i n  t h e  s t r u c t u r e ) ,  shou ld  have been c o n s i d e r e d  t o o  by an i n c r e a s e d  
t h i c k n e s s  o f  t h e  bend. Employ ing a p r o p e r l y  s c a l e d  t h i c k n e s s  wou ld  reduce 
t h e  s t r a i n s  i n  t h i s  s e c t i o n  r o u g h l y  by a p p r o x i m a t e l y  a f a c t o r  o f  two. The 
moment a t  t h e  k n u c k l e - l i n e r  b o t t o m - j u n c t i o n  r e s u l t i n g  f rom membrane s t r e s s e s  
i n  t h e  l ower  c y l i n d r i c a l  p a r t  o f  t h e  l i n e r  w i l l  become s m a l l e r  by a f a c t o r  
o f  two by r e d u c i n g  t h e  k n u c k l e  r a d i u s  by t h e  same amount. Secondly ,  t h e  
m a t e r i a l  b e h a v i o r  o f  t h e  k n u c k l e  was n o t  d e t e r m i n e d  e x p e r i m e n t a l l y .  Hence, 
t h e  m i s s i n g  m a t e r i a l  d a t a  had t o  be taken  f r o m  c h a r t s  C4.8.81. G e n e r a l l y  
t h e  s t r e n g t h  va lues  i n  these  c h a r t s  r e p r e s e n t  l ower  bounds o f  t h e  r e s p e c t i v e  
d a t a .  A c c o r d i n g  t o  T a b l e  4.8.5 t h e  y i e l d  s t r e n g t h  and t h e  t e n s i l e  s t r e n g t h  
were t a k e n  t o  be 38.8 k s i  (240 MPa) and 60.2 k s i  (415 MPa), r e s p e c t i v e l y .  

T a k i n g  c r e d i t  o f  t h e  above g e o m e t r i c  e f f e c t  and o f  somewhat more r e a l i s t i c  
s t r e n g t h  v a l u e s  shou ld  reduce t h e  maximum s t r a i n s  i n  t h e  k n u c k l e  by a f a c t o r  
o f  about  2.5. The c o r r e s p o n d i n g  e s t i m a t e d  s t r a i n s  f o r  v a r i o u s  p r e s s u r e s  a r e  
marked by " * ) ' I  i n  row LK o f  T a b l e  4.8.8. 

A p r o p e r  r e m o d e l i n g  o f  t h e  k n u c k l e  and t h e  s u r r o u n d i n g  c o n c r e t e  a rea  c o u l d  
n o t  be per fo rmed p r i o r  t o  t h e  d e a d l i n e  o f  t h i s  r e p o r t .  The improvements 
w i l l  however be c o n s i d e r e d  i n  t h e  computa t ions  w h i c h  t a k e  i n t o  account  
e q u i l i b r i u m  i t e r a t i o n s .  

From t h e  l a s t  column o f  T a b l e  4.8.8 i t  i s  seen t h a t  s t r a i n s  i n  t h e  dome 
s e c t i o n s  (DSL, DTL8, DC and DTO) remain moderate even a t  t h e  r a t h e r  h i g h  
p r e s s u r e  l o a d  o f  1.33 MPa (193 p s i ) .  A dominant  p o t e n t i a l  f o r  f a i l u r e  i s  
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T a b l e  4 . 8 . 8  S t r a i n s  ( i n  Pe rcen t )  i n  Re in fo rcemen t  and L i n e r  

Rebar Legend: Laye r  2 /Laye r  5 
Layer  1 , 3 , 4 , 6  

PRESSURE 
130 ( p s i )  145 ( p s i )  160 ( p s i )  174 ( p s i )  189 ( p s i )  193 ( p s i )  

P o s i t i o n  0.9  (MPa) 1.0 (MPa) 1.1 (MPa) 1.2 (MPa) 1.3 (MPa) 1.33 (MPal 

BLC 

CB I 

CTLlO 

cc 

CSL 

DSL 

DTL8 

DC 

DTO 

LK 

LLC 

LCC 

BH 

B L l l  

0.19 0.52 1.39 2.31 

0.61/0.10 1.35/0.11 2.26/0.23 3.59/1.43 
0.06 0.12 0.24 0.50 

/ o .  10 /0 .06 /0 .06 / O .  13 
0.22 0.55 1.06 1.97 

0.12/0.11 0.13/0.23 0.18/0.24 0.33/0.25 
0.27 1.2 2.29 3.59 

0.15/0.09 0.33/0.11 0.62/0.21 0.96/0.38 
0.18 0.38 0.82 1.50 

0.14/0.07 0.25/0.11 0.58/0.19 0.89/0.29 
0.14 0.26 0.54 1.04 

0.12 0.14 0.18 0.24 

0.10/0.09 0.12/0.11 0 .15/0 .14  0.18/0.16 
0.14 0.16 0 .20  0.25 

0 .21/0 .13  0.23/0.15 0.37/0.19 0.58/0.27 
0.13 0.15 0.18 0 .22  

0.21 0.51 2.19 9.28 
0.08*) 0.20*) 0.90") 3.70*) 

0.00 0.23 1.35 2.54 

0.16 1.26 2.54 4.17 

0 . 1 3  0.21 0.36 0.81 

0.19 0.45 0.82 0.99 

2.67 

5.59/2.00 
0.91 

/ O .  15 
3.36 

1.381 1 .a5 
6.18 

1.56/0.51 
2.92 

1.50/0.39 
2.12 

0.70 

0.28/0.20 
0.59 

1.22/0.51 
0.35 

20.0 
8 .00*)  

4 .08  

7.98 

1 .03  

1.40 

2.77 

6.54 /2.45 
1.15 

/ O .  15 
4.24 

2.16/2.78 
7.80 

1.97/0.71 
3.77 

1 . 9 U 0 . 8 1  
2.87 

0.96 

0.36/0.21 
0.78 

1 . 6 U 0 . 6 5  
0.52 

24.5 
9.80*) 

4.89 

10.5 

1 .08  

1.57 
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t h e r e f o r e  n o t  seen i n  these  areas ,  a l t h o u g h  a s l i g h t  l o s s  o f  t h e  amount o f  
l o a d  c a r r i e d  by t e r m i n a t i n g  m e r i d i o n a l  r e i n f o r c e m e n t  may o c c u r  due t o  
c i r c u m f e r e n t i a l  s t r a i n s  i n  t h e  dome s h e l l  ( D C ) .  A l s o  f o r  t h e  basemat 
b e n d i n g  r e i n f o r c e m e n t  (BLC) and t h e  basemat hoop r e i n f o r c e m e n t  (BH) f a i l u r e  
i s  n o t  expec ted .  

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

l i n e r  m i d - s e c t i o n  (LCC) 

l i n e r  k n u c k l e  (LK) 

hoop r e i n f o r c e m e n t  i n  c y l i n d e r  m i d - s e c t i o n  ( C C )  

a l t h o u g h  t h e  s t r a i n s  i n  t h e  hoop b a r s  a t  t h e  l ower  c y l i n d e r  (CBI )  
remain  below some 1.15 p e r c e n t  d u r i n g  l o a d i n g  up t o  t h e  h i g h e s t  
p r e s s u r e  reached,  a g r a d u a l  weakening o f  t h e  bonds between c o n c r e t e  and 
l a y e r  11 b a r s  cannot  be e x c l u d e d  above some 0.5 p e r c e n t  s t r a i n .  

4.8.7.2.3 P o t e n t i a l  F a i l u r e  Mechanisms 

4.8.7.2.3.1 L i n e r  leakage 

T a k i n g  i n t o  account  t h a t  u l t i m a t e  s t r a i n s  w i l l  be reduced under  m u l t i a x i a l  
c o n d i t i o n s  ( t r i a x i a l i t y  f a c t o r  C4.8.121) by a f a c t o r  between 43 and 2 f o r  
c y l i n d r i c a l  and s p h e r i c a l  s y m e t r y  o f  s h e l l s  r e s p e c t i v e l y ,  and assuming 
f u r t h e r  a r e d u c t i o n  f a c t o r  f o r  we lds  o f  0.9 and f o r  p o s s i b l e  u n d e t e c t e d  
f a u l t s  o f  0.9, about  seven p e r c e n t  i s  reasonab le  i n  t h e  f a i l u r e  s t r a i n  o f  
t h e  l i n e r .  (The u n i a x i a l  u l t i m a t e  s t r a i n  i s  16.3 p e r c e n t  a c c o r d i n g  t o  
t e s t s . )  E x c l u d i n g  leakage due t o  l ow  w e l d  q u a l i t y ,  w h i c h  i n  genera l  i s  
a l r e a d y  d e t e c t e d  a t  s t r a i n s  o f  some two p e r c e n t ,  t h e  l i n e r  may be assumed 
w i t h  h i g h  c o n f i d e n c e  t o  be l e a k  p roo f  up t o  s t r a i n s  o f  f i v e  pe rcen t .  
A c c o r d i n g  t o  t h i s  a r g u m e n t a t i o n ,  w h i c h  i s  l a r g e l y  based upon e x p e r i e n c e ,  and 
due t o  t h e  computed s t r a i n s  o f  T a b l e  4.8.8, f a i l u r e  o f  t h e  l i n e r  m i d - s e c t i o n  
seems t o  be l i k e l y  t o  o c c u r  between 174 p s i  (1 .2  MPa) and 189 p s i  (1 .3 MPa). 

4.8.7.2.3.2 L i n e r  k n u c k l e  f r a c t u r e  

The r e a s o n i n g  o f  s e c t i o n  4.8.7.2.3.1, though a p p l i c a b l e  t o  m u l t i a x i a l  
membrane s t r e s s  s t a t e s ,  cannot  be employed f o r  t h e  knuck le ,  where 
p r e d o m i n a n t l y  b e n d i n g  occu rs .  Here,  a s t r e s s  c r i t e r i o n  seems t o  be b e t t e r  
s u i t e d .  

Choosing a b e s t  e s t i m a t e  v a l u e  o f  t h e  t e n s i l e  s t r e n g t h  t h a t  i s  20 p e r c e n t  
h i g h e r  t h a n  t h e  l ower  bound v a l u e  o f  60 k s i  (415 MPa) a c c o r d i n g  t o  Tab le  
4.8.5 and c o v e r i n g  p o s s i b l e  enhancement o f  s t r e s s e s  due t o  s t r e s s  
c o n c e n t r a t i o n s  by a f a c t o r  o f  t w o - t h i r d s ,  y i e l d s  an e f f e c t q e  u l t i m a t e  
t e n s i l e  s t r e n g t h  o f  some 48 k s i  (330 MPa). 
c a l c u l a t e d  e f f e c t i v e  s t r e s s  by t a k i n g  i n t o  c o n s i d e r a t i o n  a s t r e s s  r e d u c t i o n  
f a c t o r  o f  about  two, w h i c h  i s  due t o  t h e  g e o m e t r i c  i n c o n s i s t e n c y  between t h e  
model and t h e  s t r u c t u r e ,  l e a d s  a t  189 p s i  (1 .3  MPa) i n t e r n a l  p r e s s u r e  t o  an 
e f f e c t i v e  s t r e s s  o f  about  44 k s i  (300 MPa). Hence, f r a c t u r e  o f  t h e  k n u c k l e  
does n o t  seem t o  be l i k e l y  t o  o c c u r  up t o  i n t e r n a l  p r e s s u r e s  o f  some 189 p s i  
(1 .3  MPa). I t  i s ,  however, t o  be n o t e d  t h a t  t h i s  c o n c l u s i o n  w h i c h  i s  based 

Comparing t h i s  v a l u e  w i t h  t h e  
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upon t h e  p r e s e n t  model o f  t h e  k n u c k l e  m i g h t  be s u b j e c t  t o  r e v i s i o n  i n  t h e  
r e f i n e d  i n v e s t i g a t i o n .  

4.8.7.2.3.3 Hoop r e i n f o r c e m e n t  i n  t h e  m i d - s e c t i o n  o f  t h e  c o n c r e t e  c y l i n d e r  

The p r e s e n t  r e s u l t s  show t h a t  f a i l u r e  o f  t h e  s t r u c t u r e  due t o  r a p i d  
e x t e n s i o n  o f  y i e l d i n g  o f  hoop r e i n f o r c e m e n t  between 181 p s i  (1.25 MPa) and 
188 p s i  (1 .3  MPa) cannot  be exc luded.  There i s  a lways a chance f o r  f a i l u r e  
o f  a few b a r s  a t  l o w e r  s t r a i n s  (e.g. ,  due t o  improper  s p l i c e  c o n n e c t i o n s ) .  
I f ,  say, one r e b a r  o u t  o f  20 i n  t h i s  m i d d l e  s e c t i o n  wou ld  f a i l  a t  188 p s i  
(1 .3 MPa), t h e n  t h e  s t r e s s  i n  each o f  t h e  r e m a i n i n g  hoops, would be l a r g e r  
t h a n  t h e  t e n s i l e  s t r e n g t h  and f a i l u r e  wou ld  be u n a v o i d a b l e  ( a s  may be 
conc luded f r o m  T a b l e  4.8.8 and F i g u r e  4 .8 .6 ) .  On t h e  o t h e r  hand, t o t a l  
f a i l u r e  o f  t h e  hoop r e i n f o r c e m e n t  may be e x c l u d e d  i f  t h e  i n t e r n a l  p r e s s u r e  
does n o t  exceed 174 p s i  (1 .2  MPa), p r o v i d e d  a t  l e a s t  95 p e r c e n t  o f  t h e  hoop 
r e b a r s  remain  a c t i v e  i n  t h i s  s e c t i o n .  

4.8.7.2.3.4 C y l i n d e r / b a s e m a t  i n t e r s e c t i o n  

As  p o i n t e d  o u t  i n  s e c t i o n  4.8.7.2.1 and F i g u r e  4.8.14 t h e  zone crushed 
c o n c r e t e  i s  r a t h e r  c o n f i n e d  up t o  t h e  maximum p r e s s u r e  l o a d i n g  reached i n  
t h e  a n a l y s i s .  Hence, i n  t h i s  p r e s s u r e  range a comple te  l o s s  o f  bond between 
c o n c r e t e  and l a y e r  11 b a r s  on account  o f  c r u s h i n g  does n o t  occur .  On t h e  
o t h e r  hand, t h e  s t r a i n s  i n  t h e  hoop r e i n f o r c e m e n t  i n  t h e  l o w e r  c y l i n d e r  
r e a c h  0.5 p e r c e n t  a t  74 p s i  (1 .2  MPa). T h i s  c i r c u m f e r e n t i a l  s t r a i n  may 
cause l o c a l  loss  o f  bond between t h e  m e r i d i o n a l  r e b a r s  and t h e  c o n c r e t e .  
The gap w i d t h s  between # 4 r e b a r s  o f  l a y e r  11 and c o n c r e t e  a r e  a t  t h i s  
s t r a i n  r o u g h l y  0.01 i n  (0.25 mm). Hence, p a r t i a l  l o s s  o f  shear  and t e n s i l e  
l o a d  c a r r y i n g  c a p a c i t y  o f  t h e  l a y e r  11 r e b a r s  cannot  be exc luded.  The shear  
l o a d s  c a r r i e d  by c o n c r e t e  a t  t h e  i n t e r s e c t i o n  must a c c o r d i n g  t o  t h e  damage 
e x h i b i t e d  i n  F i g u r e  4.8.14 be assumed t o  be n e g l i g i b l e  a t  174 p s i  (1 .2  MPa). 
I f  weakening o f  t h e  s t e e l - c o n c r e t e  bond i s  cons idered,  a l s o  # 6 r e b a r s  o f  
l a y e r  10 m i g h t  l o s e  t h e i r  l o a d  c a r r y i n g  c a p a c i t y  i n  m e r i d i o n a l  d i r e c t i o n .  
Assuming, f o r  example, a l o s s  o f  l o a d  c a r r y i n g  c a p a c i t y  o f  40 p e r c e n t  (due 
t o  weakening o f  t h e  s t e e l - c o n c r e t e  bonds a t  a c i r c u m f e r e n t i a l  s t r a i n  o f  0.5 
p e r c e n t )  f o r  b a r s  o f  l a y e r s  10 and 11, t h e  s t r e s s e s  i n  t h e  m e r i d i o n a l  
r e i n f o r c e m e n t  wou ld  be i n c r e a s e d  by a f a c t o r  o f  1.26. The maximum s t r a i n  i n  
t h e  m e r i d i o n a l  b a r s  a t  t h e  i n t e r s e c t i o n  ( C B I )  amounts t o  3.59 p e r c e n t  a t  a 
p r e s s u r e  o f  174 p s i  ( 1 . 2  MPa). The c o r r e s p o n d i n g  s t r e s s  ( F i g u r e  4.8.6) i s  
r o u g h l y  93 k s i  ( 6 4 1  MPa). I n  v iew o f  t h e  t e n s i l e  s t r e n g t h  o f  some 107 k s i  
(740 MPa), i t  i s  o b v i o u s  t h a t  an i n c r e a s e  i n  s t r e s s  by  26 p e r c e n t  cannot  be 
c a r r i e d  by t h e  m e r i d i o n a l  r e i n f o r c e m e n t .  Under t h e s e  c o n d i t i o n s  a combined 
shear  and t e n s i l e  f a i l u r e  a t  t h e  i n t e r s e c t i o n  i s  v e r y  l i k e l y  t o  happen a t  
p r e s s u r e s  o f  about  174 p s i  (1 .2 MPa). 

F o l l o w i n g  t h e  same r e a s o n i n g  a t  a p r e s s u r e  o f  160 p s i  (1.1 MPa), where 
maximum c i r c u m f e r e n t i a l  s t r a i n s  amount t o  0.24 p e r c e n t  i n  t h e  CBI- reg ion,  a 
l o a d  c a r r y i n g  r e d u c t i o n  f o r  l a y e r  10 and 11 r e b a r s  o f  20 p e r c e n t  wou ld  
i n c r e a s e  t h e  s t r e s s e s  i n  t h e  m e r i d i o n a l  b a r s  f r o m  84 k s i  (580 MPa) t o  some 
94.3 k s i  (650 MPa). Under t h e s e  c o n d i t i o n s  t h e  m e r i d i o n a l  and t h e  sh  a r  
l o a d s  a t  t h e  c y l i n d e r / b a s e m a t  i n t e r s e c t i o n  s h o u l d  s t i l l  be c a r r i e d  by t h e  
r e i n f o r c e m e n t ,  I n  a d d i t i o n ,  as bend ing  w i l l  l o c k  t o  some e x t e n t  t h e  
r e i n f o r c e m e n t  t h a t  t e r m i n a t e s  i n  t h e  l o w e r  s e c t i o n  o f  t h e  c o n c r e t e  cy  
t h e r e  i s  a h i g h  c o n f i d e n c e  t h a t  t h e  i n t e r s e c t i o n  does n o t  f a i l  i n  t h e  
p r e s s u r e  range up  t o  160 p s i  (1.1 MPa). 
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4.8.7.3 D e f o r m a t i o n  H i s t o r y  

A sequence o f  p ressu re -de fo rma t ion  s t a t e s  i s  shown i n  F i g u r e  4.8.15a and 
F i g u r e  4.8.15b. The d r a w i n g s  a r e  s e l f - e x p l a n a t o r y  and need n o t  be c o m e n t e d  
i n  d e t a i l .  I t  i s ,  however, p o i n t e d  o u t  t h a t  t h e  d e f o r m a t i o n s  a r e  r a t h e r  
modera te  up t o  p r e s s u r e s  o f  some 130.5 p s i  (0.9 MPa), whereas above p r e s s u r e  
l o a d s  o f  some 145 p s i  ( 1 . 0  MPa), d i s p l a c e m e n t s  i n c r e a s e  v e r y  q u i c k l y .  

4 .8 .7 .4  C o n c l u d i n g  Remarks 

The d i s c u s s i o n  o f  p o t e n t i a l  f a i l u r e  mechanisms as i d e n t i f i e d  w i t h  t h e  
a x i s y m m e t r i c  model u s i n g  s t r a i g h t - f o r w a r d  n u m e r i c a l  compu ta t i ons  w i t h o u t  
i t e r a t i o n  shows t h a t  t h e r e  i s  no un ique  d i s t i n c t i o n  o f  f a i l u r e  modes w i t h  
r e s p e c t  t o  t h e  p r e s s u r e  s c a l e .  Any one o f  t h e  mechanisms e l a b o r a t e d  upon 
may be t h e  f i r s t  i n  c a u s i n g  f a i l u r e  o f  t h e  s t r u c t u r e .  A t  about  174 p s i  ( 1 . 2  
MPa) f a i l u r e  due t o  one o r  t h e  o t h e r  o f  t h e  d i s c u s s e d  mechanisms cannot  be 
e x c l u d e d .  The p r o b a b i l i t y  f o r  s t r u c t u r a l  f a i l u r e  seems, however, t o  be low 
i n  t h e  p r e s s u r e  range up  t o  160 p s i  (1.1 MPa). T h i s  e v a l u a t i o n  does n o t  
seem t o  become s u b j e c t  t o  r e v i s i o n  i f  e q u i l i b r i u m  i t e r a t i o n  i s  i n c o r p o r a t e d  
i n  t h e  n u m e r i c a l  compu ta t i ons ,  as c a l c u l a t e d  s t r e s s - s t r a i n  v a l u e s  f i t  t o  a 
h i g h  degree o f  a p p r o x i m a t i o n  t h e  s t r e s s - s t r a i n  cu rves  f o r  t h e  r e i n f o r c e m e n t  
and t h e  l i n e r ,  t h u s  i n d i c a t i n g  t h a t  e q u i l i b r i u m  has been reached a t  l e a s t  
f o r  s t r e s s e s  above t h e  y i e l d  s t r e s s .  I t  must ,  however, be n o t e d  t h a t  o t h e r  
f a i l u r e  mechanisms may be a c t i v a t e d  p r i o r  t o  t h o s e  w h i c h  c o u l d  be i d e n t i f i e d  
w i t h i n  t h e  a x i s y m e t r i c  model used here .  F o r  example, t h e r e  m i g h t  occu r  
l eakage  i n  s e a l s  o r  f r a c t u r e  a t  l i n e r / p e n e t r a t i o n  j u n c t i o n s .  
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F i g u r e  4.8.1: F E - Mesh o f  Containment Model 
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I L X F i g u r e  4 .8 .2 :  Top o f  Dome - S t e e l  P l a t e s  

F i g u r e  4 . 8 . 4 :  K n u c k l e  Reg ion  a t  C y l i n d e r  - Basernat I n t e r s e c t i o n  
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F i g u r e . 4 . 8 . 3 :  C y l i n d e r  - Basemat I n t e r s e c t i o n  

-332- 



12 

11 

10 

9 

8 

7 

t 6  
ui" 

5 

4 

3 

2 

1 

0 1 2 3 4 5 6 7 8 9 10 
0 

s2 - 
F i g u r e  4.8.5:  ADINA Compression F a i l u r e  Envelopes ( C o n c r e t e )  

D a t a  a c c o r d i n g  t o  OTTOSEN - C h a r t s  by U n i v e r s i t y  of  K a r l s r u h e  
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STRAIN M/M *1 o - ~  

F i g u r e  4.8.6: Rebar #4 M o d i f i e d  mean S t r e s s - S t r a i n  Curve 
( T e s t s  by  U n i v e r s i t y  o f  K a r l s r u h e )  

STRAIN M/M 

F i g u r e  4.8.7: .Rebar #4 Se ismic  Re in fo rcemen t  M o d i f i e d  mean 
S t r e s s - S t r a i n  Curve ( T e s t s  by  U n i v e r s i t y  o f  K a r l s r u h e )  
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F i g u r e  4.8.8: Rebar #4 M o d i f i e d  S t r e s s - S t r a i n  Curve ( A n a l y s i s )  
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F i g u r e  4.8.9: Rebar #4 M o d i f i e d  S t r e s s - S t r a i n  Curve ( A n a l y s i s )  
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1 2 3 4 5 
Strain - 10-3 

F i g u r e  4.8.10: Rebar #4 Se ismic  Re in fo rcemen t  
M o d i f i e d  STRESS - STRAIN - Curve ( A n a l y s i s )  

t l&O * 
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150 
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"0 0,02 0.04 0.06 0,OS 0,1 0,12 0,14 0,16 0,18 0.2 

Strain - 
( T e s t s  by U n i v e r s i t y  o f  K a r l s r u h e )  

F i g u r e  4.8.11': Rebar #4 S t r e s s - S t r a i n  Curve f o r  b a r e  S t e e l  
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150 

Strain - 
F i g u r e  4.8.12: S t e e l - L i n e r  1 / 1 6 "  S t r e s s - S t r a i n  Curve 
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4.9 Brookhaven N a t i o n a l  L a b o r a t o r y  

T h i s  s e c t i o n  was p r e p a r e d  by C. J. C o s t a n t i n o  o f  t h e  C i t y  C o l l e g e  o f  New 
York and J .  P i r e s  and S .  Pepper o f  t h e  S t r u c t u r a l  A n a l y s i s  D i v i s i o n  o f  t h e  
Depar tment  o f  N u c l e a r  Energy a t  Brookhaven N a t i o n a l  Labora to ry .  

4.9.1 I n t r o d u c t i o n  

Brookhaven N a t i o n a l  L a b o r a t o r y  (BNL), a long  w i t h  a number o f  o t h e r  
o r g a n i z a t i o n s ,  u n d e r t o o k  i n  t h e  F a l l  o f  1986 t o  p e r f o r m  a d e t a i l e d  response 
a n a l y s i s  o f  t h e  1 / 6 t h  s c a l e  model con ta inment  s t r u c t u r e .  T h i s  r e i n f o r c e d  
c o n c r e t e  f a c i l i t y ,  des igned as a t y p i c a l  con ta inment  s t r u c t u r e  f o r  an a c t u a l  
n u c l e a r  power p l a n t ,  i s  t o  be p r e s s u r i z e d  t o  f a i l u r e  i n  t h e  S p r i n g  o f  1987. 
Each o f  t h e  o r g a n i z a t i o n s  i n v o l v e d  have been g i v e n  t h e  t a s k  o f  p r e d i c t i n g  
t h e  response and mode o f  f a i l u r e  o f  t h e  vesse l .  The goa l  o f  t h e  e f f o r t  i s  
o b v i o u s l y  t o  improve t h e  a n a l y s i s  c a p a b i l i t y  a v a i l a b l e  t o  t h e  e n g i n e e r i n g  
comnun i ty ,  p a r t i c u l a r l y  w i t h  r e g a r d  t o  t h e  a b i l i t y  t o  f o r e c a s t  b e h a v i o r  a t  
and near  f a i l u r e  o f  t h e  v a r i o u s  s t r u c t u r a l  m a t e r i a l s  i n v o l v e d .  

The f a i l u r e  o f  c o n c r e t e  s t r u c t u r e s  and i n  p a r t i c u l a r  con ta inment  f a c i l i t i e s  
i s  c o n t r o l l e d  by a number o f  complex i n t e r a c t i n g  mechanisms, such as t h e  
development  o f  c r a c k s  under  m u l t i a x i a l  t e n s i l e  s t r e s s  s t a t e s ,  y i e l d i n g  and 
c r u s h i n g  under  c o r r e s p o n d i n g  compress ive s t a t e s ,  shear  t r a n s f e r  across  
c r a c k e d  zones, and t h e  i n t e r a c t i o n  o f  s t e e l  r e b a r  w i t h  t h e  conc re te .  To be 
a b l e  t o  p r e d i c t  w i t h  r e a s o n a b l e  c o n f i d e n c e  t h e  response near  f a i l u r e  o f  
t hese  r e i n f o r c e d  s t r u c t u r e s ,  t hese  v a r i o u s  complex mechanisms must be 
s i m u l a t e d  w i t h i n  t h e  c o n t e x t  o f  d e t a i l e d  a n a l y t i c  models f o r  each i n d i v i d u a l  
mechanism, t h e s e  t h e n  b e i n g  combined t o  y i e l d  t h e  o v e r a l l  m a t e r i a l  model 
r e q u i r e d  f o r  t h e  p r e d i c t i o n .  Numerous c o n s t i t u t i v e  models f o r  b o t h  c o n c r e t e  
and s t e e l  m a t e r i a l s  have been proposed i n  t h e  l i t e r a t u r e  ove r  t h e  yea rs ,  
each h a v i n g  t h e  o b j e c t i v e  o f  f o r e c a s t i n g  t h e  b e h a v i o r  o f  t h e  m a t e r i a l s  a t  
and near  f a i l u r e .  One o f  t h e  p r i m a r y  o b j e c t i v e s  then  o f  t h i s  e x e r c i s e  i s  t o  
t r y  t o  improve t h e  m o d e l i n g  c a p a b i l i t y ,  p a r t i c u l a r l y  w i t h  r e g a r d  t o  t h e  
f a i l u r e  modes a s s o c i a t e d  w i t h  conta inment  s t r u c t u r e s .  

4.9.2 BNL P r e d i c t i o n a l  Model - The NFAP Code 

BNL has deve loped and e x e r c i s e d  a l a r g e  s c a l e  computer program t o  s tudy  t h e  
n o n l i n e a r  b e h a v i o r  o f  r e i n f o r c e d  c o n c r e t e  s t r u c t u r e s  near  f a i l u r e .  T h i s  
e f f o r t  has been aimed a t  d e v e l o p i n g  comple te  a n a l y t i c  m a t e r i a l  models wh ich  
have a p p l i c a b i l i t y  t o  a l l  s o r t s  o f  c o n c r e t e  s t r u c t u r e s ,  i n c l u d i n g  
c o n t a i n m e n t  f a c i l i t i e s .  The a n a l y s i s  t o o l  bea rs  t h e  acronym NFAP, s t a n d i n g  
f o r  t h e  N o n l i n e a r  F i n i t e  Element A n a l y s i s  Program. D e t a i l e d  d e s c r i p t i o n s  o f  
t h e  Code a r e  p r e s e n t e d  i n  c4.9.1 and 4.9.21, w i t h  o n l y  sumnary d e s c r i p t i o n s  
p r o v i d e d  h e r e i n  f o r  completeness o f  t h i s  r e p o r t .  

4.9.2.1 Genera l  S o l u t i o n  Procedures 

The NFAP Code i s  based on a f i n i t e  e lement  f o r m u l a t i o n  o f  t h e  e q u i l i b r i u m  
e q u a t i o n s  f o r  t h e  s t r u c t u r e / l o a d i n g  system, and i n c l u d e s  t h e  c a p a b i l i t y  t o  
t r e a t  n o n l i n e a r  c o n s t i t u t i v e  m a t e r i a l  b e h a v i o r ,  l a r g e  d i s p l a c e m e n t / s t r a i n  
p rob lems as w e l l  as s t a t i c  o r  dynamic l o a d  c o n d i t i o n s .  Fo r  t h e  conta inment  
f a c i l i t y  o f  i n t e r e s t  t o  t h i s  s tudy ,  t h e  s t r u c t u r e  i s  s i m u l a t e d  as a two- 
d i m e n s i o n a l  a x i s y m n e t r i c  f i n i t e  e lement  model,  s u b j e c t e d  t o  t h e  e f f e c t s  o f  
b o t h  g r a v i t y  l o a d i n g s  as w e l l  as s t a t i c a l l y  a p p l i e d  i n t e r n a l  p ressu res .  
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E f f e c t s  o f  p e n e t r a t i o n s  have been n e g l e c t e d  as h a v i n g  smal l  i n f l u e n c e s  on 
t h e  g l o b a l  p r e s s u r e  response o f  t h e  s t r u c t u r e .  Large  d isp lacement  e f f e c t s  
have been i n c l u d e d  i n  t h i s  c a l c u l a t i o n ,  u s i n g  t h e  t o t a l  Lagrang ian  
f o r m u l a t i o n  d e s c r i b e d  i n  C4.9.3). 

As can be e x p e c t e d  f o r  t h i s  h i g h l y  n o n l i n e a r  c a l c u l a t i o n ,  t h e  numer ica l  
s o l u t i o n  proceeds i n  a s t a n d a r d  i n c r e m e n t a l  f a s h i o n .  I n  o r d e r  t o  deve lop  
t h e  i t e r a t i v e  s o l u t i o n  procedure ,  t h e  noda l  e q u i l i b r i u m  e q u a t i o n s  a r e  
r e w r i t t e n  i n  te rms o f  i n c r e m e n t a l  d i s p l a c e m e n t  as 

(4.9.1)  

where s o l u t i o n s  a r e  o b t a i n e d  a t  each l o a d  s t e p  f o r  t h e  v e c t o r  o f  i n c r e m e n t a l  
noda l  d i s p l a c e m e n t s ,  {AU). The s t i f f n e s s  m a t r i x  [ K ]  o f  E q u a t i o n  (4.9.1)  i s  
t y p i c a l l y  a f u n c t i o n  o f  t h e  t o t a l  d i s p l a c e m e n t s ,  { U } ,  and t h e  l o a d  
i n c r e m e n t s  shown a r e  t h e  e x t e r n a l l y  a p p l i e d  l o a d i n g s ,  {F,}, ( w h i c h  may be a 

f u n c t i o n  o f  geomet ry )  and t h e  i n t e r n a l  c o r r e c t i o n  f o r c e s ,  {F i } ,  w h i c h  

account  f o r  t h e  n o n l i n e a r  e f f e c t s  w h i c h  o c c u r  d u r i n g  t h e  l o a d  s tep .  

I n  t h e  s t a n d a r d  c a l c u l a t i o n  conducted w i t h  NFAP, i t e r a t i o n s  a r e  conducted a t  
each l o a d  s t e p  t o  ensure  t h a t  a c c e p t a b l e  convergence o c c u r s .  A t  t h e  
d i s c r e t i o n  o f  t h e  u s e r ,  t h e  s t i f f n e s s  m a t r i x  can be updated a t  each 
i t e r a t i o n  w i t h i n  a l o a d  s t e p  ( f u l l  Newton-Raphson procedure)  o r  o n l y  a t  t h e  
end o f  each l o a d  i n c r e m e n t  ( m o d i f i e d  Newton-Raphson). The second method 
( u s e d  f o r  t h i s  c a l c u l a t i o n )  r e q u i r e s  more i t e r a t i o n s  t o  convergence p e r  l o a d  
i n c r e m e n t  b u t  saves c a l c u l a t i o n  t i m e  r e q u i r e d  i n  t h e  K - m a t r i x  update as 
ComDared w i t h  t h e  f i r s t  method. I t e r a t i o n s  a r e  c a r r i e d  o u t  u n t i l  t h e  norm 
o f  t h e  i n c r e m e n t  o f  t h e  d i s p l a c e m e n t  v e c t o r  a t  a g i v e n  i t e r a t  
be s m a l l  as compared t o  t h e  p r e v i o u s  i t e r a t i o n  s o l u t i o n ,  o r  

where t h e  s u b s c r i p t  i r e f e r s  t o  t h e  i t e r a t i o n  number. F o r  t h  
a v a l u e  o f  0.001 was used f o r  t h e  convergence parameter ,  6 .  

on i s  found t o  

(4 .9.2)  

s c a l c u l a t i o n ,  

4.9.2.2 M o d e l i n g  o f  M a t e r i a l s  

The s p e c i f i c  d e t a i l s  o f  t h e  m a t e r i a l  models used i n  t h i s  c a l c u l a t i o n  a r e  
p r e s e n t e d  i n  C4.9.1 and 4.9.21, w i t h  o n l y  a s h o r t  summary c o n t a i n e d  i n  t h e  
f o l l o w i n g .  The i n t e r a c t i o n  between s t e e l  and c o n c r e t e  i s  handled i n  one o f  
two ways i n  t h i s  c a l c u l a t i o n .  Some s t e e l  r e i n f o r c e m e n t ,  p r i m a r i l y  t h e  shear  
s t e e l  ( s t i r r u p s )  l o c a t e d  i n  t h e  l o w e r  s e c t i o n  o f  t h e  c y l i n d e r  w a l l ,  i s  
s p e c i f i c a l l y  modeled i n  t h e  conta inment  by means o f  a x i a l  o r  t r u s s  e lements.  
These b a r s  a r e  connected t o  t h e  nodes o f  t h e  s u r r o u n d i n g  c o n c r e t e  e lements,  
and a r e  t h e r e f o r e  s u b j e c t e d  t o  t h e  same d i s p l a c e m e n t  f i e l d  as t h e  c o n c r e t e  
e lements .  

The v a s t  m a j o r i t y  o f  s t e e l  r e i n f o r c e m e n t  i s  modeled i n  t h e  a n a l y s i s  u s i n g  
t h e  d i s t r i b u t e d  o r  smeared concept  t y p i c a l l y  used f o r  r e i n f o r c e d  c o n c r e t e  
s t r u c t u r e s .  T h i s  i s  done t o  l i m i t  t h e  amount o f  c o m p u t a t i o n  r e q u i r e d  as 
w e l l  as t o  l i m i t  d a t a  p r e p a r a t i o n  requ i rements .  I n  t h i s  method, t h e  s t e e l  
i s  smeared i n t o  t h e  c o n c r e t e  e lement ,  r e s u l t i n g  i n  a l o c a l l y  homogeneous 
cont inuum. The s e p a r a t 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  each m a t e r i a l  component 
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a r e  t r a c k e d  t h r o u g h o u t  t h e  c a l c u l a t i o n  t o  e n s u r e  t h a t  i n d i v i d u a l  s t r e s s  
pa ths  a r e  p r o p e r l y  modeled. S p e c i f i c  smear ing and desmear ing procedures ,  as  
d e s c r i b e d  i n  C4.9.21, a r e  t h e n  used t o  ensure  t h a t  node p o i n t  l oads  s a t i s f y  
t h e  r e q u i r e d  e q u i l i b r i u m  e q u a t i o n s .  

4.9.2.2.1 U n i a x i a l  S t e e l  Rebar 

The s t r e s s - s t r a i n  d a t a  p r o v i d e d  f o r  t h e  r e b a r  e s s e n t i a l l y  c o n s i s t s  o f  t h r e e  
s e c t i o n s ,  namely,  an i n i t i a l  e l a s t i c  zone, a s h o r t  p e r f e c t l y  p l a s t i c  zone, 
and a h a r d e n i n g  s e c t i o n  w h i c h  i s  a p p r o x i m a t e l y  p a r a b o l i c  i n  shape. Fo r  t h i s  
c a l c u l a t i o n ,  t h e  s t r e s s - s t r a i n  d a t a  above t h e  y i e l d  p o i n t  has been 
r e p r e s e n t e d  as a s i m p l e  l i n e a r  h a r d e n i n g  m a t e r i a l .  A h a r d e n i n g  modulus o f  
786 k s i  (5420 MPa) f o r  s t r e s s e s  above t h e  y i e l d  p o i n t  was used, wh ich  was 
o b t a i n e d  by a l i n e a r  r e g r e s s i o n  c a l c u l a t i o n .  

4.9.2.2.2 M u l t i a x i a l  S t e e l  Models  

The c o n s t i t u t i v e  model f o r  t h e  m u l t i a x i a l  s t e e l ,  such as t h e  l i n e r  
m a t e r i a l s ,  i s  based on t h e  s t a n d a r d  i n c r e m e n t a l  t h e o r y  o f  p l a s t i c i t y ,  u s i n g  
t h e  von Mises  y i e l d  c r i t e r i o n  and an a s s o c i a t e d  f l o w  r u l e .  Harden ing  i s  
i n c l u d e d  by c o n s i d e r i n g  an i s o t r o p i c  h a r d e n i n g  mechanism. A l i n e a r  
h a r d e n i n g  r u l e  was used f o r  b o t h  l i n e r  m a t e r i a l s ,  w i t h  a v a l u e  o f  152 k s i  
(1050 MPa) used f o r  t h e  1 /16  (1.59 mn) l i n e r  used a long  t h e  b a s e m a t / c y l i n d e r  
w a l l .  Fo r  t h e  dome l i n e r ,  a l a r g e r  h a r d e n i n g  modulus o f  516 k s i  (3560 MPa) 
was used t o  f i t  t h e  i n i t i a l  s l o p e  o f  t h e  s t r e s s - p l a s t i c  s t a i n  d a t a  p r o v i d e d .  

4.9.2.2.3 C o n c r e t e  S t r e s s - S t r a i n  Model 

The e l a s t i c - p l a s t i c  m a t e r i a l  b e h a v i o r  proposed by Chen and Chen C4.9.51 i s  
used i n  NFAP t o  p r e d i c t  t h e  n o n l i n e a r  b e h a v i o r  o f  t h e  c o n c r e t e .  T h i s  model 
has been found t o  y i e l d  r e a s o n a b l e  agreement w i t h  e x p e r i m e n t a l  d a t a  and has 
been employed f o r  o t h e r  f a i l u r e  e v a l u a t i o n s  o f  c o n c r e t e  conta inments .  The 
model i s  based on s e p a r a t e  assumed f a i l u r e  s u r f a c e s  i n  t h e  t e n s i o n  and 
compress ion zones i n  s t r e s s  space. The y i e l d  c r i t e r i a  a r e  deve loped i n  
t e r m s  o f  t h e  s t r e s s  i n v a r i a n t s ,  and i n c l u d e  b o t h  an a s s o c i a t e d  f l o w  r u l e ,  as 
w e l l  as a s t r a i n  h a r d e n i n g  parameter  t o  t r a c k  changes i n  t h e  y i e l d  s u r f a c e  
w i t h  s t r a i n .  The s p e c i f i c  v a l u e s  f o r  t h e  c o n c r e t e  parameters  used f o r  t h i s  
c a l c u l a t i o n  a re :  

E = Young's  modulus = 4800 k s i  (33100 MPa) 
v = P o i s s o n ' s  r a t i o  = 0.2 
f t  = T e n s i l e  y i e l d  s t r e s s  = 0.45 k s i  (3 .10 MPa) 

f I t  = T e n s i l e  f r a c t u r e  s t r e s s  = 0 .5  k s i  (3.45 MPa) 

fc  = Compressive y i e l d  s t r e s s  = 3.9 k s i  (26.9 MPa) 

f ' ,  = Compress ive f r a c t u r e  s t r e s s  = 6.8 k s i  (46 .9  MPa) 

4.9.2.2.4 F r a c t u r e  and C r u s h i n g  o f  Concre te  

The a b i l i t y  o f  t h e  c o n c r e t e  t o  f r a c t u r e  i n  b o t h  t e n s i o n  ( c r a c k i n g )  and 
compress ion ( c r u s h i n g )  have been i n c l u d e d  i n  t h e  a n a l y s i s .  A dua l  s t r e s s  
and s t r a i n  c r i t e r i o n  i s  used t o  d e f i n e  t h e  i n i t i a t i o n  o f  c r a c k i n g ,  wh ich  a r e  
based on t h e  s t r e s s  and s t r a i n  i n v a r i a n t  f o r  m u l t i a x i a l  s t a t e s ,  and a r e  
c o r r e l a t e d  w i t h  a v a i l a b l e  e x p e r i m e n t a l  d a t a  f o r  c r a c k i n g  s t r a i n s  i n  u n i a x i a l  
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compress ion and t e n s i o n .  When t h e  c o n c r e t e  c rushes ,  t h e  s t i f f n e s s  o f  t h e  
c o n c r e t e  e lement  i s  assumed t o  be z e r o  f o r  a d d i t i o n a l  l o a d i n g  o f  t h e  
m a t e r i a l .  F o r  t h e  case o f  t e n s i o n  c r a c k i n g ,  however, t h e  s t i f f n e s s e s  
a s s o c i a t e d  w i t h  s t r a i n s  normal t o  t h e  c r a c k  d i r e c t i o n  a r e  reduced t o  a smal l  
f r a c t u r e  o f  t h e i r  i n i t i a l  v a l u e .  The shear  s t i f f n e s s  r e d u c t i o n  f a c t o r  i s  
i n i t i a l l y  s e t  t o  a v a l u e  o f  0.5, w h i c h  i s  g r a d u a l l y  reduced as t h e  w i d t h  o f  
t h e  c r a c k  i n c r e a s e s .  The s p e c i f i c  f r a c t u r e  s t r a i n s  assumed f o r  t h i s  
c a l c u l a t i o n  a r e  

c o t  = F r a c t u r e  s t r a i n  i n  t e n s i o n  = 0.00021 

c o  = F r a c t u r e  s t r a i n  i n  compress ion = 0.0023 
C 

4.9.2.2.5 S o i l  F o u n d a t i o n  Model 

Based on p r e v i o u s  e x p e r i e n c e s  w i t h  c o n t a i n m e n t  c a l c u l a t i o n s ,  e s p e c i a l l y  a t  
t h e  h i g h e r  p r e s s u r e  r e g i o n s  o f  i n t e r e s t  n e a r  f a i l u r e ,  r e l a t i v e  basemat 
movements can have a s i g n i f i c a n t  e f f e c t  on t h e  c a l c u l a t i o n  o f  s t r e s s e s  a t  
t h e  basemat -cy l inder  w a l l  i n t e r s e c t i o n ,  a p o t e n t i a l  f a i l u r e  p o i n t  i n  t h e  
s t r u c t u r e  C4.9.43. T h e r e f o r e ,  i n  o u r  NFAP c a l c u l a t i o n ,  i t  was f e l t  
i m p o r t a n t  t o  i n c l u d e  t h e  s o i l  f l e x i b i l i t y  i n  t h e  model.  The s o i l  i s  
r e p r e s e n t e d  as a b i l i n e a r  e l a s t i c  W i n k l e r  f o u n d a t i o n ,  t h a t  i s ,  a one 
d i m e n s i o n a l  s o i l  e lement  w i t h  a r e l a t i v e l y  h i g h  s t i f f n e s s  under  compress ive 
l o a d i n g  and a z e r o  s t i f f n e s s  under  t e n s i l e  l o a d i n g .  

The d a t a  p r o v i d e d  by Sand ia  i n c l u d e d  a recommended v a l u e  o f  390 k s f / f t  

(61.2 MPa/m) f o r  t h e  subgrade modulus.  However, by examin ing  t h e  p l a t e  l o a d  
t e s t  d a t a  p r o v i d e d ,  and u s i n g  s t a n d a r d  e x t r a p o l a t i o n  t e c h n i q u e s  t y p i c a l l y  
used f o r  such d a t a ,  i t  was found t h a t  t h i s  recommended v a l u e  was p r o b a b l y  
much t o o  h i g h .  F o r  o u r  NFAP c a l c u l a t i o n ,  t h e r e f o r e ,  a v a l u e  o f  about  
70 k s f / f t  (11.0 MPa/m) was used f o r  t h e  c o e f f i c i e n t  o f  subgrade r e a c t i o n .  
As w i l l  be d i s c u s s e d  l a t e r ,  i t  was found t h a t  t h e  dead l o a d  c a l c u l a t i o n  
y i e l d e d  a v e r t i c a l  s e t t l e m e n t  o f  t h e  s t r u c t u r e  o f  0.17 i n c h e s  (4.32 m), a 
v a l u e  t h a t  can r e a s o n a b l y  be expec ted  f o r  t h i s  s o i l  under  t h e s e  dead l o a d  
s t r e s s e s .  

4.9.2.3 F i n i t e  Element M o d e l i n g  

The g e n e r a l  c o n f i g u r a t i o n  o f  t h e  f i n i t e  e lement  model used i n  t h i s  
c a l c u l a t i o n  i s  shown i n  F i g u r e s  4.9.1 and 4.9.2. A s  ment ioned above, t h e  
model i s  an a x i s y m m e t r i c  one, and i n c l u d e s  b o t h  t h e  mudmat and f o u n d a t i o n  
s o i l  i n  t h e  s t r u c t u r a l  model .  The comple te  f i n i t e  e lement  model,  shown i n  
F i g u r e  4.9.2,  c o n s i s t s  o f  1549 node p o i n t s  and 539 e lements.  O f  t h e  539 
e lements ,  459 a r e  two d i m e n s i o n a l ,  8-noded i s o p a r a m e t r i c  e lements,  w h i l e  80 
a r e  one-dimensional  a x i s y m e t r i c  t r u s s  e lements .  The t r u s s  e lements a r e  
used t o  r e p r e s e n t  t h e  W i n k l e r  s o i l  s p r i n g s  and some shear  s t e e l  ( s t i r r u p s )  
i n  t h e  l o w e r  c y l i n d r i c a l  w a l l .  D e t a i l e d  ske tches  o f  t h e  f i n i t e  e lement  
models  used i n  t h e  v a r i o u s  s e c t i o n  o f  t h e  s t r u c t u r e  a r e  shown i n  F i g u r e s  
4.9.3, 4 .9.4 and 4.9.5.  G e n e r a l l y ,  t h e  mudmat i s  s i m u l a t e d  by means o f  
t h r e e  e lements  t h r o u g h  i t s  t h i c k n e s s ,  t h e  basemat by seven e lements t h r o u g h  
t h e  t h i c k n e s s ,  and t h e  c y l i n d r i c a l  w a l l  and dome by seven e lements t h r o u g h  
t h e  t h i c k n e s s .  I n  a d d i t i o n ,  s e p a r a t e  e lements  a r e  used t o  r e p r e s e n t  t h e  
s t e e l  l i n e r  p l a t e  i n  t h e  v a r i o u s  s e c t i o n s ,  w i t h  t h e  l i n e r  c o n s i d e r e d  
a t t a c h e d  t o  t h e  c o n c r e t e  a t  i t s  node p o i n t s .  Thus, a t o t a l  o f  e i g h t  
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e lements  a r e  used t o  r e p r e s e n t  t h e  t h r o u g h - t h i c k n e s s  p r o p e r t i e s  o f  t h e  
s t r u c t u r a l  w a l l ,  dome and basemat. 

D e t a i l e d  s k e t c h e s  o f  t h e  f i n i t e  e lement  mode used t h r o u g h  t h e  c y l i n d r i c a l  
w a l l  s e c t i o n  a r e  shown i n  F i g u r e s  4.9.6 and 4.9.7. A s  can be seen, two o f  
t h e  e lements  a r e  modeled as p l a i n  c o n c r e t e ,  two have smeared hoop s t e e l ,  two 
have smeared m e r i d i o n a l  ( l o n g i t u d i n a l )  s t e e l ,  and t h e  o u t s i d e  e lement  
i n c l u d e s  t h e  smeared s e i s m i c  s t e e l .  The s t e e l  l i n e r  e lement  i s  t h e n  added 
t o  t h e  i n s i d e  f a c e  o f  t h e  w a l l .  By compar ing F i g u r e s  4.9.6 and 4.9.7, t h e  
o n l y  d i f f e r e n c e  between t h e  models  above and below t h e  e l e v a t i o n  o f  6 ' 6 "  i s  
t h e  amount o f  m e r i d i o n a l  s t e e l  i n c l u d e d  i n  t h e  t h i r d  c o n c r e t e  e lement  
( c o u n t i n g  f r o m  t h e  i n s i d e  f a c e ) .  To s i m p l i f y  some o f  t h e  m o d e l i n g  
r e q u i r e m e n t s ,  t h e  i n n e r  and o u t e r  hoop s t e e l  was a d j u s t e d  s l i g h t l y  so  as t o  
r e s i d e  i n  o n l y  two e lements ,  w i t h  t h e s e  e lements  b e i n g  s e p a r a t e  f r o m  t h o s e  
c o n t a i n i n g  t h e  m e r i d i o n a l  s t e e l .  A s  m e n t i o n e d  p r e v i o u s l y ,  s p e c i f i c  t r u s s  
e lements  were t h e n  used i n  t h e  w a l l  be low t h e  e l e v a t i o n  o f  6 ' 6 "  t o  r e p r e s e n t  
t h e  shear  s t e e l  ( F i g u r e  4.9.3) .  

A t y p i c a l  model used t h r o u g h  t h e  t h i c k n e s s  o f  t h e  dome i s  shown i n  
F i g u r e  4.9.8,  where a g a i n  a seven e lement  c l u s t e r  i s  used t o  r e p r e s e n t  t h e  
w a l l  a c t i o n .  The t r a n s i t i o n  e lements  used f r o m  t h e  s p r i n g l i n e  t o  t h e  
s t a n d a r d  dome e lements  a r e  p r e s e n t e d  i n  F i g u r e  4.9.9. The d e t a i l s  o f  t h e  
mudmat and basemat e lements  a r e  shown i n  F i g u r e s  4.9.10 and 4.9.11. 

4 .9.3 R e s u l t s  o f  C a l c u l a t i o n s  

A s  ment ioned p r e v i o u s l y ,  t h i s  a x i s y m m e t r i c  model was s u b j e c t e d  t o  g r a v i t y  
and i n t e r n a l  p r e s s u r e  l o a d i n g s .  The l a r g e  d i s p l a c e m e n t  f o r m u l a t i o n  was 
i n c l u d e d  i n  t h e  c a l c u l a t i o n  and a m o d i f i e d  Newton-Raphson i n c r e m e n t a l  
s o l u t i o n  scheme was used. G r a v i t y  l o a d s  were f i r s t  t u r n e d  on, f o l l o w e d  by 
i n c r e m e n t a l  p r e s s u r e  l o a d i n g s  o f  5 p s i  ( .034 MPa) u n t i l  a p r e s s u r e  o f  30 p s i  
( .207 MPa) was reached.  Beyond t h i s  p r e s s u r e ,  t h e  i n c r e m e n t a l  l o a d i n g s  were 
reduced t o  2 p s i  ( .014 MPa) t o  reduce convergence problems due t o  n o n l i n e a r  
m a t e r i a l  e f f e c t s  as w e l l  as i m p r o v i n g  t h e  t r a c k i n g  o f  c o n c r e t e  c r a c k i n g .  
From 126 p s i  (0 .869 MPa) t o  t h e  end o f  t h e  c a l c u l a t i o n s  a t  131 p s i  ( .903 
MPa), p r e s s u r e  i n c r e m e n t s  o f  1 / 4  p s i  (1 .72  kPa) were used as e x t e n s i v e  
y i e l d i n g  o c c u r s  i n  t h i s  p r e s s u r e  range.  

4 .9.3.1 S t r u c t u r a l  D e f o r m a t i o n s  

P l o t s  o f  t h e  deformed c o n f i g u r a t i o n  as a f u n c t i o n  o f  l o a d  a r e  shown i n  
F i g u r e s  4.9.12 t o  4.9.20, t h e  purpose o f  w h i c h  a r e  t o  i n d i c a t e  t h e  p r i m a r y  
c h a r a c t e r i s t i c s  o f  t h e  computed response o f  t h e  conta inment  s t r u c t u r e  t o  t h e  
a p p l i e d  l o a d s .  The d e f o r m a t i o n s  shown i n  t h e s e  f i g u r e s  a r e  m a g n i f i e d  100 
t i m e s .  The e f f e c t  o f  t h e  dead l o a d ,  F i g u r e  4.9.12, i s  t o  e s s e n t i a l l y  
d e v e l o p  a v e r t i c a l  r i g i d  body movement o f  t h e  s t r u c t u r e  i n t o  t h e  f o u n d a t i o n  
s o i l  o f  about  0.17 i n c h e s  (4.32mm). The o n l y  s i g n i f i c a n t  d e f o r m a t i o n  under 
dead l o a d  i s  found i n  t h e  mudmat e x t e n d i n g  beyond t h e  s t r u c t u r e .  A s  
i n t e r n a l  p r e s s u r e  i s  a p p l i e d ,  t h e  conta inment  v e s s e l  responds p r i m a r i l y  
e l a s t i c a l l y  ( F i g u r e  4.9.13) u n t i l  t h e  p r e s s u r e  reaches  a v a l u e  o f  about  30 
p s i  (.207 MPa) ( F i g u r e  4.9.14) .  A t  t h i s  p r e s s u r e ,  some n o n l i n e a r  c o n c r e t e  
s t r a i n s  d e v e l o p  i n  t h e  o u t e r  e lements  o f  t h e  c y l i n d r i c a l  w a l l  due t o  s h e l l  
bend ing .  O f  more impor tance,  however, c o n c r e t e  f l e x u r a l  c r a c k i n g  b e g i n s  a t  
t h e  i n s i d e  f a c e  o f  t h e  c y l i n d e r  a t  i t s  i n t e r s e c t i o n  w i t h  t h e  basemat. The 
dome remains e s s e n t i a l l y  e l a s t i c .  
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As t h e  a p p l i e d  p r e s s u r e  reaches 40 p s i  ( .276 MPa), hoop c r a c k i n g  b e g i n s  i n  
t h e  o u t e r  e lements  o f  t h e  c y l i n d e r  w a l l  n e a r  m i d - h e i g h t .  As can be seen i n  
F i g u r e  4.9.15, t h e  d e f o r m a t i o n s  now b e g i n  t o  s i g n i f i c a n t l y  i n c r e a s e ,  as t h e  
c r a c k i n g  a t  t h e  b a s e m a t / c y l i n d e r  w a l l  j u n c t i o n  e x t e n d s  i n t o  t h e  w a l l .  A t  50 
p s i  ( .245 MPa), t h e  hoop c r a c k i n g  i n c r e a s e s  a l o n g  t h e  l e n g t h  o f  t h e  w a l l  and 
c r a c k i n g  o f  t h e  c o n c r e t e  d e v e l o p s  i n  t h e  dome area.  A t  70 p s i ,  (.483 MPa), 
bend ing  c r a c k s  b e g i n  t o  f o r m  a t  t h e  c e n t e r  o f  t h e  basemat, as t h e  basemat 
c u r l s  up due t o  t h e  p r e s s u r e  l o a d s .  
c y l i n d e r  w a l l  above t h e  zone w i t h  shear  s t e e l  ( s t i r r u p s )  a t  an e l e v a t i o n  o f  
about  6 ' .  T h i s  i n  t u r n  l e a d s  t o  an i n c r e a s e  i n  t h e  e x t e n t  o f  t h e  hoop 
c r a c k s  as t h e  shear  s t i f f n e s s  n e a r  t h e  b o t t o m  o f  t h e  c y l i n d e r  decreases.  I n  
a d d i t i o n ,  shear  c r a c k s  d e v e l o p  i n  t h e  dome, i n r n e d i a t e l y  above t h e  t o p  o f  t h e  
s e i s m i c  s t e e l  area.  A t  about  80 p s i  ( .552 MPa) ( F i g u r e  4.9.17),  m u l t i p l e  
c r a c k i n g  deve lops  i n  t h e  w a l l / b a s e m a t  j u n c t i o n  as t h e  c r a c k e d  zone i n  t h i s  
a r e a  i n c r e a s e s .  The s t r e s s e s  i n  t h e  m e r i d i o n a l  s t e e l  dowels  embedded i n t o  
t h e  basemat become l a r g e r  as t h e  zone o f  c r a c k e d  c o n c r e t e  i n  t h i s  a r e a  
i n c r e a s e s .  

Shear c r a c k s  now d e v e l o p  i n  t h e  

A t  about  90 p s i  ( .621 MPa), t h e  c racked zone a t  t h e  w a l l / b a s e m a t  j u n c t i o n  
ex tends  t h r o u g h  t h e  e n t i r e  w a l l  t h i c k n e s s ,  and hoop c r a c k i n g  ex tends  
t h r o u g h o u t  most  o f  t h e  s u p e r s t r u c t u r e .  The a r e a  o f  bend ing  c r a c k s  i n  t h e  
basemat ex tends  o v e r  a l a r g e r  depth ,  b u t  t h e  s t r e s s e s  i n  t h e  s t e e l  i n  t h i s  
a r e a  a r e  s t i l l  s m a l l .  The s t e e l  l i n e r  i s  s t i l l  e l a s t i c ,  b u t  peak s t r e s s e s  
a r e  o f  t h e  o r d e r  o f  50 k s i  ( .345 MPa) i n  t h e  c e n t e r  o f  t h e  c y l i n d e r  w a l l .  
A t  about  104 p s i  ( .717 MPa), y i e l d i n g  b e g i n s  t o  d e v e l o p  i n  t h e  s t e e l  r e b a r  
dowels  w h i c h  e x t e n d  i n t o  t h e  basemat be low t h e  c y l i n d e r / w a l l  j u n c t i o n .  I n  
a d d i t i o n ,  some y i e l d i n g  o f  t h e  l i n e r  o c c u r s  a t  rn idhe igh t  o f  t h e  c y l i n d e r .  
The s t r e s s e s  i n  t h e  dome r e i n f o r c i n g  a r e  s t i l l  reasonab ly  s m a l l ,  r e a c h i n g  a 
v a l u e  o f  a b o u t  25 t o  30 k s i  ( . 1 7 2  t o  .207 MPa). 

A t  about  124 p s i  ( - 8 5 5  MPa), y i e l d i n g  of  t h e  hoop s t e e l  b e i n g s  i n  t h e  
c y l i n d e r  w a l l  i n  t h e  a r e a  above t h e  s t i r r u p s ,  and y i e l d i n g  o f  t h e  dowel 
s t e e l  becomes more e x t e n s i v e .  S t r a i n s  i n  t h e  basemat dowels  r e a c h  a v a l u e  
o f  about  0.9 p e r c e n t ,  o r  about  f o u r  t i m e s  y i e l d .  The p l a s t i c a l l y  deformed 
a r e a  o f  t h e  s t e e l  l i n e r  a l s o  spreads upwards towards  t h e  s p r i n g l i n e ,  w h i l e  
l i n e r  s t r e s s e s  i n  t h e  dome s t i l l  remain below y i e l d .  T o t a l  y i e l d i n g  o f  t h e  
hoop s t e e l  o c c u r s  a t  about  128 p s i  ( .883 MPa), above w h i c h  t h e  c a l c u l a t i o n s  
i n d i c a t e  a r a t h e r  g e n e r a l  b a l l o o n i n g  o f  t h e  s u p e r s t r u c t u r e .  The hoop s t e e l  
c o n t i n u e s  t o  de form p l a s t i c a l l y ,  a l t h o u g h  hoop s t r a i n s  a r e  s t i l l  o n l y  about  
two t i m e s  t h e  y i e l d  s t r a i n  f o r  t h e  r e b a r .  The c a l c u l a t i o n s  were 
d i s c o n t i n u e d  a t  131 p s i  ( .903 MPa), w i t h  t h e  f i n a l  deformed c o n f i g u r a t i o n  
shown i n  F i g u r e  4.9.20. 

4.9.3.2 S p e c i f i c  Responses o f  I n t e r e s t  

I n  a d d i t i o n  t o  t h e  s t r u c t u r a l  p r o f i l e s  d i s c u s s e d  above, some p l o t s  o f  
s p e c i f i c  parameters  o f  i n t e r e s t  as a f u n c t i o n  o f  a p p l i e d  p r e s s u r e  a r e  
p r e s e n t e d  i n  t h e  f o l l o w i n g .  A d e t a i l e d  s e t  o f  t h e  i n d i v i d u a l  p l o t s  
r e q u e s t e d  by Sand ia  a r e  i n c l u d e d  i n  Appendix A. 

The computed v e r t i c a l  d i s p l a c e m e n t s  a t  v a r i o u s  l o c a t i o n s  on t h e  s t r u c t u r e  
a r e  show,n i n  F i g u r e  4.9.21. A s  can be seen f r o m  t h e  p l o t s  o f  t o t a l  
d i s p l a c e m e n t ,  t h e  c e n t e r  o f  t h e  basemat, a f t e r  t h e  i n i t i a l  dead l o a d  
s o l u t i o n ,  i s  pushed down i n t o  t h e  f o u n d a t i o n  s o i l s  by t h e  a p p l i e d  i n t e r n a l  
p r e s s u r e s ,  w h i l e  t h e  edge o f  t h e  basemat c u r l s  up. T h i s  e f f e c t  i s ,  o f  
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course ,  as w o u l d  be a n t i c i p a t e d .  However, a q u e s t i o n  t h a t  must  s t i l l  be 
r e s o l v e d  i s  t h e  i m p o r t a n c e  o f  t h i s  b e h a v i o r  on t h e  o v e r a l l  response o f  t h e  
s t r u c t u r e .  I f  t h e  f o u n d a t i o n  s o i l s  were s i g n i f i c a n t l y  s t i f f e r  t h a n  
i n d i c a t e d  by t h e  d a t a  p r e s e n t e d  by Sand ia ,  i t  can be a n t i c i p a t e d  t h a t  t h e  
shear  f o r c e s  deve loped a t  t h e  w a l l / b a s e m a t  j u n c t i o n  w o u l d  be h i g h e r  t h a n  
t h o s e  i n  t h e  c u r r e n t  c a l c u l a t i o n .  T h i s  w o u l d  i n  t u r n  cause c r a c k i n g  t o  
d e v e l o p  sooner  ( o r  a t  l o w e r  a p p l i e d  p r e s s u r e s )  t h a n  c a l c u l a t e d .  The impact  
o f  t h i s  f a c t o r  has n o t  been e v a l u a t e d  i n  t h i s  c a l c u l a t i o n .  

P l o t s  o f  t h e  r e l a t i v e  d i s p l a c e m e n t s  shown i n  F i g u r e  4.9.21 a r e  o f  some 
i n t e r e s t .  The s o l i d  c u r v e  o f  F i g u r e  4.9.21B shows t h e  d i s p l a c e m e n t  o f  t h e  
edge o f  t h e  basemat r e l a t e  t o  t h e  basemat c e n t e r l i n e .  As can be seen, t h i s  
r e l a t i v e  d i s p l a c e m e n t  i n c r e a s e s  m o n o t o n i c a l l y  w i t h  p r e s s u r e  and i s  
e s s e n t i a l l y  uncoup led  f r o m  any changes t h a t  a r e  t a k i n g  p l a c e  i n  t h e  
s u p e r s t r u c t u r e .  On t h e  o t h e r  hand, t h e  v e r t i c a l  d i s p l a c e m e n t  o f  t h e  
s p r i n g l i n e  measured w i t h  r e s p e c t  t o  t h e  edge o f  t h e  basemat shows 
s i g n i f i c a n t  changes w h i c h  a r e  a s s o c i a t e d  w i t h  t h e  changes i n  c h a r a c t e r i s t i c s  
o f  t h e  c y l i n d e r  w a l l  as t h e  c o n c r e t e  c r a c k i n g  o c c u r s .  A t  about  30 p s i  (.207 
MPa), t h e  c o n c r e t e  b e g i n s  t o  show s i g n i f i c a n t  n o n l i n e a r  b e h a v i o r ,  r e d u c i n g  
t h e  e f f e c t i v e  s t i f f n e s s  o f  t h e  w a l l .  A t  about  40 p s i  (.276 MPa), hoop 
c r a c k i n g  d e v e l o p s  i n  t h e  w a l l ,  beyond w h i c h  t h e  l o n g i t u d i n a l  s t e e l  
e s s e n t i a l l y  c o n t r o l s  t h e  v e r t i c a l  s t i f f n e s s  o f  t h e  w a l l .  Above 100 p s i  
( - 6 9 0  MPa), y i e l d  b e g i n s  t o  d e v e l o p  i n  t h e  s t e e l  dowels ,  a g a i n  s o f t e n i n g  t h e  
a p p a r e n t  v e r t i c a l  s t i f f n e s s  o f  t h e  w a l l  a t  t h e  s p r i n g l i n e .  S i m i l a r  
compar isons can be made f r o m  t h e  p l o t  o f  t h e  crown d i s p l a c e m e n t  measured 
w i t h  r e s p e c t  t o  t h e  s p r i n g l i n e .  C o n c r e t e  c r a c k i n g  i n  t h e  dome area ,  w h i c h  
o c c u r s  a t  a h i g h e r  p r e s s u r e  t h a n  i n  t h e  w a l l ,  l e a d s  t o  a r e l a t e  response 
w h i c h  i s  s i m i l a r  t o  t h a t  a t  t h e  s p r i n g l i n e .  

F i g u r e  4.9.22 p r e s e n t s  a compar ison o f  hoop d i s p l a c e m e n t s  a t  t h e  c e n t e r  o f  
t h e  w a l l  and a t  t h e  s p r i n g l i n e .  As i s  expec ted ,  t h e  d i s p l a c e m e n t s  a t  t h e  
c e n t e r  o f  t h e  w a l l  a r e  about  t w i c e  t h o s e  a t  t h e  s p r i n g l i n e .  As c r a c k i n g  i n  
t h e  hoop d i r e c t i o n  e x t e n d s  i n  t h e  c y l i n d e r  w a l l ,  t h e  d i s p l a c e m e n t s  g r a d u a l l y  
i h c r e a s e  u n t i l  hoop y i e l d i n g  o c c u r s ,  a t  w h i c h  t i m e  t h e  r a d i a l  d i s p l a c e m e n t s  
i n c r e a s e  r a p i d l y .  The s t r a i n s  deve loped i n  t h e  hoop r e b a r s  a r e  shown i n  
F i g u r e  4.9.23 and show t h e  i n c r e a s e  i n  t h e  hoop s t e e l  s t r a i n s  as c r a c k i n g  
d e v e l o p s  i n  t h e  c o n c r e t e .  The s t r a i n s  shown a r e  r e l a t i v e l y  c o n s t a n t  a l o n g  
t h e  l e n g t h  o f  t h e  w a l l .  Near t h e  s p r i n g l i n e  ( z = 2 4 ' )  and basemat, s m a l l e r  
hoop s t r a i n s  a r e  c a l c u l a t e d .  

The s t r a i n s  deve loped i n  t h e  v e r t i c a l  m e r i d i o n a l  s t e e l  a r e  shown i n  F i g u r e  
4.9.24 f o r  t h e  case o f  t h e  o u t e r  l a y e r  o f  s t e e l  ( l a y e r  5 ) .  I n  
F i g u r e  4.9.24A, i t  may be n o t e d  t h a t  t h e  s t r a i n s  d e v e l o p e d  i n  t h e s e  b a r s  a r e  
g r e a t e s t  a t  t h e  j u n c t i o n  o f  t h e  c y l i n d e r  w a l l  w i t h  t h e  basemat, and decrease 
as you p r o g r e s s  up t h e  l e n g t h  o f  t h e  w a l l .  The r e l a t i o n s h i p  o f  t h e  
m e r i d i o n a l  s t r a i n s  n e a r  t h e  base o f  t h e  w a l l  t o  t h e  g r o s s  response o f  t h e  
s u p e r s t r u c t u r e  i s  shown i n  F i g u r e  4.9.248. S i m i l a r  d a t a  i s  shown i n  F i g u r e  
4 .9 .25  f o r  t h e  i n n e r  l a y e r  o f  t h e  m e r i d i o n a l  s t e e l ,  f r o m  w h i c h  a s i m i l a r  
g e n e r a l  b e h a v i o r  can be n o t e d .  A compar ison o f  s t r a i n s  deve loped i n  t h e  
i n n e r  and o u t e r  m e r i d i o n a l  s t e e l  i s  shown i n  F i g u r e  4.9.26. As can be seen, 
s i g n i f i c a n t  d i f f e r e n c e s  i n  b e h a v i o r  can be n o t e d  a t  t h e  t o p  and h o t t o m  o f  
t h e  w a l l .  A t ,  t h e  t o p ,  n e a r  t h e  s p r i n g l i n e ,  t h e  d i f f e r e n c e s  i n  s t r a i n s  can 
be a t t r i b u t e d  t o  t h e  b e n d i n g  t h a t  i s  deve loped by t h e  a c t i o n  o f  t h e  f l e x i b l e  
dome. A t  t h e  b o t t o m ,  however, t h e  l a r g e r  moments d e v e l o p e d  and t h e  
e x t e n s i v e  c r a c k i n g  o f  t h e  w a l l  l e d  t o  t h e  g e n e r a t i o n  o f  l a r g e  p l a s t i c  
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s t r a i n s  i n  t h e  i n n e r  s t e e l ,  as w e l l  as t e n s i l e  s t r a i n s  i n  t h e  o u t e r  s t e e l .  
P l a s t i c  t e n s i l e  s t r a i n s  d e v e l o p  i n  t h e  o u t e r  s t e e l  l a y e r  a t  h i g h e r  
p ressu res .  T h i s  complex b e h a v i o r  i s  d i f f e r e n t  t h a n  wou ld  n o r m a l l y  be 
a n t i c i p a t e d  f r o m  s i m p l e r  ana lyses .  

4.9.4 CONCLUSIONS 

On t h e  b a s i s  o f  t h i s  complex c a l c u l a t i o n ,  s e v e r a l  c o n c l u s i o n s  can be 
reached. F i r s t ,  two p r i m a r y  modes o f  p o t e n t i a l  f a i l u r e  o f  t h e  con ta inmen t  
d e v e l o p  as i n t e r n a l  p r e s s u r e  i s  a p p l i e d .  A t  a p r e s s u r e  o f  about  128 p s i  
(.a83 MPa), t o t a l  y i e l d i n g  o f  t h e  hoop s t e e l  o c c u r s  w h i c h  ex tends  w e l l  i n t o  
t h e  dome area .  A t  t h i s  p r e s s u r e ,  t h e  c a l c u l a t i o n s  i n d i c a t e  a genera l  
b a l l o o n i n g  o f  t h e  con ta inmen t  s t r u c t u r e  b e g i n s  as a d d i t i o n a l  p r e s s u r e  i s  
a p p l i e d .  The computed pressure-hoop d i s p l a c e m e n t  r e l a t i o n s h i p  w i l l  t hen  
t r a c k  t h e  r e b a r  s t r e s s - s t r a i n  cu rve ,  w h i c h  shows h i g h e r  c a p a c i t y  a t  much 
l a r g e r  s t e e l  s t r a i n s  o f  2 t o  3 p e r c e n t ,  p resuming o f  cou rse  t h a t  f a i l u r e  
does n o t  o c c u r  f r o m  a d i f f e r e n t  mechanism. 

The c a l c u l a t i o n s  a l s o  i n d i c a t e  a second p o t e n t i a l  f a i l u r e  mode d e v e l o p i n g  a t  
t h e  base o f  t h e  c y l i n d e r  w a l l .  The c racked  zone o f  c o n c r e t e  ex tends  t h r o u g h  
t h e  t h i c k n e s s  o f  t h e  c y l i n d e r  w a l l  a t  about  90 p s i  ( .621 MPa). A d d i t i o n a l  
p r e s s u r e  t h e n  causes t h i s  zone t o  e x t e n d  i n t o  t h e  basemat and a t  t h e  same 
t i m e  causes y i e l d i n g  o f  t h e  dowel s t e e l  i n  b o t h  t h e  i n n e r  and o u t e r  f aces  o f  
t h e  con ta inmen t  w a l l .  The c a l c u l a t e d  s t r a i n s  i n  t h e  dowels  a r e  about  4 
t i m e s  y i e l d  a t  p r e s s u r e s  o f  about  124 p s i  ( . 855  MPa). Con t inued  p r e s s u r e  
can then  be a p p l i e d  t o  t h e  s t r u c t u r e  u n t i l  e i t h e r  p u l l o u t  o f  t h e  dowels 
occu rs  or t h e  c r a c k i n g  o f  t h e  c o n c r e t e  reaches  t h e  o u t e r  edge o f  t h e  
basemat, w h i c h  i s  u n r e i n f o r c e d .  I t  i s  t h i s  l a t t e r  b e h a v i o r  w h i c h  w i l l  most 
p r o b a b l y  l e a d  t o  a l o c a l i z e d  f a i l u r e  and t h e r e f o r e  an i n a b i l i t y  t o  s u p p o r t  
a d d i t i o n a l  l o a d .  

Two p r i m a r y  a reas  o f  u n c e r t a i n t y  e x i s t  i n  t h e  c a l c u l a t i o n .  The f i r s t  
r e f l e c t s  t h e  u n c e r t a i n t y  i n  t h e  e f f e c t  o f  t h e  f o u n d a t i o n  s o i l  s t i f f n e s s  on 
t h e  c a l c u l a t e d  b e h a v i o r  i n  t h e  v i c i n i t y  o f  t h e  basemat /wa l l  j u n c t i o n .  As 
men t ioned  p r e v i o u s l y ,  o t h e r  c a l c u l a t i o n s  have i n d i c a t e d  t h a t  t h i s  e f f e c t  may 
s i g n i f i c a n t l y  e f f e c t  t h e  o v e r a l l  b e h a v i o r  o f  t h e  b a s e m a t / c y l i n d e r  w a l l  
j u n c t i o n  near  f a i l u r e .  I n s t r u m e n t a t i o n  p l a c e d  i n  t h e  s o i l  under  t h e  
basemat wou ld  have a l l o w e d  an independent  e v a l u a t i o n  o f  t h i s  b e h a v i o r .  I n  
a d d i t i o n ,  t h e  c a l c u l a t e d  b e h a v i o r  i n  t h e  v i c i n i t y  o f  t h e  basemat /wa l l  
j u n c t i o n  i n d i c a t e s  an e x t r e m e l y  complex s e t  o f  responses w h i c h  d i r e c t l y  
i n f l u e n c e s  t h e  g r o w t h  o f  t h e  c racked  zone i n  t h i s  area. These c a l c u l a t i o n s ,  
i n  t u r n ,  a r e  d i r e c t l y  i n f l u e n c e d  by t h e  f i n e n e s s  o f  t h e  f i n i t e  e lement  mesh 
used i n  t h i s  v i c i n i t y .  
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F i g u r e  4 . 9 . 1  Genera l  C o n f i g u r a t i o n  o f  Conta inment  
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F i g u r e  4 . 9 . 2  

- € 1 ,  6 ' 6 "  

W i n k l e r  S o i l  S p r i n g  Foundat ion  Model 
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11 16" Steel 

I El.  - 1'7" 

Figure 4 . 9 . 3  
Finite Element Configuration Used for Basemat/Mudmat/Cylinder Wall 

-35 1- 



1 1  

1 

9.75' Thick 
I R.C. Section 

- - I  

F i g u r e  4 . 9 . 4  
F i n i t e  E lement  C o n f i g u r a t i o n  Used i n  Wal l  and S p r i n g l i n e  S e c t i o n  
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F i g u r e  4.9.10 E l e m e n t s  Through Mudmat 
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F i g u r e  4.9.12 Deformed C o n f i g u r a t i o n  Under Dead Weight Load ings  
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F i g u r e  4 . 9 . 1 3  Deformed C o n f i g u r a t i o n  a t  20 p s i  (0.138 MPa) 
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F i g u r e  4.9.14.Deformed C o n f i g u r a t i o n  a t  30 p s i  (0.207 Mpa) 
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F i g u r e  4.9.15 Deformed C o n f i g u r a t i o n  a t  50 p s i  (0.345 Mpa) 
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F i g u r e  4.9.16 Deformed C o n f i g u r a t i o n  a t  70 p s i  (0.483 Mpa) 
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F i g u r e  4 . 9 . 1 7  Deformed C o n f i g u r a t i o n  a t  80 p s i  (0.552 Mpa) 
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F i g u r e  4.9.18 Deformed C o n f i g u r a t i o n  a t  90 p s i  (0.621 Mpa) 
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F i g u r e  4.9.19 Deformed C o n f i g u r a t i o n  a t  104 p s i  (0.717 Mpa) 
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F i g u r e  4.9.20 Deformed C o n f i g u r a t i o n  a t  131 p s i  (0.903 Mpa) 
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F i g u r e  4.9.22 R a d i a l  Displacements Along C y l i n d e r  Wall  

YIELD STRAIN 

p#m < P S I >  

F i g u r e  4 .9 .23  Hoop S t r a i n s  Developed i n  Hoop Rebar 
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4.10 C e n t r a l  E l e c t r i c i t y  G e n e r a t i n g  Board 

T h i s  s e c t i o n  was a u t h o r e d  by S. K loos terman,  D .  Ness, and T. Hunt  o f  N u c l e a r  
Des ign  A s s o c i a t e s  on b e h a l f  o f  t h e  C e n t r a l  E l e c t r i c i t y  G e n e r a t i n g  Board,  
U n i t e d  Kingdom. 

4: 10 .1  Summary 

The U.S. N u c l e a r  R e g u l a t o r y  Commission has o r d e r e d  t h e  c o n s t r u c t i o n  and 
t e s t i n g  o f  a 1:6-scale model o f  a s t e e l  l i n e d  r e i n f o r c e d  c o n c r e t e  
conta inment  a t  Sandia N a t i o n a l  L a b o r a t o r i e s .  T h i s  r e p o r t  d e s c r i b e s  t h e  hand 
c a l c u l a t i o n s  and computer ana lyses  w h i c h  were used t o  p r e d i c t  t h e  b e h a v i o r  
o f  t h e  model con ta inment  a t  i n t e r n a l  p r e s s u r e  l o a d s  up  t o  t h a t  c a u s i n g  
f a i l u r e .  Two computer programs were used f o r  t h e  ana lyses :  t h e  l i n e a r -  
e l a s t i c  PAFEC C4.10.41 and t h e  l i n e a r  and n o n l i n e a r  ADINA-TW C4.10.31. 

Ax isymmet r ic ,  p l a n e  2-0 and 3-D l i n e a r - e l a s t i c  ana lyses  were c a r r i e d  o u t  t o  
p r e d i c t  t h e  b e h a v i o r  o f  t h e  conta inment  a t  i n t e r n a l  p r e s s u r e s  below t h o s e  
c a u s i n g  c o n c r e t e  c r a c k i n g .  

N o n l i n e a r  a n a l y s i s  o f  t h e  conta inment  was c o n f i n e d  t o  an a x i s y m e t r i c  model 
w h i c h  was t a k e n  t o  an i n t e r n a l  p r e s s u r e  l o a d  o f  160 p s i  (1.103 MPa). A t  
t h i s  p r e s s u r e  t h e  a n a l y s i s  t e r m i n a t e s  due t o  f l e x u r a l  f a i l u r e  a t  t h e  w a l l  
base j u n c t i o n .  

The c a p a b i l i t y  o f  t h e  conta inment  t o  r e t a i n  i n t e r n a l  p r e s s u r e  l o a d s  i s  
dependent on t h e  e x t e n t  t o  w h i c h  t h e  l i n e r  remains l e a k  t i g h t .  The 
d i f f i c u l t y  o f  p r e d i c t i n g  t h e  a c t u a l  f a i l u r e  p r e s s u r e  o f  t h e  conta inment  i s  
d i s c u s s e d  t o g e t h e r  w i t h  t h e  e f f e c t s  o f  t h e  p e n e t r a t i o n s  and a s s o c i a t e d  
t h i c k e n i n g s .  Due t o  t h e s e  c o n s i d e r a t i o n s  t h e  p r e s s u r e s  o b t a i n e d  f r o m  t h e  
a x i s y m e t r i c  a n a l y s i s  may be regarded as upper  bound s o l u t i o n s .  

4.10.2 I n t r o d u c t i o n  

I n  t h e  U n i t e d  S t a t e s  a program o f  model t e s t i n g  has been embarked upon t o  
e s t a b l i s h  t h e  u l t i m a t e  f a i l u r e  p r e s s u r e s  o f  e x i s t i n g  conta inments .  The 
1:6-scale model o f  a r e i n f o r c e d  c o n c r e t e  conta inment  vesse l  t h a t  has been 
c o n s t r u c t e d  a t  Sand ia  N a t i o n a l  L a b o r a t o r i e s  (SNL) r e p r e s e n t s  p a r t  o f  t h i s  
program. The v e s s e l  w i l l  be p r e s s u r i z e d  t o  15 p e r c e n t  o v e r  d e s i g n  p r e s s u r e ,  
un loaded,  and t h e n  t e s t e d  t o  f a i l u r e .  

An a n a l y s i s  has been per fo rmed by NDA t o  a t t e m p t  t o  p r e d i c t  t h e  f i n a l  
outcome o f  t h e  SNL t e s t i n g .  The a n a l y s i s  i n i t i a l l y  used hand c a l c u l a t i o n s  
and f i n i t e  e lement  models t o  i d e n t i f y  c r i t i c a l  f a c t o r s  w i t h i n  t h e  1:6-scale 
model such as s o i l  and m a t e r i a l  p r o p e r t i e s .  A n o n l i n e a r  a x i s y m e t r i c  
cont inuum model was t h e n  deve loped t o  a n a l y z e  t h e  s t r u c t u r e  up t o  f a i l u r e .  
The o v e r a l l  a n a l y s i s  i s  d e p i c t e d  i n  F i g u r e  4.10.1. 

4.10.3 O b j e c t i v e s  

S i n c e  no f u n c t i o n a l  r e q u i r e m e n t s  f o r  t h e  conta inment  s t r u c t u r a l  model a t  
u l t i m a t e  p r e s s u r e  have been s p e c i f i e d ,  " f a i l u r e "  o f  t h e  s t r u c t u r e  i s  
i n d e f i n a b l e .  However, t h e  t e r m  f a i l u r e  w i t h i n  t h i s  r e p o r t  i s  t a k e n  t o  mean 
t h e  o n s e t  o f  m e c h a n i s t i c  b e h a v i o r  and u l t i m a t e  p r e s s u r e  t o  be t h e  p r e s s u r e  
a t  wh ich  t h i s  b e h a v i o r  becomes apparent .  The o b j e c t i v e  o f  t h e s e  ana lyses  i s  
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t o  p r e d i c t  t h e  p r o g r e s s i o n  o f  c r a c k i n g  and y i e l d i n g  o f  c o n c r e t e  and s t e e l  
and t o  assess t h e  i n t e r n a l  gas p r e s s u r e  a t  t h e  o n s e t  o f  m e c h a n i s t i c  
b e h a v i o r .  

The o b j e c t i v e s  o f  t h e  s t u d y  d e s c r i b e d  i n  t h i s  r e p o r t  a r e :  

a )  t o  i d e n t i f y  t h e  p o s s i b l e  modes o f  f a i l u r e  o f  t h e  1:6-scale model 
con ta inmen t  and t o  d e t e r m i n e  t h e  a s s o c i a t e d  i n t e r n a l  p r e s s u r e s .  

b )  t o  i d e n t i f y  t h e  mode o f  f a i l u r e  w h i c h  g i v e s  t h e  minimum Load F a c t o r  ( K ) .  

c )  t o  g a i n  an u n d e r s t a n d i n g  o f  t h e  b e h a v i o r  o f  t h e  model con ta inmen t  a t  
i n t e r n a l  p r e s s u r e s  beyond t h o s e  w h i c h  produce a l i n e a r - e l a s t i c  response. 

d )  t o  p r o v i d e  s u p p o r t i n g  ev idence  f o r  t h e  v a l i d a t i o n  o f  t h e  ADINA-TW 
n o n l i n e a r  f i n i t e  e lement  program. 

4.10.4 Conc lus ions  

The a n a l y s i s  p r o v i d e s  s tep-by-s tep  i n f o r m a t i o n  on t h e  b e h a v i o r  o f  t h e  
s t r u c t u r e  under i n c r e a s i n g  i n t e r n a l  p r e s s u r e .  S i g n i f i c a n t  p r e s s u r e s  were 
i d e n t i f i e d  t h r o u g h o u t  t h e  a n a l y s i s .  

The r e s u l t s  f r o m  t h e  n o n l i n e a r  a x i s y m m e t r i c  a n a l y s i s  showed t h e  f o l l o w i n g :  

a )  A p p r e c i a b l e  c r a c k i n g  o f  t h e  c o n c r e t e  due t o  bend ing  a t  t h e  w a l l  base 
j u n c t i o n  w i l l  occu r  a t  p r e s s u r e s  be low t h e  d e s i g n  p r e s s u r e  o f  t h e  
con ta inmen t .  

b )  V e r t i c a l  c r a c k i n g  w i l l  commence a t  m id -he igh t  o f  t h e  w a l l  a t  a p r e s s u r e  
o f  50 p s i  (0.345 MPa) and w i l l  sp read r a p i d l y  t h r o u g h  t h e  w a l l  and dome 
( s e e  F i g u r e s  4.10.37 and 4 .10 .38) .  I n  t h e  dome, r a d i a l  c r a c k i n g  precedes 
t h e  spread o f  t h e  v e r t i c a l  c r a c k i n g  f rom t h e  s p r i n g  l i n e  t o  t h e  apex o f  
t h e  dome. 

c )  H o r i z o n t a l  c r a c k i n g  o f  t h e  c o n c r e t e  due t o  bend ing  i n  t h e  w a l l  comences  
a t  58 p s i  (0 .400 MPa). T h i s  w i l l  cause a l o s s  o f  a x i a l  c o n c r e t e  t e n s i l e  
l o a d  c a r r y i n g  c a p a c i t y  c a u s i n g  t h e  c r a c k s  t o  e x t e n d  l o c a l l y  t h r o u g h  t h e  
who le  w a l l  t h i c k n e s s .  S i m i l a r l y ,  bend ing  due t o  t h e  s t i f f n e s s  o f  t h e  
m a j o r  p e n e t r a t i o n s  and a s s o c i a t e d  t h i c k e n i n g s  t h e r e f o r e  w i l l  have an 
e f f e c t  on t h e  f o r m a t i o n  o f  c r a c k s  w i t h i n  t h e  s t r u c t u r e .  

d )  The remainder  o f  t h e  w a l l  w i l l  c r a c k  i n  t h e  h o r i z o n t a l  d i r e c t i o n  due t o  
membrane t e n s i o n  i n  t h e  v e r t i c a l  d i r e c t i o n .  T h i s  w i l l  commence a t  75 p s i  
(0.517 MPa) a t  t h e  s p r i n g  l i n e  and s l o w l y  p r o g r e s s  down t h e  w a l l .  

e )  A t  82 p s i  (0 .566 MPa) t h e  l i n e r ,  a t  m i d - c y l i n d e r  h e i g h t ,  w i l l  r e a c h  
i n i t i a l  y i e l d  i n  t h e  hoop d i r e c t i o n  f o l l o w e d  r a p i d l y  by hoop y i e l d i n g  
o v e r  i t s  who le  s u r f a c e .  

f )  Dome l i n e r  y i e l d  i n  t h e  hoop d i r e c t i o n  w i l l  c o m e n c e  a t  110 p s i  (0 .759 
M P a ) .  
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g )  The w a l l  l i n e r  w i l l  reach i n i t i a l  y i e l d  i n  t h e  v e r t i c a l  d i r e c t i o n  a t  115 
p s i  (0.793 MPa) a t  t h e  s p r i n g  l i n e  and s l o w l y  p r o g r e s s  down i n t o  t h e  
w a l l .  

h )  The dome l i n e r  w i l l  b e g i n  t o  y i e l d  i n  t h e  m e r i d i o n a l  d i r e c t i o n  a t  129 p s i  
(0 .890 MPa). 

i )  I n i t i a l  y i e l d  o f  t h e  hoop r e i n f o r c e m e n t  a t  mid-wal l  w i l l  commence a t  124 
p s i  (0.855 MPa) w i t h  t h e  s e i s m i c  b a r  y i e l d i n g  f i r s t  and a l l  t h r e e  l a y e r s  
p a s t  i n i t i a l  y i e l d  by 129 p s i  (0 .889 MPa). 

j )  A t  127 p s i  (0.876 MPa) t h e  l i n e r  a t  t h e  w a l l / b a s e  j u n c t i o n  w i l l  y i e l d  i n  
t h e  v e r t i c a l  d i r e c t i o n  due t o  bend ing  o f  t h e  w a l l .  The bend ing  w i l l  
p r o g r e s s  t o  cause t h e  v e r t i c a l  r e i n f o r c e m e n t  t o  y i e l d  a t  140 p s i  (0.965 
MPa). A t  145.5 p s i  (1.003 MPa) t h e  c o n c r e t e  a t  t h e  i n n e r  c o r n e r  o f  t h e  
j u n c t i o n  w i l l  r e a c h  0.2 p e r c e n t  s t r a i n  i n  th'e two p r i n c i p a l  d i r e c t i o n s  o f  
t h e  e lement ,  w h i c h  w i l l  r e l i e v e  a l l  s t r e s s e s  e x c e p t  f o r  shear .  A t  159.5 
p s i  (1.100 MPa) c r u s h i n g  w i l l  o c c u r  a t  t h e  same l e v e l  on t h e  o u t s i d e  f a c e  
o f  t h e  w a l l  and c o n t i n u e  t o  p ropagate  up t o  160 p s i  (1 .103 MPa) when 
ADINA-TW r e s u l t s  i n d i c a t e  f l e x u r a l  f a i l u r e  o f  t h e  s t r u c t u r e  a t  t h e  
wal l  /base j u n c t i o n .  

Hand c a l c u l a t i o n s ,  u s i n g  a f o r c e  b a l a n c i n g  method, i n d i c a t e  t h a t  f o r  
membrane areas  o f  t h e  conta inment  b a r r e l ,  b u r s t i n g  o f  t h e  c y l i n d r i c a l  w a l l  
d e t e r m i n e s  t h e  u l t i m a t e  f a i l u r e  p r e s s u r e  o f  t h e  conta inment  (see T a b l e  
4 .10 .1) .  W i t h  l i n e r  and r e i n f o r c e m e n t  s t r e s s e s  a t  i n i t i a l  y i e l d  (see 
F i g u r e s  4.10.16 and 4.10.17)  taken f r o m  t h e  t e s t  r e s u l t s ,  i t  can be shown 
t h a t  t h e  u l t i m a t e  p r e s s u r e  f o r  an i n f i n i t e l y  l o n g  c y l i n d e r  w i l l  be 117 p s i  
(0 .806 MPa), K = 2.54 (see Appendix C ) .  

I f  m a t e r i a l  s t i f f e n i n g  a f t e r  y i e l d ,  e q u i v a l e n t  t o  t h a t  i n c o r p o r a t e d  i n  t h e  
ADINA-TW n o n l i n e a r  a n a l y s i s ,  were i n c l u d e d  i n  t h e  hand c a l c u l a t i o n ,  t h e  Load 
F a c t o r  would i n c r e a s e  by 53 p e r c e n t ,  t h e  f a i l u r e  p r e s s u r e  becoming 181 p s i  
( 1 . 2 3  MPa), K = 3.9. 

The p r e s s u r e s  quoted  above a r e  c o n s i d e r e d  t o  be t h e  upper  bound l i m i t s  f o r  
t h e  r e l a t e d  c o n d i t i o n s .  V a r i o u s  g e o m e t r i c  and m a t e r i a l  assumpt ions as w e l l  
as a n a l y t i c a l  methodology l i m i t  t h e  accuracy  o f  t h e  r e s u l t s .  I t  i s  expec ted  
t h a t  i t e m s  such as l o c a l  w e l d i n g  and c o u p l i n g  o f  r e b a r  w i l l  reduce t h e  
quoted  p r e s s u r e s .  A d d i t i o n a l l y  t h e  e f f e c t  o f  any i m p e r f e c t i o n s  i n  
s t r u c t u r a l  m a t e r i a l s  w h i c h  m i g h t  reduce t h e  quoted  p r e s s u r e s  cannot  be 
i n c l u d e d  i n  t h e  ana lyses .  Development o f  l e a k s  i n  t h e  conta inment  w h i c h  
exceed pumping c a p a c i t y  c o u l d  make i t  i m p o s s i b l e  t o  a c h i e v e  t h e  expec ted  
h i g h  p r e s s u r e s  r e q u i r e d  f o r  f a i l u r e .  

I n  c o n c l u s i o n  o u r  p r e d i c t i o n  i s  t h a t  on t h e  l i m i t e d  a n a l y s i s  c a r r i e d  o u t ,  
f a i l u r e  w i l l  be i n  l i n e  w i t h  c o n c l u s i o n  ( j )  s t a t e d  above. 

4.10.5 F a i l u r e  Modes 

The c a p a c i t y  o f  t h e  model con ta inment  t o  r e t a i n  p r e s s u r e  l o a d s  i s  dependent 
on t h e  l i n e r  m a i n t a i n i n g  a gas seal  s u f f i c i e n t  t o  p e r m i t  c o n t i n u i n g  
p r e s s u r i z a t i o n  w i t h i n  t h e  c a p a c i t y  o f  t h e  pumping equipment.  F a i l u r e  o f  t h e  
l i n e r  t o  meet t h i s  r e q u i r e m e n t  c o u l d  be caused by g l o b a l  f a i l u r e  o f  t h e  
a s s o c i a t e d  conta inment  s t r u c t u r e .  A l t e r n a t i v e l y  i t  c o u l d  be due t o  a l o c a l  

-376- 



f a i l u r e  o f  t h e  l i n e r  and anchorages caused by l o c a l  c o n c r e t e  c r a c k i n g  o r  by 
i m p e r f e c t i o n s  i n  t h e  l i n e r  o r  anchorage m a t e r i a l s ,  e.g., a t  t h e  w a l l  base 
j u n c t i o n .  I t  i s  n o t  c o n s i d e r e d  p o s s i b l e  t o  p r e d i c t  t h e  p r e s s u r e  a t  w h i c h  
such b e h a v i o r  m i g h t  occu r .  

F a i l u r e  o f  a s e c t i o n  o f  t h e  conta inment  s h e l l  due t o  membrane t e n s i l e  l oads  
i s  p receded by a s e r i e s  o f  w e l l  d e f i n e d  b e h a v i o r a l  s tages  d u r i n g  each o f  
w h i c h  smooth near  l i n e a r  l o a d / s t r a i n  c h a r a c t e r i s t i c s  a r e  d i s p l a y e d .  The 
l i m i t s  o f  t h e s e  s u c c e s s i v e  s tages ,  t h r o u g h  w h i c h  t h e  membrane areas o f  t h e  
c o n t a i n m e n t  pass under  i n c r e a s i n g  i n t e r n a l  p ressu re ,  a r e  marked by s t r a i n  
r e l a t e d  changes i n  t h e  m a t e r i a l  p r o p e r t i e s  o f  t h e  c o n c r e t e ,  l i n e r  and 
r e i n f o r c i n g  s t e e l .  These l i m i t s  a re :  

1 )  C o n c r e t e  c r a c k i n g  

2 )  L i n e r  y i e l d  

3 )  R e i n f o r c e m e n t  y i e l d  

F o r  membrane areas  t h e  Load F a c t o r  i s  t h e r e f o r e  dependent on t h e  l o a d  
c a r r y i n g  c a p a c i t y  o f  t h e  l i n e r  and r e i n f o r c e m e n t  s t e e l s  a t  s t r a i n  va lues  
beyond those  c a u s i n g  t h e i r  i n i t i a l  y i e l d .  

A t  d i s c o n t i n u i t i e s ,  p o t e n t i a l  f a i l u r e  c o u l d  be p o s t u l a t e d  t o  occu r  due t o  
t h e  combined e f f e c t s  o f  bend ing ,  membrane loads  and shears.  Due t o  t h e i r  
i n t e r a c t i o n ,  assessment o f  such areas  i s  more d i f f i c u l t  t han  f o r  t h e  
membrane areas  where o n l y  t e n s i l e  l oads  occu r .  

4.10.6 Method o f  A n a l y s i s  

4.10.6.1 A x i s y m e t r i c  A n a l y s i s  

4 .10.6.1.1 Hand C a l c u l a t i o n s  

Force  b a l a n c i n g  c a l c u l a t i o n s  were employed i n  a reas  where t e n s i l e  membrane 
f a i l u r e  m i g h t  o c c u r  and where l o a d s  on t h e  s e c t i o n  c o u l d  be d e t e r m i n e d  
s t a t i c a l l y ;  e .g . ,  a t  t h e  dome apex and i n  t h e  w a l l  remote f r o m  
d i s c o n t i n u i t i e s .  The method uses r e l a t i v e l y  s i m p l e  e q u i l i b r i u m  e q u a t i o n s  
f o r  t h i n  s h e l l s  o f  r e v o l u t i o n .  Us ing  t h e  s t r e s s / s t r a i n  p r o p e r t i e s  o f  t h e  
c o n c r e t e ,  r e i n f o r c e m e n t  and l i n e r  m a t e r i a l ,  t h e  method p r o v i d e s  an e s t i m a t e  
o f  t h e  i n t e r n a l  p r e s s u r e s  r e q u i r e d  t o  produce s u c c e s s i v e  m a t e r i a l  c r a c k i n g  
and y i e l d i n g  c o n d i t i o n s .  

The membrane f o r c e s  due t o  t h e  i n t e r n a l  p r e s s u r e  l oads  a r e  ba lanced by t h e  
sum o f  t h e  f o r c e  changes i n  t h e  s t r u c t u r a l  m a t e r i a l s  measured f rom t h e  ze ro  
i n t e r n a l  p r e s s u r e  s tage .  Thus, t h e  change i n  s t r a i n  r e q u i r e d  t o  reach 
b e h a v i o r a l  l i m i t  f o r  t h e  s e c t i o n  under  c o n s i d e r a t i o n  can be c a l c u l a t e d .  

The method assumes t h a t  t h e  c o n c r e t e  l o s e s  i t s  t e n s i l e  c a p a c i t y  i m n e d i a t e l y  
upon c r a c k i n g .  I n  r e a l i t y  c o n c r e t e  r e t a i n s  some t e n s i l e  c a p a c i t y  a f t e r  
c r a c k i n g ,  and t h i s  e f f e c t ,  termed " t e n s i o n  s t i f f e n i n g "  i s  i n c l u d e d  i n  t h e  
ADINA-TW n o n l i n e a r  f i n i t e  e lement  a n a l y s i s .  
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To demonst ra te  t h e  a p p l i c a t i o n  o f  t h e  f o r c e  b a l a n c i n g  method, c a l c u l a t i o n s  
f o r  t h e  hoop d i r e c t i o n  a t  t h e  rn id-height  o f  t h e  w a l l  a r e  i n c l u d e d  i n  
Appendix  C. 

A d d i t i o n a l l y  a hand c a l c u l a t i o n  was per fo rmed t o  d e t e r m i n e  t h e  r e l a t i v e  
s t i f f n e s s  o f  t h e  6 mn t i e  b a r  w i t h  r e s p e c t  t o  t h e  c o n c r e t e  c y l i n d e r  w a l l .  

4.10.6.1.2 Computer A n a l y s i s  

A p l a i n  c o n c r e t e  a x i s y m m e t r i c  model w i t h  a r i g i d  base, as shown i n  
F i g u r e  4.10.2, was ana lyzed assuming l i n e a r - e l a s t i c  c o n c r e t e  p r o p e r t i e s  
u s i n g  b o t h  t h e  PAFEC and ADINA-TW f i n i t e  e lement  programs. 

The ADINA-TW code i s  a m o d i f i e d  v e r s i o n  o f  ADINA-81 t h a t  i n c l u d e s  an 
improved r e p r e s e n t a t i o n  o f  n o n l i n e a r  c o n c r e t e  p r o p e r t i e s .  The m o d i f i c a t i o n s  
a r e  r e p o r t e d  t o  make t h e  program o u t p u t  more c o m p a t i b l e  w i t h  v a r i o u s  t e s t  
r e s u l t s  C4.10.61 and t a k e  account  o f  r e c e n t l y  p u b l i s h e d  works C4.10.1, 
4.10.2, 4.10.81. 

E lements r e p r e s e n t i n g  t h e  r e i n f o r c e m e n t  and l i n e r  were then  added t o  t h e  
model f o r  f u r t h e r  a n a l y s i s  u s i n g  ADINA-TW as a n o n l i n e a r  f i n i t e  e lement  
program. The program does n o t  i n c l u d e  an a x i s y m m e t r i c  p l a t e  e lement  and so 
b o t h  r e i n f o r c e m e n t  and l i n e r  were m o d e l l e d  as a c o m b i n a t i o n  o f  s i n g l e  noded 
hoop e lements  and two noded t r u s s  e lements.  A t y p i c a l  s e c t i o n  o f  t h e  
conta inment  w a l l ,  a c t u a l  and as a n a l y t i c a l l y  mode l led ,  i s  shown i n  
F i g u r e  4.10.3. The d i a g o n a l  r e i n f o r c e m e n t  was m o d e l l e d  as e q u i v a l e n t  
h o r i z o n t a l  and v e r t i c a l  e lements assuming e q u i v a l e n t  r e b a r  a rea  f o r  these 
e lements.  

The s o i l  under  t h e  base was m o d e l l e d  as s p r i n g s  w i t h  l i n e a r - e l a s t i c  
compress ive s t i f f n e s s  b u t  w i t h  no c a p a c i t y  t o  accommodate t e n s i l e  l oads .  To 
assess t h e  e f f e c t s  o f  t h e  s o i l  s t i f f n e s s  on t h e  b e h a v i o r  o f  t h e  conta inment ,  
upper  and l o w e r  bound s t i f f n e s s e s  were i n v e s t i g a t e d ,  t h e  h i g h e r  va lue  o f  
382 k s f / f t  (60.0 MPa/m) t h e n  b e i n g  used f o r  t h e  f u r t h e r  a n a l y s i s .  

A " m a t e r i a l l y  n o n l i n e a r  o n l y "  ADINA-TW o p t i o n  was used f o r  t h e  a n a l y s i s ,  
i . e . ,  i t  was assumed t h a t  s t r a i n s  and d i s p l a c e m e n t s  were smal l  enough such 
t h a t  t h e  g e o m e t r i c a l  e f f e c t s  o f  changes i n  p o s i t i o n s  and shapes o f  t h e  
e lements  c o u l d  be n e g l e c t e d .  The s t i f f n e s s  m a t r i x  was re fo rmed a t  each l o a d  
s t e p  o f  t h e  a n a l y s i s ,  smal l  l o a d  inc rements  b e i n g  used where r a p i d  
b e h a v i o r a l  changes were p r e d i c t e d .  

4.10.6.2 I n v e s t i g a t i o n  i n t o  t h e  e f f e c t s  o f  t h e  p e n e t r a t i o n  and a s s o c i a t e d  
t h i c k e n i n g s  

Asymmetr ic f e a t u r e s  o f  t h e  model con ta inment  such as t h e  m a j o r  p e n e t r a t i o n s  
and a s s o c i a t e d  t h i c k e n i n g s  w i l l  p roduce v a r i a t i o n s  i n  t h e  u n i f o r m  s t r e s s e s  
o f  a pu re  a x i s y m m e t r i c  s t r u c t u r e  and c o u l d  t h e r e f o r e  i n f l u e n c e  t h e  b e h a v i o r  
o f  t h e  s t r u c t u r e  under i n c r e a s i n g  i n t e r n a l  p ressu re  l oad .  

I t  must  be assumed t h a t  t h e  e f f e c t s  of  asymmetr ic f e a t u r e s  w i l l  be 
d i s s i m i l a r  i n  t h e  e l a s t i c  and i n e l a s t i c  phases o f  con ta inment  b e h a v i o r  and 
i t  i s  o f  i n t e r e s t  t o  assess t h e i r  a c t i o n  t h r o u g h o u t  t h e  range o f  p ressu re  
l o a d i n g .  
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To e s t i m a t e  t h e  e f f e c t s  o f  t h e  m a j o r  p e n e t r a t i o n s  and a s s o c i a t e d  t h i c k e n i n g s  
s e v e r a l  l i n e a r - e l a s t i c  models  were c r e a t e d  and a n a l y z e d  u s i n g  t h e  PAFEC 
f i n i t e  e lement  program. The models  used were: 

a )  A x i s y m n e t r i c  w i t h  t h e  t h i c k e n i n g s  added as comple te  bands o f  e lements t o  
t h e  w a l l  o f  t h e  conta inment  ( F i g u r e s  4.10.4 and 4 .10 .5) .  

b )  A 2-D h o r i z o n t a l  s l i c e  o f  180" o f  t h e  c o n t a i n m e n t  w a l l  w i t h  an a x i s  o f  
symmetry t h r o u g h  t h e  c e n t e r  o f  t h e  p l a n t  access p e n e t r a t i o n s  ( F i g u r e  
4.10.6).  

c )  A 3-D model o f  180" o f  t h e  conta inment  w a l l  w i t h  symmetry assumed a t  t h e  
l e v e l  o f  t h e  p e n e t r a t i o n s  ( F i g u r e  4.10.7).  

I d e a l l y ,  a f u l l  n o n l i n e a r  3-D a n a l y t i c a l  model s h o u l d  be deve loped t o  
d e t e r m i n e  t h e  p e n e t r a t i o n  e f f e c t s .  I n i t i a l  e s t i m a t e s  i n d i c a t e  t h a t  t h i s  
p r o c e d u r e  i s  p r o h i b i t i v e l y  e x p e n s i v e  as w e l l  as t i m e  consuming and t h u s  a 
p a r t i a l  3-D model a t  w o r s t  case l o c a t i o n s  s h o u l d  be used, i n  s p i t e  o f  t h e  
l i m i t a t i o n s  a s s o c i a t e d  w i t h  t h e  e s t i m a t i o n  o f  boundary c o n d i t i o n s  and 
p r e d i c t i o n  o f  w o r s t  case l o c a t i o n s .  T h e r e f o r e ,  t h e  a n a l y s i s  t e r m i n a t e s  w i t h  
t h e  l i n e a r  a n a l y s e s  summarized above w i t h  a judgement made as t o  t h e  f u l l  
e f f e c t s  o f  t h e  p e n e t r a t i o n s  on t h e  f a i l u r e  p r e s s u r e .  

4.10.7 M a t e r i a l  P r o p e r t i e s  

The f o l l o w i n g  p r o p e r t i e s  were assumed i n  t h e  computer ana lyses .  

4.10,7.1 Concre te  

4.10.7.1.1 L i n e a r - e l a s t i c  a n a l y s i s  

The l i n e a r - e l a s t i c  PAFEC ana lyses  used a c o n c r e t e  modulus v a l u e  o f  4350 k s i  
3 (30000 MPa), a P o i s s o n ' s  r a t i o  o f  0.2,  and a d e n s i t y  o f  150 l b / f t  

(2400 kg/m3). 
as a compar ison t o  PAFEC, used s i m i l a r  p r o p e r t i e s .  

The i n i t i a l  ADINA-TW a x i s y m m e t r i c  l i n e a r  a n a l y s i s ,  per fo rmed 

4.10.7.1.2 N o n l i n e a r  a n a l y s i s  

The c o n c r e t e  p r o p e r t i e s  f o r  use i n  t h e  n o n l i n e a r  a n a l y s i s  were assessed f r o m  
r e s u l t s  o f  t e s t s  per fo rmed on t h e  c o n c r e t e  o f  t h e  c o n t a i n m e n t  model.  The 
c o n c r e t e  o f  t h e  conta inment  i s  g e n e r a l l y  i n  a m u l t i a x i a l  s t r e s s  s t a t e  and 
i t s  b e h a v i o r  under  i n c r e a s i n g  l o a d  i s  t h u s  dependent on t h e  s t r e s s e s  i n  a l l  
d i r e c t i o n s .  R e p r e s e n t a t i o n  o f  b e h a v i o r  under  t h e s e  c o n d i t i o n s  can o n l y  be 
approx imate  [4.10.5]. 

R e p r e s e n t a t i o n  o f  c o n c r e t e  b e h a v i o r  i n  t h e  ADINA-TW ana lyses  i s  r e q u i r e d  t o  
t a k e  account  o f :  

a)  f a i l u r e  o f  t h e  m a t e r i a l  due t o  t e n s i o n  and compress ion 

b )  p o s t  c r a c k i n g  b e h a v i o r  

c )  n o n l i n e a r  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  
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4.10.7.1.2.1 Concre te  Crush ing  

The compress ion f a i l u r e  enve lopes  ( F i g u r e  4.10.8) assumed i n  t h e  ana lyses  
were d e r i v e d  u s i n g  p u b l i s h e d  t e s t  d a t a  C4.10.61. 

4.10.7.1.2.2 Concre te  C r a c k i n g  

The t e n s i l e  f a i l u r e  enve lope  assumed by ADINA-TW i s  shown i n  F i g u r e  4.10.9. 

C o n s i d e r a b l e  v a r i a t i o n  e x i s t s  i n  r e s u l t s  f r o m  d i f f e r e n t  t y p e s  o f  t e n s i l e  
t e s t s  and f r o m  r e s u l t s  o b t a i n e d  f r o m  p a r t i c u l a r  t e s t s .  I n  a d d i t i o n  t h e  
per fo rmance o f  sma l l  t e s t  specimens may d i f f e r  f r o m  t h e  per formance o f  a 
l a r g e r  s t r u c t u r e  due t o  t h e  i n a b i l i t y  o f  t h e  specimens t o  r e d i s t r i b u t e  l o a d s  
f o l l o w i n g  f a i l u r e  a t  a l o c a l  i m p e r f e c t i o n  i n  t h e  m a t e r i a l .  C o m o n l y  t e n s i l e  
c r a c k i n g  v a l u e s  a r e  t a k e n  as between 0.085 and 0.110 t i m e s  t h e  c y l i n d e r  
s t r e n g t h  o f  t h e  c o n c r e t e .  F o r  t h e s e  ana lyses  a v a l u e  o f  0.6 k s i  ( 4 . 1  MPa) 
(0 .10 f c ’ )  was adopted C4.10.91. 

I n  ADINA-TW i t  i s  assumed t h a t  a c r a c k  i s  formed i n  t h e  c o n c r e t e  when t h e  
maximum p r i n c i p a l  t e n s i l e  s t r e s s  exceeds t h e  t e n s i l e  s t r e n g t h  o f  t h e  
c o n c r e t e ,  t h e  c r a c k  f o r m i n g  i n  a p l a n e  p e r p e n d i c u l a r  t o  t h e  d i r e c t i o n  o f  t h e  
p r i n c i p a l  s t r e s s .  I t  i s  assumed t h a t  t h e  c o n c r e t e  changes f r o m  an i s o t r o p i c  
t o  an o r t h o t r o p i c  m a t e r i a l  w i t h  r e d u c t i o n s  i n  s t i f f n e s s  normal and p a r a l l e l  
t o  t h e  c r a c k e d  p l a n e .  As  l o a d  i n c r e a s e s ,  f u r t h e r  c r a c k s  may o c c u r  i n  p l a n e s  
p e r p e n d i c u l a r  t o  t h a t  f i x e d  by t h e  f i r s t  c r a c k .  

W i t h i n  S e c t i o n  4.10 h o r i z o n t a l  c r a c k i n g  i s  d e f i n e d  as t h e  r e s u l t  o f  v e r t i c a l  
t e n s i l e  s t r e s s e s .  V e r t i c a l  c r a c k i n g  i s  d e f i n e d  as t h e  r e s u l t  o f  h o r i z o n t a l  
s t r e s s e s  and r a d i a l  c r a c k i n g  i s  t h e  r e s u l t  o f  hoop s t r e s s e s .  

4.10.7.1.2.3 Pos t  C r a c k i n g  P r o p e r t i e s  

N e g l e c t  o f  p o s t  c r a c k i n g  s t i f f n e s s  w i l l  g i v e  i n a c c u r a t e  r e p r e s e n t a t i o n  o f  
t h e  s t r u c t u r a l  b e h a v i o r  o f  t h e  con ta inmen t .  T h e r e f o r e  t h e  p r o p e r t i e s  o f  
shear  r e t e n t i o n  and t e n s i o n  s t i f f e n i n g  a r e  r e q u i r e d  t o  model t h e  p o s t  
c r a c k i n g  b e h a v i o r  o f  t h e  c o n c r e t e  

a )  Shear r e t e n t i o n  

A f t e r  c r a c k i n g  t h e  c o n c r e t e  
a c t i n g  p a r a l l e l  t o  t h e  p l a n e  
aggregate  i n t e r l o c k  and dowe 

s s t i l l  capab le  o f  r e s i s t i n g  shear  f o r c e s  
o f  t h e  c r a c k  due t o  a c o m b i n a t i o n  o f  

a c t i o n  o f  r e i n f o r c i n g  b a r s .  

E x p e r i m e n t a l  work C4.10.71 has shown t h a t  t h e  r e t a i n e d  s t i f f n e s s  
depends upon many v a r i a b l e s ,  i n c l u d i n g  t h e  s i z e  and shape o f  t h e  
aggrega te ,  t h e  a r e a  and d i a m e t e r  o f  t h e  r e i n f o r c e m e n t  and t h e  t e n s i l e  
s t r a i n  a c r o s s  t h e  c rack .  T y p i c a l l y ,  i n c r e a s i n g  t e n s i l e  s t r a i n  causes 
an i n i t i a l  l o s s  o f  s t i f f n e s s  due t o  c r a c k  f o r m a t i o n  f o l l o w e d  by f u r t h e r  
l o s s e s  w h i c h  proceed a t  a r e d u c i n g  r a t e .  ADINA-TW models t h e  shear  
r e t e n t i o n  f a c t o r  (0) as shown i n  F i g u r e  4.10.10. 

b )  T e n s i l e  s t i f f e n i n g  

A s  p r i m a r y  c r a c k i n g  occu rs  t h e r e  i s  a r e d u c t i o n  i n  t e n s i l e  s t i f f n e s s  as 
t h e  c o n c r e t e  between t h e  c r a c k s  c o n t i n u e s  t o  c a r r y  some t e n s i l e  l o a d  
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u n t i l  t h e  e v e n t u a l  breakdown o f  bond between t h e  r e i n f o r c i n g  s t e e l  and 
t h e  c o n c r e t e .  ADINA-TW r e p r e s e n t s  t e n s i o n  s t i f f e n i n g  by r e d u c i n g  t h e  
c o n c r e t e  t e n s i l e  s t i f f n e s s  a f t e r  c r a c k i n g  as t h e  t e n s i l e  s t r a i n  
i n c r e a s e s  ( F i g u r e  4.10.11) .  

4.10.7.1.2.4 N o n l i n e a r  S t r e s s  S t r a i n  R e l a t i o n s h i p  

The assumed u n i a x i a l  s t r e s s - s t r a i n  r e l a t i o n s h i p  i s  shown i n  F i g u r e  4.10.12. 
I n  t h e  ADINA-TW code t h i s  c u r v e  i s  m o d i f i e d  f o r  m u l t i a x i a l  c o n d i t i o n s  by 
f a c t o r s  y1 and y as shown i n  F i g u r e  4.10.13. The f a c t o r  y i s  c a l c u l a t e d  

u s i n g  t h e  r e l a t i o n s h i p  y = 1.47 - 0.4 where t h e  r a t i o  o f  t h e  m u l t i a x i a l  t o  

u n i a x i a l  s t r e n g t h  (yl) i s  d e r i v e d  f r o m  t h e  compress ive f a i l u r e  envelopes as 

shown i n  F i g u r e  4.10.14. 

1 

I n  s i m p l e  t e s t s  C4.10.81 i t  was shown t h a t  P o i s s o n ' s  r a t i o  remains c o n s t a n t  
u n t i l  s t r e s s e s  r e a c h  a p p r o x i m a t e l y  80 p e r c e n t  o f  t h e  compress ive f a i l u r e  
s t r e s s ,  a f t e r  w h i c h  i t  b e g i n s  t o  i n c r e a s e .  ADINA-TW t a k e s  account  o f  t h i s  
e f f e c t  by u s i n g  t h e  r e l a t i o n s h i p  g i v e n  i n  F i g u r e  4.10.15. 

4.10.7.2 S t e e l  

4.10.7.2.1 R e i n f o r c e m e n t  

R e i n f o r c e m e n t  p r o p e r t i e s  were based on r e s u l t s  f r o m  t e s t s  per fo rmed by SNL. 
The y i e l d  s t r e s s e s  and modulus v a l u e s  q u o t e d  i n  t h e  t e s t  r e s u l t s  were 
c a l c u l a t e d  assuming b a r s  o f  minimum s p e c i f i e d  a r e a  whereas t h e  a c t u a l  b a r s  
t e s t e d  were o f  g r e a t e r  area.  The v a l u e s  were m o d i f i e d  a c c o r d i n g l y  and t h e  
s t r e s s - s t r a i n  c u r v e  as shown i n  F i g u r e  4.10.16 was adopted f o r  t h e  a n a l y s i s .  

4.10.7.2.2 L i n e r  

T e s t  r e s u l t s  were a v a i l a b l e  f o r  b o t h  t h e  1 / 1 6  i n c h  ( 1 . 6  mm) t h i c k n e s s  and 
1 / 1 2  i n c h  ( 2 . 1  mm) t h i c k n e s s  p l a t e  m a t e r i a l .  From t h e s e  r e s u l t s  t h e  s t r e s s -  
s t r a i n  c u r v e  as shown i n  F i g u r e  4.10.17 was d e r i v e d .  

ADINA-TW does n o t  i n c l u d e  an a x i s y m m e t r i c  p l a t e  e lement  and t h e r e f o r e  t h e  
l i n e r  was m o d e l l e d  as a c o m b i n a t i o n  of  s i n g l e  noded hoop e lements  and two 
noded t r u s s  e lements .  I n  o r d e r  t o  r e p r e s e n t  t h e  s t i f f n e s s  o f  an a c t u a l  
p l a t e  t h e  m a t e r i a l  s t i f f n e s s  o f  t h e s e  e lements was i n c r e a s e d  t o  a l l o w  f o r  
P o i s s o n ' s  r a t i o  e f f e c t s .  The f a c t o r  on t h e  s t i f f n e s s  used was l/(l-v) f o r  
b o t h  t h e  w a l l  and t h e  dome. T h i s  f a c t o r  i s  i n c l u d e d  i n  F i g u r e  4.10.17. 

4.10.7.3 S o i l  

T e s t  r e s u l t s  were a v a i l a b l e  f r o m  t h r e e  p l a t e  l o a d  t e s t s  u s i n g  12, 18, and 30 
i n c h  (305,457, and 762 m) p l a t e s  as shown i n  F i g u r e  4.10.18. Assuming a 
r i g i d  c i r c u l a r  p l a t e  and c o n s t a n t  b e a r i n g  s t r e s s ,  a l o w e r  bound s t i f f n e s s  
v a l u e  o f  26 k s f / f t  (4 .04  MPa/m) was d e r i v e d  f o r  s p r i n g  e lements r e p r e s e n t i n g  
t h e  s o i l  w i t h  an upper  bound s t i f f n e s s  v a l u e  o f  390 k s f / f t  (61 .26  MPa/m). 

I t  i s  j u d g e d  t h a t  t h e  f i n a l  u l t i m a t e  l o a d  w i l l  n o t  be s i g n i f i c a n t l y  
i n f l u e n c e d  by t h e  s o i l  p r o p e r t i e s .  T h i s  i s  due t o  t h e  t h i c k n e s s  o f  t h e  
basemat r e l a t i v e  t o  t h e  domed c y l i n d e r  s t r u c t u r e  and t o  t h e  f a c t  t h a t  t h e  
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l o w e r  bound s t i f f n e s s  assumed t h e  h i g h l y  unprobab le  case o f  u n i f o r m  s u r f a c e  
s o i l  p r o p e r t i e s  f o r  t h e  whole d e p t h  o f  s o i l  loaded by t h e  conta inment .  The 
s t i f f n e s s  o f  382 k s f / f t  (60.0 MPa/m) was adopted f o r  t h e  n o n l i n e a r  a n a l y s i s .  

4.10.8 R e s u l t s  

4.10.8.1 A x i s y m n e t r i c  A n a l y s i s  

4.10.8.1.1 Hand C a l c u l a t i o n s  

The r e s u l t s  f r o m  t h e  hand f o r c e - b a l a n c i n g  c a l c u l a t i o n s  a r e  sumnarized i n  
T a b l e  4.10.1. B a r r e l  b u r s t i n g  due t o  f a i l u r e  o f  t h e  hoop r e i n f o r c e m e n t  and 
l i n e r  produces t h e  minimum Load F a c t o r  o f  2.54. F i g u r e  4.10.19 shows how 
t h e  s e c t i o n  passes t h r o u g h  d i s t i n c t  changes i n  s t i f f n e s s  as s t r a i n  i n c r e a s e s  
w i t h  i n t e r n a l  p r e s s u r e  r i  se. 

Hand c a l c u l a t i o n s  a l s o  i n d i c a t e d  t h a t  t h e  6 mm t i e  b a r  a t  e l e v a t i o n  20 ' -1 .5"  
(+6.134 m)  has no e f f e c t  on t h e  o v e r a l l  response o f  t h e  s t r u c t u r e .  F u r t h e r  
a n a l y s e s  t h e r e f o r e  n e g l e c t  t h i s  element.  

4.10.8.1.2 Computer A n a l y s i s  

4.10.8.1.2.1 L i n e a r - E l a s t i c  A n a l y s i s  

A compar ison o f  t h e  s t r e s s e s  and d e f l e c t i o n s  f r o m  t h e  PAFEC and ADINA-TW 
e l a s t i c  a n a l y s i s  showed t h a t  t h e  r e s u l t s  o f  t h e  two ana lyses  were g e n e r a l l y  
i n  good agreement,  t h u s  p r o v i d i n g  c o n f i d e n c e  i n  t h e  accuracy o f  b o t h  codes. 

4.10.8.1.2.2 N o n l i n e a r  A n a l y s i s  

P r e l i m i n a r y  a x i s y m n e t r i c  ana lyses  were per fo rmed t o  p r o v i d e  i n d i c a t i o n s  o f  
s i g n i f i c a n t  e v e n t s  i n  t h e  b e h a v i o r  o f  t h e  s t r u c t u r e  as w e l l  as i d e n t i f y i n g  
areas  s e n s i t i v e  t o  i n i t i a l  assumptions. 

T a b l e  4.10.1 

Summary o f  Force-Balanc ing Hand C a l c u l a t i o n  R e s u l t s  

Event  Pressure  (1) 

Wal l  Hoop Wal l  V e r t i c a l  

p s i  MPa p s i  MPa 
- 

1 s t  Concre te  52 0.359 98 0.676 
Crack 
L i n e r  P1 a t e  84 0.579 108 0.743 
Y i e l d  
Rebar Y i e l d  117 0.806 141 0.973 

Dome 

p s i  

74 

131 

158 

MPa 

0.510 

0.904 

1.090 

( 1 )  Pressures  a r e  c a l c u l a t e d  u s i n g  p e r f e c t l y  p l a s t i c  m a t e r i a l  p r o p e r t i e s .  
See Appendix C f o r  sample c a l c u l a t i o n s .  
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A r e l a t i v e l y  l a r g e  p r e s s u r e  i n c r e m e n t  was chosen f o r  t h e  p r e l i m i n a r y  
ana lyses .  The r e s u l t s  i d e n t i f i e d  i n i t i a l  c o n c r e t e  c r a c k i n g  and s h e l l  y i e l d  
p o i n t s  w h i c h  compared w e l l  w i t h  t h e  hand c a l c u l a t i o n s  t h u s  p r o v i d i n g  
c o n f i d e n c e  i n  t h e  a n a l y t i c a l  model up t o  124 p s i  (0.855 MPa). 

The f i n a l  a n a l y s i s ,  i n c o r p o r a t i n g  i n f o r m a t i o n  f r o m  t h e  p r e l i m i n a r y  r u n s ,  
g i v e s  d e t a i l e d  r e s u l t s  f o r  t h e  e n t i r e  s t r u c t u r e  up t o  and i n c l u d i n g  
i d e n t i f i c a t i o n  o f  t h e  f a i l u r e  o f  t h e  s t r u c t u r e .  S i g n i f i c a n t  e v e n t s  i n  t h e  
b e h a v i o r  o f  t h e  c o n t a i n m e n t  under  i n c r e a s i n g  p r e s s u r e  l o a d  a r e  sumnar ized i n  
T a b l e  4.10.2.  A compar ison w i t h  t h e  r e s u l t s  o f  t h e  hand c a l c u l a t i o n s  shows 

T a b l e  4.10.2 
Sumnary o f  ADINA-TW N o n l i n e a r  A x i s y m m e t r i c  A n a l y s i s  R e s u l t s  

P r e s s u r e  
Event  

F i r s t  C o n c r e t e  Crack a t  Wal l /Base J u n c t i o n  

F i r s t  V e r t i c a l  Crack i n  C y l i n d e r  Wal l  

F i r s t  Membrane Crack i n  Dome 

F i r s t  H o r i z o n t a l  Crack i n  Wal l  Due t o  Bending 

F i r s t  H o r i z o n t a l  Crack i n  Wal l  Due t o  Membrane Tens ion  

I n i t i a l  Y i e l d  o f  Wal l  L i n e r  i n  Hoop D i r e c t i o n  

I n i t i a l  Y i e l d  o f  Dome L i n e r  i n  Hoop D i r e c t i o n  

Zero T e n s i l e  R e t e n t i o n  o f  C o n c r e t e  i n  Hoop D i r e c t i o n  

I n i t i a l  Y i e l d  o f  L i n e r  a t  S p r i n g l i n e  i n  A x i a l  D i r e c t i o n  

I n i t i a l  Y i e l d  o f  H o r i z o n t a l  Re in fo rcement  i n  Wal l  

95% o f  Wal l  and Dome C o n c r e t e  Cracked i n  Two D i r e c t i o n s  

L i n e r  Y i e l d  a t  Wal l /Base J u n c t i o n  

I n i t i a l  Y i e l d  o f  Dome L i n e r  i n  M e r i d i o n a l  D i r e c t i o n  

I n i t i a l  Y i e l d  o f  V e r t i c a l  R e i n f o r c e m e n t  a t  Wal l /Base J u n c t i o n  

I n i t i a l  Y i e l d  o f  V e r t i c a l  Re in fo rcement  a t  O u t e r - m i d  Wal l  

I n i t i a l  Y i e l d  o f  V e r t i c a l  Re in fo rcement  i n  Dome 

Zero T e n s i l e  R e t e n t i o n  a t  I n s i d e  Corner  o f  W a l l / B a s e  J u n c t i o n  

C r u s h i n g  o f  O u t e r  Wal l  a t  Wal l /Base J u n c t i o n  

F l e x u r a l  F a i l u r e  o f  S t r u c t u r e  a t  Wal l /Base J u n c t i o n  
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psl 

20 

50 

53 

58 

75 

82 

110 

110 

115 

124 

124 

127 

129 

140 

142 

145 

145.5 

159.5 

160 

MPa 

0.138 

0.345 

0.365 

0.400 

0.517 

0.565 

0.758 

0.758 

0.793 

0.855 

0.855 

0.876 

0.889 

0.965 

0.979 

1.000 

1.003 

1.100 

1.103 

- 



good agreement f o r  e v e n t s  i n  t h e  membrane areas o f  t h e  conta inment .  A f t e r  
c r a c k i n g  o f  t h e  c o n c r e t e  and i n i t i a l  y i e l d  o f  t h e  s t e e l  t h e  compar ison 
between t h e  hand and ADINA-TW c a l c u l a t i o n  shows i n c r e a s i n g  d i s c r e p a n c y .  
T h i s  i s  due t o  t h e  f a c t  t h a t  t h e  hand c a l c u l a t i o n s  assume p e r f e c t l y  p l a s t i c  
m a t e r i a l s  w i t h o u t  i n c r e a s e  i n  s t i f f n e s s  a f t e r  y i e l d i n g  whereas t h e  computer 
a n a l y s i s  assumes some s t i f f e n i n g  under  t h i s  c o n d i t i o n  l e a d i n g  t o  an i n c r e a s e  
i n  t h e  c a l c u l a t e d  u l t i m a t e  p r e s s u r e .  F o r  t h e  f a i l u r e  mode o f  b a r r e l  
b u r s t i n g ,  t h e  hand c a l c u l a t i o n  p r e s s u r e  would i n c r e a s e  by 53 p e r c e n t  t o  181 
p s i  (1.24 MPa) f o r  t h e  m o d i f i e d  m a t e r i a l  p r o p e r t i e s .  

The d i s p l a c e m e n t  under  i n c r e a s i n g  p r e s s u r e  l o a d  o f  t y p i c a l  nodes o f  t h e  
ADINA-TW model a r e  shown i n  F i g u r e s  4.10.20 and 4.10.21 and t h e  d i s p l a c e d  
shapes o f  t h e  conta inment  a r e  shown g r a p h i c a l l y  i n  F i g u r e s  4.10.22 t o  
4.10.28. A t  an i n t e r n a l  p r e s s u r e  o f  129 p s i  (0 .89 MPa) i t  can be seen t h a t  
t h e  r a d i a l  d i s p l a c e m e n t s  s t a r t  t o  i n c r e a s e  r a p i d l y  a t  a h e i g h t  o f  16 f t  
( 4 . 8 8  m) above t h e  b o t t o m  o f  t h e  basemat. The s t a r t  o f  t h i s  i n c r e a s e  
cor responds w i t h  t h e  hoop r e i n f o r c e m e n t  r e a c h i n g  i t s  i n i t i a l  y i e l d  va lue .  
Because t h e  c o n c r e t e  i s  e x t e n s i v e l y  c racked t h e  bend ing  s t i f f n e s s  o f  t h e  
s e c t i o n  i s  c o n s i d e r a b l y  reduced and t h e r e  i s  l i t t l e  c a p a c i t y  f o r  l o a d  
r e d i s t r i b u t i o n  t o  a d j o i n i n g  p a r t s  o f  t h e  s t r u c t u r e .  As t h e  hoop 
r e i n f o r c e m e n t  p r o g r e s s i v e l y  reaches t h e  i n i t i a l  y i e l d  p o i n t ,  a s i g n i f i c a n t  
' b u l g e '  appears a t  w a l l  m id-he igh t  ( F i g u r e  4.10.27) .  

The ADINA-TW r e s u l t s  show c r a c k i n g  o f  t h e  c o n c r e t e  a t  t h e  w a l l  base 
j u n c t i o n ,  due t o  bending,  o c c u r i n g  f r o m  a p r e s s u r e  o f  20 p s i  (0.138 MPa). 
A t  d e s i g n  p r e s s u r e  t h e r e  i s  a p p r e c i a b l e  c r a c k i n g  i n  t h e  area,  as shown i n  
F i g u r e  4.10.29. C r a c k i n g  i n  t h e  a r e a  a t  t h e  S t r u c t u r a l  Overpressure  T e s t  
p r e s s u r e  o f  1.15 Pd and a t  h i g h e r  p r e s s u r e s  i s  shown i n  F i g u r e s  4.10.30 t o  
4.10.36. 

Note  t h a t  i n  F i g u r e s  4.10.29 t h r o u g h  4.10.36 basemat r e s u l t s  a r e  f o r  
s e l e c t e d  e lements  o n l y .  T h i s  i s  due t o  machine c a p a c i t y .  F i l e  s i z e  
r e s t r i c t s  t h e  amount o f  o u t p u t  p r i n t e d  and t h u s  c e r t a i n  e lement  r e s u l t s  a r e  
n o t  a v a i  1 ab1 e. 

V e r t i c a l  c r a c k i n g  of  t h e  c o n c r e t e  w a l l  commences a t  m i d  h e i g h t  o f  t h e  w a l l ,  
f r o m  t h e  i n s i d e  f a c e ,  a t  a p r e s s u r e  o f  50 p s i  (0.345 MPa) and spreads 
r a p i d l y  w i t h  f u r t h e r  inc rements  o f  p r e s s u r e ,  r e a c h i n g  t h e  b o t t o m  o f  t h e  dome 
a t  S t r u c t u r a l  Overpressure  T e s t  p r e s s u r e ,  53 p s i  (0.365 MPa), as shown i n  
F i g u r e  4.10.37. W i t h  f u r t h e r  inc rements  o f  l o a d  t h e  c r a c k i n g  spreads 
towards  t h e  apex o f  t h e  dome as shown i n  F i g u r e  4.10.38. 

R a d i a l  c r a c k i n g  a t  t h e  i n s i d e  f a c e  o f  t h e  dome, due t o  a c o m b i n a t i o n  o f  
bend ing  and m e r i d i o n a l  t e n s i o n  spreads f r o m  t h e  base towards t h e  apex a t  t h e  
same r a t e  as t h e  v e r t i c a l  c r a c k i n g  ( F i g u r e  4.10.38) .  The r a d i a l  c r a c k i n g  
spreads r a p i d l y  and a t  a p r e s s u r e  o f  a p p r o x i m a t e l y  80 p s i  (0 .552 MPa) has 
ex tended o v e r  t h e  m a j o r i t y  o f  t h e  dome. 

H o r i z o n t a l  c r a c k i n g  a t  t h e  o u t s i d e  f a c e  o f  t h e  w a l l  due t o  a combina t ion  o f  
bend ing  and a x i a l  t e n s i o n  commences a t  58 p s i  (0.400 MPa) a t  a p p r o x i m a t e l y  
9 ' 2 "  (2.80 m) above t h e  b o t t o m  o f  t h e  basemat. A t  70 p s i  (0 .488 MPa) t h i s  
c r a c k i n g  has ex tended t h r o u g h  much o f  t h e  s e c t i o n ,  t h e  l o s s  o f  t h e  t e n s i l e  
s t r e n g t h  o f  t h e  c racked c o n c r e t e  i n  r e s i s t i n g  membrane l o a d s  b e i n g  
s i g n i f i c a n t  i n  e x t e n d i n g  t h e  d e p t h  o f  t h e  i n i t i a l  c racks  ( F i g u r e  4.10.39). 
I n  t h e  r e m a i n i n g  areas  o f  t h e  w a l l  where bend ing  e f f e c t s  a r e  i n s i g n i f i c a n t ,  
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h o r i z o n t a l  c r a c k s  o c c u r  due t o  p u r e  membrane t e n s i o n .  These c r a c k s  f o r m  a t  
a p r e s s u r e  o f  between 75 p s i  (0 .517 MPa) and 104 p s i  (0.718 MPa). 

R a d i a l  c r a c k i n g  a t  t h e  u n d e r s i d e  o f  t h e  base spreads r a d i a l l y  f r o m  t h e  
m i d d l e  o f  t h e  s t r u c t u r e  a t  a p r e s s u r e  v a l u e  o f  80 p s i  (0 .552 MPa). These 
c r a c k s  a r e  due t o  h i g h  hoop s t r e s s e s  and e x t e n d  a c r o s s  t h e  e n t i r e  u n d e r s i d e  
o f  t h e  basemat by 124 p s i  (0.855 MPa). A d d i t i o n a l l y  c r a c k i n g  due t o  bend ing  
comnences n e a r  t h e  c o n t a i n m e n t  a x i s  b e f o r e  t h e  p r e s s u r e  reaches 147 p s i  
(1.104 MPa). 

Subsequent t o  t h e  l o s s  o f  t h e  c o n c r e t e  s t r e n g t h  due t o  c r a c k i n g ,  t h e  
m a j o r i t y  o f  t h e  p r e s s u r e  l o a d  t r a n s f e r s  t o  t h e  i n t e r n a l  l i n e r  and t h e  
v a r i o u s  l a y e r s  o f  r e i n f o r c e m e n t .  G r a p h i c a l  r e p r e s e n t a t i o n  o f  t h e  s t e e l  
e lement  s t r e s s e s  r e l a t i v e  t o  i n c r e a s i n g  p r e s s u r e  a r e  g i v e n  i n  F i g u r e s  
4.10.40 t h r o u g h  4.10.44. 

The i n i t i a l  y i e l d  o f  t h e  l i n e r  o c c u r s  a t  82 p s i  (0.565 MPa) where mid- 
c y l i n d e r  w a l l  y i e l d s  i n  t h e  hoop d i r e c t i o n .  The y i e l d  p r o g r e s s e s  r a p i d l y  
b o t h  upward and downward and t h e  m a j o r i t y  o f  t h e  w a l l  l i n e r  i s  beyond t h e  
i n i t i a l  y i e l d  s t r e s s  by 86 p s i  (0 .593 MPa). The h i g h  hoop s t r e s s  c o n t i n u e s  
upward w i t h  t h e  dome l i n e r  y i e l d i n g  a t  a p p r o x i m a t e l y  110 p s i  (0.759 MPa). 

A t  t h i s  same p r e s s u r e ,  t h e  c o n c r e t e  s t r a i n s  i n  t h e  hoop d i r e c t i o n  o f  t h e  
w a l l  have reached 0 . 2  p e r c e n t .  As d i s c u s s e d  i n  S e c t i o n  4.10.7.1.2.3b t h e  
ADINA-TW code a l l o w s  r e t e n t i o n  o f  t e n s i l e  s t r e s s e s  a f t e r  c r a c k i n g  w i t h  
r e d u c t i o n  i n  r e t e n t i o n  r e l a t i v e  t o  t h e  e lement  s t r a i n .  A t  0.2 p e r c e n t  
s t r a i n  t h i s  r e t e n t i o n  reduces t o  z e r o ,  t h u s  100 p e r c e n t  o f  t h e  hoop s t r e s s  
i s  c a r r i e d  by t h e  l i n e r  and hoop r e i n f o r c e m e n t .  

A t  115 p s i  (0.793 MPa) t h e  a x i a l  s t r e s s  i n  t h e  l i n e r  a t  t h e  s p r i n g  l i n e  
reaches  t h e  i n i t i a l  y i e l d  v a l u e  due t o  a c o m b i n a t i o n  o f  membrane t e n s i o n  and 
bend ing .  W i t h  f u r t h e r  p r e s s u r e  i n c r e m e n t s  t h e  a f f e c t e d  area  o f  t h e  l i n e r  
spreads downward i n t o  t h e  c y l i n d e r  w a l l .  

The hoop r e i n f o r c e m e n t  w i t h i n  t h e  c y l i n d e r  w a l l ,  now c a r r y i n g  a p p r o x i m a t e l y  
80 p e r c e n t  o f  t h e  l o a d ,  a t t a i n s  i n i t i a l  y i e l d  a t  124 p s i  (0.855 MPa). The 
i n s i d e  f a c e  r e i n f o r c e m e n t  i s  t h e  f i r s t  t o  y i e l d  w i t h  a l l  t h r e e  l a y e r s  beyond 
y i e l d  by 129 p s i  (0.890 MPa). T h i s  o c c u r s  s i m u l t a n e o u s l y  w i t h  t h e  r a p i d  
expans ion  o f  t h e  c y l i n d e r  a t  m i d  w a l l ,  due t o  t h e  m o d i f i e d  s t r e s s - s t r a i n  
b e h a v i o r  o f  t h e  r e b a r  and l i n e r  a f t e r  y i e l d .  

A t  t h e  l a t e r  s t a g e s  o f  t h e  p r e s s u r e  l o a d i n g  t h e  c o n c r e t e  c r a c k i n g  a t  t h e  
w a l l  base j u n c t i o n ,  caused by bend ing  a t  t h e  j u n c t i o n ,  can be seen t o  have 
spread t h r o u g h  a s u b s t a n t i a l  d e p t h  o f  t h e  basemat. The s t r a i n  i n  t h e  
basemat l i n e r  a d j a c e n t  t o  t h e  c o r n e r  i s  shown i n  F i g u r e  4.10.45. A t  127 p s i  
(0 .876 MPa) t h e  basemat l i n e r  y i e l d s  a d j a c e n t  t o  t h e  j u n c t i o n .  A t  139 p s i  
(0 .959 MPa) t h e  w a l l  l i n e r  y i e l d s  v e r t i c a l l y  a t  a l o c a t i o n  j u s t  above t h e  
j u n c t i o n  and t h e  i n s i d e  f a c e  v e r t i c a l  r e i n f o r c e m e n t  i n  t h e  t o p  o f  t h e  
basemat y i e l d s .  The i n s i d e  face v e r t i c a l  r e i n f o r c e m e n t  i n  t h e  w a l l  y i e l d s  
a t  142 p s i  (0 .979  MPa). 

A t  a p r e s s u r e  o f  145.5 p s i  (1 .003 MPa) t h e  t e n s i l e  s t r a i n s  i n  t h e  c o n c r e t e  
e lements  a t  t h e  i n s i d e  c o r n e r  o f  t h e  w a l l / b a s e  j u n c t i o n  exceed 0.2 p e r c e n t  
i n  b o t h  p r i n c i p a l  d i r e c t i o n s .  T h i s  i s  t h e  s t r a i n  l e v e l  a t  w h i c h  ADINA-TW 
assumes t h a t  t e n s i l e  r e t e n t i o n  no l o n g e r  a c t s ,  a l t h o u g h  shear  r e s i s t a n c e  i s  
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s t i l l  a v a i l a b l e  i n  p l a n e s  p a r a l l e l  t o  c r a c k  faces .  The zone o f  z e r o  t e n s i l e  
r e t e n t i o n  e x t e n d s  u n t i l ,  a t  a p r e s s u r e  o f  159.5 p s i  (1.100 MPa), c r u s h i n g  
o c c u r s  a t  t h e  o u t s i d e  f a c e  o f  t h e  w a l l  (see F i g u r e  4.10.35). A t  160 p s i  
(1.103 MPa) ADINA-TW shows n u m e r i c a l  i n s t a b i l i t y  i n d i c a t i n g  f l e x u r a l  f a i l u r e  
a t  t h e  w a l l / b a s e  j u n c t i o n .  

4.10.8.1.2.3 L i m i t a t i o n s  o f  R e s u l t s  

Some l i m i t a t i o n s  o f  t h e  accuracy  o f  t h e  r e s u l t s  o b t a i n e d  f r o m  t h e  ana lyses  
a r e  summar i zed be 1 ow: 

a )  The c o n c r e t e  t e n s i l e  s t r e n g t h  assumed i n  t h e  ADINA-TW ax isymmet r ic  
a n a l y s i s  may v a r y  a p p r e c i a b l y  f r o m  t h a t  i n  t h e  c o n c r e t e  o f  t h e  a c t u a l  
s t r u c t u r e .  The p r e s s u r e  a t  w h i c h  c r a c k i n g  f i r s t  o c c u r s  i n  t h e  v a r i o u s  
p a r t s  o f  t h e  s t r u c t u r e  may t h e r e f o r e  a l s o  v a r y  f r o m  t h o s e  p r e d i c t e d  by 
t h e  a n a l y s i s .  

However, t h e  a n a l y s i s  i s  expec ted  t o  g i v e  a good i n d i c a t i o n  o f  t h e  
p r o g r e s s i o n  o f  c r a c k i n g  a t  v a r i o u s  l o c a t i o n s  w i t h i n  t h e  s t r u c t u r e .  

b )  F o r  t h e  a x i s y m m e t r i c  c o n c r e t e  e lements,  ADINA-TW o u t p u t s  s t r e s s  r e s u l t s  
a t  n i n e  Gauss p o i n t s  w i t h i n  each e lement .  I n  a d d i t i o n  t h e  o u t p u t  
c o n t a i n s  a s t a t e m e n t  as t o  t h e  s t a t e  o f  t h e  c o n c r e t e  a t  each p o i n t ,  e.g. 
uncracked o r  c racked.  A t  l o c a t i o n s  and p r e s s u r e s  where l a r g e  areas a r e  
a t  t h e  p o i n t  o f  c r a c k i n g  smal l  s t r e s s  v a r i a t i o n s  can make c o n s i d e r a b l e  
d i f f e r e n c e s  t o  t h e  s t a t e  o f  t h e  c o n c r e t e  a t  each Gauss p o i n t .  I t  i s  
i m p o r t a n t  t h e r e f o r e  t o  g l o b a l l y  v iew t h e  presence o f  such c r a c k i n g  and 
t h e  a s s o c i a t e d  c r a c k  d i r e c t i o n s  r a t h e r  than t o  draw c o n c l u s i o n s  f r o m  
c r a c k s  a t  i n d i v i d u a l  p o i n t s .  

S t r e s s  and s t r a i n  r e s u l t s  f o r  s h e l l  e lements i n  and a d j a c e n t  t o  c racked 
c o n c r e t e  e lements  can show c o n s i d e r a b l e  v a r i a t i o n  dependent on t h e  s t a t e  
o f  t h e  c o n c r e t e  e lements t h r o u g h  wh ich  t h e y  pass. I n  a s i m i l a r  manner t o  
c r a c k i n g ,  t h e  r e s u l t s  s h o u l d  be viewed g l o b a l l y .  

4.10.8.2 L i n e a r - e l a s t i c  a n a l y s i s  w i t h  p e n e t r a t i o n  t h i c k e n i n g s  

The u l t i m a t e  p r e s s u r e  l o a d  o f  160 p s i  (1.103 MPa) r e p o r t e d  above assumes a 
p u r e l y  a x i s y m e t r i c  s t r u c t u r e  w i t h  no p e n e t r a t i o n s  o r  a s s o c i a t e d  
t h i c k e n i n g s .  The f o l l o w i n g  r e s u l t s  g i v e  an i n d i c a t i o n  o f  t h e  e f f e c t s  o f  t h e  
f o u r  m a j o r  p e n e t r a t i o n s  r e l a t i v e  t o  t h e  n o n l i n e a r  a x i s y m e t r i c  a n a l y s i s .  

4 .10.8.2.1 Ax isymmet r ic  A n a l y s i s  

The d i s p l a c e m e n t s  o f  t h e  a x i s y m m e t r i c  PAFEC model w i t h  t h e  a d d i t i o n  o f  t h e  
p e n e t r a t i o n  t h i c k e n i n g s  a r e  shown i n  F i g u r e s  4.10.46 and 4.10.47. I t  can be 
seen t h a t  t h e  e f f e c t  o f  t h e  t h i c k e n i n g s  a r e  n e a r l y  symmet r ica l  w i t h  l i t t l e  
a p p r e c i a b l e  e f f e c t  caused by t h e  r e s t r a i n t  f r o m  t h e  base. T h i s  i s  a g a i n  
shown i n  F i g u r e  4.10.48 where t h e  d i s p l a c e m e n t s  a r e  compared w i t h  t h e  
r e s u l t s  o f  t h e  u n t h i c k e n e d  model.  

4.10.8.2.2 2-D A n a l y s i s  

The d i s p l a c e m e n t  r e s u l t s  f r o m  180" model,  d e s c r i b e d  i n  S e c t i o n  4.10.6.2, 
shows c l e a r l y  t h e  e f f e c t  o f  t h e  p e n e t r a t i o n  t h i c k e n i n g s  around t h e  
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c i r c u m f e r e n c e  o f  t h e  w a l l  ( F i g u r e  4.10.49). The t h i c k e n i n g  w i t h  a d d i t i o n s  
b o t h  i n s i d e  and o u t s i d e  o f  t h e  w a l l  ( H a t c h  B) has a much s m a l l e r  e f f e c t  t h a n  
t h a t  w i t h  o n l y  t h e  o u t s i d e  a d d i t i o n  ( H a t c h  A and a i r  l o c k ) .  T h i s  i s  caused 
by  t h e  c e n t r o i d  o f  t h e  s i n g u l a r l y  t h i c k e n e d  p e n e t r a t i o n s  b e i n g  e c c e n t r i c  t o  
t h a t  o f  t h e  i n t e r v e n i n g  s h e l l ,  t h i s  c a u s i n g  b e n d i n g  w i t h i n  t h e  s h e l l  due t o  
t h e  membrane t e n s i o n s .  

4.10.8.2.3 3-D A n a l y s i s  

The d i s p l a c e m e n t  r e s u l t s  f r o m  t h e  3-D l i n e a r  a n a l y s i s  a r e  shown i n  
F i g u r e s  4.10.50 and 4.10.51. I t  i s  seen f r o m  t h e  d i s p l a c e m e n t s  t h a t  t h e  
e f f e c t  o f  t h e  a c t u a l  h o l e  w i t h i n  t h e  t h i c k e n e d  a r e a  i s  i n s i g n i f i c a n t  
r e l a t i v e  t o  t h e  s t i f f e n i n g  e f f e c t s  o f  t h e  t h i c k e n i n g s .  S i m i l a r  t o  t h e  2-D 
a n a l y s i s ,  t h e  l i n e a r  3-D a n a l y s i s  shows a d d i t i o n a l  b e n d i n g  o f  t h e  c y l i n d e r  
w a l l  due t o  t h e  p e n e t r a t i o n  arrangement .  

T h i s  i m p l i e s  t h a t  a more d e t a i l e d  3-D n o n l i n e a r  a n a l y s i s  wou ld  be r e q u i r e d  
t o  d e t e r m i n e  a c c u r a t e l y  t h e  o v e r a l l  e f f e c t  o f  t h e  p e n e t r a t i o n  and t h e i r  
a s s o c i a t e d  t h i c k e n i n g s .  An e s t i m a t i o n  o f  t h e s e  e f f e c t s  i s  sumnarized below. 

4.10.8.3 C o r r e l a t i o n  o f  R e s u l t s  

The n o n l i n e a r  a x i s y m m e t r i c  a n a l y s i s  d e s c r i b e d  i n  S e c t i o n  4.10.8.1 d e t e r m i n e s  
t h e  u l t i m a t e  f a i l u r e  p r e s s u r e  f o r  t h e  l : 6 - s c a l e  model .  The c a l c u l a t e d  
p r e s s u r e  o f  160 p s i  (1.103 MPa) assumes a f u l l y  c o n t i n u o u s ,  a x i s y m m e t r i c  
s t r u c t u r e ,  i . e . ,  a c o n t a i n m e n t  n e g l e c t i n g  a l l  t h i c k e n i n g s ,  p e n e t r a t i o n s  and 
l o c a l i z e d  i r r e g u l a r i t i e s .  S e c t i o n  4.10.8.2 l o o k s  a t  l o c a l  e f f e c t s  o f  t h e  
p e n e t r a t i o n s .  

F i g u r e s  4.10.52 and 4.10.53 compare d i s p l a c e m e n t  r e s u l t s  o f  t h e  two ana lyses  
w i t h i n  t h e  e l a s t i c  range o f  t h e  s t r u c t u r e .  I t  i s  seen i n  t h e s e  f i g u r e s  t h a t  
t h e  p r e l i m i n a r y  2-D a n a l y s i s  ( S e c t i o n  4.10.8.2.2) o f  t h e  180" model and t h e  
t h i c k e n e d  a x i s y m e t r i c  a n a l y s i s  p roduce r e s u l t s  w i t h  severe  l o c a l  bend ing  i n  
t h e  r e g i o n  o f  t h e  p e n e t r a t i o n s .  The 3-D a n a l y s i s  w i t h  t h i c k e n i n g s  and h o l e s  
reduces o f  t h e  l o c a l  bend ing  compared w i t h  t h e  u n p e n e t r a t e d  case. However 
b e n d i n g  i s  s i g n i f i c a n t  enough t o  cause e a r l y  c o n c r e t e  c r a c k i n g  i n  t h e  
s t r u c t u r e  ( s e e  F i g u r e s  4.10.52 and 4.10.53). 

T h i s  compar ison i s  made assuming a l i n e a r - e l a s t i c  response of  t h e  s t r u c t u r e .  
The n o n l i n e a r  response can be e s t i m a t e d  by u s i n g  t h e  r e s u l t s  o f  t h e  
n o n l i n e a r  a x i s y m m e t r i c  a n a l y s i s  as a g u i d e l i n e  ( S e c t i o n  4.10.8.1). 

The p e n e t r a t i o n  t h i c k e n i n g s  w i l l  cause c o n c r e t e  c r a c k i n g  i n  t h e  w a l l  a t  
p r e s s u r e s  be low t h o s e  p r e d i c t e d  by t h e  n o n l i n e a r  a x i s y m m e t r i c  a n a l y s i s .  
T h i s  c r a c k i n g  w i l l  be due t o  b o t h  l o n g i t u d i n a l  and c i r c u m f e r e n t i a l  bend ing  
o f  t h e  w a l l .  A s  shown by t h e  n o n l i n e a r  a x i s y m m e t r i c  a n a l y s i s  t h e  l o s s  o f  
t e n s i l e  c a p a c i t y  i n  t h e  c o n c r e t e  a t  t h e  c r a c k s  w i l l  cause them t o  e x t e n d  
r a p i d l y  t h r o u g h  t h e  s e c t i o n .  Once t h i s  c r a c k i n g  i s  comple te  t h e  l o c a l  
b e n d i n g  i s  r e l i e v e d  and t h e  w a l l  w i l l  r e v e r t  t o  a s i m p l e  axisyrrunetr ic 
s t r u c t u r e  and respond s i m i l a r l y  t o  t h a t  d e s c r i b e d  w i t h i n  S e c t i o n  4 .10 .8 .1 .  
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Figure  4.10.2 ADINA-TW Ax isymmet r i c  Model 
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F i g u r e  4.10.4 A x i s y m e t r i c  Model w i t h  P e n e t r a t i o n  T h i c k e n i n g  (Ha tch  A )  
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F i g u r e  4.10.5 A x i s y m e t r i c  Model w i t h  P e n e t r a t i o n  T h i c k e n i n g  ( H a t c h  B )  
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F i g u r e  4.10.7 3-D L i n e a r  E l a s t i c  Model 
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F i g u r e  4.10.9 T r i a x i a l  T e n s i l e  F a i l u r e  Envelope 

-396- 



P E E =  Effectwe Shear Modulus After Cra&lne 
G Shear Modulus Prior t o  Crockhe 

- Gk 

!a 
G 

G 

0 1,O 2,O 3.0 4.0 5.0 
Tensile Strain x104 
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TENSILE STRAIN x l p  

6 t  = TENSILE STRESS 
8, = UNIAXIAL MAXIMUM TENSILE STRESS 

F i g u r e  4.10.11 E f f e c t i v e  T e n s i l e  S t i f f e n i n g  
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F i g u r e  4.10.18 S o i l  S t i f f n e s s  
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F i g u r e  4.10.21 N o n l i n e a r  Ax isymmet r ic  A n a l y s i s  D isp lacement  R e s u l t s  i n  Dome 
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1 

DISPLACEMENT SCALE S:1  

F i g u r e  4.10.22 Disp laced  Shape a t  0.345 MPa ( 5 0  p s i )  

-409- 



r 

DISPLACEMENT SCALE 5 :I 

F i g u r e  4 . 1 0 . 2 3  D isp laced  Shape a t  0.366 MPa ( 5 3  p s i )  
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DISPLACEMENT SCALE 5 4  

F i g u r e  4 .10 .24  D isp laced  Shape a t  0 .517 MPa (75  p s i )  
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DISPLACEMENT SCALE S :  1 

r 

F i g u r e  4.10.25 D i s p l a c e d  Shape a t  0.690 MPa (100 p s i )  
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DISPLACEMENT SCALE 2 :1 

F i g u r e  4.10,26 Disp laced  Shape a t  0.897 MPa (130 p s i )  
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DISPLACEMENT SCALE 2 :1 

F i g u r e  4 .10 .27  D isp laced  Shape a t  0.959 MPa (139 p s i )  
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DISPLACEMENT SCALE 111 

F i g u r e  4.10' .28 Displaced Shape at 1 . 1 0 3  MPa (160 p s i )  
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/ DENOTES OUT OF PLANE 
CRACKING AND DIRECTION 

0 DENOTES RADIAL VERTICAL 
CRACKING 

NOT TO SCALE 

F i g u r e  4.10.29 Wal l /Base J u n c t i o n  Crack P a t t e r n  a t  0.317 MPa ( 4 6  p s i )  
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DENOTES OUT OF PLANE 
CRACKING AND DIRECTION 

0 DENOTES RADIAL VERTICAL 
CRACKING 

NOT TO SCALE 

F i g u r e  4.10.30 Wall/Base Junct ion  Crack P a t t e r n  a t  0.366 MPa (53 p s i )  
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F i g u r e  4.10.31 Wal l /Base J u n c t i o n  Crack P a t t e r n  a t  0.421 MPa (61  p s i )  
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F i g u r e  4.10.32 Wal l /Base J u n c t i o n  Crack P a t t e r n  a t  0.566 MPa (82 p s i )  
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F i g u r e  4.10.33 Wa l l /Base  Junction Crack P a t t e r n  at 0.690 MPa (100 p s i )  
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F i g u r e  4.10.34 Wal1)Base Junct ion  Crack P a t t e r n  a t  1.000 MPa (145 p s i )  
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Wal l /Base J u n c t i o n  Crack P a t t e r n  a t  1.100 MPa (159.5 p s i )  
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F i g u r e  4.10.36 Wa l l /Base  J u n c t i o n  Crack  P a t t e r n  a t  1.103 MPa (160 p s i )  
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UNIFORM PRESSURE LOAD 
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MAXIMUM 01 SPL A CEMENT 
OF 0.136mm (0.0054 INCHES) 

F i g u r e  4.10.47 
D i s p l a c e d  Shape o f  B a r r e l  Th ickened S e c t i o n  (Ha tch  B) a t  0.1 MPa (14.5 p s i )  

L i n e a r  E l a s t i c  A x i s y m n e t r i c  A n a l y s i s  
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5. CLOSURE 

P r e t e s t  ana lyses  f o r  a l : 6 - s c a l e  r e i n f o r c e d  c o n c r e t e  con ta inmen t  model have 
been d e s c r i b e d .  The ana lyses  were conducted  by  t e n  d i f f e r e n t  o r g a n i z a t i o n s  
i n  t h e  U n i t e d  S t a t e s  and Europe i n  a round- rob in  f o r m a t .  The " b e s t  
e s t i m a t e "  p r e d i c t i o n s  f o r  t h e  f a i l u r e  p r e s s u r e  v a r i e d  f r o m  116 t o  190 p s i  
(0.800 t o  1.310 MPa). Most o f  t h e  a n a l y s t s  c o n s i d e r e d  t h e  c y l i n d e r  basemat 
j u n c t i o n  t o  be t h e  most  p r o b a b l e  f a i l u r e  l o c a t i o n ;  however, t h e r e  were w i d e  
d i f f e r e n c e s  i n  t h e  mechanism l i m i t i n g  per fo rmance.  F a i l u r e  a t  t h e  basemat 
c y l i n d e r  j u n c t i o n  was a s c r i b e d  t o  l i n e r  t e a r i n g ,  shear  f a i l u r e ,  f l e x u r a l  
f a i l u r e ,  and c r u s h i n g .  O t h e r  l i m i t  s t a t e s  t h a t  t h e  a n a l y s t s  t h o u g h t  c o u l d  
be r e a l i z e d  d u r i n g  t e s t i n g  i n c l u d e  ( 1 )  t h e  o n s e t  o f  r a p i d l y  i n c r e a s i n g  
d i s p l a c e m e n t s ,  ( 2 )  l i n e r  t e a r i n g  a t  p e n e t r a t i o n s ,  we lds ,  and o t h e r  
d i s c o n t i n u i t i e s ,  ( 3 )  r e a c h i n g  t h e  u l t i m a t e  s t r e n g t h  o f  s p l i c e s  i n  t h e  hoop 
r e b a r ,  and ( 4 )  r e a c h i n g  t h e  u l t i m a t e  s t r e n g t h  o f  t h e  basemat r e b a r .  
S tandard  p l o t s ,  w h i c h  a r e  p r e s e n t e d  i n  Append ix  A, were genera ted  t o  
f a c i l i t a t e  compar isons  o f  t h e  d i f f e r e n t  ana lyses .  

The s c a l e  model w i l l  be p r e s s u r i z e d  w i t h  n i t r o g e n  gas t o  f a i l u r e  i n  t h e  
s p r i n g  o f  1987. Over 1000 channe ls  o f  d a t a  w i l l  be r e c o r d e d  a t  d i s c r e t e  
p r e s s u r e  i n t e r v a l s .  T h i s  d a t a  w i l l  be used t o  assess t h e  p r e t e s t  
p r e d i c t i o n s  and t h e  a n a l y t i c a l  methods upon w h i c h  t h e  p r e d i c t i o n s  a r e  based. 
A r e p o r t  d e s c r i b i n g  t h e  compar ison o f  a n a l y t i c a l  and e x p e r i m e n t a l  r e s u l t s  
and e v a l u a t i o n s  o f  a n a l y t i c a l  methods w i l l  be p u b l i s h e d  a f t e r  t h e  t e s t ,  
perhaps  i n  l a t e  1987 o r  e a r l y  1988. 
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APPENDIX A - STANDARD PLOTS 

SNL r e q u e s t e d  each o r g a n i z a t i o n  t o  p r o v i d e  d a t a  f r o m  t h e i r  a n a l y t i c a l  
r e s u l t s  f o r  s t a n d a r d  p l o t s ,  w h i c h  were chosen t o  c o r r e s p o n d  w i t h  a reas  t h a t  
were i n s t r u m e n t e d  on t h e  model.  Each o r g a n i z a t i o n  s u p p l i e d  SNL w i t h  a 
m a g n e t i c  computer  t a p e  c o n t a i n i n g  a l l  o r  some o f  t h e  s t a n d a r d  p l o t s  (some o f  
t h e  r e q u e s t e d  p l o t  d a t a  was o u t s i d e  o f  t h e  scope o f  some o f  t h e  
o r g a n i z a t i o n s  a n a l y s e s ) .  The d a t a  was r e a d  i n t o  a common d a t a  base a t  SNL 
and r e s u l t s  were p l o t t e d  u s i n g  t h e  GRAFAID program. Each o r g a n i z a t i o n  was 
a s s i g n e d  a u n i q u e  c u r v e  l i n e  t y p e  as f o l l o w s :  

Curve L i n e  Type 

Where p o s s i b l e ,  c u r v e s  a r e  a l s o  

Code Organ i za t i on 

ANL Argonne N a t i o n a l  L a b o r a t o r y  

BNL Brookhaven N a t i o n a l  L a b o r a t o r y  

CEA C o m n i s a r i a t  a L ' E n e r g i e  Atomique 

CEGB C e n t r a l  E l e c t r i c i t y  G e n e r a t i n g  Board 

ENEA p e r  l o  s v i l u p p o  d e l l ' E n e r g i a  

E P R I  E l e c t r i c  Power Research I n s t i t u t e  

C o m i t a t o  N a z i o n a l e  p e r  l a  r i c e r c a  e 

N u c l e a r e  e d e l l e  E n e r g i e  A l t e r n a t i v e  

GRS G e s e l l s c h a f t  f u e r  R e a k t o r s i c h e r h e i t  

N I I  HM N u c l e a r  I n s t a l l a t i o n  I n s p e c t o r a t e  

SNL Sand ia  N a t i o n a l  L a b o r a t o r i e s  

SARD U.K.  A tomic  Energy A u t h o r i t y ,  S a f e t y  
and R e l i a b i l i t y  D i r e c t o r a t e  

l a b e l e d  w i t h  t h e  o r q a n i z a t i o n  code, a l t h o u g h  
i n  many cases t h e  r e s u l t s  a r e  so  s i m i l a r  t h e y  a r e  d i f f i c u l t  t o  
d i f f e r e n t i a t e .  

G e n e r a l l y ,  t h e  p r e s s u r e  h i s t o r y  p l o t s  were ass igned a range o f  0 t o  200 p s i  
( 0  t o  1.379 MPa). 
t o  show c e r t a i n  f e a t u r e s  o f  t h e  response such as c r a c k i n g  o r  g e n e r a l  
y i  e l  d i ng . 

I n  some cases,  s m a l l e r  p r e s s u r e  ranges a r e  a l s o  p l o t t e d  

A l i s t  o f  t h e  s t a n d a r d  p l o t s  t h a t  were r e q u e s t e d  appears on t h e  n e x t  t h r e e  
pages, f o l l o w e d  by t h e  p l o t s  themse lves .  The l o c a t i o n s  can be i n t e r p r e t e d  
u s i n g  t h e  F i g u r e s  and d e s c r i p t i o n  of  t h e  model i n  S e c t i o n  3.1. 
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I .  P r e s s u r e  H i s t o r y  P l o t s  

Curve 
2 L o c a t  i on 1 No. P l o t  Q u a n t i t y  ( o r d i n a t e  o r  y - a x i s  v a l u e )  

Basernat: 

1 V e r t i c a l  d i  s p l  acement (up1 i f t )  
r e l a t i v e  t o  c e n t e r  o f  basemat 

Cy1 i nder :  

2 Radi  a1 d i  s p l  acement o f  1 i n e r  

3 Radi  a1 d i  s p l  acement o f  1 i n e r  

4 R a d i a l  d i s p l a c e m e n t  o f  l i n e r  
5 V e r t i c a l  d i s p l a c e m e n t  r e l a t i v e  t o  c y l i n d e r  base 

6 Radi a1 d i  s p l  acernent o f  1 i n e r  
7 V e r t i c a l  d i s p l a c e m e n t  r e l a t i v e  t o  c y l i n d e r  base 

8 R a d i a l  d i s p l a c e m e n t  o f  l i n e r  
9 V e r t i c a l  d i s p l a c e m e n t  r e l a t i v e  t o  c y l i n d e r  base 

10 Radi a1 d i  s p l  acement o f  1 i n e r  
11 V e r t i c a l  d i  s p l  acement r e 1  a t i  ve t o  cy1 i nder  base 

12 Maximum p r i n c i p a l  s t r a i n  on i n s i d e  l i n e r  s u r f a c e  
13 A x i a l  s t r a i n  i n  l a y e r  5 m e r i d i o n a l  r e b a r  
14 A x i a l  s t r a i n  i n  l a y e r  6 hoop r e b a r  

15 Maximum p r i n c i p a l  s t r a i n  on i n s i d e  l i n e r  s u r f a c e  
16 A x i a l  s t r a i n  i n  l a y e r  5 m e r i d i o n a l  r e b a r  
17 A x i a l  s t r a i n  i n  l a y e r  6 hoop r e b a r  

18 Maximum p r i n c i p a l  s t r a i n  on i n s i d e  l i n e r  s u r f a c e  
19 A x i a l  s t r a i n  i n  l a y e r  5 m e r i d i o n a l  r e b a r  
20 A x i a l  s t r a i n  i n  l a y e r  6 hoop r e b a r  
2 1  A x i a l  s t r a i n  i n  l a y e r  8 s e i s m i c  r e b a r  

1. A b s c i s s a  o r  x -ax i s  v a l u e  i s  p r e s s u r e ;  range f r o m  0-200 p s i g  (0-13.5 b a r )  
2. L o c a t i o n s  a r e  s p e c i f i e d  i n  c y l i n d r i c a l  c o o r d i n a t e s  (base o f  c y l i n d e r  i s  

a t  e l e v a t i o n  z = 2 ' - 0 " ) .  L o c a t i o n s  co r respond  t o  l o c a t i o n s  o f  
i n s t r u m e n t a t i o n ;  a l t h o u g h  c i r c u m f e r e n t i a l  a n g l e  i s  g i v e n ,  i n  many cases 
a x i s y m m e t r i c  response wou ld  be expected.  
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Curve 
No. P l o t  Q u a n t i t y  ( o r d i n a t e  o r  y - a x i s  v a l u e )  L o c a t i o n  

22 
23 
24 

25 
26 
27 

Dome : 

28 

29 
30 

31 
32 
33 

34 
35 
36 

Maximum p r i n c i p a l  s t r a i n  on i n s i d e  l i n e r  s u r f a c e  z = 2'-0.8"  
A x i a l  s t r a i n  i n  l a y e r  2 m e r i d i o n a l  r e b a r  e = 90 
A x i a l  s t r a i n  i n  l a y e r  5 m e r i d i o n a l  r e b a r  ( j u s t  above 

k n u c k l e )  

Maximum p r i n c i p a l  s t r a i n  on i n s i d e  l i n e r  s u r f a c e  z = 23'-11" 
A x i a l  s t r a i n  i n  l a y e r  2 m e r i d i o n a l  r e b a r  e = 90 
A x i a l  s t r a i n  i n  l a y e r  5 m e r i d i o n a l  r e b a r  

V e r t i c a l  d i s p l a c e m e n t  o f  l i n e r  a t  dome apex q.) = 90 

V e r t i c a l  d i s p l a c e m e n t  o f  l i n e r  r e l a t i v e  t o  s p r i n g l i n e  @ = 70 
H o r i z o n t a l  d i s p l a c e m e n t  o f  l i n e r  

Maximum p r i n c i p a l  s t r a i n  on i n s i d e  l i n e r  s u r f a c e  
A x i a l  s t r a i n  i n  l a y e r  2 m e r i d i o n a l  r e b a r  
A x i a l  s t r a i n  i n  l a y e r  5 m e r i d i o n a l  r e b a r  

Maximum p r i n c i p a l  s t r a i n  on i n s i d e  l i n e r  s u r f a c e  
A x i a l  s t r a i n  i n  l a y e r  4 hoop r e b a r  
A x i a l  s t r a i n  i n  l a y e r  5 m e r i d i o n a l  r e b a r  

P e n e t r a t i o n s :  

37 H o r i z o n t a l  d i s p l a c e m e n t  o f  i n s i d e  edge o f  equipment 

38 R a d i a l  d i s p l a c e m e n t  o f  l i n e r  a t  8 = 312.5 
39 R a d i a l  d i s p l a c e m e n t  o f  l i n e r  a t  8 = 305 
40 R a d i a l  d i s p l a c e m e n t  o f  l i n e r  a t  8 = 290 

4 1  Maximum p r i n c i p a l  s t r a i n  on i n s i d e  l i n e r  s u r f a c e  
42 A x i a l  s t r a i n  i n  l a y e r  2 m e r i d i o n a l  r e b a r  
43 A x i a l  s t r a i n  i n  l a y e r  3 hoop r e b a r  

h a t c h  B s l e e v e  a t  m i d t h i c k n e s s  ( t o p )  

e = 90 

e = 90 

q.) = 37 

q.) = 7 2  

e = 90 

44 Change i n  s l e e v e  h o r i z o n t a l  d i a m e t e r  Equipment h a t c h  B a t  
45 Change i n  s l e e v e  v e r t i c a l  d i a m e t e r  m i d - t h i c k n e s s  o f  

cy1 i n d e r  w a l l  
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11. S p a t i a l  P l o t s  

Curve P r e s s u r e  
No. ( p s i g )  P l o t  Q u a n t i t y  ( o r d i n a t e  o r  y - a x i s  v a l u e  

The a b s c i s s a  f o r  p l o t s  21 t h r u  30 i s  an a r c  l e n g t h ,  s ,  wh ich  i s  measured 
a l o n g  t h e  i n s i d e  s u r f a c e  o f  t h e  l i n e r  w i t h  t h e  o r i g i n  a t  t h e  c e n t e r  o f  t h e  
basemat. s :  0 - 130.8 i n  basemat 0 - 3322 IMI 

130.8  - 132.1 i n  k n u c k l e  3322 - 3355 IMI 
132.1 - 394.9 i n  cy1 i n d e r  3355 - 10031 IWI 
394.9 - 602.2 i n  dome 10031 - 15296 IMI 

46 100 Maximum p r i n c i p a l  s t r a i n  on i n s i d e  s u r f a c e  
47 150 o f  l i n e r  f o r  s = 130" t o  s = 133" 
48 200 ( k n u c k l e  r e g i o n )  

49 100 Maximum p r i n c i p a l  s t r a i n  on i n s i d e  s u r f a c e  
50 150 o f  l i n e r  f o r  s = 390" t o  s = 602.2" 
51 200 ( s p r i n g l i n e  and dome r e g i o n  

52 
53 
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55 
56 
57 
58 
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60 
61 
62 
63 

64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
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100 
3 50 
200 
100 
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200 
100 
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200 
100 
150 
200 

S e c t i o n  f o r c e  - r a d i a l  shear  

f o r  s = 130.8" 

( c y l i n d e r  f r o m  
basemat t o  

l a y e r  11 r e b a r )  

S e c t i o n  f o r c e  - m e r i d i o n a l  moment t o  s = 210" 

S e c t i o n  f o r c e  - a x i a l  f o r c e  t e r m i n a t i o n  o f  

S e c t i o n  f o r c e  - hoop f o r c e  

100 
150 S e c t i o n  f o r c e  - r a d i a l  shear  
200 
100 
150 S e c t i o n  f o r c e  - m e r i d i o n a l  moment f o r  s = 380" 
200 t o  s = 410" 
100 ( s p r i n g l i n e  
150 S e c t i o n  f o r c e  - a x i a l  f o r c e  r e g i o n )  
200 
100 
150 S e c t i o n  f o r c e  - hoop f o r c e  
200 

The a b s c i s s a  i s  t h e  c i r c u m f e r e n t i a l  a n g l e  8 f o r  p l o t s  31 and 32 

76 100 Maximum p r i n c i p a l  s t r a i n  on i n s i d e  l i n e r  s u r f a c e  
77 150 a t  z = 13'-0"  f o r  8 = 135 t o  8 = 168 
78  200 ( a d j a c e n t  t o  equipment h a t c h  B )  

7 9  100 Maximum p r i n c i p a l  s t r a i n  on i n s i d e  l i n e r  s u r f a c e  
80 150 a t  z = 29'-1.5"  f o r  8 = 270 t o  8 = 312.5 
81 200 ( a d j a c e n t  t o  c o n s t r a i n e d  p i p e )  
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APPENDIX  B FORCE BALANCING CALCULATIONS (CEGB) 

B . l  Example o f  Force  B a l a n c i n g  C a l c u l a t i o n s  

B . l . l  Des ign  Data  ( F i g u r e  B . l )  

Des ign  case:- S h e l l  w a l l  w i t h  hoop t e n s i o n  

Concre te  P r o p e r t i e s  

C h a r a c t e r i s t i c  Cube S t r e n g t h  6.0 k s i  (41.61 MPa) 
T e n s i l e  S t r e n g t h  0 .6  k s i  ( 4.16 MPa) 
Young's Modulus o f  E l a s t i c i t y  3600 k s i  (24800 MPa) 

R e i n f o r c i n g  S t e e l  P r o p e r t i e s  

C h a r a c t e r i s t i c  Y i e l d  S t r e s s  70.5 k s i  (486.0 MPa) 
Young's Modulus o f  E l a s t i c i t y  26700 k s i  (184000 MPa) 

S t e e l  Area p e r  m h e i g h t  6.87 i n 2  (4432 mn2) 

L i n e r  S t e e l  P r o p e r t i e s  

C h a r a c t e r i s t i c  Y i e l d  S t r e s s  49.8 k s i  (343.4 MPa) 
Young's Modulus o f  E l a s t i c i t y  29200 k s i  (201000 MPa) 

Conta inment  Dimensions 

I n t e r n a l  Rad ius  
Wal l  Th ickness  
L i n e r  P l a t e  Th ickness  
Des ign  P r e s s u r e  

132 i n c h  (3353 mm) 
9.75 i n c h  (248 mm) 
1 / 1 6  i n c h  (1.6 m) 

46 p s i  (0 .318 MPa) 

B.1.2 Concre te  a t  c r a c k i n g  s t r e s s  

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

Concre te  s t r a i n  = 4.1/ (24.8E3)  = 16.5E-5 

S t r a i n  S t r e s s  F o r c e / L e n g t h  
k s i  MPa l b / i n  MN/m 

Concre te  16.5E-5 0.59 4 .10  5806 1.0168 
L i n e r  16.5E-5 4.82 33.23 304 0.0532 
Re in fo rcement  16.5E-5 4.41 30.42 770 0.1348 

T o t a l  = 6880 1.2048 

T h e r e f o r e  i n t e r n a l  p r e s s u r e  = 0.359 MPa (52  p s i )  

R a d i a l  d i s p l a c e m e n t  = 16.5E-5 x 3353 = 0.56 mm ( .022 i n c h )  
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B.1.3 Conc re te  Cracked 

The l o a d  c a r r i e d  by t h e  c o n c r e t e  i s  t r a n s f e r r e d  t o  t h e  r e i n f o r c e m e n t  and 
1 i n e r .  

A d d i t i o n a l  s t r a i n  = 1.0168/(201E3 x 1.6 x 10E-3 + 184E3 x 4432 x 30E-6) 
= 89.42E-5 

S t r a i n  S t r e s s  Force /Leng t h 
k s i  MPa l b / i n  MN/m 

L i n e r  105.92E-5 30.9 212.90 1945 0.3406 
Re in fo rcemen t  105.92E-5 28.3 194.89 4932 0.8638 

T o t a l  = 6877 1.2044 

R a d i a l  d i s p l a c e m e n t  = 105.92E-5 x 3353 = 3.55 mm ( . 140  i n c h )  

8 .1.4 L i n e r  p l a t e  y i e l d  

S t r a i n  a t  y i e l d  = 343.4/(201E3) = 170.85E-5 

S t r a i n  S t r e s s  F o r c e / L e n g t h  
k s i  MPa l b / i n  MN/m 

L i n e r  170.85E-5 49.8 343.40 3137 0.5494 
Re in fo rcemen t  170.85E-5 45.6 314.36 7956 1.3933 

T o t a l  = 11093 1.9427 

T h e r e f o r e  i n t e r n a l  p r e s s u r e  = 0.579 MPa (84 p s i )  

R a d i a l  d i s p l a c e m e n t  = 170.85E-5 x 3353 = 5.73 mm ( .226 i n )  

8 .1 .5  Re in fo rcemen t  y i e l d  

S t r a i n  a t  y i e l d  = 486.0/(184E3) = 264.13E-5 

~~ 

S t r a i n  S t r e s s  F o r c e / L e n g t h  
k s i  MPa l b / i n  MN/m 

L i n e r  264.13E-5 49.8 343.40 3137 0.5494 
Re in fo rcemen t  264.13E-5 40.5 486.00 12299 2.1540 

T o t a l  = 15436 2.7034 

T h e r e f o r e  i n t e r n a l  p r e s s u r e  = 0.806 MN/sq m (117 p s i )  

R a d i a l  d i s p l a c e m e n t  = 264.13E-5 x 3353 = 8.86 mm ( .349 i n )  
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B.1.6 Summary 

----------- ---------- -- 
Radi a1 

C o n d i t i o n  - P r e s s u r e  - P D i  spl  acernent 
p s i  M P a  Pd i n c h e s  mn 

~- 

Concre te  a t  c r a c k i n g  52 0.359 1.13 .022 0.56 
Concre te  c r a c k e d  52 0.359 1.13 ,140 3.55 
L i n e r  p l a t e  y i e l d  84 0.579 1.83 .226 5.73 
Re in fo rcement  y i e l d  117 0.806 2.54 .349 8.86 
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