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ABSTRACT 

A A new f i n i t e  element program f o r  t h e  a n a l y s i s  of c r e e p  e f f e c t s  

i n  c o n c r e t e  s t r u c t u r e s ,  i s  b r i e f l y  d e s c r i b e d .  The program, known 

as CREEP80, may b e  used independent ly  o r  as a n  added f e a t u r e  of 

t h e  g e n e r a l  purpose f i n i t e  e lement  code NONSAP developed a t  t h e  

U n i v e r s i t y  of C a l i f o r n i a  a t  Berkeley.  The program u s e s  a r a t e - t y p e  

c r e e p  l a w  based on expanding t h e  r e l a x a t i o n  f u n c t i o n  i n  D i r i c h l e t  

series. The c r e e p  l a w  is  l i n e a r ,  t h e  a g i n g  is  accounted f o r ,  

and t h e  tempera ture  e f f e c t s  on c r e e p  r a t e  as w e l l  as t h e  r a t e  of 

a g i n g  are cons idered .  Material p r o p e r t i e s  can b e  i n p u t  e i t h e r  as 

e m p i r i c a l  c r e e p  tes t  d a t a  o r  as t h e  double  power l a w  f o r  c r e e p .  The 

program can a u t o m a t i c a l l y  set up t h e  c r e e p  p a r a m e t e n  from p a r t i a l  

e m p i r i c a l  i n f o r m a t i o n .  The program u s e s  a s tep-by-step i n t e g r a t i o n  

i n  t i m e .  A p p l i c a t i o n s  are  envisaged  c h i e f l y  f o r  n u c l e a r  s t r u c t u r e s .  
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INTRODUCTION 

With t h e  i n c r e a s i n g  p u b l i c  concern about  t h e  s a f e t y  of n u c l e a r  

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

deformat ions  of n u c l e a r  r e a c t o r  vessels and conta inments  v e r y  care-  

f u l l y  and r e a l i s t i c a l l y ,  t a k i n g  i n t o  account  t h e  a c t u a l  i n e l a s t i c  

behavior  of t h e  material .  I n  c o n c r e t e  r e a c t o r  conta inments  as w e l l  

as vessels a c t i n g  as energy-absorbing b a r r i e r s ,  t h e  major  s o u r c e  of 

i n e l a s t i c  b e h a v i o r  d u r i n g  t h e  service l i f e  is  t h e  c r e e p  of c o n c r e t e .  

During t h e  p a s t  decade t h e  knowledge of t h i s  phenomenon advanced 

tremendously and methods t h a t  a l l o w  a n  a c c u r a t e  and r e a l i s t i c  a n a l y s i s  

on t h e  s e r v i c e  c o n d i t i o n s  have been developed.  

A g e n e r a l  purpose f i n i t e  e lement  code f o r  t h e  c r e e p  a n a l y s i s  of 

n u c l e a r  c o n c r e t e  s t r u c t u r e s  h a s  r e c e n t l y  been developed by Anderson 

and coworkers [ 1 ,7,101. 

l a w  proposed i n  1971 by Basant [ 3 ] .  which i s  based on expanding t h e  

compliance f u n c t i o n  f o r  a g i n g  c o n c r e t e  ( a l s o  c a l l e d  c r e e p  f u n c t i o n )  

i n t o  a series of real  e x p o n e n t i a l s ,  c a l l e d  D i r i c h l e t  series.  Sub- 

s e q u e n t l y ,  it w a s  found,  however, [8] t h a t  t h i s  f o r m u l a t i o n  h a s  some 

t h e o r e t i c a l  d i s a d v a n t a g e s  from t h e  p o i n t  of view of thermodynamic 

r e s t r i c t i o n s  r e s u l t i n g  from t h e  a g i n g  of c o n c r e t e ,  Although t h e  g e n e r a l  

form of t h e  c r e e p  c o n s t i t u t i v e  r e l a t i o n  i s  c o r r e c t  from t h e  thermodynamic 

v i e w p o i n t ,  when t h e  e x p e r i m e n t a l  c r e e p  d a t a  f o r  c o n c r e t e  a r e  f i t t e d  

some parameters  of t h e  model can b e  n e g a t i v e  w h i l e  a c c o r d i n g  t o  

thermodynamic l i m i t a t i o n s  t h e y  should  b e  p o s i t i v e .  T h i s  i s  n o t  

n e c e s s a r i l y  i n c o r r e c t ,  s i n c e  t h e s e  are i n t e r n a l  v a r i a b l e s  w h i l e  t h e  

thermodynamic r e s t r i c t i o n s  must b e  s a t i s f i e d  o n l y  i n  t o t a l  by t h e  

ensemble of t h e  i n t e r n a l  v a r i a b l e s .  However, such  a f e a t u r e  i s  a matter 

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

where t h e  f u l f i l l m e n t  of t h e  thermodynamic r e s t r i c t i o n s  i s  a s s u r e d .  

T h i s  a p p e a r s  t o  b e  t h e  case f o r  an  analogous r a t e - t y p e  f o r m u l a t i o n  which 

is  based on a D i r i c h l e t  ser ies  expansion of t h e  r e l a x a t i o n  f u n c t i o n  

r a t h e r  t h a n  t h e  compliance f u n c t i o n  and i s  modeled by a n  a g i n g  Maxwell 

c h a i n  model [ 2 , 4 , 5 , 6 ] .  

T h i s  program u t i l i z e s  a r a t e - t y p e  c r e e p  

L 

t 
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The f o r e g o i n g  f o r m u l a t i o n  h a s  been implemented i n  t h e  p r e s e n t  

two programs. 

T h i s  r e p o r t  p r e s e n t s  a complete  d e s c r i p t i o n  of t h e  mathematical  

b a s i s ,  i n p u t  and program s t r u c t u r e  f o r  t h e  CREEP80 program and t h e  

NONSAP form of t h e  program. 

i n t o  f o u r  p a r t s .  

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

mathemat ica l  and t h e o r e t i c a l  b a s i s .  The second p a r t  g i v e s  a d e t a i l e d  

d e s c r i p t i o n  of CREEP80 a l o n g  w i t h  t h e  i n p u t  f o r  t h e  program. The 

t h i r d  p a r t  i s  a d e t a i l e d  d e s c r i p t i o n  of t h e  NONSAP v e r s i o n  of t h e  

program w i t h  an i n p u t  d e s c r i p t i o n .  F i n a l l y  t h e  l i s t i n g  of i n p u t ,  

o u t p u t  and r e s u l t s  of s e v e r a l  t es t  problems f o r  CREEP80 and t h e  NONSAP 

v e r s i o n  i s  p r e s e n t e d .  A l ist  of r e f e r e n c e s  i s  i n c l u d e d  a t  t h e  end 

of t h e  r e p o r t .  

The r e p o r t  i s  c o n c e p t u a l l y  d i v i d e d  

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

The CREEP80 program and t h e  NONSAP form of t h e  program are  i n t e n d e d  

f o r  u s e  i n  o b t a i n i n g  t h e  response  of a x i a l l y  symmetrical c o n c r e t e  

s t r u c t u r e s .  The program accommodates s t r u c t u r e s  w i t h  r e i n f o r c i n g  

steel ,  p r e s t r e s s i n g  s t ee l  and a x i a l l y  symmetr ical  t h i n  s h e l l  e lements  

(wi th  no bending b e h a v i o r ) ,  c a l l e d  l i n e r  elements. S t r u c t u r e s  may 

b e  s u b j e c t e d  t o  e x t e r n a l  s t a t i c  time-dependent l o a d s  and tempera ture  

changes.  

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

o r  r e i n € o r c e d , w i t h  o r  wi thout  p r e s t r e s s i n g  s tee l .  A f i x e d  t i m e  and 

s p a t i a l  d i s t r i b u t i o n  of re la t ive  humidi ty  i n  t h e  c o n c r e t e  i s  p e r m i t t e d .  

Temperature changes may have e i t h e r  f i x e d  o r  v a r i a b l e  s p a t i a l  

CONSTITUTIVE RELATION FOR CREEP 

The c r e e p  l a w  i s  assumed t o  b e  l i n e a r ,  i . e . ,  fo l lowing  t h e  p r i n c i p l e  

of s u p e r p o s i t i o n  [ Z ] .  

c o n c r e t e  o n l y  at stresses less t h a n  about  one-half  of t h e  s t r e n g t h ,  

which i s  t y p i c a l  of n u c l e a r  v e s s e l s  and conta inments  under service 

c o n d i t i o n s .  Even w i t h i n  t h i s  range ,  s i g n i f i c a n t  d e v i a t i o n s  from 

l i n e a r i t y  are observed upon unloading  and i n  a regime w i t h  d e c r e a s i n g  

s t r a i n s .  

Another phenomenon which s p o i l s  t h e  l i n e a r i t y  even w i t h i n  t h e  s e r v i c e  

The l i n e a r i t y  assumption i s  a c c e p t a b l e  f o r  

I n  such  cases, t h e  program cannot  y i e l d  v e r y  good r e s u l t s .  
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stress range  i s  t h e  s imul taneous  d r y i n g ;  however, t h i s  i s  n o t  s e v e r e  

f o r  n u c l e a r  c o n c r e t e  s t r u c t u r e s  because  t h e y  a re  massive and a l s o  

p r o t e c t e d  by t h e  s t ee l  l i n e r  on t h e  i n t e r i o r  f a c e .  

The a g i n g  of c o n c r e t e ,  p a r t i c u l a r l y  t h e  g r a d u a l  change of c r e e p  

p r o p e r t i e s  as a f u n c t i o n  of a g e ,  is  t a k e n  i n t o  account .  T h i s  phenomenon 

causes  t h e  parameters  of D i r i c h l e t  series expansion of t h e  r e l a x a t i o n  

f u n c t i o n ,  r e p r e s e n t i n g  t h e  e l a s t i c  moduli  of t h e  Maxwell c h a i n  model, t o  

b e  dependent on t h e  age  of c o n c r e t e .  

The e f f e c t  of tempera ture  v a r i a t i o n s  ( l i m i t e d  t o  tempera tures  under 

8OoC) upon t h e  c r e e p  behavior  i s  t a k e n  i n t o  account .  This  i n c l u d e s  

b o t h  ( a )  t h e  i n c r e a s e  of t h e  c r e e p  ra te  due t o  h e a t i n g ,  and (b)  t h e  

a c c e l e r a t i o n  of a g i n g ,  as modeled by t h e  e q u i v a l e n t  h y d r a t i o n  p e r i o d  

( m a t u r i t y )  [ 4 , 2 1 .  Both of t h e s e  e f f e c t s  are modeled u s i n g  t h e  a c t i v a t i o n  

energy c o n c e p t ,  w i t h  d i f f e r e n t  a c t i v a t i o n  e n e r g i e s  f o r  t h e  c r e e p  r a t e  and 

f o r  t h e  p r o c e s s  of a g i n g  ( h y d r a t i o n ) .  

The c r e e p  f o r m u l a t i o n  used i n  t h e  program i s  n o t  c a p a b l e  of h a n d l i n g  

t h e  g e n e r a l  e f f e c t s  of t i m e - v a r i a b l e  p o r e  humidi ty  i n  c o n c r e t e .  These 

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

[ 2 !  and r e q u i r e  many a d d i t i o n a l  v a r i a b l e s  t o  b e  used t o  c h a r a c t e r i z e  

p a r t i a l  stresses i n  s o l i d  and water components, and t h e y  a l s o  r e q u i r e  

a good model f o r  t e n s i l e  c r a c k i n g  due t o  h y g r a l  stresses. N e v e r t h e l e s s ,  

omission of m o i s t u r e  e f f e c t s  a p p e a r s  t o  b e  a d m i s s i b l e  f o r  massive 

s t r u c t u r e s  such  as n u c l e a r  v e s s e l s  and conta inments .  T h i s  i s  because  

of t h e i r  t h i c k n e s s ,  as w e l l  as t h e  u s e  of t h e  s t e e l  l i n e r  on t h e  i n t e r i o r  

f a c e ,  which does n o t  permit  any s i g n i f i c a n t  d r y i n g  t o  occur  except  i n  a 

narrow l a y e r  n e a r  t h e  e x t e r i o r  s u r f a c e .  

An approximate c o n s i d e r a t i o n  of t h e  humidi ty  e f f e c t  which does 

n o t  c a u s e  any major  compl ica t ion  of t h e  mathemat ica l  f o r m u l a t i o n ,  i s ,  

however, p o s s i b l e  w i t h  t h e  p r e s e n t  program. 

f o r  each f i n i t e  e lement  t h e  mean ambient humidi ty  ( n o t  t h e  p o r e  humidi ty  

i n  c o n c r e t e ,  and n o t  a t i m e - v a r i a b l e  q u a n t i t y ) .  The c o e f f i c i e n t s  of 

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

t o  c o n c r e t e  c y l i n d e r s  exposed t o  t h i s  envi ronmenta l  humidi ty ,  k e p t  con- 

s t a n t  f o r  t h e  d u r a t i o n  of t h e  c r e e p  t es t .  The approximate p r a c t i c a l  c r e e p  

The u s e r  i s  al lowed t o  s p e c i f y  
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p r e d i c t i o n  model g iven  i n  p a r t s  I and 111 O F  Ref.  7 i s  used l o r  t h i s  

purpose.  A s  f o r  t h e  d e f i n i t i o n  of s h r i n k a g e ,  t h e  program can u s e  t h e  

formulas  from Ref.  7 o r  a set  of e x p e r i m e n t a l l y  observed s h r i n k a g e  v a l u e s  

can b e  s p e c i f i e d .  It must b e  remembered t h a t  t h e  f o r e g o i n g  c o n s i d e r a t i o n  

of humidi ty  e f f e c t s  i s  v e r y  c rude  and y i e l d s  r e a l i s t i c  v a l u e s  o n l y  f o r  t h e  

o v e r a l l  i n t e r n a l  f o r c e  r e s u l t a n t s  caused by humidi ty  e f f e c t s  w i t h i n  t h e  

c r o s s  s e c t i o n  of t h e  s t r u c t u r e .  

d i s t r i b u t i o n  of t h e  stresses produced by humidi ty  e f f e c t s  th roughout  

t h e  c r o s s  s e c t i o n .  

The method does n o t  permi t  e v a l u a t i n g  t h e  

NUMERICAL ALGORITHM 

A s  h a s  been c l e a r l y  demonstrated b e f o r e  [ e . g . ,  23, a r a t e - t y p e  

c r e e p  l a w  a l l o w s  a much more e f f i c i e n t  f i n i t e  element a n a l y s i s  t h a n  t h e  

i n t e g r a l - t y p e  c r e e p  l a w  based d i r e c t l y  on t h e  p r i n c i p l e  of s u p e r p o s i t i o n .  

A s  a l r e a d y  mentioned,  t h e  p r e s e n t  program u s e s  a r a t e - t y p e  c r e e p  l a w  

based on expanding t h e  r e l a x a t i o n  f u n c t i o n  of c o n c r e t e  i n t o  a series of 

r ea l  e x p o n e n t i a l s  c a l l e d  D i r i c h l e t  series. T h i s  c r e e p  formul-at ion may 

b e  v i s u a l i z e d  by t h e  Maxwell c h a i n  model, t h e  e l a s t i c  moduli  of which 

depend on t h e  age  of c o n c r e t e ,  more p r e c i s e l y  t h e  e q u i v a l e n t  h y d r a t i o n  

p e r i o d .  T h i s  c r e e p  f o r m u l a t i o n  i s  comple te ly  s p e c i f i e d  by a set of 

r e l a x a t i o n  t i m e s ,  which are a u t o m a t i c a l l y  s e l e c t e d  i n  t h e  program 

a c c o r d i n g  t o  t h e  r u l e s  g i v e n  i n  Refs .  2 and 5,  and by t h e  age-dependent  

e l a s t i c  moduli  of t h e  Maxwell c h a i n .  These moduli  a r e  a u t o m a t i c a l l y  

genera ted  from t h e  r e l a x a t i o n  f u n c t i o n ,  which i t s e l f  is  a u t o m a t i c a l l y  

determined from t h e  compliance f u n c t i o n  ( c r e e p  f u n c t i o n ) .  The program 

a l s o  makes a check by reproducing  t h e  c r e e p  curve  on t h e  b a s i s  of t h e  

Maxwell c h a i n  model (as p r e s e n t e d  i n  R e f .  6 ) .  

The r a t e - t y p e  c r e e p  l a w  [6,2]  c o n s i s t s  of a set  of f i r s t - o r d e r  

d i f f e r e n t i a l  e q u a t i o n s  f o r  t h e  p a r t i a l  stresses of t h e  Maxwell c h a i n  

and f o r  t h e  t o t a l  s t r a i n  of t h e  Maxwell c h a i n .  It h a s  been shown b e f o r e  

t h a t  t h e  u s u a l  s tep-by-step methods f o r  o r d i n a r y  d i f f e r e n t i a l  e q u a t i o n s  

cannot  b e  a p p l i e d  t o  t h i s  system of e q u a t i o n s .  T h i s  i s  because  e i t h e r  
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a numer ica l  i n s t a b i l i t y  o r  a g r o s s  loss of accuracy  r e s u l t s  when t h e  

t i m e  s t e p  of t h e s e  methods g r e a t l y  exceeds t h e  s h o r t e s t  r e l a x a t i o n  t i m e ,  

which is a n e c e s s i t y  when t h e  l o n g - t i m e  v a l u e s ,  cor responding  f o r  

example t o  a 40-year service l i f e t ime ,  are t o  b e  reached .  

i s  comple te ly  avoided by t h e  s o - c a l l e d  e x p o n e n t i a l  a l g o r i t h m  [ 4,5 ,2] ,  

which is  based on an  e x a c t  s o l u t i o n  of t h e  d i f f e r e n t i a l  e q u a t i o n s  f o r  t h e  

Maxwell c h a i n  under  t h e  assumption t h a t  a l l  parameters  are  c o n s t a n t  

w i t h i n  t h e  t ime-step.  T h i s  e x p o n e n t i a l  a l g o r i t h m  w a s  proven and demonstrated 

t o  b e  u n c o n d i t i o n a l l y  s t a b l e ,  and h i g h l y  a c c u r a t e  even f o r  v e r y  long t i m e  

s t e p s .  T h i s  a l l o w s  i n c r e a s i n g  t h e  t i m e . s t e p  roughly  i n  a geometr ic  

p r o g r e s s i o n ,  keeping  it  approximate ly  c o n s t a n t  i n  t h e  log-time s c a l e .  

Exper imenta t ion  w i t h  t h e  program conf i rms ,  however, t h a t  good r e s u l t s  

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

The problem 

t y p e s  of t i m e  s t e p  v a r i a t i o n .  

FLOW CHART OF THE PROGRAM 

I n s t e a d  of e x h i b i t i n g  t h e  f low c h a r t  g r a p h i c a l l y ,  i t  i s  s u f f i c i e n t  

t o  d e s c r i b e  i t  as f o l l o w s .  

The program implements a s tep-by-step s t a b l e  i n t e g r a t i o n  procedure .  

A t y p i c a l  t i m e  s t e p  c o n s i s t s  of estimates of t h e  i n c r e m e n t a l  q u a n t i t i e s  

f o r  t h e  s t e p  computed u s i n g  t h e  material  p r o p e r t i e s  a t  t h e  mids tep .  

The f low of t h e  program i s  o u t l i n e d  below ( t h e  s u b r o u t i n e s  involved  

c 

i n  each 

1. 

2 .  

3. 

4.  

5. 

s t e p  of t h e  program are mentioned i n  t h e  p a r e n t h e s e s ) :  

Read and check t h e  i n p u t  d a t a  (INPUT, MATPAR). 

Compute t h e  mater ia l  parameters  f o r  t h e  Maxwell c h a i n  

model (MATPAR, PRINT1 ) . 
I n i t i a l i z e  and set  t h e  s t e p  number t o  z e r o  (MAINC). 

Increment t h e  s t e p  number and check whether  t h e  f i n a l  

s t e p  i s  completed.  I f  i t  i s ,  t h e  f i n a l  o u t p u t  i s  p r i n t e d  

and t h e  program ends  (MAINC, PRINT2) 

For t h e  c u r r e n t  t i m e  s t e p ,  t h e  age  of t h e  c o n c r e t e ,  a p p l i e d  

e x t e r n a l  l o a d s  and t e m p e r a t u r e  are determined a t  mids tep  

t i m e  (MAINC, CONSTI), 
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A 

6 .  The material p r o p e r t i e s  are e s t a b l i s h e d  based on t h e  mid- 

s t e p  age  of c o n c r e t e  (CONSTI, TEMHUM, DIFFUS, EMUF). 

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

each  element .  (ASREEK). 

8. The i n c r e m e n t a l  i n e l a s t i c  s t r a i n s  and t h e  cor responding  

load  v e c t o r  are e v a l u a t e d  f o r  each  element  (ASREEO). 

9 .  The l i n e a r  e q u a t i o n  system f o r  t h e  n o d a l  displacement  

increments  of t h e  s t r u c t u r e  and t h e  l o a d  v e c t o r  are 

assembled. (MERGE). 

10. The p r e s c r i b e d  boundary c o n s t r a i n t s  are  imposed and t h e  

e q u a t i o n  system i s  s o l v e d  f o r  t h e  i n c r e m e n t a l  d i sp lacements  

(BOCOND, BANSOL). 

11. The i n c r e m e n t a l  s t r a i n s  and stresses, as w e l l  as t h e  t o t a l  

stresses, s t r a i n s  and d i s p l a c e m e n t s ,  are computed and 

s e l e c t i v e  o u t p u t  i s  p r i n t e d .  The program t h e n  r e t u r n s  t o  

s t e p  4 .  (RETRCK, STRESS, PRINT2) 

The f o r e g o i n g  f low c h a r t  i s ,  of c o u r s e ,  r o u t i n e ,  used i n  many i n -  

e l a s t i c  computer programs. 

DETERMINATION OF CREEP PROPERTIES 

The c r e e p  p r o p e r t i e s  are determined by t h e  f o l l o w i n g  s u b r o u t i n e  

(MATPAR), c a l l i n g  f o r  f u r t h e r  s u b r o u t i n e s  as s p e c i f i e d .  

1. Read t h e  number of decades i n  log-time scale t o  b e  c o n s i d e r e d ,  

t h e  number of s t e p s  p e r  decade,  t h e  number of e lements  i n  

Maxwell c h a i n ,  t h e  t i m e  f o r  t h e  s ta r t  of t h e  f i r s t  t i m e  

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

2 .  Read t h e  i n p u t  o p t i o n  number and read t h e  cor responding  

m a t e r i a l  d a t a  from which t h e  c h a r a c t e r i z a t i o n  of t h e  compliance 

f u n c t i o n  i s  developed.  When t h e  case of d r y i n g  i s  s p e c i f i e d ,  

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

3 .  Compute t h e  d i s c r e t e  v a l u e s  of t h e  r e l a x a t i o n  f u n c t i o n  f o r  

v a r i o u s  s t r a i n  d e v i a t i o n s  and v a r i o u s  a g e s  a t  t h e  s tar t  of 

r e l a x a t i o n .  ( T h i s  c o n s i s t s  i n  d i r e c t  numer ica l  s o l u t i o n  

of a l i n e a r  V o l t e r r a  i n t e g r a l  e q u a t i o n . )  (RELAX). 
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4 .  Compute t h e  d i s c r e t e  v a l u e s  of t h e  Maxwell c h a i n  moduli  a t  

a l l  d i s c r e t e  a g e s  (MAXWLl) .  

5 .  As a check,  compute d i s c r e t e  v a l u e s  of  t h e  compliance 

f u n c t i o n  from t h e  d i s c r e t e  v a l u e s  of Maxwell c h a i n  moduli  

f o r  v a r i o u s  a g e s  (CRCURV), P r i n t  t h e  r e s u l t i n g  v a l u e s  of 

t h e  compliance f u n c t i o n  and of t h e i r  d e v i a t i o n s  from t h e  

i n i t i a l l y  s p e c i f i e d  v a l u e s  of t h e  compliance f u n c t i o n .  

Also  c a l c u l a t e  and p r i n t  t h e  c o e f f i c i e n t  of v a r i a t i o n  of 

t h e s e  d e v i a t i o n s .  

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

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

t h r e e  o p t i o n s  t o  b e  s p e c i f i e d  by t h e  u s e r .  

1. The compliance f u n c t i o n  i s  e v a l u a t e d  by i n t e r p o l a t i o n  from 

a g iven  a r r a y  of d i s c r e t e  v a l u e s .  The i n t e r p o l a t i o n  i s  l i n e a r  

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

t h e  age  a t  l o a d i n g .  For d u r a t i o n s  and a g e s  f a l l i n g  o u t s i d e  

t h e  range ,  e x t r a p o l a t i o n  i s  a u t o m a t i c a l l y  used .  

2 .  The compliance f u n c t i o n  i s  e v a l u a t e d  from a formula c o r r e -  

sponding t o  t h e  double  power l a w  171. 
3. I f  d r y i n g  i s  s p e c i f i e d ,  t h e  compliance f u n c t i o n  i s  e v a l u a t e d  

from a formula c o n s i s t i n g  of t h e  double  power law enhanced 

by a d r y i n g  t e r m  1 7 1  . 
The u l t i m a t e  r e s u l t  o b t a i n e d  i n  t h e  s u b r o u t i n e  MATPAR i s  t h e  a r r a y  

of t h e  d i s c r e t e  v a r i a b l e s  of t h e  moduli  of t h e  Maxwell c h a i n .  For any 

s p e c i f i e d  age,  t h e  v a l u e  of t h e  Maxwell c h a i n  moduli  i s  computed 

from t h e  d i s c r e t e  v a l u e s  ( i n  s u b r o u t i n e  f u n c t i o n  EMUF) by a l i n e a r  

i n t e r p o l a t i o n  i n  t h e  l o g a r i t h m  of t h e  age  of c o n c r e t e .  F u r  arguments 

f a l l i n g  o u t s i d e  t h e  t i m e  range ,  a l i n e a r  e x t r a p o l a t i o n  from t h e  two 

v a l u e s  a t  t h e  end of t h e  a r r a y  i s  used .  

INPUT OPTIONS FOR MATERIAL CHARACTERIZATION 

MATPAR : 

1. The compliance f u n c t i o n  i s  s p e c i f i e d  as an  a r r a y  of d i s c r e t e  

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

No d r y i n g  i s  cons idered .  
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2. Drying i s  c o n s i d e r e d ,  and t h e  mean compliance f u n c t i o n  f o r  t h e  
c r o s s  s e c t i o n  is  s p e c i f i e d  as i n  o p t i o n  1. Al so ,  t h e  v a l u e s  

of t h e  mean s h r i n k a g e  s t r a i n  of t h e  c r o s s  s e c t i o n  a r e  s p e c i f i e d  

f o r  v a r i o u s  d u r a t i o n s  of d r y i n g  and t h e  g iven  age  a t  t h e  

start  of d r y i n g .  

3 .  The compliance f u n c t i o n  i s  g iven  by t h e  double  power l a w ,  

f o r  which a l l  of i t s  f i v e  parameters  are  r e a d .  No d r y i n g  

i s  cons idered .  

4 .  Same as o p t i o n  3 b u t  a l l  d m b l e  power l a w  parameters  except  

t h e  28-day e l a s t i c  modulus are g e n e r a t e d  from t h e  g iven  

s t r e n g t h  and composi t ion parameters  of c o n c r e t e  ( t h e  mix 

r a t i o  of water ,  cement, sand ,  and g r a v e l ,  t h e  cement-type, 

and t h e  u n i t  weight  of c o n c r e t e ) .  

5. Same as o p t i o n  4 except  t h a t  t h e  28-day e l a s t i c  modulus i s  a l s o  

p r e d i c t e d  from t h e  s t r e n g t h  and composi t ion parameters .  

6 .  Drying i s  s p e c i f i e d  and t h e  compliance f u n c t i o n  i s  d e f i n e d  

by t h e  double  power l a w  enhanced by t h e  term f o r  t h e  c r e e p  

i n c r e a s e  due t o  d r y i n g  [7 ] .  

s t r a i n  e v o l u t i o n  i n  t i m e  ( a c c o r d i n g  t o  Ref.  7 ) i s  a l s o  

s p e c i f i e d .  And a l l  parameters  i n  t h e s e  formulas  are r e a d .  

7 .  Same as o p t i o n  6 b u t  a l l  material pavaTileters except  t h e  28-day 

A formula f o r  t h e  s h r i n k a g e  

e l a s t i c  modulus and t h e  f i l a 1  s h r i n k a g e  s t r a i n  a r e  p r e d i c t e d  

from t h e  s t r e n g t h  and 1 h e  c-m' ,osi t iun paraxieters  cf  c l m c r e t e  

(and a l s o  from t h e  given ambient h u m i d i t y ) .  

8. Same as 6 b u t  a l l  parameters  except  t h e  28-day e l a s t i c  modulus 

a r e  p r e d i c t e d  frcm t h e  s t r e n g t h  and coirposi t ion of c o n c r e t e .  

Same a s  o p t i o n  6 b u t  a l l  parameters  are p r e d i c t e d  from t h e  

s t r e n g t h  and composi t ion of c o n c r e t e .  

9 .  

10. Two of t h e  f i v e  double  power l a w  parameters  (namely, E and 

see Ref .  7 )  are determined s o  as t o  o b t a i n  t h e  b e s t  f i t  
0 

( i n  t h e  l e a s t - s q u a r e  s e n s e )  of t h e  g iven  a r r a y  of d i s c r e t e  

v a l u e s  of t h e  compliance f u n c t i o n  a t  v a r i o u s  l o a d  d u r a t i o n s  

and v a r i o u s  a g e s .  

parameters  a r e  g iven .  

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

range  i n  t i m e  a n d / o r  age .  

The remaining t h r e e  double  power l a w  

T h i s  o p t i o n  i s  used when t h e  g iven  a r r a y  

No d r y i n g  i s  cons idered  i n  t h i s  
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o p t i o n .  A s  a check,  t h e  c o e f f i c i e n t  of v a r i a t i o n  f o r  t h e  

d e v i a t i o n s  of t h e  formula from t h e  g iven  l i m i t e d  a r r a y  of 

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

computed and p r i n t e d .  

11. Same as o p t i o n  10 b u t  t h e  remaining t h r e e  double  power l a w  

parameters  are n o t  s p e c i f i e d ; t h e y  are p r e d i c t e d  from t h e  

g iven  s t r e n g t h  and composi t ion of c o n c r e t e .  

1 2 .  Same as o p t i o n  10 b u t  d r y i n g  i s  c o n s i d e r e d .  

13. Same as o p t i o n  11 b u t  d r y i n g  i s  c o n s i d e r e d .  

The u s e r  se lects  h i s  i n p u t  o p t i o n  depending on t h e  amount of in -  

format ion  a v a i l a b l e  t o  him b e f o r e  t h e  a n a l y s i s .  I f  s u f f i c i e n t  t e s t  

d a t a  have been o b t a i n e d ,  as i s  f r e q u e n t l y  done f o r  n u c l e a r  c o n c r e t e  

s t r u c t u r e s ,  t h e n  t h e  measured d i s c r e t e  v a l u e s  of t h e  compliance f u n c t i o n  

should  b e  used .  However, i f  t h e  range  of t h e s e  a v a i l a b l e  d a t a  i s  t o o  

l i m i t e d ,  i t  i s  p r e f e r a b l e  t o  approximate t h e s e  v a l u e s  by t h e  double  

power l a w .  I f  no e x p e r i m e n t a l  i n f o r m a t i o n  i s  a v a i l a b l e  t h e  double  power 

l a w  parameters  are  p r e d i c t e d  from t h e  s t r e n g t h  and composi t ion of c o n c r e t e .  

However, i f  t h e r e  e x i s t s  some i n f o r m a t i o n  on t h e  double  l a w  parameters  

f o r  a s i m i l a r  c o n c r e t e ,  an  ad jus tment  of some of i t s  parameters  i s  

a p p r o p r i a t e  Ill]. Moreover, i f  t h e  s h o r t - t i m e  deformat ion  ( e l a s t i c  

modulus) i s  measured, i t  should  b e  a l s o  used t o  improve t h e  parameters  

of t h e  double  power l a w .  The c h o i c e  of t h e  p r o p e r  i n p u t  o p t i o n  h a s  

a g r e a t  e f f e c t  on t h e  accuracy  i n  r e p r e s e n t i n g  t h e  c o n c r e t e  p r o p e r t i e s .  

L 

MATHEMATICAL DESCRIPTION 

The c o n c r e t e  is  assumed t o  b e  a homogeneous and i s o t r o p i c  m a t e r i a l  

w i t h  t i m e  and tempera ture  dependent p r o p e r t i e s .  It i s  assumed i n  t h e  

a n a l y s i s  t h a t  c o n c r e t e  does n o t  c r a c k .  Mathematical  d e t a i l s  of t h e  

model are  found i n  [4,5], b u t  p e r t i n e n t  e q u a t i o n s  d e s c r i b i n g  t h e  be- 

h a v i o r  of t h e  c o n c r e t e  a r e  g iven  below. I n s t a n t a n e o u s  v a l u e s  of t h e  

e l a s t i c  c o n s t a n t s  a t  any p o i n t  i n  t h e  s t r u c t u r e  are o b t a i n e d  from t h e  

i n c r e m e n t a l  b u l k  modulus K" and t h e  i n c r e m e n t a l  s h e a r  modus G" f o r  

t h e  g iven  t i m e  s t e p .  These v a l u e s  a r e  e v a l u a t e d  as 



K" = C X K 
U V F !  

and 

11 

" 

GI' = C X G 
u P F !  

i n  which 3 / t  
1-e X =  

1-I 4) / t  

-a J1-h 
'T 

1-I 
($ = (10 

1-I 

a = 3.6  - 0.095 (1-1-1>2 
1-I 

A t  = t -t r r-1 

(3)  

( 9 )  

and t i s  t h e  e q u i v a l e n t  t i m e  a t  which t h e  p r o p e r t i e s  are computed. 

This  t i m e  i s  computed by t h e  e x p r e s s i o n  
e 

where 

B h  = [l + (3 .5  - 3.5h)4]-1 

and h i s  t h e  r e l a t i v e  humidi ty  i n  t h e  p o r e s  of t h e  c o n c r e t e  a t  t h e  

p o i n t  i n  t h e  s t r u c t u r e  b e i n g  c o n s i d e r e d .  I n  absence of d r y i n g  ( h = l ) ,  

r 1-I T '  e 
which may b e  assumed f o r  massive s t r u c t u r e s ,  one h a s  (j, = + t =  

$ T d t .  The parameter  U i s  t h e  a c t i v a t i o n  energy of c r e e p ,  which i s  
F! 



1 2  

u s u a l l y  c o n s t a n t  a l t h o u g h  i t  could depend on V. 

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

tempera ture .  The subscr i -p t  u r e f e r s  t o  t h e  ~ t h  u n i t  i n  t h e  M a x w e l l  c h a i n  

w i t h  a l l  p r o p e r t i e s  of t h e  u n i t s  d e f i n e d  by  t h e  i n p u t  o p t i o n  of t h e  

u s e r s .  

R i s  t h e  g a s  c o n s t a n t  and 

0 

The s o l u t i o n  i s  marched o u t  i n  t i m e  l w z a r i t h m i c a l l y  1 4 1 %  w i t h  t h e  

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

of t h e  t i m e  increment  A t .  The midpoint  t i m e  t ( i n  l o g  s c a l e )  i s  

g iven  by 
r-% 

r-+ = t '  + J ( t r  - t ' )  ( t r - l  - t ' )  

where t '  i s  t h e  age  a t  which t h e  f i r s t  l o a d i n g  o c c u r s .  S i n c e  t h e  

s o l u t i o n  i s  i n c r e m e n t a l ,  t h e  t o t a l  d i sp lacement  and stresses are g iven  by 

where 

u = u  + A u  
r r-1 r 

V v + Ara cT = o  
r- 1 r r 

D 
r = (3 + A',  D 

O r  r-1 

V" Aa = 3 K "  ( A&' - A E  ) r r r 

D D" A 0  = 2G" (A& - A E  ) 
r r r 

and t h e  i n e l a s t i c  s t r a i n s  a r e  g iven  by 

I 
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The t o t a l  and i n c r e m e n t a l  stresses must b e  summed from t h e  

cor responding  stresses f o r  each  u n i t  i n  t h e  Maxwell cha in .  

COMPUTATIONAL FLOW OF THE PROGRAM 

Both t h i s  program CREEP80 and t h e  NONSAP program have t h e  same 

computa t iona l  f low.  The g e n e r a l  f low c h a r t  i s  shown i n  F i g u r e  1. I n  

F i g u r e  2 t h e  f low c h a r t  f o r  t h e  program CREEP80 i s  shown w i t h  a l l  

r o u t i n e s  l i s t e d  i n  t h e  manner i n  which t h e y  are c a l l e d .  F i g u r e  3 shows 

t h e  s t o r a g e  a l l o c a t i o n  scheme f o r  CREEP80 w i t h  t h e  s i z e  of a r r a y s  

shown on t h e  r i g h t  s i d e  of each box. 

, 
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PROGRAM ROUTINE DESCRIPTIONS FOR CREEP80 

The f u n c t i o n s  of i n d i v i d u a l  programs and t h e  mathematical  b a s i s  

f o r  each  i s  d e s c r i b e d  below. 

ASKEEK 

ASREE# 

ASREEP 

ASTR 

BAN S@L 

B#C@ND 

BSTR 

CONSTI  

CRCURV 

CREEP 

CREEPA 

CREEPB 

The i n s t a n t a n e o u s  a x i  a 1  l y  symmetrical  t r i  angu 1 a r c 1 emcn t 

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

T h i s  s u b r o u t i n e  e s t a b l i s h e s  t h e  - B m a t r i x  f o r  t h e  t r i a n g u l a r  

e lement  and c a l c u l a t e s  t h e  v e c t o r  of n o d a l  f o r c e s  due t o  

i n e l a s t i c  and tempera ture  s t r a i n s .  

T h i s  s u b r o u t i n e  computes t h e  i n c r e m e n t a l  s t r a i n s  due t o  

i n c r e m e n t a l  d i sp lacements .  

A x i a l l y  symmetr ical  l i n e a r  e lement  stresses are computed by 

t h i s  s u b r o u t i n e .  

T h i s  s u b r o u t i n e  s o l v e s  a set of banded symmetric e q u a t i o n s .  

The s p e c i f i e d  zero  displacement  c o n d i t i o n s  are i n c o r p o r a t e d  

i n t o  t h e  f i n a l  set  of e q u a t i o n s  by t h i s  s u b r o u t i n e .  

Bar and loop  element  stresses a r e  computed by t h i s  s u b r o u t i n e .  

T h i s  s u b r o u t i n e  e s t a b l i s h e s  t h e  i n s t a n t a n e o u s  c o n s t i t u t i v e  

r e l a t i o n s  and t h e  i n e l a s t i c  s t r a i n s  f o r  a x i a l l y  symmetr ical  

c o n c r e t e  e lements .  See page 11 f o r  mathematical  d e t a i l s .  

For a check, i t  computes t h e  d i s c r e t e  v a l u e s  of compliance 

f u n c t i o n  J ( t , t ' )  from t h e  p r e v i o u s l y  c a l c u l a t e d  d i s c r e t e  v a l u e s  

of EMU. 

C a l c u l a t e s  v a l u e s  of compliance f u n c t i o n  J ( t , t ' )  as a f u n c t i o n  of 

stress d u r a t i o n  X = t-t' and age  a t  l o a d i n g  Y = t ' .  

Accomplishes t h e  purpose of CREEP by double  i n t e r p o l a t i o n  o r  

e x t r a p o l a t i o n  from given  a d j a c e n t  d i s c r e t e  v a l u e s  J ( t , t ' ) .  The 

i n t e r p o l a t i o n  i s  l i n e a r  i n  t ransformed s c a l e s  l o g  ( t - t ' )  

and l o g  ( t ' ) .  

Accomplishes t h e  purpose of CREEP by e v a l u a t i n g  t h e  double  power 

l a w  (wi thout  o r  w i t h  t h e  d r y i n g  c r e e p  terms)  from t h e  g i v e n  

material parameters  and s p e c i f i e d  v a l u e  of stress d u r a t i o n  

X = t-t' and age  a t  l o a d i n g  Y = t ' .  
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CREEP80 The arrangement and dynamic assignment  of s t o r a g e  f o r  each 

problem is  computed by r o u t i n e .  The s t o r a g e  map i s  shown 

on page 7 J  w i t h  d e f i n i t i o n s  of s t o r a g e  a r r a y s  g iven  on page 1 7  

DIFFUS The ra te  c o e f f i c i e n t s  - and t h e  thermal  s t r a i n  f o r  each  

element  of t h e  Maxwell c h a i n  are computed by t h i s  s u b r o u t i n e .  
v - 6,, 

DRTERM C a l c u l a t e s  from g i v e n  m a t e r i a l  parameters  t h e  d r y i n g  c r e e p  

t e r m  t o  b e  added t o  t h e  double  power l a w .  

The t i m e  dependent v a l u e  of e l a s t i c  modulus E 

of t h e  M a x w e l l  c h a i n  i s  computed by i n t e r p o l a t i o n  from an  

a r r a y  ( t a b l e )  by t h i s  f u n c t i o n  r o u t i n e .  

f o r  each  u n i t  
?J 

EMUF 

EXPS 

I BANDW 

INPUT 

INCSSR 

MAINC 

MATPAR 

MAXWLI 

MERGE 

PRINT 1 

PRINT2 

-X T h i s  s u b r o u t i n e  c a l c u l a t e s  e 

range  of p o s i t i v e  x .  

and (1 - e-X)/x f o r  a l a r g e  

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

S t r u c t u r a l  geometry,  element c o n n e c t i v i t y ,  l o a d s ,  boundary 

c o n d i t i o n s ,  t i m e  s t e p s ,  l o a d  and tempera ture  f a c t o r  and 

select ive o u t p u t  i n f o r m a t i o n  i s  r e a d  i n  by t h i s  s u b r o u t i n e .  

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

element  by t h i s  s u b r o u t i n e .  

Overall c o n t r o l  of t h e  f low of t h e  program and e s t a b l i s h m e n t  of 

t h e  tempera ture  and l o a d  c o n d i t i o n s  f o r  each  s t e p  of t h e  

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

Genera tes  c r e e p  and s h r i n k a g e  p r o p e r t i e s  from given  d a t a  and 

c a l c u l a t e s  d i scre te  v a l u e s  of r e l a x a t i o n  moduli  EMU 

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

v a r i o u s  stress d u r a t i o n .  

T h i s  s u b r o u t i n e  c o n t r o l s  t h e  e s t a b l i s h m e n t  of t h e  i n s t a n t a n e o u s  

s t i f f n e s s  m a t r i x  of t h e  s t r u c t u r e .  

I n p u t  d a t a  i s  p r i n t e d  o u t  by t h i s  s u b r o u t i n e .  

Select ive o r  f i n a l  v a l u e s  of d i s p l a c e m e n t s ,  stresses and s t r a i n s  

are  p r i n t e d  o u t  by t h i s  s u b r o u t i n e .  



16 

RELAX Computes t h e  d i s c r e t e  v a l u e s  of t h e  r e l a x a t i o n  f u n c t i o n  from 

t h e  d i s c r e t e  v a l u e s  of t h e  compliance f u n c t i o n  

RETRCK T h i s  s u b r o u t i n e  c o n t r o l s  t h e  c a l c u l a t i o n  of t h e  i n c r e m e n t a l  

stresses and s t r a i n s  f o r  each t i m e  s t e p .  

SERDAT Computes t h e  s h r i n k a g e  s t r a i n  f o r  g iven  d r y i n g  d u r a t i o n  

T = t-t by i n t e r p o l a t i o n  o r  e x t r a p o l a t i o n  u s i n g  a p r e s c r i b e d  

a r r a y  of d i s c r e t e  s h r i n k a g e  v a l u e s  f o r  v a r i o u s  t i m e s .  
0 

SHRINK Computes t h e  s h r i n k a g e  s t r a i n  f o r  g iven  d r y i n g  d u r a t i o n  

T = t - t , u s i n g  e i t h e r  t h e  square- root  h y p e r b o l i c  l a w  w i t h  

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

v a l u e s  f o r  which s u b r o u t i n e  SHRDAT i s  c a l l e d .  

0 

SHSTF The s t i f f n e s s  m a t r i x  and tempera ture  n o d a l  f o r c e  v e c t o r  i s  

e s t a b l i s h e d  by t h i s  s u b r o u t i n e  f o r  a x i a l l y  symmetr ical  s h e l l  

e lements  ( c a l l i n g  parameter  N = O:), b a r  e lements  (N = 2 )  and 

hoop e lements  ( N  = 1 . ) .  

ST@R T h i s  s u b r o u t i n e  superimposes t h e  element s t i f f n e s s  m a t r i c e s  i n t o  

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

STRESS The i n c r e m e n t a l  stress i n  t h e  c o n c r e t e  e lements  i s  computed 

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

TEMHUM The a v e r a g e  tempera ture  and humidi ty  i n  each  e lement ,  t h e  

c o e f f i c i e n t s  6. and 6 and s h r i n k a g e  s t r a i n s  are  computed by 

t h i s  s u b r o u t i n e .  
t h 

TEMDIL Computes thermal  d i l a t a t i o n  as f u n c t i o n  of tempera ture  TEM 
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DICTIONARY OF MAJOR VARIABLES 

NBAND 

NB#UND 
NDIS 

NEPS 

NL#m 

N#BE 
N@LE 
NSTEP 

NSTR 

NT#T 
NUMEL 

NUMNP 

AREA 

B 

CHDAT 

C#NST 

DTIME 

ETM 

GL#BC# 

IB#UND 
IEG 

IEPS 

IL#AD 

IDIS 
ISE 

I STR 

P#PR 

RFAC 

mom 
RREF 

Index and Control Parameters 

Half bandwidth of equations 

Number of nodes with specified zero displacements. 

Number of nodes selected for displacement output 

Number of concrete elements selected for strain output 

Number of nodes with specified nodal loads. 

Number of bar and hoop elements 

Number of axially symmetrical liner elements 

Number of time steps 

Number of concrete elements selected for stress output. 

Total number of equations 

Number of concrete triangular elements 

Number of nodal points 

Arrays in Dynamic Storage 

Liner, bar and hoop element areas 

Concrete element B matrices 

Maxwell chain properties 

Material constants and reinforcing steel ratios 

Time increments 

Element centroid equivalent times 

Nodal coordinates 

Specified zero displacement conditions 

Concrete element connectivity 

Element number of selected strains 

Node numbers of loaded nodes 

Node numbers of selected displacements 

Liner, bar and hoop element connectivity 

Element number of selected stresses 

Nodal humidity 

Load factor for each time increment 

Nodal loads 

Reference load vector 
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SDR Load vectorldisplacement vector 

SIGMA Concrete element stresses for each Maxwell chain unit 

SKI Global stiffness matrix 

SR Total displacement vector 

STRAIN Concrete element strains 

TEMP Beginning and ending nodal temperatures in each time step 

TFAC Temperature factor for each time increment 

, 
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INPUT FOR CREEP80 

Group I C o n t r o l  Cards 

Card 1 1015 

1- 5 (NDIS) No. of s e l e c t e d  d i sp lacemen t s  

6-10 (NSTR) No. of s e l e c t e d  stresses 

11-15 (NEPS) No. of s e l e c t e d  s t r a i n s  

16-20 S t e p  no.  of p r e s t r e s s i n g  s tee l .  (See Note 1) 

21-25 P r i n t i n g  of i n p u t  d a t a .  (=0 no p r i n t i n g )  

26-30 P r i n t  s w i t c h  (0 t o  11) IPSW (See  Note 2) 

31-35 Data check (=0 d a t a  r ead  and checked on ly )  

36-40 S t e p  a t  which u s e r  s u p p l i e d  t empera tu res  a r e  e n t e r e d  

(=0 set t o  NSTEP+l) (See  Note 3)  

Card 2 1015 

1- 5 (NSTEP) No. of t i m e  s t e p s  

6-10 

11-15 T i m e  s t e p  i n  rea l  (=O) o r  l o g  I-1) t i m e  

Card 3 1015 

1- 5 (NUMNP) 

6-10 (NUMEL) 

11-15 (NL@AD) 

16-20 ( N B ~ U N D )  

21-25 (NPEL) 

26-30 (NDF) 

31-35 (NOLE) 

36-40 (NdBE) 

Number of n o d a l  p o i n t s  

Number of c o n c r e t e  e l emen t s  

Number of loaded  nodes 

Number o f  nodes w i t h  s p e c i f i e d  d isp lacement  

Number of nodes p e r  e lement  (=3)  

Number of  d e g r e e s  of freedom pe r  node (=2)  

Number of  l i n e r  e l emen t s .  

Number of b a r  and hoop e l emen t s .  

Card 4 1015 

1- 5 

6-10 

11-15 

16-20 

21-25 (NMU) No. of u n i t s  i n  Maxwell c h a i n  
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Group I1 Element Cards (1615) 

NUNEL c a r d s  i n  t h i s  group i n  numer ica l  o r d e r  

1- 5 Element No. 

6-10 I Node 

11-15 J Node 

16-20 K Node 

I I (A)  L i n e r  Elements (315, F10.3) (Skip  i f  NOLE = 0) (See Note 4 )  

1- 5 

6-10 

11-15 

16-25 

11 (B) 

1- 5 

6-10 

11-15 

16-25 

1- 5 

11-25 

31 -45 

1- 5 

6-10 

11-15 

1- 5 

11-25 

31-45 

Element No. (NOLE Cards)  

I Node 

J Node 

Area ( i n  s q u a r e  i n c h e s )  

Bar and hoop e lements  ( s k i p  i f  N@BE = 0) 

Element No, (NOBE c a r d s )  

I Node 

J Node (=0 hoop element)  

Area ( i n  s q u a r e  i n c h e s )  

Group I11 Coordina te  Cards (15,2(5X,E15.7) 

NUMNP c a r d s  i n  t h i s  group i n  numer ica l  o r d e r  

Node No. 

R Coordina te  ( i n  inches)  

Z Coordina te  ( i n  i n c h e s )  

Group I V  Boundary Condi t ion  Cards (1615) 

NBOUND c a r d s  i n  t h i s  group 

Node No. 

R Boundary ( I = f  ixed  , O = f  r e e )  

Z Boundary ( l = f i x e d , O = f r e e )  

Group V Load Cards (15,2(5X,E15.7) 

NL@AD Cards i n  t h i s  group (See Note 5) 

Loaded Node No. 

R Load ( i n  pounds) 

Z Load ( i n  pounds) 
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1-10 

11-20 

Group VI Thermal Expansion Cards (8E10.3) 

There are NMJ (see Card 4 of control group) fields. 

Coefficient of thermal expansion for Maxwell chain Unit 1 
Coefficient of thermal expansion for Maxwell chain Unit 2 

etc. 

Group V I 1  Material Properties Cards (8E10.3) 

Card 1 

Card 2 

Card 3 

1-10 

11-20 

21-30 

3 1-40 

41-50 

51-60 

61-70 

2-10 

11-20 

21-20 

31-40 

41-50 

51-60 

61-70 

71-80 

1-10 

11-20 

T Initial temperature of concrete (See Note 6) 

a Second Material temperature coefficient (See Note 7) 
0 

PR Second Material Poisson's ratio. 

Entropy Density adsorbed water 

U Activation energy of hydration 

R. Gas constant 

I) Poisson's ratio 

Radial Steel ratio (p,) (See Note 8) 
Axial Steel Ratio (pz) (See Note 8) 

Hoop Steel Radio (p ) (See Note  8 )  

Second Material Modulus in pounds per square inch (See Note 7 )  

Tref 

H 

Reference temperature for uniform temperature changes (See Note 9)  

Href 
First age at loading (in days) (See Note 10) 

GrouD V I 1 1  MATPAR inmt 

Card 1 = Card A (1615) (= a card for which READ statement is marked as 
A in the program) 

1- 5 (JOPT) input option 

6-10 (NDEC) No. of decades in log (t-t') for calculation of relax- 
ation function in RELAX 

11-15 (JDEC) No. of steps per decade for calculation of relaxation 
function 
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16-20 (NA) No. of decades i n  l o g  ( t - t ' )  f o r  c h a r a c t e r i z i n g  

21-25 (JA) No. of s t e p s  p e r  decade f o r  c h a r a c t e r i z i n g  t h e  c r e e p  

t h e  c r e e p  compliance f u n c t i o n  J ( t , t ' )  

compliance f u n c t i o n  J ( t , t ' )  

26-30 (NMU)No. of Maxwell u n i t s  i n  t h e  c h a i n  model 

30-36 (NTSHR) No. of d i s c r e t e  v a l u e s  t o  s p e c i f y  t h e  s h r i n k a g e  
v a r i a t i o n  i n  t i m e .  For i n p u t  o p t i o n s  w i t h  no d r y i n g  
u s e  any dummy v a l u e  on i n p u t ,  e . g . ,  0 .  

Card 2 = Card B(5F10.3) 

1-10 ( T l )  Smal les t  l o a d  d u r a t i o n  f o r  which c r e e p  r e p r e s e n t a t i o n  
i s  d e s i r e d  

11-20 (TP1) Age a t  l o a d i n g  

21-30 (TAU) S m a l l e s t  r e l a x a t i o n  t i m e  of Maxwell c h a i n  

31-40 (Wl) 

41-50 (W2) 
Weights used f o r  o p t i m i z i n g  t h e  f i t s  by Maxwell c h a i n  

(Values W1 = 0.01 ,  W2 = 0.1  a r e  u s u a l l y  s u i t a b l e ) .  

Card 3 = Card C (8F10.3) 

1-10 LFTEM C o e f f i c i e n t  of thermal  d i l a t i o n  of c o n c r e t e  used by 
TEMDIL. ( A l t e r n a t i v e l y ,  t h e  u s e r  may supply  h i s  
s u b r o u t i n e  TEMDIL, and t h e n  some dummy v a l u e  may b e  
used h e r e  f o r  TEMDIL.) 

. 
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The subsequent  d a t a  c a r d s  f o r  VATPAR 

depend on i n p u t  o p t i o n  JOPT a s s i p n e d  above 

For  JOPT = 1: 

For  JOPT = 2: 

For  JOPT = 3: 

For  JOPT = 4 :  

For JOPT = 5: 

For  JOPT = 6: 

For  JOPT = 7: 

For JOPT = 8: 

For JOPT = 9: 

Use Card 4 = Card D 

Card 5 = Card E 

Cards  6 t o  Card (6+NJ) = Card F...NJ-times 

Use Card 4 = Card D 

Card 5 E 

Cards  6 t o  Card (6 +NJ) = Card F...NJ-times 

Card (7+NJ) = Card G 

Card (8+NJ) = Card H 

U s e  Card 4 = Card I 

Use Card 4 = Card I 

Card 5 = Card K 

Use C a r d  4 = Card K 

Use Card 4 = Card I 

Card 5 = Card J 

Use Card 4 = Card I 

C a r d  5 = Card J 

Card 6 = Card K 

Card 7 = Card L 

Card 4 = Card I 

Card 5 = Card J 

Card 6 = Card K 

Card 7 = Card L 

Card 4 = Card J 

Card 5 = Card K 

Card 6 = Card L 
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For JOPT = 10: 

For JOPT = 11: 

F o r  JOPT = 12: 

For JOPT = 13: 

Card 4 = Card D 

Card 5 = Card E 

Cards  6 to (6+N.J) - Card F.. .NJ-times 

Card (7+NJ) = Card I 

Card 4 = Card D 

Card 5 = Card E 

Cards  6 to (6fNJ) = Card F. ..NJ times 

Card (7+NJ) = Card I 

Card (8+NJ) = Card K 

Card 4 = Card D 

Card 5 = Card E 

Cards  6 t o  (6+NJ) = Card F...NJ-times 

Card (7+NJ)  = C a r d  G 

Card (8+NJ) = Card H 

Card (9+NJ) = C a r d  I 

Card (10SN) = Card J 

Card (.11+N) = Card K 

Card 4 = Card D 

Card 5 = Card E 

Cards  6 t o  (6+NJ) = Card F...N.J-times 

Card (7+NJ) = Card G 

Card (8+NJ) = Card H 

Card (9+NJ) = Card I 

Card (lO+NJ) = Card J 

Card (ll+NJ) = Card K 

Card (12+NJ) = Card L 
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Card D (110, (7F10.0))  

1-10 N I  No. of  l oad  d u r a t i o n s  ( t - t ' )  f o r  v a l u e s  of 
compliance f u n c t i o n  J ( t , t ' )  

11-20 AT(1) 1 
21-30 

31-40 AT(3) 

D i s c r e t e  load  d u r a t i o n s  ( t - t ' )  f o r  v a l u e s  of 
AT(2)  compliance f u n c t i o n  J ( t , t ' )  

i 
e tc .  j possSbly  c o n t i n u e  on a second c a r d  i f  t h e r e  are ' more t h a n  8 v a l u e s  t o  be r ead  

Card E (110, (7F10.1) 

1-10 N J  No. of Ages a t  l o a d i n g  t '  f o r  v a l u e s  of compl5ance 
f u n c t i o n  J ( t , t ' ) .  

1 Discrete Ages a t  l o a d i n g  t '  f o r  v a l u e s  of compliance 
21-30 ATP(2) f u n c t i o n  J ( t , t ' ) .  
31-40 ATP(3) ! 

I 
f 

e tc .  J p o s s i b l y  a g a i n  c o n t i n u e  on a second c a r d  i f  needed 

Card F (8F10.1) 

1-10 A J ( 1 , l )  1 
11-20 A J ( 2 , l )  ' values of compliance f u n c t i o n  J ( t , t ' )  f 
21-30 A J ( 3 , l )  1 

I e t c .  

2nd Card F (8F10.1) 

s a m e  I 1-10 A J ( 2 , l )  

11-20 AJ(2,Z) 

21-30 AJ(2,3)  

e tc .  

NJ-th Card F (8F10.1) 
.... 

L - i o  A J ( ~  ,JN)) 

11-20 AJ(2,NJ) 

21-30 AJ(3,  JN) 

e tc .  



26 

Card G (12,1XF7.17(7F10.1)) 

1-2 NTSHR No. of d i s c r e t e  t i m e s  TSHR(1) 

3-10 TSHR(1) '! 
I 

11-20 TSHR(2) d i s c r e t e  t i m e s  ( d r y i n g  d u r a t i o n s  f o r  s p e c i f y i n g  
s h r i n k a g e  v a l u e s  SHR(1) - i n  days 21-30 TSHR( 3) 

i 
e t c .  

Card H (8E10.3) 

1-10 SHR(1) 1 
I 

s p e c i f i e d  s h r i n k a g e  v a l u e s  a t  v a r i o u s  t i m e s ,  TSHR(1) 

21-20 SHR(3) 

Card I (E10.Z74F10.1) Coeff .  f o r  double  power l a w  

1-10 E28 Young's e l a s t i c  modulus a t  age  28 days 

11-20 

21-30 EXPN = n = exponent of double  power l a w  

31-40 EXPM = m = exponent on age  i n  double  power l a w  

41-50 ALFA = c1 = c o e f f .  of double  power l a w  

Note: 

EOE28 = EO/E28=Ratio of asymptot ic  modulus EO t o  E28, t y p i c a l l y  1 .5  

For JOPT = 4 and 7 o n l y  E28 i s  needed;  u s e  dummy v a l u e s  f o r  t h e  res t .  

For  JOPT = 10 t o  1 4 ,  o n l y  EXPN, EXPM and ALFA are needed;  u s e  some 

dummy v a l u e s  f o r  E28 and EOE28. 

Card J (9F8.1) Coeff .  f o r  a d d i t i o n a l  c r e e p  due t o  d r y i n g  

1- 8 

9-16 

17-24 

25-32 

33-40 

41-48 

49-56 

57-64 

65-72 

DRYSTA = Age a t  s ta r t  of d r y i n g  ( i n  days)  

FINSHR = F i n a l  s h r i n k a g e  s t r a i n  

AVHUM = average  r e l a t i v e  humidi ty  of t h e  environment ,  (OcAVHUM<1) - 

AKS* = k = c r o s s  s e c t i o n  shape c o e f f i c i e n t  

VS = v / s  = volume-to=surface r a t i o  i n  mm 

C7* 

- 
S 

2 
= C7 = d i f f u s i v i t y  i n  mm /day 

PHID* = (I -) d i  
CD* - - cd r parameters  f o r  d r y i n g  c r e e p  t e r m  

CP* = c I 
P -/ 

Note: For  JOPT=7,8,9-C7, PHlD, CP are n o t  needed-use dummy v a l u e s .  For JOPT=8,9 

FINSHR n o t  needed ,  u s e  dummy v a l u e .  

* I f  unsure  i n p u t  z e r o  f o r  t h e s e ,  and t h e  program w i l l  t h e n  a s s i g n  s u i t a b l e  

v a l u e s  a u t o m a t i c a l l y .  
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Card K (5F10.1,IlO) S t r e n g t h  and composi t ion parameters  

= f '  = s t a n d a r d  c y l i n d e r  s t r e n g t h  of c o n c r e t e  a t  age 28 days .  
C 

1-10 FCP 

11-20 wc = w / c  = water-cement r a t i o  by weight  i n  t h e  mix 

21-30 AC = a /c  = a g g r e g a t e  cement r a t i o  by weight i n  t h e  mix 

31-40 SC = s / c  = sand-cement r a t i o  by weight  i n  t h e  mix 

41-50 R@ = p = u n i t  m a s s  of c o n c r e t e  i n  l b . / f t  

51-60 ITYPE = ASTM t y p e  of cement (1,2,3, o r  4 )  

3 

Card L (F8.1) 

3 1-8 CEM = c = cement c o n t e n t  i n  kg p e r  m of c o n c r e t e  



28 

Group IX Time Step Cards (8F10.3) (See Note 11) 

1-10 At for time step 1 (in days) 

11-20 At for time step 2 

NSTEP values read in. (see group 1 card 2) 

Group X Load Factor Card (8F10.3) (See Note 12) 

1-10 Load factor for time step 1 

11-20 Load factor for time step 2 

Group XI Temperature Factor Cards (8F10.5) (See Note 13) 

1-10 Temperature factor f o r  time step 1 

11-20 Temperature factor for time step 2 

Group X I 1  Selected Nodal Displacements (1615) 

his group included only if IPSW=1,7,8,9,10 or 11 and ?4DIS# 0 

- 

Card 1 

1- S Node No. of First Selected Nodal displacement 

6-10 Node No. of Second Selected Nodal displacement 

NDIS VALUES 
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GROUP X I 1 1  S e l e c t e d  Element Stresses (1615) 

T h i s  group i n c l u d e d  o n l y  i f  IPSW=3,7 o r  9 and NSTR # 0 

C a r d  1 

1 - 15 Element No. of f i r s t  s e l e c t e d  element  

6 - 10 Element No. of second s e l e c t e d  element 

NSTR VALUES 

GROUP XIV S e l e c t e d  element  s t r a i n s  (1615) 

T h i s  group i n c l u d e d  o n l y  i f  IPSW=5,8 o r  9 and NEPS # 0 

Card 1 

1 - 1 5  Element No. of f i r s t  s e l e c t e d  element 

6 - 10 Element No. of second s e l e c t e d  element 

NEPS VALUES 
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Notes on the input 

Group I 

Note 1: The step number prestressing steel is entered as the step 

following the application of the prestressing forces to 

the structure 

Note 2: The following values of IPSW will cause printing of selected 

quantities at each time step. 

IPSW= 

1. Selected nodal displacements 

2. All nodal displacements 

3 .  Selected element stresses 

4 .  All element stresses 

5. Selected element strains 

6. All element strains 
7. Selected nodal displacements and element stresses 

8. Selected nodal displacements and element strains 

9 .  Selected nodal displacements, element stresses and strains 

10. Selected nodal displacements and all element stresses 

11. Selected nodal displacements, all element stresses and strains 

Note 3: The step at which user supplied temperatures are entered is used when 

spacial and temporal variation of temperature is arbitrary. The 

temperatures are entered through TAPE 7, one temperature for each 
node by means of a FORTRAN binary read. There must be a set of 

nodal temperatures for each step of the analysis from the step 

number specified until the-end of the analysis. 

Group I1 

Note 4 :  The liner elements are the axially symmetrical elements described and 

the bar and hoop elements are t3e prestressing steel elements. 

The liner elements are assembled with the initial step of the analysis 

with the bar and hoop elements being assembled at the step number 

specified for the prestressing steel. Areas of liner, bar and hoop 
elements are numbered sequentially from 1 to NgLE + NOBE. 
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Group V 

Note 5: The load  c a r d s  appear  f o r  loaded  nodes o n l y ,  and t h e  load  

components are c a l c u l a t e d  € o r  a one r a d i a n  s e c t o r  of t h e  

s t r u c t u r e .  

Group V I 1  

Note 6: The i n i t i a l  t empera ture  i s  based on t h e  a b s o l u t e  tempera ture  

s c a l e  (Kelvin)  

Note 7 :  The second m a t e r i a l  r e f e r s  t o  t h e  r e i n f o r c i n g  s t ee l .  

Note 8: The s t ee l  r a t i o s  are g iven  by a r e a .  

Note 9: The r e f e r e n c e  tempera ture  i s  t h e  tempera ture  t h a t  i s  m u l t i p l i e d  

by  t h e  tempera ture  f a c t o r  i n p u t  i n  Group X I  cards  and added 

t o  t h e  tempera ture  e x i s t i n g  i n  a l l  e lements  i n  t h e  p r e v i o u s  

t i m e  s t e p .  Thus, t e m p e r a t u r e s  of t h e  c o n c r e t e  which v a r y  

w i t h  t i m e  b u t  which do n o t  change i n  s p a c i a l  v a r i a t i o n s  may be 

c o n v e n i e n t l y  t r e a t e d  . 
Note 10:  The a g e  of f i r s t  l o a d i n g  r e f e r s  t o  t '  i n  t h e  t h e o r y  and i s  

t h e  age of t h e  c o n c r e t e  a t  t h e  f i r s t  t i m e  s t e p .  

Group I X  

Note 11: The time s t e p s  may b e  i n p u t  i n  r e a l  t i m e  (card 2 of Group I) 

o r  l o g  t i m e .  

A t  f o r  each  t i m e  s t e p .  

The times e n t e r e d  a r e  t h e  l e n g t h s  of t i m e  or 

Group X 

Note 12:  The l o a d  f a c t o r s  m u l t i p l y  t h e  load v e c t o r  e n t e r e d  i n  Group V 

t o  o b t a i n  t h e  i n c r e m e n t a l  load f o r  each t i m e  s t e p .  

Group X I  

Note 13:  The tempera ture  f a c t o r s  m u l t i p l y  t h e  r e f e r e n c e  tempera ture  

i n  Group V I 1  t o  o b t a i n  t h e  i n c r e m e n t a l  t empera ture  change 

f o r  each t i m e  s t e p .  
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NONSAP Vers ion  of CREEP80 

Implementat ion of CREEP80 i n t o  NdNSAP r e q u i r e s  v e r y  few changes.  

The propram CRFEP8O becomes t h e  m a i n  p r o p r a m  for %I? a d d i t i o n a l  s p y r n e n L ,  

l i n k  o r  o v e r l a y  depending on t h e  computer o p e r a t i n g  system b e i n g  used.  

The e x i s t i n g  NONSAP program i s  o n l y  s l i g h t l y  modi f ied ,  w i t h  t h e  

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

I n p u t  t o  t h e  NdNSAP program f o r  a CREEP80 run  i s  now a combinat ion 

of t h e  two programs. S i n c e  CREEP80 i s  used f o r  long t i m e  v a r i a t i o n  

a n a l y s i s  i t  cannot  b e  used f o r  dynamic a n a l y s i s  i n  NgNSAP. 

b e  used w i t h  o t h e r  l i n e a r  and,  w i t h  c e r t a i n  r e s t r i c t i o n s ,  n o n l i n e a r  

e lements  of t h e  NdNSAP program t h a t  a r e  used f o r  s t a t i c  a x i a l l y  

symmetr ical  a n a l y s i s .  

It can 

The i n p u t  s e p a r a t e s  i n t o  two phhses .  The f i r s t  f o l l o w s  t h e  

( 2 )  which i n c l u d e s  c o n t r o l  i n p u t  as  l i s t e d  i n  t h e  NONSAP manual 

in format ion ,  nodal  c o o r d i n a t e s  and boundary c o n d i t i o n s ,  nodal  l o a d s  

and element group i n f o r m a t i o n .  The second phase  p r o v i d e s  t h e  a d d i t i o n a l  

i n f o r m a t i o n  n e c e s s a r y  f o r  t h e  CREEP80 program which i n c l u d e s  a d d i t i o n a l  

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

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

The complete  i n p u t  f o r  a CREEP80 r u n  i s  l i s t e d  f o r  t h e  convenience 

of t h e  u s e r  below. Notes on i n p u t  i n  t h e  NdNSAP manual ( 2 )  and a t  t h e  

end of t h i s  l i s t i n g  should  b e  r e f e r r e d  t o  by t h e  u s e r  when p r e p a r i n g  

a run.  
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NONSAP INPUT 

I Heading Card (12A6) 

I1 Master C o n t r o l  Card Group 

Card 1, (15 ,  611,  1 4 ,  315, 2F100, 215) 

(1-5) NUMNP 

6 IDgF(1) = 1 

7 IDgF(2) = 0 

8 IDOF(#) = 0 

9 IDgF(4) = 1 

10 IDgF(5) = 1 

11 IDgF(6) = 1 

12-15 NEGL Number of l i n e a r  e lement  groups  

16-20 NEGNL Number of n o n l i n e a r  e lement  groups  

21-25 MgDEX F l a g  i n d i c a t i n g  s i t u a t i o n  mode 

26-30 NSTE Number of s o l u t i o n  t i m e  s t e p s  

31-40 DT T i m e  increment  = 1 . 0  

41-50 Blank 

51-55 IPRI ( = NSTE) 

Card 2 (415) Blank 

Card 3 (15)  Blank 

Card 4 (415 ,  E10.4) 

1-_5 ISREF ( = I )  

6-10 NUMREF (=O) 

11-15 I E Q U I T  

16-20 Blank 

21-30 Blank 

Card 5 (110,  2F10.0) Blank 

Card 6 (415) Blank 

Card 7 (1615) Balnk 

S e t  e q u a l  t o  NSTE+1 

___- 

111 Nodal P o i n t  Data Group 

(Al ,  1 4 ,  A l ,  1 4 ,  515, 3F10.0,  15)  

1 CT Blank 

2- 5 N Node Number 

6 PSF Blank 

7-10 ID(1,N) Blank 
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11-15 

16-20 

21-25 

26-30 

31-35 

36-45 

46-55 

56-65 

66-70 

R T r a n s l a t i o n  code 

Z T r a n s l a t i o n  code 

Blank 

Blank 

Blank 

Blank 

R Coordina te  

Z Coordina te  

Node number increment  f o r  node d a t a  g e n e r a t i o n  

I V  Applied Loads Data Group 

Card 1 (315) 

1- 5 NLQIAD Number of l o a d  c a r d s  

6-10 NLCUR ( = I )  

11-15 NPTM ( = 2 )  

C a r d  2 (215) 

1- 5 NTF ( = I )  

6-10 NPTS ( = 2 )  

Card  3 (8F10.0) 

1-10 Blank 

11 -20 1 . 0  

21-30 S e t  e q u a l  t o  (NSTE+l)*l.O 

3 1-40 1.0 

Nodal l o a d s  group (315, F lO .0 ) .  

There a re  NI,@AD Cards i n  t h i s  group. 

I f  NL@ADS = 0 no c a r d s  are i n p u t .  

1- 5 NOD Node number t o  which load  i s  a p p l i e d  

6-10 I D I R N  =2 f o r  R d i r e c t i o n  

=3 f o r  Z d i r e c t i o n  

11-15 NCUR =1 

16-25 FAC magnitude and d i r e c t i o n  (+) of l o a d .  - 
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Card 4 ( E )  
I C O N  0 

V Creep Element Group C o n t r o l  Card (2014) 

1- 4 

5- 8 

9-12 

13-16 

17-20 

21-14 

25-28 

29-32 

33-36 

37-40 

41-44 

45-48 

49-52 

53-56 

57-60 

61-64 

65-68 

69-72 

73-76 

77-80 

N P A R ( ~ )  

NPAR ( 2) 

NPAR(3) 

NPAR(4) 

NPAR( S )  

NPAR ( 6) 

NPAR ( 7) 

NPAR(8) 

NPAR (9)  

NPAR ( 10) 

NPAR (1 1 ) 

NPAR( 12) 

NPAR(13) 

NPAR( 14)  

NPAR ( 15) 

NPAR(16) 

NPAR( 1 7 )  

NPAR( 18)  

NPAR (1 9) 

NPAR( 20) 

V I  E l e m e n t  c a r d s  

=4 

= NUMEL 

=1 

=N#LE 

=NOBE 

=NDIS 

= 3 No. o f nodes  /e 1 emen t 

= NSTR 

=NEPS 

=m 
= J#PT 

=NDEC 

=JDEC 

=NA 

= J A  

=NTSHR 

=Step  No. P r e  S t .  S t e e l )  

=IPSW 

= S t e p  No. of u s e r  s u p p l i e d  temp. 

= T i m e  s t e p s  i n  r e a l  o r  l o g  t i m e .  

( 1615) 

NUMEL Cards  i n  t h i s  group i n  numer i ca l  o r d e r  

1- 5 Element No. 

6- 10 I Node 

11-15 J Node 

16-20 K Node 
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VI(A) L i n e a r  Elements (315, F20.3) 

1- 5 Element No (NOLE Cards)  

6-10 I Node 

11-15 J Node 

16-25 Area 

VI(B) Bar and Hoop Elements 

1- 5 Element No (NdBE Cards)  

6-10 I Node 

11-15 J Node (=0 hoop elemen$) 

16-25 Area 

V I 1  Material P r o p e r t i e s  C a r d  (8E10.3) 

There  are NMU f i e l d s .  E n t e r  c o e f f i c i e n t  of l i n e a r  t empera tu re  

expans ion  f o r  each  t in i t  of Maxwell c h a i n .  

V I 1 1  Material P r o p e r t i e s  C a r d s  (8E10.3) 

Card 1 

1-10 T I n i t i a l  t empera tu re  of c o n c r e t e  

11-20 a Second m a t e r i a l  t empera tu re  c o e f f i c i e n t  

21-30 PR Second mater ia l  P o i s s o n ' s  r a t i o  

0 

3 1-40 

41-50 Entropy d e n s i t y  of adsorbed water 

51-60 U A c t i v a t i o n  energy of h y d r a t i o n  

61-70 R Gas c o n s t a n t  

C a r d  2 

1-10 Blank 

11-20 u P o i s s o n ' s  r a t i o  

21-30 Blank 

Rad ia l  s t e e l  r a t i o  

Ax ia l  s t e e l  r a t i o  

Hoop s t ee l  r a d i o  

T Reference  t empera tu re  f o r  uniform t empera tu re  changes.  
ref 
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Card 3 

1-10 H r e f  

11-20 F i r s t  age  a t  l o a d i n g  

I X  MATPAR i n p u t  (Option 3 i n p u t  i s  l i s t e d .  See P .  21 f o r  o t h e r  o p t i o n s )  

Card 1 

1-10 

11-20 

21-30 

31-40 

41-50 

Card 3 

1-10 

C a r d  4 

1-10 

11-10 

21-30 

31-40 

41-50 

(5F10.3) 

(T l )  Smal l e s t  l oad  d u r a t i o n  

(TP1) Age a t  l o a d i n g  

(TAU1) S m a l l e s t  r e l a x a t i o n  t i m e  

w1 
w2 Weights f o r  f i t t i n g  Maxwell c h a i n  

(8F10.3) 
AL FT EMP 

(E10.3, 4F10.1) 

(E281 

(EOE28) 

(EXPN) 

(EXPM) 

(ALFA) 

X T i m e  s t e p  c a r d s  (8F10.3) 

1-10 A t  f o r  t i m e  s t e p  1 

11-20 A t  f o r  t i m e  s t e p  2 
1 

1 

1 

NSTE v a l u e s  r ead  i n  

X I  Load f a c t o r  ca rd  (8F10.3) 

1-10 Load f a c t o r  f o r  t i m e  s t e p  /I1 

Load f a c t o r  f o r  t i m e  s t e p  #1 11-20 
1 

1 

1 

NSTE Values 
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X I 1  Temperature  f a c t o r  c a r d s  (8F10.5) 

1-10 

11-20 

Temperature  f a c t o r  f o r  t i m e  s t e p  #1 

Temperature  f a c t o r  f o r  t i m e  s t e p  # 2  
1 

1 

1 

NSTE V a  1v.e s 

X I 1 1  S e l e c t e d  Nodal d i sp l acemen t s  (1615) 

T h i s  group inc luded  on ly  i f  IPSW = 1 ,  7 ,  8 ,  9 ,  10 ,  11 and 

N D I S #  0 

Card 1 

1- 5 Node No. of f i r s t  s e l e c t e d  element  

6- 10 Node No. of second s e l e c t e d  e l e n e n t  
1 

1 

NDIS v a l u e s  

X I V  S e l e c t e d  element  stresses (1615) 

T h i s  group inc luded  on ly  i f  NSTR 1 Q) 

1- 5 Element No. of  f i r s t  s e l e c t e d  element  

6-10 Element No. of second se lec ted  element  
I 

1 

1 

NSTR Values  

XV S e l e c t e d  element  s t r a i n s  

T h i s  group inc luded  on ly  i f  (NEPS # 0 )  

1- 5 Element No. of f i r s t  s e l e c t e d  element  

6-10 Element No. of second selected element  
1 

1 

NEPS VALUES 
- -  
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Notes on NONSAP I n p u t  

Group I1 Master C o n t r o l  Cards.  

The t i m e  increment  i s  a r t i f i c a l l y  se t  t o  1 s i n c e  t h e  in-  

crementing t i m e  i s  c o n t r o l l e d  by t h e  CREEP80 p o r t i o n  of t h e  

program. T h i s  p e r m i t s  t h e  v a r i a b l e  t i m e  s t e p s  r e q u i r e d  f o r  

e f f i c i e n t  use  of t h e  program. 

The v a r i a b l e  I E Q U I T  i s  set  e-qual t o  t h e  t o t a l  number of t i m e  

s t e p s  p l u s  one s i n c e  e q u i l i b r i u m  i t e r a t i o n  i s  n o t  needed. 

Group I V  Applied Loads Data. 

Only a s i n g l e  load  c u r v e  i s  i n t r o d u c e d .  T h i s  load  curve  

i s  e q u i v a l e n t  t o  a c o n s t a n t  v a l u e  of t h e  a p p l i e d  nodal  l o a d s .  

S i n c e  t h e  t i m e  increment  h a s  been set t o  1 (DT=1.0), t h e  second 

and l a s t  p o i n t  of t h e  load  curve  i s  a t  t h e  f i c t i t i o u s  t i m e  of 

(number of t i m e  s t e p s  + 1) X D T .  

Group V Creep Element I n p u t  

The c a r d  f o r  t h e  NPAR a r r a y  l i s ts  c o n t r o l  parameters  f o r  

b o t h  t h e  NONSAP and CREEP80 p o r t i o n s  of t h e  program. NPAR(1) = 4 

s i n c e  t h i s  r e p r e s e n t s  a new element t y p e  i n  NONSAP. 

i n p u t  on t h i s  card i s  d e s c r i b e d  i n  d e t a i l  i n  t h e  CREEP80 p o r t i o n  

of t h i s  r e p o r t .  

The remaining 

Group I X  MATPAR I n p u t  

Option 3 i n p u t  is l i s t e d  h e r e .  Refer t o  pages 2.1 tg 30 fo r  

d e t a i l e d  i n p u t  d e s c r i p t i o n  f o r  a l l  13 o p t i o n s .  
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TEST PROBLEMS 

A series of s imple  t e s t  problems and one l a r g e  r e a c t o r  problem 

are  used t o  i l l u s t r a t e  t h e  program c-np;ib i 1 i t i e s .  'I'hc. s n i i i  1 1 probl m s  

have been run  on b o t h  t h e  N@NSAP and CREEP80 v e r s i o n s  of t h e  

program w h i l e  t h e  r e a c t o r  problem h a s  on ly  been run  on t h e  CREEP80 

v e r s i o n .  The test problems are  l i s t e d  i n  o r d e r  of i n c r e a s i n g  

s o p h i s t i c a t i o n  w i t h  t h e  r e s u l t s  of some of t h e  problems p l o t t e d  

f o r  p r e s e n t a t i o n .  The l i s t i n g  of complete  inpu t  and s e l c t e d  o u t p u t  

i s  a l s o  i n c l u d e d .  

Test  Problem 1 

A x i a l l y  loaded t h i n  cy1 i n d e r  . 
The s t r u c t u r e  i s  a t h i n  c y l i n d e r  of i n t e r n a l  r a d i u s  loo",  w a l l  

t h i c k n e s s  I "  and he igh t  1". I t  i s  assumed t o  be v e r y  long  and 

i s  loaded w i t h  an a x i a l  compressive load  of 1000 p s i .  The m a t e r i a l  

i s  i n p u t  under  o p t i m  3 double  power l a w  w i th  28 day modulus 

of 4 x lo6  p s i  and age  of l o a d i n g  of 5 days .  

material  p a r a m e t e r s ) .  

( s e e  F i g  4 )  f o r  o t h e r  

T h i s  problem i s  run  f o r  t h r e e  d i f f e r e n t  c o n d i t i o n s .  

1. Ax ia l  l o a d  on ly .  T h i s  l o a d i n g  r ep roduces  t h e  c r e e p  f u n c t i o n  

f o r  t h e  mater ia l  which i s  l i s t e d  as  p a r t  of t h e  b a s i c  

mater ia l  p r o p e r t y  ou tpu t  from MATPAR. The t i 3 e  s t e p s  a r e  

nonuniform and y i e l d  times of l o a d i n g  t h a t  c o i n c i d e  w i t h  

c r e e p  f u n c t i o n  v a l u e s  r e p o r t e d .  The d i sp lacemen t s  a re  

p l o t t e d  i n  F i g u r e  5 .  S t r e s s e s  i n  t h e  e l emen t s  are  c o n s t a n t  

(oz = 1000 p s i ,  o r  = o = 0) and s t r a i n s  f o l l o w  t h e  c r e e p  0 
f u n c t i o n  f o r  E (E = E = - UE and = 0). 

z r  e z r z  
2 .  A x i a l  l o a d  w i t h  t empera tu re  change,  no h y d r a t i o n  e f f e c t s .  

0 T h i s  problem is  t h e  same as  t h e  f i r s t ,  b u t  a +lo0 C 

t empera tu re  change occur s  a t  age 6 days ( 1  day a f t e r  l o a d i n g ) .  

The a c t i v a t i o n  energy  of h y d r a t i o n  (U) is  se t  t o  z e r o  

which uncouples  t h e  e f f e c t  of h y d r a t i o n  on r a t e  of c r e e p .  

The net r e s u l t  i s  s imply a disp lacement  of t h e  c reep  

c u r v e  e q u a l  t o  t h e  t empera tu re  s t r a i n .  Resul t s  a r e  p l o t t e d  

i n  F i g .  5 .  
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3. A x i a l  l o a d  w i t h  tempera ture  change and h y d r a t i o n  e f f e c t s .  

The e f f e c t  of tempera ture  on ra te  of c r e e p  i s  shown i n  

F i g .  5. The v a l u e  of U i s  5400 c a l .  

T e s t  Problem 2 

R a d i a l l y  loaded t h i n  c y l i n d e r .  

The s t r u c t u r e  i s  t h e  same as t e s t  problem 1, b u t  t h e  l o a d i n g  i s  

a r a d i a l  p r e s s u r e  l o a d  of 10  p s i .  The r e s u l t s  f o r  stresses and 

s t r a i n  are e x a c t  b u t  are  n o t  p l o t t e d  but  o n l y  l i s t e d  f o r  t h i s  problem. 

T e s t  Problem 3 

Concre te  tes t  c y l i n d e r  ( 6  x 1 2 )  

T h i s  problem i s  n o t  used f o r  comparison w i t h  e x a c t  r e s u l t s  bu t  

r a t h e r  as a means of t e s t i n g  v a r i o u s  o p t i o n s  of t h e  program a g a i n s t  

hand computat ions.  Symmetry of t h e  problem p e r m i t s  t h e  u s e  of 

o n l y  one quadrant  of t h e  c y l i n d e r  as shown i n  F ig .  6 .  With o n l y  

4 nodes and 2 e lements  t h e  number of e q u a t i o n s  t o  be s o l v e d  i s  

o n l y  4 .  T h i s  p e r m i t s  t h e  u s e  of hand computat ions t o  check v a r i o u s  

f e a t u r e s  of t h e  element f o r m u l a t i o n  and s t i f f n e s s  m a t r i x  f o r  t h e  

s t r u c t u r e .  The test problem h a s  been r u n  f o r  t h e  f o l l o w i n g  c o n d i t i o n s ,  

a l l  of which have an  a x i a l  compressive load  of 2000 p s i .  

a) Concre te  e lements  on ly  

b) Concre te  e lements  w i t h  r e i n f o r c i n g  s t ee l  

c )  Concre te  e lements  w i t h  a x i a l l y  symmetr ical  s tee l  liner 

e lements  on t h e  o u t s i d e  and b a r  a t  t h e  c e n t e r  a long  Z axis. 

d)  Concre te  e lements  w i t h  r e i n f o r c i n g  b a r  e lements  a t  c e n t e r  

and o u t s i d e  and hoop r e i n f o r c i n g  e lements  on o u t s i d e .  

The e lements  of t h e s e  problems w e r e  compared w i t h  hand c a l c u l a t i o n s  

and are n o t  p l o t t e d .  

o u t p u t .  A d d i t i o n a l  r u n s  were made w i t h  t h i s  t e s t  problem w i t h  

tempera ture  changes,  b u t  are  n o t  r e p o r t e d .  

Summaries of t h e  r e s u l t s  of C are g iven  i n  t h e  
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Large  Problem - Reactor  Vessel 

The v e s s e l  d imens ions ,  f i n i t e  e lement  g r i d %  load and 

t empera tu re  h i s t o r y  are shown i n  F i g u r e s  7 t o  16. 

u n i t s  are meters, f o r c e  u n i t s  meganewtons and p r e s s u r e  u n i t s  

megapascals .  The model c o n s i s t s  of 270 c o n c r e t e  e l emen t s ,  2 2  

a x i a l l y  symmetr ica l  l i n e r  e l emen t s ,  15 b a r s  and 16 hoop p r e s t r e s s i n g  

s teel  e l emen t s  and 168 nodes.  There a re  19 t i m e  s t e p s  i n  t h e  

a n a l y s i s  cove r ing  a p e r i o d  of t i m e  of c o n c r e t e  age  of 180 days  

(when p r e s t r e s s e d )  t o  9220 days .  The t i m e  s t e p s  are  nonuniform 

w i t h  v a l u e s  of 1 hour  ( .0416 d a y s ) ,  1 day and 2 days  a t  t h e  

t i m e  of t empera tu re  change. The i n i t i a l  t empera tu re  of t h i s  

v e s s e l  i s  ambient and t h e  i n t e r n a l  t empera tu re  of t h e  v e s s e l  

changes by 75 a t  730 days .  The t i m e  and s p a c i a l  

v a r i a t i o n  of t h e  t empera tu re  i n  t h e  r e a c t o r  w a l l  and t o p  a r e  

c a l c u l a t e d  from t h e  e x a c t  s o l u t i o n  f o r  a r e c t a n g u l a r  body wi th  

i n s u l a t e d  s i d e s  s u b j e c t e d  t o  a s t e p  t empera tu re  change on one s i d e .  

The c o e f f i c i e n t  of c o n d u c t i v i t y  i s  t aken  as ,0022 &l. /sec. /cm./OC. 

A t  t h e  j u n c t i o n  of t h e  top  and v e r t i c a l  w a l l  of t h e  r e a c t o r  a 

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

s p a c i a l  v a r i a t i o n  of t empera tu re  i s  made between t h e  two r e c t a n g u l a r  

bod ie s .  The temporal  and s p a c i a l  v a r i a t i o n  of t h e  t empera tu res  

i n  t h e  v e s s e l  w e r e  e n t e r e d  by means of t h e  t a p e  7 o p t i o n  i n  t h e  

program. 

A l l  l e n g t h  

0 

The r e s u l t s  of t h e  a n a l y s i s  a re  p r e s e n t e d  i n  F i g u r e s  10 t n  16 

and are g e n e r a l l y  s e l f  e x p l a n a t o r y .  D e f l e c t i o n s  a r e  exaggera ted  

f o r  c l a r i t y  and stresses a t  t h e  s e c t i o n s  a re  ob ta ined  by ave rag ing  

t h e  stresses i n  t h e  p a i r  of t r i a n g u l a r  e l emen t s  making up a 

r e c t a n g u l a r  r e g i o n .  T e m p e r a t u r e  and stress p r o f i l e s  a r e  shown 

f o r  t h e  t h r e e  t i m e  s t e p s  a s s o c i a t e d  w i t h  t h e  t e m p e r a t u r e  shock 

a t  730 days  i n  F i g u r e s  10 and 11. 
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APPENDIX A 

Implementation of CREEP80 into NGNSAP Program 
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Implementation of CREEP80 into NdNSAP 

Very few changes to the NdNSAP program are needed to implement 

CREEP80. 

and the NdNSAP main program requires changes in size of storage 

for large problems. A listing of changes in the routines and a 

description of each is given below. The CREEP80 program is implemented 

as a new overlay (link or segment) in the NdNSAP program. Changes in 

NdNSAP are given in terms of the CDC operating system, but similar 

changes on other operating systems can easily be made. 

The routines ELCAL, ELEMNT and NEWDAV require a few changes 

The structure of Blank Common in NdNSAP reserves the first 

NLJMEST locations for use with element development. This area of core 

is saved during the remaining of a program on tape units 2 or 9 to 

provide a continuity of flow of computations for each element group. 

The size of this core area is defined by NLJMEST at the beginning 

of a run, and then reset to the largest size needed by any element 

type during execution. The size and structure of this area of 

Common is shown in Fig. 17. All variables have been defined 

previously except NSTE the number of time steps in the solution, RZ 

number array for the elements. Note that, as before, NLIMEL refers 

to the number of concrete elenents. The size of NUMEST increases 

significantly for large problems, and consequently the initial size 

of NUMEST should be increased in the main program of NQNSAP before 

attemting to run. 

Changes in NdNSAP routines for CREEP80 are described below. 
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ELCAL 

After the statement READ (5,1000) NPAR add the statement 

IF (NPAR (1) . EQ . 4 )  GO TO 11 

The second statement after statement 10 becomes 

11 IF (NUMMAT . EQ . 0) NUMPIAT = 1 

Finally, the statement G@ T(b (1,2,3), NPARl is replaced with 

G@ TO (1,2,3,20), NPARl 

ELEMNT 

At the beginning replace the statement GO TO ( 1 , 2 , 3 ) ,  NPARl 

with the statement 

GO TO (1,2,3,4), NPARl 

Finally, add the following two statements just before the END card. 

4 CALL OVERLAY (4HNSAP, 6, 0, GHRECALL) 

RETURN 

The modification of these two routines is required to implement 

the new overlay (link or segment). The following routine is modified 

to enable the computation of incremental stresses and strains needed 

in CREEP80 and to initiate the selective output option. 

NEWDAV 

The following two Common statements must be added: 

C@MMG~N/TAPES/NREAD,NWRITE 

COMMON A(1) 
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Following statement 40 D I S P ( T )  = D i S P ( 1 )  + DlSPI(1) and before state- 

ment 70 RETURN, the following ten statements must be added. 

REWIND NREAD 

REWIND NWRITE 

DO 65 N = 1,NEGNL 

READ(NREAD) NUMEST, NPAR, ( A ( I ) , I  = 1.NUMEST) 

IF (NPAR(1)  .NE.4)  GO TO 65 

CALL ELEMNT 

65 WRITE(NWR1TE) NUllEST,NPAR. ( A ( T )  .I = 1 .NIJWEST 

M = NWRITE 

NWRITE = NREAD 

NREAD = M 

Use of NONSAP and CREEP80 Elements in Analysis CREEP80 deals with 

nonlinear static problems only and may not be used with dynamic 

optioaIs,in NONSAP. The elements in CREEP80 can be used with those 

elements in NONSAP that are compatible with axially symmetrical or 

plane strain analysis i.e., the plane truss element and the 2-d continuum 

element. For compatibility of displacements, the 4 node 2-d element 

should be used. CREEP80 is compatible with these elements if they 

are linear with no initial strains. CREEP80 can be used with nonlinear 

forms of these elements i f  both of  the following two conditions are met: 

a) No equilibirum iteration is performed, i.e., the stiffness 

matrix is reformed at each time step based on instantaneous 

values of material properties; and 

b) CREEP80 elements are the first group of nonlinear elements. 

The errors in analysis for the nonlinear element groups which require 

equilibrium iteration are minimized if time steps are chosen such that 

incremental strains are small. This condition is fairly easy to meet 

in most creep problems since the inelastic creep strains proceed 

at a slow pace. 
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APPENDIX B 

L i s t i n g  of Sample Input and Output for Sample Problems 
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NO. OF N O D A L  P O I N T S  PER E L E M E N T  I 3  
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NODE X - D I S P L A C E f l E N l  Y-D I S P L A C E N E N T  2 - D I S  PLAC E h E N 1  X - R D f A T  
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Variation of Axial Stresses for Section 3 .  

Variation of Axial Stresses for Section 4 .  

Deformation of the Reactor Vessel at Various Times (Exaggerated) 

Map of Common For Creep80 in NdNSAP Program. 
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COMPUTATIONAL FLOW OF ANALYSIS -- 

READ INPUT 
AND PRINT OUT 

FROM TEMPERATURE, LOAD 
AND INCREMENTAL INELASTIC 

-- ---- 
S ~ L V E  FOR INCREMENTAL -7 r DISPLACEMENTS I I 

J 
INCREMENT STRAINS, STRESSES 
AND DISPLACEMENTS 

PRINT SELECTED STRAINS 
STRESSES AND DISPLACEMENTS 

4 

PRINT FINAL 

FIGURE 1 
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BANS#L B#C#ND MERGE PRINT2 i 

now CHART 

RETRCK - 

CREEP80 0 

STRESS ASREEP 

DIFFUS EXPS TEMHUM 

DIFFUS 

1 TEMDIL I 

INCSSR EMUF TEMHUM 
i L 4 

._ [=;I I”””! 

I----- ]“! [-l/DRIERMj 
CREEPA CREEPB 

DRTERM 

E3 CRCURV CREEP 1 I 

F i g u r e  2 
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STORAGE ALLOCATION FOR CREEP80 

1 
IEG 3*NUMEL 

N1 GL@BC@ 2*NUMNP 
N2 

N3 
IB@UND 3*NB@UND 

1 TEMP 2*NUMNP 
N4 

POPR NUMNP 

CHDAT 20 
N5 

N6 
ETM NUMEL 

N7 1 
ISE 2* (N@LE+N@BE) 

N8 
AREA N@LE+N@BE 

N9 1 
CaNST 20 

N10 
SIGMA 28*NUMEL 

STRAIN 4*NlJlEL 
N11 

N12 
110ad n10m 

N13 
r10ad 2*NL@AD 

N14 
DTZME NSTEP 

N15 
RFAC NSTEP 

N16 
TFAC NSTEP 

N17 
IDIS NDIS 

N18 1 
ISTR NSTR 

N19 1 
IEPS NEP S 

N20 
SR NT@T 

SDR NT@T 
N21 

N22 

25*NUMEL 

NT@T*NBAND 

Figure 3 
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146 NCQNTR 20 
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N103 PQPR NuXN-P 

N105 ETM NLTHEL 

,N104 CHDAT 20 

N106 ISE ~ * ( N ~ L E  + NQBE) 
X107 -\ SQLE + W 3 E  

N108 C0NST 20 

N1lo STRAIN IrrtNtlMEL 

N109 SIGYA 28*EilMEL 

, DTIME NSTE 

N112 RFAC NSTE 

!!I3 TFAC NSTE 
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