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ABSTRACT

C a s i n g - s t r i n g  des ign  i s  an e n g i n e e r i n g  prob lem whi ch 

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

t o  ac h i eve  t he  r e s u l t  o f  s p e c i f y i n g  cas ing  whi ch  w i l l  meet 

w e l l  c o n d i t i o n s  a t  the  minimum c o s t  c o n s i s t e n t  w i t h  a d e s i r e d  

degree o f  s a f e t y  ( H i l l s ,  1951) .

Th i s  t h e s i s  i s  concerned w i t h  a d e ep - w e l l  c as in g  des ign  

c o n s i d e r i n g  t r i a x i a l  l o a d i n g  c o n d i t i o n s .  C a s i n g - s t r i n g  

w e i g h t  and grade were de te r m in ed  a t  each depth u t i l i z i n g  the  

maximum-di  s t o r t i o n - e n e r g y  t h e o r y  as a c r i t e r i o n  f o r  f a i l u r e .  

Reduced c o l l a p s e  and b u r s t  p r es s u r es  were c a l c u l a t e d  us ing  

Equa t i ons  42 and 43.  These e q u a t i o n s  are based on t he  Hencky-  

Von Mises maximum energy  o f  d i s t o r t i o n  t h e o r y  o f  y i e l d i n g ,  

and t h e y  are  a p p l i c a b l e  where t he  c o l l a p s e  and b u r s t  p r e s ­

sures  are d i r e c t l y  p r o p o r t i o n a l  t o  y i e l d  s t r e n g t h  (API 

B u l l e t i n  5C3 , 1980) .  S ince  t h i s  c o n d i t i o n  i s  met by t he  API 

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

and the  API b u r s t  f o r m u l a ,  and a p p r o x i m a t e l y  by the  API 

f o r m u l a  f o r  p l a s t i c  c o l l a p s e ,  t hese  f o r m u l a s  are used t o  de­

t e r m i n e  s i mp le  c o l l a p s e  and b u r s t  p r e s s u r e s .

Lame's e q u a t i o n s  were used t o  c a l c u l a t e  the  t a n g e n t i a l  

(hoop)  and t he  r a d i a l  s t r e s s e s  a t  t he  i n n e r  w a l l  o f  the  

c a s i n g - s t r i n g .

The d i f f e r e n c e  i n  d e e p - w e l l  c as in g  des ign  when cons i de r -

i v



T-2712

i ng  t r i a x i a l  l o a d i n g  c o n d i t i o n s  r a t h e r  than b i a x i a l  l o a d i n g  

c o n d i t i o n s  i s  shown i n  te rms o f  c a s i n g - s t r i n g  t h i c k n e s s

v a r i a t i o n  w i t h  depth  and w i t h  t he  r a t i o  o f  (P, - /Prt) .  Buoyancy1 6
i s  accoun ted  f o r  i n  t he  d e s i g n .  S a f e t y  f a c t o r s  o f  2,  1 .1 25 ,  

and 1.1 were used f o r  a x i a l  l o a d ,  c o l l a p s e ,  and b u r s t , r e s p e c ­

t i v e l y .  A computer  program was w r i t t e n  t o  c a l c u l a t e  c a s i n g -  

s t r i n g  w e i g h t  and grade a t  each depth when c o n s i d e r i n g  the  

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

A x i a l  l oad  was de te r m ine d  us in g  Newton 's  Law, where the  

a x i a l  l oad  i s  the  r e s u l t a n t  f o r c e  a f t e r  summing t he  f o r c e s  i n  

t he  v e r t i c a l  d i r e c t i o n .  The v e r t i c a l  a c t i n g  f o r c e s  are  (1)  

t o t a l  w e i g h t  o f  t he  c a s i n g - s t r i n g  and (2)  f o r c e  caused by t he  

mud p r es s u r e  a c t i n g  on i t s  l o w e r  end ( M i t c h e l l  , 1930) .

v
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INTRODUCTION

An i n t e g r a l  p a r t  o f  t he  c o m p l e t i o n  o f  an o i l  w e l l  i s  the  

c as in g  used as a p r o t e c t i v e  c o n d u i t  f o r  t he  v a r i o u s  downhol e  

p r o d u c t i o n  a s s e m b l i e s .  In d e s i g n i n g  o i l  w e l l  c a s i n g  one i s  

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

posed t o  i n t e r n a l  and e x t e r n a l  p r e s s u r e ,  a x i a l  l o a d ,  and pos­

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

The a c t u a l  b e h a v i o r  o f  commerc ia l  c a s i n g - s t r i n g s  by no 

means can be c o n s i d e r e d  as s i m p l e ,  due t o  the  v a r i o u s  f a c t o r s  

i n f l u e n c i n g  t he  p l a s t i c  mode o f  f a i l u r e .  Some c a r e f u l  e x p e r ­

i m e n t s ,  which were made by v a r i o u s  i n v e s t i g a t o r s  on t he  pure 

y i e l d i n g  o f  the  d u c t i l e  me ta l s  under  combined s t r e s s ,  a l l o w  

a few c o n c l u s i o n s  i n  t h i s  r e s p e c t .  From these  t e s t s ,  i t  ap­

peared t h a t  a d u c t i l e  meta l  s t a r t s  to  f l o w  when:

(Sr  -  Sh ) 2 + (Sh -  Sz ) 2 + (Sz -  Sr ) 2 = 2S2 = c o n s t a n t

$ r , , and $z are t he  r a d i a l ,  hoop , and a x i a l  s t r e s s e s .  SQ

i s  t he  y i e l d  s t r e n g t h  i n  pure t e n s i o n  ( H o l m q u i s t ,  e t  a l ,  

1939) .

Deep-we l l  c as i n g  des ig n  under  t r i a x i a l  l o a d i n g  i s  based 

on t he  t h e o r y  o f  m a x i m u m - d i s t o r t i o n - e n e r g y  whi ch s t a t e s  t h a t  

p l a s t i c  y i e l d i n g  w i l l  o cc u r  f i r s t  a t  t he  p o r t i o n  o f  t he  c as ­

i ng  w a l l  f o r  w h i c h :

( Sr  -  V 2 + ( Sh -  Sz ) 2  + ( S z '  Sr >2 > 2So
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The te rm ( $ r  -  ^ -  Sz + ( $z -  ̂ has i t s  maximum

a b s o l u t e  va lu e  a t  t he  i n n e r  w a l l  o f  the  c a s i n g - s t r i n g  ( N e s t e r ,  

e t .  a l . ,  1955) .  Th i s  va l ue  has been s e t  equal  t o  ( 2Sq ) as the 

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

The prob lem o f  d e t e r m i n i n g  the  t a n g e n t i a l  (hoop)  s t r e s s  

and the  r a d i a l  s t r e s s  a t  any p o i n t  i n  the  w a l l  o f  a t h i c k -  

w a l l e d  c y l i n d e r ,  i n  terms o f  t he  p r ess u r es  a p p l i e d  t o  the  

c y l i n d e r ,  was so l ved  by t he  French e l a s t i c ! a n  Lame1 i n  1833 

( H ig d on ,  e t .  a l . ,  1976) .  The maximum va lue  f o r  hoop and 

r a d i a l  s t r e s s e s  caused by i n t e r n a l  o r  by e x t e r n a l  p r es s u r e  

w i l l  be a t  t he  i n n e r  s u r f a c e  o f  the  c y l i n d e r .

Design Fa c t o r s

I t  i s  seldom d e s i r a b l e  t o  s u b j e c t  any m a t e r i a l  t o  i t s  

maximum a l l o w a b l e  s t r e s s .  T h i s  i s  p a r t i c u l a r l y  t r u e  f o r  

m a t e r i a l  o f  wh i ch  c as in g  i s  c o n s t r u c t e d , s i n c e  minimum phy­

s i c a l  p r o p e r t i e s  are de te rm in ed  s t a t i s t i c a l l y ,  and t he  p r o ­

p e r t i e s  o f  any i n d i v i d u a l  l e n g t h  o f  cas ing  may d e v i a t e  con­

s i d e r a b l y  f rom the  s t a t i s t i c a l  ave rage.

A c c o r d i n g l y ,  we must  i n t r o d u c e  t he  concep t  o f  the  des ign  

f a c t o r , which i s  t he  r a t i o  o f  maximum a l l o w a b l e  s t r e s s  t o  the  

a c t u a l  w o rk i n g  s t r e s s .  Many a u t h o r i t i e s  p o i n t  ou t  t h a t  t he  

term s a f e t y  f a c t o r  i s  a misnomer i n  v i ew o f  t he  f a c t  t h a t  ac ­

t u a l  p h y s i c a l  p r o p e r t i e s  are n o t  g e n e r a l l y  known. They p r e ­

f e r  t o  use the term des ign  f a c t o r ,  wh i ch  i s  more d e s c r i p t i v e
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o f  t he  use made o f  t he  f a c t o r .

In 1955,  the  API M i d - C o n t i n e n t  D i s t r i c t  s t udy  commi t tee  

on cas ing  programs r e p o r t e d  the  r e s u l t s  o f  an i n v e s t i g a t i o n  

o f  des ign  f a c t o r s  be ing  a p p l i e d  i n  cas in g  p rograms.  The r e ­

p o r t  p r es en te d  a summary o f  r e p l i e s  t o  q u e s t i o n n a i r e s  sen t  t o  

a l l  members o f  the  com mi t t e e .  An a n a l y s i s  o f  50 r e p l i e s  r e ­

ce i v e d  f rom 38 companies i n d i c a t e s  the  f o l l o w i n g  p r a c t i c e s

c o n c e r n i n g  des ign  f a c t o r s  ( C r a f t ,  Ho lden,  and Graves,  1962) .

1. Design f a c t o r s  f o r  c o l l a p s e  va ry  f rom 1.0 t o  1 .5 .

A des ign  f a c t o r  o f  1.125 was used on 68 per  cen t  

o f  the  c a s i n g - s t r i n g s  r e p o r t e d .

2. Design f a c t o r s  f o r  t e n s i o n  va r y  f rom 1.5 t o  2 . 0 ,  

t he  f a c t o r s  1.6 (on 29 per  c en t  o f  the  c a s i n g -  

s t r i  n g s ) ,  1.75 (on 21 per  c e n t ) ,  1 .8 (on 25 per  

c e n t )  be ing  most  commonly used . In t h i s  c o n n e c t i o n ,  

about  one h a l f  t he  r e p l i e s  i n d i c a t e d  use o f  the 

same t e n s i o n  des ign  f a c t o r  f o r  e n s u r i n g  a g a i n s t  

f a i l u r e  i n  t he  p ipe  body and i n  the  j o i n t s .  Where

a d i s t i n c t i o n  was made between the  two t ypes  o f

t e n s i o n  f a i l u r e ,  t he  des ign  f a c t o r  f o r  f a i l u r e  i n

the  p ipe  body was g e n e r a l l y  somewhat l ow e r  than f o r  

j o i n t  s t r e n g t h .  For  example,  many r e p l i e s  showed 

t h a t  t e n s i l e  y i e l d  l oad  des ign  f a c t o r  o f  1.6 and

1.8 were used w i t h  j o i n t  s t r e n g t h  des ign  f a c t o r s  o f

1 .8  and 2 . 0 ,  r e s p e c t i v e l y .
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3. Design f a c t o r s  f o r  i n t e r n a l  y i e l d  va r y  f rom

1.0 t o  1 .7 5 ,  w i t h  a f a c t o r  o f  1.1 be ing  used on

32 per  cen t  o f  the  c a s i n g - s t r i  ngs r e p o r t e d .

Lame's Equa t i on

The prob lem o f  d e t e r m i n i n g  the t a n g e n t i a l  s t r e s s  and 

t he  r a d i a l  s t r e s s  Sr  a t  any p o i n t  i n  t he  w a l l  o f  a t h i c k -  

w a l l e d  c y l i n d e r ,  i n  terms o f  the  p r ess u r es  a p p l i e d  t o  the  

c y l i n d e r ,  was so l ve d  by the French e l a s t i c ! a n  G. Lame1 i n  

1833. The r e s u l t s  can be a p p l i e d  t o  a wide v a r i e t y  o f  des ign  

s i t u a t i o n s  i n v o l v i n g  c y l i n d r i c a l  p re ss u r e  v e s s e l s ,  h y d r a u l i c  

c y l i n d e r s ,  p i p i n g  sys tems ,  s h r i n k  and p r e s s - f i t  a p p l i c a t i o n s ,  

e t c . (H igd on ,  e t .  a l . ,  1976) .

Con s ide r  a t h i c k - w a l l e d  c y l i n d e r  hav ing  i n n e r  r a d i u s  a 

and o u t e r  Radius b,  as shown i n  F i gu re  l a .  The c y l i n d e r  i s  

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  P̂  and an e x t e r n a l  p re s s u r e  

P . For purposes o f  a n a l y s i s ,  the  t h i c k - w a l l e d  c y l i n d e r  can 

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

r i n g  l o c a t e d  a t  a r a d i a l  d i s t a n c e  r  f rom the a x i s  o f  the  

c y l i n d e r  and hav ing  a t h i c k n e s s  dr  i s  shown by the  dashed 

l i n e s  i n  F i g u re  l a .  As a r e s u l t  o f  the  i n t e r n a l  and e x t e r n a l  

p r e s s u r e  l o a d i n g s ,  a r a d i a l  s t r e s s  $r  would deve lop  a t  the  

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

a s l i g h t l y  d i f f e r e n t  r a d i a l  s t r e s s  (S + d$r ) would deve lop  

a t  r a d i a l  p o s i t i o n  ( r  + d r ) .  These s t r e s s e s  would be uni  -
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f o r m l y  d i s t r i b u t e d  ove r  t he  i n n e r  and o u t e r  s u r f a c e s  o f  the  

r i n g ,  as shown i n  F i g u re  l b .  Shea r i ng  s t r e s s e s  would no t  

de ve lop  on t he  i n n e r  and o u t e r  s u r f a c e s  o f  the  r i n g ,  s i nc e  

the  p r es su r e  l o a d i n g s  do n o t  tend t o  f o r c e  the  r i n g s  to  r o ­

t a t e  w i t h  r e s p e c t  t o  one a n o t h e r .  S ince the  r i n g  i s  assumed 

to  be t h i n ,  t he  t a n g e n t i a l  (hoop)  s t r e s s  S^ can be c on s id e r ed  

t o  be u n i f o r m l y  d i s t r i b u t e d  t h ro ug h  the t h i c k n e s s  o f  the r i n g .  

A r e l a t i o n s h i p  between r a d i a l  s t r e s s  S and t a n g e n t i a l  s t r e s s  

S^ can be o b t a i n e d  f rom 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 .  A f r e e -  

body d i agram o f  a sma l l  p a r t  o f  r i n g ,  such as the one shown 

i n  F i gu re  1c f o r  t he  shaded p a r t  o f  F i g u re  l b ,  i s  u s e f u l  f o r  

t h i s  d e t e r m i n a t i o n .  The a x i a l  s t r e s s  $z , wh i ch  may be p r e ­

sen ted  i n  the  c y l i n d e r ,  has been o m i t t e d  f rom t h i s  d i agram 

s i n c e  i t  does no t  c o n t r i b u t e  t o  e q u i l i b r i u m  i n  the  r a d i a l  or  

t a n g e n t i a l  d i r e c t i o n s .  The f r e e - b o d y  i s  assumed to  have a 

l e n g t h  dl  a l ong  the a x i s  o f  the c y l i n d e r .

From a summat ion o f  f o r c e s  i n  t he  r a d i a l  d i r e c t i o n :

(Sr  + dSr ) ( r  + d r )  d9 dl  -  S^r  d9 dl  - 2 S^dr  d l  s i n  ^ -  = 0

( 1 )
By n e g l e c t i n g  hi  g h e r - o r d e r  terms and n o t i n g  t h a t  f o r  sma l l  

ang les  s i n  dG/2 = dG/2,  Equa t i on  (1)  can be reduced t o :

r  dSr / d r  + $r  - $h = 0 

Equa t i on  (2 )  cannot  be i n t e g r a t e d  d i r e c t l y ,  s i n c e  bo th  $r
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and are f u n c t i o n s  o f  r a d i a l  p o s i t i o n  r . In p r e v i o u s  i n ­

s t a n c e s ,  when such s t a t i c a l l y  i n d e t e r m i n a t e  s i t u a t i o n s  were 

e n c o u n t e r e d , t he  p rob lem was so l ved  by c o n s i d e r i n g  d e f o r m a t i o n s  

o f  t he  s t r u c t u r e .

For t he  case o f  a t h i c k - w a l l e d  c y l i n d e r ,  t he  a x i a l  s t r a i n  

e a t  any p o i n t  i n  the  w a l l  o f  the  c y l i n d e r  can be expressed 

i n  terms o f  Sz , Sr , and by us ing  g e n e r a l i z e d  Hooke's  Law. 

Th us ,

= (S ,  -  u (S,. + (3 )

The assumpt ion  n o r m a l l y  made c on c e rn in g  s t r a i n s  i n  the 

t h i c k - w a l l e d  c y l i n d e r ,  wh i ch has been v e r i f i e d  by c a r e f u l  

measurement , i s  t h a t  a x i a l  s t r a i n  i s  u n i f o r m .  Th i s  means t h a t  

p l ane  t r a n s v e r s e  c ross  s e c t i o n s  be fo re  l o a d i n g  remain p l ane  

and p a r a l l e l  a f t e r  t he  i n t e r n a l  and e x t e r n a l  p r e s s u r e s  are 

a p p l i e d .  So f a r  as the a x i a l  s t r e s s  $z i s  c o n c e r n e d , two cases 

are o f  i n t e r e s t  i n  a wide v a r i e t y  o f  des ign  a p p l i c a t i o n s .  In 

t he  f i r s t  case ,  t he  a x i a l  l oads  i nduced by the  p r e s s u r e  are 

n o t  c a r r i e d  by the  w a l l s  o f  the  c y l i n d e r  ( $ z = 0 ) .  Th i s  s i t u ­

a t i o n  a r i s e s  i n  gun b a r r e l s  and i n  many t ypes  o f  h y d r a u l i c  

c y l i n d e r s  where p i s t o n s  c a r r y  the a x i a l  l o a d s .  In the  second 

case ,  the  w a l l  o f  t he  c y l i n d e r  c a r r y  the l o a d s .  Th is  s i t u a ­

t i o n  occu rs  i n  p r es su r e  v es s e l s  w i t h  v a r i o u s  t ypes  o f  end 

c l o s u r e s  o r  heads.  In t h i s  second case ,  i n  r e g i o n s  o f  the 

c y l i n d e r  away f rom the  ends ,  i t  has been found t h a t  the a x i a l



T-2712 8

s t r e s s  i s  u n i f o r m l y  d i s t r i b u t e d  ov e r  t he  c ross  s e c t i o n .  Hence,  

c , S , E, and u are c o n s t a n t  f o r  t he  two cases be ing  con­

s i d e r e d ;  t h e r e f o r e ,  i t  f o l l o w s  f rom Equa t i on  (3)  t h a t  :

Sr + 5% = (S ,  -  E c J / u  = 2Ci  (4 )

The c o n s t a n t  i s  taken  as 2C^ f o r  conven ience  in  the f o l l o w i n g  

d e r i v a t i  o n .

When the va lue  f o r  f rom Equa t i on  (4)  i s  s u b s t i t u t e d  

i n t o  Equa t i on  ( 2 ) ,  t h i s  l a t t e r  e q u a t i o n  may be w r i t t e n  as:  

dSr
r  d - T  + 2Sr  = 2C1 (5)

I f  Equa t i on  (5 )  i s  m u l t i p l i e d  by r ,  the  terms b e fo re  the  equal  

s i gn  can be expressed  as:

d ( r 2 S J  = 2C, rd r  x r J 1

I n t e g r a t i n g  y i e l d s :

2 2 r  Sr  = C j r  + C2

where i s  a c o n s t a n t  o f  i n t e g r a t i o n .  Thus ,

Sr  = C1 + C2/ r 2 (6 )

The t a n g e n t i a l  s t r e s s  $h i s  then o b t a i n e d  f rom Equa t i on  (4 )  as

Sh = C1 - C2/ r 2 ( 7 )

Values  f o r  the  c o n s t a n t s  C^ and i n  Equa t i ons  (6)  and (7)  

can be de te r m ine d  by u s in g  t he  known va lu es  f o r  t he  p r ess u r es
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a t  the  i n s i d e  and o u t s i d e  s u r f a c e s  o f  the  c y l i n d e r .  These 

v a l u e s ,  commonly r e f e r r e d  t o  as boundary  c o n d i t i o n s ,  are :

Sp = -P.j a t  r  = a

s r  = - p0 a t  r  = b

The minus s i gn s  i n d i c a t e  t h a t  the  p r ess u r es  ( n o r m a l l y  con ­

s i d e r e d  as p o s i t i v e  q u a n t i t i e s )  produce compress i ve  normal  

s t r e s s e s  a t  the  s u r f a c e s  on which t hey  are a p p l i e d .  S u b s t i ­

t u t i n g  the boundary  c o n d i t i o n s  i n t o  Equa t i on  (6)  y i e l d s :

The d e s i r e d  e x p r e s s i o n s  f o r  $r  and are o b ta i n e d  by s u b s t i ­

t u t i n g  t hese va lues  f o r  and Cg i n t o  Equa t i ons  (6)  and ( 7 ) .  

Thus ,

C1 = ( a 2Pi -  b2P0 ) / ( b 2 -  a2 )

Cg -  -a b2 ( P^ - PQ ) /  ( b -  a )

( 8 )

(9)

But  the  maximum s t r e s s  (hoop or  r a d i a l )  caused by e i t h e r  

i n t e r n a l  p r e s s u r e  o r  by e x t e r n a l  p re ss u r e  w i l l  be a t  t he  i n ­

ner  s u r f a c e . i . e .  r  = d. So:
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a 2 P .  -  b 2 P o -  b 2 ( p .  -  p 0 )

( b 2 - a2 )

Pi ( 10 )

And :

Pi ( b 2 + a2 )

( b'

2 b‘
-  P

( b ‘ - a2 )
( 11 )
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THEORIES OF FAILURE

A t e n s i o n  t e s t  o f  an a x i a l l y  l oaded member i s  easy t o  

c o n d u c t , and the  r e s u l t s  f o r  many t ypes  o f  m a t e r i a l s  are w e l l  

known. When such a member f a i l s ,  t he  f a i l u r e  occu rs  a t  a 

s p e c i f i c  p r i n c i p a l  ( a x i a l )  s t r e s s ,  a d e f i n i t e  a x i a l  s t r a i n ,  

a maximum s h e a r i n g  s t r e s s  o f  o n e - h a l f  t he  a x i a l  s t r e s s ,  and a 

s p e c i f i c  amount o f  s t r a i n  energy  per  u n i t  volume o f  s t r e s s e d  

m a t e r i a l .  S ince a l l  o f  t hese  l i m i t s  are reached s i m u l t a n ­

e o u s l y  f o r  an a x i a l  l o a d ,  i t  makes no d i f f e r e n c e  whi ch c r i ­

t e r i o n  ( s t r e s s ,  s t r a i n ,  o r  en e rgy )  i s  used f o r  p r e d i c t i n g  

f a i l u r e  i n  a n o th e r  a x i a l l y  l oaded member o f  t he  same m a t e r i a l  

(H igd on ,  e t .  a l . ,  1976) .

For an e l ement  s u b j e c t e d  t o  b i a x i a l  o r  t r i a x i a l  l o a d i n g ,  

however ,  the  s i t u a t i o n  i s  more c o m p l i c a t e d  because the l i m i t s  

o f  normal  s t r e s s ,  normal  s t r a i n ,  sh e a r i n g  s t r e s s ,  and s t r a i n  

energy  e x i s t i n g  a t  f a i l u r e  f o r  an a x i a l  l oad are no t  a l l  

reached s i m u l t a n e o u s l y .  In o t h e r  words ,  the cause o f  f a i l u r e ,  

i n  gene ra l  , i s  unknown. In such cases i t  becomes i m p o r t a n t  

t o  de te rm in e  the  bes t  c r i t e r i o n  f o r  p r e d i c t i n g  f a i l u r e ,  be­

cause t e s t  r e s u l t s  are d i f f i c u l t  t o  o b t a i n  and c om b i n a t i o n s  

o f  l oads  are e n d l e s s .  Severa l  t h e o r i e s  have been proposed 

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

t o  many co m b in a t i o n s  o f  l o a d s .  U n f o r t u n a t e l y , none o f  the  

t h e o r i e s  agree w i t h  t e s t  da ta  f o r  a l l  t ypes  o f  m a t e r i a l s  and
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co m b in a t i o n s  o f  l oads  (H igd on ,  e t .  a l . ,  1976) .  Severa l  o f  

t he  more common t h e o r i e s  o f  f a i l u r e  are p r es en ted  and b r i e f l y  

e x p l a i n e d  i n  the f o l l o w i n g  p a r a g r a p h s .

Max imum-Norma l -S t ress  Theory

The Max imum-Norma l -S t ress  Theo ry ,  c r e d i t e d  t o  W.J.M.  

Rankine (1802 -  1872) ,  i s  based on t he  assumpt i on  t h a t  f a i l ­

ure w i l l  occu r  when t he  maximum normal  s t r e s s  a t  any p o i n t  

a t t a i n s  t he  va lue  o f  t he  a x i a l  f a i l u r e  s t r e s s  as de te rm ined  

by an a x i a l  t e n s i l e  o r  compress ive  t e s t  r e g a r d l e s s  o f  the 

o t h e r  s t r e s s e s  a c t i n g  a t  t he  p o i n t  (O l se n ,  1982) .  F a i l u r e  

may be c o n s i d e r e d  t o  t ake  p l ace  by e x c e s s i v e  y i e l d i n g  or  by 

f r a c t u r e .

The Max imum-Norma l -S t ress  Theory i s  p r es en ted  g r a p h i ­

c a l l y  i n  F i g u re  2b f o r  an e l ement  s u b j e c t e d  t o  b i a x i a l  p r i n ­

c i p a l  s t r e s s e s  i n  the  x and y d i r e c t i o n s ,  as shown i n  F ig u re  

2a. The l i m i t i n g  s t r e s s  SQ i s  the f a i l u r e  s t r e s s  f o r  t h i s  

m a t e r i a l  when l oaded a x i a l l y .  Any c o m b i n a t i o n  o f  b i a x i a l  

p r i n c i p a l  s t r e s s e s  S and S r e p r e s e n t e d  by a p o i n t  i n s i d eX y

t he  square o f  F i g u re  2b i s  sa fe  a c c o r d i n g  t o  t h i s  t h e o r y ,  

whereas any c o m b i n a t i o n  o f  s t r e s s e s  r e p r e s e n t e d  by a p o i n t  

o u t s i d e  o f  t he  square w i l l  cause f a i l u r e  o f  the e l emen t  on 

t he  b a s i s  o f  t h i s  t h e o r y  (H igd on ,  e t .  a l . ,  1976) .

Ma x imum- Shea r i ng -S t ress  Theory

The maximum s h e a r i n g  s t r e s s  t h e o r y  i s  an ou tg ro w th  o f
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F i g u re  2
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t he  e x p e r i m e n t a l  o b s e r v a t i o n  t h a t  a d u c t i l e  m a t e r i a l  y i e l d s  

as a r e s u l t  o f  s l i p  o r  shear  a l ong  c r y s t a l l i n e  p l a n e s .  P ro ­

posed by C. A . Coulomb ( 1736 - 1806) i t  i s  a l s o  r e f e r r e d  t o  as 

t he  Tresca  o r  Guest  Theory  i n  r e c o g n i t i o n  o f  the  c o n t r i b u t i o n  

o f  t hese  men t o  i t s  a p p l i c a t i o n  ( U g u r a l , e t .  a l . ,  1981) .

Th i s  t h e o r y  p r e d i c t s  f a i l u r e  o f  a specimen s u b j e c t e d  t o  any 

c o m b i n a t i o n  o f  l oads  when the  maximum sh e a r i n g  s t r e s s  a t  any 

p o i n t  reaches the f a i l u r e  s t r e s s  equal  t o  5 ^ / 2 ,  as d e t e r ­

mined by an a x i a l  t e n s i l e  o r  compress i ve  t e s t  o f  the same 

m a t e r i a l .  For d u c t i l e  m a t e r i a l s ,  t he  s h e a r i n g  e l a s t i c  l i m i t ,  

as de te r m ine d  f rom a t o r s i o n  t e s t  ( pure  s h e a r ) ,  i s  g r e a t e r  

t han  o n e - h a l f  the  t e n s i l e  e l a s t i c  l i m i t  ( w i t h  an average 

va lue  o f  about  0 .57  SQ) .  Th i s  means t h a t  the  Maxi mum- 

Shear i  n g - S t r e s s  Theory  e r r s  on the  c o n s e r v a t i v e  s i de  by be ing  

based on the l i m i t  o b t a i n e d  f rom an a x i a l  t e s t  (H igd on ,  e t .  

a l . ,  1976) .

The Ma x im um- Shea r i ng -S t ress  Theory  i s  p r es en te d  g r a p h i ­

c a l l y  i n  F i g u re  2c f o r  an e l emen t  s u b j e c t e d  t o  b i a x i a l  ( S^ i s  

equal  t o  z e r o )  p r i n c i p a l  s t r e s s e s ,  as shown i n  F ig u r e  2a. In 

the  f i r s t  and t h i r d  q u a d r a n t s , S^ and S^ have the same s i g n ,  

and t he  maximum s h e a r i n g  s t r e s s  i s  h a l f  o f  the n u m e r i c a l l y  

l a r g e r  p r i n c i p a l  s t r e s s  S^ o r  S^ . In the second and f o u r t h  

q u a d r a n t s , where $x and S are o f  o p p o s i t e  s i g n ,  the  maximum 

s h e a r i n g  s t r e s s  i s  h a l f  o f  t he  a r i t h m e t i c a l  sum o f  the  two 

p r i n c i p a l  s t r e s s e s .  In t he  f o u r t h  q u a d r a n t , the e q u a t i o n  o f



T-2712 15

the  boundary  o r  l i m i t  s t r e s s ,  l i n e  i s :

SX - Sy = S0 (12)
and i n  the  second qu ad r a n t  the  r e l a t i o n  i s :

Sx -  Sy = - So (13)

Ma x im um- Norma l -S t ra i n  Theory

Th i s  t h e o r y  i s  o r i g i n a t e d  by S t .  Venant  (1797 - 1866) .  

I t  p r e d i c t s  f a i l u r e  o f  a specimen by y i e l d i n g  when the 

m a x im u m - n o r m a l - s t r a i n  reaches the  t e n s i l e  y i e l d  s t r a i n  S^/E 

a t  the  p r o p o r t i o n a l  l i m i t ,  as de te r m in ed  by an a x i a l  t e n s i l e  

o r  compress i ve  t e s t  o f  t he  same m a t e r i a l .

The Ma x imum- Norma l -S t ra i n  Theory  i s  p r es en ted  g r a p h i ­

c a l l y  i n  F i g u re  2d f o r  an e l ement  s u b j e c t e d  t o  b i a x i a l  p r i n ­

c i p a l  s t r e s s e s  ( n o t  g r e a t e r  than the p r o p o r t i o n a l  l i m i t ) ,  as 

shown i n  F i g u re  2a. The l i m i t i n g  s t r a i n  i n  t he  p o s i t i v e  x 

d i r e c t i o n  i s :

S„ S - u Sx/
ex = t  =  g  (14)

f rom wh i ch :

Sy = u ( Sx ~ So> (15)

whi ch i s  observed t o  be a s t r a i g h t  l i n e  t h ro u g h  the  p o i n t  

(S , 0)  w i t h  a s l op e  o f  I / o .  The l i m i t i n g  s t r a i n  i n  the  pos i  

t i v e  y d i r e c t i  on i s :
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E
u Sx (16)

f rom w h i ch :

sy = U Sx + So (17)

whi ch i s  observed t o  be a s t r a i g h t  l i n e  t h ro ug h  the  p o i n t  

( 0 ,  S ) w i t h  a s l op e  equal  t o  u ( H i g d o n , e t .  a l . ,  1976 ) .

Max im um- S t ra i n - Ene rg y  Theory

The Maxi mum-St ra i  n -Energy  T h e o r y , proposed by B e l t r a m i  

(1885)  p r e d i c t s  f a i l u r e  o f  a specimen s u b j e c t e d  t o  any com­

b i n a t i o n  o f  l oads  when the s t r a i n  energy  per  u n i t  volume o f  

any p o r t i o n  o f  t he  s t r e s s e d  member reaches the f a i l u r e  va lue  

o f  t h e  s t r a i n  energy  per  u n i t  volume as de te r m ine d  by an 

a x i a l  t e n s i l e  o r  compress i ve  t e s t  o f  the same m a t e r i a l  

(H i gd on ,  e t .  a l . ,  1976) .  A specimen s u b j e c t e d  t o  a b i a x i a l  

s t a t e  o f  s t r e s s  produces a u n i t  maximum energy  a b s o r p t i o n  

equal  t o :

(19)

(18)

(20)



a c c o r d i n g  t o  the t h e o r y ,  t h i s  energy  produces f a i l u r e  when 

equal  t o  t h a t  o b t a i n e d  i n a t e n s i o n  o r  compress ion t e s t .  Thus ,

( 2 1 )

or  :

S 2 + S 2 2 ( 2 2 )
x y

2
D i v i d i n g  t h ro u g h  by SQ g i v e s :

( ÿ )  + ( k  -  2u & )  ( ^ )  = 1 
0 0 0 0

(23)

I f  the p r o p o r t i o n a l  l i m i t  s t r e s s e s  i n  t e n s i o n  and compress ion  

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

an e l l i p s e ,  shown as Curve e on F ig u r e  2.

Th i s  t h e o r y  has been l a r g e l y  r e p l a c e d  by t he  Maximum- 

Di s t o r t i  on -Energy  Theo ry .

M a x i m u m - D i s t o r t i o n - E n e r g y  Theory

Th i s  t h e o r y ,  f o r m u l a t e d  i n d e p e n d e n t l y  by Von Mises and 

Hencky , and l a t e r  supp lemented by Huber (01 s e n , 1982) .  Th i s  

t h e o r y  d i f f e r s  f rom the  Maxi mum-St ra i  n -Ene rgy  Theory  i n  t h a t  

t he  p o r t i o n  o f  the  s t r a i n  ene rgy  p r o d u c i n g  volume change i s  

c o n s i d e r e d  i n e f f e c t i v e  i n  ca u s i ng  f a i l u r e  by y i e l d i n g .  Sup­

p o r t i n g  ev i dence  comes f rom e x p e r i m e n ts  showing t h a t  homo­
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genous m a t e r i a l s  can w i t h s t a n d  ve r y  h i gh  h y d r o s t a t i c  s t r e s s e s  

w i t h o u t  y i e l d i n g .  The p o r t i o n  o f  the  s t r a i n  energy  p r o d u c i n g  

change o f  shape o f  t he  e l emen t  i s  assumed to  be c o m p l e t e l y  

r e s p o n s i b l e  f o r  f a i l u r e  o f  t he  m a t e r i a l  by i n e l a s t i c  a c t i o n  

(H i gd on ,  e t .  a l . ,  1976) .

The s t r a i n  energy  o f  d i s t o r t i o n  i s  most  r e a d i l y  computed 

by d e t e r m i n i n g  the  t o t a l  s t r a i n  energy  o f  the  s t r e s s e d  ma­

t e r i a l  and s u b t r a c t i n g  t he  s t r a i n  energy  c o r r e s p o n d i n g  t o  the
o

volume change . The q u a n t i t y  S / (2E) i s  d e f i n e d  as the  s t r a i n  

energy  per  u n i t  volume f o r  a member s u b j e c t e d  t o  a s l o w l y  ap­

p l i e d  a x i a l  l o a d .  Th i s  e x p r e s s i o n  can a l s o  be w r i t t e n  as:

where u i s  t he  s t r a i n  energy  per  u n i t  volume and S and e are  

the  s l o w l y  a p p l i e d  a x i a l  s t r e s s  and s t r a i n . Th i s  e q u a t i o n  

assumes t h a t  t he  s t r e s s  does no t  exceed the  p r o p o r t i o n a l  l i m i t .

When an e l a s t i c  e l ement  i s  s u b j e c t e d  to t r i a x i a l  l o a d i n g ,  

t he  s t r e s s e s  can be r e s o l v e d  i n t o  t h r e e  p r i n c i p a l  s t r e s s e s  

such as $x , 5^ ,  and , where x , y , and z are the p r i n c i p a l  

a x e s . These s t r e s s e s  w i l l  be accompanied by t h r e e  p r i n c i p a l  

s t r a i n s  r e l a t e d  t o  the  s t r e s s e s  by the e q u a t i o n :
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E x = {Sx - 0 (Sy + Sz ) } / E

(25)

I f  i t  i s  assumed t h a t  t he  l oads  are a p p l i e d  s i m u l t a n e o u s l y  

and g r a d u a l l y  the  s t r e s s e s  and s t r a i n s  w i l l  i n c r e a s e  i n  the  

same manner . The t o t a l  s t r a i n  energy  per  u n i t  volume i s  t he  

sum o f  t he  e n e r g i e s  p roduced by each o f  the  s t r e s s e s  (energy

i s  a s c a l a r  q u a n t i t y  and can be added a l g e b r a i c a l l y  r e g a r d l e s s  

o f  the d i r e c t i o n  o f  the  i n d i v i d u a l  s t r e s s e s ) ;  t h u s .

When the  s t r a i n s  are exp ressed  i n  terms o f  the s t r e s s e s ,  t h i s  

e q u a t i o n  becomes :

U = { 1 / ( 2  E ) }  { ( S x2 + Sy 2 + Sz2 ) .  2u (Sx Sy + Sy Sz + Sz Sx ) }

(27)

The s t r a i n  energy  can be r e s o l v e d  i n t o  two components 

uv and u j , r e s u l t i n g  f rom a volume change and a d i s t o r t i o n ,  

r e s p e c t i v e l y ,  by c o n s i d e r i n g  the  p r i n c i p a l  s t r e s s e s  t o  be 

made up o f  two se t s  o f  s t r e s s e s  as i n d i c a t e d  i n  F i g u re  3a ,  b, 

and c .  The s t a t e  o f  s t r e s s  i n  F i g u re  4C w i l l  r e s u l t  i n  d i s -

(26)
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t o r t i o n  o n l y  (no volume change) i f  t he  sum o f  the  t h r e e  normal  

s t r a i n s  i s  z e r o .  That  i s .

E(ex + ey + = { ( s x " P) * u (Sy + Sz " 2P) }

+ { ( S y - P) - u (S z + Sx - 2 P ) }

+ { ( S z -  P) - u (Sx + Sy - 2 P ) } 0

(28)

which reduces t o :

(1 -  2 u ) ( S x + Sy + Sz - 3P) = 0 (29)

/ s
z

(a) (b)

F i g u re  3
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T h e r e f o r e ,

P = (Sx + Sy + Sz ) / 3  (30)

The t h r e e  normal  s t r a i n s  due t o  P a r e ,  f rom Equa t ion  ( 2 5 ) :

ev = (1 - 2u) P/E (31)

and t he  energy  r e s u l t i n g  f rom the h y d r o s t a t i c  s t r e s s  ( t h e  

volume change ) i s :

Pe-v 3 1 - 2u 9
uv = ■ 2 - T —  P

= L 6 T ^  + Sy + Sz ) 2 (32)

The energy  r e s u l t i n g  f rom the d i s t o r t i o n  (change o f  shape )

i  s :

ud = u '  uv

6Ë { 3 ( Sx + Sv + % ) - 6u (Sv Su + S„S,  + S ,S „ )

-  (1 - 2 u ) ( S x + Sy + Sz ) 2 } (33)

When the  t h i r d  term i n  t he  b r a c k e t s  i s  expanded , the  e x p r e s ­

s i o n  can be r e a r ra n g e d  t o  g i v e :
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+ ( Sz2 - 2Sz Sx + Sx 2 )>

The maximum-di  s t o r t i o n - e n e r g y  t h e o r y  o f  f a i l u r e  assumes t h a t  

i n e l a s t i c  a c t i o n  w i l l  occu r  whenever  the energy  g i ven  by 

Equa t i on  (34)  exceeds the l i m i t i n g  va lue  o b t a i n e d  f rom a 

t e n s i l e  t e s t .  For t h i s  t e s t ,  o n l y  one o f  the p r i n c i p a l  

s t r e s s e s  w i l l  be n o n z e r o . I f  t h i s  s t r e s s  i s  c a l l e d  SQ, the 

va lu e  o f  u , becomes :

and when t h i s  va lue  i s  s u b s t i t u t e d  in  Equa t i on  (34)  i t  

becomes :

f o r  f a i l u r e  by s l i p .

Compar ison o f  Th e o r i e s

On F i g u re  4 where the  graphs o f  the  f i v e  t h e o r i e s  are 

shown super imposed on t he  same se t  o f  axes ,  t he  t y p i c a l  r e ­

s u l t s  o f  combined s t r e s s  t e s t s  o f  v a r i o u s  m a t e r i a l s  are  a l s o  

p l o t t e d .  Note t h a t  t he  maximum normal  s t r e s s  t h e o r y  appears

d

(35)

2 So 2  -  ( Sx  -  V 2 + ( Sy  -  Sz > 2 + ( S z - Sx ) 2 (36)
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t o  be most  c o r r e c t  f o r  b r i t t l e  m a t e r i a l s  and the maximum d i s ­

t o r t i o n  energy  t h e o r y  f o r  d u c t i l e  m a t e r i a l s  (O l s e n ,  1982) .  

Mo reove r ,  ex p e r i m e n ts  i n v o l v i n g  y i e l d i n g  f a i l u r e  i n  d u c t i l e  

m a t e r i a l s  show good agreement  w i t h  the  maximum d i s t o r t i o n  

energy  c r i t e r i o n .  Th i s  c r i t e r i o n  i s  w i d e l y  accep ted  as be ing  

the  bes t  a v a i l a b l e  f o r  p r e d i c t i n g  the onse t  o f  y i e l d  i n  duc ­

t i l e  m a t e r i a l s  s u b j e c t e d  t o  combined s t r e s s e s  ( W i l l e m ! , e t .  

a l . ,  1981) .

M axim um  n o rm a l strain  

»2
M axim u m  norm al stress

- 1.0 I

/ /  / * —  M axim um
strain

energy

-■^7

M axim um  /  \ *  
distortion 

energy -

M axim um  
shearing y  

stress - a  / .

1.0

'

- 1.0

Key

• Brittle materials 
Ductile materials

Figure 4 0 Comparison of Theories
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LOADS ON CASING STRING

An o i l  w e l l  c a s i n g  i s  exposed t o  t h r e e  p r i n c i p a l  t ypes  

o f  l o a d i n g .  These are c o l l a p s e ,  a x i a l  l o a d ,  and b u r s t i n g .  

Casing s t r i n g  must  be des igned t o  w i t h s t a n d  t hese  t ypes  o f  

l o a d i n g  w i t h  a dependab le degree o f  s a f e t y  and economy. The 

sou rces  and c h a r a c t e r i s t i c s  o f  these l oads  are i l l u s t r a t e d  

and d i s cu ss ed  l a t e r .  However,  t h e r e  are o t h e r  c o n s i d e r a t i o n s  

i n f l u e n c i n g  cas ing  des ign  bu t  t hey  are no t  r e a d i l y  s u b j e c t  t o  

c a l c u l a t i o n ,  and are met by a p p l y i n g  the l esso ns  o f  e x p e r ­

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

v i b r a t i o n  and pound ing  by d r i l l  p i p e ,  e f f e c t s  o f  gun p e r f o r ­

a t i n g ,  e r o s i o n ,  and gene ra l  abuse by t o o l s  and equ ipment  run 

i n  the  w e l l .  H i l l s  (1951)  does no t  c o n s i d e r  bend ing load in  

ca s i n g  des ign  because modern d r i l l i n g  p r a c t i c e  does no t  p e r ­

m i t  bends i n  w e l l s  sharp enough t o  cause c r i t i c a l  bending 

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

Col l apse

C o l l a p s e  l o a d i n g  on c a s i n g - s t r i n g  i s  ge ne ra ted  by an 

e x t e r n a l  p r es s u r e  h i g h e r  than t h a t  i n s i d e  the  c a s i n g ,  and 

when t he  d i f f e r e n c e  i s  o f  s u f f i c i e n t  ma gn i t u de ,  t h e r e  i s  a 

t endency  f o r  the  ca s i n g  t o  c o l l a p s e .  The most  severe  s i t u a ­

t i o n  i s  hav ing  an empty c as in g  and a f u l l  column o f  d r i l l i n g  

f l u i d  o r  f o r m a t i o n  p r es s u r e  o u t s i d e  the  c a s i n g  ( C r a f t , e t .  

a l . ,  1962) .  Any i n t e r n a l  p r es su r e  t h a t  w i l l  be m a in t a i n e d
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f o r  t he  l i f e  o f  t he  w e l l  w i l l  a l l o w  a r e d u c t i o n  o f  t he  c o l ­

l apse  p r e s s u r e  ( H i l l s ,  1951) .  The a b i l i t y  o f  c a s i n g  t o  w i t h ­

s tand e x t e r n a l  p r es su r e  w i t h o u t  e x p e r i e n c i n g  e i t h e r  p l a s t i c  

o r  e l a s t i c  f a i l u r e  i s  c a l l e d  c o l l a p s e  r e s i s t a n c e  ( C r a f t , e t .  

a l . ,  1962) .  Th i s  r e s i s t a n c e  depends on t he  grade o f  c a s i n g  

and t he  r a t i o  o f  o u t s i d e  d i a m e te r  t o  c as in g  t h i c k n e s s .

A x i a l  Load

Two f o r c e s  cause the a x i a l  l oad  on c a s i n g - s t r i n g ;  the 

w e i g h t  o f  p i p e  when hang ing  f r e e  j u s t  be fo re  cement i ng  ( a x i a l  

t e n s i o n )  and buoyancy wh i ch e x e r t s  a x i a l  compress ion  on the 

1ower p a r t  o f  the c a s in g  s t r i n g .  The e f f e c t  o f  a x i a l  t e n s i o n  

i s  t w o f o l d .  F i r s t ,  i t  t ends  to  cause the cas in g  t o  f a i l  by 

l o n g i t u d i n a l  d e f o r m a t i o n  o r  y i e l d i n g ,  and second,  i t  l owers  

the  r e s i s t a n c e  o f  c a s i n g  to  c o l l a p s e  and i n c r e a s e s  the  r e s i s ­

t ance  t o  b u r s t .  The s t r e s s  a t  which permanent  d e f o r m a t i o n  

occu rs  i s  c a l l e d  t he  minimum y i e l d  s t r e n g t h  ( C r a f t , e t .  a l . ,  

1962) .

Buoyancy has been o m i t t e d  i n  some cas in g  des ig ns  i n  the 

p a s t  f o r  v a r i o u s  r e a s o n s . Due t o  t he  a c t u a l  manner i n  which 

buoyancy i s  a p p l i e d  t o  a c a s i n g  s t r i n g ,  b u r s t  and c o l l a p s e  

r e s i s t a n c e s  are a l t e r e d  by the  e f f e c t  o f  combined s t r e s s e s .

For  t h i s  reason buoyancy canno t  be o v e r l o o k e d  i n  a maximum 

l oa d  des ign  (Adams, 1980) .  The e f f e c t  o f  buoyancy i s  commonly 

t h o u g h t  o f  as the r e d u c t i o n  i n  s t r i n g  w e i g h t  when run i n
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l i q u i d  as compared t o  the  s t r i n g  i n  a i r .  However , no a l l o w ­

ance i s  made r e g a r d i n g  t he  manner i n  wh i ch t he  buoyant  f o r c e  

i s  a p p l i e d  t o  t he  c a s i n g .  The buoyancy ,  o r  r e d u c t i o n  i n  

s t r i n g  w e i g h t ,  as no ted  on the s u r f a c e  i s  a c t u a l l y  the r e s u l ­

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

o r i e n t e d  areas o f  the  cas in g  s t r i n g  (Adams, 1980) .

The f o r c e s  are equal  t o  the  h y d r o s t a t i c  p r es su re s  a t  

each r e s p e c t i v e  depth  t imes  the exposed a r e a s , and d e f i n e d  as 

n e g a t i v e  i f  a c t i n g  upward . The area i n  r e f e r e n c e  are the tube 

end a r e a s , the  s h o u l d e r s  a t  chang ing  c as in g  w e i g h t s ,  and t o  a 

sma l l  degree the  s h o u l d e rs  on c o l l a r s .  F i g u re  5 shows the 

r e f e r e n c e  f o r c e s  a c t i n g  a t  each exposed area o f  a cas ing  

s t r i n g ,  w i t h  t he  r e s u l t a n t  l o a d i n g  i n d i c a t e d  as n e g a t i v e  t e n ­

s i on  ( c o m p r e s s i o n ) .

The f o r c e s  a c t i n g  on the areas o f  c o l l a r  s h o u l d e rs  are 

s u f f i c i e n t l y  sma l l  as t o  be c o n s i d e r e d  n e g l i g i b l e  i n  a p r a c ­

t i c a l  c as in g  d e s i g n .  The r e d u c t i o n  i n  hook l oad observed a t  

t he  s u r f a c e  i s  the  same as t h a t  c a l c u l a t e d  us i ng  e i t h e r  the  

"buoyancy f a c t o r "  me thod , o r  by c a l c u l a t i n g  the w e i g h t  o f  the 

volume o f  known d e n s i t y  l i q u i d  d i s p l a c e d  and s u b t r a c t i n g  i t  

f rom the  d r y  w e i g h t .  However,  the  t e n s i o n  l o a d i n g s  d i f f e r  

g r e a t l y .

M i t c h e l l  (1980)  l i s t e d  two r u l e s  t o  c a l c u l a t e  a x i a l  

l o a d .  The f i r s t  i s  u s i n g  Newton 's  Law to  c a l c u l a t e  s t r e s s e s  

and l oads  w i t h i n  the  w a l l s  o f  the  ca s i n g  s t r i n g ,  and the
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second i s  c a l c u l a t i n g  hook l oads  w i t h  A rch imedes '  p r i n c i p l e .  

B u r s t i n g

Casing s t r i n g  i s  exposed t o  h igh  i n t e r n a l  p re ss u r e  d u r i n g  

the e n t r y  o f  f o r m a t i o n  f l u i d  o r  i n  such o p e r a t i o n s  as squeez ­

i n g  and f r a c t u r i n g .  In the upper  p o r t i o n s  o f  the s t r i n g ,  e x ­

t e r n a l  p r e s s u r e  i s  n e g l i g i b l e ,  s i n ce  near  the s u r f a c e  t h e r e  

i s  n e i t h e r  f o r m a t i o n  p r es s u r e  nor  s i g n i f i c a n t  f l u i d  column 

p r es su r e  o p p o s i t e  the c a s i n g .  T h e r e f o r e , any a p p r e c i a b l e  i n ­

t e r n a l  p r e s s u r e  (whe the r  r e s u l t i n g  f rom e n t r y  o f  f l u i d  o r  

f rom s u r f a c e  pump p r e s s u r e )  would cause an excess o f  i n t e r n a l  

p r es su re  ov e r  e x t e r n a l  p r es s u r e  i n  the upper  p o r t i o n s ,  w i t h  a 

r e s u l t i n g  t endency  o f  the  c as in g  to  f a i l  by l o n g i t u d i n a l  

s p l i t t i n g  ( C r a f t , e t .  a l . ,  1962 ) .  The excess i n t e r n a l  p r e s ­

sure  a t  wh i ch t h i s  t ype  o f  f a i l u r e  t akes  p l ace  i s  c a l l e d  

b u r s t i n g  p r e s s u r e .

E f f e c t  o f  Combined S t ress es  on Casing S t r e n g t h

I t  has been noted t h a t  the  exposure  o f  c as i n g  t o  combined 

s t r e s s e s  a l t e r s  the  y i e l d  s t r e n g t h  o f  c a s i n g .  For example,  

an a x i a l  t e n s i l e  s t r e s s  reduces the  r e s i s t a n c e  o f  cas in g  t o  

e x t e r n a l  p re s s u r es  ( c o l l a p s e )  and i n c r e a s e s  i t s  r e s i s t a n c e  to  

i n t e r n a l  p r e s s u r e s  ( b u r s t ) .  Whi le  an a x i a l  compress ive  o r  

r a d i a l  s t r e s s  i n c r e a s e s  the r e s i s t a n c e  o f  c as in g  t o  e x t e r n a l  

p r e s s u r e  and reduces the  r e s i s t a n c e  t o  i n t e r n a l  p r e s s u r e . In 

o t h e r  wo rd s ,  under  combined s t r e s s e s ,  the  e f f e c t  i s  the  same
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as i f  t he  c as in g  was o f  o r i g i n a l l y  l ow e r  o r  h i g h e r - s t r e n g t h  

m a t e r i a l  (Edwards ,  e t .  a l . ,  1939) .

The s t r e n g t h  o f  c a s in g  w h i l e  ac ted  upon by combined 

s t r e s s e s  i s  based on the Hencky-Von Mises maximum s t r a i n  

energy  o f  d i s t o r t i o n  t h e o r y  o f  f a i l u r e  ( M i t c h e l l ,  1980) .  The 

t h e o r y  does no t  a p p l y  t o  t he  e l a s t i c  c o l l a p s e  o f  c a s i n g .  

T h e r e f o r e ,  e l a s t i c  c o l l a p s e  p r es su re s  shou ld  no t  be reduced 

because o f  combined s t r e s s e s .

Formulas Used i n  C a l c u l a t i n g  A d j u s t e d  and S imple C o l l ap se  
and B u rs t  P ressu res

Four  e q u a t i o n s  f o r  c a l c u l a t i n g  s im p le  c o l l a p s e  p r ess u r e  

were l i s t e d  i n  API B u l l e t i n  5C3. Each o f  t hese  e q u a t i o n s  i s  

a p p l i c a b l e  i n  c e r t a i n  range o f  o u t s i d e  d i a m e te r  to  cas ing  

t h i c k n e s s  r a t i o  (Tab le  1 ) .  These e q u a t i o n s  a r e :

P
yp

D / t  < Row 1 (37)

Row 1 < D / t  <_ Row 2 (38)

Row 2 < D / t  < Row 3 (39)

46 .95 x 106 (40)
( D / t )  { ( D / t )  - I ) } 2
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Equa t i on  37 i s  a t h e o r e t i c a l l y  d e r i v e d  eq u a t i o n  which gene ra tes  

t he  minimum y i e l d  s t r e s s  o f  the  s t e e l ,  , on the i n s i d e  w a l l  

o f  the  p i pe  by means o f  the  Lame's e q u a t i o n .  Equa t i on  38 f o r  

p l a s t i c  c o l l a p s e  p r es su r e  and f a c t o r s  A, B, and C were de ­

r i v e d  by s t a t i s t i c a l  r e g r e s s i o n  a n a l y s i s  f rom 2488 c o l l a p s e  

t e s t  on d i f f e r e n t  grade o f  c a s i n g .  Equa t i on  39 was deve loped 

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

the  p i p e .  I t  s t a r t s  f rom the  va lue  o f  D / t  where the average 

p l a s t i c  c o l l a p s e  p r ess u r e  f o r m u l a  g i ve s  a c o l l a p s e  p r ess u r e  

o f  zero  and i s  t a n g e n t  t o  the  minimum e l a s t i c  c o l l a p s e  p re ss u r e  

f o r m u l a .  Then t he  gen e ra ted  f o r m u l a  used t o  c a l c u l a t e  minimum 

c o l l a p s e  p re s s u r es  between i t s  t angency  t o  the e l a s t i c  c o l l a p s e  

p r e s s u r e  cu rve  and i t s  i n t e r s e c t i o n  w i t h  the  p l a s t i c  c o l l a p s e  

p r es su r e  c u r v e . Th i s  i s  shown on F i g u r e  6 f o r  grade N-30 

c a s i n g .  The F a c to r s  F and G were de te rm ined  by g r a p h i c a l  

methods f o r  API g rades .  Equa t i on  40 g i ve s  the e l a s t i c  c o l ­

l apse  p re ss u r e  and i t  i s  d e r i v e d  t h e o r e t i c a l l y .  Th is  e q u a t i o n  

was exc luded  because i t  i s  based on t he  e l a s t i c  mode o f  

f a i l u r e  wh i ch i s  no t  c o n s i d e r e d  i n  the  des ign  p r ocedu re  p r o ­

posed by t h i s  t h e s i s .

To c a l c u l a t e  minimum b u r s t  p r e s s u r e ,  the  f o l l o w i n g  equa­

t i o n  i s  used :

Pb = 0-875 D / t  < Row 3 (41)
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oo

4 6 . 95
(D/ t )  { (D/ t )

2 ( 8 0 , 0 0
yp (D/t

0 . 0 6 6 7 ) 19558 0 , 0 0 0 D/t

3.070 3.0667)8 0 , 0 0 0pa v D/t

8 0 , 0 0 0 ( 1 ^ - 0 . 0 4 3

o. 706020 40
D / t

5030

Figure 6. Grade N-80 Transition Collapse Formula Derivation
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The f a c t o r  0 .875 ap pea r i ng  i n  t he  e q u a t i o n  a l l o w s  f o r  minimum 

w a l l  t o l e r a n c e s .  Th is  e q u a t i o n  was d e r i v e d  f rom t h e o r e t i c a l  

cons i d e r a t i  o n s .

The a d j u s t e d  c o l l a p s e  and b u r s t  p r es su re s  were c a l c u l a t e d  

us ing  t he  f o r m u l a s  l i s t e d  i n  t he  API B u l l e t i n  5C3 :

S + P. 2% S7 + P.
Pca = Pco { Q  '  ° - 75 ( T  ) >"  ° - 5 ( y -  ) )  (42)

S , + P . Z h  S, + P.
Pba = Pb { {1 '  0 ' 75 — - )  > + 0 .5  ( ^ - ÿ — L ) }  (43)

P P

These f o r m u l a s  are based on the maximum d i s t o r t i o n  energy  

t h e o r y  o f  y i e l d i n g .  They are a p p l i c a b l e  where the c o l l a p s e  

and b u r s t  p r es su re s  are d i r e c t l y  p r o p o r t i o n a l  t o  y i e l d  s t r e n g t h .  

Th i s  c o n d i t i o n  i s  met by the  API ment i oned Equa t i ons  37,  38,  41,  

and a p p r o x i m a t e l y  by Equa t i on  39. I t  i s  no t  a p p l i c a b l e  to  the  

e l a s t i c  c o l l a p s e  f o r m u l a  (E q u a t i o n  40 was no t  c o n s i d e r e d ) .  The 

d e r i v a t i o n  o f  Equa t i ons  42 and 43 i s  shown i n  Append ix  A.
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COMPUTER PROGRAM

The computer  program i s  w r i t t e n  i n  FORTRAN IV l an gua ge ,  

f o r  a PDP-10 comput i ng  sys tem.  L i s t i n g  o f  the  program and the

s u b r o u t i n e s  are i n  t he  a p pe n d i x .  The program w i l l  now be d i s ­

cussed w i t h  t he  s u b r o u t i n e s .

Main Program

The i n p u t  da ta  f o r  t he  main program are :

1. Mud w e i g h t  i n s i d e  and o u t s i d e  c a s i n g  (WMI, WMO)

2. Cement w e i g h t  and h e i g h t  (CWT, HCO)

3. Su r face  p r es s u r e  i n s i d e  and o u t s i d e  c as in g  ( P I S , PES)

4.  T o t a l  dep th  o f  the  w e l l  (TO)

5.  Casing y i e l d  s t r e n g t h  i f  one grade i s  r e q u i r e d  t o  be 

used (YP)

6.  Design f a c t o r s  f o r  a x i a l ,  c o l l a p s e ,  and b u r s t  ( DFA, DFC, 

DFB ) .

The program c a l c u l a t e s :

1. Mud h e i g h t  o u t s i d e  c a s i n g  ( HMO)

2. Number o f  depth i n t e r v a l s  ( I N )

3. P ressure  i n s i d e  and o u t s i d e  c as in g  ( P I ,  PE)

4.  Cas ing t h i c k n e s s  (T)

5.  Casing i n s i d e  d i a m e t e r  (D I )

SUBROUTINE INPUTD:

Th i s  s u b r o u t i n e  i s  used t o  i n p u t  the  r e q u i r e d  da ta  t o  

the  main program.
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SUBROUTINE RADIUS:

The i n p u t  da ta  f o r  t h i s  s u b r o u t i n e  a r e :

1. Casing o u t s i d e  r a d i u s  (B)

2.  T o t a l  depth  o f  t he  w e l l  (TD)

3. Casing y i e l d  s t r e n g t h  (YP)

4. Pressure  i n s i d e  and o u t s i d e  cas in g  ( P I ,  PE)

5. Depth o f  each i n t e r v a l  (DEP)

6. Average w e i g h t  o f  t he  cas ing  s t r i n g  (AVWP)

At  each depth  i n t e r v a l ,  the  s u b r o u t i n e  s e l e c t s  a c e r t a i n  

c as in g  w e i g h t  and grade (WP, GR) s t a r t i n g  a t  the l e a s t  w e i g h t  

f o r  t h a t  grade and s i z e .  Then t he  s u b r o u t i n e  c a l l s  s u b r o u t i n e  

BOYNCY to  c a l c u l a t e  buoyancy.  A f t e r w a r d ,  t he  s u b r o u t i n e  c a l ­

c u l a t e s  the  a x i a l  s t r e s s  ( Z ) .  The s u b r o u t i n e  c a l l s  s u b r o u t i n e  

SIMPLE to  de te r m ine  the  s imp le  c o l l a p s e  and b u r s t  p ress u r es  

(PCO, PBO) i n  o r d e r  t o  use them i n  Equa t i ons  ( SA) and (6 A ) ,  

r e s p e c t i v e l y  t o  c a l c u l a t e  t he  a d j u s t e d  c o l l a p s e  and b u r s t  p r e s ­

sures  (PCA, PBA). These c a l c u l a t e d  va lu es  f o r  (PCA) and (PBO) 

are compared t o  t he  p r e s s u r e s  i n s i d e  and o u t s i d e  cas ing  (PE, 

P I ) .  I f  (PCA) and (PBA) are g r e a t e r  than PE and PI by the 

des ign  f a c t o r s  f o r  c o l l a p s e  and B u rs t  (DFC, DFB),  t he  sub­

r o u t i n e  w i l l  o u t p u t  c as in g  w e i g h t  (Wp),  y i e l d  s t r e n g t h  (Y p ) ,  

and i n s i d e  r a d i u s  (A) t o  t he  main program,  and goes t o  the 

ne x t  depth i n t e r v a l .  But  i f  PCA and PBA are l e s s  than PE and 

P I ,  r e s p e c t i v e l y ,  then t he  s u b r o u t i n e  w i l l  go back and s e l e c t s  

the  ne x t  l a r g e r  w e i g h t  o r  grade o f  c a s in g  and checks f o r
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f a i l u r e  aga in  u n t i l  r e a c h i n g  the s a t i s f y i n g  cas in g  w e i g h t  and 

grade t o  w i t h s t a n d  t he  a c t u a l  a p p l i e d  l o a d s .

The r i g h t  va lu es  f o r  ca s i n g  w e i gh t  (WP), grade (GR),  

and i n s i d e  r a d i u s  (A) w i l l  be o u t p u t  t o  the  main program and 

s w i t c h  t o  a n o th e r  dep th  i n t e r v a l  and so on.

SUBROUTINE SIMPLE:

Th is  s u b r o u t i n e  i s  used to  c a l c u l a t e  the s imp le  c o l l a p s e  

and b u r s t  p r es su re s  o f  c a s i n g  us ing  Equa t i ons  ( 3 7 ) ,  ( 3 8 ) ,  ( 3 9 ) ,

and ( 4 1 ) ,  f o r  the  grades N -8 0 , C-95,  P-110,  and V-150.

The i n p u t  da ta  f o r  t h i s  s u b r o u t i n e  are :

1. Casing i n s i d e  and o u t s i d e  r a d i i  (A,  B)

2. Y i e l d  s t r e n g t h  o f  ca s i n g  (Yp )

3. The o u t p u t  o f  t h i s  s u b r o u t i n e  i s  the  s imp le  c o l l a p s e  and 

b u r s t  p re s s u r es  o f  ca s i n g  (PCO, PBO)

SUBROUTINE OUTPUT:

The use o f  t h i s  s u b r o u t i n e  i s  t o  o u t p u t  t he  f o l l o w i n g  

r e s u l t s :

1. I n t e r v a l  depth  (DEP)

2. Weight  o f  c as in g  (WP)

3. Grade o f  cas in g  (GR)

4. I n s i d e  d i a m e te r  o f  c as in g  (D I )

5. Casing t h i c k n e s s  (T)
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SUBROUTINE BOYNCY:

Th i s  s u b r o u t i n e  c a l c u l a t e s  buoyancy us ing  the method e x ­

p l a i n e d  p r e v i o u s l y .  The i n p u t  da ta  f o r  t h i s  s u b r o u t i n e  are :

1. Casing i n s i d e  and o u t s i d e  r a d i i ,  A and B

2. Pressu re  i n s i d e  and o u t s i d e  c a s i n g ,  PI and PE 

And the  o u t p u t  o f  t h i s  s u b r o u t i n e  i s  t he  bu oyancy , BF
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DISCUSSION OF RESULTS

C o n s i d e r a t i o n  o f  t he  r a d i a l  s t r e s s  i n  deep o i l  w e l l  c as in g  

des ign  has a s i g n i f i c a n t  e f f e c t  on the  s e l e c t i o n  o f  t he  cas ing  

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

s t a t i c  l o a d i n g  c o n d i t i o n s  wh i ch  induce the t h r e e  t ypes  o f  

s t r e s s e s , hoop,  r a d i a l ,  and a x i a l . T h e r e f o r e  c o n s i d e r i n g  o n l y  

b i a x i a l  s t r e s s e s  ( hoop and a x i a l )  i n  ca s i n g  des ign  o f  deep o i l  

w e l l s  w i l l  no t  account  f o r  the  a c t u a l  l o a d i n g  c o n d i t i o n s  t h a t  

a ca s i n g  s t r i n g  may f ace  i n  such w e l l s .

The d i f f e r e n c e  between b i a x i a l  and t r i a x i a l  cas ing  des ign  

i s  shown i n  F ig u r e s  7 t h r o u g h  15 i n  te rms o f  ca s i n g  t h i c k n e s s  

v a r i a t i o n  w i t h  depth  as the r a t i o  o f  i n t e r n a l  p r es su r e  t o  e x ­

t e r n a l  p re ss u r e  ( P-j / Pe ) changes f rom zero  t o  i n f i n i t y .  In 

t hese f i g u r e s ,  i t  co u ld  be n o t i c e d  t h a t  when (P- j /Pg)  i 5 between 

0 o5 and 1, c a s i n g , t h i c k n e s s  c a l c u l a t e d  by b i a x i a l  c a s in g  de­

s i g n  i s  g r e a t e r  than t h a t  c a l c u l a t e d  by t r i a x i a l  cas in g  des ign  

and when ( P j / P e ) i s between 1 and i n f i n i t y ,  c a s i n g  t h i c k n e s s  

c a l c u l a t e d  by b i a x i a l  ca s i n g  des ign  i s  l e s s  than  t h a t  c a l c u l a ­

t ed  by t r i a x i a l  ca s i n g  d e s i g n ,  i . e . ,  c as i n g  des ign  t h a t  i gn o r e s  

r a d i a l  s t r e s s  w i l l  g i v e  c a s i n g  w e i g h t  a n d / o r  grade g r e a t e r  than 

t h a t  r e q u i r e d  when ( P j / P g )  r a t i o  i s  between 0 .5  and 1, and l e ss  

than r e q u i r e d  when (P- j /Pg)  r a t i o  i s  between 1 and i n f i n i t y .

Buoyancy e f f e c t  on c a s i n g  des ign  i s  shown i n  F ig u r e s  16, 

17,  and 18. I t  i s  c l e a r  on t hese  f i g u r e s  t h a t  t h i c k n e s s  o f  

the  l o w e r  s e c t i o n  o f  t he  c a s i n g  s t r i n g  i n c r e a s e s  when buoyancy
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e f f e c t  i s  c o n s i d e r e d  i n  t he  d e s i g n .  Due t o  buoyancy ,  the  

l o w e r  p a r t  o f  t he  c a s i n g  w i l l  be s u b j e c t e d  t o  a compress ive  

a x i a l  s t r e s s  and t h i s  w i l l  reduce t he  r e s i s t a n c e  o f  t he  c as ­

i n g  t o  b u r s t  and i n c r e a s e  i t s  r e s i s t a n c e  t o  c o l l a p s e .  How­

e v e r ,  c o n s i d e r a t i o n  o f  buoyancy w i l l  reduce the  a x i a l  t e n s i o n  

on t he  upper  s e c t i o n  o f  the  c as in g  s t r i n g .  The da ta  i n  Tab le  

5 are  used t o  p l o t  F i g u re s  16,  17, and 18. A c c o rd in g  t o  

these  da ta  ( p- | / pe ) r a t i o  i s  equal  t o  1.

Tab les  2 and 3 show m u l t i - g r a d e  c as in g  des ign  us in g  b i ­

a x i a l  and t r i a x i a l  s t r e s s e s ,  r e s p e c t i v e l y .
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CONCLUSIONS AND RECOMMENDATIONS

1. A p rocedu re  f o r  deep o i l  w e l l s  c a s i n g  des ign  u t i l i z i n g  

the  t h e o r y  o f  max i m u m - d i s t o r t i o n - e n e r g y  as the c r i t e r i o n  

f o r  f a i l u r e  was de ve loped .

2. Large d i f f e r e n c e s  i n  c as i n g  w a l l  t h i c k n e s s  were no ted  in  

cas in g  des ign  between t r i a x i a l  and b i a x i a l  t h e o r y .

3. B i a x i a l  ca s i n g  des ign  g i v e s  cas in g  s t r i n g  w e i g h t  a n d / o r  

grade g r e a t e r  than t h a t  o b t a i n e d  by t r i a x i a l  cas ing  de­

s i gn  when the  r a t i o  o f  P^/P^ i s  between 0 .5  and 1, and

l es s  than t h a t  o b t a i n e d  by t r i a x i a l  cas ing  des ign  when

the  r a t i o  o f  P^/P^ i s  g r e a t e r  than  1.

4.  Th i s  work cou ld  be ex tended t o  i n c l u d e  b u c k l i n g  in  cas ing

de s ig n .
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TABLE 2.  MULTIGRADE BIAXIAL CASING DESIGN

Depth Cas ing w t . Grade

25000. 44 .0 V-150
24000. 41 .0 V-150
23000. 38 .0 V-150
22000. 38 .0 V-150
21000. 38 .0 V-150
20000. 38 .0 V-150
19000. 35 .0 V-150
18000. 35 .0 V-150
17000. 35 .0 V-150
16000. 35 .0 V-150
15000. 35 .0 V-150
14000. 32 .0 V-150
13000. 32 .0 V-150
12000. 32 .3 V-150
11000. 32 .0 V-150
10000. 32 .0 P-110

9000. 29.0 V-150
8000. 29.0 V-150
7000. 29 .0 V-150
6000. 29 .0 V-150
5000. 26 .0 V-150
4000. 26 .0 V-150
3000. 26 .0 V-150
2000. 29 .0 V-150
1000. 29 .0 V-150

0 . 32 .0 V-150

I n s i d e  d i a m .  j C a s i n g  t h i c k .

5.717 .641
5.814 .593
5.909 .546
5.909 .546
5.909 .546
5.909 .546
6.002 .499
6.002 .499
6.002 .499
6.002 .499
6.002 .499
6.094 .453
6.094 .453
6.094 .453
6.094 .453
6 .094 .453
6.185 .408
6.185 .408
6.185 .408
6.185 .408
6.274 .363
6.274 .363
6.274 .363
6.185 .408
6.185 .408
6.094 .453
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TABLE 3. MULTIGRADE TRIAXIAL CASING DESIGN

Depth Cas ing w t . Grade I n s i d e  diam.
i _

Cas ing  t

25000. 49 .5 V-150 5.536 .732
24000. 44 .0 V-150 5.717 .641
23000. 41 .0 V-150 5.814 .593
22000. 41 .0 V-150 5.814 .593
21000. 38 .0 V-150 5.909 .546
20000. 35 .0 V-150 6.002 .499
19000. 35 .0 V-150 6.002 .499
18000. 35 .0 V-150 6.002 .499
17000. 35 .0 V-150 6.002 .499
16000. 35 .0 V-150 6.002 .499
15000. 32 .0 V-150 6.094 .453
14000. 32 .0 V-150 6.094 .453
13000. 32 .0 V-150 6.094 .453
12000. 32 .0 V-150 6.094 .453
11000. 32 .0 P-110 6.094 .453
10000. 29 .0 V-150 6.185 .408

9000. 29 .0 V-150 6.185 .408
8000. 29 .0 V-150 6.185 • 40 8
7000. 29 .0 P-110 6.185 .438
6000. 26 .0 V-150 6.274 .363
5000. 26 .0 V-150 6.274 .363
4000. 26 .0 V-150 6.274 .363
3000. 26 .0 V-150 6.274 .363
2000. 29 .0 V-150 6.185 .408
1000. 29 .0 V-150 6.185 .408

0. 32 .0 V-150 6 .094 .453
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TABLE 5

DATA USED FOR TEST RUN IN FIGURES 16,  17,  AND 18

Wel l  dep th  = 25,000 f t .

Cas ing grade = V-150 

Mud w e i g h t  i n s i d e  ca s i n g  = 12 ppg 

Mud w e i g h t  o u t s i d e  c a s i n g  = 14 ppg 

Cement w e i g h t  = 16 ppg

Cement h e i g h t  o u t s i d e  c a s i n g  = 3 ,500 f t .

Su r f ace  p r e s s u r e  i n s i d e  ca s i n g  = 3 ,460 ps i  

Su r face  p r e s s u r e  o u t s i d e  c as in g  = 500 ps i
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7" P-110 Casing



T-2712 46

T riaxial

B i a x i a 1

O-
'O

+j
u _

x:
+->
CL
eu
Q

B i a x i a 1O-

T r i a x i a l

o _

0.4 0.5
Casing, Thickness, In.

0.3 06

Figure 8. Casing Thickness Variation With Depth
7" P-110 Casing



D
e

p
th

, 
F

t„
o

O-

'O

B i a x i a l
T r i a x i a l

o_

0.4-
Casing T h i c k n e s s ,  In

0.5 0.60.3

Figure 9. Casing Thickness Variation With Depth
7" P-110 Casing



T-2712 48

O-
-M O 
U- O

+->
CL

T r i a x i a lQ

O-

o_

0.4
Casing T h i c k n e s s ,  In

0 60.50.3

Figure 10. Casing Thickness Variation With Depth
7" P-110 Casing



D
e

p
th

, 
Ft 

=

o
T r i a x i a l

B i a x i a l

O-
xo

B i a x i a l
T r i a x i a lo -

T r i a x i a l

o _ooo _
a x i a l

0.3 0.4 0.5 0.6 0.7
Casing T h i c k n e s s ;  I n .

Figure 11. Casing Thickness Variation With Depth
7" P-110 Casing



D
ep

th
, 

F
t.

T-2712 u u

O

P i / P

B i a x i
T r  i i  x i a 1

o -ooo_

a x i a l

T r i ­
a x i a l

O-

T r i a x i a lB i a x i a l
o _

o
0.3 0.4 0 6 0 70.5

Casing T h i c k n e s s ,  In

Figure 12. Casing Thickness Variation With Depth
7" P-110 Casing



D
ep

th
, 

Ft 
o

T-2712 51

B i a x i a l

B i a x i a l

T r i a x i a l

B i a x i a l

Casing T h i c k n e s s ,  In

Figure 13. Casing Thickness Variation With Depth
7" P-110 Casing
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Figure 16. Buoyancy Effect on Casing Design
7" V-150 Casing
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APPENDIX A

DERIVATION OF ADJUSTED BURST AND COLLAPSE FORMULAS

From Lame's E q u a t i o n ,  t he  r a d i a l  and hoop s t r e s s e s  a t  the  

i n n e r  w a l l  o f  t he  c a s i n g  a r e :

Sr  -  - Pi (1A)

- 2b2 P„ + P , ( b 2 + a2 )
Sh =  -------- -2— - i -------------------------------------------  (2A)

b - a

P l a s t i c  y i e l d  may be d e s c r i b e d  by the  t h e o r y  o f  maximum d i s t o r  

t i o n  energy  as:

Sr 2 ♦ Sh2 + Sz 2 .  Sr Sh -  Sr Sz - ShSz = S02 (3A)

Which upon s u b s t i t u t i o n  o f  E qua t i ons  ( 1A) and ( 2A) becomes :

,  - 2 b 2 P„ + P . ( b2 + a2 ) ,
( - P . - ) 2 + ( ------------S 1------------------ ) + S 2 - ( - P i )

b -  a z

- 2 b 2 P„ + P . ( b 2 + a2 )
< V t ?    •  s.

, - 2 tZ  ’ ) s ,  ■ ( « )
b - a z o

Assume i n f i n i t e s i m a l  d e f o r m a t i o n :



2
Now, r e a r r a n g e  Equa t i on  ( 4A) and d i v i d e  by SQ :

, 2b2( p0 -  PT> 2 , , Sz - Pi% f 2b2 <Po - Pi )  
( b 2- a 2 ) S0 1 ( So > ( ( b 2 - a2 ) S0

7 2
P.  + S ^ + P.S
—  K------------- —  - 1  =  0 .

So

2b z 2 - " ? -  * = 55 1 ) +( b 2 -  a2 ) S0 So

{( f z  ^1)  „ f l j  ! 1 | -------------------- + 4 } "a }

So So

2b2 (Pn - P . )  3 S + P .  2 ^  S
_ r _ 2 . a  "~5- t-V

A d j u s t e d  c o l l a p s e  p r e s s u r e :

2 ^
S + P. S + P

P_, = { {1 - 0.75 (-^ê -) } - 0.5 z'  so , . —  S,

A d j u s t e d  b u r s t  p r e s s u r e  :
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Pba = { (1 - 0 .75  (
P. 2 %

- )  } +  0 .5
+ P.

- }  Pbo (6A)
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APPENDIX B - NOMENCLATURE

ENGLISH SYMBOLS 

a : I n n e r  r a d i u s

& Cg : Cons tan t s  o f  Equa t i ons  (4 )  and (5 )

d 1 : Length o f  t he  f r e e  body o f  Equa t i on  (1 )

E : Modulus o f  e l a s t i c i t y

P. : I n t e r n a l  p r ess u r e

PQ : E x t e r n a l  p r e s s u r e

r  : Radius

Sh : Hoop ( t a n g e n t i a l )  s t r e s s

SQ : Y i e l d  s t r e n g t h  o f  ca s i n g  s t r i n g

Sr  : Rad ia l  s t r e s s

Sz : A x i a l  s t r e s s

Sx : S t r e s s  i n  the  x - d i  r e c t i  on

Sy : S t r e s s  i n  t he  y - d i  r e c t i o n

u : S t r a i n  energy  per  u n i t  volume

GREEK SYMBOLS

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

e : A x i a l  s t r a i n  ( E q u a t i o n  3)

ex , £ y , ez : S t r a i n  i n  the  x , y , and z - d i  r e c t i  ons

9 : Rad ia l  ang le

: Shea r i ng  f a i l u r e  s t r e s s
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APPENDIX C -  COMPUTER PROGRAM

00100 
■30200 
00300 
00403 
03500 
00 600 
00700 
03800 
33900 
01003 01100 
31232 
01300 
01403 
31500 
31600 
01703 
01800 
31900 
92000 
92100 
92200 
02302 
02432 
02500 
92609 
9270? 
02800 
02900 
03930 
93130 
0 3239 
03339 
03403 
93500 
93600 
03703 
03803 
33900 
04002 
04109 
04200 
04300 
04400
04599
04600 
04709 
04803 
34933 
95000 
05100

C:
C
C
c
c
C:
C
c
c
c
c
c
c
C:
c
c
c
c
c
c
cC
c
c
c
c
c
c
E
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
C:

DEEP WELL CASING DESIGN 
CONSIDERING THE TRI-AXIAL STRESSES AFFECTING ON CASING.

THIS PROGRAM CAN :
I .  CALCULATE THE REQUIRED CASING WEIGHT & GRADE 

AT EACH DEPTH.
I I .  CALCULATE THE REQUIRED WEIGHT FOR A DEFINITE 

GRADE OF CASING AT EACH DEPTH.

A CASING RADIUS.
ALOD LOAD OF CASING STRING.
AM STEEL AREA FOR BOUNCY FORCE 

CALCULATION.
AS AREA OF STEEL FOR STRESS CALCULATION.
AVWP AVERAGE WT OF CASING STRING.
B OUTSIDE RADIAS OF CASING
EU BUOYANCY .
CWT CEMENT WEIGHT.
D CASING OUTSIDE DIAMETER.
DEP DEPTH OF EACH INTERVAL.
DFA DESIGN FACTOR FOR AXIAL LOAD.
DFR DESIGN FACTOR FOR BURST. 

DESIGN FACTOR FOR COLLAPSE.DFC
DI CASING INSIDE DIAMETER.
DL INTERVAL LENGTH.
GR GRADE OF CASING.
HMO & HCO HEIGHT OF MUD & CEMENT OUTSIDE CASING.
IN NUMBER OF INTERVALS.
J & N COUNTERS.
PI & PE MUD PRESSURE INSIDE & 

OUTSIDE CASING.
PIS & PES SURFACE PRESSURE INSIDE 

& OUTSIDE CASING.
PC A ADJUSTED COLLAPSE PRESSURE.
PCO SIMPLE COLLAPSE PRESSURE.
PBA ADJUSTED BURST PRESSURE.
PBO SIMPLE BURST PRESSURE.
T CASING THICHNESS.
TD TOTAL DEPTH.
TWP
WP

TOTAL WT OF CASING STRING.
WEIGHT OF CASING.

WMI & WMO MUD WEIGHT INSIDE S, OUTSIDE CASING.
YP YIELD STRENGTH OF THE STEEL.
Z AXIAL STRESS.
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95223
35300 
05400 
05500 
35623 
25700 
05300 
95923 
36000 
35109 
962.00 
06300 
06403 
36520 
06602 
36709 
96803 
06903 
07000 
37120 
97222 
37326 
07402 
07530 
97602 
97700 
97800 
97999 
08000 
08109 
38 20 3 
08302 
08403 
08 522 
03620 
08700 
08830 
38909 
09000 
39100 
29239 
29300 
09400 
09502 
39632 
09720 
29803 
39902 
1020:3 
12109 
13200

C..........INPUT REQUIRED DATA.
CALL INPUTDC WMI, MQ, CWT,HCO,PIS,FES,TD, DL, N, 

+ YP,DFA,DFB,DFC)
J=0
D=7.
R=D/2.
DEF=TD

C..........CALC. MUD HEIGHT OUTSIDE CASING.
HMO=TD-HCO

C..........CALC. NUMBER OF INTERVALS.
IN=TD/DL+1

DO 13 1 = 1 ,  IN
YP-YP
J=J+1

C..........CALC. PRESS INSIDE & OUTSIDE CASING
PI=PIS+.052*WMI*DEP
PE=PES+.052*(WMO*HMO+CWT*HCO)

C..........CALL SUBROUTINE TO CALC. CASING INSIDE RADIUS WHEN
C..........CONSIDERING STRESSES ON THE INSIDE WALL OF CASING.

CALL RADIUS(B,TD,YP,N,PE,PI ,DFC,DFA,
+ DFB,DEP,J,AVWP,WP,A)

C..........CALC. CASING WALL THICKNESS & DIAMETER.

T=B-A
D I=2 . * A
TWP=TWP+WP 
AVWP=TWP/FLQAT(J)

C OUTPUT THE RESULTS
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14320
10 40 3 CALL ÜUTPUT(DÏ /YP/DEP/J ,T / ^P)
10 500
13600 DEP=DEP-DL 
13700 HCO=HCO-DL 
10800 IF(HCO.LE.0.0)HCO=0s0 
13900 I F ( HCO.EQ.0 . 0 ) HMO=HMO-DL11000 
11103
1123010 CONTINUE 
11300 STOP 
11400 END
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0010-21 C 
00209 C 
03303 C 
09400 C

SUBROUTINE INPUT

93500 SUBROUTINE INPUTD(WMI,WMO/CWT/HCO/PIS,PES,TD 
03603 +DL/ N/ YP/ DFA
0373093 WRITE( 4 / 1 0 )
00809 P.EAD(4/20)WMIZWMO 
40900 WRITE(4 /30  )
01003 READ(4/20)CWT/HCO 
01100 WRITE( 4 / 4 3 )
01209 READ( 4 , 2 9 ) PIS,PES
01333 WRITfc( 4 /53  )
01430 RE AD(4 / 2 9 ) TO/DL

/ r l D / r * S / 1 U /
DL/N/YP,DFA/DFB/DFC)

01430 RF AD(4 / 2 0 ) TD/DL 
01530 WRITE( 4 / 6 3 )
31603 RE AD( 4 , 7 3 ) N
91703 I F ( N• EQ•2)  GO TO 99
31809 WRITE( 4 / 8 3 )
01903 READ( 4 , 7 0 ) YP
niOlUa QQ W2TTPf4.Qaï

92439 I F (ANS* EQ.'NO »)G0 TO 98
92 50313 F0RMAT(1X/ 'ENTER MUD WEIGHT INSIDE & OUTSIDE CASING. ' )  
0260320 FORMAT( 2G)
0270033 FORMATCIX,'ENTER CEMENT WEIGHT & HEIGHT.IF NO CEMENT 
02800 + ENTER ZERO. ' )
9290040 FURMAT(1X,'ENTER SURFACE PRESS INSIDE & OUTSIDE CASING. ' )  
9300053 FORMATCIX,'ENTER DEPTH OF THE WELL & INTERVAL LENGTH. ' )  
0310060 FORMATCIX/ 'ENTER 1 IF YOU WANT TO USE ONE GRADE O N L Y , ' , / ,  
03209 + IX ,  'OTHERWISE ENTER-2 . ' )
9333070 FORMAT(G)
0340039 FORMATCIX,'ENTER YIELD STRENGTH OF REQUIRED CASING. ' )  
9353090 FORMATCIX,'ENTER THE DESIGN FACTORS FOR AXIAL,BURST, ' , / ,  
93550 + IX , 'AND COLLAPSE RESISTANCES. ' )
03600103 FORMAT( 3G)
03700110 FORMATCIX/'WAS ALL DATA ENTERED CORRECTLY ? ' )
03800120 FORMATC A3)
04000 RETURN 
04100 END

0200399 351 aa WRITEC 4 / 9 3 )
WRITE(4,110)
RE ADC 4 . 1 2 3 ) ANS



T-2712 66

9dl2Z
/J233 C SUBROUTINE RADIUS
00303  c=====================================================:
00422 C
23503 C THIS SUBROUTINE CALCULATES CASING INSIDE RADIUS & WT
03622 C
00700 C THF INPUT DATA FOR THIS SUBROUTINE ARE :
23803 C 1 .  CASING OUTSIDE RADIUS,B .
00900 C 2.  TOTAL DEPTH OF THE WELL,TO .
01003 C 3.  YIELD STRENGTH,YB •
01100 C 4.  PRESSURE INSIDE & OUTSIDE CASING,PI & PE.
31200 C 5.  PRESSURE CAUSING BUOYANCY FORCE ,PBF .
01330 C 6 .  DEPTH OF EACH INTERVAL ,  DEP.
01400 C 7 .  AVERAGE WT OF CASING STRING ,AVWP.
01503 C
01602 C================================================-====:
31700
01803
21909 SUBROUTINE RADIUS( B ,T D ,Y P ,N ,PE,PI ,DEC,DFA,
02000 + DFB,DEP,J,AVWP,WP,A)
22130 DIMENSION BU(0-*200) ,  AB( 0 . 2 3 0 )
22220
02330 L=0
02400
32503 C SET IN IT IA L  WT FOR EACH CASING GRADE.
02609
02732 I F ( YP.EQ.8 0 2 2 0 . 0 . OR.YP.EQ.9 5 03 2 .0)WP=20.0
02832 IF (Y P .E Q .1 1 0 0 0 0 . 0 . OR.YP.EQ.15 0222 .0)WP=23.2
22900
3302022 I F ( N.EQ•2 )  GO TO 40 
03103
93200 WP=WP+3.0
93300 IF (WP.FQ.47 .0 )  WP=49.5
03 400 I F ( N . E Q . l )  GO TO 62 
03500
036004O I F ( L . E Q . 4) L=0 
03730 I F ( L.EQ•95 YP=65009.
03800 YP=YP+15029.
03900 I F ( L • GT. 0 . OR• WP• GE.2 3 . 0 )  GO TO 80
04320 WP=20•3
0410980 I F ( L . EQ• O) WP=WP+3.
04200 IF (WP.EQ.47 .0)  WP=49.5
34333 L=L+1
34400 I F ( L • EQ.4) YP=150332.
94500 IF (L .EQ.2 .AMD.WP.EQ.23 .3)  L=4
34639
94722 C CALC. CASING INSIDE RADIUS.
04830
9490363 AS=WP/3.434469
05333 A=SQRT(B* *2-AS/3 .14159)
05100 AB( J ) =A
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05200
05300 C..........CALL SUBROUTINE TO CALCULATE BUOYANCY.
05400
05500 CALL BOYNCY(AB/B/J/PI /PE/BU)
05600 C..........CALC. AXIAL LOAD ON CASING.
05700 ALOD=AVWP*(TD-DEP)+BU(J)
05800
05902 IF (J .EQ. l )ALOD=BU(J )
06000
06100
06200 C.......CALC. AXIAL STRESS .
06320 Z=ALOD/AS
06400 IF ( ( Y P /D F A ) .L T .A B S ( Z ) )  GO TO 20
06500
06600 C.......CALL SUBROUTINE TO CALCULATE SIMPLE COLLAPSE &
06700 C.......BURST PRESSURES.
06830
26903 CALL SIMPLE(B,A,YP,PCO,PBO)
07000
07130 C.......CALC. RADIAL STRESS.
27232
07300 R=-PI  
37403
3750'* C.......CALCULATE ADJUSTED BURST & COLLAPSE PRESSURES
37600 C.......USING MAXIMUM-DISTORTION-ENERGY THEORY.

08232
03332 IF ( (A 3S (P I ) * D FB ) .G T .P BA )  GO TO 29 
08420 IF ( (PCA/DFC) .LT .PE)  GO TO 20
38530
08603
08700 A=A
33830 RETURN 
08930 END

97700
07803 PBA=P80* 
07903 PCA=PCO* 
0800308100 C CHECCHECK FOR CASING FAILURE
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03103 C00200 C00300 C00400 C03500 C30609 C00730 C00803 c33909 c31028 c81138 c01220 c91300 c81433015200162201702210200190302000321039220013323320240?9250992600220270032809029023308030031003320233 3999340040335039360083700583389003900048036384102042827004308044308204580930460004730

SUBROUTINE SIMPLE
The i n p u t  da ta  f o r  t h i s  s u b r o u t i n e  a r e :

1 .  Cas ing  i n s i d e  d i a m e t e r ,  A.
2.  Cas ing  o u t s i d e  d i a m e t e r ,  B.
3 .  Y i e l d  s t r e n g t h ,  YP#

The o u t p u t  o f  t h i s  SUBrout i ne  i s  the  s i m p l e  b u r s t  
and c o l l a p s e  p r e s s u r e s ,  PBO & PCQ#

SUBROUTINE SIMPLE(B,A,YP,PCD,PBO)
T=B-A
D=2.*B
DT=D/T
IF (Y P .E Q. 80020 .0 )  GO TO 10 
I F ( Y P . 5 Q . 95000 .0 )  GO TO 20 
I F ( Y P .E Q .11 2000 .0)GO TO 30 
IFCYP.EQ.150 00 0 .0)GQ TO 40 
C l = 1 3 #38 ;C2=22 . 46 ;C3=31#35 
AA=3#07 ; t iB=0.2 669 ;CC=1955.0 
FF = 1 .998 ;GG=2 #0434 
GO TO 52
C l= 1 2 •83 ; C2=21.21 ;C3=28.25 
AA=3#125 ; 6 8 = 0 . 2 7 4 5 ; CC = 2425.
FF=2#247 ;GG=3.049
GO TO 52
Cl = l 2#42 ;C2=20 .29 ?C3=26.2 
AA=3#18 ;BB = 0 . f l 82 ;CC=2855.
FF = 2# 075 ; GG=0.253b 
GO TO 50
C1=11.67 ; C2=18• 57 ;C3=22 .12  
AA=3# 335 ; BB = 0 . 132 ;CC = 4055.
FF=2#17 ;GG=2.0663 
IFCDT.LE .C l )  GO TO 60 
I F(DT.GT.C1.AND.DT.LE.C2)  GO TO 70 
IF(DT.GT.C2.AND.DT.LT .C3)  GO TO 80 
P C O = 2 . * Y P * ( ( D T - l . ) / D T * * 2 )
GO TO 93
PCD=YP*( AA/DT-BB)-CC
GO TO 90
PCO=YP*(FF/DT-GG)
PBC=2.8 7 5 * 2 . *YP/DT
RETURN
END
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00103 C================================================00206 C SUBROUTINE BQYNCY00300 C================================================
02400
005ÜC SUBROUTINE BOYNCY(A,B,N,PI,PE,BF)00600 DIMENSION AC0 : 200)zBF(0 S200),DAR(200),ARC0! 200) 
00700 BF( 0 )=0•
90800 AR(N-1)=3.14*(B**2-A(M-1)**2)
P J 9 *? A P ( 9 ) = 0 .
01000 AR(N)=3.14*(B**2-A(N)**2)
01100 DAR(N) = AP. (N-l)-AR(N)9122? BF(N)=ABS(PI)*DAR(N)+BF(N-1)
01300 IF(N.EQ.l)BF(fj)=PE*DAR(N)01400 RETURN 
0 1 5 0 9  END

C =
30209 C
00300 c=00421 c00500 c
9U60C c
0370? c
00803 c00900 c
010.00 c
01100 c
01200 c
91303 c=2140001501:
016202
317001 02
01822
01900
020002 0 0
0210019220002300
02420
32527
0260030202700
32800

SUBROUTINE OUTPUT

Th is  s u b o u t i n e  o u t p u t  t he  f o l l o w i n g  d a t a :
1. Depth a t  each i n t e r v a l ,  DEP. %
2.  Cas ing i n s i d e  d i a m e t e r ,  D I .
3 .  Cas ing  w e i g h t ,  WP.
4.  Cas ing  g r ad e ,  GR.
5.  Cas ing t h i c k n e s s ,  T.

sûbrôOt ï n ê ’ ôOt p û t c âJ ÿ pJ d ê pJ î J t J w p î )
I F ( 1 - 1 ) 1 , 2 , 1
WRITS (4,1*3? )

F0 R M A TC 6X , 'D ep th ' , 4 X , 'C a s in g  w t . ' L 
> 4 X , ' I n s i a e  a i a m . ' , 4 x , ' C a s i n g  t h i c k . ' )

WRITE( 4 , 2 0 0 )
F O R M A T C I X , / , 7 0 ( ' . ' ) )

IFCYP.EQ.80000 .0 )  GR='N-80 '
IFCYP.EQ.95000 .0 )  GR='C-95 '
I F ( YP.EQ.110000 .0 ) G R = 'P - 1 1 0 '
IF (Y P .E Q .15 000 0 .0 )G R= 'V -15 0 '
WRITEC4,300)DEP,WP1,GR,A,T

FORMATC 6 X , F 6 . 0 , 6 X , F 4 . 1 , 7 X , A 5 , 7 X , F 5 . 3 , 1 1 X , F 5 . 3 , / )
RETURN
END

, 4X , 'G rade  ,


