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ABSTRACT 

STUDY OF PLANE ELASTO-PLASTIC PROBLEMS UTILIZING 

NONLINEAR FINITE ELEMENT ANALYSIS 

Kanapathy Ramalingam 

Master of Science 

Youngstown S t a t e  Univers i ty ,  1985 

The ob jec t ive  i n  t h i s  t h e s i s  i s  t o  p resen t  and 

demonstrate the use of F i n i t e  Element based methods f o r  the  

s o l u t i o n  of problems involving p l a s t i c i t y .  Incremental  

theory of p l a s t i c i t y  i s  used and only the e l a s t o- p l a s t i c  

problems of the  type having e l a s t i c  and p l a s t i c  s t r a i n s  i n  

the same order  of magnitude a re  considered. 

Study of the method here in  inc ludes  the  prepara t ion  

of two computer programs: one f o r  l i n e a r  s t r a i n  hardening 

m a t e r i a l ,  and the  o the r  f o r  nonl inear  s t r a i n  hardening 

mate r i a l  t o  solve plane s t r e s s  o r  plane s t r a i n  o r  axisymmet- 

r i c  problems. The programs a re  t e s t e d  by comparing the r e s u l t s  

obtained f o r  two e l a s t o- p l a s t i c  problems with the correspond- 

ing  s o l u t i o n  / experimental  d a t a  found i n  the  l i t e r a t u r e .  The 

problems s tud ied  a r e :  (1) a  t h i c k  walled c y l i n d r i c a l  pressure  

vesse l  subjected t o  i n t e r n a l  p ressu re ,  and ( 2 )  a  c i r c u l a r  

hole i n  a uniformly s t r e s s e d  i n f i n i t e  f l a t  p l a t e .  

Also included a r e  the  r e s u l t s  f o r  a compact t e n s i l e  

t e s t  f r a c t u r e  specimen, f u l l y  p l a s t i c  cy l inder  with l i n e a r  



s t r a i n  hardening m a t e r i a l ,  and a tens ion  member with 

c i r c u l a r  holes .  

I n  genera l  very good r e s u l t s  a re  obtained f o r  the  

two e l a s t o- p l a s t i c  problems when compared t o  e s t ab l i shed  

s o l u t i o n s .  From t h i s  i n v e s t i g a t i o n  the re  i s  evidence t h a t  

the programs can be used f o r  success fu l  a n a l y s i s  of o the r  

plane e l a s t o- p l a s t i c  problems, with nonl inear  s t r a i n  hard- 

ening r e l a t i o n s h i p ,  f o r  which c lose  formed s o l u t i o n s  may 

n o t  e x i s t .  
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I N T R O D U C T I O N  

With the  c u r r e n t  r a p i d  t echno log ica l  p rog res s  t he  

Theory of P l a s t i c i t y  has been brought f o r c i b l y  i n t o  t he  

f o r e f r o n t  of eng inee r ing  a p p l i c a t i o n  and des ign .  Although 

t h e  Theory of P l a s t i c i t y  has advanced cons ide rab ly ,  r i g o i  

r o u s  s o l u t i o n s  t o  a l a r g e  c l a s s  of problems a r e  s t i l l  n o t  

a v a i l a b l e .  The a p p l i c a t i o n  of F i n i t e  Element Techniques se-  

ems t o  be an i d e a l  choice  f o r  s o l v i n g  such problems, as the  

technique i s  an accepted v e r s a t i l e  t o o l  f o r  l i n e a r  a n a l y s i s  

and i d e a l l y  s u i t e d  f o r  employing t h e  powerful  method of 

success ive  e l a s t i c  s o l u t i o n s  wi th  incrementa l  Theory of P1- 

a s t i c i t y .  The purpose of t h i s  t h e s i s  is  t o  in t roduce  two 

F i n i t e  Element Programs, one f o r  l i n e a r  s t r a i n  hardening 

m a t e r i a l s ,  and t h e  o t h e r  f o r  n o n l i n e a r  type s t r a i n  harden- 

i n g  m a t e r i a l s  and t o  prove t h e  a c c u r m y  o f  t h e  proposed 

s o l u t i o n  techniques  f o r  two dimensional  m a t e r i a l l y  nonl ine-  

ar problems. 

Chapter  I forms an i n t r o d u c t i o n  t o  two dimensional  

continuum problems wi th  the  bas i e  t heo ry  f o r  i sopa rame t r i c  

e lements .  Chapter  I1 d i s c u s s e s  t he  g e n e r a l  n o n l i n e a r  p rob l-  

em and the  s o l u t i o n  technique adopted f o r  numerical  s o l u t -  

ion .  Chapter  I11 c o n s i d e r s  two dimensional  e l a s t o - p l a s t i c  

problems and the  b a s i c  t h e o r e t i c a l  exp res s ions  f o r  a gene- 

ra l  continuum. I n  Chapter  I V  t h e  exp res s ions  f o r  p lane 

s t r e s s  / plane s t r a i n  and axisymmetric s i t u a t i o n s  a r e  mani- 

pu la t ed  i n t o  forms s u i t a b l e  f o r  numerical  a n a l y s i s .  



Chapter  V d e s c r i b e s  t h e  computer procedures  f o r  F i n i t e  E le-  

ment Programs p re sen ted  i n  Appendices C and D .  I n s t r u c t i o n s  

f o r  t he  use of t he se  programs a r e  g iven  i n  Appendices A 

and B .  I n  Chapter  V I  s e v e r a l  t e s t  examples a r e  cons idered  

wi th  a d i s c u s s i o n  on the  accuracy of t he  program r e s u l t s .  

The accuracy of t he  programs a r e  e s t a b l i s h e d  by comparing 

the  r e s u l t s  wi th  e s t a b l i s h e d  s o l u t i o n s .  I n  Chapter  V I I  some 

a d d i t i o n a l  e l a s t o - p l a s t i c  s o l u t i o n s  a r e  g iven  wi th  i nc reas-  

i n g  o rde r  of s t r e s s  concen t r a t i on  and complexi ty .  C onclud- 

i n g  remarks a r e  p resen ted  i n  Chapter  V I I I .  



CHAPTER I 

CONCEPT OF FINITE ELEMENT METHOD 

The F i n i t e  Element Method i s  a numerical procedure 

f o r  so lv ing  a continuum mechanics problem with an accuracy 

acceptable  t o  engineers .  I n  t h i s  method an approximate 

s o l u t i o n  is  attempted by d iv id ing  the  continuum i n t o  a 

d i s c r e t e  number of f i n i t e  elements. These elements a r e  

connected a t  a d i s c r e t e  number of po in t s  a long t h e i r  -perip-  

hery known as nodes. I n  s t r u c t u r a l  mechanics app l i ca t ions  

displacement based f i n i t e  element formulat ion is  genera l ly  

used, wherein displacement of the  continuum i s  descr ibed 

i n  terms of the  displacement of the element nodes. The 

programs i n  the  Appendices a re  w r i t t e n  us ing  t h i s  method of 

formulation. 

If the equi l ibr ium of a genera l  th ree  dimensional 

body such a s  i n  F ig .  1.1 i s  considered,  the e x t e r n a l  fo rces  

a c t i n g  on the body a re  : 

1. Surface t r a c t i o n s  

2 .  Body fo rces  



3 .  Concentrated f o r c e s  f = Fx = r l  

Surface  F (  

Concentrated 

F i n i t e  Eleme m 
Fig .  I .  1 General Three Dimensional Body. 

The displacement of the  body from t h e  unloaded conf- 

i g u r a t i o n  is denoted by: 



The s t r a i n  components corresponding t o  U a r e ,  

The corresponding s t r e s s e s  a r e ,  

I n  order  t o  c a l c u l a t e  the  response of the body t o  

the e x t e r n a l l y  appl ied f o r c e s ,  the  governing equi l ibr ium 

equat ions a r e  t o  be obtained.  These equi l ibr ium equat ions  

a re  developed first a t  element l e v e l .  The element equi l ibr ium 

equat ions can be obtained by the  use of the p r i n c i p l e  of 

v i r t u a l  displacements.  This  p r i n c i p l e  s t a t e s  t h a t  f o r  the 

equi l ibr ium of a  body under any compatible, small  v i r t u a l  

displacements,  the t o t a l  i n t e r n a l  v i r t u a l  work must be equal 

t o  the  e x t e r n a l  v i r t u a l  work. Therefore we have, 

-T - S  s I 
-I f Iv E g d ~ =  IVcT f b  dV + sS U f dS 1 1.5  

where , 
-T 
E = V i r t u a l  s t r a i n  

U = V i r t u a l  displacement 

The s u b s c r i p t  S denotes t h a t  sur face  displacements 

a re  considered and the s u b s c r i p t  I denotes the  displacements 

a t  the  po in t  of app l i ca t ion  of concentrated fo rces .  

The equat ion i n  ( I  .5) is an expression of equi l ibr ium 

and a l s o  conta ins  the  compa t ib i l i ty  and c o n s t i t u t i v e  r equ i re-  

ments i n  the  f i n i t e  element formulation. Although the  v i r t u a l  



work equation is  w r i t t e n  i n  the  g loba l  coordinate  system 

x ,y ,z  of the body it i s  equa l ly  v a l i d  i n  any o the r  system of 

coordina tes .  

I n  the  f i n i t e  element displacement method, 

displacement with i n  an element is ,  

where {N} is the  s e t  of i n t e r p o l a t i o n  funct ions  termed the 

shape func t ions .  The s u b s c r i p t  e  denotes an element, and 
A 
U i s  a vec tor  of th ree  g loba l  displacement components 

ui,vi ,wi  a t  a l l  nodal po in t s .  If the re  a re  M f i n i t e  e-lement 

nodal p o i n t s ,  U i s  a  vec to r  dimension 3 M .  More genera l ly ,  

Although a l l  nodal po in t  displacements a re  l i s t e d  i n  (1.9) 

f o r  a  given element only the  displacements a t  the nodes of 

the element a f f e c t  the  displacement and s t r a i n  d i s t r i b u t i o n  

wi th in  the element. The element s t r a i n s  a re  evaluated us ing  

where B~ is s t r a i n  matr ix .  F i n a l l y ,  

e  e  G~ = D E  9 1.11 
e  

where D i s  e l a s t i c i t y  matr ix  of element e  and the  m a t e r i a l  

l a w  can vary from element t o  element. 

The equlibrium equat ions corresponding t o  the  nodal 

po in t  displacements of the  assembly of f i n i t e  elements can 

now be w r i t t e n  as a sum of i n t e g r a t i o n s  over the volume and 

a reas  of a l l  f i n i t e  elements: 



where Ce denotes summation over a l l  the elements. The i n t e-  

g r a t i o n s  i n  (1.12) a re  performed over the element volumes 

and su r faces ,  and f o r  convenience we may use d i f f e r e n t  

element coordinate  systems i n  the  c a l c u l a t i o n s .  S u b s t i t u t i n g  

f o r  element displacements,  s t r a i n s ,  and s t r e s s e s  from 

(1.8) t o  (1.11) i n t o  (1.12), 

1.13 

The surface shape funct ion  matr ix  {N ( s ) e l  is 
e 

obtained from shape funct ion  matr ix  {N 3 by s u b s t i t u t i o n  

of element sur face  coordina tes .  CF} is a v e c t o r  of the  

e x t e r n a l l y  appl ied  fo rces  t o  the  nodes of the  element i n  

the s t r u c t u r e .  The ith component i n  {F] i s  the  concentrated 

nodal force  corresponding t o  the ith displacement component 
A 

i n  U .  

The unknown nodal po in t  displacements a re  obtained 

from ( I .  13) invoking v i r t u a l  displacement theorem and 

imposing u n i t  v i r t u a l  displacements i n  t u r n  a t  a l l  

displacement components. - 



L e t t i n g  

the equlibrium equat ions reduce t o  

where { K 3 = s t i f f n e s s  matr ix  of the s t r u c t u r e  

and { R } = equiva lent  nodal fo rces  of the s t r u c t u r e  

I n  the expression ( I  .18) , 

T 
R~ = ze 4 N" f b ( e ) d ~  = body f o r c e s  , 1 - 1 9  

T 

= ze SsN R~ f s ( e ) d ~  = surface  f o r c e s ,  1.20 

and RC = F = concentrated loads .  1.21 

The formulation of equlibrium equat ions (1 .16)  

include the assembly process  t o  obta in  the s t r u c t u r e  matr ices  

from the element mat r ices ,  r e f e r r e d  t o  a s  the d i r e c t  

s t i f f n e s s  method. The r e s u l t i n g  l i n e a r  simultaneous equat ions 

a re  then solved f o r  the unknown nodal v a r i a b l e s  using the 

f r o n t a l  s o l u t i o n  technique. S t r e s s e s  can then be determined. 

Although equlibrium equat ions (1.16) a re  w r i t t e n  

f o r  genera l  t h r e e  dimensional a n a l y s i s ,  the scope of t h i s  

t h e s i s  is r e s t r i c t e d  t o  two dimensional plane s t r e s s  / plane 

s t r a i n  and axisymmetric problems. The appropr ia te  d isp lace-  

ment, s t r e s s ,  and s t r a i n  v a r i a b l e s  a s  wel l  as e l a s t i c i t y  

matr ices  f o r  i s o t r o p i c  m a t e r i a l  a re  l i s t e d  i n  Table 1.1. 





The element s t i f f n e s s  matr ix  c a l c u l a t i o n s  i n  the  

programs i n  Appendices C & D a re  done using a s ing le  type of 

element known as the isoparametr ic  element, a s  these elements 

a re  v e r s a t i l e ,  wel l  t r i e d ,  and t e s t e d .  The l i b r a r y  of 

elements i n  the  program is  shown i n  Fig .  1.2 with t h e i r  

s p e c i a l  coordinate  system (r ,rl ) , 

I n  isoparametr ic  element formulation the shape func- 

t i o n s ,  which a re  defined i n  element n a t u r a l  coordinate  

system (r , r l )  def ine the  element coordinates  and element d i s-  

placement i n  terms of t h e i r  nodal va lues .  The displacements 

can be expressed as, 

e  n  e n e  
U = C N U  9 1.22 

e  i ne  
where N i s  matr ix  of shape func t ions  and U i s  vec to r  of 

nodal displacements.  S i m i l a r l y ,  

For axisymmetric problems, x  & y a re  replaced by r & z i n  

equat ion ( 1 . 2 3 ) .  The Jacobian matr ix  which i s  used i n  coord- 

i n a t e  t ransformation i s  evaluated as, 



L o c a l  Node c z  q .  

( a )  The L i n e a r  E l e r e n t  

E o r  c o r n e r  n o d e s ,  1 , 3 , 5 , 7  

Y A  x i = (  e  1+ui) ( 1+qqi)  ( c L i + m i - 1 )  . 
18 - 

? o r  mids ide  n o d e s ,  2 ,L , : , E 

8 e  2  2 2 3 N i = q  I+[[ .  ) (1-7') +lIi( l+Vli) ( I - [  ) . - 1 
2  

- 
2  

1 

X 

(b) E i ~ h t  Noded i a r a b o l i c  Element  

F o r  c o r n e r  n o d e s ,  1 , 3 , j , $  
2  2  x;=( E + E L i )  ( q  +qlIil . 
L 

F o r  m i d s i d e  n o d e s ,  

F o r  c e n t r a l  n o d e ,  
e  2  N ~ = (  1 - c 2 )  (1-7, 1 .  

- 

F o r  ( S ) b ( c )  t h e  f o l l o w i n g  
a p p l i e s  : 

n L o c a l  Node 
E i  Qi  

( c )  Nine Noded P a r a b o l i c  Element  
1 -1 -1 
n 

F i g .  I .2 L i b r a r y  o f  Elements. 



The s t r a i n  displacement r e l a t i o n s h i p  i s  expressed as, 

e 
where B i s  the  s t r a i n  matr ix .  

The elemental  volume is given a s ,  

dV = te 
d e t  J ~ ~ T  d? , 1.26 

~e e 
The expressions f o r  U , B. and dV a re  given i n  Table I .2. 

i 1 

The Car tes i an  shape funct ion  d e r i v a t i v e s  used i n  
e 

the s t r a i n  matr ix  Bi i n  Table I .2 may be obtained by the  

chain r u l e  of d i f f e r e n t i a t i o n :  

and 

The terms 3 , 3 , 2 , and may be determined from the 
ax ax ay ay 

inverse of the  Jacobian matr ix  (I .24) . 
Let  us  now consider  the  evalua t ion  of s t i f f n e s s  

matr ix  {K] of the s t r u c t u r e  def ined i n  (1.17). The i n t e g r-  

a t i o n  is  performed i n  the element n a t u r a l  coordinate  system 

f o r  each element and summed up f o r  a l l  elements of the 

s t r u c t u r e  . 
T 

e e e e  e 
[K] = Z j1 B D B t d e t  J d T  d?. 1.28 e -1 -1 

The i n t e g r a t i o n  i s  t o  be performed numerically.  If the 



integrand i n  (1.28) i s  denoted a s ,  

then ,  

T 
e  e e e  e  e  

B D B t d e t J  = T  , 

The numeri-cal i n t e g r a t i o n  i s  c a r r i e d  out  u t i l i z i n g  Gauss 

quadrature.  I n  two dimensions we f i n d  the quadrature 

formula t o  y i e l d  the expression f o r  s t i f f n e s s  matr ix  a s ,  

where w , and w a re  weights f o r  Gauss quadrature a t  sam- 
i j 

p l i n g  po in t s  t and T . Simi la r ly  i n  th ree  dimensions we 
i j 

have , 

While it i s  n o t  necessary t o  use the  same number of Gauss 

po in t s  i n  each d i r e c t i o n ,  it is most common t o  do so .  

S i m i l a r l y ,  numerical i n t e g r a t i o n  i s  t o  be done f o r  each 

element f o r  determining the body fo rces  RB (1.19) and 

surface fo rces  RS ( 1 . 2 0 ) .  

T 
+1 +1 e b ( e )  e  e  

= =e t-1 J'-iN f t d e t  J dt dq. 

= body f o r c e s  1.33 

If the  integrand i n  (1.33) i s  denoted as, 



TABLE I .2 

NODAL DISPLACEMENTS, STRAIN MATRICES 

AND ELEMENTAL VOLUMES OR AREAS 

Type o f  Noda l  d i s -  S t r a i n  Matrix 

p r o b l e m  p l a c e m e n t  

e 
2 n r  d e t  J dE dT 



I n  the  f i n i t e  element a n a l y s i s  of s t r u c t u r e s  by 

the displacement method, the only permissible  form of 

loading ,  o the r  than i n i t i a l  s t r e s s i n g ,  i s  by the p resc r ip -  

$ion of concentrated loads  a t  the  nodal p o i n t s .  Consequently, 

forms of loading such as g r a v i t y  a c t i o n  (body f o r c e s ) ,  

pressures  assigned t o  element su r faces  ( su r face  fo rces )  must 

be reduced t o  equiva lent  nodal loads .  

Po in t  loads:  

For each p a r t i c u l a r  node the appl ied concentrated loads  a re  

associa ted  with one of the  elements a t tached t o  it and with 

the appropr ia te  degrees of freedom of t h a t  element. 

Gravi ty loadings 

Gravi ty fo rces  a re  equiva lent  t o  a  body force  / u n i t  volume 

a c t i n g  within the  s o l i d  i n  the d i r e c t i o n  of the  g r a v i t y  

a x i s .  For plane s t r e s s  o r  plane s t r a i n  problems, the d i rec-  

t i o n  i n  which the  g r a v i t y  a c t s  need n o t  coincide with e i t h -  

e r  of the coordinate  axes.  F ig .  1.3 ( a )  i l l u s t r a t e s  an 

isoparametr ic  element subjected t o  g r a v i t y  f o r c e s  a t  an 

angle 0 . Invoking the p r i n c i p l e  of v i r t u a l  work, we 

obta in  the expression:  

which y i e l d s  the equiva lent  nodal fo rces  due t o  a  g r a v i t a t i -  

onal  acce le ra t ion  g  a c t i n g  on a  ma te r i a l  of mass d e n s i t y  p . 
The s u b s c r i p t  " i "  ranges over the node numbers. I t  i s  again 

e s s e n t i a l  t o  r e s o r t  t o  a  Gaussian numerical i n t e g r a t i o n  



technique, r e s u l t i n g  i n ;  

NGAUS NGAUS E;j= e  
C 

p = l  q=l 
pg{::] N; tP ,  qql  w w d e t  J 1 *37 

P 9 

For axisymmetric problems t is  replaced by 2nr where r i s  
P P 

the r a d i a l  d i s t ance  t o  the  Gauss po in t  under cons idera t ion .  

\-cr 
0 = o f o r  ax i symmet r i c  s o l i d s  

( a )  S p e c i f i c a t i o n  of t h e  G r a v i t y  Ax i s  
f o r  Two Dimens iona l  P rob lems  

( b )  N o r z a l  and T a n g e n t i a l  Loads  p e r  3 n i t  Leng th  
App l i ed  t o  a P a r a b o l i c  I s o p a r a m e t r i c  Element  

F i g , .  I .3 Element Loading. 



Dis t r ibu ted  edge loading: 

Any element edge w i l l  be allowed t o  have a  d i s t r i b u t e d  

loading per  u n i t  l eng th  i n  a normal and t a n g e n t i a l  d i r e c t i o n  

prescr ibed  t o  it a s  shown i n  Fig .  1.3 ( b )  . These d i s t r i b u t e d  

fo rces  need n o t  be cons tan t ,  but  can vary independently 

along the element edge. Since parabol ic  isoparametr ic  

elements a re  being employed, then a t  b e s t  a  parabol ic  loa-  

ding d i s t r i b u t i o n  can be accomodated. The v a r i a t i o n  w i l l  be 

defined by p resc r ib ing  the  normal and t a n g e n t i a l  values a t  

th ree  nodal po in t s  forming the element edge. The th ree  nodes 

forming the loaded edge must be i n  an anticlockwise 

sequence. A pressure  normal t o  the face i s  assumed t o  be 

p o s i t i v e  if it a c t s  i n t o  the  element. A t a n g e n t i a l  load i s  

p o s i t i v e  if it a c t s  i n  an ant ic lockwise d i r e c t i o n .  Invoking 

the p r i n c i p l e  of v i r t u a l  work, the  cons i s t en t  nodal fo rces  

f o r  node i can be w r i t t e n  as: 

where i n t e g r a t i o n  i s  done along the element loaded edge, 

a r b i t a r i l y  considered as T = -1 i n  F ig .  I . 3 ( b ) .  I f  a d i s t r i -  

buted load a c t s  on the i n t e r f a c e  between two elements,  then 

the load can be considered t o  be a c t i n g  on e i t h e r  one o r  the 

o the r  element. 



CHAPTER I1 

BASIC NUMERICAL SOLUTION PROCESS 

FOR NONLINEAR PROBLEMS 

I n  the  F i n i t e  Element formulat ion of Chapter I 

equlibrium equat ions (1.16) were der ived assuming t h a t  the 

displacements a re  i n f i n i t e s i m a l l y  small  and the m a t e r i a l  i s  

l i n e a r l y  e l a s t i c .  It w a s  a l s o  assumed t h a t  the boundary 

condi t ions  remain unchanged during the app l i ca t ion  of- loads .  

Under these assumptions the equat ions ,  

C K ~  {u] = {R] 1.16 

correspond t o  a  l i n e a r  a n a l y s i s  of the s t r u c t u r e ,  s ince  the 

displacement vec to r  {u] i s  l i n e a r l y  propor t ional  t o  load 

vec to r  {R]. The assumption of small  displacements has en t-  

ered i n  the evalua t ion  of s t i f f n e s s  matr ix  {K], and load 

vec to r  {R] a s  a l l  i n t e g r a t i o n s  were done over the o r i g i n a l  

volume of f i n i t e  elements. The s t r a i n  matr ix  {B] of each 

element was considered t o  be cons tant  and independent of 

element displacements.  E l a s t i c i t y  matr ix  {D] was considered 

t o  be cons tant .  Boundary condi t ions  remained unchanged. 

These bas ic  assumptions expla in  i n  a  way what is  genera l ly  

meant by a  nonl inear  a n a l y s i s .  The scope of the  p resen t  

t h e s i s  i s  r e s t r i c t e d  t o  m a t e r i a l l y  nonl inear  only formu- 

l a t i o n .  The nonl inear  e f f e c t  l i e s  i n  the nonl inear  s t r e s s -  

s t r a i n  r e l a t i o n s h i p .  The displacements and s t r a i n s  a re  

smal l ;  t he re fo re  the usual  engineering s t r e s s  and s t r a i n  



measures a r e  employed. S ince  i n  n o n l i n e a r  problems coeff  i- 

c i e n t s  of s t i f f n e s s  m a t r i x  [K} depend on the  unknown noda l  

d isplacement  v e c t o r  [u} d i r e c t  s o l u t i o n  of equa t ion  ( I. 16)  

is  g e n e r a l l y  impossible  and some s o r t  of i t e r a t i v e  procedure 

must be adopted.  

The most f r e q u e n t l y  used i t e r a t i o n  schemes f o r  t he  

s o l u t i o n  of n o n l i n e a r  f i n i t e  element equa t ions  a r e  some form 

of Newton - Raphson i t e r a t i o n .  The f i n i t e  element equl ib r ium 

equa t ions  amount t o  f i n d i n g  the  s o l u t i o n  of e q u a t i o n s ,  

n ( u )  = {K} {US - {R} = o , 11.1 

where n ( U )  can be i n t e r p r e t e d  as a measure of  depa r tu re  

from the  equl ibr ium.  If a t r u e  s o l u t i o n  t o  t he  problem 
r r  t h  

e x i s t s  a t  U +AU a f t e r  r i t e r a t i o n ,  then the  Newton - 

Raphson i t e r a t i o n  schemes y i e l d ,  
-- 

where , 
M = t o t a l  number of v a r i a b l e s  i n  t he  system, 

and 

i = the  p a r t i c u l a r  node number. 

S u b s t i t u t i n g  (11.1) i n  ( I I a 2 ) ,  

The Newton-Raphson p roces s  can f i n a l l y  be w r i t t e n  i n  t he  

form as r 

This  a l lows  t h e  c o r r e c t i o n  v e c t o r  of unknown nodal  d i sp l ace -  



ments U t o  be obtained from the devia t ion  from the  equl ib-  

rium condi t ion .  An i t e r a t i v e  scheme must be followed. 

The t a n g e n t i a l  s t i f f n e s s  method: 

I n  s t r u c t u r a l  app l i ca t ions  {K] i s  equal  t o  the  l o c a l  gradi-  

e n t  of the  force  / displacement r e l a t i o n s h i p  of the 

s t r u c t u r e  and i s  c a l l e d  the  t a n g e n t i a l  s t i f f n e s s .  Since an 

incremental  a n a l y s i s  is performed i n  such c a s e s ,  the problem 

is  l i n e a r i z e d  and w r i t t e n  as: 
" 

u 
A t r i a l  value U i s  assumed; the t a n g e n t i a l  s t i f f n e s s  

0 
K(u ) corresponding t o  t h i s  displacement i s  then obtained;  

0 
the departure  from equlibrium value H ( U )  i s  determined; 

0 
then the  co r rec t ion  AU is  determined from (11.5) ; and 

the improved approximation t o  the  unknown now is:  

The i t e r a t i o n  process  i s  then continued u n t i l  the  s o l u t i o n  

converges. 

The i n i t i a l  s t i f f n e s s  method: 

I n  the  t a n g e n t i a l  s t i f f n e s s  method the computational c o s t  

per  i t e r a t i o n ,  p a r t i c u l a r l y  f o r  l a r g e  order  systems, f o r  

the c a l c u l a t i o n  and f a c t o r i z a t i o n  of the tangent  s t i f f n e s s  

matr ix  can be expensive. I n  the i n i t i a l  s t i f f n e s s  method, 

complete equat ion s o l u t i o n  need only be performed f o r  the  

f i rs t  i t e r a t i o n  and subsequent approximations t o  the s o l u t i -  

on performed thru :  - 1 



This  i n i t i a l  s t r e s s  method corresponds t o  a l i n e a r i z a t i o n  

of t he  response about t h e  i n i t i a l  c o n f i g u r a t i o n  of t he  f i n i t e  

element system and may r e s u l t  i n  a ve ry  s lowly convergent 

o r  even d ive rgen t  s o l u t i o n .  An approach somewhat between 

the  t a n g e n t i a l  s t i f f n e s s  and the  i n i t i a l  s t i f f n e s s  methods 

i s  sometimes employed, where i n  t he  s t i f f n e s s  m a t r i x  i s  

updated a t  s e l e c t e d  i t e r a t i v e  i n t e r v a l s ,  when a p r i o r  knowl- 

edge of the  system behaviour  i s  known. 

S o l u t i o n  convergence c r i t e r i a :  

The convergence c r i t e r i o n  adopted f o r  the  t e rmina t ion  of 

the  i t e r a t i o n  i s  by measuring the  ou t  of balance load  v e c t o r  

a t  t he  end of each i t e r a t i o n  and s e t t i n g  the  norm of the  

out- of-balance load  v e c t o r  t o  be w i t h i n  a p r e s e t  t o l e r a n c e  

of t h e  norm of t he  t o t a l  app l i ed  f o r c e s  as: 

where 

r = i t e r a t i o n  number, 

and 

M = t o t a l  number of degrees  of freedom i n  the  s t r u c t u r e .  



CHAPTER 111 

THE MATHEMATICAL THEORY OF PLASTICITY 

Whereas the  s t r e s s e s  and s t r a i n s  a re  l i n e a r l y  r e l a t -  

ed by Hooke's l a w  i n  the e l a s t i c  range,  the r e l a t i o n s h i p  i s  

nonl inear  i n  the  p l a s t i c  range a s  i s  evident  from the unia- 

x i a l  s t r e s s  / s t r a i n  curve.  The mathematical theory of 

p l a s t i c i t y  provides a theore t i c a l  r e l a t i o n s h i p  be tween 

s t r e s s e s  and s t r a i n s  f o r  a  m a t e r i a l  loaded i n  the p l a s t i c  

range. The th ree  ingred ien t s  necessary t o  formulate the  

p l a s t i c i t y  theory a re :  

1. Rela t ionship  between s t r e s s e s  and s t r a i n s  i n  the e l a s t -  

i c  range 

2 .  Yield c r i t e r i a  f o r  deciding which combination of mult i-  

a x i a l  s t r e s s e s  w i l l  cause y i e l d i n g  

3. Rela t ions  between s t r e s s e s  and s t r a i n s  when p l a s t i c  

flow i s  occuring 

Using the  t ensor  s u b s c r i p t  n o t a t i o n ,  the  genera l iza-  

t i o n  of Hooke 's l a w  l e a d s  t o ,  

which can a l s o  be expressed as, 



where C' and Si a re  s t r a i n  and s t r e s s  dev ia to r  t e n s o r s ,  
i j 

r e spec t ive ly .  

Yield c r i t e r i a  can be defined by the  r e l a t i o n ,  

where the func t ion  F can be looked upon a s  a loading 

funct ion  and k i s  a y i e l d  funct ion  o r  a s t r a i n  hardening 

func t ion ,  and would depend on the complete previous s t r e s s  

and s t r a i n  h i s t o r y  of the  ma te r i a l  and i t s  s t r a i n  hardening 

p r o p e r t i e s .  I f  i so t ropy  i s  assumed then r o t a t i o n  of axes 

must n o t  a f f e c t  y ie ld ing .  Therefore,  the r e l a t i o n  (11-1.3) 

can be w r i t t e n  a s ,  

Since it is  always assumed t h a t  hydros ta t i c  tens ion  o r  

compression does n o t  inf luence y i e l d i n g ,  we can assume t h a t  

only s t r e s s  dev ia to r s  e n t e r  i n t o  the y i e l d  funct ion ,  

A l t e r n a t i v e l y ,  Sl,SZ,and S  can be w r i t t e n  i n  terms of the 3  
i n v a r i a n t s  of d e v i a t o r i c  s t r e s s e s  as, 

The y i e l d  c r i t e r i a  can now be w r i t t e n  a s ,  

F(J; , ~ j )  = k . 111.7 

The Tresca c r i t e r i o n  can be reduced t o  the simple form, 

( 3 - G 3 )  = 2k , 111.8 



where the maximum and minimum p r i n c i p a l  s t r e s s e s  a re  known 

a p r i o r i .  

The Von Mises c r i t e r i o n  i s  associa ted  with equat ion ,  
2 

~ ; = k ,  111.9 

i n  which k i s  a mate r i a l  parameter t o  be determined. 

For most ma te r i a l s  these  two l a w s  a re  used. The 

second d e v i a t o r i c  s t r e s s  i n v a r i a n t  can be w r i t t e n  a s ,  

If we define e f f e c t i v e  s t r e s s  as 
1 - 

then y i e l d  c r i t e r i a  may be w r i t t e n  as 

de can a l s o  be e x p l i c i t l y  w r i t t e n  a s  
1 

For u n i a x i a l  t e n s i l e  t e s t  de becomes the  Gxk and the 

phys ica l  meaning of cons tant  k can be obtained under uniax- 

i a l  t e n s i l e  t e s t  when 

Since the p l a s t i c  s t r a i n s  a re  dependent on the  

loading  pa th ,  i n  genera l  it becomes necessary t o  compute 

d i f f e r e n t i a l s  o r  increments of p l a s t i c  s t r a i n  throughout the 

loading h i s t o r y  and then obta in  the t o t a l  s t r a i n s  by surnma- 

\ t i o n .  S t a r t i n g  with the d e f i n i t i o n  of work hardening and 

pos tu la t ing  the  exis tence  of a loading funct ion  and 



l i n e a r i t y  between increments of s t r e s s  and increments of 

s t r a i n ,  the genera l  flow r u l e  f o r  a s t r a i n  hardening mater- 

i a l  i s  expressed as :  

This p l a s t i c  s t r a i n  increment vec to r  must always be normal 

t o  the  y i e l d  su r face .  dh is a p r o p o r t i o n a l i t y  cons tant  a s  

y e t  undetermined , and depends on the  s t r e s s ,  s t r a i n  and 

t h e i r  h i s t o r y  i n  genera l .  During any i n f i n i t e s i m a l  increment 

of s t r e s s ,  changes of s t r a i n  a re  assumed t o  be d i v i s i b l e  

i n t o  e l a s t i c  and p l a s t i c  p a r t s .  Hence, 

where {Dl i s  e l a s t i c i t y  matr ix ,  we can wr i te  (111.16) as 

-1 
[d€],={D] {dd}+ dh - aF . 111.18 

From ( 111.3) , we have 

where k keeps changing as m a t e r i a l  work hardens and k can be 

w r i t t e n  a s ,  

using the work hardening hypothesis .  k can a l s o  be w r i t t e n  

a s  

using s t r a i n  hardening hypothesis . 



Differentiating equation (III.~~), 

When plastic yielding is occuring, df is zero. Equation 

(111.22) can be written as 

where 

and 

Let 

Premultiplying both sides of equation (111.18) with 

we get 

From (111.23), 
T 

{a] dci = A dh 

Theref ore, 

and 



On s u b s t i t u t i n g  (111.29) i n  ( I I I . 1 8 ) ,  

where 

The e l a s t o- p l a s t i c  mat r ix  CD } takes the place of e l a s t i c i -  
eP 

t y  matr ix  ID} i n  incremental  a n a l y s i s .  ~t i s  symmetric, 

pos i t ive  d e f i n i t e ,  and the expression (111.32) i s  v a l i d  

whether ' A '  i s  zero o r  n o t .  

When hardening i s  considered,  parameter k must be 

considered, on which the s h i f t s  of the y i e l d  surface depend. 

With a  work hardening hypothesis ,  

S u b s t i t u t i n g  the flow r u l e  ( 111.15) , i n  ( 111.33) , 

T T 
dk = dh [GI l a ]  = dh [a} [d} . 111.34 



If  we define e f f e c t i v e  p l a s t i c  s t r a i n  increment as 

J 
then toge the r  with the r e l a t i o n  

we can experimental ly  determine the hardening parameter from 

a simple u n i a x i a l  y i e l d  t e s t ,  as the s lope of e f f e c t i v e  

s t r e s s  / p l a s t i c  s t r a i n  curve.  Since u n i a x i a l  t e n s i l e  y i e l d ,  

d is  equal  t o  43k, 
Y 

from which, using (111.33) and ( I I I . 3 4 ) ,  and a f t e r  some 

manipulation can be shown t o  give:  

and 



CHAPTER I V  

MATRIX FORMULATION AND BASIC EXPRESSIONS 

FOR TWO DIMENSIONAL PROBLEMS 

1-t has been shown1 t h a t  f o r  i s o t r o p i c  m a t e r i a l s ,  i t  

is  convenient t o  express  the  y i e l d  c r i t e r i a  as funct ions  of 

th ree  s t r e s s  i n v a r i a n t s  ( 6 c; ,@ ) given by: m '  e  

where, 
2 2 

- 5  x y z  y  zx zxy 

and, 

The y i e l d  su r faces  f o r  s e v e r a l  c l a s s i c a l  y i e l d  condi t ions  

can now be w r i t t e n  as: 

'G .C .Nayak and 0  .C .Zienkiewicz, "Convenient Form of 
S t r e s s  I n v a r i a n t s  f o r  P l a s t i c i t y . "  Proceedings of American 
Socie ty  of C i v i l  ~ n g i n e e r s ,  98 , ~ ~ 4 , 9 4 9 - 9 5 4 (  1972) 



2 .Von Mises 

F = & d e - d  " 0 .  
Y 

I V  .3 

I n  (I V .2) and (I V .3) , d , the  cu r ren t  y i e l d  s t r e s s  depends 
Y 

on " k "  . These forms y i e l d  t o  a very convenient d e f i n i t i o n  of 

{a} used i n  the determination of {D } , and we can w r i t e ,  
eP 

From ( I V . ~ ) ,  

We can now w r i t e ,  

{a} = c 1 {al} + c2 {a2} + c3 {a3} , IV .6 

where the vec to r s  [a1}, {a2}, {a } and cons tan t s  c l ,  c2 ,  c3 
3 

a re  given i n  Tables I V .  1 and I V  .2 , r e s p e c t i v e l y .  

For the two dimensional plane s t r e s s  / plane s t r a i n  

and axisymmetric cases  we s h a l l  employ 4x4 ID} matr ix  and 

the vec to r  {a] w i l l  be modified t o ,  

T 
aF - - 
aCi arxy a G Z z  

YY -1 , 
with the {dD} matr ix  used i n  {D } as given i n  Table I V  .3. 

eP 
Whenever {a] vec tor  is no t  uniquely defined f o r  

c e r t a i n  s t r e s s  combinations, s i n g u l a r i t i e s  a r i s e .  I n  the 
0 

program a check i s  made t o  f i n d  out i f  0 i s  equal  t o  30 , 
and then cons tan t s  c l ,  c2 ,  cg a re  r e w r i t t e n  e x p l i c i t l y ,  when 

0 

@ approaches 30 . That i s ,  the corners  a re  rounded o f f .  



TABLE I V ,  1 

D E R I V A T I V E S  O F  S T R E S S  I N V A R I A N T S  

V e c t o r  D e f i n i t i o n  V a l u e s  

T A B L E  I V  .2 

CONSTANTS c FOR V A R I O U S  Y I E L D  C O N D I T I O N S  

Y i e l d  c o n d i t i o n  c 
1 

C 2 C3 

T r e s c a  0 (2 c o s @  ( I +  tan@ tan309 

V o n  M i s e s  0 43 0 





CHAPTER V 

FINITE ELEMENT EXPRESSIONS AND PROGRAM STRUCTURE 

The expressions der ived i n  the previous Chapters 

descr ibe f u l l y  the s t r e s s  / s t r a i n  r e l a t i o n  i n  the  e l a s t o -  

p l a s t i c  s t a t e .  Since the e l a s t o- p l a s t i c  mat r ix  CD } depends 
eP 

on the s t a t e  of t o t a l  s t r e s s ,  the piecewise l i n e a r i z a t i o n  

process i s  adopted, wherein s m a l l  increments of load a re  

prescr ibed  and i n  each increment the ma te r i a l  i s  t ~ e a t e d  as 

quas i  e l a s t i c ,  with a cons tant  e l a s t o- p l a s t i c  matr ix .  The 

mate r i a l  tangent  s t i f f n e s s  matr ix  { K ~ )  , during the incre-  

ment, is  evaluated using 

The s o l u t i o n  process  f o r  the nonl inear  problem described i n  

Chapter I1 i s  u t i l i z e d .  The program i s  out l ined  i n  F ig .  V . 1 .  

There a re  twenty f i v e  subrout ines  f o r  l i n e a r  s t r a i n  

hardening a p p l i c a t i o n ;  f i f t e e n  of these a re  common t o  non- 

l i n e a r  s t r a i n  hardening app l i ca t ion .  The nonl inear  s t r a i n  

hardening program u t i l i z e s  a  t o t a l  of twenty e i g h t  subrou- 

t i n e s .  The c o n t r o l l i n g  segment c a l l i n g  the  subrout ines  i s  

c a l l e d  MASTER f o r  l i n e a r  s t r a i n  hardening program , and 

MSTER2 f o r  nonl inear  s t r a i n  hardening program. A b r i e f  

desc r ip t ion  of each subroutine i s  presented a s  follows: 



F i g .  V.l Program O u t l i n e  f o r  L i n e a r  and 
N o n l i n e a r  Two D i m e n s i o n a l  E l a s t o - p l a s t i c  P r o b l e m s .  



Subroutines DIMEN / DIMENl 

These subrout ines  p r e s e t  v a r i a b l e s  t o  upgrade the  

magnitude of the  maximun s i z e  problems. DIMEN is f o r  l i n e a r  

s t r a i n  hardening program, and D I M E N l  is f o r  nonl inear  s t r a i n  

hardening program. 

Subrout ines  INPUT / INPUT2 

These subrout ines  accept  most of the input  d a t a .  

INPUT i s  f o r  l i n e a r  s t r a i n  hardening program, and INPUT2 i s  

f o r  nonl inear  program. 

Subroutine C H E C K 1  

This  subrout ine checks main c o n t r o l  d a t a  and i s  

common f o r  both programs. 

Subroutine CHECK2 

This  subrout ine checks remainder of input  d a t a  and 

i s  common f o r  both programs. 

Subroutine NODEXY 

This  subrout ine genera tes  the  midside nodes of 

s t r a i g h t  s i d e s  of elements and c e n t r a l  node of 9-noded 

elements. This  subrout ine i s  common f o r  l i n e a r  and nonl inear  

programs. 

Subroutine ECHO 

This  subrout ine w r i t e s  the  remaining d a t a  cards  

a f t e r  an e r r o r  has been de tec ted  i n  input  d a t a  ca rds ,  and i s  

common f o r  both programs. 

Subroutine GAUSS& 

This  subroutine is common f o r  both programs and s e t s  

up Gaussian quadrature d a t a  f o r  numerical i n t e g r a t i o n .  



Subroutine UNIAX2 

This  subroutine r eads  u n i a x i a l  t e s t  d a t a  f o r  s t r e s s  

and t o t a l  s t r a i n s  f o r  nonl inear  program. 

Subroutine HRDNS 

This subrout ine prepares  the hardness / p l a s t i c  

s t r a i n  a r r a y  from the u n i a x i a l  t e s t  d a t a  f o r  nonl inear  

program. 

Subrout ines  LOADPS / LOADP 1 

These subrout ines  evalua te  the  c o n s i s t e n t  nodal 

f o r c e s  f o r  each element f o r  plane and axisymmetric s i t u a t -  

ions.  LOADPS is  used i n  l i n e a r  s t r a i n  hardening program and 

LOADPl i n  nonl inear  program. 

Subroutine SFR2 

This  subrout ine eva lua tes  the  shape func t ions  and 

t h e i r  d e r i v a t i v e s  a t  t h e  Gaussian p o i n t s  and is common 

f o r  both programs. 

Subroutine J A C  OB2 

This  subroutine eva lua tes  the  Jacobian matr ix  and 

the c a r t e s i a n  shape funct ion  d e r i v a t i v e s  f o r  both programs. 

Subrout ines  MODPS / MODPS1 

These subrout ines  evalua te  the  CD} matr ix  f o r  plane 

and axisymmetric s i t u a t i o n s .  MODPS i s  used i n  l i n e a r  program 

and MODPSl i n  nonl inear  program. 

Subrout ines  INVAR / I N V A R l  

These subrout ines  c a l c u l a t e  the  s t r e s s  i n v a r i a n t s  

and the  c u r r e n t  value of y i e l d  funct ion .  INVAR i s  f o r  l i n e a r  

program and I N V A R l  i s  used i n  nonl inear  program. 



Subrout ines  YIELDF / YIELD1 

These subrout ines  c a l c u l a t e  {a} vec to r .  YIELDF i s  

f o r  l i n e a r  program and YIELD1 i s  f o r  nonl inear  program. 

Subrout ines  FLOWPL / FLOW1 

These subrout ines  c a l c u l a t e  idD} vec to r .  FLOWPL i s  

used i n  l i n e a r  program and FLOW1 is  f o r  nonl inear  program. 

Subrout ines  STIFFP / STIFP2 

These subrout ines  c a l c u l a t e  element s t i f f n e s s  matr ix  

CK]. STIFFP i s  used i n  l i n e a r  s t r a i n  hardening program and 

STIFP2 i n  nonl inear  s t r a i n  hardening program. 

Subroutine ZERO 

This  subrout ine i s  used i n  both l i n e a r  and nonl inear  

programs. This subrout ine i n i t i a l i z e s  seve ra l  a r r a y s  which 

a re  employed f o r  accumulation of da ta .  

Subroutine DBE 

This  subrout ine i s  used i n  both l i n e a r  and nonl inear  

programs. This  subrout ine i s  used f o r  mat r ix  m u l t i p l i c a t i o n  

of [D] mat r ix  by [B] matr ix .  

Subroutine INCREM 

This  subroutine i s  used i n  both l i n e a r  and nonl inear  

programs. This  subrout ine inc reases  the  appl ied  loading.  

Subroutine ALGOR 

This  subrout ine s e t s  an equat ion r e s o l u t i o n  index, 

which determines i n i t i a l  s t i f f n e s s  approach o r  t a n g e n t i a l  

s t i f f n e s s  approach o r  a  combination of both f o r  re formula t i-  

on of element s t i f f n e s s  matr ix .  This  i s  a  common subrout ine 

f o r  both l i n e a r  and nonl inear  programs. 



Subrout ine  FRONT 

This  subrout ine  i s  used i n  bo th  l i n e a r  and non l inea r  

programs. This  subrout ine  i s  t h e  equa t ion  s o l v e r  by t h e  

f r o n t a l  method. 

Subrout ines  LINEAR / LINERl 

These sub rou t ines  eva lua t e  s t r e s s e s  and s t r a i n s  

assuming l i n e a r  e l a s t i c  behaviour.  LINEAR i s  used i n  l i n e a r  

s t r a i n  hardening program and LINERl i n  non l inea r  program. 

Subrout ines  RESIDU / RESID2 

These sub rou t ines  reduce t h e  s t r e s s e s  t o  t h e  y i e l d  

sur face  and eva lua t e  t h e  equ iva len t  nodal  f o r c e s .  Comparison 

of t hese  nodal  f o r c e s  wi th  t h e  app l i ed  l o a d s  g i v e  t h e  

r e s i d u a l  f o r c e s .  The procedure c o n s i s t s  of t h e  fol lowing 

s t e p s :  

1. Applied loads  f o r  t he  rth i t e r a t i o n  a r e  r e s i d u a l  

f o r c e s  

2. For  t he  r e s i d u a l  f o r c e s  compute, 

3. Compute, 

Check if f (d)  < 0 , wi th  {K] r e f e r r i n g  t o  t h e  i n i t i a l  

va lue  a t  the  s tar t  of increment.  If it i s  s a t i s f i e d  

on ly  e l a s t i c  s t r a i n  changes occur and t h e  process  i s  

s topped.  

4. If f ( cir) 2 0 and a l s o  f = 0 ,  t he  element was i n  



y i e l d  a t  the s t a r t  of increment and cont inues t o  y i e l d .  

Evalua te ,  

(r-1) r 
cir = c; + dc; , 

5. If f (b) > 0 , but  f  (c;('-')) < 0 f i n d  the intermediate  

s t r e s s  value a t  which y i e l d  begins and compute dr from 

t h a t  p o i n t ,  

6 .  When a f i n i t e  s i zed  increment i s  taken the  r e s u l t i n g  cir 

may devia te  from the  y i e l d  sur face  and a  s c a l i n g  f a c t o r  

may be used t o  br ing  the  po in t  t o  the  y i e l d  sur face .  

Therefore,  

O r  the  excess s t r e s s  from the y i e l d  surface a t  each 

increment may be divided i n t o  a 

The above process  i s  shown i n  F ig .  V.2 . 
RESIDU is  used i n  l i n e a r  program and RESID2 i n  nonl inear  

program. 

Subroutine CONVER 

This  subroutine i s  used i n  both l i n e a r  and 

nonl inear  programs. This  subrout ine checks the  convergence 



A 3 ( a )  Al ready  Yie lded  P o i n t  

r 
2 ( c )  Ref ined  P r o c e s s  f o r  Reducing 

t h e  S t r e s s  t o  Y i e l d  S u r f a c e  

F i g .  V . 2  P r o c e s s  of Reducing 
The Incrementa l  S t r e s s  t o  Yie ld  Sur face .  



of i t e r a t i o n  process .  

Subroutine HNUMB 

This subrout ine is  used i n  nonl inear  s t r a i n  harden- 

ing program. This  subrout ine r e t u r n s  the  hardness value 

depending on the  e f f e c t i v e  p l a s t i c  s t r a i n .  

Subroutine OUTPUT 

This  subrout ine i s  used i n  both l i n e a r  program and i n  

nonl inear  program. This subrout ine outputs  displacements,  

r e a c t i o n s  and s t r e s s e s .  



CHAPTER V I  

TEST PROBLEMS WITH INPUT AND OUTPUT 

I n  t h i s  Chapter an at tempt  i s  made t o  e s t a b l i s h  the  

accuracy of the  F i n i t e  Element Programs presented i n  previ-  

ous Chapters f o r  the  l i n e a r  and nonl inear  s t r a i n  hardening 

app l i ca t ions .  Typical e l a s t o- p l a s t i c  t e s t  problems a re  

chosen f o r  which e i t h e r  c losed form s o l u t i o n s  o r  p r a c t i c a l  

i t e r a t i v e  s o l u t i o n s  e x i s t  f o r  comparison with prograh 

output .  

The f i rs t  problem considered i s  t h a t  of e l a s to -p las -  

t i c  s t r e s s  and s t r a i n  concent ra t ion  f a c t o r s  a t  a c i r c u l a r  

hole i n  a uniformly s t r e s s e d  ( r a d i a l l y , t h a t  is) i n f i n i t e  

p l a t e .  For  t h i s  plane s t r e s s  problem, the  problem parame- 

t e r s  and the  f i n i t e  element model a r e  i l l u s t r a t e d  i n  

F ig .  V I .  1 . The problem i s  analysed using the  l i n e a r  s t r a i n  

hardening program. The appl ied  s t r e s s  d i s  increased from 

0 . 5 ~ ~  t o  0 . 9 ~ ~  i n  seven ( 7 )  s t e p s .  The spread of Y Y 
p l a s t i c  zone a t  d i f f e r e n t  load l e v e l s  is  shown i n  

Fig .  VI.2 . The var ious  s t r e s s  and s t r a i n  concent ra t ion  

f a c t o r s  a re  def ined as fol lows:  

- 
kdg - '0 @ Hole 

d 

kd 
- 

e  - 'e @ Hole * 
6  



E = 3 0 x 1 0 ~  isi 
v = 0.3 
$ = 3oaw ?sl 
H'= j . 3 3 x ~ ~ 6  i s1  

F i g .  V I .  1 P l a n e  S t r e s s  E l a s t o - p l a s t i c  Problem of A 
C i r c u l a r  Hole i n  A Uniformly  S t r e s s e d  I n f i n i t e  P l a t e .  

I 3uter  radius = 61( 

F i g .  VI .2  Spread  of P l a s t i c  Zones a t  D i f f e r e n t  Load 
L e v e l s  f o r  P l a n e  S t r e s s  E l a s t o - p l a s t i c  Problem of A 
C i r c u l a r  Hole i n  A Uniformly S t r e s s e d  I n f i n i t e  P l a t e .  



- 
- 'e B Hole 9 and e  - 

The output  from the  l i n e a r  s t r a i n  hardening program 

is  summarized i n  Table V I . l  f o r  the  po in t s  around the  

c i r c u l a r  hole .  The s t r e s s  / s t r a i n  concent ra t ion  f a c t o r s  

a r e  compared with the  va lues  from reference2 i n  Table VI.2. 

The s t r e s s  / s t r a i n  concent ra t ion  f a c t o r s  from the  program 

compare very wel l  with the va lues  from reference2.  Before 

the  onset  of p l a s t i c i t y ,  the  program y i e l d s  a s t r e s s  conce- 

n t r a t i o n  f a c t o r  k  of 1.96, which compares very wel l  with 

the  t h e o r e t i c a l  value.  of 2 . 0 ,  The s t r e s s  concent ra t ion  

f a c t o r  kci i s  p l o t t e d  a t  d i f f e r e n t  l e v e l s  of loading i n  
e  

F ig .  V I . 3 .  These r e s u l t s  show t h a t  the  s t r a i n  concen t ra t i-  

on inc reases  a s  the  m a t e r i a l  i n  the  most highly s t r e s s e d  

region becomes p l a s t i c .  This  happens as the  s t r e s s  concent- 

r a t i o n  decreases .  

The second se lec ted  problem t o  show the  agreement of 

the  f i n i t e  element s o l u t i o n s  with t h e o r e t i c a l  p red ic t ions  

i s  the c l a s s i c  plane s t r a i n  problem of a t h i c k  walled 

cy l inder  subjected t o  i n t e r n a l  pressure .  The problem is  

s tud ied  under th ree  d i f f e r e n t  l e v e l s  of f i n a l  loading:  

1. The e n t i r e  cy l inder  is  p e r f e c t l y  p l a s t i c .  

L 
I .S .Tuba, " E l a s t i c- P l a s t i c  S t r e s s  and S t r a i n  Con- - - -  

c e n t r a t i o n  Fac to r s  a t  a C i r c u l a r  Hole i n  a Uniformly S t r e s-  
sed I n f i n i t e  P l a t e ,  " Journal  of Applied Mechanics, Trans. 
ASME, 710/~eptember 1965. 
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TABLE V I .  2 

COMPARISON OF STRESS / STRAIN CONCENTRATION FACTORS FOR 

THE PLANE STRESS ELASTO-PLASTIC PROBLEM OF A CIRCULAR 

HOLE I N  A UNIFORMLY STRESSED INFINITE PLATE. 

ci - kc; e  e  
0  

Gy   he or^^ Program   he orya Program   he or^^ Program 

a 
I .S .Tuba, " E l a s t i c - P l a s t i c  S t r e s s  and S t r a i n  Con- 

c e n t r a t i o n  F a c t o r s  a t  a C i r c u l a r  Hole i n  a Uni fo rmly  S t r e s s -  
ed I n f i n i t e  P l a t e , "  J o u r n a l  o f  App l i ed  Mechanics ,  ~ r m s .  
~ ~ ~ ~ , 7 1 0 / ~ e ~ t e m b e r  1965.  



Fig .  V I . 3  S t r e s s  Concentration Fac to r  k 
Ge 

a t  D i f f e r e n t  Levels of Applied Loading f o r  
E l a s t o- p l a s t i c  Problem of a C i r c u l a r  Hole 

i n  a Uniformly S t ressed  I n f i n i t e  P l a t e .  

2 .  The cy l inder  is  p a r t l y  p l a s t i c ,  and made up of a  

p e r f e c t l y  p l a s t i c  ma te r i a l .  

3. The cy l inder  is p a r t l y  p l a s t i c ,  and made up of a 

l i n e a r  s t r a i n  hardening mate r i a l .  

The parameters of the  problem and the  f i n i t e  

element modeling of the problem a re  i l l u s t r a t e d  i n  

Fig.  VI.4. 

The closed form s o l u t i o n s  from theory f o r  the th ree  

d i f f e r e n t  l e v e l s  of f i n a l  loading  a re  a s  below: 



parameters " 

Fig .  VI.4 Thick Walled Cylinder 
Subjected t o  I n t e r n a l  Pressure .  

1. P e r f e c t l y  E l a s t i c  Cylinder .  3 94 

3 A.Nadai, P l a s t i c i t y  ( New York and London: 

McGraw-Hill Book Company,Inc., 1931 ) , p e  194. 

4 ~ r i s  P h i l l i p s ,  In t roduct ion  t o  P l a s t i c i t y  
( New York: The Ronald P r e s s  Company, 1956 ) , p.  183. 



2. P a r t l y  P l a s t i c  Cylinder  and made up of a P e r f e c t l y  

P l a s t i c  Mate r i a l .  
5 ,6  

c i r r = - 1  ci 0  2  . c < r < b  
& ( $2- ) ( E l a s t i c  Region) 

= -P + 26 
0  

'rr . a < r < c  
( P l a s t i c  Region) 

3. P a r t l y  P l a s t i c  Cylinder  and made up of a  Linear  S t r a i n  

Hardening Mate r i a l .  7  

c l r i b  

J3 ( E l a s t i c  Region) 

VI. 11 

h a d a i ,  P l a s t i c i t y ,  pp.196-97. 

6 ~ h i l l i p s ,  P l a s t i c i t y ,  pp. 184-85. 

7 ~ h i l l i p s ,  p l a s t i c i t y ,  186-90. 



a z r l c  
( P l a s t i c  Region) 

V I .  12  

I n  the  equat ions (VI.2) t h r u  ( V I . 1 4 )  we have, 

a = Inner  r a d i u s ,  b  = Outer r a d i u s ,  

c = Yield r a d i u s ,  H ' = Hardening parameter , 
r = Radius, ud= Radial  displacement,  

E = Young's modulus, dy= Yield s t r e s s ,  

"rr =Radial s t r e s s ,  dee=Tangential  s t r e s s ,  

do =Uniaxial  y i e l d  s t r e s s ,  P= Pressure ,  
Y 

and PC = C r i t i c a l  pressure .  

The output from the l i n e a r  s t r a i n  hardening program 

is  compared i n  Table V I . 3  f o r  the e l a s t i c  cy l inder  f o r  

s t r e s s e s .  S t r e s s e s  show an e x c e l l e n t  comparison with the  

r e s u l t s  obtained from expressions ( VI  .3) and ( VI  .4) . 
For the case of a p a r t l y  p l a s t i c  c y l i n d e r ,  made up 

of a  p e r f e c t l y  p l a s t i c  m a t e r i a l ,  the  s t r e s s  output  from 

l i n e a r  s t r a i n  hardening program i s  compared i n  Table ~ 1 . 4  . 
Once the cy l inder  i s  p a r t l y  p l a s t i c ,  the  boundary of the  



TABLE V I . 3  

COMPARISON OF L I N E A R  PROGRAM OUTPUT WITH CLOSED FORM S O L U T I O N  

FOR E L A S T I C  T H I C K  WALLED C Y L I N D E R  UNDER INTERNAL P R E S S U R E .  

E l e m e n t  G a u s s  E s t i m a t e d  'rr 0 

P o i n t  R a d i u s  ( C o m p r e s s i v e )  

(mm)  C a l c u l a t e d  P r o g r a m  C a l c u l a t e d  P r o g r a m  

V a l u e s  O u t p u t  V a l u e s  O u t p u t  

( K R / ~ '  ) ( ~ ~ / m m ~  1 ( ~ ~ / m m ~ )  ( ~ ~ / m m ~ )  



TABLE V I  .4 

COMPARISON OF LINEAR PROGRAM OUTPUT WITH CLOSED FORM SOLUTION FOR PARTLY PLASTIC 

THICK WALLED CYLINDER OF PERFECTLY PLASTIC MATERIAL UNDER INTERNAL PRESSURE. 

E l e m e n t  G a u s s  E s t i m a t e d  'rr 53 0 
P o i n t  R a d i u s  ( C o m p r e s s i v e )  

(mm> 
C a l c u l a t e d  P r o g r a m  C a l c u l a t e d  P r o g r a m  

V a l u e s  O u t p u t  V a l u e s  O u t p u t  



p l a s t i c  r eg ion ,  r = c ,  a t  pressure  P i s  obtained from 

expression (VI.9) by t r i a l  and e r r o r  method. Once again 

very c lose  agreement is  seen between the  program output ,  

and the  ca lcu la ted  s t r e s s  va lues  using expressions (VI.7) 

2  and ( V I  - 8 )  f o r  a  pressure P of 42.03 ~ ~ / m m  . 
The s t r e s s  output from the  l i n e a r  s t r a i n  hardening 

program is  compared i n  Table V I . 5  f o r  the case of a  p a r t l y  

p l a s t i c  cy l inder  of a  l i n e a r  s t r a i n  hardening m a t e r i a l .  The 

boundary of the  p l a s t i c  reg ion ,  r = c  , i s  obtained from 

the  expression (VI.14) by t r i a l  and e r r o r  method, f o r  

pressure  P a c t i n g  ins ide  the  cy l inder .  The s t r e s s e s  show 

good agreement with the r e s u l t s  obtained from expressions 
2  

( V I . 1 1 )  and (V1.12) f o r  a  Pressure P of 42.03 ~g/mm . 
I n  Table v1.6 a  comparison i s  made of the  r a d i a l  

displacement f o r  the t h r e e  d i f f e r e n t  cases  between the  

program output and the  r e s u l t s  obtained from expressions 

( V I . 5 ) , ( V I . l 0 )  and ( V I . 1 3 ) .  Once again c lose  agreement i s  

obtained. 

The assumption of l i n e a r  s t r a i n  hardening may no t  

be adequate f o r  c e r t a i n  s i t u a t i o n s ,  The modified program 

cons iders  the  nonl inear  type of s t r a i n  hardening m a t e r i a l .  

I f  u n i a x i a l  t e s t  d a t a  a r e  ava i l ab le  a t  a  d i s c r e t e  number of 

p o i n t s ,  namely the s t r e s s  and the  corresponding t o t a l  s t r a -  

i n s ,  the  modified program represen t s  the  u n i a x i a l  s t r e s s  / 
p l a s t i c  s t r a i n  r e l a t i o n s h i p  i n  a  piecewise l i n e a r  fashion .  

The program c a l c u l a t e s  the  hardness a r r a y  f o r  the regions  





TABLE ~ 1 . 6  

COMPARISON OF LINEAR PROGRAM OUTPUT WITH CLOSED FORM SOLUTION FOR RADIAL 

DISPLACEMENT FOR T H I C K  WALLED CYLINDER UNDER INTERNAL PRESSURE. 

R a d i a l  ~ i s p l a c e m e n t " ( m m )  
Nodal Rad ius  E l a s t i c  Case P a r t l y  P l a s t i c  & P a r t l y  P l a s t i c  &2- 
P o i n t  (mm)  P e r f e c t  P l a s t i c i t y  H1=366.279 ~ g / m m  

C a l c u l a t e d  Program C a l c u l a t e d  Program C a l c u l a t e d  Program 
Values  Output  Va lues  Output  Va lues  Output  

a ~ v a l u a t e d  f o r  s P r e s  u r e  of 2 3 . 3 5 ~ g / m m ~  f o r  t h e  e l a s t i c  
c a s e  and 42.03 Kg/mm5 f o r  P a r t l y  P l a s t i c  c a s e s .  



between u n i a x i a l  t e s t  p o i n t s  as the slope of u n i a x i a l  

s t r e s s  / p l a s t i c  s t r a i n .  Instantaneous y i e l d  s t r e s s  d i s  
Y 

then ca lcu la ted  as :  

V I .  15 

where 
0  

d = Uniaxial  y i e l d  s t r e s s ,  
Y 

H '  = Hardness value depending on the t o t a l  
t h  

p l a s t i c  s t r a i n  a t  (r-1) i t e r a t i o n ,  

and d €  = Increase i n  p l a s t i c  s t r a i n  a t  r t h i t e r a t i o n .  
P 

The accuracy of the nonl inear  s t r a i n  hardening 

program i s  es tab l i shed  by comparing the r e s u l t s  between 

l i n e a r  and nonl inear  programs, f o r  the c l a s s i c a l  plane 

s t r a i n  problem of a  t h i c k  walled cy l inder  under i n t e r n a l  

p ressu re ,  f o r  which l i n e a r  program gives  e x c e l l e n t  r e s u l t s  

f o r  s t r e s s e s  and displacements.  For comparison purposes, 

two cases  of u n i a x i a l  t e s t  d a t a  a re  prepared f o r  the non- 

l i n e a r  program so a s  t o  have, 

1. P e r f e c t  P l a s t i c i t y  ( H '  = O ) ,  

2 2 .  A Fixed Hardness Value ( H '  = 366.279 K g  / mm ) .  

Both the  above cases  a re  a l s o  run on the  l i n e a r  program. 

S t r e s s  output from both programs a t  Gauss poin t- 1  of 

element 1 a re  compared i n  Fig .  V I  .S f o r  d i f f e r e n t  l e v e l s  

of loading f o r  both cases .  Resu l t s  a re  i n  very  good 

agreement. 

Ef fec t ive  p l a s t i c  s t r a i n  output from l i n e a r  and 

and nonl inear  programs a t  element 1 , Gauss poin t- 1  a re  



l i g .  V I .  5 Comparison of  L i n e a r  and N o n l i n e a r  
P r o g r m ,  O u t p u t s  f o r  S t r e s s e s  f o r  T h i c k  Wal- 
l e d  C y l i n d e r  Under I n t e r n a l  P r e s s u r e .  

20 , 

0 

-20 - 

-iLo - 

-60 - 

P / 00 

I I I I - 
0.2 0 .h 0 . 6  0 .a 1 .0  

Note;  C a t a  p o i n t s  lG from l i n e a r  

rr 

and n o n l i n e a r  programs 
p r a c t i c a l l y  c o i n c i d e .  --- - H8=366.279 :ie/mrn2 

H '=O 



compared i n  F ig .  V 1 . 6  f o r  de f fe ren t  l e v e l s  of loading f o r  

both cases .  Once again r e s u l t s  a re  i n  e x c e l l e n t  agreement. 

F ig .  VI .6 Comparison of Linear  and Non- 
l i n e a r  Program Outputs f o r  E f fec t ive  P l a s t i c  S t r a i n s  
f o r  Thick Walled Cylinder Under I n t e r n a l  P ressu re .  



I n  each of the above s t u d i e s ,  a  to lerance  (I1 - 7 )  of 

1% w a s  considered f o r  convergence t e s t i n g .  From the r e s u l t s  

obtained it appears t h a t  both the  l i n e a r  and nonl inear  

programs a re  r e l i a b l e  i n  p red ic t ing  e l a s t o- p l a s t i c  

s t r e s s e s ,  displacements,  and e f f e c t i v e  p l a s t i c  s t r a i n  f o r  

plane s t r e s s  / plane s t r a i n  problems. 



CHAPTER V I I  

SOLUTION OF SOME TYPICAL PROBLEMS AND RESULTS 

I n  t h i s  c h a p t e r  some t y p i c a l  e l a s t o - p l a s t i c  prob- 

lems of p r a c t i c a l  i n t e r e s t  a r e  solved u t i l i z i n g  the  l i n e a r  

and non l inea r  programs. 

C ompact Tension ( C T )  F rac tu re  Specimen 

The f i rs t  problem of a CT specimen i s  of gre-at  i n -  

*e res t .  in  F r a c t u r e  Mechanics a n a l y s i s .  The, specimen i s  used 

t o  determine t h e  f r a c t u r e  toughness of t he  m a t e r i a l ,  which 

r e q u i r e s  an accu ra t e  de te rmina t ion  of t h e  s t r e s s  and s t r a i n  

f i e l d  nea r  t h e  c rack  t i p .  The geometry of t h e  CT f r a c t u r e  

specimen i s  given i n  F i g .  V I I . 1 .  Th is  problem i s  analysed 

us ing  one ha l f  of t he  specimen wi th  f o r t y  f i v e  q u a d r a t i c  

e lements  and one hundred and s i x t y  f i v e  nodes.  While mo- 

d e l i n g  t h e  specimen, t h e  b o l t  hole a c r o s s  which t h e  load  

i s  app l i ed  i s  ignored and t h e  appl ied  load  i s  considered 

a s  a  uniform pressure  a c r o s s  t h e  b o l t  hub. To a c c u r a t e l y  

model t h e  c rack  t i p  behaviour more elements a r e  used nea r  

t h e  c rack  t i p .  The tangent  s t i f f n e s s  method wi th  two p o i n t  

i n t e g r a t i o n  was employed. I n  view of cons iderab le  computing 

time involved i n  such an a n a l y s i s ,  a f t e r  some t r i a l  and 

e r r o r ,  a  t o l e r a n c e  (11.7)  of 6% was chosen. The problem was 

analysed a s  a plane s t r a i n  problem. The load  v s  load- l ine  



displacement graph i s  p l o t t e d  i n  F ig .  V I I . 2  . The specimen 

w a s  analysed using both l i n e a r  and nonl inear  programs. A 

2 hardness value of 138.484 Kgf/mm was used i n  the l i n e a r  

program. I n  the nonl inear  program the range of hardness w a s  

between 51.08 and 731.51 Kgf/mm2. The load V S  load- l ine  

displacement curve shows no appreciable  d i f f e rence  between 

the  l i n e a r  and nonl inear  cases .  To ta l  CPU time used i n  the 

a n a l y s i s  was about 56 seconds, about the same f o r  both 

l i n e a r  and nonl inear  programs. The load was appl ied i n  

e i g h t  s t e p s .  The spread of p l a s t i c  zone i s  shown i n  F i g .  

v11.3 

A t  p resent  it i s  d i f f i c u l t  t o  judge the  accuracy of 

the  numerical s o l u t i o n s  obtained f o r  the e l a s t o- p l a s t i c  

crack problems because of the  absence of exact  s o l u t i o n s .  

Indeed the e las tm-plas t ic  a n a l y s i s  of cracked bodies by the 

f i n i t e  element method must be performed with s u f f i c i e n t  

care  t o  maintain a  balance between so lu t ion  accuracy and 

computational time. The programs can be used with conf i-  

dence t o  determine s t r e s s e s ,  displacements,  and e f f e c t i v e  

p l a s t i c  s t r a i n s .  

F u l l y  P l a s t i c  Thick Walled Cylinder  

The second problem i s  an extension of the c l a s s i c a l  

plane s t r a i n  problem o f  t h i c k  walled cy l inder  subjected t o  

high enough i n t e r n a l  pressure so  t h a t  the e n t i r e  cy l inder  

i s  p l a s t i c .  The engineering app l i ca t ions  of such t h i c k  



Fig .  V I I . 1  Geometry of Compact Tension ( C T )  Specimen. 

Parme ters 

E = 21.916~103 ~Ef/r.rn' 

0: = @.-~~f,'rm' 

H' = k ~ . ~ ) C S i , f m 2  ( L i n e a r  F r o c r a m )  

150 = !&onlinear t a d  t o  73 !;omam, ~ef/mz 

)I = 0.3 f 

Fig. VII.2 Load V s  Load 
Line Displacement Graph f o r  CT Specimen. 





walled p re s su re  v e s s e l s  a r e  t o o  many t o  l i s t  here .  The 

s t r e s s e s  and the  c r i t i c a l  p r e s su re  t o  main ta in  the  y i e l d i n g  

8  a r e  obta ined from the  equa t ions  I 

and 

where, 

a = i n n e r  r a d i u s ,  b  = o u t e r  r a d i u s ,  

r = r a d i u s  a t  t h e  p o i n t  , and 6' = y i e l d  s t r e s s .  
Y 

Fo r  t he  t h i c k  walled c y l i n d e r  considered i n  Chapter  V I ,  t he  

exp res s ion  ( V I I  .2) y i e l d s  a va lue  of 44.82 Kg / mm2 f o r  PC ,  

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

The problem w a s  analysed a t  a p re s su re  of 46.7 

Kg/mm2 f o r  a l i n e a r  as w e l l  as a n o n l i n e a r  type of s t r a i n  

hardening m a t e r i a l .  The hardness  va lue  of 366.279 Kg/mm 2  

w a s  i npu t  i n  t h e  l i n e a r  program. I n  t he  n o n l i n e a r  program 

hardness  v a l u e s  ranged between 188.891 Kg/mm2 and 377.316 

Kg/mm2. The s t r e s s  ou tpu t  from the  programs a r e  p l o t t e d  i n  

F i g .  VII.4 and compared wi th  t h e  corresponding v a l u e s  

c a l c u l a t e d  from expres s ion  ( V I I  . I)  . 
w Nadai,  P l a s t i c i t y ,  p .  188. 



Note:  The c u r v e  f o r  ? .onl inear  - 
program i s  c l o s e  t o  
l i n e a r  program.  

F ig .  V I I  .4 F u l l y  P l a s t i c  Cylinder-  
Comparison of S t r e s s e s  f o r  P e r f e c t l y  P l a s t i c  
Mater ia l  and Linear  S t r a i n  Hardening Mate r i a l .  



The r e s u l t i n g  Grr , dgO va lues  a r e  h ighe r  f o r  a 

s t r a i n  hardening type of m a t e r i a l  as w a s  expec ted ;  however 

t h e  d i f f e r e n c e s  i n  Grr ,and 6 va lues  between t h e  program 0 0 

ou tpu t  and t h e  c lo sed  form s o l u t i o n s  of ( V I I . l )  a r e  small 

f o r  a p e r f e c t l y  p l a s t i c  m a t e r i a l .  It may indeed be worth- 

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

a n a l y s i s  t o  r e l a t i v e l y  e a s y  p e r f e c t l y  p l a s t i c  type of mate- 

r i a l ,  f o r  a l a r g e  number of n o n c r i t i c a l  a p p l i c a t i o n s  , t o  

reduce computat ional  t ime and c o s t .  

P e r f o r a t e d  Tension S t r i p  

The t h i r d  problem i s  t h e  plane s t r e s s  problem of a 

p e r f o r a t e d  t e n s i o n  s t r i p .  A p e r f e c t l y  p l a s t i c  type of 

m a t e r i a l  i s  chosen f o r  t h e  s t r i p  and t h e  s t r i p  i t s e l f  is  a 
! I  11 

12 x  12 square  p l a t e .  The p e r f o r a t i o n s  a r e  s m a l l  c i r c u l a r  

h o l e s  one i n c h  i n  d iameter .  The problem i s  analysed t o  

s tudy  the  e f f e c t  of s t r e s s  c o n c e n t r a t i o n s  and t h e  c o l l a p s e  

load  as the  number of p e r f o r a t i o n s  ( h o l e s )  a r e  i nc reased  

from one t o  two and t o  t h r e e  as expla ined  below. 

I n f i n i t e  P l a t e  With A S i n g l e  C i r c u l a r  Hole 

The problem under t h i s  case  i s  an i n f i n i t e  p l a t e  

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

and sub jec t ed  t o  uniform t e n s i o n .  T h i s  problem i s  analysed 

w i t h  f o r t y  q u a d ~ a t i c  e lements  and one hundred and f o r t y  

seven nodes f o r  one q u a r t e r  of t h e  p l a t e  w i th  t h e  h e l p  of 

t h e  l i n e a r  program. The spread of p l a s t i c  zone a t  d i f f e r e n t  



l e v e l s  of l oad ing  is shown i n  F i g .  V I I  .S . A 3.0% converg- 

ence t o l e r a n c e  (11.7)  w a s  s e t  and it took a t o t a l  CPU time 

of approximately  56 seconds t o  perform the  a n a l y s i s .  I t  i s  

seen from t h e  en la rged  s c a l e  drawing of spread  of p l a s t i c  

zone, F i g .  VI I  .6 , t h a t  as the  s t r i p  t e n s i o n  d i n c r e a s e s ,  

y i e l d i n g  sp reads  and ve ry  soon t ends  t o  p r o g r e s s  a long  two 

comparat ively  narrow s t r i p s  symmetr ical ly  s i t u a t e d  wi th  
0 

r e s p e c t  t o  t h e  a x i s  of t e n s i o n  and a t  an angle  of about  45 

wi th  t h e  d i r e c t i o n  of t e n s i o n .  Th i s  has ,  6f course ,  been con- 

f i rmed by exper iments .  The s t r e s s  d i s t r i b u t i o n  i n  a t e n s i o n  

o r  compression member i n  the  form of a wide p l a t e  con ta in-  

i n g  a s m a l l  c y l i n d r i c a l  hole i s  w e l l  known i n  the  case  of 

an e l a s t i c  m a t e r i a l  and the  s t r e s s e s  a r e  g iven  by,  

where 

d = app l i ed  t e n s i o n  , a = r a d i u s  of t he  h o l e ,  

and 

r , O  = p o l a r  coo rd ina t e s  of t he  p o i n t .  According t o  

t h i s  exp res s ion  the  f i r s t  y i e l d i n g  is expected t o  s t a r t  a t  

t h e  two p o i n t s  s i t u a t e d  on t h e  boundary of t he  hole  on a 

d iameter  pe rpend icu la r  t o  t he  d i r e c t i o n  of t e n s i o n ,  and a t  

a va lue  of d equa l  t o  one t h i r d  of y i e l d  s t r e s s .  



Fig .  V I I - 5  Spread of P l a s t i c  Zones a t  
D i f f e r e n t  Levels of Loading f o r  an I n f i -  
n i t e  P l a t e  with a  Single  C i r c u l a r  Hole . 

P i g ,  ~ 1 1 . 6  Enlarged Scale  
Drawing of Spread of P l a s t i c  Zone f o r  aE 

I n f i n i t e  P l a t e  with a  Single  C i rcu la r  Hole . 



I n  numerical  procedures  t h e  c o l l a p s e  c o n d i t i o n  i s  

deemed t o  have occurred if t h e  i t e r a t i v e  a n a l y s i s  f a i l e d  t o  

converge f o r  an incrementa l  l o a d .  A s  expected the  c o l l a p s e  

l o a d  f o r  t h i s  case  is  found t o  be t h e  u n i a x i a l  y i e l d  

s t r e s s  . 
I n f i n i t e  P l a t e  With ~ w o ( 2 )  C i r c u l a r  Holes 

A s  t h i s  i s  an ex t ens ion  of t h e  p rev ious  c a s e ,  a l l  

problem parameters  a r e  kept  t h e  same as f o r  t h e  prev ious  

case  except  t h e  l o c a t i o n  of ho l e s .  One q u a r t e r  of t h e  p l a t e  

w a s  modeled us ing  twenty s i x  q u a d r a t i c  e lements  and one 

hundred and one nodes i n  t h i s  a n a l y s i s .  A 3.0 % convergence 

t o l e r a n c e  (11.7)  w a s  s e t  and it took a t o t a l  CPU time of 

about  47 seconds t o  complete t h e  a n a l y s i s .  
0  

The spread of p l a s t i c  zones a t  d i f f e r e n t  d/d 
Y 

v a l u e s  of l oad ing  i s  shown i n  F i g .  VII .7 ,  I t  would appear  

from t h e  program r e s u l t s  and t h e  t r i a l  runs  t h a t  t h e  

0  0  c o l l a p s e  l oad  d f o r  t h i s  case  would be 0 .95 d , where d 
Y Y 

is the  u n i a x i a l  y i e l d  s t r e s s ,  

I n f i n i t e  P l a t e  With Three(3)  C i r c u l a r  Holes 

A s  t h i s  is  a l s o  an ex t ens ion  of t h e  prev ious  two 

c a s e s ,  a l l  problem parameters  a r e  kep t  t h e  same as be fo re  

except  t h e  l o c a t i o n  of ho l e s .  One q u a r t e r  of t he  p l a t e  w a s  

modeled us ing  forty- one q u a d r a t i c  elements and one hundred 

and f i f t y - s i x  nodes. A s  i n  p rev ious  c a s e s  3.0 % convergence 

t o l e r a n c e  (11.7)  w a s  s e t  and it took  a t o t a l  CPU time of 



approximately 81 seconds t o  complete the a n a l y s i s .  

The spread of p l a s t i c  zones a t  d i f f e r e n t  l e v e l s  of 

loading  i s  shown i n  Fig.  VII.8. The col lapse  load of t h i s  

case i s  determined t o  be 0.85 GO where GO i s  the u n i a x i a l  
Y '  Y 

y i e l d  s t r e s s .  

The s t r e s s  concent ra t ion  f a c t o r  k f o r  a l l  the  

cases  i s  defined as:  

k% 
= Maximum value of bee  V I I  .4 

ci 

Maximum values  of t a n g e n t i a l  s t r e s s e s  and the  s t r e s s  conce- 

n t r a t i o n  f a c t o r s  f o r  these  th ree  cases  a re  t a b u l a t e d  i n  

Table V I I . 1  . The va lues  of d o e  l i s t e d  i n  Table V I I . l  a r e  

the  maximum values  chosen from the  program output a t  t h a t  

l e v e l  of loading.  

I n  the  e l a s t i c  range of loading f o r  the p l a t e  w i t h  

a  s i n g l e  c i r c u l a r  hole G e e  , and kG- can be evaluated 
w 0 from the  expressions ( V I I . 3 )  and ( ~ 1 1 . 4 )  . A t  b/ci value of 

Y 
0.25, when the  p l a s t i c i t y  has no t  s e t  i n ,  the  ca lcu la ted  

0 
and k  va lues  of 17.5225 K s i  and 2.336 compare very 

'0 

wel l  with the  program output of 18.5934 K s i  f o r  and 

2.47912 f o r  k f o r  a Gauss po in t  with r = 0.55253 and 
0 be 

8 = 80.53 .It should however be noted t h a t  the accuracy 

of the  f i n i t e  element s o l u t i o n  can f u r t h e r  be improved by 

p lac ing  more elements a t  the c r i t i c a l  l o c a t i o n s .  I n  a l l  the 

cases  as the appl ied tens ion  inc reases  the re  i s  more 

p l a s t i c i t y  and the  s t r e s s  concent ra t ion  f a c t o r  decreases .  

I t  would appear l o g i c a l  from elementary cons idera t ions  t o  



1 ~ ~ 1 3 1 .  

Y o t e c  3ne luarter of 
?late shorn. I 

Fig .  V I I . 7  Spread of 
P l a s t i c  Zones a t  D i f f e r e n t  Leve ls  of Loa- 

ding  f o r  an I n f i n i t e  P l a t e  wi th  Two C i r c u l a r  Xcles,  

1 r 4 O t e r  ;ne quarter of  
Piate shown. 

1 1 6" I 

Fig .  VII.8 Spread of P l a s t i c  
Zones a t  D i f f e r e n t  Leve ls  of Loading 

f o r  an I n f i n i t e  P l a t e  w i t h  Three C i r c u l a r  Holes. 



TABLE V I I . l  

MAXIMUM VALUES OF TANGENTIAL STRESSES AND STRESS 

CONCENTRATION FACTORS FOR A PERFORATED TENSION STRIP. 

(I 
I n f i n i t e  P l a t e  With A I n f i n i t e  P l a t e  With Two I n f i n i t e  P l a t e  With  Three  

- S i n g l e  C i r c u l a r  Hole (2) C i r c u l a r  Ho les  ( 3) C i r c u l a r  Ho les  

ci 
0  G e e  ( K s i )  

k ~ Q  
ciO,  ( K s i )  

Y 
kc; 

0 0 k% 



expec t  a drop i n  t he  c o l l a p s e  l oad  of t e n s i o n  s t r i p  propor-  

t i o n a l  t o  t h e  l o s s  of s t r i p  su r f ace  a r e a  as the  number of 

h o l e s  i n c r e a s e .  The c o l l a p s e  l oad  came down about 5% and 

15% r e s p e c t i v e l y  f o r  t he  t e n s i o n  s t r i p  w i t h  two and t h r e e  

h o l e s ,  while the  l o s s  of s t r i p  s u r f a c e  a r e a  due t o  i nc reas-  

ed number of ho l e s  was 8.3% and 16.67% r e s p e c t i v e l y .  While 

t h e  e l a s t i c  a n a l y s i s  p r e d i c t s  an increased  s t r e s s  concen- 

t r a t i o n  f a c t o r ,  and t h e r e f  ore  a conserva t ive  des ign ,  t he  

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

t h e  unders tanding  of s t r e s s  concen t r a t i on  f a c t o r s ,  s - t r e s s e s  

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

promote t he  b e t t e r  use of me ta l s  wi th  a p t l y  chosen f a c t o r s  

of s a f e t y  i n  machine des ign .  Fo r  a l l  t he  above c a s e s  of 

s t u d y ,  t h e  displacement  v a l u e s  a t  c e n t e r  l i n e  of s t r i p  

a long  the  l oad ing  d i r e c t i o n  a r e  p l o t t e d  i n  Big.  VII.9 f o r  

d i f f e r e n t  l e v e l s  of l oad ing .  Such a displacement  graph 

would g r e a t l y  f a c i l i t a t e  i n  a c c u r a t e l y  p r e d i c t i n g  the  

c o l l a p s e  l o a d ,  as w e l l  as h e l p  i n  con f in ing  the  des ign  a r e a  

t o  t h e  l e f t  of t h e  k ink .  



Fig .  VII. 9 Displacement Values a t  D i f f e r e n t  
Levels of Loading f o r  a Perfora ted  Tension S t r i p .  



CHAPTER V I I I  

CONCLUSION 

Nonl inear  F i n i t e  Element a n a l y s i s  i s  a powerful 

t o o l  f o r  s o l v i n g  eng inee r ing  problems i n  which p l a s t i c i t y  

p l a y s  a dominant p a r t .  Appendix C c o n t a i n s  a F i n i t e  Element 

Program f o r  l i n e a r  s t r a i n  hardening m a t e r i a l  and Appendix D 

i n c l u d e s  t he  mod i f i ca t ions  r e q u i r e d  f o r  a oomplete F i n i t e  

Element Program f o r  n o n l i n e a r  type of s t r a i n  hardening 

m a t e r i a l s .  These programs a r e  capable  of s o l v i n g  two dimen- 

s i o n a l  Plane S t r e s s  / Plane  S t r a i n  / Axisymmetric Problems 

wi th  a m a t e r i a l  only  n o n l i n e a r i t y  w i th  a measure of 

conf idence . 
F i n i t e  Element fo rmula t ion  procedures  and the  e s se-  

n t i a l  Mathematical Theory of P l a s t i c i t y  a r e  p resen ted  i n  

Chapte rs  I t h r u  V .  

The accuracy of t he  programs i s  e s t a b l i s h e d  i n  

Chapter  V I  f o r  meta l  p l a s t i c i t y ,  by comparing t h e  program 

outpu t  f o r  two t y p i c a l  E l a s t o - P l a s t i c  T e s t  Problems. The 

f i r s t  problem is  t h e  plane s t r e s s  problem of E l a s t o- P l a s t i c  

S t r e s s  and S t r a i n  Concent ra t ion  F a c t o r s  a t  a C i r c u l a r  Hole 

i n  a Uniformly S t r e s s e d  I n f i n i t e  P l a t e .  The second problem 

i s  the  c l a s s i c a l  p lane s t r a i n  problem of a Thick Walled 

Cy l inde r  Subjec ted  t o  I n t e r n a l  P r e s s u r e ,  when t h e  c y l i n d e r  

i s  e l a s t i c  o r  p a r t l y  p l a s t i c .  The program o u t p u t s  a r e  i n  

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



A small  s e l e c t i o n  of e l a s t o- p l a s t i c  problems of 

p r a c t i c a l  i n t e r e s t  have been solved i n  Chapter V I I .  The 

f i r s t  problem solved i s  a CT Frac ture  Tes t  Specimen. The 

second problem i s  an extension of the  plane s t r a i n  problem 

of F u l l y  P l a s t i c  Thick Walled Cylinder  Under I n t e r n a l  Pres-  

sure f o r  a l i n e a r  and nonl inear  type of s t r a i n  hardening 

mate r i a l .  The t h i r d  problem solved is  the  plane s t r e s s  pro- 

blem of a Perfora ted  Tension S t r i p ,  when the  pe r fo ra t ions  

a re  gradual ly  increased from one t o  two t o  t h r e e .  

The programs a re  comprehensive extending p l a s t i c i t y  

concepts t o  two types of metal p l a s t i c  y i e l d  c r i t e r i a ,  

namely Tresca and Von Mises a s  wel l  a s  p o t e n t i a l  su r faces  

which a re  used i n  rocks ,  concre tes  and s o i l s .  These programs 

have no t  been t e s t e d  on nonmetals. Various i t e r a t i v e  proce- 

dures  ranging f r o m  the  simple I n i t i a l  S t r e s s  Method t o  the  

Tangent ial  S t i f f n e s s  Method a s  wel l  a s  a combination of 

both methods have been incorporated i n  the same program. 

The nonl inear  program can be used with ease i f  u n i a x i a l  

t e s t  d a t a  a re  ava i l ab le  f o r  s t r e s s  / s t r a i n s  a t  d i s c r e t e  

number of t e s t  p o i n t s ,  

Although the  programs a re  e f f e c t i v e  the  u s e r  must 

understand the  problem well  enough t o  make a F i n i t e  Element 

Model and t o  choose the  load s t e p s  and convergence to le ran-  

ce f o r  an incremental  a n a l y s i s .  It would be wise t o  do an 

E l a s t i c  Analysis f i r s t  and then proceed t o  E l a s t o- P l a s t i c  

Analysis with a l a rge  enough convergence to lerance  of the 

order  of 5-6% . Even then severa l  analyses  may be requi red  



f o r  t h e  same problem t o  g e t  a s a t i s f a c t o r y  r e s u l t .  S ince  

n o n l i n e a r  a n a l y s i s  r e q u i r e s  more computer t ime ,  a balance 

i s  t o  be s t r u c k  between t h e  d e s i r e d  accuracy and t h e  compu- 

t i n g  c o s t s .  It  would be d e s i r a b l e  t o  s tar t  wi th  s m a l l  

number of load  increments and l e s s  number of i t e r a t i o n s  t o  

know t h e  o rde r  of t o t a l  CPU time r e q u i r e d .  I n  t h e  sample 

ana lyses  conducted i n  Chapte rs  V I  and V I I ,  g e n e r a l l y  t o t a l  

CPU time has  been r e s t r i c t e d  t o  a maximum of approximately 

s i x t y ( 6 0 )  seconds f o r  one complete n o n l i n e a r  a n a l y s i s .  A 

n o n l i n e a r  a n a l y s i s  may f a i l  t o  converge, i n  s p i t e  o f - a  good 

program, because of a bug i n  t h e  d a t a ,  numerical  e r r o r ,  

g r e a t e r  n o n l i n e a r i t y  t han  what t he  program can accomodate , 

o r  a p r e s c r i b e d  load  g r e a t e r  t han  t h e  s t r u c t u r e ' s  c o l l a p s e  

l oad .  



APPENDIX A 

I n s t r u c t i o n s  f o r  Preparing Input  Data 

f o r  Linear  S t r a i n  Hardening Program Master 



INSTRUCTIONS FOR PREPARING INPUT DATA 

FOR LINEAR STRAIN HARDENING PROGRAM MASTER 

I .  CARD SET 1 TITLE cA~D(18A4) - One ca rd .  

Columns Var i ab l e s  E n t r y  
1-72 -- T i t l e  of the  problem. 

11. CARD SET 2 CONTROL C A R D ( l l I 5 )  - One c a r d .  

21-25 NN ODE 

26-30 NMATS 

31-35 NGAUS 

36-40 NALGO 

41-45 N C R I T  

46-50 NINCS 

51-55 NSTRE 

1-5 NPOIN T o t a l  number of noda l  p o i n t s .  
6-10 NELEM T o t a l  number of e lements .  
11-15 NVFIX T o t a l  number of boundary p o i n t s  

where one o r  more degrees  of 
freedom a r e  r e s t r a i n e d .  

16-20 NTYPE Parameter  d e f i n i n g  the  problem: 
1-Plane s t r e s s ,  
2-Plane s t r a i n ,  
3-Axisymme t r y .  
Number of nodes p e r  element:  
4-Linear q u a d r i l a t e r a l  e lement ,  
8- Quadra t ic  s e r e n d i p i t y  e lement ,  
9- Quadra t ic  Lagrangian e lement .  
T o t a l  number of d i f f e r e n t  
m a t e r i a l s .  
Order of numerical  i n t e g r a t i o n :  
2-Two p o i n t  Gauss quadra ture  r u l e  
3-Three p o i n t  Gauss quadra ture  

r u l e .  
Nonl inear  s o l u t i o n  parameter :  
1 - I n i t i a l  s t i f f n e s s  method. 
2- Tangent ia l  s t i f f n e s s  method. 
3-Combined a lgo r i t hm,  wherein 

element s t i f f n e s s e s  a r e  r e c a l -  
c u l a t e d  f o r  t h e  first i t e r a t i o n  
of each load  increment on ly .  

4-C ombined a lgor i thm,  where i n  
element s t i f f n e s s e s  a r e  r e c a l -  
c u l a t e d  f o r  t h e  second i t e r a t i - -  
on of each load  increment only .  

Yield  c r i t e r i o n  parameter:  
1-Tresca.  
2-Von Mises.  
3-Mohr-C oulomb . 
4-Drucker P rage r .  
Number of increments  i n  which the  
t o t a l  l oad ing  i s  t o  be a p p l i e d .  
Number of independent s t r e s s  
components a t  a 
3-Plane s t r e s s  Plane s t r a i n ,  
4-Axisymme t r y .  

point: 



111. CARD SET 3 ELEMENT CARDS(1115) - One c a r d  f o r  e a c h  
e l e m e n t .  T o t a l  NELEM number of c a r d s .  

C olumns V a r i a b l e s  E n t r y  
1-5 NUMEL Element  number. 
6-10 MATNO(NUMEL) M a t e r i a l  p r o p e r t y  number. 
11-15 LNODS (NUMEL, 1) 1st n o d a l  c o n n e c t i o n  number. 
16-20 LNODS(NUMEL,~) 2nd n o d a l  c o n n e c t i o n  number. 

. 
51-55 LNODS(NUMEL,~) 9 t h  n o d a l  c o n n e c t i o n  number. 

No tes :  
1.Columns 31-55 remain  b l a n k  f o r  l i n e a r  4-noded 

e l e m e n t s .  
2.Columns 51-55 remain  b l a n k  f o r  8-noded e l e m e n t s .  
3.The n o d a l  c o n n e c t i o n  number must be l i s t e d  i n  a n  

a n t i c l o c k w i s e  sequence  s t a r t i n g  from any  c o r n e r  
node .  

I V .  CARD SET 4 NODE CARDS(I5,2F10.5) - One c a r d  f o r  e a c h  
node whose c o o r d i n a t e s  must  be i n p u t .  

Columns V a r i a b l e s  E n t r y  
1-5 IP 0  I N  Nodal p o i n t  number. 
6-15 C O O R D ( I P O I N , ~ )  x ( o r  r ) c o o r d i n a t e  o f  t h e  node .  
16-25 COORD (IPOIN, 2 )  y (  o r  z )  c o o r d i n a t e  of t h e  node .  

No tes :  
1.The t o t a l  number o f  c a r d s  i n  t h i s  s e t  may d i f f e r  

from NPOIN i n p u t  i n  c a r d  s e t  2 ,  s i n c e  f o r  q u a d r a t i c  
e l e m e n t s  whose s i d e s  a r e  l i n e a r ,  i n t e r m e d i a t e  
n o d a l  c o o r d i n a t e s  may be i n t e r p o l a t e d  from c o r n e r  
n o d e s  a u t o m a t i c a l l y .  

2  .For  L a g r a n g i a l  e l e m e n t s  t h e  c o o r d i n a t e s  of  t h e  9 t h  
( c e n t r a l )  node a r e  n e v e r  i n p u t .  

3.The c o o r d i n a t e s  of  t h e  h i g h e s t  numbered node must  
be  i n p u t  r e g a r d l e s s  of  w h e t h e r  it i s  a m i d s i d e  
node o r  n o t .  

V .  CARD SET 5 RESTRAINED NODE CARDS ( 1~ ,I&, 5 X ,  15, JX ,2F10.5)  - 
One c a r d  f o r  e a c h  r e s t r a i n e d  node .  T o t a l  of  NVFIX c a r d s .  
NVFIX i s  i n p u t  i n  c a r d  s e t  2 .  

Columns V a r i a b l e s  E n t r y  
2-5 NOFIX(IVFIX) R e s t r a i n e d  node number. 
11-15 IFPRE R e s t r a i n t  code : 

01-Nodal d i s p l a c e m e n t  r e s t r i -  
c t e d  t o  x ( o r  r) d i r e c t i o n  
o n l y .  

10-Nodal d i s p l a c e m e n t  r e s t i i -  
c t e d  t o  y ( o r  z )  d i r e c t i o n  
o n l y .  



Columns V a r i a k l e s  E n t r y  
11-Nodal d i s p l a c e m e n t  r e s t r a -  

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

21-30 PRESC ( IVFIX, 1 )  P r e s c r i b e d  v a l u e  of x (  o r  r) 
component of n o d a l  d i s p l a c e -  
ment .  

31-40 PRESC (IVFIX, 2 )  P r e s c r i b e d  v a l u e  of  y (  o r  z )  
component of n o d a l  d i s p l a c e -  
ment .  

V I .  CARD SET 6  MATERIAL CARDS 
CONTROL CARD(I5) - One c a r d .  

Columns V a r i a b l e s  E n t r y  
1-5 NUMAT M a t e r i a l  i d e n t i f i c a t i o n  

number. 

PROPERTIES CARDS ( 7FlO. 5 )  
m a t e r i a l .  

1-10 PROPS (NUMAT, 1 )  
11-20 PROPS (NUMAT, 2 )  
21-30 PROPS (NUMAT, 3) 

31-40 PROPS (NUMAT, 4 )  
41-50 PROPS (NUMAT, 5) 

51-60 PROPS (NUMAT, 6 )  
61-70 PROPS (NUMAT, 7 )  

- One c a r d  f o r  e a c h  d i f f e r e n t  

Young ' s modulus,  E  . 
P o i s s i o n ' s  r a t i o ,  V .  
M a t e r i a l  t h i c k n e s s ,  t . 
( l e a v e  b l a n k  f o r  p l a n e  s t r a i n  
and ax i symmet r i c  p rob lems ;  
n o t e  a l s o  t h a t  f o r  p l a n e  
s t r e s s  problem l o a d i n g  i s  
f o r  u n i t  t h i c k n e s s . )  

Mass d e n s i t y ,  p .  
U n i a x i a l  y i e l d  s t r e s s ,  GO 
( o r  c o h e s i o n  f a c t o r  f o r  Y 
Mohr-Coulomb o r  Drucker -  
P r a g e r  m a t e r i a l s )  

S t r a i n  h a r d e n i n g  p a r a m e t e r , H 1 .  
F r i c t i o n  a n g l e  i n  d e g r e e s  f o r  
Mohr-C oulomb and Druc k e r -  
P r a g e r  m a t e r i a l s  o n l y .  

Note:  T h i s  c a r d  s e t  t o  be r e p e a t e d  f o r  e a c h  d i f f e r e n t  
m a t e r i a l .  T o t a l  of  NMATS c a r d  s e t s .  NMATS i n p u t  
i n  c a r d  s e t  2 .  

V I I  .CARD SET 7 LOAD CASE TITLE cA~D(18A4)  - One c a r d .  

Columns V a r i a b l e s  E n t r y  
1-72 -- T i t l e  o f  t h e  l o a d  c a s e .  

V I I I . C A R D  SET 8  LOAD CONTROL CARD(315) - One c a r d .  

Columns V a r i a b l e s  - E n t r y  
1-5 IPLOD A p p l i e d  c o n c e n t r a t e d  l o a d  

c o n t r o l  p a r a m e t e r :  



Columns V a r i a b l e s  E n t r y  
0-No c o n c e n t r a t e d  l o a d s .  
1-C o n c e n t r a t e d  l o a d s  a p p l i e d .  

6-10 IGRAV G r a v i t y  l o a d i n g  c o n t r o l  
p a r a m e t e r  r 
0-No g r a v i t y  l o a d i n g .  
1- G r a v i t y  l o a d s  t o  be i n p u t .  

11-15 IEDGE D i s t r i b u t e d  edge  l o a d i n g  
c o n t r o l  p a r a m e t e r r  
0-No d i s t r i b u t e d  edge l o a d s .  
1 - D i s t r i b u t e d  edge l o a d s  

a r e  t o  be i n p u t .  

I X .  CARD SET 9 APPLIED LOAD CARDS(15,2F10.3) - One c a r d  
f o r  e a c h  l o a d e  n o d a l  p o i n t .  

C olumns V a r i a b l e s  E n t r y  
1-5 LODPT Node number. 
6-15 POINT ( 1 )  Load component i n  x ( o r  .r) 

d i r e c t i o n .  
16-25 POINT(2) Load component i n  y ( o r  z )  

d i r e c t i o n .  

No tes :  
1 .The 1as.t c a r d  s h o u l d  be t h a t  f o r  t h e  h i g h e s t  numbe- 

r e d  node w h e t h e r  it i s  l o a d e d  o r  n o t .  
2 .For  axisymmetry problems t h e  l o a d s  i n p u t  s h o u l d  be 

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

3.If IPLOD = O  i n  c a r d  s e t  8 omi t  t h i s  s e t .  

X .  CARD SET 10  GRAVITY LOADING CARD(2F10.3) - One c a r d .  

Columns V a r i a b l e s  E n t r y  
1-10 THETA Angle o f  g r a v i t y  a x i s  measured 

f rom t h e  p o s i t i v e  y- a x i s .  See 
F i g .  1.3. 

11-20 GRAVY G r a v i t y  c o n s t a n t ,  s p e c i f i e d  as 
a m u l t i p l e  of  t h e  g r a v i t a t i o n a l  
a c c e l e r a t i o n  g .  

Note:  If IGRAV = O  i n  c a r d  s e t  8 omi t  t h i s  s e t .  

X I .  CARD SET 11 DISTRIBUTED EDGE LOAD CARDS 
CONTROL CARD.(I5) - One c a r d .  

C olumns V a r i a b l e s  E n t r y  
1-5 NEDGE Number of  e l emen t  e d g e s  on which 

d i s t r i b u t e d  l o a d s  a r e  t o  be app- 
l i e d .  

ELEMENT FACE TOPOLOGY CARD (415)  



Columns V a r i a b l e s  E n t r y  
1-5 NEASS The e l emen t  number w i t h  which 

t h e  edge i s  a s s o c i a t e d .  
6-10 NOPRS ( 1 )  L i s t  of n o d a l  p o i n t s  i n  a n  
11-15 NOPRS(2) a n t i c l o c k w i s e  sequence  o f  t h e  
16-20 NOPRS ( 3 )  n o d e s  of t h e  e l e m e n t  on which 

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

Note:  F o r  l i n e a r  4-noded e l e m e n t  t h e  columns 
r emain  b l a n k .  

DISTRIBUTED LOAD CARDS ( 6F10.3) 

C olumns V a r i a b l e s  E n t r y  
1-10 PRESS(1 , l )  Value o f  normal  component o f  

d i s t r i b u t e d  l o a d  a t  node 
N O P R S ( I ) .  

11-20 PRESS(1,2) Value  o f  t a n g e n t i a l  component of  
d i s t r i b u t e d  l o a d  a t  n o d e -  
NOPRS ( I )  . 

21-30 PRESS ( 2 , l )  Value o f  normal  component o f  
d i s t r i b u t e d  l o a d  a t  node 
N O P R S ( ~ ) .  

31-40 PRESS(2,2) Value of t a n g e n t i a l  conponent  o f  
d i s t r i b u t e d  l o a d  a t  node 
NOPRS(2). 

41-50 PRESS(3 , l )  Value of normal  component of  
d i s t r i b u t e d  l o a d  a t  node 
N O P R S ~ ( ~ ) .  

51-60 PRESS ( 3 , 2 )  Value of t a n g e n t i a l  component of 
d i s t r i b u t e d  l o a d  a t  node 
NOpRS(3) . 

Notes :  
1 .For  4-noded e l e m e n t s  columns 41-60 remain  b l a n k .  
2 .Element  f a c e  t o p o l o g y  c a r d  and d i s t r i b u t e d  l o a d  

c a r d s  must be r e p e a t e d  f o r  e v e r y  e l e m e n t  edge on 
which a d i s t r i b u t e d  l o a d  a c t s .  The e l e m e n t  e d g e s  
c a n  be c o n s i d e r e d  i n  a n y  o r d e r .  

3.If IEDGE = O  i n  c a r d  s e t  8 omi t  t h i s  c a r d  s e t .  

XI1 .CARD SET 1 2  LOAD INCREMENT CONTROL CARDS (2F10 5 ,315)  - 
One c a r d  f o r  e a c h  l o a d  i n c r e m e n t .  T o t a l  of NINCS c a r d s .  
NINCS i n p u t  i n  c a r d  s e t  2 .  

Columns V a r i a b l e s  Entry 
1-10 FACT0 A p p l i e d  l o a d  f a c t o r  f o r  t h i s  

i n c r e m e n t  s p e c i f i e d  as a f a c t o r  
of  t h e  l o a d i n g  i n p u t  i n  c a r d  s e t s  
8 t o  11. 

11-20 TOLER Convergence t o l e r a n c e  f a c t o r .  
21-25 MITER Maximum number of i t e r a t i o n s  

a l lowed  f o r  t h e  l o a d  i n c r e m e n t .  



Columns Var i ab l e s  E n t r y  
26-30 NOUTP (1) Output c o n t r o l  parameter a f t e r  

1st i t e r a t i o n ;  
0-No ou tpu t .  
1-Output d i sp lacements ,  
2-Output d isplacements  and 

r e a c t i o n s .  
3-Output d i sp l acemen t s , r eac t ions  

and s t r e s s e s .  
31-35 NOUTP ( 2 )  Output c o n t r o l  parameter f o r  

converged r e s u l t s :  
0-No ou tpu t .  
1-Output d isplacements .  
2-Output d isplacements  and 

r e a c t i o n s .  
3-Output d i sp l acemen t s , r eac t ions  

and s t r e s s e s .  

Note: The app l i ed  load ing  f a c t o r s  a r e  cumulat ive .  If 
FACT0 is  s p e c i f i e d  as 0 .2 ,0 .3 ,0 .4  f o r  t he  - f i r s t  
t h r e e  load  increments ,  t hen  the  t o t a l  load  dur ing  
the  t h i r d  increment i s  0 .9  t imes the  load  i n p u t  
i n  ca rd  s e t s  8 t o  11. 



APPENDIX B 

I n s t r u c t i o n s  f o r  Preparing Input  Data f o r  

Nonlinear S t r a i n  Hardening Program Mster2 



INSTRUCTIONS FOR PREPARING INPUT DATA FOR 

NONLINEAR STRAIN HARDENING PROGRAM MSTER2 

I .  CARD SETS 1 THRU 5 - Same as t h e  c a r d  s e t s  1 t h r u  5 
p r e s e n t e d  i n  Appendix A .  

11. CARD SET 6 MATERIAL CARDS 
CONTROL C A R D ( I ~ )  - One c a r d .  

Columns V a r i a b l e s  E n t r y  
1-5 NUMAT M a t e r i a l  i d e n t i f i c a t i o n  

number. 

PROPERTIES cA~DS(6F10 .5 )  - One c a r d  f o r  e a c h  d i f f e r e n t  
m a t e r i a l .  

1-10 PROPS(NUMAT,~) Young's modulus,  E.  
11-20 PROPS (NUMAT, 2 )  P o i s s i o n ' s  r a t i o ,  v .  . 

21-30 PROPS (NUMAT,  3) M a t e r i a l  t h i c k n e s s ,  t . 
( l e a v e  b l a n k  f o r  p l a n e  s t r a i n  
and axisymmetr ic  p rob lems ;  
n o t e  a l s o  t h a t  f o r  p l a n e  
s t r e s s  problem l o a d i n g  i s  f o r  
u n i t  t h i c k n e s s  . )  

31-40 PROPS (NUMAT, 4 )  Mass d e n s i t y ,  p .  
41-50 PROPS (NUMAT, 5) U n i a x i a l  y i e l d  s t r e s s ,  GO 

( o r  c o h e s i o n  f a c t o r  f o r  Y 
Mohr-Coulomb o r  Drucker-  
P r a g e r  m a t e r i a l s )  . 

51-60 PROPS (NUMAT, 6 )  F r i c t i o n  a n g l e  i n  d e g r e e s  f o r  
Mohr-Coulomb and Drucker-  
P r a g e r  m a t e r i a l s  o n l y .  

Note:  T h i s  c a r d  s e t  t o  be r e p e a t e d  f o r  e a c h  d i f f e r e n t  
m a t e r i a l .  T o t a l  o f  NMATS c a r d  s e t s .  NMATS i n p u t  
i n  c a r d  s e t  2 .  

I11 .CARD SET 7 UNIAXIAL TEST DATA 
CONTROL CARD ( S X ,  15) -One c a r d .  

V a r i a b l e s  
NUMAT 

E n t r y  
M a t e r i a l  i d e n t i f i c a t i o n  
number. 

NUMBER OF TEST DATA P O I N T S ( ~ X , I S ) - O n e  c a r d .  

6-10 NUMB Number of u n i a x i a l  t e s t  
d a t a  p o i n t s .  

UNIAXIAL TEST STRESS AND TOTAL STRAIN VALUES 
(F10.4,6X,E14.8) -One c a r d  f o r  e a c h  t e s t  p o i n t .  



Columns V a r i a b l e s  E n t r y  
1-10 USTRES(NUMAT,INUMB) Uniaxial t e s t  s t r e s s .  
17-30 USTRN(NUMAT,INUMB) U n i a x i a l  t e s t  t o t a l  

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

No tes :  
1 .USTRES (NUMAT, INUMB)  must be i n p u t  i n  i n c r e a s i n g  

o r d e r .  
2 .USTRES (NUMAT, INUMB) and uSTRN (NUMAT,  INUMB)  must 

form t h e  p a i r s  o f  t e s t  s t r e s s  and t o t a l  s t r a i n .  
3 . T o t a l  NUMB c a r d s  i n p u t .  

I V .  CARD SET 8 THRU 13 - Same as t h e  c a r d  s e t s  7 t h r u  12  
p r e s e n t e d  i n  Appendix A .  



APPENDIX C 

F i n i t e  Element Program For 

Linear  S t r a i n  Hardening Mate r i a l s  



F I N I T E  ELEMEXT PROGRAM FOR 

L I N E A R  S T R A I N  HARDENING MATERIALS 

HAS1f.R PI-AST 
1 b 1 + 1 4 * b . b l a # . b + b * * & & o b b a * b b * * 4 4 t * + 4 b * b 4 * * 4 b * b 4 * * b ~ b b * b b t * * 4 ~ * 4 * R *  

PHIIGHAN F l lH  THE ELASTO- PLASTIC ANALYSIS OF PLANE STRESS* 
PLANK b l Q A l N  AND AXISYMMETRXC SOL IOS  

I M P L I C I T  REAL*8 (  
D I M C N S f n N  AS0 S t  . t . m H s ( I t )  . I F F I  X (  

4 NAC VA ( 
4 NUUTPt 
* POSGP( 
4 STFOR( 

STRSGt 
4 TnFOn( 

PRESET VARIABLES ASSOCIATED Y I T H  DYNAMIC D IMENSIONING 

CALL D I M f N ( t l R U F A ~ M E L E H r M  UAB*MFR N M M A T S ~ M P O I N t M S T I F v M T O T G ~ M T O T V ~  
~ V F I X , N D ~ F N . N ~ R O P , N S ~ ~ E ~  

CALL THL SUPROUTINE YHICH READS HOST OF THE PROHLEH DATA 

CALL THY SURROUTINF YHICH COHPU E S  THE CrJNSX TENT L A VECTORS 
FOR FACH ELEMENT A ~ T E R  READXNB 1°C RELEVANT ?NPUT DlT! 

CALL LiJADPS(COflRD,LNOOS*MATNO~HELEH~MflATS*HPO1NeNELEH~ 
4 NEVAHINGAUSINN D E ~ N P O l N * N S T H E ~ N T Y P F : s P O S G P ~  

P R ~ ~ ) S , H L ~ A ~ , ~ E P ~ ~ ~ , N D , J F N ~  

1 N I T  T A L f  7E CERTAIN ARRAYS 

CALL ~ERO(ELOADIHELEM~HE A *MPO N*HTOTG~HTOTVINDOFN~NELEM~ 
t 4 N F V A R * N ~ A U S * N S ! R ! ~ ~ ~ # G * E P S T N  *f FFST, 

NTOTV*NVFIX*STR G*  D SP,TFACTt 
+ ~ L o A o , ~ R E A c * n v F f x ,  

LOOP OVE'H EACH INCREMENT 

DO 1 0 0  I I N C S  = l rN I .NCS 

R f A n  D A T A  FOR CURRENT INCREMENT 

CALL I N C R ~ M ~ € L ~ ~ A D ~ F I X E D I ~ I N C S ~ M E L E M ~ M [ : V A U ~ M ~ T E R M O  VI . , ~v~ I x , *oqFN*NELEm,HE  A ~ . N ~ U T P * N ~ F I ~  . N T O I ~ ,  
* N V F ~ X ~ P H L S C ~ R L U A D * T F ! C T * ~ L ~ ~ A D *  TtILER) 

LOGP f l V f R  EACH I T E R A T I O N  



! DO ' 0  1 ITTR = 1qHITER MAS00560 
C MAS00570 

MAS00580 C***  CALL RI IUl INE UHICH SELECTS SOLUTION ALGJRITHH VARIABLE KRESL 
C MAS00590 

CALL ALGORtF I X E D ~ I I N C S ~ I I T E R ~ K R E S L ~ M T O T V ~ N A L G O ~  MAS00600 
NTOTV) MAS00610 

C HAS00620 
MAS00630 C** *  CHCCK UHtTHFR A NEY EYALUATXON OF THE STIFFNESS MATRIX I S  REQUITE0 MAS00640 

C MAS00650 XF ( K R ~ X L . C Q * ~ )  CALL S T I F F P ~ C O O R D ~ E P S T N I X I N C S I L N O O S ~ U A T N O ~  WAS006 

L 
HE ABIHHAT 9 POX ,HTOTV.NELEHINEVAB~NGAUS,NNOOC. H A S O O ~ $ ~  NS!RE.NS~ R~.P~SGB,PROPS.U~I GPINELL:H.HTOTG. 
STRSGeNTYPE ,NCRIT) MAS00680 

C 
C**b SDLVL FOUAT IONS 
C 

MAS00?90 
HHAAsSSl79X 
MAS00 720 CALL FHflNT (ASDIS~ELOADIEQRHS~EQUAT ~ t T S T I F ~ F I X E D t  F F  N S.11 TFR, HAS 0730 

GLOAO.GST FSLOCCLI NODS,KRESL.MRUFA.HE EH.REVER,MFR~N. ~ ~ ~ 8 0 7 4 0  
H:T IF .HTO~V.HVF~~~~A~ A . N A M E ~ . N ~ ~ S T ~ N D ~ F ~ . N E L E ~ . N E V A ~ ~ .  M*soo7so , NNDDF~NOFIX.NPIVO~NPO!N~NTOTV~ 101SP.TLOAOrTREAC. 

C 
VECRV) n"i"s%i 

C * * b  CALCULAl i' RCSI DUAL FORCES MASO07RO 
C HAS00790 

CALL ~ f S I O U ~ A S D I S ~ C O O R O ~ E F F S ~ ~ E L O A D ~ F A C T O ~ I I T E R L  ODs, HAS00800 
* LPROPIHATMDIHE E H . H H A T S ~ H P ~ ~ I N ~ Y T  OTO,H!OT rND FNI MAS00810 

MAS00820 
, L NS N E \ ~ H ~ N E ~ A ~ B . $ ~ S , N N ~ D ~ . N S T R I ~ ~ T  E,NC I cS R 6,UE G ~ , T D ~ S P I € P S T N ~  YPE POSS~.PR!PS. - HAS HAS00830 0840 C 

c.** CHECK FOH CONVERGENCE ~ A s 8 0 8 5 0  
C CALL C ~ N V ~ R ( E L O A O I I I T E R ~ L N O O S ~ H E L E N ~ ~ E V A ~ ~ ~ ~ O T V I N C H E U ~ N D O F N ~  %!88$8 

MAS00880 
C 

NELEM,NEVAB +NNODEINTOTVWPYALUI STFOIte TLOAD. T I IFUR~TJ~L~R)MASOOR~O 

C***a OUTPUT RESULTS I F  REQUIRED 
C 

I F  ( I f T E R * € Q * l r A N D o N  U T P < l  r T O O )  : C A L L  OUTPUT(  IITER,HPOTG~HJDIY t ~ ~ ~ ~ x . N ~ L ~ M . N G ~ u s t  ~ 1 x . N  NPOIN~NYFIX,STRS~. T D I ~ P . T R E A C . E P ~ T N , ~ P ~ P E . N ~ ~ E T ~ :  
a , EFFST) 

C 
C**r  I F  FIILUT ll1N HAS CONVERGED STOP ITERATING AN0 OUTPUT RESULTS 
C MAS00980 

I F  (NCHFK.EO-0) GO TO 7 5  MAS00990 
50 CON TI NU^ MAS 000 

c C*+r MAS!! 010 

C 
I F  (NALBfleCQ-2) GO TO 7 5  
STOP MAS01050 

I4AS0 1060 75 CALL ClUTPUl( I I T E R ~ H T O  G ~ U T O T V ~ H V F I X I N E & E M I ~ J G A  SIN FIXtNOUTP. 

d EFFST; NPOIN N V F ~ X ~ S T R S O ~ ~ O I ~ P ~ ~ R ~ A C . ~ P ~ Y N . N P ~ P E ~ N C ~ E ~ .  MHnAsS818e'8 
100 CONT I W I '  MAS01090 

HAS01 100 
STnP 
END ~ ~ ~ 0 1 1 1 0  

MAS01120 



I 
SUBROUT fNE DIHEN H  UFAcH LEH MEVA HFRJN HMATSrnPOINrMSTIFrHTOTGr 

4 H ~ D ! v , M V F F X ~ N ~ O F N ~ ! C R ~ P ~ N ~ T R F : )  
C t C ~ I ~ C 4 ~ b 4 ~ ~ b C * L h t Z C ~ C C 4 4 C 4 k ~ ~ C 1 , 4 C ~ C 4 * C * 4 b & 4 ~ 4 ~ ~ b * * ~ i C * b * b 4 ~ * * * * * 4 * 4 b  

E 
Cb** * THIS  SURROUTINE PRESETS VARIABLES ASSOCI 
C  O I M ~ N S I O N I N G  

, b L C + C l r  q * L * m  * C * * C * C * * 4 * 4 4 b * b 4  

I M P L I C I  T RCAL*O(A-HrO-2) I 

MUUFA 2 1 0  
M f L t M  = 5 0  
HFAON i;O 
MHAfS -.) 
HPII IN =1AO 
MSTtF =(HFRON*HFRON-MFRON)12. 
H T n l G  zkJELtH*9 
NOnFN - L  

HTOTV =MPllIN*NDOFN 
HVFlX = 3 0  
NPI7IlP :7 
HEVAIi =NI)OFN* 9  
RETIJRN 
EN0 

~ 1 4 b * ~ b 6 b t C ~ h * ~ ~ A b C b ~ 6 4 b * b C b b 4 4 C C C 4 b ~ C * * b 4 b b b * * & 4 b * * 4 i * ~ b 4 h 6 4 4 4 4 4 ~ b ~ b * ~  

I H P L I C I  1 RLAL*B(A-H - 2 )  
DIHPNStON C I O R D C H P O ~ &  2 )  I F F  X(HfOTV)rLNODS<MfLEH19)r 

A . 8il!!!:fl6kf~! : P ~ : D B ~ ~ ~ L F ~ : ~ * C ( ~ V F  x .NDOFN). 

RFYINO 1 P ~ o ~ s c ~ n ~ r s r n P l o ~ ) ~ t t + ~ ~ t S ~ )  t J E i G ~ t 4 j  
REYTNO Z 
REYfND 3 
REUtNO 4 
REMIND 8 
RFAD ( 5 r 9 2 0 )  T  TLE 
URI  TE ( f  r 9 2 0  ) 41 TLE 

9 2 0  FOHYAT ( l B A 4 )  
L 
C***  READ THt F IRST DATA CAR0 AND ECHO I T  IMMEDIATELY 

R E A D ( 5 r 9 0 0 )  NPOINrNEL H r N  F I X r N T  PErNNClOEtNMATStNGAUSr 

FORMAT( 1 1 1 5 )  
NALGO~NCRFT r N Y ~ c s r ~ s r A E  

NCVAfl = NDLIFN*NNODE 
NSTRl = NSTRE+l 
I F  (NTYPE.Fn.3) NSTR1 = NSTRE 
NTOlV = NPOIN*NDOFN 
NGAU? = NGAUS'NGAUS 
NTOTG = NELEM*NGAU2 
Y R I T E ( 6 r 9 0 1 )  NPOINrNE E V r N  F l X r M T  PErNNoDErNMATSrN6AUSrNEVABr 

NAL O ~ N C ~  T IINCS,NS!RE 
'FURMAT ( I I~ NPJN =.I! Ix,nn n 5 y  = . n t + x t a H  N v F r x  =,14,4x. 
* 8 H  NTYPC = r I 4 r 4 X r B H  N N O ~ E  = r 1 4 c  
*8H NHATS = r f 4 * 4 X r 8 H  NGAUS = r 1 4 r  
* 4 X r l l H  Nt VAO = @ 1 4 r 4 X r B H  NALGO = r I 4 / /  
* R H  N C R I l  - 14  4XrBH N I  CS = r 1 4 r 4 X  AH NSTRC r e f 4 8  

CALL C I ~ F . C K ~ ~ N I S O F N ~ N C L E ! ~ N G A U S ~ N M A + S ~ N N O D L ~ N P O T N ,  
NSTRErNTYPErNVFIXrNCRITrNALGOtNINCS)  



C*** ZERO ALL THF NODAL COOROINATESIPRIOR TO READING SOME OF THEM. 
C  

0 0  4 f P t l t N  = 1rNPOIN 
f NNF1i88i 

DO 4  I D I H F  = 192  
4  COOPD(IPUI~I t ID1ME) = 0.0 

i""":! 
C  NPOO6OO 
C***  REAO SnHF NIj3AL COOROINATESrFINISHING U I T H  t H C  LAST NODE OF ALL. 
c U R I f F ( 6 * 9 0 4 )  I iiFKlf28" 

904 F O R H ~ T ( / / S H  NDDT~IOX IHX l o x  IHY) 
INP00640 

6 READ(5r905)  I P O I N ~ ~ C ~ O R D ~ ~ P O ~ N ~ ~ ~ I H E ~  ~ I D I M E = ~ * ~ )  - 9 0 5  FORMAT( 15tbF10.5) 
I F  (IPOIt4*NE .NPOIN) GO TO 6  

C  
C*** INTERPDLATE COORDINATES OF HID- SIDE NODES 
C  

INPOO7OO 

CALL N:'DFXY(COORD NODSrMELEM9MPO:NrNELEHtNNL)DE) 
INP00710 

oo lo i ~ n r , ~  =I N P ~ Z N  
10  U R I T F t h  t Y O h )  f b f l f ~  ~COORDCIPO~NIIDIHE) t I D I M E = l r 2 )  

9 0 6  F O R M A T ( ~ X ~ I ~ , ~ F I O . ~ )  
C  
C*** REAO THC FIXFD VALUES 
C  

U R I T E C f i ~ 9 0 7 )  
907 FORMAT(//SH NODEr6X94HCODEe6X~12HFIXEO VALUES) 

0 0  H IVF  I X = 1rNVFf  X 
R E A I I ( ~ , ~ O R )  NIIFIX~IVFII),IFPR ~~PRFSC~I~FIXI IDOFN)  I OFN=I N D ~ N )  
URITFCbtSOII) N U F I X f I Y F  X ) r  F P E E ~ ( P I E ~ ~ ( I ~ F ~ ~ . ~ ~ ~ F N ~ . P D ~ F ~ = I ~ ~ ~ F N )  
NLOCA = (NOFIX( I V F I ~ ) - ~  ) * N ~ O F N  
IFDOF = l o * *  (NOOFN-1) 
DO ? IOflFN = 1 NDOFN 
NGAaH - N L ~ J C A + ~ D O F N  
IF(1FPRt .LT.IFDIlF) GO TO 8 
I F F  l X ( l 4 G h s t I ~ = l  I NPOORRO 
1FPRF-J f PR[ -1FOOF 

NP00890 
8  IFDOF = IF09F010 I NP00900 

908  F O R M A T ( l X ~ 1 4 t 5 X 1 1 5 r 5 X ~ 5 F 1 0 . 6 )  INPOO9lO 
C  I NP00920 
C*** READ THE AVAILARLE SELECTION OF ELEMENT PROPERTIES 
C  

1 6  u R I T r ( G 4 0 1 - n )  NP00950 
9 1 0  bI)PMAT( I /  711 NUMHER bX* lBHfLCHENt PRCJPEH I I C S )  

DO 18 IMA1; = I ~ N M A ~ S  
t i F 8 8 3 1  

RFAP(lir'9OO ) NUMAT t NP00980 
READtSr 930  ) (PRflPS(NUHA1 r l P R O P ) ~ I P R D P = l t N P R n P )  

930 FORMAT( TF lO*S)  
1 8  URI  f E ( 6  991 1) NUMAT (PROPStNUHATr IPROP) 9 1  PRtIP=l *NPROP) 

9 1 1  F U R M A T ( ~ X V T ~ ~ ~ X ~ ~ E ! ~ O ~ )  
C  
C*** SET UP GAUSSIAN INTEGRATION CONSTANTS 
C  INPOI050  

CALL GAUSSQ(NGAUS9POS PsUEIGP) INPO 060 

*CALL CHF C ~ ~ ( C O O R D . I F F ? ~  ~ L N D D S ~ M A T N ~ ~ M E ~ E M ~ H F R M P  N9MlDT Y r 
INP 010  

t 
MVFIX~NOFROINOOFNINELE ,NH r ~ t ~ N f l O t .  .N~FIX,NP~IN~ 

1 ~ ~ 8 t 0 8 0 '  
NVFIX)  

INPO1090 
INPOl lOO 

RETURN 
E NO 



/ '  I SUliROUTIN' CHFCK1 (N'Y F N * N f L r H ~ N G A  SINMAT rtJNODc 1 N P  I 1 N  
N~YRE.NT~PE.NYFYX,NCR~J .NALG ~ ~ N I ~ C Q !  CHE00020 CHEOOOlO 

1 C ~ b ~ b n * * * ~ * * ~ ~ * * * * t b ~ ~ * a ~ n * b * ~ * b - * * * * ~ ~ ~ t . .  CHCOOOJO 
c 
C * * *  T H I S  SUHROUTINE CHECKS THE M A I N  CONTROL DATA CHE00040 
C CHE00050  

CHE00060  , C b b b ~ * * * * * * ~ * ~ ~ * * * * w b * * * * * * * b * * ~ b * ~ b ~ b b b b b b b b b b b b b 4 b b  CHEOOOfO 
I I W P L I C  f ACAL*C(A-H,O-1) 
I OIMFNS~~N t iLHOr(  2 4 )  CHEOOORO 
i DO 1 0  I F R D H  = 1 # 1 2  I CHE00090  
1 1 0  NEROR(IERUH)=O 
~c E~$X8!PX 
i C * * *  CREATE THC DIAGNl7STIC MESSAGES CHEOOl20 
1 C CHE00130  

I F  < IPOIN .L t  .UJ NCRURt1)  = 1 Ct tE00140  
I F  (NCLFH* Ni4ODF-*LT.NPOIN) NEROR(2) = 1 CHEOOl50 
I F  ( N V F I X * I . T . ~ . ~ ~ R I N V F I X ~ G ~ ~ N P O I N )  NERORCJ) = 1 CHEOOl6O 
I F  ( N I N C S - L T - 1 )  NERfJR(4) - 1 CHEOOl tO 
I F  ( N T Y P E . L T ~ l ~ O R w N T Y P E . G f . 3 )  N E R O R t S ) = l  
IF ( N N ~ D C . L ~ . ~ - ~ R . N N ~ D E . . G T . ~ )  N E R O R ( ~ )  = 1 f 2 8 8  1'2 
I F  (Nnl3FNol.l o2orIR.IJOLlFY.GT.5) NTROR(7) = 1 CHC00200 

1 I F  I F  ( N C R I T . L T . l . D R - N < R I T . G T - 4 )  ( N H A T S - L T . I . ~ ~ H ~ N H A T S - G T I N E L E M )  N E R O R ~ S )  N IROR(8 )  = 1 = 1 CHE00220 
C l iE00210  

I F  (NGAUS-Lf  02.11R-NbAUS-GT-3) NCR R C l O )  =1 CHE00230 
I IF (NALI;O.LT.I.IIR-NA G L G f . ? )  N E R ~ R (  1) = 1 CHE00240 

I F  ~ N S T ~ ~ E O L T . S . C ) R - N S \ R E . G T . S )  N E R D R ~ ~ ~ I  = 1 CHE00250  
C CHE00260  
C c * *  E ITHER RLTUHNIOR ELSE P R I N T  THE ERRORS DIAGN,IS~D CHE00270  
C CHF 0 2 8 0  

I KEROR = 0 - C H ~ 8 0 2 9 0  
I 00 2 0  I r R f l R  = 1 9 1 3  CHEOO3OO 

I F  (NERUR(ILROR).EO-0) GO T O  2 0  CHEOO3lO I KEROR = 1 
YRITF ( 1 ~ ~ 9 0 0 )  r t - R O R  cClE8!$58 

9 0 0  F O R H A T ( / / ' ~ I I I  DIAGMIJSIS nv  CHECK^^ E R R ~ J R  .I.$) CHEOOJ?O / 2 0  CL,NfI t iUt  CHEOOJSO 
IF(KERUR.CB.fl) RETURN CHE00360 CHEOOJ10 

OTHERMISF FCHO ALL TI& REMAINING D A T A  UITHOUT FUI?THCR C O M ~ E N T  CHEOOSBO 
CHE00 3 9 0  

CALL f.CHI1 CHE00400  
I 
I L I. I) C!+E00420 CIdE00410 

SURROUTINE S&USSQ~NGAUSIPOSG~,WEIGP) 
, * b L * b C 4 b h * 4 e ~ & b 4 * * * b * b b * C b b b b b b b b * b b L b b b b b b b 4 b b b b b b b b b b b t b * b b b b * b h  

T H I S  SUSROUTINE SETS UP THE GAUSS-LEGENORE I N T E G R A T I J N  CONST4NTS 



SUliRfllJT I N E  NODEXY (C~)ORDILNUDS*MELEN*MP~I I N ~ t J ~ L E M p N N t I O E )  
I C * * 4 b * t 1 * - e t u t * * * * I * ~ * t C e + * t t + C t b * * * t + t * t  b t t b b b C * l t * t C + I b b * C * ~ * C b 4 * * 1  

Ch*. T t l t S  SUI?Ri!UTINE INTERPi lLATES THF H I 9  SI I IF:  N 'DES OF S T R A I  HT 
C 
C 

S I D L S  OF ELEMENTS AND THE C E N T R ~ L  NODE 3F 9 . ~ 0 0 ~ 0  E L E M E N F ~  
- 
C c c r r r * a r r b e ~ b * r r e * * b b ~ * c * ~ c ~ ~ c t * ~ ~ & ~ ~ ~ t ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ * ~ b ~ ~ ~ + ~ ~ + ~ t ~ ~ ~ b ~ ~ ~ ~  

I M P L I C f  T Rt 'AL*O(A-HrO-2)  . OIMf fJ '> I  (IN COORO(MPLlIN*2 ) r L N O O $ ( M E L F . H ~ 9 ~  
I F  (NtJI~l l t -  a l . 0 - 4 )  RETURN 

C 
L 
c a r *  L ~ U P  U V L H  EACH CLEMENT I 

C 
00 3 0  I!:LLM = l r N E L E H  

C 
C * * *  LOOP OV9H EACH ELEMENT EDGE 
C - 

N1J.71) 1 - 9 
I F  (NNIIDE o€Q18) NNDD = 7 
DO ? O  ttlOl)l. = 1 * ~ ~ 0 D i r 2  
1 1 '  ( t N r I r l r  . ~ o . s )  cn TU so 

C 

ti*** CONPUTC THE NODE NUHRER IJF THE FIRST NJDK 
C 

NOI)P,T :WtIDS('IFLEM*lNODE) 
It,ACtl = f h L D E t 2  
I F  ( IGA3H.GT-8) IGASH = 1 

t 
C * * *  Cl lHPUfF THC NOnL NUMIiER OF THE L A S T  NODF 
C 

NUOFN = LN~DSCIELLMI IGASH)  
MlDf'T r- I N ( r D € * I  

C 
C* * *  COMPUTE THr  NODE NUMBER OF THE I N f E R H E D I A T F  NODE 
C 

NIIDHD : LN(I f )S( f  FLEM+HIOl 'T )  

C 
fO f  AL =bAHS(COURD(NdDMDr l l  ~ * O A B S ( C O I ~ R O ( N L ~ D M I ~ ~ ~ )  ) 

C* * *  I F  THC CrJORDINATES OF H L  IN fERMEDIATE  NqDE A a C  HOTH ZERO 
c INTCRP~LATF BY A STRAI~HT L I N E  c 

IF ( f l l f A L ~ G f  -0.0) Gi) TO 2 0  
KIIIJNT = 1 

1 0  C U O ~ ~ O ( N ~ l L l M O ~ K U U N T )  = (COUAD(NODSTIKJUNT J+COI~HI>(N~JDFN*KOUNT) j I 2 . 0  
KUUtJT = KNUNT+1 
I F  (K"lUNT*FO-Z) GO TO 1 0  

2 0  CUNTINUt  
GO TO 3 0  

5 0  LlJiJDF=I.Elr)DS( I E L F H e I  NnDE) 
TUTAL = D A O S ( C O U R D ( L N 0 0 E t l ) ~ + O A B S ( C I 1 ; l R D ( L N ~ D E ~ 2 ) )  
I F  (TOTAL.GT*OIO) GO TO 3 0  
LEI ' IDI=LkI lDS( I F L E N r l )  
L N t l n 3  = LNLlDSC CLfM,S) 
LN( ID5 = L N O D S ( i F L E H * S )  
LNf lD? LNUDS( fELEM*7 )  

1 ~ ~ 1 0 0 0 5 6 0  4 0  C O ~ ~ I ~ I ~ ( L N O O F  I KiJUNT 1 = (CODRO(LN001 rKOUNT )*C;l~ll~il(LNi]D3~KDUNT) 
* *C l l i IPD(  1 NllI35 KIIUNT) *CDClRD(LNOD I (KOUNT) )/4.0 

rd 1no0570 
KnUNT = K L I U N ~ * ~  N11D00580 

EIilDOO 590 I F  (KUUI;T.tQ.?) 60 TO 4 0  N 3 0 0 0 6 0 0  
30  CONTINUC N0D00610  

RCTUHN N1'1000620 
CNI) N! ID00530 

-- N7D00640  



SUCPOU1 I t l i :  CHFCK2(C113RD, IFF O(tLNO0S ,HITNUeHt-LEH eMFRONeHP0 NcMTtITV~CI.1E00010 
I * 

n v F  ~ , N D F R O ~ M D ~ F N , N E L E M , N M A T ~ , N N ~ ~ E , N ~ F ~ ~ . N P ~ ~ N  , N v F I f i )  *E!EEoOt8$l 
I C * + b b * ~ * ~ ~ ~ ~ * ~ . ~ . 1 * * t * * * ~ * ~ * * ~ * * * * * * t * b t 4 ~ t ~ ~ ~ ~ ~ ~ ~ * ~ t ~ * t * ~ * ~ ~ * * ~ ~ ~ * * ~ t *  C~~EOOOQO 

/ E.44.  T H I i  SUHRUI,~INI CHECKS THE REMAINDER JF THE INPUT D A T A  CHEOOJ5O 
C CHE00060 

CHEOOO 70 
~ . ~ * * C * C ~ b b ~ ~ * ~ ~ s ~ ~ ~ t * * b b * * * t ~ ~ ~ t ~ ~ C * t ~ ~ ~ t ~ b k  CHE00080 

I H P L I C I  7 R I  AL*8(A-H U - 2 )  
D I H I N S I n N  CIIORD(HPO~N 2 ) ~ 1 F F I X ( M T O T V ) ~ L N O D ~ t M E L F I M  9). CHE00090 

MATNO(HELEH~ ~ N D F R I I ( ~ E L E W , N E R L I R ( ~ ~ )  ~NOF!X(RVFIX) CHE00100 
CHEOOllO 

C***  CHECK AGAINST TUO IDENTICAL  NONZERO NODAL COIYRDINATES CHEOOl20 
CHEOOl3O 

Dtl 5 11-HUR = 1 3  2 4  I 
C l iE00140 ' 5 N E R P R ( I f R I I H ) = d  CHE00150 

DO 10  I r L i  M = 1 N t L f H  CHEOOlbO 1 1 0  N D C L O ( I ~ L T H )  = d CHE00170 
DL1 4 0  I P l l I l r  = 2qNPOIN CHEOO 8 0  

I KPUfN = IPL l IN-1 
c H E o o i 9 o  

DO '0 JPOItJ = 1,KPOIN CHE00200 
on 2 0  IDIM: = 1 2  ~ ~ ~ 0 0 2 1 0  
I F ( C ~ U I ~ D (  ~ P O I N * ~ D I H E ~ - N E . C O O R D C J P O I N ~  I ~ I M  1 611 TO 3 0  CHEO0220 

20  CONTINIJC CHE00230 
NERlIR(1J) - NEROR(13)+1 . CHE00240 

3 0  CUNTtFlUr CHEOU250 
1 4 0  CUNTINUF 

C S!Eu0:22'joa 
C* * * *  CHECK THE L I S T  OF ELEMENT PROPERTY NUMHEHS CHE002RO 

1 C CHE00290 
DO r ~ O  l t L f  M = l r N E L F M  CHEOO3OO 

SO I F ~ H A ~ N ~ ( I E L E M ) ~ L E * O * ~ R *  HAfNOtIELEM)*GT.NHATSJ NEROR(14)= CHE 0 3 1 0  
* N t A O R ( 1 4 ) + I  CHE80320 

C .  CHEOO33O 
C*** r  CHECK FUR IMPOSSIBLE NOOE NUMBERS CHE00340 
C CHE00350 

on 70 I r u n  = I~NELEH CHE00360 
Dl1 b b  I k l l D r  = I ~NNIJDE CHEOO310 
I F  ( L N O I l S ( 1 t - L E M ~ ~ N O D E ~ - E Q o O b  NEROR(15) = NCR04(15 )+  CHC00380 

60  I F  (L$lDS( IFLEM* f N O O E ~ * L T o O ~ O R * L N O D S ~  IFILEi4, ~ N ~ I ~ E ~ ~ G # O N P O I N ~  CHE00390 
. * t 4 c R C i R ( 1 6 )  = N f R 3 R t 1 6 ) t l  CHE00400 
70 CDNTINI)F CH 0 0 4 1 0  

C CHg00420 
C * * * *  CItLCK FllR A ' I Y  RCPCTIT I I IN  OF A NODE NUHI3;:R U f T H I N  AN ELEMENT CHEOO43O 
C CI4E00440 

I DO 140  I P U I N  = l r N P O I N  CHE00450 
KS T A R  = n CHE00460 

I 0 0  1 0 0  IELKM = 1rNELEM CHE00470 
KZEPD -: 0 CHE00480 
DO q0  IN[lDI = I rNNI lDE CHE00490 
I F  (I.N'rUS ( I F L F H *  1 N O O E ) ~ N E ~ I P O I N )  GO TO 30  CHEOOSOO 
uzEPr1 = K Z L R O + ~  CHE00510 
IF(KZERtJ.bT.1) NCROR(11)=NEROR(17)+1 CHE00520 

CHE00530 
i :**. SEEK F I R ~ T  . ~ S T , A N D  INTERMEDIATE A P P E A ~ A N C Z Z  OF NODE Cl iE00540 

CHE00550 



1F(KSTAR.Nt.O) GO TU 8 0  

"R DECREASE 1W FRIYNTYIOTH A T  TACH ELEMENT I, c 
.NOFRU(TrLf-M) = FJOFRII( IELEMJ *NDOFN 

00 CONTINUE 
/ l t  
$ C * + *  AN0 CHAN~IC THi SIGN OF THC LAST APPEARANCE n F  EACH NlOE 
P - 

i K L A S T  = I ~ L ~ H  
NLAST - INOnL 

90 CONT NUI I l o o  CoNTiNuc 
/I IF(KSTAR.EP.0) 0 0  f O  1 1 0  
I '  I F ( K L A S T ~ L T ~ N ~ L C M )  NDFRq(KLAST* l )  t NOFRO(KLA5l+ l ) -NOOFN 
11 LNnOS(KLAST,NLAST) = -1 POIN 
11 F 

GO TO 1 9 0  
i b 

1C*+b CHECK TllAT COORIllNATES FOR AN UNUSED NODE HAVE NiJT REEN SPEC1 
c 

110  URfTCt119900  I P l l I N  
9 0 0  FORMAT ( / l ' j H  CIiI CK UHY NflDE* I 4 t l 4 H  NEVER APP. AR? b 

I 
Nl R l ~ R ~ l ~ ! ~ : t ~ ~ R 1 1 I ~ ~ l 9 ~ + 1  

I  S I G H 1  - 0 . 0  
0 0  1 2 0  i D f M L  = 1 2  

120  S I G M ~ + ' ~ I ~ I M A * ~ A H G ~ C D I ~ R O (  XPOItJ* IOIME))  
I F  ( S I ~ I M A ~ N ~  a 0 . O )  NLRUR(19) = NCROR(19)+1 

C 
' C * + + *  CHECK THAT A t i  UNUSED NODE NUMBER I S  NOT A RCSTdAINEO NODE 
'c? 

DO 1 3 0  I V F I Y  = 1 NVFIX  
130  X F ( N O F ~ X ( I V ~ I X ) . ~ Q . I P ~ ~ N )  NEROR(2O) = NCROR(20) 4 1  / _ 140  CflNTINIJL 

i L 
C*+*  CALCULATt TH': LARGEST FRONT UIOTH I c 

I NFRON = 0 
KFHI'FI = r! 

I DO 150  I F L I  M = l rNCLEM 
i NFRflN 2 NFI'!lN+NOFRO(I ELFH) 

150  I F  (NTHUN.CI.KFRON) KFRUN = NFRON 
UPIT~- (h , ' IO t  ) KFRON 

) 9 0 5  FORMAT(/ /1 IH MAYIHUM FORNTUIDTH ENCOUNTCREO =*I51 
P 

IF(KFRJ~~.GT.HFRON) NERllR(21) =1 
! i a+*  CONTINUf. CH!CKING THE DATA FOR THE F I X E D  VALlJE; 
I c 

NLOCA = NLOCA41 
iF(IFFIX(NLgCA).GT.O) KUUNT = 1 
I F  (KOUMT.tQ.0) NEROR(2.3) = NERplRt23)+ 
K V F l X  = 1 V F I X - 1  
00 1 7 6  J V F I X  = 1 9 K V F I X  
I F (  1VFIX.NE.loAND-NUFIX( I V F I X )  eC0oNr)FI 

I = NEROR(29)+1 
KEROR = 0 
DO 1 0 0  IERUR = 1 3 9 2 4  
IFtNEPOR(1FROR)oEQ.O) G0 TO 1 0 0  
KERUR =1 
URITE(5  9910)  IEROR NEROR(1ERUR) 
FORMAT( / / 3 1 H  * a *  ~ A G N O S I  s UY CHECK2rE 

I R H  ASS~CIAPCO NUMBER 9 1 5 )  
CONTINUE 
IF(KERClR.NFoO) GO TO 2 0 0  5 

,1 

X (  JVF 

c* + *  RETURN ALL NUOAL CONNECTION NUHHERS TO P O S I T I V E  VALUYS 
t - 

DO 1 9 b  IELEM= l rNELEM 
DO 1 9 0  INODF= l  rNNllOE 

190  LNOOS~ILLLMI  I N l l n E )  = I & n S t L N f I O S ( I E L F M r  1NOr)t ) )  
RCT IJRN 

200 CALL ECHO 
t NO 

STAG 

CHE00560 
CHE00570 
CHf  0 0 5 8 0  
CHE00590 

'E CC(EOOE00 
C I K 0 0 6 1 0  
Cl i tOOh20 
CHE00630 
CClF'00640 
CHC00650 
CHCOOrJ60 
CHE00670 
CHEOOh80 
CHE00690 

CCHHEEo0:3Pll 
CHE00 720 
CHE00730 
CHEOO 740 
Ct lE00750 
CHE007 6 0  
CHEOO77O 
CHEOOlAO 
CIiE00 790 
C I l C 0 0 ~ 0 0  
CHEOORlO 
CHEOOR20 
CHE00R30 
CHE OR40 
~ ~ ~ 8 0 8 5 0  
CHEOOA60 
CtlEOO870 
CHEOOR80 
CHE00890 
Ct!E00900 
CHE00910 
CHE00920 
CYE00930 
CltE00940 
CliFOO950 
Ct lE00960 
CHE00970 
CHE00980 
Cl lE00990 

4llG t !Poo 
CltE0 1020  
:;:if 4:; 
CtiF.01050 
C+lEOl060 
C11E01070 
CHEOlOOO 
CHEOlO9O 
CHEOllOO 
CHEO1110 
CHEO1120 
CHEOll .30 

: t t;I)r:;:  
EHHEE:f its 
#E;f 5;; ' 
CHEO 2 3 0  
~ ~ € 0 1  2 4 0  

:!Elf 5%8 
CHEOlJ IO  
CHE01320 
CHEOIJSO j 
CHE01340 
CHC01350 



SUI'ROUT I N E  E CHL! ECHO0010 
C 4 ~ ~ b . * 4 ~ ~ . ~ , . . ~ ~ & t a ~ ~ * 4 ~ ~ ~ ~ ~ 4 e ~ 4 ~ ~ 4 4 ~ e ~ e 4 4 4 4 4 4 a 4 e 4 b 4  ESH00020 
C ECHO0030 
C.** I F  OATA rRPOAS HAVE BEEN OETFC ED BY URROUTINES CHECK1 DR ECHO0040 
C CHCCIZ. TH IS  SUBROUTINE READS XtdD v R I ~ E S  THF REHAIHIYG DATA CARDS ECHO0050 
C ECHO0060 
C ~ ~ 4 4 ~ ~ * b . ~ 4 b . ~ 4 ~ ~ C 4 4 4 ~ 4 4 4 C ~ b * C 4 ~ ~ 4 C ~ ~ 4 4 4 4 b 4 4 4 b 4 b 4 4 4  'CH 0 0 7 0  

! IHPLICI 1 R c A L + ~ ( A - H * o - Z )  ~ c H 8 0 0 8 o  
O IHLNSI I IN  N T I T L ( R 0 )  F.CH00090 
URTTC ( f1 ,900)  ECHO0100 

9 0 0  L I R M A T ( / / f i O H  NnU FULLOYS A L I S T I N G  OF POST-DISASTER OATA CARDS/) ECHO0110 
1 0  &LAU (', r 9 0 5 ) N T I  TL ECHO0120 

9 0 5  FfIRIZAT(I \OI\ l )  ECHO0130 
URITF ( 6  9 1 0 )  N T I T L  ECHO0140 

' 9 1 0  F O R ~ ~ A T ~  P ~ X , R O A I )  ECHO0 5 0  
G o  rn 1 0  EcHoo t t i o  
E N f) ECHO0170 

L 
C4** *  T H I S  SUHROUTINE EVALUATES THE CONSISTENT NdOAL FORCES FOR f A C H  
C ELEMENT 

* * * I * b b  

I H P L l C f  
DIHF N S I  

L GI** READ DATA CONTROLLING LOADING-TYPES TO 9E INPUTED 

b 
C * * *  READ NUDAL POINT LOADS 

L 
C***  ASSl lCIATr TliE NODAL POINT LOADS Y I T H  AN ELEMENT 

INODE 
4 0 

'( I DOF 
2 0  

LflAOOOlO 
LOAO0020 
LOA00030  
LUA00040  
LOA00050 

t%I1!0ofI1 
LOA00080  
L f lA00090  

LOAOOI40 
LOAOOlSO 

kS!![lS8 LOAO 8 0  

LOA 0 1  0 
LOAX0210 
LOA00210 

t%8825I1 
LOAO 2 4  
L O ~ 0 8 2 5 8  

L f lAO0320 

t%oOI13i0 
L11A00350 

to0!88$fl 
LOA00380 
L l l A 0 0 3 9 0  
LOA00400 
L l lAOOI lO  

t:i0!t5; 
L A80440  
L 8 A 0 0 4 5 0  

t:AAl!tO! 
LOA 0 4 8 0  
LOA80490 
LL1A00500 
LOA00510 
L f lA00520  
L f lA00530  
LOAOO540 
L l l A 0 0 5 5 0  



$*** READ GRAVITY ANGLE AND GRAVITAT IONAL  CONSTANT 
I. 

R t A O  ( 5 9 9 0 6 )  THETAIGRAYY 
9 0 6  FOHMAT(2F10.3) 

YRT TI: (!ir'3l 1 ) THETA*  RAVY 
911 F O R M A T ( l H 0 * 1 6 H  G R A V ~ F Y  ANGLE =*F10.3*19H GRAVITY CONSTANT =,FlO.J 

THETA = THETA191.2957?9514 .. 
L 
C***  LOO? OV'H EACH ELEHENT 
C 

DU ' l O  I E L L M  = l r N E L E H  
C 

i C * * *  SET UP PRELIMINARY CONSTANTS 
/ C 

LPRI IP  = MATNO(IELE'!! 
I T h I C K  = PRI1PS(LPRT;?nSb 

DE'NSt = P I { I ~ P S ( L P R O P I ~ )  
IF (nchsc.ro.3.0)  GO  T O  9 0  
GXCPM = Dt.NSE*GRAVY*DSIN( HE  A )  
wcm : D E N ~ E * G R A V ~ + D C O ~ ( J H E I I )  

' C  1 C * * *  COMPUTE COIlHDINATES OF THE EL EM EN^ NOOAL PQfNTS  
' C  

DO 6 0  INODE = l r N N O O E  
L N l l n €  = IAI3S(LNi lDS( I E L E M r  INODE))  
DO oO l n l M C  = 1 9 2  

LO L L C ~ D ( 1 D I M L ~ I N O D E )  = C O O R D < L N O O E ~ I D I H E )  
C 
C * * *  CNTt'R 60UPS FOR AREA NUMERICAL INTEGRA TION 
L 

KGAF,P = 0 
DU RO 11iAU.S = 1,NGAUS 
Dt l  hO JCAUS = 1,NGAUS 
E X I S P  POSGP(1GAUS) 
E l  ASP - PDSGP( JGAUS) 

C 
I C * * *  COHPUTL llir SHAPE FUNCTIONS AT THE SAMPLING P f l INTS  AND ELEMENTAL 

C VCLUHF 
C 

CALL  SkR2 (OERIV~ETASP,EXISPINNODE~SHAPE) 
KGkSP = KGASP+l  
CALL JACOP? ( C A R T D ~ D E R I V I D J A C B I E L C O O ~ G P C O D ~ I E L E H ~ K O A S P ~  

NNODF I SHAPE ) 
DVOLU = DJACB*UF I~P(  GAUS)*UEIGP(  JCAUS) I r  c l H I c X . N t  -0.0) ~ U B L ~  nvoL *THICK 

F (NTYPF.EOo3) o V o L u  - D~OLU*YYOPI+GPCOD( 1 .KGrtsp) 
C 
C**a CALCULATE LOADS AND ASSOCIATE U I T H  ELEMENT N3DAL POINTS  

O H  7 0  INIIDK = 1 NNODE 
NGASH = ( ~ N J D E - I ) + ~ + ~  
MCASH - 
R L ~ J A D ~ ~ L  :E~~;!~A!I?~;~~~RLOAD( E L E H ~ N o A S H )  +GxCOHtSHAPE( NDDE)bDVOLU 

7 0  R L n L D I  I I L: MIMGASH) = RLOADt f ELEI*IIGASH)+GICTlI'4+SHAPEt!NODE)*DV~1LU 
8 0  CDNTINUI. 

LOA 0 5 6 0  
LOAX0570  LOAOOSBO 

L O A 0 0 5 9 0  
L U A 0 0 6 0 0  

1 ) L O A 0 0 6 1 0  
L 9 A 0 0 6 2 0  
L d A 0 0 6 3 0  
L R A 0 0 6 4 0  
L O A 0 0 6 5 0  
L O A 0 0 6 6 0  
L U A 0 0 6 7 0  
LnAOO680 
L O A 0 0 6 9 0  
LOAOO7OO 
L O A 0 0 7 1 0  
L O A 0 0 7 2 0  
L O A 0 0 t 3 0  
L O A 0 0 7 4 0  
L O A 0 0 7 5 0  
LUAOO760 
LOA00770  
LDAOO t R 0  
L O A 0 0 7 9 0  
LOAOO8OO 
L O A 0 0 8 1 0  
L O A 0 0 8 2 0  
L f l A 0 0 8 3 0  
LOAOOA40 
L O A 0 0 8 5 0  
L O A 0 0 8 6 0  
LOAOO87O 
L O A 0 0 8 8 0  
L i l A 0 0 8 9 0  
L O A 0 0 9 0 0  
L f l A 0 0 9 1 0  
L 0 A 0 0 9 2 0  
LOAOO930 
L t l A 0 0 9 4 0  
LOAOO950 
L O A 0 0 9 6 0  
LOA00970  
LflA00980 
L O A 0 0 9 9 0  
L0Ao':oOo 
L O A O l O l O  
L(IAC'1020 

pimlf! 
LsIAO10 0 
L ~ ~ A o i o 9 0  
LOAOlO8O 
LOA01090  
L O A O l 1 0 0  



90 CONTINllF 
LOO CONTINUE 

, * I F  ( f €D tF . t  Q.0) GO TO 7 0 0  

/ k c * *  DISTRIRVTED COGE LOAOS SECTION 

.. - 
FORMAT( 1 5 )  
YRf TE ( 6 r 9 1 2 )  N OGE 
Eclr4C?,! lH"(:I~k 1HNo. OF LOAOEO EOGEs = r  1 5 1  ' 

1 1 -  8 T J v  > L J t  

RMAl  t ~HOISXI~RHLIST OF LOAOEO EDGES AN0 APPL [ED LOADS) 
kOu~t .6  = 3 
NCOnE = FIYIIDE 
I F  (NNflnC.F.O.4) NOOEG = 2 
I F  (NNilOC.t0.9) NCOOE = 8 

LOOP 0V.R r ACH LOAOEO EOGE 
C 

DO 1 6 0  I k O G s y  = 19NEOGE 
C 
C r * *  READ DATA LOCATING THE LOAOEO EOGE AND APPLICO LDAO 

READ ( 5 r 9 0 2 )  N E A S S I ( N O P R S ( I O ~ E G ) ) ~ O D E G = ~ ~ N O O E G ~  
9 0 2  f f lRMAT(415)  

U R l  Tf- ( f  e91.5) NFASS~(NOPRS(IODEG)~IOOEG=l rV1lDEG) 
9 1 3  FORNAT (I 1 3 9 5 X * 3 1 5 )  

RtAO t r > + 9 L 4 )  <(PRESS<I  OEG,lDOFN) 10CIFN=l t2)  r tOOEG=l*NOOEG) 
URITF  ( I r 9 1 9 )  t ~ P ~ E s s ( Y o o E t * x o o F ~ ~ , ~ o o F N  - l r 2 ) r I O O E G = l r N O D E G t  

9 1 4  FORMAT( hF10.3) 
ETAI;P = -1.0 

C 
g * * r  CALCULATt THi COOROINATES OF THE NODES OF THC ELEMENT EOGE 

C 
C** *  ENTER LOOPS FOR LINEAR NUMERICAL INTEGRATION 
C 

OO 1 5 0  IGAUS = 1 NGAUS , 
EXISP = PIISGP(IO~US) 

E d * *  EVALUATF THE SHAPE FUNCTIONS AT THE SAMPLING POINTS 
C 

CALL SF92 (OCRIV,ET ASPIEX~SPINNOOE*SHAP!:~ 
C 
C* * *  CALCULATC CnMPONENTS OF THE EQUIVALENT NODAL LOADS 
c 

DlY 1 1 0  I D O f N  = 1 2  ' 
PGASH (IDUFN)=O.~ 
DGASH (ID[)FN)_=OIO 
DO 1 1 0  l O l 7 € G  - l rNOOE 
P G A ~ H (  1 n n ~ N )  = PGASH(P~OFN)+PI~ESS( IOOEG~IDOFN~+ SHAPE(IOOEG) 

110  OGASH ( IDOFY)  t D G A S H ~ ~ O O F N ~ + E L C O O ~ I D O F N ~ I I ~ ~ E G ~ ~ O E R I V ~ ~ ~ I O D E G ~  
OVOLU = YE It;P(IGAUS) 
PXCllM r D O k i t l ( 1  ) *PGASH(2) -DCASH(2)*PGASH( l )  
PYCOH : D ~ A c ; I i ( 1 j * P G A S H t 1 ) + O G A S H ( 2 ) * P G A S H ~ 2 ~  
IF(NTYPL.NT.3) GO TO 115 ' 

RADUS =O.O 
DO 1 2 5  I t l n r f i  =1 *NDOFG 

1 2 5  RAOUS = WADUS + S H A P E ~ I O O E G ~ * E L C 0 0 ~ 1 ~ I O O E G ~  
PVO U - DVIILU*TUOP~ *RADUS 

115 C O N ~ I N U L  
C 
C**b ASSOCIATE THI FOUIVALENT NODAL EOGE LOAOS U I T H  A:4 ELEMENT 

0 0  1 2 0  INODE - 1 NNODE 
NLOCA = I A ~ ~ S ( C N O ~ S (  NEASS,IWOOE)) 
I F  (NL;3CA.E.OaNOPRS(l)) GO f O  1 3 0  
CON1 INUF 
JNOD INrJJE*NOOEG-1 
KnUFit 0 
DO 14.0 KNL1f)C = INODEIJN~OE 
KOUNT = KI) l INT*l  
NGASH 2 (KNDDE-l)*NOOFN+l 
MGASH = KNIIOE-1 )*NDOFN+2 

I F (KNIYDE.MT.NCOOE) NGASH = 1 
F ( K N I l U C r ~ l a N C n D E )  MGASH = 2 

RLOAO(KIF ASS +NGASH) = R L O A O ( N E A S S ~ N G A S H ) ~ S I i A I y F : (  KKIUNT)*PXCOH*OUOLU 
R L l 7 A t ) ( l l ~  ASS* MJAsH)=RLOAO(NEASS~MGASH)+SHAPF: (K3UNT )*PYCOM*bVOLU 
CUNT lNlJtr 
CON1 INUS 
CON1 INIIE: 
U R I  TE(r,+YOt) 
F O R M A T ( ~ H O I S X * ~ ~ H  TOTAL NODAL FORCES FOR EACH ELEMENT) 
DO 2 9 0  I F L f M  = 1 *NELEM 
URITE (hr '30.1) ICLEHr  tRLOAD( IELEMr1EVAB) r  I r IVA i j= l rNEVAB)  
FORMAT( l X + 1 4 * 5 X * n E 1 2 - 4 J ( l O X r 8 E 1 2 ~ 4 ) )  
RETURN 
END 

k318f ti! 

LOA 1 7 0  
L o A q  80  
LOAO 9 0  
LrJA01200 
LOA 2 1 0  
L O A ! ~  220  
LDA01230 
LOA01240 

LDA01290 
LOAO 300  
i O A O t 3 1 0  
LOA0.1320 
LUAO L i l A 0 f 3 4 0  330  

LI lAO1350 
LOAOl36O 
LnAO L U A 0 i 3 8 0  370  

LOAO139O 
LL1A01400 
LOAOlQlO 

t828tt58 
L ~ A  ~ 0 ~ 8 1 4 5 0  1 4 4 0  

LOA01460 
LOA 1 4 7 0  
~ 0 ~ 8 1 4 8 0  
LOAO1490 
LOAOI'JOO 
LOAOlS lO  
LOAO 5 2 0  
LOAOt530 
LOAO154O 
LOA01550 
LOA01560 
LnAO1570 
LUAO 1 5 8 0  
LOA01590 
L1YA01600 
L O A O l 6 l O  
LOA01620 
LUA01630 
LOAOl640  
Lr1A01650 



T H I S  SUHROUT I N E  I N 1  T I  A L I S E S  VARIOUS ARRAYS ti3 ZERO 

I M P L I C l  t REAL*R(A-HBO-2)  
D IM f  N S l  ON LLOAD (HELEHrHEVAR) STRSG(4 MTO 

a TLI lAD(HELEMrHEVAB) r ~ R E A c ~ M v F ~ x ~ ~  
• FFFST (HTOTG) 

TFACT ~ 0 . 0  
Dl1 3 0  .IFLEI4 =l ,NELEM 
DO 3 0  I t V A H  =1rNEVAR 
ELClADt I FLEHr  I EVAB)= 0.0 
f L f l A D (  I ELEHr  IEVAR)=  0 - 0  
no 40  ~ T o ~ v  = l r N T O T V  
T D I S P t  TRTV)=O*O 
DD 5 0  ~UFIX= l r N V F I X  
DO 50 1L)OFN Z l r N D O F N  
f R F A C ( l V F I X r I D O F N ) =  0.0 
DO 0 0  I l L I T G  = l r N T O T G  
E P r T N ( 1  1 0 r C ) = O r 0  
EFFST  ( I  Tf lTG)= 0.0 
0 0  6 0  I " T R 1  = l r N S f R l  
S T R S G ( f S T R l r I T O T G ) =  0 - 0  
RE TURN 
END 

8 .. 
C+** TH IS  SUHROUTINE INCREnENTS THE A P P L I E D  LOADING 
C 

U R I T E ( I  
9 0 0  FORMAT 

READ< 5 
9 5 0  FORMAT 

- - - - - -  
t i  so- Z ) 
LEN HE AB)rFIXEOCHfOTV)tIFFIX(HtOTV)~ 
- u o i t x Y ~ v r r r )  P R E ~ C ( " V F I X  , N D I I F N ) ~  

.--v-v. ~LLLH,MEVAB) ~ T L ~ A D ~ H E L E W ~ M E V A R  I 
6 9 9 0 0 )  I I N C S  
( * 7 ~ ~ l o ~ ~ F J P 5 ~ ~ ~ ~ ~ r . " f ~ ~ r ~ ~ ~ ~ b ( 1 ~  1H0 r 5 X  17HINCREHEN NUMBER 1 5 )  rNOUTP(2 )  

TFACT = TFACT+FACTO 
U R I T F ( 6  9 6 0 )  TFAC1.T LER H I T E R r M ~ ~ T P ( l ) r N I Y U T P ( 1 )  
F O R M A T  IHO ~ X ~ I J H L O A ~  F A ~ T O R  - F .5.5xr 

124H CIY~UFUI.ENCE TOLERANCE - ~ i d . 5  5 x 1  4HMAX- NO. OF I T E  
NITIAL UTP T P ~ R A M E T E ~  = * T 5 , 5 ~ *  

.-TPUT P A ~ A H E Y  ER=. 15) 
0 0  00 I ~ L L H  = 1,NELEH 
DO HO I F V A U  = 1gNEVAB 
E L U A D ( I ~ L C M * I E U A B ) = E L O A D (  ELEMr E V A B ) + R L O A ~ ( I E L E H I  EVA 
T L O A D t l '  LCMr I E V A B ) = ~ L O A D C ~ E L E ~ ~ ~ E V A ~ ~ + R L ~ ~ A D (  IELEHe!FWAi 

1 F I X I T Y  DATA I N  VECTOR FORM NTERPRF 
" 

DO 1 0 0  f T U l V  = I r N T O T V  
1 0 0  F I X E D ( 1 f O T V )  = 0 * 0  

DO 1 1 0  I V F I Y  = 1 r N  F I X  
NLOCA = (NUFIX( ~VF!X)-1 )*NDoFN 
DD 11'0 JDI!FN = 1 rNDOFN 
NGASH = NL l lCA+ f  0 0 F N  
FIXSt)(NC,AbI4) = P R E S C ( 1 V F I X r  100FN)*FACTO 

1 1 0  CONTINUC 
ACT URN 
END 

RATIONS 

) * F A C T 0  
) * F A C T 0  

ZERO0010 
ZERO0020 
ZERO 0 3 0  
~ ~ ~ 0 8 0 4 0  
ZERO0050 

fE!8!00$8 
ZERO0080 
ZERO0090 
t ~ R 0 0 1 0 0  
Z t R O O l l O  
ZERO0120 
Z E R  0 3 0  
~ ~ ~ 8 0 1 4 0  
ZEROO 5 0  

t F R 0 0 2 0 0  
ZERO0210 
ZERO0220 
r t tROO230 
ZERO0240 
ZERO0250 
ZERO0260 
ZERO 270 
t E ~ 0 8 2 8 0  ZERO0290 

ZERO0300 

INCOOOlO 
I N C 0 0 0 2 0  
I N C 0 0 0 3 0  
f N C 0 0 0 4 0  
I N C 0 0 0 5 0  
INCOO060 

iEf%/ai 
INCO 1 7 0  
~ N c o !  8 0  
I N C O O ~ 9 f l  
t N C 0 0 2 0 0  

NC00260  
I NC00270  
I NC00280  
INC I N C ~ O J % O  0 2  o 
I NCO0310 



SU~IPOUTINC A L G n R 4 F I X E D ~ I I N C F ~ I I T E R ~ K R F : S L ~  ALGOOOlO 
HTIITVr NALGJ9NTUTVJ ALG00020 

~ ~ ~ ~ ~ ~ ~ ~ t r ~ ~ ~ r n ~ . t ~ ~ ~ b b b s ~ ~ ~ ~ c ~ b ~ ~ ~ ~ ~ ~ ~ ~ b b b + ~ b b b  ALG 3030 
C ~ ~ ~ 8 0 0 4 0  
C.*ba THl  'r SUilROUTINE SFTS EQUATION RESOLUTItlN INOEX, KRESL ALG00050 
C ALGOOO6O 
C b b ~ ~ b 4 ~ ~ ~ b b r ~ b ~ b ~ ~ ~ b b 4 L e 4 C C C + ~ O ~ b L b ~ 4 ~ b ~ o b 4 4 4 t 4 e b + ~ 4 4 b  ALGo0070 

I N P L I C I T  R<AL*f l (A-H 0-2) ALG00080 
O I M F N S I L ~ N  F ~ X E D ( H T O ~ V )  ALG00090 
KRFc.L = 2 ALGOOlOO 

I I F  ( N A L C f l ~ L l ~ ~ 1 ~ A N D o I I N C S ~ C O ~ 1 e A N D ~ f I T F ~ ~ i D ~ l  KRESL =l ALGOOllO 

I I F  ( t I A L ~ O . f i l r 2 )  KRLSL = 1 
I F  (NALGO-EO.3aAND.IITER-EO-1) KRE3L = 1 

1 I T  ( N A L ~ O ~ ~ O ~ ~ ~ A N D ~ I I N C S ~ E O ~ ~ ~ A N O L I I T ~ R ~ E O ~ ~  KRESL = 1 
kLLoGSoOt58 
ALG00140 

I F  (fJAL6floFPaS.ANDoI TERoEQ.2) K q E S L Z l  ALGO0150 
I F  ( I I t c R . F o e i )  RETuAN 
DU l n o  I T ~ I T V  = I ~ N T O T V  
F I X F D ( f 1 U T V )  = Oa@ 

it:!$: t! 
ALG00180 

100  CUlJTTMlJi ALGOO190 
RETIJRN ALG00200 
END ALG00210 

SUPPUUTINr S T I F F P ( C f l O R O ~ E P S T N ~ I I N C S t L N r ] O S t H A f F 1 ~ t M E V A B ~ f l M A T S ~  
MPOIN ,HT l l fV rNELENrNEYAH~NGAU~~NNODErNSTREr  
NSTR1 rPfJSGPrPROPS~WEIGP~'4I LF 1eHTOTG9 

:f f 00o0!4! . STRSGrNfYPErNCRIT) ST 100050  
s r 1 0 0 0 4 o  

1 C * * b b * b b * * t * *  ( 4 . a  b * b ~ C b b * 4 C ~ b 4 C t b ~ b ~ 4 b + + 4 b b b + ~ b k b b  S l f 0 0 0 5 0  
( C  5T100060  
/ E * * *  THIS SULIPOIJTINE EVALUATES THE STIFFNESS ).(ATRIX FOR FACH ELEMENT ~ T 1 0 0 0 7 0  I N  TllRN 

C S?fOOOAO 
g r roooso  C * * * ~ ~ * * * * + ~ ~ ~ 4 * * ~ 4 w V * b b 4 b b * t * 4 ~ b ~ ~ 4 b b ~ C b b b 4 + 4 C b b b b w b 4  ,T I00100  

I H P L I C I  T R f A L + R f A - H  0 - 2 )  
DIMF NSIIJN t j ~ ~ ~ x ( 4 ~ t Q )  CARTD(2r9)  00RDf MP i l INvZ)  ,DBflAT(4 918 )  r  

~ t ~ 1 ~ t 2 e ~ 3 ) r b ~ ~ 1 ~ ( 4 ) t 0 ~ f f ~ t r  4 )  ST100130 :if !! t 400 
T L C O D ~ ~ B ~ )  ~ E P S T N ( H T O T G ) ~ E S ~ ~ F ( ~ R ~ I A )  ~ L N O D S L E M ~  ST100140 
MATNfi(HfLCM)rPOSGP(4) rPROPS(HMATL7)  tSHAPE(9)  * 

1 Ui I G P ( ~ ) ~ S T R E S ( ~ ) ~ S T A S G ( ~ ~ M ~ I J T G ) ~  ST100150 
I j V F C T ( Q ) r A V E C r ( 4 ) , G P C U D t 2 s 3 )  S T 1  0 0 1 6 0  

TUflPI = 6 .?n3185300 ST 0 0 1 7 0  
RFUIND 1 S T I O O l 8 0  
KGAlJS = 0  ST100190 

C S t 1 0 0 2 0 0  
C * * *  LOOP CViR EACH ELEMENT 
C 

DO 70 I LLCM = 1 tNELCH 
LPRjJP 2 MAT NO( IELEH)  ST 0 0 2 4 0  

C ST 0 0 2 5 0  
C6.c F V A L U A f l  T H f  COORDINATES OF THE ELEMENT NCJDAL POINTS ST 0 0 2 6 0  
C 

f 
S T I 0 0 2 t 0  

DO 10 IMflDl = i rNNUOE ST100280 
LNRQV = I A l ~ Y L N O n S t l E L t M r  I N f l D E N  ST1 0 0 2 9 0  
I1311SN 2 (LNl lOE-1 ) * 2  S f I 0 0 3 0 0  
00 1 0  I D I M C  = l r 2  
fV112N = IP l lSN 4 1 

1 0  ELCIIU(tDIMF r INUDE)=CUORD<LN'JDE~ ID IHE)  
THICK = PHL~PS(LPR(IPI~) 

C 
C**d I N I T I A L 1  lt THE ELEMENT STIFFNESS MATRIX 
C ST100370  

on 2 0  I E V A H  = I ~ N E V A B  STIOOSBO 
DU 20 JLVAI i  = 1rNEVAU ST 1 0 0 3 9 0  

20  EST l F ( I F V A l 3 r J E V A n )  = 0.0 " J100400  
t. KCAXP = 0 ~ 1 1 0 0 4 1 0  

C ~ T 1 0 0 4 2 0  
I C*+a FNTFR, L'ICIPS FOR AREA NUMERICAL I N T E G ~ ~ A T I I I N  ST1 0 0 4 3 0  
C ST100440 

DO ' 0  fbAUS = l rNGAUS S f  100450  
CXISP = PIlSGP(1GAUS) S f  1 0 0 4 6 0  
011 I.0 JGAUS = 1 NGAUS ST 00470  
C T A S P  = P O S G P ( J & A U ~ )  ST 004RO 
KCA'P = KGASP+l s t  0 0 4 9 0  
KGAUS KGAUS+1 

t 
~ T I o o s o o  

C > T  100510  
C*ch  CVALUATa l t l f '  D-flATR1 W 5 1 1 0 0 i 2 0  
c S T  S I IOO~JO 1001i4o 

CALL M I ' I P ~ ( D M A T X ~ L P R D P ~ H H A ~ S ~ N T Y P E ~ P R  IP :) ;T I00550  



' C  
C**b f UALUAf t  fHL SHAPE FUNCTlONStELEMENTAL V l l LUH i  ETC. 
I: - 

CALL SFRP(0f.R V t T A S P  C X  SP NNOD rSHAPE) 
CALL J ICOI~? (C~R~~~OCR!  Y I J A ~ L I ~ E L E ~ D ~ G P C ~ D *  I LLEMIKGASP. 

N N ~ ~ O E ~ S H A P E  f 
DVULU = O J A C R * Y f  I t P t  f G A U S ) + y E I  PC3 AUS) 

1. 
IF (~TYIT.~-o.J)  DVOLU = DVULU*'?~ PF*GPC~~D(I ,KGr\sP) 

'.- 
I F  ( THICKONEOO-O) DYDLU = DVOLU+YHICK 

, E * * b  FVALLJAT: T H l  H AND DB HATRICES 
.d 

CALI R X A  fPS(HMATXtCARf0 NNOOE*SHAPEeGPCOO*NfYPf_ *KGASP) 
IF ( r rycq. r ! . l )  ~n ra  ed 
I F  (rF.slN(KI~AUS)oCO.O.O) 00 TO RO 
00 I S T n l  = l t N S T ? l  

90 SIRF S ( 1 S T R l  J = S t R S b ( I S T R 1  KGAUS) 
CALL I fJVAR(O€V AILPROPIMHA~S N C R t T * P R O P S . S I W T 3 q S W F r S T R E S I  

THEfA V A S J ~ * Y I E L D ~  
' C AL L  Y ~ ' L ~ ~ F ( A V C C ~ ~ U ~  VIA.LPROP*MMATS~NCRIT*NSIRI * 

P R O P S r S I N t 3 r S t C F F t  l H E t A , V d R J 2 J  
CALL FL@UPL(AVLCT tAHETA*OVECTtNTYPFtPROPStLPROPtNSTRl*UMATSj 
on I o n  ISTH; = I~NITRC 
DLi 1 0 0  JSTHF = l * N S T R E  

100  D H A T X ( ~ S T R C ~ J S T R ~ ~ = O M A T X ~ I S T R E ~ J S T R E ~ - A I I ~ T A ~ O V ~ C ~ ~ ~ S T R E I *  
* O V f  C t ( J " T R f  

A0 CLiNT I f l lJr  
CALL illlr ( I ) M ~ f X ~ O B M A T r O M A T W r M E V A 8 r N E V A H * E I S T R ~ ~ t i S T R l )  

$*  * @  CALCULATE THE ELEMENT STIFFNESSES c 
00 30 ITVAt5 = l t N E V A B  
00 ' 0  J r V A t !  = IEVAdrNEVAR 
DU 10 I S l R r  = 1 NSTRE 

30 t S f  I r t l f  V A I ~ ~ J E V ~ B ) = E S T I F ~ I E V A ~ ~ J E V A H ) + O M A T X ~ I S T I ~ E ~ ~  E Y A B ) *  
- 0 H H A T t I  STRL,JEVAH)+OVOLU _ 5 0  CONTINUf 

L 
C a r &  CONSTRUCT TliF LCJUER fRIANGLE iYF THE STIFFNCSS MATRIX 
C 

STURC Tlfi. STIFFNESS MATRIXvS'IRESS MATRIXpAN3 SAMPLING POINT 
C COnROl l l f i f l lS  F O R  EACH ELFHENT ON OISC F I L F  
C 

U R I T t ( 1  ) f S T 1 f  
70 CONTINU1 

R t  TlJRN 
LND 





! RCU I ND ' 
REUINO 4 

I ,. REU l!rO I' 
. L  

C d * *  f N f  L I t  MA 1 N CLEMENT ASSEMHLY -REDUCT1 ON LiJUP 

*Nr)lIFN+ OOFN 
~ N D ~ F N - f  ~ O F N  

i L 
!! * *a  START HY Ll1i:KING FOR EXISI'ING OESTINA 

nn ? i n  IFVAII = I ~ N E V A H  
N IKNO = IA I IS (LOCEL t1EYAU) )  
K F X I S  = 0 

1 .  
DU 1 8 0  I F H f I N  = 1 tNFRnN 
I F  (NIK<lU.I,E-NACVAt I F R O N ) )  GO TO 1 8 0  
KFVAI\  'r: kCVAB+ l  
K E X l S  -- 1 
NDt'ST(KL VAt l )  = I F R O N  

1 8 0  CCINlICIIIF 
f l :  (KL:XIS.MX.O) GO TO 2 1 0  

C 
C * * *  UC NtlU SCEK FlCU EMPTV PLACES FOR DEST 
C 

DO 1 7 0  IFRfJN = l rMFRON 
I F  (NACVA(Il 'RON).NCaO) 6 0  TI1 1 9 0  
NACVA( IFPl.1N) = NlKNfJ  
KF:VAIi = KE'VAA+l 
NDE:!;T(K.:VAt!) = I F R O N  . 
GG I rJ  ?!0 

1 9 0  CIINT INIJ 

T IUNS 

fNATI .J I1  VECTOR 

C 
C * * *  T W L  PJTU PLACLS HAY DEMAND AN INCREASE I N  CURRCNT FRONTUIOTH 
L 

2 0 0  I F  (NO; bT(K;IVAH).GT.NFRON) NFRON = NDEST (KFVAt i )  
2 1 0  CBNT INIJI 

URTTF( I i  ) L I ICELrNOFST NACVAINFRON 
4 0 0  I F ( K P f  ;L.GT.l) R L A D ~ Q )  LOCEL,NDESTINACVA~NFRON 

C 
$ * + *  ASS€ I I H L ~  ELLMENT LUAOS 

F2%;if s 
FRO00580  
FRO00590  
FRO00600  
FRO00610  

FFf(!8006hS8 
FRO00640  
FRO00650  
FRO00660  
FRO00670  
FRO00680  
FRO00690  
FRO00 7 0 0  
FRO00710  
F R f l 0 0 7 2 0  
FRO00730  
FRD00740  
FR 0 0 7 5 0  FRIO 0 760  
F ROO0 7 7 0  
FRO00780  
FRO00790  
FilOOOR00 
FRO00810  
F R 9 0 0 8 2 0  
FRO00830 
FRO00840  
FRO00850  

FFRRa0!888f 8 
F ROO0880 
FRO00890  
FRO00900  
F R 0 0 0 9 1 0  
F RflOO920 
FRO00930  
FRO00940  
FRU00950  
FRO 0 9 6 0  
F R 0 8 0 7 1 0  
f R 0 0 0 9 8 0  
k R 0 0 0 9 9 0  

Kfi1141 
FRO01030  
FRO01040  
FHU01050  
FRO01060  
FR!I010?0 
FRO0 OAO 
FRO0 t o g o  
FRO01100  



c 
C* * *  ASS€ HULr TH' f LCMENT STIFFNEqSES-8Ut  NUT I ld  RLS*ILUTION 

FRO01110 
C FROO 120  

1F thRfSL .GT. l l  GO TsJ 4 0 2  FROOf 1 30 
DO 322 J r V A l l  - 1 I r V A B  FHr lO l l 4O 
JDLST =NDF "T t  JF v A I ~ ~  FRO01150 
NGASH = LFUIJC(1 Or ST *JOEST) FRCI01160 

NGISH = k!FIINC(JD ST r I O E S t )  R%!r3! 
IF( JOE5 T. t r  . r n F ~ f )  B S ~ I F ( N O A S H ~ = ~ S ~ ~ F ~ N B A ~ H ) ~ ~ S T I F ( I E V A B ~ J E V A R )  FRO01190 I F t J D E c l - 1 . 1 - I D F S T )  GSTIF(NGISH)=GSTIF(NGISH)+LSTIFtIEVAHrJEVAU FR301200  

222 CIINT IN I I I  
4 0 2  CONTINIJ!' FRi101210 
220  CUNr I N I I I  FRO01220 

C FH!101230 
FHUO 2 4 0  

C***  RE-FXAHINE f ACH ELL HEN^ NOOEI~O ENQUIRE UHlCH CAN BE ELIMINATED F R 0 0 f 2 5 0  C 
on 3111 r r v n l b  = I *NEVAH FRO01260 

N IKNI I= -L~JC~ L ( IFVAf3) 
FRO01270 

IF(NIKXO.L~.O) GU rn  3 1 0  FRO01280 
C FRO01290 
C * * *  F l N D  POSITIUblS OF VARIAHLES READY FOR E L I H I N b T I U M  FRJOl3OO 
C FRO0 3 1 0  

nU .too IFIiI1N = l rNFRON F R 0 0 t 3 2 0  
IF(faACUAI I F ? ~ I N ) * N E G N I K N O )  G O  TO 300  FRO01330 
NIjIIt A ; NllUl A + t  FRO0 340 

C F W f l 0 ~ 3 5 0  
c;** WRI fi 1-OUATI~INS T O  n rsc  n~ rn TAPE F R O O ~ ~ ~ O  
C FRO01370 

I F  (Nf3UFA.Lt-oMRUFA) GU TO 4 0 6  FRO0 380  
NHIJFA = 1 F R 0 0 f  390 
lFtkRCSL.GT.1 1 GO TO 40kl FRrJ01400 
URI  rL(.:) rOUAfrEORHS~NPIVOrNAMEV FRO01410 
GU T f l  406 FRO01420 

4OA U R I T C  (4 1 ! OHHS FRO01430 
READ(?)  LOUAT~EORHSINPIVO*NAMEV FRUO1440 

4 0 h  C l lNT lNU i  FROO 450 
C FRO01460 
C** '  LXTRACT !HI: COEFFICIENTS OF THE NEY TRUATIUN FOR EL IMINATION 

FR0014 tO 
C FRO01480 

I F  t K R b  Sl..rJTol) 0 0  10 + 0 4  FRO0 490  
DO 2 5 0  r l F 2 l l N  = I rMFRON FRO0 1 5 0 0  
I F  ( I F ?  ,NoLTrJFRON) NLOCA = NFUNC(ICROIJIJFUYN) 
I F  ( IFt4nNIGC.JFRON) NLOCA = NFUNCt J F R I I N ~  IFHON)  
f QIJAT(df R B ~ ~ ~ ~ N L I U F A )  = GST IF (NL0CA)  

2.30 G S I I F ( N L 1 i C A )  = n.0 FHi101540 
404 CON1 I N I I I  F i t 001550  

C FRO01560 
THO01570 C* * *  AND LXTI(AC1 THE CORRESPONDING RIGHT HANi) SIDES 

C FRO0 5 8 0  
EORHS~~I I IUFA)  = GLOADt IFRON) F 4 0 0 t 5 9 0  
GL 'AD( [FRI j l l )  = 0.0 FRO01600 
KELV.9 - K l  LVA+I  FR001G10 
NAMt V(b1kUkA) = NIKND FRO01 620  1 

N IJ IVr l (h l iUFA)  = IFRON FR001630  
C FR001640 

.. 
FRf l01650 



P I V I I T  = f O U ~ T ~ I F R ~ N I N R U F A )  
IF(PIVf lT.GT.0.n)  GIJ TU 2 3 5  

R I T f  (5 ,900)  N I K N f l n P I V U f  
I 9 0 0  Y O R M A T ( ~ H O * ~ X * ~ ~ H N C ~ A T ~ V E  OR ZERO P I V O T  ENCglUNTEREO FOR VARIABLE 

*[I. * 1 4 * 1 0 l i  !IF VALUE rE l7 .6 )  
star  

2 3 5  CflN T I tJUf 
EOUAT (11- l l i j t l tNfJIJFA) = 0.0 

C 
C4.r ~ . N O I I I R L  LIHI TIICR P R t S t N T  VARIABLE I S  FREC: UR PRESCRIBED 
C 

IF ( IFFIX(NTKNU) .LQ*O)  GO TO 2 5 0  
C 
C * 4 *  DEAL WITH A PRLSCRIHCO DCFLECTION 
C 

Dl1 7 4 0  t l l - H ( ~ t V  = l r N F R O N  
2 4 0  GLOAI)(,II RI IN) = GLOADt JFRONb-FIXED(NIKNII)  *EQUAT( JFRON*NBUFA) 

G O  T O  r r l o  
L 
Cab*  ELIMINATI ;  A FREE VARIABLE- DEAL Y I T H  THE R I C H 1  HAND S I D E  F I R S T  
u 

2 5 0  on 2 r o  JFRIIN = I ~ N F R O N  

C 
GLIlAD(Jf  R A I N )  = GLOADt JFRONb-EQUAT( JFRONr NHUFA )*EORHS(NRUFA) I P I V l T  

E * * *  bOU O C A C  W I  TI4 THE COEFF IC IENTS I N  CIIRT. 
C 

f F(KRESL.GT.1) GO TO 4 1 8  
F( t  OUAT( JF'tDNtNHUFA)*EO-0.0) GO TO 2 7 0  

NLOCA = NFUN (O*I)FRON) 
c u R F o  = ~ O I J A F ~ J F R O N ~ N ~ U F A )  
DfJ 360 LFRON = 1 eJFRON 
NGASH = l.FII.IN+NLOCA 

2 6 0  tSTTF(MGA;HI = GSTIF(NGASH)-CUREB*EOUAT~LFR INrNdUFA)  
* /PIVC7t 

4 1 8  CL'HT I N U I  
2 7 0  C D N I I N I I P  
2 8 0  EOUA T ( I  F R I I ~ I ~ N R U F A )  = P I V O T  

L 
C***  RECOHD THE NFU V4CANT SPACErANO REDUCE F H O N l U I O f H  I F  POSSIBLE  
C 

I NACVA(TFH1IN) = 0 
1 -  GU T l l  2'10 
L 

' f b . ~  COHPLETF T t t C  CLEMENT LOOP XM THE FORYASD E L I H I N A T I O N  

Fr(b 1 6  0 
~ ~ 0 8 1 6 %  
FRO01680  
FRO01690  
FROOl  700 

NFROOl 7 1 0  
FRO01 7 2 0  
FRO01  7 3 0  
F H f l O l t Q O  
FRO01750  
FROOl  ?6O 
F H O O l 7 7 0  
F R J 0 1 7 8 0  
F R 0 0 1 7 9 0  
FROOlROO 
F 1 ~ 0 0 1 8 1 0  

Fi1:8t15! 
FRO01840  
F R J 0 1 8 5 0  
FRO01860  
FRO01870  
FRJOll3RO 

FRO01920  
FR(301930 
FROO 9 4 0  
F R 0 0 1 9 5 0  

FRO02000  
F R 0 0 2 0 1 0  
FRO02020  
F ROO20 3 0  
FRO02040  
F R 0 0 2 0 5 0  
FRO 2 0 6 0  
~ ~ 0 8 2 0 7 0  F R O O ~ O A O  

FRO02090  
FRO02100  
FRtY02110 
F R 0 0 2 1 2 0  
FRO0213  
FR00214!  
i t 7  0 2 1 5 0  
FR f j 021  0 
~ ~ 0 0 2 1 3 0  
F f t 0 0 2 1 8 0  
F R f l 0 2 1 9 0  
FRO02200  I 



,!*** C N X R  M i K - S l J l j S T f  TUr  I O N  PHASE.LU,P f3ACKUAROS T.<,Ut3ti VARIABLES 

0 0  340  I E L V A  = 1 tKELVA 

C * * *  HEAn A NI U rlLUCK OF FOUArIONS - f F  NtEDFO 

I F ( N I I D T A o h ! . O ) b D T l l 4 1 2  
BACKSPACL 2 
REAO(2) TOUAT~CORHS~NPIVUINAHEV 

I BAEKSPACF 3 NklllF A = M1iIJ1' A 
I F  ( K H f . S & o l r ) o l )  GO 10 412 
BACKSPACL 4 
RFAU(4)  tnRHS 
BACKSPACE 4 

1 4 1 2  CflNTINlJl 
C 
C* * *  PREPARC: T D  IIACK-SURST ITUTE FROM THC CURRRENT EQUATION / c 

IFR I IN  - FJP lVO(NHUFA) 
NIKNI I  = NAN[ V (  NBUFA) 
P l V f l T  = EOUAT(IFR0N NBUFA) 
IF~IFFI X(NIKNO).NE.~) VFCRV~IFRON) = FIIED(UIKN J )  
IF( fFF lX(NlKNn) .EO.O)  EOUAT(1FHnN~NBUFA) = d.0 

C s * * *  IIACK-SUIJ:;'TI 11JTL I N  ,THE CURRENT EQUATION 
L 

D ~ J  3 ? 0  JFRON = 1 HFRUN 
330  EORH~(N I IUFA)  = E ~ R H ~ ( N B U F A ) - V E C R V ~  JFRONIWAT~ JFRWNBUFA) 

C c * * *  PUT 1HE F I N h L  VALUES UHCRE fHEY UELONG 
L 

I F  ( I F b  IX(NIKYfl) .EO*O) V E C R V ~ I F R O N ) = E Q H H S ( N l i U F A ) ~ P I V O f  
I F  ( I F F  IX(!I~KNJ).NE.O) FfXED(NIKNO)=-EORHA(NIIUFA) 
NMUFA = NHUFA-i  
ASOIS(N!KNII) = VCCRVt IFRON) 

340 CON1 I M U I  
L 
C * * *  ADD DIS1'LACT.HENTS TO PREVIOUS TOTAL VALULS 
C 

DO 345 1Tf)TV = I NTUTV 
3 4 5  TDTSP11 TOTV) = T ~ I S P ( I T O T V ) + A S O I S ( ~ T O T V )  

C 
C * * *  TTrJRt RI'ACTIIJtdS FOR PRINTING LATFR . ,. 

L 
C * * *  ADD PCACTILilJS INTO TWE TOTAL LOAD ARRAY 





.s - . - t SCUR*R.O/UNIAX*I.O 
AS fF  P = MSTEP 
REDIJC - 1.0-RFACT 
DO RO L ? T 9 l  = l * N S f R l  
S l ; T ~ I T ( I ~ T I ~ l )  = S f R S G t I  T R l  KGAUS)+RCDUC~STd 
S T R ~ . S (  I STHI 1 = R F A C T ~ S ~ R E S ~  ISTRI ) / A s ~ ' P  
oe  YO I Y L P  = 1 HSTEP 
CALL TPJUAH ( D C V ~ A ~ L P R O P ~ H H A T S  NCRIT rPROPS*S  

THETA V A R J P ~ Y I E L D ~  
' C AL L  YIL 'LOF ( A V E C ) ~  t A  PROP MH SINCRITI 

P R ~ P S * S & ~ Y J  &FF t~ ? X * ~ A R J ~ )  
' C ALL  FLIIWPL ( A V L C T * A I B E T , D V E C ~ * N ~  YPF.*PROPJ, 

AGASH - 0.0 
no 1 0 0  I S T R I  = 1 r N S T R l  
AGASH = AGASH+AVECT ( I S T R l ) * S T R E S ( I S f R l )  
OLA!:O - AGASH*ARETA 
IF !DLAND.LT.O.O) DLAMD = 0.0 
ULA3H 7 0 - 0  
DO 110 ISTRI = I~NSTRI  
BLAYH = [iGASH*AVECT ( I S f R l ) * S G f O f ( I E f R 1 )  

1 1 0  SGTOT( I ' 3T21 )  = S G T O T t I S T R 1 ) * S T R E S ( I S T 8 1 ) - D L A H o ~ U v E C T t I S t R 1 )  
f PSTNt  KCAUS)  = F P S f  N( KGAUSt *DLAMO*Ui;PSH/Y I CLD 

90  ClrNt IfIIJt 
CALI I I iVA I i  ( D F V ~ A ~ L P R O P ~ M M A T S I N C R I ~  ~ l ' R l I 1 ' S ~ ; t N T I r S T E F F r S G T O T ~  

THETAIVARJ~ Y I E L D )  
CURYS = U ~ ~ ~ ~ X * E P S ~ N ( K G ~ [ U S ~ * H A R O S  
RHIV(, = 1.0 
I F  (YILLO.GT.CURYS) BR ING = CURYS/YIELO 
DL  1 3 0  I S T H l  = 1 r N S T R l  

1 3 0  S T Q S t ( l ? T R l * K G A U S J  - R R I N G * S G f O f ( I S T R l )  
EFFST tKCAUS)  = URING*Y IELO 

* * *  A L T F R N A t r V E  LOCATION OF STRKSS R E D U C f I l l t l  L i lOP TERMINATION C4RD 

C  9 0  CON7 I N U t  
C * * *  R ~ S O l l l O  

GO t rJ  1 9 0  R r S 0 1 1 2 0  
GO 00 I n 0  [ S T H I  = 1 t N S f R l  Rt:S01130 

1 8 0  STRSG(ISTP1,KI iAUS) = SfHS(i (  I S f R i r K G A U S ) * O E S I G (  I ; T H l )  RESO1140 
E F F S l t K G A U S )  = YIf:LD RCSO 1 1 5 0  

C RESO1160 

C + * *  CALCULATr THT COUIVALENT NODAL FORCES AN0 ASSDCICT~ WITH THE R C S O l 1 7 0  
C  FLCHr NT NOnt-S ~ ~ ~ 8 ~ t t I 8  

290 MGASH 2 0 
DO 1 4 0  ItJl ' i l I:  = 1 *NtJ;IOE RCSOt2OO 
Df i  1 4 0  ?I)lltM = 1,IJDOFN R r S 0 1 2 1 0  
MGASH = t n6ASH+ l  RESO1220 
DO 1 4 0  ISTRI. : I *NSTIIE HESO 2 3 0  

1 4 0  ELOAD(IF..Lf M*nf>A?H) = EL~AD( I€LEH,MOASH)+8MATX(  I ' iTRE eH6ASH) R F S 0 ~ 2 4 0  
* STREG( ISTRL iKGAUS)  *OVOLU RFS01250  

40  CDNTINUF HESOl2GO 
20  CON1 IlrlJr. H t S O l 2 7 0  

R E  T l lR f l  R<SO1?8O 
1 NI) RrSO 2 9 0  

H C s o l l J o o  



SUSRLIUTIMT C O N V E R ~ E L O A D ~ I I T E R ~ L N O D S ~ H E L F . M ~ M F V A f l ~ ~ T O T V ~ N C H E K ~  
NDOFNINELEM*NEYAB*NN:IOC eN lOTV*PVALUeSTFOR * 
TLOAD I TOFUR* f f lLEA) 

t ~ r ~ ~ . . ~ . + + ~ ~ ~ ~ ~ ~ ~ * t ~ C ~ t * ~ ~ ~ t * t + ~ * * * C s L t v ~ ~ * b ~ ~ k * * * * * * b ~ * * * 4 * * * * ~ *  . TH1 S SUrlHfIUTINE CHLCKS FUR CONVERGENCE ,IF lllf: ITFRATION PROCESS 

. * . * * . ~ 4 * + , 4 ~ 1 . 4 * ~ 4 . * * * * C * * % t b t * 4 + ~ * * * b ~ ~ * s * t * * * * * * * * * b * * * * * * * *  

I l 4 P L I C I  I PEAL*R(A-H*D-2) 
D I  M INSI  rlN I-LOAD(MELEM~M~.VAI~) *LNODS(MELEH* 3 )  sSTFOR(HTOTV) 

TllFUK(MT UTV) 9 TLOAI~(MELEH~HFVA'1) 
MCtil-K = 0 
H C X I D  I 0.0 
HETrtT - 0.0 
RFMAX = 0.0 
DO Y IT l lTV  = I * N T D T V  
STTI lR ( IT f lTV)  = 0.0 
Tt lF I lR( f  TUTU) = 0.0 

5 CON1 NIlt 
DO 4X *CLEM = l *N tLF .M 
KEVALI = 0 
0 0  4 0  IN' IDE = 1 *NNllDE 
LUCIIO = ~AIIS(LNODS( IELEMIIN~IDE) ) 
01; 4 0  1 f i t l rN  = 1 r.ND(IFI1 
KCVAH = K€VAI I+ l  
N P n - I  : (LUCNO-l)+NDOFN+IDIIFN 
SlFt lR(NPOS1) = STFUH(NPUSI)+ELOAD(I E L E M + K ~ V A ~ )  

40 I U F I l R ( I I I ~ i l S 1 ) - =  l O F O R ( N P U S I ) + T L O A D ( I t ~ L E M ~ K f V A ~ 1  
Dn s o  r r o r v  - 1 N T O T V  
RLFllR - T O ~ D R ( I ~ ~ ~ V ) - S T F ~ R ~ ~ T O ~ V ~  
R L S I U  : R F S  D*REFOR*REFOR 
RCTLT = R ~ . T D ~ + T ~ ) F O R ( I T O T V ) * T O F O R ( I T O T V )  
AbASH =fIAf lb(REF~l lR) 

5 0  I F  (AGnSH.Gf .Rc WAX) REMAX = AGASH 
DD 1 0  [LLUM = 1,NELEH 
nn 10 ~ F V A U  = 1 NEVAB 

1 0  FLOAD(  1 i L C H ~  I E V ~ H )  = TLOAD(IELEM*IFVAH)-i :LOAD( IELE f l * IEVAB)  
RES'ID :l)SnflT(Rf 5 1 0 )  
R t  TIIT -OSORT (HCTOT) 
RATTO = 100.0*RESID/RETOT 
I F  (RAT'IO.C,TITIILER) NCHEK = 1 
I F  (IIT'RaFO.1) GO TO 2 0  
I F  (RAITU.Cf .PVALU) NCHSK = 999 

20  PVALIJ t HAT10 
URI  TT( ( . t JO)  I I T F R .  NCHEKIRATIO~REMAX 

30 FORHAT( 1 H f l O X ~ 1 4 H 1 f E R A l 1 O N  NO - 9 1 3 r  
JXI~RHCONVERGEMCE CODE =*IY,SX*2nHNORH OF RESIO 

* R P T I f l  =pE14.6*3X*18HMAXIHUM RESIDUAL =*714 .6 )  
RE TIJRN 
END 

cCfiD8:2'28 
CIINOOOSO 
r U N 0 0 0 4 0  
6 ~ 1 ~ 0 0 0 5 0  
Cl lN00060 
Cf~NOOO7O 
CON00080 
CLlNOOOsO 
CnNOO1OO 
CON00110 
C O N 0 0 1 ~ ~  
CIlN00 
C " ~ 0 0 f  4 0  
CnN00150 
C'1N00160 
CtlNO017O 
CON00180 
CON00190 
CON00200 
Cf lNO03lO 
CDN00220 
CUN00230 
COk00240 
CJN00250 
CON00260 
C:IN00270 
CON0 2 8 0  
c r 3 ~ 0 8 2 9 0  
CrlN00300 
C q  0 0 3 1 0  
COW00 3 2 0  
C1lN00330 
CIIt 0 0 3 4 0  
C(1J00350 
C JN003 0 
CfIN00390 
CUNOOSRO 
COHO0390 
CUNOOQOO 
CUN00410 
CflNOO420 
CON00q30 
CUNOO440 
CnNOOIS0 
CON00460 

iM C3N00470 
C3N00480 
CON00490 
CON00500 



SUnRCUf I N t  JUTPUT (I I f C R e H T n f G r  MTOTVrH F ~ x * ~ J < L E ~ ~  , N G A U S ~ N ~ F  X 9 N ~ ~ T P , N P O  ~NINVFIX sYt tsC,TnIsP,  rREAc,EPsL.  
I T Y P E ~ N C H E K ~ E F F S T ~  

! ~ * * * n : . * * *  * - L C * . ,  . * * * * * * * , * * * * * t * * * * * * * i * t * * e * c * t  . . . * . * * e * * * * * * * * *  I c 

It*** THIS  Sll l lRClUTINf OUT PUTS DISPLACEUENTSrRFACT 113NS AND STRESSES / P 

IHPL I C l  
DIHI:  N S I  

K[)UTP = 
I F  ( I f f  
I F  ( I11 
U R I t f  ( 
FORMAT 

IF (KOIJTP.LT.I) GO TO 10 
UHT TE < b 9 9 0 0  ) 
FORHAT( 1kO (5X 13HDISPLACEHENTS) 
I F  ( N T Y P E * N F  13) URITE (6 ,950)  
FUHHAT ( l t tOrCKe4HNI IOEr6Xt7HX-D I  
I F  (NTYPte t  0 0 3 1  URf f E  ( 6 t J S S )  
FflRNAT (1HOrf iX 4HNOOErbXr7HW-01 
on 20 II~OIN = I*NPUIN 
NGASH - I P I ) I N + 2  
NGIXH f NGASH-2*1 
UR Tt  ( 1 r 9 l U )  I P O I N r ( T D I S P C I 6 A S H  
FURFAT( I 1 0 ~ 3 E 1 4 0 6 )  
CCNT INU?  

L. 
C * * * *  OUTPUT RE ACTIONS 

) r IGASH 

*~HR?-STQE~ '>*SXI?HT T-STRESSq6XeRHHAX Po 
5HbNGLt r 4 X r l O H € F F ~ S f R E S S r 3 X ~ f i H E . P ~ 9 ~ )  

KtAU.3 -: 0 
0 0  (30 I f  LEM = 1 t NFLCH 
KELGS = 0 
U R I T f  ( 6 r 9 3 0 )  Ik-LEH 

930 FIlRMAT( ~ I ~ O I ~ X I ~ ~ H ~ L ~ M E N T  NO* = r  I S )  
DO 60  I t A U S  = I rNGAUS 
DO 6 0  JGAUS = 1eNGAUS 
KGAIJS = Kl!AIJS*I 
KELGS = K f  1 G S t l  
XGASH = ( S  fRSG(1 rKGAUS)+STRS0(2rKGAUS) 
XGf SH = (S fRSG(1  rKGAUS)-STRSG(2rKGAUS) 
XGESH : STA7Gt.3 KGAUS) 
XGOSH = ~ S Q M T ( X B ~  SH~XGISH+XGESH*XGESHJ 
STRSP(l)=XGASH*XGOaH 
STRSP(2 )=X*IASH-XGOSH 
I F (XtISH.EO.O.0) XGISH =OelE-20 
STRSPt3 ) =DATAN(XGESH/XGI S H ) * 2 8 * 6 4 ? 8 8 9  

6 0  UR[Tf (f.rc14Ll KfLGS,(STRSG( I S T R 1  rKCJAUS 
r r ( S T R S P (  I S f H L  ) r  ISTHE=1 D ~ ~ ~ E F F S T ~ K G A U S )  

940 F D R M A T ( ~ 5 ~ 2 X ~ b l - 1 4 0 b r F D o 3 r 2 E l 4 0 6 b  
5 0  CGNTINIJ. 

RE TlJRN 

IlUTOOOlO 
3UTilOD20 
nuT  00030  
'IUTOOOQO ' 
'JUT 0 0 0 5 0  
'3UT 0 0 0 6 0  
OUTOOO7O 
l U T 0 0 0 8 0  i 
OUT 0 0 0 9 0  
rJUT 0 0 1 0 0  

dtIlo01':8 
OlJT00130 
~ U T O O I ~ O  
'lUT00150 
OUT00160 
rJUf00170 
JIU 0 0 1 8 0  
I iuToo19o 
ouToo200  
OUT00210 
OUT 0 0 2 2 0  
OUT 0 0 2 3 0  
OUT00240 
OUT 0 0 2 5 0  
,JUT 0 0 2 6 0  
OUT00270 
OUT 0 0 2 8 0  

OUT 0 0 3 2 0  
OU 0 0 3 3 0  
0 U f 0 0 3 4 0  
OUT 0 0 3 5 0  

UUT00390 
UU 0 0 4 0 0  
d " ~ 0 0 4 1 0  
OUT 0 0 4 2 0  
OUT00430 
OUT00440 
t lUT00450 
~UTOO4hO 
I lUT00410 
UUT 0 0 4 8 0  
OUT 0 0 4 9 0  
nut 0 0 5 0 0  
r jUT00510 
rJUT00520 

t3!?8X3:; 
UUT00550 



I L 
C * * * *  T H I S  SlJRROUTINt CVALUATES THE SHAPE FUNCTIONS A;.? THEIR 
C DCRIVAT IVFS  FUR LINCARIOUADRATIC LAGRANGIAN AN9 S'HCNDIPITY i E tsoPAfiAnETR1 c Lr-n t:LEMl-NTs 

I/:*** SHAPC FUNCTION O i R I V A T I V E S  

. . ~  

1 / .$s = st: 
! T T = Z T  ST - 

SSTr  5: : * T  
STT = !;,TIT 
ST? = C.T.L.0 

I: c.** LHAPF FUNCT1r;NS FOR 8 NOOfD ELEHCNT 

?sliAPI 
SHAl'f 
SHAI'C 
QHAPC. 
SHAPF 
SHAI'C 
SHAP.' 
SHAPL 

SFROOOlO 
SFHOOIJ20 
SFROO0 30 
SFROO040 
SFROO050 
SFR00060 
SFROO010 
SFROO380 
SFROO090 
SFHOOlOO 
SFROOllO 
FFROfl l?O 
SFHO 0130  
SPR00140 
SFROO150 
SFROOlGO 
SFROOl10 
~ F R O I I l R O  
at  ROO190 
SrROOaOo 
SFROOZlO 
SFR00220 
SFRO&23O 
SFRD0240 
STROO150 
S1-ROO260 
S F R 0 0 2 t 0  
SFROO280 
?FRO0290 
JFROO~OO 
;FRO0310 
SFR00320 
SFROO330 
tFRO0340 
,FRO0350 
S t R 0 0 3 6 0  
SFROO370 
SfROOSBO 
SFR00390 
EFR00400 2fROO410 

?FRO0420 
a t R 0 0 4 3 0  
SFROO440 
CFROOf+50 
SFROO460 
$I-R00410 
3FHOO4RO 
SFROO490 
SFROO500 1 

SFR00510 
2FROOLi20 
rFROU530,  
SFR00540 ' 
SFROO550 



D F R I V ( 1 * 1  ) = ( T + S ~ - S T ~ - T T  ~ 0 4 . 0  
Ot R i V ( 1  ,PI=-S+ST 
DERIV(1  , 3 ) = ( - T * S 2 - S T Z + T f t 0 4 0 0  
D F U I V ( l t 4 ) = ( l . O - T T J / 2 r 0  
l l L H I V ( 1 , 5 J = ( f + S 2 + S T 2 + t t ) / 4 ~ 0  
OFHIV(1  t6): t -S-ST) 
D E R I V ( 1 * 7 )  = t -T+S2+ST2- fT ) /4 -0  
D I R I V ( 1 9 S )  = (-1oO+TT)/2.0 
D T R I V ( <  t l  ) = (S+T2-SS-ST2) /4rO 
D f R I V (  r ? J  = (- l .O+SS)/2rO 
DCHIV(2 1 3 )  .: ( -S+f2-SS+ST2) /4rO 
O F R I V ( T * 4 )  = (-T-ST) 
D F R 1 V ( 7 * 3 )  = (S+T2+SS+ST2) /4 rO  
D E P I V ( Z t f  1 i (1-0-SSJ/2.0 
D L R I V ( 2 t 7 )  - (-S+T2+SS-ST2)/4-0 
D i H I V ( ?  r R )  = ( -T+ST)  
A t  TURN 
C n N r f N U <  = \ *  ', 2s = b .  1 

CIHAPF ( 1  ) 
ShAFCt?) 
SHAIJ€ ( 3  ) 
SHAPE (4 ) 
SHAPE ('i J 
SHAPE ( 6  ) 
S I I A P F f 7 )  . - . . . . . . - . . 
SHAPk ( t i )  
SHAPE ( ?  J 

SHAPE FUNC 

TIbNS FOR 9 NOOED ELEMENT 

:T ION DERIVATIVES 

D E R I V ( 2 r 4 )  = - T T + S l  
D E R I V t ?  t 5 )  = 0 * ? 5 * S * S l * ( l . O + T 2 )  . 
n € H l V ( ? r h )  :Oa > *  ( l * O - S S ) * < l . O + T 2 )  
DERTV("7) ~ 0 ~ ? 5 * S * S 9 + < l . O + T 2 )  
DER1Vt . l tR )  2-ST*S9 
D E R t V ( T t 9 )  =-T?6(1.O-SS) 
RCTlJRN 

! END 

2FR00560 ,!ROO570 

SFROO580 
SFR00590 
SFR00600 
SFR00610 
SFROO620 
SFH00630 
SFR00640 
SFR00650 

sSF::iiPi SFRoobRo 

SFR00690 
SFR00700 
SFROO710 
SFR00720 
SFROO 730 
SFR00?40 
SFRO 7 5 0  
sFR0876o 
SFROOltO 
SFR00780 
SFROO790 
EFROOAOO 
SFROO810 
SFROOR20 
SFR00830 
2FR00840 
>FRO0850 
SFR00860 
SFROOAtO 
SFROOHRO 
SFROOA90 

%!8Z?i 
SFROD920 
SFR00930 
SFR00940 
SFR 0 9 5 0  
~ ~ ~ 8 0 9 6 0  
SFROO970 
SFR00980 
3FR00990 
SPROlO 0 
sn- to ioPo 3 r R 0 1 0 2 0  

SFROlO30 
SrRO 040  
sFRo t 030  
S f R 0 1 0 6 0  ' 
SFROlOTO 
SFROlORO I 
SFR01090 , 
SFROllOO 



: k * * b  THIS SUHHOUTINF: EVALUATES THE JACOBIAN MATRIX AN3 THE CARTESIAN 
C S H A P E F U I I C T I ~ J I J D C R I V A T I V F ~ S  
C 

L. 
C***  CALCULATE TlfF CUnRDINATES UF THE SAPMPLINO P . ) I W T  
L 

DO 2 IDIMC = 1 2 
GPCOD( IP IHC~KG~SP)  = 0.0 
DG 2 INOOF = l rNNODE 
GPCflO( InlMf.  *KbASP)=GPCOOt I D 1  MEeKGASP)+ELCOD( IDIMEe INODE) 

* *  SHAPFt I Nb1DC ) 
2 CCINT I t U L  

L 

C**b CALCULATE DLTERMINANT AND INVERSE OF JACOHI AN MA TRIX 
C 

R tf l~i INIJ~: 
XJACI ( 1  11 )=KJAtM(2e2b/DJACR 
X J A C I ( 2 * 2 ) = X J A C M ( l  l ) /OJACM 
XJACI  (1 e2 I=-XJACH~~ *2)/DJACB 
X J A C f ( 2 r l ) = - X J A C H ( 2 * 1 ) / O J A C R  ,. 

L 
rill 10 I I ) I M L  = l r 2  
DO 1 0  I !JCDF. = l rNNnDE 
C A R f D ( I O I M ~ ~ ~ N l l D E ~ = O . O  
DO 1 0  JOIMF z l .2  

I CARTD(IIJIMFe N U D E ~ = C A R f D < I D I M E e f N O O c I ~ + X J A C ~ ~ I D I H E ~ J D I M E ~ *  
* D C P I v ( J P 1 n E * I N o o E )  

10  CONTINtl- 
600 F O R H A T ( ~ / , J ~ H  PROGRAM HALTED I N  S U l 3 R ~ U ~ I ~ E  JACOB2 / Ill(* 

I *22H ? € P O  OR NEGATIVE AREA*/ r lOXe16H t.L.HtNT N U H B E R ~ I S )  
I RE TURN 

JACOOOlO 
JAC00020 
JAC00030 
JACOOO4O 
JACO 0 5 0  
~ A C 0 8 0 6 0  
JACOOO 70 
JACOOORO 
JAC00090 

:::!Xi lOo 
JAC00120 
JAC00130 
JAC00140 
JACOOlCJO 
JAC00160 

jiE881788 
JACOO190 
JAC00200 
JAC00210 
JAC 0220  
JAC80230 
JAC0024O 
JACO0250 
JAC00260 
JAC00270 
JACO 280 
JAC 8 2 9 0  
JAc!o3oo 
JAC00310 
JACOO320 
JAC00330 
JACOO340 
JAC00350 
JACOO36 
~ ~ ~ 0 0 3 ~ 8  
JACO0380 
JACOO.390 
JAC00400 
JACO0410 
JACOG420 
JAC 0 4 3 0  
JAC!O440 

JfE884Q28 
JAC00470 
JACO048O 
JAC00490 
JACOOCJOO 

JJ1cC:002l8 
JACOO53O 
JAC00540 
JAC00550 

CND 



SUHROUT I N L  tlUDPS(DHATX (LPRUP (MHATSrNTYPC PPRLIPS) 
C e * # a * * 1 . r * * . ~ * s b * * t * t * t * t t * t * * * * * * * * * * C * * * * q . * * * . * * * * * * b e * * * * * * e * * b a *  

C 
C* **  8 T H I S  SUtiRtlUTINC EVALUATES THE 0-MATHIX 

I M P L I C I  1 H t A L * H ( A - H  0-2) 
DIMr  NSI IJN D M A T x ( ~ ~ ~ I  PRUPS(HMATSv7) 
YOIIF+I;  = PRnPstL PROP . I )  

L 
C * * *  D MATRIX FOR PLANE STRESS CASE 
c - 

C L I N ~ I  = YiJUNG / (1 .0-POlSS*POISS)  
D M A T X ( l r 1 )  = CUNST 
D M A T X I 2 * 2 )  = CONST 
DMATX(1 9 2 )  = CONST*POISS 
DMATX(3 9 1  ) = CONST*POISS 
DMATX(J.3)  = ( l -O -POISS)+CONST/2 ,O  
R f  TURN 

Q I F  (NrYPf.NE.21 GO TU b 
L 
C * * *  D MATH lX  FUR PLANE STRAIN  CASE 
c - 

CliNST = Y f 1 U N G + ( l ~ O - P O I S S ) / ( ~ 1 ~ 0 + P O I S S ~ ~ ~ 1 ~ 0 - 2 ~ O . P O I S S ~ ~  
ONATX ( 1  9 1 ) = CONST 
D H A T X ( 2 r l )  = CONST 
D H A T X ( l r 2 )  = CONST*PO SSJ(1.O-PO SS)  
I l M l T X ( 1  ,I I = C U N S T * P O ~ S S / ~ ~ . O - P O I S S I  
D M A T X ( S P J )  = (1 .0 -2-0*POI  )*CON T / ( 2 - 0 = ( l r O - P O I S S ) )  
R k  T l l R N  

t*** D F A T R I Y  FCJR AXISYMMETRIC CASE 

CbNST = 
CONS5 = 
DHATX(1  
OHAT K(? 
UHATX(3  
D M A I X ( 1  
DHA TX ( \ 
DMATX(- 
DMAIX(:? 
DI.IATX(4 
D M A l X ( 1  
DNATX('1 
CONTINU 
RE TURN 
EN0  

YCIUNG * (1. 
POISS/( l .O- 

(1 1 = CUNST 
,?) = c n b s T  
9 3 )  = CONST* 
, 2 )  = CONST* 
( 4 )  = CIINST* 
,I 1 = CflNST* 
pit) = CIINST* 
9 1  ) = CllfJST* 
1 2 )  = CCNST* 
(4) .r CUNST 
E 

' 0 -POIS  
~ P U I S S J  

(1.0-2 
CONSS 
CONSS 
CONSS 

Cct31s: 
CUNSS 

SUtlROUT I N F  i>?.IATf'S( UMATX ,CARTO*NNOOC: *SHAPE* GPCll*)tNTYPEqKGASP) 
C ~ * C * * * * a . t * l . 8 ~ * m r ~ ~ I t t * t * C * t C * * f * C C C ~ * k b * * * * * * * m 8 * e . e b * e e * b * * * * * * * * *  

C s * * *  THIS  SUI )HI lUTIN i  EVALUATLS THE STRAIN-DISPLACEMCNT M A r R I X  

I H P L I C I  T N t  A C  
0 MFNSI[JN IJMA 
A S H  = o 
00 1 0  I N n O L  = 
MGALH : NGAiH 
NGASH = HGA2H 
t3MATX(l ~ H C A ~ I I  
RHATX (1 ~ N G A J I I  
BMATX(2*MGASl i  
BMATX(2 rNGAS:H 
RMATX(3 pHCAiH 
UHATX(ZrNGALl1 
I F  (NTYPEoNC 
nMATX(4  *MCA';II 
B M A I X ( 4  ?NGA!;H 
CONTTNUr. 
RETURN 
END 

$HM18000018 
H#A00030  
HHA00040 
UMA00050 
OMAO0060 
HMA00070 I 

L iHA00080 
BMA00090 
Ht4A00100 
HMAoo H m o o f 4 0  o , 
l lHAOOl3O 
HHA0014O 
L)HA00 1 5 0  
RHA00160  
HMA00170 
t3HA001RO 
HMAOO190 
UYA00200  

2388$18 
tSMA00230 
BPtA00240 





f SUDROUTINE Y  Ir-Ll)F (AVECT*OEVIA LPROP*MMATS,NC91 TtNSTRIv Y IE00010  P R O P S * S ~ N T S , S ~ E F F S T H E T A * V A H J ~ )  Y  IEOO020 
~ 4 + 4 ~ 4 + ~ 4 ~ 4 ~ b ~ t + r ~ ~ o ~ ~ c b t ~ t t ~ ~ t t + t ~ ~ 4 t ~ ~ 4 4 k b a h ~ 4 ~  y I C 0 0 0 3 0  
C  Y I  EOOO4O 
C****  THIS  SURROUTINC EVALUATES THE FLOY VECTOR Y  I E 0 0 0 5 0  
C  Y  IEOOOhO 
C t + ~ b ~ t t ~ b ~ * ~ f ~ o s ~ ~ ~ c ~ ~ c ~ ~ + ~ ~ ~ ~ ~ a k ~ ~ ~ ~ h ~ e + b t b e  Y f E 0 0 0 7 0  

I M P L I C I T  HEAL*H(A-I l rO-2) YIEOOC80 
DIMENSION AUECT(4)rOEVIA(4)~PROPStMMATS~7)~ Y I E 0 0 0 9 0  + .  V rCA1(4 ) rVECA2(4 )  rVECA3(4)  YfEOOlOO 

I I F  t TLI-F.[OIJ.'I) RLTURN Y f E O O l l O  
i FR IC?  i PROPS(LPRflP*1) Y  fC00120  
I ARTHL = lJAI~S(THl'TA 5 1 r 2 9 5 7 7 9 5 1 3 0 8 )  Y  l E 0 0 1 3 0  

I F  (AUTHtrLT.34.01 GO TO 15 Y I E 0 0 1 4 0  
I F  (ABTHEoGt.29-0) GO TO 25 Y I E 0 0 1 5 0  

1 5  TANTH =I)TA)U( THETA) Y IE00160  
TAN13 =DTAFJ(J.O* THETA) 
SINTH =DSIN( THTTA) 
COSTH =DCnS( IIiC f A )  

T:EEoO!lX8 
Y I E 0 0 1 9 0  

COST3 =!)CI)S(~.O*T~~ETAJ Y I E 0 0 2 0 0  
25 ROOT3 = l r l . 5 2 0 5 0 8 0 7 9 7  + Y  I E 0 0 2 1 0  

C  Y I E 0 0 2 2 0  
, C * * *  CALCULAT' VECTOR A1  Y  I E 0 0 2 3 0  
C  Y  I E 0 0 2 4 0  

VCCAl (1 )  = 1.0 Y I E 0 0 2 5 0  
V E C A l t 2 )  = 1.0 Y  f E00260  
V E C A I ~ T )  = n,o Y 1 ~ 0 0 2 1 0  
VCCAl (4 )  = 1.0 Y  I E 0 0 2 8 0  

C  Y I E 0 0 2 9 0  
C*** CALCULATF VECTOR A2 Y  LEO0300 
C  Y  I E 0 6 3 1 0  

Qn 1 0  I s T H l  = I r N S T R l  Y  I E 0 0 3 2 0  
1 0  V E C A 2 f I S T R l )  = D f  VIA( ISTR1) / (2 .0 *STEFF~ Y lEO0330  

VECA2t.7) = l ~ E V I A ( 3 ) / S T E F F  Y  IEOO 3  40  
Y I E 0 0 3 5 0  

I f*** CALCULATE. UtCTDR A3 YIEOO3bO 
C  Y  LEO0370 

VECAJ(1 ) = n F V l A ( 2 ) + 0 F V  A(4)+VARJ2/3rO Y  I E 0 0 3 8 0  
VTCAJt: ) 2 IIFUIA~I) *OE i f fA t4 )+VARJ213~0  Y  t E 0 0 3 9 0  
VECA3tJ)  = -2.O*DfUI A (S) *DEVIA(4 )  Y  IEOOQOO 
VECA3(4) = 3FVIA~l)*DEVIA(2)~OEVIA(3)*DCVlA~3~+UARJ2/3rO Y  I E 0 0 4 1 0  
GO TO ( 1 9 2 9  1 * 4 ) * N C R I T  Y  tE00420  

C  Y  f E 0 0 4 3 0  
C***k TRFSCA Y  I E 0 0 4 4 0  
C Y  I E 0 0 4 5 0  

1 CON51 = 0.0 Y 1E00460 
AtlTHL =OAllS( THFTA* 57.29571951308) Y  I E 0 0 4 7 0  
I F  (A11THF .LT -29.01 00 T0.  2 0  Y  IE0048O 
CONS2 - RIIJTJ Y  I E 0 0 4 9 0  
CONS3 = 0.0 Y fE00500  
GO fll 40 Y  E00510 

2 0  CnNS2 = 2 .n* (COSTH+SINTH*fANT3) Y  1 ~ 0 0 5 2 0  
CONS3 = ROdT3*SINTH/(VARJ2*COSf3) Y  IEOO53O 
GO TD 40 YIEOO540 

C  Y  I E 0 0 5 5 0  

C** *  VON MIST,; 
C  

? Cf lNSl :o.o 
CGtJ72 = i7rl!lT 3 
CONS3 - 0.0 
GO To i o  

C C * * *  MOHR-COULUMH 
L 

5 iCA/:y$ rD ~IN(FAICT*Or017453292)03~0 DAlld( THETA*5Tr2951?9513OR) 
IF: (AI,THK.LTo29.0) 6 0  TO 30  
CONFI3 = 0.0 
PL I IH I  = 1.0 
I F  ( T f l I  TAoGT 00.0) PLUM1 = -1.0 
CUNS2 = 0~5*(R00T3+PLU~I*CONS1*ROOT3~ 

Gl\ T l l  411 
30 CCIEIS? = CI,ST H* ( (1 .O+TANTH* TANT3)+CONSl* (T  ANT3-TANTH)*RLlOT3) 

COHS.5 - ( R f l O T 3 ~ S I N T H + 3 . O * C O N S l * C O S T H ) / ( 2 . O ~ U A R J 2 + C O S T ~ )  
GO TI1 '10 

C  
C+** DRUCKE H-PRhGiR 



SUnROUT INE FLLJUPL(AVECT rAHETAtDVECTtNTrPE,PROPS,  FLOOOOlO 
LPROPINSTR~,HP~ATS) F L 0 0 0 0 2 0  

C t 4 ~ * * ~ * C * * t b * * 4 t ~ e t ~ ~ b + ~ L ~ t ~ ~ * ~ t ~ t ~ ~ t ~ t + 4 4 b b b h + b  FLOQOOJO 
S C  F L 0 0 0 0 4 0  
C***  THIS  SUHROIJTINE t-VALUATCS THE PLASTIC  D UECTflR 
C 

F LOOOO50 
FC000060  

C I ~ ~ L ~ ~ ~ ~ ~ * C ~ I ~ I I ~ * L * ~ ~ ~ C C ~ ~ ~ * ~ ~ & C ~ ~ ~ ~ ~ & ~ ~ ~  F L 3 0 0 0 7 0  
I n P L I c I T  R E A L * R ( A - H  #u-t)  FL l300080 
D1HE:NSION AVCCT ( 4  J r O V f C T ( 4 ) r P R O P S t M M A T S 9 7 )  F L 0 0 0 0 9 0  

I YOUNG = P f ? ~ l P S ( l P R f l P r l )  FLU00130 P O I  S3 -PROPS( LI'ItOPr 2 1  FLOOOl lO  
HARDS =lJRllPS( L.PH01'* 6 )  FLfl00120 
F f l U L l  = Yf)UNlr/( 1 .O+PflISSJ F L 0 0 0 1 3 0  
IF (HTYP€.Ff>*l)  (in 10 6 0  FLU00140  
FHUL2 = Y U U Y G * P I I I S S * ( A U E C T ( l J + A V E C T ( 2 ) + A V E C t ( 4 ) I / ( ( l o O + P O I S S ) ~  F L 0 0 0 1 5 0  

* ~ l ~ O - P . O * P O I S S ~ )  FLOOO 1 6 0  ' 
OUECT(1 ) = FMULl*AVECT( l )+FMUL2 F L n O O l l O  
O V f C T ( 2 )  = FNULl*AUECT(2)+FMUL2 FLOOOl 8 0  
OVECTt i )  =Oo5*AVECT ( 3 J ~ Y O U N G I t l o O + P O I S S J  FLU00190  
DVECT(4J = f H U L l ' A V E C f ( 4 ) * F M U L 2  F L 0 0 0 2 0 0  
GU 1 10 F LO0021  

6 0  F ~ U L Q = Y ~ U N G ~  ~ I S S * ( A V E C T  ~ ~ J + A v E c T ( ~ ~  J I t l . O - P U I S ~ * P O I S S ~  
OVtCT (1 ) = FHULI*AVECT( l )+FMULJ F L 0 0 0 2 2 8  F L 0 0 0 2 3 0  
OVECT(2) = FMULl*AVECT(2J+FWU 3 F L 0 0 0 2 4 0  
DVFCT(3 ). : OoC,-AVf C T ( ~ ~ ~ Y O V N ( ; ~ ( ~ O O + P O I ' S S J  
OVECT(4 ) = FMUL1 *AVECT ( 4  J+FMUL3 

F L 0 0 0 2 5 0  

7 0  DENOM = HARUS F L 0 0 0 2 6 0  F L 0 0 0 2 7 0  
0 0  RO I S l R I  = 1 rNSTHl  

80 DENOH = O f . N ~ ~ H + A V E C t ( I S T R l ) * O V E C T ( l S T R l )  
FLD00280  

ABfTA - 1.OlDtNUH 
F L 0 0 0 2 9 0  

RE TURN FLOOO300 
END 

FLO00310  
F L 0 0 0 3 2 0  

4 - 
SUHROUf I N F  ~JHE(UWATXIDBMAT ,0 !4ATX~MEVAt]~NEVAYrN3TRE,NSTRlJ  f)BEO 0 1 0  C * * * * * * * * * * * * r * * * ,  +......t..4***cb**c**4c+*t* . t ~ * b * b ~ c c * * 4 * * * * * * o , ~ ~ 0 8 0 2 0  

' C  
C*** T H I S  SUHRUUTINE MULTTPLI ES THE 0-MATRIX HY THC B-MATRIX DI\EOO030 
C OHE00040 

OUEOOOSO C 1 * * * * * * * ~ 4 t * * * * * * * * * * * * * * * C * * * 4 * * * * * * 4 ~ & ~ ~ * 4 ~ ~ * 4 4 b ~ * * ~ ~ b ~ ~ ~ b ~ ~ ~ ~ ~ ~ ~ ~ 4 ~ ~ ~ H E O O O ~ ~  
I H P L I C I T  R fAL*R tA-H  0 - 2 )  
OIWENSIDN HHATX(NSTRL,RC A ) ,DRMAT(NSTR~~MEVAB) (  DHE00070 

~ M A T X ~ N S T H ~  ,NSYRB) ~ ~ ~ 0 0 0 8 0  
00 2 3 f i T R T  - l rNSTRC 013EO0090 
DO 2 fr.VAIi : ItNEVA!! Oi3F.00100 

I O I iMAT(1STKf~ t I tUAO)  - 0.0 . OHEOOllO 
1 0 0  2 JSTRC = l r N S T R E  DUE001 0 

O B W A T ( I S T R E r I E V A B J = O B H A T ~ I S T R E , I E U A B J +  0"E001$0 
*OHAT X(1STRf r J S f R E ) * l i M A T X t J S T R E ~ I E V A B )  OHE00140 

/ 2 CONTINUC OHE00150 
RETURN Dk3E00160 
END 8EE8aOiX8 

SURROUTINE LINFAR(CARTDSDMATXIELD SILPROP,HMATSPNOIYFN(NNO E N S l  
NTYPE , P R O P ~ ~ S T R X N ~ S T R E S , K G A ~ ~ ,  wc!Io,sH~!Ef 

C 1 ~ t ~ 1 * C * 4 t C 4 * t L , 4 C b b ~ t L 4 A 4 * 4 4 * 4 h 4 ~ C ~ C ~ C b 4 b 4 ~ ~ ~ ~ 4 ~ ~ * ~ . 4 b b ~ 4 ~ ~ 4 b ~ 4 ~ ~ h b  
C 

, ;*** THIS  SUBROUTINE EVALUATES STRESSES AND STRAINS A;SUHING.LINEAR 
ELASTIC HEHAVIWUR 

L 
~ 4 * b b * ~ ~ 4 ~ * * 4 * t * ~ b ~ t * * * C L ~ ~ ~ ~ ~ ~ * & ~ b ~ ~ c ~ 4 ~ ~ ~ ~ ~ ~ ~ ~ ~ + ~ ~ ~ b s ~ ~ ~ ~ ~ b ~ ~ ~ ~ ~ b ~ ~  

I M P L I C I T  REAL*R(A-H 0 - 2 )  
DIMENSIf lN A G A S N ( ~ ~ ~ ~ , C A R T D ( ~  9) rDMATX(4 CPrEL31;(2,9), 

PHOPS(flNATS ~ J ~ s T R A N ~ ~  J , S T R E S ~ ~ ) ,  
~ ~ c u o ( 2 . 9 ~  ~ H A P E ~ S J  

' g ~ l ~ ~  = PROPS(LPROP,~)  
0 2 0  IOOFN = l rNOUFN 
0 2 0  JDOFN = 1,NDOFN 

t3GasH = 0.0 
DO 1 0  INOOE = l rNNOOE 

1 0  BGASd = H G A S H ~ C A R T O ~ J D O F N I I N O D E ~ * E L O I S ~ I O O F N I I N ~ I O E J  
2 0  AGASH(IOOFN*JOllFN) = W A S H  

CALCULATF THE STRAINS 

L 
C * * *  AN0 THF CflRRE.SPDN0ING STRESSES 

'RE 
4 

&. 

0 0  4 0  ISTRE = 1 NSTHE 
STRESCIFTPE) = 4 - 0  
DO 40 JSTRC = LINSTRE 

4 0  STRES(1STRE) = S T R E S ( I S T R E ) + O H A T X ( I S T R E ~ J S T H E l ~ ' ~ T R A N (  JSTREJ 
I F (  NTYPf - fQ .1 )  STRES(4)=0.0 
I F  (NTYPE-EQ-2) S T R E S ( 4 ) = P O f S S * < S T R E S ~ l ) + S T R E S ( 2 ) )  
RETURN 



APPENDIX D 

F i n i t e  Element Program For 

Nonl inear  S t r a i n  Hardening M a t e r i a l s  



i " - 
F I N I T E  ELEMENT PROGRAM FOR 

NONLINEAR S T R A I N  HARDENING MATERIALS 

OF PLANE S fPZSS*  

b I t 4 1 C ~ b ~ + b r b b C C L I I b ~ b b ~ * ~ t b ~ b ~ ~ b b ~ b b ~ ~ b ~ 4 ~ b b ~ ~ b ~ b b ~ b b b b 4 ~ b b  

REAL' A(  
N ASDIS t  

EOIHS(1  
I F F I X (  
NACVAt 
NOUTPt 
POSOP( - S tFORt  
S l R S G i  
T3FOR 
UST RE5 
PST RN( 

PRESTT YARIA3LES ASSOCILTED MITH DYNLMIC OIMENSIONIY3 

CALL 0 M N l  ( MBUFA*H L M* AB M F R o N ~ M M L T S ~ M P o I u ~ n S T I F t  
9 n!oFv .~VF I  x *NDOFN* N F R ~ P ~ ~ E Y A E  t 
CALL THE SURIOUTINE MHICH READS MOST OF THE PROBLEM 3 A f k  

CALL IYPUTZ ( C O O R D ~ I F F I X ~ L N O D S ~ ~ A T N O ~ M ~ L E M r M E V 4 3 ~ ~ F R O N ~  
t M # A t S r q P O f N * M T O T V * M V F I X ~ N A L G O *  
b UCRIT*NOFR NO FN*NE 

a :N!E:~!A?!?B:*" bF7it6l8!~Y&$#86?i8Yi~* 
NTYPEvNYF XIPOSGP~PRESCIPQOPS~WZI~P* 
usTREsIusFRv *NUMB) 

CALL THE SUBRDUTINC MHICH CA CULLTES THE HLRDNESS VILUE 
ARRAYS FROM U N I L X I A L  TEST Dh\A 

CALL HRDNS t USTRES,USTRNv N MB PROPS*MMATSvNHATS* 
H V A L I J * Y S T R E S * P S ~ ~ I  

CALL THE SURIOUTINE MHICH C  HPUTES THE CON ISTENT L 3 4 3  VCCTO 
FOR cAcH ELEqENr AFTER  READ!^ THE MLE~APIQ INPUT D A T A  

I N I T T A L f Z E  C I R T L I N  ARRAYS 

CALL Z E R O < E ~ O A D ~ H E L E M ~ M E V A B v H P O  N ~ ~ T O T G ~ M f O T V ~ N D O F Y e V E L E ~ v  
N- VAR~NGAUSI ISTR~ rNT  #O,LPST#~EFFST 
N ~ O T V ~ N V F I X ~ S ~ R S G ~ T O ? S P ~ T F A C T ~  
TLOAD*TREAC~MVF!X) 

LOOP OVTR EA,H IVCREHENT 

IRS 

MSTOOOIO 
MST00020 
YSTOOOSO 
MSf 0 0 0 4 0  
HSTOOD50 
Ms 0 0 0  0  
ns fo  oOo 

, f i s ro laeo  
HST0.0090 
HStOOiOO 
HST00110 
MST00120 

a:?!!/'! ST00 8 0  

!gjl!$$8 ns 0 0 2 ~ 0  

HST002 tO  
MST 0 0 2 8 0  
US 0 0 2 9 0  
n s T o o 3 o o  ns 0 0 3 1 0  

!1!!1339 

HST 4 4 0  
MST#!ISO ~ s t 0 0 4 6 0  

MSTOO47O 
HS 0 0 4 8 0  
U S ~ 0 0 4 9 0  

HST 0 0 5 3 0  
MST 0 0 5 4 0  
MSTOO550 



l l i  1 0 0  I I W S  = l t N I N C S  

((1 Al) OAT A fLI .3  CUItHCN I INCREMENT 

CALL I V C R E P (  [LOADIF I X E D *  I I N C S ~ H E L E ~ I ~ E V A H ~ N I T E R ~ M T O T V ~  
M v F I X ~ N I ) U F N ~ N E L ~ ' M ~ N ~ : V ~ I ~ ~ N I I U T P ~ N ~ ~ F I X  NTDTVr  
NVFIX,rPI(ESC IHLUADITF ACT* ~ L J A D ~  T U L E R ~  

I IJIIP IIV: N I 1 A C t I  ITERA l I U N  

UI1 10 I I T E I I  = l r M I l t R  

CALL N C V I I N I .  U I f ICH  S t L f C T S  SOLUTION A L S J H I r W f l  VAHIAULE KRESL 

CALL A L G l l t i ( F I X F D t 1  I N C S v I I T E R r K R f  SLvHTi)TVvNALGOr 
NTCITV) 

C I I L C ~  w t ~ t  r11l.14 A NEU LVALUATION OF r n t  STIFFNESS MATRIX IS REOUI~~ED 

I F  (XR+.CL.tJ. lJ  C A L L  STIFP~(COURO~EPSTNIIINCSILN OSvMATNOv 
M E V A B , M ~ A T S ~ N P ~ ~ N ~ N T O T ~ ~ N ~ L E M ~ N E ~ A ~ ] ~ N G A U S ~ N N ~ O C ~  

. . NSTHE ~ N \ T R & ~ P O S C P ~ P R I ~ P ~ I U E I G P ~ M E L E H ~ M T O T G ~  
S T R S G I N T Y P ~ ~ N C R I T ~ H V A L U M R N ~ N U M R ~  

HAROSIPLSTN~NMATS) 
0 

CALL ~ I ; ~ ~ N T ( A S D I S ~ C L O A ~ , € O R H S I E Q U A T ~ F S T I F  ~ F I K E O ~ ~ F F I X ~ $ ~ N C S I ~ I T E R I  
GLCADrGST F~LOCELvLNODS,KRESLvMHUFAvMELEMrMEVARrMFRONr 
H S ! ~ F ~ ~ T L J ~ V ~ H V F I X ~ N A C V A ~ N ~ M ~ C V I N ~ E S T ~ N D O F N ~ N E L E M ~ N E V A H ~  
NNl.OC N O F I X ~ N P I V O ~ N P O I N ~ N T O T V I  TOISPvTLOADITREACv 
U E C R V ~  

CALL ~ < ~ S I D : ' ( A S I ) I S I C U U R D ~ C F F S T ~ E L J B ~ > ~ F A C T L ) ~  [ I TER ILNODS~  
L P R O P I M A T N O ~ ~ E L E H ~ U M A T S T N P ~ I I N ~ M  O T n t  NTOT r NOOFN, 
N F L r M r  NEVAllvNGAUSvNNooK INSTRI t YPEIPIJSE!~ PROPS* 
NSTREINCRI T rSTRSGrUEIGP*  TI~ISPICPSTN 
HVALU*PSTRN,NUHBr HARDSv PLSTN I N M A ~ S  ) 

CALL C lNUER(ELJADr1  [ T E H ~ L N ~ J O S ~ M E L E M ~ M E V A I ~ ~ M T O T V ~ N C H E K I N O O F N ~  
NCLCHtNEVAUrNNODEvNTOTV I P V A L U ~ S ~ F U R ~ T L O A O ~ T O F O R ~ T O L E ~ )  

I F  1 I L r ! ' H . L O .  l.AND.NUUTt'(l).GT.O) 
CALL "lJTPUT( I I T E R v M T O r t , f l  aYTVvMI/F I XvtJCc'iHr N C A U S M F  X~NOUTPI  

N P C J I N ~ N V F I  XI S f  RSG~TOISI'I T R ~ A C ~ E P S T N ~ N T Y & E ~ N C H E U ~  

I F  S l l LUT IGN HA; CONVERGE0 STOP LTER4T ING AiUD OUTPUT RESULTS 

I k  tNCI ' rK.CU-OJ GU TO 1 9  

MCJTOl l lO ; 
H S T O l l 2 0  [ 
MSTO1130 
H S T O l l q O  j 
HSTOI ISO 
M' iTOl160 I 
HST01170  1 
MST01180 i 
H S T O l l 9 0  
MST01200 
~ 3 ~ 0 1 2 1 0  
M>TO1220 , 



SUlitltlUT TNr DIMEN1 ( MBUFA*MELEMrHFVAI{ #F I (ON~MMATS~MPOIN~MSTI  F *  l > t f i 0 0 0 1 0  
NTIITG* NTOT V ~ H Y F I X ~ N D O F N ~ N P R O P ~ I J ~ T ~ ~ ~ )  OIH00020  

C t * * b 4 b + * n 4 t ,  r 4 ,  . b * ~ e b * * ~ t t ~ * ~ * ~ ~ * * * * * * 8 b e b n b * * b m * b *  DfMOOOJO 
C 01HOOO4O 
C***b THf S SUIIROUTINF: PRESETS VARIABLES ASSJCIAT<D Y ITH OYNAMIC OIH00050  
C  D f H t N S l  n N I N t  OIHOOObO 
C D I N 0 0 0 7 0  

. C ~ C ~ I C ~ . . ~ * I - ~ ~ * ~ C * C ~ C C * ~ * C C C ~ * ~ L C C ~ * ~ * ~ ~ ~ ~ * + ~  OIH00080 .  
I M P L I C I  1 QEAL*R(A-H 10-2) I ) fM00090 
MlllJFA -- 10  OIHOOlOO 
MTL! M : 50  DIMOOl lO  
HFRIIN f r o  0 1 ~ 0 0 1 2 0  
HMATS -.) OIH00130  

I HP f l IN  = 1 G O  OIMO 1 4 0  
HSTI I -  ~ ( H F R O N * H F R O N - H F R O N ~ I 2 ~ O + M F R O N  OIH0!150 
n f O T t  =MELEM*9 OfH00160  
NDOFN = 2  D I H O O l 7 0  
MTnTV =MPZIlN*NOOFN DIM00180  
MVFIX =JO OIM00190 
NPRW :c 0  MOO200 
HCVAI3 . !100FN*9 O I H O O Z ~ O  
RE T URN O lM00220  
END DIM00230  

INPUT 
HNATS 

C  
C * * *  THIS  SUIIROUTINE ACCEPfS HOST OF THE INPUT OATA 

* * * *  ' **. s * . + +  ***************b*************b******** 
1MPI  ICT T R &  A1 * R f  A-H a l l - ? )  

HEWIb!O " 
R E W I N O  5 
REJIND 4 
RCWtNO I4 
READ (5 !920)  T I T L f  
URITE ( r  ,920) T I T L E  
FORMAT( 1 A A 4 )  

C 
C * * *  READ TH,' F IRST DATA CARD AND ECHO I T  IMQ-OIATELY 
L 

R E A 0 ( 5 * ? 0 0 t  N P O I N ~ N L L E H ~ N V F I X I N T Y P E ~ N N ~ ~ O E ~ N H A T S ~ N G A U S ~  
NALGOINCRI~~NINCS,NSTRE 

900  FORMAT( 11 1 5 )  
NLVAII = NDUFN*NNODE 
NSTRl  = bISTRE+l 
I F  (NTYPt.LQ.3) N S T R l  = NSTRE 
NTOTV = NIJfIf NcNDDFN 

C 

C * * *  RFAII TI(+: C-LC'MENT NODAL CONNFCTIONSIANO THE PROPERTY NUMBERS 
C 

WRITF(b: , 90? )  
902  FORMAT ( / / 4 l l  Li lHENT*3XrRHPROPERTY*i ,X* 17HNUDE NUMBERS) 

DO 3 I C L ~ H  = E*NELEH 
R L A D ( 5 r 3 0 0 )  N U M C L ~ M A T N U ~ N U M E L ~ ~ ( L N ~ ~ D S ~ N U # : : L ~ I N ~ D E ~ ~ I N O D E = ~ ~ N N O I ~ F : ~  

2 U R I T t ( 6 * 9 0 3 )  N U H E L ~ ~ A T N U ( N U M E L ~ ~ ( L N ~ O S ~ N U M F L ~ I N J O E ) ~ I N O O E ~ l ~ N N 3 O E ~  



903 FORMAT( l X * I h t I 3 t 6 X * R I 5 )  I NP00560 
C I N P 0 0 5 7 0  
C***  ZERO ALL THL MUDAL COOROINA~FSIPRIOR TO REAUINJ G O H E  f lF THEM* f NP00580 
C f NP00590 

t 00 00 4 4 TDIHC. I P ' I I N  = : 1 I r 9 P O f N  
ItJPOOfilO 
rNP00600  

4 COORD(IP~IIFI~IO~~IE) = 0.0 I ~ J P O O ~ ~ O  
C I NP00630 
C* * *  READ SORF NDDAL COORDINATES~FIN ISHING Y I T H  THE LAST NODE OF ALL- INPOOh4O 

I IuP00650 ' 
YRI IE(C.  9 0 4 )  1tdP00660 ; 9 0 4  FORHAT() /SH NODT*IOXI~HX 1 0 ~  ~ H V )  INP00G70 

6 READtSrsOS)  I P O T N ~ ~ C O O R O ~ I P O ~ N I I D I H E ~  *IOIHE=~ 9 2 )  INP006AO 
j 9 0 5  FORMAT( 15*6F10.5) I tJP00690 

I F  (IPfllN.Nf'.NPOIN) GO TO 6 INPOOTOO 
; c I N P O O l l O  

Ch** INTERPOLATE COORDINATES OF MID- SIDE NODES I NP00720 
C INPOO730 

CALL NllnEXY( COURDILNODS ~HELEH*HPOIN~NELEH*NNODC 1 I N P 0 0 7 4 0  
0 0  1 0  I P U I N  =I tNPOIN INPOO7SO 

1 0  YRITE(6  9 0 6 )  1PL)TN ( C O ~ R D ( 1 P O I N ~ I O I M E )  9 1 D I M E = 1 ~ 2 )  
SO6 F O R M A T ~ ~ X *  1 s t 3 ~ 1 0 . i )  

I C NP007RO . C**+ READ THF F l Y F D  VALUES I N P 0 0 7 9 0  
C I NPOOROO 

URITE(ht?O 7 )  INPOORlO 
3 0 7  FORMAT(//SH N n O E ~ b X ~ 4 H C O D E ~ b X ~ 1 2 H F I X E D  VALVES) I N P 0 0 8 2 0  

1 00 8 I V ~ I X  z I~NVFIX I NP00830 
I READ(S*dO&) NnFIX(IVF1X)~IFPRE~CPBESCCIVFIX~ID~JFN) IOOFN=l  NDOFN) 1YP00840 

U R I T C ( f ~ c 9 0 f l b  NtlFfX(!VF X ~ ~ I F P R E ~ ( P R E S C ~ ~ V F X X I I O ~ ~ F N ~ ~ ~ D ~ F N = ~ ~ N D O F N ~ ~ N P O O R ~ ~  

i NLoCA = ( N ~ T I X ~ I V F I X ) - ~  ) *N00FN t NP00860 
TFOflF - l O * r ( N O O F N - l )  I NP00870 
On 0 I n t rFN = 1 tNDOFN I N P 3 0 8 8 0  
NGASH = NLIICA+ I I IDFN I N P 0 0 8 9 0  
I F I T F P R t  .LT.IFDIIF) 8 0  TO 8 I N P 0 0 9 0 0  

I 
IFFTXCPlGASlO=l 

FPRE=IFPHC-IFDOF 
8 fFDDF = IFI) l IF/ lO NP00930 

9 0 8  F D R M A T ( ~ X ~ I S ~ S X ~ I S ~ ~ X ~ ~ F ~ O L ~ )  1 NP00940 
C f NP00950 
C+**  READ THr AVAILAIILE SELECTION OF ELEMENT PROPERTI--3 1 NP00960 

f NP00970 ! 1 6  U R I T E C b r 9 l O )  I NP00980 
f. 910 FORHAT(/ / IH NIJMHER 6X*18HELCHENT PRIIPERTIES) I N P 0 0 9 9 0  
I DO IR IHAI =I,NHA~S t N P O ~ O O O  READ(S*'>I)O ) NIJHAT INPOlO lO 

READtS 9.30 ( P R O P S ( N U H A T ~ I P A O P ) I I P R O P = ~ ~ N P R ' ~ P )  I NP01020 
9 3 0  FORMAT{ 6 ~ 1 0 . 5 )  IFJP01030 

18 URITE(6  9 1 1 )  NIJMAT (PROPS(NUHATr1PROP) r I P R f l P = l ,  ?IPROPI f NP01040 
9 1 1  F O R R A T ( ~ X ~ I I ~ ~ X ~ ~ E ~ ~ ~ ~ ~  INP01050  

C I N P 0 1 0 6 0  
c * * *  READ AND WRITE UNIAXIAL TEST D A T A  INPOlO7O 
C INPOlORO 

CALL UNIAX2 (USTRES *USf  RNrNUHBrHMATS*NMATS) t N P 0 1 0 9 0  
C INPOl lOO 

C***  Sf 7 UP IrAIJSSIAN TNTCGRATION CONSTANTS 
I I i P O l l l O  I t l P 0 1 1 2 0  / CI1.L Sllli5OlNOAUS*P!lSGPtYCISP) INPO 1 3 0  

CALL CI'! C ~ ( L ' ( C ~ L I K O ~  I.FFIX~LNODS*HATNO*HELC t.l+M!-Ril$ tHPOINrHTOTV+ f N P O t l 4 0  
I . klVF I X  t N D F R l l ~ N D O F N ~ N E L E ~  rNHATS+li\IODr *NOFIX*NPOINr  I N P 0 1 1 5 0  

N V F I X )  INPO1160 
RETURN f N P O l l 7 0  
EN11 I NPOl lBO 



k T H I Y  :,UlilIlJUlINF: RCAOS U N I A X I A L  TEST DATA F J H  STRESSES AND 
C 
C 

SIR AIM^ AhD PRINTS  THEM 

C * * *  I N 1  1 l dL1 , ' I '  THC USTREStUSTHN ARRAYS 
L 

D 1  2 5  I Y A I S  = 1,NHATS 
MCIJL = 25 
Dl i  35 IC l l l .  = 1 rP1CIJL 
ULI!'t S ( IMATSv!CIIL)  -= 0.0 
UL;IIJtJ ( !HAI! ;* ILOL) - 0.0 

3 \  CI?N r I ~; IJ .  
2 5 C~I '4 T INIJ t- ! c 

U h l l f  ( i 3 * ? 0 0 )  
FORMAT ! lH0 r2 f lHTHE UNIAX  AL TEST VALUES ARE// 

. x  , iHNuNnCRr %x.inf r sx*sns~~r : ; s (  r 1 lsx,sasmrrrc 
D:J 10 I t , A T S  - I r N t l A T S  
R - A l l  ( : i t l ( i i l )  NlJMAT 
R i A l l  (:, r 1 1  0 PJUMH 
FI.:HIIAT (JX 1 5 )  
FL':II;IAT ( 5 x 1 1 5 )  
DO 1:) IN1IMI) = L rNUf l l l  
READ ( 5  r l l ' ? )  USTRES(NUMATvINUflB)rUSTRN(NUMATvIHUMBJ 
FCRNAT ( F 1 6 - 4  86X1E14.8) 
CUNTINl l r '  
CIIN T I IJUb 
D L  20 I H A T S  = l r N M 4 T S  
Dl! 30  I = 1 NlJMR 
URr TC ( i  1 1 3 6 )  ~ H A T S I I * U S T R E S ( I U A T S I I )  *UST l t i J ( IMATSt IB  
FI iRPAT ( 5 X t 1 5  t ~ X r I S r 4 X r F l O . 4 ~ 4 X ~ E 1 4 . R )  
CUHT rrll6 
CON T f N U i  
RFTURPl 
L hll 



1141'; S1 I t~ I~ I I I JT INf*  EVALUATF'S THE HARONTS VALUCS INTERPOLATED AS 
Tll!- ~ L I J I ' C  IIT 5THLSS V S  P L A S T I C  S T R A I N  CURVL FRUR THE r 
U N I A X I A L  Tt  S T  DATA 

REAL1 U:VIAUIAL PROPERTIES 

INI ~ I A L I / E  THC HVALUsPSThNiYSTRES ARRAYS 

klCIlL = 25 
D n  hO 1 C 0 1 .  = 1qMCC)L- 
HVALU ( I M A T S t I C f l L )  - 0.0 
PSTItN ( 1IYATI;tICiJL) = 0.0 
YSTi l t  S (  I M A I S * I C O L )  = 0.0 
CbNTIfdUt. 

CHANGE T H i  TEST DATL  TU STRESS- PLASTIC STRAIN  VALUES 
I F  NUT PEPFLCTLY P L A S T I C  

KWtqT - 1_ 
no ?n  r - I ~ N U M ~  
I F  (IJC114t ' ; ( I M A T d * I  ) - L r .Y IELO)  G I ~  Ti1 LO 
YSlI?F S (  I t 4ATS tK l IUNT l  = U S t R F S C I M A T S v I )  
PSTHN(1MATSsKUUNT) = ( U S T R N ( 1 H A T S i I J - < U S l R ~ ~ ( I R A T S t l l / Y O U N G ) )  
KOUNT = KUUNT + l  
CONT INIJr  
KOUNT : KJUhT-1 

CALCIJi .?TE T t t t  HVALU iTHE HARIINESS V A L U f P  FR;JH THE SLOPE OF 
SrHCSS US Tf -FECTIVE P L A S T I C  S T R t I N  CURVL 

HVALU ( I H A T S r l )  = DAHSt (YSTRES< I H A T S i 1  )-YIZLO)/<PSTRN(IMATS*l) l t 
K: KlrUlJT 
Dn 3 0  J = 2 ~ K l I l J k T  
HVALU( I~1ATSr . J )  = OAUS((YSTRt S t  1 M A T S i J ) - Y C J T I t i S ( I M A T S i [ J - 1 ) )  ) I  

(l'STHN( 1MATS iJ ) -PST I iN (  I M A T S i (  J-1)) ) )  
C(J1J'r I EiUf 
CDFI1 I NU; 
FI'F T~ . ;T I I J I ,  
URTTC ( 1  1 0 9 )  
FOGHAT ( IHO , ? X ~ R H M A T E R I A L ~ ~ X I ~ H N U H ~ ~ R V  1 \X* iHHARRAYw5Xt  

TOHPLASTIC S T R A I N  ARRAY) 
OlJ -5% LXATS = 1 i N U A l S  

Dl1  4 . ~  I ~JUMH = 1 iNUHU 
U R I  Tf ( c  11  I'J 1 IMATS?INUMI3 HVALU l  IHAISI INUI \ (N)~PSTRNCIMATSi INUHd)  

! i b  F U H M A T  ( 1 1 i o ~ - j x ~ 1 5  ~ ~ x ~ I ~ , S X * E I Y . ~ ~ F J X ~ ~  1q.q)  
4 7  CIIPIT I ? * U '  
3 2  C l ~ N T l t i t J t  

TFCT I N S  I l V L H  
HETURN 
LtJD 



/ SUHPlJUT I N E  LUADP1(C~lOROeLNODS,MAT N J * M E L E M ~ ~ ~ M A T S P H P O I N ~ N F L E M ~  
NEVAl3tNGAUSeNN DE*NPOIN NSTRt.tNfYPE,POSGP* 
P R ~ P S , R L ~ A O , ~ ~ P G P * N D ~ F N ~  

C * 4 4 L ~ 4 ~ ~ ~ * ~ 1 ~ 4 ~ ~ r A ~ C L 4 4 * b 4 4 4 4 ~ ~ 4 4 4 4 * ~ 4 4 * 4 4 R t 4 * 4 ~ ~ b ~ * 5 4 4 ~ 4 ~ 4 b 4 ~ 4 ~ * 4 4 b ~  - 
C 
C * * Y  TH1 3 SULIRCiUTfNE EVALUATES THE CONSISTENT N:lllAL FORCES FOR E9CH 
C, LLKMTNI 

k d * *  PkAO DATA CUNTROLLING LOADING TYPES TO HE INPUTED 
C 

L 
I F  ( T P L ! l D . t O . O )  GO TO 500 

2 0  READ - ( ?  t 9 3 1 )  LUDPT (POINT ( IOOFN) ~ I D O F N = l  2) 
Y R I T L  ( C 9 9 3 1  ) L O O P ~ , ( P O I N T ( I O O F N ) ~ I D ~ F N = ~ * ~ ~  

3 3 1  TORHAT( I C J * ? F  10.3) 
C 
E.44 ASSDCIATS ftiF: NODAL P O I N 1  LOADS U I T H  AN XLE3tlNT 
C 

Dl1 3 0  I C L t  F 3 l r N E L E H  
bn so I E I ~ J O E  = 1 ~NNI~OE 
NLI'CA = t AI\S(LNOOP( tELEMrINOOE11 

I).  tLIJJIJT a ,  UaNLnCA) GO f O  40  
3 0  ClJNf INUI  
40  DO 4 0  ?I)tIFIJ =I e? 

NGASH = ( INDOE-1 ) *2+ IDOFN 
5 0  RLf lAD(1FLE M NGASH) = POINTCIOOFN) 
IF (LIIDPT~L~.NPUIN) GO TO 2 0  _ 

500  CCNTTNIJF 
I F  (IGi3EV.FOeO) GO TO 6 0 0  - 

k*r* GRAVITY Lf lAUING SECTION 
C  
C -- 



; $ a + *  HLAD ( ; l t A V I  TY ANGLL AND GRAYITAT IUNAL  CIlNSTAiJT 
L 

RLAI) ( ' I  t r ) O - l )  Tt iCTAiGRAVY 
i VOL FlIRiqA I f e (  0.3) 

uHI IF:  ( r  l A ~ l  1 THETA GRAVY 
911 FOqMAT( IHO 916" G R A V ~ T V  ANGLE = r F 1 0 . 3 i 1 9 H  GRAVITY CUNSTANT = r F l O  - 3 )  

THi ? A  - T t l ~  TA/ '> I .295779514 
C 
C+.*  L ~ O P  flVt'R t ACH LLEMENT 
C 

OU + O  1ILLE.I = 1 i N C L E H  
C 
C + * *  SET UP PPCLLHINARY CONSTANTS 

Lt ' l { l l i '  
TH ICK  
DENSF 
I F  ( i ) C  
GXCuH 
GYCnM 

L 
C * * *  COMPUTC ClI!IHOINATES OF THE ELEMENT NODAL P U I N T S  
I. 

0t1 1 . 0  I &liOl: = 1 iNNUDf. 
LNLIUC = IAi)';(LNODS( I E L C M i  INODE) )  
DU 6 0  JUTMt  = 1 9 2  

60 CLCI?O( I D l N F i  IEIUDE) = COORDC L N O D E r I D I W E )  

k * + r  LNTE'H L l lUPS F O R  AREA NUKERICAL INTEGRATI t lN  
I. 

KGASP - O 
DU 8 0  ICAU; = l r N G A U S  
D n  HO JlrAUS = l r N G 4 U S  
EXTSP = POS<P( IGAUS)  
C T A j P  = PObLP(JGAUS)  - 

C 
C+++  CnMPUTL T t i t  SHAPE F U N C r l D N S  AT TH-E SAHPLIIVG POINTS AND ELEMENTAL 

VOLIJHE 
I. 

CALL  SfH2 (DCRIV~ETASP*EX~SPINNODE~SHAPC) 
KCA.:P = KGASP+l  
C I L L  JACOOZ ( C A R T D ~ D E R I V ~ D J A C B ~ E L C O D ~ G P C O D Y I E L E M ~ K G A S P ~  

NNUDErSHAPC ) 
OVULU = D J A C R * U f I G P ( I G A U S ) + U E I G P ( J G d U S )  
I F  (THITKmNF-0.0)  DVULU = * T H I C K  
I F  (NTyIJi-. im. 3 )  ovJLu = ov%!QtYuo~~* G P C ~ I U ( ~ ~ K G A S P )  

C 
C++f CALCULAT, LUADS AND ASSOCIATE Y I T H  E L E H i N T  N:JDAL POINTS  
L 

OC, 70 I N I I D t  - 1rNNOOE 
NGACH = ( I i t r ~ D E - l ) * L + l  
HGATH .: ( I N  'DL.-1)*2+2 
HLI lAI)(  1 i L I  I f ,  NGASH) '= RLUADt IELEMiNGAF,H) + G X C  IH+Sl iAPE( INODF ) * D V n L U  

7 0  R l  ~ I A O (  I t  LF Nt  I'IGASH) = RLUADC IELEHrMGASH)  * G Y C t l M ~ S H A P ~ C I N O O E ) * O V O L U  
8 0  CUNTINUt  



.OADEO EDGES = 
LOADED EDGES 

9 1 5 )  

AN!) APPL IED  LOADS) 

it*** LOOP LIV; It b ;,PH LDAUEO EDGE 
l C  00 1 6 0  IEDGL = 1rNEDGE 
' C  
C*4 *  READ DATA LLCAT ING THE LOADED EDGE AND A P P L I F D  LlJAO 1 c 

I READ ( 3 t 9 0 3  NNEASS*(NOPRS(fODEG)*IODEG=l*N?DEG) 
r 9 0 2  F I IRMAT(41r>)  

Y H I T l  ( 6  9 1 3 )  N f A S E ~ ( N O P R S ( I O D T G ) ~ I O O E G = l ~ N ~ 1 D f r l )  i 9 1 3  FURMAT r f r n , s x . ~ l s ,  
READ ( 5  t 9 1 4 )  < ( P R r S S (  I O D E G ~ I D O F N ) ~ I D D F N = ~ ~ ~ ) ~ I I Y O E G = ~ ~ N ~ D E G ~  
U R I T F  (f81Y14) ( ( P R E S S ~ I ~ D E G ~ 1 0 O F N ) ~ ~ D O F N  = 1 ~ 2 ) r I U D E G = l r N D D E G )  

9 1 4  FORHATtCFlO.3)  
ETASP = -1.0 

C 
t*** CALCULATF THr CDORDINATES OF THE NODES OF THE CLFMENT EDGE 

L. 
C * * *  LNTFR LflrJPS FOR L INEAR NUMERICAL I N f E G R A T I O N  
L. 

DO 1 5 0  IGAUS = I r N G A U S  
! E X I f P  = PRSGP(1GAUS) 
' C  
C * * *  TVALUATt  THC SHAPE FUNCTIONS AT THE SAMPLING POINTS  

' C  
CALL SkR2 (~ERIVIETASPIEXISP*NNODE*SHAPF:)  

C 
$ * * c  CALCULATT CIJMPONCNTS OF THE EQUIVALCNT NODAL LOAOS 
L 

00 1 1 0  IDOFN = 1 e 2  
PGASH ( IDI~FN)=O.O 
DGASH ( IUC!f N )  -0.0 
DO 1 1 0  If lDCG = I r N U D E G  
P C A S H t I  nOFN) = PGASH(IDOFN)+PRESS< I f lDEG*  ID I JF~J ) *SHAPE(~ODEG)  

1 1 0  DGASH ( I I ) [ ! f  Id) = DGASH(IDOFN)+ELC3D(IOUFN~f 1 .7EG)=DCRIV ( l r IDOEG)  L l l A 0 1 6 6 0  
D V ~ J L U  = ~i ICP( IGAUS) L l l A O l 6 7 O  

I 
PXCflM = DGA?H( l  I tPGASH(2)-DGASH(2)*PGAA;H( 1) LIJA01680 
PYCIIH - o(;A.;tI( 1 ) * P G A S H t l  )+DGASH(2)*PGA"JI((%) L 1An1690 
I F ( N T Y ~ ~  0tdL.3) GO t O  1 1 5  L0A017OO 
RADUS -0.0 LOA01710  
0 1 2 5  I U D r 5  = I rNODEG L f l A 0 1 7 2 0  

1 2 5  R ~ D U S  7 HAtJUS + S H A P E ( I U D E G ) * E L C 0 0 ~ 1 ~ I O D E G )  LOA01730  
OVOLU DVTILU*TLIOPI *RADUS LOA01740  

1 1 5  C D N r I N U f  L U A O l  7 5 0  
C L l A O l 7 b O  
C***  ASSOCIATF fH6' FOUIVALENT NODAL EDGE LOAOS d I T H  AN ELEMENT L f l A O l ? 7 0  

I C LOAO 1 ?A0 
I ' DO 1 2 0  INODI' = l * N N l l D E  L n A 0 1 7 4 0  

NLDCA = I AI!S(LNIIDS( NEASSIIN~ID ) )  LOAOlAOO 
I F  (NLOCA.CO.NUPRS(1)) 60 TO f 3 0  LOAO18 lO  

1 2 0  CONTINUf LOAOlRPO 
1 3 0  JNUOF = I I ~ ~ I D C + N U D E O - ~  L O A 0 1 0 3 0  

KUUNT = 0 L O A 0 1 8 4 0  
DO 1 4 0  KNIlD: = INDOf *JNDOE L O A 0 1 8 5 0  
KDUNT = KIION1+1 L J A 0 1 8 6 0  
NCAYII : (KNI!DE-1 ) *N I ) f l FN+ l  L n A O l R 7 0  
HGASH = (KNUDF-1 J NDOFNb2 LOAO1 A80 
I F  (KN?DL.bT.NCODE) NGASH = 1 L f l A O l D 9 0  
I F  (Kt*lalnC .(;T oNCIID€) HCASH = 2 L O A 0 1 9 0 0  
RLOAl ) (N l  ASS*Nt iASH) = RLOADtNEASSrNrJASH)*SHAt'(:(K~lUNT)*PXCOM*OVOLU L f l A O l 9 1 0  

1 4 0  RLOAOtNr  ASf.rHGASH)=HLOAD(NEASSrMGASH)+SI iAPT.  (KUUNT )*PYCDM*DVrlLU L n A 0 1 9 2 0  
1 5 0  CIINT IFIIJF L11AOl930 
1 6 0  CONT 1NI)E LI lAO194O 
7 0 0  CONTTNUC L 1 l A 0 1 9 5 0  Y R I  Tf ( h  9 9 0 7 )  LT lA01960 
9 0 7  FORMAT(1(409' iX*36H TOTAL NODAL FORCES F O R  EACH ELEHENT) L 1 l A 0 1 9 7 0  

0 0  2 9 0  f L L l M  = 1 tNELEM Ll1AO1980 
2 9 0  Y H I T f  ( 6 * 9 0 1 > )  I L L E H *  (RLOAD( IELEMr1CVAS)  * I f V A I I = l  *NFVAB) L O A 0 1 9 9 0  
9 0 5  FLIRNAT( l X 1 I 9 * 5 X r R E 1 2 - 4 f  ( 1 0 X * 8 E 1 2 0 4 ) )  L 1A02000  

RC'TURN L l l A 0 2 0 1 0  
END L l JA02020  



: a * *  I I I I ?  S I I i i I ~ C I U l I N i ~  CVALUATES THC ST IFFN~SS MATH I X  FiJR EACH ELEMENT 
I N  l W H N  

TUOPI = 6 .  
REUINO 1 
KGAUS - 0 

L 
011 7 0  1 . L i  $ 1  7 1 N E L t M  
LPRPP = M A T N  I (   ELE EN) 

C 
C * + *  t V A L U A T l  T H r  CJL:ROINATES OF THE ELEMENT IJODAL P 9 l N T S  r - 

DlJ 1 0  INI l I J t  1 rNNOUE 
LNIJOF = I Al l  (LN'1OS( I E L t H r  INUDE)  ) 
IPOSN =( t . r : : jn t - l ) *2  
0 0  1 0  IOTM. = 1,2  
I P I I S N  = tf ' i~&!d 4 1 

1 0  ELCOD( I D l f l F  n IN3DE)=COORD( LNOOEr I O I M E )  
TH ICK  = P~(LIPS(LPROP*JJ .. 

L c * * *  I N I T l A L l L i  T H t  ELEf lENT ST IFFNESS MATRIX 
L 

on 2 0  I I V A ~  = I ~ N C V A H  
00 ? O  J i V A l r  s: 1 NFVAH 

20 ESTIF(IFVAI,,JEVIB) = 0.0 
KGACP = 0 - 

L 
C * * *  ENTEf( Lb I IPS I .ON AREA NUMERICAL INTEGRATIUN 
L 

DO : O  IGAU9  = 1 tNGAUS 
F X I S P  = P03GP( IGAUS)  
DO 5 0  JLIAIJS = 1 ,NGAUS 
t TASP = PIK,;t ' (  JCAL'S) 
KGASP = KG11 , I '+1 
KGAUS - K l i A l ~ S + l  

C 



C* * *  r VALUAT' T t l ~  D-MATH1 X 
C 

C A L I  M J;)PSl(DMATXrLPROP (MMATS* NTYPC: rPRi1P;) 
C 
C * * *  tVALUATc  T H t  SHAPC FUNCTIONSrELCMENTAL V d L U H i  ETCI 
L 

CALL :it L:.'(Oi R IV,CTASP*i 'XISP NNODE .SI1AP'*) 
CALL JACIJH~(CAHTD~DLRI!!  ,DJAEB,ELC~D VGPC~ID~ I E L E H ~ K G A S P ~  

NNIIDEvSHAPc ) 
nvix r r  - IIJACII*U~:IGP (IGAUSI*UEIGP(JGAUS) 
L (  ( N I Y I * ~  .I O .  5 )  DVIILU = o v n L u * T u a P r  *I;PCIIO(~ S K G A S P )  
I F  (1HICK.Nt*O.U) OVOLU = UVOLUb THICK 

r 
E * * *  L VALlJA T i  TIIL' 11 AND O i l  MATRICES 

CALL t iMATP5(RMATXiCARTU rNNODErSHAPE 
I F  C 1 I l~ l rR.FQ.1) GO TU t I0  
I t  ( f  PATNIKI;AI IS).~O*O.O) GO TO 0 0  
Dl1 9U l ' T I 4 1  -I 1  rNSTN1  
S T d i  S ( !  i T R 1  I = STRSG( I S T R I  KGAUS) 
CALL I N V A R I ( D E V I A ~ L P R O P ~ R H ~ T S ~ N C R I T  

T t l E T A r V A H J 2 r Y I E L D )  
CALL Y i f  L D l ( A V r C T * D E V  A r L P R Q P r H H A T f  

PRUPSrS I N f 3 r S T E F F r T H E T A  
PLSTN - TPSTN (KCAUS) 
CALL HiJUMt+ ( PSTUN vHVALU, NUMB rMMA 

PLSTNvHARDS PRQPSrNMAT 
CALL IL;?UP~ ( E y L 6 1 ; ~ ~ ~ ~ ~  , ~ V E C T ~ N T Y P E  

r N C H I T v N S T R l r  
r V A R J 2 )  

TSrLPR:JP, 
S )  
vPR OPS r  LPROP rNSTR1  . .,....-. 

DO 1 0 6  ISTRC = l r N S T R E  
013 1 0 0  JSTKC = 1 NSTRL 

1 0 0  D M A T X ~ ~ S T R ~ ~ J S T R ~ ~ = W A T X ( I S T R E ~ J S T R C ) - A ~ ~ ~ T A * O V ~ C T ( X S T H E ) *  
D i i i C T (  JSTRk ) 

t3O CnNTIk IJ r  
CALL D ~ I F ( I ~ ~ ~ ~ ~ T X ~ [ ) U M A T ~ D M A T X ~ ~ E V A ~ ~ ~ N ~ V A I ~ ~ ~ J S T H ~ ~ ~ N S T R ~ )  

C 
L 

C = * *  CALCULA TL THE ELEMENT STIFFNESSES 
C - 

Of1 T O  I F V A b  = 1- PJCVAH 
01. $ 0  J ~ V A I ~  = I E V A I ~  NEVAH 
DG ,O I L T d f  = I ~ N S T ~ ~ E  

3 0  F S T I F ( I L V A H ~ J L V A B ) = E S T I F ( I C : V A B ~ J E V A L ~ I + ~ ~ I Y A T X ( I S T H E ~ I E V A ~ ) *  
DNMAT( I STRE, JCVAB)*  OVOLU 

5 0  CUNTINUt' 
L 
C** *  CONSTRULT THF LUWER TRIANGLE OF THE STIFFNCSS MATRIX . 

C * * *  STUKt THf STIFFNESS MATHIX,STR€SS MATRIYrANL) SAMPLING POINT  
C  CU:IHOINATES FUR EACH ELEMENT ON D I S C  F I L L  
C  

U H I T L ( 1 )  E S T I F  - - -- . -- 

70  C5NTlhrUi'  
RETIJRN 
END 

L 
C * * *  T t i I ' i  S U I I I ~ I I I J T ~ N E  EVALUATES THE P L A S T I C  0 VECTIlR 

L*L...""r**.r..r.*.*~**C****b**b****~**1.~* 

I H P L I C I  T REAc*G(A -HvU-2 )  
O I r l  N S I - ~ l l  A V ~ ~ : ~ ( ~ ) ~ I ) V E C T ( ~ ) V P R O P S ( H M A T ~ * ~ )  
YUUNT, .: Pt<t:PS(LPRIJP t 1) 
P O I  ,S =r ' l iFJt 'S(  LPROP(2)  
FMUl 1  :: Y l lU t~G / ( I .O*POISS)  
I F  (NIYI'F .# d.11 GU TO 6 0  
FMUL2 = Y I J U ~ I I ; + P ~ I I S S * ( A V E C T ( ~ ) * A V E C T ( ~ ) * A V E  
(1.9-2.1) * P I I I S S ) )  
D V T C T ( 1 )  = F!.IULl*AVL'CT< 1 )*FMULZ 
D V T C r ( ' )  = f M U L I * A V i C T ( ? ) * F M U L 2  
DVt C T (  5 )  ~ ~ ~ 5 * r \ V € C r ( 3 ) ~ Y U U N G / ~ l ~ O + P ~ l I S ~ )  
D V C ( ' l ( u )  21 MU1 1 .AVECT(4)*FMUL2 
GLI 111 70 
FMULJ=YIIUN~J* PUISS*(AVECT(l)+AVECT(2))/(1 .O 
DVTCT(11  = f H U L 1  *AVCCT( l )+FRULS 
OvCCT(;) = FE l JL l *AVFC (2)+FNUL.) 
DVCCT ( r )  0 - 5 *  A V T C T t f  j *  YOUNG/( 110*P l i IS5 )  
D V t C l ( 4 )  - k M U L l * A V t C T ( 4 J + F M U L 3  
D i  N,IFI - rlARDS 
D L  J { D  I S T R l  = 1vNSTP. 
DCNtiM = D F ~ \ ~ ~ ~ M + A V L C T ( ~ S T R ~ ) * D V E C T ( I S T R L )  
ARf T A  = leO/DFNOK 
HF TURN 
END 

SSJ 

S i 1 0 0 5 6 0  
S T 1 0 0 5 7 0  
STIOOSAO 
S T 1 0 0 5 9 0  
S T 1 0 0 6 0 0  
S T 1 0 0 6 1 0  
S T 1 0 0 6 2 0  
S T 1 0 0 6 3 0  
~ T l O O h ~ O  
S T 1 0 0 6 5 0  
STIOOGGO 
S T 1 0 0 6 7 0  
S f 1 0 0 6 8 0  
S T I O f l 6 9 0  
t r 1 0 0 7 0 o  
S T 1 0 0 7 1 0  
S T 1 0 0 7 2 0  
ST100 730  
",I00 I 4 0  
S T 1 0 0  5 0  
ST 0 0 7 6 0  
S T f  0 0 7 7 0  
ST 0 0 7 8 0  
3 T f  0 0 7 9 0  
STIOOROO 
S T 1 0 0 8 1 0  
S T 1 0 0 8 2 0  
S T 1 0 0 8 3 0  
STIOOR40 
S T 1 0 0 8 5 0  
S T 1 0 0 0 6 0  
S T 1 0 0 8 7 0  

STl800ftgX S T r o o Y o o  

3:f !!:it 
j T 1 0 0 9 3 0  

:fi8X38 
s r 1 0 0 0 6 o  
S T 1 0 0 9 7 0  
ST 0 0 9 8 0  
a r f o o w o  
S T 1 0 1 0 0 0  
ST 0 1 0 1 0  
2 T 1 0 1 0 3 0  S T f  0 1 0 2 0  

a T 1 0 1 0 4 0  
5 T I O l O S O  
S T I 0 1 0 b 0  
S T 1 0 1 0 7 0  
S T 1 0 1 0 8 0  
% T I  0  1 0 9 0  
arIolioo 



* * A  THIc I  S l l i c t ~ l l l J r l r ~ ~  I(FDUCEPI THC STltESSES TO THC Y ICLO SURF&%€ AND 
CVALUA i I 'S  TY! I O U I V A L t N i  NODAL FORCES 

RULIT5 = 
TUOPI - 
DO l o  r 
oc l o  r 

1 0  EL r lAD( [  
KGAUS = 
ot i  2 0  I 
LPR'lP = 
UN IAX  = 
F R I C l  ': 
TF (NCH 
I F  (NCR 

(HOOT 3 

?it-I! = L rNTLCt l  
MATN~.l( 11 LEN)  
PRIIP; (LPRflP 1 5 )  
l 'HIlPt(l.VRUP 96)  

I T . f O . 3 )  UNIAX  =PROPS(LPROP S ) *OCUS(FR IC I *O .O l  9 5 3 2 9 2 )  - 
IT.[ 0 . 4 )  UNIAX  = ~ . o + P R o P s ( L ~ R o P ~ ~ ) ~ D c I ~ s ~ F R I c T ~ ~ . o ~ ~ ~ ~ ~ ~ ~ ~  

(3 .0 - ! )S IN<F~ICT+O1017953292)  ) )  

**  COMPUTE CII l l f !~I?J, ITE AND INCREMENTAL DISPLACCHFYTS OF THE 
CLEMfNT NODAL I ' J I N T S  

bd i 0  ~GAU: ;  = 1rNGAUS 
0 0  4 0  JGAUZ = l ?NGAUS 
E X I S P  = l'll;:;f'( I b A U S )  
FTASP = PIl:;GfJ (.JGAUS ) 
KCAIJS - KI;AIJ!; t l  
KGASP - KGA5P+1  

PROPS) 

KFSOOOlO 
N r R f S 0 0 0 2 0  
'SeR1.SO0030 

f lESO0040 
di:SOOO50 
RFS00060  
RES00070  
HLSOOnRO 
IZ  SO0090 
~ F s o o  1 oo 
H[SOO 1 0  
R c S 0 0 f 2 0  
RESO0130 
RCS00140  
H iSOOlSO 
~I :SOOlGO 
RCSOOl70 
d F S 0 0 1 8 0  
d r S 0 0 1 9 0  
RF:S'r0200 
RCS00210  
RCS00220  
RES00230  
RES00240  
R F S 0 0 2 5 0  
HF.SO0260 
RFS00270  
d E S 0 0 2 8 0  
Rt.SO0290 
R i S 0 0 3 0 0  
RfSOO310 
R F S 0 0 3 2 0  
RESO0330 

) /HESO0340  
RESO0350 
RESO0360 
RESOO 3 7 0  
RtSOO3RO 
R i S 0 0 3 9 0  
RES00900  
RFSOO4lO 
RE;OO420 
R F S 0 0 4 3 0  
R F S 0 0 4 4 0  
RES00450  
R 7 S 0 0 4 6 0  
RTSOOY 70  
HCS00480  
RCS00490  
RfSOOFJOO 
R f 9 0 0 5 1 0  
R f  SO0520 
KrSOOCi30 
i t t ~ S 0 0 5 4 0  
t l r .S00550 '  



. - 
f.ST,!s = Cre.:T (KGAUS) 
PSTrrtl L- [:PSI14 (KGAUS) 
PLSTk = P'>TNLl 
I F  (I'L~TN.tO.0.O) HANDS = 0.0 
I F  (PLJIN.GT.O.O) CALL 

HNUHli (PSTHNqIlVALUr NUf lUrHMATSrLPHi lP~ 
I 'LSTNrHARDa PItOPSvNHATS) 

' C AL L  SF~{E(D~:HIV,ETASP E X ~ S P  NNODE SHAPE) 
CALI. JAL'i1112 ( C A R T O  ~ D E ~ I V ~ D J I C B ~ E L ~ O D ~ G P C O D ,  TELEflr KGASPr 

NNl.ll)F r  SHAPE 1 
uvri1.u = o.JA::~~* ur IGP(I I ;AUSJ+UEIGP(JGAUS) 
I F  ( : I T Y I J i -  . t  0.3) DVLJLU = OVOLU*TYOPI* GPCilD( 1eKGASP) 
I F  (THICK.Nf.n.0) DVULU = DVOLU*THICK 
CALL IjMATPS(RMATX CARlDrNNUOE SHAPE roPCODrNTYPCvKGASP) 
CALL L I F J r l t l  ( C A I ~ ~ ~ ~ O H A T X ~ E L D I ~ ~ L P R U P ~ ~ ~ ~ ~ A ~ S ~ F I ~ ) O F N ~ N N O D E ~ N S T R E ~  

NTYPE PROPS STRAN STRES*KGAbP*CPCUDrSHAPE) 
'IF ( r P s r N  cr~~u:~.,!o.o.ol PREVS = uyxtx 

I F  ( 1  P L I N  (KGAIJ.:).(iTIOIO) PHLVS = EI-FaT(K(iALIS) 
D ~ J  150  1:;lttl 2 I r k S T R l  
D L G I G ( I S T P 1 )  = STRES(1S R l )  

150  SIGMA( I S T R  1 )  = S T R ~ G ( I S ~ R ~  ~KGAUS)+STRES(  ISTU1)  
CALL I t l V A R l  ( OI IV IA*LPROPrMHATSrNCRIT~PROPSrS INT3rSTEFFr  

S I  CMA, THETA VARJ2rY IELD)  
'IF ( E P S T N  (KGAUS~.GT.O.O) GO TO 5 0  

E SClJH = YICLO-P8CYS 
I F  (LSCIJH.Lt..O.O) G.J T J  6 0  
RFACT =fSCUH/(YIELD-EFFST(KGAUS)) 
ti11 rn t o  

50 CSCIJR = YILI.D-FFFST(K AUS) 
I F  (CSCUR.LE.O.0) G O  $0 6 0  
RFACT tl.!,, 

70 WSTI-P :: t ' . ~ L I J H * ~ ~ . O / P R E Y S * l . L )  
ASTI-P J ; ISl :P 
H f O U C  : 1.0-RFACT 
OC: '!U I c F R I  = I vtlSTR1 
S G I I I I  ( I ' ~ I I ( 1  = 5TR:iGC ISTKl rKL iAUS)+ i t ; :DUC*STI1 t .S (  1 S T R l )  

8 0  STRT S( I S T I I 1 )  = HFACT*SlRES(ISTRl)/ASTEP 
0 0  '10 ;.;Tt'P = 1,HSTEP 
CALL. I N V A I ~ I ~ D E V I A ~ L P R O P ~ H H A T S V N C R I T ~ P ~ ~ ~ I P S I C I I J T J ~ S T E F F ~ S G T ~ T ~  

I THFTA*VAHJ2rYIELO) 
CALL Y I t  L D i  (AV<CTtDEVIArLPROP M H A T S I N C ~ I T , ~ J S T ~ ~ L ~  

PRLIPS S INT3rSTEFF ~ H E T A  ~ V A R J ~ )  
' CALL F L c I Y I I  ( AV; CI r A B E T A ~ D V E C ~ ~ N T Y P L * P R U ? S . L P R ~ P ~ N S T R ~  r f l f l ~ ~ ~ r  

HAHDS) 
ACiAr:H = 0.1) 
UG 1 0 0  I S T f i 1  = I r N S T R l  

100  AGAZH = AGAt .H+AUECT(IS lRl ) *  STRES(ISTR1)  
OLAHD = AbA:;H*AHLTA 
I F  (DLAFIO. l . i~O.~?)  ULAflO = 0.0 
IiGAqII :: 0 . IJ 
0 b  1 1 0  ISTH1 = I r N S l H 1  
UGk5H = NT,d.~H+AVECr(ISlHl).SG'rOT(ISTRl~ 

110  SGTflT( ISTt31) = ~GT7T(ISTRI)*STR~S(ISTRl~-OLJMO*DVECT(ISTRl~ 
EPSTN(KGAUS) = IPSTN(KGAUS)+ D L A ~ D * ~ G A S i i / Y I i L O  

YO Cl1N:TtIUt 

PSTlllJ = t lJ. ; l0 (KGAUS) 
CALL I N V A I I l (  D::VI A*LPRUP*Hf lA lSrNCRI  ~ * P R O P S * S I N ~ ~ * S T E F F ~ S G T O T V  

P THCTArVAHJ2rYIELD)  
Oi-PSTN = PC,TNN - PaTNO 
PLSTN T PfiTl.rN 
I F  <PL>FN.t,O.O.O) HAROS = 0.0 
I F  (PL?lN.(~ToO.O) CALL 

Hllllf-!ll ( P S T ~ ~ N ~ H V A L U ~ N U H H ~ M H A T S ~ L P R O P ~ P L T . T N ~ H A R O S ~ P R O P S I N H A T S )  
CUHYJ = PRIYS DEPSTN HARD: 
RRING - 1.0 
I F  <YIILO.l;T.CURYS) RRING = CURYS/YIELO 
n r j  1-10 r s l c { l  = I * N ; T R ~  

130  S I R % (  I ST61 rKGAUS) = BRING*SGTOT(ISTRl)  
i-FFST(KCAUL) = l lHING*YIELD 

, * * *  AL TfRNA T I V f  LUCAl I J N  OF STRESS REOUCTIUN LIIOP TCRHlNATION CARD 
90 CONrINUE 

, * *  
GO T t i  l L ? O  

60 Dn 1 8 0  IST I t1  = I t N S T R l  
1RO STHSGfISTR1,KGAUS) = S T R S G ~ I S T R l r K G A U S ~ + O E S I J ~ I S T R l )  

EFFSTtKGAUS) = Y IELD 

**  CALCULAlF THf EQUIVALENT NODAL 
LLEI~EFJT IJjOl-S 

190  HbA"N = 0 
0 0  1 4 0  1NIIL)t. = I ~NNIJDE 
DO 1 4 0  I l ) i l T% = I ,fJUtJFN 
HGASH = M J A S H t l  
DO 1 4 0  ISTPC = 1,NSTRE 

140  ELOPP<IFL-MtMGASH) = ELOAO(IE1 
* STR,C( ISTRLrKGAUS)*DVOLU 

' to CONTlNUt 
2 0  CUhl lNUf  

RCTURI: 
L NO 

FORCES AND A.iCOCIATE 

.EfirHGASH) *iJiiATX( ISTAE 

U I T H  THE 

r MGASH ) 

R .  SO0560 
t~E1005PO 
R1S005AO 
RLS00590 
RFS00600 
RFS00610 
RES00620 
RESO0630 
RFSOO64O 
RES00650 
RfSOOG6O 
4FS00670 
RESO0680 
RCS00690 
RCS00 700 
RESOO l l O  
RESO0 720 
Ht:SOOTJO 
NESOOTQO 
RFS00 750 
HESO0 760 
RFS00770 
RFS007AO 
RESO0 790 
RTS00800 
RFSOOALO 
HESOOH20 
HESOOU3O 
RES00840 
RiSOOR50 
RTS00860 
RFSOOR70 
RESO0880 
RCS00890 
RLS00'100 
HESO0310 
HES00920 
RFSOOY30 
R i S 0 0 9 4 0  
itESOO95O 
R FS00960 
R f S 0 0 3 7 0  
RESO0980 
R i S 0 0 9 9 0  
RESOLOOO 
RFSOlOlO 
RFS01020 
RESO1030 
RTSOlOOQO 
H c  SO1050 
RT.SOlOG0 ' 
HfSO 0 7 0 ,  
*Eso t o 8 0  
RFa01090 
Rt-SOllOO I 



SUI IHOUIr tJ i  L I ~ ~ F R ~ ( C A R T U ~ D M A T X ~ E L D I ~ ~ L P ~ ' I ~ ~ F ~ ~ ~ T ~ ~ N O O F N ~ N N O O E ~ N S I H E ~ L I N O O ~ ~ ~  
NTYPE *PROPS.STRAN*STRC J *S~ ;ASP*GPCOO~SHAPE~  L  I N 0 0 0 2 0  

C.b......, .. ~ ~ , ~ . ~ ~ ~ a ~ a . . ~ ~ t . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ b a * ~ ~ * b ~ w ~ L * ~ b b * * * b * * +  L I N 0 0 0 3 0  
C  L rrdooo*o 
C * * *  T H I S  SUl.r<l,UTINt t-VALUATES STRESSES AN0 STRAINS ASSUMING L I N E A R  L T N 0 0 0 5 0  
C  CLAST I C  ILL-IIAVI :lUR L I N 0 0 0 6 0  
C L  I N 0 0 0 7 0  
c**++..a.. r r ,  .... t . . e * c * s * + * * a + e a ~ e . ~ t * * ~ b e * t * b * ~ a * * t * ~ ~ ~ * *  L I N 0 0 0 8 0  

1 H P L I C I l  R L A L t H ( A - H  0 - 2 )  L I N 0 0 0 9 0  
D I M f  N':II.~J A , A ' ~ I I ( ? * ? ~ ~ C A R T D ( ~ * ~ )  V O M A T X ( ~ * ~ )  V P L D I S ( ~ , ~ ) ~  L INOOlOO 

1 1 i t ~ i l " ~ ( M t 4 A l S ~ b ~  S T U A N ( 4 ) r S I I C C C ( 4 ) *  L I N O O l l O  
( ,PCl i [~(2 Y ) ~ s H A ~ E ( s )  L  I N 0 0 1 2 0  

PCII -75 = IJI~I,I~S(LPRI!IP,~) ~ 1 ~ 0 0 1 3 0  
L)Lb 7 0  1')lIt-hr = I rND I I I -N  L I N O O l 4 O  
011 ? R  JOl lF N  = l NOOFN L  I N 0 0 1 5 0  
BGASH = 0.0 L I N 0 0 1 6 0  
on l o  rb l r ln r  = i t ~ ~ r ~ ~ ~ ~  L I N O O l 7 O  

1 0  OCALH : f ~ ~ ~ A ~ t l + C A f i T O ~ J O l l F N ~ I N ~ l O E  ) * E L I ) I S (  I0 1F13, INODE) 
2 0  AGA!aH( I@L:Fhr* JIILJFN) = MGASH 

C  
t f!831% 

Ca**  CALCUCAI I  Tht STRAINS  
C 

STPANCl I = AGASH(1r 1) L  I N 0 0 2 3 0  
$THAN(? )  = AGASH(2 r2 )  L I N 0 0 2 4 0  
oTHAPJ(3) = AGASH(1,2)+AGASH(2*1) L I N 0 0 2 5 0  
STRAN($ )  = 0.0 LINOOZCO 
Or1 30 INI I I )L r IrNNIJUF. L I N O 0 2 7 O  

3 0  STl (AN(4  1 : ; T I ~ A ~ ( ~ ) + E L D I S ( ~ ~ I N U O E ) ~ S ~ A P I ~ (  l~Jt ,OE)/GPCQD(l  vKGASP) L I N 0 0 2 8 0  
C L  I N 0 0 2 9 0  
C * + *  AND THE C a H ~ t i  SPONDING STRESSES L I N 0 0 3 0 0  
C  L I N 0 0 3 1 0  

Dtl '10 I s T R r  = l*NSTR!i L I N 0 0 3 2 0  
STS :S ( IST f< i )  0.0 L I N 0 6 3 3 0  
1)fl 90 J:TI!T = l r N S T H E  L I N 0 0 3 4 0  

40 STl i t  'St I ,ll<l ) = STRI -S t  ISTRF . )+D t lATX( ISTRt  * JSTRE)*STRAN(JSTRE)  L I N 0 0  3 5 0  
l F ( I \ i T Y I 1 ~  .ir:.l t STRE>(+)=O.O L I N 0 0 3 6 0  
I F  (NTYPE.CG.2) STRLS(~)=POISS*(STRES(~)+S~R~S(~J) L I N 0 0 3 7 0  
RETORN LINOO3AO 
E NII L  I N 0 0 3 9 0  

T H I P  %UI~PI ! I I l  IN:' CH'IIISES THE HARDNE3T VALUE ~HAROSIDEPENDING 
ON THL T I ~ T A L  CFFLCTIVE PLAI~IC STRAIN 

* *  FCR T I ! "  ! - t t I C T I V E  P L A S T I C  STRAINsPLSTNvCHJ4JSE THE HARDNESS 
VAL.IJF 

I F  (PL'aIN. .  4 j . O . O )  GI3 TO 5 
I F  (i 'LS7rJ.L. .PSTRN(LPROP*I )  
0'3 1 3  IFUIJMl, = ZINUHR 
I U D \  X IMIJPItJ 
I F  ( P S T I ~ E I ( L P H ( I P ~ ( I ~ U U U L ) - ~ ) )  

I *STRN(LPIIOPI INUHO) )  G 
CUN1 I NLIt 
I f  (PL i lN . l r l . l ' ;THN(LPH~JP~NU 
HARrIS = 0.6 
RE l l J$N  
HARLIJ = HVnLU(LPROIJr1)  
RCTUI{FJ 
HAR1)Z HVALUf  LPROPs INDEX)  
RL TURN 
HAHn5 - hVALU(LPR3fJ*NUHU) 
RE TLIRIt 
END 

1 5  

TN-AND-PI- aTN*LE-  

TO J'r 



SUlif~11U1 IPIr  I N V A H l (  OEV1 AcLPRDPcHMA F S ~ N C I ~ I T ~ P R O P S ~ S I N T ~ ~ S T ~ ~  
T T E ! ~ P ~ T I ~ < T A ~ V A U J Z ~ Y  I E L D )  

C * b * . * * s . . t * . * * * * l r * * * * * w * C ~ 8 . ) * b ~ ~ ~ ~ b e t ~ ~ ~ e ~ ~ * ~ ~ b b ~ ~ ~ b ~ ~ b ~ * ~ e ~ ~ ~ 4 * ~ e *  
C 
C * * *  llll!i SU1' I ( l IUI INT: EVALUATSS THC STRESS INVA I t IANTS  AN0 THE CURRENT 
C VALUi &!I- Tt l f  Y I E L D  F U k C T I O N  
C  
~ b * ~ ~ * C b L ~ ~ * ~ * ~ ~ l ~ * t * w t ~ * ~ ~ ~ ~ w * t ~ ~ ~ ~ ~ * ~ ~ b ~ ~ ~ ~ ~ e ~ ~ s e e ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

l M f J l  I t - 1  I I t1  A L * l { ( A - l t  J - Z )  
DIE.I.MS1;~N I l l  V I A ( ~ ) , ~ R U P S ( H M A ~ S ~ ~ ~ ~ S I E M P ( ( ~  
R l l l l l . 5  - 1. IJ?O! iORO7' i l  
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