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SUMMARY 

A microcomputer  system  being  developed  by  the  authors  is  introduced.  The 
parallel  effort  of  compiling  a  series  of  compact  finite  element  analysis  pro- 
grams  enables  the  execution  of  most  computation  on  inexpensive  microcomputers. 
The  system  is  practically  maintenance  free  and  can  be  sustained  by  individual 
laboratories  of  standard  scale  in  the  educational  or  academic  environment. 
AS for  the  programs,  -FEMN  is  discussed  in  some  detail.  The  program  is  an 
extended  version of the  original  linear  analysis  program FEM4 and  is  being 
tested  for  application  to  problems  with  material  nonlinearities. 

INTRODUCTION 

The  finite  element  analysis  has  reached  the  stage  where  the  execution 
of  the  structural  analysis  is  often  considered  routine.  This  is  the  case 
particularly  in  the  industrial  environment.  However, so far  the  execution 
has  relied  largely  on  expensive  hardware  or  costly  remote  time-sharing 
services.  The  role  of  the  giant  main-frame  or  super-computer  in  the  solu- 
tion  of  large  scale  problems,  e.g.  the  inelastic  analysis  of  pressure  vessels 
and  piping  systems  operated  at  elevated  temperature,  will  not  be  changed 
even  in  future  applications.  But  it  has  been  an  ambition  of  engineers  to 
perform  a  great  portion  of  their  analysis  jobs  on  inexpensive  and  hopefully 
personal  computers  and  thus  be  freed  from  being  slave  to  the  large  systems. 
The  development  of  microcomputer  and  associated  finite  element  analysis  pro- 
grams  is  a  breakthrough in realizing  this  goal. 

The  microcomputer  system  should  be  stand  alone  and  almost  maintenance 
free so that it can  be  sustained  by  individual  laboratories  especially  in 
the  educational  or  academic  environment.  The  medium-sized  engineering 
problems  should  be  solved  within  a  reasonable  time  limit  and  the  system 
could  also  be  adapted  to  multi-purpose  usages,  i.e.  interactive  compilation 
of  fundamental  computation  routines,  data  management,  preparation  of  engi- 
neering  documents  and  reports,  letter  writing  and so forth. In the  present 
paper  a  compact  system  is  introduced  which  is  being  built  by  the  authors. 
In  a  parallel  effort, a series of microcomputer  finite  element  analysis 
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programs  are  being  developed.  The  original  version.is FEM4 which is an 
elastic  analysis  program  of  plane  stress,  plane  strain  .and  axisymmetric 
problems  (ref. 1, 2) .  It is  extended'to  the  nonlinear  analysis  program FEMN 
by  an  addition  of  the  restart  capability.  The  results  of  this  innovation 
are  manifold.  By  an  incorporation  of  user  defined  subroutine WXLN speci- 
fying  material  data,  problems  with  material  nonlinearities  can  be  easily 
handled.  Mesh  division  can  be  modified  in  the  course  of  computation  and 
thus  the  simulation  and/or  pursuit,  for-example,  of  crack.development  in 
fracture  mechanics  becomes  easier. In the  following,  some  details  of 
the  microcomputer  system  and  the  program  organization  of FEMN are  described 
with  the  example  solution  of  a  simple  pilot  problem. 

MICROCOMPUTER  SYSTEM  STRUCTURE 

Figure 1 illustrates  the  structure  of  the  microcomputer  system  almost 
completed  at  the  time,  May  1980,  of  writing  this  paper.  Zilog 280 is  used 
as  the 8 bit CPU  (Central  Processing  Unit),  and  the  capacity  of  main  memory, 
which  is  composed  of  a  ROM  (Read  Only  Memory)  and  several RAM (Random  Access 
Memory)  boards,  totals 64 kilobytes.  The  transfer  of  control,  address  and 
data  between  the  components  of  the  system  is  performed  exclusively  via S-100 
bus.  For  the.purpose  of  connection  and  communication  a  number  of  interfaces 
are  installed.  The 8" floppy  disk  drive  constitutes  the  secondary  memory  for 
mass  storage  and  provides  the  housing  of  a  compound  of  operating  system,  sup- 
porting  language,  finite  element  analysis  and  other  computer  programs.  The 
standard  disk  operating  system  CP/M  is  used so that  the  problems  in  software 
exchange  can  be  avoided.  At  the  moment,  program  languages  are  BASIC  and 
FORTRAN.  It  should  be  noted  that  two 240K dual  disk  systems  are  combined  for 
commanding  four  floppy  disk  assemblage,  although  a  dual  system  kit  suffices 
to  perform  the  standard  operation.  The  authors  intend  to  shorten  the  overall 
analysis  time  by  an  adoption  of  parallel  processing  that  uses  several  CPUs 
and  disk  drives.  The  contemplated  inclusion  of  the  hard  disk  will  increase 
the  capacity  of  secondary  memory  to  a  great  extent  and  may  open  the  way to a 
novel  system  based  on  16  bit  microprocessors. 

Among  the  peripherals  for  1/0  (Input/Output)  purposes  shown  in  figure 1, 
CRT  unit  and  printer  are  the  essentials.  The  function  of  CRT  unit  is  manifold, 
as  it  is  used  for  input of the  data,  interactive  operation  of  the  system, cow 
pilation  of  program  segments  and/or,subroutines,  temporary  display  of  the  com- 
puted  results,  preparation  of  documents,  e.g.  the  users'  manual,  and so on. 
The  prepared  data,  the  completed  list of the  programs  and  the  results  of  com- 
putation  can  be  plugged  into  the  printer  for  permanent  recording.  Plotter 
and  graphics  terminal  are  optional,  but  both  are  useful  for  the  finite 
element  modeling  and  post-processing  graphics,  e.g.  automatic  mesh  genera- 
tion,  model  editing  and  plotting  the  computed  results. 

The  general  purpose  programs  compiled  to  date  for  mounting  on  the  micro- 
computer  system  are  COMPOL,  COMPOS,  CALM,  FEM4,  MICRO-FEM  and  FEMN.  The 
first  two,  written  in  BASIC,  are  essentially  the  microcomputer  version  of 
'COMPOsite  material  computation'  being  developed  by  Tsai  on  a  magnetic  card 
calculator  (ref.3, 4 ) .  In the  program  names, L and S stand  for  the  laminate 
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and  sandwich  composi te   s t ructure   respect ively.  CALM i s  a ma t r ix   ope ra t ion  
program  which is  b a s i c a l l y   a n   i n t e r a c t i v e   v e r s i o n   o f   t h e   f i r s t  group  opera- 
t i o n s   i n   t h e   p r o g r a m  CAL ( r e f . 5 ,  6 ) .  FEM4 and its microcomputer  version 
MICRO-FEM are p r e p a r e d   t o   s o l v e   t h e   p l a n e  stress, p l a n e   s t r a i n  and axisym- 
metric problems  and  then  converted  to FEMN to   conduc t   non l inea r   ana lys i s .  
Restart c a p a b i l i t y  is implemented so t h a t   t h e   i n e l a s t i c  material behavior  
can  be  handled. Complementary modi f ica t ion  i s  an   add i t ion  of t h e   u s e r  
de f ined   sub rou t ine  MTUN s p e c i f y i n g   t h e  material propert ies   which were for -  
merly  input   through  e lement   data   cards .   The  users  who t a i l o r   t h e   s u b r o u t i n e  
MTRLN a c c o r d i n g   t o   t h e i r  material d a t a  can p e r f o r m   c o n v e n i e n t l y   t h e - i n e l a s t i c  
analysis   on  the  microcomputer .  An example  of MTRLN is  shown i n   t h e   f o l l o w i n g  
s e c t i o n .  

ORGANIZATION OF  NONLINEAR  ANALYSIS  PROGRAM FEMN 

FEMN is composed of two p a r t s  FEMAB and FEMCD which are concerned  with 
t h e   p r e p a r a t i o n   o f   i n p u t   d a t a   f i l e  and the   so lu t ion   p rocedure  of t h e  prob- 
l e m .  The  major  feature  of  the  program is t h a t  i t  uses  dynamic s t o r a g e  
a l loca t ion   wh ich  means the   comple te   e l imina t ion   of  common statement .   This  
func t ion  is  performed  by  subroutines OPENS, CLOSE, PSEEK and POOLWT as shown 
i n   f i g u r e s  2a  and  2b. 

The program  organization  of FEMAB is  shown i n   f i g u r e  2a. It reads  t i t l e  
a n d   c o n t r o l   c a r d s   f i r s t .  Then follows  the  input  of  node  and  element dat'a  from 
which t h e   i n d e x   o r   i n t e g e r   j o i n t   a r r a y  is  formed  and s t o r e d  on  IFIL2.  IFIL2 
accommodates a l s o   l o a d   d a t a  and  IFIL6 is  e s s e n t i a l l y  a s torage  of   input   and 
processed  element  data.   The  formation  of  strain-displacement  matrix16  from 
t h e   d a t a   i n   I F I L 6  is  performed  by  subroutine MGN and t h e   r e s u l t  is  w r i t t e n  
on   IFIL3  to   be   read   in  FEMCD s u b s e q u e n t l y .   F i n a l l y   t h e   i n i t i a l   d i s p l a c e m e n t  
da t a   (u sua l ly   t he   c l ea red   ze ro   d i sp l acemen t )  are s t o r e d  on  IFIL5 fo r   subse -  
quent   updat ing by the   so lu t ion   ob ta ined   t h rough  FEMCD. In   t he   fo l lowing   t he  
p r i n c i p a l   f u n c t i o n s  of i n d i v i d u a l   s u b r o u t i n e s   i n   F E W  are summarized. 

PINPG Preparatory  segment   for   subrout ine INPUTG 
INPUTG Input   genera t ion ,   read   input   da ta   in   sequence   and   compi le   index   or   in -  

RNODE Read node  data 
RELEM Read e lement   da ta   inc luding  material s p e c i f i c a t i o n  number and  element 

MKIDX Make index   fo r   a t t r i bu t ing   merg ing   po in t   and   coord ina te   t o   i npu t   and  

t e g e r   j o i n t   a r r a y  

th ickness  

processed   e lement   da ta   and   a l so  create index  for   skyl ine  assemblage  of  
s t i f f n e s s   m a t r i x  

RLOAD Read loading  s tep  sequence  and  nodal   force  and/or   displacement   data  

OPENS Open s t o r a g e  area f o r   a r r a y  from  bottom  of POOL i n  main memory 
CLOSE Close a p a r t   o r  whole  s torage area by   de le t ing   unused   a r ray  
PSEEK Search for a r r a y   d a t a  by its name 
POOLWT Debug write w a n t e d   a r r a y   d a t a   i n  POOL f o r   i n s p e c t i o n  

PMGN Prepara tory   segment   for   subrout ine  MGN 
MGN Command sequent ia l   genera t ion   of   e lement  matrices 
ISOBMN Generate   e lement   s t ra in-nodal   displacement   matr ix  B f o r  3-8 v a r i a b l e  
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node  parametr ic  element 

o f   a s s o c i a t e d   J a c o b i  matrix J 

en te r ing   d i sp l acemen t   da t a   o f   p reced ing   computa t ion   fo r  restart run  

STDMA Evaluate  components  of  strain-nodaldisplacement matrix B and  determinant 

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

Af t e r   t he   execu t ion   o f  FEMAB described  above,  the  next  program  block FEMCD 
is  c a l l e d  by t h e  main  of FEMN. Functions  of FEMCD, whose o rgan iza t ion  i s  shown 
i n   f i g u r e  2b, are the   format ion   and   assemblage   of   the   e lement   s t i f fness  matrix 
and  subsequent ly   the  solut ion  of   the  problem. Material d a t a  are inpu t  via the .  
user   def ined   subrout ine  MTRLN and   t hen   t he   s t r e s s - s t r a in  matrix D fo r   each  
incrementa l   s tage   o f   loading  is e v a l u a t e d   i n   s u b r o u t i n e  D " K N .  FEMCD starts 
i ts  operat ion  by a t ransfer   o r   read ing   of   the   da ta   s tored   on   IFIL5,   which  are 
t i t l e  o f   t he   p rob lem,   i n t ege r   da t a ,   i n i t i a l   c l ea red   d i sp l acemen t   and   l oad   da t a  
o r   t h e i r   v a l u e s   o b t a i n e d   i n   p r e c e d i n g   s t e p   o f   l o a d i n g   s e q u e n c e .  The stress- 
nodal   displacement   matr ix  s and   e l emen t   s t i f fnes s   ma t r ix  K are formed i n  sub- 
r o u t i n e  S " K N ,  t h e  l a t t e r  b e i n g   s t o r e d   i n   t h e   a p p r o p r i a t e   l o c a t i o n s   i n   t h e  
o v e r a l l   s t i f f n e s s   m a t r i x  by r e f e r r i n g   t o   t h e   i n d e x   p r e p a r e d  on  IFIL2.  IFIL3 
and 4 are used as t h e  seesaw e x t e r n a l  memory fo r   i n t ege r   da t a   and   t he   e l emen t  
s t ra in-d isp lacement   mat r ix  B. S k y l i n e   o r   p r o f i l e  active column  method o f   da t a  
a c q u i s i t i o n  is used   fo r   s av ing  area i n   t h e  main memory. Therefore.  a l l  sub- 
r o u t i n e s   p r e f i x e d  by c a p i t a l s  SK i n  SOLVEN,  SKDCNP etc . ,  take advantage  of 
t he   sky l ined   fo rm  o f   s to rage   fo r   t he   man ipu la t ion   o f   da t a .  Newton-Raphson 
i t e r a t i o n   p r o c e d u r e  i s  i n c o r p o r a t e d   i n   s u b r o u t i n e  SOLVEN, some de ta i l s   o f   which  
are d i scussed   i n   t he   nex t   s ec t ion   conce rned   w i th   t he   so lu t ion   o f   an   e l emen ta ry  
sample  problem. The following  summarises  the  function  of  individual  sub- 
r o u t i n e s   r e l e v a n t   t o  FEMCD. 

PSOLVN Prepara tory   segment   for   subrout ine  SOLVEN 
SOLVEN S o l v e   o v e r a l l   s t i f f n e s s   e q u a t i o n   f o r  unknown nodal  displacement  and com- 

p u t e   r e a c t i o n  a t  constrained  node;  i terative procedure i s  incorpora ted  
i n   t h i s   s o l v e r   f o r   n o n l i n e a r   p r o b l e m s  

loading  

mat r ix  K, s y n t h e s i z e   o v e r a l l   s t i f f n e s s   m a t r i x  by r e f e r r i n g   t o  
merging   po in t   index   s tored   on   IFIL2,   and   a l so   de te rmine   equiva len t  
noda l   fo rce   f rom  cu r ren t  stress d a t a   f o r   e q u i l i b r i u m   c h e c k  

by s k y l i n e  method 

VECTWN P r i n t   o u t  computed d isp lacement   and   reac t ion   vec tor  a t  each   s tage   o f  

S " K N  Evaluate   s t ress-nodal   displacement   matr ix  S and   e l emen t   s t i f fnes s  

SWRITE Write components f o r  debugging  of active columns . in   mat r ix  S s t o r e d  

BWRITE Write components  of  vector B for   debugging 
SKDCNP Cholesky  decomposition  of  symmetric  posit ive  definite  matrix by sky l ine  

SKXMLU Mult iply,   add  and/or   subtract   matr ix   components   in   skyl ine  s torage 
CONVCK Check convergence  of  solution  being  obtained  by Newton-Raphson i terat ive 

SKFWD Forward e l imina t ion  by s k y l i n e  method 
SKBKW Backward s u b s t i t u t i o n  by s k y l i n e  method 

D " K N  Evaluate  components  of  stress-strain  matrix D of   cons t i t u t ive   equa t ion  
MTRLN User def ined   subrout ine   spec i fy ing  e las t ic  a n d   i n e l a s t i c  material prop- 

method 

procedure 

er t ies 
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STRSUM  Add s t r e s s / s t r a i n   i n c r e m e n t s   t o   u p d a t e   v a l u e s   o f   s t r e s s / s t r a i n  
PRINST Compute p r i n c i p a l  stresses a n d   t h e i r   d i r e c t i o n s  
STWRN P r i n t   o u t   s t r e s s / s t r a i n   s o l u t i o n s  a t  r e s p e c t i v e  Gauss i n t e g r a t i o n  

po in t s ,   t oge the r   w i th   coo rd ina te s   o f  Gauss p o i n t s  

F in i t e   e l emen t   u sed   i n  FEM4 as w e l l  as i n  FEMN is 4-8 var iable   nodes  para-  
metric q u a d r i l a t e r a l   w i t h   t h e   f o l l o w i n g   i n t e r p o l a t i o n   f u n c t i o n s   ( r e f . 7 ) .  

For  corner  nodes 1-4 

f o r  midedge  nodes 5-8 

N5 = s5, 

N4 = S4 - (N7+N8)/2 

N 7 =.S-,, N8 = S8 

By c o a l e s c i n g   a n   e d g e   o f   t h e   q u a d r i l a t e r a l   t o  a s i n g l e   p o i n t  a t r i a n g u l a r  ele- 
ment i s  produced. It can   be  shown ( r e f .8 ,  9)  t h a t   t h e   r e s u l t i n g  element coin- 
c i d e s  w i t h  t he   conven t iona l   cons t an t   s t r e s s / s t r a in   e l emen t  when the   p r imary  
quadr i l a t e ra l   e l emen t  is  four-noded. The  number of i n t e g r a t i o n   p o i n t s   i n  
Gauss quadra ture   can   be   one   to   f ive  by f i v e   i n   a c c o r d a n c e   w i t h   t h e   u s e r s '  
s p e c i f i c a t i o n .  

The i n p u t   c a r d   o r   d a t a   s e q u e n c e   i n  FEMN is summarized i n   t a b l e  I. An 
example of i npu t   da t a   p repa ra t ion  as w e l l  as the   u se r   de f ined   sub rou t ine  MTRT.,N 
i s  i l l u s t r a t e d   i n   t h e   n e x t   s e c t i o n .  

SOLUTION  OF  SAMPLE  NONLINEAR  PROBLEM AND REMARKS 

AS a sample  problem,  nonlinear  behavior  of a composite  block  specimen 
shown i n   f i g u r e  3 is analysed.  The b l o c k   c o n s i s t s   o f   a n   i d e a l l y   p l a s t i c  ele- 
ment 101  and a nonl inear   one  501  with a nega t ive   s lope  segment a t  a l a r g e  
s t r a i n  as d e p i c t e d   i n   f i g u r e  4 based  on  the material da ta   o f   f i gu re  3. Loading 
sequences are summarized i n   f i g u r e  3 and   t he   so l id   cu rve   . i n   f i gu re  4 is t h e  
theo re t i ca l   l oad -d i sp lacemen t   r e l a t ion  of t h e   b l o c k   u n d e r   a x i a l   t e n s i l e   l o a d -  
ing.  It is no ted   t ha t   t he   l oad ing   cond i t ion   i n   numer i ca l   ana lys i s  is given by 
the   fo rce   i nc remen t   fo r   s t ep  1-3 and 7-9, w h i l e   i n   s t e p  4-6 it is given by t h e  
displacement  increment.  

Table  I1 is t h e  image of i n p u t   c a r d s   p r e p a r e d   f o r   t h e   s o l u t i o n   o f   t h e  
sample   p rob lem  and   s e rves   t o   i l l u s t r a t e   s imp l i c i ty   o f  the d a t a   p r e p a r a t i o n .  
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Specifically  table I1 is  concerned  with  the  first  loading  sequence, i.e. 
step  1-3. The  solution  for  consecutive  loading  conditions,  step 4-6 and  7-9 
in the  present  example,  is  obtained  by  restarting  the  execution  with  the 
renewal  of  input  data  and  the  use  of  .the  solution  obtained  in  the  preceding 
step  and  stored on an  appropriate  file.  Table  I11 is the  subroutine KCRLN 
written  for  this  sample  problem.  The  program  FEMN  is  versatile  because  the 
user  can  easily  tailor  the  subroutine MTRNL so that  it  characterizes.particu- 
lar  nonlinear  properties  of  the  material of interest. It must  be  emphasized 
that  the  anisotropic  material  behaviors  are  easily  incorporated in the  program. 

Figure  5  depicts  solution  convergence in the  sample  problem.  The  itera- 
tive  procedure  that  the  present  version  of  FEMN  employs  is  a  modified  Newton- 
Raphson  method  with  incorporation of equivalent  nodal  force { Fa). It  com- 
pensates  the  imbalance  of  force  equilibrium  at  the  nodes  and  is  given  by 

J 
where IF) denotes  the  prescribed  nodal  force, [B] and { a )  are  the  strain-nodal 
displacement  matrix  and  the  current  stress.  Convergence  is  satisfactory  in  the 
present  example  and  it  should  be  noticed  that  the  computed  results  lie  on  the 
theoretical  curve  exhibiting  sharp  turning  points. 

Test  of  convergence  in  case of the  large  scale  problem,  sophistication  of 
iterative  procedure  and  extension  of  the  program  to  three  dimensions  are  the 
next  steps  that  are  to  be  taken.  Moreover,  the  development of parallel  pro- 
cessing  and  the  installation  of  suitable  hard  disk  will  increase  the  speed  and 
capacity  of  the  system. 
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TABLE I INPUT  DATA  FORMAT  OF  FEMN 

(1) TITLE  CARD  (18A4) 
COL  1-7.2  PROBLEM  IDENTIFICATION  ETC  BY  ALPHANUMERIC  CHARACTER 

(2)  CONTROL  CARD  (2311) 
COL 1 =O AXISYMMETRIC 

=1 PLANE  STRAIN 
=2 PLANE STRESS 

2  NUMBER OF INTEGRATION  POINTS  (1-5)  FOR  GAUSSIAN  QUADRATURE 
3* =O INITIAL  START 

>O RESTART 
4- 5* NUMBER  OF  ITERATION  IN NEWTION-WHSON METHOD 
6-20  BLANK 
21 >O DEBUG  WRITE  IN  MODULE  INPUG 
22 >O DEBUG  WRITE  IN  MODULE  MG 
23 >O DEBUG  WRITE  IN  MODULE  SOLVEN 

(3)  NODE  HEADER  CARD (A4) 
COL 1-4 ' NODE ' 
(4) NODE  DATA  CARDS  (A4,  16,  2F10.0,  lox,  F10.0,  lox,  211) 
COL 1- 4 ' NODE ' 

7-10  NODE  NUMBER 
11-20  X (R)  COORDINATE 
21-30  Y (Z) COORDINATE 
41-50  OBLIQUE  ANGLE  (DEG)  OF  LOCAL  COORDINATE 
61 =1 X-DOF  CONSTRAINED  OR  X(R)-DISPL  GIVEN 

=o OR BLANK FREE OR X(R)-LOATI GIVEN 
62 =1 Y-DOF  CONSTRAINED  OR  Y(Z)-DISPL  GIVEN 

=O OR SLANK FREE  OR  Y(Z)-LOAD  GIVEN 

(5)  ELEM  HEADER  CARD  (A4) 
COL 1- 4 ' FLEM' 
(6) ELEM  DATA  CARDS  (A4,  16,  815,  IS*,  215*,  F8.0) 
COL 1- 4 ' ELEM' 

7-10 ELEMENT NUMBER 
11-15  1ST  NODE  NO. 
16-20  2ND  NODE  NO. 
21-25  3RD  NODE  NO. 
26-30  4TH  NODE  NO. 
31-  35  5TH  NODE  NO. 
36-40  6TH  NODE  NO. 
41-45  7TH  NODE  NO. 
46-50 8TH NODE NO. 
51-55*  MATERIAL  SPECIFICATION  NUMBER 
56-65*  FOR  EXTENSION OF PROGRAM  BY  USERS 
66-73  ELEMENT  THICKNESS 
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(7) LOAD  HEADER  CARD (A4) 
COL 1- 4 'LOAD' 

( 8 )  LOAD  OR  DISPLACEMENT  STEP  CARD  (A4,  16,  6F10.0) * 
COL 1- 4 ' STEP' 

5-10  STEP  NUMBER 
11-70  FOR PROGRAM EXTENSION 

(9)  LOAD  OR  DISPLACEMENT  DATA  CARD  (A4,  16,  2F10.0) 
COL 1- 4 'LOAD' 

5-10 NODE  NUMBER  ON  WHICH  GIVEN  LOAD  OR  DISPLACEMENT  IS  APPLIED 
11-20 X(R) GIVEN  NODAL  FORCE  OR  DISPLACEMENT 
21-30 Y ( Z )  GIVEN  NODAL  FORCE  OR  DISPLACEMENT 

(10) END CARD (A4) 
COL 1- 3  'END' 

* INDICATES  ADDITION  OR  MODIFICATION  APPLIED  TO  LINEAR  ANALYSIS  PROGRAM  FEM4 
AND/OR  MICRO-FEM 

TABLE I1 INPUT  DATA  IMAGE  OF  SAMPLE  PROBLEM  OF  FIGURE  3 

2-ELEMENT NONL I NEAR  MODEL TEST 
22 8 
NODE 
NODE 
NODE 
NODE 
NODE 
NODE 
NOflE 
NODE 
NODE 
ELEM 
ELEM 
ELEM 
LOAD 
STEP 
LOAD 
L c m  
LOAD 
STEP 
LOAD 
L m r I  
LOAD 
STEP 
L c m  
LOAD 
LOAD 
END 
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r-. 13 3 1 1  
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C 
C 

C 

C 

2100 

C 
3000 

3100 

C 

C 
EO00 

E 2 0 0  

C 
7000 

7200 

7 4 0 0  
3000 

TABLE 111 EXAMPLE OF USER DEFINED SUBROUTINE m R L N  

SUBRBUTINE  MTRLNIKK,  IK, EK, ITER,  ISTP:) ........................................................... . I K I 4 1  MFlTERIFlL I D E N T I F I C f l T I B N  NUMBER . E K I I K I 9 I 1  CBMPUTED STRf l IN VFlLUE . E K I I K ( I j 1  CBRRESPBNDING  STRESS  VRLUE . ITER=O,  RBUTINE  DETERMINES TFINGENT MBDULUS . ITER)O,  ITERRTES STRESS  FBR COMPUTED STRFIIN VRLUE ........................................................... 
DIMENSION K K ( 1 1 ,   I t < ( l ) , E K ( l I  
M I D = I K I 4 l  
I K S = I K ( 8 1  
I t<9=IK(9 : )  
I F (  ITER. GT. 0:) GB TB EO00 
:+*-+:% SLBPE OF STRESS-STRRIN CURVE $:+-:+:* 
IF(MID.GT.01 G 0  TO 3000 

Et<(2:)=0. 3 
I F ( E K ( I K 9 ) .  GT. 1O.OE-35 GB TB 2100 
El( ( 1 =2. OE4 
GB TO 9000 
EK!l)=O.O 
GB TB 3000 

E K ( 2 ) = 0 . 3  
I F ( E K I I K 9 ) .  GT. 3.OE-3:) GB TB 3100 
Et< < 1 ) =2.OE4 
GB TB 3000 
IF (EKCIK9T .  GT. E. OE-3:) GB TB 3200 
EN! 1 )=O. 0 
GB  TO 3000 
E K ( l ) = - l . O E + 4  
GB TB 3000 
*:*:-** STRESS VFILUE F O R  CBMPUTED STRRIN *e-:+* 
IF(MID.GT.0)  GB T 0  7000 

I F  (EK ( I K3:). GT. 10. OE-3:) GB TB E200 
E K I   I K E )  =2. OE4:+EK (1  K3:) 
GB TB 9000 
EK( IKE1=200 .0  
GB TB 3000 

IF(EKI IK3: l .GT.   3 .OE-31 GB TB 7200 
EK I I KS1=2.  DE4*EK ( I K3:) 
GB Ti3 3000 
I F C E K I   I K 3 S .  GT. 6.OE-35 GB TB 7 4 0 0  
EK ( I K I  :I =60.0 
GB TB 3000 
EKI IK8: )=120.   O- l .OE4*EK( IK3)  
RETURN 
END 

**-+*: PERFECTLY  PLRSTIC :+*-:+:+ 

:+*-:+:* NBNL 1 NERR MflTER 1 flL *::+-:+* 

*:*:-*:+ PERFECTLY  PLRSTIC :+*:-:+:* 

**-*:+ NBNL 1 NEnR MRTER 1 R L  **:-:+:+ 
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Figure 1.- Structure of microcomputer system. 
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RELEM 
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(b) FEMCD. 

Figure 2.- Organization of FEMAB and FEMCD. 
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MODULUS HL OF MATERIALS, kgf /mm2 
I I I 

SPECIFIED LOADING SEQUENCE 

TOTAL LOAD  DISPLACEMENT 
INCREMENT I INCREMENT 

2 I 1 2 x 1 0 3  I - I I STRAIN RANGE I Hi OF ELEMENT 
1 0 1  5 0 1  I I 1 3 I 1 z X 1 o 3  - 

7 -12 x103 - 
8 

- -12 x ~ ~ 3  9 

- -12 x103 

Figure 3.- Composite block of nonlinear material. 
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Figure 4.- Nonlinear material properties 
and load-displacement curve. 
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Figure 5.- Convergence of solution. 

2 89 


