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ABSTRACT

New in f or m at  ion is g iven conce rn ing  the  APES f l i i i tt ’
element computer  program fo r  f r a c t u r e  mechanics  and stress
analysis of two—d imensional and ;ixtsymmetrlc structures.
Dc Sc r I bed are use t ul new capab i i i  t I es wh i cli have been
added to the program as well as the  a d d i t i o n a l inpu t
parameters necessary [or their app Ii cat ion. The report
t akes t h e  I~ orni of a coni p 1 e t c  t cv is  ion ol t lie’ a p p e n d i x  ci
t he  o r i g i n a l  APES documenta  t I on -

ADMINISTRATIVE INFORMATION

The dev e l o p men t s  descr ibed here in were au tho r  I ~ed and funded within

t h e  S u b m a r i n e  St r u c t u re s  E x p l o r a t o r y  Deve lopment  Progr am SF 4 1 .  ‘*2 2 .

Work U n i t  1 7 2 0 — 5 9 2 .

I NT ROI)t ’CT ION

The a cr o n y m  APES stand s fo r  Axis~~ mctr I c / P l a n a r  E l . i s t  Ic  St r t i c t u re s ,

w h I c h  Is a f I n i t  e e I ement compu te r  program , developed spec 1 f t  c a l l  v to  pro—

v ide  I Iticar , ci  ast Ic • f r a c t u re  mechan ic s  ana l vs i s  I or t w o — d i m e n s i o n a l

(ax i svmmet r  Ic , p1 ane s t r a i n , or i’ lane stress) structures conta [f l ing a

cr ack  or a numb er  of I n t cr a c  t lug cra cks  - The mode I ( o p e n i n g )  and mode I I

( i n p  I ;ine slid i n g )  stress—tnt ens i t  v f a c t o rs  K and K 
I i  are  d i re c t  lv  c a l —

en I i t  ed a t  t he cr a ck  t Ip ( s )  In  add i t  Ion to the  usua l quan t  it  I es of noda l

I -
1 I I acement  s . st rains , and st rc sst ’s

The has i c f i n i t e  e l emen t  i s t h e  h i  gli—order . (b icith I c )  l 2 — n o d e  qu adr  i —

1*l a t e ra l i sop ar amet  r Ic  element desc r Ibed 1w Z I enk I ewi e and shown in

FI gure 1 . Frac t nrc nice han i c s cap. ib  l i l t  v is  Inc  I t i d ed In  two w ay s .

E n r i ch ed  1 2—nod e e l e men t s  a re ’  ava [l a b  Ic  wh ic I i  • in  add i t  ion  t o  t l l t .~ 
V

u s u a l  d i s p la cement assumpt ion , a l s o  I n c l u d e  the  s i n g u la r  modes of de —

f o r m a t  I on ap p r o p r i a t e  fo r  the  d i  sp i acement  f Ic id near  a c r ack  t i p . The

c rack tip corr esponds t o  a corner  node on such el  t’ment S. The stress I n —

t ens it v factors K and K are  car r led .is add 1. t I ona I unkn owns d i rec t l v  V

c a l  en l a t  t’d by the  program.  Th i s  t echn i quc , desc Ibed In  d e t a i l  ci  se—

where • ‘ t ’ I I nina U’s he need fo r  extreme mesh r et  I nemen t or an~ o t h e r

*A comp i  etc 1 1st Ing of r e t  erences is g ive l l  on p .ige / -



b s pe c i a l  t r e a t men t  in the vi cinity of crack tips; K
1 

and K11 are’ predicted

q u i t e  •tccuratelv even with relat Ivel y coarse meshes.

2 A s m a l l  c i r c u l a r  “ core ” element 4 may be centered at the t i p  of a

s i n g le  cr a c k  and be j o i n e d  along i t s  p e r i p h e r y  to an a r b i t r a ry  number  of

s t a n d a r d  12—node u lements  as shown in Figure  2. In the  core e lement , K 1,
K 11, and the  c rack  t i p  d i s p l a c e m e n t  components  are ca r r i ed  as unknowns .

A l t h o u gh  t h is t r e at m en t  a l s o  y i e l d s  accu ra t e , d i r e c t l y  c a l c u l a t e d  v a l u e ’s

t o r  K 1 and K 1 1’ tu e  en r i c h e d — e l e m e n t  app roach  desc r ibed  pr e v i o u s l y  i s

cas icr to  Use and is  recommended.

A l t h o u g h  AP ES was desi gned f o r  f r a c t u r e  mechanics  problems , t h e  h igh

order  and a c c o m p a ny i n g  a c c u r a c y  of the  bas ic  element  is such t h a t  the

program is a l s o  I r eq u e n tlv  used in  n o n — f r a c t u r e , s t ress  a n a l y s i s  appl ica-

t ions . There is no r e q u i r e m e n t  t h a t  the s t r u c t u r e  under  cons idera t  ion he

c racked .

i t  is e x t r e m e l y  easy  to use APES , compared to most o the r f i n i te

e lement  computer  programs , primarily because there are relatively few input

d a t a .  The h i g h  order  of the  bas ic  element makes i t  possible  to solve an

“average ” problem by us ing f r o m  20 to 40 e l e m e n t s .  Thus , when APES can be

app l i ed , i t  has become a very  p o p u l a r  tool .  This  p o p u l a r i t y  has prompted

add i t  ions and improvements  to the  program in the  past  3 yea r s  which  have

c u l m i n a t e d  in the  present  need to document the  new f e a t u r e s .

-• 
Since p u b l i c a t  ion of t he  o r i g i n a l  APES program , j the f o l l o w i n g

fe a t u r e s  have been added.

I .  Graph ica l  (CALCO MP) O u t p u t .  P lots  of the i d e a l i z a t i o n, w i t h  and V

without node numbers and element numbers , can be obtained by using a pre-

processor w h i c h  also performs logical checks on the input data. In the

a n a ly s i s  p o r t i o n  of t h e  APES sy s tem , an overlay has been added which p l o t s

the i d e a l i z a t i o n, d e f l e c t e d  s t r u c t u r e , and contour  p lots  (across the whole

s t r u c t u r e  and in selected “ zoomup ” areas)  of selected s t ress  components

and/or  t e m p e r a t u r e  values.  Examples  of th is  graphica l  c a p a b i l i ty  are

provided in the  appendix .

2
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IN LOCAL COORDINATES
(LOCAL NODE NUMBERS)

MAPPED IN GLOBAL COORDINATES
(TYPICAL GLOBAL NODE NUMBERS)

Figure  1 — Q u a d r i l a t e r a l  12—Node Bas ic  F in i t e  Element
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NUMBERING FOR MODE I NUMBERING FOR COMBINED MODES

F i g u r e  2 — Node and Element  N u m b e r i n g  fo r  Special
Core Element Crack Ti p Mode l s
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2. Therma l Loading for Fracture and Stress Anal ysis . Nodal t empera-

tures relative to any reference state’ may be provided for therma l loading.

Temperatures of intermediate side nodes , if not specifically given , w ill
he automaticall y interpolated linearl y from the corner node values.

3. Increased Capacity. As many as 200 elements and 1400 nodal points

ma~’ now be accommodated . While this quantity may not seem l a rge , i t  can he

equivalent to more than 10,000 of t he  more f a m i l i a r  c o n s t a n t — s t r e s s  t y p e s

of elements which enjoyed popularity in the past.

•~. Multiply Constrained Nodes. With this feature , as many as 30

nodal points may be required to achieve an identical (but unknown ) dis-

placement in any given direction , with the perpendicular degrees of freedom

r e m a i n i n g  independent . Among o the r  uses , t h i s  p e r m i t s  the  imposition of

d ouble  p lanes of synunetry for  s t r u c t u r e s  hav ing  r e p e a t i n g  ( p e r i o d i c )

g e o m e t r y ,  or i m p o s i t i o n  of “infinite body ” boundary conditions at a finite

d i s tan c e  away f rom some s t r u c t u r a l  de t a i l  of i n t e r e s t .

5. C r a c k  Face Loading fo r  En r i ched  E lement s .  The consis tent  nodal

load ing  r e s u l t i n g  f r o m  d i s t r i b u t e d  t r a c t i o n s  on enr iched e l emen t s  is

d i f f e r e n t  f rom tha t of convent iona l e lements .  In c o r p o r a t i o n  of t h i s  fea-

t u r e  g ives c a p a b i l i t y  not found  in many f r a c t u r e  mechanics  ana lyses .

Sp e c i f i c a l ly , ana lyses  may be pe r fo rmed  of f l a w s  fo r  which  a p r e s s u r i z i n g

medium loads the  crack as well as the structure , of crack problems by

u s i n g  s u p e r p o s i t i o n  methods , and of c racks  growing  in residua l s t r ess

f i e l d s.

b. Improved S t r a i n  and Stress Accuracy .  In the  past , s t r a i n s  and

stresses were evaluated directly at the nodal points. I t  is now known

tha t strains and stresses are more accurate when evaluated at  the integra—

V ti on points of the finite elements. These points , however , do not general—

ly correspond to the points where strains and stresses are desired . To

obtain more accurate nodal values of strain and stress , strains are now

evaluated at the integration points and are then “smoothed” to the nodal

4 
poin ts In a manner similar to that suggested by Hinton et al. 5 The re—

sul ting nodal strain and stress values are more accurate and have , in fact ,
6

been found to be Just as accurate as nodal disp lacements themselves.4



7. Select ive Suppression ot C e r t a i n  l’r i n t o u t .  E l e m e n t — b y — e l e m e n t

V print lu g  o f  st r a i n s  a n d / o r  s t r e s s e s  may now be suppressed .

8. Pr  i n tou t .  of Nodal R ea c t  ion  Forces it Cons t ra ined  Nodes.  This

i n t o r m a t i o n  is  of use  in a n a ly z i n g  the  way in w h i c h  app l ied loading on a

h i g h l y  r e d u n d a n t  s t r u c t u r e  i s  d i s t r i b u t t ~d to the s u p p o r t  p o i n t s .  
V

~). Fur h -r S i n ;p l i f  i c a t  ion of I n p u t  D a t a .  It is now possible to nunt—

her  on l y  the corner nodes of an ideal izat ion and to  d e f i ne  e l e m e n t s  by cor-

ner n ode n u m b e r  on l v , l e a v i n g  t h e  APES program t o  p r o v i d e  numbers  auto-

mat h - tl  ly tor intermediat e side nodes. This f e a t u r e  can save si g n i f i c a n t

e f t  on , and f u r t h e r  d e c r ea s es  t h e  p r o b a b i l i t y  of e r r o r  in the  a l r e a d y  s m a l l

n u m b er  ot input data.

10. Ur i a n g u l a r  E l e m en t s  H a v i n g  N inc N o d e s .  Such e l emen t s  a rc  q u i t e

he I pt  u I i n  m a k i n g  a t r an s i t  ion f rom a coar se  to  a f i n e r  mesh . However , no

t horoug h stud ~ has ve t  been made to a s c e r ta i n  the  a c c u r a cy  of t hese  e l e—

mt ’nt S ~•t s  t he\’ • ir e  Pr e sent  lv  f o r m u l a t e d ) r e l a t  ive to  the  12—node e l emen t .

F’re lin t in~irv m d  teat ions •ire tha t they are infer ior in their present form

and t h e  ret ore , s h o u l d  he used on l v  with caut  ion.

tI1t~ ~~~~ ions  l~ out  l ined changes  have been imp lemented w i t h o u t  in—

v a t  i d at  iii ~~ t he  or i g ina l docuntentat ion of APES . The use~r having no in—

t cr c St i n  t liese add it i otis can use the old manua 1 . The purpose of the

p r e sen t  r e p o r t  i s  t c pr ov ide an u p d a t e d  v e r s i o n  of t h e  a p p e n d i x  of t h e

or ic, m a  I document at  i on , whi ic l i  d i sc ussed p r ep ar a t  ion of the  idea I i  :~ t ion

and t h e  input dat a for t he pr og rant .

Th is upd•t t e incorporates all add i t  ions t o  APES as of December 1 ~

and r e p l a c e s  t l ie a p p e n d i x  c I t he ’  or ig m a i  document  at  ion.  Th i s  r e p o r t  does

n o t  s tan d  a lone , however .  To u n d e r s t a n d  and use APES effect lye 1~’ , R e f e r  —

t ’t i c es  2 and 3 should  be consul  ted f o r  t h e o ry  and examp les.

V 

USE OF APES I’ROCRAM

To USC any  f i n i t e  e l e m e n t  program , one must provide the compute r  w i t h

t h e  f o l l o w i n g  b a s i c  i n f o r m a t i o n :

1. P r o p e r t  ics of  structur a l materia I (s)

2 .  C o o r d i n a t e s  of nodal  p o i n t s

5

V ~~~~~~~~~~ -- ~~~~~~~ ~~~TT — .



3. Manner in which elements are connected to nodal points

4.  B o u n d a r y  c o n d i t  ionb
V 5. Loading
V 6. A d d i t i o n a l  i n f o r m a t i o n  r e q u i r e d  f o r  spec i a l i zed  a p p l i c a t i o n s .

Coord ina te s  of the nodal p o i n t s  and c o n n e c t i v i t y  of the  e lements  to them

c o n s t i t u t e  t h e  b u l k  of t he  i n p u t  d a t a .  I t  is here  t h a t  manpower costs

become high and tha t nest er r o r s  (some t imes u n d e t e c t e d ) are made.  Con—

s e q u e n ti ’, , a n y t h i n g  that reduces or s i m p l i f i e s  these data  w i l l  b r ing  sub—

S tant ia 1 economic re t u r n s .

Lower costS are p a r t i c u l a r l y pos s ib l e  in t h i s  age of t h i r d — g e n e r a t i o n

c o m p u t e r s , in w h i c h  l i t e r a l l y  m i l l i o n s  of c o m p u t a t i o n s  can be made f o r

pennies ;  c o m p u t e r  cos ts , compared to manpower  costs , are  very  small  f o r

mos t  f i n i t e  e l e m e n t  a p p l i c a t i o n s .  For t h i s  reason , a hig h—orde r  f i n i t e

e l e m e n t  beco me s  d e s i r a b l e .  A l t h o u g h  the  c o m p u t a t i o n a l e f f o r t  (done by

c o m p u t e r )  m ay  he increased , the  inpu t  da ta  are si g n i f i c a n t l y decreased ,

/ r e s u l t i n g  in s u b s ta n t i a l  savings of t i m e  and money and a g r e a t l y  reduced

p r o b a b i l i t y  of error. Moreover , accuracy  is g r e a t l y  increased w i t h  the

use of h ig h -o rde r  e l emen t s .

In p u t  d a t a  f o r  APES , r e l a t i v e  to most f i n i t e  e lement  programs , are

extremely ~:imp le r t  prepare .  Few data need to be provided , and consider-

able effort has been spent in making these as simp le as possible. Nonethe-

less , the user is expec ted  to be ab le  to f o l l o w  inpu t  i n s t r u c t i o n s  and to

keep in m i n d  a f e w  r u l e s  necess i t a ted  by the spec ial purpose n a t u r e  of the

computer  p r o g r a m .  G u i d e l i n e s  are  given in the  f o l l o w i n g  tex t  for  s e t t i n g

• up an i d e al i z a t i o n .

SETTING UP THE IDEALIZATION

1. Lay ou t  t h e  s t r u c t u r e  to scale , p r e f e r a b l y  on l i nea r  graph paper

to help in d e f i n i n g  noda l  coord ina tes , in the f i r s t  quadran t  of a RIGHT—

HANDED x— and y — c o o r d i n a t e  sys tem.  If the problem is a x i s y m m e t r i c , s it u a t e

the r i gh t  h a l f  of t he  s t r u c t u r a l  cross sec t ion  so tha t  the ‘
~
‘ AXIS CORRE-

SPOND S WITH THE A X I S  OF SYMMETRY. Use enlarged d e t a i l s  or “blowups ’ where

6
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necessary so tha t  the idealization will  be clearly defined . Neatness is

very impor tan t ;  ex t ra  t ime taken to define the idealization clearly will

be more than repaid in the long run by saving time later looking for  and

correct ing errors .  If the possibi l i ty  exists that more s t ruc ture  will  be

added later or t ha t  the present s truc tural dimensions will be changed ,

leave room , since negative nodal coordinates are not permit ted in the APES V

program .

2. Divide the s t ruc ture  into a suitable assemblage of elements ,

keeping in mind that  elements should be concentrated in regions of high

stress gradient .  Avoid excessive element distortion. As a rule of thumb ,

corner angles should be not less than 45 degrees nor greater than 135

degrees .* Avoid using t r iangular  elements , if possible , par t i cu la r ly in

regions where high accur acy is desired , since the triangular element in
the present version of APES has not been thoroughly tested, if a singular

core crack tip element is to he used at a crack tip (enriched elements are

V recommended), a blowup will be necessary to show the idealization in this

area; Reference 2 should be consulted for guidance as to element size.

If enriched quadrilateral elements are to be used at a number of crack
tips , each such element must adjoin ONLY ONE crack tip. Enriched crack

tip elements may be rather large; see References 2 and 3, for example.

3. Sketch in intermediate nodes along the element edges, using small

dots to aid in numbering the nodes. Number the nodes ( s ta r t ing  with 1) in

ascending numer ical order , using any convenient path through the idealiza-
tion. If a core element with n nodes is used for a fracture application ,

the nodes on the core element must be numbered from 1 to n in a counter—

clockwise sense as shown in Figure 2. It is usually unnecessary to number
V all the intermediate side nodes as described in the following .

APES has been programed to provide numbers for intermediate (non—

corner) nodes for elements which are. defined (in the input data) by only

the node numbers that correspond to the element corners. Although all the

nodes may cer tainly be numbered , if des ired , this fea ture may be used to

save time and effort and to reduce the possibility of input errors. The

*See Table for an extreme example of loss of accuracy due to element
distortion.
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node number generat ion f e a t u r e  is a u t o m a t i c a l l y  t r iggered when APES recog —

nizes that only 4 node numbers (rather than 12) have been given in the input

to define a quadr i lateral element, or only 3 node numbers (instead of 9)

have been given to define a triangular element.
The user will not generally know in advance what numbers will be

assigned to intermed iate nodes (of an element defined by only the corner

nodes) unless either an adjacent element or elements are fully numbered .

As a result , distributed tractions , boundary conditions , edge curvature ,

e t c . ,  f o r  elements containing such intermediate nodes cannot he specified .

The solution is to number ALL nodes for an element tha t contains the inter—

med late nodes for which tract ions , boundary condit ions , curvatures , etc.

are to be specified . (Elements adjoining f ull y numbered elements need not

be fully numbered t hemselves and may be spec if led by only the four corner

nodes.) See the examp le In Figure 3.
V 

A I r erna t [ye ly, an Ideal ! zat Ion hay log only t he corner nodes numbered
may be run through t he  data checking preprocessor to ascertain the assigned

numbers of intermediate nodes. This information m a y  then he used to add

appropriate tractions , boundary conditions , etc., t o  the  d a t a  deck after

this run. V

4. Number the e~ ctnents. Care is necessary since a “frontal” or

“mesh annihilati on ” technique
9 

Is used to assemble and solve the structural

stiffness equat Ions. With this method , the c l emen t  s t i f f n e s s  m a t r i c e s  ar e

cal  en Ia ted in advauc tog numerical order as a ‘‘ f r o n t ” passes through the

e I ement mt’s h. Degree’s of f reedom a s soc Ia ted with nodes belt m d  the  f r o n t

a r e  eliminated by expressing the st if fness~ of the structure ahead of the

front in terms of the eliminated degrees of freedom behind t he  front • The

process is shown in Figure 4.

Under present program d imensioning, the number of nodes across t he

front must not exceed 40 for the smaller version of APES , or $0 for the

large st version. (ii this number Is exceeded , the program wil l so m di-

cate and stop.) Since element numbering determines the size of the front

t he  e l em e n t s  should  be numbered to minim ize the size of the front . As .1

rul e of thumb , the elements should be numbered so as to m i n i m i z e  the

9
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Fi gure 3c — Computer—Generated Idealization , Including V

Inte rmediate  Node Number s

Fig ur e 3 — lde~ 1lza t ton and Imput Data for Three—Element Cantilever Beam
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d ifference between the numbers of adjacent elements. This procedure is

ana logous  to numbering nodal points to achieve a minimum bandwidth; see

the element numbering of Figure 8 of Reference 2 as an example.

Finally , If one is using a singular core crack t ip elemen t , the d c —

V Inents about,  the core must be numbered as shown in Figure 2.

5. Along s t r a i gh t  element edges , APES will automaticall y generate

the- coord [mites of nodes i n t e r m e d i a t e  to the corner nodes so that the

element edges are exactl y divided in to  thirds . Along curved element edges ,

however , coordinates of intermediate nodes must be provided . This ~~~~~~~
done in such . way t ha t  the intermediate nodes divide the curved length

of the c lement  edge i n t o  thirds to a c lost ’ degree of approximat [on.

Failure to sat i stv this requirement will produce Inaccurate results in the

vi c init y of the curved edges.

I t one i s  u s i n g  a c i r c u l a r  core  crack tip element , he node’s on t l i t ’

core e l emen t  must  d i v i d e  the  p e r i p hery  of the element into arcs of ident i—

c a l  l en g t h .  T h i s  i m p l i e s  that the angle w i t h i n  the  arc  of each element

adjacent to the core  e’ lenient is  the same .

lNl’I i i’ I)ATA
V Once a good i d e a l i z a t i on  is set up, the rest is a downhill run ; it i_s

.ictua l lv very easy to t r a n s la t e  the i dea l i za t i on  into a set of numbers  to

be pu t .  in the  program. An examp le of a comple te data deck for a s i mpl e
test  t’-ts&’ is SI .O WU in Figure  1 .

At f i r s t  g lance , the inpu t  da ta  as descr ibed and annotated here may

appear e x t e n s i v e ; however , they  are not re -a I ly complex .  Time- exper ienced

user  has li ttle’ need to re’ fer to the input instruct ions which fo 1 1  ow. The’

beginne r , however , mus t “break the Ice” and caref4j~y, set up a problem or

two before the simplicity of the dat :m will become clearly apparent.

I np u t  d a t a  are mos t easily prepared on standard 80—column d a t a  sheet s .

For conven ience , the da ta are d ivided in to  seven c a t e g o r ic a l  groups to
.i E d In explanat ton . The individua l groups of data a r e g i ven is t’o I lows V

in order ~ f appearance  i n  the dat  a deck and are then deser [bed in det . i i l

12 
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Group I — Preliminary Data (Required)

Group II — Element Connectivity * (Required)

Group III — Node Coordinate Specification* (Required)

Group IV — Nodal Constraints

A. Prescribed Displacements* (Required)

B. Mul t ip ly  Constra ined Node Data (If  Needed) V

Group V — Distributed Trac t ions* (Required )

Group VI — Concentrated Nodal Loads* (Required)

Group VU — Additional Data (As Required)

V A. Frac ture Mechanics Input (I f  Needed)

B. Therma l Stress Analys i s  Input *  (If  Needed)

C. Graphical Ou tput Data (If Needed)

*To save the user the e f f o r t  of counting (possibly e-rroneouslv ’I items
to be included in a da ta  group marked w i t h  an a s t e r i sk , such d a t a  gr oups
MUST BE TERMINATED WITH A BLANK CARD; thus Groups V and VI must. c o ns i s t  o f

• . at least a b lank  card each , even i t  there are no d i s t r i b u t e d  t r a c t  ions or
concentrated nodal loads.

13
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Group 1 — Preliminary Data (Required )

Card  I: TITLE — Any lniorm a t ion to be p r i n t e d  w i t h  the output such as
a ti tle for the problem . (Punch anywhere within
Col umns 2 throug h 80.)

Card 2: NN ,NE,NMAT,ISTRN,IHEAT ,NTIE ,INTEG ,IDLZ ,NFRAC ,IPLOT ,1SUP
V FORMAT ( 1115)

V (1—5) MN — Number of nodes (e’st [mate w i l l  s u f f i c e) .

(~~— 1O) NE — Number of elements (estimate w i l l  suffice).

(ll—i ~~) NMA T — Number  of d i f f e r e n t  m a t e r i a l s  (max 5 , d e f a u l t  1*).

(lt— 20 ) ISTRN — 0 = a x i sy m m e t r i c  p rob l em . V

I plane strain problem .
V 2 = p lane  s t r e ss  p r o b l e m .

t, 2 1—25 )  IHEA T — Not ,~ero  means therma l stress analysis, is desired .
Acid it iona 1 data (Group Vii ) are r e q u i r e d .

2t~— 10) NTI E — Number  of nodes in a mu It [p ly  cons t r a ined  node set
if one exists , otherwise leave blank. Add it ional
da t a  a r e  r e q u i r e d  in Group IV; see Note I

11— IS ) INTEG — A v a l u e  of I result-s in ~i” I numeri cal integration
ot th e element stiffness matr i t -e s ;  any o ther  va lue’
w ill result in ~~~~~ integration; st-c Note 2 ,

3h— -~O) IDL Z — P r e s en t  lv inact ive , leav e blank.

(-. I — -~ 5) N FR:~C — I t not a f r a c t u re  problem , leave blank. A posit Eve
number  m d  i ca t i ’s that a spec i al  core e l e m e n t  is  to
be used at a s i n g  Ic c rack  t [p. A nega t i ye va 1 ~ie
int l i c a t e s  t ha t  e n r i c h e d  e l e m e n t s  are to be used in
a f rac t nrc prob [em , and NFRA C is  t he  negat  ive of
the  number of crack t i p s ;  see Note  1. A d d i t  iona l
d a ta  a r e  required in Gr o u p  V I I .

(-4t—S 0) IPLOT — A non~V e r o  va lue  Indicates graphical ou t p u t  is de—
si red and tha t addit i ona i  g rap h ics  d a ta  w i l l  be

V su pp lied in Group VI I  . V l •ll S v a l u e  of IP Lo l’ is t lie’
max inium ci Imens ion in inches of ~ALCOMP pl ots. Plots
shou let not be larger than the  ava I lab  I ~

‘ p lot ter bed
a l l o w i n g  for I .  ‘i—in ch marg ins on a l l  s i d e s .

- I — ~ S) I SUP — For op t iona l suppress ion of out  put . A value of I
suppresses i_ I e’ment — b y — c  I ement s t r a i n s ;  2 suppresses
element—b y—element stresses; suppresses b o t h .

*j\ def ault va l u e  i s  at -b i eyed by I cay I ng t i m e  e n t r y  b l a n k .

14
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Cards 3: For each different material , two material property cards are
required, the first pair corresponding to material 1, the V

second pair to material 2, etc.

3a: POIS
FORMAT(F 10.5)

Poisson ’s ratio (default 0.3). Because of the default
se tt ing, a value of zero cannot be used; use a very small
number instead , if required .

3b: E
FORMAT(E l0.3)

Young’s modulus (default 30.E6).

NOTE 1:
The multiply constrained node option makes it pc~~sib1e to require t h a t

a group of nodes have an equal (but unknown) displacement In a g iven
direc tion. As many as 30 nodes may be included in the multiply constrained
(tied) node set. Among other things, this capability permits the imposition
of double planes of symme try which result , for example, when analyzing
struc tures with periodically repeating geometry .

MOTE 2:
For enriched crack tip elements , 8x8 numerical integration (Gaussian

quadrature) is automatically used . For conventional elements, 4’4 in-
tegration has customarily been used. More recent work suggests that a 3’— 3
order produces results of comparable accuracy and leads to an approximately
35—percent reduction in computation cost; see the table.

NOTE 3:
To handle cracked structures , NFRAC must be either positive , implyin g

V a singular core crack tip element, or negat ive, indicating the use of c’ii-
ri ehed crack tip elements. Thus it is impossible to combine both crack tip
models in the same idealization . Enriched crack tip elements are recommend—
ed; as many as five crack tips may be treated by setting NFRAC equal to the
negative of the number of crack tips.

15
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.~ Group II — Element Connectivity (Required )

One card is required for each element , whe ther conventional or enriched .
No card is requ i red  f o r  a core crack t i p e lement .  This data group
MUST BE TERMINATED BY A BLANK CARD.

NEL,N1,N2 ,N3 N11,N12,MAT ,THICK
V 

FORMAT (l415 ,FlO.5)

NEL — Number of the element.

Ni through N12 are the 12 node numbers defining a quadrilateral
element , or

Ni through N9 ar e the 9 node number s defining a triangular
element (N lO —N 12  b l a n k ) ,  or

Ni t h rough  N4 are the 4 node numbers d e f i n i n g  the corner  nodes of
a q u a d r i l a t e r a l  element fo r  w h i c h  APES is to supply the
numbers of intermediate side nodes (N5—N12 blank), or

Nl through N3 are the same as described previously , excep t f or a
triangular element (N4—N12 blank).

The node numbers mus t be lis ted in COUNTERCLOCKWISE order
beg inning with a corner node. FOR ENRICHED ELEMENTS. THE FIRST
G I v E N  NODE MUST CORRESPOND TO TIl E CRACK TiP ; SEE NOTE 4.

(b b — 7 0 )  MAT — The material number of the element ( d e t a u l t  1).

(71—80) THICK — Meaning f u l f o r  p lane problem s only , time t h i ckness  of
• the element ( d e f a u l t  1.0) ; set ’ Note 5.

NOTE 4:
BECAUSE THE FIRST GIVEN NODE FOR ENRICHED EI EMENTS MUST CORRESPOND

TO THE CRACK TIP , i t is impossible for an enriched element to join more
than one crack tip. If a circular core crack tip element is present
(Figure 2) the first node defining Element 1 must be node 4.

NOTE 5:
Unless the planar structure has a stepwise discontinuity in thickness ,

the default value of unity is most convenient to use. The thickness of a
crack tip core element , if present, is taken as that of Element 1. The
thickness of each planar element i~ presently assumed constant; howev”r , a
smooth variation in thickness could be implemented , were the need to arise.

16
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Group Ill — Node Coordinate Sp ecification (Required)

One card is required for each node whose coordinates are to be input .
This data group MUST BE TERMIN ATED BY A BLANK CARD.

N ,X ( N ) , Y(N) ,IPOLR,XORIG ,YOR IG
FORMAT( I5 ,2FiO.5,15,2FlO.5) V

N — Number of the node .

X(N ) ,Y (N) — The x— and v—coordinates of the node if IPOLR is blank .
V If IPOLR is greater than zero, a polar coordina te

system is assumed . In this case , X(N) is the radial
distance to the node , and Y(N) is the angle in degrees
counterclockwise from the x—axis to the node; XORIG
and YORIG are meaningful only for the polar coordinate
option and are the x— and y—coordinates of the origin
of the polar system .

S
t
r

NOTE 6:
V 

The coordina tes of intermediate nodes along straight element ed ges
can and should be generated by the program . Generat ion is accomp l ished by
not including such nodes in this data group . Along curved element ed ges ,

V the coordinates of both intermedi ate nodes must be defined in such a way
V 

that the length o f the curved edge is divided into thirds in close approx i—
mation. To this end , the polar coordinate option Is Ideal to d e f i n e  the
nodes on circular elemen t edges.

17
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(.roup IV — N odal  C o n s t r a i n t s

There are two parts to this data group . The first is REQUIRED , while
V t i m e second is included only if there is a multi ply constrained node set

(NTIE not zero on card 2 of Group I d a t a ) .

A. Prescribed Displacements (Required)
One card is r e q u i r e d  f o r  each nodal  c on s t r a i n t .  This p a r t  of the

data MUSt BE TERMINATED BY A BLANK CAR!) . 1 -

N , NDOF ,ANGLE ,XD I SP ,Y D I SP
FORNA1’ (215 , F] 0 .5 , 2E lO.  5)

(1— 5)  N - Number of the cons t r a ined  node.

(6—10) NDOF — I — the x ’ degree of freedom is constrained.
2 = the v ’ degree ot  freedom is constrained.
I = both x ’ and v ’ degrees of f reedom are c o n s t r a i n e d .

(11—20) ANGLE — The ang le  in degrees (pos i t i ve  c o u n t e r c l o c k w i s e ) ,  t h at  the
x— and v—axes must be rotated to correspond w i t h  the  x ’ — V

and V ‘ — a x e s .  (Ti ANGI E a l lows  x ’ — and y ‘—axes to be
e s t a b l i s h e d  f o r  i m p o s i t i o n  of skewed c o n s t r a i n t s.)

( 2 1 — 3 0 )  XDISP  — G i v e n  d i s p l a c e m e nt  in the x ’—dir ection , i f  a p p l i c a b l e .

( J I - ~ O) Y D I S }~ - Giv~ u displacement in the ~‘ ‘ -d i r e ct l on , if  a p p l i cab l e .

N O I I - . 7 :
In t e r m e d i a t e  side nodes as w e l l  as corner  nodes should be cons t r a ined

as r e q u i r e d  by the  p r o b l e m .  The s t r u c t u r e  mus t he cons t ra ined  aga ins t
r i ~ i d body t r a n s  Lii ion or r o t a t  ion . Axisv mm et  r ic problems are s e l f —
constrained in t h e  x — d i r e c t l o n ;  t h e r e f o r e , cmlv r ig id  bod~’ mo t ion  in the
v—direction must be constrained for problems of this  t ype .  I f  cmlv one

V component at displacement is constrained at a node , the other component
rena ins an i ndepen den t  degree  of  freedom .

When e n r i c h e d  e lements  are used to s o l v e  sym m e t r i c  crack problems , a
sy mmet r y  c o n s t r a i nt  should be applied to the node corresponding to the
crack t i p  as w e l l  as to o ther  nodes on the p l a n e  sy m m e t r y .

B. Multip ly Constrained Node Data (If Needed)
There ar e at most three cards to define a multip ly constrained node

set. The first card lists the numbers of the nodes in the set In a
(1615) format. A second card (only if there are more than 16 nodes)
lists the remaining nodes in the same format. The list must not exceed
30 node s.

18

______________-

~~~~~~~ 

- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ V S~~~~~~S

The last card contains :

N DO F , ANGLE
FORMAT(15,FlO. 5)

(1—5) NDO F — A value of 1 causes the x ’ degree of freedom to be equal
for the tied nodes . A value of 2 causes the y ’ degree of
freedom to be equal for the tied nodes.

(6—15) ANGLE — As defined in Part A.

19
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I

~rou~ V — I ) i s i r i b u t c d  I r a c t i o n s  ( R e q u i r e d )

One or  t w o  c a r d s  are  r e q u i r e d  f o r  each  i l  ement  edge h a v i n g  d istributed
norma l an d / ar  sl i~ n r  I rae t ion s .  l im e d is  t r i b u t  ion of such t r a c t  i ens along t i m e
e l em en t  edge ca mi  be camp le t e  l v  ge n e r al ;  however , was t prob i  ems can be
t r e a t e d  w i t h  .i c on st a n t  or l i n e a r  v a r i a t i o n .  Norma l t r a c t  ions are p o s i t i v e
when  d i r e c t e d  jilt a t h e  e l emen t , and shea r ing  1. rae t ions are posit I ye when
~ic t i ng i mm a count crc  I ockwise  sense a long t i m e  e l e m e n t  edoe . T l it  p r ag  ran
a u t o m a t  i en l i v  .- ‘mpu t  cs t h e  c o r r e c t  s I g im of t i i t ’  r e s u l t  i ng nodal  loads
Spec i f v i u . ~ su r t . i c e  t r a c t  ion s  r e s u l t s  in C on s i st e n t  n od a l  l o a d s .  T h i s  d i t a

l i - k M I N I R\ \ B i \Nk \Rl )  wi i i ~ ii m u -~t b~ i u~ I udi  d vt_ n i t  th t  r~
_

i r e  no LI i a t  r ib a t  L V J t r . m c  I ions .

~l -  .~~V L V
,~~~I ~~~ + ,I’l ,l’ - . ,P2 ,P3 ,MORE

F~lRM ,\ 1 ( . V
+ 1  ) , - + i - IO .  , l~~)

~l I t m r ~ug ii ‘‘ .+ — Node i t iwl ’c  r -~ d e f i n i n g  ti m e le a ded  L’ 1 etu ent  ed ge ,
g iven in t he  same counterclockwis e sequence as was
used t o  d~’ f i tie t ime e I t ’meflt  ; MI i s  ehv  i ous lv  a
co r n e r  node as is M-~.

P 1 — \ ‘t~~ i l s t ress at N e d ,  ‘
~~~

— lit fl01fl1.ll str , a .s a t  Node ~t4 ; i t  ;~ & i o  or  blank . P4 is set

L I l t i l a P1 , and i cons t in t  p r e s s u r e  d is  t r i hut ion is assumed
f a t  t i l L  e 1 ement 1,lCc i f P 4  i s  ~ero  but  a coi l s  t an t  d [s i r  i bu—

i on is is ’ t t he e lse • I I ) p r O X  i f l 5 lt t ~ P 4 w i t  lm .m v e ry  s m a l l  n u m b e r )

P2  a u ,j  P — N o r m a l str L O S e S  i t  N o d e s  M1 and M ~; i t  bo th  al- c i)lank ,
l inear distribution of p r e s su r e  is assumed as defined

liv time v i  Iu t -s of P1 and I’ V 4

V 

\ 1I~~~~~: - I f  nor b l ink , t im e e l e m e n t  edge has  d i s t r i b u t e d  she’ i r iVu g
-
~ rt  -~scs ; t h ese a re  ~

-, iven on mu [mmcd i a te l ~- following card
i n  t h e  tarn :

i V \ l  I , i\ l ~ , 1 V \ [ 5 
, l A P  I

F O RMA I i m i l l ) . 
VV
i )

‘ The tAP ’ s and their det
V
ault sett ings  i r e  d c f [n ~ d e x a c t ly  me

tim e pr t v io us lv described P ’s.

N OT 1- ~ :
I t  is  preferab le to let the program c a l  cu l  ate neWt I loads I or  d i s —

t r ibu ted  I r I L  I i on s  because  t h e  cons i s  t en t  ( c o r r e c t)  noda l  loads d i f  f e r
f r o m  w h i t  one w o u l d  intuitivel y c a l c u l a t e .  For example . I i ’i - a l t ’ u n i t  at
force d i st_ r ibuted evenly over  an e l ement  edge , one wou ld  e x p e c t  noda l
I o ,md s of  I / ri , I / I , 1, ’ l~ and 1/u . The cor r e c t  cons is  t en t  n o da l  I ends , how-
ever , are  1/8 . 3/8 , 3/S . and 1/ S .  t h i s  p o i n t  s h o u l d  be kep t  i n  m i n d  iii

i n t e r p r e t i n g  p r e d i c t e d  noW ’ I r e a c t i o n  I or c ( s .
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1 NOTE 9:
V The data here have been set up so that if the tractions are uniform,

only P1 and/or TAU1 need be specified . If the tractiona vary linearly ,
only P1 and P4 and/or TAU1 and TAU4 need be specified . If the loading
varies more generally, all values must be specified.

NOTE 10:
Distributed tractions along the crack face for fracture applications

V are permissible. 
- 

-

Ii”

21



- S.VWS~_~SS S.~~~S.SSSS~S 
- V V S ~~~~~~~~~~~~~~~~~~~~~~

Group V I  — Concentrated Nodal Loads (Required )

One card for  eac h node having a concentrated load ; th i s  data group is
TERMINATED BY A BLANK CARD, which must be included even if there are no
concentrated loads.

N , FX , F?
FORMAT( 15 ,2F10.5)

N — Number of the loaded node.

FX , FY — The x— and y— forces act ing on time node , posi tive if a c t i n g
in the positive x— and y—directions .

J

NOTE i i : I -

For axisymmetrlc problems , concentrated nodal loads a re  a c t u al ly  l i n t ’
load s w h i c h  ac t  on the comp le te circumference of the structure. Suclm loads
are input on a 1oa~_j~er rad ian  basis. For examp le , l t

V ii load of 3 u n i t s  V

per circumf erent ial unit of length acts at a distance x f rom t ime a x i s  of
svmmt’try , th e t o t a l  force F Is (2iTx) X 3 6ITx. The required inpu t  load ,
on •i per rad ian  basis , Is  F/ 2 i i  or 3x.

22
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Gro up V II — Additiona l Data (As Required)

This  da ta  g roup  is d i v i d e d  Into three parts , none of which is required
unless spec i f  led by nonz ero va lues  f o r  NF RA C , I HEAT , or IPLOT on Card 2 of
the Group I data .

V A. Fracture Meclmanics input (If Needed)
Frac ture mechanics data (required If NFRA C ~ 0 ) .  These da ta  are

NOT term ina ted by a blank c a r d .  I f  NF RA C ‘~0, comp lete Part 1. If
NFRAC ‘~O , compl et e Par t 2 .

1. 11 NFRA C has been set as a posit ive number , then a special
singular co re  crack t i p  element is implied . In this case, only one
data card is required :

XC , I C • ALPHA , RHO ,NC I RC , IM ODE , P0 , PC
FORMA l’ (4F10. 5,2 15 ,2110.5)

XC , YC — Flic x— and s —c oord i nates of the crack  t i p; see Figure  2.

( ( 2 1 —  10) ALI’II A — Time ang le made b y a line , running f rom w i t h i n  the  crack
toward  the c rack  t i p  with r e spec t  to the x — a x i s .  This
ang le  i s  measured in  degrees p os i t ive  counterc lockwise
f rom t ime x — :m x i s ;  see F i g u r . . 2.

( 3 1— 4 0 )  Ri b )  — Radius  of  the  c rack  t i p core e lement

(4 1—45)  N C I R C  — Number  of  nodes on the core element .

-~~ (4 6— S O )  IM ODE — 0 = cot mm bined mode pro hl enm w i t h  f u l l  core e lement
= mode I p rob l em w it h  se m i c i r c u l a r  core e l e m e n t .

(S I — 70 1 P0 , PC — I f t i m e  ri ’ is norma l~ pressure  a long the c r ack  I a c t ’ , P0 i s
the  v a l u e  a t  t ime  p ressure  at the ou ts  ide of t he  core
e Ie ’men t , and i’C is t he va I mit’ of tiit p r t ’ssli  c.. a t  t h e  c e n t e r
a f the come e l enient; between t imese pa tnt s , time pr o  ssu m e
i s  assumed to var~’ i i m ien r l v .

2 . I t  N F RAC Ima s been si’ t as —ii (imply i ug mm c r~mc k t i p s  modeled by
means o f enr  Icimed c i  emem it s) t h en  n cards  .mr e  r e q u i r e d , oat h
c omm t i  In  t u g :

M , lM OI )E , ALPHi ~
FORM AT( 215 ,F 10. 5)

(1—5) M — Number of  the node which corresponds to t h e  crack t i p.

(6—10) [MODE — 0 = comb [ned mode p rob lem , crack  t i p surrounded by 4
enriched ele ments.
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1 = mode I problem, enriched elements on only one side
of crack with symmetry boundary condition imposed on
Node H.

(11—20) ALPHA — As defined just previously. It Is important to note that
the nodal coordinates of enriched elements lying •ilong
the crack edges should be sufficiently accurate that the
actual crack angle (determined from such coordinates)
corresponds very closely with the angle ALPHA input here .

V Inaccuracy in this regard can result  In computa t ion  of
erroneous stress intensity factors.

B. Thermal Stress Analysis Input (if Needed)
Thermal stress analysis data are required if IHEAT ~ 0. This

part , if required , MUST BE TERMiNATED BY A BLAN K CARD .

Card 1 — (COEF( I ) , i=l ,NMAT)
FORMAT(5F10. 9)

The coefficients of thermal expansion for material I through
* 

material NMAT; NMAT is number of materials (Card 2 of Group I).

Cards 2 — NODE ,TEMP(NODE) (many cards, term ina ted by a blank)
FORMAT( 15 , F 10.4)

Node number and temperature; there MUST be one such card for each
corner node in the Idealization . If the temperatures are not given for
some (or a l l )  pairs  of in te rmedia te  side nodes , APES wil l  au tomat ica l ly
interpolate their values linearly from time values at time corne r nodes.

V In certain thermal problems , an abrup t change in temperature may
exist at an interface between elements , and therma l load ing is desired
for elements to one side of the interface but not for those on the
other. In this case , it is necessary to use two different materials ,
with the coefficient of thermal expansion set equal to zero for
elements for which no thermal loading should be calculated .

• C. Graphical  Output  Data ( I f  Needed )
; Graphical  output  data  are required if IPLOT ~ 0.

Card 1 — IDEA L ,IDEFL ,ICONT ,IEFF ,IX ,IY ,IZ ,ISI ,1S2 ,ITEMP ,NSUBS
FORNAT ( 1115)

( 1—5) IDEAL ~ 0 — Draw the s t ructura l  ideal izat ion , inc ludi ng
blowup a reas if any are spec i f ied ;  see ICONT as
follows .

(6— 10) IDEFL ~ 0 — Draw deflected s t ruc ture  superimposed on unde—
flected st ructure .  Value is the percent of the max i— V

mum structural dimension to which the maximum de—
flection will be scaled on the deflected plot. Good
values range from 10 to 30, depending on ar t ist ic V

taste.
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(11-15) I CONT # 0 — Draw contour plots.
it 1 , draw over entire idealization onl y.
I I  2 , al so over one blowup area .

V I f  3 , al so over two blowup ar eas .
I f  4 , also over three blowup areas.

(16—20) IEFF # 0 — I)raw contours of effective (von Mises) stresses.

( 2 1— 2 5 )  1X ~ 0 — l)raw con tours  of x— st r e s se s .

(26— 10) II ~ 0 — l)raw con tour s  of y—stresses .

( 3 1 — 3 5 )  I Z  # 0 — Draw con tours  of z — ( o u t — o f — p l a n e )  s t resses .

( 36—40) I S 1  ~ 0 - Draw contours of maximum (in absolute value)
p r i n c i pal stresses.

( 4 1— 4 5)  1S2 ~ 0 — Draw com itour s  of minimum (in absolute  va lue)
principal stresses.

(~~h — 5 0 )  ITE MP ~ 0 — Draw contours  of t empera tures .

( 5 1 — 5 5 )  NSUBS — Number of pa r t s  into which the elemen t edges w i l l
be broken to produce subelements for  p l o t t i n g
contours  ( d e f a u l t  6 , maximum 11). The la rger  th i s
number , the smoother the contours , at the expense
of a d d i t i o n a l comput ing t ime .

i t I CONT = 0 or 1, no further data are required.

I t  I CON’r ‘ 1  , then  ( ICONT—l) add It lanai cards are required . Each card
can carry as many as .‘() element numbers whic im s p e c i f y  a group of elements
sa l a. - ted I or  b low up  p1 o t t  I ng .  These numbers  are g i ven  i a a (2014) t or m a  t
i t  t ime re . m re I ..‘s-~ t ima im 20 el emen t s  in a blowup area , leave t lie excess
e m i t  r i e-~ h I  a m m k .  N o t e  t h at  t h i s  i s  t ime o n l y  place in the inpu t da ta in  whi ch
i lit es~ eF  ntinihe r s  ar e  Input in oilier  than  an 1 5 type  of format.

25

- V



_ _  
~~~~~~~~~~~~ V_5~ S ~~~~~~~ VV 

V SS• V~~~~~~~~~~~~~~~~ 5 ~~~~~~~~~~~~~~~~~~~~~~

~~ ~l I

Mad it it - i t  ma im s  to APES .-aim be re id I lv ni.idt to pray 1.1. a m i v  k lmi . .1  at  tint l i m i t

m i o l n i l [ I v  .isso,- m i t  ad w i t  ii he t~ in  it a element  m e t  had . 1.. kei p t I m e  vo [unit of

ou t  p u t  w i t  h u m  m . . m s o m m . lmowt’ver , i t  Is prast ’imt lv l i m i t  td to t l i t ’ tall o w i m mg :

\m m a. Ii, ’ at t h e  I m m p u t ti~ t i  as c o n v er t  ..-d a t  us.. by t. lit• etimpu tar

• ..- . , input values as wt ’I 1 as genetVat ed v i  hits.

i~ ’p I i ca t ’  h a , I hi m m a , l i I I a i d s  g e m i t r i t  ad t ram 1 im p u t  .1 1st 1 I b u t  ad
V t i - a ct  t a i l s .

I . W i m t t a  a p p t  1, -a h h . . , st r..-ss L i m l e i m s i m  v t t . c  . . ‘rs mm m d d i s p l a . .-e n m a n t s  at

t im. , t i c k  t i p i s )  . For t h e  ..- a r . .- ..-r a..-k t i p t i , n ~~~m m t  • t tie .1 j S h i l U . . f l m t m i t 5  I F .

g m v t m m  p i r a l  1 . 1  and p e r p e n d i c u l a r  to t h e  I [tm .. of ti m e ,mack , i .e ., ~ U l a t i l

.. ‘.‘m , l iuat.s . For ..nr ic hmt ’d—aleme imt , m m c k  t i p mm m a d c l s . t im , ti a c k t ip t h i s —

V p I m , . u m , mm t s a m .  ..~ i v a n  1 mm g I a l . i l  .. ..•. ‘ m d  i m m i t  . 5  i l ong  w i t  ii t l i s i i l it .’ mmm e m m ts  a t  i l l

a t  t i er  nodes j i m  ii.. ideal i c i t  h u m .

~: I aba 1 d i s p  I l , t nmem m t s m i t  . i  I I u,’..I, s.

Reat ’ t m a n  t t i r e  as a t  t ons r .i tim ed nod. s

o . ~: i,u t u i [ (~ , , ‘
~ 

I s~ i
- m m  its  ~i t t i c l i  nod.’ at  , m , - i i  . 1  t nmt ’ imt

x ~ xv
i t  n o t  s u p p re ss ed

I ah_ i I st m e - so t - s at ta ci t no..t .. a t  , - . m c l i  c i  .‘mnem mt • i t  m m o t  s m t l u i u i - , s s , . .i

~ i . h u a  I si i- . ss..-s averaged i t  t lie mmad , ’s.

~) . I’ m in c  m p a l  st  r . s s . .s i t m d .mn g l .s  amid t h e  ~a mm M i  ~..s .1 t ... t i v t  St  F t - O S

~it lie mm , ’..l ,s ~ bas ed aim t tm . globa l 01 i t - soc o i v  • m a g t o l  ~i t  t im ,  mi~~t it ~~~. Ami. ~ I t -s

a m . - ut -~m s m u m  .- I iii i t t - g m a t -s . .ot i i m t  t m ,  Io . k wj s t  t t oni t i m. \ — m\  5.  F I m . - v. ’ mm ~-t i s . -s

o t  i t S ~ 5 ~V 
~ i t ’ i i  I . i  t ad

(
~ 

— 
+0 ~-f-~ 

_
~~ ~ —0 0 —~~ ~ + 1 - 1 - —

V Iii \ \V \ V V -~ -
. \ \ V

W h i t i e  .~ i s  t h . . ‘u I  — a t  —p 1_ i n c  ot m - , - s t . ’ t - p h _ m i m e  S t  i i  in  l r a i t l t ’ i m .  an t i t b .

a ir.imni t a r e m i t  i t I  o t  m e s s  t a r  is  isvnmmat i i . .  p r o b l e m s ;  m t  i s  V~~~~ i a I am i’ l im m e

o t t , - ;  pm , ‘h i ems .

1 ii
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10. The node tmav tag t ime highest von Mises St r e s s ;  st ressas and mi t Fa ins

are not calculated within a s i n g ul a r  caF e  clemet it  nor are  t h ey  h ig h l v  a c c u —

r a t  a a t  emit - Ic lied a 1 amen t imode mi wi t  1 d m  a F L ’ flea t- t l i t ’  c r a c k  t I p.

i aph [a a I ou t p u t  a Va i i  Eii~ 1.~ loi s a I ra id v bt eii ilt’ 5cr [had iii  t lie l i t - Ct ’ ad lug

S t . .’ t I ..in . Exarni ’ I as are provided in t i m . .  app end ix .

E R R ORS AW l ) 1 1  I’S

lXi not at t~ amp I to use tiit’ Al’ ES p rug ram w i t  hout I i r o t  st nil v I tm g and

untie rst anti I mig ho t im t it Is m m mau u i 1 and ii..’ t e t-eiice I . M a miv em ’ r..~ r s ire mm m ad e by

b..’g t mm mi.. ’ i s s l u m p  I - v  b ecause t l it ’ v do not c a r e f ul !  v re ul and under st amid t im. .’

I nptit I ims rue  t ions. First , I lie beg I h u t ’  r shun Id so lv . .’ 1 snot [I  • s imp I a

p m’euh I eimm • lm iv Lug  a known so [ut ion bet art’ app Iv  Ing  t he  pt - ag rain t a limo i t’

pr .i ct  i . - . i l  s i t  i i . i t  ions. Lu thi s way , l a t m i i [ i i r i c a t  io n wtt im t lmt’ input da t a

a amm t id enca  i n  the i c c t i  r a e  v a t  t ime p rag rammi w E  1 1 lie q u i c k  I v oh t a i nt ’d.

l i i 1 l o w i n g  s a I i 51 a t  t lit ’ more  ..-o mutm ion em t a  t S  t h i t  • . m m v o t m . ’ ..amt imi —
V 

m d v , i t ant l v  mmi .ik ..’ :

1. l - a i l t u m g  to  t i s t i f v  a t m t r i a s  ot t t h e  r i g lm t in 1 O F  E t a t n o m t s .

I V~ I I  11mg t ii i ii. ’ I uda i h i  a uk c i  rd w iit ’ii  i-eq i i i  rad t o  t ..- nni m m at a a

sat- i .  ~ a I d i  t .1 c a r ds .

I . i mmci i  r rae t lv I I st I ag t Im.. ut ’d..’s t o m E  t ie t Iii.. t lit t i  .‘mne’tm 1 5; I i i h i t m g

I j o t  t lie titudes in a count aut - I a..- kw l O t ’ st - m i s c ;  I ailin g t a I’.- m i t  t Ii. ’ 1 m

w i t  hi I lit ’ .- r .m ..-k t i 1i tiatl..’ I t t it ..’ a I t ’mi i t ’ i i  t I mu c ur ! . .- lied . . u  a. - k ! m p .- I .. ni. mt I

V t .  t o  i ug ‘i t t . .’ ..’ r i . .’.- t uatI~I 1 t . ’t ’rd i n.m t a o  • .. a i m o  m ng e’ I cmmmami t  to I o-~

qti id r  i l a t . -t ~~ l s t i a t u e  a t  t t u lit ’ t u r n . .’..! ‘ ‘ l i m o  l i l t ’ o u t . ’’ I h l i s  i s  p a t  t i .‘ u I m m  l v

i l k , ’ i v  t t i  im ap pan  w imen t he geonit ’ t m V 0 t aim I d a m  1 1 c _ i t  ion 1 s t i m. i m m ~ -. ..- .l t a p t a

v Id . .’ a immod ( I  [a d ~ toh l c t m m w i t  lmout i - t i m  m ..‘ ..- t Iv up.Ia t I m m.. ~ a 1 1 a t  I , .  t a.! m m t u tt i l

.‘a, ’rd m a t  as .

Rt’pt’a t ins  a nt ’tle ’ nu m b..’ r at two .1 i t  I a t a u t It I .m..  as in  .in  i t t . - . i i m ‘ - i -

I a im a t  otim i t  I lag a mit u t i..’ n u m b e r .  Niim mm h c r I mi s on 1 v cii t mit ’t- im.. ’.l. - . . , t i t ’ m .- p. ’ s m l i i , ’

caui m , ’du ct ’ the i’ m ,• t u a i u  i i  f t  v at  t i l l s  t \ 1i 1’ a t  ,‘ i I 01

F.m I I  l ug  t o  i i i ..‘~‘cnt r i g Id Iu .u t lv  unt i l  ion  c u t  t lie ci ,‘mncut iosanih I ig. ’

bt ’c itus a i i i  u mm .i.I. tpi ;it t ’ houtitl.miv ..‘ond it i t u u i s .
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7. Failing to impose correct boundary conditions. This is extremely

danger ous because the user thinks one prob lem is being solved while APES

ac..’ep ts the boundary conditions as “ lega l”  and proceeds to solve a com—
V pletely different problem . -

8. in correctly applying distributed or point loading , which is

dangerous f o r  the  same reason given in I t e m  7.
V 

A reasonable  a t t e m p t  has been made In APES to prov ide  error diagnos-

t i c s , p a r t i c u l a r l y in the graphical preprocessor. it is not possible ,

h oweve r , to detect logica l l y many of the errors that can be made. For this

r e a s o n, both input and output should be c a r e f u l l y  checked to ensure tha t

t ime t’orrect problem is actually solved .

V 
V The worst  t i m i n g  tha t  can occur is the diagnostic phrase “SINGULAR

V MJ..TRIX . . . , at..’. ,“ alter the i npu t  da t a  has passed through the  da ta

a l i t - e k I n g  p repr oeesstu r  w i t h  no i n d i c a t i o n  of e r r o r .  Do not make t ime mistake

of t i m i t m k i n g  t h a t  something is wrong with the program i f  the  data appear to
be corr ee  t ; t hey j u s t  I oak tha t way. In t h i s  event  , t h e r e  is a ii igh pr ob a—

l i i i  i t y  t ha t  t ime e r ror  w i l l  he d i f f i c u l t  to f itmd . V e r i f y  t h a t  r i g id hodi’

t r ; m mimi  [at ion and rot~mt ion are precluded by the boundary ..- ondit ions and that

t lie m a t e r  i a 1 numbers  of t lie elements do not exceed tim e total number of in-

put materials. If the problem is st ill unresolved , check with someomme more

ex p e r i e n c ed in time use of t he  p rogram.  It  is f o r t u n a t e  tha t problems of

t his sort cease to occuu’ once some experience in  us ing t ime APES progranm

has beetm gained .

l’he eho jet’ of a good f i n  i t . .’ element mcmiii I or a g iv en  pm’ohlem is an art

in wh it’h only exper [enee can produce a h i gh de gree  of t’omp et en..-e . The

ex a m p l e s  g iven  in Ref erences 2 and 3 provide sam..’ gu idance  hu t  , c l e a r ly ,

t 1mev c.innt t he extrapolated to t h e  limit I ass number  of prae t t e a l  p rob lems

wh ich may ar  is..’’ F o r t u n a t e l y ,  the  h i g h — o r d e r , 12—node e lement  Is

“ f or g iv  lug ” because of i t s  inherent  im igh a c eu r a t ’v ; thus , r e s u l t s  hav i mig

.ic t - e p t a h l t ’ cng ln eerit ’ i g accuracy  w i l l  p robab ly  he ob t a i n e d , even I f  the

element  mesh is considerabl y less than i d e a l .  On ly  a few general  sugges-

t ions can he made w i t h  regard to selecting an e l emen t  mesh.
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I .  Concentrate elements in areas of antic ipated high gradients in
s t ress .  In other areas , keep in mind that a rectangular (undistorted) 12—

node element is capable of modeling exactly a stress field containing up

to quadratic terms in time polynomia l which describes its spatial distribu-

t ion; in other words , few elements will generally be needed .

2. Avo id elements with interior corner angles that are eltim er very

large or very  small. Extreme d i s tor t ion , in some cases , can lead to results
6*V w h i c h  a re  ser iously  in error  ; see the table.  As a rule of thumb , keel)

corm ier  angles in the range fr om mm 45 to 135 degrees , the closer to 90 degrees
the  b e t t e r .  When using c urved element edges , attemp t to minimize the in—

eluded angle.  For example , at least two elements should be used to span a

90—degree curved radius .

3. A l t h o ugh  very  good accuracy  has been observed in th in  shell  app l i —

cat i o n s  employing  sing le elements ( w i t h  high aspect ra t ios )  th rough  the

shell th ickness, there is no known guarantee that th is success will carry

into other applications. Therefore , elements wi th very high aspec t ratio
sitould h..’ used only witim caution. **

4. If i’urved element edges are being used to model curved boundaries ,

4 be sure t imat  tIme intermediate nodal coordinates are given so that the

curved  edge is d iv ided  in to  t h i r d s  to close approximat ion .  Misplaced  in-

t e r m e d i a t e  nodes can lead to h igh ly  inaccurate results and can even result
V t  . . 10

in a strain and stress singularity .is described by Pu and Hussain. The
V 

V 

pa lar  c o o r d i n a t e  opt  ion ava ilable f or defining nodal coord inates is ideal
far del ining such curved edges. Fam - straight element edges, le t AP 1 S

genera te  t ime coordina tes of i n t e r med i a t e  miodes.

*[)ocumentat Ion of extreme cases of loss of accuracy  due to h ig iiiv
skewing elements or to employing hi gimly curved edges has been repor ted ii i—
formall y in DTNSR I ) C S t ruc tures  Department Technica l Note nm—2 , “Accur ~m c\ -
loss in Distorted isoparametrie Elements ,” by D . A. Hopkins  amid L . N .  ( i f  l o r d
(Sep 1978).

**A study of accuracy as a function of element aspect rat to amid shape
has been reported in fo rma l ly  in DTNSRDC Structures Department T e c h n i c a l
Not..’, “A Fur ther Study of Accuracy Loss in l)istorted isoparametric El ..’-
menlo ,” by J.B. Sicki es and L.N. Cifford (in press). It was concluded timal
unde r  the worst o f conditions , accuracy Is a function of mesh density ommlv
(and not element shape) if element skew angles a r t’ held In the range of 45
to 1.35 degrees and i f  element aspec t  ra t  los are lme ld at  8 or less.
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5. If dis tributed tractions are applied to the structure , do not

at temp t~ to calculate the equivalent nodal loads. These are not as intuition

would suggest. Let the program calculate these loads , and res t assured

that they will be correct.

6. When using enriched 12—node elements to model cracked structures ,

increased accuracy in the stress intensity factors is not achieved by

reduc ing the enriched element sizes toward zero.
11 

In fac t , enriched
V 

elements may be surprisingly large; either Reference 2 or 3 should be con—

suited for examples . I t  appears that there is an “ ideal” size (not extreme—

ly large or ex treme ly small) for a given fracture problem ; however , the

size that is “just rig ht” canno t be precisely defined . Fortunately , ex— V

cellen t  accuracy is obtained over a broad range of enriched element sizes.

DESCRIPTIONS OF ASSOCIATED PROG RAMS

As of the end of 1978, there are four different programs associated
w ith the APES system , all of which accept input data as described in the
preceding.  These are:

I. CHECK — The graphical (CALCOMP ) preprocessor , which performs
logical checks of the input data and plots the Idealization with element

numbers , node numbers , etc. Present dimensioning is for 200 elements,

wh ich represents a very large problem for the high— order element used in

the APES system. This program loads and executes in approximately

100 000 octal (33 000 dec imal) words of core on Control Data Corporation

Series  6000 computers.

2 .  APES — i\ small version of the ana lysis , limited to 50 or fewer

elements and 400 or fewer nodes. This size is adequate for the majority

of engineering problems which have been encountered thus far. The program

loads and executes in approximatel y 105 000 oc tal (35 000 decimal) words
V 

of core on Control Data 6000—series computers.

3. KINGKONC — A larger version of the analysis , limited to 100 or
fewer elements and 700 or fewer nodes. The program loads and executes in

130 000 octal (45 000 dec imal) words of core on Control Data 6000—series V

compu ters.
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4. KINGKONG 11 — An even larger version of the analysis, limi ted to

200 or fewer elements and 1400 or fewer nodes. Unlike APES and KINGKONC

whl..’h permit only 40 nodes on the wave front when solving the master stiff-

ness equa t ions (sometimes leading to difficulty in number ing elements to
meet this limitation) , KINGKONG Ii permits as many as 80 nodes on the wave—

fron t. It loads and executes in 240 000 o c t a l  (82 000 decimal)  words of

core on Control Data 6000—series computers.

The g rap hica l  postprocessor  is con ta ined  as an overlay in the analysis

progr ams APES , KINGKONG, and KINGKONG II.
Execution tim e for the analysis program (with no plotting of results

requested) runs approximately 2 to 3 seconds per element on the Control

Data 6400 computer. Execution on more advanced Control Data Corporation

machines is considerably faster. lf  plotting of computed results is de-

s ired , add itional computation time will be expended . In fact , if a grea t

dea l of plotting is reques ted , the plotting may take more computer time
than the analysis.

All programs are written in FORTRAN and compile on the Control Data

FTh (FORTRAN Extended) compiler. Au programs are “overlayed ” and , because

of the a v a i l a b l e  60—bit  word size (14 s ign i f i can t  f i gu re s ) ,  are in sing le

precision. The analysis programs are about 5000 lines long , and about 800

of these are “comments.” There are 59 programs , subrout ines , or f u n c t i o n s .
V 

The plotting over lays of t he  programs ut i t i z e  CALCOt ’IP—provided sub rou t ines ,

and all are standard . Because the programs are written expressly for

Cont ro l D a t m  Corp o r a t i on  equipment , convers ion  to other  comput ing  systems

and p l o t t e r s , w h i l e  f a i r l y  s t r a i g h t f o r war d , is pr o b a b l y  imo t a I — d a y  t a sk .
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APPENDIX
EXAMPLES OF GRAPHICAL OUTPUT

To i l l u s t r a t e  some of the graphical features  provided with the APES

system, the axisymmetric example of a fairly thick sphere penetrated at its

appex b y a short , thic k—walled , cy l indrical  tube is considered .

Fi gure 5 shows the region to be idealized . This view of the right—

hand cross section has been created by drawing element edges unconnected

to other elements, thus giving a good first visual check of the correc tness
of the input data. Only the upper half of the sphere has been considered .

The centerline of the structure runs vertically just lef t of the cross
section shown. The loading is uniform , external, hydrostatic pressure.

Fi gures 6 through 8 show the actual  breakdown of the s t ruc ture  into

41 elements and numbering of the elements and nodes. (Plots of this type

may be made as large as desired to increase c l a r i t y . )  Two layers of

elements have been used through the sp herical section when one would be

practically as good . In fact , the entire problem is probably overdone in

number of elements; however , this is bet ter  than having too few. As a

consequence , the predicted stresses are anticipated to be extremely

accurate.

The critical region of the structure is around the intersection of

sphere and cylinder . This area was chosen for  zoomup stress contour plot-

ting as shown in Figure 9.

Fi gure 10 shows the magnified inward def lec t ion  of the s t ruc ture

(solid line) superimposed over the undeflected structure (dashed line)

during external loading . In this plot, 15 percent of the maximum s t ruc—

tura l  dimension (IDEFL= 15 in the graphical data input , Group VII , Part  C)

was chosen for scaling the peak deformation.

Contour plots of von Mises effective stresses across both the entire

s truc ture and the zoomup area are shown in Figures 11 and 12. Similar

contour plots for circumferential (z) stresses are shown in Figures 13 and
14; for maximum principal stresses, in Figures 15 and 16. 

V 
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I t  is w o r t h  men t ion ing  t ha t  the example problem was se t up and solved
by a newly  r e c r u i t e d  college graduate , who had no previous exper ience in

applying the finite element method . Computation cost , including a data
checking  run and plots of the results , was less than $30. Total engineer—

ing cost was considerably higher because of the work required to define

the faired , curved surfaces. As a rough measure , ami experienced analyst

V would r equ i re  less t han 2 days to complete the problem from perception to

output. It is interesting to speculate how a senior structural analyst

may have approached th is  problem , the time that may have been consumed ,

the accuracy that would have been achieved, and the manner in which the
r e s u l t s  would have been presented as little as 15 years ago when the finite

e lement  method was almost unheard o f .  V

I
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R E G I O N  TO BE I D E A L I Z E D

y (CENTERLINE)

(SYMMETRY PLANE)-F

C Y L  I NO ER- SPH E R [T T N T E R S E C T  EO N

Figure 5 — Outline of Symmetric Half of Example Problem
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Figure 6 — Element Mesh for Example Problem
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Figure 9 — Stress Critical Region of Example Problem
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CONTOUR VALUES VON M ISES STRESSES

I - -  10000.000
V 2 20000.000

3 -- 30000.000
4 - -  40000.000
5 - -  50000.000
6 - -  60000.000
7 - -  70000.000

C Y L I N D E R - S P H E R E  I N T E R S E C T I O N

Figur e Il — von Mises S t r & - s s  Contours  over Examp le Problem
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CONTOUR VALUES VON MISES STRESSES

I - - 20000.000
2 - - 30000.000
3 - - 40000.000 

V

4 - - s0000.000
5 - - 60000.000 V

6 - - 70000.000 
-
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H
CYLINDER—SPHERE INTERSECTION .

Fi gure 12 — von Mises Stress Contours  over C r i t ic a l  R e g i o n
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CONTOUR VALUES Z STRESSES

L

V J ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ V

1 - - -50000.000
2 -- -45000.000 V

3 -- -40000.000
4 -- -35000.000
5 - - -30000.000
6 - -  -25000.000
7 - - -20000.000

CYLINDER-SPHERE INTER SECTION

Figure 13 — Circumferential Stress Contours over Example Problem
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CONTOUR VALUES 7 STRESSES

- -  -50000.000
2 - -  -45000.000
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CYLINDER-SPHERE INTERSECTI ON

Figure 14 — Circumferential Stress Contours over Critical Region
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CO NTOUR VA LUES MAX IMUM PRINCIPA L STRESSES

- -  -100000.000
2 --  -80000.000

I 6 0.000 V

- 
I 

CYLINDER-SPH ERE INTERS ECT ION

Figure 15 — Principal Stress Contours over Example Problem H
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Figure 16 — Princi pal Stress Contours over Critical Region
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