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.neutral openings, particularly with respect to

ABSTRACT - ff

|

!

Designers are often faced with/the necessity of

N

introducing openings into panels whdch may: cémpromise

their structural integrity. ~Efforts jtﬁreingbrce the

opening, though helpful usually 1eave the stress field*

‘altered and some stress concentration remains.

This thesis describes a general theory for

.‘reinforcing openings in a special manner to leave the

‘stress field undisturbed.‘ These are referred to as

neutral openings. An example of the theory is applied

to a panel subject to simple tension. Several versions

of this opening are analysed using the finite element .

to assess the feasibility of practical applications.of;'

M
D

‘<‘considerations ‘not dealt with An the general theory.‘f

A "
’ tay

. The

te:element,programbuSed'in the analysis was

method The purpose of the finite element analysis isv'
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CHAPTER 1

'NEUTRAL OPENING THEORY

Introduction - ' .

‘Reduction of stress céncentration‘factors caosed by
cutouts invtension panels has concernedrdesigners for some
.time. Ususlly the approach consists of optinization of a
;reinforcement (Iiner)'attached to the pcrineter of the
cutout. An, annulus is the most common such‘reinforcement.

Neutral opening theory‘was first presented by M?nsfield
[1]‘1n 1953. In this paper he described how certain\
reinforced holes could be made which would not alter the -
stress distribution .in the main body of the sheet. His
major 51mplify1ng assumotion, that the reinforcement was
compact, imposed resfrictions on the opening shape and .
11m1ted the practical applications of his theory.

% . Richards and Bjorkman [2] used. the same approach as
' ‘nsfield. '.:l—owever by introducing the equations of Bresse
31, the reinforcement was modelled.as a curved beam-and the
restrictions of the compact reinforcement?assunption were
overcome. Their paper described an approach forjdeyelooing.
neutral hole theory but does not present any genegral

expressions for neutral openings. Some of the equatidns__

used in their development are incorrect, notably their
straln transformation and . elastic rotation equations

necessary for compatibility. The papet did not. consider



tension and compression elements which are neoessaryvto
provide loads at discontinuities in the reinforeement.

This chapter‘deéelops neutral nole'theory further than
_was done'by Mansfield and by Bjorkman and Richards. Tne
result of the.development is a set of formulae definihg the
c@oss—seotional‘characteristics'of the reinforcemént which
ateicompletely general in that'they can be applied to,any
stress field which can be prescribed by the Niry stress
function and for any shape of openlng. lAlso presented are a
new set of expressions for the tension and compre551on |
"members necessary at reinforcement discontlnuities which are

9
also general and account for the‘flexural.st1ffness of the
: 1

curved beam reinforcement model.

Reinforcement Loads

Consider a two dlmen31onal panel oﬁ thlckness tp
consisting of a homogeneous, isotroplc mater1a1 subject}to
1oads in the. plane (Flg. 1—1a) IE the panel is th1n it 1s
| in a state of plane stress and. the st:esses may be expressed

as partial derivatives of the stress,fgnétion; @: ‘,;;
| ‘ - Ve S M



‘ Fig. 1-1a = = A }
Panel Subject to In-Plane Loads ' N

. .

IR Fig 1-1b PR
Panel with opening Reinforced A TR
to Leave ‘Stress Field Unaltered R R




N

| ~ ‘.Lél . .
Now consider the same panel thh a reinforced opening

N subject to ‘an’ identical stress field (Fig 1-1b). The shapel

d(NSine) - d(Vcose) = tp(dydx - nydy) - " ’ ! ;

 d(Neos®) + d(Vsin¥) = —t_ (2, dx . I
. d(Ncos») + diVsin.) .‘tp(:xydxiﬁ yydy) SRR S (3):

d(Nsine) -'d(Vcosﬁ) e'tb(wqugt+“o

7differentials in terms of the stress function, these can

\'ﬁ7both be 1ntegrated directly giving, ’.‘ :s sig‘"

of “the. opening is expressed using the shape function-t

y = £(x) ()

i '\

which is assumed 'to be piecewise continuous and
differentiable. An infinitesimal portion of the panel

including the . attached reinforcement is shown in - Fig. j;z_"

If it . is assumed that the liner 1s chosen so that the stress

field is: undisturbed then equilibrium ofvthe elements in

the x and y directions produces- o ) - .

«

d(NcosG) + d(Vsinﬁ) = tp(oxydx - o‘dy)

Az

;Substituting‘expressions-(1) for the stresspcomponents:

-

P

.)_ ;

xyd¥) ”“vgsef;fﬁb

.:4’ O

‘1 Since the right sxde of expressions 3 are total :

o g B




MedM N+ dN

a\g( R T
V*ﬁv R . ~‘. -‘-“

Fig. 1 2

' Freé Body Diag%am of Relnfofcement Element



+ V =,—t ( ) , ‘ T a
ax ‘ O & L
NaX— v = tp(<=> f.a) |

the constants ‘a and b being arbitrary constants of

L ‘integration.. Solving these two equations for the normal and
'—fshearifotCes ylelds. | |
dx i
r /“” *a’al b%%as .
e g +b>sx -
P

The bendlng moment in the 11ner can be found by taklng

moments about p01nt A 1n Flg. 1-2. Ignorlng hlgher order‘*’
7;terms:

'dM'¥;$sinedx‘+ Ncosedy‘*“Vsinedy - Véosedx:=‘0'A‘ B (6);m'

‘jaghbstifUtﬂnQ.(5),intbv(6) proauoes a?diffefential form for - L
o M- R . e o
v,j , o 3 ' ‘“\f

\';"?du + t (¢ + a) * t (<» + b)dy 0 o

' sfuhioh”can"befintegratedbtoﬁgibefanﬁexpfessionﬁfoﬁ‘M;‘j.fﬁf}'




‘ _ ‘ T ‘
Again, c'is’ an arbltrary constant of 1ntegrat10n.~
Notice that if M~ is. d1fferent1ated w1th respect to s, the
‘expression for V results, as expected.
) N . . !.\‘,\- o ot . ' N R o

‘BeCaUse‘the constants a;‘b; and c are arbitrary,~and

'

because the same effect of these constants on the\llner

cross sectlon _can be made by arb1trary constants 1n the

. o e

' stress functlon, they ‘can be set to zero wlthout loss in

{
s

qenerallty of shape.

For the un1t vector,_t;'normal to the opehin@»shape and.

po1nt1ng from the panel into the . opening:
ax _ dy- i
dt =~ ds | " :
dy _ -dx o : | "
dat ds \ }
o Us1ng ‘these identltles, the.exptession'for.N»can‘be

wrltten as- -

N _ 4o | "

“t" dt t Q

¥ Similarly,vthe exptessionvfot‘vfQsi'ﬁf‘". ~'-V1,- fﬁ\*_f; o

v -de : -
t. ., ds




\

function and stress function and are helpful in choosing the

o shape of the opening for a- given stress field to optimize
the 1iner cross sectional characteristics.' - _ |
. . , ' L

P g“The,shape of the reinforcement is the same as that of .
the hole. Therefore dx/ds and dy/ds are expressed as |
‘ functions of x using expre531on (2),“ f" ‘, i}f;;

!
RS , ey R i’
. X . W&
. . * » /
) +

.gi' S D o '
) y) 1/2 L L o ey
, (ri o+ 1) - e (8)

/j“‘gx=“ > fQ “ .

Upon substitution of . (8) into (5) and setting a, b, andr

. to zero, expressions for N, V,}and M are found in: terms
‘ L , Y

" ad

‘.of x'and ¢:j‘ o o o s

YL R -
(£'0, =)

-n"z; .

g (f" + 1{1/2’
(¢ '+ £'e )

’;{1* w:|<n<

Ca R

Thus far, there have been no. restrictions placed on the

- Loeh

"=ff¢7;~" : g’t‘?; o ‘g_?;"i,;"‘;‘fv;T:;hh,’ .,‘v,(y1);‘j~‘ s

shape of the hole. Providing a re1nforc1ng model can be "ij,j{inpf

.-"_ EORREEI




rfound which can sustain the above loads, i‘ is possible to
'reinforce an opening of arbitrary shape in a panel subject
:to a given stress field in such a manner so as not to cause
the stress field to be disturbed by the opening.

At this point 1t is 1nteresting to compare these o
;results w1th those which Mansfield developed for a
'_reinforcement w1th no flexural stiffness, Since no bending \

O .
‘load may be car:ied by the compact liner.'l L

therefore:
o =0 ‘ DT o R . (12)
' *“and .since g% = v, SRR

v.=0 D SR B | e, N(]3)

fiHence, 1f M is specified as 1n Mansfield s, case where 1t ;cj\

‘7ic7must be zero, the shape of the opening is no longer




10 -

1 . i —

arbitrary;r»Finally{ the expression for‘N‘in such ‘a 1inerh

iS:.v La‘l
Ty ‘(9 “
. -(D @ , . i . * . .
ne e V2 cooas
i = i ) ".

Equations (12) through (15) are the same’ as those
developed by Mansfleld 1ndicat1nq that Mansfxeld S neutral
‘hole is a special case of the neutral openlng developed

)i . . .

.here.
} T ‘ “‘ ‘ c ‘
Reinforcement Strains and Rotation

For compatlbllity it is necessary th t ‘the stralns in
the liner match those in the panel at the 1nterface.‘ In
this. analysis a curved beam of. an elastlc\homogeneous o

:"isotropic material is chosen for the 11ner., The ” |

cross-sectional,characteristlcs of;the.beam_inciudéE-"

"a) .- A - The beam area,which‘represents'the’
flongitudinal stiffnessaofsthe beam._;”‘ :J;'j,j
;‘b) epf-f'The beam bulk shear factor, represent;ng the
“"fjfﬁshear stiffness of the beam deflned from. |

B B .
- -
! 1
» « . L

& ° N

- : L

- ; !

4




. . . : \
Lo : R oo
' L .

c). 1" - The bendlng stlffness of ‘the curved beam is e
AN K " ' .
expressed usxng this”factor which is Eormally

defined as:ﬁu. : | ) “:]‘« o : . ‘:,v%

R B e S

I & ) C : : \ :
f A 1 (= T "' o Iy
Here 5 is the radlus of curvature at the centroxd of the
beam and Y is the positlon w1th reSpect to the centerllne

measured toward the center of curvature. I' is.
'approx1mate1y equal to the moment of inertia 1f the beam's
“radlus of'curvature‘ls 1arge in comparlson with.the . “', -

thlckness ‘of the beam.‘ R o o 4'z‘ L o A

The deflectlons at the neutral axls of the beam are |
descrlbed by the generallzed equations of Bresse [3]{
© : = . s . . . ) vy, : . ‘e )
o ' C .’f'_l}.i“ o e e R - - . T
de. . - : ! _ AR " LT o
1. M M "N S : oo e . :
‘ = o + — e S (1T)
| a_s N EI EA.rz | AEr oL TR Lo
L. . 2(1 + vl)v » ‘ . .
g T TTERE | t18). .

-
)

!

T;;. The radlus of curvature, r, can be expressed in terms

‘hhof the shape functlon of the openlng° - }_
' '“ . ‘ ) Ve v o ) '.“‘“‘




L2 :3/2
\3

n

e Substituting (9), (10) ana (11) into (16), (17) and.

.
o
e

s
?%b) yields expressions for the llner strains in terms of

the stress functlon and shape functions only:

ey [(f',+1)(f@ 4@ ) ~ £ @] -
17 5 ' | (19)
AEa(f' £
' l( . . a9 ' \
v g0 e £ e e e, ~ ey = £ e \
e e 3 e Jyute SR ‘ (20)
g BT et T S
—t (1 4V )(<1>‘ + £ ) '
v, = —F ‘12 - 1/2 \ (21)
. uAEi(fﬁ -4+ .1)
ks ! ‘ . / |
< Ao’ P
Panel ‘Strains: ' ) o o

.

The panel strains at the interface are found using the

standard transformafion equations:

vy, (v o
- @ _____3_ - ¢ 0 .
T Cet ) T TR e Tyt B
(¥;;‘§ ) ‘ ; o
- ®_ _sin2
B
' ‘p i
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201 4 V) s 2(1 + V) -
= Q - Q S _ —— ' :
s ———Eg——E—*( <X )siq%ﬁ Ep Qxycos 29 (23)

Pt 2] . .
: Qollecting‘pommon derivative terms .and’ simplifying:

2 ' 2 ’ \ .
£r2a v e+ (1 = v PR = 2(0 4 LI
. X ) F T Pt T8y m 20 P E ) ey
S sp(f'2 + 1)
i@ -9 2

N 2(1 + Vg)[f-(.xx yy) + (f 1)Qxy] . -

Ust 2 , (25)
B (£ 5+ ) - .

pPanel Rotation

For compatibility 6f rotations in the iiner and panel,
én expressxon for the rotation of the panel at the ooening
bouqdary is required. Consider a small line™ elemu‘* A3, on
the opening boundary of the panel (Fig.-1—3). when the

panel isxloaded, the boundary element moves from AB to A'B'.

‘with %isplacements, u and v, in terms of the s-t coordinate

system. The rotation of the elemgnt‘is: : N
’ ]
= v ’
Q"‘a—s_ ’
_1“6\7 ou AOV ou
° =3 (g - 78) *7 (55 *5E
¢ = = w +1"Y -
st 2 'st

The rate of change of rotation of the opening boundary

is then:



Fig. -1-3
Rotation of Opening Boundary'

14



e T (26)
BeEauSé the maﬁerial,fotation is ianféant}l

st ?.wxy ?
then

N

Expresslng the mater1a1 strains in. terms. of the panel .,

.stresses, and hence the strpss funct10n~

. ’ 2 . l‘
_ 0y au =2(1 + v) ?°@ , ‘
Ty T T TR ey o (28)
2 2 l
_ du _ 1 O o 2°Q
“x "% "E .2 " 372 . (29)
. ' Y X ‘
: 2 2 ' ‘
Ov 1 0°%¢ d“P
€ .= = L 2 v = (30)

The. partial derivatives of the material rotaiign can be

expressed in terms of the derivatives of the displaéements;'

. for example:

L% 500 e

15..
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Substituting equations (28) through (30) into (31)
produces the dérivativé of the boundary rotation with

respect to x in terms of the stress function:

3 3 3
—g)—:"= —% -2(1 + v) 620 -8 §+ 2w 6253
o x“dy oy ox < dy
dw -1 2
> - E o (Vo) ,

Finally, subStituting (25) for the panel shear'strain“
and (27)' into ('26) produces’ the .expression for the panel
rotation at the opening bbundary in terms of the stress

function and opening shape function only:

!

Cy

.-\ . 2 . ) r‘ )
e Y- | F - ten 2
._f:[(l f ‘)(‘Qxx‘ ‘A¢yy)‘+ 4f, f,cbxy}‘

Y

- ' e A _»‘i ' ‘
'dYst ‘ 2(1 + vp) £ (Qxx)p f <I’yyy).

= 1 . . b(32) .
~ds ' 2. 5/2 ' 2 2 SRR
| Ep(f + 1)  ' + (£'%+ 1) 4+ (2;‘.'; - ‘l)éxxy‘ _
. oy vee?- e

£ N T T TRyy

' Y R o ‘ P . - ' ' - .

d""st = £ %‘cxx ’x:’cx v f "bxyy nyy A el

&, mi£S (33)

3 .Epa(f'.z' + 1')5./2‘

. -
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Where: -
. = ; B | ‘ ‘n RPN .2 ._ ’
m{f,®) = {(1 + Vp) fr{(1-£ )(QXX ny)‘ + 4f'?xy]
+ (f'z‘+ 1)(f‘?¥xx[ff2 +v(2:+ vp)]-
. -9 ‘ '
| . s e l2 e e
oo ' B | ' 2 ‘
o | ) ”+ ¢xxy[(lv+ ZVP?E + (2 + vp)].

i '2 ' '
P (C IR ] S I AR

'Reinforcement Characteristics

\The'strains-atrthe interfece in the panel and 1iner'
neutral axis have'been found ahd,'for competibiliry; must'be '
eqda;. Thls produces three equatlons w1th the three/liner
properries, A, T° ‘and B, as the.unknowns.‘ Comblnlng (19)

.and'(24)'ahd solviné;fbr A produces:

LA - B_[(£'°+ 1)(f'Q - @ )f"¢] ‘ RS _ o
A= — PP L (34) -

. — 2 )
: o) te ) Q (ﬁ_ 1
1/2 { “x(ﬁ:" ‘vp) " 'of .}
LR - @ ELO va‘,‘,'3‘~ o

© - ' S N S N .
" . o k . ) [

\Relat;ng the shear straln in the beam to the shear
fstraih in the panel, and taking sign of shear deformatxon ygf

~into aCCOunt{



Yot 7M1 o o o (35)
. " ..‘1 !
¢ ‘ ' C
Substituting '(21) and (25) into (35), and substltutlng
(34) for A, .an expression for the beam shear factor is |
R ob‘tained:@ : o - ‘ L ‘;‘
» : 12 Yo (1 V2!
'. L (@ (E'C =~ Vv ) +@ (1 -V f'7)
(flzﬁ_;J )'(.'(Dx + £'¢ ) { XX C P YY ‘P S {
| R A 2 L I B N
Nt | ® 0 - 2 ra 'y (38
. v - ' - ‘ .
' : 2(1 + V) [f ( )+(f ﬁ“1{,xyj
___1_+__VR_ , . | : '
( 1) X [(£'2+ 1)(£'0, - @ )-£12] | -
o ‘ X Lyl 1
Usmg (20) andk (33),‘ and agal.n substitutlnq (34) for A,
the mo?nent of inertla for the liner is found to be
By 2 5/2 |
| t =R (£'° + 1) ) | o
I B e — (3T
£ . £' 2+V - 1+72'V”V . - o
. ¥ [ ( ) ( .p)i]‘" | ‘
f 2 ‘[f' (1 + 2y, ‘) - (2 +v )1
- f' 1 + Ve L
u‘f' [f'2 + (2 + v, )]f'g-_‘;f )

2 +‘1j - [(2 + v )f‘ | ”ii

[(1 + 2Vp)f' - (2 + V. )]

.v",'.f_@f.@ [(2 + v )f' (1 + 2v )]_  ’




Because Mansfield used the simplifying assumption that ;;L _ fQj‘
‘ithe reinforcement was compact, the only cross*sectional o
. characteristic determined by him was the area of the liner.
':He showed that for the compact liner, the’ shape of the
“opening is no longer afbitrary ‘but must satisfy thei;.
lcondition stated in (14) Substituting this into (34)
results in the same expreSSion for the area. as Mansfield S,
demdnStrating that his neutral hole is a,speCial case,of the

' development in this thesis.

‘Practical ConSiderations‘

While equations (34), (36) and (37) ‘are suffiCient to
completely describevthe liner characteristics reguired for
the neutral hole, they apply to a Spelelc stress . functldg\\
-for‘a,given;opening shape and are not appropriate for any '
',other”stressfféeld. It should also be. noted that these
4eipressionslmayynot always produce practical results.m'FOr
iexamplef‘a negative reinforcement area may be speCLfaed by

34) in some . Situations. Clearly, this cannot be produced
;in reality.‘ Other impOSSible characteristics sometimes‘ )
,result from (36) or (37) or, in some cases, ‘a reinforcement
AVWthh fills the entire opening is prescribed Even when the 'l'
ii3dimensions of the prescribed reinforcement are not extreme,:*li"

,the designer s Judgement in the selection of both a suitable R

”?;shaoe for the oPening and appropriate constants in® thn w»fj“"
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‘stress function to produce reasonable values for 1", A and o

.is important

To overcome these problems,-the de51gner might cons1der S
‘-pusing only a section of the openinq described by f(x)
.Fig. 1 4 shows one end . of such a section w1th the ;

PRSI

reinforcement "loads needed- to maintain the stress, field

‘ ')The shear and normal forces can be replaced by vert1ca1 and o ‘
' horizontal forces,. Fx and Fy ‘ BRI - ‘d S \\\w
P, = Nein® + Vcost
“‘Py‘=;Ncos9.e_Vsin§
o R ' . { o '
K

Substituting (6a) and (6b) for N and V and replac1ng

b‘sine and cose with dx and QZ in (6) and (6a), the forces

I ds ds
become:" R ‘
%_F = -t 3 'f, -"‘ : d‘f ‘ o C f; - N R
. ! p y . ‘ ' , . ' oy “ " ' B ., ) .\ . B “, . (38)
= Q e “"( : ’ ‘ . o : . ' N ‘«v“‘ ) ‘ ) .
?‘y tp X = | |

These 1oads could be applied by horxzontal and vertical

' members thCh experience the,same strains as the panel- o
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The 1oad in the reinforcement is dlrectly related to‘

‘ its area and the straln it encounters- SR
\ e

(40)

'Examgle 7k‘“v': _— o

o

Consider a panel Subject to un1ax1a1 ten51onrﬁ The B

,.stress function used 1s, o _f}‘y 'f",_"V » if" 3V'

1




The relnforcement used in the example is compact (the
'same as that which Mansfleld used), so the shape: of the

openlng is prescrlbed to be-‘

Obv1ously thls openlng shape 1s not closed .so‘sectlons'

must be used “to close the hole. It may seem possible to j&
acc0mpllsh thls using only two parabollc sectlons, one the |
‘f‘mlrror 1mage of the other with a compr%ssion element across
l the openlng to. prov1de the unbalanced horlzontal force u
requlred at - the discontlnulty in the. opening (Flg.;l S)L-:

*However, when (34) 1s used to calculate the rross sectlonal

'aﬁea of the liner, t is found to be negatlve in the range:é“'

i

: ' - D TR e
I Sl [ Ve -
2z Y \‘xpl'“{ 2 P » N
© and undefined at . .. o
x=r 5 S
PR L ‘. ) .

Phy51cally this means that the 11ner 1s expected toﬁ‘”

23

experlence a ten511e load while under901ng negative or zer R

exten51on 1n thlS region.,f'ilg'fgb'“vaiﬂejfl'f”“‘1'57'//&.'*'

.__...,v




I‘ig. 1-5 u B
“Neutral Opening Consisting of
Two Parabolic Sections»

A

A b
o




'

_‘was shown from the . flrst example that X¢ must be greater

‘Erom‘(34), the area of the llner is- ST

‘and using K40),'the‘tension'and.eompréssion!member'areas,w

' . . SN
v s R
IRLEEN B L AN
[ ) . " . Lo \5‘3:?,} .
Il . . , " , , . . X o "

"~ The next poSSibilitYfis to use tonr‘barabolic,sections

asvshown in Flg. 1-6. AIVertical tensionweleméht is f',

IN Tt

requiredxat the top and bottom to provide the unbalanced

T

‘;vertical.force and, as- 1n the first prototype, a‘compresslon

element 1s required across the openlng to prov1de the

'

%nbalanced horlzontal force.

‘To further develop thxs openlng,‘con31der only one-

v

quadrant of the hole (Flg., “7). The section ‘of! the opening

b

starts at the locatlon of the ten51on element, xt,‘and

ends at the locatlon of the compre551on member, xc. It

il
.

than (r/2) Vv and, subject to thlS last constralnt, the

_characterlstlts of the openlng can be completely deflned .

’
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Neutral Opening Consisting,¢f
. Four Parabolic Sections - .
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This example demonstrates that a practical'neutral'

+

openirq is indeed possible. Experiments using a
reinforcement much stiffer than the panel to approximate a .

compact reinforcement has demonstrated that the theory is

valid for the panel [4].



\ S . CHAPTER II _

ICAL ALYSIS OF A NEUTRAL HOLE

'A panelisubject to uniform, uniaxial tension is a
common component of many structures. .The structurel
‘integrity of such. panels is reduced by the introduction
of an opening which may be necessary for a number of
reasons\ However, if neutral opening theory is applied
to the éesign of the opening it may be possible to
leave the structural integrity of'the panei
uncomprom“sed. .
Thiswghapter details such an application of neutral
opening theory and describes.the numerical analysis
, performed tdyevéluate-the’appLication.' | |

\
\

! ' \'.\ | |
Given'a panel located in‘the x-y plane and loaded
in the y directi n with a uniform stress g, the o
complete stress function describing the stress field

is:

S MK

29 ’_
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factor in the‘numerator and denominator of each oflthe

expressions developed in the previous chapter for the
reinforcement cross-sectional characteristics, it can’
be dropped from the function. Although valid for a
‘specific opening shape and stress\fiel ~ the liner
'characteristics produced by the neutra opening |
quations are not dependent upon the magnitude of the‘
. stress which the panel is subject to. :
The arbitrary constants are retained to provide a
means of adjusting the cross-section oflthe
-reinforcement;' The design stressﬁfunction is then:

K

o= x% +ax + by + ¢ . R ¢ Y

Opening Shape o

Several shape functions were considered for the.
5

opening.~ The first choice was "the most common, a -
,'circular opening. However, for—any constants chosen
for the above stress function, the difficulties
!jdemonstrated in Chapter I with a parabolic opening were
‘f.encountered, that is, positive 1oads are specified to |
| ‘be carried by the liner while accommodating negative

"strainSg As a‘result,»reinforcement characteristicskg



f_}varying slope, the strains in the opening local

S

- uwere undefined in some regions of the arc of the_

opening and unreasonable in others. Other closed

continuous shapes such as elliptical openings were

unable to overcome this problem.

A

The final shape—chosen was a parabolic shape

-

similar to the Mansfield neutral opening By

visualizing the stress function as a contour map lt is

- ,easier to understand the procedure to select the

constants in the stress function. This . particular
stress function would then be a series of parabolas,’
which is why a parabolic shape is chosen. The shear

and tensile loads Jin the reinforcement depend on the

.gradient-of the stress field tangential and.normal to

‘the opening shape respectively and the bending moment

is equal to the magnitude of the stress function.

Thus, - lf the opening is located on a stress function'a

‘contour other than that associated with the zero

contour, a constant bending moment is applied to the:.

reinforcement and reasonable cross sectional

characteristics are specified.i'i' o

However, since the opening shape has a continuously

coordinate system also vary and the cross sectional

v”'characteristics do not remain the same._ Two approaches
_can be used to improve the 1iner to account for this.‘_,

'}The opening can be moved in the stress field or the fm

/’ ._-.'..

: -/



s

" moment included.

stress field can be moved ‘with respect to the Opening.

- It was decided to adjust the constants in the stress

" -

‘;function to move the stress function contours slightly

*‘on the opening to produce a better cross section. As a

result the major load in the reinforcement is the

longitudinal load with a. small shear load and bending

R

‘ The simplest parabolic opening shape function that

can be used is:

‘.wherefr; a'conStant shape paréﬁeter,vwas~chosen'to be .

| .30 mm.’ in case a photoelastic model might be '

constructed.
Stress”Eunction\Constagts

The selection of the arbitrary constants in the

gnstress function involved a trial and error process..
'ediUsing the expressions for the reinforcement loads the
";ﬁiconstants are modified and the cross section ‘
1‘5lspecification of the liner are updated until a
"gfﬁreasonable set of dimensions are achieved over a . f}§%

'ff;isuitable range.g,lp'

32



Recalling the 51mple expressions for the

‘reinforcement loadS°

gcl_>

N _
t_ = at
P
Y _-ae ‘
t. = ds
. -
el — -

If one considers a contour map of the stress'rF:-
: function ¢,vthese expreSSions mean . that the ax1al liner . L "vz;
load decreases with the angle at which ‘the opening cuts B
' a contour line, the shear load increases with ‘the angle
~at which the liner cuts the: contour, and the bending
"‘fmoment 1n the liner is. equal to the value of the
' ‘contour line where the opening cuts the contour. .
| First consider a constant moment reinforcement : N
‘fThat is, the op%ning lies oJ a contour of . the stress ‘ﬁ. :th,di;
ifunction., The bending moment is a’ constant the shear T

‘..

load is zero and the bending moment is the gradient fsfj

". B .

of ¢ normal to the contour._ Since,_;




M=x -‘rY‘+‘c

‘“.“where c is the constant moment applied This constant"

moment can be adjusted to specify a. relatively compact

““reinforcement or a bulky reinforcement.

e Further adjustments can ‘be made to the liner by o

‘slightly adjusting r and by including a linear term 1n»

. x. This causes the stress function contours to cross
‘_.the opening boundary and results in a shear load and
varying bending moment in the liner.' This is

,desirable, since the rotation rate in the 11ner 1s not'

.constant and some shear deformation will be present in

- the liner requiring—some—shear load - As a. result thei'

p;region suitable for reinforcement can be greatly

; extended.

. Reinforcement Cross=Section '

To allow for comparison w1th future experimental

"‘1ffanalysis, material properties of a photoelastic

"ﬂf“material, E - 2390 MPa and v = 0 39, and a thickness of““

l'ﬁemodelled using the same material properties as the ;gf’]ffﬂﬁV

34

h;’}’s 7 mm. were used for the panel. The reinforcement Waefﬁ'h‘h‘




'sﬂffdrawings of the cross section at representative q:ﬁjf'f“ﬁ-V?n”” =3

To satisfy the equations of Bresse[3], the panel V‘MI
‘must be attached to the reinforcement at the centroid
of: its cross-section. There must also be enough |
variable parameters defining the cross section to
produce A, I" and » specified by the reinforcement m:.si
expressions. | |

| The shape chosén for the cross-section is a channel
'_shape shown in Fig. 2-1. The variable parameters allow
specification of A and Ih but not the shear stiffness L
‘parameter p.‘ This 1s not a serious problem since the /
dominant loads are tension and bending if the stress ‘t’ K
~wfield constants are prqperly selected.
S ey ﬁ
ReinforcementsLConfiggrations

Two sets of constants‘were used in the stress
f}function to produce reinforcements with different
characteristics. The first reinforcement was .;"”
'relatively square and bulky (reinforcement B) o ‘eﬁl{.
other was a narrow more compact reinforcement arrying‘

a. smaller bending load (reinforcement C) Fig 2 2

r'shows the dimensions of the reinforcements with

;lh}locations, 1ndicating the differences between the two 3;ff‘iiihwj

It is apparent that the reinforcement dimensions ‘}ifé}yx
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The channel shape cross section prov1des enough SESTUURORE RN
'Variable parameters to specify the' area and moment of o
5inertiaAand still be attached at the neutral axis.,_i:fs‘“ :
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7@;‘junctions wohld sdmply be spring loaded hinges f‘.

]
.are defined only fbr a small‘range of x. éhe'section | |
':of the parabola used is in the range 15 < x < 50 and by
_yusing four symmetric sections with tension and compress—

‘ion members to provide equilibrating internal forces, a'?
‘yclosed shape is produced as' shown in Fig. l 6 B

L

1‘Jun'tion~Conf qurations

: The proportions of the reinforcement are speCified'
;_by the neutral opening equations—enly along the curve -
idescribed by the shape function.‘ These equations dokﬁ

Cinot prescribe the shape of the junctions and in’;

b. pgrticular, do not prov1de any direction to theivyd‘f
B2 - |

designer as- to hew to deal with the joining of bulky

‘members. Ideally the reinforcement would have no

phySical dimension, but instead would have the-'

prescribed tehsile, flexural and shear stiffness

gcontained in the line of the opening shape.q The

‘.transferring equilibrating loads Without being affected B

By

N by the physical bulkiness of the members.

S

“y:Unfortunately, neither is possible._

“firesemble the theory, the vertical line of symmetry was |

'ff‘placed where the opening shape begins (at X = 15) and kgéﬁQQ
’;jthe horizontal symmetry line was placed at the point | |
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where the opening shape functign ends (at y = 83. 335).
The compressive member was placed inSide the opening
and the tension ‘member was attached to the top of the

' panel. The‘tension and compressionvmembers were the
same depth as the reinforcement at their respective
junctions and their widths were determined by the
specified area.

: Two different types of junctions were compared to
evaluate the performance.of différent‘junction
configurations. One model'considered the reinforcement
and compression member as a one piece component This
integral configuration will be referred to as an I
junction. The other used a sliding frictionless
interface betmeen the compression member and liner so
onl;aa normal force can be transferred. Such a
junctionlis designatéd a v configuration since'the

‘PV‘-components are unattached. This U junction was used at

.

the tension junction for one neutral opening model as
Pan:intereSting exercise, even though.aifrictionless

tensile interface cannot be achieved in ﬁﬁactice.

Fig. : -3 Aillustrates the variations in ‘the model at the

reinforcement junctions that were analysed.

Q

*o



tension
A 1

compression

s

Tension and

Figure 2-3

Compression Junctions
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e Neut kaen‘n
- - N ,l . o N
Manufacture'and assembly of the channel shapeh
reinforcements would be complex and tedious. A simpler
reinfOrcement to construct would heve‘a’rectangular
cross section. /This;shape can also he adjusted to
provide_the'area and moment of inertia specified;by the
.neutral opening expressions, but does hot satisfy the
| requirement that the liner be attached to.the panel at
its centroid. However, for the shape function and type
of stress function eﬁployed, the dominant liner load is
tension, hence the strain at the extreme aris of the
reinforcement is approximately equal to that at 1ts
neutral axis. |
This simplified reinforcement (S) was also modelled
-_\E;Lthe finite element method. The liner was attached
to the dpening boundary in such a way that all the
liner material- intruded into the opening. To |
compensate for this, the tension element was placed .
between the panel and‘the vertical line of symmetry to
-~ widen the opening. 'The'tension‘element was»then -
L attached to a rigid member joining the symmetric’
reinforcing sections._ This configuration is very
desirable because by selecting an appropriate w1dth ‘for
the tension,element, its depthgcan be ‘made equal to the
| panel thickness.» Ingthis:may the reinforcing“member |



appears as part of the'panel Its disadvantage is that
it is a less accurate approximation of the ideal
dimensionless junction.’ |

The stress function was selected to prodnce a ;‘“

relatively compact reinforcement (depth : width = 3), .

\ and a compression member insert was used (sliding

frictionless interface) ' S

!

Numerical Analysis

N ‘
The finite element‘program Finel} described in

Chapter 3, was developed to analysedthe stress field in

' the panel and reinforcement of the neutral opening

assemblies. The size of the finite element model was

reduced by utilizing the symmetry of'the problem and

'modelling one quadrant of the opening

: Figs. 2-4 ‘and 2-6 show the finite element meéshes

used in the analysis of the U—shape reinforcement

‘neutral opening. The models use. 1636 nodes and 470 .

elements; 307 in the ‘panel and 163 in the

reinforcement. The mesh was refined in the regions

near the junctions where perturbations in the stress

"field resulting from second order effects were expected

based on previous studies [4]. B o oy
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Fig.;7‘shows the‘finite~element mesh for the

' simplified'nedtral opening Because this model was
.prepared after results for the more complex neutral
opening were available, mesh generation was simplified
since the regions of high stress gradient were known

from the results for the previous.modelu S

-
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Figure 2-5-b S Tt X o
COmpact Channel Reinforcement DT R
Finlte Element Mesh For Panel
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o. °  “FINEL - FINITE ELEMENT pgocm .

‘lijor‘Plane.Stress, Strain Elasticitz Problems

Introduction - ‘ R

The finite element method for solving differential
!f equations is- relatively new but because it offers many;f
advantages over the classical finite difference tech-
“,Mynique, has‘become well established as ‘a numerical tool
'.in many fields of study."' |
| In order ‘to produce ‘an accurate modelvof the
';continuum, a large number of 51multaneous equations is“
.‘fgenerated requiring solution. For this reason the use
of finite element programs has been restricted to a
‘;'\Zﬂ‘b'fmainframe and mini computers. Recently, however,.as )
: the capacity and speed of microcomputers has 1ncreased -

‘: hthey have become capable of handling'some practiCal

]finite element programs.t,

;iproblems.‘ The‘cfprogrammingvlanguage was chosen for"‘”'

'Vuffﬁdevelopment 'or three reasons.»~l.““




s2.
1) lt produCes‘compact‘efficient‘codehleauing‘d‘
more room for data. . : - V;' |
‘2)I It provides an easy, efficient 1nterface w1th
,‘assembler routineS*and-system utilities |
‘3) "It provides exten81ve memory management
’t‘prime consideration when using small systems
with limited hardware resources. ‘ |
. A special storage technique has been 1mplemented to
'contain the stiffness matrix so secondary storage ls
not required and execution time is minimized.; As a |
result Finel ‘running on a fully configured PC w1th 640 S 3
KBytes of RAM and an 8087 math coprocessor, can solve a |
problem with approximately 2000 nodes in about four‘f
hours. Of course,‘the exact number of nodes that can

c-v be used depends on the specific problem.

i

. iy . . . Lo

N .
St

The element selected for the program is an eight

node quadratic isoparametric element with sixteen‘

V*ftdegrees of freedom.' While such an element produces a -\@l{f_xﬁxr

‘"ff,?more densely populated global stiffness matrix than

'u,:"

'ff7ﬁfthat generated usi”g‘a linear displacement element ‘the .

””foﬁmesh required for‘equivalent accuracy can be more iﬂDﬂfi~‘”




} w. since the problem to be modelled 1ncluded a

: the Straight sided‘linear element .

" f The element uses isotropic, homogeneous, linear' e
elastic material properties. For plane stress&f

s problems, the panel thickness is defined at the nodes

nd interpolated within the element using~the

'interpolation functions. This featUre ‘was.. necessary

reinforcement which varied in thickness., A detailed
development of the element stiffness matrix lS included
‘1n Appendix A

Integration of the element matrix is achieved u51ng

8 . ', e ) ) -

. Gauss. quadrature, the order of quadrature being user
selectable from two, three, or four point though two"‘
'point integration usually yields the best results, as

'iwell as improved performance. Zienkiewicz [5] showed,

*ﬁi”zﬁ! .
that the number o@lquadrature point‘

ffqulred to
”u*evaluate the volume of the element exactly is the

“_minimum number needed to ensure convergence upon the o

'ficorrect solution.' The 1n€§gration error introd,J

using this minimum number actually 1mproves the

\_.bes__‘

”Vaﬂcuracy of the solution for most problems.

o



Global Stiffness Matrix

. ﬁtilization of memory has been optimized by using a
sparse matrix storage method. Because the stiffness
matrix is symmetfic, only the upper triangular half is
stored reducing storage requirements by nearly one
‘half. The remaining matrix entries are stored as a
‘vector in’row major order.

Further reductions are achieved by storing only

- nonzero matrix entries, To establish where the entry

is'located in the ro_»’;ts column number is also stored

with the value. The column number of the. first
(diagonal) entry of each row is the same as the row

' number, so the column space is used to specify the

number of honzero values in the row.

Because the number of entries varies from row to
row, an additional vector must be defined~containing
pointers to the first entries of the matrix rows. A

null row pointer“indiCates that the degree of freedom'

is constrained and. the row and column associated with
R u

it are deleted. Assembly of the elements into this

_storage scheme is’ detaiied in Appendix B. i
.s‘v
- Two important features includedrin the system
. £y
-formation are. 9.
. Y

'fl)i‘ COnstrained nodal displacements, i. e. one or

.-
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both nodal displacements can be degégibed in

terms'of thé‘disp1acements o{?dﬁotnpr node.

2) Skewed coordinate systeﬁs; These coordihaté;,
‘éyétems are orthogonal, but are rotated with
respect to the global coordinate system.

These features were included to allow a éliding

frictionless interface with any slope to be modelled.

System Solver
e _ L7 :

Because of the rigidly defined patrix'structure, a
liﬁear equation solver is needed that does~notﬁ§i§er
the global matrix. Gauss-Siedel iteration was selected
as the‘solution techgiquévwith relaxation used;to
imprer the cohwergéncelprocéss. '§6r large sparse
systems, this method converges on the ;olution faster
than can be.échieved using a direct solver.: And, -
_because the iterativ; solution is not sepsitivé to
roﬁnéoﬁf error, doﬁblé precisionvsforaée‘is not
‘required for the stiffness matrix. The system solver

and its specific application in Finel are detailed in

Appendix C.

Stress,Field Evaluation

e

Once the displacements at the nodes have been

’
x
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de
| 'A 56
" solved, the state of gtress in ﬁhe‘pangl cdn be
evaluated. First, nodes using a skeﬁed coordinate‘
\\§y3tem must haée their dispiaéements tranéformed back
Lv_td<x and y ¢omponents. Then the strains can be |
calcuiated'anywhgre:within each elemenﬁ uSing the
'intefpolation fdnqtions. ' |
éecause the finite element method minimizes 'a
functional, the state\of streés is most accurately‘
evaluated&at the Gauss integration points .[56]. For
this reason, the stress is evaluated ‘at the Gauss
points for each element and extrapolated to the podes
_uéing Laplacian extrapoiation‘[7].~
Once the stresses haﬁe been calculated for all of
the elements ahd.the extrapolated values averaged~inpo
- the nodalnvalues,‘they a:ewwritten to disk and can be
used‘difectlyfdr used as input for FGﬁAPg; a.p:ogram

which provides a graphical repfesenté;ion.of.the stress

and displacemeﬁt field by producing contour plots of

1

the ‘results.



Sample A ‘ ication of F

The following sample problem has been modellea-to
demonstrate the effectiveness of‘Finel for solving
plane stresslproblemsj. Thetprogramlwas‘used'to
evaluate the stress field around' a hole with a diameter
of two units in a panel 30 units square. Utilizing the
symmetry of the problem, one quadrant is modelled‘with
normal constraints applied- at the lines of symmetry

The finite element model is shown in Fig 3-1. The
mesh is refined near the hole where the stress gradi-
lents are expected to be larger, with ten elements used
.on the boundary of the opening. The model uses a total
of 165 elements with 572 nodes, requiring Bnly one
quarter of the progranm's capacity.

The analytical solution for the stress field around’
a hole in an infinite panel is well known (6] and was

used to provide the loading tractions for theymodelvand

as a reference against which the results of theyfinite .

element program can ‘be compared

Fig. 3-2 is a contour plot of the vertical stress

produced by interpolating between the nodal values of )

the analytical.solution.‘ Following in Fig. 3 ~3'are'the

results of e finite element program. Comparing this .

with the analytical results, little difference ‘can be

‘seen especially near the hole.' An additional contour

Al
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is‘seen"in the finiteielement reeuite, bnf'this.is in a
region where the streee gradient {s small and does not
represent a significant error. S o .

Fig. 3-4 shows the analytical results near the
hole, with the finite element contours ‘in Fig. 3-5:
. The intersections of the contours with the hole
boundary{vwhich are the primary concern, are at nearly
‘the‘eame piaces in both“@lets,‘with'a meximum/stress

-

concentration of 2.964 being only about 1% in error.



\ N\

- L - .Figure 3-1.. = . S
S "Finite Element Mesh IR
C Panel w1th a circular Opening

A demonstratlon finite element model for FINEL the L
- panel consists of 165 quadratic finite elements defined-
"by: 572 nodes,; or approximately one quarter of the ‘ S
(program ‘S capacity. IR R S

B
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S Vv Figure ‘3 2. . .
e : Vertical Stress Field - ‘Analyt:.cal Solution
:fThe stress concentration of 3 0 is clearly seen on L .
horizontal line of symmetry. a D




B Figure 3 3 :
Verticar Stress Field - Numerical Solutlon

TN

‘ﬁApplying loads to the boundary corresponding to the

.61

analytical. solution of the stress field, The numericaf gf"'

’;‘result is ‘nearly’ identical to the- analytical.

\‘-diadditional ‘contour in. a. region of very small stress

lﬁoygradient is seen but is not significant. St N LT
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Numerical Solution in Region of Opening '

Numerical results indicate a stress concentraticm—of
2 964 which is only about 1% in error._.,“ L
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INITE ELEMENT ANALYSIS RESULTS. =

f igggé;g;‘_‘

‘As described in Chapter 2, all models use the"same
opening shape.‘ However, selection of different

'Aconstants for the stress function allows two different_f

!

' i.reinforcement cross sections for the channel shaped

‘reinforcement, one’ relatively square and bulky~(B), the,
.other comparatively compact (<), that is, narrow in the

‘ fplane of the opening shape and deep compared w1th the IR

.ﬁ\panel thickness., Only one stress function was test_ﬂi,“
for the simple rectangular shaped liner."

For each channel reinforcement, models were

"d_.analysed with two variations on the junction between

f“,”the reinforcement and compression member. One model

7W°transferre

Jafjacross the‘interface which Joined them.,‘f“

”iincluded an; integral (I) compression member rigidly
o 'attached to the reinforcement and the other featured a‘4 N

_'°°mpr35810n member insert which was unattached (U) and-,“”'

"”o shear traction to the reinforcement

'34 I addition to the four models above, all | ﬂf.;llﬁ'fh

}incorporatingﬁan integral tension element, one model

ﬂwas n yseditsinqithe compact reinforcement and



analogous to the compression member insert‘in that no.‘
‘shear tractions would be transferred from the tension :
, member to the reinforcement at: their junction,ra | |
“:vjunction which can be modelled theoretically, but
g "tlcannot actually be constructed
‘Based on the results of the channel reinforcement‘;si
,analyses, the most effective (practical) junction " .~j;i?
configuration was selected for the simple neutral“ '
opening, that beipg the compression member insert
:rather than the integral compression member. |
Results of the six anglyses are presented as;
'~:contours maps with uniform increments in values for the"
selected parameters.. The state of stress in the | |
reinforcement-is represented by contourSvof the
effective stress (von Mises criterion) w1th stregs'
*concentration increments of ‘0.1. o
‘hr Similarly, the stress state in the panel is
"portrayed by effective stress concentration contours,_y
ibut because the stress field disturbance is low, stress
«concentration increments ‘of only 0. 025 were used.-_ LR
‘ﬁ, The rea er is reminded that by utilizing symmetry
‘f~only one quadrant of the neutral opening required
u:analysis, and the results presented are for that ;itfful”

v.’”ﬁgjquadrant only.=,'f'rui A e e T .
'fi%ﬂéfﬁ;ﬁ" : Behaviour of the panel is also displayed through




the use of displacement contours; Using a. ratio of’

fh-x displacement increments to y displacement incrementsL ;

"

; equal to poisson s ratio, a uniform square grid of

‘vertical X displacement contours and horizontal Yy

“displacement contours is produced in an undisturbed

-‘/-\“

stress field of uniform tension “in the y direction L

-~

The dist: ance of this uniform grid prov1des i‘*’

' . conside le insight into the deformation of the panel
vﬁ’i ' . . .
in the region of the opening

It is important to note that this grid of lines is

produced by plotting contour lines of constant

| displacements. It is not a plot of a,deformed mesh of
rfégular lines.l For example, widely spaced vertical
‘lines indicate a low displacement gradient in the x

,'direction.’:
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3 e 4 R | | o e
AR e T ST &
| Unreinforced circular opening . . . - °
For ccmparison, ‘contours of efféCtive stress

(Fig. 4 1) and displacement (Fig 4= 2) in an infinlte;‘

panel subject to unlaxial tension 1n the region qeva

.,:: } 0,
‘circular opeﬁlng are presented The contour maps‘
rep;esent‘the solution achleved'by the*same»flnlte

[

veiement-program‘hsed tb‘analyse.the'neutral obeningsg

Coa
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Effective Stress Contours about an
R Unreinforced Circular Opening.
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The Von-uieea effective stress is plotted as a ‘Series
‘of’ contour 1ines in the neighborhood ‘of the openingn St
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. . border are horizontal displacement contours. .

TR

-
*

R “ Figure-4-2 . .
.. Displacement Contour Lines about an- ,-
" . Unreinforced Circular Opening -

'cOntour‘lines.of‘uniférm,diéplécemenﬁ éfé-plot;édfﬁpr:

. . both vertical and horizontal displacement. Contour

‘lines intersecting the right: border are vertical
displacement contours; those intersecting the top

LI . a

FEAC" WAL
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Bulky Beingogcement with Integral Compression Member
(B-I1)

Panel

Fig. 4-3 shows a plot of contour iines of constant
effectiué stress in the panel reinforced by the B-I
configuration. Considering the small stress -
concentration increments used, the stress field in the
panel is left nearly intact throughout most of the
panel.v .

The'highlstress‘gradient seen immedieteiy beiow‘the
opening is not a stress concentratién, but rsther a
vstep change in. the stress field where the tension
member is bonded to the panel.*“The low stress near the
"bottom of the opening is a result of the bulkiness of
“ the neinforcement preventing the opening from clos1ng
up (Fig. 4= 4).,"'-, B : .;r' |

In general, the panel along most of the opening 1SI
"relatively undisturbed with a stress concentration of
'about 1 05 but at the junction near the horizontal
:line of symmetry, a 1obe of reduced stress contoure
,1ines is seen. This is caused by tension stresses at'
‘l~the bottom of the compression member which prevents y
:the reinforcement from straightening. rﬁy restricting;

‘”tbending of the reinforcement, the compression‘member :
‘ Y W R ' '

.Y -t R ~
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A ' ' , 71 "
‘ RN : -
has caused the disturbance in the .stress field of the
panel. | |

'The'diSplacement field of the panel produces a
fairly square grid of contour lines’ (Fig 4-5). Near
the bottom of . the hole bulging of the vertical lines
away from the opening illustrates the effect of the
physical bulkiness of the reinforcement at the junction
on‘thelstress field. Increased‘stiffness‘at the
junction prevents. the panel fromfcontracting in the
horiaontal direction resulting in reduced effective.
stress in‘that'region.‘

Near the horizontal line of symmetry, the verticalib :
lines (x displacement) are ‘pulled" in ‘towards the" | |
opening as a result of the compression junction pulling

on the reinforcement (superimposed on the. compreSSion'

load on the member, of course)
\ . o Do

- 4
Reinforcement

. . . . i . ’ - P
N . »

*.The stress field in the reinfércément. is )
;i'represented in Fig 4 6. The contour lines running ‘ \"
1approximately,paralle1 to the opening shape indicate a p
'bending m%ment in the reinforcement as predicted by the o
‘neutral opening theory.- : f?éﬁ;;' "1': B -*:“; ;77 |
- fwo-regions of the-plot show severe stress} .

gradients which result from stress concentrations at

T . : ' N . : LT N
L% - . L e N . . R i S PR




. fnot presented here) showed that rounding this notch dida=.i,*;L:

;V-,fisfconcluded therefore,_that the major cause of the}f*

,"fstress concentration is not the existence of the notch

-
llittle to reduce the stress concentration at this .
'Jlocation but instead moved the stress riser down the

ereinforcement to the point where the filet began., It:f;‘ﬁ

the junctions At the bottom of the opening, the V'of

the opening,shape, and hence the reinforcing liner,

must close as shown: in Fig. 4- 4 if the stress field in

the panel is not to be disturbed In a similar

Tfashion, the opening shape opens up at the top of the

opening, and the compression junction is expected to

open in the same manner. ' . L g ) C iy

.

. ) o
" If the reinforcement sections could pivot at the

junctions but still transfer the equilibrating tenSion,
shear and bending loads to the junction, the neutral

opening model‘would be satisfied at the junctions.

) However, because the-behaviour‘at these intersections’

"is, in effect, bending of a curved beam of very short

[y

,radius of curvature,‘a high stress concentration

»

arises.

A close up view of the compression junction is seenﬂ

-in Figqg. 4-7. As expected .the stress concentration is

P flocated at theé notch between the compression member and"
i T

R Loe

reinforcement. Separate analysis (résults of Whlch are o

»

:fhikw.‘




-~
”

Finally;.Fig. 4—8-$hoWs an'enlarQéd View.éf,tné

- " tension junction. Here, the stress concentration of’

|

2.27 is not iocateqfih”the'regibn of a sharp‘hotch and -

'is caused by the clbéiﬁg action of the‘junétibn;

+
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;'ﬁhe opening has‘awconfiguration as: shown in 5
io ‘the " L ,éxlﬁbecome o

L'the junction is” reduced from"nd ina1,"‘
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“ngixy geigﬁorcement with cOmpression Member Insert“”:
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Co el o ,
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‘.of the opening, and much less disturbed near the ‘ e f@e:V,“

is still apparent ‘at the 1ine of symmetry, aris1ng from :

i ;"t e stress concentration in the reinforcement which has

”F:been relocated (to be discussed in the next

"“"“\ . I\

o~

e

|
~

| Figure 4-9 shows the stress field 1n~the panel near:‘u“

‘nthe opening for the model with the unattached

A}

“hcompression member.- hough similar to Fig. 4= 3 near |

L Ses

’fthe bottom of the opening, this plot shows the stress ,f{ L

',field to be slightly more uniform along theﬁmidsection v ;‘

H

r)

“‘horizontal line of symmetry, w1th the lobe of contour

[ o oy e WY

- lines eliminated almost completely 'Some disturbance e

subsection) - s s '
The improved stress‘state 1n the panel is further:[v
lfiijdemonstrated by thefcontour map of displacements in- .Lh _ﬁ
a“"ffﬁpig 4-;o.ﬁ Bulging of vertical cogtour %&nes is still _i ‘T#w“
| : CoT g G

:;apparent near theibottom of the opening,‘but overall a.



.Reinfogcement“ : : .. R “”.V'_ fll

a . .
. . . . -
Cr . —

-

The sliding interface at the compression junction':‘“

has not significantly altered the overa;l stress‘kw?gv‘

Ve

distribution in the reinforcement, Fig 4 ll., Compared‘iw

with Fié 4 6 however; the stress concentration has
shifted up. to the horiZontal line of symmetry"__“

Fig. 4 12 ‘an enlarged view of the compreSSion

L...-.

‘junction,,shows that the boundarypof the‘reinfOrcement;ﬁ

‘at the interface has been specified to‘he'a circular

arc starting approximately one half of the way down the.f

‘.. .

interface and curVing normal to the plane of symmetry

as it intersects it,.elimigating any notch at the ;»ﬂ?

. \ ,u .

symmetry line.‘ The fact that a’ stress congentration

A S

perSists indicates the problem is a result of the.t
phySical bulkiness of the reinforCing members not

conSidered by the neutral opening theory,k

vt
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Figure 4-9
B-U Reinforcement
Effective Stress Field in Panel

Stress field is more uniform than B-I reinforced panel,
especially near the compression junction at the
horizontal line of symmetry where the disturbance

caused by restiction of the reinforcement in bending is:
. almost eliminated.. ' '

N

it

¢ &
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Figure 4-9
B-U Reinforcement
Effective Stress Field in Panel

Stress field is more uniform than B-I reinforced panel,
especially near the compression junction at the
horizontal line of symmetry where the disturbance
caused by restiction of the reinforcement in bending is:
. almost eliminated.. '
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‘ Figure 4-11 ,
: B~U Reinforcement o a
Stress Field in Reinforcing Assembly ‘
' : : - : b

Stress concentrati
-on the horizontal
‘ \

in compression junction'is located
line of symmetry.



Figure. 4-12
B-U Reinforcement
Stress Field in Compression Junction .

Stress concentration of 1.86 is indicated on the
horizontal line of symmetry in the reinforcement (1)
- A circular boundary -has been described for the

' reinforcement to eliminate any notch ‘that may exist

o

-



Compact Reinforcement with Inteqrgi_Compression Membegfﬁf,

Panel - : ‘ ‘ '

:pﬁ

.Figure‘4—13 shows the stress field in tné*panel

H r "

reinforced by the compact. reinforcement \The.contour ~

map is very similar to that produced when the bulky

1

relnforcement is used (Fig. 4 3), the only s1gnificant

difference being the slight vertical ﬁisplacement‘of
ci. \ -\l\\

|
the lobe of contours near the horizontal plane of'

symmetry corresponding to the narrower (though deeper)

compression member, S ‘ ' . ; - \

LT

In similar fashion,'the displacement contours in.
Fig. 4-14. display the same characteristics as Fig:u4¥5}
with the disturbance near the horizontal iine of ™
symmetry‘dispiaced upwards because of the'narrower'
compression member. ‘ |

.

Reinforcement . | _ ' -

'The.stress fieid in the reinforcement Fig. 4-15,
vshows fewer contour lines than the B-I modeI.~ ‘These
' contours are rodghly parallel to the opening shape.- Ak
lower gradient normal to the opening,.along with the

vnarrowerfreinforcement;bindicates}a‘significantiy

L,



) . , ' .
. . . >

i: reduced bending moment compared with the bulky \d
. ‘k“

'reinforcement in Fig 4~ 6
[ X

- It was expected that a more compact reinfoﬁcement
Lwould reduce the stress concentrations at the tehsion
and'compression junctions., ln general significant f
reductyons were achieved in the tension junction and.
nominal reductions were realized ﬁor the~integral

. junction. The compression junction, Fig '4-16, is not
\ R .

tly different from Fig 4,2 and, although g

//ssignific

' reduded by 0.54, the maximum stress concentration lS

11 1-73 \.‘\N -l ' . . .

At the \tension junction, Fig. 4-17, the streﬁs
field produces a plot for which the contours have a

form slightly different‘from Fig 4-8, which is a

. result of the differences dn geometries between the two
- 3P

P junctions. The maximum stQESs céncentration factqr;an
Bl .

o this junction has been lowered by 0.60 to a value of’y
~ ® , s Aé\

T . . -

l 33.'
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- Figure 4-13 . . .
., .C=I Reinforcement o L
i Stress. Field in Panel ;Q' ETR

‘-Similar to B-I reinforced panel (4= 3) except that lobe‘
.of ‘contours: near ‘vertical line of symmetry is slightly
_higher corresponding. to the narrower, deeper .

compression member.A_ e S RN '
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. Figure 4-14-.
.C=I Reinforcement.

' Displacement Field in Panel =
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Figure 4- 15
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. ., . c=I Reinforcement .
:Stress Field in Reinforcament’

‘,\

‘V,Fewer contour lines in this reinforceﬁent are apparent
.+ indjicating the’ ‘reduced bending momenty;
*ycoﬁEentrations at. the junctions arq st
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11 signi
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- Stress concentration of ‘1. 73 is large, but a’
- significant reduction from 2, 27 experienced by the B I
'areinforcement. e

t ' 0.5 0.7

N e T Figure'4'16 :
o e . C-I. Reinforcement '
- Stress Field in Compression Junctlon

’

| mi—



" c-I ReinforCement

| | o Stress Field in Tension Junction. )
._'-The maximum stresspconcentration_is 1. 33, 51gnificant1y
-lower ‘than the value of 1. 93 in the bulky model.u :

-

O
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*' compact Reinforcemeft with Compression Insert

(exThe stress field for this model Fig 4-18, shows o

the same improvement in ‘the state of stress in the
panel over,Fig; 4-14 ‘that was seen‘under the‘same
compression junction conditions" in the bulky }
reinforcement. The contour map of Fig 4-18 1s,?as a
result of this improvemen% barely distinguishable from’
Fig. ‘4-9, the A<U reinforced panel The displacement

contours, Fig 4 19 also are: nearly identical to those

produced by the bulky model Fig. 4-10, 'which 1nd1cates

that the compact reinforcement provides no real

g advantages over the bulky reinforcement as far as‘Ehe

| Reinfo;Cementn

o

a fect the stress state of most of the reinforcement.‘

omm—

panel stress field is concerned o f 2 | : .

.~

#

Figure 4-29, containing contours for the overall

2

"_'-reinforcement stress field demonstrates once more that

"e new cogpnession junction does not significantly

-,

The compress1on junction itself F1g. ‘-21, *

1

a

: exhibits the same change in the contour map as, the . t““'

Ve
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bulky reinforcement aid in Fig. 4 12. Unlikef the

‘integral compression junction, where the compact

reinforcement ‘prov1ded at 1east a small reduction in

L

the maximum stress concentration the stress riser for

this model has a maximum value of 1. 94, which is 0 21

greater than the compact reinforcement with integral

‘compression member ‘but 0 33 less than the same junction

in the B- U model Clearly, though more compact thisv

‘ model still possesses a physical bulkiness which g1Ves

B

ise to the stress concentration.

1

A’
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@ k Figure 4-18
’ C-U Reinforcement
Stress' Field in Panel

The same imﬁ%o&émént in the stress distrﬁbhtiqn,is seen
in the panel with a compact reinforcement when the
compression-.member’ is left unattached at the junction.

N el : ‘ ‘ ‘ o
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Figure 4-19
.. " C-U Reinforcement
” Displacement Field in Panel

This distribution is almost identical to the B-U
reinforced panel (4-10).

reinforcements are equally capable of leaving the
stress field in the panel undisturbed

This indicates that _both’

96



- Figure 4-20
C-U Reinforcement
Stress Field in Reinforcement

As in the bulky reinforcement the only signlflcant
difference in stress fields between the integral and
unattached models is in the 1ocation of the stress
concentrations. A ,

97
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" Figure 4-21 |
C-U Reinforcement ‘ v '
Stress Field in Compression Junction

The maximum stress concentration of 1.94 is higher than

. the integral junction put.still lower than the bulky
than the unattached ‘bulky junction. It is also very
effective for leaving the panel undisturbed.

A



P

ngpagt Rejinforcement with Sliding Interface at Tension
Junction (C-U-U) : |

Panel
_ !
The stress field in the panel, Fig. 4-22 shows the

same pattern of contour plots as Fig. 4-18 for the C-U

~model, with a slight improvement near,the bottom of the

open}ng.' The lobe of contours has been reduced in

" size, and the lowest effectiv® stress has been

increased to 0.73 from 0#70 indicating a slightly more
uniform stress field in this area.’
‘These small differences in stresses result from

very small‘changes in diSplacement. The displacement

contours in Fig. 4-23 are virtually identical to those

-

-

found in Fig. 4-19.

Reinforcement

The overall stress distribution in the

vreinforcement is essentially unchanged from the Solld

' 2

| tension junction. The stress field in the junction

itself .as shown in Fig. 4-24, is considerably

different as a result'of the sliding4interface between

the'reinforcement and‘tension member;v‘Aithough this

configuﬁi%;on improves the stress field infthe panel,

99
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the maximum stress concentration in the‘.t.ensi‘ori'
junctioh is increased by 0.25 to a value of 1.58.
| ‘ . - oo .
A ‘ ‘ ' % ‘ L4 b ‘.l P“ l . ’ “I
L
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. Figure 4-22 .
.. €=U=-U Reinforcement v
o . - Stress Field in Panel
l_/\ o . 'v . ) ) . . “. o . ..,' ) C . ‘ . .
- The hypothetical tension contact junction results in a
.. slight improvement :in the stress field in the panel.

ﬂ?%“7j
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, RS c-U-U. Reinforcement
o Displacement Fi 1d in Panel
s The displacement field in- the panel with a contact
tension junction is virtually ldentical to that with an SRS

o integral tension junctlon . _
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. "_7"

Figure 4-24 e T
Cc-U-U Reinforcement .. - . -
Stress Field in Tension Junction ,ﬂ‘*,—‘”‘”

J;Although the. stress field in the. panel is slightly
~improved, stress concentration in the junctlon Jumps by
0 25 to a value of 1, qp. f;~: s . . , .
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: Simple‘Rectgngglar Reinforcing Liner ‘[\;i e
Panel

Figure 4= 25 portrays the stress field in the panel
reinforced by the simple rectangular reinforcement
(S-U) 'Near‘the bottom of the'opening,‘where the, f

istress was reduced by the junction stiffness in otherv
models, the stress increased in this Simple assembly
The maximum stress at this location is 1.48. This
'arises becausg the panel S now attached to the outside“'
fibre of the reinforcement where the %tress‘

concentration in the junction exists rather than to the
F'neutral ax1s, as was | the case in the previous models.

Compared to previous models, the stress in the

bpanel is’ reduced at the top of the model since: thev,‘ ‘/

: :panel is attached to the region of the reinforcement

4

vwhere the stress is reduced by bending of the liner
This region_was well removed from the panel in the
"other models. . Q‘;“.: d,');”:' ﬂ o f'**“ ‘

The displacement contours (Fig 4 26) show the

,"_fpanel to be: conSiderably more disturbed than for i7?7f;v”‘ﬁ

I

f'previous models, but better than for an unreinforced

.

L c1rcular hole (Fig 4 2) fgli

-
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' Reinforcement .
i |I' ‘ . “‘_“, ‘ ., - \' .‘ o '

The stress contours in the simple reinforcement
’a shown in~Fig '4-27 indicatb that the liner behaves in

the same manner as the channé; reinforc ments. _The

.
b

ginterface at the compression junction (Fig 4 28) was
‘not rounded and contributes to the high - stress
‘.concentration of‘1 78. This could probably be reduced
somewhat, but would have very little effect on the'|
“stress distribution in the panel /

A stress concentration of 2 79 is apparent at the
tension junction (Fig 4 29) The extra stiffness of
the panel bonded to‘the gunction at the location of the
maximum. stress concentration was expected to reduce the

rstress concentration more effectively than it did

-
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...  PFigure 4-25

- . 8~U. Reinforcement

Stress Field in Panel

A stress concentration in the panel at the ten' 0. _
‘ junction arises because-liner is.not fastenmedfar” = " . .
neutral axis. This also results- in a reduced?stress*atﬂ'
the compression junction.. * o

.*"
- [,
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S Plgwrea-ze
.. '8=U Reinforcement - . -
: e Displacement Field in Panel .
-' .\-The displacement field shows the panel to be dlsturbed
" by the reinforced opening. . .However the disturbance is
2 small compared to the unreinforced opening ( 4 2) ,

— 4t
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7¥?vw”“‘ s-U Reinforcement f“':‘
Stress Fleld in Reinforcement
,<Stress distributions 'in the 51mp1e recangular ‘
ﬁfreinforcement are similar to those ini the more- .
sophisticated channel shaped reinforcementh

: . o .
Os
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. Figure 4-28"
) S-U Reinforcement
~StreSs Field in Compression Junction .

An unrounded interface contributes to the high stress *
concentration of 1.78. Removing the notch reduces this
value only’ slightly and has no effect on the stress
field‘in ‘the panel. : -

Y
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0.2

1.0

’ Figure 4-29
S§-U Reinforcement
Stress Field in Tension Junction

. The additional stiffness of the panel bonded to the

extreme fiber of the reinforcement did little to reduce

the stress concentration. In fact the stress
‘ concentration was increased to 2.79.

P . Vs
: o — » -
. . . a
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Results of the énalyses of various neutral openings
are summarized in table 4-1. Stress concentration
factors ‘are tabulated for several kéy locations in each

’,

panel and reinforcement

The table shows that the compéct réinforcement With
sli&ing inserfaces'ét'thé junctiops is most éffeétive
for producing an undisturbed stress %ield in the panel
-with maximum and minimum stresé concentration factors
closest to ﬁnity.

The compacf ppinforcement is shown to produce the R
lowest peak concentration faétors. This indicates that
reinforcenents approéching the Manéfield neutral
opegihg are more desirable.

The simple geometry'reinforcementfis'éhown to be..

much less effective than the channel gheped reinforce-

ment for producing an undisturbed stress field.
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Table 4-1
LOCATION B-1 B-U Cc-1I Cc-U c-uu . S-U
Panel LI - , '
- max. 1.10, 1.09 1.10 1.09 1.09 2.79
- min. 0.68 0.68 | 0.70 0.70 0.73 0.01

- opening max. ).07 1.05 1.04 1.02 1.02 1.04

Compress.

- max. 2.27 4 1.86 1.73 1.94 1.94 1.78
Tension f i A :
- max. 1.93 #.93 1.33 1.33 1.58 2.79
- min. 0.1 0.12 0.10 0.12 0.73 0.09
B-I - Bulky Linér with Integral Compression Member
B-U - Bulky Liner with Unattached Compression Member
C-1 - Compact Liner with Integral Cohpression-Member.
”C-U - Compact Liner with Unattached Compression Member

C-UU™ Tompact Linéer with Unatéached Qohpression_Member &
Sliding Tension Junction » ,
S~U - Simple Rectangular Liner with Unattached‘Compression

Member

\



CONCLUSIONS

Neutral opening theory has. been eytended Ee—include
bending and shear considerations for the reinforcing
liner. Additionally, the theory has been generalized
so that it may be applied to any opening shape for any

’given‘stress function. The result is a set of

expressions for_the cross sectional characteristics of

‘the liner (the area, moment of inertia and bulk shear

‘factor) in terms of the opening shape'and‘stress
'.function only. | , . .

Generally, one or more of .the cross sectional
characteristics are undefined or physically

unacceptable at one orfnore locations for a proposed

opening shape. A cloé%d'shape may still be formed from

a piecewise continuous.opening shape with re1nforc1ng
members attached to equilibrate the unbalanced loads at
"the:junctions. New expressions for these equilihrating
reinforcinéimembers at the‘junctions‘were‘also'derived
to account for the shear and tensile loads. |

l

Earlisf ‘'studies of compact reinforcement neutral

<openings indicated perturbations of the stress field 1nf'

'_the panel adjacent to ‘the junctions.‘ However,‘the

Aphotoelastic techniques could not provide any

Ainformation about the stress field in the: junctions‘of"

© -

o 13
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the reinforcement |
" In this study the effectiveness of the theory was
vtested using‘the finitevelement methiod to model an
‘obeniné with severai reinforcing configurations‘in‘a'
"panel subject to uniaxial tension. The:reinforcing‘
material was the same as that in the panel. This
numerical technique provided*details of the stress[
field in the panel and in the reinforcing‘assembiy;
Determination of the stress field within the junctions
was of considerable interest., The resuits show that,

although the perturbation of the stress field in the

' panel does comply with neutral op 1ing theory, stress

7concentrations in the junction can b_~high,‘though
. generally not as great as those in an unreinforced..

opening.
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APPENDIX

8 Node Quadratic Isoparametric

lane stress (Strain) Element

- General Formulation

The element used 1n Flnel is: baSed on the
dlsplacement method where ‘the. form of the dlsplacement
v'within the body (element) is assumed , The varlational

'princ1pa1 used is the princlple of minimum potentlal

R

energy

The potentlal energy functlonal [7] can be written:,

as :

(w,v) = (6)78) [C][B]{a)tdA

™

|‘
f’"s 5"—. .vs'_ |

{6} (B] [C]{‘O}tdA

—

{F) {B)tdA = J.{T} {é}ds

' where: ' Lo

: .nll"v»v’.'v

1:_tb=¥t(x,y) thlckness of the panel (plane stress

- | nyfﬁf only)

(A—i);,,;}lV
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(6)‘p.‘u(x,y) =‘components‘of displacement field.”
. V(X,Y). o ' ) - , o .
o : 1

= matrix re1atingistrains"‘

o

2
™ ST |
‘ : and displacements.
(Bl. =1 0. R 3

glo gl

2l

“fC]'=‘ material stiffness matrix, which takes different

forms depending on the type of problem .

n -

‘colﬁmn vector of:initial strains.

o

. (‘o)v

<

{F) = é‘body force components.'vi : S )

{T) ='{}=“fboundary'tractioncomponents‘ ‘ TR

- "

The two dimen51onal problems which can be modelled
"bY Finel are plane stress and plane strain in a panel
7;mof isotropic material w1th constant material properties - e
Gyn;throughout each element., For.these problems‘;he fi o S

3thmaterial stiffness matrices are._fl*}f‘

D’-' N
: . P “»". - .
; Sl o .
RN S P , -
Lo C :
' b ;!‘,I - .
S it
Ve o NP o
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" Plain Stress

-+ |y o 2

<
1 ©o0©

TN

Plane Strain B  ‘ pee !

R LY v 0 T )&

. E___ . o
Clraemama |

P;ogramyFinel doéS‘not model initial strains nor -

 bddy”forcé}¢ompdnehts;‘VThus only the first and last
terms of éqﬁation_A—l are considered. Atiequ;librium, X
[the potential;éhe:gy‘iSnminimizéd;<theref9;é: EE

S eri 3‘
o 3
it

3=
o 3§ -

1= {d}'%AIftslT;cl l?]n{é}ltdA;' u‘ “  S k  ‘ ,

W) -glmhes



The’ true displacement field is. not known, so some
displacement function must be assumed.d The~usual
procedure is to assume that the displacement w1th1n the
- body is described by a’ polYﬁomlal.‘ This requreS that
' the-dlsplacements must be known at‘as many locatlons in
the body as there are coeff1c1ents 1n the polynomlal |
The simplest polynomlal p0551ble whlch fulfllls the !

compatibilfty and completeness conditlons 1s the llnear

polynomial°

W(x,y)‘- ax + by + ¢

A

Note that the complete llnear polynomlal has been'

truncated by the xy' term | For each . component of the

: displacement field | o o |
,\l(x.y)~aX+by+cJ' &{,
o v -~ TR A A

o VUX,y) = dx tey + £ x

So for each function, u(x,y) and v(x,y), the value

must be known at three locations (referred to as nodes)

in the bOdY.;n_order for the sets of coeff1c1ents a,,b}“: y~}y;”*

and d, e, f to be evaluated.l This 1s accompllshed

"y b

;«ff?'

121
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w‘ - L o o 12?‘g
with a triangular element the . displacements being
C descrlbed at each‘df the three vertlces.

.The dlsplacements at the nodes, 1n terms of the -

4 .

polynomial are:

‘o
"

I

: ‘ul(xl,yi) axiv¥‘byi +c - o | _"7 ; _fj"t‘ l&
;uz(kz,yz)'élaxz + byé +‘c‘
V"u3(x3}y3) = ax; + by, + c
vl.(;‘l'yl) =ax)y + by, +c
vz(ké;yz)f:eaxz f‘byz +c . |
i 93(x3/¥3l,= a¥3'f bY3 f_d7 l ‘”‘2v‘. “v':. ”_ o L ,‘f

L

Written ﬂhlmatrix‘form: ; o e : . v

(941(Aq)

{u} o | | o
dosltagy 0

(V)

[}

where . N LT S e Lo 3 Cy

B
-

.
M

{u}, {v) = the nodal dlsplacements

(Al}, {Az) = column vectors of polynomial ff}‘f ‘
coeffic1ents n;vm‘T t~:r'u;"é R

e

‘ﬂh[gij ; matrix of polynomlal terms, each row

: contalnlng terms evaluated at the - 337_7“ =‘:‘"




-coordinates of a node.

Al
' , ~

The coefficient vectors can naow be.solved for and
/j;ed in the description of the displacement field.
/ ‘

verywhere within the element:

(A} = (9117 2wy .
, (Ay) = (9417 vy~ -
@ Co - |
d(x,y) = (9(x,y))T(ay) C N
= (g(x,¥))T(ay)

<
X
=
"

u(x,y) = (9(x,¥) 1 (9317 (w) i e
(9(x,¥)) 19317 (v e

v(x,y)

u(x,y) = (L(x,y)}T(u) - o &

v(x,y) = (L0, y))T(v)

. ‘Here {L} contains the interpolatlon functlons

.The partial derlvatives of the 1nterpolated
di%flacement fléld can also be descrlbed once the

coefficients have been evaiuated. o %4

[

o - _ o
‘ ‘ »
! L
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This notation is valid for any order pblynomial and
so applies to ‘higher order elements. as well as the . _; ‘
linear triangular element. The element used in Finel
has 8 nodes énd uses a.quadratic'interpolation
— . Ppolynomial truncated by the x2y2 term.
" Now thatlthe~disp1aéeﬁent field éqd its partial
derivatives-can be expressed in terms of the

displacéments at the nodes, they can be substituted

into (A-1) to produce‘a set of linear equations.

"

8% e) (8% tan  (5%) = f (7%)as
A S

or:

'[Kllm = {F)

where:

wey o | o 2ll '
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This system can then be solved for the nodal

displacements and hence an approximation of the

displacement and stress field.
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Isopaﬁametric Transformation and Numerical Integration.
A\. '
Integration of the set of equations over the

\ ' ' .

element\yolume can often be difficult, if not -
impossible, to perform analytically. For the-linear,
triangular element the linear displacement function

produces a»constant stress, constant strain element

. which make integration of the stiffness matrix and
load vectoj¥

straightforward However, higher order
\

elements, w1¥h their curved boundaries and nonconstant

stress fields,make integration considerably more
' difficult. ThHe term 'volume' is a general term

N
[
"

- referring to a\region in n-dimensional space. For
‘ : \ . - . o ‘
plane problems,\the two dimensional volume refers to

‘the area. | \ |
IsoparametriC\transformation maps the global

element space into\a simple local space, greatly

51mplifying the intggration procedure. ‘It is the most

common type of coordinate transformatioh which uses

'snape functions' to map the global system to the local
Asystem; vIsoparametri Utransfdrmatlon.uses the same
interpolation function aS‘those nsed for the"
idisplacement field to eyaluate the global coordinates -
corresponding to the loc tion of a point in the local’

coordinate system.3
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L (1,1)

. (—lr"l) :

a(g,s) = (L(xr,s))T(u)

v(r,sx.

(L(xr,s))T(v)

(B(r,s))T(x)
y(r,8) = (L(r,s))T(y)

x(x,8)

\ In contrast“ sub—parametric and super-parametric
transformations use lower and higher order , n r,_:‘
interpolation functions respectively ‘ The disadvantage
,~of each of these is that different nodal systems mmst
be used for displacements and coordinates."égwﬂﬁ

Because every element is mapped into the same local
'coordinate space, the interpolation functions do not |
-change from one element to another and so need not be

‘ 're-evaluated for each element matrix generation. S dQS‘inlu



' l2s
However; two additional identities must be introduced

to distinguish one e}ement from another

|2
‘= (J] 3
s
N
and \ 'J
+dxdy =. |J|drds"
where . ° ) ‘ s
&y
| x o |
{31 = 1 . =
x oy
s 0s

i

| Using these 1dentit1es; the function (or‘v
™ functlonal) can be mapped into the looal area and i
1ntegrated eas1ly This 51mple 1oca1 region is ideally
suited to numerical integration by Gau551an Quadrature

1[8} Integration over the area ls expressed as.d :a



T NG we:
// f(r s)drds = Z Zwiwjf(ri'sj)

..1 -1 . : i=l j=l

v
.

., wherefNG is the ﬁuﬁber of géuSs’poinﬁé in,éach
vdiﬁension._ “ o . o -
prlyiné‘thié‘to‘(Z);‘the matrix prdduct is

eVaiuated at §achvGauss‘point, multipiiea,by fhé
'wéightihg.faCtors ahd.éumméd together to brodgce the

elemént stiffness métrik;.'f;"

k1 = [ (8®17(c (8% taxdy
L \‘ ' ‘A‘ .‘ I“ ' . ! . )
K] = f[B 1 IC][B JtIJIdrds

. A' . A N

Lo NG NG s el L
‘[_K,]‘ =Z‘Z [BT17[C][B"]t|J|drds
© i=13=1 L
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| »"a]L(x‘,i ) }T“ o ,;'a]L(r,s)}?
' X ..= tJ—1] ‘ r

' d{L(x,y) }T‘ | 'a]L(r‘,"s).[T‘ |
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" APPENDIX B

' GLOBAL SYSTEM FORMATION
T A “'4-\‘ 5 B R

' The sparse storage technique used by Finel requires ’ ”ﬂ"

that the structure of the matrix be determined before

\ 1

R o Y

the elements can be assembled.. This is accomplished by
- searching all elements for each unconstrained degree of
freedom and allocating a. space in- the row for each
coupled unconstrained degree of. freedom numbered
»larger., Before beginning the matrix construction
search the row pointer vector is 1nitialized tp

indicate partitioned rows and columns.

vpointer(i)ué‘b;;' displacement 1s constrained ' ﬂ”u‘m-p ,
o‘oniqger(i) = 1; 1‘~displacement isuunconstrained,
After allocating space to each row it may or’ may .
o ——*—not be desirable to. sort the column numbers in the
row. If the matrix is densely populated and ‘_“j"i';‘”“

considerable random access to the matrix is necessary,

' e
a binary search may improve performance con51derably.“.

However, for the two dimensional elastic problem the ;

: matrix is not very dense and need be assembled only

once, so a linear search was used eliminating the need

4 v

for a column number s°5§-ufﬁxf~"'""i




Matrix Assemblv “ﬁ~‘ pf p o «“‘“ _“‘

To produce the system of linear equations, eight H‘

sets’ of information are needed - ,‘“_

.f 1)

‘2)

'3_)“,

._"g4)

5).

6)

7)

.8)

Element material properties

'Dependent nodal displacements.'.

Coordinates of the nodes."V

Panel thicknesses at the nodes (for plane

‘ stress)

Global node‘numbers corresponding to element

hode'numbers. o S : T

Constrained nodes: (boundary conditions)

Model loading iagormation.

'Skewed coordinate systems for some nodes

VWhile items l through 6" are straight forward 7 and

8 deserve a more detailed explahation. To model a

frictionless interface between two boundaries, normal

TLdisplacements of two contacting surfaces are . Lo o

fconstrained to be equal. This is accomplished by

: 'defining an array of p01nter pairs spec1fy1ng the

dependent displacements._ One degree of freedom 1s

{pconstrained and all element entries associated wibh 1t_ﬁ"'

"1are redirected to the other, now independent degree of

? -freedom. This information must be considered when the

'Afmatrix structure is being formed ,f;li.i;jtﬁu rilﬂlﬁifif”

The displacements of most nodes are usually deter—}fhipff;;gf

};mlned by their X and y components.i For some Ofﬁéhe gff




‘leartitione'fﬂ

‘nboundary nodes, however, it is de51rable to express the
jdisplacements in terms of another coordinate system‘
'which has been rotated through some angle, usually to

'give displacement components normal and’ tangent to the

,boundary ! For . this reason, a skewed,coordinate system 3

can be defined for some nodes by spec1fying an angle of
ﬂ rotation. This allows the model to be constrained in-
directions other than vertical,and horizontal

The first %tep is forming the matrix structure as.
o C &

. z‘ kR
defined b yfprevious subsection. After defining the
{.'V\ o
WS and columns, the element node numbers

l'\.,’«-

‘;';and dependent variable numbers are: loaded into main '

‘f,memory Then, for each degree of freedom, each set of

- —

,‘eight element node numbers is converted to 16 displace—'

; ‘ment numbers, dependent displacements are replaced w1th

N ¢ .

[‘independent counterparts,‘and space 1s allocated for o

feach coupled variable..'

A '

“f Once the system structure has been defined all

‘element node numbers are no longer required in main

e

'llmemory and are flushed.. In their place,,the nodal

‘Vchoordinates and panel thicknesses are retrieved from

i ﬂffdisk and element matrix generation can begin.h,ﬁf-m‘f”'”m

The node numbers and material properties are read




ness matrix can be formed Next the eight element
,node numbers are’ converted to 16 dependent/independent
‘wvariable numbers and all dependent variables are re-.

‘placed with their independent counterparts -Before the

element matrix can be assembled into the global matrix"

‘e

each node’ must be checked to determine if a skewed
'coordinate system is used and if so, ‘the matrix is
transformed accordingly.l Transformation must be done
before assembly because the matrix structure does not
| provide room for, partitioned rows and columns making
'constrained nodes imposs1b1e to transform

. P

The final stage in produCing the system of' equa—.‘
& Al

tions is generating the forcing vector The loads: can
'include point loads and equivalent loads due to trac—“‘
"tions applied to the boundaries.. No provision was made;"
| ;for body forces as they were not a- consideration in thes

'problem at hand but they could easily be incorporated -

'into the loading of the model.‘ POlnt load components

"are simply added to the corresponding rows of the load
,[dvector while tractibns are integrated isoparametrically

ffffover each loaded element boundary to produce a set of

i

f*three equivalent loads which are assembled into the

"V'jload vector. Once all loads-have been entered forces ?J

B!

H3ffcorresponding to dependent variables are redirected to.

':formed fof“those nodes using a skewed coordinatefxﬁf

“fV}nthe independent variables and the load vector is trans-“Qﬁjjfuanw
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a APPENDIX C . .  ° | |
: o \‘\“.System_ S oivezj ' o
| R \\\ i .
‘The form of. the system to be solvea‘is:;i B Lo

. *+
RN

L LANX) = (F) . .

} \ , \ : N v
If the i'th equation ’iS written’ i}\ terms of' .xl., L
~ . : ) ; \ A K ‘ o ‘ 4 . '

This produces_n expressions, one! for each Xy, An e

_YVterms of fi and xj,‘j l..n, j,‘ i'” Each ﬁiﬁ_f;jg;?‘

'fiteration of the solution vector, {X) wili produce\aiﬂﬁﬁ.-’s

’ ﬁ:[A] is diagonally dominant which w111 alwaye be true
rjfor a properly constrained finite element stiffness
]gmatrix. j,\ff' .f[f"l “ . ":
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In Gauss Sledel iteratlon the most recent R

’p,‘l’. ~1nformatlon is used in the iteration expression. For "]d‘; B
example Suppoee the k'th iteration (denoted by ‘!
L ‘:superscript~k) is complete ‘and iteration k+1 is- being
'l"‘ I- . “ ; ‘ N
'”[’; executed In the calculation of xi, the algorithm ‘ A
f'“?f,ﬁf can use xj from 1terat;on k+1 for GICTE S 51nce ‘they m} ff:"nj.‘ L
ifﬁiﬁ have already been evaluated The iteratlon formula now N "¢
becomes-*fﬁh'7yj{i‘ggf;l_iﬂg R ﬂ}x'.u'<}\"‘ 5]‘I‘.“ lA\ RN
y ! * o , . LoeL , ! . K Lo
i + ,“L<ff . "
- }f‘uﬁ‘k l ; __l_‘a £, = C U (e-1) :
9" . 7 » 1 h . aii i : -\, )

BN

A

. ‘:f;ﬁi~jh Instead of uslng thls value for xi, it may desir— ,

[ able to 1nterpolate (unﬂer-relax) or extrapolate (over- ' Jbl?”
‘f‘°hh"‘ relax) the,newest Value., Incorporatlng a relaxatlon o

' - “Ql " £ . ,A‘,. "" ""‘".,“"
factor, the 1teration formula beoomes.‘. S R R ‘,é“‘
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. v._ '
and the expression ‘becomes equivalent to (1) If the
system of equations is unstable, under-relaxation may
be\necessary and w less than one may be required for
convergence. For stable systems such as those used in

the finite element method over ~-relaxation can be used

* to greatly enhance the convergence process. In this

‘
)

case w may be greater than one but must be less than

1

two,‘tnough‘oscillations in the solutionlcan occur if w
is too close to’two. For most systems a suitable
-relaxation factor is in the range 1.8 < w < 1.95.

The program‘Finel, because of its storage tech-

nique, implements this Gauss-Siedel algorithm in a

[

uniqué way. An additional vegtor is used to store

.partial sums for products from the unstored lower tri-

',

. ?y,angular half 6f the matrix, eliminating an .expensive

L

search for matrix’ %%tries to the left of the diagonal
'vv‘ entry from,the er triangular values for each row.
For each xj it is assumed that the first sum-
'mation“term has alreadv been evaluated'during the

evaluation of X4 s j < i and . is stored in the extra

5 o
L]

‘ vector space; The<§econd summation term is ea51ly

‘evaluated by summing the products of the matrix entries*

in the row with the 1'th components of the vector ‘
/ .
{x)k, where 1 is the column number stored with the

value. Now the new value for xi can be calculated

2 .

.and"is placed in the extra vector space.

- . \
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s

This new value for xj wili be used in the calcula-

tion of some of ébe gubséquent.xj's. Since the

matrix 'is stmetric, thé column beneath the diagonal is
~the:éame as the row fo its right, and it is those rows

which have ndn-zero entries in this column which are’ . v
dependent upbn‘this new x;. .Once again, the pfogfam | |
moves aékoss the row, this time addiﬁg the produ;t of -

the matrix enfry and X4 td the first summation term

for the row 1, .where 1 is ﬁhe column number stored with

£he matrix entry.

Because there is é unique combination of all‘the
products of the stiffness maﬁrix'eﬁtries with the
solution vector, and because the stiffness matrix is .
Aymmetric, the correct evaluation of the first summa-
tién term for xj is assured by the time row 1 is
reached Sy‘the itergtion procedure.

Once the iteration is complete the two solution
vectors contain the last solution approximation and the
‘latest approximation. This givés-the program An oppor-
tunity fo test for éonve;gence of the process,.or tO‘.
pass the.convergéncé test which results in fewer numer-
ical 6perations and improved performancé. In Finel the
convergenc; test isvuser selecfébie'and‘can be ' toggled
.dufing the.solution'process. b
Before the next iteratioh can beginh_thg”pdihters[

to {x)k‘and {x)k+l are_swapped and storage for the = .



[

. ‘ ' . R .
old vector is initialized to zero forﬂ\se as the par-
tial sums. The‘prooedure will be repeated until

suitable convergence is attained

By combining the matrix storage described earlier '

with this solution algorithm, the number of operations&

required per 1teration is reduced to the absolute

minimum since all entries containing‘zero are removed

'entirely from the process. This technigue'would
obviously be well suited to programs. which uséxauxili-
ary storage to contain the stiffness matrix‘hecause of
the reduced disk space required and the resulting
decrease in‘dataAtransfers from disk to memory‘that

would be necessary for a given problen.

1 {

’ ’ w

Y
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APPENDIX D

Program Listing for

‘FINEL
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../* )

‘\
FIIE : FINEL.C */ .-

Yo

Fin.ite Elemem: Program
Two Dimensional Stress Analysis
' ‘Plane Stress - Plane Stram

Input is in six files:® ' '
This file corrtaim coordmat&s for each node.
mnnber of nodes '

node x_coordinate Yy coordinate

1) file.cd -
format:

2) file.thN -

oontains thicknessas for each of the cve.rlays,
with the overlay mmber denoted by N. The overlay
mmbersxmstbesequentlalanistartatl ‘

Only changing thicknésses need be entered, i.e.

" 'up to the next node read. - 'nusmeansthatthenodes'

‘ fomait.

. 3) file.elN -

trmthiclmessofonmdeisreadandlsass:Lgned
to that node and each consecutive node thereafter

mist be in rn.unerlcal order
\

Eachlinecmtai:stheelementmmbg; |

', followed by eight integers, each
‘corresponding to, the respective. global.

mdesforeachoftheelementmdes

~ Nod&saremmberedstartmgatoneoomer

~-of the element and going around. the element

~ in a comterclockwise direction.

The modulus of elasticity. and poiésons

' .ratio are both initialized to zero. Their
. values are changed by apperding them to the

j.errlofﬂleelementnodemnnbersonqthesamemv,
vandaremaintaineduntild:angedonasubsequent

IW. ‘_‘, C
; . . '
‘nodel .nodez * .mdes ,rioaes'ﬂ[}: "'nu]

ese . ewe ovv‘ - -9.‘

",,_'misfilecmtaimthemmberofnodesinthe
. System &5 'well as the constrained nodes.
. The first 1ine contains the mmber of nodes
-~ and the mumber'.of constrained nodes. Follwmg.
~that, each line contains an integer = =

for the node constrained and a cne -

RS or two character string The string
. contains one x for constraint in x
fdirectimandmeyfor corstramt

. _-ﬁL .
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' mnnbe.rofoonstrainedmdes

sf mgs

. X : ‘ .
5) file.trN - 'n'u.s contains the bomt!ary 'tzactions' applied
‘ ‘tothesystemfortheNthcverlay There MUST be o
a traction file for each.overlay even if it is just
one line. Eachlinecontainsanodenmnbe.rardthe .
. x and y tractions -applied. at. that node. '
‘format: ‘ .
node ‘ x_tractionl, y traction

o 6) file.laN - 'Ihis file contains triplets of nodes, for each
. eleuentthathasabo.nrﬁarywithatmction , : R
' applied. - This allows a parabolic distnhn:ion e
of the tractiocn along the element boundary. ' .
Eadurwoorrtaj.nsmemreebamdarynodes fort.he
boundary element.. - .

nodel - .node2 node3

o “format.

#incluie "math. h" '
“#include "stdio.h" ‘ ‘
#include "graphics.h" . .. : ‘ ; o ‘ "
#include "myhb h" S . ‘ S T
extern: int oldf:.le, : : DR ‘

v,,‘ mmmzs R,

L . . . %

double N(), 3acob1.rw(). o e NQ is the interpolation fn' */

" char istress; . S L ‘/* flag. for plane stress or strain. #/ v

- char f:.le[lOO], o v e T/0 file pames o o L ‘ */
char filenum{2]; - FEET ‘ ‘,/*mnnbe.rfor overlays Co */

‘float *nodecord; . - L S A wen '

' 'double TCr3)(3) = R B r S* elastiCity matrix moclified */‘
(10,1 A __/*laterdependn.ngonwhethe.r */

(L0, e I* plane stress or strain 74 -

:“ (0.0; T A A CR

extern unsigned maﬁrix,dlags, S -w/* paragraphs for stiffness‘.-*- o

K Cee e e /% patrix and dndex arrays o e/ 00 e

- -;/* use to form stress array' Ry AT R

o,o
.o‘,o.
0,1

Ol—‘

OOO

vvv
\5

.




. float’ *formoord () ;

U RRRARARARRRRANAR AR
* MAIN PROGRAM - #

ARNRRARAARRARRAARRA

- maif()

o

A
/.n

¢ .*/'

extern char file(); .

extern char filemm[2].

unsigned dim;

~unsigned fomt(), ,
double modulus, poisson;

tloat *thick; 5
float *displace; |

/*d.imisrnmberofNODES*/

Wi material constanm */
/* ooord.mate a.rray ard routme */

, /* poi.nter to displaqement vector */

/*-

- freeall(3072); *
- scx_setup() 7 n
. sex elx(); o oL
. SCT oolor(o, l).

- /* leave a large stack space */

*/

READ ‘nm andFORM sysm' 'op‘mJATI‘ NS

[

/* get hame of files for irpxt/out:put also ge'cs m.nnber of mt pomts */ ‘

getname().; :
strcpy(filenmn "1")

'/* get: ooorﬂinates of allthemdesammesize ofthesystem
A remrnspointertocordarray -
/* first element has; size of system

"‘ﬁfﬁ /* inttislize alobal matrix */ e

- nodecord ‘= fozmoord(),r K
dim**mdeoord, SO

initia.lize(d.im*Z) i

/*getbanﬂaryi:xfonnatim */ T -
/* partitlon constmined nodes

‘redirection data. . . - <
/* get angles for bandary transforms

partition();

 formwedir(); ¢ /% get-

fomtrans() i

- /* prepare. stiffness matrix
f.ozmtiﬂ(dim)«. ERRN

’-'/* maka’ Tom for foroe and dz.splaoement vectors always in use. */
LAt (:(displace ='calloc(2 * (diml);- sizeof(float))))( e
- printf("\n No xoom for displacement vectors")

eXitl(O) : FRER

".'v.. :

‘ -,‘-.*/,’ -
A
x/
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 ~ v m'xsz.gned iy
for (=0 1< dim * 4, iH‘)

T 144

X
/* make roam for thickness. vector KY,
" if (!(thick = calloc(dim+1, sizeof(float))))(

printf("\n Nomom for thickness Vector"), R ‘ ' ‘ -
e.)dtl(O)r o ‘ ‘ ' R e

/* . , R ! RN . ’ */ . o | ‘., ‘ “‘
/* for each cve.rlay, get thickness vector and add matricas to global 1'r/

wlule(formt(mick dim))( - /* gets thickness array */
‘ /* or returns zero if no file */

o

/* add force vector for this overlay L4
, load(displace, thick, dim); ‘
/* form glabal stiffness matrix */

L fornglob(nodeoord thick dim),‘ -

| ./* :anrement overlay pgmter */
filenum[O]H,

X Wis - ‘ — —— - : ~*/
' /* add nodal point -loads to load vector */ ‘ e
R pload(displace). o

- /* transform load vector */
) ,loadtzans(displace) PR

i"'/’v"‘tmdﬁﬁﬁs vector mt,needed niowes ke room for solver workspaoe */ o
‘ ‘free(mdeoord), ‘ . ‘ , | . o

~

SOLVE I-UR DISP.T.ACEMENI'S AND S'IRESSES

R . . . */‘ ““ ‘,’, -

. ./ solve for displacements */ ' - R
o solve(displace, 2 * d:un), [ /* solve.r is bound in and ‘can */_‘ A
SQ' clr(), e T /*bedirector itterative */ :

- /* 'adjust displacements for redirection L i/' e '. f
e v;,*wmed:n.r(displace), e e e T

"'../* transform displacements back */ v o
disptrans(d.isplace). A TR I

) ‘i-v_/* empty stiffness matrix to hold stms data */ e ’ |

stored(matrix 1, 0. 0),‘_; 5 g




mdeoord = formcord(), : /* returns. pointer to cord array *%
/* for each overlay form stress report. - */ : ,

. strepy(filemm, "1"); ‘ o ‘
- while(formt (0, dim))( C /* or returns zero if no flle */
. /* generate stress vectors L AR :

' formstrs(mdword displace, dim);

incranentoverlaypoumer*/ B
‘ filermm[O]H-, = .

‘\ o

}

/* print stress vectors ‘ */
prntstzs(dim displace) ;

/* end program 4/
edt(o);

( '**¥******%**************************

* EURMMA’I‘ERIALSTIFHESS'I’ENSOR *
‘ w0 formCC(E, ma) - ' o = , A
************************************ Y o */‘ §

formcr:(modulus, po:.sson)
'daublemodulus, poisson; ‘
extarndmble OC[3][3], Lo S L RPN .
~doubleoonst a,f‘

_AtypeEdetermi:xedbyistrss stressorstrain*/ b
/f now: generate [(CC] - . */
L ccm[z] = CC[l] [2] = m[2][0] &[2][1] 0. 0,

if (istms l') ( /*planestz;ess L I TR AL R
" const = m us /- (1.  ~ poisson * poisson); . . - e R
. CC[0]{0] "= CC[1][1] = Const; > . . L T T
“ec[oJ[1) = cc[1) (o] < poisson *-const; .
m[Z][Z]rconst* (10-poisson)/zo l Do | |
)else{ ST e
m'mdﬁlisﬂ/-, (10+poisson) *(lO-ZO*po:.sson)),
- OC[0][0] = CC[X][1] = const * (1.0 = pomson),_ R
°c[°][1]"¢c[l][°]" POiSSOl'l*OOnSt LT
£2]t2] ='const. * 0,5 (1 0 = z'-o‘* p01sson), EETE T

A




‘v***********i**********************ﬂ****‘ '
READ COORDINATES & RETURN POM'ER *
© coords =, formoord() S *
data format: . ‘ - *
mumber; of_nodes o ' *
node X_coord y_ooord *

***************************************

* % ¥ % »

‘-float *formoord() o : /* reads ooordmates of nod&s

. ( .
exte.rn char file(], ‘ ‘ : /* data file name
char cordfile[100]; ‘

msignedi,j,k,, R /*oamte.:s L

int input; /*-file specifier

.146

"float*nodeoord,, o /*pointertoooordmétearray / -
unsigred node, dim; . ‘ /* node mmber. read fram file */

strcat (cordfile, ",Od")‘;. :
scr. Clr()' [ Co
scr_rowcol (10, 20) ;

dim = 0; o

, dbublex,y,.‘r ‘ S ‘/*x,yooordinatereadfmnfile*/
o 'strq:y(oordfile, file); /* form. name of irqzut file

. ‘/* o '
OPEN INPUI‘ FIIE error chedcing mcluded ®x/

' ‘irxput open(oordfile, 3),
if (input < 1)(. : S
. printf("Carmot open ooordinate fJ.le "),~ :
GXitl(O)ivg . _— . '

N pi'intf( 'Read.mg coord.mate file: %s \n" ‘cordfile) ;
. /‘ — ‘ — ‘

. ,READDATA

fscznf(input "%u" &node.):‘ S
if(!node){ o
. pn.ntf("\n&'ror in ooordmate file")
B QXitl(O)l o H’ /7‘\m.‘ 4
') -f'. o g }:, RN
ser mwool(lz 20) o ‘ '
printf("N\.mxber of nodes %u" d.un) i

/* alloczte space for the. array . allocate ext:ra space’ for use in, solver: */ E
“if (1 (nodecord = calloc((dim + 1)*2; sizeof(ﬂcat))))( pr T A

'printf("\n No ‘rocm for ooord.mate array") H
exitl(O)._‘l. L _

) .
*nodeoord dim
/* read ooord.matas */

for (L=1;1 %= dims ) ( B
: fscanf(mput "%u%l?%l-‘" &node &x &y), SR IR

At ot > atm(

1
‘ R [
*/
*y
| Y
*/u
' */‘
[
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(. oo o 1"‘\v e "\ Lo . '
printf("\nNode larger than system 51ze - llne %u", 1) ;o
}
nodfe-z* (node), o VL T :
*(nodecord + node) =x; o o LT ST
. ‘*(mdecord+nede+1) =y, oo .
3 ! T : Lo L
ioldf.j-le =-99; | - - o [N
: retum(nodecord), a : ‘ s ‘ -
) ‘ . | W ’- ' “'. T ' : . - R "’ .- 4 ." e ' ‘ ‘. .' "_‘ . ‘4” B

L ‘,************ﬁ*******************************‘ Tyt

‘READNODALPIATE'IHIQ(M‘BSES
ermr=fonnt(thick dim)’

.datatormt. .
NOI'E cnlyvaryi.ngttﬁ.c}cmsesneedbe‘
' . entered; for cufistant thickness

enteronlyonemdalvalue;,n

********************ﬁ****************t******* “ ' */' ’

PR O iLSo
* O * R N NN k.

'msigned fonnt:(thick dim)" /* reads mat:e.r:ia:la constants “ */ R
float *thick; - = =~ = /* pointer‘tocodrdinate array, ko T
msigned dim. s VA mnnber of nodes x/ s

. ( ‘ ; " h ‘ "~“‘. O .t,-
exte.rn char file[], ' \’ ~
\ ,chartfile[lOO],.Hv Ch e e e T e

s‘t'.rq:y(ttile, file), o /* get name  of jnput flle */ LT ‘ S
. strcat(tfile, “.th") ; | TR DR
S j-strcat(tfile, filenum), /* add overlay mmxber /.‘ S S

scr mwcol(lo 20)._ R T e P ‘

input open(tfile, 0. Th ) ERAE
if(lnp-lt<1) t/* 1f'nosuchove.rlay */ . EATE R RS
return(0); <. - “/* return no overlay flag =« %/ ' . . ul REC SN
if(!(ﬂliék))( AT A “ifnothickn&es Vector S N T
close(i-nput)' ‘./* ¢lose the file L
oldfile = Q97 L ,,
O retum(:.). B [*f retum overlay flag

,' scr mvcol(lo, 20) » B




4

R TIE B YY)

' ”Jf‘ffor =0 1 <= dim; i++) /% empty thick #/
‘ *(tmck+i) =0; S ]

. ",;'wmle (fsca.nf(mput "%u%F" &j,_'&‘thck)' > 0) /* read tmdmesses */
. *(thlck+j) = thck; » T . ‘ o
C[”‘j-\—-o. DR e o
h‘,Whlle('*(thlck + j) && (j <= dlm)) /* seek to first nonzero t from start:
Vo “1f I3 > dlm)( < ‘ ‘
R pr].ntf(“\nNo ‘I‘ruckness m range"),
Cl()' ‘ ‘ ‘ ; . ‘ ‘
','_‘v‘return(b),, ‘ I ‘ o -

S for (;L-o, i<=dim 1++)1 /* £ill in'the'rest of thick. = */
- if(*(thick+i))l . R
o =i : *
EI ‘ *.(tluck«u) = *(tlmick+j)‘;'
“close(lnput) S S .
_oldfile = 99; . - .. . o S - E
return(l), o O Cs Lo e

°, BN
., . ts

, - T ***********************************
R i M R form;lob(coords thick,’ dm) S S
P T AR I SN in*********************************** e R 7 S a
] X T gy Lo \ . : . oy
t ST Lo . BT . . . Vo . . Lo ¥y

F . , . ,,‘.. .. o el PRI 1-
. S

fomglob(goczd tluck dim) T forns glogal stlffness matrix ‘and retur B
: mmberof elemerits .. .. .. */ ‘ L
float *&ord *tmck. /* x[d.l.m*z 3] is coordmate array /

elfJ.le[lOO], o o ' R ‘

: ,extm double CC()[]}; . .~ "'/* mate.nal stlffrms uat-_z-;x R A e
unsigned 'i; ii j,.e]mmber ,/*elmnnberlscamterforelements L7 TR L
~unsigned *elndde; . .1;/*pointertoa.rrayw1thelmtnode#s*/ , ‘

mtflag, rsmnf, jf R w/* flag and mnrbe.r of itens read */ o

double *elstiff. modu.lus, POJ.SSOn' L Ce IR
doubleteupl,taxxpz:. R ’ | ‘
dmble elstiff[136], UL R T L Y e




&

" stropy(elfile, file); B
. strcat(elfile, ".el"); . R . ‘ '
stxmt(elfile, f.ilem.nn) P A add overlay rnumber . */ Lo

“scrtooml(lOZO), S

- input open(elfile, 3): . ' ~ i . .

v Af (dnput < 0) (. S L
printf("(hnmt ‘find e.lemem: data file %c" e.lfile) P
mdtl(o), ‘ ‘

v . s A
/* ‘ ’ S — .

initgmph(ooord dim). s ‘
Cosam(l); | e SERRTI
- fscanf (input, "%u" &elmnnber), S .
U for (14 = 0; id <elmmber L5 L2 W AR ‘
‘ nscanf = fscanf (input, "%u%u%u%u%u%u%u%u%u%f‘%?" &flag, elnode elnode
elncdet2, . elnodei-3 elnode+s, elnodet5, elnode+6 elnoder? ' 0

&modulus, &poisson), e SRR

. if (nscanf < 0) (. ‘ ’ -

. prirttf("\nFewer e.lements in data file than spec1fied“) ;
‘ \brgak, o /* aterx:lexit loop */
) TR -
: (nscanf < 9ﬁ C

. printf ("\nl-h:mr in element data file, alement #%d" ‘ 1i),-‘@,,,,‘... e

e)d.tl(O): s o ) ) AT L

P o v u.. N S

"

ir(nscant>10)( L /*mmexeisanavnndulusg'#/‘ '
' fornm(mdmus, poxsson), o, T
-, Scr_roweol(24,0); - ‘ Lo e
prmtf("E = %—7 op Nu = %~5 2F ") moaxuus,;poissan):l*‘

scr mdcol(o, 34),

L

: e eldraw(o, coozd elnode), --‘:,' Py AT

/* rcm ‘alement stiffness matrix */ f AR :
" isoparm(coord, thick, elnode, oc elstlff), e
‘/* adjust elncde’ for assemble. */ _f B R
' for(i-0j=7.1<8. 1++,3-v)< B R
i *(elnode. +-2x+1). = *(elnode + J) # 250 T
*(elnode * 2%3) = *(e.lmde + j) *2.-

1:'-‘ e
/* adjustelnodefor txansformandassemble "'#/9. R O

trmzsfomeIMnatrix ifnecessary */ : LT
/* assqnble eletient matrix intol global matrlx */ wo 2

-/ assemble(elstiff; elhcde, -16), L :
‘,4i£(toup€le;(-é)&sts()) e 'E’m)( /* if them is an error */

el
T




. LI » [
3 . S .
0 N B 4
; - ~ Yo : \ . . 3 .
P ' . Co " v ) A s . , .
S N N . S C Ly T s
v T N . . " - ' o » . I ' \
Yoot V' o . - i LN in : V.
VAL i . ' 1 . . PN " . ™ .
Ao Yee . st o o , . . ) b . e
' L N “ : S . a A T ! . ! N
N SQ"‘(O)'. . <L : - | ' g
+ " ! ' —
\ \close(input); - .- LTI

oldﬁJ@ = 99 i

) ) - " B b . . . w’., i
,‘ scr clr(), S A ‘ - : o
- v 0
) s ‘ \\' Tt e ,‘ . " . L ‘-‘, '
' ' ‘ B Ly SRR \‘”‘ . \-,‘

L o S ‘ Wb

Lo LI ********t*******ﬁ*******************ﬁ ' ‘ “#
i ,"-,. . " R

‘ PARI’II‘IGNSTIFENI-BSM‘RD( s

L *********ﬁ***ﬁ**********************ﬁ/ .

il .

L part:.ticm() T partitlons sti,fﬁaes‘é. matrix */
"; -{ . BRI "" N, . N a I
R msxgnedi j,k n,rb,cinst; oo
-extern ynsigned diags; - . /* paragzamtodiagonals array. ) Coa e
. ”'intiﬂtm@():ilwt.ﬂ ' /*M()mﬁﬁm 7R SR
» d)arpartfilxﬁgc[)%' /* ' /; = 4, ()fil Sy M
e A name of ‘partition e ' * .
© char xy[5], T /* strmg that, tells 'if x and/or. *{
/* ypartitloned |
st:x:cpy(partfilé‘ file), . Wi, |

e strcat(partfile, ) sxc"),, ‘ i

@ , e
> mput oven(partfile, :3). O IR ‘
while {input = E:RR)( R oo
Ch L s elx() ‘ ERE SR
: scrmmol(lo 20)7 0 ®

3.

; " - printf("Camnot find. oonst:gnrt file - %s.;m file 4 ‘name: ", pa‘ftfifle- R
" o S@nf("%sn partfile) ‘e . , : Il o o C
R ) . inp.xt open(pa.rtfile 3), “ -, X -y

’ scr rmcol(lo 20)5 IR ™ L

pw:imf("\nmadjng oonstraint data file. %s\n',_ ‘.parcf_ﬁe)'; L
. X o ' ) y T . ‘,\1‘.. v .

} fscnnf(inp\.rt“'%u" &monst), . /*- -read mnnbe,xjvof-'@nsjtrain‘eqhmd'esf‘_*/"y AR
r for(1=0.i<nconst l-H-)( ‘ : . e ‘ . ‘
R fscanf(mput ' "Suis", &n, xy), /* read node arxidlrectlon / IR R

o

},v;..u ‘ni=2dmi-1; o il zwrnnnbe.r of. st:.ffn&ss matrix = %/ 0
' switch (taxpper(xy[O]))( : /% see if const.zained in x &/or ¥ 1'v/

- SR /* direction(s) */ :

AP T Lo /*or fu-st fortransformed */
storeu(dlags n, 0), -_ Co L e
St e ‘_"Y"” /* foryoonstramt or */, Ce e
‘ ' *'S"JW'-"'?‘ " /*secondnodeinalarmt ‘ ,/"
st:oreu(diags n+l 0), S N - SR
‘break;

Y \‘.,‘
et

j 31;'.-‘.":‘, SRR o /* if both dlsplacemem:s at node L4 S ‘
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stoteix(ﬁiégs, ‘n,_ 0):

storeu(diags, n+1,
break ,

.) ! ‘ ‘l
)
close(input) ;

_oldfile = 99;
scr_clr()
return;

)

0); -

o/

* FORM
X FOR A GIVEN
.o

formtrs(ooord disp, dim)

float *disp;
float *coord.

unsigned dim;

'.'(

‘extern char file[] .

extern char filemm(];

extern unsigned mtrix,

extern double ntcf{l(2);

extern double CC[3](3];
int imput, t, flag, nscanf;
unsigned i, i4, 3, k, m, p, q, nel
unsigned sigx, sigy, sigxy, sign;
double const, mcdulua, i%m
double L, xx, yy:
double *stresst, *st, *L1d,
double sig(3]:

char elfile[100);
‘static char extin(4] = ".el";
~unSignej eandB[B], L
- double epsilon(2)(2);

- int b;ode[;iltzl (-
1, 0},
1, -1},
o,
-1, .
=1, 0}, .
=1, 1), '

d O

):
dauble le[lO].
*dcuble _stresst([75];

ﬂﬂah’*mﬂ
-,
—~
-

Ve M
****ﬁn**m‘***a**

*14;

/* derivatives wrt x top row */

(cooxddispdim) *

Q***”***'h**Qﬁ"**ﬁ****ﬁt*********i******/

Re ]

/* displacement vector */

. TN

/* stiffress matrix and index */ .

/* paras for x, ”y,l shear stress */ .

-

‘ /‘: irq:m: file extensmn */

A )

)

/.L
»Gsrwcmcnnvacnms

*/
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' sigx = matrix; /* paragraphs for stress vectors */
slgy = matrix + (dim+6) / 2; . ‘
sigxy = matrix + 2 * ((dim+6) / 2);
sign = matrix + 3 * ((dim+6) / 2);

* AW
PREPARE FILES FOR I/0O c */

strepy (elfile, file);
- strcat{elfile, extin); )

strcat(elfile, filemm); /* add overlay extension 4

input = open(elfile, 3); . o o :

while (input == ERR) (

printf("@nnot find element data file - $s. Enter file name: ", elfile

scanf ("$s",elfile); . ,
input = cpen(elfile, 3);

}

scr_clx() ;
/* :
REAB ELEMENT DATA AND PRDHJCE SI‘RE‘SS RESULTS _ */
ii = 0; '
fscanf (input, "$u", &nel); ' -
scr_rowcol(10, 1); - - ‘ ‘ - ¢
printf("element:"); . *
for (ii = 0; ii < nel; 1i++)(
nscanf = (input, "futututututututuiusFire, &flag, elnode elnode
elnodet?2, 3, elnodet+d, elnodetS, elnodeo»s elnode+7, P

&nodulus, &poisson).

if (nscanf < 1){ "
printf("\nFewer elements than specified in elgment data file. ") ;
break; .

: I /*atendexitloq:*/f
} ‘ .
"if (nscanf < 9)( < . -
printf("\nError in element data file; element #%d" i) ;
exit(0):
).
it (nscanf>10)( /*ifthereisanewnodulus */

formCC (modulus, poisson) ;
scr_rowcol (24,0) ; , n . .
printf("E = %-7. OF M= %-5 2F " modulus, poisson) ;
) , o
scr_roweol (10,10) ;
printf (@$-4a\n", ii+l);

scr_clrl(): _
st = gtresst} ' /* start of stress matrix */
for (i=0; i < nint; i) - /* form strain matrix »/

for( j = 0; j- < nint; j4+){ /* at each gauss point */

formeps(disp, elnode, coord, ntc(nintt + i][O],
- rte(nintt + j](0]} epmlon).
J* form strain matrix */ .

/* calculate str&ssa at the gauss point ¥/
' ’*(.st ) = OC[O]tO] * epsilon[O][O] + 00[0][1] * epsilonrl][l

-
ht)

P

e



It

S a(st + 1) = CC(1)(0) epsilon(0}(0) + CC{1)(1].* epsilon(1)(1’
*(st + 2) = cC(2]{2] * (epsilon(0](1] + epsilon(1](0]);
— . T gt 4= 3;

)
) /* stresses have been calculated at each gauss point */
/*getstress&satthemandave.mgeinwimmgglcbal node values */
for (1 =0; 1 <8; i+)( . /* for each node */ :
for (3 = 0; § < nint; J++){ /* form 1-D lagr. interp. */
Id = (Lad + 2 *» §);" '
*(ILd) = *(Id + 1) = 1.0;
for (k = 0; k < nint; k++)(
i€ (k 1= 9)¢ | . :
~ *(1d ) *= (ntc(nintt + k) (0] - inocde(i)(0]) / ‘
/* X interpolation %/ (ntc(nintt + k}(0] - nte(nintt + j)(0]);
' *(Id + 1) *= (ntc(nintt + k)([0] - inode(i)(1)) /
/*'Y interpolation */ (ntc(nintt + k}[0) - ntc(nintt + 3ico)) ;-
) I ! .

) L ' ‘
) /* interpolation values have been cralcv.llat:e:d| for node */

st = stresst; ) . o
sig(0] = sig(1] = sig[2] = 0.0; /* X, Yy, "and shedr stress #/
for (J = 0; j < nint; j++)( /* for the node ' */
for (k = 0; k < nint; k#+)( /* calc stresses @ node */
L=*(Lld+2*7) **Lld+2*k+1); -
for (m = 0; m < 3; m++)( ‘ L
sig(m] += #st % L;

st++;
) Yoo S
) . /* stresses have been calculated at the node - x/
P = *(elnode + 1i); /* node mmber */ v
‘q' = valu(sign, p) + 1; . : /* nuber for average */

storeu(sign, p, q); :
stored(sigx, p, ((q-1) * vald(sigx, p) + sig(0])/q);
stored(sigy, p, ((q-1) * vald(sigy, p) + sig(1])/q):

- stored(sigxy, p, ((q-1) * vald(sigxy, p) + sig{2))/q); .

) /* end of 1éop for one node ®/
} , + /* end loop forvne element = A/
. _Close(input) ; o ,
_oldfile = 99; '
scr_clr();
return; -
} o !
VA ° =

***************************
* ' PRINT STRESS VECTORS  *
, * prntstrs(dim) - .

s ‘ . ****ﬁ************************/
. pentstrs(dim, displace) :

unsigned dim;

float *displace;

{ -
int i, cutput;
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char outfile(100]; N

static char extout(5) = ".ot"; /* output file extension #/
extern unsigned matrix; SRR o ‘
unsigned sigx, sigy, sigxy, sign:

sigx = matrix; /* paragraphs for stress vectors  #/
sigy = matrix + (dim+6) / 2; - o ' ‘
sigxy = matrix + 2 * ((dim+6) / 2); b

sign = matrix + 3 * ((Qim6) / 2);

» strepy (outfile, file);
. strcat(outfile, extout);

- while (! (ocutput = Creat(autfile))) ‘
printf("\n cannot open %s", outfile); N
PEintf("\n Press &> to exit, any other to try again");
if((a = ci()) == ‘e’ || a = 'E') ' '

- exitl(0); . '
} :
printf("Writing to output file: 3s", outfile);

for (i = 1; 1 <= dim; i++)( | ‘ ‘
if(valu(sign, 1)){ /* if there were any stresses at this node */
fprintf(output, "$5d%15.6E%15.6E815.6E\n", i, vald(sigx, i),
- : vald(sigy, 1), vald(sigxy, i));

Q

) _
} : . .
close(output) ; ' J ' !
_oldfile = 99;

output = creat("disp"); ‘ ' S '
for (1 = 1; i <= dim; i++) , o o
fprintf(output, "$5d%15.4E315.4E%45.4E\n", i, *(displace+2#i-1),
: oo - *(displacet+2*i), 0.0); .

. close(output) ;

_oldfile = 99; L . ‘ .
) R ‘ .
e e — - —
o RRBRARARARAARRR AR AR A AR R AhR .
. % | ENTER FIIE * T
;o ge . * S i .
: . *************l:***u***u*‘ . TR /
" getname() e . /,-’ : '
‘ char file(}; - A
extern char istress; / . .
extern int nint, nintt; /. 7
extern double ntc(][2]: Q . ‘/,/'

‘scr_:mbbi(lo, 10); \\f"’



printt("a'xter nama of input f.ne.s ").;

scanf ("3s", file);

‘scr _rowool (12, 10). '
printf("Enter <1> for plane stress or <0> for plane strain "y;

.whila (((istmsa = ci()) i= '9') && (istress != -1.))

H

‘scr »_rowcol (14, 10).
printf("Enter mmber of integration points - (2 to 4)")
while((nint = ci() - 'o

;

<2||nint>4)

. _‘/L.

*/

.‘ ‘ mt(n)l o

scr_clr() ;
switch (nint) (
case 2: ’
nintt = 0;
break; '
case 3:
‘ nintt = 2;
. break;
case 4: :
nintt = 5;
. break; ' -
)
return; y
r). 1
******ﬁ******i***********************
*  INETGER COMPARISCN FUNCTION  »
* test = intamp(di,3) . *
*if i> 3 ~—> test >0 *
************************************* :
) Y
int im:axp(i j) VA4 campares. ints i amd j for qsort'*/
int *i, *5; . )
( -
. mturn(*i - *j) F
)
oin ;
) ************************************* )
. -* " EXIT ROUTINE THAT FIXES SCREEN. *
fL********ﬁ*****;***f*****_*f********j***/‘ :
exitl(n) : o : »
int n; - L
L scraen(O) 2 S .
scr o.zrson() : e
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" FIIE : FINELL.C #/ | o \
VA © ROUTINES, FCR OBLIQUE BOUNDARIES -

P d ’ : ) - I 0
. . a) -Read redirection information with fonm:'edir() )
" Then any reference to a given node will:be’ : T
‘ redirected to that which is specified. \J o

b) Read boundary transformations with formtrans(). = .
- When elements are transformed, fizst displaoement
4 . is parallel to angle. ‘ ‘ L‘
L0

c) When forminhg each element, theeleme.nt stiffness \

. matrix is formed as usual, then rednode(elnode) is called
to adjust elnode for redirect.ion, then eltrans(elmatrix,

. elnode) iscalledtottansformtheelement then the .

‘1 element stiffness mtrixisassembledintotheglobal
matrixasusual , ‘

d) Onoe the global stiffness mat:rix and load vect:or
are formed, the load matrix is transformed using
loadtxans(load) a ‘ .

.) Nwthesystemofequationsaresolvedforthedisp— :
placentms and then displacements cammon to more than
cne node are assigned properly using um:edir(disp)

f) Finally the displaceme.rrts are transfomed back using
o disptrans(disp) ‘Nwthestmsamnbefomﬂas

before. ‘
*/ :
" struct ‘trans {
unsigned node;
float angle.
staticstmcttrars*tzansform, ; /*nodetransfomarray SO T

static migr)edt:ansm /*mzmberofmdesu'a.nsformed /-,_,
extern. char file(]; i RN I
'e>¢emm>signédd1ags. - -

extemint oldfile,

A e

o *************************************i******* VRS
'-*‘ ‘GET ANGLES FORBI)NDARY'IRANSPOR‘!A’.I‘IONS *
******************n***********************u/

c fonlrtra.ns()
{

156



unsigned i, J, node. n;
float angle; . ' ‘ B
static char infile[ZO]. ~ /* file for input */

! double Pi()e ' ‘ L o ‘ ‘
strcpy(infile, file), ‘

strcat(infue, ".tns") ;

if ((input cpen(inﬁ.le 0)) == 0)(/* if ‘there are no nodes to be trans*/ ‘
transfn = 0; ' | ‘ R
ret:urnr ‘.

printf("\nReading Transformation File %s", ihfi'le).;" '

focanf(input, "8u", Stransfn); .  /* read mumber to be transformeds/
Af (ltranstn) ' S . ‘ . o
return. ,

if(!(tramfom calloc(tn:ansfn sizeof(stzuct tzans))))( :
print.f("\nNo room for tranformation array"); - ‘
3 )‘ ) .

‘n =0y ' C . |
for(i = 0; i<txans£n. i++) ( - : S
if('tscanf (input "%u%f" &node &angle)) . /* get node and angle */ :
break; :

for (j-o.j <radirn YO : /*checkforredlrectmn*/ )
if (node == (*(redir+2*j)+l)/2)( . /* if there is redirect */
- node = (*(rvedir + 2*j+1)+1)/2. /* t:'ansforxn node rechr */
. for (3 = o. j <= n; j-H-) ' | " /% make sure o dupi'iéates %y |
-1f (node-h (tx-arsform+j)->mde)( Lo IR
. R ‘; 0; o o
S

i (ncde)t /*1ftherewasnored1r*/:

o (transfomi)->node node ‘ /* assign'node and - */ |
o (transfom+i)->angle = pl() * angle / 180 o./* angle in radlans */ o
transf.om = realloc(transfom, n*sizeof(stmdt trans)) H o
n'ansm-n._if R , T
oldrne-ss. D L P L
S T ***************************** ot e




{

“staticcharinfile[m].‘ o
extarn unsigned diags;

e 1s8

**************‘*ﬁ****i*******-ﬁ/

urisignedi j,ﬂinput: ‘n, nl, n2,.

',stat.jl.ccharstab.zs[m],‘ o /*statusdmmctertoseewhat*/

' '1f(!(red.i.r mlloc(redirn*t& sizeof(\msigned))))(

" for . (i-d. i<redirn i-H-)(

/*getslinkedtogemer R A ‘
/*b both lf-first*s’-'secorxl T

_strcpy(infile,\file), -. Loy
_strcat(infile, " J:'ed") A L

' .’mput = open(infile, 0),

-

(input==g)( [ ‘ ,

) | . -
: prJ.m:f( \nRea.dirg Redirection Fhe $sY, infile) H

” f,g-fscan:(input "%u"‘ &redirn).. , /* get number of linked nodes .;»/ ‘
: vif(!redirn) o

returm_

prirrtf("\nNo roam for redirection array"),

n ﬂ 0,
s if(!fsw‘tf(mp\m "%u%u%s" &nl, &nz status))
‘break; *

- sw:.tch (tt?lBI['Dper(*status))( g O I i
. *(redir+n) =.2wmi-1; T S e T
co W (redirtntl)sm 24m2-1; . ' ‘
' . *(W’H‘Z) =2%);
© %(redirint3) = 2#n2; ,
'+ storeu(diags, ‘24m1-1, 0).
'storeu(diags, 2*n1, 0), o
CDdemgy
fbm.k,‘; ’ , . ‘ - .
oy *(redir+n) = 2*nl-1, N L L T
o *(redimm—l) "2*!‘121-1, D ,' . L R A
store.x(diags 2*n1-1 0)
n -P- 2, e :
.,*(redirm) = z*nl, TR ST
co % (redirentl) = 2%2; S
AR s‘wxw(diags z*nl, °)'"-'.l“ S
n.*. 2' .4: N r=s :
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printf ("\nF.‘rror in redirection data.") ;
ex1t1(0) HE .

if('(redir realloc(redir 4*redim)))( ‘

‘ prim:f("\nfh:mr in reallocation in fomtredzr") K
e)dtl()l Y o

)

close(inp.xt), o
-oldfile = 99;
) ‘ >« . B “ o Kl i ' . .
' L . “***********************t*******iﬁ****' ' ’ ' : " ! L j‘.,‘

Lo ADJUSTEDDDEFORREDD'\'ECI’IGJ -* Co ‘
‘ . ******i****************************t*/ Y - ‘ o
rednoda(elnode) » : /*usee.‘!nodeadjustedtols unsigned elennents */
unsigned *elnode /*init o ‘ */

if (!redim) © ' /*'if there is'no redirection‘ NS

@

: »_for(i-O.i<16, i-H-) AR /*foreachelmde .7 A
for(j-o.‘j<redi.m,j++) ' . /* check each row of redir * ,

if (*(elnocde + i) == *(redir +. 2%j)) {/* if this is redirected . */

*(elnode+ i) = *(z'ed.ir+2*j+l), /* setredirectednode kS

. L . . . . e .
L . B . . AR .
'y : X co Vo . .
. : oL N P . . . .

**************************************** / A

eltram(almatrix elmde) ‘ ‘ AR
*elncde; /*elmdehasbeenadjustedtolsamiredirected*/
; dmble*e.‘!mtrix. /* eJmtr:!x is stored in lower triangular form */, e

. statie float angles[SJ. L ' h S

- oo statie double ut(8j; .. /% upper t::iangular elements lost: J.n trans */» RO
~‘double templ, temp2, angle, S AL

... unsigned m1, m2; - . /* pointerstostartofmpa:.rs ';, "--~*/j,.~ L
dG.lble sin(), ms(), \ ; . R n :‘ B

-i};:“f".if (!trarsﬂ\) o /* if no nod&s m:ansformed "r/




: . 1’ ] o ) ”' e . ‘ . SR
*(anglw»:y = 0. o, L " /% clear a‘ngles'*/‘
a . for (i=0. 1<16, iH-)( | - /* for eachnodeinelnode 4
o for (=05 3 < t.ransfn. j«++)( - /* check all nodes for transf ' %/
Loy if ((*(elnodet+i)+1)/2 = (txansfomj)»node)( : IS
c *(angla + i/2) = (tmnsfomo—j)»angle. ‘

v-'ﬂ_‘)."""‘ o 'n\‘ : ‘ ‘ ‘
IR e : KRR g'/* anglahasbeenformed VA

S . ... /% nowdo [T}(K] ' R4
"ml=0 m2=-1, : o . /* start of imtansecondrws*/
for(i-b i<s8; i++)( - , '/* for each pair of rows %/
' *(ut+i) = *(elmtrimmz+2*1), ... /* set lost Upper element - #/
if (angle = *(angles + 1)) ( - ©t/* if this row is transformed = */
for(j==0,j<==2*i. j+-+)( _/*menforeachcolmmj.nrws*/
o templ = *(elmatrixtml+j); - /+ mist keep values: in colums . */ B
tefp2 = *(elmatrixtm2+j); . /% then assign new values TRy A
*(elnau'ix+m1+j),_\é cos(angle) *'templ + sin(angle) -* temp2; .
*(elmau'iwm%k cos(anglex *, tempz - sin(angle) * templ. L
e templ = temp2;” . - T ‘/* ‘r‘eady;f diagonal element in*/ R
e U temp2 = *(e.lmtrix+m2+j), o /* second kgwAng~lost upper; W
S ©*(ut+i) = cos(angle) * templ + sin(angle) * Kemp2; ° s
- *(elmu'ix+m2+j) = cos(ang;e) * tempz - oi angle) * templ'
S m 4#.-4*1,"":4-3: S ‘ &5 next mi?bau Yo |
e M2 Tte4dd ok 5p LT o '?1“
MLA0pc i T g /* sett°p Of columm: i, */ .
for (4 =07, i < 8. Jd-i-)( © +..A* for each colum . pair .. - AR
J,f (angle = *(angles + 1))( /* if-this was a- transformed Col*/ = .

. ‘ *(elmatrim-ml) = *(elmatrlx+m1) *cos(angle) + *(ut+i) e sin(angle),
S '4 ;;'; _- M2 A 07 - A }:nitialize offset from chag '*/
SRR for (j=2*i+l, j$16. j++-)( /* for::'estofrmmcoltmm /
‘°_..‘1_' -t .: “ s ‘M2 e j, R et ‘.-,‘ F

Ce i, .‘étempla *(elmatrmm+m2). PRI

C,. temp2 = % (elnatrix+ml+m+1) . R N
1*(elmatzix+ml+m2) = templ* (angle) + taupz*sin(
i "-'*(elmtrix+m1-m2+1) tempz*oos(arigle) - - ten l*sin(a.ngl‘
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’ﬂoat: *1oad; R R e
\msigned i, Lo I DR o , ~ T
- ‘ﬂoat D, angle, t‘:emp; . " Y .

. “"‘for (1-0, i<redirn i4+) : /* firstredirectloads f"'*/,‘
| *(load + *(redjr+2*i+1)) e *(load + *(nedirrz*i)) ;o Cot

o ‘it('tramm) R . /* J.fmtransfonnatlons' */
: -return; o . /% retun - N %%

'for (i =07 i< transfn; i-H-)( /* transform loads at nodes _*/’
p=(load + 2 * ((txar:sform+i)—>node)-l), , R
angle = (transfomi)->angle. R IR _' AR ‘ )
temp.= *p; | . o Co f
D= *p*eos(angle)+*(p+l) *sin(angle),, s N
o ®(ptl) = -temp * sin(angle) + *(pi-l) * cos(angle), . L ‘L:J N ‘
RS S N o At

-

[

' ‘******‘**'*'*********t**a**q**************************** .
* 'IBANSPURM DISPIACEMENT VECTOR BACK (T)inv{X] *

.. ****************************************************

float*d.isp )

R |
' ,.‘ unsigned i j, offset;
~float® *p, angle, tgup;

.i.f. (!transtn) o e L /* if no tzansformatlons S AN Q‘\ o L
for (i-o,i<transfn, i'H-){ .
: p-(disp+2*(mmfom+i)->mde-l), SR S .
angle- (tz'anst’ormf-i)—>angle, g R L e
’7-.11"5" . *P *P * 006(31'1913) - *(P*l) * sin(angle), oo e T T
‘- *(p+1) mtemp *,sin(angle) + r(pi-l) * cos(angle). ' S
. .' for (3 =0; 3<m j =Y /* transform redlrected palrs*-‘ C
Vo rst: recti pairmatches ‘transformed load ST /N
*(Te ‘2*j+1) -2 % (transfornﬁ-:.)->mde = 1)( ' o
.;.iji(d.iSp +. *(rediri-Z*j)),.;g: /* f:md which was redlrect / o

B! angle) - *(ptl) * sinangle)s. . . o
. p+1) - tenp *. sin(angle) + ¥ (DFL) * cos(angle) LT
(;(redir*z*j) AL - *(red:.r+2*j+2))/* don't transform;[ /AT
j‘.‘/**else if second dn. redirected pa:.r matchns transformed load R A

) else’if (*(red:l.r+2*j+1) -2 . (trarsfonn-i-i)»node)( L

p= (disp + *(redir+2*j) )7 /% £ird vhich vas. red.lrect */g

“e(pHl) * sin(angle);

" temp sintangle) + 2B -‘*,g-eoos<ar'g1e>. R
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*****’**i*****tfi***i*fi*********'***** ‘
*  UNREDIRECT DISPIACEMENT VECTOR # ‘ . ‘ ‘
*******ﬁ****f**********i*ﬁ*******ﬁ*‘**/. - o ) '}
: unred.lr(disp) ‘ s
. 'float *disp; D :
1 S
unsigned 1, *m;

.

if (tredirm) . . /* if no redirections Y
= roti; 5 | | |
for(1-0,i<redirn i++ m¢-2) o : o . o

*(disp+ *m) =*(disp+*(m+1))' R B , . o P

N

fr—— — ———
FIND'IHEn"DIOCnJRB{CERﬂ)mmNGDE , */
.,ﬁunsignedbac}cred(mde n) o , Co e ‘

(. .
msignedi==0. T /*imiexforrednode ; o
“mslgnedval . /*valutoberetumed . Cw

if (!n) ) if lookirg for ze.rothow.trence .
.+ retarn(0); . /*notdefined R VAR
for(i=0,1<redirn&&n.i++) /*gomruredj.rectednodesonce L
R (*(red:l.r+2*1+1) =-node){/* ifﬂﬁsr;odered.lrectedtonode J*/

e .4 .. [/*decrement n = . */
| m,val=*£iir+2*i), S st thevalue Lo

if (!n) o | LR S fom'r:lt'he m:hoccurence ' */
mun:ncval), . /*returntheprt:permde M

retm'n(O), /* ifmtfo.n'dreumnzero B2

S 4
" [
[ =
o <«
> . N e
. E -
3 .
i
v R
! ‘.




R DU o | les

YA

|/ stitf matrix, disgonal mumers - 4
‘“"519"9‘1 v?!l-"-f-’u(). bac)cred(),, ‘ _ ‘ tagonal, e
extern int _oldfile; R - . S

.
SRR mmxzsmmmnc : b . R VA
‘initialize(dim)" - /* initializes.matrix */ , !
;migned'dvim; S /*dimimofmatnx*/ e T G
€ - 0 o C ‘
| E;nedi. , /*camterandpa.rtitionrnmber*/

sym()' ‘M()I ayail,

- 161 * (sysuem() * 641 ~ shmds() - OxJ.OOO)/Gl;,. ‘

—= dim/3 + 5; - /* availbl matrix space *x/
, "d.iags ext:alloc((long)dim * 21); - /* get diagonals array - - ok
o matyix = = extalloc((long)avail * 61); - Y stifﬁms matrix o

+ if(imatrix || ldiags){ \ ,

. printf("\nNo roam for matmx ")J ‘

. ) N ! ' ! ' o
o stom(diags 0, availy;’ - /* store avaj:lable structures < in dJags */'
- for(i-l.i«dim i) /*stommx—partitionedflag « */
s stozm(diags i, 1); o R '

TEmi L pwemallreaytoge

Pazpmsxmnrssm'mnc ‘ v
““ln}s". dim'." o ““ /* diﬂEnSionofsystan . “‘,*/‘“‘.v‘ "" '

oomsigned d, 3,k Lom n: g comters. )
... . unsigned nel, nell;. = . o ¢ ‘."/*el = el :Lnfj_le /

- unsigned diag; -~ . " '/* s&ucmre for diagomﬂ. valug Ay i
" 'unsigned fnode, nred; . L /* node: to.search, redirectedv# *; ”
S unsigned: *el.node *mds, o e.l Y

. static-unsigned. tnoda[)_sy S ement node’ mmbe_rs P
. mmelgned top = 1i L :~:;'v"”/*tcpof.’matri>‘<stack */
. »__,st:aticdnrmdefile[IOO].v v.;_:"-'/*nameofnodefila S

sta.iqdnr filenum[3] = uon o /* J,ay at l ‘j */" L
- et dqd\armtile[}, ;oo e /% model file' names TAREERSE
g»;-static ° row[100], e /* 2 ‘ storage for a :w *[ po

o /* initlalize number of element */,:"'”I'u.f"- LT



‘ for (j = 0; j < upper' J-H-)( /* lock for row in eachnode iy -

BN 2
v

164 °
L =9=0; ‘ .. A* set counters ‘ owy R
whne O " ‘ - /% gtart loop to read nodes .. /. .
‘ (*filermm)ﬁ, ‘ C /* get next overlay ; .~/

' stxcpy (nodefile, file) ;oo /* .Ccopy "£ilename’ to nodefile - */ ..
strcat (nodefile, ".el™); { © /* add extension” - . LV AN
strcat (nodefile, filermm) ; /* add overlay riumber S 74 o
if. ((inp:t cpen(nodefile 0)) < 1) /* if mo such file- oy

reak; ’ /* egqt lcx)p . . o® */‘
: 'printf("\nReadlng cverlay %s " nodefile), . ' L b

" .fscanf (input, "%u®, &nell) ; . /* get numberof elenents 72 =
‘printf("\n Elements ln flle = %u" nell);. S < ) B

- 1= nel; , . : ' /* start of elxmde for f11e RE
nel += nell; ‘ /* new mmber of elements. = - &/

‘,elnode realloc(elnode 16 * ne.l), /* reaéloc elnode for new file 74

1f (lelncde)( ) - ‘ :
printf("\nNo room for ") L - . ‘ a
for (; { < nel; i+ ( B /* for each element in file Y, v
, nodes = elnode + 8 * i /getpointertonextelement 72N
} fscanf(input "$Sutututututusututus*FE*F", &node, nodes, nodes+1, 1.
o 3, nodaﬂ nodes+5 nbdes+6 ‘nodes+7) ;
for (k = 05 k < 8; k) - c;%ck for errors ‘ : */
1£¢ (*(nodes+k) > d1m) ¥ (‘*(nod&sﬂc) <" " '
printf("\nExror in is. Element %u"‘ nodefile, node) :
printf("\n%u LU TR CTRE W U _*(nod%ﬂc—l), o
.k, *(nodes+k), k+1, *( k+l)), ‘ ‘ "
' ‘ e)d.tl(o) r - ) g f <o ‘ ' L. t‘
, . ) P . b ) . ‘ Lo . .
close (input) ; s \ . /* close this overlay fille x/
= oldfile - 99;* “ o / : I ‘
/ : ‘/*‘nod&s'are'a'll read. RS e
‘ -printf("\n\nr"orming matrix. "),/ S o
printf ("\nMatrix structures a\;allable - %u" valu(diags 0)), . A
. upper =nel * 8 . A .+ /% last node mmber in elnode < a7 ¢
‘for (i = 1; 1 <= 2*dim; 1++)/( : /’ilr for eac?n Tow of matrix -~ '?/ AR
scr; ~_rowcol (24, 5); ,,/ :.,, ; " Lo o . o '
prmtf("%-Su" iyi. oo «,ﬂ . ' '
(lvalu(diags, 1)) R /* 1f pa.rtit:.oned Tow ' ! */

/*eonti.mxewlthnextrw AR

- m(diagsr i,. dla?) ‘ /* e.lse Store t:op in, diag ‘7" ay PR
. storefu(diag, top -~ diag)' . :.//* store mmber of elements in’ row %/

. foode = (iHl)/2; . ~/* fnode 1s the fode to lookitor . 4/
"»",-'.andﬂl., T .'m /*nmberofmd&sredirect:edtoz*-“f/;, IR
SRR - - ' o ‘ ° /* start- looking for node . B A

(*(elnodef-]) = fricde) ( . /* if node is.fourd in- element"ﬁ/‘ Y
for (nodes. = elncde +. j-j%a, k= o, X < 8; k-H»)( R
., toodes[24K] = 2 * *(nodestk). = i /rget element M

tnodes[2*k+l] 2 * *(nodas*-k), y /* global # s /‘
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0 %
- rednode (tnodes) ;, _ /* do reassigrments */
© for (k = 0; k'<116; k) (
. . if ((1 = tnodes(k]) > i&& I£indij (41, 1) !

&&/ valu(diags, )¢ /* ifinuppex;tnaxﬁpotpan*/
- storefu(top++, 1); /* store j index */
.storem(diag,top diag) i/* storemmtberinrw*/

)
if (top == valu(diags’ 0))( /* 1f out of matrlx sp
. f printf("\nout of matrix spaoe") _ :
exitl(0); . ' T

1odb until no more, Ao
) whﬁ.e - (backred(i nsﬂ)ﬂ)ﬂ), /* redinactions to i© oy
/*d.iag - Valu‘( gS, i) H Vo )

- printf ("\n\nrow; %u" *1); : , e

printf("* mm valtu(diag)) ; '

1

for (3 = 1; § < valm(diag). =) -t .
Printf ("%5u", valm(diagi-j)) */ ' _
) ' o '
. printf("\mfatrix st.ruct:\xeg usad %u.", top) ;
ci(z . /
- il free(elnode))( /* release storage for later  /
. pats("cannot  free elmde in formstlff") ; : o .
. exitl(O), , . w A
) . « 7 . . N . Tla ; )
(L= 0; i< top: i++) o /* zero out stiffness tatdix . /-
) storetd(i 10.0); L T ,
) | .‘, K l . .' ’ . ‘ ) " 1"
s'mxcmm: mR T, :,r . - o */
unsigned find.tj(i j) : . LT U
unsigned 1, 3; - .. $. IR I . '
unsignedk 1 w* e i : ' : e,

exte.munsxgned matrix diags e f R

| if (tvalu(diags, i4) ° ll Lvalu(diaqs :i)) o/ 1r; pa.rbitioned row, oolumn' ey
Co retum(O),__\ : ‘ S

Y *
[

if <P :*_ 4 if czlleir wants’ it fram: u;per tnangle' */
k= va,lucdiagq, i), .+ /* get didgonal element */ E
for I'=d; 1'¢ va.lfu(k) ; 1-H») S check each cne after for match *

e L if (valfaqerl) me3) - “7s if match wes fousr s oy
. S -rettm()«-), .- /* return the structure mumber */ :
; J.f (i - j) ECRNA T ""A,"'~ ' o -
: mt:um(valu(diags 1)), /* retu.rn value f‘rcm diagonal array */\
g i ¥ j)( /* i cu’ller wants e],ane.nt in lower tri A ,’ -
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k = valu(diags, j); /* get diagonal element ‘ */ 0
. Jfor (1 =1; 1 < valfu(k); l++) ' ' [
if (valfu(ktl) = i) '
return(k+l) ;
) . .
return(0); . . e /* print mess, return zero */

LY

; ***#***********'k*ﬁﬁi*****##ﬁﬁ****ﬁ*ﬁ*ﬁ*******

*
*
s . l
v g *  assemble(elmatrix, node mumbers, eldim)
**ﬁ*%*********i******ﬁ***i******************ﬁ/ . '
assemble(elmatr‘ix, glbnode, ‘dim) ' /* assembles element #*/ . )
Lo : TT ' s/% stiffness matrix into glabal */
" /* elmatrix in lower triangle "/

unsigned dim; /* dimension of element matrix */
double *elmatrix; /* contains element stiffness matrix*/
unsigned *glbnode; /* contains nodes for element */ . R
Ki , : ' ‘ o )
unsigned 1, Y, k, 1, n; - °
unsigned £indty(); " / L |
for (1= 0; i <d&im; i+H)( . /% for each row of element */ .
far (j = 0; J <= i; j+)( /* for each colum in element */ " -
Xk = *(glbnodeti) ; /* first ndex for global */ o
1 = #(glbnode+y); /* second ndex” for global %/ \
‘if(valu(diags, k) && valu(diags, 1))( /* if not partitioned */
: if (n = findij(k, 1)) /* get matyix number */
. addfd(n, *elmatrix); - * add value from element %/ -
. else . T /* print mess if not found */
0 printf("\nCammot find Aftu, w)®, k, 1); ' .
v ) . R ] . ) . N
. ‘ ‘&].m't'riﬁﬁ H ' ‘. . I . !
‘ ) L o -
. } . \ * s
» return; ‘ : . K -
- : ) . 3
C, s ‘ |
z: e R
o ..w‘ - & \ ) : -
- Pyt R o . " Lt “‘:
: e, EANE LN ' E— :

oo
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. !
FILE : LOAD.C */

/* .

*ﬁ‘i*i******i***t**ﬁ**ﬁ********************ii '

» .. Finite Element Routine *

*  Two Dimensional Stress Analysis *

* ‘Plane Stress - Plane Strain *

* ' Load vector generation program *
*#hi****'*?** , RNANRRANR
* Input is in three parts:: R
» 1). nodecrd - has coordinates for each node its - *
8 . : first line has the mmber of nodes *
" 2) file.ldN - each line contains three integers * .
* ‘ to the three glcbal .
L : C nodes for each of the element nod&s. *
* 4) file.trN - This contains the stresses. . *
* ‘ : Each line contains a node rumber, *
* a force in the x direction amd a *
n force in the y direction. - *

ﬁ*ﬁ*ﬁ******i*********ﬁ*******************************************/

‘#include "c:math.h* . ° Lt
#incl Nes stdio hv . . .
extern -oldfile;

: extem,dmble N(). . :

extern char file[ZO], /* file names for I/0

extern char filemm(2]; ~ i /* ogverlay number extenslon */‘

extam float*mdecord

A /* N() - interpolatlon functlon */

/.L " -

' i ***********************t*********************
* m{IDADVECIDRANDADD'IDFOR:E Sk
LI ' load(force, . thick,, dim) ok
*********************************************/

load(fotca thick, dim)
float *fome, *thick.
‘-int dim,

- int input *ncde i. '

.. extern char file[]. o .
extern char filemm(); .

' staticdnrloadtile% 00);

- .int node[3]; . .

 double. strs[6}; ~ . - ‘
doubla elfcu:'ce[sj. o i -

stzq:y(ioadﬂle £8e) ; o
. strcat(loadfile, ".1d"); N
. .'strcat(loadtile, filern.m). _ /* add cverlay‘exs:ehs_idp

‘¢$f‘,

'if ((:I:wt open(loadfile, 0)) <= 0)(

.

.-

. /* generate load vector */-.

167

Y
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printf("\na\nnot find tractions data file - %s.", loadfile);
EXitl(O)l '

). -

' printf ("\nReading boundary tractions file: %s ", loadfile):

while ((i = scant (input, "IRFAFIAYFRFIASFRE", node, strs, strsel,
nodetl, st'_ts+2 strs+3,

- node+2, strs+d, strs+5)) > S)(
euoad(node strs, thick, elforce):; J
adload(force,” elforéé node) ; o \\ N
) | \,l . 7
close(inmput); = . v ) g s oo
_oldfile = 99; - ' .
return;
)
/* ™~ _ =
**”******M*”**********#***********;ﬁ***********
*  ELEMENT LOAD VECTOR GENERATOR *
-* elload(node, strs, thick, elforce) *

*******************************************i*****/

elload(node st:s thick, elforce) /* generate element force vector.*/.
double *e.lfome, *strs; - : ,

float *thick: _, 4 . ) .
. int *node; . : . .
( . ‘ ) 4 ,
int i, 3;. L .
double N(); /* use two d.i.mensional im:e.rp fns in terms
, U of ywithx=1 SN/ \
dmple X, weight dx, , dy, thickness ,,‘_ ’
for (L =.0; 1< 6; i+). :' ‘ A
*(elforce+i)-00. . /*emptyelementforcevector*/ ,“,'

¥

,.for (i=0;1c<. i-H-)( Lo /* at each i.m:egration point */
x= (i) ? 577350269189626 0. 577‘350269189626. ¢

weight = 1.0;
dx,-dy-*«tnicxcségs-o.o; | «L o T e
for (3 = 05 J < 3; JHI( /% get dx, dy/deta %/ - e

‘dx 4= N(J,2,.1.0, x).* *(nodecord + 2 * *(node + j));

dy += N(j, 2, 1.0, x)**(nodecoxd+2**(node+3)+l), :
. thickrusz(j, o, 10,._ x) **(thickﬁ*(mde+3)). : R
} i . . . o N N~

= dx sqrt:(dx*dx+dy*dy)*weignt*uncsmess,..-..,,_ LA s

& /*_ . ds = sq(dx'*z + dy’*2) o * weight * thi?kness ) L ;
L ——for (:rro'—j < 3; J'H')( w/* do (N)(Tjdx ‘and add toforce 7 .0

*(elforce +. z*j) to dx. * N(j,\gqash.o, X). % *(Strs + 2 * 3),

L1 Vo . s
~
. <

L S
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‘*"(eifome +2%) + 1) 4= A% N3, 0, 1.0, X) * *(strs + 2 * j o+ 1)
) | ' _ ‘ ! - .
)
return; .
/ ***ﬁ**i**;*****************.*****‘***************l** ' i ) r:}
Tk mmmmmnmmmcmmmo *
Cox adload(faorce, elforce,. node) >
***************'ﬁ****************'h****************/
adload(force, elforce, node) /* add element force'to load */ . v
. double *elforce; - : ‘
float *force;
int node;
Nt ‘
int i;
"'(fomer,+ 2 » *(ncde +1) = 1) 4= *(e.lfon:eg- 1) o
. *(force + 2 * *(node + 1)) += *(elforce + 2. * 1); . Q\ ‘
/> : ' )
- *‘k*************************************** . : : . i
'* ROUTTNE o ADD NODAL FOINT LoADS * |
* pload(loadv)
******************************t**********/ :
pload(loadv) e . o o v S
float*loadv, , ' R e A
extarn char fi.le[], , '*/* data file name I 4

. static char’ gldfile[ZO]. : T e
static char ext[S] =" pld"' VA data file extension e s
intinmt ' . ‘ /* tile specifier ' - kot
'unsigned node; . .« . . _ /* node mzmber read ‘from. file\ f WA o RN
double xload, yload. e . el e

= f.strcpy(pldfile, file).. ‘,,/*f\fom nan\e'of inpxjrtz‘fj.le AV
" 'strcat(pldfrle, ext), L P R . T
: ,_scrromol(io 20),- Ve : Lo e

-

‘if((irgxt open(pldfile, 0)) !-NULL&&inp\n: l= ERR)( KRR o

while(fscanf(irmt "$usFAF", &ncde,: &xload &yload) 'a BOF)( C
-‘*(loadv+z*mde-l)+-xload S R
*(loadv + z*mde) -k- yload. _ '\; - .“; . R
Ry -
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ext:ern dduble weight. ‘

- int itemte(),

\
. /*
FIIE : GSSOLVE.C */ <
/*. : **'h***i*************Q******************** “
- * GAUSS - SIEDEL iteratIVE SOLVER #
* . FOR LINEAR SYSTEM OF EQUATIONS *
* STORED IN SPARSE MATRIX FORM
*************************tt************f* */ : R
#include "math.h" ° .. g iy
#include "mylib.h" ) N
double weight;. it - ) . Y ) o
int converge(); \ . ‘ : » S
extern unsigned matrix, -diags; N e Pl e T .
.« unsigned valfu(); - . e L g
" double valfd(); '
/ ' E *************'ﬁ*******t*i************* o
‘ > SOLVER ROUTINE * A
* solve(disp, dim) B .
*  disp - pointer to double pre- .* ’
~ * . cision forcing vector. It also  * . we
* . contains the nspcnse vector on * o
* Qd.t. ‘ ,*~ » . i ~y
S * dim - thedimzsimofthesys— PR P '
IR .- "% tem of equatians, option basq 0 *- e
o o ******************nt*********u**m*’ ': ok : -
solve(disp, dim): - /* solver using Gauss - Seidel itemtio?,*/ o .
float *disp; ' /* disp holds the force 3 r on entrance 4/ .
unsigned dim; -/*dj:nisthedimersimofthesystem S S
‘ _ FO . optimbasezero*/ N T
./.A. , - -— ,'_. ‘ L
kS float*f,v ..".“”»/*foroavecto;'willbeheldhere 74 e
- fleat oy, *apl; © /* xn and xplyhold nth and n+lth itmtions --«‘*/, e
, double toleramef I* \'nlerance for chamye in diplacement,vector : */ L
intdzeck - . /* flag to indicate ifdisplacement IR AR
< 4 within tolerance LAY i J S
longitt./.-‘ . /*fteratimco\m */ LA

/* miglzt for cver relaxation */

A " . - e .
. . . . v . .

-

o int i, cormax(), n; I'_g

* . -char contro.

‘" double timer()," £, t2, y
r».l"staticintmmb[sl. SR
fjdoubletaxp e

control, ,conflag

/.A.

mm\m
" s ('(f mllcc(dm i

sizeof (float) ) ||
o '(”’21 = ml]_oc(dim'l»l, sizeof(ﬂoat)))
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printf( \rmmot form workspace in solver"), .
e:dt.l(O), o

) .

' iy L L ; co

N = disp;i . * /* set start of gdsplacemant vector %/
» sywmk(M), S /* check stabili of system . /

: numb(O] =1; ‘ /* qet mnmnbers for prmtx */
: while(!valu(diags numb[O]))
manb(0)4+; v ) ) ‘ o " L
“o mab(4] =dim; R -
, .,whne(zvalu(diags mnnb[.tl]))\ o o S o
T mumb(4)——; ¢
mmb(2] = (mmb({4]: + meb[O])/2,
mmb(3] = (mnnb[4] + mumb(2])/2; N
. mumb(l) = (mMmb(0] + rmnb[Z])/z. .
'.f.or(i- 17 1-< 4; i)« o . R
\hﬂe(lvalu(diags ’unb[i])) - ST o
o mmb[i] : o T

_tor(i-l.i«dim i++)( . '

3 '. *(f+ i)a*(xn+i),m g;:upyfc:::'cj.hgvec:t:ort:caf*/

) K Ny | | “ |

. set:mem(m, (d.im+1)*4 0),v /* displaoement vectors */ ,‘\ ‘ RTINS /
' setnmn(mpl, ‘ (dim+1)*4, 0), /* empty displacane:rt: vectprs */ R e

- "' L. .

f l

_qhe‘ck-];t o \/*setnmmnvergeflagcm”' Loy

-_’,‘qcnﬂag! ; \/*setcawergedueckflagm g

prim:f.l ‘=07 . /*setdisplayflagon S R
,-controli= 0; ~ " . /* get control to data entry” I A

. tolerame-ObOOOOl, . /* set default tolerance ‘-. koo 3 '

" e A R /*setdefault weight G ., s

/* numbd’of itemtions */ L
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Xrpl = xn; .

xn = temp; ;!
scr. ml(s 62); pt:lmer(t:lmr() - tl) /> print ite.ration time*/
scz. rcm:ol(? 65), printf("%D"‘ itt++), /* print itarations v

iterate(m, xnpl £, dim), ‘ WA assembler routine . */ |
if (conflag) ( = ’ . /*if converge flag sef 4/
. Imb(5] = oonmax(xn, xnpl dim), /* ‘check convergence . %/ )
check = (fabs((xn{mmb(5]] - mpl[mnnb(S]])/)mpl[mmb[S]]) -
S <=tolem.rxce)"0‘1:;“»*seeifoorwezged ‘-*/, N
ir (pr:lntﬂag) ‘ LT 4 pm-intflag set . % -
pu:'intx(m, xnpl, dim numb), /* display converg progress WA
; ~ o ‘ mj /*endcaseo ‘ /A

Fa ¢a‘sa."E': R ‘ .‘ .‘/* if control says end */
. -\daeck'io;_-@,“'- o /* set ed flag - *
Bk L redasem oy

mse" lQ': A ] e
o exdtl(o); S ] BRI

'D" R ' o /* ir conv display toggle *

' X _scrup(o, 9, 17 19 50).‘ .. /*clear display.area . %/
oo _p::irrtflag a ]l - prmtflag, ~ /* toggle printflag Nars
I q\ibreak_ ak; ' L e /* end display toggle w

~‘«

case 'C': Co ’ ‘ /* ir converg check toggle S A
S,Q‘_SC!‘UP(O, 19, 10, 19: 50): : Co c . S
canflag = 1 - conflag, A Y 4. toggle conﬂag ARUPEEE S
" if (lcmﬂag)( : o ‘-‘/* if. ﬂag is off T T
scrrwcol(ls, 20), - S T
R .. printe(’ OonvergenceMtOff") She
S mmbr51=-o, o /*f-segmxmde.to_of




. scr_scrup(0, 21, 0, 24‘,“ 80) ; / clea.r bottcm wmdow By
-7 scx_rowool(22, 10); ‘ RN
™ o . printf ("<E>xit Solver o . <N>ew 'Iblerance or Weight") i
t. . 77 scr_roweol(23, 10); -
. o pu.'intf("<C>mvangenca Toggle <D>isplay Toggle'); ‘ . - ‘
+ Bl 4w (tifer() -'t2); ~ /* account forinpm:tm\e 72N

 ‘)‘;. O /*endswitch a/

. if(dmeck)( C ' S /*itmtcomezged-‘- =7 Lo
o ‘control = ton:pper(&sts()): : . /* get new control o
)elsa(u , /* else if converged . B 7 e
. t2 = timer(),‘ .o L '/*accctmtforem:rytme >
L scr scxrup(0, 21, 0, 24 80), . /* c:learbottan Window‘ */
S : printf("iteratims-%D t.imetosolve: ", itt), R
- ptimer(t2 ~t1); - . 00w print timeto solve S wy

oo ‘pnntr("nasswtpdmgatole:ame anyotherkeytoretum"), SR "
o _‘whilo(!(cmt:ol = <Sts()) && (timer() - t2) <= 60.0)" S ced e

Co ./* wait for input for 10 mmtes AR
’*switdl(twpper(cmtrol))( ORE S E

. IAr: ‘ e /* Af more iteratlons wanted N A
T "(‘.jhéck-l. . /* set noncorverge flag R 7R SR
Lo T bontrol m YNty - /* set flag fornewtolerame *x/ T
S . timer() - t2. i adjust for time for input */

default. ’

oot

| 'Jcstso,,‘ R /* clearkeyboar;lbuffer SR

o e (timer()-- tz),, /**acoozmti‘o{'inputnme w
ST )y : \ /* end. if.- ‘elséy . ‘ c
} R o e L /*e.ndwhile loop;v‘_l _

if (xnpl!- ){ /*ifdlsplacementisnotmdlsp
""for (1 =1p4 <-dm i-H-) e
*(dj_sp + 1) - *(xnpl + i), g
-_free(:mpl). ‘/ -

else -

_'************* L



v SCr_rowcol (2, 25), printt "+’ SPARSE MATRIX sor.vm:.*")
r scr ool (1, 25); printe "************nh****q#**") >

25); 'pri:rtf,('

" **** ***‘h***‘

******i**") ;o

" e’ yowool: (6, i
printf(" —— ™
sa:_xmml(? 7).

'fof (L='97 4 < 207 1419 (
sc:f -rowcol (1, -7) 5 putchar(!| !,
' sex rml(i‘ri?l),f pm:char

scr mwool(Q + 2%, 10).
pnntf("%—Sd" mmp[i]).




.
1
. i L e
o oy ;
! K , . .
. . "
v - - o
Y " .
. - tr -
) ;
L , vt [N
" : 'A' - | PR Y . . T N .
K \ ‘ S I TN . .
Y ke

i:rintf("tu Sen,, :mpl(rn‘n,izb[s']j);f B A S R
1€ (3npl [mitmb (5] ] ) ( U R L o -
w0 - seT.roweol (19, 34) ; : s C

R ; Ptiﬂtf("*l‘* 73”: ((1 0= (m[mmb(i]])/ml[nmb[i]]))) S ,,*‘*.‘,_;.

L > LN o BTSN

. : 7 *********g**********t*******a**** o
T e 'CHECK STABILITY OF SYSTEM * = EI con
o : *********************************/ o LT -

L Y .

;. 'l..:" n unsigned i xg jl fla’gl jj' “ ’ T S . '

y s ‘m ml(z’ 20); L L [ ]'v, . o : e e “ ' ‘
Ha7 printf ("check systan Stability\n\n"). T ,
T L T e

A for(i-l,i<=-dim i-H-)( ‘ el
'- °.~ _ if(!(ﬂ - Valu(diags i))) /* if paxtit:.oned Jqode ey o
PR T -contime BT /*cmti:mwithna:tmw */‘ L

_ 1: (valtd(n) <, 0)( o /% if bad diagmal element. in stlff */ ‘
S o preintf (\nNode wu diagcnal 1is necative $F, i, valfd(n)), . Lo
i 32‘”{" Sy /h et emornetsage Ny

‘prhmt("\mode%udiagmm@zeroarﬁwinbepaxmmoned ", 1)' i
) ' e 941' 0),‘,{‘:.‘ R R ETE o

R
ay -

m(. )i :
‘ ‘if(valfd(n)a.« valfd(m-j) g R
H -Yalfd(valu(diags jj)) = valfd(hﬂ))‘

:1, s
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S “ \
- p‘
e , :'l““h . , '
. '.54,“ g - ‘ i ; . l“\"
RO BT ' ' A ‘
‘o0 Y File: ‘iterat.a L ‘ ¥
4 - . ‘ “' “"l ’.’v‘\‘ 1 . ! / ' + ' . \ * . !
SRR I - ﬁ*******************************t********************g*** PR ‘
"»;_ R B gﬁm for splving a linear“system of equations:  * W e
ety portion is the porticn that is itterated =~ & - 7 oo
T ; *storedin . A rixform 'misguxtimutiliz&s*“.ga" ) R :
% %7 the 8087.math chssor. o SRR
NGRS B Toutine is call fzunCasgssolve(x, afm) Lr
. ok whid’ncallsitteratem, 2apl, forc, dim).  xn and xmpl * !
: i *  are single prec; . displacement -vectors, nthandmi *
. 3. * itterations. "snpl i% émptied on en'cxy N
V.4 %  fare is a’ pointer tola single precision forgjng, \
¥ % vector and dim is ~dimension of the sy *
*Q‘ * . Reference "Numerical Methods' by Germund Dahlquist' * l
AT “&Nce‘Bjcmck-,.f;‘u-ans. NedAndersq-x.- Pub. Prentice Hall =* . ‘.
' i % page 188 sec. 56, AR
I Qllno.QAZQ?DlSES : R Co E
) ; ; i****ﬁf*t*m************t***t*******i***************************
‘m‘ ' { a’ H . l v "~'—-' e
. . FUBLIC waigi'ﬁ: ‘ .weightmg facoor for’ overrelaxatlon g
PUBI:IC matrix diags )(;. ' -
. b - '
R S BQU ' WORD. [BP+4] - - '
AL mpl B WORD ‘[BP+6] 2 -
S forc © ' BQU WORD [BP+8] . ) L
Lo -dim BQU WORD, (EP+10] - - -
row MJ erD [BP-z]\ . ‘

ply X by 2 to get mmber of words
get base of xnpl




' LS ! ‘o - -.’
‘ A : 177
o ' g
MWV. row,. 0 iset i L g
o ;ST will be used for base of xn,\ xpl, forc
;DI will be used for stiffness matrix . «~' °
. R ;BX will be used for offset. of 'xn, xpl, forc
. startit: .istart. of loop ane for dne itteration
MOV AX, row ;get row : 7 v
QP AX, dim isee if row > dim .
JG erdit 7if greater, ‘'end this pass
PUSH AX scheck if partitioned
' PUSH WORD diags._ spush diagonals paragraph \
CALL valu ;puts diagonal structure into ax \ % .
ADD 'SP, 4 sremove from stack \ .

“ﬁ
5
E
3

parti loq: back: . .

bytes per element’ (smgle px'eclsmn) . I :
segmntaxﬂoffsetfq\rtlmzw ! e LT L
lﬁ_hsrtqalperparmph e, : , SO

Aﬂ)Ax,hDRDmtrbg_ .addbasepa.ragraphofnam'i&

‘ Q DX, 2, .,addmromatimforbaseofnatrix C
:33\5, “AX: . !segmem: for row - . W

A mv'DI, DX mov o:fsettooxbutsave value ian :

RS myc:x, NDRD ES: [DI] ‘ sget number of strucmm in row

98
9
ﬁ

SHI-BXrl - i o i
'SHL BX, 1. .. -'mltiplyrowbyat{:ogetoffsettoforcmg o

ST MW osT, forc . :wdbaseoffomrgvector "
. %, FLD DWORD [SI+BX] - ;load forcing value forrow ¥ g
- MOV.SI, xpl .., igat base of xypl - - Cooa ot
ESUBDR)RD [SI+BX] 7sub xrpl summation term :
wvs:, @ rset 8 thstart of L - ST :
: e ;DIhasstartotzw,Q(has#ofternsmfﬁw Sy

cleardirectimnacj RN
‘ . .78kip passl fou:diagmaltem . :iﬂ,’;,' ;

:\start loop for second . summation term L

: i, :iget:next structure in matrix row ]
' F1D' DWORD ES: [DI+2] | ;fpush matrik value. -~ | “a
RRE: P S °get j index of matrl.x value

Sl SHLOBX, e ;nnti ply § by 4 for offset to . N
oA MLDWORD [SI+Bx] -Aij *X‘j onfstqcktop




‘ ,‘Q’\-‘ B

_s_

'
S\

TI
BEER

ot

\
"

! FMUL DWORD (ST+EX]
" . FADD
MoV SI xnpl
FSI' D\DRD [SI+EX]
sapl (1)
C1D
JMP endpass2

"« ADD DI, 6 :
FID mmo:s:[nr
FMUL ST, ST(1)

Imltiply offset by four

‘-. ., El
. h "
' 1
. \ :
w B
‘ L
. <
LK ¢

;ré&-ieva o’ffset for row

y

,nowhava(l-v.reight)*m(m) A SR '
,m.rnewvalua:ormplismstacktop e, St e

getbaseof:mpl

ue in xnpl(i)

still fstack top

-DIhasstartofrcn,Q(has #\oftemsmrow
'cleardirectim flag : oL
' j\.nnp'toaﬂoflocptodeco{onoe

' '« 178,
'-‘ B tos
. » -
. " }
("l’ ) N R f .
. - ' ' -
R oI \I«";?. . . @‘.\A -‘."‘ ‘
[ 0
+ b

& a

end:.t'

MOV BX, WORD ES; [\DI]

SHL BX, 1
SHL BX, 1’

« * FADD DWORD (SI+BX]

PSI'PDDRD [SI+BX] 3
e.rxipassr\ S ‘

T 1 IDOPpassz

" FSTP ST(0).
- MP startit
POP" BP ‘ ?*

:mltiply by xapi ( i)

,‘ 'looptoendofrcw

restoreSP :
restore BP-

.getjindexofmatrixvalue | e
mnltiplyj #for offset to xn - |

in 1 (§)° R P
stnrbsmmnatimmmpl(j) } "' Lo ' C

s »o“o ! 4 , |
S - .
&
fa
.
+
“ .
o
o
., ‘
L .
' J * »*
“ d
. ~i
-~ L3 L

Single, dinmasicn)

£ oo s o e Y
IRRR nnununnu

PLIPrY
ARRRN

o '- .,.t

Tee w4

onvector
. .7‘

start: of double precmlon'vect:or a
start of s:ingle precismn vector adp
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ROUTINE TCQ TEST CONVERGENCE OF *

GAUSS - SIEDEL ITTERATION * b
(int) conyerge(xd, xi+l, dim, tolemnoe)*

xi points to-double pre. vector .

xi-1 points to single pre. vector L

dim is unsigned ' ‘
tolerance is double precmion *

returns 1 if converged wxmin tolerance *
returns 0 if not

*q******************************i******ﬁ******ﬁ**

PUBLIC corwerge_\\

canverge: ~N
FUSH BP ;save base pointer
MOV BP, SP iset base pointer for locals
ADD &P,.-3~  ;make rodm for status word
MOV BX, O iset {1 o O

startcon: ;start of loop

INC BX iincrement i -

ADD ST, 4 iready for next xi+l - start at x(1)

ADD'DI, 4 ;and ready for next i

MP*BX, WORD(BP#8] ;campare i with dim

JG erdloop ;if loop is camplete, go to end

FLD DWORD [DI] sfpush x4i{1)

FID DWORD (SI] ;i fpush xi+1(1]

CALL ftest isee if xi+l{i] = 0.0

JINE charge ,ifmtzemﬂmt&tagainst tolerance

FSTP ST(0) ;if zero, pop it off of the stack

CALL ftest_ ;test xi[i] against 0.0

FSTP SI‘(OL ' ipop xi-1(1] off of fstack

JNE no_conv ;if it is not zero, not cornverged

JMP startcon jelse if both are equal then goto start
change: , ;oame here if xi = 0

FSUB ST(1), ST ;ST = xi+1(i}, ST(1) = xi+1¢i) - xi[il

FDIVP ST(1), ST iST = (xi-i(d) - xi(4) )/xi[i]

FABS : ;get absolute value

FOOMP ST(1) ;compare st to st(l)

FSTSW WORD [BP-2) ;store status word

FWAIT . . .

MOV AH, BYTE (BP-1] .

SAHF sload flags

MOV DI, WORD(BP+4] ;get start of xi
MOV SI, WORD(BP+6]) ;get start of xi+l
F1D, GWORD (BP+10] ifpush tolerance

JB startcon .1fvaluechang&ebyl&ssthantolerance

then'keeptstingmmlendofamy

no_conv: ,elséq.mtlm has not converged.

MW AX, O ;set convergence imdicator off

..

179



)

A L T T O R

‘MPendooxw ;'gotoendotmxtine

endloop: jend of loop if ctnverged
MOV AX, 1 ;set convergence indicator on
endoorv: .
" FSTP ST(0) /pop tolerance off of fstack
FWAIT " '
MOV SP, BP jrestore stack pointer -
P BP irestore’ base pointar
RET = ;return to calling routine
ftest_: " .
FTST ;oampare top of .stack with zem

fsxswwom[ap—z] ;store status word

M‘JVAH, B\A‘E (BP-1)
SAHF | tload flags

.RET

1

2

****ﬁﬁ*ﬂ*'fﬁi******ﬁ*ﬁi****ﬁ**i***t*fi***********

KI?I‘JNE'I’OGEI‘MAXGMINI’I‘IERA’I‘ICN*
OFGAUSS-SIIDELI'ITERATIW
(unsigned) cormax(xi, xi+1, dim)
xipointstosinglepre vector
xi-1 points to single pre. vector
dim is unsigned
toleramaisdaxblepmecision *
mumlircmvazgedwimintolerame*
retums 0 if not

*ﬁ*ﬁ**ﬂ*ﬂ.ﬁ*#*******ﬁ****ﬁii*f**ﬁ*****i*t********

LAE 2R 2R OE 3 S P
% »

PUBLIC cormax_ o
cormax_:

PRUSH BP ;save base pointer

MOV BP, SP ;set base pointer for locals

SUB SP, .12 .makemanforstamswrdanimxdxange

MOV RX, H to O

MV X, : tion of max

MoV DI, 4] . :get start of xd

MoV ST, iget start of xi+l '

FLDZ

'FLDZ dumy max for start of loop
strt:

FSTP ST(0) old max off of stack
- INC i A

& ! .

QP BX, WORD( ;compare i with dim ——

JG endlp i1f loop is camplete, go to end

ADD ST, 4 .readyfornefct)d.ﬂ—startatx[l]

ADD DT, 4 ;and ready for next xi

FID DWORD [DI} sfpush xi[i) )

FID DWORD {SI) :f:push xi+111)

180
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FSTSW WORD (BP-12] : /

~ MOV AH, BYTE [BP-11] . Lo : p

SAHF ~ o .
JNE chng ' df not zero then test aainst tolz?( " -
FSTP ST(0) relse pop ane off of fstack . :
JMP strt _ ,gotothebeglnnirx;ofthqloop

chng: ~ . - jcame he.re if xi !=0
FSUB ST(1), ST ,s'r xd+1(4]), ST(1) = xd(i]) ~ >d.+1[i]
FDIVP ST(1), ST = (d-i(4) "Xi(i])/Xi[i] :
FABS ;get absolute value ‘
FOOM ST(1) jcampare st to st(l) .
FSTSW WORD [BP-2] ;store status word
FWATT :
MOV.AH, BYTE (BP-1) - , ‘ PR
JEE strt .ifvalmd’rangubylcssthantoleranoe

‘ ;then keep testing until end of array '

MOV X, BX ielse set pointer to max ‘ |
FXCH ST(1) - ;exchange new max for old =, :
JMP strt iloop until end of arrays .’

) ‘ - | ,

endlp: jend of loop if converdged . ~

MOV AX, X ;pat pointer into AX
FSTP ST(0) ;pop max off ‘of fstack -
MOV SP, BP . , o

roP
o
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o ' . ' Al .
.
/*
! t
FIILE NAME : PLANE.C n/ ‘ o -
WA it***ﬁ**ﬁ***t**t*.t*****t******i************* , i

*  ROUTINES TO GENERATE ELEMENT STIFFNESS *
*  MAIRIX FCR EIGHT NODE QUADRAIATERAL ~ *
* | ISOPARAMETRIC ELEMENT | e

****ﬁQﬁ*********t********ﬁt**********#****ﬂ**/

#includa "cmathh"
int nint, nintt, . ' ' S

double ntc(d]{2] = ( : wT e 3
(=0.577350269189626, 1.000000000000000 }, /* two point quadrature */ . = °
( 0:577350269189626, 1.000000000000000 }, ‘ ; : .

(-0.774596669241483, 0.555555555555556 ), - /* three point quadrature 7
( 0.000000000000000, O.888883888888889 }, .
{ 0.774596669241483, 0.555555555555556 ), &

( 0.861136311594053, 0.347854845137454 )}, /* four point quadraure +/
{ 0.339981043584856, 0.652145154862546 ), - ¢
(~0.339981043584856, 0.652145154862546 ), Lo
{~0.861136311594053, 0.347854845137454 ) -

),
unsigned showsp().

yZ Qo : [l
" ***ﬁ*********ﬁ******************************************* ' ;
* mpmcmmmmsmzss- *
* SH?AINSI‘IFENESSMD(GENERA‘IOR\ *

* isoparm(coord, thick, elnode, mat_stiff, el _matrix) =*
***********i******ﬁ****************************t*********/ )
- " A
moparm(ooord thick, elncde cc, elanent)
_ /* routine to generate elanent */
AR .. /* stiffness matrix »/.
1nte.lmde[8]; ‘ /*pointstomvsofxfornod&s */

float coord(](2]): /* x(1](0) ~ x coord node i */
. . : /* x(1]{1] - y coord node i */
float thick(}: , " /* thick{i] - thickness node i */ -
double COC(3}(3]):" o /* material stiffness matrix =/
- double *element; : /* element stiffness matrix */ . ‘
‘ e /*irxiemedforulvlquz, N 74 : -

( o S
doublé Jacob[21[2]: ‘ '
double const, temp, *B, *B1, jaccbim(), N()J
intd, 3, k, L, m, posder().

dmble xcc, yec; : /* ksi, eta coominats */
h‘tia ja.p . \ .
- extern int nint, nintt-'

- extern. aoubleirnu:[][ZJ, o T e



’ int posdef() :
'double B1(48];
double 5[16].

/*

{
/*
/*

7

for (i = 0; 1 < 136;
*(element +

for (ia = 0; ia '<enint; iat++)(

for (Ja = 0; ja

xxx: = ntclia + nintt][O],
ycc = m:c[ja + ni.ntt][O],

/* form Jaccbian matrix */ n . R
- . formjac(Jacab, elnode, coord mc ycc) ;

form constant (N] [t] |j|Win */

for ( 0.

+= N(i, 0, xcc, yoco) * thick( {i}]

<

A e

/* intarmediate matrix ?/I N

. - /* strain matrix: o

C ' ' g e R .
Poi) ! /* empty element /. L '
i) = 0.0; L stirf‘rm;matrix ~/ '

A
. /* for each of t'ha x absciscas »/
< nint; ja++)( ‘ /* for each of the, 2 absciscas */

/* cooxdinat& */

i < 8; iH-) /* [N](t) . */‘
* ntc(ia + nintt](1) * ntc(ja + n.tntt](l],

const #=-jacobinv(Jacab) ;

. .
/* jacobmv inverts Jacob and rettmws deteminant */

-form [B] matrlxinconiensedform*/ B oL .

formB(B, Jaccb, xcc, yec);

* form [Bl] = (Bjtr([CC] #/

-

for(i=0,1<8, i#)( /* for each pair of rows */
= 6*i;" /* start of row pair = =/ W
for(j =0; § < 3; §+)( /* for each colum */ ° -

in 1st'row »/ - #(Bl + k+j) = *(B +i) * CC[0](J] + *(B.+ i+8) *» oc[2)(4];
in 2rd row »/ *(Bl + k+j+3) = *(B + 1+8) * OC[l][j] + *(B+ i) » OC[ZJ[j

}
)

now do {element] +=

canst * [Bl] * [B] %

@

[element] is symmetz-ic - only do lower triangular part #/

m=0; /* initialize m »/ V
for (1 = 0; 1 < 16; i++)( /* for each row of [element] */
K =w3%i; . /* start of row of (Bl] #/
for (j = 0; j <= i, JH){ /* in each colum #/

1= j/2, ) /* 1 is colum of (B) L7
S : © /* j'is colum of [element]*/
if (3%2) "~ /* if odd colum */

. :
*(elemem: + m) +e= . const * (*(BL +.k+1) *(B+1+8) + 1"(

else - /* else if even column */

m3

*(W + m) += const * (*(B]. + k) » *(5;-1) +. *(51 +
: ¥
/* po:.rrter to nad: [elenent] */

1
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f.or(k-O,k<8,k++)( /*smtermsinrw*/
Ui oonst = N(k, i+1, xx, yy), /* derv Owartmry */

RN

A N s
; . 184
N \ : 6 . L
i (posdat (element)) ( Tl E
scr_rowcol (0,0); | ' Co o R N
' printf("Bad element"); " L Co
exit1(0) ; S . S
) :0 o oo L
/************?****ii*’h**'hi******************************************/
double jacobinv(jac) ' /* inverts jaoobian and renms det[jac] */ b
double jac(2](2]} o ‘
. . . . .’.'f ' " N
Cdabledacimv(2)(2); v T T
int 4, 3; | N B ¢
di:t(- [01(01 * Jac(1](1] - Jac(1)(0]) * Jac[0}(1]; -
‘ ("No J&obian) ; _ ST . y
getchar(); | - _ a S 4
.- exit1(0); \{ - L ,
‘,;o.r (i - 0;.1 <2; imH)( /* copy jac to jacmv */ ' ,[
for (3 = 0; J <2; 3++)( .
jacim[i]m - jac{i][j]'
<) . RN ‘ -
Jac(oj(0] =Jactmv(1)(1) / Get; . - S
Jac(1](1] = jacinv(0](0] /, det; ‘ Ly
jac(0](1) = -jacinv(0](1) { det o -
jac[l][O] = -jacinv(l][O] / det,ﬂ\ ‘ , . SN ‘
| m(:um(dat). )
. ./**"***Mh*******ﬂ*******t****ﬁ************‘********/' : -
”tomjaé(Jacob, alncde,goooxd ®¢,. YY) - ‘
. double: Jacab(2)(2]; ¢ WAl jaadmn matrix %/ . .
‘unsigned elnode(8]:. *./* points to rows.of x for "rad‘ node %/
float- coord[][2], /* coozdi:uta uatrix */
double xx, D2 LN I* ksi eta coordinatas where Jacab formed */
C ine g j,x.. ..1’ |
‘dmbleccnst . S ) A o ' _
. me N() ’ K . .‘.: : X ‘ a . S l ' o ‘ N\ . .
fot (i - 0. 2, iH-)( ‘ /* calculate in You major o .
' Jacob(1i) - Jacob[i] (1]'=0.0; . /* zero row out’ */ - -



, S ’ } :
j— \\) L » r )
' ' ]‘. ; '
for (j-o,j<2, JH) /*mveacrossrow*/ !
| Jaoob[i][\j] += const * coord[e.lnode(k]][j], 2 '
R ) . —.
ooy ‘ S
) : : ‘/*Jacopianhasbeenfgmxed*/, )
J
/ﬁ**************i****************************ﬁi******i******ﬂ/ o .
« formB(B, Jaccb, xx, yy) ’
‘double B[2] (8]} . /* pointer to start of B matrix */

. double Jaccb(2][2]; /* Jacabian matrix has been| inverted+/
dauble xx, yy: /* eta ‘ksi coordimta where B evaluated*/

{ ‘ ‘
int i, 3, k;

for(i-o,i<\2 Ay, /* in each row - */ o
for (3 = 0; 3°< 8; j+-r»)( o /* for each colum */:
B(i](j) = 0.0; - " : 3 ‘
for(k-O.k<2,k++-) /* row-vector product */'-
\ . - B[i][j] te= Ja'13(31’J[i][k] * N(J, k+1, XX, YY) /* di/ax,y */
A\ } | | _ i
) e .
return; = . SR
) , . o HE S
/**************************ii***i*************i******ﬁ*/ N ‘ : Ih
. formeps (disp, elnode coord, x, y, epsilon) L | ol
dﬂlble X, y’ . S ' ;
float coord[][zj, *disp‘: o o 4] R
double epsilan{2}{2]; ™ C : - N .
un;'.igned elnode(8]; : ; a . ‘ ‘
T ’ N -
unsigned'1, j, k, - \ T '

* double Jacab(2](2]; - - :

. double B(2][8); : 2 ‘ sy '
formjac(Jach , coord, ‘x,“ ¥): | ‘
jacobinv(Jacob) . ‘ ' . g
formB(B, Jacab, X, X .

/* [B) matr:.x has ‘been formed */ T R
/* - top\row o du,/dx dV/dx e */ ‘ . .
* for (j = 0, j < 2; 3++){ ‘ /* calculata strains at the node */ R T
for (k = 0; k < 2; k+)( i

eeiln(TTR = 0.0, —

for (1= 0; 1 < 8;. l-H-) /* row colum product '*/"Q';‘ R
epsilon[j][k] =, B[jl[l] > *(diSP +. elmde[1]*2 + k- 1): : '

. ’ VA', ‘ ,'.‘/‘ L . . -‘;-‘» _» . . ,. .7—.-“. ‘ . .‘. ‘ . “ . Lo
) . s I‘ ' ' o ‘ o ,.N'h /- c . ) . ‘-:‘,} . v

' o . Lo L N L ' : ot ' ';'
/**p\-**********_**************?*************#ﬁ****'p************_‘t_!_*m_ﬁ/ ‘ S
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3 \
location(xx, yy, coord, elnode) Sk convert parent coordinates = #/
. double *xx, *yy: , /*‘)oc,yyintarealcoominates*/ o
float *coord; ., o . o ‘ '
unsigned elnode(8);, L LT - S o
double temp; . -
double xp, yp: ! , . w : -
Xp = s \ h S .
a YP = *yy; \\ o . - : '
X = hyy = O 0, A .‘ . X ‘ ‘ ‘ &
for (1 = 0; i < 8; i ' ' ‘
NOC e (t'anp N(i, 0, xp, yp)) * *(coord + 2 * elnode[i]),
*yy-f-temp* *(coord+2*elmde[i) +1); |
:‘c.’ ) ‘\. ‘ ‘
Vo =
S ﬁ****”**t**”*t**t***************** ' .
.. % TEST IF EI.B!ENT MATRIX POS DEF *
m****************i*****************/
'.‘intposdef(elanent)‘_'l ‘ v m— \ ‘ -
dauble *elemem:, : \\ P
(. T .
. :Lm: i ’ , \
doﬁBIa . ' : ' , , e
% elm' A‘ ’ }‘ . , ' ‘ \ ‘ ' . ) LA 7 .
or(1-0.1<16. i++)( B ‘ ‘
Sir (*((m-m+i) + 1) <=o 0)
RN retum(l), ‘ ' ~
) .

) . -

".remm(on" S R ~
1} . :



. N R ) ) ) . . 5 :_:él - ' K -, .
o
! *
-
- /* \
FILE : SEREND.C .~ #/ N
= : -
- **ﬁ**ﬁi*i*ﬁ***ﬁiﬁﬁ****************************
*  ROUTINE TO GENERATE SERENDIPITY R *
‘ LR + *  INTERPOLATION FUNCTIONS. B
RS . * (double)interp fn = N(ser n, der n,-x, y) . *

******************m***t’********ﬁ*****i*ﬁ****/

double N(n, d, xx, &y) /* ret!mms value of n-th serendipity functlon  */
T /* function at point x, y (ksi, eta) .‘ */ '
int n, d; ., -‘\/*d derivativeofN‘n*/ |

/*d =0 - seréndipity function */ . S
/* d= 1 - derivative w.r.t. xX* o . T
N : /* d =2 - derivative w.r.t. */~ ‘ .
double xx, yy:; /* Soordinates in ksi, eta - between -1 &1 n/
{ ' : ’ ‘ ] 'y
static int a(4]{2] =( /* coefficients for evaluation */
. ( 1, 1), /*ooordmatesofcon)e.rmdm*/
( 1, -1, ) /* in ksi, eta coordmatw */
(-1, -1y, - .
C{-1, 1)
)i : L Py )
doubleval, N o . , ,
1f(n<-1||n>7||d‘<0||d>z)( .
printf("\nEkrorinsemrﬂipity function\n") ; -
ede1(0); - T . A
o *= apy3)o); SR S
- yyﬁa‘[n/.Z][I];v B . SR
ir (n ==-’-l)( . /*,if_mll sere:idipity function * o
. retum(0.0); - :
)elSelf(‘(n%.z))( ,  I/* forcomernodes : */
switch (d) (. e '
o " case  (0): o /*returnvalueofse.reniipityfn*/
| ‘val-ozs* (1.0 + xx) *. (lo+yy) * (>o;+yy',-‘l.‘0);.-',
) (1 x) (1+y) , Xy -=1) %/
break; o : »'~’_ SRR ‘
“case (1): /* returnvalue for deﬂ.vative w.r. t. ‘x wyo? L
T val‘==025 *a[n/2][0] * (10+yy) * %@4—2 O*xx) T
-"',,., / S R AL 2*x) */;tj«_ .
@ase (2) Y retu;m value for derivative w.r. t. /

I% val:o:s*a[n/2][1]*(1o+m)*(,°¢+2o.yy),.,__ .
i3 RIS ‘ (1 +. x) : (x + 2 * Y) */ .
TR "' bm.k-"k“ l""“"‘hc ‘A l” ) - : : . . . . o B :

t .:."’. '




y o =

———

)elsaif ((n ==1) || (n—5))( _. - /*'mddlerbdos.onxékis'

. switch (d)(

; , case’ (0): . /* return value of serendipi :
(‘“). , Va-1'°5*(10+xx)*(10-yy*yy),p_\f:¥m*/ -
casevﬁ) 05' /*dm:-ivativewrtx*/
val ‘= * afn / 2](0] * (1.0 - :

o - , ][] ( YY * YY):
,case(Z): < /* derivativew.r.ty*/
| .val ‘g-;-yy bad a[n/ 2111 * ‘(1.‘0‘ + 2x) ; .
) SR . AR .
)3185‘(1’. "/*middl nodes sn= 3
| aetcn (@) | a ony: n 30r7“*/ _
‘case (0): . - . /*» return value of se.rendlpltyfn*/A

val-os*(lo—m*:oc*10+, ;
AR )'( )i
caseva(i.) /*de.rivativewrtx*/
‘ --xx*a[n/Z][o * (1.0 + :

IR ( YY) :

l

case- (2) . Ve darivativewrty*/
|  _val-'OS*a[n/z][l)*(io-noc*xx),

return(val) ;

N
5
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. FIIE : FGRAPHI Y

/ ****t****t*******************t***/‘**********ﬁ*n****** o ' ' o
Tk mmmmmmmmmmammn * . v
******************************* ﬁ********************/ . C " '

. #include’ "graphics.h" R E [

© #inclide "math.nh" S | ‘
‘fdefine crd(i j) cord[i];j]‘ cro for mat:cix addressing *»/ = R

.dazblexnﬂ.nymindaltax ' /7minardspanvalu&tobeplotted*/ |
double xming, yming, deltaxg /* gldbal min and span values #/
double voverh; - /* vertical over horizontal ;ratio  #/
unsigned vdot:s hdots; /* vertical and horizontal 'res */

‘msignedvidseg ‘ /*videosegmntstart ‘ 4 ‘ .
int folor, holor, palette, ight: /* color parameters */ ‘ PN
unsigned pouff, pntf, pntfy; " /* printer buffer and flags */ S
}/ - } ***M*************‘**************i*****t**i****ﬁ* :

- %  INITIALIZE SYéI'B{ FOR GRAPHICS ROUTINES *
' **************** *********************t**********/ -

V ) \
initgraph(cord, dim)

- unsigned dim; ' .

‘ float cord(](2];/ ‘

", folor = 2; . /* initializ.g variables */ N
“ bolor = 0; . L ' o
- bright=16 A e e

voverh = Jo/a. O, : , /* set display ratio */
,vdotgazoo, : o SR
* /* set video segment A :
/* set window parameters . #/ ‘
‘vdoublete:hp e T o Sl L I
doublede.ltay, xmax, ymax L L EEE BRI
max = min = ard(1,0); G TR RIS Cohe S

. ymax = ymin = crd(1,13; T »

. for (i-l. i<= dim; i++y{ - /* ﬁ.ndmax,mincoords */ AT

xmax = (xmax < cr.d(l, 0)) ? cmi(i 0) $.amax; . g S P
o xmin = (xmin >'crd(i; 0)) 2 cxd(i; 0) 2 min; o
~ = (ymax < crd(i 1)) 2 erd(i, 1) 3 ymax;,




‘ymﬁ-<ymn>m(1 1)? e, 1) : ymin; - |
- deltax = (xmax - xmin) *160001, . /*xspan #/
daltay- (ymax ym.in) *100001, ; ‘ /*yspan *

L e (dattay>vo<re.m*daltax)( . /% if still too high e
‘ ,oxmin - 0.5 * (deltay/voverh - deltax) ; /* adjust xmin */ -
deltax = deltay / voverh; . /* adjust deltax SR V4

-05*(Vovexh*deltax deltay); /*adjustym.m */
tay voven'x*deltax‘ , . ‘ .

. . , . . .
. . . ,
) [ . e . : 2 »
! 2
/_L A
—
AR e e e e b b bk HRRARAARARRAR NN RA AhkAhkRAddd ' :
TUTROAARRRRARKRRAARRRAARANARAARARARR A AR RH R Rk ARk A L.t ]
COORDINATES 'TO SCREEN (mRDINATES * .
. LLA e dede b d et b bk > AAARRRRAARR A AR Dbt ddddsddi s
AARRARARN nnnuuuuunn-n nnnuu-uuuun--nunnuunnuunnnnnnxw :

‘ falplot(X. Yo e o ‘ Co e T AR
doublex, y: ' - o - o
" oo
intxpoint ypoint "
extarn double xmin, ynun deltax

T #definemax()anﬁ&deltax) - ' o
o if(x<xmin||y<ym1n||x>>_anaxlly>ynax) Co e
' ‘return;-. - m-/*cllp*/ o o
xpoint-(lxicts-l 0) *(x-mun)/de;tax+05, : -
ypoint- (vdots-l‘O) » (1 0 - (y - ymin)/(deltax *vove.rh)) + 0. S; R
if (ipntf) /* ifm'itetoscreen 2o
) scrvdot(xpoint, ypoim: c),, ' g
9 " else. L /*elseifwntetoprinter */ .

\) “ “:.‘ . o 4.;.“l‘,: _‘ ) v““'vr;“‘ -"I | v’y‘ - “ I, | -‘ g ‘..“- ;
‘. ************************ﬁ******************** ’ ‘ :
memmamwmmcssam X T C A
el ET D - NOTE::THIS IS USED BY FINEL B TR S
L ‘ **'h*********s‘\*.**********************#********/y L BT
{neldraw(n. eoozd, elnode) o ‘
; ".-":.,urs gned n. S ./*'el.aii?ntﬁm\be;‘ LR




v e ' = l'n" - ‘ - Aé('.‘. L L ’ o o 19‘1‘..

ML

= staticdmblex[:s][z],,._ o - S -

~ if (folor), . > ; e ’ v T T o
. for (1'='0; 1 < 8; 1 4= 2)( . : S L
for (3 = 0; § < 3; 34y (- ‘ ‘ o . »
x(3}[0]) = ooord[elnode[n][(i+j)%8]][0], ‘
) “xX(31(2] = coord(elmde[n][(i«rj)%B]][lL ‘
" 1sollne(x),‘ 4‘  ' "‘ "" - o S
L for (1=0;4<8; i) | /plocelemﬁtnodes o ‘
L ' felplot(coord[elmd@fn][m[m, coord[elnode[n][i]][l], (folor—-l)&:)),
‘ ﬁ) ,A , X Lo
' **********************************************aaﬁ**** , ' o
* DRAW ISOPARAMETRIC LINE THROUGH THREE POINTS * ‘ ‘ ‘ ‘f

, ************************************************t****/

e

v
i)

le x(1(2]; B N

éx, dy; ' o /* two different 'steps, use minhmmn m/', '
/double eta, deta; ' /* parent line coordinate S */ I
double al, b1, cl, a2, bg, c2; & ‘ : ‘

‘extern int.folqr; . . _ 1“ oo

* ([0)(0] "+ x(2][0] - 2 * x(1)[0}) } 3
* (x(0J[1] + x(2][1] -2 * x(1](1])7 . -
* X[0I[0)); - o k
* (x(2](1] ='x[0)(1]); . . EERRR T
100); ez = x)[1]; coe

o~
%
-—
N
—
~—
o
St
l

- " eta —_— 0; | ‘f-f ) L IR o S
' while (eta <= 1. 0)( ,. R S L T
: )oca(al*eta'+bl)*eta+cl,‘ ' v o o .
e m(a2*teta+b2) fetarc; T Lo
o f lot(xx, yY, folor); ‘ ‘ G e T ‘
L fabs(zo*al*eta+bl)*hdots O TN
S ¢ fabs(zo*az*eta+bz),*vdots/vcvem, | o Tw \
' =(dx>4dy) 2 dx : dy; .- S ct o e L
'eta+<=(deta)"deltax/deta'20,
Sl returm; o .j, ‘.c‘uz”,?;"“. L

PR E ******i***********************t**i*********i*' '_‘;"' A DAL
o x Gﬁﬂiﬂﬂ&!E DERIVZEIVE OF 1. DIMENSIONAL ; oo

n * INTERPOIA!iON FUNCTION e S I

B *********************************************/ RS



A
double, N1d(i, eta) | LoD
int §; . '/
' double eta; ' . '
(' ' ’
double val;
switch (1) (
) case 0:
val = (0.5 * (1.0'+ 2.0 * eta));
break; -
Case 1: ' -
val = (-2.0 * eta); ‘
break; .
casa 2: o r
- val = (0.5 * (2.0 * eta - 1073
. break;
default: T
«printf("\nError in 1-D interpolation") ;
exit1(0) ;
)
. return(val) ;
) .
/.g hY
. . SELECT SCREEN N */
scmn(n) /* confiqure the screen */
int n; /* mxde = 0 for A/N, 1 for graphics #*/
( o : Lo
* switch (n)( i

case 0: /* 1f A/N screen 74
screen(0) ; /* set A/N screen *
width(80) ; ‘ S /

o scr_color(0, 1); /* set border color */

Case 1: ; ' S :
“screen(l); .. - ~ - . /* set 320 by 200 *x/
scr_color (palette, bolor|bright); /* select color and palette »/
break; : C 4 '

) . | N

return; ‘ N

) A BV
~

o

192
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* 7 Flle: Fext.a

ROUTINES TO HANDLE DATA IN 6 BYTE MATRIX STRUCTURES
+ (unsigned) valfu(n) teturn the unsigned value ‘ '
(double) valfd(n) retwrn double value

> %3 ma ~s w3 wp my

storefu(n, i). store unsigned value
storefd(n, x) store double value
; addfd(n, x) add double value
DSBEG '
PUBLIC matrix_
CSEG .
FUBLIC valfu_
valfy :
MOV SI, SP ‘ \
MOV AX, WORD (SI+2] iget n _
MWV X, 6 ;maltiply n by 6/16- - «
MUL X T~
MOV CX, 16 '
DIV <X »
ADD AX, matrix_ jadd matrix to get segment
MOV DI, DX /pat offset to si
MOV ES, AX ;get segment in ES
MOV AX, WORD ES: (DI+2]
RET ‘
PUBLIC storefu_ ' '
storefu_:
MOV SI, SP
MOV AX, WORD (ST+2) ;get n
MOV X, 6 /mltiply n by 6/16
MUL CX .
MOV X, 16 . v
DIV CX < ‘
ADD AX, matrix- ;add matrix to get segment ‘
MOV DI, DX /put. offset to si ‘
MOV ES, AX ;get segment in ES- — ‘
MOV AX, WORD (SI+4] ’get unsigned value
MOV WORD ES:(DI+2], AX ' ;store in matrix element
RET '
'PUBLIC valfd,,' ' .
valfd, : ‘ : ‘ .
, MOV ST, sp: N
MOV AX, WORD [SI+2]" iget n
MOV CX, 6 ;multiply n by 6/16
MUL X L ’ .
MV X, 16 '
DIV &X' e ‘ -
~ ADD AX, matrix_ ;add matrix to get segment N
MOV DI, DX pat offset to si ' - :
MOV ES

, &X '°:g8tsegxt\entin23'
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FLD DWORD ES: (DI+4] .

Y RET ‘
" PUBLIC storefd_ istorefd(n, double)
storefd : /store double value in matrix element -
MV SI, SP —
MOV AX, WORD (SI+2) jget n .
) MOV X, 6 . smultiply n by 6/16
MUL X o - .
MOV X, 16
DIV X .
ADD AX, matrix_ jadd matrix to get segment "
MOV DI, DX . Jpat offset to si .
MOV ES, AX ;get segment in ES
FID QWORD (SI+4]. ;fpush dauble value
FSTP DWORD ES:[DI+4) sstore in matrix
RET
FUBLIC addfd_ *  ;addfd(n, double) . ¥
addfq : ;add double value to matrix element
MOV sI, sP ' ' '
MOV AX, WORD [SI+2] ;get n
MWV X, 6 : smiltiply n by 6/16 ,
MUL X ’
MWV X, 16
DIV ¢&X ' ®
ADD AX, matrix ;add matrix to get segment ) .
MOV DI, DX ;pat offset to si
MOV ES, AX ;get—segment in ES
FID QWORD (SI+4) ;fpush double value )
FADD DWORD ES: (DI+4) ;add value in matrix

FSTP DWORD ES: [DI+4] ;store in matyix
RET \ .

*



