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1. INTRODUCTION

AXCST is a program for the stress and displacement analysis
of axi-symmetric elasticity problems using the Finite Element method.
In the program triangular elements with a linear displacemenﬁ field

are used.

The major Bloéks of this program are similar to those of
- the CSTES program (Ref. 1). The AXCST program can be used for the
linéar elastic analysis of_axi-symmetric solids with'axi;symmetric
boundary conditions of any type. Iﬁ.addition, the prograﬁ can solve
thermal stress problems with arbitrary axi-symmetric temperature

distribution.
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2. ANALYTIC FORMULATION

2.1 Displacement Field

| Stresses and displacements of a solid_with axi-gymmetric ge-
ometry, boundary conditions, and loading are also axi-symmetric. If
the problem is formu¥ated in.cylindrical cdordinates r, 8, and z, thié
implies that stresses and displacements are independent of 8. Thué, the
three-dimensional elasticity problem wili be reduced to a fwo—dimensional
case, mhere‘the coordinates r and z completeiy define the stresses and

displacements of the body in all directions.

The Finite Element approach for solving elasticity problems
requires the definition of a displacement field within the element.
The simplest form of this function is based on a complete first order

polynomial in the following form:

{ u (r,z e +er +e z
¢ (’) 1 2 3

(1)

1]
1]

r,z +er +e 2z

v (r,z) . A

This assumption immediately defines the strain variation within each
element, which is found to be constant except for ee. Since the tan-
gential strain varies as an inverse function of r, the normal stresses

throughout the element will vary in radial direction as well.

The linear‘displacement function defined in Eq. (1) satisfies
the compatibiliﬁy conditions along the edges of the elements as long

as nodal point continuity is maintained.
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Expressing the unknown coefficients e ,...,e "in terms of
1 6

nodal point displacements, the displacement function can be rewritten:

1 Tra a. a u, v
i ]k i i
u (r,z) 1 .
= — Iy b, b. b u, v, 2)
v (r,2) 2h i 7j 'k j i |
Z c, cJ S we v
where
a; = rjzk - rsz bi = zJ - zk cl = rk - rJ
a3 T NP T Ti%k by =2 -2y 571 T Tk )
ak = rlzJ - rle bk = zl - zJ ck = rJ - rl
20 = bjck - bkcj IAI = area of triangle.

i
It should be noted that the axi-symmetric CST-elements are

actually complete rings with triangular cross?section, while the nodal
"points'" at which they are connected are circular lines in plane view

(Fig. i).

2.2 Fundamental Matricesi

In the Finite Element formulation of elasticity problems

four fundamental matrices are used:

(l) B - matrix,

relates the elemental strains to the nodal point dis-
placements. '



2) D - matrix,'

relates the elemental stresses to the elemental strains,
known as the elasticity matrix.

. e )
3) k - matrix,
relates the nodal point reactions to the nodal point
displacements of each element, known as the element
stiffness matrix. '
(4) KX - matrix,
relates the nodal point reactions to the nodal point

displacements of the whole structure, known as the
global stiffness matrix.

2.3 B - Matrix
From the theory of elasticity the following relationships

can be found for the axi-symmetric state of strain (Ref. 2):

=-§-l-1- ’ =-a-_u. @.! H
r T ar Yez dz + dr %
; oy = . /
ez _ dz : Ygr 0 A “)
- u : -
9 "t ' Yoz = 0

Substituting the displaceﬁent function (Eq. (2)) into the strain-dis-
placement relations (Eq. (4)), the elemental strains can be expressed'

in terms of nodal point displacements:



€. bl - bj - bk - ul
€ - ¢ - cC c vi
z . i j B k
_ L ! sl o
ee 24 P; ~ Pj B _Pk B vj
Ler< Lcl bl cj bJ ‘K bk Yk
Vk 
where ’
a; vciz
=21 p —_—
Py byt
a c.z
p. = —- 4+ b, + -
] J .
a . c, 2z

pk T Tk r

It is convenient to split the B - matrix into a constant

and a variable part:

B=B +8B
- e -2

B, defines here the elément strains at the center of the triangle,

while Ez takes into account the variation of e, throughout the ele-

8

ment.

i k
' BT S S T ™ (6)
= EZ . ' ’
pci 0 ch 0 Pck 0
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(000 0 0 0 o0
1 0 0 0 0 0 0O
B =5
—2 2B 0 0 0
q; aj q 0
0 0 0 0 0 of
where
a c z -
b oam gy oy m’
c r m r
m c c e
’ m':l;.]:k
a c z a c z
_ m m m m ¢
q...———-{- - e -
m r r r r
c c
¢ =i (r, + ¢, + 1)
“ c 3 i i k

coordinates of
center of triangle

+ z

=1 :
2, =3 (zi + zj k)

The expressions for P.i> pcj’ and P can be rewritten in the following

form:

Pei 7 ch TPk T 3r_ Pe

2.4 Elasticity.Matrix

The elasticity matrix D defines the stress-strain relation-
ship within each element. TFor an isotropic material the D matrix is

of the following form:
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a=Dg
o [ v v I N
Ty 1 l-v 1-v €
: : L . -
%, |- 1-v 1-v ¢z
= (L-v) v v )
+ 1-2v ———— -
Jg (1+v) ( ) v T-v 1 €y
_ - _ - 1-2v
Tez| 4 : o . 2(1-\))J Yrz
- - L - 4

2.5 Element Stiffness Mat;ix

A general expression for the element stiffness matrix, which
relates nodal point reactions and nodal point displacements of each

element, can be derived by applying the principle of virtual work

(Ref. 3).
. k™ =[B DBdV (8)
: v
This integration has to be carried out over the total volume
of the ring-element, however, due to axi-symmetry this volume integral

can be simplified to an integral over the triangular cross section of

the element.
k- =2m [ B DB r drdz (9)
A

Sepérating the.constant and variable parts of the B - matrix

results in the following summation:



1o
oo

ke=2njBTDB rdrdz+2njBT r dr dz
= LY T =1 _

A

(10)
T ‘ T '
+2n [ B "DB rdrdz+2m [B" DB rdrdz
2 T T T2 T T2

A A

Noting that j B r dr dz = X B T r dr dz = 0 and I rdr dz = r IAI
—= J T2 . ) c. :

A ' A
the element stiffness matrix can be expressed as &

- or o _ ' _ | » (11)

k =2ﬂrc|A|B _D__B_1+2ﬂI_B_2T_]2§_2rdrdz
‘ A

The numerical evaluation of k .presents no difficulties,
-1

however, problems arise in the integration of certain terms of k .

2
From Eqs. (6) and (7)
qlql = qjqi - qkqi -
. ) qqu - qjqj - qkqj -
T E (L-v
B DB = . 12
22 25T e @) -2 (12)

where



= =( R, . m_mejyfnr, n . n__8c
93 T an ( T T r r )(r T T r J
c c c c
m=i’j’k
n=1i,j,k

Integration of these terms leads to

In the derivation of this expression the following integrals have to be

evaluated:
I dr dz = IAI ' f % dr dz~ ='f;
A
I r dr dz = [AI r; I % d? dz = F2 (14)
A A
j z dr dz = IAlbzc Iizg-dr dz = F3 /
A A

For the general case r, f rj # Ty and T, #0, rj #0, . # 0 (Fig. 2),

the integrals Fl, F , and F can be written as
2 3
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a,
= == - -]
111 e (Lmrk Lm:j) + bi along k-j
. a, .
112 = E-j- (Lnri - L[}rk) + bj along i-k
a
L = —— (Inr, -Lnr,) + b along j-1i
13 Gy ( J r_l.l) k &J
Fo=[2dzdr=1 +1_ +1
2 r 21 22 23
A
L2 1 1 s
= - 5 i - - —%b, - == +
Izl 2 3 (Lnrk Lot ) c. bi "4 o, bi (rk r.)
c, i i
i
1 a..2 : ] ii 1 Ei
= - =1 - - - =y +
122 2 (Inr Lnrk) . bj 5o P (r, _ rk)
c. J J
J
a 2 a b
1 "k k 1 "k )
123__2c2(Lnr —Lnr')_ckbk-4ck'bk(rj+r)
k
22
F:.j'—dzdr=I + I +1
3 r 31 32 33
A
FEAN a;” 123 Py
I =+%~ (@nr, -Lnr,) +—b, +=——0b, (r, +1r)
a1 3(:.3 k j c2 | Zci c, 1 k ]
i i
b.3 ~
1 i 3 3
+3 73 (rk r.%)
i
L2y S IR Rl
=3 — - - . - b
L @nr, - Lar ) + zbj+2.c.c. J..(r].L+rk).
c, c. J ]
] ]
p bs°
= 3 . 3 )
5 (r, )

-10
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3 2
a a a, b
I =+ Lk (Inx, ~ Lonr.) + L b, + Lk k b, (r., +r.,)
33 3 s j i 2 k 2¢ ¢ k 7] i
c, c, k "k
3 K
b 3
+—1-—r—(r3—r3)
5 5 " i’
k

It can be shown that certain simplifications of these éx-'
pgessions are possible;'for instance; in the evaluation of F1 the
sum of bi + bj + bk is indentically zero, Whereas this is t?ue for
the general case of r # r and ro # 0, algebraic operations of this
type are not permissible in certain special cases where terms of I

P4

become improper. These special cases can be classified into two groups:

i
=

Type 1: T

1]
o

Type 2: o

A Type 1 singularity arises when two nodal points, m and n,
have the same value of r (for instance, 6 = rj)} This means that! the
correspénding value of <y (Eq. (3)) becomes zero. Since c; appears in
the denominator of several terms of Ipq’ these.expressions will'beéome
inf?nite or at least improper. However, from Fig. 2 it can be seen
that in this case the sub-integral over the area k j j’k,doesbnot exisf,'

whiéh means that I =1 = T = 0.
11 21 31

A singularity of Type 2 is encountered in the case of r = 0.
Those terms of Ipq which become improper for LT T 0 can be reduced’

to the following form:

p p

i 1,23 (16)
T . = - Lnr, =1,
pi (C_P N i S ’

] N
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The evaluation of Tpi for r, = 0 leads to an indefinite expression of
the form Q0 . «; hoﬁever, by applying L'Hpspital's Rule it can be shown

that the limit of all Tpm terms is zero.

Although it is possible that both types of singularities
occur simultaneously (rm =r = 0), this condition requires no special
attention since the conclusions drawn previously are still valid in

this case.

The foregoing paragraphs show that the evaluation of the ele-
ment stiffness matrix for‘aii-symmetfic tfiangular elements is rel-
atively complicated compared to the CST (constant strain triangle) ele-
ment in plane stress problems. The reason for thi; lies in the dif-

ficulties encountered in generating the k =~ matrix.
, -3

Therefore, a number of developers of Finite Element programs

’ i
tried to circumvent these difficulties by using certain approximations

(Refs. 4,5,6,7).

The simplest way of doing this is by assuming}i2 = 0

(Ref.‘4). Recalling that k takes into account the variation of €q
—2

inside the element, this approximation is certainly justified for large
values of o On the other hand, it can be shown that the'elements of

k are of the game magnitude as those of k for elements in the vicinity
-2 : - 1

of the axis of rotation. Therefore, the use of this approximation may

cause large inaccuracies,

It was shown that the existence of certain special conditions,

for which a number of sub-integrals become singular or do not exist,
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eliminates the possibility of simplifying the expressions for the in-

tegrals F ,...,F .
L 3

'To circumvent this difficulty it was suggested (Ref. '5) to

"assign a small quantity to those values that cause the integrals to

" become singular. Test runs show that the approximation r = ¢ instead

of r = 0 gives results which seem to converge to the true value. On

the contrary, the approximation rL T T, T results in an excessive

error build-up even for computers with a relatively long word length."

For this reason, it seems to be questionable whether an approximation

of this type should be used.

Another very_éommon method of evaluating the element stiff-
ness matrix for axi-symmetric triangular elements is.the-use of
numerical integration techniques (Refs. 6,7). Obviously, this pro-
cedﬁre givés only approximate results, regardless of whether those
special conditions for the nodal point coordinates are met or not. In
general, it appears to be doubtful whether numerical integration has a
distinct advantage as far as execution time and storage space is con-

cerned, when compared with the exact evaluation procedure.

2.6 Global Stiffness Matrix

One of the major problems in a Finite Element program is the
assemblage of the global stiffness matrix K of the structure. A de-

tailed description of this procedure is given in Ref. 1.
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2.7 Auxiliary Matrices

In order to make the analytic formulation of the Finite Ele-

ment method complete, two additional relationships have to be established.

Since the AXCST program includes the analysis of thermal strain

problems, expressions have to be derived to transform the thermal strain

t
loading condition ¢ to equivalent nodal point loads Et.

€ft ot
) ezt o t
t
£ - ot T lat . a7
9
. .
. 0
L\%e |

By applying the principle of virtual work to this problem the.following

relationship can be obtained: ' ;

(18)
T
= 21 X (B + B T) D e r dr dz
2, 25 /=&
A
Recalling that j EZT r dr dz = 0, this expression can-be simplified:
A
F* =218 ' De [rdrde
= 2 ==
(19)
= 211 B T D et r_ IAI
-1 — = ¢l .
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t
After evaluating ElT D ¢ explicitly the nodal point loads gt finally

can be written as

(20)

As a last step in a Finite Element analysis, the elemental

stresses have to be expressed in terms of nodal point displacements.

- For this purpose the following relationship has to be used:

la
I

1)

o
<
jor
1
o
N
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3. GENERAL PROGRAM DESCRIPTION

3.1 Application to Boundary Value Problems

The AXCST program can be used for solving the following type

of elasticity problems:

(a) Surface Forces, (S)
(b) Body Surfaces, (F)
' (c) Displacement Boundary Conditions

(d) Thermal Strain

It is understood, of course, that these loading conditions are axi-

symmetrical.

As a characferistic of the Finite Element Method, all force
and displacement boundary conditions have to be prescribed at the
nodal points, as nodal point loads or as nodal point displacements:
This makes it possible to prescribe displacements not only at the sur;

face, but also in the interior of the body.

To keep the program as general as possible no attempt was
made éo incorporate the evaluation of nodal point loads due to dis-
tributed surfacé or body forces. The procedure for obtaining the nodal
point loads due to arbitrary distributed fofces will be outlined in

Section 3.2.

- Only in the case of thermal strain problems the program will

generate the nodal point loads using data for the coefficient of thermal

expansion and the temperature change, which have to be prescribed for

every element. Again, more specific features like temperature

RPN
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interpolation or temperature variation within the element was not in-

cluded, but can be handled by assigning nodal point loads directly.

3.2 ©Nodal Point Loads due to Distributed Forces

The evaluationvof nodal point loads due to distributed sur-
face forces is commonly done by applying the principle of virtual

work (Refs. 5,8).

Using the following notation

.
Il

n nodal_pqint'load due to distributed surface forces
Zg = virtual displacement at nodal point n in the
direction of Sn
:|E )] -
. £ = = distributed surface forces
.fz (r,z%
r__’ -
— u (r,z) ,
As = —s = yirtual displacement of the surface s
VS (r:_z)-i ’

Il

j ds integral over the element surface

s

the nodal point load can be written as
s -3 =[£ Bsds (22)
n n - = :
s
By assuming Zﬁ = 1. it follows

s = [ [fr Su+ £ Vs] ds | (23)
4 | o
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Here Es and ;s represent a compatible displacement field, having a unit

displacement at nodal point n in the direction of Sd'

To illustrate this procedure the nodal point loads due to

(Fig. 3).
From Eq. (23)>follows
s, =j[f T 'v']ds
i r s z s
z s
Since fr (r,z) = 0 and fz (r,z) = -p, on surface s, Eq.

rewritten as

A compatible displacement function ;s with ;i

 tained from ‘Eq. (2)

117! (3 = 1]
al aJ a, v, =
—_- 1 :
= b
Vg (r,zs) 75 r bL bj K 0
zS cl Cj ck 0 -
= %Z (a + bir + ciz )

- uniform pressure acting on a plane z = constant will be evaluated

(24)
;/

{
(25) can be

(255 |

= l.can be ob-

(26)

Since the surface integralj’ ds is independent of z in this particular

S .
case, the following simplification can be made:
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I ds = 2w I r dr - @27
S

Using Eqé. 25), (26),‘and (27) the nodal point load Siz can be written

as

VA 2 .
d
812 | [y tejpd b T ]-r (28)

After executing this integration and replacing a;s bi,'ci, and 2A, ac-

cording to Eq. (3), the following expression for Siz will be obtained:
.
p_.

. 2 - ‘
S;, = 3= (r - t) (r +2r) (29a)

Using the same procedure to evaluate sz and Skz yields

_ %
Skz = -3 (rk ri) (ri + Zrk) (29b)

sz =0 : (29c¢)

Another very common type of loading, uniform pressure on a surface with

t

r, = constant (Fig..4), will result in the following expressions for

the nodal point loads:

Sir = Sjr =.-ﬂprrs (zj - zi) (30a,b)

95}
Il
(o]

o (30¢)
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The generality of this procedure makes it possible to evaluate nodal

‘ point 1ogds for arbitrary surface forces, although the expressions be-
come rather involved for more complicated cases, This'procedure is also
applicable to body forces if the integration is executed over the volume

of the element instead of its surface.

3.3 Solution of Simultaneous Equations

The equilibrigg\iquation for the total system of elements can
/ .

be written as

E:gg. - ‘ (1) .

where K = global stiffness matrix
. : F = nodal force vector
& = nodal point displacement vector

N = total number of nodal poidts

The vectors F and § consist of N sub-vectors En and QTI, which contain

the force and displacement components for each nodal point.

, . F o= 5 = g (32)

In the AXCST program an over-relaxation type of approach is used for
solving the large system of simultaneous equations (Refs. 1,9). The

basic formula for this iterative procedure can be written as:



...1 .
(G+1) (i) - o G+
-{)'n 5 + B -linn En .Z l—c-ni -§-i-
i1i=1
N () %)
-z Eni 6i ’
i=n+1

where B

= over-relaxation factor (1.85)
j = numbe; of iteration cycle
ki = (225) sub-matrix of global stiffﬁess matrix
—nnﬁl = nodal point flexibility matrix

The use of this over-relaxation method offers a number of distinct ad-

vantages:

(a) The large but spafsely populated global stiffness
. matrix can be stored very effectively, that is, for
a given storage space a maximum number of nodal

points can be handled.

(b) The error build-up and propagation, a very serious
problem for computers with short word length, is re-

duced to a minimum,

(c) DNo restrictions concerning the "band-width' have to

be imposed on the enumeration of the nodal points.

On the other hand, iterative methods of'this type tend to require more
execution time as compared to direct methods of solving simultaneous
equations. This is particula;ly true for certain types of problems,
where the convergence of the solution presenﬁs difficulties. However,

the same reasons that cause a slow convergence of the iterative solution
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might cause an increased error build-up for direct methods. This
error remains undetectable unless elaborate error analysis is per-

formed.

3.4’ADisplacement Boundary Conditions

From Eq. (33) the displacement increment per iteration cycle

can be written as

. _1‘ . . .
as 3 =g Fo-oxn ks M s ks D @
n ~nn n ) ni =i . ni, ~i
i=1 : j=o+1 -
or
AS (J) =l_(_ -1 . P (j) ‘ (353)
n —~nn -n
w13 e f 11O |
n - rr o rz r (35b) )
Av £ f P : ' :
Zr zz z

P denotes here the difference between the nodal point load En and

_those. forces caused by the displacement of adjacent nodal points. P

is commonly referred to as '"unbalanced force".

Whereas Eq. (35) is valid for all nodal points without re-

straints, certain modifications of the nodal point flexibility matrix

-1

Enn are necessary for those points where displacement boundary con-

ditions are prescribed (Ref. 9).

In general, two types of restraints have to be distinguished:
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(1) the nodal point is fixed in all directions

.(2)‘ the nodal point is free to move along a line with an
angle @

Denoting the support reactions with §n’ Eq. (35) can be re-

written for a restrained nodal point as follows:
= (36)

For a Type 1 restraint the displacement increments_é_é_n are identical

zero. It is apparent that this condition can only be met by setting

ta
w—-

the modified stiffness matrix Enn equal to zero.

% % % % - ‘
rr raz zr zz

For a Type 2 restraint (Fig. 5) Eq. (36) reads:

bu . f £ P - S - sing
n rr rz r

]

v (38)
Aun - tang £ f *|| P + S . cosy

Eliminating the unknown support reaction S results in the following

%=1

expressions for k
. -—nn

. £ _-~aof ., f _~af
% rr rz * rz
f T e e : f =
rr 1 - o tang rz 1l - a tany
(39)
g Yo ¥ £ Yo Fe
zr © tpp RO ‘ zz  rz an®
where
frr tanQ - frz
= f tang - f
rz YA
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Special attention has to be paid to the case where ¢ equals /2. This
corresponds to the case where nodal point is free to move in z -
direction. Since tang is infinite in this case, Eq. (38) has to be

rewritten

= * : (40)
Av f f P '

Expressing Sr in terms of Pr and PZ yields

Yo o, ot
w w ~

f - =.f = f = Q0
rY rz zr
* frz2
fzz = fzz £
rr

3.5 General Description of Input

The minimum amount of information that has to be provided

for a Finite Element analysis includes the following items:

1) Control Variabies.

Number of nodal points, number of elements, number of
restrained nodal points, control variables for output,
In case an iterative method for solving the system of
simultaneous equations is used, a convergence limit
and/or a maximum number of iteration cycles has to be
provided. '

2) Element Data

Nodal point numbers i,j,k . :
‘Material properties (Young's modulus, Poisson's ratio)

3) Nodal Point Data

Coordinates of nodal point.
Nodal point loads. '
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4) Restrained Nodal Point Data

Number of restrained nodal point.
Type of restraint and direction in which the nodal
point is free to move.
In the AXCST program two features were incorporated which require ad-
ditional input information. These features are:

1) The program will generate nodal point loads due to
thermal strain. For this purpose the coefficient
of thermal expansion and the temperature change
has to be provided for each element.

2) The program will read in initial values for the nodal
point displacements. These values have the character
of initial guesses for unrestrained nodal points,’
whereas they are treated as specified displacements
for restrained nodal points.

It is possible to incorporate numerous other features in
this program. Of particular interest would be program parts for
generating nodal point loads due to various types of surface and

' i
body forces. However, to keep the input as general and at the same
time as simple as possible, no provisions of this type were made. -
For the same reason all input data have to be punched on separate
cards for each element or nodal point respectively. It is apparent
that for specific types of problems the amount of input data could be

greatly reduced. 1In those cases it is left to the users to modify

the input of this program according to the specific purpose.

3.6 General Description of Qutput

The Finite Element analysis of elasticity problems provides

the following numerical results:
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1) Nodal point displacements

2) Element strains and stresses

These nodal-point displaqemenfs define the displacements
throughout the body uniquely since the linearvdisplacement function
used‘in the.AXCST program satisfies compatibility along the,edgés of
.the.elements (Section 2.1). However, the element stresses aéd strains

will generally not match along the interface of two adjacent elements..

From compariéons with elasticity_problems; of which an exactA
solution is known, it was found that the best numerical results are
obtained by assigning the element stresses and'strains to the center
of the element. To obtain stress ana strain values also for the nodal
points a number of authors appiied certain weighted average procedures.,
Unfortunétely, the criteria used by_different authors to determine the

weighting coefficients contradict each other in a certain way.

A second problem arises in connection with nodal point
stresses. In many elasticity problems the maximum stresses océur at
thé boundary of the body rather than in its interior. In this case
the stresses at the boundary points:will'be biaséd noticéably, siﬁce
their value is based on. the average of the interior element stresses,
not on their extrapolated values. Therefore, it seems to be doubtful
whether the nodal point strésses should be used at all as a result of

the Finite Element analysis.

The AXCST program provides the following output:



237.66

1)

2)

3)

-27

Input:Data

Control variables ‘

Element data (including center coordinates)
Nodal point data

Restrained nodal point data

Force Unbalance (printed in specified cycle intervals)

Displacement and Stresses (printed in specified cycle
intervals) :
_ / _
Number of cycle, corresponding force unbalance
Nodal point displacements ‘
Element stresses (or, c,» ©

5’ Trz’ O&, og, direction of

01)

In case there are distinct reasons to use nodal point stresses

as a result of the analysis, their values can be calculated and printed

out by specifying the proper control variables (see Section 4.1).
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4. USER'S GUIDE
4.1 Input'InformationA ;
A. Header Card - FORMAT (1X,52H.......ccuvuuvununnn )
B. Control Card - FORMAT (614,6X,E10.3)
Cols. InEut
1 - & DNumber of elements
5 - 8 Number-of nodal points
9 - 12 Number of restrained boundary points
13 - 16 Print interval of force unbalance
17 - 20 Print interval of digplacements and stresses
21 - 24 Maximum number of cycles
31 - 40 Convergence limit for unbalanced force
50 0 - output of nodal point stresses suppressed
1 - output of nodal point stresses executed
C. Element

Cols.
1 - 4
5 - 8
9 - 12
21 - 30
31 - 40
41 - 50
51 - 60

Data - 1 Card per element  FORMAT (314 ,8X,4F10.0)

Input

Nodal point number i

Nodal point number j

Nodal point number k

Modulus of elastieity

Poisson's ratio

Coefficient of thermal expansion
Temperature change

D. Nodal Point Data - 1 Card per nodal point FORMAT (6F10.0)

Cols.

1 -
11 -
21 -
31 -
41 -
51 -

10 -

20
30
40
50
60

Input

- Ordinate

- Ordinate

Load

- Load .
- Displacement (%)
- Displacement (*)

N NG N
1

Note: (*) On free nodal points.these are initial
guesses; on restrained nodal points
these are specified displacements.

E. Boundary Point Data - 1 Card per boundary point

Cols.

1 -

4
8

, ~ FORMAT (2I4,2X,F10.0)

Nodal point number

0 - nodal point is fixed in both directions

1 - nodal point is fixed in R direction :

2 - nodal point is free to move along a line of slope S
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Cols. A - Input

11 - 20 Slope S (type 2 boundary point only)

. Note: Cards of type C and type D have to be placed in
’ their natural sequence. To avoid errors the
element or nodal point number should be punched
in columns 71 - 80.

4.2 Assumptions, Limitations, Remarks

A.

Limitations '

1) Maximum number of elements: 600

2) Maximum numbef of nodal points: 310 -

3) Maximum numbér of nodal points adjacent to a certain
point: 8 :

4) Eléments and.nodal points have to be ﬁumbered in natural

: "sequence (data cards have to be placed in the same order).

Assumption

Over-relaxation factor: 1.85

Initial guesses foridisplacements

For boundary condition type 2 (nodal point is forced to move
along a line of slope S): 1Initial guesses of displacements
perpendicular to the prescribed slope will be treated as
imposed dlsplacements

Direction of principal stresses

The calculated value is the angle between the positive R axis
and the direction of the maximum positive (or minimum negative)

principal stress. In case that both values (0 - cz) and Teg

are very small thlS angle becomes meaningless,

Required field length-

M - 100,0008

By using CM -~ 140;0008 the program can handle up to 530 nodal

points and 1000 elements.
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PROGRAM AXCST (INPUT,TAPE 1=INFUT,OUTPUT, TAPEZ CUTPUT) ' . AXCST

1
o : ‘ _AXCST 2
ETTTTTTEINTAE ELEMENT CANALYSIS OF AXI—SYMNFTRfﬁ“SOLIDS AXCST 3
* AXCST 4

ODIMENSION NPI(6OJ),NPJ(6DO),NPK(ODO),E(6GO),P(EDG),AL(6UN),UT(BOG)AXCST 5

DIMENSION TH(600),SR(A00),SZ(6008),ST(E00),TA(H0D0) . AXCST 6
TODIMENSION R(zTﬁ),z(fIEB,RLCAD(s1a>,Zfdﬁd(zloa,ER(?10),DZ<310) AXCST 7
DIMENSION SRR(310,9),SRZ(310,9),SZR(31C,9),S22(310,9) ,NN(310,¢) AXCST 8
DIHﬁﬁéidﬁ“?ﬁﬁ?@fﬁﬁTFﬂiiﬁiﬁTTEfﬁT?fﬁT;ﬁii(310) : AXCST -9
 DIMENSICN B(6,6),0(6,6),S(6,6) L AXCST 10
DIMENSTION AN(3),3B(3Y,CC(3),A0(3),RA(3) ,RKB(3) ,LLL(3I) . AXCST 11
EQUIVALENCE (AL(600),TH(600)),{(0T(600),SK{600)) AXCST 12
IN=1 : ' AXCST 13

10=2 | - ~ AXCST 14
T OATA RELA/1.857 . _ _ AXCST 15
x ' ' : AXCST 16
X INPUT ST . ' AXCST 17
* . ‘ : ' AXCST 18
WRITE(IO,300) ' . . AXCST 19

, READ(IN,400) . B __AXCST 20
TTTTTTTTHRTTE (16,580 : : ~ AXCST 21
WRITE(I0,301) , AXCST 22
READ(IN,401) NELE,NNOP,NBOP,INUN, INST MAXC TOLE NPST AXCST 23
 WRITE(I0,302) NELE , AXCST 24
WRITE(IO, 302) NNOP - T ' ~  AXCST 25

WRITE(IO,304) NROP - : _ ' __AXCST 26

WRITE (IO, 305 INUN ‘ AXCST 27
WRITE(TO,306) INST : : AXCST 23
TTTTTTTTWRITEC(IO, 307y MAXC T o T AXCST 29
WRITE(IC,308) TOLE - _ o . _AXGST 30
WRITE(LO,30¢) RELA ' AXCST 31

READ(IN,402) (NPI(M),NPJ(M),NPK(%),E(V),P(M),AL(N),CT(M),M 1, hELE)AXCST 32

READ(IN,&03) (P(\),Z(N),QLOAD(N),ZLOAD(N),OR(N),DZ(N) N=1, NNOF) AXCST 33

WRITE(TO,310) AXCST 24
WRITE(TIO,311) (N,O(N),[(N),DLOAD(NS??LOAD(N),DR(A),DZ(A),N l,hNCF)KXFST 35
WRITE(IG,312) : AXCST 36
00 161 N=1,NNOP : , _ A AXCST 37
0O 100 L=1,¢ ‘ AXCST 38
o Sra(N,L)—SRZ(N LY=SZR (N, L)—SZZ(N BETN B . AXCST 39
100 NN(N,L)=0 AXCST 40
101 NN(N,1)=N a : T AXCST 41
% . AXCST 42
¥ FORMATICN GOF ELEMENT STIFFNESS MATRIX - AXCST 43
* ' _ ' . AXCST 4u
S ETONEY S YR E ) ' : AXCST 45
CB=90.0/P1 . ' . : AXCST- 46
DC 112 M=1,NELE O , CAXCST &7
DO 102 II=1,6 : o AXCST 48
§o 102 JJ=1,6 ’ ' o . AXCST &9
192 d(II,JJ)—D(II JJI¥=S(II, JJ)-D ) AXCST 50
' IT=CL(D=ENPT T , AXCST 51
J=LL(2)=NPJ (M) ' ' AXCST 52
K=LL (3 =NPK(M) _ _ AXCST 53
AA (1) =R(J) *Z(K)=R(K)*Z(J) ‘ AXCST Sk
AR (2Y=RUOFITID -R{DYy*7(Yy AXRCST 55
AA(3)=R(I)*Z () =R(J)*Z (1) - AXCST 56

IR ErANI EVATY) , TAXCST oY
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L BB(2)=7(K) =Z(I) AXCST 53
BB =Z(D) -2 (D) AXCST 59
| S CC (1) =R(K)-R () AXCST 60
T T =R (T SRR AXCST 61
CC(3)=R(J) =R (I) AXCST 62
RCE(RIIIFRID+R (KN 7378 AXCSY 83~
ZC=(Z(I)+Z (J)+2(K)) /3.0 _ : AXCST &4
WRITE(IO,3L3Y M, I,d,K, F(M),P(V),AL(M),DT(H),PC € AXCST €5
IR=7C/RC AXCST 66
Y Y- = E CEN ) R K T T K T D B YA AXCST €7
IF(AREA,£Q.0.0) GO TO 135 AXCST 68
ARE=ABS (AFER) AXCST 69
TT=2.0%AREA/(3.0%RC) AXCST 70
TTTTTTTTTTRRELLVESLVOER (D AXCST 71
THIM)=E (M) AL (M) *DT(M) /PP . _AXCST 72
THESFTY¥RCEFTH MY FSIGNTIL IS AREN) TAXCSTTIET
DC 103 L=1,3 AXCST 74
LE=2%( ” AXCST 75
LA=LE-1 AXCST 76
LC=LL (L) : AXCST 77
NLOAU(LC)—PLOAO(LP)+THE*(89(L)+TT) AXCST 78
T LOACTLCY S ZLCAD (UEYFTHEYCE (UL AXCST 797
E(1,LA)=8(4,LB)=08B(L) AXCST 80
(2, te)y=a{4,LAr=CCc(Ly AXCST 81
102 B(3 ,LA)—TT B __AXCST 82
DC=E (M) ¥PI*RC/ (&L, O*A%E*(l ETECINE TAXCST 83
nR= 0042 Q/PP - AXCST 84

TEAEOE¥(TLO-FCHN
BB=DE*P (M)

AXCST 85

. AXGST 86
UD=DA/RC AXCST 87
0(1 1)=0(2,2)=D(3,3)=DA AXCST 88
I N & Y- —u(l,o)—D(Z 1)—0(2,3)—0(5 y 17=D1(3,2)=D8 AXLsT 89
DL y)=0C AXCST <0
o 0010 TIT=1,4 o AXCST 91
DO 104 JJ=1,¢6 AXCST ¢2
TS (I T, JUYEN LU AXCST 937
DO 104 KK=14 AXCST g4
TSI SOV ESHIT L, JOYEOAT ‘I""<T<' YFB(KKS,JD) AXCST 95~
0O 105 II=1,4 AXCST 96
BN EEENN] T)'"“f' & - AXCST e7™™
105 D(II,JJ)=S{(II,JJ) AXCST 98
00166 II=L,6 AXCST 99
DO 106 JJ=1,6 AXCST1i00
S{IL,J0=10.0 - AXCSTIOL
DO 106 KK=1,4 AXCST102
] 106 STII,JdV=S{1T,007+8 (KK, T *0 (R, I AXNCSTAI03
BLOI=BLOJ=PLCK=0.0 AXCST104
T T R RUIY L GT L 0L 0 BLOTIEATOG (R (TIN AXCSTL0S
IF(R(J)GT.040) RLOJ=ALOG(R(IN) AXCST106
IF(R(K).6T.0.0) BLOK=ALGGTIRTKN AXCSTI07
_ AG(1)=RLOK-ELOJ AXCST108:
TR (2 Y= U0 T-EL 0K AXCST109™
AO(3)=8LOJ=BLOI AXCST110
RATII=R(KY+R (D AXCSTITL ™
, RA(2)=R(II+F (K) AXCST112
TTTTTTTTTRA(I =RV FR(TY - AXCSTII3 ™
. RE(1)=RA(L) ¥RA(1)~R(K)*R(J) AXCST114
T RE (2 Y ER N (Y FRA (DY SR TIVERTCK) AXCSTI1S ™
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VB(3)—RA(3)*PA(3)—°(J)*R(I) AXCST116
FA=FE=FC=0.0 AXCST117
e DC 107 L=1,3 . . - AXCST118
IF(CC(LY.EQ.0.0) GO TO 107 - AXCST119
. AC=AA(L)/CC (L) AXCST120
BEC=BE(L) /CC (L) AXCST121
- CO=ACTAC(L) AXCST122
BO=BC*23 (L) AXCST123
 FA=FA+CO+BB (L) : AXCST124
FB=FB=AC* (C0/2,0+8B (L)) -BO¥RA(L) /4,0 AXCSTl?F
_FC=FC+AC*AC¥(CO/3, n+n8(L))+no*(AC PA(L)/ +0+BC¥RE(L) /9. 0) . AXCST1256
107 CONTINUE ' AXCST127
 FA=FA/AREA=-1.0/RC AXCST128
- FR=FO/AREA-ZR _ AXCST129
o FC=FG/AREA=-ZR*ZC AXCST130
R o T B N I = P AXCSTLZ1
DO 108 JJ=1,3 AXCST132
i 15-2411-f"'"' T AXCST133
Js=2%9d-1 AXCSTA3hL
108 SUIS,JS)=SUIS,JSY+0C (AATII)Y ¥AA(JID) *FA+(AA(IT) *CC(JUI+AA(JII¥CC(IIAXCSTL3S
-~ 1)) *FB+CC(IT) *CC(JJ)*FC) L __AXCST136
¥ ’ . ’ : ) TAXTST137
*® FORMATION CF GLoan STIFFNESS MATRIX AXCST138
¥ AXGST139
B0 111 T1=1,3 AXCST1439
00 111 JJ=1,73 AXCST1i41
LM=LL(TID) AXCST142
T M= 0 AXCST1L3
109 MMEMM+L : : AXCST144
[F(MM.GE.10) GO TO 136 AXCST145
CIF(NNALM, MM) LEQ,LL(JJ)) GO TO 119 AXCST146
TIF(NN(LM,MM) .NE. Q) GO TO 109 ‘ AXCSTL47
110 NNCLM,MM)=LL (JJ) : _ % AXCST148
‘ IR=2¥I1 AXCST149
IA=1IB-1 AXCST150
JB=2%JJ AXCST151
JA=JB-1 AXCST152
SRR{LM, MMY =SKRR(LM, MM +S(IA,JA) AXCST153
SEZ(LMyMM)=SRZ (LM, MM)+S(TA,JB) AXCST154
SZR<Lw,1M)-QZR(LN,MMr+S(fB,JA) AXTSTISS
111 SZZILMyMM) =SZZ(LM,MM)+S(I8,J8) AXCST156
T 112 CONTINUE AXCST157
0G 114 N=1,NNOP AXCST158
TTTTTTTTTNG =L - AXCSTI59
113 NO=NO=-1 | : AXCST160
TTFINN (NG ROY L EGLEY 6o 70 1173 AXCSTIEL
- 114 NN(N,1)=NO : AXCST162
00115 =1, NNOP AXCSTIE3 ™
DET=SRR (N, 1)¥SZZ(Ny1)=SRZ(N,1)¥SZR(N,1) AXCST164
FRE(NY=SZZIN,1Y/0ET AXCSTL65
FRZ(N)=-SRZ(Ny1)/DET "AXCST1E6
FZR (N) ==S7RN, 1Y /DET AXCST167
115 FZZ (NY=SRR (N,1)/DET AXCST168
E _ ' AXCST169
* DISPLACEMENT BOUNDARY CONGITIONS AXCST170
% - AXCST171
- IF(NPOP.EQ.0) GO TO 121 AXCSTL72Z
WRITE(TO, 314y ' AXESTLT73
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WRITE(IO,215) AXCSTL74
I 07 o B -0 A N Yo = AXGSTL75
. READ(IN,404) NP,NT,SLO AXCST176

T RTTE (NG, 318 NP NT, SUO AXCSTIi77
o IFANT=1) 118,117,116 AXCST178
116 DET=(FER(NPY*SLO-FRZINPY )Y 7 '7h(hP)*SLO FZZ(NPY) AXCST179
COF=1.0-DET*SLO AXCST180
CFRRONPY=(FRR(NP) -DET¥FZR(NPY)/COF AXCST181
FRZ (NP) =(FRZ(NP) -DET¥FZZ (NF))/CCF AXCST182
FZR(NPY=FRR(NPY*SLO AXCST183
FZZ(NP)=FRZ(NP)*SLO AXCST134
GG TC 120 AXCST185
117 FZZ(NP)=FZZ(NP)-FZR(NP) *FRZ(NP) /FRR (NF) AXGCST186

GO T0 119 AXCST187
118 FZZ(NP)=0.0 ‘ AXCST188
T ERE TNV S ER T TREY S E 7R TRBY =070 AXCST189
* ‘ : ’ AXCST190

= ITERATIVE SCLUTICON OF SIMULTANEOUS EGUATICNS AXCST191
* ' " AXCST192
12¢ CONTINUE ~AXCST1c3
121 NCY=0 ° AXCST194

-~ TTONETINON - AXTST195
IST=INST AXCST1956

TTTTTTTTTINDET AXCSTIC7
122 WRITE(IO,317) AXCST198

123 SUM=0.0 AXCST169
DC 125 N=1,NNOP AXCST200

TR UME AN, ) Rl AXCST201
’ FR=RLOAD(N) AXCST202
FZ=ZL0R0D(N) AXCST203
00 124 L=2,NUM AXCST20L

i MENNTN, DY T AXCST205
FR=FR- %PR(N y L) ¥OR (M) =SRZ (N,L)*DZ (M) AXCST206

TG FIEF RS IRIN, O FOR (MY SSZZ TN, DV ETT (YT AXCSTZ207

LOR=FRR(N) ¥FR+FRZ(N) *FZ~0R (N) AXCST208

T T T S FZR (NY ¥ FRFFZZ N ¥FZ=CZ (W) AXCST720a9
DR (N)=DR (M) +RELA*DOR ' AXCST210

T T N E D (N V¥ RELAFDDZ KXCST2i1™

125 SUH=SUM+ABS (SRR(N, 1)*DDR+SQZ(N 1)*DD7)+AQS(SZR(N 1)Y¥COR+SZZ (N,

1)¥DAXCST212

157) AXCST213™
NCY=NCY+1 AXCST214
ITFINCY LT IUNY 60707126 AXCSTZ1YS
TUN=TUN+INUN ' AXCST216
TTTTTTTTTTREITE (IO, 3LEY NCY,SUM AXCST247 ™
126 IF(SUM.LE.TOLE.OR.NCY,GELMAXC) IND=2 - AXCST218
T T T E UNCY VGEVISTY TG UL Y AXCST2T9™
GO TO (123,127) IND AXCST220
T AXCST221 ™
® NODAL FOINT DISPLACEMENTS AXCST222
T : ' AXCST223™
127 WRITE(IO,31S) NCY,SUM AXCST224
TR ITE(T O, 32T) AXCST225™
DO 128 N=1,NNOP,2 AXCST226
- (=+1 - ~ AXCST227
A IF(LGTL.HNOP) L=NNOP ‘ o AXCST228
128 WRITE(IO, 32D N, BR(NY,DZ(NY S, 0RMY 507D AXCST229™

* o A%CST2320

T ELEMENT STRESSES AxcsT2et
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* . o AXCST222
WRITE(IU,322) AXCSTZ33
- WRITE(IQ,323) AXCST234
- TTISTEISTYINST AXCST235
DO 129 M=1,NELE AXCST236
o I=NPT (M) AXCST237
JENPJ (M) AXCST238
K=NPK (M) AXCST229
BI=Z(J)=Z(K) AXCST240
BI=Z(KY-Z(D } AXCSTout -
FK=Z(1) -Z () AxCcST242
CI=R(K)Y-R(J) AXCST2L3
CJ=R(I) =R (K) CAXCST244
CK=R(J)-R(ID) AXCST245
e BREA=(BI¥CK=8K*CJ) /2,0 AXCST245
TT=2 0%AREA7 (RTDY+R TN +R(KN) AXCST247
o ER=BI*DR(IN+BJ*UR (J)+BK*OR(K) AXCST248
EZ=CI¥*DZ(I)+CJ*DZ(J)+CK*DZ (K) AXCST249
ET=TT* (DR(I)+DR(J) +DR(K) ) AXCST250
GA=CI*DR(IV+CJ*DR (J)+CK™ DR(K)+°I*DZ(I)+DJ4DZ(J)+EK*DZ(K) CAXCST251
 DCEEAM) /L O¥AREAX (1,0+P(M))) AXCST252
TR ERCRF YL /LTS AR E (G AXCST253
CA=DB* (1.0~P (M) B AXCST254
0B=DEB*P (M) AXCST255
SR{M)=CA*ER+DB* (EZ+ET)=TH (M) AXCST256
SZ(M)=DA*EZ+0BT(ER+ET)=TH (M) AXCST257
ST(M)=DA*ET+CB¥(ER+EZ) =TH(M) AXCST258
TAC)Y =0THGA AXCST259
* 129 CALL STRESS (SR(1),SZ(M),ST(W),1A(M),M c0) AXCST260
T GG TC (122,130) INO AXCST261
x V AX(CST262
tTE NOUAL POTNT STRESSES TAXCST2€e3
x : AXCST264
139 IF(NFST.NE.1)Y GO TG0 500 AXCST265
WRITE(IO,324) ' AXCST2€6
WRITE(IOD,Z25) AXCST267
0O 134 N=1,NNOP. AXCST2638
SSR=5S7=SST=TTA=FR=FZ=FT=0.0 AXCST269
DO 133 M=1,NELE ‘ AXCST270
IZNPT (M AXCST271
J=NPJ (M) AXCST272
K=NPK (i) AXCST273
IF(N.EQ.L) CO TO 132 AXCST274
IF(N,EQ.J) GC T0 131 AXCST275
IF(NNELK) GO TO 133 AXCST276
TENPK (Y AXCST277
K=NPI (M) AXCST278"
Go 70 132 AXCST273
131 I=NPJ(M) AXCST280
TJ=ENPI M) AXCST281
0132 GR=ABS(R(JI+R(K) =2 .0%R(I)) AXCST282
N AJS(Z(J)-Z(I))+ABS(Z(K)-Z(I)) AXCSTEEY
G=GR+0Z . AXCST2 84
FFR=CR70 AXCST285
FFZ=GZ/Q AXCST286
- FR=FR+FFR AXCST287
. FZ=F2+FF2Z AXCST283
T T T =R T Y LLD AXTSTZE9
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SSR=SSR+SR(M)*FFR AXCST290
SSZ=SSZ+SZ(MY¥FFZ AXCST291
SST=SST+ST (M) AXCST2¢2

T RETTAFTA (MY AXTST283

1 3 C()NTIMU AXCST234

T T T PSR=ESSRU/FR AXCST285
PSZ=SSZ/FZ AXCST296
FSTESST/FT - AXCST297
PTA=TTA/FT AXCST293

TSR TS TRES S (PSR, PS L, PSTL,PTAYN, T AXCST2389
GC TG 500 AXCST340

TAIE WRITE(IC,328)Y WM AXCSTI0L
GG TO 500 AXCST202
136  WRITETTIO,327) UM } AXCST303
300 FORMAT(1HL1,77) 4 AXCST30L
U301 rb@MAfT77/,* INPUT ™ DNTAX,777) AXCSTI0S™
302 FORMAT (¥ NUMBER CF ELEMENTS =%,15,/) AXCST206
TTTTI03 FORMAT (¥ NUMEER OF NODAU PCINTS =¥,715,7) AXCST307
304 FORMAT(® NUMBER CF BOUNDARY POINTS =%,15,/) AXCST308
305 FORMAT (¥ PRINT INTERVAL UNTALANCE =%,15,7) AXCSTI09 "
. 306 FORMAT(* PRINT INTERVAL STRESSES. =%,75,/) AXCST310
TSN T FORMAT (FUCYCUETUIMIT T =H TS, 7Y AXCSTITL™
I08 FORMAT(* TOLERANCE LIMIT =% ,E13.3,5/) AXCST212
509 FORMAT (¥ OVER-RELAXATION FACTOR =F,F13.3,/7) AXCST3IL3
310 FORMAT(LHL,//,% POINT#,8X,¥R=0R0%,10X,*Z~0R0*,SX,*R-LOAD*,CX,¥Z-LOAXCST314
h 1TAD¥,10X,*R~ DIbP*,llX,*?NDISP“,//) AXCST315

311 FORMAT(L4,1X,4F15.5,

S1CTFCRART (IHL S 77, ¥ ELEMENT®,
10ISSON% 37Xy *ALPHA*

313 ﬁGQMArtlx;HTiq,AX),Eiio3,F12,u,Fls.e,FI§T37§&7??TBT§)
314 FORMAT (1H1,//,%

315 FORMAT (%7 PCIAT*,qx,ﬁTvpﬁx'13x,¥§E6ﬁE¥,//T”“

5T7“?65ﬁﬁTTTﬁT“77“¥“§YTTE*,BX,*FORCE UNEATANCES,

21€ FORMAT (L4,13X,I1,F20.56)

318 FORMAT (IS 8X,E12.5)
TETOTFORMAT (THL,, ¥ CYCLE 1%,

PF17.8) AXCST216

S G Xy R Ty g 7Ky K EX, FESN COULUSY, EX, ¥PAXCST3L7
,ax,+DELTA T*31IX, *R=CENT*,7X,¥2=-CENT*,/7/) AXCST218
AXCST319

DILSFLACEMENT BCUNDARY CONOITIGNS*®,//) : AXCST320
: 1 AXCSTZ21

’ AXCST222

7) AXTST273

AXCST324

T IR, L5 X R FURCE UNBALANRCE ¥ e s, 777y T TTTTTTTTRRCS TR

320 FORMAT(//,2(% POINT*,9X,*R-DISPLACEMENT*,6X, 42 DISPLfCt ENT*,18X) ,AXCST326
177) : AXCSTI27™

221 FORMAT (2(14,5X,2E20, 7,18X)) AXCSTZ328
T TR ORMA T I S 77y ¥ TEUEMENT STRESSES™) AXTSTIZG™

323 FORMATI(///74% ELEMENTH,11X,%*SIGMA R*, 11X ,¥SIGMA 2¥,11X,¥SIGMA T¥,1AXCST330

11X, ¥TAU §?7¥,11x,¥§TE—MAX¥TTEX,¥SIG¢MTN“
324 FORMAT (1H1,//,%

NODAL POINT STRESSES

FyATXGH CIRECTION™,77) AXCST3IZL
(WEICHTED EVERAGE CF ELEAXCST332

TIMENT STRESSESY ™)
325 FORMAT (/// 7,7

AXCST333

POINT ¥,11X, *SICMA R¥, 11X,4SICMA 2% 311%, *SIGMA T¥,1AXCST32

T AR TAU R UIX ST MAXE TG FSTG= NI TR, *TTRECTICR* /7)) AXTST3I35™
326 FORMAT(1H1,10X,*ZERQ AREA ELEMENT NUMEER 23%*,1I5) AXCST336
TR T FGRAAT (IHT L IOX L, ¥ PORE TRAN 3 NG DNE“}GTNT§”WUJACFNT Tﬁ'FCINT“**,IST”ﬂxFST3 Y
40D FORMAT({1X,52H ) AXCST333

L1 FORMAT (6I4,E16.3,110) AXCST339
402 FORMAT(3IL,8X,4F10,0) AXCST340

TR ST FORMAT (6F L) o AXCST3ET™
404 FORMAT(2I4,F12.0) AXCST342

500 CALL EXIT i AXCST3G3™
END AXCST344
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T SUBRUUTINE STRESS (RyZ,T3G,N,00) AXCSTILS
x AXCST346
CETTTT T E{RECTION TCF PRINCIFALTSTRESSES . ) AXCSTEL7
E AXCST348
I0=2 - i 'AX6€T349
SS=(R+7Z) /2.0 AXCST35
=R-7Z AXCST351
SA=SGRT(SD*SD/ 4. 3+G*G) AXCST352
T TTSMAKETSSESH o AXCST353
SMIN=SS-SA AXCST354
TTTTTTTTTITESIGN (L, &) - AXCST255
 IF(SD.NE.0.0) GO TO 100 AXCST1356
FI=TT¥45,0 AXCST257
1 L R AXCST358
100 FI=COXATAN(2,0%G/SD) AXCST359
IF(SD.LT.0,0) FI=TT*30,0+FI o AXCST360
101 WRITE(IC,300) NyR,7Z,T56,SMAX,SHIN,FI AXCSTZel
300 FORMATU(IS,3X,6F18,4,F18,2) AXCST32E2
RETURN AXCST363
wwwmﬂﬂmmEhD L } L ) AXCST364
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Fig. 2: 1Integration Scheme
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 Fig. 4: Element Geometry and Loading
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Fig. 5: Restrained Boundary Point
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EXAMPLE: Thick-walled cylinder under 1nternal pressure (plane stress

solution)

Geometry . : » _ o

Pi . Pl

Elastic Constants and Lnadlng

]
Il

"E ='30,000 ksi - - p, =100 ksi-

i
i

"v=0.30 S 4712.39 kip

Element-LaXput

[ F—fe——isﬁ————ffk —15"

Pj‘//lu/l
.l_TD S o & ot ook oo ‘m\ & W x Sx

A e

,gr«

Y X

R

A\

x>,

— : 15°

-.Number.of Elements: 30

Number of Nodal_Points: 32

Units
Stresses:; ksi
i . /

'Length, disnlacements: in.

. ‘Note: Solld lines denote exact solutlon dots and circles denote

. Finite Element solution
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- Fig. 2a: Element Stresses o,
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