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ii
ABSTRACT

A description of computer programs for the bending analysis of the
elastic-plastic circular plates with arbitrary axisymmetric loading and
support condition is presented, Complete listings of the main routines
together with the concise flow charts of the programs are included. The
programs are prepared for IBM 7094 digital computer. Both single preci-
sion and double precision Fortran IV language have besen employed. An
example is presented to aid in the application of the programs. To attain
an insight into some of the details of the programs thelreader is referred

S

to Ref. [1].7

* Numbers in brackets designate the references.



I. INTRODUCTION

The computer programs presented in this report have been developed for
the elastic-plastic bending analysis of circular plates with axisymmetrical
load and support conditions. Incremental theory of plasticity has been used
in the analysis. The deformations are assumed to be small, Kirchhoff's
hypothesis is adopted and shear deformation is neglected, Finite element
type of solution using the direct stiffness method of structural analysis has
been employed. The reader is veferred to Ref, [1] for a complete account of
the theoretical formulation of the problem. A brief description of the basic
idea of the method of solution to the extent which is essential to follow and
use the computer programs follows.

For the purposes of the analysis, a plate is divided into a number of
ring elements as shown in Fig. 1. The positive direction of increments of
nodal stress resultants and displacements are indicated in this figure. For
a circular plate the central element is a disc as shown in Fig. 2. FEach
element is further subdivided into a number of layers along the depth of the
plate, see Fig. 3. The latter are the smallest subdivisions whose load
history is followed in the proposed incremental method of analysis.

The plate is assumed to be initially free from residual stresses. The
first increment of load is sc chosen that yielding just starts in ome of the
layers of the plate. Thereafter the load is applied in small increments.

For each load increment after the displacements are found, the increments in
curvature, strain and stress arve calculated., This determines the new state
of stress for which the corresponding material properties are found. 1In the

computer program an average value for material property is determined for each
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increment of load., The details of this procedure are presented in Section VI
of this report,

Both tributary area and consistent equivalent nodal ring forces [2] have
been used. A comparison of the results using the two approaches shows that

the difference is not very significant for small size elements,




II. DESCRIPTION OF COMPUTER PROGRAMS

Two sets of computer programs have been prepared in Fortran IV language
for the solution of clamped and simply supported plates subject to axi-
symmetric loading and boundary conditions. The programs have been written
for IBM 7094 digital computer. One set of the programs is for elastic per-
fectly plastic material and the other for hardening material, Although the
idea of solution is essentially the same in both cases, there are differences
in details due to inherent sources of numerical inaccuracies. This question
is discussed in detail in Ref, [1].

In order to achieve the required accuracy, the program for hardening
material is written in double precision language in which 16 significant
digits are utilized in the analysis. In the program for elastic-perfectly
plastic material the elements of matrices [BV]Ml and [SK] have been expanded
in terms of (1-DR) to treat separately the factors causing ill conditioning.

Each set of programs consists of essentially two parts, There is a main
routine in which most of the data are read and displacements and stress
resultants at nodal rings are calculated and printed out., In the other
part, depending on the type of the material, one or two subroutines are used
to calculate the material properties and the quantities associated with them,

The number of elements and layers which can be used varies for the two
sets of programs as explained below. The capacity of the programs can be
extended by utilizing tapes. Although the present programs have been written

for simply supported and clamped circular plates, with slight modifications
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ring plates with the same type of boundary conditions can be easily treated.

A brief description of the function of each routine follows.

2.1 The Computer Program for Elastic-Perfectly Plastic Material

Presently a 30 element 60 layer plate can be handled, By
decreasing the number of layers more elements can be used, Nodal
ring loads in this program are tributary. Single Precision Fortran

IV language is used.

A, (EPPACP) Elastic-Perfectly Plastic Analysis of Circular Plates

This routine is for the matrix solution of the elastic-
perfectly plastic bending of plates. The input data is read
in this routine and the nodal ving displacements and stress

resultants are calculated and printed out,

B. (AMAFUN) Formation of Average Material Property Functions

The function of this subroutine is to form the average
material property function for each increment of external
load. These functions are then used in routine EPPACP to

determine the displacements and stress resultants.

C. (IMAFUN) Formation of Initial Material Property Functions

The displacements obtained in routine EPPACP are used to
find the curvatures, strains, state of stress and magnitude of

initial material property functions for the next increment of

load.



D. (MATINV) Matrix Inversion

This subroutine is used in EPPACP for inversion of matrix
[BK]. 1In the present form matrix [BK] is nonsymmetric. If it
is necessary to save computer storage places, it can be easily

symmetrized,

2.2 The Computer Program for Hardeming Materials

The routines are all in Double Precision Fortran IV language.
The number of elements and layers which is presently handled in this
program are 20 and 40, respectively, Other combinations of elements
and layers can be used,

A brief description of the routines in this program is as

follows:

A. (EPACP) Elastic-Plastic Analysis of Circular Plates

This routine is for the matrix solution of the plate made
of hardening material. Most of the input data is read in this
routine. Nodal ring displacements and stress resultants are

calculated and printed out.

B. (ENRIL) FEquivalent Nodal Ring Load

This subroutine is used to calculate the consistent nodal
ring forces assuming linear variation of loads between the nodal
rings. If it is desired to use tributary nodal ring forces or
isolated concentrated ring loads, this subroutine should be

deleted and (EPACP) modified accordingly.



(MATINV) Matrix Inversion

This subroutine is used in routine EPACP for the inversion

of band matrix [BK]. Matrix [BK] is nonsymmetric.

(INV) Matrix Inversion

This subroutine is for the inversion of matrix [BV],

Matrix [BV] is nonsymmetric.

(MATFUN) Formation of Material Property Functions

In this subroutine both the average material property
functions in each step of load and the initial functions for

the next increment of load are computed.

(INTER) Interpolation

This subroutine is used to perform linear interpolation
on effective stress-tangent modulus curve for hardening

materials,



11T, INPUT DATA ARRANGEMENT FOR ELASTIC-PERFECILY PLASTIC PROGRAM

The order of data cards is as follows:

Sequence No. No. of Cards Description Format
. ... ... 1 . . .. . DNumber of load systems, NP I2
2« .+« .. .. 1 ... .. Title card containing 72

alphanumeric characters

3 .. .. ... 1 . .. . . Number of layers, NL
Number of elements, NE
Number of load increments
in one load system, NLL 414
Number indicating the type
of boundary conditions, NBC¥**

4 . . . . Batch of cards. . . Thickness of elements, H 8F9.5
5 . . . . Batch of cards. . . Radii of elements, R 8F9.5
6 . . . . ... 1 .. . . . Poisson's ratio, U F9.5
Modulus of elasticity, E } 2E12.6
Yield stress, TY
7%%% . ., Batch of cards. . . Nodal ring load increments, PI 6E12.6
* Up to 99 load systems can be analyzed if desired.

wE NBC = O for simply supported plate, otherwise for clamped plate.

##%% The nodal ring loads are positive in the direction of z axis, see Fig. 1.
Except for the first increment of load the rest of load increments are used
twice, see Section VI. The nodal ring loads in this program are obtained
by tributary area method. It has been found that allocating the distri-
buted load half-way between the neighboring elements in the nodal ring load
leads to satisfactory results.



IV, INPUT DATA ARRANGEMENT FOR HARDENING MATERIAL PROGRAM

Sequence No. No, of Cards Description Format
. . .. .. . 1 . . . . . Number of load systems, NP 12
2 . . . . .. 1 . .. .. Title card containing 72

alphanumeric characters

3 . .. . .. . L . . . . . HNumber of layers, NL
Number of elements, NE
Number of load increments
in one load system, NLL 414
Number indicating the type
of boundary condition, NBC#¥

& . . . . . . . 1 . . . . < Thickness of plate, H Dl2.6
5 . . . . . Batch of cards. . Radii of elements, R 6D12.6
6 . . . . .. 1 . . . . .[ Modulus of Elasticity, E D12.6
Poisson's ratio, U D8.3
7 . . .. .« . . . 1 .. .. . Number of data points in
effective stress-tangent
modulus diagram, ND 14
8 . . . . . Batch of cards. . Stress values an effective
stress-tan. mod. diagram, SD 6D12.3
9 ., . . . . Batch of cards. . Corresponding tan. moduli on
the stress~tan. modulus
diagram, ED 6D12.3
10%#&% _ , ., , Batch of cards. . Load increments, P 4D15.5

Up to 99 load systems can be analyzed 1f desired.
wFE NBC = O for simply supported plate, otherwise for clamped plate.

*%% The nodal ring loads are positive in the direction of z axis, see Fig. 1.
Except for the first increment of lcad the rest of load increments are used
twice, see Section VI. The loads in this program are the amplitude of the
distributed loads at nodal rings and also at the center of the plate, see
Fig. 4. These are read in subroutine ENRIL and the corresponding consistent
nodal ring forces are calculated. In case tributary area load distribution
is to be used subroutine ENRIL is removed and appropriate read statement is
inserted in its place in routine EPACP.
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V. ILLUSTRATIVE EXAMPLE

The following example serves to illustrate the order of data presentation
and also that of output arvangement of the computer program for hardening
materials. Essentially the same order of output arrangement is also used for
the elastic-perfectly plastic program.

A 0,75 x 16 in. simply supported plate is subjected to a uniformly
distributed load, see Fig. 5. The tangent modulus~-stress diagram of the
plate material is shown in Fig. 6. This corresponds to the uniaxial stress-
strain diagram in Fig. 7. The Poisson's ratio is assumed to be 0.33. The
plate is divided into 16 elements which are further subdivided into 40 layers
along the plate thickness. The first load increment is chosen to be 120 psi
to cause inelasticity just to start in the central element.

Notice that only part of the computer results for this example are pre-

sented in the following pages.
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ELEMENT

Nole- RN N I R

NDDAL RING

OO O U ) PO e

06000000
0.6000000
0., 6000000
0.,600000D
0.6000000
0.600000D
0.600000D
0.600000D
0.6000000
0. 6000000
0.2956250

MOMENT 1

0.1592650D
0.1573700
0.154240D
0.149865D
0.1442440
0.1373740
0.129256D
0.119889D
0.1092740
0.974106D
0.842383D
0.699373D
0.543276D
03746920
0,1936210

0.1667110 00
0.142885D 00
0.1250190 00
0.111124D 00
0.100010D 0O
0.309163D-01
0.,8333890~01
0.7692749-01
0.714320D0-01
U.6666950-01
~0,246859D 01

MOMENMT 2

~0.159344D 04
~3.157320D 04
-0.154207D 04
~0.1428400 D4
~-0.144224D 04
-0.137357D 04
~0.1292420 04
~0.1193770 04
~0.109263D 04
-0.9274006D 03
-0.842892D 03
~0.639289D0 23
~-0.543199D 03
~Q0.374620D 03
-0.193554D 03
0,363798D0-11

APPLIED LOAD

VERTICAL

0,6700960D
0.5999680
0.599995D
0.599998D
0.599999D
0.600000D
0.,6000000
0.6000000
0.6000000
0.600000D
0.6000000
0.600000D
0.600000D
0.600000D
0.4000000D
02956250

02
02
02
0z
02
02
02

02

MOMENT

-0. 7873830 00
0.5012960 0O
0.333696D 00
0.250151D 00
0.200077D0 0O
0.1667110 0Q
0.142885D 00
0.1250190 00
0.111124D 00
0,100010D0 00
0.509163D0-01
0.833389D-01
0.769274D-01
0.7143206D-01
0.666695D-01

-0,246859D 01

~D,8123770-02
~0.9273730-02
=0.103295D-01
~0.112777D-01
~0.1210490~01
~0.1279750~-01
~0.133422D~01
-03.1372550-01
-0.1393390-01
~0,1395400-01
~0.1377240-01

SHEAR 1

0.6T70G096D 02
0.935016D 02
0.1223340 03
G.1517500 03
0.1814000 03
0.211167D 03
0.2410000 03
0.270875D 03
0.3007780 03
0.330760D 03
0.3606360 03
0.3305830 03
0.4205380 03
0.450500D 03
0.4804670 03

THE FOLLOWING ARE TOTAL VALUES

DL 609053001
UaB5855220-01
0.5164720-01
0e4624060-01
0.4038960-01
0.3415820~01
0.2761680-01
0.,2084280-01
0.13922040-01
0,6340290~02
C,000000D-38

SHEA® 2

~0.0000000~38
~0.3350480 02
~0.6233440 (7
~0.917504D 02
-0.1214000 03
-0.1511670 03
—0.1210000 03
~0.2106750 02
~0.240778D 03
~0.2707000 03
~(.300636D0 03
-0.330583D0 03
-0.3605380 03
=0.3905000 03
~0.4204670 03
-0.450438D 03

DISPLACEMENTS

SLOpPE

~0.1432420~02
~3.2851400-02
~0.4243470-02
~0.559519D-02
~0.6693110-02
-0.812377D-02
~0.9273730~-02
~0.103295D-01
~0.112777D-01
~0.1210490-01
~0.127975D-01
~0.1334220-01
-0.137255N0-01
-0.13933%0~C1
~0.1395400-01
—0.1377240-01

DEFLECTIUN

0.7309570~01
0.7202390-01
0.,702488p~01
0.6778720-01
0.6466260-01
0.5609053D0-01
0.5655220-01
0.,5164720~01
0.4624060-01
0.4038960-01
J.3415820~01
0,276168D~-01
0.2084780~01
0.1392640-01
0.6940290~02
0.0000000~-34
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VEI. CONSIDERATION OF VARIATION OF MATERIAL PROPERTY FUNCTION
WITHIN AN INCREMENT OF APPLIED LOAD

Considering the plate load and the state of stress as the independent and

dependent variables respectively, we can write
de = F(y) dp (1)

where F(T) represents a function that transforms the external loads into
internal stresses and is expressed as a function of the state of stress.
Equation (1) is solved numerically by replacing dp and d7T by finite incre-

ments /p and AT
At = F(+) Ap (2)

To solve Equation (2) with reasonable accuracy, Fuler's modified method
[3] is used where the order of error is O(Ap)Bq To apply this procedure,
first a temporary step of loading is made for which the known initial
elastic-plastic modulus matrix is used to calculate the elements of a new
modulus matrix. The average of these is then used with the load increment
to find the increments of displscements, strains, stresses and the elements
of the initial modulus matrix for the next increment of load,

Figure (8) is the flow diagram of the substeps taken in the computer
program to complete the (k+l) th step of calculation represented by Equation
(2) for hardening material. The procedure is basically the same for elastic-
perfectly plastic material.

Whenever unloading from a plastic state takes place in a layer, elastic

properties are used.



(Initial properties, known) [Elk >
r/
A
[;J;-Laslk LBFJK
(K], (8]«
{ap} ——Tt
k+1 {&V}T
ki
TEMPORARY
STEP OF
LOADING
*k’ﬂ
\ (1" =5 {1ET; ¢ (E1,}
A
[T e BT,
ACTUAL (K (81,
STEP OF {ap} _..__{
LOADING k! iy
k+l
&RM
- E,
[E]kﬂ
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VII. REMARKS

Each set of the two programs in the present form exceeds slightly the
core storage of IBM 7094 digital computer. Therefore an overlay link struc-
ture is used. For details concerning the method of application of overlay
structures the reader may consult Ref. [4],

The execution time of the programs depends mostly on the numbetr of
elements in the plate and the number of load increments. The number of
layers in the elements does not affect the time consumption appreciably.
The double precision program for hardening material uses about 12 seconds
for each load increment for a plate with 16 elements and 40 layers. The
time used in the single precision program for elastic-perfectly plastic
material for the same number of elements and layers is 7 seconds. These
estimates are for IBM 7094 digital computer.

To achieve a deeper insight of the manipulations in the computer pro-

grams the reader may consult Chapter IT of Ref. [1],
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VIII. GLOSSARY OF FORTRAN VARTABLE NAMES

A complete list of the variables appearing in the computer programs is
presented below., The variables whose definition is evident from the programs
themselves are left out. The variables with a parenthesis following them
are vector quantities. The commas in the parenthesis indicate two and three

dimensional arrays.

A(C,) = Generalized coordinates x4

BK(,) = Stiffness matrix of the plate NE2xNE2

BS(,) = Force transformation matrix Lxh

BV(,) = Displacement transformation matrix  4x4

BV1(,) = Temporary matrix used for BV  4x4

Cc(,) = Increments of element curvature 2xNE

D(,,) = Flexural rigidity matrix of elements 2x2xNE

DR( ) = Ratio [D;«jzgz,l)/mlﬁlﬂ;‘;]1/2 NE

E = Modulus of elasticity

ED( ) = Tangent modulug in the data for uniaxial stress strain

curve. Dimension is optional.

F(,) = Yield function of lavers NLxNE
FI = A ratio, which if unity, indicates the layer is elastic.

Also yield function,

H( ) = Thickness of elemenzs  NE
,I11,3,J3,K,L = Indices
TEXTRA = An integer varisble which when becomes other than unity

will cause the computer to stop executing and will indi-
cate that loading has caused the effective stresses to
increase beyvond the available data in the input uniaxial
stress-tangent modulus curve.



N1

NBC

ND
NE

NK

NL, ANL
NLL

NP

P()

PIC )

PT( )

QCy)

QIC,)

QTIC )

QT( )

R(C)

RA
S1(,,),82(,,)

5B

If

il

i
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Integer variable

Integer variable indicating the maximum dimension of
[BK] after it is modified for boundary conditions.

An dnteger indicating the type of boundary conditions
specified in input data, For simply supported plate
NBC = o, for clamped plate NBC # o

Number of data points in tangent modulus-stress diagram
Number of elements

Integer variable

Number of layers in an element

Number of load increments in one load system

Number of load systems

Applied load (amplitude of external load distribution
at nodal rings); also a temporary vector for PI and
Vi NE2

Equivalent nodal ring load either tributary or con-
sistent NE2

Total equivalent nodal ring force vector NE2

Total internal stress vesultant per unit length at

nodal rings. This includes shear forces and radial
moments only, 4xNE

Increment of internal stress resultant per unit length
at nodal rings 4xNE

Increment of nodal ring tangential moment per unit
length NE

Total nodal ring tangential moment per unit length NE
Radii of elements NE

Average vadius of a rving element

Elements of elastic plastic compliance matrix 2xNLxNE

Total effective strain



SD( )

SET( )
SK(,,)
SPI(,,)
STB(,)
STI(,,)

T(73>

TBS1(,);TBS2(,)=

TCR(,)
T1(,,)
U

v(,)
VI(,)

Y

i

il

i
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Stresses in input tangent modulus stress diagram
Elgstic strain increment 2

Stiffness matrices of elements 4xbxNE

Plastic strain increment 2xNLxNE

Increment of effective plastic strain NLxNE

Strain increments of the layers of elements 2xNLxNE
Total stresses in layers of elements 2xNLxNE
Effective stresses raised to second power NLxNE
Total curvatures at nodal rings ZxNE

Stress increments of the layers of elements 2xNLxNE
Poisson's ratio

Total displacements at nodal rings 4xNE

Tncremental displacements at nodal rings 4xNE

A variable used in the flexural rigidity matrices of
elements.
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CONCISE FLOW CHARTS OF COMPUTER PROGRAMS

ELASTIC- PLASTIC ANALYSIS OF A CIRCULAR PLATE WITH AXIS-SYMMETRIC LOADING

55

(EPACP)
[Red

READ INPUT DATA

SET UP FLEXURAL RIGIDITY OF EACH ELEMENT
- . - { D2z v
[qu] ol=1,2 5 DEFINE DR = 2 i

75

&5

SET UP STIFFNESS MATRIX OF
cEMTRAL ELEMENT, [5K]
X2

80

SET UP STIFFNESS MATRIX OF
RING ELEMENT, [5K] WHEN
a%4

RING
DR= 1

SET UP STIFFNESS MATRIX OF

ELEMENT, [5K] WHEN
x4

DRE ¢
l

ol

SET UP STIFFNESS MATRIX
oF PLATE K]

[ .

EQUIVALENT NODAL RING
LOAD SUBROUTING

/CALL ENRIL {PI}A o —

140

MoDiFY [K) AND {P1} FOR
BOUNDARY CONDITIONS

165

FIND NODAL INCREMENTAL
DISPLACEMENT, {vI}

1} =[x {rD)

180 *

l READ LOAD INCREMENT ]

r

FIND EQUIVALENT NODAL
RING INC. LOAD, {PI}

NO

INCREMENT OF EXTERNAL
LOAD TEMPORARY 7

YES

185

CALCULATE
1~TOTAL NODAL DISPL., {v}
2-TOTAL STRESS RESULT.

AT NODAL RINGS, {Q}

[

PRINT: NODAL DISPL., {V}
STRESS RESULT., {a}

l

END

HH

KR

THE NUMBERS REFER TG FORTRAN NUMBERS
STATEMENTS IN THE PROGRAM.

IN EPPACP, THE LOAD DISTRIBUTION ON NODAL
RINGS IS TRIBUTARY HENCE ENRIL IS
NOT USED

IN EPPACAP THERE ARE TWOQ SUBROUTINES
FOR CONSTRUCTION OF MATERIAL PROPERTY
FUNCTIONS, AMAFUN AND IMAFUN
WHENEVER THE INCREMENT OF EXTERNAL
LOADING IS TEMPORARY AMAFUN (S USED
AND |F NOT IMAFUN.

25



SUBROUTINE FOR THE FORMATION OF MATERIAL PROPERTY FUNCTIONS

( FOR HARDENING MATERIALS)

SUBROUTINE

MATFUN

i5

CALCULATE THE DISTRIBUTION OF CHANGE
OF CURVATURE OF THE PLATE

50 1
NO YES
--(n TEMPORARY INCREMENT OF EXTERNAL LOAD
55
EVALUATE THE TANGENTIAL MOMENT
AT EACH NODAL RING
75
CALCULATE THE STRESS INCREMENT
OF THE LAYERS IN EACH ELEMENT
NO If TEMPORARY INCREMENTS YES
OF EXTERNAL LOAD
130 85
CALCULATE THE INITIAL MATERIAL CALCULATE THE AVERAGE VALUE
PROPERTIES FOR THE NEXT STEP OF MATERIAL PROPERTIES IN
OF EXTERNAL LOAD THIS STEP OF EXTERNAL LOAD

161 !

CALCULATE THE VALUE
OF EQUIVALENT STRAIN

163 Y

CALCULATE THE TOTAL CURVATURES

|

|. TANGENTIAL MOMENTS

2. CURVATURES

3. RADIAL AND TANGENTIALS
STRESSES OF EACH LAYER

4. EFFECTIVE STRESS IN EACH LAYER

5. EFFECTIVE STRAIN

26
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SUBROUTINE FOR THE CALCULATION OF AVERAGE MATERIAL PROPERTY FUNCTIONS

{FOR ELASTIC- PERFECTLY PLASTIC MATERIAL)

SUBROUTINE
AMAFUN

25

CALCULATE THE DISTRIBUTION OF
INCREMENTAL CURVATURE OF THE
PLATE

i

S

CALCULATE THE TEMPORA®RY INCREMENTAL
TRESS, TOTAL STRESS, AND YIELD FUNCTION
FOR EACH LAYER USING HOOK'S LAW

75
l LOADING PLASTICALLY I

85

<0 =0
It PREVIOUS YIELD FUNCTION

PERFORM RADIAL APPROXIMATION
TO LOCATE INTERSECTION OF
STRESS PATH AND YIELD SURFACE

15

<0

>0 '
( TEMPORARY YIELD FUNCTION
=0
>0

=0

START OF PLASTIC FLOW ;
OR NEUTRAL LOADING

f

65

ELASTIC LOADING; OR UNLOADING
FROM PLASTIC STATE

( ft PREVIQUS YIELD FUNCTION

=0

>0

<0
DIFFERENCE BETWEEN TEMPORARY AND \ <O
PREVIOUS TOTAL RADIAL STRESS

CALCULATE ELASTIC MATERIAL
PROPERTY CONSTANTS TO BE
USED FOR THIS INCREMENT
OF LOAD

PERFORM TANGENTIAL APPROXIMATION
TO LOCATE THE FINAL POSITION ON
THE YIELD SURFACE

CALCULATE THE PLASTIC
MATERIAL PROPERTY FUNCTIONS

|

CALCULATE THE AVERAGE OF PRESENT AND
PREVIOUS MATERIAL PROPERTY FUNCTIONS
OF THE LAYER TO BE USED FOR

THIS INCREMENT OF LOAD

|

CALCULATE PLASTIC MATERIAL PROPERTY
FUNCTIONS TO BE USED FOR THIS INCREMENT
OF LOAD

RETURN

27
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<0

SUBROUTINE FOR THE CALCULATION OF iNITIAL MATERIAL PROPERTY FUNCTIONS

OF THE NEXT INCREMENT OF LOAD (FOR ELASTIC PERFECTLY PLASTIC MATERIAL)

SUBROUTINE
IMAFUN

25

CALCULATE THE DISTRIBUTION OF
INCREMENTAL AND TOTAL
CURVATURE OF THE PLATE

I

CALCULATE THE TEMPORARY INCREMENTAL
STRESS, TOTAL STRESS, AND YIELD FUNCTION

FOR EACH LAYER USING HOOK'S LAW

>0

i

75

LOADING PLASTICALLY I

85

=0
1f PREVIOUS YIELD FUNCTION}

PERFORM RADIAL APPROXIMATION
TO LOCATE INTERSECTION OF
STRESS PATH AND YIELD SURFACE

1o

<0

(TEMPORARY YIELD FUNCTION )

=0
0 i

START OF PLASTIC FLOW;
OR NEUTRAL LOADING

i

ACTUAL TOTAL STRESS=TEMPORARY
TOTAL STRESS; FIELD FUNCTION = O

65 ]

ELASTIC LOADING; OR UNLOADING
FROM PLASTIC STATE

ACTUAL TOTAL STRESS =
TEMPORARY STRESS;

YIELD FUNCTION = TEMPORARY
YIELD FUNCTION

CALCULATE PLASTIC MATERIAL PROPERTY
FUNCTIONS FOR NEXT INCREMENT OF
EXTERNAL LOAD

PERFORM TANGENTIAL APPROXIMATION
TO LOCATE THE FINAL POSITION ON
THE YIELD SURFACE

*

CALCULATE [NCREMENT OF STRESS |
TOTAL STRESS AND PLASTIC MATERIAL
PROPERTY FUNCTIONS.

SET YIELD FUNCTION = ©

L

CALCULATE ELASTIC MATERIAL
PROPERTY CONSTANTS FOR
NEXT INCREMENT OF
EXTERNAL LOAD.

CALCULATE TANGENTIAL
AND RADIAL  MOMENTS

PRINT

I RADIAL AND TANGENTIAL MOMENTS

2. CURVATURES

3 RADIAL AND TANGENTIAL STRESSES
AND YIELD FUNCTION FOR
EACH LAYER

2

28
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LISTING OF COAPUTER PROGRAMS

LASTIC ANALYSIS OF CIRCULAR PLATES WITH
AXI=SYMMETRIC LDAD

{23030 s 752520 s BVI4:4,5,30),0R (200,
SO P IGO0 s PT{A0) sV I(4:30),V(4,30),
FLUA030) 2712530301 sHI30),RAL301),

ATLRA{ 2, 3073
READ DATA

J
ReAD 2
READ 3y i

L
READ 49 (BT
CEAL 5y (R
&
)

15 [
16 FORMAT(/// /77X ,22HL080 567

NUMBER T4/7/702X: 1BHNUMBER OF LAYERS
1T =144 2%, 20HMUM N

=144 2%, AO0HNUMBER DF LOADING INCREMEN

ATI{ZX s 2 LHTHTL KNS NTS/{aX, 10F93.51/7/77)
’ (2As 20HRADTI
{4X,12F9:5)

20, TY

Wl
[vg]
ot

T

LASTICITY =£15.8,5%515HPOISSON RATIO =E12
3“?c”§/’/fii!;i/?
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{ Ely,‘w‘{* EJ wéi Eﬂav«;";

PRINT 2544 (156125 3 I=7y1
{5 17;534 Vg;i;;xgrflyi\,—z = ,7'{ '\’fjc %L PQTYQ

CALL IMAFUN
GC 7C 213
CALL AMAFUN (51,52 BVyDRyVIyRAGF T NESNLyHoTY E51U7T
CONTINUE

[REIEAS

WO

FORMAT {//7/2X4:15H LCADING STE
‘A 1//725X36HTHE FOLLOWING

{ 1CHNODAL RING,10Xs

(14X, Bﬁvgm?lﬂ,iygxy*v””g

= 1477}

Pt BN NG
WA W W
U BN e T

254 FURMAT {3X, 1452430156524, 015.6524,015%.6,8X,015.6)

256 FORMATUI//2XTHELEMENT, > ﬁH““MEX? 1o BY,BHMUOMENT 2, 10X THEFEAR 1,
1 99X, 7HSHEAR 27/}

257 FUORMAT {3X,14:19%,015.6,19%,D15,6}

258 FORMAT (//25X,30HTHE FOLLOWING ARE TOTAL VALUES//)

220 5T0P
END



90 0y

[}

Oy

sEeNe]

30

35

40

45

50

SUBROUTINE FGR THE ‘C%%ﬂ?i@ﬁ

£
01sBVI4, 4, 3ﬁ}suﬁf§%¥§ViL4 301,
?v‘ §301;x?1g213:gJ~}g?§%£m3L

SUBROUTINE AMAFUN {51452+,BY DR, VI,RA, F
DIMENSION 31£2%5&g3 )952@213%@3

1 ClU2930)RIB0IFI30,30),TMI2,30)

z Tﬂ2v3@ﬂ362n5€qr%u,¥%(xﬁi

ANL = NL

DO 125  I=1,NE

CALCULATE THE CURVATURES
Al = HIT1/04.0%ANL)

E? fimgﬁ EGyZS?EQ

DG 25 J=1,2

AlJds1)1=0.0

po 25 K=1y42

Aldy ij FBVIJoK o1 eVIIK, 1I+AT G,
Clls11=2.08R102,1)

{25 1}_2 OxAl2y 1)

GO YO 50

DO 35 J=1.4

Ald, 1V=0.0
bco 3% K=is4
ﬁ%dgl}$8V€J@Kyi?ﬁﬁiikyiﬁéﬁﬁJgi?

IF {83(13“100? 40545,4(
COls10=Al1,I)%DRUTI*{1.C4DRIII)*RA(Tjux
imﬁwﬁﬁéii)lﬁxﬁii)*% {i. Q*E?éi??@$-UUﬂ$t3»

{
H
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MATERIAL PROPERTY

s Ty NESNLyHyTY  EoU )

MQE?

DROII-1.00-A12511=DR{T 201
}

Fath ]

FAL2: 13 #{1.0-DR{TIY/

I1#{2.02AL0GIRALI143.0)
OCIRATITIIY+1.0

L2 1)=A(1,10#01,0+DRITII=RAL Th#»{DRIT1Y~1.0)
IRATTI ) #=(DRILII+1.01)+2.C2A03,1)

GO 7C 5¢

Clls1) = 2.02802,11-A(3, PIZIRACT 1 =21 481041

Cl251) = 2.02002,1)+4103, TV/RALL 1 #224A(4,1)8({2,0%AL
DO 125 J=1,NL

CALCULATE THE STRESS INCREMENT OF EACH LAVER

AB=2# -1
I=ABxA]
STI{i;d51)1 =
STilZ2,451) = “Zﬁﬂéfsz}
TEﬁ}yu;§3 = 0.0
?§¥7§3p§) = 0.0

~7%C {1,171}

TID = E/{1o-Us#2) = (STI01,J, 13 +UsSTI(2,d,11}
TI2 = E/{lo=U=#23%¢5T102,J, 1i+U2STI01,0,11)
TEL = T{1lyJds1) + TI1
TE2 = Tl25Jd,1) + T12
TE3 = Tllsds1}
TEG = T(2,d511

F1 = TEl#22 — TELsTEZ + TE2#2#2 — Tysszp
IF (F1) 65,70,75
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TEZ2 = Ti2:4511 + T1Z
£1 = TEles? - TEL12TEZ 4+ TE2#s2 Tyee?
IF (F1) 8654,70.75

ICALLY OR UNLOADING PLASTICALLY

TilgdsIt = TEL
Ti{Z2,d510 = TEZ
Fi&f}} = Fl
TICisdeld =
Tlfgyﬂgi} =
S1l14d,1) =
S51(72sd513F =
S201sd51) =
52025010 =
GOTC 115

STARTING OF PLASTIC FLOW OR N
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5,80,8%

FliI=1) 8

I{ledel) = TY ~ Tl15d4y11
[(2:d510 = TY - TlZydel]
{1odsId = 7Y
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IGENTIAL
2 FORMAT

S
(18

£ 1L/771)
3 FORMAT (2
4 FORMAT (/
» 5 FORMAT (/

INTIAL MOM
& FORMAT (7

41

Tii.d:1) = BETA = Ti1
TiZ2sde1) = BETA = TEZ
GO 70 110
100 6 = Til1,dsl)neg ~ TliodeldeTi2,0,10 + Ti2ydy1)ms?
BETA = TY/SLRTIG
DO 1 =1,
TI{K .
105 T(¥,
110 S7TE1
STE?Z
5TII
5714
TD1
TD2
DEL
TIi71 v 11}
TiT2 s 11
TT1 =
TT2 :
GAMA = ?Y/u%ﬁ?f@?
TAl = GaAMA=TT1
TAZ = GAMA=TT.Z
TIlisdye I = TAL Tilsdedd + TIC1od510
TI{Z2sd:1) = TAZ TiZ2d:10 + TIi250511
Tiilsdse Il = Tal
T{2:J951) = TAZ
FlJde1) = 0.0
TOTL = (Tiledsid 0T 208273,
TOT2 = (72505113 w;bC%f {1,010 022./3,
ALFA = E/ITDTi##24+ 707222242 . 2UsTDRT1sTDT2)
Siltsds1 = ALFA = TODT2s=2
SI02:d51 ) =~4LF4 » YOT1=T7072
S5202:d:1) = ALFA=TOT 1wz
e
C CALCULATE THE TANGENTIAL AND RADIAL MOMENTS
115 B0 120 K=1,2
120 THMIK,T) = TMIK.:I) % 4,241 =27 # TIiKyJe1)
PQIMY 3 1sdy Eigigsﬁ?il‘g?iigig}}p‘fr\2(x@ 9?12 JeI1lF{ Jeld
125 CONTINUE
PRINT 4
PRINT 5
PRINT &, (IoRALIIJ{THMIK T oK=sl920 s [TLRIKLID oK=1,23,1=1,NE)
@ 1 FORMAT (///72X, THELEMENT ;2X,5HLAYER,; 10X, 13HRADIAL STRESS,19X,17HTAN

FUNCTION)

TRESS, 10X, 14HYIELD
PRy PIHINCREMENTAL ; 8 X 5HTOTAL 11X, 1 IHINCREMENTAL, 9X BHTOTA

by ZAsELD 692X 3E150.652X:E15.61)
TOTAL VALUES//)

}iyiéyéiyiéyzxyﬁi‘jo{;mﬁgt},
F25K s 30HTHE FULLOWING ARE
/55X s THELEMENT 3 9X 3 6HRADIUS ;6 X3 13HRADIAL MOMENT, 7Xs 1 THTANGE
E%?yéxe%éFﬂﬁﬂ CURVATURE ;9% 14HTAN. CURVATURE/Z/)

Ry IZ2 49K s B33 0X Bl T TX3E15. T o TA9ELS .75 11X,E15.77 )
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RETURN
END
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ELASTIC PLASTIC ANALYSIS OF A CIRCULAR PLATE WITH AXI-SYMMETRIC
LOAD

El%LxSECX SlqgiéuyZK}yJ { ; GQEQ?yfﬁfyayZGﬂgﬁa€49437%¥€4 4 ?LJ$
1DRI20) 5K 444,52 Ig%K(%G %D};PEE@Q)yDTféﬁ)gpiéﬁ)yVI€§QZO§¢V€% 2015
2 NIt4520)0045201,RI2015TBS1{20,201,T42:20,203MIVI4),51VI4),
3Bvi{4,4} .50 €5G?gt§‘}F ?#,éﬁﬁzpﬁfﬁﬁﬂﬁfa?ﬁ 2&52U39T£Q€212b§

DCUBLE PRECISION ﬁ K  Eg y@@&%isﬂ§@¥93?98¥95K$
1 JM?QViC TOR,51Y yy T,57T8H
CALL DPIC

READ DATA

READ 1,NP

0 215 N=1yNP

READ 2

READ 3y NLsNEoNLL s HBOD
READ 4 ,H
READ 5.(RI11,I=1yNE]}
READ 6 ,E.U

READ ToND,{S001)1=1,ND
READ By K£Q£I§ﬂ§ 1, MDD

1 FORMAT (123
2 FORMATI(72H
i )
3 FORMAT (414)
4 FORMAT (D12.63
5 FORMAT 16D12.6]
6 FORMATI DlZ2.6508.3)
7 FORMAT [14/16D12.31)3
B FURMAT (6D12.3)

PRINT DATA

i5
2
M 163Ny NLyNEGNLL
%RIET 175H
PRINT 18
PRINT 19, IRLI),I=1,NE}
PRINT 2045E,U
PRINT 21sNDI(SDITYI=1,ND)
PRINT 22?€§g(i§§ i=1 9?@}
15 FORMATIIHLG
16 FORMATI/ /7724, 2200040 SET NUMBER 14774{2X, 18HNUMBER OF LAYERS
1 =14,2X, 2CHNUNMBER OF ELEMENTS =1452X30HNUMBER OF LOADING INCREMEN
2TS =143777%
17 FORMAT [2X.20HTHILKNESS OF PLATE =D13.6/77%
18 FORMATY {2X,20HRADI OF NDEDAL RINGS)
19 FORMATY {2Xs8013.61)
20 FORMATL/7/72%:20MMO0,. OF ELASTICITY =D15.8y5X;15HPOISS0ON RATID =012
12577}
21 FORMATE/ /72X, 63HNUMBER OF DATA POINTS IN EQUIVALFNT-STRESS TAN. MO

ﬁ



R

s ReNe

e Rula

(%)
]

40

45

W
3

%3]
W

&5

1DULUS TABLE =14
FORMAT (/770241
NL = NL/2

DO 30 I=1NE
DO 30 J=1¢NL
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QIEJy1} = 0.0
DO 200 K=1.4
200 QI0Js 1Y =QILd,0)+8K 00K,
205 Gldell = QUJsIy+0I{d,1
PRINT 251
PRINT 252
PRINT 253

ThevI(K,1}

S

ESRai S
PRINT 254, 1Pl PI{21aVIl2y10,VIT1s11
DO 255 I=2;WKE

PRINT 2“@1 TePIEI23,PTII2¢1 ) VIlGsTsVI(3,1
255 CONTINUE

PRINT 256

I=1

PRINT 257, 1 , 1}

PRINT 254, | PyQIC1sIi,QIE351) yI=2,NE)
PRINT 258

PRINT 252

PRINT 253

I =1

PRINT 254, ToPTELIPTI23 W EZ291 0 oV {21

DO 255 I=2,NE

[2=221~1

PRINT 254, T,PTIIZ2)sPTLI241)3VIia,1),v(3,1)

259 CONTINUE
PRINTY 258
I =1
PRINT 257y Ipwézyiﬁgg(lyl}
PRINT 2545 (1,602,000 04513,001510,Q(3,1) 3I=24NF)
:}l{: bﬁ”«‘ ?IAT?L’\ iS}wSqu%"g f{ Vzg'\gy?ﬂbi;—? \sE "éin \1} Eﬁg‘)@v:..yixyig‘)f?%fa
151/9::}‘ S?L-Zyi_.i: ?{:R}
IF {IEXTRA-1) 2204215,220

CONTINUE
FORMAT {//7/2X:15H LOADING STEP = [4/7)

FORMAT [ /7//725% 26HTHE %LMWLW§MF ARE INUREMENTAL VALUES//)
FORMAT { 1OHNODAL RING,10X, 1Z2HAPPLIFD LUAD, 19X, 13HDISPLACEMENTS)

P B NN B
WO U A e
L I 234N

FORMAT (14X, ﬂvL%?%{ﬁL SXVb”M8@ s 12X 5HOLOPEy BX s 10OHDEFLECTION

o

[

254 FORMAT  (3X,14:2Xs015:.652%3D015.6:2X5015.692X5015.61)

256 FB%M%Tﬁ/i;X:?HtL:WEﬁ?y 40 BHMOMENT 1, 8X,BHMOMENT 2,10Xs7HSHEAR 1,
E 9)(;17%’“3}“‘;%% 7/11}

257 FORMAT (13X, 145194:,015.6,194,015.8]

258 FORMAY [//25X,30HTHE FOLLOWING ARE TOTAL VALUES/Z/)

220 570P
END
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[aReEe]

SURRCUTINE FUOR TRANSFORWATION OF DISTRIBUTED LOAD
TL NCDAL RING LOAD

SUBR{EU }
DIMENS Py PG4} s DRIZ20),P140)
DOoUR!

DISTRIBUTED LBAD AT NCODAL RINGS//)

FIRST ELEMENT
PLILY = (2.#P(2)+P1

PCE2) = (4.#P(2}14P]

DO 3 J=1:2

DC 3 K=1.2

PIEJ) = BYIK Jy11#PGIKI+PTEJ)

u,:‘\«
L
oo

:

&

2 (R

P
¢
3
o

oy o e

gy e

o e e e b

P,
f“w

a‘ﬂzjiiz}»’”%*??@?3&*ﬁ§ T‘{(E
1

p=REI-1e#{3.-DR{
Cm DRI IR TI e {4, ~DR{T ]

j- Rggwiﬁﬁﬁ{éguﬁﬁ

ot T D s Y
e

R
B

[ s
it

D8 8 I=ZyNE
IF HDRUIY — 1.0 Sokob
PGIL) = PUIN/ 2. {R111#ul2-R{I-1)#e23+IP{I+1}-PLI} /3.2 (R{1)=s2%
I REIIsRIEI-1J+RUE-1)e22)
PGI2) = PlIM/4oniR{Iend-RII-1] 2244+ {(PUI+1I-PIIT}/5.({RII)nxnds
1 R{1}=#3 #R{I-114R{T)##24R{1I~1)»22+R{IJ2R{I-11#e3+R{I-10224}
PG{3} = PlI1/2.%{R E}§%2%GLGG£R€§EEmﬁﬂiwl)%%E%BLGﬁﬂRﬁIﬁi?)*
1 0.5 (~R{TV#u2+RIT~112%2 ) 3¢ (P (1411 -P{TI} /3, #({DLECGIRITII-1./3.10)%
z iR 3?%%2&%413%ﬁiEméﬁﬁﬁ{iwilﬁ%ZE%ﬁii@iﬁ%ﬁé*ﬁLGﬂfﬁﬁi}/RéImi??i
3ARCII-RII-103)
PG4} = ?@E?f%g%ﬁﬁiﬁﬁ%%%%“iﬁp”ﬁﬁ7}‘~QQ?@1¥%% #DLOGIRLI-1) 0+
1 0,25 #l-R{I3#a44R{[~1buas )+ (PLI+L-POII /5.2 {0LOCIRITI}I~2)%
2 (iR Eﬁﬁéé*ﬁiiﬁ%%Bﬂﬁélwiaém;%‘4k/*@‘Z 1 a2+ R{TI2R{I~1}ew34R{1~1}
3 2#4 [ +R1II-13#e5+DLOCGUIRITI/REI-1I/ZIRLII-RII-1D )
GG 1C £
PGILY = P (3.%DRETIIalRiIIse{3,4DRITII-RII~1)2# {3, +DR{I}} 4
1 (Pl P Fl4,+DRETT T elRITIee (4. +DRITJI-R{I~1l»e{4.+DR{T}} )/
H
2
i
3

I=1)824 )+ {PLI411~P{I} /5.2 ({R{I})=xnb+
1lre2+R{ ] #R{I-1) 223 4R{I-1)e%4)
I-11222)+(P{I+1}~P{I1}1/3.% {(R{I}#%2+

/4, %WQii%%ﬁéwﬁf
-1 3 +RIIVEeZeR ]~
V/2.2(RET)#s2-R{
2 RITi#R{I~114R{I~-1}ee?]

G mmrr e e e o

w5 A

e e e [ S T ¥ 1

H
i

foe ] Do ot Do puas]  peaed P foasd

£
ES
bt i
B
e




B

o

.7 K=ly4

SUJ) = BV KsJe D) #PGIKI+5(J)
12 = 2%]

PICI2-3)= PI{IZ2-31+SIL}/RII
PIliz2-2)= PILIZ2-21+5(2) /7041
PITIZ-1)= PILIZ2~13+5(3)/R(]
PICIZ2Y = PI{I2)}+504)/R11}
CONTINUE

RETURN
END

o

o
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N
65

70
75

50

95
160

120
125

52

GO 1O 706
Q7111 = ~{1.0+DR

(130 ={C{2,2,134DRUETI=D{1,25, 101 #R{ETI#={DREITI)I-1.0)
I#A(1 I+ {1-C-DR{ED)I={ORITII*DIL2,11=-D12525s13)/R{T ex(1.0+ LCRII}}
2 #A{25,1)~2. C%(§{19251§%3f2g2@1)?%A£3g§§
GTIIY = QTLIY +QTILD

DD 80 J= l,%L
CALCULATE THE STRESS INCREMENT CF EACH LAYER

AB=2% J-]1
I=AB=A]

STI(1:d51) = ~Z=00 141}
STI(Z25d51) = —Z2201{24513

THI;JM} = 0.0
TI{2:351) = §.0

bo 8O K= 1,52
TIflsdsl) = STIKds [3#STIIK, T +TI01,0511

i

TI(Z25d:1) SZIK s Je 148 TIIRK yds 11 +T112,d517)
IF (LD=-1} 8545130485

CALCULATE THE AVERAGE MATERIAL PROPERTY IAN THIS STEP (OF LOALING

G0 125 J=1,NL

oC 9c¢ K=l1y2

TEMP{K) = TIK,J,1}

TiKsJdeld = TiK,J,1} +TI iK1}

TBSZ2{JyI) = Tiledoltea2-T{1,JltaTi2:0,104T125d51as?
TB = DSQRTITBSZ{J,11)

IF {7BS203,1)-TBS10J511) 35,105,105

IEXTRA = 1
S1{1:d511

5142541

S2{1:d51)

52{2+J51

G0 TC 120

E/(1.0~U#%2)
U=S1(1,J,1}
S102,Jd5 1)
S1{1,Jd,1)

Ho#woa

H

CALL INTERILED,SDyND,TBET,IEXTRA)
IF ({IEXTRA -1} 175%,11C:17%

F1 = E/ET

iF [Fl=-1.01 10010045112

F = Fi1=-1.0

EgtTﬁ ={1.,0 = Usu23Frs{l1l.25~ q§5ﬂ?ilyJ@i§%§2%§{2§J91}%ﬁz; - {20
1 S UT e T Ll ds T4 8T (2,010 3/TRS2(0,1008/

Si(i JelId ={{1.0+{T{2:d,13~0.28T11,.J5 §?)§$2*F/¥p 2{J: 131 /BELTA
I S181,d5133/2.

S1{25451) ={{U={T{1,;Js10=CebaTl2: I 1ad{TE2,0,13~0.5#T{1J;1))xF/
1 IBSZ21Jd, 10/ DELTA+S112,0.133/2,

S5201sde1) = S1{25J511

S2(25d51) ={{1.04+ (T {lodsI1~0o0#T(2,J,11 1 #228F/TRS2{J,1})I/DELTA +

1 S21(2:d-,10372,

DG 125 K=142
TiKsdeI1 = TEMPLK)
GO 1O 165

CALCULATE THE INITIAL MATERIAL PROPERTIES OF THE NEXT
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i 1oJds Il ®SPIL2, i 3
SB = STBiJy11+7B/E
1{32 }J?{f’\y§ 3? z?xiy’g‘f{(; gi‘y?iifﬁ»E%yTE“zngsz}gT(:?vJ;E}QSRgT%

15C CALL INTE
IF CIEXT
155 Fi - 1
160 315%3&0,.;?
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SUBRCUTINE FOR INTERPOLATICH

SUBROUTINE  INTER (Y XNy A B, IEXTRAY
DIMENSTION Y{1J.X(1}
DOUBLE PRECISICN Y3XsA,8B50:D1
DO 30 I=14N

=y {11

ITEXTRA = 1
GO 1O 35

D= A-X{I-1)

D1 = A{1)-X11-1}

B= Y{I-1) + O/D1laiy{li-v{I-11}
IEXTRA = 1
GG TC 35

CONTINUE

RETURN

TEXTRA =2

PRINT 43
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