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I. INTRODUCTION

In order to apply workability theory to metalworking processes, we

must first establish flow and fracture theories. Then, by combining the de—

tailed information on mechanics and the ductile fracture criterion, workabil-

ity of materials in metalworking processes can be predicted. Based on this

• prediction, workability control for preventing fracturing can be achieved

by selecting the proper set of process parameters.

In the previous report [i]~ theories on flow and fracture in metal—

• working processes were developed with an emphasis on applying the workabil-

ity theory to met alworking processes where the occurrence of internal

fracturing is a limiting factor. The present investigation is concerned

with the application of these theories to the prediction of workability

of materials in axisymmetric bar extrusion and. drawing, with special refer-

ence to center bursting.

Workability of materials is the extent to which materials can deform

without forming cracks during a mechanical working process. Workability,

therefore, depends on the conditions imposed by the working process.

Critical stress and strain conditions involved in the me2hanical working

• processes must be known and should be specified in ter~ of process vari-

ables, such as height reduct ion, friction at the interface, and workpiece

geometries and dimensions. Part I of the present investigation deals with

the determination of deformation mechanics in extrusion and drawing.

4 The role of the detailed mechanic.s in the worlçability study Is to

provide the stress and strain paths at a critical site of a deforming

*Numbers in brackets refer to the references dt the end of this report.

2
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material. Therefore, the method of analysis should be capable of accurately

determining not only overall quantities involved in metalworking processes,

such as forming loads , but also stress and strain distributions during

deformation. Furthermore, it is required to determine the stress and strain

distributions under various process conditions. Therefore, to Justify the

approach, the computation involved in the method must be efficient. The

matrix method developed by Lee and Kobsyashi [2) comes close to ful filling

these requirements . In the previous report , this matrix method was refined

and it was demonstrated that the method is effective for the analysis of

steady—state processes as well as non—steady—state processes. In the pre—

sent investigation, the matrix method, with further improvements, is used

to determine steady—state defo rmation characteristics as functions of mater-

ial property, die—workpiece interface friction, die angle, and reduction

in bar extrusion and drawing.

3
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• II. METHOD OF ANALYSIS

- 

- 

The basic concepts of the matrix method for rigid—plastic deformation

problems are the use of the Lagrange multiplier in a variational formula—

tion and linearization of nonlinear stiffness equations. In the present

formulation the dynamic effects, i.e., the inertia effects on the forces

and the strain—rate effects on the material properties, are neglected.

For rigid—plastic materials the condition of incompressibility is

imposed on the admissible velocity fields. This constraint can be removed

by introducing a Lagrange multiplier . Consider a body V whose surface 8,

consists of S~ and ST. The body is composed of a rigid—plastic material

that obeys the von Mises yield criterion and its associated flow rule,

under the boundary conditions, such that the entire body is deforming

plastically. Body forces are assumed to be absent in the region V. It

can be shown [3] that for the actual solution, the functional (1) becomes

stationary with respect to the multiplier X and the velocity fields that

satisfy the velocity boundary conditions on S~ but not necessarily the
- / incompressibility condition (kinematically complete):

~~J ~~~dV + J
’ 

X~
T
~~d V _ J  T

T
U dS (1)

V V ST

where ~ is the effective strain—rate; ~~, the effective stress; T, the

traction vector specified on the boundary 5T~ ~ 
the velocity vector;

T’ —

C is the proper vector notation of the Kronecker delta such that ~ 0

implies the incompressibility condition .

1
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r n  The formulation of the discrete variational problem follows the same

procedure as that used in the finite—element method [ 14],  [5]. The body V

is divided into M elements interconnected at N nodal points. The approxima-

tion of the functional • by a function ~ is performed on the elemental level

by replacing U with a kInematically complete distribution, given by

L r = c u , ( 2)

• where G is the Interpolation function and U is the vector whose components

are velocities at nodal points associated with the element. The strain—

rate vector is then derivable in the form

(3)

Assembling the function at the elemental level into an approximate finite—

element model over all the elements and applying the stationary condition

to the function ~~, we obtain the stiffness relations consisting of a large

system of nonlinear equations. In order to solve the stiffness equations,

we adopt the following procedure. The nonlinear stiffness equations were

linearized by considering a small perturbation ~~ in the velocity vector u,

such that

~(n )  = 
~(n—l ) 

+ ~U( ) ~ (
~

)

for the n—tb iteration process.t We then obtain the global perturbation

equation for the n—tb iteration as

the actual calculations, 
~(n)  = 

~(n-l ) 
+ aAu ( )  is used, where U is

• the decelerat ion coefficient .

5
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( Au)
= 

~(n—1 Y- - - - (n )

Specific formulations for the matrix S and the vector B, using a quadri-

-
: lateral element with a bilinear velocity distribution, are presented else-

where [1], [6]. It must be noted that, since the method is an iterative

process, it is necessary to provide an initial guess for the velocity field

~~ 
(but no need for A). The solution of linear equation (5) yields

• close to zero and a proper value of the mean stresses A(~ )~ if U (n l)  is

close to the actual solution.

A. Convergence

In the previous studies the convergence of the solution - has been

measured by the quantity lA~ji/I~ U , where the Euclidean vector norm is de—

fined by

[N - •

= / ~ ~~~~ 
(6)

1

where N = total number of nodal points.

The convergence criterion requires that the error norm at the n—th

iteration (IAU (n)~/Ii (fl l)U) be less than that at the previous 
iteration

• This convergence criterion, with suitable selections of the deceleration

coefficient a, has worked out well for the solutions of various metal—

working problems. At the same time, however, it was realized that solution

divergence has been indicated according to this criterion, although the

solution was converging in its true sense. This can apparently be seen,

particularly for a function which is not well behaved. In this case , the

6
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criterion resulted in the use of unnecessarily small values of the decelera-

tion coefficient , and thus in increased computing time. In the present

program, instead of the error norm, the quantity f defined by

/ ~~(m) 2 a~~
m) 2

— ,IZ {E (m) J + 
I (m)} }

where

- 

(8)

is utilized for solution convergence. In Eq. (7), the superscript (a)

denotes the values of the m—th element and summation is made over all the

elements. The criterion for convergence now is that the magnitude of f at

the n—th iteration be less than the magnitude at the previous iteration.

In this convergence scheme, the proper value of the deceleration coefficient

at aach iteration can be selected efficiently from the previous information

on the function behavior and the convergence requirement at the current

iteration. 
-

-
- 

I B. Rigid—body treatment

The matrix method described in this section applies only if the entire

- - • 
body is deforming plastically and no rigid zone or unloading exists during

- 
. the deformation process. In practical problems, however, situations do arise

where the rigid zone as veil as rigid unloading are involved. If these

regions of no deforma tion are contained within the control volume V, the

extrenumi principle, do not apply to the problem of obtaining internal

• distributions. There are several approaches to handling this difficulty,

- w. - • -
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but a most effective technique is one which involves the approximate deter-

mination of the boundary of a nearly rigid zone.

A nearly rigid zone can be characterized by its very low value of

effective strain rate in comparison to the deforming body. During the iter-

ation process for an incremental solution over the entire body, the effec-

tive strain—rate- in the possible rigid region approaches zero as the solu-

tion converges. Since the effective strain-rate appears in the denominator

— of the st iffness matrix 8, the component of the normalized stiffness matrix

will tend to become infinity if the nodal point associated with this compo-

nent is contained in the rigid zone. Therefore, the elements for which the

effective strain-rate is smaller than a certain value (say, 0.0001) are

considered to be in the rigid zone. The effective strain—rates of the ele-.

• ments lying inside the rigid zone are then kept at this value in the per—

• 

turbation relationship, and the iteration is continued for the solution in

the plastically deforming region until a desired convergence is achieved.

It should be noted, of course, that the converged solution gives the stress • 
-

distribution only in the plastically deforming region.

The complete program of this improved version of the matrix method

is listed in the appendix of this report.
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III. ANALYSIS OF EXTRUSION

Several investigators have analyzed the extrusion process by using

the finite—element method, mostly by elastic—plastic analysis [7], [8], [9].

However, almost all the analyses have been performed for the case of loading

of the workpiece that f its the die and container and of extruding it a

small amount , instead of extruding the workpiece until a steady state is

reached. The exceptions are the work by Lee, Mallett , and Yang [10] for

the plane—strain extrusion with frictionless curved dies using the elastic—

plastic finite—element method and the rigid—plastic analysis of axisynunetric

extrusion through frictionless conical dies by Shah and Kobayashi [6]. In

the latter work, the authors investigated a possibility of applying the

matrix method to steady-state metalworking processes and demonstrated that

the analysis of a steady-state extrusion can be made by the matrix method.

The analysis of extrusion in this section is an extension of this work.

A. Computational conditions and procedures

Boundary conditions and mesh system The boundary conditions and the

mesh system used for the analysis of extrusion through conical dies are shown

• in Fig. 1. The material in the container moves axially with the uniform

velocity of unit magnitude. The container is assumed to be frictionless,

• 
- and along the conical die surfaces, the tangential traction, which is equal

-
• 

to the frictional stress at the die—workpiece interface, is prescribed.

The extruded material moves axially with the uniform velocity of the magni—

- - tude determined from the area reduction and the incompressibility relation-

ship. Also, no traction acts along the surfaces of the extruded part.

9 
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Along the axis of aynmtetry , the conditions are that the shear traction and
• the radial velocity must vanish .

It must be noted here that the die corners were slightly modified by

connecting the two material, nodal points located closest to the die corners.

This modification was made in order to avoid high singularity of the velocity

• components near the die corners.

B. Work-hardening materials

In the analysis of a non—steady—state process, the effect of work—

hardening can be readily incorporated into the analysis by computing the

• incremental strairm and modifying the flow stress at each deformation step ac-

cording to the increase in the total effective strain. In the analysis of

steady—state processes, however, the flow stress distribution must be con-

sistent with the final effective strain distribution according to the mater-

ial’s work—hardening characteristics. This requirement can be achieved by

using the following computational procedure. During the iteration process

for a converging solution, the flow lines corresponding to the latest

velocity field are constructed after each iteration. The network of grid

distortions and the effective strain distributions are determined from

these flow lines. The effective strains for all element s are then inter—

polated from these values , and using a given stress—strain relationship,

• corresponding flow stress distributions for elements are determined. Using

this new flow stress distribution, the next iteration for the velocity field

is carried out and the same procedure is repeated until the converged

solution for the velocity field is obtained. Since the solution depends

not only on U (~~ 1)~ but also on the flow stress distribution, when the

11
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velocity solution has converged, the flow stress distribution and effec—

tive strain distribution also match each other according to the stress—

• strain behavior of the material . Thus the convergence of velocity solu-

tions gives the correct solution for the work—hardening material .

C. Extrusion conditions

The extrusion process conditions under which the comput ation was

carried out are summarized in Table 1. Since the final solution for the

extrusion with nonhardening material was used as the initial guess for

work—hardening materials, the results for non-work-hardening materials

are also presented.

Table 1(a): Extrusion process conditions for computation.

a (die semi—cone angle) = 300

R R
= 2.366 , area reduction 1 — (~2,)2 = 0.82

0 i

Die—workpiece interface
Material frictional stress f

Non-work-hardening

= Y0 0, 0.2Y0, O.~4Y0

SAE 1112 steel

= Y0(l + —) 0, 0.2Y0, ~~~~~

12
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Table 1(b): Extrusion process conditions for computation.

a (die semi—cone angle ) = 45°

Work—hardening material: al alloy 2024—T351

- 

= y .2 202 (~~) 0 a675 or Y0(i + o.o1o2l~
Non—work-hardening Work—hardening

Reduction friction f friction f

= 1.25 0 0 ,

0 
1.6 0 0 , o. 4y0
1.8 — 0 , o. 4y0
2.0 0 0 ,

2.4 0 — , —

The stress—strain curves for SAE 1112 steel and for aluminum alloy 2024—T351

are shown in Fig. 2. The calculations for SAE 1112 steels are mainly to

find the effect of friction on the deformat ion characteristics , while the

cases for al alloy 2024—T351 emphasized the effect of area reduction, as

well as the effect of friction, on the deformation in extrusion.

D. Results and discussion

The computation was performed for each solution until the accuracy

of f2 = l0~~ was reached. This corresponds to the error norm of if E~uI/ifu I =

0.00008. The number of iterations to reach the above convergence depends

• on the initial guess , but by using the best available initial guess for the

velocity field, the average number of iterations required for the final

solution was 25 ~ 30 iterations.

L 

The results were obtained for average extrusion pressure, normal pres—

sure distribution on the die , grid distortions, velocity distributions, and

stress, strain , strain—rate distributions.

13
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SAE 1112 steel The stress distributions computed differs from the

actual distribution by a hydrostatic component. This hydrostatic component

was determined by setting the net axial force along the exit boundary equal

to zero , and the magnitude of stresses were corrected accordingly. The

average ext rusion pressures were then determined from the stresses along

the entrance boundary. They are summarized in Table 2.

Table 2: Average extrusion pressure, 
~ave’~ O~

a = 3 0°

R
~~~~~ = 2.366
£50

Friction
Material 0 0.2Y0 O.14y0

Non—work—hardening 1.755 2.292 2.7814

SAN 1112 steel 2.425 3.1148 3.665

- 

- The general trend of the velocity distributions is the same for all

friction conditions. A typical example is given in Fig. 3. The two velocity

components are plotted as functions of the radial coordinate at various

locations in the axial direction within the deformation zone . These

distributions are in general agreement with the measurements in the visio—

plasticity study of axisymmetric extrusion of lead [ii].

Detailed differences of deformation characteristics , due to material

properties and friction at the die—workpiece interface, are more clearly

indicated, for example, in grid distortions. The steady—state grid distor—

• 
- 

tion patterns are compared for non-work—hardening and work-hardening cases

for the two friction conditions in Fig. 4. With reference to Fig. 4(a),

15
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it is clearly seen that the grid lines that are originally perpendicular

to the axis of the workpi.ece distort and show the double peak in the ex-

truded part for non—wo rk—hardening material. However , for a work—hardening

material., this tendency lessens. With increasing friction at the die—

vorkpiece interface, as shown in P’ig. 4(b), the double—peak distortion

almost disappears for both work-hardening and non-work-hardening materials.

Another import ant feature of grid distortions can be seen from the vertical

grid distortion at the exit, as plotted in Fig. 5. The distortion is greater

for a work—hardening material compared to that for a non-work—hardening

material , for small friction at the interface, but the trend is reversed

for large interface friction.

The effective strain—rate distributions are shown in Fig. 6. The

figure also shows the boundaries between the rigid and plastically deforming

regions by a near-zero strain—rate contour. The rigid plastic boundaries

at the exit are almost identical in shape and location for all cases. How-

ever, the rigid—plastic boundaries at the entrance moves backwards , m d i—

eating larger deforming zones, with increasing interface friction. This

observation applies to both work-hardening and non—work-hardening materials.

Also, the results show that the deformation zone size becomes larger for

work-hardening. The difference is more pronounced with increasing friction.

Neglecting small details, the effective strain—rate distribution is identical

for both materials . The strain—rate increases gradually from the entrance

toward the exit and near the exit there is a sharp drop . As might be ex-

pected, there is some degree of strain—rate concentration near the die corner.

The effective strain—rates are integrated along the flow lines to yield

18 
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Fig. 5 Total grid distortions for various friction conditions ;
a = 300

, Ri/R o = 2.366 .
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the effect ive strain distributions. A typical effective strain distribu-

tion is given in Fig. 7. As for vertical sections, the strain is the high-

est near the die and the lowest near the extrusion axis throughout the

deformation zone. The effective strain distribution at the exit section

is also shown in the figure, which indicates that the strain is the lowest

near the extrusion axis and increases toward the periphery . The strain

distributions in the final product of the two materials are plotted for

several friction values in Fig. 8. For both materials nonuniformity of

deformation increases with increasing die-workpiece interface friction.

The degree of nonuniformity is greater for small friction and less for large

friction in work—hardening materials, while the opposite holds true for non—

work—hardening materials . These results reflect exactly the findings in

the vertical grid line distortion discussed with reference to Fig. 5.

The distributions of the hydrostatic pressure (_am/~
) are shown for

the two friction conditions in Fig. 9. The distribution patterns are the

same for both friction conditions and for both materials with and without

work—hardening. Note that the hydrostatic pressure increases its magnitude

throughout the deformation zone with increasing friction at the die-

workpiece interface. It can be observed also that along the die—workpiece

interface, the hydrostatic pressure is largest at the entrance and shows a

• minimum at some distance from the exit. This particular feature is seen

in the normal. pressure distributions along the die interface shown in

• 

- 
Fig. 10. The pressure is the highest at the entrance and it decreases

toward the exit , then increasing again near the exit . With increasing

friction, the pressure increases but the distribution pattern remains the

same. The trend of the curves for nonhardening and work-hardening materials

is also the same with difference in magnitude of a constant amount .
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Fig. 7 A typical effective strain distribution.
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Fig. 8 Effective strain distributions at the exit sections
for workhardening and non-workhardening materials
under various interface friction conditions.
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Fig. 9 Distributions of the hydrostatic pressure in SItE 1112 steel

- I extrusion for the two friction conditions .
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In other results obtained by the finite—element analysis, it is not

only interesting to find the directions of principal stresses in the deforma-

tion zone, but surprising to find them to be almost identical, regardless

of interface friction, except near the die, in spite of definite deviations

of some quantities. A typical result is given in Fig. 1]. for SItE 1112

steel with f = o.4Y0. The lines indicate the direction of the larger

principal, stress in the meridian plane .

The results shown in the foregoing were selected from among informa-

tion obtained from the computation. Emphasis in presentation was placed

mainly on the effect of die—workpiece interface friction on the detailed

deformation mechanics and, to some extent , on the effect of materials

properties.

Aluminum alloy 2024—T35l The results for this material are also

utilized for the workability study in Part II of this report with regard

to center bursting. The major variables are the reduction in area and

the friction condition at the die-.vorkpiece interface. The average extru-

sion pressures for various reductions and for the two friction conditions

are summarized in Table 3.

Table 3: Average extrusion pressure,

Friction 1.25 1.6 1.8 2.0

f = 0 2.102 2.913 3.289 3.567

f = o.4y0 2.310 3.408 3.826 4.202
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R
- -1 When the average extrusion pressure was plotted as a function of ln(~ 1-),

0
the relationships were linear for both frict ion condit ions, as shown in

Fig. 12. The figure shows that the slope of the straight line increases

with increasing friction and that the inclusion of work—hardening char-

acteristics of a material increases the slope.

The velocity distribution for al alloy 2024—T351 do not differ from

those for SItE 1112 steel in general. However, direct comparison of the

computed velocity fields with those measured in the visioplasticity study

[ii) is now possible, and such a comparison i.~ shown in Fig. 13. The com-

puted results are given for the case of a frictionless die, since the

genera.1 picture of the velocity distribution was altered little by friction

at the die—workpiece interface. The comparison of the computed and measured

velocity distributions in Fig. 13 reveal that the theoretical results in

both velocity components are in agreement with the experimental results in

every detail of distribution characteristics. This is one of the convincing

evidences of the accuracy of the rigid—plastic finite—element analysis.

Although in comparing Fig. 13 with Fig. 3 for SAE 1112 steel, some minor

differences in the velocity distribution may be noted , the differences

are mainly due to the deformation zone characteristics of the two materials.

Fig. 14 shows the total distortion of the grid line perpendicular to

the extrusion axis as influenced by the material property and friction

- 
I for several reductions. Inhomogeneous deformation increases with increasing

reduction in area and with larger friction at the interface. An interesting

feature is that a double—peak distortion is more pronounced with increasing

reduction for a non—work—hardening material, while the contrary is true for

a work-hardening material .
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Fig. 14 Total grid distortions for various area reductions.
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The effective strain—rate distributions for various area reductions ,

with two friction conditions, are shown in Fig. 15. With regard to the

effect of friction on the deformation zone, the exit boundary remains about

the same but the deformation zone expands as friction at the d.te—vorkpiece

interface increases. This conclusion is the same as that drawn for SItE

1112 steel .

As the reduction in area increases, naturally the deformation zone

becomes larger and the magnitude of strain—rate increases. Common features

of the strain—rate distributions for all the reductions investigated are:

( i )  strain—rate concentrations occur near the corners at the entrance and

at the exit , and (2)  along the axi s of symmetry the strain—rate peak appears

in the middle of the deformation zone. The effective strain distributions

across the extruded bar are plotted in Fig. 16. The strain is largest at

the surface and smallest at the center. An interesting result is that

the degree of nonuniformity in strain (difference between the largest and

smallest strains) is greatest for the smallest area reduction. Also, the

effect of friction on the final strain distribution is practically none,

except that the magnitude of the surface strain increases slightly with

increasing interface friction.

The distribution of the mean stress is similar to the pattern obtained

for SItE 1112 steel . As the reduct ion decreases , the mean stress increases

and becomes tensile in the zone near the center , as shown in Fig. 17.
- 

- Another finding is seen, with respect to the die pressure, in Fig. 18.

- 
- 

1 
- The die pressure is highest for the smallest reduction. This implies that

• the pressure distributions for smaller reductions are critical for die

design. The distribution pattern is the same as that for SItE 1112 steel

showing a minimum at some distance from the die exit.

- - 
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- Finally , the directions or the largest principal stresses are plotted

- - for two reductions in Fig. 19. Again , the effect of d.ie—workpiece inter—

-~ face friction is negligible and the pattern appears to be determined

solely by the geometrical constraints .
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IV. ANALYSIS OF DRAWING

The drawing process, which is characterized by smaller die angles and

smaller area reductions, when compared with those for extrusion, has not I -

yet been treated by the finite-element method. Although it appears that

the differences between extrusion and drawing are merely geometrical and

in the magnitude of hydrostatic components (extrusion being in com~~ession

and drawing in tension predominantly), it is not known if the results ob-

tained in extrusion can be extrapolated to those in drawing according to

the geometrical conditions and a simple concept of pushing and pulling.

Therefore, we discuss the analytical results in drawing, emphasizing a

comparison with those obtained for extrusion in the previous section.

A. Computational conditions and procedures

-

~~ 
- 

Fig. 20 shows the mesh system and the boundary conditions used for

the analysis of drawing. The cylindrical surface of the entering bar is

traction—free. The die land is provided at the exit of the die, along

which the frictional stress is prescribed. Other boundary conditions are

the same as those for extrusion. For the analysis of extrusion the shape

of the die corners were modified in order to avoid singularity. However ,

this was not necessary for the analysis of drawing because of the small

die angle .

• The material selected for the computat ion was SAN 111414 cold—drawn

steel whose stress—strain relationship is expressed by

__________  
0.06

4 — x ( l + 4 )
0.262 x 10
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with = 84,800 psi

= 584.68 MN/rn2 .

This material was selected mainly for the workability study in drawing

given in Part 2 of this report.

The drawing process conditions for which the computation was performed

are summarized in Table 4.

Table 4: Drawing process conditions.

Materi al : SItE 1144 cold—drawn steel

Semi-die angle cx 6° and 8°

R .
Die—workpiece interface Reduction
die land friction f 0

O 1.05 1.1 1.2 1.3

0.25 Y0 1.05 1.1 1.2 -

For computation purposes the solution of extrusion for CX = 45° and

= 1.25 was used as an initial guess for drawing with cx 6° and

= 1.2 by modifying the solution according to geometrical proportions.

Thirty—four (34) iterations were required to achieve the converged solution

with

{(3
~~m)

)

2 
+ 
(
~~~~~

1

2

} 
= ~~~ ~ 10-6).

This solution was then used as an initial guess for the computation of all

the other cases . The convergerAce was excellent and only 6 to 10 iterat ior~s

were necessary to obtain the solutions in most cases.

38 

- -  
— -- . ---  - -  - —~~~ - -- -~~~~~~~~ - - - —--- — - -~~~ _ _



-~~ —~~~~~~ -— -.- .-.--- — ~~—~- -—— 
~~~~~~~~~~~~~ :~~~~~~~~~~~~

‘ i~~

~ -1
B. Results and discussion

The results for cx = 6° are presented and discussed here . The results

for a = 8° are presented and discussed in terms of workability in drawing

in Part 2 of this report .

An example of the velocity distribution is shown for R~/R 0 = 1.2 and

f = 0.25Y 0 in Fig. 21. The distribution pattern looks somewhat different

— from those for extrusion. This is because of small reduction and small

die angle and because the total distort ion is small . Fig. 22 shows vertical

grid line distortion in drawn bars. Greater friction produces more distortion.

The difference in the total distortion due to die friction increases with

increasing reductions .

The general pattern of the effective strain—rate distribution is the

same as that for extrusion , as seen in Fig. 23. Concentrations of strain

- 

- rate occur at the die corners. Along the axis of symmetry, strain—rate

distribution shows a peak at the midpoint of the deformation zone. The

deformation zone expands with larger die—workpiece interface friction as

it did for extrusion.

The variation of effective strain distribution in drawn bars is

comparatively small due to a small die angle and small reductions (Fig. 24) .

Fig. 24 shows also that the effect of the die friction on the strain distribu—

tion is negligible. By comparing Fig. 24 with the results of extrusion

in Fig. 16, it can be seen that the die angle is a most important variable

in controlling nonuniformity of the extruded or drawn bar properties .

The hydrostatic pressure distribution is shown in Fig. 25. It shows

- 
- 

the combined characteristics of those for small reductions similar to

~ 

_ _ :

~~~~~~

.

~~~~~~~~~~~~~~~~~~~~~~~~~

_ ...

~~~~~~~~~~~~~

. r . .

~~~

_

~
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~~~~~~~~~~~~~~~~~~~~~~~~~ 
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- __________________________________________

Fig. 17 and those for relatively extended deformation zone similar to

Fig. 9. The magnitude of the hydrostatic component increases with larger

- - 
die fric tion in drawing. This is contrary to the results with extrusion

shown in Fig. 9. The die pressure distribution is plotted for various

reductions and for two die friction conditions in Fig. 26. Higher die

pressure is obtained for smaller reduction as it was for extrusion . How—

ever, contrary to the case of extrusion, the die pressure is higher with -
~ -

frictionless dies than those with friction. These findings on die pressure

are in agreement with experimental results [12), although empirical values

are average die pressures .
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Fig. 23 Strain—rate distributions for CX = 6° and R. / R 0 1.2 with
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Fig . 24 Effective strain distributions in drawn bars .
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44



_ _ _ _ _ _  - - ,

V. SUMMP.RY AND CONCLUSIONS

In recent years the matrix method has been applied to the analysis

of various metalworking processes, including the steady—state extrusion

process. The present matrix method program incorporates the treatment of

friction at the die-workpiece interface and an improvement of computational

efficiency by adopt ing a new convergence criterion. Using this program,

the detailed mechani cs of steady—stat e extrusion and drawing were obtained

under various process conditions. The stress—strain properties of SItE 1112

steel and aluminum alloy 2024—T35l were used for extrusion and the stress—

strain curve of SAN ii44 cold—drawn steel was used for drawing. The

variables included for the computation were the die angle, die—workpiece

interface friction, and the area reduction. The computed results were

presented in terms of velocity distribution , grid distortion, strain—rate

distribution, and stress and strain distributions.

Althoi~~ materials properties apparently influence metal flow, as seen

in grid distortion patterns, their effects on the overall deformation char-

acteristi-cs appear to be insignificant in extrusion and drawing processes.

Among other variables , friction at the die—workpiece interface plays an

- 

- 
important role in determining the detailed mechanics in these processes.

With increasing friction the degree of grid distortion becomes larger and

the deformation zone size expands in both processes. But the effect of

friction on nonuniformity of product properties is less significant, while

the die angle is an important variable in controlling this nonuniformity.

The contrast between the extrusion process and the drawing process can be

L_~. - - ~~~~—-—~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~--- -~~~~~-~~ 
~~~__ . L..
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• found in the die pressure distribution and the distribution of hydrostatic

stress components. In both processes, the die pressure decreases with

increasing reduction in area. However, the die pressure is greater for

larger interface friction in extrusion, while the reverse is true in

drawing . Similarly , the magnitude of the hydrostatic stress component is

less with larger interface fr ict ion in ext rusion , but increases with in-

creasing friction in drawing.

It is concluded that the matrix method is indeed an efficient numerical

method which provides useful information on the detailed deformatio t char-

acteristics for various process variables. In order to ascertain the

accuracy of the solutions presented here, however , an extensive theoretical

and experimental investigation is still needed.

II
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Part 2

WORKABILITY IN EXTRUSION AND DRAWING

r ~
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I. INTRODUCTION

For occurrence of cracks at the free surface , such as in edge—cracking

in sheet rolling and surface cracks in upsetting, the fracture criterion

can be constructed experimentally . However, for predicting internal

fracturing , formulations of fracture criteria under general deformation

are required. In this part of the present investigation, the validity of

the theory on duct ile fracture developed in the previous report E l ]  was

examined by the experimental data found in the literature. Then, combining —

the formulation of frac ture criterion with the deformation mechanics found

in Part 1, the workability of materials in extrusion and drawing was deter-

mined.

In an attempt to develop a general fracture criterion, a model for

voi d growth was proposed to examine the stress and strain fields around

voids . The solutions were obtained by the finite—element method. The

results show that deformation is concentrated along the narrow band in

the maximum shear stress direction. The fracture criterion assumed that

voids of orders of magnitude smaller than the primary voids are distributed

throughout and that fracturing occurred when the small voids grow and

touch each other along the band connecting the large voids. The McClintock

analysis was used for predicting the growth and coalescence of small voids .

Based on this concept , th~ fracture strain formulation by McClintock was

modified. Then the modified form, along with the formulation by Cockroft

and Latham, was tested by the experiments on surface cracks and by the

4 tension data by Brid~nan. Its validity was further examined by applying the

criterion to the determination of workability in bar extrusion and drawing.
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II. FRACTURE CRITERIA

McClintock and his coworkers [13], [i4J developed solutions for void

growth wider the transverse stress state. Their model consists of a single

elliptic cylindrical void extending in one direction and Imbedded in a

rigid plastic media. The major and minor axes of the void coincide with

the principal stress directions . They deri~red an approximate solution

for the rigid work—hardening materials, ~ = K~~, as

log (f) = 
2(1 - n) SinhE

3( ~
) a~~ + 

+ 
1
~ a + 

C1 (
~ )

m = 1: abj + {mo 
- i~i )]exP[_ (~~~~n) 

sinh{1”~~~ 
- n)~~a 

: 
(10)

where R and R0 are the current and initial mean radii of the hole , respec-

tively; a and Gb, principal stress components along the major and minor

axes , respectively ; ~ is the effective stress and ~ is the effective strain;

m is the eccentricity of the ellipse defined in terms of the semi—major

and semi—minor axes a and b , as

a - bm = a + b ‘ ~ll

and in
0 is the initial eccentricity. They assumed that the cylindrical hole

is contained in the cell and that the material is composed of these cells .

Fracturing was assumed to occur at the point where a growing void touches

the ccli boundary whose deformation is assumed to be the same as that of

the boundary at infinity. The fracture strain , neglecting the void inter—



r - - 

~~
—

~~
.—

~~~~~~~~~
- —---- . .--~~~-

r I
action , is then expressed ( dropping a transient term) by

- ___________________________________________Cf = 
r/~(i - n) a + G bll 31Gb

_ G
a 

(12)

12(1 — ~) sinh~ 2 
~ i_ i 

+ lfl, —

where £0 and a0 are the initial values of hole spacing £ and a, respectively.

The above derivation was given for generalized plane strain as an approxi-

mation for three—dimensional deformations. In three—dimensional configura-

tions, there are~six modes of fracture, two in each of the three perpendi-

cular planes. Whichever one of these six modes gives the smallest fracture

strain is the actual mode.

The model considers only the case where holes form at zero strain by

complete separation of the particle—matrix interface. The review of the

investigations on ductile fracture revealed that void nucleation is a

— complex process and that the nucleation pattern depends on particle size,

particle composition, and possibly, particle distribution. The general

observation is that void nucleation occurs at the large particles first.

If a number of voids form and grow , then these voids may act as a stress

raiser in the matrix and cause further void nucleat ion at other part icle

sites. Also , there are many indicat ions that , during deformat ion , shear

bands between large voids develop and that voids form at small particles

in these bands , while the particles outside the bands remain relatively

inactive. Thus , the formation of shear bands between large voids and

growth and coalescence of small voids in the shear band may be a mechanism

of eventual fracture. t -
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Assuming this mechanism for fracture , a model for the growth of large

voids has been proposed. Fig. 27 shows an assumed distribution of large

voids, extending in arrays to infinity. The plane—strain condition is

assumed in the direction perpendicular to the (x ,xb
) plane. The minimum

and maximum principal stresses act along the boundary at infinity in the

directions of coordinate axes (a ,a ) .  The solutions of this void growth

model were obtained by the elastic—plastic finite—element model [1]. A

result of the computation is shown in Fig. 28. As Fig. 28 indicates,

deformation is concentrated along the narrow uand in the maximum shear

stress direction, and the concentration of strain along the band is about

2 3 times the overall strain for most of the band and about 4 5 greater

near a large void. This imp des that the band is the most favorable place

— for small voids to nucleate and grow.

The modified form of fracture criterion was obtained by assuming that

voids of orders of magnitude smaller than the primary voids are distributed

throughout and that fr acturing occurred when the small voids grow and touch

each other along the band connecting the large voids. When the McClintock

analysis is applied locally under the condition prevailing within the

shear band , we obtain

2 si~~
{
~~(1

_ n)
a
5
+ a

b}+
a
b~~~~~ 

(13)

/~(l — n) 2

where K = ~~ log (~~~-) and f is a factor indicating the strain concentrationa0
along the shear band.
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Fig. 27 Model for distribution of large voids.
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When the stress ratios vary during deformation, McClintock’s model

leads to the condition given by

j
~

’ [ 2 ~~{I~(l - a) ~ + G
b} + 

0b - G
a] d~ = K , (lie)

0 ,/~(i - n )  2

instead of Eq. (13), where K is the same factor as that in Eq. (13).

Another fracture criterion which will be considered in the present

investigation is the one proposed by Cockroft and Lathain [15], [16]. They

proposed that fracture occurs when

J 
6 ( — ) d ~~= c  (15)

0 ~

for a given temperature and strain—rate, where &~ = highest tensile stress

and C = material constant. The proposed criterion is phenomenological

and implies that ductile fracture is dependent both on shear strain and

on tensile stresses. From the viewpoint of void growth, however , it

appears more reasonable to include stress ratios in the formulation of

fracture criterion. Thus, the Cockroft—Lathain criterion is modified to
.

~~~~~~~ J (~~)d~~=c. (16)

It may be of interest to note that Eq. ( lIe ) reduces to Eq. (16) with

K = 2C , if the argument of sinh is small so that the hyperbolic sine

function is approximated by a linear function. The magnitude of the

4 argument of sinh depends on the stress state as well as on the work-hardening

coefficient . When n = 1, Eqs . (lie ) and (16 ) are identical . For other values
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of the work—hardening coefficient , the difference between the two c -iteria
- -  a + a  a + oa b a bis small if < 1, but increases with increasing values of

a
as shown in Fig. 29.

We now examine in more detail the two criteria expressed by Eq. (14)

and by Eq. (16).

A. Surface fracture

Since the fracture condition applicable to the free—surface cracks

can be observed experimentally, several investigators [lT]—[20] have used

upsetting of cylindrical specimens for the study of ductile fractures. It

was concluded from these investigations that the fracture criterion is ex—

pressed by

(17)

where a is a material constant and C
l 
and C

2 
are the circumferential strain

and the axial strain at the equatorial free surface, respectively. The two

principal stresses in the surface, 01 and 02 ~~~ 
> as) ,  during plastic

deformat ion, are expressed by

- 
( ~ 2 +a  

~~~ , a 
1+2a 

~~ , (18)
1 V’

~ ,~~+ a + c z2 
e 2 

~~~~~~~~~~~~~~ 
e

dE
where cx = 

~~~~ 
and a isahydrostatic stress acting on the surface. The

incremental effective strain d~ is given by

d E _ ~~ v4 + c x + c x2 dC , 
(19)

4 1
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coefficient.
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Under these conditions, the fracture criteria given by Eqs . (lie ) and (16)

are both path—dependent, except when Eq. (16) becomes path—independent

for 0e = o~ Taking linear strain paths under oe/~ = coast., and noting

that 0a and Gb are the minimum and maximum ~..:esses, respectively , Eq. (14 )

gives, for non—work—hardening materials (n = o), the fracture strain as

f _ 
_ _ _ _ _ _ _  I K 1 ( 2 )
2~~ + a + a2 

[~~~si~~(~~~~1 
+ 02) + 

Gl 0
2j2

for a < -~ , and

= 

211 +~~~ + a2 ~ 2 sinh(q 1 ~ e) + 
0
1 G

eJ 

(21)

for —~~ < a < 0. The criterion given by Eq. (16) becomes

dC = J ~
from which

= 
_ _ _ _ _ _ _  

( C 
~ = 

C 
—. (22)1 

21l+ c* + cs2 0l/~ ~(2 + a )+ — ~(/l + a + a2(— ~.)3

Eqs. (20), (21), and (22) ,  with Ge/G = 0 are plotted for K = 0.5 and C =
0.25 in Fig. 30.

4 It can be seen in Fig. 30 that the fracture line given by Eq. (22 )

has a slope of —~~~ for a/0 = 0 (free—surface cracks), and Eqs. (20) and

L 
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(21) result in almost the same fracture strains as those according to

Eq. (22) if the relationship K = 2C is maintained. Similar plots of Eqs.

(20), (21), and (22) for various values of a/a are given in Fig. 31.

B. Fracture in uniaxial tension

Bridgman [21] investigated plastic flow and fracture with special

emphasis on the effects of hydrostatic pressure, using uniaxial tension .

The two criteria given by Eqs. (lie ) and (16) are examined for internal

fracturing , using the Bridgman experimental results. In uniaxial tension

of a bar, the critical site for fracture is at the axis of symmetry in the

neck section where C]. = C
z 

and a = -4. Therefore, 0a = 0r = 0e and

= + 0r~ 
Then, Eq. (lie ) is expressed by

—f

(F1
+l) d~~= K , (23)

where F1 = h when h > —1,

F1 -l w h e n h < - .1

and

h =  
2 

sith{~~
(1_ n )

(l + 2~~~)},
I~(l -. n) 2

assuming that the negative damage rate is not permitted.

The criterion given by Eq. (16) becomes

—f
rC

J (F
2 

+ 1) d~ = C, ( 21e )
0 

_  
H
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where
- , 

F2
—~ tor ._L >~~i

and

P2 —l for — < — 1 .
a

Eqs . (23) and (24 ) are compared with experiments in Figs . 32 and 33,

respectively. The experimental results by Brid~ nan used for comparison

are s1~mYr~Ar1zed in Table 5.

In deducing experimental points in the figures from the data in

Table 5, severalassuniptions and approximations are introduced: (1) the

effective stress ~ was assumed to be independent of the hydrostatic pressure,

(2) the stress a at the neck was estimated according to the Bri~~ tnsrn analysis,

and (3) the effect of work—hardening coefficients was neglected.

The comparison shown in Figs . 32 and 33 reveals that the fracture

criteria are both reasonably good for pred.1. oting the fracture strains.
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6o



- 

A 

_

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

fF1 di

Pig. 32 Comparison between the fracture criterion
given by Eq. (23) and Brid~nan’s fracture data.

H 

_ 
H

..i -I ~~~~~~~~~

- 

I 
fFzdE

Fig. 33 Comparison between the fracture criterion
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III. WORKABILITY IN ~CTRUSI0N

For workability in extrusion with reference to center bursting,

experimental observations are limited and information about the stresses

developed in metal being deformed by ext rusion is insufficient. Thus,

Latham and Cockroft [15] speculated the conditions in axisyannetric extru-

sion by assuming that the slip—line theory can be applied even though this

is appropriate only to plane—strain conditions . Also , it was assumed that

lubrication during cold extrusion is suf ficiently good for the calculations

to be based on zero friction . Based on the tensile plastic work density ,

they determined a damage factor for a range of extrusion conditions for

several metals. Avitzur [22], [23) investigated theoretically center burst—

ing in extrusion, using the upper—bound approach . Because the fracture

condition was not incorporated in the approach , some objections may be

raised regarding the validity of the results . However , the study led to

defining the range of successful extrusions in terms of die angle , friction

conditions, and the reduct ion .
• 

Hoffmanner [24 ] also performed slip—line analysis for extrusion and

compared with visioplastlcity- results for axisynunetric extrusion . He

found that the calculated maximum center line principal stresses were in

good agreement with visioplasticity results when the plane strain and

axisyninetric results were compared on the basis of equal cross—sections

Combining the slip—line analysis for deformation and the fracture criterion

proposed by Cockroft and Latham [16], Hoffnianner examined workability in

extrusion. In Fig. 34 , the three parabolic curves represent the process—
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required strain energy as a funct ion of the reduction ratio for three die

angles . Whenever the process—required energy exceeds the energy available

for successful deformation of the material , center burst should be observed.

The extrusion observations are superimposed on these curves and demonstrate

the near—perfect agreement between practice and prediction .

A. Experimental data

Pepe [25] conducted a detailed investigation of the phenomenological

development of center burst defects during hydrostatic extrusion. Central

bursts were developed in 1080 pearlitic steel during a 25—percent reduction

in area pass through conical dies having an included angle of 450~ The

material had been previously cold reduced by hydrostatic extrusion. Central

bursts were formed during the second path. The study revealed that central

bursts develop from regions of structural damage and grow to completion by

a two—stage fracture process.

Zimmerman et al. [26] tested the occurrence of center bursting using

10210 steel. Hot—rolled 1024 steel bars were drawn and then ext ruded in

three steps. The final extrusion step was utilized to examine, through

a variety of die semi—angles, whether central bursting was produced or not .

They found that among 4000 (1000 shafts from each of the four heats) shafts,

center bursting was detected in about 45 shafts from one of the heats.

The above observat ions of center bursting in extrusion , as some other
- 

- experimental studies show, were all made in material which has been pre-

deformed. Although the present theoretical method is applicable to the

determination of stress and strain distributions in extrusion for the

material which has distributed strength and is capable of following the
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previous deformation history, the experimental observation of center

bursting during a single pass of deformation has been sought because the

process condition in the computation can then be specified more faithfully

according to the experimental procedure. In the present investigation,

experiments reported by Hoffmanner [210] were used for examining the

validity of the workability theory .

Hoffmanner observed center bursting in a single—step extrusion for

aluminum alloy 2024—T35l at room temperature . The experimental conditions

and the results were as follows:

1. Material: The specimens were obtained from a 3—inch diameter of

aluminum alloy 2024 in as-received T351 condition.

2. Tensile test: Testing was performed at room temperature on an

Instron testing machine at a nominal strain rate of 0.1 in/in/mm .

Measurements of extension were performed continuously until fracture

with an extensometer exhibiting a strain sensitivity of at least

0.0005 in/in. Measurements of the minimum cross—sectional radius

(a) and neck radius of curvature (H) were performed in two directions

at 90° to each other either continuously by photographing the

specimen or discontinuously by removing the specimen from the test -

- - fixt ures and performing these measurements on an optical comparator .

3. Compression test: Compression testing was investigated by using

simple upsetting of cylinders. For strain measurements, an ortho—

gona]. array of Vickers diamond pyramid impressions was accurately

placed at 0.050—inch separations about the exact center of the

specimens along subsequent directions of principal normal stress.

These directions corresponded to the direction of loading and
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the direction normal to it through the center of the specimen.

Eight impressions were placed in each of the two directions.

10. Extrusion: Extrusion was performed at a ram speed of 12 in/mm

with dies of (60°), 90°, and (120°) included angles with arthydrous

lanolin as a lubricant. Both the billets and the container were

lubricated prior to extrusion and load—time curves were recorded

on an oscillograph dur ing deformation . The billets were machined

with one end contoured to mat ch the die and approximately 0.005

inch unde r the container diameter. A surfac e finish in the 20 to

30 microinch rms range was specified. Initial billet diameters of

1.780, 1.1012, and 0.812 were used. The two larger diameters were

used in extrusion through 90° dies to study single— and multiple—

pass extrusion and the 0.812 diameter billets were used in single—

pass reductions through all three die angles .

Results

1. Tension test results

Table 6

Gauge
section Initial Final

Specimen diameter a/R a/H Fracture
number (inch ) ratio ratio strain Remarks

TNLH]. 0.250 0 0.291~ 0.382 Longitudinal specimen
• TNLE2 0.250 0 0.342 0.3510 Longitudinal specimen
-
. TNT}L1. 0.250 0 0 o.i106 Transverse specimen

TNTH2 0.250 0 0 0.156 Transverse specimen

— — 68
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2. Compression test results

Table 7

— 
Initial

height/di ameter Fracture
Specimen no. Initial Final ratio strain Remarks

• UHN—l(up set ) 0.50 1.61 1.145 0.265
UHN— 2(upset) 0.50 — 2.210 - Teflon lub.,

sheared over
UEN—3(upset ) 0.50 1.58 1.145 0.281

3. Extrusion results

Table 8

Included
Specimen no. RQ/Rf die angle Remarks

HN—1O1A 1.2105 90° Unlubricated, billet stuck
IIN—lOlB 1.326 900 Centerburst
HN—1O1C 1.249 90° Centerburst
HN—1051 1.157 90° Centerburst

- 
- 

HN—1t52 2.328 90°
HN—990 1.988 90° Centerburst
HN—999 1.089 900

HN—90B 2.132 90° ___________________________

B. Comput ation, results, and discussion

Using the matrix method, the extrusion process was analyzed for the

material, al alloy 202J4—T351, and the detailed mechanics were presented

in Part 1 of this report. The process conditions were : semi—cone angle

• 
1 

cs = 105°, area reduction R./H0 = 1.25, 1.6, 1.8, and 2.0 for the two friction

conditions , f = 0 and O.10Y0
. The critical site for occurrence of center

bursting is along the axis of extrusion. The stress and strain states

along the axis of extrusion resulted from the computation described in

Part 1. Because the strain systcm along the axis of extrusion is identical

69
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to that in uniaxial tension, the quantities necessary for workability are

‘C
I (F

1 + 1) dC from Eq. (23) for one criterion

~0
and

J (F
2 + 1) de from Eq. (24) for another.

0

These quantities are plotted as functions of area reduction in Figs. 35 and

36. From the figures, some conclusions immediately follow . The two quanti-

ties are almost identical , with a factor of 2. The magnitudes decreased

greatly when work—hardening of materials was included. The mngnitudes

decreased further with friction at the die—workpiece interface. Note that

the curve for non—work—hardening materials in Fig. 36 is in good agreement

with the Hoffmanner result given in Fig. 34 for 90° included angle. This

is somewhat surprising because the curve by Hoffmanner was obtained by

approximations based on the slip—line analysis.

The critical values of these quantities (K in Eq. (23) and C in Eq.

(210))  above which fracturing is predicted can be obtained from the fracture

data in tension or compression tests. Hoffmanner estimated C 0.3 (K = 2C)

f rom the tension test results. On the other hand, another estimate of

C 0.08 was obtained from the co;~~ression test results. If we apply the

critical value of C = 0.3 to the results in Fig. 36, fracturing should

not occur in all the reductions. If we assume C = 0.08 to be a critical

value , then center bursting would be observed over the range i.08 <

< 1.86 with frictionless die and 1.16 < R ./ R 0 
< 1.60 with friction f = o.4Y0.

Although the prediction of workability with a critical value, C = 0.08,

appears to be in good agreement with the experimental results in Table 8,

70

——---—-— — — —.—-~-—S-- —--— -~~~—~~~~--— ~~~~~~~~~~~~~~~ 
-S



~~~~~~~~~~~~~~~~~~ — - - — 
~~~~~~~~~~~~~~~~~~~~~~ 

— - -

S 

f(F~.l) di

• \ NON WORK HARDENING
0.9 \ (f ~~0)

- - 
o.e /07 / : \

- - o.e / • / AL ALLOY 2024 %T351

_ _ _ _ _ _ _ _ _

0 0.• 0.2 0.3 0.4 0 5  0 6  O.~ 0.5 0.9 (.0 1.1 1. 2 1.3 14  ( .5 (6 I.? (.5
I . 1 1 I I R / f t

I 0 1.25 1 .6 I 8 20  2.4

(C
FIg. 35 Variations of J (F1 

+ 1) d~ as a function of area reduc—
0

tion in extrusion. Materials: non—work—hardening and
al alloy 2024—T35l.

j~F9.I)di
0 7

06

0_ S / ~~ NON WORK HARDENING
— / (f .0)

-
I

04  - ,•
‘

0 3 -
/ ‘ I AL ALLOY 2024-1351 *

~~ 

1

~~~~~~~~

1

0 0.1 0 t  0 3 0 . 4 0.5 05 U.7 0 5 0 9  (0  I i  .9 ( .3 (.4 (.5 II I.? I.e i~

0 .25 
— 

1.6 1.5 2.0 2.4

Fig . 36 Variations of 
J 

(F2 + 1) d~ as a function of area reduc—
0

4 tion in , extrusion. Materials: non—work-hardening and
al alloy 2024—T351.

71

- - -- -- —-—-- -~~~ —.•



- _ - - - S -
~~—— ~~~~~~~~~~~~~ ---~~~ - - - -,

- - S
i

the proof of the validity of the fracture criteria is not conclusive.

First , it is not certain which of the cr itical values, C (or K ) ,  Is proper

to use for workability predictions. Evidently, the fracture behavior is

not homogeneous . This is due to the complex microstructure of the material

and the role of microstructur e in determining the fracture strains is not

— yet understood. Second, the observations of center bursting in Table 8

revealed, as Ho ffmanner reported, that it always occurred by complete

separation . In spite of the fact that the fracture surfaces always pos-

sessed the centrally located conical cavity typical of the center burst ,

whether fracturing initiated at the center is in doubt.

72

S



_ _ _ _ _ _  
-- - 

-

- ‘ IV. WORKABILITY IN DRAWING

To determine workability in drawing, the same approach as that for

extrusion was applied. The process mechanics were analyzed by the matrix

method and the stress and strain distributIons along the axis of drawing

were computed for various reductions of area. The tension and compression

tests were performed to obtain the stress and strain property of the

material and to determine the critical value for fracturing . Combining

these data , the workability in drawing was predicted. The drawing experi—

ments were conducted at room temperature to examine the predictions . The

material was SAE 1144 cold—drawn steel . The stress—strain property of

the material is given in Part 1.

A. Process mechanics

The process conditions were: semi—die angle Ct = 8°; area reduction

R./R0 = 1.05, 1.10, 1.2, 1.3; and friction f = 0, O.25Y0. The stress and

strain distributions were obtained and the significant quantities for

fracturing were determined for each area reduction .

Because the two fracture criteria discussed in the previous sections

resulted in almost identical predictions of fracture conditions, only the

quantities (normalized energy density ) defined by f (F
2 + 1) d~ was shown

as a function of the area reduction In Fig. 37. In calculating the energy

- ‘~ density , the stress components were determined by correcting the nydro—

-_ - static part of the stress components from the total force balance. It is

) seen in Fig. 37 that the energy densities for the critical path along the

4 axis of drawing increased monotonically with increasing area reduction.
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They were larger for larger die—vorkpiece interface friction. This is

contrary to the extrusion results shown in Figs. 35 and 36. To determine

workability, this energy density level must be compared with the critical

value C for fracturing, estimated from the fracture data in tension and

compression tests.

B. Tension and compression tests

Tension specimens were machined longitudinally from a 0.5—in, diameter

bar. Testing was performed on an Instron machine with a plate speed of

0.02 i n / m m . The load—displacement curve was recorded and the Instantaneous

neck radii, as well as neck diameter, was measured until fracture. The

critical energy density was estimated from the tension test as C
(t) 

= 0.271.

The Bridgman analysis was used for an approximate stress analysis during

neck formation.

- I Compression specimens were machined from the same bar of 0.5—in.

diameter . The height and the diameter of the specimens were 0.50 in. and

0.49 in., respectively. The grid lines were printed on the cylindrical

surface of the specimens, and the strains at fracture were determined from

the grid distortion of the deformed specimens . The critical value C was

• estimated from the fracture strains according to Eq. (22) and was given by

C o = 0.093. It is to be noted that the fracture behavior is different

in tension and in compression.

C. Workability

The energy density in drawing shown in Fig. 37 is compared with the

critical value for fracturing in order to predict workability of SAE 11144
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steel in drawing. It is seen again that the prediction is drastically

different depending upon which critical value of tension and compression

is applied. With the critical value of 0.09 whIch was estimated from the

compression tests, center bursting would occur in all drawing with the

area reduction larger than R
~

/Ro = 1.03, wIth very little effect of die—

workpiece Interface. On the other hand, if C(t )  is taken as the critical

value, the prediction is that for frictionless dies no center ourst would

occur up to R1/R0 = 1.36, and that this limiting value decreases with

increasing die friction; for example, for friction f = O.25Y0, center burst

would not be observed for R./R less than 1.16.
1 0

In order to examine the workability predictions, bar drawing experi— 
- -

ments were performed. The bar specimen configuration is shown in Fig. 38.

A threaded grip was used for drawing. This scheme, however, sets the draw-

ing limit according to the maximum drawing force which can be sustained

by the threaded part of the specimen. Commercially available carbide

drawing dies with 8° semi—included die angle were used. The steady—state

drawi ng force was measured , and the occurrence of center bursting was

checked with drawn bars . The experimental conditions and results are

summarized in Table 9.

Table 9 Experimental conditions and results.

(Outlet ( Inlet (Reduc. 
Ave.drawing

I: 
Sped — diam.) dlaiu.) ratio) 

pressure Center
- . men 

2R 2R L/ii Lubrication (L/irR 2Y ) bursting
no. 0 1 i O  

_ _ _ _ _ _  

00 
_ _ _ _ _

4 0.388” 0.1485” 1.25 WhIte lead 0.907
in oil

8 0.388” 0.1465” 1.198 “ 0.713
5 0.24195” 0.485” 1.156 “ 0.691

- 
- i6 0.4195” o.46~” 1.108 “ 0.361 - No

1 0.1451” o.48~” 1.075 “ 0.435
9 o.105i” 0.1065” 1.031 “ 0.1e28

21 0.1451” 0.5” 1.109 Dry 0.6614

7 0.1465” 0. 1065” 1.198 Dry 0.997 
-

——
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In Fig. 38 the experimental and theoretical average drawing stresses were

- _ plotted as functions of the reduction rat io R
1/R0. Theoretical curves

were for frictionj.ess dies (f = 0) and for the frictional stress f = 0.25Y0.
The experimental values wi th and without lubrtcation fell between these

two theoretical curves . The drawing limit due to the present experimental

scheme is also shown in Fig. 38. Under the lubricated condition , drawing

over the reduction range of R1/R 0 = 1.031 ’—’ 1.25 produced no center burst-

Ing. This suggests that the use of the critical value C ( c ) 5  estimated

fro m the compression fracture data for workability prediction , was not

appropriate . With regard to the critical value of COt) = 0.271, it was

found that the drawing limit set by the present experimental scheme was

very close to the critical value C(t ) ,  as shown in Fig. 37. In fact,

drawing was not possible for three cases of drawing under the dry condition.

As a result, it was not possIble to determine the applicability of C ot )  as

a fracture criterion to the occurrence of cent er bursting in bar drawing.
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V. SUMMARY AND DISCUSSION

For workability in metalworking processes , formulation of a ductile

fracture criterion must be simple (or in the form of easy applicability )

and yet reflect physical mechanisms of fracture so that the predicted

fracture behavior is close to the one of’ real materials within reasonable

accuracy . With a two—size voids model a modified interpretation to the

McClintock formulation of fracture strains was given . It was shown then

that this formulation and the one by Cockro ft arid Latham resulted in

almost identical fracture strains for occurrence of free—surface cracks

and for fracturing in uniaxial tension. It was demonstrated further that
- - these formulations predicted reasonably well the experimentally observed

fracture strains. In examining the validity of the prediction by experi—

ments, the stress—strain histories at a critical site were determined by

using the continuous experimental observations on distortion in the case

of surface cracks and by the Bri~~ n~n analysis combined with experimental

measurements of load and neck geometry in the case of uniaxia ]. tension.

In applying the criteria to occurrence of center bursting in axisynimetric

extrusion and drawing , the determination of stress and strain paths at a

critical site was provi ded theoretically by the matrix method of analysis.

The critical value of the material ’s capability against fracturing was

obtained by tension and compression experiments . Workability in extrusion

was examined for aluminum alloy 20214—T35]. using the data found in the

literature and the experiments of workability in drawing was attempted

for SSAE 11144 cold—drawn steel to test the predictions . The results of

S 
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validation were inconclusive . This is attributed to the fact that the

- 
- fracture behavior has directionality as evidenced from the tension and

compression fracture data. Furthermore, most of the previous Investiga-

tions on center bursting in extrusion and drawing have reported observa-

tions of center bursting in pre—deformned materials. Although al alloy

2022e—T35]. was reported to have produced center bursting in a single

extrusion path at room temperature, it occurred always by complete separa—

tion. With regard to bar drawing of’ SAE 111014 steel, the drawing limit

set by the present experimental scheme was very close to the limiting

energy density level, thereby making it extremely difficult to perform

drawing near the critical boundary of the sound and defect zones.

In spite of inconclusive results of workability , the present investi-

gation revealed several significant findings. In extrusion, the energy

density level critical for center bursting was less for work—hardening

materials when compared with that for a non—work-hardening material.

This energy density level is reduced with increasing friction at the die—

workpiece interface . It increases first with increasing area reduction

and then decreases indicating a maximum as a function of area reduction .

I In drawing, the energy density level monotonically increases with the

area reduction , and Increases , as opposed to that in extrusion, with

7 increasing interface friction.

• 3 Although conclusive validity of the present workability theo ry in

t -
~~~

I extrusion and drawing awaits more extensive and systematic experimental

investigations , as well as theo retical calculations , the method of’ computa—

4 tion is available and the approach has been cleare d toward complete under-

standing of ductile fracture in metalworking processes.
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APPENDIX

COMPUTER PROGRAM OF THE MATRIX M~ TH0D
FOR THE ANALYSIS OF AXISYMMETRIC E~CPRUSI0N AND DRAWING

I. Program Interpretation and Input Data Cards

The program was written according to the numbering system of nodal

points and elements and the mesh system as shown in the figure.
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The four surrounding nodal points (I, J, K, L) of an element are arranged

In a clockwise direction with the lowest index assigned to I (e.g., for

-
- 

— the first element in the figure (I, J, K, L) (1, 9, 10, 2)).

The output values of stress and die force are all normalized by the

initial yield stress and are positive in the sense of positive r or z

direction .

In addition to preparing the Input data cards , the following variables

in program PURT need to be specified according to the mesh system and

geometry considered:
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THETA: Semi—Included angle of’ conical die

NIPTS: Number of lines in mesh system parallel to the axis of symmetry
NJPTS: Number of lines in mesh system perpendicular to the axis of

symmetry
NTIMES: Number of flow lines to be constructed
NMAX : Total number of increments for strain integration
RENTER: Radius of the billet at entrance (it is convenient to choose

RENTER = 1.0)

YEXIT: s—coordinate of the billet at the die exit (YEXIT = 0.0)

A. Sequence of input data card preparation for the main program

1. Heading card (i2A6 )

Columns 1—72: Output title to be printed with output, up to 72
characters

2. Columns 1—10: The initially assigned value of the deceleration
coefficient for the first Iteration. Note that in
a subsequent iteration , this value will be changed
automatically according to the behavior of functions
in order to ensure fast convergence (usually a = 0.5)

3. Material property and program control cards (2415, FlO.0)

Columns 1—5 : Value of ITER , total number of iterations assigned
Columns 6—10: Value of ITCONT ; 1, for non—workhardening materials

0, for workhardening materials
Columns 11—15: Value of’ NPUNCH; 0, if only velocity distributions

to be punched
1, punch all informations; the out-

put punched cards are arranged
as follows:

a. Nodal point velocity distributions (u
r~
u
z
) ( SF10.6)

b. Total effective strain (E) distribution (8F10.6)
c. Strain rate 

~~~~~~~~~~~~~~ 
distributions (SF10.6)

d. Stress 
~~~~~~~~~~~~~~ 

distributions (8F10.6)

e. Boundary nodal point forces and velocities
• (F ,F ,u ,u ) (8FlO.6)

- - r z r  z
Columns 15—20: Value of NPRINT ; 1, if nodal point and element data

are to be printed
0, otherwise

Columns 21—30 : Value of FLIMIT , assigned value of accuracy desired
(lAul/lul), program will stop if this
value is achieved (recommend value is
0.00008 )
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-_-__ - - -. - ‘ _ _
~~~~~~~~~~_2---~ ~~~~~~~



-5 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~ •—5,—-- --—-5— 
~~~~~ -- ,‘-- .-.r ’----s--.--

-i 4. Geometry and traction boundary control card (415)

Columns 1—5: Value of NUMNF , total number of nodal points
Columns 6—io: Value of NT.JMEL, total number of elements
Columns 11—15: Value of NUMPC , number of traction boundary condition

cards to be read (see Sequence 6 , below )
Columns 16—20: Value of NBF , total number of nodal points along the

die surface at which force calculation
is required (see Sequence 6, below)

5. Nodal point data cards (IS, F5.0, 2FlO.O)

The numbering system of nodal points for the boundary conditions

Columns 1—5: Nodal point number
Columns 6—10: Code for this nodal point

— 0.0 if R— and z—forces are specified
1.0 if R—velocity and z-force are specified
2.0 if R—force and z—velocity are specified
3.0 if R— and z—velocity are specified
5.0 for special boundary condition (nodal points on

die surface)

Columns 11—20: H—coordinate of the nodal point

Columns 21—30: s—coordinate of the nodal point

6. Force calculation nodal points cards (1615)
These cards provide the nodal point numbers at which the force
calculations are desired. Each card provides 16 nodal points punched
in every five columns. The total number of these nodal points should
be the same as NBF specified in Sequence 14.

7. Traction boundary condition cards (215, 10F1O.O)
These cards provide prescribed traction stresses along boundaries.
If the prescribed stresses are all zero or no traction stresses are
prescribed (e.g., for the case of extrusion (or drawing) with friction—
less dies),  these cards can be omitted and put NTJMPC = 0 of Columns
11—15 of Sequence 14. p ( j )

P ( i )  I
- 

- 
5(I)

~ T

__J~~~~~
No

~
a1 

1
’

;
For the case with constant frictional stress (in terms of initial
yield stress), these cards are needed . The total number of cards
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should be the same as the value of NtJMPC . The shear stress and the
normal stress are positive in the direction shown in the figure,
which is opposite to the output positive stress and die force directions.
Columns 1-5: Nodal point number for point I

Columns 6—10: Nodal point number for point J

Columns 11—20: Prescribed norms.]. stress in terms of initial yield
stress at point I

Columns 21—30 : Prescribed norms]. stress in terms of initial yield
stress at point J (if norma]. stresses are not
prescribed, put 0.0 into these two values)

Columns 31_140: Prescribed shear stress in terms of yield stress at
point I

Columns 41—50: Prescribed shear stress in terms of yield stress at
point J (e .g . ,  for the case of constant friction stress
with f = 0.14Y0, put “—0.~4” into these two values )

8. Flow line data cards (8F10.0)
Specify the R—coordinates of every flow line to be constructed before
entering the die. The total number of these points should be the same
as NTIMES specified in the program PURT. Each card is to be punched
8 entering points each in 10 columns .

9. Element data cards (515)
For each element these cards provide the four surrounding nodal point

• numbers (I,J,K,L) in a clockwise direction

Columns 1—5: Element number

Columns 6—10: Nodal point number of point I

Columns 11—15: Nodal point number of point J

Columns 16—20 : Nodal point number of point K
Columns 21—25: Nodal point number of point L

10. Input velocity field cards (8F10.0)

These cards can be an initial guess of velocity field or a new
velocity field obtained from the previous iteration. These input
cards are arranged in the following order ( from the nodal point to
the last nodal point)
Columns 1—10: R—velocity of the 1st nodal point

Columns 11—20: z—velocity of the 1st nodal point

Columns 21—30: R—velocity of the 2nd nodal point
Columns 31_140: z—velocity of the 2nd nodal point

Each card provides four nodal point velocities
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B. Sequence of input data cards for program EXDRSUM

The output stress distributions from the matrix iteration method are

different from a uniform hydrostatic stress from the actual solution over

all elements in extrusion or drawing.

This program calculates the average extrusion (or drawing) stress by

either the energy balance method or the method of zero total axial. force

at the entrance bounda.ry ( for drawing) or at the exit boundary ( for extru-

sion). After the converged solution Is obtained fro~n the main program , the

output punched cards are then used in this program to calculate the correct

stresses according to the following sequence of input data cards:

1. Problem control card (15)

Columns 1—5: Value of IEXDR ; 1, for the extrusion problem
0, for the drawing problem

2. Geometry control card (1~I5, FlO.0)
Columns 1—5: Value of NUMNP, same as in the main program

Columns 6—10: Value of NtJMEL, same as in the main problem

Columns 11—15: Value of NIPTS, same as in the main problem
Columns 16—20: Value of NBF, same as in the main problem
Columns 21—30: Value of THETA, semi—included cone die angle

3. Initial yield stress card (Fio.o)
Columns 1—10: Value of YIELD, initial yield stress of the

material considered

~~~. Nodal point data cards (15, F5.0, 2FlO.0)
Same as Sequence 5 of the main program

5. Element data cards (515
Same as Sequence 9 of the main program

6. Input strain—rate distribution cards
: 1 From output of the main program (Sequence 3—c )

~ 1 7. Input stress distribution cards

From output of the main program (Sequence 3—d)

8. Input boundary nodal point force and velocity cards
From output of the main program (Sequence 3—e )

87

--



_ _ _ _ _ _

- 4
II. Computer program listing

88

_______________________________  _ _ _ _ _



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~ “~~~‘ - ‘ ‘“~~ “~~~~~‘~‘. -- - -

EXOP SUM a PRoGRa’~ osu 1~~rwau T.ouTPuT.DU.~cw ,EXDR SUM 3 C
EXO P SUM 4 C * ****S**********S*SA******$S4*9*****.*$.A**..44*.s,S4.....*S.......,~
EIORS UM 5 C SINCE FlIP EXT R USION OR D R A W I N G .  T$~~ DUTDUT STRE SS OIS TP ISU TION FROM
EX O RS UM 6 C M A T R I X  IT ~~RA TZON METHOD ARE 1N DI ’!°ENCE OF A UNI FO R M HYDROSTATIC
fXDP 5~JM ~ C DRE SSURE FROM THE ACTLP E SOLUTION OVI~~ ALL !LE UP NT S. THIS PR OGRA M

— EXORSUM P C CALCULATES THE AVE PA GE EXTRUSION OR O PAW ING ~ R!SSURE AND TN! CORREC—
EXORSUM 9 C TION FACTOR OF THE MEAN STRESS. TN! OUTPUT STRESS AND DIE PRESSUR E
EKORSUM *0 C OISTR TFIJTXO N S OF THI S PROG R AM AR E THE ACTUAl . SOLUTIONS.
EXORSJM It  C ***NOTE THAT ALL GJONTITI!5 INVOLVI NG VOLUMN OP SURFACE INTEGRAL AR!
EKORSUN *2 C MEASURED PER RAO IA N( I.E .  OUANI !TT !S DIVIDED FM
!XDQSUM *3 C 4**NOTE ALSO ALL OUTPUT OF STP!SSES AP.~D 01! PRESSU RE A R! IN TERMS
!XORSUM *4  C 0’ INITIAL YIELD STRESS ***A******s*****

- - EXORSUM 15 C 8** *********$****S*****S******E*******4S**$*Ss*..*gØ*a.S.*~~~*.... ** .
EXORIUM *6  C
EXORSUM 17 DIMENSION RC2421  .7 (24 2* , U R(? 0 I ,U2 1 2 0 ) , F(20) , !FSTRN(2I0) . IEL(  210 ,4*

• EXDQSUM 1$ * ,W7120* ,FR I2O* ,S751 4 ,210) .EFST CS(210). !CAL(20) .STSCR(4.210, ,
EXOR SUM 19 2 UOIE(20*.NF(20*,CODE(2IO)
EXORSUM 20 C
EXORSUM Pt C ***** ***S*****$*S*SS*****8$*4**W**R******4******$*S*****S*99***S*4*
!XDR SUM 22 C READ PR OGRA M AND GE O W IT RY CONT ROL CARDS
EXORSUW 23 C t !XORs l . . .AX I— SYMME T*IC EXTRUS ION PPC*p~ EM
E XDRSUM 24 C 0. . .AXI—SY MMETD* C D R A W I N G  P ROP LE M
EXOPSUM 28 C P4UMP4P.T OTAL NODAL POINTS
EX OR SUM 26 C NUWEL.TOTAI. ELEMENT S
EX ORSUM 2? C NIDT S.T CTAI . LIN E S I N  ME SH SYSTEM PA R ALLEL TO AX IS
EXDRSUM 2P C NSF.TOTAL INPUT CARDS OF SURFAC~E NO DAL POINT FORCE FROM OUTPUT OF M A I N
E XO RSU M 29 C PROGRAM.
EX OR SUM 30 C ?HE TA SEM I—IN CLUR E O CONIC D IE  ANGLE
EXD RSU M 3* C YI!LD~~IWIT IAL YIEL D STRESS
E XOP SUM 32 C ****$********S****$**4A******A****,**s*~~~ ******4h$**h******** ,..*,*.*.
!XIIRSUW 33 C
EXOPSUM 34 READ 2300, IEXDP
E X D R S U M  35 READ 2311,NUMNP .NUMEL.NIPTS.NPE .THET A
EX OR SUM 36 READ 33 *2 ,  Y I E L D
E *DD SUM ~7 P A I . 4 .*AT A N * * . )
EXORSUM 38 ANG.PA **THETA/*eO.
EXODSUW 39 $COS C O S I AN G )
EXDPSUM 40 RSIN.SIN*ANG)
!XDRSUM Al C
E XDPSUM 42 C ****$*********$******9*****9******SA*g*,***49*****A****,*.**4,*****,*$
EXt IR SUM 43 C PE A l)  NODAL P O I N T  DATA AND ELE ME NT D A T A  CAPO S
E XOW SUM 44 C ***SS*********t*t************** a**********A*W**~~****.**.****W**a$**.s.
EXOP SUM 45 C
!XfWSUN 46 00 *00 I s t , N U M N P
E XDRSUM 4? N a T

- - EXDRSUM 48 100 READ j000 ,N,CD0!(N) .R (N) , Z ( N)
E XO R SU M *9 R!X T T .R (NU NND 1

— EX OP SUM SO P!N TER.R(NIPTS*
!XDR SUM SI VEX IT .—(RENTERIPEXI T ** (PENTER m !x z  1)
EX ODSUM 52 N.O
EXOP SUM 53 130 READ 1001.M ,ITEL ( M .1I,I.1,4)
EXORSUM 54 140 N .N+*

• EX OR SUM 85 I ’(W —N I  170,110,150
F E X OP SUM 56 *50 00 160 Ja*.4

EX O P SUM 57 160 I ! L ( N . J I a I E L ( N — I , J ) . I
E XO P SUM SR 170 T F ( M — N I  *8 0 , *8 O . t 4 O
EXOOSUM 59 l A O  !c t N I JME L —N ) 190.190,130
EX OR SUM 60 *90 CONT INUE

• EXORSUM 62 C
EX D RSUM 52 C **aA*******************$******************a*****9 *,***********ps*9****
EX O AS (J M  63 C R E A D INPUT DA T A CARDS
E XORS UM 64 C ALL INDUT DAT AS REL OW AR!  FROM THE OUT~~UTS OF THE M A I N  P R O G R A M
EXOR SUM 65 C EF STPN. !FF EC 1IVE S T R A I N  P A T E
EXOD SUM 66 ~ S T S I I , w ) - R — S T R E S S  O~~ N— TN ELEMENT
EXORSUM 67 C S T S t 2 . N P Z— STRES S OF N— TM ELEMENT
EXOOSUII 68 C ST S (3 , N I . 1 H — S T R E S S  OP N~~TN ELE M ENT

- ‘ EXOP SUM 69 C STS(4 ,N*aR!— STRISS OP N—T N EL E MENT
E X D P S U M  70 C EF S~ R S.EFF EC T1VE STRES S
ENt *DSUM 7! C A X , *1 , A 7 ,A W  STAND ~ OR INPUT DATA S W H I C H  ARE NCI T USED IN D OI N G THIS

• E X O RSU M P2 C PROG R AM .
- 

- EXOR SUM 73 C UO ,U7. ’P .F! AP E THE VELOCITY A Pi) ~OPI FS AT NO DAL P OINT IN P AND 2— D I P .
EX DP SUM 74 C **$*********************** ************j ***********,*****S****9******Ip *
!X0RSUW 75 C
EX?)RSIJM 76 D EA D 1 0 0 3 . U A X , A Y . A 7 , A M , !FSTR H ( N 1 * . N . * , NUM EL *
EX O DS UM 7? R EAD I00~~, ( ( ( S T S U , N ) , I a * , 4 l , E t S T P 5 ( N * , A X * . N . * , NU M5L )
EX OR SUM 76 00 220 I .*, NAF
EXO O SU M 79 220 READ l f l O 2 , N P 1 1 * . t P I I 1 , U 2 I I * .~ R U ) , P 7 ( 7 l
!XDRSUM SO IF l *E VOP. E O. * I P R I N T  3303
EXORSUM Ri  I F I I E X l ) D . E O , O *  P R I N T  330*
E X OO SUM 62 P R IN T  220 *
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EXUQSIP F3 D R I N T  2202, ( N . C O D E I S ( * . R * ( I . ? I K l , K . 1 . PAI MN D )
!XDRSUM PA DP IN T 2204

X0P5U M 05 lIO 250 I.I ,NAF
CXOR AUW Af F D I 7 * a R Q *~~ )~~YI F L V)
•XDRSIJW *, FUI* .•PCII/Y I’LD

• P X DP SUM RA JaNF I I )
!X DRSUM P9 250 PRINT 2 2 0 3 . N F ( I ) , C f l D r ( J ) . t w I T ) . U ? l I ) . F P I I I . ’ 7l Z )
EXOPSU M 90 C
EXOPSUM 0* C ******a.****t9*~~~ *******$***.R***S****************** S****I************
EXORSUM 92 C PRTOTL RT OTA L DIE FORCE P’ 7—DIRECTION DEFDR! CODRECT ION
EXOR SUM 9~ C ******S*A***.*0*******~~~ ********************** ***W***,******** I***S* .
!XD~~5UM 04 C
E XIIPSUM 03 FRT C T l .u0 .
EXOR SU M 96 00 200 T I,NBF
EX DD SUM 9? J .NF(I I
!XORSUM 95 IF(CODECJI .Eo.5.o.ec.Ccng (J).Eo.ls.o) GO TO 30*
!XDOSUM 00 GD TO 300
E XORS UM *00 10* *R T C ? L . F R T O T L A F 7 I I ’,
!XDDSUM *0* 300 C ON TINU E
EXDPSUM 202 C
E XDR SUM 103 C ************** ******** % ****M******** t************ .************ A******a
EXORAUM 104 C M!TMODD$.. . I ’  E N ER G Y  P A L A N C E  VWPW) O IS USED

‘ !XDRSUM Ins C 2...IF ZERO TOTAL 7—FORCE AT P I G I E  P OU P IDAP Y METHO D IS USED
E XDRSUN *06 C **h***9***S********$*********R***********?**WS**** _*,h****** *********.
EXDPS,J V L O P  C
EXD O SUM 10$ DC 000 ME THOD.1 ,2
EXD QSU~ log I F ( M E TH O O . E O . I *  GO T~ 90*
!XDRSU M 110 I c ( VE T M C O . E 0 . 2 )  GO TO 002
EXt)OSUM * 1 1  C
E X O PSU M 11? C ************S**P******9*****************A******R*****S******** ****SA*
E XDQ SUM 113 ~ ***EMERG Y DALANCE METNDC******A*****
EXO OSUM 114 C CALCULATE DISSIPATION ENERGY CAT? ~ V~~P DI! SUR FA CE CU! TO FRICT ION
EXDPSUM I I~~ C *********************************** #************~~~ * **********W**t****
!XDQSUM * I~
!XDPSUM 117 90* CONTINUE
E XOR SUM Z I P  F P I C Y N a D .

• EXORSUM 11°  DO 10 1  I~~ 1,N!P
— EX DPSU M Ill) JD N F I I Z

EX ORSU M 121 IFICOOEIJ*.fO.5.O.C’R.C0DESJI.EO.1!.01 GO TO *02
EXOP SUM 122  GO TO *03
EX DPS UM 123 102 F p ! c T Na c p I C T N . cF p ( t I * n Sy N . r Z ( ! , * p c O s * *w p ( 1 * a p s 1 P I . U7 ( I I~~~ C OSI
E WDR SUN *24 103 CONTINUE
EXOPSUM 125 C
!XDRSUM *26 C *****9******************* *********************t*********************t*¶ !XDP SUM 12~ C CALC ULA’ E TOTAL ST R A I N  ENERGY RAT E OVER TEN DFFOPMSO D~~pT~~ Qp4

E X ORSUM *28 C ************* ******************** ~~***r*********W*~~** ******* . .*******
EXDOSIJM *29 C
!XOR SUM *30 OSEN GYa O .
E X D R SU” 131 00 2*0 NDI,NUWEL
!XODSUM *32 E~~SSrE FSTQP41N)
£XDQSU” 1 ’ i  I~~ (E F S T R N ( N l . L E . O . O 1 1  E~~SS.O.O
EX OR SUM I 3 4  I I . T E L I N , i I
EXDPSUM *3!
EXOP SUM 136 I 3 I !LIN ,3)
EXORS UM *3’ ! 4. I E L (N , 4 )
E X DPSUM 13$ VflL1.(!(I2I~~Z ( I l l l* I R(1IbS*tTI14 0Ct2 Z*D( I2 l ,Ct flI*P(I ~~*)
EXOR SUM *39 VOI. P a I t C T 4 ) ~~Z l f 3) * *t D t 7 4) *D t I 4 ) 4 R (I 3 ) *P ( I 3 ) . O (  Iab*°1131)
EXOP SUM 140 V0 L 3a(7 l I 3*~~? ( 12 ) 1* ( D (T 3* * P ( I ! l I 2 l I2 l * R ( T2* * R l  13)* 2112 11
EX OD SUM *41 V 0 L 4 a ( 7( I i*~~7 l I 4 I l* ( D (I 4 I* P ( I 4 1 4* ( I 1 I* R I I 1 I + P !  I 1 l* R ( ! A I I
EXO P ILI M 142 VOLUWN. ( VOL 1~~V0L24V0L3,VOLaI/6.

- - EXOPE U W *43 DS!NGY.D SENGV4FF S*DStP4I *!FSS*Vt~LUMN
• EXODSUM *44 2*0  CONTINUE

EXI PSUM 1~~5 C
FXO° S*JM 146 C **********S**********************aa*******S******~~************S******* —

EXOD SUW *4? C CALCULATE A V E R A G E  E X T R U S I O N  DRESSUPE CR A V E R A G E  ~ R A W I N G  PRESSURE I E X T —
EX OP SUM *45 C P35$ AND C O RRECTI O N HY DR OSTA T IC PRESSU CE I ALA KDA I DY ENE POY ~.AN CE—
E*0°SUW ~ A0 C METHOD.

• E XDP SUM I S O  C **000*$****e*******$*p*****A****$****************W***A**********9*****
!K0RSUW 151 C
EXDRSU M *S2 PRINT ‘300

- I EXDR SL$I I~~ ! I ’IICVO Q .!O.l) GO ‘0 502
EWDO SUM *54 SOl EXTDSS.(05!NGY_FRTCTN,*2.,(_VEWI?*RFVIT*REXTTI
EXCIR SUM 155 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
EX f QSUM 155 GO TO 503

I: - EXr *R SUM I S? 5Ø~ E XTD 5S .IDSENGY~~F*I CT N I *2 ./ t D rN T !0 * R E N T EQ I
EXOP SUW ISP  A L A A I D A a I 2 . *F P T O T L . E X T P S ! 1 / ( R E N T ! R W D E N T !D _ R E X I T * R E X I T I

I’— EXD D SI J M 159 GO TO 503
E X O O SU M  I S O  C
EXD RSI )M *5 1  002 CDNTI ’ .U!
?X DR$ UW *5?  C
E XORSUM * 51 C
EXOOSUW 1A 4 C *****h~I!T 41D Cl 7!F ) TOTA L 7~~F 0Re ! 0VE~ TN’ P IG7~~ •~)!IHOPPY*S***U*,**
E X OPS UM I~~ S C ********,A**a**.*********W**********A**,**A***~~~ ***.*******R*******SS*
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INROSUM 166 C

4 IXORSUN IA? NISNIMTS—1
!XDUSUM lAP I F ( I I K D R . E O . I * GD T~ lOS
!XDRSUW IA. C

- 1 EX04SUM 170 C S***W**ss******s*********W*SSsa*****A•sWas ******a*..***..0***..*.,*..*
EXOMS U M 171 C CN!CX ELE MENTS NEXT YR RIGID POUWDAPY A! E N T RA N C E  FOR DPA W IN G
EV DQ SIP W 1’? C W**0a*S.*S****.S.**S*W*000,00 000*****Sb***.*a*****. ***SS**.****S*.*..
ETORSUM *73 C
EXOPSUM *74 00 705 I.I.NI
EX0031PM I P S
EXOI SUW I P A  706 I l ( ! ’STPN(J *.LE .0 .01)  GO TI’ 707

• EXOPSUM I?? ICILII).J
EX D *SIJM *70 60 70 705
!IO*SUM 1,9 707 J’J .NI
EXODSUM ZOO GO TO 706
EXORSUM *0* 700 CON ‘Twill
EXORSUM 102 GO 70 500
E XORSUM 1R3 C

• EXODSUM I ~4 C **.S.**.**s****S************ SSSS*.**.,*P*********** S*S****0**S*.e**S..
EXOR SUM I R S  C CHECK EL EMENT S NEXT TO R I G I D  PUUNI ’AR ’ AT E X I T  FOR E XTRUSION
EXOD SUM IDA C ....*.000... *.*.*.*U****** a**0**.********* W*****..*****W**.***.&*.***
EXOR SUM 157 C
EXD SSUM I SO 708 00 710 I ’I .NI
EXODSUM *89 J.NUMEL..Afl6I
EXO D SUM 190 716 I ’tE ’St~~N (J *. L E .0 . 0 l I  GO TO PIP
E XPO SUM 101 I C A L ( T ) . J
!XDDSUM IS? GO TO 7*0
!XORS UN 193 717 J . J —W T
EXO R SUM IRA GO TO 7*6
EXD DSUM l~~S 718 C ONV TNU !
F XD R SUM *08 500 CON TINUE
EXORSUM lOP C
I XDP SUM *00 C •au*** **aAa.aa. **** .*sss*gssa**..**aasa**** ..s*.ss..sa *...*s*..ss*.s*
EXDOSUM 109 C CA L CLP. ATE TOTAL P~ R O8 C I (DEF ORE CORREC T I O NI FOR ELE M ENTS WE P T TO
EXD R SUM P00 C R I G I D  •OUNOARY
E XOR SUM 201 C ***S****.****.SSS****R******** S**S**S****D0*S*SS.S****.********S..*.SS
EXOR SUW 20? C
EXOREUM 203 TF CP CE OO.
EXOD SUM 104 1.1 -

EXO D SUM 205 IMDEX .I
EWO DSUM 206 P01 K K S I C A L ( I I
EXOO SUW 207 I1. !EL I KK , l )
E X OR SUM 200 I2 I E L I K K .2l
EX OPSUM 200 I 3 S I E L ( K K .3)
EXO D SU W 2 *0 14 = T E L I X X ,41
EXD DSUM 2* 1  2*00 .
EXDPSUW 2* 2  2? t ? I I I * — Z l T 3 I * ~~2.
!XDRSUM 213
EIOR SUM 2*4 IP(IND!X.E0.1I 60 TO 500
EXOD SUM 21S AREAI.fR2SR2—RI*01I ,2 .
EXD SSUM 2 *6  AD!A2.RlSZ2
ETORSUM 217 GO TO SOS
EX DQSUM 210 *05 R 7 a l P f I I ) R Rf ~~J ) )~~1.EXDDSUM 2*0 AREAI.102. D 2—fi I *DII,,.
EXOR SUM 220 AREAPsO .
E XI)OSUM 221 500 3PO*CE.TF0RCe•AREAI *5TS* 2 . !S( l~~A REA2*S? 3 lA. KKl
E X OR SUM 222 Il(I.E0.NI I GO TO SIR
EXDRSUN 223
EXDD$UM 22* KAROV !SWK•I
EXOR SUW 223 TIIKARIVE—ICAL (I.lII 783.750,753
E XORSUW 216 750 1.1.1
EX ORSUM 22? INDEX.I
EXORSUM 225 80 10 50 1
IXOS SUM 129 733 I ’ (K A R O V E . L T . I C A L I I , I I l  XNEXT .NAR OV E.4 ~I
E*ODSUM 130 I’IEASOYE.S7.ICAA. f I R I I )  KN ! K T .XA POVE—N1
EXO RSUM 231 II.*ELIWNEXT.II
EX OP SUM 132 12. I E L I K N E K T , 2 1
LIORSUM 333 13 . I E L I K N E K T ,J I

- - E X0’SUR 234 I4.IILIKNEIT,4)
£XDRSZJM 233

• EXORSUM 235
EX DR SUM 137 AR !A3.RI*!I
EXD05U~ ?3S
LIOR SUM 239 TRO*CE.t*0RCI.STSIP,KAEOVEI*IADEA I.APEA3I.ST5(4.KAROV !*SAREA2
EXOMSUM 240 DI’S?
EXOUSUM 241 Z2uI2III$—Z (I1I*~~?.
EXOMSUW 24? 21.72
EXOMSUM ?43 XFIKM(XT .20. I C A I . . t I • I I I  GO TO 003
IWfIR SUW 24* *ASCVE .KNEXT
EXOSSUW 14$ 80 TO 753

• E100SUW 144 P 03 1.1.1
!XDU SUN 147 I W OIX. ?

4 EXD ’SUW 245 60 70 50*
EXODSUM 1*9 C
EX OMS U W 150 C **0*500500SS*SS5049080000*j. .***SS*500*0D000*S**S,*SS*5550*000SSS*.S.*
E XTIRSUM 7P~ C CALCUA AT E CORRECTION HY DROSTAT IC R’F’SUC! DY R!OUIING TOTAL ‘—FORCE
ENDRIUM 231 EOUAL tØ ‘EDO AFTER CCERE CTI ON I A L A W D A ) .  CAL CULAT E AV ERAGE EXT RUSI ON
£I ORSt *W 253 C PREPSUS! P AVERAGE DRAW ING RRI S SU R ! (!X7R!$I PT FORCE P ALA NC I NG .
I VDSSIJM 154 C
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E X D RSUM 255 C
EXORSUM 256 010 DPINT 3501

~ •j E KDRSUM 251 PR I NT 2307,IICAL (ll,I.1 .NII
E KORSUM 258 I P ( I E X D P .E0 .1Z GO TO E l I

• EX ORSU M 759 A$.ANDA .—ITEORCE#lR!KTERSRENTERII*?.
EXORSUW 260 EXTPS1.—A4 A NDA* (RENTER* DENTER—REXIT* PEXIT)+2. *FRTOTL
EXORSUM 761 EXTFSS .EXTDSI/IDEXIT*PEXIT I
EXPIS SUW 242 GO TO 503
EKORSUN 263 $11
EXORSUM 264 EXTPSS .—ALANDA*IRENTER*PENTER—REX TT*REXIT).2.SFPTOTL
EXDP5UM 265 503 CONTINUE
E XDRSUM 266 PR INT 2301,EXTPSS
EXOR SUM 261 PRINT 2302,M.&’IOA
EX ORSUM 266 C
EXD #SUM 269 C *944**S**A*****4S4*****S*******S4****************** **************** **
EXODSUM 270 C CALCIL A !! TWE ACTL E DIE PRESSURE
EXORSUM 271 C **S*******4************* ****S*** ***********4*****S******************* %
EXORSUM 222 C
EXORSU M 223 PRINT 33*0
EXDRS LJM 224 00 400 1a1 .NRF
E XO RSU M 225 J . NF I I I
EXDDSU M 216 IE (C OD E (J ) .E 0 .S . 0 . CR . C O OE (J I .E O . I B . 0 )  GO TO 409
E XOR SUM 2?? GO TO 400
EXDP SUM 21* 409 J 2 *J 4 P 4 I D T S
E X O R SUM 229 J I.J—NIPTS
EXOP SUM 280 I F I J I . L T . N I P T S )  J1 .J
EXORSUW 251 IFCJ2.GT .NUNNP ) J2.J
EXDRSUM 262 RI .(RIJP+REJ2fl/2 .
EXOPSUM 263
E XORSU M 264 H . ( 7 (J * ) — Z C S 2 l Z / 2 .
EX OR SUM 265 A R E A . 1 R 1 4 R 2 1 * S O R T ( ( R 2 — P I I * 1 R 2 — P * I 4 M * N ) / 2 .
EXORSU M 256 P.1 (FRI I )*RCOS—FZ( I 145$ IPIIFAREA )•ALANOA
EXDRSUM 25? PRINT 2303 .J,COOE(JI,R (JI,7(JI,*REA .P
EXDQSUM 250 400 CONTINUE
E XORSUM 209 C

• EXO RSUM 290 C ************SS********************** ~~************************ *********
EXD R SUM 291 C CALCULAT E THE AC TUR AL STRESS D I S T P I P U T I O N
E XDDSUM 292 C ***4*4*$$*S*59*9**4 ***********************S**A****************4*S*****
EXDRSUM 293 C
EXOPSUM 294 IF(METNOD.EO.*) PRINT 3300
EXORSUW 295 TFIMEThOD.EO .21 P0 !NT 3301
EXDRSUM 296 °R I NT 2304
EX OQS(J M 297 00 41*5 N.1 ,NUWE l.
E XOR SUN 298 S T SC R ( 4 ,N ) ’ST S I4 ,N 1
E XORS UM 299 00 406 1 — 1 , 3
E X OR SUM 300 406 S T S C R ( I , N I . S T S ( I . N ) . A L A N O A
EX OR SUM 30* AV E S . ( S T S C R ( t , N Z • ST ! C R ( 2 , N ) G S T 5 C D ( 3 , N) )~~ 3.
EXOR SUM 302 405 PRINT 2 3 0 5 , N .( S T S C R ( I , N 1 , I S I . 4 ) . AV E S . E F S T D S ( N ) ,E F S T R W ( N )
EXOPSUM 303 900 CONTINUE
EXDRSUM 304 C
EXOR SUN 305 1000 FOQMAT(j5,F5.O~~5F1O.0$
EXDDSUM 306 *00* FORMAT(1615)
E XDRSUM 30? 1002 FORMAT(I9,4F17.O)
EXOPSUM 308 1003 FORMAT(8FIO .O*
EXORSUM 309 220* F0RMATC/,SK ,*NO D&L*,sx,*cooE*.sx.*P—coopo...esx.sz—cooRb...ss
!XDR SUM 310 2202 COQMA T (SX,15,SX ,F5.2.5X,FI0.6,5X ,F1O.61
EXOPSU M 311 2203 FQRMAT(2X,I5, E(2X ,F10.6 ))
E XDR SUM 3 *2 2204 rORMA TI~~//.5X.* INPUT 0ATA *~~, 2X , *NOO AL * , 6 X . *CO OE * ,8X .~~R — V ~~ .0C 1T YS

• EXDRSUM 3*3 I , 2 X. *!—V !L O CITY * ,2 X , A R — F 0 R C E . . . * ,2 X, *Z— FODCE * )
EXOPSUM 3*4 2300 F O D M A T I I S )
EXORSUM 3 *3  230* F O R M A T ( / / ,SX ,*AV E R A GF E X T P U S I O N ( OP DRAWING) PRESSUPE.*,F*2.61
EXORSUN 3*6 2302 FORMAT(//,SX.*7HE CORRECTION HYDROSTATIC PRESSURE.* ,F11.6)

• EXOOSUM 3*7 2101 FOR MAT I2X ,*NOCAL P0TNT.*,1&.2X ,*COnE .*FS.2.2X ,*R~~~OOPD.*SF1O.S,

• • EXORSUM 318 I IX,*Z—COORO .a*F I O.6,2X,*AP!A.*.F$O.6.2X,*DIE DRESSUPE’*.PIS.$)

F EXDRSU M 119 2304 F~~0MA T (~~,~~ØX, *4CTUPAL STRESS DISTFTDUT I0N*~~~
EPFIRSUM 320 1.SX .*ELE.NO .*.5X .*R—STRESS* ,SX ,*7—STRESS*,SX.*TN—STRFSS*.
EXOOSUM 32* 2 5X,RRZ—STRESS*.S..MEA P. STRESS..!F_STP!SS*,3X ,*EFF~~STRATN RATER)

EXODSUM 3 .2  2305 FODMAT(7X ,I6,?F13.6 1
E X0O SUM 323 2307 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ NEXT TO P 1610  eO~~N 0ARV .S ,~~ , 6X , I 8 1 3)
EX DRS U M 324 2 3 * 1  F C I R W A T ( 4 I 5 , F I O . 0 )
EX ORSUM 325 3300 F O R M A T ( 1 H 1  ,SX .*E NE P GV E A L A N C E  ME’ NOO**
EXO OSUM 326 3301 C O R M A T ( 1 H I , 5 X , *T O T A L  7ER O 2— FO R C E AT P1610 ROUNDARY METHCO*I
EX ORSUW 327 3303 F O R M A T ( I N I . * . . . . E X T D U S I O N  P Q OR LE M ....*l
E XOR SUM 126 3304 F O P M A T ( I H I ,*. ... DR A W T N G  PCOO L E M .... *)
EIOR SUN 320 33 *0  Fn Q M AT( ~~/~~,5 X ,*THE ACTUAL D I E  PR E SSUR E D I S T D !B U T I O N * *
EX OR SUM 330 3112 F O R M A T I F I O . 0 )
EXODSUW 33) STOP
E X ORSU M 332 END
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EXTRUOE 2 PROGRAM PURT (TAPE*, INPUT.OUTPtJT,TAPES.INPUT.TAPL6.OuTPUT ,PJNCH)
EXTRUDE 3 C
E XTR UDE 4 C *****S*R******S$*********S****S*******S****S***S****R******I***SS*S***
EXT RUDE 5 C P ROGRAM FOP STEAOY STATE 1 ’TRUS ION OR D R A W I N G  PY MATRIX  METHOD.
EXTRUDE 6 C NOTF THAT THE FOLLOWUNG PROGRAM IS W R I T I N G  ACCOROING TO iNC R IGH T
EXTRU D E 7 C O R D E R I N G  OF N ODAL P O I N T S  AND cLEMENT NUM BERS (SEE EXPLANATION )
!XTRU C’ E P C •**S***S***S*****S*$*********S*S******S*S******************S*64S*S*$*S
EXTRUDE 4 C

• EXTRUDE 10 ~OMWON/GEN~~ON~ NUMNP ,NUMEL,H~~D( I2).VOL,N€Q,NS.ITERNO.ISTOP.
E XTRUDE 11 IV IELD ,MBANO .TEST,M O IAG .NAF. MJMPC ,ITED ,NRF2 .NSCALE ,NPUNCH,A RINT.

• EXTRU DE 12 - 2 W CHECK ,AC FIN T
E XTQUOE *3 COMMON /WALL/ THETA, FT,TANTH
E X T R U D E  14 COMMO N ~ STRPATH/  STEP , Y S T A R T , Y D I F , Y E X I T . V M I W ,R E N TE R . P EX I T , VEX I T
EXT QUD~ IS COMMON /DIMEN/ M 1 , M 2 , M3, M4 ,M5 . M6 . M7 ,Me. M9 ,uI O. M * I , M t 2 , M I . ~~,M 14
E X T R U D E  IS C
E X T R U D E  I’ C *S********S~~*********W****S**SS******ADS***S*******.**S***S******S*S**

• E X T R U D E  15 C P R O GRA M  ~ U0T IS FoR COPITP O LL . IN G THE D I M E N S ION OF TIlE COMPLETE PROGRAM

• ‘XT RU DE 10 C ITS PURPOSE IS TO P R E V E N T  A S S I G N I N G  A L A R G E R  THAN NECESSARY D I M E N S I O N
FXTPUJOE 20 C FOP ANY ARRAY THROUGH THE USE OF F O L L O W IN G  STATEMENT...
E X TRUDE 21 C *********$W**********************4*************S****W******$**********
E X TRU DE 22 C
EXTRUOC 23 COMMON A(24450)
E XTR UDE 24 C.
E X T P ’J ’ E 25 C ***********4**5********5*,********Y***454*SYSS*4S***$**********9**S$*.
E X T R U D E  25 C N FIELD IS THE DIMENSION OR ARR AY A .  ITS VALUE CAN BE DETERMINE D

• EXTDIJOE 27 C ‘RECISELY RY R UI.NING ThE PROGRAM ONCE .

• EXTRUDE 28 C ** *S* * *4 * * * *** *~~***************W ***t I******************$***A***SSS*S**
E X T R U D E  20 C
EXT R UD E 30 N~~IFL O.2465O
E X T R U D E  31 °A I , 4 . *A T A I 4 ( 1 . O )
E X T RU D E  32 C

- • E X T R U D E  33 C S**S****SS**4******$********A****S***SSY*******W**S********S*S*******S
E X T R U D E  34 C TH E T A  S E M I — I N CLU DE D C O N I C  D I E  ANGLE.
EXT RUDE 35 C Y START Z— C O f l ROIPA TC OF S *R T I N G  POINT TO CALCULATE TOTAL
E X T R U D E  35 C £FFF.C T I V E  S T R A I N  AND IS SETTING SL GHTLV LESS THAN
EXTQ UO~ 37 C THE C E N T E R  OF FIRST CL E ME N T .
EX T °UDE 3$ C S V F ~~ THE IN C R E M E N T  c l EF  FOR S T R A I N _ R A T E  I *’TE GPATIOEI
E X T R U D E  34 C TO!! 7 — C O OR D IN A T E  AT Eh’RANCE TO THE DIE

• EXTRUDE 40 C YEX IT i—COORDINATE AT EXIT FROM 01E
E X T R U D E  41 C Y M I N  M I k I M U M i — C O O R D IN A T E OF THE CON TROL VOLUME
E X T R U D E  42 C PEWTER R A D I U S  OF BI L L E T  R E FO DE E X T R U S I O N
EX T R U D E  *3 C R E X I T  RA D I U S  OF B I L L E T  AFTER E X T R U S I O N
EXT RUDE 44 C V E X I T  E X I T  VE L C CI T Y  QF THE PRODUCT
EXT000E 45 C NT IMFS NUMSED OF FLOW LINES TO RE CONSTRUCTED
E X T R U D E  Al C *IIPTS *IJMRE.R OF LINES IN MESH SYSTEM PA RALLEL TO A X I S
EXTPUDF AT C NJDTS NUMBER OF L I N E S  I N  MESH SYST?M PERPENDICULAR TO AXIS
E X TRUDE 45 C N M A X  TOTAL ~4UMPER OF INCREMENTS FOP INTEGRATION
EX ’R U O E  40 C ***$**.*.S$**AA*.**S*****DS.*Se*******W **.********.**S*********S*SS**S
E X T R U DE 50 C
E X T RU D E  SI TNETA .4 .
E X T R U D E  52 TH~~TA .TH~~T A *R AI ~~ I50.
E X T R U D E  33 T A N T H . V A N ( T H E T A )
EXTRUDE 54 YEXIT.O.
EX TRUDE 55 DENTER .l.O
E X T R U D E 36 N T I N € S ’I I
EXTRU DE ‘7 NI~~ T S 7
EXTRUDE SR NJ°TS.13
EXTRUDE EQ NMAX 3IO -

• EXTRUDE 60 C
EXTRU D E 61 C $***4**E********A *4*** *$4$$$***$**A*** * * *S5**$*** *W **9*** * * * *5** *S**4*
EXTRUDE 52 C R!AD THE INPUT DATA CONTROL CARDS
EXTRUDE 63 C HEO.DUTDU T T ITLE •UP TO 72 CH A R A C T E R S .
EXTR UDE 64 C A C F I N L . I N I T I A L  O E C C E L A R A T I ON  CO E F F T CI NT S , FOR 110ST ITE RATION ONLY.

• EXTRuOF 65 C !t!P.TOTAL NUM R EP OF I T E P A T I O N S  A S SI G N E O .
E X T R U D E 65 C I T C O NT .I ,  FOR N O N W O R K H A R O E N IN G M A T E R I A L S
EX TRUDE 51 C 0, FOR W O R K — N A P D E N I N G  M A T E R I A L S .
EXT RUDE 55 C NPUNCH.0,  IF NOTHING OTHER THAN VELOCITIES TO RE PUNCHED.
EXTR UDE 69 C I .  O T H E R W I S E .

• •: EXTDII!)E TO C N0 P I N T . 1 ,  I F  THE NODAL D O I N T  D A T A S  TO SE P R I N T E D .
E X T R U D E  71 C 0, O T H E R W I S E .
EX TRUDE ~ 2 C F L I M I T . V A L U E  OF (ERROR NORM)#ISI1LUTIOI~ NORM) $E0U IP~~D FOR F I N ~~~ R ESULT
EXTRUDE 73 C NUMNP ’NIIMR!P OF NODAL P O I N T S I T O T A L ) .
EXT R UDE 74 C MUME L .NUM SEP OF E L E M E W T S( T C T A L )
EXTRUDE 15 C NUMPC.PIUIADED OF TRACTION ROUNDARY C n H r , I T I O N S  C A RDS TO BE READ.
E X T R U D E  16 C NBF. PAIME E R OF NODAL P O I N T S  AT W H IC H FORCE CALCULATIONS ARE REQUIRED.

4 •XT R UO ! 77 C ARA**SS.*.****** S********* .********* $**************** ************ S****
EX TRUDE 18 C
E XTPUOE 79 R!5O(15,*000I NED
EXTRUDE 00 REAV 3I5,11104)ACF INI

• E X T R U D E  51 REA0(5 ,1003)  ITER , ITCONT,Nt’UN CH.NPRINT ,FL IMIT
EXT RUDE 52 R EA O ( 5 .  *005) NU MN P .N U MEL , NIIM PC .NRF
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L E X T R U D E  53 ‘lIPTS~ N I~ T$+l
E XTRUDE 64 ~45F54W5F*2
EXTRUDE 55
EXTRUDE 06
EXTRUDE 5 N!L.NUMEL
EX TR U DE AR NPC .NU WD C
EXTRUDE ‘9 N” O.I SNUMNP
EXTRUDE 90 HORNE D

• E X T R U DE RI N I R W I P T A
!XT~ UDE 92 NJ *NJDTS
EXTRUDE 93 C
EXTRUDE 94 C 54* ERt~ ** S5****R***4SR$***** ****$A*******$**$~~XS*S**SA****Sw** **
EXTRUDE 9S C D! ERMIN F THE LOCATION CF THE STARTING DCINTS OF D I F F E R E N T  ARR AY S OIl
EXTRUDE 98 C ARRAY A
E X TRUD E 97 C $*** * **s*9*Rs*SWW*5********,**A***W *k*$*****~~~ sR*~~A*4a*99**54*s*
EXTRUDE OR C
E X T R U D E 99 N *.1
EXTRUDE lOP N2XN I.NUMNR
EXT°UDE 101 N3RN2+~&IMNP
EXTRUDE *02 N54N3+NUWNR

— EXTRUDE 103 N 5RN 4,WUMP4P
EXTRUDE *04 Nl 45.NUMNP
EXTRUDE 10! N7.N6 *4 *NUMEL
EXTRUDE *06 Ne *NT4NU MEL
E X T RU D E  107 N QRNB+6* NU MEL
EXT°UDE LOS Nl0 .N9.5*NUMEL
EXT R UDE *09 NI1.W1 O+S*NUMEL
EXTRUDE 1*0 NI2 NIIINSF
EXTRUDE *11 N13.NIE4NRFZ
EXTRUDE 112 NI4RPI*342*NUMEC
EXTRUDE * 2 3  N)5.NI4+4*NUWDC
EXTRUDE h a  NIS.N1 5+NBc
EXTRUDE 115 N17.Pl1E+WBF
EXTRUDE 1*6 N15.W17+NRF
EXT R UDE 111 N 1 9 . N 18 4 N T I M E S
EX RUDE tIP C
E XTRUDE 1*9 C ***$$*s***** *~ t5*PA****** *,***4*********** R**, *4A**R****4***A**,
EXTRUDE 120 C READ THE IN~ UT DATA
EXTRUDE 121 C SR********** S**X I*$**$**R*iR*R$*$a*****R***** *R*DRP***4**4*w,.***..5
EX TRUDE *22 C
EXTRUDE 123 CALL DRELIM (A(N1), A(N2) ,A (W3).*(N4* ,A (N5) .A*NF ).A (Nh1).A (pq3),
EXTRUDE 124 1 A (NI*),A (N18).NEL.NPC.NT IMES,NIPTS,YSTART,YMIN ,R!X!T )
E X T R U D E  125 Y D I ! — ( P ! N T E R — R E X I T ) ~~TAK T H
EXTRUDE 126 V EXIT . ( R E N T E D / R E X I T ) * *2
EXTRUDE 127 ST!P.IYSTART—YMIW$/INNAX*I.*5)
EXTRUDE 125 W°IT!(5,1001) ACFINI.ITCONT .FLIMIT

- - EXTRUDE *29 WRITE(6,1005 I S t . YSTART. V O EE .Y EX1T. VN1N. DENTER.PEXZ T .VE XZT.
• EXTR UDE *30 1 NTIM !S.NIDTS,NJPTS.NMAX

EXTRUDE 131 C
E X T R U D E  132 N2 0 .NI°~~NE O
EXTRU DE 133 C
EXT°UDE 134 C
E X TR UD E 155 C •*S***SR*W ****7RR *********************** *******R**S *M *A*R*W ******~~*
EXTRUDE 136 C SI N C E  AFTER THE SOLUTION Off STIFFNESS EDUATIONS. TIlE STIFFNESS MATRIX
E X T R U D E  137 C I S  NOT NE DEED FOR THAT I T E R A T I O N . T HE SPACE P R O V i D E D  FOR STIFFNESS
EXTRUDE *30 C MATRIX DILL RE USED FC CCNSTRUC T ON 3F FLOW LINES AND FOP STRAIN—
EXTRUDE 13° C DATE INIE4PATION , ThE NUMBERS MI TO P14 ARE FOR D E T E R M I N I N G  THE
E X T R U D E  *43 C L O C A T I O N  O~ PEO PER A R R A Y
EXTRUD E *4 1  C •**.*R.sas*w4A*a *s**w*****s****s***sa*cwq* * **~~~~**ss*****.**Rs~~aa
FETNUD! *42 C
EXTRUDE *43 M I R l
EXTRU DE *44 12.MI ANI*NJ
EXT~ UDE *45 M3.PE4NI*NJ
EXTRUDE *46 M4.M34*lJ
E XTRUDE 147 W5.M4~~NI
EXTRUDE *45 M6.M54NI*P4J
EXT O UD! 149 M7.06,PJt*p4J
EXTRUDE *50 M5.M7+IIUTTMES*p.MAX

• EXTRUDE *5* M9.W54.4TTNES*IIMAIC
E X TRUD E 152 Dl ORMR *N U M EL
EX TRUDE 1!3 M * *R M I O 4 N U M E L
EX ’RU D E  154 W I Z R M I I 4 N I S N J
EX TD U”E 135 W *3 S M 1 2 4 NJ
EXTR UDE *56 M 1 4 . Mj l , N T I M E S *N M AX
E X T R U D E  *5? C
EXTRUDE ISS C **E*R *,R***R ***R * ****a* W$*R ** * *5*** * **R W *R *** *** *4 9*4* * * * *5
EXTRUDE *52 HOWEVER .IF TH~ SPACE OF STIFFNESS MAT R IX IS NOT ENOUGH FOR STRAIN RATE
EX T ~~UD! 2 O  C INT5 C.OATION. CREATES MORF SPACE AS RE OU I P E O .
EX TRUDE 161 C R** R***tS*R***a$* *****R*5*R4***** **$****** RXRR***R *****4,RR*A**
E X T R U D E  162 C
EXTR POE *63 NNNRM !AND*NEO
!XTPJO! ISA N2* .N20+NNN
EXTRUDE 165 IE IW I4 . G R .NNN1 P.21.N2O+W14
EXTRUDE
EXTRUDE IA’
EXtRUDE *55 NI4RN23+Nco
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EX TR Ut ~~ *09 C
EXTRUDE I TO C .**..•***•*SS*R.**.*A~~*.S*.S*R. *.S.S..SS**SSS.*UR S.**SSSS*RS..**,*4R*
EXTRUDE *7* 124 I S  TOtAL SPACE R E OU I S L O ,  IF  NPI ’LO • THE IHI’tAI . ASSIGNED SPACE.
EX TR UOS *72 C I S  HOT Ehl~~JOH . STOP ‘I.E P ROG RAM.
!XVWUO! I . Y  C
!XTRUOR ‘4 C
EXTRUDE ITO 1F1N24.LE .NP 1ELO GC YC *00
EXTRUDE 1 6  W R I T E ( 6 , I O O I )  P424
EX TRUDE *77 STOP
EXTR UDE *75 100 CONTINUE
EXT RUDE 179 IRITE (6. 1002) P434
E X T R U D E  ISO C
EXTRUD E I I I  C 6S4**444,4$$44..S *SS., *** .*.444 S•**SSR*S*R **R6 SR *4 ***•S*R**S*44***R**•
EXTRUDE *62 C T IlE F~ I~LON1NG SU54OUT IPIE P(.AST D O I N G  TIR M A I N  PART OF MATR IX ITERATION
EXTRUD’ 163 C ME T)400 OF PRE SENT PROPLE M .
EX TRUDE 164 C **46*S***$RA*RSS*S.$*******S***S***.*S***SS*,X***S,*$**.*44*6*4.****..
E X T R U D E  *68 C 

-
•

EXTRUDE 156 CALL RLAST (A (NI),A(N2).A IPI3I,A1M41,A (N5),A(P46),A(N7),AfP4S).A (N9),
EXTRUDE *67 IA (NlO I. A (N1I),A (N%2).A (N*31.A (NI4hA INIS).A (N I6) ,A (N17),A (Nh$) ,
EXTRUDE lee 2A (N I9).A (N201,A (N2I*.A (N22).A (H23).NQ,MEL.NOC ,N52,
EXTRUDE 159 3FLXMIT. ITCONT .NTIMES,NIPTS,NJDTS.NMAX)
EXTRUDE *90 C
EXTRUDE *9* h OO D F O R M A T ( 1 2 A 6 )
EXTRUDE *92 *00 * FORMAT(/#/* TI.! OIM!N SION OF THE ARRAY ( A )  IS TOO SMALL*I
EXTR UDE *93 *6 TN! SIZE OF THE ARRAY ( A )  MUST SE S. IT)
EXTR UDE *94 1002 FORMAT (// * THE NECC !SSARY SIZE OF TIlE ARRAY ( A )  11* , ‘P t
E XTRUDE *95 *003 FORMAT (415 , F I O .O )
EXTRUDE 196 1004 FORM A T( SF 10.0)
EXTRUDE *97 *008 FORMAT(4IS)
EXTR UDE *96 *007 FORMAT (//* ACOEF R *,Fe.S,IOX,* ITCONT R 4 , 1 2 ,
EXTR UDE 199 * 10X, * ~~~~~~~~~~~~~~~~~~~~~
EXTR UDE 200 *005 FORDAT (//* STEP SIZE • *,Fe.4.1OX ,* YSTART • *,FS.4,IQ X,S VOlE • S
EXTRUDE 20* 1 FS.4,*OX,* VE XIT R S~ F$.4~~F/* Y MIN U *.F6.4 , I O X , * RENTER •
EXTRUDE 202 2 FO .4.UOX ,* REXIT . *,F5.4.IOX.* VEXIT • S,F5.4,#~S NTIN!S U 5 ,
EXTRUDE 203 3 14 ,IOX ,* HIRES • R,I3.10X,* NJPTS • $.13.l0*, * NNAX S •, I 4• l)
EXTRUDE 204 *009 FOQ MAT( / * STORAGE EffACE AVAILARLE FOR THE STRAIN CALCULATIONS IS
E X T R U D E  205 I NOT ENOUGI44~~)
EXTRUDE 206 C
EXTRUDE 207 STOP
EXTRUDE 205 END

Ex TRUD E 2*0 SUR ROUTIN E PREL IM (5.Z.UR,UZ,CODE,IEL.NF .IJSC.PSSC,RR,N!L,NDC.
-: EXTR UDE 21* * NTIN!S,NIPTS,YSTAPT ,YM*N ,RE XIT)

EXTRUDE 2*2 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
EXTRUDE 2*3 *VI ELD ,MSANO .TEST,MD IAG ,N5F.PSJNPC . ITER ,NSF2,NSCALE .NPUDCH,)~~RINT,

• EXTRUDE 214 2 NCHECX,ACFIN I
• EXTRUDE 2 15 DIMENSION R( 1 ) ,Z ( * 1 , C O O E ( l ) , U R ( 1) , U Z ( 1) , I E L (  MEL •I ) , N F ( 1 ) ,

EXTRUDE 2*6 * IJ 5C(N~ C , I ) ,P S B C (N P C , 1 ) , R R ( l )
EXTRUDE 2*7 C
EXTRUDE 216 C S6****S***S**S*** S*5**S*********** 5***S455*****5***s**945*****5*5*****
EXTRUDE 2 *9 C THIS SUIROUTIN! READS AND PR I NTS AU. CONTROL INF ORMATI ONS AND
EXTRUDE 220 C NODAL POINT OAT AS AND SOUNCAPY CON DIT IONS.
EXTRUDE 22* C S**44SSR*******S*****S**S*S***S*********64****S*R**S*S****S6*S******.*
EXTRUDE 222 C
EXTRUDE 223 VR I VE (6,1000)
EXTRUDE 224 WR IT E (6 ,2000)  HEO,NUMNP,NU ’lE L
EXTRUDE 225 C
EXTR UDE 226 C **S**S****5S*****S***S*****S*******S*.*****S***94*******S****4***985**
EXTRUDE 22T C CALCI.LATE I N I T I H A L  YIELD STRE SS.

• EX TR UDE 225 C **********S***5**R6W****4*5**45**********S4*5****5***44****e5*********
EXTRUDE 229 C

• EXTRUDE 230 CALl. ‘lAR O ( O.. Y I E L O )
EXTRUDE 231 WRtTE (6,20101 YIELD

- : EXTRUDE 232 WRIT E(6.aol I ) IT ER
EXTRUDE 233 C

• EXTRUDE 234 C ******S******************S**************$***S5*S******RR**5***5**.*$SS
EXTR UDE 23S C READ AND PR INT OP NODAL POINT DATA

- - • - EXTR UDE 236 C S***S****S**CS*************44***R****SR*******SS6**************S6*****
E XTRUDE 237 C
EXTRUDE 23• LUG
EXTRUDE 239 IF (NRRINT .EO .O) GO TO 60
EXTRUDE 240 WRITE (4 . 1 1* 4)
EXTRUDE 241 Wa I TE (6,2004 )
EXTRUDE 242 60 READ (8 . 10 0 2)  N . C O O E ( N ) , R ( N ) , 7 ( N )
E XTRUDE 243 90 I (NUN M D N )  I 0 0 . h 10 • 60
EI ?RI JO ( 244 *00 WR I TE (6,2009) N
EXTRUDE 24S CAU. EXIT
!X~~~UD1 246 1*0 CONTINUE
EETRIPSE 347 YSTART.(Z ( I)SZ (NIFT5,2))~~3.—O,00I
EPSR~~~~ 245 VRIN.Z (N UMRP )
FftiR.sGF 24, S’II TUS(N UM PIR)
RPSRUDE 189 tV ( W a $ ( NT .(0 . O I  GO TO £20
€PTRWat  P93 W a I T E  *4.2002)  (X .C f l D ( ( W ) , m * k ) . Z ( k ) ,K . I , ~~~ MNp)
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•*YEUO! 262 1r. EX TRUDE 25T C , ,* .*S S U S S*S* U* *6 . . U*S** *W .**V . S S .* *4 S WS*W* .S SI S*.S**SSS*5S*9SS.*WR**.
P1’R ~IDR j~~4 I’ H E A D  AN D  P R I N T  $P f C IA ~ C 3N I I I T I C N %  AL~IP4G POUNDAS,
~ xTRIJP1 254 C NRF • TOTAL t A I W R t C  OS NCDAI. R~flI.T6 A7 UI4IC$ •I.QCL$ AR! DE SIRE D
E V t U J D E 25t C N F U I  • S t O I J E N ? E A L  NUVUEE 3 NCOAL ‘tI NTS At W H I C H  FC*CES ASS DESIRED
FXTV,,DE 257 C 0R(l)UR CDQNDINAT ( ~~F F L OW L I N E S TO Si CON STR UCTED AT ENT RANCE .

• E X TRI EE 2E5 C *RSSSsS**SSS*S,SWUR*W*USUSSSAUSS.*S*.SS*U*U*SU**S**5Sq***S***44*44*545
E X T RUDE 249 I~

• EXTRUD E 260 *30 R 5 A C I S.) 0 0 3 )  ( H P ( I) . I U I ,  1SF )

EXT R U DE 2 4)  I F ( I I U M R C  .LE. 0) GO ‘0 ~~ P
E X Y S I J I I E  262 W R L T E ( e , 1 0 0 7 )
E X T R U D E  253 C

• !XT BUD ’ 264 C SS*SR**SSARSSSS*SS**$aASUS*4*SS*AS**S*S**.a***S*SSUS.*S4**S*SS**S6**S*
EXTRUDE 265 C SE! E X P L A N A T I O N  ~ P INPU T DATA CARDS P R E P A R A T I O N
FXTR UIW 24E C SSSa*RRSSRSSSS*u$SSSS**SS***S*U*.**445555*****S*455*S**S.**6*S*SS**S**
EXTRUDE 367 C
EXTRUDE 2A5 00 44* I I I . $UXIP C
EXTRUDe 269 R F A D ( 5 , I O O S )  IJRC I 1.1* .IJAC (t , 2) . ( RS R C( I .J ) .J . I , 4)
EXT R UD E 270 641 V a I T ! I 5 , t 0 0 6 ) I J R C ( I . I ) , I J B C ( I , 2 ) . ( f f S R C ( I , J ) , J a $ , 4 )
E X T R U D E  271 441) CONTINUE
EXTRUDE 372 W*11i16,I006) ( N F ft ) . I a * .N$F I
EXT RUDE 273 R~~&O ( 5 . 1 0 0*)  ( R R ( I ) . J U 1 . NT IM!S )
EXTRUD E 274 W5Ifl14,*013) (QRU ) .ISI, NT I N ! S I
EXTRUDE 275 C
E XTRUDE 276 C S*SSSSSU* SSSS*SS***e**4S***************6****S**a***S********P9***** ***

EXTRUDE 27? C READ AND PRINT OF ELEMENT PRIIDERTIES
EX TRUDE 37A C *U*S*$44SS5AS*s4~~*5**A*$*44S5*b455**S**4*55*54***55$4*e5*5494555565545
EXTR UDE 379
EXT RUDE 243 P.l. O
EXTR UDE 261 *‘0 •EAO (5.1003 ) N,(1EL( W ,j),j.2.4)
EX TRUDE 2*2 *40 NWa4 *
EXTRUD E 243 IF (M ~~N I  I 7 O . 1 70 . I 5 0
EXT R UDE 264 1 50 DO 160 J~~l .4
EXTRUDE 255 160 I E L ( N . J ) • I E L ( N — L . J ) + 1
E X T R UDE 2*6 *70 IF IN—N) 2 $ 0 . 1 50 . *4 0
EXTRUDE 2*? 150 Ic (NU MEL— N ) IR O , 19 0 ,*3 O
EXTRUDE 2AS *90 CONTINUE
EXTRUDE 249 C
EXTRUDE 29(1 IP(NPSIN ’ .EO.O)  GO TO 2 *0

• EXT R UD 29* WRITE (6 .200* )
EXTRUDE 292 DC’ 208 N U I , NUME L

— EXTRUDE 293 205 W R I T E  ( 6,2003)  N , ( I E L ( N , I ) . I * l , 4 )
EXTR UDE 294 C
EXTRU DE 298 C ***S******65*S*6*6**S*******S**4.*t***S*****S*S*****R6******S***$***46
E X T R U D E  296 C DE T E R M I N E  RAND W I D T H
EXTRUDE 25? C **4****6SS*SS**S*********W********$*S**6*********.***S*****SSS**5**4SS —

EXTRUDE 29* C
EXT R UDE 299 210 J.(?
EXTRUDE 300 DO 240 N U I , NUME L
E X T RU D E  301 00 240 I 1 . 4
E X T R U D E  302 DO 230 L • I . 4
EXTRU D E 303 AK .IA5S(IEL(N,I)—IEL (N .L))
E X T R U D E  104 I F ( K X — J )  230.230.220
EXTRUDE 305 220 J .k *
E X T R U D E  306 230 CONTINUE
EXTRUDE 307 240 CONTINUE
EXTRUDE 30* N *AND.3*J.3
EXTRUDE 309 N O I A G . I
EXTRUDE 310 250 WR I TE (6 , 1*2 2 )  PIEO,MR A NO ,Ml) I AG
EXTR UDE 31 *  C
EXTRUDE 312 C *******4**S** ***** ******S**S*S**S*****R***S***6*45******** 594**S*6444$- 

• EXTRUDE 313 C FOR EACH ELEMENT. ASSIGN TIlE MEAN PRESSUDE VALUE TO THE NODAL POINT
- 

I EX T R U D E  1*4 C OF T1~~ HIGHEST NUMBER AMONG THE FCU R CORNER NOON. POINTS.
EXTRU DE 3*5 C ***6*****AS*4*******S4*4*****S**S***4*S******S**************S*********
E X T R U D E  316 C
EXTRUDE 3*7 PISTOPUO
EXTRUDE 31A 00 370 JU *, NUM EL
E XTRUDE 3*9 M I D U M A X O ( I E L ( J , 1 ) , I E L ( J , 2 ) . I EL I J . 3 1 , I E L (J .4 1)

• EXTRUDE 320 COOE (L ID ) .C O0E ( M I O ) . IO .
EXTRUDE 321 I F ( C O D E ( M I D ) . L.T .20.) GO TO 310

• EXTRUDE 322 WaITE(5,*012) MID

• EXTRUDE 323 NSTOR’U *
EXTRUDE 324 310 CONTINUE
EXTRUDE 325 I’(NSTOP.EO.t) STOP

~ I EXTRUDE 326 C
EXT R UDE 32? 1000 F O R M A T ( I M I )

• I EXTRU DE 326 100* F O R MA T (B P j 0 .0)
• I FXTRUDE 329 *002 F O R M A T  ( l 5 , F5.0,5RIO.O )

EXtRUDE 330 * 003 F O RM A T ( 1 6 1 5)
EXTRUDE 33* 1009 F O R M AT (Z I S , 4 P 1 0 . O)

• EXTRUD E 332 1006 F O a M A T ( / #  * THE NODAL P O I N T S  At WH I CH FORCE CALCULAT IONS ME OESIR
EXtRUD E 333 IED * ~~ 2 0 1 8)
E XTRUDE 334 100? FOIMAT (tH I .15X , 39.4 LINEARLY OI STR IRJ T E Q SOUNDA RY STRE5OE$~
EXTRUDE 335 I / S NOQE—1 ..NObE—J. ..PRE5SURE—I ...PRES5UR!—J*
EXTRUDE ‘*36 2 9 SHEA R I SME AR J S)
EXTRUDE 332 1005 FORMAT( IN .218,4E*5.S)
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EXTRUDE 335 1012 FDRMAT (#i NODAL POINT ERROR FOR POINT PlO. .I5.* • IT CONTAINS
EXTRUDE ~~~ I MORE THAN ONE ELEMENT INFORMATION*/)
E X T R U D E  340 10*3 F O R MA T ( / *  TIlE STARTING A—COORD I NATES FOR STRAIN C*LCULAT1ONS.~~//• EX TRUDE 34% * * % F9.4 , / )
E X T R U D E  342 1 * 1 4  F O R N A T (  1 . 4 1,  * NODAL POINT IP.FORMATION*.//)
EXTRUDE 343 1 * 2 2  F O R N A T ( / / /  S N NUM PER OF E Q U A T I O N S  .5. 11.1
EXTRUDE 344 I * EANOVIDTH .•. ‘4/
EXTRUDE 345 2 * DIAGONAL EL~~MENTS S 14
EXTRUDE 346 2000 FORMAT (IH I2A6/
E X T R U D E  347 I 30.40 NU M BE R OF NC’OAI. PO I N t S — — — — —  13 /
EXTRUDE 345 2 30.40 NUMBER OF E L E M E N T S  *3  /1
E XT RUD E 349 200* FORMAT (1.41 ,40H E L E M E N T  NO. I J K L I
EXT RUDE 350 2002 FORMA T ( I 12 . F I2 . 2,2 F 1 2 .3 )
EXTRUDE 35* 2003 FORMAT (II13,eI6,1Il’~
E X T R U D E  352 2004 F O R M A T  ( F  .9 NODAL POINT TYPE R — O R D I N A T E  7—ORDINATES )
EXTRUDE 353 2009 FORMA T (26HONO DAL P O I N T  CARD ERROR N. 15)
EXTRUDE 354 20*0 FORNAT(F/ S INITIAL YIELD STRESS • 5, F I B.2//)

• EXTRUDE 383 201* FORMAT(F//* MAXIMUM HUM ME R OF ITERATIONS ALLOWED.*,13)
EXTRUDE 356 R E TURN
EXTRUDE 357 END

EXTRUDE 359 SUBROUT INE PLAST(R.Z.UR,UZ,COCE,IEL.YY,STS.TEPS,EPS.NF .FPLB,
EXTRUDE 360 IIJRC ,PSBC ,FR ,FZ ,SOIE,RR ,II,A .FST ,ALANOA,GVECTR,PdO,NEL,NP(,

• EXTRUDE 361 INB2,FLIMIT.ITCONT .NTIMES.NIPTS.NJPTS,NMAX )
E X T R U D E  362 C
EXT RUDE 363 C *****S******************$S*******S**********s*.***********S*~~*sW *S s**
EXTRUDE 364 C PLAST IS THE CON TROLL ING SUBROUTINE OF THE M A T R I X  ME THOD
EXTRUDE 365 C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
EXTRUDE 366 C
EXTRUDE 367 COMMOP./GENCOPI/NUNNP.MJI’EL,HEO (12I,VOL,NEO,NS, ITERNO. IST OP .
EXT RUDE 368 IYIELD,MBAND ,TEST,NOIAG.NBF.NUMPC. I TER .NSF2,NSCALE.NPUNCP,,NFRIPIT,
EXTRUDE 369 2 I.ICHECK ,A C F I N I
EXTRUDE 370 COMMON /VALL/ TI4E TA , FT ,TAN TPI
EXTRUDE 37* COMMON /DIMEN/ M1.UZ.M3,M4,M5,M6,M7,M8,M9,MjO,MII,MI2.N13,M14
EXTRUDE 372 DIMENSION R(1),Z(I).UR (1).UZII).COOE (l).IEL( NEI. ,1),YY( l )

• EXTRUDE 373 l,ST$(6,1),TEOS(5,l ),EPS(5,I).PF(l ).FPUR (*),IJBC(NPC,1).RRII),
EXTRUDE 374 2PSOC( NPC .1),FR(I),FZ (I),SDIE (Il.R (3I,A ( NO,1),FST(Ne2 ,l)
EXTRUDE 375 DIMENSION ALANDA(I),GVECTR(I)
EXTRUDE 376 C
EXTRUDE 377 C**************************S*******************Ss********.*******.*s**.s
EXTRUDE 375 C I N I T I A L I Z E D  ALL VARIABL E S
EXTRUDE 379 C GVECTR (NI IS USED FOR STORING TUE AMOUIT OF VELOCITY AND MEAN STRESS
EXTRUDE 380 C TO BE M O D I F I E D  FROM THE RES*.I..T O~ ITERATLON,THESE VALUES

• EXTRUDE 36t C IRE REDUCED R I  OECCELJIRATVTh COEFFICIENT IN  ORDER TO ENSURE
E X T R U D E  382 C THE CONVERGENCE CF THE SOLUTION .
EXTRUDE 3~ 3 C TEPS(S,N).TOTAL EFFECTIVE STRAIN
EXTRUDE 384 C A,  C, STAND FOR MATRICES IN EQUAT ION AXTR . AFTER SOLVINF THIS EQUATION

• EXTRUDE 385 C THE X VECTOR IS THEN STORED IN B
EXTRUDE 386 C YY(N). EFFECTIVE STRESS
EXTR UD E 387 C TE P S (I , N ) -  TO STORE ,HE PREVIOUS VALU E OF YY(Nl FOR CHECK ING
EXTRUDE 364 C CON VERGENCE FOR WORK—HARDENING MATERIAL
EXTRUDE 389 C T EP S (2 , N ) . O I F F E R E N CE  OP EFFCTIVE STRESS BETWEEN THE PREVIOUS AND HE W
EXTRUDE 390 C SOLUTIOPI S.(F OR W O R K — H A R D E N I N G  MATERIALS )
EXTRUDE 391 C ITST INDEX FOR CONVERGENCE OF SOLUTION!(ITSTh2 INDICATES THE ITRATION

• EXTR UDE 392 C DOES NOT CONVERGENT )
EXTRUDE 393 C FSORI,FF TOTAL SOUARE WORM OF EOUATION S IN MINIMIZATION
E XTRUDE 394 C FSOPS, PFFE. SQUARE NORM OF EQUATIONS CORRESSPONDIP4G TO
E X T R U D E  395 C INC OMPR E SSI I ! IL I TY CON O I T I ON S ( V O L U M N  CONSIST ANCE )
EXT R UDE 396 C DIFF-FF—PSQRI ,  DIFFERENCE OF TOTAL SQUAR E NORMS OF PREVIOUS AND
E X T R U D E  397 C PRESENT I T E R A T I O N S
EXTRUDE 396 C*********S********SS****************S*********S****************S**S****
EXTRUDE 399 C
E X T R U D E  400 DO 998 1.1, 1114

• EXTRUDE 40* 99* * ( I ) — 0 . O
EXT R UDE 402 DO 999 N 1 ,NEO
EXTRUDE 403 A LA N D A ( P d ) . O .

• EXTRUDE 404 999 GV E C TR IN ) . O .
EXTRUDE 405 DO 442 N.I, NUMEL

• - EXTRUDE 406 Y Y ( N ) I .0
EXTRUDE 407 DO 442 I—I , B

• I EXTR UDE 408 442 T E P S ( I .N ) U O .
EXTRUDE 409 FSORI .0 .
EXTRUDE 4*0 P5064-0.

• EXTRUDE 41%
E XTRUDE 4*2 I T S T . I

• EXTRUDE 4*3 PP.0.
EXTRUDE 4*4  DIFP.O.
EX TRUDE 4*5 C
EX TAU OE 4 16 C**S********S***********4**********************s.**.********S*S*S*****.*

• I EXTRUDE 4*1 C R E A D  THE INPU T VELOCITY FIELD
• EXTRUDE 4* 8  C*S********S******************* ******************************* **********

EXTRUDE 4*9 C
EXT R UDE 420 REAO (S,IOI?) (UR(I), U7(I), 1.1. MJMNP)
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• EXTRUDE 421 C
- - 

EXTRUDE 422 C*5*S*W**S*SWS.S**.**SS**.*S**4*SS*Se*S .S.**W$***I**SSSSSSS*9SS *S*SS*SS*

EXTRUDE 423 C ODURLE CH~ CK TUE IP.lOUT DA T A
• • EXTRUDE 424 C*S*~~~****** S***.S**S4.* **. .**.********** ~~S*S’SS’~~•**.S**SSSS*SSS***SS•S:1 EXTRUDE 428 C

• E X T R U D E  426 00 9884 t . I , N U M N P
EXTRUDE 427 I F I C D D E ( I ) . E O . I . . OA .C OO E(I I .2 0 . *I . .O 8 .CODE(l I .EQ .3 ..O l.COOEII)
EXTRUDE 4213 I .EO.I’*.I UR (l) 0.O
EXTRUDE 42Q IF(CI3OE(lI.LO.5..OR .COOE (Il.E0.IB.) UR(I) UZ (*)STANTU
EXTRUDE 430 9$R4 CONTINUE

— EXTRUDE 43% WRIT!(6,*0201
EXTRUDE 432 WRITE(6.1017) (UR(I). Ul(I), I I .  NUMNP)
EXTR UDE 433 C
EXTRUDE 434 C****S*S***SS**SS*’S*S**-’*SRSSW .SSSS*SS****S**SSSSSS*SS*SSS SSSSSSS**S*SS

E X T R U D E  415 C ITER .TOTA L PIUN R ER OF T E R A T I O N S  AS3IGHEO.
EXTRUDE 436 C ITERNO - AN INDEX FOR QU A C I I S E ! 5UR RCUTIPIE STIFF AND COMMENT SELON)
E X T R U D E  437 C****SS**S*$**S**S*SS 55595559S9*5*995* *6* SS*SS*S*64*5*s*SS***SSS*S*s*SSS
E X TR U D E  438 C
EXTRUDE 439 I T ERN O .I
EXTRUDE 440 DO 2090 XIT .I,ITEN
EXTRUDE 44* INOCON.KIT
EXTRUDE 442 C
EXTRUDE 443 C*********S*aS***SS**SSSS***564S5**S*S*8*S*SSSSSWSW**SS*SS**S*SIS*S***SS

EXTRUDE 444 C CHECK IF IT IS  F I R S T  I TE R A T I O N
E X T R U D E  445 C IF  F I R S T  I T E R A T I O N , I TE RN O I. PE RF QR M OU A D I .  OT HERWISE JUST READ
EXTRUDE 446 C RESULTS OF DU A O I FROM TAPE I.
EXTRUDE 447 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
E X T R U D E  448 C
EX TRUOE 440 579 I F I K I T — I )  Sqc .esc.sc8
E X TRUDE 480 C
EXTRUDE 45* C*a****s*********S**S**~ ***SS**s**S************ S~ ***.******* Sa******** *
EXTRUDE 452 C N WK HR D IS AN INDEX TO SUBRCUTINE STIFF
EX ?RUOE 453 C NWXHRD I JUST CALCULATE STRAIN RATE IN SUSROUIINE STIFF
EXTRUDE 454 C NWKHRD .O DOING WH OL E THING IN SURR OUT INE STIFF
EXTRUDE 455 C****S**S*455*****S****S*** S**S************* S**5*S**SS*SSSS***S SS****** S
EXTRUDE 456 C
EXTRUDE 457 599 NWKI*D.D
EXTRUDE 456 IF(ITCONT.NE.1) NWKHRD I
EXTRUDE 459 CALL ST IFF (R , Z , UR ,U7.CODE. IEL . YY ,STS,EPS,NF ,FPUR ,FST,
E X T R U D E  4~~O I I J RC . PSBC,A.4.P4EL.I4O, NP C.N82, ALAPJCA,NWXH RD)
EXTRUDE 46* I TERN O 2
EXTRUDE 462 IP(ITCONT.EO.1) GO TO 593
EXTRUDE 463 C
EXTRUDE 464 C**S****S****** ******S********S*$***S****S***S*****.*IS*S*******S*S**SSS
E X T R UDE 465 C UNNECESS AR Y TO CALCULATE TOTAL E F F E C T I V E  S TR A I N  FOR NON—HARDENING
EXTRUD E 466 C MATERIALS EXCEPT AT FINAL OUTPUT
E XTRUDE 46? C.*S*S********~~*S****S******************* S***SS****S*S*SS***S**S*4**SS*S
EXTRUDE 468 C
EXTRUDE 469 CALL ST R *IP 4 S ( R , Z,UD , UZ ,I EL .EP S .T E P S . A ( N I ) . A ( M 2 ) . A ( M 3 ) . A( M 4 ) . A( N 5 t ,
EXTRUDE 470 1 A(M61 ,A(M7),A (M8),A(M9),A (M*O).A (MII),AIMI2),RR,A(M13),NIPTS,
EXTRUDE 47* 2 P 4J R T S,N I I N E S , NEL .NUNNP , NM A X )
E X T R U D E  472 C
E X T R U D E  473 C*******S******SS********6S****S*****S***************S****S****S***S****
EXTRUDE 474 C CALCULATE NOPMALIZEO EFFECTIVE STRESS (FOR ND RK—PIA R DEN IN G)
E X T R U D E  475 C****************S****************S**S*S*S***S******S*****S*SSS*S******S
EXTRUDE 476 C
E X T R U D E  477 DO 220 N I ,  NUM EL
EXTRUDE 47* CALL ,4ARD( TEPS (5 , N ) . Y Y ( N ) )
EXTRUDE 479 y Y ( N ) . Y Y ( N I / Y *ELD
E X T R U D E  480 220 TE D S ( 1 ,N ) -Y Y ( P 4 )
EXTRUDE 46 1 N WKPIP D O
EXTRUDE 482 CALL STIFF (R,Z,UR ,UZ,CODE. IEL,YY,STS,EPS,NF,FPUR.FST,
EXTRUDE 463 *IJRC,PSBC ,A.B,NEL,NO.NPC.N82,ALANDA ,NUKNSD)
EXTRU DE 484 593 CALL MODIFY (CODE.A ,R,PSJMNP,NEO.MBAND)
EXTRUDE 455 598 CONTINUE
EXTRUDE 486 C
EXTRUDE 46? C***S***S**S55***** t***S*SS**S•S****S*SS****S•SS***S**SSS**S*SSRW*SMMS*S

• EXTRUDE 488 C SOLUTION FOR BANDED SYMMETRIC MATRIX
EXTRUDE 489 C***SS***S***S*S*****S********S*SS*S*S***S*S*aSS*5~~SS**S*SSSS**64S*64**S

- - E XTRUDE 490 C
EXTR UD E 49* CALL TRIA(NEO ,MOAP4D,A )
EXTRUDE 492 CALL CACKS(NEO,MCINO.A ,C)

• EXTRUDE 493 C
EXTRUDE 494 C***S************** *****S****s***t**S6S**S*SSSSSSSS*S*64*SS*494484414995
EXTRUDE 495 C SET CORRESSPONDING VALU E FOR I NC*. INED SPE CI AL O%A~~ ARY CONDITIONS

• 1 EXTRUDE 496 C***S***SS*****.S*S.******S**64*S**SSS**S*** *SS****. *6499**S***OERWNGRWS

E X T R U D E  497 C
• E X T R U D E  495 (10 769 P45% , N UMNP

EXTRUDE 499 12.3944—I
• E X T R U D E  500 I R . I 7 — 1

EXTRUDE 50* 769 IF (CO DE (N ) .E O . 5. . O R. COD E ( N ) .E 0 .I 5 .)  B (I R ) . 8 l I Z) S T AN ( TH E T A )
= EXTRUDE 502 C

EXTRUDE 503 C*******S**SS*415**S*S*SS*SS*****SSSS****S***S*S***SSS*S**SS***6499OE84 *
EXTRUDE 504 C IF F I R S T  ITE RATION.  SET I N I T I A L  STEP LENG TH ACCORDING TO
EXTRUDE 505 C DECCELARATION COEFF. ASSIGPlEO OT HE RWISE FIND THE 8(11 O(CCftMATION
EXTRUDE 506 C COEFF. FROM IN FORNA ’ION OF PREVIOUS ITERATION.
EXTRUDE SO? CS****S*S*S********** I**S***,*****SS*.*64SRS*S****** SS*S***e**SU~~~SISSS
EX TR JOE 806 C
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EXTRUDE 609 807 C4.0.0
EX TR UDE I I I  00 109 IWI ,NUMNP
EXTRUDE 51* 11.3Sf—I
EXTRUDE III *R.IZ—I
EX TR UDE 513 809 C 4 .C 4 4 6( I Z ) SI ( I l ) . e ( I R ) . S I I R )
EXT RUDE 5*4 CORNOM.SORT(C4)
EXTRUDE 515 IP ( K I 1.E Q . I) 6 O  TO 55*
EXTRUDE 816 6? ACO(F.I.0
EXTRUDE 5*? 5*0 IFUACOIPSCORNOM) .LT.STERLH) 90 TO 580
EXTRUD E 11$ 522 ACO(F.0.94AC0IF
EXTRUDE 5*9 40 10 5*0
EXTRUDE 520 III ACOEF.AC’INI
EXTRUDE 521 SIE LH.ACOEPSCO*NOM
EXTRUDE 522 STE ROR.S TE PL H
EXTRUDE 523 $50 FP .PSOR I
EXTRUDE $24 PPFP.FSOR S
EXTRUDE 525 C
EX TRUDE $26 CSS*SSSSS******S****S*SS*SS*SRMSSS *S*****S**4**SSSSSS*S*S**S**SSSSSI*.**
EXTRUDE 327 C CAl CULATE FORCES Al NODAl. POINTS
EXTRUDE It S CS*S*S6S***SS**SSS***S*SS***sS*s*****ss**s.SSSSs.sS.** ...,**....es... *..
EXTRUDE 529 C
EXTRUDE $30 CALL CFORCE(NP,PR,FZ.PST,FPUu,S,M8AND•N~~~,p~IF2)
EXTRUDE 53* WRIT((S.%007)
EXTRUDE 532 W R Z T I ( * , I O I *)  K IT
EXTRUDE $33 C
EXTRUDE 534 C*(***S*S**S*S**SS*S*SS**S**S*5S***4***00644065S ******* SS*SS* *S**S80sS.
EXTRUDE 535 C STS(6,N)SM E AN STRE SS AT PRESENT SOLUTION.
EXTRUDE 536 C ALANDA (IR) .M(AN STRESS FROM PREVICUS SOLUT I ON. IF FIRST ITERATION,
EXTRUDE 537 C THESE VALUES ARE THE SAME AS STS(6,N$
EXTRUDE $38 C****S56S4***SSSI*S** *********S**80**S*S*SS**S*s.*sSS*.5S**.*es80646s ***
EXTRUDE 539 C
EX TRUDE 540 00 133 N.$, NUMEL
EXTRUDE 16$ I MA*0( IE* (N, 1), 1IL(N, 2), IEL(N,3) ,IEL(N,431
EXTRUDE $42 IR.3*I
EXTRUDE 543 1*2 ST5(6,N)uS(IR )
EXTRUDE $44 IF(KXT.(Q.I3 ALANOA (IR).8(IR)
EXTRUDE 545 GVECTR (IR).SUR)—ALA NDA(IR)
EXTRUDE 548 133 S(I#)-O.
EXTRUDE 547 C
EXTRUDE 546 CS*S*S**SSSS***SS80***S 6*S9 *94S**S**S***S*S******* S.****S*.44**Ss*..a
EXTRUDE $49 C CALCULAT ION OF SOLUT ION NORM FOR VELOCITIES
EXTRUDE 550 C SNORMS NORM OP SOLUTION VECTOR OF VELOCITIES
EXTRUDE 51* C ENORRW NORM OP ERROR VECTOR OF VELOCITIES
EXTR UDE 152 C*6S*S**Sl***SS**SSS*6***S**SS.**Ss.**Ss**s*S*...***.s..S*S.es.sss*...*s
EXTRUDE $53 C
EXTRUDE $84 SHORN — 0.
EXTRUDE 555 00 134 1.1, N$H(ND
EXTRUDE 856 12. 3 S f— I
EXTRUDE 557 I R — I Z — I
EXTRUDE 556 IN.EZ.I
EXTRUDE 559 GVECTR(IR).5(IR)
EXTRUDE $60 GVECTR(IZ).a (IZ)
EXTRUDE 56* SHORN — SHORN 4 U R ( I ) *U R ( I I  4 U Z ( I ) *U Z ( I )
EXTRUDE 962 C
EXTRUDE 553 CS***S*S*S**SSS*S**SS********** ** *664*SS*S*SS*SS***S**S***684S$6 SS*S*44S
EXTRUDE 56* C MOOIF2Y THE VELOCITY PIELOS AND MEAN STRESSES
EXTR UDE 5*8 CS**SSSSS94 *S****99*S*S*******S****SS**S*S*SS***s*S*S**eS*SS*** ****** s*
EXTRUDE 566 C
EXTRUDE 9*7 M.AN O A ( I N ) ALANCA (IN) , GVECT R(  IN) SA COEF
EXTRUDE 568 UR(1).U*(Z)+S(IR)SACOEF
EXTRUDE 869 UZ(I)—UZ (I)4S (IZ)*ACOEP
EXTRUD E sF0 *34 CONTI NUE

— EXTRUDE $71 ENORM.CORNON
EXTRUDE 572 SHORN — SORTISNORM)
EXTRUDE 573 E$NORM.ENORM/$NORM
EXTRUDE 576 C
EXTRUDE 175 C •S*S**S8*S*S***6*S*S**6*SS**S**SS***S**S**SS*S*SS*S*S***SS*S*S.SSS*.SS

• 
• - 

EXTRUDE 574 C PRINT S~~.UTION NORM OP VEL OCITIES,  VELOCITY DISTRISUTIONS AND NODAL—
• EXTRUDE 57? C POT NT FORCES

EXTRUDE 578 C *500**SSSS•SSSS**S*SS**S****SS4SSSSS*S*S**SSSS S*SS8*S*S $*S S SSS*SSS
• EXTRUDE 579 C
• EX TRUDE 580 IP(N SF •LE. 0) GO TO 125

EXTRUDE 36* DO *23 1—1, NCF
EXTRUDE 882 FR( I)—FR(1 )SY IELO

• EXTRUDE 513 F Z I Z ) . P Z ( I ) S Y I E L D
EXTRUDE 584 *23 CONTINUE
EXTRUDE 985 125 CONTINUE
EXTRUDE 580 WRITE(6,I0t5) SNORM ,ENORN.ESN OR M

• EXTRUDE 557 VRITE(6,1006) KIT,ACQEP
EXTRUDE 888 00 439 1.1, NUMN P
EXTRUDE 5*0 1 2.351—I
EXTRUDE 590 IR.IZ—I
EXTRUDE 50* WR ITE (6,1002) I,S(IR),S (IZ),UR(1),uZl*I ,R (II,2UI
EXTR UDE 892 439 CONTINUE
EXTRUDE 503 U*ITE(6,IO*0)

• EXTRUDE $54 DO *40 1.1, NSF
• EXTRUDE 595 SNEARSFZ (IISCOSITUET*) S P R ( 1) S SI N ( T I I E T A )

• EXTRUDE 5*6 140 W0111 6,I012) NF(1),FR(f),Fl(1) ,SN(AR
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EXTRUDE 597 C
- = E X T R UDE 59! C 4~~.*S*5*S** 66.55*4*54*56* S..,S.**SSS*6$$*SAS**S**SS*.***554***SSSSS**S

EXTRUDE 599 C CONSTRUCT THE FLOW LINES AND CARRY OUT THE INTE GRAT ION OF THE STRAIN
EXTRUDE 600 C RATES TO DETERM IN2 TUE TOTAL STRAIN DISTRIBUTION FOR WORK. HARO(NING
E X T R U D E  60* C V A T E R I A L .  T H I S  STEP IS PERFORMED CP4..Y AT FINAL ITERATION FOR NON—
EXTRUDE 602 C VDPXHARDENING MA ’ERIAL
EXTRUDE 603 C •*~~~W*Sa6S**Sa*S****6S*****a** *WS**6S**S**S*******S5S*****S***5S****5

- 
• EXTRUDE 604 C

EXTRUDE 50! 553 IF(ESP4ORN.LE.FLIMIT.OR.XZT.!O.It!AP CC TO 56
EXTRUDE 606 I’I1TCDNT.E0.I3 GD TO 55
EXTRUDE 607 3o IF(ITCONT.E0.II GO TO 58
EX TRUDE 6013 NW I(P R D — I

- - EX T R UDE 1309 CALL STIFF I R , Z , U R , U 7 . C C D E , I E L , YY, S TS,E P S ,N P ,FPUA ,FST,
EXTRUDE 610 1 IJSC. PSSC. A ,13,NEL.N O ,N PC.P182 .A L A N D A . N W K H R D )
E X T R U D E  611 313 CALL STRAIN S (R .Z,UA.UZ.ZEL.E PS,TEPS .A(MjI,A(W2) ,A(N3),A(N4),*IMS),
EXTRUDE ó12 I A IM6 * .A IW7) ,A (Me),A (M9),A( MI O % ,A(MII), A (M1 21 ,RR .MMI3*,NEDTS.
EXTRUDE 6*3 2 NJPTS,NTIME$.N!L,NUIINP,NNAX )
E X T R U D E  13*8 TF(ITCONT.EQ.I) CC TC 65
EXTRUDE 625 DO 230 NaI,NUPIEL
EXTRUDE 1316 CALL HARO(TEPS(5,N),VY (N))
EXTRUDE 617 VV (P4)SYV (N)/YIELO
EXTRUDE 6113 C
E XTRUDF 6*9 C *.**5******** *.S*SSS**5*****5****a****** .*SS**#***5S*S*5.*S*05S*a***S
EXTRUDE 620 C T E D S I % , N ) a  PREVIOUS EFFECTIVE STRESS
EXTRUDE 621 C TEPS (2.N)WDIFFERENCE OP EFFCT IV! STRESS BETWEEN THE PREVIOUS AND HEW

• EXTRUDE 822 C SOLUTIDNS. (F OR WORK—HARDENING MATER I ALS )
-

• EX TRUDE 823 C ******S**WSSS**5X * S***S**** *****************SS*WW****S*SSS**S*S**S**
EXTRUDE 624 C
EXTRUDE 1325 TEPS( 2.N b . VY ( P 4 ) — T E P S (  1, N)
EXTRUDE 626 230 TEPS(I,N).YY(N )
EXTRUDE 527 C
EXTRUDE 628 C ***...*S*4*S*4***S***5**S**t*SS*****a65**S,*5*S5*5*5W*SW*S***5***44***
E X T R U D E  629 C P R I N T  TIlE STRESS AND S T R A I N — R A T E  D Z S T R I P I J T I ON S  M.D TUE EFFECTIVE
EXTRU D E 630 C STRAIN DISTDISUT1ON.
EXTRUDE 631 C ******S*a**S***W* ********* ,S5S*S,************* ***5*S*********5*****S**
E X T R U D E  632 C
EXT°U DE 633 53 CONTINUE
E X T R U D E  634 W R I T E ( 6 , *0 0 7 )
EXTRUDE 1335 WRITE (6.IOOS) KIT
EXTRUDE 636 00 222 Nal, MJME L
EXTRUDE 63? C3NSTa2.WYY (N%/13.*EPS(S,N))
EXTRUDE 636 STS(I.N).EPS( I,N) CONST
EXTRUDE 639 STS(2.N) EOS(2.K)*COP4ST
EXTRUDE 1360 STS (3,NI.!PS(3,P.)6CONSI
EXTRUDE 661 ST$(4.N).EPS(4, $)5CON5T~ 2.
EXTRUDE 642 00 132 3.1 . 3
EXTRUDE 643 132 STS(J.M).STS(J,N).STS (6,N)
EXTRUDE 644 STS(5,V).ERSIPS(SISIJ.N).STS (2.N).STSI3.N).STS (6.N*)
EXTR UDE 645 WRI TE(13,*006) N, I EPS (I.N1.I I,5),T!DS(5,NI.(STS (I,N),I 1.6)
E XT RUDE 646 2~~2 CONTINUE
EXTRUD E 647 C
EXTRUDE 6413 C ***5t*5**5***5*Sw**$5**S****a**a*5******SS*S*5*S*5**5****5***5555****S
EXTRUDE 669 C CHECK THE CONVERGENCE OF NEW SOLUTION , IF ft IS HOT, THEN REDUCE
EX TRUO E 650 C ACCEL. COEFF. AND CORRESPONDING STEP LENGTH AND CHECK IT AGAIN
EX TRUDE 651 C FOQ FIRST I T E R A T I O N ,  THI S STE9 IS OMITTED AND JUST COMPUTE THE TOTAL
EXT°UDE 652 C SQUARE NORM OF EQUATIONS AN D I N C OM P R E S S I R I L I T Y  CONOI TZONS

= EXTRUDE 653 C ***.*554****a*g****55*****SS*****SSS******gS***SW,SS*****W***5506*5565
E XTRUDE 636 C
EXTRUDE 655 5134 NWKHRD.O
EXTRUDE 6136 CAL L 5T FF ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

-= E X T R U D E  657 I IJ B C , P SR C ,A ,B ,NE L . N O. HP C , NR 2. ALANDA ,N W K M P D)
EXTRUDE 6513 CALL M O D I F Y  (CODE,A, 8 , P4UUN P ,NEO, MR AND )
EXTRUDE 659 C
EXTRUDE 660 C a*S****4608*SWSS***SW**4***S***S*S**S660******S****aS5*5SWS**S****SSS*

- • EXT RUDE 661 C COMPUTE TOTAL SQUARE NORM OF EO U A T I O P 4 S(F S OR I )  AND SQUARE NORM OP
E X T R U D E  662 C I N C O MP R E S S IB I L I T Y  CONOIT IC ’PIS(FSQR S)

- S E X T R U D E  663 C $****S5****4a5SS*5 *~~*6sS~~**5************** 455****sS*Ea***SS*5* SS*5*S**

EXTRUDE 668 C

• E X T R U D E  665 FSOR5.0.O
• EXTRUDE 666 PSQRI .D.D

E XTRUDE 66? 00 130* Hal .NUNN D

• EXTRUDE 668
EXTRUDE 669 F50R1.FSORI+5(II)*6(I1I
EXTRUDE 670 FSORS.FSORS+6(II)*P (II)

• EXTRUDE 67* 00 *91 JJ .2 ,3
EXTRUDE 67? Il— Il—I
EXTRUDE 67% RLANII.•(III
EXTRUDE 674 JA.JJ
EXTRUDE SF5 JK.II.JA—1
EXTRUDE 676 *134 IF (JA .GT.MSAHO) CO TO 1389
EXTRUDE 6?? 4LANII RLANI I~~A (Il.J*)*ALAN0* (JK)
EXT ~~UDE OP. JA.JA,3
EXTRUDE 6?9 JK SJK•3
EXTRUDE 680 GO 70 8130
EXTRUDE 65% ‘50 IFIN.GT.*) GO TO ‘P42
EXTRUDE 352 60 13 AOl
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XT RUDE 653 792 DO 1393 3.3,11,3
E X T P U D E  $84 K K U I I S I — J
E X T R UD E 65! I F I K K . G T . MP A N O) GO TO 89*
EXTRUDE OR’ 6V3 B L A N I I . R L A N I I — A ( J , K K ) R A L A N D A ( J )

— EXTRUD E 6137 P’~ 1 F SOES .FSOAI413LANIZ *5*.A N U
E X T R U D E  55* 50* CONTINU!
EXT RUDE 6139 IFIKIT.EO.1 I GO TO 78e
EXTRUDE 890 C
E X T R U D E  130% C ~~~~~~~~~~~~~~~~~~~~~~ 4*S4*S*a,S*aaa. *4***45***5S*55**5S*S a**54**4$5*$*.**S
EXTRUDE 69? C CCMPARE SOUARE NORV tIE FUNCTION S W I T H  P R E V I O U S  ONE .
E X T R U D E  693 C ********5****S$**S**Sa****5S**4S******S******S*R*4S55*55*,SSS805*R SS.
EXTRUDE 698 C
EXTRUD E 69! D IF F FF_FSOR1
EXTRUDE 696 ZFIFSOR *~~FF) 57:, 71,572
EXT~ U0E 607 C
EXTR UDE 644 C a****•*5*a**55*aa 4a46*5 **aS*S****S*S5*455**S*44*4**5455455455$ 56844$ 5
EXTRUDE ~~9O C CASE FOP SQUARE NORM OP N E W  SOLUTICH LA R G E R  THAN P R E V I O U S ONE , REDUC E
EXTRUDE 700 C ACCEL. COE’P. RY HALF *P.C COMPARE AGAIN.
E X T R U D E  ‘0* C **541*S5*S**S*4455********* *.SS*S***********S*6*S*S**SaS***SS*54 5***
EXTRUDE 702
EXTRUDE 703 572 %F((ARS(DIFF)/FF).LE.*.E—31 GE TO 448
EXTRUDF ‘08 STEPLH.0.5*STEPLH
EXTRUDE 705 ACC!~~aACOEF*O.5
EXTRUDE 706 IPIOCON INQCON+*
EXTRUDE 707 I~~(I HOCON— (HIT.5)lbS*,Se1,5*2
E X T R U D E  708 561 DO 595 Is*. HUM N P
EXTRUDE 709 12.35 1— I
E XT RUD E 7 10 I R IZ— *
EXTRUDE 711 IN IZ4*

— EXTRUDE 7*2 ALANOA ( IN).AL.*NDA (1N)—GVECTQ ( IN )SACOEF
EXTRUDE 713 URII)aUR(I)~~GVECTRIIR)SACOEF
EXTRUDE 7*4 595 UZ (I).UZII)—GVECTPIIZ)*ACOEF
E X T R UD E 7*5 WRI TE(6, I 155) STEPLH.F50131,FF,DIFF,FSQR5.FFFF
EXTRUDE 7*6 WRITESS,%030) AC OEF
EXTRUDE 717 DO 772 I— 1, P4IMNP
E X T R U D E 715 12—3 * 1—1
EXTRUDE 7*9 IR .IZ—I
EX’PUDE 720 WR1TE (6,1002)I,13(IP),0(IZ),UR(I),u2(I)
EXTRUDE 721 772 CONTINUE
EXTRUDE 722 1Ff ITCONT.EO.1~ GO TØ 564
EXTRUDE 723 DO 561 Hal ,NUWEL
EXTRUDE 7?4 56* VY(N) TEPS(*,N)—TEPS(2,N)SO.5
EXTRUDE 725 GO TO 568
EXTRUDE 726 C
EXTRUDE 72’ C 55*5**a5***45445* S***5***5*$******4**a4S4R*5*a*,*saa**44*5*5455445 *55*
E X T R U D E  728 C IF CONTINUOUS REDUCING CECCEL. COEF’. OF FIVE TIMES, TImE SOLUTION
EXTRUDE 729 C ST ILL NOT CONVERGENT, THFN PUNCH AND P R I N T  THE RESULT AND STOP THE
EXTRUDE 730 C CROGEAM .

• EXTRUDE 731 C S4*X********* 55**555****5*555***5****5***$5**55**a*$5*45***5***.555***
EXTRUDE 732 C
EXTRUDE 733 552 WRIT!(8,1135) STEPLN,FSOR%,FF.DIFF,FSOP5,FFPF
!XT~~UDE 734 WR1T !(8,1056)
E X T R U D E  735 ITST.2
EXTRUDE 736 GO TO 600
EXTRUDE 731 C
E X T R U D E  738 C ******$*S******SR***S*******$***a5*****s***4*.4**a.****S a***$*5*~~**s**
EXTRUDE 739 C C A SE FOR SOUARE NORM O~ NE W SOLUTION ’ LESS THAN PREVI OUS ONE , IF
E X T R U D E  740 C CONVERFENCE C H A R A C T E R  IS IN GOOD SITUATION , THE N INCR EASE STE P
EXTRUDE 74* C LENG TH FOR NEXT ITERATION.
EXTRUDE 742 C *5**5**S**4**a*I*5S**aS*55***S*5****S*5**5*55*5*S**5.55**.**545*S*S5SS
EXTRUDE 743 C
EXTRUDE 744 371 PSOR2 ( STEPDR/S’TEDL ,4)*(FSOg *—FF).PF
EXTRUDE 745 IFIFSOR2— 0 .965 *FF)  514,574,575

• 
- EXT R UDE 746 575 STEPLUWO.A*STEPLH

EXTRUDE 747 GO TO 444
E X T R U D E  748 574 IF I f f S 0 R2~~D.000*FP) 576,576. 444
EXTRUDE 749 376 STEPLH.*.2*STEPLH
EXTRUDE 750 444 CONTI’4j!
E X T R U D E  751 STE PORSSTEPLU
EX TRUDE 152 MRITE (6,I*5S) STEPLP ,PSORI.FF,DIFF,FSORS,FPFF
EXTRUDE 753 71313 CONTINUE

• EXTRUDE 754 C
EXTRUDE 755 C *****5aS**5S5~~a*a *54S*4*$45554458455S555**a54455544555544554455455 5555

EXTR’JDE 756 C STOP ITERATIONS AND PUNCH RESIJ.TS IF (ERROR NORN8/ISOLU? ION NORM)
• EXTOUDE 157 C REACH TIE ASSIGNED ACCURACY.

EXTRUDE 156 C *SSW*5******* **S**5*SS*****S***ØS*4S*95***4***5445*5555*4**5559S4*4545
EXTRUDE 750 C
EXTRUDE 150 XF(ESP4ORM.LE.PL IMIT ) GO TO 600
EXTRUDE 761 C

4 EXTRUDE 762 C *******S*S5*55s**5S**S*S55a5**S5aa55S95*5~~S5Sa44*4**~~a555s*45e•5% *545•
EXTRUDE 163 C PUNCH SOLUT I ON S AT E V E R Y  F I P T H  I T E R A T I O N  BUT DOE S N C T  STOP THE
E X T R U D E  144 C ITERATIONS.  PUN CH SOLUTI ONS AT F I N A L  I T E R A T I O N .
EXTRUDE 165 C •**5a*5*5*5**555 .55$S*55**e*$5*Sas$445405.5*S5555S4a4 *,445*55$5*945555

EXTRUDE 766 C
EXTRUDE 161 K l s K l T ~~!
EXTRUDE lOS K2 K**5 101

4. —- - —— — - ~~~~~~~~~~~~ ——-—— —— — — £ ‘- ~~~~~~~~~~~~~~~~~~
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EXTRUDE 769 lP(K2.GV .X*T) GO TO 600
EXTRUDE 710 IF(KIT.EO.ITEP ) GD TO 600

- I EXTRUDE 171 GO TO 680
EXTRUDE 772 600 RIJNC$4 *0*7, 4U13(tI,U?4i), 1.1, NUMNPI
EXTRUDE 773 NP4.3*MIMNP
EXTR UDE 774 IF (NRLPICH .EO. 0) GO TO 660
EXTRUDE 17! PUNCH 1017, (TEPSI5.NI.N.*.NUMEL)
E X T R U D E  776 PUNCH 10*7,  1 (EPS(l,N1,Is1,5), P ’I . l ,NU M E I . )
EXTRUDE 711 PUNCH *0%7,((STSII,N),I.l.Ol,N.l.NUMEI.)
EXTRUDE 7713 00 100 Ia*,NSP
EXTRUDE 179 K.NF4!)
EXTRUDE 180 100 PUNCH lO*2,K,UD(K),UZIK),FRII ),PZ(I)
EXTR UDE 7S1 1360 CONTINUE
EXTRUDE 762 1Ff ITST.EO.2) GO TO 2205
EXTRUDE 7133 I F (E SN OR M .L E . U L I M I T I GO TO 2205

• EXTRUDE 7134 2000 CONTINUE
EXTRUDE 785 C
EXTRUDE 786 C *$455*$4**5*5*584**S******5**5*$******a**5*58*4**SS***********55S*3**5
EXTRUDE 787 C P R I N T  THE F INAL S T R A I N — R A T E S ,  THE I N C O M P R E S S I B I L I T Y  AND THE
E X T R U D E  7913 C INTEGRATED EFFECTIVE STRAIN DISTRIBUTION.
EXTRUDE 769 C *~~**************5**54******S**55*********** a********* 5***55**5*S*****S
EXTRUDE 790 C

— EXTRUDE 791 2203 COP4TZNUE
EXTRUDE 792 WRITE(6,3019) KIT
EXTRUDE 793 00 500 Pm.l,NU$EL
EXTRUDE 794 SUM*ERS(1,N)+EP!12,N1,EPS (3,Nl
EXTRUDE 79! 500 WRIT! (6 ,1003 ) N . ( E PS( 1 ,N ) , I I , 5) .S U M ,TEPS(S, N)
E X T R U D E  796 W DI T E I 6 , 2 2 22 )  STEPLIm - •
EX TRUDE 797 C
EXTRUDE 798 1002 FOPMAT(!10,2F13.7,IOX. 2F13.?, lox, 2P13.7)
EXTRUDE 799 1003 FORMATCI7,ILFII.6)
EXTRUDE 800 *004 F ORI 4A T ( I 7 , 12F 1 0.e )
E X T R U D E  801 *008 F O R V A T ( I N G ,* ST R A I N  RA T E—STRESS SOLUTiON AT IT ER .  NUNRER .6.14//
EXTRUDE 602 1 * EL. NO..R—STQAIN..2—STPAtN.TN~—STRA1N .RZ—STR AlN.Ec—STRAIN.T0T.E
E X TR UDE 803 2Ff .. . .R—ST BESS. • Z—STRESS.Tt+-STRESS.RZ- STOESS.EF—STRE 55.4 VG—STRE SS.
EXTRUD E 604 3.4,/,11X, *RATE* ,O X ,SRATE* ,6X,SRATES,6X,*RAT !*,6X ,*RATE*,SX ,*STRA IN
EXTRUDE 805 4 *f )
EXTRUDE 1306 * 006 FOR MAT (//I 3OX. 6 VELCCErY SOLUTION AT ITERATION NUMSER .*,!4
!XTRUDE 807 l/,30X ,S DECELAPATION COEFFICIENTS* F$3.8,
ExTRUDE 8013 %~~~ 9/ 1SX,*CORRECTED AMOUNT OF VEL.*,ISX,*NE W SOLUTION* ,21X ,*COORDIN
EXTRUDE 809 IATES*/ ,24X ,51N..S,29X.*OF*
EXTRUDE 810 2 ~* NODAL NO. P—VELOCIT Y Z—VE LOC I TY R VELOCITY
EXT R UD E 811 3 2— V E L O C I T Y  R—CO OR O Z—COORD*)
EXTRUDE 812 *007 F O R M A T I I H I )
EXTRUDE 813 1010 FORMAT ( ‘F * NODAL POINT FORCES,,
EXTRUDE 1314 1* N .P P—FORCE Z—FORCE SHEAR FORCE ON DI! =
EXTRUDE 615 2 SUPFACE. .. *)
EXTRUDE 816 *012 F D R M A T ( I 9 ,4F 17.5)
EXTRUDE 81? *015 F OR M A T (  / /  50X.  * NORM OF SOLUTI ON VECTOR .6, F%3.8
eX T R UD E 8 3 6  1 F SOX , 4 WORM OF ER R O R  VECTOR .6 , P 13 . 8
E X T R U D E  819 2 / B OX .  4 FRACT I ONAL NORM .6, F%3.13)

• E X T R U D E  820 10*13 F OR M A T ( ~~ //  65X , * VELOCITY SOLUTION AT I T E R A T I O N  I’PJM8CR •5,14 3
E XTRUDE 82* *01? F O RM A T ( 8F *0 .6 )
EXTRUDE 322 10*9 FOR NAT (IMI,*PINAL STRAIN RATE SOLUT ION AT ITEP.NUMBEP —
EXTRUDE *23 1 * EL. NO...R—STRAIN...Z—STRAIN..TH—STRAIN..RZ—STRAIN ..EF—STRAIN..
EXTR UDE 1324 2 SUM TOT—!F—STRAIN6,/,12X.*RATE*.7X.*RATE*IX,*RATE S
EXTRUDE 625 3,?X ,*R ATE*,7X ,*R ATE*~~I
EXTRUDE 826 1020 FORM4T(~~/ .* INE INITINAL GUESS( OR INPUT D A T A)  OF VELOCIT DI$TRISU
EXTRUDE 62? 3TION* ,/,5 FROM FIRST NODAL POINT(R—VEL., 2—VEL.) TO LAST NODAL
EXTRUDE 6213 2 POINTIP—VEL., 2—VEL .)4)
EXTRUDE 629 1030 FORMAT(~~//,25X ,STHE ABOVE VELOCITY DISTRISUT ION DOES NOT CONVERGES

- 
- EXTRUOE 830 */,25X,*PEDUC ! DECCELARATION COEFF. WITH TIlE FOLLOWING VELOCITY DIS

- - EXTRUDE 831 ITPIBUTIONS*/,25X,SAND CALCULATE ALl.. NORMS A G A I N *
-S EX TRUDE 832 l/,2SX.*NEW DECCELARATICH COEFF1CIENT.*,FI3.e. S

EXTRUDE 833 * /~ l 5 K ,*CORRECTEO AMOUNT OF VEL.*,ISX,*NEW SOLUTIOW*/.24X,*IN..*,
EXTRUDE 634
EXTRUDE 835 2 * NODAL NO. R—VE L OCIT Y 2—VELOCITY P—VELOCITY
E X T R U D E  636 3 2—V !LOCITY *)
EXTR UDE 531 1056 F O R M A T ( ~~ / / ,2 O X ,*$~~L1JT I CN  DOE S NOT CONVIRGENT S)

- • j  E X T R U D E  133! *155 COR MAE ( / /f / , 2 5X ,*STEP LENGTH FOR NEX T I TERATION. *P13.6,
- - 

E XTRUDE 839 1 / .25X ,*TOTAL SQU A R E  NORM OF AU. EQUATIONS AT PRESENT 30*.
EXTRUDE 640 *UTION.*!16.6, 4
E X T R UD E 84* I ~ ,25X ,*TOTAL SQUARE NORM OF ALL EOUAT *ONS PROM PREVIOU S

• E X T R U D E  642 I SOLUTION .*E *6.8,

-• 
• EXTRUDE 1343 * , , 2 5 X ,*~~!FF~~RE N CE.*E16.a,

E X T R U D E 1344 *,/ ,25X ,*SQU ARE N CRM CE PRE SENT VALUE IN VOL .CONS Z STANCE.*116.S,
EXTRUDE 545 1 / ,283,5SOUARE NORM OP PREVIOUS VALUE ZN VOL .CONSISTANCESSE1O.S)
E XTRUDE 846 2222 PORMA ’P(/ ,,20X, *PINAI. STEPL I’.5 P14.6*
E X T R U D E  04? C
EXTRUDE 6413 RETURN
E X T R U D E  849 END
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EXTRUDE 83) SURROUT INE NARDISTRA IN .YIIl.D)
EXTRUDE 8132 C
EX TRUC E 1353 C ****S**S4**e.**S. .**S.*,S* SS***.**SSS*S***454S*******R****S****R****.*
E X T R U D E  6134 C SP EC IFY THE M A T E R I A L  ecO~~(A r g f 5  •)P  vo$X~~Ma FDE,4AG w41E8 4L. I lTaEsS—
IXTRUO S 8311 C S T R A I N  R E L A T I O N S H I P )  0P NON—HARDENING MATERIAL . REPLACE IVIELD. CARD
EXT*UOE 654 C AND SET V I E L D U T H E  CON STANT Y I E L D  STRESS.
E X T R U D E  65? C •***********SS** $*4*S**85** ******S**5SS.**5 ******S****S**S*S*S****S**I

EXTRUDE 8SA C
E X T R UDE 859 S—0 .26 2E—4
EX TRUDE 860 AN.0. 0*
EX TRUDE 136% V I E L D . I I . .S T R A I P 4 / 5 ) *8 A t 4
EXTRU D E 862 RETURN
EXTRUDE $133 END

EXTRUDE 1365 SURROUTTP4E STIFF IR .?,UR,U1,CODE.IEL,VY,StS,EPS,NP,FPUR.FST.
EXTRUDE 866 1)JRC.RSPC,A.!,NEL.N0.NPC•N02.M.ANDA,N6K1 0)
EXTRUDE 867 C
EXTRUDE 1365 C $***S$S$4**S***S$***,**SS*4**44*S**** *******Se***** *************S***S*
EXTRUDE 44* C CALCULATION STIPFNFXS MA TR IX FOR ENTIRE SYSTEM .
EXTR UDE 870 C *******4****$***e**.*****$**S*5**a**.*S***********************S*******
EXTRUDE 87* C
EXTRUDE 612 COWMONFGENCON#HUNNP.NUM!L,HEDI *2),VCL,NEO.N5. ITERNO, ISTOP ,
EXTRUDE 573 *VIELD .MRA4O,TEST,WDIAG,NRF.NIJWRC.I T!R,NRF2,NSCALE .NPIJNCH,NDIINT.
E X T R U D E  1374 2 N CNE CX .A C’IP4I
EXTRUDE 515 C05M314 F8ALL~ TH!TA ,’T.TANTN 

-

EXT RUDE 874 COMMON #STFMAT/ PfQ ,91.H(9I
EX TRUDE 67? DIMENSION ALANDA (*)
EX TRUDE 97 13 OIMENSION R(I).Zl*).CDDEII).URII).UZII),I!L l MEL ,*),P(1).A( 140,11
EXTRUDE 879 I.ESSIS,l*,STSIS,l).NPII),FST( P402 .I).FPUX**),IJ8C( NRC .1),
EXTR UD E 380 2 P S R C IN P C , l  ) , R R ( 4 ) , Z ! 1 4 ). IX Y ( 9 ) .U U I S) , Y V ( S  1. 1 0 ( 2 )
EXTRU D E 138* C
E X T R U D E  1352 C 4******4****S******4******S***6,*****$***S,S**.4S.S****S.****.***.****
EXTRUDE 8’3 C INITIALIZED A ANO B MATRICES (FOP LOUATIO’I AX.P)
E X T R U D E  9134 C OECAUS! RANDED SV,.METRIC PROPERTY 0’ THE t%TIPFNESS MA T R I X  A .  THE
EXTRUDE 9135 C STORAGE OF A IS IN A SOUPE ARRAY .
EXTRUDE 886 C *s*****4***S**.*. *.***** *.,***** *****S***S**.* ~~,**.* 4***S.*****.*.* .*.

E X T R U D E  8137 C
EXTRUDE 886 NSTOR .0
EXTRUDE 839 00 50 N-I. NEC
EXTRUDE 1390 13(N)aO.
EX TR UDE 89* 00 50 M.I, MRAND
EXTRUDE 092 50 A (N .M) O.

• E X TRU D E 1393 C
EXTRUDE 1394 C * * * ** * * * * * * * * *$* * * * * * * ***!***5**X*******5F*********5**R************4*

= EXTRUDE 1395 C C3NSTRUCT ELEMENT LEVEL MATRICES FOP STI’FMESS

• EXT°UOE 13*6 C JE ITERNO .GT.I MEANS SU~ ROU TZNE OLA 0I .4*5 SEEN PERPOWED ONCE BEFORE

• EXTRUDE 897 C AND IS STORED IN TA P E 1.
EXTRUDE 1399 C ******* ***4*S************************ SS***S.******** 8*6********S.*****

EXTPJDE 1399 C
t E X T R U D E  900 I F ( 1 T ! R NO .G T . *I  GC TO 20

EXTRUDE 90* R E W I N D  *
E X T R U D E  202 DO 5)0 P4.1.NU$EL

• EXTRU DE 903 00 *00 1.1.4
EXTRUDE 004 II•IEL(N ,*)
E X TRUD E 90!
EXT RUDE 906 100 ? Z II ) . ? ( I 1)
E X T R U D E  907 CALL QU AD ) lflQ.72,VOL)
EXTRUD E 906 4? IF(VOL.GT.0.) GO TO 510
EX ’RU !)E 909 V R I T E ( 6 , I 0 O S )  N
E X T R U D E  R I O  NSTCP.1

• EXTR U D E 911 510 CONTINUE
-
• EXTRUDE 912 20 REWIND I

EXTRUDE 913 I’(WSTDP •Eo. u STD°
EXTRUDE 914 C
EXTRUDE 9*! C *****S**54* *44***.$4**4.****4*t*,***5*****4*.**Ø$4 44*$******* ,*8**44

• EXTRUDE 9*6 C CONSTRUCT P AND H M A T R I C E S  At ELEMENT LEVEL.
EX TRIJEE 9*7 C ***XS*****A****..*S** 4**.**.**** 4********4*044***SSS.S*******. **.****8

4 !‘~~PUDE 9*13 C
EXTRUDE 9*9 DO 1000 M A * ,  P&JMEL
EXTR UDE 920 00 60 1.1,4
EXTRUDE 92* II.I!LIN,I)
E XTRUDE 022 12 24I

: EXTRUDE 923 11-12— i
EXT RUD E 924 I X V I I I I . 3 * I I — 2

4 EXTRUDE 9213 I N Y ( I 2 ) . Y * 1 1 — I
EXTRUDE 926 UU(12) U?(Il)
E XTRUDE 927 50 UUITI).UR(II)
E X T R U D E  92 13 I I u 4 A X O (  I E L I N ,I  ) , I E L I N ,2 )  ,I ! ( . (N , 3 ) , I E l . . f N,4 ) *
E X T R U D E  926 I X Y ( 9 ) * 3 * I I
E X TR UDE 930 CALL O UA C 2 I U U , I P I . P * X . T E X , T !Y , T E Z . T E X Y )
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EX TRUDE 33* C
E XTRUDE 932 C *S*Ø5**56**S**S*9*SS*W*S****S5***SS*S******4*SS*Ss**844 *e455654$e 39 5

EXTRUDE 933 C NWX I~~D IS AN INDE X TO INDICATE WHITHER ONL Y S T R A I N  PATE CALCULATION IS
EXTRUDE 934 C REOUIREC 0$ THE WHOLE STIFFNE SS M A T R I X  NEED TO SE CONSTR UCT ID.
EXTRUDE 935 C *~~*****S****S**S* **.** ****i.S*••. S5*****S***********SS***.**SS.S**** .*

— EXTRUDE 936 C
EXTRUDE 93? IFtNWIC $4R0.EC.1) GO TO 20)
EX TRUDE 936 C
EX TRUDE 939 C ******6*8*s*****.***.**56S***áSS*****W**4*54*****S 5688S*SS4*456*9*6*44
EXT RU DE 940 C PE R FORM THE ASSEMSL V OPERATION . SECAUSE MATRIX A Is SYMMETRIC, ONlY
EXT RUDE 041 C UPPER h AL F OP THE M A T R I X  I S  CREAT ED .  AND THE STDR*GE FOR M A T R I X  A IS
EXTRUDE 942 C A SOJARE ARRAY EECAUSE QF BANDE D SY M M I T R I C  PROPERTY.
EXTRUDE 943 C •*****4**59**4***54****8*** S******5*****S*s*S**********s4•*5659 **s 4

EXTRUDE 944 C
• E XTR UDE 945 DO 62 1.1,1

EXTRUDE 946 H(I ).HII)*VV(N)
EXTRUDE 947 DO 112 J.1,5
EXTRUDE 9411 62 P(*,J)SP(I.J)*VT(N1
EXTRUDE 040 DO 200 I.). 9
E X T R U D E  950 IIS1XY*1)
EXT R UDE 95* e~~~ I I . I u I I — H l l I
EXT RUDE 952 00 200 (51 , 6

• EXTRUD E 953 JJ . IXY(J ) I I*%
EXTRUDE 954 J F ( J J  •*.T. I) GO TO 200
EX TRUDE 955 A ( I I , J J ) . A I I I . J J 1 * P ( I , J )
EXTRUDE 956 200 CONTINUE
EXTRUD E 95? 201 CONTIIPJE
EXTRUDE 956 ! O S ( 1 . N ) — T E X
EXTRUDE 959 EOS(2. P4l.TEY
EXTRUDE 960 EPS(3,N).TEZ
EXTRUDE 961 EPS ($.N).TEXV

• EXTRUDE 962 $000 CONTINU E
EXT R UDE 963 563 00 *50 N *  ,NUME L
EXTRUDE 9(4 150 ERS(5, Ii).R8*R ( E PS(l . N ) ,E R S ( Z eN ) ,E PS(3, N ) , EP S(4, M ) )
E X TRUDE 965 I F *N W K I 4 RO .EQ. 1)  RETURN

- EXTRUDE 966 C
EXTRUDE 96? C *************** $S4*5****S ******* t*S********** **,*~~****** S****$**S ~~***9
EXTRUDE 96$ C PREPARATION FOP FORCE CAL CULATION
EX TRUDE 969 C *4*6*4*84*69*4*6* ***5***45*S***S****4***5*****5*4*$*95*$5****44445*e*4
E X T R U D E  910 C
EXTRUDE 97* IP*N11P •LE. 0) GO TO 402
E X T R U DE 972 MRAP402.2*M8ANC~~I

• EXT RUDE 973 DO 330 1.1, NSF
EXT RUDE 07* 17.2*1
EXTRUDE 975 IR.Z Z— I
EXTRUDE 976 DO •30 Jul. MI*A1402
EXTRUDE 9?? F57 ( IR ,J1 0.
E X T R U D E  970 330 FS T( 1 Z .J) .O .

• EXTRUDE 970 1*0 400 I 1 ,  NBF
E X T R U D E  930 II NF(I)
EXTRUDE 941 17.3~~11— 1
EXTRUDE 962 !R .IT—1

S E X T R U D E  086 112.2*1
EX TRUDE 913* I I R a I I ? — )

• E X T R U D E  965 00 40* J .M SANC , WRAND?
EXTRUDE 9013 JJ . J—MSANO4 1
EXTRUDE 9111 F S T ( I I R , J) .A ( *R ,JJ)
EXTRUDE 91313 40 1 ‘ST ( I IZ . J ) .A ( i Z, JJ I
EXTRUDE 9139 00 403 J.1, U SANO
EXTRUDE 990 N R . I R— J + l
EXTRUDE 99) N7.17—J.*
EXTRUDE 9’2 JJ .MRANQ J+ I
E X T R U D E  993 1 F ( NR  .LE. 0) GO TO 404
EX TRUDE 994 FST( 11R , J J ).A ( N R ,J)
E X TRUDE 045 £04 IFIP.Z .LE. 0) GO TO 403
EXTR UDE 996 F S T I I I Z, J J) .A ( N Z , J)
EXTRUDE 997 403 CONTINUE
EXTRUDE 0913

• EXTRUDE 9913 400 R R U R ( I I Z ) 5 9 ( 1 Z )

• 
EXT’UD! * 000 1302 CONT INUE
EXTRUDE 100* C• ) EXT RU DE 1 002 C *****h**$43Ø*445*~~Ø5*R*aS***95***5*4**4**4*S3**45,,*4 ***$55***SSe5S***
E X T R U D E  *003 C ADD •*‘SSUDE SOUN CARY C O N D I T I ON .  (FOR CON STAN T ‘R ICT ION AL STRESS D I E S .
EXTRUDE *004 C THE SHEAR T R A C T I O N A L  St’!SS ( F R I C T I O N A L  STRESS)  I S  ADDING MERE).
EXTRUDE * 006 C •*4***********************R*****A*R*S***5*S**S***R****.*S****S*M456*5*
EXTRUDE 1006 C
EXTRUDE *007 IF I PIUMDC .EO. 0 P GO TO 4*0
E X?RUDE *0013 10(11—2
EXTRUDE *009 10(2)8*
EXTRUDE *0*0 91.1.0

4 E X? U UD l o l l  RJ.I,O
£XTRUfIR *0*2 00 420 L.*,NUWP C
EXTRUDE 1013 ISIJSC(L,I )
EXT R UDE 2*1*
EITRUDF 1015 OR .R (1)—R *J)
EX T R UDE l O I S  0 2 5 1 ( I ) — i (J )  io~
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• EXT RUDE *017 00 290 WS),2
EXTRUDE LOIS
EXTRUDE *019 IUIJBC (L.M)
EXTRUDE *020 J .I J RC ( L . N)
EX TRUDE *02 1 R 1 .R (I )
EX TRUDE *022 RJ E ( J )
E X TRUDE *023 It . ’Sl— *
EXTRUDE 1024 1 1. 1 2 - I
EXTRUDE *025 PI.RSSC(L,MI
EXTRUDE 1026 PJ.PSRC(L,N)
EXTRUDE 1027 SI.PSRC (L,M*21
E X T R U D E  1020 5J ~~~ SPC (L, N.2 )
EXTRUDE *029 PM.(RIS( 3.0*PI•DJ)6RJ*(P1•PJI 1/12.0
EXTRUDE 1030 SW (RI*(3.o•s1.sJ p.pJ*(SI.sJ)),1,.o
EXTRUDE 1u3 1 Rl.0Z*PM+DR*55
EXTRUDE *032 R25—ORSPM+OZ *SM
E X T R U D E  1033 5(Z*l.6(Il I•Rl
EXTRUDE 1034
EXTRUDE 1035 290 CONTINUE
E X T R U D E  $036 820 CONTINUE
EXTRUDE *031 6*0  CONTINUE
EXTRUDE 1035 C
EXTRUDE 1030 1005 FORM AT ( / 29.4 ELEMENT WI TH NEGATIVE A REA —. 15)
EXTRUDE *080 C
EXTRUDE 104* RETURN
EXTRUDE *0*2 END

EXTRUDE * 044 SURPOUT I NE O UA DI *R R ,7Z ,VOL I
EXTRUDE * 0*5 C
E X TRUDE *046 C A*****S*$*S********S5*****59*9**49$**S*****S*S*994*53**9S*$5SS****5**S
EXTRUDE *087 C CONSTRUCT 5 M A T R I X  AND K MATRIX IK—(TRANPOSE(6))(DUSfl . *140 0 VECTOR
EXTRUDE *040 C AT ELEMENT LEVEL FOR Al l  ELEMENTS AND W R I T E  THESE MA TRIX ON TARE I.
EXTRUDE *049 C *4********.S********S**S**sS***S**SA*R***a***S**S*68S****************S
EXTRUDE *050 C
EXTRUDE *051 COMFON /CUAC/ S(*,S).X*I5,$),C(S)
EXTRUDE *052 D I M E N S I O N  R 1 3 14 ) . 7 7**) . S5 ( .P , t T( A $

• EXTRUDE * 053 DATA SS#..l ., 9l., •l., *.l, TT,—l..—$..,l.,.I.l
EXTRUDE *05* SORT2.1 .ml4Z*31362373092
EXTRUDE lOSS DO I 1—1 ,0
EXTRUDE 1056 0(I$.O.
EXTRUDE *03? DO I .1.1,4
EXTRUDE 105* I R(J.I).0.

• 
EXTRUDE 1059
EXTRUDE *060 R2-RR(2)
EXTRUDE *06* R3.RR (3)
EXTRUDE 1062 R4SRRI8)

• EXTRUDE *063 21.77(11
EXTRUDE *064 72—72(2)
EXTRUDE *065 73.77(3)

• E XTRUDE $066 74.77(4)
EXTRU DE 106? P1 2 .13 1—R i
EXTRUDE *0136 613 .13 1—6 3
EXTRUDE * 069 614 131 R4

EXT SUDE *010 R2 3.R l—R3
E X T R U D E  toll  P24 .132—64
EXTRUDE *012 R34.133—R4
EXTRUDE *073 712—71—71
E XTRUDE $076 713 .71—73

= EXTRUDE *015 21*871—74
EXTRUDE 1076 723.72—234 EXTRUDE 1071 Z24.Zt—14
EXTRUDE *075 734-73—74

• E X TRUDE $070 VOLWRII *Z2 4 *2**213
EXTRUDE *050 IF*~~~l.lE,O.) RETURN
EXTRUDE *032 C
EXTRUDE lOSE C *6a6**6S*ø****S6*6S****A6S****S**A6***S6**SS***SS**S*S****6S*S*S**0*56
EXTRUDE * 043 C CALCULATION OP TOTAl. VOLU E PEP RAD IAN OP THE ELEMENT.
E XTRUDE * 004 C ***S65606***SSSS*606***6****6**56**S**66**S***S.SSS*SS6*SS *40*0*9*65*
EXTRU DE * 005 C

• EXTRUDE *066 VOLI.$Zl—14)RIR**Rl.1346R*44ISRØb
• EXTRUDE *06? VOL2.l73~ Z2)RlR35*3GR7*R2+R3*R2$

EXTRUDE $060 V0L3 .l7P—ZI$SIRI*R I.*29*2-R**R21
EX TRUDE $0$9 VOl.*e( Z8—13)*( 133*R3.R*0134.R3*64)
EXTRUDE 1000 VOlL.I VOL$.VOI.2-VOL34VCL4)~~S.
EX T R UD E  * 061 C
E X T R U D E  *002 C .***A*.*6*.***SS***6*S**4***.**S**.***S***9****.056 S**S*SS**•S SS*9*s**

EXTRUDE *093 C THE POLLOMING CONSTRUC T S AND F M A T R I X  St TAF *NS FOUR IN?tSR*?*ON
EXT R UDE 1 )94 C R O I R T S  CS TN! ELEM EN T.
EXTRUDE $206 C **S*6*660**SSS*9* **8*060 9***** ***56*9*60.*** .SS*.06*06*5*06SSO06S **S
EXTRUDE $ 096 C 10
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EXTRUDE 1097 DO *3 I * S l , 4
• E XTRUDE *095 $.5S( lT)6O .57735025*l5G 626

E X T R U D E  *000 T.TT(I!**O.577350?69189626
EXTRUDE *100 XJ S.V0L.SS(R 34 *ZL2—R 12*Z3*I.T~~(R23*Z14.Rl**!I3)
EXTRUDE *10* XJS*J3~~R.
EXTR UCE 1*02 C
EXTRUDE *103 5M M u % , —5 4
EXTRUDE *104 SR.*.+S
EXTRUDE 1*05 TM.$.—T
EXTRUDE *106 TD.l..T
E X T R UDE 1*07 H150 .256SMMSTM
EXTRUDE *108 H2-o.?5*SP*TM
E XTRUDE *100 N3’O.2565P*TO
EXTRUDE *1*0 H4.O.ZSSSNM*TR
EXTRUOE 1* 11  R.WI*aI.H2*112.H3*R3.N4*94
E X T R U D E  1* 12
EX TRUDE *113 G2~~uzm
EXTRUDE 11*4  038.43/P
EXTRUDE 1 * 1 5  G4-H4/R
EXTRUDE 11 16  C
EXTRUDE 1117 C *6*606066*R6*****6694690*000***660SS****6S4656666.0004***S*6*6609****,
EXTRUDE 1 * 1 1 1  C CONSTRUCT 11 M A T R I X  AT EACH POINT
EX TRUDE * 1*9 C ***004****S***S$*66000*6****0***$***0600*066******6*66*6***S*16059*S5S
EXTRUDE *120 C
EXTRUDE 1*2* XI (—R24+1334*!•R236T*/XJS

• EXTRUDE 1122 X2 (R1 3~~R34*S .R14*T )/XJ8
EX TRUDE *123  X 1 3 . ( R~~8~~R I 7*5 a$6*T)~~XJ0

• EX TRUDE *124 X4.(~~R 13 +R l 2 *S — R2 3 6T ) / X J 6
EX TRUDE 1125 Y I . ( 7 2 4 734*5 7 2 3*T ) / XJ 5
EX TRU DE * *26 Y2— (—Z 13+7346S47 186T 1/XJO
E XTRUDE 1*27 V3.(—724 .Z !265—714*T)/XJ 8
EXTRUDE *126 Y*s(713—Z12*S4Z2J*T)/XJ6
EX TRUDE *129 5( 1 ,  1) .Y 1
E X T R U D E  *1 30 6 1 * ,  3) .12
EXTRUDE $131 131* . 5).Y3
E XTRUDE *132 31), 71.14
EXTRUDE $133 5(2 ,  21.XI
E XTRUDE *134 5(2 ,  4 *.X2
E X T R U D E  1* 35 3(2 ,  6) .X3
EXTRU DE 1*34 612, 5) X*
EXTRUDE *137 P15, 2*.G*
EXTRUDE 1136 0(3. 3).02
EXTRUDE 1*39 6(3, 51.03
EXTOUDE 11*0 11(13, 7).~4
EX TRUDE *14* 13(4, 1) .X I/ SOQT2
EXTRUDE *142 6(4. 2)—Yl/SOPTZ
EXTRUDE 1*43 0( 4 , 3)SXE/SQRT2
EXTRUDE *1*4 0 (4 .  418Y2/SORT2

• EXTRUDE *145 11(8 , S)aX3~~5QRT~
EXTRUDE 11*6 1 3 (4 , 61 Y31SORT2
E XTRUDE 1*47 6(4.  7) .X4/ 5013T2
EXTR UDE 1*46 0( 4 . 4).Y4/SOPT2
EXTRUDE *149 C
E XTRUDE * 150 C *6***6**606*E*6*******.S******6**6000006**660*6**.*6000**66*560060606*
EXT RUDE 1*5*  C CO NR TRUCT K M A T R I X  AT EACH POINT (I ! .  X X ( l , J ) 1

• E X TRUDE 1*32 C *00066A0606*****60606**60600*S000000660600S606*6600*606SS*SS*00056***6
EXTRUDE 1*53 C
EX TRU DE 1154 00 11 1.1.0
E X TRUDE 1*55 DO 6 .1.1.5• EXTRUDE *656 DUNIS0 .
E XTRUDE 1*57 DC 5 14.1.4
EXTRUDE 1158 S DUMI .DUMI+S(K,J)*131k,I)
EXTRUDE *159 XX ($,JI.DUM1
E X T R U D E  *160 XX (J,I).DUM$
EXTRUDE *16* 6 CONTINUE
EXTRUD E 1162 C

-
. EXTRUDE * *63 C ****60665666 *066***6*056**050*0****6**SeS066**00006606066 *506*S*e*S*66

EXTRUDE 1*64 C CONSTRUCT 0 VECTOR At EACH P O I N T ,  AND ADO AU. FOUR ZN TEGR AT I CN POINTS
EXTRUDE 11 6$ C 060680000****660*******0*06666*5066000606**06**S*.s60600606**SS**06S*S
EXTR UDE (166 C
EXTSUOE 1*61 XJ R. XJSR
E XTR UDE 116$ 0(j ) .0 (*) . (y 1 . $ I) *XJ S R

-• EXTRUDE 1*6 9 0(2  012 1 .  Xl *XJRR
EXTRUDE 1) 7 0 0(3).Of3).(,2 .62)8XJ*R
E XTRUD E 1111 O ( 4 ). 0 (4) .  Xi *XJ *R - •
E XTRU DE *172 0( S ) .O ( 5) . ( 13 , 4 3) O XJ S P
EX TRUDE *173 0(61.0 (0) .  Xi 5*1004 EXtRUDE 1*7 4 Q(? ) .0 (7 ) . (74 .64 1*XJ SR
EX TR UDE 1175 O ( $ ) .0 (0 ) •  X4 •XJO R

E - E XTRU CE 1*76 C
E XTR UO E * I?? C 006*sRe**66000060s003.s6665ss **s*05660ss*es..*.so..066. *.*s..66s..*066
E XTRUDE *170 C WRITE 14 AND S M A T R I C E S  AT EACH IN TEGRAT ION POINT ON TARE $

-

~~~ 
- - E XTRUDE $179 C ****666*6S**S*000i09050S *SS6******656***S6*e*.*6*S .8.6S***S**S*0606**6

E XTRUDE *100 C 6
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EXTRUDE 1101 W R I T E * 1 1  1413
EXTRUDE lISP WU ITE (l) ((XX (I,JI.JSl,S ).IuI.R
E X TRUDE I l RX W’IT!($$((R(I,J) .J—I,l 1 ,1.1 , 8 )
EXTRUDE *10* 16 CONTINUE
EXT RUD E 1*05 C

• EXTRUO! SIlO C *** .*.*.*..06.*...*S*S**.****4**** S*SS*6*6*WR*6666** S666668 S*060606 *S0

EXTRUDE *107 C WRITS 0 VECTOR (APTIR INTEGRATION . I.E. ADDING POUR ROINTS )  AND THE
EXTRUDE 1 * 1 3 1 3  C ?O’AL VCLUMN OP THE ELEHEI~T Qk TARE I.
EXTRUDE * 13* C 66**6*..**606****S.66446*..*6S88S6S**.68**6600RS*6WR6R*866666066660606
EXT R UDE *100 C
EXTRUDE 5 * 9 5  WR J TE(1)(0(I),I.1.R)
EX TRU DE *192
E X TRUDE *103 MR I f E ( l )  VOL
EXTRUDE 5*9* C
EXTRUDE *195 RETURN
EXTRUDE 1*00 END

EXTRUDE *1 06 S5.*ROUTINE QUAD2(*AJ,IPI..NAX .TEX.TEY.TE1.TEXY)
EXTRUDE 11*0 C
EXTRUDE *700 C *S.0..*,0,*.*..WR6,0 *.*.S0S*6**** ,06,*0.****** 4666***65****S*~~~~~~~m
EXTRUDE *20* C OfAC INFORMATION FRO M TAP E S REGARDING 6, 14 AND 0, AND CONSTRUCT P *110
!XT•UOE *20? C N MATRICES AT ELEMENT LEVEL (I.E.D(I.J) AND . 4 ( 1 *)
EXTRUDE * 203 C .*44.*s*S6*.S060*6600606 *6600*606 *S606006 *******95.*********0060606 ***
EXTRUDE 208 C -

EXTRUDE *205 COMMON lGi&C# S $ * , S) , X X ( S ,R ) , U Z E R O ( •)
EXTRUDE 1206 COMMON /ST5*AT/ Pt0,*),N(0)
EXTRUDE 120? DIMEN SION E (4 ) . U U(R )
E XTRUDE *206 DO 1 1.1 .9
EX TRUDE *209 H( I ).0.
EXTRUDE *2 *0 DO 1 4.1,9
EXTR UDE 12* 1  I P 1 5 , 4 *  8 0.
EXTRUDE *2*? SORT? — l.8*421!S0$3T3092
EXTRUDE *2 *5 1510T1 • 1.2i4744S7139*066
EXTRUDE 52*4 C
EXTRUDE *2*6 C **4*.O*e,6*,***6*6*6,*00*.*.6*6. S0** .***606****4******m***06~~~~~~~~
EXTRUDE *2 16 C TIP. 13— STRAIN RATE
EXTRUDE 12*7 C TEY 7—STRAIN RATE
EXTRUDE I l lS  C TEP . T N — S T R A I N  RATE
E*TUUOP *2 *9 C TEXt. R Z—S TRA IN RATE
EXTRUDE 1 220 C •*6660...**..0.****.0*6.0666666666**R60*68666e**6*0600666000666 *USM*

• EXTRUDE *26 * C
EXTRUDE lit? VEX — 0.
EXTRUDE ta i TRY . 0.
EXTRUDE *214 117 • 0.

- ~
- • EXTRUDE *215 TEXYsO .

EXTRUDE *2 26 00 *6 11.1 ,4
EXTRUDE 227 REA O (* )X JP
EXTRUDE IllS R EA D ( I ) l (X X ( I , J ) . J . 1 , R  1,I 1.8 )
EXTRUDE *229 RE*O (II f(S(l,J*,4.l.l 1.1.1,4)
EXTRUDE *230 00 S 1.1.5
EXTRUDE till DUMI.0.
EXTRUDE 232 00 7 4.1,5
EXTR UDE 1233 7 DUNI.OUM*.XX(I,J)OUU(J)
EX TR UDE *234 S RZERO (tl.DURI
EXTRUDE *235 07195.0.
EXTRUDE 1256 0 00  1.1 ,0
EXTRUDE * 5*1 9 RPIRO.*flRo UU( I )6671R0( I)
EXTRUDE *230 C
EXTRUDE * 63* C 66066S*80606*0*66 .**.********** *SS****8****** 06***4****066*6*95SS~~~66
EXTRUDE *140 C P7~~R 0.(3~~2)  0 SOUAP E OF (EFF.  STR INT RATE) .
EXTRUD E *04* C IF 071130 I I  TOO SMALL CORRESPONDING TO R I G I D  LON95T, SET 07(95 AS A
EXtR UDE 5242 C L i M I T I N G  VAL UE IN 0*01* NOT TO OREAK THE ITIFPNSS$ MATRIX
EXTRUD E *243 C P l .(i~~3t , ($OU ARE OR (E FFECT IVE STRAIN RATE ))

• EXTR UDE 1244 C P 2- (i / 3)~~(EFP ECtIV ( STRAIN RATE )
• - EXTRUDE * 145 C 6*066656.6866660050660066 *666660680060606064 *6$$*4S66SR06R *6666S*OR06S

• EI ”UDE 1*44 C
EXTRU DE *147 1. PZERO .LE.I .E—05) R7100 l.E— 0l
EX?**10( *140 P*.I.#SZE0O
EXTRUDE 1149 PZE R ONSO RT(RZ E RO )
EXTRUDE 12*0 P2.0Z5*0630RT1
EXTRUDE liii 00 13 1.1 ,1
EXTRUDE liSa 00 *2 4.1,4
EXTRUDE *153 Ii P( 1 .J) .P(I . J) . (k l ( l. J)—RI *0ZERO(I)SSEERO(4$ *SXJS#PE
EX TRUDE *216 *3 H(I$.$U)ISiE*O(I)6XJ0~~D2
EXTRUDE 2*5 00 *6 1.1.4
EXTRUDE *2*6 1(11.0.

4 EXTRUDE lilT 00 4 4.1,1
EXTRUDE *214 14 1lI).t(*).S(l.4)*J*J(J)
EXTRUD E *218 TEX.TEX.E(I)SXJ*

• EXTRUDE *240 ?ET.TI’414( 1*01413
• E XTRUDE *24* TIS.TtZ.1(3)*XJR

EXTR UDE *141 IEWV.’I X?.((4)SIIRT04XJR
EXTRUDE *143 *4 CONTINUE
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EXTRUDE *244 C
EXTRUDE *245 R E A D ( l ) ( R ( J , 9  1,4s1,0 I
EXTR UDE *246 00 1? 4.1,8
EXTRUDE *247 *7 ~U 9 )eH(9 *60(4,9 )OUU(JI

J EXTRUDE *24 5 READ ( I )  VOL
EXT RUDE *269 DO 15 1.1 ,9
EXTRUDE 1670 00 ii J.i,9
EXTRUDE 5*7* *5 R(J, I) .R(I ,J l
EXTRUDE *272 TEX.TEX/~~ L
EXTRUDE *273 TEY—TEV/ VOL
EXTRUDE 1274 TEZ.TE Z~~VOL
EXTRUDE *175 TEXY.TEXY~ V04.
EXTRUDE 1176 C
EXTRUDE *277 RETURN
EXTRUDE 127$ END

EXTRUDE 12S0 FUNCTION R eAR ( O X ,R Y ,R Z , R X Y )
EXTRUDE 1261 C
EXTRUDE *262 C 69006***S06**66.*00660**066600*064666*60*66616*0****660*6S660*56666060
EXTRUDE 1153 C CM. C*LATI THE EF F ECTIVE STRA I N RATE
EXTRUDE * 254 C *S*600***000S060609600606.**6060166666066600600.066 *SS*6**069644*6066S
EXTRUDE 145 C

— EXTRUDE *206 R6 AR . (RX RY )**2.(13Y~~R Z ) 6 *2 , l 1 3 Z RX) **2
EXTRUDE 1247 RRAa.2.0SOPT (0.5600AR.3.*RXY*02,4.),3.
EXTRUDE *24* C
EXTRUDE *249 C 666069S69000608065006066666066*066006006**660606060606905.56006.0.**.0
EXTRUDE * 290 C I F  THE EFFECTIVE STRAIN RATE IS TOO SMALL CORRESRONDING TO A RIGID
EXTRUDE *291 C ELEMENT , SET IT TO A LIMITING VALUE.
E XTRUDE *29? C 65095966606*S*6*66*$*0S6066600**S6066*.6*6*0606*0666****660000969***66
EXTRUDE 1293 C
EXTR UDE 1294 I F I S SAR .1.T.I.t— 04 I RS AR . *.E— 04
EXTRUDE 529$ RETURN
EXTRUDE *296 END

EXTRUDE * 2RS FUNCTION EP STR S(SR ,SZ ,ST,$*21
EXTRUDE *298 C
EXtRUDE * 300 C ***666*66*66656ANe60606 **0*669***$6*S66*6**06606***6*6**666**6606*06S*
EXTRUDE 1301 C CALCS.LATION OF EFFECTIVE STRESS.
EXTRUDE * 302 C 00*06066**66060660066006*066*9*S65*66S**I69000668066 *60*6S.*6ASS60600*
EXTRUDE 1303 C
EXTRUDE 1304 EF STR (SR SZ)062.(SZ ST)9 *2.( ST SR)662
EXTRUDE *303 EF $ YO$.SORTIO .56(FSTRS•3.*SRZ S*2 )
EXTRUDE 1306 RETUI~~
EXTRUDE *307 END

I.
EXTRUDE * 309 SUSROUTING MODIFY (COOE.A,S.NUMNP,NE0.MSAMD)
EXTRUDE *3*0 C
EXTRUDE * 3*5 C SSS*66606**S*0604 6*660*8* 66069460 *6**06600 *606*6666*66644004S S*0*S*S**
EXTRUDE 13*2 C DITE0W INE THE POINTS FOR WHICH CORRESPONDING COMPONENT OF X IS
EXTRU DE *3*3 C SPECI FI ED (DUA L TO EEOC I N  AXSS. AND CALL CONOEN FOR M A T R I X
EXT RUDE *~~** C CON DENSATION
I *TO**I * 3*1 C S*..0.,0698 m.16..98..8 *DE..*.04s. *106*.*.16...06 *..*.*SR.9$..8 *04...
EXTRUDE 13*4 C
EXTRUD E *3*7 COMMON ~ VALL/ T MIT A.FT,TNIT N
EXTRUDE 13*4 DIMENSION 0 0 0 ( 4 t ), A( S q l , I ), S (5 )
EXTRUDE *1*9 00 *2* 18*. SUIMOR
EX TRUDE 320 *L.3S I
EXTRUDE * 32* 17.11.— I
E XTRUDE * 322 *0.17—I
EXTRUDE *323 C.C OD E II )
SXT*UDE *326 C
EXTRUDE 321 C SmS*00096. *6,666.00668 *S*.S*.966*8*..8*..RES. *60.*.044*6.44•9$.. *.S*
EXTRUDE *366 C CHECK 50 Th*S POINT CONTAINS NO I~~~ 0RNATION aS~~fl MEAN STRESS
1 X1RUDE 5327 C 994950696 60665**S6*9$S 0SSS*6068*060*0406S666 *00000646 *SOS**SS* *US
EXTRUDE *324 C 4
EXTRUDE * 31, IP(C.l.T.*0.)  CALL CDN0ENIA ,5,N10.0S .0,IL.O.I

• - EXTRUDE *330 C
EX TRUDE * 33* C 0606948*S606* S9606SRS60659 **S6046**66*049*96*966016 *0.6S**6S00.6S06S *
fw~*i~~~ ass c C4ECX IF THE R—6 .OCITY is SPEC SPIED

4 EXTRUDE *333 C **0SS*.*96.60S **SSSS*06S60 S6*S*6*S**596.SSS&SSJ .$$*4*S*..S0. *SS..S16SSS
EXTRUDE *334 C
EXTRUDE *315 IF (C.1l.l. .00 .C.ES.lI..EN.C.lG.3..OR.C.56.l$.)
EXT RUDE *336 I CALL COROENI0, S,N10,NS*Se,ER.0 . )
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XTPUO’ *337 C
EXTQUD_ * 30* C ***600***0**R**8** ******88.*****0S****880.44*S*..0...S,***S9696.49696.
EXTRUDE *330 C CHECK IF ~ NE 7—VELOC I TY IS SPECIFIED
EXTRUD E * 3*0 C 8***0******0**$******80********E*$8**0*550**$***0.,.S..*S,.**,*,.9640.
EXTRUDE *3*1 C
EXTR UDE *3*2 I~ (C.EC.2..O .C.EO.*2..Qp.C.EQ.3..C0.C.(O.1,.)
EXTRUDE 13*3 * CALL CONOEN(A ,S*.NEO.M$AND,I7,D.)

- - EXTRUDE *3*4 C
EXTR UDE *345 C *0**$*8R*k$***,e**500*W********* 4*..***t..0808. *...850.. *** .,.,,.,...
EXTRUDE * 3*0 C CHZCK I~ 7.47 P O I N T  I S  ALONG THE IP ,~CLIN!O BOUNDARY
EX TRUD E 13*7 C **855*0*$**l*806*I*S.,X*400**** *8$* **W*MAR****8$0p9*0R44****Sg...,S,
EXTRUDE *0*13 C
EX T°UDE *340 IF(C.!O.!..OR.C.ED.I5.I CALL OCMIX(A ,8,NEO.VFANO,I.THETAI
EXTRUDE *350 *21 CONTINUE

- • EXTRUDE 1351 C
EXTOUDE 1352 RETURN
EXTR UDE 1333 END

EXT°UDE l~’55 SUR RDUTIN ! COPdOEN (A,5.NEO,$OA ND.N,U)
EXTRUDE 1350 0
EXTRUDE * 367 C *0806S******050*.14004***.**,*.656****************09* ****.*b***.*****.
EXTRUDE *356 C PERFORM THE MATRIX COP~DEPISATION WHEN THE VALUE QF A COMPONENT X IN
EX T °U OE *35° C AX . R  IS SPEC I F I E D  EQUAL TO Z E R O .
E X T R U D E  1360 C *****608**s*****8********040.W**********,****•0**0**.**********.*.*•s*
EXTRUDE 1361 C
EXT PU O~ 1362 D I M E N S I O N  9 ( P 4 E O ) . A ( N~~O, 1)
E X T R U D E  1303 00 235 M.2 ,MRAN O
E X T R U D E  *364 K . N — M + I
EXT RUD E * 365 1 0 ( K)  235,235.230
EXTRUDE 1366 230 A (K.M) 0.0

— EXTRUDE *367 235 A (N,W)8O.O
E XTR UDE *O4E
EXTRUDE 1369 0 ( N ) — U
E X T R U D E  *370 RETURN
EXTRUDE *371 END

E XTRUDE * 373 SUROOUTIN ! PCWIX(A ,8.PEC.UBANO .N.THETA)
EXTRUDE *374 C
EXTRUDE *375 C **860*.* ****0*VX80046600 ***** .*%**4*R*****8******** 8009*t**$$$004400 *
E X T P U O E  1376 0 THIS SL000UTINE IS TO ENSURE THAT THE VELOCITY ALONG TUE DIE IS
EXTRUDE 1377 C TANGENTIAL . TO THE DIE ~0R C ON I C A L  D I E S
EXTR UDE 1378 C *E***0*t****a****0*0060*0040000444000 **9*R0 ,****,*.***t$.*906.$$*$5*,.
EXTRUDE 137° C
EXTRUDE *300 DIMENSION P(NEQ).A (HEC.1)
EXTR UDE *301 C —

EXTRUDE 1302 C 4046$*0*004*****40449*06004 ****0*5408***S*8*440005$ **040S000 ***** .****
EXTRUDE 1033 C SINCE UR.IJPaTAN (THETA) *LCP.G THE 0*!, * C000EEDONOING CHANGE IS  MADE
EXTRUDE *364 C IN THE STI’FN!SS EOUAT I OIIS  FOR RO W S AND COLUMNS CORRESPON D ING TO
EXTRUDE *385 C THESE CDMRONENTS...TH!P4 TIE EQUATION S CONTAINING UP ARE E L I M iN A T E D
EXTRUDE 1306 C *8*****0*********04s******* 060**0****** 004***8*.86096*R0*s*S**********
EXTRUDE *307 C
EXTRUDE *358 N7.3*W—1
EXTRUDE 1369 NA .NZ— I
EXTRUDE * 390 ALGA . T*N(TNETA)
EXTRUDE *39* 00 350 M.1, M5*p40
EX T R U D E  *392 350 A ( N e ,M ) A ( N R , M l *ALPA
EXTRUDE * 393 A ( H R ,1) . A I N R , I) *A l . PA
EXTRUDE * 39* A ( N A , 2 1 —A ( N R . 2 * *2 .
EXTRUDE * 393 00 340 M.2,WRAND
EXTRUDE *396

• EXTRUDE *397 I’IKR .*.!.O) GO TO 34*
EXTRUDE $398 340 A ( k R . M ) . A ( K R .R ) *A LP A
EXTRUDE 1 399 341 CIONTINUE
EXTRUDE *400 R (N P )  s B(NR)0*LDA
EXT R UDE *40 * 00 35* M.2 ,M8**~D
EXTRUDE 2002 KZaHZ—Mel
EXTRUDE *403 IF(K?.LE.OI GC TO 332
EXT R UDE *40* A ( 1 4 Z , M ) . A ( K Z, M ) . A ( K 7 , M~~1)
EXTRUDE *405 332 CONTINUE
EXTRUDE 1400 TP(V.EO.MBANDI GO TC 3534 EXTRUDE *407 KZ NZ•M— *
E XTRUDE *4013 IF (Kl.GT.NEO) GO TO 383
EXTRUDE *609 A (NZ.W).A (N2.Mb.A (NR ,M,*)
EXTRUDE *4*0 353 CONTINUE
E X T R U D E  *4 *1  35* C O N T I N U E
EX TRUDE *4*2 A ( N ? , l * a A I N Z , * I P A ( N R ,7 ,
EXTRUDE *413 A ( N 0 . I I 8 1 . O  109
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- - EXTRUDE *414 00 355 M.2.MBANO

EXTRUDE 1418 KR NR M O )
EXTRUDE 14*6 IF(KR.LE.0) GC TO 360
EXTRUDE *417 A IKR ,M )R0.O
EX TRUDE 141$ 360 CONTINU E
EXTRUDE *419 A (NR,M*sO.0
EXTRUDE *420 355 CONTINUE

EXTRUDE *42* •(NZ)NO(N13).S(NZ)

EXTRUDE 5 422 6(NR).0.O
EXTRUDE 1423 C
EXTRUDE *424 RETURN
EXTRUDE 1423 END

EXTRUDE 1427 SUBROUTINE TRIA (NN.NM .AI
EXTRUDE 1420 C
EXTRUDE *429 C ******************************************t***SR********* **~~**0****0**
EXTRUDE 1430 C TR1ANGUL.AR!ZATION OF GUASSIAP’I ELIMINATION FOR THE SOLUTION OF BANDED
EXTR UDE 145* C SYMMETRIC MATRIX.
EXTRUDE 1432 C 000604*0**.*0450*000S400*0006****0606*****0*A***640696S**8**80**00050S
EXTRUDE $433 C
EXTRUDE *434 DIMENSION A ( N k , 1)
EXTRUDE 1435 *000 N.0
EXTRUDE 1436 100 P4*1(61
EXTRUDE *437 IF N.EO.NP4IRETURN
EXTR UDe 1438 1Ff A ( 1 4 , 1 b.8 O.O .0 )G O  TO 100
EXTRUDE 1439 I N
EXT R UO E *440 NR M I N 0 ( M M , NN -N+1)
EXTRUDE *441 00 260 L.2,M8
EXTRUDE 1442 I~~I .1
EXTRUDE *443 C.A(N.L)/A(N,*)
EXTRUDE *444 IF(C.E0 .0.0)GC TO 260
EXTRUDE *445 Ja O
EXTR UDE *446 00 250 K.L, Me
EXTRUDE 1447 J*J6 L
EX TRUDE 14415 250 A ( I , J ) . A ( I , J ) - C * A ( N . K )

EXTRUDE *449 A(N,S. .*.C
EXTRUDE 1450 260 CONTINUE
E XTRUDE 145* GO TO *00
EXTR UDE 1452 END

EXTRUDE *454 SUBROUTINE BACICS (PIP.,MM,A.0*

• EXTRUDE *45! C
EXTRUDE 145 6 C *0900****S****A06000060000009**0006*00040000000**c*000*0*0054*0*S****0
EXTRUDE *457 C RACK SUBSTITUTION FOP SOLUTION 00 PANDEO SYMMETRIC MATRIX
EXTRUDE 1438 C 0000660*000800606000 *0000600* ** *****099**64004 *******0************** S*
EXTRUDE 1459 C
E XTRUDE 1460 D I M E N S I O N  A ( I ) , ! (*)
EXTR UDE *465 MWM .NM—I
E XTR UDE 1462 N.0
EXTRUDE *463 270 P4*11+1
EXTRUDE 1464 C*e(Pfl

- - - EXTRUDE 1465 IF(A (N).NE.O.O)13(N).P(P.)~~A (N)
EXTRUDE 1466 f F ( P . E O . N N ) G O  TO 300
EXTRUDE 1467 IL.N.I
EXTRUDE 1468 IN*WINO (NN,N,MNMI

- 
- - EXTR UDE 1469 N.H

EXTRUDE 1470 00 28! 1.11.1.4
EXTRUDE 147 1 N.M OWN
EXTRUDE 1472 2 05 5 ( 1 ) . 1 3 ( I I — A ( M l * C
EXTRUDE *473 GO tO 270
EXTRUDE *474 300 IL-N
E XTRUDE 1475 N . H — I
EXTRUDE *478 I P ( P 4 . ! O , O l RETUR N
EXTRUDE 1477 1PI.PINO(NN,N.MMN )
EXTRUDE *474 M.N
EXT R UDE *479 DC 400 I . I L , I I .
EXT000! 1480
EXTRUDE 143* 400 13(N).R (N)—A (N1015(II
EXTRUDE 1*62 GD TO 300
EXTRUDE 5463 C

— - EXTRUDE *404 END
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EX TRUDE *465 SUOQOUTIWE CFDRCE(Nc ,FR .c2.WST.PDuR .B.Me*No.NsF ,werz)
£X?°UDE 14S7 C
EX TRU E * 488 C *s**SM4*...A8~~*..**...*..*.** .w**** .*u48A**aS4..*.•a.*aas4* **•R** .RuS

-( - EXTRUDE *469 C C A L C U L A T I O N  CI F3*C !S ON SCUNOARY NODAL POINTS
E XTR UDE 5*90 C * .a.... *..*....*..s...Ar.s. .**...***.... *4s.s.**.....s *a... *s.*.*50**
P X YRUC ! *49 *  C
£XT°UD! *492 D I M E N S I O N  N ( I * .’S T ( N P F 2 . *) . FRU R IP5S M2 *.P C ( 1*. VZ I t % . 5 ( * )
EXTRUDE 1493 1 (NQ’ .LE. 0) 90 TO 12’
EXTRUDE 5404 M~~AND2.2*MP*N C 1
!XT P UDE 5495 DC *21 1.1. NRP
EXTRUD! 1498 IZ .3N*I )— I
E X T ~~UDE *49 7 IR. 11—1
EXTRUDE 149* 11Zu2 2
EXTRUDE *499 IIR.II7—1
EX T RUDE *501’ 5UM3 0.
EXT~ UOO *501 SUM Z.O.
E X T ~~UD! 1502 DC 122 .1.1 , M**P.02
ErT~ UD! 1503 J# . IP4J~~M5 APLD
EX TRUDE *504 J?*JR+l
EXT R UDE 1503 1~~(JR .11. 0* *0 TO *2.
EX TRUDE 1508 SUMP.SUMR.FST(11R.J).b(JR)
E XTRUDE 1507 *26 I’(JZ .LE. 0) GO TO 122
EXTRUD E 150* SUM?.SUHZ.FST(I1Z .J)**(JZS
EXTRUDE 1509 122 CONTINUE
E X T R U D E  1510 WC(I).SUMR PPUR(IIR)
!XTOUD *511 121 F7(I).SUMZ—’R%$ (1I7)
EX TRUDE 1512 124 CON T INU E
EXTRUDE *5*3 RETURN
E X T R U DE *514 END

EXTRUDE 1516 SUREOUTIN ! INTODOL (X,Y.U.Xk .YY.UU,IFLAG)
EXTRUDE 1517 C
EXTRUDE 151 5 C •*44*..*. .**s*S*O**4s**m4*S***S*X**S*****R***.**~~~ *X*****RSS*M4*96*.*
EXTRUDE 1319 C INTERPOLATE THE VALUE Of UU AT 000PDINATE S (XX.YY) BY KNOWING THE
EXTRUDE *520 C VALUES O~ U AT OCUR SURROUNDING POINTS.
EXTRUDE 1321 C **E**4**A.***.**Y*W********W*.*******S****..*S*96,WR *****S*S4965,R*4**
EX TRUDE 1522 C
EXTRUDE 1523 0IW !NSICN X(4),Y(*).U(4).A14,4).COEP(4)
EXTRUDE 1 524 C
EXTRUDE 1 528 C *M4~~~ ** .*R*****$*4.***S*S**W a.***$***M*******.***R4,***4*4***.*96**$44
EXTRUDE 132* C DETERMINE TIlE MA TR IX A , TN! IN VERSE D~ THE INTERPOLATION MATRIX...
EXTRUDE 1327 C I~ IFLAG.1, THE A W*TRIX IS ALREADY KNOWN

• E YIP UDE I 026 C * **.* *****0*6*****M* .R**~~~~*R**4****** .R*4* **RA*A********a*96*96*.,
EXTRUDE 1529 C
EXTRUDE 1530 I0(IFLAG .EC.I ) GO TO *00
E X T R U D E  I!31 X * . X f  I )
EXTRUDE 1532 X2 X *2 *
EXTR UDE 1503 X3.X (3)
EXTRUDE *534 X4 X(4)
E X T R U D E  1535 Y I * Y ( 1 )
EXTRUDE 1536 Y2mY(2)
EXTRUDE *537 y3.Y(3)
EXTRUDE 1538 Y4 Y ( 4)
EXTRUDE I5’Q X12 X 1—X 2
EXTRUDE *540 X*3.XI—X0
EXTRUDE 15*1 X14.XI—X8
EXTRUDE *342 X23*X2—X3
E X T R U D E  * 543 X24.X2—X4
EXTRUDE ISA’ X34.X3—X4
EXTRUDE *545 Y 12 . Y l *Y 2 S X I 2
EXTRUDE 1346 V134Y1RY3*X13
EXTRUDE 1547 V*6’Y * T4 X *4

- - E X T R U D E  1548 Y23XY7*Y3RX23
EXTRUDE *549 V34.y2*y4*X24
EXTRUDE *350 Y34sY3 *Y4*X34
EXTRUDE *55* A I 1 , 1 I . . X2 . Y 3 4~~X3*Y24+X4 *Y23

- - EXt RUDE 1552 A ( I , 2 ) .— X I *Y 3 4 .X 3 * Y ) 4 X4*Y 13
• EXTRUDE l eSs A ( I ,3 ) . . X 1*V 7 4~~*7*Y 144X6 *Y17

EX TRUDE 1554 A ( * , 4 ) .~~XI *y2 3+X2*y *3 X3 *VI7
EXTRUDE 1355 A12,f)—Y23,y26—y3*

• EXTRUDE 1558 A (2.2)..Y13—vI4.Y34
EXTRUDE 1357 AI2,3). Y12.YI4—Y24
EXTRUDE 5558 A ( 2 . 4 ) — , Y *2— Y 1 3 , Y 2 3
EXTRUDE 135* Z * * . Y I ~ 123
EXTRUDE *360 ?12.Y**X24
E XTRUDE *S61 2I3 .Y1RX34
EXTRUDE 1562 Z2*.Y2*X13

4 EXTRUDE * 363 722.YE4XI4
EXTRUDE 1564 723.Y2*X34
EXTRUDE 5565 Z3IuY3~~X I2
E X T R U D E  156* 7 3 2 .Y 2 0X 14
EXTRUDE 156? 233.Y34K7*
E XTRUDE *505 Z4I.Y4*X12
EX TRUDE *569 ‘42.y4*X 13 j •llEXT•UD! 1570 Z43aY4**23

-— — -~~~~~~-~---a’~~ ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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EX T R UDE *571 **3,*)..X2*223—$3*?33*I4*Z43
EXTRUDE IS?? A( 3 .2 I .~~k I*ZI3.X3*Z32. X4 *Z42
E X T RUD E *873 A ( 3 . 3 *. . X * *Z *2 X2 *122 .X4 *?4 *
EXTRUDE 1 574 A I3 ,45~~~X**ZI*.X2*?2*—X3*?3*
EXTRUDE *575 4(4,l).—223*23’ 143
EXTRUDE 1576 A ( 4 ,2 ) .+Z 13 132+Z42

• EXTRUDE 1377 A ( 4 . 3 1 — — 1 12 + Z 2 2 — Z 4 *
EXTRUD E 1378 A (4.4)..**l—Z2*,131
EXTRUDE 1579 DETER ,A( *,1*+A (I.2)+Al*,31,AII,41
EXTRUDE *580 *00 CONTINUE
EYTQ (A)E *58* IFLAG.O
EXTRUDE *562 lF*OETER.EO.O.l GO TO ISO
EXTRUDE 18n3 DO *30 .1.1,6
EXTRUDE 1354 COEP(J).0.
EXTRUDE *505 DO *20 1.1,4
EX TRUDE * 565 *20 COEF(J).COEF (j),A (J.I)*U (I)
EXTRUDE *567 *30 COEF(J).COEF (J)/DE1ER
EXTRUDE 1568 UU~ COEFCII,COEF (2)*XX4COEF (3)*YY4COEF (4)SXX+YV
EXTRUDE 1560 RETURN
EXTRUDE *590 5150 UU~~(U(I)*IYY—Y(2)).U (2)*iY(l)—YYl)~~(Y(lI—Y (2)I
EXTRUDE 1391 RETURN

• EXTRUDE 1592 END

EXTRUDE *594 SUBROUTINE $ . A I N S  ( R , Z ,U R . U T , I E L . EP S, TEP S, STR . X , Y . XA R EI ,U, V. XX. YY ,
EXTRUDE 1395 1 A , B , A A . 8 8 , C , E E , N I , N J , NT I M E S . NEL .NNP , N M A X )
EXTRUDE 1596 C
EXTRUDE *597 C ********* **************** ***********6**************** ******+**SS*SSS**
EXTRUDE 1596 C bURROUTINE FOR DETERMINAT ION OF FLOW PATTERN, NETWORK OF GRID
EXTRUDE 1599 C DISTORTIONS. THE EFFECTIVE STRAIN DISTRIBUTION AND THE VALUES OF
EXTRUDE *600 C EFFECTIVE STRAIN FOR EACH ELEMENT.
EXTRUDE 1601 C ******** $**$S**************$***************** +****************4*4*S44S
EXTRUDE *602 C
EXTRUDE 1603 DIMENSION R*1),Z(* ),UR*1),UZ( 1),IEL (NEL .* ),EPS(3,1),TEPS(5,I*,
EXTRUDE 1604 * STR(NI,1) ,X(NT,I).Y(*l,XARR (l t,U (NI,l 5.V(NI.I I,XX (NTZMES,1I.
EXTRUDE *603 2 YY(NTIMES,1),A (*5.B(*I,AA (NI,1),BR(1),C(l),EE (NTIMES,*)
EXTRUDE *606 DIMENSION R814),ZZ(41,URR(41,UZZ(41
EXTRUDE 1607 COMMON /STRPATH/ ST€P,YSTART,YDIE,YEXIT,YMIN,RENTER.REXIT.VEXIT
EXTRUDE *608 COMMON ~WALL/ THETA,FT,TANTH
EXTRUDE *609 MIM I—NI—I
EXTRUDE 16*0 NJM* NJ—1
EXTRUDE 1611 C
EXTRUDE *6*2 C *S************************************S***********$**SS*****S*+*S+*S**
EXTRUDE *6*3 C FIRST ARRANGE THE AVAILABLE ZP~~ORMA?1QN 114 PR OPE R FORM
EXTRUDE lOlA C ************** ************* SS********* +*************** **-*S**SS*S+~~ *$S
EXTRUDE 16*5 C
EXTRUDE 1610 K.j
EXTRUDE *6*1 L.0 -
EXTRUDE 1610 100 L’L+l
EXTRUDE 16*9 Y ( L ) . 2 ( K )
EXTRUDE 1620 00 1*0 I.*,NIMI
EXTRUDE 162* X (I,L).P(K)
EXTRUDE *622 U(1 .L)—UR(K*
EXTRUDE *623 V (1,LI.UZ(KI
E X T R U D E  *624 *10  K K6I
EXTRUDE *625 X*NI ,LI X(NIM*,L)
EXTRUDE 1626 U (NI,L).U (NIMI,L1
EXTRUDE 1627 V(NI,L).V(NIMI,L)
EXTRUDE 1628 If (K .GE.PIMP) *50,100
EXTRUDE *629 C
EXTRUDE *630 C **********************************566**$*****************S**S+*044SS**
EXTRUDE 1831 C DETERMINE THE COORDINATES OF THE CENTERS OF THE ELEMENTS
EXTRUDE 1632 C ********** ********* +******************S***********+*S*****+*SS**S**9**

• EXTRUDE *633 C
EXTRUDE 1634 ISO 00 160 N.1,NEL
EXTRUDE *635 I1.IEL (N,I) /
EXTRUDE 1636 12.IEL(N,2)

-: EXTRUDE *637 I3.IEL(N,3)
EXTRUDE *638 I4.IEL(N,4)
EXTRUDE *639 AIN).(R(II)GR(12)+R(I3)+R1141)/4.
EXTRUDE 1640 *60 8tIaI.IZ(II)+2(I2).l(I3*+Z(*4))~~4.
EXTRUDE *64* C
E X T R U D E  *642 C ********664******S***Ø*******S**S*************** S*0*6S*400***SSS*ME SS*

- - EXTRUDE *643 C ARRANGE THE NEWLY DETERMINED VAU~~S IN A PROPER FORM
EXTRUDE *644 C *$****+ **+*9aS,****.****4*S****S******SS+***4S*+*+*$ea**s,**Ø~~~~~~~m
EXTRUDE *645 C

• EXTRUDE *646 K.l
- - 

-

- 

EXTRUDE *647 L*0
EXTRUDE 1648 *65 LaL.+1
EXTRUDE *649 86(1.1.6(K)
EXTRUDE 5650 AAII,LI.0.
EXTRUDE *651 STR(*,L).EPSI5,KI
E X T R U D E  *652 00 *70 I .2 ,N I M I
EXTRUDE *653 AA (I,LI.A(k)
E XTRUDE *654 STR (I.L) ERS(5,K*

112



EXTRUDE 16S3 *70 K.K+1
EXTRUDE 1655 AA(P11.5.).REXIT+BRIL**TANTH
EXTRUDE 1657 IFIBBIL).GT.YDIE) AAINI,L).l.
EXTRUDE 1608 IF*eR(L).LT.YEXIT) AA (Nl,L).REXTT
EXTRUDE 1639 %TR(NI,L).EPS(5 .IC~~*)
EXTRUDE *650 IF(K.LT.NEL) GC TO *65
EXTRUDE *861 C
E X T R UD E I 602 C ***.****u**.****4********* ,**Aa****R************* .*.A’***.********** ,*
EX TRUDE 1883 C ‘(OW DO THE INTERPOLATION AND DETERMINE THE FLOW PATTERN
E XTRUDE 1 666 C ***6****$*****4****48**$*****R*$********6*****,A*****$R*****8***594*S*
EXTRUDE *663 C
EXTRUDE *668 00 300 N .1,NT IMES
EXTRUDE *66? C
EXTRUDE *668 C *A*.*S******$$*****SS*$*********6*****S**********..****SS***S*$*S****$
EXTOUDE 1 669 C SET THE COORDINATES DC THE STARTING POINT
E XT R U D E * 370 C ********$E************ **********W************** **R**W**************** S
EXTRUDE *67* C
EXTRUDE *672 X X ( N ,I ) . C ( N )
EXTRUDE *673 Y Y ( N , I I *Y S T A R T
EXTRUDE 1674 C
EXTRUDE 1675 C *********+*4**S*W**********S********S6*S****S***S.****S*6***$*S***S***
EXTRUDE 1676 C DETERM INE THE LOCATION OF THE PRESENT COORDINATES OF THE POINT IN
EXTRUDE *677 C TERMS OF T~ E FOUR SURROUNDING NOCAL POINTS
EXTRUDE 16715 C *******S******************************************S**********ME*******
EXTRUDE 2679 C
EXTRUDE 1650 IFLAG.O
EXTRUDE tOR I P4COUNT.O
EXTRUDE 1602 MOLD—I
EXTPUDE 1603 * 01.0.1
EXTRUDE 1604 210 P.COUPIT.NCOUNT+1
EXTRUDE 1665 XXX.XX(N,NCOUNT)
EXTRUDE 1666 YYY.YY(I4 ,NCOUNT*
EXTRUDE 1 687 IFIN.E0.NTINES.AND.YYV.LE.YEXIT) GO TO 300
EXTRUDE 1665 IF(YVY.I.E.YMIN) GO TO 300
EXTRUDE 1669 DC 22*) X.$O4.D,NJMI
EXTR UDE *890 220 1F(YYY.LE.Y(I).APID.YYV.GE.Y (I+*)5 M u l
EXTRUDE *69* DO 230 I.*.NI
EXTRUDE 1692 230 X A P 5 ) ( I ) . X (~~ ,M ) ( K ( 1 , M ) — X I l , M + 1 ) ) * ( Y ( M ) YYY)~~( Y ( M ) Y( M + 1 ) )
EXTRUDE *693 00 240 I.* ,NIM*

- - EXTRUDE 1694 240 I F ( X X X . S E .X A P E ( I ) . *N O . XX X . L E . X A R R (* , 1) )  Lu!
EXTRUDE *695 IF(MCOUP4T.IO.l) GO TC 230
EXTRUDE *596 !F(M .EO.MOLD.ANO.L.FO.LOLD) GO TO 260
EXTRUDE *697 230 RR(1*.XIL,M)
EXTRUDE *696 RR(2) XIL ,M+1)
EXTRUDE *699 RR(3).X(L ,1.M.13
EXTR UDE 1 700 RP (4*XX(L61.M$
EXTRUDE *70* Z2(I).?Z(41.Y(M*
EXTRUDE *702 ZZ52).?2(31.Y( M•*)
EXTRUDE 1703 URPII)uU (L,N)
EXTRUDE 3704 U R R ( 2 ) . U ( L . M + *)
EXTRUDE 1705 URRI3).U(L+2,R+1)
EXTRUDE 1706 URRI4) U (L+1,M)
E X T R U D E  1701 UZ7(*).V(L,M)
EXTRUDE 1706 U Z 7 ( 2 ) .V ( L ,M + *)
EXTRUDE 1709 U Z Z ( 3 ) . V ( L + 1 , M + I *
EXTRUDE 1710 UZZ (4) V(L.1.”)
EXTRUDE 1711 00 TO 270
E X T RUDE 17 12 C
EXTRUDE *713 C **********************O ****** ****** 6************* *****+*****t*.*SSS***
E X T R U D E  *7 *6 C THE POINT 15 LOCATED IN THE SAME ELE MENT AS IT WAS FOR THE LAST STEP .
E X T R UDE *1*5 C HENCE THE INVE RSE OF THE INTERPOLATION MATRIX IS ALREADY KNOWN
EXTRUDE *7*6 C ********************** *+*************************,*R******* ****+*,SS**
EXTRUDE *7*7 C

— • EXTRUDE 17*8 260 IFLAG.*
EXTRUDE 17*9 C
EXTRUDE 1720 C ******* $**4*,**S****4* 5S*****S**S*****S 4*9***S*QS***S4****** 406*S*4S*$

EXTRUDE 172* C DETERMINE U AND V AT THE POINT ON FLOW LINE 8’ INTERPOLATION.
- 

- EXTRUDE *722 C a***,*S**+O*6**.****S*t****S****5*S**460*************S**S*S+4660***S**
• EXTRUDE *723 C

EXTRUDE *724 270 CALl. INTRPOL (RP,ZZ,URR ,XXX,YYY.UU,IPLAO)
- 

- , EXTRUDE 1725 IFL . AG.*
EXTRUDE 1126 CALL INTRPOL(PP ,ZZ,U7Z.XXX.VYV,MV,IF*.AG)

-• EXtRUDE It?? C
EXTRUDE *724 C ******w**8***.**.4***.s.*****S**S.*.*****S*5******s.S******S**S*****+S
EXTRUDE *729 C DETERM INE THE NEXT LOCATION 0’ POINT ON •LOW LIHE
EXTRUDE 1730 C •*S**~~~.~ ***4~~*$*4d 4*S********S***6******S***S8*.**9**S*SA’****646***S

- E X T R U D E  *73* C
EXTRU’)E *732 *X(P~,NCOUNY****X*X+UU*STEP
EXTRUDE 1 733 VV(N,NC0~~~T.I).VY,.V~~~$TER4 EXTRUDE *134 L~~.0*L
EXTRUDE 1733 MOLDuM
EXTRUDE *736 IF1I..N! .NTIMES* GO TO 310
E XTRUDE 1737 X X *U M E X I T + V V ( N .N C(’IJNt .I ) *TANTN
EX TR UDE *738 IP I I Q X . L T . X X I A ,P. COU WT .I1 l  XX(P. .NC OUN1+l ) .XXK
EX TRUDE *736 I f ( X X ( N ,NCO*?4T+1).ST.l .*  X X ( P , .NCOUEI T *1.1.
EX TRUDE *740 C,C tO 3*0
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• I EXTRUDE 1741 C
EXTRUDE 1142 C 4S********S***4*****S**$.****9**.4**S***$******a*,*SRSS*5S*S$S*S**** .$

~H I  EXTR UDE I74X C THE POINT I S  M O V I N G  W I T H  E X I T  VELOCIT Y
I E X T R U D E  176* C W*******S*A**6*4*,****,***.*S4***************a6**S$*W**S*S*S*S*6954$5S

E X T R U D E  1745 C
EXTQUOE 1746 300 XX(N ,NCO*RIT.1).XXX
EXTRUDE 1747 YY (N,NCOUNT.I).YVY,VEXIT*STEP
EXTRUDE 1 740 3*0 IF4NCOUNT.LT.NMAX~~1) GO TO 2*0
EXTRUDE * 7*9 C
EX T R U D E 1150 C 4**************9* S.e*64..*.**s*S******..**S**6S**s.s****e.****S*864*..
E X T R U D E *75* C D E T E R M I N E  THE VALUES OF E F F E C T I V E  S TRA I N  AT EACH DOINT FOR AU. PLOW
EXTRUDE 1752 C L I N E S
EXTRUDE * 753 C S************************************S*********A*4*S****S********I**-A*
EXTRUDE 1754 C
E X T R U D E  *755 NCC UNT —0
EXTRUDE 1756 EE(N,II.O.
EXTRUDE 1757
EX?PUDE *755 400 NCOUNT.P4CCUNT+1
EXTRUDE 1750 Y Y Y ’Y V I N , N C OU N T I
E X T R U D E  *160 XXX .XXIN ,NCOUNT)

— 
EXTRUDE *78* I F I Y Y Y .L ! . Y EX I T )  GO TO 460
EXTRUDE 1762 C
EXTRUDE 1743 C ****************S************ $*****$*********$S$*R*S*5*S*4*$S**4S4**S9

EXTRUDE *764 C DETERMINE TN! LOCATION OF FOUR SURROUNDING ELEMENT CENTERS.
EXT°UDE 1165 C *********** 6*SI*****4****************** 6*****6S***.***S****6*6****$S**
EXTRUDE 1766 C
EXTRUDE 1767 P4JMII .NJWI—*
EXTRUDE 1768 DC’ 4*0 I.NOLD,NJV1 I
EXTRUDE 1769 *10 !‘ (YYY.LE.BR(I).AND.YYY.GE.R6(I#lI) N.I
EXTRUDE 17”TO 00 420 1 I , N1
EXTRUDE 1171 420 XAQP(I).AA(I.$)— (AA(I,M*—AA (I.M.l*)*leR(MI YYY)/(88(M)—eB(M,I*)
EXTRUDE 1772 00 430 I.l.NIMI
EXTRUDE 1 173 430 IF(KXX.GE.XARP(1* .ANO.KX X.L.E.XARBII.1)) L.I
EXTRUDE 1774 IE (N C OU ’(T .E O . l )  GO TO 450
EX TRUDE 1775 I F I M .EO. M OLD . *N C .L . E O . LO LD I  GO TO 460
EXTRUDE 1776 C
EXTRUDE 1777 C *************S*******$******$**$*****$******$***S**9****S*******S**$**
E XTRUDE 1718 C INTERPOLATE THE VALUES OF STRAIN—RATES.
EXTRUDE 1179 C S*****A*****S****************************S**********************964***
EXTRUDE 1780 C
EXTRUDE 1781 450 ROIl) .AA(L,U)
EXTOIJUE *782 P P ( 2 ) A A(L . M + I )
E XTRUDE I70~* R913).AA(L4-1,M+I )
EXTRUDE 1786 RR(4).AA(Le*,W)
EXTRUDE *785 Z?(j).?Z(4) .PB(M*
EXT RU DE 1186 Z 7 ( 2 ) . 7 2 (3 5 8 5( I l 4 1)
EXTRUDE 1787 tIRR(I1.STRCL,MP
E XTRUDE 1705 URR (2).STR(L,M+1*
E X T R U D E  1780 UP~~(3 *u ST R ( Le 1 . M 4 ) )
E X T R U D E  *190 U P R ( 4 ) .S T R(L 4 1, M )
EXTRUDE 1791 GO TO 470
EXTRUDE *792 460 IFLAG.I
EXTRUDE 1103 470 CALL INTRPOL(ER.ZZ,URR ,XXX ,YYV,E$TEP,IFLAG)
EXTRUDE 1194 C
EXTRUDE 2 793 C ********************************6******************************,******

EXTRUDE 1796 C ADD THE INTERPOLATED ST RA I N — R A T E  I N C R E M E N T A L L Y  TO THE VALUE CR
EXTRUDE I’S? C EFFECTIVE STRAIN AT PREVIOUS LOCATION TO DETERMINE THE EFFECTIVE
E XTRUDE 1796 C STRAIN AT NEW LOCATION.
EX TRUDE 1199 C *a*****6*********$6*%****44**$*4S****S*************************S***g**
EXTRUDE 1800 C
E X T R U D E  1501 EE (P4,NCOUPJT+* )WEE(N.KCCUNT)4ESTEP*STEP
EXTRUDE *802 LOLD.L
EXTRUDE 1803 MOLD—N
EXTRUDE 3804 GO TO 490
EXTRUDE 1805 460 E E ( N , MC0U N T , *) . E E (N ,N C O UN T )
EXT°UDE 1506 490 1F(NCOUNT.LT.~~MAN—II GC TC 400

- • EXTRUDE *507 500 CONTINUE
-~~ J EXTRUDE *508 C

• 
• EXtRUDE 1509 C ********* 6***r.******** $****** .***** 94~~****6**** $*.***.*$9***9$*5S94***

EXTRUDE 10*0 C INTERPOLAT E THE EFFECT IVE STRAIN DISTRIBUTION FOR ELEMENTS FROM VALUE
• EXTRUDE *0*1 C OF E’r!CTIVE STRAINS ALONG FLOW LINES.

EXTRUD E 1512 C *.**t****$9*4********* $S*4**$**,***$****$$*S*$*~~*$$*********** S$**S*$*

• EXTRUDE *6*3 C
EXTRUDE 1014 00 700 14 *,NEL
EXTRUDE IRIS IF(RINI.GT.YY (I.1)1 GO TO 550
EXtRUDE *616 00 350 J.2,NTIM!5
EX TRU D E 2 8 2 ?  DC) 520 I . l ,NMAX
EXTRUDE *810 IF(e(N*.L’.YYIJ,II) GO TO 520

-• EXTRUDE *8*9 L— I

4 EXTRUDE 102D GO TO 330
EXTRUDE 162* 520 CONTINUE
E X T R UD E  1822 530 T F ( X X ( J , L t . L T . A( N ) )  GO 10 550
E X TRUDE 1823 K.J

— EXTRUDE 1~~24 GD TO 5~~0
• EXTRUDE *825 330 C ON T I N U E
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EXTRUDE 1826 360 IFLAG.0
-
• EXTRUDE 1527 RR (I).XX(SI—1,L)

EXTRUDE 1828 QR (21.XXIIC—t,L—II
EXTRUDE *829 R Q ( 3 ) Z X X I K ,L—I)
EXTRUI)E 1530 R 9 1 41 *Z I k , L )
E XTRUDE 183*
EXTRUDE *832 ZZ(2)sVYIK—1,L.— **
EXTRUDE *533 Z7(3*aVY(K ,L—))
EXTRUDE *834 ZZ(4).YYII~,L1
EXTRUDE *835 upq (11aEE (gc~~1,L)-

• EXTRUDE 1836 URR(2)~~EEIsc—I ,L—1 *
EXTRUDE 1537 UR013).EEIK,L—l1
EXTRUDE *830 U RR I 4) .E E ( k ,l. )
EXTRUDE 1839 CALl. INTRRo*. (RR,7?.UPR,A (N*,SIN),TEP$15,N),IRL*G,
EXTRUDE 1840 GO TO 700

• EXTRUDE 1841 650 TEeE (5,N)o0 .
EXTRUDE 1842 700 CONTINUE
EXTRUDE 1043 C
EXTR UDE *6*4 RETURN

EXTRUDE *645 END
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