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Chapter I

INTRODUCTION

Glass fiber reinforced epoxy is an effecient structural material,
coupling high strength with light weight. This favorable strength-
weight ratio makes the material attractive for some flight structures
as well as other machines and structures where weight is an important
consideration. In recent years the material has undergone considerable
development, and it has experienced a moderate amount of use for some
components. Presently, its use is hampered by the difficulty in
predicting the material's behavior under loads which approach the breaking
load. Whereas many materials exhibit near-linear behavior up to failure,
glass-epoxXy laminates typically exhibit a considerable amount of nonlinear
deformation prior to gross fracture. Zones of increasing material damage
occur in the form of crazing, ply cracking, and ply delamination. In
some applications, efficient use of the material requires employing the
material at stress levels well into the nonlinear portion of the laminate's
stress-strain curve. Questions then arise relative to a precise definition
of exactly what constitutes failure, the form of the stress distribution
around notches and holes, and the laminate's stress-strain response in the
post-crazing region.

These questions provided the impetus for this research. The overall
purpose of the work was to obtain information that would contribute to
rational methods of strength predictions and design of glass-epoxies.

Toward this end, a joint program of material testing and numerical

- |
PR
;

v
-0




investigation of glass-epoxy laminates was undertaken. The specific
objectives were to determine the appropriate stress-strain behavior
for various glass-epoxy laminates, develop a finite element computer
model for determining the stress distribution around stress raisers,
such as notches and holes, and determine ways to apply these results
to the failure mechanisms to predict the strength of laminated glass-
epoxy structures.

A specific material, Scotchply XP-250, was selected as a test
material. This material was characterized with respect to its ply
properties in tension, compression and shear. For verification of
prediction methods, three angle ply laminates-—[i30]s, [tus]s, and
[iGO]S——and one quasi-isotropic laminate, [O/qu/QO]s, were tested
in tension. Finally, the [0/1’45/90]S laminate containing a hole
was tested to failure. These tests were compared to the finite
element results.

The finite element program contains a doubly-curved, thick-shell,
isoparametric element. The program will predict the stress distribution
in both thick and thin plates and shells loaded transversely or inplane.
The shape of the crazed or yielded region around stress raisers can
be mapped and the change, with increasing load, in the shape and size

of this damage zone can be determined on up to complete failure.
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Chapter II.
MATERIAL CHARACTERIZATION TESTS

Introduction

The material chosen for this work is known as Scotchply XP-250
manufactured by the 3M Company. It is a high-strength, moldable, epoxy-
glass prepreg. For the present tests it was obtained in unidirectional
cured sheet form, having either 8 or 14 plys. The nominal ply thickness
is 0.009 inch and the fiber volume ratio is about 50 percent.

To obtain lamina characterization of the material, five types of
unidirectional tests were run. Tension tests at 0 and 90 degrees to the
T
l k]

T
and X2 parallel

fiber direction were used to determine the stiffness properties El

T together with the ultimate strengths X T

T, and v 1

E22 12

and transverse to the fiber direction. Shear tests were used to determine

the shear stiffness G., and ultimate shear strength 512. Compression

12
tests were used to find the compressive stiffness properties Ellc’ B22c,
and leC together with the compressive ultimate strengths ch and ch.

Specimens for all tests were cut oversize (1/16 to 1/8 inch) with
a band saw. Final dimensions were obtained by grinding, with water flowing
over the cutting area. All specimens were instrumented with 350-ohm
strain gages. Because of the small gage section, 1/16-inch-long tee
rosettes were used on the compression specimens. Gages 1/4 inch long were
used on all other specimens. All tests were conducted at room temperature

of about 70°F and room humidity of about 50 percent.
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All specimens were tested in an Instron testing machine using a
fixed cross-head speed. The Instron machine chart-recorded load versus
time. Strain data were recorded by the use of a four-channel strain
gage signal conditioner together with two two-channel strip chart recorders.
Figure 1 shows the test set up. The load-time and strain-time curves
are digitized by use of a Tektronics 4051 Computer Graphics System. A
pen is moved along the load-time curve taking load readings at certain
time intervals. The pen is then moved along the strain-curve, reading
strain values at the same time intervals as for the load curve. The
Tektronics computer was programmed to construct stress-strain curves from

these data and to compute the required stiffness parameters.

Tension Tests

Five tension tests were conducted on 8-ply unidirectional specimens
loaded at 0 degrees to the fiber direction. Specimen dimensions were
fixed by the ASTM standards, reference 1. The specimens were 9 inches
long and 0.5 inch wide equipped with 1.5-inch-long load tabs made from
printed circuit board material. Tabs were attached before final machining
with Eastman 910 cement. Specimens were equipped with longitudinal and
transverse strain gages. Cross-head speed was 0.05 inch/minute. A
typical stress-strain curve is shown in Figure 2. The elastic modulus
EllT was determined from a first-order least squares curve fit of only the
initial points on the stress-strain curve.

The failed O0-degree specimens are shown in Figure 3 and the test
results are summarized in Table 1. The desired "shaving brush" failure is
exhibited by specimens 2 and 5 and by specimen 3, although somewhat

imperfectly. Note from Table 1 the resulting high ultimate stress for

specimens 2 and 5. Tab bond failureoccurred on specimen 1, possibly
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depressing its measured ultimate strength. Ultimate strength was not
obtained from specimen 4 because a strain gage was broken prior to the
ultimate load and the test was stopped to investigate. The specimen
was broken later. The average values for the elastic modulus and
ultimate strength of 5.64 x 106 psi and 134 ksi respectively agree
well with the values of 5.70 x 10° psi and 130 ksi published by the
3M Company, reference 2.

Five unidirectional tensile tests were conducted at 90 degrees
to the fiber direction. The specimen dimensions were the same as for
the 0-degree tests except for the width which was 1.000 inch  instead
of 0.500 inch, in accordance with ASTM. A typical stress-strain curve
is shown in Figure 4. The five failed specimens are shown in Figure 5,
and the test results are summarized in Table 2. The specimens 6, 7, and
10 exhibit the desired type of failure, i.e. away from the end tabs.
The failure stress, however, of specimen 9, which failed at the tabs, was
the highest of all and the failure stress of specimen 11, which also failed
at the tabs, was among the highest. This suggests that for 90-degree
specimens, failure near the tabs causes no serious error in the measured
ultimate stress.

Poisson's ratio Vv T was calculated from v, E .. ./E,,. For

21 21 T V12 Fo2/F11

comparison the measured value of Vo1 is shown. The difference in the two--

0.078 measured as compared to 0.092 calculated-- is not surprising,
considering that the measured values are obtained from a very small
transverse strain., Even a small error in this strain would account for

the difference in the measured and calculated values. From Table 2 it

can be seen that the material has an elastic modulus of E22T = 1.74 x 106

psi and fails at an ultimate stress of 7.55 ksi.
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2.3 Shear Tests

In determining lamina shear properties, the three-rail fixture
was used. Shear testing has been the subject of considerable controversy
and a number of fixtures or specimens have been used, including the
t 45-degree specimen (see references 3 and 4), the l0-degree off-axis
specimen (see references 5 and 6), and the two-and three-rail fixtures.
Currently the two- and three-rail fixtures are being considered by ASTM
Committee D-30 as standard fixtures for finding inplane shear properties.
Figure 6 shows two views of the three-rail specimen. The test
plate is clamped between stationary rails on the edges while a third rail,
clamping the plate at the center, is pushed down by the test machine,
loading the specimen in shear parallel to the fibers. Two strain gages
are attached to the specimen at 45 degrees to the fiber direction. From
the strain transformation equations the normal strain €5 at 45 degrees

is related to the shearing strain v, referred to the material's axis by

12

HQ = 2 € 45 (1)

The shearing stress T 9 between the rails is assumed to be uniform

1
throughout the specimen length from top to bottom. So assumed,
the shearing stress is given by

T, c (2)
where P is the load, b is the specimen shear length, which was 6 inches,
and h is the plate thickness. It is apparent that, while this expression
may be accurate, it is not exact since the shearing stress must go to
zero at the top and bottom free edges of the plate. Because of this,

the accuracy of the average stress, Equation (2), has been questioned,

especially for laminates with angle plys. A Fourier series solution by
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Whitney et al [7] indicated that for a [t u45]; laminate the shear
stress near the edge increased from zero to a peak value 50 percent
greater than the average at a distance of only one-tenth the plate
length from the edge. A recent finite element solution by Bergner
[{8], however, disagrees with this. This is shown in Figure 7, taken
from [8]. Bergner's results indicate that the average shear distribution
is indeed an accurate estimate of the actual shear stress distribution.
The present finite element computer results (see Chapter IV) are also
shown on Figure 7. The present finite elements results are slightly
lower than Bergner's but they essentially show that a condition of
uniform shearing stress exists along the length of the three-rail fixture.
For the three-rail fixture two equal test sections exist on either
side of the middle rail. Thus to fully utilize the specimen, strain
gages are placed on both sides and strain data are recorded from both.
The three-rail specimens must be used with care. The rails hold the
specimen by clamping friction rather than by bearing on the bolts. 1In
fact, the rails have emery cloth bonded to them and the rail bolts are
torqued to 70 ft-1lbs to prevent slipping. The holes in the test plate
are considerably larger than the bolts .- 1/2 inch as compared to 3/8
inch for the bolts. As a consequence, it is possiblie to assemble the
specimen and fixture with considerable misalignment, with the middle
rail tilted from vertical, say. This would destroy the assumed equality
of the test sections on each side of the middle rail, compounded by the
fact that the load head would now push down at the top on one side of
the middle rail rather than at the rail's center. To alleviate this
problem, cylindrical spacers with diameters equal to the width of the

test section were used to align the rails during bolt-up. These spacers




are visible in the top picture of Figure 6. To further decrease
misalignment the top of the center rail was machined so as to
leave only a small area 1/2 inch in diameter for the load head to
push against.

Four specimens were tested, yielding eight sets of data. The
failed specimens are shown in Figure 8 and the test results are

summarized in Table 3. The average lamina shear modulus, G.,, was

12
0.68 x 106 psi and the ultimate shear stress, Sl2’ was 7.23 ksi. The
shear stress-strain curves exhibited considerable nonlinearity. For
predicting laminate behavior it was decided that use would be made

of the full stress-strain curve rather than just the initial slope. To
permit this, all the shear data were plotted and fitted with a second

order least-squares curve, Figure 9. This curve now becomes the master

shear curve for use in the laminate programs.

2.4  Compression Tests

Compression testing was carried out using a fixture similar to the

IITRI compression fixture, reference [9]. Two views of the fixture
are shown in Figure 10. An exploded view drawing is shown in Figure 11l. T

While the IITRI fixture was discussed in reference [98] no dimensions

were given, and so the fixture has been re-designed here. It was built " .ﬁ
in-house requiring 283 man-hours of shop time. The fixture was built iﬁ
from cold-rolled steel. The two main parts of the fixture are guided S Ei
together by two rods 0.750 inch in diameter which fit into linear bearings f'i"::_‘
in the upper half. The specimen is gripped by wedges which are bolted

to the specimen prior to the test. The wedge angle is 11 degrees. The f_" i;é
sloping surfaces of the wedges were lubricated prior to testing to =

increase the wedging action. The wedges were 2.500 inches in length and
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1.500 inches in width. They were slotted on the straight side to
receive the tabbed test specimen. These slots were given gripping
"teeth" by punching the slot surface numerous times with an impact
punch.

Specimens were prepared for testing at both 0 and 90 degrees to
the fiber direction. The dimensions of both types of specimens were
the same. To minimize buckling the specimens were 14 plys thick. The
specimens were 0.25 inch wide and 5.5 inches long, equipped with crossply
end tabs 2.50 inches long. This leaves a gage section which measures
only 0.5 inch by 0.25 inch--a small area for a strain rosette. Specimen
dimensions are shown in Figure 12. A photograph of a specimen instrumented
with strain rosettes and lead wires on both sides is shown in Figure 13.

The compression fixture was checked by conducting a test on a 2024-Tu
aluminum specimen. The same specimen was then used in a tension test
and the stress-strain curves for tension and compression were compared.
For the compression test the longitudinal strain was monitored on both
sides of the specimen to assess the degree of bending. The load-time
curve and the two longitudinal strain-time curves are shown together in
Figure 14. At point A it appears that minute grip adjustment occurreu
so that the two strain curves abruptly crossed, one increasing while the
other decreased with no change in load. This suggests that one of the
tabs on one side of the specimen slipped slightly while its opposing
neighbor held firm. This would introduce bending into the specimen
even without fixture misalignment. The strain on either side deviated
from the average strain by about 6 percent. The "flat spot" on the load-
time curve at B does not indicate grip slippage or tab failure but

instead results from crosshead backlash when the testing machine is loaded
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in compression.

The average compressive strain was used to construct the stress-
strain curve shown in Figure 15. That figure also contains the
tensile stress-strain curve. Aluminum is known to possess very
nearly the same stress-strain behavior in tension as compressioq.
Thus friction in the compression fixture would result in a stress-
strain curve whose slope is too steep and the measured value of E
would be larger than that for tension. The good comparison shown
in Figure 15 means this does not happen, indicating that friction in
the compression fixture is negligible. The gripping problem reflected
by point A in Figure 14, however, is a source of error which can
affect the measured values of E if the strain is monitored on only one
side of the specimen. Moreover, any induced bending will tend to
depress the measured values of the compressive ultimate strength.

Six compression tests were run on O-degree specimens. The
failed specimens are shown in Figure 16. A sample stress-strain
curve is shown in Figure 17. In that test--test 17--as well as two
other tests, strain gages were mounted on both sides of the specimen.
The longitudinal strain from both sides is shown in Figure 17. They
are not quite the same, as ideally would be the case if no bending
or buckling were present. The two values of Ellc obtained from both
strains are 6.39 x 106 psi and 5.73 x 106 psi. This was the highest
difference in Ell obtained from the three specimens instrumented on
both sides. A summary of the O-degree test results is shown in
Table 4. TFor test 18 the values obtained for Ellc are 5.35 x 106 psi

and 5.88 x lO6 psi and for test 19 both values for E ¢ are 5.97 x 106 psi.

11

The strains from opposite sides of a specimen usually agreed fairly well

.
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until some type of failure (perhaps fibers breaking) began to occur.

This initial failure, marked by audible noise and a small drop in the

v T T
L . .. .

load, usually occurred near two-thirds of the ultimate load. After

L a0 A 4
P

this initial damage or failure had occurred symmetry was lost. The
strain suddenly increased in a step fashion on one side of the specimen
while suddenly decreasing on the other side, indicating a sudden
application of bending strain. It may be that failure of a bundle of

fibers on one side of the specimen causes a load eccentricity on

SR £

the remaining effective net section, hence bending must occur.

Minute uneven slippage of the tabs in the grips as already discussed

ML 4

could cause the same behavior. Too, it must be remembered that the
gage section is short and that failure sometimes initiated underneath
a gage, which could cause erratic gage behavior. In any case, the

data obtained after the initial failure--a sudden decrease in load

accompanied by a sudden increase or decrease or both in strain--must
be viewed with suspicion, since the assumed symmetry of the test is
lost at that point. TFor this reason the measured ultimate strains . -
were not recorded in Table 4. The average measured value of Ellc ?:}{.;T
was 5.87 x 106 psi, slightly higher than the value of EllT’ which

was 5.64 x lO6 psi. Poisson's ratio, too, was slightly higher in ti

compression than tension--0.317 as compared to the tensile value

of 0.299.

Five compression tests were run on 90-degree specimens. The e
failed specimens are shown in Figure 18. A sample stress-strain curve ) ~j
is shown in Figure 19, and results are summarized in Table 5. More
than for any other tests, the 90-degree compressive stress-strain s
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curves exhibited an early nonlinearity. Considering this, a secant

definition of E22c might be appropriate, however, for the sake of

consistency with the other tests, the slope of the initial portion

of the curve was used for E22C. This made the determination of E22C

difficult, since for this method, E ¢ depends strongly upon the

22

first few points of the curve. This accounts for some of the variation

in E22C shown in Table 5. Bending, however, was a problem; test 28,

monitored with gages on both sides, exhibited considerable bending

as can be noted from two considerably different values of EQQC for

that test.

2.5 Summary of Material Properties

For handy reference, the various lamina properties determined
from the characterization tests for the XP-250 material are

summarized below:

T _ 6 . T _
Ell = 5.64 x 10" psi ey = 24,000 e
T _ 6 . c _ .
E22 = 1.74 x 10" psi Xl = 112 ksi
T _ T _ - .
Vi, = 0.299 X2 = 7.55 ksi
G = 0.680 lO6 i T . 4,760 ue
10 =0 X ps e, =4, u
c _ 6 . c  _ .
Ell = 5.87 x 10" psi X2 = 25.0 ksi
c _ 6 c  _
E22 = 2.12 x 10 e2 = 18,600 ue
v. . = 0.317 S.. = 7.23 ksi
12~ 7 12
X T . 134 ksi = 19,700
1 €190 T STV HE

T ———
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Chapter III.

POST-CRAZING CHARACTERIZATION OF ;:;

b GLASS-EPOXY LAMINATES

3.1 Introduction

Y A laminate contains a number of laminae (plys) oriented at

L

various angles to the primary load direction. For loads limited to
the linear range, given the lamina properties the usual lamination
theory [10] gives accurate estimates of the overall stiffness and
compliance of a given laminate. With increasing loads, however,

certain plys within the laminate begin to fail by matrix cracking and

splitting between the fibers. In glass epoxies the onset #f matrix

cracking gives the laminate a hazy, milky, light-colored appearance, i;éj?:{é
sometimes referred to as crazing. Beyond the onset of crazing the
laminate compliance increases with increasing load; the crazing area ros
in a ply grows and may extend to plys of other angles before the L 3
ultimate laminate load is reached. Depending upon the laminate's ~
layup, the onset of crazing may occur at loads which are rather low - 4
compared to the laminate's ultimate load. For many structural
applications the laminate's reserve strength beyond crazing may safely
be utlized. Tor confident design in much cases it is important to have - =
knowledge of the post-crazing stress-strain response of the laminate.
Efforts at forming a lamination theory of failure have generally
been only moderately successful. The usual approach is to numerically - - 1

apply the laminate stress or strain in increments. After each load

edeli i i emincin ittt PO S s ks - - ---i------i--i-i-n---i----i--‘
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increment some selected failure theory is applied to each ply. The
load increments are continued until a ply fails, after which the
stiffness of that ply is modified to reflect its reduced 1load
carrying capacity. This reduced ply stiffness is then used to
assemble the overall laminate stiffness and the load increments

are continued until other plys fail, after which their stiffnesses

are also reduced. This process is continued until, by some definition,
enough plys have failed to constitute laminate failure. This approach
has been lucidly discussed by Rowlands [11] in the proceedings from

a ASME Symposium on inelastic behavior of composite materials (see

also the Rowlands report [12]); papers by Sandhu [13], Hahn and Tsai [14]

and Chow et al [15, 16] illustrate aspects of this approach. While
this approach is conceptionally clear and logically sound, in its
application a number of problems must be resolved. In the first

place, a ply may fail in a number of modes--e.g. splitting or crushing
of the matrix between the fibers due to large transverse tension or
compression, fiber failure in tension or compression, etc. How should
the failed ply's various stiffness constants be modified for each mode
of failure? In other words, how does the ply unload after its failure.
Evidence indicates that in situ ply strength and post-failure stiffness
properties may vary considerably from those of a unidirectional test
coupon [17]. Futhermore, a uniform definition of laminate failure,
applicable to a number of layups, is lacking. In some cases laminate
failure is assumed to occur once fiber failure (as distinct from matrix
failure) has occurred in two or more plys. This definition may be
adequate for, say, a [0/ 45], layup but totally inappropriate for an

angle ply layup of, say, [t us]s. In other instants laminate failure

'
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is assumed to occur once the modified laminate stiffness become

singular. Each definition may apply, albeit, each to a different class

of layups.

The above method of laminate behavior prediction--here loosely

referred to as Rowland's method although a number of researchers have

used it--is investigated in detail in the following. The method is
assessed by applying it to a number of materials--graphite-epoxy,
boron epoxy and glass-epoxy--having various layups. Biaxial

failure response of several glass epoxies is illustrated.

Failure Theories

A number of failure theories are available for predicting ply
failure. An exhaustive review of failure theories for anisotropic
materials was provided by Sandhu [18]; Rowlands [11] also discussed
several. Only two were considered in the present work: the Hill
theory [19] and the Tsai-Wu theory [20].

For an orthotropic ply in plane stress the Hill theory takes

the form,

where Xl and X2

the fibers and S_, is the ply shear strengths. The Hill theory does

12
not distinguish between the tensile strengths XlT, X2T

c
strengths Xl s X,

X.¢ when o, is negative and X T when o, is positive and similarly for

1 1 1 1

02.

are the uniaxial strengths parallel and transverse to

X,S. Some writers have made this distinction by using

(3)

and the compressive
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The Tsai-Wu failure criterion accounts for both tensile and
L‘: compressive strengths. In addition to quadratic terms it contains -
-

i

linear terms which distinguishes between negative and positive stresses.

.
{ﬂ For plane stress conditions the criterion is expressed as,
E! F.o, +Fo,+F.t..+F..0 2 + F 2 + 2F + F 2. 1 (4) )
r 1% 2% T feT12 T 119 2292 12919 ¥ feeT12 T
[
{' where
: 1 1 1 1 1 1
F F, === -——3F = —m-—3F =— --=—
1 T c ? "2 T c? 76 + -
3 X X % S12. 512
[ -
1 1 1 1
- S e————— S e— = — -
v T, e P Tt T el Tes T 4 -
. 171 2 72 12 712

As before XlT, ch are the ply longitudinal tensile and compressive

T, X.€ are the ply transverse tensile and compressive -

strengths and X 5

2

strengths. 812+ and 812- are the ply strengths in positive and negative

+ -

inplane shear. For most composite materials 812 = 812 = 812 so that

F6 = 0. The interaction term Fl2 cannot be expressed in terms of the

unaxial strength properties, but must instead be determined from biaxial

tests. Since the accuracy of F., is sensitive to the type of test usecd

12
to find it, accurate values of F12 are difficult to obtain. Certain " v 1
stability conditions limit the range of F12 such that F11F22 - F122 > 0.
For a glass~epoxy material having the properties
.
X," =158 ksi X © = 88.5 ksi B
x2T = 4.56 ksi X,° = 17.04 ksi _E
- |
8., = 9.00 ksi (5) . o

sk
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the limiting values of F12 become,
-10 . 4,..2
=+ =+
F12 ¥ VF11F22 ¥ 9.717 x 10 in /1b (6)

For a unidirectional off-axis tension coupon the value of F12 has little

effect on the predicted strength as shown in Figure 20. For that case

the Tsai-Wu theory predicts about the same strength whether F12 = 0,
Fl2 = + /F11F22 or F12 = - ¢P11F22. For this reason the off-axis test

is known to be an unsatisfactory test for finding Fis [21, 22]. Since
the influence of F12 for the off-axis test is small the suggestion is

that F12 may be set equal to zero without losing accuracy. This has been
common practice for graphite-epoxy and will be adopted here for glass-
epoxy as well. Figure 20 also contains a strength prediction based
on the Hill theory. The Hill theory prediction agrees well the Tsai-Wu
prediction for the off-axis coupon.

For angle ply test coupons the Hill and Tsai-Wu theories are

compared again in Figure 21. The value of F12 which gives the best

comparison iwth the Hill theory is F12 = - ¢F11F22. In the region,

00

> « > 35% the Hill theory predicts a significantly lower failure load
than does the Tsai-Wu theory. Beyond « = 35° the two agree fairly well.

which agreed best with the Hill prediction was

10

The value of F12

F12 = - 9,717 x 10
The Tsai-Wu failure theory, because of its generality and because

it provides for a difference in tensile and compressive strengths was

selected for the following work.
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3.3 Failure Surfaces for Glass-Epoxy Laminates

To illustrate the failure response to biaxial stress, the failure

C

E surfaces of several glass-epoxy laminates are shown in Figures 22 thru

E 25. The failure strengths were predicted for various values of the

E! stress ratio ox/oy using the Tsai-Wu failure theory. The failure behavior
of a [iuS]S angle-ply laminate is shown in Figure 22. The failure
surface is seen to be an ellipse. This is as expected since the Tsai-Wu
’i failure theory applied to an orthotropic lamina in two-dimensional stress
;: space is an ellipse and since the [% us]s laminate is essentially an
orthotropic plate. The laminate's strength for hydrostatic compression,
L1 the third quadrant, is great compared to its strength for hydrostatic

tension, the first quadrant. In general the laminate's predicted strength

is great for negative applied stresses. The failure surface of a [:t35]s
laminate is shown in Figure 23. This laminate is stronger along the
x-direction than the y-direction and thus the long axis of the failure
surface is skewed toward the oy axis in stress space. As for the [tu45],

laminates, abundant strength is exhibited in the third quadrant compared

to the first quadrant. Although complex structural shapes and complex

loads sometimes result in a laminate loaded in quadrants 2, 3 or 4,

most laminates are utilized in the first quadrant of the stress space. ;.j‘l
. That is, thin laminates are primarily tension structures. The failure S :?
{ surfaces for a number of angle plys were computed for the first f' }E
§ -
L quadrant only. These are shown in Figure 24. The surfaces for « = 60° ';Q
m and 55° are the same as for 30° and 35° if Oy and Gy are interchanged. ; »*.f:
ﬁ The [1’15]S and [175]s laminates extend off the graph exhibiting considerable
F longitudinal strength and relative transverse weakness on the x- and y- : §;<

directions respectively. T

SR S L B ol O Portreets . . S - P W) o . . PPy A A ncadk, PP S - A . P




- rrrv‘v

r—y

— rvvﬂ—v v

19

The character of the failure behavior for a [0/90]S glass-epoxy
laminate is shown in Figure 25. Actually, three surfaces are shown. - o
The inside curve--dotted line--represents the first ply failure (FPF)
in the matrix material of one set of plys. At this value of the load
the stiffness properties of the damaged ply were reduced (see the following - ,-_..;
section for details) and load application was continued until matrix failure
occurred in the remaining plys--solid lines. The stiffness values of these
plys were likewise reduced and load application was continued until “’":if;
longitudinal (fiber) failure occurred in one of the sets of plys; this
is shown by the outside line. In quadrant one, great reserve strength
exists beyond matrix failure of the first two sets of plys. In quadrants - g
2, 3, and 4, however, the curve for longitudinal failure mostly coincides
with the curve for second matrix failure; longitudinal failure is

simultaneous with second matrix failure. 2 g

Laminate Response by the Method of Rowlands

Since the method of Rowlands [12] deals with stresses rather than
strain energy and uses the usual lamination theory the method has strong oo 4
appeal for engineers. The method is conceptionally simple and well founded
within the framework of lamination theory. It was decided to investigate
this approach for a wide range of materials and layup configurations. -
The purpose was to assess its applicability in general for predicting
laminate strength and to investigate its ability for predicting j .
specifically the strengths of glass-epoxy laminates. - 1

A computer program was written similar to that described by Rowland

in References [11] and [12]. The program predicts the inplane stress-strain

Figure 28. The program contains both the Hill and Tsai-Wu failure criteria

response of a symmetric laminate test coupon subjected to a biaxial test, - }
>
1
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although only the Tsai-Wu theory is used in the following examples. The
laminate stress in the x-direction is applied in increments, on. The
laminate stress in the y-direction is given by Aoy = Bon. The average
shearing stress is given by either ATxy = onx or by Txy = constant.

The operator selects the values of B and y for a desired stress ratio.
The provision Txy = constant allows one to obtain a failure curve for a
constant value of shearing stress.

For each increment of stress, the incremental laminate strain
components Aex, Aey, and Any are calculated using the laminate compliance
matrix from the previous stress increment. These strain increments are
then used to calculate increments of stress (on)k, (Aoy)k and (A'rxy)k
for each k ply using the stiffness matrices from the previous load
increment. These stress increments are transformed to the 1-2 direction
for each ply yielding (Aol)k, (A02)k, and (Arl2)k. The current ply
stresses are then given by adding the incremental stresses for the (n+l)

cycle to the stresses for the n load cycle:

ol(n+l)k cl(n)k + Aol(n)k

02(n+l)k = 02(n)k + A02(n)k

112(n+l)k + 1..(n), + A1 (n)k (7)

1277k 12

The total strains for the n+l load increment are given by

ex(n+l) = ex(n) + Aex
ey(n+1) = ey(n) + Aey
yxy(n+l) = yxy(n) + Any (8)

FITRE WY
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The average laminate stresses, of course, are given by

ox(n+l) = ox(n) + Acx

o (n+l) o {(n) + Ac
y y y

Txy(n+l) = Txy(n) + ATxy (9)

The components (ol)k, (02)k, and (T12)k are used in either the Hill

or Tsai-Wu formula to investigate the failure of each ply. Once failure,
as predicted by the formula, 1s reached the ply is next investigated to
determine if the failure is matrix or fiber in nature. This is done by
comparing (Gl)k with the ultimate tensile stress and ultimate compressive
stress. If (ol)k exceeds neither of these, it is assumed that the failure
is in the ply matrix. After matrix failure if (02)k is positive, the
failure is designated as "RESIN FAILURE IN TENSION." If (02)k is negative,
the failure is designated as "RESIN FAILURE IN COMPRESSION." Once resin

failure occurs, the constants E22 and G12 are set equal to near zero

(i.e., 100) and El retains its original value. Actually, E 9 and G12 can

1 2

be modified differently for resin failure in tension and resin failure
in compression although they are modified the same way in the following

examples. The resulting value of v,. is approximately zero since

1

AV =

21 v12E22/Ell' If (01)k exceeds the compressive or tensile ultimate

strength then the failure is in the fiber and it is assumed that all

stiffness of the ply is lost. Thus E E22, and Gl? are all set

1’

approximately equal to zero. After ply stiffness is modified as above,
linear lamination theory is used to calculate new values for the laminate ' ]

stiffness and compliance matrices for use in the next load increment.
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Once fiber failure has occurred in more than one ply, then laminate
failure is assumed and computations are stopped. In addition to the
laminate stresses and strains the program indicates the stresses in
each ply, indicates the laminate load at which a ply fails and tells
how the ply failed--i.e. whether the failure was a transverse failure in
the matrix or a longitudinal failure of the fibers. Thus the laminate
stress-strain curve is constructed. This curve is piece-wise linear,
changing its slope at each ply failure. In some laminates several plys
fail tranversely so that laminate stiffness becomes very low and the
laminate compliance becomes exceedingly large, resulting in large
laminate strains--strains of order 1 or greater. This is also taken
to be laminate failure since essentially all stiffness is lost.

In the following, the method of Rowlands, as explained above, is
compared with several test results taken from the literature for
graphite-epoxy, boron-epoxy and glass-epoxy laminates.

Graphite-Epoxy. Rowlands [12] compared his predicted strain response

with test results on [02/11&5]S graphite-epoxy loaded at several off-

axis angles to obtain various biaxial stress ratios. As an exposition

of his method as used in the present report, the experimental data from
five of his figures are repeated here. Figure 27 shows the € strain
response for the O-degree loading of the [oz/tusls laminate. Data from
five tests are compared with predicted test response. Two possible failure
loads, 76 ksi and 139 ksi are indicated, one corresponding to transverse

failure of the *us® plys and one corresponding to longitudinal failure of

the 0° plys. Neither is very close to the actual failure load of 100.2 ksi.

(The present failure loads, 76 and 139 ksi, differ somewhat from those

stated by Rowlands in his report of 81 ksi and 184 ksi. The reason why
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is not known; a difference in the applied stress increment will cause
some variation but not enough to explain the difference.) The point

to notice in Figure 27 is that Rowland's method gives a good strain
response, but a poor estimate of the laminate's strength--whether one
uses as laminate failure the initial transverse failure of the t45° plys
or the longitudinal failure of the 0° plys. Figure 27 also shows the

Ey strain response. Again, good strain response is indicated.

Response of the [OQ/iHSJS laminate loaded in the 90-degree direction
along with the predicted response is shown in Figure 28. The responses
for a loading of 24 degrees and 45 degrees respectively are shown in
Figures 29 and 30.

Figure 31 shows a comparison of the Rowlands method with experimental
data obtained by Daniel [6] for a [O/tuS/QO]S test coupon. Only a few
of the computed points are shown. The computed failure load of 80 ksi
compares fairly well with the test value of 74 ksi. The method slightly
overestimates the stiffness after the computed transverse failures of
the 90° and #u5° plys. A definite change in the slope of the test curve
is easily seen in the region where the computed failures of the 90° and
+45° plys occur.

Figure 32 shows a comparison of the Rowlands method with Daniel data
for the [0/'_*45/90]s laminate tested in uniaxial tension at 30° to the
laminate axis. As computed, the 75° and -60° plys fail nearly at the
same load--45 ksi and 47 ksi, respectively. The method considerably
overestimates the laminate's strength; the predicted strength is 86 ksi
and the tested strength was only 63 ksi.

Boron-Epoxy. Data for two boron epoxy laminates--[O/QO/tus]s and
[tus]s each tested at off-axis angles of 15 and 30 degrees--were taken

from Coles and Pipes [23] for comparison with the Rowlands method. Figure
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33 shows the test and computed results for the [0/90/1’45]S laminate
loaded at 15 degrees off the axis. The method grossly over estimates
the strength. Test failure occurred at 26 ksi, before even the first
computed transverse failure of any ply. Roughly, the same comparison
is obtained for the 30° off-axis test shown in Figure 34.

The [iusjs laminate loaded 15 degrees off-axis is shown in Figure
35. Test failure occurs there near the load level of transverse failure
for each of the plys, but at a much higher strain--about 20,000 ue for
€4 computed to 4,600 ue for a computed value of € The computed
stiffness is much greater than the actual stiffness. The 30-degree
off-axis case is shown in Figure 36. Test failure occurs just below
transverse failure of the plys, but again at a higher strain than
indicated by the results.

Glass-Epoxy. Test data of Hahn and Tsai [14] for a [0/902]S glass-
epoxy laminate and test data for a [O/t&S/QO]S laminate from Chow et al
[15] were compared with the method of Rowlands. Figure 37 shows the
[0/902]S laminate. Good agreement is noted between the test results and
the predicted results. Test failure occurs at 50 ksi and the predicted
failure occurs at 56 ksi. The [0/902] laminate is a particularity
useful one for studying the unloading behavior of transversely failed
plys. In the analysis used by Petit and Waddoups [24], negative values
are assigned to certain stiffness moduli of the failed plys, thus as the
applied load is increased in increments the failed plys gradually give
up their stress, redistributing their load to the remaining unfailed plys.
The negative moduli values are maintained unmi. the ply's stress approaches
zero at which time the moduli are equated to zero. In the method of Rowlands
as explained in [11] and as used here, once a ply fails by either the

Tsai-Wu or Hill theory the transverse stiffness moduli are equated to

koo a A . PUR S SR T . e e s ol e CoY

L .




25

zero. This means that a failed ply does not unload at all. As the
applied load is increased in increments the failed ply maintains its
load without either an increase or decrease in the affected stress.

At the present, not much is known about the unloading response of failed
plys; the response may depend upon the material properties, and the
stacking sequence. A number of unloading hypotheses were tested by
computing laminate strain response for various valued of the moduli

E

of the failed plys. When E G,, and v., of the transversely

11° 722° 712 12

failed plys were equated respectively to Ell’ -0.2 E22, -0.2 G12’ and
0, excellent agreement resulted. This is shown on Figure 38. While
the unloading factor of -0.2 is only an empirical quantity having no
rational basis, the excellent agreement obtained in Figure 38 must be
regarded as a clue in the unloading behavior of failed plys. A slight
change in slope of the test curve can be seen near the computed transverse
failure stress of the 0-degree plys.

Predicted and test results for the [0/t45/90]s laminate are
shown in Figure 39. The prediction of either the ultimate strength or
the stiffness for the top portion of the curve is not as good as for
the [0/902] laminate. This is probably due to the addition of the *us-
degree plys with their associated shearing stresses. Lamina shearing
stress-strain response is usually nonlinear.

Summary of the Comparisons. The Rowlands method allows for nonlinear

laminate behavior by a loss in stiffness associated with the transverse
failure of the various plys in a laminate. This results in a stress-
strain curve piecewise linear--i.e. with a number of slope changes, each
one corresponding to the failure of a ply. In the comparisons of Figures
27 -39 the method is seen to give reasonable estimates of stiffness

following the initial ply failures for the graphite-epoxy and glass-
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epoxy but not boron-epoxy. Much less accurate is the strength prediction.
If one takes as the definition of failure, longitudinal fiber failure or
singularity of the laminate stiffness matrix then the method in general
considerably over estimates the failure strength of most of the
laminates. One exception was the glass epoxy with the simple [0/902]S
layup. For angle plys loaded along the matrix axis the method does not
permit sufficient nonlinearity because various plys do not fail sequentially
but instead fail all at once (when the += plys fail so do the -= plys).
It was thought that the laminate nonlinear behavior could better be
accomodated by using the full lamina stress-strain curve rather than
just the initial slope of the curve. All of the various lamina stress-
strain curves are reasonably linear except for the shear curve. Therefore,

it was decided to use the full lamina stress-strain curve in the

lamination program. This is discussed in the next section.

Laminate Response with a Nonlinear Lamina Shear Curve

4

In order to devise a method of laminate strength and stiffness o ?
prediction which would permit a higher degree of nonlinearity it was DR
decided to use the full nonlinear lamina shear stress~strain curve

together with lamination theory. This refinement was made for the lamina

shear curve only since the € and € strain responses are very nearly B ]
linear and the shear strain response is usually highly nonlinear.

The lamina shear curve was used in a manner similar to that of .
Sandhu [13]. The actual shear stress-strain curve was approximated by ) R
a cubic spline function. This function was incorporated into the program ]
described in Article 3.4. Using the full curve, after each increment - ]
of stress the laminate's compliance and stiffness are evaluated by )

' L
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using the tangent modulus corresponding to the current slope of the
ply shear stress-strain curve. Thus, general nonlinear laminate response -
is allowed over the full range of applied load values, including the

region prior to first ply failure. The resulting laminate response,

still exhibiting sharp changes in slope at each ply failure, will now -

be nonlinear between the neccessive ply failures and not piecewise

linear as before. Except for making use of the full shear stress-strain

curve the method is the same as explained in Article 3.4. e g

Test Laminate Response Compared with Predicted Response Using

Ply Nonlinear Shear Behavior

Three angle ply laminates and one quasi-isotropic laminate of
Scotch Ply XP-250 were tested to failure in uniaxial tension. The
laminate layups were, [130]8, [145]8, [tGO]S, and [O/qu/QO]S. Three
tests were run for each layup. The coupon dimensions were the same as
those used for the 90° unidirectional material characterization tests,
1 inch wide by 9 inches long with end tabs for gripping. Strain gages
were used to record the longitudinal and transverse strains, €y and ey
The stress-strain response of each layup was determined and compared

with the response predicted by the method explained in Article 3.5.

The tensile stiffness properties of Article 2.5 were used in the -

predictions.
Figure 41 shows the stress-strain response of the [1‘30]s -aminate.
The response is nonlinear almost from the beginning. The predicted -
longitudinal strain € is somewhat greater than the measured strain although
the difference is generally less than 10 percent. The agreement for the
transverse strain is not as good. As a result of using the ply nonlinear -

stress-strain curve the computed curves in Figure 41 exhibit correctly
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the decreasing stiffness with increasing load. For example, the initial
stiffness Exx of the laminate is about 3.34 x lO6 psi, whereas the
stiffness at the predicted failure load is only about 2.02 x lO6 psi.
The predicted ultimate stress is low, about 42 ksi as compared to an -

actual failure stress of about 60 ksi. Generally, strength predicitions

using lamination theory fall below the actual strength for angle plys.
Chamis and Sullivan [17] have indicated that this may be due to the

difference in the in situ ply strength and the ply strength measured in

v,.,,,.
Ry
1]

unidirectional coupons. Use of the ply nonlinear shear curve improves

the failure prediction only slightly. The failed [1'30]S coupons are

W———
-
L]

shown in Figure 42. As can be seen, final fracture resulted from a

combination of matrix splitting between fibers, fiber fracture, and

delamination. Delamination, indicated by the light region around the

fracture surface, was extensive. TFinal failure was sudden, with complete

PP

loss of load occurring almost instantaneously.

Figure 43 shows the initial portion of the stress-strain curve

ST VO W SN

for the [145]8 laminate; the full curve is shown in Figure ul. As -
noted by Rotem and Haskin [25] the [tus]s laminates exhibits a
singular amount of large deformation prior to ultimate failure. In
Figure 44 it can be seen that this laminate yields at a stress of about
17 ksi. The specimen deforms by a scissoring action and the strain

continues with little increase in load to a strain of about 35,000-

40,000 ue. Then the curve starts climbing again and failure finally -
occurs at a strain of near 100,000 pe--a 10 percent elongation--four
times the failure strain of the [iGO]S laminate. The transverse strain

was practically equal to the longitudinal strain after the onset of e
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extensive yielding. This transverse contraction is visible in the
pictures of Figure 45 by comparing the width of the tested specimen
with the width of the end tabs, which originally were the same width
as the specimen. As the scissoring action took place crazing spread
over the whole specimen (still in evidence by the light appearance of
the specimens). Failure occurred by a combination of delamination,
fiber breakage and splitting between the fibers. Fallure occurred
near the end tabs where the scissoring action was restrained by the
stiffness of the tabs. Figure 43 shows the predicted strain response.
The transverse and longitudinal strains both agree well with the test
values up to the predicted failure load of 12 ksi. The tangent modulus
of the €, curve decreases from about 2.07 x 106 psi at the origin to
about 1.13 x lO6 psi at the predicted failure load of 12 ksi. The
predicted failure load is too low, and the extensive straining beyond
17 ksi followed by a rising curve is not predicted. While the extensive
strain ability of the [145]8 laminate is interesting, for most structural
applications the laminate could not be utilized beyond the 17 ksi knee
because of the large deformations and material damage associated with a
higher stress. It Is felt that from a structural viewpoint the useful
strength of the laminate is about 17 ksi rather than the higher figure.
The predicted and test response of the [iBO]S laminate is shown
in Figure 46. While the correct trend is predicted, the overall predicted
stiffness of the laminate is greater than the test stiffness. Transverse
failure of all plys occurs at a stress of about 9 ksi. The actual
failure stress was about 11 ksi. The predicted tangent modulus decreased

from an initial value of 1.70 x 106 to a final value of 1.47 x lO6 psi.
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The fractured specimens are shown in Figure 47. Practically no
delamination occurred on these specimens with the exception of a
narrow region adjacent to the fracture surface. Rather, the fracture
extends along the fibers of one set of the plys, breaking the fibers
of the other set. Failure occurred by matrix splitting in, say,
the +60-degree plys and by fiber failure in the -60-degree plys.

The strain response of the [O/iuS/QO]S laminates is shown in
Figure 48. Transverse failure of the 90-degree plys is predicted at
a stress of 14 ksi followed by a transverse failure of the iu5-degree
plys at a stress of 18 ksi. Final failure is predicted when longitudinal
fiber failure occurs in the 0O-degree plys at a laminate stress of 53 ksi.
The actual test failure stress was about 41 ksi. In contrast to the
case of the angle plys, for the [0/%45/90] laminate, the prediction
method over estimates the strength. From a design viewpoint the method
erred on the side of safety for angle plys but for the [0/1‘45/90]S
laminate the results are nonconservative. The stiffness of the laminate
is predicted very well, however. The predicted longitudinal stiffness
decreases from an initial predicted value of 3.01 x 106 psi to a final
value of 1.88 x .O6 psi. The strain response was also computed by
after the ply failure equal to -0.2 times

setting E G12’ and v

22 21

their original values. The prediction is shown in Figure 49. The
agreement on the failure load is improved to a value of 50 ksi. The
stiffness of the upper portion of the curve seems slightly low, however.
It has been noted before that the ply unloading factor of -0.2 resulted in
good comparisons for some other materials. The failed coupons are shown

in Figure 50. Half of the u5-degree plys failed by matrix splitting, the
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other half by fiber failure. The 90-degrees plys of course failed by
matrix splitting and the O-degree plys failed by longitudinal fiber
failure. A considerable amount of delamination can be seen. Crazing
due to transverse failure of the matrix of the 30-degree plys can be

seen throughout the length of the coupon.

Conclusions on Glass-Epoxy Laminate Response

In the present lamination method, after matrix failure the constants
522, Gl2 where set approximately equal to zero under incremental loading.
Using negative values for these constants (simulating unloading) resulted
in no substantial improvement of predicted and test laminate stress-strain.
Use of the nonlinear ply shear curve resulted in a better laminate stress-
strain curve--one which was nonlinear between failures of the various plys
and also nonlinear prior to first-ply-failure. Ply failure stresses and
strains agreed well with abrupt changes in the slopes of the glass-epoxy
test curves.

Two definitions of laminate failure were used: (1) longitudinal fiber
failure in two or more plys (2) strains of order one (singularity of
stiffness matrix). Definition (1) is appropriate only if a high percentage

of the fibers correspond to the load direction. This definition over

estimates the ultimate load in the [0/1&5/90]S laminate by about 30 percent.

For angle plys loaded along the principal axis, definition (1) does not
apply. All plys fail in the matrix simultaneously leading to very high
strains (singular laminate stiffness matrix) of 100 percent cor more on
the very next load increment. Hence, definition (2) was used. This
resulted in failure predictions for angle plys which were low by 20 to 30

percent.
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Improvements in the prediction of laminate ultimate loads are
desirable. Lamination theory is inherently limited, omitting inter-
laminar shear behavior and making no distinction in stacking sequence.
Given these, it may be that no rational refinement will result in any
further improvement in lamination prediction of ultimate loads. The
use of in situ ply strengths as suggested by Chamis and Sullivan [17]
may in the future be a fruitful approach.

For the time being, the present method--using the nonlinear ply
equal near zero after matrix

shear curve together with E 5 and G

2 12

failure--yields a laminate stress-strain curve sufficiently accurate
for many practical engineering applications. This stress-strain behavior
will be employed in the finite element program and example problems of

Chapter V.
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Chapter IV.

DEVELOPMENT OF THE FAILURE ANALYSIS METHOD--

A DOUBLY-CURVED, ISOPARAMETRIC, THICK~SHELL FINITE ELEMENT

Introduction

Early theory on laminated plates and shells [26] was a direct exten-
sion of the classical thin plate and shell theory based on the so-called
Kirchhoff assumptions. Later the bending-extension coupling was studied
by Reissner and Stavsky [27]. 1In 1971 Pryor and Barker [28] developed a
rectangular finite element for laminated plates. The shear deformation
was included by the relaxation of part of Kirchhoff's assumptions. Later,
in 1976, a quadrilateral element for laminated plates was presented by
Nopratvarakorn [29]. The latter element is similar to but more versatile
than the one developed by Pryor and Barker. The plate quadrilateral ele-
ment is then further extended to model the shell structure. A plate ele-
ment to model shells has the merit of simplicity, but a large number of
elements are needed for modeling shell structures. Therefore, a doubly-
curved, isoparametric, quadratic, 8-node, thick-shell element is developed
in this study. The element is derived from the 16-node solid element by
specializing the element so that strain energy of the stresses normal to
the midsurface is ignored and by constraining lines initially normal to
the midsurface to remain straight. Thus fewer degrees of freedom are
needed to define the displacement field. The resulting element has 40
degrees of freedom--three displacements and two rotations for each of the

eight nodes. Though the midsurface normals are to remain straight during
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deformation, these lines need not remain normal to the deformed mid-
surface. Therefore, the ability to model transverse shear deformation
is retained. Transverse shear is thought to be significant for the

laminated plates and shells.

Isoparametric Elements

Considering the geometry of the three-dimensional element in Figure

51, one notes that by means of the coordinate transformation

x = JN'x
11ii
y = Ny,
ii'i
Z2 = JN'z
5% (10)

the element can have curved boundaries. This is an important advantage
of the isoparametric formulation. In Equation (10) x, y, and z are the

coordinates at any point of the element and Xss Yo Z5s i=1, .. .n

i
are the coordinates of the n nodes. The interpolation functions Ni are
defined in the natural coordinate system of the element, which are func-
tions of £, n, ¢ that each vary from -1 to +1.
In the isoparametric formulation the element displacements are
interpolated in the same way as the geometry; i.e., one assumes
u = IN'
ii
v = IN'v
i1
w = IN'w (11)
where u, v, and w are the local element displacements at any point of
the element and Uss Vi and Wi i=1l, . . . n, are the corresponding
element displacements at its nodes.

For a 16-node solid element the interpolation functions are

defined to be
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Ni = 1/8(1-&)(1-n)(1-z)(-E-n-1)

N! = 1/8(1-£2)(1-n)(1-1)

2
Né = 1/8(1+&)(1-n)(1-g)(&E~-n-1)

N, = 1/4(1-n2)(1+£) (1-7)

N = 1/8(1+£)(1+n)(1-£)(£+n-1) :

NG = 1/4(1-£2)(1+n)(1-2)

NJ = 1/8(1-€)(1+n)(1-g)(-E+n-1)

=
-
it

1/4(1-n2)(1-£)(1-7) (12)

Né through Nis can be obtained by replacing g with -gy. With the defini-

tion of Ni, the first of Equations (10) can be written as

8 - 8 :
x = I B gy 8,
or i=1 1 2 1 i=1 i 2 i+8 "
_ 8 1-g 8 l+g
X = iElNi( 5 )xip + iElNi(—g—)xiq
where

—
<%
1}

l/“(l+£€i)(l+rmi)(§€i+nni-l) for i = 1, 3, 5, 7

=z
n

1/2(1—52)(l+nni) for i

2, 6

=
1

1/2(1+ggi)(1hn2) for i = u, 8
are the shape functionsof the 8-node two-dimensional element of the mid-

surface, and

£.

;= -1,0,1,1,1,0, -1, -1

fori=1,2, .. . 8

n, = -1, -1, -1, 0, 1, 1, 1, 0

and xiq’ X. , etc., are global cartesia. coordinates of the 16 nodes on

ip .
£ = -1 and +1. Similar expressions can be written for y and z; i.e., f
K
X, . :

X iq ip .
= l+g 1-z - -

y 1§ Ni( 2 ) Yiq * iElNi( 2 ) ylp "
z z, Z, (13) SRR
iq ip .
Following Ahmad [30] the full three-dimensional element is then reduced . ‘.7
to the conventional representation by midsurface nodes only, preserving T
Ty
:
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most of the desirable characteristics of the solid element. The six
degrees of freedom can be transformed into three mid-point translations
and two mid-point rotations about two axes perpendicular to the normal,
and a change of length of the normal itself. This yields a stiffness

too high in bending due to the fact that the normal strain e, = 0. How-
ever, Ahmad replaced the linear ¢ variation of the normal displacement
with the condition o, = 0, the usual assumption for beam and plate theory.
A linear assumption in the g direction for the in-plane displacements u
and v is sufficiently good to represent membrane strain states exactly
and transverse shear strains closely; therefore, all desired features

are now included. Introducing the following

X. X,
ip i

9
X5 2 . =X
iq i
) yip+yiq > )
Yi 2 3i yiq yip
z, +z

N
it
e
[
Nel
N
1
N

into Equation (13) yields a set of equations which define element geometry

in terms of midsurface nodal coordinates and vectors Véi,

X Xi
8 8 (o)
yo = BNy i ENE
231
Z VA

The global coordinate system x, y, z has z vertically upwards. The
local £, n,  system is defined by the intrinsic shell coordinates. The
five degrees of freedom of each node will be three translations u, v, w
in the global x, y, z system and two rotations a, B about axes Vl’ VQ.
The directions of Vlvz are in the tangential direction of the £, n coor-

dinates respectively. Va is drawn in the ¢ direction of the g-axis to
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> .
form a triad with v, and Gé at the node, Figure 52,

-

-
Consider a rotation ai about axis V2i and Bi about axis V]i. The

displacement at any point Z from the midsurface is

ct. a.v . B.? .
i, 7111 i 21)
T - T
V.1 1V,

where ti is the thickness of the shell at node i. Therefore the complete

b0-degree-of -freedom element displacement field may be written as

: : ! (1
vy = iElNi vio t iElNiC[ui}E— . 5)
W lwl L
where
;i Ly Hitn Hi10
Dugd=dmyy omyel = {Mip1 Higo
N oy iz1 Mias

. . . . £
and tli’mli’nli’ zQi’in’HQi are respectively the direction cosines o
V. and V. de i
1 and V, at node i.
The strain-displacement transformation may be obtained by differen-
tiating Equation (15). Since the displacement field is defined in the

local EnZ system, the derivatives in this system must be evaluated before-

hand. Now at any point

ou av awl [ax ay sz]faw av aw
9 9g 9& 9§ 03& 23g 9x 9Ix X
n 3 3n 3n an on| |3y 3y 9y
9z 3¢ 9L Ay 9L 3L | .?Z dz 2z (l6)
or symbolically
[uvwgncj = [J][uvwxyz]

where [J] is the Jacobean of the transformation of x, y, z to £, n, &.
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Thus

[uvw, 3 = [J] Yuvw, ] (17)

XyZ £Eng
. . . . su °v 9w 9du dv
Now the strains Eij are various combinations of 3% 3% 5%’ 3;,-55,

W 3u oV Iw

3y 3z° 32° sz-and can be picked out of the matrix [uvwxyz] term-by-term

or
(u’;
e, 1 1 0 0 0o o o o o ol 7Y
u,
€ 0 0 0 o0 1 0 o0 0 o0 z
y v
*x
€ 06 0 0 0 0 0 0 0 1
z { _
et ot
Y o 1 o 1 o o o o ofl ¥
Xy v
k]
Yys 0o 0 0 0 0 1 0 1 0 z
K x
Yax] © o 1 0 0 0 1 0 0
- Wy,
y
W, (18)
LY

Substituting Equations (16), (17) into Equation (18) leads to
{e} = [BI{38} (19)
where {8} is the nodal displacement matrix. Matrix [B] is a 6 x 40 and

is built of eight 6 x 5 blocks. A typical block [Bi] is of the form

~ t, t, 7]
a0 0 Ay At
ti tl
) By, . — i
© b 0 iMi21 BiMios
£, t,
Colly ni— 2
(5.1 - 0 0 ey CimTD i¥ia272
i t5 Y 5 t
T, 2 U TP U —
by a; 0 Buuyy5tAiuo3)  (Bug sthiug,0m5)
ti ti t. t.
Collens—4B, s s == PR 2
0 ey by (Conppy5¥Biusg ) (Ciugp tBiu, o—5)
ti ‘ti ti ti
c; 0 ay (CuupyytAiuig3)  (Couy5tAui 30| (20)
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where
N, BN,
= R by ———
3 =90 3 Y9
BN, aN
= 1 b et
by = Jd%1 38 95, 5,
aN, N,
= e R
¢t T 9513t 95
and [J*] = [J17%
= %
Al = ac e J13 Ni
Bi = b,z + Jas Ni
Cl = c.C + Jga Nl

4.3 The Elasticity Matrix

Consider each lamina or each layer of the composite behaving as a
homogeneous orthotropic material. Nine independent elastic constants
are required to describe the material. TFor the principal axes of elastic
symmetry (619293), Figure 53, which coincide with the reference axis

(x'y'z'), the compliance relations for a typical layer of a composite

are
. 1(6) -~ 1 Vi) Vi3 - (9)
El E_ -E—- —E'— 0 0 0 Olw
1 2 3
v
. e A e S S B
2 E, E, E, 2
\YJ v
- 1 2 3
1 >
" 0 0 0 F— 0 0 TlQ
12 1o
1 T
y 0 0 0 Qo == o0
23 Cpy 23
Y 0 0 o o o =|[ (21)
(13 L G135 le

where the coefficient matrix is symmetric. If the fiber arrangement

r——




were such that the variation of the properties in the 2-3 plane were to

be negligible, the number of constants reduces to five.

B = E
: By = E3= Ep
A\ =V =V

21 31 © 'TL

Yoz T Vor

G

i

12 = 613 7 Gpp

l:“'T
G,, = G, ¥ =———— (22)
23 T 2(l+vTT)

E and G are the Young's modulus and shear modulus. Poison's ratio Vi

is defined as
€.
i
\)ij=—E_—
J

due to a stress in the j-direction. Therefore, the determination of the

five independent elastic constants EL, E GLT’ and v.,, character-

7> VTL° TT
izes the transversely isotropic composite. If the expression for GT
does not hold, the number of independent elastic constants increases to
six.

The constitutive relationship for the generally orthotropic com-

posite is obtained by solving for {6} in Equation (21) and making use

of Equations (22).
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=
. (8) - 5 (8)
. r‘ -
L( a Cii G G5 O 0 0 |fe)
5 % C21 €2 G 00 0le
3 % Ca1 €32 Cg3 O 0 0 11{¢3
f 0 0 o c \ L
112 yy O 0 1iv12
.
s T 0 0 0 0 Cgs 0 ||vp
where
= r2¢(7_,2
€1 = EL(I-vpp)F
Cio = ELBpvp(I#vpp)EF = Cyp = Cpg = Cgy
= —y2
C,, = Eg(E,~v2 E )F
- 2 yp -
Coy = Ep(Ep qp¥Eqvp)F = Cy,
= - 2 =
Cag = Eq(Ep-Eqvq)F = Cyy
Cuy = B = Cop
Cs5 = G

= -vZ )= 2 24
F l/[EL(l ”TT) 2E..vZ_ (1+v (2u4)

T TL ’I"I'):I
The transverse normal strain can be found from Equation (23) as

0 )

93-C31617C30%5)

€ :-l_(
3 C33

which can be used to eliminate €3 from the stress-strain relations for

the Kth layer leaving
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[

i - Y(8) - - (6)

Lo 9 1 Qo O 0 0 € ]

C

. -

3 % Qi Qp O 0 0 €2

b

‘ <T12L =10 0 Q, 0 0 ﬁleL
T3 0 0 0 Qy O Y23
1 0 0 0 0 Q Y (25)
(B L 6] (x)l' 13 (k)

where 94 is neglected as in classical lamination theory

c..C.
i.-—l—gj—a ifFi, =1, 2
Q.. = J 33
13
c.. ifi,j=u,5,6

1]

For an arbitrary orientation of a lamina, the principal axes of
material will not coincide with the reference axes of the laminate.
The transformatior for expressing stresses in an (616263) coordinate

system in terms of stresses in (x'y'z') system, Figure 54, is

| A 3

rbl (6) r-cosqu sin2¢ 2sin¢cos¢d 0 0 (&x,
-02 sin?¢ cos2¢ -2sin¢cosd ) 0 Oy' T e
4112} = |-sin¢cosd singcosd cosz¢-sin2¢ 0 0 {Tx,y, -
To3 0 0 0 cos ¢ sin ¢ Ty,z, o
T 0 0 0 -sin ¢ cos ¢ Toroy (26) RS
- laJ(K) - o ~ X ZJ (K) N . -

or
(0®) gy = [T Mo d ;
v w
Hence, solving Equation (26) yields e
-1, 0
! =
{o }(K) [To] {o }(K)

where ['I‘GJ-l is obtained by replacing sin¢ with -siné in [Tc]' 5
' o
Similar transformations for the strain can be obtained as =T
-
) v
]
- L . . T ‘ L L o
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Element Stiffness Matrix

The strain energy of the element can be written as

N
Us I %[ (e}, lo" v,

K=l y(k) K)

(30)

where the V(K) denotes the volume of the Kth lamina. By substituting

e N e o o e o o S L S S L e s M S A ey T
. |
)
e
!
43
b (9) [~ 2 2 . =r N
&l cos4e sin<¢ sin¢gcos¢ 0 0 Eyet - 0
1
€, sin?¢ cos?¢ -singcosé 0 0 ey TE
WYl2r = |-2sin¢cosd 2sindcosd cosz¢-sin2¢ 0 0] <Yx'y'> ‘i
Yo3 0 0 0 cos¢ sing Yy'z' - ‘.i‘
Y 0 0 0 -sinp  cosé||r.,_, (27)
(19 () - S 1%'2") (k) .
or - ‘}
6 - g
- [ .
{e }(K) - [TEJ{C }(K) Y ~~A?
and R
. _ -1, o o
{e }(K) = [TEJ {e }(K) ]
where [TE:]_l is obtained by replacing sin¢ with -sing in[Te] and the o
prime represents the principal axes system.
Equations (25) can now be rewritten as C .
8 e
(07} iy = [Q1y 1Yy (28) o
Substituting Equations (26), (27) into (28) yields B
_ T
{U'}(K) = [TE] [Q](K)[TE'IE'}(K) (29) } "
or o g
B
{o'}(K) = [Q'](K){e’}(K) : :ﬁ
where 'f
T . B
1 = - I
[Q'1 gy = [T.17Q1 LT, ] 5
and -
T _ -1 .
[1.1 = [T]

-
e
a ak A_ama
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Equation (29) into Equation (30), the element strain energy can be ol

obtained as

N
U= 33 {e'}Qr ]y letdav

3
o 0 (31)
(x) .
where {e'} is equal to {E'}(K)’ since the distribution of strain is
assumed to be continuous throughout the entire thickness of the lamin-
ate. Matrix [Q'](K) is the stress-strain matrix for the K layer. One o
r’
must ensure that [Q](K) provides for zero stress normal to the shell.
Let the reference shell coordinate x'y'z' have the same directions as
Vl, ?2, 73 so that at each point of the shell z' is normal to the mid-
surface. Taking for example the Kth layer, the stress-strain relation
' - ' ' o
ey = [y te"
in x'y'z' coordinates is }j
. \ ~ - - /
1 1 .o
Tyt Q1 Q' 00 0 0 e |
1 ]
oyt Q',, Q,, O 0 0 0 €
o, 0 0 0 0 0 0 e,
<2 o= 20 )
(] Yoo
Tyrgt 0 0 o Q' 0 0 Yxty! T
]
Ty 0 0 0 o0 Qg O Yot
T oy 0 0 0 0 0 Q' Yo v
L 2w & Bl ()L 2 (32) )

This form of [Q'](K) provides for O 1 = 0 and plane stress conditions in

the x'y' plane. A coordinate transformation is applied to convert

{E'}(K) to matrix {e}(K) in the global xyz coordinates; i.e., substituting
{e'} = [Té]{e}

into Equation (31) yields

T 1 T 1 '
U=3 I [ e} ITII0Q T, [TIIedaV s (33)

Y(x)
Introducing Equation (19) into (33) leads to
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U = L{6)T[kI{6) (34)

where

(k] =
K

[ =

T
[BTIE] () [BIV )
(x)

is the element stiffness matrix and

1y (35)
[E1 = [1T'37[Q", \[T"]
(X)
in which [T;] is the transformation matrix between xXyz and x'y'z' coordi-
nates.

The integral of Equation (33) is evaluated by numerical integration
with respect to the local ¢, n, ¢ coordinates. Matrix [B] may be split
into a part [Bo] independent of ¢ and a part ;[Bl] linear in ¢. The
products

2(8,1 [E], (B, ]
0 (K71
and
e[8,17[E], \[B]
1 (K)-"0
are linear in Z, representing the bending-membrane coupling effect. The
product
(8,1 [E1,,[B,]
0 (K)-%o
and
(8,17 [E], (B, ]
1 (K)™"1

are the membrane and bending effects respectively.

Body Loads, Surface Loads

Nodal loads resulting from body force and surface pressure will now
be considered. The nodal loads associated with these applied forces may
be found by usual procedures and only an outline is included here.

Equation (15) can be rewritten as follows:

{£} = { } = [N]{s} , (36)

£ < £
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where [ﬁ] defines the nature of the displacement field. Matrix [ﬁ] is
a 3 x 40 and is built of eight 3 x 5 blocks. A typical block[ ﬁg is of

the form

[ NLt L . NALt L .

N 0 0 i "i'li ! 21
i 2 2

- Nltgmy;  Nbegmy,
[N.T]=]0 Ni 0 > - >

N.Lt.n,. NALt.n,..

0 0 N i 1714 i 1721
i 2 2

The array of element nodal forces {r} produced by body force and surface
pressure in the element is [31]

tr} = [ IeYav + [n2Tep_Yas (37)
Vol S

The first integral represents the body force and the last integral repre-

sents surface normal pressur .

Computer Implementation

First of all, consider the definition of the three mutually perpen-
dicular vectors Vli’ v2i’ vBi as shown in Figure 57. The rotation vectors

Bi’ a; are colinear with Vii and Véi respectively. It 1s conceivable that
in the assembled structure no two nodal rotation vectors will have the
same direction. Vector Véi may be defined by input data, and is presumed
to span the thickness and be normal to the midsurface. This proves to be
very time-consuming in preparation of data for a large-scale problem. 1In
this study the following approach is adopted.

From the differential geometry, the tangent vector 31, 32 as shown in

Figure 55 along the local intrinsic shell coordinates axes can be found

by the following equations,

> _ 9x 7 3y 1 9z »
el 3t 1+ 3¢ ]+ 3E K
o, oy 22y
e2 T 1+ 3 ]+ M K




and
> > >
ey T e x e,
. - - -> - - s
The direction cosines of ey give the directions for 051' Vii could be
>
defined by ey or might be defined by input data so that it coincides with
a principal directionof an orthotropic material and
> > >
= %
Voi ¥ Va3 Vi
Next the element stiffness matrix given by Equation (35) will be
integrated numerically with respect to the local £, n, g coordinates
resulting in

1 .1 1
(k1= [ [ | [B]T[E](K)[B]det|J|d£dndc (38)

L

K211

When the Jacobian of the above equation is computed, it is found that ¢
to the first power appears in certain terms. These terms may be neglected
in comparison with terms to which they are added. In this study, these
terms have been temporarily suppressed so that [JJ] becomes independent

of ¢ and explicit integration through the thickness is possible; and, as
indicated in the previous section, [B] may be split into [Bo] + ;[Bl].
This integral results in

1 .1
(k1 = [l {l([BOJ[E][B°]+[B0][DE][Bl]+[Bl][DE][Bo]

+[BlJ[DJ[Bl])xdet|J!d5dn
where [E] is the in-plane stiffness array, [D] is the flexural rigidity
array, and [DE] is the coupling of membrane and bending stiffness array.
The average valuesof [E], [DE], and [D] are then computed and the ¢
terms are restored in [J]. Two Gaussian points in the thickness direc-
tion are used for numerical integration; i.e.

1,1 .1
[k] = {l {1 {l([Bo][E][Bo]+[Bo][DE][Bl]+[bl][DE][Bo]

+[B J[DI[B, ] x det|J|dednds

. 1 Sumedh, b3 - PP 2 & W FTIDN SPu Syey - P -

NPV YN
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The cost of numerical integration is then doubled but the stiffness

obtained is much better than the one obtained by neglecting f terms in

T [J]. L
In the final calculation of element stresses, the strairscomputed ,Ag
e
from .
{e} = [BI{s}
are referred to global coordinates x, y, and z. The strain is then trans- . .
- ,x....
ferred back to the x',y',2z' coordinates by
{e'} = [T!]e) o
And, finally, the operation A
{o'} v
o! = ' ' e e e
a0 = [ gten T
gives stresses referred to the shell coordinates x',y',z'; and the stresses .
in the principal material direction are obtained by :':
1%} B
o = [T_lo? o
4.7 Yield Criteria
|
The Hill criterion as well as the Tsi-Wu tensor criterion are imple- r L 2
mented in the computer program to assess the effect of stresses and strains E
B 4
on the structural integrity of the composite. Due to the thinness of the C
plates and shells in the p3-direction, plane stress is assumed; that is I A
- T
= ~ - 1
O3 T T3 = T3 = O A
Also for a composite which has a regular fiber array in the 6l-82 plane o
it is usually assumed ' v !
- R
(0,) = (0,)
3'y.p. 2’y.p.
With these conditions the Hill and Tsi-Wu criteria are essentially the
same as used in the plane stress analysis. Incorporation into the com- 1 7.11
puter code makes it possible to assess the structural integrity of the ]
]
' v
R . N - - o - - . - o .. . B - - N o PN DU TP S P A J
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plates and shells at discrete points due to the finite element approxi-

mation. At these discrete points the layer stresses Tys Tys Tyos Tyas

T, are computed as described previously, and are substituted into either

Equation (3) or Equation (4). The layer is yielded if the left-hand side

of the equation is greater than or equal to 1.

Mesh Generation

The preparation of element data is a very time-consuming task.
Incorrect element data is also a major source of errors when running
finite element programs. The mesh generation subroutine is developed
to generate the element data automatically. The MESH8 subroutine uses
a group of either 8-node (quadratic) or 12-node (cubic) quadrilateral
regions to define the body under consideration. This sub-program is cap-
able of modeling two- or three-dimensional plates and shells midsurface
domains that are composed of 8-node quadrilateral elements. The element
nodes are numbered and the element nodal connectivities also generated.
The 8-node quadrilateral region is available in MESH8. It can be used to
generate a two- or three-dimensional quadrilateral element with eight
nodes. The eight nodes that define the region are numbered as shown in
Figure 56. Node 1 is always at the coordinate location £ = n = -1,

The region is then subdivided into elements by considering eight
nodes that form a quadrilateral such as the area in Figure 56 with the
center node being omitted.

The size of the elements can be varied by placing nodes 2, 4, 6, or
8 at some point other than the center of the side. Movement of these

nodes shifts the origin of the E-n coordinate system.

[ ——




50

A domain is generally modeled by using several regions connected to
one another along one or more sides. The possibility of a common bound-
ary between two regions requires that proper connectivity data be given.

These connectivity data convey to the computer how the region under con-

sideration is connected to other regions.

P
3
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Chapter V

LAMINATE STRESS ANALYSIS BY THE FINITE ELEMENT MODEL

5.1 Description of the Computer Program

5.

2

The element is a general doubly-curved 8 node laminated thick-shell
isoparametric element which can be used to model both thick and thin
plates and shells, laminated or single layer. The material can be
homogeneous isotropic or orthotropic. Both geometric and material non-
linearity have been considered. The incremental procedure is employed.
The load increments are of equal magnitude. The load is applied one
increment at a time and during the application of each load increment the
equations are assumed to be linear. The coordinates of the node are then
updated and the adjusted coordinates are used in the computation of the
stiffness for the next increment. The shear stress-strain curve of the
composite material is highly nonlinear. The current tangent modulus is
used in the calculations. The shear curve is fit by a cubic spline
interpolation to define the shear modulus at a given strain. Figure 57
is a flow chart showing the sequence of operations performed by the
program. Appendix A together with Figures 58 and 59 give an explanation

of the data input for the program. Appendix B gives the program listing.

Verification of the Computer Model

This section presents the solutions of several problems which are
intended to illustrate the capabilities and limitations of the finite
element computer program. Examples included have known solutions, and

thus provide good test cases for the program.
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Homogeneous Simply Supported Square Plate. The first example is

the well known Reissner thick plate problem. A nondimensional deflection
parameter was calculated for various plate-thickness-to-lateral-dimension
ratios. These results are presented in tabular form in Table 6 and in
Figure 60. They show excellent agreement with the Reissner theory

(see [29] or [32]). As the thickness tolateral dimension ratio gradually
increases, the solutions of both the finite element method and Reissner
theory disagree with the classical solution.

Cylindrical Shell Roof. This is a test example of application of

the element to a shell in which bending action is severe, due to supports
restraining deflection at the ends. The shell is supported on diaphragms
as shown in Figure 61. These allow no displacements in their own plane,
but offer no resistance to displacements perpendicular to it. Only a
guarter of the shell was actually analyzed, by using symmetric boundary
conditions along the two orthogonal planes of symmetry. Displacements of
the shell in the vertical direction at the mid-span section are shown in
Figure 62. The reference curve is that used by Pawsley [33]. The graphs
show that this shell roof is well modelled by even one element.

Thin Hyperbolic Paraboloid Shell. The boundary of this shell is

assumed to be rigidly held against both displacements and rotations.
The shell is subjected to a uniform load. The geometry and material
properties are shown in Figure 63. The entire hyperbolic paraboloid
was modelled using only 4 elements. The results obtained are presented
along with the results of Minch and Chamis [34]. These results show
good agreement.

These comparisons all indicate a high degree of accuracy for the
present method. The method will now be applied to a glass-epoxy laminate

with a hole.
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Response of a [0/%45/90]5 Glass-Epoxy Laminate with a Hole

An example like that of Chow et al [16] was chosen. Three tensile
coupons of XP-250 containing a hole were tested. The layup was [O/tu5/90]s,
eight plys thick. During the load application the strain was monitored
near the hole by a 1/16-inch strain gage. The coupon dimensions and gage
location are shown in Figure 65.

Figure 66 shows the mesh layout for the computer simulation of this
problem. The properties used in the input are those of Article 2.5. The
tensile values of the stiffness properties were used in the input together
with the nonlinear ply shear curve, Figure 9. After matrix failure in a
given ply E22 and G12 were set approximately equal to zero as explained
in Article 3.7. The computed response is compared with the three test
responses in Figure 67. The two agree fairly well although test strain
is slightly larger than the computed strain. The indicated computed
failure was taken to be when two plys failed by fiber fracture. In this
problem these failures occurred first, of course, in the elements on the
hole edge. The slight disagreement in Figure 67 is probably due more
to imperfect material characterization, as discussed in Article 3.7,
than to the numerical method. The present finite element model, as

already seen, appears to be quite precise.

~
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Table 3

Summary of Ply Shear Properties for XP-250
Glass-Epoxy from Three-Rail Shear
of Unidirectional Panels

Properties
Shear Modulus Ultimate Shear Ultimate Shear
Stress Strain
G (psi) S (ksi) e (p strain)
1
Test No. 2 12 12
12 (1) 0.60 x 10 18,200
6.48
12 (II) 0.63 x 100 14,300
13 (1) 0.69 x 10° 20,300
7.60
13 (I1) 0.76 x 10° 18,200
14 (1) 0.58 x 106 19,200
6.76
14 (11) 0.78 x 10° 15,000
15 (I) 0.74 x 10° 25,900
8.10
15 (I1) 0.66 x 10° 26,300
Mean Values 0.68 x 10° 7.23 19,700
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Table 4

Summary of Ply Compressive Properties for XP-250
Glass-Epoxy from Tests of [0°] Coupons

Properties
Young's Modulus Poisson's Ratio Ultimate Stress
E]; (psi) viz xi (ksi)
Test No.
16 4.94 x 108 0.403 -1
17 6.39 x 108 0.294
(Channels 1, 2) 122
17 5.73 x 108 0.309
(Channels 3, 4)
18 5.35 x 10° 0.277
(Channels 1, 2) 1
18 5.88 x 10° 0.325
(Channels 3, 4)
19 5.97 x 10° 0.330
(Channels 1, 2) 121
19 5.97 x 10° 0.287
(Channels 3, 4)
20 5.19 x 108 0.324 99.8
21 6.38 x 10° 0. 305 105
Mean Values 5.87 x 10° 0.317 112

1No ultimate load due to grip slippage.
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Table 6

Central Deflection of Simply Supported
Square Plate. After Reference [29].

THICKNESS g = wmaxEHs/qa” UNIFORM LOAD, q

RATIO

Present Finite Reissner's Classical
H/a Element Theory Theory
0.01 0.0u4481 0.04439 0.0L4u37
0.05 0.0u4524 0.0Lu86 0.0uu37
0.10 0.0u686 0.0u4632 0.0uu37
0.20 0.05243 0.05217 0.0uu37
0.25 0.05698 0.05€56 0.04437
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Figure 1.

Test Set-Up
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Figure 3. The Failed [0]S Tensile Specimens
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The Failed [90]S Specimens
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Figure 8., The Failed [0]8, Three-Rail Shear Specimens j
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Figure 10. Two Views of the Compression Fixture
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Figure 16. The Failed [OJS Compressive Specimens
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Figure 18. The Failed [90]s Compressive Specimens
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Figure 50. The [0/tu5/90]s XP-250 Glass-Epoxy Tension
Coupons After Failure
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Figure 51. The 16~node Solid Element
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Figure 55. Intrisic Shell Coordinate Axes

Figure 56.

Possible Region for the Quadrilateral
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Figure 57. The Flow Chart of the Computer Program
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Figure 60. Influence of Transverse Shear on Maximum Deflection of a
Homogeneous Simply Supported Plate
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Appendix A

Input for the Program

Card

Card

Card

1 TITLE (13A6)
Col. 1-70 Alphanumeric statement
Col. 70-78 "MESH ONLY" if only the mesh generation is desired

2 General Control Card (515)

Col. 1-5 NNP, Number of nodal points

Col. 6-10 NEL, Number of elements

Col. 11-15 NMAT, Number of different filamentary composite material
Col. 16-20 NSHELL, O for shell analysis, 1 for plate analysis

Col. 21-25 NFLAG, 1 for Hill criterion, 2 for Tsai-Wu criterion
Leave Col. 1-10 blank for mesh generation

3 Load Control Card (615)

Col. 1-5 LD, Load identification 1 for uniform load in x, y, 2z,
direction, 2 for uniform normal pressure, 3 for non-
uniform normal load, 4% for concentrated load, 5 for
edge pressure

Col. 6-10 NELPL, Number of element with uniform or non-uniform load

Col. 11-15 NEDGEL, Number of edge pressure boundary conditions

Col. 15-20 NLOAD, Number of concentrated loads

Col. 20-25 INCMAX, Maximum number of increments

If INCMAX is set equal to 1 linear analysis will be executed.

Card

Card

Card

Card

Card

4 Mesh general control card (215)
Col. 1-5 INRG, Number of region
Col. 6-10 INBP, Number of boundary points to be input

5 X-coordinates of the boundary nodes (8FI0.0)
6 Y-coordinates of the boundary nodes (8FIO0.0)
7 Z-coordinates of the boundary nodes (8FI10.0)
This format is repeated until all the nodal values are read.

8 Regions connectivity data (515)

Col. 1-5 NRG, Region number

Col. 6-10 Four connectivity numbers for a region one for each side.
Col. 11-15 Each value is the number of the region connected to a
Col. 16-20 particular side. The sides of the quadrilatural region
Col. 21-25 are labeled as shown in Figure 58.

See example for the determination of the connectivity data.
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Card 9 Region data (11IS)
Col. 1-5 NRG, Region number

v A L R

Col. 6-10 NROWS, Number of rows of nodes o -j
Col. 11-15 NCOL, Number of columns of nodes ’ &
- Col. 16-20 ]
2% Col. 21-25 SRR
E‘; Col. 26-30 NDN Global node numbers used to define the quadrilateral. S
. Col. 31-35 C
= Col. 36-40 ]
! Col. W41-u5 yQ T
. Col. Uu6-50 o
Col. 51-55 ]
Replace Card 4 through Card 9 with the following data Cards if mesh ' ‘
generation is not used. (Substitute cards are indicated by an asterick.)

% Card 4 Nodal coordinates card (Al, I4, 5X,3F10.0, I5) (one for each node) v
Col. 2-5 N, Node number
Col. 6-10 Leave blank
Col. 11-20 X(N) X-coordinate
Col. 21-30 Y(N) Y-coordinate
Col. 31-40 2Z(N) Z-coordinate

lv";—rr Y- [‘v{v. .

Col. 41-45 KN Node number increment
Nodal coordinate card need not be input in node order sequence, : ’
however, all nodal coordinates must be defined. Joint data for a series o
of nodes may be generated from information given on two cards in sequence: S
Card 1 Ni o« v v v o o« o « . KN v o
1 1 e e,
Card 2 Ny « v v v v v v KN, o
KN, is the mesh generation parameter given on the second Card of - : :lJ
the sequence. The first generated node is Nj + (1 x KNp); the second R J.‘
generated node is N7 + (2 x KNp); etc. Generation continues until node g o d
number No - KNy is established. Note that the node difference Ny - N3 ST
must be evenly divisibly by KN,. .
* Card 5 Nodal connectivity card (9I5) (one for each element) s -
Col. 1-5 N, Element number > @ )
Col. 6-10 NOD (N,1) - N
Col. 11-15 NOD (N,2) ]
Col. 16-20 NOD (N,3)
Col. 21-25 NOD (N,4) Global nodal point number corresponding
Col. 26-30 NOD (N,5) to element nodes
Col. 31-35 NOD (N,6) PO
Col. 36-40 NOD (N,7) o
Col. u41-45 NOD (N,8) , T
b @
L 4 L J -
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Card 10 Nodal ID Card (715) (one for each node)

Col.
Col.
Col.
Col.
Col.
Col.
Col.

1-5

6-10
11-15
16-20
21-25
26-30
31-35

N, Node number

ID(N,1) =x-translation boundary condition code
ID(N,2) y-translation boundary condition code
ID(N,3) =z-translation boundary condition code
ID(N,4) «=-rotation boundary condition code
ID(N,5) B-rotation boundary condition code

KN Node number increment

Note that an unspecified (ID = 0) degree of freedom is free to translate
or rotate as the solution dictates. Delated (ID = 1) degrees of
freedom are removed from the final set of equilibrium equations.

Ib = -1

is used in the generation of boundary condition code 1.

of the boundary code is used when a series of nodal cards all have
fixity in a given direction. For example, a flat plate lying in the
x-y plane subjected to plane stress state will have ID(N,3) = ID(N,4) =
1 for all the nodes. Rather than punching "1" in column

20, 25, 30 on all the cards it is possible to just punch "-1" in the
column 19-20, 24-25, 29-30 of the first nodal card and enter 1 for KN

ID(N,5) =

in the last nodal card.

on all of the intervening cards. A code of -1 isthen interpreted in the
same way as +1 (i.e. fixed).

Card 11 Material Property card (8F10.0) (one for each ! .pe of material)

Col.
Col.
Col.
Col.

Col.
Col.
Col.

1-10
11-20
21-30
31-40

41-50
51-60
61-70

E(I) Ej, longitudinal Young's modulus

PR(I) VTL Major Poisson's ratio

E2(I) ET transverse Young's modulus

G1(I) GLT shear modulus in the L-T plane of the
unidirectional composite

G2(1I) GT shear modulus

VTT minor Poisson's ratio

WRANG(I) ply angle

Note that a different ply angle is considered to be a different material.
The ply angle is defined by the angle between the intrinsic coordinates
and the principal material coordinates.

Card 12 Yield strength for unidirectional composite (8FIO0.0)

(one for
Col. 1-10
Col. 11-20
Col. 21-30
Col. 31-40
Col. ul1-50
Omit card

each type of material)

YLDX tensile yield stress in longitudinal direction
YLDY tensile yield stress in transverse direction

YLDS shear yield stress in L-T plane

YLDXX compressive yield stress in longitudinal direction
YLDYY compressive yield stress in transverse direction

11 if INCMAX = 1.

I T WO S S YO e g PUL I DU W,

Generation

The program will set ID(N,3) = ID(N,4) = ID(N,5) = -1
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Card 13 Layer information card (3I5) (one card for each element) ~
Col. 1-5 L Element number .
Col. 6-10 NLAYER Number of layers -
Col. 11-15 KN Generation code .“”““'”i
If KN is left blank, one card is needed for each element. If KN is s
set equal to 1, only the first element in the series need be provided. L
The other will be set equal to the first element. o
Card 14 Layer property set (2I5, Fio.4, I5) (one set for each element) o v
Col. 1-5 LN Layer number - A
Col. 6-10 MTYPE Material type number S '
Col. 11-20 THL Thickness of the layer .
Col. 21-25 KN Generation code N
KN is defined the same way as in Card 12. If KN is left blank one set o e
of cards is needed for each element. If KN is set equal to one at the T
last card of the first set, then only the first set is needed for the .
first element. o
Card 15 Cubic spline control card (I5, 5X, 2F10.0) .
Col. 1-5 N Number of segments of stress-strain curve to be fit o X i
Col. 6-10 Leave blank N
Col. 11-20 E The initial shear modulus P
Col. 21-30 ES The last shear modulus s
Card 16 Discreet values from the shear curve (2F10.0) (one for '
each station) L
Col. 1-10 F(I) Value of shear stress at station I oo
Col. 11-20 X(I) The corresponding shear strain <
Omit Card 15 and 16 if INCMAX = 1. ;
Card 17 Concentrated load card (IS5, 5X, 3F0l1.4) (one for each load) 9
Col. 1-5 ND Node number where load applied PR
Col. 6-10 Leave blank '5},4
Col. 11-20 IDIRN Direction of the applied load R
1 for x-direction SRR
2 for y-direction , {;j
3 for z-direction o .
Col. 21-20 FLOAD Magnitude of the applied force, positive if in - A
the positive direction of the axis, negative if opposite j
to the direction of axis .
Card 18 Distributed body load card (IS5, 5X, 3F10.4, I5) (one for each element) .
Col. 1-5 L Element number v e
Col. 6-10 Leave blank IR
Col. 11-20 Px x-component of the body force per unit volume .
Col. 21-30 Py y-component of the body force per unit volume
Col. 31-40 Pz z-component of the body force per unit volume
Col. 41-45 KN generation code .
L J o
Omit card 18 if LD # 1. - oo
| J L J
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Omit

Card

Card

Card

Omit

Note

129

19 Edge pressure load card (2I5, F10.4) (one for each load)

Col. 1-5 L Element number

Col. 6-10 ISIDE Side number

Col. 11-20 PMLD Edge pressure positive if in the same direction as
the outward normal of the edge surface

Card 19 if LD # 5.

20 Surface pressure load card (IS, 5X, F10.4, I5) (one for each element)
Col. 1-5 L Element number
Col. 6-10 Leave blank
Col., 11-20 PN Surface pressure, positive if in the same direction
as the outward normal of the surface
Col. 21-25 KN Generation code

21 Non-uniform surface load set (iI5, 1, 8F10.0) (two for each element)
Col. 1-5 L Element number

22 (Continuation of Card 21)

Col. 1-10 PU(L, 1)

Col. 11-20 PU(L, 2)

Col. 21-30 PU(L, 3)

Col. 31-40 PU(L, 4) Pressure intensity at the eight nodes of
Col. 41-50 PU(L, 5) the element.

Col. 51-60 PU(L, 6)

Col. 61-70 PU(L, 7)

Col. 71-80 PU(L, 8)

Card 20 and 21 if LD # 3.

on Region Connectivity Data for Mesh Generation

A domain is generally modeled using several quadrilateral regions

connected to one another along one or more sides. The possibility of a
common boundary between two regions requires that certain information

be provided. The determination of this connectivity data is best
illustrated through an example as the four region body in Figure 59.

The ¢ n coordinate system and the region number have been assigned. The
sides of each region are indicated by the number 1 to 4. The connectivity

data

for the four region body is as follows:

Region | 1 | 2 3 | u

1 2 3 0 0
2 by 1 0 0
3 4 0 011
4 2 0 0 3

e .+ P e e Py P S WP W
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The first line of data states that side one of region one is
connected to region two and that side two of region one is connected
The two zero values indicate that sides three and
four of region one are not connected to any region.

to region three.

line of data for each region.
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APPENDIX B

. $RESET LIST
( FILE 1(TITLE="CH/TAPE®, KINO=DISKsFILETYPE=7)
COMMON/SET2/INCo NFLAGS YLOXC4) » YLDYC4) o YLDSC4)p YLDXX(4)
1s YLOYYC4)»SUMSC100s853)sK0UNTC(L100)»
2 XOUNTFC(L100),NFAILC100,8)sNYIELDC100+,8)
3oSUMSIGCI0ND 853 ),SUMSTNC1005,20),SUMEX(1009020)
LsSUMSX2(190,29)
CGMMON/HYZ XC163)oY(153)»2C¢163)010¢16355)
COMMONZHS/SCLYsPRIEGISNOD(HbrB) s MTYPE(Ir&& )oTH(44)s SE
1045245 ), PXCLG)PYC(LL)sP2C 4o NLAYERCAL4), THL
2(Er ki) PE2C4Y2G1C4)r G2CA)»PRZ(&G)»uRANG( L)
L CCMMON/SPN/DDD € 200) »NN3,ES
5 CIMENSION TITLE(L3)
\ IIMENSION £S5V S(320.80)»LM(4C)sFFC45)sRC 320)5SICP)oT1
1(5) »AA(2),FFF(6)»AX(136)
CCMMON/G/AMNIL6356)sPM bk, &)
CCGMMON/P/NSHELL » NI »NEDGEL » KOUNTY» KOUN
CCHMONZSOL/ZRR{302)
COMMON /TEST /i NCMAX
COMMON/LOAD/PNCLL)»PLC4Ls8)
CCMMON/LIAOGH/LDINEQsNLOADSNELSNELPLS NNP
CATA AA/=.57735027,.57735027/
OATA IPRC/LHF/
CATA WORD1/6HH ONLYZ
NG=8
NFE=3
NC<=320
NLC=E3
READCS,901 ) (TITLEC(T)sI=1513)
WEITZC659VIICTITLECI)»1=1513)
931 FCRMAT(13A6)
RAEAD (S5»5)NNP,NEL»NMATsNSHELL »NFLAG
READ(S,6 M DsNELPLSNEDGEL » NLOAC, INCMAX» NEL SP
IF(NELPL.Z Q. 0INELPL=NEL
5 FCRMAT(6IS)
IF(NFLAG.EQ.0) NFLAG=2
HEITC (5 s2)00)NNP,NEL,NMAToNENGEL sALOAD » NS HELL » NFLA G
» INCMA X )
NTDF =S e NNP
IF(NNPNEe0oANDNEL<NE<0)GO TO 300
Ces  MESH GENERATION
CALL MESHE (Xs¥s Z,NDD»NNPsNELs 40 TITLE)
IFCTITLECL3) SR WORNYL) CALL EXIT
NTOF =5 #N4?
IF(NELPL.Z2.7) NELPL=NEL
GC T 305
39C COCNTINLE
Ces  IN?3T 93DAL COORDINATFS
CALL INBUT (X, YsZsNNP)
Coe  INPLUT SLEYENT RONNFCTIVITY DATA
CC H2L =1 pNEL

Ll N
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SEAD (S5+H195INe (NOD(N»1)rI=1+3)
AFITE(S5015)Ns (INOD(N»T)» [=1,8)

€2¢ CONTINUE

395 CCHTINUE

Cx

L5 FCRAMAT(STS)

INPUT 19 CIDES
CALL INIDCUID-NNPLNEQ)

ARITZ(6,2010)

AFRITEC(H,2005)(Ns CIOCNS1D)p1=155)s XIN)» YIN)PZ(N)»N=1
1»NNP)

2CCS FORMAT(5I5,5%X»3F13.3)
322C FlaMAT(1IHL)

L&

b
4

27
17
2¢

WRITE(H2292)) .

WRITZ (6, 202S)(N- (NOD(N»T)oI=1»8)eN=1»NEL)
AFITC(6,29370)

INPUT MATERIAL DATA

ol 5 I=1snNMAT

SEAD (S»3) E(I)»PRCID,E2CIIPGICI)»G2CI)»PR2CI)»HRANG

1(1) v

LFCINCMAX O NFLL IREADCS, 3DYLDXCID»YLOYCI)»YLOSCT) »YL DXX
1(D)YLOYYC D)

WRITE(H,233501»  EC1)PRP(IISERCTIeGLCI)e G2LID»PR2(])
1oHEANC(T)>» YLOXCID)oYLDYCID)AYLDSCI)YLDXX(])
2,YL2YY(Y)

CONTINUL .

FCRMAT(AF10.0)

KN=J
WRITE(E,2040)
INPUT NUM3IER OF LAYER FOQR EACH ELEMENT

FCrMaT(i9512E10,3) ITf"

SC 17 M=1,N°L :!
IFCKNEDNIREAD (5s23)Ls NLAYZRCL)PXN ~
[F(KN.EW.N)IGOH TN 27 ;
VLAYEFC(¥)=NLAYER(1) o
CONTINGGE )
AFITE(Bs2045)Ms NLAYER (M) » XN o .
FORYAT(3IS) * @
KN=) ST
AFLITZ(652939) ' .
CC 42y M=1sNFL L
NPLY =NLAYIS (M) -
'L=0o B < :
INPIT MATERTAL TYPE AND THICKNESS NF EACH LAYER . .
OGC 41C LA=1,NPLY - o
1FCXNGC0e DIREAD(S e 12)LNsMTYPECLNsM) » THLCLN» Y )» KN

SF(KN.EQe") G3 TO 411
MIYPE(LALM)=MTYPECLAXT)
TRLCLAPMI=THL(LA»Y)
TL=TLATHLLLAsH) g .
AL TE(0s2955)Ms LASMTYPECLASPM) »THLCL Ap M) » KN T '
ThiM)=TL

[ J L J
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CCNTINUE
FLaMAT(2I5,F10.4015)
IFCTNCOMAX,.Z8.1) GO T %03y
CALL CLBIC SPLINE FIT

CALL SPLINE(DODOC1)»DDNCS1)»DODCL10L)»DODC151)9\NN3»ES)
CONTINVE

INPUT LOAZ ING

CALL IMLIOADCR»PXsPY»PZ»PMsPNsFUSNEDGEL)
MEAND=

LEIM=NPEeS

KLUNTY=D

£C 235 M=1,NEL

KCUNTF(M)Y=D

KCUNT(M)=0

JC 233 L=t ,NPLY
SLMSTN (4l ) =0,
SLAZX(MsL)=C,
SLMSX2(¥,sl )=0.

30 995 1=1,7
SUM31C(ML,ID=0,
SLMS(MLLL1 =9,

oG 7€ INC=1,1%NCMAX

OC 59 1=4,¢

FFF(I)=9,

IFCINCeGZo 2 AND S KUUNTYNESLL)GC TO 535
GC 11 11l=1,NZQ
RECIY)=R(I1)

C3d 11 J1=1,NDC

5(IL,utd)=9.

CC 517C M=1,»NEL

CC 531 Iv=1,VPE
I1=3x(Iv=1)

NI=NDC (M, 1W)

ol 371 J4¥=2,5

ly=itedv

LM(TJI)=IDINTSJIY)
FCANAT(29] 5)

CALCULATE 4ANDWIDYH AND ELEMSINTY STIFFNESS
SALL BANCAL (M3ANDsLMsNPE)
CALL ELEMNT(MeFF)

CC 415 LL=z1,LIM

T=LvMCLL)

IF{1LEeD) GO TQ 415

QR (T )=br (T I4AFFCLL)

S0 4%, MM=1,LIM
JELY(MM)=] ¢

[Fly.LELD) GO TO 40O
SEI»J3)=5SCLpJd)eSE(LL,MY)

3 CSUNTINLE

CGNTINUE
MERS LD

[ ]

Py

e. ...
I ’ C
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13 FLAMATOIX,5H NEQ=,I5,SXs7H M3 AND =1 9S)
Che JISPLACEVENT CACULATION

CALL 3ANSCL(L1»MBANDSINZIQ»RReS» NORHNDIC)
CALL JANSIL(2,M3ANDSNEQ»RR»S»ANDRSNOC)
AFITE(502%¢€0)

308 CEHNTINGE
OC 777 N=1»s»NNP
SC 778 Jy=i,°%
F{Jr=40.
11=1D(N»J)
IFCIT.EQ.D) GO TOQ 7756
F(JIY=FRK(11)

77¢ CINTINUC
L 778 I=.,1

773 FFRLI)=F(T)
CFFLO)I=AMN(NS L )*F(4 )+ AMN(NS» 4)*F(5)
FFF(3)=AMNINS2)*F (L) AMN(NS,S)*F(5)
FFFCDI=ZAMN(INGI)ISF (L) AMNINSB)®F(5)
1FCINCeFDe I INRTTE(HsIN2IN, (FFF(I9)sIH=105)

777 ZONTINLE
TFCINCYUAYLT 0L YARITE(S.2077)
TFCINC.Z2. 245 1TE(6,2080)

Sew STr= 538 CACLLATION

DG 290 Mv=1,NEL
CALL STRESSIMPNELSP)

293 CLHTINGE
DG 1777 N=1»snNP
CL 1770 J=1,5
FLJ)=C.
I1=ID(N,I)

If(I1eF2.7) 55 TO 1776
F(Ir)=57C11)

1772 CCNTINUE

A(N)=XINI+F (1)

YIN)=Y(N)s F(2)

Z(N)Y=E(N)+F(3)

CLNTINUE

FCRAATOL X 1S 3F 1babrtiXs 3514.4)

CONTINUE

FCrMAT(1HL 1X,37HC O N T R OL 1 NFORMATI
1 ¢ N 17/ L1Xs21HNUMBER OF NOLAL POINT 29
2(1He) 1H= IS / 1X,13HNUMBEFR OF ELEMENT? 32
3¢id.) 1H= 15 / 1XeLEHNYMSEF OF
4 vaTIRIAL 32(1H.) 14= IS/ 1X»32dNU.
5 CF ELEMINT WITH S0GE LOADING LIn(lHde)1H= 15 / 1x
6o26HND. 0F CUNCENTRATED LUAD 26(1He) LH= 15 ¢

I1X,H HNSHELL 44(1H4,) 1H=
1> 7/ 1Xs27H EQ.» ¢ FOR SHZLL ANALYSIS
/ LX»2H8H Z3«0 1 FOn PLATE ANALYSIS

/ 1Y, 5raFLAG 45(1He)
= 15 / 1X2224 Flas» 1 HILL TRITE2IA

oy
e OY w
~

DO
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3 / 1Xs25H fQes 2 TSAL=NU
4 CRITEHIA ' / 1X,18HMAX,
S5 INCYEMENT Nde 32C4H.) 1H= 15 7 1x
09s3HLDAD TYOF L1C1MH,) 1H= 1% 7/ 1X 440 “Qer 1
7 CISTRIIYTED LOAD iIN X Y Z DIRECTISN / LX 20H
¢ £Des 2 NORMAL LOAD 7 1X 36H Eder 3 NONUNIFORM
) [ISTRIQYUTEN LNDAC 7/ I1X 26H EWdes & CONCENTHATED
1 LoNY tX 18H E£de» S F£IGE LAY / )

2825 FCRMAT(I5+Sxe815)

2030 FLFAATC 2/ iX BHMATESTAL 10X IHE 3IX 2HE? 8X 2dPR
1 4X 2F351 &Xs2HG2 7X 3HPR2 SX SHHWRANG 6X AHYLIX
2 €X 4HYLDY &X GHYLDS SX SHYLDXX SX SHYLDYY 7/ 1x
3 74 MUM3Ee )

2:35 FCAMATC(IS»TX»12E1543)

2r2C SCAMaTC 141 34Heo o NODZ THICK SHELL ELEMENT OATR
1 17 1X 7THELEMENT 15X L2HCONNECTIVITY
2 / 1X»S5H NQe 48H 1
3z 3 4 S 5 7 é )

2C1C FCFNMATYC /777 IX»20HGENERATED NUDAL DATA
1 1777 1X, 18HTAUATIOIN RKUMBERS
2 /717 1Xe 31HNODE DEGREE OQF FREZDIOM
T 12« 1X,234NODAL PJINT CCORDINATES
A / 1X 34HNUMBER X Y Z ALPHA BATA
S 9X LEXE2X 1HY 12X 1H2 )

2C4C FORMATC(///7 1X 22HELEMENT LAYER KN/ 1x
1 164 NTl. NO» 7°)

2245 FCodATC1Xs 13s5Xs13e7X,12)

205C FORMATC/7// I1X 3DHELEMENT LAYER MATERIAL
1 THICKNESS 7 1X 16H NG - HQe« /)

20595 FCRYMAT(IXsI5,5X013,7X,13,8XsF10.495)

20RC FLAMATCLHL I1X 4GH N N D F D1 SPLACEMEN
1 1S5/ 7 tx 40H D 7T 4 T 1 O N
2 1/ 1X 494 Ngof X= Y
3 IX 4CH 7= X= Y 1X 4OH
4 1= / ix
S 4OHNUMIER TRANSLATION TRANSLATION TR A 1x
6 LOHNSLATIOM ROTATION RGTAT INN 1X 40M
7 FDTATION / )

2576 FCRMAT(IHILX 6%H...3=NODZ THICK SHELL ELEMENT STRESS

1 COMPLTED ATIX EHCENTRIID /7 1X L4HTLEMENT LAYER LEX
2 ERSTCE=XX 2X 1HS LOHIG=YY SIG=22
3 SIs=XY 5 2141G-Y2 STu-4X
4 7)
ZCPRG FLrvaTliNg IX 434 INC EL. NfO. LAYER v]ZLD
T SIGX SIGYSLH SIGKY S1
2 82 5121 6H STRAIN/)
CarL t©X1v
END

SLAAILTINT TLEMNTMMF)
CCMMON/SZT2/7INCHNFLAGA YLOX(4) pYLNY (@) » YLDSC4)» YLDXX(G)
i YLOYY L) SUMS(1I00, E»3)eKUNTL(100),
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15 2 BOUNTECIDNINFAILC1005,5)»NYIELDC(10C, 8) [ J )

\. T SUMST (10D ,9,3),SUMSTNCL YR,20), SUMEX (1055, °0) B
CCAMAN/YIELD/ZLL s MT 2L 2EToGLT o ¥TLo¥T T+ G239 G13-ALL» IPC
CCMMON/ZHL/ X163 ), YCi63)02€153)510(16355)

COMMON /M2 /7 XLC9I» YLCI)»ZL (I oV 10 9)sV2(3)s¥ 3(9)»

T JAC(3»3)sNCIDIsNS(9)sNT(9) 201 (9),02(9),03 ]

2C3)sAd1(I)p H2(3)Io4W3(9) ® @
CCMAINZH22 /TToUL L, U219 U3, U12,U22,U32,1 :
COMMNN/ZH3/ECL) sPRCADI»NODCGLr D)o MTYPEC 20 44)sTH(L4)sSE

1045,45), PXC4i)oPYCLH)sPZ (44 Is NLAYER (44 )5 THL

208,44) pE204)561C04)9 G2(4)»PR2CA)» HRANG(G)

3 N5 ,5)pH(I) -
COMMON/ SPN/DDDC200)»NN3,ES v @
CCMMIN/G/ANNCL 63, 6)0PM(bLbsk) R
CIMENSION B(Hhs069)983(554S)sKKK(6)»F3(5045)9s03(6545),-C

LCESBIPW(2)  SFXCLS)IsFYCES)sF7Ca5)sF(65)rAAC2) sDE(D»b)

2,ID(626)sIEB(E»45) »DEBL(H,43) 2FF2(5)
3 2PO(IIS FXXCI ) FYYL3)pF22( ) sECSAV(Hr o) S
4sCESAV(6925)9D0SAV(Ds5) A 4 R

CCMAINZP/ZLSHELLA NI SNEDGELsKCUANTYsKOUN

CIMMON/LOAD/PNCLL ) »PU(LL,3)

SCMMIN/Z/LOADGH/LD

COMMIN/K/KL» K2, K30 K4 KS

CATA AA/=.57735027s.57735027/ v ‘.
REAL NsNSANT,JHACPNLUIZ2,NL21 S
NAN=INC~1

N45=ND =5

3JC 126 11=1,9

% XLCI1)=X{(NDOD(MM»11)) T

F YLCIL)=Y(NOD (MM, I L)) B L

T'-\T—Irjr‘(l', o

U ™ TN

2LCTI1)=2(N00(MM, 12 ))
OCCIL)=PU(MM,IL)
10C CCNTINUE
135 FCEMAT(3F10.0)
YLEO)==( XL CT )4 XL (3)XL(S )+ XLCT))Zhae U XLL2)¢XLLG)EXL(B) T
leXL(3))/2. L ¢
FLEP )= (YL (L4 YL (3DAYL(S)IYL(7)) /440 YLL2)eYLLL)eYL(D) DA
14YL(3))72.
JLEI)=2=(ZLCL)¢ZL(3)4ZL(S)4ZLCT )Y/ b (2L 2)42L(L)e2L (D)
1420LC2)Y))72,
PCCII==(P2(1I+PO(3)4PO(3I+PO(7))/74.¢(PO(2)4PI(4L)+PJ(6) e
1+F3(3))/2. ®* @
GC T3 (1e2s69hsh )LD T T T
1 CONTINUE
PTIX=PX(MM)
PlY=PY(MM)
P12=P2 (M) LT
oG TJ & v L J
CONTINUE - o
FALYAC=20(MM)

Yy Yoo
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€ CONTINUE
LU 26 K=1sNGS
F(K) =0,
Fr(K)=Q.,
FY(x)=9.
Fa(K)=0.,
DG 25 L=1sN4S
2¢ SE(K»,L)=0.
CC 23 K=1,9
3 25 L=1»s06
JE(K,L)=0
CE(K»L )=0.
25 ZE(K»L)=0.
NPLY=NLAYE KR (MM)
TT=TH{MMN)
H(1)==TT/72.
D0 35¢ JI=1,NPLY
350 HCI41)=HCL)+THL(I,4%)
NC 4N0 LL=1»NPLY
NFALL(MM,L L ¥=Q
AMYLIELD {48 LL )= 0
MI=MTYPE(LL>MM)
IFCINC.EQ.1) GO TO 69701
SNL2=SUMSTN(MMsLL)
X1=A38(SN1 ?)
CALL FUNCTUNDIC1)»DON(31)oD0D(10E),CDDC151)rYioNNTIS XL
12YP» YFP,T5)
G1{4T)=yP
aec{4T)=YpP
5CC1 CONTINUE
ALL=whANG(MT)I®3,141592654 /71280,
TTLI=CHCLLS 2Y=ACLLY) /T T
TI2=2C(2.0A(LL+ 1) /TTIAM2=( 2.4 (LL)/TT)**2) /4,
TI3=C(2 eHOLLALYI/TT)w23=( 2, «4(LL)/TT)*n3) /5,
IL=E(MT)
ZT=E2(MT)
VIL=PR(47)
dIT=PR2(MT)
GLY=351(MT)
GT=62(MT)
IFCETEJar e JET=EL
IF{GLTENQIGLT=EL/(2.2(1esVTIL))
IFCVTIT.EDLNW) ¥TT=yTL
IF(AT e e i 0 YaT=ET/(2an(1.4¥TT))
3¢3=06LT
G13=451
IFCINCLEQ.1YGU T] 352
1PC=0
CALL YIELD(MM)
3Cz CONTINUE
CALL IMAT(D)

.
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CC S52C I=1»¢

CC 520 J=1,5%
TECI»d)=T5 (T 0d)e QCIJ)*TT
DECT»J)=DECT»J)+QCI»I)«TT2
DDCY53)=00 (T »0)4QC1ed)=TT3
CINTINUZ
TFINFALIL(MM»LL)oEQelaANDKIUNTF(MM)EQe2) CALL EXIT
CUNTINUZ

TC 330 1=1,6

CG 330 J=1,5
TESAYCISNI=FEC(] » J)
CESAV(T»U4)=Dc(1ls J)
SCSAI(T»0)=00(1,J)

SONT INYE

IFONSHFLL.NELO)Y GI T3 54
SALL SURVECC(TT)

3C 73 59

CUNTINLE

NC So Y=1,NS

vi(ir=<C.

¥2(1)=0.

viely=T17

CONT IANUE

CC 39 I=1,9%6

3C 5% J=1,%44S

35(1su)=0a

3(1,4)=9.

CC 273 Kx=1,2

JG 23¢C I1=1»,2

£ 23C Ji=1,2

SS=zAA(CTID)

Ti=AACLD)

2h=0A(KX)

al=4(11)

A=A (JdJ)

WK=4{(KK)

CALL SHAPT (5S»T1,7ZX»0ETJAC)
IC %4C 1=1»,¢

CC 340 J=1»H
ZECI» JISEE SAV(]» )

JE(L» d)=0CSAV(1 )
CCCIr»d)=0050V(1,4)
CCHTINUE
FFIYSHFLL.L30)CALL ZTRANCCE»DELDD)
YrULL=WIaWJJeAKSDET JAC
A\N=0.

vyilX=(.

v2Y=3.

Yy32=C.

CL 157 T=1,N)

vvl=v1Ci)/ 7Y
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vyl =421/ 17

Yei=4 31/ T
VelX=vViIXavvien(])
VV2Y=yyY2Y+ yVv2eN(1)
Ye3Z=ew V374 9V3aN(])
IFCLD.EJe3) PNN=PNN+PJI(] YEN(])
CONT INUE

JdG 372 1=1,N9
IF(NSAZLL.NFL3)Y GJ T9 61
Uyili=at1cql)

L21=32(N)

Uuit=72(1

Ji12==w1(1)

Liz==n2(1)

1J12==w3(1)

G 0 5¢

CONTINULC

gy1i1=".

Lit=1,

'121=Uo

Li2= 1.

Yaz==5.

1432=00

CONT [WUE

IF{lefRe9?) N TS 5355
£=N3I(4AM, 1)

AMN(K»1)=U11
AMN(K»2)=u21
AMN(K,3)=0U31
AMN(Ksé&4)==l12
AMN(X,»5)==y??
AMN(K,5)=~U32

ZENTINUE

CALL BMAT(3,33)

G T3(in»12»13516,1H)5LD
CINTINUE

PIX=PNLOAD *VVLX
PTY=2NLOADxVY2Y
F12=PNLOAT *VVS?

50 10 16

PTX=PNNeVV1X
PI1Y=PNN&VVDY
PIZ=2Nun*iv 32

CINTINUE

FIXL)=NC(T )ePT X
FY(K?2)=N(T1)2pPTY
FIi(X3)=N(1)sPT¢
FIKG)=NCII* Y11 aTTaRKepPTXe, S
FX(KTI=NCT Y*Yl2aTT e #PTX 2,5
FY(XLI=NCI)eU2L «a TTeiXeP TYR,5
FI(K3)="{1)aU222aTTalKaPTYR, S

4
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FLKG) NI I*UT A TTanKaPTZ2%,5

FZIXII=NTY1)*US2aTTeWKkaP 7,5

ClMT InUE

30 59 X=1,95

70 69 L=1»N4>

ZE(KsL)="

JEA(K,L)=],

JEI1C(KSL)="a

NE(K»L )=,

cl b) M=1s4n

CE(K oL )= (KoL I¢EE(K,MDI2B(MHsL)

JEB(KsLI=DEP(KSL)ODE(K M) *33(¥rL)

CEBL(RH,LI=NERICK,LIAIE(K2M)®Z (ML)

CE(X L I=D3 (KoL )+DD(KsMIx33(Ms L)

3C 7D K=1sN4LS

FUXYI=SFARDIC (FXCKIAFY(R)+FZ2(X))=XMULY

T8 7Y L=1,N45

M=),

DiMi=(C.

cuM?2=3,

3’&““:(4.

SC 85 M=1,6

CLML=luM1+8 (M, K)«E3(Y, L)

LM =23UM248 (M X)) *DEB(M,L)

SUMI=DUMT+ 33 (M, K)«DE3TI(M,L)

CLm=0uUMedl (M X)agn (Me L)

SECKpL)=STLKH>LIS (DL DLML«DUM 24 DUM3)# XL L

TCTALA=TOTALA+XMUL L

CONT INUT

ol 3172 I=1,M45

FAl)=F(I)Y/TT

CLHNTINUE

TCTALA=TOT ALA/TTY

JFINZDGELe NES D)

s M%)

£C 593 1=1,5

FF2€1)=9.

JG SLE 1=1sN7

FF2C1)=FXX(Y)

FF202)=FYY(])

FF203)=F22(1)

SsC 51% J=1,%

[4=CI=1)%54

SIL)=F (I )+FF2Cy)

FETURN

£ND

SLBRJUTING SHAPE(S,T»2KsDETUAC)

CCMMINZH2Z/XL(9)p YLLD)»ZL(P) oy 1(9)2v2¢(9)eN3(I)>»
JACUIs3)I,N(9)IsNSIIISNT(T)

SIMENSTIIN JACTI(3,3)

SIMINSTIN STCILTICS)

CALL LDCALC(FXXsFYY2FZZoAArPH
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CATA SI/~lervaolerlerlarlesr=ler=l./
AT A 11/ i es™ler=lerCarlerlearlerie/
REAL JAld

SEAL NsNS»NT»JAC

€ 11 I=1.2

CUMLI=1.¢S1(1)eS

M2 =TI (f)eT
lF(‘-tn).7-0Ftl.E°¢b’ GQ TG 3
1Flle“SattedCelafdab) G TD 17

ILA3 =551 C 1)eTeT (1)1,
NU1)=CUML«DUM2#DUM3 /4.

NSCII=(DUMLI *QUM240UMZ*DUMI)I*5I(T) /4.
NTCID)=(oUML = DUKM24DUME R DUM3)I2TI(I) /4.
3C T3 11

UMb =1e=3e %2

N(1)=CuM2: D ML /2,

NS(1)z==S#&)jM?

NTCID)=TICL YaDUMAL/2.

6GC TO i

ClMTzle=Tex?

ANCID)=CUMisDUYS/ 2.
NSCI)=DUMS+SI(I)/2.

NTC(TI)==TalUML

CONT InUE

N{?2)s(le=Sex2)n(l,=Thtr?2)
NSCI)z=ZtSa{]le~Tas?)

NI (D )==2.4T7 «(} ,=5¢x?)

IC 15 1=1,3

C3 15 J=1,3

JaL(1,J)=0.

20 20 1 =1,2

JACCLo 1) =JAC(1s1)INSCID&XLLT)IONSC(II2ZKey1(I)/ 20
JACCL122)=JAC(La2)4NSCINVEYL(I)#NS(1)2ZK*V2(1)/2.
JAC(123)=JAC(1,3)enNSCI)e2L(1)4NSC(LI) e2ZKoy3(T) /2,
JACCZ2,1)=JAC(2o1I4NTLI)*XLCI)ONT(I)#2KeV1(I) /2,
JACC?252)=4AC( (20 2)eNTCI)&YL(I)ANT(TI)e2ZKOV2(1)/ 2
JACC2 +3)=JANL2, 3)eNTCIICZL(T)ONT(I) *2Key3(1)7¢e

JACC3I»1)=UAC(3,1)¢NCIIXVI(Y)/2.
JACC3,2)=JAC(3s2)4N(1 )4V 2(])/ s
JACC 3, 3)=JAC(3»3)aN(I)*V3(1)/ 2.
CONT INUE
DETJAC=IAC (Lol )2 JAC(2,2)2JAC( 25 3)
1r2)*JAC(Ys 3)
2=JACCLr 3% JAC(3,1)%JAC(2:2)

¢OAC(?,1)%JAC(3

+JAC(3,1)2JAC(L,2)0JAC(2,3)
“JAC(L02)%0AC(2,1)

32 AC(3,3) =JAC(2»30%30C(3»2)*JAC(1, 1)
JACT(lrl): (JAC(2,2)%3AC(303)JAC(203)2AC(3072))
1/7CETJAC
JAC1(251)==CJAC(2»1)2JAC {35 3)=JAC(2,3)0JAC(3,1))
17257 JAC
JACT( 2,103 (UAT(2o1)%JAC(302)°JAC(202)%JACC301))
1708 TJAC
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JACIC152)==(UAC(1,2)2JAC(353)=JAC(153)8JAC(1s<))
17T JAC

wACIC(Es?2)= (UeClls1)%2JAC(353)=0aC(1»3)0JAC(251))
1/70ET I8

JACI(3,2)==CJAC(L,1)*JACL 352)=JACCL52)%JAC(3,1))
1736 TJAC

JACICL153)= C(JAC(19»2)*#AC(2,3)=JAC(i»3)2JAC(2Cr2))
1/02TJAC
JACTC(Z,3)==(JAC (Lo )2 ACC(2e3)~JACILe3)*dAC (25 1))
170ETGAC

JACI(353)= (JAC(Llel)elAC(Z5,2)=JAC(1,2)¢2AC(2,1))
1737 T4Al

cC 32 =t 3

CC 3 J=1s3

JAT(I»u)=4ACIC(I» )

AETYIN

°ND

SUBRQUTINE SURFACIXLs YL, ZL»v1s¥ 2oy 3sTH]I CKL)
CIMENSION XLCL D)o YLCI)pZL(1D)0ov1C1)sV2C1)r¥ 3C1)oKPTS(Y
1s4)

NDaTA (PTS5/ 2304955690 798990 k> 1529030455
1scro? »8:-2, 8599209 94sSs6e7 556>
2522354950527 2359/

33 1 I=1,9

KFL=KPTS3(1,1)
KF2=XPTS(1,2)
XF3I=¢PTS(1,%)
KP4=XPT5(1,4)
ALL=XL(K21)=XL (KP2)
Avt=YL(RPT ) =YLIXP2)
AN1=20L(KPL)=2L(KP2)
ALZ=XL(XP3)=XL(XD4)
AP2=YL(KP3)~YL{KP&)
ANZ=ZLAKP 3= 2L (XP4)
AL3=AMIcaANZ=ANZ «ANI
AM3I=AL2xAN] = AL1 ~AN2
AN3S=ALI®AM2~AL 2%AM]
=3QRT(ALI*#*24aM3a?s ANTaRD)
Yyv1=aL3/7

iv2=AN3/2

V¥3zAN3/¢

VYl =yyi«THICKL
Yv2=dv2«THIOKL
Jvi=ve3»THICKL

BT RERTA

d2(1)r=v¢?

YI(l)=vv3

CONTINUE

RETURN
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CIMENSION RC1), AK(NDR»NOC) et B
NFS=NEQ=? o
VR=NT 2 Y
IF(KXKeE2.2) 50 TO 290 SRR,
CC 125 N=1,NRS
M=N=1 R
MF=MINOCIBANDI» NR =M) e m
PIVOT=aK(N,1) e
81 12C L=2,Mk ,
CF=AK(N»L)/PIVOT 1
1=vMey 1
J=0 1
0C L1C K=L,MR o - o
KENDRY _
11C AR(I»J)=AK(T»J)=CP2AK(NSK) ]
120 AK(N,L)=CP
GC TD 430
272G GL 220 N=1,NRS DL ]
4=N-1 v .
YR=MINOCI3 ANDSNR M) Ce
CFE=F(i) S o]
RN)=CP/AK(N,1) S
05 220 L=2,MR R
1=ueL SRR
220 (1) =R (I)=AX(NsL)eCP PEER
AUNHD=F (YT I/ AK(NRS 1) S et
} TC 320 1=1#NRS o
N=Nt=] i
§ MzN=1 B
: MF=VINOCIZAND, NF=M) ~ R
# I6 320 K=2,M%9 o @
L=M+4X S
3253 RN =R(N)I=AXIN» K)#R(L) T
: 40C RETUPRN |
g £ND )
3 SLBRIUTING SANCAL(MBAND»LMsNPE) Lol
g JIMENSTON LML) o el
- YInN=1090)) . e
f MAX=1 e
' L14=NPE#S
C 8C 1NC L=1,LIM
t TF(L4(L).£Q.9) 30 TO 100 R
3 TFCLMCL)oGTaMAXIMAX=LMCL) o @
- [FOLM(L)oL ToMINIMINELMCL) -
g i77 CCMTINYE J
3 NDEF =maxX=AIN+1 o 1
. IF(NIIFeuT ¥ 3AND) HSAND=NDIF 4
b SETURN ‘ ]
} END - - 1
y SUIRSUTINI  STREZH(MMeNTLSP) et
, CCAMIN/STT2/INCHNFLAS» YLOX (L) s YLUYC @) »YLOSC ) »YLUXACH) B
b .
o L
| RPN . e e , .
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1, YLOYY (L))o 3UMSCIN)s E5 3D KOUNTC LAC)

2 KOQUNTFCLOQI»NFATLC(LIN,T )LNYLIELD(1INDH»R)

I5SUMSIGLINN 25 5),SUMSTNC(1005,2C)»5UMEXCI100,20)

4 SSUMSX2(Lnfipent)
COMMINZYISLD/ZLL o MT»ZL s ETHGLT 2 VTLAVTITe G235 G1 35 ALY IPC
CLY¥MON/ZHLZXC183)0Y(163)eZ(182)5s10(1083+53)
CTHMIN/H2Z7YLI ) YL(9)H» 2L (D2)sVLL5)sV2(P)sV3I(9),

I JACE3,3),M(2)sNS(PVeNT(Y) 20 1(9)»02(9)5 3

2C542A1(IVp R2(3)p HI(T)
CCMMINZH22/TT,UL L, U2, U31,5U12,U225U325)
CCMUIN/HIZECG)»>PRCAI>NDN(4423) s MTYPE(Sob b )pTH(M4 )0 SE

1045045, PXUba)sPY(24)rPIC(Gl)s NLAYEF(b4)rTHL

2(8sh4) 2E2(4)»G51 (L) G2(4)»PRZ(4L) ) NRANG(SL)

3 pQ(3,E8)sH(Y)

SLMMONZSPN/ZODNC(200),NN3,ES
COMMON/GZANNTULB3sb)sPM(44,4)

COMMIN/ZTZST 7INCMAX

COMMON/K/X15K2sK3sKboKS

DIMENSION 3(65435)3533(0045)rKKR(HIP»TR(6,45),08C(0265),°C
1(€rn)rn(2) sDCLS5)sAAA(T ) SIGMN(S)
2¢SIGMIEIs3TN(S)eSTL(S)»S5T(S5)»STIG(HIPSTR(3 )

$ SIGG(3)sX1(9)5Y1(9),21(9) 2S1(?)»T1(9)r5TL2

4(E)»STN2(5)»S5152(S)
CUMMON/P/NSHELL » N2 o NEOGEL,KQUATY, KOUN
COMAIN/STL/UC302)

SATA Si/-} o’O-'lo"o!loDOc"l.)-10900,
DATA ll/'lo"lo"lo")o’lo'l.!10’00'0./
DATA a/7lerla/

SEAL NANS» NTH,JACHNUL2,3U21
NG4S =40

NNN=INC=1
£C 12C 11=1,2
XLCI1)=X(400(MM» 11 ))

YLEILD)=Y(NDID(MM» 1))

ZLCIWI=2(NCD(MM» 1))

CONT INUE
YLEP)==OXL (LI XL CS)eXL (S XLL7))/7hat(XLL2)oXLCL)eXLU(G)

LeXL(3))/ 2
YLE?)==C(YL (1D YL(3)oYLC(S)4YLL7 )Y/ 4t (VYLL2)eYL(4)eYL(H)

14YL(R))/2.

ZLCIIz=C2UC1I42L(3)42L(S)4ZL(T7)) /4. 4C2L(2)2ZL (6421 (H)

1+2L (%)) 2.

T1=TH(MY)

LF(MSHELL.NELD) GO T0 564
CALL SURVEC(TT)
3C 13 59
CONTINLE
20 360 1=1,N9
Vi<l =19,
4e(l)=1].

8C VII)=TT
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CONTINUE
NELY=NLAYE R (MM)
A(l)==T1/2.

DG 35C 1=is,NPLY

HOI¢ L)=HOL D4 THL (I MM)
00 430 ti=1,NPLY

£C 5> K=l,a

D 5 L=1s,%

:E(K’L)z')o
AT=MTYPE(LL,NM)
IFCINC.EQ.1) 53 TO 6101
SNL12=5UMSTNC(MMLLL)
X1=a43S5(5N1 2)

CALL FUNCT(DNUC1)»0NNC51)s000C101)eD00C151)»Y 1oNN3»X1
1,YP»YPP,ES)

S1(HT)=YP

aé{MT)=ypP

CGNTINUC ,
AL=ARANG(YT)
ALT=WAANGIMT)I*3,141592654/718).
AAACL)=(HOLLYHHOLLA D)) /T Y
EL=E(nT)

Z21=tz2iaM)

VIL=PR(MT)

VIT=PR2(4T)

alT=61(MT)

31=32(MT)

IFCET Qa0 )ET=T
ITFCGLTeENewa )L T=EL Z(2 . (L 4V TL))
IFCYT1aERa2a) VTT=YTL
1FCGT €062 )3T=ET/(2.%(LesyIT)]
Led=iaL Tl

Gl3=91

IFCINCL.EQ.1) 40 TO 332
LfC=1

CALL YIZTLY (MM)

CONTINUE

SALL eMATCY)

0C 52¢ 1=1,F

CC 326G 4=l ,5
EELirud)=E2(1,J4)42(1,)
CCMT INUE

S 3 I=1,8

3C 33 J=1sN4>

JECLPdd=)

3(lsd)d=0.

NAK=1

L 933 An=1,NNK

=4,

T=7De
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IF(KK.EQs: ) GO TO 6N1
S=SI(NELLHP)
T=TI1CNELSP)

CONTINLE

FrR=A44A(1)

CALL SHAPZ(S»T»7ZX,DETJAC)
DG 52 1=i»8
[TFINSRHELLNT Q)Y G0 T 33
utt=51(l)

VA1 =12(1)Y

JA1=03()

J12==wiCl)

v22==w2(1)

Ji2==u3(1)

G 19 57

CONTINLE

Uli=n0.

L21=1.

L3t=)e.

ul12= 1.

Lel2=9e.

Uiz=o.

CONT INUE

CalLiL EMAT(B»33)
CONTINGE

CC 51 K=1s5

0C 61 M=1,N45
JE(K»M)I=IK2B3(K, M)

0C 3 L9=1,8
LI=NJCL(M4»LY)
Le=5«(LY-1)

€L 3 Li=1,5

L3=L2+L3

C(L5)=0.

Lé=ID(LL1,L 3)
IFCL4-EYIIGD YO 3
L3 Y=UCL4)

CONTINUE

iF(XK.€Q.2) GO TO 630
£C 630 K=1,¢&

JlM=0n,

20 H6IC L=1,N4S
oLM=0UMe3(K,L)*D (L)
OUM=DUmM+33 (KsL ) eD(L)
STN(K)I=0UmM
IF(NSPELLLEQeCO)ICALL STRANSCSTL,STN»AL »0»0)
ITF(NSHELL.EQ.2)G0 TN 610
0L H2C I=1,96
STLCT)=5TN(C])
CINTINLE

30 52% K=l,%
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DLM=N,

SC 625 L=1Lst

CUM=DUMEEZ (K, LD)«3TL(L)

SIGCA)=0UM

CALL STRANS(ST»SIGrAL»1»1)

IFCINCMAX, EQelINRITECS,Z0N0)MMLLLSC(SISC(I)PI=1,»6)
GC 13 633

CONT INUE

O ALl K=lsE

DAM=Te

CC 540 L=1,N45

CUM=DULM+3(K>L)e D (L)

DiM=DUM433 (%,L)*D (L)

STHZ (X )=DUM

IF(NSRELL ERLU) CALL STRANS(STL2»STN?50.50,0)
IF(NSHELL.EN.2) 530 T 65"

B0 A4S I=1,F¢

STL2(1)=5TN2(I)

CONTINUE

30 ©>% K=1s%

TuM=d,

DC A5 L=i»rh

ILA=JLAeTE(KHLLI®STL2C(L)

SI1G2(K)=0UH

TFCTINCHMAX . £ Q1) WRITE(ARL,2¢20) MMyLL»{SIG2(1)5I=1,5)
CINTINGE

CRE=STL2(1)

SUMEXCMMpLL )=3UMEX (MA» LL)*E XX

$S»2=3TL(L)

SLMSX2 (MM, LED)=SUMSX2(MM,LL)4SXRZ
CSN12=2.%CSTL(2)=STLCLY)IASNOCSeSTLCL)*(CS2=5N2)
STRECLED)=5T( L)

3T=(2)=57(2)

STIE(4)=5T(u)

5IG6GC1Y)=51IG(1)

316G(2)=51G(2)

S165C€3)=S515(4)

SUMSTAN(MM, LL)=SUMSTN(MM,LL)¢DSNL12

CC 635 I=1,7

SLASEMMALL» Y )=SUMSI(MMsLL,1)STR(I)

SUMSIG(MMs LL»2 )=SUMSIGIMN»LLA,1)451GG(])
FCRMATC2I5»1BXs6E15.4)

FCRMAT(1X» ISe5E1846)

cCHTINLE

RETUFRN

END

SUBRIUTINE LOCALC(PRXsPRYsPFZrAAsHhs MM)
COMMIN/ZAZQLI) o XX YYL(IIoZZ( )P VIC(P)V2(9)sy 1(9)
COMMONZGZ7aMNCLIS3,5)sPNNCLd94L)
CLYAINIA2/XX2C9)sYY2(C9)2222(9)2HLI(I Do W2C€9)»u3(9)
CIMENSION XLC(F)sYL(D)oMNFOPDINC(493)» XX1¢9), XX 3
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1€V YYLC(3)H»YY3(9)»271(8)57223L5)» PRX(1)»PRY
. 2€LIP PRI 4 2L(5)>» PLXCLC)»PLY(10),PLZC10)»

3 WXC7YoWY(F)snZ(9), NELEM( 3, $)sNFP(9)
LrAACL ) pWN( L) sPLILDY»PL2CI)»PLIC(Y)

DATA NILSM 2 S+597» 40,3, 352
1r1rs

CATA NF2J014 /30751,2%, B6eR2r&>

10

14

1 72103,5/

SATA NFP/1 525306099357 24,55¢
¢ 11 1=1,9

PRX(I =0,

PRY(1)=0.

FFZCI )=,

CONTINGLC

CC 10 1=t,9
X23LI)=XX2(T)enl(]I)n.5
PALCT)=XK2C3 ) =mi(IY e
YY3CT))=VY2C)en2(T) 2.5
YYRCID)=YY2 (1 )=u2(1)e.D
223CI1)=2822CT)en3(1)%.5
2LCIV=272201)=d3(1)e.5
CONTINUE

2C 17 IN=1,4
PN=PNN(MM> IN)

IF(PNe V.14 )G8 TQ 18
Kl-=1

Kz=4

K3=7

DG 7 u=1.,3
K=NFPJINC(INSJ)

XL{CL }=XX1 (K)
ALLR2 ) =XX2(X)

ALCX 3)=XX3(¥)
YL{X1)I=YYL (X)
YLI{K2)=YY2(K)

YLK 3)=YY3(X)
IL(K1)=221(K)
2L(X2)=222(%)
ZLCX3)=E73(K)

Ki=K1+1

X2=K24]

K1=43+¢1

CCNT INUE

PG le i=1»9

K=NF?2(1)

1) =XL(K)
YY(I)=YL(K)
2i(Y1)=27L(X)

CONT INUS

CALL SURFACIXXsYYsZZp¥1loVirV3rls)
JC 121 [=1,9

e A

N s
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PLXL1)=n,

FLY(T1)=1,

ALiCr=l.

CINT INUC

AFZa=(.,

CC 390 K<=1,2

CC 33C 11=1,2

SC 39C JJ=1,2

SE=AA(ID)

T1=AACJJ)

IK=AA(KX)

il =zun(il)

Aod=4hW(JJ)

PEK=Wh(KK)

CALL SHA2PZ2(SS»T1l7K»Y2T7440)
AVLLI=mlle dIIv WK DET JAC
AhRCA=AREA+ XMUL L

SC 311 1=1l»9
YS=(VICI)* a2y 2 ([ )*a24y3(T)eel)we,5
Yvl=vi(l)/ys

ve2=Vvc(l)/ V5

vv3=43{1)79¥S
PLICT ) =PNxYVIx3(]1)
FL2(I)=PNayN2ey(])
PLICL)=PNsVYI«Q (I
CCNTINUE

0C 317 1=1.9
PLXCT)=PLXCI)ePLLICI)xXMUL])
PLYCLID=PLY (1 )+PL2C(T)xXMULL
PLZCI)=PLZ(T)+PLI(I)exXMULL
CINTINUE

3 CONTINUF

PIX(1()=0.

oLY(10)=9,

PLZC(1D)=),

9C 321 Jd=1,13

K=NFPCINCIN,J)

K1=NZLEM(1 »J)

RZ=NCLEM(2,J)

KI=NELEM(3,J)

1F(K?2,EGeC ) K2=10

ARXL =PLA(KL)

PRX2=PLX(K?)

FFXT=PLX(K3)

PRX(K)=PF X(XILPRXLEPRIX24PHX3
PRYL=PLY(K1)

PRYZ=PLY(K?2)

PRY3=PLY(K3)
PRY(XK)=PRY(X)4PRYL1+PRY22PRYS
PR2I1=PL2(KY1)

BR22=PL2ACK)
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PRZ3=PLI(KY)

PRI )I=PH{ (K)+PRZ14PRZ24PL73
CONTIAUE

CChTINULE

SINTINUE

RETOLRN

2 )

SLBRILTING SHAP2(S5,T» KD TJAC)

CCUMONZAZNCI D)o XL (T) oYL P)e2L(9)e Wl (9)si2(2)eV4(9)
CIMENSTION SI(3)s TI{BI»NS(IISNTL2)»JAlZ( 3, 3)

C‘TA Sl/-l0!3..1.}1-"..000D-1o’-xo’
DATA YY1/ ler=1es=YerTerlorlarlerilal
SIAL NeNSH»NT»JAC

GO 11 1=1.1

OlMi=1e035(T)s53

IUM2= 1 ,eTL (1))=Y
1F(la2062.CFe1.22046) 30 1O 13

IFCl eEQebsIRaleEQe8) GO TO 17
OLM3=SeSICI)+TTIC(I)~1.
NC(I)=CyviaDUUM2e0UM3S /L,
NSCL)=C(IUML#OUM2ADUM2*DUM2I*S (T ) /4.
NTCTI)=(OUMIaDUM24DUMIRDLMIDAT I(] ) /4.
50 11 11

LUMG=Yo=3u s

NCIY=0Lu2«0 5472,

31 )==5%D3UM2

ANTCI)=TiCI )eNUML/2.

cC 17 11

ClMS5=ie=Twep

N(L)Y=CUML®JUMS/ 2.
N3(T)=DUMS«SI(T)/2.

NI(I)==Tsp UMt

CONTINUCE

N(9)=(la=S5222)2(1,~Txe2)
NS(P)==2,252(l=Tray)
NT(I)==2,Tx(1l.=52#2)

3¢ 15 1=1,3

3C 15 J=1,3

GAZCIrud=0a

CC 21 1I=1.4

JAC(L»1)=JACCL, 1)ONSCI)aXLCI)ONSCI)e7Key1(1) /2.
JACCL»2)=JAC(L>2)4NSCID*YLUIYeNS(T)*ZKeV2(1)/2.
JaC(1»2)=d0C 1 3INSCIIYZL(I)eNS(TI Xy 3(Y1) /2,
JECL2,10=JAC 2 L)4NTCI) o XLCTYOMTCI) 2KV 1I(1)/2,
JAC(2,2)=JAC L 2)eNTCII*YL(L)4NTCID)®ZKNYV2(1) /2,
JAC(Z »3)=JAC(2o 3IINTCII®ZL(T)¢NT(I)«2K2y 3(]) /2.

JACCS,1)=JAC(3,1 X4N(]1)*VLI(1)/2,
JATC392)=UACC3»2)4N(1)ey2(1)/ 2,
JACL3,3)=0Aa0(3,3)aN(I)*v3(Y1)/2,
ceurINuz
JETUACSJAT UL, ) 2JAC (2, 2V %JAC(C 2, 3)

¢JAC(2,1)
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L*JAC(3,2)24AC(1,3) SUACLIp 1) *JAC(152) e A0 (2
2,3 “QAC(1»3)%0AC(3s 1) 2840 (2,2) =JAC
3C1e2)%08C(2,1)eJAC(3,2) ~JAZ (2, 3)432C( 35 2)
4ryaC(l,0)

FETLSN

NG

3LBRIUTING GMAT(Q)

COMASN/ZYI LD /LL,MT»EL s ETH5LToYTL VT T»G23+G13»AL 1, 1PC
CTAINSIUN 4(553)

00 42, [=1lsh

D4 &2C y=1,¢

C(irJi=0n,

CS=COS8(ALL)

SN=SINCALL)

£s2=CS*CS

CS3=CS2«ly

C84=C082eC352

SN2=SN#SN

SAI=SN2e&3N

SN4=3N2x35n 2
XE=1a/CELX(1e=VTTaaZ)=2 . #ETavILoacw(Lat¢yTT))
ClI=Ciae?22 (1.=YTT*e2)eXK
CLl2=C0aElxVTLRa(loa2VTT)XK

Ci3=C12

C23=ETa(FLAVTTHET#VTLox2 )* XK
Ce2=ETa(ZL ~ETayTLae’)axK

Ci3=Cce?

C11=C11-C13+C13/C33
912=012=-C13~xC23/C13
V¢2=Cc2=C23«C23/C33

s6b=GLT

LI=Q1242.%Qh%

Ue=Q91140722~4a29560

U3=Q11-Q12-2.%2360b

L4=R12=92242.2065%
US=0114022-2.%Q12-2.4Q€%

CClol)= J11#CSL42, UL eSN2eCS24Q2245N4
3(1s2)= U2aSN2aCSZ24Q1 2% (SNGT 34)
dC222)=011 #SNG22 24U aSN?#CS240224CS5 4
Cllob)d= US*SNACS3I4ULASNI«CS

C(2,4 )= USeSN3«CS+ULwSN#TS3

€4r8)= US5%#SN24CS240656+(SNGAC S4)
3Cerld)=(1»4)

5Ch02)=29(2,4)

(291)=0(1,7)
0(5,5)=(6232C324G13¢SN2) 25, /6.
8(2,5)=2(R23«SN2¢G) 32CS2)25./5.
(3+6)=0(G23-G13 )2 SeSN)2S5./he
W(he5)=0(S5»¢)

RET:nN

tND
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tﬂ SLIRJUTINT SPLINE(D»53sFeXsN»t5) | N
A CIMTASTION 305615 C(50),0(50),4(59),F(39)»5(5M»X(50) SRR
R WEITELGB,125) SRR
o 185 FORMATC(////»1X264DATA FUR CUnIC SFLINE FIT / T fﬁ’
S 1 iX43F NUM3Sp IF SEGMINT I GF 7/ ]
L 2 ) [N -
i, READ (5p L35 INSTSES i B
e 135 FLAMAT(UID»5%,2F10.0) C ]
. WFITE(GP 137 ) NoE,ES -
3 127 FOSMAT(IS, SK»2220.7) ‘|
S Ni=w4l A
. RRITI(6,201) N1 P
- F6L FOFMATOLOH TMIRE AREFI2s7H POINTS) e
:l AFITECES 330) : K
& 337 FCh4AT(37H INPUT MAG. AND INTERVAL STARING A0 L ) .
. nITE(6, 340) AR
. 14C FOIMAT(OXs SHFCT)»17Xo6H5CT) ) Lol
. FCAD (5532C)CFCIN,XLE1),T=lsNL) R
Li‘ I8 FCAMAT(2FL0.0) v e
s WRITE(52341) (FCD)oXCT)s121,N1) R
Jel FLeMAT((2£20,7)) R

20 21¢ T=1,N

ST =x(1+1)=X({I)

217 CLNTINUE
A(L) =%, L
C(N1)=Jd. :
3(1)=5(1)/3.
3(N1)=5(N) /2.
20 34C I=1,N

C1)=5C1)/n. R
A(141)=C(1) L L2
K=]+1} Do)
IFCleEQeN) K] T3 549 S
3(X)=(SCI)+S(K3)/3, V]
S(K)=(F(Ke 1 )=F{K))/SCK)=(FIRI*F(K=1)1/5(1) R
364C CCNTINUE TR
C1)=(F(2)=F(L))/5C1)=F e W

DQINLY=E0=(FI(NL)=F(N))/S(N) -4
J0 20C I=2,N1 B

3(I)==d(1)7A(C1)
CCl)==C(T)/A(])
Cth==2(1)74(1)

270 CONTINLE ® .
CALL SDULYE(3»CreDeN1rS0) mo
AZTURN R
END o ;
JULBROUTINEG FUNCT (Do Ss FaXoYoNe XleYFeYPPsFS) . :
CIMENSION DC1),S(L),F (1), X(2) : ;
dG 2Ne0 1=1»N () 2

1F(AL T, X(T¢1)) GO T 2320 T
Y1=001)e(X (T4l )=XL)aex3/(6.o5(L)) .

.
f' - . R e e P o i - . [ U R SUN SRR NP RO SHPUUEPNL PSS U N SR S S S




!
L
P
J
o
L
P
o
1
]
”
o
4
B
s
’
L]
q
]
v
{
(
’
k!
g
{
1]
{
1
I
(
[]
A

[ s
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YZ=0C 141 )% (X1=XC1))aa3/(65.25(1)) (B B
Yiz(F(1+41)/SCI)=0CI41)*SCT)/6, )0 (XL=X(1)) :
Y4=(T (I3 CII=RCL)I*S(1)/6)%(X(I42)=X1)

YZYLey24Y3ev4

Y1==(lCI)v (XCIaL)=X1)aw2)/(2,#5(1))

Yz=0CI¢1)* (Xi=A(T))ea2/(2.05(1)) .
Y2z (F(I+1)=FC1))/SCh) ® e
V6==5CI)*(D(I~1)=0CIY)/h. Ce
AFSYLeY2eY I eYh
VI=DCI)(XCI4L)=X1)/5(T)
Y2=3CT1+ LI (X1=XC1))/5¢CT)

YFP=Y14Y2 SR
GC T3 2350 ..ﬁ..-.,k'J
CONTINUE C ]
[FOXL +GTa X(N#1)) YP=£S EEE
2360 CONTINLE T
RETURN R

£N) LT o
SUBROUTINE SOLVE(D»CeDeN1»ND) 4v*"464
GIMENSION BUIND)DISCINDI»DIND)Y L e ]
CC 1249 1=1,N : L
N=N1-=1
3(1+41)=8C1)*8C1el)4C(])
CCI+¢1)=BC1)eC(I41) e
D(141)=3C1)«D(T+1)4D(1) o e
126¢ CONTINUE TP
ST D EDIN SRR,

v Tv‘r*—""*'vffv" -
N}
<
[AN]
[a]

Tl ST

SINL)=D(NL )/3(N1) "
3 CC 1380 J2=1,N AR
- 1=Ni=y T
i II=(OCII=C(I)«D(1+1)) /(1) @ L 28
133¢C CONTINJE TR
: RETURN '
s £NY SRR
5 SUBRDUTINE YIELO(MM) Ve e 3
) COMMON/SET2 7INCoNFLAG» YLDXCL) s YLOYL &) o YLD SC4) »YLOXX( &) QT~;11:W
é 1., YLOYYC4)»SUMSCL100823)sK0LNTCL109) ‘@
1 2 SOUNTFCLON),NFLAILCL00,B8),NYLIELD(109,3) T
‘ 3oSUMSIRCLIC 2823 sSUMSTNC(LZG26), SUMEXCLO0S25) DR
4 »SUMSX2(100.20) S
COMMONZYIELD/LLoMT S ELLETGLTovTLAVTIT,» G235 G135AL 1»IPC AR g
CCMMIN/P/NSHELLS N9 NFDGELs XAUNTY, KQUN TS
NBTA GNEsTu0»3LAN/SGHYEILD*» 64FAIL* €, H /7 - e
NAN=INC~1 —— e
$S=YLIS(MT) IR
SIT=YLDS(MT)
F13le/YLOXIMT)=1/7YLOXX(MT)
F2=la s YLOVIMT)=~1./7YLDYY(NT)
Fi1=1./55"1./51¢
Fle=La/7CYLOX(MTISYLDXX(MT))
F22=14/7CYLDY(MTI&YLDYY(MT))
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R ket Jva"-

F33=147(55«S8T7)
Fl12=9.
S1=SUMS(uM,LLLY)
S2=3UMS(MM,LL, 2)
S12=53UMS(MMsLL» 3)
31aX=3UMSTIG(M4,LL, 1)
S51GY=SUMST UMM, LLy 2)
SIGXY =505 1G(M4MLLL, D)
XXM 4MeLL)
3X2=2SUMaX2(MM,LL)
IF(NFLAGeE He2) G0 T2 375
a8 PC=(SL/YLD X(MT) ) 2a 24 (SZ/YLDYCUT ) )2 =51852/7C¢YLDX
" 1IMT )= YLDX(MT)IIS(S12/355)aa2
A ol T9 31¢
3C9 PC=FL14S13F 2452+4F 3#512 +F1le51wa2eF 22052002
i i +F334¢51240242 ,4F12a5]145?2
b 312 CCuTiINUE
o TAi=3LAN
Fi IF(PC.LT.1) GO TQ 301
- [F(31eGTede) 30 TG 307
- XAXX==YLDIXxXx(MT)
IFCS1eaTL.XXX) 40 TO 3405
3C T3 328
3C7 IFCS31.LT.YLDX(MT)) GN TH 30°%
3Ca8 SL=1"72C.
cT=19%.
ai¥=1C0,
JILz't)o
viT=).
323=109.
513=1(0.
[a5=THN
aC T3 3
JC: =T=1(C0.
GLT=130.
viL=0.
viT=).
323=13J
TAG=ONE
30€ aduUNTVY=]
351 CCNTINUC
IFCIPC.EQ.1YHRITE(6,52) NNN>MM,TAGeLL »PC
1oSTOX 31 3Y»sSTOXNYsS19325512sSX2sF XX
38 FLRVAT(LX»? 150 Rbs12s5XpFS5a2e30L13,%)
RITL2N
)
SLBRIUTING TINLOADCR,PX,PYsPZop MsPNsPUSNEDGEL)
CCAMOINZLNADGH/LDSNEQs NLOADSNEL,NELP L, NNP
CIMENSION K€322)oPXCeL)sPYCLL)sPZ(AU)»PM(GLs4),PNCAL)
1 »PUCLL»3) e NSIDECWK)
CCAMOIN/ZHLZXC(153 ), Y(153)s2C¢1F3)e10(163,3)
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3%: ' -j
u CATA NSIDI/3,401,2/ | B )

13

247
2%

e

39.

'S B4
42¢C

LEAY

37¢

sAlTE(5,1950)

5C T (15203045 5999959,9)5LD
CONTINUE

nRITZ(osl351)

Ut 10 1=1,NE2

F(l’:‘:o

DC 220G L=1,NLOAD
RcADCS, L0303 IND» 1DIRN,FLNAD
ArITE(62207CIND» IDISNSFLNAD
11T (ND,IOIRN)
IFC11)220,270,240
FCIDd)=R(TI1)4FLOAD

CONTINGE

kefdaN

CONT INYE

Us 370 M=1,NEL

WnlTZ(6s1070C)

PR(4)=:,

PY{4)=0,

P2{4)=Q.

CONTINUE

Kh=0

S0 42C J=1,NFELPL

IFENeEQe IFTAN(5,1090L )LePXCLYePYLL)PPZCL) »KN
LFCKNLERLD) GO TO 410

PIIEI=2XCL)

FyY(lr=2vY(l)

P2¢1)=PZ(1)

RSTTECE, 10 71Dl OXCLIHLPYCL)»PZCL )P KN

CONTINUE

FETUFRN

CONT INUE

AFITE(3,1020)

CC 383 M=1sNEL

00 33C L=1,¢

Ov{MsL)=1.

0L 37C M=} ,NEDGEL

READC(S,121 ML, TSIDESPNL]D
ARITECE,101S)ILATISINELPMLD

NSID=NSIDC (ISIDE)

PMLLSNSID) =PMLD

CONTINUE

RETURN

cCNTUINLE

WFITEC(GB,LDIN)

KA=2

0C 570 M=1,NEL
[IF(XNEJ.QOIREADC(S»10350)L»PNCL ) KN
IF(ENLER Y 30 TC 4S0

PNC4)=PN(L)

ﬂ;;i

.# \'i

SR
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1C15
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1131
1215
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164C
196]

167y
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15Ay

1396

2503

1C5C
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200¢

1
2 IX 3ZnNUM3TER

1 4CHELEACNT
2 1X a(H NJe
3

2 LOCAL CIlRe /
3 3 o ? 8 / )
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WRITZ(55173537) MpPNINM),KN

CONTInLE

FETURA

CONTINUE

AFITIZC(E»200T)

CC S1C I=1NELPL

READCS»1940) Le (PUCLs J)»d=1s8)

AFITE(2,106N) Lo(PUCLPIY»Jd=14C)
(N TINUE

CONTINUE

RZTURN

FCRMAT(1Xs IS»IT»5X5F12.24)

FOAMAT IS, SX»3F 10.4)

FLCEMATCIS»IX»3F1Catipl D)

FLAMAT(2I5-,F10e4)

FOrMATC(IS3,5XsF1044+15)

FCrMAT(15+/7,87F10.4)

FCrMAT( 1Xs 20HCONCENTRED LDAD

1% 27H NQOE NIFECTION

FLRMATL IX 20HDISTRIBUYIY LIAD

1 1X LIAELEMENT P X PY
2

X 19H ND . )
FIPMAT( IX 29HE D G E LD A9
5EDE LJAD

MAGNITSLOE
)

FlnrAT( 1X 11HNDRMAL LuAD

1/ LAIOHZLEMTNT ON KN
2 ¢ 1X ZH NO. / )

1X 35HNONUNIFQRM CISTRISUTED LNHAD
PRESSLRE INTENSITY AT

FCXMAT(
/ IXx 48HELEMENT
iX 45K NGe. L

FCPMAT(1HL
r17¢7 )

END

SUIRDLTING

1X 27HL J A D T yP £

INPLT(X2Y»2sNNP)
CIMINSIOMN IPRCCL)I»X(L1ATYLY(153)»2(153)
CATA [PRC/1KF/

RAD=ATAN(L 4NV /(45.9)

NOLD =¢

AFTITE (55203 3N)

CoNTINGE

KEAD (S521302)ITaNoX(IN)eYINDIeZ(N)s KN
FURMAT (AL, 14,5X53F10,0,15)
Wr]TECH22002)IToNs XCN)s Y(N)2Z (N)» KN
FCRMATC(LIX»A1514s3F12.4015)
IF(NNLD.FR.0) GO T 59

IF(KN.FQ.7) GO TN S50
NLAa=(N=NOL D) /KN

L2AD
MAGNITUDE

/7

177/

1777/

4 KN

1777

2 3

DATA

4

NELTID W SR VI S

/

1X

/’/
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NUMN=NLM=1
IF(NUMN.LT. 1) G0 TO 30
ANUM =NUM

DX=C(XINI=X (NILD ) )/ XNUM
OY=C(Y(N)=Y (NOLD ) )/ XNUNM
02=CZ(N)~Z (NOLD) )/ XNUM
=NIL L

35 T J=1,NUMN

fh-K

N=KeKN

X(K)=x(XKX)+DX
Y{K)=Y(KK)+DY
2{K)=2(XX)+D2

CONTINUE

NCLD =N
IFCIT.NECIPRCC(L))IGO TO 50
TF(KN.ERN)IGD TO 70

CCL 29 J=1,NUMN
K=N=JsXN

CUM=Z (X )+*F AD
Z(K)=Y(K)«CAS{(DUM)
Y(K)=Y(K)I«SINC(DUM)

5 COINTINUE

CCNTINUE

OlM=Z(NJILD )«RAD
ZINOGLEY=Y(NDOLDI*COS(DUM)
YONOULC)I=YINTLOI*SIN(DUM)
NCLD =N

IF(NJNELNNP)IGT TO 1O
FcTULRN

16 FORMAT(///77-1X 22HNOODAL POINT INPUT DATA / X

27

2>
<
3 )

1,494 NODE NOOAL PUOINT COORDINATES
1X 43IHNUMBER X Y

c N

SUARDUTINE INTDCID»NNP,NEQ)
JIMENSION IN(163,5)

NOULD=C

WFITE(S»?2935)

CONTINUE

READCZS,1N05) Npr(ID(N2I)»I=155)sKN
FCRMAT(71S)
WFITECHA»2206 N (J0(MN»1)»1=155)s KN
FGRMAT(LX»715)

IFNOLO.Z2.0N)GO TY 5%

3C 20 I=1,5

IFCIDUNIT) aEQe0ANDSIOI(NOLD»I )L Ta0)
Lo 1)=IC(NGLD 1)

CINTINUE

IF(tN.EQeD) GI TO S5
NUM=(N=NOLD)/KN
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<
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- NUMN=NUM=1 L e B
! IFCNUMNLLT.Y) G T 55 o
X=NOLD T ?‘;
CC 35 J=1»Numa o
KK =K A
K=K+ XN SRR
CC 35 I=1s5 KSNER S
ICCS»1)=IDCKK, 1) S :
LFCIN(KI)oGTa1)IDC(KS J)=IDCKK 21 JOKRN
25 SCONTINUE ]
35 NCLID=N S
IF(NNESNNP) 33 TD 15 S
WRITS (55 2040) s
AFITE(6s2020)CNs (10CNS1)21=155)s N=1 »NNP) P
2316 FLRMAT(515) e
NEw=0 ]
8C 62 N=1sNNP
CC 62 I=1,5 RIS
ICCN,1)=123SCI0CN1)) e Athanhe e
IFCININSI 1) =1)37958,59 cee -
S7 NEQ=VMEQ*L :
IC(Ns 1) =N Q
GC TO 62 T
58 TC(Ns1)=2 R
GC TN 52 _ s N
59 IL{N»1)==10(N,1) Dot e
52 CONTINUE AR
2035 FOKMAT(///»1X 20HINPUT 1D CJIDES
1 / 1X 40H NIDE SOUNDARY CONDITION CODES SRR,
2 / 1X 4UHNUM3ER X Y Z NI R
3 ALPHA 3ATA XN / ) o N
2C4C FCRMA (/71 X»40OHGENZRATEN 10 CGDES Co e
/ LX 40H NODF  3QUNDARY CCNDITEION CNDES Sl
]
:

/ IX 4)IHNUMRER X Y Z ALPHA BATA
/)

NNV

SETURN . IEPREECNEY
END N L
SURFIUTINT SURVEC(THICK) 'f*"'fﬂf}

COMMON/HZZXLEIYs YL () o ZL (Y od L(PD)od 20 9oV I(9)2JALCC3»3)
) NCIISNSCIIANTIIIpUL(IDI» U209V, UICI I W1 (DI H2(I)
2om3(7) e

DJIMENSION SIC(3),TI(8)Y S

REAL NoNSHNT,JAC ] L B

FEAL L1oL2,L3,MEoM2,M3,M1,N29 N3 ST

IBTA SI/7=0e2De0VeslorlerDear=loar=ts/ B o

CATA TiZ7=Ller=1er lerOerlerlerlerle/

CC 30 lI=1,8 i

S=S5I(11) A'ﬁ-ffu?ﬁ

T=TI(11) o e
£C 11 I=1,8

CUM1 =1.431(1)a8
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CUM2=1.4T1 (1T
1€(leERe2eNF1aFQa6) G0N T3 13
IFCL.EGQe6,.0F.1.E9.8) GO YO 17
olM3= SeSI(1)¢ TeTIC(I)~1.
N(ID)=CUML2DUM2eDUM3/4e.
NSCI)=(IUML «DUM24DUN2«DUM3)I*STC(T ) /4.,
NTCIDI=(DUML«DUM24DUML*DUM )T (T )/ 4.
STV 15 I O

CUMs=1,- Sew2
NCI)=0uM2«DUML /2,

NS(l )=~ S*DLNM2
NTCID)=TIC(IdeDUMG/2,

GC Ty 11

DI PR Tax2
NCI)SCUMLeDUMS/ 2,
NSCID)=0UMS «STI(T ) /2,

NTCI) == TeD UM

CGNTINUZ

XXl=9.

Y=,

InI=3.

XET=2.

YET=D.

2ET=9.

4C 20 1=1,8
ArL=XAT4nNS (IO XLCI)

YX SYXI4NSC(I)eYL(ID)
ZXI=ZXI4N3C1)eZL(T)
XET=XETHNT (I« XL(I)
YET=YET4NT(I1)aYL(])
ZET=ZET+NT(I)e20L (1)

CINTINGE
CL=CXXT*XAXT4YXI«YXTOZX]*ZX])*xoS
Li=XXx1/DL

M1=sYX1/70L

N1=ZXI/DL

J1CI )=t

J2¢J1)=mM1

U3C(II)=N1
JL=(XETAXCTOVETRYET4ZET#2ET )N 2.5
LZ=XET/DL

MZ=YZ1/0L

NZ=ZET/DL

ALCIT)=L2

wZC(l1)=42

Ki(I1)=N2

Liz=piaNZ=M2eN1]

MI=L2eNL=N2#L1}

Ni=L1eM2=MLel?
Yi(iir=L3eTHICK
v2C1I)=n3«THICK

T T P T U T W Rl TG Tt ST TP s ST S S PU. LT/

e m T Twe v = v -




SLBROUTING FTRANCE,D%,0)

L g
® 160 L |
- B
iﬁ VICII)=N3eTHICK .._”_,'4
A 30 CGNTINLE A
3 RETURN

Ek END

o

COMMANIHZZXLCY Yo YL(IYSZL () sV 1( )V 2(F)sV I (M) >» . --f
1 JACCI,3)sN(3),NS(I)H»NT(?) N B
CCAMIN/ZACZLLoL2oL3oML, M2 35N 1oN29N3

JVTATNSIGN  F(366)sD5(550 )0 D(Ee6)s DTE( B2 B)LNDETE( H+6)
Lr1IEC(9+6), ETE(H5»,8)

AEAL NaNS»NY,JuAC

REAL UL1sl2oL3s¥1,42,M3,N1,N2sN T P
X2¥=3. b S

YXI=23. Lo b
Tal=d. L o
xET=2,

Yei=C.

Lef=73. o ) : 2
LC 22 I=1,# v T
X1 =XxT4NSCT)*xL(T) C

YXI=YXI4M3(1)eYL(T)
DI=Zx1+NsS (17 L ()
RET=XETHNTCII*XL ()
YET=YIT4nT (1)*YL (1)

ZET=ZET4NT ()7L (1) v e
20 CONTINLE Sy e e
EBL=(XXIaXXI+YX]oYXI4ZX]*#ZX])eu,5  ‘.1; R
Li=XX1/0L ,{;;;M;
M1=vXI /DL SRR g
N1=2X1/70L e

CL=C(XETAXST4YCTeYETZET*ZET)0w,5
Le=x21/D2L

LZ=MTwNT=n SaM]
4z=L1aN3-L 3*N1
N2=L3aml=4 3oLl SRS
CALL TMAX(TEslan?2.) '-.’ 3
vl 10C I=1»,F LT

L MZ=YET/DL

3 NZ=2ET /DL

S L3I=ML N2 =M 2«N1
3 Mi=L2aN1=N2eL1
4 N3=LLwMP=¢12L2
]

] SC 19C J=1,6 o @
FI1SC1sJ)20, T

DETECLrd)=ie RN
CIECI»J)=0. ST
0C 19C M=1,6
ETECIoJd)=ETECTnJ)¢ECT o M) RTE(M+J) S
SETECLsd)=NETTCI»JINNECIMICTECH, J) B 2

CTECIPJII= DTECTPI)® O(ToMIRNTE(Moy) ——
1CC CGHLTINYS

L 4 -

—— et

. L - e - S . .
l T P S . S . L L~ o PP P IRAT S W S Bacinnads [P S S S W W WAy Wy
PR | RIS S PRSP WRPEIRIP
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€0 23C I=1,§ N N B
CC 203 J=le6 .
::(" .l')z';)c
DECIrd)=0.

C(!,J):’).
2G 238 M=1,6 L
T(Erd)=ECT o) TE(MPIISETE(MSI) IS e
CECIL»J)=DECT»JI4TEMM, 1) SDETEC Mo J) . -
CC155)=0CI»3)TEM>T)I*DTE(M»JI)
2C0C CCNTINUE

RETUN SRR
chn SRR
SUIRJUTINE STRANSCTT, SIGs AL»XKp KKK) el

COMMONZH2/XU9)s Y(I )2 (9)e VL1 (9 )0 VL2(I)sV3(9)>»
1 JADC353)sN(I)sNS(3)»NT(9)

1276 CONTINUE
CCMAON/DC/LLIsL?2sL3oMLoM2oMIpNLAN2SNT
JIMENSION T(65,9)»TT(6)rSIGCH) o Y
REAL NsNSsNT,uAC v e
FEAL LirMLsNY, L2sM29N2» L3sM3sN3 .
1F(XK.E3.0)G0 YO 2
P1=3.141592654
B=AL*PI/1% 0.
L1=C28(8) Lo
M1=STNC3) N R
N1=3a ST

Li==SINC(B) ' o

cas(I)

i
2

M

tad tad ING VY
o H o

[~ - N
e & @

GG T™J 3 :qu, i
CINTINUE : e
D)='.). ' . _‘.‘;j]
9‘30. P -‘ )
£i=0, . - @
60 12 1=1,8 RO e
IX=)X+NSCI D *X(T) SR
CY=DY4NSC{I)deY(])

197 DE=0Z4eNS5(])»2{(T)
DL=(OXeDX¢DY2DY4DZ2D2)nn,5
L1=Xs70L

M1=7Ys0L

N1=D2/70L

LXx=q,

Ly=n.

2:=0.

CC 29 1I=1»6
Cr=DXeNT(1)ex(1)
DY=)YNTCI)AY(])

[AM]
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D2=N7¢NT(1)x2(1)
CLS(IX*QX4IYx)YLIDZaN7)*2,5
Lé=9x/0L

Mc=DY/70L

Ne=)270L
Li=M1aN2=-M22aN]
MizL2aNl=N2*l 1

NIz ley?2=214( 2
LE=MTaNL1=N3xU]
Me=LlaNI=L 3+N1

N2=L 3aMl=i 3]
CONTINGE
[FCKKNL.EQ.?)Y 30 TQ S

rd

CONTINLE

CALL TMAX(THsC»D)

SO0 1 I=1,5

T¥(1)=0.

GC 1 J=1»sa
TICI)=TTCL )¢ T (I, SEG(JY)
CONTINUZ

SETURN

£ND

SU3RJUTING TMAXC(T,C»N)
DIMINSION T(5,5)
COMMON/ZOC/LL,L 2L 39oMLoM2oMIpNLIN2oNT
SEAL L1sL2,L3,M1poM2,M3,N1,82,N3
T(1s1)=L1ew?
TCir2)=Mle w2
T(1s3)=N1a2?
T(lsb)=Cel 1Ml
T(1,5)=CeMq1aN]
T(1e6)=CaNTnL]l
T(2,1)=L2x2?
T(2s2)=M2xx?
T(253)=N242?
T(2s4)=CrL 2242
T(253)=CaM2aN2
T(2s5)=Call2&L/
T(3,1)=L3e2?
1(3,20=M%242
T€¢3s3)=N3re?
T(3s6)=Cel 30M3
FC(355)=C*m 32N3
T(3,6)=CeN3eL}

TChr) )=Linl?e]
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o ®
- .
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TC4r2)=M1xM2«)

T(4s3)z=N1&N2x)
TCard )=l LlweM2eL2xM1
TC4,5)=M1eN24M22NL
TChsb)=NLelL 24N2 e ]
T(S5s1)=0L2xL 32D

T(53¢2 )42« 1))

T(3,4)=N>x N3 #D
TU(Ss4 )= 2em34g 3apM
T(3+s3)3=N2xNJeMI &N2
T(as5)=N2aLX¢NTxL 2
T(651)=L3el1#D

T{R22)=MIxM1In)

T(os3 )=NIeNL1eD
T(ousb)=L3eq141eM3
Flae3)=M3IaN1eMYI N3

T{(h»H )=N3aL14NL 2L

RETUSA

TV

SUBPIYTINE B844aT7(3,88)

JIMENSION 205945),33(5045)sKKNK(S)
CUMMON/ZK/KY »K2oK 35Kt KS
COUMANZH2 2/7TT,U11,U215, U3, U120U225032 o1
COMMONZH2Z7XL (3D YL () »2L(9)oV1CI)pV2(9)pV3(9),
1 JATC3r3)sN(I)IsNS(I)IsNT(D)

FEAL JACSNSNS»NT

9C 51 J=1,5

KKK(J)I)=Se(I=1)e)

Ki=KK%X(1)

Z=KX%(2)

Liz=KKX(3)

K4=KKX(4)

(S =KKK(5)

AL=JACCI»1 )ENSCL)®JACCL,2)eNT ()
31=J0C(2s1 DeNSCIIHJAC(2,2)2NT(])
TI=JACC3,L YeNSCI)eJAC( s 2)eNT (1)
3(1sx1)=A1

J(L,X6)=JAC(L, 3)aNCI)eULletT/2.
303 )=3AC(15 3)aN( 1)UL 2T/ 2,
3(2,KZ2)=31
3(2rK6)=JAC (29 3)N(i)2Y210TT/ 2,
3(2oX5)=JAC(2,3)aN({)eU22=TT/2.
3(3,K31)=C1
I(3»K4)=JAC(3,3)aNCl) U3 ATT/ 2.
2C3,%53)=JdAC(3,3)aN(])2U32e¢TTV2,
3(4rK1)=931

B(4,K2)=4Al

B lrK&)=JAC(2,3)eN(I)0ULL10TT/2.0JAC L »3)AN(I)2U2LeTT
172,
FChrXS5)=JACE2s ) aNCI)*YLI20TT/2e¢JAC L o3 )ONLT)NL22¢TT
172,
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3(5eK2)=C1 B
3(5» <1)=81 SR
3(5,€4)=JACC3,3)aNCIIRL2I#TT /240 JACT2,3) aNCI)ay3teTT

1/:.

B3 pK3)2IAC 3,3 )aNCIINU22¢TT/2.4JAC(2,3)aN(1)«U32aTT
172, o

(L) )=C1 e T4

ItEsN3)2at S

(e KAV ZIACCIs3IANCINRAL LI aTT/24eJACCL 2 3)ANCT Yo 31 2TT
1/z%.

395 )=JAC(3s3)eN(I)xUL 26 TT/Zo4JACIL > 3)ANCIINU32TY
17z e

35LLsK4D=AL®ULLRTT/ 2, e e

HE(I,KS)=AiwULZeTT/ 2, R

33€2eK4)=31242191T/2,

3EL2,K5)=31%U22#TT /2,

JE(3sK4)=CLley3lsTT/2.

JE(3»K3)=C)2U322TT/2, R

JECG X4z w1 &TT/2,0212U2121772, e e

33(upNS)=2 L &L24TT /2.4 AL%224TT/2, ' :

3E(5,X6)=C1eU21eTI/2, 433 ¢U31eTTV2,

BEL5eK5)=CL2U22¢TT /2. 431U 12511/ 2,

38(HsKL)CLeLilaTT /2441253107774,

SEC6,K85)=C12UL12#TT/2.4A12U324T1T/2, Lo
RETYIN ‘9 .
N9 L

SURROQUTINT MESHBUXXs»YYrZZsNJD »NL o NFLoNDs TITLE)

SIMENSION TITLECI3)eXPCLCIYoYPCIS. ) oXRGC13)»YRGC13)0pN
1(12)»NINC(L 2)

SIMENSION NNC21,21)5YCC21,21) »XC(21521)s NNF3( 20045 21) S
1»3T7(2554) L4 v

JIMENSTON LBC3) s NECLD0Y»XECU0C)» Ve (40C)eNRC(R)HICINP (L S
i d)

CIMENSTION XXCido YYCE)pNIDINDs E)

JIMENSION 2ZPC100)s ZRGC13)02EC400)222(1)22C5(21921)

REAL ~w L

SATA ICOMP/=1s1siv=lrlo~lo=lslslo=1s=1sls=1s10s1s"1/ v ¢

CATA N3INZO/eN3ZO/ g

CATA ZoUspVoeW/DerpCap0ur Dy

REMINC 1

NEQ=1

NL=0 -

NZIN=A4 bd €

WRITECS,17) (TITLECI)»I=1,11) - T

17 FCT™MAT(IX, *MESH SCNEFATION FOR*114657) '

READ (5,1) INkGs INSP»N3N
1 FGRYAT(41%)

QEADCS» 3)CXP(1)ol=1sINEP)

READLS»3I(YP(T),1=1,1N3P) - <

READ(S»3IC2P(1 Vs 1=1,INAP) - CT

IFCI4N3a2) NRN=E
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[P ]

FORMAT(AFL19.9) [ MR B
CC 2 I=1,INFG - L
READ(S5,3) NRG(JT(NRGrJI)I»i=104) o
FORMAT(S1S)
AFITSCbrdh)
35 FOFMAT(IHO/Z/7//71X»"GLOBAL COURDINATES™//1X»"NUMBER X S
1 CIIRC Y CUORD ") [ I
AFITS( (693! ) (1,XPL1),YP(1)»22(1)s]l=1,1N8P) L
IC FCRMAT (2Xo 1307 XsFT7 alsSXsFT7e2s5%58762)

o Ny

ARITEC6Es 21 ) S
21 FOnMAT(//1Xo17HCONNECTIVITY DATA/ZIXs4IHREGION  sl0: R

11 2 3 “ ) SR

025121, INRG .

26 MFITF(R22) 1, (JT(1sd)pd=1s4) P
22 FLERAT(OX» 135164 X06(12,5X)) Ll
D016XKK=1,INRG
FEAD(Ss4) NRGy)NROWSSNCOL,CNONCIY»I=2,NSN)
4 FLRMAT(1519) S
ARITI(6,18) NRGaNROWS »NCOL»(NCNCI)» I=1,N3N) v v
13 FORMAT(IHOZ/7/71Xs12Hewnr  REGION »slcebH senx//10X,12,54 :
1 FOWS»1Xs 12,44 COLUMNS/Z/10X,2LHACUNNDARY NODE NUMBFES
2,13%51215)
D3 5 1=1sN8N
F1=M2INCI)
28G6CT)=272(11)
X2aC1)=xXeC1) 1
53 YESCL)=YPCIT) SRRy
TR=NRIWS =1 | 1}f51
. LI
4
P

oy

CETA=2,.,/7TR
TEz=NCOL=1 o o
DSE=2.7Tk ] e
CC12I=1,W4n0NWS ot
ETA=1~Th*DETA .
CC12J=1,NC0L
TE=d=1 AR
SI==1.4T6e0S] [ ] (]
IF(NIN.Z9.2%) 50 T 1012 R
N(LD)z( 1= )0 (le=ETAIN(=1 007 .4(SI*ST4CTACTA)) /32, S
N(2)=5.0(le=ETA)&(la=S]oSI)*(le=3.251 )/32.
N(3)=Sea(lo=ETA)#(1.=STeSI)a(l.¢3.051 )/32.
NCGI=(1a?®ST)0(1a~ETAIN(=10.49,0(SI*SIeCTA®ETA)) /32, ST
N(5)=9.8(] eoSI)#(l.=ETACETA)*(1.~2,4CTA)/ 32, - e
N(6)=25e0(1o0SI)ea(la~ETASETA)®(1oed . ®TA)/32, -
N(7)=Clat31IdNCLatETAI®(=1000D (5257 eETARETA)) /32, -
NCEB)zZI . oCl o +ETA)O(1.=SIaSI)e(lee3.xS1)732,
N(9)=5.0(1 4FETA)2(1.=STaS]I)e(l.~3e*51)/32.
NCLO)=C1o=ST)N(1etETAI®(=10a¢9e2(STESIeETA*ETA)I/ 32, . L
NC11)29 #(le=STIn(le=ETA2ETA)®(1e3.0CTA) 232, v o
ME12)29.0(1e=ST)@(Lla=CTARCTAYS®(Le=3.42TA)/32, —

5C T3 1013

’
4
4
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CCNTINUE
N1 )==53a252(1a=ST (1l .~ETA)S(S]eETACL,)
N(2)=20,508(1o=S]1#e2)%{]1.=ETA)
NC3)=( o252 (1ad¢ST DA CLla=ETA)S(SI=-ETA-L1.)
N(e)=).500 (1a*SI )2 (1. ~CTAN22)
N(3)=C 25 () 03T )0 (1. ¢ETAIN(SI4ETA=1,)
N(2)Y=Cod02(1e=STan2)a(1.,2ETA) ’
N(7)=0e25¢(la=ST)r(LleeCTA) (= TA=S5]1"1.)
N(2)=C02x (T o=SIIn(1.=ETAXe?2)
CONTINUE
20(1,3)=0.
xCCY »u)=2,
YCC(I,4)=2.2
ol 1?2 K=1,N3N
2CET»0)=20(15J )4 2R G(K)EN(K)
XC{Irod)=XCUT»JI4XRGIKIANCK)
YE(I»J)=YC (I )+ YRG(X)I®N(K)
iN1=1
Kii=t
KNZ2=NRInS
K32=NCOL
CCSiT1=1s4
NRT=JT(NRT2 )
L 59 J=1s4
IFCITINATS JYSEQeNRG) N:TS=J
X=NCAOL
IF(I-EQ.Z.DP-!.EQ.“) K=NRONKS
Ji=1
JE=ICOMPCL »NRTS)
IFlJKFla~1) JL=K
SO e J=1,K
Q0 TO (45, 4604Ts4R),1
ANCNROWNS »J )=NNRBINRTPNRTS»JL)
KN2=NFOW3S~]
G0 TD &4
NNCI o NCOLI=NNRBINRTSNRTS»JL)
X32=M{0L~1
€) Ty &4
NACT pJ)=NNRANRTLNRTS, JL)
KhN1=2
AC Ta W4
NACJ ol )=NNRANR THLNRTS, JL)
KEl=2
wl=Jdl ¢ dK
CCNTINUE
IF (KN1.GT.KN2) GO T3 175
IF (XS1l.5TeXS52) 6N 7O 105
CC 1D 1I=KN1 N2
11=C1/72)#2
O9C i) J=KS1eKs7
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Je=(J72)+2

NE=N3+]

NNCT»U)=N3

30 73 10

NACI»J)=D

CONTINUE

NC &2 T=1,NCOL
NANRBC(NRGel »TI=NNINROUWSHT)
NMNRIINRGe3»TD=NN(1,1)

DC 43 1=1,»N2043
NNFBINRG,2,1)=NN(I-NCOL)
NAIICNRGS4 » TI=NN(]H1)

B3 210 T=L»,NRONS

JC 210 J=1,NCOL
IFINTLLGT.NNC(L» J)) GO TQ 210
HEG=NN(ISJ)

CCONTINUE

CONTINUF

K=1

DO 5% I=1.NAOHS

BC 54 J=1,NCOL
IF(NNCL»J)£Q.0) GO TO 54
XE(KI=XC(I,J)
YE(S)=YC(I»J)
2E(XY=Z22(T )
ANECC)=NNCE S )

K=K+1

CONTINUE

L=NFIWS=1

20 151 I=1»,L»2

Sl 131 4=3,NCJL,2

(4=
(%)
'

NRCEI=(NCOL4(NCOL+41)/2)x(101/2)4J=2

AEC2)=2NR(1 )1
NHCI)I=NR(2)e

NFCAI=NCIL (14T /72)4CINCULLL)/2)2%(1/2)¢3=CJ/2)

NEIS)I=(NCILIINCOL41)/2)¥1x(]1/72V4J
NRC(B)=NKH(5)=1

N&(7)=NR(2)-1

NF(A ) =NK(H )=

NEL=NEL+1

J1=NR (1)

J2=NR(2)

J3I=NF (3

SLzNRCL)

45 =NR(S)

JE=NR(H)

JT=NR(7)

JES=NH(8)
LA(L1)Y=z1A3SINECILI=NECJI2) )01
LEC2)=21AB3 (NECJ2)I=NE(JT) )l
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5

ﬁj LEC3)=1A3S (NECJII)=NE(JIL) )+
L LEC4)=1A3S INECJL I=NEC(J5; ) el

LE(SI=TA3SINECIS I=NE(JID) )+
L3C5)=A3SINCC(IO)="NE(J7))+1
LE(7)=TABS(MECJ7 INE(JR) )1
LECRY=TABS(NECIB I=NE(JIL) )]
e 36 297 IX=1,34
b LFCL2CIN)LEN3WY G Ta 207
S NeéWw=L3(IX)

NEL3wW=NEL
207 CONTINUE
= MINZCIL)I=XEIL)
- XEINTLJ2)) =XECI2)
! AXCNECIIN)=XE(I )
o XXCHZCJ4)I=XECSL)
A FXNECJIS)) =XECIS)

g XXCNECIRII=XEC(I6)
.- KX(NECITII=XECIT)
ii FINTOIR)) =XICIR)
b s YY(NECGL))=YEC(JL)
e YY(IZOIZ M= YE(G2)

YYANELJS)) =¥c(43)
S YY(NECJL)) =YECIL)
Eg YY(NECI5)II=YE(IS)
- YY(NECJIE DD =YECJIS)
h‘ YY(AECI?T ) =YE(37)

YY(NECIS))=YF(JR)
LI(NE(IL D)) =27CJY)

- ZI(NECJI2))=2E(I2)
.- Z2(NF(I3N=725I3)
- 22(NI(I4))=TECIL)
LL(NE(I5)) 2ZECIS)
T1(MECJ0)I=7ECI6)

L2(HECST)I=22CaT)

- 2i(NE(JE))I=2ECI8)
- NGD(NEL,1)=NT(J1)
g NCOCNELS2)=NECJI?)

NCDONELS 3 =NEC(I3)

[ NCDINEL, &) =NECJ4)
5 NCDCNEL,3) =NECGS)
- NCD(NEL»6) =NECJIE )
.. NCOCNELS7) =NECJT)
# NCOCNEL, 3AYNECLB)
- 27¢ CCWTINUC

: 151 CONTINGLE

16 CCNTINUE
ARITE(L,53C ) NELSNEQ
3CC COPYMAT(Z21IS)
CC 22C 1=1,NEQ
RAITECLSSYLY XXCLD)sYYL1)oZZ(1)oUsVeN
E2C COYTINLE
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501 FCRMAT(AFL1N.4) v
3C 23 1=is.NEL ST
AFITE(15,502) (NODCI»d)eJd=1sNTN)

23C CCHTINUE

S8z TIRMATC(AIG)

CLOSFE(L»N13P=KEEP) el
RETLON o e
TAD e e
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