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ABSTRACT

Interlaminar stress characteristics within a bonded doubler
model were evaluated. The study covered the inelastic range of
the adhesive up to initiation of its visco—plastic flow. The
analytical solution was derived by an iterative procedure ,
using a linear FEM program which follows a non—linear effective
stress-strain relationship. This relationship was based on
uniaxial test results of the bulk adhesive , which were found
to correlate with the corresponding in-situ characteristics of
the adhesive .
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1. INTRODUCTION

Most modern structural adhesives are designed for high tough-
ness and therefore exhibit highly non-linear inelastic character- S

istics . Hence, a non-linear program is essential for predicting
structural performance of a bonded system.

Due to the complex visco-elastic-plastic nature of the IAL
even at low stress levels, rigorous analytical formulation of
its mechanical behavior up to failure is impossible , especially
when time- and environmental factors are taken into account.
Thus , comprehensive empirical information is necessary on the
inelastic stress-strain relationship of the adhesive as a func—
tion of time , temperature and such factors as moisture content.

Bulk data on the adhesive may suffice so long as stress
distribution and cohesive failure within the bond are concerned.
However, when failure initiates or propagates close to the

F adhesive-adherend interfacial zone, in-situ characteristics
must be taken into account and correlated with the bulk properties.
Accordingly , a series of tests on the in-situ mechanical behavior
of an adhesive , for different loadir~g modes , geometries andstrain rates, was conducted with a view to correlating the find-
ings with the behavior of the bulk adhesive under uniaxial load .
This goal was partly achieved and results are described in the
present report which deals with three main subjects:

(a) The mechanical characteristics of the bulk epoxy
used in the adhesive layer.

(b) The in-situ mechanical characteristics of the
adhesive layer.

(c) The two-dimensional stress distribution (analytically
solved) within the IAL at the non—linear range of —

the adhesive.

Preliminary tests on the in-situ hygrothermal behavior of the
adhesive will be reported briefly in conjunction with a future
research program .

The following is a list of reports related directly or
indirectly to the output of the three-year research activity
sponsored by the U.S. Army ; they have either been published
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2.  ADHESIVE BULK CHARACTERI ST.~S2 S

2.1 Introduction

Bulk epoxy characteristics under different loading modes and
testing conditions are currently obtained using standard experi-
mental facilities such as the Instron tester. A ductile type
of epoxy—versamid system, which was previously investigated [1—4],
was selected to serve as representative for structurally tough
adhesives throughout the present investigation . Most of the data
is available for uniaxial tension . The purpose of the present
test series was to relate this data to other loading modes such
as shear. This relation will enable the prediction of the
general stress-strain behavior of bulk epoxy from the elastic
stage through the inelastic one up to failure , under a combined
state of stress.

2 . 2  Specimen Fabrication

The material tested consisted of Shell epoxy epon 815 and
General Mills versamid V-l40 in the ratio of 70:30. The mixture
was cured for 24 hours at room temperature followed by post-
curing of 6 hours at 80°C.

For the tensile test , dog—bone specimens were cut from the
cast olates according to ASTM D638—64T. For the shear test ,
thin—walled tubes were prepared and machined to have thinner
thickness along the gauge length . Special metal grips were pre-
pared and bonded to the specimens as shown in Fig. 4.

2.3 Uniaxial Tension Loading

The specimens were loaded in the Instron tester under uni—
axial_ tension at various strain rates ranging from i5x10 ~‘min~~38x10 at room temperature (about 22~ C) - A typical stress—
strain curve is shown in Figure 1. The general trend for all
curves shows a short linear portion beyond which a non-linear
curve terminates in a stress plateau .

Other specimens were similarly loaded in uniaxial tension ,
and transverse strain was recorded simultaneously with longi-
tudinal strain by means of a special extensometer. The ratio of
transverse to longitud~inal strains provides the Poisson ratio ,v , which is plotted as a function of uniaxial strain in Figure 1.
The strain-rate effect can be evaluated from the family of stress-
strain curves obtained under different strain rates (Fig. 2) .
The major effect is on the maximum stress plateau , Sfl which can
be defined as yield stress , and shrws an increase in linearity
with log strain-rates (11 (Fig. 3) . The effect on initial
Young ’s modulus and proportional limit is less pronounced (Fig.3) . 

-— - - -~~—~~— ~~~~~~~ - - ~~~~~~~~~~~~~~~~~~~--- — -~~~~-~~~~~ - -- - -~~~~~~~~~, 5-- _
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2.4 Shear Loading

Tubular specimens were mounted on an Instron tester and loaded
in torsion. A device was designed to measure change of torsional
angle, using the regular Instron extensometer (Fig. 4). The
overall torsional deformation of the specimens consists of an
unknown displacement at the grip region which is difficult to
estimate. In order to obtain the net shear deformation along the
uniform gauge length , the following procedure was carried out:
Tubular specimens of different lengths , ranging from 40 to 110 mm ,
were loaded in torsion up to failure . Torsional displacement at
each torsion moment level was plotted as a function of specimen
length. These plots show a series of lines (Fig. 5) which can
be extrapolated to intersect the zero length axis at different
torsional displacement levels. The extrapolated shear strain
at zero length , as a function of the respective shear stress
(calculated from the respective torsional moment) provides the
correction curve (Fig. 6) . By subtraction of the correction
curve from the overall shear stress—strain curve , the “true ” shear
stress—strain relationship can be obtained as shown in Figure 6.

2.5 Effective Stress—Strain Relationship

An effective stress-strain relationship (Fig. 7, solid curve)
was derived from the uniaxial-tensile stress (Fig. 1) for the
representative epoxy resin. The efiective stresses and strains
are related to their respective stress components by using the
von Mises ’ deviatoric—energy yield criterion {5} as follows :

s = C - [o _
~~~ )

2 

~ (a —~i )~ + (a —a )‘- x y y z z x

+ 6(T 2 + T 2 + ~~ ) 1  /~ ( 1)xy yz zx

e = C2 [~ —c )
2 

+ (~ 
~ ) 2 + (c  — c ) ‘x y y z z x

+ 6(c + + c 2 ) ] i / �  ( 2 )xy yz zx

C = C- = ______  =1 2 ~ 2 ( l + v )  ~i j  2

_ _ _ _ _ _ _  - -  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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In the case of uniaxial tension test data , the effective
stress-strain curve is identical to the respective uniaxial
tensile stress-strain curve of Figure 1. In order to calculate
the effective stress—strain relation from the shear tests data

- (Fig. 6) the following relations are used:

s = /i~ e = 
~~~~~

- r~-

It has to be noted that in order to compare shear data with
respective tensile data , one must use the same effective strain
rate , i.e.,

- = (l-1-v)~ —— e ~ c (4)xz x xz xy

where and are the shear and tensile strain rates respec-
tively.

The plots of shear and tensile tests data in terms of the
effective stress-strain relationship in Figure 7 exhibit good
agreement. This supports the effective stress-strain concept
used in the present study.

The analytical solution for inelastic stress distribution
in the adhesive within the doubler model necessitates the deriva-
tion of the adhesive moduli as well as Poisson Ratio at the dif-
ierent strain levels.

The variations of effective tangent (Et) and secant (E5)
-
~~ moduli , as well as effective Poisson ratio , ‘~~~, as functions of

effective strain , are shown in Figure 8. Three regions may be
distinguished along the stress-strain curve , namely :

1. an almost linear region up to the proportional limit
(S~ ) through which ~ is almost constant;

2. a non-linear , probably viscoelastic range , characterized
by an increase in - - S ,  up to the “yield plateau ” level
(S i )

3. a macro-plastic flo~•’ range beyond which stresses arealmost constant and even tend to drop at higher strain
levels. v is almost invariant at this range. By sub-
straction of the elastic components of axial and trans-
verse strains , the “non-elastic Poisson ratio” may be
deriv’.~d. At the “yield plateau ” its value tends to
approach 0.5 , which is the theoretical limit based on
the assumption of incompressible flow. 

--. S - --— — - - - ~~~~~~~~~~~~~~~~ -- - - -  ---5- 
~~~~~~~~~
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- 
- All the characteristics described in Figures 7 and 8 are

functions of loading strain rate and temperature . The present
study , however, will be confined to the reference strain rate
and temperature specified in Figures 1 and 7 which are considered
to be typical and representative for similar “non-linear” ad-
hesive materials.

2.6 Bulk Characteristics Compared with Adhesive In-Situ Data

In a previous report and subsequent publication [6] an inves-
tigation of shear stress-strain relationship of a similar epoxy
adhesive in-situ was reported. The study was concerned with the
effect of adhesive layer thickness on its mechanical characteris-

-

- 
tics. The main objective was to compare the behavior of the
adhesive layer in—situ with its bulk reference.

Stress-Strain Behavior

Shear stress—strain curves for adhesives of different thick-
ness compared with the bulk references are shown in Figures
6 and 9, The similarity of bulk to in-situ behavior is evi-
dent at the linear elastic ranqe up to the initiation of the
yield plateau level.

Adhesive Shear Elastic Modulus

The effect of in-situ adhesive layer thickness on its shear
modulus is shown in Figure 10. The level of bulk modulus seems
to be approximately the same as the thick adhesive layer. It
may be concluded that no significant variation in modulus is
apparent for adhesive layers of thicknesses above 0.3mm .

Adhesive Shear Strength

The effect of in-situ adhesive layer thickness on its shear
strength is shown in Figure 11. The shear strength of the bulk
epoxy seems to be on a slightly lower level compared with that
of the adhesive in-situ. It may be concluded that for epoxy
adhesive thickness above 0.15mm , shear strength is almost in—
variant with adhesive thickness. Hence , bulk shear data can
be used for a first estimation of bond strength as long as
failure is of the cohesive type within the adhesive layer.

~ 
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3. MECHANICAL CHARACTERIZAT ION OF ADHESIVE LAYER IN-SITU
- ~~. UNDER COMB INED LOAD

3.1 Introduction

Knowledge of the mechanical properties of adhesives in a
combined state of stress is essential in engineering applica-
tions of structural bonded joints in which the adhesive layer
undergoes a complex state of stress even under simple loading.

Unfortunately, experimental data in this content is very
scanty. Early studies of the single-lap joint model [7) tended
to oversimplify the problem by assuming pure shear ; subsequently,
the more sophisticated closed-form solution of Goland and Reissner
[8] envisaged a lateral normal stress component , the so—called
“peel stress” , while more recent experimental work deals mostly
with cases of pure shear [6] or tension [9] -

The investigation reported here was conducted using a torsion—
tension apparatus to measure the mechanical properties of thin
adhesive layers in-situ. Some preliminary results are presented ,
indicating the suitability of the method for the purpose in
question .

3.2 Testing Apparatus (Fi2s. l2a,b)

The test specimen consists of a pair of 2025 aluminum
flanged cylinders (adherends) a. The loading device consists
of a torsion arm , b , operated from any conventional loading
tester (e.g. Instron), and a spring operated axial loading
post , c, capable of appl~ irig tension or compression .

3.3 Procedure

The test adhesive was composed of Shell epoxy resin 815 and
General Mills versamid V-l40 in the ratio of 70:30. The adherends
were aligned on a special fixture with a controlled gap of 1mm ,
into which the resin was poured. The joint was cured for 24
hours at room temperature , plus 6 additional hours at 60°C. The
specimens were then tested on a conventional Instrori machine at
different constant shear-strain rates and under different axial
load levels.

For calibration , shear displacements of specimens with “zero
adhesive thickness” were recorded and deducted from the overall
shear displacement of the bonded specimens. The shear strains
and stresses are computed from recorded moment—displacement curves.

3.4 Results

Typical shear stress—strain curves in Figure 13 indicate
S that normal uniaxial load has a clear—cut effect on the inelastic 
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behavior of the adhesive. Axial tension tends to reduce the
initial modulus , shear strength and ultimate strain, while axial
compression tends to increase them. However , because of the
lower in-situ tensile strength of the adhesive-adherend inter-
face and its brittle mode of failure under tension load, the
range of applicability is limited. Stiffness and level of
yield plateau seem to be lower with the reduction in strain rate.
In-situ stress—strain relationship shows fair agreement with
reference bulk data. Failure under combined load may be des-
cribed by means of the apparent ultimate-stress combination
plotted in the shear-normal axial stress plane (Fig. 14) . The
failure envelope thus obtained also shows reduction of the shear
strength with increasing tensile load , and increase under corn-
pression .

It may be concluded that the above methodology for adhesive
in-situ characterization under combined loading can provide use-
ful data for failure analysis of bonded systems.

.4 -
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— 4. THE EFFECT OF HYGROTHERMAL CONDITION S ON MECHANICAL

BEHAVIOR OF THE ADHESIVE LAYER.

The above topic was scheduled to be initiated only at an
advanced stage of the research due to its complexity and the need
for adequate experimental and analytical basic substrate . It is
aimed to achieve a more realistic picture of IAL behavior under
external conditions , and also to provide some information on the
long-term durability of structural adhesive joints.

At the present preliminary stage , the effect of hot water
immersion on the adhesive layer was investigated and compared
with an oven dried counterpart . Preliminary results (Fiq.
15) indicate a significant change in the shear stress-strain
characteristics . The presoaked adhesive specimen showed lower
stiffness , strength and ultimate strain compared to its pre-
viously dried reference .

The next step will be a more comprehensive investigation of
adhesive specimens exposed to different hygrothermal conditions
and tested in shear and tension in wet and dry conditions.
The long range scheme is to measure hygrothermal effects on
interlaminar stress and strain distributions within a doubler
specimen by utilizing the method described in the Final Techni-
cal Report of the second year. The experimental results will be

- compared with the analytical FEM solution and will take into
account th~ hygrothermal effects on the adhesive stress-strainrelationship . S

.4
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5. INTERLAMINAR STRESS DISTRIBUTION ¶-IITHIN ADHESIVE

LAYER AT THE NON-LINEAR RANGE.

5.1 Introduction

Numerous publications are available on the analytical solu-
tion for stress distribution within the adhesive layer of a
structural bonded joint model. Most of the earlier works [8 ,10-
13] are based on certain assumptions such as uniform shear and
normal stress distribution through the adhesive thickness which
enable the derivation of a closed form solution . These simpli-
fications , which provide only the average stress data , lead also
to certain inconsistencies in the 3quilibriurn equations and
violate boundary conditions at the edges.

More recent works deal with the analytical complexity of
the problem by applyinq numerical methods such as finite dif-
ference (14] and finite element [15—18] and provide the two—
dimensional stress distribution within the adhesive layer for
various bonded joint models of isotropic [15,16] and orthotropic
[17,18] adherends. These solutions are in agreement with equili-
brium and boundary conditions of the structural model but are
limited to the elastic-linear stress-strain relationship .

Unfortunately , the polymeric adhesive layer commonly used
is characterized by a non-linear stress-strain behavior , even
at a relatively low stress level. This non-linearity is more
pronounced at high stresses , reaching a stress plateau which
may b~ defined as “macro-plastic ” yielding (see Fig. 7). Another
approach to represent this mode of behavior is by a simpli-
fied elastic-plastic model [l8— 2uj wriich may provide an approxi—
mate upper bound for the real solution . Such a solution is

.4 insufficient considering the fact that under service load , the
material is not allowed to approach this “yield point” and that
at the critical region of the adhesive , the stress level is
mainly at the non-linear range , beyond the elastic limit but S
below the yield plateau.

-: The viscoelastic-plastic nature of the polymeric adhesive ,
which is reflected in its sensitivity to temperature and its
dependence on time [3 ,4), also contributes to the complexity of
the problem. The present work attempts to provide the first
step towards the solution of the problem. It is confined , how-
ever, to the two-dimensional case and to constant temperature
and strain rate loading conditions .

5.2 Model Representation

Interlaminar adhesive layer (IAL ) behavior is most conven—
iently represented by the symmetrical doubler model shown in
Figure 16 and fully described in Reference 16. Reference 16
also provides the two-dimensional linear elastic solution for 
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stress distribution of this model. The corresponding FEM net-
work is shown in Figure 17. The analysis is focused on the
“boundary ” edge zone where stresses attain their critical value .

5.3 Plane Stress vs. Plane Strain Solutions

Plane stress and plane strain states may be considered as
two bo unds for  the three-dimensional solution . They represent
the situation close to the free edges (y = ±b ) and along the
midsection (y = 0) respectively . Stress distributions based on
assumptions of plane stress and plane strain for the linear
range are shown in Figs . 18 and 19. Comparison of the T and
a dis t r ibu t ions  in the two cases indicated only minor v~~~iat ions.
I~ may be concluded that the two-dimensional solution is not
affected significantly by the unknown stresses acting along the
third direction. The a d is t r ibut ion along y derived from the
plane s t ra in  solution (~~ig. 2 0 )  , (which may provide the upper
hound for the actual three-dimensional state of stress) attains
its maximum at the center line (y = 0). Generally it seems
that the worst condition for failure would be at the corners
(y = ± b , x = ± C).

5.4 Analytical Proceudre at the Non-linear Range

The procedure for determining the stresses at the different
locations within the adhesive boundary zone under a given external
uniaxial load will follow the flow chart given in Figure 21 and
includes the following steps :*

1. Apply predetermined external a
~ 

level at the central
adherend.

2. Cal culate ef fec t ive  strains and stresses of the d i f f e r en t
elements in the FEM network using the l inear FEM program

.4 and assuming the same ini t ial  ef fec t ive  modulus for all
elements .

3. Dete rmine the specif ic  secant modulus at each element
based on the experimental relationship given in Figures
7 and 8 according to the respective e f fec t ive  strain
calculated in step 2.

4. Rerun the linear program with the modified modulus at
each element according to step 3.

5. Compare the calculated stress S~ at each element as derived
in step 4 wi th the st ress Sk obtained from the experimental
e f fec t ive  s tress-strain curve for  the respective calculated
s t ra in .

*
A f u l l  p r in tou t  of a representat ive FEM program is given in
Appe ndix 1. 

——-5 — -- - - -- - — -~~~~~~ - - - --~~~~~~~~~~~~~~~~~~~~~ ---- --~~~~~~~~~~~ 
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6. Repeat steps 3-5 up to the stage where the d i f ference
between the calculated and “empirical” stresses is less
than 2% of the final stress value .

- - The different steps are illustrated in Fig. 22 for a representa-
tive element k. The level of convergence was achieved by sig—

S nificantly fewer iterations in the case of plane strain compared
with the plane stress solution (Fig. 23).

5.5 IAL Stress Distribution at the Non-linear Range

The results were focused on stress distribution at the
boundary zone . The e f f e c t  of axial external stress a~ (a pplied
to the central adherend) on the effective stress and strain at S
the critical poi nt (located close to the IAL edge ) is shown in
Figures 24 and 25.  The d i f fe rence  between linear and nonlinear S

solutions is pronounced , especially in the plane stress case.

Lower e f fec t ive  stress and strain were foun d in the case
of plane strain compared with plane stress. The reverse trend

F was found for the shear (T~~~ ) and lateral normal (O~~) stresses
S as a function of axial external stress (Figure 2 6 ) :  namely ,

h igher stresses in the case of non— linear  solution of the plane
strain state. In the case of the linear solution , no signifi - S

cant d i f ference  is shown for  the two plane states.

Shear stress distribution at the boundary zone for ac=53.3 kg/mm 2

is shown in F ig .27 .  Here again no sign i f i can t d i f f erence can
be distinguished between plane stress and plane strain solu-
tions, except at the critical location close to the lower edge
corner ( s e e  Fig. 17) . Similar trends were found for the two-
dimentional lateral normal stress (Fig. 28)

In most cases, the effective stress tends to level off and
-4 even drop fas ter  in the plane stress state .

The e f f e ctive-stress distr ibut ion at the boundary zone
(Fi gures 29 , 30) permit evaluation of the ductile fa i lure  pro-
cess of the IAL. The region of “viscoplastic flow ” may comprise
the elements where the e f fec t ive  stress or s train exceed their
prespec i f ied  limit* as shown in Fig. 8. For the specific load
level of the present case , this region is located close to the
lower edge of the IAL (Fig. 17) .

5.6 Comparison with Simpl i f ied  Elas to-Plas t ic  Solution

A simplified elasto-plastic mode l of the stress-strain
relationship (Figure 7) has substant ia l  advantages over the
more realistic non-l inear  one , in that it reduces the para-
meters for describing the complex inelast ic  process to two —

the ini t ial  elastic modulus E 0 ,  and the y ie ld—st ress plateau S
~~

•

This limit may be defined as the level where initiation of
residual deformation was detected ( R e f .  [ 2 1 ] ) .

_ _  

_ _
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It may also permit inclusion of the strain-rate and temperature-
dependence in the analysis, provided their effect on the above
parameters is available [3] . The respective stress distr ibutions
based on this model (Figures 31—34) show that while there is no
significant deviation from the exact solution at the critical
location, there is some farther away from the edges. More itera-
tions are needed for convergence of the elasto-plastic solution
compared with the more exact non-linear one (Figure 35) .

6. SUMMARY AND CONCLUSIONS

The present report comprises two main parts, the first of
which deals with bulk and in-situ characterization of an adhesive
material and provides the empirical basis for the second part,
devoted to analytical solution of the stress distribution in
the IAL at the non-linear range. The following conclusions may
be drawn :

(a) The stress-strain relationship of the bulk adhesive
under a combined state of stress may be derived from the stress-
strain relationship obtained under uniaxial loading. This
follows the “ effect ive” stress-strain approach and von Mises ’
criteria for inelastic behavior.

(b ) The shear stress-strain relationship of the adhesive
in-situ, its Young ’s modulus and ultimate strength , may be roughly
considered as invariant for thicknesses about 0 .2mm ; in these
circumstances , bulk data provide the basic parameters for a pre-
liminary assessment of the relevant mechanical behavior of the
adhesive within a bonded structure.

(c) The finite-element method was found to be adequate
for determining the stress distribution of the IAL at the non-
linear range. At high external loading levels , non-linear be-
havior was found to predominate in narrow boundary zones close
to the IAL edge , whereas most of the IAL remains at the elastic
(l inear)  range .

(d) The non-linear FEM solution serves for assessment of
IAL failure. The latter is manifested by initiation of plastic
flow of the adhesive , which can be related to a specific limit
point on the effective s t ress—strain  curve . Under a given ex-
terna l load , a “visco-plastic” state prevails in the boundary
zone of the IAL with stresses in all elements exceeding the
above limit.

The present study is the first step towards more general
non-linear analysis and empirical investigation of bonded

S structural systems. Future research will involve time-dependent
non-linear stress analysis of the IAL with reference to the
viscoelastic-plastic nature of the polymeric adhesive ; another
phase will cover the inf luence of environmental factors (tempera-
ture, moisture) on the above time-dependent mode of behavior. 
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GLOSSARY

b - half IAL width

C - constant

c - half IAL length

Er ~ - initial Young’s modulus

E 5 — secant modulus

Et 
- tangent modulus

e — effective strain S

— effect ive strain rate

h - thickness

h0 - adhesive thickness

n - number of iterations

s - effective stress

T - temperature

x ,y,z — ax ial , transverse and lateral coordinates respectively

y - shear st r ain

y - shear strain rate
.4 -. normal s t rain

C - uniaxial  external strain

- axial s train rate

v - Poisson rat io

-r — shear stress

a - normal stress

ac 
- uniaxia l  external stress

x - nondimensional axial coordinate 
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j-. IAL - interlaminar adhesive layer

CAL - central adherend layer

EAL - external adherend layer

FEM - f in i te  element method

.4
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- - -  - -
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( a )  torsion load cell gr ip

( b) unive rsal jo int

(c) torsional detormation
measuring device
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FIG. 4a ILLUSTRATION OF TUBULAR EPOXY SPECIMEN
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FLOW CHART

FOR STRESS ANALYSIS OF INTER LAMINAR ADHESIVE LAYER

AT THE NONLINEAR RANGE.
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FIG. 21 FLOW CHART FOR STRESS AN ALYSIS OF INTERLAMINAR ADHESIVE
LAYER AT THE NON-LINEAR RAN GE . 
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~4 5f l  C ( ( 1 , 1 ) E t ( 1— L  )I((1-e .L ) *I 1— 2 *U )) (‘O0~ ’4 OO 0
000!! 000

CC. (2,2) 00(1 .1) 000!~~OO0
C C ( ~~~~~,

1 ) Gr,  0 0 0 ! 70 0 0

c-c  T O 1001) 000!P000
SO P IF C 11 •E~~. r . •~~~fl . 12 •EO . 0. 1 CC IC 1000 000!C000

IF C Li? .FC . “ I Or IC 700 00040000
IF C L ’I .rC . “ . ) L ’ 2 1  C 12’12/11 000 11100 0
GO T(~ /Il~~ 000112 000

700 L1 2 U 21*E1 /r2 000115000
P C I ~ c(1(~~~ ) : rl / (i. —L1 ? *U2 1 I p couu 000

C C (’.i) ~~tJ2!*’ )0( 1 .l ) fl00 li~~O00
C C C ’ ,2) r2,(l.—LP’*U2 1 ) 000UC000

012 00047000
i r on  ~c 1200 T:1,! 000 ’ i P OOf l

CC 1P C l ’  ,.J 1 , 1  00045000
C~~( T , ~- , T M f t T ) I 0 h I . , 5 -~ 0 0 0 5 0 0 0 0
C~~(5C, I,IMA T)~~CO( !.~. I 00051000

1 2 00  O C r ’  T Ir ’ - ’JC 00052000
2 5”  C O I ~T I~~I 1fT 0O O !~~Of l 0

PF1 P PR~ 000 ’ lOOO
Cf C 00055001)
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- 58 - BEST AVAI LABLE COPY
-5~ A!’, 7! ) cS/!~~n F O R T R A r ’- I-

ITLEP rIPTTC~1S — ~IA ’~1= ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
SOUPCF ,FRCCTC,U ,LTCT, EC I< ,LCA r.~SCMA P .r~n FCT 1,Ir ,P~C~~PF- F

SUBROL T’rJE r~/I1A TN( M)~X [) ,~~/ I’~f lP, x ’5 ’ A T , J
~$ ” ’ : L C , I S T C p )  f l 0 0 C 1 0 0 0

CCf~MOr¼ ~JN P .l~FL ,r ,~ 7 ,r ’cLC ,~~cFT ,roOr)Y, S1 yP ,TF t21)n ,~.), l~C (I0),T,(,c), 000C2000
1ET(1.0) ,‘ J T ( l f l )  ,0 0 T C I O ) , F I T ( 1 M , 1 2 1 ( 1 O )  ,lJ l 2 T C l r l ) , L 2 1 T ( I C ) , r . 1 2 T ( 1 C ) ,  001)05000

1) D O C 550 0
3X 2 0 0 ) , Y 2 o o ) , u L x ~~2 n n , , I,L 2 n r ) ,~~or C 2 o C I , T ~~C 7 0 ,.J Sc 2 o ) ,  1) 0 0 0 4 0 1 ) 0
4 S U R T R X ( 2 f l , 2 ) , 5 U P T R ’ V ( 2 O ,~~) , E F ( 1 f l )  ‘ 0 1 ) 0 5 0 0 0

C 0 0 0 0 e o n r I
I S T O ~~~ 0 t ’ O O C 7 0 0 0
RC~~fl 1 ,NNP ,r’- F L , N MA T , ~~S L C , r ’ C F T , f - P 0 DY  0 O 0 C ~~O O0

C 0 0 0 0 5 0 0 0
FRU IT l Oo ,r ’ 1~~r ,Nr L , p\ M/ IT ,r;SLC ~ - c r T  ,N ~~0CY 0 00IC000

IF (NNP .LE. ”AX C’~P ) 0,0 TO 21 )1 C0013000
TSTCF ISTOP + 1 00014000

F R u I T  251, f~A~~NP 00015000
201 IF(r ’~EL.LF . MAxrL ) GO 10 202 r00Th000

ISTOF TS TCF + I C0 017000
PRINT 252 . ~‘~~~EL 0 0 0 l F 0 0 0

2 0 2  I F ( NM f t T. I F .~~~’A X ~~~~A 1 )  00 I C  2 03  f l 0 0 1 5 0 0 0
I S T O F  151CR + I 00021000

p RI N T 25 3, V /I~~~A T 00 02 1 0 0 0
2 0 3  I F U ~~S L C .I F . M A 1 ( S LC )  G O  I C  p 1 )4  0 0 0 2 20 00

I~~ T 0 F  1 5 1CR  + I 001)25 000
P R I N T  2~~~~~~~’ 

f-’A~~~~S L C  0 0 02 40 0 0

20 4  IF (TSTO P .E 0 0  OC TO 20! 00025 00 1 )
P R I n T  255 ’  T S T O P  1)002 (000
STCP 1)0027000

C ~ fl 02 P 0 O O
20~ RI /IC ) 2, ( R f l C T ) , T H ( 1 ) , I : j , r ’ f v A T )  rl fl02 COO r)

FRI~’T 11)1 0 0 0 ! C 0 0 0
PPU’T ~i .  (T,PO(I), TI- (T ),T :1,f~.’1tT) f’(’051000
RE/IC ) 10 ’  ( E T ( T ) , U T ( T ) , 0 0 T ( T ) , V 1 T ( I ) , 1 2 1 ( I ) , L 1 2 T ( I ) . L 2 1 T ( I , 1 ) 0 0 5 1 0 1 0

1 0 12 1 ( 1 )  , I~~~~1, f ~~~~~A T )  0 0 ( 1 5 10 2 0

PRI NT 80~ ( T , E T ( I )  ,IJ I ( I ) , 0 0 T ( 1 )  .111(1) .12 1(1) ,I 12 T ( I ) , u 2 , T ( i )  flO0’1 0~4O
1 G I 2 T C T ) ,I~~1 ,I\h A T) 00051050
CC 150 Tr~AT ~~i ,Nr ”A T 000 5 1 110
r C) 151 ) ~~~~~ 0 0 0 5 1 1 2 0
R EA D 11’ (O~~T (I,J ,IM /IT),i:1 ,’) 000’1130
PRINT 8 1 ,  (OC 1(T ,,J,Tp ’ATI,, .:I,!) 00051140

150 CC~~TIM JF 0005115 0
CALL ~‘A T ERP 0005150 0

CC 550 I~~A T : 1 , ! ’ I M A T  0 0 1 ) 5 1 5 1 0
OP ~50 1:1, ’
P R I N T  0 2 ,  ( 0 ! ’ ( T , J , t ’~A T ) ,J : 1 . ’ )  “ 0 0 ’ 1 5 ~~

fl

550  c C P~TI~~iIf
PRINT 103 flfl0’4000

0 0 0 , c 0 0 0
5 RE/ IC )  ‘, ~~,~~t 5 - r 1 ( M ) , Y(!I I),Y(~~ ),I J L > . (M ) , v L y l V )  001 )5 ( 0 0 0

000’7000
4 P R P ’T  ~~~~ “ 0 0 0 , p 0 0 r

P R I N T  sp ,~~,~~o r r C M ) , 
~ (f ) , ’!(f/),1!LX(~’),VL Y 1~~) 

(SI 1)ICOOC
I~~~P F~ I~~T0F 4 1  C~~I1 IiC 00 C

G~~~ 
T 1) ‘

~ 
“ f l f l 4I O O f l

7 rr  ~ + I — f 00011;oor
( 1 Y - (~~ ( M ) _ ~~~(( I  — 1 1 ) / C F

1)00114000
p ~~~~~~~~~~~ 00011~~0PC ’
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BEST AVAILABLE COPY

0 0  04 € 000
00 04 7 0 0 (I
0 0 0 4 P  00 I)
0 0 0 1 1 5 0 0 C

~ PPP i T  ~ 2 . r ~ ,I( O 1 E ( N ) , V ( ~ , ) , Y C r \ ) , t L X ( N ) ,~~L Y ( - 1  0 0 0 5 1 0 0 0
0 00 r  i oon

IF (~~‘—~ )~~~,E .~ 0 0 0 5 2 0 0 0
q IF(rI .LF .r”~ p ) c-C TC 5 0 0 1 ) 5 5 0 0 0

F P I J T  1’IE 1)005(001)
13 L = 0  01)057000
1 4  R E A C )  1 5 .  ~ , T r ( ~’ , T , 1=1.~~ 0 0 0 c P 0 r ) O
16 L~~~~L + I

I F ( M _ L ) 1 1 1  ,1 7 , 1~ 0 0 0 ( 0 0 0 0
117 P R I N T  11A , r~

FPI ’~T 53.” . (IE C” .t l , 1 1 . 5 I rO0(200 0
I-sTrF~~TS TCfl41 1)00(5000

GC TO 14 0r0(4000
• 1P 11( 1  . 1) ~~ T F ( L — 1 , I  1-4 1 0 0 0 ( 5 0 0 0

TE(L .2)~ IF (L— 1.2 )-. 1 00C)€E 000
I1 C L , 3 )~~T E( L_ 1 ,R I + 1  000(7000

000(e 000
1F (L.S)~~TC C L— 1,5) 000(5000

17 p PrT 53, L ,(11 (L ,TI ,T~~1, 6I 0007C000
IF (f-’—L)20,20, 16

2 0 IF (NLL— L )21 ,21,14 00072000
21 CC NT IN IJ E  C0fl7 !000

IF(rJSLC.1C .OI 00 10 31 0007 (000
Sri ~PiNT 1~~ 0 0 0 7 7 0 0 1 )

cc ~o L~~IItP SL C rs007e000
R E A r )  41,I~~C(I I ,J~~C ( L ) , S U R 1 R ~~( L , l ) , S l J F T R ( ( ~ ,2),CL FIFY (L,l ), 0007C000

I ‘LRT PV (L,2) 000~~C 0 0 0
40 FPI~lT 4 2 , 1 5 0( 1  ),uCC(1), cU PIRYCL.1 ),SLRTRX (L,2 ) ,°U~~TR’ HL, fl, 00O~~1 O0 0

I ~L-~~TPY (L,2) 0001(2000
31 IF (ISTOP.EQ .fl ) C 5 - C  TO C C C  non sooc

PRINT ~ flo. 1510P fl OO~~4000-
~~ 

C ~0fl~~5O00
1 F O R ~~A T( 6I5) cro~~~o eo

1 00 FCRMAT(351—OT r ’rl T T-’’tC 1.. ~~~~IC PflPA~’!TEPS /~~ 000 (7000
1 5 X ,  4 0 $ -  ni li w p rp CF r-Cfl~ POINTS / 000 000
2 5X , 4 f l~ ‘u~~r rp  C F FL F~~F r T S .I~~/ roor~~o0o
3 sx, up l- r l iJ ’ l r~rR CF r I F C C P F N T  ~ A 1 E R T / I t  C ,1~~/ C C I ) 5 0 0 0 0
14 ~X . 4 P~ ~ I I J V p r p  or ~LP0~~CF LC/ IC C•~RC~ , r ~~,
5 ~~~~~ l 1 f l l~ 1 C~L A f  C C T F ~~~1. , 2 rL~~r r  C T R O S S .  • .,1~~/ Cr~rl C 2O0 fl

• 6 ~x, ~~~ 
1~ n~~~’r FCPCI~~~1 IN — Y  OI~~1C.. I) r - C 5 E ) , ~~~) 0 0 0 c l 0 0 0

2 5 1 F C R ” A T ( / / / / ’  T C C  “ M Y  r ; r r ’ t  P O P T S ,  ‘-‘~-~~t ’ ’ ”  ~~. 1 5 1  0 0 0 C U 0 0 0
2 5 2  F C R ” A T ( / / / / ’ C I -  T 5 -

~~ ~‘ A f - Y Cl~~~~~~~T o , ~~~~ I - i ~~ ,1~~ ) c o c o ~~oon
2~~’ FC P A T / / / / fl~ ICC ‘ A11 Y ‘ r 1 F 7 ~~~ LS ,  ~~~~ IV L ~ ~ , T C )  0 0 0 c E 0 0 0
2’~’~ F c P ’ $ 1 ( / / / / 4 0 ) -  T’~ “~~r ’ r ~ L~~1.1C r  LIP- C A R O , ‘ I r~t ’~ ,T ~~) r s 0 0 C 7 0 0 ç
2 r  FrP~~~T l/ / / / 2 F ) -  rY~~~~T1C ~~~~~~~~ ~FC A L~~[ C F , T 5 , ’ 3 1 ’  F Y T ~~ i rP~~CPC,) C~~I)C~~~~~l’

F C P ’ l ’ T~~~
5- F l 1 ) .~~~) 0 0 0 c c 0 0 0

1 01  F r ~~~~~A T (  -,~- fl~~~FL’ T T~~’L~ .. ~- ‘ 1 r P T r [  FP~~’E 1~ T 1 E5 / 1  0 n 1 0 0 0 0 0
10~- v r T r r , T r , .c- , 1r ~~N~~r I ; L C l S  ~5-r ,6 - ~,~~, r r IC So~~’ s , 7 x ,  0 0 1 0 1000

2p~~ ’/I T [ r / t A L , ”~’ , “~-~~~T F~ I/It / 0-1 1 0 2 0 0 0
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ R A T I C , P X , 7i—t1~~5 T T y ,~~v , 0010101)0

~~~~‘ 1’ tC~~~’’~~ )
51 Fr P~’AT I10, )r1~~.4 )
11) F C ’ 4 ~~A T ( E 1 0 .~~) n c l r ~~0 i 0  3 1
pn FC RMAT( 1 l n , ~~r 1c .4l 
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- 60 - BEST AVAILABLE COPY
11 FCR ”A T(5!lO .3) fl~~l C t O3 fl
P1 rCRM ~~T (3E10 .31 f~~f l 1 C C r) L ~~r

P2 FOR ~~A T ( 3 E 1 0 . ~~) r lO l C ! 0 5 P
103 FC RMA T( 3 ’Wl1fF l - I TA~~LE 3.. r\0C/I L POIC~T fl/IT/I // 0110 (000

I 5 X , 5 C ~N C C ~~L , 4 4 X , 7 C ~X _ r I C F ., ,7 l 5 - Y _ f lFr./ 1 ) 0 1 0 7 0 0 0
2 !X , 5 H’ 1) I N T , 6~~, 14H1YPF, l4’ ( ,1 l -) 1, I14’X , l H Y , (X , 7 H O R  LC A D , Px ,7i•C p L CP C I fl01C (000

5 FCRM AT(215 ,4r10 .3) 0 0 1c C 0 0 0 ,
icr  F C R M A T ( ~~X , 17H CR PO R TF\ C A R C  f-1 ) . , T 5 / )  0011C000

52  F C R M A T ( 2 I 1 0 , 4 V 1 5 . 4)  ~‘0 111000
— 106 F C R M A T 3 4 1 - l T f F I J T  I/IDLE 4.. C L F M E f I T  0 / I T A  II 0 0 1 1 2 00 0

1 I1X ,31I- C ,LO PAL I f r - I C I 5  C F ELFf’E(’~T f \ f l r r 5/ 7X , 7 l -ELrl~r r ’ - T ,  1 )0 115 000
2 7 X , 1 H 1, 7X , 1,~2 , , l 1- 7 , 7) . 1 1 - 4 ,~~) 1,pHr~A 1E p I A L )  0 0 1 14 0 0 0

l i p  F C R ” A T  5 X,  2 5 1 - 4 F R R C R  I C ~ E L Er ~1~~T CARO f\ r ) . , 15  ) 00115000
i~ FCR MAT(615) OO II (OO I’
Si FOR MA T(T I1),4TP,1 10 ) l’0117000

I 0 ~~~ F O R M A T ( 3 71 - C l T f r - U T  I A P L E  ~.. StiFF/ICE LCA DTI \ G rA T /I //
117X , S 3HS (jRF/ICE LOAn I~~~~T f T r ’ 5 1 T T E S  A T  I \ C f l E S/  P 0 1 1~~~~ 0 P 0
2 4 X , 6 H f ’~ODE 1,4)1 ,6HI~’Cf lC .J ,10) 1 ,~~I-xT ,1O~~.2HX,J .1 O Y , 2 1 - Y I  ‘10’~. 2 F V .. ) 0012r000

4 1 EP RMA ,2 15 ,4 110.3) l’l)1 1000
4 2  F O R M A T ( 2 I 1 0 , 4 E l 2 .4 )  0 0 12 2 0 0 0

~ 0 O FcR r ’~~T / / / 4 !H AOS!r ”~’LY A rj r ~ r~1I - T I 0 r  t. !LL f\-CT Pr PE~~FCP~’t r,,I5, “0 1 2 5 0 0 0
1211- FA TA L C/IFfl ERRf l~~ ) 001211000

9~~~q R E T U R n ’. 00125000
El- C 00126000

‘~~~~~~ 75 ‘ CS’’€O F0PTRAl~ $~

F I L E R  OPTTC~~S — N / I M r =  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
SoI pc r , r ~~rC .nn 1 Isl, f~C nFC v , L C o o , r - c M A n , ro r r - IT,I r- ,f~C)1prr

SUC POLTTr ’4r rr~~”n~~u ,~~) 00001000
CC~~~C~~,T W r ’ - ’ T F A 1 D, ’ r C , r U r f l,  A v ( 4 0 0 , f l )  0 0 0 C 2 0 0 0

C T~-’T c C U R R O T T ’ r  ~ 1f l r F T r~ T C~U / I C C C , , 1 )L / I r~1 5 T I ~~~~F f ; F S r  A N ~ LC/I0~ FOR T t-F 00007000

C F~~E~~CR I9Y’ OI~~P t ~~ C~~” I~~T P T  C F 0 F F F  OF F p r EC C ~ ~. , E Q . ( 6 — 1 9 ~~) .  ( R E F . 1 ) 0 0 0 0 4 0 0 0
CC 100 “ 2 . T ’ ~~~r ’ ’  0 C J f l 0 5 0 0 0

— ~~ + i 0 0 0 0 6 0 0 0
r F ( v .Lr .” )  C O  T O  C C 0 0 0 0 7 0 00
R( K) R’” — A~~~ (4 ( ,~~~ )s!I 1)1)00(000

0 .1) 0 0 0 0 C 0 0 0
5 0  ‘( (~ + “ — 1 0 0 0 1 0 0 0 0

ro ~C i n ’  00 011001)
R U’ ) R U’ )  — A y ( ~~ ~~~~~~ “00 1200 1)
A K ( r ’ , M) 0 .0 1 ) 0 0 1 5 0 0 1 )

IC” CCr ;TIHJE 00014000
A K ( r ” , l )  :1.0 00015001)

~~~( l  ) U “01)1 (000
RETllRt ~ 

00017000
110 0001 (00 1)

LJA 
--
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- 61 - BEST AVAI LABLE COPY
A l ’  75 1 CS ’SEO FCR TRAI C-~ - 

-
‘

ILER “PITC ICS — fJA!~E= M ATl ~,CPT 02 .LIf~CC NT~~6C,SI21 0b 0C $~ ,
SOU PCF.FR CC1C ,rOL 1,~~0flECt~,LCI)C,~ . r n1/ I P ,rOFCIT, Ir.fI C)1R FF

SCJRRO LT TNC A C E~’11.L (IST0R) 00001000
C Cf’r’1O~\ rlN p,1-F L , i M AT,,\SLC,l ’CF T,r-PODY,NT yp, Ir (20r ,~~) .RC( 1 l ’ ) . 1 $ - (l f l ) ,  1)0002000

1ET (10),UT (10 ,G GT (10I ,01T CIC ’ ) .E2T (1”I ,U I2T CI l ’ ) .1 ~ 1 T ( 1 r 1 )  . C ’ 2 ” ( 1 ” ) .  fl0 ”05000
2 ( 3 , 3 ) . ( ) Y (~~,5 , 1 U ) , F , t j . C,G ,C 1 , r2 , U 1 2 . L2 I ,C l 2 ,C ( 1~~l 3 , 5 . 1 0 ) ,  P ” 0 C 5 50”
3 2 0 0 1 , Y 2o l ’ .l,Lx 2 o O ) , v L Y ( 2 0 r ) , l O r E 2 on , T C C 2 0 I .~- s C 20 , 00004000
14r1 RTR )1(20, 2 ),SLJRIP’Y(20.21,EpC10 ) 00005000 -4
Cr~~~O’\/0NE/ fl~ (1”~~1fl ) .0(101 ,~~(3,10) .C (3.5) ,

PT(7 ,6) .X C C E I  ,‘VCC 5 ) 0 (100(000
CC f’5Wfv/TWO/ T [/IND,f\FC ,R~~40C), / I K ( 4 0 0 , E 0 )  0 0 0 0 7 0 0 0
rTr ~Et~~I0N LP( () 0000(000

C ooo c sooo -:~
RFWI l~I1 1 00010000

ISTOF 0 00012001)
01( 1 , 4 )  : 0 . 0  00014000
p 1(1,5) 0.0 r’00i~~O0o
“ 1 ( 1 , 6)  01.0 0001 (000
P1(2.1) 01.0 00017000
P1 (2 .2) 0.0 0001P000
P1( 2 .3 )  0 . 0  0 0 0 1 5 0 0 0

DO 2 I:i,NEQ 0 0 0 2 ( 0 0 0
R(1):0.0 0 0 0 2 7 0 0 0

DC 2 J :1,IRAl’0 0002 (000
2 A l<( I , .J ) 0 . 0  00025000

DC 10 ~~ 1.~~FL 0 0 0 5 7 0 0 0
I F( 1 E( !~,~~) . r,T.f l )  00 10 11 0 0 1 ) 5 4 0 0 0

ISTOF ISTOF + 1 00055000
0(1 TO 10 “005(000

11 C/I LL QI J /I r (M ,AR EA) 00077000
IF( A R FA .c-1 .0.0) 0,0 T O 16 0005P000

I S T O F  I C T O P  + 1 000l CO Ol )
PRINT ~~~~ 

00041000
16 IF (IE C~~.5).FQ.TFU’.4)) 0-0 1 0 26 00011400”

DC 31 J 1.2 0004c000
TJ: 1’~— J 0 0 0 9 ( 0 0 0
! (< IJ+1 0 0 0 4 7 0 0 0
P I ’ J 0 T  r,t (( IV , I K )  0 0 0 1 1 ( 0 0 0

00 32 K~~ 1 ’ T J  0 0 0 u c 0 0 0

F C~( ( I I < , K ) / P T ’ J C T C ) S C 0 0 0

DC ~3 T t < . T J  0 0 0 5 2 0 0 0
C C < ( T . ~~):0~~( 1 , P 5 - ) —  F ,C W ( 1,11< ) 000c5000
OPc v . 1) : 0 ~~C T , ’~ )

57 0 ( K )  : 0 C K I _ C K ( T K . k ) * 0 ( T K )  00 0 5 5 0 0 0
SI  0 ( 1 K )  ~Q (IK )/P1Vc1 00051000
2~ ~P III C I I C o~ C I... 1 . 1, irs 1 , I: q , 1 0  I • C C  ~ ) • 0 ( 10  1 . 000 (1000

I H P ( I . J ) , J : 1 , 1 0 ) , 1 = 1 , 3 ) , ( C r ( T . J I , J : 1 , 3 I , t : 1 . 3 1 .X O ( 5 ) , Y Q ( r )  10 0 (2 0 0 0
0 0 0( 10 0 0

IF(T F IM .7I.I 0.Tr (~-’ ,4)) LT~ :6 ~‘l ’flE7 O 00
00 4 0  I:2,L1u ,2

I J  1/2
L P C T — 1 )  ‘ sT I ( f ’ . I , ) — 1  0 0 07 0 0 0 0

4 0  L P (T ) = 2 .T r (~~.r~~) OOC71000 -;

DC 50 L L : 1 , L T ! ’  1) O 7 ? 0 0 0
L P C L L )  0 0 0 l’ 000

P C I )  “ ( 1 )  + 0 ( 1  L I  0 0~~ l 1 1 10 0 0

00 50 M
~J = 1 , L I V  0 C I 7~~ CI01 )

t P C
~~

’)  — I + 1 0 0 0 7( 0 00

_ _  - 
- 

-



- 62 - BEST AVA1L4~ E co~’i

IF f J . L I .  0) ) 0-0 TO Sf ’ 00177001)
A l ( C T , d ) ~ f ( K ( T , J ) 4  C l < ( L L , MM) 00 1 ) 7 ( 0 0 0

CC II If ~(iF 0 0 1 ) 7 5 0 0 1 )
10 CC~JT IN !r

~~ l’I:1 ,NN P fl0OPS000
I F C K 0 t 1 E C ~~~~) . E 0 . 5 )  CC’ I C  CC 0flfl~~9O0fl

000( 5000
IF ( KCflI (l’-).tO .l) CC IC ~~ fl0OP~~000

P C K — 1 )  + (1)1(N) 000P7000
IPC ((OCF(N ).N1.fl ) GO TO s~ ooo ~~~ooo

r~~t~ + V L Y ( ( ~~) rIo fle~~0oo
CC’ITI ’~I1F 00050000
I F ( f ’ S L C . F C . O )  0-0 ‘TO 6(1 00054000
DO 61 L 1.1ISLC 00055000

-~~ I ISC (L 1 0 0 0 5 ( 0 0 0
..SC(L) 00057000

7 1 : 2* 1  0005(000
flO$~55 000

DX X ( . J ) — X ( T )  0 0 1 0 0 0 0 0
Y ( ~j )  — 1 5 - C T )  0 0 1 0 1 0 0 0

FL SORT (fl)1sr” + C Y * t ’ Y )  00102000
P X T ~~~5 t ( R T R ) 1 C L , 1 ) * E L  0 0 10 7 0 0 0
PXJ ~ 5URTR )C( L ,2 ) *FL 00104000
PY T : S I J R T P Y ( L , l ? * U L  00105000
py.J:~~I J R T R y ( L ,2 ) s F 1  0 0 10 ( 0 0 0
R ( T I — 1 )  R ( I T — 1 )  + F X I /3 .0 + PX J / 6 . O  0 0 1 0 7 0 0 0
f l (J J - 1 )  P ( . J~~— l )  + Fx r / 6 .n + P~~j t r .0 0 0 1 0( 0 0 0
R C I T ) ~~R ( T I ) + PY T / S . ’ + PY.j / 6 . ’) 0 0 1 0 5 0 0 0
P ( J J )  (~( . J )  + P’)’ I/ E ,O  + P’l’~./ 3 . C  01 ) 11 1000

-: € 1 CC1JT I~ . LJF 01 ) 111000
(0 DC 70 r-’~~1,P-ft Ip 00116000

1 F ( K O r E ( ’ ) . C . E . 0 . A t~C . K c C E f T ’ ) . L F . 3 )  60 10 72 0 0 1 1 7 0 0 0
IST OF IST C F + j  f l O I I e 0 0 0

GO 10 70 001 1~~0nn
72 IF (KOCEU5-) .EQ .0) 0-0 10 70 0C~~2 0 O 0fl

IF nrlr n”).E0.2 0,0 IC 71 00121000
C/ILL 0Efl~-’FC (’JL )1(P~i,’*r”—1 ) 001~~2 0 0 0
IF (K0 flrt~~).I0,l) 0,0 11 -7 1) 00121000

71 CALL C-rC”Fr (VLY (11),2*N ) r r ~~2 u O 1 )0
10 C O r , T I n ’ - r  1 ) 1 1 2 5 0 0 0

Ff ~CF IL C 1 “ f ’ 1 (0 0 0
IF (TS’O P .FO.O OC TO pI 0 0-~2700fl

P R I N T  10 0 , T~~~I O P  0 0 1 2 ( 0 0 0

2 1 )  FCRM/IT(/5X,1’)- A P E / I  C F  r L r ~ r~-1 . 1 5 , 1 4 1 -  1~~ r r c , /I ’TI\ .r I)
i o n  FC R ~~/ I T ( / / / / 4 21- S O L L T T N  W I L L  f - C T  ~1 PE~~FC I’ ‘~~Cf ’L~~E (iF ,i~~, 0fl 150 000

I 15 H P A T / I  E F P O O C  ,‘~ r i — I S I O n O
P P I T - .’R” . ( ‘ f l 1~~~ 2 0 f l I )

1~’C  0 0 , 1 70 0 0
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~~ 71 ) C C ~‘6f l  F O R T R A F ~ 1—

LE P CI PT TO I ? S  — I - lA ME: ? A T f ,(1F1~~0 2 . L T I ~E C r J T : 6 0 , S I Z E : 0 0 0 f l K ,
C C U R C F . F 0 C 0 T r , r- O t T S 1 ,~~C 0 E C V , L C A C , N 0 ~~A P . l . 0 E C 1 T , 1 C , P~C X R E F

‘LRROLT INE C ’IIM)CM, TOT/I L /I) 0 0 0 0 I 0 0 0
C Cr 4 M O fs f, n’JP ,l FL , f l M A ’ T ,~~SLC ,f-CF I ,f~pODY ,T~TYP,Ir (20C.5 ),RC(j0),TC~(11), 000C2000

1 F T ( 1 0 )  , [ T ( 1 O I  • G G T C I O ) , E 1 I ( ’ t C ) , E ’ 2 I ( 1 0 ) . U 1 2 T ( 1 0 ) . U 2 1 T ( i f l ) , r - 1 2 1 ( 1 0 )  • 00007000
2 ( 3 , l) , Q F ~(l .~~, 1 0) , F , U , GG , E 1 ,f 2 . U 12 , L2 1 ,G 1 2 .Q Q i ( 3 , S , 1 O ) ,  00007500
3xC 200) , Y( 200).ULX( 200),VLY(200,,l<OnE (200).TcC (20),.,SC (20), 000C4000
45L1R1RXC20,2 ),EURTRY(20,2 ).EF(10) 00005000
C C?MOr-./ONE/ PC’ ( 1 O , l 0 ) , C ( 1 C ) , P ( 3 . 1 0 ) , C ( 3 . 3 ) , P I ( 7 , E ) , X G C S ) . ’r C ( C )  0000(000
CC?M0l./TWO/ TEAfID.r ~I0.R (400I. I$K (400. 60I 00007000

C 0000(000
~: T E  ( ? , 1  ) 000C~~J00
J: TF(M .2) 00010000
K: I F ( M ,3) 00011000
L: TE(M ,4) 00012000
?IYP IE(M ,5) ooois oo o
TOTAL/I :0.0 “0014000

IFCtJrA T .E 0.1.AND.~’.r,T.1) CC 1 0 5  ooo isoo o
C( 1 , 1 I :~’ M ( 1 , 1  , W T T P )  0 0 0 2 0 0 0 0
C C  1 . 2 )  ~~ M ( 1 .2  • ‘-TYP) 0 0 0 2 1 0 0 0
C ( 1 , 3 ) : Q M ( 1 , 3 , MIYP )  0 0 0 2 2 0 0 0
C ( 2 . 1 ) : O ? C2 . 1  ,‘~T Y P )  0 0 0 2 7 0 0 0

— C ( 2 , 2 ) : 0 M C 2 , 2 , M T Y P )  0 0 0 2 4 0 0 0
C ( 2 , 3 ) P M ( 2 . 7 , M T Y P )  000 2 5 0 0 0
C ( S , I 1~~~M ( 3 , 1 , M T Y P I 0 0 0 2 ( 0 0 0
C (3,2):PM(3,2. MTY F) 00027000
C (3.3) :1)M (3 ,3.M I Y P )  0 0 0 2 P 0 0 0

S LI? : 00057000
I F ( K .E0 .1)  L I? = 3 0 0 0 7 1 1 0 0 0

X Q ( 5 )  : 0 . 0  0 0 0 7 5 0 0 0
* Y Q ( 5 I  = 0. 0 0 0 0 7 ( 0 0 0

DC 10 N~~1.L 1? ( I00 ’ 7 0 0 0
Nf- J  T I U ’ . N )  0 0 0 7 ( 00 0
X O ( f - )  X ( f J l ~I 0 0 0 S c 0 0 0

= Y ( N f - ) 0 0 0 q 1 0 0 r ’
X C (~~~~) + X (l ’’~)/FLOA T (LI” ) 000111 00”

10  Y Q ( 5 )  YC (5 1 + Y (f-” P ,FLO /II( Lr~’) 0C011200”
D C 13 IT :1,10 0 0 0 1 1 C 0 0 0

0 ( T I ) : 0 .0  0 C 0 4 € 0 0 0

CC 12 JJ 1, 1f ’  0 0 0 1 1 7 0 0 0
12 Q K C T I . J J ) 0 . 0  f l 5 - O L I P 0 0 0

CC 13 JJ:1,3 0 0 0 U C 0 0 0
P(JJ .IT ) :0.0 00050000

I F ( V . f ~E . L )  00 T I )  15 0~~0 5 I 0 f l 0
C/ ILL  C S T C 1 . 2 . 1 . I O I A L A )  fl00~~~000

GC TO q~~g OCO!!000
1’ C /I LL CST(i, ’,6 ,AR r /I) 00054000

TO TA L A TOTAL /I + P R F (  “ 0 0 5 5 0 0 1 )
C/I LL C S T ( 7 , ~~, . A R ! A )

T O T / I l / I  : T O T A L / I  + ( R E / I  rrs ns -, 00 0
C / I L L  C S T ( 3 . 4 , 6 . A R F / I )  “1) 0 5 ( 0 00

T O T / I L / I  T O T / I L / I  + (P1/I 000CC000
C A L L  C C T U 4 , 1 . . A R F / I I  oo o c r o o o

T n ’ ( I A  : T ” T A L A  + ( O F / I  O0tl El C O (1
q~~~9 RIT UAl ’ .  1 ) 0 0 ( 2 0 0 0

C f - I :
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~~~- ‘~~ C~~~~~ !6 0  F O F T R A I \  ~

~LER (‘PTTC IIS — N / I r E :  M / I 1 f ,C P 1 : 0 p ,~~ TI’.rCrJ1:60,STZE :0000K,

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
~(IPROLTINE C51(T,...1,A R Fa ~ l 1)0011001)
Cc? MON fjMp ,~~rL ,NM A T.~~SLC,(- CFT ,~~nOfl’r,?Typ,TE( 2On, 5 ).RC (1O) ,T1- (1fl), 00002000

1rI(1 0),UIC1O),r ,r,I (1n),E,T (1o1 ,r2T (10) ,1J12 TM0) , L 2 1 T ( 1 f l ) . C 1 ; 1 ( I 1 ) ) ,  0 0 0 0 3 0 0 0
2CC(3,2),~~?f3 1 1 ,1 0),F,U,C,G,E1,!’).t1j2,L21.Gi2.UO’ (3 .7,1O), rionCssofl
3)1 ( 2 0 0 ) , Y ( 2 0 f l ) , ( 1 I X C 2 0 0 ) , V L V ( 2 0 f l . K f l n F ( 2 f l f l ) . T~~C ( ” f l ) . . . S C ( 2 0 ) .  0 0 0 0 1 1 0 0 1 )

0 0 0 0 5000
CC?M0f -./0fJI/ (iK(10,1”),C (lO) ,fl (2 ,10),C (3,3),PT(1 ,6) , XQ ( ~~~~) , ’V C ( ~~~~) 00006000
Ct~~M0~\/TW 0/ TFANO,I ’.FC,P(400), AK (400.50) 00007000
C T F ’ E N c T O N  C R C 7 , 6 ) , L C C 6 ) , L T C 7 ) , 1 K ( 6 , 6 )  0 0 0 0 (0 0 0

C 0 0 0 05 000
L T (1 ) I 00 0 1 0 0 0 0
L TC2 ): J 0001100 0
L1 (3): K 00012000
P1(1 ,1): Yt 1C.J )—YC( K l 00015001)
P7 (1 ,21 : Y 0(K )— Y~~~1) 00016000
“1(1 .3) Y C(I )— Y l~ (.J ) 00017000
PT(2 ,14):XC (K )—X()(.,) 0001 (000
P1 (2 .5) : X~ (T )— X C ( K )  00015000
P1 (2 ,6) : ‘(0 (J) — X C (1  00020000
pT(3 ,1) :p T(2 ,4 ) 00 02 1000
P7 (7,2) :pT (2 ,5) 00022000
P1 ( 3,3) 01(2 .6) 00027000

P1(1.1) 00024000
~~T ( 3 , 5) :  P 1 ( 1 , 2 )  0 0 0 25 0 0 0

0 1( 7 ,6 ) :  P 1 ( 1 , 3 )  000 2 6 0 0 0
A R I A  : C R T ( ~~~~, 4 ) * f l T ( 1, 7 )  — RT (2,6)’PI(l,lH/’.O 001)2700

DC 1 0 11:1 ,3 00030 00L
DO t O.J J 1.6 00031000

C R ( T 1 . J J )  :0.’) 0)052000
CO 10 ~‘K : 1.! 03077000

1 0 CR (IT.JJ ) CP (IT ,..J) + C (I1. V K) *P T(VK ,.J.) 00034000
DC 12 T I  : 1.6 00077000
DC 12 JJ : 1,6 0005 (000

1K (TI ,JJ):il,fl 000’5000
CC 12 K K : 1 , 3  ~00110000

12 TK(IT.JJ ): TK (TT ,J..)+R 1(KK ,I T ) *CP (KK,J .J ) 00041000
DC 15 11 :1,3 0004 (000

LC (I T) 2 sL 1(TI) — 1 00097000
L C(II +3 ) : 2 *L I(T I )

DC 30 T1:1,6 00095000
LI L O C h ) - 11005 0000
1K : 1.O/(4 4 0 * A R F A )  noosi o no
FR : 2 .0*1K 0005200 0

DC 20 JJ :1 ,6 ‘D”O!!OflO
L C ( j . )  00054000

20 QKC L I ,MM) P K ( LL , P-”) + IK( I I, J , )~~T1 - (MTyP). FK 000SC000
00 30 JJ = 1.7 00056000

50 P(-JJ .Lt . ) O ( J J . L L )  + flT( JJ ,TI ).F0, 001)57000
IF ( !IHCOI ’l- .rO.0) CC III CS~ 000(0000

TP”r’v F : / I P F A *  P0(~~T ’ (p)* Tf - ( M T Y r I  000(1000

~0”YF : —I PC [’YF/7 .fl 000 (20 00
DC ~5 U :1,3 000(7000

~JJ: 2 .  11(11) 01)0(9000
0 ( J ,J) :  0 1 ( . .~~J ) +  “ O C Y F  1 1 0 0 ( 5 0 0 0

_ _ _ _ _  -



BEST AVAILABLE COPY- 1 — 6 5 —

of’, 75 ) CS’560 F0R TRA ~

TIER 0PT !C~IS — NAME: MATf , C p T : 0 2 , L T f \E C N T : 6 O , S I Z E : 0 0 0 0 K ,

S O U R C E  . E B C C I C , N 0 I T 5 1 , P~ o 0 E C K , L O A D , N C ~~~A P . N 0 E C I T , T C , P , C X R F F

5UpROU TIf$r ST~ !SS 00001000
COMMON fJNP ,NIl ,NM *T.N SLC ,C ~CPT ,NF 00Y,?TY P ,II(2OO ,5),RO(1 0) ,1C’ (10) , 00002000

1ET( 1 0) ,U T(10 ) ,GG T( 10) ,E 1IUO ),E 2 1 (10) ,u 12 1 (10 ) ,12 1T( lOhc-121C10 , 00007000
200C3 ,3) ,QM(3 ,7 ,10) ,E ,u.GG ,E1 ,E2 ,u12 ,121 ,612 ,001t3 ,3 ,10) , 00007500
3x 200 ,Y 200 .1J1x 200 ,VL’r 2l)C),K 00E 200 ,TSN7OF ,J5C 20 , 00004000
4SUR1RX(20 .2), !URTRY(20 ,2C ,EF II0 00005000
C01’M 0N/0N~ / 0? (10.10) .0 (10) .~~(3 ,j0) .C C 3 ’3) ,RT (’ ,6) .X0(5) . Y C ( 5 )  000C 6000
COPMO N/ T WO/ TPAND .KEC.R(’+00 . AK (’e00 ,~~O ) “0007000
O TMENSI ON 5111(6) 0000(000

C 00005000
REW IN O 1 00010000
pR INT 300 00011000

N OL IP ’E 47 00012000
DO 5 ~~ 1.~~EL 00016000

R EAD (1 ) ((Q K (l ,J),.J 1,10),I :1,2) , 0t9 . 0 (10) , 00017000
1 ((B (I ,J) . ,. :1,10),I:I,1), (( C (1,J) ,J :1 ,3),1 1 ,3) , XC ,YC 0001 (000

LI? : 00021000
IFCTE (M.3) .60.IE (?.4)) LI? = 3 00022000
00 10 1:1,11? 00023000

II 2*! 00024000
JJ 2*I!CM.I ) 00025000
0(1!.!) : R C J J — 1 )  0002(000

1 0 0 (11 ) R( J J) 00027000
IFCL IM .E Q .3 ) 00 10 16 00030000
CC 15 K 1,2 00071000

JK : K + 0 00072000
1K : JK — 1 00073000

00 15 L :1 ,TV 00034000
15 (I L)?) C(J K ) — CK (K ,I)SQ(L) 00055000

LI? : 10 000!p000
F/IC = 0.25 00055000

GC 10 17 00090000
16 LI ? = 6 00041000

F/IC 1.0 00042000
17 00 20 1:1,3 00047000

EP T ) : 0 . 0 00044000
DC 20 J 1 ,  LI? 000115000

2 0 EP (I) :FP (t)+P (T ,J)*0(~~)*FA C 00046000
DO 30 1:1,3 c~0)0490O0

510 (1 ) 0.1) 00050000
DC 30 J : ) ,3  00 051000

70 c I G ( T ) 5 1 G ( I ) + C 1 ~~, J ) . E P L )  00052000
(SIG (j)+5TG(2 ))/2. 0 000511000

SM : (STGCI)—51 0C2)),2.0 00055000
C S :  S0RT (~~?.SM+SIc-(7).S16(5)) 0005(000
510(4 ) = SP 4 OS 00057000
SrC(!) — OS 000~ 0 0 0 1)

SIr- (() = 0 0 05 50 0 0

IF(SIG (7).Nr.o.0.Arr. -’~~.NE.o.0) S I G ( E )  : 2(.64(.ATAN2 (5To (!), 000(1000
1 F M )  0 00 ( 1000

I F ( N O I I N E . G T . 0)  C C  10 59  ( 1 1) 0 6 7 0 0 0

PRINT 100(1 00 0 (4 0 0 0
N0LTF ~E = 0 0 0 ( 50 00

54 N0 LT T ’E = N 0 L T N F  — 1 0 0 0( 6 0 0 0

!PRjNT 1010 , ?,XC ,YC ,CSIG (1 ),T :I ,6) 000 (7000 —

ENC IIIE i 0006 (000 
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3 00 FO R M A I(14 7 H 1 01T P IiT TA PL E 2.. ~T p~~SS~~S AT EL EMENT C F N TR O I 0~ I I  000(5000

11X ,7HFLF ME~’JT ,cX ,1K X,5 X ,1I!Y ,4Y ,P H SIGMA( X) ,4Y,PH~~IG?/I (V) ,4y, 00070000
2 TA U ( X , Y ) ,4Y,0HS IC-MA( 1 ) ,~~x ,~~~sIG M/I(2 ) , 7X, CI~A~~GLr ) 0007100 1)

1001) FORMA T(1 U I , 7H tIFM FN T ,9X ,1C ~~ ,~~X ,1H ’r, 4 X p 1 - c T G M ,C (X ) , 4x,p H~~IO M A ( y ) ,  00072000
I4X ,RHTA U (X ,Y) ,4X , PI-~~16? A (1 ),4~~,e H S Ir,r’A (2 ) , 7X .~~I~A~-GLE ) 00075000 

1
,

101 0 F 0Rr ~A I ( T M ,  2110.2 ,1P (E12.q) 00079000
RETURN 00075000
END 00076001)

J / I~’ 7 7 ) 05 ,760  F O R T R A N  1-

‘ILER OPTT C PJS — fl/IMF: M fl Tf - ,CPT :O2 ,1T!~ECNT :60,SI2F :000flK,
SC’ IIPCF ,E p C C t C ,f O L T S T ,N O f l E C K ,L C A C ,N - C~~A P ,f - O F CI T ,Ifl,P~C~~P~~F

SU P R O L T TN E  P/ If - S O L (K K K ,A K ,P ,F~. F C, T 0A( f l . No I ? , M r TM  00001000
C S’r ? ME TR IC r~fl f-1C “ A T R IX  E0L /ITTO (~ S O L V E R .  (RE F . 2) 01)002000
0 00007000
C K ?? : I T R I A N C U LA F T ? E S  Il- F ~~~~ ‘~(1R1X A K, EC . (2—’) 00009000
C K ?? : 2 SflI’J E~ FO~ P10- I- I K A N D  510F P. SOLU TIO N PETl PN~ IN P. FC. (2—7 ) 00005300
C 0000(000

rI MF P JSI Of J /IK(f ~fl TM ,?01M) , R (1 )  00007001)
NEC — 1 0 0 00 (0 0 0

NP = 000C~~000
IF (VP( K .EO .2) 0-C TO 200 00030000
00 120 f - :  1.NRS 000hl000

Mr f - i  0 0 0 1 2 0 0 0

M R  ?IN0(TP/I(~.-O , f~R.?) 1)0013000
P11/01: /IK(N ,1 ) 000111000

DC 120 L :2,MR 00015000
Cr’: /I K (!J.L )/P TV OT 0001(000
I = ?+L 1)0017000
J 0 000 1(000

00 110 S(:( ,MR 0 0 0 1 5 0 0 0
J ~ + 1 0 0 0 2 0 0 00

11” /IK( 7 ,J ) /I K (T ,J ) — C P + / I K ( N , K )  00021000
1 20  A’~ C~ ’ ,L) = OP 00022000

0-C 10 1100 001)23000
20 0 CC 220 ~ :1,~ IRS 1)0024000

M: fl.j 00 02 5 0 0 0
M R M 1 N Q (T p / I f~-~~,f - R — Y 1  0002(000
CP P U !) 00027000
R(f ~):CP/A ?U.1) 0002(000

DC 220 l :2 ,MR 00025000
= ? + I 000!C000

22 0 PCI): R ( T )  — /IKU~,L ) *Cp 00051000
R I N E )  :RU IR ) / A K ( f \ P ,l )  00072000

00 320 1 = 1 ,N RS 00055000
N ~ P—  I 000Sq 000
M: f l — I  0 0 05 50 0 1)

MR : M I N f l ( T p / I f C ’ ,~~P_ W ) 001)7(000
DC 320 V : 2, M R 000!700C

L ?+K ~0fl~~Pfl1)0
1) ~~T fl R~~ C0~ p’JTEr ’ PISPLACF ?FfTS If- b A r ’  ~‘ECTOR P 000 ’5000  - -

120 R U ) : (~(f )  /II.(f! ,K ) * P (L )  00040000 —

41)0 RF’T IIPP. 00 04 1 0 00
0 0 0 4 2 0 00
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