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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
B | . 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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L 1. INTRODUCTION

y Most modern structural adhesives are designed for high tough-
: ness and therefore exhibit highly non-linear inelastic character-
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
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 loading modes, geometries and
E strain 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.

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

5 The following is a list of reports related directly or
indirectly to the output of the three-year research activity
I ; sponsored by the U.S. Army; they have either been published
‘ or submitted for publication.
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2. ADHESIVE BULK CHARACTERIST.: 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 [l1-4],
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-140 1in 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 plates 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 15x10~"min~*
38x10™“ at room temperature (about 22°C). A typical stress-
strain curve 1is shown in Figure 1. The general trend for all
curves shows a short linear portion beyond which a non-linear
curve terminates 1n 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 longitudinal 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 1s on the maximum stress plateau, Sf, which can
be defined as yield stress, and shows an increase in linearity
with log strain-rates (1] (Fig. 3). The effect on initial
Young's modulus and proportional limit 1is less pronounced (Fig.3).
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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 eflective stresses and strains
are related to their respective stress components by using the
von Mises' deviatoric-energy yield criterion [5] as follows:

2

g =€ [ox—oy) + (oy—oz)‘ + (oz—ox)‘
2 2 % e
+ 6(IXY + T + rzx)] / (1)

— & - Z p—— 2 e 2
e = C<[eX ey) + (ay £€.)° # (sz €
5 2 2 2 Vo2
+ 6(Lxy + Eyz + ezx)] (2)
- b V2 2 Yl]
i Pahes 5 C2 = s11:) i3 = ~3
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In the case of uniaxial tension test data, the effective
stress-strain curve 1s 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:

/3 Ixz
2

S=/§Tx e = m {3)

z

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.,

SO R e e ey e
Yas: = (l+v);§ € Yz /3 s (4)

where ;xz and é
tively.

« are the shear and tensile strain rates respec-

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-
ferent strain levels.

The variations of effective tangent (E{) and secant (Eg)
moduli, as well as effective Poisson ratio, v, 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
(Si) through which v is almost constant;

2. a non-linear, probably viscoelastic range, characterized
by an increase in v, up to the "yield plateau" level
Sy

i’

3. a macro-plastic flow range beyond which stresses are
almost 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
derived. At the "yield plateau" its value tends to
approach 0.5, which is the theoretical limit based on
the assumption of incompressible flow.

il T e 2 S
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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 range 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 CHARACTERIZATION OF ADHESIVE LAYER IN-SITU
UNDER COMBINED LOAD

égl 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.

S 2

3.2 Testing Apparatus (Figs. 12a,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, ¢, capable of appl;ing tension or compression.

A o AN R U s

by

3.3 Procedure

The test adhesive was composed of Shell epoxy resin 815 and
General Mills versamid V-140 in the ratio of 70:30. The adherends
were aligned on a special fixture with a controlled gap of lmm,
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 Instron machine at
different constant shear-strain rates and under different axial
load levels.

I s b Nl N N

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
that normal uniaxial load has a clear-cut effect on the inelastic




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 strenagth 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 com-~
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. THE EFFECT OF HYGROTHERMAL CONDITIONS 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 (Fig.

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 the hygrothermal effects on the adhesive stress-strain
relationship.

i il e e il N
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5. INTERLAMINAR STRESS DISTRIBUTION WITHIN ADHESIVE
LAYER AT THE NON-LINEAR RANGE.

SNBSS

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 2quilibrium equations and
violate boundary conditions at the edges.

More recent works deal with the analytical complexity of
the problem by applying 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 T
is characterized by a non-linear stress-strain behavior, even k
at a relatively low stress level. This non-linearitv is more 1
pronounced at high stresses, reaching a stress plateau which

may be defined as "macro-plastic" yielding (see Fig. 7). Another
approach to represent this mode of behavior is by a simpli-

fied elastic-plastic model [18-20) which may provide an approxi-
mate upper bound for the real solution. Such a solution is ‘
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
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.

T 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
Ay "boundary" edge zone where stresses attain their critical value.

5.3 Plane Stress vs. Plane Strain Solutions

E ) Plane stress and plane strain states may be considered as

two bounds for the three-dimensional solution. They represent
the situation close to the free edges (y = tb) 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

o_ distributions in the two cases indicated only minor vEfiations.
It may be concluded that the two~-dimensional solution is not

: affected significantly by the unknown stresses acting along the
third direction. The o_ distribution along y derived from the

3 plane strain solution (¥ig. 20) , (which may provide the upper
bound 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 = Enbnt o= e

! 5.4 Analytical Proceudre at the Non-linear Range

3 . 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:*

L. Apply predetermined external L level at the central
adherend.

2. Calculate effective strains and stresses of the different
elements in the FEM network using the linear FEM program

f and assuming the same initial effective modulus for all

. elements.

3. Determine the specific secant modulus at each element

E based on the experimental relationship given in Figures
7 and 8 according to the respective effective strain
calculated in step 2.

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

1 5. Compare the calculated stress Si at each element as derived
in step 4 with the stress Sy obtained from the experimental
effective stress-strain curve for the respective calculated
strain.

A full printout of a representative FEM program is given in
Appendix 1.

u’ | ’, — T — - : - , J
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6. Repeat steps 3-5 up to the stage where the difference
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-
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 effect of axial external stress 0. (applied
to the central adherend) on the effective stress and strain at
the critical point (located close to the IAL edge) is shown in
Figures 24 and 25. The difference between linear and nonlinear
solutions is pronounced, especially in the plane stress case. !

Lower effective stress and strain were found in the case
of plane strain compared with plane stress. The reverse trend
was found for the shear (1zx) and lateral normal (o) stresses
as a function of axial external stress (Figure 26): namely,
higher stresses in the case of non~linear solution of the plane
strain state. In the case of the linear solution, no signifi-
cant difference is shown for the two plane states.

Shear stress distribution at the boundary zone for 0c=53.3 kg/mm?
is shown in Fig.27. Here again no significant difference can
be distinguished between plane stress and plane strain solu-
tions, except at the critical location close to the lower edge
corner (see 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
even drop faster in the plane stress state.

The effective-stress distribution at the boundary zone
(Figures 29, 30) permit evaluation of the ductile failure pro-
cess of the IAL. The region of "viscoplastic flow" may comprise
the elements where the effective stress or strain exceed their
prespecified 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 Simplified Elasto-Plastic Solution

A simplified elasto-plastic model of the stress-strain
relationship (Figure 7) has substantial advantages over the
more realistic non-linear one, in that it reduces the para-
meters for describing the complex inelastic process to two -
the initial elastic modulus E;, and the yield-stress plateau S

£

This limit may be defined as the level where initiation of
residual deformation was detected (Ref. [21]).
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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 distributions
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 "effective" 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
(linear) 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 stress-strain curve. Under a given ex-
ternal 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
structural systems. Future research will involve time-dependent
non-linear stress analysis of the IAL with reference to the
viscoelastic-plastic nature of the pclymeric adhesive; another
phase will cover the influence of environmental factors (tempera-
ture, moisture) on the above time-dependent mode of behavior.
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GLOSSARY
half IAL width
constant
half IAL length
initial Young's modulus
secant modulus
tangent modulus
effective strain
effective strain rate
thickness
adhesive thickness
number of iterations
effective stress

temperature

axial, transverse and lateral coordinates respectively

shear strain

shear strain rate

normal strain

uniaxial external strain
axial strain rate
Poisson ratio

shear stress

normal stress

uniaxial external stress

nondimensional axial coordinate
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N IAL - interlaminar adhesive layer
CAL - central adherend layer
EAL - external adherend layer

FEM - finite element method
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MENT UNDER TORSIONAL LOADING.




*dIHSNOILVTEY NIVYLS-SSTYLS HVIHS ONILOTIYOD ¥0d FTWNAIO0Hd
- NOILVWMOJHdd TYNOISYOL NO HLONIT NIWIDIAS 40 1D0dddd FHL

(Ww) HI9NIT N3IWID3dS
oSt 001 0S

S 914

_8

. S

et

o
~N

o
™
NOILYIWHO43Q TVNOISYHOL

o
<
(s99469p)

o
wn




- 24 -
35 e -
in situ—__~~ N
t=imm 2 ey
N :
:correction . corrected curve
‘curvebulk) 4/ (buik)
30 ; /

- N N
o o »

AVERAGE SHEAR STRESS T (kg/mm?)

=
(@)

0.5

experimental curve
(bulk)

Y =69-107 min™
T=23°C

| | | |

FIG. 6

2 4 6 8
SHEAR STRAIN 7Y (%)
PROCEDURE OF DERIVING "TRUE" SHEAR STRESS-STRAIN

RELATIONSHIP BASED ON TORSIONAL TEST OF TUBULAR
SPECIMENS OF DIFFERENT GAUGE LENGTHS.

10

Mkt o e

»




"YIAVT FAISHHAY SY d3dsSN NISHY AXO0dd ¥0d SHIL¥AJ0dd
ILVTIY ANV dIHSNOILVTHY NIVILS-SSHILS FAILOITIIT L °OId

(*/s) 3 NIVY1S 3AI103443
9 S Y

! _ _

3 =T | UIWGBEDD="3=29 Do0ZZ-1

uoljpjuasaidals dljsojdoisoje payndwis

Aer £ ) DIDP }S3} UOISI0} 2N} WIOJ) PIAIISP
NKN@NW
KW" d

i en

) D}DP }S3} UOISU3} |DIXDIUN

(o]

<

m
)
-n
m
(@]
-
<
m
4
2
m
wn
wn
n

~~
=
Q

—
3

%

w




= 9F -

5
hY

o)
04
o

<
033
)

g

I~
N

300
T
£
< 200
2
g 100
0
9 1 | g 2 % =
s e e i s
! |
Sr— O =t
— prespecified
E viscoplastic
£ limit
£
&
(7))
0
N
w
%4l
w
=
5 ¢=00385 min"
w
oy
w S“: =7
|
|
|
1 L |
|
0 A | L |
0 ;J 2 3 4L e 5

FIG. 8

THE EFFECT OF STRAI

ADHESIVE LAYER.

EFFECTIVE STRAIN

N ON THE VARIATION OF POISSON'S RATIO,
TANGENT AND SECANT MODULI OF EPOXY RESIN USED FOR



TORSIONAL SHEAR STRESS T (kg/mm?)

sttt

- 27 -

thickness of
adhesive layer

e (L2D PO
------------ 06 n

bulk

| | | | | ke

FIG. 9

2 4 6 8 10 12
TORSIONAL SHEAR. STRAIN (%)

IN-SITU COMPARED WITH ITS BULK EPOXY REFERENCE (FIG.

' R TT— — ; B . :

14

TYPICAL SHEAR STRESS-STRAIN CURVES FOR THE ADHESIVE LAYER

6).




e

THONTIIATT AX0dd MINd SLI HLIM dZIV4dWOD SNINAOW
YVHAHS TYILINI NO SSANMOIHL ¥HAVT JAISHHAY A0 IDOdJdd4d HHL OT °“9OId

(ww) %y Y3AV1 IAISIHAVY 40 SSIANMIIHL

0z Gl (0] § G0 0. 5
| i

I

m

—0C m

)

-

>

|DjuswIIadXd o] tm% id uWu
|D21}dI03Yy} — (@)
oo €

=

(o) wn

(@) o 0 @

——O— (0] o W
AINq 3

(=]
=




bR

(kg/mm?2)

AVERAGE ADHESIVE SHEAR STRESS
AT FAILURE

FIG.

STRENGTH COMPARED WITH ITS BULK EPOXY REFERENCE.

= g -
5
ot —
_U_———_O'O"—"'_O"e' ______ 6"
bulk
2l
, 1 N
0 | |
0 05 10 15
THICKNESS OF ADHESIVE LAYER hgo(mm)
11 THE EFFECT OF ADHESIVE LAYER THICKNESS ON ULTIMATE SHEAR




- 30 -

e ———n o s M

"NLIS-NI ¥dAYT

dAISHHAY J4U ONIAYOT QINIEWOD ¥Od FDIAEA JO NOILVILSNTTII
(1oj3p) UoISSaIdWOD |DIXDIUN

(2)
buiids Aq
Buipoo) |oixD

pDO) |DIXD

-

2606 |
juswaopidsip
ipays

Buippo) jpuoIS 10}

Buiids
Buipoo)
|0IXD

BZ1 "Ol4

’

(P)

3AISaypD

)

LLEA

NN x%ﬂ(\\
L \
AT
\
|

A

(1ojap)
uoISuU3) |DIXDIUN




ALIS-NI dHAVT _ il
AAISHTHAY 40 ONIAVYOT dIANIFWOO ¥O0d dDIAHd 40 HAYIOOLOHd dZT °“OId

51




*ONIAYOT TYWION TVIXY ANV dVIHS JINIFGWOD dIANN NLIS-NI
AAVYT FAISTHAY J0 SHAMND NIVYLS-SSHILS YVIHS TYDIdAL €T “OId

(*h) A
2l ol , 8 9 9 z

W 01-671= £

T
N
o
i

—
—
— — —




* (SSHYLS TYWION TVIXVY ANY ¥VIHS dINIFWOD dIANN

aaavoT) NLIS-NI ¥YFTAVT FAISTHAY ¥Od FJOTIANT FHNTIVA P1 "OId

%0
|luu.u_b 34NV 1v SS3YIS 1VIXV 3OVH3AV 03ZITVINYON

o
l 0 - o
m T b 0

!
|
|
9

/.

=,,2l— 3UNTIV4 1V SS3YIS HV3IHS A3ZIMVINYON

L
%

I

|
v
-




e — T —————————_—
G
1

SHEAR STRESS T (kg/mm?)

- 34~

o

exposed to 80°C oven for
40 hours, tested dry at 22°C

w

N

immersed in 80°C water for
40 hours, tested wet at 22°C

I

0 5 10 15
SHEAR STRAIN ¥ (%)

FIG. 15 THE EFFECT OF HYGROTHERMAL HISTORY ON ADHESIVE
STRESS-STRAIN BEHAVIOR.

- o | , | 4




*TIAON ¥ATANOd TYOIMIAWWAS 91 'OId

5 - o)
|
1v3)/43AVv1 GN3¥3Hav WWNa31x3~ 7/,
SRl 1 o 0 o i S B R R
ik W (1VD) ¥3AV1 JAISIHAV TVHIN3ID -
¢ [ 1 | avi) [¥43AV1 3AISIHOV YVNIWVIY3LINI | T Oy
\\\\\\\\\\\\\\\\\\\\\\\ 2y

2200~ ~ auoz. 3|pplw _
Kippunoq

- 35 -




k| "SISATUNY SSTULS YYANI'T-NON ILNIWITI FLINIA 404 dISN
INOZ X¥VANNOd HHL LV XYOMLIN TYI d0 NOILVILSATII LI 914

_\

/////////MM
/

20 ssauils 3jisuyy
|DIXDIUN |DUJB) XD

S aE0iing

juiod |D31}142
= I (v

4 1]
Ww/BygEg=20 1o uoibai d13sp|dodS _>\

Ssal}s aun|d ~=——~— N \\ \\\
uiD4}s auojd —— (v 3) oy
\ \\

J860

= 36 -

..__E’_..

»._ovc:on
| i 29660




o (4ONVY YVANIT) dNOZ AYYANNOH FHL

X
LY NOILNGI¥ISIA AN 1) SSHULS-YVIHS YVYNIWVTHELNI HOJd

SNOILNTOS NIVMLS INV¥Td SA SSE¥LS ANVId 40 NOSIHVAWOD 81

~=X 3LVNIQHO0D IVIXV TYNOISNIWIGNON
660

‘014

001 860
20

T WA % VRS S |

uipsys supid —---
ssa)s aunyd

wuwy by ggL=20

(;wwyby) °4 SS3IHIS YV IHS

1866'0=XC 2766'0=X 70660°X  G9860=X 42860=X avo
] | avi
N ( ” T oy
Il
N / m e OE
\ \ !}
// /// / _. kL ?
e 1 | ] Al
Al 90 Ol 90 Ol 90 Ol 90
e - mo— — S -




et b e s -~

| z * (IONVY ¥VANIT) ANOZ AYVANNOHY JHL IV
| NOILNEIYLSIA (" 0) SSTULS TYWION TVIILVT YYNIWVTHILNI ¥0d
| SNOILNTOS NIWVMLS ANYId SA SSTULS ANVId 40 NOSI¥YYAWOD 61 "OId

| WnH 31VNIGHO00J TVIXV TVYNOISN3WIONON
1 001 660
| Al N _ !

g

0
?

o

wn
S
(ww/By) °Z0 SgIYIS TWWHON TVHILV

Q

- 38 -

]
=4

/ uipy}s aupld  ----
/ ssaJjs aun|d

1 qwuwybx g'¢l =20

S
o~

2

18660 =X Z7660=X %0660 S9860°X VD
R ETT

iy

/]

/
{ °
. c
|
\
\

1 |
510 ¢ | 0 2080 %080 %0




i O A A]

L e

A
"@NOZ AYVYANNOH JHL LV NOILNEIMLSIA ( ©O) SSHILS
TYWHON FSYIASNVYL dYNIWVTIELNI 304 NOILNTOS NIVILS dNVId 02 °“OId

¥ =X 31VNIGYO0D TVIXV TYNOISNIWIQ

NON

00! 660 860
_ ! ! 50- 3
2
m
2
w
=z
(&)
2
———— e T = T ST T k<
— — — ” R P W
il —S0
4]
O
m
wn
w
= —o1 @
a
o
&
e sl 3
%
Ww/by g'gl=20 o
r4
1866°0=X ¢7660=X  70660=X S$9860=X LZ860-X wva
1w
! )
n
s bl _ 15 T | Oy S _ { - [ | L . hd >_
o ! 0 S0 0 SO 0 90 20 90 20

- -~




G

L abds D

.

- 40 -

FLOW CHART

FOR STRESS ANALYSIS OF INTERLAMINAR ADHESIVE LAYER

AT THE NONLINEAR RANGE.
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FIG. 21 FLOW CHART FOR STRESS ANALYSIS OF INTERLAMINAR ADHESIVE

ER AT NON-LINEAR RANGE.
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APPENDIX 1

PRINT-OUT OF TYPICAL FINITE ELEMENT PROGRAM rOR STRESS
DISTRIBUTION IN AN INTERLAMINAR ADHESIVE LAYER WITHIN
A DOUBLER MODEL.




G N

‘ =« BEST AVAILABLE Copy

! JAN 72 ) ce/21gn  FORTRAN K
SILER APTTICMS = MAMF= MATACPT=02+L TAFCHNT=60+STZF=NNNNK,
SOURFE yFRAPTC L OLTSTNONFCKLCARWNCMAP JACFCIT,INLCXRFF
c noncioon
C TWO DIVMENSINM PLAN STRATN/STRFSS FINITE ELEMEMNT PRCAGRAN nooczoo00
C FCR GFAFRAL MATFRTAL nNOC2000
c ngNCy000
REALxA TITIF (<) noacsE0nNo
COMMON TNP oRFL o HMAT o 1. SLC o CFT o RODY oM TYP o IF (20045 ) 4RO(1N) e TH(10)s 0O00OCEOOD
1FT(10)UT(10)eGET(1N)oFIT(10)E2T(10)U12T(10)L21T(10)+C12T(10)e 00NC7000
260 (302) NV (202 410)eFsUeRGeF1eF2,U12¢L21+CG12+GRT(342410) nnprIseco
IX(200),YL200) ULXI20NY VLY (20 ) (KONE(20N)TSC(20),0SC(27), noocCeo0o
4SURTRY (2042) ¢ SURTRY (2042) 4EF(10) nONCSO00
CONMMON/ONE/OK (10410146 (10)eP(2410)9CI242) 4 PT(24E) XA (S)2YG(5) nNN10000
CCMMON /TW0/ IBANCWNFQs R(400), AK(4CO0,50) 00011000
CATA MAXEL, MAXMNP, MAXMAT, NAXRY, “MAXSLC no012000
1 /200, 20N, 10, 50 20/ nN012000
geca RFAN 1NNWNPROFs (TITLE(I)e1=149) 00017000
IF (MPROR,LF.0) GC TO ©SS¢ nNO18000
1020 FRINT 2004MPRCR(TITLF(T)eT=149) n001€000
CALL CATAIN (MAXEL «MAXNFsMAXMATMAXSLECTSTAP) N00Z0000
MAXNCF = 2%NMAXNP nOoNz1000
MAXDIF = 0 nEoz4000n
| g0 ¥ r=1sNEL NO00ZE000
. DC 1 J=1.4 PCOZEGCO
i DC 1 K=1.4 r00Zz7000
LL= TARS(IF(T J)= IF(T.K)) nNONZEDOD
| IF(LL«GT.MAXDIF) MAXDIF = LL nNOzc000
| 1 CoOMNTINUE noo2coon
| IRANE = 2#(MAXNIF 4+ 1) AN01000
| NER = 2xNAP nON22000
| IF(IBANPLET.MAXRW) 6O T €00 nNN22000
I IF(TSTOP.ET.N) AC TO eS¢ fON24000
CALL ASFMEL(TISTOF) 0002€000
IF(ISTOP.CT.0) fC TO €¢¢ 00026000
| CALL RANSCL(1¢AK ReNEG«IRAND«MAXCOFNAXRY) nNeo2<00Nn
| CALL PANSCL(2¢AK RNEQeIRAND MAXCCF (MAXRL) nOEYZ000
E. FRINT 3004 (TeR(2%T=1)4R(2%1)¢T=14MNF) 00042000
| CALL STRFESS pocuc=QCn
I G0 T0 acec 00047000
e0n FRINT 3901y TRANN, MAXRW onoyeoo0 3
i GO0 TO 93494s nOO4cOo0N 3
K 100 FCRMAT( TS,2X,SA8 ) nonecoo0 :
i 20N FORMAT( /ABHIPRORLFN T8,3H,, +SAR ) NONE1000
d 200 FORMAT(37H1CUTPUT TAPLE 1.,. MCCAL DISPLACENMFNTS 7/ nONEZ000
1 13X 4HADDPEY 9%s 11FL = Y<NISP,49X411KV = Y=FISF,/ neNE2000
2 (5%X¢T1242F20.8)) nNOSL000
G801 FORMAT(///71°H RANCWIPTE =414925H EYCEENS MAYs ALLCWARLFE =4T4// nnpeeQ0oC
1 20t G0 CN TC NFXT PRCRLEWV ) cNNEEO00
3 eca <TCP fN0E7000 ‘

ErcC nNOERGOC




it ez

BEST AVAILADLE COPY

AN X ) CS/7260 FORTRAN K

TLER CPTTICHS = NAMF= MATR (CPT=02«LINECMNT=60+ST2E=000NK,

‘ SOURCF «FRENTC JNOLTST W AODECKLOAN +NOMAP (NOFRTIT o TDWACXPFE

SURRCLTTINE MATFRF nONC1000

CONMON MNP oNFL oNMAT JASLCoACFT o NRONDY «FTYP s TF (20Ne5)+RO(10)«TH(10) s OONCZ000

1ET(10) 40T (10) 4 66T(1N) W FIT(1IC)E2T(IN)UL2T(10),L2IT(10)+C12T(10), NOOC2000

266 (347)sQM(T42410) o F UsCGGETaF2,UI12¢L21+C124RAT(342410 ), c00C4000

3X(2N0) 4 Y(200) ¢ULX(290) 4VLY(Z2OC) +KODNE(2NN) 2 TSC(2N) e SC(2N) N0NC=000

BEURTRX(2042) SURTRY (2042) EF(10) N00CE000

CO 259 IMAT=1,NMAT a0NC7000

F=ET(IMAT) nnoceoono

L=LT(IMAT) 000C<S000

GG=GGT(TMAT) 0n010000

E1=E1T (IMAT) 00011000

F2=E2T (IMAT) 000120600

L12=U12T(IMAT) non1200n

L21=U21T(IMAT) 00014000

C12=G12T(IMAT) 00015000

CO 350 1=1.3 0001€000

CC 350 J=1.3 no017000

28N GGI(T4U)=QQT(TJsIMAT) N0018000

IF ( E +EQ. N. +ANC.GG .EG. O, ) GO TQ S00 0001000

IF ( F +EQ. 0, ) GO YO 300 00020000

IF ( U +E@. 0., ) GC YO 200 00021000

IF (GG +EG. 0, 166 = ExN0.5/(1,+U) 00022000

GO TO 400 00022000

200 IF (GG «NE. O, ) U = 1, = E*0,5/G6 00NZ4000

cC TO 40N n00ZS000

200 IF ( U «EG. 0, ) GC TO 400 no0ze000

E = 2.4(1.4U)46G6 r0027000

40N IF(MNOPT.EG.1)C0 TC 4S80 00022000

GOR(1+1) = E/(1.=Usl) 0002S000

GR(2+1) = U*NG(141) 00020000

GG(3¢%) = GG 00021000

€0(2+2) = 0A(141) 00022000

G0 TC 1000 00022000

450 GRI1+1)ZE*(1=L)/((1+U)*(1=22U)) 00024000

GO(241)=Ex"/ ((1+U) % (1=2%U)) 00025000

GR(242)=06(141) 0002€000

| GG(347)=66 noo27000

GO TO 1000 no002e000

800 IF € EX +EQs €4 ANDs E2 oEO« O ¥ G0 TC 1000 0002€000

tF ( U12 FEG, N. ) GC FO 700 00040000

IF ( L21 JEQ, 0. ) U2Y = C129E37E) nooY1000

- G0 TG 800 0004z000

: 700 L12 = U21%EL1/F2 00042000

AON GR(1+1) = F1/(1,=U123U21) AOOULO000

! GG(241) = U21%90(141) NOOU=000

6G(242) = F2/(1.=U122U21) 000UEDDD

6C(3+¢2) = G1? nooyz00n

i 1000 0C 1200 I=1,2 nooue00D

CC 1200 J=1,1 noous0no

[ . CM(TocoIMATIZEO(T W) 0005C000

: CM(JeToITMAT)I=CO(T40) 000%1000

I 1200 CONTINUE N00E2000
{ 250 CCATINUC N00E2000 '
RETVIRN noOE4000 ]

ENC 0005000 :
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PRS-

JAN 72

FILER 0

201

202

203

20y

205

150

tn
on
2

BEST AVAILABLE Copy

) €S/2en FORTRAN +

PTTCHS - MAME= MATINGCFT=0Z2.LTAECNT=60,SI2E=N000K,
SOURCF yFRCCTC +F OLTSToAONECKLCANNCMAP AKNFCITLINDACXRFF

SURROUTTNE NATATIN( MAXEL «MAXHP WM AXMAT ¢MAMSLCo ISTCP)

COMMON NNP G AFL ¢+MMAT o NSLCoeACFEFT eNRONY o VTYP L IF 120N eS)3RO(10)sTH(10),
1ET(10) 4UT(10)oGGTIIN)GFIT(10)4E2T(10),UL2T(1N0),L21T(10)eF12T(10P),
26C(3+2) NV (242410)91F 3 UsGGsEL14F24,U12¢L21+4G12408T(342410)

IX(200) Y (200) 4 ULXE2NN) VLY (2NC) KODE(200) «ISC(20)+JSC(20)
4SURTRX (2042) «SURTRY (2042) ¢EF(1N)

ISTORP = 0O
READ 1 4NNPyNFL +MMATASLC+ACFT+NRODY

FRINT 100+sNNPeNEL«AMAT NSLC«RCPToNROCY
IF(NNP,LE.MAXNF) GO Tc Z01
ISTCF = ISTCP + 1
PRINT 251+ MAXNP
IF(NELLF.MAXEL) GO TC 202
ISTOGF = ISTCF + 1
PRINT 2524+ MAXEL
IF (NMAT,LF.MAXNMAY) GO TC 203
ISTOF = ISTCP + 1
PRINT 2534 MAXMAT
IF(NSLC.l EeMAXSLC) GO TC 204
ISTOF = ISTCP + 1
PRINT 2544 MAXSLC
IF(ISTOP.EQ.0) GC TO 20°F
FPRINT 255+ T1STOP
STCP

READ 24 (RO(T)«TH(T)4I=1sANMAT)
FRINT 101
FRIMT 51s (TeRO(I)eTH(TI)eT=1+AMAT)
READ 10« (ETUT)IUT(INWCCTUTIEIT(I)GECT(I) e U12T(I)eL21T(I)e
1G12T(T)+I=14MNAT)
FRINT 80¢ (TeET(I)eUT(TI)eCETIT)EIT(I)E2T(T) 12T (T)4U21T(I)
1G12T(I)«eI=1+NVAT)
CC 150 IMAT=1«NMAT
O 150 I=1+3%
READ 11¢ (QOT(TIeJoeIMAT) e J2143%)
FRINT 81y (OCT(TI4JsINMAT) sL=142)
CCATINUE
CALL MATERP
CC S80 IMAT=1,MNMAT
g0 S50 I=143
FRINT R2s (QMIT4JsIMAT) «J=147)
COATINUE
FRINT 103
N=1
READ 2y MoKODFE (M) ¢ XU(NM)«YI(N)ULX (M) VLY (V)
IF(M=M)U €T
PRIMT j0%, ™
FRINT S23MeKOTE(M) s X(F)oY(NM)ULXIM) VLY (M)
ISTOF= ISTNAF 41
Ge TOo 5
NF =M +1 =1
RX=(X(M)=X(N=1))/CF
RY=(Y(M)=Y(N=1))/TF
KONF(N)=0

noncione
nnpczoon
000C2000
npoczsono
nNOC4000
nNNCcs000
noNCeNnn
nONC7000
nonceooo
nnoccoo0o
nNno1c000
00012000
0NO14000
00015000
NNO1€000
0nNn17000
nNO01E000
noo1€000
00nzZo0000
00021000
n00zz000
ponzzo00
N00zu4000
0002000
000Z€0ND
nnoz7000
nogzeo0o0
nnozeoan
nON20000
non21000
n0021010
n0021020
n0021040
00021050
00021110
00021120
00021130
00021140
00021150
noo21s500
nON21510
00021520
non*1530
onp215u0
nnNo*ww000
rOO2€000
nON2€00N
ono027000
nN0022000
rPLO2S000
co0uco0o
nONLIOO0N
pooyzoon
ANNL2QN00
noouy000
nooueEQO0D




~ REST AVAILABLE COPY

¢ X (M)=X(N=1)4RX N004ENQD
Y(N)=Y(N=1)+RY 00047200
ULX(N)=0,0 0004£000
8 VEY(N)=0,0 nO04<S000
f PRIMT S2e¢NoeKOTE(N) «X(N)oY(N)sLLX(N) VLY (N) p00sCco000
N=N+1 NO0%1000
IF(M=N)C €48 noNEZ000
9 IF(N.LELNAP) GC TD 5 nONE2000
FRINT 106 NOOSEO0OD
3 13 L=0 nONE7000
14 READ 15+ My (TE(MyT)0I=145) NO00=P000
1¢ L=l +1 0005SG00
IF(M=L)117417,1"7 D0NECOOD
117 PRINT 118.M NNOEL1000
PRINT S53¢Py (IE(MeIdy I=14%) 0002000
ISTOF=1STCP4+1 NN0E2000
GC TO 14 000EUOD0D0
18 FECLv1)= TR (E=143)+1 NO0EEO00D
IE (L v2)= TECE =141 PONEEODDOD
TE(Le3)=TE(L=-143)+1 rooevoOn
TE(Lo4)=TE(L=144)41 000EEDN0D
IE(LeSI=TE(L=1+5) 000€S000
17 FRINT 53¢ Le(TE(L<IV eI=1¢5) 0007€00D ;
IF(M=L)20+2041¢€ 00071000 :
Z0 IF(NEL=L)Z1¢21414 00072000
21 CCNTINUE 00072000
IF(NSLC.EGC.0) GO TO 31 N007€000
20 pRINT 108 00077000
- DC 40 L=1.MSLC no078000
READ 41+ISC(1 ) +JSC(L) +SURTRX (L 41) «SURTRX (L +2) +SURTRY (L 41 N007€000
1 SLRTRY(L+2) 000£0000 1
40 FRINT 424TSC(L)eJSC(L) +SURTRY (L e1)¢SLRTRX(L+2) +SURTRY (L v1) 00021000
1 SURTRY(Ls2) 000EZ000
2 IF(ISTOP.EQ.N) GC TO <S¢ NONEZ000 :
k FRINT 900, ISTOP NOOEYOOD
. c N0NEE000
: 1 FORMAT(615) 0CO0EEOCO
100 FCRMAT(35KOINFUT TARLE 1., PACIC PARAMETERS 7/ 000E7000
1 SXe 40F MUMRFR OF ACCAL POINTS: o o « o o o o avl®/ NONELODD
2 5%y BOF NMUMPER OF ELEMENTSe & s o o o o s o s asl®Z 000£S000
3 SXe 40F MUMPRFR OF CTFEERFNT MATERTALS o o o o ov18/ ponscoon
N SXe 40F MUMRFP OF SLRFACE LOAC CARDS. o s o o ooIs/ ccnc1000
5 SX, UOF 1 = PLAME STRATA, 2 = PLANF STRFSSe o oI/ nNNeEZ000
6 5X¢ 40K ROCY FCRCES(1 = IN =Y CIREC«s 0 = ACNE) TE) 0002000
2%1 FCORMAT(////%2F TAr ALY NECAL POINTSe MAXTINMUN =, I5) 000cu000
2%2 FCRMAT(////20F TNAC MANY ELENEATS. MAXIMUN = ,IR) nO0S=00N
2%3 FORMAT(///7/30F TOC “ANY MATERIANLSs MAXIMLM =,4,1%) NNDCe000
1 2%U4 FCRMAT(////40F TOC MANY SLRFACFE LOAR CARCSe MAVYIMLN = ,18) nQOcSI000
S 2%8 FCRMAT(////28F FXECHUTICN KALTFD BECALSE CFoT54+12H FATAL FRRCRS/) NO00SEOQOD
- 52 FORMAT(2E1N,3) 000€<000
101 FCRMAT (36KNTHFUT TAALF 2,, MATFRIAL FROPERTTIES // nO1CCO00 3
1 10K MATFRTIAL «5X10-MOCULUS OF 46X SHPOTSSON 'Sy 7X nN01C1000
POFVMATERIAL «7Xs  AREMATERIAL / 00102000 :
X s AHNUMBIP ¢ SX o 1NKFI ASTTICTTY W FY o 7H  RATIC 8X ¢ 7HCENSTITY 16Y 0 nO1C2000 é
YEHTHICKNESS ) nN1C40N0 H
€1 FORMAT(T1042F15.4) nN1CE000 :
10 FCRMAT(RE1N,.2) N01C€€010 :

PN FORMAT (T1NsAF1S,4) ohacson




T,

- 60

11 FORMAT(3E10,.3)
81 FCRMAT(3E1Nn.3)
82 FORMAT (3E10.3)
103 FORMAT (34H1TIMFUT TARLE 3., NOCAL POINT NATA //
b SX s SHEMCOAL ¢ 4AX s THX =L ISF, ¢+ BX o 7FY=DISF,/
2EX v SHPNIMNT 4 EX s 4HTYPF ¢ 14X 01X 014X e1HY 18X 7HOR LOADWAX 4 7HOP LCAL)
3 FORMAT (215.,4F10.3)
105 FORMAT(SX+17HERROR TN CARC N0O,.,15/)
€2 FCRMAT (2I10.4F15,4)
10 FOCRMAT (34KH1TMFUT TARLE 4,, ELFMEMNT DATA LA
1 11X+31FGLORAL TNNICES CF ELEMEAT NORFS/ZX 7HELFMFNT,
2TXe1HT ¢ 7X e 1H2 ¢ 7X e 1FX 47X e 1kY 2% {AHMATERTAL)
118 FORMAT( S5X+ P25HFRRCR IN ELENEAT CARD RN.+I5 )
15 FCRMAT(615%)
€2 FORMAT(T104.4TE8,T10)
108 FORMAT(37H1IMFUT TARLE S.. SURFACE LCADING NATA Vi
117X+ 23HSURFACE LCAD INTEASITIES AT NONES/
2UX s6HNODE TolXe6HNCNDE JolO0X e 2EXTo10Xa2HXUe1NXe2FEYT e 10X e2KYL)
41 FORMA {2I5,4,4F10.3)
42 FORMAT(2I10+.4F12,4)
900 FORMAT (///45H ASSENMRLY ANP SOLUTIOM WILL NOT RF PERFCRMEN e IS

121+ FATAL CARD ERRNRS )
99 RETURN
ENC
JAN 72 ) CS72¢0 FNRTRAN K
PILER OPTICHMS - NAMF= ATANsCPT=D2LINFCNT=60+SI2E=NN0ONK,

SCURCF +FRCTTCWROLTISTWNCNDECK LCAD«NCMAPNOECTToINNCXREF

SUPROLTINE CFCMRCIL oN)
CCMMON/TWC/ TFAMDWAFGeF(LA0) s AK(400+4S9)

THIS SUBROUTINF MADIFIFS THE ASSEMPLAGE STIFFNESS ANP LCAPS FCR THF

BEST AVAILABLE COPY

nnic=o3n
nnicso6o
N01CE0SN
nN01Ce000
nnoi1c7co00
n01Ce000
nN1c<000G
ro11c000
rc111000
nN0112000
00112000
00114000
00115000
n011€000
nNN117000
f0112000
r011€000
0nyze000
nnNi1z10n0
ne1z2000
npo1z200n
00124000
0012000
0012€000

000C1000
n00C2000
cooczoo00

FRESCRIRED DISPLACEMENT U AT FEGRFF OF FREECOM AN+ EQ.(6=-18R). (REF.1)NC0CH000

CC 100 M=Z.JRAAN

K =2K « M 3 1
IF(K.LE.N) CO TO =C
R(K) = RI¥Y =~ AK(K«M)xl)
AK(K«M) = NN

0 K 23N /0= ]
IF(K.GTNFQ) GO TC 1CP
R(K) = R(K) =~ AK(NM)xU

AK(MN«M) = 0,0
1Cn CCNTIMUF

AK(Ns1) = 1,0

R(N) = U

RE TURN
ENC

rooccoo0C
000Ce000
oooC7000
nnoceono
oopcc000
0001C000
noo11000
nposzoo0c0
nor12000
n0014000
n001€000
nno1eoonn
non17000
nno1eoon




o - BEST AVAILABLE COPY

i
E i AN 72 ) CS/3¢0 FORTRAN H
i ILER NPTICNS - NAME= MATN,CPT=0Z.LINECNT=€0,ST2E=NN0NK,
E SOURCF «FRCETC «NOLTSToNONECK «LCAD«NOMAP (NOFCIT4IN(ACXREF
i SUBROLTINE ASEMBL(ISTOP) nooc1000
| COMMON MNPy NFL +MMAT oNSLC oM CFToNRODY yMTYPIF(20N0¢5) RO(1N)Y+TH(10), 000C2000
| R 1ET(10) UT(10)+GGT(10)+E1T(10)4E2T(10),U12T(10),LU21T(10)C12T(10), 000CZ000
| P2CC(3¢X)sAM(X32410)sFeUsBGsETeF2,U12,L214C12¢NRT(3+42:10) cn0Czs50N
i 3X(200),Y(200) ¢ULX(200) VLY (20C) KODE(200) ¢« TSC(20)+0SC(2N), 000CH000
t 4SURTRX (20+2) +SURTRY (2042) 4EF (10) 000CS000
, COMMON/ONE/ QX (10+10)4Q(10) ¢R(Z410)4C(343)¢RT(Z46)1XB(S)YGC(E) 000C€00C
| COMMON/TWO/ TEANDAEQR{4NN) e AK(4DD¢50) nONC7000
f CINENSTON LP(8) N00CE000
| C 0000S000
| REWIND 1 0001000
| ISTOF = 0 00012000
i BlGlet) = 0.0 00014000
| RT(1+5) = 0,0 nN015000
BT (1e6) = D0 N001€000
BT(2¢1) = 0.0 00017000
BT(242) = 0.0 00012000
BT(2¢3) = 0,0 00015000
DC 2 I=1.MEQ N00Z€GOQ
R(1)=0.0 nONzZ7000
: DC 2 J =1.IBAAND nNOZzE000
: 2 AK(I+d) = 0.0 NN0ZS000
DO 10 M=1 . NEL 0N022000
F IF(IE(M+5).GT.0) GO Tc 11 n0N24000
3 ISTOF = ISTCP + 1 0N02€000 3
Go TO 1N 0002€000
v1 CALL GQUAD(M,AREA) n0027000
IF(AREALGT.0,0) GO TO 1€ 0N02£000
: ISTOF = ISTOP + 3 0002000
¢ FRINT 204m nN00YC000
16 IF(IE(M,Z) FQ,TF(M.4)) GO TO 26 0044000
; DO 31 J = 142 0004000
1 IJ= 10-y NOOUEDDD
1K= 1J+1 00047000
b PIVOT = GK(TKsTK) 0004€000
3 D0 32 K= 1e1d 0004€000
g . F = GK(IK«K)/PTVCT 00050000
GK(TK K)=F 00051000
: DC 33 T=K.1J 00052000
- AK (T KIZOK(TeK)= F2AK (TeIK) 00NE2000
23 OK(KeT) = QK(T4K) NOOE4000
! 25 QUK) =0(K)=GK(TKK)*C (TK) 00055000
L 21 QUIK) =Q(IK)/PTVET NOO0S€000
26 WRITE (1) ((OK(Ted)ed=1410)4T=2g,10)¢ Q(2)¢ R(1N), n00€1000
A TC(RCTed) od=1910) e T=193) s L (CITod) vJ=L a2 ) e T=143) XQ(E)AYQ(R) CN0E2000
LIM=¢ N00EE0ON
L p IF(TE(My3),FOIE(My4)) LTV = 6 nNODEIOO0
DO 40 I=2.LIMs2 0N0ER0OD
il B 00NESQON
] LP(Te1) = 92TE(MsTu) = 1 NON70000
4n LP(T) = 2*TE (ML) noa71000
DC 50 LL=1.LTV 0072000
1 = LP(LL) non72000
REXY = RETY + QCLE)D nNO074000
DO S0 MM=1,LIV neA7E000
Jd = LP(MM) = 1 4+ 1 00076000




£n
10

SR

(2
€n

"2

I
70

cn
100

ENCF

FRIM

IF tdebEq 0 )
AK(Ted)=

CoNTINUE

CCNTINUF

Lo 55 NM=1.NNP

IF(KOCE(M)Y.FQ,.2

K=2 %N\

IF( KCDF(R) <EGe

.. BEST AVAILABLE COPY

GO J76 50
AK(Tad)4 GKLLMM)

GO o EE

1) 60 TE N7

R{K=1) = R(K=1) + LL¥X(N)
IF(KOCE(N)NEL,0) GO TOQ &%
R(K) = R(K) + VLY(N)

CCHTINIF

IF(NSLC.FGN) GND TO 60
00 61 L = 1.NSLC

I = I1SC(L)
J = SC(L)

T1=2%1
Jd=2¢J
DX = X0UY
BY¥ e
FL

- X(T)
= YT

SORT (NX*0X + CY*pY)

PXT=SURTRX (L+1)*FL
PXJ=SURTRX (L +2)*FL
PYT=SURTRY (L « 1 %FL
PYJ=SURTRY (L +2) *FL

REET=1) =

R(JJ=1) =

R(IT=1) + FXI/3.0 + PXJ/6.O
R(JJ=1) + FXT/F.0 + PXJ/ELD

RIOTII=R(TIN+ PYTI/2,7 + PYJU/E.D
R(JJ)= R(JJ) + PYIV/ELO + PYL /3,0

CCNTINUF
0C 70 M=1.NNP

IF(KOCE(M) «GE«O0«AND«KCLE(N) LEL3) GO TC 72
ISTCF = ISTCP + 1

Ge TOo 70

IF(KODE(M).EQ.N) GO TC 79
IF(KODE(M) ,EQs2) GO TO 71
CALL GEOMEC(ULX (M) 2%VM=1)
IF(KONE (M) .FQ,1) GO Te 70
CALL GEOMFCIVLY (M) 2%NM)

ConNTINUE

JILE T
IF(TISTOP.FN.0)
T 100, TSTOP

6C 10 a1

FORMAT (/5X«17F AREA CF FLFFENT ,15414F 1S NFGATIVE /)

FORMAT (////42F SOLLTICH WTLL ANOY RE FERFCRMFN RECALSE NF
¥ 1SH
#1 RETURN
ENC

NATA FRROARS

L)

I8

npnY7000
nONT8000
non7€000
nonecoon
nonexo00
nNONELOON
00085000
NONEEOON
neoeYooe
n00€ee000
000€<Q00
000c0000
000<4000
000€€000
00N€€000
000c7000
00Nce00n
nonceonn
0010000
001€1000
n01C2000
00102000
nci1cy000
001C=000
001C¢e000
no1€7000
n01C&000
anicconn
cni1100n00
001131000
N011€000
00117000
nN11e000
0011€000
ngizoono
001210600
no122000
nn1z2r000
nn1zugnn
fN125000
nN1Z€000
60127000
nnizeono
nN{2€000
0n12c000
ont12100n0
rN122000
nNyY22000




BEST AVAILABLE COPY |

N T3 ) CS/2en  FORTRAN K |

7

‘LER OPTTCHNS - NAMF= MATN,OFT=02.LTAECNT=60,SIZE=000NK,
i SCURCE yFBCOCTIC ¢NOLTST«AODECKLCAD+NOMAP NOECTIT+ID«ACXRFF E

SURROLTINE QUAD(M,TOATALA) 0N0C1000

I COMMON NNP JNFL +MMAT ¢ ASLC+NCFT«NRODY«FTYP+IF(200¢5) «RO(10)«TH(10)e 000CZ000

v 1FT(10),UT(10)+GET(1IN) ELIT(IC)4F2T(10),U12T(10),U21T(1N)4C12T(10)y NOOC2000

| 2RB(342)4QM (242 ,4310) sFoUsGG4E1e¢F2,U124L21+¢G124Q07(3¢2,10) 000C2500

{ 3X(200) Y (200) 4 ULX(2N0) VLY (20C ) KODE(200)¢ISC(20)+JSC(20) 000C4000

4SURTRX (20+42) +SURTRY (2042)+EF (1) c00C=000

COMMON/ONE/ QK (10+410)«G(1C0)+P(Z410)9C(3¢2)sPT(X96)4XB(5)4YQ(F) 000C€000

CCMMON/TWO/ TEAMDWAFEGeR(4CO) s AK(40N+S0) co0o0c7000

C nooceooo

= IE(Me1) 000C<200

= TE(M,2) oooi0000

= IE(Me2) neo11000

= TE(My4) nco12000

MTYP = 1E(M,5) nN0012000

TOTALA = 0,0 nN0014000

IF(NMAT.EQ.1.AND«¥.GT41) GC TC 5 0001<000

C(1¢1)=0M(141.MTYP) 000zC000

C(142)=QM(1:2¢MTYP) 00021000

C(1¢3)=QM(1+¢3.MTYP) 00022000

C(2+¢1)=0M(24+1¢MTYP) 00022000

C(2¢2)=0M(2,2.MTYP) 00024000

C(243)=0M(2+3,MTYP) N00z€000

C(241)=QM(3,1MTYP) u00z€000

C(242)=QM(3424+MTYP) 00027000

C(2¢3)=0M(3+3,MTYP) 0002P000

2] LIM = § 00022000

IF(K.EQ.L) LIV = 3 00024000

XQ(5) = 0.0 00025000

s YQ(S) = 0.0 N002€000

DC 10 N=1.LIM non27000

NN = TFE(M«N) noo2e00n

XQ(N) = X(NN) n002<000

YQ(N) = Y(NAN) noroycone

X0(5) = XG(8) + X(AN)/FLOAT(LIM) noo41000

10 YO(5) = YG(E) + Y(AN)/FLOAT(LIM) noosz00n

D0 13 Y1 =110 ooo4=000

oy Q(TI)=0.0 non4eoon

DO 12 JJ = 1.10 00047000

12 QK(TT1+JJ)=0,0 0004P000

NC 13 Ju=1.3 no04coCo

13 B(JJeIT) = 0,0 000EC000

IF(K.NF.L) GO TO 185 000€1000

CALL CST(142424T0TALA) 000€Zz000

GC TN 999 0cos2000

15 CALL CST(1¢2+%+AREA) noos4000

TOTALA = TOTALA + ARFA non0sc000

CALL CST(2424%4AREA) 90N€eQ00

YOTALA = TNTALA + ARFAp onpeE2000

" CALL CST(34445+AREAN) nopeeP000

TOTALA = TOTALA + ARFEA 0NneEcQ00

CALL CST(U414®sARFA) NO0ECQOD

E 5 JOTALA = TNTALA + AREA nooéelc0o0
| 9c€9 RFETURN nonezoon \

ENC 0002000

|
j




-«- BEST AVAILABLE COPY

W 72 ) €CS/%¢n  FORTRAN K

ILER OPTICMS ~ NAMF= MATAN.CPT=N2.L INECNT=60,ST2E=N0NNK,
SOURCE «ERCTTC GNOLTSToNCNECK «LCANWNCVAP (ROECTT«IN«NCXRFF
SUBRRQOUTYINE CST(TeceKeARERA) noori1000
COMMON MNP oNFL ¢NMAT ¢NSLC WP CEFT(NRONY 4MTYP S TE(20N4S) «RC(1M)«TH(1N), COOCZ2000
1IET(10),UT(10)«GET(IN) EIT(10),F2T(10),112T7(10),L27T(10)eC12T7(10), 000CZ000

PRG(3¢e2) e QM2 o243 1N)sFsUsBGsET1+F2,U124L21+CG12:Q07(3¢2410) nonczs500
AX (200) Y (20N) UL X(200) VLY (200 ) KONE(20N) e ISC(20) 4 SC(20) noocuoon
GRURTRYX (20421 ySURTRY (2042) JEF(10) noncEone
COMMON/NNE/ QK (10¢1N0)40(10) 4R (Z2410)+C(342)4RT(T46) e XQ(T)4YC(S) nONCEOOD
COMMON/TWO/ TEANDGAFG«P(400) e AK(4ND450) ngoc7000
CINENSTION CR(24A)4LC(6)sLT(Z)4TK(616) nnnceonn
c 000€<000
LT(1)= 1 00010000
LE2ys U 00011000
LT(3)= K 00012000
BT(1+1)= YQ(J)=YG(K) nN015000
RT(142)= YA(K)=YG(T) 0001€000
RT(1¢3) = YG(I)=YG(J) non17000
RT(244)=XC(K)=XQ() nN01£000
BT(245) = X@ (T)=XG(K) 00015000
BT(246) = XG(J) =XGI(T) 0002C000
RT(3,1)=RT(2+4) 00021000
BT(X42) = BRT(2:¢5) N0022000
RT(343) = RT(2+6) 00022000
BT(Xs4) = BAT(1+1) 00024000
RT(2¢5)= RT(142) 00025000
RBY(X46)= BT(1+3) 0002€000
ARFA = (BY(2,4)%BT(1¢7) = RT(2,4)%RT(1,1))/2,0 0002700
Ne 10 IT=1+3 00020000
DO 10JJ = 146 00021000
CR(TT+JJ) = 049 07022000
CO 10 KK = 1,2 03022000
10 CRIITeJJ) = CRIITeld) + C (IT,KK)*RT(KK,JUJ) N00?4000
DC 12 TT = 1.6 00027000
: o e nN0028000
1 TK(TTeJJ)=N,N 0002€000
D0 12 KK=1,3 noOu0000
£ 12 TK(TT cJJ) = TKITT W JL)+RT(KK G IT)*CR(KKJJ) noo41000
: D0 15 11=1¢3 0004€000
LCCIT) = 2%LT(TI) - 1 00047000
15 LC(ITI+3) = 2#LT(T1) 00048000
2 DO 30 TY=1.6 nonN4gs000
3 LL = LC(TID) ; noo=Cc000
FK = 1,0/(4;0%ARFN) n00%1000
FR = 2.0%FK nooE2000
DO 20 JJ=146 0NNE2000
MM = LC(JJ) 00054000
2n GK(LL «MM) = QK(LLM™) 4 TK(IT JU)TE(MTYF)%FK nooE=00n
06 30 Jg .= 13 NONSEQNDD
2n B(JJslLl) = PUJJelL) + RTIJJIeIT)*FR nNNE7000
IF(NBCDY.EN.0) GC TO €SS NOOENDOOD
TROCYF =  ARFA* RO(MTYP)I*  TH(MTYP) nCNE1000
RONYF = <TRCCYF/2,N N00E2000 !
DO 35 TT7=1,3 NONOE2000
Jd= Zx LTITD) 00064000
i N(JJI= Q(JJI+ ROFYF NO0ESO00
ecq PETIIRN 00QEEDND

ENC nooeY0nn :

.




AN 72 )

1

10

16

17

20

€y
-

- 65 -

CS/2¢0 FORTRAN H

b y ILER OPTICNS = NAME= MATN,CPT=02+LTNECNT=60,SIZ2E=0000K,

SQURCE +EBCCICeNOLIST+«NODECK+LOAD+«NOMAP 4NOEDIT+IDWACXREF

SUBROUTINE S

TRESS

COMMON NNPoNEL «NMAToNSLCoNCPT o NRODY M TYP+IF (200¢5)+RO(10)«TH(10)

COMMON/ONE /
COMMON/TWO/
CIFENSION ST

REWIND 1
PRINT 300
NOL
Do 5 w=1
READ(1) ((QK
((B(IsJ)
LIM
IF(TE(M,
DO 10 I=
11
JJ
G(r
G(I
IF(LIM,E
DC 15 K=
JK
IK
D0 15 L=
0(Jd
LIM
FAC
G¢C TO 17
LIM
FAC
Do 20 1=
EP(T)=0,
po 20 J=
EP(I)=F
DO 30 1I=
SI16
0o 30 J=
SIG(I)=

SIG
S16
SIG
IF(SIG(3

IF (NOLIN
PRINT 1000
NOL
NOL
PRINT 1020,
ENCFILE 1

QK (10¢10)+0(10)+R(3,10)¢C(342)sRT(246)1XQ(S)aYEC(S)
IEAND+NEG+R(400)+ AK(400+¢50)
Gt6)

INE = 47

eMNEL

(Ted)ed=1¢10)41=1,42), g(9), G(10),
w=1010)eI=102)0 ((C(Ted)ed=1e3)eI=1e3)s XCoYC
=4

3)EQ IE(Msl4)) LIV = 3

1+LIM

= 2x1

= 2xIE(M.I)

Tel) = R(JJI-]1)

I) = R(JU)

Q.3) GO TC 16

142

= K + 8

= JK - 1

1+IK

K) = Q(JK) = GK(K,L)*Q(L)

10

0,285

6
1.0

1.3

0

1« LIP

P(I)+R(T«J)*Q(J)*FAC

1.3

(1) = 0.0

13

SIG(IN+CTI+JISEF ()
(SIG(1)+S1G(2))1/2,0
(S1G(1)=S16G(2))/2,0

SQRT (SVM*SM+SIG(2)xSIG(2))
(4) = SP + DS

- ) SP « NS

(€) 0.0
YoNE.DODAND SV NE,040) SIG(E) = 2R, 64EB*ATAN2(SIGI

nn

E«GT.0) GC TO Sy

INE = 49
TRE = NOLINFE - 1
MyXCoYCo (SIG(T)sT=146)

] 1ET(10) 4 UT(10)4GGT(1N)«EIT(10)4E2T(10)4UL2T(10),U21T(10)+G12T(10).
200 (3+43)sQM(342410)+E4UsGGIE1+F2,U12¢L21+612+08QT(3+3410)+

3 3X(200),Y(200) ¢ULX(200) VLY (20C),KODE(200)+TISC(20)+JSC(20),
YSURTRX(2042)«SURTRY(20+2)4EF(10)

X)),
M)

BEST AVAILABLE COPY

000C1000
00nC2000
000C2000
00002500
000C4000
000CE000
000C€000
100C7000
goocegoo0
000C<000
00010000
00011000
00012000
00016000
00017000
00018000
00021000
00022000
00022000
00024000
0002%000
0002€000
00027000
00020000
00021000
00022000
00022000
00024000
00025000
00028000
0002000
00040000
00041000
00042000
00042000
00044000
00042000
0004€000
0004c000
000%0000
00021000
0002000
00084000
00055000
000%€000
000%£7000
000%2000
000€<c000
000€C000
000€1000
000E2000
000€4000
000€€000
000€€000
000€7000
000€£000

7 i




(g NeNeNe el

T T

Gl G S s

e

200 FORMAT (47H10UTPUT TARLF 2,.

JAN 72

KKK
KKK

STORF COMPUTEN NISPLACFMFATS TN
AK (N oK) *F (L)

PIVOTY
DC
0n
110
120
GC TO 400
200 Dc
M= Nei
De
220 R(T)=
R(NR)
Do 320 1
N= MR=
M= Mel
DO 320 k
2n R(M)=
40n RETURN

1010 FORMAT (I8,
RETURN

SILER OPTTCNS

IF(FKK.EQ.2)

DC 120 N=
M= M=l

MINO(TPAND¢AReM)

- MAMF=

1 TRIANGULARTZES THF RANC MATRIX AK,
2 SOLVES FOR RIGFYT HAND SIDFE R

RIVENSION AK(ADIM MNTIN),
NRS

120 L=Z2 MR
CP= 2AK(N««L)/PIVOT
“=iv”R

AK(TeJ)=
AK (N L)

220 N=14.MRS

STRESSES AT FLFMFNTY CENTROIDS //
11X o 7THELEMENT o SX e 1HX v SX e 1HY s U4X s BAHSTIGMA (X) ¢4XsAHSIGMA(Y) ¢lX,

PAHTAU(X Y ) ¢4X s AHSTEMA (1) s4XRFSIGMA(Z),
1000 FORMAT (1H1.

IX+SHANGLE
THELEMENT 49X 0 1FX 49X e 1HY ¢ 4 XBHSTGMA(X) ¢ 4X s AHSICMA(Y ) o
14X e BHTAUCX Y ) ¢ 4X 4 AESTGMA (1) o 4% BHSTIGNA(2)
P2F10.241PEE12.4)

T7X+SHANGLE

FORTRAN H

MATN CPT=02+LTNECNT=E04STIZ2E=NN0NK,
SOURCF «FRCCICNOLYSToNONECK«LCAD«NCMAP \AOFCITWINWACXREF
SURROLTINE RANSNL (KKK +AKsRWAFCIBALNWADIVN«MNTIM)
SYMMETRIC RAND MATRIX EQUATION SOLVER.

SOLUTICN RETURNS IN R

GC 70 200

~CP*AK(N+K)

MINO(TRANDGAR=NM)
CP= F(M)
R(N)=CP/AK(N+1)

AK(NoL)*CP
RIMR)/AK(NRs1)

MINN(TBAND WARV)

LNAD VECTOR R

-«- BEST_AVAILABLE (OPY

000€<000
00070000
00071000
€0072000
00072000
0no74000
00075000
0007€000

000C1000
anoCz000
nonc2000
gooC40n0
0001000
000Ce000
000C7000
000Ce000
000CsS000
00030000
00011000
r0012000
c0012000
nN014000
n001€000
n001€000
00017000
00012000
0001€000
cocecooe
00021000
00022000
nO0z2000
00024000
0002€000
0002€000
00027000
0002€000
0002000
0002ceo00
00021000
00022000
00022000
nnno?4000
ngoz=000
rOO2e00N
ceo?7000
non2eo000
fno2c000
nonucoon
noost1000
noouzooe

et S Lt s AR ki

SRS




