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the Principal Investigator and Dr. S. V. Kulkarni was.the iawrence Livermore

Project Engineer.
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LIST OF SYMBOLS

‘AAA’ ATT’ A12, * Coefficients in quadratic interaction
' failure equation.

AS, AA’ AT :

[é 1 ' laminate effective stiffness matrix
E : , - Young's Modulus

G L : Shear Modulus

€ I normal strain

Y shear strain

o ' normél strain

T shear stress

v o Poisson's Ratio

Subscripts

A . ‘ axial direction in layer
T ' traﬁsverse direction'in layer
AT in-plane (axial) shear |
x : load direction in laminate
y - : _ transverse to load direction in.laminate
I - pre-break-point
IT . o - post—break—péint
o Superscripps
lc ' _ compressive failure
o ' -~ shear failure
t ' tensilé failure
c in compression
T : v in tension
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1. INTRODUCTION

This report describes code BILAM which uses constant strain laminate
analysis to generate in-plane load/deformation or stress/strain history of
composite laminates to the point of'laminate failure. The program uses
" bilinear stress-strain curves to model layer stress-strain. behavior.

Efficient design of energy storage flywheels made from fiber composite
materials requires ability to reliably predict .stress-strain behavior and
failure of the constituent material. Previous work performed under the MEST
project to develop design.data for use by flywheel designersl* showed that
linear elastic laminate analysis does not give an accurate quantitative.
prediction of laminate ultimate strength. This same study showed that use
of a bilinear approximation to stress-strain behavior could increase pre-
dictive accuracy, especially for composites such as giass/epoxy having
low-to-moderate stiffnesses.

Cénventional laminate analysis algorithms usually assume linear, elas-
tic material propertieg.2 Whilé this allows fairly accurate predictions of
laminate elastic properties, attempts to use this method in conjunction with
several different layer failure criteria to analytically predict laminate
strengths have been less successful. Past analysis has shown that imperfect
correlation exists between experimental results and linear elastic analytical
predictio_ns.l The discrepancy is attributed to several complex and.interacting
phenomena which cannot be modelled in a linear laminate analysis; e.g. lami-
nate nonlinear behavior caused by in-plane layer shear nonlinearity, matrix-
cracking/crazing, fiber-matrix debonding, fiber micro-buckling, etc. Figure
1 shows the effect of these phenomena on stress-strain behavior of typical,
uﬁidirectional, composite laminates. Figure 1 also illustrates the fact that
a linear approximation of the stress-strain curve is inadequate to simulate
unidirectional layer behavior over the entire loading range.

One solution is to perform an iterative, nonlinear analysis such as
developed in ref. 6. While this analysis models the nonlinear behavior,

the computing time involved is relatively large compared to linear elastic

#Superscripted nuwbers identify reference at the end of the report.



analyses. An alternative material modelling method which requires less-
computing time is to approximate the nonlinear stress-strain curves of
Figure 1 with two linear segments. It not only economizes considerabiy on
computing time (over an iterative solution technique); but, as demonstrated
in Figure 2, should approximate the nonlinear curves sufficiently closely
to provide enough accuracy for engineering purposes.

In this program the stress-strain curves are modelled as shown in
Figure 2 by assuming linear response in axial tension while using bilinear
approximations (2 linear segments) for stress-strain response to-axial com~
pressive, transverse tensile, transverse compressive and axial shear loadings;
It should be noted that the program attempts to empirically simulate the
effects of the phenomena which cause nonlinear stress-strain behavior, in-
stead of mathematically modelling the micromechanics involved. This bi-
linear modelling should not be confused with previous modelling of bimodulus
materials where compressive modulus is assumed to be different from the -~
tensile modulus.ll

This code, therefore, perfdrms a bilinear laminate analysis, and, in
conjunction with several user-defined failure interaction criteria (des;ribéd
in Section 2.3), is designed to provide sequential information on all layer
failures up to and including the first fiber failure. The modus operandi’
has been described in Section Z.4. '

Code BITAM can be used to:

(i) predict the load-deformation/stress-strain behavior of a composite
laminate,subjecﬁed to 'a given combination of in-plane loads.

(ii) make analytical predictions of laminate strength.



2. THEORY

2.1 BEHAVIOR OF UNIDIRECTIONAL COMPOSITES

A typical unidirectional layer of fiber composite material under in-
plane loads is shown in Figure 3. The layer will exhibit different stfess—
strain‘and faiiure behavior when it is in a laminate, and thereby provided
with adjacent cross-ply support, than it will if tested separately. A dis-
cussion of the differences are provided here as.background for the subsequent
descripfidn of the unidirectional layer behavior modelled in the BILAM
program.

2.1.1 Stress-Strain Response

Tests on single unidirectional layers or multi-layer unidirectional
laminates typically exhibit the stress-strain response to failure shown in
Figure 4. The following points are noteworthy:

Axial Tension: Most fiber-reinforced composites exhibit linear

response to axial.tenéile loa&ing. However, some low-strength fibers exhibit
non-linearity when éubjected to axial stresses because they fail at random
locations; therby setting up "ineffective zones", causing a cumulative
weakening of the material. This has the effect of lowering the modulus4’5.

Axial Compression: Stress-strain response is considerably nonlinear

due to:

(1) Nonlinear response of -the matrix material to compressive loads.

(ii) Micrb—buckling of fibers, due Lo initial curvatures or misalignments,
which set up small, local zones where the matrix has undergone either
shear-dominated failure or iuelastic deformation. The buckled regions
have a smaller compressive modulus than intact regions, and the lami-
nate modulus progressively decreases as the buckled zones spread
throughout the épecimen. Finally inelastic, unstable macro-buckling

sets in3,

Transverse Tension: As shown in Figure 4, transverse tensile behavior
is approximately lincar until brittle failure occurs.

Transverse Compression: Transverse compressive loading causes highly

nonlinear response due to:
(i) Nonlinear inelastic deformation of the matrix material.
(ii) Localized slippage and crazing at fiber-matrix interfaces due to local

matrix shear failures.



Axial Shear: Axial shear loading causes nonlinear response due to:
(i) Nonlinear and/or inelastic matrix material behavior.
(ii) Localized debonding at the fiber matrix interface and matrix cracking
parallel to the fiber direction.

It should be realized that many of these phenomena interact and are not
independent of each other when combined axial, transverse, and shear stresses
act at the same time.

Unidirectional layers, when acting in a multidirectional composite
laminate, can exhibit different stress-strain response than when treated
singly or in unidirectional laminates. Behavior under axial tensile, axial
compressive, and transverse compresslve loads is belioved to be nearly Lhe
same as that of unconstrained layers or [0] laminates. However, there are
gome significant differences in the response to transverse temsile and
axial shear loading: }

Transverse Tension: Unlike the unconstrained layer response, the con-

strained layer behavior in a laminate is not linear. This is because the
laminate, unlike the layer, does not fall apart at the occurrence of the
first matrix crack. Instead, progressive loading continues to trigger a
series of matrix cracks, parallel to fiber direction, which follow a
statistical, spatial distribution in the laminate. None ul Lhese cracks can
independently precipitate laminate failure, but they all contribute cumula-
tively to overall degradation of the laminate modulus by reducing the ability
of the matrix to carry transverse stress and resist deformation in the trans-
verse direction. This behavior is best illustrated by comparing the behavior
of a [0/90] laminate tested to failure with predicted behavior‘from uni-
directional layer tests. Typical laminate response to transverse tensile
loading is shown in Figure 5a. Figure 5b shows the stress-strain curve of
a [0/i90]S laminate tested in tension in the 0 deg. direction. The initial
tangent modulus represents laminate response with 90 deg. layers intact. The
intermediate zone shows the modulus decay due to matrix cracks while the
final portion represents ever-decreasing contributions from 90 deg. layers towards
laminate stiffness. ’

Axial Shear: Axial-Shear loading causes statistically distributed cracks
in the matrix in a manner very similar to that in transverse ténsile loading.

Shear response of constrained layers in a laminate can be studied by loading

4=



a [iﬁS] g laminate in the 0 degree direction. Figure 6 shows a typical stress-—
strain curve. The initial tangent modulus represents fesponse of the laminate
with intact matrix. The zone of decreasing modulus represents increased occur-
rence of matrikx cracks or debonded regions.' Once the overall layer shear
modulus has degenerated, the fibers tend to ''scissor' under the load, causing
large deformations under little increase in load until fibers re-orient signi-
ficantly toward the direction of load. At this point, the fiber stiffness
begins to contribute significantly to laﬁinate stiffness, thus causing a

9

rise in the modulus.

2.1.2 Failure Behavior

An unconstrained unidirectional layer exhibits the following failure
behavior (see Figure 4): '

Axial Tension: This failure is a combination of statistical fiber

failures (cumulative weakening) and adjacent fiber overstress failures which
proceed until the remaining fibers are inadequate to sustain the applied load.

Axial Compression: Failure marks the stress/strain level at which

inelastic, unstable macro-buckling of fibers or matrix shear/compressive
failure sets in, and is a matrix-dominated phenomenon.

Transverse Tension: The transverse-tension failure is a matrix domi-

nated phenomenon and occurs at very low stress levels since the layer fails,
like a chain, on the "weakest link" principle. The first matrix crack will
cause layer failure.

Transverse Compression: Failure represents a sufficient number of matrix

cracks to enable large scale debonding at fiber-matrix interfaces, and is a
statistical phenomenon.

Ax1al Shear: Failure is normally matrix debonding or matrix cracking
parallel to fibers. .

As mentioned earlier, it is failure behavior of layers acting together in
a laminate that governs laminate failure. Therefore, this behavior needs
careful consideration. Failure mechanisms and failure stresses under axial-
tensile, axial-compressive and transverse-compressive loadings are nearly
Lhe same in a multidirectional laminate as when the layer is tested without
angly ply constraint. Only transverse tensile and axial shear behavior are
significantly different:

Transverse Tension: The failure level of the constrained layer in a

laminate is significantly higher than that of the single layer. Layer failure

~5-



"weakest link" but of creating a

is no longer a matter of breaking the
pattern of large scale statistical cracking which eventually causes the
layer to be completely ineffective in transverse tension. In a cross-ply
laminate (Figure 5b), ultimate laminate failure does not occur until the
0 deg. layers fail. The 90 deg. layer cracks in transverse tension, but
still contributes to laminate stiffness through constraint offered by
uncracked portions of the layer. Therefore, the 90 deg. layer has not truly
failed, and continues to provide laminate structural support until the 0 deg.
layers fail, even though this support continually decreases with increased
degree of cracking. As a result, "ultimate'" failure of the constrained layer
in transverse tension can be hypothesized to occur at very high strain levels.
Axial Shear: As in transversc tensile failure, axial shear failure is
a matrix dominated phenomenon which represents the inability of the layer to
contribute to the load-carrying capacity of the laminate because of extensive
axial shear cracks in the fiber direction. As shown in Figure 6, the 1ayers
in angle ply laminates will hold out until very high strain levels have
been reached, even though the matrix has long since cracked in many places.
Therefore, as in transverse tension, it can be argued that the constrained
layer does not "fail'" (lose integrity) in shear untii extremely high strain
values are reached in the laminate.

2.2 BILINEAR MODELLING OF UNI-DIRECTIONAL LAYER (CONSTRAINED) PROPERTIES

As explained earlier, each layer is modelled as a bilinear elastic
material. The significance of thls scheme can be examined now in the light
of the preceding discussion of unidirectional layer behavier when constrained
in a laminate. Figures 1, 4, 5, and 6 together indicate that initial matrix-
dominated failures will degrade the laminate properties significantly,-without
completely destroying or disabling the load-bearing capacity of the layer or
the laminate. For the purposes of this analysis, these ludividual initrial
matrix failures are termed 'mon-disabling'. When matrix failures have occured
in all layers, or fiber failure has occured in one or more layers, the laminate
is considered to have undergone a "disabljing''failure (one which causes the
laminate to lose its load bearing capacity). It is necessary, therefore, to
continue the analysis beyond the first matrix-dominated layer failures, but
with new layer elastic properties.7

Each bilinear stress-strain curve contains a transition point where the
slope is discontinuous (see Fig 2). The transition point is termed for the pur-
poses of this manual as a '"break point'". The break point, along with the

ultimate failure levels and pre- and post-break point elastic properties, form

the layer material property inputs to the program. The two

—-6-



critical states, viz. the break point and failure, are defined in this anal-
ysis by specifying the stress levels and corresponding strain levels at
which they are presumed to occur. »
. It is also noted that analytical predictions of the occurrence of
break points or failures in a layer have to be made assuming some form of
interaction between the failure modes, since thebphenomena causing these
failures are inter-related. Details of these interaction criteria are
discussed in Section 2.3. '

The output of the énalysis is largely dependent on the proper selection
of the inputs and particular attention is therefore required for determining
these properties: '

2.2.1 Stress-Strain Response

Axial Tension: As previously explained, response of a layer to axial

loading does not change significantly when that layer is constrained in a
laminate. Thus the stress-strain curve used to determine input properties
is chosen to be the experimental stress—sﬁrain curve of thé unidirectional
layer. As mentioned already, this behavior is usually linear, but may, in
some cases by slightly nonlinear.

The linear response is modelled by a single straight line whose slope
Ez is same as the axial tensile modulus of the layer. Since there is no

break point in this case, no prediction needs to be made in the analysis

of occurrence of break points. This can be numerically ensured by in-

putting break point stress and strain levels, [dAgéA and €A§PA< ¥
higher Lhan failure stress and strain levels, [OAE and €A¥ I, i.e.,
T T T T : ‘

9Agp -7 TAg and “eapp > EAp -

If nonlinear behavior is assumed, bilineap modelling can be performed.
The linear éegments are selected to fit the experimental data as closely
as poésible. The intersection point of the two segments defines the break
point. This break point does not necessarily have any physical significance.
The failure point is chosen as the coordinates of the actual failure
point on the experimental stress-strain curve.

Axial Compression: In-plane response of a layer to axial compressive

loading is nearly always nonlinear (Figure 2). Thus, the input bilinear
curve is selected on the "best fit" principle from the compressive exper-

imental stress-strain curve of the unidirectional layer. The selection

-7-



and interpretation of the break point and failure levels follow the same
rationale as in modelling of non~linear response to axial tensile loading,
with one exception: It is eséential for proper operation of the program that
the pre-break point moduli for axial loading be the same in tension and com-
pression, i.e., EAT = EAC before break point. This is not a serious limita-
tion since composite compressive and tensile moduli are seldom significantly
different, and the bilinear approximation will allow sufficiently accurate
approximation when they are different. As explained in Section 4,1, built
in overrides in the program always ensure that this condition is satisfied.

Transverse Tension: As previously explained, the response of the

unconstrained, unidirectional layer to transvetrse tensile luad is only
‘indicative of the response of the layer in a laminate when no matrix failures
have occured. The constrained layer pre—break—point transverse tensile mod-
ulus, E%I , can be chosen as the transverse tensile modulus of the uncon-
strained layer. The input post-break point properties however, are determined
from the response of the [0/90]g cross-ply laminate (Fig 5b), in the follow-
ing manner: '

It is assumed that axial Poisson's ration, vp, does not change after
transverse matrix failures (see discussion below). As a result, all elastic
post-break-point properties of the 0 deg.Alayérvand the axial prupestlies of
the 90 deg. layer are known. It is also assumed that under all conditions

VT = v ET/EA and this results in only one unknown property:

ETII : To determine ET%I s two stréight lines are used to fit the [0/90]S
4 tensile stress-strain test results in a manner which most accurately
follows the data points. The léyer break point strain is chosen as the
laminate axial strain where the two lines intersect. The transverse tensile
break point stress is then given by the product of break point strain and
pre-break point modulus. Next, the layer posﬁ—break-point transverse modulus,
ET?I’ is chosen by trial and error, using linear elastic laminate analysis,

to give the [0/90]g post-post-break point modulus Ex;; resulting from the
bilinear fit. A good first guess can be obtained from a volume fraction-

weighted average of layer moduli approximation to laminate mbdulus, which

results in ET’:I[‘Iz EAT - ZEXII

where Ez

natively, from constant-strain laminate analysis theory, an equation can be

is the akial tensile modulus of the unidirectional layer. Alter-
derived for the Young's modulus of the post-break point [0/90] laminate, in

-8-



terms of known OAdeg. and 90 deg. elastic properties and thé unknown ET}‘I .
The post-break point transverse modulus can then be determined from this
equation and the [0/90] experimental data.

It is noted that the transverse tensile break point stress for a
constrained [90] layer is normally found to be significantly higher than the
transverse tensile failure stress in an unconstrained layer. An analysisl?
of AS-1002 S2-glass epoxy.material for which there is complete [0] and
[0/90] experimental data,16 has shown that the break point stress is nearly
three times the unconstrained unidirectional transverse tensile failure stress.

As previously discussed, the damaged layer will play an increasingly
passive role for further loading, contributing less and less stiffness in
the transverse direction. 1In the program, therefore, it may be meaningless
to predict a separate ultimate failure in transverse tension in this layer.
Transverse failure can be prevented by inputting very high failure stress
and strain levels (several orders of magnitude higher than the break point
level).

Transverse Compression: The input parameters for transverse compressive

stress can be generated from the experimental stress-strain response of the
unidirectional layer subjected to transverse compressive loads in the fashion
previously described for axial compressive loading. Using the same procedure
as for axial property determination, built in overrides in the program force

the pre-break point transverse moduli to be equal in tension and compression,

. . T C
i.e., ETI = ETI .

Axial Shear: As in the case of transverse tensile loading, the response
to axial shear loading is not the same in constrained and unconstrained layers.
Data is therefore required from layers constrained in a laminate. A strain
gaged [iﬁS]s angle-ply laminate in tension is suggested. The shear stress-
shear strain curve can be readily determined from such a specimen, and will
resemble the curve of Fig. 7. Thus, the problem reduces to one of selecting
two best-fit lines to the data and determining break point and post-break point
modulus as shown in Fig. 7. For this laminate, the break point signifies onset
of large scale matrix cracking. The layer failure stresses and strains can be
computed from the failure values from the experimental shear stress-strain

curve of the [+45]g laminate, although as with transverse tensile failure, they



have little physical significance.

Axial Poisson's Ratio: The pre-break-point axial Poisson's ratio

(\)A)I of a constrained layer is modelled to be equal to the axial Poisson's
ratio of an unconstrained, intact, unidirectional layer. The program has
provisions for inputting different axial Poisson's ratios after each of the
following break points have been reached in a layer:

BREAK POINT MODE SUBSEQUENT POISSON'S RATIO

Axial compression v
} Al
Shear and/or transverse tension v
ATII
Transverse compression N
v
Quadratic interaction Vo
vV

(discussed in Section 2.3)
However, since the transverse modulus beyond the break point in
transverse tension and axial shear is of the order of zero, effect of va
past break point under these stresses on laminate behavior will be negli-
gible. This has been nﬁmerically verified for [0/90]S laminates using a

linear laminate analysis code. Thus, for transverse tensile and shear
loadings, the axial Poisson's ratio need not be altered to simulate post-
break-point behavior. The effects of changing axial Poisson's ratio
beybnd compressive break points have not been investigated.

Transverse Poisson's Ratio (vT): This is not an input parameter and

therefore need not be modelled by .the user. Vo is computed within the program

fromthe following symmetry relation: EA/VA = ET/vT . This ensures a sym-
metric stiffness matrix [C] for the laminate; which is important for ease
of numerical manipulations of the mat}ix. As the layer properties keep
changing with the occurrence of break points, VT is continually updated to
maintain the symmetry of the layer and laminate stiffness matrices.

2.3. FAILURE INTERACTION

Predictions of failure and break point occurrences are based on several
interaction criteria presented below:

Maximum strain: Failure is assumed to. occur when axial normal, trans-

verse normal, or axial shear strains reach critical values in tension or

compression, resulting in the following equations:

-10-



EZ, 61’,‘ - EAC = —A - —T OT

' A T

o v
t c T A
€msy OF — g+ T = = =— g (L a,b,c)
T T ET EA A
o T
Yar = AT/Gup

where o is normal stress, T is shear stress, € is normal strain, ¥ is shear
strain, E is Young's modulus, v is Poisson's ratio, G is shearing modulus,

A is axial (fiber) direction, T is transverse to fiber direction, superscripts
t and c¢ indicate failure in tension and compression, respectively, and super-
script o indicates failure in shear. The maximum strain failure criterion

is shown in Figure 8a for 1,.. = 0. .

AT

(12-15)

Quadratic interaction: Several researchers have proposed stress

polynomial failure criteria which account for unequal properties in tension
and compression as well as complicated interaction effects. The simplest 6f
these is a quadratic interaction equation, which, when satisfied, predicts
failure:

o2 o2 o0 T 24 o o = '
Bapaa TArp tAp Op0p tASTar T A0, A= (2a)

The A's are constants which depend upon failure stresses in uniaxial and com-

.bined stress states. Of the six constants, only AAT (called the quadratic

interaction coefficient) requires a layer failure test under cbmbinedoA and
OT stress. The rest can be determined from uniaxial data. In the present
study, since combined stress data were unavailable, the default quadratic

interaction coefficient was assumed to be:
l.

Ao = " e ot (2b)
N

where of are failure stresses in compression. This assumption agrees reasonably
well with experimentally determined interaction coefficieqts reported in refer-
ence 14. The user, however, has the option of inpﬁtting.any desired value

for A, ,. A typical quadratic failure criterion is shown for T .

12
Figure 8e.

ar = 0 in

-11-



Maximum stress: Failure is assumed to occur when axial normal, trans-

verse normal, or axial shear stresses reach critical values in tension or

compression:

0 =0 -o°© (3)

T =
AT * AT

o . . ) . . L c .
where Top IS the failure stress in axial shear, and ¢ and ¢ .are failure

stresses 'in tension and compression, respectively. The maximum stress failure

criterion is shown in Figure 8b for Tar = 0.

2.4. STRESS~STRAIN AND FAILURE CALCULATIONS WITH BILAM

2.4.1. General Operation

The code initially applies unit loads to the laminate and checks all
layers in all modes for occurrence of break point stresses/strains. Once
a layer has reached break point in shear and/or transverse tension, axial
compression, or transverse compression, the relevant properties of that
layer are degraded to post-break-point values. The algorithm then recalculates
the stiffness matrix of that layer with the new properties and arrives at a
new laminate stiffness matrix. The increment in applied load that will cause
the next occurrence of break point is determined. The resulting incremental
stresses and strains are added to the initial stresses and strains (at which
the first break point occurred) to get the total stresses and strains at the
second break point. This stepwise elastic stress-strain computation procedure
continues until the occurrence of the first disabling fiber failure. First
fiber failure has been shown to be upper bound to laminate failurel’ L and
the computations are terminated at this point. Several status messages are
also provided as an aid for the user to monitor the state of the laminate:
(a) The program indicates when all layers have reached 'break-point" in
shear and/or transverse tension (or in the case of quadratic interaction-—-
when all layers have reached break point). This could provide an effective
guide to predict the onset of'large—scale delaminations in the laminate.

(b) The first fiber failure not only terminates the computations but also
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triggers a status message declaring the fiber failure.

(c) If the user wishes to determine the state of the laminate at some pre-
determined level of applied external stress; he can choose the option to have

a status message along with the stresses and strains in the laﬁinate ﬁrinted
when this external stress is reached. |

The overall operation of the program is sho&n schematically in Fig. 9.> Appen-
dices 9.1 and 9.2 give a program listing, sample cases, and detailed flowcharts.

2.4.2. Break Point interactions

~

Occurrence of break ﬁoints is assumed to occur according to certain
interactions between the stresses or strains in different modes. The user
has the option of selécting any of the three interaction'criteria, maximum
stress, maximum strain or quadratic, detailed in Section 2.3.A In‘the program,
this check is referred to as a Break Point Analysis. There is another auto-
matic interaction modelled within the program, i.e., occurrence of a trans-
verse tension break point is assumed to automatically trigger a shear break
point and vice-versa. This is because the physical phenomena resulting from
these break points are identical.

2.4.3. Failure Interactions

Occurrence of ultimate layer fajlure is checked assuming the same three
user defined interaction criteria used in the break point analysis.
NOTE: The user's options on selection of interaction criteria have been
discussed in detail in Section 4.3.

2.5 CONCLUSIONS

It is reiterated at this stage that no effort has been made in this anal-

ysis to directly model the micro-mechanics of composite failure with the
exception of the automatic occurrence of axial shear and transverse tension
break points. Instead, the effects of these phenomena are simulated by
controlling layer macroscopic stress-strain and failure properties appro-
priately. Unlike conventional laminate analysis, this code draws its input
data not only from unidiréctional laminate behavior, but also from response

of [0/90]S and [iﬁS]S laminates. The user has been given the maximum possible
flexibility of selecfing material input properties and interaction criteria,
to simulate, as closely as possible, the actual physical interactions in
combined stress fields. These choices can become particnlarly powerful when

performing a quadratic interaction analysis. Variations in the interaction
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coefficient A have been found to alter the final predictions of laminate

behavior. Thizaccuracy of the analysis is therefore largely dependent on
the accuracy of the inputs. For a more complete discussion of this topic, see
ref. 10.

Appendix 9.3 presents a comparison of BILAM failure predictions with
linear elastic laminate analysis predictions and results of tensile tests of
several graphite/epoxy and S2-glass/epoxy laminates, This comparison shows
that BILAM analysis provides consistently better qualitative and quantitative
agreement with experiment than linear elastic laminate analysis.' However,
since BILAM only considers in-plane effects (as also does linear elastic
laminate analysis), stacking sequence effecLs aIeAuut treated. There io
strong evidence (see Appendix 9;3) that these phenonoména contribute signif-

icantly to laminate failure.
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3. PROGRAM CHARACTERISTICS

3.1. TYPE

This is an independent and self-sufficient program. In its present
form it cannot be called as a subroutine by any other program, nor does it
call any standard, library subroutines. It consists of a main program and
twenty subroutines with a maximum of fqur.levels in the program organization,
as shown in Figure 10. Date storage is accomplished in twenty ‘common blocks
and eight dimension statements as shown in Table 1. A

3.2. SOURCE LANGUAGE

Fortran IV
3.3. SYSTEM REQUIRED _ _
‘This program was written for the IBM VM/370 System, and is designed to

run on either of the following compilers:

(1) WATFIV

(ii) FORTRAN-F

(iii) FORTRAN-G

There are no interactive features. It can be run either on-line or batch-
mode, from a terminal/card-reader. The output is designed for a logical
-record length of 132 characters and can be either prinﬁed on any standard
printer or deprinted on the terminal.

3.4. MISCELLANEOUS

3.4.1. J. C. L.

No J. C:. L. statemeuls are included.with the program since these are

system-dependent. The user must supply the necessary statements according
to his requirements.

3.4.2. Storage ‘ ’ \

The storage requirements are approximately 45,500 Bytes for the dimen-
sional constraints specified in Section 6.1. The object code needs approx-
imately 35,800 Bytes while the rest is taken up for Array allocation.

3.4.3. Running Time

Running time estimates (on IBM 370/VM) are:
(i) + Compilation (a) WATFIV: 5.5 secs.
(b) FORTRAN-C: 4.1 secs.

(ii) Execution: Approximately 0.6 secs. per loadset per type of analysis.
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4. DESCRIPTION OF INPUT

All inputs are format-free and accomplished with NAMELIST commands.
Listings of sample inputs are enclosed with this manual (ref. Appendix 9.1).
Input. arrays/variables are discussed below, by class.

4.1.  CLASS ELASTD

Read in subroutine DATA 1. Contains material elastic properties for
each layer. '

AXE (K, I, L) : Axial Young's Modulus (force/unit area)

TRANE (K, I, L) : Transverse Young's Modulus

G (XK, I, L)  : Axial Shear Modulus

AXNU (K, I, L) : Axial Poisson's Ratio

SUBSCRIPT K : Material no. (maximum 10) i
SUBSCRIPT I : 1 for temsion ‘

2 for compression
SUBSCRIPT L : 1 for pre- break-point properties
(n+l) for properties after nth ‘break point

(See Section 2.3 for explanation of break point)

NLAMM : Total number of laminates to be analyzed
(uu limie)
NMATLT. : Total number of constituent materials

(maximum 10)

It is noted that the program cannot accomodate differenf properties in
tension and compression for:
(i) AXE and TRANE before ‘'break point"
(ii) G and AXNU at any stage
Statements 4 through 11 of subroutine DATA 1 ensure that the above conditions
are never violated. Hence it is not necessary for the user to input: .
(i) pre- break-point compressive values for AXE and TRANE
(ii) any compressive yalues for G and'AXNU
4.2, CLASS CRITIC

Read in subroutine DATA 2. Contains critical (viz. break point’ and
ultimate) stresses and strains for each layer. '

CRITS (J, I, K, L) : Critical stress
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CRITE (J, I, K, L) : Critical strain
SUBSCRIPT J : 1 for axial
2 for transverse

3 for shear

SUBSCRIPT I : 1 for tension

2 for compression
SUBSCRIPT K : Material number (maximum 10)
SUBSCRIPT L : 1 for values at break point

2 for values at failure

As in subroutine DATA 1, statements 2 through 5 ensure that critical
values: are same for positive and negative shear. The user need not, therefore,
input the critical values for negative shear loading.
NOTE: The user may, for his reference, choose to incorporate negative signs
for critical values in compressive loading. The option rests with the user,
since the program is designed to operate independently of the input sign.
However, the input sign is included in the echo-print of Section 5.2.

4.3. CLASS OPT 1

Read in subroutine LAMANS. Contains three variables to the following
user—cgntroller options:

NLOADS : Total Number of load sets for analysis (maximum 16)

NSTRES (J): Gives the option of printing out the layer stresses and strains
at an input level of applied external load.
= 1 for exercising the option. .
= 0 (by default) to bypass this prinL=ovur option.

SUBSCRIPT J: Load set serial number (maximum -= NLOADS)

NANS : Total types of analyses required for each load-set (maximum 9).
As indica;ed in Section 2.3, the user can select all possible
combinations of the three available failure criteria for "break-
point" analysis and failure analysis. Thus, there will be a total

of nine optional types of analyses possible, as shown below:

ANALYSIS NO. CRITERION FOR CRITERION FOR
‘BREAK-POINT ANALYSIS FAILURE ANALYSIS
1 Maximum stress Maximum stress
2 Maximum strain Maximum strain
3 Quadratic interaction Quadratic interaction
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4 Maximum stress ’ Maximum strain
5 Maximum stress Quadratic interaction
6 Maximum strain Maximum stress
7 Maximum strain Quadratic interaction
8 Quadratic interaction Maximuh stress
9 Quadratic interaction Maximum strain

If no value is input for NANS, the program defaults to the first three

types of analyses listed above.

Al2 (K, L) : Quadratie¢ interaction coefficient (reference Section 2.1.3).
If no value is input, it defaults to the value described
in Section 7.2,

SUBSCRIPT K : Material number (maximum 10)

SUBSCRIPT L : 1 for coefficient at break point’
2 for coefficient at failure

4.4. CLASS LOAD

Read in subroutine LAMANS. Contains the different load sets (totalling

NLOADS) acting on the laminate.
ALOAD (L, J) . TPooitive for tensile load.
Negative for compressive (or tensorially negative shear) load,
Zero (by detault) Ls thero is nn load.
If the layer stressés and straius are rcquired to be printed
at any'predetermined level of external applied stress,
ALOAD (I, J) must be equal to this applied stress level.
SﬁDSCRIPT (I) : 1 for axial load
2 for transverse load
3 for sheat load
SUBSCRIPT (J) load set serial number (maximum = NLOADS)
4.5. CLASS OPTION

Read in subroutine LAMANS. Called only if user has exercised his option
to define the types of analyses required (i.e. if he has input a non-zero
value for NANS in OPT1l. Reference Section 4.3 for detailed discussion,
including default. Also see Section 7.1). Sets the sentinel ISENT
for user-defined modes of '"break-point'/failure analysis, viz. by maximum
stress criterion, maximum strain criterion, or quadratic stress—interaction

criterion (referemce Section 2.1 for explanation).
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ISENT (J, K) : 1 for maximum stress criterion
2 for maximum strain criterion
3 for quadratic interaction criterion
SUBSCRIPT J : Analysis number (Makimum = NANS)
SUBSCRIPT K : 1 for '"break-point' analysis (see Section 2.3)
2 for failure analysis (see Section 2.3) .
NOTE: 1. 1If the user has exercised his option to select the type of
" analysis (i.e. if he has input a non-zero value for NANS), then it is
essential to input a value of ISENT (J, K) for all J and all K.
2. Same ISENT values will hold for every load set and every laminate
input for a given run. ‘
4.6. CLASS GEOMED

Read in subroutine GEOMET. Contains laminate geometry.

NLAY ¢ Total number of layers in the laminate.(maximum 24)

IMATL (I) - : Material number for Ith layer. User has option of using any
material in any layer

ALPHA (I) ¢ Orientation of Ith layer (degrees)

DELTA (I)* : Thickness of I'" layer

SUBSCRIPT I : Layer number (maximum = NLAY)

NOTE: GEOMED must be repeated NLAMM number of times.
*To generate stress-strain curve instead of load-deformation curve, ensure

that F%iYDELTA(I) = 1.
1= .

4.7. SAMPLE INPUTS

Sample'inpﬁts are présented in Appendix 9.1.
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5. DESCRIPTION OF OUTPUT

5.1. MATERIAL ELASTIC PROPERTIES
Echo-print of all input values in ELASTD. Printed in DATAL.
5.2. BREAK POINT AND ULTIMATE STRESSES AND STRAINS

Echo-print of input values in CRITIC. Printed in DATA2.
‘ 5.3. LAMINATE SERIAL NO. AND GEOMETRY

Echo-print of input values in GEOMED. Printed in GEOMET and LAMANS.
5.4. TAMINATE LOAD

Echo-print of applied forces/length input in LOAD. Printed in LAMANS.
5.5. ANALYSIS TYPE

Echo-print of the input/default ISENT values. Printed in LAMANS.
5.6. LAMINATE TANGENT STIFFNESS MATRIX

Weighted sum of individual layer stiffness matrices (weight factor being
the layer thicknesses). Recalculated at every break point, it gives the
local tangent stiffness matrix of the laminate. Printed in LAMSTF.

5.7. LAMINATE TANGENT ELASTIC MODULI AND POISSON'S RATIOS

Calculated at every break point from laminate tangent stiffness matrix.
Printed in LAMSTF.
5.8. APPLIED FORCES/LENGTH

The external applied forces/length (in laminate coordinates) at break
point/failure level, are printed in BREAK/FAIL.
5.9. LAMINATE TOTAL STRAINS

The cumulative laminate strains in laminate coordinates are printed in
BREAK/FAIL. '
5.10. LAYER STRESSES IN LAMINATE COORDINATES

Cumulative layer stresses in laminate coordinates are printed in
BREAK/FAIL. ,
5.11. LAYER STRESSES AND STRAINS IN LAYER COORDINATES

Cumulative stresses and strains in the layer at ith break point/failure
and at the prescribed level of applied external stress, are printed in BREAK/
FATIL.

5.12. STATUS MESSAGES

(i) Message predicting ith break point/failure, and containing information on:
(a) which layers have reached break point/failure, and

(b) in what mode.
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(ii) Message indicating that the applied léad has reached the prescribed input
level. '

(iii) Message indicating when all layers have reached shear and/or transverse
tension break point. ' '

(iv) Message indicating first fiber failure.

"5.13. LEGEND

(i) Explanation of analysis-type numbering, i.e.
1
2

maximum stress criterion

maximum strain criterion
3= .quadratic interaction criterion
(ii) Explanation of mode numbering, i.e.
1 = axial |
2
3
5.14. SAMPLE OUTPUTS

transverse

shear

Sample outputs are enclosed in appendix 9.1..
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6. RESTRICTIONS

6.1. DIMENSIONAL RESTRICTIONS

(i) Number of materials ' : 10
(ii) Number of layers in-a laminate : 24
(iii) Number of load sets : 16
(iv) Number of analyses/load set : 9
(v) Number of laminates/run : No limit

6.2. TYPES OF LOADS

This program cannot handle flexural or thermal loads. Only plane
stress problems can be analyzed. Therefore, this program cannot be used to
analyze non-~symmetric laminates since there is no flexural coupling in the
program. It is noted that, as a result, computational time and storage space
can be reduced when analyzing symmetric laminates by performing an analysis
on only one half of the laminate. Since only in-plane stresses and deform-
ations are treated, no flexural aeformations are allowed to occur. Therefore,
analyzing the total symmetric laminate provides redundant information.

This program can only be used to study laminate behavior under monotonic
increasing proportional loading.

6.3. MATERIAL PROPERTIES

Material elastic properties prior to break point are required to be
identical in tension and compression. Axial Poisson ratio and shear modulus
must be equal in tension and compression both before and after the break
point. The program is designed so that input tension values will be used in

the above situations for stiffness and stress-strain calculations.
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7. OPTIONS AND DEFAULTS

This section summarizes information in user-controlled.optionms, and
respective dcfaults presented in Section 4.
7.1. TYPES OF ANALYSES

The user can select any (or all) possible combinations of ,the three

available failure criteria to check the occurrence of break points and/or
failure$, viz. , ‘

(i) Maximum stress criterion

(ii) Maximum strain criterion

(1ii) Quadratic stress-interaction criterion

See Section 2.1 for explanation. The user exercises this option by assigning
any desired non-zero value for NANS in OPT1l (reference Sectioﬁ 4.3), and

by making an appropriate selection of ISENT values in OPTION, as shown below:

CRITERION ISENT
Maximum stress 1
Maximum strain 2
Quadratic interaction 3

NOTE: Non-zero ISENT values MUST be input if NANS # 0. 1If NANS = 0 (either by

input or by default), the following default anélyses will be performed:

ANALYSIS BREAK~-POINT ANALYSIS FAILURE ANALYSIS
SERIAL NO. CRITERION ISENT VALUE CRITERION INSENT VALUE
1 Maximum ISENT (1, 1) = 1 Maximum ISENT (1, 2) =1
- Strain Strain
2 Maximum ISENT (2, 1) = 2 Maximum ISENT (2, 2) = 2
' Stress Stress '
3 Quadratic . ISENT (3, 1) = 3 Quadratic ISENT (3, 2) = 3

Iuteraction Interaction

7.2. QUADRATIC INTERACTION COEFFICIENT

A12 values can be selected by the user in OPT1l. In case no value is

input, the program defaults to the following value
A12 T c c

7.3. INPUT LOADS

If no value is input for ALOAD in LOAD, the program reads it as zero

(no load) by default.
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7.4. PREDETERMINED APPLIED STRESS LEVEL

The user can opt to have the state of the laminate viz. the stresses
and strains in each layer and the local tangent stiffness matrix of the
laminate, printed in any desired level of applied stress. This is dohe
by assigning the value 1 to NSTRES in OPT1l, and inputting the appropriate
stress level ALOAD in LOAD. If no value is entered for NSTRES, the program

skips this optional printout.
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14.
15.
16.

17.
18.

19.
20.

21.
22.
23.
24,
25.
26.
27.
28.
29.

LOCATI

Table 1.

ON & VARTIABLE/ARRAY

COMMON/LOC
COMMON/LOC
COMMON/LOC
COMMON/LOC

COMMON/LOC
COMMON/LOC

COMMON/1L.0C
COMMON/LOC
COMMON/LOC
COMMON /L.OC
COMMON/LOC
COMMON/LOC
COMMON/LOC

COMMON/LOC
COMMON/LOC
COMMON/LOC

COMMON/LOC
COMMON/LOC

COMMON/LOC
COMMON/LOC

LOCATI

1/AXE, TRANE, ,AXNU, G

2/A11, A22, A44, Bl, B2, Al2
3/CRITE, CRITS

4/NLAY, IMATL, ALPHA

5/ALOAD, NLOADS, IEL, ELOAD,
NSTKES S

6/BEPS, BSIG, EPSLAY, SIGLAY, |

EPSLAM, T
7/ISENT, IBREAK
8/A12.

9/DELTA

10/1QB, MB1, KB1, ILM
11/11, 1L, F

12/s1

13/TS, TE, ALPHAR, C3, CALPHA
SALPHA

14/SBAR
15/FBAR
16 /BRATIO, FRATIO

17/DENOM

18/ MF, KF, FBIG, FBIGP, MFI, -

KF1, IQF
19/ MB, KB, BBIG, BEST, BBIGP

20/AT.0ADB, ALOADF, CELAMB,
CELAMF, GSIG a

ON & VARIABLE/ARRAY

DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION

A, B

X, Y, Z

EPSLAM, SLAY, T

S

QRATIO

XRATIO

FSIG, FEPS

TRANU

APLODB, CAPLAM, APEPS, APSIG
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Data Storage Allocation

ACCESSED IN SUBROUTINES

STIFF, DATA1
QDRCFS, QRAT
DATA2, QDRCFS, RAT

GEOMET, LAYSTF, STIFF, LAMSTF,
STRESS, RAT, QRAT, FABIG, BRBIG,
FAIL, BREAK, LAMANS, APLOAD

LAMANS, STRESS, APLOAD, BREAK,
FAIL - St o

STRESS, LAMANS, RAT, FAIL,
BREAK, QRAT, APLOAD

LAMANS, RATIO,. LAYSTF, BREAK, RAT
QRAT, QDRGFS, LAMANS

GEOMET, LAMSTF

LAYSTF, BREAK, RATIO.

STIFF, LAYSTF

LAMSTF, LAYSTF

STIFF, TFORM, STRESS, BREAK,
FAIL, APLOAD

.. STIFF, LAMSTF

LAMSTF, LAMPRT, STRESS

- RATIO, RAT, BRBIG, QRAT, LAMANS,

FABIG, BREAK, LAYSTF
QRAT, BREAK
RATIO, FABIG, FAIL

RATIO, BRBIG, BREAK
LAMANS, FAIL, BREAK, APLOAD

ACCESSED IN SUBROUTINES
MATINV

MXMULT

STRESS

LAYSTF

QRAT

RAT

FATL

STIFF

APLOAD
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Figure 1. Typical stress-strain curves for unidirectional fiber
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(a) Maximum Strain Criterion

(b) Maximum Stress Criterion

(c) Quadratic Interaction Criterion

Figure 8. TInteraction criteria for layer failure.
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Figure 9. General Flowchart
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COMPUTE INCREMENTAL LAYER STRESSES & STRAINS (IN LAYER &
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END
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LEVEL O LEVEL 1 LEVEL 2 LEVEL 3 LEVEL 4
~DATA1l |— DATA2 ~ QDRCFS
— GEOMET] TFORM
STIFF |
- —-———J:j‘ MXMULT
LAYST MATINV
‘BILAM
— LAMSTF| MATINV
| 1,AMPRT
— STRESS MATINV
“LAMANS ' —1 RAT - QRAT
— FABIG
| BRBIG |
| RATIO |
— FATL '
l —| BREAK |
| — APLOAD l

Figure 10. BILAM program organization.
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9. APPENDIX

9.1 PROGRAM LISTING AND SAMPLE CASES

9.1.1 BILAM Program Listing

v b
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BILAM

Com=m= FORTRAN PROGPAl FOR LAMINATE ANALYS1S OF COIPOSITES ASSUMING BILINEAF
[ it ¥ HMATERIAL PROPERTIES
Commm- HAIN PROGRAN

CALL DATAL (KLAM, NHATL)
CALL LAMANS (RLAM, HHATL)
STOP

END

SUBROUTINE DATAL (KLAL, NAMTL)

C—mme- THIS SUBROUTINE READS IN THE HATERIAL ELASTIC PROPERTIES
cornMon/LoC1/AXE(16,2,2) ,TRANE(10,2,2) ,AXNU(16,2,5) ,G(16,2,2)
NAMELIST/ELASTD/AXE, TRANE, G, AXNU, NLAMH, NMATLL
READ (5,ELASTD)

HLAN=NLAMH
MMATL=NMATLL
DO 5 K=1,NMATL
AXE(K,2,1)=AXE(K,1,1)
TRANE(K,2,1)=TRANE(K,1,1)
G(K,2,1)=G(K,1,1)
G(K1212)=G(K,1,2)
DO 5 LI=1,5
5 AXNU(R,2,LI)=AXNU(K,1,LI)
WRITE(6,10)
16 FORMAT(//,2X,'MATERIAL ELASTIC PROPERTIES:')
WRITE(6,20)
20 FORMAT(///,2X,'PROPERTIES BEFORE BREAK-POINT:')
WRITE(6,30)
30 FORMAT(/,2X,'MATL',6X,'AXIAL YOUNGS MODULUS',6X,'TRANS YOUNGS HODU
*LUS*,7X, 'SHEAR',8X, 'AXIAL') .
WRITE (6,40)
40 FORMAT (3X,'NO',59X, 'MODULUS',6X,'POISSON')
WRITE(6,50)
56 FORMAT (5X,2(7X,'TENSION',7X, 'COHPR'),21X, 'RATIO',/)
DO 60 K=1,NMATL
60 WRITE(6,70)K,AXE(K,1,1) ,AXE(K,2,1) ,TRANE(K,1,1) ,TRANE(K,2,1},G(K,1
*,1) ,AXNU(K,1,1)
76 FORMAT(3X,I2,3X,6(E13.4))
WRITE(6,80)
80 FORUAT(///,2X,'PROPERTIES AFTER BREAK-POINT:')
WRITE(6,96)
9¢ FORMAT(/,2X, 'MATL',6X,'AXIAL YOUNGS MODULUS',6X,'TRANS YOUNGS lODU
*LUS',7X, 'SHEAR' ,13X, "****%%* AYTAL, POISSONS RATIO ****%xx%?1)
WRITE(6,100) :
166 FORMAT (3%, 'NO',59X, *MODULUS®)
v WRITE(6,110)
110 FORMAT(5X,2(7X,'TENSION',7X, 'CONPR'),20X, " 'AX COHPR',3X,'SHEAR/T TE
*NS',3X, TR COMPR',7X,'QUAD',/)
DO 120 K=1,NNATL
120 URITE(6,130)K,AXE(K,1,2),AXE(K,2,2),TRAME(K,1,2),TRAME(K,2,2) ,G(K,
*1,2) ,AXNU(K,1,2) ,AXNU(K,1,3) ,AXlU(K,1,4) ,AXNU(K,1,5)
136 FORMAT(3X,I12,3X,9(E13.4))
CALL DATA2 (NMATL)
RETURN
END

SUBROUTINE DATA2 (MHMATL)

Com——- THIS SUBROUTINE READS IN CRITICAL STRESSES & STRAINS FOR EACH IMATERIAL
coriron/LOC3/CRITE(3,2,10,2) ,CRITS(3,2,10,2)
NAMELIST/CRITIC/CRITE,CRITS
READ(S5,CRITIC)

DO 96 LI=1,2
DO 5 K=1,NMATL
CRITS(3,2,K,LI)=CRITS(3,1,K,LI)
5 CRITE(3,2,K,LI)=CRITE(3,1,K,LI)
IF(LI.EQ.2)GO TC 20
WRITE(6,10) :
10 FORMAT(///,2%X,'INPUT BREAK-POINT STRESSES & STRAINS:')
GO TQ 48
2G VRITE(6,30)
38 FORMAT(///., 2X,'INPU; ULTINATE QTRFqsrs & STRAINS:")
40 WRITE({6,50)
56 FORMAT(/,27X,'STRESSES',40X,'STRAINS')



60

7¢

86
50
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v
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30
40
50
60

70

80
90

WRITE(6,60)

FORMAT(/,7X, 'MATL',5%, 'AXIAL',8Y, "TRANS',8, 'SHEAR' ,16, *AXIAL',8X
*, "TRANS' ,8X, 'SHEAR')

DO 96 K=1,NHATL

WRITE(6,70)K, (CRITS(I,1,K,L1),I=1,3),(CRITE(I,]1,K,LI),I=1,3)
FORMAT(/,2X, 'TENS',2X,12,3(E13.3),8X%X,3(E13.3))

WRITE(6,80) (CRITS(I,2,K,LI),I=1,3),(CRITE(I,2,K,L]),I=1,3)
FORMAT (2X, 'COMP' ,4%,3(E13.3) ,8X,3(E13.3))

CONTINUE .

CALL QDRCFS (NMATL)

RETURN

END

SUBROUTINE QDRCFS(KMATL)

~THIS SUBROUTINE COMPUTLES QUADRATIC BREAK-POINT & FAILURE CRITERIA CO-EFFS

COIMON/LOC2/A11 (10 ,2) ,A22(10,2) ,A44(10,2) ,B1(16,2) ,B2(10,2)
COMMON/LOC3/CRITE (3,2,16,2) ,CRITS(3,2,10,2)
COlI1ON/LOC8/A12 (18 ,2)

DO 10 K=1,NHATL

DO 10 LI=1,2
Al}(K,LI)=1./(CRITS(1,1,K,LI)*ABS(CRITS(1,2,K,LI)))
Al2(K,LI)=-1./(CRITS(1,2,K,LI)*CRITS(2,2,K,LI))
A22(K,LI)=1./(CRITS(2,1,K,LI)*ABS(CRI?S(2,2,K,LI)))
A44(K,LI)=(1./CRITS(3,1,K,LI)) **2
Bl(K,LI)=1./CRITS(1,1,K,LI)-1./ABES(CRITS(1,2,K,LI))
B2(K,LI)=1./CRITS(2,1,K,LI})-1./ABS(CRITS{2,2,K,LI))
CONTINUE

RETURN

END

SUBROUTINE LAMANS (NLAM,NHMATL)

~THIS SUBROUTINE PERFORIMS LAMINATE ANALYSIS ON EACH LAMINATE FOR EACH
-LOAD-SET.

COMIMON/LOC4/KLAY, IMATL (24) ,ALPHA (24)
COIMMON/LOCS/ALOAD (3,16) ,NLOADS, IEL, ELOAD (3,16) ,NSTRES(16)
COMMON/LOC6/BEPS(3,24) ,BSIG(3,24) ,EPSLAY (3,24) ,SIGLAY (3,24) ,EPSLAl
*(3),T(3,3) :
COHMON/LOC7/ISENT(9,2) , IBREAK (24)

COMION/LOC8/A12(10,2)
COHMMON/LOC16/BRATIO (3,24) ,FRATIO(3,24)

COLMON/LOC26/ ALOADB (3) ,ALOADF (3) ,CELANB(3) ,CELAIF (3) ,GSIG(3,24)
HAHELIST/OPT1/NLOADS, NANS.A12,HSTRES

NAMEL IST/LOAD/ALOAD

NAMELIST/OPTION/ISENT

NANS=0

READ(5,0PT1)

WRITE(6,5)

FORMAT (,//// 15X, "QUABRATIC INTERACTION CU-EFFLCIENYS :')
WRITE(6,6)

FORMAT (//,5X, 'MATERIAL',5X, ' BREAK~POINT' ,5X, 'FAILURE',//)
DO 7 I=1,NHMATL

WRITE{6,8) I,Al2(I,1),Al2(I,2)

FORMAT (8%, I2,4X,2(5X,E10.3))

DO 10 1=1,3

DO 10 L=1,NLOADS

ALOAD(I,L)=0.0

IF (NANS.NE.0)GO TO 40

MANS=3

DO 30 J=1,NANS

DO 30 K=1,2

ISENT (J,K)=J

GO TO 68

DO 50 J=1,NANS

DO 58 K=1,2

1SENT(J,R) =0

READ (5,0PTION)

READ (5, LOAD)

DO 240 NL=1,NLAM

WRITE(6,70) KL

FORMAT (1H1,//,2X, 'LAMINATE',13)

CALL GEOMET

DO 24 L=1,HLOADS

WRITE(6,80)

FORMAT(/////// +,38%, 'LONGITUDINAL TRANSVERSE SHEAR')
WRITE(6,98) (ALOAD(I,L),I=1,3)

FORMAT (2X, ' APPLIED LAMINATE FORCES/LENGTH:',3(5X,E10.3))



DO 95 1I=1,95
IF {ALOAD(I,L).HE.G)CO 70 9G
S CONTINUE
96 IEL=1I
Do 98 1=1,3
98 ELOAD(I,L)=ALOAD(I,L)/ALOAD (IEL,L)
DO 24C JA=1,MAHS
IFLAG=0
ISTOP=0
WRITE (6,100)JA
100 FORMAT(////.5X,'ANALYSIS NUMBER',13,':")
WRITE(6,120) (ISENT(JA,LI1),LI1l=1,2)"
126 FORMAT(/,SX,'BREAK-POINT ANALYSIS=',I3,'; FAILURE AMALYSIS=',I3)
DO 122 LIl=1,2
IF(ISENT(JA,LI1).EQ.B8)GO TO 235
122 CONTINUE
WRITE(6,128) .
128 FORHAT(/,5X,'(1=MAX STRESS CRITERIOM; 2=HAX STRAIN CRITERION; 3=
*QUADRATIC INTERACTION CRITERIOMN)') °
130 DO 146 K=1,NLAY
IBREAK (K) =0
DO 140 1i=1,3
BRATIO (1,K)=-1€0.0 :
FRATIO (M,K)=-100.0
BEPS(1i,K)=0.0
14¢ BSIG(I1,K)=0.0
DO 145 1=1,3
CELAMB(M)=0.0
CELAMF (M) =0.0
RLOADB(M)=0.0
145 ALOADF (1)=0.0
ERR={.001
LOOP=1
IPRINT=0
150 CALL LAYSTF(LOOP,K, IFLAG,JA)
IF(IFLAG.NE.2)GO TO 170
IF(IPRINT.EQ.1)GO TO 170
IPRINT=1
IF(ISENT(JA,1) .NE.3)GO TO 159
152 WRITE(6,154)
154 FORMAT(//,5X, 'QUADRATIC BREAK-POINT REACHED IN EVERY LAYER')
GO 10 176
159 WRITE(6,160) .
160 FORMAT(//,5X,'SHEAR &/OR TRANSVERSE BREAK-POINT REACHED IN EVERY L
*AYER')
170 CALL LAMSTF (ISTOP,NLAY)
IF{ISTOP.EQ.3)GO TO 200
CALL LAMPRT
CALL STRESS(L)
CALL RATIO(LOOP,JA,IFLAG, ERR,L, ISTOP)
IF (ISTOP.EQ.5)GO TO 233
IF(ISTOP.EQ.6)GO TO 231
IF(ISTOP.EQ.7)GO TO 220
IF(IFLAG.EQ.1)GO TO 156
WRITE(6,175)
175 FORMAT(//,5X, 'FIRST FIBER FAILURE')
GO TC 240
2UY VIRITE(6,21U)
216 FORMAT(//,5X, 'LAMINATE STIFFMESS MATRIX IS SINGULAR')
GO TO 240
220 VIRITE(6,225)
225 FORMAT(//,5X,'BOTH QUADRATIC ROOTS ARE OF SAME SIGM.INTERACTION CU
*RVE IS NOT ELLIPTIC')
GO TO 240
231 WRITE(6,232)
232 FORMAT(//,5X, 'QUADRATIC ROOTS ARE COMPLEX. RECHECK INPUTS.')
. GO TO 240 .
233 WRITE(6,234) .
234 FORMAT(//,5X,'NO AXIAL FAILURES. LAMINATE FAILS DUE TO MATRIX DEGE
*NERATION') -

GO TO 24¢

235 IF(LI1.EQ.1)GO TO 238
WRITE(6,237)

237 FORMAT(//,5X,'INVALID OPTION Ol CRITERION FOR FAILURE ANALYSIS')
GO TO 240

238 WRITE(6,239)
239 FORMAT(//,5X,'INVALID OPTIOI! Oll CRITERION rOR BREAK-POINT ANALYSIS
*1)
24¢ CONTINUE
RETURH
EWD
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SUBROUTIUE GEONET

THIS SUBROUTINE READS IN THE LAHIMATE GEOHETRY.
COMION/LOC4 /NLAY , ILATL (24) ,ALPEA (24)
CONMON/LOC9/DELTA (24)
IAMELIST/GEOHED/NLAY, IMATL, ALPHA,DELTA
READ(5,GEOHED)

WRITE(6,10)

FORHAT(/// +2X, 'LAYER',2X, '"MATERIAL',2X, 'THICKNESS',2X, 'ANGLE')
DO 26 K=1,NLAY
VRITE(6,30)K, IMATL(K) ,DELTA (K) ,ALPHA (K)
FORMAT(3X,12,6%X,I2,6%,F7.4,3X,F6.2)

RETURN

END

.

SUBROUTINE LAYSTF (LOOP,K, IFLAG,JA)
THIS SUBROUTINE CONPUTES LAYER STIFFNESS MATRICES IN LAMINATE CO-ORD
COMHON/LOC4/NLAY, IMATL (24) ,ALPHA (24)
COlNON/LOC7/ ISENT(9,2) , IBREAK ( 24) .
COMMON/LOC16/1IQB, ME1(24) ,KB1(24) ,ILM(3,24)
COMMON/LOC11/LI(4) ,IL(4),C(3,3) :
COMMOM/LOC12/51(3,3,24)
COLMON/LOC16/BRATIO(3,24) ,FRATIO(3,24)
IF (LOOP.EQ.1)GO TO 110

DO 99 I=1,IQB

K=KB1(I)

HBQ=HB1{(I)

II=IMATL(K)

DO 19 N=1,2

IL(1) =ILM(M,K)

IF(ISENT(JA,1) .NE.3)GO TO 30

DO 26 I=1,3

LI(M)=2

LI(4)=5

IBREAK(K) =1

GO TO 70

IF (MBQ.EQ.1)GO TO 60

TR(TLH(2,K) .FQ.1}GO TN 54

IF (MBQ.EQ.3)GO TO 40

LI(2)=2

LI(4)=4

GO TO 70

LI(3)=2

Li(4)=3

IBREAK (K) =1

GO TO 78

LI(2)=2

LI(3)=2

LI{4)=3

IBREAK(K) =1

GO TO 70

LI{l)=2

LL1(4)=2

CALL STIFF(K)

DO 90 M=1,3

DO 96 J=1,3

S1(M,J,K)=C(11,J)

COWT INUE

DO 180 K=1,NLAY

IF (IBREAK (K) .EQ.0)GO TO 150

CONTINUE

IFLAG=2

GO 70 150

DO 120 H=1,4

IL(M)=1

LI(M)=1

DO 130 K=1,HLAY

CALL STIFF (K)

DO 130 KH=1,3

DO 130 J=1,3

S1(K,J,K)=C(11,J)

RETURN

END
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SUBROUTIHE STIFF (K)
-THIS SUBROUTINE COHPUTES INDIVIDUAL STIFFMESS TERMS AS PER COUDIT
~SET OUT IN SUBROUTINE LAYSTF.

CONMONR/LOCL/AXE (10,2,2) , TRANE (16,2,2) ,AXNU(16,2,5) ,G{10,2,2)
COLIION/LOCS /VILAY, IHATL(24) ALPIA(24)
COHMON/LOCll/LI(4),IL(4),C(3,3)
COtKON/LOC13/TS(3,3) ,TE(3,3) ,ALPKAR(24) ,C3(3,3,24) ,CALPHA(24) ,SALP
*HA(24)

COMMON/LOC14/SBAR(3,3)

II=IMATL(K)
TRANU=AXNU(II,IL(4),LI{4))*TRANE(II,IL(2),LI(2))/AXE(IX,IL(1),LI(
*1)) -

DENON=1.-TRANU*AYNU(II,IL(4),LI(4))
C(1,1)=AXE(II,IL(1),LI(1))/DENO!
C(1,2)=TRANU*AXE(II,IL(1),LI(1))/DENOM

Cc(1,3)=0.
C(2,1)=AXIU(II,IL(4),LI(4))*TRANE(II,IL(2),LI(2))/DENOH
C{(2,2)=TRANE(II,IL(2),LI(2))/DENOIl!

Cc(2,3)=0.

c(3,1)=0.

C(3,2)=0.

C(3,3)=G(II,IL(3),LI(3))

ALPHAR(K) =ALPHA (K) *3.1415927/180. °

Do 16 I=1,3

DO 18 J=ll3

€3(1,J,K)=C(1,J)

CALL TFORM(K)

CALL IXMULT(C,TE,SBAR,3,3,3)

CALL MXHULT(TS,SEAR,C,3,3,3)

RETURN

END

SUBROUTINE TFORHM (K)
-THIS SUBROUTINE COMPUTES THE STRESS & STRAIN TRANSFORHATION HMATRI
commpon/rocls/rs(3,3) ,TeE(3,3) ,ALPHAR(24) ,C3(3,3,24) ,CALPEA(24), SALP
*HA (24)

CALPHA (K) =COS (ALPHAR (K) )

SALPHA (K) =SIN(ALPHAR(K))

TE(1,1)=CALPHA(K) **2

TE(1,2)=SALPHA{K) **2

TE(1,3)=SALPHA (K) *CALPHA (K)

TE(2,2)=TE(1,1)

TE(2,3)=-TE(1,3)

TE(3,1)=TE(2,3)*2.

TE(3,2)=TE(1,3)*2,

TE(3,3)=TE(1,1)-TE(1,2)

DO 10 I=1,3

Do 1@ J=1,3

TS(I,J)=TE(J,I)

RETURN

END

SUBROUTINE MXMULT(X,Y,Z,Nl1,N2,N3)

-THIS SUBROUTINE PRE-MULTIPLIES A (N2XN3) MATRIX BY A (H1XN2) MATRIX,

DIMENSION X(3,3),Y(3,3),2(3,3)
DO 1¢ I=1,M

DO 1@ J=1,N3

2(1,J)=6.0

DO 10 K=1,H2 ‘
Z(I,3)=2(I,J)+X(I,K)*Y(K,J)
RETURN

END

SUBROUTINE MATINV(A,B,INV,I) .
-THIS SUBROUTINE INVERTS A (NXN) MATRIX BY GAUSS-JOPDAN REDUCTION WITHOUT

~PIVOTING

DIMENSION A(3,3),B(3,3)

INV=1

DO 36 K=1,N

DO 10 JS=1,N

IF(J.EQ.K)GO TO 10

IF(ABS(A(K,K)) .LE.1.0E-20)CO 70O 5G
A(K, 3 =6(K,J) /MK, K)

CONTINUE
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IF(ABS(A(K,K)) .LE.1,0E-206)GO TO 50

A(K,K)=1./A(K,K}

DO 25 I=1,N

IF(I.EQ.K)GO TO 25

DO 26 J=1,N

IF(J.EQ.K)GO 70 26
A(I,J)=A(1,J)-A(K,J)*A(I,K)
CONTINUE :
CONTINUE

DO 36 I=1,N

IF(I.EQ.K)GO TO 30
A(I,K)=-A(I,K)*A(K,K)
CONTINUE

INV=1

DO 46 I=1,N

DO 49 J=1,H

B(I,J)=A(I,J)

GO TO 60

INV=0

RETURN

END

SUBROUTINE LAMSTF (ISTOP, NLAY)

THIS SUBROUTINE COMPUTES LAMINATE STIFFNESS MATRIX IN LAMINATE CO-ORDS.

CONMON/ LOC9/DELTA (24)
CoMioN/LoC12/81(3,3,24)
COMMON/LOC14/SBAR(3,3)
COlKON/LOC15/FBAR(3,3)
po 10 1=1,3

Do 10 J=1,3
SBAR(I,J)=0.0

DO 10 K=1,NLAY

SBAR(I,J)=SBAR(1,J)+S1(I,J,K)*DELTA(K)

WRITE(6,20)

FORMAT (/// ,5X, ' LAMINATE TANGENT STIFFNESS MATRIX:',/)

DO 36 .1=1,3
WRITE(6,40) (SBAR(I,J),J=1,3)
FORMAT (5X,3(E1l1.3,3X))

CALL MATINV(SBAR,FBAR, INVH, 3)

IF(INVI.EQ.8) ISTOP=3
RETURN
END

SUBROUTINLC LAMPRT

THIS SUBROUTINE EVALUATES THE LAMINATE ELASTIC PROPERTIES

CORHON,/LOC15/PDAR(3,3)
WRITE (6 ,10)

FORMAT (/,5X, ' LAMINATE TANGENT MODULI & POISSOM RATIOS:',/)

ARXEDAR=1./FDAR(1,1)
TREBAR=1./FBAR(2,2)
ANUBAR==-FBAR(2,1) /FBAR(1,1)
TNUBAR=-FBAR(1,2) /FBAR(2,2)
GBAR=1./FBAR(3,3)
WRITE(6,20)

FORMAT (17X, ' YOUNGS' ,8%, ' POISSON' ,8X, ' SHEAR')

WRITE(6,30)

FORMAT (17X, 'MODULUS',8X, 'RATIO' ,B8X, 'MODULUS')
WRITE(6,40) AXEBAR, ANUBAR,GBAR

FORMAT (/,5X%, 'LONG',2X,3(2X,E13.6))
WRITE(6,50) TREBAR, TNUBAR,GBAR

FORHAT (5X, 'TRAN',2X,3 (2X,E13.6))

RETURN
END

SUBROUTINE STRESS(L)

THIS SUBROUTINE COMPUTES LAYER STRESSES & STRAINS IN

CO-ORDINATES.

COIHON/ LOC4/NLAY, IMATL (24) ,ALPHA (24)
COHMON/LOC5/ALOAD (3,16) ,NLOADS, IEL, ELOAD(3,16) ,NSTRES(16)
comntion/Loc6/BEPS (3,24) ,BSIG(3,24) ,EPSLAY (3,24) ,SIGLAY (3,24) ,EPSLAN

(3),T(3,3)

conmon/Loc13/rs(3,3) ,TE(3,3) ,ALPHAR(24) ,C3(3,3,24) ,CALPEA(24) ,SALP

HBA(24)
COMMON/LOC15/FBAR(3,3)
DO 16 I=1,3
EPSLAM(T)=€.0

DO 16 J=1,3

A

.



10 EPSLAN(I)=EPSLAMN(I)+FBAR{I,J)*ELOAD(J,L)
DO 50 K=1,NLAY
II=INATL(K)
T(1,1)=CALPEA(K)**2
T(1,2)=SALPHA(K)**2
T(1,3)=SARLPHA (K) *CALPHA (K)
T(2,1)=T(1,2)
T(2,2)=T(1,1)
T(2,3)=-T(1,3)
T(3,1)=T(2,3)*2.
T(3,2)=T(1,3)*2.
T(3,3)=T(1,1)-T(1,2)
Do 3@ 1=1,3
EPSLAY (I,K)=0.0
DO 30 J=1,3
30 EPSLAY(I,K)=T(I,J)*EPSLANM(J)+EPSLAY(I,K)
DO 40 1=1,3
SIGLAY(I,K)=0.0
DO 40 J=1,3
40 SIGLAY(I, Y) SIGLAY (I,K)+C3(I1,J, K)*EPSLAY(J Y)
50 CONTINUE
70 RETURN
END

SUBROUTINE RATIO(LOOP,JA, IFLAG, ERR,L, ISTOP)
----- THIS SUBROUTINE CALCULATES & STORES FAILURE & BREAK~POINT RATIOS &
----- COMPARES TO DETECT DOMINANT EFFECT.
COMMON/LOCS5/ALOAD(3,16) ,NLOADS, IEL, ELOAD (3,16) ,NSTRES(16)
COMMON/T.0C7/ISENT(9,2) , IBREAK (24)
COMMON/LOC10/IQB, MB1(24) ,KB1(24) ,ILM(3,24)
COoHMON/LOC16/BRATIO(3,24) ,FRATIO(3,24)
COlE:oN/LOC18/MF ,KF ,FBIG, FBIGP, MF1(24) ,KF1(24) ,IQF
COMMON/LOC19/1B, KB, BBIG, BBIGP,BEST (3, 24)
couuon/Locza/ALOADB(3) ALOADF(3) CCLAMB(3) ,CELANF(3) ,GSIG(3, 24)
DO 10 LIl=1,2 g
CALL RAT(LII,IQRT,JA)
IF(IQRT,EQ.1)GO TO 170
IF(IQRT.EQ.2)GO TO 175
10 CONTINUE
1B=0
IFF=0
IQOBR=0
3¢ IQF=0
4¢ CALL FABIG(IFF)
IF(IQF.NE.9)GO TO 120
IF(IB.NE.0)GO TO 60
59 CALL BRBIG(IB) .
IF(IQB.NE.0)GO TO 70
IF(FBIG.EQ.0.9.AND.BBIG.EQ.8.)GO TO 160
60 IF(FBIG.GT.BBIG)GO TO 110
IF (NSTRES{L) .NE.1)GO TO 65
IF((1./(ALOAD(IEL,L)-ALOADB(IEL))) .GT.BBIG) CALL APLOAD (L)
65 BBIGP=BBIG
70 IF(ABS((BBIGP-BBIG)/BBIGP).GT.ERR)GO TQO 80
I0R=TQR+)
KBl (IQB) =EB
MB1 (IQB) =HB
BPATIO (MR, KB) ==100.0
GO TO 50
80 CALL BREAK (LOOP,L,JA)
DO 160 I=1,IQ0B
KBQ=KB1l (I)
DO 1@0 M=1,3
IF(BEST (14,KBQ) .LT.08)GO TO 90
ILM(M,KBQ) =1 -
G0 TO 100
90 ILM{M,KBQ)=2
1006 COMTINUE
LOOP=LOODP+1
IFLAG=1
GO TO 180 _
110 IF(NSTRES(L).NE.1)GO TO :115
IF((l./(ALOAD(IEL,L) -ALOADB(IEL))).GT.FBIG)CALL APLOAD(L)
115 FBIGP=FEIG
120 IF(ABS((FBIGP-FDIG)/FBIGP).GT.ERR)GO TO 130
IOF=IQF+1
KF1(IQF)=EF
MF1(IQF)=HF
FRATIO(UF, 5t ) ==100.0
GO 10 40
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CALL FRIL(L)
DO 14C I1=1,IQF
IF(1MF1(I) .EQ.1)CO TO 150
CONTINUE

GO TO 3¢
IFLAG=0

GO TO 180
ISTOP=5

GO TO 180
ISTOP=6

GO TO 186
ISTOP=7

RETURN

END

SUBROUTINE RAT(LIl,IQRT,JA)
~THIS SUBROUTINE COMPUTES RATIOS OF BREAK-POINT & FAILURE STRESSES
-& STRAINS TO ACTUAL STRESSES & STRAINS.
conion/Loc3/CrITE(3,2,16,2) ,CRITS(3,2,16,2)
COIMON/LOC4/KRLAY, InATL(24) +ALPHA {24)
COMION/LOC6/BEPS(3,24), BSIG(3 24) ,EPSLAY (3,24), SIGLAY(3 24) ,EPSLAHN
*(3),T(3,3) -
COHHON/LOC7/ISENT(9 2) , IBREAK ( 24)
connon/LOClG/BRATIo(B.24),FRATIO(3,24)

DIMEMSION XRATIO(3,24),ILX(3,24) -

IF (ISENT(JA,LI1)-2)50,20,10

CALL QRAT(LI1,IQRT)

GO TO 120

DO 48 K=1,NLAY

I1=IMATL{K)

DO 46 11=1,3

ILX (11, K) 1

IF ({EPSLAY (M, K) +BEPS(I,K)). LT l ) ILX (M, K) =2

IF (ABS({BEPS(l4,K)) .EQ.ABS(CRITE (M, ILX (M,K) ,I1I,LI1)))GO TO 30
XRATIO (H, K)-(EPSLAY(H h))/((-l)'*(ILX(M K)+1)*ABS(CRITE(H ILX (M,K).
*,II,LI1))~-(BEPS(!1,K)))

GO TO 40

XRATIO(M,K)=-100.0

CONTINUE

GO TO 8D

DO 70 K=1,NLAY

II=IMATL(K)

Do 76 u=1,3

ILX(M,K)=1

TF{(STGLAY (H.K)+BSIG(l.K)) ,LT,0.) ILX{1,K) =2
IF(ABS{BSIG(M,K)) .EQ. AB%(CRITS(I ILX (M K) I1,LI1}))GU 1V &0
URATIO (I3, K) = (SICLAY (K, y))/((=1)**(TrX(M K)+])*ABS(CRITS(H:ILX(“'K)
*,T1,LI1}) -(BSIG{l1,K)))

GO TO 70

XRATIO (15,K)=-100.0

COMTINUE

IF(LI1.EQ.1)GO TO 1006

DO 96 K=1,NLAY

DO 90 M=1,3

FRATIO (I, K) =XRATIO (M, K)

Qo TO 120

DO 116 K=1,NLAY

IF (IBREAK(K) .EQ.1)GO TO 104

DO 102 Mw»1,3

BRATIO (11, KX) =XRATIO (1,K)

GO TC 110

DO 106 H=1,2

BRATIO (M,K)=XRATIO (I,K)

DRATIO(3,K)=-166.0

IF(ILX(2,K) .EQ.1)BRATIO(2,K)=-1006.0

CONTINUE

RETURN

END

SURROUTINE ORAT(LI1,IQRT)

conron/LoCc2/a11(10,2) ,A22(10,2) ,A44(10,2) ,81(16,2) ,B2(18,2)
COLIFON/LOC4 /LAY, IMATL (24) ,ALPEA(24)
COlMON/LOC6/BEPS(3,24) ,BSIG(3,24) ,EPSLAY (3,24) ,SIGLAY (3,24) ,EPSLAI
*(3),T(3,3)

CONMON/LOCT7/ ISENT (9,2) , IBREAK ( 24)

conron/Loce/a12(16,2)

COHIIOt/LOC16/ BRATIO(3,24) ,FRATIO(3,24)

. COlMON/LOC17/DENOL (24 ,2)

~46=

THIS SUBROUTINE EXAMINES BREAK~POINT & FAILURE BY QUADRATIC CRITERIA



20

22
24

25
3¢
35

40
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DIMEMSION QRATIO(1,24),D(2)

DO 30 K=1,NLAY

IF (IBREAK (K) .EQ.1.AND.LI1.EQ.1)GO TO 25
IQRT=0 '
1I=IMATL(K

A=A11(II, LI1)*(SIGLAY (1,K)*%2)+A22(II,LI1)*(SIGLAY(2,K)**2)+Al2(II

*,LI1)*SICLAY(1,K)*SIGLAY (2,K)+A44(1I,LI1)* (SIGLAY (3,K)**2)

B—(2 *A11(II,LI1)*BSIG(1,K)+A12(II,LI1)*BSIG(2,K)+B1(II,LIl))*SIGL
*AY (1,K)+(2.*A22(1I,LI1)*ESIG(2,K)+A12(II,LI1)*ESIG(1,K)+E2(II,LI1)

*) *SIGLAY (2,K) +2. *A44(II LI1) *BSIG(3,K) *SIGLAY(3,K)

C=A11(II,LI1)*(RSIG(], Y)**2)+A12(II LI1)*BSIG(1,K)*BSIG(2,K)+A22(1
*I,LI1)*(BSIG(2,K)**2)+A44 (I1,LI1)*(BSIG(3,K)**2)+B1(II,LIl)*BSIG(]

%, 1) +52(II1,LI1) *BSIG(2,K)-1.

IF (A.FQ.0)GO TO 22

IF((B**2~4,*A*C) .LT.0)GO TO 50

DU 20 ICOUNT=1,2

D (ICOUNT) = (=B+ (- 1)**ICOUNT*SQRT(B*'2-4 *A*C))/(2.%R)
IF((D{1)*D(2)) .GE.8.)GO TO 55

DENOI{(K,LI1)=D(1)

IF (DENOM (K, LI1) .LE.8.) DENOM (K, LI1) =D(2)

GO TO 24

DENOI(K,LIl)=-C/B
QRATIO(1,K)=1./DENOII(K,LIl)
GO TO 30
QRATIO(1,K)=-100.0
CONTINUE

IF(LI1.EQ.1)GO TO 40
DO 35 K=1,HLAY
FRATIO(1,K)=QRATIO(1,K)
GO TO 60

DO 45 K=1,NLAY
BRATIO(1,K)=QRATIO(1,K)
GO TO 60

IQRT=1

GO TO 60

IQRT=2

RETURH

END

SUBROUTINE FABIG(IFF)

-THIS SUBROUTINE CALCULATES THE BIGGEST FAILURE RATIO.
COMMON/LOC4/MNLAY, IMATL(24) ,ALPHA (24)
CONMON/LOC16/BRATIO(3,24) ,FRATIO(3,24)
COIlMON/LOC18/1F ,KF ,FBIG, FBIGP, MF1(24) ,KF1(24) ,IQF
FBIG=FPATIO(1,1)

LiF=1

KF=1

DO 18 K=1,NLAY

DO 10 KH=1,3
DELF=FBIG-FRATIO(M,K)
IF(DELF.GE.0)GO TO 10
FBIG=FRATIO (11,K)

MF=N

KF=K

CONTINIE

IFF=1

RETURN

END

SUBROUTINE BREIG(IB)
~-THIS SUBROUTINE CALCULATES THE BIGGEST BREAK-POINT RATIO.
COlMON/LOC4 /NLAY, TMATL (24) ,ALPHA (24)
COHMON/LOCIG/BRATIO(3,24),FRATIO(3,24)
COMMON/LOC19/14B, KB, BBIG, BBIGP, BEST (3,24)

BBIG=BRATIO(1,1)

HR=1

KB=1

DO 10 K=1,NLAY
DO 18 H=1,3

DELB=BBIG-BRATIO (li,K)
IF (DELB.GE.0)GO TO 16
BBIG=ERATIO (I ,K)

EB=1i

KB=L

COUTIUUE

IB=1

RETURL

EED .
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SUBROUTINE FAIL(L)
-THIS SUBROUTINE CALCULATES STRESSES & STRAINS IN EACH LAYER AT FAILURE
COIMION/LOC4/FLLAY , IMATL(24) ,ALPEA(24)

COlNMON/LOCS5/ALOAD(3,16) ,NLOADS, IEL, ELOAD (3,16) ,NSTRES (16)
COMIMON/1.0C6/ BEPS (3,24) ,BSIG(3,24) ,EPSLAY (3, 24) SIGLAY (3,24) ,EPSLAl
*(3),T(3,3)

COHhON/LOC13/TS(3 3) TE(3 3) ,ALPEAR({24) c3(3 3,24) ,CALPHA(24) ,SALP
*HA(24)

COliHoN/LOC18/1F,KF,FBIG, FBIGP, MF1{24) ,KF1(24) ,IQF
connon/Locze/ALOADB(a) ALOADF(3) +CELAMB(3) CELAhF(3) +GSIG(3,24)
DIMENSION FSIG(3,24), FBPS(B 24)

WRITE(6,10)

FORHAT(/,SX,'FAILURE PREDICTED IN FOLLOWING LAYERS:',/)
WRITE(6,15)

FORMAT (5X, ' (HODE 1=AXIAL; [ODE 2=TRANSVERSE; IODE 3=SHEAR)')
VRITE(6,20) .

FORMAT (5X, 'HODE' ,4Y., 'LAYER')

DO 30 I=1,IQF

WRITE(6,40)MF1(1) ,KF1(I)

FORMAT (2(6%,12))

DO 42 M=1,3

ALOADF (1) =ALOADB (M) +ELOAD (1, L) /FBIGP

WRITE(6,44)

FORMAT (/,43X, *LONGITUDINAL  TRANSVERGE SHEAR')

WRITE(6,45) (ALOADF (1) ,l+=1,3)

FORMAT(SX,'APPLIED FORCBS/LENGTH AT FAILURE:',2X,3(4X,E10.3))

vy 46 hN=1,3

CELAL4F (M) =CELAMB (1) +EPSLAM (M) /FBIGP

WRITE(6,47) (CELAMF (M) ,M=1,3)

FORMAT (/,5X, 'LAMINATE TOTAL STRAINS:',14X,3(2X,E10.3,2X))
WRITE(6,50)

FORMAT(/,5X, 'LAYER STRESSES & STRAINS IN LAYER CO-ORDS. AT FAILURE
.l)

WRITE(6,60)

FORMAT (/,12X, "ORIENTATION',15X, ' STRESSES',31X, 'STRAINS')
WRITE(6,78)

FORMAT (5X, ' LAYER' ,5X, 'ANGLE' ,3X,2( 'LONGITUDINAL',2X, ' TRANSVERSE' ,5
*X, ' SHEAR',5X))

DO 106 K=1,NLAY

DO 80 M=1,3

FEPS(M,K)=BEPS(M,K) +EPSLAY (l1,K) /FB1GP
FSIG(M,K)=BSIG(H,K)+SIGLAY (M,K)/FBIGP,

CONTINUE

WRITE(6,9@)K.ALPHA(K) , (FSIG (1K) M=1,3) , (FEPS(H,K) ,M=1,3)

FORMAT (6X,I2,6X,F6.2,3X,6(E1ll.4, zx))

CONTINUE

VIRITE(6,110) e
FORMAT(/,5X, 'LAYER STRESSES IN LAMINATE CO-ORDS AT FAILURE:')
WRITE(6,112)

FORMAT (/,12X, "ORIENTATION' ,15X, ' STRESSES')
WRITE(6,114)

FORMAT (5X, ' LAYER® ,5X, 'ANGLE' ,3X, 'LONGITUDINAL TRANSVERSE SHEA
*R')

DO 130 K=l,NLAY

T(1,1)=CALPHA(K)**2

T(1,2)=SALPHA(K) **2
T(1,3)=-2.*CALPHA (K) *SALPHA (K)

T(2,1)=T(1,2)

T(2,2)=T(1,1)

T(2,3)=-T(1,3)

T(3,1)=CALPEA(K) *SALPHA(K)
T(3,2)=-CALPEA (K) *SALPHA (K)
T(3,3)=T(1,1)-T(1,2)

PO 120 M=1,3

GSIG(M,K)=0.0

DO 126 J=1,3

GSIG(1,K)=GSIG(M,K)+T(l1,J) *FSIG(J,K)
WRITE(6,140)K,ALPHA (K), (GSIG(N,K) ,U=1,3)
FORMAT (6X,12,6%,F6.2,3X,3(E11.4,2X))

RETURH

END -
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1
SUBROUTINE BREAK (LOOP,L,JA)
————— THIS SUBROUTINE CALCULATES LAYER STRESSES & STRAIHS IN LAYER CO-CRDS. PT
----- EACH BREAK-POINT.
cotion/Loc3/CRITE(3,2,16,2) ,CRITS(3,2,160,2)
COHIMON/ LOC4/NLAY, INATL( 24) ,ALPEA (24)
COIHON/LOC5/ALOAD (3,16) ,HLOADS, IEL, ELOAD (3,16) ,NSTRES (16)
COIiMON/LOCG/ BEPS(3,24) , BSIG(3 24) ,EPSLAY (3,24) ,SIGLAY (3,24) ,EPSLAl
*(3),T(3,3)
connon/Loc7/IssuT(9,2),IBREAK(24) P
COMION/LOC16/I0B, MBL (24) ,KB1 (24) ,ILH(3,24)
*CO?QO?/LOC13/TS(3,3),TE(3,3),ALPHAR(24),C3(3.3,24),CALPHA(24),SALP
HA(24
COHMON/LOC16/BRATIO(3,24) ,FRATIO(3,24)
COMMON/LOC17/DENOH (24 ,2)
conmMon/LoC19/MB, KB, BBIG, BBIGP, BEST (3,24)
COMNON/LOC26/ALOADB(3) ,ALOADF (3) ,CELAMB(3) ,CELANF (3) ,GSIG(3,24)
WRITE(6,10) LOOP
10 FORMAT(/,5X,'BREAK-POINT NO,',I3,' PREDICTED IN FOLLOWING LAYERS:'®
*,/)
WRITE(6,15) .
15 FORHMAT(5X,'(MODE 1=AXIAL; IMODE 2=TRANSVERSE; lNODE 3=SHEAR)')
WRITE(6,20) ‘ -
26 FORMAT(SX,'MODE',4X,'LAYER')
DO 36 I=1,IQ0B
39 WRITE(6.40)MBI(I),KBI(I)
40 FORMAT(2(6X,I2))
DO 42 u=1,3
42 ALOADB () =ALOADS (I1) +ELOAD (11, L) /BBIGP
VRITE(6,44)
44 FORHAT(/ 43X, 'LONGITUDINAL  TRANSVERSE SHEAR')
WRITE(6,45) (ALOADD (M) ,M=1,3)
45 FORMAT (5X, 'APPLIED FORCES/LENGTH AT BREAK-POINT:',3(2X,E16.3,2X))
DO 46 NM=1,3
46 CELAMB (1) =CELAMB (M) +EPSLAM () /BBIGP
WRITE(6,47) (CELAMB(M) ,l1=1,3)
47 FORHAT(/ 5X, ' LAMINATE TOTAL STRAINS:',14X 3(2%,E10.3,2X))"
WRITE(6,50)
50 FORHAT(/ 5X,'LAYER STRESSES & STRAINS IN LAYER CO-ORDS. AT BREAK~P
*QINT:"')
WRITE(6,60)
60 FOPHAT(/ 12X,'ORIENTATION’,ISX,"TRESSES',31X,'STRAINS')
WRITE(6,768)
70 FORMAT (5%, 'LAYER',5X, 'ANGLE',3%,2('LONGITUDINAL',2X, ' TRANSVERSE®,5
*X,'SHEAR' ,5X))
DO 86 K=1,NLAY
DO 80 n=1.3
BEPS(11,K) =BEPS (M, K) +EPSLAY (},K) /BBIGP
BSIG(l:i,K)=BSIG(M,K)+SIGLAY (M,K)/BBIGP
80 CONTIMNUE
IF (ISENT(JA,1)-2)85,160,120
85 DO 90 I=1,IQB
II=IMATL(KB1(I))
IL=1
IF (BSIG(I:B1(I),KB1(I)).LT.0.)IL=2
BSIG(MB1(I),KB1(I))=((=1)**(IL+1))*ABS(CRITS(1BI(I),IL,II,1))
DO 96 M=1,3 . ’
906 BEST(I1,KB1(I))=BSIG(HK,KB1(I))
GO TO 140
166 DO 110 I=1,IQB
II=IMATL(KBl(I))
IL=1
IF(BEPS(MB1(I),KB1(I)).LT.0.)IL=2 :
BEPS(I'B1(I),KB1(I))={(-1)**(IL+1))*ABS(CRITE(MB1(I),IL,II,1))
DO 116 n=1,3
116 BEST(M,KBl(I))=BEPS(I,KB1(I))
GO TO 140
128 po 130 I=1,I0B
II=IMATL(KDB1(I))
DO 130 MN=1,3
136 BEST(M,KB1(I))=BSIG(I,KB1(I))
140 DO 150 E-1,NLAY
158 WRITE(6,166)K,ALPHA(K), (BSIG(N,K) ,l=1,3), (BEPS(!,K) ,11=1,3)
160 FORMAT(6X,I2,6%,F6.2,3X,6(E11.4,2X))
WRITE(6,170)
170 FORMAT(/,5X,'LAYER STRESSES IN LAMINATE CO-ORDS AT BREAK-POINT:')
WRITE(6, 172)
172 FORHAT(/ lZX,'OPIEWTATIOH',l %, 'STRESSES"')
WRITE(6,174)
174 FORMAT (5X,'LAYER ANGLE  LONGITUDINAL TRANSVERSE SEEAR')
DO 19C K=1,MLRAY
T(1,1)=CALPHA (K) **2
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T(1,2)=SALPHA(K)**2
T{1,3)=-2.*CALPRA(K) *SALPHA(X)
T(2,1)=T(1,2)

T(2,2)=T(1,1)

T(2,3)=-T(1,3)
T(3,1)=CALPHA(K) *SALPHA (K)
T(3,2)=-CALPFA (K) *SALPEA (K)
T(3,3)=T(1,1)-T(1,2)

DO 186 H=1,3

GSIG(Il,K)=0.0

DO 186 J=1,3 .
GSIG(M,K)=GSIG(M,K)+T(11,J) *BSIG(J,K)
VRITE(6,200)K,ALPEA(K), (GSIG(H,K) ,1N=1,3)
FORIAT(6X,12,6%,F6.2,3X,3(E11.4,2X))
RETURN .

END

SUSROUTINE APLOAD(L)

~-THIS SUBROUTINE COMPUTES STRESSES & STRAINS IN EACH LAYER AT ANY
~-PREDETERMINED LEVEL OF APPLIED LAMINATE STRESS.

COMION/LOC4 /LAY, IMATL (24) ,ALPHA (24)

COIMHON/ LOCS /ALOAD{3,16) ,NLOADS, IEL, ELOAD (3,16) ,NSTRES(16)
COHMON/LOC6/BEPS(3,24) ,BSIG(3,24) ,EPSLAY(3,24) ,SIGLAY(3,24) ,EPSLAH
*(3),T(3,3)
conmHon/Loc13/7Ts(3,3) ,TE(3,3) ,ALPEAR(24) ,C3(3,3,24) ,CALPEA(24) ,SALP
*IA(24) .
COMHION/LOC208/ALOADB (3) ,ALOADF (3) ,CELAMB(3) ,CELAMF (3) ,GSIG(3,24)
DIMENSION APLODB(3,16),CAPLAN(3) ,APEPS(3,24) ,APSIG(3,24)
WRITE(6,10)

FORMAT (//,5X, ' LAMINATE LOAD HAS REACHED PREDEFINED LEVEL')
WRITE(6,20)

FORMAT(//,43X, ' LONG ITUDINAL TRANSVERSE SHEAR®)
DEF=ALOAD(IEL, L) ~ALOADB(IEL)

Do 36 un=1,3

APLODB (11, L) =ALOADB (M) +ELOAD (I, L) *DEF

WRITE(6,40) (APLODB(,L) ,1i=1,3)

FORMAT (5X, 'APPLIED FORCES/LENGTH:',13X,3(4X,E10.3))

DO 56 M=1,3

CAPLAM (11) =CELAMB (M) +EPSLAN (M) *DEF

YRITE(6,60) (CAPLAM(M) ,M=1,3)

FORMAT(/,5X, 'LAMINATE TOTAL STRAINS:',14X,3(2X,E10.3,2X))
WIRITE(6,70)

FORMAT(/,5X, 'LAYER STRESSES & STRAINS IN LAYER CO-ORDS. AT PREDEFI
*NED LANINATE LOAD LEVEL:')

WRITE(6,80)

FORMAT(/,12%, 'ORIENTATION',15X, ' STRESSES',31X, ' STRAINS')
UIRITE (6,90)

FORHAT (5X, ' LAYER' ,5X, 'ANGLE® ,3X,2( 'LONGITUDINAL' ,2X, ' TRANSVERSE' ,5
*%, 'SHEAR',5X))

DO 120 K=1,HLAY

DO 100 M=1,3

APEPS{1i,K)=BEPS(},K) +EPSLAY (M,K) *DEF
APSIG(M,K)=BSIG(M,K)+SIGLAY (l1,K) *DEF

CONTINUE .
WRITE(6,110)K,ALPHA(K) , (APSIG(I,K) ,M=1,3), (APEPS(14,K) ,11=1,3)
FORMAT (6%X,12,6X,F6.2,3%,6(B11.4,2}))

CONTINUE

WRITE(6,130)

FORMAT(/,5X, 'LAYER STRESSES IN LAMINATE CO-ORDS AT APPLIED LOAD:')
WRITE(6,140)

FORMAT(/,12X%, '"ORIENTATION',15X, ' STRESSES')

WRITE(6,150) :

FORHAT (5%, ' LAYER ANGLE LONGITUDINAL TRANSVERSE SHEAR')
DO 170 K=1,NLAY

T(1,1)=CALPHA(K)**2

T{1l,2) ESALPHA(K)*®2

T(1,3)=-2.*CALPHA(K) *SALPHA (K)

T(2,1)=T(1,2)

T(2,2)=T(1,1)

T(2,3)=-T(1,3)

T(3,1)=CALPHA (K) *SALPHA (K)

T(312)=-T(3r1)

T(3p3)-T(1;1)_T(112)

DO 166 N=1,3

GSIG(M,K)=0.8

DO 160 J=1,3

GSIG(M,K)=GSIG (1, K)+T(l1,J)*APSIG(J,K)
WRITE(6,186)K,ALPEA(K) , (CSIG(I:, K) ,1i=1,3)

FORMAT (6X,12,6X,F6.2,3X,3(E11.4,2X))

RETURK

END
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9.1.2 Sample Cases

Case 1:
EO/t‘as/9o]q G1/Ep laminate.

~ Same material in all layers.

- All nine possible. types of break point/failure anaiyses performed.
- Quadratic interaction coefficient selected by user.
- No. of load-sets: 1.
- Stress print-out not requested at any specified laminate load.
- Post-break-point modulus in transverse tension input negative
to demonstrate capability of program to model stress-strain

curve with negative slope.
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FILE: BILAMRC1 DATA A

EELASTD NLAMM=1, NMATLL=1,
AXE{1yle1)=6,20F 26,
AXEl 1,2, 1}=6.5E N3,
TRANF(1,1,19=1.,650E 06,
TRANE{ 1,2,1)=2.00E 06,
Gl1l,1, 11=0.63E 0¢.
AXNU(Le1,19=0,3,
AXE{l,192)=6,20E 06,

AXE( 19 2,2V=1.31E 06,
TRANE(1,4142V=-0.20E 00,
TRANE(1,2,2)=0,140€ 06,
Glle 1e29=0.0475€E 06+
AXNU(1,41+20=043,

AXNU(L 41 431=0.3,

AXNUC 1o 194)=00 3¢
AXNU{1,1,51=0.3s

EEND

LCRITIC
CRITS{le1,1,19=2300.E 03,
CRITS(2,1,1,1)=>3.10E 03,
CRITS(3,1s1,11=6.62E 03,
CRITS(1,1,1,2v=229.0F 03,
CREITS(2+14142)=25,0E407,
CRITS(3,1,1,29=6642E 03,
CRITE(1, L, 1, 1¥=370,E-03,
CRITE{2,1+1,+17=14,00£-03,
CRYITE(3, 1,1, 1Y=10,5E-03,
CRITE(1,1y1,2¥=37,00€-03, .
CRITE(24141,2)=22 ,90E 03,
CRITE(3,1s1s2)=130.0€-03,
EEND

ssese VILLANOVA UNTVERSITY INTERACTIVE SYSTEM -—- VM REL 6, PLC

CRITS(142,1,13=2100. 0E 03,
CRITS (242414 11=20.0€ 03,
CRITS(342+1410=6.62E 03,
CRITSI142,1,2V=134, CE 03,
CRITS (242, 1,21=25,.0E+07,
CRUTS{3,24+1421=66.2F 03,
CRITE({14201e1V=16s 1E~03,
CRITE(2,2,1,1)=12.1E-03,
CRITE(34241413=10.5E~03,
CRITE(1424142V=22.0E-03,
CR!TE(Z.Z- ‘.' Z'=7°-05-03'
CRITE(34241+2)=130.0E-03,

£0PT1 NLOADS=1,A12(1,1)=16%0.,0,NANS=9 -

EEND

ENPYION ISENV(1,11=1,1SENT(1,2V=1,

ISENT(2,1=1,(SENT (2,2¥=2,
ISENT(3,41V=1 4ISENT(3,2)=3,
[SENT( 4, 11=2,[SENT( 4,20=1,
ISENT(5,11=2,ISENT (5,21=2,
ISENT{6,11=2 s1 SENT(6,2})=3,
(SENTI7,11=3,ISENT( 7,2V=1,
ISENT(8,11=3,(SENT(8,2)=2,
ISENT{9,11=3 ,1 SENT(9,2)=3,
EEND

&L0AD

ALOAD(L;:11=1 .0 ALNANI? .1 ¥x1 .N.

EEND
£GEOMED NLAY=A, [MATLE8%1,

ALPHA(1130,0,ALPHA[21=45,00 ALPHA(312-45,0,ALPHAL 41=90,. 0y

ALPHALS5) =90, 04 ALPHA(6) ==45,

DEL TA=9%0,125
6END

0o ALPHA (T 1245 .0y ALPHA(81==0.0,

MATERIAL ELASTIC PROPERYIES:

PROPERT [ES BEFDRE BREAK-POINT: .
MATL AXTAL YOUNGS MODULUS TRANS YOUNGS MODULUS SHEAR AXTAL
NO mULULUS PCISSCN
T ENS ION COMPR TENSION COMPR RATIC
1 0. 6200 07 0.6200€ 07 0.1650E 07 0.1650€ 07 0.6300€ 06 0.2000€ 00
PROPERTIES AFTER BREAK=POINT:
MATL AX AL YOUNGS MODULUS TRANS YOUNGS MODULUS SHEAS
NC ] MOonuLLS
TENSION COMPR TENSION COvPR
| . 0.6200E€ 07 0.1310€E 97 -0,200CE €O 0. 1400E C6 0.47SCE G5
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#sssens AX[AL PCISSONS RATIO #sese99 12
AX COMPR  SHEAR/T TENS TR COMPR cLaD

0.3C00€ 00 0.3000€ 00 0.3000€ 00 03000 00

INPUT RRFAK—PNINT STRESSES £ STRAINS:

STRESSES B STRAINS
MATL AX 1AL TRANS SHEAR AXIaL TRANS SEEAR
TENS 1 0.230E 07  0.231F 05  0.662€ 04 0.370E 00, O.14CE-01  0.1CSE-OL

[os] 14 0. 100 06 0. 200E 0S5 0. 662E 04 o 0.161E-01 " 0.121€=01 0.105€~01

INPUY WL TIMATE STRESSES & STRAINSS

STRESSES STRAINS
. -
MATL AXIAL TRANS SHEAR ax [aL _TRANS . SHEAR
-TENS 1 0,229€ 06 0.250E 09 0.662€E 05 0.37CE-C1 0. 29CE 04 - 0.130€ 00
COMP 0. 134F 06 0.250E 09 0.662€ 05 0,220€-01 C.700E-01 0.130E CO

OQUANRATIC INTERACTION CO-€EFFICIENTS 2

MATER [AL BREAK-PO INT FAILLRE

<

1 0.0 0.0

LAMINATE 1

LAYER MATERTAL THICKNESS ANGLE

1 1 0.1250 0.0

2 1 0.1250 45 .00

1 1 0.1250 =45.00 !
4 1 0.1250 - 90.00

5 1 0.1250 90.00

6 1 0.1250 ~-45.00

v 1 0.1250 45.00

8 1 0.1250 0.0

N
LONGITUDINAL  TRANSVERSE SHEAR
_APPLIED LAMINATE FORCES/LENGTHS 0. 100 01 0.100E O 0.0

ANALYSTIS NUMBER 13
BREAK~PCINT ANALYSIS= 13 FATLURE ANALYSIS= L

{1=MAX STRESS CRITERION; 2=MAX SVYRAIN CRITERION: 3=QUADRATIC INTERACTICA CRITERICN)
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LAMINATE TANGENT STIFFNESS MA TRIX:

0.346E 07 0.107E 07 0. 625E-01
0.107F 07 0w346E 07 0.150E ¢C1
0.625E-01 0.150E 01 0.119€ 07

‘LAMINATE TANGENT MODULT € POI SSON RATIOS:

YOUNGS POISSON SHEAR

MoDULUS RATIC . MCDULUS
LONG 0.312623€ 07 0.309647E 00 0.119354E Q7
TRAN 0. 312623 07 0.309647€ 00 0.119354E 07

BREAK-POINT NO. 1 PREDICTED IN FOLLOWING LAVERS:

(MODE 1=AXIAL: MODE 2=TRANSVERSE; MCDE 3=SHEAR) N
MODE LAY ER
2 1
2 2
2 4
2 5
2 r
2 A
2 3
2 6
LONGITUDINAL TRANSVERSE SHEAR
APPLIED FDRCES/LENGTH AT BREAK-POINT: 0.476E 05 0=476E C5 0.0
LAMINATE TOTAL STRAINS: 0.105E~01 0.105E-01 -0.138€E-07
LAYER STRESSES £ STRAINS IN LAYER CO-ORDS. AT BREAK=PCINT:
ORTENTATION STRESSES STRAINS
LAYER ANGLE LONGITUDINAL TRANSVERSE SHEAR LONGITUCINAL TRANSVERSE
0.0 N.7210€E 0S 0.2310E 0% <-0,8669E-02 0. 1CS1E-C1 0. 1051 E-01

D AW

LAYER STRESSES IN LAMINATE CO-0RDS AT BREAK-POINT:

OR{ENTATYION STRE SSE S
LAYER ANGLE  LONGITUDGINAL TRANSVERSE SHEAR
0.0 0.7210E 05 0.2310€ 05 ~-0.8669E-02

45,00 0.4760E 05 0.47¢0F Q5 0. 24508 CS
-45.00 0.4760E 05 D.4760E 05 -0.2450F €5
90. 00 0.2310€ 05 0.7210€ 0S 0.5344E-01
9%.00 0.2310F 05 0.7210€ QS Q. S344E~-C1
-45.00 0.4760E 05 0.4760€ 05 -0,2450€ CS
45. 00 0. 4760E 0S5 0. 4TE£0E 0S5 0.2450€ 05

0.0 0.7210€ 05 0.2310E 0% -0.86€69€-02

®JON D W~

SHEAR &£/0R TRANSVERSE BREAK-POINT REACHED IN EVERY LAYER

LAMINATE TANGENT STIFFNESS MATRIX:

0.235€ 07 0.TS1E 06 0.6256-01
0.751E 06 0.235€ 07 0.194E 01
0.625F-01 0. 194E 01 0. 799 06

LAMINATE TANGENT MOODULTI € POISSON RAYIOS:

YDUNGS POISSNN SHEAR

MODULUS RAT IC MODUL US
LONG 0.210846E 07  0.319851E Q0 0. 798750€ 06
TRAN 0,210846E 07 0.319851E 00 ° 0.798750€ C6

FAILURE PREDICTED IN FOLLCWING LAYERS:

{MODE 1=AXTAL; MODE 2=TRANSVERSE; MODE 2=SHEAR)
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45. 00 0.7210F 0S 0.2310€ 05 <-0.4134€-08 0.1051€-01 0.10516~-C1
-45,00 0.T210E 0S 0.2310E 05 =0.4134E-08 0.1051F-01 0.1051€-01
90,00 0.7210E 05 0.2310€ 05 0.8669€-02 0., 1C=1E~C1 Ce 1051E-C1
90. 00 0. T210E 05 0.2310E 0S5 0.8669€E-02 0.1051€-01 0.1051€-01
-45.00 0.7210€ 05 Use 231Uk UZ =-U.41348=08 d.1091E=01 0:1051€-01
45,00 0.7210€ 05 0.2310€E 05 =0.4134F-08 0.,1051E~-01 Ce 1051E=C1

0.0 0. 7210 0S 0= 2310E 05 <-0.8669€E-~02 0.1051E-01 0. 1051 €-01

SHEAR
=0.,1376E-07
=~0.6562E-14
~0.6562€-14

Ce137€€-07
0.127£E-07
-0s6562C 1%
=0.6%62E~-14
-0.1376E~-07



“ODE LAYER
1 3
1 6
1 4
1 5
1 i
1 8
1 2
1 14

APPLIED FORCES/LENGTH AT FAILURE:

LAMINATE TOTAL STRAINS:

LONGT TUDINAL . TRANSVERSE SHE 2R
0.126E 06 0.126E 06 0.0
0. 358E-01 0.358€-01  -0.7T1E-O7

LAYER STRESSES £ STRAINS IN LAYER CO-ORDS. AT FAILURE:

ORTENTATION STRESSES
LAYER ANGLE LONGITUCINAL TRANSVERSE SHEAR
1 0.0 0.2290€E 06 0.2310€ 05 =-0.1168€-01
2 45.00 0.2290E 06 0.231CE 0S C. 1271E-C2
3 -45, 00 0.2290E€ 06 0.2310€ 05 =~0.1271€-02
4 90. 00 0. 2290E 06 0.2310€ 05 0.1168€-01
5 90.00 0,2290€ 06 0.2310€ 0S5 0.1168E-01
] -45,00 0.2290E 06 0.2310€ 05 —0.1271€-02
7 45.00 0.2290F 06 0.2310F 05 0. 1271€-02
8 0.0 0.2290E 06 0.2310E 05 =~0.1168E-01

LAYER STRESSES IN LAMINATE

CO-ORDS AT FAILLURE 2

ORTENTATINN "STRESSES
LAYER ANGLE LONGI TUDINAL TRANSVERSE SHEAR
1 0.0 0.2290€ 06 0.2310€ 05 -~0.11€8E-01
2 45,00 0.1260€ 06 0.1260F 06. 0.1029E 06
3 -45%, 00 0. 1260E 06 0. 1260 06 <~0.1029€E 06
4 90.0n 0.2310€ 05 0.,2290E 06 0.24S3€ ©O0
5 90, 00 0.2310€ 05 0.2290€E 06 0.2493€ 00
6 . =45.00 0. 1260 06 0.1260 06 ~0.1029€¢ 06
7 45,00 0.1260€ 06 0.1260€ 06 0.1029€ C6
8 0.0 0.2290€ 06 0.2310€ 05 ~0.1168€-01

FIRST FIBER FATLURE

ANALYSIS NUMBER 23

BREAK~-PO INT ANALYSIS= 13

{1=MAX STRESS CRITERION: 2sMAX STRAIN CRIVERION: 3=QUADRATIC

LAMINATE TANGENT SV IFFNESS

0.346F 07 0.107€ 07
0.107€ 07 0.346€ 07
0.625E-01 0.150E Ot

FATLURE ANALYSIS= 2

MATRI X2

0.625E-01
0.1508 01
0.119€E 07

LAMINATE TANGENT MODULT & POTSSON RATIOS:

YCUNGS

MODUL US
LONG 0.312623€ 07
TRAN 0.312623€ 07

BREAK-POINT NO,

(MNOF 1=AXIAL S

MODE LAYER -
2 1
2 2
2 4
2 5
2 k4
2 - 8
2 3
I'e [}

PCISSON
0.309647E 00
Q. 309€47E 00

1 PREDICTED
MODE 2=TRANSVERSE:

SHEAR

RATIOD MaDULUS

0.119354E€ 07
0.119354E 07

IN FOLLOMWING LAYERS:
YODE 3=SHEAR)
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LONGTTUD INAL
0.3582€-01
0.3582€-01
0.35826-01
0.3582€-01
0.3%82€~-C1
0.3582€~01 .
0.3582€-01
0.2582E-C1

STRAINS
TRANSVERSE
0.3582€-01
0.3582€-01
0.2982F=C1
0.3%582€-01
0.3582€-01
0.3582€-01
0.3582€-01
0.3582€-C1

[+

SHE AR
~0.77126-07
0.2676E~07
~0. 267¢E~07
0.77136-07
0.7713E-07
~0.2676E-07
0.2676€-07
~0. 7713E-07

INTERACTION CRITERION}



LONEITUCINAL  TRANSVERSE SHEAR
APPLIED FORCES/LENGTH AT BREAK-POINT: 9.4T6E 05 0.4T6E CS 0.0
LAMINATE TOTAL STRAINS: 0.105€-01 0.1056-01  -0,1386-07
LAYER STRESSES & STPAINS IN LAYER CO-CRDS. AY BREAK-PCINT:
ORIENTATION STRESSES STRAINS
LAYER ANGLE  LONGITUDINAL TRANSVERSE SHEAR LONGITUDINAL TRANSVERSE
1 0.0 0.7210E 05 0.2310E-05 -0.8669E-02 0.1C51E-Ct  0.1051€-01
2 45.00  0.T210FE 05 0.2310E 05 -0.4134€-08 0.1051€-01 0.1051€-01
3 -45.00  0.T210F 05 0.2310F 05 =-0.4134E-08 0.1051F-01 0.1051€-01
4 90.00  0.7210E 05 0.2310E 05 0.86696-02 0,1CS1E-C1 0. 10S1E-C1
5 90.00  0.7210E 05 0.2310E 05 0.8669E-02 0.1051€-01 0.10S1E-01
6 -45.00  0.7210F 05 0.2310E 0% -0.4134E-C8 0.1CS1E-01  0.1051€E-01
v 45.00  0,7210F 05 0.2310E 05 =-0.4136E-08 0.1051€-01 0. 1C51E~01
8 0.0 0-T210E 05 0.2310E 05 -0.8669E-02 0.1051€-01 0.1051F-01
LAYER STRESSES IN LAMINATE CO-ORDS AT BREAK-POINT:
"DRIENTATION STRE SSE S
LAYER °  ANGLE LONGITUOINAL TRANSVERSE SHEAR
1 0.0 0.7210€ 05 0.2310€ 05 -0.8669€~02
i 45400  0,4760E 05  0.4760E 05  0.2450F €S
3 -45.00  0.4760F 05 0.4740F 05 -0.2450E €S
4 - 90,00  0.2310E 05 0.7210E 05 0.5344E-01
s 90.00 ° 0.2310F 05 N.72I10F 05 0. S344E-Cl
6 -88,00  0.4760E 05 0,4760F 05 =-0.2450F C5
7 45,00  0.4T60E 05 0.4760E 05 0.2450F 05
8 5.0 0.7210€ 05 0.23106 05 -0,8669E~-C2
SHEAR €/OR TRANSVERSE BREAK-POINT REACHED IN EVERY LAYER
LAMINATE TANGENT STIFFNESS MATRIX2
0.235€ 07 0.7S1E 06 0.625€-01
0.7S1E 06 0.235€ 07 0.194€ 01
0.62SE-01 0.194€ 01 0. T99E 06
LAMINATE TANGENT MODULT € POISSON RAT [OS:
YOUNG S PNT <SNN HEAR
MODULUS RATIO MODULUS
LONG 0.210846E 07  0.3198S1€ 00 0. T98TSOE 06
TRAN 0:210846E 07  0.317051C 00  0,™707SOC 06
FAILURE PREDICTED N FOLLOWING LAYERS:
{MODE 1=AXTAL; MODE 2=TRANSVERSE; MODE 3=SHEAR)
MONDE  LAYER
1 3
1 6
1 4
1 5
1 1
1 a
1 2
1 7
LONGITUDINAL  TRANSVER SE SHEAR
APPLTED FORCES/LENGTH AT FAILURE: 0.130E 06 0.130€ 06 0.0
LAMINATE TOTAL STRAINS: 0.370E-C1 0.370E-C1  -0.801E-07
LAYER STRESSES & STRAINS IN LAYER CO-CRDS. AT FATLURE:
ORTENT AT [ON STRESSES STRAINS
LAYER ANGLE  LONGITUOINAL TRANSVERSE SHEAR LONGITUDINAL TRANSVER SE
1 0.0 0.2363E 06 0.2310E 05 =-0.11826-01 0.3700E-01  0.3700E-01
2 45,00  0.2363€ 06 0.2310E 05 0.13306-02 0,37C0E-01  0.3700E-01
3 -45.00  0.2363E 06 0.2310E 05 =0.1330E-02 0.3700E-01 0.3700E-01
4 90.00  0.2363E 06 0.2310E 05 0.1182E-€1  0.3700E-01 0, 3700E-01
5 90,00  0.2363E 06  0.2310F 05 0,1182F-01 0.2700E-01  C. 3700E-01
6 -45,00  0.2363F 06 0.2310E 05 =-0.1330E-02 0.3700E-01 0.3700€-01
v 45,00  0,2363€E 06  0.2310E 05 0.1330E-02 0.37CCE-01  0.3700€-01
A 0.0 142363E 06  0.2310E 05 =0.1182€-01 0.370GE-01  0.3700£-01
LAYER STRESSES IN LAMINATE CO~ORDS AY FAILURE:
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l.§

SHEAR
=0.1376€E-07
=0.6%62E-14
~0.6562E-14

0. 137¢E~-07
0.127€6-07
-0.6562E-14
- 0e6%62E-14
-01376E~-07

SHE AR
~0<8009€~07
0.2801E-07
-0.2801€-07
0.8009E-07
0. B00SE~07
-0.2801E-07
0.2801€-07
-0.800SE~07



ORIENTATION

LAY ER ANGLE
0.0
45. 00
-45.00
90.00
90. 00
=45.00
45,00
0.0

® Oy NN -

LONGITUDINAL
0.2363E 06
0.1297€ 06
0.1297¢ 06
0.,2310F 05
N. 2310E 0S5
N.129TE 06
0.1297E 06
0. 2363€ 06

FIRST FIBER FATLURE

ANALYSIS NUMBER 1

BREAK-PNINT ANALYSIS= 1%

{1=MAX STRESS CRITERION:

STRESSES
TRANSVERSE
0..2310E 05
0.1297F 06
N.1297E 06
N.2362E 0¢
0.2363E 06
0.1297E 06
N.1297€E 06
0.2310€ 05

2=MAX STRAIN CRITVERION:

LAMINATE TANGENT STTFFNESS MATRIX:

0.346E 07 0.
0.107E 07 0.
0.625€E-01 0.

107E 07
346E 07
150F 01

0. 625E-01
0.150E 01
0.119€ 07

LAMINATE fANGENT MODULI & POISSON RATINS:

SHEAR
~0.1182e-C1
0.1066E 06
-0.10€6E C6
0,.,2585E
0.258SE
-0.1066E C6
0.1066E 06
-0.1182E-01

00

FAILURE ANALYSIS= 13

YOQUNG S POUSSON . SHEAR

MODUL US RATIO MODULUS
LONG 0.312623€ 07 0. 309647 00 0.119354E 07
TRAN 0.312623E 07 0.309647E 00 0. 119354 (7

BREAK-POINT NO., 1

(MNDE 1=AXTIAL 3
MODE LAYER

NNNNNNNON
WD YD N

APPLIED FORCES/LENGTH AT BREAK-PUINT:

LAMINATE TNTAL STR

NRIENTAT ION
ANGLE
0.9
45.00

LAYER

-45.00
90.00
90.01

~45, 00
45.00

PREDICTED

MONE 2=TRANSVERSE ;

MODE 3I=S

IN FOLLOWING LAYERS:

HEAR}

00 .

/.6

LONGT TUDINAL TRANSVER SE SHE AR
0.476E 05 0.476F 0S5 0.0
AINS: 0s 105E-01 0.105E~C1 -0.138¢€-07
LAYER STRESSFS £ STRATNS IN I AYFR CN-0R0DS, AT BREAK=POINT:
STRESSE S . STRAINMNS

LONGITUDINAL TRANSVERSE SHEAR LONGITUDINAL TRANSVERSE
0. 7210 0S 0.2310F 05 ~0.8669E-02 0.1051E-01 0.1051¢6-01
0.7210E 0S 0.2310E 05 -~0.,4134E~(C8 0.1051E-01 0.1051€-01
0.,7210€ 0S 0.,2310€ 05 -~0,4134F-08 0.1GS51E-01 0. 10S1E-C1
0. 7210E 05 0. 2310 0S 0. 8669E-02 0.1051€-01 0.1051€~01
0.7210E 0S5 0.2310E 05 0.8669E-02 0. 1CS1E-C1 0. 1051 E~01
0.7210E 0S 0.2310E 05 =-0.4135€E-08 0.1051€-01 0.1051E-C1
0.T210€ 0S5 Ne2310E 05 —0.4134E-C8 0.1051€-01 0.1051F-01
0.7210EF 0S 0+2310E NS <~0.8669E-02 0. 1¢S1E-QC1 0.1051E-01

B AP WN

0.0
LAYER STRESSES IN

ORTENTATION

ANGLE
0.0
45.00
=45, 00
90.00
90. 00
~-45.00
45,00
0.0

LAYER

B NS wWN

SHEAR &£/0R TRANSVERSE BREAK-POINT REACHED I[N EVERY LAYER

LAMINATE CO-CRDS AT BREAK-POINT:

LONGT TUDI NAL
0.7210€ 0S5
0.4760€ 0S5
0e 4T60E 0S5
0.2310€ 05
0.2310E 05
0. 4760€ 05
0.4760€ 05
2, 7210 0S8

STRESSES
TRANSVERSE
0.2310E 0F%
0.4760€E 05
0. 4760F 0S5
0.7210E 05
0.T210E 25
0.47¢0E 0S5
0.4760E 05
0+2310E 05
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SHEAR
- 0. B669E-02
0.2450F 0S5
-0.26450€ 0S5
0.5244E-C1
0.5344F-01
-0.2450€ 05
0.2450F €S
-04B669E-02

3=CUADRATIC INTERACTION CRITER{ON)

SHEAR
~0.137€E-07
~0.6562E-14%
-C.6562E~-14
0.1376€~07
0.1376E-07
-0e6562E-14
-0.6562E~-14
-0.1376E-07



LAMINATE TANGENT ST IFFNESS MATRIX:

0.235¢ 07 0.7S1E 06 0.625E-01
0.751E 06 0.235€ 07 0.194€ 01
0.625E-01 0.194€ 01 0.799E 06

LAM INATE TANGENY MODULI & POI SSOM RATIOS:

Y OUNGS POISSON SHEAR

MONDUL US RATIC MODULUS
LCNG 0.210846E€ 07 0.319851€ 00 0.7987S50E 06
TRAN 0. 210846E 07 0.,7987TS0E 06

0.319851€ 00

FATLURE PREDICTED IN FOLLOWING LAVERS:

L7

(MNDE 1=AXTAL; MODE 2=TRANSVERSE: MODE 3=SHEAR)
MODE LAYER
1 3
1 4
1 5
1 6
L 1
1 8
1 2
1 7
LONGT TUDINAL TRANSVERSE SHE AR
APPLIED FORCES/LENGTH AT FAILURE: 0.126E 06 0.126FE Q& 0.0
LAMINATE TOTAL STRAINS: 0. 3%88E-01 0.358€-01 ~0.7T1E-07
LAYER STRESSES & STRAINS [N LAYER CO-OROS. AT FATLURE:
ORTENTATION STRE SSES STRAINS
LAYER ANGLE LONGITUDINAL TRANSVERSE SHEAR LONGITUDINAL TRANSVERSE
1 9. 0 0. 2290E 06 0.2310F 05 ~0.1168E-01 0.3582E-01 0.3582¢-01
2 45.00 0.2290€ 06 0.2310€E 0% 0.1271E-C2 0,3582€E~01 ' 0.3582€£-01
3 =45.00 0.2290F 06 N.,2310€ 05 -0,1271£-02 0.2582F-01 0. 25826~ C1
4 90. 00 0. 2290E 06 0.2310€ 05 0.1168€-01 0.3582€-01 0.3582€-01
5 90,09 0.2290€ 06 0.2310€ 05 0.1168E-01 0.3%€2€-C1 0.3582E-01
6 =45, 00 0.2290€ 06 N.2310€ 05 ~0.12T1E-02 0.35876-C1 0.3582E-01
k4 45.00 0.2290E 06 0.2310E 05 Ce 1271E-C2 0.3582E-01 0.3582E~01
8 0.0 0.2290€ 04 0.2310E 05 -0.11&8E-01 U.3%82E~U1 Ue 3582E=01
LAYER STRESSES IN LAMINATE CO-0RDS AT FAILURE:
OR(ENTATION STRESSES
LAYER ANGLE LONGITUDINAL TRANSVERSE SHEAR
1 0.0 0.2290E 06 0.2310€ 0% =0.l1€8E=01
2 45, 00 0.1260E 06 0.1260€ 06 0.1029E 06
3 ~45, 00 0. 1260F 06 01260 06 -0,1029€ 06
4 90,00 0.2310€ 05 0.2290E 06 0.2493E 0C
S 90. 00 0.2310E 05 0+.2290E 06 0.2493€ 00
6 -45,00 0.1260E 06 0.1260E 06 =-0.1029€ C6§
T 45.00 0.1260€ 06 0.+1260€E 06 0.1029€ Q6
8 2.0 0. 2290E 06 0.2310E 05 ~—0.1168€-01

FIRSY FIBER FAILURE

ANALYSIS NUMBER 4t
BREAK-POINT ANALYSIS= 23 FAILURE ANALYSIS= 1
(1=MAX STRESS CRITERION: '2=MAX STRAIN CRITER(UN%

LAMINATE TANGENT STIFFNEéS MATRI X3

0.346€ 097 0.107€ 07 04625E-01
0.107€ 07 0.346F 07 0.150E 01
0.625E-01 0.150E 01 0.119€ 07

LAMINATE TANGENT MODULI & POI SSON RATIODS:

YCUNGS
MOD UL US

PCISSON
RATIC

SHEAP.
»aouLus

-58—

SHE AR
-0.71712¢6-07
0.2676E-07
=~0.26T7¢E-07
0.7713E-07
0.7713E-07
-0e26TEE~-0
0.26T6E~07
=0.7713€=07

32QUADRATIC INTERACTION CRUTERION?



LONG
TRAN

BREFAK ~80 INT NN,

{MOOE 1=AXTAL: MODE 2=TRANSVEQSE: MODE 2=SHEAR)
MODE LAYER ’
2 1
2 2
-2 4
? 5
2 7
2 8
2 3
2 6
LONGITUDINAL TRANSVERSE SHEAR
APPLIED FORCES/LENGTM AT BREAK-POINT: 0.634E 05 0.634E CS 0.0
LAMINATE TOVAL STRAINS: 0.140E-01 0.140€-01 -0 .183E~-07
LAYER STRES'SES & STRAINS IN LAYER CO-ORDS. AT BREAK~PCINT:
ORTENTATION STRESSES STRAINS
LAVER ANGLE  LONGITUDINAL TRANSVERSE SHEAR LONGITUDINAL TRANSVERSE
1 0.0 0.9603€ 05 0.3077TE 05 -0.1155€-01 0.140CE-01 0. 14COE-C1
2 45. 00 0. 9603E 05 0.3077E 05 -0.5506€~-08 0.1400€-01 0.1400€~01
3 -45,00 0.9603€ 0S5 0.3077€ 05 -0.5506E-08 0. L4CCE-C1 C. 1400E-01
4 90, 00 0.9603E 05 - 0.3077TE 0S 0.1155€6-01 0.1400€-01 0. 14C0E-C1.
5 90.00  0.9603F 05 0.3077¢ 05 0.11556-01  0.1400€-01  0.1400€E-01
6 -45.00  0.9603E 05 0.3077€ 05 =-0.5506E~C€ ~ C.140CE-Cl  C,1400E-01
7 45, 00 0. 9603E 05 N.3077TE 05 -0.5506E-08 0.1400E-01 0.1400E~-01
8 0.0 0.9603E 05  0.3077 05 -0.11SS€-Cl  0.1%00E-01  0,1400E-01
LAYER STRESSES IN LAMINATE CO-CRDS AT BREAK-POINT:
OR YENT AT ION STRESSES
LAYER ANGLE LONGITUOTINAL TRANSVERSE SHEAR
1 0.0 0. 9603E 05 0.3077E 05 -0.11556-01
2 .85.00  0.6340F 05 0.6340E 0%  0,3263F €S
3 -45, 00 0. 6340€ 05 0+6340€ 0S5 =0.3263E 0S
L 90. 00 0.3077€ 0S O0e 9603 05 0. 7118E~01
5 90.00 0.3077E 05 0.9603E 05 O.7118€-01
6 -45.00  0.6340E 05 0.6340€ 05 =-0.3263E 05
v 45.00  0.6340E 05  0.6340E 0%  0.3263E 05
] 0.0 0.9603E 05 0.3077E 0S -0.115§E-Cl
SHEAR &/0R TRANSVERSE BREAK-POINT REACHED IN EVERY LAYER
LAM INATE TANGENT STIFFNESS MATRIX:
0.235E 07 0.7SLE 06 0.625€-01
0.751E 06 0.235€ 07 0.194E 01
0.625F~01 0.194€ 01 0.799 06
LAMINATE TANGENY MUDULL E PUISSON RATIOS:
YOUNGS POTISSON SHEAR
MONULUS RATIC MOOUL VS
LONG 0.210846E 07 0.319851€ 00 0. 7987 SO0E 06
TRAN 0.210846¢€ 07 0.3198%1E 00 0.,7987S0E €&
FATLURE PREDICTED IN FOLLOWING LAYERS:
(MODE 1=AXIAL; MODE 2=TRANSVERSE; MODE 3=SHEAR)
MODE LAYER
1 3
1 4
1 5 )
1 [}
1 1
1 8
1 2
1 T
. LONGITUCINAL TRANSVERSE SHEAR
APPLIED FORCES/LENGTH AT FATLWRE: 0. 130E 06 0.130€ cb 0.0
LAMINATE TOTAL STRAIINS: 0.354€-01 -0.T20E-07

0,312623€ 07
N0.312623E 07

0.309647E 00
0.30964TE 00

0.354€-01

0.119354€ Q7
0.119354€ 07

1 PREDICTED IN FOLLDMWING LAYERS:

-59-

SHEAR
-0.1832€-07
=0.8739E-14
~0.8739E~14

0.1822E-07
0.1833€E-07
-0.8739€E-14
~0,9735E-14
-0.1833E-07



LAYER STRESSES & STRAINS IN LAYER CO-ORDS. AT FAILURE:

ORTENTATION

LAYER ANGLE LONGI TUDINAL
1 0.0 0.2290E 06
2 45, 00 0.2290E 06
3 -45,00 0.2290€ 06
4 90.00 0.2290€ 06
5 90. 00 0. 2290 06
6 =45.00 0.2290€ 06
7 45 .00 0.2290€ 06
8 0.0 0. 2290E 06

LAYER STRESSES IN LAMINATE

OR IENTATION

ANGLE
0.0
45. 00
~45.00
90. 00
90.00
45,00
454 00
040

LAYER

B JOVHWN -

LONGTTUDINAL

0.2290E 06
0.1299€ 06
0.1299€E 06
0.307TTE 05
0.3077€ 05
0.1299€ 06
0. 1299 06
842270€ 06

FIRST FIBER FATLURE

ANALYSUS NUMBER

BREAK-PCINT ANALYSIS= 23

{ 1=MAX STRESS CRITERION:

5

STRESSES
TRANSVER SE
0.3077€ 05
N0.307TE 05
0.307TE 0S5
0.3077E 05
0.307TE 05
N.3077E Q5
0.3077€ 05
0.3077€ 0S

STRESSES
TRAN SVER SE
0.3077€ 0S
0.1299E 06
0.1299€ 06
0.2290€ 06
0.2290E 06
0.1299E 06
0.12699€ 06
0s3077E 05

2=MAX STRAIN CRITVERION;

SHEAR
-0.1410E-Q1
0.1077T€E-02
-0. 1077€-C2
0.1410E-01
0.1410€-01
- 0. 1077E-02
0.1077E-02
-0.1410E-01

CO-0RDS AT FATLURE:

SHEAR
-0.1410€-01
0.9912E @S5
-0.9912E @S
0.2372€ 00
0. 2372€ €O
-0.9912€ CS
0.9912E 05
~ Qe 1410€ 01

FAILURE ANAL YSIS=s 2

LAMINATE TANGENT STIFFNESS MATRIX:

Ns346E 07 0.107E 07 0.625E-01
0.107€ 07 0.346E 07 0.150€ 01
0. 625E-01 0. 150 01 0.119€ 07

LAMINATE TANGENT MOOULTI & POISSON RATOS:

YOUNG S PCT SSON SHEAR

MeEAILUS RAYIN MonyL us
LONG 0.312623€ 07 0.309647T€ 00 0.119354€ 07
TRAN 0.312623€ 07 0.309647E 00 0. 119354E ¢7

BREAK~POINY NO. 1 PREDICTEC IN FOLLOWING LAYERS:

{MODE 1=AXTAL: MODE 2=TRANSVERSE: MCDE 2=SHEAR)

LONGITUC TNAL

0. 3545E-C1
0.2545€-C1
0.3545€E-01
0.3%45€6~C1
0.3545E-01
0.3545€-01
0,354%€-01
0.3545€-01

STRAINS
TRANSVERSE
0.3545€-C1
0.3545E6-01
0.3545€-01
C.3545€-C1
0.3545€-01
0.3545€E-01
0. 3545€-0Q1
0.3545€E-01

MODE LAYER
2 1
2 2
2 4
2 5
2 A
2 8
2 3
2 6
LONGTITUDINAL TRAN SVER §& SHEAR
APPLIED FORCFS/LENGTH AT BREAK-POINT: 0.634E 05 0<634E 05 0.0
LAMINATE TOT AL STRAINS: 0.140E-C1 0o 140E~-C1 -0.183€£-07
LAYER STRESSES € STRAINS IN LAYER CO-ORDS. AT BREAK-PCINT:
ORIENT AT ION STRESSES STRAINS
LAYER ANGLE LONGITUDINAL TRANSVERSE SHEAR LONGITUCINAL  TRANSVER SE
1 0.0 0.9603€ 0S 0.3077¢ 0S5 -0.!155E-Cl 0.1400E-01 0.1400E-01
2 45.00 0.9603E 05 0.3077E 05 ~0.55C6E-C8 0.140CE-C1 C.14CCE-O1
3 -45. 00 C. 96 03E 0S5 0.3077€ 05 -0.5506E-08 0.1400E-01 0.14006-01
4 90.00 0.9603€ 05 0.3077€ 0S 0. 11 556~ Q1 0.1400E-01 0.1400€-01
] 90.00 0.9603E 05 0.3077€ 0S5 0.,1155€-01 0.1400€-01 CGe 1400801
[ -45. 00 C. 9603E 05 0.3077€ 05 -0.5506€E-08 0.1400€-01 041400€-01
7 45.00 0.9603€ 0S 0.3077€ QS -0.55C6E-(8 0. 140CE-QC1! 0.1400€-01
8 0.0 0. 9603 € 05 0.307TE 05 =-0.1155E-01 0.1400€-01 0.14008-01

-60-

1.9

SHEAR
-0.7203E-07
0.226€E-07
-0.2268E-07
0.7202€-07
0.7202€-07
~0.2268E-07
0.2268E-07
-0.72026-07

3=CUADRAT IC INTERACT ION CRITERION)

SHEAR
-0.1833€-07
-0.8739E-14
-0.8725E-14

0.1833E-07
0.1833E<07
-0.8736E-14
-0..8739€-14
Z0.1833E-07



LAYER STRESSES IN LAMINATE CN-0RNS AT BREAK-POINT:

L AYER

[ RN R

SHEAR &£/0R TRANSVERSE RREAK-PCINY REACHED IN EVERY LAYER

ORTENTATION
ANGLE LONGTITUDINAL
0.0 0.9603E 0S
45, 00 0. 6340 05
-45.00 0.63490€ 0S5
90.00 0.3077E 05
90. 00 0. 3077E 0S5
-45.,00 0.6340E 05
45,00 0.6340E 05
0= 0 0. 9603€ 05

STRESSES
TRANSVERSE
0.3077E 0S5
0.6340E 95
N.6340E 0S5
0.9603E 05
0. 9603E 05
0.6340E 0S
0.6340E 05
0. 3077€ 05

LAMINATE TANGENY STUFFNESS MATRIX:Z

0.235€ 07 0.751E 06
N.7S51E 06 0.235€ 07
0.194€ 01

0. 625E-01

Q0. 625E-01
0.19%4€E 01
0.799E 06

LAMINATE TANGENT MODULY €& POTYSSON RATIOS:

LONG
TRAN

YCUNG S
MNNULUS

0.210846E
0.210B46F

234
a7

PAISSON
RATIO

0.319851€ 00
0. 319881€ 00

FAULURE PREDICTED IN FOLLOWING LAYERS:

SHEAR
-0.1155€-0Q1
0.3263F 05
-0.3263F Q5
0.71186-C1
0.7118€E-01
=0.3263E 0S5

0.3263E 0S5

=0.1155E-01

SHEAR
MODULUS

0.7987S0E 06
0. T9ATSOE 0A

(MODE 1=AXTAL 3 MODE 2=TRANSVERSE; MODE 3=SHEAR)

FIRST FIBER FATLURE

-61-

/e

MCDE LAYER
1 3
1 6
1 ‘4
1 5
1 1
1 8
1 2
1 k4
- : K LONGITUDINAL TRANSVERSE SHE 2R
- APPLIED FORCES/LENGTH AT FAILURE: 0.135€ 06 0.125€ C¢ 0.C
LAY INATE TOTAL STRAINS: 0.370€-01 0.370E-01 -0.759€-07
LAYER STRESSES & STRAINS IN LAYER CO~-OROS. AT FALLURE:
ORIENTATION SYRESSES STRAINS
LAYER ANGLE LONGITUDINAL TRANSVERSE SHEAR LONGITUDINAL TRANSVERSE
1 0.0 0.2386€E 06 0.3077€ 05 =—0.1428€E-01 0.3700E-C1 0.37006-01
2 45.00 0.2386E 06 0.307T7E 0% 0. 1155€E-@2 0.3700€-01 0.3700E-01
2 -45.,00 0.2386E 06 0.3077€ 05 -0.1155€-C2 0.27CCE-C1 0. 2700€-C1
4 90.00 0. 2386E 06 0.3077E 0S 0.1428E-01 0.3700€-01 0.2700€E-01
5 20.00 0.2386E 06 03077 05 0.1428E~-01 0.3700E-01 0,3700€-01
6 -45,00 0.2386E 06 0.307TE 05 -0.1155€6-02 0.3700E-01 0.27006-C1
7 45.00 0. 2386E 06 0.3077€E 0S5 0e1155€-02 0.3700€-01 0+2700E-01
8 0.0 0.2386E 06 0.3077€ 05 -0.1428E-01 0.370CE-C] 0.3700€-01
LAYFR STRESSES [N LAMINATE CO-0ORNDS AT FATLURE:
OR{ENT AT ION STRESSES
LAYER ANGLE LONGITUCINAL TRANSVERSE SHEAR
1 0.0 0.2386€ 06 03077 05 -0.1428€<01
2 45,00 0.1347E 06 0.1347€E 06 0.1039E Q6
3 ~-45. 00 0.1347E 06 0.1347E 06 -0.1039€ 06
4 90.00 0.3077€ 05 0.2386€ 0¢€ 0. 2492E 00
5 90,00 0.3077E 05 0.2386E 06 0.2492€ CO
6 -45, 00 C. 1347E 06 0.1347E 06 —0.1039FE 06
7 45.00 0.1347F 06 0.1347€ 06 . 1039E 06
8 0.0 0.2386E 06 0.3077E 05 -0.,1428E-01

SHE AR
-0.75926-017
0.2422E-07
-0,2432€-07
0.75926-07
0.7592€-07
-0.2432E-07
0.2432€~07
-0.7592€-07



[ 1

ANALYSIS NUMBER 63

BREAK—-POINT ANALYSIS= 23 FAILURE ANALYSIS= 3

(l=MAXvSfRESS CRITERIONS 2=MAX STRAIN CRITERION: 3=CUADRATIC I[NTERACTICN CRITERICN!

LAMINATFE TANGENT STIFFNESS MATRIX:

0.346E 07 0.107€ 07 0.625€E-01
0.107€ 07 0.346E 07 0.150€ 01
0.625E-01 0.150€ 01 0.119€ Q7

LAMINATE TANGENT MODULT & POISSCN RAYIQS:

Y OUNGS PO {SSON SHEAR

MCDULUS RATIO Maouius
LONG 0.312623E 07 0.309647 00 0. 119354 Q7
TRAN 0.312623€ 07 0.309647E 00 0.119354€ C7

BREAK-POINT NO. 1 PREDICTED IN FOLLOWING LAYERSS

(MODE 1sAXIALSY MOUE 2=IRANSVERSES MUUE 335HEAR)

MODE LA YER
2 1
2 2
2 4
2 s
2 k4
2 8
2 3
2 -6

LONGITUDINAL  TRANSVER SE SHE AR

APPLTED FORCES/LENGTH AT BREAK-POINT:  0.634E 05 0.634E 05 0.0

LAMINATE TOTAL STRAINSS 0.140E-01 0.140E-01 -0,183€-07

LAYER STRESSES & STRAINS IN LAYER CN-0RDS. AT BREAK-PCIAT:

ORIENTATION STRESSES : STRAINS

LAYER ANGLE  LONGITUDINAL TRANSVERSE SHEAR LONGITUCINAL TRANSVERSE SHEAR
1 0.0 0.9603E 05 0.3Q77E 05 =-0,11556-01  0.140CE-C1  0.1400f-01 -0.1833£-07
2 45, 00 0.9603E 05 0.,30TTE 05 -0.5506E-08 0.1400€-01 0.1400E-01 -0.8713E-14
3 -45,00 0.9603E 05 0.3077€ 05 <=0.55C6E-C8 0.1400E-01 0.1400€-01 -0.8739E-14
4 90.00 0.9603E 05 0.,307YE 05 0.1155E-01  0.14CCE-C! C.14006-01 0,.1833€-07
5 20. 00 0., 960ME NS  0,307TTE NS 0.1155F-01 0.1400E-01 0.14006-01 Q,1832-07
6 -45.00 0.9603E 05 - 0.3077 05 ~0.5506E-08 0.1400E-01 0.1400€E-01 ~0.8739€-14
4 45,00 0,9603E 05 0.3077E 05 -—0,55C6E-08 0.14006-01  0.1400E-01 ~Q.8739€-14
] Q.0 0.9603E 05  0.2NTTE 05 —N.IVGSFE-01 0.1400FE-01 0.1400FE-01 =~0.1822¢-07

LAYER STRESSES IN LAMINATE

OR [ENTATION

LAYER ANGLE
0.0
45. 0D
-45%.00
90. 00
90.00
45,00
45, 00
0.0

® GO P NN

SHEAR §/0R TRANSVERSE BREAK-PCINT REACHED I[N EVERY LAYER

LONGITUDINAL
0.9603E 05
0.6340€ 0S
0.6340€ 05
0.3077E 05

*0.307TE 0S
0.6340E 05
0. 6340€ 0S5
0.9603E 05

STRESSES
TRAN SVER SE
0.,3077€ 0S5
0.6340F 05
0.6340E 0S
0.9603E 05
0.9603E 0%
0.6340E 0%
0« 6340 05
0.3077€ 05

LAMINATE TANGENT STIFFNESS MATRIX:

0.235E 07
0.751€ 06
0.625E-01

0.TS1E 06
0.235€ 07
0.194€ 01

0.625€-01

0.194€ 01

0. 799€ 06

LAMINATE TANGENT MODULT & POISSCN RATIOS:

YOUNG S POI S
MOoULUS RAT
LONG 0. 21 0846E 07 0.3198
TRAN 0.210846E 07 0.3198

FATLURE PREDICYVED

IN FOLLOWING

CO~0ORDS AT BREAK—POINT:

SHEAR
-0.1155€-01
0. 3263E (S5
=0.3263€ 05
0.7118E-01
0. 71 18E-01
-0.,3263E 05
0.3263E 05
-0.1155€6~-C1

SCN SHEAR

1 MODUL US

S1E 00 0.7987S0€ 06
S1E 00 0. 79€75S0E @6

LAYERS:

-62—



{MODE 1=AXTAL 3 MNOF 2=TRANSVERSE; MODE 2=SHEAR)
MODE LAYFR ‘

T e pg -t
NN - w

LONG!TUDINAL
APPLIED FORCES/LENGTH AT FAILURE: 0.120E 06

LAMINATE TOTAL STRAINS: ' Q. 3%54E-01

TRANSVER SE S
0.120€ 06 0.0
0.354€~-C1 -0.7

LAVER STRESSES € STRAINS IN LAYER CO-CRDS. AT FATLURE:

OR TENT AT ION STRESSES
LAYER ANG LE LONGITUDINAL TRANSVERSE SHEAR
0.0 0. 2290E 06 0.3077E 05 -0.1410E-01
45.09 0,22990€ 06 0.3077¢ 0S5 0.1077E-C2
=45, 00 0.2290E 06 0.3077E 05 -0.1077€-02

DV N VIS W N

LAYER STRESSES IN LAMINATE CO-ORDS AT FATLURE:

90. 00 0.2290E 06 0.307TE 05 0. 1410E-01
90.00 0.2290E 06 0.3077E 0S 0. 1410E-C1
-45, 00 0. 2290 06 0.3077€ 05 -0.107T7E-02
45.09 0.2290E 06 0.3077E QS 0. LO77E~-Q2
0.0 0.2290E 06 0.3077¢ 05 =-0.1410FC1

ORTENTATION STRESSES
LAYER ANGLE LONGI TUDINAL TRANSVERSE SHEAR
0.0 0.2290E 06 0.3077€ 0% -0.1410E-01

D RN SN

FIRST FIBER FAILURE

ANALYSIS NUMBER 7:

BREAK-PD INT ANALYSIS= 33 FATLURE ANALYSIS= 1

- {1=MAX STRESS CRITERION: 2=MAX STRAIN CRITERIONS

LAMINAT E TANGENT STlFFNESg MATR [X2

0. 346€E 07 0.107E 07 0.625E-01
0.107E 07 0 .344E 07 0.150E 01!
0.625€-01 0.150E 01 0.119€E 07

LAMINATE TANGENT MODULT € POISSON RATIOS:

YOUNGS ' POTSSCN SHEAR

MOD UL US RATIC MCDULUS
LONG 0.312623€ 07 0.,309647E 00 0.119354E Q7
TRAN 0.312623€ 07  0.309647€ 00 0.119354E 07

BREAK~-POINT NO. 1 PREDICTED IN FOLLOWING LAYERS:

(MODE 1=a XTAL: MODE Q;TRANSVERSE: MODE 3=SHEAR?
MODE LAY ER

Ll N o ke
Cm N\ N

-63~

45, 00 0.1299€ 06 0.1299€ 06 0.9912€ 05
-45.00 0. 1299€ 06 0.1299 06 =-0.9912€ 0S
99.00 0.3077€ 0S5 0.2290€ 06 0.2372E 00
90. 00 0.3077€ 05 0.2290€ 06 0.2372€ 00
-45.00 0.1299€ 06 0.1299E 0& -0.9912E CS
45.00 0.1299€ 06 0.1299€ 06 0.9912€ CS5
0.0 0. 2290E 06 0.3077E 05 -0.1410E-01

LONG ITUD INAL
0.3545€E-01
0.2545E-C1
0e354%E~-C1
0.3545E-01
0. 3%45€6-C1
0.3545E-01
0.3545€-01
0.35456-01

HE AR

20€-07

STRATAS
TRAN SVER SE
0.3545E-01
0.3545E-01
0.2545E~C1
0.3545€E-01
0.3545E-C1
0.3545€-01
0.3545E-01
0. 2545E~C1

SHE AR
=0.7202€-07
0.2268€-07
-0.226EE-07
0.7202€-07
0.7203€-07
~0.2268E~Q7
0.2268€~-07
-0.7202E-07

3=QUADRATIC INTERACTION CRITERION]



CENGITUDINAL  TRANSVERSE- SHEAR
APOL{EN FNRCES/LENGTH AT BREAK~POINT: 0. 641E 05 0.641E CS 0.0
LAW[NATE TOTAL STRAINS: 0.142€-01 0.142E-01 =0.,185E=-07
LAYER STRESSES € STRAINS [N LAYER CO-ORDS, AT BREAK-PCINT:
DR (ENTA TION STRESSES STRAINS
LAYEP ANGLE LONGITUDINAL TRANSVERSE SHEAR LONGITUDINAL TRANSVERSE
1 0.0 0.971SE 05 0.3113E 05 =-0.11686-01 0.141€E-01 0. 1416E-C1
2 45.00 0.971SE 05 0.3113E 05 -<0.5570E~08. 0.1416E-01 0.1416E-01
3 -45.00 0.97T15€ 05 0.3113F 05 =-0.5570E-08 0. 1416E-Cl1  0.1416E-01
4 90. 00 0.9715E 05 0.3113E 05 0.1168E-01 0.14166-01  0.1416E-C1
s 90. 00 0.9T156 05 0.3113E 05 0.11686-01 0.1416E-01  0.1416 01
6 -45,00 0.9715E 05 0.3113€ 05 -0.5570E-08 0. 41€E-Cl  0.1416E-01
7 45, 00 0.9T1SE 05 0.3113E 05 -0.5570€E-08 0.1416E-01 0.1416E-01
8 0.0 0.9715E 05  0.3113F 0% =-0.11686-01- 0.1416E-01 0.1416E-01
LAYER STRESSES IN LAMINATE CO-ORDS AT BREAK—POINT:
. o
. ORIENTAT [ON STRESSES
LAYER ANGLE  LONGITUDINAL TRANSVERSE SHEAR
1 0.0 0.9715€ 05 0.3113E 05 —-0.1168E-01
F) 45,00 0.6614E 05  0.6414€ 05  A.33C1E 0
3 . ~45,00 0.6414E 05 0.6416E 05 =-0.3301E 05
4 . 90.00 0.3113E 05 0.971SE 05  0.T201€E-01
5 90,00 0.3113E 05 0.9715€ 05 0.7201E-01
6 -45, 00 N.6414F 0% 0.6616F 05 -0.3301F€ 05
r 45.00 0.6414F 05 0.6414E 05 0. 330lE €5
3 0.0 0.9T1%E 0% 0.3113E 05 ~0.1168E=C1
QUADRAT IC BREAK-POINT REACHED IN EVERY LAYER
LAMINATE TANGENT STIFFNESS MATRI X3
'0.235€ o7 0.7S1E 06 0.625e-01 !
n. 7S1E 06 0.23S€ 07 0.194€ 01
0.625€-01 0.194€ 01 0.799 06
LAMINATE TANGENT MODULY & POISSGN RATIOS:
YOUNGS POTSSON SHEAR
MODULUS RAT IC MODUL US
LONG 0.210846E 07  0.319851€ 00  0.798750€ 06
TRAN 0.210846E 67 0.31985i€ 00 0.798750€ 6
FATLURE PREDTICTED IN FOLLOWING LAYERS:
{MODE 1=AXIAL: - MODE 2=TRANSVERSE; MODE 3=SHEAR)
MONE LAYER
1 3
1 4
1 5
1 6
1 1
1 8
1 2
l T anm
LONGITUDINAL  TRAN SVER SE SHE AR
APPLIED FORCES/LENGTH AT FATLURE: 0.130€ 06 0.130E 06 0.0
LAMINATE TNTAL STRATNSS 0.3566-C1 0. 354E-C1 -0.718€-07
LAYER STRESSES & STRAINS IN LAYER CO-CRDS. AT FATLURE:
ORIENT AT 1ON STRESSES ' STRAIKS
LAYER ANGLE  LONGITUDINAL TRANSVERSE SHEAR LONGITUOINAL TRANSVERSE
1 0.0 0.2290€ 06 0.3113E 05 =-0.1421E-01 ~ 0.3543E-Cl  0.3543E-01
2 45. 00 0.2290€ 06 0.3113E 05 0.1068€-02 0.2543€-01 0.3543E-01
3 ~45.00 0.2290E 06 N.3112F 0Ff =-0.1068E-C2 0.3543€-01 0.35438-01
4 90.00 0.2290E 06 0.3113E 05 0.1421E=C1  0.3%42E-C1  C.3543E-C1
5 90. 00 0.2290E 06 0.3113E 05  0.1421€~01 0.3543E~01 0.3543E-01
6 -45.00 0.2290E 06 N.3113E 0% -0.1063E-02 0.3543E-01 0.3543€-01
v 45.00 0.2290€ 06 O0.3113E 05 0.10686-02 0.35426-01  0.3543E-C1
8 0.0 0. 2290E 06 0.3113E 05 =0.1421E-01 0.3543€-01 0.2543E-01

LAYER STRESSES IN LAMINATE

CN-0RDS AT FAILURE:
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SHERR
-0.1854E-07
-0.88426-14
-0.8842E-14

0. 1854E-07
0.1854€-07
~0.8842€~14
—0.8E42E~-14
-0.1854€-07

SEEAR
-0.7179€-07
0.224€E-07
~0.2248€-07
0.717SE-07
0.7175€-07
-0.2243€-07
0.2248E-07
-0.717SE-07



LAYER

R R I N

OR IENTATION
ANGLE
0.0
45.00
-%5,00
90. 00
90.99
-45.00
45. 00
0.0

LONGITUD INAL
0.229%E 06
N.1301E 06
0.1301E 06
0.3113€ 05
0.3113F 0S5
0.1301E 06
0. 1301€ 06
0.2290E 06

FIRST FIBER FATLURE

ANALYSIS NUMBER @8

BREAK-POINT ANALYSIS= 33

[1=MAX STRESS CRITERION:

STRE SSF S
TRANSVERSE
0.3113E 05
0. 1301E Q¢
0.1301E 06
0.2290E 06
0.2290€ 0¢
0.1301€ 06
0.1301E 06
0.3113€ 0°

2=MAX STRAIN CRITERIONS

LAMINAYE TANGENT STIFFNESS MATRIX?®

0.346E 07 0.
0.107€ 07 0.
0.625€E-01 0.

107E 07
346€ 07
150 Ot

0.625€-01
0.150€ 01
0.119€ 07’

LAMINATE TANGENT MODULT £ PCISSON RATIOS:

. "LONG
- TRAN

YOUNGS . POTS

MODULYS RAT

0.312623E 07  0.3096
07

0.312623E

0.3096

SHEAR
-0.1421E-01
0. S8S4E €5
-0.9894F QS
0.2366€ 00
0. 2366E CO
-0.9894€ CS
0.9894E 05
-0.1421E-C1

FATLURE ANALYSIS= 2

SON HEAR
10 * MODULUS

47E 00  0.119354E 07
47E 00 0.119354€ 07

BREAK-POINT N, 1 PREDICTED IN FOLLOWING LAYERS: |

(MODE 1=AXTAL

MODE

el E ™)

APPLIED FORCES/LENGTH AT BREAK-POINT:

LAYER

COW®O® J PN~

MODE 2=TRANSVERSE;

LAMINATE TOTAL STRAINS:

LONGT TUDINAL

MODE 2=SHEAR)

LAYER STRESSES &4 STRAINS IN LAYER CO-0RDS. AT BREAK-POINT:

LAYER

@ NPV WN

" LAYER STRESSES IN LAMINATE

LAYER

X NP APUWN-

QUANRATIC BREAK-POINY REACHED IN EVERY LAYER

ORIENTAT NN
ANG LE
0.0
45.00
=45, 00
90.00
90.00
~45.00
45.00
0.0

LONGITUBTNAL
0.9715€ 05
0.9715€ 05
0. 9715€ 0S
0.971SE 05
0.9715E 05
0. 9715E 05
0.9715E€ 0S5
0.9715E 0S5

ORTENTATICN

ANGLE LONGITUDINAL
0.0 0.9715€ 05

45. 00 0.6414F 05
-45. 00 0.6414E 0S5
90.00 - 0.3113E 05
90. 00 0.3113€ 05
-465,00 0.6414E 0S5
49.00 N.AL14E DS
0.0 0. ST15€ 0S5

TRANSVER SE
0.641€ 05 0.641E 05
0. 142€-01 0.142€-C1 ~0.
STRESSES
TRANSVERSE SHEAR LONG ITUD INAL
0.311% 05 -0.l168€E-01 0.1416E-01
0.3113E 05 -0.55706-C8  0.1416E-C}
2.3113€ 05 -0.5570E-08 0el4l16E~01
0.3113E 0% ' 0. 1168E~01 0.1416E-01
- 0.3113€ 0S5 0.1168E-01 0.141€€-01
0.3113€ 03 -0.5570E-08 0.1416E-01
0.3113€ 0% -0.5570E-(8 0. 1416E-01
0.3113€ 05 <=0.1168E-01

STRESSES
TRANSVER SE
0.3113€ 05
D.6414E 05
0. 6414E 05
0.9715E 05
0.9715E 0S5
0.6414E 0S5
0.6414E 05
0.3113€

05

CO-ORDS AT BREAK-POINT:

SHEAR
-0,1168E-C1
0.2301E 05
-0.3301E€ 05
0.7201E-C1
0.7201 £-01
-0, 3301E 05
0423C1E €5
-0.1168 £-01
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0.1416E-01

0.

SHE 2R
Q

J185E-07 .

STRAINS
TR AN SVER SE
N.1416 €01
0.1416E-01
0.14166-01
0.1416€E-01

" Qe 1416E-01
0.1416E~01
0. 1416E-01
0. 1416€-01

3=CUADRATIC INTERACT ION CRITERION?

SHEAR
~0.1854E-07
-0.8842E~-14
~0.8842E-14

0.1854E-07
0. 1854E~07
~0.8842E-14
~0.8842E=14%
~0.1854€E~-07



LAMINATE TANGENT ST IFFNESS MATRIX:

N.235€ 07 0. 7S51E 06 0. 625€-01
N.TS1E 06 0.235€ 07 0.194€ 01
0.625€-01 0.194F 01 0.799€ 06

LAMINATE TANGENT MONULT & POTSSON RATICS:

YOUNGS PCISSCN SHEAR

DD L US RATIN MCDULUS
LCNG 0.210846E 07 0.319851€ 00 - O.;'98"50E 06
TRAN 0.210846F 07 0. 319851€ 00

0. 798750E 06
FAILURE PREDICTED IN FOLLOWING LAYERSS
MODE 3=SHEAR)

(MDDE 1=AXIAL: 'MODE 2=TRANSVERSE;

Ias

MODE L AYER

| . 3

1 6

1 4

1 S

1 1

1 8

1 2

1 r

LCNGITUDINAL  TRANSVERSE SHEAR
APPLIED FORCES/LENGTH AT FAILURE: 0.135€E 06 0.135E 06 0.0
LAMINATE TOTAL STRAINSS 0.370E-01 0.370€E-01 -0, 757E=-07
LAYER STRESSES & STRAINS IN LAYER CO-ORDS. AT FAILURE:
ORTENTATION STRESSES . ~ STRAINS

LAYER ANGLE  LONGITUDINAL TRANSVERSE SHEAR LONGTTUCINAL TRANSVERSE

1 0.0 N.2387€ 06 O0.3113€ 05 -0.14406-01 0.37CCE-Cl  0.3700E-01

2 4%, 00 0.2387E 06 0.3113E 05 " 0.1147E-02 0.3700€-01  0.3700E-01

3 -45,00 N0.238TE 06 0.3113E 05 -0.1147E-02  0.37CCE-CL 0.3700€E-01

4 90. 00 0.2387€E 06 0.3113E 05 0.1440E-01 0.3700E-01  0.27006-Cl

5 90. 00 0- 23876 06 0.3113E 05 0.1440E-01 0.3700E-01 - 0.3700E-01

6 45,00 0.238B7E 06 O0.3[13E 05 =-0.1147€-02 0.37CCE-C! C. 2700E-01

7 45, 00 0.2387E 06 0,3113€ 05 0.1147E-02 0.2700€-0C1 0.3700€6-01

] 0.0 . 0.2387E 06 0.3113E 05 -0.1540E-C1 0.3700£-01 0.3700€-01
LAYFR STRESSES IN LAMINATE CO-0ORNS AT FAILURE:

ORTENTAYION STRESSES

LAYER ANGLE  LONGITUDINAL TRANSVERSE SHEAR

1 0.0 0.2387E 06 0.3113E 05 =-0.1440E-01

2 45,00 0,1369¢ N6  0N.1349E 0& (. 1038E 06

3 -45,00 0.1349E 06 0,1349€ 06 -0.1038€ 06

'S 90; 00 02 3113C 05 0a230TC 06  0.2488EF 00

5 90.00 0.3113€ 05  0.,2387E 06  0.2488E (O

) -45, 00 0.1349€ 06 N.1349E 06 -0.1038€ 06

T 4%5.00 0s1349E 06  0.1349E 06 0.1038E 06

] 0.0 0.2387€ 06 0.3113F 05 -0.1440E-C1

FIRSY FIBER FAILURE

ANALYSTS NUMBER 9
. BREAK=POUINT ANALYSIS= 33

FATLURE ANALYSIS= 13

SEEAR
-0.7572€-07
0.2414€-07
-0.2414E-07
0.7572€-07
0.7572E-07
=0.26414E-07
0.2414E-07
-0.7572¢€-07

(1=MAX STRESS CRITERION: 2=MAX STRAIN CRITERION;:

LAMINATE TANGENT STIFFNESS MATRIX:

D.346E 07 0,.l07E 07 0.625€6-01
0.107€ 07 0.346E 07 0.150€ 01
0.6258-01 0.150€ 01 0.119€ 07

LAMINATE TANGENT MODULIL & PCISSCN RAT10S:

YOQUNGS POT SSON SHEAR

MaDULUS RAT IO MODUL US
LONG 0.312623€ 07 0. 309647 00 0.1193564€ 07
TRAN 0.312623€ 07 0.309647E 00 0.119354E 7
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BREAK-POINT NO.

1 PRENICTED TN FCLUNWING LAYERS:

[,
(MONE 1=AXTAL; MDDE 2=TRANSVERSE: MODE 3=SHEAR)
MODE LA YER
1 1
1 2
1 4
1 S
1 7
1 8.
1 3
1 6 .
- . . LONGITUDINAL TRAN SVER <E SHE AR
APPLIED FORCES/LENGTH AT BREKK—POINT: 0.641E 05 0.641E 0S5 0.0
LAMINATE TNTAL STRAINS: ' 0.142€-01 0. 142E-C1 " -0.185E-07
LAYER STRESSES £ STRAINS IN LAYER CO-CRDS. AT BREAK-PCINT:
CREENT AT ICN STRESSES STRAINS
LAYER ANGLE LONGITUCINAL TRANSVERSE SHEAR LONGITUCINAL TRANSVERSE SHE AR
1 0.0 0.971S€ 0S 0.3113F 0% -0.1168€-01 Oel416E-01 0el416E-01 -0.1854E-07
2 45.00 0. 9715 0S5 0.3113€ 05 -0.5570€E-08 0.1416E-01 041416 €-01 -0.8842E-14
3 -45,00 N0.,971SF 0S5 0.3113F 05 -~0,5570E-08 0. 141¢E-C1 Qe 1416E-01 -0.8842E-14
4 90, N0 0.ST1SE 0S 0.3113E 0S5 0.1168€-01 O.l416E~01 0.1416E-C1 Ce1854E-07
S 90.00 0.ST1S5E 0S 0.311% 0S5 0.1168€~-01 0.1416E-01 0.1416 E-01 0.1854E-07
[} -45,00 0.9715FE 0S N.3113€ 05 -0.5570€E-C8 0. 1416E-C1 C.l416E~01 -0,8842E-14
7 45, 00 0. S7T15€ 05 Ne3113E 05 -~0.55T7T0E-08 ‘Delél16€-01 0«1416E-01 -0.8847E-14
3 0.0 0.9715€ 05 0.3113 0% -0.1168E-C1 0.1416E-01 0.1416E~01 -0.1854E-07
LAYER STRESSES IN LAMINATE CO-CROS AT BREAK-PUINT:
NR [ENT AT ION STRESSES : s
LAYER ANGLE LONGITUDINAL TRANSVERSE SHEAR
1 0.0 0. 9715E 05 0.3113E 05 <=0.1168€-01
2 45,00 N.6414E 05 0.6414E 05 0.33ClE ¢S
3 ~45, 00 0.6414E 05 0.6414E 05 ~0.,3301€ 0S5
& 90. 00 0. 3113 0S5 0.9715¢ 05 Oe T201E-01
5 90,00 0.3113E 05 0.9715€ 05 0,72C1E~-Q1
6 -45, 10 N, 6414E 05 0.6414E 05 -0.3301€ 0S
7 45,00 0.6414E 05 0. 6414 0% = 0.33ClE CS
8 0.0 0.971SE 05 0.3113FE 05 -0,11¢68€-01
QUANRAT IC BREAK-POINT REACHED IN EVERY LAYER
LAM INATE TANGENT STIFFNESS MATRIX:
0.235E 07 0.7S51E 06 0.625€E-01
0. 7S1F 06 0.235€ 07 0.194€ 01
0.625E-01 0.194E 01 0.799E (06
LAMINATE TANGENT MONULI & PCISSCN RATICS:
YUOUNGS POUSSON SHEAR
MOoDuULUS RATIC MOCUL US
LONG 0.210846€ 07 0.3198S1€ 00 0. 798750E 06
TRAN 0.210846E 07 0.319851E 00 0.798750E C6
FAILURE PREDICTED IN FOLLOWING LAYERS:
(NODE 1=AXTAL: MODE 2=TRANSVERSE: MODE 2=SHEAR)
MODE LAYER
1 3
1 4
1 5
1 6
1 1
1 8
1 2
1 7
LONG ITUD INAL TR AN SVER SE SHE AR
APOPLIFED FORCES/LENGTH AT FA!LURﬁ: 04.132E 06 0.130E 06 0.0
LAMINATE TOTAL STRA(INS: 0.354E-C1 0. 354E-C1 -Q0a718E=-07
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LAYER STRESSES £ STRAINS IN LAYER CO-CRDS. AT FAILURE:

ORTENT AT ICN

-
P-4

®» iw~nb;n~.-a
b

ANG LE
0.0
45.00
~45, 00
90 .00
90. 00
-4%. 00
45.00
0.0

LONGITUDINAL

N.2290€
0.2290E€
0. 2290E
0.2290E
0.2290€E
0. 2290F
0.2290E
0.2290E

LAYER STRESSES IN LAMINATE

ORTENTA YION
L AYER ANGLE  LONGITUDINAL
1 0,0 0.2290€ 06

2 45,00 5. 130LE 06

3 -45.00 0.1301E 96

4 90.00 0.3113€ 05

5 90. 00 0. 3113€ 0S5

3 -45.00 0.1301k Us

b 45,00 0.1301E 06

] 0.0 0. 2290 06

FIRST FIBER FATLURE

06
06
6
06
06
06
06
06

STRESSES
TRANSVERSE

0.3113F
0.3113E
0.3113€
0.3113€
0.3113F
0.3113€
03113
0.3113€

0s
0Ss
‘05
0c
0s
05
05
0S

SHEAR

- =0 1421E-C1

0. 106BE-02
-0.1068E-02
0.1421€-01
0.1421€E-01
-0. 1068E-02
0.1068E-02
=0. 1421 E-01

CO-NRNS AT FAILURE:

STRESSES
TRANSVERSE

0.3113€
0. 1301t
0. 13C1E
0.2290€
0. 2290E
0.13012
0.1301€
0.3113€

0S
us
¢
06
Q6
Q8
06
05

SHEAR
-0.14216-01
Uey894 ¢ 09
-0.98S4€ ¢S
0.2366E 00
0.23K4E 00
=0.9094C 05
0.9894€ 0S
=0.1421€-01

-68-

LONGITUDINAL
0.3543€E-01
0. 2543€-C1
0+3543€-01
0. 3543€-01
0.3%42€-01
0.3543€-01
0. 3%432€-C1
0.3543E-01

STRAINS
TRAN SVER SE
0.3543€-01
Cs3543E-C1
0.3543E-01
0.3543E-01
0e2543E~-C1
0+3543€-01
0.3543€E~C1
0.3543E-01

f.0 %

H

SHE AR
=0T179E~-07
0.2248E-07
~0.224€E-07
0.7179€-07
0. T17SE~-07
-0.2248€-07
0.2248€-07
=0.7179e-07



9.1.2

Sample Cases (cont'd)

Case 2:

[0/+30/+60/90) _ G1/Ep laminate.

Same material in all layers.

Breakpoint and failure stresses and strains in compression are

input with a negative sign to illustrate that it does not affect

the analysis.

Types of break point/failure analyses: default.

Quadratic interaction coefficient: default..

Number of load sets: 2. ‘

Option exercised to print layer stresses aﬁd strains at pfédetermined

level of input laminate loads.
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PLC 1

FILE: RILAMRC2 DATA A ®essx VILLANOVA UNIVERSITY INTERACTIVE SYSTEM =~ VM REL 6,
SELASTD NLAMM=1, NMATLL=1, 2,1
AXE(1,1+11=64.20FE 26,
AXE{142+1)=6.5E 03,

TRANE( 1¢1,1)=1.650F 0¢&,
TRANE{1,2,11=2.00E 06,
Gll,l,13=0.63F 06,

AXNU(lele11=0.3,

AXE(14142V=5 ,20€ 06,
AXF{1,2,2)=1.31F 06,

TRANE{ 1y 15 29=-0. 20E 00,
TRANE(1,2,21=0.140E 96,
G1141,21=20.0675E 06,
AXNU(1s192V=0.3, v

AXNU(l,1,34=0.3,

AXNU(Ll o1 94)=0.3, .
AXNU(I-I.S'=0.3.

EEND
ECRITIC
CRITS{1e1s1411=2300.€E 03, CRITS{l24141)=~100.0€ 03, .
CRIVS(2,1,1,11=23,10€ 03, CRITS{242,141)=-20.CE 03,
CRITS{3,14141956.62E 03, CRITS(3,2,1,11=-6,62F 032,
CRITSI1y1s1e2¥=229.0F 03y CRITS(1l 424142)=-134,0FE 03, R o
CRITS(2,1,1y2'=25.0E+07, CRITS(2¢2,1,2V=—25, 0E+07,
CRITS(3,1,1,21=66.2F 03, CRITS(3,2,1,2)=~66.2€ 02,
CRITE(lelsls1V=3T70.F-03, CRITE(L 42,1,1V==16.1E-03,
CRITE{2,111¢11=14,006-03, CRITE(2,2,1,1V==12,1€E-03,
CRITE{I,1,1,1)=1D,5E-03, CRITE(3,2,1, 1)=-10.5¢-03,
CRITF(Llelels2Y=37,00F~03y CRITE(l y241l¢212=-22.0E-03,
CRITE(?, 1,1, 2)=2.90F 03, CRITE(242,1,2V==T70.0E-03,
CRITE(3¢1,142}=130.0E-03, CRITE(342,1,2V==-130.0E-02,

EEND

E0PT1 NLOADS=2,NSTRES(1¥=1

LEND
£LCAD

ALDAD( 1, 1Y =S, 0E 04,ALOAND(1,21=26.,3F 04,ALCAD(2,42)V=6,3E 04

CEND

EGECNED NLAV=12, (MATL=12*1,
ALPHA( 1) =0, 0, ALPHA[2)1=30,0,ALPHA{31==30,0,ALPHA(4}260.0,
ALPHA(S5)==K040,ALPHA{6)=90. 0,ALPHA({ 71=90. 0,ALPHA(8) =<604.0,
ALPHA({91=60,0, ALPHA(103==30, ALPHA(111=30.0-ALPHA(12)=0.0,
DELTA=12%0.0833

EEND

MATERIAL ELASTIC PROPERTIES:

PROPERTIES REFNRE BREAK-POINT:

MATYL AX TAL YOUNGS MNDULUS TRANS YOUNGS MODULUS SHE AR AXTAL

NO . MOOULUS POT SSON

TENSION coMPR TENSION COMPR RAT (O
1 0.6200F 07 0.,6200€ 07 0.,1650E 07 0.,1650E 07 0.6300€ 06 0. 3600E Q0

PROPERTIES AFTER BREAK-POINT:

MATL AX TAL YDOUNMGS MODULUS TRANS YOUNGS MODULUS SHEAR

NO ’ X MaDULUS

TENSION GOMMPR TENSINN corer
1 0.6200€ 07 0.1310€ 07 -~0.2000€ 90 0.1400E 06 0,47S0E 05
ssenses AXTAL POTSSONS RATIQ seaseee
AX COMPR  SHEBAR/T TENS TR COMPR QuAD
0. 3000€ QO 0.3000€ 09 0.3000€ 00

0.3000E 00
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INMPIT AREAK-PNINT STRESSES & STRAINS:

STRESSES
MATL AX 1AL TRANS SHEAR
TENS 1 0.230F 07 0.231E 05 0.662E 064
comp —0.1097E 06  =0.200€ 05 0. 662€ 04
INPUT ULTIMATE STRESSES & STRAINS:
STRESSES
MATL AXTAL TRANS SHEAR
TENS 1 0.229€ 06 0.250€ 09 0.662E 05
conP -0.134F 06 ~-0,250F 09 0.662E 0S
QUADRATIC INTERAC TION CO-EFFICIENTS :
MATER [AL BREAK—POINT FAILURE
1 -0 ,500€=-09 ~0.299E-13
LAMINATE 1t
LAYER MATERTAL THICKNESS ANGLE
1 1 0.0833 0.0 °
2 1 0.0833 30.00
3 1 N.N833 ~30.00
4 1 0.0833 60.00
s 1 0.0833 =£0.00
6 1 0.0833 90.00
’ 1 0.0833 90 .00 .
n 1 0. 0833  =£0.00
9 1 0.0833 69,10
10 1 0.0833  =30.00
11 1 9.0833 30. 90
12 1 0.0R313 0.0
. LONG TTUD INAL
APPLTED LAMINATE FORCES/LENGTH: 0.500€ 0%

ANALYSIS NUMBER 1t

AREAK-PDINT ANALYSIS= 13 FATLURE ANALYSIS=

{1=MAX STRESS CRITERPICN: 2=MAX STRAIN CRITERIONS

LAMINATE TANGEMT ST YFFNESS MATRIX:

0.3488 07 U.107E 07 0.625F-01
0.107€ 07 Na346F 07 0.100F 01

0.625F=01 0,L,10NE O1 N.119€ 07

-71-

1

STRAINS

TRANS

0.370€ 00 0.140€-01
-0.161E-01 -N.121E-01

STRAINS

TRANS

0.3706-01 0. 290 04
-0.220€~01 ~0.T700E-01

TRANSVERSE

0.0

SEEAR
0.0

2.2
_ SHEAR

0.105€-01
0.105€E-01

S HKEAR

0. 130€ Q0
0.120€ CC

3=QUADRATIC INTERACTION CRITEPIONY



LAMINATE TANGENT MODULI & POISSON RATIDS:
YOUNGS POISSCN SHEAR
MOD UL US RATIC vapuLUsS
LCNG N.312498E 07 2.,309647E N0 0.119306E (7
0.309547E 00 0.119306E 07

TRAN 0. 312498 07
BREAC-P0 INT NO.

(MONE 1=AXTAL:

MODE 2=TRANSVEPSE;

1 PREDICTED IM FOLLOWING LAYERS:

MOCE 3=SHEAR)

2.3

MNDE LAYER
3 4
3 5
3 8
E 9
3 2 .
3 3
L3 10 .
3 11 A
P LONGITUDINAL  TRANSVERSE SHEAR
APPLIED FRRCES/LENGTH AT BREAK-PNINT:  0.290F 0S5 0.0 0.0
LAMINATE TNTAL STRAINS: 0.926 E-02 -0.2876~02 0.1926-08
LAYER STPESSES & STPAINS IN LAYER CO-ORDS. AT BREAK-PCINT:
ORTENTATION STRESSES ] STRAINS
LAYER ANGLE  LONGTITUDINAL TRANSVERSE SHEAR LONGITUBINAL TRANSVERSE
1 0.0 0.5740€ N5 -0.1511E 03 0,12096-02 0.926%56-02 -0.2869E~-02
2 10,09 0.3967€ 05  0.343BE 04 -U,B620F 04 0.62316-02 0.1646E-07
3 -30,00 0.3967E 05  0,3438E 04 0.6620F 04 0.6231E-02  0.1646E-03
4 60.00 0.4706F 04 0.1062E 05 =-0.6620E 04 0,1646E-03  0,8231E~02
5 -60.00 N.4206E 06  0,1062E 05 0.6620F 04 0.1646E-03 0.&231E-02
6 90.00 =-0.1352€ 05 0. 1%21F 05 ~-0..2059E-01 -0,2869E-02 0.9265E-02
v 90.00 -0,1352E 05 0.1421E 05 =-0,2059€-01 =-0.2869E-02 0.S265E-02
9 -60.00 0. 4206E 06 0.1062FE 05 0.6620E 06 0.1646E~03 0.6231E~02
9 60.00 0.4206E 06 0.1062FE 05 -0,6620F 04 0.1646E-03  0.6231£-02
10 -130,00 0.3967E 05 0.3438E 04 O0.6620F 04 0,6231E-02 0.1646E-03
11 30. 00 0.3967€ 05  0,3438E 04 =-0.6620F 04 0.6231E-02. D.1646E-03
12 0.0 0.5740F 05 -0.1511€ 03 0.12096-02 0,9265€-02 <0.2869€~02
LAYE? STRESSES I[N LAMINATE CO-0RDS AT BREAK-POINT:
CRIENTATION 'STRESSES
LAYE2 ANGLE  LONGITUDINAL TRANSVERSE SHEAR
1 0.0 N.6T4NE NS =N.1511F N2 0. 1209€-02
2 30.00 0.3634E 05 0.,6762E 04 0,1238E CS
3 -30. 00 0.3634F 05 0.6762FE 04 =-0.1238E 05
4 60.00 0.1475€ 05 0.7S557E 02  0.5336€ 03
5 -50, 00 0.14T3F 05 O0,7SS6F 02 -0.53236€ 02
s 20.00 N.1421€F 05 =N.1352F 05 ~0.1456E-01
4 90,00 N.1421FE 05 «0,1352F 05 ~0.14%86C1
8 =60, 00 0:147SE 05  0.7S56E 02 =0.5336F N2
9 50 .00 Ne147SE 05  0.7557¢ 02  0.5336E 03
10 ~30,00 0.3634F 05, 0.6762F 04 —0.1238€ 05
1 30. 90 0.3634F 05 0.6762€ 04  0.1238E 05
12 0.0 0.5740E 05 -0.1511E 03  0.1209€-02
LAMINATE TANGENT STIFFNESS MATRIX?
0.765E 07 0.920E 06 n.625E-01
0.920E 06 0.265E 07 0.100E 01
n.625€-01 0.100E Ot 0,993F 06
LAMINATE TANGENT vODULT & POTSSCN RATI0S:
YOUNGS POTSSON SHEAR
NONUL US RATIC MOOULUS
LONG Ne233602€ 07  0.346518E 00 0.992519E 06
TRAN 0.233601F 07  0.346517F 00  0.992519E 06
BREAK-PNINT NO, 2 PREDICTED IN FOLLOWING LAYERS:
(MONE "1=AXLAL;. MNDE 2=TRANSVERSE: - MODE 3=SHEAR):
MONE LAYE? i
2 6
2 i
LNONGI TUDTNAL  TRANSVERSE SHEAR
APPLIED FNRCES/LENGTH AT BREAK-PNINT:  0.427F 05 . 0.0
LAMIMATE TOTAL STRAINS: 0.151£-01 -0<590E~02 0.360E-08

-72-

SHEAR
0.1919€-08
=0.10616=01
0.1051E-~01
-0.1051€-01
0.1051€=01
=0.3268€-07
-0.3268€-07
0.1051€E-01
-0.1051€-01
0.1051E-01
-0.1051€-01
0.1919€-08



LAYER STRESSES & STRAINS IN LAYER CO-NRDS.

AT BREAK-PCINT:

ORIENTATION STRESSES i STRAINS
LAYER ANGLE LONGITUDINAL TRANSVERSE SHEAR LONGITUDINAL TRANSVERSE
1 0.0 0.9366FE 05 -0.,6128€E 03 0.2268E-Nn2 0.1514F-01 =-0.4903E-02
30,00 - N.6381E 05 0.3438€ 04 ~-0.6945F D4 0.1013F-01- 0.1065€-03
3 -30.09 N.63%1E NS 0.3438E 04 0.6945E 04 0. 1C13E-01 0.1065€E-03
4 60. 00 N.3846F N4 N.1062F 05 =N.6945E 04 0.1066€E-03 0.1013€-01
5 -AN.00 0.3746E Ca 7. 10672 05 0. 6945E 04 2.1065€6-13 0.1913€-91
A 90.N0 =0.,2347F 05 N.2310E 05 =-0,34276-01 -0.4S02€~-C2 0. 1514E-01
7 99.90 -N.2347E 9S T42310€ 05 =0.3427E-01 -0.4903F-02 0.1514E-01
8 -60.00 N.3846F 04 Ne 10€2E 05 Q. 6945E 04  9.1065€-03 0.1013E-01
Q 60.00 N.3846F 04 0.1062E 05 =-0.6945E 04 0.10€6E-01 0. 1013E-C1
10 -139.00 N. 6381F 95 0.3438E 04 0.6945E 04 N.1013E-01 0.1065€6-02
11 3n.00 0.6381E 05 0,3438E 04 -0.6945E 04 0. 1C13E-C1 0. 1065€-03
12 0.0 0.9366F 05 <-0.6128E 03 0.2268E-02 D.15146-01 —0.4903E-C2
LAYER STRESSES IN LAMINATE CO-NRNS AT BREAK-POINT:
ORTENYATION . STRESSES
LAY ER ANGLE LONGITUDINAL TRANSVERSE SHEAR
1 n.0 0.9366E€ 05 -0.6128€ 02 0.2268E-02
2 30,00 . 0.56473F 0S N.1252€ 05 0.2267E 05
3 -30.00 0.5473E 05 0.1252€8 05 =0.2267t 0S5
4 60. 00, 0.1494E 05 -0.,4T60F 03 0.5404E 03
5 -60. 00 04 1494E 05 =0.4760E 03 -0.5404E 03
6 90.00 0.2310E 05 =-0.2347€ 05 =~0.2676E~-C1 -
4 90. NO Ne2310E 05 =0.234TE 05 -0.2475E-01
3" -69.09 N.1494F NS5 —0,47TE0F 03 ~-0.5404E 03
‘9 60,00 0.1494F 05 -0.4760EF 03 0.54C4F C3
1 -30.00 0. S4¢T3E 05 0.1252F 05 =~0.2267E 05
11 30.00 N.5473F 0S 0.1252€ 0F 0.2267E 0S5
12 0.0 0.9366E 05 -0.6128€E 03 0.22688-02
LAMINATE TANGENT STIFFNESS MATRIX:
0.237¢ 07 0.835E 06 0. 625E-01
D.835€ 06 0.263E 07 0.131E 01
0.625E-01 0.131F 01 0.895€E 06
LAMINATE TANGENT MODULT & POYSSON RATIOS:
YOUNG S PCISSON SHEAR
MODWL US RATIO MCDULUS
LONG 0.210771F 07 0.317725€ 00 0.895475€ 06
TRAN 0.233533E 07 0.352037€ 00 0.895475E 06
LAMINATE LOAD HAS REACHED PREDEFTINED LEVEL
LONGTTUDINAL TRANSVER SE SHE AR
APPLIED FORCES/LENGTH: 0.500€ 05 0.0 0.0
LAMINATE TNTAL STRAINS: 0. 186E-01 -0.601 €E-02 0.498€E-98

LAYEP STRESSES & STRAINS IN LAYER CO-0RDS.

ORTENTATION

LAYER ANGLE LOANG ITUDINAL
1 0.0 0. 1152€ 06
2 30.00 0.7828F 0S
3 -30.00 0,7828E 05
4 6£0.00 0. 4098 04
5 -60,00 N.4098E 04
6 90. 00 -0.3032F 05
7 90.00 -0.30328 0S5
8 -60.00 0.4098€ 0&
9 60. 00 0.4098¢€ 04
19 -30.00 0.7828E 05
11 30.00 0.782RE 0S
12 0.0 0. 1152F 06

LAYER STRESSES IN LAMINATE

ORTENTATION

LAYER ANGLE
9.0

30.09

-3n,00

60. 00

-60.00

@ R

LONGITUNIMAL

N.1152F
0.6575€
0.6575€
0. 151 7€
0.1517F

STRESSES
TRANSVERSE
-0.T170E 03
7.3638E 04
0.3438F 04
0.1062€ 05
0.,10€2E 05
0.2310€ 0S
0.2310F 05
0.1062€ 05
0.1062E 05
7.3438€ 04
0.3438EF 04
<0, T170E 03

AT PREDEFINED LAMINATE LOAD LEVEL:

SHEAR
0.3135€~02
-0, TL34E 04
0.T134E€ 04
~0.T134E 04
0. 7134FE 04
-0.3489E~-01
~0. 3489€-01
0. 7134€ 04
-0.7134E 04
0.7134€ 04
-0.7134E 04
0.3135€-02

CO-0RDS AT APPLIED LDAD:

06
05
05
0s
05

STRESSES
TRANS VER SE
-0 TLTE 03
0.1597E 0%
0.1597E 05
- 044499 03
-0 .4499€ 03

-73-

SHEAR

0.2135€-02"

0.,2494E (CS
-0.2884E 05
0. 7440€ 03
~0.T440E 03

LONGTTUD INAL
0.1861E~01
0.,1246E-01
0.1246€E-91
0.1473€-03
0. 1473E-C3

-0.6009€-02

-0.6009€-02
0. 1473E-C3
0.1473E-03
0.1246E-01
0.1246E-01
0,1861€-01

STRAINS
TRANSVERSE
-0.6009F-02
0.1473E-03
0. 1473E-C3
0.1246€-01
0.1246E-01
0.1861E-C1
0.1861€-01
0.1246€~-01
0.1246E~-01
0.1473€E-03
0. 1473E-02
-0.6009€-02

7.4

SHEAR
0. 359SF-08
-0.1735€-01
0.1735E~01
~0e1735E~-01
0.1735€-01
-0.5440€E-07
-0.5440E-07
0.1735€-01
~0.1735E-01
0.1735€E-01
-0.1735E-01
0. 356GE-0Q8

SHEAR
0.45776-C8
-0.2132E-01
0.2132€-01
-0.2132€-01
0.2132€-01
~0.674CE~07
-0 .6T740E-07
0.2132€-01
-0.21226-01
0.2132€E-01
-0.2132E-01
0.4977E-08



6 90, 00 0.2310€ 05 =-0,3932€ 05 -0.3283€-01
4 90,00 0.2310F NS -0.3032F 05 =—0.3283E-01
] ~60,00 0.1S17€ 05 -0.4499F 03 -0.7440€ C2
9 60, 00 0.1517E 05 -0,4499€ 03 0.T440€ 03
10 -390,00 N.6575F 0S5 0.1597F 05 -0.2884EF C5
1 30.01 0.A575F 05 0.1597E 05 0.2884€ (S
12 0.0 0.1152E C6 -0.7170Ff 03 0.3135F-02
FATLURE PRFDICTED IN FOLLNWING LAYERS:
(MODE 1=AXIAL: MODE 2=TRANSVERSE: MODE 3=SHEAR)
MODE - LAYER
1 1
1 12
. LONGTTUD INAL TRAN SVER SE SHE AR
APPLIED FORCES/LENGTH AT FATLLURE: 0.887€ 05 0.0 0.0
LAMINATE TOTAL STRAINS: 9.370E-01 -0.118E-C1 0.123€-07
LAYER STRESSES & STRAINS IN LAYER CO-ORDS. AT FAILURE:
DRIENT AT [ON STRESSES STRAINS
LAYER ANGLE LONGITUDINAL TRANSVERSE SHEAR LONGITUDINAL  TRANSVER SE
1 0.0 0.2290E 06 =-0.,1268€ 04 0. 7720€-02 0.3700E-91 -0.1185£-01
? in.an N.1547F NA N.34238F N4 -N.A1I0F N4 N. 2475F-11 N. 3A24F=-M
3 -30.,00 N.1547E 06 0.3438€ 04 0.8130F 04 0.2479F-01 0.3624E~-01
4 60.00 0.5433F 04 0.1362E 05 -0.8130F Q6 0.3625€-03 0.2479€-01
5 -60.00 N.5433F 04 0.1062€ 05 0.8130E 04 0.3€25E-07 0.2479€-C1
[ 90.00  -0.6653E 0S5 De2310E 05 <-0.3B15F-01 -0.1185E-01 0.3700E-01
k4 90.00 -N.6653E 05 0.2310E NS -0,3B15E~-01 -0,1185E~C1 0+3700E~-01
8 -60,00 0.5433E 04 0.1062EF 25 0.8130F 04 0.2€25E~-02 0. 24796-C1
9 60,00 N. 5433 04 0.1062E 05 -0.813NE 04 0.3625E-03 0.2479E-01
19 -30,.00 0.1547€ 06 0.3428€ 04 0,8120F 04 0.247SE-C1 0.3624€E-03
11 30. 00 0. 1547TE 056 0.3438E 04 =-0.8130€ 04 0.2479E-C1 0.3624E-03
12 0.0 0.2290€ 06 -0.,1268E N4 Oe TT20E~02 N.3700E~01 <~-0.1185E-01
LAYER STRESSES IN LAMINATE CO-0RDS AT FAILURE:
ORIFNTATION STRE SSE S
LAYER ANGLE  LONGITUDINAL TRANSVERSE SHE AR
1 0.0 0.2?290E 06 =-0,1268F 04 0.7720E-02
2 39.00 0.1239€ 06 0.3421F 05 0. 6143E Q5
3 ~310.00 0.1239E 06 N.3421E 05 =-0.6143E 0S5
4 60. Q0 Oe 1636E 05 =0.3121F 03 0.1R20€ 04
5 -60.09 0.1636E 05 -1,3122€ 02 -0,1820F 04
& 90,00 0.2310F NS —0,6653E N5 ~0,7547E-01
v 90. 00 0. 2310E 05 -0.6653E 05 =0, 7547E-01
8 -60.00 N.1636E 05 =0,3122E 03 -0.1820F 04
9 60. 00 0.1636E 05 -0.3121€ 03 0.1820F 04
tu =306 00 Ua. 1739 U6 a3621F % N, 21nIC AG
1" 30,00 0.1239E n6° N ,3421F NS MR o
12 0.0 0e 2290F 06 =-N.1268F 04 V772 F-92

FIRSY FIRFR FATLURE

ANALYSTS NUMBER

22

BREAK —POINT ANALYSIS= 23

{1=MAX STRFSS CRITERION:

FATLURE ANALYSIS= 2

LLAMINATE TANGENT SYIFFNESS MATR IX:

D.346E 07
0.107E 07
0.625€-01

0. 107 07
«346E 07
0.100E O

0.625E-01
N.100E 01
0.119E 07

23MAX STRAIN CRITERIONS

LAMINATE TANGENT MOOUL! & POTSSNN RATIOS:

YOUNGS

MONILUS
LCNG N.312493% 07
TOAN Ne312498¢ 07

BREAK-PNINT NO,

(MNDE 1=AXTAL §
MODE LAY ER
3 T4

POTISSON

RATIO

1 PRENICTED

MONE 2=TRANSVERSE:

N .3998647E 00
0. 309647F 00

SHEAR
MONULUS

~74-

0.119306E 07
0.119306E 07

IN FOLLOWING LAYERS:

MODE 3=SHEAR)

SHE AR
.0.1225€-07
=N.4?23NEaN]

0.423CE-01
-0 ,4230€-01
0.4230E-01
-0.1361E-0¢
-0.1361E-06
0.4230E-01
=0 +4230€-01
0.4230€-01
-0s4220E-01
0.1225€-07

3=QUADRATIC INTERACTION CRITERION)



) 5
1 q
3 Q
3 3
3 10
3 2
3 1"
‘ LONGITUDINAL  TRANSVERSE SHESR
APOL [FD ENRCES/LENGTH AT RREAK-PIINT: 0, 289E G5 0.0 9.0
LAMINATE TOTAL STRAINS: 0.9266-02  -0.297TE-02 0. 1926-08
LAYER STRESSES € STPAINS IN LAYER CO-NRDS. AT BREAK-PCIAT:
ORTENTATION STRESSES STRAINS
LAYER ANGLE  LONGITUDINAL TRANSVERSE SHEAR LONGITUDINAL TRANSVERSE
1 0.0 N.STISE 05 =0.1510€ 03  0.12086-02  0.9258E-02 =0.2867E-02
2 30.00  0.3964F 05 0.3436E 04 -0.6615F 04 0.62276-02  0.1645E-03
3 -30.00  0.2964E 05  0.3436E 04 0.6615F 06  0.6227F-02  0.1645E-03
4 60.00  0.4703F 04 0.l061F 05. -0.6615€ 04  0.1645E—=C3  0.6227E-02
5 -60.00  0.4203E 06 0.1061E 05 0.6615F 06 0.1645F—03 0.6227F-02
6 90.00  -0.1351F 05 0.1420F 05 =~0.2057E-0l -0.2867€-02 0.9258E-02
v 90,00 -0.1351F 05 0.1420E 05 -0.2057E-Cl =0.28676-02 0. S258E~02
8 -60.07  0.4203F 04 0.1061F 05 0.6615E 04 0.1645E~03 0.6227€-02
9 60.00  N.4203F N4 N,1061E 05 -0.6615€ C4  0.1€45E-03  0.6227E-02
10 -10.00  N.394F 05  0.3436F 04 0.6615€ 04 0.6227€-02 0. 1645E-C3
11 30.00  0.3966F 05  0.3436F 06 =-0.6615€ 04 0.6227F=02  0.1645E~03
17 9.9 0.5735E 05 -0.1510€ 03  0.12086-02  0.9258E-C2? ~0.2867E-02
LAYER STRESSES N LAMINATE CD-ORNS AT BPEAK-POINT:
ORTENTATION STRESSES
L AvER ANGLE LONGITUDINAL TRANSVERSE SHEAR
1 0.0 0.5735€ 05 -0.1510E 03 0.12CBE-02
2 30.00  0.3631E 05 0.67STE 04 0.1237€ 05
3 -30.00  0.3631F 95 0,67S7F 04 =-0.1237E 05
4 60.00  0.1674F 05 N.7SS1E 02 0,5332€ 02
s -60.00  0.1474E 05 0.7SSLE 02 =-0.5332€ 03
6 90.07  0.1420F 05 -0.1351E 05 ~-0.1455E-01
v 90.00  0.1620€ 05 -0.1351F 05 =-0.1455€-01
3 -60.07  0.1474F 05 0.7SSLE 02 -0.5332E 03
a 60.07  0,1474€ 05 0.7SS1E 02 0,5332F 02
10 -30.00  0.3631F 05 0.67STE N4 -0.1237F 05
1 30.00  0.3631F 05 0.A7TSTE 046  0.1237E 05
12 .0 0.5735€ 05 -0.1510F 03  0.12C8E-02
LAMINATE TANGENT STUFFNESS MATS[ 1
" 0.265F 07 0.920€ 06 7.625€-01
0.920€ 06 0.265F 07 0.100F C1
0.625E=01 0.100E N1 7.9913E 06
LAMINATE TANGENT MADULT £ POISSON RATIOS:
YQUNGS oN1SSON SHEAR
MOD UL US RATIC MODULU'S
LONG 0.233602F 07 0.366518E 00 0.992519E 06
TRAN 0.233601F€ 07 0.346517E 00 0.992519E 06
BREAK-PC INT NO. 2 PREDICTED IN FOLLOWING LAVERS:
(MODE 1=AXTAL: MODE 2=TRANSVERSE: MCDE 3=SHEAR)
MODE  LAYER
2 6
2 7
LONGITUDINAL  TRANSVERSE SHE R
APPLIED FNRCES/LENGTH AT BREAK-POINT:  0.400€ 05 0.0 0.0
LAMINATE TOTAL STRAINS: 0.140E-01  -0.451E-02 0.327€-08
LAYER STPESSES £ STRAINS IN LAYER CO-ORDS. AT BREAK—POINT:
0o (ENTATION STRESSES STRATAS
LAYER ANGLE ~ LNNGITUOINAL TRANSVERSE SHE AR LONGITUDINAL TRANSVERSE
1 .0 0. BE64E 05 =0.5239E 03  0.2063E-02 0.1400E-01 =0.4510E-02
2 39.07  N.S9L4E 05  0.3436E 04 =-0,6878E 04 N,93TIE=02 0.1176E-03
3 ~30.00  0.5914F DS  0.3436F 04 0.6878E C4 0.9377€=02  O. 1176E-C3
4 60.00  0.3912F 04 0.1061E 05 -0.687RE 04 0.1176€-03  0.9372€-02
5 -60.00  0.3912F 04 0.1061E 05 0,6878E C4 0.1176E-C3  C.9372E-02
6 90,00  ~0.2155E 05  0.2138F 05 -0.3163E-01 =0.45105-02  C. 14COE=C1
7 90.00  -0.21556 05 0.2138E 05 -0.3163E-01 —-3.4510€-02  0.1470€E-91

-75-

Zlb

SHEAR
0.1918€-08
-0.1050E-01
0.1059E-01
-0, 1050€-01
0.105CE-01
-0.3266E-07
-0.3266E~07
0. 1050€~01
-0.1050E-01
0.1C5CE-01
-0.1050€~-01
0.1918€-08

SHE AR
0.327¢E-08
-0:1603E-01
0.1€03€-01
~0e1€02E-01
N.1603€-01
-0.5C2CE-0Q7
~3.5020F-07



L) ~60,00 N.3912E 04 0.1061F 05 0.6878E C4 0s 1176E-C3 0.9372€-02

9 69, 00 N.3912€ 04 0.1061E 05 -0.6878E 04 D.117€£-03 0.9372-02

10 -30.00 Ne5914F 0S5 0. 3436E 04 0. 687BE (& Ne9373E-02 0.1176E-03

11 10, 0N N.5914€ 0S 0.3436E 04 -0.6BTBE 04 0.9373E-02 0.11766-01

12 0.0 0. 8664F 05 ~0.5229F 03 C. 2063F~02 0.1400F-01 -0.,4510€-02
LAYER STRESSES IN LAMINATE CO-NRDS AT BREAK—-PNINT:

OR TEMTAYION STRESSE S

LAYER ANGLE LONGITUCTNAL TRANSVERSE SHEAR

1 0.0 0. 8664E 05 -=0.5239E 03 0.2063E-02

2 30.01 D.5117E 0S5 0.1141F 0S 0. 2068E 05

3 =3n.00 0.5117E 0S5 0.1141€E 95 ~0.2068E 05

4 60. 00 0. 1489€ 05 -0.3700F 02 0.5387E 03

5 -60.00 0.1489E 05 -0.3700€E 03 -0.5387¢ (2

[] 90. 00 0.2138F 05 <0.,2155E 0% -0,2279€-01

T 90. 00 0.2138E 05 —0.,2155E 05 -0.2279€-Cl

8 -60.00 0.1489E 05 -0.3700E 03 -0.5387E C2

9 60. 00 N. 1489€ 05 -0.3700€ 03 0.5387€ 03

10 -30.00 0.5117F 9S N.1141€ 05 -0.2068E QS

11 30.00 0.5117¢ 05 0.1141E 05 0.2068B€ Q5

12 0.0 0. 8664E 05 -0.5239€ 03 0.2063E-02
LAMINATE TANGENT STIFFNESS MATRIX:

N.237€ 07 0.835€E 06 N.6256-01

0.835€ 06 0.26%E 07 0.131€ O1

0.625F=-01 0.131F 01 0. B95E 06
LAMINATE TANGENT MNCULT & PCISSON RATIOS:

YOUNG S oNT SSON SHEAR
MODULUS RATIO MODULUS
LONG 0.2107TIE Q7 0.317725E 00 0.89547SE 06
TRAN 0.233533E 07 0.352037F 00 0. 895475 06
LAMINATE LOAD HAS REACHED PREDEFINED LEVEL
LONGITUDINAL TRAN SVER SE SHEAR

APOLIED FNRCES/LENGTH: 0.500€ 05 0.0 0.0
LAMINATE TOTAL STRAINS: N.187€-01 -0.602E~-C2 0.515¢-08

LAYER SYPFESSES £ STRPAINS IN LAYER C0-CROS.

LAYER

DD NPV P WN

10
11
12

CRIENMT AT TN
ANG LY
0.0
30.00
-130. 00
60.00
-60.00
99. 00
99,00
~60. 20
60. 00
-30.00
30.00
0.0

STRESSES IN

ORTENT AT TON
ANGLE
0s 0
30.00
-30. 00
60.00
~60.00
90. 00
90.01
-60.00
60.00
=-30.99
310. N0
0.0

fa 1180
0.7885E
n. T8R%E
0.64256F
0.4256F

-0.3089€

-0,3089E
0.4256F
0.4256€
0,7885E
0. 7885E
0.1160€

LAMINATE

LONGITUDINAL

Qv 1160E
0.6617E
0.6617TE
0.1520€F
0.1520€
0. 21338E
0.2138€

" 0.1520€

0. 1520E
0.,6617E
N.6A1TE
0.1160€

Srinal

na
05
09
04
04
0S
ns
NG
04
05
05
06

STRESSES
TRANSYITT

-0e6559E
0.3436E
0.34306F
Ne 1061E
0.1061E
0.2138E
0.2138€
0.1061E
0. 1061E
0.3436E
0.34364E

-0.6659¢E

01
[+
04
as
ns
05
a5
0s
ns
04
04
03

SHEAN LONGITUD INAL
0. 3245F=-0Q2 N.1874E~-01
-0.7135E 04 0. 125%€-C1
0.7135€ 04 0.1255E-01
~-0.713SE 04 0.1731€~-03
0.7135€ 04 0.17316~02
=-0.3247E-01 -0.6015€E-02
~0,3247€-01 -0.€C16E-02
0.7T135F 04 0.1731£-02
-0. 7135€ 04 0.1731€-03
0.7135€ 04 0.1255€-01
-~0.7L35¢ 0% 0.1295€=01
0.3245€E-02

CO-0RNS AT APPLIED LOAD:

06
0S
05
05
0s
0s
05
0S
0s
a5
0s
06

STRESSES
TRANSVERSE

~0.6659E
0.1611F
N.1611F
-0.3345F
-0.3345E
-0.3089€
-0. 3089E
-0.334SE
=0.3345€
N.1611€
0.1611F
=0.6659E

FATLURE PREDNDICTED [N FOLLOWING LAYERS:

(MDDE 1=AXTAL ;

MODFE
1
1

LAYER
1
12

MODE 2=TRANSVERSE;

03
05
0s
03
03
05
05
03
03
0S
n5
03

~-76-

SHEAR
0. 3245E-02
0.2909¢ 0>
-0.2909€ 05
0. 8162E 03
~0.8162€ 02
=0.3378E~01
-0.3378E~-01
-0.8162€ 03
0.8162C 03
~0.2909€ 0S5
0.2909€ 0§
0. 3245£-02

MODE 3I=SHEAR)

0. L874E-0L

AT PREDEFINEC LAMINATE LCAD LEVEL:

STRALNS
TR AN SVER SF
~0.6016 €-02
0. 1731E-02
0.1731E-02
0.1255€-01
0. 1255€-Ct
0.1876 E-01
0.1874€-01
0.12556-C1
0.1255€~01
0. 1731€-03
041731E-03
-0.6016E-02

0.1603F~-01
-0.16026-01
0.1603E-01
-0.1603E-01
0.3275€-08

2.1

SHEAR
0.5152E-08
~042164E-01
0+2144€-01

"=0.2144E-01

0.2144E-01
~0.6792€-07

=0.6792E~07

0e2144€-01
=0 .2144E-01
0.2144E-01
~0.2144€=-01
0.5152E-08



' LONGITUDINAL TRANSVER SE SHE AR
APOLIED FNACES/LENGTH AT FAILURE: N.885E 0S5 0.0 0.0
LAMINATE TOTAL STRA(INS: C.370E~C1 -0.1196-C1 0. 124€E-07
LAYF? STOESSES &€ STRPAINS IN LAYER CO-CRDS. AT FA[LURE:
NRTENT AT ION STRESSES STRAINS

LAYER ANGLE LONGTITUDINAL TRANSVEPSE SHEAR " LONGITUNINAL  TRANSVER SE

1 0.0 0.2290€ 06 -0.1213E 04 0. 7800E-02 0,3700€-01 -0.1182€E-01

2 30.00 0.1548F 06 0.3436E 04 -0.8124E 04 0.248CE~-C1 0.3868€-03

3 -30, 09 0.1548€ 06 0.3436E 04 0.8124E 04 0.,2480€-01 0.3868F-01

4 60.00 0.5581E 04 0.1061E 05 ~0.8124E 04 0.,386S€E-03 0.2480€-01

5 -60.00 0.5581F 04 0.1061E 05 0.8124E C4 0.3868E-02 0.2480€E-C1

6 90. 09 ~0. 6686E ‘05 0.2138E 05 -0.3571€-01 -0.1132€-01 0.3700€~01

k4 90.00 -0.6686E 05 0.2138€ 05 -0.3571e-C1 -0,1182E-01 C.3700£-01

L] =60, 0n 0.5581€ 04 0.1061F 0S 0.81245E 04 0.3868E-013 0. 2480E-C1

9 60. 00 0. 5581lE 04 0.1061E 05 ~0.8124E 04 0.3869€-03 0.2480E-01
19 -30.00 N.1548E. 06 0.3436E 04 0.8124E 04 0.248CE-C1 0.3868€-03
11 20. 00 0. 1548F 06 N+3436E 04 -~0.8124E 04 0,2480E-C1 0.3868E-03
12 0.0 0.2290E 06 =0.1213E 04 0. 7800E-02 0.3700€-01 =0.1182¢-01
LAYER STRESSES IN LAMINATE CO-ORDS AT FAILURE:

. ORTENTATION STRE SSE S

LAYEP ANG LE LONGITUNINAL TRANSVEPSE SHEAR

1 0.0 0. 2290 06 -0N.1213E 04 0.7800€-02

2 30.00 0.1240€ 06 0.3422E 0°F 0. &146E CS

3 -30.00 0.1240F 06 7.3423E 05 ~0.6146E 05

4 60. 00 Oe 1639 05 -0.1976E 02 0.188SE 04

5 -60,00 0.1639€ 05 -0.1977E 02 -0.1885F Cé4

6 90. 00 0.2138F 0S5 =0.6686E 05 ~0.T614E~01

7 90.00 0.2138E 0S5 -0.6686F 0% ~0.7614F-01

L] -60.,00 0.15639€ 05 -0.1977E 03 -0.1885€ Q4

9 60. 00 0.1639E 05 -0.1976E 03 0.1885E 04

19 -30.00 0.1240€ 06 0.3423E 05 -0.6146E 05

11 30.00 0.1240€ 06 0.3422E 05 0.6146€ 0S5

12 0.0 0. 2290E 06 04 0.7800€-02

FIRST FIRFER FAILURE

ANALYSIS NUMRER 33

BOEAY —3NIMT ANAL VSIS 3

[l="ay <Y2£S8S COITERION:

-0.1213F

CATLURE ANALYSIS= 13

LAMINATE TANGENT STIFFNESS UATRIX:

N.34KE 07 0. 107 07
0.107€ 27 0.346E 07
0. 625FE-01 0.100E M

0.625E-01
2.100€ 01
0.119F 07

2=MAX STOAIN CRITERIONS

LAMINATE TANGENT MONULT € PNTSSON RATINS:

YNUNG S

MODWL US
LONG 0.312498€ 07
TRAN 0.312498E Q7

AREAK=PNINT NO.

{MODE 1=AXIAL:
MODE LAY ER
1

oW

1
1
1

PNTSSCN

RATIO

MODE 2=TRANSVERSE;

0.309647E 00
0. 309447E Q4@

APPLTIED FDRCES/LENGTH AT RREAK-POINT:

LAMINATE TNTAL STRAINS:

SHEAR
Moo uLUS

0.119306E Q7
0.119306€ 07

1 PREQICTED IN FOLLOWING LAYERS:
MODE 3=SHEAR)

LONGITUDINAL TRANSVERSE SHEAR
0.275E 0S 0.0 0.0
0.B82€-02 -0.273€E-02 0.183€-08

LAYER STRESSES & STRAINS IN LAYER CO-ORDS, AY BREAK-PCINT:

-77-

1.9

SHE AR
0.1238€-07
-0.4228E-01
0.422€6~-01
-0.4228€-01
0.4228E-01
~-0.1261€E-0¢
-0.1361E-06
0.4228E-01
~0.+4228E-01
0.4228€-01
~0e4228€E-01
0.1238€-07

3=QUADRATIC INTERACTION CRITERIONY?



OR [ENTATION STRESSES STRAINS
L AYER ANGLE  LOMGITUDINAL TRANSVERSF SHEAR LONGITUDINAL TRANSVERSE
1 0.0 0.5461F 05 =0,1438E 03 0.11506-02 0.881%E-02 -0.2730E-C2
2 39,09 Ne 3774E 05 0.2272€ 04 =—0.6299€ N4  0.5929F=-02  0.1566E-02
3 -35.00 0.3774€ 05 0.3272€ 04 0.6299€ C4 C.5529E-02  0.1566E-03
A 60, 00 0.4002F N6 9J,1010E N5 =0,6299F 04 N,15€€£F—02 0.5929€-02
5 -60.09 0. 4002F C% 0.1010E 05 Ne6299E 04 0,1566F-03 0.5929€=-92
6 90,00 -N,1287€ 05 N.1352F 05 ~0,1959E-01 -0,273CE-C2 0.881SE-02
7 90,00 -0,1287€ 05 0.1352E N5 -0.1959€-01 -0.2730E-02 0.8815F-02
] -60,00 0.4002E 064 0.1010E 05 0.6299E 04 0.1566E~03  0,5929E-02
9 690,00 0.4002% 04 0,1010F 05 =0,6299F 04 0.1566E-02 0. S929F-G2
10 -130.00 0. 3774F 05 0.3272€ 04 N.6299F 04 0.5929E-02 0.1566E-03
11 30,00 0.3774E 05 0.3272€E 04 -0,6299F 04  0.5629€-02 0. 1566 E-03
12 0.0 0.5461F 95 -0,1438€ 03 0.1150E-02 0.8815E-02 -0.2T30E-C2
LAYER STRESSES IN LAMINATE CO-NRDS AT BREAK-POINT:
ORIENTATION STRESSES
LAY ER ANGLE  LONGITUDINAL TRANSVERSE SHEAR
1 0.0 0.5461F 05 -0,1438E 03 0.11506~C2
2 30. 00 0.3458F 05 N.6434E 04 0.1178€ 05
3 -30.00 0.3458F 05 N.6634E 04 -0.1178€ 0S5
4 60.00 0.1403€ 05  0,7191E 02 0.507TE 03
5 -850, 00 0+ 1402C 0S N0.7190€ A? =0.450T7T7¢ 03
6 90.00 N.1352E 05 -0.1287€ 05 -0.1386E-0C1
v 90, 00 0.1352E 05 -0.1287€ 95 -0.1386E-01
3 ~60. 00 0. 1403€ 05 0.719CF 02 -0.S0T7E 03
9 60,00 0,1%403E 05 0.7191F 02 0,5077€ C?
10 -30. 90 0.3458E 0% 0.6434E N4 ~0,1178E 0S
11 30.00 0.3458F (05 0.6474€ 04 0.1178€ 05
12 0.0 0.5461E 05 -0,1438E 03  0.11506-¢2
LAMINATE TANGENT ST IFFNESS MATR IX:
0.293 07 0. 995E 06 0.625€-01
0.995E 236 N.318€ 07 0.100F 01
0.625€-01 0.100€ Ot 0.,109€ 07
LAMINATE TANGENT MODULI £ POISSON RATIOS:
YOUNGS POTSSON SHEAR
M0NYLUS RATIN MCDULUS
LONG 0.251642€ 0T 0.,312557€ 00 0.109279¢ 07
TRAN 0.284547€ 07 0.339919F 00 0.109279€ 07
GFTXK~°C!5T MO. 2 PRECICTFD IN FOLLOWING LAYERS:
(“ONE 1=AYTAL S MMYF 2=TPANSVERSE; NCDE 3=SHEAR)
vane LAY ER
1 3
1 19
1 2
1 11
LOANGITUDINAL  TRANSVERSE SHEAR
APDLIED FORCES/LENGTH AT BREAK~POINT: 0.347E 05 0.0 0.0
LAMINATE TOTAL STRAINS: N.116F-01 -0,3%96=-02 0., 2645E-08
1, AYER STRESSES & STRAINS IN LAYER CO-ORDS. AT BREAK-PCINT:
ORTENTATINN STRESSES STRAINS
LAVER ANGLE  LONGITUDINAL TRANSVERSE SHEAR LCNGITUDINAL TRANSVERSE
1 0.9 D.T158E 05 =0,2019E 03  0.15456-02 0.1156E-C1 -0,3586€-02
2 30, 00 0.4946F 05 0.4278E 06 -0.8261FE 04 0.TT770E-02 0.15936C3
3 -30,00 0.4946E 05 ° 0.4278F 04 0. 8261F 08  0.TTTOE-02 0.1993€-03
A 60,00 0.4266F 04 0,.1010E 05 -0,6447E C4 0.1692€-03 0.7770E-02
5 ~60.00 0. 4266E 04 0.1010E 05 0.644TE 06 0.1993£-03 0.TTTOE-02
6 90.00 -0.1692€ 05 0,1772E 05 =-0,2573€E-C1 =-0,35B&E-C2 0.1156E-01
7 90.00 ~=0.,1692F 05 N.1772F 05 -0.2573E-01 ~0.258€E-02 0.1156E-01
9 -60.00 N.4266E 04 0.1010E 05 0. 6447€ 04 0.1693E-03 0.77TTOE-02
9 60.00 0.4266E 04 0.1010E 05 -0.&447€E C4  0,1$93C~03 0.177T0E-02
19 -130,00 0.4946E 05 0,42TRE N4  0.8261E 06 N.TTTDE-02 0.1993F-03
11 30.00 N.4946F 0S5 0.4278F 04 -C.8261E 04 0.T7T70E~-02 0.1993€-03
12 0.0 0.7158E 05 -0,2019€ 02 0.1545€6-C2 0.115¢E-01 ~—0.2586F-C2

LAYER STRESSES IM LAMINATE

CO=0ORDS AT BREAK-POTNT:

NRTENTATION STRESSES
LAYER ANGLE LONGITUDINAL TRANSVERSE SHEAR
1 0.0 0,7158E 05 -0,2019€ 02 0.1545E-02
2 30. 170 0.4532F 0S5 0.8418F 04 N.1543€ 05
3 -30.00 0. 4532€ 05 0.3418F 04 -0.1543E 05

-78-

1.9
SKEAR
0.1826€E-08
-0.5G9SEE-C2
0.9998¢€E-02
~C.S56S8E~02
N.9998F~-92
-%.3109¢-07
-0.310SE-07
0.9998€E-02
-0.66%8E-02
0 .9998€E-02
-0.9998€-02
0. 182€¢E-08

SHEAR
0.2453E-08
-0=1311E-01
0.1311€E-01
-0.1311€-01
0.1311€~01
—0.4084E-07
~0.4084E-07
J-1311€E-01
-0.1311E-01
0.1211E-01
~0.1311€E-01
0.2453F-08



& 62.Nn0 N.1423E 05 0.1424F 03 0.6964E 02
5 -60. 00 0.16423E 0S5 Ne1423E N3 -N0.6964F 03
6 90.09 0.1772 25 -N.1692F 05 -0.1817£-01
M 90.00 0.,1772E 05 -0.1692E 05 =~0.1817E-C1
-] -60.00 0. 1423€ OS5 Ne1423F 03 =0.6964E 03
9 60.00 0.1423% 05 0.1424F 07 0. 6964F C3
19 -30.00 N.4532F 05 N.841%E 2% =-0.1543F 05
11 30.09 e 4532F 05 N. A412F 06 0.1543F 0S5
12 0.0 N.7158E 05 -0.2019€ 02 0. 1545€E-0C2
LAMINATE TANSGEMT STIFFMESS MATRI X:
0.,265F 07 0.,920E 06 0.625€-01
N.920E 06 0.265€ 07 0.100€ 01
N.625E-01 0.100E 0L 0.993€ 0¢
LAMINATE TANGENT MODULI & POT SSCN RATICS:
Y OUNGS POISSON SHEAR
MODUL US RATIC MCDULUS
LONG 0.233602E 07 0.346518E 00 0.992519E €6
TRAN 0.233501€ 07 0.,346517F 00 0.992519¢ 06

BREAK-PO INT NO,

(MODE 1=AXTAL:

MODE 2=TRANSVERSE:

3 PREDICTED IN FOLLOWING LAYERS:

MONE 3=SHEAR)

MODE LAYER
1 5
1 R4
LONGT TUDI NAL TRANSVERSE SHEAR
APPLIED FORCES/LENGTH AT BREAK-PNINT: 0.3€6E 05 C.0 0.0
LAMINATE TNTAL STRAINS: 0.124E-01 ~0.387E-02 0.269€E-08
LAYER STRESSES € STRAINS IN LAYER CO-DORDS. AT BREAK-PCINT:
OR TENTAYION STRESSES ' STRAINS
LAYER ANGLE LONGITUOINAL TRANSVERSE SHEAR LONGITUDINAL TRANSVERSE
1 0.0 N.,7642E 05 =0,2660F 03 0.1692E-02 0.,1227F-01 -0,3868F~C2
2 30.09 N. 5281E 0S 0.4278E 04 =~0.8306E 04 0.8311€-02 0.1912€E-03
3 =30, 00 0.5281E 05 0.4278E 04 0.8306E 04 0.8311E-02 0.1912E-02
4 60.00 0.4216F 04 0.1010F 05 -0.6492E 04 0.1S513€-03 0.8311€-02
5 -60.00 0.4216E 04 0,.1010€ 0S 0.6492€ 04 0.1512E-02 0. €311F-02
6 90. 00 -0.18730E 0S5 0.1895E 05 =-0.2763E-01 -—0.3868€-02 0.1237€-01
7 9.00 -0.1830F 05 0.1895E 05 -0.2763€~-01 -0.3868E-02 0.1237€-01
3 -60,00 0.4216E 04 0.1010E 05 0.6492E 04 0.1913€-03 Ce 8311E-C2
9 A0.N0 0. 4216F 04 0.1010E 05 -0.6492E 04 0.1913€-013 0.8311€~-02
11 ~39.,09 0.5281E 05 0.4278E 04 0.8306E C4 0. 8311E-C2 0. 1912E~03
1 372.09 0.5291F 05 0.4278E 04 -0.8306FE 04 0.82116~-02 C.19126-C2
12 0.0 0.7662E 0S5 -0.2660E 03 0. 1692€-02 N.1237€-01 -0.3868E-02
LAYER STRESSES IN LAMINATE C0O-DRDS AT RREAK-POINT:
NR IENTATION STRESSE S
LAYER ANGLE LONGITUDINAL TRANSVERSE SHEAR
1 2.0 0. T6628 08 <0.26b60E 03 0.1692E-02
2 30.00 0.4787F 0S5 0.9217€E 04 0. 1686E Q5
3 ~30.00 0.4787F 05 0.9217¢ 04 ~-0,1686E CS
4 60. 00 0. 1425F 05 0.6582F 02 0.6973F 03
3 =-60.00 0.1425€ 05 0.6581E 02 -0.6973€E 03
6 90.00 0.1895E 05 " ~0.1830FE 05 <=0.1959€-01
7 90.00 0.1895E 05 -0.1830E 0% -0.1959€-01
L] -60.090 - 041425E 0S. 0.,6581E 02 -0.6973E C2?
9 60. 00 0.1425F 05 N.65R2F 02 0.6973€ 03
10 -3an. 00 0.4787E 0S 0.9217€ 0& —0.1686EF 05
11 30.00 - 0.4787E 05 0.9217E 04 0. 1686E Q%
12 0.0 0.7662€ 05 -0.2660F 03 0.1692€-02
LAMINATE TANGENT STIFFNESS MATRIX:
N.237€ 07 0.835E 06 0.625€-01
N.33SE 06 N.l81E N7 0.313E 00
0.625E-01 0.313E 00 0.895€ 06

LAMINATE VANGENT MODULT & POTSSON RATINS:

YOUNG S PCTSSCN SHEAR

MOQDWL US RATIO MCDUL US
LONG 0. 198855E 07 0.469357E 09 0.89547SE 06
TRAN 0.152066E 07 0.352037¢ 09 0. 89547SE 06

-79-

SHEAR
0. 268¢E~08
~0.1406€-01
O« 140€E-01
~0.1406E-01
0eL406F-01
~0.428€E-07
-0.4386E-07
G. 1406€E-01
~0.1406E-01
0.1406E-01
~Ce 140€E-01
0.2686E-08



LAMINATE LOAD HAS REACHED PRFDEFINED LEVEL

APPLIFD FORCES/LENGTH:

LAMIMATF TOTAL STRAINS:

LONGTITUDINAL TRAN SVER SE SHE AR
0.509E 05 0.0 0.0
0.191€E-01 ~0.697E-02 0.330E-08

LAYEP SYRFSSES & STRPAIMS IN LAYER CO-QRDS.

LAYFR

LAYER

O D NI P WiN

10
11
12

(MODE
MCDE
1
1

LAYER

LAYER

Vo NONnHWN

10
188

AT PREDEFINEC LAMINATE LDAD LEVEL:

OR TENT AT [ON STRESSES STRATNS
ANGLE LONGITUDINAL TRANSVERSE SHEAR LONGITURINAL TRANSVER SE
0.0 0.1178€ 06 —-0,2090F 04 0. 2077E-02 0.1910€-01 =-0.6966€-02
3n. 0N 0.7929F 05 N0.4278E 04 =-0.8T11E 04 0.12586-01 —0,4497E-C3
-30.00 0. T929€ 0% 0.427RE" 04 0.8711FE 064 0.1258E~01 -0.4497E-03
60.00 0.2424E 03 0.101CF 05 -0.6896F 0& -0.4497€-0C3 0.1258€-0t
-60. 00 0.2426F 03 0.1010€ 05 0.8896E 04 =0.4497E-02 0.1258E-C1l
90,00 =~0.2236€ 05 0.189% 05 =-0.2884€-01 -0.6%66€-02 0.1910E-01
90,00 -0.2236€ 05 0.1895E 05 -0,2884E-01 -0,6%66E-02 G. 191 0E-01
-60.00 0.2424F 03 Ne1010E 05 0.6896F 04 =0.4497E-03 0.1258E-01
6000 0.2424E 03  0.1010F 05 =0.6896E 04 =-0.4497€-03 0.1258€-01
-30.00 0.7929E 05 D.4278E 04 0,.8711F 04 O0.1258E-01 =-0.4497E-C3
30. 00 0. 7929€ 05 0.4278E 04 -0.8T11E 064 0.1258€E~01 -0.4497E-03
0.0 0.1178F N6 -0.2090E 04 0.2077E-C2 0. 191CE-01 -0.6966E-02
STRESSES IN LAMINATE CO-OPDS AT APPLIED LCAD:
OR[ENT AT 1ON STRESSES
ANGLE LONGI TUDINAL TRANSVERSE SHEAR
0.0 0.1178 06 -0.2090E 04 0.2077E-C2
30.00 0.6808F 05 0,.,1549E 05 0.2813E 09
-3n.00 0.6808E 05 0.1549E 05 -0.2813¢ 05
60.00 0.1361E 05 -0,3265E 04 ~-0,8214E 03
-60.00 0.1361E 05 =-0.3265E 04  0,8214E 02
90. 00 0.189SE 05 =0.2236E 05 =0.2352E-01
90.09 0.1895% Q5 -0.2226E 0% -0.2352€-01
-60,00 0.1361E 05 -0.3265E 04 0.8214E 02
60. 00 0.1361E 05 <-—0.3265E 04 —0.8214E 03
-30.00 N.6808E 0S5 0.154SE €5 <~0.2813F 0S
30, 00 0.68B08F 05 0.1569E 05 0.2813E 05
0.0 0.1178€ 06 -0.209CE 04 0,2077€-(C2
FATLURE PREDICTED [N FOLLOWING LAYERS:
1=AXTAL 3 MODE 2=TRANSVFRSE: NODE 2=SHEAR)
LAYER
1
12
LONGITUDINAL TRAN SVER SE SHEAR
APPLIED FNRCES/LENGTH AT FAILURE: 0.861E 05 0.0 0.0
LAMINATE TOTAL STRAINS: 0.373E-01 ~0.153€~C1 0.495E-08
LAYER STRESSES & STRAINS IN LAYER CO-CRDS. AT FAILURE:
OR(ENT AT [ON STRESSES STRALNS
ANGLE  LCNGITUCINAL TRANSVERSE SHEAR LONGITUDINAL TRANSVERSE
0.0 0.2290€ 06 =0.7017E 04 0. 3118€-02 0.3727€-01 -0.1533€-01
30,09 0.1508F 06 0.4278E 04 -0.9802F C& 0.24126-C1 -0,2181€-02
-130,00 0.1508E 06  0.4278E 0&  0.9802F 06 0.2412FE-01 -0.2181€6-02
60,00 -0.1049E 0S5 0. 10106 0 -0.7988E G4 =-0,2181E-02 0.2412€-01
-60.0n —0,1049F 0S5 0.1010€E 05 0,7988F 04 =-0.2181E-02 0. 24126-C1
90.00 -0.3332E 0S5 0.189%€E 0% -0.32126-C1 -0.1533€-01 0.3727€~01
90,00 -~0.3332F 05 0.1895€ 05 =0.3212E-01 =-0,1522E-01 0.2T7276-C1
-60.00 ~-0.1049¢ 0S5 0.1010F 0S5 0. 7988€ 04 -0,2181€-02 0.2412€-01
60,00 -0,1049E 05 0.1010E 05 -0.7988F 04 =0.2181E-C2 0.2412€-01
~-30. 00 0.1508E 06  0.4278E 04 N.9802€ 04 0.,24126-01 -0.21816-02
30.00 0.1508F 06 N.4278F 04 ~0.9802E 04 0.2412E-01 -0.2181E-02
0.0 0,2290€ 06 =-0.7017E€ 04  Q.31186=02 0.3727E-C1 -0.1533E-C1l
STRESSES IN LAMINATE CD-ORDS AV FATLURE:
CRIENTATION STRESSES
ANGLE LONGT FUDINAL TRANSVERSE SHEAR
0.0 0.2290F 06 =-0,7017€ 04 0.3118€-02
30,00 N.1227€ 06 0,3243F 05 0.5856E 05
-30,00 0.1227T€ 06 0.3243E 05 =N.5856E 05
60.00 0.1187F 05 -0,122&6E 0% -0,4524E 04
-69, 00 0.1187E 05 <-0,122AE 05  0.4924F 04
90, 00 0. 1895€ 05 -0,3332E 05 -—0.3414E-01
90,00 0.1895E 05 -~0,3332E 05 -0.34W4F-C1
-40, 00 N.118TE 0S5 =N,1226E 05 0.4924F 04
50,90 N.1187€ 05 -0.1225 05 —0.4924F C&
-30,00 0.1227E 06 0,3243E 05 -0.5856E CS
30. 00 0.1227E 06  0.3243F 05 0.5856€ 05
N.0 0.2290F 06 =~0.7717€ Q& 0.3118€-02

12

FIRSY FIRER FATILURF
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SHE AR
N.3298€-08
~-0.2257€-01
0.2257€-01
~0.2257€-01
C.2257€-01
-0.6938€-07
-0.6938E-07
0.2257€-01
=0.2257€E-01
0.2257€-01
-0.22576-01
0.3298E-08

SHEAR
0.4949€-08
-0.4556€-01
0.4%S€EE-C1
~0.4556 E-01
0.4556E-01
-0.1383E-06
-0.1383E-06
0.4556E-01
~0,455A€-01
0. 455EF-01
-0.4556€E-01
0.4949€-08



LONGITUD INAL

APPLIFD LAMINATF FORCES/LFNGTH: N.630E 05

ANALYSTS NUMRER 1:
BREAK -PM INT ANALYSTIS= 13

(1=MAX STRESS CRITFRION:

LAMINATE TANGENT STIFFNESS MATRIX:
0.346E 07 0.107€ 07 0. 625E-01
0.107F Q7 0.346E 07 0.100€ O1
0.625F=01 0.100F 01 0.119€E 07

LAMINATE TANGENT MODULL & POISSON RATINS:

FATLURE ANALYSIS=

2=MAX STRAIN CRITERIONS

TRANSVERSE
0.630€ 05

1

SHEAR
0.0

3=QUADRATIC INTERACTION CRITERION)

YQUNGS POTSSON SHEAR

MODUL US RATIO MOpDULUS
LCNSG 0.312498€ 07 0.309647E 00 0,119306F 07
TRAN 0. 312498 07 N.3C9647F 00 0.119306E 07

RREAK=-PCINT NO, 1 PREQDICTED IN FOLLOWING LAYERS:

(MODE 1=AX[AL: MODE 2=TRANSVERSE: NODF 3=SHEAR)

MODE LAYER
2 1
2 12
2 2
2 3
2 4
2 6
2 h 4
2 9
2 10
2 11
? 5
2 8
LONGT TUNT NAL TRANSVERSE SFEAR
APPLIED FORCES/LENGTH AT BREAK-POINT: 0.476E 0S5 0. 476E (5 0.0
LAMINATE TOTVAL STRATINS: 0.105€E-01 0.105€-01 -0.936€-08
LAYER STRESSES & STRAINS [N LAYER CO-ORDS. AT BREAK-POINT:
OR TENTATION STRESSCS STRAINS
LAYER ANGLE LONGITUDINAL TRANSVERSE SHEAR LONGITUDINAL TRANSVERSE SEEAR
1 0.0 0.7210F 0§ 0.2310€E 05 -0.589T7€-02 0.10516-0C1 0.1051E-01 =-0.S261F-0¢
2 30.00 0.7210€ 05 0.2310E 0S5 0. 7275€-02 D.1051F-01 0.1051€-01 0.1155F-07
3 =30.00 0.7210E 05 0.2310E 05 -0.1317E~-01 Q. 1C51E-C1 0.1051F~M  =N,2N9LE=0T
4 bl. VO 0.7210F 05 0.2310€ 0S5 0.1317E-01 0.1051€~-01 0.1051€~-01 0.2091E-07
5 -60.00 0.T210F 05 0.2310E 05 -0.7275E-02 0.1051E-01 0.1051E~01 -0.1155€E-07
6 90.00 0.7210€ 05 0.2310€ 0S5 0.5897¢-C2 0.1C51E-01 0. 1051E-01 0.6361E=08
7 90. 00 0. 7210E 0S5 0.2310F 05 0.5897€-02 0.1051€-01 0.1051€-01 0.9261E-08
3 -60.00 0.7210€E 05 0.2310E 0 -0.7275€E-C2 0. 1051E-01 C.1051E-01 -0.1155€E-07
9 60.00 0.7210F 0S5 2.2310€ 05 0.13176-01 0.1051E-01 C. 10516~ C1 0.2091E-07
10 -30.00 0. 7210F 0S5 0.2310E 05 -0.1317€-01 0.1051€-01 0.1051€E-01 -0.2091€-07
1t 30.00 0.7210€ 05 0.2310€ 0S5 0.7275E~-C2 0. LC51E-C1 Q. 1051 E-01 0.1155€E-07
12 N.0 0.7210€F 0S5 2.2310E 05 ~=0.5897E-02 0.1051E~-01 0.1051€-C1 -0.9261E-08
LAVER STRESSES IN LAMINATE CO-ORDS AT BREAK-POINT:
CRUENTATION STRESSES
LAYER ANGLE LONGITUNTNAL TRANSVERSE SHEAR
1 0.0 0.7210E 05 0.2310E 05 -0.5897E-02
30. 00 0. 5985€ 05 0.3535€ 05 0.2122E 05
3 =30.00 N.5985F 05 0.353%E 0% -0.2122€ 05
4 50.00 0.,3535E 05 0.5985E 05 0.2122€ 05
5 -60. 00 0. 353SE 0S5 0.5985E 05 <=0.2122FE 0§
] 90.00 N.2310€ 05 0.7210CE 0S5 0.5622E-C1
v 90. 00 N.2310E 05 0.7210E 05 0.56228-01
L -60.09 .N. 3535¢ 05 0.5985E 05 -0.2122E 95
9 60,00 0.3535€ 05 0.5985€ 05 0.2122E C5
12 -30.00 0.5985F 05 043535E N5 -0.21228 093
11 30.00 0. S985€ QS 0.3535F @5 0. 2122€ 05
12 0.0 0.7210€ 0S 0.2310E 05 -0.5897E-C2
SHEAR £/N0 TRANSVERSE QREAK-PATNT QREACHED [N EVERY LAYER

-81-



LAMINATE TANGENT STIFFNESS MATRIX:

N.235E 07 0.751E 06 0 .625€E-01
N, 751F 06 0.235€ 07 7.131E 91
Ne625E-01 0.131F 91 N.798E 06

LAMINATE TANGENT MODULY & PQUSSCN RATIOS:

YOUNGS POTSSON SHEAR

“¥0oDuULUS RAT(C MODULUS
LONG N. 210762 07 0. 319852E 00 0.798430€ 06
TRAN 0,210761E 07 0.319851E 00 0.798470€ 06

FAILURE PREDICTED IN FOLLOWING LAYERSS

(MODE 1=AX[AL: MODE 2=TRANSVERSE; MODE 3=SHEAR)

MODE LAYER
1 S .
1 ]
1 7
1 A
1 -3
1 10
1 4
1 9
1 1
t 12
1 2
1 1
LONGITUDINAL TRAN SVER SE SHE AR
APOLTED FORCES/LENGTH AT FAILURE: N0.126E 06 0«126E 06 0.0
LAMINATE TOTAL STRATNS: 0.358E-C1 0e 358E~-C1 ~0.529€-07
LAYER STRESSES & STRAINS IN LAYER CO-ORDS. AT FAILURE:
OR TENT AT TON STRESSES . STRAINS
LAYER . ANGLE LONGITUDINAL TRANSVERSE SHEAR LONGITUDINAL TRANSVER SE
1 0.0 0.2290F 06 0.2310E 05 -0.7968E-02 0.3582€-01 0.35826-01
2 30.097 0.,2290F 06 0.2310F 05 0.81456-02 0.3582E~-C! 0.3582€E-01
3 -30. N0 0. 2290E 06 0.2310€ 05 -0.1611E-01 0.3582€-01 0.35826-01
4 60.00 0.2290E N6 0.2310F 05 0. 1590E-C1 0.3582€-01 0.3582€-01
S -60.00 0.2290E 06 0.2310E 05 =-0,7934E-C2 0.3582€-01 0.3582€E-C1t
L} 90, N0 0. 2290F 06 0.2310F 05 0.7968F-02 0.3582€-01 0.3582€-01
T 90.00 0.2290E 06 0.2310€ 0% C.7968E-02 0. 3582E-C1 0.3582€~-01
8 -60,00 0.2290F 06 042310F 05 =0.7924£-02 0.3582E-01 0.23582FC1
9 60. 00 0. 2290E 06 0.2310E 0% 0.1590€~01 0.3582€-01 0.3582€-01
19 =-30:99 042790€ 06 042310 05 041611601 0+ 35C2E-C1 0. 3582€:~01
11 30.00 0.2290F 06 0.2310€ 0S5 0.8145E-02 0.2%82€-01 0.3582€-01
12 0.0 0.2290€E 06 0.2310E 0% -0.7968E-02 0.3582¢-01 0.3582€-01
LAYER STRESSES IN LAMINATE CO-CRNS AT FAILURE:
DRIENTATION STRESSE S
LAYER ANGLE LCNGITUCINAL TRANSVERSE SHEAR
: 1 0.0 0.2290€ 06 0.2310F 05 =0.7968E-02
2 30.00 N.1775€ 06 N<7457€ Q% Q. 8916E Q5
3 -30,00 0.1775E 06 0.7457E 05 -0.8916€ 0S
4 60. 00 0. 7458F 0S5 0.1775E Q6 0.8916E 05
s -60.00 N.T7458E 05 0.177SE 0& -0.8916E 05
6 90. 00 0.2310F 05 0.2290F 06 0.2530€ 09
’ 90. 00 0. 2310€ 0S5 0.2290F 06 0.2530€ 00
R -60.09 0.7458€ 0S5 0.177SF 06 ~0.8916E 05
9 60, 00 0.745R8€ NS 0.1775€E 06 0.8916E 05
10 -30.00 Q. 1775 06 0.7457%F 05 -0.8916E 05
11 30.00 0.,177SE 06 0.7457¢€ 05 0.8916E CS
12 0.0 0. 2290 06 0.2310F 05 -0.7968E-02

FIRST FIBER FAILUR

ANALYSTS NUMRER 2

BREAK-PCTINT ANALYS

{1=MAX STRESS CRITERIONS

E

IS= 23

2=MAX STRAIN CRITERIONS

LAMINATE TANGENT STYIFFNESS MATRIX:

0.346F N7 0.107€ 97 N.625F-01
0.107E 07 0.346E 07 0.100€ 01
Ne 625F~-01 0.100€ 01 N.119€ 07

FAILURE ANALYSIS= 2

-82-

2,13

SHE AR
=0 .5294€-07
0, 2988E-07
~0.8282E-07
0.7836E-07
-0.2542€E-07
0e.5294E-07
0.5294E-07
- 0.2542€6-07
NTR2LF=T
wNe 20T
0,2982F-"7
-0.52048-07

3=CUADRATIC INTERACYION CRITERION)



LAMINATE TANGENT MODULIT & POUSSON RATINS:

LONS
TRAN

BREAK—POUNT NO,.

(MNOE 1=AXTAL ;

YOUNG S
“40DULUS

N.312498F 07
0.312498F 07

PCI SSON
RATIOD

0.30964 7€ 90
0.3C9€47F 00

MODE 2=TRANSVERSE ;

SHEAR
MODULUS

0.1193046E 07

0. 115306E C7
1 PREDICTEC IN FOLLOWING L AYERS:

MODE 2=SHEAR)

MCDE LAYER
2 1
2 12
2 2
2 3
2 4
2 9
2 10
2 11
2 5
2 6
2 7
2 8

APPLIED FORCES/LENGTH AT BREAK-PNINT:

LAMINATE TOTAL STR

DR TENTATION
ANGLE
0.0
20. 00
-30.00
60. 00
-60. 00
90.00
90. 00
-60.,09
60.00

LAY ER

V2PN NN~

10 -30.09
m - 30.090
12 0.0
LAYER STRESSES IN
CRIENTATION
ANGLE
0.0
30.00
-30.00
60. 00
-61.00
90.00
90. 00
-60.00
60,00
10 -30.00
11 30.00
12 0.0

LAY ER

D@ JP W

LONGITUD INAL TRANSVERSE
T 0.624E 05 0. 634E CS
AINS: 0«140E-01 0.140E-01 -0.
LAYER STRESSES & STRAIMS IN LAYER CO-ORDS. AT BREAK-PCIRT:
STRESSES
LONGITUDINAL TRANSVERSE SHEAR LONGITUDINAL
0.9603E 0S5 0,3077F 05 -0.78556-02 0.1400€-01
0. 9603E 0S 0.3077E 05 0.9689€-02 0.1400E-01
0.9603E 05 0.3077€ 05 =0.1754F-01 0.140CE-C1
0.9603F 05 0.,3077TE 05 0.1754€E-01 0« 1400E-01
0.9603F 05 0.3077E 05 —0.5689F-02 0.1400€-01
0.9603€ 05 0.3077E 05 0.7855€E-02 O« 14CCE-C1
0. 9603€ 05 0.3077TE 05 0.7855F-02 0.1400€-01
0.9603E 0S 0.3077E 05 =~ 0.9689€-C2 0.140CE-01
0.9603E 05 0.3077€ 05 0.1754E~-C1 0.1400€-01
0. 9603E 0S5 0.3077€ 05 <=0.1754E-01 0.1400€-01
0.9603E 0S5 0.3077€ 0S5 0,5689€E-C2 0. 140CE-01
0.9603E 0S5 0.3077FE 05 =0.7855E-02 0.140CE-Q1
LAMINATE CD-0RDS AT BREAK-POINT:
STRESSES

LONGITUDINAL TRANSVERSE SHEAR

0.9603 € 05 N.3077E 05 -0.7855€-02

C.T7971E 05 0. 4708E QS5 0. 2826E 0S5

0.7971E 05 0.4708E 05 —-0.2826E CS

0. 4708€ 05 0.7971E 05 N.2826E 05

0.4708€ 05 0. 7971E 05 -0.2826E 05

0.3077E 05 04+3603E 05 0,7487e8=C1

0. 3077t 05 N. 9603F 05 0.7487€-01

0.4708E 0S5 0.7971E 05 -0.2826€ €5

0.,4708€E 05 0.7971E 08 0.2826E 05

0. 7971F QS 0.4708E 05 -0.2826€ 0S

0.,7971€ 05 0.4708E 0S5 0.2826E 0S

0.9603F 05 0.3077€ 05 -0.7855€-02

SHEAR &/DR TRANSVERSE BREAK-PNINT REACHED IN EVERY LAVER

LAMINATE TANGENT STIFFNESS MATRIX:

0.235€ 07 0.
0.751F 06 0.
N.625E-01 0.

TS1E 06
235€ 07
131€E 01

0.625E-01
0.131€ 01
N.798E 06

LAMINATE TANGENT MODULI & POI SSCN RATICS:

LONG
TRAN

Y CUNGS
MONULUS

0.210762€ 07
0.210761€ 07

POISSNN
RATIC

0.319852€ 00
0.319851F 00

SHEAR
MCDULUS

0.798430E G6
0.,798430E 06

-83~

0.

SHEAR  °
0

125€-07

STRAINS
TRANSVERSE
0. 1400E-C1
0.1400€-01
0. 1400E~01
0.1400E-C1
0.14006-01
C. 1400€-01
0.1400€-01
0.1400€-01
0. 1400€-01
0.1400€-01
0. 1400E-01
0. 1400E-C1

2,14

SHESR
=0.1247€-07
0.1538€-07
-0.2785€-07
0.278%E-017
-0.1538€-07
0.1247E-07
0.1247€-07
-0.1538€E~-07
0.278SE-07
-0.27€E-07
0.1538€-07
~0.1247E-07



FAILUPE POFDICTED IN FOLLOWING LAYERS:

(MONE 1=AXTAL:

MONE LAYER
1 6
1 7
1 5
1 L}
1 3
1 10
1 4
1 9
1 1
1 12
1 2
1 11

APPLIED FORCES/LENGTH AT FATLURE:

LAMINATE TOTAL STR

MNNDE 2=TRANSVERSE:

LAYER STRESSES € STRAINS IN LAYER CO-CRNS.

OR TENT AT TON
ANGLE
0.0
30.00
-3n0.,00
60.00
~-60.00
90. 00
90,00
-60. 00
60.00
- .10 -30. 00
11 10. 00
12 0.0

LAYER

O®m <4V 2V

STRESSES IN

ORTENTATION
ANGLE

1 0.0

4 .00
3 -30. 00
4 60.00
b} -50. 00
6 90.09
M 90.00
8 -60. 00
9 60. 00
10 -30,00
i1 30. 00
12 2.0

MOCE 3=SHEAR)

LONGITUCINAL TRAN SVER SE SHE AR
0.135E 06 0.135E 06 0.0
AINS: 0.370E-01 0.370E-Ci -0.521€-07
AT FAILURE:
STRESSES STRALNS
LONGITUDINAL TRANSVERSE SHEAR LONGITUDINAL TRANSVER SE
N.22336E 06 0.3077F 05 =-0.9736€E-02 0.3700€-01 0.3700E-01
0.2386E 06 0,3077€ 0S5 0.1048€-C1 0.370CE-C1 0, 3700E-01
0.2386E 06 0.3077E 05 =~0.2022€-01 0.3700€-01 0.3700€-01
0.2386E 06 0. 3077 QS 0. 2002E-01 0.3700E-01 0.3700E~-01
0,2386E 06 0.,3077€E 05 =-0.1029E-01 0.3700F=-01 0. 2700E-C1
0.2386E 05 0.3077E 05 0.9736E-02 0.3700€E-01 0.2700€-01
.0.2386E 06 0.3077F 05 0,9736E-02 0. 37CCE-01 0+.3700E-01
0.2386E N6 N.307TE 05 -0.1029E-01 0.2700€E-01 0.3700E-01
0.238&E Q6 0.3077€ 0S5 0. 2002E-01 0.3700E-01 0.3700E-01
0.2386F 06 0.,3077E 05 =-0.,2022¢-01 0.370CE~-01 0.2700€-C1
N.2386E 06 0.3077€ 0S 0. 1048€-01 0.3700€-01 0.3700€-01
0.2386€ 06 0.3077F 05 =-0,9736E-C2 0.37CCE-01 0. 3700E~01
LAMINATE CO-CRDS AT FAILURE:
STRESSES

LONGT TUDINAL TRANSVERSE SHEAR

ND.2386E 06 0.3077€ 05 -0.9736E-C2

U.lBB7E 06  0,8773F 07 0.9001E €5

0. 1867E 06 0.8273€ 05 =0.9001F 05

0.8273E 05 0.1867E D& Ue SULLE US

0.82T3E 05 0.1067C 06 +~0.,9001E 0S5

0.3077E 0S 0.2386E 06 0.2538E 00

0.,3077E 0% 0.2386F 06 0.2538E 00

0.8273F 05 0.1867F 06 =0.9001€ 0S5

0.8273E 05 0.1867E 06 0.9001F ¢S

0.1867F 06 0.8273E 05 =-0.9001F€ 0S5

0.1867E N6  0.8273E 05 0.9001E 05

0.2386F 06 0.3077€ 05 ~0.9736F~C2

FIRST FIRER FATLURE

ANALYSIS NUMBER 13
BREAK-POTNT ANALYS

{1=MAX STRESS CRIT

1s= 33

ERTONS

2=MAX STRAIN CRITERION:

LAMINATE TANGENT STIFFNESS MATRIX:

FATLURE ANALYSIS= 2

Ne346F 07 0.107€ 07 2.625E-01
N.107€ 07 0.346F 27 0.100€ 01
N, 625E-01 0.100E 01 0.119€ 07

LAMINATE TANGENT MNDULT & POISSON RATIOS:

YOUNG S PCI SSCN SHEAR

ManuLuUsS RATYIO MODLLUS
LONG 0.312498E 07 0.309647E 0N N0.119396E 07
TRAN 0.31249°€ 07 0.3C9647E NC 0. 119306E €7

-84-

SHE AR

=0.5208E-07

© 0.3204€-07
-0.8411€-017
0.8006E-07
-0. 275SE-07
0.52C8€-07
0.5208E-07
~0.279%E-07
0.8006E-07
-C.8411E-07
0.3204€-07
-0.5208€-07

3=CUADRAT IC INTERACT ION CRITERION)



FAILURE OOENTCTED [N FOLLCWING LAYERS:

(MNNE I=AXTAL 3

MCDE LAYER
1 6
1 b4
1 5
1 8
1 3
1 4
1 9
1 10
1 1
1 2
1 11
1 12

MONE 2=TPANSVERSE;

MNNE 3I=SHEAR)

' LONGT TUDT NAL TRANSVERSE SEELR
APDLIED FNRCES/LENGTH AT FATLURE: 0.151E 06 0.151E €6 0.0
LAMINATE TOTAL STRAINS: 0.334E-01 0334E-01 -0.297€-07
LAYER STRESSES & STRAINS IN LAYER CO-NRDS. AT FATLURE:
NR[ENTATION STRESSES . STRAINS

LAYFR ANGLE LONGITUDINAL . TRANSVERSE SHEAR LONGITUDINAL TRANSVERSE

1 0.0 0.2290E 06 0.7338F 05 =0.1873E-0Q1 0.2273%€-0Q1 0.22356-C1

2 30.00 N.2290E 06 0.7328E 05 C. 2311€-01 0.3339€-01 0,3339€-01

3 -30.00 0.2290F 05 0.7338F 05 =0.4184F-01 0.3236E-01 0. 2339€~C1

4 60. 00 0. 2290€ 06 0.7338F€ 05 0.4184E-01 03339€E-01 0.2339E-01

5 -60.00 0.2290€ 06 0.7338E 05 -0.2311E-01 0. 323SE-01 0.3339E-01

6 90.00 0.2290€ 06 0.7338F 05 0.1873€~-01 0.323SE~-01 0.2339E~C1

7 90. 00 0. 2290E 06 - 0.733RE 0S5 0.1873€-01 0.3339E-01 0.3339€-01

L] -60,00 0.2290E 06 0.7338E 05 -0,2311E-01 0. 3236E-C1 0.3339€~01

9 60. 00 0.2290E 06 0.7338€ 0S 0.4184€E-01 0.333SE-01 0.3339€6-01

10 -30,00 0.2290€E 06 0.7338F 05 —0.4184E-CL 03339E-01.  0.3339€-01!

11 30.00 0.2290€ 06 0.7338F 05 0.,23116-01 0.323S6~C1 0.2339€-0C1

12 0.0 0.2290€E 06 . 0.7338F 05 -0.1873F-01 0.3339F-01 0.3339€-01
LAYER STRESSES (N LAMINATE CO-NRDS AT FA(LURE:

OR TENTATION STRESSES

LAYER ANGLE LONGITUDINAL TRANSVERSE SHEAR

1 0.0 0.,2290€ 06 0,.,7338F 05 -0.1873E-01

2 30. 00 0. 1901E 06 0.1123E 06 0.6740€ 0S5

3 -30.00 0.1901E 06 0.1122€ 0¢ -0.6740F 0S

4 60, 00 0.1123F 06 0.1901E 06 0.6740F 05

S -60. 00 0. 1123€ 06 0.1901€ 06 —0.6740F 0S5

6 90.00 0.7338E NS 0.2290€ 06 0.1786E 00

R4 90. 00 0.7338E 05 0.2290€ 06 0.1786€ 00 ‘

3 -60,00 0.1123E 06 N.1901lF 0¢&¢ =—0.6740E 0S5

9 60,00 0.1123E 06 D.1901E 06 0.6740F €S

10 -30.00 0.1901E 06 0.1123€ 06 =0.6740FE 05

11 30.00 0.1991F 06 0.1122 (¢ 0. 6740 €5

12 0.0 0.27?90E 06 0.7338E 05 -0,1873E-01

FIRSY FIBER FAILURE
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2. 16

SHEAR
-0+ 29T4E=-Q7
0.3668€E-07
-0.£€642F-07
0o €€42E-07
-0.3668F-07
0.2974E-07
042974E~-07
-0.3668€E-07
0. 6642E-07
-0.6642€E-07
0.3668€E-07
=0e2974E-C7



9.2 DETAILED FLOWCHARTS
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MAIN PROGRAM

START

CALL DATAl

CALL LAMANS

SUBROUTINE DATAl

[EFAD AXE, TRANE, G, AXNU, NLAMM, NMATLL

SET PRE-BREAK POINT PROPERTIES
EQUAL IN TENSION & COMPRESSION

5 4

SUBROUTINE DATA2

READ CRITE, CRITS

I

b

——-| DO 5 FOR ALL INPUT MATERIALS 1 :

DO 90 FOR BREAK POINT & FAILURE

i

DO 5 FOR ALL MATERIALS

sh

SET PCST-BREAK POINT VALUES OF G AND AXNU

STOP

END

EQUAL IN TENSION & COMPRESSION

SET BREAK POINT & FAILURE STRESSESI
& STRAINS EQUAL IN TENSION &

COMPRESSION FOR AXIAL SHEAR
LOADING

lAFCHO PRINT ALL INPUT VALUES l

14~ CALL DATA2

RETURN

90

ECHO PRINT ALL INPUT VALUES

!

CALL QDRCFS

!

RETURN




SUBROUTINE LAMANS

ENITIALIZE NANS = 0 ]

EAD NANS, NLOAJDS, AlZJ

DO 10 FOR ALL MODES -
AXIAL, TRANS & SHEAR

___.mm FOR ALL LOAD SETS j

10]

—@nulzz ALOAD = O (DEFAULT VALUE) 1

YES

40

NANS = 3 ,
(DEFAULT VALUE) INITIALIZE ISENT = O

' SET iSENT VALUES FOR : TREAD ISENT

DEFAULT ANALYSES

- |

GO

READ ALOAD

' Loo 240 FOR ALL LANINATES j

CALL GEOMET
I T
l DO 240 FOR ALL LOAD SETS ,

]
I DO 240 FOR ALL TYPES OF ANALYSES ]

INITIALIZE FLAG FOR ERROR MESSAGES & FLAG

FOR PEOGRAM TERMINATION: IS(J;QP,.= 0,
¥ :

IFLAG = )

[CHEC T

. 235

NO l PRINT ERROR MSG

Eppra

——--| DO 140 FOR ALL LAYERSI

INITIALIZE:
IBREAK = 0O

1

————'I DO 140 FOR ALL MODES

l

BSIG =0

—-——l DO 145 FOR ALL MODES

]

145 ¢
INITIALIZE
CELAMB
CELAMF
ALOADB
ALOADF

{

[~ NN

INITIALIZE: ERR = 0.001
LooP

1
IPRINT = O

"o

®

|

240
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®)

CALL LAYSTF

QUADRATIC OR SHEAR
&/OR TRANS TENS BREAK POINT REACHED

IN EVERY LAYER
‘ | status msc '

YES

CALL LAMSTF

LAMINATE STIFF-
NESS MATRIX SINGULAR

YES

200

I ERROR MSG I
} 240

CALL STRESS

CALL RATIO

QUADRATIC ROOTS
ARE COMPLEX

ERROR Msf

STATUS MSG

CONTINUE

RETURN
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SUBROUTINE QDRCFS

DO 10 FOR ALL MATERIALS

\

DO 10 FOR BEEAKPOINT & FAILURE AAJ

10

- SUBROUTINE GEOMET

START)
7

SUBROUTINE LAYSTF

NO

110

DO 130 FOR ALL LAYERS

DO 90 FOR ALL LAYERS WHICH
HAVE JUST REACHED BREAK
POINT IN PREVIOUS LOOP

I- REZAD NLAY, IMATL, ALPHA, DELTA

COMPUTE QUADRATIC COEFFICIENTS All, Al2,
(DEFAULT VALUE) A22, A44, Bl, B2

SELECT PRE-BREAK-

POINT PROPERTIES

ECHO-PRINT

RETURN

" CALL STIFF

SET ELASTIC PROPERTIES IN
RELEVANT MODES TO POST-
BREAK-POINT VALUES (INCLUDE,
INTERACTION BETWEEN SHEAR
&/OR TRANS TENSTION BREAK

130 1

STORE STIFFNESS
MATRIX FOR LAYER ¢

POINTS)

SET FLAG 'IBREAK' = 1 |
TO KEEP TRACK OF WHICH
LAYERS HAVE REACHED
BREAK-POINT)

CALL STIFF ]

90
STORE NEW STIFFNESS

MATRIX FOR LAYER

150
RETURN
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SUBROUTINE STIFF

‘DETERMINE MATERIAL PRO-
PERTY-SET FOR THE LAYER

SUBROUTINE TFORM

COMPUTE STIFFNESS MATRIX C FOR
LAYER IN LAYER CCORDS

COMEUTE TRANSFORMATION MATRIX TO
CONVERT STRAINS FROM LAMINATE COORDS
TO LAYER COORDINATES

1

'STORE STIFFNESS MATRIX

CONVERT ALPHA TO RADIANS

AI .

CALL TFORM

L

COMPUTE TRANSFORMATION MATRIX TO
CONVERT STRESS FROM LAYER TO LAM-
INATE COORDS

CALL MXMULT TO CONVERT C
TO LAMINATE COORDS

RETURN l

RETURN

SUBROUTINE MXMULT

This subroutine pre-multiplies a (N2xN3) matrix by a (N1xN2) matrix.

SUBROUTINE MATINV

Thils subroutine inverts a (HxN) matrix by Gauss-Jordan reduction with-
out pivoting. A check has been incorporated to detect any singularities
in the matrix. If the matrix cannot be inverted, the subroutine will
return a value of 0 for the flag INV. INV=1 if the matrix is not

singular.
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SUBROUTINE LAMSTE

 INITIALIZE (3x3) LAMINATE
STIFENESS MATRIX C = 0.0

COMPUTE C BY ADDING LAYER

. STIFFNESS MATRICES C WEIGHTED

BY THEIR THICKNESS FRAZTION

CALL MATINV TO COMPUTE
= . =-1
§=¢C

SUBROUTINE LAMPRT

COMPUTE LAMINATE ELASTIC PROPER-
TIES AXEBAR, TREBAR, ANUBAR AND
GBAR FROM §

YES

SET FLAG ISTOP = 3
TO SIGNAL SUBROUTINE|
LAMANS

RETURN

END

RETURN

SUBROUTINE STRESS

COMPUTE LAMINATE TOTAL STRAINS TO UNIT
INCREMENTAL LOAD

—’_—“{ DO 50 FOR ALL LAYERS

COMPUTE TRANSFORMATION MATRIX TO CONVERT
STRAINS TO LAYER COORDS

I COMPUTE LAYER STRAINS IN LAYER COORDS \]

50

USE LAYER STIFFNESS MATRICES IN LAYER COORDS

TO COMPUTE LAYER STRESSES IN LAYER COORDS

[ reman ]




SUBROUTINE RATIO

DO 10 FOR BREAK POINT & FATLURE |
10§

CALL RAT FOR
BREAK POINT & FAILURE RATIOS

7
QUAD
ROOTS YES
OMPLEX
170
. o SET FLAG ISTOF = 6
70 SIGVAL SUBROUTINE
INTTIALIZE COUNTERS LAMANS

18, IFF, IQB = O

. : J

. INITIALIZE COUNTER
| IQF = 0

§ a0

\ _ | caLr ¥as1G TO DETECT
1 " BIcGEST PAILURE RATIO
vES
¥o
IF IB = 0
s T 50
CALL BRBIG TO DETECT BICGEST
STORE TAYER.NO. & BREAK POINT (B.P,) RATIO
MODE OF PATLURE OF
YES PATLED LAYER
SET PLAG 1
IFLAG = O SET COUNTER IQF
TO TERMINATE
EXBCUTION TO KEEP TRACK OF
HOW MANY LAYERS
HAVE PAILED
GO TO 40 TO CHECK
~ REMAINING LAYERS
FOR PAILURE
PUTE LAYPR STRESSES
L& STRAINS IN LAYER
COORDS AT APPLIED
STRESS ° . CALL APLOAD TO COM-
PUTE LAYER STRESSES
& STRAINS IN LAYER
COORDS AT APPLIED
STRESS
l oo 80 | | STORE LAYER RO,
CHECK IF LAYER IN DO 100 FOR ALL CALL BREAK TO COMPUTE & BREAK POINT
TENS OR COMPR, 10q LAYERS WHICH LAYER STRESSES & MODE.
STORE TO SIGNAL HAVE JUST o] STRAINS AT BREAX
LAYSTP REACHED POINT ‘
BREAK POINT
‘ SET COUNTER INB
TO COUNT LAYERS
INCREMENT COUNTER THAT REACHED
LooP' BY 1 BREAR POINT
. ! T —
SET IFLAG = 1 10 Go TO S0, CHECK
RETURN CONTINUE EXECUTION REST OF LAYERS | |
FOR BREAK POINT

(=)
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SUBROUTINE QRAT

*"[ DO 30 FOR ALL LAYERS ]

QUADR B.P. RaTD
= -100.0

INITIALLZE FLAG
IQRT = 0

[ CHECK MATERIAL
J i
i
COMPUTE QUADRATIC
EREAK POINT/FAILURE RATIOS’

IF
ROOTS ARE
REAL

" YES

%——L CONTINUE jl‘

i ( 0

i

STORE BREAK 20INT (BRATIO) SET FLAG IQET =1
FAILURE (FRAIIO) RATIOS TO SIGNAL

SUBROUTINE RAT
l RETURN Lrv— ]

SUBROUTINE RAT

QUADRATIC

INTERACTION RATIO BY QUAD-
ANAL RATIC INTER-~

20 ACTION CRITER.
"} _—l

DO 40 FOR ALL LAYERS |

i

l CHECK MATERIAL '
4}

CIOMPUTE BREAK POINT STRAIN

RATIO OR FAILURE STRAIN RATIO.

IF LAYER IS JUST PAST BREAK

POINT/FAILURE, SET RATIO =
-100.0

YES

[ 1)

“—{DO 70 FOR ALL LAYERS

¥
] CHECK MATERIAL j
70 ‘

COMPUTE BREAK POINT STRESS RATIO OR FAILURE

———— STRESS RATIO. IF LAYER IS JUST PAST BREAK
POINT.FAILURE, SET RATIO = -100.0

~ 80 j

STORE BR ATIOY/
FAILUIE (FRATIO) RATIOS J

]
l DO 110 FOR ALL LAYERS |

I

TRANS ' SET SHEAR B.P.
TENS B.P. RATIO = -100.0
3 , EACHED A :
100

| CONTINUE l‘\
PP SR—

| o ()
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SUBROUTINE FABIG

rINITIALIZE FBIG = FRATIO {1,1)

!

INITIALIZE MF = 1
EF = 1

_ !
_——_"{ DO 10 FOR ALL LAYERS J

_._—-——{ DO 10 FOR ALL MODES J

I

SUBROUTINE BRBIG

INITIALIZE BRBIG = BRATIO (1,1)

INITIALIZE MB = 1,
K3 =1

] l

i DO 10 FOR ALL LAYERS

|

COMPARE FBIG WITH FRATIO VALUES AND
STORE BIGGER VALUZ

DO 10 FOR ALL MODES

COMPARE BBIG WITH BRATIO VALUES AND
STORE BIGGER VALUE

STORE LAYER NUMBER & MODE
(KF & MF) OF BIGGER FRATIO

]

"

CONTINUE ]

!

SET FLAG
IFF = 1

}

l RETURN J

STORE LAYER NO. & MODE (KB & MB)
OF BIGGER BRATIO

10 |

CONTINUE ]

I

SET FLAG
IB =1

|

[ rerumw |

L
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SUBRQUTINE FAIL

START

PRINT STATUS MSG STATIKG:
(1) WHICH LAYERS HAVE FAILED
(11) IN WHAT MODE
COMPUTE & PRINT APPLIED CUMULATIVE
LAMINATE LOAD AT FAILURE

I

COMPUTE & PRINT CUMULATIVE LAMINATE
STRAINS AT FAILURE

i
——1 o 100 For A{LL LAYERS ]

.

SUBROUTINE -BREAK

SUBROUTINE AFLOAD

PEINT STATUS MSG STATING
(1) JHICH LAYERS HAVE REACHED BREAK POINT

[~ PRINT STATUS MSG 7

(1) IN WHAT MODE

CCMPUTE & PRINT CUMULATIVE
APPLIED LAMINATE LOAD AT BREAK POINT

CCMPUTE & PRINT CUMULATIVE
LAMINATE STRAINS AT BREAK POINT

|

COMPUTE & PRINT LAYER STRESSES & STRAIRS
E IN LAYER COORDS AT FAILURE

»{ DO €0 FOR ALL LAYERS l

80 {

|

COMPUTE & PRINT APPLIED LAMINATE LOAD
AT SPECIFIED LEVEL

|

COMPUTE & PRINT LAMINATE CUMULATIVE STRAINS AT
SPECIFIED APPLIED LOAD

“-, DO 120 FOR ALL LAYERS
120 |

COMPUTE & PRINT LAYER STRESSES & STRAINS

CCMPUTE LAYER STRESSES &

:

COMPUTE TRANSFORMALION MATRIX TO
CONVERT STRESSES FROM LAYER TO
LAMINATE COORDS

100 *

COMPUTE & PRINT LAYER STRESSES
IN LAMINATE COCRDINATES

I
RETURN _]

STRAINS IN LAYER COORDINATES AT BREAK POINT

DC FOR ALL LAYERS WHICH

HAVE REACHED BREAK POINT

l

IN LAYER COORDINATES AT APPLIED LOAD
LEVEL

ﬁ DO 170 FOR ALL LAYERS 7

COMPUTE TRANSFORMATION MATRIX TQ CONVERT STRESSES

SWITCH SUBSCRIPTS IN RELEVANT MODES TO READ PDST
EREAL POINT PROPERTIES IN NEXT LOOP

FROM LAYER TO LAMINATE COORDINATES

fi DO 190 FOR ALL LAYERS _J

170 ‘

COMPUTE & PRINT LAYER STRESSES
IN LAMINATE COORDINATES

COMPUTE TRAOSFORMATION MATRIX TO CONVERT STRESSES
FROM LAYER TO LAMINATE COORDINATES

I

RETURN ]

190 ‘

COMPUTE & PRINT LAYER STRESSE
IN LAMINATE COORDINATES j“l“ﬂm

© O
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9.3 COMPARISON OF BILAM RESULTS WITH LINEAR ELASTIC ANALYSIS

9.3.1 Introduction

Comparisons have been made between failure predictions ﬁsing
the BILAM codé and those made by traditional linear elastic laminate
‘analysis. Since material properties are crucial to accurate analyses,
fwo material‘systems were chosen which have undergone considerable
material testing under the LLNL-operated Mechanical Energy Stor-
age Project - namely, autoclave cured 3M SP250-S2 S2-glass/epoxy
and Celion 6000/Narmco 5213 graphite/epoxy. In spite of the large
amount of information available on these materials, there were
several tests required for BILAM analysis which had not been per-
formed. These tests were performed at Villanova as a.part of the
current program, and the results were used in making the analytical
laminate failure calculations. ‘ l

The laminates analyzed for linear elastic and BILAM failure pre-
dictions were those for which failure data under uniaxial tension .
were available: [0/+45/90], [0/+30/+60/90]> and [a-9](ref. 9.3-11) layups of
the S2-glass/epoxy; and [0/+45/90] and [0/+30/+60/90] graphite epoxy
(see ref. (9.3-1) at the end of this section). All laminates were
analyzed under tensile load parallel to a fiber direction (along axis
loading) and bisecting fiber directions (off-axis loading). Details
of the analyses and results are discussed below.

9.3.2 Material Property Determination

Inputg to linear elastlc laminate analysis are the usual initial
tangent moduli of a unidirectional laminate in axial normal'(EA),
transverse normal (ET), and axial shear (GAT) modes; axial and
transverse Poisson's ratios (vAT, VTA); failure stresses and strains
in axial normal, transverse normal, and axial shear loading; and a
quadratic interaction coefficient (A12) if a quadrétic interaction
failure prediction is to be made. The graphite/epoxy properties
used in the present elastic laminate analysis are those developed
for a previous laminate failure study, ref. (9.3-2), to which the

reader is referred for more detail. The{SZ—glass/epoXy properties
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have been modified slightly from ref. (9.3-2) to reflect new
experimental results, but were obtained in a fashion similar to
that described in ref. (9.3-2). All properties used in the linear
elastic laminate analysis are presented in Table 9.3.1.

Determination of accurate unidirectional layer properties for
the BILAM code was more difficult because of the lack of certain test
data required for the analysis. Poisson's ratios. and initial tan-
gent moduli were readily available for both S2-glass/epoxy and
graphite/epoxy and are the same as those used in the linear elastic
analysis. However, the '"break~-point" stresses and strains. (see
main body of report) and failure stresses and strains required
testing, analysis, and engineering judgment. ‘

Break-point stresses and strains and post-break-point moduli
are found from tests of [+45] tension (for shear properties), [0]
axial compression, [0] transverse compression, and [0/90] tension
(for [0] transverse tension properties). For both the S2-glass/
epoxy and graphite/epoxy materials, [+45] test results were available
(refs. 9.3-1,3,4,5). Complete compréssive.stressrstrain.curves were not
available; and the [0] axial and transverse compressibn break points of
both materiais-had to be estimated using qualitative information from com-
pression tests of other materials (refs. 9.3-6,7). However, sluce axial
and transverse compressive layer stresses were not large in any of
the laminates analyzed, these stresses were not close to break-point
and the break-point properties were not critical to the analysis.
Trénsverse tensile break-point properties and post-break-point modull
are extremely important to failure analysis; Since no [0/90] lami-
nate test results were available, tests were performed on several
[0/90] samples of 3M SP-250-S2 S2-glass/epoxy and Celion 6000/Narmco
5213 graphite/epoxy. Break-point stresses and strains and post-
break~point moduli were determined by fitting a bilinear curve to
the resulting data. It is noted that for the S2-glass/epoxy, the
ratio of break-point stress to initial transverse tensile failure
stress (the latter found from [0] layer transverse tensile tests)

was about 3.0. This agrees very closely with a similar break-~point-
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Table 9.3.1 - Unidirectional Laminate Properties Used in Linear Elastic

Laminate Analysis.

[0] PROPERTY MATERIAL
' 3M SP-250-S2 Celion 6000/Narmco 5213
S2-G1/Ep Gr/Ep
MODULI AXIAL, E, 6.5 21.0
(msi) TRANS, ET 1.7 1.4
SHEAR, G, 0.56 0.7
AXTAL POISSON'S RATIO, v, 0.3 0.3
FATILURE
STRESSES  AXTAL TENS 218 259
(ksi) AXIAL COMPR 134 177
TRANS TENS 7.9 7.
TRANS COMPR 28.0 20.0
AXIAL SHEAR 12.3 10.4
FAILURE
STRAINS AXIAL TENS 33.5 12
- i 11
(16%1n/1n) AXTAL COMPR 22.0
: TRANS TENS 4.67 5.2
TRANS COMPR 11.8 30
AXTAL SHEAR 134.0 110
QUADRATIC INTERACTION
COEFFICIENT, A -2.67 -2.82
10 -2, 12
(107 "psi %)
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to-initial-failure ratio obtained on a different glass epoxy
material - Scotchply Type 1002 (ref. 9.3-8). The transverse tensile
break-point-to-initial-failure ratio found for the graphite/epoxy was
about 1.9. It is also noted. that negative post-break-point transverse
tensile moduli were required to fit the [0/90] data for both materials.

Failure streéé_and strain inputs to BILAM must be carefully
chosen as discussed in the main body of this report. In trans-
verse tension and axial shear, there is no "failure" other than
matrix cracking which has already been modelled in the break-point.
Since input transverse tensile failure values will affect other
failure modes tﬁrough maximum strain and quadratic interaction
failure equations, arbitrary values cannot be chosen. For the
laminates analyzed, choices were made which gave realistic layer
failure predictions under combined axial shear and axial and trans-
verse tension or compression. It is again noted that cémpressive
properties were not important to this analysis since compressive
layer stresses were well below break-points in all layers.

"Table 9.3.2 presents material properties used for BILAM input
data.

9.3.3 Failure Criteria

Two of the most popular layer failure criteria used in laminate

failure analysis are the maximum strain criterion and the quadratic
interaction criterion. For the linear elastic analysis, both layer
failure criteria were used. Two laminate failure methodologies were
analyzed for each failure criterion. For quadratic interaction
layer criterion, the two laminate failure methodologies were:A
1) Laminate failure occurs at first layer failure.
- 2) Laminate failure occuré when all layers have failed.
For the maximum strain criterion, the two laminate failure methodolo-
gies were:
1) Laminate failure occurs at first layer failure.
2) Laminate failure occurs when either all layers have failed
in transverse tension or shear, or the first fiber failure

occurs.
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Table 9.3.2 - Unidirectional Laminate Properties Used in BILAM Analysis

-

[0] PROPERTY

MATERIAL

3M SP-250-S2, S2 G1/Ep

Celion 6000/Narmco 5213, Gr/Ep

MODULI (msi)

"Pre-Break~Point

Post-Break-Point

Pre-Break~Point

Post-Break-Point

AXTAL TENS 6.5 6.5 21 21
AXTAL COMPR 6.5 5.14 21 12.3
TRANS TENS 1.7 - 0.68 - 4.0
TRANS COMPR 1.7 0.114 2.6
SHEAR, GAT 0.56 0.046 0.70 0.0376
AXTAL .
POISSON'S 0.30 0.30 0.3Q 0.30
RATIO, Var
CRITICAL - . .
STRESSES (ksi) Break-~Point Failure Break-Point Failure
AXTIAL TENS - 327 218 390 259
AXTAL COMPR 100 134 100 177
TRANS TENS 23.8 26.0 13.3 16.5
TRANS COMPR 20.0 28.0 15.0 20.0
AXIAL SHEAR 6.68 12.3 6.3 10.4
CRITICAL
STRAINS Break-Point Fajlure Break-Point Failure
(163in/in)
AXTIAL TENS 50.3 33.5 18.6 12.3
AXTIAL COMPR 15.4 22.0 4.76 11.0
TRANS TENS 14.0 2.9 x 10° 9.48 2.9 x 10°
TRANS COMPR 11.8 70.0 10.7 30.0
AXTAL SHEAR 11.9 134 9.0 110
QUADRATIC
INTERACTION Break-Point Failure Break-Point Failure
COEFFICIENT,A )
10 -2, ‘2 <
psi 7) 0 -2.67 0 -2.82

(10
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9.3.4

BILAM has the option of three break-point criteria and three
failure criteria. Under the types of laminates and loadings con-
sidered, break-points occur in transverse tension and axial shear.
Other modes do not appear. Since the transverse tension and axial
shear break—points are caused by the same failure phenomena, viz.
cracks in matrix material parallel to fibers, a quadratic interaction
criterion was chosen for break-point occurence. Failure in trans-
verse tension and axial shear hés no meaning past the break-point,
50 a non~interactive maximum strain failure criterion was chosen .
Lur 1ayet tailure, , ‘

It is noted that a first layer failure methodology which uses
[0] transverse tensile and axial shear failure stresses will yield
the same result from either linear elastic or BILAM anélysis, since
these failure stresses are well below break-points. Results of this
layer failure analysis for linear and BILAM models are therefore
presented together. -

Results and Discussion

Results of failure analyses for the S2-glass/epoxy and graphite/
epoxy laminates are shown in Table 9.3.3 with experimental results.
The following points are noteworthy for the S2-glass/epoxy results:

1) For S2-glass/epoxy. first failure predicted by BILAM

and linear elastic analysis represent first matrix
cracking, but do not predict laminate failure.

2) First layer break-point stresses from BILAM are con-

siderably below failure stresses.

3) All linear elastic laminate failure predictions for

tensile load parallel to fiber direction along-axis
are much too high. ,

4) The all-layers-failure laminate failure‘predictions

by linear elastic analysis exhibit qualitative but
not quantitative agreement with test results.

5) The BILAM laminate failure predictions from the

all-layers-break-point/first-fiber-failure methodology.

show good qualitative and reasonable quantitative
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Table 9.3.3 — Failure Analysis Results for S2-Glass/Epoxy and Graphite/

Epoxy Laminates.

All Stress in ksi.

ALF

= ALL LAYERS FAILED

lst FIB = FIRST FIBER FAILURE (AXIAL TENSION)
ALM/FF = ALL LAYERS MATRIX FAILURES, OR FIRST FIBER FAILURE

lst BP

= FIRST BREAK-POINT

ALBP/TF = ALL LAYERS TRANSVERSE TENSILE OR AXIAL SHEAR BREAK-POINT

** See Refs. 9.3-1, 9.3-9, 9.3-10.

-1

OR FIRST FIBER FAILURE

03-

X

X

FIRST FAILURE LINEAR ELASTIC BILAM' %

(LINEAR ELASTIC 2

LAMINATE AND BILAM) [quabraTic BREAK PT.,| M
QUAD MAX ¢ QUAD MAX ¢ MAX ¢} MAX € FAILURE a )

A:L, ALF* L:ffmFIB* ALM/FF* 1st BP* ALBP/FF* Ef

TENSILE LOAD PARALLEL TO FIBER DIRECTION (ALONG-AXIS)

& lostaszo0l || 15 | 15 107 | 107 107 30 80 84

o [o/+30/%60/90] 16 15 107 | 107 107 31 80 71

P [e-9] 16 15 - |{108 | 107 107 31 80 -

$ TENSILE LOAD BISECTING FIBER DIRECTION (OFF-AXIS)

2 [o/+45/90] 18 18 61 -| 132 45 33 43 A

e [0/£30/%60/90] 17 16 81 | 117 64 30, 56 23

= [a-9] 16 15 94 111 94 29 73 80

TENSILE, LOAD PARALLEL TO FIBER DIRECTION (ALONG-AXIS)

& [Lo/zas/o0] || 40 | 42 99 | 96 96 60 88 {;g‘
S & [o/+30/£60/90] 40 42 99 96 96 55 88 74
\Eg "TENSILE LOAD BISECTING FIBER DIRECTION (OFF-AXIS) - '
% ; [o/#45/90] || 45 | 52 84 | 119 100 56 85 {50
Ug [0/+30/260/90]| 42 46 92 | 106 106 59 95 50
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9.3.5

agreement with experimental data for both along-axis
and off-axis S2-glass/epoxy. .
For the graphite/epoxy laminates, the following results are
evident:

1) Graphite/epoxy laminates loaded along-axis exhibit strengths
which are most closely matched by the BILAM all-layers-
break—poinf/first-fiber—faildré predictions. The all layers
failure predictions from linear elastié analysis are signif-
icantly higher than BILAM results, but the difference is not
as great as for the glass. This is expected since ratio ¢f
unidiréuLlunal transverse Young's modulus to axial Young's
modulus is much less for graphite.

2) Linear elastic first failure strcsses and BILAM's first
break-point stresses are much lower than along—éxis test

results.

3) Off~axis test results are closely approximated by BILAM
first break-point and the BILAM/linear elastic first
failure predictions. All—layers-failure predictions by
BILAM and linear elastic analysis are too high.

A nole of caution must be inserted at this point. Data on
material properties have been obtained from many sources and m;y or.
may not represent material propertles ot laminates used for failure
analysis comparisons. It has been determinéd that variations in
moduli, break-point stresses and strains, and failure stresses used
as inputs can cause large differences in failure predictions by
BILAM and linear elastic analyses. Therefore, the results presented
here should be digested with the realization that a carefully ob-
tained experimental set of input material properties was not avail-
able for this analysis.

Conclusions

In general, it is seen that reasonable qualitative and quanti-
tative agreement with test data is obtained with the BILAM analysis.
The BILAM predictions are consistently closer to experimental data

than are the predictions of linear elastic laminate analysis.
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It is evident that BILAM and linear élaétic failure predictions
differ most greatly when transverse and axial moduli of unidirectional
layers are of the same order of magnitude, as with S2-glass/epoxy.

For such laminates, BILAM analysis gives good qualitative and quénti—
tative predictions of laminate failure by an all-layers-break-point/
first fiber failure methodology.

For laminates where layer axial modulus is considerably greater
than transverse modulus, BILAM and linear elastic analysis predictions
are closer Logether, but RILAM is nearer to test data. Along—éxis
test results are best approximated by BILAM all-layers/first-fiber
laminate analysis predictions, but results are high. Off-axis test
results are best predicted by first layer cracking or first layer
break-point, indicating that interlaminar stresses or stress concen-
trations due to matrix cracks may be initiating failure.

As a result of these coﬁparisons, it can be con¢luded that BILAM
analysis represents a significant'improvement over linear elastic
laminate analysis'provided that care is taken to obtain accurate input
properties. A secondary conclusion is that a coﬁplete ability to model
the failure mechanics of composite laminates still does not exist, and
perhaps it will be necessary to include the effects of interlaminar -
stresses and adjacent layer overstresses when prédicting laminate failure.
This is supported by the range of test results for off-axis [a-9]
laminates where the lower (41 ksi) failure stress was for a specimen
designed to contain large interlaminar stresses, while tﬁe higher (80 ksi)
‘failure stress resulted when the stacking sequence was selected to mini-
mize interlaminar stresses. .
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9.4 FEASIBILITY STUDY OF THERMAL STRESS ANALYSIS

9.4.1 Introduction

Code BILAM analyzes response of composite laminates to mechanicél,
in-plane loads. This appendix examines the feasibility of extend-
ing BILAM's capability to include the in-plane effects of thermal

loading, and makes recommendations for its implementationm.

9.4.2. Feasibility Analysis:

A generalized analysis of thermal stresses would typically have

the following capabilities:

(i) Temperature-dependent material elastic properties.

(ii) Provisions for applying thermal and mechanical loads
either simultaneously or sequentially.

(iii) Sequential loading that would‘include all possible load
histories, i.e., mechanical loading followed by thermai or
vice-versa, or any other arbitrary sequence of applied mech-
anical and thermal loads.

The following subsections analyze these possible capabilities for inclu-

sion in the current BILAM code:

Temperature dependence of material properties

Investigations made indicate that it would not be feasible to
incorporate temperature dependence of material elastic properties in
BILAM's analysis method since such a change would necessitate a non-
linear, incremental analysis, altering the material thermo-elastic
properties at small increments of temperature. This incremental
procedure would defeat. BILAM's purpose of reducing analysis complexity
by eliminating iterative techniques in favor of a bilinear analysis.‘
it is therefore recommended that the elastic properties be treated as

independent of temperature in BILAM.

Method of application of mechanical and thermal loads

Since BILAM uses a finite increment loading scheme, simultaneous
application of mechanical and thermal loads would be possible only

if some combined loading scheme were defined between the temperature
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and mechanical load increments. This could be accomplished by
describing either load as a function of the other, or by describing
each as a function of a third independent pérameter, e.g., time. Such
" a numerical procedure would require extensive restructuring of the
input routines and subroutine STRESS, and is therefore not recommended.
Besides, since most physical loading situations actually involve
sequential loading, a simultaneous loading scheme appears to be un-
warranted. Consider for example, a composite flywheel rotor where
sustained operalinn would add frictional heating (thermal load) to

an existent centrifugal stress field. This could be achieved in

BILAM by letting Lhe tmechanical load build up to operating stresses
and then applying thermal load increments until operating temperatures
are attained. The reverse loading sequence would be true in a cruising
aircraft where air-friction will set up a thermal field to which
mechanical stresses will be added when maneuvering such as diving,
banking, etc., are performed. In the program this could be simulated

by applying the mechanical loads after the thermal load.

Sclectiun of a sequence for load application

The sequence in which mechanical and thermal loads are applied
would be significant in determinivg the state of the laminate 1f the
material properties were to be considered temperature-dependent.
However, since temperature dependence is considered unfeasible to
incorporate, elastic properties will be considered temperature-
invariant in BILAM's aualysis. -

For proportional loading, or if the unloading path of stress and
strain is required to be the same as that during loading, the sequence
in which.mechanical and thermal loads are applied 1is irrelevant.
However, since BILAM is designed to continue to failure, it could be
of importance to decide which load (mechanical or thermal) to apply
last, i.e., which load should be continued to failure in order to simu-
late as closely as possible, actual lcading conditions. It would be

desirable from:this point of view to give BILAM's users some degree of
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flexibility in selecting the loading sequence. It can be shown

that the two alternative sequences listed below will enablé the user

to simulate any loading condition:

(i) Mechanical loads applied to preset level - thermal load applied
to preset level gnd continued proportionately until laminate
fails.

(ii) Thermal loads applied to preset level - mechanical loads

- applied to preset'level and continued proportionately until

laminate fails.

To illustra;e‘the versatility of these sequences, consider a
situation where specified mechanical loads are followed by speéified
thermal loads and proportional mechanical loading is resumed until
failure occurs. Since the laminate state is path independént, it is.
irrelevant whether the preset mechanical load precedes the preset
thermal load or follows it. This load sequence therefére, reduces to
(ii) above. By the same rationale, the following loadiﬁg‘sequence can
be recognized to be the same as option (i) above: Thermal load to preset
level followed by mechanical load to preset level followed by thermal
loading to failure. |

If the user wishes to analyze only for mechanical loading, option
(ii) could be used by setting the input thermal load to zero (i.e.,
defining layer temperatures same as ambient). Option (i) similarly,
would allow application of only thermal loads if input mechanical loads
are set to zero.

It is noted that restricting loading paths and unloading paths to
the same stress-strain curve may not be physically realistic. If it
is desired to have a more accurate description of stress—-strain proper-
ties during thermal changes which cause mechanical unloading, the above
arguments concerning path independence cannot be made. To cover general
~ combinations of sequential mechanical and thermal loads would then
require development of a sequential loading scheme which can incorporate
different material properties in loading and unloading. This situation
is clearly most representative of the actual physical behavior, and

should produce the most accurate results.
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9.4.

3

Recommended applications

It is noted that code BILAM is designed specifically for
laminate response to in-plane loads and no flexural coupling has
been incorporated in the stiffness matrix. This will enable BILAM
to examine either transient thermal fields that are symmetrié about
the laminate midplane (applicable only to symmetric laminates) or
arbitrary thermal fields acting on a laminate where flexure is
mechanically preQented,e.g.,a laminate sandwiched between two rigid
platec. Arbitiary thermal tields acting on a laminate free to flex
cannot be analyzed by this code.

The following section discusses briefly the modificgtions required

in the code to include thermal analysis:

Recommended Program Modification:

The stiffness matrix in subroutine STIFF would need several

modifications:

(i) The thermal expansion terms would need to be included.

(ii) It is noted that thermal loads, though monotonic, if imposed on
an existing stress field could cause stress (and/or strain)
reversals in some layers. This makes 1t necessary to define a
physically realistic return path (i.e.,a set of elastic modull
and Poisson's ratios) for the stress reversal to follow. It is
recommended that in BILAM the "current" secant moduli be used to
analyze such reversals. The term "current" refers to the instan-
taneous secant moduli at the stress (or strain) level at which
the reversal occurs. (ref. fig. 9.4.1.). Thus, provisions must
be made to compute an alternatéhmodulus (equal to the ratio of
existing stress to existing strain) for the layer in which the
stresses (and /or strains) have reversed. Subroutine LAYSTF
would also require appropriate modification to ensure the selection
of the right set of moduli. Subroutine STRESS would need to be
modified to enable it to apply the input thermal loads to the

laminate.
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LOAD = OAR, CBD, EDF
"UNLOAD = BC, DE

STRESS

g,
1

STRAIN , €

Fig. 9.,4.,1 Current secant modulus model for. constrained
.fiber composite layer undergoing loading and
unloading past break point A.
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The input classes ELASTD, OPT1, and LOAD in subroutines DATAl and
LAMANS respectively would need the following modificaticns:

CLASS ELASTD: A new array would be required to define the thermal

expansion coefficients for each input material in each mode (axial

and transverse). Zero value (by default) would serve to bypass thermal
analysis.

CLASS OPT1l: Similar to array NSTRES, an array NTEMP could be used to monitor
the laminate state at a predefined thermal load level. NTEMP = O

(by default) would automatically bypass this eoption. Now, lLuwever, these
variables would also have the additional function of triggering the
changeover from one load type to another, e.g., NSTRES would set the user-
defined stress (or strain level) at which mechanical loading would stop
and thermal loading would commence. A new array"(e.g., ISEQ) would be
required to establish the sequence of application of the mechanical and
thermal loads.’ :

CLASS LOAD: Thermal loads could be input using array ATEMP (similar to
ALOAD) which would specify the average temperature of each layer. A zero
value (by default) would bypass the thermal analysis while a zero value
(by default again) for ALOAD would bypass the mechanical analysis.

9.4.4. Conclusions

The retommended capahilities for thermal analysis are summarized
below:
Thermal analysis could be performed at the user's option if (i) the thermal
field is symmetric about the midplane of a symmetric laminate, or (ii) the
thermal field is not symmetric, but zero curvature is externally enforced
on the laminate. The user 'would have the option of applying the thermal and
mechanical loads in any sequence but not simultaneously. Average, temp-
erature independent, elastic propertiés would be used since modelling of
their thermal dependence is not advisable for this program. In addition,
constraints already existing on mechanical loads (e.g., monatonic,
proportional loading only) will also hold for thermal loading. It is
estimated that BILAM could be modified with moderate effort to include the

capability of analysing thermal loads subject to the above constraints.

o
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A significant outcome of these modifications would be the capability
of BILAM to compute an effective stiffness matrix for analyzing load
reversals. However, for handlihg non-monotonic loading, several additional
‘modifications would also be required; e.g., (i) an alternative scheme
for terminating the analysis since -the lo&ds could reverse thereby pre-
Venting laminate failure (which is used as the current terﬁinator)
(ii) an effective modulus for counter-reversal, i.e., resuming the original

loading after a temporary load reversal, and so on.
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