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Abstract

Among the developments that appear to be absolu-
tely needed for the design of advanced composite
rotary wings there are material models, to be
supported by substantial experimentation and to be
capable of an accurate modeling of the behaviour
of multilayer FRPs, complete of failure criteria
regarding all possible failure modes. This paper
reports an experimental activity carried on by
Aerospace Department of Politecnico of Milano in
cooperation with Costruzioni Aeronautiche G.Augu-
sta. The most relevant part of such activity has
been a fairly large campaign on tubolar specimens
in biaxial stress states and plane specimens in
uniaxial stress states. All tests have been run
statically, measuring stresses and strains up to
failure. The results of such measurements have
been so far worked out to verify existing material
models and failure criteria. No one existing fai-
lure criteria seems to be completely adeguate to
the whole stress domain explored.

1. Foreword

The use of composite materials in the design of
rotary wing components 1is quite widespread nowa-
days (1=« ). Such materials, which are generally
made of high performance fibers with a smaller
quantity of epoxy resin, may give appreciable ad-
vantages on conventional metal designs, provided
the designer can rely on accurate material data
and design procedures. In this field Agusta has
developed, for the helicopter A109B, a composite
main rotor (fig.l), which has almost completed
ground testing, and which will be flown in the
near future.
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FIGURE 1 - A 109B MAIN ROTOR ASSEMBLY

For the development of such a rotor much research
work has been carried on, mostly in cooperation
with the Aerospace Department of Politecnico di Mi-
lano, under the contracts no. 432, 781, 782,

The objectives, the plan and some of the results
of this research activity has been already present-
ed in previous papers (1),(4),

The present paper reports some results of an ex-
perimental activity, not yet concluded, aimed to
check, and possibly improve, material models to be
used in the design process.

As for the usual metallic materials, what desi-
gners need from material models is the possibility
of predicting, with good or at least known accura-
cy:

- elastic behaviour;

- elastic limits, and possibly behaviour beyond
elastic limits;

- failure.

For some design,material models should be suited
also for threedimensional states of stress.

2. Introduction

In the elastic range composites are usually model
ed as linear anisotropic materials (5), whose modu-
1i are obtained from a limited number of specimens
with uni-directional fibers, in simple stress sta-
tes. Figures 2 and 3 show the results of typical
simple stress tests, with best-fit polynomial ap-
proximations used to evaluate moduli at zero
stress.
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By combining the properties of the different uni-
directional layers present in the composite, aniso-~
tropic moduli are easily obtained, identifying a
linear material model, which can be quite accurate
as long as the composite behaviour remains linear.
Usually, since the fibers alone tend to show a li-
near behaviour up to very high stresses, a linear
model for the complete composite can be adeguate as
long as the stresses inh the resin remain low; this
often happens to a well designed structural element
in the normal load conditions, because obviously in
these cases the fibers must carry the most of the
stresses.

So elastic material models can be very useful to
evaluate stiffnesses and dynamic properties, but
they cannot be easily used to evaluate the boundary
of the elastic range.

One outstanding feature of such linear anisotro-
pic models is that the moduli of a composite (or a
laminate) made of different unidirectional layers
(or laminae) can be obtained with good accuracy by
proper combination of the moduli of the laminae.

In other words, knowing a limited number of parame-~
ters (for uni-directional laminae) the designer can
optimize a laminate, for given stress conditions
and/or given stiffnes requirements.

For the prediction of elastic boundaries and of
material behaviour slightly beyond such boundaries
very little is known from the literature. A simple
model has been developed, to be used with existing
non-linear F.E. programs, consisting on the super-
imposition of two different materials (say material
A and material B), each filling all the volume,
being:

A - an anisotropic elastic material incorporating
the moduli of fibers alone;

B - an isotropic elastic-plastic material, obeying
von Mises' strain hardening law.

The properties of material B are so chosen that
the superimposition of the two materials gives the
best possible approximation of laminate behaviour.
Although rather elementary, such a model offers
some basic advantages which make it interesting,
at least for the preliminary stages.
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Figures 4 and 5 show comparison of experimental
data from simple stress tests on two laminates
differing only in lamina layups, and the correspond
ing non linear F.E. analysis, made by the program
ADINA with the model outlined above.
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FIGURE 6 - 3D F.E. MESH OF 1/8 HUB

Figure 6 shows the F.E. mesh of 1/8 of the rotor
hub in Figure 1 (quadratic isoparametric elements)
which was used for improving the first design and
to predict the behaviour beyond elastic limits.

The comparison of F.E. analyses with static tests
on the complete article was satisfactory, up to the
first local failures, which occurred definitely be-
yond elastic limits.

A large literature is available on failure crite-
ria for laminates in plane stress, but here the
state of the art is not completely satisfactory.

The proposed failure criteria have been extensi-
vely checked by comparison withe experimental data
(10)‘(12); no one of them seems to be able to cope
with all actual failures, with the exception of the
Puppo-Evensen Criterion, which was found to be ade-
quate for predicting the failure of certain types
of laminates

The proposed failure criteria can be grouped in
two large categories, i.e. lami?g)failure criteria
and laminate failure criteria (

Lamina failure criteria are usually based on lami
na stresses, computed with some linear model from
the average laminate stresses.

Their major limitations come from the fact that
lamina stresses at failure generally do not conform
to a linear laminate model, and that the failure of
a single lamina may not correspond to the failure
of the whole laminate.

So lamina failure criteria, as it has been alreg
dy pointed out (11), tend to be exceedingly conser
vative.

On the other hand, laminate failure criteria
(6)-(9) identify a failure envelope, which is a
convex surface in the stress space enclosing all
the points where the laminate does not fail.

It is quite obvious that any such surface can al-
ways be adequately approximated by one or more
stress polynomials, provided the degree and/or the
number of such polynomials, i.e. the number of para
meters to be measured is high enough.

As it has been pointed out by Wu (8), the number
of such parameters can be considerably large, thus
requiring a large number of tests to identify the
failure locus of each particular laminate. But the
main advantage of laminate failure criteria on la-
mina failure criteria is that the former can in-
trinsically account for lamina interactions. In
any case a good failure criterion should also pro-
vide the designer the mean for predicting the ulti-
mate strength of laminates obtained by combining a
certain number of elementary laminae with different
fiber orientations, without requiring special
strength tests for each selected stacking layup.

Actually the usual linear anisotropic material
models and the elastic-plasticmodel outlined above
have this property, as their parameters can be ob-
tained by proper combination of the component lami-
nae, without requiring special tests for each desi-

gned layup.

So it seems to be useful ro search for failure
criteria requiring only some kind of lamina
strength data, but without the intrinsic limitation
of lamina failure criteria, then incorporating some
interaction model.

The search of such a failure criterion was one of
the objectives of the research work reported in
this paper.
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3. The Experimental Plan

The experimental plan includes testing of tubular
specimens under combined loads and of flat speci-
mens under pure axial load.

In the first part of the investigation tubular
specimens were loaded in axial tension and torsion,
while in a subsequent part they will be alsoc sub-
ject to internal pressure.

Two glass fiber/epoxy laminates have been select-
ed for the experiments, where the layers are arrang
ed as indacated in figure 7, with a thickness of
2.4 mm for tubular specimens and 1.2 for flat speci
mens.

Tubular specimens are made in such a way that the
laminate reference direction x is at 0°, 90°, +45°
and -45° to the axis of the specimen (specimens "a"
"p","c", and "d" in Figure 7).

This way an appreciable range of stress combina-
tions can be achieved.

[

FIGURE 8 - STRESS LOCI FOR THE DIFFERENT
SPECIMENS

In fact, if x and y are the laminate reference
axes, it is apparent that, in the stress space, the
stress combinations of specimens "a" and "b" lay,
respectively, on 0, "Txy and og ~Tpy plane, and
the ones of specimens "c" "d" lay on the

c" and
planes 2Txy=i(o¢-+0y) (Figure 8)
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W SPECIMEN 4

- STRESS CONDITIONS OF
TUBULAR SPECIMENS

FIGURE 9.

Through seven values selected for the torsional
to axial stress ratio, 28 laminate stress combina-
tions can be obtained in the 4 specimen types; such
combinations, shown in Figure 9, appear to be fair-
ly well distributed in the half space where tensile
stress prevails ( ggt+ 0y >0)

For the first laminate only one of the two speci-
men types "c¢" or "d" is needed, due to laminate
orthotropy.

Then a total of 258 tubular specimens has been
planned.

Figure 10 shows the ensemble of the testing equip
ment, whose loading and measuring schemes are re-~
ported, respectively, in Figures 11 and 12. Figure
13 is a detail view of the equipment, including
specimen.
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FIGURE 12 - MEASUREMENT SYSTEM
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End grips, shown in Figure 14, proved to work
properly in every load condition tested.

For calibration purposes three specimens were
equipped with strain gage rosettes; the strains
recorded from strain gages and the ones obtained
from displacement transducers are in excellent
agreement (Figures 15 and 16), provided the effec-
tive tube length displayed in Figures 15 and 16 are
used to compute strains from displacements.

Flat tensile specimens are also made with lamina-
te axis at angles of 0°, 90°, 45° and -45° to speci
men axis. The load combination of such specimens
are represented in the stress space by the points
in Figure 17.

The purpose of such specimens is to check the
correlations between flat and tubular specimen
tests, and to study the effect of specimen width.
For this reason a total of 168 flat specimens are
included in the plan having 25.4, 38.1, 50.8 and
63.5 mm widths.

FIGURE 18 - SWINGING GRIPS FOR
FLAT SPECIMENS

Swinging grips have been developed (Figure 18) al
lowing for the shear strains that may arise in a
tensile test, when orthotropy axes are not aligned
to specimen axis.

4. Test Results

About one third of the tubular specimens and one
half of the flat specimens have been tested so far.
Figure 19 shows a part of the broken tubular speci-
mens.

598



FIGURE 19 - SOME OF THE SPECIMENS TESTED

Five different failure modes were observed, hav-

ing
1 -
2 -

For flat tensile specimens of all widths the
first 3 failure modes were also observed (Figures
23-25) ; obviously the last two, requiring sensible
compression, could not occur in this specimens.
Figure 26, corresponding to failure mode 2, shows
a remarkable shear deformation that was allowed by
the end grips.

the following dominant factors:
Fiber tensile failure (Figure 20)0O

Inter-fiber failure of internal layers (Figure
21) A

Inter-fiber failure of external layersO

FIGURE 22 - TYP
Fiber compressive failure (fiber instability)v ICAL FAILURES (MODE 5)

Global instability (Figure 22}%

FIGURE 23 - TYPICAL FAILURES (MODE 1)

RE 21 - TYPICAL FAILURE
g BES §.MRES) FIGURE 24 - TYPICAL FAILURES (MODE 2)
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Figures 27 to 33 report all the failure stresses
of the tubular specimens with a different symbol
for each failure mode, together with the average
failure stresses of the corresponding flat speci-
mens (the black filled symbols).

Such stress values are represented in the lamina-
te éx - Ty plane for specimens "a", in Oy =Ty
plane for “specimens "b", and in the projection of
"c" and "d" planes on Oy -0 plane, for specimens
"c" and "d". A good correlation seems to exist
between flat specimen and tubular specimen failure

stresses.

Figure 34 and 35 report the failure normal
stresses (referred to specimen reference) for the
two laminates. Such stresses do not show a clear
correlation to specimen width.

FIGURE 25 - TYPICAL FAILURES (MODE 3)

During each test torsional, axial and circumfe-
rential deflection of tubular specimens were auto-
matically recorded, together with the applied
twisting moments and axial forces.
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5. Evaluation of Linear Material Models

To evaluate the accuracy of linear material mo-
dels, linear analyses were firstly performed with
the program HANBA2 (which requires a F.E. idealiza-
tion only on specimen cross-section (14)) employ-
ing the material models identified in the usual

way.

I
.48 mm UNIDIRECTIONAL LAMINA

.01 mm INTERLAMINAR LAYER

FIGURE 36 - IDEALIZATION OF TUBULAR SPECIMEN
SECTION (THICKNESS NOT TO SCALE)

Figure 36 reports the idealization used; the
analyses gave the section stiffness and compliance
matrices, together with lamina and interlaminar
stresses in unit load conditions.

Torsional and axial deflections corresponding to
relatively low loads were then extracted from all
the test recordings, and compared with the theore-
tical values, computed for the same loads by means
of the section compliances from HANBAZ analyses.

Figures 37 and 38 report the distribution of the
differences between theoretical and experimental
deflections; as it was expected such differences
are reasonably low, so strengthening the previous
statement that the usual linear material models
are generally satisfactory.
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6. Lamina Failure Criteria

The lamina stresses at failure were computed for
tubular specimens, by combining the unit load
stresses from linear analysis, multiplied by fai-
lure loads (axial force and twisting moment), i.e.
assuming a stress distribution corresponding to
linear material behaviour. With the same procedure
interlaminar stresses at failure were also comput-
ed.

602



Figures 39, 40 and 41 report the distribution of
the longitudinal normal stresses 0 (along fiber
direction), of the transverse normal stress oT
and of the shear stress T of all laminae of tu-
bular specimens at failure. From such distribution
the following "reliable" maximum were estimated:

OL,MAX = 108 Kg mm~?
Op,Max = 42 Kg mm™2
Tyr,MAX = 38 Kg mm—2
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Such stresses were then assumed as equivalent la-
mina failure stresses for simple stress conditions,
and they were used to evaluate different failure
criteria. The best results seem to be the ones ob-
tained with the Tsai-Hill criterion: figure 42 re-
ports the distribution of the values of Tsai~Hill
formula (the highest lamina value for each speci-
men) .
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FIGURE 42 - LAMINA FAILURE CRITERION: 3
DISTRIBUTION OF THE VALUE
OF TSAI-HILL FORMULA

It may be noted that the strength of a large
number of specimens is underestimated (a large num-
ber of values exceeds unity, with a maximum around
4) , but for a non negligible number of specimen it
is overestimated. This cannot be explained by inter
laminar failure, as the interlaminar stresses com-
puted as mentioned above, never exceeded .2 Kg mm™?
nor by general instability, which occurred only in
a limited number of cases.

7. Laminate Failure Criteria

For the orthotropic laminate the Puppo-Evensen
(9) failure criterion has been checked; the corre-
sponding failure boundaries are reported as ditted
lines in figures 43-45: they do not follow very
closely the experimental trends, so confirming Wu's
statement (8) that phenomenological failure crite-
ria may require a larger number of parameters.

A quite different failure criterion has then
been developed as follows.



A rough elastic-plastic stress analysis was per- that is assuming an elastic model for the longitu~

formed, assuming for each lamina the following dinal normal stress, and elastic-plastic models for
non~interacting stress model: transverse and shear stresses.
o . =E_ € - . : R
L L L With such a lamina model, for a given twisting
. moment to axial load ratio, and for a given speci-
ET ET for —T—S ETET < G men type, elastic-plastic stress analysis can be
_ T+ very easilu performed assuming uniform strains,
GT==*GT_ for ETST < _T- with incrementally increasing average stresses,

Fallure is assumed to occur when,

o for ETET >0 in at least one lamina, the longitudinal normal
T+ stress becomes lower than the compressive failure

limit (fiber buckling) or higher than the

tensile failure limit (fiber breaking), or

when equilibrium cannot be obtained (plastic in-
stability) .
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- interaction between laminae is taken into ac-
count, as the stresses in each lamina is depen-
dent on the elastic-plastic deflection of the
whole laminate;

With this model failure envelopes can be mapped
by means of a simple computer program. Such enve-
lopes were actually computed and reported in fi-
gures 43-49 as dashed areas; the following para-

meters have been used for the computations: ~ informations can be obtained on the relevant

failure mode;

- - 235 K [, J— -2 ) - the computation requires only a very simple
- gmm ;O = 160 kgmm *; EL==4500kgmm program, that could be run also on a microcom-
- _ -2 —~ ~2 -2 puter.
Op. = —3 kgmm “; 0, = 2 kgmm °; E; = 1000 kgmm
- _ -2 -2
T = 1.5 kgmm *; G = 500kgmm Concluding Remarks
The result of the experimental work so far com-
20 M- pleted allow to draw the following preliminary con-
ay clusions:
|- - linear material model can be very accurate also
for combined stress conditions;
10 - - failure data from flat specimens don't show any
definite influence from specimen width, at least

above the minimum width tested (25.4 mm), and
correlate quite well with tubular specimens data;

- interlaminar edge stresses in flat specimens and
interlaminar traction forces (due to curvature)
in tubular specimens do not seem to affect signi-
ficantly failure;

- a practical failure criterion can be devised re-
quiring only lamina parameters, which is based
on elastic-plastic analysis, in uniform strain
situations.

FIGURE 48 ~ LAMINATE FAILURE CRITERIA

A The future activity will include the completion of
ANISOTROPIC LAMINATE, 'C

the experimental work, the study of non linear ma-
terial behaviour, and the development and extensive

checking of the proposed failure criterion.

FIGURE 49 - LAMINATE FAILURE CRITERIA
ANISOTROPIC LAMINATE, "d"

It appears clearly that the above proposed cri-
terion, even if not completely satisfactory,
have a remarkable agreement with experi-
mental trends.

Obviously such a model could be easily refined
taking into account some stress interaction with-
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