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Abstract

In this paper are presented the experimental and numerical results
obtained by investigating the behaviour of angle-ply
carbon/epoxy laminated composites when subjected to uniaxial
and biaxial loads. Specimens are filament wound cylindrical
tubes with different angles 9 of fiber deposition with respect to
the tube’s longitudinal axis. About forty specimens with [£35];,
[£55], and [£75], patterns have been tested on the whole. Both
uniaxial and biaxial loads have been carried out up to specimens’
failure using an hydraulic circuit and an axial testing machine to
apply internal pressure and tensile or compressive loads
respectively, in order to investigate the effect of winding angle 6
on the failure strength of the specimens. Three dimensional finite
element and thin shell analyses have been applied to the problem
using different failure criteria in order to predict specimens’
failure for a comparison with experimental results.

1. In ion

Filament winding tecnique provides a means of producing high
fibre volume fraction composites in which laminae can be stacked
using different orientations, different fibre types and matrix
systems according to the loading conditions”?. Practical filament
wound components and structures are usually subject to complex
loads involving multiaxial stress systems. The rising importance
of advanced composites industry has increased interest in the
development of satisfactory standard test methods to measure the
properties of these materials. The individual lamina can be
characterized by testing unidirectional laminates, and the data
obtained can be used to investigate laminate properties. Different
methods exist for theoretical stress analysis and design of filament
wound components. Netting analysis™ provides a simply but
limited design method. More general methods are applicable for
the analysis of fibre reinforced laminates“”, where the
characterization of each lamina requires more elastic properties
than conventional isotropic materials. Nine independent stiffness
components, and a large number of strength and strain properties,
are required to fully characterize a material with orthotropic
symmetry, while for a transversely isotropic material the
independent stiffness components are reduced to five. The
analysis of thin plate components is currently considered, so that
only in-plane properties are needed. In this work a first approach
to the study of laminate behaviour when subject to biaxial stresses
is presented. Tubular specimens have been adopted in order to
avoid the edge-effect, due to the stress singularities at the edge
of laminates®'? . Furthermore internal pressure can be easily
applied to cylindrical specimens, in order to obtain biaxial loading
conditions when combined with axial load. Specimens used in
this work were not provided with end-reinforcements, often used
in previous works"?'® in order to prevent the end-effect problems
due to the concentration of stresses in the gripping regions. Thus
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experimental results are probably affected by the end-effects. The
numerical investigation has been carried out using the finite
element system CASTEM 2000. The application of different
failure criteria allows to obtain failure envelopes that give
predictions of laminate strength at different biaxial stress
conditions. The comparison of theoretical results with
experimental data can serve to estabilish failure criteria that give
best predictions of the laminate strength properties.

2. Assumptions and basic equations

The study of laminate behaviour is based on classical lamination
theory®. Each orthotropic lamina (Fig.1) is characterized by the
transformed reduced stiffness matrix Q, relative to the x-y
reference axes in the plane of the lamina, whose components
depend on Young’s moduli E; and E,, respectively in fibres and
matrix directions and assumed equal in tension and compression,
on shear modulus G;,, on Poisson’s ratio v,, and on the angle 6

of rotation between x-y reference axes and 1-2 lamina principal
axes.

Fig.1 Schematic of orthotropic lamina geometry

The stress-strain relations in x-y coordinates are:
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LONGITUDINAL SURFACE

Fig.2 Definition of stress components for tubular specimen

A laminate is obtained by the superposition of n laminae, and
when it is subject to a general state of stresses in the x-y plane,
the resultants forces and moments are related to the laminate
middle surface strains and curvatures as follows:
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for a n-layered laminate.

In the present work a number of angle-ply, symmetric and
balanced pattern [+0], laminates were studied (n=4). General
conditions of biaxial stress were obtained by simultaneously
applying internal pressure P and axial load F, to the tubular
specimens. As a consequence an axial stress o, and a

circumferential stress (or hoop stress) G, are assumed to act in

the laminate transverse and longitudinal directions respectively
(Fig.2).

merical approach

The numerical investigation, based on three dimensional finite
element and thin shell analyses, has been carried out in
collaboration with ENEA (Ente Nuove Tecnologie Energia ed
Ambiente, "La Casaccia", Rome) using CEA’s (Commissariat a
I’Energie Atomique, Saclay, France) general purpose finite
element system CASTEM 2000%%'®, Different failure criteria
have been adopted in order to predict specimens’ failure under
biaxial loading conditions at different stress ratios R = 6,/G,. For
each one of the three classes of [10], laminates considered, a
failure envelope in the 6, — G, plane is obtained numerically by

the use of a failure criterion. Each failure envelope predicts,
relatively to that particular laminate and failure criterion adopted,
the loading level at which stresses first exceed the material basic
failure strengths of the laminate for different ratios R . The failure
criteria adopted in this work were the linear maximum-stress and
maximum-strain criteria, and the quadratic Tsai-Wu, Hoffmann
and Tsai-Hill criteria. The analysis presented above has been
carried out as represented in the flow diagram of Fig.3. Once a
ply has failed for a certain loading value (first-ply failure) the
strength properties of the laminate are changed, in the sense that
the failed lamina is assumed to give no more contribute to the
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Fig.3 Flow diagram for the computer programme used to
calculate theoretical failure envelopes
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strength of the laminate. Then calculations restart and, if no other
lamina has failed, load is incremented until final failure (last-ply
failure). Because of the geometrical and loading axialsimmetry
of the cylindrical structure examined, here only one failure
envelope appears, as first and final failure are coincident. Among
the various hypothesis on which lamination theory is based, the
assumption of shear linearity must be underlined, as composites
often have a marked non-linear behaviour in shear. In addition
more accurate predictions of laminate strength could be obtained
representing into a progressive failure criterion the stiffness
changes that occur in a ply when loaded, in spite of roughly
eliminating any resistance of the failed lamina.

4. Experimental approach

Specimens

Specimens, manufactured by Barwell International Ltd (U.K.),
are filament wound carbon fibre/epoxy resin tubes with
interwoven pattern [+0],, with 6 being 35°, 55° or 75°. EXAS
HS11 carbon fibres and a CIBA GEIGY epoxy resin system (HK
2954 and LY564-1) have been used in a wet winding process with
60% of fibre volume fraction. All the tubes have 42 mm nominal
internal diameter and are 250 mm long. The wall thicknesses,
measured at forty points on the surface of each specimen, are
given in table 1 foreach class of tubes. The mechanical properties
of materials are listed in tables 2 and 3.

Table 1 - Thicknesses of specimens

LAMINATE PATTERN NOMINAL AVERAGE
THICKNESS (mm)
[+35), INTERWOVEN 1.89
[+55), INTERWOVEN 171
[+75], INTERWOVEN 178

Table 2 - Elastic properties of materials

E, (GPa) E, (GPa) Vi G, (GPa)
140 10 0.3 4.8
Table 3 - Lamina strength properties
Xi(MPa) | X (MPa) | Y (MPa) | Yo(MPa) | S(MPa)
2500 1400 55 270 110
Experimental A nd Pr T

Grips have been designed and manufactured for loading the
tubular specimens. Each grip consists of a steel plug and two jaws.
Plugs are inserted in the upper and lower ends of the specimen,
and jaws are clamped externally (Fig.4). The upper grip is
provided with a hole that is connected with a butyl liner in order
to give pressure inside the specimen. Tests have been carried out
using an hydraulic circuit to apply pressure load and a Schenk
M100 testing machine to apply axialload. A flow regulator allows
to change pressure gradually up to 100 Bars with the hydraulic
circuit, that has been used to obtain biaxial loading conditions by
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Fig.4 Schematic of tubular specimen with end grips and liner

simultaneously applying axial load to the specimens while
keeping constant the ratio of applied forces (i.e. the ratio R).
Besides a 700 Bars hand-pump, not permitting a fine regulation
of pressure changes, has been used for loading specimens with
internal pressure only. With this last loading procedure, carried
out on unlined specimens since pressures reached were too high
for the liner resistance, two different stress conditions could be
obtained depending upon whether grips were restrained each
other or not (Figs.5,6).

5, Discussion and concluding remarks

By carrying internal pressure and axial load up to failure at
different stress ratios R, experimental strength data have been
obtained for the three classes of [18], tubular specimens
considered. Theoretical failure envelopes, obtained as previously
described using different failure criteria, are compared in Figs.7-9
to the experimental results obtained with uniaxial and biaxial tests
carried out on [#35];, [£55], and [175], specimens respectively.
The points of failure obtained applying netting analysis are
represented with an asterisk, with the corresponding stress ratio
givenin brackets. Biaxial-test results couldn’t be obtained all over
the range of stress ratios R, because a fine regulation of the
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Fig.9 Failure envelopes for [+75], with experimental data

Fig.6 Internal pressure testing with R=2 (closed-ends
condition)
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pressure loading ramp would have been necessary up to 700-800
Bars and not only up to 100 Bars. Anyway some relevant remarks
must be pointed out before commenting Figs.7-9. As a matter of
fact specimens used in this work were not provided with
end-reinforcements, and almost all the tubes tested fractured at
the ends (see Figs. 10 and 11 for example), while only few
specimens fractured in the middle region (Fig.12). It follows that
the experimental results obtained probably give underestimated
values of the effective strength of the laminate, because failure
of specimens is probably due to the concentration of stresses
associated with end-gripping and pressure-sealing regions. Atthe
same time, however, applying our computer programme to
similar problems investigated in previous works, it predicted
failure envelopes that were much conservative compared to those
obtained for example in reference 19, where the main differences
were the allowance for shear non-linearity and the application of
a progressive failure criterion. As a consequence of the
considerations given above, Figs.7-9 could be undeceiving,
because the experimental data are probably underestimated and
numerical predictions are too conservative. The design of
end-reinforcements is then absolutely required in order to obtain
more accurate experimental results on tubular specimens. Besides
more realistic failure envelopes could be predicted numerically
taking into account shear non-linearity, and developing a suitable
progressive failure criterion in the computer programme. Work
isin progress in order to improve the quality of both experimental
and numerical results,

Fig.10 [175), specimen Fig.11 [£55]; specimen
fractured in the gripping  fractured in the gripping region
region under biaxial stress under axial compression
R=1)

Fig.12 [£55], specimen fractured in the middle region under
internal pressure (restrained as in Fig.5)
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Nomenclature

E, Young’s modulus in fibre direction (1)

E, Young’s modulus in direction transverse to
the fibres (2)

Vip major Poisson’s ratio

Gy, in-plane shear modulus

X Xe tensile and compressive strengths measured
in direction of the fibres

Yo Ye tensile and compressive strengths measured

in direction transverse to the fibres (2)
S shear strength
lamina in-plane stresses
lamina in-plane strains
transformed reduced stiffnesses
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resultant forces on laminate
M, resultant moments on laminate
laminate middle-surface strains

TR
=
5%

s ky, kxy laminate middle-surface curvatures
A; extensional stiffnesses
B; coupling stiffnesses
C; bending stiffnesses
F, axial load
P internal pressure
A cross-sectional area of cylinder
T radius of cylinder
t thickness of cylinder
o,=FJ/A axial stress in cylinder under axial load
G, =Prit hoop stress in cylinder under internal
pressure
R biaxial stress ratio
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