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Abstract

This paper describes an experimental and
numerical study, that is part of a research project
aiming at improving the knowledge of buckling
behaviour of composite shell structures.

The experimental equipment  and the
methodologies for systematic data acquisition in
buckling tests on composite cylindrical shelis
under axial compression and torsion, applied
individually and in combination, are described.
Typical resulis of the first tests performed on
carbon-epoxy laminated cylinders are presented,
in terms of diagrams, post-buckling patterns and
two-dimensional Fourier analysis.

The buckling phenomena is numerically
investigated using two finite element codes:
ABAQUS and ABAQUS/EXPLICIT. The geometric
imperfections measured on the internal surface of
the specimens are introduced in the numerical
models and the analysis results are compared to
the experimental ones. In particular, the numerical
analysis is able to follow the evolution of the
cylinder shape from the buckling to the post-
buckling region.

Introduction

Thin, circular, cylindrical shells are widely used in
simple or complex structural
especially in the aerospace industry. On the other
side the cylinder is the simplest case of a curved
surface. Depending on their use, these shells are
subjected to individual and combined application
of external loads. In resisting these loads, the
structures are subjected to buckling, a physically
observed failure mode, which is closely associated
with the establishment of ' its load-carrying
capacity.
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configurations, -

Therefore, the buckling strength of thin shells
along with knowledge of its post-buckling
behaviour have been the subject of many
researches and investigations both analytical and
experimental"®?¥. These studies have led to a
better understanding of shell behaviour, essential
in the safe design of such configuration*>®, but
they have considered primarily shells of metallic
construction.

More recently, the increasing need for light-weight
efficient structures drove structural engineers to
the field of structural optimisation and
simultaneously to the use of non-conventional
materials, such as fibre-reinforced composites,
attractive because of their high stiffness - and/or
strength - to weight ratios. The studies regarding
the buckling phenomena of composite cylindrical
shells result much more complicated than in the
case of isotropic shells and they have not yet led
to systematic and widely applicable design criteria.
In the past few decades, the -dominant role of
initial imperfections in causing specific shell
configurations, particularly circular cylindrical
configurations subject to axial compression, to
buckie at a load level considerably lower than the
value predicted by the classical finearised small
deflection theory® has been recognised and
accepted also for composite shells. As a matter of
fact, the buckling of composite shells depends also
on a large number of input parameters, such as

laminae properties and orientations, and can be-

influenced by several types of imperfections,
consequences of the manufacturing process®,
such as thickness variations and local
delaminations. -

Consequently, a methodology, integrating a
reasonable number of experimental tests with a
complementary computational activity, appears as
the only possible approach®'"'2™*)  The very
large number of input parameters prohibit a pure
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experimental approach, but, in the meantime, the
measurement of relevant properties and response
parameters during testing is essential to the
development of analytical/numerical procedures
and design guidelines for the buckling strength
prediction.

The present paper describes the experimental
equipment and the methodologies for systematic
data acquisition in buckling tests on composite
cylindrical shells under axial compression and
torsion, applied individually and in combination.
Typical results of the first tests performed on
carbon fabric cylinders are presented. The test
results are compared to numerical analysis
performed using two finite element codes:
ABAQUS and ABAQUS/EXPLICIT.

Cylindrical shells

The specimens are manufactured and provided by
AGUSTA. They are characterised by a length and
an internal diameter of 700 mm, a thickness of
1.32 mm and they present two reinforced tabs at
the top and bottom to allow to fix the specimens
into the loading rig. The actual length is therefore
limited to the central part and is equal to 520 mm.
The specimens consist of carbon fabric faid down
and the lamina properties are reported in Table 1.
The specimens present two different types of lay-
up orientations: [0/45/-45/0] and [45/-45]s. Four
nominally identical specimens are available for
each lay-up orientation in order to evaluate the
repeatability of the buckling tests.

Eyq Epo [INNMnT] 52000

Gy [N/MmF] 2350

Vio 0.302

p, density [kg/mm°] 1.32x10°

Table 1 - Lamina properties

Experimental equipment

A loading rig displacement-controlled was
designed and constructed to perform buckling
tests under axial compression and torsion, applied

individually and in combination. The equipment is -

shown schematically in Figure 1.

To perform axial compression tests, the loading
platform is pushed by a hydraulic ram against four
ball screw supports placed at the four corners of
the platform. At the beginning, the load given by
the ram is completely supported by the four
screws, which distribute the real applied load on
the specimen during the test.In fact, the screws
motion is computer-controlled, producing exactly

the desired displacement to the loading platform,
by means of four stepping motors through four
reduction gears. Thus the load level, which is
transferred smoothly to the cylinder, depends only
on the platform displacement and on the cylinder
elastic response and it does not substantially
depend on the load magnitude due to the hydraulic
ram acting on the platform.

The compression load is measured, during the )

tests, by means of a load cell situated under the
lower clamp, while three LVDT transducers
measure the axial displacement of the specimen
at three equally spaced points.

‘1(/
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Figure 1 - Experimental equipment

To perform torsion tests, the rotation is given to
the specimen bottom by means of a torsion lever.
The lever motion is computer-controlled,
producing the desired displacement.of a screw by
means of a stepping motors through a reduction
gear, like in the case of axial compression. The
joad cell, situated under the lower clamp, is able to
measure also the forsion, while three LVDT
transducers measure the tangential displacement
of the specimen bottom at the same three points
used during axial compression.

An equipment ad-hoc developed (Figure 2) was
designed and constructed to measure the
development of the geometric imperfections and
of the buckling pattern on the specimen internat
surface during the tests!™'%,

The equipment is placed inside the specimen
during the tests and consists of a central
cylindrical body, connected with a circular plate,
fixed in the middle of the specimen lower clamp.
The body supports two arms, that hold up a slide,
where five laser displacement sensors are placed.
The slide can rotate and translate vertically, by
means of two stepping motors fixed on the
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support. The vertical position of the slide is
supplied by an incremental encoder, connected to
the worm screw. The starting of every data
acquisition is regulated by a photoelectric cell.

"

SPECIMEN

LASER :F\

SENSOR

CONTROLLOR

ENCODER
[ ENCODER

PHOTORLECTRIC CELL

Figure 2 - Equipment to record the specimen
internal surface

The five laser displacement sensors are placed at
the distance of 40 mm from the specimen internal
surface. They have a measurement range of +10
mm, with a resolution that depends on the
. acquisition speed (for acquisition every 2 ms, the
resolution is 15 um). So they allow to record both
the geometric imperfections, that are some tens of
micrometers, and the buckling patterns, which lead
to disptacements of about 15-20 mm. The laser
sensors present a great advantage respect to the
LVDT transducers previously used to measure the
internal surface, because they avoid any contact
with the specimens surface and do not influence at
all the buckling behaviour.

The all experimental equipment is computer-
controlled by means of a software ad-hoc
developed in Visual Basic, through two
multifunction acquisition boards. The
measurements of the specimen internal surface
are usually recorded in a regular mesh of points 10
mm spaced both circumferentially and axially and
they refer only to the central part of the cylinder
surface, 450 mm long. The cylinder's internal
surface is recorded immediately before the test
and about 15-20 times during the buckling test

itself. In fact the time required to measure a -

complete surface is limited to 4 minutes.

Experimental results

The specimens were axially compressed,
recording the compression load vs. the axial
displacement and the development of the
geometric impetfections, as well as the post-

buckling pattern. A specimen for each kind of lay-
up orientation was also tested at least two times to
check the repeatability.

The values of the measured buckling loads are
reported in Tables 2 and 3, where they are
compared to the analytical buckling loads,
obtained from a classical linear theory, not
including the effect of the initial imperfections™,
The ratio between experimental and analytical
buckling load is higher for the [45/-45]5 cylinders
than for the [0/45/-45/0] cylinders.

Tables 2 and 3 also report the post-buckling
pattern number of waves, in the circumferential
and axial direction respectively. Cylinders with the
same lay-up orientation develop a post-buckling
pattern that is quite always the same. On the other
side, cylinders with different lay-up orientation
show significant differences on the post-buckling
pattern.

Analyt. | Exp./

Cylinder| Exp. Post-
number | load load | analyt. | buckl.
[kN] [kN] load | pattern

™ 172.87 240 0.72 | 9x2
2 151.62 0.63 | 10x2
3" 155.67 0.65 | 10x2
4" 164.70 0.69 | 10x2

Table 2 - Axial compression buckling loads:
[0/45/-45/0] cylinders

Cylinder| Exp. | Analyt. | Exp./| Post-
number | load load |analyt.| buckl.
[kN] [kN] load | pattern

1 120.23 | 120.58 | 0.99 | 8x 1

2™ 116.45 097 | 7x1

3 102.45 0.85 | 8x1

4" 112.63 093 | 8x1

Table 3 - Axial compression buckling loads:
[45/-45]5 cylinders

Two typical diagrams of compression load vs.
axial displacement are presented in Figures 3 and
4, where both loading and unloading sequences
are reported. In the tests on the [0/45/-45/0]
cylinders, the buckling load is reached without
significant pre-buckling nonlinearities, while pre-

buckling non linearities are present during the tests- -

on the [45/-45]g cylinders. All the tests performed
show that buckling phenomena appear suddenly
and in any case a load reduction is measured. The
tests are continued for a little in post-buckling,
leading to further increase of load and
displacement. During unloading phase, the
diagrams agree with theoretical curves, until the
buckiing patterns disappear and the values return
to coincide with those of the loading sequence.
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Figure 3 - Diagram of compression load vs. axial
displacement: [0/45/-45/0] cylinder
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Figure 4 - Diagram of compression load vs. axial
displacement: [45/-45]s cylinder

Figures 5 and 6 report the post-buckling patterns
recorded during two tests on carbon fabric
cylinders. The patterns are well-defined and
perfectly regular. They do not change during the
tests, but there is only an increase of the
displacements normal to the surface, in the post-

buckling region. For the [0/45/-45/0] cylinder, it is -

possible to point out 9 circumferential waves and 2
axial waves and the displacements normal to the
surface reach 11 mm internally and 5 mm
externally in the post-buckling region. The pattern
recorded during a test on a [45/-45]s cylinder
shows 8 circumferential waves and 1 axial wave.
The displacements normal to the surface reach, in
the post-buckling region, 14 mm internally and 7
mm externally.

Figure 5 - Post-buckling pattern (9x2) during an
axial compression test: [0/45/-45/0] cylinder

Figure 6 - Post-buckling pattern (8x'i) during an
axial compression test: [45/-45]s cylinder

A high-speed film has been realised during a test
on a [0/45/-45/0] carbon fabric cylinder, to better
understand the dynamics of the buckling
phenomena and it was found that the phenomena
takes place in about 7/1000 of seconds.

A two-dimensional  Fourier analysis®® s
performed on all the internal surfaces recorded
during each test. Typical plots in terms of double.
Fourier series coefficients are reported in Figures
7 and 8, where the Fourier coefficients (normalised
to the maximum values of the coefficients
recorded during each test) are represented in
function of the number of the circumferential and
axial waves.

Work is currently under way on performing
buckling tests under torsion and under axial
compression and torsion applied in combination.

)
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Finite element analysis

The finite element analysis studies numerical
models having the same properties as the real
specimens, and being able to reproduce the
results of the experimental tests, i.e. both the
buckling load values and the post-buckling
behaviour.

The finite element codes used are ABAQUS and
ABAQUS/EXPLICIT®. in the case of the implicit
code, the buckling is analysed by the eigenvalue
and the non-linear Riks methods"”. The explicit
code allows for the investigation of the load-
displacement curve, including the post-buckling
region, simulating the dynamics of a slow
compression test.

ABAQUS (version 5.4) and ABAQUS/EXPLICIT
(version 5.5) are implemented on a multiprocessor
Convex Exemplar computer.

The cylinders are modelled using 4-nodes bilinear
shell elements (ABAQUS element S4R5 and
ABAQUS/EXPLICIT element S4R).

The finite element model’s length is taken to be
520 mm, without the two reinforced tabs. The other
geometric dimensions and the material propetrties
are the same as for the real shells. The upper and
lower ends of the numerical models are supposed
to remain plane and circular, maintaining the initial
radius.

After performing mesh convergence studies', it
was found that 110 elements in the circumferential
direction and 26 elements in the axial one is a
reasonable choice. Consequently the elements
dimensions are 20 x 20 mm.

Numerical results

At first, an analysis is performed considering the
cylinders without initial imperfections.

The buckling load of axial compression and
torsion, obtained by eigenvalue analysis and non-
linear Riks method using ABAQUS and by
dynamic analysis using ABAQUS/EXPLICIT, are
respectively reported in Table 4 and 5.

Cylinder Cylinder

: , | [0/45/-45/01 | [45/-45]s
Analytical solution 240.00 120.58
Eigenvalue analysis 268.43 121.15
ABAQUS
Non-linear analysis 266.30 120.23
ABAQUS
Dynamic analysis 258.92 121.83
ABAQUS/EXPLICIT

Table 4 - Buckling load in axial compression [kN]

]

6
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Cylinder Cylinder

[0/45/-45/0] | [45/-45]5
Eigenvalue analysis 52.44 29.70
ABAQUS
Non-linear analysis 51.21 29.18
ABAQUS
Dynamic analysis 50.92 28.87
ABAQUS/EXPLICIT

Table 5 - Buckling torque in torsion [kNm]

Axial compression and torsion, applied individually
and in combination, are investigated by
eigenvalue analysis using ABAQUS. Both positive
and negative torsion is considered. The resuits for
the cylinders with the two different lay-up
orientations are presented on Figure 9.

The post-buckling pattern depends on the lay-up
orientation and on the value of combined loading,
as reported in Figures 10 and 11, where the
patterns obtained from the eigenvalue analysis are
represented from the case of axial compression
(upper) to positive torsion (lower), passing through
the cases of combined loading of the interactive
curves of Figure 9. The behaviour is different for
the two considered cylinders.

—— [45/-45])s
—@— [0/45/-45/0]

Axial load [kN]
300

-60 -40 -20 0 20 40 60

Torsion [kNm]

Figure 9 - Eigenvalue analysis
for combined loading
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Figure 10-Buckling patterns of [0/45/-45/0] cylinder
under axial compression,
combined loading and torsion

Figure 11 - Buckling patterns of [45/-45]s cylinder
under axial compression,
combined loading and torsion
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To numerically simulate the experimental buckling
tests, the imperfections measured by laser sensors
on the internal surface of real specimens before
the test are introduced into the finite element
models as a perturbation of the perfect cylinder
surface.

The  experimental measurement of the
imperfections is unfortunately fimited to the central
part of the cylinder surface and the covered area
has an axial length of 450 mm. In the finite
element model, in the zones above and below this
central part, the perturbation of the perfect cylinder
is assumed to be a linear variation from the
imperfections measured at the edge of this central
part to zero imperfections, in correspondence to
the upper and lower ends of the cylinder.

The results of a numerical analysis, based on an
experimental test under axial compression on a
cylinder with lay-up orientation [0/45/-45/0], are
presented in Figure 12, where the axial reaction
force vs. the imposed displacement curve
obtained using ABAQUS/EXPLICIT is shown
together with the one measured experimentally.
The curves indicate qualitatively the same
behaviour, but the numerical buckling load is
higher than the experimentally measured one, and
also the post-buckling capacity is overestimated
compared with experiment.

Besides, in the unloading phase, the numerical
analysis keeps a residual displacement, but this is
probably due to accumulation of numerical errors,
because this gap becomes bigger using finer
meshes.

240 —

——.——- Experimental
——‘B— Numerical

220 —

Axial load [kN]

R L DL L I S I L L L B
0.00 0.20 040 .60 080 1.00 1.20 1.40 160 1.80 2.00
Displacement {mm}

Figure 12 - Experimental - numerical comparison:
axial compression buckling test
on a [0/45/-45/0] cylinder

An improved value of the buckling load can be
obtained using a finer mesh (for example 220x52
elements), but without relevant changes in the

post-buckling region.

Better numerical simulations can be obtained
considering that, due to the thermal expansion of
the metallic mandrel during curing, the carbon
fibres tend to concentrate near the inner surface.
This effect may reduce the bending stiffness of the
shell without affecting the membrane stiffness for
the same thickness.

Lower equivalent thicknesses have
considered with the same fibre content (i.e. with
the same membrane stiffness), equal to 0.9 and to
0.8 of the nominal thickness, and obtaining results,
reported in Figure 13, that are closer to
experiment in the post-buckling region.

Of course, this hypothesis have to be confirmed by
a microscopic investigation, that will be performed
cutting a specimen at the end of all the
experimental programme.

- + = Experimental

—k—  Numerical: t=tnom

+ Numerical: t_cq=0.9%tnom
240 — —E"—‘ Numerical: t_cq=0.8%tnom

220 —

2000 —

180 —

160 —

140 —
120 —

K —

Axial load [kN]

s —
60—

40 —

20 —

0

TTTTTr T T T YT YT T
Q.00 020 040 0.60 080 1.00 120 L4460 L0 L850 2.00
Displacenmient {mm]

Figure 13 - Numerical analysis considering an
equivalent thickness

The numerical analysis performed using
ABAQUS/EXPLICIT is able to foilow the evolution
of the cylinder shape from the buckling to the post-
buckling region, as shown in Figure 14 .

It can be seen that the cylinder pass from the
undeformed configuration immediately before
buckling, to a pattern with a high number of smalt
circumferential waves in correspondence of the
buckling load, close to the eigenvector of the
linear analysis. At the end, the post-buckling
pattern has 9 circumferential waves and 2 axial
waves, like that one observed in the experimental
test. This is in fair agreement with the high speed
film.

been
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Analogous numerical analysis, introducing the real
imperfections measured by laser sensors on the
internal surface of the specimens, are performed
under torsion for the two cylinders with the two
different lay-up orientations.

Figures 15 and 16 show the torsion vs. the
imposed rotation curves obtained for the two
cylinders, while Figures 17 and 18 report the
corresponding post-buckling pattern.

S0 —
40—

30—

Torsion [kNm]

10 ~—4

’ T T T T T T T
0.00 0,08 .10 0.15 0.20
Rotation [degree]

Figure 15 - Numerical torsion buckling test on a
[0/45/-45/0] cylinder

40 —

35 —

20 —

Torsion [kNm]

0
T ] T I T I T I T ' T I
0.00 0.05 0.10 0.15 .20 .25 0.30
Rotation {degree]

Figure 16 - Numerical torsion buckling test on a
[45/-45]s cylinder

10

Figure 17 - Torsion post-buckling pattern of a
[0/45/-45/0] cylinder

Figure 18 - Torsion post-buckling pattern of a
[45/-45]s cylinder

Conclusions

The results of an experimental and numerical
study of the buckling behaviour of carbon-epoxy
faminated cylindrical shells have been presented.

The  experimenial equipment and  the
methodologies for systematic data acquisition in
buckling tests on composite cylindrical shells

under axial compression and torsion, applied
individually and in combination, . have been
described. )

Typical results of the first tests performed on
carbon-epoxy laminated cylinders under axial
compression nave been presented, in terms of
diagrams of compression load vs. axial
displacement, post-buckling pattern and two-
dimensional Fourier analysis.

A comparison of experimental and analytical
buckling loads have been performed and the
results show that the ratios between the buckling

loads found in tests and the analytical ones are .

significantly high (around 0.70 for [0/45/-45/0]
cylinders and around 0.95 for [45/-45] cylinders).
Work is currently under way on performing
buckiing tests under torsion and under axial
compression and torsion applied in combination.
The buckling phenomena has been numerically
studied using two finite element codes: ABAQUS
and ABAQUS/EXPLICIT.

In the case of the implicit code, the buckling is
analysed by the eigenvalue and the non-linear
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Riks methods, while the explicit code allows for
the investigation of the phenomena, including the
post-buckling region, simulating the dynamics of a
slow buckling test.

Axial compression and torsion, applied individually
and in combination, have been investigated.

The real imperfections measured on the internal
surface of the specimens have been introduced in
the numerical models and the axial reaction force
vs. the imposed displacement curves obtained
using ABAQUS/EXPLICIT have been compared to
the experimental ones. In particular, the numerical
analysis has been able to follow the evolution of
the cylinder pattern in the buckling and post-
buckling regions, reproducing exactly at the end
the experimental post-buckling pattern.

These  numerical models, improved by
microscopic investigation on fibre distribution and
validated by other experimental tests, will allow for
a wider study to be performed, investigating the
effect of the geometric imperfections and other
parameters that may influence the buckling
behaviour.
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