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Introduction

T HE thin, circular, cylindrical shell has been used extensively
as a structural con� guration, mainly in the aerospace industry.

The speci� c concernof its behaviorwhen subjectedto external loads
and in particular the buckling phenomena has, therefore, received
signi� cant attention.1 Recently, the increasingneed for lightweight
ef� cient structureshas driven research in the � eld of structuralopti-
mization and simultaneously to the use of � ber-reinforcedcompos-
ites, which are attractive because of their high stiffness-to-weight
ratios. Many studies have been conducted on the buckling of com-
posites; however, these studies have not yet led to systematic and
widely applicabledesign criteria.This is primarily due to the multi-
tude of parameters that in� uence the instability but also to the lack
of available representative tests results. The buckling of composite
shells, in addition to the initial geometric imperfections,also typical
for isotropic shells, depends on a large number of input parameters,
such as lamina propertiesand orientations,and can be in� uenced by
several types of imperfections, consequencesof the manufacturing
process, such as thickness variations2 and local delaminations.3 To
develop appropriate methods for predicting the buckling loads of
thin shells, it is important to increase the availabledata on the shape
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and amplitudes of initial imperfections,4 as well as the results of
experimental buckling tests on composite shells of different mate-
rials and layup orientations.5;6 In fact, the experimental results have
proven to be extremelyusefulfor tuninganalytical7 and numerical8;9

models.
This Note describes the experimentalequipment and the method-

ologiesused for performingbucklingtests under positioncontrolon
compositecylindricalshellssubjectto axialcompression,measuring
the developmentof the geometric imperfectionsand of the buckling
pattern.The results of tests on 16 thin shells in carbon fabric, carbon
unidirectionallaid down, and carbon roving tape wrapped with dif-
ferent layup orientationsare reportedand evaluated.Typical results,
showingvariationsof compressiveload with axial displacementand
postbuckling patterns, are presented to demonstrate the reliability
and accuracy of the experimental setup.

Cylindrical Shells
The cylindricalspecimensare characterizedby a lengthand an in-

ternaldiameter of 700 mm. Two tabs are providedat the top and bot-
tom surfaces for attaching them to the loading rig. The actual length
is, therefore, limited to the central part and is equal to 540 mm.

Testinghas been conductedon 16 specimens,madeof carbonfab-
ric, of carbon unidirectional laid down, and of carbon roving tape
wrapped in epoxy matrix (Table 1). They are of differentstaking se-
quences and have a total thicknessequal to 1.32, 1.20, and 1.50 mm
for the carbon fabric, the carbon unidirectional, and the carbon
roving tape wrapped specimens, respectively. The lamina proper-
ties of the carbon fabric cylinders are E11 D E22 D 52,000 N/mm2,

Fig. 1a Loading rig to perform axial compression buckling tests under
position control.

Fig. 1b Equipment to record the specimen’s internal surface during
the tests.
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Table 1 Results of buckling tests

Experimental buckling Analytical buckling
load/stress, load/stress, Experimental load/ Postbuckling

Material layup N/N/mm2 N/N/mm2 analytical load pattern

Carbon fabric [0=45=¡45=0] 172,877/59.55 240,000/82.67 0.72 9 £ 2
Carbon fabric [0=45=¡45=0] 151,618/52.23 0.63 10 £ 2
Carbon fabric [0=45=¡45=0] 155,676/53.63 0.65 10 £ 2
Carbon fabric [0=45=¡45=0] 164,702/56.74 0.69 10 £ 2
Carbon fabric [45=¡45]s 120,236/41.42 120,580/54.83 0.99 8 £ 1
Carbon fabric [45=¡45]s 116,454/40.12 0.97 7 £ 1
Carbon fabric [45=¡45]s 102,447/35.29 0.85 8 £ 1
Carbon fabric [45=¡45]s 112,632/38.80 0.93 8 £ 1
Carbon unidir. [45=¡45]2s 96,269/36.48 173,676/65.81 0.55 8 £ 1
Carbon unidir. [45=¡45]2s 92,859/35.19 0.53 8 £ 1
Carbon unidir. [90=0]2s 92,049/34.88 170,022/64.43 0.54 10 £ 2
Carbon unidir. [90=0]2s 99,541/37.72 0.59 10 £ 2
Carbon wrapped [90=§30=90] 196,230/78.27 289,025/115.28 0.68 10 £ 2
Carbon wrapped [90=§30=90] 185,936/74.17 0.64 10 £ 2
Carbon wrapped [§45] 159,055/63.44 159,840/63.76 0.99 8 £ 2
Carbon wrapped [§45] 155,353/61.97 0.98 8 £ 2

G12 D 2350 N/mm2, and º12 D 0:302; whereas the lamina proper-
ties of the carbon unidirectionaland carbon-wrapped cylinders are
E11 D 113;000 N/mm2, E22 D 9000 N/mm2 , G12 D 3820 N/mm2,
and º12 D 0:73.

Equipment
The geometric imperfections on the specimen’s internal and ex-

ternal surfaces and the thickness variations are measured before
the tests, using two linear variable differential transformer (LVDT)
transducers.10;11

The axial compressionbuckling tests are performed by a loading
rig under position control (Fig. 1a). During the tests, a hydraulic
ram pushes the loading platform against four ball screw supports,
placed at the four corners of the platform. At the beginning, the
load from the ram is completely released on the four screws, which
distribute the real applied load on the specimen during the test. The
screw motion is computer controlled by means of four stepping
motors through four reduction gears, producing exactly the desired
displacementof the loadingplatform.The load level, which is trans-
ferred smoothly to the cylinder, thus depends only on the platform
displacementand on the cylinder elastic responseand does not sub-
stantially depend on the load magnitude due to the hydraulic ram
acting on the platform. During the tests, the compression load and
the axial displacement of the specimen are measured by means of
three load cells and three LVDT transducers, equally spaced to en-
sure accuracy and uniformity of the loading process. To avoid the
occurrence of internal stress during the clamping of the specimen
to the loading rig, a mechanical clamping system is used.11

Equipment11 (Fig. 1b) was designed to measure the development
of geometric imperfectionsand thebucklingpatternon the specimen
internal surface during the tests. It employs � ve laser displacement
sensors,having a resolutionof 15 ¹m, placed at a distanceof 40 mm
fromthe specimen.Therefore,anycontactwith the specimensurface
is avoided, and the buckling behavior is not in� uenced.

Tests Results
Before the tests, the internaland externalsurfacesof the shells are

scanned to measure their initial geometric imperfections and thick-
ness variations. Next the compressive load is applied and the load
vs axial displacement data are recorded. The cylinder internal sur-
face is checked immediately before the test and about 15–20 times
during the buckling test, to follow the development of geometric
imperfections,as well as the buckling pattern. The time required to
measure a complete surface is limited to 4 min.

The values of the measured buckling loads are given in Table 1,
compared to the analytical buckling loads obtained from a classical
linear theory, not including the effect of the initial imperfections.11

Table 1 also reports the postbucklingpattern in terms of number of
waves in the circumferentialand axial directions, respectively.Vari-
ations in material propertiesand layup orientationsshow signi� cant
differences in the postbucklingpattern.

Fig. 2a Carbon fabric cylinders.

Fig. 2b Carbon unidirectional cylinders.
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a) Carbon fabric cylinder [0/45/¡ 45/0] b) Carbon fabric cylinder [45/¡ 45]s

Fig. 3 Typical postbuckling patterns.

Fig. 4 Typical postbuckling pattern for carbon fabric cylinder.

Representativevariationsof compressiveloadwith axialdisplace-
ment are presented in Fig. 2, where both loading and unloading
sequences are shown. In almost all of the tests performed, buckling
occurs suddenly. In only the case of carbon unidirectional[90=0]2s

specimens is the load reduction gradual, and the pattern changes in
the postbuckling� eld. During the unloadingphase, the results agree
with the theoretical curve until the buckling patterns disappear, and
the values of both load and displacement become equal to those of
the loading sequence.

Figure 3 shows two typicalpostbucklingpatterns recordedduring
tests on carbon fabric cylinders. The patterns are well de� ned and
regular. Although the patterns do not change during the tests, the
amplitude (that is, the displacementnormal to the surface) increases
in the postbuckling region. A photograph of a typical postbuckling
pattern for a carbon fabric cylinder, as it appears during a test, is
shown in Fig. 4.

Conclusions
Experimental equipment is described that is used for perform-

ing buckling tests, under axial compression, on composite cylin-
drical shells, and the results are reported of tests on 16 thin shells
in carbon fabric, carbon unidirectional laid down, and carbon rov-
ing tape wrapped with different layup orientations.Typical results,
showing variationsof compressiveload with axial displacementand
postbucklingpatterns, are presented.A comparison between exper-
imental and analytical linear buckling loads is performed, showing
that, in most cases, the ratio between the buckling loads (measured
and analytical) is signi� cantly high.

The experimental equipment is reliable and accurate, allowing
the establishment of a signi� cantly large database of experimen-

tal results, which can be used to correlate numerical models. This
represents a fundamental step toward the correlation of measured
imperfections with respect to the correspondingbuckling loads.
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