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A B S T R A C T

Thin-walled cylindrical CFRP shells tend to buckle under compressive loads. The experimental buckling load
is significantly lower than the theoretical one. The reason for this are various kinds of imperfections which are
partially caused by the manufacturing process and the test conditions. A major challenge in the design of these
shells is the lack of experimental data. Additionally, the quality of test results is rarely critically reviewed in
the validation of design approaches. In this paper, the influence of two different manufacturing processes on
the geometric imperfections and the influence of three different test rigs on the buckling load are investigated
in an experimental campaign with 12 cylindrical CFRP shells. Furthermore, the influence of varying the test
rig boundary conditions is analysed.
1. Introduction

Thin-walled cylindrical shells are commonly used structures in
aerospace engineering. Their behaviour under compressive load has
been an intensive part of research for several decades. The main
challenge in designing these structures is the large discrepancy between
theoretical and experimental buckling loads [1]. With the use of
orthotropic materials such as fibre plastic composites, new challenges
have occurred. The approaches developed on isotropic cylinders lead
to very conservative results (e.g. [2–5] or [6]).

One of the most common and established design approaches is the
NASA SP-8007 [7]. This guideline suggests different ways to calculate a
global knockdown factor which considers all imperfections and uncer-
tainties. However, it often leads to very conservative design loads [4,
8]. Another well discussed approach is the Single Perturbation Load
Approach (SPLA) [3] which is based on the idea that global buckling
starts with an initial local buckle. However, in some configurations
this approach does not lead to conservative designs [9]. Since most
imperfections are of a stochastic nature, it is reasonable to consider
probabilistic methods for the design of thin-walled cylinder shells. First
approaches were developed by Bolotin in the 1960s [10], which have
been further refined since then. Nevertheless, the required distributions
of the influence parameters are often not available to the necessary
extent and have to be assumed.

A major challenge is the range of influencing factors. Although the
most common influencing factors are well known, there is a lack of pro-
foundly documented published data. Most prominent are the geometric
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imperfections or so-called traditional imperfections [11], which are
commonly described through Fourier coefficients [2,6,7]. In addition,
there are the non-traditional imperfections [11] like load deviation
or so-called load imperfections, scattering of material parameters or
boundary conditions [7]. In this contribution, load imperfections are
defined to include any deviation in loading from a uniform uniaxial
stress state, particularly lateral loads and tilting of the shells.

A good summary of the existing database is given in [5,12]. In most
cases, the data given is not complete or only small sample sizes are
investigated. The development of new design approaches is often based
on or validated using the results of such experiments. However, the
testing conditions are rarely critically reviewed. The test rig boundary
conditions are often unvaried, so the effect cannot be quantified. In
literature it is commonly mentioned that the stiffness of the test rig
has no influence on the buckling load [1]. However, it does have
an influence on the post-buckling behaviour [1]. Only a few test rig
comparisons have been carried out in literature (e.g. [13–15]). In a
study of Meyer-Piening et al. [13] eight cylinders with different layups
were tested on the DLR buckling test facility and a universal testing
facility of EMPA. The difference of buckling loads was between 0.5%
and 9.9%. In [14], three nominally identical cylinders were analysed
on an in-house designed test rig and an MTS test facility. The buckling
loads differ from -9.6 % to 15.2% between test rigs. Franzoni et al. [15]
did a test rig comparison and found a difference of 22.3% in the
buckling load. However, the cylinder collapsed in the second test rig.
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Hence, the range of buckling loads between these test rigs is com-
parable with the scatter of buckling loads induced by other influencing
factors such as geometric imperfections. Many tests are carried out on
special buckling benches, such as in [4,16–18]. But often, modified
universal testing machines (UTM) are utilised (e.g. [19–21]). There-
fore, the test rig influence should be analysed further to improve the
validation of current and future design approaches.

It has been shown that the manufacturing process has an influence
on the buckling load, as demonstrated by Hipp and Jensen [22] on the
example of layer crossings caused by the winding process which can
lead to local buckling effects.

To further investigate the influence of the manufacturing process
and the test rig, twelve nominally identical cylindrical shells are tested
and analysed in this publication. Six of these twelve cylinders were
produced using the same manufacturing process. The cylinders are
tested on three different test rigs under various boundary conditions.
The influence of the manufacturing process on geometric imperfections
and how they affect the buckling load is investigated. In addition, the
influence of test rig boundary conditions on load deviations and their
influence on the buckling load is evaluated. Finally, different design
approaches are applied to the investigated shells and the results are
compared with experimental values. For this exemplary comparison,
the previously described NASA SP-8007 and SPLA, as well as the Linear
Buckling Mode Imperfection approach (LBMI) from [23] and the Semi-
Analytical Probabilistic procedure (SAP) from [24] are chosen. Hereby
it is shown to what extent different manufacturing procedures and
test rig boundary conditions are considered by the investigated design
approaches.

2. Manufacturing process and test setup

2.1. Manufacturing process

The presented twelve cylinders were manufactured in three batches
at the German Aerospace Center (DLR) in Braunschweig. The first and
the second set consist of three cylinders each and are build layer by
layer in a semi-automatic hand lay-up process. The third set containing
six cylinders is produced in a winding process. Pre-impregnated carbon
fibres (prepregs) are commonly used in manufacturing lightweight
components. Slittapes are about 1/4′′ broad unidirectional prepregs,
which are used in winding or fibre placement technology. An AS7/8552
slittape was chosen as the fibre matrix system, which is placed on a
rotating core at a specified speed and in a predefined winding pattern.
The fibre material is on a storage carriage, which moves relative to
the winding core. The direction and movement speed of the guide
carriage in relation to the winding core rotation determine the laying
direction of the fibres. The nominal inside diameter of all shells is
230 mm and the nominal length is 255 mm. A balanced quasi-isotropic
layer structure with six layers was selected. This layup and material
are chosen to achieve better comparability with [8]. In Table 1 all
further geometric specifications are given. All cylinders have nominally
identical properties to the ones investigated by Schillo in [8]. Due to
the crossing sections induced by the winding process, the existing layer
stack of the winded cylinders deviates from the nominal one for the
±30◦ layers. For the layered cylinders, it is not possible to realise a
symmetrical layer stack, because it is not feasible to lay two identical
orientations on top of each other without lifting the lower one. For all
cylinders, the fibre angles of the 90◦ layers deviate by 0.5◦ due to the
manufacturing process, as a 1/4′′ pitch is covered during winding.

To determine the geometric imperfections, the cylinders are mea-
ured with an ATOS measuring system. The cylinders of the first and
econd set are measured before and after clamping in the fixture
equired for testing. A preliminary study in [25] shows that clamping
nly reduces long-wave circumferential imperfection modes, which
ave a negligible effect on the buckling load. Therefore, only the
lamped cylinders are measured from the third set.
2
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2.2. Test setup

In order to analyse the influence of the test setup, three different test
rigs are used. Furthermore, on two of them the boundary conditions are
varied. The boundary condition in a strict sense is a clamped connection
for all shells, as both edges of the cylinders are supported by a steel
fixture and held in an epoxy potting throughout all experiments. In
the context of this study, the test rig boundary conditions describing
the connection between the steel fixtures and the test rig itself are
considered as boundary conditions in a broader sense. The first test
rig is the Hexapod at TUHH which is a platform that can be moved
through six degrees of freedom and is actuated by six hydraulic cylin-
ders [26]. In the application used here, the cylinders are located in
the lower test space where force is applied by lowering the platform
as described in [25]. The CFRP cylinders are clamped in the fixtures
developed by Schillo [8]. With these, the shells are mounted on a 6-
DoF load cell. Deformation and strain of the cylinders are measured
via three optical displacement sensors and six strain gauges. The radial
arrangement makes it possible to determine the tilt angle of the upper
shell edge. Fig. 1 shows a schematic of this test setup. There are two
ways to connect the cylinder to the test platform. The first option
is a fixed connection. Here, the upper clamping is screwed to the
Hexapod test platform in a force-free manner via an adapter. This
configuration allows the best comparability with most test setups found
in literature. It has been further developed in comparison to Schillo’s
experiments. Alternately, a so-called simply supported connection, con-
sisting of a ball joint for central load introduction while allowing the
cylinder to tilt freely is used. In all tests, the load is applied in a
displacement-controlled manner at a nominal speed of 1.5 mm/min.

The second test rig utilised is the well-known buckling facility of the
Institute of Composite Structures and Adaptive Systems of DLR (Fig. 2).
Test shells are located between the load distributor that is connected
to an axially supporting top plate through three load cells and a lower
drive plate. The top plate can be moved in vertical direction on three
spindle columns to adapt the test device to the actual test article length.

A thin epoxy concrete layer consisting of epoxy reinforced with
a mixture of sand and quartz powder is applied between both end
plates of the test specimens and the adjacent parts of the test device,
i.e. the drive plate and the load distributor. This procedure is done to
ensure uniform load introduction on the test structure during loading.
To investigate the influence of this addition to the setup, some buckling
tests are also done without this epoxy layer. In the present test setup,
adapter plates made of aluminium (Fig. 2) are used to overcome an
incompatibility of the fixtures in which the cylindrical shells are potted.
This is necessary since these plates are designed specifically for the
interface of the Hexapod. However, the adapter plates are machined
and as even as the adjacent parts of the buckling test facility. Thus, it
is assumed that no further load deviations are introduced.

Axial loads and displacements are recorded during the tests. The
reaction forces are measured by three 100-kN-load cells. The axial
displacement is extracted by three displacement transducers, fixed
between the load distributor and the axial drive and placed around the
test specimen at 90◦, 180◦ and 270◦. The axial compression load is
pplied displacement controlled. Before the first buckling occurs, the
oad is applied stepwise until buckling and unloaded after 5 s in the
arly post buckling regime in order to avoid damaging the structure.

The third test rig used is a modified Galdabini Quasar 100 universal
esting machine. In Fig. 3 an illustration of the test setup is shown.
he clamped cylinder is mounted via an adapter plate on a 3-DoF

oad cell. The cylinder clamping can be centred on this adapter plate
ia four circumferentially positioned fine-thread screws. At the upper
lamping, the cylinder is connected to the machine’s crosshead via
n adapter. The mounting is done force-free. As within the Hexapod
est setup, displacements and strains are recorded by three optical
isplacement sensors and six strain gauges, respectively. The load is

pplied displacement controlled at a speed of 0.5 mm/min.



Composite Structures 308 (2023) 116674T.S. Hartwich et al.
Table 1
Geometric specification of the cylinders.

Set 1: Z1L1 - Z3L1 Set 2: Z1L2 - Z3L2 Set 3: Z1W2 - Z6W2

Nominal radius [mm] 115 115 115
Total length [mm] 255 255 255
Free length [mm] 215 215 215
Nominal R/t-Ratio 147 147 147
Fibre/Matrix 𝐴𝑆7∕8552 𝐴𝑆7∕8552 𝐴𝑆7∕8552
Laminat layup [90◦ ,−30◦ , 30◦ ,−30◦ , 30◦ , 90◦] [90◦ ,−30◦ , 30◦ ,−30◦ , 30◦ , 90◦] [90◦ ,−30◦ , 30◦]𝑠
Fabrication process 𝑙𝑎𝑖𝑑 𝑙𝑎𝑦𝑒𝑟 𝑏𝑦 𝑙𝑎𝑦𝑒𝑟 𝑙𝑎𝑖𝑑 𝑙𝑎𝑦𝑒𝑟 𝑏𝑦 𝑙𝑎𝑦𝑒𝑟 𝑓𝑖𝑙𝑎𝑚𝑒𝑛𝑡 −𝑤𝑖𝑛𝑑𝑖𝑛𝑔
Fig. 1. Schematic illustration of the test setup on the Hexapod of the TUHH with the different boundary conditions, fixed (A1), simply supported (A2).
To determine the test rig influences, the cylinders are tested succes-
sively on different test rigs in different configurations. Table 2 shows
the test design and the sequence of tests. The cylinders of the first two
sets are first tested on the Hexapod with the fixed and then with the
simple connection. This order is chosen because the simple connection
permits significantly larger tilting angles in the post-buckling regime,
which can lead to degradation. Comparisons between the Hexapod and
the DLR buckling facility are carried out exclusively on the third set.
Some shells are tested first on the Hexapod, others first on the DLR
buckling bench. Furthermore, two cylinders of this set are also tested
with the simple connection on the Hexapod in order to determine a
possible interaction between boundary condition and manufacturing
process. These can no longer be tested on the DLR buckling machine
due to possible degradation. In addition, one layered and one wound
cylinder are tested on a universal testing machine as well. The tests
are carried out after all other experiments, as the test rig influence on
degradation is not predictable. In order to trace a possible directional
dependency of occurring lateral forces back to the test rig or produc-
tion, the cylinders Z2L2 and Z3L2 are mounted rotated by 120◦ and
180◦ on the Hexapod.
3

2.3. Numerical analysis

In order to better quantify the influence of individual factors on
the buckling load, FE simulations are conducted. These are done in
Abaqus/Standard using the implicit solver with artificial damping. The
nonlinear analyses to find buckling loads are run in a load-controlled
manner. Estimating the buckling loads of the perfect shells is done
through linear Eigenvalue analyses. The model is composed of S4R shell
elements. Based on a convergence study [8], a mesh size of 215 × 722
elements is used. The bottom edge of the cylinder is considered fixed,
while the top of the cylinder is modelled according to the existing
boundary conditions. Geometric imperfections are mapped onto the
nodes via Fourier decomposition in the form of the corresponding
waves. The material parameters are calculated based on tensile tests
from [27]. Since the fibres are loaded in compression, the Young’s
modulus in fibre direction will differ from the one under tension. As
no material parameters for compressive loads are given by the manu-
facturer for AS7/8552, the ratio of compressive to tensile stiffness of
two similar fibres with 8552 matrix is considered. For both AS4/8552
and IM7/8552 this ratio is 0.91 [28]. To estimate the compressive
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Fig. 2. Test setup of the DLR buckling facility.
Table 2
Test design of the buckling test, order of the used test rigs for each cylinder.

Z1L1 Z2L1 Z3L1 Z1L2 Z2L2 Z3L2 Z1W2 Z2W2 Z3W2 Z4W2 Z5W2 Z6W2

Hexapod fixed (A1) x x x x x x x x x x x
Hexapod simply supported (A2) x x x x x x x x
DLR buckling test facility (B1) x x x
DLR buckling test facility
Without epoxy layer (B2) x
Hexapod fixed (A1) x
Galdabini UTM (C) x x
Fig. 3. Schematic illustration of the test setup of the modified universal testing
machine.

stiffness, the tensile one is scaled by this factor which corresponds to
a usual compression–tension stiffness ratio of carbon fibre reinforced
plastics [4]. Finally, the material parameters are calculated using the
equations from [29]. The present fibre volume fraction is estimated
based on the respective shell thickness and the material properties are
scaled accordingly using the classic composition rule and the corrected
composition rule.

In first numerical investigations, the influence of manufacturing-
specific geometric imperfection patterns is analysed. For this purpose,
shells with a layer structure of [90◦, −30◦, +30◦]s, [90◦, −30◦, +30◦,
−30◦, +30◦, 90◦], [90◦, +30◦, −30◦]s and [90◦, +30◦, −30◦, +30◦,
−30◦, 90◦] are generated each. The material parameters are calculated
4

based on the results from [27] and are given in Table 3. The values are
then scaled, as described above, to the layer thickness which is assumed
for all shells to be 0.125 mm for better comparability. All existing
imperfection patterns are mapped onto each of the four cylinders and
their buckling load is compared with that of a perfect shell. In a second
numerical study, buckling loads are calculated for the cylinders using
their respective geometric imperfections, wall thicknesses, resulting
material parameters and load imperfections. Thereby, it is quantified
to what extent the different factors affect the buckling load.

Finally, four design approaches are applied to the investigated
shells. Following the procedure of NASA SP-8007 [7], the design load
is calculated using nominal data from Table 1 and material properties
from Table 3. The SPLA is carried out for the nominal geometry and
for the measured wall-thicknesses with accordingly scaled material
properties. For the LBMI approach the recommendations of [30] are
followed to apply the first eigenmode of a shell as imperfection pattern
to a perfect cylinder. As for the previous approaches, nominal geom-
etry and material properties are assumed. The imperfection amplitude
𝜉 [23] is chosen for the layered and wound cylinders separately, first
approximating the average deviation from the nominal radius, then to
represent the worst measured imperfection shape of each batch. With
all three approaches design loads are calculated for all occurring stack-
ing sequences of the ±30◦ layers. The SAP is carried out for the three
sets separately, to better represent the differing underlying distributions
of different parameters. Geometric imperfections and wall-thickness
are grouped by manufacturing process. For simplicity, it is assumed
that lateral forces and tilting of the upper clamping are independent
of each other and that the direction follows a uniform distribution
in the interval [−𝜋, 𝜋) for both kinds of load imperfection. While in
reality a correlation of layer-thickness and stiffness properties is to
be expected [29,31], there are not enough data available from [27]
to make a well-founded estimation for the material considered in this
study.



Composite Structures 308 (2023) 116674T.S. Hartwich et al.
Fig. 4. Histogramms of the geometric imperfections of the analysed cylinders.
Fig. 5. Fourier coefficients and winding-up pattern of Z2L1 and Z1W2.
Table 3
Material properties.

Values calculated
based on [27]

𝑡𝑙𝑎𝑦𝑒𝑟 [mm] 0.14
𝜑𝑓 [%] 53.3
𝐸11 (tension) [MPa] 137,640
𝐸11 (compression) [MPa] 126,630
𝐸22 [MPa] 10,230
𝐺12 [MPa] 3640
𝜈12 [–] 0.32

3. Test results

3.1. Geometric imperfections

The optical measurement data are used to calculate the cylinder
radius and, if measurement data from the inside of the shell are
available, the wall thickness. In Table 4 the geometric specifications are
shown. The outside cylinder radii of the first two sets are on average
5

114.72 mm, those of the third set 114.80 mm. This difference in radius
is primarily due to different wall thicknesses. With a wall thickness of
0.70 mm to 0.72 mm, the layered cylinders are significantly thinner
than the wound ones. Among the layered shells, those of the first set
are slightly thinner. Of the third set, only Z2W2 was optically measured
unclamped, so that the wall thickness is only determined for this shell,
yielding a value of 0.82 mm. Since all cylinders were manufactured on
the same winding mandrel, the difference between wall thicknesses and
radii can be used to estimate an average inner radius of 114 mm for
the remaining shells. This is then subtracted from the outside radius
to approximate the wall thickness. The scatter of form deviations can
be quantified via the standard deviation of the radii. As illustrated in
Fig. 4, only cylinder Z2W2 has particularly large form deviations or
geometric imperfections.

To further analyse the geometric imperfections and for use in FE-
modelling, the optical measurement data are Fourier-transformed. Ad-
ditionally, so-called wind-up patterns of the cylinder surfaces are exam-
ined. The peel-ply textures are visible on all cylinders. The winding-up
patterns of shells from the first two sets show occasional fibre overlaps,
as illustrated on Z2L1 in Fig. 5. Generally, the imperfection patterns of
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Table 4
Measured geometric specification of the cylinders.

Z1L1 Z2L1 Z3L1 Z1L2 Z2L2 Z3L2

Radius [mm] 114.72 ± 0.06 114.70 ± 0.07 114.71 ± 0.06 114.73 ± 0.08 114.72 ± 0.11 114.72 ± 0.07
Imperfection range [mm] [−0.13, 0.16] [−0.14, 0.23] [−0.17, 0.21] [−0.17, 0.21] [−0.30, 0.30] [−0.15, 0.19]
Wall thickness [mm] 0.71 ± 0.02 0.70 ± 0.01 0.70 ± 0.01 0.72 ± 0.02 0.72 ± 0.02 0.72 ± 0.02
R/t-Ratio 162 164 164 159 159 159

Z1W2 Z2W2 Z3W2 Z4W2 Z5W2 Z6W2

Radius [mm] 114.78 ± 0.10 114.84 ± 0.17 114.80 ± 0.08 114.80 ± 0.08 114.78 ± 0.05 114.82 ± 0.05
Imperfection range [mm] [−0.23, 0.29] [−0.41, 0.42] [−0.13, 0.19] [−0.16, 0.30] [−0.13, 0.24] [−0.13, 0.36]
Wall thickness [mm] – 0.82 ± 0.01 – – – –
R/t-Ratio – 140 – – – –
Est. wall thickness [mm] 0.78 – 0.80 0.80 0.78 0.82
all cylinders are dominated by the ±30◦ layers, which is apparent in the
largest circumferential imperfection modes. The largest imperfection
modes from the sixth circumferential full wave onwards usually have
a ratio of 3:1 between circumferential full waves and axial half waves.
This is visualised by the two matrices in the middle of Fig. 5, exempli-
fied on Z2L1 and Z1W2. In direct comparison, the imperfection patterns
of the wound shells are more regular than those of the layered ones. The
wound cylinders have distinct fourth, sixth and twelfth circumferential
modes which may be associated with crossover sections. For the layered
cylinders this is not the case. Furthermore, irregularities, such as fibre
overlap, caused more irregular imperfection modes.

3.2. Buckling loads

The twelve cylinders were tested on the three test benches as
described in Table 2. Tables 5 and 6 list the buckling load achieved
in the first test (labelled ‘first buckling load’) and the highest achieved
buckling load of all cylinders in each investigated configuration. In
most cases, the buckling load recorded in the first test is also the highest
one achieved by any one shell. Notable exceptions to this are only the
shells investigated in the first test series, Z1L1 to Z3L1 and Z3W2.
If lateral forces were measured, this is also indicated. Additionally,
tilt angles and tilt directions immediately before buckling are given.
The direction of lateral forces and tilting is described in the cylinder
coordinates for each shell. The shells of the first set did not buckle
properly during first tests, since the connection to the test platform
shifted slightly, resulting in low buckling loads. The connection was
improved after the tests with Z1L1 to Z3L1 and Z3W2. This could be
a reason for the high lateral forces and tilt angles compared to other
tests with fixed connections.

A description of the test results of Z3W2 is presented in [25]. The
cylinder Z2L1 was tested 30 times utilising the fixed connection without
significant drop in buckling load. As shown in Fig. 7, the buckling load
even increased during testing. Between the tenth and eleventh test, the
cylinder was slightly realigned, as lateral forces were still applied after
retraction. This realignment caused changes in the buckling pattern,
as visualised by the curves of the strain gauges in Fig. 8. Changing
the boundary condition from clamped to simple support results in
significantly lower buckling loads, see Fig. 9. Additionally, the filament-
wound shells in particular exhibit a notable decrease in buckling load
over several subsequent tests with this type of boundary condition.
With exception of the cylinders of the first set, the highest buckling load
is achieved for all shells in the first test. After that, it drops slightly and
remains at this value with a fixed connection. No significant decrease
of axial stiffness is observed over the course of the experiments. The
smeared Young’s modulus in axial direction of each shell is calcu-
lated by using the known dimensions of the shells and the mean of
local strains recorded by the strain gauges. Following the guidelines
of [32], the strain interval for calculating the stiffness was taken to
be (−0.05%, −0.25%) if possible. For the layered shells the estimated
smeared Young’s modulus is 58.2±1.1 GPa while the shells of the third
set exhibit a significantly lower stiffness of 53.2±1.1 GPa.
6

Fig. 6. Measured lateral forces before buckling in the Hexapod coordinate system.

During the first series of tests with shells of set 1 and Z3W2, lateral
forces of up to 2.0 kN were recorded before buckling when using the
clamped boundary condition and up to 2.9 kN in experiments with
the simple support. In all subsequent testing campaigns, shear loads
measured before onset of buckling did not exceed 0.8 kN for a clamped
upper fixture while the strength of lateral forces remained largely
unchanged for the simply supported boundary condition. Furthermore,
it is observed that on the Hexapod test rig lateral forces tend to act in
the direction of the second or fourth quadrant of the test rigs coordinate
system, as shown in Fig. 6. In contrast, during the tests with Z2L2 and
Z2W2 on the Galdabini test rig lateral loads are observed acting in the
direction of the first and third quadrant of the machine’s coordinate
system (see Tables 5 and 6).

In tests carried out at the DLR buckling facility, only axial force and
displacement were recorded. The highest buckling load was achieved
in the first test for each shell with only a small decrease before
reaching a plateau in subsequent tests. As described above, when slight
realignments were undertaken between tests, in some cases an increase
in buckling load was observed. For the shell Z1W2 in the regular
clamped configuration, the first buckling load is 67.1 kN with an
apparent plateau at 66.0 kN after seven tests. Removing the epoxy
layers between fixtures and test rig results in a buckling load of 62.5 kN
with a steady decrease over five tests to 61.0 kN, as shown in the upper
diagram of Fig. 10. Subsequent tests on the Hexapod deliver buckling
loads ranging between the two set ups used at the DLR. While the first
buckling load of Z4W2 is nearly identical between the Hexapod and
the DLR buckling facility, as illustrated the lower diagram in Fig. 10,
for Z5W2 a difference of about 2.5 kN is observed. Furthermore, the
first buckling load achieved with the UTM is of similar magnitude to
the one reached at the Hexapod. Nevertheless, a significant decrease
in buckling load over subsequent tests is only found on the UTM, as
exemplified in Fig. 9 on Z2L2 and Z2W2.

3.3. Numerical analysis

The results of the first numerical study, where individual geometric
imperfection patterns were applied to shells with four different stacking
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Fig. 7. Buckling loads of Z2L1.
Table 5
Buckling loads of the cylinders of Set 1 and 2.

Z1L1 Z2L1 Z3L1 Z1L2 Z2L2 Z3L2

First buckling load [kN] 47.17 54.06 49.20 66.26 64.16 63.49
Lateral force [kN] 1.98 1.84 1.48 0.53 0.23 0.18
Lateral force direction −144.2◦ 6.4◦ −16.5◦ 0.6◦ −140.7◦ 84.4◦

Tilting angle 0.049◦ 0.017◦ 0.020◦ 0.002◦ 0.004◦ 0.007◦

Tilting direction 25.2◦ −79.6◦ 8.3◦ −49.2◦ −170.9◦ 117.3◦

Highest buckling load
clamped Hexapod [kN] 54.86 56.24 51.51 66.26 64.16 63.49
Lateral force [kN] 1.35 1.22 0.93 0.53 0.23 0.18
Lateral force direction −41.6◦ −32.4◦ −36.2◦ 0.6◦ −140.7◦ 84.4◦

Tilting angle 0.008◦ 0.013◦ 0.014◦ 0.002◦ 0.004◦ 0.007◦

Tilting direction 70.2◦ 0.2◦ 5.9◦ −49.2◦ −170.9◦ 117.3◦

Highest buckling load
simple support Hexapod [kN] 51.41 49.44 51.93 55.74 54.26 58.35
Lateral force [kN] 1.82 1.92 1.79 2.91 2.79 2.91
Lateral force direction 113.2◦ 123.9◦ 85.8◦ −32.8◦ 146.8◦ 76.8◦

Tilting angle 0.040◦ 0.036◦ 0.028◦ 0.063◦ 0.043◦ 0.035◦

Tilting direction 61.1◦ 52.8◦ 86.0◦ −29.5◦ −15.5◦ −42.4◦

Highest buckling load
clamped Galdabini [kN] – – – – 61.35 –
Lateral force [kN] – – – – 0.23 –
Lateral force direction – – – – 126.1◦ –
Tilting angle – – – – 0.006◦ –
Tilting direction – – – – −71.7◦ –
Table 6
Buckling loads of the cylinders of Set 3.

Z1W2 Z2W2 Z3W2 Z4W2 Z5W2 Z6W2

First buckling Load [kN] 67.14 66.25 59.90 64.07 62.15 66.54
Lateral force [kN] – 0.15 2.03 0.17 0.21 0.72
Lateral force direction – −5.5◦ −11.1◦ 27.7◦ 156.2◦ −62.2◦

Tilting angle – 0.002◦ 0.023◦ 0.002◦ 0.005◦ 0.004◦

Tilting direction – 63.5◦ 25.4◦ −53.7◦ 114.4◦ −66.2◦

Highest buckling load
clamped Hexapod [kN] 63.70 66.25 59.90 64.07 62.15 66.54
Lateral force [kN] 0.69 0.15 2.03 0.17 0.21 0.72
Lateral force direction −64.1◦ −5.5◦ −11.1◦ 27.7◦ 156.2◦ −62.2◦

Tilting angle 0.001◦ 0.002◦ 0.023◦ 0.002◦ 0.005◦ 0.004◦

Tilting direction −39.1◦ 63.5◦ 25.4◦ −53.7◦ 114.4◦ −66.2◦

Highest buckling load
simple support Hexapod [kN] – – 57.88 – – 60.78
Lateral force [kN] – – 2.91 – – 2.35
Lateral force direction – – 141.2◦ – – 150.5◦

Tilting angle – – 0.038◦ – – 0.040◦

Tilting direction – – 24.4◦ – – 24.8◦

Highest buckling Load
clamped Galdabini [kN] – 63.97 – – – –
Lateral force [kN] – 0.16 – – – –
Lateral force direction – 39.8◦ – – – –
Tilting angle – 0.005◦ – – – –
Tilting direction – −15.3◦ – – – –

Highest buckling load DLR [kN] 67.14 – – 64.20 65.20 –
7
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Fig. 8. Measurements of the strain gauges during buckling Z2L1 for test 10 (top) and
11 (bottom).

sequences, are illustrated in Fig. 11. In general, to calculate the buck-
ling loads of the imperfect shells as well as for the later discussed design
approaches, non-linear FE-simulations are carried out with the model
described in Section 2.3. The perfect buckling loads are estimated via
linear Eigenvalue analyses utilising the same FE-model. For the perfect
shell, the buckling load changes by about 0.5 kN between different
layups. The largest range as well as the largest reduction of buckling
load is observed for the imperfection pattern of Z2L2. The remaining
shells of the first and second set each exhibit a span of 0.8% to 2.2%
between highest and lowest buckling load, with an average load reduc-
tion of 2.0% to 3.4% compared to the perfect shell of each stacking
sequence. The imperfection patterns of the third set result on average
in slightly higher buckling loads while showing notably smaller scatter
for different layups than the first two. Load reductions in relation to the
perfect shells range from 1.0% to 1.6%. The greatest absolute difference
between stacking sequences is 0.8 kN which is observed for Z3W2,
while Z4W2 shows the largest relative range with reductions from 1.1%
to 2.4%.

In subsequent analyses the individual wall thicknesses and resulting
material properties of the different shells are considered. The smeared
Young’s modulus in axial direction is underestimated by 1.0% to 2.9%
for the layered shells. In case of the filament-wound shells an overes-
timation of 1.7% to 3.7% is observed. Taking into consideration the
findings of Schillo [8] that a thin resin-layer remains on the outside
of the wound shells after removing the peel-ply, further analyses were
carried out. Assuming a mean resin layer thickness of 0.05 mm for the
third set and rescaling the material parameters accordingly resulted in
overestimating the stiffness by 0.6% to 2.6%.

As described in Section 2.3, different imperfections were iteratively
included in the numerical model. The simulation results were compared
with the highest experimental buckling loads obtained at the Hexapod
test rig with the clamped boundary condition (see Tables 5 and 6). A
visualisation of this comparison is given in Fig. 12. For the layered
shells tested in the first series of experiments, Z1L1 to Z3L1, there is
still a great overestimation of the buckling load by 9.0% to 19.4% when
considering all measured imperfection types. The analyses of the second
set of cylinders are in good agreement with the test data, deviations
ranging from −1.0% to +2.0%. Here, the implementation of lateral
8

forces and tilting of the upper fixture only result in minor changes in
the numerically calculated buckling load. Regarding the six filament-
wound shells, the buckling loads of the analyses including all measured
influence factors are 5.7% to 9.5% higher than the test results. Cal-
culations run without reduced wall-thickness and adjusted material
parameters deliver loads up to 17% higher than the experimental data.

Similar sets of simulations were carried out for a simply supported
upper fixture. Here, the deviation between test data and analysis ex-
hibits a greater overall scatter. For the first set, buckling loads are
overestimated by 10.3% to 16.3% while for the second set of cylinders,
the error ranges from −8.5% to +1.0%.

The design loads calculated for nominal specifications and individ-
ual shells are summarised in Table 7. In case of the NASA SP-8007 and
the SPLA, no significant change is observed when the stacking sequence
of the ±30◦ layers is varied, whereas this variation greatly influences
the design load of the LBMI approach. The imperfection amplitudes for
the LBMI are 0.15 mm for the first two sets and 0.2 mm for the third
set representing average deviation from the perfect shape. To represent
the worst measured imperfection shape of each batch, amplitudes of
0.3 mm for the layered and 0.4 mm for the wound shells are chosen
(see Table 4). The lowest design loads for this approach are achieved
assuming a [90.5◦, −30◦, +30◦, −30◦, +30◦, 90.5◦] layup and are given
in Table 7. Using a [90.5◦, −30◦, +30◦]s layup results in the highest
design loads which are 45.7 kN for the worst case and 55.1 kN for the
average imperfection amplitude of the filament-wound shells.

Assuming the buckling load to be normally distributed, design loads
are calculated for reliability levels of 90% and 99% using the SAP.
The means and standard deviations of the buckling load distributions
of the three sets are, respectively, 63.1 ± 3.1 kN, 63.9 ± 2.8 kN and
67.2 ± 4.9 kN. In Table 7 no design load is given for Z3W2 since the
load imperfections observed for this specimen are much larger than for
the remaining shells of this set.

4. Discussion

The optical imperfection measurement data showed that the filam-
ent-wound shells possess more regular imperfection shapes than the
layered ones. At the same time, the average magnitude of form devi-
ations is slightly larger for the filament-wound cylinders, which may
be a result of fibre crossings induced by the manufacturing process.
From Fig. 11 it is apparent that the stacking sequence of the ±30◦

layers does have a small influence on the buckling load. Notably, some
interaction between geometric imperfection pattern and laminate layup
is observed, since the stacking sequence yielding the highest and lowest
loads varies even within each of the sets. As the wound shells possess
more regular imperfections, a smaller scatter in the simulations is
observed for the third set. One conclusion is that the filament-winding
process leads to a more consistent quality of the shells and thus to
lower scatter in buckling loads. The experimental results support the
hypothesis that more regular imperfection patterns, even those with
higher imperfection amplitudes, cause less of a reduction in buckling
load compared to more irregular ones, such as from fibre overlap.
Regarding practical application where buckling is to be avoided, it thus
seems preferable to use filament-winding as a manufacturing technique.

According to NASA SP-8007, for validation of high-fidelity models
pre-buckling stiffnesses are expected to deviate about ±2% from ex-
perimental values while for buckling loads a corridor of about ±5%
is given [7]. Based on the small deviation of the shell stiffness be-
tween simulation and experiment for all three sets, the methodology
and assumptions used to estimate material parameters deliver a good
approximation of the real values. However, the consistent underestima-
tion of stiffness for the first two sets hints at potential for optimisation
of the numerical model. In filament-wound shells the numerous fibre
undulations at crossover sections of tows generally result in a reduction
of axial stiffness and buckling load [22,33,34]. As these effects were not
considered in the numerical model, an overestimation of stiffness and
buckling load was to be expected for the third set. The large difference
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Fig. 9. Buckling loads of Z2L2 and Z2W2.
Fig. 10. Buckling loads of Z1W2, Z4W2 and Z5W2.
Fig. 11. Comparison of numerical buckling loads for different stacking sequences.
in wall thickness between the first two and the third set points to
the existence of a thin layer of leftover resin on the outside of these
shells. This layer would affect the photogrammetric measurements,
resulting in a greater wall thickness that is partially not contributing
to the load carrying capacity. Indeed, accounting for a thin resin layer
reduces the discrepancy between numerical and experimental results.
This assumption is supported by Schillo [8].

The difference between simulated buckling loads and the values
observed in tests is greatest for shells tested in the first series of
9

experiments (Z1L1 to Z3L1 and Z3W2). The stepwise expansion of
the analyses for these four specimens also most prominently shows
the influence of measured lateral forces and tilting of the shell edge,
particularly for Z3W2. The large discrepancy in buckling load in those
cases is most likely based on neglection of imperfections in load in-
troduction and boundary conditions. Since these shells were the first
ones to be tested, the aforementioned shift in the connection to the
test rig represents an unquantified factor that possibly influences the
buckling load. Thus, it stands to conclude that thorough documentation
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Fig. 12. Numerical buckling loads for different model setups.
Table 7
Design loads for different design approaches.

Nominal Z1L1 Z2L1 Z3L1 Z1L2 Z2L2 Z3L2

NASA SP-8007 [kN] 46.8
SPLA [kN] 65.9 59.0 58.8 58.8 60.3 60.3 60.3
LBMI (𝜉 = [0.3, 0.15] mm) [kN] [36.7, 43.8]
SAP (reliability 0.99) [kN] – 55.9 55.9 55.9 57.5 57.5 57.5
SAP (reliability 0.90) [kN] – 59.1 59.1 59.1 60.4 60.4 60.4

Nominal Z1W2 Z2W2 Z3W2 Z4W2 Z5W2 Z6W2

NASA SP-8007 [kN] 46.8
SPLA [kN] 65.9 61.5 64.6 63.0 63.0 61.5 64.6
LBMI (𝜉 = [0.4, 0.2] mm) [kN] [38.2, 43.0]
SAP (reliability 0.99) [kN] – 55.8 55.8 – 55.8 55.8 55.8
SAP (reliability 0.90) [kN] – 60.9 60.9 – 60.9 60.9 60.9
of test procedures and results is essential for development, validation
and assessment of design approaches based on such experimental data.

A direct comparison of the experiments carried out in this work
with those in [8] is possible for the tests of Z3W2 and Z6W2 with
a simply supported boundary condition. For these, good agreement
between the results of Schillo and the current study is observed. The
achieved buckling loads of 57.9 kN and 60.8 kN fall well within the
sample distribution of Schillo, which is given as 59.3 ± 2.4 kN in [6].
Similarly, the measured lateral forces for these experiments are com-
parable, as illustrated in Fig. 13. The experimental results presented in
this work show a significantly larger tilt for buckling tests with a simple
support as compared to using the clamped boundary condition. For
both Z3W2 and Z6W2, the buckling load decreased by 20%–30% over
the course of four subsequent tests with the simple support which points
to internal damage and degradation being induced by this kind of test
rig boundary condition. For the layered shells the decrease in buckling
load is only about 5% when using the simply supported boundary
condition. This leads to hypothesise that shells manufactured in a layer-
by-layer process offer better reproducibility in buckling experiments
with unknown or not fully characterised boundary conditions.

Comparing the recorded buckling loads from the different test rigs
and boundary conditions, it is apparent that allowing for shifting or
tilting of one shell edge, e.g. in a simply supported set-up or by leaving
out the epoxy layers between specimen clamping and test rig, leads to
significantly lower buckling loads in addition to the aforementioned
degradation.

Among the design approaches considered, only the NASA SP-8007
and the LBMI approach are consistently conservative. The LBMI ap-
proach is the only one to exhibit high sensitivity to variation of the
stacking sequence with results scattering by up to 22%. Excluding
the first test series, the SPLA delivers the most accurate prediction
of buckling loads for the true wall thickness and material parameters
of each specimen. Applying this design approach to nominal data
results in overestimating the buckling load in multiple cases. A similar
observation was made in [6]. Since the SPLA is usually categorised as a
deterministic approach that does not require measurement data [3,12],
the results for nominal geometry should be primarily considered. Two
10
Fig. 13. Comparison of lateral forces from [8] with Z3W2 and Z6W2.

reasons for the low design loads of the SAP for a reliability level of
0.99 are identified. Firstly, the sample sizes considered in this study are
rather small, possibly leading to an inaccurate stochastic description of
different model parameters. Secondly, correlations between global wall
thickness and material properties, both of which affect the buckling
load, have been neglected. Thus, it is viable to assume the calculated
standard deviations are larger than the true scatter with respect to the
influence factors considered.

The experimental data show that variation of the test rig may
cause differences in buckling loads of similar magnitude as the scatter
between different specimens tested in the same set up, as well as load
reduction caused by individual known influence factors. However, the
exemplary applied design approaches are all sufficiently conservative to
account for the test rig influence of the shell configurations investigated
in this study.
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5. Conclusion

In this work, 12 cylindrical CFRP-shells were investigated by per-
forming imperfection measurements and buckling tests in axial com-
pression. While geometric specification, layup and material were identi-
cal for all shells, two different fabrication processes were used. Buckling
experiments were carried out on three different test rigs, on two of
which two different sets of boundary conditions were implemented.
During these tests, occurring lateral forces and tilting of the upper
fixture of the shells were measured, providing additional data on the
influence of the test setup on the buckling behaviour. Several shells
were also tested on different test rigs in succession to investigate the
effects of the testing machine on the buckling load. The experimental
results show that the test rig influence on the buckling load is of similar
magnitude as the one of other commonly known influence factors.
Generally, UTM are found to be suitable for buckling tests, despite the
restrictions on the size of specimens. However, the lower stiffness of
such test rigs may result in load deviations, thus inducing degradation
in the shells. Similarly, utilising test rig boundary conditions permitting
free tilting of the shell also results in possible degradation of the
cylinders as well as significantly lower buckling loads compared to fully
clamped boundary conditions.

It could be shown that the fabrication method, layer-by-layer or
filament-winding, does have an influence on the imperfection pattern
and stiffness of a shell as well as on the suitability for use with different
test rig boundary conditions. While filament-wound shells exhibit a
more regular imperfection pattern and smaller sensitivity to a variation
of the stacking sequence, the layered shells have on average a smaller
magnitude of geometric imperfections. In addition, layered shells show
less degradation under test rig boundary conditions that allow for
shifting or tilting, e.g. a simply supported set-up.

In the present work only shells with the same dimensions and one
specific laminate were investigated. However, it is known that shells
with larger R/t-ratios tend to exhibit stronger imperfection sensitivity,
as shown e.g. in [35]. Hence, it is to be expected that the effects
observed in this study would be even more pronounced. Additionally,
it has been shown in the past that different laminate layups can greatly
influence the imperfection sensitivity of a shell, e.g. in [36]. Thus, it is
recommended for further research to be carried out on this topic with
cylinders of different R/t-ratios or laminate layups.
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