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Abstract

the initial geometrical imperfections and the openings.

Background: Advanced lightweight laminated composite shells are increasingly being used in modern aerospace
structures to enhance their structural efficiency and performance. Such thin-walled structures are susceptible to
buckling when subjected to static and dynamic compressive stresses. This paper reports on the numerical (finite
element method (FEM)) study on buckling of carbon fibre-reinforced plastic (CFRP) layered composite cylinders
under displacement and load-controlled static axial compression.

Methods: The effects of geometric properties, lamina lay-up, amplitudes of imperfection and parametric research of
the shape (square, circular) and the dimensions (axial and circumferential sizes, diameter) of the opening on the
strength of the cylinders under compression were studied. The measurement of imperfections on the cylindrical
surface is achieved using the interpolation method and Fourier series.

Results: The analysis indicates that the critical load is sensitive to the circumferential size of the opening. The function
(critical load-circumferential size of the opening) is linear for large openings and independent of the geometrical
imperfections of the shell. However, for small openings, it is necessary to take into account the coupling between

Conclusions: The linear approach does not fit due to the importance of the evolution of the displacements near
the openings. Also, it was shown that the buckling behaviour of thin composite cylindrical shells can be evaluated
accurately via modelling to determine the imperfections and the material properties in FEM.

Keywords: Buckling; Composite cylindrical shell; Imperfection; Opening

Background

Composite cylindrical shells, used in weight sensitive
structures such as aircraft fuselages, submarine hulls and
space launch vehicles, are constantly subjected to mem-
brane stresses. They are made efficient due to their high
strength-to-weight and stiffness-to-weight ratios (Jones
1975). However, they are vulnerable to instabilities (buck-
ling) when subjected to static or dynamic compressive
stresses (Weaver 2000). Due to the fact that there are no
substances that can satisfy all of these requirements, a
substitute material should be determined, which in this
case, was determined to be composites. In many industrial
applications, shells are equipped with openings of various
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shapes, sizes and locations within the lateral surface. Cut-
outs in aerial structures such as aircraft and missiles are
created to provide fuel or windows, and these structures
are subjected to a combination of loads in plane, out of
plane and shear during application. Due to the geometry
and general loads of these structures, buckling is one of
the most important failure criteria. A cylindrical shell
under compression in the meridional direction can fail by
overall buckling (global/Euler), local buckling or the ma-
terial strength being exceeded. Various failure mechanisms
of composite cylindrical shells, as affected by initial geo-
metric imperfections, boundary conditions, lamina stack-
ing sequence, anisotropic coupling effects, different
cutouts and load eccentricity, were identified by Weaver
(2000), in terms of laminate configurations and shell pro-
portions. The buckling response of the shells is very
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Table 1 Mechanical properties of the CFRP

Longitudinal tensile modulus, Transverse tensile modulus, In-plane shear modulus, Poisson'’s ratio, Density Thickness
£ (MPa) E; (MPa) Gy, (MPa) Vi (kg/m”) (mm)
134,780 9250 4800 0.286 1700 0.125

sensitive to changes in boundary conditions. A significant
discrepancy between theory and experiment is possible in
the case of cylindrical shells, unless the boundary and
loading conditions are accurately modelled, and the initial
geometric imperfections are precisely taken into consid-
eration in any theoretical model. Unlike shells made of
isotropic materials, composite cylindrical shells could
experience failure due to a stronger coupling between
membranes and bending strains. The degradation of the
buckling strength of composite laminates may also
occur due to delamination, resulting from poor fabrica-
tion (Singer et al. 2002). While numerous experimental
and theoretical studies are available on the buckling and
post-buckling characteristics of isotropic shells, includ-
ing the effects of geometric imperfections, relatively few
have been reported on the buckling behaviour of lami-
nated composite shells. Many experimental studies only
involved curved composite laminate panels, mostly to
avoid the high cost and complexities involved in the
fabrication and testing of the full composite cylindrical
shells (Singer et al. 2002). Analysis of post-buckling of
shear-deformable anisotropic laminated cylindrical shells
subjected to axial compression was studied by Li and
Shen (2008). They found that there exists a compressive
stress along with an associate shear stress and twisting
when the shear-deformable anisotropic laminated cylin-
drical shell is subjected to axial compression. Tennyson
(1975; 1968) reviewed, in detail, the theoretical and experi-
mental investigations on buckling of laminated cylinders
and experimented on the effect of small circular openings
on shell buckling in the elastic range. This included the ef-
fects of material, geometric nonlinearities and boundary
conditions on buckling strength of the shell, as well as cor-
relation studies between theory and experiments. This

work was followed by Starnes (1974) and Toda (1983),
who tested shells with a larger range of opening diameters.
Knodel and Schulz (1988) were the first to perform tests
on steel cylinders with a large spectrum of imperfection
(geometry, loading, material). This created the possibility
for a statistical evaluation of the buckling strength of
shells. Simultaneously, no physical understanding of the
phenomenon was gained. The first numerical calculations
on cylindrical shells with cutouts were reported by Almroth
and Holmes (1972). Based on the available results,
Samuelson and Eggwertz (1992) proposed a simple ana-
lytical description of the effect of the diameter of the
hole on the buckling strength of shells. Similar investi-
gations on filament wound glass-epoxy thick and thin
cylinders (having various radius-to-thickness ratios)
with circumferential and helical windings were de-
scribed in the works of Card (1969), Tsai et al. (1965)
and Hahn et al. (1994). Analysis of buckling and post-
buckling of an anisotropic laminated thin cylindrical
shell of finite length subjected to combined loading of
external pressure and axial compression using the
boundary layer theory presented by Li and Qiao (2015).
They obtained the governing equations utilizing classic
shell theory and von Karman-Donnell strain displace-
ment relations. Axial compression tests on these shells
revealed that for some winding angles, compressive
load induces shear, resulting in new buckling failure
modes. Shells having smaller radius-to-thickness ratios
experienced catastrophic material failure under shear
stress, while the large ones exhibited failure by the clas-
sical diamond-shaped shell buckling mode. The experi-
mental buckling loads were about 65-85 % of the
theoretical linear elastic buckling loads. Papers dealing
with the effect of imperfection and cutouts in
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.

Linear buckling analysis, P,=166.401 kN

Fig. 2 Buckling modes and loads obtained through static analysis of
models without imperfections

laminated composite structures (Leissa 1985) are avail-
able in the literature, based on Koiter’s (1970) imper-
fection shell theory. These indicate reasonably good
estimates of the buckling loads for axial compression
and bending loading. The effects of local geometric im-
perfections on the buckling and post-buckling of com-
posite laminated cylindrical shells subjected to
combined axial compression and uniform temperature rise
using Reddy’s higher-order shear deformation shell theory
and employing a von Karman type of kinematic nonlinear-
ity investigated by Shen and Li (2002). The main difficulty
in developing post-buckling theories, required to assess the
imperfection sensitivity of composite cylindrical shells, is
the lack of reliable imperfection data (Singer et al. 2002). In
the 1970s and 1980s, several analytical and experimental
studies were conducted on the buckling behaviour of com-
posite cylinders fabricated from prepregs, considering the
effect of assumed axisymmetric initial geometric imperfec-
tions having similar RMS value amplitudes, as measured in
the works of Tennyson et al. (1971) and Tennyson and
Hansen (1983). The discrepancy between the theory and
experiments were about 20 %. Geier et al. (2002; 1991) also
revealed that sensitivity to geometric and loading imperfec-
tions was influenced by the laminates’ lay-up and the fact
that a strong interaction exists between shape and loading
imperfections. In the absence of such data, approximate
knockdown factors were used to determine the critical
buckling load. In order to include a nonlinear, pre-buckling
behaviour and imperfection sensitivity of general shells, an
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Fig. 4 Variation of initial imperfection (=2 mm, 2 mm) of the outer surface of the cylindrical shell (Priyadarsini et al. 2012)
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asymptotic analysis was performed using a Lyapunov-
Schmidt-Koiter decomposition and an asymptotic expan-
sion technique in the framework of the finite element
method proposed by Kheyrkhahan and Peek (1999).
Weaver et al. (2002) described experimental investigations
on the advantage of using an anti-symmetric lay-up for a
laminate over a symmetric laminate in spiral buckling
modes. They also showed, based on Onodas solution
(Onoda 1985), that in order to eliminate the anisotropic
coupling effects, which lower the buckling loads, a lamin-
ate with a minimum of 48 plies is required. However, their
study ignored the effect of initial imperfections. Develop-
ing design strategies based on the use of ring stiffeners as
a way of preventing global buckling (i.e., buckling modes
that have large displacements around the top edge) was
introduced by Schmidt et al. (1998). Their design recom-
mendations are supported by computational results for
perfect cylindrical shells. Wullschleger and Meyer-Piening
(2002) recommended, based on extensive buckling tests
and analyses, that for the most reliable evaluation of the
instability of imperfect carbon fibre-reinforced plastic
(CERP) cylinders, proper imperfection measurements,

with a nodal resolution in the order of the mesh size used
for the nonlinear pre-buckling analyses, are needed.
Bisagni (2000) reported the correlation to be within 15—
20 % between the numerical and experiments in compos-
ite shell buckling, using the measured imperfections in the
finite element model. None of the above-mentioned re-
searches provided sufficient information to develop a reli-
able physical model of the considered problem or to
deduce a general understanding. Furthermore, the analysis
of coupling geometrical imperfections with openings has
not been carried out. In order to achieve this goal, a new
study has been performed on composite cylindrical shells
subjected to axial compressive load.

This paper presents details of a numerical (finite elem-
ent method (FEM)) study on CFRP composite cylinders
under load-controlled static axial loading conditions. It
was shown that the buckling behaviour of thin composite
cylindrical shells can be predicted by accurately measuring
initial geometric imperfections and modelling it appropri-
ately in FEM using the measured material properties. The
numerical study involves carbon fibre composite cylinders
made from eight layers of unidirectional carbon-epoxy
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Fourier Series Polynomial
12=0.99800045 DF Adj r2=0.99676543 FitStdErr=0.032865816 Fstat=873.4452
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Fig. 6 Curve number 2 in Figure of 4 instead of Comparison of effects of different value of imperfection on load of buckling of composite cylindrical shell
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prepregs, with a symmetric balanced lay-up of [0°/45°/
-45°/0°], made using hand lay-up of prepregs. Details of a
FEM based on parametric study on the effects of specimen
geometry and different shapes (square, circular) and sizes
of openings and lay-up sequences are included. One of the
current objectives is to improve the understanding of the
effect of cutouts with and without initial imperfection on
the critical buckling load of thin cylindrical shells.
Methods of manufacture, imperfection measurement
using interpolation method and Fourier series, and the re-
sults of the investigation on a few CFRP cylinders under
static axial compression are presented. It is shown that the
buckling characteristics of thin composite cylindrical
shells can be predicted to less than 5 % error.

Parametric study using FEM

Some parametric studies are required to determine the ef-
fect of length (L)-to-mean radius (r) (L/r) ratio, mean
radius-to-thickness (£) (r/t) ratio, and the lay-up sequence

on the buckling strength of cylindrical shell. A carbon-
epoxy composite cylindrical shell with a 300-mm inner
diameter, 400-mm length, 1-mm thickness and a lay-up
sequence of [0°/45°/45°/0°] was selected for the numerical
study. The buckling behaviour of the CFRP cylindrical
shells was studied numerically using ABAQUS (Version
6.10), a general-purpose finite element program with lin-
ear static capabilities (Onoda 1985). The complete shell
geometry was modelled as required in composite lami-
nates exhibiting coupling (Tennyson and Hansen 1983)
using 4-noded S4R shell elements, with reduced integra-
tion. These shell elements have six degrees of freedom at
each node and are free from shear locking and hour glass
mode (Onoda 1985). In the model, all six degrees of free-
dom (three rotations and three translations) were arrested
at one (supported) end of the shell, and at the other end
(loaded), all the degrees of freedom, with the exception of
the axial deformation degree of freedom, were arrested.
The results of the parametric studies are given below. The

(b)

After applying imperfection with linear
buckling analysis, P,=110.087 kN

Fig. 7 Buckling modes and loads obtained through static analysis of models (b) with and (a) without imperfections

(2)

Before applying imperfection with linear
buckling analysis, P,=166.401 kN
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Fig. 8 Comparison of effect of different value of imperfection on
load of buckling of composite cylindrical shell

properties of the prepreg, as supplied by the manufacturer,
were used in the model (Table 1).

The effect of L/r and r/t ratios on the linear elastic
buckling load

The different values of L/r (ranging from 0.5 to 3.0) and
r/t ratios (ranging from 60 to 300) were chosen, keeping
the inner diameter of the shell constant at 300 mm, and
varying the length and the thickness of the shell. Four-
layer balanced lay-up sequence (0°/45°/45°/0°) and a
symmetric balanced lay-up (45°/-45°/-45°/45°) were
chosen for the study. The variation of the linear elastic
buckling stress (P../A) with respect to L/r and r/¢ ratios
is shown in Fig. 1 for both lay-up sequences. It is seen
that the influence of L/r for shells having L/r 21 on the
buckling stress is hardly noticeable in each of the lay-up
sequence, while in both lay-ups, the effect of radius-to-
thickness (r/t) ratio is quite evident. This implies that
the buckling strength of the shell depends mainly on the
radius-to-thickness ratio and the lay-up sequence of
lamina in the composite laminated shell in the range of
parameters being studied. Hence, the choice of the
length in the study can be freely made for L/r =1, while
the thickness may be chosen based on the behaviour and
strength requirements.
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Linear elastic instability (eigenvalue) analysis

Linear elastic buckling loads of composite cylindrical
shells can be evaluated by eigenvalue analysis. Generally,
this analysis is carried out on a perfect model without
taking into account the imperfections. However, in this
study, the linear elastic instability analysis was carried
out on models with and without imperfections to study
its effect on the linear elastic buckling load. The buck-
ling load predicted by this method on the model without
imperfections normally gives an idea of the upper limit
of the ultimate strength of the cylindrical shell and is
usually much higher than that from tests and nonlinear
FEA due to the imperfections. In a shell with imperfec-
tions, the actual ultimate load and the buckling mode
may be considerably different from that obtained by the
linear buckling analysis of model without imperfections.
However, the linear instability load serves as a guideline
nonlinear analysis and is computationally much simpler
and faster than the nonlinear analysis. The eigenvalue
analysis was conducted using the finite element code
ABAQUS/Standard. Prior to the analysis, a mesh refine-
ment study was performed to ensure that satisfactory
convergence has been achieved in the model. From the
study, a mesh with 13,320 elements, 180 along the cir-
cumferential direction, and 74 along the meridional direc-
tion, was chosen, as it was a good compromise between
accuracy and CPU time. This model, and the previous
model, with 170 elements along the circumferential direc-
tion and 69 elements along the meridional direction, had
a convergence error of 0.4 %. The buckling load of shell
obtained from the linear elastic analysis was 166.401 kN.
The buckling loads and the mode shapes obtained from
the linear elastic static buckling analysis without any initial
geometric imperfections are shown in Fig. 2.

Measurement of imperfections

Before the strain gauges were mounted, the outer sur-
face’s initial imperfections were measured (Fig. 3). For
this purpose, the specimen was mounted on a turn table,
which can be rotated about the axis of the shell. Exter-
nally, a 20-mm range linear variable differential trans-
ducer (LVDT), having a least count of 1/1000 mm, was
mounted on a support for contact with the outer surface
of the shell in the radial direction and is able to move

Linear buckling analysis in present study, P,=166.401 kN

Linear buckling analysis by Priyadarsini, R. S et al , P,=165.77 kN

Fig. 9 Comparison of the buckling of composite cylindrical shell (with imperfection) with the reference (Priyadarsini et al. 2012)
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Buckling modes obtained through
static analysis, P,=110.087

Fig. 10 Comparison of the buckling of composite cylindrical shell (with imperfection) with the reference (Priyadarsini et al. 2012)

Buckling modes obtained in the load
controlled test, P,=115.5 kN. [24]

up and down parallel to the meridional axis. The LVDT
was connected to a data acquisition system, and the data
was recorded at points on the outer surface of the shell
at 5° apart in the circumferential direction, and 10 mm
in the meridional direction. Using the data on radial
variation of the surface, the mean cylinder diameter was
determined to obtain the least square of the error. The
measured coordinates of the specimen surface’s points
were further modelled in MATLAB to reconstruct the
real shape of the imperfections in the specimen. This is
plotted for specimen 2 in Fig. 4. The shell’s surface
opens out to a horizontal plane. The imperfection in
the cylinder was taken as the radial distance between
the best-fit cylinder and the actual shell surface, as
measured in the work of Priyadarsini et al. (2012).

Apply imperfection

For the purpose of comparing the FEM results with the
experimental values, they were superimposed onto the
cylinder to create the actual geometry with imperfections

Table 2 Buckling loads for different lay-up sequences with and
without imperfection

Lay-up P (kN)

sequence Without imperfection With imperfection
(45,-45,45,-45)s 102.563 68.834
(90,,45,-45)s 179.235 119490
(0,,45,-45)s 128.620 85.746
(05,30,-30)s 127135 84.195
(0,,60,—60) 144.294 96.841
(454—454) 70.537 58779
(0,45,-45,0)s 166401 110.087
(90,0)25 122655 83438

for the analysis. A cylindrical coordinate system was
employed, and the radial distance of the nodal coordi-
nate was taken as R = ry + d¢, where r is the mean radius
of the best-fit cylinder, and J, is the imperfection
amplitude.

The imperfection shown in Fig. 4 must be applied to
all nodes of cylindrical shell. First, the curves and
the equations of curves 1 and 2 in Fig. 4 are obtained
(Figs. 5 and 6). To obtain these curves and equations,
the Fourier series is used; Fourier series equations are a
form of Fortran code. Since nodes are in the Cartesian
coordinates, it must be converted to cylindrical coordinates,
with each node having one 8 (0 < 6<360). Substituting 6
into the equations resulted in two series of imperfections.
By interpolating these two imperfections, the imperfections
of the other nodes were obtained. The expressions for ap-
plying the imperfections are:

Xnew = Xold + 0o cosf (1)

(a) Linear buckling analysis with square cutout, P, =21.161 kN

Fig. 11 Buckling modes and loads obtained through static analysis
of models without geometrical imperfections. Linear buckling
analysis with square cutout, P, =21.161 kN
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(b) Linear buckling analysis with circular cutout, P, =18.549

Fig. 12 Buckling modes and loads obtained through static analysis
of models without geometrical imperfections. Linear buckling
analysis with circular cutout, P, = 18.549

Yoew = Youd + 09sinf (2)

Imperfection, as shown in Fig. 4, is between -2 and
2 mm. Applying imperfection has a great influence on
the shape of buckling of cylindrical shell. Figure 7
clearly shows the differences between these two states.

As expected, the buckling loads of the composite cylin-
drical shells decreases as the amplitude of the imperfection
increases, and this rate of decrease is more for changes in
imperfection amplitudes at lower values (Fig. 8).

The following observations are made from the compari-
son of the analyses and experiments of the specimen in
the work of Priyadarsini et al. (2012). The interpolation
method and approximation of curves of Figs. 5 and 6 re-
sults in some errors but is nevertheless in good agreement
with the results of the reference.

28
26 —&— without imperfection
—&— with imperfection
24
22
Z 20
=
~ 18
16
14
12
0 0.03 0.06 0.09 0.12 0.15 0.18
Length of opening in the circumferential
direction(mm)
Fig. 13 Comparison between the critical load of perfect and imperfect
composite cylindrical shell with a square opening
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Validation

The results from the present ABAQUS models were com-
pared with those from the experimental and numerical in-
vestigations reported by Priyadarsini, R. S et al. (2012). It
can be seen that the results of the present study, as shown
in Figs. 9 and 10, are comparable with those of Priyadarsini,
R. S et al. Hence, the present finite element method was
regarded as being suitable.

Influence of lay-up sequence on the elastic buckling load
and buckling mode

A parametric study was carried out to determine the
buckling mode shapes corresponding to different lay-up
sequences with and without imperfections, and also the
lay-up corresponding to the maximum linear elastic buck-
ling load of a cylindrical shell, of 300-mm inner diameter,
400-mm length and 1-mm thickness (made of 8 unidirec-
tional prepregs). The lay-up sequences chosen for the
study and the corresponding linear elastic buckling loads
obtained are shown in Table 2. The fibre orientations are
measured from the meridional direction of the shell, while
the stacking sequence was ordered from the innermost to
the outermost layers.

It is seen that even for the overall dimensions, the
length and thickness remained similar, and the variation
in the lay-up sequence of the prepregs could have lead
to considerable variation in the elastic buckling load
and buckling modes (Figs. 11 and 12). Most of the
specimens experienced spiral mode of buckling, except
the specimen with the anti-symmetric lay-up, which ex-
perienced the axisymmetric buckling mode and the
specimen having orthogonal lay-up, which experienced
the diamond-shaped buckling mode. The shell have a

70
—&@— without imperfection
60 —8— with imperfection

0 0.02 0.04 0.06 0.08 0.1
Diameter of opening (mm)

Fig. 14 Comparison between the critical load of perfect and imperfect

composite cylindrical shell with a circular opening
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lay-up of (0°/0°/30°/-30°/-30°/30°/0°/0°), with fibres ori-
ented closer to the meridional direction, which lacks
the largest elastic buckling strength. It was also seen
that the anisotropy factor increases the pitch of the
spiral buckling mode.

Effect of circular and square cutout on axial buckling

In many industrial applications such as aircraft, missiles,
reservoirs, pipelines, automobiles and some submarine
structures, shells are equipped with openings of various
shapes, sizes and locations within the lateral surface.
These components, during their lifetime, may buckle
under compressive axial loads. In addition, they might
have some discontinuities, such as cutouts. These dis-
continuities can influence the stability of the structures.
The objective of this section is to improve the under-
standing of the effect of circular and square cutouts on
the critical buckling load of thin cylindrical shells.

Square openings

For a given dimension of the square and centred open-
ing under consideration, the force-displacement charac-
teristic of the shell remains linear up to the first local
buckling (LB), which occurs in the vicinity of a contour
of the opening. After this point, the behaviour is linear
and stable, with a reduced slope until a global buckling
(collapse buckling, CB) takes place, which involves the
entire shell. A square cutout in a cylindrical shell sub-
jected to axial compression reduces the first local buck-
ling load and the global collapse buckling load (Fig. 11).
In the pre-buckling range prior to the first local buck-
ling, large radial displacements develop near the edges
of the openings, particularly around the rims of the hole.

Circular openings

A cylindrical shell with a circular opening of a diameter
equal to the width of the square opening develops simi-
lar collapse buckling load (Fig. 12). Simultaneously, the
first load buckling was not observed in this case. The re-
sults indicate that the occurrence of the first local buck-
ling is preceded by a redistribution of stresses, due to
stress concentration at the corners of the square cutouts.
For this type of opening, the effect of a small hole di-
mension was also analysed. It was confirmed that very
small holes do not cause any appreciable change in the
critical load.

The effect of imperfections must be coupled with a cut-
out. Simultaneously, for very small openings, their size is
unimportant compared with a significant imperfection
sensitivity of cylinders subjected to compressive loads. In
the case of small openings, it is necessary to include a
coupling between the geometrical imperfection and pres-
ence of an opening in the analysis. In the range of
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moderately large openings, the existence of geometrical
imperfections of any size is negligible (Figs. 13 and 14).

Conclusions

This work deals with the numerical (FEM) study on the
buckling behaviour of thin CFRP cylindrical shells under
static axial compression. It was shown that the ultimate
strength is affected by the lay-up sequence, radius-to-
thickness ratio, geometric imperfections and any kinds
of opening. The effect of the ratio of the length-to-
radius is negligible. Also, the effect of a hole on the crit-
ical load of a cylindrical shell with an opening under
axial compression is studied; the behaviour shows two
large zones: for small openings, where there is a coupling
between the geometrical imperfection and the presence of
an opening, and for a moderately larger opening, the exist-
ence of geometrical imperfections of any size can be
neglected. The results of this work should be useful for fu-
ture designs of aerospace shell structures possessing cut-
outs. These will assist the designers in comparing the
effects of changes in geometrical dimensions and material
properties on the buckling response of shells without the
expense of experimental testing.

The results from this study indicated that numerical
modelling can be used to evaluate the buckling strength
accurately, provided the material properties and initial im-
perfections are properly modelled.

Abbreviations

P: Linear elastic buckling load; P Ultimate strength at failure; A: Area of cross
section of the cylinder; U: Amplitude of initial imperfections (corresponding to
first buckling mode); L: Total free length of cylinder between supports.
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