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Abstract A series of finite element analysis on the cracked composite cylindrical shells
under combined loading is carried out to study the effect of loading condition, crack size and
orientation on the buckling behavior of laminated composite cylindrical shells. The interac-
tion buckling curves of cracked laminated composite cylinders subject to different combi-
nations of axial compression, bending, internal pressure and external pressure are obtained,
using the finite element method. Results show that the internal pressure increases the critical
buckling load of the CFRP cylindrical shells and bending and external pressure decrease it.
Numerical analysis show that axial crack has the most detrimental effect on the buckling
load of a cylindrical shell and results show that for lower values of the axial compressive
load and higher values of the external pressure, the buckling is usually in the global mode
and for higher values of axial compressive load and lower levels of external pressure the
buckling mode is mostly in the local mode.

Keywords Crack . Laminated cylindrical shells . Buckling analysis . Internal and external
pressure . Axial compression . Bending moment

1 Introduction

Laminated composite shells are widely used in aerospace structures, automobile industry,
civil, marine and other engineering structures. Presence of defects, such as cracks and cutout,
may seriously compromise their buckling behavior and jeopardize the structural integrity [1,
2]. Comprehensive understanding of the buckling response of laminated composite cylin-
drical shells is necessary to assure the integrity of these shells during their service life.
Different studies have focused on designing optimum composite shells for enhancing the
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strength under various loading conditions such as pure axial compression [3–5], combined
axial compression and torsion [6–8], transverse load [9] and combined axial compression
and pressure [10, 11] .

Composite cylindrical shells are often subjected to defects and damage from both
in-service and manufacturing events. Presence of defects such as cracks is the most
important of these defects. Presence of cracks could strongly affect the buckling
response of shells not only by decreasing their load carrying capacity but also by
introducing local buckling at the crack region [10, 11].

Vaziri and Estekanchi [10] studied the effect of crack size, type and orientation on
the buckling behavior of cylindrical shells under combined internal pressure and axial
compression. They investigated two types of crack; through crack and thumbnail
crack. The internal pressure may stabilize the shell against local buckling by sup-
pressing the lower modes associated with local buckling or may provoke the local
buckling of cylindrical shells due to stress concentration. In another work, Vaziri [12]
studied the effect of crack size and orientation, as well as the composite ply angle on
the buckling response of cylindrical shells under axial compression. The results
indicated that the composite ply angle can be chosen to minimize the potential
sensitivity of composite cylindrical shell to the presence of a crack. In an earlier
paper, Jahromi [13] presented linear eigenvalue buckling analysis for doubly and
singly cracked cylindrical shells subjected to axial compression using the finite
element method. Results indicated that For cylinders with two cracks, the buckling
behavior is influenced not only by the buckling behavior of each individual crack but
also by the interaction between the cracks.

The analysis of cracked shells have often been investigated numerically, since
numerical simulation makes it possible to probe the behavior over an extensive range
of loading conditions and geometrical parameters. The computational models of
cracked cylinders were developed by extending a special plane stress crack tip
meshing scheme proposed by Estekanchi and Vafai [3]. In this approach, the size of
the element decreases incrementally from the constant element size employed in the
uncracked region by approaching the crack tip. This meshing scheme makes easier the
generation of computational models of cracked shells and thus, allows the large
number of parametric investigations on the mechanical response of cracked shells.
This method has been previously used to study the buckling behavior of cracked
plates [14, 15] and cylinders subjected to tension or compression [12, 16], pure
torsion [17] and combined axial compression and internal pressure [10].

An alternative meshing scheme is based on progressive change of the element
orientation at each zoom level. This method is shown to be more accurate for fracture
mechanics analysis, while the former scheme is capable of capturing the main features
of local buckling and deformation of cracked cylindrical shells with a remarkable
accuracy [11].

However the relatively large attention given to the buckling analysis of cracked
cylindrical shells, there is scarcely any study available on the effect of crack in a
laminated composite cylindrical shell subjected to combined loading. Most of the
published data investigates the buckling behavior of compression-loaded cracked
laminated composite shells. In spite of this, the works of Tafreshi [18, 19] on the
effects of delamination on the stability of cylinderical composite shells under com-
bined loading must also be cited.

This paper studies the buckling of cracked composite cylindrical shells subject to axial
compression, bending moment, internal and external pressure in different combination. The
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interactive buckling curves of a cracked composite cylindrical shell subject to various
combinations of these different types of loadings are obtained. Whenever possible, the
buckling loads are compared with corresponding experimental or numerical studies pre-
sented in literature.

2 Buckling Analysis Using the Finite Element Method

In this paper, we used the meshing approach proposed by Estekanchi and Vafai [3]
for constructing the shell elements close to the crack tip. Figure 1 shows an example
of the developed finite element mesh based on this meshing scheme. The nonlinear
element S8R, which is an eight-node element with six degrees of freedom per node
and quadratic deformation shape in both in-plane directions, is used in the computa-
tional models.

The finite element model includes 40 elements in longitudinal and 63 elements in
circumferential directions. In the crack region, the size is of the element decreased to
0.5 of its primary size with 5 level of rising which results in crack tip element size of
1/32 of those used in the uncracked region. This is the optimal number of elements
after the conduction of the mesh convergence study.

The simulations were carried out using Abaqus finite element package. The validity of
this method for investigation the buckling behaviour of cracked cylindrical shells is estab-
lished in previous study by authors [20] and Figs. 2 and 3 as well.

Simitses et al. [21] carried out the buckling analysis of metallic and laminated
cylindrical shell under combined bending and axial compression, using the finite
element analysis. In their paper, they have presented critical loads of composite
cylindrical shell under combined bending and compressive loads. Figure 4 depicts
the interactive buckling curves, axial compression vs bending curve, produced by
Simitses et al. in Ref. [21] and FE results by Tafreshi [19]. In Fig. 4 the FE results of
the present study have been compared with the corresponding experimental results and
FE results by Tafreshi [19] as well. Figure 4 depicts the interactive buckling curves

Fig. 1 Finite element model of cylindrical shells with a a circumferential crack and b an axial crack
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for a boron-epoxy cylindrical shell (L/r01 and r/t0354) with the stacking sequence of
[45/-45] used by Simitses et al. and also the buckling curve obtained in this study. It
can be observed that the trends of variation of results are similar.

During this paper the finite element model of the composite cylindrical shell has
the length of L02 m and the radius of R 00.5 m. The lamina material properties are
as follows: longitudinal compression modulus E10123.55 GPa, transverse modulus
E208.707 GPa, in-plane shear modulus G12 05.695 GPa, and major Poisson’s ratio
υ00.31 (representing Carbon fibre reinforced polymer [8]). The ply thickness of the
composite is 0.125 mm with the laminate stacking of [0/0/90/±45/∓45/90/0/0]2.

In this paper the interaction buckling curves of the cracked composite cylindrical shell
with Carbon fibre reinforced polymer (CFRP) material properties and stacking sequence
of [0/0/90/±45/∓45/90/0/0]2 for axial compression (R/Rc) vs bending (M/Mc), at different
pressure (P/Pc) are obtained. Figure 5 depicts a typical cylindrical shell subjected to
bending moment with angle of θ, M(θ). During this paper, the internal pressure is
assumed to be negative and the external pressure is assumed to be positive. Rc, Pc, Mc

and p are the critical buckling loads when the perfect composite cylindrical shell is
subject to pure loading, pure pressure, pure bending and critical buckling load of
cracked cylinder under pure pressure, respectively.
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Figure 6(a)-(b) depict the interaction curves, axial compression (R/Rc) vs pressure
(P/Pc), at different bending moment (M/Mc). The pressure level varies from -Pc to Pc.
The influence of internal or external pressure is the consequence of interaction of two
mechanisms: (a) the stabilizing effect of hoop tension that tends to raise the buckling
load of perfect cylindrical shells or cylindrical shells with small geometric imperfec-
tions, and (b) the induced local stress at the crack edges, in combination with the
local disturbance of the stress field tend to make easier the local buckling. Figure 6
(a)-(b) show that for external pressure of P<0.7p in each level of bending moment
local buckling is observed and critical buckling load decreased slightly as the external
pressure increased. Subsequently for external pressure of P>0.7p, the critical buckling
curves with circumferential crack decreases considerably. Therefore, it can be deduced
that the weakening effect of pressure is the dominant mechanism for cylindrical shells
with circumferential crack at external pressure. Figure 6(c) shows three different
distributions of buckling deformation mode a cylinder: a) Global: The buckling load
and shape are approximately like those of the counterpart uncracked cylindrical shell;
b) Transition: In this deformation mode buckling shape is not localized and the crack
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Fig. 6 a Interaction buckling curve, axial compressive load vs. pressure, of a CFRP cylindrical shell with
circumferential crack at the shells mid-length at different bending moment and bending angle a θ090, b θ00.
c Typical local buckling shape of a cracked cylinder comprising a circumferential crack at θ00, i) (L02 m, R0
0.5 m, Ply thickness00.125 mm, Crack length00.1 m)
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has an effect on both the buckling load and shape; (c) Local: in this mode buckling
deformation is localized to the crack region, and the buckling load is considerably
lower than the buckling load of the uncracked cylinder. Obviously, the influence of
the crack on the buckling mode is easily apparent in Fig. 6 (a)-(b). It can be seen that
for lower values of the axial compressive load and higher values of the external
pressure (P>0.7p), the buckling is usually in the global mode. On the other side, for
higher values of axial compressive load and lower levels of external pressure the
buckling mode is mostly in the local mode. Depending on the bending moment,
transitional buckling mode of the circumferential cracked cylindrical shell can be for
the external pressure in the range of 0.68 Pc<P<72Pc.

Figure 6(a)-(b) show that buckling load of the shell increases slightly when the internal
pressure level increases. For the cylindrical shell with circumferential crack, the internal
pressure makes stable the cylinder by elimination the local buckling at the crack region.
According to Figs. 6 (a)-(b), it can be seen that the bending moment with bending angle of
θ00 creates the lower buckling load than bending with angle of θ090, as expected.

Figure 7 depicts the interaction curves, axial compression (R/Rc) vs bending angle (θ), at
different pressure level for both axial crack and circumferential crack. The pressure level
varies from −0.5Pc to 0.5Pc. It can be seen that for both axial crack and circumferential crack
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Fig. 7 a Interaction buckling curve, axial compressive load vs. bending angle, of a CFRP cylindrical shell at
different pressure level at M00.5Mc a circumferential crack, b axial crack (Crack length00.1 m)
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the external and internal pressure decreases and increases the critical buckling load, respec-
tively. It can be deduced that the stiffening effect of internal pressure and weakening effect of
external pressure are the dominant mechanisms.

Figure 7(a) shows that for shells with circumferential crack for bending angle of θ<70°
local buckling is observed and critical buckling load increased gradually as the bending
angle increased. Subsequently, for bending angle of θ>70°, the critical buckling loads
remain unchanged due to global buckling mode. Another observation is that for the
cylindrical shells subjected to bending, pressure and axial load the global buckling shape
is insensitive to the pressure level.

Figure 7(b) compares the interaction curves, axial compression (R/Rc) vs bending angle
θ, of the cracked CFRP cylindrical shell with axial crack. It shows that buckling load of the
shell increases gradually when the bending angle increases. It is also noteworthy that for
bending angle of θ<90° local buckling is observed and global buckling is observed just for
θ090. Another observation is that for relatively high values of the bending angle the
buckling is independent of the pressure in the range of pressure studied here.

Figure 8 shows the effect of bending angle and crack orientation on critical buckling load in the
absence of the pressure and subject to the preloading of 0.5Mc and bending angle of θ00°. For
cracked cylindrical shells subject to bending with a crack oriented from the circumferential line
the critical buckling load of the cylindrical shell reduce by increasing the crack angle
from the circumferential line. Figure 8 shows that for θ<45°, the critical buckling curves for ɑ00°
and ɑ030°, ɑ045° are very close. However, when θ>45°, for the same crack size, the crack
which is located on the mid-surface of the cylindrical shell, creates the lower buckling load.

Figure 9 (a)-(b) show the effect of crack size and bending moment, M/Mc, on the
buckling behavior of cylindrical shells with bending angle of θ090° and θ00°.
Figure 9(a) shows that the buckling loads of the CFRP cylindrical shell decrease on
increasing the crack size, as expected.

Figure 9(a) shows that each buckling curve is composed of two lines. Comparing Fig. 9a
it can be deduced that at the beginning of buckling critical buckling load decreased
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negligibly as the bending increased. Subsequently, when the bending increases further the
load decreases moderately.

The effect of the crack size on the buckling mode is easily apparent. It can be seen that for
lower values of the axial compressive load and higher values of the bending moment the
buckling is usually in the global mode. On the other hand, for higher values of axial compres-
sive load and lower bending moment the buckling mode is mostly in the local mode. Another
observation is that increasing the crack size postpones the global buckling of the cracked
cylindrical shell so that for shells with crack length of a/R00.1, 0.2 and 0.3 global buckling
mode occur at bending of M/Mc00.2, 0.5 and 0.6, respectively. According to Fig. 9(a), it is
clear that the crack size has no effect on buckling load of cylinder in global buckling mode.

Figure 9(b) shows the effect of crack size and bending moment, M/Mc, on the buckling
behavior of cylindrical shells with bending angle of θ00°. It can be seen that increase of
crack length decreases the critical buckling load and onset of the buckling mode. Since the
buckling mode of cylinder subjected to bending moment with bending angel of θ00 is
locally at the crack region so the buckling curves are linear.
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In this section, the results of the buckling analysis in cylindrical shells with circumfer-
ential crack in different location along the entire length of the shells are presented. For this
purpose, a circumferential crack with length of a0100 mm with is created on the shells with
distances from the lower edge of the shell as L00L/2, L/3, L/6. Figure 10(a)-(b) shows that
the crack location of L00L/2 created the worst situation (lower buckling load), in compar-
ison to tubes with the crack located at either L00L/3 or L/6. Figure 10(b) shows that for the
cylindrical shells subjected to bending and axial load the global buckling shape is insensitive
to the crack location.

3 Concluding Remarks

Numerical analysis carried out to study the response of CFRP cylindrical shells using the finite
element method under combined loading. The interaction buckling curves of cracked cylindrical
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shells under different combinations of axial compression, bending, internal and external pressure
are obtained. The results show that for cracked CFRP cylindrical shell subject to bending and
axial compression, internal pressure increases the critical buckling load slightly and for high
values of the external pressure the critical buckling loads reduce considerably. Furthermore, it
can be seen that buckling load decreases with the increase in bending (M/Mc) and external
pressure. Eigenvalue analysis shows that axial crack has the most detrimental effect on the
buckling load of a cylindrical shell. Results shows that the buckling loads of the CFRP
cylindrical shell decrease on increasing the crack size and increasing the crack size postpones
the global buckling of the cracked cylindrical shell. Also, when the crack is created at the mid-
height, the cylinder has the minimum of the critical buckling load.

This paper shows that for lower values of the axial compressive load and higher values of
the bending moment the buckling is usually in the global mode. On the other hand, for
higher values of axial compressive load and lower bending moment the buckling mode is
mostly in the local mode. It is shown that numerically generated interaction curves can
summarize the critical buckling loads of CFRP composite shell subject to combined loading.
The interaction curves should be help for coming design of cylindrical shells under complex
loading conditions. Nevertheless, more investigation is necessary to set up generally appli-
cable, right and safe guidelines for a purely computational buckling design. This study
considered only the cracked cylindrical shells Therefore; it would be desired to investigate
the cutout, shell-wall thickness variations and delamination. The various boundary condi-
tions and non-uniform distribution of the applied loads can also be analyzed.
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