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ABSTRACT
In this paper, the distribution of stresses in an open circular cylindrical thin-shell panel having a central square
hole and various shell curvatures and is subject to uniform axial tension loading is investigated. Analysis is
carried out using both linear and geometrically nonlinear behaviors using the finite element analysis computer
program ABAQUS. Shell panels are assumed to consist of four symmetrical laminas [θ/-θ]s that are made of a
fibrous Graphite/Epoxy (AS/3501) composite. Fiber-orientation angles varied from θ= 0⁰ to 90⁰ in steps of 15⁰.
Three types of shell curvatures are considered; namely, shallow shell (SS), moderately-deep shell (MDS) and
deep shell (DS) with all edges being clamped. The presence of a central hole resulted in the redistribution of
stresses along the hole perimeter. Accordingly, this changed the general trend of stresses from tension to
compression in the hole zone and caused stress concentration at hole corners. Also, the peak stresses are
increased due to increasing the shell curvature. Type of finite element analysis showed a small effect on shell
stresses. In geometrically nonlinear analysis, stresses are decreased and stress redistribution becomes more
uniform than that corresponding to linear analysis. Moreover, stress concentration factors (SCFs) are slightly
affected due to type of analysis.
KEYWORDS: Stress concentration factor, Central rectangular hole, Fibrous composite laminate,
Open cylindrical shell, Geometric nonlinearity.

open shallow cylindrical shell under external pressure.
The authors examined how curvature and thickness
influenced stress concentration around a circular hole,
through the application of finite element method. It was
concluded that the shell with a larger curved curvature
can resist an external pressure load more effectively. In
addition, fixing the curvature leads to a gradual increase
of the shell's thickness, which indicates a gradual
decrease of stress.
Guzea et al. (2001) examined the stress-strain
distribution in composite shells with curvilinear
openings. Numerical results for thin and thick shells
were calculated and analyzed in terms of the features of

INTRODUCTION
During the recent years, several analytical,
numerical and experimental studies have been
conducted for the purpose of determining stress
concentration and stress redistribution in cylindrical
shells with holes when subjected to various types of
loading, such as axial compression, tension, torsion,
bending, internal and external pressure. Liang et al.
(1998) determined stresses around a circular hole in an
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deformation of composites. Van Tooren et al. (2002)
conducted a theoretical analysis of the curvature effects
on the stress distribution around circular holes in
monolithic isotropic cylindrical shells and extended the
analysis to sandwich cylindrical shells with holes.
Findings of the study suggested that the sandwich
curvature parameter determines the effect of the intrinsic
bending stiffness on the stress distribution around
circular holes in sandwich shells. The stress
concentration at the perimeter of elliptical and circular
openings was determined experimentally by Zirka et al.
(2003) using the photo-elastic method for three
compressed cylindrical shells of medium thickness
made of epoxy resin.
A semi-analytical approach based on the principle of
stationary potential energy for determining the stress
concentration values was presented by Erkan et al.
(2007). The behavior of thin, noncircular and laminated
composite cylindrical shells with an elliptical hole was
examined. Effect of various loading conditions on the
stress concentration around the hole has been
investigated for quasi-isotropic shells subjected to
uniform torsion, uniform tension and pure bending. It
was concluded that exceedingly large tangential stress
concentrations can occur for large aspect ratio elliptical
holes whose principal axes are not aligned with the
longitudinal axis of an axially loaded shell under
tension.
Rao et al. (2010) used ANSYS to analyze the stress
distribution around rectangular holes in cross-ply, angle
ply and [30/0/-30]S, [0/45/-45/0/-90]S symmetric
laminates of Graphite/Epoxy, Glass/Epoxy and isotropic
rectangular laminated plates under unidirectional, equal
biaxial and shear loadings. They studied the effects of
material, loading angle, loading type and stacking
sequence. They also compared the FEM results with the
analytical solution obtained from the complex potential
method. Results revealed that the highest stresses could
be obtained under shear loading in comparison with
other loading cases and maximum stresses were shifted
onto the longer edges away from the corner for
rectangular holes. Louhghalam et al. (2011) examined
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stress concentration around openings with 90° corners in
plates under different types of loading using the
complex variables’ method. This method can be applied
also to relatively coarse meshes in which the finite
element results alone do not resolve stress
concentration. Findings of the study suggested that the
magnitude of stress-concentration can be accurately
obtained for various curvature radii and for plates with
multiple rectangular holes.
Abu-Farsakh et al. (2015) studied the distribution of
stresses in laminated composite plates having a central
circular hole with different stacking sequences and
different dimensions subjected to in-plane tension
loading accounting for both linear and nonlinear
material behaviors. Analysis was carried out for angleply, four layered and symmetric laminated composite
plates. The FEA software (ANSYS) was used in
analyzing the problem. Findings of the study suggested
that the size of holes has a considerable effect on stress
concentration at the hole edge.
Gururaj et al. (2016) studied the stress analysis of
laminated composite cylindrical shells made of
Boron/Epoxy, Glass/Epoxy and Graphite/Epoxy with
cutouts of elliptical shape. Analysis was carried out
using the finite element analysis computer program
ANSYS. The results showed that the stress level varied
as the fiber direction changed in the respective layers,
which may cause fiber failure in the respective lamina
as the stress exceeded fiber strength. The optimum
stacking sequence for various cutouts was [902/0]s and
the influence of uniform shear stress along cutout
boundaries was predominant.
Abu-Farsakh et al. (2016) studied the effect of hole
ratio, plate ratio and fiber orientation angle on the stress
concentration of rectangular laminated composite plates
with central rectangular hole under transverse loading
using the finite element analysis computer program
ABAQUS. It was concluded that the presence of a hole
resulted in redistribution of stresses, hence causing the
maximum stresses to concentrate around the hole. The
resulting peak in-plane stresses increased as the hole
size increased under transverse loading condition.

Jordan Journal of Civil Engineering, Volume 13, No. 3, 2019

Furthermore, preferable design selections for a certain
fiber orientation angle and plate aspect ratio with a
specific hole ratio were recommended.
Sam et al. (2017) investigated stress concentration in
a thin cylindrical shell panel with a rectangular hole
under uniform axial pressure using a parametric finite
element model. The effect of geometrical parameters
was studied. The results showed that hole ratio, shell
length and shell ratio (radius-to-thickness) were
significant
parameters
for
describing
stress
concentration around the hole.
The main objective of the present study is to examine
the effect of a central square hole on stress concentration
and stress redistribution for the case of in-plane stresses
in an open circular cylindrical thin-shell panel. The
shells are subject to uniform axial tension loading acting
on the shell curved opposite edges parallel to its straight
edges. The cylindrical shells are composed of a fibrous
laminated composite material having a symmetrical
lamination sequence [θ/-θ]s and various shell curvatures.
Three shell curvatures are considered; deep shell (DS),
moderately-deep shell (MDS) and shallow shell (SS).
Finally, the stress concentration factors (SCFs) are
obtained for the different cases using linear and
geometrically nonlinear analyses. For the sake of
shortness, one composite material is considered;
Graphite/Epoxy (AS/3501) and fiber orientation angles
θ= 30⁰ to 75⁰ in steps of 15⁰. More detailed results can
be found in Al-Rousan (2016).

a=b=100 mm, where parameter a displays the length of
the hole in the transverse (curved) direction and
parameter b displays the length of the hole in the
longitudinal direction. Other shell aspect ratios (A/B)
and various hole aspect ratios (a/b) can be found in detail
in Al-Rousan (2016).
Shell panels are assumed to consist of four
symmetrical laminates [θ/-θ/-θ/θ] or in short form as
[±θ]s. All layers have an equal thickness of 1.5 mm and
a total thickness of 6 mm for the whole laminate.
Different fiber orientation angles (θ) are considered,
which varied from θ= 0⁰ to 90⁰ in steps of 15⁰. At θ= 0⁰,
fibers are aligned unidirectionally with the axial load
direction. Each shell type is examined under uniform
axial tension loading (4.5 kN/mm) with all edges being
clamped, as shown in Figure 1 (b), where the degreesof-freedom U1, U2 and U3 are the displacements in the
global directions and UR1, UR2 and UR3 are the
rotations about the global directions. In the load
direction, U3 degrees of freedom at both shell curved
ends are set free in order to allow the transmission of
axial tensile load (as shown in Figure 1-b).

Description of the Problem
The analyzed structure is an open circular cylindrical
shell panel with dimensions as shown in Figure 1 (a).
Shell aspect ratio A/B=1, where A=500 mm is the shell
curved length and B=500 mm is the shell width. Three
different values of the main radius of curvature (R1)
were taken to represent the three shell types (Ventsel and
Krauthammer, 2001; Aboznemah, 2014), where R1
equals 1700 mm for shallow shell panel (SS), 470 mm
for moderately-deep shell panel (MDS) and 240 mm for
deep shell panel (DS). Each shell panel includes a
central square hole with an aspect ratio (a/b=1);

Figure (1): Geometric dimensions of an open
cylindrical shell panel showing; a) stress paths, b)
shell boundary conditions (all edges fixed)
Finite Element Analysis
An eight-node three-dimensional thin shell element
(specified as S8R5 in ABAQUS) having a quadratic
interpolation function with five degrees-of-freedom per
node is used. In order to construct the graphical image
of various geometries of shell models for different radii
of curvature (R1), shells are examined using the
ABAQUS finite element computer program. A number
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of checks and convergence tests are made to select the
appropriate mesh size for the three shell types. Good
results are obtained when the element edge size is 12.5
mm or less. Accordingly, the element size used in this
study is 12.5mm x 12.5mm, resulting in a mesh size of
40x40 for the complete shell panel.
In order to determine a suitable value of the applied
shell edge load, crack propagation was monitored for the

three shell types with fixed edges using a hole ratio
a/b=1 and three fiber orientation angles (0º, 45º and 90º)
utilizing geometrically nonlinear analysis. To follow-up
crack propagation, the values of the Failure Index (IF) of
the Tsai-Wu failure criterion are considered. The
corresponding value of the load at which the total failure
of the shell happened is taken equal to 4.5 kN/mm, as
indicated in Figure 2.

Figure (2): Crack propagation in the fixed deep shell for case θ = 0º and a/b=1

NUMERICAL RESULTS AND DISCUSSION
Numerical results are presented for open cylindrical
composite laminated shells with a central square hole.
The composite material Graphite/Epoxy (AS/3501) is
used in this study. Orthotropic material properties and
strength values of this material are given in Table 1, as
reported in Daniel and Ishai (1994), where 1-direction is
along the fibers, 2-direction is transverse to the fibers in
the plane of the lamina and 3-direction is out-of-plane.
F1t and F1c are the longitudinal tensile and compressive
strengths, respectively. The parameters F2t and F2c are
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the transverse tensile and compressive strengths,
respectively and F6 is the in-plane shear strength (Note:
F1c and F2c must be input as negative numbers for TsaiWu criterion).
Linear Behavior
As will be shown in this section, the stress
distribution profile is affected by many factors; the first
one is the existence of a central square hole through the
shell, which redistributes stresses along the shell and
concentrates them at the hole corners. The second one is
the shell curvature and the third factor is the fiber
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orientation angle. In this section, stress distributions
(S11, S22 and S12) are determined along two edge
paths; namely, path-1 and path-2, as indicated in Figure
1. Figure 3 shows the stress distribution profiles along
path-1 in the four layers for the case θ = 30º and a/b=1

in the fixed-DS. Table 2 displays the stress contours of
all fiber orientation angles in the extremely bottom layer
(layer-1) in a fixed-DS. Stress contours of other shell
types are not shown for the sake of shortness.

Table 1. Graphite/Epoxy (AS/3501) mechanical properties and strength values
(Daniel and Ishai, 1994)
E11 (GPa)
138
E22 (GPa)
8.96
G12 (GPa)
7.10
3
(density) g/cm
1.6
ν12 (Poisson’s ratio)
0.3
F1t (MPa)
1447
F1c (MPa)
1447
F2t (MPa)
51.7
F2c (MPa)
206
F6 (MPa)
93

(a)

(b)

(c)
Figure (3): Stress distributions: a) S11 in fiber direction, b) S22 in transverse direction and
c) S12 in-plane shear stress, versus distance (x) along path-1 in four layers of fixed-DS; θ= 30º and a/b=1
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Referring to Figure 3, the following observations can
be made:
 The existence of a central square hole under uniform
axial tension loading caused the redistribution of
stresses from tension to compression in the hole zone
and often changed the location of the peak stress to
become at hole corners.
 Outside the hole zone, the highest stress values (S11,
S22 and S12) and stress concentration occurred in the
extremely top and bottom layers (layer-4 and layer1) in the three laminated shell types. Accordingly,
for the sake of simplicity, the results are only limited
to study the effects of different parameters on stress
distribution and stress concentration for layer-1.
 The two edge paths (path-1 and path-2) are taken
perpendicular to the load direction, because
deformations in this direction are more pronounced
and higher than those in the parallel load direction.
Path-2 results are exactly a mirror image for those of
path-1 due to symmetry about the shell curved center
line. Accordingly, the rest of results are limited to
study the stress distribution along path-1 of layer-1
only.
Geometrically Nonlinear Behavior
In this section, the difference between stress
distribution in linear analysis and geometrically
nonlinear analysis is investigated. Effect of fiber
orientation angles on stress distribution for the three
shell types with a central hole (a/b=1) and fixed edges is
investigated. Results of DS are presented only in Table
2 for the sake of shortness. Extensive results for the
other shell types and other boundary conditions can be
found in detail in Al-Rousan (2016).
The effect of geometric nonlinearity on stress
distribution is illustrated in Figures 4-6, for the case of
θ= 45º only. The results show that both linear and
geometrically nonlinear stresses have almost the same
general trend outside the hole zone. In geometrically
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nonlinear analysis, stresses significantly decreased and
became more uniform in the area outside the hole zone
compared to the corresponding stresses due to linear
analysis. The geometrically nonlinear effect is more
pronounced in stresses of membrane shells. Therefore,
DS is the most affected type by nonlinearity and SS is
the least affected type. For all shell types, it is found that
as the curvature is increased, the peak stress values of
S11, S22 and S12 are increased.

Table 2. Stress contours as affected by geometric
nonlinearity for different fiber orientations; fixedDS (layer-1) and a/b=1

Jordan Journal of Civil Engineering, Volume 13, No. 3, 2019

(a)

(a)

(b)

(b)

(c)

(c)

Figure (4): Comparison of stress distributions
(S11); a) DS, b) MDS, c) SS

Figure (5): Comparison of stress distributions
(S22); a) DS, b) MDS, c) SS
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corresponding maximum stress at path-1 with hole
divided by the maximum stress for the central path
without hole, in both linear and geometrically nonlinear
behaviors, as illustrated in Figure 7.

(a)

Figure (7): A schematic diagram showing edge and
central paths of the shell
(b)

(c)
Figure (6): Comparison of stress distributions
(S12); a) DS, b) MDS, c) SS

Stress Concentration Factor (SCF)
SCF for maximum stresses is defined as:
Absolute max. stress with hole
.
Absolute max. stress without hole
The values of SCF corresponding to the maximum
stresses (S11, S22 and S12) are determined using the
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The effect of fiber orientation angle (θ) on SCF for
the maximum stresses (S11, S22 and S12) at layer-1 in
fixed DS, MDS and SS with a/b=1 is shown in Figures
8-10. The range of SCF values corresponding to the
maximum stresses S11, S22 and S12 for the three shell
types is shown in Tables 3-5. Table 6 shows the range
of SCF for the various shells and different fiber
orientation angles (30º, 45º, 60º and 75º). The largest
value for the SCF corresponding to the maximum
stresses (S22 and S12) occurred at θ = 75ᴼ, while for S11
the largest value was at θ = 30ᴼ in both behaviors for the
three shell types. The highest SCF values correspond to
the case of stress S11 which ranged between 1 and 5. For
stress S22 and stress S12, they ranged between 1 and 2
for both types of analysis. In general, SCF-values for SS
were higher than those for MDS, which in turn were
higher than those for DS. Besides, SCF-values of
nonlinear analysis were less than those corresponding to
linear analysis. As a result, the type of analysis affected
slightly the SCF-values for all shell types and different
fiber orientation angles.
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(a)

(b)

(c)
Figure (8): Effect of fiber orientation angle (θ) on SCF for maximum stresses in
fiber direction (S11) for layer-1 in fixed three shell types, a/b=1; a) DS, b) MDS, c) SS
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(a)

(b)

(c)
Figure (9): Effect of fiber orientation angle (θ) on SCF for maximum stresses in
transverse direction (S22) for layer-1 in fixed three shell types, a/b=1; a) DS, b) MDS, c) SS
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(a)

(b)

(c)
Figure (10): Effect of fiber orientation angle (θ) on SCF for maximum in-plane shear stresses (S12) for
layer-1 in fixed three shell types, a/b=1; a) DS, b) MDS, c) SS
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Table 3. SCF for maximum stresses in fiber direction (S11) for the three shell types (layer-1); a/b=1
θ (degree)

DS

MDS

SS

L

4.653

4.643

5.121

N

4.675

4.502

4.902

L

1.251

1.883

2.030

N

1.125

1.784

1.786

L

1.126

1.710

2.311

N

1.067

1.224

2.148

L

1.208

2.037

4.096

N

1.191

1.469

3.432

30 o

45 o

60 o

75 o

Table 4. SCF for maximum stresses in transverse direction (S22) for
the three shell types (layer-1); a/b=1
θ (degrees)

DS

MDS

SS

L

1.201

1.184

1.920

N

1.049

1.102

1.650

L

1.026

1.573

1.527

N

1.017

1.327

1.012

L

1.668

1.563

1.746

N

1.501

1.391

1.520

L

2.078

2.048

2.062

N

1.488

1.541

1.523

30 o

45 o

60 o

75

o
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Table 5. SCF for maximum in-plane shear stresses (S12) for the three shell types (layer-1); a/b=1
θ (degree)

DS

MDS

SS

L

1.315

1.243

1.357

N

1.076

1.012

1.327

L

1.359

1.501

1.799

N

1.284

1.174

1.447

L

1.033

1.128

1.525

N

1.013

1.068

1.149

L

1.879

2.268

2.420

N

1.759

1.574

1.690

30 o

45 o

60 o

75 o

Table 6. The ranges of SCFs corresponding to the max. stresses for
different fiber orientations in the fixed three shell types (layer-1); a/b=1
The ranges of SCFs corresponding to the max. stresses

Linear
S11
Nonlinear
Linear
S22
Nonlinear
Linear
S12
Nonlinear

DS

MDS

SS

1-5

1-5

2-5

1-5

1-4.5

1-5

1-2

1-2

1-2

1-1.5

1-1.5

1-2

1-2

1-2.5

1-2.5

1-2

1-2

1-2

CONCLUSIONS

stresses at hole corners were increased.
2- For all fiber orientation angles, the general trend of
stress distribution in fiber direction (S11) and in
transverse direction (S22) in the three shell types was
on tension side, except at the boundary edges and
hole zone.

1- Maximum stresses at hole corners due to S11 were
decreased as the fiber orientation angle of the ply
was increased. With respect to S22, as the fiber
orientation angle of the ply was increased, the peak
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3- When the shell was under uniform axial tension
loading, as the curvature was increased, the
corresponding peak stresses; S11, S22 and S12 were
increased.
4- The presence of a central hole in a cylindrical shell
panel subject to uniform axial tension loading caused
the redistribution of stresses along the hole
perimeter. In many cases, stresses changed sign from
tension to compression, with maximum stresses at
hole corners.
5- In geometrically nonlinear analysis, stresses; S11,
S22 and S12 were more uniformly redistributed than
those corresponding to linear analysis.
6- A deep shell (DS) may be considered as a membrane
thin shell whose bending stiffness is negligible
compared with its in-plane stiffness. Changing the
shell curvature from moderately deep (MD) to
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