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Abstract Thin-walled cylindrical shells are important

components of many industrial complexes. Most of these

components have circular cutouts in manholes and pipe-to-

shell junctions. Performance of cylindrical shells due to the

extreme loading conditions shows that buckling is the

major failure mode in such components. This study aims to

indicate the effect of circular cutouts on buckling capacity

of cylindrical shells due to pure axial compression. To this

end, cylindrical shells of different geometric specifications

and various arrangements and sizes of cutouts were con-

sidered. Numerical nonlinear analyses were conducted

using ANSYS software. Result of this study revealed that

cutouts can play a noticeable role in creating stress con-

centration and affect destructively the stability of struc-

tures. It is shown that there is a noticeable difference

between the effects on cutouts in buckling of thinner shells

and thicker ones. Cutouts reduce the local buckling

capacity of shell about 10–15 % in the cylindrical shells,

with the diameter to thickness ratio of less than 1,000.

Meanwhile in shells with diameter to thickness, more than

1,000 such cutouts reduce the shell capacity about

30–35 %.

Keywords Cylindrical shells � Buckling � Circular cutout

Introduction

Shells have several applications in engineering structures

and most particularly in civil engineering, and mechanical

engineering, architecture, aerospace and marine industries.

The shell buckling is the most important failure mode in

most of the thin-walled structures. The buckling of thin-

walled cylindrical shells is much more important during

earthquakes. The shell buckling depends on many param-

eters, one of which is cutout. The cutouts are formed for

access openings, pipe line passage and so on and can affect

the stability of these structures. Therefore, in designing the

tanks and marine structures, it is essential to discover how

cutouts affect the loading capacity and buckling behavior

of cylindrical shells. In this regard, wide investigations

have been conducted by the researches.

During the past decades, several researches have been

conducted on the linear elastic buckling of shells. How-

ever, the empirical investigations done by Arbocz and Hol

(1991) and Jullien and Limam (1998) proved that the

buckling capacity values of thin-walled cylindrical shells

are lower than those predicted through Timoshenko’s

classical theory (Timoshenko and Gere 1961). Toda (1983)

has empirically studied the cylindrical shells with circular

cutouts under axial compression; he investigated the stiff-

ness effect around the cutouts as well. Jullien and Limam

(1998) studied the effects of circular, square and rectan-

gular cutouts on the buckling of cylindrical shells under

axial compression using CASTEM2000, a finite element

software, and presented a parametric relation based on the

shapes and dimensions of the cutouts. Van Dyke (1965)

computed the stress distribution around an opening in the

cylindrical shells with cutout under axial, torsional and

internal compressive loadings. Tennyson (1968) has

empirically studied the effects of circular cutout of
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cylindrical shells under axial compression and compared

the obtained buckling load values with the analytical

results of Van Dyke (1965). Yeh et al. (1999) have asses-

sed, analytically and empirically, the torsional buckling of

cylindrical shells with cutout. Brogan and Almorth (1970)

have studied the effects of rectangular cutout on the

buckling load of cylindrical shells and compared the

obtained experimental results with those of STAGS pro-

gram. Starnes (1970) has empirically studied the effect of

circular cutout on the buckling of cylindrical shells under

axial compression and obtained a high limit for buckling

load by Reyleigh–Ritz method. Han et al. (2006) has

applied nonlinear numerical method using ANSYS soft-

ware to study the size and location effects of square cutouts

on the thin- and thick-walled cylindrical shells and pre-

sented several parametric relations based on his analytical

and empirical results. Tafreshi (2002) has applied ABA-

QUS software to investigate the buckling and post-buck-

ling behaviors of composite cylindrical shells with

rectangular cutout under axial and internal compressive

loadings. He has concluded that the buckling capacity load

increases with increasing the internal compression. Shariati

and Mahdizadeh Rokhi (2010) have studied the effects of

elliptical cutouts with different sizes and angles on the

buckling of cylindrical shells under axial compressive load.

Hilburger et al. (1998) has assessed the buckling of com-

posite cylindrical shells with square cutouts under axial and

internal compressive loadings.

This study aims to investigate the effect of circular

cutouts on inelastic buckling and post-buckling behavior of

cylindrical shells. In this study, the effects of different

arrangements of the circular cutouts on buckling and post-

buckling behavior of the cylindrical shells are investigated.

To this end, FEM models were prepared in ANSYS (2009)

environment, and nonlinear analyses have been performed.

Herein, the effects of various arrangements of cutouts on

buckling of cylindrical shells of different geometric spec-

ifications were studied.

Modeling

In this research, the steel cylindrical shells with circular

cutout, summarized in Table 1, have been modeled and

analyzed using ANSYS 12.1 software to study the effect of

cutout on the loading capacity and buckling behavior of

cylindrical shells. As indicated in Fig. 1, D and H denote

diameter and height of the cylinder, respectively. The

parameter t is the thickness of the shell and h denotes

distance of the center of the cutout to the bottom of the

shell. The analyses have been conducted by subjecting the

structure to the pure axial load and lateral loading. As

shown in Table 1, the height of the all cylinders was

considered to be about 14.75 m. This height belongs to

medium cylinders in which changing the height does not

make noticeable change in buckling due to pure axial

loads. All of the shells were fixed at the bottom and

completely free at the top.

Herein, the nonlinear static analysis has been used. The

behavior of material is considered bi-linear and its speci-

fications are, steel ST37 with elasticity of E ¼ 2:1e11 N
m2

and yielding stress ofFy ¼ 240 MPa. The curve slope of

stress–strain behavior of steel after yield point is 2 % of its

linear elasticity module. The heights of all samples are

constant and the shell has been fixed at the bottom, con-

cerning the boundary condition. The shell is considered to

have large displacement and the Von Mises failure model

is considered with kinematic hardening.

The 8 node shell 281 elements have been used in

modeling (Fig. 2). These elements have the capability of

considering large displacement and nonlinear behavior of

the structural material and therefore are appropriate for

solving the problems related to buckling. The elements

h

d

D

H

Fig. 1 Geometry and model of finite element of steel cylindrical

shells with and without cutout

Table 1 Geometric specifications of cylindrical shells

n D (m) t (m) H (m) D/t H/D d (cm) h (cm)

1 5 0.010 14.75 500 2.95 30-50-60-80-100 d-2d-4d

2 5 0.012 14.75 417 2.95 30-50-60-80-100 d-2d-4d

3 5 0.020 14.75 250 2.95 30-50-60-80-100 d-2d-4d

4 10 0.010 14.75 1,000 1.48 30-50-60-80-100 d-2d-4d

5 10 0.012 14.75 833 1.48 30-50-60-80-100 d-2d-4d

6 10 0.020 14.75 500 1.48 30-50-60-80-100 d-2d-4d

7 15 0.010 14.75 1,500 0.98 30-50-60-80-100 d-2d-4d

8 15 0.012 14.75 1,250 0.98 30-50-60-80-100 d-2d-4d

9 15 0.015 14.75 1,000 0.98 30-50-60-80-100 d-2d-4d

10 20 0.010 14.75 2,000 0.74 30-50-60-80-100 d-2d-4d

11 20 0.012 14.75 1,667 0.74 30-50-60-80-100 d-2d-4d

12 20 0.015 14.75 1,333 0.74 30-50-60-80-100 d-2d-4d
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have six degrees of freedom in each node including three

transitional freedom and three rotational degrees of

freedom.

Analytical results

The effect of cutouts on shell buckling

Cutouts can play an important role in the formation of

stress concentration and affect destructively the stability of

cylindrical shells. In this research, the effect of circular

cutouts has been studied on the buckling of cylindrical

shells. For this purpose, a circular cutout of d = 30 cm has

been formed and modeled at the distance of h = 2d from

the shells’ bottom; the shells’ specifications have been

summarized in Table 2. Then, the models have been sub-

jected to the uniform pure axial loading which has been

subjected to the free end of the cylinders. After analysis,

the axial load-shortening curves are obtained for each node.

The critical buckling load of the shell is obtained by

summation of the maximum buckling loads of supporting

nodes.

By cutout formation in the shell, its buckling capacity

is reduced compared to the status without cutout (see

Fig. 3). This capacity loss increases 30–35 % if the

diameter and thickness of the shell increase (Fig. 4).

Moreover, if the shell’s diameter is assumed constant, the

shell’s buckling capacity increases with increasing its

thickness (Fig. 3).

The buckling curves of cylindrical shells, with and

without cutout, have been presented in Fig. 5 as per

buckling-displacement. According to the figure, in case of

cutout formation in the shell, the curve slope does not

change in the elastic and post-buckling zones. Moreover, in

the shell with cutout, the area under force–displacement

curve which indicates the structure’s energy dissipation

shows no significant change in comparison with that of

complete shell.

According to Fig. 6, with increasing the shell’s thick-

ness, no significant change is seen in the curve slope in

the elastic zone, while it slightly changes in the post-

buckling zone. The shell’s buckling capacity as well as

shell’s energy dissipation increases with increasing the

shell’s thickness. The deformation of cylindrical shells

under axial compression has been presented in Fig. 7 as

an example.

The effect of cutout diameter on shell buckling

Here, a circular cutout with the diameters of d = 30, 50,

60, 80 and 100 cm has been formed and modeled at the

distance of h = 2d from the shells’ floor, according to the

Tables 3, 4, 5, 6 to investigate the effect of diameter

change on the cylindrical shells buckling.

As indicated in Fig. 8, in the cylindrical shells with

cutout, the local buckling capacity is significantly reduced;Fig. 2 Geometry of elements: 8node281 (ANSYS 2009)

Table 2 Buckling force and

geometric specifications of

selected shells (the effect of

cutout formation)

n D (m) t (m) H (m) D/t H/D d (cm) h (cm) H/h h/d Pcr (106 N)

1 5 0.010 14.75 500 2.95 30 60 24.58 2 35.03

2 5 0.012 14.75 417 2.95 30 60 24.58 2 44.67

3 5 0.020 14.75 250 2.95 30 60 24.58 2 81.56

4 10 0.010 14.75 1,000 1.48 30 60 24.58 2 61.85

5 10 0.012 14.75 833 1.48 30 60 24.58 2 76.67

6 10 0.020 14.75 500 1.48 30 60 24.58 2 155.54

7 15 0.010 14.75 1,500 0.98 30 60 24.58 2 63.93

8 15 0.012 14.75 1,250 0.98 30 60 24.58 2 76.71

9 15 0.015 14.75 1,000 0.98 30 60 24.58 2 95.97

10 20 0.010 14.75 2,000 0.74 30 60 24.58 2 80.15

11 20 0.012 14.75 1,667 0.74 30 60 24.58 2 102.22

12 20 0.015 14.75 1,333 0.74 30 60 24.58 2 127.87
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this phenomenon is more obvious in the shells with higher

diameters. The buckling load keeps its reducing process

with very slight slope. It can actually be said that the

changing of cutout diameter in d = 30 to d = 100 has no

significant effect on the local buckling capacity of the

shells.

The shells of 5, 10, 15 and 20 meter diameters, sum-

marized in Tables 3, 4, 5, 6, have been considered and

compared to study the effect level of cutout diameter

change on the buckling. In this regard, the ratio of local

buckling capacity of cylindrical shells with circular cutout

(PCutout) of d = 30, 50, 60, 80 and 100 cm and h = 2d

from shell floor) to the cylindrical shells without cutout

(P0) has been plotted as per diameter to thickness ratio of

the shell (Fig. 9). According to the figure, the PCutout=P0

ratio is about 0.85–0.95 in the shells of 5 and 10 m

diameters with the diameter to thickness ratio of less than

1,000. This value is 0.65–0.75 in the shells of 15 and 20 m

diameters with the diameter to thickness ratio more than

1,000.

This means that the cutout formation of d = 30 cm in

the cylindrical shells with 5 and 10 m diameters will

decrease buckling capacity about 10–20 %. This reduction

Fig. 3 Comparing the buckling

capacity of shells with and

without cutouts (d = 30 cm)

Fig. 4 The effect of shell

diameter on reduction of Pcr

Fig. 5 Axial force–

displacement behavior of shells:

a D = 10 m, t = 12 mm;

b D = 15 m, t = 12 mm
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will go up to 15 % with increasing the cutout up to

d = 100 cm (Fig. 10). Moreover, in the cylindrical shells

with 15 and 20 m diameters, the cutout formation will

decrease buckling capacity about 30 %. This reduction will

go up to 35 % with increasing the cutout up to

d = 100 cm.

The cylindrical shell buckling (20 m diameter and

15 mm thickness) with the cutout of d = 30, 50, 60, 80

and 100 cm has been plotted as per buckling force–dis-

placement (Fig. 11). According to the figure, the curve

slope does not change in the elastic and post-buckling

zone in case of changing the cutout diameter in the shell.

Moreover, the area under force–displacement curve which

shows the structure’s energy dissipation rate does not

change with change in cutout diameter. Figure 12 indi-

cates the deformed shape of the shell at the last stage of

loading.

The effect of cutout location on shell buckling

A circular cutout of 50 and 100 cm diameters has been

modeled with the distance of h = d, 2d and 4d from the

shell bottom to study the effect of changing in the circular

cutout height from the shell bottom on the cylindrical shell

buckling. The obtained analytical results have been sum-

marized in Table 7.

The local buckling capacity of cylindrical shell with

circular cutout has been plotted as per h=d and presented in

Fig. 13.

According to these figures, no significant change is seen

in the shell buckling capacity with changing the height

location of cutout. It means that the results mentioned in

Fig. 10 are confirmed here and changing in the cutout

location at the distances of h = d, 2d and 4d from the shell

bottom will cause no significant change in the buckling

load reduction (see Fig. 14).

The cylindrical shell buckling (20 m diameter and

15 mm thickness) has been plotted as per buckling force–

displacement and shown in Fig. 15. According to this fig-

ure, no significant change is seen in the curve slope in the

elastic and post-buckling zones in case of changing the

cutout height from the shell bottom.

Moreover, no significant change is seen in the area

under force–displacement curve, which shows the struc-

ture’s ductility, with changing the cutout height position

from the shell bottom. Figure 16 shows the deformation of

cylindrical shell under axial compression in case of

changing the cutout position in height from the bottom.

The effect of the arrangement of cutouts on shell

buckling

The steel cylindrical shells with the diameters of 5 and 10 m

and the diameter to thickness ratio of 250, 500 and 1,000

Fig. 6 Axial force–displacement behavior of cylindrical shell with

cutout (the 15 m shell diameter is constant

Fig. 7 The deformation of cylindrical shell under axial compression:

a with cutout, b without cutout

Table 3 Geometric

specifications of the cutouts

formed in the cylindrical shells

with 5-m diameter

n D (m) t (m) H (m) D/t H/D d (cm) h (cm) H/h h/

d

1 5 0.02 14.75 250 2.95 30 60 24.58 2

2 5 0.02 14.75 250 2.95 50 100 14.75 2

3 5 0.02 14.75 250 2.95 60 120 12.29 2

4 5 0.02 14.75 250 2.95 80 160 9.22 2

5 5 0.02 14.75 250 2.95 100 200 7.38 2
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were modeled and analyzed to study the effect of increasing

the cutout number on the capacity and behavior of cylin-

drical shell buckling. The number, arrangement and loca-

tion of their circular cutouts are summarized in Table 8.

They have been subjected to the axial compression and the

effect of increase in cutout number has been studied on the

circumference and height of the shells. Figure 17 shows a

sample of finite element model of steel cylindrical shells

with the cutouts with increasing width (horizontal cutout)

and height (vertical cutout).

According to Fig. 18, the buckling capacity of shell is

reduced in case of forming circular cutout in the cylindrical

shells of 5 m diameter and the diameter to thickness ratio

of 250 and 500. With increasing the cutout number in the

width, the buckling load keeps reducing and this fact is

more obvious in the cutout of higher diameter. However,

increasing cutout number in the height has no significant

effect on the buckling load reduction.

Accordingly, the shell buckling capacity is reduced

about 20 % in the formation of cutout with 5 m diameter

and diameter to thickness ratio of 500. This reduction is

about 30 and 45 % in case of increasing the cutout

number in the width with 50 and 80 cm cutouts, respec-

tively. If the cutout is formed in the shell of 5 m diameter

with diameter to thickness ratio of 250, the buckling

capacity reduction is lower as the shell is thicker com-

Table 4 Geometric specifications of the cutouts formed in the cylindrical shells with 10-m diameter

n D (m) t (m) H (m) D/t H/D d (cm) h (cm) H/h h/d

1 10 0.010-0.012-0.020 14.75 1,000-833-500 1.48 30 60 24.58 2

2 10 0.010-0.012-0.020 14.75 1,000-833-500 1.48 50 100 14.75 2

3 10 0.010-0.012-0.020 14.75 1,000-833-500 1.48 60 120 12.29 2

4 10 0.010-0.012-0.020 14.75 1,000-833-500 1.48 80 160 9.22 2

5 10 0.010-0.012-0.020 14.75 1,000-833-500 1.48 100 200 7.38 2

Table 5 Geometric specifications of the cutouts formed in the cylindrical shells with 15 m diameter

n D (m) t (m) H (m) D/t H/D d (cm) h (cm) H/h h/d

1 15 0.01-0.012-0.015 14.75 1,500-1,250-1,000 0.98 30 60 24.58 2

2 15 0.01-0.012-0.015 14.75 1,500-1,250-1,000 0.98 50 100 14.75 2

3 15 0.01-0.012-0.015 14.75 1,500-1,250-1,000 0.98 60 120 12.29 2

4 15 0.01-0.012-0.015 14.75 1,500-1,250-1,000 0.98 80 160 9.22 2

5 15 0.01-0.012-0.015 14.75 1,500-1,250-1,000 0.98 100 200 7.38 2

Table 6 Geometric specifications of the cutouts formed in the cylindrical shells with 20-m diameter

n D (m) t (m) H (m) D/t H/D d (cm) h (cm) H/h h/d

1 20 0.01-0.012-0.015 14.75 2,000-1,667-1,333 0.74 30 60 24.58 2

2 20 0.01-0.012-0.015 14.75 2,000-1,667-1,333 0.74 50 100 14.75 2

3 20 0.01-0.012-0.015 14.75 2,000-1,667-1,333 0.74 60 120 12.29 2

4 20 0.01-0.012-0.015 14.75 2,000-1,667-1,333 0.74 80 160 9.22 2

5 20 0.01-0.012-0.015 14.75 2,000-1,667-1,333 0.74 100 200 7.38 2
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Fig. 9 Reduction percentage of

buckling force in shells with

diameters
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Fig. 10 The effect of cutout

diameter on local buckling

capacity of cylindrical shells

(shell with the diameters of 5,

10, 15 and 20 m)

Fig. 11 Axial force–displacement behavior of cylindrical shell with

cutout (shell diameter is 20 m and its thickness is 15 mm)
Fig. 12 The deformation of cylindrical shell with circular cutout:

a d = 100 cm, D = 20 m; b d = 50 cm, D = 20 m
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Table 7 Buckling force and

geometric specifications of

shells and cutouts of d = 50,

100 cm in d, 2d and 4d heights

D (m) t (m) H (m) D/t d (cm) h (cm) h/d Pcr

(106 N)

d (cm) h (cm) h/d Pcr

(106 N)

D10–t12

10 0.012 14.75 833 50 50 1 76.07 100 100 1 74.65

10 0.012 14.75 833 50 100 2 76.39 100 200 2 74.82

10 0.012 14.75 833 50 400 4 – 100 400 4 74.40

D15–t10

15 0.01 14.75 1,500 50 50 1 63.07 100 100 1 63.09

15 0.01 14.75 1,500 50 100 2 64.07 100 200 2 62.64

15 0.01 14.75 1,500 50 400 4 – 100 400 4 62.80

D15–t12

15 0.012 14.75 1,250 50 50 1 76.63 100 100 1 75.83

15 0.012 14.75 1,250 50 100 2 76.83 100 200 2 75.52

15 0.012 14.75 1,250 50 400 4 – 100 400 4 75.03

D15–t15

15 0.015 14.75 1,000 50 50 1 95.91 100 100 1 95.02

15 0.015 14.75 1,000 50 100 2 95.90 100 200 2 94.69

15 0.015 14.75 1,000 50 400 4 – 100 400 4 94.44

D20–t10

20 0.01 14.75 2,000 50 50 1 79.14 100 100 1 84.29

20 0.01 14.75 2,000 50 100 2 79.54 100 200 2 84.05

20 0.01 14.75 2,000 50 400 4 – 100 400 4 84.86

D20–t12

20 0.012 14.75 1,667 50 50 1 101.03 100 100 1 100.66

20 0.012 14.75 1,667 50 100 2 102.05 100 200 2 101.07

20 0.012 14.75 1,667 50 400 4 – 100 400 4 100.63

D20–t15

20 0.015 14.75 1,333 50 50 1 127.76 100 100 1 126.65

20 0.015 14.75 1,333 50 100 2 127.73 100 200 2 126.36

20 0.015 14.75 1,333 50 400 4 – 100 400 4 125.02
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Fig. 13 The effect of the aspect ratio of the shell on Pcr (cutout diameter d = 50 cm, d = 100 cm)

47 Page 8 of 12 Int J Adv Struct Eng (2014) 6:47

123



pared to previous status. The shell buckling capacity is

reduced about 20 % in the presence of cutout with 80 cm

diameter which is almost half of the previous status

(Fig. 19).

According to Fig. 20, the buckling capacity is reduced

in case of circular cutout formation in the cylindrical

shells with 10 m diameter and diameter to thickness ratio

of 500 and 1,000. The buckling capacity keeps reducing

with increasing the cutout number in the width trend of

the shell which will be more obvious in the cutouts of

higher diameters.

Moreover, increase in the cutout number in the height

trend has no significant effect on the buckling load

reduction. This means that in case of cutout formation in

the shells of 10 m diameter and diameter to thickness ratio

of 1,000, the buckling capacity is reduced about 30 %. The

buckling capacity is reduced about 40 % with increasing

Table 8 Geometric specifications of circular cutouts (the effect of

cutout number increase)

Cutout

number

d cutout (cm) h (cm) Polar coordination

of cutout (Rad)

1 50, 80 2d 0

2 50, 80 2d, 4d 0, p
2

3 50, 80 2d, 4d, 6d 0, p
2
; p

4 50, 80 2d, 4d, 6d, 8d 0, p
2
; p; 3p

2

Fig. 14 The effect of the

location of cutouts on buckling

capacity of the cylindrical shells

(d = 100 cm)

Fig. 15 Axial force–displacement behavior of cylindrical shell with

cutout (shell diameters 20 m, shell thickness 15 mm)

Fig. 16 Displacement of

cylindrical shell with circular

cutout (shell diameters 20 m,

cutout diameter 100 cm):

a h = d, d = 100 cm,

D = 20 m; b h = 2d,

d = 50 cm, D = 15 m;

c h = 4d, d = 50 cm,

D = 20 m
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the cutout number in the width strike in the presence of 50

and 80 cm cutouts. The buckling capacity reduction level

is lower in case of cutout formation in the shells with 10 m

diameter and diameter to thickness ratio of 500 as the wall

is thicker compared to that of previous status. In average,

the buckling capacity of the shell is reduced about

10–15 % (Fig. 21).

The buckling load is more reduced in case of increasing

the diameter of cylindrical shell compared to the smaller

diameter, assuming that the cutout diameter is constant.

This reduction will be changed with almost equal slopes in

both cases if the cutout number increases (Fig. 22). Fig-

ures 23 and 24 show the deformation of cylindrical shell,

with increasing the cutout number in height and width

strikes, under axial compression.

Conclusion

In this research, the steel cylindrical shells with circular

cutouts have been subjected to axial compression and the

results obtained through nonlinear numerical analysis are

summarized as follows:

• The presence of cutout with any diameter decreases the load

tolerance capacity of cylindrical shells about 10–35 %.

• Single cutout makes no significant change in the slope

of force–displacement curve of the cylindrical shell in

the elastic and post-buckling zones. In other words,

single cutouts do not noticeably change the pre- and

post-buckling behavior of cylindrical shells.

• Changing the cutout diameter from 300 to 1,000 mm

has no significant effect on the local buckling capacity

of the shell.

• Thinner shells are more susceptible to the cutouts

compared to thicker ones. Cutouts reduce the local

Fig. 17 Geometry and model of finite element of steel cylindrical

shell with cutout: a increasing the cutout number in the shell height;

b increasing the cutout number in the shell circumference
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Fig. 18 The effect of number of cutouts on and their arrangement on

buckling force of cylindrical shells (shell diameter 5 m, shell

thickness 10 and 20 mm)

Fig. 19 The percentage of

buckling force reduction per

cutout number (D = 5 m,

t = 10 and 20 mm)
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buckling capacity of shell about 10–15 % in the

cylindrical shells, with the diameter to thickness ratio

of less than 1,000. Meanwhile in shells with diameter to

thickness more than 1,000, such cutouts reduce the

shell capacity about 30–35 %.

• Changing the elevation of cutout from cylindrical shell

bottom has no significant effect on the shell buckling

capacity and post-buckling behavior.

• The buckling capacity is reduced with increasing the

cutout number in the shell width (horizontal arrange-

ment of cutouts) and this reduction is more obvious in

the cutouts with larger diameters. The shell buckling

capacity is reduced about 30–45 and 20 % in the shells

of 5 m diameter with the diameter to thickness ratio of

500 and 250, respectively. In the shells of 10 m

diameter and the diameter to thickness ratio of 1,000

and 500, the shell buckling capacity is reduced about 40

and 10 to 15 %, respectively.

• The increasing cutout number in the shell height

(vertical arrangement of cutouts) has no significant

effect on the buckling load reduction.
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Fig. 20 Buckling force versus cutout number (shell diameter 10 m,

shell thickness 10 and 20 mm)

Fig. 21 Reducing percentage

of buckling force versus cutout

number (D = 10 m, t = 10 and

20 mm)

Fig. 22 Buckling force versus cutout number in shells of different D/

t ratios
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