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Nomenclature
L Shell length
D External Diameter
d Internal Diameter
t Shell thickness
a Cutout height
b Cutout width
Mot Reference moment
M Buckling moment
E Elasticity module
o, Yield stress
\% Poisson ratio
A Cutout area
K Correction factor
1 a/b ratio
y L/D ratio

1. Introduction

The cylindrical shells use in engineering structures
such as airplanes, missiles, tanks, pipe lines, automobiles
and submarine structures. These structures in their
lifetime may be affected by buckling moments and
buckle. The studies about this subject are very few. Yeh
and Chen [1] examined the elastic bending buckling of a
circular cylindrical shell with and without a cutout by the
finite element method. Circular cylindrical shells under
pure bending in the plastic range were also investigated.
Kyriakides and Ju [2] and Ju and Kyriakides [3]
investigated the instability of an aluminum cylindrical
shell under pure bending with ratio of diameter to
thickness in the range 19.5-60.5 and ratio of length to
diameter in the range 18.1-30.1; they also observed the
presence of wave-like ripples on the compression side of
the bent tubes before collapse.
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Shell buckling under combined bending and pressure
was also examined [4], [5]. Corona and Kyriakides [4]
found that the mode of collapse was correlated with th.c
curvature of the cylindrical shell. Cyclic inelastic
bending of tubes and the corresponding buckling
problems were also reported [6]-[8]. When a cutout
exists on a circular cylindrical shell, buckling usually
occurs around the cutout. Yeu and his coworkers [9],
fulfilled an experimental and analytical study about the
bending buckling with cutout under pure bending.

They used the numerical method with a finite
elements code with basis of the lagrangian formulizing
and analyzed the bending buckling with regard to
symmetry and nonlinear characteristics. In this study, the
ratio of diameter to thickness for Aluminum specimens
was 50 and the shape of cutout was considered as
rectangular and circular. Furthermore, the effect of the
length and location of cutout on bending moment was
studied. Shu [10] obtained the plastic boundary loading
for thin shell pipes with internal peripheral cracks under
axial loading, internal pressure and asymmetrical
bending moment.

Furthermore, he presented the formula for the
combination of these loads. Li and Kettle [11], studied on
bending response and buckling of ring-stiffened
cylindrical shells under pure bending. They used a
modified Brazier approach to investigate the nonlinear
bending response of finite length cylindrical shells with
stiffening rings. The nonlinear bending response was
derived by applying the minimum potential energy
principle and the corresponding critical moment
associated with local buckling was determined by
employing the Seide-Weingarten  approximation.
Elchalakani et al. [12] presented a plastic mechanism
analysis for thin-walled circular hollow section tubes
deforming in a multi-lobe collapse mode under large
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Shariati and Mahdizadeh [16], studied the effect of the
position of elliptical cutouts with identical dimensions on
the buckling and post-buckling behavior of cylindrical
shells.

The shells with different diameters and lengths were
studied.

Additionally, several buckling tests were performed
using an INSTRON 8802 servo hydraulic machine, and
the results were compared with the results of the finite
element method.

In this article, we try to analyze the collection of linear
and nonlinear analyses with using ABAQUS finite
element software.

Our aim from these analyzes is the study of the effect of
changing of dimensions of elliptical cutouts with
constant area on the behavior of the buckling and post
buckling of cylindrical shells with different lengths and
diameters:

(L/D))=2857, 65, 10,

(L/Dy)=2.495, 5.676, 8.732,
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Fig. 1. Geometry of cutout

Specimens were nominated as follows:
D42-L120-L,60-a-b

The numbers following D and L show the diameter
and length of the specimen, respectively.

The cylindrical shells used for this study were made of
mild steel alloy.

The mechanical properties of this steel alloy were
determined according to ASTM E8 standard [17], using
the INSTRON 8802 servo hydraulic machine.

The stress-strain curves, stress-plastic strain curve and
respective values are shown in Figs. 2.

Based on the linear portion of stress-strain curve, the
modulus of elasticity was computed as £ =187.737GPa

and the value of yield stress was obtained as
o, =211MPa.

FEI‘;hermore, the value of Poisson ratio was assumed
v=033.
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Stress (Pa)

True True stress

Plastic True stress

strain (MPa) strain (MPa)

0 0000 0.00000 191 073

6 58¢-5 25280 000135 211 506
0.00023 63010 0 00499 227057
0.00045 106 830 001431 239110
000066 150 620 002255 246 513
000084 175980 003360 254 419
000104 19107 0.04085 261 920
000247 211 506 005478 271.512
001225 235136 006092 276.249
002386 246 513 0.07385 284217
0.03494 254 419 008302 293382
0 04488 263 261 0 09838 301.780
0 05622 271 512 010874 306 844
006729 280 063 012052 314.189
007536 284217 013241 320089
008872 206 220 0.14318 325.627
009999 301 781 0.15914 331566
011279 309 086 018551 345 820
0.12660 316 361 019533 349 007
013874 322 896 020636 354279
015396 328374 021914 358 231
016895 335947 023106 362.571
0.18456 343.195 0.24248 365 636
0.19961 349 866 026052 372.000
021384 355.697 027117 377.394
022749 360.545 0.28148 378.330
023999 365.326 0.29873 383.024
0.25811 370322 0.30904 386.024
0.27509 377857 0.31060 386.491
0.29851 383.657 0.31208 387571
0.31556 387 465 031350 387 465

Figs. 2. (a) Stress - strain curves (b) Stress - plastic strain curve (For more information about true stress-strain curve and plastic property refer to [18],
ABAQUS analysis user's manual, part [V, section 11.1.1 ) and respective values (Over 150 data were obtained from tensile test; therefore some of
them were shown here

III. Loading and Boundary Conditions

The shells are modeled as "two ends clamped” and the
bending moment is applied to two rigid planes, attached
to two margins of shell.

Furthermore, the shells are applied under bending
moment in three directions; bending toward of cutout,
toward the opposite side of cutout and in the plane
parallel to cutout (Figs. 3).
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Figs. 3. Directions of applied bending moments to specimens:
(a)Bending toward of cutout, (b) The opposite side of cutout, {c) In the
plate parallel to cutout

All of the freedom degrees of two shells edges are
limited, except for longitudinal moving and rotation
along the moment applying.

Copyright © 2009 Praise Worthy Prize S.r.l. - All rights reserved

IV. Element Formulation of the Specimens

For meshing of specimens the nonlinear element S8R5

(that is an eight node with six freedom degrees for each
node and is suitable for thin shells analyzing) was
used.[18]. A meshed specimen was shown in Fig. 4.

Fig. 4. A sample of FEM mesh

V. Analytical Process

Eigenvalue analysis, overestimates the value of
buckling load, because in this analysis the plastic
properties of material do not have any role in analyze
procedure. For buckling analysis, an eigenvalue analysis
should be done initially for all specimens, to find the
mode shapes and corresponding eigenvalues. Primary
modes have smaller eigenvalues and buckling usually
occurs in these mode shapes. For eigenvalues analysis
the “Buckle” step was used in software. Three initial
mode shapes and corresponding displacements of all
specimens was obtained. The effects of these mode
shapes must be considered in nonlinear buckling analysis
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(Static Riks step). Otherwise, the sofiware would choose
the buckling mode in an arbitrary manner, resulting in
unrealistic results in nonlinear analyze. For “Buckle”
step, the Subspace solver method of the software was
used. It is noteworthy that due to the presence of contact
constraints  between rigid plates and the shell, the
Lanczos solver method cannot be used for these
specimens [18]. In Figs. S, three primary mode shapes
are shown for the specimen D42-1.120-L,60-8-17.7 .

N’ ‘\\._./I \.,,__,—)

™ ey

Fips. 5. Buckling mode shapes for specimen 42-1.120-1,60-8-18
(a) first mode, (b) second mode, (c) third mode

After completion of the Buckle analysis, a nonlincar
analysis was performed to plot the load-displacement
curve. The maximum value in this curve is the buckling
load. This step is called “Static Riks” and uses the arc
length method for post-buckling analysis. In this
analysis, nonlincarity of material propertics and
geometry are both taken into consideration.

V1. The Reference Cylindrical Shell

For drawing of diagrams, it is better that the data
became no dimension. For this purpose, we defined the
reference moment for specimens as following:

Jray(D‘ —d‘)

Mer =50

(1
In this relation, M,ff is the reference moment that is

the necessary moment for the yielding cylindrical shells.
D and d are the external and internal diameters of
cylinders, respectively.o, is the yield stress of the

material of the specimens. Thus, the reference moment
for specimens obtains as following:

2127-10° N/m? (0.042m4 —0.0404m“)

M =
et 32.0.042m @)
=216.646 Nm for D=42mm
2127-10° N/m (0.048m* - 0.0465m* )
My = 32.0.0481m @)

=286.172Nm Sor D=48.1mm

VII. Results of Numerical Analyzing

In this section, the results of numerical analyzing of

Copyright © 2009 Praise Worthy Prize S.r.l. - All rights reserved
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Vil Applying of the Moment Toward the Cutour

The results of analyses are presented in the Table I.

TABLEI
SUMMARY OF NL1\&ﬂf;;\é,l,‘f[\;;:,(\.u:::‘sig‘lf;rko(i'r\rrl.lNr)Rl('AL SHELLS
UNDER MOMENT TowArD THE CUTOUT
gl Cutout size I;;J:::cl:%
Model designation ](Er'r])frtl]]‘ (:: i :1) (N.m)
(J&mrj—m
Da2 - L0~ 1, 2108177 420 8x 177 188 674
DAz - 1420 £,210-11- 1287 420 11x 1287 203 249
D42 [420- L, 210~ 141011 420 14x 10,11 211.026
paz - L420- 1,210-177-8 420 17.7x 8 216773
D42 - 1273 - Perfect 273 —— 297.891
D41 - 1273 - 1,1365 - 8-177 273 8x 177 189.28
DA - L273 - 11365 - 11 - 1287 273 11x 1287  204.143
D42 - [273- L1365 - 14 - 1011 273 14> 1011 212012
D42 - L273 - 1,1365 177 -8 273 17.7x 8 215683
D42 - 1120 - Perfect 120 o 297.157
pD42- 1120 L, 60-8-177 120 8x 17.7 200.732
D42~ L120 - 1,60 - 111287 120 11x 12.87 214494
Dz - L120 - L 60— 141011 120 14% 10,11 222349
paz- 1120~ 1,60-177-8 120 17.7x 8 227255
D481~ 1420 - Perfect 420 e 385329
D481 - 1420~ L, 210 -8 -177 420 8x 177 248 432
D481~ 1420~ L, 210111287 420 11x 12.87  264.185
D481~ L420- L, 210141011 420 141011 271.742
D481~ L420- L, 2101778 420 17.7x 8 277.77
D481 - L2T3 - Perfect 273 — 385.13
D48 1- L273 - L1365 -8 -17.7 273 Ex 17.7 248.19
Da81- 1273 - L1365 - 11 - 1287 273 11x 12.87 265995
D481~ 1273~ 136514 - 1011 273 14x 10.11 273.145
Da81- L2173 - L 1365-177 -8 273 17.7x 8 278.064
D481 - L120 - Perfect 120 O 399 861
Da81-L120- L 60-8-177 120 8x17.7 263.802
D48.1- 1120 - I 60 - 11 - 1287 120 11x12.87 286812
D481~ 1120~ L 60~ 141011 120 14x 1011 294165
DAB1-LI120- L 60-177-8 120 17.7x 8 299222
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Considering of these results, it is obvious that with
creating of the cutout in shell, the buckling moment
decreases, greatly. For example with creating of a cutout
with dimensions  of 8-17.7mm in the shell with
L/D=10 and Dfr=53846 ratios, the buckling
moment decreases about 37 percent.

In Fig. 6, the buckling moment with respect to the
L/D ratio is shown.

0
———Ln=i t . ke
s - - S R4S, ahed) 254
—o— DA=5) B4 w0 | 1M
" = -DA=3I 14E atm] 24
e DAt ] 667 an-043
-é Tt | 867 pAed) 134
€ == DA=d| 867 am=) 1M
g = = =- -Ditmt | 667 aAm] )%
- ”
£ Boes
2 o =
%] o i e x
F .~ e <
mr—, =g i

Fig 6. Summn;y of the buckling moment vs. L/D ratio for
cylindrical shells include elliptical cutout with constant area

We consider that for L/D<6 ratios, the buckling
moment decreases with increasing the L/D ratio, but the
buckling moment is constant for 6<L/D<10 ratios.
Furthermore, the shells with greater diameters have the
greater buckling moment.

The buckling moment curves in respect to the a/b ratio
are shown in Fig. 7.

We consider that with increasing of the a/b ratio, the
buckling moment increases. Furthermore, the shells with
greater diameters are more resistance against buckling.

300 1

220
- —e—DA=53 846 , L/D=1 £57]
= 260 - —a—DA=53346 ,L/D=6 5
= = =DA=S3846 ,LD=10
= DA=61 667 , L/D=2 495
£ 240 | ——a—DA~61 667 , L/D=5 676|
s s = DA=€1 667 , L/De8 732
E
=20 -
=
i
2 200 A

180 - : T T T

0 05 Voamy 13 2 25

Fig. 7. Summary of the buckling moment vs. a/b ratio for cylindrical
shells include elliptical cutout with constant area

The curves of moment, angular displacement of the
end edges are shown in Figs. 8. We consider that the
shells with the greater a/b ratios are higher from other
curves. In addition, we see that with creating a cutout in
specimens, the great changes in treatment of buckling
moment curve in respect to the end rotation is resulted.

With comparing of the curves in Figs. 8, we can result
that the slopes of curves of the specimens without cutout

Copyright © 2009 Praise Worthy Prize S.v.l. - All rights reserved

are a little greater than the specimens with cutouts.
Furthermore. the slopes of the curves of the specimens
with cutouts and greater width are greater than the
Spcciml{ns with cutouts and less width that shows the
dc_”"“"'”l{ of specimen's stiffness in pre buckling part
with creating of the cutout and increasing of the width of
culm_n_ The Von misses stress contours for two
specimens with L/D=6.5 and D/t=53.846 ratios are
shown in Figs. 9 and 10. We sce in these figures that
hcforc'rcaching of the moment to critical amount, the
stress in almost of the shell area (unless for the area
ar.uunc‘i the cutout) distributes regularly and increases
with increasing of moment. The stress contours for
specimens with cutout are symmetric, completely.

In the areas around the cutout, the stress concentration
and amount of it increases, (Figs. 9(a)) and 10(a)) and the
area of these areas toward the shell periphery increases
and finally the shell buckles. We consider from Figs. 9
that the buckling under bending moment is both local and
global, because in time of buckling, the shells edges have
rotated about 0.003 radiant. Furthermore, with comparing
of stress contours in specimens in Figs. 9 and 10, it is
obvious that with increasing of a/b ratio, the distribution
of stress in the side with cutout, unless of around of
cutout, is more regular. In addition, the area of
surrounded area in buckling state increases that means
(with regard to the cutout symmetry) the increasing of
stress or applying moment on shell.

12 4
]
£
=
=
g 0%
E
(=]
E 064
o =110 hole
2 o -8 *17.7 bole
& —a— 11" 1287 hole
G5 ——14* 1011 hole
—— 179279 hole
0 T T T T
[ 002 004 006 ocs 01 012
End rotation (rad)
Fig. 8(a). L/D=10 and D/t=53.846
14
- 129
g
=
<14
=
€
B0
o
LXTE
i RS,
04 g * 17.63 hole
—a—11* 1287 Iole
02 4 === 14~10[] hole
—e— 1338 S hale
o . : T : —r
0 001 D02 003 OC4 003 006 007 008
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Fig. 8(b). L/D=6.5 and D/=53.846
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Figs. 9. Plots of bending moment vs. end rotation, the shell deformations and von mises stress states contours
at various loading stages of the specimen D42-1.273-L4136.5-8-17.68
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Figs. 10. Plots of bending moment vs. end rotation, the shell deformations and von mises stress states contours
at various loading stages of the specimen D42-1.273-L,136.5-18.38-8

VIL.2  Applying of Moment Toward
the Opposite Side of Cutout

Table 11 shows the results of some cylindrical shells
with average length and D/t=53.846 ratio, under moment
toward the opposite side of cutout.

VIL3. Applying the Moment
in the Plate Parallel to Cutout

Table III shows the results of analyzing of some
cylindrical shells with average length and D/t=53.846,
under moment in the plane parallel to cutout.

TABLEIl TABLEIII
SUMMARY OF NUMERICAL ANALYSIS FOR CYLINDRICAL SHELLS SUMMARY OF NUMERICAL ANALYSIS FOR CYLINDRICAL SHELLS
WITH ELLIPTICAL CUTOUT WrTH ELLIPTICAL CUTOUT
UNDER MOMENT TOWARD THE OPPOSITE SIDE OF CUTOUT UNDER MOMENT IN THE PLATE PARALLEL To CUTOUT
Cutout : Cutout .
Shell size ?jgﬂ;% Shell size i,l;;:éi%
Model designation length (aws) (N.m) Model designation length (axb) (N.m)
(mm) (mm)
(mm x mm) (mm x mm)
D42~ L2713~ L 136.5- 8 ~177 273 8x17.7 282.116 D&z - L2713~ L 1365-8-177 273 17.7x8 286.789
D4z - L273- L,1365 - 11 - 12.87 273 11x12.87  290.699 Da2- 1273 - L 1365 -11-1287 273 12.87x 11 291.99
Dz~ L1273 - L 1365-14-1011 273 14x10.11 293.46 D42 - 1273 - L1365~ 14 - 1011 273 10.11x 14  293.745
D42-L273- 113651778 273 17.7x 8 294.692 Da2- 12713 - L1365-17.7-8 273 8x17.7 296.774

From comparing of these results with previous
results, we result that the shell resistance against
buckling in the case of applying of moment toward the
opposite side of cutout is greater than the case that
moment applies toward the cutout.

Furthermore, similar to the previous case, we
consider that with increasing of the cutout width the
buckling moment decreases and vise versa.

Copyright © 2009 Praise Worthy Prize S.r.l. - All rights reserved

From comparing of these results with the previous
results, we concludes that the resistance of shell against
buckling is greater than two previous cases, if the
moment applies Figs. 11 shows the specimen
D42- 1273~ 1;136.5-8-17.7 at the time of buckling

and under moment in three different directions.
We consider that the buckling is local if the moment
applies toward the cutout, but with applying of moment
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toward the opposite side of cutout or applying of mom !
n the plane parallel to cutout, the global buckling 0€CU™:

- [-- r:]
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Figs 11 Deformation of specimen 1n buckling state (a) Direction of
moment toward the cutout, (b) Direction of moment toward the
oppasite side of cutout; (¢) Direction of moment in the plate para!lc! 0]
cutout

VIIL

In this scction, we present the relations for
computing of buckling moment of cylindrical shells with
clliptical cutout, under bending moment toward the
cutout, with using of the Lagrangian polynomial [19] and
the numerical results. For using of these relations, the
buckling moment of cylindrical shells without cutout
must be known. The X coefficient defines as

following:

Numerical Relations

cutour

Mcumut (4)

cutout

M ta

In this relation, M., is the buckling moment of the

shells without cutout, M_,, and K tout

buckling moment and the correction coefficient for the
shells with cutout, respectively. K is computed with

culour

are the

assistance of the Lagrangian polynomial. The obtained
relations are as following:

K e = 0.025047° +0.22767
+0.001872 +0.0160457 +0.0007y7°
~0.0082y7% +0.000385 7% — 0.001y%7

(5)
+0.655-0.122677% - 0.0305y — 0.00001y%7>
K crou = ~0.00787 +0.001y>
+0.00033y%7° +0.00022°5° - 0.0017°y ©

—0.0078y7° +0.0134y5° - 0.0089y7
+0.5337+0.077475° +0.45477 - 0.31137*

That 7=afb and y=L/D.
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Fig. 12. Plots of data obtained by simulations and the Lagrange
polynomial (Eq. 5) for shells with D/t=53.846 and y=1¢
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Fig. 13. Plots of data obtained by simulations and the Lagrange
polynomial (Eq. 6) for shells with D/t=61.667 and y=10

IX. Conclusion

With creating of cutout in shell, the buckling moment
of shell decreases greatly. With increasing the L/D ratio,
the buckling moment decreases. In addition, increasing
the shell diameter for a constant thickness leads to
increasing of buckling moment. With increasing the ratio
of the height to width of elliptical cutout (a/b) the
buckling moment, increases.

Creating of cutout in shell and increasing the width of
cutout lead to decreasing of the shell stiffness before
buckling. When moment applies toward the cutouts, the
buckling moment is less than the case that moment

International Review of Mechanical Engineering, Vol. 3.n. 1
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applies toward the opposite side of cutout or in the plane
parallel to cutout. Finally, we obtained the coefficients
for getting the buckling moment of cylindrical shells
with elliptical cutout from the buckling moment of
complete shells.
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