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Abstract

This study investigates the buckling of cylindrical shells using the nonlinear
finite element analysis software ABAQUS, with specific application to the buck-
ling analysis of cola cans. First, the buckling experimental results for cola
cans reported by Virot et al. are numerically verified. Subsequently, to obtain
universal insights into buckling, the buckling behavior of cylindrical shells is
further examined through detailed analysis of cylindrical shell structures un-
der various load combinations and geometric parameters. To facilitate intu-
itive discussion, this paper constructs a three-dimensional landscape diagram of
external force-buckling load-displacement for cylindrical shell structures under
combined lateral-axial pressure loading (referred to as landscape). The results
demonstrate that under combined lateral-axial pressure-torsional loading, the
force-displacement curve of the specimen exhibits a ‘cliff phenomenon. The
application of torsional loading compromises the overall stability of the speci-
men and induces sensitivity to initial imperfections. For specimens subjected to
axial pressure-torsion, this paper defines the zero-bearing-capacity plane as ‘sea
level’ to distinguish failure modes. Through analysis of specimens with different
boundary conditions, it is found that clamping both ends of the specimen can
effectively increase structural load-bearing capacity and enhance stability. In-
ternal pressurization of the cylindrical shell structure can substantially enhance
both load-bearing capacity and stability while reducing sensitivity to initial im-
perfections.
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This paper uses the nonlinear finite element analysis program ABAQUS to study
the buckling of cylindrical shells, and applies it to the buckling analysis of coke-
can cylindrical shells. First, the coke-can buckling experimental results of Virot
et al. are verified through numerical simulation; then, in order to obtain some
general results on buckling, the buckling behavior of cylindrical shells is further
examined. A detailed analysis is carried out for cylindrical-shell structures under
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different load combinations and different geometric parameters. For an intuitive
discussion, this paper plots a three-dimensional buckling landscape of external
force-buckling load-displacement for a cylindrical-shell structure subjected to
lateral pressure-axial compression loading (referred to as the landscape). The
results show that, under the action of lateral pressure-axial compression-tor-
sional loading, the force-displacement curve of the specimen exhibits a “cliff”
phenomenon; the application of torsional loading is unfavorable to the overall
stability of the specimen and causes the specimen to be sensitive to initial imper-
fections; for specimens subjected to axial compression-torsion, this paper defines
the plane with zero bearing capacity as the “sea level” to distinguish the failure
modes of specimens; analysis of specimens with different boundary conditions
reveals that fixing both ends of the specimen can effectively improve the load-
bearing capacity of the structure and enhance stability. Inflating the interior
of the cylindrical-shell structure can greatly improve the load-bearing capacity
and stability of the structure and reduce its sensitivity to initial imperfections.

The aim of this work is to investigate the buckling of the cylindrical shells based
on the non-linear finite element analysis program ABAQUS and applied to the
buckling analysis of cola cans. Buckling analysis of soda cans by means of com-
paring the numerical results with experimental data[34]. In order to obtain
some qualitative results of buckling, the buckling behaviour of the cylindrical
shells will be investigated. In this article, we focus on the effect of different load
combinations and different geometric parameters of the cylindrical shells. The
straightforward, simple analysis of the buckling of the cylindrical shells under
the axially compressed-lateral perturbation load is presented. We show that
the three-dimensional curve of external force-buckling load-displacement called
landscape. The numerical results indicate that: the phenomenon of “cliff” ap-
pears in the force-displacement curve of specimens under the action of lateral
pressure-axially compressed-torsional load; It will be appreciated that the tor-
sional is not conducive to the stability of the specimen and makes the specimen
sensitive to the initial imperfections; For specimen under axially compressed-
torsional load, in this paper, the plane with zero bearing capacity is defined as
“sea level” to distinguish failure modes of specimens; The results of specimens
with different boundary conditions shows that the bearing capacity of the cylin-
drical shells can be improved with fixed boundaries. The internal pressure can
greatly improve the bearing capacity and stability of the structure and reduce
the imperfection-sensitivity.

Keywords: cylindrical shells, buckling, buckling landscape, coke can, finite ele-
ment
cylindrical shells,buckling,landscape,cola cans,numerical simulation

I. Introduction

The instability phenomenon of structures under certain loads and boundary con-
ditions is called structural buckling or the stability problem. Ever since Euler
(1744) [1, 2, 28] began studying the stability problem of slender elastic com-
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pression rods (which Euler called Elastica), structural stability has become a
problem that must be considered in structural design. In engineering practice,
people have found that when slender and thin-walled structures lose stability,
their load-bearing strength is usually far below the material’ s buckling stress.
At first this phenomenon disturbed the traditional way of thinking, namely the
design principle based on material strength. Later, it was recognized that, under
the same loading conditions, structures with different geometric configurations
may have completely different stability characteristics; this is especially promi-
nent for slender, thin-walled structures, where structural stability problems are
particularly significant [6, 13, 14, 16, 17, 23-28, 41, 42].

With the development of new materials, high-strength, high-toughness meta-
materials have gradually begun to be used, making it possible for structures
that originally had to be constructed from large-sized materials to instead be
made from metamaterials; under the same load-bearing capacity, the compo-
nents constituting the structure can become increasingly thin, thereby making
research on structural stability problems increasingly important. Conversely,
research in structural mechanics has also inspired and promoted the design of
metamaterial cells; that is, from the perspective of structural mechanics, cells
possessing the required mechanical performance are designed to improve the
overall properties of the material, while the properties of the matrix material re-
main unchanged, by designing microstructures to achieve special overall material
properties. Thus metamaterials are also called materials with microstructures
[45-50]. In this sense, research in structural mechanics has promoted the design
of high-performance materials.

Regarding the understanding of structural stability, the large discrepancy be-
tween early theoretical predictions and experiments [3-7, 39] led people to begin
paying attention to the importance of research on stability theory. For this rea-
son, different stability theories were proposed in an attempt to explain the gap
between theoretical predictions and experiments, such as Karman-Tsien (Kér-
mén-Tsien) [[unclear: text continues on next page]]

Sen’ s nonlinear large-deflection theory [3-5, 7], Stein’ s nonlinear pre-buckling-
consistent theory [39], and Koiter’ s post-buckling theory considering initial
imperfections [6]. Unfortunately, although people have already racked their
brains to consider various factors, there is still a certain gap between current
theoretical predictions and reality. As a result, in practical engineering one
still does not dare to carry out structural design completely according to the
predictions of stability theory; instead, relatively large knockdown factors have
to be adopted. For example, the National Aeronautics and Space Administration
(NASA) of the United States has a dedicated research program on structural
knockdown factors [10, 43, 44]. For the buckling problem of cylindrical shells,
the empirical knockdown-factor formula fitted by NASA from experiments in
1965 is
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Figure 1: Figure 1

Kk =1—0.901 (1—6*1*16@),

where R/t is the ratio of the cylindrical-shell radius to the thickness.
Figure 1: The knockdown factor published by NASA [10] in 1965:

k=1—0901 (1—5%@)

This formula indicates that typical structures generally buckle at 20-50% of
the predicted buckling value; in the lower case, buckling occurs at only 20% of
the prediction. Therefore, [44] points out that the buckling load knockdown
factor proposed by NASA for calculating cylindrical-shell structures with initial
imperfections is conservative. After half a century of development, using refined
experiments and extensive computational analysis, although there have been
some improvements in buckling loads, this empirical formula is still used at
present [11]. It can be seen that any method capable of improving buckling
capacity will have major practical engineering significance.

Because cylindrical-shell structures are light in weight and have high load-
bearing capacity, they are widely used in aerospace, construction, and other
fields, and therefore a particularly large amount of research has been carried
out on them [6, 8, 9, 12-16, 16-22, 29, 30, 36-41, 51]. In the history of the
development of structural buckling theory, as a milestone advance, Koiter [6]
revealed that the initial geometric imperfections of a structure have a very large
influence on structural buckling; in other words, the structure is highly sensi-
tive to initial imperfections. Tiny dents on the structural surface can lead to a
substantial reduction in structural load-carrying capacity. On this basis, Koiter
[6] established the post-buckling theory of structural stability. To verify the
influence of initial geometric imperfections on buckling, people have assumed
geometric imperfections of different forms, and even proposed the problem of
random imperfections.

Because cylindrical-shell structures are widely used, interest in the study of their
buckling stability has not waned. V. Krasovsky et al. [31] adopted a combined
experimental and finite-element approach and proposed a method of creating
initial imperfections by using lateral perturbations. Waddy T. Haynie et al. [32]
used a combined experimental and finite-element method to calculate the mini-
mum buckling-load limit of structures when initial imperfections are created by
lateral forces [42]. J. Michael [33] and others, on the basis of NASA experiments,
proposed an experimental method in which, when a cylindrical shell is subjected
to axial compression, a probe is used laterally to apply displacement loading to
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the structure; this method was also used to study the impact sensitivity of
cylindrical-shell structures. In particular, in 2017, Virot et al. [34] carried out
a detailed experimental study of the buckling problem of Coca-Cola-can cylin-
drical shells under combined axial and lateral compression, attempting to find
universal buckling laws from it. By studying empty easy-open cans of different
brands, that work used the buckling landscape to investigate buckling intu-
itively, and pointed out that the stability of multidimensionally complex shells
can be simplified into a low-dimensional description. The buckling landscapes
obtained by Virot et al. [34] from limited experimental data have important sig-
nificance. However, the loading condition in that literature included only one
type—axial and lateral compression—and did not consider the combined effects
of torsion and internal pressure. To further verify the buckling laws summa-
rized by Virot et al. [34] from experiments, we believe it is necessary to study
the stability of cylindrical shells under other load combinations.

Specifically, in this paper, on the basis of the work of Virot et al. [34], we do not
conduct experiments, but instead attempt to study this problem from the per-
spective of numerical simulation. First, finite-element numerical calculations are
used to verify the axial-lateral compression buckling results of Virot et al. [34].
After completing the verification of Virot et al. [34], we consider more load com-
binations, further investigating the buckling behavior of cylindrical shells under
other load combinations. Through detailed calculations, we obtain the buckling
landscapes of cylindrical shells under different combinations of loads such as
lateral compression, axial compression, torsion, and internal pressure. Accord-
ing to the new description we propose, detailed stability analyses are carried
out for the obtained buckling landscapes. In addition to analyzing the influence
of parameters on buckling, we also propose ideas for improving and enhancing
buckling capacity.

II. Geometric Schematic of the Buckling Landscape

In order to vividly express the new information we obtain from the buckling
landscape, in this paper, in addition to inheriting the “ridge”and “valley”proposed
by Virot et al. [34], we also modify their “lake”into the more appropriate “basin,”
and at the same time introduce new concepts such as “cliff,” “sea level,” and
“hill,” so as to better portray the buckling landscape (see Figure 2).

”

Figure 2: Schematic diagram of the buckling landscape, including “ridge,” “val-

ley,” “lake,” “basin,” “cliff,” “sea level,” and “hill.”
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III. Finite-Element Simulation Verification of the Experi-
mental Results of VIROT [34]

In this section, our purpose is to verify the experiments of Virot et al. [34] from
a numerical perspective, so as to examine the feasibility of our finite-element
model. To this end, we used the ABAQUS finite-element software to establish
a finite---

finite-element model. To fully reproduce the experiment, this study measured
the dimensions of the pull-tab can used in the experimental study in the lit-
erature, and used the measured geometric dimensions to construct the finite-
element model. The specific geometric parameters are shown in Fig. 3.

D(mm) DIl(mm) D2(mm) L(mm) t(mm)
57.2 52.6 48.6 104 0.104

Figure 3: Geometric dimensions of the cola model

From Refs. [52]-[53], the pull-tab can is made of 3104 aluminum alloy, with
an elastic modulus of 75000N /mm?, Poisson’ s ratio of 0.3, and yield stress of
294.3 M pa. In the finite-element model, discrete rigid bodies are used to simulate
the upper and lower clamping plates and the lateral probe in the experiment.
Plastic contact is defined between the top of the pull-tab can and the upper
clamping plate, between the bottom of the pull-tab can and the lower clamping
plate, and between the rigid sphere and the can body; the normal direction uses
hard contact, the tangential direction uses the penalty method, and the friction
coefficient is taken as 0.3. The pull-tab can is modeled using the shell element
S4R in ABAQUS. The finite-element model of the above specimen is shown in
Fig. 4:

Figure 4: Finite-element model of a cola can

Because, in the finite-element simulation, axial loading is first applied and then
lateral loading is applied, when the applied axial force is 1084 N, the specimen
undergoes a large overall compressive deformation, making it impossible to con-
tinue applying the lateral load. Therefore, finite-element numerical simulations
are carried out only for the experimental specimens with axial compression of
136 N, 348 N, 467 N, 675 N, 683 N, and 859 N.

Using the finite-element model established above, nonlinear numerical analysis
is performed for the six specimens in the experiment, yielding the lateral force-
displacement curves of the pull-tab can under different axial compressive forces.
The comparison with the lateral force-displacement curves obtained from the
experiment is shown in Fig. 5. It can be seen from Fig. 5 that the overall
trends of the finite-element simulation curves and the experimental curves are
relatively close.
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Figure 5: Comparison of experimental and finite-element curves, where exp
denotes the experimental results of Virot et al. [34], and FE denotes our com-
putational results. The buckling load of the cola pull-tab can is exp4d = 675
N

In the elastic stage, the experimental curves and the finite-element curves are
relatively close. This indicates that the finite element can simulate the initial
stiffness of the specimen fairly well. As the load displacement increases, the
deformation of the specimen gradually increases. When the load carried by the
specimen reaches the minimum value, the displacement of the finite-element
model is larger than that of the experimental model. This is because, compared
with the material constitutive model of the actual specimen, the bilinear con-
stitutive model used in the finite element has a relatively large plastic buckling
plateau, which causes the plastic development in the finite element to be greater
than that in the experiment. In addition, unavoidable errors and random initial
defects exist in the experiment, which causes the load-carrying capacity of the
specimen in the experiment to degrade more rapidly. The displacement load
corresponding to the minimum carrying capacity of the specimen in the experi-
ment is slightly lower than that in the finite element, but the buckling load of
the finite-element model is about 675 N, which is similar to the experiment.

Overall, the obtained buckling landscape of the cola pull-tab can under com-
bined axial-lateral compression is consistent with that obtained by Virot et
al. [34], and our nonlinear numerical results support the experimental results
of [34]. Next, we further investigate the buckling landscapes for several other
loading combinations.

IV. Basic parameters of the cola pull-tab can model and
several loading boundary conditions

According to the experimental observations of Virot et al. [34], the buckling
deformation of the pull-tab can is mainly concentrated in the can body. There-
fore, in the finite-element parametric analysis, a simplified analysis method is
adopted, in which the pull-tab can is simplified as a cylindrical shell structure
for further analysis. To study the effects of different loading combinations, dif-
ferent boundary conditions, different radius-to-height ratios (R/L), different
radius-to-thickness ratios (R/t), and internal pressurization of the can body on
the buckling-landscape phenomenon.

This paper designs finite-element models with 4 different radius-to-height ratios
(R/L), 3 different radius-to-thickness ratios (R/t), 3 different loading combina-~
tions, 1 different boundary condition, and 2 cases of internal inflation of the can
body. The boundary conditions of the pull-tab can are defined as follows: when
the specimen has no constraints with the upper and lower loading plates before
loading, the boundary condition is free; when the upper and lower surfaces of
the specimen have exactly the same degrees of freedom as the loading plates,
it is regarded as the specimen being fixed. In the finite element, in order to
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fully simulate inflation inside the specimen, an equivalent method is adopted
to equivalently convert the inflation inside the can body into pressure applied
inside the can body.

strong, and the numerical value of the pressure is one standard atmosphere. The
specific model parameters are shown in Table I.

Table I: Geometric parameters of different specimens

Diameter- Whether
Wall Diameter- thick- LoadingBoundaihe
thick-  height ness com- con-  can

Height Radius ness ratio ratio bina- di- is in-
Name  (mm) (mm) (mm) (R/L) (R/t) tion  tion  flated

Specimen- 100 30 0.1 0.3 300 Axial Free No
1 com-

pres-

sion-

lat-

eral

com-

pres-

sion
Specimen- 110 30 0.1 0.27 300 Axial Free No
2 com-

pres-

sion-

lat-

eral

com-

pres-

sion
Specimen- 120 30 0.1 0.25 300 Axial Free No
3 com-

pres-

sion-

lat-

eral

com-

pres-

sion
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Wall Diameter- thick-

thick-  height

Height Radius ness

ratio

Name  (mm) (mm) (mm) (R/L)

Diameter-

ness
ratio

(R/t)

Whether

LoadingBoundaihe

com-
bina-
tion

con-
di-

tion

can
is in-

flated

Specimen- 130 30 0.1
4

Specimen- 90 20 0.1
5

Specimen- 90 22 0.1
6

Specimen- 90 24 0.1
7

0.23

0.22

0.24

0.27

300

200

200

220

Axial
com-
pres-
sion-
lat-
eral
com-
pres-
sion
Axial
com-
pres-
sion-
lat-
eral
com-
pres-
sion
Axial
com-
pres-
sion-
lat-
eral
com-
pres-
sion
Axial
com-
pres-
sion-
lat-
eral
com-
pres-
sion

Free

Free

Free

Free

No

No

No

No
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Height
Name  (mm)

Radius

(mm)

Wall
thick-
ness
(mm)

Diameter- thick-

height
ratio

(R/L)

Diameter-
LoadingBoundaihe

ness
ratio

(R/t)

com-
bina-
tion

Whether

con- can
di- is in-
tion flated

Specimen-
8

Specimen-
9

Specimen-

10

Specimen-
11

90

90

90

90

20

20

20

20

0.1

0.1

0.1

0.1

0.22

0.22

0.22

0.22

200

200

200

200

Axial
com-
pres-
sion-
lat-
eral
com-
pres-
sion
Axial
com-
pres-
sion-
lat-
eral
com-
pres-
sion-
tor-
sion

Fixed No

Fixed No

Lateral Fixed No

com-
pres-
sion-
tor-
sion
Axial
com-
pres-
sion-
tor-
sion

Fixed No
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Figure 3: Figure 6
Figure 7

Figure 4: Figure 7

Diameter- Whether
Wall Diameter- thick- LoadingBoundaithe
thick-  height ness com- con-  can

Height Radius ness ratio ratio bina- di- is in-
Name  (mm) (mm) (mm) (R/L) (R/t) tion  tion  flated

Specimen- 90 20 0.1 0.22 200 Axial Fixed Yes
12 com-

pres-

sion-

lat-

eral

com-

pres-

sion
Specimen- 90 20 0.1 0.22 200 Axial Fixed Yes
13 com-

pres-

sion-

tor-

sion

V. Effect on buckling of cola cans under axial-lateral com-
pression

Displacement-load curves and the three-dimensional landscape of (external
force-buckling load-displacement): Specimen-1 to Specimen-7 all use the
same loading method as in the experiments: first, axial pressure is applied
in the vertical direction, with the axial force ranging from 100 to 1200 N;
after the specimen has stabilized, a lateral displacement load is applied, with
the displacement increment in each loading step being 0.16 mm. The lateral
displacement, lateral force, vertical force, and vertical displacement of each
specimen are denoted respectively as: D,,, I}, Fy, and D ,. The lateral load-
displacement curves of the specimens are shown in the following figures:

Figure 6: Specimen 1: two-dimensional curves and three-dimensional surface
landscape of the buckling path

Figure 7: Specimen 2: two-dimensional curves and three-dimensional surface
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Figure 5: Figure 8
Figure 9

Figure 6: Figure 9

landscape of the buckling path

Figure 8: Specimen 3: two-dimensional curves and three-dimensional surface
landscape of the buckling path

Figure 9: Specimen 4: two-dimensional curves and three-dimensional surface
landscape of the buckling path

Figure 10: Specimen 5: two-dimensional curves and three-dimensional surface
landscape of the buckling path

Figure 11: Specimen 6: two-dimensional curves and three-dimensional surface
landscape of the buckling path

Figure 12: Specimen 7: two-dimensional curves and three-dimensional surface
topography of the buckling paths

It can be seen from the figure that all seven models exhibit the landscape phe-
nomenon described in the literature, and the differences among the “ridge” and
“valley” phenomena for the specimens are not large. According to the force-dis-
placement curve of each specimen, the specimens are divided into three stages:
the first stage is the elastic stage, in which the lateral load-bearing capacity
continuously increases with increasing lateral displacement; the second stage is
the buckling stage, in which the lateral load-bearing capacity of the specimen,
with increasing lateral displacement, first increases, then decreases, and then
increases again; the final stage is called the “lake” stage, in which the lateral
load-bearing capacity of the specimen first increases and then decreases to zero.
If loading continues, two situations may occur: one is that, as the displacement
loading gradually increases, the load-bearing capacity of the structure begins to
increase from zero; the other is that the load-bearing capacity remains zero and
no longer increases. It can be seen from the figure that the axial-force ranges of
the “lake” stage for Specimen-1-Specimen-4 are all “950N 1200N,” and the axial-
force ranges of the “lake” stage for Specimen-5-Specimen-7 are “1000N 1200N.”
Through comparison, it is found that, as the radius-to-height ratio (R/L) con-
tinuously decreases, the displacement at which the lateral load-bearing capac-
ity of the specimen becomes zero continuously increases. For example, when

Figure 10

Figure 7: Figure 10
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Figure 8: Figure 11

N = 1050N, for radius-to-height ratios (R/L) = 0.3,0.27,0.25,0.23, the dis-
placements at which the lateral load-bearing capacity is zero are respectively:
1.5mm, 1.8mm, 1.9mm, 2.1mm. Moreover, from the three-dimensional curve
plots it can also be seen that the “lake” region of the specimens increases as
the radius-to-height ratio (R/L) continuously decreases. Analysis of Specimen-
5-Specimen-7 shows that, as the radius-to-thickness ratio (R/t) continuously
increases, the displacement at which the lateral load-bearing capacity of the
specimen becomes zero continuously decreases. When N = 1050N, for radius-
to-thickness ratios (R/t) = 200, 220, 240, the displacements at which the lateral
load-bearing capacity is zero are respectively: 1.95mm, 1.35mm, 1.3mm. In
addition, from the three-dimensional curve plots it can also be seen that the red-
enclosed region is the “lake” region of the specimen; as the radius-to-thickness
ratio (R/t) continuously increases, the enclosed region continuously decreases,
and the red region continuously decreases.

From the above analysis it can be concluded that structures with larger radius-
to-thickness ratio (R/t) and radius-to-height ratio (R/L) have better stability,
and the specimens are relatively insensitive to initial defects.

Discussion of instability modes: the failure modes of each specimen are shown
in Figures 13-15. Specimens with different radius-to-height ratios and radius-to-
thickness ratios have similar failure modes. When the axial pressure is relatively
small, the lateral side of the specimen is squeezed by the rigid sphere, an inward
dent occurs in the column wall at the contact point, and the overall stability of
the specimen is good. As the axial pressure increases, relatively large deforma-
tion occurs in the column wall at the contact point. When the axial pressure
reaches a certain value (about 950NV), when the specimen is laterally squeezed
by the rigid sphere, local buckling occurs in the specimen, and a relatively large
inward concave deformation occurs at the contact position between the rigid
sphere and the column wall. Moreover, when the lateral load reaches a certain
value, the lateral-load displacement no longer increases, but the deformation
at the contact point continues to increase, and separation occurs between the
loading point and the column wall (the “lake” phenomenon begins to occur).
When the inward concavity of the column wall reaches a certain displacement,
the specimen reaches a new equilibrium. Continuing loading causes the small
sphere and the column wall to make contact a second time (at this point the
“lake” phenomenon ends), and the local deformation of the specimen continues to
increase, but overall buckling does not occur. Figure 15 shows the failure mode
of the component when subjected to a relatively large axial pressure. Because
of the large axial force, separation of the loading sphere from the column wall
occurs very early in the specimen. In addition, the local buckling on the cylinder
surface at this point gradually increases and spreads toward the cylinder top
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and cylinder foot; axial compression of the specimen ultimately leads to overall
instability of the whole component.

Figure 13: Local buckling (left), separation of the sphere from the column wall
(right)

Figure 14: Second contact between the sphere and the column wall (left); sepa-
ration of the small sphere from the column wall when the axial force is relatively
large (right)

Figure 15: Propagation of local buckling (left); overall compressive buckling
(right)

VI. Influence of Axial-Lateral-Pressure-Torsion Loading on
Buckling of the Cola Can

Displacement-load curves and three-dimensional topography of (ex-
ternal force-buckling load-displacement): On the basis of the specimens
under axial-lateral pressure, torsion is considered in this paper, and a finite-
element model under axial-lateral pressure-torsion is established. In order to
apply the torsional load, in the finite element model the two ends of the specimen
are respectively tied to the upper and lower rigid clamping plates, so that the
boundary condition of the specimen is changed from a free end to fixed. In order
to ensure the single-variable principle, the boundary conditions are changed on
the basis of Specimen-5, and Specimen-8 is established for comparative analysis
with Specimen-9, to study the landscape phenomenon of the cylindrical-shell
structure under this condition. The geometric dimensions of Specimen-9 are
the same as those of Specimen-8, and the applied torsional load is 5000V - mm,
denoted as M 4. The obtained lateral force-displacement comparison curves are
shown in the following figures:

Figure 16: Specimen 8: two-dimensional curves of the buckling path, and the
three-dimensional curved-surface landscape

Figure 17: Specimen 9: two-dimensional curves of the buckling path, and the
three-dimensional curved-surface landscape

From the curves it can be seen that, under axial compression-lateral compres-
sion-torsional loading, the specimen also exhibits the landscape phenomenon.
Compared with the curves for specimens without torsion, under the combined ac-
tion of axial compression-lateral compression-torsion, the shell structure shows
a new phenomenon. In this paper this curve phenomenon is called a “cliff” ; the
blank region below the “cliff,” where the bearing force is zero, is defined as the
“sea,” and the “lake” region is redefined in this paper as the “basin.” The reason
for the occurrence of the “cliff” phenomenon is as follows: when the laterally
loaded sphere is loaded to a certain displacement, the column wall jumps, the
loading point separates from the column wall, and the lateral bearing force of
the specimen becomes zero. This phenomenon forms the “basin” in the curve.
As the load continues to increase, the sphere again contacts the column wall,
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and the lateral bearing force of the specimen begins to increase from zero. How-
ever, for the specimen under combined axial compression-lateral compression-
torsion, after the specimen reaches the “basin” displacement, the existence of
the torsional moment causes torsional failure of the specimen in the later stage
of loading; the sphere separates from the column wall for a second time, and the
bearing force of the specimen instantaneously drops to zero, thereby forming
the “cliff” phenomenon in the curve. Compared with Specimen-8,; it is found
that the “valley” of Specimen-9 ends earlier and the “ridge” is relatively curved;
the main reason is that the application of torsional loading increases the defor-
mation of the specimen and advances the failure time. The analysis also shows
that applying torsional loading in the finite element model has little influence
on the strength of the specimen, but reduces its stability. Moreover, increasing
the torsional load causes the specimen to enter the “basin” earlier; in the later
stage of displacement loading, the specimen undergoes overall instability, and
the bearing force instantaneously drops to zero.

Comparing Specimen-8 with Specimen-5 shows that, when the boundary condi-
tions at both ends of the specimen change from free to fixed, the lateral force
of the specimen is greatly increased; the time at which the specimen forms the
“basin” is delayed, the area of the “basin” formed is smaller, and both the sta-
bility and the bearing capacity of the specimen are greatly improved. Fixing
both ends weakens, to a certain extent, the sensitivity of the structure to initial
imperfections.

Discussion of instability modes: Since many specimens were simulated, repre-
sentative specimens were selected for comparative analysis. When N = 1200N,
the failure modes of the specimens are compared in the figures. It can be seen
from the figures that the maximum-stress cloud diagram of Specimen-8 is ax-
isymmetric, and the maximum stress is distributed around the loading point
as the center. Compared with Specimen-8, the maximum-stress cloud diagram
of Specimen-9 is antisymmetric about the axis, and overall presents an “N”
shape. This indicates that increasing the torsional load changes, to a certain
extent, the force state of the specimen, thereby changing its failure state. When
N = 1200N, Specimen-9 undergoes two separations between the small sphere
and the column wall. The first separation forms the “basin” phenomenon in
the curve, and the second separation forms the “cliff” phenomenon. In con-
trast, Specimen-8 does not undergo separation between the loaded sphere and
the column wall during the entire loading process. This indicates that apply-
ing torsional loading weakens, to a certain extent, the stability of the specimen.
In the later stage of loading, Specimen-9 undergoes overall torsional instabil-
ity, whereas Specimen-8 undergoes only local buckling. This phenomenon also
proves that the application of torsional loading has an adverse effect on the
stability of the structure.

Figure 18: When M, = 1200N - mm, stress distributions of Specimen-8 (left)
and Specimen-9 (right)

Figure 19: In the middle stage of loading, the small sphere contacts the column
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wall in Specimen-8 (left), while separation between the small sphere and the
column wall occurs in Specimen-9 (right)

Figure 20: In the later stage of loading, local buckling occurs in Specimen-8
(left), while overall torsional failure occurs in Specimen-9 (right)

VII. Influence of Lateral Compression-Torsion on Buckling
of Cola Cans

Displacement-load curves and three-dimensional landscapes of (exter-
nal force-buckling load-displacement): The figure shows the lateral force-
displacement curves of Specimen-10. From the curves it can be seen that, when
the torsional-load range is 1000N - mm ~ 7500N - mm, the bearing capacity
of the specimen gradually increases with the increase of displacement loading.
When the torsional load is greater than 7500V - mm, the bearing capacity of
the specimen first increases and then rapidly decreases. The three-dimensional
curve diagram shows that, under different torsional loads, Specimen-10 exhibits
the “cliff,” described above, -

“ridge” and “sea” phenomena. In contrast, Specimen-9 and Specimen-10 did not
exhibit a “lake” phenomenon, and the “valley” phenomenon was also not very
pronounced. This is because, when the specimen is subjected to lateral load-
ing, the column wall at the loading point becomes indented under the action of
the rigid small ball; however, because there is no vertical loading, the indented
region of the column wall does not separate from the small ball and continue
to deform. Instead, under the action of the torsional load, torsional deforma-
tion occurs at the indented region; as loading continues, the range of torsional
deformation continues to expand, ultimately causing the specimen to undergo
overall torsional buckling. Before the specimen undergoes overall buckling, the
rigid loading ball remains in contact with the column wall, and separates only
when the specimen undergoes overall buckling.

Figure 21: Specimen 10: two-dimensional curves of the buckling path and the
three-dimensional curved-surface landscape

Discussion of buckling modes: The failure-mode diagrams for Specimen-10
are shown below:

It can be seen from the figures that, when the torsional load is relatively small,
the specimen undergoes only slight deformation at the contact point. The maxi-
mum stress at the loading point of the specimen is approximately axisymmetric
about the axis. As the torsional moment increases, the inward concave deforma-
tion of the specimen wall gradually increases, and the maximum stress, affected
by the torsional load, gradually changes from symmetry to antisymmetry. When
the torsional load increases to 8000V - mm, the bending deformation of the spec-
imen at the loading point changes into torsional buckling; as the torsional load
continues to increase, the torsional deformation increases, ultimately causing
the specimen to undergo overall torsional buckling.
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From the force-displacement curves and failure-mode diagrams of Specimen-
10, it can be concluded that the specimens under combined lateral pressure
and torsional loading exhibit different landscape phenomena. Compared with
Specimen-9, the specimen lacking axial pressure has an increased load-bearing
capacity, but the presence of torsional loading changes the final failure mode of
the specimen and also changes the landscape phenomena.

Figure 22: When the torsional load is 1000 - mm, stress distribution diagrams
of Specimen-10

Figure 23: When the torsional load is 7000N - mm, stress distribution diagrams
of Specimen-10

Figure 24: Overall torsional failure of Specimen-10 when the torsional load is
8000 - mm (left) and 9500N - mm (right)

VIII. Influence of Axial Compression-Torsion on Buckling
of Cola Cans

Displacement-load curves and the three-dimensional landscape of
(external force-buckling load-displacement): To study the buckling
performance of a cylindrical-shell structure under axial compression-torsion,
Specimen-11 was established. To facilitate the application of torsional loading,
the top and bottom ends of the specimen were fixed to the upper and lower
clamping plates, respectively. The torsional load was first applied; after the
specimen became stable, a displacement load was applied along the axial
direction of the specimen. The specific axial force-displacement curves are
shown below:

Figure 25: Specimen 11: two-dimensional curves of the buckling path and the
three-dimensional curved-surface landscape

It can be seen from the curve plots that the curves for all specimens show a
trend of first increasing and then decreasing, and the maximum load-bearing
capacities of the specimens are basically the same. As the displacement load
increases, the curves of the various specimens exhibit different trends. When
the applied torsional load is 3000N - mm, the axial load-bearing capacity of
the specimen becomes negative; moreover, as the torsional load increases, the
moment at which the axial load-bearing capacity becomes negative keeps occur-
ring earlier, and its numerical value keeps increasing. The main reason for this
phenomenon is as follows: when the applied torsional moment is in the range
1000N - mm ~ 3000N - mm, the axial load-bearing capacity of the specimen
is basically positive; the torsional load does not play a dominant role, and the
deformation of the specimen is mostly axial compression deformation. As the
torsional load continuously increases, relative to the axial displacement load,
the torsional load gradually begins to play the dominant role. In the initial
stage of loading, due to the action of the torsional load, multiple oblique 45° -+
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Failure modes of Specimen-11 at torsional loads of 1000 N - mm and 2000 N -
mm

Figure 9: Failure modes of Specimen-11 at torsional loads of 1000 N - mm and
2000 N - mm

Failure modes of Specimen-11 at torsional loads of 3000 N - mm and 4000 N -
mm

Figure 10: Failure modes of Specimen-11 at torsional loads of 3000 N - mm and
4000 N - mm

directional wrinkles; the front and rear wrinkles appear in a crossed state. When
torsional deformation has not yet appeared, the specimen mainly relies on the
column wall to bear the vertical load. When torsional wrinkles appear, the
specimen changes from the previous column-wall load-bearing mode to crossed-
wrinkle load-bearing together with the action of the torsional load; at this time
the axial bearing capacity of the specimen reverses direction, and the magnitude
of the bearing capacity increases to a certain extent. Accordingly, following the
definition used in coastal zones, the plane at which the bearing capacity is zero
is identified, and this plane is defined as “sea level.” The stage in which the
bearing capacity rises at the beginning of loading is defined as a “hill,” and the
stage in which the bearing capacity drops rapidly is also defined as a “cliff.”
Analysis shows that the peak loads of the specimens are similar, indicating that
the “hill” heights are the same. For the portion of the specimen curve above
“sea level,” the axial bearing capacity is positive, and the axial displacement
loading plays the dominant role; for the portion of the specimen curve below
“sea level,” the axial bearing capacity is negative, and the torsional loading plays
the dominant role.

Discussion of instability modes: The following figures show the failure-
mode diagrams of Specimen-11 under different torsional loads. It can be seen
from the figures that when the torsional load is less than 3000N - mm, the
specimen undergoes axial compressive buckling. This is because the torsional
load is relatively small and does not affect the axial deformation of the specimen.
When the torsional load is greater than 4000V - mm, the specimen changes from
axial compressive buckling to overall torsional buckling, and the deformation of
the specimen gradually increases as the torsional load increases. The change
in the specimen failure mode occurs because the torsional load is large and
affects the final failure mode of the specimen. It can be judged that when the
specimen curve is entirely above “sea level,” the specimen mostly undergoes
axial compressive buckling; below “sea level,” the specimen mostly undergoes
overall torsional instability.

Figure 26: Failure-mode diagrams of Specimen-11 when the torsional load is
1000N - mm (left) and 2000N - mm (right)
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Failure modes of Specimen-11 at torsional loads of 5000 N + mm and 6000 N -
mm

Figure 11: Failure modes of Specimen-11 at torsional loads of 5000 N - mm and
6000 N - mm

Figure 27: Failure-mode diagrams of Specimen-11 when the torsional load is
3000N - mm (left) and 4000N - mm (right)

Figure 28: Failure-mode diagrams of Specimen-11 when the torsional load is
5000N - mm (left) and 6000N - mm (right)

IX. Effect of Internal Gas Filling of the Can Body on the
Buckling of Easy-Open Cans

Displacement-load curves and three-dimensional landscape of (ex-
ternal force-buckling load-displacement): To study the “landscape” phe-
nomenon when column-shell structures such as easy-open cans are internally
filled with gas, two models, Specimen-12 and Specimen-13, were designed on
the basis of the original model. The figure below shows the force-displacement
curves of this specimen. It can be seen from the figure that the force-load-
ing displacement curves of Specimen-12 under the action of axial compression,
lateral compression, and internal pressure exhibit a monotonically increasing
trend; the specimen does not show a relatively obvious landscape phenomenon.
The maximum bearing forces in the curves of Specimen-12 and Specimen-8 are
extracted to plot the maximum bearing force-axial load curve. From this curve,
it can be seen that the degradation trends of the bearing capacities of the two
specimens are similar, but the maximum bearing capacity of Specimen-12 is far
greater than that of Specimen-8. Calculated by the average value, the average
maximum load of Specimen-12 is 68.72N, while that of Specimen-8 is 28.25N.
Moreover, when the axial load is 1300V, Specimen-8 has already exhibited the
“lake” phenomenon, and the specimen undergoes local buckling; however, the
curve of Specimen-12 still maintains a monotonically increasing trend, and the
specimen remains in the elastic stage. This shows that filling the column-shell
structure with gas can greatly improve the lateral bearing capacity of the spec-
imen, increase the buckling load of the specimen, and reduce the sensitivity of
the column-shell structure to initial defects.

Figure 30 is the force-displacement curve diagram of Specimen-13. It can be seen
from the figure that the curves of all specimens show a trend of first increasing
and then decreasing, and their maximum bearing capacities are similar. Because
of the effect of the internal-pressure load, the specimen curves do not exhibit
a “sea level” phenomenon. The minimum values of the bearing capacities in
the curves of Specimen-13 and Specimen-11 are taken to produce a comparison
diagram. It can be seen from Figure 31 that the axial bearing capacity of
Specimen-13 is much greater than that of Specimen-11, and as the torsional load
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Specimen 12 curves and landscape

Figure 12: Specimen 12 curves and landscape

increases, the degree of degradation of the bearing capacity of Specimen-11 is
much greater than that of Specimen-13. When the torsional load is 4000N - mm,
the minimum axial bearing capacity of Specimen-11 has already degraded to a
negative value, whereas the minimum bearing capacity of Specimen-13 remains
positive throughout. From the above analysis, it can be concluded that applying
internal pressure to a specimen subjected to axial-compressive-torsional loading
can substantially improve the bearing capacity of the column-shell structure and
mitigate the degradation of the bearing capacity.

Figure 29: Specimen 12: two-dimensional curves of the buckling path and the
three-dimensional surface landscape

Figure 30: Specimen 13: two-dimensional curves of the buckling path and the
three-dimensional surface landscape

Figure 31: Comparison of maximum load-carrying capacity (left), and compar-
ison of minimum load-carrying capacity (right)

Discussion of instability modes: The failure modes of Specimen-12 and
Specimen-13 are shown in the figures below. Specimen-12 did not undergo
buckling failure. Compared with Specimen-8, the application of internal
pressure significantly improved the stability of the cylindrical-shell structure
and increased the specimen’ s resistance to lateral disturbance. Specimen-13
underwent local buckling under different torsional loads, and the buckling
form gradually changed into local torsional buckling as the torsional load
increased; the overall stability of the specimen was good. By comparison
with Specimen-11, it can be seen that, when the torsional-load range was
1000N - mm ~ 6000N - mm, Specimen-13 did not undergo overall torsional
instability. When the torsional load was 6000V - mm, Specimen-13 developed
local buckling only at a location 30mm away from the upper loading plate;
whereas Specimen-11 underwent a similar failure mode when the torsional
load was 2000N - mm. This indicates that inflation of the cylindrical-shell
structure can improve the structure’ s resistance to torsional loading, delay the
occurrence of local instability, and, to a certain extent, enhance the stability of
the cylindrical-shell structure.

Figure 32: Specimen-12: left figure N = 100N, right figure N = 1300V

Figure 33: Specimen-13: left figure M = 1000N - mm, right figure M = 6000V -
mm
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X. Conclusion

In this paper, the finite-element nonlinear numerical simulation method was
adopted. First, the trend of the numerically computed results was verified and
supported, from a numerical-calculation perspective, by the experiments of Virot
et al. [34] and by the buckling landscape. Then, detailed numerical simulation
studies were further carried out on the buckling of cylindrical shells under dif-
ferent loading combinations. The buckling landscape of cylindrical shells was
obtained, and on this basis the effects of different loading combinations, differ-
ent boundary conditions, different radius-to-height ratios (R/L), and radius-to-
thickness ratios (R/t) on the buckling landscape of cylindrical-shell structures
were discussed and analyzed in detail. From the present numerical analysis and
the interpretation using the buckling landscape, the following conclusions can
be drawn:

(1) Specimens with different radius-to-height ratios and radius-to-thickness
ratios have similar buckling landscapes. The trends of the “ridge” and
“valley” of the specimens differ little, while the “lake” changes considerably.
As the radius-to-height ratio and radius-to-thickness ratio increase, the
area over which the specimen forms a “lake” continuously decreases. This
indicates that specimens with larger radius-to-height ratios and radius-to-
thickness ratios have better stability and are not highly sensitive to initial
imperfections.

(2) When subjected to lateral compression-axial compression-torsion, the
specimens not only exhibited phenomena similar to those under lateral
compression-axial compression, but also developed new buckling land-
scapes. Owing to the presence of the torsional load, the load-displacement
curve of the specimen showed a sudden drop in load-carrying capacity
in the later stage of loading. To describe this mechanical behavior more
vividly, this paper defines this phenomenon as a “cliff,” defines the blank
region below it where the load-carrying capacity is zero as the “sea,” and
changes “lake” to “basin.” These phenomena and definitions had not
appeared previously.

(3) Compared with specimens under lateral-compression-axial-compression
loading, the presence of torsional loading not only changes the failure mode
of the specimen from overall compressive buckling to torsional buckling,
but also reduces the stability of the specimen, making it more sensitive to
initial imperfections.

(4) Specimens subjected to lateral-compression-torsional loading did not ex-
hibit the “basin” phenomenon. This is because, without the action of
vertical axial pressure, the concave deformation at the contact point of
the specimen is not further intensified. In addition, under the action of
the torsional load, the concave shape inside the specimen changes, and the
specimen ultimately undergoes overall torsional instability.
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(5) Finite-element analysis was conducted in this paper for specimens under
axial-torsional loading. It was found that the presence of torsional loading
changes the force-bearing mechanism of the cylindrical-shell structure, and
the axial force of the specimen becomes negative. To better describe
this phenomenon, this paper defines the plane on which the load-carrying
capacity is zero as the “sea level,” and defines the region enclosed by
the curve at which the load-carrying capacity is maximum as the “hill.”
Analysis shows that above “sea level,” the axial load of the specimen plays
the dominant role, and the specimen mostly undergoes axial compressive
deformation; below it, deformation of the specimen is mainly controlled by
the torsional load, and the specimen ultimately undergoes overall torsional
instability.

(6) Under axial-compression-torsion-internal-pressure loading, the axial load-
carrying capacity of the specimen increases, local instability of the speci-
men is delayed, and no overall instability occurs. According to the buckling
landscape and failure modes under axial-compression-lateral-compression-
internal-pressure loading, it can be seen that, due to

Because of the existence of internal pressure, the specimen does not undergo
buckling deformation, and the lateral load-carrying capacity of the structure is
greatly improved. This indicates that internal pressurization of the cylindrical
shell structure increases the specimen’ s lateral load-carrying capacity, axial
load-carrying capacity, torsional resistance, and overall stability, and reduces
the specimen’ s sensitivity to initial imperfections.

(7) When the boundary condition of the specimen changes from free to fixed,
the load-carrying capacity of the specimen increases, its stability improves,
and its sensitivity to initial imperfections decreases.
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