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Abstract: A thin-walled steel cylindrical shell is a common engineering structure that has an efficient
load-carrying capacity. This structure is more easily subjected to partial axial compression loads in
application, and buckling is the main failure mode. However, there are few available design methods
for partial axially compressed steel cylindrical shells. Motivated by this, a design method called the
localized perturbation load approach (LPLA) is proposed in this paper. The finite element framework
for the application of LPLA is established. The location and number of perturbation loads are
determined by considering the imperfection sensitivity and the buckling failure mode of partial axial
compressed cylinders. A series of buckling experiments are carried out to validate the LPLA method.
In addition, the reliability of LPLA for the design of cylindrical shells with different imperfection
locations and dimensions is also verified. The results show that LPLA can give conservative and
reliable lower-bound buckling loads. Therefore, LPLA can be used as a design method for thin-walled
steel cylindrical shell structures under partial axial compression in actual engineering.

Keywords: thin-walled steel cylindrical shell; partial axial compression loads; buckling; lower-bound
design; perturbation load; imperfection sensitivity

1. Introduction

As a crucial engineering structure, the thin-walled steel cylindrical shell has obtained
widespread application in most industrial fields. This structure tends to buckle when
subjected to axial compression loads, and buckling failure is a critical concern in the design
work of thin-walled cylindrical shell structures [1–6]. A large number of cylindrical shell
buckling experiments have been carried out, and researchers have found that the experi-
mentally observed buckling loads are far short of the theoretical predicted buckling loads
of perfect shells [7,8]. Koiter [9] emphasized that the buckling loads of cylindrical shells are
very sensitive to geometric imperfections. During the manufacture and transportation of
steel cylindrical shell structures, geometric imperfections arise inevitably [10], which means
a deviation between the actual shell shape and the perfect shape of the cylinder. Even small
imperfections can significantly reduce the buckling load when the thin-walled cylindrical
shell is under axial compression [11], so the influence of geometric imperfections should be
carefully considered at the shell design stage.

The knockdown factor (KDF), the ratio of the buckling load of an actual imperfect
cylindrical shell to the theoretical buckling load of a perfect shell, is defined to describe
the gap between experimental results and theoretical results. In the 1960s, an empirical
design guideline named NASA SP-8007 [12] was presented based on massive experimen-
tal results. This guideline provides a suggested lower-bound KDF and it is extensively
used for shell preliminary design. Nevertheless, with the development of materials sci-
ence and manufacturing technology, the NASA SP-8007 guideline has been proven to be
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rather conservative [13–15], meaning that the related design may lead to structural redun-
dancy and fund wastes. To avoid an overly conservative design, Arbocz and Babcock [16]
presented a method to determine the KDF by considering the measured geometric imper-
fections from actual cylindrical shells. The calculated KDFs often agreed well with the test
results. However, a serious problem is that the measured imperfections cannot be obtained
in the shell design process before manufacturing. Thus, a cylindrical shell design method
that does not rely on actually measured geometric imperfections is required.

The perturbation load approach is a type of deterministic analysis method based on
numerical simulation. This approach triggers imperfections by exerting perturbation loads
on the ideal cylindrical shell. The produced imperfections are treated as the “worst” case
and the influence is greater than actual geometric imperfections, so the buckling load of the
perturbated shell is calculated as the lower-bound design load [17]. Hühne et al. [18] pro-
posed the single perturbation load approach (SPLA). In this approach, a single concentrated
force is applied on the cylindrical shell as a perturbation load, causing a dent imperfection.
The SPLA has been utilized by some researchers to design axially compressed cylindrical
shells because of its convenience. However, Hao et al. [19] noted that the SPLA generally
produces non-conservative KDFs because a single dent cannot envelop the effects of actual
imperfections. Wagner et al. [20] indicated that the SPLA may provide a risky design buck-
ling load for a cylindrical shell with an axisymmetric pre-buckling pattern. For the sake of
improving the prediction method, Arbelo et al. [21] proposed the multiple perturbation
load approach (MPLA). Multiple perturbation loads are adopted in the MPLA, rather than
a single load. Jiao et al. [22] systematically investigated the effects of the perturbation load
parameters on the MPLA, including the perturbation load number, magnitude and relative
position. The MPLA has been verified as a promising method in predicting lower-bound
buckling loads in comparison with the SPLA [23,24]. Furthermore, as a new type of MPLA,
the worst multiple perturbation load approach (WMPLA) based on a surrogate model was
proposed by Hao et al. [25] and Wang et al. [26] and then optimized by Tian et al. [27]. Their
research indicates that the WMPLA can provide the design loads of axially compressed
cylindrical shells with comparative accuracy.

However, the design methods of thin-walled cylindrical shell structures mentioned
above are almost always applied in uniform axial compression loading conditions. In
engineering, the actual loading case of steel or alloy cylindrical shells is distinctly more
complicated [28,29]—for example, partial axial compression loads. The equipment set up
on the top of a shell structure, such as the trestle piers installed on steel silos [30] or the
ring cranes placed on top of nuclear containment shells [31], cause the partial distribution
of axial compression loads, as shown in Figure 1. Moreover, discretely supported storage
silos may bring about large reaction forces around the support column ends, which can
make the cylindrical shell prone to buckling.
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Regarding the partial axial compression loading of thin-walled cylindrical shells, some
studies have been carried out. Rotter et al. [32] studied the buckling behavior of a cylindrical
shell with a locally high axial membrane stress distribution. The effects of structure geomet-
rical parameters and imperfection amplitudes were discussed. Song et al. [33] carried out a
series of numerical analyses of the load-carrying capacity of steel cylindrical shells, in which
the partial axial loads were imposed on two loading regions at the shell end. An expression
was presented by Khelil [34] to calculate the buckling loads of cylindrical shells under
combined non-uniform axial loads and internal pressure. The dynamic stability of a simply
supported composite cylindrical shell subjected to periodic partial loads was investigated
by Dey and Ramachandra [35]. It was shown that for higher dynamic loads, the shell
exhibited a chaotic behavior. In recent years, authors have performed a lot of experimental
studies on thin-walled steel cylindrical shells under partial axial compression [36–38]. In
our studies, over 40 steel cylindrical shell specimens with different loading cases were fabri-
cated and tested. The buckling failure mechanism, load-carrying capacity and imperfection
sensitivity of cylindrical shells were investigated in detail. Studies showed that the failure
mode of steel cylindrical shells subjected to a small distribution of partial axial compression
loads is local buckling, which is different from that in uniform axially compressed shells.

From the above research review, it can be found that the partial axial compression
loads play a key role in the buckling of thin-walled cylindrical shells, which should be
prudently considered in the shell design stage. However, to the best of our knowledge, there
is still a lack of design methods for steel cylindrical shells under partial axial compression.
Motivated by this, a new design method called the localized perturbation load approach
(LPLA) to determine the design buckling loads of partial axially compressed cylindrical
shells is proposed in this paper. The main innovation of this method is to consider the
asymmetry of partial axially compressed cylindrical shells, and the perturbation loads are
applied on the local area of the shell surface to cover the effects of geometrical imperfections.
This method can serve as a safe design method for partial axially compressed cylindrical
shell structures.

This paper is organized as follows. Section 2 presents the localized perturbation load
approach. The FE modeling and the determination of the perturbation load parameters are
introduced in detail. In Section 3, the localized perturbation load approach is validated by
comparing the results with experimental studies as well as numerical studies of cylindrical
shells with different imperfection locations or various dimensions. Finally, some important
conclusions are summarized.

2. Localized Perturbation Load Approach (LPLA)

As a type of perturbation load approach, the basis of the localized perturbation load
approach is to utilize the dent imperfections caused by perturbation loads to cover the
adverse effects of actual geometric imperfections on shell buckling. Then, the lower-bound
buckling loads of cylindrical shells can be obtained. However, the distribution of the
partial axial compression loads breaks the symmetry of the cylindrical shells and changes
the buckling behaviors [38]. Specifically, the buckling failure mode is local buckling, and
the steel cylindrical shell is more sensitive to imperfections near the partial axial loading
regions. Therefore, in the LPLA, the perturbation loads are applied on the local shell areas
near the loading regions.

The flow diagram of the LPLA is shown in Figure 2 and a guide for the application of
the LPLA in a finite element (FE) framework is also provided. The details of FE modeling
as well as the determination of the perturbation load parameters, including location and
number, are introduced in Sections 2.1–2.3.
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Figure 2. The localized perturbation load approach (LPLA).

1. Establishment of the cylindrical shell FE model with partial axial compression loading condition.
2. Determination of the location and number of perturbation loads according to the

distribution of partial axial compression loads.
3. Calculation of the lower-bound buckling load as the design load of the cylindrical shell.

2.1. FE Modeling

All finite element models in the LPLA are established by the ABAQUS 6.14 software
(SIMULIA Inc., Providence, RL, USA). The static analysis method with artificial damping is
used for calculation. According to convergence studies, the value of the damping factor is
determined to 1 × 10−6. The dimensions and material parameters of the FE models are
selected based on a reported study [38], as shown in Table 1. The ideal elastoplastic model
is adopted as a material constitutive model. The cylinders are meshed by shell element S4R,
which is a 4-node element with reduced integration. Moreover, the boundary conditions
on both shell edges are clamped, but, at the top edge of the shell, the displacement is free
in the axial direction for the application of partial axial loads. All nodes in the loading
regions are linked to the reference point by coupling constraints, which act as rigid links
to transmit axial compression loads. Then, an axial displacement U3 is applied on the
reference point as the displacement-controlled axial compression load. Figure 3 shows the
mesh and boundary conditions of the FE model.

Table 1. The parameters of cylindrical shell FE models.

Parameter Value

Shell diameter, D (mm) 1000
Shell length, L (mm) 530

Shell thickness, t (mm) 1.2
Yield strength, ReL (MPa) 149.4

Poisson’s ratio, ν 0.3
Elastic modulus, E (GPa) 202.4

Damping factor 1 × 10−6

Shell element type S4R
Shell circumferential element number 400
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2.2. Determination of the Locations of Perturbation Loads

The perturbation load approach based on artificially inserted “worst” imperfections
has been utilized to design a thin-walled cylindrical shell under uniform axial compres-
sion. Nonetheless, as previously mentioned, the buckling failure mode and imperfection
sensitivity of cylindrical shells under partial axial compression are different from those in
shells under uniform axial compression loads. Therefore, the locations of the perturbation
loads in the LPLA need to be redetermined to cover the effect of geometric imperfections
on shell buckling.

Figure 4 demonstrates the buckling deformation and stress distribution of cylindrical
shells subjected to different levels of partial axial compression loads. For a more intuitive
illustration, the contour plots are presented as 2D expanded diagrams, where U is the
absolute value of radial deformation and S is the von Mises stress. It is worth noting that,
in this paper, all loading regions of each shell are of the same size and are equally spaced
apart from each other. This loading pattern fits most loading cases in actual engineering.
We use the number and size (corresponding central angle) of the loading regions to refer to
cylindrical shells under partial axial compression. For example, “3 × 10◦” means that the
number of partial axial loading regions is 3, and, for each region, the central angle is 10◦.

As shown in Figure 4, when the cylindrical shell has a small distribution of partial
axial compression loads, the failure mode is local buckling. The cylindrical shell deforms
greatly in the areas below the loading regions, while little deformation occurs in other
areas far away from the loading regions. This is because the axial loads within a small
scope have limited effects on the stress distribution of the cylindrical shell. Only the shell
areas near the loading region have higher stress levels, and the material yield occurs first
in these areas, accompanied by the extension of buckling deformation and a decrease in
load-carrying capacity. However, when the distribution scope of the partial axial com-
pression loads becomes larger, the shell failure mode changes to global buckling failure.
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The yield areas extend and are finally connected together, and the buckling deformation
gradually spreads over the whole circumference. The larger the distribution scope of the
partial axial compression loads, the closer the shell buckling behavior is to the uniform
axially compressed cylindrical shell. In this paper, only the design of cylindrical shells with
local buckling failure mode is investigated. The size of each loading region is limited to
smaller than 40◦, and the total size of the loading regions on a cylindrical shell is smaller
than 120◦. This is in line with the loading cases of most engineering steel shell structures
with discrete supports or equipment installation [30,31].
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Figure 4. The buckling deformation and stress distribution of cylindrical shells subjected to different
levels of partial axial compression loads.

Due to the asymmetry of the cylindrical shells under partial axial compression, chang-
ing the relative location of the geometric imperfections to the axial loads will change the
shell buckling behaviors. The test specimen S-4-A is used to study the effect of the im-
perfection locations on the shell buckling behaviors. The distribution scope of the partial
axial compression loads is 4 × 15◦. The buckling tests of this series of specimens have been
carried out in previous research [38], and the geometric imperfections are measured and
imported into the shell FE model for calculation. The partial axial compression load is
rotated around the axis within an angle α to change the relative locations of imperfections
to axial loads. Figure 5 shows the buckling loads of shells with different imperfection
locations, and the different locations of the loading regions are marked by red arcs in the
top view of shells. α = 0◦ represents the real location of imperfections on the specimen. It
can be found that changing the relative locations of geometric imperfections to partial axial
compression loads causes a variation in the buckling load. When α = 80◦, the buckling load
reaches the maximum value of 170.4 kN and the minimum value is 140.3 kN when α = 50◦.
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Figure 6 exhibits the buckling deformation of 4 × 15◦ partial axial compressed cylindri-
cal shells with different imperfection locations in a critical buckling state and post-buckling
state. α = 50◦ and α = 80◦ correspond to the minimum and maximum buckling loads. When
the cylindrical shell structure is perfect and has no imperfections, its buckling deformation
is symmetrical whether in the critical buckling state or post-buckling state. There is the
same deformation below each axial loading region. Conversely, cylindrical shells with
imperfections have asymmetrical deformation. The reason behind this phenomenon is that
the randomly distributed geometric imperfections can weaken the load-carrying capacity of
different areas of the shell to varying degrees. As shown in Figure 6a, the starting point of
buckling deformation changes with the imperfection location. However, regardless of how
the imperfection location changes, the shell buckling failure mode is always local buckling
failure, and large deformation only appears below the loading regions. This indicates
that the shell buckling mode is determined by the axial load distribution rather than the
imperfection distribution. Furthermore, the cylindrical shells have different imperfection
sensitivities at different shell areas when subjected to a small distribution of partial axial
compression loads. The areas close to the axial loading regions are significantly affected by
the imperfections, while areas far from the loading regions are insensitive to imperfections.
This means that the perturbation loads need to be applied at the appropriate locations close
to the loading regions, so that the dent imperfections can greatly reduce the load-carrying
capacity of the cylindrical shell, thereby obtaining the lower-bound buckling load.
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Figure 6. The buckling deformation of cylindrical shells with different imperfection locations: (a) critical
buckling state; (b) post-buckling state.

Figure 7 shows the different locations of the perturbation load application points at
the surface of a 4 × 15◦ partial axial compressed cylindrical shell. The shell can be divided
into four identical parts, and each part corresponds to a 90◦ central angle with one 15◦

loading region. This figure shows the 3D schematic diagram and 2D unfolded diagram of a
90◦ shell part. The perturbation loads have the same locations in all four shell parts. For
example, the perturbation load applied on point A1 represents that four equal loads are
applied at the same A1 location in four shell parts. The vertical lines A and B, respectively,
correspond to the locations below the middle and below the edge of a loading region, while
vertical line C is located directly in the middle of two loading regions. The horizontal lines
1, 2 and 3 quarter the shell in the vertical direction. The nine intersections of the auxiliary
lines are taken as the perturbation load application points to investigate the influence of
different perturbation load locations on the shell buckling load.
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The relation curves of the shell buckling loads versus perturbation loads at each point
are presented in Figure 8. The buckling load of a perfect cylindrical shell is also marked
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with a horizonal line. It can be observed that these curves show three different types
of trends. The curves A3, B3, C1, C2 and C3 coincide with the horizonal line. As the
perturbation loads applied at these points increase, the buckling load is nearly constant.
This phenomenon reflects that when the perturbation loads are applied far away from the
partial axial compression loading regions, the obtained dent imperfections have little effect
on shell buckling. In other words, the shell areas that are far away from the loading regions
in the horizontal or vertical direction are insensitive to imperfections. This is consistent
with the conclusion proposed above.
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In contrast, when the perturbation load application points are near the loading regions,
the buckling load changes greatly as the perturbation loads increase. The curves A2 and
B2 show a different trend from A1 and B1. For curves A1 and B1, as the perturbation
load gradually increases, the buckling load decreases rapidly until reaching the threshold
value NA1 or NB1. After the threshold, the buckling loads decrease slowly, although the
perturbation load keeps increasing. In the perturbation load approach, the threshold value
is defined as the lower-bound buckling load [18,22]. However, for curves A2 and B2,
the buckling load begins to decrease continuously after the perturbation load reaches a
certain value. It is difficult to obtain the lower-bound buckling load. Figure 9 shows the
buckling deformation results of the 4 × 15◦ partial axial compressed steel cylindrical shell,
including the experimental and numerical results of test specimen S-4-A, and the buckling
deformation results of shells with different magnitudes and locations of perturbation loads.
It can be found that the deformation result is more similar to the actual deformation when
the perturbation loads are applied closer to the loading regions (A1 or B1). Therefore,
compared to points A2 or B2, the perturbation loads applied on A1 or B1 can cover the
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effects of imperfections on shell buckling better and can provide stable lower-bound
buckling loads.
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Figure 9. The buckling deformation results of steel cylindrical shells subjected to 4 × 15◦ partial axial
compression loads.

To find the appropriate perturbation load application location to obtain a safe lower-bound
buckling load, an investigation in a smaller distance range is carried out. As seen in Figure 7,
when the distribution scope of the partial axial loads is small, the vertical lines A and B
are very close. Thus, the relation curves of the shell buckling loads versus perturbation
loads have the same trend when two equal-height perturbation loads are applied on the
two lines—for example, A1 and B1, or A2 and B2. Therefore, only line A is considered here.
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Several perturbation load application points located at a shorter path on line A are shown
in Figure 10, and the vertical distance d between these points and the axial loading region
is marked.
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Figure 10. Different locations of perturbation load application points in a smaller range: (a) 3D
schematic diagram of a cylindrical shell; (b) 2D unfolded diagram of a 90◦ shell part.

The relation curves of the shell buckling loads versus the perturbation loads of these
points are presented in Figure 11. The lower-bound buckling loads obtained from these
curves are all smaller than the test results. However, the effect of the imperfection locations
should also be considered. The minimum results in Figure 5 are labeled as the riskiest case.
From this perspective, when the perturbation loads are applied at points A6, A7 or A8, a
safe lower-bound buckling load can be obtained. In addition, the curve A6 (d = 0.2L) has
the most obvious threshold value and the value is not overly conservative.
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To summarize, in the LPLA, the perturbation loads are set right below the middle
of the loading region, as with the location of line A. The vertical distance between the
application point of the perturbation load and the axial loading region is the same as point
A6, i.e., 0.2 times the shell length.

2.3. Determination of the Number of Perturbation Loads

As seen in Section 2.2, regardless of how the location of the perturbation loads changes,
the perturbation load number is equal to the number of loading regions. Figures 12 and 13
show the relation curves of the buckling load versus perturbation load of cylindrical shells
S-4-A and S-3-A with different numbers of perturbation loads. The distribution scope of the
partial axial compression loads of S-3-A is 3 × 20◦. The distribution of different numbers of
perturbation loads is plotted in the top view of the cylindrical shell. The vertical distance
from each perturbation load to the loading region is 0.2 times the shell length. In addition,
the minimum buckling load 120.6 kN of S-3-A is marked in Figure 13, which is obtained by
changing the relative location of the geometric imperfections to the axial loads.
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It can be found that the lower-bound buckling load changes with the number of
perturbation loads. When the number of perturbation loads is less than the loading regions
(1PLA/2PLA/3PLA of S-4-A, or 1PLA/2PLA of S-3-A), the lower-bound buckling load is
greater than the minimum result. In other words, these cases provide non-conservative
buckling loads. This is because, in these cases, there are no perturbation loads located
below one or more loading regions, so the adverse effect of imperfections on shell buckling
is not fully considered. Thus, the perturbation load approach gives higher buckling load
results. However, when the number of perturbation loads is more than the loading regions
(8PLA of S-4-A, or 6PLA of S-3-A), the conservative buckling load results can be obtained.
The relation curves of the buckling load versus perturbation load basically coincide with
the curves obtained from the cases when the number of perturbation loads is equal to the
number of loading regions (4PLA of S-4-A, or 3PLA of S-3-A). This is due to the fact that
the extra perturbation loads are applied away from the loading regions, which has little
effect on shell buckling. Thus, in the LPLA, the appropriate number of perturbation loads
is equal to the number of partial axial loading regions, and one perturbation load is applied
below the middle of each loading region.

3. Validation of LPLA
3.1. Experimental Studies
3.1.1. Test Specimens and Platform

Buckling tests of thin-walled steel cylindrical shells under partial axial compression
were carried out to validate the localized perturbation load approach. Different types of
steel cylindrical shell test specimens were fabricated. The cylindrical shells were rolled
by a DC01 steel sheet. Both ends of the shell were fully welded with specially designed
flanges to ensure the transfer of partial axial loads and reduce the adverse boundary effect.
Figure 14a shows some of the test specimen photos and top flange structures. The number
and size of the prominent platforms on the top flange determine the distribution scope of
the partial axial compression loads acting on the cylindrical shell.

Tensile tests were also conducted to determine the material properties of the test
specimens. Three tensile coupons were fabricated with the same batch of shell steel sheets.
The average values of Young’s modulus E and yield strength Rel of the three coupons were
taken as the mechanical material properties of the cylindrical shells. The Poisson’s ratio v
was directly taken as 0.3. These material properties are listed in Table 1 and are utilized for
FE modeling in this paper.

The buckling tests were performed on the axial compression buckling test platform
displayed in Figure 14b. The hydraulic loading system could drive the pressure head
to compress the specimen with a constant speed of 1 mm/min. Meanwhile, the axial
compression signals could be acquired by the pressure sensor mounted on the bottom of
the supporting base, so the axial load–time curve of each cylindrical shell specimen could
be directly obtained. The movement mode of the pressure head could be switched by the
electronic control cabinet. More detailed information about the buckling test platform can
be found in Ref. [38].

3.1.2. Results and Comparisons

Figure 15 shows the test results of six steel cylindrical shells, including their buckling
deformation and axial load–displacement curves. In addition, corresponding numerical
studies were performed, and the results are also listed. The geometric imperfections of
each specimen were measured by a Handy-Scan 3D laser scanner (CREAFORM Inc., Levis,
QUC, Canada). In the numerical studies, the measured imperfections were imported into
the cylindrical shell FE models by the inverse weighted interpolation method presented by
Castro et al. [39]. It can be seen that the local buckling behavior could be well simulated in
the numerical studies.
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Figure 15. The experimental results and numerical results of test specimens: (a) the buckling
deformation of test specimens; (b) the axial load–displacement curves of test specimens; (c) the
numerical results of test specimens. The red stars represent the buckling loads which are marked in
Figure 15c.
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The buckling load results of all specimens obtained by the experimental studies (Exp)
and numerical studies (Num) are listed in Table 2. The lower-bound buckling load of
each steel cylindrical shell was calculated by the LPLA. The comparisons between the
buckling loads obtained by the LPLA, buckling tests and numerical simulations are shown
in Figure 16. The abscissa axis represents the experimental results, and the two vertical axes
represent the numerical results and LPLA results. When a point is above the 45◦ dashed
line, the ordinate value is greater than the abscissa value, meaning that the numerical/LPLA
result is greater than the experimental result. Likewise, the points below the dashed line
indicate that the numerical/LPLA results are less than the experimental results.

Table 2. Comparison of LPLA results and experimental results.

Cylindrical
Shell

Loading
Region

Experimental
Results (Exp) (kN)

Numerical Results
(Num) (kN)

LPLA Results
(kN) (LPLA-Exp)/Exp

S-1-A 3 × 10◦ 101.4 97.8 89.6 −11.64%
S-1-B 3 × 10◦ 117.4 107.6 89.6 −23.68%
S-2-A 4 × 7.5◦ 142.9 126.2 108.8 −23.86%
S-2-B 4 × 7.5◦ 131.9 131.1 108.8 −17.51%
S-3-A 3 × 20◦ 158.9 148.0 117.1 −26.31%
S-3-B 3 × 20◦ 123.7 139.6 117.1 −5.34%
S-4-A 4 × 15◦ 162.4 164.4 138.4 −14.78%
S-4-B 4 × 15◦ 171.3 159.3 138.4 −19.21%
S-6-A 6 × 10◦ 190.8 207.8 172.9 −9.38%
S-6-B 6 × 10◦ 204.3 207.6 172.9 −15.37%
S-7-A 3 × 40◦ 221.8 214.4 193.1 −12.94%
S-7-B 3 × 40◦ 218.3 198.5 193.1 −11.54%
S-8-A 4 × 30◦ 207.7 226.1 198.7 −4.33%
TS-1-1 2 × 15◦ 99.6 100.2 71.8 −27.91%
TS-1-2 2 × 15◦ 96.6 102.7 71.8 −25.67%
TS-1-3 2 × 15◦ 86.7 95.9 71.8 −17.19%
TS-2-1 2 × 15◦ 139.1 151.8 110.5 −20.56%
TS-2-2 2 × 15◦ 138.9 145.4 110.5 −20.45%
TS-2-3 2 × 15◦ 124.7 135.1 110.5 −11.39%
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Figure 16. Comparison of LPLA results, Num results and Exp results.

It can be seen from the comparison that the numerical results are closer to the experi-
mental results than the LPLA results. The reason is that the numerical simulations consider
the real imperfections on steel cylindrical shells. It is worth noting that there are some
deviations between the Exp results and Num results, which depend on the manufacturing
accuracy of the test specimens. From Table 2, the deviations between the experimental
results and numerical results are mostly less than 10%, so the accuracy of the FE models
proposed in this paper is acceptable.
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As mentioned above, the measured imperfections cannot be obtained in the shell
design process before manufacturing. Therefore, a numerical simulation based on measured
imperfections cannot achieve the appropriate design load of the cylindrical shells under
partial axial compression. All LPLA results are lower than the experimental results. The
maximum deviation between the two results is −27.91%, while the minimum deviation
is −4.33%. This indicates that the LPLA can provide safe buckling loads for these steel
cylindrical shells and can be utilized as a lower-bound design method for shell buckling.

3.2. Numerical Studies with Different Imperfection Locations

As mentioned in Section 2.2, the distribution of partial axial compression loads makes
the cylindrical shell asymmetrical. The variation in the relative location of geometric
imperfections to axial loads may change the load-carrying capacity of shells. Figure 17
shows the buckling loads of six steel cylindrical shells with different relative locations of
the geometric imperfections and different distributions of partial axial compression loads.
Similarly, the change in the relative location is represented by the rotation angle α of the
partial axial compression. Table 3 compares the minimum buckling loads of six shells with
different imperfection locations with the LPLA results.
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Table 3. Comparison of LPLA results and minimum Num results.

Cylindrical Shell Loading Region Num Results
(Minimum) (kN) LPLA Results (kN) (LPLA-Num)/Num

S-1-A 3 × 10◦ 92.3 89.6 −2.93%
S-2-A 4 × 7.5◦ 120.5 108.8 −9.71%
S-3-A 3 × 20◦ 120.6 117.1 −2.90%
S-4-A 4 × 15◦ 140.3 138.4 −1.35%
S-6-A 6 × 10◦ 188.5 172.9 −8.28%
S-7-A 3 × 40◦ 205.4 193.1 −5.99%

It can be seen from Figure 17 and Table 3 that the change in the relative location of
the geometric imperfections to the partial axial compression loads causes a lower buckling
load result. Even so, for each cylindrical shell, the LPLA result is lower than all cases of the
Num results. This proves that the LPLA can cover the worst effect of imperfections and
gives a safe and reliable lower-bound shell buckling load.

3.3. Numerical Studies with Different Shell Dimensions

The shell buckling load results calculated above are all based on cylindrical shells
with the same dimensions. It is necessary to examine whether the LPLA can be applied
to design steel cylindrical shells of various sizes. The length and thickness of cylindrical
shells are, respectively, changed to obtain different radius-to-thickness ratios (R/t) and
length-to-radius ratios (L/R). The LPLA results are compared with the numerical sim-
ulation results. The measured geometric imperfections are rescaled for application on
cylindrical shells with changed dimensions. In addition, four steel cylindrical shell models
established by Song et al. [33] are also utilized for comparison. These shells have different
types of imperfections and different distributions of partial axial compression loads. The
comparison results are shown in Table 4 and Figure 18.

Table 4. Comparison of LPLA results and Num results with different shell dimensions.

Cylindrical
Shell

R
(mm)

L
(mm)

t
(mm) R/t L/R Loading

Region
Num Results

(kN)
LPLA
(kN)

(LPLA-
Num)/Num

S-2-A 500 530 1.2 417 1.06 7.5◦ × 4 126.2 108.8 −13.79%
S-2-A1 500 530 1 500 1.06 7.5◦ × 4 100.2 89.4 −10.78%
S-2-A2 500 530 1.67 300 1.06 7.5◦ × 4 192.0 153.2 −20.21%
S-2-A3 500 530 2.5 200 1.06 7.5◦ × 4 314.3 257.4 −18.10%
S-2-A4 500 530 5 100 1.06 7.5◦ × 4 721.2 603.4 −16.33%
S-6-A 500 530 1.2 417 1.06 10◦ × 6 207.6 172.9 −16.71%
S-6-A1 500 530 1 500 1.06 10◦ × 6 166.4 139.8 −15.99%
S-6-A2 500 530 1.67 300 1.06 10◦ × 6 307.5 244.5 −20.49%
S-6-A3 500 530 2.5 200 1.06 10◦ × 6 492.2 397.7 −19.20%
S-6-A4 500 530 5 100 1.06 10◦ × 6 1123.4 958.8 −14.65%
S-2-B1 500 500 1.2 417 1.0 7.5◦ × 4 119.5 109.1 −8.70%
S-2-B2 500 1000 1.2 417 2.0 7.5◦ × 4 113.6 105.0 −7.57%
S-2-B3 500 1500 1.2 417 3.0 7.5◦ × 4 113.1 103.9 −8.13%
S-2-B4 500 250 1.2 417 0.5 7.5◦ × 4 122.6 109.7 −10.52%
S-6-B1 500 500 1.2 417 1.0 10◦ × 6 190.5 173.2 −9.08%
S-6-B2 500 1000 1.2 417 2.0 10◦ × 6 183.1 163.0 −10.98%
S-6-B3 500 1500 1.2 417 3.0 10◦ × 6 183.3 158.6 −13.48%
S-6-B4 500 250 1.2 417 0.5 10◦ × 6 195.0 172.8 −11.38%

C-1 500 1500 1 500 3.0 5◦ × 2 18.8 13.4 −28.72%
C-2 500 1500 1 500 3.0 5◦ × 2 15.1 13.4 −11.26%
C-3 500 1500 1 500 3.0 30◦ × 2 40.6 28.9 −28.82%
C-4 500 1500 1 200 3.0 30◦ × 2 30.1 28.9 −3.99%
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From the comparison results, it can be found that the LPLA can be applied to obtain
safe lower-bound buckling loads for cylindrical shells with 100–500 R/t and 0.5–3 L/R.
Within this range of shell dimensions, the localized perturbation load approach is proven to
be a safe and reliable design method for steel cylindrical shells under partial axial compression.

4. Conclusions

In this paper, the localized perturbation load approach (LPLA) is proposed to achieve
the lower-bound buckling loads of thin-walled steel cylindrical shells under partial axial
compression. The procedure for the application of the LPLA is provided, and the location
and number of perturbation loads are determined by considering the buckling failure mode
and imperfection sensitivity of cylindrical shells. Finally, the LPLA is validated via a series
of comparison studies. The following conclusions can be drawn.

(1) When the distribution scope of the partial axial compression loads is small, the
failure mode of the cylindrical shell is local buckling. The distribution of the partial
axial loads causes discrepancies in the load-carrying capacity at different locations
in the shell. The shell areas directly below the loading regions have the “weakest”
load-carrying capacity. Therefore, applying the perturbation loads on these areas can
reflect the influence of imperfections to the greatest extent.

(2) The appropriate number and location of perturbation loads in the LPLA are deter-
mined by finite element analysis. One perturbation load is applied right below the
middle of each loading region of partial axial compression. The vertical distance
between the application points of perturbation loads and the axial loading regions is
0.2 times the shell length.

(3) The results of the LPLA are lower than the test results in all studied loading conditions.
In addition, the shell buckling loads under different imperfection locations and vari-
ous dimensions are all greater than the corresponding lower-bound buckling loads
calculated by the LPLA. It is proven that the LPLA can provide rational and conserva-
tive lower-bound buckling loads for thin-walled cylindrical shells under partial axial
compression. Therefore, the LPLA can be regarded as an appropriate design method
for the partially axially compressed steel cylindrical shells in actual engineering.
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The application of the LPLA is verified for steel cylindrical shells with the R/t and L/R
ratios of 100~500 and 0.5~3, respectively. Future work will include follow-up experimental
and numerical studies to validate shells with a wider range of dimensions and shells
produced from other materials.
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