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ABSTRACT

Longitudinal stiffeners are commonly used in engineering practice to enhance the strength and buckling resistance.
This study examines the effects of three stiffener geometries (I-, L-, and U-shaped) under equal-mass conditions to
quantify the influence of longitudinal stiffener geometry on the buckling behavior of thin-walled SS304 cylindri-
cal columns. To evaluate their influence on the buckling response, following factors were chosen: stiffener shape,
number of longitudinal stiffeners (Ns), stiffener circumferential spacing ratio (p, /s), and stiffener width-to-stiffener
thickness ratio (b/ts). An experimental program was conducted to validate the finite element simulation. Nonlinear
finite element simulations were applied using Abaqus. The finite element output was analyzed using the Tagu-
chi method to identify the best parameter combinations for highest buckling strength. The analysis of variance
(ANOVA) method was utilized to determine the influence of each parameter on the critical buckling load. The
outcomes indicated that the combination of parameters exhibiting the greatest buckling resistance corresponds to
the U-shaped stiffener configuration with several longitudinal stiffeners (Ns = 6), stiffener width-to-stiffener thick-
ness ratio (b/ts = 2.2), and a circumferential spacing ratio (p, /s = 0.6). The results further indicated the number of
stiffeners and their circumferential spacing are the most influential factors for buckling resistance, and stiffener
width-to-stiffener thickness ratio is the least influential.

Keywords: thin-walled cylindrical columns, longitudinal stiffeners, buckling behavior, axial compression, stiff-
ener geometry, circumferential spacing ratio, stiffener width-to-stiffener thickness ratio, stainless steel.

INTRODUCTION

stiffener, the number of stiffeners, the circumfer-
ential spacing, the details of the attachment, and
the thickness of the stiffener. The fundamental
behavior of thin-walled cylindrical columns has
been extensively investigated since the pioneer-
ing work of NASA [1], which established a com-
prehensive framework for elastic and inelastic
buckling through the SP-8007 report and intro-
duced knockdown factors that remain a global
reference for shell design. This theoretical foun-
dation was further formalized [2], who clarified
elastic stability equations and boundary condi-
tion modeling. Subsequent studies highlighted

Thin-walled cylindrical columns are widely
used in modern lightweight structures due to
their high strength-to-weight efficiency; how-
ever, they are extremely sensitive to buckling
and premature failure under axial compression,
particularly when unstiffened, where even small
geometric imperfections or unfavorable boundary
conditions may trigger sudden collapse and sig-
nificant economic losses. Consequently, stiffen-
ing structural has become an essential engineer-
ing strategy to enhance buckling resistance and
ensure structural safety. Longitudinal stiffeners

are a common way to make structures more sta-
ble and less likely to fail, but their effectiveness
depends on many factors, such as the shape of the

the pronounced sensitivity of cylindrical shells to
geometric imperfections, where [3] demonstrat-
ed that even minor deviations can significantly

381


https://orcid.org/0009-0005-2575-6423

Advances in Science and Technology Research Journal 2026, 20(6), 381-402

reduce the critical buckling load, while nonlin-
ear finite element investigations by [4] confirmed
that geometric imperfections and residual stresses
exert a dominant influence on buckling behavior.
Later developments [5] showed that post-buck-
ling response follows a gradual nonlinear stiff-
ness degradation rather than an abrupt loss of
load-carrying capacity. With the introduction of
stiffening systems, experimental and numerical
investigations [6,7] demonstrated that increasing
the number of longitudinal stiffeners can suppress
local buckling and alter post-buckling load redis-
tribution, although the resulting increase in criti-
cal load is not necessarily linear. Furthermore,
showed that stiffener geometry plays a decisive
role in balancing stiffness enhancement and
post-buckling stability [8], as different profiles
activate distinct deformation and load-transfer
mechanisms. In addition to elastic and nonlinear
buckling, experimental investigations on axially
compressed circular tubes conducted [9] dem-
onstrated that thin-walled columns may undergo
localized plastic deformation prior to global col-
lapse, highlighting the importance of considering
plastic buckling mechanisms in nonlinear stabil-
ity analyses, particularly for ductile materials
such as stainless steel. Beyond global geometry,
the effectiveness of stiffened thin-walled mem-
bers has been shown to be strongly influenced by
connection detailing and load-transfer efficiency
between the stiffener and the shell. Reported that
shear-lag effects and insufficient weld stiffness
may limit composite action and reduce buckling
efficiency. In this context [10], demonstrated that
resistance spot welding parameters significantly
affect local stiffness, failure initiation [11], and
load-transfer efficiency in cold-formed steel
members, indicating that even optimized stiffener
geometry may not be fully activated without ade-
quate and sufficiently stiff attachment. Nonlinear
local and global buckling behavior of thin-walled
steel columns is also highly sensitive to geometric
imperfections and material nonlinearity. Showed
that plastic buckling of stainless-steel cylindrical
shells is strongly influenced by material nonlin-
earity and imperfection sensitivity under axial
compression [12], emphasizing the importance
of nonlinear constitutive modeling for stainless-
steel columns. Independently, demonstrated
that although imperfection amplitude affects the
absolute buckling load [13], comparative trends
between different geometrical configurations
remain relatively stable, supporting the use of

382

eigenmode-based imperfection modeling in non-
linear parametric studies. Furthermore, hybrid
experimental-numerical frameworks validated
against representative experiments have been
shown to reliably capture structural trends and
parametric sensitivity beyond the experimentally
tested cases. In this regard, confirmed that once a
nonlinear finite element model is experimentally
verified, it can be confidently extended to inves-
tigate a wider parametric space [14]. Regional
experimental investigations conducted [15] like-
wise confirmed that realistic boundary conditions
and appropriate stiffening significantly enhance
the buckling resistance of thin-walled steel mem-
bers. Parallel to mechanical investigations, statis-
tical optimization techniques have been increas-
ingly applied to buckling problems, demonstrated
that Taguchi and ANOVA-based approaches can
identify dominant geometric ratios governing
the buckling response of longitudinally stiffened
cylindrical columns [16-18].

This study focuses on stainless-steel columns
under axial compression, particularly because
of their importance in engineering applications
that require both lightweight structural efficien-
cy and effective buckling resistance. Despite
notable advancements in the literature, existing
studies often vary stiffener geometry without
accounting for mass equality or examine indi-
vidual parameters in isolation. A clear research
gap remains regarding the combined influence
of stiffener shape, number, rigidity, and circum-
ferential stiffener distribution when the stiffeners
are constrained to equal mass. The equal-mass
stiffener concept is adopted as a rational normal-
ization strategy to isolate the influence of stiff-
ener geometry while eliminating weight as a con-
founding variable, which is particularly relevant
in early-stage structural optimization where a
fixed material budget is redistributed rather than
increased. Accordingly, the equal-mass approach
employed in this study serves as a comparative
and optimization-oriented framework rather than
a direct fabrication or cost-equivalence prescrip-
tion. In response to this gap, the present work
focuses on comparing three stiffener geome-
tries I-shaped, L-shaped, and U-shaped profiles
through a systematic evaluation of key param-
eters: stiffener geometry, the number of stiffen-
ers (Ns), the stiffener width-to-thickness ratio (b/
ts), and the circumferential spacing ratio (p,/s).
This work investigates the effect of variations
in these parameters on the buckling behavior of
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thin-walled cylindrical columns made of SS304
stainless steel under axial loading, with the pri-
mary objective of quantifying the influence of
stiffener geometry on buckling resistance under
equal-mass conditions.

THEORY

Buckling and finite element

Buckling is a state of a structure in which
the applied loads are large enough to disturb or
destroy its stability. The linear analysis of buck-
ling determines its theoretical strength. It is mod-
eled as an eigenvalue equation:

(K + Zka)/y =0 (1)

where: ko is a stress-stiffness matrix, A is the
eigenvalue (load factor), K is the stiff-
ness matrix, and y is the eigenvector of
displacements.

The outcomes for this formula are the eigen-
values and corresponding eigenvectors. The
smallest value from the eigenvalues represents
the critical load factor of buckling. If the applied
load is (P), then the critical load will be (A*P). If
the load is pure bending and the cross-section of
the structure is uniform, there will be both posi-
tive and negative factors for load, but they have
equal absolute values. Therefore, the critical load
factor must be determined based on the direction
of the applied load [19,20].

Nonlinear buckling analysis

Nonlinear buckling analysis gives a greater
accuracy than elastic formulation. This analysis is
a static method, which concerns a nonlinearity of
materials and geometrics, and boundaries’ nonlin-
earity. In this type of analysis, the load is applied
gradually until a small increment of the load
makes a big change in displacement; at this point,
the state of the structure becomes unstable, and
the load represents the critical buckling load [21].
This study used the nonlinear analysis because it
is close to the real behaviour of the structure.

Taguchi

Genichi Taguchi established the Taguchi tech-
nique in 1949. It is a mechanism for determining
the link between the input process and the output

of products. The outcome relies on employing an
orthogonal array (OA) with a limited number of
tests to identify the optimal set of parameters for
the procedure. This method serves as an effective
instrument for enhancing design by integrating
the principles of quality loss function and design
of experiments theory. It offers a methodical
strategy for enhancing design efficacy, expense,
and excellence. Furthermore, the method utilizes
a statistical metric known as the signal-to-noise
ratio (S/N), which is defined as the ratio of the
mean (signal) to the standard deviation (noise),
representing a logarithmic function of the desired
output. There are three conventional classifica-
tions of signal-to-noise ratio: greater the best
(HB), lower the best (LB), and nominal the bet-
ter (NB) [22-24]. In this investigation, a greater
buckling strength is necessitated; hence, a supe-
rior formula is employed.

o )
where: y represents the read data, and n is the

observations’ number.

S/N =—-10log (-XI-4

ANALYSIS OF VARIANCE

Analysis of variance (ANOVA) is an effective
statistical method that identifies significant factors
and illustrates the percentage contribution of each
parameter. This research employed the signal-to-
noise ratio (S/N) for decision-making. The ANOVA
technique relies on the total sum of squared devia-
tions (SS;), which is represented as [25]:

SSr = X2y (= np)? (3)

The percentage of contribution (P) could be
calculated as:
_ S5

P =
SSt

4)

d.o.f of any parameter(factor) =k — 1(5)
Totald.o.f =n—1

Totald.o.f =n—1 (6)

d.o.f of error =

= totald.o.f — Z d.o.f of parameters )
_ SSa. @®)

d.o.f

=7
F=y ©)
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where: n is the number of trails (observation) in
the orthogonal array, n, is mean of S/N
ratio for the observation, n_ is mean of
all parameters, SS, is a summation of the
squared deviations, k is levels’ number
for each parameter, P is contribution’s
percentage, V is parameter’s factor vari-
ance, V. is error’s variance, d.o.f is the
degree of freedom, and, F is the F-value
(test statistic) used in ANOVA to evaluate
the statistical significance of each factor.

Specimen geometry design

The specimens are designed to represent
thin-walled cylindrical columns with longi-
tudinal stiffeners, reflecting the geometry and
cross-sectional boundary conditions of thin-
walled (D/t = 125) structural components. Each
specimen consists of a stainless-steel cylindri-
cal column with a constant wall (D = 100 mm)

thickness (t = 0.8 mm) and length (L = 590
mm). Dimensions are shown in Figure 1, par-
ticularly in Figures la, 1b, and 1c, dimensions
of the specimen designed according to Eurocode
[26]. In line with previous experimental studies
on thin-walled spot-welded structures, where
a weld spacing (p, = 30 mm) was adopted for
sheet joints to ensure stable load transfer and
minimize shear lag effects [27].

Table 1 shows the dimensions of the longi-
tudinal stiffeners on which the simulation will
be performed. The distribution of these dimen-
sions ensures that the shapes are of equal mass
(92 g) per stiffener (I-, L-, and U-shaped) and a
cross-sectional area of approximately 16 mm?.
The circumferential spacing (s) for all stiffener
shapes depends on the number of longitudinal
stiffeners (Ns) and the cylinder circumference,
resulting in values of (s = 157, 78.5, and 52.3
mm) for (Ns =2, 4, and 6), respectively.

a) b) ¢)
S o R s TIT = S }H_ b
<Q { @ L
S s S
60 Oﬂ @io
d)
ts
g+
Cc
4—’*
.
b ts
b g

Figure 1. Specimen dimensions (a) I-shape stiffener; (b) L-shape stiffener; (c) U-shape stiffener;
(d) the dimensions of the longitudinal stiffeners
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Table 1. Geometric dimensions of longitudinal stiffeners under equal-mass conditions

Number of stiffeners Shape of stiffener Thickness of stiffener High stiffeners (b) Edge of stiffener (c)
(Ns) (ts) (mm) (mm) (mm)
2,4,6 | 0.8 20 0
2,46 | 1.6 10 0
2,46 | 2.4 7 0
2,4,6 L 0.8 135 6.5
2,46 L 1.6
2,46 L 2.4 5 2
2,46 U 0.8
2,46 U 1.6 35 35
2,46 U 2.4 2.2

EXPERIMENTAL PROGRAM

The objective of the experimental program
is to study the influence of the longitudinal stiff-
ener geometry on the buckling behaviour of thin-
walled SS304 cylindrical columns. Each stiff-
ener shape was applied in configurations of 2, 4,
and 6 stiffeners with thicknesses of stiffener (ts)
of 0.8 mm, 1.6 mm, and 2.4 mm, producing 27
specimens. Table 2 summarizes the parameters
according to the stiffener-geometry criterion: the
number of stiffeners (Ns), stiffener width-to-stiff-
ener thickness ratio (b/ts), and the circumferential
spacing ratio (p,/s), enabling a direct compari-
son of the structural efficiency of the I-, L-, and
U-shape stiffeners.

Manufacturing and welding process

The product manufacturing process involved
three steps: cutting, rolling, and welding, as illus-
trated in Figure 2. All welding parameters, such
as wire type, weld circle diameter, and spacing,
were carefully and scientifically recorded to
ensure repeatability and quality control. Initially,
a CNC laser cutting machine (A fiber laser) is
applied in cutting metal sheets with nitrogen at
an initial operating pressure of p being, 24 bars.
Such high operating nitrogen pressure facilitates
high-quality cuts [28] was used to cut the piec-
es in a dedicated workshop, as shown in Figure
2(a), were rolled into a circle to match the desired
sample shape and achieve the desired cylindrical

Table 2. Selected parameters and levels for the I-shaped stiffener geometry: number of longitudinal stiffeners (Ns),
stiffener width-to-thickness ratio (b/ts), and circumferential spacing ratio (p,/s); Selected parameters and levels for
the L-shaped stiffener geometry: number of longitudinal stiffeners (Ns), stiffener width-to-thickness ratio (b/ts), and
circumferential spacing ratio (p,/s); Selected parameters and levels for the U-shaped stiffener geometry: number of
longitudinal stiffeners (Ns), stiffener width-to-thickness ratio (b/ts), and circumferential spacing ratio (p,/s)

Selected parameters and levels for the |-shaped stiffener geometry
Symbols Parameter Level 1 Level 2 Level 3
A Ns 2 4 6
B b/ts 25 6.25 29
C p,/s 0.2 0.4 0.6
Selected parameters and levels for the L-shaped stiffener geometry
Symbols Parameter Level 1 Level 2 Level 3
A Ns 2 4 6
B b/ts 16.6 4.3 2
C p,/s 0.2 0.4 0.6
Selected parameters and levels for the U-shaped stiffener geometry
Symbols Parameter Level 1 Level 2 Level 3
A Ns 2 4 6
B b/ts 8.75 25 0.8
C p,/s 0.2 0.4 0.6
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shape. A laser welding machine (fiber welding
system) was used to weld the pieces together as
demonstrated in Figure 2b. This Laser welding
technology was chosen because it works well
with thin-walled stainless steel and designed for
reduces thermal distortion, surface scratches, and
potential weld discontinuities that could affect the
integrity of the sample during testing. Moreover,
the welding wire, with a diameter of 1.5 mm, was
made from the same stainless-steel grade as the
base material. This ensures that the weld area
is compatible with the metal and has the same
mechanical properties throughout. Figure 2(c)
illustrates the final samples.

Tensile test

Specimens were fabricated using 0.8 mm
thick stainless steel (304) alloy sheets. Tensile
tests were performed to ascertain the mechani-
cal properties of the sheets. Tensile tests were

conducted on specimens sized in accordance with
ASTM E8/E8M [29], as seen in Figure 3. Table 3
presents the test results derived from the average
of three specimens.

Buckling test

Three thin-walled cylindrical column speci-
mens were tested under axial load to validate the
numerical simulations. As shown in Figure 4b,
the first specimen served as an unstiffened refer-
ence column (RC), while the second was stiff-
ened with two I-shaped stiffeners, and the third
was stiffened with two L-shaped stiffeners. The
computer-controlled electronic universal test-
ing machine type WDW-200E was used for the
axial buckling test, as shown in Figure 4a. The
axial load was applied at the upper end gradually
with the rate of 1 mm/min. Steel cylinders were
fitted to the ends of the column to prevent any
localized distortion of the cross-section, as shown

Figure 2. Manufacturing and welding process: (a) CNC fiber laser cutting machine; (b) fiber laser welding
system; (¢) specimen; (d) stiffened specimen

Figure 3. (a) Tensile test specimen dimensions according to ASTM ES8/E8M All dimensions in mm,
G: gage length 57, W: width 12.5, T: thickness 0.8, R: radius of fillet 12.5, A: length of reduced section 60,
L: overall length 180, B: length of the grip section 50, C: width of the grip section 20;
(b) tensile test specimens in the testing device
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Table 3. Mechanical properties of SS304 stainless
steel

Stainless steel (304) Experimental measured
Young modulus, E (GPa) 195
Poisson’s ratio, v 0.29
Yield stress, oy (MPa) 270
Ultimate stress, ou (MPa) 510

in Figure 4c. The tests provided essential load—
displacement data and buckling mode observa-
tions, enabling a direct and reliable correlation
between the experimental results and the numeri-
cal predictions.

Finite element modelling

Thin-walled longitudinally stiffened columns
were modeled and analyzed using Abaqus 2023
finite element software. All models were created
according to the specimen dimensions. S4R ele-
ments were adopted for meshing due to their high
accuracy in modeling thin-shell behavior and
their capability to capture both local and global
buckling modes. Each element has four nodes
with six degrees of freedom (three translational
and three rotational), allowing precise simula-
tion of the thin column—stiffener interaction. The
contact between the stiffeners and the cylindrical
wall was defined as a tie constraint to represent
the welded connection. Intermittent weld attach-
ment was modeled using discrete circular tie
regions, while weld flexibility and heat-affected
zone softening were not explicitly considered, in
line with assumptions commonly adopted in pre-
vious numerical studies. The potential influence

a)

1
Compression and
bending system il

of weld flexibility and residual stresses on local
buckling initiation is therefore identified as a
topic for future investigation. Axial compression
was applied at the upper edge, while the bottom
edge was fixed to prevent rigid-body motion. To
replicate the experimental end cylinders used to
avoid local cross-sectional distortion, the end
nodes were coupled to reference points using
kinematic constraints, enforcing uniform dis-
placement and rotation consistent with the test
setup. Initial geometric imperfections were incor-
porated in the nonlinear analyses by scaling the
first linear buckling mode shape to an amplitude
consistent with commonly adopted values in the
literature. Although the absolute buckling loads
are sensitive to imperfection magnitude, the com-
parative trends among different stiffener geom-
etries and governing parameters were found to
remain unchanged.

To trace the nonlinear post-buckling response,
the Riks method was employed, which enables
automatic control of the load—displacement path
beyond the critical point and accurately captures
the complete instability behavior. This procedure
ensures convergence even when the structure
experiences stiffness degradation after buckling
initiation. The numerical framework was primar-
ily intended to capture dominant main effects,
while interaction effects among parameters were
assessed qualitatively and found to be second-
ary within the investigated range. In Figure 5,
only three representative simulation models are
presented to illustrate the shape and position of
the stiffeners within the thin-walled column. The
results of all numerical models are reported and
discussed in the Results section.

Figure 4. (a) WDW-200E universal testing machine; (b) specimen; (c) specimen in the testing device
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Figure 5. Columns geometry according to the experimental dimensions: (a) column with two I-shaped stiffeners;
(b) column with two L-shaped stiffeners; (c) column with two U-shaped stiffeners

The numerical model as shown in Figure 6a,
b, and c) explains the positions of the longitudinal
stiffeners (I-, L-, and U-shaped) attached to the
thin-walled stainless-steel cylinder using a dis-
crete weld pattern that replicates the experimental
configuration. The weld locations were defined
along the stiffener centerline with a constant axial
pitch of (p,, = 30 mm), measured from the loaded
end to the fixed end, so that the spacing between
successive attachment points matched the actual

a)

fabrication details. Each weld was idealized as a
circular contact area with a nominal diameter of
5 mm, corresponding to the observed spot-weld
footprint on the specimen surface. In the finite-
element mesh, these regions were created by parti-
tioning the shell of the thin column and the stiffener
at the weld locations and applying tie constraints
(surface-based or node-to-node) to enforce full
compatibility of displacements between the stiff-
ener and the column over the 5 mm circular zone.

Figure 6. Stiffener geometry according to the weld locations dimensions: (a) I-shaped stiffener;
(b) L-shaped stiffener; (c) U-shaped stiffener
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This approach provides a realistic representation
of local stiffness transfer from the stiffener to the
cylindrical wall, which is critical for accurately
predicting the onset and development of local
buckling in the stiffened specimens. Weld mate-
rial flexibility and heat-affected zone softening
were not explicitly modeled; however, this ideal-
ization is consistent with common practice in shell
buckling simulations and is considered sufficient
for capturing the comparative buckling response
among different stiffener geometries.

RESULTS AND DISCUSSION

Results of experimental tests

Experimental tests indicated that Thin-walled
cylindrical columns without stiffeners (RC),
illustrated in Figure 7c, and those with stiffen-
ers, depicted in Figure 7a and 7b, were deformed
under axial compression. The critical buckling
load of the Thin-walled cylindrical columns
increased with the addition of longitudinal stiffen-
ers when subjected to axial compression, and the
effect of the L-shaped stiffener on enhancing the

Figure 7. Buckling test results of columns: (a)
I-shaped stiffened column; (b) L-shaped stiffened
column; (c) unstiffened column

Table 4. Experimental program results

critical buckling load is evident in this context. The
observed deformation patterns and critical load
values are important for validating the numerical
simulation and ensuring the accuracy of the results.
The experimental program was primarily designed
to validate the numerical modeling strategy and
boundary conditions rather than to exhaustively
investigate all parametric configurations. Despite
the limited number of tested specimens, the good
agreement obtained between experimental and
numerical results provides sufficient confidence
in the finite element framework, which was sub-
sequently extended to perform a comprehensive
parametric study covering 27 numerical configura-
tions. Table 4 lists the critical buckling load results
for the three tested specimens.

Results of finite elements analysis

The numerical analysis conducted using
Abaqus demonstrated good agreement with the
experimental results for the three tested speci-
mens. Table 5 and Figure 8§ present a comparison
between the experimental and numerical critical
buckling loads for both unstiffened and stiffened
cylindrical columns, revealing a strong correlation
between the two approaches. While the predicted
critical buckling loads show close agreement,
noticeable differences are observed in the post-
buckling displacement response. These discrep-
ancies are mainly attributed to the idealized rep-
resentation of boundary conditions, the assumed
geometric imperfection pattern and amplitude,
and the absence of frictional effects and local com-
pliance in the numerical model, which are inher-
ently present in the experimental setup. It should
be emphasized that the numerical framework was
primarily developed to accurately predict the criti-
cal buckling load and associated buckling mode
rather than to reproduce the full displacement evo-
lution. Furthermore, Figure 9 confirms the similar-
ity in the buckling modes observed experimentally
and numerically, indicating that the failure of the
tested specimens is governed by the interaction of
local buckling and nonlinear structural response

Stiff. shape Ns b/ts p,/s Py (KN)
- - 71.8
| 2 25 0.2 74.8
L 16.6 0.2 75.08
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Table 5. Comparison of experimental and FEM critical buckling loads
Stiff. profile Ns b/ts p./s P (KN) Peye (KN) Pee/Peem
- - - - 71.8 66.1351 97.07%
| 2 25 0.2 74.8 75.32 99.3%
L 2 16.6 0.2 75.08 75.69 99.19%
a) b) ©)
® S DRwb ol 3 + EXP lshape ;
~ AEmud + FME lshape o] P Lo
704 /' ' 1 * FME L-shape
1~ A
IR\ i f 3
] Fo] 3
5= ' e "y =
S 304 ! ® 0 ' "y
24 ‘ 2 :'
‘3: . .: u 'll:
np ol A :
0 2 H 5 3 v 2 508 0 R 2
displacement displacement

al)

b1)

cl)

Figure 8. Comparison of experimental and FEM load—displacement curves for thin-walled cylindrical columns:
(a) column without stiffeners; (b) column with two I-shaped stiffeners; (c) column with two L-shaped stiffeners

Figure 9. Comparison of buckling behaviors obtained from experimental tests and numerical simulations
al—-a2) column without stiffeners; bl-b2) column with two I-shaped stiffeners;
cl—c2) column with two L-shaped stiffeners

390



Advances in Science and Technology Research Journal 2026, 20(6), 381-402

under axial compression. Nonlinear buckling finite
element studies were performed to determine the
critical buckling load value. An orthogonal array
including 27 combinations (L27) was developed.
The critical buckling load value was computed for
each combination. Table 6 presents the results of
critical buckling from the simulation program.
The numerical program, consisting of 27
Abaqus models, systematically combined all stiff-
ening variables three stiffener shapes (I, L, and U),
three stiffener thicknesses (0.8, 1.6, and 2.4 mm),
and three stiffener counts (2, 4, and 6) together with
a weld space (p,, = 30 mm). This matrix enabled a
comprehensive assessment of how stiffener shape,
thickness, and circumferential distribution (p,/s)
influence the axial buckling resistance of thin-
walled stainless-steel cylindrical columns. The
results demonstrated a clear hierarchy of perfor-
mance, where the U-shaped stiffeners produced the

Table 6. Orthogonal array with the critical load

highest improvement, followed by the L-shaped
and then the I-shaped configurations. Increasing
the stiffener count significantly enhanced buck-
ling strength, with all peak values occurring at
(Ns = 6), as the circumferential stiffness and con-
finement improved and the effective panel width
between stiffeners was minimized. Stiffener thick-
ness also played a strong role, where moderate and
large thicknesses (1.6 and 2.4 mm) increased local
bending stiffness and strengthened the weld line,
especially when combined with low (p,/s) ratios
that improved shear transfer and delayed the initia-
tion of local buckling waves. Within this param-
eter space, the highest critical loads were record-
ed for U-shape, (Ns = 6, ts = 1.6, 91,574 kN), as
shown in Figure 11c; L-shape, (Ns = 6, ts = 1.6,
89,567 N); L-shape, (Ns = 6, ts = 2.4, 89,567 N),
as shown in Figure 11b; and I-shape, (Ns = 6, ts =
2.4, 86,621 N), as shown in Figure 11a, confirming

Test No. Z:]:fce k:;ssng:‘ Higr(lbjtir;f?ers shape Ns p,/s bl/ts C(Li:)i;‘:lrl).l)ozd
1 0.8 20 I 2 0.2 25 75323
2 0.8 20 I 4 0.4 25 73567
3 0.8 20 I 6 0.6 25 74349
4 1.6 10 I 2 0.2 6.25 72396
5 1.6 10 | 4 0.4 6.25 76186
6 1.6 10 I 6 0.6 6.25 81521
7 2.4 7 | 2 0.2 2.9 73539
8 2.4 7 | 4 0.4 2.9 80352
9 24 7 I 6 0.6 2.9 86622
10 0.8 13.5 L 2 0.2 16.6 74692
1 0.8 135 L 4 0.4 16.6 79023
12 0.8 135 L 6 0.6 16.6 89084
13 1.6 7 L 2 0.2 4.3 70178
14 1.6 7 L 4 0.4 4.3 79023
15 1.6 7 L 6 0.6 4.3 89567
16 2.4 5 L 2 0.2 2 72671
17 2.4 5 L 4 0.4 2 78118
18 2.4 5 L 6 0.6 2 89567
19 0.8 7 ] 2 0.2 8.75 74320

20 0.8 7 ] 4 0.4 8.75 82101
21 0.8 7 ] 6 0.6 8.75 89084
22 1.6 3.5 ] 2 0.2 2.2 72840
23 1.6 35 u 4 0.4 2.2 82212
24 1.6 35 u 6 0.6 2.2 91574
25 24 2 u 2 0.2 0.8 68337
26 24 u 4 0.4 0.8 71908
27 2.4 u 6 0.6 0.8 87772
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Figure 10. The results for the critical buckling load obtained from simulation analysis: (a) without stiffener;
(b) I-shape stiffener; (c) L-shape stiffener; (d) U-shape stiffener
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Figure 10. The results for the critical buckling load obtained from simulation analysis: (a) without stiffener;
(b) I-shape stiffener; (c) L-shape stiffener; (d) U-shape stiffener
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the superior stabilizing effect of using six stiffen-
ers with low spacing ratios.The exceptional perfor-
mance of the U-shape configuration is attributed to
its semi-closed geometry, dual weld legs, enhanced
circumferential restraint, and optimal balance
between stiffener stiffness and shell engagement,
which collectively minimized ovalization. Overall,
the results highlight that stiffener geometry is the
dominant variable controlling buckling behavior
and that the combination of a U-profile, six stiff-
eners, and moderate thickness provides the most
effective enhancement of axial buckling resis-
tance. Figure 10 shows the numerical results for
the critical buckling load obtained from simulation
analysis. Figures of the specimens with the highest
critical buckling load value were chosen for pre-
sentation in this paper. Overall, when the mass of
stiffener remains constant, the stiffener geometry
significantly influences the buckling resistance of
the thin-walled column specimen.

Figure 11 illustrates the load—displacement
responses of unstiffened and stiffened thin-walled

a)

SS304 cylindrical columns incorporating I-,
L-, and U-shaped longitudinal stiffeners. In all
cases, the initial linear segments of the curves
correspond to elastic behavior, followed by non-
linear softening associated with the initiation of
local buckling. Relative to the unstiffened refer-
ence column, all stiffened configurations exhibit
a pronounced enhancement in critical buckling
strength. Based on the maximum recorded loads,
the I-shaped stiffener achieved an increase in crit-
ical load of approximately 20.6%, while higher
improvements in the range of 24.7-27.5% were
obtained for the L-shaped and U-shaped stiffen-
ers, respectively. Furthermore, when compared
at peak capacity, the L-shaped and U-shaped
configurations exceeded the I-shaped stiff-
ener by approximately 3.4-5.7%, respectively,
whereas the difference between the L-shaped and
U-shaped stiffeners remained relatively small
approximately 2.2%.

Beyond the peak load, the post-buckling
displacement response reveals clear differences

b)
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Figure 11. Critical buckling load—displacement diagrams for all stiffener families: (a) I-shaped stiffeners;
(b) L-shaped stiffeners; (c) U-shaped stiffeners
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among the stiffener geometries, reflecting varia-
tions in stiffness redistribution, local buckling
development, and shear-lag sensitivity. Columns
stiffened with I-shaped profiles exhibit a pro-
nounced post-peak load reduction accompanied
by limited deformation capacity, particularly
at lower stiffener densities, owing to the open-
section geometry, shear-lag effects, and the rapid
development of local buckling in the shell panels
between stiffener weld lines. The L-shaped stift-
ener demonstrates improved post-peak behavior
with a more gradual load reduction and increased
displacement capacity, reflecting enhanced local
restraint of the thin-wall; however, the asym-
metric stiffness distribution still promotes local-
ized deformations in less-supported regions.
In contrast, the U-shaped stiffener provides the
most stable post-buckling response, sustaining
higher load levels over larger displacements.
This superior behavior is attributed to its semi-
closed geometry, which enhances circumferential
confinement, improves load transfer between the
stiffener and thin column, and effectively sup-
presses the growth of local buckling waves. The
post-buckling performance is therefore assessed
qualitatively based on the shape of the load—dis-
placement curves; a quantitative evaluation of
ductility or energy absorption capacity (e.g., area
under the curve) is recommended as a valuable
extension for future work.

Overall, increasing the number of stiffeners
significantly improves both peak load and post-
buckling displacement capacity for all geom-
etries, whereas variations in stiffener thickness
achieve a comparatively secondary role, confirm-
ing that circumferential stiffener distribution gov-
erns both strength and stability after buckling.

Taguchi and ANOVA results

The Taguchi method was employed to sys-
tematically assess the influence of the governing
design parameters on the buckling performance
of longitudinally stiffened thin-walled cylindri-
cal columns. An orthogonal array was adopted to
accommodate three factors at three levels while
ensuring a balanced and statistically efficient
design, as summarized in Table 7. The selected
control parameters included the stiffener geom-
etry (I-, L-, and U-shaped), the number of stiffen-
ers (Ns), and the stiffener thickness (ts). For each
of the 27 numerical runs prescribed by the orthog-
onal array, the critical compressive buckling load

was taken as the response variable (Y1), and the
corresponding signal-to-noise (S/N) ratio was
evaluated using the “larger-is-better” criterion.
It should be noted that the circumferential spac-
ing ratio (p,/s) was not treated as an independent
parameter in the Taguchi matrix. This decision
was made because (p,/s) is directly governed by
the number of stiffeners (Ns) through geometric
compatibility and therefore represents the same
physical effect. Including both parameters in the
Taguchi design would result in redundancy and
potential overrepresentation of the circumferen-
tial stiffness effect. Consequently, the influence
of (p,/s) is inherently captured through variations
in Ns. Similarly, the stiffener slenderness ratio (b/
ts) is effectively governed by the stiffener thick-
ness (ts) within the present design framework. In
order to maintain a constant stiffener mass across
all configurations, the stiffener width (b) was
adjusted accordingly with changes in (ts), and its
value varied depending on the selected stiffener
geometry. This equal-mass constraint ensures a
fair comparison among different stiffener shapes
and thickness levels by eliminating mass as a
confounding parameter. Consequently, the inves-
tigated levels of (b/ts) correspond directly to (ts =
0.8, 1.6, and 2.4 mm), while implicitly account-
ing for the geometry-dependent variation of (b).
In this context, the effect attributed to (b/ts) in the
Taguchi analysis primarily reflects the influence
of thickness-controlled, equal-mass stiffener con-
figurations on the buckling behavior, rather than
the isolated effect of thickness alone.

The results summarized in Tables 8-9 and
quantitatively confirmed by the Taguchi response
table for the signal-to-noise ratio (Table 7) dem-
onstrate that the number of stiffeners (Ns) is
the dominant parameter governing the buckling
resistance of longitudinally stiffened Thin-walled
cylindrical columns. This is evidenced by the
highest Delta value (A = 1.50) and the consistent
increase in both critical buckling load and S/N
ratio when Ns increases from Level 1 to Level
3, with the most robust performance observed
at (Ns = 6). This behavior reflects the decisive
role of circumferential stiffness redistribution
and the reduction of unstiffened thin wall width
in buckling resistance. Stiffener geometry ranks
second in significance (A = 0.33), where L- and
U-shaped stiffeners outperform the I-shaped con-
figuration due to their enhanced torsional rigidity
and more effective thin wall stiffener interaction
under equal-mass conditions. In contrast, stiffener
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Table 7. Orthogonal array and S/N

Run No. A:S?i?fzﬂgrm ;;ﬁ’\:::rze(r,\g) C: bits Respa\r;)s evi S/N (Larger)
1 | 2 0.8 75322.9 97.5385
2 | 2 1.6 72396.4 97.1943
3 | 2 24 73539.0 97.3304
4 | 4 0.8 73566.8 97.3336
5 | 4 1.6 76185.9 97.6375
6 | 4 2.4 80351.9 98.0999
7 | 6 0.8 74349.4 97.4255
8 | 6 1.6 81521.1 98.2254
9 | 6 2.4 86621.5 98.7525
10 L 2 0.8 74692.1 97.4655
11 L 2 1.6 70177.8 96.9240
12 L 2 2.4 72671.0 97.2272
13 L 4 0.8 79023.4 97.9551
14 L 4 1.6 79023.4 97.9551
15 L 4 2.4 78118.4 97.8551
16 L 6 0.8 89084.1 98.9960
17 L 6 1.6 89567.1 99.0430
18 L 6 2.4 89567.1 99.0430
19 u 2 0.8 74319.8 97.4221
20 u 2 1.6 72840.4 97.2474
21 u 2 24 68336.5 96.6931
22 u 4 0.8 82101.1 98.2870
23 u 4 1.6 82212.2 98.2987
24 u 4 24 71907.7 97.1355
25 u 6 0.8 89084.1 98.9960
26 u 6 1.6 91574.0 99.2354
27 U 6 2.4 87771.7 98.8671

thickness (ts) exhibits the weakest influence (A =
0.08), indicating that its effect is secondary within
the investigated range. An intermediate thickness
of (ts = 1.6 mm) provides an optimal balance
between stiffness enhancement and stress com-
patibility, particularly at higher Ns levels, where
the maximum S/N ratio of approximately 99.24
dB is achieved. The closely spaced response val-
ues observed in several Taguchi runs are attrib-
uted to the discrete nature of the orthogonal array
levels rather than numerical inconsistency. Over-
all, the ranking Ns > Shape > ts is fully consistent
with the observed buckling trends and provides
a statistically supported basis for identifying the
optimal stiffening configuration (Figure 12).
Overall, the Taguchi and ANOVA analy-
ses confirm that the number of stiffeners is the
dominant parameter controlling buckling resis-
tance, followed by stiffener geometry, while the
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influence of stiffener thickness (or equivalently b/
ts) is of secondary importance within the investi-
gated parameter space.

Discussion of b/ts, stiffener shape, and
thickness effects

The influence of the stiffener height-to-
thickness ratio (b/ts) on the axial critical load
demonstrates a strong dependence on stiffener
geometry, even though all stiffener configura-
tions were designed with equal mass, making the
comparison entirely shape-driven. As shown in
Figure 13c, the U-shaped stiffener consistently
provides the highest critical load. The cross-sec-
tions with semi-closed geometry deliver superior
torsional rigidity, enhanced warping restraint, and
more efficient distribution of axial stresses along
the thin-walls an effect widely documented in
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Figure 12. Main effect plot of S/N ratios

Table 8. Combined Taguchi mean S/N analysis including the shape factor

Symbol Rank Factor Level 1 Level 2 Level 3 Delta Influence
B 1 Ns 97.23 97.84 98.73 15 Strongest
A 2 Shape 97.73 98.05 98.02 0.33 Medium
c 3 ts 97.94 97.97 97.89 0.08 Weak
Table 9. The results of ANOVA for the combined stiffener parameters
Factor Sum Sg. DOF Mean Sq F-value p-value
Ns 10.304 2 5.152 26.86 0
Stiffeners Shape 0.5791 2 0.28955 151 0.245
ts 0.032 2 0.01598 0.08 0.92
Error 3.8366 20 0.19183 - -
Total 14.7517 26 - - -

studies examining the stability of stiffened cylin-
drical columns [7,8,30]. In contrast, the open-web
I-section, despite having identical mass, exhibits
lower rotational stiffness and greater sensitivity to
shear-lag and local buckling. Such vulnerabilities
of open stiffener sections have been reported in
prior investigations on welded and thin-walled
members, where shear-lag and premature local
instability significantly reduced the attainable
buckling strength [10,31,32]. These insights
explain why increasing (b/ts) in the I-shape does
not generate proportional improvements in global
stability, particularly at larger stiffener numbers.
Although the present interpretation is based on
qualitative sectional behavior, a detailed quanti-
tative comparison of bending and torsional stiff-
ness properties is suggested as a valuable exten-
sion for future work to further substantiate the

observed performance differences among stiff-
ener geometries.

Conversely, both the L- and U-shaped stiff-
eners benefit substantially from increases in (b/ts),
especially for (Ns =4 and 6), where the additional
stiffener height enhances rigidity and confine-
ment, promoting more effective composite action
between the stiffener and the cylindrical wall. Sim-
ilar mechanisms have been identified in stiffened
panels and cylindrical columns, where increased
confinement and bending stiffness delayed local
buckling and raised global collapse loads [33-35].
The ability of the L and U shapes to redistribute
compressive stresses more uniformly along the
shell helps postpone the formation of localized
buckling waves and yields a noticeable improve-
ment in critical load. The effect of stiffener thick-
ness (ts) further supports this interpretation.
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Figure 13. Effect of the stiffener height-to-thickness ratio (b/ts) on the axial critical load: (a) I-shaped stiffeners;
(b) L-shaped stiffeners; (c) U-shaped stiffeners

Discussion of the influence of circumferential
spacing ratio (p,/s) on the critical load

The effect of the circumferential spacing ratio
(p,/s) on the axial critical load shows a clear
and consistent trend across all stiffener configu-
rations, as illustrated in Figures 14. Increasing
(p,/s) corresponding to larger weld spacing rela-
tive to stiffener spacing produces a substantial
enhancement in the load-carrying capacity of
the stiffened column. For the I-shaped stiffeners,
the critical load increases steadily at all levels of
Ns, with the improvement becoming most pro-
nounced when (Ns = 6). This behavior suggests
that wider circumferential spacing reduces the
mechanical interaction between adjacent stiffen-
ers, promoting a more uniform distribution of
membrane stresses, lowering localized restraint,
and delaying the onset of circumferential local
buckling. Similar stress redistribution mecha-
nisms and spacing effects have been document-
ed in studies of stiffened cylindrical shells and
conical shells under axial compression [30,8,36],
while analyses of imperfection-sensitive shells
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indicate that excessive stiffener crowding can
trigger early instability [3,35]. A similar positive
trend is observed for both the L- and U-shaped
stiffeners, where increasing (p,/s) consistently
leads to higher critical loads for all stiffener thick-
nesses. However, the magnitude of improvement
remains shape-dependent. The L-shaped speci-
mens exhibit moderate gains in capacity with
increasing spacing, consistent with their partially
closed geometry that provides reasonable torsion-
al restraint but still allows localized stress inten-
sification when stiffeners are closely positioned.
In contrast, the U-shaped stiffener configuration
shows the strongest enhancement at higher (p,/s),
particularly when (ts = 1.6 mm), illustrating the
ability of semi-closed profiles to redistribute cir-
cumferential stresses effectively and suppress
instability mechanisms. Comparable behavior
has been noted in stiffened panels and cylindri-
cal columns, where semi-closed or closed stiff-
eners reduce mutual interference and enhance
global stability under axial loading [33-35].
A key observation is that the response to (p,/s)
is significantly influenced by stiffener thickness.
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For both the L- and U-shaped stiffeners, the 1.6
mm thickness consistently yields the highest
critical loads across all spacing ratios, confirming
that this thickness represents an optimal balance
of stiffness for promoting composite action with
the thin column. Conversely, the thickest stiff-
eners (ts = 2.4 mm) exhibit reduced sensitivity
to increases in (p,/s) due to stiffness mismatch,
which promotes localized shell instability rather
than global strengthening.Similar findings have
been reported in studies where overly stiff stiff-
eners introduced sharp stress gradients, concen-
trating stresses at weld interfaces and reducing
buckling efficiency [9,37,38]. Overall, the results
demonstrate that increasing circumferential spac-
ing (higher p, /s) enhances structural efficiency by
minimizing stiffener—stiffener interaction, sup-
pressing local instability, and enabling more uni-
form circumferential stress distribution along the
cylindrical wall. The magnitude of improvement
strongly depends on stiffener geometry, with
the U-shaped configuration providing the most
substantial gains under equal-mass conditions a

finding consistent with prior work on the superior
stability performance of semi-closed stiffening
profiles [7,8,30].

Effect of stiffeners number

The critical load increases consistently with
the number of stiffeners (Ns) for all stiffener
shapes, as shown in Figures 15. Increasing Ns
reduces the circumferential unsupported length of
the thin-walled cylindrical column and enhances
its global stiffness, thereby delaying both local
and overall buckling. This trend is well aligned
with classical and modern studies on stiffened
thin- wall cylindrical columns, which demon-
strate that increasing the number of stiffening
elements significantly improves structural stabil-
ity by redistributing membrane stresses and sup-
pressing localized deformation modes [30,35,36].
The magnitude of improvement, however, is
strongly dependent on stiffener geometry. The
U-shaped stiffener shows the largest gains with
increasing Ns due to its semi-closed form, which
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Figure 14. Effect of the circumferential spacing ratio (p,/s) on the axial critical load: (a) I-shaped stiffeners;
(b) L-shaped stifteners; (c) U-shaped stiffeners
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Figure 15. Effect of the number of stiffeners (Ns) on the axial critical load for all stiffener shapes:
(a) I-shaped stiffeners; (b) L-shaped stiffeners; (c) U-shaped stiffeners

provides higher torsional rigidity and more effec-
tive confinement of the shell wall behaviors pre-
viously highlighted in investigations of stiffened
plates and semi-closed stiffener systems [8,33].
The L-shaped stiffener exhibits moderate but
consistent improvements, with its partially closed
geometry offering enhanced bending stiffness but
remaining susceptible to localized stress intensifi-
cation at lower Ns levels. In contrast, the I-shaped
stiffener, despite equal mass, shows the least
improvement because its open-web configuration
is more vulnerable to shear-lag effects and local
flange buckling. This observation aligns with
prior findings on the inferior torsional rigidity
and instability sensitivity of open-section stiffen-
ers under axial compression [10,31,32].

CONCLUSIONS

This work studied the effects of Three differ-
ent longitudinal stiffener geometries (I-, L-, and
U-shaped) are systematically compared under
equal mass conditions on the buckling behavior
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of thin-walled SS304 cylindrical columns. By
integrating nonlinear numerical simulations with
experimental observations. Systematically quan-
tified stiffening parameters to achieve best criti-
cal load value. The Taguchi and ANOVA methods
were applied to analyze the outcomes of the finite
element to specify the effect of the parameters
and their combinations. The results demonstrate
that the stiffener circumferential spacing ratio
(p,/s = 2.2) and the number of stiffeners (Ns = 6)
have the strongest impact on buckling resistance.
Furthermore, when comparing the longitudinal
stiffener geometries, the L-shaped and U-shaped
stiffeners exceeded the I-shaped configuration.
By increasing the critical load value approxi-
mately 3.4% and 5.7%, respectively, whereas the
difference between the L-shaped and U-shaped
stiffeners remained relatively small (about 2.2%).
These findings indicate that the U-shaped stiff-
ener provides the highest buckling resistance and
overall structural efficiency, while the L-shaped
stiffener represents a practical and effective alter-
native when lower manufacturing cost is pri-
oritized. The I-shaped stiffener remains a viable
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design option; however, it exhibits comparatively
lower stability performance and higher sensitiv-
ity to shear-lag effects and local buckling. Future
studies may extend the present investigation by
applying the same stiffener configurations under
different loading orientations, such as lateral,
torsional, or combined axial-bending actions, to
evaluate directional sensitivity in buckling resis-
tance and enhance applicability to realistic struc-
tural conditions.
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