
Academic Editor: Sigmund Arntsønn

Tronvoll

Published: 31 July 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Proceeding Paper

Local Buckling and Ultimate Resistance of Aluminum
Hollow Sections †

Juan David Orozco 1 , Carlos Graciano 2 and Liya Li 1,*

1 Département de Génie Civil et du Bâtiment, Université de Sherbrooke, Sherbrooke, QC J1K 2R1, Canada;
juan.david.orozco@usherbrooke.ca

2 Departamento de Ingeniería Civil, Universidad Nacional de Colombia, Medellín 050041, Colombia;
cagracianog@unal.edu.co

* Correspondence: liya.li@usherbrooke.ca
† Presented at the 16th International Aluminium Conference (INALCO 2026), Trondheim, Norway,

10–12 June 2026.

Abstract

Aluminum hollow structural sections are increasingly used in construction due to their
high strength-to-weight ratio, corrosion resistance, formability, and compatibility with
advanced manufacturing processes that enable optimized geometries. While the local
buckling behavior of conventional Square Hollow Sections (SHSs) and Circular Hollow
Sections (CHSs) has been extensively studied, limited research exists on Polygonal Hollow
Sections (PHSs), which geometrically bridge SHSs and CHSs and are commonly used in
applications such as sign structures, lighting poles, and transmission towers. This study
presents a comprehensive numerical investigation of local buckling behavior and ultimate
compressive resistance of aluminum CHSs, polygonal, and SHSs. A wide parametric study
covering multiple aluminum alloys, dimensions, and side numbers is conducted. The
results demonstrate a progressive transition in buckling behavior from plate-dominated
response in SHSs to shell-dominated response in CHSs, with polygonal sections showing
intermediate behavior. Increasing the number of polygon sides enhances compressive
resistance and reduces sensitivity to slenderness. Comparisons with current design stan-
dards highlight gaps in predicting the resistance of polygonal sections, particularly due to
the absence of dedicated classification rules and limited consideration of strain hardening
effects. The findings support the development of improved design approaches for closed
aluminum sections.

Keywords: compression resistance; local buckling; finite element analyses; Polygonal
Hollow Sections; Circular Hollow Sections; Square Hollow Sections

1. Introduction
According to current construction trends, aluminum has become a widely used mate-

rial due to its numerous benefits as a structural material, i.e., high strength-to-weight ratio,
ease of fabrication, high degree of workability, considerable ductility, excellent thermal
conductivity, high corrosion resistance and attractive appearance at their natural finish. For
this reason, 25% of the global aluminum production is currently used in the construction
sector [1]. In addition, the aluminum manufacturing processes allow the generation of
irregular sections using processes such as extrusion [1] and 3D printing manufacturing
techniques such as WAAM (Wire Arc Additive Manufacturing) or powder bed fusion
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(PBF) [2]. These features make aluminum an attractive and promising material for optimiz-
ing structural sections and increasing efficiency in material consumption.

Standardized sections like Square Hollow Sections (SHSs) and Circular Hollow Sec-
tions (CHSs) have been used for several aluminum alloys and manufacturing processes to
develop structural solutions in construction. In the past, these sections have been investi-
gated to understand the plate and shell buckling behavior under compression loads for
a wide variety of aluminum alloys and width-to-thickness ratios for both SHSs [2–8] and
CHSs [9–12].

In contrast, Polygonal Hollow Sections (PHSs), which occupy an intermediate position
between SHSs and CHSs, are used in many structures, like overhead road sign members,
light posts, power transmission poles, etc. [13]. However, the study and understanding of
the local buckling and ultimate strength resistance of aluminum polygonal sections are still
lacking. Current international standards like EC9 [14] and CSA S157 [15] do not provide
specific formulas for the local buckling resistance and section cross-section classification for
these elements.

The local buckling resistance in Polygonal Hollow Sections has been studied using
other metallic materials such as carbon steel, high-strength steel and stainless steel. Bul-
son [16] performed compression tests on short polygonal columns with a different number
of sides between 4 and 40 to determine the ultimate compression load for different slender-
ness ratios. It was found that the ultimate load increases with the number of corners. Migita
and Fukumoto [17] developed different analytical and experimental studies for polygonal
thin-walled steel sections considering different aspect ratios, bent angles, number of sides
and buckling modes. Gadot et al. [13] studied the local buckling behavior of different
polygonal steel sections under concentric compressive loads (eight-sided, twelve-sided and
sixteen-sided) with different slenderness ratios. Initial imperfections were also measured.
Additionally, an equation was proposed to determine ultimate stress based on Loov’s
design equation. Dalia et al. [18] performed a parametric finite element (FE) analysis on
different polygonal steel sections (eight-sided, twelve-sided and sixteen-sided) for different
slenderness ratios under pure compression, pure bending and combined load cases. In this
study a comparison was performed between the numerical results and different standards
(EC3, AASHTO, ASCE), concluding that EC3 and AASHTO provide accurate equations.
Kabanda and MacDougall [19] study the bending capacity for RHS and Polygonal Hollow
Sections, obtaining a higher bending capacity and four times more rotational capacity for
polygonal sections than for standard RHS.

Despite the ease of manufacture and its benefits as a structural material, especially
for irregular sections, local buckling of polygonal cross-sections made of aluminum alloys
has not been studied exhaustively. Yokoya et al. [20], Baleh et al. [21] and Rossi et al. [22]
studied the post-buckling and collapse behavior and the energy absorption capacity under
impact loads for different aluminum polygonal sections.

As seen above, there are few studies concerning the local buckling behavior of PHS
made of aluminum alloys. Therefore, in this paper a numerical study is conducted to study
the structural response of PHS aluminum sections subjected to compression loads with the
objective of understanding the local buckling influence on the multi-sided elements and
analyzing the transition between plate buckling and shell buckling.

Section 2 describes the finite element model with the parametric study and the initial
imperfection selection. Section 3 presents the numerical results for the different aluminum
alloys and PHSs studied, and different comparisons between slenderness and relations are
developed, showing an increase in the ultimate compression resistance among the cross
sections considered with more sides.
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2. Numerical Analysis
2.1. Finite Element Modeling

A numerical model is developed employing the nonlinear FE software ABAQUS
2025 [23] to study the compression resistance for different polygonal sections, with the aim
of understanding the local buckling progression from SHSs to CHSs stub columns. The
modeling process considers the evaluation of the elastic buckling load associated with the
first eigenmode through the development of a Linear Buckling Analysis (LBA). Then, a
Geometrically and Materially Nonlinear with Imperfections Analysis (GMNIA) is used
to determine the ultimate compression load, considering the shape of the first buckling
mode, to evaluate the ultimate compression resistance and the post-buckling behavior for
the different polygonal sections.

The element size has been considered by developing a mesh sensitivity study to
ensure the model precision to represent properly the local buckling without an excessive
computational consumption. The adopted mesh size is equivalent to Nsidesb/100, where
Nsides is the number of sides and b is the length of the cross-section side (See Figure 1),
while also ensuring at least eight shell elements per cross-section side.

Figure 1. Geometry and notation for regular polygon sections.

The boundary conditions in the numerical models are based on a simply supported
fork-type condition. The edges are restricted to rotations and out-of-plane displacements,
i.e., Ux = Uy = Uz = θx = 0 for the left corner and Uy = Uz = θx = 0 at the right corner, as
shown in Figure 2. On the other hand, the compressive load is applied at a reference point
located at the centroid of the section and is coupled to the end section with a rigid body
constraint, ensuring uniform load transfer around the entire cross-section.

Figure 2. Boundary conditions in numerical models.

The material definition considers the engineering stress–strain curve, converting into
true stress and logarithmic plastic strain [23]. The material behavior of aluminum alloys
was characterized using the Ramberg–Osgood equation, considering the strain hardening
effects and adapted for nonlinear analysis in finite element modeling. The numerical
models consider four aluminum alloys: 6061-T6, 6063-T6, 6082-T6 and 5356. Table 1 shows
the mechanical properties considered and the calibrated parameters used to represent the
nonlinear materials.
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Table 1. Mechanical properties of aluminum alloys.

Variable 6061-T6 6063-T6 6082-T6 5356

f 0.2 [MPa] 240 170 260 119
f u [MPa] 260 220 320 255
E [MPa] 70,000 70,000 70,000 70,000

n 19.5 20.7 55 6.0
Elongation [%] 8.0 8.0 8.0 15.0

These materials enable a meaningful comparison of the structural response across dif-
ferent aluminum alloy series. In particular, 6000-series alloys are widely used in structural
applications, whereas the 5356 alloy is predominantly employed in WAAM applications,
thereby allowing the assessment of both conventional and additively manufactured mate-
rial behaviors.

2.2. Parametric Study

A parametric study is performed to determine the ultimate compressive resistance of
different aluminum SHSs, PHSs and CHSs. The parameters were selected from commercial
CHS databases. Figure 2 shows how the different hollow sections were generated based
on the external circumference for regular PHSs, where D is the external diameter of the
section, t is the section thickness and b is the length of the section side. It is important to
note that these hollow sections do not consider any corner filet radius.

According to the notation presented in Figure 2, four different types of PHSs with
4, 6, 8 and 10 sides and CHSs are studied, with a diameter D range from 25 to 160 mm,
a thickness t range from 1.20 mm to 8.00 mm and a slenderness ratio D/t range from
12.00 to 106.67.

The parametric study considers the analysis of 180 models to develop the initial
imperfection study explained in the next section and 525 models to determine the ultimate
compression load in the GMNIA analyses for the different PHSs and CHSs studied.

2.3. Initial Imperfections Influence

The initial imperfection amplitude was selected according to Equations (1)–(4), selected
from different authors that developed studies on the initial imperfection influence on CHSs
based on parameters related to geometry,

ω1 =
D

200
(1)

ω2 = 0.01
√

rt (2)

ω3 = 0.01t (3)

ω4 =
t

2000

(
D
t

)1.5
(4)

where r is the mid-thickness radius for the outer circumference of the polygonal sections.
The initial imperfection study is developed for the aluminum alloy 6061-T6 with the

cross-sections corresponding to two different PHSs (four sides and eight sides). Figure 3a,b
shows the influence of the initial imperfection on the ultimate compression resistance for
the selected cross-sections.
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Figure 3. Comparison of compression resistance for different initial imperfections: (a) 4 sides,
(b) 8 sides.

The compression resistance is compared against the normalized slenderness (λL),
defined as follows:

λ =

√
f0.2 A
Ncr

(5)

where Ncr is the elastic critical load obtained from LBA and carried out in ABAQUS
2025 [23], f0.2 (taken as the 0.2% proof stress) is the material yield strength, and A is
the cross-sectional area. The vertical axis corresponds to the normalized ultimate resis-
tance, expressed as N(u,FE)/ f0.2 A , where N(u,FE) considers the ultimate resistance from
the GMNIA.

Figure 3a,b as expected, presents a diverse behavior in the compression resistance
for the analyzed types of initial imperfection. ω2 and ω3 show an increase in compressive
strength for values of λL > 0.5. On the other hand, the imperfections ω1 and ω4 exhibit
very similar values and show a gradual decrease as λL increases.

Thus, the initial imperfection associated with ω4 is selected, as it provides more
uniform ultimate compression load predictions across the range of normalized slenderness
values for the considered sections.

3. SHSs’, PHSs’ and CHSs’ Ultimate Resistance
The results of the parametric study are presented in this section for the different

PHSs and CHSs configurations analyzed. Figure 4 presents the normalized compressive
resistance of eight-sided PHSs plotted against normalized slenderness for the four different
alloys considered in this study.

Although the normalized slenderness λL of the sections is influenced by variations in
yield strength among the alloys, the resistance curves exhibit a similar overall trend. This
behavior allows a relatively uniform response to be observed for the 6000-series alloys. In
contrast, for the 5356 alloy, slightly lower compressive resistance values are obtained for
λL > 0.5 when compared to the 6000-series alloys. However, for λL < 0.5, the influence of
strain hardening becomes dominant, significantly exceeding the resistance levels observed
for the 6000-series alloys.
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Figure 4. Comparison of cross-section resistance for different alloys—8-sided PHSs.

Figure 5a,b show the normalized ultimate compressive load as a function of the width-
to-thickness ratio (D/t) for each polygonal section, corresponding to the 6061-T6 and
5356 alloys, respectively. As expected, the ultimate compressive resistance decreases as the
D/t ratio increases.

Figure 5. Comparison of cross-section resistance for different numbers of sides with D/t ratio:
(a) Alloy 6061-T6; (b) Alloy 5356.

Furthermore, the influence of the number of sides indicates that an increase in the
number of sides of the cross-section leads to a higher compressive resistance due to the
stiffening effect of the section, with the maximum compressive resistance achieved by
CHSs. Additionally, for larger D/t ratios, the influence of the number of sides becomes
more pronounced, resulting in higher compressive resistance for CHSs and PHSs with
more sides.

Moreover, a significant influence of the strain-hardening effect on the ultimate com-
pressive resistance is observed between the 6061-T6 and 5356 alloys, where strain hardening
in the 5356 alloy increases the compressive resistance up to 2.2 times the plastic resistance
of the section. An exception is observed for CHSs, which only reach a value of 1.70 for the
most compact sections.
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Figure 6 compares the ultimate compressive resistance with the slenderness-based
cross-section resistance of the PHSs and CHSs, determined according to Equation 5, previ-
ously described, for the 6061-T6 and 5356 alloys.

(a) (b) 

Figure 6. Comparison of cross-section resistance for different numbers of sides normalized slender-
ness: (a) alloy 6082-T6; (b) alloy 5356.

Figure 6a,b indicate that an increase in the number of sides of the cross-section leads to
a reduction in normalized slenderness, decreasing from maximum values of λL = 1.55 for
four-sided sections to 0.33 for CHSs. Additionally, similar ultimate compressive resistance
values are obtained for both alloys, indicating that the slenderness-based section classi-
fication allows reliable prediction of cross-sectional resistance for sections with different
numbers of sides.

Regarding the strain-hardening effect observed for the different alloys, the 6061-T6
alloy reaches a maximum value of approximately 1.15 times the plastic resistance, whereas
the 5356 alloy achieves values of up to 2.2 times the plastic resistance of the section. This
highlights the importance of strain hardening in this alloy and its significant contribution
to strength enhancement, particularly for slenderness ratios lower than λL < 0.50.

4. Comparison Between EC9 and CSA S157
The compression resistance from FE models for the PHS are compared with the

aluminum design codes EC9 and CSA S157, as shown in Figure 7, where the NU,ref./NU,FE

ratio provides the comparison between the reference codes and the numerical results.
The compressive resistance of the studied eight-sided PHSs within the compact and

slender ranges allows identifying that the two considered alloys exhibit a structural be-
havior strongly influenced by material properties. Furthermore, in the slender section
range (λL < 0.50), the compressive resistance achieved by the sections under the studied
conditions is overestimated, particularly when applying the provisions of the CSA S157
code. Within this range (λL < 0.50) the compressive resistance for EC9 and CSA S157 the
results superimposed each other.

For compact sections, it is important to highlight the effect of strain hardening, where
the compressive resistance is underestimated, leading to strength ratios of 0.80 and 0.50 for
the 6061-T6 and 5356 alloys, respectively.

https://doi.org/10.3390/engproc2026151022
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Figure 7. Design codes vs. numerical results for 8-sided PHSs.

5. Conclusions
The study has shown the progression of the normalized slenderness from Square

Hollow Sections (SHSs) through polygonal multi-sided sections to circular hollow sections,
highlighting the increase in section efficiency from four-sided PHSs to CHSs.

The numerical results for the four studied alloys show an increase in compressive
resistance as the number of sides increases. At the same time, this increase in the number of
sides enhances the compressive resistance with an increasing D/t ratio. Comparisons based
on normalized slenderness were carried out, demonstrating that this type of classification
allows for a homogeneous classification of sections, regardless of the number of sides for
PHSs and CHSs.

It is observed that alloy 5356 has great potential for the development of structures
manufactured by WAAM, where it is important to consider the influence of the mechanical
properties in order to avoid underestimating the compression resistance when compared
to conventional 6000-series alloys.

Comparisons with aluminum design codes were carried out and revealed a lack
of accuracy in section classification, leading to overestimations for slender sections and
inaccurate predictions within the compact range. These approaches neglect the strain
hardening effect provided by aluminum materials. It is observed that Eurocode 9 (EC9)
reaches resistance estimations that are closer to the FE-obtained section strength.

This study is part of an experimental program on WAAM aluminum polygonal sec-
tions, and the presented results will be validated with the experimental data. In addition,
future studies will focus on proposing polygonal cross-section classification and compres-
sion resistance approaches. Furthermore, a lack of consideration in current design codes
for complex geometries is identified, which, with the introduction of new manufactur-
ing processes, can be developed. This study highlights the importance of improving the
understanding of WAAM-produced sections.
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