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In this study, the effect of hole shape on the bending behavior of aluminum 6063-T5 tubes
was investigated numerically. The effects of hole geometries in the form of circles,
triangles, squares, hexagons, ellipses, and diamonds on the bending behavior of the tube

structure were investigated by finite element analysis. As a result of the analysis, the tube
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structure with the highest load-carrying and energy-absorption capacity is the ellipse

perforated tube. In terms of specific load carrying and specific energy absorption
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capacity, the ellipse perforated tube structure is again in first place. Compared to the non-
perforated tube, the load carrying capacity has decreased by 13.6%, and the energy
absorption capacity has decreased by 11%. The triangular perforated structure comes in

second place. The square perforated tube is in last place.

1. Introduction

Lightweight, energy-efficient structural components
are increasingly essential in transportation,
aerospace, and defense industries, where weight
reduction must be balanced with structural integrity
and crashworthiness. Thin-walled aluminum tubes,
owing to their excellent strength-to-weight ratio,
corrosion resistance, and formability, have been
extensively studied for applications in energy
absorption systems, crash boxes, and structural
frames [1-3]. While the mechanical behavior of such
tubes under axial compression is well-documented
[4-6], the response under bending, especially in the
presence of perforations, remains a relatively
underexplored field.

Bending loads are prevalent in real-world
applications, such as side impacts in automotive
collisions or bending architectural support elements.
Under such loading, thin-walled tubes exhibit
complex deformation mechanisms, including
ovalization, local buckling, and plastic hinge
formation [7-9]. These failure modes are susceptible
to the geometry, material properties, and loading
conditions [10-12]. Perforations, introduced either
for functional purposes (e.g., ventilation, wiring) or
as a design strategy for controlled collapse, further

complicate this response by altering stiffness, stress
distribution, and buckling patterns [13-15].

The integration of holes in tube structures has been
studied with growing interest, particularly in axial
and lateral crushing. Previous studies have shown
that introducing geometric discontinuities such as
holes and grooves can significantly influence
crushing behavior and energy absorption
performance. For instance, Montazeri et al.
investigated the energy absorption, specific energy
absorption (SEA), and crushing performance of
holed and grooved thin-walled tubes under axial
loading, demonstrating that geometric modifications
can effectively tailor deformation modes and
improve crash performance [16]. Similarly,
Taghipoor et al. examined square thin-walled tubes
with circular hole discontinuities under high-speed
impact loading and reported notable changes in
crashworthiness indicators depending on hole
configuration and impact conditions [17]. Earlier
experimental work by Cheng et al. focused on
AAB061-T6 aluminum square tubes with various
through-hole discontinuities, revealing that hole type
and arrangement significantly affect crush behavior
and deformation mechanisms. These studies
collectively highlight the importance of controlled
geometric  discontinuities in  optimizing the
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crashworthiness performance of thin-walled energy
absorbers [18]. More recently, Elyasi and Modanloo
investigated perforated AA6061-O tubes with
irregular hole geometries under axial compression,
emphasizing the role of hole irregularity in
optimizing crushing performance and improving
energy absorption efficiency. Collectively, these
studies underline the critical role of geometric
discontinuities in tailoring the crashworthiness
performance of thin-walled aluminum structures
[19].

Several researchers have explored foam-filled,
multi-cell, and triggered geometries to enhance
energy dissipation [20-22]. However, perforated
tubes offer a passive and potentially lighter-weight
alternative, with design tunability via hole size,
shape, and layout. Beyond conventional perforation
patterns, Rouzegar et al. investigated the axial
crushing response of perforated metal and
composite—metal hybrid tubes, highlighting the
interaction between material composition and
perforation geometry on energy dissipation capacity
[23]. Mohamed Ismail conducted a comprehensive
performance analysis and optimization study on
square tubes with varying hole shapes, sizes, and
patterns under axial compression, demonstrating that
hole configuration plays a critical role in balancing
peak crushing force and energy absorption
efficiency. Collectively, these studies confirm that
controlled perforation design is a key parameter in
tailoring deformation mechanisms and improving
the crashworthiness performance of thin-walled
tubular structures [24].

When existing studies are examined, the combined
effect of these parameters with different hole types,
such as circular, square, elliptical, or hexagonal
holes, remains an open question. The lack of
systematic numerical research on these parameters
under bending motivated the current study. This
study aims to systematically investigate the bending
behavior of perforated aluminum tubes with varying
hole shapes. In this study, the effect of hole shape on
the bending behavior of aluminum 6063-T5 tubes
was investigated numerically. The research employs
finite element simulations to evaluate how
perforation shapes influence bending strength,
bending stiffness, load carrying capacity, and energy
absorption capacity. Through this comprehensive
approach, the work contributes to optimizing
perforated tube designs for lightweight and
crashworthy applications in transportation and
structural engineering applications.

2. Validation Study
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The tube used in the validation study in experiments
is Al 6063-T5. The outer diameter is 31 mm, the wall
thickness is 1 mm, and the length of the cylindrical
aluminum tube is 270 mm, respectively. The
material used for the tube is Al 6063-T5 with the
following properties: mass density p=2.7 g X cm-3,
Young’s modulus E = 69 GPa, yield strength oy =
187 MPa, ultimate stress oy = 247 MPa, Poisson’s
ratio v = 0.33. A tensile test for the aluminum tube
was carried out using specimens prepared according
to the ASTM E8 standard. A video extensometer was
used in tension test programs. Three-point bending
tests were carried out on a 10 kN bending test
machine to determine the bending behavior of tubes.
The diameter of the punch and supports was set to be
30 mm, which was suitable for the tube diameter.
The span of the two supports was 217 mm. The
loading rate was kept constant at 0.5 mm x s-1.

The finite element model is generated and analyzed
using ANSYS. In this model, the The full model was
generated without using symmetry assumptions,
which resulted in 10371 3-D 20-node solid elements
(Solid186) and 63005 nodes for the tubular beam,
supports, and the loading punch. Since the problem
involves large deformation, the nonlinear geometry
is also turned on during the analysis. The coefficient
of friction between the contacting surfaces is taken
as o = 0.2. Figure 2 represents load-displacement
curves from the experiment and finite element
simulations. The load magnitudes between the
experiment and simulation differ by ~1.5 %. From
the above comparison, it is clear that the finite
element model and simulation methodology used are
valid, and therefore, the method and similar models
can be used to study the behavior of other similar
systems for different material properties. Figure 1
shows the experimental setup used for the three-
point bending test and the finite element analysis
model.

3. Numerical Study

Material properties and the dimensions of the tube
structure used in finite element analyses are the same
as the tube used in the validation study. The outer
diameter is 31 mm, the wall thickness is 1 mm, and
the length of the cylindrical aluminum tube is 270
mm, respectively. The span of the two supports was
217 mm. The diameter of the punch and supports
was 30 mm.

The finite element models are generated and
analyzed using ANSYS. The finite element analysis
model of the perforated tubes with circular hole
shape is shown in Figure 3. Hole shapes for
perforated tubes are given in Figure 4.
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Figure 1. a) Experimental set-up for three-point bending validation test, b) Finite element analysis model

el L L B L L L B B B B B
1800 =
1600
1400 —

1200

Experiment
Analysis —

Force (N)
© o
o o
o o
|

0 2 4 6 8 10 12 14 16 18 20 22

Displacement (mm)
Figure 2. Force-displacement curves from the experiment and finite element simulation

Figure 3. Finite element analysis models of perforated tubes
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Figure 4. Hole shapes for a perforated tube

To investigate the performance of tube structures
under three-point bending, four parameters - load
carrying capacity (LC), specific load carrying
capacity (SLC), energy absorption (EA), and
specific energy absorption (SEA) are evaluated. This
study uses these four parameters in tubes with
different hole shapes. The highest force developed
by the structure is known as the load-carrying
capacity or LC. Considering the force-displacement
curve, EA represents the energy the tube structure
absorbs for a given displacement value. Therefore,
EA can be explained as follows:

EA = [ F(y) dy
1)

Where F(y) is the instantaneous load the tube
structure carries, and d is the bending displacement.
The specific energy absorption (SEA) is defined as
the ratio of the energy absorbed by a structure to its
mass, as presented in Eq. (2). In Eq. (2), m is the
mass of the extrusion structure. This is a valid
guantitative parameter, especially when comparing
the performances of energy absorbers with different
masses and geometries:

SEA =24
m
(2

4. Results and Discussions

Figure 5 compares the tubes' force (N)
displacement (mm) performances with different
geometric hole shapes. Figure 5 presents the load-
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displacement responses of aluminum tubes with and
without perforations under bending conditions. The
black curve represents the tube without holes,
serving as a baseline for comparison. In contrast, the
colored curves correspond to tubes with perforations
of different geometrical shapes: triangle, circle,
square, hexagon, horizontal ellipse, and diamond. As
expected, the tube without holes exhibits the highest
peak load, indicating superior structural integrity.
This confirms that the introduction of perforations
leads to a reduction in load-carrying capacity due to
the localized stress concentrations and material
removal. Among the perforated configurations, the
tube with elliptical holes demonstrates the highest
peak force, followed closely by the triangular hole
configuration. These two geometries maintain a
relatively high load-bearing capacity, suggesting a
more favorable stress distribution around the
perforations.  The circular and  hexagon
configurations show intermediate performance. In
contrast, the square and diamond hole configurations
result in the most significant reduction in peak force,
with the circular hole configuration exhibiting the
lowest load capacity. These shapes may cause more
severe stress concentrations and material weakening
under bending loads. Overall, the results indicate
that the geometry of perforations plays a critical role
in the structural response of tubes under bending.
While perforations are often necessary for weight
reduction or functional purposes, selecting an
optimal hole shape, such as the horizontal ellipse or
triangle, can mitigate strength degradation.
Simulation results obtained from finite element
analyses are given in Table 2.
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Figure 5. Force-displacement curves of tubes with various hole shapes

Table 2. Simulation results obtained from finite element analyses (3Energy values are calculated up to 20 mm
displacement)

Specimen Fmax | Weight | Specific load capacity (SLC) | Energy? | Specific absorbed
type (LSO | (9 (N.gh) (3) (EA) | energy (SEA)

(N) 3.9

Tube without hole | 1622 | 68.71 23,61 26.20 0,38
Triangle 1343 | 68.17 19,70 22.37 0,33
Square 970 67.44 14,38 15.18 0,23
Circle 1172 | 67.71 17,31 18.60 0,27
Ellipse 1401 | 68.23 20,53 23.32 0,34
Hexagon 1225 | 67.89 18,04 20.05 0,30
Diamond 1039 | 67.43 15.40 15.83 0.23

The tube without a hole exhibits the highest values
for maximum load (F(l.) and absorbed energy
(Energy). It also shows the highest specific metrics
(SLC and SEA).

Among the specimens with holes, the ellipse
generally performs the best in terms of both load
capacity and energy absorption. The square has the
lowest values in nearly every category, making it the
weakest performer overall. The tube without a hole
has the highest F[ 7. (1622 N). The ellipse stands out
among the shapes with holes (1401N), while the
square has the lowest (970 N). SLC of the tube
without a hole leads with 23.61 N/g, confirming its
high strength-to-weight ratio. The ellipse follows at
20.53 N/g, and the triangles are close to each other
in the mid-range. The square again is the lowest
(14.38 N/g). The ellipse hole also absorbs the most
energy (23.32 J). The triangle is next (22.37 J), with
the square lowest (15.18 J). In terms of energy
absorption per unit mass, the SEA of the ellipse still
leads at 0.34 J/g. The Square and diamond remain
the least efficient (0.23 J/g).
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The von-Mises stress distribution of tubes with
various hole shapes is shown in Figure 6. The tube
(no hole) benefits from having no stress
concentration zones, such as corners or openings,
which helps distribute load evenly and enhances load
capacity and energy absorption. Among the hollow
shapes, the hexagon performs better than the shapes
with fewer sides (Triangle, Square) or purely curved
profiles (Circle, Ellipse), likely because of an
effective stress distribution around its six edges and
internal geometry. Shapes with sharp corners
(Square, Triangle) typically introduce higher stress
concentrations, explaining their lower load
capacities and energy absorption values.

5. Conclusions

This paper presents a numerical investigation of the
bending behavior of aluminum tubes with various
hole shapes. The presence and shape of holes
significantly affect the tube's structural strength. The
best-performing perforated designs are those with
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elliptical and triangular holes, while square holes
cause the most significant drop in load capacity. If
maintaining strength while reducing weight is a
priority, choosing the proper hole shape is crucial.
Even though all specimens have very similar
weights, their ability to carry the load and absorb
energy varies significantly. If the aim is to maximize

load carrying and energy absorption for a given
weight, the ellipse perforated tube is the best choice
among perforated tubes, followed by the triangular.
The square is the least optimal choice here, showing
the lowest load capacity and energy values.
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Figure 6. Von-Mises stress distributions of the tube with various hole shapes, a) circle, b) triangle, c) square, d)
hexagon, e) diamond
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