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Abstract

This work presents an experimental and numerical investigation on the cyclic behaviour
of square hollow section (SHS) beams made of 6060-T6 aluminium alloy subjected to
non-uniform cyclic bending. Eight specimens with width-to-thickness ratios ranging
from 18 to 48 were tested under a three-point cyclic bending protocol. The work pro-
vides relevant experimental findings, including moment-chord rotation curves, the num-
ber of cycles to local buckling onset, failure modes, and energy dissipation capacity.
Additionally, a numerical model was created implementing a damage model to predict
the progressive degradation and failure mechanism of the beams. Finally, the reliability
of the Finite Element model was assessed by direct comparison of the results with the
experimental data.
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1. Introduction
In the last few decades, significant growth has been seen in the use of aluminium

alloys in structural engineering. Applications for these alloys have been found in
lightweight roofing, movable bridges, offshore structures, and the reinforcement of existing
constructions [1–4]. The main advantages of this material are widely recognised such
as (i) high strength-to-weight ratio, (ii) good ductility and workability, (iii) high corro-
sion resistance and (iv) favourable life-cycle costs, making it an attractive option from an
environmental and circular economy standpoint [5]. Compared to steel, aluminium is
approximately two thirds lighter and allows the manufacturing of complex shapes through
processes such as extrusion, proving particularly advantageous in contexts where weight
reduction is a primary design concern. However, aluminium members are characterised by
an elastic modulus equal to about one third of that of steel, making them more sensitive to
local and global instability phenomena, which must be carefully accounted for in design.

The structural specificities of aluminium alloys, including strain hardening behaviour,
well described by the Ramberg–Osgood constitutive law, and susceptibility to local buck-
ling, have prompted extensive research aimed at improving the prediction of the inelastic
response of members subjected to compression and bending [6–12]. Current European
design provisions are provided in EN 1999-1-1 (Eurocode 9) [13], which mainly cover
static loading conditions, without any specific guidelines for the seismic design. Growing
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interest has emerged within the scientific community regarding the use of aluminium
in seismic design, particularly as a dissipative element in shear walls, shear-link frames,
and hysteretic dampers [14,15]. In response to this need, specific seismic design rules for
aluminium structures have been introduced for the first time in the draft version of second
generation of Eurocode 8 (prEN 1998-1-2), specifically in Chapter 15 [16]. Nevertheless,
current research on the response of aluminium alloy members to cyclic loading is still very
limited, especially when compared to that of steel. In order to make progress in closing
this knowledge gap, the present work investigates the hysteretic behaviour of aluminium
square hollow section beams subjected to non-uniform cyclic bending load. In addition
an FE model is developed and validated through comparison with experimental results,
demonstrating the capability to account for the local buckling and cyclic damage.

2. Experimental Programme
2.1. Test Specimen and Setup

The experimental programme involved 8 square hollow section beams fabricated
from the 6060-T6 aluminium alloy, subjected to non-uniform cyclic bending load.
Table 1 summarises the geometry of the tested specimens, where L is the tested length, B is
the plate outer nominal width, t f u and t f l are the upper and lower plate thickness (flanges)
of the cross-section respectively and tw1 and tw2 are the left and right plate thicknesses
representing the webs. Moreover the sectional class calculated according to EN 1999-1-1
is depicted in the same table. It can be noted that most of the tested specimens belong
to Class 4, meaning that hysteretic response will be strongly affected by local instability
phenomena in the elastic range.

Table 1. Geometry of specimen.

Label L [m] B [mm] tw1 [mm] tw2 [mm] tfu [mm] tfl [mm]
Class

Section

40 × 40 × 2 × L2 1.0 40 2.13 2.30 2.10 2.00 2
60 × 60 × 2 × L2 1.0 60 2.03 2.03 2.00 2.03 4
80 × 80 × 2 × L2 1.0 80 2.00 2.00 2.03 1.90 4
80 × 80 × 2 × L2 1.0 100 2.13 2.00 2.30 2.33 4
40 × 40 × 2 × L1 1.3 40 2.10 2.40 2.02 1.99 2
60 × 60 × 2 × L1 1.3 60 2.16 2.10 2.06 2.13 4
80 × 80 × 2 × L1 1.3 80 2.06 2.10 2.00 1.98 4
80 × 80 × 2 × L1 1.3 100 2.13 2.00 2.30 2.33 4

A three-point cyclic flexural load under displacement control was performed for
each specimen. The test equipment and the loading protocol adopted are represented
in Figure 1 and Table 2 respectively, where nc is the number of cycles, θ is the target chord
rotation, δ is the vertical displacement at midspan and v is the speed rate of the tests. It
is noteworthy that due to the absence of a specific cyclic loading protocol for aluminium
beams, in this study the provisions for cyclic qualification of Beam-to-Column connection
defined in AISC 341-16 are taken as reference. In particular the number of cycles (nc) and
the associated chord rotation (θ) are provided.

Table 2. Loading protocol.

nc θ [mrad]
L = 1000 mm L = 1300 mm

δ [mm] v [mm/s] δ [mm] v [mm/s]

6 3.75 1.88 0.08 2.44 0.10
6 5 2.50 0.10 3.25 0.13
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Table 2. Cont.

nc θ [mrad]
L = 1000 mm L = 1300 mm

δ [mm] v [mm/s] δ [mm] v [mm/s]

6 7.5 3.75 0.15 4.88 0.20
4 10 5.00 0.20 6.50 0.26
2 15 7.50 0.30 9.75 0.39
2 20 10.00 0.40 13.00 0.52
2 30 15.00 0.60 19.50 0.78
2 40 20.00 0.80 26.00 1.04
2 50 25.00 1.00 32.50 1.30
2 60 30.00 1.20 39.00 1.56
2 70 35.00 1.40 45.50 1.82
2 80 40.00 1.60 52.00 2.08

Figure 1. (a) Test equipment for cyclic load and (b) picture of the SHS 60 beam.

2.2. Experimental Test Results

This section presents the main experimental findings. Figure 2 presents the cyclic
response of the beams with L = 1300 mm as moment-chord rotation curves, where the
moment M and the rotation θ, are calculated as:

M = FL/4 θ = 2δ/L (1)

By observing the curves, it is clear that 100 × 100 × 2 specimen, the one with the
greatest slenderness parameter b/t = 48 (where b = B − 2tw), is the most affected by the
instability phenomena; in fact local buckling initiates in the elastic range at a chord rotation
equal to 0.01 rad, preventing the development of the complete flexural capacity of the
cross-section. Conversely, the 40 × 40 × 2 specimen, belonging to Class 2, exhibits large and
stable cycles, with the complete development of strain hardening effects and the occurrence
of local buckling only after reaching a chord rotation equal to 0.058 rad. For the 80 × 80 × 2
and 60 × 60 × 2 specimens, despite both sections being classified as Class 4, the onset of
local buckling is considerably more delayed compared to the 100 × 100 × 2 specimen. In
particular, for the 60 × 60 × 2 specimen, local buckling initiates at a chord rotation equal
to 0.028 rad. Regarding the absolute maximum resistance it is evident that when cross-
section dimensions increase, the peak load also increases. Table 3 summarises the main
parameters obtained from the tests, including the maximum flexural capacity Mu.max, the
chord rotation θu.max corresponding to Mu.max, the number of cycles before the occurrence
of local buckling nc.b and the total plastic dissipated energy E.
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Figure 2. Moment-chord rotation curve for L1300 specimen.

Table 3. Main parameters of the tested beam.

Specimen Mu.max [kNm] θu.max [rad] nc.b [−] E [J]

40 × 40 × 2 × L1 1.03 0.058 33 1353
60 × 60 × 2 × L1 2.24 0.028 29 888
80 × 80 × 2 × L1 3.0 0.018 26 616

100 × 100 × 2 × L1 4.06 0.01 23 1906
40 × 40 × 2 × L2 1.02 0.048 31 1301
60 × 60 × 2 × L2 2.29 0.023 27 753
80 × 80 × 2 × L2 2.87 0.014 25 537

100 × 100 × 2 × L2 3.57 0.009 22 695

3. Numerical Simulation
In this section the Finite Element model developed in ABAQUS/CAE 2020 [17] is

described. Considering the small thickness of the section, shell elements with four nodes
and reduced integration (S4R) have been adopted to model the beams, while the load
application elements (half cylinder) were modelled as infinitely rigid elements. Lateral
constraints considered as hinges were defined by coupling the pertinent section portion to
reference points located at the supports as shown in Figure 3. Surface-to-surface contact
has been adopted to simulate the contact behaviour between the beam and the half cylin-
der. The initial geometric imperfections have been considered by adopting the measured
values of the thickness of the plates constituting the cross-section. - Regarding mechanical
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imperfections, it is well documented that [18] the extrusion process produces negligible
residual stresses; therefore, they were not explicitly modelled.

Figure 3. Geometrical model of SHS 60_L1300 beam.

In order to simulate accurately the non-linear cyclic behaviour and the cyclic softening
highlighted in the experimental tests an appropriate material law and a ductile damage
criterion have been adopted.

3.1. Material Law

For each beam the measured elastic modulus E and the average conventional yield
strength f0.2 of the four plates that compose the section have been adopted for defining the
elastic branch. In order to simulate the behaviour under cyclic loading accounting for the
non-linear hardening and the Bauschinger effect, a combined hardening model associated
with the Mises yield surface was adopted but considering only the nonlinear kinematic
part (domain translation component). The nonlinear behaviour has been expressed as
the linear sum of three back-stress functions, which describe the translation of the yield
surface in stress space. Each back-stress is described by two parameters: Ck, representing
the initial kinematic hardening moduli and γk, representing the rate at which the kinematic
hardening moduli decrease with increasing plastic deformation. The parameters were
defined by the fitting process of the true stress-plastic strain curves, which were derived
from the tensile coupon test extracted from the tested beams.

3.2. Damage

To define the initiation of the damage in the numerical simulation, the Johnson–Cook
ductile criterion has been adopted [19]. If the strain rate and thermal effect are ne-
glected, the equivalent plastic strain at the onset of damage ε

pl
0 described by the model, is

expressed as:
ε

pl
0 =

[
D1 + D2e−D3σ∗]

(2)

where σ∗ is the stress triaxiality and D1, D2 and D3 are failure parameters to be cali-
brated through experimental test on notched tensile specimens. According to Bridgman’s
theory [20] the initial value of stress triaxiality in the cross-section of round-bar specimen
as a function of the geometry of the notch can be derived as:

σ∗ =
1
3
+ ln

(
1 +

a
2ρ

)
(3)

where a is the cross-sectional radius in the notch and ρ the radius of curvature of the notch.
As in the present study only un-notched specimens with σ∗ = +1/3 have been tested,
the complete stress triaxiality range behaviour was captured by exploiting damage curves

https://doi.org/10.3390/engproc2026151020

https://doi.org/10.3390/engproc2026151020


Eng. Proc. 2026, 151, 20 6 of 8

obtained in [20]. This allowed the calibration of the Johnson–Cook failure parameters
presented in Table 4.

Table 4. Johnson–Cook failure parameters adopted in numerical model.

D1 D2 D3

0.025 16 18

After damage initiation, the material stiffness degrades progressively following a
specific damage evolution law until the overall damage variable reaches the value D = 1 and
the mesh element is removed. It should be noted that the damage evolution law is defined

in terms of equivalent plastic displacement δ
pl

which is dependent on the equivalent plastic
strain at failure ε

pl
f and the characteristic length Lc of the element. For this study, a linear

damage evolution law has been adopted, and different values of displacement at failure

δ
pl

f for each beams were calibrated based on the experimental results.

4. FEM Results and Comparison with Experiments
Figure 4 presents the comparison between numerical and experimental hysteretic

response in the M-θ domain for the beams with L = 1.3 m. From a graphical overview,
it is clear that the calibrated numerical model is capable of simulating quite accurately
the hysteretic behaviour of the tested beams in terms of initial stiffness, peak load and
post-buckling response. In addition, the progressive cyclic stiffness degradation due to local
buckling and damage evolution is accurately replicated, confirming that a linear damage
accumulation law can be assumed with good approximation. The only notable difference is
observed in the 100 × 100 × 2 specimen during the last cycles, where the numerical model
exhibits a different behaviour in the unloading phase for positive rotations.

Figure 4. Comparison between numerical and experimental curves.
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5. Conclusions
In this study the first experimental campaign aimed to evaluate the response of height

SHS beams fabricated from 6060-T6 aluminium alloy and loaded under non-uniform
cyclic bending is described. The slenderness parameters b/t of tested beams range from
18 to 48. The tests reveal that the 40 × 40 × 2 specimen is the only one capable of exploiting
its maximum flexural capacity with local buckling phenomena occurring only beyond
0.05 rad. Despite the good rotational capacity and ductile behaviour of the 40 × 40 × 2 section,
considering the new Chapter 15 of the second generation of Eurocode 8, it could not be
used in the dissipative zone in bending, since only Class 1 sections are permitted. This
demonstrates that the actual simplified methodology of cross-section classification cur-
rently in use in Europe may limit a more efficient use of aluminium as a structural material
and thus further experimental investigation is required. Regarding the other sections,
100 × 100 × 2, 80 × 80 × 2, and 60 × 60 × 2, all exhibited local buckling phenom-
ena that prevented the full exploitation of the material’s strain hardening capacity. Fi-
nally, a Finite Element model was developed, showing that an accurate plasticity material
model combined with the implementation of a ductile damage model can accurately
predict the response of this type of material under cyclic loading. Following the valida-
tion of the numerical model, parametric analyses are planned to expand the available
experimental dataset, with the objective of determining simplified analytical formulas
capable of predicting the cyclic behaviour of plastic hinges in 6060-T6 aluminium alloy
hollow sections.
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