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Modelling low-cycle fatigue behaviour of structural aluminium alloys
E. Georgantzia, P. J. Vardanega and M. M. Kashani

Abstract

Recently, use of 6000 series aluminium alloys in braced frame structures has been increased due to their superior
structural properties. Fracturing of braces as a result of low-cycle fatigue has a major impact on nonlinear behaviour
of structuresunder earthquake loading. Therefore, modelling low-cycle fatigue life, i.e.,number of reversals to failure,
is important to understanding braced-frame structural performance. To date, there are no readily available methods
for predicting the low-cycle fatigue behaviour of 6000 seriesaluminium alloys. This research study aims to provide
structural engineers with a computationally efficient approach to assess aluminium alloy structures in the context of
potential low cycle fatigue. For this purpose, 18 low-cycle high amplitude fatigue tests (up to +6% strain amplitude)
were conducted to establish strain—life relationships for 6082-T6, 6063-T6 and 6060-T5 aluminium alloys. The
obtained experimental results were then used to calibrate a low-cycle fatigue life model to capture the fracture
behaviour of the studied materials. The comparison of experimental results and predicted fatigue behaviour shows the
capability of the proposed model to predict to a high degree of precisionthe onset of fracture and the overall low-

cycle fatigue behaviour of material.
Keywords: Aluminiumalloys, Low-cycle fatigue, Cyclic degradation, Fatigue life estimation, Constitutive modelling

1. Introduction

Materials referred to as 6000 series aluminium alloys are termed structural alloys and have various performance
characteristics that make them very attractive for moment resisting and braced frame structures (e.g., Georgantzia
etal. 2021a). The ability of aluminium alloys to be extruded into any bespoke shape offers design flexibility allowing
to place the material where it is most needed and thus minimising material waste. Thus, the power of the ‘put-the-
metal-where-you-need-it’ flexibility can result in significant benefits in manufacturing cost and energy consumption
aligning with sustainable practices (see the recentreview by Georgantziaand Kashani (2024)) . Aluminium alloys are
durable, as they rapidly form a thin protective oxide layer on their surface that gives them excellent resistance to
corrosion in mild environments (Georgantzia and Kashani (2024)). Aluminium alloys also offer superior low-
temperature toughness and thus eliminate concerns about brittle fracture, even in severe weather e.g. in cold regions

(Dasand Kaufman 2007). The density of aluminiumalloys isabout 2.7 g/cm?, aboutathird of that of steel (Mazzolani
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2004). In seismic prone design where the mass is a concern, aluminium alloys (unlike steel) can satisfy the required
strength andductility requirementswithoutaweight penalty (see Georgantziaetal. 2023 and Georgantzia and Kashani
2023). The high strength-to-weight ratio minimises the total weight of the superstructure and thus reduces the
substructure costs, which is particularly beneficial in poor ground conditions or where existing substructures are to be

reused. Typical structural systems are shown in Fig. 1, for aluminium alloy buildings.

(a)

(b)

(©)

Fig. 1. Typical aluminium alloy structural systems; (a) moment-resisting frames, (b) concentrically braced frames

and (c) dual frames.

Various published studies have presented results that improve confidence in the prediction of structural behaviour
and the assessment of codification rules of aluminium alloy frame structural components, i.e., beams, columns,

connections and joints (seethe first author’s doctoral thesis Georgantzia 2022) for more detailson reviews of these
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research studies). Bock etal. (2021) reported testingon square hollowsections (SHSs) and rectangular hollow sections
(RHSs) subjected to biaxial bending. Bock et al. (2021) compared the obtained experimental results with the
estimations according to the design code EN 1999-1-1 (British Standards Institution 2010). This comparison revealed
that EN 1999-1-1 (British Standards Institution 2010) underestimated, by about 17%, the biaxial bending resistance.
The numerical study of Piluso etal. (2019) investigated the ultimate response of H- and I-sections subjected to non-
uniform bending. The authors used these resultsto calibrate empirical formulations for estimation of rotation capacity
and ultimate bending resistance of such sections (Piluso et al. 2019). Georgantzia et al (2022a) reported an
experimental and numerical programme to investigate C-section minor axis bending behaviour. A design method was
also suggested for slender C-sections under minor axis bending based on the plastic effective width concept
(Georgantzia et al. 2022a). This new method allows the inelastic reserve capacity in line with the results reported in
Georgantzia etal. (2022a). Georgantzia et al. (2022b) then tested two-span continuous beams made from 6082-T6
RHSs to investigate the possibility for moment redistribution. The test data showed that there was the enough

rotational capacity and capability for moment redistribution (Georgantzia et al. 2022b).

Georgantziaet al. (2023) examined the flexural buckling behaviour of 6082-T6 C-sectionsand suggested a new
flexural buckling curve for EN 1999-1-1 (British Standards Institution 2010). This new curve was shown to improve
the design accuracy by about 5% (Georgantziaetal. 2023). Oyeniran Adeoti etal. (2015) reported on the reliability
of present design rules on 6082-T6 H-sectionand RHS columns. Zhu and Young (2006) numerically investigated the
stability of RHSs and SHSs columns (with and without transverse welds). Georgantzia et al. (2021b) reported
comprehensive experimental and numerical work which investigated the flexural buckling performance of aluminium
tubular columns (filled with concrete and unfilled with concrete). The results from (Georgantziaetal. 2021b) revealed
that the concrete infill delays buckling and therefore the tubular columns (concrete-filled) demonstrated higher
strength and stiffness than the unfilled columns. Gkantou et al. (2023) suggested the combination of structural
aluminium alloys with low carbon geopolymer concrete to manufacture structural members with lower embodied
carbon. In this study, 6082-T6 SHSs were tested under uniform compression after infilling with geopolymer concrete
(Gkantouetal.2023). Inaddition, these cross-sections were tested after infillingwith ordinary Portland cement (OPC)
concrete (Gkantou et al. 2023). The results demonstrated that filling the aluminium tubes with geopolymer concrete

gives equal performance compared to those filled with OPC concrete and therefore, in composite aluminium-concrete


https://link.springer.com/article/10.1007/s10518-025-02097-x

Georgantzia E, Vardanega PJ and Kashani MM (2025) Modelling low-cycle fatigue behaviour
of structural aluminium alloys. Bulletin of Earthquake Engineering.
https://link.springer.com/article/10.1007/s10518-025-02097-x

sections replacement of the concrete infill with the more sustainable geopolymer concrete infill can be done without

significantly affecting the ultimate section strength (Gkantou et al. 2023).

Kim (2012) performed tests on bolted connections (single-shear) and showed the curling effect sharply reduced
the ultimate capacity. Following these findings, Cho and Kim (2016) modified the strength equations to consider the
curling effect for both the bearing factor and for also for block shear fracture. Guo et al. (2015, 2016) reported tests
on fourteen aluminium alloy gusset joints to investigate out-of-plane flexural response. These results were utilised to
develop simplified design equations to estimate local buckling and resistance against block tearing (Guo et al. 2015,
2016). Guo et al. (2018) studied the flexural response of aluminium alloy gusse joints subjected to temperatures up to

300°C and offered design criteria for non-linear flexural stiffness and bearing capacity.

In moment resisting and/or braced frame structures subject to earthquake loading the dissipative members form
plastic hinges with large rotational demands and thereby are subjected to significant cyclic strain deformations
(Tremblay et al. 2003; Stojadinovic 2003; Uriz 2005; Kashani et al. 2019; Afsar Dizaj and Kashani 2022) . These
strains can cause local fracture due to low-cycle fatigue (LCF). Within the plastic hinge local buckling may reduce
fatigue life dueto increasing local strain within the hinge (Ikeda and Mahin 1986). Upon the initiation of fracture, the
deterioration of the entire element under cyclic loading is generally rather rapid (Ikeda and Mahin 1986; Ge et al.
2020; Afsar Dizaj and Kashani 2020). The seismic performance of frame structures depends on the performance of
dissipative elements, which s purely govern by plastic hinge deformations in beams, columns, or braces (Uriz 2005;
Lima and Martinelli2019; Hammad and Moustafa 2021; Baietal.2021). Fracturing of such elements leads to strength
and stiffness degradation, which requires the development of a potentially new and unanticipated loading path thus
changing the response of structure under earthquake dynamic loading and this will significantly affect the maximum
displacements exhibited by a braced frame structure under significant earthquake loading (Ikeda and Mahin 1986).
Therefore, the effect of LCF is an essential phenomenon to be captured when modelling aluminium alloy braced

frames.

There is a significant paucity of literature in investigating LCF behaviour of 6000 series aluminium alloys. Yahya
etal. (2015) studied the influence of strain rate and amplitude on the LCF behaviour of 6063-T6 alloy by conducting
tests at constant strain rate up to 1% strain amplitude. Fatigue life was shown to decrease with increase in strain

amplitude and reducing loadingfrequency. Borrego etal. (2004) performed LCFtests on 6063-T6 and 6060-T6 alloys
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subjectedto strain rangesbetween0.32%and 4%. Borrego etal. (2004) used Morrow’s local stress and strain approach
(Morrow 1968) to estimate strain—fatigue life. Xiang et al. (2017) performed 15 ultra-LCF tests on double-edge
notched coupons made from 6061-T6 alloy and suggested a fracture model which accounts for differentaccumulating
rates of isotropic and kinematic hardening correlated damage. Pisapiaetal. (2023) tested 6060-T4,6060-T6 and 6082-
T6 alloys under LCF loading and found that the 6060-T4 and 6060-T6 alloys exhibited higher cyclic hardening

behaviour compared to the 6082-T6 alloy tested.

Based on the above literature review, it is evident that there are no available methods for predicting the LCF
behaviour of 6000 series aluminium alloys. This study focuses on calibrating a LCF life model for use in conjunction
with the modified Giuffré-Menegotto-Pinto (GMP) model recently proposed by Georgantzia et al. (2024) for
simulating the behaviour of aluminium alloy structures in the open-source Open System for Earthquake Engineering
Simulation (OpenSees) software (OpenSees 2011). The GMP model (Giuffré 1970; Menegottoand Pinto 1973) isa
uniaxial nonlinear hysteretic constitutive model originally developed for carbon steel and particularly for reinforcing
steel barsinstructural concrete and steel sections and the model has been implemented in OpenSees (OpenSees 2011).
Recently, Georgantzia et al. (2024) modified the GMP model to accurately predict the nonlinear cyclic behaviour of
6082-T6,6063-T6 and 6060-T5 aluminium alloys. However, as was explained above, when members subjected to
large deformations under cyclic loading, fatigue can significantly affect their structural performance. Therefore,
fatigue must be considered and used to predict the onset of fracture when modelling structures under cyclic loading.
To thisend, an experimental programme involving 18 low-cycle high amplitude fatigue tests were conducted at the
University of Bristol to establish strain—life relationships for 6082-T6, 6063-T6 and 6060-T5 aluminium alloys (using
some of the methodology outlined in Georgantzia et al. (2024)). The experimental results were utilised to model the
low-cycle highamplitude fatigue life and behaviour of the studied alloys. The comparison of the experimental results
and predicted fatigue behaviour denotes the capability of the proposed material model to predict to a high degree of
precisionthe onset of fracture and the overall fatigue behaviour of material. Furthermore, it is demonstrated how this
model can be used in the OpenSees (OpenSees 2011) in conjunction with the GMP model to simulate the nonlinear

behaviour of aluminium components subject to cyclic loading.


https://link.springer.com/article/10.1007/s10518-025-02097-x

Georgantzia E, Vardanega PJ and Kashani MM (2025) Modelling low-cycle fatigue behaviour
of structural aluminium alloys. Bulletin of Earthquake Engineering.
https://link.springer.com/article/10.1007/s10518-025-02097-x

2. Tested aluminium alloys and summary of monotonic tensile testing
2.1. Engineering properties of the studied aluminium alloys

The manufacture and fabrication process for 6000 series alloys is discussed in detail in (Georgantzia et al. 2024). The
commonlyused6082-T6,6063-T6and 6060-T5alloyswere selected to be investigated in this study with manufacturer
reported chemical composition from (Aalco 2022). Table 1 shows the chemical compositions of the studied materials.
The manganese added in the new strong 6082-T6 alloy has significantinfluence on the grain structure. The “structural
alloy’ 6082-T6 is mostly used in high stress structural scenarios as a replacement for the older 6061-T6 alloy.
Nonetheless, the surface finish is rougher than that of the 6063-T6 and 6060-T5 alloys and thus itis challenging to
produce complex extruded cross-sections. The ‘architectural alloys’ 6063-T6 and 6060-T5 have higher strength and
are suited for welding applications. Both alloys are often used for complex extrusions for use in architectural

applications.

Table 1. Nominal chemical composition of the examined aluminium alloys (original data from aalco (2022)) (table
adapted from Georgantzia et al. (2024)) [Used with permission of American Society of Civil Engineers, from: Journal of Materials in

Civil Engineering, E. Georgantzia et al., vol. 36 no. 6, 2024; permission conveyed through Copyright Clearance Center, Inc.].

Aluminium Alloy

6082-T6 6063-T6 6060-T5
Element % Present
Silicon (Si) 0.70-1.30 0.20-0.60 0.30-0.60
Magnesium (Mg) 0.60-1.20 0.45-0.90 0.35-0.60
Manganese (Mn) 0.40-1.00 0-0.10 0-0.10
Iron (Fe) 0-0.50 0-0.35 0.10-0.30
Chromium (Cr) 0-0.25 0-0.10 0-0.05
Zinc (Zn) 0-0.20 0-0.10 0-0.15
Titanium (Ti) 0-0.10 0-0.10 0-0.10
Copper (Cu) 0-0.10 0-0.10 0-0.10
Others (Each) 0-0.05 0-0.05 0-0.05
Others (Total) 0-0.15 0-0.15 0-0.15
Aluminium (Al) Balance Balance Balance
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2.2. Monotonic tensile tests (Georgantzia et al. 2024)

Georgantzia etal. (2024) investigated stress-strain response of 6082-T6, 6063-T6 and 6060-T5 aluminium alloys by
conducting nine monotonic tensile tests. Three coupon specimens were tested under monotonic tensile loading for
each considered alloy. The coupons were cut from the flat faces of 3.3 mm thick hollow sections and machined to the
BS EN ISO 6892-1 (British Standards Institution 2009) standard and then loaded (monotonic tensile) at 0.2 mm/min
up to fracture. All tested coupons experienced necking close to the fracture sectionand failed in a ductile manner. The
material properties from the experiments are summarised in Table 2. The strain hardening ratio ou/co2 is also given in
Table 2. The strain hardening behaviour appears to be more pronounced in the 6082-T6 aluminium alloy with ou/oo2
=112%. The coupon specimens were designated using the type ofaluminium alloy and the test number. For instance,
the label ‘6082-T6-1’ indicatesa couponspecimen fabricated from 6082-T6 aluminiumalloy whichtested “first” under
monotonic tensile loading. Fig. 2 shows the experimentally obtained stress—strain (6—) curves. The three studied
alloys have around 98% of their average alloy composition in common. However, the 6082-T6 alloy may have less

percentage of Fe compared to 6063-T6 and 6060-T5 alloys and thus it exhibited lower co.2 and ou but higher &r.

Table 2. Material properties obtained from monotonic tensile tests (tableadapted from Georgantziaetal. (2024)) [Used
with permission of American Society of Civil Engineers, from: Journalof Materialsin Civil Engineering, E. Georgantzia etal., vol. 36 no.6, 2024,

permission conveyed through Copyright Clearance Center, Inc.].

Specimen  E(MPa)® oo1 (MP)® ooz (MPA)®  ou (MPa)! ey (%) (%) o ”(f,/‘;‘)”
6082-T6-1 66638 2582 2639 2060 918 1368 3184 112
6082-T6-2 60182 2598  266.6 2092 793 1613 2695 112
6082-T6-3 73081 2606  268.8 3015 843 1350 2240 112
6063-T6-1 66323 3220 3252 3366 699 1139 6937 103
6063-T6-2 62716 3229 3259 3372 750 1260 7472 103
6063-T6-3 63488 3228 3258 3375 690 1205 7566 104
6060-T5-1 67434 3020  306.2 3157 680 944 5079 103
6060-T5-2 64862 3015  306.0 3159 679 938 4669 103
6060-T5-3 65094 3024 3059 3153 734 1132 6069 103

jnitial modulus of elasticity;  0.1% proof stress; ¢ 0.2% proof (yield) stress; ¢ the ultimate tensile stress; ¢ strain corresponding to ultimate tensile
stress; ' strain at fracture; ? strain hardening exponent n (Ramberg and Osgood 1943; Hill et al. 1960).
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Fig. 2. Stress—strain curves obtained from the monotonic tensile tests (plot adapted from Georgantzia et al. (2024))
[Used with permission of American Society of Civil Engineers, from: Journal of Materials in Civil Engineering, E. Georgantzia et al., vol. 36 no.

6, 2024; permission conveyed through Copyright Clearance Center, Inc.].

3. Low-cycle high amplitude fatigue tests
The new experiments reported in this paper were performed in the Heavy and Light Structures Laboratory at the
University of Bristol in the UK. In total, 18 low-cycle high amplitude fatigue tests were conducted (up to £6% strain

amplitude) to establish strain—life relationships for 6082-T6, 6063-T6 and 6060-T5 aluminium alloys.

3.1. Geometry of test specimens

Test coupons were extracted with a waterjet cutter from the flat faces of the same hollow sections with their
counterparts subjected to monotonic tensile loading. The coupons were machined to the geometric requirements
described in ASTM E606-04 (ASTM International 2017) (Fig. 3). The adopted gauge length is quite small to ensure

as uniformas possible distribution of strain thus preventing at the compression stage premature buckling failure.
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Fig. 3. Geometry of coupon specimens (adapted from Georgantzia et al. (2024)) [Used with permission of American Society
of Civil Engineers, from: Journal of Materials in Civil Engineering, E. Georgantzia et al., vol. 36 no. 6, 2024; permission conveyed through

Copyright Clearance Center, Inc.].

3.2. Assessment of potential failure due to buckling

Prior to the testing programme, analytical calculations were carried out to estimate the critical buckling load Ferp of
the coupons andassess thepossibility of failure due to buckling. The Fer.o was calculated based on the double-modulus

theory (Timoshenko and Gere 1961) , Eq. (1):

cr,b 2 1
(L) @)

where E;= reduced modulus of elasticity given in Eq. (2), | = second momentof area of the coupons, L = length of
the coupons and « is the effective length factor taken as 0.5 as both ends of the coupon remain fixed during LCF

testing.

4, E,

Er_(\/a+\/ET)2 (2)

where Enand E:are the Young’s and tangent modulus, respectively, taken as average values of those obtained from
the monotonictensile tests and for all coupons made from the same alloy. The buckling length L and theoretical Ferp
values for the coupons for each examined aluminium alloy are listed in Table 3. The same table also includes the
ultimate loads Fy calculated using the average ultimate stresses oy obtained from the monotonic tensile tests. The Ferp
values are quite higher than the corresponding Fu values indicating no potential failure due to buckling during LCF

testing.
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Table 3. Assessment of potential failure due to buckling

Aluminiumalloy L (mm) Ferb (KN) Fu (KN)
6082-T6 10.0 21.2 7.9
6063-T6 10.0 14.4 8.9
6060-T5 10.0 17.0 8.3

3.3. Test setup and loading protocol

Upon machining, each coupon was set between the hydraulic wedge grips of a 250 kN INSTRON universal testing
machine and tested under constanttotal strain amplitude rate cycles (with full reversal) up to the fracture point. As
was done in (Kashani etal. 2015) an integral linear variable displacement transducer was used for measurement of the
displacement of the machine grips. Due to small gauge length of the coupons, it was not feasible inthis study to apply
an extensometer or a strain gauge to measure the developed strains. Hence, the measured displacement values of the
machine grips were converted into strains similar to the study of Kashani etal. (2015). Fig. 4 illustrates the LCF test
setup. The experiments were conducted with displacement control with zero mean strain utilising a sine wave loading
pattern (constantamplitude) as was done in (Kashani et al. 2015). The strain rate was 5x10-3s-! following BS 7270
(British Standards Institution 2006) so that the generated heat did not significantly affect the results. LCF tests were
carried out at 1%, +2%, +3%, 4%, +5% and +6% strain amplitudes, which allowed for significant plastic
deformation covering the LCF regime. One coupon specimen was tested at each strain amplitude for each examined

aluminium alloy resulting in total 18 LCF tests.
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Fig. 4. LCF test setup (photo: authors).

4. Experimental results and discussion

The results obtained from the low-cycle high amplitude fatigue tests are summarised in Table 4 including strain
amplitude eap, total time, frequency, and number of half cycles to failure 2Nr. As anticipated, crack initiation induced
due to fatigue was quicker with strain amplitude increase. Fig. 5 shows three fractured coupon specimens after LCF
testing at 5% strain amplitude. Figs. 6 and 7 present the normalised hysteretic responses at +4% and £6% strain
amplitudes, respectively, for all the studied aluminium alloys. It should be noted that in Figs. 6 and 7 tension is
positive, and compression is negative. The three alloys exhibited similar strain—life behaviours while noting the
varying elongations at fracture observed in the monotonic tensile tests (see Fig. 2). This may be attributed to the
fatigue life at high strain amplitudes being proportional to ou and &r. (Manson and Hirschberg 1970). The 6082-T6
alloy exhibited the highest average &r, however the higher average ou of 6063-T6 and 6060-T5 alloys compensated for
their lower average & and thus the three alloys exhibited similar strain—life behaviour. Moreover, the hysteretic
responses at both applied strain amplitudes appear to be almost symmetric in tension and compression. The hysteretic
loops for all studied aluminium alloys are relatively plump implying adequate energy dissipation capacity. The small
gauge length prevented buckling occurrence and thus there was no strength degradation before the end of the tests. As
the strain demand increased beyond yield, a kinematic combined with marginal isotropic hardening behaviour was

revealed until the maximum stress was reached.
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Table 4. LCF test results.

Strain Total time  Frequency Number of half
amplitude ¢ap  (S) (Hz) cycles to failure 2Nt
6082-T6

+1% 86571.6 0.125 21643
+2% 2615.2 0.063 327
+3% 1342.3 0.042 112
+4% 586.2 0.031 37
+5% 495.9 0.025 25
+6% 408.0 0.021 17
6063-T6

+1% 92808.4 0.125 23202
+2% 3045.5 0.063 381
+3% 1543.9 0.042 129
4% 758.1 0.031 47
+5% 792.2 0.025 40
+6% 531.8 0.021 22
6060-T5

+1% 100706.0 0.125 25177
+2% 3525.6 0.063 441
+3% 947.2 0.042 79
+4% 508.0 0.031 32
+5% 3214 0.025 16
6% 203.1 0.021 8

Fig. 5. Fractured coupon specimens after LCF testing at +5% strain amplitude (photo: authors).

13
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Fig. 6. Normalised hysteretic response of the examined aluminium alloys at 4% strain amplitude.
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Fig. 7. Normalised hysteretic response of the examined aluminium alloys at 6% strain amplitude.

5. Analytical model

ling

5.1. Low-cycle high amplitude fatigue life of 6000 series aluminium alloys

There are three methods often used to model the LCF life of aluminiumalloys, i.e., Coffin-Manson (Coffin 1954;

Manson 1965), Koh-Stephens (Koh and Stephens 1991) and Energy Method (Chang and Mander 1994). These

methods can only be applied for LCF under loading of constant amplitude. However, earthquake actions are uncertain

in terms of their time and frequency of occurrence. Hence, Miner’s rule (Miner 1945) was applied to capture the
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cumulativedamage asaresultofrandomloadinghistory (see (Brown and Kunnath2000; Kunnath etal. 2009; Kashani

et al. 2013) for further discussion).

The Coffin-Manson (Coffin 1954; Manson 1965) and Koh-Stephens (Koh and Stephens 1991) models are mostly
used by structural engineering researchers as they can be easily implemented in finite elementanalysis to analyse civil
engineering structures subjected to seismic loading (e.g. OpenSees (OpenSees 2011)). Both Coffin-Manson (Coffin
1954; Manson 1965) and Koh-Stephens (Koh and Stephens 1991) models employ a strain life approach for predicting
the LCF life materials. The most significant parameter influencing the LCF life of a material is the plastic strain
amplitude ¢p. Thus, Coffin-Manson (Coffin 1954; Manson 1965) model relates ¢, to the fatigue life as described in
Eqg. (3) (also used in Filippou et al. (1983)):

£, =& (2Nf)c 3)
where ¢ f= the ductility coefficient namely the single load reversal plastic fracture strain, ¢ = the ductility exponent

and 2Nt = the number of half-cycles i.e. number of load reversals to failure.

However, Koh and Stephens (1991) suggested that for most problems related to fatigue in engineering metallic
materials the plastic strain component remains constant and thus they extended the Coffin-Manson (Coffin 1954;
Manson 1965) method based on the total strain amplitude ea (Summation of elastic and plastic strains). The proposed
Koh-Stephens (Koh and Stephens 1991) method is given by Eq. (4):

a
&, =& (2N,) )

where ¢r= the ductility coefficienti.e. the total fracture strain for single load reversal, a = the ductility exponent.

During the experiments the total strain amplitudes were held constant and the amplitudes of the elastic and plastic
strain components did not change. This is because cyclic hardening of the material was transient, and the behaviour
stabilised quickly, as shown by Fig. 8: see the ¢ and ¢ measurements from the first eight cycles of the +4% strain
amplitude test of the 6082-T6 aluminium. Therefore, in this research, the Koh-Stephens model (Koh and Stephens
1991) was used to predict the LCF life of the studied aluminiumalloys. Eq. (4) was fitted to the obtained experimental
results for each studied aluminium alloy to calibrate erand a. The results from fatigue testsat +1% strain amplitude

were notutilised asthey do notrepresent the number of cycles thata structure could experience duringseismic events.
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& (mm/mm)

The regression analysis outputsare given in Table 5 and Fig. 9 shows Eq. (4) fitted to the experimental results for the

studied aluminium alloys using nonlinear regression analysis in MATLAB (version 2022b) (The MathWorks Inc.

2022).

0.05

0.04 -
0.03

0.02
0.01

-0.01
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Fig. 8. Measurements of (a) strainand (b) stress during the first few cycles of the +4% strain amplitude test of the

6082-T6 aluminium.

Table 5. Results of regression analysisto calibrate the Koh-Stephens model (Koh and Stephens 1991) parameters.

Coefficient of No. of data points p-value

Aluminium - in the regression

alloy &f a ggtermlnatlon analysis

6082-T6 0.168 -0.375 0.981 5 0.0016
6063-T6 0.204 -0.397 0.973 5 0.0009
6060-T5 0.112 -0.293 0.997 5 0.0002
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Fig. 9. Calibration of Koh-Stephens model (Koh and Stephens 1991) parameters for all studied aluminium alloys (No. of

data points used in the regression = 5).

5.2. Low-cycle high amplitude fatigue behaviour of 6000 series aluminium alloys

Many researchers have focused on the nonlinear analysis of steel structures subjected to seismic loading. A fibre
elementmodellingtechnique has beendeveloped in OpenSeessoftware (OpenSees 2011). Particularly, beamelements
are used to build the model and the section is broken down into fibres where uniaxial materials are defined
independently (see Spacone et al. 1996a, b). The coupled flexural and axial stiffnesses/strength are calculated by

integrating strains across the section (see Spacone etal. 1996a,b). Fibre element modelling has low computational

18


https://link.springer.com/article/10.1007/s10518-025-02097-x

Georgantzia E, Vardanega PJ and Kashani MM (2025) Modelling low-cycle fatigue behaviour
of structural aluminium alloys. Bulletin of Earthquake Engineering.
https://link.springer.com/article/10.1007/s10518-025-02097-x

cost, is a relatively simple modelling approach, and has reasonable accuracy as reported by other researchers (e.g.,

Spacone et al. 1996a,b; Uriz 2005; Kashani et al. 2018).

The Giuffre-Menegotto-Pinto (GMP) model (Giuffré 1970; Menegotto and Pinto 1973) is a uniaxial nonlinear
hysteretic constitutive model for carbon steel implemented into OpenSees (OpenSees 2011) as the Steel02 command.
This model consists of 10 time-invariant material parameters: initial Young’s modulus Eo, yield stress oo.2, post-yield
hardening ratio b, initial curvature between elastic and post-yield slope Ro, curvature variation parameter of
Bauschinger curve after each strain reversal cR1, curvature variation parameter of Bauschinger curve after each strain
reversal cRz, isotropic hardening parameters defining stress shift in compression a1 and a2, and isotropic hardening
parameters defining stress shift in tension az and a4 (see Georgantzia et al. (2024) for more details). Recently,
Georgantziaet al. (2024) performed monotonic and cyclic coupon tests up to 6.5% strainamplitude and modified this
model to extend its application on 6000 series aluminium alloys. Table 6 summarises the material parameters of the

modified GMP model.

Table 6. Calibrated GMP model parameters for the hysteretic stress—strain response of 6000 seriesalloys (adapted
from Tables 3 and 4 from Georgantziaet al. (2024)). [Used with permission of American Society of Civil Engineers, from: Journal of

Materials in Civil Engineering, E. Georgantzia et al., vol. 36 no. 6, 2024; permission conveyed through Copyright Clearance Center, Inc.].

Aluminium Eo oy b Ro cR1 cR2

Alloy (MPa)  (MPa) & & & a
6082-T6 66634 266 0005 75 06 015 0051 1 0042 1
6063-T6 64176 326 0003 85 06 015 0035 1 0020 1
6060-T5 65797 306 0003 85 06 015 0046 1 0021 1

OpenSees (OpenSees 2011) contains a standard fatigue material model that may be wrapped with any steel model
without affectingthe stress-strainstate of the original material. This model captures LCFbehaviour and is the uniaxial
Fatigue material model in OpenSees (Uriz 2005; OpenSees 2011). Amodified rainflow cycle counter algorithm tracks
strain amplitudes. This cycle counter algorithm was employed along with the Coffin-Manson (Coffin 1954; Manson
1965) relationship and Miner’s (Miner 1945) rule to describe the LCF failure. When the Fatigue material damage
state reaches a value of 1, the stress of the parent steel material reduces to zero. The default values of the Fatigue
material are the parameters taken from other calibrations with LCF tests on European steel sections (Ballio and

Castiglioni 1995; Uriz 2005) (see also Kashani et al. (2018) for further details)).
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In the present research, the Fatigue material with the calibrated Koh-Stephens parameters (Table 5) were used to
wrap the modified GMP model proposed by Georgantzia et al. (2024) for each studied aluminium alloy. Figs. 10 and
11 showthe observed and predicted normalised responses at 4% and 6% strain amplitudes, respectively, for all studied
aluminiumalloys. Visual comparisons between the measured and predicted curves revealed that the modified GMP
model (Georgantziaet al. 2024) wrapped with the calibrated Fatigue material accurately predicts the onset of fracture
in the same cycle was observed during testing for the tests presented herein. Once fracture is reached, the model
entirelyremovesthe elementand thus there isno degradation in the model. This can also be observed on Fig. 12 which
shows that for both 4% and 6% strainamplitudes, once the Fatigue material model reached the damage level of 1.0,
the stress of the 6082-T6 alloy became zero. This is important as it denotesthe capability of this material model to
predict the cycle at which a structural element, bracing or frame would fail, and as fibres are removed progressively
from the model produce a realistic progression of failure. Therefore, it is concluded that the modified GMP model
(Georgantzia et al. 2024) wrapped with the calibrated Fatigue material is capable of predicting well the fracture and

fatigue life of 6000 series aluminium alloys.
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Fig. 11. Comparison between experimental and predicted normalised responses at 6% strain amplitude for all

studied aluminium alloys.
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Fig. 12. Accumulated damage at (a) 4% and (b) 6% strain amplitudes for 6082-T6 aluminium alloy.

6. Implementation of the proposed model

The modified GMP model (Georgantziaet al. 2024) wrapped with the calibrated Fatigue material proposed herein
was implemented in OpenSees (OpenSees2011) to model the behaviour of a hypothetical aluminium hollow section
column subjected to cyclic axial loading history. A 2D non-linear model was produced as shown in Fig. 13 employing
the geometric properties reported by (Georgantzia et al. 2021b). The column comprises a 50.8x50.8x4.8 SHS made

from 6082-T6 aluminium alloy and is 2000 mm long with D (mm) = 50.6; B (mm) = 50.6; t (mm) = 4.67; wgm (Mm)
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=0.01; E(MPa) = 67500 and co.. (MPa) = 305.9 (data from: Georgantzia et al. (2021b). The non-linearBeamColumn
element was used to build the model to account for the plasticity spread along the element length (Mazzoni et al.
2006). Pin-ended support conditions were considered, and the cyclic axial loading history was applied concentrically
atthe top end of the column. Hence, the top and bottom nodes were fixed against all translational degrees of freedom

apart from, at the loaded end, the longitudinal translation. The rotation about the minor axis remained free.
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Fig. 13. Overview of the fibre elementmodelling (figure adapted from (Georgantzia et al. 2024) [Used with permission
of American Society of Civil Engineers, from: Journal of Materials in Civil Engineering, E. Georgantzia et al., vol. 36 no. 6,2024; permission

conveyed through Copyright Clearance Center, Inc.].
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As reported in previous studies (Georgantzia and Gkantou 2021; Georgantzia et al. 2021c, 2023), pre-existing
geometric imperfections influence the structural behaviour of thin-walled members. This influence was considered by
perturbing the starting geometry of the column by a Fourier sine series as described by Eq. (5) (Oyeniran Adeoti et al.

2015; Georgantzia et al. 2021c).

@, (X); = @, sin ETX ©®)

where wg = the global imperfection amplitude at node i, wgm = the maximum measured global imperfection amplitude,

L = the column length and x = the distance of the node i from the bottom of the column (Fig. 14).

node i

4(x)

Fig. 14. Schematic of initial global imperfections of a pin-ended column (figure adapted from (Georgantzia et al.
2024) [Used with permission of American Society of Civil Engineers, from: Journal of Materials in Civil Engineering, E. Georgantzia et al.,

vol. 36 no. 6, 2024; permission conveyed through Copyright Clearance Center, Inc.].

The global imperfection amplitude was set as 0.01 mm which was measured prior to testing. However, the initial local
geometric imperfection was notconsidered as the formulation of the non-linearBeamColumn element does not easily
allow the inclusion of local buckling (see Chen 2010 and Kashani 2024). The 1000 mm long column was discretised
using 20 elements while a discretisation distance of 0.5 mm was employed for the fibre section. The modified GMP
model (Georgantziaet al. 2024) wrapped with the calibrated Fatigue material was employed adopting the Eo and oy
aforementioned experimental values from Georgantzia et al. (2021b) and the b and Ro values for 6082-T6 alloy from
Table 6 for the analysis presented in this paper. The residual stresses caused by the heat-treatment of the 6082-T6

alloy, are neglected as they do not significantly affect the structural behaviour of the elements (Mazzolani 1975). A
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three-cycle reversed symmetrical displacement history up to 20 mm was applied at the top node of the column. The
same column was also analysed considering the modified GMP model (Georgantzia et al. 2024) without wrapping it

with the now calibrated Fatigue material to determine the LCF influence on the column response.

Fig. 15 illustrates the obtained load—axial displacement (P—o) curves for the 50.8x50.8x4.8 aluminium hollow
section column usingthe modified GMP model (Georgantziaetal. 2024) wrapped with the calibrated Fatigue material
and the modified GMP model (Georgantziaet al. 2024) withoutwrapping it with the calibrated Fatigue material. The
comparison between thetwo curves of the hypothetical columnshows that degradation due to LCFsignificantly affects
the inelastic behaviour of aluminium hollow section columns and thereby the energy dissipation capacity of the entire

structure during large earthquakes.
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Fig. 15. Behaviour of 50.8x50.8x4.8 aluminium hollow section column under cyclic axial loading.
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7. Summary and Conclusions

Actotal of 18 LCF tests with amplitudes ranging from +1%to +6% were carried out to establish strain—life relationships
for 6082-T6, 6063-T6 and 6060-T5 aluminium alloys. The results showed thatthe three considered alloys exhibited
similar strain—life relationships despite the different specimen elongations at the fracture point as observed in
monotonictensiletests. Itwas also observed that whenthe strain demand increased beyondthe yieldstrain, a kinematic
combined with slight isotropic hardening behaviour was observed until the maximum stress was reached. The Koh-
Stephens model (Koh and Stephens 1991) was fitted to the obtained experimental results using nonlinear regression
analysesto predictthe LCFlife of each studied aluminiumalloy. Followingthe uniaxial Fatigue material in OpenSees
(OpenSees2011),the calibrated Koh-Stephens model parameters were used to wrap themto the modified GMP model
proposed by (Georgantzia et al. 2024) to predict the fatigue life of the studied aluminium alloys. Comparing the
experimental and predicted behaviours, it was found that the proposed material model can predict fracture onset in the
same cycle. Therefore, it is currently the first (to the authors’ knowledge) uniaxial material model developed for
modelling the LCF life of structural aluminium alloys. As aluminium alloy braced frames have become a viable
alternative, more experimental testing and numerical modelling studies are needed to provide further insights into

their structural performance.
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