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A B S T R A C T

The increasing demand for lightweight, durable and corrosion-resistant materials in structural engineering has 
highlighted the growing potential of aluminium alloys in modern construction. Among these, concrete-filled 
aluminium tubes (CFATs) are attractive due to their high strength-to-weight ratio and excellent corrosion 
resistance. This study investigates the structural performance of CFAT stub columns fabricated from 6082-T6 
aluminium alloy, which is well suited for structural applications. Despite the advantages of aluminium CFATs, 
experimental data on their cross-sectional response under combined axial compression and bending remain 
limited. To address this gap, the present work experimentally investigates CFAT stub columns subjected to 
eccentric axial loading. A total of eight specimens were tested under nominal eccentricities of 0, 5, 10, and 
15 mm. A finite element model was developed and validated against the experimental results, showing excellent 
agreement in terms of ultimate load capacity, load–displacement response and failure modes. A subsequent 
numerical parametric study examined the effects of tube thickness and cross-sectional aspect ratio, as well as 
uniaxial bending about the major and minor axes, to evaluate the influence of geometric parameters on structural 
performance. Although Eurocode 4 provides design guidance for steel–concrete composite members and Euro
code 9 addresses aluminium structures, specific design provisions for aluminium–concrete composite columns 
are currently lacking. By drawing on the relevant provisions of both Eurocodes, this study assesses the appli
cability of interaction curves for moment–compression cross-sectional behaviour using the obtained experi
mental and numerical results. The findings indicate that the proposed approach provides conservative 
predictions and offers a preliminary basis for design assessment within the investigated range of parameters.

1. Introduction

Concrete-filled tubes (CFTs) are widely used due to their high 
strength, durability, and construction efficiency, with composite action 
between the tube and concrete infill enhancing confinement and 
delaying buckling [1–3]. Although steel tubes in various cross‑sections 
have been extensively applied [4–10], their self-weight and suscepti
bility to corrosion can be limiting. Concrete-filled aluminium tubes 
(CFATs) can address these drawbacks by offering a high 
strength-to-weight ratio, excellent corrosion resistance, ease of fabrica
tion and handling, and improved aesthetics [11–13]. They are particu
larly suited to durability-critical and weight-sensitive structural 
applications, such as marine, coastal, and modular construction 

environments, where lifecycle performance governs material selection. 
In such applications, material selection is typically governed by cost, 
durability, maintenance demands, and constructability considerations, 
with aluminium being adopted due to its favourable overall perfor
mance in these aspects.

Compared to concrete-filled steel tubular (CFST) columns, CFAT 
members generally exhibit lower stiffness, reduced confinement effec
tiveness, and greater sensitivity to buckling due to the lower elastic 
modulus and distinct material behaviour of aluminium. In addition, 
aluminium sections may be associated with higher material costs and 
heat-affected zone effects in welded regions. Despite these limitations, 
CFAT systems benefit from reduced self‑weight, high corrosion resis
tance, and recyclability, making them attractive for specialised 
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applications. For equivalent load capacity, aluminium tubes can reduce 
column self-weight by up to approximately 17% [14], while the concrete 
infill enhances the stability of aluminium members [15]. Among struc
tural aluminium alloys, 6082 is increasingly adopted due to its favour
able strength and weldability [11].

Despite these advantages, research on CFAT members remains rela
tively limited compared to CFST systems. Nevertheless, several experi
mental studies have investigated specific aspects of CFAT structural 
behaviour. Zhou and Young [16,17] studied the axial compression 
behaviour of CFAT stub columns, while Feng et al. [18], Chen et al. [19], 
and Bin et al. [15] investigated the flexural performance of CFAT beams. 
Studies focusing on column stability and global behaviour have been 
reported by Georgantzia et al. [20], Rong et al. [21,22], Mi et al. [23], 

Guo et al. [24], Jiang et al. [25] and Chen et al. [19]. Other in
vestigations have considered the influence of alternative concrete ma
terials, including geopolymer concrete [26] and coral or coral aggregate 
concrete ([27,28,24,25,29]). However, research addressing eccentric 
compression behaviour remains comparatively limited and has largely 
focused on circular hollow sections or slender columns, where global 
buckling dominates the structural response [21–25]. Consequently, the 
behaviour of square hollow section (SHS) CFAT stub columns under 
eccentric compression, where confinement of the concrete core and local 
buckling of the aluminium tube are critical, remains insufficiently 
understood.

1.1. Research significance

Recent reviews [30] emphasise the need for further investigation 
into aluminium–concrete composite members. In this context, experi
mental evidence on the behaviour of 6082-T6 SHS aluminium alloy stub 
columns subjected to combined axial load and bending remains scarce. 
Beyond the limited availability of data, there is also a lack of clear un
derstanding of how aluminium-specific material characteristics influ
ence composite behaviour under eccentric loading. The behaviour of 
CFAT cross-sections under eccentric compression is governed by the 
interaction between axial force, bending moment, confinement of the 
concrete core, and local buckling of the aluminium tube. However, the 
efficiency and distribution of confinement, as well as the interaction 
between local buckling and the concrete core, are fundamentally influ
enced by the lower stiffness and distinct material response of 
aluminium. These mechanisms may not fully correspond to those 
observed in steel–concrete composite structures, since aluminium ex
hibits a lower elastic modulus and a different stress–strain response 
compared with steel. Consequently, the applicability of CFST design 
approaches to CFAT members requires further evaluation.

To address these limitations, this study presents an experimental and 
numerical investigation of 6082-T6 SHS concrete-filled aluminium alloy 
stub columns subjected to eccentric compression. The research com
bines experimental testing, validated numerical modelling, and 
comparative assessment with independent data from the literature to 
provide a comprehensive evaluation of CFAT behaviour. The study 
contributes to improved understanding of CFAT structural performance 
by examining the failure modes, axial load–moment interaction 
behaviour, and the influence of key parameters, such as eccentricity and 
section slenderness. The results are used for the assessment of a design 
framework consistent with Eurocode 4 (EC4) [31] and Eurocode 9 (EC9) 
[32], highlighting key parameters governing their performance, thereby 
supporting the development of more reliable design approaches for 
aluminium–concrete composite structures.

2. Experimental programme

2.1. General

An experimental programme was carried out to investigate the 
behaviour of CFAT cross-sections under combined compression and 
bending. Initially, material testing was performed to evaluate the me
chanical properties of the concrete and aluminium used. Subsequently, a 
total of eight stub column specimens were tested under combined 
compression and bending. Two types of CFAT specimens, comprising 
6082-T6 aluminium alloy tubes, were selected to enable direct 

Table 1 
Summary of measured material properties of aluminium alloys.

Specimen E 
(MPa)

f0.1 (MPa) f0.2 (MPa) fu 

(MPa)
εu (%) 
(mm/mm)

εf (%) 
(mm/mm)

n

50.8 × 50.8 × 3.3 68,300 257 264 304 7.49 14.70 28.19
50.8 × 50.8 × 4.8 64,500 275 284 318 8.04 8.90 30.92

Fig. 1. Stress–strain curves of aluminium alloys.

Table 2 
Geometric dimensions of CFAT specimens.

Specimen ID Depth 
h 
(mm)

Width 
b 
(mm)

Thickness 
t (mm)

Length 
L (mm)

Nominal 
eccentricity e0, 

nom (mm)

50.8 × 50.8 × 3.3- 
e0

50.8 50.8 3.09 153 0

50.8 × 50.8 × 3.3- 
e5

50.8 50.8 3.09 153 5

50.8 × 50.8 × 3.3- 
e10

50.8 50.8 3.09 153 10

50.8 × 50.8 × 3.3- 
e15

50.8 50.8 3.09 153 15

50.8 × 50.8 × 4.8- 
e0

50.8 50.8 4.76 153 0

50.8 × 50.8 × 4.8- 
e5

50.8 50.8 4.76 153 5

50.8 × 50.8 × 4.8- 
e10

50.8 50.8 4.76 153 10

50.8 × 50.8 × 4.8- 
e15

50.8 50.8 4.76 153 15
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comparison with previously tested specimens under axial compression 
[26], global buckling [33] and flexure [15], with the present study 
extending the investigation to combined axial compression and bending. 
The aluminium tubes had nominal dimensions of 50.8 × 50.8 × 3.3 mm 
and 50.8 × 50.8 × 4.8 mm, were infilled with concrete, and were tested 
under varying levels of applied eccentricity. The concrete was placed in 
successive layers and consolidated using a vibrating table to ensure 
appropriate compaction. To prevent leakage during casting, the bottom 
end of each specimen was sealed with a taped wooden plate. Following 
casting, all specimens were enclosed in plastic sheeting and left to cure 
for 28 days, minimising moisture loss throughout the curing process.

2.2. Material testing

The tubular specimens were fabricated using 6082-T6 aluminium 
alloy. The mechanical properties of the aluminium alloy were deter
mined through tensile coupon tests, extracted from each of the two 
hollow sections in accordance with the guidelines presented in [34]. 
Testing was performed under displacement control at a loading rate of 
0.2 mm/min and the longitudinal strain was measured using an 

extensometer.
To capture the observed nonlinear stress–strain behaviour, the ma

terial behaviour was modelled using the equations proposed by [35] and 
later modified by [36]. Table 1 summarises the obtained mechanical 
properties, where f0.1 and f0.2 proof stresses represent the yield strengths 
corresponding to those specific strain offsets, fu refers to the ultimate 
tensile strength, εu is the strain at ultimate strength, εf is the fracture 
strain and n denotes the Ramberg–Osgood [35] strain hardening expo
nent. Fig. 1 compares the experimental stress–strain curves obtained 
from two tensile coupons for each studied thickness, alongside the 
curves generated using the Ramberg–Osgood model. It is noted that 
similar values for the examined 6082-T6 material have been reported in 
other studies [15,20,33,37].

The concrete mixture was designed with a nominal compressive 
strength of 25 MPa, comprising of ordinary Portland cement, fine and 
coarse aggregates (up to 10 mm) and water, in a weight ratio of 
1:1.5:2.5:0.5. The compressive strength was determined using three 
concrete cylinders (300 ×150 mm), cast from the same batch as the 
CFAT specimens and tested and in accordance with [38]. The average 
compressive strength obtained from these tests was 26.1 MPa. It is noted 

Fig. 2. Experimental set-up.
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that the adopted normal-strength concrete is consistent with published 
CFAT experimental studies (e.g. [22,19,20,26]) and allows clearer 
interpretation of cross-sectional interaction under eccentric loading, 
while avoiding additional variables associated with high-strength con
crete. Although higher-strength and advanced concrete materials are 
increasingly used in modern practice, the present study focuses pri
marily on the influence of geometric characteristics and loading condi
tions rather than concrete strength.

2.3. Uniaxial bending and compression testing

Two cross-sectional profiles with varying thicknesses were tested 
under nominal eccentricities of 0, 5, 10 and 15 mm to investigate their 
effect on structural behaviour. The geometric details of the specimens 
are provided in Table 2, and the cross-sectional notations are shown in 
Fig. 2(a). The specimens had the same external cross-sectional 

dimensions and concrete grade to those reported in previous studies 
[15,26], enabling direct comparisons and establishing a benchmark for 
the ultimate performance of CFAT stub-columns under combined 
bending and compression. Ultimately, these tests are employed for 
validation purposes in Section 3.

The applied eccentricities were selected to provide a range of com
binations from pure bending to pure compression. Specimen notation in 
Table 2 follows the cross-sectional dimensions and the corresponding 
nominal eccentricity (e0,nom). The specimen length was set to three times 
the largest cross-sectional dimension, to ensure the ultimate cross- 
sectional response is captured while global buckling is avoided.

The combined loading tests were carried out using a 600 kN hy
draulic machine, as shown in Fig. 2(b) and Fig. 3(a). Nominal eccen
tricities were introduced by offsetting each specimen from the centreline 
using a custom wooden plate, as shown in Fig. 3(b). The top and bottom 
loading plates interfaced with the loading rig through knife-edge sup
ports, providing pin-ended boundary conditions along the bending axis 
and fixed-ended conditions along the perpendicular axis. To maintain 
alignment and prevent lateral movement of the specimens, additional 
steel channels were loosely bolted with steel plates at both ends. The 
abovementioned technique has been successfully applied in earlier 
studies [20].

Instrumentation comprised two linear variable differential trans
ducers (LVDTs), positioned at mid-height for lateral displacement, 
allowing for the calculation of second order bending moments arising 
from deviations of the mid-section centroid relative to the load. Two 
additional LVDTs were symmetrically placed at the lower edge to 
measure end rotations. Two strain gauges were affixed at mid-height to 
capture axial strains and determine the actual initial loading eccen
tricity, as detailed later.

Loading was applied under displacement control with a constant rate 
of 0.4 mm/min. Throughout testing, the applied load, mid-height and 
end deflections along with longitudinal strains, were continuously 
recorded at one second intervals using a data acquisition system.

Fig. 3. Photos of experimental set-up.

Table 3 
Key results from eccentric stub column tests.

Specimen ID Applied actual 
eccentricity 
e0,act (mm)

Ultimate 
load 
Nu,Exp 

(kN)

Ultimate 
moment 
Mu,Exp 

(kNm)

Ultimate mid- 
height lateral 
displacement 
δu,Exp (mm)

50.8 × 50.8 × 3.3- 
e0

0.62 221.74 0.39 1.15

50.8 × 50.8 × 3.3- 
e5

5.49 177.61 1.43 2.55

50.8 × 50.8 × 3.3- 
e10

10.03 158.45 2.10 3.23

50.8 × 50.8 × 3.3- 
e15

15.30 133.56 2.47 3.08

50.8 × 50.8 × 4.8- 
e0

0.51 355.13 0.71 1.49

50.8 × 50.8 × 4.8- 
e5

5.55 260.04 2.67 4.70

50.8 × 50.8 × 4.8- 
e10

10.05 242.91 3.75 5.40

50.8 × 50.8 × 4.8- 
e15

14.18 202.01 4.15 6.36
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2.4. Discussion of experimental results

Following the tests, the data from the strain gauges were utilised to 
determine the exact initial loading eccentricities applied to each spec
imen. These eccentricities have a significant effect on the response of the 
specimens under combined compression and bending, therefore accu
rate values are essential for the development of reliable numerical 
models from the tests. The nominal eccentricities, i.e. those selected to 

be applied are tabulated in Table 2, while the actual applied ones are 
reported in Table 3. The deviation from the nominal value during the 
experiment is owing to additional, unintentional imperfections and are 
calculated as follows: For uniaxial bending combined with axial 
compression, the applied moment M and axial force N read as in Eq. (1)

M = N(e0,act + é ) (1) 

Where e0,act is the actual initial eccentricity and e′ represents the addi
tional eccentricity induced by second-order effects. The summation of 
these terms represents the total eccentricity at the specimen’s mid- 
height. In the elastic loading phase, the actual initial eccentricity (e0, 

act) can be derived from the recorded axial strains on the concave 
(εconcave) and convex (εconvex) faces of the specimens, using the theoret
ical relationship between the applied bending moment, axial load and 
strain as follows: 

e0,act =
2I(1 + ψ)
Ah(1 − ψ) − é (2) 

Where, A and I are the cross-sectional area and the second moment of 
area of the composite section, and ψ is the ratio of measured strains 
between the concave and convex faces (εconcave/εconvex) as described in 
[39]. The key experimental results, including the calculated actual ec
centricity (e0,act), the maximum applied load and bending moment, as 
well as the corresponding average lateral displacement at mid-height, 
are presented in Table 3.

The load–mid-height average lateral displacement curves are pre
sented in Fig. 4, showing the structural response of the CFAT specimens 
under varying levels of loading eccentricity. For the thinner-walled 

Fig. 4. Load-mid-height lateral displacement curves.

Fig. 5. Experimental failure modes.

Fig. 6. Compressive response of confined concrete [41].
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section (50.8 ×50.8 ×3.3), the concentrically loaded specimen (e0) 
exhibits the highest ultimate load, exceeding 220 kN. The response is 
initially linear, followed by gradual stiffness degradation prior to peak 
load, indicating progressive yielding of the aluminium tube. With 
increasing eccentricity (e5, e10, e15), a progressive reduction in ulti
mate load was observed. A clear reduction in initial stiffness is also 
evident, reflecting increased bending contribution and stress redistri
bution across the section. At e15, the load capacity drops significantly to 
around 130 kN accompanied by larger lateral displacements, high
lighting the growing influence of second-order effects. A similar 
eccentricity-driven reduction in strength and stiffness has been reported 
in previous CFAT studies on circular cross-section subjected to eccentric 
compression [28], where increasing load eccentricity progressively 
shifts the response from confinement-dominated compression to 
bending-controlled sectional behaviour. This is also in line with findings 
of [23] who concluded that increasing eccentricity reduces the hoop 
confinement effect provided by the aluminium tube to the internal 
concrete.

The thicker-walled cross-sections (50.8 ×50.8 ×4.8 mm) exhibit 
higher load-bearing capacity for all tested eccentricities, with the 
concentric capacity over 350 kN, following similar trends of decreasing 
stiffness and reduced peak load with increasing eccentricity. The 
increased aluminium thickness enhances axial stiffness and local buck
ling resistance, thereby improving confinement to the concrete core and 
delaying instability. Collectively, the tested specimens provide sufficient 
evidence of stable composite interaction under combined loading. The 
thicker sections also show reduced sensitivity to eccentricity, while 
thinner sections exhibit a greater reduction in axial capacity as eccen
tricity increases. This confirms that tube stiffness plays a key role in 
maintaining sectional integrity under combined bending and compres
sion. This observation is consistent with earlier experimental and 

numerical investigations on CFAT members (e.g [18,20]) which 
demonstrated that tube thickness and section slenderness are dominant 
parameters governing confinement efficiency and ultimate capacity.

Fig. 5 shows the deformed specimens after failure. In both groups, 
noticeable plastic deformation is observed. There is no prominent sur
face spalling, whilst local buckling deformations were observed near the 
ends of the specimens subjected to concentrically applied loads. Similar 
failure modes [26,28] have been previously documented in CFAT stub 
columns [26], where the relatively low elastic modulus of aluminium 
limits confinement compared to CFST systems.

3. Numerical Programme

To further study thebehaviour of CFAT stub columns under eccentric 
compressive loading, a three-dimensional finite element (FE) model was 
developed using ABAQUS software [40]. The developed model was 
validated against the experimental data of Section 2 and data from 
literature. Using this validated model, a numerical parametric study was 
carried out to investigate the effect of variation of different design pa
rameters. To establish the full interaction performance of the CFAT 
cross-section, including both extremes -pure compression and pure 
bending- a numerical model of CFAT beams was also developed and 
validated against experimental results from the literature, ensuring ac
curate representation of the pure bending behaviour.

3.1. Modelling assumptions

The geometric dimensions and material properties of all CFAT stub 
columns, as reported in Table 1 and Table 3 were used to develop the FE 
models. The aluminium hollow tube and inner concrete core were 
modelled using eight-node hexahedral solid elements (C3D8R). Based 

Fig. 7. Loading and boundary conditions of FE models.
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on a mesh sensitivity study, a mesh size of 5 mm was selected and 
generated using the structured meshing technique for the aluminium 
tube and concrete core. A minimum of three elements through thickness 
were employed for each tube. Similar mesh sizes have been shown to 
provide good accuracy, while enabling efficient simulations in compa
rable structures [20]. The material behaviour of the aluminium section 
was simulated using the elastic-plastic model of ABAQUS. The elastic 
behaviour of the aluminium section was modelled using the modulus of 
elasticity reported in Table 1 and a Poisson’s ratio of 0.33. Material 
yielding was determined using the von Mises criterion, while isotropic 
hardening was employed. The stress-strain coupon test data were used 
as input in ABAQUS, by converting them to true stress-logarithmic 
plastic strain data.

Concrete was modelled using the concrete damage plasticity (CDP) 
model. This model has been used successfully in earlier studies of con
crete filled aluminium composite structures [15,20,33,37]. For the 
elastic response of concrete, the modulus of elasticity value was 
29.33 GPa and was determined according to Eurocode 2 [31], while the 
Poisson’s ratio value was taken as 0.2. The dilation angle that controls 
volumetric expansion (dilatancy) of concrete when it undergoes plastic 
shear deformation, was taken equal to 40◦ in line with earlier numerical 
studies [41], whereas the viscosity parameter and flow potential ec
centricity (ε) were set equal to 0 and 0.1 respectively. The ratio between 
biaxial and uniaxial compressive strength (fb0

fc0
) was set to 1.17 based on 

the equation suggested by Papanikolaou and Kappos [42] and the value 
of compressive meridian (Kc) was calculated as 0.72 according to the 
equation suggested by and Yu et al. [43]. The tension softening behav
iour of concrete (post-peak cracking) was defined using a stress–crack 
opening displacement relationship, based on the fracture energy concept 
[40], which represents the energy required to open a unit area of a crack.

The confinement effect in concrete modelling is considered by 
adopting the confined concrete models proposed by [41] shown in 
Fig. 6. The model has been initially developed for steel-concrete 

structures but has been successfully applied in earlier studies [15,20, 
33,37] focusing on aluminium-concrete structures. According to [30], 
the behaviour of the concrete until the ultimate strength is reached is 
considered the same as the unconfined concrete as the interaction be
tween the two materials will be initiated at the later stages due to 
variation of the Poisson’s ratio. Subsequently, the strength increases due 
to the confinement effect, which is represented by a horizontal plateau 
followed by a descending branch with high ductility. Consistent with the 
aforementioned studies ([15,20,33,37]), confinement in the present 
finite element framework is not imposed through a predefined 
enhancement coefficient. Instead, it develops progressively through 
equilibrium and compatibility between the aluminium tube and the 
concrete core. As axial loading increases and concrete dilation occurs, 
interaction stresses evolve naturally via contact interaction and 
nonlinear material behaviour, allowing passive confinement and stiff
ness degradation to be captured at the structural level. The tensile 
strength of the confined concrete is considered to be 10% of the 
compressive strength [41] and a descending portion is added after the 
tensile strength, considering the fracture energy [44,45,46].

The surface-to-surface contact model in ABAQUS was applied to 
simulate the interaction of the outer section and the concrete core. In 
this model, the concrete surface was considered as the master surface, 
and the inner surface of the hollow tube was assigned as the slave sur
face. In the vertical direction, a hard contact relationship between two 
surfaces was used to ensure zero penetration under compression and to 
allow separation subjected to tension. In the horizontal direction, the 
Coulomb friction model with a 0.3 coefficient was applied to consider 
sliding between the surfaces, in line with similar past studies [47].

To replicate the test boundary conditions, reference points (RP) were 
created at the centroid of both ends of the specimen to apply a 
concentric compressive load using the displacement control method. For 
eccentric compression, both RP were moved to the desired loading po
sition. It is considered that the top RP can move along the loading 

Table 4 
Ratios of FE over test ultimate load of CFAT stub columns and CFAT Beams.

Reference Specimen Cross-section Aluminium 
grade

Concrete grade Nu,FE/Nu,Exp 

(stub columns) 
or 
Mu,FE/Mu,Exp 

(beams)

this study (stub columns) 50.8 × 50.8 × 3.3-e0 SHS 6082-T6 C20 0.99
50.8 × 50.8 × 3.3-e5 SHS 6082-T6 C20 1.02
50.8 × 50.8 × 3.3-e10 SHS 6082-T6 C20 0.99
50.8 × 50.8 × 3.3-e15 SHS 6082-T6 C20 1.02
50.8 × 50.8 × 4.8-e0 SHS 6082-T6 C20 0.94
50.8 × 50.8 × 4.8-e5 SHS 6082-T6 C20 1.06
50.8 × 50.8 × 4.8-e10 SHS 6082-T6 C20 0.98
50.8 × 50.8 × 4.8-e15 SHS 6082-T6 C20 1.05

[29]
(stub columns)

CC− 20–2 SHS 6061-T6 C20 1.04
CC− 30–2 SHS 6061-T6 C30 0.99
CC− 40–2 SHS 6061-T6 C40 1.03
CC− 20–4 SHS 6061-T6 C20 1.05
CC− 30–4 SHS 6061-T6 C30 0.99
CC− 40–4 SHS 6061-T6 C40 1.01
CC− 20–6 SHS 6061-T6 C20 0.99
CC− 30–6 SHS 6061-T6 C30 1.00
CC− 40–6 SHS 6061-T6 C40 1.04

[15]
(beams)

76.2 × 76.2 × 1.6-C SHS 6082-T6 C20 0.96
76.2 × 76.2 × 3.3-C SHS 6082-T6 C20 1.02
76.2 × 76.2 × 4.8-C SHS 6082-T6 C20 0.94
76.2 × 76.2 × 6.4-C SHS 6082-T6 C20 0.94
76.2 × 25.4 × 3.3-C RHS 6082-T6 C20 0.98
76.2 × 38.1 × 3.3-C RHS 6082-T6 C20 0.92
76.2 × 50.8 × 3.3-C RHS 6082-T6 C20 0.92
101.6 × 25.4 × 3.3-C RHS 6082-T6 C20 0.94
101.6 × 50.8 × 3.3-C RHS 6082-T6 C20 0.94
101.6 × 76.2 × 3.3-C RHS 6082-T6 C20 0.94

​ Mean ​ ​ ​ 0.99
​ Coefficient of Variation (COV) ​ ​ ​ 0.04
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direction, i.e., Z direction and both RP have rotational degree of freedom 
around the X direction. Fig. 7 displays the loading and boundary con
ditions of the developed FE model of CFAT stub columns and CFAT beam 
developed and validated by [15]. The residual stresses were not 

considered in the FE model, as their presence is typically very low in 
aluminium sections due to the production process as reported in [20]. 
The effect of local geometric imperfections has been found to be negli
gible in similar structures [47], due to the confinement provided to the 

(a) 50.8×50.8×3.3-e5 (b) 50.8×50.8×3.3-e15

(c) 50.8×50.8×4.8-e5 (d) 50.8×50.8×4.8-e10

(e) C-30-4 (test from [29]) (f) C-40-6 (test from [29])

(g) 76.2×76.2×3.3-C (test from [15]) (h) 76.2×25.4×3.3-C (test from [15])
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Fig. 8. Comparison between test and FE responses for CFAT columns and beams.
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Fig. 9. Comparison between experimental and numerical failure modes.

M. Gkantou et al.                                                                                                                                                                                                                               Structures 91 (2026) 112588 

9 



metal tube by the concrete and hence have not been considered herein.
It should be noted that the selected CDP parameters, friction coeffi

cient, and the omission of residual stresses and initial imperfections 
were adopted based on previous studies and validated against the pre
sent test results (see Section 3.2). A systematic sensitivity study of these 

modelling assumptions was beyond the scope of the present work and 
may be considered in future research.

3.2. Validation of FE models

For validation purposes, the FE failure pattern, the axial compressive 
load vs mid-height lateral displacement response and the maximum 
compressive load of each CFAT FE model were compared with those 
obtained from the test. In Table 4, the ratio of the FE and test ultimate 
strength of all stub columns is listed. Good agreement is observed be
tween the test and FE results, with a mean and coefficient of variation 
(COV) of 1.01 and 0.04, respectively. Fig. 8(a-d) shows the comparison 
of the test and FE load vs mid-height lateral displacement curves. Failure 
patterns are compared in Fig. 9(a-b) where it can be observed that the 
developed FE model closely replicates the failure pattern of CFAT 
specimens.

In addition to the eight specimens tested herein, nine specimens from 
study [29] were included in the validation. In that study, axial 
compression tests were conducted on nine coral concrete-filled 
aluminium square stub columns to characterise their failure modes, 
load-carrying capacity, and load–deformation behaviour, while also 
examining the influence of concrete strength. The corresponding 
strength ratios and load-deformation comparisons are presented in 
Table 4 and Fig. 8(e–f), with failure pattern replication shown in Fig. 9
(c). It is noted that the validation against test data of [29] involved also 

Table 5 
List of key parameters included in the parametric study.

Total analyses: 160

4 cross-sectional thickness of aluminium tube 
(mm)

• 1.6
• 3.3
• 4.8
• 6.4

3 aspect ratios (h×b) • 50.8 × 50.8 (h/b=1)
• 76.2 × 50.8 (h/b=1.5)
• 101.6 × 50.8 (h/b=2)

Bending axis • major
• minor

8 loading cases ψ= + 1 (e=0 mm; axial 
compression) 
ψ= + 0.65 
ψ= + 0.50 
ψ= + 0.35 
ψ= 0 
ψ= − 0.35 
ψ= − 0.65 
ψ= − 1 (pure bending)

(a) Effect of cross-sectional aspect ratio (b) Effect of cross-sectional thickness

(c) Effect of eccentricity (d) Effect of the major and minor bending axes

Fig. 10. Results from parametric studies.
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higher-strength concrete (e.g., C40), demonstrating the model's appli
cability beyond the concrete strength range adopted in this study.

In addition, a CFAT beam numerical model was also developed and 
validated against the test data by [15] in order to generate the inter
action diagram of CFAT cross-sections, including the pure bending 
scenario. The study in [15] presented experimental and numerical in
vestigations on 10 square and rectangular 6082‑T6 aluminium tubular 
beams to evaluate their in‑plane bending behaviour, including failure 
modes, flexural strength, stiffness, ductility and moment–deflection 
response. Fig. 8(g)-(h), Fig. 9d and Table 4, show the accuracy of FE 
model of CFAT beam, in terms of moment vs mid-span deflection curves, 
failure modes and ultimate moments, respectively, compared to those 
reported in [15].

Overall, the comparison across all 27 tests shows very good agree
ment between numerical and experimental results, including good 
representation of failure modes and load–deformation response, con
firming the robustness and reliability of the adopted modelling 
framework.

3.3. Parametric study

Using the validated FE model of CFAT stub column and CFAT beam 
[15], an extensive parametric study was conducted to generate more 
structural performance data of CFAT cross-section under combined 
uniaxial bending and compression. An average test stress–strain 

Fig. 11. Failure modes obtained from parametric studies.

Fig. 12. Simplified M-N interaction curve according to [31].
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relationship with f0.2= 271.2 MPa was applied to consider the material 
properties of aluminium hollow sections. A total of 160 FE models, 
including 140 stub columns and 20 beams, were developed. The list of 
key parameters included in the parametric study are detailed in Table 5. 
The parametric analysis was designed to generate additional data points 
along the M–N interaction curve. As the experimental study was limited 
to square cross-sections, the numerical investigation was extended to 
rectangular sections with aspect ratios greater than one, considering 
bending about both major and minor axes. Finally, while only two 
width-to-thickness ratios were considered in the experimental tests, four 
different ratios were examined in the FE analysis in order to extend the 
investigated range. In particular, three cross-sectional dimensions were 
considered for both column and beam specimens: 50.8 × 50.8 mm, 
76.2 × 50.8 mm, and 101.6 × 50.8 mm. These configurations corre
spond to three aspect ratios, addressing cases of both major-axis and 
minor-axis bending combined with axial compression. For each aspect 
ratio, four thicknesses – ranging from 1.6 mm to 6.4 mm – were 

examined to assess the influence of local slenderness. A total of seven 
loading scenarios were studied, defined by varying the ψ ratio, covering 
a full spectrum from pure compression to pure bending conditions. The 
concrete strength was set equal to 25 MPa, similarly to the experimental 
campaign. Previous CFAT studies that examined the influence of con
crete grade (e.g., He et al. [28,27]; Wang et al. [48], Jiang et al. [25]) 
have shown that increasing concrete strength enhances axial capacity 
and stiffness but does not fundamentally alter the governing failure 
modes. As its effect is secondary to parameters such as eccentricity and 
tube thickness, concrete grade is treated as a contributing rather than 
governing variable in this cross-sectional study. The parametric inves
tigation primarily aimed to expand the dataset in terms of thickness, 
cross-sectional geometry and bending axis.

Typical load–mid-height lateral displacement curves are presented in 
Fig. 10. Fig. 10(a) shows the influence of cross-sectional size on the 
structural performance of CFAT stub columns, presenting 
load–displacement curves for specimens with varying aspect ratios, 
while maintaining a constant applied eccentricity and thickness of the 
aluminium tube. The results indicate that both the initial stiffness and 
ultimate load capacity increase with larger cross-sectional dimensions, 
as the increased concrete volume and larger confinement area 
contribute to enhanced resistance against compressive loads. Fig. 10(b) 
presents the influence of the thickness of the aluminium on the struc
tural performance, with the applied eccentricity and aspect ratio kept 
constant. The results demonstrate that increasing the aluminium tube 
thickness significantly enhances the ultimate load capacity of the stub 
column. Fig. 10(c) displays the FE results for a selected specimen, with 
constant aspect ratio and thickness, subjected to varying levels of ec
centricity. An anticipated trend is noticed where the ultimate load is 
decreased with the increase of loading eccentricity. Fig. 10(d) shows the 
effect of the bending axis by comparing the responses of major and 
minor axis bending, showing that bending about the minor axis results 
in lower ultimate strength and stiffness.

Fig. 11 shows typical failure modes of the parametric study and 
particularly, the numerical failure modes of rectangular aluminium 
hollow sections under different bending conditions and thicknesses. 
Figures (a)-(b), representing the thinner sections under major-axis 
bending and compression, exhibit clear local buckling within the 
compression region, including for the moment gradient case of ψ 
= − 0.35, indicating reduced resistance to local instability and higher 
local stress concentrations. In contrast, Figures (c)-(d), corresponding to 
the thicker 6.4 mm aluminium sections under minor-axis bending and 
compression, show predominantly global flexural deformation with no 
noticeable local buckling. The thicker sections maintain better sectional 
stability and exhibit a flexural-dominated response.

Fig. 13. Definition of ratio of experimental or numerical ultimate capacity to 
design prediction RExp,FE/Rpred.

Fig. 14. Eurocode assessment based on experimental data.
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4. Design recommendations

This section uses the obtained experimental and numerical perfor
mance data to assess the suitability of existing design guidelines for 
predicting the ultimate behaviour of CFAT cross-sections under com
bined compression and bending, with particular focus on European 
design guidelines. EC4 [31] provides guidance for steel–concrete com
posite members and EC9 [32] covers aluminium structural design, but 
there is no specific framework for aluminium–concrete composite col
umns. It is noteworthy that the recently updated version of EC9 [32]
now includes provisions for I-section aluminium–concrete beams with 
shear connectors; however, there is still no direct guidance for 
concrete-filled aluminium tubular sections. Therefore, this study in
tegrates and adapts relevant provisions from both Eurocodes 9 and 4 to 
evaluate their applicability in predicting combined 
moment–compression cross-sectional behaviour. Section 4.1 outlines 
the current guidelines of [31] and [32], while Section 4.2 presents the 
assessment based on experimental and numerical results.

4.1. Eurocode design provisions

For concrete-filled aluminium tubular cross-sections under com
bined axial compression and bending, a simplified M–N interaction 
curve adapted from the principles of EC4 and EC9 is employed, 
following the approach recommended in [31]. The suggested simplified 
M-N curve is constructed by four points, as shown in Fig. 12. The curve is 
defined by four characteristic points (A–D) 

(1) Point A represents pure axial compression (M = 0)
(2) Point B corresponds to pure bending (N = 0)
(3) Point C combines the full plastic moment capacity with the axial 

resistance of the concrete infill, and
(4) Point D is defined by the maximum bending resistance associated 

with half of the plastic axial resistance.

Linear interpolation between these points is used to construct the 
interaction curve.

At point A, the cross-section is under pure compression, therefore 
MA = 0 and the plastic resistance (Npl,Rd) is determined according to Eq. 
3. At Point B (NB = 0), the cross-section is under pure bending and the 
plastic moment resistance (Mpl,Rd) is given by Eq. 4, where Wpa and Wpc 

are the plastic section moduli for the aluminium and concrete, respec
tively Wpa,n, Wpc,n are the plastic section moduli for aluminium and 
concrete at the height of 2hn, respectively, where hn is the depth of 
neutral axis. The moment at Point C is equal to Mpl,Rd and NC is the 
compression resistance provided by the concrete infill, as given in Eq. 5. 
Finally, Point D is defined by the maximum moment (Mmax,Rd) and half 
of Npm,Rd as described in Eq. 6

Point A : NA = Npl = Aafa + Acfc and MA = 0 (3) 

Point B : MB = Mpl = (Wpa − Wpa,n)fa +
1
2
(
Wpc − Wpc,n

)
fc and NB = 0

(4) 

Fig. 15. Parametric study results of specimen 50.8 × 50.8 (aspect ratio 1).
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Point C : MC = MB and NC = Npm,Rd = Acfc (5) 

Point D : MD = Mmax ,Rd = Wpafa +
1
2
Wpcfc and ND =

1
2
Npm,Rd (6) 

4.2. Assessment based on test and FE data

For the assessment of the accuracy of design predictions, the ratio 
defined in Fig. 13 has been employed. According to this graph, the line 
from (0,0) to the intersection with the design interaction curve repre
sents the predicted design capacity Rpred while the line from the origin 
(0,0) to the test/FE performance point is expressed by RExp or RFE. The 
ratio of experimental or FEA results to the predicted capacity (RExp,FE/ 
Rpred) can then be calculated. For ratio values exceeding unity, which lie 
outside the interaction curve, the design prediction is safe, with points 
extending beyond the curve indicating overly conservative estimates. 
Conversely, any points located inside the curve suggest unsafe design 
predictions.

By combining [31] and [32] design provisions, this section presents 
the normalised ultimate capacity of the composite CFAT cross-sections 
and their comparison with the Eurocode interaction curves. Firstly, 
the assessment is presented graphically including in the same graph the 
normalised test/FE data of a cross-section and the Eurocode design 
interaction curve corresponding to this cross-section. In all cases, the 
ultimate load was normalised by Npl (see Eq. (3)) and the corresponding 
experimentally or numerically achieved moment was normalised by Mpl 
(see Eq. (4)). The points on the vertical axis correspond to the case of 
axial compression (ψ = 1), while the points on the horizontal axis 

correspond to the case of pure bending (ψ = − 1). All the intermediate 
points correspond to the other ψ cases studied (0.65, 0.35, − 0.65, 
− 0.35, 0, 0.35, 0.50, 0.65).

Fig. 14 uses the normalised experimental data points presented in 
Section 2.4 to assess the Eurocode design predictions. In addition, the 
figure includes test data from the study by Gkantou et al. [26], which has 
studied the same CFAT cross-sections for the cases of axial compression 
and pure bending. Fig. 15-Fig. 19 present the results from the numerical 
parametric studies presented in Section 3.3. Each figure shows the 
behaviour of the same cross-section under different combinations of 
examined uniaxial bending and axial compression loadings. In 
particular,

Fig. 15 shows the results for SHS (50.8 × 50.8 mm) examined in four 
different thicknesses (a to d). Fig. 16 and Fig. 17 present the assessment 
for rectangular hollow sections with an aspect ratio of 1.5, under major 
and minor axis bending, respectively. Fig. 18 and Fig. 19 illustrate the 
results for rectangular hollow sections with an aspect ratio of 2, again for 
the cases of major and minor axis bending, respectively.

These figures indicate that overall, the design predictions offer a safe 
design margin. Both the experimental and finite element results follow 
the interaction curve, with a safety margin that tends to be conservative 
for sections with higher cross-sectional thickness. This also reflects the 
ability of sections with higher thickness to develop their full plastic 
moment capacity. Comparable findings have been reported for bare stub 
column sections under eccentric compression [39]. While most FE cases 
remain within a reasonably safe margin, the higher values – particularly 
for 50.8 × 50.8 × 6.4 – highlight the need for further scrutiny in design 

Fig. 16. Parametric study results of specimen 76.2 × 50.8 (aspect ratio:1.5) under major axis bending and compression.
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to avoid overutilisation in specific scenarios. It is noteworthy that, ac
cording to [31], only sections with a width-to-thickness ratio h/t ≤ 52 
(235/fy)0.5 are recommended for use in concrete-filled steel members, 
effectively excluding Class 4 sections. This can be translated for 
aluminium structures as a limit of h/t ≤ 52(250/f0.2)0.5, substituting the 
235/fy with 250/f0.2 based on [32]. From the parametric study presented 
herein, only the FE results shown in Fig. 18(a) and Fig. 19(a) do not 
comply with this limit (h/t = 101.6/1.6 =64 >52(250/271.20)0.5= 50). 
Nevertheless, they have been included in the assessment using the same 
design formulae as the rest. Their overall performance for these two 
sections was reasonable, closely following the Eurocode interaction 
curve. However, the resulting design values were slightly uncon
servative, with RFE/Rpred ratios of 0.96 and 0.95, indicating the need to 
consider adopting a similar slenderness limit for CFAT columns. It is also 
noted that for thinner aluminium sections more linear axial load–mo
ment interaction response is observed.

Further to the graphical presentation, a quantitative assessment is 
presented in Table 6 and Table 7, showing the average RExp,FE/Rpred 
values for the examined parameters. Table 6 presents all the corre
sponding RExp,FE/Rpred ratios of examined sections, while Table 7 shows 
the average values calculated to evaluate the influence of the key pa
rameters considered. The FE results span a broad range of sizes and 
thicknesses, with R Exp,FE/Rpred values ranging from 0.95 to 1.51. The FE 
predictions generally follow similar trends to the experimental data, 
with thicker sections resulting higher RExp,FE/Rpred values. The sections 
50.8 × 50.8 × 3.3 and 50.8 × 50.8 × 4.7 mm, which were studied both 

experimentally and numerically, yielded very similar RExp,FE/Rpred 
values: 1.26 and 1.39 from the tests, and 1.25 and 1.47 from the nu
merical analyses. Overall, the mean R value of 1.19 with a coefficient of 
variation of 0.16 indicates that the combined EC4–EC9 framework 
provides generally conservative and reasonably consistent predictions 
for SHS CFAT stub columns under eccentric loading, demonstrating 
promising performance as a design-oriented assessment approach 
within the scope of the present study.

The average RFE/Rpred values for various examined eccentricities 
have a peak observed around ψ = − 0.35 with average RFE/Rpred values 
of 1.25. For sections subjected to ψ values from 1 to 0, the R increases 
gradually from 1.09 to 1.24, indicating more conservative outcomes as 
the load transitions from pure compression to combined bending and 
compression. For ψ equal to − 0.35, the highest ratio values are 
observed, reflecting the most conservative predictions, suggesting that 
the structural capacity is underutilised under these load combinations. 
This behaviour indicates that the adapted interaction approach remains 
on the safe side across the full range of axial load–moment combinations 
considered, with no evidence of systematic unconservative predictions.

With respect to the effect of the aluminium tube thickness, RFE/Rpred 
increases from 1.00 to 1.32 as thickness increases. This trend also re
flects the influence of lower slenderness (h/t), which reduces suscepti
bility to local buckling and results in more conservative design 
predictions. The thickness-dependent increase in conservatism suggests 
that, while the Eurocode-based approach provides reasonable pre
dictions within the investigated range, further validation and refinement 

Fig. 17. Parametric study results of specimen 76.2 × 50.8 (aspect ratio:1.5) under minor axis bending and compression.
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are required to better capture sectional slenderness effects.
In terms of the cross-sectional aspect ratio and applied bending axis, 

sections with an aspect ratio of 1 exhibit the highest average ratio value 
of 1.32, indicating the most conservative estimations. Similar trends are 
observed for bending around the major and minor axes sections. Based 
on the present dataset, no new interaction formulation appears neces
sary; however, the results highlight the importance of sectional slen
derness and thickness effects in future calibration of CFAT-specific 
design provisions. The adapted EC4–EC9 framework shows good 
agreement with the experimental and numerical results and provides a 
preliminary assessment approach for SHS CFAT stub columns within the 
investigated range of parameters, while the sensitivity to sectional 
slenderness and thickness highlights parameters that warrant further 
calibration in future design development.

Finally, Table 8 summarises collated literature data on concrete- 
filled aluminium tubular cross-sections in order to assess the proposed 
framework. The collated data focus on square and rectangular concrete- 
filled aluminium stub columns and beams. Studies on long columns and 
circular sections were excluded to ensure consistency with the investi
gated specimens. The reviewed studies considered aluminium grades 
6061-T6, 6082-T6, and 5083 with concrete strengths ranging from C20 
to C50, comprising a total of 63 tests. The evaluated mean experimental- 
to-predicted resistance ratios (RExp/Rpred) range from 0.98 to 1.17, with 
an overall average of 1.04, indicating good agreement between experi
mental and predicted capacities. The literature review also highlights a 
research gap, as no previous studies were identified on SHS concrete- 
filled aluminium members subjected to eccentric compression or com
bined loading behaviour, demonstrating the contribution and novelty of 

the present study.

5. Conclusions

This paper presents an experimental and numerical study to inves
tigate the cross-sectional performance of concrete-filled aluminium 
tubes under eccentric axial compression. 

• A total of eight columns with two different cross-sections were tested 
under nominal eccentricities of 0, 5, 10, and 15 mm. Both specimen 
groups exhibited significant plastic deformation; however, no major 
surface spalling or visible concrete cracking was observed. Local 
buckling near the specimen ends was also noted, mainly under 
concentric loading.

• Increasing eccentricity progressively shifts the response from 
compression-dominated to bending–compression interaction 
behaviour, reducing the confinement effect provided by the 
aluminium tube to the internal concrete. In addition, the tube 
thickness and section slenderness are dominant parameters govern
ing confinement efficiency and ultimate capacity.

• A finite element model was developed and validated against a total 
27 test data. Comparison of ultimate loads showed excellent agree
ment, with an average Nu,FE/Nu,Test ratio of 0.99 with a coefficient of 
variation of 0.04, confirming the robustness of the adopted model
ling strategy for interaction analysis.

• A numerical parametric study comprising 160 cases was conducted, 
enabling the generation of additional performance data and the 
evaluation of the influence of key parameters.

Fig. 18. Parametric study results for 101.6 × 50.8 mm specimens (aspect ratio 2.0) under major axis bending and compression.
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Fig. 19. Parametric study results for 50.8 × 101.6 mm specimens (aspect ratio 2.0) under minor axis bending and compression.

Table 6 
Quantitative assessment: RExp,FE/Rpred ratios based on Eurocode interaction curves.

Experimental results

​ Corresponding Figures e0 e5 e10 e15 ψ¼ ¡1 ​ ψ¼ 1 ​ Average (specimen)
50.8 × 50.8 × 3.3 Fig. 14(a) 1.16 1.21 1.28 1.25 1.34 ​ 1.31 ​ 1.26
50.8 × 50.8 × 4.8 Fig. 14(b) 1.35 1.40 1.55 1.48 1.30 ​ 1.24 ​ 1.39
​ Finite Element results
cross-section Corresponding Figures 1 0.65 0.50 0.35 0 ¡0.35 ¡0.65 ¡1 Average 

(specimen)
50.8 × 50.8 × 1.6 Fig. 15(a) 1.02 1.05 1.05 1.06 1.05 1.03 1.04 1.00 1.04
50.8 × 50.8 × 3.3 Fig. 15(b) 1.13 1.17 1.29 1.31 1.35 1.37 1.27 1.10 1.25
50.8 × 50.8 × 4.8 Fig. 15(c) 1.25 1.52 1.60 1.62 1.65 1.59 1.41 1.13 1.47
50.8 × 50.8 × 6.4 Fig. 15(d) 1.30 1.58 1.62 1.65 1.69 1.64 1.47 1.12 1.51
76.2 × 50.8 × 1.6 Fig. 16(a) 1.01 1.01 1.05 0.99 0.95 0.98 1.07 0.95 1.00
76.2 × 50.8 × 3.3 Fig. 16(b) 1.05 1.12 1.13 1.15 1.20 1.18 1.14 1.12 1.14
76.2 × 50.8 × 4.8 Fig. 16(c) 1.14 1.26 1.31 1.33 1.37 1.33 1.18 1.15 1.26
76.2 × 50.8 × 6.4 Fig. 16(d) 1.21 1.39 1.40 1.42 1.46 1.41 1.24 1.15 1.33
50.8 × 76.2 × 1.6 Fig. 17(a) 1.01 1.03 1.04 1.04 1.06 1.08 1.17 0.88 1.04
50.8 × 76.2 × 3.3 Fig. 17(b) 1.05 1.10 1.13 1.15 1.22 1.32 1.43 1.10 1.19
50.8 × 76.2 × 4.8 Fig. 17(c) 1.14 1.23 1.29 1.30 1.47 1.58 1.34 1.12 1.31
50.8 × 76.2 × 6.4 Fig. 17(d) 1.19 1.34 1.40 1.45 1.53 1.65 1.75 1.12 1.43
101.6 × 50.8 × 1.6 Fig. 18(a) 0.99 0.97 0.96 0.94 0.85 0.94 1.05 0.99 0.96
101.6 × 50.8 × 3.3 Fig. 18(b) 1.03 1.09 1.11 1.12 1.14 1.09 1.09 1.13 1.10
101.6 × 50.8 × 4.8 Fig. 18(c) 1.09 1.18 1.21 1.25 1.28 1.22 1.11 1.15 1.19
101.6 × 50.8 × 6.4 Fig. 18(d) 1.14 1.17 1.20 1.24 1.29 1.25 1.09 1.16 1.19
50.8 × 101.6 × 1.6 Fig. 19(a) 0.99 1.00 1.00 0.99 0.97 0.92 0.86 0.89 0.95
50.8 × 101.6 × 3.3 Fig. 19(b) 1.03 1.05 1.06 1.07 1.08 1.08 1.11 1.12 1.07
50.8 × 101.6 × 4.8 Fig. 19(c) 1.05 1.08 1.08 1.09 1.10 1.12 1.15 1.12 1.10
50.8 × 101.6 × 6.4 Fig. 19(d) 1.06 1.11 1.14 1.15 1.16 1.22 1.28 1.12 1.16
Mean (All) 1.19
COV (All) 0.16
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• Increasing the aluminium tube thickness leads to higher conserva
tism, with RFE/Rpred values rising from 1.00 (for 1.6 mm thickness) to 
1.32 (for 6.4 mm thickness), showing the effect of h/t slenderness 
parameter. The most conservative predictions occur around 
ψ= − 0.35 with average RFE/Rpred values of 1.25. When considering 
all applied eccentricities, both major and minor axis bending 
demonstrated relatively conservative estimates.

• Overall, the combined application of Eurocode 9 and Eurocode 4 
provided satisfactory predictions when assessed against both 
experimental and numerical results, with an average RExp,FE/Rpred 
ratio of 1.19.

• While most FE results fall within an acceptable safety margin, the 
higher RFE/Rpred values associated with thicker sections indicate the 
need for further scrutiny to avoid over-conservatism in design. In 
contrast, RFE/Rpred values lower than unity for sections with higher 
h/t suggest that the introduction of a slenderness limit for CFAT 
columns-similar to that adopted for CFST columns-may be war
ranted. These observations highlight sectional slenderness as a key 
parameter requiring further calibration.

• The results confirm that the adapted EC4–EC9 interaction framework 
provides a reasonable design-oriented assessment for SHS CFAT stub 
columns under eccentric loading within the investigated range of 
parameters. The observed thickness- and slenderness-dependent 
behaviour highlights the need for further validation and provides 
clear directions for future refinement of CFAT-specific provisions.

The key contribution of this work is the establishment of a validated 
CFAT-specific axial load–moment interaction framework for alumi
nium–concrete composite cross-sections, supported by new experi
mental evidence on 6082-T6 SHS CFAT cross-sections under combined 
axial compression and bending. The proposed approach enables a 
design-oriented assessment of CFAT cross-sections within the investi
gated range of parameters and supports the future development of 
refined design guidance for CFAT members.

Future research could extend the present work to address aspects not 
covered herein. An important next step is the extension of the proposed 
framework to account for global buckling behaviour in slender CFAT 
columns, enabling assessment beyond cross‑sectional response. Direct 
comparisons between CFAT and conventional CFST members on an 
equal‑weight basis, particularly with respect to load‑bearing capacity 
and structural efficiency, would also provide valuable insight and are 
recommended for future study. Further investigations could examine the 

influence of higher‑strength, sustainable, and durability‑enhanced 
concrete grades on CFAT behaviour, together with the long‑term dura
bility and corrosion performance of concrete‑filled aluminium alloy 
tubular members. Moreover, addressing behaviour under elevated 
temperatures, post‑fire conditions, and dynamic or cyclic loading would 
further contribute to a more comprehensive understanding of CFAT 
members and support the continued development of robust and reliable 
design guidance.
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