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ABSTRACT  

The use of aluminium alloys as a structural material has recently increased because of their 

advantageous properties such as high strength-to-weight ratio and corrosion resistance. 

However, due to their low Modulus of Elasticity, instability is a major concern for aluminium 

alloy structural members subjected to compression. One of the ways to improve the 

performance of aluminium alloy hollow sections on this count is to have concrete infill within 

them. Past research studies have demonstrated the potential of concrete-filled aluminium 

tubular (CFAT) stub columns and beams to have improved structural performance, but there is 

still no reported research on CFAT slender columns. This paper presents an experimental and 

numerical investigation on the structural response of square and rectangular CFAT members 

under axial compression. A series of 18 tests were carried out, including nine CFAT and nine 

bare aluminium tubular (BAT) columns for reference purpose. The columns had pin-ended 

boundary conditions allowing rotation about the minor axis. The tubes were made of 6082-T6 

heat-treated aluminium alloy and filled with concrete. The experimental failure modes, ultimate 

strengths and load versus mid-height lateral displacement curves are reported. Finite element 

models were developed and validated against the test results. A parametric study was 

subsequently conducted to study the buckling behaviour for a range of cross-sections and 

concrete strengths. The test and numerical results were utilised to assess Eurocode design 

equations for Class A aluminium alloy columns. It was shown that the current codified 

equations underestimate the actual strength of BAT slender columns and a new buckling curve 
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improving the design accuracy is proposed. In absence of design provisions for CFAT columns, 

the design methodology of European standards for composite steel-concrete members with the 

material properties of steel replaced by those of aluminium is adopted. Finally, on the basis of 

the results of this study a design buckling curve suitable for CFAT columns is proposed. 

 

Keywords: Aluminium, Tubular, Concrete-filled, Columns, Finite Element. 

1. Introduction 

The use of aluminium alloys in the construction sector is rising because of their profound 

features including good corrosion resistance, high strength-to-weight ratio, aesthetic 

appearance, good ductility, ease of fabrication, and high recyclability [1]. However, due to their 

low Modulus of Elasticity, instability is a major concern for aluminium alloy structural 

members. One of the ways to improve the aluminium hollow sections’ performance on this 

count is to have concrete infill within them.  

Concrete-filled steel tubular (CFST) columns are used in modern structures due to their 

advantages over reinforced concrete or bare steel columns. The CFST columns have higher 

strength, greater fire resistance, eliminate the need of temporary formwork during concrete 

casting and can allow for cost-effective and high-speed construction [2-7]. Despite these 

benefits, concerns related to the application of conventional CFST columns in composite 

structures include the high self-weight and the corrosion of steel tube. These issues can be 

overcome by replacing steel with aluminium alloys. The use of aluminium can reduce the self-

weight of composite columns [8] and extend their applicability in structures located in humid 

environments.     

In concrete-filled tubular columns, the hollow tube provides passive confinement to the 

concrete core [9]. At the initial elastic stage, the confining effect is small due to difference in 

the Poisson’s ratio of the two materials. The confining pressure becomes noticeable when the 

lateral strain of concrete increases [10] and develops up to when concrete compressive stress 

achieves 80% of its unconfined strength [11]. Previous studies show that the confinement effect 

provided by the hollow tube significantly enhances the strength of concrete and the ductility of 

CFST columns [12-15]. Based on these observations, it is expected that in concrete-filled 

aluminium tubular (CFAT) columns, the aluminium tube will increase the compressive 



 

 

 

capacity of the concrete core due to the confinement effect, while the concrete core will delay 

inward local buckling of the aluminium tube. 

Experimental investigations on square, rectangular and circular CFAT stub columns were 

firstly reported by Zhou and Young [16, 17]. It was concluded that the cross-sectional capacity 

of CFAT sections was improved compared to bare aluminium tubular (BAT) ones. Numerical 

and analytical studies on circular CFAT stub columns were also conducted by Zhou and Young 

[18] and Wang et al. [19]. Feng et al. [20] studied the flexural behaviour of CFAT members, 

concluding that the concrete infill significantly improved the stiffness, ultimate capacity and 

ductility of BAT flexural members. The flexural response of concrete-filled circular tubes was 

examined by Chen et al. [21], who demonstrated that the large thickness of the circular tubes 

improved the bearing capacity, ductility and bending deformation capacity of CFAT members. 

The structural performance of circular CFAT beams, strengthened by carbon fibre-reinforced 

polymer (CFRP) was evaluated by Chen et al. [22] and Zhu et al. [23]. Additional reported 

experimental and numerical studies on composite aluminium structures include concrete-filled 

double-skin aluminium tubular stub columns [24-26] and concrete-filled aluminium stub 

columns with synthetic (hybrid) fibre-reinforced concrete [8,27]. 

Past research studies have focused on the behaviour of concrete-aluminium stub columns 

and beams demonstrating their potential, whereas there is no reported research on the structural 

response of CFAT slender columns [28]. Aiming to bridge this gap, the present study reports 

an experimental and numerical study on CFAT slender columns with pin-ended boundary 

conditions. Moreover, owing to their favourable properties, such as high strength, good 

corrosion resistance and weldability, 6082 aluminium alloys are gaining popularity in structural 

applications [29, 30]. Hence this type of aluminium alloy is used herein to examine its potential 

as structural material. In order to examine the flexural buckling performance, Section 2 presents 

a series of tests on 6082-T6 heat-treated aluminium alloy square and rectangular concrete-filled 

and hollow columns. In Section 3, Finite element (FE) models, accounting for geometric and 

material nonlinearities, are developed, validated against the test data and employed in a 

subsequent paramedic study. Section 4 assesses current European design provisions [31, 32], 

whilst revised buckling curves for BAT and CFAT columns on the basis of test and FE results 

are proposed. Conclusions are finally summarised in Section 5. 



 

 

 

2. Experimental programme 

2.1 Test specimens 

An experimental program was conducted in order to evaluate the flexural buckling 

performance of CFAT columns. A total of 18 tests were carried out, including nine CFAT and 

nine BAT columns for reference purposes. All specimens were made of 6082-T6 heat-treated 

aluminium alloy and had pin-ended boundary conditions allowing rotation about the minor 

axis. The specimens comprised rectangular and square tubes as shown in Figure 1 and had a 

nominal length (L) of 1 m. The mean measured geometric dimensions of the specimens are 

summarised in Table 1, where D, B, t are the cross-sectional depth, width and thickness, 

respectively and the D/B the cross-sectional aspect ratio. The specimen designation is defined 

according to the cross-sectional dimensions and the presence of concrete infill. For example, 

the label “50.8×50.8×1.6-C” indicates a column with nominal depth of 50.8 mm, nominal width 

of 50.8 mm and nominal thickness of 1.6 mm. The last letter (-C) of the column label denotes 

the presence of concrete infill. The member slenderness (̅λ) as per EN 1999-1-1 [31], ranged 

from 0.69 to 1.39.  

The initial geometric imperfections of the aluminium alloy tubular columns can significantly 

influence their buckling response and maximum ultimate capacity. The initial global (
g ) and 

local ( l ) geometric imperfections were carefully measured using a linear height gauge. The 

measuring points were marked at 20 mm intervals along a centreline inscribed over the full 

length on each of the four sides of the specimens. For each side, the maximum deviation from 

a stable levelled surface was recorded and the maximum value amongst the four sides was 

reported as the local imperfection amplitude of the specimen. The initial global imperfection 

amplitude of the examined buckling axis, i.e. minor axis, was recorded by measuring the 

deviation between a point at the mid-height from a linear reference line connecting the 

corresponding measuring points at both ends [33]. The measured g  and l  amplitudes are 

listed in Table 1 and will be employed in the numerical study in the following section.  



 

 

 

    

(a) BAT column (b) CFAT column 

Figure 1: Geometric properties of the cross sections of the specimens. 

Table 1: Mean measured dimensions and geometric imperfections of the specimens. 

Specimen D (mm) B (mm) t (mm) D/B L (mm) 
g   

(mm) 

l  

(mm) 

50.8×50.8×1.6 50.7 51.0 1.61 0.99 1000.0 0.03  0.11  

50.8×50.8×1.6-C 50.7 51.0 1.61 0.99 1001.0 0.09  0.28 

50.8×50.8×3.3 50.6 50.6 3.13 1.00 999.0 0.04  0.170 

50.8×50.8×3.3-C 50.6 50.6 3.13 1.00 1000.6 0.11  0.96 

50.8×50.8×4.8 50.6 50.6 4.67 1.00 1000.0 0.01  0.19  

50.8×50.8×4.8-C 50.6 50.6 4.67 1.00 999.9 0.08  0.14  

76.2×76.2×3.3 76.4 76.4 3.23 1.00 1000.0 0.19  0.31 

76.2×76.2×3.3-C 76.4 76.4 3.23 1.00 1000.9 0.06  0.80 

76.2×76.2×4.8 76.2 76.1 4.76 1.00 1000.0 0.05  0.08 

76.2×76.2×4.8-C 76.2 76.1 4.76 1.00 1001.0 0.13  0.72  

76.2×76.2×6.4 76.3 76.3 6.28 1.00 1000.0 0.04  0.18  

76.2×76.2×6.4-C 76.3 76.3 6.28 1.00 1000.8 0.07  0.19  

76.2×38.1×3.3 76.2 38.2 3.27 1.99 1000.0 0.02  0.06  

76.2×38.1×3.3-C 76.2 38.2 3.27 1.99 1001.0 0.18  0.49  

76.2×50.8×3.3 76.1 50.7 3.18 1.50 1000.0 0.42  0.68 

76.2×50.8×3.3-C 76.1 50.7 3.18 1.50 1000.5 0.11  0.38  

101.6×50.8×3.3 101.8 51.4 3.42 1.98 1000.0 0.05  0.17  

101.6×50.8×3.3-C 101.8 51.4 3.42 1.98 1000.6 0.04  0.19  

 

2.2 Material tests 

2.2.1 Aluminium 6082-T6: tensile coupon tests 

Tensile coupon tests, in line with BS EN ISO 6892-1 [34], were performed to obtain the 

mechanical properties of the examined 6082-T6 heat-treated aluminium alloy. Two coupons 

were tested for each different tubular section with the nominal width and gauge length of 12 

mm and 100 mm, respectively. The coupons were placed between two friction grips, as shown 

in Figure 2(a), and were loaded with a strain rate of 0.2 mm/min. The obtained key material 



 

 

 

properties are summarised in Table 2, including the initial Modulus of Elasticity (
aE ), the 0.1% 

proof stress (
0 1. ), the 0.2% proof stress (

0 2. ), the ultimate tensile stress (
u ), the strain at 

ultimate stress (
u ) and the strain at fracture (

f ). Figure 2(b) illustrates typical stress-strain 

curves obtained from the tensile coupon tests. The constitutive model originally proposed by 

Ramberg and Osgood [35] and modified by Hill [36] was used to reproduce the aluminium 

alloy stress-strain (σ-ε) curves according to Eqs. (1)-(2). 
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where n is the strain hardening exponent reported in Table 2. 

Table 2: Measured material properties of aluminium alloy from tensile coupon tests. 

 

Specimen aE  

(GPa) 

0 1.  

(MPa) 

0 2.  

(MPa) 

u  

(MPa) 
n  u  

(mm/mm)
 

f  

(mm/mm) 

50.8×50.8×1.6 65.0 284.4 289.1 315 42.3 7.5 10.5 

50.8×50.8×3.3 71.7 297.5 302.2 330 44.2 7.7 9.0 

50.8×50.8×4.8 67.5 302.8 305.9 325 68.1 8.8 15.5 

76.2×76.2×3.3 66.2 295.2 299.1 321 52.8 7.5 10.5 

76.2×76.2×4.8 64.7 303.7 306.1 316 88.1 6.3 9.7 

76.2×76.2×6.4 69.3 290.4 295.3 326 41.4 8.8 15.3 

76.2×38.1×3.3 68.5 270.4 276.8 315 29.6 7.8 9.3 

76.2×50.8×3.3 67.5 285.9 289.5 312 55.4 7.1 9.1 

101.6×50.8×3.3 60.0 176.9 183.8 225 18.1 8.2 14.9 



 

 

 

 
 

(a) Experimental set-

up 
(b) Typical stress-strain curves 

Figure 2: Tensile coupon tests. 

 

2.2.2 Concrete: compressive cube tests 

The concrete mix was produced using ordinary Portland cement, medium-coarse sand, coarse 

aggregate with a maximum size of 10 mm and freshwater with a mix ratio of 1:1.46:2.49:0.53 

by weight. Four (100 × 100 × 100) mm3 standard concrete cubes were cast from the same 

concrete mix used for the composite specimens and were tested under axial compression after 

28 days of concrete curing. The compressive strength (fck,cube) of the tested cubes is listed in 

Table 3.  

Table 3: Measured compressive strength of concrete cubes.  

 

 

 

 

 

Specimen fck,cube (MPa) 

C30-1 32.81 

C30-2 32.36 

C30-3 31.22 

C30-4 29.87 

mean 31.57 



 

 

 

2.3 Flexural buckling tests 

Before the tests, the specimens were milled flat and strengthened using CFRP wraps at both 

ends to prevent localised failure [17]. Furthermore, the end surfaces of the specimens with 

concrete infill were cast in plaster to ensure uniform distribution of the applied loading [17, 

18]. An assembly of a steel plate with V-shaped grooves and a wedge plate with a single knife-

edge wedge were constructed to simulate the pin-ended support conditions allowing rotation 

about the minor axis. Additional steel channel sections were loosely bolted through steel plates 

at both edges to ease the specimen’s alignment into position. The compressive tests were 

performed using a Mayes servo-controlled hydraulic testing machine with 600 kN capacity. 

Each specimen was placed carefully between the two steel plates and centralised in an accurate 

position. Displacement control was used to drive the hydraulic actuator at a constant rate of 0.2 

mm/min. Figures 3(a) and 3(b) show a photograph and an illustrative drawing of the 

experimental set-up, respectively. The nominal effective length of the specimen (Lcr), i.e. pin-

to-pin distance including the knife edge set-up, was equal to 1064 mm. The instrumentation 

consisted of four linear variable displacement transducers (LVDTs), two at the mid-height to 

monitor the lateral deflection and two bilateral at the bottom edge to record the end rotation. 

Furthermore, four strain gauges were attached longitudinally to the four outer faces at the mid-

height to measure the in-plane and out-of-plane axial strains. The applied axial force and axial 

shortening were obtained by the load cell and LVDT of the testing machine, respectively. 

During the tests, a data acquisition system with a sampling frequency of 10 Hz was used to 

record all measurements. A preload of 2 kN was initially applied to achieve full contact 

between the pit plates and the knife-edge wedges. The actual initial load eccentricities ( 0e ) 

were determined using the LVDTs and strain gauge values measured at the beginning of tests, 

according to Eq. (3) [37], ensuring the initial eccentricity was less than Lcr/1000 [33]. 

( )
0

max min

g

EI
e

DN

 
 

−
= − −  (3) 

where EI is the flexural rigidity of the column specimen, max  is the strain at the maximum 

compressive fibre, min  is the strain at the maximum tensile or minimum compressive fibre, D  

is the outer depth of the cross-section, N  is the applied initial compressive load,  is the lateral 

deflection at the mid-height and 
g is the initial global imperfection amplitude.  



 

 

 

  
(a) photograph (b) illustrative drawing 

 

Figure 3: Experimental set-up and instrumentation of flexural buckling tests. 

As expected, the knife-edges allowed rotation about the minor axis and thus all columns failed 

due to flexural buckling about this axis. This was also confirmed by the out-of-plane strain 

gauge values that indicated negligible out-of-plane deformations. Figure 4 shows the full-range 

load versus mid-height lateral deflection curves for the 18 tested specimens. The solid lines 

correspond to the CFAT columns while the dashed lines refer to BAT columns. It can be 

observed that the concrete infill improved the stiffness of the columns, as seen from the initial 

part of the load-deflection curves of the specimens. Furthermore, the composite columns 

experienced higher ultimate load compared to their bare counterparts. A typical flexural 

buckling mode is shown in Figure 5(a). In addition to the flexural buckling mode, upon the 

attainment of their ultimate load, the BAT specimens 50.8×50.8×1.6 and 76.2×76.2×3.3 with 

the most slender constituent plate elements also experienced local buckling at mid-height, as 

shown in Figure 5(b). 
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Strain gauge 

LVDTs 



 

 

 

   

(a) 50.8×50.8×1.6 (b) 50.8×50.8×3.3 (c) 50.8×50.8×4.8 

   

(d) 76.2×76.2×3.3 (e) 76.2×76.2×4.8 (f) 76.2×76.2×6.4 

   

(g) 76.2×38.1×3.3 (h) 76.2×50.8×3.3 (i) 101.6×50.8×3.3 

Figure 4: Load versus mid-height lateral deflection curves. 



 

 

 

  

 

(a) 76.2×38.1×3.3-C (b) 50.8×50.8×1.6 

Figure 5: Typical observed failure modes. 

Table 4 presents the obtained key test results including the ultimate loads ( u ,ExpN ) and the 

lateral deflections at the mid-height corresponding to the ultimate loads ( u ). The cross-

sectional slenderness ( /  , where b / t = , 2b D t= −  and 0 2250 . = ), along with the 

member slenderness (  ) calculated according to [32, 33], are also included in Table 4. From 

the reported cross-sectional and member slenderness values, it can be seen that for constant  

aluminium cross-section and for constant member length, the addition of concrete infill leads 

to a reduction in   values. This, consequently, results in increased buckling capacity of CFAT 

columns. To evaluate the concrete’s contribution, the percentage strength increase of the 

ultimate load, owing to the presence of the concrete infill, is also listed in Table 4. It can be 

observed that the strength increase is generally higher for members with higher /  , i.e. 

thinner plate elements. The highest increase, which was equal to 72%, has been observed for 

specimen 50.8×50.8×1.6 and can be related to the delay in the local buckling offered by the 

concrete infill. The specimen 76.2×76.2×6.4 experienced the least benefit due to the concrete 

infill. This is related to the fact that this specimen comprises stocky aluminium plate elements 



 

 

 

providing significant resistance to buckling and thus the increased stiffness owing to the 

concrete led to relatively small additional increase of the ultimate load. 

Table 4: Key results from flexural buckling tests. 

Specimen u ,ExpN    

(kN) 
u  (mm) /     u ,ExpN

increase (%) 

50.8×50.8×1.6 60.22 5.10 
34.06 

1.11 
72% 

50.8×50.8×1.6-C 103.71 6.69 0.98 

50.8×50.8×3.3 113.83 6.95 
17.77 

1.13 
24% 

50.8×50.8×3.3-C 141.18 6.91 1.09 

50.8×50.8×4.8 161.48 8.98 
11.99 

1.21 
21% 

50.8×50.8×4.8-C 195.77 6.76 1.18 

76.2×76.2×3.3 263.28 1.59 
25.87 

0.76 
31% 

76.2×76.2×3.3-C 344.07 2.94 0.70 

76.2×76.2×4.8 367.36 3.15 
17.69 

0.80 
22% 

76.2×76.2×4.8-C 449.68 2.89 0.76 

76.2×76.2×6.4 489.85 1.38 
13.20 

0.76 
9% 

76.2×76.2×6.4-C 532.08 2.88 0.75 

76.2×38.1×3.3 97.62 10.50 
12.29 

1.39 
10% 

76.2×38.1×3.3-C 107.47 10.10 1.38 

76.2×50.8×3.3 138.72 8.88 
17.16 

1.09 
47% 

76.2×50.8×3.3-C 204.27 5.54 1.05 

101.6×50.8×3.3 143.72 4.12 
12.89 

0.88 
43% 

101.6×50.8×3.3-C 206.15 5.25 0.87 

3. Numerical study 

In parallel with the experimental investigation, a numerical study was conducted in FE software 

ABAQUS [38]. The developed models were validated by comparing the numerical results 

against the corresponding experimental data. Based on the validated models, a parametric study 

was performed, aiming at generating additional structural performance data over a wide range 

of cross-sections, member slendernesses and different concrete grades. The assumptions, 

techniques, accuracy of the FE models and the subsequent parametric study are described in 

the current section. 

3.1 Modelling assumptions 

FE models of CFAT and BAT columns were developed according to the measured cross-

section geometries and material properties reported in Tables 1-3. Both core concrete and 

aluminium tube were simulated by C3D8R elements [18, 25]. A mesh sensitivity study was 

performed to determine the optimal element size for achieving accurate numerical results with 

a reasonable computational time and an average element size of 5 mm was applied. A minimum 



 

 

 

of three elements were used to discretise the aluminium wall thickness and retain accuracy 

while capturing the behaviour under geometric and material nonlinearities [39].  

Following ABAQUS programme’s requisite protocol for simulating plasticity of the materials, 

the engineering stress and strain for the aluminium alloy obtained from the coupon tests were 

converted to true stress and logarithmic plastic strain. For aluminium, an elastic-plastic model 

with a von Mises yield criterion with isotropic hardening was adopted.  

The concrete damaged plasticity model from ABAQUS material library was employed to 

simulate concrete infill’s plasticity. The Modulus of Elasticity was calculated according to 

European standards [40]. The value of the dilation angle was taken equal to 40° as suggested 

by Tao et al. [41] for infilled concrete. The default values of the viscosity parameter and flow 

potential eccentricity were taken as 0 and 0.1 respectively, as they have no significant influence 

on concrete-filled tubes [41]. The ratio of the compressive strength under biaxial loading to 

uniaxial compressive strength and the compressive meridian were determined according to 

[42]. When a CFAT member is axially compressed, the concrete infill expands laterally and 

interacts with the aluminium tube. To account for the composite action between the concrete 

infill and the aluminium tube, an equivalent uniaxial compressive stress-strain model of 

confined concrete [41-44] was considered. In this model, the ascending part of the stress-strain 

response of the confined concrete is taken similar to that of the unconfined concrete, 

considering no interaction. After the peak strength, the lateral strain of concrete increases and 

the concrete interacts with the hollow tube. Consequently, confining pressure develops between 

the two materials, improving the compressive strength of concrete. The beneficial effect of 

confinement in concrete’s strength and ductility is simulated by considering the confined model 

shown in Figure 6. Based on the material test data, the compressive cylinder strength was taken 

equal to 25.25 MPa (80% of the cube strength). The tensile behaviour of concrete was assumed 

to be linear up to 10% of compressive cylinder strength [41]. The inelastic region of the 

concrete tensile stress-strain curve was defined according to the stress-crack opening 

displacement relationship [45], as a function of the fracture energy which was determined in 

line with [46, 47].  



 

 

 

 

Figure 6. Stress-strain model for confined concrete proposed by Tao et al. [41].  

 

The interaction between the aluminium tube and the concrete infill was simulated using the 

surface-to-surface contact. Thus, a contact pair was defined between the inner surfaces of the 

aluminium tube (slave surface) and the outer surfaces of the concrete infill (master surface). A 

hard contact pressure-overclosure relationship was assigned in the direction normal to the plane 

of these surfaces to simulate the development of normal stresses between surfaces without 

penetration in compression and releasing stresses by separating from each other in tension. The 

Coulomb friction model was adopted in the tangential direction for allowing slippage between 

the aluminium tube and concrete. As the compressive load was applied on both the aluminium 

tube and the concrete simultaneously, the possibility of slippage is almost negligible. 

Therefore, the results are less sensitive to the values of the friction coefficient. Based on the 

findings reported in [48], a value of 0.3 was used for the friction coefficient, which retains 

sufficient accuracy and offers a quick convergence.  

To simulate the pin-ended boundary conditions, a reference point was created on the centroid 

of the cross-section for each column end by considering the effective height of specimens 

measured in the tests. Top and bottom reference points were fixed against all translational and 

rotational degrees of freedom except the longitudinal translation at the loaded end and the 

rotational about the examined buckling axis. In line with past studies [18, 50], the CFRP wraps 

were not explicitly modelled, but the prevention of a potential localised failure was considered 

through coupling constraints in the supports. Figure 7 shows the FE model of a typical CFAT 

column. 



 

 

 

It is well documented that the compressive behaviour of a hollow column is significantly 

affected by the presence of initial geometric imperfections [22]. Towards this end, an 

eigenvalue buckling analysis was performed and the lowest local and global buckl ing modes 

were introduced as initial geometric imperfections in the nonlinear FE model. Figure 8 shows 

the typical mode shapes obtained from linear buckling analysis. The residual stresses caused 

by the heat-treatment of aluminium alloys are insignificant [49] and hence are neglected in this 

FE analysis [50, 51]. A nonlinear static analysis using the modified Riks solution method [38] 

was performed to capture the full nonlinear response of the columns. The axial compressive 

load was applied at the top reference point by specifying a displacement to replicate the loading 

condition used in the tests. 

 

 

 

Figure 7: FE model of a typical CFAT column specimen. 
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Figure 8: Typical elastic buckling mode shapes. 

3.2 Model validation 

The eighteen specimens used in the experimental testing were used to validate the developed 

FE models based on the assumptions mentioned earlier. The accuracy of the models was 

evaluated by comparing the experimental and numerical results in terms of the ultimate 

capacities, load versus mid-height lateral displacement and failure modes.  

An imperfection sensitivity study was conducted to determine suitable imperfection amplitudes 

to be considered in the subsequent parametric study. Four global imperfection amplitudes 

including the measured values and three fractions of the critical buckling length, i.e. Lcr/1000, 

Lcr/1500 and Lcr/2000 were considered. The measured global imperfection amplitudes were 

determined by summing the magnitudes of the initial bow and loading eccentricity. For the 

concrete-filled columns, the effect of initial local imperfections is negligible due to concrete 

infill and hence were not explicitly modelled [52, 53]. For the bare columns, in addition to 

global imperfection, local geometric imperfections with magnitude equal to 1/10 of the cross-

sectional thickness were considered. This amplitude was based on the measured values ( l ) 

and was found to provide accurate results. Table 5 presents the ratios of numerical to 

experimental values of ultimate capacities (Nu,FE/Nu,Exp) for a range of global imperfections. 

Overall, a fairly good agreement between the test and numerical data has been obtained with 

mean values close to unity. It can be seen that the global amplitude Lcr/1000 provided the most 

accurate predictions of ultimate capacities with mean value of Nu,FE/Nu,Exp equal to 0.99. The 



 

 

 

comparison between experimental and numerical (for global imperfection amplitude Lcr/1000) 

load versus mid-height lateral displacement curves of typical specimens is depicted in Figure 

9, showing a good comparison. Moreover, successfully replicated failure modes by the FE 

models are illustrated in Figure 10. Overall, it can be concluded that the developed FE models 

are capable of accurately predicting the structural response of CFAT and BAT columns. 

Table 5: Comparison of test and FE results for varying imperfection amplitudes. 

Specimen 

Nu,FE/Nu,Exp 

Global Imperfection Amplitude 

Measured Lcr/1000  Lcr/1500  Lcr/2000  

50.8×50.8×1.6 1.02 0.95 0.98 1.00 

50.8×50.8×1.6-C 0.87 0.83 0.85 0.87 

50.8×50.8×3.3 0.94 0.96 1.00 1.02 

50.8×50.8×3.3-C 1.02 1.02 1.05 1.06 

50.8×50.8×4.8 0.90 0.95 0.98 0.99 

50.8×50.8×4.8-C 0.87 0.90 0.92 0.94 

76.2×76.2×3.3 0.94 0.95 0.97 0.98 

76.2×76.2×3.3-C 1.19 1.08 1.12 1.43 

76.2×76.2×4.8 1.00 0.99 1.02 1.03 

76.2×76.2×4.8-C 1.07 1.04 1.07 1.09 

76.2×76.2×6.4 1.01 0.97 0.98 1.01 

76.2×76.2×6.4-C 1.20 1.06 1.14 1.47 

76.2×38.1×3.3 1.04 1.04 1.05 1.06 

76.2×38.1×3.3-C 1.12 1.00 1.03 1.11 

76.2×50.8×3.3 0.91 1.10 1.13 1.16 

76.2×50.8×3.3-C 1.02 0.93 0.94 0.97 

101.6×50.8×3.3 1.04 1.01 1.02 1.02 

101.6×50.8×3.3-C 1.25 1.05 1.12 1.14 

Mean  1.02   0.99   1.02   1.08  

COV  0.11  0.07   0.08   0.14  

  

  



 

 

 

(a) 50.8×50.8×3.3 (b) 76.2×38.1×3.3 

  

(c) 76.2×76.2×4.8-C (d) 76.2×38.1×3.3-C 

Figure 9: Experimental and numerical load–mid-height lateral deflection curves. 

 

    

(a) 76.2×76.2×4.8-C  (b) 50.8×50.8×1.6 

Figure 10: Experimental and numerical failure modes. 

 

 



 

 

 

3.3 Parametric study 

Based on the validated FE models, a parametric study was undertaken to generate additional 

structural performance data over a wide range of cross-sections and member slendernesses and 

to investigate the effect of the concrete infill. In total, 108 CFAT and BAT columns were 

modelled in this study. Square tubes with cross-sectional dimensions of 50×50 and wall 

thicknesses 1, 3 and 5 mm and rectangular tubes of 100×50 with 2, 6 and 10 mm thicknesses 

were considered. Both major and minor axis buckling was examined for rectangular BAT and 

CFAT columns. The specimen lengths were taken from 150 to 3000 mm and 500 to 2300 mm 

for BAT and CFAT columns, respectively, to cover a wide range of member slendernesses. 

Three different concrete cylinder strengths
cf ' of 30, 50 and 70 MPa were considered for CFAT 

columns. Average measured stress-strain curves were defined for the aluminium alloy. The 

initial global imperfection amplitude of Lcr/1000 and the combination of initial local and global 

amplitudes of t/10 and Lcr/1000 were adopted for CFAT and BAT columns, respectively. These 

values were, also, employed successfully in similar studies [54,55]. 

Figure 11 presents typical load versus mid-height lateral deflection curves obtained from the 

FE parametric study. In particular, Figure 11(a) shows the response of a typical BAT column 

with constant cross-section and different member slenderness. In Figure 11(b), the FE buckling 

behaviour of CFAT columns with constant member length and different cross-sectional 

thickness is presented, showing higher load for lower cross-sectional slenderness. Figure 11(c) 

shows a comparison of a CFAT column with bucking about the major and minor axis, whilst 

in Figure 11(d), a comparison between CFAT and BAT columns is presented, demonstrating 

increased strength for concrete-filled members. 

  

(a) BAT columns - 50×50×3 (b) CFAT columns - Lcr=1000 mm 



 

 

 

  

(c) CFAT columns - Lcr=1000 mm 

(d) CFAT and BAT column - 100×50×2, major 

axis, Lcr=2300 mm 

Figure 11: Typical load-mid-height lateral deflection curves from FE studies. 

Aiming to evaluate the effect of the concrete grade on the ultimate strength of CFAT columns, 

the ultimate FE load values were used. Figure 12 presents the percentage strength increase 

owing to higher concrete grade ( 50 70 30 30u ,C / u ,C u ,C( N N ) / N− ) with respect to the strength at C30 

( 30u ,CN ) for typical CFAT columns of constant length. It can be seen that the strength increase 

owing to higher concrete grade seems to be more pronounced in columns with thinner plate 

elements (50×50×1 vs 50×50×5 and 100×50×2 vs 100×50×10). This has been observed for 

square tubes but also for the case of rectangular tubes under major and minor axis buckling. As 

will also be discussed in the following section, the buckling strength is a function of the cross-

sectional plastic resistances of the two materials, concrete and aluminium. Hence for increased 

concrete strength, the concrete’s cross-sectional plastic resistance increases as well. The latter 

comprises a bigger percentage of the total cross-sectional plastic resistance for slender sections 

(in which the aluminium cross-sectional area is small) which in turn leads to a more significant 

increase to the ultimate load for higher concrete grades.  



 

 

 

  
(a) (b) 

 
(c) 

Figure 12: Effects of concrete compressive strengths,
cf ' , on the ultimate strength of CFAT 

columns (Lcr=1000 mm). 

4. Design recommendations 

The experimental and numerical results are used to assess strength predictions of the current 

European standards and provide design recommendations for BAT and CFAT columns in 

Sections 4.1 and 4.2, respectively.  

4.1 Strength prediction for BAT columns 

For BAT columns, current Eurocode design equations are assessed and a proposal for improved 

strength predictions on the basis of experimental and numerical findings is made.  

EN 1999-1-1 (EC9) [31] provides design rules for the strength of aluminium alloy columns 

under axial compression. The plastic cross-sectional resistance of square and rectangular bare 

columns is calculated by Eq. (4): 



 

 

 

0 2pl ,Rk a .N A =  (4) 

where 
aA   the aluminium cross-sectional area for Classes 1-3 sections [31]. 

ΕΝ 1999-1-1 [31] adopts the cross-section classification for the treatment of local buckling in 

aluminium cross-sections under compression. The classification is based on the comparison of 

the β/ε ratio of the most slender constituent plate element with limit values defined in [31]. 

Moreover, ΕΝ 1999-1-1 [31] classifies the aluminium alloys in two material Classes, namely 

Class A and B, based on the temper designation. The herein examined 6082-T6 aluminium 

alloy is Class A and thus the relative coefficients in the following formulae correspond to Class 

A. In case of Class 4 sections, the
aA  of Eq. (4) is substituted by the effective cross-sectional 

area ( ,effA ), which is estimated by assuming a reduced thickness for the slender plate 

elements through a reduction factor,
c : 

( ) ( )
2

32 220
c

   
= −  (5) 

The current EN 1999-1-1 [31] provisions for column strength adopt the buckling curve 

approach. The buckling resistance (Npred) is found by Eq. (6)  

pred pl ,RkN N=  (6) 

where the reduction coefficient 𝜒 is given by Eq. (7) 

0 5
22

1
1 0

.
.

  

= 
 + −
  

 
(7) 

The parameter   and the member slenderness   are calculated by Eqs. (8) and (9), 

respectively: 

( )
2

0 5 1 0 2 0 1. . .   = + − +
  

 (8) 

pl ,Rk crN N =  (9) 

Where 0.2 is the recommended value for the imperfection factor ( ) for Class A aluminium 

alloys, 0.1 is the recommended limit of the horizontal plateau ( 0 ), and crN  is the critical 

elastic buckling load, which is determined from Eq. (10): 



 

 

 

2 2

cr a a crN ( E I ) L=  (10) 

where 
aE  is the Modulus of Elasticity of aluminium,

aI  is the second moment of area of the 

aluminium tube and 
crL is the effective buckling column length. 

In order to assess the accuracy of EN 1999-1-1 [31] strength predictions, Figure 13 depicts the 

ultimate loads ( uN ) obtained from the experiments and the FE study normalised by the plastic 

resistance ( pl ,RkN ) according to Eq. (4) and plotted against the member slenderness  . The 

Eurocode buckling design curve (EC9) is also included in this figure. It can be seen that both 

the experimental and FE data are above the design curve, which signifies that the design 

predictions by the EN 1999-1-1 [31] are conservative.  

Table 6 lists the 
9u ECN / N  ratios, where 

9ECN is the predN  found from Eq. (6) using EC9 

buckling curve according to Eq. (8). The ratios are reported together with the corresponding 

member slendernesses, , and the cross-sectional Class of the examined columns. Based on 

both the FE and test data, the mean value of 
9u ECN / N  ratio is 1.20 indicating that EN 1999-

1-1 [31] underestimates the actual buckling strength of bare columns. Moreover, the high value 

of COV reported in Table 6 and the scattered predictions graphically shown in Figure 13 

suggest relatively low level of design consistency of the EN 1999-1-1 [31] strength predictions. 

Aiming to improve the accuracy of the current design rules for BAT slender columns, a revised 

buckling curve is recommended. On the basis of the obtained test and FE results, Eq. (11) is 

proposed for the calculation of parameter   for Class A aluminium alloys. This equation uses 

a revised imperfection factor ( ), which is equal to 0.08, and a revised limit of the horizontal 

plateau ( 0 ), which is equal to 0.2: 

( )
2

0 5 1 0 08 0 2. . .   = + − +
  

 (11) 

The proposed buckling curve is shown in Figure 13, whilst the corresponding u prop ,BATN / N

ratios are included in Table 6. prop ,BATN  is the predN  found from Eq. (6), when applying Eqs. 

(4), (5), (7) and (9)-(11) (i.e. replacing current Eq. (8) with the proposed Eq. (11)). As can be 

seen, the proposed curve improves the accuracy of the predicted strength values by 12%. The 

same observations can be drawn from Figure 14, where the ultimate loads ( uN ) are plotted 



 

 

 

versus the strength predictions ( predN ), showing that the proposed curve provides better 

strength predictions (i.e. closer to diagonal line) compared to those of EC9. 

 

Figure 13: Comparison of experimental and numerical results with European and proposed 

design strengths for BAT columns. 

  



 

 

 

Table 6: Predicted strength ratios for both experimental and numerical results for BAT columns. 

Specimen No Class   
9

u

EC

N

N
 

u

prop ,BAT

N

N
 

    Eqs. (4)-(10)  
Eqs. (4)-(7) & 

Eqs. (9)-(11) 

50.8×50.8×1.6 1 4 1.11 1.43 1.22 

50.8×50.8×3.3 1 2 1.13 1.11 0.95 

50.8×50.8×4.8 1 1 1.21 1.18 1.03 

76.2×76.2×3.3 1 4 0.76 1.21 1.06 

76.2×76.2×4.8 1 2 0.80 1.13 0.98 

76.2×76.2×6.4 1 2 0.77 1.18 1.04 

76.2×38.1×3.3 1 4 1.39 1.19 1.06 

76.2×50.8×3.3 1 4 1.09 1.07 0.91 

101.6×50.8×3.3 1 4 0.88 1.10 0.94 

FE 
36 1-3 0.14-1.78 1.13 1.06 

18 4 0.15-1.76 1.25 1.12 

   mean (all) 1.20 1.08 

   COV (all) 0.12 0.11 

 

 

Figure 14: Comparison of experimental and numerical ultimate loads with design strengths 

based on European standards and proposed equations for BAT columns. 



 

 

 

4.2 Strength prediction for CFAT columns 

In absence of design provisions for the aluminium-concrete composite columns, the present 

study adopts the design methodology for composite steel-concrete members available in EN 

1994-1-1 (EC4) [32] for the prediction of the ultimate capacities of CFAT columns, replacing 

appropriately the material properties of steel by those of the aluminium alloy and proposes a 

buckling curve for CFAT columns on the basis of the experimental and numerical data.  

According to EN 1994-1-1 [32], the plastic cross-sectional resistance of square and rectangular 

concrete-filled columns can be calculated by Eq. (12): 

'

0 2 0 85pl ,Rk a . c cN A . A f= +  (12) 

where 
cA  the cross-sectional area of concrete and 

cf '  the compressive cylinder strength of the 

concrete infill. The cross-section classification adopted by EN 1999-1-1 [31] is applied for the 

examined aluminium cross-sections. The member slenderness   is calculated according to 

Eq. (9), where the critical elastic buckling load is taken as follows: 

2 2    cr a a e c c crN ( E I k E I ) L= +  (13) 

where cE is the Modulus of Elasticity of concrete infill according to EN 1992-1-1 [40], cI  is 

the second moment of area of the concrete infill and ek  is the correction factor for the concrete 

which is taken equal to 0.6 [32]. 

Figure 15 shows the ultimate loads ( uN ) obtained from the experiments and the FE study 

normalised by the plastic resistance ( pl ,RkN ) from Eq. (12) and plotted against the member 

slenderness   according to Eq. (9), separately for cross-section classes. In the same graph, a 

proposed buckling design curve is also displayed following the EC9 methodology but with the 

imperfection factor and limit of the horizontal plateau calibrated on the basis of the obtained 

data according to Eq. (14). 

( )
2

0 5 1 0 18 0 2. . .   = + − +
  

 (14) 

Based on Figure 15, it can also be observed that the Class 4 (slender) and Class 1-3 aluminium 

cross-sections follow a different trend, particularly for increasing member slenderness. This 

can also be considered together with the conclusion derived in Section 2.3, based on which the 

highest strength increase was noted for the most slender cross-section. In absence of sufficient 



 

 

 

experimental data for concrete-filled slender aluminium square and rectangular hollow sections 

at cross-sectional level, the present proposal was based on the currently adopted equations of 

EC9 for local buckling (i.e. Eq. (5)). However, future studies on this direction are 

recommended to gain a better understanding of the cross-sectional resistance of CFAT cross-

sections.  

Implementing EC9 Eq. (5) for the effective cross-sectional area to account for local buckling 

in slender aluminium cross-sections, together with Eqs. (12)-(13) of EC4, Eqs. (7) and (9) of 

EC9 and the proposed Eq. (14) in place of Eq. (8), the proposed strength prop ,CFATN can be 

evaluated from Eq. (6). The ultimate over proposed strength values u prop ,CFATN / N  are 

summarised in Table 7. The resulting overall mean value is 1.13, whilst the strength is more 

accurately predicted for stocky aluminium cross-sections (
u prop ,CFATN / N equal to 1.05 for 

Class 1-3). These values indicate that the combined design formulae proposed herein provide 

good predictions with reasonable consistency. The same can, also, be concluded from Figure 

16 where the examined 
predN  values deviate slightly from the diagonal line with relatively 

low scattering.  

 

Figure 15: Comparison of experimental and numerical results with proposed design strengths 

for CFAT columns. 



 

 

 

Table 7: Predicted strength ratios for both experimental and numerical results for CFAT 

columns. 

Specimen No Class   
u

prop,CFAT

N

N
 

    Eqs. (5)-(7),(9) & Eqs. (12)-(14) 

    Class 1-3 Class 4 

50.8×50.8×1.6-C 1 4 0.98 - 1.19 

50.8×50.8×3.3-C 1 2 1.09 1.00 - 

50.8×50.8×4.8-C 1 1 1.18 1.16 - 

76.2×76.2×3.3-C 1 4 0.70 - 1.05 

76.2×76.2×4.8-C 1 2 0.76 1.04 - 

76.2×76.2×6.4-C 1 2 0.75 1.04 - 

76.2×38.1×3.3-C 1 4 1.38 - 0.99 

76.2×50.8×3.3-C 1 4 1.05 - 1.08 

101.6×50.8×3.3-C 1 4 0.91 - 1.00 

FE 
31 1-3 0.57-1.85 1.08 - 

32 4 0.43-1.64 - 1.05 

   Mean 1.05 1.20 

   COV 0.09 0.14 

   mean (all) 1.13 

   COV (all) 0.14 

 

 

Figure 16: Comparison of experimental and numerical ultimate loads with proposed design 

strengths for CFAT columns. 



 

 

 

5. Conclusions 

A comprehensive experimental and numerical study was carried out to investigate the flexural 

buckling performance of BAT and CFAT columns, reaching the following conclusions: 

(1) A total of 18 specimens, including 9 CFAT and 9 BAT 6082-T6 heat-treated aluminium 

alloy square and rectangular columns were tested. The predominant failure mode was 

flexural buckling. 

(2) It was shown that the concrete infill effectively delays buckling. Consequently, the 

CFAT columns exhibited higher strength and stiffness compared to the BAT columns.  

(3) Based on the experimental programme, the strength increase for constant member 

length owing to the concrete infill was more significant in case of slender cross-

sections. The highest increase, which was equal to 72%, has been observed for the most 

slender cross-section and can be attributed to the delay in the local buckling offered by 

the concrete infill. 

(4) It was demonstrated that the developed FE models with a global imperfection 

magnitude of Lcr/1000 could accurately capture the structural response of CFAT and 

BAT columns. Hence, a parametric study, including 108 columns was performed. 

(5) Based on the FE study, the strength increase for constant member length owing to 

higher concrete grade appeared more pronounced for slender cross-sections. Future 

research to verify this conclusion in a wide variety of cross-sections and aluminium 

alloys is recommended. 

(6) The comparison between the European provisions and the experimental and FE results 

for BAT slender columns showed that the current codified equations underestimate the 

actual strength of BAT slender columns. 

(7) A revised buckling curve was proposed for BAT columns which was able to improve 

the strength prediction of square and rectangular Class A aluminium tubes by 12% 

compared to that of EC9. 

(8) In absence of design provisions for aluminium-concrete composite columns, the present 

study proposed adopting the European design formulae for composite steel-concrete 

members with the material properties of steel replaced by those of aluminium alloy. A 

new buckling design curve was proposed on the basis of the experimental and numerical 

data and used in conjunction with the European standards. The proposal was found to 

be suitable for the design of CFAT columns providing reasonably accurate and 

consistent strength predictions. 



 

 

 

(9) A different trend has been observed on the performance of CFAT columns comprising 

Class 4 aluminium sections. Further research is recommended to evaluate the cross-

sectional performance of concrete-filled Class 4 aluminium square and rectangular 

tubes.  
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