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ABSTRACT

The application of aluminium alloys in structural engineering is growing owing to their high
strength-to-weight ratio, aesthetic appearance and excellent resistance to corrosion. However,
the low modulus of elasticity of aluminium poses adverse effects on the flexural response of
structural members made of aluminium alloys. In case of tubular members, the performance
can be improved with the addition of concrete infill. Research on the flexural response of
concrete-filled aluminium alloy tubes is still minimal. This study presents experimental and
numerical investigations on the behaviour of concrete-filled and bare 6082-T6 aluminium alloy
tubular members under in-plane bending. In total 20 beams, including 10 concrete-filled
aluminium alloy tubular (CFAT) and 10 bare aluminium alloy tubular (BAT) specimens, were
tested. The specimens comprised of square and rectangular hollow sections and were filled
with 25 MPa nominal cylinder compressive strength concrete. The experimental results are
reported in terms of failure mode, flexural strength, flexural stiffness, ductility and bending
moment versus mid-span deflection curve. Compared to the BAT specimens, the counterpart
CFAT specimens have shown remarkably improved flexural strength, stiffness and ductility
due to the concrete infill and the improvement is more pronounced for the sections with thinner
sections. Finite element models of BAT and CFAT beams were developed by taking into
account the nonlinearities in geometry and material and validated against the experimental data.
A parametric study considering a broad range of cross-sections and different concrete grades
was conducted based on the validated models. The FE results have shown that the flexural
strength of the BAT and CFAT members increases with the increase of cross-sectional aspect
ratio, wall thickness and concrete grade. The results obtained from experiments and numerical

analysis for BAT members were used to assess the flexural capacity predictions and the
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applicability of the slenderness limits provided in the European standards. It was demonstrated
that the slenderness limits provided by Eurocode 9 are conservative for Class A aluminium
sections. Hence, revised Class 1, Class 2 and Class 3 limits are proposed which appear to be
better applicable to Class A aluminium alloys. In the absence of design specifications for CFAT
flexural members, the design rules for concrete-filled steel tubular flexural members provided
by Eurocode 4 were adopted and the material properties of steel were replaced with those of
aluminium alloy. It was shown that the proposed design methodology is suitable for the design
of CFAT flexural members. Moreover, a slenderness limit for compact sections of CFAT

flexural members is proposed based on Eurocode 4 framework.
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1 Introduction

Concrete-filled steel tubular (CFST) structural members have gained popularity in modern
construction because of their high strength, fire resistance, elimination of temporary formwork
during construction and maintenance efficiency. Replacing steel tubes with aluminium in such
composite structural members can further improve their advantages due to aluminium’s low
mass density, high strength-to-weight ratio, attractive appearance, excellent resistance to
corrosion and ease of production [1-3]. Because of low modulus of elasticity of aluminium,
stability poses concern for structural members made of aluminium alloy [4-6]. However, a
concrete-filled aluminium alloy tubular (CFAT) structural member benefits from both
materials, i.e., the compressive strength of concrete increases by the confinement provided by
the hollow aluminium section and the inward buckling of aluminium section is prevented by
the concrete infill [7-9]. This also improves the stability performance compared to the bare
aluminium alloy tubular (BAT) members.

Extensive research was carried out to study the behaviour of CFST beams. Furlong [10]
and Lu and Kennedy [11] experimentally investigated the response of circular CFST beams
and demonstrated that the flexural strength of CFST sections substantially increased compared
to their bare counterpart. Han [12] performed flexural tests on rectangular and square CFST of
CFST beams. Based on a series of tests, Lu et al. [13] demonstrated that the flexural strength
of CFST beams with non-uniform wall thickness is higher than the conventional CFST beams
with constant wall thickness. Montuori and Piluso [14] experimentally evaluated the behaviour
of CFST members under non-uniform bending moment and suggested a fibre model to



determine the bending capacity of CFST members. Hou et al. [15] studied the flexural response
of CFST members under sustained load and chloride corrosion and observed that the flexural
capacity and ductility of CFST members deteriorated noticeably due to the chloride corrosion.
A series of tests on square, rectangular and circular concrete-filled stainless-steel tubular
members under in-plane bending were performed by Chen et al. [16, 17] who compared the
experimental initial and serviceability limit state flexural stiffness with the design stiffness
determined using American, European, British and Japanese specifications. They demonstrated
that the design specifications are conservative in predicting both the initial and the
serviceability limit state flexural stiffness. Zhang et al. [18] experimentally and numerically
investigated the structural behaviour of CFST flexural members with elliptical sections. They
also proposed design formulas that can accurately predict moment capacity and flexural
stiffness of the elliptical CFST members.

A number of studies were performed to investigate the response of bare aluminium alloy
flexural members. Moen et al. [19, 20] experimentally and numerically investigated the rotation
capacity and strength of aluminium alloy flexural members with welded stiffeners. The
specimens were manufactured by 6082 and 7108 aluminium alloys. It was shown that due to
premature tensile failure the welded aluminium alloy flexural members suffered a severe loss
of rotation capacity. Zhu and Young [21] conducted research on 6061-T6 aluminium alloy
members subjected to pure in-plane bending and proposed design formulas for square hollow
section (SHS) beams on the basis of the direct strength method. It was demonstrated that the
modified direct strength method could accurately predict the bending capacity of SHS
aluminium alloy beams. Su et al. [22] experimentally and numerically studied the strength of
simply supported flexural members fabricated by 6061-T6 and 6063-T5 grade aluminium
alloys. The experimental and numerical flexural strength were compared with the strength
calculated by Australian/New Zealand, American and European standards and it was observed
that the designs standards are conservative. Feng et al. [23] experimentally investigated the
response of rectangular hollow section and SHS beams with circular perforations manufactured
by 6061-T6 and 6063-T5 grade aluminium alloys and compared the experimental strengths
with the strengths predicted using current design standards. It was shown that the North
American standards for perforated steel are appropriate for perforated aluminium alloy flexural
members. However, only a few experimental studies were performed to investigate the
response of CFAT beams. Feng et al. [24] investigated the behaviour of square and rectangular

CFAT beams and Chen et al. [25] examined the response of circular CFAT members under to



in-plane bending. The authors used the 5083 non-heat-treated aluminium alloy to fabricate the

specimens and concluded that the flexural strength was enhanced due to concrete infill.

Past research has mainly focused on the flexural response of CFST members, while
research on CFAT members under in-plane bending is still minimal. Moreover, only few
studies have focused on the response of 6082-T6 aluminium alloy flexural members. The 6082
aluminium alloy is gaining popularity in structural applications [3, 26] due to its good corrosion
resistance, high strength and weldability and thus more research on its behaviour is necessary.
This paper contributes to bridging this gap of knowledge by presenting experimental and
numerical investigations on the flexural behaviour of CFAT and BAT members made of 6082-
T6 grade alloy. The results obtained from the experiments and finite element (FE) analyses
were used to assess the flexural capacity predictions and the applicability of the slenderness
limits provided by Eurocode 9 (EC9) [27]. In the absence of design specifications for CFAT
flexural members, the design rules for CFST flexural members provided by Eurocode 4 (EC4)

[28] were adopted by replacing steel’s material properties with those of aluminium alloy.

2 Experimental investigation
2.1 Test specimens

In total 20 beams, including 10 CFAT and 10 BAT specimens with square and rectangular
sections, were tested under pure in-plane bending. The aluminium sections were made of 6082-
T6 grade alloy. The hollow tubes consist of different cross-sections, with nominal outer width
(B) varied from 25.4 to 76.2 mm, nominal outer height (H) varied from 76.2 to 101.6 mm and
nominal thickness (t) varied from 1.6 to 6.4 mm (Figure 1). All beams were 1000 mm long and
the span (L) between the pinned supports was 900 mm. Table 1 provides the measured
dimensions of all test specimens. The specimens are labelled based on the dimensions of their
cross-section and the existence or absence of the concrete infill. For example, the designation
76.2x25.4%3.3” denotes a specimen with a nominal outer height, width and thickness of 76.2
mm, 25.4 mm and 3.3 mm, respectively. The symbol ‘-C’ denotes that the specimen is CFAT,

i.e., it has concrete infill, and the absence of ‘-C’ indicates that it is a BAT specimen.

CFAT specimens were prepared by filling the hollow tubes with concrete. The concrete was
filled in layers and compacted using a vibrating table. Before casting, the lower end of each
specimen was closed by a wooden plate and sealed with tape to prevent leakage of concrete.
After casting, all beams were wrapped with a plastic membrane for a 28-days curing to avoid

moisture evaporation.



The initial local geometric imperfection (@) of a thin-walled plate element can influence the
flexural response of the CFAT and BAT beams. Hence, the initial local geometric imperfection
of all specimens was measured before the experiment and their magnitudes were considered in
the FE analysis presented in Section 4. A linear height gauge was used to measure the deviation
from a flat surface at 25 mm intervals along the centreline of the longitudinal direction of all

sides of each specimen. The maximum value recorded was considered as the amplitude of local

imperfection of the beam. The calculated values of @ of all specimens are presented in Table

1.

Table 1: Geometric dimensions and initial local geometric imperfections of test specimens.

Specimen H(mm) B(mm) t(mm) H/B B/t L(mm) @ (mm)
76.2x76.2x1.6 76.3 76.2 1.54 49.48 900 0.36 (t/4)
1.00

76.2x76.2x1.6-C 76.3 76.2 154 49.48 900 0.55 (t/3)
76.2%76.2%3.3 76.2 76.2 3.21 1.00 23.74 900 0.12 (t/26)
76.2x76.2x3.3-C 76.2 76.2 3.21 ' 23.74 900 1.15 (t/27)
76.2x76.2%4.8 76.2 76.1 4,71 1.00 16.16 900 0.20 (t/23)
76.2%76.2x4.8-C 76.2 76.1 4.71 ' 16.16 900 0.71 (t/6)
76.2x76.2%6.4 76.2 76.2 6.21 1.00 12.27 900 0.26 (t/24)
76.2%76.2x6.4-C 76.2 76.2 6.21 ' 12.27 900 0.12 (t/53)
76.2x25.4%3.3 76.3 25.5 3.33 599 7.66 900 0.11 (t/32)
76.2%25.4x3.3-C 76.3 25.5 3.32 ' 7.68 900 0.65 (t/5)
76.2x38.1%3.3 76.2 38.3 3.26 1.99 11.75 900 0.10 (t/33)
76.2x38.1x3.3-C 76.2 38.3 3.26 ' 11.75 900 0.40 (t/8)
76.2x50.8%3.3 76.1 50.7 3.15 150 16.10 900 0.14 (t/23)
76.2x50.8%3.3-C 76.1 50.7 3.15 ' 16.10 900 0.52 (t/6)
101.6%25.4x3.3 101.6 25.4 3.21 4.00 7.91 900 0.31 (t/10)
101.6x25.4x3.3-C 101.6 254 3.20 ' 7.94 900 0.20 (t/16)
101.6x50.8x3.3 101.9 51.4 3.44 198 14.94 900 0.32 (t/11)
101.6x50.8x3.3-C 101.9 514 3.41 ' 15.07 900 0.16 (t/21)
101.6x76.2x3.3 101.5 76.3 3.14 133 24.30 900 0.28 (t/11)

101.6x76.2x3.3-C 101.5 76.3 3.14 24.30 900 0.17 (t/18)
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Figure 1: Geometry of a typical (a) BAT section and (b) CFAT section.

2.2 Material properties

2.2.1 Aluminium tube

The mechanical properties of the aluminium alloy were obtained from tensile coupon tests.
Two coupons with 12 mm width and 100 mm gauge length were prepared from each hollow
tube and tested according to the recommendation of BS EN 1SO 6892-1 [29]. During the test,
the displacement-controlled load was employed at a rate of 0.2 mm/min and an extensometer
was instrumented to obtain the data of longitudinal strains (Figure 2(a)). Equations (1) and (2)
given by Ramberg and Osgood [30] and revised by Hill [31] were applied to replicate the
nonlinear stress-strain response of the tested aluminium alloy.
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where f is the tensile stress, ¢ is the strain, E is the modulus of elasticity, f,, isthe 0.1%
proof stress, f,, isthe 0.2% proof stress and n is the strain hardening exponent. Table 2 reports

the mechanical properties determined from the coupon tests. In the table, f,, &, and ¢, denote

the ultimate stress at tension, the strain that corresponds to ultimate stress and the strain at
fracture, respectively. Figure 2(b) presents the experimental stress-strain curve of specimen

76.2x76.2x3 together with the curve reproduced using the Ramberg-Osgood expressions.



Table 2: Mechanical properties of aluminium alloy.

: f f f 9 %
Specimen E 01 02 u & (%) & (%)
(GPa) (MPa) (MPa) (MPa) (mm/mm) (mm/mm)
76.2x76.2%x1.6 67.9 288.4 2929 316 6.9 8.4 44.8
76.2x76.2%x3.3 66.2 2952  299.1 321 7.5 10.5 52.8
76.2x76.2%x4.8 64.7 303.7 306.1 316 6.3 9.7 88.1
76.2x76.2x6.4 69.3 2904 2953 326 8.8 15.3 41.4
76.2x25.4%3.3 68.9 271.8 2779 316 8.8 14.3 31.2
76.2x38.1x3.3 68.5 2704  276.8 315 7.8 9.3 29.6
76.2x50.8%3.3 67.5 2859  289.5 312 7.1 9.1 55.4
101.6%25.4%3.3 63.9 2347 2425 290 7.6 13.2 21.2
101.6x50.8%3.3 71.6 166.9 175.1 204 7.4 12.1 144
101.6%x76.2%3.3 72.8 303.5 306.7 320 5.6 6.9 66.1
350
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Figure 2: (a) Experimental set-up of tensile coupon test, (b) Comparison of measured and
Ramberg-Osgood curves of specimen 76.2x76.2x3.3.

2.2.2 Concrete

The CFAT specimens were prepared by filling concrete inside the hollow tubes. The concrete's
nominal cylinder compressive strength was 25 MPa. The concrete was prepared by mixing
ordinary Portland cement, sand, stone aggregates (< 10 mm) and water with a mixing ratio of
1:1.5:2.5:0.5 by weight. The compressive strength of concrete was determined by three
compression tests of concrete cylinders and was taken as the average strength of the tests, i.e.,

26.1 MPa (Table 3). The concrete cylinders with a nominal height of 300 mm and a diameter



of 150 mm were prepared from the same concrete mixture used for the CFAT beams. The
cylinders were tested at the test day of CFAT specimens based on the recommendation of BS
EN 12390-3 [32].

Table 3: Measured material properties of concrete.

Nominal strength  Compressive strength of

(MPa) cylinder (MPa) Mean (MPa)
24.2
25 25.6 26.1
28.6

2.3  Test setup and procedure

The CFAT and BAT beams were tested under a four-point bending configuration. The span
between the two pinned supports was 900 mm, while the shear span and the distance between
the two loading points was 300 mm. The ratio of shear span to depth was considerably higher
than 0.5 for all the specimens to prevent the shear failure of the specimens [33]. A servo-
hydraulic machine with 600 kN capacity was used to apply the displacement-controlled static
force with 1.5 mm/min rate. Steel rollers were used at supports, allowing rotation around the
axis of bending and movement along the longitudinal direction of the specimens. The
transverse compressive load was employed by two loading points at the central span of the
specimens. A 20 mm thick steel plate was used at each loading point to avoid stress
concentration. Moreover, wooden blocks were placed at supports and loading points inside the
BAT specimens to distribute the loads along the cross-sections. Three linear variable
differential transducers (LVDTs) were used to obtain the vertical deflection profile of the
extreme tensile fibre of all specimens, in which one was installed at the mid-span and other
two were located at the two loading points. Two strain gauges were instrumented at the outer
surface of the mid-span of the top and bottom flange to record the longitudinal strain of all
specimens. The readings of the strain gauges, LVDTs and applied load were recorded using a
data logger. The test photograph as well as an illustrative drawing of the test set-up are

presented in Figure 3.
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Figure 3: Test set-up and instrumentation for the four-point bending tests.

3 Test results
3.1 Failure modes

The typical modes of failure of BAT and CFAT specimens obtained from four-point bending
tests are illustrated in Figure 4 and summarised in Table 4. The specimens failed by yielding
(Y), local buckling (LB) or a combination of these failure modes. Figure 4(a) shows the flexural
deformation of a typical specimen that failed by yielding. Most of the BAT specimens failed
by yielding, except specimens 76.2x76.2x1.6, 76.2x76.2x3.3 and 101.6x76.2x3.3 which have



thinner cross-section (i.e., higher B/t ratio) and failed by local buckling only. Besides yielding,
almost all BAT specimens experienced inward and outward bulging near the loading points or
the mid-span on the compression side of the specimens, including the flange and the part of the
web in compression (Figure 4(b)). For all CFAT specimens, the main failure mode was
yielding. In addition to yielding, local buckling was observed in the majority of the CFAT
specimens whereas the inward bulging was absent and the outward bulging was smaller in
comparison with the BAT specimens. This is attributed to the concrete infill that effectively
restrained the development of inward buckling and delayed the outward buckling. It was
observed that, in specimens which experienced combined failure modes, the flexural
deformation appeared first after applying the transvers compressive load whereas the local
buckling was visible later when the aluminium tube reached its yield strain. However, no local
buckling was identified in BAT specimens 76.2x25.4x3.3 and 76.2x38.1x3.3 and CFAT
specimens 76.2x76.2x6.4-C, 76.2x25.4x3.3-C and 76.2x38.1x3.3-C as they have thicker
cross-section (i.e., lower B/t ratio). Moreover, in specimens 101.6x50.8%3.3, 76.2x76.2x1.6-
C, 76.2x76.2x3.3-C, 101.6x50.8x3.3-C and 101.6x76.2x3.3-C, fracture was observed at the

tensile zone of aluminium tube after attainment of maximum load (Figure 5(a)).

To examine the failure of infilled concrete, the aluminium alloy tubes were partly removed
after the tests. Figure 5(b) shows the typical failure modes of concrete. Several parallel flexural
cracks were observed between two loading points within the tension zone of concrete. These
cracks were uniformly distributed and extended from tension to compression zone for the
specimens failed by yielding. No diagonal cracks were observed in any specimen, indicating

that shear force did not develop between the two loading points of CFAT specimens.

Yielding

(@) 76.2x76.2x4.8-C (b) 76.2x76.2x4.8

Figure 4: Typical failure modes: (a) Yielding, (b) Local buckling.
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Figure 5: (a) Tensile fracture of tube wall, (b) Typical failure modes of concrete.

Table 4: Observed failure modes of test specimens.

Specimen Failure mode Specimen Failure mode
76.2x76.2%1.6 LB 76.2x76.2%1.6-C Y+LB
76.2x76.2%3.3 LB 76.2x76.2x3.3-C Y+LB
76.2x76.2%x4.8 Y+LB 76.2x76.2%x4.8-C Y+LB
76.2x76.2%6.4 Y+LB 76.2x76.2x6.4-C Y
76.2%25.4%3.3 Y 76.2x25.4x3.3-C Y
76.2x38.1%3.3 Y 76.2x38.1x3.3-C Y
76.2x50.8%3.3 Y+LB 76.2x50.8x%3.3-C Y+LB
101.6%25.4%3.3 Y+LB 101.6%25.4%3.3-C Y+ LB
101.6x50.8x3.3 Y+LB 101.6x50.8x%3.3-C Y+LB
101.6x76.2x3.3 LB 101.6x76.2x3.3-C Y+LB

Note: Y = Yielding, LB = Local buckling

3.2 Bending moment versus mid-span deflection curve

Based on the load-deformation paths recorded during the tests, bending moment versus mid-
span deflection curves of BAT and CFAT flexural members are obtained and shown in Figure

6. For these plots, bending moments for the specimens are calculated using Equation (3):

PL
M = = 3)

where P is the applied load over the specimen and L is the span. A closer look of Figure 6
reveals that, at the initial stage of the curves, the mid-span deflection increased linearly and
gradually with the increase in bending moment. This linearity implies that the material of
specimens was in the elastic stage. It is found that in this region the slope of the curve for the

CFAT specimens is higher than that of BAT specimens, indicating an improvement of flexural



stiffness due to the concrete infill. The presence of elastic-plastic region is evidenced by
deviation from the initial linearity within these curves. At post-yielding, all curves of CFAT
specimens and most curves of BAT specimens exhibited a fairly flat plastic plateau with steady
bending moment for increasing deformation. The maximum recorded bending moment was
considered as the flexural strength of the respective specimen. However, due to having good
ductility; in most of the CFAT specimens and some BAT specimens, no descending part or
failure was observed at the elastic-plastic region as the post-yield plateau extended with
increasing deformation. To determine the flexural strength of these specimens, a large mid-
span vertical displacement limit of 60 mm (i.e., L/15) was adopted in this study and the bending
moment recorded at this displacement was considered as the ultimate bending moment of the
respective specimen. After attainment this displacement the tests were interrupted. This
strategy has been applied in many recent studies [34-38] where the researchers used different
mid-span vertical displacement limits to define the flexural strength of CFST beams. However,
no vertical displacement limit related to CFAT beams is available in the literature as the

research on CFAT flexural members is limited.

Overall, in all cases, it can be seen that due to presence of concrete infill the CFAT specimens
achieved higher bending moment capacity as well as greater ductility compared to their BAT
counterparts. It is also noteworthy that the BAT specimens 76.2x76.2x1.6, 76.2x76.2x3.3 and
101.6x76.2x3.3 (Figures 6(a), 6(b) and 6(j)) failed by local buckling, whereas the CFAT

specimens with identical cross-section behaved in a more ductile manner.
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Figure 6: Bending moment versus mid-span deflection curves of test specimens.

3.3 Flexural strength

The ultimate bending moment recorded during testing was considered as the flexural strength
of BAT and CFAT members and the obtained values are reported in Table 5. It can be seen
that the flexural strengths for the square and rectangular CFAT specimens were remarkably
improved due to the presence of concrete infill compared to the corresponding BAT specimens.
To examine the contribution of concrete infill, the percentage increase of ultimate strength due
to the concrete infill is presented in Table 5. The highest increase is noticed for specimen
76.2x76.2x1.6-C, which is equal to 64.17%. The lowest enhancement is observed for specimen
76.2x76.2x6.4-C, which is equal to 6.61%. These observations indicate that the strength
enhancement increases with the decrease of the wall thickness of the cross-section. This could
be attributed to the delay in the onset of local buckling in the slender plate elements offered by
the concrete infill, resulting in an additional increase of the flexural strength. For the same
thickness of the section, it is observed that the percentage improvement in the flexural strength
is higher for members with larger width and depth. This could be related to the fact that larger
aluminium cross-sections provide more confinement to concrete infill, which results in

enhanced flexural strength.

Table 5: Flexural strength of test specimens.

Specimen M, et (KNM) M et inCrease (%)
76.2x76.2%1.6 2.59 64.17%
76.2x76.2x1.6-C 4.25

76.2x76.2x3.3 7.52 19.84%

76.2x76.2%3.3-C 9.01



76.2x76.2x4.8 12.47 11.25%

76.2x76.2x4.8-C 13.87
76.2x76.2%x6.4 15.04 7.56%
76.2x76.2x6.4-C 16.18
76.2x25.4%3.3 4.66 6.61%
76.2x25.4x3.3-C 4.97
76.2x38.1x3.3 5.67 6.96%
76.2x38.1x3.3-C 6.07
76.2x50.8%3.3 6.27 17.75%
76.2x50.8x3.3-C 7.38
101.6%25.4x3.3 6.64 14.52%
101.6x25.4x3.3-C 7.60
101.6%x50.8x3.3 6.89 25.96%
101.6x50.8x3.3-C 8.68
101.6%76.2x3.3 11.39 20.54%
101.6%76.2x3.3-C 13.73

3.4 Flexural stiffness and ductility

On the basis of experimental data, the flexural stiffness and ductility of BAT and CFAT
specimens have also been determined and listed in Table 6. For these calculations, the initial
and serviceability limit state flexural stiffness are calculated using Equations (4) and (5) [16],
respectively.

0.2M L°
K=—_4— 4
| 72_25i ( )
0.6M,L*
K - u- 5
S 7[25 ( )

S

Here Ki and Ks represent the initial flexural stiffness and that at the serviceability limit state,

respectively. Notations &, and o, denote the vertical displacement at the mid-span

corresponding to 0.2My and 0.6My, respectively.

As an indicator of the post-elastic ductility exhibited by the CFAT and BAT specimens, a

ductility index g is calculated using Equation (6) and reported in Table 6.

H=— (6)

where 6, represents the mid-span displacement at yield bending moment and &, denotes the

mid-span displacement at the ultimate bending moment. It can be seen from Table 6 that the

initial and serviceability limit state flexural stiffness as well as the ductility of BAT specimens



increased noticeably due to the concrete infill. The increase in the flexural stiffness is more
pronounced for the specimens with thinner cross-section (i.e., higher B/t ratio). However, the
increase of flexural stiffness at serviceability limit state is relatively lower compared to that of
initial flexural stiffness. This could be attributed to the development of cracks in concrete

within the tension zone of the specimens.

Table 6: Flexural stiffness and ductility of the test specimens.

. K, Ki crar / K, Ky crar / 0, 0, Herar !

Specimen H
(kNm?) Ki gar (kNm?) K gar (mm)  (mm) Hgar

76.2x76.2x1.6 29.95 55.63 26.99 33.72 472 1010 214  48.66
76.2x76.2x1.6-C 46.61 36.09 580 18.45 3.18
76.2%76.2x3.3 51.85 40.60 50.57 30.26 732 1592 217 205.44
76.2x76.2x3.3-C 72.90 65.87 6.89 4577 6.64
76.2x76.2x4.8 72.50 23.79 71.37 14.41 8.60 3753 436 64.39
76.2%76.2x4.8-C 89.75 81.66 8.37 60.02 7.17
76.2x76.2x6.4 90.02 16.25 88.60 10.72 8.36 59.98 7.17 3.04
76.2%76.2x6.4-C 104.65 98.10 8.12 60.03 7.39
76.2x25.4%3.3 28.23 22.14 27.10 11.07 8.47 60.01 7.09 4.30
76.2%25.4x3.3-C 34.48 30.10 8.13 60.08 7.39
76.2x38.1%3.3 34.21 23.71 33.70 12.23 829 60.01 7.24 4,95
76.2x38.1x3.3-C 42.32 37.82 790 60.02 7.60
76.2x50.8x3.3 36.87 45.49 34.14 42.38 8.14 4167 512 57.25
76.2x50.8x3.3-C 53.64 48.61 748 60.24 8.05
101.6x25.4x3.3 55.17 35.94 53.90 17.70 6.07 3022 498 57.83
101.6%x25.4x3.3-C 75.00 63.44 590 46.36 7.86
101.6x50.8x3.3 77.61 47.39 76.12 25.39 449 2730 6.08 120.31
101.6x50.8x3.3-C  114.39 95.45 448 60.01 13.40
101.6x76.2%x3.3 91.21 44 .56 90.20 26.82 6.05 13.63 225 163.40
101.6x76.2x3.3-C ~ 131.85 114.39 591 35.07 593

4 Numerical investigation

The FE analysis software ABAQUS [39] was used to conduct the numerical investigation of
the flexural behaviour of CFAT and BAT beams. The FE models of BAT and CFAT beams
were developed accounting for the material and geometric nonlinearities. The experimental
data were utilised to validate the models. A parametric study was carried out to evaluate the
effect of cross-section aspect ratio, slenderness and concrete grades on the flexural response of

the beams using the validated FE models.



4.1 FE modelling

FE models of all test specimens (i.e., CFAT and BAT beams) were developed based on the
measured geometry and material properties of aluminium and concrete reported in Tables 1, 2
and 3, respectively. In line with past research on thin-walled tubes [36-42], four-node
quadrilateral shell elements with reduced integration (S4R) were used to simulate the
aluminium tubes, whereas four-node hexahedral solid elements with reduced integration
(C3D8R) were adopted to model the concrete core. A mesh sensitivity study was conducted to
select the reasonable element size. It was found that elements with average mesh size equal to
5 mm (L/180) provided accurate results with optimal running time. Therefore, 5 mm mesh size
was assigned to both aluminium tube and concrete core using structured meshing technique.
After meshing, typical BAT and CFAT beams contain over 7500 and 18500 elements,
respectively.

The material properties of aluminium were considered using the elastic and plastic models
provided by ABAQUS. To consider the elastic response, the values of modulus of elasticity of
all aluminium tubes listed in Table 2 were utilised. To account for the plastic response, the von
Mises yield criterion with isotropic hardening was used. The stress-strain data acquired from
the coupon tests were inputted as true stress-strain data. The material behaviour of concrete
infill was simulated using the concrete damage plasticity model provided by ABAQUS. The
same model has been successfully applied in past numerical studies [7, 43, 44] of concrete-
filled hollow sections. The modulus of elasticity of concrete was calculated based on EC4 [27]
and the Poisson’s ratio was taken as 0.2. The values of the dilation angle, the flow potential
eccentricity and the viscosity parameter were considered as 40°, 0.1 and 0, respectively [45].
The ratio of the compressive strength due to biaxial loading to uniaxial compressive strength
and the compressive meridian were calculated using the formula given by Papanikolaou and
Kappos [46] and Yu et al. [47], respectively. The compressive stress-strain behaviour of
concrete infill was considered according to the model recommended by Tao et al. [45] (Figure
7). In this model, no interaction was considered between the outer section and concrete infill
up to peak compressive strength because of the variation of Poisson’s ratio of the two materials.
Therefore, up to ultimate strength, the stress-strain behaviour of both confined and unconfined
concrete remains identical. Beyond the ultimate strength, the lateral displacement of concrete
rises rapidly compared to the outer section due to the development of confining pressure
between two materials. This beneficial confinement effect is considered in stress-strain

response by adding a horizontal plateau and a descending branch with improved ductility. The



tensile behaviour of concrete infill is considered by assuming an ascending part which is linear
till 10% of concrete compressive strength [45] and a descending part which is defined by a
stress-crack opening displacement relationship on the basis of fracture energy [48-50]. The

compressive crushing and tensile cracking were considered as the failure modes of concrete.

Confined concrete

———-Unconfined concrete

Stress [MPa]

Stramn [mm/mm]

Figure 7: Confined concrete’s compressive stress-strain model [45].

The contact behaviour between the aluminium tube and the concrete infill was modelled by the
surface-to-surface contact option provided by ABAQUS. A contact set was created including
the inner and outer surfaces of the aluminium tube and concrete infill, respectively, where the
former performed as the slave surface and the latter performed as the master surface. The hard
contact model was applied in the normal direction, which allows the formation of normal
stresses between two interfaces without occurring penetration during compression and
separation during tension. Coulomb friction law was considered in the tangential direction with
a coefficient of 0.3 to allow sliding between the two interfaces. The existence of initial local
geometric imperfections of all specimens was taken into account in the FE models by defining
the lowest buckling mode acquired from eigenvalue analysis. The amplitudes of initial
geometric imperfection listed in Table 1 were used in the models. To replicate the boundary
conditions, the rotation about the bending axis (X direction) and displacement in the axial
direction of the specimen (Z direction) were left unrestrained. At loading points, the load was
applied along the vertical direction (Y direction) using a displacement control approach. Figure
8 illustrates a FE model of a typical CFAT beam.



2 ok

ux
u

u,=0,u,#0 u,=u,=0,u,#0
u

u,,=0,u,,#0

y
J(-SOF 300 mm 4}7 300 mm ,Jr’ 300 mm %(—504’—
mm

(a)

Aluminium tube
(slave surface)

Concrete
(master surface)

le—— Interaction

i x
(b)

Figure 8: FE model of a typical CFAT beam: (a) geometry, loading and boundary

conditions, (b) cross-section

4.2  Model validation

The precision of the developed FE models was evaluated by comparing the experimental
flexural strengths, bending moment versus mid-span deflection curves and failure modes with

the corresponding FE results. The ratios of the FE over the experimental flexural strength (

M, e /M, 1 ) OF all specimens are reported in Table 7. Excellent agreement is noticed between

the experimental data and the FE results with a mean value of the M, . /M, ., ratio equal to

0.98 and a coefficient of variation (COV) equal to 0.05. Figure 9 shows the comparison
between the experimental and FE bending moment versus mid-span deflection curves of some
representative specimens. It is observed that the developed FE models simulate the
experimental curves very accurately. In addition, the experimental and FE failure modes of

typical specimens are presented in Figure 10. It is demonstrated that the FE models fairly



reproduce the deformed shapes and failure modes of the tested specimens. Overall, the

developed FE models can satisfactorily predict the flexural behaviour of BAT and CFAT

beams.
Table 7: Comparison of experimental and FE flexural strengths.
Specimen M, ke /My req
76.2x76.2x1.6 1.10
76.2x76.2x1.6-C 0.96
76.2x76.2x3.3 1.01
76.2x76.2x3.3-C 1.02
76.2x76.2x4.8 0.91
76.2x76.2x4.8-C 0.94
76.2x76.2%6.4 0.95
76.2x76.2x6.4-C 0.94
76.2%25.4x3.3 0.99
76.2x25.4x3.3-C 0.98
76.2x38.1x3.3 0.98
76.2x38.1x3.3-C 0.99
76.2x50.8x3.3 0.94
76.2x50.8x3.3-C 0.92
101.6x25.4x3.3 1.05
101.6x25.4x3.3-C 1.04
101.6x50.8%x3.3 0.96
101.6x50.8x3.3-C 0.94
101.6x76.2x3.3 0.94
101.6x76.2x3.3-C 0.94
Mean 0.98
Cov 0.05
10 6
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Figure 9: Experimental and numerical bending moment versus mid-span deflection curves.
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Figure 10: Experimental and FE failure modes of typical specimens.

4.3  Parametric study

A parametric study considering different cross-sections, slenderness and concrete grades was
carried out based on the validated FE models. An average stress-strain curve acquired from the
coupon tests was used for the aluminium tube. The average measured initial local imperfection
value of t/20 was applied throughout. In this study, a total of 76 beams were modelled including
40 CFAT and 36 BAT specimens. Three cross-sectional aspect ratios (H/B), namely 1.0, 1.5
and 2 were considered, whilst the wall thickness was varied from 1 mm to 10 mm without
changing the outer dimensions of the cross-section. Three different cylinder strengths of
concrete, i.e., 30, 40 and 50 MPa were selected to study the effect of concrete grade on the
behaviour of CFAT beams.

Typical results of the numerically obtained moment-deformation behaviour are presented in
Figure 11. Figures 11(a) and (b) illustrate the effect of the cross-sectional aspect ratio on the
bending moment versus mid-span deflection curve of square and rectangular BAT and CFAT
beams, respectively. The flexural strength of the BAT and CFAT members increases with the
increase of H/B when the thickness is constant. In Figures 11(c) and (d) the FE flexural
response of BAT and CFAT beams with different wall thickness is illustrated, respectively,
showing the higher flexural capacity for lower cross-section slenderness (i.e., largest wall

thickness).
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Figure 11: Typical bending moment versus mid-span deflection curves from the parametric

Figure 12 presents the percentage increase in flexural strength due to higher concrete grade
having as reference the flexural strength of 30 MPa for typical CFAT specimens. It is found
that with the increase of compressive strength of concrete the flexural strength of CFAT
members enhanced up to 6.9% for 40 MPa and up to 12.6% for 50 MPa.
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specimens.

5 Design Recommendations

In this section, the obtained experimental data and numerical results are used to assess the
ultimate flexural capacity predictions and the applicability of the slenderness limits provided
by EC9 [27] for BAT beams. Moreover, based on codified rules for CFST beams provided by
EC4 [28], design recommendations are made for the flexural strength predictions and the
slenderness limits for the CFAT beams. Note that the partial factors of safety were set equal to
unity for the design code assessment.



5.1 Design provisions for BAT beams
5.1.1 EC9 design code

In EC9 [27], cross-sections are categorized into four classes, i.e., Class 1, 2, 3 and 4. According
to EC9 [27], the design flexural capacity of a square and rectangular hollow aluminium section

can be calculated by Equation (7).

M, gco = AW, o2 (7)

c' Vel

In the above equation, «, is the shape factor which is defined according to the cross-section

classification as follows:

W, /W,  (for Class 1 & 2)
a, = 1 (for Class 3) (8)
W, /W, (for Class 4)

where W, and W, represent the elastic modulus and plastic modulus of the gross section,

respectively and W, denote the effective modulus of the gross section.

5.1.2 Assessment of EC9 flexural strength prediction

The flexural strength, M, of BAT beams determined from experiments and FE analysis was
compared with the flexural strengths calculated by EC9 [27], M, ., . The moment ratios,

M, /M, eco , and their corresponding mean and COV values are presented in Table 8. Figure 13

shows a comparison between flexural strength obtained from experiments and FE analysis and
the corresponding predicted design strengths. Based on the above comparisons, it can be seen

that EC9 [27] provides good predictions of flexural strengths with a mean value of M, /M, .,

equal to 1.06. However, the COV value reported in Table 8 indicates relatively scattered

predictions.

Table 8: Comparison of experimental and FE flexural strengths with design strengths for

BAT beams.
Specimen No Class M, /M, eco
76.2x76.2x1.6 1 3 0.79
Test 76.2%76.2x3.3 1 1 0.98

76.2x76.2x4.8 1 1 1.13



76.2x76.2%x6.4 1 1 1.11
76.2%x25.4%3.3 1 1 1.17
76.2x38.1%x3.3 1 1 1.20
76.2x50.8%3.3 1 1 1.12
101.6%25.4x3.3 1 2 1.21
101.6%50.8%3.3 1 1 1.14
101.6x76.2x3.3 1 2 0.98
FE 36 1-4 1.05 (Mean)
Mean (all) 1.06
COV (all) 0.07
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Figure 13: Comparison of test and FE flexural strengths with strengths calculated by EC9
[27] for BAT beams.

5.1.3 Assessment of EC9 Class 1 limit

According to EC9 [27], a Class 1 cross-section can achieve and sustain its full plastic moment
capacity with sufficient deformation under uniaxial bending. In contrast, a Class 2 cross-section
can reach full plastic capacity but cannot maintain it due to the development of inelastic local
buckling. The Class 1 and Class 2 cross-sections can be distinguished based on their rotation

capacity R that is defined in Equation (9) [20]:
Ku
R=—"-1 )
Ky
where «, is the curvature of a beam at which the moment first reaches the plastic moment

capacity, M, and «, is the curvature of a beam at which the moment drops back to M, after

pl s



reaching the peak flexural strength, M, . «, and «, are calculated by Equations (10) and (11),

respectively.
LMy (10)

_ 8(6-4,)
Ku 2 2 (11)
4(6-05,) +L

where | is the moment of inertia of the cross-section, & and O, are the mid-span
displacement and average vertical displacement at two loading points corresponding to the
moment which reaches M, again after the M, and L; is the distance between two loading
points. For the specimens not showing any descending part in their moment-mid-span
deflection curves, & is taken as the maximum mid-span displacement ¢, . A rotation capacity
of 3 is required for the plastic design of steel structures [51, 52]. In line with a past study [53],
this value is considered herein for BAT flexural members.

To assess Class 1 limit for internal elements in compression of Class A materials, the rotation
capacity of BAT beams obtained from the experiments and numerical analysis is plotted against
the flange slenderness parameter /¢ in Figure 14. The term £ is equal to b/t (where b is the

flat part of the width and t is the thickness of the of the cross-section) and & is the material

factor which is equal to \/250/ fo, . The corresponding Class 1 slenderness limit given in EC9

[27] is shown in Figure 14 along with the rotation capacity limit of 3 [53]. It can be observed
that the rotation capacities of aluminium alloy flexural members are scattered which is related
to the effects of material properties as well as the interaction of constituent plates [53].

Regardless the scatteredness of data, a decreasing trend of rotation capacity with increasing
member slenderness is clear. It is found that, the EC9 Class 1 limit of £/&=11 for Class A

aluminium alloy is conservative, as number of cross-sections beyond this limit satisfied the

rotational capacity requirement specified in the design standard. For this reason, a new limit of
/& =15 is proposed, which appears more suitable to categorise the Class 1 sections and is

aligned with the limit suggested by Su et al. [53].
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Figure 14: Assessment of Class 1 slenderness limits for internal elements of Class A

materials given by EC9 [27].

5.1.4 Assessment of EC9 Class 2 limit

According to EC9 [27], the design flexural capacity of a Class 2 cross-section is the plastic

moment capacity M, of the cross-section, which is the product of the plastic section modulus
W, of the cross-section and the yield stress f;,. Hence, to assess the Class 2 limit for internal
elements suggested by EC9 [27], the flexural strength M, determined from the experiments
and FE analysis is normalised by M, and plotted against the slenderness parameter Ble of

the flange in Figure 15.

An expected trend of decreasing normalised flexural strength, M, /M, , with increasing flange
slenderness can be observed in Figure 15. The horizontal line at M, /M, equal to unity
separates Class 2 (i.e., having M, /M , >1) from Class 3 (i.e., having M, /M, <1) cross-
sections. Based on this demarcation, it can be observed from Figure 15 that the EC9 slenderness
limit of /& =16 appears to be strict, since many sections with values of B/& larger than this

ol >1 and can be classified as Class 2 cross-sections. Based on the

limit have M, /M
experimental and numerical data of this work, a new limit of /& =22 is proposed that is more

appropriate as a Class 2 limit, as it includes all the sections of Figure 15 that have M, /M, >

1.
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Figure 15: Assessment of Class 2 slenderness limits for internal elements of Class A
materials given by EC9 [27].

5.1.5 Assessment of EC9 Class 3 limit

In EC9 [27], the cross-sections that can achieve the elastic moment capacity (i.e., moment
related to the first yielding), but experience local buckling before reaching the plastic moment
capacity are defined as Class 3 cross-sections. On the other hand, Class 4 sections fail by local
buckling before reaching the elastic moment capacity. In Figure 16, the ultimate bending

strength M, normalised by elastic moment capacity M, (W, f,,) are plotted against flange
slenderness /¢ to assess EC9 Class 3 limit for internal elements in compression. Similar to
Figure 15, the horizontal line in Figure 16 at M,/M,, equal to unity separates Class 3 cross-
sections (i.e., having M,/M,, >1) and Class 4 cross-section (i.e., having M, /M, <1.0). It can

be observed from this figure that the slenderness limit of f/&=22 specified in EC9 is

conservative for the internal elements of Class 3 aluminium sections, as some cross-sections

beyond this limit achieve flexural capacity higher than the elastic moment capacity, i.e.,
M, /M, >1. Thus, a Class 3 limit of /& =31 is suggested, as it seems to be more suitable on

the basis of the experimental and numerical findings of this study.
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Figure 16: Assessment of Class 3 slenderness limits for internal elements of Class A

materials given by EC9 [27].
5.2 Design provisions for CFAT beams

In the absence of design specifications for CFAT structural members, design recommendations
for evaluating the flexural strength of CFAT beams based on codified provisions for steel-
concrete composite members are discussed in this section. In particular, in Section 5.2.1, it is
proposed to adopt the design methodology of EC4 [28] for CFAT beams by replacing the

steel’s material properties with those of aluminium alloy.
5.2.1 EC4 design methodology for CFAT beams

Based on EC4 [28], the design bending capacity of square and rectangular CFAT flexural
members can be obtained using the following design formula:

M =M pl = (Wpla _Wpla,n) f0.2 + 0'5(\Nplc _Wplc,n) fc (12)

u,prop

where W . and W, are the plastic section moduli of the aluminium tube and concrete,

and W are

la,n plen

respectively, which are determined by Equation (13) and (14), respectively. W,

the plastic section moduli of the aluminium tube and concrete from 2h, respectively, which

are calculated by Equation (15) and (16), respectively. The term hy is the location of the neutral

axis determined by Equation (17), where A and f, are the area and compressive strength of
concrete, respectively. In Equation (13) and (14), r,, represents the internal corner radius of the

hollow tube which is taken zero herein. The cross-sections of aluminium tubes of CFAT



specimens are classified based on the criteria provided by EC9 [27] and the revised slenderness

limits proposed in Section 5.1.

2
o= =2 P (0 (4=t |- 13
B—2t)(H -2t)’
WDIC :( )E]- ) _grintS _rintz (4_”)(%_t_r}nt] (14)
VVpla,n = Bhn2 _Wplc,n (15)
W, =(B-2t)h (16)
B A f,
" 2Bf +4t(2f,, - f.) (47

5.2.2 Flexural strength prediction for CFAT beams

To assess the applicability of the proposed design methodology, Table 9 presents the moment
ratio of M, /M

u,prop u,prop

along with the mean and COV values. The mean value of M, /M is
1.04, indicating that design rules of EC4 [28] offer good predictions. In Figure 17, the flexural
strengths obtained from tests and FE analysis are plotted against the ultimate bending moments
calculated by EC4 [28]. It can be observed that the EC4 [28] are quite accurate. Overall, it can
be concluded that the proposed design methodology can be applied for predicting the flexural

capacity of CFAT beams.

Table 9: Comparison of test and FE flexural strengths with design strengths for CFAT beams.

Specimen No Class M,/M, oo
76.2x76.2x1.6-C 1 3 0.93
76.2%76.2x3.3-C 1 1 1.06
76.2x76.2x4.8-C 1 1 1.17
76.2%76.2%x6.4-C 1 1 1.14
Test  76.2x25.4x3.3-C 1 1 1.17
76.2%38.1x3.3-C 1 1 1.18
76.2x50.8x3.3-C 1 1 1.20
101.6x25.4x3.3-C 1 2 1.28
101.6x50.8x3.3-C 1 1 1.24
101.6x76.2x3.3-C 1 2 1.04
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Figure 17: Comparison of test and FE flexural strengths with strengths calculated by the

proposed design methodology for CFAT beams.

5.2.3 Slenderness limits for CFAT flexural members

According to EC4 [28], the effect of local buckling can be neglected for composite cross-

sections if the slenderness value, f,/¢ of these sections does not exceed 52. These composite

cross-sections are considered as compact sections. In /¢, f,=H/t, H is the height of the
cross-section and & =4/235/ fy, . To obtain a slenderness limit for compact sections of CFAT
flexural members, the moment ratio M, /M, determined from experimental and FE results are
plotted against the /¢ in Figure 18. Here the material factor & for aluminium alloy is

considered /250/ f;, based on EC9 [27]. Based on the data obtained in this study, the limit

of S, /& =46 appears appropriate for the compact section of CFAT flexural members.



]

o Test data
®* FE results
- Proposed limit = 46
1.51
EE ("] :l C?l )
o
== | e
= . i .
0.5
U 1 1 1 1 1
0 20 40 60 80 100 120
1631 ,.-’f(-'_

Figure 18: Proposed slenderness limits for CFAT flexural members.

6 Conclusions

This study presented experimental and numerical investigations on the performance of
concrete-filled and bare 6082-T6 aluminium alloy tubular members under in-plane bending. In
total 20 beams, including 10 CFAT and 10 BAT specimens, were tested. FE models of BAT
and CFAT specimens were developed and used to conduct a parametric study. Based on the

observed experimental and numerical results the following conclusions can be drawn:

1) The flexural strength, flexural stiffness and ductility of CFAT specimens were
significantly higher than those of BAT specimens with identical cross-sections. This
signifies the effectiveness of concrete infill in reducing the possibility and extent of
local buckling of bare aluminium sections.

2) It was also shown that the strength increase because of the concrete infill was more
prominent for slender cross-sections. This is attributed to the delay in the onset of local
buckling in the slender plate elements offered by the concrete infill, resulting in an
additional increase of the ultimate strength.

3) It was demonstrated that the developed FE models can accurately predict the flexural
behaviour of BAT and CFAT beams. Hence, a parametric study was performed,
including 76 beams (40 CFAT beams and 36 BAT beams) with broad range of cross-
sections and different concrete grades.

4) The FE results have shown that the flexural strength of the BAT and CFAT members

increases with the increase of H/B when the thickness is constant. Moreover, based on



the flexural response of BAT and CFAT beams with different wall thickness, it was
shown that the higher flexural capacity was observed for sections with lower cross-
section slenderness.

5) Based on the FE results, it was shown that with the increase of concrete compressive
strength, the flexural strength of CFAT members is generally enhanced.

6) The applicability of the slenderness limits provided by EC9 were assessed based on the
experimental and numerical results. It was demonstrated that the current slenderness
limits in EC9 are conservative for Class A aluminium sections. Hence, revised Class 1,
Class 2 and Class 3 limits are proposed which appear to be better applicable to Class A
aluminium alloys.

7) In the absence of design specifications for CFAT flexural members, the design rules for
CFST flexural members provided by EC4 are adopted by replacing the steel’s material
properties with those of aluminium alloy. It was shown that the proposed methodology
can sufficiently predict the flexural strength of CFAT members.

8) A slenderness limit for compact sections of CFAT flexural members was proposed
based on EC4 framework.
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