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Composite steel-concrete members are adopted in structural applications as a cost-effective and high-speed
construction practice. Exploiting the superior corrosion and strength-to-weight properties of structural
aluminium, research on composite aluminium-concrete members has been reported. Aiming for an even more
sustainable and durable structural member, this paper proposes combining structural aluminium alloys with low
carbon geopolymer concrete (GC) to form a structural member with lower environmental footprint. To this end,
an experimental programme on geopolymer concrete-filled aluminium alloy tubular (GCFAT) cross-sections is
performed. A total of 24 tests on stub columns and 12 tests on beams were carried out. In particular, 4 square
hollow sections infilled with one-part geopolymer concrete were tested under uniform compression and under
uniaxial bending. The hollow sections were fabricated from 6082-T6 heat-treated aluminium alloy. The same
cross-sections were also tested as bare and infilled with ordinary Portland cement (OPC) concrete for comparison
purposes. It is shown that the strength of the composite sections is significantly increased compared to the bare
ones. In particular, the average strength increase was in the range of 16.5%-93.3% and of 23%-93.1% for GC
and OPC-aluminium stub columns, respectively. In beams, the strength increase was in the range of 14.1%—
53.6% for GC-aluminium and of 10.2%-48.9% for OPC-aluminium specimens. In absence of codified design rules
for geopolymer concrete-aluminium structures, design formulae based on the European standards for composite
steel-concrete members, with the material properties of steel and concrete replaced by those of aluminium alloy
and GC, respectively, are adopted. The obtained results demonstrated that the proposed design methodology is
suitable for the design of GCFAT cross-sections and beams, providing reasonably accurate and consistent strength
predictions. Overall, the potential of geopolymer concrete-filled aluminium tubular cross-sections as a novel
cement-free, sustainable, and structurally efficient composite cross-section is demonstrated.

1. Introduction
1.1. Composite structures

Over the past few decades, composite construction is fast becoming a
key application in high performance engineering structures. Concrete-
filled steel tubular (CFST) members have been efficiently employed as
compression members combining the advantageous properties of both
materials, i.e., steel and concrete. In particular, the concrete infill delays
local buckling by bracing the steel tube to resist the developed de-
formations and thus achieving higher stiffness, ductility and compres-
sion resistance [1-6]. Therefore, the robust mechanical properties of the
CFST columns allow for employment of smaller cross-sectional sizes for
given loads leading to increased net floor space [4,7-8]. This, coupled
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with the lower need for external formwork in the concreting process
[9-11], demonstrates the potential of the CFST column concept to
reduce the construction time and costs.

In structural applications where the structure’s self-weight and
resistance against corrosion are primary design concerns, it could be
more suitable to replace the steel tubes with aluminium alloy ones.
Aluminium alloys as a structural material are lightweight, as their
density is significantly lower (approximately 2.5 times) compared to
steel. Moreover, they have excellent corrosion resistance and thereby
are suitable for structural applications in marine and offshore environ-
ments. Similar to CFST columns, the concrete-filled aluminium tubular
(CFAT) columns can take advantages from both materials, i.e.,
aluminium alloy and concrete, denoting improved structural
performance.

2352-0124/© 2023 The Author(s). Published by Elsevier Ltd on behalf of Institution of Structural Engineers. This is an open access article under the CC BY license
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To date, the reported research work on the structural response of
CFAT columns is relatively limited [12]. Zhou & Young [13] performed
axial compression tests on concrete-filled aluminium stub columns with
square hollow sections (SHSs) and rectangular hollow sections (RHSs)
[14,15]. Later, Zhou & Young [16,17] extended their experimental
investigation on circular hollow sections and suggested design criteria
considering the observed material interaction. Following, Zhou & Young
[18] assessed experimentally the compressive response of concrete-
filled double-skin tubes and proposed design formulae for their ulti-
mate capacity. In a more recent study, Wang et al. [19] utilised the data
reported by Zhou & Young [16] to evaluate whether the “nominal yield
strength” method adopted by GB 50936 [20] for CFST is applicable to
CFAT. Further to stub columns, the potential of composite aluminium-
concrete members [21-23] has also been demonstrated. Feng et al.
[24] performed bending tests on CFAT rectangular and square sections
and assessed the applicability of current design rules for concrete-steel
members to concrete-aluminium members, whereas Chen et al. [25]
experimentally investigated the flexural behaviour of CFAT beams
strengthened by carbon fibre-reinforced polymer layers.

1.2. Geopolymer concrete

In the above studies of CFAT members, the aluminium tubes were
infilled with concrete produced by ordinary Portland cement (OPC). As
known, the production of OPC is a highly energy consuming process
releasing almost 10% of the total worldwide carbon dioxide CO, emis-
sions [26]. Recent studies have shown that geopolymers or alkali-
activated cements could be used as a potential alternative to OPC,
denoting sufficiently high mechanical properties, whilst delivering an
80% reduction in CO, emissions [27,28]. Geopolymers are usually
composed of two main parts: (i) an aluminosilicate precursor (AlyOs-
SiO9) and (ii) a source of alkaline and activation agent. The latter are
often based on chemical and high purity substances, such as sodium
hydroxides/silicates, and could inhibit the wide-spread construction
applications of geopolymers due to their high carbon impact, hazardous
effect, and cost criteria [29-31]. Therefore, recent research trends have
focused on the development of one-part alkali activated geopolymer
cement (AAC), where the alkali activators are supplied in the form of
solid powder based on the use of waste materials [32,33]. Like tradi-
tional cement and cement-based materials, in one-part AAC, only water
is needed and their long-term performance was also reported [34].

Research on the mechanical properties of geopolymer concrete (GC)
was reported in [35], demonstrating superior performance of GC
compared to conventional OPC concrete. The increase in strength was
attributed to the denser interfacial zone created between the aggregates
and the geopolymer paste [35]. In [36], the matrix of geopolymer was
found to be denser, and as a result, the elastic modulus to be higher,
compared to OPC concrete. The results of another experimental study on
GC examined the bond behaviour between concrete and fibre reinforced
polymers (FRP) [37]. Investigations on the confinement of GC through
the use of steel reinforcement were examined by [38,39]. Corrosion
resistance studies were presented in [40-42], denoting enhanced per-
formance of GC compared to OPC, due to the strong and adherent sili-
cate membrane formed by the geopolymerisation process. The structural
performance of geopolymer-concrete-filled steel tubular (GCFST)
members under concentric compression, pure bending and combined
compression and bending was also investigated experimentally and
numerically by [43]. The obtained data were used to assess the appli-
cability of the existing design codes for composite steel-concrete
structures. It was concluded that the existing criteria could be applied
for the design of composite steel-geopolymer concrete structures
providing safe strength predictions. Katwal et al. [44] recently tested
composite stainless steel-geopolymer concrete columns under ambient
and fire conditions and found that the fire resistance significantly im-
proves by GC. Finally, Zhou et al. [45] suggested a new type of assem-
bled GCFST columns frame with controllable deformation connected GC
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walls, whilst Ahmad et al. [46] proposed a novel glass fiber reinforced
polymer (GFRP) bar reinforced GC filled GFRP tubular column.

1.3. Research significance

(i) The present study aims to combine the benefits of composite
aluminium structures and geopolymer concrete, by proposing a
new composite structural member, i.e., geopolymer concrete-
filled aluminium alloy tubular (GCFAT) cross-section and exam-
ining its structural performance. This new structural member will
allow exploitation of the superior properties of structural
aluminium alloys [47] (i.e., corrosion resistance, strength-to-
weight ratio, recyclability) and of geopolymer concrete (i.e.,
mechanical properties, low carbon footprint) in a combined
manner, leading to a structurally efficient, sustainable and du-
rable member.

Based on European design guidelines for composite steel-
—concrete and for aluminium structures [48,49], the study utilises
the experimentally obtained data to propose design formulae for
strength predictions of the proposed composite cross-section.

In addition, the study generates data for the performance of GC in
structural applications, which are currently scarce. In particular,
the possibility of using any form of GC in structural applications
has not been vindicated in the UK. Due to non-availability of real
site case studies or performance data of GC in structural appli-
cations, designers are reluctant to specify this material. Through
experimental studies like the one presented herein, it is expected
that the acceptance of GC by construction industry, designers and
workers will be improved. Note that the dimensions of the cross-
sections presented herein are available in current aluminium in-
dustry and are similar to those researched in past studies for
aluminium-concrete members [21-23].

Finally, as mentioned in Section 1.1, research on aluminium-OPC
concrete members has already been reported. However, it is
known that aluminium reacts with the alkalis found in OPC
concrete [50] and a coating is recommended in aluminium
structures to protect them from corrosion, when they come in
contact with OPC concrete. When OPC concrete is replaced with
GC, the need for this coating may be eliminated, due to the full
consumption of alkali cations (Ca*2 Na*!) by the higher amounts
of aluminosilicate compounds blended with the alkaline activa-
tors during the geopolymerisation mechanism. The elimination of
coating in aluminium could be a significant advantage of the
proposed composite section and even though the corrosion per-
formance of the composite GC-aluminium member is not exam-
ined herein, investigations in this field are encouraged for future
work, as also mentioned in Section 6.

(i)

(iii)

(iv)

2. Experimental programme

This article reports and discusses experimental data of a total of 24
compression tests and 12 beam tests. For comparison purposes, the same
cross-sections were tested as bare and infilled with OPC concrete and
geopolymer concrete. The considered hollow sections were made of
6082-T6 heat treated aluminium alloy.

2.1. Test specimens

Four different SHSs made of 6082-T6 heat-treated aluminium alloy
were examined in the present study. The sections were fabricated with
the extrusion process. All cross-sections had nominal outer depth D and
width B of 50.8 mm. Four nominal thicknesses t, namely 1.6, 2.7, 3.3 and
4.8 mm, were considered, enabling to investigate the cross-sectional
response in a broad range of width-to-thickness ratio B/t values (see
Table 1 for stub columns and Table 2 for beams). Following the technical
memorandum for stub column tests [51], the specimens were cut in
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Table 1
Mean measured dimensions of tested stub columns.
Specimen D (mm) B (mm) t (mm) B/t L (mm)
BAT specimens
50.8 x 50.8 x 1.6-a 51.04 50.80 1.62 31.36 153.00
50.8 x 50.8 x 1.6-b 50.89 50.36 1.64 30.71 152.90
50.8 x 50.8 x 2.7-a 50.86 50.82 2.68 18.96 153.00
50.8 x 50.8 x 2.7-b 50.78 50.10 2.71 18.49 153.00
50.8 x 50.8 x 3.3-a 51.32 50.70 3.27 15.50 153.00
50.8 x 50.8 x 3.3-b 51.49 51.20 3.25 15.75 152.90
50.8 x 50.8 x 4.8-a 51.22 51.00 4.79 10.65 153.00
50.8 x 50.8 x 4.8-b 51.06 50.79 4.73 10.74 153.00
GCFAT specimens
50.8 x 50.8 x 1.6-GC-a 50.96 50.23 1.61 31.20 152.90
50.8 x 50.8 x 1.6-GC-b 50.97 50.92 1.61 31.63 152.90
50.8 x 50.8 x 2.7-GC-a 50.87 50.31 2.56 19.65 152.90
50.8 x 50.8 x 2.7-GC-b 50.87 50.48 2.62 19.27 152.90
50.8 x 50.8 x 3.3-GC-a 51.02 51.00 3.18 16.04 152.90
50.8 x 50.8 x 3.3-GC-b 51.36 51.35 3.16 16.25 152.90
50.8 x 50.8 x 4.8-GC-a 51.48 50.99 4.73 10.78 152.90
50.8 x 50.8 x 4.8-GC-b 51.08 50.21 4.84 10.37 152.90
CFAT specimens
50.8 x 50.8 x 1.6-C-a 50.92 50.44 1.69 29.85 152.90
50.8 x 50.8 x 1.6-C-b 50.66 50.55 1.66 30.45 152.90
50.8 x 50.8 x 2.7-C-a 51.13 51.00 2.65 19.25 152.90
50.8 x 50.8 x 2.7-C-b 51.11 50.28 2.59 19.41 152.90
50.8 x 50.8 x 3.3-C-a 50.89 50.63 3.33 15.20 152.90
50.8 x 50.8 x 3.3-C-b 50.33 50.29 3.36 14.97 152.90
50.8 x 50.8 x 4.8-C-a 51.36 50.89 4.78 10.65 152.90
50.8 x 50.8 x 4.8-C-b 51.47 51.32 4.80 10.69 152.90
Table 2
Mean measured dimensions of the tested beams.
Specimen B/t D (mm) B (mm) t (mm) L (mm)
nominal measured
BAT beams
50.8 x 50.8 x 1.6 31.8 51.02 50.70 1.60 599.05
50.8 x 50.8 x 2.7 18.8 51.02 50.70 2.64 599.06
50.8 x 50.8 x 3.3 15.4 50.64 50.60 3.25 599.07
50.8 x 50.8 x 4.8 10.6 50.63 50.60 4.75 599.05
GCFAT beams
50.8 x 50.8 x 1.6-GC 31.8 50.96 50.63 1.61 599.05
50.8 x 50.8 x 2.7-GC 18.8 50.82 50.76 2.56 599.05
50.8 x 50.8 x 3.3-GC 15.4 50.81 50.73 3.18 599.05
50.8 x 50.8 x 4.8-GC 10.6 51.01 50.81 4.73 599.05
CFAT beams
50.8 x 50.8 x 1.6-C 31.8 50.88 50.65 1.60 599.08
50.8 x 50.8 x 2.7-C 18.8 50.79 50.79 2.63 599.05
50.8 x 50.8 x 3.3-C 15.4 50.96 50.84 3.22 599.05
50.8 x 50.8 x 4.8-C 10.6 50.86 50.82 4.81 599.05
width, B
o) thickness, t [a)
g g
Ly g
(a) BAT specimen
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nominal length L equal to three times the maximum cross-sectional
dimension. In beams, each cross-section was cut from the same tube
and had nominal length L of 600 mm. The specimens were infilled with
GC or OPC concrete. The same cross-sections were also tested without
infill for comparison purposes. These sections are referred to as bare
aluminium tubular (BAT) sections. Each stub column test was executed
twice, resulting in a total of 24 stub column tests.

Tables 1 and 2 present the measured dimensions for all the investi-
gated specimens using the nomenclature depicted in Fig. 1. The speci-
mens were designated according to their nominal geometric dimensions
and the presence of the GC or OPC concrete infill. In Table 1 for stub
column tests, the designation was also followed by the letter “a” or “b” to
distinguish the specimens employed in the first and second test,
respectively. For instance, the label “50.8 x 50.8 x 3.3-GC-a” defines a
stub column specimen with outer depth D = 50.8 mm, outer width B =
50.8 mm and thickness t = 3.3 mm, whilst the letters “GC” indicate that
the specimen is infilled with geopolymer concrete. Letter “a” signifies
that this specimen was tested first.

2.2. Aluminium 6082-T6: tensile coupon tests

Following the procedure outlined in EN ISO 6892-1 [52], material
tensile coupon tests were performed to determine the engineering
stress-strain (o-¢) response of the examined 6082-T6 heat-treated
aluminium alloy. For each investigated SHS, two flat coupons, one
from the mid-width of the web and one of the mid-width of the flange,
were cut with a nominal width of 12 mm and gauge length of 100 mm. A
50 kN Tinius Olsen testing machine was used to execute the tensile tests
applying loading in a 0.2 mm/min displacement rate up to fracture.
During testing, the longitudinal strains were recorded through a cali-
brated extensometer attached onto the mid-length of the coupon, as
shown in Fig. 2(a). All fractured coupons are illustrated in Fig. 2(b).

A summary of the obtained test results is reported in Table 3, where E
is the initial modulus of elasticity, oy ; is the 0.1 % proof stress, 6 2 is the
0.2 % proof stress, o, is the ultimate tensile stress, ¢f is the strain at
fracture and n is the strain hardening exponent based on the material
model proposed by Ramberg and Osgood [53] and modified by Hill
[54]. Fig. 3 depicts the engineering stress—strain (c-¢) response for all
cross-sections obtained from the tensile coupon tests. As can be
observed, the examined 6082-T6 aluminium alloy exhibits a round
stress-strain behaviour without a distinct yield point due to continuous
strain hardening. The strain hardening ratio ¢,/0¢ 2 for each examined
cross-section is also included in Table 3, reaching up to 109%. Note also
that the Poisson’s ratio of the tested aluinum tube is equal to 0.33
[21-23].

2.3. OPC concrete and geopolymer concrete mix

The concrete mix was produced using OPC, 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. In order to determine the
maximum compressive strength of the concrete infill, four (100 x 100 x
100) mm?® standard concrete cubes were cast from the same concrete

width, B

thickness, t

geopolymer concrete/concrete infill

- 1., . L "+ |+— aluminium tube

(b) GCFAT/CFAT specimen

Fig. 1. Geometric properties of the cross sections of the specimens.
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Fig. 2. Tensile coupons.
Table 3
Material properties obtained from the tensile coupon tests.
Cross-section E (MPa) 60,1 (MPa) 6.2 (MPa) o, (MPa) &, (mm/mm) & (mm/mm) n 60.2/00.1
50.8 x 50.8 x 1.6 65,000 283.4 289.1 315.0 0.08 0.11 34.8 1.09
50.8 x 50.8 x 2.7 72,200 329.7 337.1 352.0 0.07 0.10 31.2 1.04
50.8 x 50.8 x 3.3 71,700 295.5 302.2 330.0 0.08 0.09 30.9 1.09
50.8 x 50.8 x 4.8 67,500 299.8 305.9 325.0 0.09 0.16 34.4 1.06
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Fig. 3. Stress—strain curves obtained from the tensile coupon tests.

mix used to fill the aluminium tubes of the CFAT stub columns. After
casting, the cubes were kept in rest period for 24 h. Following, the cubes
were demoulded and were placed in a water tank at ambient tempera-
ture for curing. Upon 28 days of curing, the concrete cubes were sub-
jected to axial compression resulting in average compressive cube
strength of 37.55 MPa. This concrete mix was used to fill the aluminium
tubes of the CFAT specimens, which were left to cure for 28 days before
the execution of the stub column and beam tests (Sections 2.4 and 2.5).

The one-part geopolymer powder was developed by blending

531

metakaolin; originated from natural clay and natural pozzolan, obtained
from volcanic tuff sources, as a source of aluminosilicate precursors
(Al203-Si03). These materials were used to replace the traditional raw
materials of GC, such as fly ash and GGBS [55,56]. The alkaline activator
was supplied as a waste material from the quicklime production, thus
providing the required CaO with high alkalinity, whilst avoiding the
hazardous aspects of the synthetic chemicals, such as NaOH and Na,SiO3
[30]. The oxide compositions determined by X-Ray fluorescence (XRF)
of the developed geopolymer powder and the OPC binder are shown for
reference in Table 4. It can be observed that compared to OPC, the
geopolymer powder has higher content of alumina, which are required
for the alkali-activation process.

The X-Ray diffractions (XRD) of anhydrous GC powder and its
hardened paste after 28 days of curing are presented for reference in
Fig. 4. The major geopolymerisation products are composed of CaO-
Al»03-Mg0-SiOy compounds. The utilisation of a dry alkaline (CaO)
activator in the mix transforms the crystallinity diffraction patterns into

Table 4
The chemical composition of GC and OPC mix.

Chemical composition (Wt.%) Material (anhydrous)

OPC GC
Si0, 26.60 39.80
AL,O; 2.20 18.23
Fe,0; 2.43 2.30
Ca0 64.11 28.80
Na,O 0.27 1.50
K0 0.65 2.39
MgO 1.50 5.80
TiO, 1.50 0.80
P05 0.87 -
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Fig. 4. XRD patterns of anhydrous and hydrated GC paste after 28 days (St: stratlingite, Q: quartz, C; calcite, CAH: calcium aluminate hydrate, Ak: Akermanite).

amorphous patterns and leads to the presence of prevailing vitreous
phases. The main phases that are produced are tetra calcium aluminate
hydrate (CAH-C4AH;3), calcium alumina silicate hydrates, stratlingite
(St — C2,ASHg), quartz and calcite [57-59].

The geopolymer concrete mix was produced using the same mix ratio
with that of concrete but using geopolymer powder as sole binder.
Similarly, the maximum compressive strength of the geopolymer con-
crete infill was determined testing four (100 x 100 x 100) mm? stan-
dard geopolymer concrete cubes cast from the same geopolymer
concrete mix used to fill the aluminium tubes of the GCFAT stub columns
and beams. After casting, the geopolymer concrete cubes were kept in
rest period for 24 h. Then, they were demoulded and following the
fabrication procedure proposed in [33], they were placed in a water tank
at 50 °C for curing. Curing the geopolymer specimens in a hot water
curing regime aimed to enhance the reactivity and the alkali-activation
rate of the specimens and to avoid potential problems, such as efflo-
rescence and micro cracking, which could lead to reduction in the
compressive strength [33]. Upon 28 days of curing, the cubes were
subjected to axial compression resulting in average compressive cube
strength of 26.68 MPa. The setting time of the geopolymer mortars were
examined according to the British standards 196-3 [60]. The initial and
final setting times were recorded to be 87 and 110 min, respectively.
Note that the aluminium tubes of GCFAT specimens were filled with
geopolymer concrete and were left to cure for 7 days at a water tank of
50 °C and subsequently at ambient environment before the execution of
the tests (Sections 2.4 and 2.5). The Poisson’s ratio of the used geo-
polymer concrete is considered to be in the range of 0.19 - 0.21 ac-
cording to [61].

The measured compressive strength values of the OPC concrete and
GC cubes are summarised in Table 5.

Table 5
Measured 28 days cube compressive strength of concrete.

OPC concrete (C) Geopolymer concrete (GC)

Specimen fe,cuve (MPa) Specimen fe,cube (MPa)
C-1 33.05 GC-1 25.98
C-2 35.06 GC-2 26.45
C-3 40.44 GC-3 27.15
C-4 41.64 GC-4 27.13
mean 37.55 mean 26.68
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2.4. Stub column tests

A total of 24 stub column tests were performed aiming to capture
their cross-sectional and local buckling response of each considered
cross-section. Prior to testing, the top and bottom surfaces of the column
specimens were machined flat to ensure uniform distribution of the
applied loading [13,17-18]. Moreover, the top infill surface of the
GCFAT and CFAT specimens was roughened with a wire brush and then
was cast in plaster to fill the longitudinal gap. This practice allowed for
simultaneous loading of both infill and aluminium tube. In line with
similar studies on composite aluminium stub columns [13,17-18], the
BAT/GCFAT/CFAT specimens were also strengthened with carbon FRP
strips at both ends to prevent any localised failure.

Fig. 5 shows a schematic illustration of the stub column test
arrangement along with the corresponding employed instrumentation.
A Mayes servo-controlled hydraulic testing machine with 600 kN ca-
pacity was used to execute the stub column tests. The end plates of the
testing apparatus were fixed flat and parallel. Alignment of the specimen

| [1 []

central axis of the loading rig

-plaster
carbon fibre reinforced polymer (CFRP)

stub column specimen

] 1oad cell

i
I
i
|
I
i
t
!
!
i

Fig. 5. Schematic illustration of the stub column test arrangement and
instrumentation.
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was deemed necessary to ensure that the compressive loading is applied
concentrically. The compressive loading was applied at 0.2 mm/min
displacement rate until failure occurred. Moreover, two linear variable
displacement transducers (LVDTs) were placed underneath the bottom
end plate of the testing machine to measure the end shortening of the
specimen (Fig. 6). A data acquisition system was used to record the
applied load and end shortening at 2 s intervals.

2.5. Simply supported beam tests

A total of 12 three-point bending tests on simply supported beams
were performed aiming to capture their flexural response and quantify
the bending moment capacity of each considered cross-section. Three-
point bending configuration was adopted allowing to explore the cross-
sectional response under moment gradient. Fig. 7 displays a schematic
illustration of the three-point test arrangement along with the corre-
sponding employed instrumentation. The investigated beam specimens
had a total length of 600 mm and overhung each end by 50 mm beyond
the centrelines of the supports, resulting in a clear beam span of 500
mm. The span-to-height ratio was fixed and equal to 10 representing the
proportions of actual beams and being sufficiently high to ensure a
primary flexural response without any shear effect [31]. Steel rollers
were used to form the simply-supported boundary conditions allowing
free rotation about the in-plane bending axis, as well as free longitudinal
displacement of the specimen’s ends. For the bare specimens, wooden
blocks with dimensions equal to the internal ones of the considered
cross-sections were inserted within the tubes at the loading point and at
both supports to prevent the occurrence of web crippling due to local-
ised stress concentration. A Mayes servo-controlled hydraulic testing
machine with 600 kN capacity was used to perform the tests at 0.8 mm/
min cross-head displacement rate. The loading was applied at the mid-
span of the specimen until failure occurred.

To measure the extreme compressive and tensile strains during
testing, two linear electrical resistance strain gauges were attached to
the top and bottom flanges of each cross-section and at 20 mm distance
from the mid-span. In addition, one linear variable displacement
transducer (LVDT) was placed at the midspan to monitor the vertical
deflection, and two inclinometers were located at the supports to mea-
sure the end rotations, as shown in Figs. 7 and 8. The applied load,
strains, displacements and end rotations were recorded using a data
acquisition system at 2 s intervals.

CFRP

LVDT

Load cell

Fig. 6. Typical stub column test set-up.
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3. Stub column test results and discussion
3.1. Failure modes

For the tested stub columns, the governing failure mode was local
buckling. Typical failure modes are shown in Fig. 9. Fig. 9(a) displays
the 50.8 x 50.8 x 1.6-a specimen which failed due to elastic local
buckling, occurring almost in the mid-height of the specimen. This was
expected, since this was the slenderest cross-section (higher B/t), and
thus its cross-sectional capacity was limited by local buckling. Note that
a slender cross-section fails due to local buckling before the attainment
of its yield strength, whilst a stocky cross-section (lower B/t) is capable
of reaching its yield strength without presence of local instabilities.
Fig. 9(b) and 9(c) present typical failure modes of GCFAT and CFAT
specimens. After the execution of the GCFAT and CFAT tests, the
aluminium tube was removed to inspect the crack patterns of the infill.
Fig. 10 depicts the resulting crack patterns in 50.8 x 50.8 x 4.8-GC-a
and 50.8 x 50.8 x 4.8-C-a specimens. It can be seen that the type of the
infill has negligible influence on the failure mode. Infill crushing along
with separation of the aluminium constituent plates was observed in the
locations where buckling occurred. It is noteworthy that similar failure
modes have also been observed for concrete-filled steel tubes
[6,13,62,63].

3.2. Load-end shortening curves

The obtained load versus end shortening (F-d) curves of the tested
specimens are plotted in Fig. 11, where the horizontal axis represents the
end shortening d as average value measured from both LVDTs and the
vertical axis represents the applied load F. In these graphs, black, green
and red lines correspond to BAT, GCFAT and CFAT specimens, respec-
tively. The key experimental results including the maximum recorded
load (FyExp) and the corresponding end shortening (dygxp) are sum-
marised in Table 6.

As can be seen, the initial behaviour of the BAT specimens is linear
elastic. This is followed by a nonlinear elastic region up to yielding.
Upon the attainment of the ultimate strength, the curves’ slope de-
creases with increasing end shortening. The 50.8 x 50.8 x 1.6 specimen
comprising the slenderest cross-section, exhibited its ultimate load level
at the lowest d due to local buckling failure occurrence. In specimens
with stockier cross-sections, the delay of local buckling allowed for
deformation into the strain-hardening range and the achievement of
ultimate loads higher than the yield load. In the case of the stockiest
50.8 x 50.8 x 4.8 specimen, the obtained ultimate load was even higher
than the yield load, owing to the increased cross-sectional areas arising
from the Poisson effect [64].

The cross-sectional response of both GCFAT and CFAT specimens
was quite similar consisting of three stages. During the first stage
(elastic), there is no interaction between the aluminium tube and the
geopolymer concrete/OPC concrete infill and thus both components
endure the applied load independently. Moreover, a small gap may
appear between the aluminium tube and the geopolymer concrete/OPC
concrete infill since the initial lateral expansion of the infill is smaller
than that of the aluminium tube owing to the difference in Poisson’s
ratio of the two materials. In the following stage (elastic—plastic), as the
loading increases, the lateral expansion of the infill gradually becomes
greater than that of the aluminium tube until both components contact
each other. That moment, interaction between the aluminium tube and
the geopolymer concrete/OPC concrete develops and particularly the
aluminium tube provides confining pressure to the infill. In the third
stage (strain-hardening/softening), the GCFAT and CFAT stub columns
continue to endure loading for increasing deformation owing to the
confinement effect. Similarly to BAT specimens, it can be observed that
composite specimens with stockier aluminium cross-sections, exhibited
higher ductility, failing at larger displacement values. Comparing the
obtained curves for 50.8 x 50.8 x 4.8-GC (see Fig. 11(d)) and 50.8 x
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Fig. 7. Schematic illustration of the three-point bending test arrangement and instrumentation.

Fig. 8. Typical three-point bending test set-up.

50.8 x 1.6-GC specimens (see Fig. 11(a)), it can be seen that the former
one failed at 12.21 mm end shortening which is more than 6 times larger
than that of the latter one. Moreover, specimens with thicker cross-
sections exhibited higher elastic stiffness compared to their thinner
counterparts.

Overall, it can be seen in Fig. 11 that the addition of the OPC con-
crete/geopolymer concrete infill increased the strength and ductility of
all studied sections compared to the BAT specimens, particularly for
sections comprising slender aluminium tubes. Additional discussion
with respect to the effect of infill is included in the following section.

3.3. Effect of infill type

The effect of filling the aluminium tubes with geopolymer concrete/
OPC concrete on their ultimate strength F,, gy, and deformation at failure
dy, Exp is evaluated utilising the experimentally obtained results. Partic-
ularly, Table 7 presents the percentage increase [(Fygxp,ccraT O FuExp,
CFAT)'Fu,EXp,BAT] /Fu,Exp,BAT in ultimate Strength for each GCFAT and
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CFAT specimen with regards to the BAT specimens. In Fig. 12, the
average percentage strength increase between the two replicate tests (a,
b) are presented in chart form for each studied cross-section.

For both GCFAT and CFAT specimens, the highest strength increase
was observed for the section 50.8 x 50.8 x 1.6, where the infill signif-
icantly delayed the occurrence of local buckling, resulting in quite
higher ultimate strengths. Compared to the bare specimens, the addition
of geopolymer concrete infill increased the strength by 91.0%, 95.7% for
the two studied 50.8 x 50.8 x 1.6 sections, whilst for the same cross-
section a similar strength increase (87.7%, 98.5%) was noted for the
OPC concrete infill. For both infills, the lowest increase has been
observed for the 50.8 x 50.8 x 4.8 cross-section. This can be related to
the fact that this specimen comprises stocky aluminium plate elements,
providing significant resistance to local buckling and thus the increased
strength owing to the infill led to relatively small additional increase of
the ultimate load. Moreover, for the two stockier specimens (50.8 x
50.8 x 3.3 and 50.8 x 50.8 x 4.8), the strength increase was observed to
be higher for the OPC concrete compared to the geopolymer concrete
one. In particular, for specimen 50.8 x 50.8 x 4.8 the strength increase
had an average value of 16.5% and 23% for GCFAT and CFAT respec-
tively. The same values were equal to 31.1% and 43.9% for GCFAT and
CFAT respectively for specimen 50.8 x 50.8 x 3.3. This effect can be
related to the higher compressive strength of the OPC concrete infill and
its contribution to the overall strength, which indeed lessens for sections
with higher B/t, where the main factor for increased strength is the
resistance to local buckling offered due to the infill. In these slender
sections, the GCFAT specimens presented slightly higher average
strength increase (by 0.2% and 2.1% for 50.8 x 50.8 x 1.6 and 50.8 x
50.8 x 2.7, respectively) compared to the CFAT ones.

The percentage increase in displacement at failure [(dy pxp,GcraT OF
du,Exp,CFAT)' du,Exp,BAT]/ du,Exp,BAT for each GCFAT and CFAT Specimen is
also presented in Table 7 and Fig. 12. Overall, it is shown that with the
addition of the infill, the displacement at which failure is noted, in-
creases. This is more pronounced for the slenderest cross-section,
reaching values over 200% increase for specimen 50.8 x 50.8 x 1.6-
C-a. For the most slender cross-section, CFAT specimens presented
higher average increase (187.8%) in the displacement at failure
compared to GCFAT counterparts (161.3%). However, it is noteworthy,
that for the other three sections, the average value of the displacement at
failure appeared to be generally higher for the GCFAT than the CFAT
ones (see specimens 50.8 x 50.8 x 2.7, 50.8 x 50.8 x 3.3, 50.8 x 50.8 x
4.8 at Fig. 12 (b)).

Overall, the experimental results demonstrate that filling the
aluminium tubes with geopolymer concrete has equally good response
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(a) 50.8x50.8x1.6-a

(b) 50.8x50.8x4.8-GC-a

(c) 50.8x50.8x4.8-C-a

Fig. 9. Typical failure modes of stub columns: (a) BAT; (b) GCFAT; (c) CFAT.

) - !
(a) 50.8x50.8x4.8-C-a  (b) 50.8x50.8x4.8-GC-a

Fig. 10. Crack patterns of the infill for typical CFAT and GCFAT specimens.

compared to filling them with OPC concrete. This means that in com-
posite aluminium-concrete sections, the concrete infill can be replaced
by geopolymer concrete infill, which is a more sustainable material,
without sacrificing the ultimate strength of the section.

4. Beam test results and discussion
4.1. Failure modes

Fig. 13 presents the obtained typical failure modes of BAT, GCFAT
and CFAT and specimens. The predominant failure modes observed for
the BAT specimens were material yielding and local buckling on the
upper compressive flange. Specimen 50.8 x 50.8 x 1.6 (Fig. 13(a))
failed due to elastic local buckling on the upper flange, which occurred
at the vicinity of the loading point at the midspan where the stress
concentration was higher due to the presence of the moment gradient.
The remaining BAT specimens failed due to material yielding accom-
panied by inelastic local buckling on the upper flange.

In GCFAT and CFAT beams, the presence of the infill helped the
aluminium tubes to resist the developed local deformations allowing for
full development of aluminium alloy’s plasticity. Most specimens
exhibited significant inelastic in-plane deformations and failed by ten-
sile fracture at the lower flange of the aluminium tube at the midspan
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due to exceedance of the aluminium alloy’s tensile fracture strain (see
Fig. 13(c)). Moreover, in specimens with slenderer aluminium sections,
pronounced inelastic local buckling on the upper flange of the
aluminium tube was observed prior to failure by tensile fracture.

After the execution of the tests of the CFAT and GCFAT beams, the
aluminium tube around the midspan was removed to inspect the crack
patterns of the infill. Fig. 14 shows the resulting crack patterns in 50.8 x
50.8 x 4.8-GC and 50.8 x 50.8 x 4.8-C specimens. In both specimens,
the flexural cracks are uniformly distributed around the midspan and
along the concrete tensile fibre of the specimens.

4.2. Bending moment-midspan deflection/end-rotation curves

The obtained bending moment versus midspan deflection (M-5)
curves of the tested specimens are plotted in Fig. 15 (green-GCFAT, red-
CFAT, black-BAT). In these graphs, the horizontal axis represents the
vertical deflection § at the midspan measured from the LVDT and the
vertical axis represents the bending moment M at the midspan of the
specimen calculated by formula M = PL./4 where P is the applied load
and L, is the length of the clear span (L, = 500 mm in this study).

As can be seen, initially the BAT specimens exhibit a linear elastic
behaviour followed by a nonlinear region up to the plastic moment
resistance. Upon the attainment of the ultimate bending moment M, the
curves’ slope decreases with increasing vertical deflections. It is note-
worthy that the descending branch of the 50.8 x 50.8 x 1.6 specimen is
comparatively steeper owing to the local buckling occurrence which led
to significant loss of strength. The obtained flexural response of both
CFAT and GCFAT specimens was quite similar consisting of three stages.
During the first stage (elastic), the aluminium tube and the geopolymer
concrete/OPC concrete infill bear load independently. Yielding of the
aluminium tube also occurs at this stage. In the following stage (elas-
tic-plastic), as the bending moment increases, the infill cracks and its
volume gradually becomes greater. After some time, the two compo-
nents come in contact and the aluminium tube provides confining
pressure to the infill. Expansion of infill cracking at the tensile side re-
sults in degradation of the flexural stiffness. However, interaction be-
tween the aluminium tube and the infill effectively hinders the
development of infill cracking along the cross-sectional depth offering
effective support and thus leading to high deformation capacity of the
GCFAT/CFAT beams. In the third stage (plastic), the GCFAT/CFAT
beams continue to sustain bending moment for increasing deformation
owing to the confinement provided by the aluminium tube to the
cracked infill. Finally, failure occurs when the developed strains at the
tensile (lower) flange of the aluminium tube at the midspan exceed the
aluminium alloy’s tensile fracture strain e7. Similar observations can be
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Fig. 11. Load-end shortening curves of stub column tests.

made from Fig. 16, where the bending moment is plotted versus the end
rotation, as obtained by the inclinometers. The key experimental results
including the ultimate bending moment M, gy, and the corresponding
midspan deflection &, gy and end-rotation 6, ry, are summarised in
Table 8. It is noted that for GCFAT and CFAT specimens, the reported M,
values are the maximum recorded values.

4.3. Effect of infill type

The experimentally obtained ultimate loads are utilised to evaluate
the effect of filling the aluminium tubes with geopolymer concrete/OPC
concrete on their ultimate flexural strength and the corresponding
displacement and rotation at failure. As shown in Fig. 16, the presence of
the geopolymer concrete/OPC concrete infill improved the strength and
deformation capacity of the members compared to the BAT ones and
prevented a potential failure due to local buckling occurrence.

To further visualise the effect of infill, Table 9 presents the per-
centage increase [(My gxp GeraT OF My Exp, cFAT)-Muy, Exps BAT]/ My, Exp, BAT] i
flexural strength, the percentage increase [(6y gxp, GCFAT OF Sy, Exp,cFAT) -0y,
Exp,BAT]/ 0y Exp,Bat] in displacement at failure and the percentage in-
crease [(0y pxp,GCFAT OF Oy Exp,CFAT)-OuExp,BAT] /Oy Exp,BAT] in rotation at
failure for each GCFAT and CFAT specimen compared to the counterpart
BAT specimens. In Fig. 17, the results are visualised with respect to the
corresponding nominal B/t values.

As shown in Fig. 17(a), the presence of the infill improved the flex-
ural performance of the BAT specimens. Particularly, both the geo-
polymer concrete and concrete infill increased approximately 50% the
flexural strength of 50.8 x 50.8 x 1.6 section compared to the bare
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counterpart. The lowest flexural strength increase was observed for the
50.8 x 50.8 x 4.8 section (14.1% for GCFAT and 10.2% for CFAT).
GCFAT recorded a generally higher strength increase compared to the
CFAT ones in most cases.

Fig. 17 (b) and 17 (c) show that both types of infill significantly
improved the BAT specimens’ displacement and rotation capacity. The
percentage increase of the displacement at failure was in the range of
66.8%-173.7% and 67.2%-226.8% for GCFAT and CFAT specimens
respectively. The percentage increase of the rotation at failure was in the
range of 73.4%-189.3% and 84.1%-227.2% for GCFAT and CFAT
specimens respectively. The improvement was generally less pro-
nounced in GCFAT specimens that can be related to the geopolymer
concrete’s higher brittleness [32]. For example, in case of the slenderest
section, i.e., 50.8 x 50.8 x 1.6, the geopolymer concrete infill increased
the displacement and rotation at failure by 173.7% and 189.3%,
respectively. For the same cross-section, the concrete infill resulted in
226.8% and 227.2% increase, respectively. In a similar manner with the
strength increase, the displacement and rotation capacity increase was
more pronounced for sections with higher B/t.

Overall, filling the aluminium tubes with geopolymer concrete has
satisfactory and equally good response compared to filling them with
OPC concrete.

5. Design recommendations
In this section the experimental results are utilised to make design

recommendations for the strength prediction of GCFAT and CFAT stub
columns and beams. In absence of codified design rules for the
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Table 6

Results obtained from stub column tests.
Specimen Fy ey (KN) dy Exp (mm)
BAT stub columns
50.8 x 50.8 x 1.6-a 71.12 0.90
50.8 x 50.8 x 1.6-b 71.98 0.88
50.8 x 50.8 x 2.7-a 170.47 1.84
50.8 x 50.8 x 2.7-b 163.18 2.04
50.8 x 50.8 x 3.3-a 188.83 2.67
50.8 x 50.8 x 3.3-b 191.55 3.12
50.8 x 50.8 x 4.8-a 305.81 7.69
50.8 x 50.8 x 4.8-b 310.15 8.90
GCFAT stub columns
50.8 x 50.8 x 1.6-GC-a 136.63 1.93
50.8 x 50.8 x 1.6-GC-b 140.00 2.71
50.8 x 50.8 x 2.7-GC-a 233.86 2.90
50.8 x 50.8 x 2.7-GC-b 224.97 2.90
50.8 x 50.8 x 3.3-GC-a 249.53 3.96
50.8 x 50.8 x 3.3-GC-b 249.11 4.24
50.8 x 50.8 x 4.8-GC-a 359.65 12.21
50.8 x 50.8 x 4.8-GC-b 358.00 10.09
CFAT stub columns
50.8 x 50.8 x 1.6-C-a 134.33 2.68
50.8 x 50.8 x 1.6-C-b 142.00 2.43
50.8 x 50.8 x 2.7-C-a 226.54 2.50
50.8 x 50.8 x 2.7-C-b 225.16 2.34
50.8 x 50.8 x 3.3-C-a 272.48 3.22
50.8 x 50.8 x 3.3-C-b 275.00 3.50
50.8 x 50.8 x 4.8-C-a 375.43 9.08
50.8 x 50.8 x 4.8-C-b 382.00 10.10

Table 7
Effect of the geopolymer concrete/OPC concrete infill compared with the BAT
stub columns.

Specimen [(Fyexp,ceraT OF Fy pxp,cram)- [(dy Exp,GeraT OF du Exp,craT) - Ay,
Fybxp,BaT]/FuBxp,BAT Exp,BAT]/ @y Exp,BAT

GCFAT stub columns

50.8 x 50.8 x 91.0% 117.6%
1.6-GC-a

50.8 x 50.8 x 95.7% 205.1%
1.6-GC-b

50.8 x 50.8 x 40.2% 49.3%
2.7-GC-a

50.8 x 50.8 x 34.9% 49.5%
2.7-GC-b

50.8 x 50.8 x 31.2% 37.0%
3.3-GC-a

50.8 x 50.8 x 31.0% 46.7%
3.3-GC-b

50.8 x 50.8 x 16.8% 47.3%
4.8-GC-a

50.8 x 50.8 x 16.2% 21.7%
4.8-GC-b

CFAT stub columns

50.8 x 50.8 x 87.7% 201.9%
1.6-C-a

50.8 x 50.8 x 98.5% 173.6%
1.6-C-b

50.8 x 50.8 x 35.8% 28.9%
2.7-C-a

50.8 x 50.8 x 35.0% 20.6%
2.7-C-b

50.8 x 50.8 x 43.3% 11.4%
3.3-Ca

50.8 x 50.8 x 44.6% 21.0%
3.3-C-b

50.8 x 50.8 x 21.9% 9.5%
4.8-C-a

50.8 x 50.8 x 24.0% 21.8%
4.8-C-b
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prediction of the cross-sectional capacities of composite aluminium-
concrete and aluminium-geopolymer concrete cross-sections, the pre-
sent study will provide design recommendations on the basis of the
design formulae for composite steel-concrete cross-sections available in
EN 1994-1-1 (EC4) [49]. Particularly, this study proposes the replace-
ment of the material properties of steel by those of the examined
aluminium alloy; for the GCFAT cross-sections the replacement of the
material properties of concrete by those of the geopolymer concrete is
proposed. Note that all partial safety factors are set equal to unity for
these assessments.

5.1. Stub columns

The following equation of EC4 [49] is used to calculate the cross-
sectional capacity (Fyprop) of square and rectangular GCFAT and CFAT
sections:

Fl(,[?l‘(][? = AnO—O.Z + 085A¢f¢k (1)
where A, and fy are the cross-sectional area and the characteristic
compressive cylinder strength of the geopolymer concrete/OPC concrete
infill. A, is the cross-sectional area of the aluminium tube for non-
slender cross-sections [48].

It is noted that for aluminium structures, EC9 [48] adopts the cross-
section classification for the treatment of local buckling in aluminium
cross-sections under compression. Particularly, it defines slenderness
limits for the constituent plate elements enabling to identify the extent
to which the cross-sectional capacity is limited by the local buckling
resistance. The limits are defined based on the material Class A or B (the
herein examined 6082-T6 aluminium alloy is Class A) and on the cross-
sectional slenderness ratio. Class 1 or ductile cross-sections are those
which can develop their plastic resistance without the presence of local
instabilities. Class 2 or compact cross-sections are those which can
develop their plastic resistance with the presence of local instabilities in
the plastic range. Class 3 or semi-compact cross-sections are those which
can develop their elastic resistance, whilst local buckling prevents them
from getting into the plastic range. Class 4 or slender cross-sections are
those which cannot reach yielding because of premature local buckling
in the elastic range. As also observed in Sections 3-4, Class 4 sections
presented a more significant strength increase compared to Class 1-3
sections, due to the delay of local buckling. Given the limited data on
slender sections whose local buckling performance changes due to the
material infill, the design recommendations hereafter is only based on
specimens with non-slender aluminium tubes.

Implementing the formula of Equation (1), the ultimate proposed
over experimental strength ratio (Fyprop/Fy,rxp) for each GCFAT and
CFAT tested cross-section are listed in Table 10. The obtained mean
value of the Fy prop/Fy bxp ratio is equal to 0.89, whilst all values of the
strength ratios are lower than unity, suggesting safe design strength
predictions. Moreover, the resulting coefficients of variation (COV)
equal to 0.06 indicates relatively low scatter and satisfactory design
consistency. It can be concluded that the combined formulae proposed
herein for the strength prediction of GCFAT and CFAT cross-sections
under uniform compression provide reasonably accurate results with
good consistency.

5.2. Beams

The flexural capacity of square and rectangular GCFAT and CFAT
members (My,,rop) can be obtained using the Equation (2) of EC4 [49]:

Muprop = (Wyia = Wptan)G02 +0.5(Wyie = Woien ) 2
where Wy, and Wy are the plastic section moduli of the aluminium tube
and geopolymer concrete/concrete, respectively, given by the Egs. (3)
and (4), respectively. Wpiqn and Wy, are the plastic section moduli of

the aluminium tube and geopolymer concrete/concrete from 2hy,,
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Fig. 12. Effect of the concrete infill compared to BAT stub columns, based on average values between the two replicates: (a) strength increase; (b) displacement

at failure.

(a) 0.8x50.8x1.6

(b) 50.8x50.8x1.6-GC

(c) 50.8x50.8x1.6-C

Fig. 13. Typical failure modes of beams: (a) BAT; (b) GCFAT; (c) CFAT.

respectively, given by the Egs. (5) and (6), respectively. The term hy, is
the location of the neutral axis calculated by the Equation (7), where A,
and f are the area and the compressive cylinder strength of the geo-
polymer concrete/concrete, respectively. In Egs. (3) and (4), riy is the
internal corner radius of the aluminium tube which is zero herein.

Wpla =

WplC =
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(b) 50.8x50.8x4. 8-C

Fig. 14. Crack patterns of typical CFAT and GCFAT specimens.
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Fig. 15. Experimental bending moment versus midspan deflection curves.

Wplu,n = Bhi - Wplc.n (5)
Wpien = (B — 2t)h2 (6)
e Adfex %

- 2Bf i + 412005 — fux)

Table 11 presents the proposed over experimental ultimate bending
moment ratio (My,prop/MyExp) for each GCFAT and CFAT tested cross-
section. As can be seen, the proposed ultimate bending moments
My, prop for both GCFAT and CFAT beam specimens appear to be safe as
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the corresponding mean values of the My, prop/My, gxp ratio are lower than
unity. Moreover, the resulting low coefficients of variation (COV) denote
low scatter and thereby adequate design consistency. Overall, the
combined formulae proposed herein for the design of flexural GCFAT
and CFAT members provide good predictions with reasonable
consistency.

6. Conclusions

The current study proposed a new composite structural cross-section
with low carbon footprint and investigated experimentally its potential
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Fig. 16. Experimental bending moment versus end-rotation curves.

Table 8

Key results obtained from three-point bending tests.
Specimen My e SuExp Oupxp [deg]

[KNm] [mm]

BAT beams
50.8 x 50.8 x 1.6 1.43 4.60 1.03
50.8 x 50.8 x 2.7 3.11 8.72 2.14
50.8 x 50.8 x 3.3 3.40 10.85 2.40
50.8 x 50.8 x 4.8 5.05 17.44 3.95
GCFAT beams
50.8 x 50.8 x 1.6-GC 2.20 12.60 2.98
50.8 x 50.8 x 2.7-GC 3.83 15.69 3.80
50.8 x 50.8 x 3.3-GC 4.11 18.00 4.36
50.8 x 50.8 x 4.8-GC 5.76 29.08 6.85
CFAT beams
50.8 x 50.8 x 1.6-C 2.13 15.04 3.37
50.8 x 50.8 x 2.7-C 3.78 20.17 4.97
50.8 x 50.8 x 3.3-C 4.11 24.96 4.59
50.8 x 50.8 x 4.8-C 5.57 29.15 7.27

to enhance the structural performance of BAT cross-sections. For this
purpose, a total of 24 stub columns (8 BAT, 8 GCFAT and 8 CFAT) were
subjected to uniform compression and 12 specimens (4 BAT, 4 GCFAT
and 4 CFAT) were subjected to three-point bending. Based on the
experimental results, the following conclusions are drawn:

(1) In stub columns, the governing failure mode was local buckling.
In beams, the BAT specimens failed due to material yielding
accompanied by inelastic local buckling on the upper flange,
whilst the specimen with the slenderest cross-section failed due to
elastic local buckling on the upper flange. GCFAT and CFAT
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Table 9
Effect of the geopolymer concrete/OPC concrete infill compared with the BAT
beams.
Specimen [(My,xp,ccraT OF My, [(8y Exp,GerAT OT Oy, [ (O Exp,GeraT OT Oy,
Exp,CFAT)-My, Exp, Exp,CFAT)-Ou,Exp, Exp,CFAT)-Ou, Exp,BAT]/
Batl/! ‘M, Exp, BAT BATl/ 8y BAT 0 Exp uBAT
GCFAT beams
50.8 x 50.8 53.6% 173.7% 189.3%
x 1.6-GC
50.8 x 50.8 23.2% 80.0% 77.6%
x 2.7-GC
50.8 x 50.8 15.6% 65.8% 81.7%
x 3.3-GC
50.8 x 50.8 14.1% 66.8% 73.4%
x 4.8-GC
CFAT beams
50.8 x 50.8 48.9% 226.8% 227.2%
x 1.6-C
50.8 x 50.8 21.6% 131.4% 132.2%
x 2.7-C
50.8 x 50.8 20.8% 130.0% 91.3%
x 3.3-C
50.8 x 50.8 10.2% 67.2% 84.1%
x 4.8-C

beams exhibited significant inelastic in-plane deformations and
failed by tensile fracture at the lower flange of the aluminium

tube.

(2) Both types of infill, i.e., GC or OPC concrete, enhanced notably
the performance of the aluminium members, as the presence of
the infill braced the aluminium tubes to resist the developed
deformations, thus allowing for higher strength and displacement
compared to BAT specimens.
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Fig. 17. Effect of the concrete infill compared to BAT beams: (a) strength increase; (b) displacement at failure; (c) rotation at failure.

Table 10 Table 11
Proposed design strengths for GCFAT and CFAT cross-sections. Proposed design strengths for GCFAT and CFAT beams.
Specimen Fyprop/Fuexp Specimen My, prop/ My, Exp
50.8 x 50.8 x 2.7-GC-a 0.87 50.8 x 50.8 x 2.7-GC 0.83
50.8 x 50.8 x 2.7-GC-b 0.92 50.8 x 50.8 x 3.3-GC 0.83
50.8 x 50.8 x 3.3-GC-a 0.88 50.8 x 50.8 x 4.8-GC 0.81
50.8 x 50.8 x 3.3-GC-b 0.89 50.8 x 50.8 x 2.7-C 0.87
50.8 x 50.8 x 4.8-GC-a 0.84 50.8 x 50.8 x 3.3-C 0.85
50.8 x 50.8 x 4.8-GC-b 0.84 50.8 x 50.8 x 4.8-C 0.86
50.8 x 50.8 x 2.7-C-a 0.99 mean 0.84
50.8 x 50.8 x 2.7-C-b 0.98 cov 0.03
50.8 x 50.8 x 3.3-C-a 0.88
50.8 x 50.8 x 3.3-C-b 0.87
50.8 x 50.8 x 4.8-C-a 0.84 (3) Compared to BAT specimens, the average strength increase was
50.8 x 508 x 4.8-CD 0.83 in the range of 16.5%-93.3% and 23%-93.1% for GCFAT and
?g:l,n g:gz CFAT stub columns, respectively. In beams, the flexural strength
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increase was in the range of 14.1%-53.6% for GCFAT beams and
of 10.2%-48.9% for CFAT beams.

In both cases, the percentage strength increase was more pro-
nounced for the slenderest aluminium cross-sections. This is
attributed to the delay to local buckling offered by the infill in
sections with more slender aluminium tubes.

In absence of codified criteria for composite aluminium-
geopolymer concrete cross-sections, the present study proposed
adopting the design formulae of EC4 replacing the material
properties of steel by those of aluminium alloy and of concrete by
those of the geopolymer concrete. The proposed design meth-
odology was found to be suitable for the composite cross-sections
comprising non-slender aluminium sections, providing reason-
ably accurate strength predictions for both stub columns and
beams.

Overall the present study demonstrated that the combination of
structural aluminium alloys with geopolymer concrete can lead
to a novel structurally efficient cross-section.

Future research is recommended in order to assess the corrosion
resistance and durability performance of GC-aluminium members
and compare it to that of OPC-aluminium members and to
quantify the sustainability performance of the proposed com-
posite member. Finally, the present study and the relevant con-
clusions are based on cross-sections of 50 mm width and the
geopolymer concrete of approx. 30 MPa cube strength; further
investigations on larger scale applications, different types of
composite cross-sections and considering higher strength geo-
polymer concrete are recommended.
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