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Abstract: As is widely known, the construction industry is one of the sectors with a large contribu-
tion to global carbon emissions. Despite numerous efforts in the construction industry to develop
low-carbon materials, there is a limited number of studies quantifying and presenting the overall en-
vironmental impact when these materials are applied in a construction project as structural members.
To address this gap, this study focuses on assessing the life-cycle performance of novel structural alu-
minium alloy—concrete composite columns. In this paper, the environmental impacts and economic
aspects of a concrete-filled aluminium alloy tubular (CFAT) column and a concrete-filled double-skin
aluminium alloy tubular (CFDSAT) column were assessed using life-cycle assessment (LCA) and
life-cycle cost analysis (LCCA) approaches, respectively. The cradle-to-grave system boundary is con-
sidered for these analyses to cover the entire life-cycle. A concrete-filled steel tubular (CFST) column
is also assessed for reference. All columns are designed to have the same load-carrying capacity and,
thus, are compared on a level-playing basis. A comparison is also made of the self-weight of these
columns. In particular, the self-weight of the CFST column is reduced by around 17% when the steel
tube is replaced by an aluminium alloy tube, and decreased by 47% when the double-skin technique
is adopted in CFDSAT columns. The LCA results indicate that the CO, emission of CFST and CFAT
is almost the same, which is 21% less than the CFDSAT columns due to the use of high aluminium
in the latter. The LCCA results show that the total life-cycle cost of CFAT and CFDSAT columns is
around 29% and 14% lower, respectively, than that of the CFST column. Finally, a sensitivity analysis
was carried out to evaluate the effects of data and assumptions on the life-cycle performance of the
examined columns.

Keywords: aluminium alloy; concrete-filled section; life-cycle assessment; CO, emission; life-cycle
cost; sensitivity analysis

1. Introduction

Concrete-filled steel tubular (CFST) structural members are increasingly used in the
construction sector due to their advantages over reinforced concrete or bare steel members.
The advantages include higher load-bearing capacity with the same cross-sectional area,
good ductility, elimination of temporary formwork for concrete casting and high-speed
construction [1-4]. The self-weight of CFST members can be reduced by using aluminium
instead of steel tubes, forming concrete-filled aluminium alloy tubular (CFAT) members.
By leaving empty the inner concrete core, the self-weight of CFAT structural members
can be further decreased. This is the case of concrete-filled double-skin aluminium alloy
tubular (CFDSAT) structural members that consist of two aluminium alloy hollow tubes,
where the space between two tubes is filled with concrete. By using CFAT and CFDSAT
members, the dead load of structures can be reduced remarkably, which can also result
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in lower section sizes of the structural members and thus savings in materials, labour
costs and construction time. Hence, despite the low modulus of elasticity of aluminium,
aluminium-—concrete composite members could enable the utilisation of the exceptional
properties of structural aluminium alloys (i.e., corrosion resistance, strength-to-weight ratio,
and recyclability) along with the compressive strength of concrete in a synergistic manner.
Therefore, these composite members could result in an efficient solution for structures
situated in harsh environments, such as bridge piers, oil platforms, wind turbines and other
structures in offshore areas, containment buildings of nuclear power plants and bridges
and tall buildings in seismic-prone regions.

To achieve a balance between environment and cost, it is important to focus on the
sustainable design of structures [5]. For this, it is essential to have information on the
long-term environmental impacts and economic aspects of a structural member. Several
studies were conducted to assess the environmental performance and cost at different
stages of the life-cycle of CFST structural members. Hastak and Halpin [6] assessed the
life-cycle benefit-cost of composite members. They developed a life-cycle benefit—cost
model and used this model to evaluate the cost of CFST columns. Rossi et al. [7] conducted
a life-cycle assessment of steel, steel-concrete, reinforced concrete and wooden columns.
The cradle-to-gate system boundary was used to assess different environmental impacts,
such as global warming potential, acidification potential and energy consumption of these
columns. This study concluded that the steel column provides the lowest environmental
impacts compared to the other column options. Hou and Han [8] studied the life-cycle
performance of deteriorated CFST columns under lateral impact. A finite-element (FE)
model was developed to investigate the structural behaviour of deteriorated CFST columns.
Different factors, including chloride corrosion, residual stress, geometric imperfection
and loading conditions such as axial load and lateral impact load, were considered in
the numerical analysis. It was shown that the current design methods overestimate the
residual capacity of the CFST columns to these loading and environmental conditions.
Duarte et al. [9] presented a comparative assessment of the sustainability of CFST columns
filled with rubberised concrete. The sustainability of these columns was evaluated in
terms of cost, thermal performance and embodied energy, and compared with that of
conventional CFST and reinforced concrete columns. The results demonstrated that the
cost and embodied energy of rubberised CFST are slightly higher (1%) compared to those
of CFST column. Zhao et al. [10] conducted a life-cycle assessment (LCA) and life-cycle
cost analysis (LCCA) of composite structural members incorporating uncertainty. Three
composite columns, including a CFST column, a concrete-filled fibre-reinforced polymer
(FRP) tubular (CFFT) column, and a hybrid FRP—concrete-steel double-skin tubular (DSTC)
column, were considered in this study. The deterministic LCA results concluded that the
CFST column emits 50% and 60% less CO, compared with the DSTC and CFFT columns,
respectively. The LCCA study indicated that the DSTC column is 15% less costly compared
to the other design alternatives.

Research Significance

Research on CFAT and CFDSAT structural members is mainly focused on investigating
their structural performance under different loading conditions [11-20]. However, no effort
has been devoted so far to study the life-cycle performance of these novel structural members,
which can be applied in medium-to-high-rise buildings. To bridge this knowledge gap,
this study aims to assess the life-cycle economic and environmental performance of CFAT
and CFDSAT columns, using LCA and LCCA methods, and compare them with those of a
conventional CFST column. The cradle-to-grave system boundary is considered for these
analyses to cover the entire life-cycle. The findings of this study will be beneficial to engineers
who are looking for sustainable and cost-effective design solutions. It should also act as a
guide for the engineering research community, who is investigating the LCA and LCCA and
optimising the performance of different structural components of a construction project.
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2. Investigated Composite Columns

In this study, the life-cycle environmental performance and the cost of three different
forms of composite columns, i.e., CFST, CFAT and CFDSAT columns, are assessed. All
columns are designed to have the same load-carrying capacity and, thus, are compared
on a level-playing basis. The design life of these columns is considered 50 years [21]. The
columns are designed in a one-storey building configuration. The slab of the building was
considered a composite panel consisting of a profiled steel sheet filled with concrete. The
dimensions of the panel are 10 m x 20 m, and the composite column is responsible for
carrying the loads of this panel. The appropriate dead and live loads for the panel are
defined according to Eurocode 1 [22]. The calculated compressive load on a column is
evaluated as equal to 1065 kN. All columns are considered to have a height (L) equal to
3 m, whilst the cross-sectional shapes of the three columns are shown in Figure 1. Key
dimensions are provided in Table 1.
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Figure 1. Cross-sections of the three different columns used in this study.

Table 1. Dimensions of the composite columns.

Column D, (mm) B, (mm) t, (mm) D; (mm) B; (mm) t; (mm) L (mm)
CFST 150 150 4 - - - 3000
CFAT 150 150 6.75 - - - 3000

CFDSAT 150 150 6.75 100 100 3.61 3000

2.1. Material Properties

In order to design the columns and specify the required cross-sectional dimensions
to achieve an axial compressive load of 1065 kN, it is necessary to know the strength
properties of the constituent materials. Here, the material properties of the components of
the composite columns are taken from the literature, as listed in Table 2. In particular, the
material properties of aluminium hollow sections are taken from the coupon test results by
Georgantzia et al. [19]. It should be noted that for a fair comparison, the yield stress of the
steel tube is selected to be equal to the yield stress of aluminium tube (i.e., 276 MPa). The
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yield strength of steel is reported by Tao et al. [23]. With regard to the concrete, its nominal
cylinder compressive strength is considered equal to 30 MPa, which can be achieved via
the concrete mix design as in the study conducted by Georgantzia et al. [19]. In Table 2, E is
the modulus of elasticity, f 1 is the 0.1% proof stress, f is the 0.2% proof stress and f; is
the nominal cylinder compressive strength of concrete.

Table 2. Material properties of the components of composite columns.

Material Properties

Column Component Reference
P E (GPa) fo1 (MPa) fo2 (MPa) f. (MPa)
CFST Steel tube [23] 200 276 Not available -
Concrete [19] 32,837 - - 30
Aluminium tube [19] 69 276 315 -
CFAT Concrete [19] 32,837 - ] 30
Outer aluminium tube [19] 69 276 315 -
CFDSAT Inner aluminium tube [19] 69 276 315 -
Concrete [19] 32,837 - - 30

2.2. Structural Design and Dimensions of Composite Columns
Using the material properties of steel and concrete from Table 2, the CFST column is
designed based on Eurocode 4 [24]. However, due to the absence of design guidelines for
the aluminium alloy—concrete composite members, the design methodologies proposed
by Georgantzia et al. [19] and Ali et al. [20] are applied to design the CFAT and CFDSAT
columns, respectively. Based on Eurocode 4 [24], the cross-sectional resistance of CFST,
CFAT and CFDSAT columns is determined by summing the plastic resistance of the hollow
tube/tubes and concrete infill (see Equation (1)).
~ JAofoz,e +aAcfe for CFST and CFAT columns 1)
Pl Aofo2,0 +aAcfe + Aifori  for CFDSAT column

where A;, A;, and A, represent the cross-sectional areas of the concrete infill, inner and
outer sections, respectively. fo,; and fy,, denote the 0.2% proof stresses of the inner and
the outer sections, respectively. f; is the compressive strength of concrete cylinder.

According to Eurocode 4 [24], the ultimate capacity of these composite columns is
calculated by multiplying a buckling reduction factor x with their plastic cross-sectional
resistance (see Equation (2)). x is estimated as a function of the slenderness A and a
parameter ¢, according to Equation (3).

N, = XNpl 2)

-1
X = [¢+\/¢2—A2 < 1.0 3

Column slenderness is calculated by Equation (4).

A= /Npi/Ner (4)

where N, is the critical buckling load, which is obtained from Equation (5).

N — 2 (Eol, + ke E. I) /Ly for CFST and CFAT columns
T\ 7 (Eoly + keEcl, + EiI;) /Lo*  for CFDSAT column
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in which E,, E;, and E, indicate the modulus of elasticity and I, I;, and I, represent the moment

of inertia of concrete infill, inner and outer sections, respectively. L., is the buckling length of

the columns and k, is the concrete factor. The value of k, is taken as equal to 0.6 [24].
Parameter ¢ is calculated by Equation (6).

¢ =051+ (X~ Ag) + 7] (6)

where A and a; are the horizontal plateau limit and imperfection parameter, respectively.
The values of these parameters suggested by Eurocode 4 [24] for CFST and Eurocode 9 [25],
Georgantzia et al. [19] and Ali et al. [20] for aluminium—concrete composite columns are
considered in this study.

The composite columns are designed to carry an axial compressive load of 1065 kN,
whilst it is expected for all three columns to have the same outer dimensions. To achieve
this, an iteration process was used to obtain the cross-sectional dimensions of the columns.
During this process, the depth and width of the outer tube of the columns are kept the same,
while the thickness of the outer tube is varied to achieve the targeted ultimate capacity. The
cross-sectional dimensions of the composite columns obtained from the iteration process
are listed in Table 1, where the geometric symbols refer to the notation presented in Figure 1.
The calculated ultimate capacity of CFST, CFAT and CFDSAT columns are 1065.9, 1065.5
and 1065.6 kN, respectively. They are considered to fulfil the same function in the life-cycle
model (see Section 4).

3. Comparison of Self-Weight of Columns

Initially, a comparison of the self-weight of the composite columns is made to define the
lighter design alternatives. For this purpose, the volume of the components of the columns
is calculated and then multiplied by their density. Finally, the self-weight of the columns is
determined by summing up the self-weight of their components. Table 3 reports the self-weight
of the composite columns, along with their density (in kg/m?), volume (in m3) and mass (in kg)
of their components.

Table 3. Material quantities of the composite columns.

CFST CFAT CFDSAT
Material Density (kg/m®)
yie V(()rl:;;‘e Mass (kg) Volume (m?) Mass (kg) Volume (m?) Mass (kg)
Concrete 2400 0.06 145.18 0.06 134.13 0.026 62.13
Steel tube 7850 0.01 55.01 - - - -
Outer aluminium tube 2700 - - 0.01 31.35 0.012 31.35
Inner aluminium tube 2700 - - 0.004 11.26
Sum (kg) 200.19 165.48 104.75
Reduction (%) 0% —17% —47%

It can be observed that the self-weight of the CFST, CFAT and CFDSAT columns is
200.19, 165.48 and 104.75 kg, respectively. These results indicate that the self-weight of the
CFST column is reduced by around 17% when the steel tube is replaced by an aluminium
alloy tube, while it has the same outer depth and width for cross-sectional dimensions and
resists the same compressive load. Moreover, the self-weight of the CFST column decreases
by 47% when the double-skin technique is adopted using aluminium alloy tubes in the
CFDSAT column. Compared to the CFAT column, the self-weight of the CFDSAT column
is around 36% lower due to the absence of inner concrete. Therefore, it can be concluded
that the weight of the CFST column can be reduced significantly by using an aluminium
alloy tube instead of steel and further weight reduction is possible when the double-skin
technique is adopted. Hence, by using these lighter structural members, the size of the
foundation of the structures can be reduced, which can result in savings of construction
materials, costs and time.
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4. Life-Cycle Model

In this section, a life-cycle model is developed for the three composite columns. The
material quantities of each composite column presented in the previous section are used to
evaluate the long-term environmental impacts and costs of the composite columns. The
goal and scope of this study are defined by specifying the functional unit (axial compressive
load of 1065 kN) and system boundary (cradle-to-grave). A deterioration model is used for
the columns to define a maintenance schedule during their working life.

4.1. Goal and Scope Definition

The comparison made in this study is between three different composite columns,
i.e., CFST, CFAT and CFDSAT. As mentioned earlier, the columns are designed to carry
the same axial load of 1065 kN, whilst the height of each column is considered 3 m, which
is the typical column height for a residential building. In this study, the cradle-to-grave
system boundary is chosen, which covers all aspects of the life span ranging from raw
material extrusion to disposal (or recycling process) at the end of life. According to this
approach, the life-cycle of the composite columns is split into five main stages, including
(i) the production of structural components, (ii) transportation, (iii) column construction,
(iv) maintenance and (v) end-of-life stages. The first stage considers the production of
the structural components, which includes the extrusion of sand and stone chips and
the production of cement, steel and aluminium hollow sections. In the second stage, the
transportation of structural components from the production plants to the construction
site is taken into account. In the third stage, on-site construction of the composite columns
is considered. In the fourth stage, a maintenance plan is taken into account for a certain
loss of mechanical performance during the life span of the columns. At the end-of-life stage,
demolishment of the product and waste disposal or recycling are considered. Figure 2 presents
the schematic framework of the cradle-to-grave system boundary considered in this study.

r

Life-cycle stages

y

. |

Production Transportation Construction Maintenance End-of-life

y y \ 4 \ 4 A\ 4
4 N\ N /. : N N\ )
* Concrete . Proparing . * Demolishing

* Transporting hollow tubes * Inspection

* Steel . . . * Landfill
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h
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Figure 2. Schematic diagram of the studied life-cycle stages.

4.2. Life-Cycle Stages

This section presents the main assumptions considered for the life-cycle stages. The
concrete and hollow metal tubes are purchased from local suppliers and transported to the
construction site. The environmental impact and unit price of these structural ingredients
are collected from previous studies, reports, literature and contacts with local suppliers, and
specified for each of the materials in the following section. During the construction stage,
an electric concrete mixer and a vibrating table are used to cast the composite columns.
The production, transportation and construction stages (cradle-to-site) are collectively
considered the initial stage.

Maintenance work is essential when a structural member loses a certain level of
mechanical performance during its lifetime. This study adopts an established deterioration
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model for the CFST column to develop a maintenance plan. Based on the time-dependent
corrosion model suggested by Wang et al. [26], a CFST column can lose 10% performance
in around 10 years under axial compression and harsh environment. Zhao et al. [10]
concluded that for the CFST column, maintenance is required every 10 years and, each time,
10% of the original materials need to be replaced or repaired. This maintenance plan is
applied in this study. As the aluminium alloy has excellent corrosion resistance, no expense
related to the maintenance of CFAT and CFDSAT columns is considered in this study. This
approach agrees with the same assumption made in the past by Gardner et al. [27]. For the
LCA and LCCA studies, it is considered that maintenance work is required to replace or
repair a certain percentage of material used in the initial stage and is represented as the
maintenance-to-initial ratio. For the CFST column, the baseline maintenance-to-initial ratio
is considered 0.1, which means that 10% material of initial stage needs to be replaced or
repaired, whereas this ratio is taken as 0 for the CFAT and CDSAT columns. The effect
of maintenance stage on the life-cycle environmental performance and economic aspects
is evaluated in the sensitivity analysis section by considering different percentages of
replacement or repair of original materials in these composite columns.

At the end-of-life stage, it is considered that the structural elements will be demolished
and the waste will be disposed. Several waste management options, such as landfill,
recycling and incineration are commonly used in the construction sector. In this study;, it
is assumed that 100% steel and aluminium alloy will be recycled at the end-of-life stage.
Concrete can be disposed by landfilling or recycling. Recycled concrete is a good source of
aggregates and can be used for new concrete [28]. However, due to quality requirements,
the use of these aggregates in high-value applications is limited [29]. Therefore, it is
assumed that after demolition, concrete wastes will be transported to the nearest landfill
plant [10]. The environmental impact and economic aspects associated with all these stages
are determined in terms of CO, emission and cost, respectively.

5. Life-Cycle Assessment (LCA)
5.1. LCA Inventory Data

The environmental impact of composite columns is evaluated for their CO, emissions
during their life-cycle. The unit CO, emissions during the production of cement, fine/coarse
aggregates, steel and aluminium alloy hollow sections are taken as 0.951 kg CO,/kg [30],
1.06 x 1073 kg CO, /kg [30], 1.910 kg CO, /kg [31] and 6.70 kg CO, /kg [32], respectively. It is
assumed that the ingredients of concrete, steel and aluminium hollow sections are transported
by a medium-sized diesel truck from local suppliers to the construction site. A medium-sized
diesel truck usually generates 0.166 kg CO; to carry one-tonne material for one kilometre [33].
The driving distances between local suppliers and the construction site are taken from a
Google map and presented in Table 4. Carbon emissions in the construction stage are related
to the energy consumption of different equipment, such as concrete mixture, compacting
equipment, crane, and so on. In this study, the value of CO, emission is taken as 0.016 kg
for casting 1 kg concrete [34]. According to [10], steel installation time was considered half
of the time required for concrete casting. Therefore, it is assumed that half the amount of
CO, is emitted during steel installation, i.e., 0.008 kg CO, per kg of steel, compared to during
concrete casting. A similar assumption is made for CFAT and CFDSAT columns’ construc-
tion. The CO, emission for concrete landfilling is taken as 0.007 kg CO,/kg, according to
Cho and Chae [35]. The recycling process of aluminium and steel needs around 95% [36]
and 74% [37] less energy, respectively, than the primary production. During the recycling
process, 0.390 kg [36] and 0.880 kg [38] CO, are emitted for 1 kg aluminium alloy scrap and
1 kg steel scrap, respectively. Here, it is assumed that 100% steel and aluminium will be
recycled at the end-of-life stage. Table 4 lists the weights of the components of the three
different forms of composite columns along with their environmental impact in terms of CO,
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emission during different stages of the life-cycle. The amount of CO, emission for each type
of column is calculated by Equation (7).

Etotsr = Ep+Er+Ec+Epm+ Eg (7)

where Eg,,; is the total CO, emitted during the life-cycle, Ey, Et, E¢, Epr and Eg are CO, generated
at production, transportation, construction, maintenance and end-of-life stages, respectively.

Table 4. Life-cycle environmental impact assessment.

GWP

Column Life-Cycle Stage =~ Consumed Material Amount Unit Coefficient Unit Reference ~ GWP (kgCO,)
CFST  Production Cement 26.62 kg 0.951 kgCO, /kg [30] 25.31
Fine aggregate 38.71 kg 0.001 kgCO,/kg [30] 0.04
Coarse aggregate 65.63 kg 0.001 kgCO,/kg [30] 0.07
Steel tube 55.01 kg 1.910 kgCO, /kg [31] 105.07
Sum 130.50
Transportation Materials for concrete (5.7 km) 0.75 tkm 0.166 kgCO,/t.km [33] 0.12
Steel tube (32.9 km) 1.81 t.km 0.166 kgCO, /t.km [33] 0.30
Sum 0.43
Construction Concrete 145.18 kg 0.016 kgCO, /kg [34] 2.32
Steel tube 55.01 kg 0.008 kgCO, /kg [10] 0.44
Sum 2.76
Maintenance (Maintenance-to-initial ratio = 0.1) [10] 66.84
End-of-life Concrete-landfill 145.18 kg 0.007 kgCO, /kg [35] 1.02
Steel tube (100% recycled) 55.01 kg 0.880 kgCO,/kg [31] 48.41
Sum 49.43
Total 249.96
CFAT  Production Cement 24.59 kg 0.951 kgCO,/kg [30] 23.39
Fine aggregate 35.77 kg 0.001 kgCO,/kg [30] 0.04
Coarse aggregate 60.65 kg 0.001 kgCO, /kg [30] 0.06
Aluminium tube 31.33 kg 6.70 kgCO, /kg [32] 209.9
Sum 233.39
Transportation Materials concrete (5.7 km) 0.69 t.km 0.166 kgCO,/t.km [33] 0.11
Aluminium tube (32.9 km) 1.03 t.km 0.166 kgCO, /t.km [33] 0.17
Sum 0.29
Construction Concrete 134.15 kg 0.016 kgCO,/kg [34] 2.15
Aluminium tube 31.33 kg 0.008 kgCO, /kg 0.25
Sum 2.40
Maintenance (Maintenance-to-initial ratio = 0) 0.00
End-of-life Concrete-landfill 134.13 kg 0.007 kgCO, /kg [35] 0.94
Aluminium tube (100% recycled) 31.33 kg 0.390 kgCO,/kg [36] 12.22
Sum 13.16
Total 249.23
CFDSAT Production Cement 11.39 kg 0.951 kgCO, /kg [30] 10.83
Fine aggregate 16.57 kg 0.001 kgCO, /kg [30] 0.02
Coarse aggregate 28.10 kg 0.001 kgCO, /kg [30] 0.03
Aluminium outer tube 31.33 kg 2.68 kgCO,/kg [32] 209.9
Aluminium inner tube 11.26 kg 2.68 kgCO,/kg [32] 75.47
Sum 296.25
Transportation Materials concrete (5.7 km) 0.32 tkm 0.166 kgCO, /t.km [33] 0.05
Aluminium tube (32.9 km) 1.40 tkm 0.166 kgCO,/t.km [33] 0.23
Sum 0.29
Construction Concrete 62.13 kg 0.016 kgCO, /kg [34] 0.99
Aluminium tube 42.59 kg 0.008 kgCO, /kg 0.34
Sum 1.33
Maintenance (Maintenance-to-initial ratio = 0) 0.00
End-of-life Concrete-landfill 62.13 kg 0.007 kgCO, /kg [35] 0.43
Aluminium tube (100% recycled) 42.59 kg 0.390 kgCO, /kg [36] 16.61
Sum 17.05
Total 314.92

5.2. LCA Results and Discussions

Figure 3 presents the CO, emissions during the life-cycle of three different composite
columns. It can be observed from Table 4 and Figure 3 that the carbon footprint of CFST
and CFAT columns is almost the same, which is 21% lower than the CFDSAT columns.
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At the initial stage, the CFAT and CFDSAT columns lead to around 43% and 55% more
environmental impact than the CFST column; the main reason for this is that the CO,
emissions during the production of aluminium alloy are much higher compared to steel
production. Due to the excellent corrosion resistance of aluminium alloy, no maintenance
work is considered for the CFAT and CFDSAT columns, whereas for the CFST column,
CO; emitted at the maintenance stage accounted for 10% of CO, emitted at the initial stage
every 10 years. At the end-of-life, the emission of CO; of the CFAT and CFDSAT columns
is around 73% and 65% lower, respectively, compared to the carbon emission of the CFST
column. Therefore, it can be concluded that, overall, the CFST and CFAT columns provide
the lowest environmental impact, which is around 249 kgCO,, compared to the CFDSAT
composite column, which emits 315 kgCO,.
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Figure 3. Comparison of CO, emissions at different stages of the composite columns.

6. Life-Cycle Cost Analysis (LCCA)
6.1. LCCA Model and Data

The total cost associated with the entire life of composite columns is determined
in this section. The individual cost of different components of composite columns is
presented in Table 5. The unit prices of cement, coarse aggregates and fine aggregates
are 0.30 GBP/kg [39], 0.59 GBP/kg [40] and 0.07 GBP/kg [41], respectively. The price of
metal hollow tubes varies depending on the dimensions of the cross-section. The unit
price of 150 mm x 150 mm x 4 mm steel hollow section is 6.95 GBP/kg [42]. The cost of
150 mm x 150 mm x 6.75 mm and 100 mm x 100 mm x 3.61 mm aluminium hollow
sections is 8.62 GBP/kg and 9.51 GBP/kg, respectively [43]. The transportation cost is
considered by adding the delivery charge required to transport the raw materials from the
local supplier to the construction site. In the construction stage, the cost is related to labour
used for erection, concrete casting, installation, etc. For determining the construction cost,
the labour constant is introduced by considering the amount of work a labourer can do per
unit of time. Based on a previous study [44], labour constants for concrete and steel are
taken as equal to 5 m3/hour and 0.02 tones/hour, respectively. The same labour constant
for steel is assumed for aluminium alloy hollow sections. In the UK, the average labour
rate is GBP 12.88 per hour [45]. The maintenance cost of the column forms is calculated
according to the maintenance plan determined in Section 4. At the end-of-life stage, money
needs to be spent on demolition and disposal of the materials. The unit costs of demolition
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and landfill of concrete are taken from the work of Zhao et al. [10]. However, money can
be earned by selling scrap steel and aluminium alloy to recyclers, and thus the disposal of
steel and aluminium represents negative costs. This amount is deducted from the total cost
of the end-of-life stage. The local scrap metal selling rate is considered for both steel and
aluminium alloy [46]. The unit cost associated with maintenance and end-of-life stage are
discounted to the present value. The total life-cycle cost of the three different composite
columns is determined and converted to the present value using Equation (8) [47].

LCC = Z 1+r (8)

where ¢ is the time in years of incurred cost, T is the total studied period equal to 50 years herein,
C:is the cost incurred at time ¢ and r is the discount rate. C; is calculated by Equation (9).

Ci=Cp+Cr+Cc+Cypy+Ck 9)

where Cp is the production cost, Cr is the transportation cost, C¢ is the construction cost,
Cp is the maintenance cost and Cr is the end-of-life cost at time ¢. The discount rate refers
to the time value of money. It is applied to determine the future value by accounting for
the nominal interest rate and inflation rate. In this study, the discount rate is considered
equal to 3.51% [48]. The discount rate is not taken into account at the initial stage, i.e., the
production, transportation and construction stages. However, the discount rate is applied
for the cost associated with the maintenance and end-of-life stages.

Table 5. LCCA of composite columns.

Column Life-Cycle Stage Consumed Material Amount/Hour  Unit Unit Cost Unit Reference Cost (GBP)
CFST Production Cement 26.62 kg 0.30 GBP/kg [39] 7.98
Fine aggregate 38.71 kg 0.59 GBP/kg [41] 22.84
Coarse aggregate 65.63 kg 0.07 GBP/kg [40] 4.59
Steel tube 55.01 kg 6.95 GBP/kg [42] 382.34
Sum 417.76
Transportation Materials for concrete (5.7 km) 30.00
Steel tube (32.9 km) 21.50
Sum 51.50
Construction Concrete 1.00 h 12.88 GBP/h [45] 12.88
Steel tube 2.50 h 12.88 GBP/h [45] 32.20
Sum 45.08
Maintenance (Maintenance-to-initial ratio = 0.1) [10] 257.17
End-of-life Concrete—demolition 0.06 m?3 98.00 GBP/m® [10] 5.93
Concrete—landfill 145.18 kg 0.07 GBP/kg [10] 10.31
Steel tube—100% recycled 55.01 kg 0.06 GBP/kg [46] -3.30
Sum 12.94
Total Interest rate 3.51 % [10] 562.47
CFAT  Production Cement 24.59 kg 0.30 GBP/kg [39] 7.38
Fine aggregate 35.77 kg 0.59 GBP/kg [41] 21.10
Coarse aggregate 60.65 kg 0.07 GBP/kg [40] 4.25
Aluminium tube 31.33 kg 8.62 GBP/kg [43] 270.05
Sum 302.78
Transportation Materials concrete (5.7 km) 30.00
Aluminium tube (32.9 km) 21.50
Sum 51.50
Construction Concrete 1.00 h 12.88 GBP/h [45] 12.88
Aluminium tube 2.50 h 12.88 GBP/h [45] 32.20
Sum 45.08
Maintenance (Maintenance-to-initial ratio = 0) 0.00
End-of-life Concrete—demolition 0.06 m3 98.00 GBP/m3 [10] 5.48
Concrete—landfill 134.15 kg 0.07 GBP/kg [10] 9.52
Aluminium tube—100% recycled 31.33 kg 0.60 GBP/kg [46] —18.80
Sum —3.80

Total Interest rate 3.51 % [10] 398.68
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Table 5. Cont.
Column Life-Cycle Stage =~ Consumed Material Amount/Hour  Unit Unit Cost Unit Reference Cost (GBP)

CFDSAT Production Cement 11.39 kg 0.30 GBP/kg [39] 3.42
Fine aggregate 16.57 kg 0.59 GBP/kg [41] 9.78
Coarse aggregate 28.10 kg 0.07 GBP/kg [40] 1.97

Aluminium outer tube 31.33 kg 8.62 GBP/kg [43] 270.05

Aluminium inner tube 11.26 kg 9.51 GBP/kg [43] 107.12

Sum 392.33
Transportation Materials concrete (5.7 km) 30.00
Aluminium tube (32.9 km) 21.50
Sum 51.50
Construction Concrete 1.00 h 12.88 GBP/h [45] 12.88
Aluminium tube 2.50 h 12.88 GBP/h [45] 32.20
Sum 45.08
Maintenance (Maintenance-to-initial ratio = 0) 0.00
End-of-life Concrete—demolition 0.03 m? 98.00 GBP/m3 [10] 2.54
Concrete—landfill 62.15 kg 0.07 GBP/kg [10] 441

Aluminium tube—100% recycled 42.59 kg 0.60 GBP/kg [46] —25.56

Sum —18.61

Total Interest rate 3.51 % [10] 485.60

6.2. LCCA Results and Discussions

Figure 4 shows the life-cycle costs of the composite columns. It can be observed from
Table 5 and Figure 4 that compared to the CFST column, the CFAT and CFDSAT columns
cost 29% and 14% less, respectively. The initial cost of CFAT and CFDSAT columns is
around 22% and 5% lower than that of the CFST column. According to the maintenance
plan devised in Section 4, each maintenance activity for CFST column requires 10% of the
cost of the initial stage, whereas this amount is zero for the CFAT and CFDSAT columns.
Although the price of aluminium and steel fluctuates with time for many reasons, in general,
aluminium is more expensive than the steel. The main reason of this high price is because
of the higher cost of raw materials associated with aluminium compared with steel. Hence,
the scrap value of aluminium alloy is also higher than the steel. Therefore, the total cost
at the end-of-life stage of CFAT and CFDSAT columns can be offset compared to that of
the CFST column. However, the initial costs of CFAT and CFDSAT are lower than CFST.
This is because aluminium is used in smaller quantities. In summary, the CFAT column
is estimated to be the most cost-effective solution among the three composite columns.
However, due to the application of double-hollow tube, the total cost of CFDSAT column
increased by around 22% compared to the CFAT section.
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Figure 4. Comparison of life-cycle costs of the composite columns.
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7. Sensitivity Analysis

A sensitivity analysis is a study that determines the effect of variation in input pa-
rameters on the output of analysis. In this paper, a sensitivity analysis was carried out to
identify the impact of variation in data and assumptions, such as (a) the CO, emissions of
steel and aluminium during production stage, (b) the maintenance-to-initial ratio and (c)
the discount rate, on the life-cycle environmental performance and economic aspects of the
three composite column forms.

7.1. Renewable Energy Use

Aluminium production requires a very large amount of electricity. According to
the International Aluminium Institute [49], 60% of CO; from aluminium production is
emitted due to the consumption of electricity during the smelting process. Therefore, the
amount of CO, emission can be reduced significantly by using renewable energy. The
steel industry is also responsible for about 7% of man-made CO, emissions worldwide
because of the massive use of coal in the blast furnace process. Using hydrogen produced
with renewable energy instead of coal can largely decarbonise the production of steel [50].
Hence, a sensitivity analysis was conducted by considering reduction in CO, emissions
by the use of decarbonised electricity for aluminium and decarbonised hydrogen for steel
production. The results of this sensitivity analysis are presented in Figure 5. It can be
seen that by decreasing the CO, emissions of steel and aluminium production, the total
environmental impacts of CFST, CFAT and CFDSAT columns decrease significantly. The
maximum decrease is around 31%, 42% and 45% for the CFST, CFAT and CFDSAT columns,
respectively, at 50% CO, emissions reduction in steel and aluminium production. The
higher decrement in total environmental impacts of CFAT and CFDSAT columns is observed
compared to the CFST one because of the low carbon emission at the maintenance and
end-of-life stages of those columns.
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Figure 5. Life-cycle environmental impacts using decarbonised electricity for aluminium and decar-
bonised hydrogen for steel production.

7.2. Maintenance-to-Initial Ratio

The effect of maintenance-to-initial ratio on the environmental impacts and economic
aspects of three composite column forms is investigated and presented in Figures 6 and 7,
respectively. In this sensitivity analysis, the baseline maintenance-to-initial ratio is varied
from 0 to 0.4. Figures 6 and 7 illustrate that the life-cycle environmental impact and the
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cost increase with the increase in maintenance-to-initial ratio as expected. Note that for the
results presented in Sections 5 and 6, zero maintenance was assumed for the CFAT and
CFDSAT columns. In this study, it is considered that the maintenance plan is related to the
production stage; hence, high CO, emissions of the CFAT and CFDSAT columns during
the production of primary aluminium lead to a larger carbon footprint at the maintenance
stage with an increasing maintenance-to-initial ratio. However, the CFST column remains
the costliest alternative for different maintenance-to-initial ratios, and the difference in
cost compared with the aluminium alloy composite columns largely remains the same
with an increase in the maintenance-to-initial ratio. It is also obvious from both figures
that due to double-aluminium tubes, CO, emissions and cost are higher for CFDSAT
compared to CFAT. In particular, the differences are 26% and 22%, respectively, for the
maintenance-to-initial ratio of 0.4 considered in this study.
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Figure 6. Life-cycle environmental impact for varying maintenance-to-initial ratios.
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Figure 7. Life-cycle cost for varying maintenance-to-initial ratios.
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7.3. Simultaneous Variation in Renewable Energy Use and Maintenance-to-Initial Ratio

A global sensitivity analysis is performed to see the effect of variation in renewable
energy use and maintenance-to-initial ratio simultaneously on the long-term environmen-
tal performance of composite columns. Figure 8 shows the average CO, emissions along
with their standard deviation (SD) value at different life-cycle stages of these columns.
As expected at the initial stage, the average carbon footprint of CFAT and CFDSAT is
41% and 52% higher, respectively, than that of CFST due to the carbon-intensive manufac-
turing process of primary aluminium. At the maintenance stage, an anticipated upward
trend is noticed for aluminium-concrete composite columns. At this stage, the average
CO; emission of CFAT and CFDSAT is 39% and 49% larger, respectively, compared to
that of CFST, as the considered maintenance plan in this study related to the production
phase; hence, a big maintenance-to-initial ratio results in a high carbon footprint of the
aluminium alloy. No variation is considered at the end-of-life stage. As a result of low
environmental impact at the initial and maintenance stages, the total average CO, emission
of CFST column is 38.2% and 68.3% lower than that of CFAT and CFDSAT. The SD value of
the total average CO, emission of CFST is the lowest, which is 31.1, where the value for
CFAT and CFDSAT is 42.9 and 46.3, respectively.
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Figure 8. Life-cycle environmental impact for variation in renewable energy use and maintenance-to-
initial ratio simultaneously.

7.4. Discount Rate

The effect of discount rates on the economic aspects of the three design alternatives is
also studied. Figure 9 presents the results of LCCA with varying discount rates varying
from 0 to 0.4. It can be seen that the discount rate has a noticeable effect on the total cost
of CFST column. For this column, a decreasing trend of life-cycle cost is noticed with
increasing discount rates; this is because the present value of future cost becomes smaller
with higher discount rates. The total cost of CFST column is reduced by 4.4% when the
discount rate is increased to 5% from the baseline value of 3.5%. However, variation in
discount rate has a negligible effect on the economic characteristic of CFAT and CFDSAT
columns. The discount rate is applied only for future costs related to maintenance and
demolition/recycling actions of structural members. In this study, the cost associated
with the maintenance of the CFAT and CFDSAT columns is assumed zero because of the
excellent corrosion resistance of the aluminium alloy. In addition, the end-of-life cost of
these columns is offset by the high scrap value of aluminium alloy. So, the future cost
is almost zero for these structural members. Hence, the discount rate is a less sensitive
parameter for calculating the life-cycle cost of CFAT and CFDSAT columns.
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Figure 9. Life-cycle cost for varying discount rates.

8. Conclusions

In this study, the life-cycle performance of CFAT and CFDSAT columns was assessed

for their environmental impact and cost using LCA and LCCA, respectively. The LCA
and LCCA results of the composite columns were compared with those of a CFST column
with the same load-carrying capacity and outer cross-sectional dimensions. To calculate
the inventory, the self-weight of these columns was calculated before being multiplied
by unit inventory. The holistic approach with long analysis period in LCA and LCCA
creates uncertainty and requires assumptions to be made in order to proceed. Finally,
a sensitivity analysis was conducted to study the effect of data and assumptions on the
life-cycle performance of these composite columns. Based on the findings, the following
points can be summarised:

It was found that the self-weight of the studied CFAT and CFDSAT columns is around
17% and 47% lower than that of the CFST column. Therefore, it can be concluded that
the self-weight of CFST column can be reduced by replacing steel with aluminium
alloy and it becomes significantly lighter when the double-skin form is applied using
aluminium alloy hollow sections.

It was observed from the LCA that the carbon footprint of CFST and CFAT is almost
the same, which is 21% lower than that of the CFDSAT columns because of the
high aluminium usage in the latter. Therefore, it can be concluded that the high
embodied carbon in CFAT columns can be offset by fewer maintenance needs, owing
to its superior corrosion resistance compared with CFST. However, excessive use of
aluminium such as in the CFDSAT composite column will result in an increase in
carbon emissions.

The LCCA results show that the total life-cycle cost of CFAT and CFDSAT columns is
around 29% and 14% lower, respectively, than that of the CFST column, largely due to
assuming no expense related to the maintenance because of the excellent corrosion
resistance of aluminium. It suggests that the CFAT column is the most cost-effective
design solution compared to the other two composite columns.

From the sensitivity analysis, it was found that by using decarbonised electricity in
the production of steel and aluminium, the total environmental impacts of the CFST,
CFAT and CFDSAT columns can be reduced significantly. A reduction of 31%, 42%
and 45% for the CFST, CFAT and CFDSAT columns, respectively, can be achieved
when a 50% CO; reduction in the production of steel and aluminium is considered. A
higher reduction in carbon emissions by CFAT and CFDSAT columns is observed at
the maintenance and end-of-life stages compared to the CFST column.
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e  With the increase in the maintenance-to-initial ratio, the CO, emissions of CFAT and
CFDSAT increase noticeably compared to the CFST column, whereas the CFST column
remains the costliest alternative in all maintenance-to-initial ratios. Future studies
could include a sensitivity analysis of the corrosion resistance of aluminium columns
as well as of the residual value of scrap metals when data become available.

e From a global sensitivity analysis, it was observed that the average life-cycle CO,
emission of CFST column is 38.2% and 68.3% lower than that of CFAT and CFDSAT
due to low environmental impact at the initial and maintenance stages of steel.

e  Finally, the life-cycle cost of CFAT and CFDSAT columns is less sensitive to the
variation in the discount rate, which is mainly due to the durability of aluminium
assumed in the analysis period, i.e., 50 years.

9. Future Research

Further research is recommended to broaden the LCA study beyond just CO; emis-
sions. It is essential to incorporate additional sustainability indicators, such as energy
use, resource depletion, and water consumption, to obtain a more comprehensive un-
derstanding of the environmental impact. Furthermore, investigating various composite
aluminium-—concrete structural members and different types of aluminium alloys will be
crucial in identifying the most efficient and sustainable configurations. This approach will
not only enhance the overall sustainability of structural materials but also contribute to
the development of innovative designs that minimise the environmental impact while
maximising performance.
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