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� Electric arc furnace slag as a novel precursor in alkali-activated concrete.
� Optimization of fresh, mechanical and durability properties.
� Life cycle assessment of concrete mixes based on primary data.
� Sustainability assessment based on economic, ecological, and functional pillars.
� Sustainability index multi-criteria optimization for alkali-activated concrete.
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a b s t r a c t

Alkali-activated materials are regarded as a potential sustainable building material with industrial by-
products fully replacing ordinary Portland cement. Five million tonnes of electric arc furnace slag are pro-
duced annually mostly to be recycled as low value aggregates in several construction applications. This
study examined the possibility of valorising the understudied slag as a precursor in alkali-activated con-
crete. The material, supplied free and available in abundance as a waste, presents a significant potential
to produce sustainable concrete. Hence, the mechanical and durability properties of electric arc furnace
slag-based alkali-activated concrete were examined. After that, using a sustainability assessment frame-
work called ECO2, the combined whole-life cycle assessment of the environmental and economic impact
was calculated for several mixes that combined electric arc furnace slag and fly ash as precursors. The
increasing amount of slag content led to a decline in mechanical performance, though there was an
equivalent durability-related performance; mixes with electric arc furnace slag showed equivalent slump
and resistance to carbonation, and enhanced resistance to chloride ion penetration. Furthermore, slag-
based concrete exhibited significant improvement in the overall ECO2 sustainability score due to its min-
imal environmental and economic impact.

� 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Around 30 billion tonnes of conventional concrete were pro-
duced in 2015 [1]. Due to its inherent strength and durability prop-
erties, concrete is the second most used substance on Earth after
water [2]. The use of concrete is associated with immense negative
environmental impacts. The current annual production of>4 billion
tonnes of ordinary Portland cement (OPC) is responsible for 7% of

the global CO2 emissions [3]. Concrete has an environmental
impact of 300 kg eq CO2/m3 on average, of which 90% is attributa-
ble to OPC [4]. Although this is less than that of steel and most
polymers per unit mass [5], the intensive use of OPC concrete
results in alarming environmental hazards. In China, for example,
concrete production alone resulted in approximately 1.5 billion
tonnes of greenhouse gas (GHG) emissions in 2014 [6], which rep-
resents around 20% of the total produced in the same year [7]. Pro-
jections indicate that the growing global urbanization could double
the demand of concrete by 2050 [8].

Immense efforts are being made to explore the potential of val-
orising industrial by-products with low recyclability as precursors

https://doi.org/10.1016/j.conbuildmat.2021.122559
0950-0618/� 2021 Elsevier Ltd. All rights reserved.

⇑ Corresponding authors.
E-mail addresses: hisham.hafez@northumbria.ac.uk (H. Hafez), rawaz.kurda@

tecnico.ulisboa.pt (R. Kurda), rui.v.silva@tecnico.ulisboa.pt (R.V. Silva), jb@civil.ist.
utl.pt (J. de Brito).

Construction and Building Materials 281 (2021) 122559

Contents lists available at ScienceDirect

Construction and Building Materials

journal homepage: www.elsevier .com/locate /conbui ldmat

http://crossmark.crossref.org/dialog/?doi=10.1016/j.conbuildmat.2021.122559&domain=pdf
https://doi.org/10.1016/j.conbuildmat.2021.122559
mailto:hisham.hafez@northumbria.ac.uk
mailto:rawaz.kurda@tecnico.ulisboa.pt
mailto:rawaz.kurda@tecnico.ulisboa.pt
mailto:rui.v.silva@tecnico.ulisboa.pt
mailto:jb@civil.ist.utl.pt
mailto:jb@civil.ist.utl.pt
https://doi.org/10.1016/j.conbuildmat.2021.122559
http://www.sciencedirect.com/science/journal/09500618
http://www.elsevier.com/locate/conbuildmat


of OPC-free binders in alkali-activated concrete (AAC). While an
OPC paste is a mixture of Portland cement and water, an AAC
mix consists of a precursor and an alkali activator solution. The
most well-known activators are sodium hydroxide (SH) and
sodium silicate (SS), while fly ash (FA), ground granulated blast fur-
nace slag (GGBS) and calcined clay are recognized precursor types.
The strength and durability of an AAC are highly dependent on the
quality of the binder, which is determined by three main aspects:
1) the curing method - in Puertas et al. [9] it is argued that dry-
sealed curing optimizes the properties of AAC, while in Nasir
et al. [10] the significance of heat curing for AAC with several poz-
zolanic material is emphasized, especially that with FA as a precur-
sor for the first 24 h; 2) the reactivity of the precursor - the smaller
the particle size and the more amorphous the precursor is, the
more reactive it is expected to be [11]; 3) the chemical compatibil-
ity of the reactants - a precursor is a material with an abundance of
either calcium, aluminium or silicon oxide, as shown in Fig. 1. It
was found that the following four ratios are critical to the func-
tional properties of the AAC mix [12]:

- The mass ratio of solution to the precursor;
- The Si/Al ratio of the chemical composition of the precursor;
- The concentration of the alkali activating solution (Na2O %);
- The ratio between SiO2/Na2O in the alkali activator (MS).

Most AAC mixes have higher workability than OPC concrete
[14], but it is more susceptible to loss after short periods if it pre-
sents a high SiO2/Na2O ratio. However, AAC is not compatible with
most of the commercially available water-reducing agents, which
are fundamental to increase the workability beyond a given
threshold of the solution to precursor ratio [15]. The compressive
strength of an AAC mix can be higher than that of OPC concrete,
but the higher the solution concentration (Na2O %) in a NaOH acti-
vator, the higher the strength of the FA-based AAC [16]. Regarding

GGBS-based AAC mixes, it was confirmed that the silica modulus is
an essential parameter for optimizing the mechanical properties of
the resulting AAC [17]. Concerning the resistance to chloride ion
penetration, AAC is typically more durable than OPC concrete,
but is also highly dependent on the SiO2/Na2O ratio in the activa-
tor, as well as the ratio of activator/precursor [18]. Finally, it has
been established that most AAC mixes are generally less resistant
to carbonation than OPC concrete, but are still highly dependent
on the optimization of the chemical ratios, as discussed before
[19]. Nasir et al. [20–22] observed that admixing 30% slag with
the main precursor material, with a 10 M solution of NaOH and
Na2SiO3/NaOH ratio of 2.5, and lower temperature curing favour
the densification of the microstructure leading to a reduction in
carbonation.

According to Jiang et al. [23], the embodied carbon of an AAC
mix is around 50% less than that of an OPC mix. Moreover, indus-
trial by-products are usually cheaper than OPC, which further
enhances the sustainability potential of AAC [24]. However, this
trend may not be generalized in terms of the environmental and
economic impact of all AAC alternatives. The reason is that SS
and SH, the main components of the alkaline activator solutions
in AAC, are expensive and energy-intensive in production [25].
Another reason is that, in several cases, some energy is required
to either prepare the industrial by-product by crushing and milling
or when heat curing the AAC [26]. The use of SS and SH also causes
a 10-fold increase in human toxicity, ecotoxicity of freshwater bod-
ies and ozone layer depletion potential (ODP) in comparison to
conventional OPC-based concrete mixes [4]. However, the ODP
impact of 1 kg of cement is insignificant when contextualized to
the greater environmental ecosystem since it equals the impact
of a household light bulb in a month [27].

Most of the steel production worldwide is shifting towards elec-
tric arc furnaces (EAF) because it requires less energy and cost [28].
EAF production technique took over 55% of the market in the US in

Fig. 1. Ternary diagram with the chemical composition of possible precursors for AAC (adapted from Lothenbach et al. [13]).
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2006 [28]. Considering that 50 million tonnes of EAF steel are pro-
duced worldwide, around 5 million tonnes of EAFS (~10% of the
total amount of EAF steel) are generated in the process [29]. Con-
trary to GGBS, EAFS are mostly recycled as low-value road
embankments [30]. Hence, there is a significant potential for recy-
cling EAFS as a precursor in AAC. In order to assess the suitability of
recycling EAFS in binders, the following facts were found in the
literature:

- The chemical composition: EAFS mainly consists of 25–40% of
iron oxides, 25–40% of calcium oxides, 10–30% of silicon oxides
and 5–15% of aluminium oxides (Fig. 1). This means that there
is abundance in aluminosilicate and EAFS could qualify as a pre-
cursor. However, the presence of free CaO provides a threat to
its integration in concrete due to risk of volumetric instability
[31];

- The physical characterization of EAFS without treatment shows
an almost crystalline microstructure, which indicates low reac-
tivity [32]. The reason is that the molten slag is dumped upon
formation and is allowed to air cool over a long time.

As received, EAFS is dark in colour, with angular shaped frac-
tions of a hard and rough surface, which makes it adequate for
use as an aggregate in concrete [28]. The density of EAFS varies
between 3000 and 3500 kg/m3, which is 20–30% higher than that
of natural aggregates due to the presence of iron and iron oxides
[33]. Concrete mixes, in which EAFS was incorporated as coarse
aggregates, were found to exhibit lower strength [31]. The higher
replacement level of coarse natural aggregates with EAFS, the
lower the workability and the higher the shrinkage of concrete
[34]. This is because EAFS absorbs 20–30% more water than that
of the natural aggregates [35]. Studies showed that integrating
EAFS as a partial replacement of OPC up to 20% in blended cement
concrete would yield the same compressive strength [36]. For
higher replacement ratios, the strength and durability of concrete
decreases due to the established low pozzolanic activity [37]. How-
ever, further mechanical activation of EAFS; which can be achieved
through grinding it to d90 = 11 mm, can increase the replacement
ratio up to 30% [38]. The energy required to grind EAFS to the
required particle sizes was reported to be 68 kWh/tonne [39]. In
addition, re-melting and then quenching of the EAFS could result
in a more amorphous microstructure, which would enhance the
pozzolanic properties of the slag [40]. However, the initial idea
behind recycling EAFS in concrete was to decrease the environ-
mental impact, so special attention is needed when energy-
intensive processes are required. When it comes to alkali-
activated binders, only a few studies were carried out on the use
of EAFS as a precursor in alkali activation [41,42]. In Apithanyasai
et al. [41] an alkaline solution was prepared using 10 M concentra-
tion and a silica modulus of 2.5 and the solution/precursor ratio
was of 0.9. The compressive strength of the EAFS-based alkali-
activated paste was 30% less than that of the control OPC paste
but the water absorption and shrinkage were compatible. In addi-
tion, Ozturk et al. [42] ran an optimization scheme on several mor-
tar mixes and concluded that the optimum mixes for compressive
strengths were obtained when the Na2O concentration, SiO2/Na2O
ratio and early age curing temperature were set at 6%, 2 and 80 ◦C,
respectively.

There is a clear need for researching the properties of concrete
with sustainability potential such as the proposed EAFS-based AAC.
As for environmental impacts, although EAFS is a waste and carries
minimal impact aside from transportation, processing the slag to
increase its reactivity through mechanical activation is an energy
intensive process. The same applies to increasing the sodium con-
centration in the alkali activator to enhance the functional proper-
ties of EAFS-based AAC. In terms of economics, EAFS can be

supplied for free [41]. This shows sustainability potential in terms
of economic and environmental impact when recycled as a precur-
sor for AAC. However, the functional parameters are still uncertain
given the variability in the chemical composition of EAFS and the
scarce publications in this regard. FA-based AAC could show satis-
factory performance in terms of functional impact depending on
the optimized mix design parameters. Therefore, it was decided
to use a combination of FA and EAFS as a precursor to produce
an optimized mix. Table 1 summarizes the outlines for the opti-
mum mix design from the literature.

In a publication of the authors [43], a concrete sustainability
assessment framework - ECO2 - was developed. ECO2 is primarily
a performance-based multi-criteria decision analysis framework
that defines sustainability as the user-weighted average of the eco-
nomic and ecological impact of concrete based on specific func-
tional requirements. The framework as seen in Fig. 2, builds on
user-defined performance criteria such as minimum slump,
strength and a target service life. Based on primary data, the frame-
work performs a life cycle assessment to calculate the environmen-
tal and economic impact using parameters such as: global
warming potential, ozone layer depletion and net present value
of money. The framework, which will be used to assess the sustain-
ability of the studied AAC mixes in this paper, then calculates he
sustainability index, the ECO2 score, as a weighted average
between the aggregated impacts of both pillars.

2. Materials and methods

2.1. Materials

- Electric arc furnace slag:

The slag (Fig. 3a) was acquired from the Siderurgia Nacional com-
pany, Portugal, with an extensive particle size distribution. A
three-step mechanical activation process was followed. In the first
step, the slag was crushed using a Los Angeles abrasion testing
machine, then using a jaw crusher and finally a ball mill. The
resulting material (Fig. 3b) showed an average particle size
of ~25 mm. The chemical characterization of the slag, obtained
using X-ray fluorescence (XRF), is presented in Table 2.

- Fly ash:

FA was acquired from a coal power plant in Sines, Portugal. The
as-received FA had an average particle size of ~15 mm. The chemi-
cal composition of the FA is shown in Table 2.

- Alkaline solution:

To prepare the alkaline solution, pure NaOH pellets (99% purity)
were acquired from a local supplier in Lisbon. A commercial super-
plasticizer (SP) that consists of a b-naphthalene sulfonic acid
formaldehyde condensate was added to the alkaline solution
before mixing. Tap water was used as solvent.

- Aggregates:

Five grades of natural aggregates were procured from different
local sources. Two sizes of natural silica sand were used as fine
aggregates and three sizes of crushed limestone were used as
coarse aggregates. The particle size ranges, proportions and the
water absorption of are summarized in Table 3. The particle size
distribution of the aggregates comply with the requirements of
ASTM C33 [44].
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2.2. Concrete mix design

An experimental program was developed for the mixes shown
in Table 4. Mixes 1–3 consist of precursors of 100% FA as a refer-
ence AAC because they are established in the literature, while
mixes 7–9 are based on 100% EAFS precursors. To gain the co-
benefits, mixes 4–6 were produced with proportions of 50% FA
and 50% EAFS as precursors. Based on data from the literature, it
was decided that synthesizing alkaline solution with a concentra-
tion of 10% Na2O to binder would yield the optimum concrete per-
formance. The literature also suggests that the optimum activator

for slag would be a SiO2/Na2O ratio close to 2. However, it was
decided not to include SS in the mix to maintain a low level of eco-
nomic and environmental impacts. The water to precursor ratio
varies between 0.30, 0.40 and 0.50 and the content of SP varied
according to the results of trial mixes to target a S3/S4 slump class.

2.3. Concrete mixing, casting and curing procedures

The alkaline solution was prepared by dissolving the SH pellets
in water gradually and then left to cool down for 24 h. On the mix-
ing day, the solution was added first in the mixer along with the SP

Table 1
A summary of the effect of critical parameters of the mix design of AAC on sustainability indicators.

Parameter Interpretation Action Predicted effect on the AAC sustainability parameters

Functional Environmental Economic
Workability Strength Durability

Particle size of the
precursor

Lower sizes increase
reactivity

Mechanical activation NA

Mineral
characteristics of
precursor

More amorphous phases
increase reactivity

Re-melting and quenching NA

Alkalinity of
precursor (Kb)

If > 1, a base. optimum
Ms = 1.00–1.5

The more SS used, the higher the Ms

If < 1, an acid optimum
Ms = 0.75–1.25

Silica modulus
(Ms) = SiO2/Na2O

–

Alkaline
concentration
(%) = Na2O

– The more SH used, he higher the % of
sodium oxide in the solution

NA

Solution: Precursor
ratio

Optimum ratio around 0.4 Decrease the ratio

EAFS / FA ratio Replacement (%) of FA by
EAFS as a precursor

Increase the ratio

Notes: Improvement - ; Deterioration - ; Not applicable - NA

Fig. 2. A basic flowchart for the ECO2 algorithm.
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and the precursor and then mixed for 5 min. After that, the mixer
was stopped until the aggregates were added and then all the com-
ponents were mixed together for another 5 min. After the slump
test was carried out, the moulds were sprayed with paraffin and
concrete was cast inside and vibrated according to EN 12390–2
[45]. After casting, the specimens were wrapped with thin plastic
film for sealing, and then placed in a thermal curing chamber.
Specimens were cured for the first 24 h in an oven at 70 �C. After-
wards, the specimens were demoulded and left to cure in a cham-

ber with a temperature of 23 ± 2 �C and a relative humidity of 100%
until testing day.

2.4. Hardened concrete test methods

- Slump:
The slump test was performed on each fresh mix according to

the EN 12350–2 standard [50]. Mixes with a slump < 100 mmwere
rejected and the SP was adjusted accordingly.

Fig. 3. EAFS as-received (left) and after milling to the required size for use as a precursor in concrete (right).

Table 2
X-ray fluorescence results of EAFS and FA.

Material CaO (%) SiO2 (%) Al2O3 (%) Fe2O3 (%) MgO (%) SO3 (%) Na2O (%) K2O (%) LOI (%)

EAFS 25.5 16.0 9.16 25.7 5.12 0.3 0.17 0.03 9.63
FA 3.6 57.8 20.9 7.4 1.0 0.6 1.0 1.7 3.8

Table 3
Characterization of the aggregates used in the concrete mixes.

Aggregates Nominal size Oven-dried density Water absorption Mass ratio of total fine/coarse aggregate content
mm (kg/m3) % %

Fine sand 0/1 2637 0.4 30
Coarse sand 0/4 2617 0.5 70
Rice grain gravel 2/5.6 2600 1 15
Fine gravel 5.6/11.2 2600 1.2 25
Coarse gravel 10/20 2600 1.4 60

Table 4
Mix design of mixes 1–9.

Components Mass of each component per AAC mix (kg/m3)

M1 M2 M3 M4 M5 M6 M7 M8 M9

FA 299 292 284 150 146 142 0 0 0
EAFS 0 0 0 167 163 158 334 325 316
SP 4 1 0 5 1 0 5 3 2
Water 104 131 155 104 131 155 104 130 155
NaOH 39 38 37 41 40 39 43 42 41
Fine sand 0/1 265 258 251 265 258 251 264 257 250
Coarse sand 0/4 613 597 581 613 597 581 612 595 579
Sand-Gravel 2/5.6 174 169 165 174 169 165 174 169 164
Fine gravel 5.6/11.2 290 282 275 290 282 275 290 282 274
Coarse gravel 10/20 696 678 660 696 678 659 695 676 658

Mix design ratios
Effective water/ precursor 0.3 0.4 0.5 0.3 0.4 0.5 0.3 0.4 0.5
SP/ precursor (%) 1.5 0.5 0 1.5 0.5 0 1.5 1 0.5
FA/ precursor (%) 100 50 0
EAFS/ precursor (%) 0 50 100
Na2O/ precursor (%) 10
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- Compressive strength:

After 28 days of curing, 150 mm cubic samples were tested for
compressive strength according to the EN 12390–3 standard [50]
using a TONI PACT 3000 universal testing machine with a 12 kN/
s loading rate.

- Chloride ion penetration:

After 28 days of curing, three cylindrical specimens of 100mm in
diameter and 50 mm in thickness per concrete mix were cut from
the cast cylinders. As per the BUILD NT 492 standard [47], the spec-
imens were placed in a clean and dry desiccator and air vacuumed
for 3 h. After that, the samples were vacuumed in a lime solution
for 1 h then left for 20 more hours to saturate in the lime solution.
On testing day, the specimens were placed in sealed rubber forms
and then in the rapid chloride ion penetration testing (RCPT) appa-
ratus. The chloride diffusion coefficient of each specimen Dnssm

was then calculated using the equation from the standard.

- Carbonation:

After 21 days of curing, six cylindrical specimens of 100 mm
diameter and 30 mm thickness were cut from the originally cast
samples of each mix following the LNEC E391 standard [48]. At
28 days, two specimens of each mix were placed in a carbonation
chamber with a CO2 concentration of 5 ± 0.1%, temperature of
23 ± 3 �C and relative humidity of 60 ± 5% for 14 days. After the expo-
sure period ended, the samples were broken into four pieces and
sprayed with phenolphthalein. The depth of carbonation was then
measured using a Vernier calliper across each face of the broken
fraction of each sample and averages were recorded for every mix.

2.5. Applying the ECO2 framework

2.5.1. Scope and scenarios
ECO2 framework is applied in 10 steps as in Fig. 4, are divided

between two stages.
The first stage includes: defining the scope and the scenarios;

defining the alternative, and collecting the necessary inventory
data. After that, the second stage includes calculating the func-
tional unit for each alternative, assessing the environmental and
economic impact and finally the ECO2 index is evaluated in an
attempt to optimize the alternatives. In a typical LCA study, the
scope for a concrete product life cycle could be Cradle-to-Gate,
which means including all processes and emissions until the pro-
duction of its different constituents or Cradle-to-Grave, which
includes the ‘‘Use” and ‘‘End-of-Life” phases. In this study, as in
Fig. 4, it was decided to have a Cradle-to-Gate scope, due to the
similarity in the remaining processes across all alternatives.

To account for uncertainty as per the LCA recommendations,
two scenarios were defined: a reinforced concrete scenario (S1)
and a plain/mass concrete scenario (S2). The former would
account for the durability of concrete alternatives under study,
while the latter would assume the AAC fulfils the service life
requirements. Since Eurocode 2 specifies a minimum of 10 MPa
for the characteristic compressive strength of cubic specimens,
this value was set as the required compressive strength (thresh-
old value) of both concrete scenarios. Preliminary testing showed
very low strength values obtained from testing mixes 7, 8 and 9,
they would not fulfil the basic project requirements and, hence,
are excluded from the comparison. The comparison between
the remaining six alternatives (M1-M6) was based on a unit

Fig. 4. Typical LCA boundary and the scope selected for this study.
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volume of concrete that has a minimum slump of 100 mm and a
targeted service life of 50 years.

2.5.2. Definition of alternatives
The next step would be to enter the mixing proportions of each

mix (conventional and non-conventional/alternative mixes) per
cubic meter as per the mix design in Table 4. This would then serve
as the basis for quantifying the environmental and economic
impact of each alternative as per the ECO2 logic.

2.5.3. Environmental inventory data

- Raw materials production
The only primary production data collected for this study is the

energy required for EAFS processing. For every 20 kg, the LA abra-
sion testing machine was used for 2 h, then the jaw-crushing
machine was used for 1 h and finally the ball-milling machine
was used for 2 h. The power input for each of these machines is
800 W, 500 W and 1200 W, respectively. Hence, the energy
demand allocated for the production of each kg of EAFS is calcu-
lated as follows. Slag processing energy = (2 h � 0.8 kW + 1 h � 0.
5 kW + 2 h � 1.2 kW) / 20 kg = 83 kWh/tonne. This is translated to
the environmental indicators by multiplying it by the average
impact per unit energy of the Portuguese energy grid. The inven-
tory data concerning the unit energy and the data concerning the
production of the remaining concrete constituents are averages
from a secondary database that was published in a systematic lit-
erature review [49], as seen in Table 5.

- Raw materials transportation

All materials were produced in Portugal and transported locally,
using a small truck. An extra 70% of the impact is added to account
for the return ride. The transportation distances are summarized in
Table 5.

- Concrete construction

The energy and emissions involved in the concrete construction
phase are the combination of that resulting from mixing, trans-
porting to site, casting and curing. The curing method followed
for all AAC mixes within the scope of this experimental campaign
included 24 h in the thermal curing chamber. The chamber, oper-
ating at 70 �C, used a heating unit with an input power equal to
2000 W. The oven has a capacity of approximately 25 cubes
(150 mm), which means that the energy required for curing could
be calculated as: concrete curing energy = 2 kW � 24 h / (25
cubes � 0.15 m � 0.15 m � 0.15 m) = 20 kWh/m3. The energy
required for the mixing and placing concrete was assumed as
20 kWh/m3 and the distance from the batch plant to the site as
80 km. The aforementioned data was estimated based on the sec-
ondary database in [49].

2.5.4. Economic inventory data
The economic impact of the production of a concrete mix is

basically the sum of the costs of the production and transportation
of all its constituents. However, similarly to the ecological impact
calculations, in order to account for the whole life cycle of concrete,
the economic impact for every concrete mix needs to also include
that of the transportation of concrete to the construction site as
well as the processes of construction and demolition.

The primary data provided by the suppliers for the purchasing
prices of all constituents of the AAC studied was added to the
ECO2. The cost of transporting the raw materials to the concrete
batch plant was calculated based on an average unit price forTa
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transportation from the database in [45]. It is important to note
that, unlike the environmental impact calculations, the return dis-
tance was not accounted for because it is assumed as included in
the price. The summary of the data is found in Table 5.

2.5.5. Functional unit calculations
The functional unit (FU) is a key element in a LCA and is respon-

sible for the quantification of the environmental and economic
impact indicators [49]. In most sustainability frameworks, the
functional unit is assumed as simply a unit volume of concrete
(1 m3). However, calculating the FU according to the ECO2 frame-
work is done in two stages. The first is checking whether the min-
imum requirements of the project, which are workability and
strength, are met. For every alternative (i), the user inputs the
values for slump (Yslump) and strength (Ystrength) and if Yslump
(i) < Yslump (required) or Ystrength (i) < Y strength (required), the
alternative is rejected. Note that, as explained in the scenario def-
inition, the required slump and strength for this case study are
100 mm and 10 MPa respectively. If an alternative achieves the
minimum requirement, the functional unit is defined as per the
following equation (1), where N is the replacement ratio of the
concrete alternative, reflecting the number of times it would need
to be replaced to fulfil the required service life. If the concrete
alternative is plain concrete, which is the case in scenario 1, it is
assumed as durable enough to sustain itself throughout the
required service life without need for maintenance or replacement.
Hence, in scenario 1, for all 6 alternatives, N is equals to 1 and FU is
equals to 1 m3 of concrete.

FUi ¼ Ni � 1m3 ð1Þ
For each reinforced concrete alternative in scenario 2, N is cal-

culated as per equation (2) where SLR is the required service life,
which is 50 years in this case. SLP-Cl and SLP-Cr are the predicted ser-
vice life for this alternative against chloride-induced corrosion and
carbonation-induced corrosion respectively.

N ¼ SLR
minðSLP�Cl; SLP�CrÞ ð2Þ

The main durability parameters of concrete are the resistance to
chloride penetration and carbonation [49]. Hence, these are the
ones considered within the ECO2 framework to predict the service
life of concrete. Service life predictions against chloride-induced
corrosion are defined in standards as the duration that the chloride
content at the surface of the steel reinforcement takes to reach the
chloride threshold [46]. The model, developed based on Fick’s 2nd
law of diffusion, predicts the service life SLp-cl as per equations (3)
and (4) at the time when C(x, t) is equal to Ccr:

C x; tð Þ ¼ Co � erfc x
2 � ffiffiffiffiffiffiffiffiffiffiffiffi

Dt � t
p

� �
ð3Þ

Dt ¼ D
to
t

�/�
ð4Þ

Where, D is the chloride diffusion coefficient (m2/s), Ccr the
chloride threshold level (%), Co the chloride concentration on the
concrete surface estimated at 1%, X the concrete cover assumed
as 70 mm in this case study, a an aging factor, and t the service life
expected for the durability against chloride penetration SLR-Cl, in
years.

SLP�Cr ¼ X
Kn

� �2

ð5Þ

Kn ¼ Ka

ffiffiffiffiffiffiffiffi
CCn

CCa

s
ð6Þ

The durability of a concrete alternative against carbonation is a
measure of the time at which the depth of carbonated concrete (Xc)
is equal to the concrete cover (X). Hence, the model used to predict
the service life of concrete alternatives depends on Kn, which is the
natural carbonation rate of concrete, to calculated SLp-Cr as seen in
equation (5). In cases such as this study where an accelerated car-
bonation test is performed, Kn is correlated to the accelerated car-
bonation rate Ka using equation (6). The values for CCn, which is the
CO2 % concentration in the environment and CCa, which is that in
the carbonation chamber in which the test was done are 0.05%
and 5% respectively.

2.5.6. Ecological impact calculations
The first step is to calculate the impact of producing concrete

per unit volume is by multiplying the impact of producing and
transporting every constituent by its mixing proportion for every
alternative. The second step is to add the impact from concrete
construction as per equation (7). The environmental impact is
demonstrated through eight mid-point indicators: Global Warm-
ing Potential (GWP), Ozone Depletion Potential (ODP), Acidifica-
tion Potential (AP), Eutrophication Potential (EP), Abiotic
Depletion Potential (ADPE), photochemical ozone creation poten-
tial (POCP), Cumulative Energy Demand (CED) and Fresh Water
(FW).

GWPi

m3 ¼
Xn
j¼1

GWPjupstream

kg
� kgj

m3

� �
þ GWPiconstruction

m3 ð7Þ

The total impact per unit volume is then multiplied by the func-
tional unit of each alternative. Once the total impact per functional
unit is calculated for each alternative, it is then normalized, accord-
ing to equation (8), with the alternative with the lowest impact in
each indicator getting a value of 1 and the one with the highest
impact a value of 0. Finally, the single environmental indicator,
which is called the ecological indicator within to the ECO2 algo-
rithm, is calculated based on the weighted average of all eight
indicators.

V
0
i ¼

maxðViÞ � Vi

maxðViÞ �minðViÞ
ð8Þ

2.5.7. ECO2 index calculations
After calculating the single ecological indicator for each alterna-

tive, the single economic indicator is calculated as such. Using the
economic inventory data, the per unit volume total cost of each
alternative is calculated by summing up the cost of production
and construction. After that, the single economic indicator Z is cal-
culated as the FU of each alternative multiplied by the total cost
per unit volume.

The single economic indicator Z is then normalized using the
same equation (8) with the cheapest alternative getting a score
of 1 and the most expensive as 0. The ECO2 index is then calculated
for each alternative as an average of the scores of its normalized
single ecological index V and the economic one Z as per equation
(9).

ECO2i ¼ Vi � 0:5þ Zi � 0:5 ð9Þ

3. Results and discussion

3.1. Functional unit results

For the 6 mixes that were fulfilling of the minimum require-
ments (slump > 100 mm and strength > 10 MPa), the results of
the experimental work show the following. First, as expected, the
higher the water to precursor ratio, the higher the workability of
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the mix. However, the slump results show no clear correlation
between the changes of the precursor from FA to EAFS. The 28-
day compressive strength results show that replacing FA with EAFS
as a precursor in the AAC resulted in a decrease in strength, mostly
due to the lower amount of amorphous silica phases in the latter.
In addition, in the 100% FA mixes (M1-3), the higher the water/pre-
cursor ratio, the lower the strength.

As seen in Fig. 5, mixes with 50% EAFS as a precursor (mixes 4–6)
have around 50% lower chloride diffusion coefficient. The
enhanced resistance to chloride penetration could be attributed
to the denser microstructure of the EAFS based binder from the lit-
erature [36]. This resulted in longer expected service life for these
mixes (180 years) compared to that of the 100% FA mixes
(100 years).

As seen in Fig. 6, the results of this experiment show that the
higher the water/precursor ratio, the higher the carbonation rate.
The same applies for replacing FA with EAFS as a precursor, i.e.
the higher the replacement ratio, the lower the resistance to car-
bonation of the AAC mix is. Hence, the expected service life against
carbonation for the 50% EAFS mixes (4–6) was around 50% lower
than that of mixes 1–3 as seen in Table 6. As a result, the functional
unit for mixes 1–3 was 1.3, 1.4 and 1.5 respectively, while that of
mixes 4–6 was 1.8, 1.9 and 2 respectively, which affects the impact
assessment linearly.

3.2. Impact assessment

3.2.1. Ecological impact assessment

- Scenario 1 (plain concrete):

All mixes are assumed to fulfil the service life requirements and
hence have an equal FU of 1. As seen in Fig. 7, the contribution of
the transportation impact to the total impact of each constituent of
the AAC mixes was minimal. Therefore, the comparison between
alternatives is purely dependant on the environmental impact of
the concrete constituent’s production impact.

Due to the higher impact of SP, SH and FA compared to water
and EAFS, increasing the W/P ratio and replacing FA with EAFS as
precursors yields a binder with a better (lower) environmental
impact. As seen in Fig. 8, mixes 4–6 with 20% EAFS showed 60–
70% better (lower) environmental impact scores on average com-
pared to mixes 1–3 with 100% FA. The same is observed for mixes
3 and 6 with a W/P of 0.5 compared to mixes 1 and 4, respectively.

Fig. 6. Accelerated carbonation rate of the AAC mixes tested.

Table 6
A summary of the experimental results and functional unit calculations of mixes 1–6.

Alternative number 1 2 3 4 5 6

1. Slump mm 105 200 180 110 190 170
2. 28-day compressive strength MPa 24 19 14 12 11 10
3. 28-day diffusion coefficient (Dnssm) *10^-12 m2/s 17 17.8 17.6 9 10.6 11.7
4. Accelerated carbonation rate mm/

p
year 82 85 88 94 97 100

5. Natural carbonation rate mm/
p
year 8.2 8.5 8.8 9.4 9.7 10

Predicted service life as per chloride penetration Years 100 100 100 180 170 160
Predicted service life as per carbonation Years 37 35 32 28 27 25
Replacement ratio (N) – 1.3 1.4 1.5 1.8 1.9 2.0
Functional unit m3 1.3 1.4 1.5 1.8 1.9 2.0

Fig. 7. Contribution of transportation processes to the total environmental impact
of alternative 1.

Fig. 8. Normalized environmental impact indicators for plain concrete scenario.

Fig. 5. Chloride diffusion rates of the AAC mixes tested.
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- Scenario 2 (reinforced concrete):

Due to the lower carbonation resistance of the mixes with EAFS,
mixes 4–6 were calculated to have a functional unit of 1.8, 1.9 and
2 respectively in the 50 years reinforced concrete scenario as
opposed to 1.3, 1.4 and 1.5 for mixes 1–3. Hence, the environmen-
tal impact of the EAFS was almost doubled which overcame the
advantage observed in the plain concrete scenario as seen in the
normalized environmental impact scores in Fig. 9.

3.2.2. Calculation of the ECO2 index

- Scenario 1 (plain concrete):

As seen in Table 5, the constituents with the highest environ-
mental impact, FA, NaOH and the superplasticizers, also happen
to have the highest cost. Hence, as seen in Fig. 10, mixes with
higher W/P ratios (mix 3 compared to 1 and mix 6 compared to
4) and 50% replacement of FA with EAFS (mixes 4–6 compared
with mixes 1–3) scored a higher (cheaper) single economic impact
indicator. Since this is aligned with the single ecological score com-
parison, the ECO2 score followed the same trend.

- Scenario 2 (reinforced concrete):

In the reinforced concrete scenario, mixes 1, 2 and 3 with 100%
FA appear to have a far superior sustainability score as seen in
Fig. 11 because the advantage in the economic and environmental
impact for mixes 4–6 was offset by the major disadvantage in
terms of the functional unit. The reason is that, following the liter-
ature recommendations, the optimum activators for slag-based
precursors require a SiO2/Na2O ratio between 1 and 2. However,
this would have meant adding SS and increasing the environmen-
tal and economic impact. Both of these observations are consistent
with the hypothesis provided in Table 1.

3.3. Discussion of the results

3.3.1. Contextualizing absolute impact
Besides the local comparison between the alternatives, a com-

parison was made in Table 7 against values of global thresholds
from Kurda et al. [51] for selected indicators: GWP, CED and basic
cost per cubic meter. Accordingly, all six mixes in this case study
appear to have ‘‘very low” global warming potential and cumula-
tive energy demand. The costs of all mixes are also ‘‘low” except
for mix 1 and mix 4 which are normal.

3.3.2. Sensitivity analysis
In order to account for the uncertainty of the data, it is recom-

mended to perform a sensitivity analysis on the most significant
input variables of the study. In this study, there were two main
variables in the mix design, the W/P ratio and the % replacement
of FA with EAFS as a precursor. Hence, a sensitivity analysis was
designed to calculate the effect of changing the transportation dis-
tance and market price of the FA and slag on the resulting ECO2

index score. Varying each of the three chosen variables by ± 50%
resulted in minimal (1–2%) impact on the ECO2 index score of
the studied variables, which shows that the results and conclusions
are consolidated.

4. Conclusions

This paper analyses the sustainability of a promising concrete
alternative, namely EAFS-based AAC. Preliminary investigation of
the available literature showed that there are few studies on the
performance of the material and none on its environmental and
economic impacts. Hence, this paper targeted the assessment of
several EAFS AAC alternatives through a concrete sustainability
assessment framework previously suggested by the authors; the
ECO2 framework.

Several AAC mixes were designed to test the effect of changing
the precursor from FA to EAFS and changing the water: precursor

Fig. 10. Single Ecological, Economic and ECO2 score comparison in scenario 1.

Fig. 11. Single Ecological, Economic and ECO2 score comparison in scenario 2.

Table 7
Comparison between the GWP, CED and cost of the studied alternatives against global
thresholds.

Scenario Global warming potential Energy consumption Total cost
kg co2/m3 MJ/m3 €/m3

Alternative 1 87.71 841.61 73.4
Alternative 2 81.11 761.47 67.7
Alternative 3 76.80 721.49 64.9
Alternative 4 85.29 803.23 70.3
Alternative 5 77.59 704.13 63.3
Alternative 6 73.23 665.84 60.6
Very High > 522 > 3388 > 82
High 392–522 2541–3388 75–82
Normal 354–392 2299–2541 69–75
Low 224–354 1452–2541 62–69
Very Low < 224 < 1452 < 62

Fig. 9. Normalized environmental impact indicators for plain concrete scenario.
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ratio on three sustainability pillars: technical performance, envi-
ronmental and economic impact. The tests performed on the AAC
mixes were slump, compressive strength, chloride penetration
and carbonation. After that, data from the test results as well as
the site-specific environmental and economic properties was col-
lected and the sustainability of the alternatives were compared
according to the ECO2 framework.

The preliminary conclusion was that, due to the deteriorated
functional properties of the EAFS-based AAC mixes, the optimum
mixes were those with FA only. However, this was only valid in
terms of reinforced concrete, because when a scenario with plain
concrete was assumed, the EAFS-based mixes exhibited a signifi-
cantly improved sustainability potential using the ECO2 index. This
could be primarily attributed to the low cost and environmental
impact (almost negligible) of the EAFS. In both cases, the original
hypothesis concerning the effect of W/P ratio was proven and the
results from both scenarios were run against the sensitivity of
some input data and showed minimal effect.

Due to the complexity of the sustainability assessment calcula-
tions, it would not have been easy for users to analyse the opti-
mum mix based on the combined functional, environmental and
economic impacts. Hence, the use of the ECO2 framework was crit-
ical to make this assessment easier and allow for the optimization
of the mixing proportions of AAC mixes with a target of the highest
achievable single sustainability score.
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