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Abstract

Alkali-activated concrete (AAC) has been extensively developed to reduce the environmental impact caused by ordi-
nary Portland cement (OPC), when used in plain cement concrete (PCC). This study supports sustainable construc-
tion and a global effort to reduce environmental impact and implement eco-friendly AAC through the effective use
of industrial wastes (such as ground-granulated blast furnace slag and fly ash). In this work, natural coarse aggregates
(NCA) are gradually substituted with coarse recycled aggregates (CRAs) and pre-treated coarse recycled aggregates
(PCRASs). AAC, with a characteristic compressive strength of 40 MPa, was designed, cast, cured and tested (such

as ultrasonic pulse velocity, strength, embodied energy (EE), CO, emission and cost analysis) of AAC and PCC incor-
porating various coarse aggregates were investigated and presented to establish the suitability. The results indicate
that 100% CRAs in AAC achieved a compressive strength of 41.33 MPa, with a substantial reduction in EE consump-
tion by 70% and a 62% reduction in CO, emission when compared to PCC cast with 100% CRA. The analysis clearly
indicates that the OPC in PCC remains the major contributor towards both EE and CO, emission. On the contrary,

the binding activators, used in AAC, contribute relatively lesser EE and CO, emission. Analysis revealed that AAC

is 1.8-2 times costlier than the comparable PCC mixtures. The AAC mixtures with 100% PCRAs achieved 90%

of the strength of those specimens with 1009% NCA. The use of PCRAs in place of NCAs has resulted in substantial cost
reduction.

Keywords Alkali-activated concrete, Plain cement concrete, Embodied energy, CO, emission, Pre-treated coarse
recycled aggregates, Cost analysis

1 Introduction

The rapid growth of urbanization and industrialization in
emerging countries has preceded a substantial upsurge
in construction and demolition waste (CDW). In India
alone, the volume of CDW reached over 150 million
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tonnes in 2020, with less than 1% being effectively recy-
cled or reused (Roychowdhury et al., 2020). For instance,
Singapore, Japan, Australia and the Netherlands have
recycling rates for CDW of over 90%. At the same time,
China has a recycling rate of over 50% for CDW (Zhang
et al., 2023). Conventional waste management practices,
such as landfilling, strain the environment by requir-
ing additional land space and contribute significantly to
carbon emissions (Colangelo & Cioffi, 2017). However,
a large portion of CDW comprises reusable materials
like natural stone, brick, and scrap concrete, present-
ing an opportunity for sustainable reuse. One promising
approach is to use CDW as coarse recycled aggregates
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(CRAs) in concrete mixtures, allowing for the partial
or complete replacement of natural coarse aggregates
(NCA) (Ahmad et al., 2024). This method reduces envi-
ronmental burdens and aligns with the growing emphasis
on sustainability in civil engineering (Khan et al., 2023;
Silva et al., 2021; Valencia-Saavedra et al., 2021; Wang
et al,, 2021).

Plain cement concrete (PCC) is one of the most widely
used materials worldwide (Shen et al., 2015). However,
the PCC sector faces two significant difficulties. The
production of ordinary Portland cement (OPC) releases
a substantial quantity of carbon dioxide (CO,) into the
atmosphere, and natural resources are used in the pro-
cess. OPC accounts for over 5% of human-caused CO,
emissions and approximately 14% of global industrial
energy consumption (Thwe et al., 2021). The manufactur-
ing process of OPC, particularly the calcination of lime-
stone, results in significant energy consumption (Adamu
et al., 2024; Shen et al., 2015). The manufacturing of OPC
results in a considerable amount of embodied energy (EE)
consumption, leading to CO, emissions ranging from
0.82 to 1.0 metric tonnes per tonne of OPC (Tayeh et al,,
2022). In light of the significant annual consumption of
OPC and its substantial EE, researchers have initiated
investigations into alternative, ecologically sustainable
materials to mitigate CO, emission (Lu et al., 2018).

Blended cement, which combines OPC with alternative
binding materials (ABMs) like ground granulated blast
furnace slag (GGBEFS), metakaolin, silica fume and fly ash
(FA), has emerged as a viable solution to reduce the envi-
ronmental footprint of traditional cement. These ABMs
are often by-products of other industrial processes; thus,
their use reduces landfill waste and lowers CO, emission.
Studies suggest incorporating blended cement can reduce
CO, emission by approximately 13—-22% (Arora et al.,
2019; Ikramullah Khan et al., 2020; Khan et al., 2021).

Alkali-activated concrete (AAC) has garnered sig-
nificant attention in the quest for even more sustainable
construction materials. AAC utilizes industrial by-prod-
ucts and various waste materials to develop green con-
crete, which has a reduced environmental impact (EI)
compared to conventional PCC. This has been demon-
strated in several studies (Nis & Altundal, 2023; Rafeet
et al., 2019). Researchers have explored several alumi-
nosilicate materials, such as industrial by-products and
agricultural wastes, to generate activated binders. These
materials vary in availability, reactivity, costs, and CO,
emission (Azevedo et al., 2020; Jurado-Contreras et al.,
2022). Furthermore, because of their positive influence
on the environment, several researchers have proposed
alkali-activated binders (AABs) as an alternative to OPC
because of their commendable mechanical qualities and
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long-lasting performance (Cevik et al, 2018; Jurado-
Contreras et al., 2022; Manjunatha et al,, 2021; Mohamed
etal., 2022).

Numerous studies have been conducted on using
CRAs in PCC manufacturing (Ibrahim et al., 2023;
Sasanipour & Aslani, 2020). For example, Mesgari et al.
(Mesgari et al., 2020) demonstrated that the PCC with
CRAs had acceptable mechanical characteristics. It was
shown that the strength decreased as the amount of
CRAs in PCC increased. According to Poon et al. (Kou
& Poon, 2015), the mix with 60% CRAs was the best for
making PCC, and the slump loss of PCC was unaffected
by the higher CRAs concentration. Nevertheless, there
are several issues with the characteristics of concrete
made with CRAs, including significant porosity, crack-
ing, and poor durability (Abbas et al., 2009; Fathifazl
et al., 2010; Juan & Gutiérrez, 2009). The adhered mor-
tar (AM) on the surface of CRAs significantly impacts
their quality. The interfacial transition zone (ITZ)
inside the concrete microstructure may be weakened by
this AM’s microcracks and porous nature (Gonzélez-
Fonteboa et al., 2011; Kim et al., 2018; Kumar, 2017).

To overcome these obstacles, several pre-treatment
techniques for CRA have been investigated. The CRAs
have been subjected to abrasive action by ball milling
(Kim et al.,, 2018), heating and then rubbing (Shima
et al, 2005), and ultrasonic cleaning (Katz, 2004) to
remove the weak AM attached to CRAs. In surface
pre-treatment methods, the CRA’s properties were
improved by coating them with a mixture of FA, SF, and
PC. According to the test findings, coating RCA with
PCC and PC-SF slurry enhanced the ITZ (Sasanipour
et al.,, 2021). Intense acid treatments and high-temper-
ature procedures, such as H,SO,, HCI and increased
temperatures between 250 and 300 °C, have been inves-
tigated in previous investigations as ways to treat CRAs
(Ismail & Ramli, 2013; Katz, 2004; Purushothaman
et al,, 2015; Sui & Mueller, 2012). Although these tech-
niques have successfully improved the CR’s morpholog-
ical characteristics, they are notoriously expensive and
environmentally harmful.

Furthermore, the impregnation of pre-treated CRAs
(PCRAS) (i.e., silane-surface modification-based CRAs)
with concrete shows potential for improving the freeze—
thaw, permeability and strength characteristics com-
pared to unprocessed CRAs (Ahmad et al., 2024). The
use of CRAs with AAB shows potential for improving
the engineering properties, which typically decrease as
the replacement rate of CRAs increases compared to
PCC (Mesgari et al., 2020; Nuaklong et al., 2018; Tam-
mam et al., 2023). The use of PCRAs (i.e., CRCFS-15000
chemical pre-treatment with 0.1 M solution followed
by 5 min mechanical pre-treatment with abrasion) with
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AAB shows potential for improving the durability and
mechanical properties compared to unprocessed CRAs
(Khan et al., 2023, 2024, 2025).

Despite the potential of AAC, there are still significant
gaps in the current research. At the same time, several
studies have examined the EI, such as EE and CO, emis-
sion of AAC and PCC (Tempest et al., 2009; Turner &
Collins, 2013). Life cycle assessment (LCA) is a methodo-
logical methodology used to assess the EI of a material
during its entire lifespan (Salas et al., 2018). The decrease
in CO, emission of AAC compared to PCC is estimated
to be between 26 and 45% (Habert et al., 2011). AAC’s
CO, emission are estimated to be between 26 and 45%
lower than those of the PCC (Habert et al., 2010, 2011),
with some studies showing an 80% reduction in CO,
emission compared to the PCC (Duxson et al., 2007a,
2007b). The decline in intensity can be attributed to vari-
ous variables, such as the transportation of raw materi-
als, manufacturing procedures, and the type of materials
employed. Although AAC is an eco-friendlier substitute
for PCC, more research is needed to compare sustainable
binder formulations (i.e., individual effect of FA, GGBFS
and combined effect of both) and the impact of various
aggregates, i.e.,, (NCA, CRAs and PCRAs) for different
compressive strengths with their PCC counterparts.

This study also aims to achieve the Sustainable Devel-
opment Goals (SDGs) stated by the United Nations
(Goals & Report, 2023.https:, , unstats.un.org, sdgs,
report, 2023, . 2023). SDGs 12 (responsible consump-
tion and production) is in line with the use of dissipate
materials (like slag) and CDW in the production of AAC
because it encourages sustainable resource use, waste
reduction, and the incorporation of industrial by-prod-
ucts in the production of cement-free concrete. AAC’s
smaller carbon footprint, which results from its lower
CO, emissions than regular PCC, also supports efforts
to combat climate change, which aligns with SDGs 13
(climate action). AAC’s high-strength performances and
potential for use in demanding engineering applications
support sustainable infrastructure development and
innovation in sustainable building materials, which align
with SDGs 7 (industry, innovation, and infrastructure)
and SDGs 9 (affordable and clean energy).

2 Research Scope

For the chosen AAC and PCC mixtures with a charac-
teristic compressive strength of 40 MPa, different aggre-
gate options namely NCAs, CRAs, PCRAs; FA, GGBES,
air-entraining admixture (AEA), superplasticiser, OPC,
NaOH, Na,SiO; were being considered. Also, a detailed
Environmental Impact Assessment (EIA) was being car-
ried out for all the combinations of AAC and PCC. This
research provides valuable insights into the potential for
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creating AAC with reduced EI. The findings of this study
contribute to the development of more sustainable con-
crete solutions, maximizing resource efficiency, minimiz-
ing carbon footprints, and enhancing long-term financial
viability in construction practices. This work advances
the field of sustainable construction materials and offers
practical solutions for reducing the EI of the construction
industry.

3 Experimental Materials and Methods

3.1 Materials

This section provides a detailed description of the mate-
rials used in the study. The study used OPC 53 grade,
which complies with the Indian Standard Code IS: 269—
2015 (Bhawan et al., 2015; IS, 2015). OPC was selected
for its widespread use in construction and its known
properties, which serve as a baseline for comparison with
alternative materials. The specific gravity of the OPC was
3.14, indicating its density relative to water. The Blain’s
surface area, a measure of the fineness of the cement par-
ticles, was recorded at 295 m?/kg. Fineness is critical as it
influences the rate of hydration and the strength develop-
ment of the cement. The soundness of the cement, which
measures its volumetric stability, was 0.6 mm, ensuring
minimal expansion after setting. FA and GGBFS were
employed as supplementary cementitious materials in
the AAC mixtures. FA was classified as Class F, conform-
ing to ASTM C618 standards (Astm C618-19, Standard
Specification for Coal Fly Ash & Raw or Calcined Natural
Pozzolan for Use, Annu., 2019). It was sourced from the
Ramagundam Thermal Power Plant in Telangana. Class
F FA, derived from burning bituminous coal, is low in
calcium and has pozzolanic properties, making it suit-
able for enhancing the durability of concrete. The specific
gravity of FA was 2.04, and its fineness was measured at
327 m?/kg, indicating its particle size distribution, which
impacts the reactivity and overall performance of the
concrete. The GGBFS, obtained from Astrra Chemicals
in Chennai, is a byproduct of iron manufacturing and was
selected for its latent hydraulic properties, which contrib-
ute to the long-term strength of AAC. The specific grav-
ity of GGBFS was 2.85, and its fineness was 390 m?/kg.
The higher fineness of GGBES compared to FA indicates
a greater surface area for chemical reactions, which can
enhance the strength and durability of the AAC. The
chemical constituents of OPC, FA and GGBES are shown
in Table 1. An APEROS high-resolution FESEM was used
to conduct SEM analyses to observe the surface mor-
phologies of FA and GGBFS. Fig. 1 displays SEM images
of the FA and GGBFS. The SEM images demonstrate the
spherical and symmetrical shape of the FA particles. The
GGBES particles exhibit an asymmetrical grain structure,
primarily angular.
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Table 1 Constituents of FA and GGBFS

Constituents (%) OPC FA GGBFS
MgO 395 0.7 7.73
AlL,O; 5.01 314 16.81
Sio, 395 4881 33.06
Cao 60.76 3.80 3537
Fe,0; 4.46 7.85 0.58
LOI - 3 0.26

The alkali activators used in the synthesis of AAC were
NaOH and Na,SiO;. These chemicals are crucial in ini-
tiating the geopolymerization process, which binds the
aluminosilicate materials in the AAC mix. NaOH pellets
and Na,SiO; solution were acquired from M/s Amrutha
Organics, Hyderabad. The Na,SiO5 solution comprised
approximately 9.4% Na,O, 30.1% SiO,, and 60.5% H,O,
providing the necessary silica content for the reaction.
The activator solution was prepared by first dissolving
NaOH in water and then adding Na,SiO; to achieve the
desired modulus (Ms=1.25). This modulus was selected
based on literature (Khan et al., 2023, 2024), ensuring
a balance between workability and the strength of the
AAC. The solution was homogenized and stored in a
sealed container for 24 h before use, ensuring consistency
in the chemical reactions during mixing.

The study used a combination of NCA, CRAs, and
PCRAs as the primary aggregates in the AAC mix. CRAs
were supplied by M/s Re Sustainability Limited, Nagole
recycling plant. The higher water absorption indicates
the presence of adhered mortar, which can affect the mix
design and performance of the concrete. The river sand
(RS) and NCA of maximum particle size 4.75 mm and

1/2023 | mode WD
8:37 PM  SE

mag O HV HFW  pressure
10.0mm 10000 x 20.00kV 414 pm 1.00E-3Pa ETD

Fig. 1 SEM images of FA and GGBFS
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20 mm, respectively, used in this study were obtained
from the local vendor (IS, 1963). Following the method
by Khan et al. (Khan et al., 2023), PCRAs were prepared
by pre-treating CRAs with a 0.1 M acidic solution (i.e.,
chemical pre-treatment), followed by a short mechani-
cal pre-treatment (i.e., 5 min abrasion with 12 balls). The
same acidic solution was reused 20 times for pre-treat-
ing CRAs. This process aimed to remove weak mortar
adhering to the recycled aggregates, improving their per-
formance in the AAC mix. The properties of RS, NCA,
CRAs and PCRAs are shown in Table 2.

The angular shape of NCA contributes to the mechani-
cal interlock within the concrete matrix, enhancing its
compressive strength. The AAC mixtures were prepared
using tap water and carefully selected to meet the purity
standards specified in IS 456 (IS, 2000).

To enhance the performance of AAC, the study
employed an air-entraining admixture (AEA) and a
superplasticizer (Bakharev et al., 2003; Khan et al., 2024).
MASTERAIR 721 was used as the air-entraining agent,
known to improve workability and durability by intro-
ducing tiny air bubbles into the concrete. The chemical
composition of AEA includes a pH of 6, a relative density

Table 2 Properties of RS, NA, CRAs and PCRAs

Properties RS NCA CRAs PCRAS
Water absorption (%) 1 0.26 467 0.87
Specific gravity 2.56 267 2.34 262
Los Angeles test (%) - 21 38 34
Crushing test (%) - 21 33 23
Impact test (%) - 22 35 23

Bulk density (kg/m?) 1618 1543 1263 1537

>
pressure | det | use case

i
mag @ HV HFW
9.9mm 10000x 20.00kV 414 pm 1.00E-3Pa ETD Standard



Khan et al. Int J Concr Struct Mater (2025) 19:29

of 1.020, and a chloride ion content of less than 0.2%.
This admixture appears as a pink free-flowing liquid and
was chosen for its ability to improve freeze—thaw resist-
ance, particularly in AAC mixtures with varying aggre-
gate types. Armix HyyeCrete PC 30(M), conforming to
IS 9103 (IS9103, 2020), was used as the superplasticizer
to reduce water content while maintaining workability.
This admixture was crucial for achieving the desired flow
characteristics in the AAC mixtures, especially when
using low-quality aggregates like CRAs and PRCAs.

3.2 Mix Design Proportion of AAC

A comprehensive experimental study was conducted to
optimize the mix design of AAC, with a focus on bal-
ancing the ratios of FA and GGBEFS to achieve enhanced
compressive strength. The pilot study was conducted at
BITS Pilani (Hyderabad Campus), involved systematically
varying the weight percentages of FA to GGBES, explicitly
testing the ratios of 100:0, 80:20, 60:40, 40:60, 20:80, and
0:100. The primary objective was to determine the ideal
mix ratio that yields the highest compressive strength
while ensuring material efficiency and cost-effectiveness.
The specimens were subjected to ambient curing con-
ditions immediately after demoulding, with compres-
sive strength testing conducted at 28 days. This curing
approach was selected to simulate real-world conditions
where AAC utilized without the aid of accelerated cur-
ing methods. The results show that a ratio of 60:40 for FA
and GGBFS provided the most promising compressive
strength values, indicating an optimal balance between
the pozzolanic reaction of FA and the cementitious prop-
erties of GGBES. As a result, this ratio FA:GGBES::60:40
was adopted for the entire project. The PCC mix design
was formulated based on the guidelines of IS 10262 (L.,
2019), maintaining a consistent water—binder ratio of

Table 3 Mix proportions (kg/m?)
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0.36 and incorporating an admixture content of 0.9 kg/
m?>. The objective was to create a high-strength concrete
mix that could serve as a baseline for comparison with
AAC. The mix proportions are presented in Table 3. Sev-
eral concrete mixtures were prepared using NCA, CRAs,
and PCRAs to evaluate the effect of these aggregates
on the mechanical properties of both PCC and ACC. A
total of 60 cubes of size (150 mm X 150 mm X 150 mm)
were cast for each case, with three replications per mix,
as outlined in Table 1. The specimens were cured under
ambient conditions, with the AAC cubes envelopes in
a 70-micron plastic sheet to retain moisture, while the
PCC specimens underwent conventional water curing
for 28 days. The intent was to assess the compressive
strength of each mix under standard curing conditions,
as specified by IS 516 Part 1/Sec 1 (IS:516 Part-1, Sec-
1, Hardened concrete - Methods of test & Bur., 2021).
Compressive strength testing was performed using a fully
automated compression testing machine with a 3000 kN
load cell. The rate of loading was controlled to ensure
consistent results across all specimens. In addition, the
UPV test was performed on each cube in three orthog-
onal directions (xx, yy, and zz) to evaluate the homoge-
neity and quality of the concrete as specified in IS 516
Part 5/Sec 1 (IS:516 Part-5, Sec-1, Hardened concrete
- Methods of test & Bur., 2021). The yy direction corre-
sponded to the compaction direction, while the xx and zz
directions were perpendicular to the compaction direc-
tion. Calibration of the UPV equipment was carried out
before each test to ensure the accuracy and reliability of
the results. The UPV results provided insights into the
internal microstructure of the AAC and PCC specimens,
allowing for the correlation between pulse velocity and
compressive strength. The use of UPV testing in multi-
ple directions helped in understanding the anisotropy

Constituents Mix ID

PCC1 AAC1 PCC2 AAC2 PCC3 AAC3 PCCa AAC4 PCC5 AAC5
OPC 450 - 450 - 450 - 450 - 450 -
FA - 240 - 240 240 - 240 - 240
GGBFS - 160 - 160 160 - 160 - 160
RS 710 604.91 710 604.91 710 604.91 710 604.91 710 604.91
NCA 1080 1171.69 432 468.67 432 468.67 - - - -
CRAs - - 648 703.02 - 1080 1171.69 - -
PCRAs - - - - 648 703.02 - - 1080 1171.69
NaOH - 66.40 - 66.40 - 66.40 - 66.40 - 66.40
Na,SiOs - 12.58 - 12.58 - 12.58 - 12.58 - 12.58
Extra water - 99.21 - 99.21 - 99.21 - 99.21 - 99.21

PCC1=100% OPC with 100% NCA; AAC1=60% FA +40% GGBFS with 100% NCA; PCC2 =100% OPC with 60% CRAs +40% NCA; AAC2 =60% FA +40% GGBFS with
60% CRAs +40% NCA; PCC3 = 100% OPC with 60% PCRAs +40% NCA; AAC3 =60% FA + 40% GGBFS with 60% PCRAs +40% NCA; PCC4 =100% OPC with 100% CRAs;
AAC4 =60% FA +40% GGBFS with 100% CRAs; PCC5 = 100% OPC with 100% PCRAs; AAC5 =60% FA 4+ 40% GGBFS with 100% PCRAs
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introduced during the compaction process, particularly —and PCC mixtures, mainly focusing on their EE and CO,
in AAC, which is more susceptible to variation due to  emissions (refer to Fig. 2). The analysis covered the entire
its lightweight nature. In parallel to the mechanical test-  life cycle of the materials, from raw material extraction
ing, a LCA was conducted to evaluate the EI of the AAC  to final disposal, excluding transportation, mixing, and
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compaction, which were considered negligible in the
overall energy consumption. In this work, the methodol-
ogy illustrated in Fig. 2 was used to assess the life cycle
inventory of CRAs and PCRAs as a coarse aggregate
in PCC and AAC, with FA and GGBES used as binders
instead of OPC. EE and CO, emission of all the combina-
tions of PCC and AAC of M40 strength grade with NCA,
CRAs and PCRAs are assessed. This approach is accom-
plished by extracting the EE and CO, emission of each
component of the mixture proportions from existing lit-
erature sources. Next, the EE and CO, emission of 1 m?
of PCC and AAC are computed for each mixture.

This study is based on the following assumptions:

The selected functional unit of measurement for anal-
ysis was 1 m® of PCC and AAC with NCA, CRAs and
PCRAs.

+ The analysis did not examine the contribution of
material transportation, mixing, and compaction
to the EE and CO, emission because it was deemed
insignificant.

+ The calculations for EE and CO, emission did not
consider water usage.

+ The study conducted an analysis that can be con-
sidered a comprehensive assessment, examining the
whole life cycle of PCC and AAC with NCA, CRAs,
and PCRAs, including the manufacturing stage.
However, the analysis did not consider transporta-
tion factors.

3.3 Embodied Energy Variables

EE is a critical metric in LCA, used to measure the total
energy consumption across the entire life cycle of a mate-
rial or product. This includes energy consumed during
the extracting of raw materials, processing, transporting,
manufacturing, usage and disposal. EE provides a com-
prehensive measure of the EI of construction materials,
offering insights beyond mere operational energy con-
sumption. By evaluating EE, the sustainability of materi-
als can be assessed, leading to more informed decisions
in material selection for building and infrastructure
projects. EE is commonly quantified as energy per unit
of mass (e.g., MJ/kg) or volume (e.g., MJ/m?). The EE of
construction materials is influenced by several factors,
including the energy-intensive nature of certain manu-
facturing processes, transportation logistics, and the raw
material composition. For example, cement production
requires substantial energy due to the high-temperature
processes involved in clinker production. Similarly, the
production of superplasticizers (SP), which are essential
for enhancing the workability and strength of concrete,
involves complex chemical processes that significantly
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contribute to their high EE. Transportation, especially
over long distances, adds to the EE by increasing fuel
consumption and emissions, further impacting the over-
all environmental footprint of construction materials.
The production of AAC involves several variables that
contribute to its EE including FA, GGBEFS, NCA, RS,
CRAs, SP, AEA, NaOH, Na,SiO;, chemical process (CP)
and mechanical process (MP). Each of these components
has a specific EE associated with its production, which
collectively determines the EE of AAC. Industrial waste
materials, such as FA and GGBFS, are AAC’s most often
utilized binders. These binders have a low energy require-
ment for manufacture, which sets them apart from other
components. Prior research presumed that the energy
required to manufacture NaOH, Na,SiO;, SP, and AEA
is negligible for determining the overall energy con-
sumption 1m® of AAC (Gopalakrishna & Dinakar, 2024a,
2024b; Gopalakrishna & Pasla, 2024). Hence, it is impera-
tive to consider the energy value to establish a valid com-
parison and obtain a precise estimation.

The energies required to produce OPC, FA and GGBFS
are 6.4, 0.82 and 0.7 MJ/kg, respectively (International
Finance Corporation, 2017). Due to the difference in
basic materials between PCC (i.e., OPC) and AAC (pri-
marily FA and GGBES), the volume taken up by aggre-
gates (i.e.,, RS, NCA and CRAs) varies. The variation in
the specific gravity of OPC, FA and GGBES is responsible
for this disparity. According to IFC (International Finance
Corporation, 2017), the energy required to manufacture
RS and NCA is 0.11 MJ/kg, while the energy needed to
produce CRAs is around 0.0083 MJ/kg.

The production of AEA and SP also requires energy.
When using a relatively low water-to-AAB ratio, admix-
tures (i.e., AEA and SP) are typically needed to produce
high-strength concrete. The energy required for these
admixtures (i.e., AEA and SP) is incorporated to accu-
rately evaluate the total energy of AAC and PCC. How-
ever, they are typically used in small proportions by the
weight of a binder compared to other constituents. The
required energy for producing AEA and SP is 12.1 and
29.1 MJ/kg (IB. and U. e. V. (IBU) 2021; IBU), EPD-EFC-,
20210198-IBG1-EN Environmental Product Declara-
tion Concrete admixtures - Plasticizer & superplasticizer.
2021).

Alkali activating solution (AAS) (i.e., a combination
of NaOH and Na,SiO;) mainly contributes to AAC’s
strength. Sodium hydroxide requires energy of 9.5 MJ/kg
(Gao et al., 2021; Liang et al., 2023). On the other hand,
the energy needed to produce Na,SiOj; is approximately
5.371 MJ/kg (Alsalman et al., 2021). The energy required
for the production of OPC is primarily dependent on
the kind of kiln used, such as wet (5.9 MJ/kg), semi-wet
(4.6 MJ/kg), dry (3.3 MJ/kg), or semi-dry kiln (3.5 MJ/kg)
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(Hammond & Jones, 2008). The energy needed to pro-
duce low-impact acid for the chemical process of CRAs
is approximately 1.86 MJ/kg (Althaus et al., 2007). Power
consumption for the mechanical process (i.e., abrasion
for 5 min of 50 kg of CRA) is 0.0375 kWh. The energy
required is calculated as 0.01368 MJ/kg (Gupta et al.,
2023). Fig. 3 summarizes the EE needed for PCC and
AAC constituent materials and uses it to estimate the
energy of the resulting PCC and AAC mixtures.

3.4 CO,Emission Variables

Global warming potential (GWP) is a crucial metric used
in LCA to evaluate the environmental effect of materi-
als or products based on their contributions to global cli-
mate change. GWP measures the cumulative emissions
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of greenhouse gases (GHGs) over the complete life cycle
of a material, represented as carbon dioxide equivalents
(CO,,). This metric is critical in construction because it
helps evaluate the sustainability of materials, from raw
material extraction through production, use, and disposal.
N,O, CO,, and methane (CH,) are the primary green-
house gases (GHGs) considered in LCA. Each of these
gases has a different GWP, with CO, being the baseline
(GWP=1). In contrast, CH, and N,O have significantly
higher GWP values due to their greater impact on trapping
heat in the atmosphere. Several key factors come into play
when assessing the GWP of construction materials. The
energy required to produce construction materials varies
significantly, affecting the overall GWP. For example, the
manufacturing of OPC, a critical component of concrete,
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is energy-intensive, particularly during the calcination of
limestone. This process not only consumes substantial
energy, but also releases CO, as a byproduct of the chemi-
cal reaction. Consequently, OPC production is one of the
largest sources of GHG emissions in the construction
industry.

Moreover, acquiring and treating primary resources like
steel or aluminum can lead to significant greenhouse gas
emissions due to the energy demands associated with these
procedures.

CO, emissions are discharged into the atmosphere due
to the energy consumed in producing AAC and PCC mate-
rials, which includes diesel, electricity, liquefied petroleum
gas, explosives, and coal. OPC generates more significant
emissions than cementitious materials such as FA and
GGBFS. According to IFC (International Finance Cor-
poration, 2017), OPC releases around 0.91 Equivalent kg
of CO,. In contrast, aggregates have a lower energy need
for manufacturing than other materials, leading to com-
paratively low levels of CO, emission. The CO, emission
of FA and GGBES is 0.004 Equivalent kg of CO, and 0.33
Equivalent kg of CO,, respectively (International Finance
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Corporation, 2017). According to IFC (International
Finance Corporation, 2017), the CO, emission values for
RS, NCA, and CRAs were 0.009, 0.009 and 0.089 Equiva-
lent kg of CO,, respectively. The manufacture of admix-
tures, such as SP and AEA, emits 1.88 and 0.439 Equivalent
kg of CO,, respectively (I.B. and U. e. V. (IBU) 2021; IBU),
EPD-EFC-, 20210198-IBG1-EN Environmental Product
Declaration Concrete admixtures - Plasticizer & superplas-
ticizer. 2021).

Manufacturing activating solutions, such as NaOH and
Na,SiO;, necessitates substantial energy, leading to nota-
ble CO, emission. The CO, emission of sodium hydrox-
ide amounts to roughly 0.75 Equivalent kg of CO, (Gao
et al., 2021; Liang et al., 2023). This estimate corresponds
to sodium hydroxide in its pure solid form. Conversely,
sodium silicate generates more significant emissions than
sodium hydroxide, with a value of 1.222 Equivalent kg of
CO, (Alsalman et al., 2021). The chemical and mechani-
cal pre-treatment of CRAs generate emissions, which are
included in the calculations. The chemical and mechani-
cal pre-treatment emissions are approximately 0.0371
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Equivalent kg of CO, (Althaus et al, 2007) and 0.0112
Equivalent kg of CO, (Gupta et al., 2023), respectively.
Fig. 4 illustrates all the CO, emission values considered in
this work.

The EE and CO, emission values for all the concrete sam-
ples were determined by the following equations:

COx¢(0rc) x OPC (kg/ m3) + COge(rs) X RS (kg/ m3)+
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disparities even within different regions of the same
country.

Energy costs: The price of many materials, espe-
cially those derived from industrial processes (such
as cement and aggregates), is affected by energy costs,
especially the fluctuating price of crude oil.

Net Equivalent kg CO, / md = COmonen) % NCA (kg/ m3> ¢ COman % 57 (kg/ m3) , (1)
Total EE (M) /m?) = 3~ EEiorc) x OPC (kg [ m”) + EEs x RS (kg ) +
t = .
o " EE(NCA) x NCA (kg/ WIS) +EE(SP) x SP (kg/ WIS) (2)

3.5 Cost Analysis

The cost analysis conducted aims to assess both the
economic feasibility and environmental sustainabil-
ity of AAC mixtures incorporating NCA, CRAs and
PCRAs compared to conventional PCC mixtures. The
price of both PCC and AAC mixtures mainly relies on
the costs associated with their key components, includ-
ing OPC, RS, NCA, CRAs, PCRAs, SP, FA, GGBFS,
AEA, NaOH and Na,SiO; solutions. Obtaining prices
for constituents is challenging due to their dependence
on multiple factors:

Location: Commodity pricing can vary signifi-
cantly between regions or countries due to factors such
as market fluctuations, availability, and the influence
of traders and producers. This variation is particularly
pronounced for OPC, which can show significant price

Table 4 Constituent material cost

Quantity: Bulk purchases typically result in lower
costs per unit, especially for chemicals, where the price
difference between small and large quantities can be
substantial. Wholesale prices are often negotiable with
suppliers and may not be readily available. Approxi-
mate pricing for each component was acquired through
industry contacts, quotations, and searches on trading
websites. These prices can be regarded as indicative
of large-scale purchases in the Indian market. Table 4
summarizes the cost of key constituents used to pro-
duce 1 m® of AAC and PCC based on the mix propor-
tions discussed earlier. Table 4 lists the cost of each
material used in the AAC and PCC mixtures, including
freight.

S.no. Materials Cost (including freight)
Rs/kg US $/kg
(converted as per the conversion
rates prevalent on 20.01.2025)
1 OPC 83 0.096
2 RS 26 003
3 NCA 1.8 0.021
4 SP 932 1.08
5 FA 5 0.058
6 GGBFS 7 0.081
7 NaOH 105 1.21
8 Na,SiO, 75 0.87
9 AEA 525 0.61
10 CRAs 045 0.0052
11 PCRAs (CP+MP+CRAs) (0.03+0.95+045)=143 0.017
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4 Results and Discussion

4.1 Compressive Strength

Fig. 5 presents the compressive strength results for
PCC and AAC mixtures, incorporating NCA, CRAs,
and PCRAs. The target strength of the M40 grade of
concrete is set at 48.25 MPa, represented by the dot-
ted line. It can be seen from the figure that AAC con-
sistently demonstrates higher compressive strength
than PCC, regardless of the aggregate type. This
strength gain in AAC can be attributed to the forma-
tion of calcium silicate hydrate (C-S-H) and sodium
alumino-silicate hydrate (N-A-S-H) gels, products
of the alkali activation process. These gels contribute
significantly to the binding properties of the concrete
matrix, leading to higher overall strength in AAC sam-
ples compared to PCC. For instance, in PCC samples,
the compressive strength of PCC1 (51 MPa), PCCR2
(35.85 MPa), PCC3 (38.6 MPa), PCC4 (34.87 MPa)
and PCC5 (35.85 MPa) demonstrates the variability
of strength due to the type of aggregate used. In con-
trast, AAC samples show superior results with AAC1
(61.57 MPa), AAC2 (48.57 MPa), AAC3 (56.99 MPa),
AAC4 (41.33 MPa) and AAC5 (55.09 MPa). It can be
found that the rate of decline in strength for PCCRA
and AACRA is due to the incorporation of CRAs,
similar to earlier studies (Hu et al., 2019; Khan et al.,,
2023). The reason for this is the high porosity and
water absorption of CRAs, which undergo chemical
reactions and experience a decrease in PCC2, AAC2,
PCC4 and AAC4 strength. However, the significantly
higher strength in AAC3 and AACS5, which use PCAs,
suggests that the alkali activation mechanism benefits
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from the increased bond strength provided by pre-
treated aggregates (Khan et al., 2024).

The current study additionally examined the impact
of the NCA, CRAs, and PCRAs on the percentage of
change in 28 days strength of PCC and AAC mixtures.
As shown in Fig. 5, the strength of PCC1, PCC2, PCC3,
PCC4, and PCC5 gradually decreases. The strength
was reduced by 17.16%, 26.19%, 32.27%, 15.63% and
34.93%, respectively, corresponding to AAC1, AAC2,
AAC3, AAC4 and AACS5. For example, the compres-
sive strengths of PCC combinations with 60% and
100% PCRAs instead of NCA were 7.67% and 2.81%
higher, respectively, than those of PCC combinations
with similar combinations of CRAs. The results indi-
cate that samples with PCRAs exhibit minimal varia-
tions in strength compared to NCA. Furthermore, the
highest increase was 53.66% for AAC5.

4.2 Ultrasonic Pulse Velocity (UPV)

The UPV test is a widely accepted non-descriptive
method to assess the concrete’s quality, homogeneity,
and integrity. The test indirectly evaluates the material’s
internal structure by measuring the speed at which an
ultrasonic pulse travels through the concrete. Various
researchers have validated the UPV test, emphasizing
its reliability in assessing concrete’s mechanical prop-
erties and durability (Rao et al.,, 2018; Shirvani et al.,
2023). The UPV test results for different AAC and PCC
samples containing NCA, CRAs, and PCRs are illus-
trated in Fig. 6. The test results indicate that as the
content of CRAs and PCRAs increases, the UPV values
show a corresponding decrease. This decline in UPV
can be attributed to several factors directly related to
the material characteristics of CRAs and PCRAs, such
as increased porosity, the presence of microcracks, and
reduced aggregate density. The UPV test results closely
align with the compressive strength data presented in
Fig. 5. This relationship is expected, as UPV provides
insight into the material’s internal compactness and
homogeneity, critical factors influencing compressive
strength. Higher UPV values generally indicate denser,
less porous concrete, leading to improved compres-
sive strength. Conversely, lower UPV values reflect a
higher presence of voids and microcracks, contrib-
uting to reduced strength. For the 28-day cured sam-
ples, the UPV values are PCC1 (4.81 km/s), PCC2
(4.57 km/s), PCC3 (4.62 km/s), PCC4 (4.22 km/s) and
PCC5 (4.7 km/s). In comparison, the AAC samples
exhibited slightly higher UPV values, including AAC1
(4.91 km/s), AAC2 (4.72 km/s), AAC3 (4.82 km/s),
AAC4 (4.22 km/s) and AACS5 (4.71 km/s). The PCC5
and AACS5 mixtures exhibited inferior performance to
the other mixtures, primarily because of the reduced
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Fig. 6 UPV test of PCC and AAC specimens

density of the CRAs. Based on the UPV classification
guidelines provided in IS 516 Part 5 (IS:516 Part-5, Sec-
1, Hardened concrete - Methods of test & Bur., 2021),
the UPV values obtained for all the tested samples fall
within the range of 3.92 km/s to 4.91 km/s, classifying
them as good-quality concrete. However, it is essential
to note that while the UPV values classify these samples
as good, the recycling plant-based CRAs are only ideal
for use in high-performance PCC and ACC applications
with pre-treatment. The lower UPV values of these
samples indicate reduced potential for strength and
durability, which would negatively affect the long-term
performance of the concrete in structural applications.
This is demonstrated in Fig. 6. However, pre-treated
CRAs (i.e., PCRAs) in the AAC and PCC mixture
impact its performance. While it is not as effective as
PCC and AAC with 100% NCA, it still performs better
than recycling plant-based CRAs, as shown in Fig. 5.

4.3 Environmental Impact Assessment
PCC is a heterogeneous mixture containing OPC, RS,
NCA, SP, CRAs and PCRAs. AAC consists of RS, NCA,

FA, GGBES, CRAs, NaOH, Na,SiO,, AEA, and PCRAs.
Figs. 7 and 8 present the CO, emission and EE consump-
tion associated with 1 m® of PCC and AAC, with a clear
distinction between the EI of the two concrete types.
The comparison highlights AAC’s significantly lower EE
and CO, emission compared to PCC. Results indicate a
reduction of 67.34% in EE and 59.92% in CO, emission
compared to PCC1. This difference is primarily due to the
absence of OPC in AAC, which a major source of both EE
consumption and greenhouse gas emissions in traditional
concrete production. In contrast, the high EE and CO,
emission of PCC1 are predominantly attributed to the
production of OPC, which contributes 91.68% of the total
EE and 95.3% of the CO, emission for PCC1, as shown in
Figs. 9 and 10. The production process of OPC entails the
calcination of limestone, a highly energy-intensive pro-
cedure that results in the emission of substantial quan-
tities of CO,. For AAC1, Na,SiO; and NaOH are the
largest contributors to the EI, with Na,SiO; accounting
for 34.55% of the total EE and 46.82% of the CO, emis-
sion. Combined, Na,SiO; and NaOH contribute 46.59%
of the total EE and 52.48% of the CO, emission of AACI.
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While these alkali activators are crucial for the geopoly-
merization process, they are also associated with high
energy and emission costs due to their industrial produc-
tion processes. The binding materials for AAC (FA and
GGBFS) contribute 30.58% of the total EE and 37.42% of
the CO, emission for AAC1. Despite their contribution,
these materials are considered environmentally favora-
ble compared to OPC, as they are industrial by-products
and their use in AAC reduces the need for virgin materi-
als. The effect of NCA and RS on the EE and CO, emis-
sion of PCC1 and AAC1 is minimal, in line with previous
research (Gao et al., 2021; Liang et al., 2023; Salami et al.,
2023). These materials are less energy-intensive to pro-
duce and transport compared to OPC.

The total EE and CO, emission of AAC2 and PCC2
are presented in Figs. 7 and 8. A clear distinction
emerges between the two mixtures. It can be seen from
the figures that AAC2 results in 68.96% lower EE and

PCC3

RS
rece LT

AAC4$Y\?\
recs G
O

60.73% lower CO, emission compared to PCC2, rein-
forcing the environmental advantages of AAC over tra-
ditional PCC mixtures. Similar to ACC1, the primary
reason for AAC2’s reduced environmental footprint
lies in the absence of OPC, which is known for its high
energy demands and emissions during production.
Sodium silicate (Na,SiOj) is responsible for 37.14% of
the total EE and 48.36% the CO, emission for AAC2, as
shown in Figs. 9 and 10. While sodium silicate is essen-
tial for the alkali activation process in AAC, its produc-
tion is energy-intensive and emits significant amounts
of CO,. Together, FA and GGBES contribute to 32.87%
of the total EE and 38.65% of the CO, emission of
AAC2. Despite their contribution, FA and GGBFS are
considered environmentally favorable compared to
OPC, as they are industrial by-products and serve as
alternatives to virgin materials. OPC remains the domi-
nant factor affecting the EI of PCC2, similar to findings
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Fig. 8 The CO, emission of PCC and AAC specimens

for PCCI1. In the case of PCC2, OPC is responsible
for the bulk of both EE and CO, emission as shown in
Figs. 9 and 10. It underscores the need to find sustain-
able alternatives or supplementary cementitious mate-
rials to reduce the EI of traditional PCC mixtures. The
contribution of aggregates, including NCA and CRAs,
to the total EE and CO, emission is negligible for both
AAC2 and PCC2. This is consistent with previous find-
ings (Gopalakrishna & Pasla, 2024) that showed the EI
of aggregates is relatively low compared to binders like
OPC, FA, and GGBFS. The use of admixtures such as
superplasticizer (SP) and air-entraining agent (AEA) is
minimal in both mixtures due to the low water/binder
ratio used in the mix designs. For PCC2, SP contrib-
utes 2.13% of the EE and 1% of the CO, emission, while
AEA accounts for 4.06% of the EE and 0.84% of the CO,

v
o
<
<

emission in AAC2 (Figs. 9 and 10). Though small, these
contributions are notable, especially for AAC mixtures.

The EIA of pre-treated CRAs with CP and MP in PCC3
and AAC3 highlights their significant impact on both
EE and CO, emission. PCC3 and AAC3 have resulted in
higher EE and CO, emissions than the other mixtures
due to incorporating CP and MP during the pre-treat-
ment process of CRAs. Despite the increase in energy
and emissions from the pre-treatment, OPC remains the
major contributor to the EE and CO, emissions in PCC
specimens. This is consistent with the environmental
profiles of other PCC mixtures that utilize NCA, CRAs,
and PCRAs. Figs. 7 and 8 present the EE and CO, emis-
sion analysis of PCC3 and AAC3. The EE of AAC3 is
47.06% lower, and its CO, emission are 56.02% less when
compared to PCC3, demonstrating the inherent sustain-
ability benefits of AAC mixtures while using pre-treated
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CRAs. AAC mixtures, which use alkali-activated materi-
als, generally have less EI than traditional cement-based
PCC mixtures. However, the use of PCRAs in AAC3
does lead to increased energy consumption and CO,
emission compared to untreated CRAs, underlining the
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Fig. 10 The material breakdown percentage of CO, emission for various AAC and PCC specimens
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environmental cost associated with the pre-treatment
process. For PCC3, the combination of CP and MP for
pre-treating CRAs contributes 28.41% of the total EE
and 6.97% of the total CO, emission, as shown in Figs. 9
and 10. For AAC3, the same pre-treatment processes
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Fig. 11 Cost analysis breakdown of AAC and PCC specimens

contribute significantly more to EE and CO, emission,
accounting for 58.21% and 17.19%, respectively. This sug-
gests that the pre-treatment of CRAs has a much more
significant influence on AAC mixtures, likely due to the
overall lower EI of AAC mixtures without OPC.

Figs. 7 and 8 present the EE and CO, emission analysis
of PCC4 and AAC4. The AAC4 exhibits a 70.09% reduc-
tion in EE and a 61.28% reduction in CO, emission com-
pared to PCC4. This reduction is attributed to the use of
100% CRAs in both AAC4 and PCC4. However, AAC’s
alkali-activated mixture design proves to be more envi-
ronmentally efficient that the Portland cement-based
PCC. In the case of AAC5, the mixture achieves 38.64%
lower EE and 53.66% less CO, emission compared to
PCC5. Both AAC5 and PCC5 use 100% PCRAs. While
PCRAs contribute to better mechanical performance
than untreated CRAs, their pre-treatment process adds
additional energy consumption. Despite the higher EI
due to pre-treatment, AAC5 still performs better than
PCC5, demonstrating the general trend that AAC mix-
tures result in less energy use and CO, emission than
PCC, even when using treated aggregates.

4.4 Cost Analysis

Fig. 11 visually compares the material cost for 1 m?* of
AAC and PCC with various aggregate options (NCA,
CRAs and PCRAs). The analysis reveals that the cost to
produce 1 m? of AAC1 is 14,085 Rs/m?, while PCC1 costs
7734 Rs/m?. The higher cost of AAC is primarily attrib-
uted to NaOH, which is a significant part of the alkaline
activator in AAC mixtures. However, there is potential to
reduce this cost by substituting NaOH with other alka-
line materials. It was observed that fly ash (FA) is less
expensive than GGBFS, and CRAs are more economical
than NCAs. For instance, replacing NCA with 60% CRA
in PCC2 and AAC2 resulted in cost savings of 11.31%
and 6.73%, respectively, compared to PCC1 and AACI.
Similarly, PCC4 and AAC4, which use 100% CRAs, show
18.85% and 11.23% cost savings, respectively. The cost
incurred towards the pre-treatment process of PCRAs
has greatly influenced the overall cost of concrete made
with varying percentage replacements. For instance,
PCC3 and AAC3 with 60% of PCRAs replacing NCA, has
resulted in a cost decrease of 3.19% and 1.89%, respec-
tively, compared to PCC1 and AACI. The cost decrease
is even higher for PCC5 and AAC5, where 100% PCRAs
lead to a cost drive of 5.31% and 3.16%, respectively. The
results show that PCRAs have a marginally lesser cost
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Table 5 Total cost analysis of ACC and PCC specimens

S.no.  Materials  Total cost
Rs/m* Us $/m*
(converted as per the conversion
rates prevalent on 20.01.2025)
1 PCC1 7734.7 8945
2 AACT 14,085.31 162.89
3 PCC2 6859.9 79.33
4 AAC2 13,136.24 151.91
5 PCC3 748846 86.60
6 AAC3 13,818.17 159.80
7 PCC4 6276.7 72.59
8 AAC4 12,503.53 144.60
9 pPCC5 73243 84.70
10 AACS 13,640.07 157.74

than the NCA, while CRAs have the lowest price com-
pared to NCAs and PCRAs.

In terms of EIA, PCC mixtures have a larger carbon
footprint than AAC mixtures of comparable compressive
strength. Among the various coarse aggregates, PCRAs
contribute more to the EI than CRAs due to the involved
pre-treatment process. The study also demonstrated
that substituting CRAs for NCA in PCC and AAC mix-
tures leads to the most favorable balance between cost-
effectiveness and environmental benefits. While PCC
proves to be an economical option to AAC in terms of
production cost, the AAC offers better environmental
sustainability and strength (Miyan et al., 2024). Table 5
summarizes the cost of 1 m? of AAC and PCC with vari-
ous coarse aggregates.

4.4.1 SEM Analysis

The microstructure of AAC and PCC powdered materials
was investigated using a high-resolution SEM (APEROS,
FEI). The various AAC and PCC powdered samples were
first attached to the surface of conductive tape. Then, a
layer of gold was applied to the firmly powdered sam-
ples using a sputter-coating process. The coated sam-
ples were then transferred to the microscope. Fig. 12
shows the surface morphology of AAC and PCC speci-
mens with various coarse aggregates. Fig. 12 displays
small cracks, floccule products with surface pores, and
rod-like products in the AAC2, PCC2, AAC4, and PCC4
samples with 60% and 100% CRAs. This implies that old
adhered cement paste connected to CRAs would reduce
their mechanical performance (Alyousef et al., 2018).
Meanwhile, the samples with PCRAs (i.e., AAC3, PCC3,
AAC5, and PCC5) and NCA (i.e., AAC1 and PCCl1)
exhibit denser structures with no visible cracks or pores.
This suggests that PCRAs enhance strength compared
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to untreated CRAs (El-Hassan & Elkholy, 2021; Fang &
Zhang, 2020). Sodium calcium alumino-silicate hydrate
(N-C)-A-S-H gels are the randomly dispersed spherical-
shaped products found in AAC samples that improve
compressive strength compared to PCC samples (Humad
et al.,, 2019). It is evident from the pictures that C-S-H
gel and CH crystals make up the majority of the hydra-
tion products of all PCC samples. CH crystals and loosely
scattered C-S-H gel are seen in the PCC2 microstructure,
along with a few microcracks separating the hydration
products. The microstructure of the PCC4 has been anti-
quated with the addition of 100% CRAs (Yan et al., 2024).

5 Conclusions

This investigation evaluated AAC and PCC mixtures
incorporating NCA, CRAs, and PCRAs to develop eco-
friendly concrete with enhanced mechanical properties
and lower EE consumption and CO, emission compared
to traditional PCC mixtures. The UPV test and cost anal-
ysis were also evaluated for all the mixtures. The follow-
ing conclusions were drawn:

+ The AAC3 and AAC5 mixtures exhibited compressive
strengths of 57 MPa and 55.09 MPa, respectively, sur-
passing the target strength of 48.25 MPa. The compres-
sive strength of AAC3 was 47.64% higher than PCC3,
and AAC5 was 53.66% higher than PCC5, demonstrat-
ing superior strength performance with AAC mixtures.

+ AAC2 and AAC4 mixtures exhibited substantial
reductions in energy consumption, by 68.96% and
70.09%, and CO, emission, by 60.73% and 61.28%,
respectively, compared to all other mix combinations.
However, compressive strength was seriously affected
by the untreated CRAs in PCC compared to AAC due
to the presence of voids, which decreased the density
of the mix.

+ The AAC1, AAC2, AAC3, AAC4 and AAC5 com-
binations exhibited reduced energy consumption by
67.34%, 68.96%, 47.06%, 70.09% and 38.64%, respec-
tively, and CO, emission by 59.92%, 60.73%, 56.02%,
61.28% and 53.66%, respectively, compared to PCCI,
PCC2, PCC3, PCC4 and PCC5.

+ The findings indicate that, depending on the compo-
nents in the mixtures, AAC may be superior to PCC in
terms of EE and CO, emission. At the same time, the
effect of aggregates (i.e., RS, NCA and CRAs), SP and
AEA are minimal on EE and CO, emission.

+ In PCC mixtures, OPC was the primary contributor to
EE and CO, emission, accounting for 57% to 91.68% of
EE and 86.58% to 97.19% of CO, emissions. This high-
lights the substantial environmental burden of OPC in
concrete mixtures. In AAC mixtures, while NaOH and



Fig. 12 SEM analysis of AAC and PCC specimens
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Na,SiO; contributed significantly to EE and CO, emis-
sions, they resulted in lower overall emissions than
OPC. The pre-treatment of CRAs using CP and MP
added to the EI of both AAC and PCC mixtures, but
their contribution to EE and CO, emission was lower
than OPC. Despite increasing EE and CO, emission in
treated CRAs, AAC mixtures with pre-treated aggre-
gates (AAC3, AACS) still demonstrated substantial
environmental benefits over PCC mixtures.

+ The results show that the cost of AAC1 is at least 82%
higher than PCC1. The usage of NaOH in the alkaline
activator is the primary cause of the increase in the
price of AAC; the incorporation of CRAs and PCRAs
reduced production costs in AAC and PCC compared
to NCAs.

+ According to the findings of SEM, (NC)ASH gel is the
hydration product of AAC while CSH gel is the hydra-
tion product of PCC with different proportions of
coarse aggregates.

6 Recommendations

Based on the findings, AAC has proven to be more effec-
tive than PCC in terms of strength and EIA. Neverthe-
less, the EE and CO, emission statistics for various coarse
aggregates were obtained from pre-existing literature
instead of being calculated directly in this research.
Future research should perform a comprehensive LCA
to evaluate EE consumption and CO, emission more
accurately. Using specialized software such as OpenLCA,
SimaPro, Mobius, and Sphera would allow for a more
robust assessment and validation of the current findings.
This analysis should consider all stages of the concrete’s
life cycle, from raw material extraction to production,
use, and disposal, to ensure a holistic evaluation of Els.
Variations in mixture design may lead to different envi-
ronmental outcomes, and further scrutiny is needed to
optimize sustainable concrete mixtures. The current
study does not account for the EE and CO, emission
related to the transportation of materials. Future studies
should incorporate these transportation-related factors,
as they can significantly influence the overall EI, espe-
cially when considering recycled aggregates and regional
material sourcing.
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