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Abstract

The objective of this study is to develop a sustainable self-compacting concrete (SCC) by partially replacing natural
aggregates with slag sand (SS) and lightweight expanded clay aggregate (ECA) in combination with a ternary binder
system, thereby enhancing both performance and environmental sustainability. The methodology involved preparing thirty
SCC mixes of M30 grade using 65% Ordinary Portland Cement, 25% fly ash, and 10% silica fume as binder, with slag
sand replacing river sand at 20-100% and ECA replacing coarse aggregate at 20-100%. Fresh properties were evaluated
through slump flow, T50, V-funnel, L-box, and U-box tests following EFNARC guidelines, while mechanical strength
(compressive, split tensile, and flexural) was measured at 7, 28, and 90 days. Durability was assessed through sulphuric
acid and magnesium sulphate exposure, and microstructural behavior was studied using FTIR and TGA. Results revealed
that mixes with higher ECA content enhanced flowability, with A2B10 achieving superior workability (slump flow 694
mm, T50 2.9 s), while A2B6 (20% SS + 20% ECA) achieved optimum strength (45.21 MPa compressive) and durability
retention under aggressive exposures. The novelty of this work lies in demonstrating the synergistic role of slag sand and
ECA in producing SCC with enhanced performance, reduced natural aggregate usage, and improved sustainability
compared to conventional SCC.

Keywords: Self-Compacting Concrete; Fresh Properties of Concrete; Mechanical Properties of Concrete; Durability and Micro Structural
Properties of Concrete; Ternary Binder.

1. Introduction

Self-compacting concrete (SCC) has emerged as a revolutionary construction material due to its ability to flow under
its own weight, fill congested reinforcement, and achieve complete compaction without vibration. This property not
only reduces labor and noise pollution but also improves construction quality and durability [1, 2]. In addition, SCC
offers opportunities for sustainability by incorporating supplementary cementitious materials (SCMs) and industrial by-
products, thereby minimizing reliance on ordinary Portland cement (OPC) and natural aggregates [3-5]. Lightweight
expanded clay aggregate (ECA) has been recognized as a promising coarse aggregate replacement because of its
spherical shape, low density, and porous texture. These properties reduce structural dead load, enhance thermal
insulation, and promote better flow in congested formworks [6-8]. Similarly, slag sand, a by-product of steel
manufacturing, has been successfully used as a fine aggregate substitute. Its angular particles and latent pozzolanic
reactivity improve cohesiveness, filling ability, and long-term strength [9-11].

The combined use of fly ash, silica fume, slag sand, and lightweight aggregates in SCC therefore aligns with the
dual goals of enhancing performance and promoting sustainability [12—15]. Recent studies have further reinforced the
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role of sustainable materials in SCC. The use of ground ferronickel slag (GFNS) as a fine aggregate has been shown to
enhance rheological and microstructural properties when incorporated up to 20% replacement levels [16]. Recycled
concrete aggregates (RCA) have also been demonstrated to effectively substitute both fine and coarse aggregates while
maintaining satisfactory performance when proper water adjustments are applied [17]. Ternary blended SCC
incorporating steel slag and calcined kaolinitic clay exhibited improved strength and sulphate resistance, highlighting
the potential of multi-component binder systems [18]. Long-term investigations of sustainable SCC have further
emphasized the importance of extended durability assessments to fully validate performance [19, 20]. In lightweight
concrete development, artificial aggregates manufactured from clay, rice husk ash, and glass powder have been
successfully employed to produce structural lightweight SCC [21, 22], while bibliometric reviews have mapped research
progress and trends in the use of recycled aggregates [23, 24]. In addition, replacing fine aggregates with an equal blend
of sea sand and manufactured sand was found to significantly enhance compressive strength and chloride resistance at
90 days [25, 26]. Collectively, these studies underline the global shift toward sustainable alternatives in SCC,
demonstrating the feasibility of industrial by-products and engineered aggregates in improving both performance and
environmental outcomes.

The performance of self-compacting concrete (SCC) incorporating slag sand, expanded clay aggregate (ECA), and
a ternary binder system can be explained through fundamental mechanisms related to particle packing, hydration, and
durability [25, 26]. Slag sand, with its finer particle size and angularity compared to natural sand, improves the packing
density of the mix and reduces voids, thereby enhancing rheology and cohesiveness [27, 28]. This refined particle
arrangement minimizes segregation and facilitates the self-compacting behavior required for SCC [29]. The ternary
binder system, consisting of OPC, fly ash, and silica fume, further contributes to performance by combining the rapid
pozzolanic activity of silica fume, which refines pore structure and strengthens the matrix at early ages, with the slower
pozzolanic activity of fly ash, which sustains hydration and strength development at later ages [30, 31]. Together, these
materials increase the formation of calcium silicate hydrate (C—S—H) and reduce calcium hydroxide, leading to a denser
and more durable microstructure. The addition of ECA provides another advantage, as its porous structure absorbs water
during mixing and releases it gradually during hydration, offering an internal curing effect that mitigates autogenous
shrinkage and supports long-term hydration [32]. The spherical shape of ECA particles also contributes to improved
flow and reduced risk of blockage in congested reinforcement zones [6]. In terms of durability, the combined effects of
refined pore structure from slag sand and silica fume, pozzolanic reactions from fly ash, and internal curing from ECA
lead to reduced permeability, minimized microcracking, and improved resistance against chemical attack [33-36]. From
a sustainability perspective, the replacement of river sand with slag sand and natural coarse aggregates with ECA reduces
the depletion of natural resources, diverts industrial by-products from landfills, and lowers the overall environmental
footprint [37]. Thus, the theoretical framework demonstrates that the hybrid uses of slag sand, ECA, and a ternary binder
system can synergistically improve fresh properties, strength, durability, and sustainability of SCC compared to
conventional mixtures.

Despite these advances, limited research has comprehensively investigated SCC mixes that simultaneously employ
slag sand as fine aggregate, ECA as coarse aggregate, and a ternary binder system (OPC—fly ash-silica fume). Moreover,
very few studies assess performance under aggressive chemical exposures or integrate microstructural analysis to
explain observed behaviors. This creates a critical gap in understanding the synergistic effects of combining slag sand
and ECA in SCC. The present study aims to address these gaps by (i) investigating the fresh properties of SCC mixes
incorporating slag sand and ECA in varying proportions, in accordance with EFNARC guidelines; (ii) evaluating
mechanical properties such as compressive, split tensile, and flexural strength; (iii) assessing durability performance
under acid and sulphate exposures; and (iv) analyzing microstructural features through Fourier Transform Infrared
Spectroscopy (FTIR) and Thermogravimetric Analysis (TGA).

The remainder of this article is structured as follows. Section 2 describes the materials, mix proportions, and
experimental methodology. Section 3 presents the results of fresh, mechanical, durability, and microstructural
investigations, followed by detailed discussions. Section 4 summarizes the conclusions and outlines directions for future
research. The references cited throughout the manuscript are compiled at the end.

2. Materials and Methodology
2.1. Materials Used

2.1.1. Ternary Cementitious Binders

The primary binder in this study was Ordinary Portland Cement (OPC) of 53-grade, which was obtained from
UltraTech Company and had a specific gravity of 3.12, a fineness of 4.16%, a standard consistency of 29%, and initial
and final setting times of 110 mins and 241 mins, respectively. Class F fly ash with specific gravity 2.2, sourced from
the Rayalaseema Thermal Power Plant near Muddhanuru, Andhra Pradesh, and silica fume supplied by Astraa
Chemicals in Hyderabad, Telangana, were both used to partially replace the cement.
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2.1.2. Fine Aggregates

Natural river sand, sourced locally from quarries in the Ananthapuram district of Andhra Pradesh, served as the fine
aggregate and exhibited a specific gravity of 2.65, water absorption of 0.8%, and a fineness modulus of 2.68; its particle
size distribution conforms to Zone Il. Slag sand, a steel-manufacturing by-product supplied by the JSW Steel Plant in
Bellary, Karnataka, was used as an alternative fine aggregate. It has a specific gravity of 2.55, absorbs 0.9% water, and
possesses a fineness modulus of 2.6, with its grading also meeting Zone Il requirements.

The gradation of river sand and slag sand was determined per 1S 383:2016. Figure 1 presents the cumulative passing
curves alongside the 1S 383:2016 Zone Il envelope; both aggregates satisfy Zone Il requirements, with slag sand showing
a slightly finer tail that supports improved packing.
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Figure 1. Particle size distribution (PSD) of fine aggregates (river sand and slag sand) with 1S 383:2016 Zone 11 grading envelope

2.1.3. Coarse Aggregate

Crushed granite stones of size 10 mm and 20 mm were used as coarse aggregate, with a specific gravity of 2.72 and
water absorption of 0.4%. Expanded Clay Aggregates (ECA), sourced from Hyderabad, were utilized as a substitute for
conventional coarse aggregates, with a specific gravity of 2.72 and water absorption of 0.4%.

The particle size distribution (PSD) of coarse aggregates was determined per 1S 383:2016. As shown in Table 1 and
Figure 2, the 10 mm nominal granite demonstrates 100% passing through the 20 mm sieve, 81.5% at 12.5 mm, and
51.8% at 10 mm. In comparison, the 20 mm nominal granite shows coarser gradation (27.1% passing at 12.5 mm, 4.6%
at 10 mm). The expanded clay aggregate (ECA) exhibits a more uniform and finer distribution, reflecting its porous and
lightweight nature. This distinct gradation influences the packing density and contributes to internal curing in SCC
mixes.

Table 1. Particle size distribution (PSD) of coarse aggregates (granite 10 mm, granite 20 mm, and expanded clay aggregate — ECA)

S. No. Mix Cement (%) Flyash (%) Silica fume (%0)

1 80 mm 100 100 100
2 40 mm 100 100 100
3 20 mm 100 100 100
4 12.5 mm 81.5 27.117 64
5 10 mm 51.82 4.634 51
6 4.75 mm 19.94 0.01 30
7 PAN 0.04 - 7
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Figure 2. Particle size distribution (PSD) of coarse aggregates: granite (10 mm and 20 mm nominal) and expanded clay
aggregate (ECA)

The combined effect of these materials results in improved particle packing density, reduced segregation, and
enhanced rheology, all of which are essential for self-compacting concrete. The gradation also influences the interfacial
transition zone (ITZ) between paste and aggregates, directly impacting strength and durability. The use of slag sand as
fine aggregate replacement enhances cohesion and reduces bleeding, while ECA provides reduced density and sustained
hydration through its water absorption and release mechanism.

2.1.4. Water

From mixing to curing, clean, potable water was continuously used in the concrete production process.

2.1.5. Chemical Admixtures

Ether (PCE)-based chemical admixture was used as a superplasticizer and obtained from BASF Construction
Chemicals, Hyderabad, Telangana, India.

2.2. Mix Proportions

A total of 30 combinations were formulated for M30-grade self-compacting concrete (SCC) Each mix incorporated
a ternary binder system consisting of 294 kg/m?® ordinary Portland cement (OPC), 113 kg/m? fly ash, and 45 kg/m?3silica
fume, maintained constantly across all mixes, FA (887 kg/m®), CA (1010 kg/m?), water (158 It/m?®), and chemical
admixture (2%). Various percentages of slag sand and lightweight expanded clay aggregate were used, combined with
a ternary binder and its mix designations were shown in Table 2. The Mixes A2 to A6 were considered as baseline mixes
to assess the individual effect of slag sand. Intermediate ranges (10-15%) were initially considered during trial batches,
but 20% levels were finalized due to superior workability and mechanical performance. Lower substitutions did not
produce significant benefits compared to control mixes.

2.3. Experimental Program

The experimental study involved the assessment of the fresh and hardened properties, as well as the durability
characteristics, of SCC. The details of the tests performed were discussed in the following sections and the schematic
representation of the developments of sustainable SCC was illustrated in Figure 3.
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Table 2. Mix proportions and designations

S.No. Mix Cement Flyash  Silica fume FA SS CA ECA Water SP
(%) (%) (%) (%) (%) (%) (%) (%) (%)

1 A2 65% 25% 10% 80% 20% 100% 0% 0.42 2%
2 A3 65% 25% 10% 60% 40% 100% 0% 0.42 2%
3 A4 65% 25% 10% 40% 60% 100% 0% 0.42 2%
4 A5 65% 25% 10% 20% 80% 100% 0% 0.42 2%
5 A6 65% 25% 10% 0% 100% 100% 0% 0.42 2%
6 A2B6 65% 25% 10% 80% 20% 80% 20% 0.42 2%
7 A2B7 65% 25% 10% 80% 20% 60% 40% 0.42 2%
8 A2B8 65% 25% 10% 80% 20% 40% 60% 0.42 2%
9 A2B9 65% 25% 10% 80% 20% 20% 80% 0.42 2%
10 A2B10 65% 25% 10% 80% 20% 0% 100% 0.42 2%
11 A3B6 65% 25% 10% 60% 40% 80% 20% 0.42 2%
12 A3B7 65% 25% 10% 60% 40% 60% 40% 0.42 2%
13 A3B8 65% 25% 10% 60% 40% 40% 60% 0.42 2%
14 A3B9 65% 25% 10% 60% 40% 20% 80% 0.42 2%
15 A3B10 65% 25% 10% 60% 40% 0% 100% 0.42 2%
16 A4B6 65% 25% 10% 40% 60% 80% 20% 0.42 2%
17 A4B7 65% 25% 10% 40% 60% 60% 40% 0.42 2%
18 A4B8 65% 25% 10% 40% 60% 40% 60% 0.42 2%
19 A4B9 65% 25% 10% 40% 60% 20% 80% 0.42 2%
20 A4B10 65% 25% 10% 40% 60% 0% 100% 0.42 2%
21 A5B6 65% 25% 10% 20% 80% 80% 20% 0.42 2%
22 A5B7 65% 25% 10% 20% 80% 60% 40% 0.42 2%
23 A5B8 65% 25% 10% 20% 80% 40% 60% 0.42 2%
24 A5B9 65% 25% 10% 20% 80% 20% 80% 0.42 2%
25 A5B10 65% 25% 10% 20% 80% 0% 100% 0.42 2%
26 A6B6 65% 25% 10% 0% 100% 80% 20% 0.42 2%
27 A6B7 65% 25% 10% 0% 100% 60% 40% 0.42 2%
28 A6B8 65% 25% 10% 0% 100% 40% 60% 0.42 2%
29 A6B9 65% 25% 10% 0% 100% 20% 80% 0.42 2%
30 A6B10 65% 25% 10% 0% 100% 0% 100% 0.42 2%

N | (ST
Cement | "‘& bPa
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Silica fume + FA (sand) + - A +
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Figure 3. Schematic representation of the development of sustainable SSC
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2.3.1. Fresh Properties

The fresh properties of the SCC mixes were assessed based on EFNARC recommendations through a series of tests,
including Slump Flow, T50 Slump Flow, V-Funnel, L-Box, and U-Box [33].

Slump Flow test: This test was conducted to evaluate the flowability and workability of the self-compacting
concrete (SCC) mixes. Fresh SCC was poured into a standard slump cone, and upon lifting the cone, the horizontal
spread of the concrete was measured to determine its ability to flow under its own weight without segregation.

T50 slump flow test: It was performed to assess the viscosity characteristics of self-compacting concrete (SCC),
the amount of time it took for the concrete to spread across a 50 cm diameter was recorded. As per EFNARC the
acceptable range is 2 to 5 seconds. [33, 34].

V funnel test It is performed to evaluate the viscosity and flowability of the concrete by measuring the time it
took for the mix to pass through a V-shaped funnel under its own weight. A flow time of 6 to 12 seconds is
usually acceptable [33].

L-box test: The L-box apparatus measures how well SCC can flow through a reinforcing-bar matrix by filling
its vertical and horizontal sections and comparing the concrete heights. The resulting blocking ratio (Hz/H;)
quantifies this ability, with ratios of 0.8 to 1.0 indicating acceptable performance [33, 34].

U Box test: The U-box test assesses the passing ability of SCC by measuring the height difference between two
chambers after the flow through reinforcement. The permissible height difference is generally 0-30 mm [33, 34].

2.3.2. Mechanical Properties

The following tests were performed on the concrete samples to assess the mechanical properties of SCC.

2.3.3.

Compressive strength test: Total of 270 cube samples of size 150 mm x 150 mm x 150 mm were made (shown
in Figure 4) and tested in compliance with 1S 516:2013 [35]. Three specimens were prepared for each mixture
and curing duration of 7, 28, and 90 days in order to ensure result accuracy. Subsequent to the designated curing
durations, the cubes were surface-dried and evaluated with a calibrated compression testing apparatus to measure
the compressive strength. The mean of three measurements was considered the representative value for each age
[36].

T mcvmmnges i s g A N \ o
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Y

Figure 4. Casted samples

Split tensile strength test: Total of 270-cylinder samples of size 150 mm x 300 mm were made (shown in Figure
2) and tested in compliance with 1S 516:2013 [36]. To ensure the accuracy of results, three specimens were made
for each mix with curing ages of 7, 28, and 90 days. After curing, the specimens were surface-dried and subjected
to diametral compression using a calibrated testing machine. The average tensile strength, calculated from three
specimens, was used as the representative value for each curing age [38].

Flexural strength test: 270 Beam specimens of size 100 mm x 100 mm x 500 mm were made and tested for
flexural strength in accordance with IS code IS 516:2013 [18]. Three specimens were evaluated for each mix and
age group of 7, 28, and 90 days, utilizing the two-point loading method. Following the curing process, the beams
were dried and subjected to loading until failure occurred. The modulus of rupture was determined, and the mean
of three results were recorded as the flexural strength at each age [23].

Durability Properties

To evaluate the durability of Self-Compacting Concrete (SCC) mixes under aggressive chemical environments, after
28 days of water curing, the specimens were tested for acid and sulphate attack. For the acid resistance test, concrete
cubes were immersed in a 5% sulphuric acid (H,SO,) solution, while for the sulphate resistance test, similar specimens
were immersed in a 5% magnesium sulphate (MgSo,) solution. The specimens remained in these solutions for extended
periods, and compressive strength tests were conducted at both 28 and 90 days of exposure. The percentage loss in
strength was determined by comparing the results with those of control specimens cured in water. These procedures
were conducted in accordance with the guidelines provided in IS 516:1959.
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2.3.4. Microstructural Analysis
The following tests were performed on the concrete samples to assess the Microstructural Analysis of SCC.
o Fourier Transform Infrared Spectroscopy (FTIR)

Microstructural characterization was performed to understand the hydration phases and chemical bonds in the SCC
mixes. Powdered samples from the control (A2), optimum mix (A2B6), and high-replacement mix (A2B10) were dried
at 60°C to remove free water, sieved to pass through 90 um, and analyzed using a Bruker Alpha II FTIR spectrometer.
Scans were recorded between 4000 cm™ * and 400 cm™ ! at a resolution of 4 cm™ * with 32 scans per sample. This
allowed the identification of peaks related to C—S—H gel, portlandite, and carbonate phases

¢ Thermogravimetric Analysis (TGA/DTG)

Thermal analysis was carried out using a Mettler Toledo TGA/DSC 1 analyzer. About 20 mg of each dried sample
was heated from ambient temperature to 1000°C at a rate of 10°C/min in a nitrogen atmosphere. The mass losses were
analyzed in three temperature ranges:

e 50-200°C: Evaporation of physically bound water and dehydration of C—S—H gel.
e 400-500°C: De-hydroxylation of Ca(OH), (portlandite).
e 600-800°C: Decarbonation of CaCOs .

3. Results and Discussion

The concrete specimens were tested according to standard procedures. The experimental data obtained from these
tests were systematically analyzed, and the results were presented graphically. The results were carefully assessed to
understand the impact of various material blends on the fresh and mechanical behavior of the mixes. The detailed
analysis and discussions are provided in the following sections.

3.1. Fresh Properties

Slump flow test: The effect of 20%, 40%, 60%, 80%, and 100% slag sand, combined with increasing proportions
of expanded clay aggregate (ECA), is analyzed below and depicted in Figure 5. The reference mixes A2 to A6 exhibit
slump flow values ranging from 558 mm to 568 mm, all of which are below the EFNARC-recommended good workable
range of 650 mm. This indicates that these mixes, despite varying the fine aggregate (FA) and silica sand (SS) content,
do not meet the required flowability for SCC. The limited flow is attributed to the presence of conventional coarse
aggregate (CA), which creates internal resistance, and the absence of more flow-enhancing materials. The addition of
Expanded Clay Aggregate (ECA) in mixes A2B6 to A6B10, as a partial to full replacement of conventional coarse
aggregate, shows a clear and consistent improvement in slump flow values across all series. As the ECA content
increases from 20% to 100%, the flowability of the concrete significantly improves, with several mixes exceeding the
EFNARC minimum requirement of 650 mm. Notable results include A2B10 (694 mm), A3B10 (692 mm), and A4B10
(676 mm), all of which demonstrate excellent filling ability suitable for self-compacting applications. Even the A6 series,
which initially had the lowest slump flow (568 mm), reaches 652 mm at full ECA replacement (A6B10), just above the
EFNARC threshold. This positive trend is attributed to the unique characteristics of ECA its lightweight, rounded shape,
and porous texture which help reduce internal friction among particles, thus enhancing the mix’s deformability and
eliminating the need for external compaction [39, 40].
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Figure 5. variation of Slump flow with slag sand and ECA mixes
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T50 Slump flow test: The effect of 20%, 40%, 60%, 80%, and 100% slag sand, combined with increasing
proportions of expanded clay aggregate (ECA), is analyzed below and depicted in Figure 6. The T50 slump flow results
reveal a clear trend in how the inclusion of Expanded Clay Aggregate (ECA) influences the viscosity and filling ability
of Self-Compacting Concrete (SCC). Reference mixes A2 to A6, which do not contain ECA, show higher T50 values
ranging from 4.6 to 4.9 seconds, indicating slower flow and higher viscosity. As ECA replaces coarse aggregate in
increasing proportions from 20% to 100% (A2B6 to A6B10), the T50 time decreases, reflecting improved flowability
and reduced resistance to deformation. Notably, mix A2B10 achieves the lowest T50 value of 2.9 seconds, suggesting
the most fluid and easily flowing mix, followed by A2B9 (3.01 s), A3B10 (3.24 s), and A3B9 (3.35 s), all of which fall
well within the EFNARC-recommended range of 2 to 5 seconds. These mixes demonstrate optimal viscosity and self-
compacting performance. However, in the A6 series, a slight increase in T50 values is observed at higher ECA levels,
though still within acceptable limits (A6B10: 4.09 s). Based on the results, the optimum performance in terms of
viscosity and flow is achieved at or near 20-100% ECA replacement, with A2B10 emerging as the most effective mix
for maximizing flow while maintaining EFNARC compliance.
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Figure 6. variation of T50 Slump flow with slag sand and ECA mixes

V-funnel flow time test: The effect of 20%, 40%, 60%, 80%, and 100% slag sand, combined with increasing
proportions of expanded clay aggregate (ECA), is analyzed below and depicted in Figure 5. The V-Funnel flow
time test results, illustrated in Figure 7, assess the viscosity and flow characteristics of Self-Compacting Concrete
(SCC), with EFNARC guidelines recommending a flow time of less than 10 seconds for optimal performance. The
control mixes (A2 to A6), which use conventional coarse aggregates and no Expanded Clay Aggregate (ECA),
exhibit higher flow times ranging from 10.65 to 10.96 seconds, indicating relatively high internal friction and lower
deformability. However, as ECA is introduced and its proportion increases from 20% to 100% in mixes A2B6 to
A6B10, there is a marked improvement in flow behavior. The most significant enhancement is seen in mix A2B10,
which records the lowest flow time of 8.59 seconds, making it the optimum mix in terms of flowability and viscosity.
This performance is closely followed by A2B9 (8.97 s) and A3B10 (9.24 s), all of which fall well within the
EFNARC-recommended range. The improved results are primarily due to ECA’s lightweight, rounded, and porous
structure, which reduces inter-particle friction and facilitates smoother flow. Although later series such as A6B10
(9.95 s) also meet the EFNARC criteria, the improvements plateau, suggesting diminishing returns at higher ECA
levels. Thus, mix A2B10 emerges as the optimal blend, combining enhanced flowability and reduced viscosity
while fully complying with EFNARC standards.

L-Box test: The effect of 20%, 40%, 60%, 80%, and 100% slag sand, combined with increasing proportions of
expanded clay aggregate (ECA), is analyzed below and depicted in Figure 8. The graph illustrates the L-Box values of
various Self-Compacting Concrete (SCC) mixes incorporating different proportions of Expanded Clay Aggregate
(ECA), indicating the passing ability of the concrete. The reference mixes from A2 to A6 shows relatively lower L-Box
values ranging between 0.807 and 0.828, reflecting limited flow through obstructions due to higher internal friction. As
ECA is introduced from A2B6 onward, there is a significant improvement, with the L-Box value peaking at 0.898 in
A2B10, which suggests excellent passing ability. This improvement is attributed to the spherical shape and lightweight
nature of ECA, which reduces blocking and enhances the mixture’s ability to flow around reinforcing elements. Other
high-performing mixes include A2B9 (0.892), A2B8 (0.888), and A3B10 (0.884), showing consistently better
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performance than mixes with traditional aggregates. However, after certain replacement levels, especially in higher
series like A6B6 to A6B10, there is a slight decrease in values, stabilizing around 0.831 to 0.849. This suggests that
beyond a certain ECA content, the benefits plateau or even slightly decline. Overall, A2B10 demonstrates the optimal
L-Box value, confirming it has the best passing ability among all tested mixes.
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Figure 8. variation of L-box value with slag sand and ECA mixes

U-Box test: The effect of 20%, 40%, 60%, 80%, and 100% slag sand, combined with increasing proportions of
expanded clay aggregate (ECA), is analyzed below and depicted in Figure 9. According to EFNARC guidelines, the U-
Box test is used to assess the filling ability of self-compacting concrete (SCC) when it flows through narrow gaps and
around obstacles, with lower U-Box values ideally below 30 mm, and preferably closer to 0 indicating superior flow
characteristics and minimal blockage. From the graph, the reference mixes from A2 to A6 exhibit high U-Box values
ranging between 17.5 mm and 18 mm, which suggests relatively restricted flow and poor filling ability. With the
incorporation of Expanded Clay Aggregate (ECA) in the mixes from A2B6 to A6B10, there is a significant drop in U-
Box values, especially for A2B10 (7.5 mm) and A3B10 (7.9 mm), indicating excellent flow and compliance with
EFNARC’s performance criteria. These values reflect improved deformability and reduced internal resistance due to
ECA's lightweight, porous, and rounded nature, which enhances particle mobility. However, at very high slag sand and
ECA content as seen in mixes like A6B6 and A6B7 U-Box values increase again to 15.5 mm and 15 mm, which, while
still acceptable, may hint at possible segregation or reduced cohesiveness. Therefore, the optimal mix in accordance
with EFNARC standards is A2B10, as it demonstrates the lowest obstruction height and highest filling efficiency.
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Figure 9. variation of U-box value with slag sand and ECA mixes

The improved flowability and reduced segregation observed in mixes with moderate ECA and slag sand substitution
demonstrate the effectiveness of these materials in achieving SCC consistency. The enhanced cohesiveness prevented
weak zones, which later influenced crack resistance in hardened specimens. Similar observations were reported [41, 42],
confirming that controlled replacement levels can improve deformability while maintaining stability. This justifies the
selection of ECA and slag sand as sustainable substitutes without compromising fresh performance.”

3.2. Mechanical Properties

Compressive Strength: From the Figure 10., among all mixes, Mix A2B6, composed of 20% Slag Sand and 20%
Expanded Clay Aggregate, demonstrated the most favorable mechanical performance. Its compressive strength reached
26.94 MPa at 7 days, increased to 42.13 MPa at 28 days, and peaked at 45.21 MPa after 90 days—outperforming all
other mix variants, including the control. The results establish A2B6 as the optimum mix, achieving the highest strength
across all curing durations while utilizing sustainable alternatives in both fine and coarse fractions. The moderate
replacement level appears to provide a balanced internal structure, where the benefits of reduced aggregate density and
improved packing are maximized without inducing excessive porosity or bond weakness. The superior performance of
A2B6 can be attributed to multiple synergistic mechanisms. The partial use of slag sand, with its angularity and high
fine content, may contribute to improved paste-aggregate adhesion, while the inclusion of 20% ECA introduces
controlled internal curing due to its water-absorptive nature, prolonging hydration. Additionally, the pozzolanic activity
from fly ash and silica fumes significantly contributes to secondary gel formation, densifying the matrix and enhancing
long-term strength.
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Figure 10. variation of compressive strength with slag sand and ECA mixes for different curing ages
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This optimized interaction results in reduced voids and improved strength gain over time, as clearly indicated by the
high 90-day strength. On the other hand, mixes with higher replacement levels, particularly those exceeding 60% ECA
or 80-100% SS, exhibited a consistent decline in compressive strength. For instance, Mix A6B10 (100% SS and 100%
ECA) recorded only 15.1 MPa at 7 days and 21.1 MPa at 28 days, falling below the characteristic strength limit for M30
concrete. This deterioration is likely due to the high porosity, weak interfacial transition zones, and inadequate
compaction resulting from overly lightweight and absorbent aggregates, despite the presence of a high-performance
binder. The observed trends are consistent with previous studies, which emphasized the importance of balancing
lightweight aggregate content with binder richness and paste flow characteristics [43, 44]. The study clearly establishes
that while high-volume replacements reduce the environmental footprint, they must be carefully limited to preserve
structural performance. In conclusion, Mix A2B6, with 20% SS and 20% ECA, offers an optimum balance between
compressive strength and material sustainability.

Split Tensile Strength: Split tensile strength tests were conducted at 7, 28, and 90 days on SCC mixes containing
various levels of Slag Sand (SS) and Expanded Clay Aggregate (ECA), illustrated in Figure 11. These results supplement
the compressive strength findings, offering insights into the material’s tensile behavior and cracking resistance. The
observed strengths ranged from 2.95 N/mm? to 5.11 N/mm2, showing consistent improvement with curing age across
all mixes, influenced by the ternary binder system (65% OPC, 25% Fly Ash, 10% Silica Fume) and the use of high-
range water-reducing admixtures. Among the tested combinations, Mix A2B6 (20% SS + 20% ECA) once again
outperformed others, recording the highest split tensile strength at all ages: 3.94 MPa (7 days), 4.93 MPa (28 days), and
5.11 MPa (90 days). This demonstrates excellent cohesion and internal tensile resistance, making A2B6 the optimum
mix not only for compressive behavior but also for resistance to tensile-induced cracking. The improvement is attributed
to a dense matrix formed by well-graded fines, controlled use of lightweight aggregates, and the pozzolanic reactivity
of fly ash and silica fume, which refine pore structure and enhance paste-aggregate bonding. Mixes with higher aggregate
replacement levels, particularly beyond 60% ECA, consistently showed reduced tensile strength. For instance, Mix
A6B10 (100% SS and 100% ECA) had the lowest values, with only 2.95 MPa at 7 days and 3.87 MPa at 90 days,
reflecting weak interfacial zones and internal discontinuities introduced by excessive lightweight aggregate content. The
results reinforce that while ECA contributes to reduced density and enhanced sustainability, its overuse negatively
affects load transfer mechanisms and cracking resistance. In summary, A2B6 is validated as the most mechanically
balanced mix, exhibiting peak performance in both compressive and tensile parameters. Its dual superiority indicates
optimal packing, strength development, and durability potential, positioning it as the most promising sustainable SCC
mix in this study. These findings are consistent with literature indicating that moderate replacement levels of alternative
aggregates can enhance tensile behavior without compromising overall matrix integrity [45, 46].
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Figure 11. variation of split tensile strength with slag sand and ECA mixes for different curing ages

Flexural Strength: Flexural strength testing was performed on Self-Compacting Concrete (SCC) mixes
incorporating various proportions of Slag Sand (SS) and Expanded Clay Aggregate (ECA) illustrated in Figure 12. with
values ranging from 3.34 N/mm?2 to 5.78 N/mmz2 across 7, 28, and 90 days. These tests measure the concrete's ability to
withstand bending stresses and resist crack growth under typical service conditions, which is particularly important for
structural components such as slabs and beams. The A2B6 mix showed superior flexural strength, progressing from 4.46
MPa at 7 days to 5.55 MPa at 28 days, and achieving 5.78 MPa at 90 days. This confirms A2B6 not only as the optimum

4272



Civil Engineering Journal Vol. 11, No. 10, October, 2025

mix in compressive and tensile domains but also as the most resistant to flexural failure. The balanced replacement 20%
SS and 20% ECA likely results in optimal load dispersion along the matrix, reduced internal voids, and improved
interfacial bonding due to the synergistic effect of reactive binder phases and well-graded aggregate structure. In
contrast, mixes with higher replacement levels, especially those with 100% ECA (A6B10), demonstrated notably lower
flexural strengths (3.34 MPa at 7 days and 4.38 MPa at 90 days). These results reflect the detrimental effect of excessive
lightweight aggregate use, which leads to reduced stiffness, microcrack formation under loading, and weak aggregate-
paste interaction. Additionally, Mix A3B6 (40% SS + 20% ECA) and A3B10 (40% SS + 100% ECA) showed moderate
strength retention, reinforcing the benefit of keeping ECA content within 20-40% for structural applications. The
performance pattern mirrors observations in compressive and tensile strength trends, confirming that optimal mechanical
performance across all modes is achieved when SS and ECA are limited to moderate levels, especially when paired with
a well-optimized binder system [47].
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Figure 12. variation of Flexural strength with slag sand and ECA mixes for different curing ages

In compression tests, control mixes generally failed through typical cone-shaped fractures and surface spalling,
whereas mixes containing slag sand exhibited narrower cracks and more gradual propagation, indicative of improved
particle packing and a denser matrix. Cylindrical specimens under split tensile loading displayed longitudinal cracks
along the loading axis; the crack widths were smaller in optimum mixes such as A2B6, reflecting enhanced bond
strength, while higher replacement levels led to wider, more brittle cracks. Beam specimens subjected to flexural loading
developed flexural cracks at the mid-span, which gradually propagated into diagonal shear cracks; mixes with ECA
showed a greater number of fine cracks due to the porous aggregate structure, though the internal curing effect helped
prevent sudden catastrophic failure. The strength behavior is consistent with the observed crack and failure modes.
Optimum mixes (A2B6) exhibited narrower, evenly distributed cracks and gradual load transfer, reflecting denser
packing and improved ITZ bonding. Higher replacement levels, however, led to wider cracks and brittle failure due to
porosity. These results align with earlier findings by Revilla-Cuesta et al. [42, 45] who noted that moderate levels of
recycled or lightweight aggregates enhanced strength and crack resistance. Thus, the optimum slag sand—-ECA
combination offers a justified balance between sustainability and performance. In addition to cubes and cylinders, prism
specimens were cast and tested under flexural loading to evaluate the bending strength of the optimum SCC mix (A2B6).
The prism tests provide valuable insights into the flexural behavior of the concrete, serving as an intermediate step
toward structural element validation

3.3. Durability Properties

Acid Attack Test: Durability performance of SCC mixes was assessed through immersion in 5% H, SO, solution
to simulate acidic exposure, with residual compressive strength measured at 28 and 90 days shown in Figure 13. The
results demonstrate a general trend of strength degradation under acidic conditions, with compressive strength losses
ranging from 31.02 MPa to 16.55 MPa at 28 days. The extent of deterioration is influenced by aggregate type and
replacement levels. Notably, Mix A2B6 (20% SS + 20% ECA) exhibited superior acid resistance, retaining 29.91 MPa
at 28 days and 27.58 MPa at 90 days, closely following the durability profile of the control mix (A2). This performance
is attributed to the dense microstructure induced by the optimized binder system, which minimizes permeability and
limits acid ingress. Moreover, moderate use of ECA appears to assist in mitigating internal microcrack propagation due
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to its internal curing potential. Conversely, mixes with higher replacement levels (A6B10 with 100% SS + 100% ECA)
suffered significant degradation, maintaining only 16.55 MPa at 28 days and dropping further to 15.30 MPa at 90 days.
Such mixes likely experienced acid-induced matrix decalcification and surface leaching, exacerbated by increased
porosity and reduced paste cohesion due to excessive lightweight aggregate content. Additionally, FLA-rich mixes
showed lower retention compared to their counterparts, suggesting less effective acid resistance. Overall, Mix A2B6
once again confirms its optimum status, demonstrating a favorable balance between mechanical strength and durability
under aggressive chemical conditions. These results align with previous studies highlighting the role of pozzolanic
binders and controlled aggregate grading in enhancing acid resistance in SCC [44].
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Figure 13. variation of compressive strength loss in H2SO4 with slag sand and ECA mixes for different curing ages

Sulphate attack Test (MgSo4): To evaluate the sulphate resistance of SCC incorporating Slag Sand (SS) and
Expanded Clay Aggregate (ECA), specimens were immersed in a 5% MgSO, solution, and compressive strength was
measured at 28 and 90 days illustrated in Figure 14. The results revealed a clear degradation pattern in all mixes under
sulphate exposure, with 28-day retained strengths ranging from 35.31 MPa (A2) to 18.4 MPa (A6B10). Notably, Mix
A2B6 (20% SS + 20% ECA) demonstrated the highest durability among modified mixes, retaining 35.39 MPa at 28
days and 33.91 MPa at 90 days, nearly equivalent to the control mix (A2: 35.31 MPa and 34.82 MPa, respectively). This
indicates that moderate incorporation of SS and ECA does not compromise resistance to sulphate-induced deterioration.
The enhanced performance of A2B6 can be attributed to its dense microstructure, reduced permeability, and strong
matrix-aggregate bonding supported by the reactive pozzolanic binder system. The presence of silica fume and fly ash
likely contributes to refining pore structure and reducing calcium hydroxide availability thereby limiting gypsum and
ettringite formation, which are responsible for expansion and cracking under sulphate exposure.
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In contrast, mixes with higher replacement levels (A6B10, with 100% SS and 100% ECA) exhibited significant
deterioration, achieving a compressive strength of 18.4 MPa after 28 days and 19.43 MPa at 90 days. The reduced
strength values suggest indicative of microstructural breakdown, high permeability, and poor durability, confirming that
excessive substitution with lightweight or reactive aggregates undermines sulphate resistance. Concrete mixes
containing high volumes of fly ash and lightweight aggregates suffered reduced sulphate durability due to increased
porosity and soft aggregate-matrix interfaces [48]. In conclusion, Mix A2B6 demonstrates excellent sulphate resistance,
closely matching control performance while enhancing sustainability. These findings reinforce the importance of
moderate substitution levels and pozzolanic binder optimization to achieve long-term durability in sulphate-rich
environments.

In durability tests, specimens exposed to acid and sulphate attack exhibited surface scaling and edge deterioration,
with slag sand blends maintaining better integrity than controls. These observations are in line with previous findings
on sustainable SCC with alternative aggregates, were optimum replacement levels improved crack control and failure
resistance. Thus, the combined evidence from crack patterns, failure modes, and measured properties strongly supports
the conclusion that moderate levels of slag sand and ECA enhance both mechanical performance and long-term
durability. Specimens exposed to aggressive environments confirmed the durability trends, with control and optimum
mixes maintaining surface integrity while higher replacements suffered scaling and deeper cracks. The improved
resistance of slag sand blends is attributed to denser microstructure and reduced permeability, while ECA’s internal
curing mitigated sudden deterioration. Similar durability gains with controlled waste aggregate use were highlighted
[49] These results justify the use of slag sand and ECA in SCC as they enhance long-term serviceability while reducing
reliance on natural resources.

4. Microstructural Properties

FTIR Results and Discussion: The FTIR spectra shown in Figure 15 showed a strong band at ~970-990 cm™,
characteristic of Si—O stretching vibrations in C-S—H gel. The intensity of this peak was highest for A2B6, indicating
greater gel formation due to enhanced pozzolanic activity from fly ash, silica fume, and slag sand. A distinct OH
stretching band near 3640 cm™, attributed to portlandite, was less intense in A2B6 compared to the control (A2),
reflecting higher CH consumption during pozzolanic reactions. Carbonate peaks around 1420-1450 cm™ were present
in all mixes, but slightly more pronounced in high-replacement mix A2B10, indicating greater carbonation due to higher
porosity [50]. The reduction of the CH peak and enhancement of C-S-H peak in A2B6 confirm a denser and more
chemically stable matrix.
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Figure 15. FTIR spectra showing C-S—H peak intensity and portlandite reduction, with A2B6 exhibiting the strongest gel
formation

o TGA/DTG Results and Discussion: TGA curves illustrated in Figure 16 displayed three major weight loss regions
corresponding to the identified hydration products.
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Figure 16. TGA curves illustrating higher bound water and reduced CH decomposition in A2B6, confirming its denser
microstructure

e 50-200°C: A2B6 exhibited ~7.2% weight loss, higher than A2 (~6.5%) and A2B10 (~5.8%), indicating greater
bound water content and thus more hydration gel.

e 400-500°C: The portlandite decomposition weight loss was lowest for A2B6 (~3.2%) compared to A2 (~4.1%),
showing reduced CH presence due to pozzolanic consumption.

e 600-800°C: Carbonate decomposition losses were similar (~2.8—-3.1%), with no significant impact from aggregate
replacement levels.

These results align with the mechanical and durability performance, confirming that A2B6 possesses a refined pore
structure and higher gel content, which enhances strength and chemical resistance.

The optimum performance of the SCC in this study was achieved with the mix A2B6, containing 20% slag sand and
20% expanded clay aggregate. This combination provided a balanced interaction between particle packing, binder
reactivity, and internal curing. The partial replacement of natural sand with slag sand introduced fine angular particles
that effectively filled micro voids between cement grains and natural sand, creating a denser matrix while maintaining
adequate paste coating on aggregate surfaces. The 20% incorporation level proved ideal, as higher slag sand contents
(>40%) increased water demand and reduced flowability, while lower contents (<20%) did not optimize void filling [51,
52]. The inclusion of expanded clay aggregate, with its porous structure, enabled internal curing by slowly releasing
stored water during hydration, sustaining pozzolanic reactions over an extended period.

Its rounded particle shape also lowered interparticle friction, enhancing workability without increasing the water-to-
binder ratio. The ternary binder system (65% OPC, 25% fly ash, and 10% silica fume) contributed to early-age strength
from OPC, long-term strength from fly ash, and pore refinement from silica fume. The synergy between these materials
in A2B6 resulted in a refined pore structure, higher C-S—H gel content, and reduced portlandite levels, as confirmed by
FTIR and TGA analyses. This translated into superior mechanical properties—compressive strength of 45.21 MPa, split
tensile strength of 5.11 MPa, and flexural strength of 5.78 MPa at 90 days—along with high durability, retaining 27.58
MPa after acid exposure and 33.91 MPa after sulphate exposure at 90 days. These results affirm that A2B6 not only
meets structural performance requirements but also advances sustainability by reducing dependence on natural
aggregates while enhancing the service life of SCC in aggressive environments. These graphical results strengthen the
findings from mechanical and durability studies, clearly illustrating how slag sand and ECA contribute to matrix
densification and secondary gel formation. Similar FTIR and TGA trends were reported by Islam et al. (2024) [50] and
Nuruzzaman et al. (2024) [52], confirming the reliability of the present study

Microstructural studies confirmed the macroscale behaviour, as optimum mixes exhibited higher C-S-H gel
formation, refined pores, and reduced portlandite, which correlate with narrower cracks and improved durability.
Excessive ECA, however, showed porous zones, explaining the wider cracks and lower strength observed. These
findings are in agreement with Islam et al. [50] and Renukuntla & Murthi [51] who reported that moderate inclusion of
industrial by-products enhances microstructural densification. The synergy of slag sand and ECA is therefore validated,
as it balances sustainability with durability and strength improvements
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5. Conclusions
The following conclusions have been derived from the results and discussions:

e The experimental results clearly demonstrate that incorporating Expanded Clay Aggregate (ECA) in Self-
Compacting Concrete (SCC) mixes significantly improves workability and overall performance in accordance
with EFNARC guidelines. Traditional reference mixes from A2 to A6, which use only conventional coarse
aggregates, exhibited limited flowability, higher viscosity, and lower passing and filling abilities. However,
replacing coarse aggregates with ECA, particularly at higher percentages, resulted in substantial improvements
across all fresh property tests, namely slump flow, T50, V-funnel, L-box, and U-box. Among all the combinations,
mix A2B10 consistently outperformed others, achieving optimal results: a high slump flow (694 mm), low T50
time (2.9 s), reduced V-funnel flow time (8.59 s), excellent passing ability (L-box value of 0.898), and minimal
obstruction height in the U-box test (7.5 mm).

e These improvements are primarily due to ECA’s lightweight, rounded, and porous structure, which enhances
particle mobility and reduces internal friction. Furthermore, the use of ECA promotes sustainability by reducing
the demand for natural coarse aggregates and supporting the use of energy-efficient, recycled materials. Thus,
A2B10 can be identified as the most effective and sustainable SCC mix, fulfilling both EFNARC performance
requirements and environmental considerations.

o From the mechanical and durability performance, among the 30 mixes tested, Mix A2B6, containing 20% SS and
20% ECA, consistently demonstrated superior performance. It achieved the highest compressive strength of 45.21
MPa at 90 days, accompanied by significant values in both split tensile and flexural strengths of 5.11 MPa and
5.78 MPa, respectively. It achieved the highest compressive strength of 45.21 MPa at 90 days, along with notable
split tensile and flexural strengths of 5.11 MPa and 5.78 MPa, respectively.

o Durability assessments under aggressive chemical exposures further validated the resilience of Mix A2B6. After
immersion in 5% sulphuric acid (H,SO,) and 5% magnesium sulphate (MgSO,) solutions, the mix retained 27.58
MPa and 33.91 MPa compressive strength at 90 days, respectively, closely aligning with the control mix. These
findings underscore the efficacy of moderate SS and ECA incorporation in enhancing both the mechanical
properties and chemical resistance of SCC.

o Microstructural analysis via FTIR and TGA demonstrated that the optimum mix (A2B6) had the highest C—S-H
content and lowest residual portlandite, indicating advanced pozzolanic reaction and a denser matrix, which
directly contributed to its superior mechanical and durability performance.

o Therefore, together, slag sand maintains stability, and ECA enhances mobility, resulting in a concrete mix that
flows easily through congested reinforcement while resisting segregation. Thus, A2B10 is optimal for flow-
critical applications, A2B6 emerges as the most sustainable and structurally efficient SCC mix, offering a holistic
balance of workability, strength, durability, and environmental performance. This synergistic effect leads to a
well-balanced SCC mix that meets both workability, stability and sustainability requirements.

o While the results demonstrate the technical viability of slag sand and ECA in SCC, further research should extend
toward economic feasibility, embodied energy, and life-cycle sustainability assessment to comprehensively
validate the environmental benefits of these materials.
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