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Abstract: The primary objective of this research is to utilize an industrial waste byproduct such as
waste foundry sand (WFS) as an alternative for fine aggregate in self-compacting concrete (SCC).
This research focuses on the use of WFS in SCC to enhance durability and mechanical properties,
to find an alternative for fine aggregate in SCC, to reduce the disposal challenges of WFS, and
to make SCC lightweight and environmentally friendly. Initially, WFS was treated with chemical
(H2SO4), segregating, and sieving to remove the foreign matter and clay content. For this study,
WFS is considered in varying percentages such as 0, 10, 20, 30, 40, and 50. For this investigation,
M60 grade SCC is considered as per Indian standards and EFNARC guidelines. After that, this
research focuses on tests on various fresh properties of SCC in each batch to find the flowability
and passing ability of various mixes prepared using WFS. Similarly, the mechanical properties of
SCC such as compressive, flexural, and split tensile strength tests were performed at 7, 28, and
90 days curing periods, respectively. Likewise, durability properties of SCC were found in all the
mixes prepared using WFS such as water absorption, sorptivity, resistance to chemical attack, and
chloride ion penetration; tests of these properties were performed at 28 and 90 days curing periods,
respectively. Based on the experimental investigation of SCC, it was found that WFS can be used in
M60 grade SCC as an alternative for fine aggregate up to 30% without compromising much on its
properties. Finally, this establishes that using treated WFS in SCC helps in reducing the generation of
waste and prevails as a meaningful utilization method. This research will also establish that the use
of treated WFS will reduce the density and make SCC a lightweight, green, and sustainable material.

Keywords: self compacting concrete (SCC); waste foundry sand (WFS); Alccofine; cement; durability;
life cycle assessment (LCA); sustainability

1. Introduction

Concrete is a versatile material used throughout the world. Without concrete, we
cannot make a perfect structure [1,2]. The development of India also means an increase
in concrete infrastructure. It leads to the depression of natural resources [3]. It also leads
to urbanization and industrialization taking place. The consumption of natural resources
for infrastructure and construction projects significantly increased from 1900 to the current
date [4]. The overexploitation of resources such as gravel and river sand has been identified
as one of the main factors that contributes to the depletion of natural resources [5,6]. In
addition, industrialization has led to the dumping of waste in landfills, which negatively
affects the environment [7,8].

Waste foundry sand (WFS) is a waste byproduct obtained from the metal/alloy casting
industries. Similarly, the use of WFS in concrete mainly impacts the quality, hydration,
setting time, and long-term performance of concrete. However, treatment of foundry sand
with chemicals or water will reduce the contaminants present in WFS and help in improving
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the strength and durability properties of concrete. Therefore, the use of treated foundry
sand (TWFS) is more beneficial when compared to WFS. Due to the unawareness about
the favorable reuse of treated foundry sand, it has been difficult for end-users to make
informed decisions. However, this practice has become more accepted as more industries
are aware of its potential [9]. Reuse of TWFS continues to become more accepted as a means
of overcoming disposal and landfilling activities [10].

In the past few years, the utilization of waste foundry sand in concrete mixtures
has been on the rise due to its environmental and economic benefits [11,12]. Numerous
studies [13,14] have been carried out on the impact of WFS on concrete’s durability and
strength. The various industrial practices that contribute to the creation of each waste
type are responsible for its source. These materials are then recycled and disposed of
globally [11]. The characteristics of WFS can be affected by the industry it comes from
and the casting process adopted. About 84% to 93% of it is composed of particles that are
smaller than 100 mm. According to data collected from 39 foundries, the average particle
size of WFS is around 0.50 to 2.00 mm [4].

Studies have shown that the use of WFS in concrete mixtures can have varying negative
and positive effects on the compressive strength of the concrete [15]. Some studies claim
that up to a certain level, up to 20%, can improve the concrete’s compressive strength [16,17].
This is attributed to the various properties of the filler and pozzolanic properties. Although
the use of WFS can improve the strength of concrete by reducing the usage of fine aggregate
(FA), it can also lead to a decrease in compressive strength. This issue can be caused by the
presence of binders in the particles [18].

Although there has been conflicting evidence presented regarding the effects of WFS
on SCC durability, some studies claim that it can help improve its resistance to various
types of attacks. The pozzolanic reaction of WFS can enhance the concrete’s resistance to
chemical attacks and reduce its permeability [19]. However, other studies claim that the
addition of WFS did not improve the durability of the concrete. Particle size distribution,
quality, and presence of impurities or contaminants can affect the performance of WFS in
certain concrete mixtures [20].

Through various analytical techniques, such as X-ray diffraction, scanning electron
microscopy, and mercury intrusion morphometry, researchers have been able to study the
effects of the utilization of WFS on certain structural features of concrete. They discovered
that the concrete’s hydration products, pore structure, and ITZ have changed due to the
presence of WFS. These changes could affect the concrete’s durability and mechanical
properties [21]. To minimize the negative effects of WFS on the concrete’s durability,
various optimization techniques have been proposed. These include the use of particle
size control and pre-treatment of WFS to remove contaminants. To create sustainable
and high-quality concrete mixtures, producers and researchers can use the proper mix
techniques and choose the right materials. This can help them develop concrete that is
more durable and resilient.

The primary aim of this research is to improve the properties of concrete by partially re-
placing manufactured sand (manufactured sand or crushed sand is a type of sand produced
by grinding hard granite into fine particles) with WFS (0–50%). In a study, researchers
conclude that the non-ferrous and ferrous foundry industries produce around 6 and 10 MT
of waste annually, and estimates show that only 15% of this waste is recycled. There is
a requirement to provide an alternative form of disposal for this huge industrial waste
because of the declining availability of dumping sites and the cost of disposal [22].

Compared to existing concrete, SCC provides various advantages when it comes to
production and placement. These include its ability to reduce the need for external or inter-
nal vibration, improved workability, durability, and better bonding strength [23,24]. The
placement and production of SCC can be faster than that of conventional concrete. In terms
of durability, mechanical performance, and appearance, it offers a superior alternative [25].
Besides the mechanical and appearance characteristics, the various aspects of production
and placement are also important when it comes to the success of SCC. These include
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quality control and finishing techniques. If the processes and guidelines are highly specific
for the project, it can affect the construction ability of the concrete [26]. Various factors, such
as the concrete mixer used, the duration of its transport, and the methods used in the final
pour and finish, can affect the concrete’s characteristics. Therefore, strict quality control
measures are implemented during the manufacturing process of SCC [27]. Pumping is the
ideal installation technique for SCC because of its better workability than conventional
concrete. However, a larger flow rate increases the likelihood of air entrainment, which
can lead to segregation and bleeding. SCC typically has fewer surface flaws than regular
concrete, although cracking and honeycombing can occur if production and placement
rules are not properly followed [28]. To produce SCC reliably, this chapter discusses how
to manage the admixtures, aggregate moisture content, and water-to-solids ratio [29].

The use of WFS as an alternative for FA is almost equivalent to the requirements
needed to match the characteristics that are used in concrete. The outcome of this study
specifies that the concrete with TWFS performed better than the reference mix. Concrete
with 30% TWFS is more resistant than the reference mix with improved durability prop-
erties. Researchers also demonstrated that TWFS could be used to produce high-strength
concrete. [4]. A study conducted on the sustainable properties of concrete shows that
WFS can be used as a building material. A similar program was then used on a control
material, which is a sand-sized recycled glass. When it comes to construction projects,
utilizing WFS instead of natural sand can have positive environmental effects. It can help
reduce greenhouse gas emissions and prevent landfills from being expanded [30]. One
study [4] analyzed the impacts of WFS and fly ash on the fresh and hardened state of
concrete mixes. It revealed that the use of up to 30% WFS can enhance the hardened
properties of the concrete. According to a study [31] performed on concrete, a density of
less than 1230 kg/m3 can be considered lightweight with WFS as a substitute for natural
sand. The light weight can be attributed to the air voids created by the aerating agents such
as aluminum powder and hydrogen peroxide. The concrete commonly used at the time of
the study had a compressive strength of around 25 MPa. By adding 40% TWFS, its strength
had risen to 30.5 MPa [32,33].

The researchers of [34] also discovered that the concrete produced using recycled
aggregate and 20% WFS exhibits better characteristics when compared to the controlled
concrete. According to this study, the use of WFS, obtained from manufacturing and pro-
cessing various metals, as a partial replacement for FA in concrete for effective strength gain
and long-term performance [35]. This research proposes a framework for the development
of WFS reclamation in India through a multi-stakeholder approach. It includes technology,
resources, and potential markets [36]. Due to the properties of the waste products, the
researchers determined that the optimal replacement levels for coconut shells and WFS
were found to be 25% and 15%, respectively [37]. The researchers of [38] studied the effects
of ground granulated blast furnace slag (GGBFS) on concrete strength and how much WFS
should be used as an alternative to FA. They discovered that a mixture of 15% bagasse
ash, 30% GGBFS, and 30% WFS can produce superior concrete. Critical findings from the
literature review and the significance of this research are highlighted in the next section.

2. Research Significance

Due to the rapid growth of construction, it is important to note that the basic mate-
rials used for the production of SCC need special attention regarding sustainability and
environmental friendliness. This can be done using waste materials such as byproducts
of industrial waste. However, there are also various alternatives that can be used to make
the process more economical. Extensive research is already being carried out on the use
of WFS in traditional concrete. However, there has been a lack of sufficient literature on
the subject, which suggests that further studies are needed. The use of WFS is lacking in
SCC in both durability studies and life cycle assessments. In this study, the researchers
suggest that fine aggregates are a more effective alternative to WFS in SCC. The use of WFS
and TWFS enhances the strength, durability, microstructure, and fresh properties of the
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SCC. In this study, an attempt is made to utilize TWFS as an alternative to FA and assess
properties such as its micro-structure, durability, and fresh properties to explore its use in
the preparation of SCC. This research also attempts the LCA of SCC prepared based on the
hardened properties of SCC. The outcome of this investigation demonstrates that the use
of TWFS in the production of SCC can be favorable as it can deliver a cost-effective and
sustainable alternative to FA in SCC.

3. Materials
3.1. Ordinary Portland Cement (OPC)

For this research, OPC53–grade cement conforming to Indian standards [39] is used as
a basic binding agent. The chemical and physical properties of binders used in SCC are
presented in Tables 1 and 2, respectively. Similarly, the binders (OPC, ground granulated
blast furnace slag (GGBFS), and Alccofine) are presented in Figure 1.

Table 1. Physical properties of binders used in SCC.

Property OPC GGBFS Alccofine

Particle size (µm) 90 25 4.4

Grade 53 -- 1203

Specific gravity 3.10 2.91 2.86

Specific surface area (m2/kg) 320 470 1186

Loss on Ignition (%) 0.78 0.81 0.56

Bulk density (kg/m3) 1310 1050 710

Table 2. Chemical properties of binders used in SCC (OPC, GGBFS, and Alccofine).

Oxide Composition OPC (%) GGBFS (%) Alccofine (%)

CaO 65.67 37.23 32.90

Fe2O3 2.64 1.21 1.52

Al2O3 4.61 14.52 20.68

K2O 0.51 0.31 0.00

MgO 0.90 8.61 8.99

SO3 2.84 0.49 0.31

Na2O 0.19 0.00 0.00

SiO2 22.64 37.33 35.60
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3.2. Mineral Admixture

Mineral admixtures are primarily used in SCC to improve its various characteristics,
including strength and durability. For this research, GGBFS and Alccofine are employed as
additives in SCC. GGBFS is a byproduct of the iron production process. It is mainly used to
enhance the durability and strength of SCC. It is also used to reduce the heat of hydration
and to improve the resistance of SCC to alkali-silica reactions. For this research, GGBFS
was collected from the locally available market, where large quantities of iron waste are
processed and packaged for easy availability. Alccofine is a low-calcium silicate material
commonly used as a cementitious additive in SCC. Alccofine is made from GGBFS, which
is a waste material generated by India’s iron ore industry. It has a high concentration of
glass and ore. As it is fine when compared to other SCMs, it exhibits reactive characteristics.
For this research, Alccofine 1203 was considered as a mineral admixture for the SCC.

3.3. Chemical Admixture

Chemical admixtures play a vibrant role in enhancing the flowability, durability,
strength, and other properties of SCC. For this research, polycarboxylate ether-based
superplasticizers are used as a chemical admixture.

3.4. Fine and Coarse Aggregate

For this study, coarse aggregate (CA) of a nominal size of 20 mm and fine aggregate
(FA) of a size smaller than 4.75 mm were used. Locally available crushed angular shaped
CA was considered. Similarly, manufactured sand was considered as a FA for this research.
The physical properties of FA and CA used in this study are specified in Table 3. Similarly,
the particle size distribution of the FA used is presented in Figure 2.

Table 3. Physical characteristics of WFS, TWFS and M-Sand.

Characteristics
Test Results

M-Sand WFS TWFS

Specific gravity 2.58 2.48 2.21

Fineness modulus 2.83 2.19 1.95

Water absorption 0.56% 1.18% 0.62%

Bulk density 1812 kg/m3 2056 kg/m3 1601 kg/m3

Grading Zone—II Zone—II Zone—II
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3.5. Water

In the process of concrete production, water is a vital component, as it shows a
significant function in the mixing, placing, and curing of concrete. For this research, tap
water was used for the preparation of the SCC.

3.6. Waste Foundry Sand (WFS)

WFS is a byproduct produced from the metal casting process. It is usually composed
of high-grade silica sand and clay mixed with varying additives, binders, and residual
metals. WFS exhibits certain characteristics like its natural counterpart, such as its particle
size and shape; it may have higher levels of organic matter, fines, and clay, which influences
its reuse as a FA in concrete. Due to the environmental impact of WFS, foundries that
produce large quantities of waste are constantly looking for ways to manage it. This can be
done through various means, such as recycling and landfilling. To overcome the challenges
of landfilling and disposal concerns and reduce the potential environmental and health
risks, WFS is used as a FA in this study.

Due to the presence of unwanted foreign concentrations like clay, carbon, and other
concentrations, WFS will affect the hydration, strength, and other properties of concrete.
Hence, in this study, WFS is treated with 5% concentrated H2SO4 and considered TWFS
to remove the foreign matter present in WFS. After treatment, TWFS is considered as an
alternative to fine aggregate in SCC with varying proportions such as 0, 10, 20, 30, 40,
and 50% by weight of manufactured sand. The physical properties of WFS and TWFS are
presented and compared with manufactured sand in Table 3. The grain size distribution of
WFS and TWFS and its comparison to manufactured sand is presented in Figure 2. Similarly,
the WFS and TWFS used for this research are presented in Figure 3. The morphology of
WFS and TWFS is presented in Figure 4. Energy dispersion X–ray (EDX) analysis and the
chemical composition of TWFS and WFS are presented in Figure 5 and Table 4, respectively.
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Table 4. Chemical composition of TWFS and WFS based on EDX analysis.

Type Na2O MgO Al2O3 SiO2 Fe2O3 K2O CaO SO3 Cr2O7 TiO2

WFS 3.04 0.40 3.352 86.22 4.11 0.31 1.562 0.86 0.001 0.152

TWFS 4.41 0.23 4.03 85.27 5.63 0.30 0.005 0.12 -- 0.002
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4. Methodology

This research mainly focuses on the use of treated WFS in varying ratios (0, 10, 20, 30,
40 and 50%) by weight of fine aggregate (FA) in M60 grade SCC. The research methodology
followed for this study is rendered in Figure 6. This research mainly focuses on two parts.
The first part mainly focuses on the treatment of WFS, characterization of WFS, and its
effects on fresh, mechanical, and durability properties of SCC. The second part of this
research mainly focuses on studying the effect of SCC prepared using WFS on carbon
footprint, environment, and other impact categories. To this end, this research mainly
focuses on studying the impact of SCC on a life cycle assessment (LCA). For this LCA study,
SimaPro software and the EcoInvent database were used.
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4.1. Treatment of Waste Foundry Sand

This research mainly focuses on the use of WFS in SCC as an alternative to FA to
reduce the consumption of natural resources and landfilling and disposal challenges of
WFS. The use of WFS in SCC makes concrete eco-friendly. WFS is accumulated from the
nearby foundry industries. After collection, it is segregated and cleaned to remove the
unwanted foreign matter. After that, WFS is dried and treated with 1 M 5% concentrated
H2SO4. After treatment, WFS is dried and sieved using a 4.75 mm sieve. After treatment,
WFS is considered treated foundry sand (TWFS).

4.2. Experimental Program

This experimental research mainly focuses on the fresh, strength, and durability
properties of SCC prepared using TWFS as a partial replacement of FA. Mix calculations
for M60 grade SCC are conducted as per Indian standards IS:10262-2019 [40] and presented
in Table 5. To determine the flowability properties of the SCC, slump flow, T500 mm, and V-
funnel flow time tests were performed. The ability of fresh SCC mixes to pass through tight
and small openings is measured by performing three tests, namely the U-box, L-box, and
J-ring tests as per Indian standards and EFNARC guidelines [41,42]. Similarly, mechanical
properties of SCC, such as flexural, split tensile, and compressive strength were tested as
per Indian Standards [43]. To assess the long-term performance of concrete structures in
terms of water absorption and chloride ion ingression, sorptivity, water absorption, and
RCPT tests were performed as per Indian standards [44]. Likewise, resistance to chemical
attacks is a vital property of concrete structures, particularly in environments prone to such
attacks. The degradation of concrete can compromise its integrity, durability, and strength.
Hence, tests on chemical attacks are very important and were performed for concrete
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test specimens as per Indian standards [44] to assess their ability under various exposure
conditions. Based on the strength properties of SCC, statistical analysis was performed
and is presented in Section 5.5. A summary of the experimental program followed for this
study is presented in Table 6. The process of mixing the SCC and the preparation of test
mixes is presented in Figure 7.

Table 5. Mix proportions of M60 grade SCC (kg/m3).

Mix
Total

Binder
Content

Cement GGBFS Alccofine CA WFS FA Water Super-
Plasticizer

TWFS0

650 422 163 65 740

-- 878

163 2.40

TWFS10 87.8 790.2

TWFS20 175.6 702.4

TWFS30 263.4 614.6

TWFS40 351.2 526.8

TWFS50 439 439

Table 6. Summary of experimental program.

Property Test Reference Sample Size Age
(Days)

Number of
Samples Curing Regime

Fresh

Slump Flow

[41,42] -- -- Each
Batch

--

Flow Time

V-Funnel

J-Ring

L-Box

U-Box

Mechanical

Compressive
strength

[43]

150 × 150 ×
150 mm 3, 7, 28 and 90 72 Water

Flexural
strength

100 × 100 ×
500 mm 3, 7, 28 and 90 72 Water

Split tensile
strength 150 × 300 mm 3, 7, 28 and 90 72 Water

Durability

Water
absorption

[44]

150 × 150 ×
150 mm 28 and 90 36 Water

Sorptivity 150 × 150 ×
150 mm 28 and 90 36 Water

Chloride
resistance

150 × 150 ×
150 mm 28 and 90 36 5% of 1 M NaCl

solution

Sulphate
resistance

150 × 150 ×
150 mm 28 and 90 36 5% of 1 M

MgSO4 solution

Acid resistance
(HCl)

150 × 150 ×
150 mm 28 and 90 36 5% of 1 M HCl

solution

Acid resistance
(H2SO4)

150 × 150 ×
150 mm 28 and 90 36 5% of 1 M

H2SO4 solution

RCPT 100 mmØ ×
50 mm cylinder 28 and 90 36 Water

Non-
Destructive UPV [43] 150 × 150 ×

150 mm 3, 7, 28 and 90 72 Water
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4.3. Lifecycle Assessment (LCA)

Based on the end results of experimental analysis, a LCA was performed for all the
SCC mixes with and without TWFS to assess the environmental impact. For LCA, SimaPro
9.1 software and EcoInvent 3.2 database were used in this research. For the LCA, cradle-to-
gate stage is considered as per the standard guidelines of ISO14040-2006 [45]. The process
flow chart followed for SCC mixes is presented in Figure 8.
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5. Results and Discussion
5.1. Fresh Properties
5.1.1. Tests on Flowability Properties of SCC

Performed tests on fresh properties of SCC like the slump flow, T500 mm, L-Box, and
J-Ring are highlighted in Figure 9. The test results of the slump flow and T500 mm are
presented in Figure 10a–c. In Figure 10a, it is shown that as the percentage of TWFS
increases, the slump flow also exhibits a decrease. The marginal decrease in the slump flow
diameter test results indicates that the TWFS content is absorbing water towards its surface
and decreases the flowability properties of SCC. Similarly, the same trend of decrease in the
flowability test results is noticed in T500 mm. Similarly, all of the mixes exhibit satisfactory
flowability properties of SCC as per EFNARC 2005 [42].
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A V-funnel flow time test was conducted to assess the viscosity of the SCC mixes.
The viscosity of the SCC mixes determines the initial flow and the flowability properties
of specific mixes. The test results of the SCC mixes prepared using TWFS are presented
in Figure 10c. In Figure 10c, it is shown that as the WFS content increases, a decrease in
flowability is seen for SCC mixes prepared using TWFS. When compared to the reference
mix, all of the mixes exhibit an insignificant decrease in flowability properties. This is
because the presence of contaminated foreign matter in TWFS has decreased the fresh
properties of the SCC.

5.1.2. Tests on Passing Ability Properties of SCC

The passing ability test results of all of the mixes prepared using TWFS are presented
in Figure 10d–f. Like the tests on the flowability properties of SCC mixes prepared using
TWFS, the passing ability test results also exhibit a decrease in the fresh properties of the
SCC. From the U-Box test results, it is noticed that, with respect to reference mix TWFS0,
there is a marginal increase in the U-box ratio (h2–h1). It is also noticed that there is a
decrease in passing ability until the TWFS30 mix. Thereafter, a decrease in passing ability
is found to be marginal. The same trend of decrease in the fresh properties of the SCC is
noticed for the U-Box and J-Ring tests. This indicates that the use of TWFS will not affect
the passing and flowability properties of SCC mixes until TWFS30. Similarly, all of the
mixes prepared using TWFS (10%, 20%, 30%, 40%, and 50%) lie within the permissible
limits of SCC as per EFNARC guidelines [42]. Therefore, based on the fresh properties of
SCC, it is found that up to 30% TWFS can be used as an alternative to fine aggregate (FA)
in SCC.

5.1.3. Density

Like with the passing and flowability properties of the SCC, a density test on fresh
concrete was performed as per Indian standards [40]. The test results of all of the SCC
mixes prepared using TWFS as an alternative to FA are presented in Figure 10g. In the
density test results, it is shown that, as the TWFS content increases (0–50%), there is a
decrease in the density of the SCC with respect to reference mix TWFS0. It indicates that
the chemical treatment of the WFS has effectively decreased the unwanted foreign material,
clay, metal particles, and hazardous waste from WFS, and its application in SCC has proved
there is a decrease in density that makes the SCC lightweight [40].

5.2. Mechanical Properties

Split tensile, compressive, and flexural strength tests were performed as per Indian
standards [43] to find out the mechanical properties of the SCC. The summary of the
experimental program is also highlighted in Table 6.

5.2.1. Compressive Strength

To determine the mechanical properties of the SCC mixes prepared using TWFS
in varying proportions (0–50%) by weight of the FA, a compressive strength test was
performed on all of the mixes at 7, 28, and 90 days curing periods. The test results of the
various combinations of mixes are highlighted in Figure 11a. In Figure 11a, it is observed
that, as the TWFS content in the M60 grade SCC mixes increases, there is an enhancement in
compressive strength. Enhancement in strength is noticed in the TWFS30 mix in comparison
to TWFS0. Likewise, a marginal decrease in strength was noticed for the TWFS40 and
TWFS50 mixes. One can also notice that the strength improvement of the mixes prepared
with TWFS exhibited better strength (6–8%) when compared to TWFS0. This indicates
that the treatment of WFS with chemicals proved to reduce the unwanted clay and other
impurities present in WFS and helped in achieving an improvement in the strength of
cement mortar up to a 30% replacement level.
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5.2.2. Split Tensile Strength (STS)

STS test was performed to measure the mechanical properties of the SCC test speci-
mens prepared using TWFS, as mentioned in Table 5. Similarly, the experimental program
followed for this experimental investigation is presented in Table 6. The test results of the
STS of all of the SCC mixes are presented in Figure 11c. As noticed with the compressive
strength, an enhancement in STS is also noticed in the SCC mixes prepared using TWFS. In
Figure 11b, it is also observed that enhancement in STS is noticed until the TWFS30 mix.
Thereafter, a marginal strength reduction is noticed, maybe because of the occurrence of
clay or any other foreign matter in the TWFS. Based on the strength enhancement of the
SCC mixes until TWFS30, it is observed that chemical treatment has decreased the amount
of unwanted foreign matter, and the occurrence of silica and other compositions present in
TWFS has helped to enhance the split tensile strength of the SCC.

5.2.3. Flexural Strength

A flexural strength test was also performed as per Indian standards [43]. For the
flexural strength test, the test mixes and experimental programs were considered for all
of the mixes, as presented in Tables 5 and 6. Similarly, the flexural strength test results of
the SCC mixes are presented in Figure 11b. Like with the STS and compressive strength,
the same trend of increment in flexural strength is noticed for the TWFS10, TWFS20, and
TWFS30 mixes. This is mainly because of the use of treated WFS (TWFS) in the SCC. After
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the chemical treatment, the presence of silica and other compositions in the TWFS helped
in achieving incremental strength. Similarly, a marginal reduction in strength is noticed for
the TWFS40 and TWFS50 mixes. Based on the mechanical properties of the SCC mixes, it is
noticed that the optimum use of the TWFS in the SCC was found to be 30% as an alternative
to FA.

5.3. Durability Properties
5.3.1. Water Absorption

A water absorption test was performed on all of the SCC test mixes prepared using
the TWFS at various replacement levels as presented in Table 5. The water absorption test
results of all of the test mixes prepared using the TWFS are highlighted in Figure 12a. As
the percentage of TWFS increases in the SCC, a marginal decrease in water absorption
is noticed. This reveals that the use of fine particles of treated WFS makes SCC denser
and decreases the durability of SCC. Similarly, a marginal increase in water absorption
is noticed for the mixes prepared with 30% TWFS (TWFS30), specifically compared to
TWFS40 and TWFS50 mixes. Similarly, one can also notice that the water absorption test
results of the TWFS40 and TWFS50 mixes present a marginal increase in water absorption
when compared to TWFS0. WFS contains a thick film of burnt carbon and is coated with
various hazards, dust, and resins. Its hydrophilic surface makes concrete attractive to
water. This anhydrate burnt carbon, and the other thin films of WFS binders attract more
water towards the surface. However, the chemical treatment of TWFS has improved the
durability properties of the SCC.
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5.3.2. Sorptivity

A sorptivity test was conducted on the durability properties of the SCC test specimens
as presented in Table 5. The sorptivity test results of all of the mixes prepared with TWFS are
presented in Figure 12b. From the sorptivity test results it is observed that an improvement
in durability is noticed for all of the mixes at each curing period (28 and 90 days). A
decrease in sorptivity for the SCC mixes prepared with TWFS is noticed until TWFS30, after
which a marginal increase in sorptivity is observed for TWFS40 and TWFS50 compared to
the reference mix, TWFS0. Hence, from the durability point of view, using TWFS (30–40%)
as an alternative to M-Sand in SCC exhibits improved durability. An improvement in the
durability properties of the SCC is mainly due to the chemical treatment of WFS and its
application in SCC.

5.3.3. Rapid Chloride Permeability Test (RCPT)

A RCPT was carried out to determine the permeability ingress of chloride ions in SCC
test specimens prepared using TWFS, as presented in Table 5. Similarly, the experimental
program followed as per Indian standards is presented in Table 6. The RCPT results of the
mixes prepared using TWFS are presented in Figure 12c at 28 and 90 days curing periods.
In Figure 12c it is noticed that as the percentage replacement of TWFS in the SCC increases,
there is a decrease in electrical charge (Coulombs) until TWFS30. It is noticed that the
TWFS30 mix achieved 1620 when compared to the TWFS0 mix, which has a 1790 electrical
charge (Coulombs). This shows that as the TWFS content increases, an improvement in
the durability properties of the SCC is noticed. Similarly, a marginal increment in the
permeability of the chloride ions is noticed for the mixes. One can also notice that all of the
mixes prepared using TWFS exhibit better durability when compared to the reference mix
(TWFS0). This also indicates that TWFS can be used as an alternative to FA without heavily
affecting the durability properties of SCC.

5.3.4. Resistance to Chemical Attacks

To assess the resistance of the various test specimens prepared using WFS to chemical
attacks, this study mainly concentrates on chloride attack resistance, sulphate attack resis-
tance, and acid attack resistance (HCL and H2SO4). The test mixes and the experimental
program followed for all of the mixes are presented in Tables 5 and 6, respectively. The test
results regarding the resistance to chemical attacks for the various test mixes are presented
in Figure 13.

In Figure 13a, it is observed that, as the percentage of the TWFS increases, there is
a decrease in weight and strength loss for the SCC mixes until TWFS30 when compared
to the reference mix, TWFS0. It is also observed that, in comparison to mixes cured at
28 days, at 90 days, there is an improvement in chloride attack resistance. Similarly, at 28
and 90 days curing period, the resistance to chloride attacks is found to be less than 1.11%
and 1.45% weight loss, respectively, for the mix TWFS30. One can also notice that all of the
TWFS mixes exhibit marginal resistance to chloride attacks, better than that exhibited by
the reference mix, TWFS0.

The test results regarding resistance to sulphate attacks are presented in Figure 13b. In
Figure 13b, it is noticed that the SCC mixes prepared with TWFS have less resistance (weight
and strength loss) when compared to chloride resistance attacks. At both the 28 and 90 days
curing periods, the mixes prepared using TWFS (0, 10, 20, 30, 40, and 50%) highlight the
decrease in sulphate resistance (weight and strength loss) when compared to the reference
mix, TWFS0. It is also noticed that the TWFS30 mix showed better performance in terms of
durability when compared to the other mixes.
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Figure 13. Chemical attack test results. (a) Chloride resistance, (b) sulphate resistance, (c) acid
resistance (HCL), and (d) acid resistance acid (H2SO4).

Like the sulphate and chloride resistance tests, acid (HCL and H2SO4) resistance tests
were also performed to measure the durability performance of the SCC mixes prepared
using TWFS. Figure 13c highlights the acid resistance (HCL) test results of the SCC mixes
prepared using various concentrations of TWFS as an alternative to FA. In Figure 13c, it is
observed that, as the curing period increases, resistance to acid attack also decreases on
mixes prepared using TWFS. It is also noticed that resistance to acid attacks (HCL) is found
to be 3.65% (weight loss) and 3.81% (strength loss) at the 90 day curing period. It is also
noticed that at the 28 day curing period, the strength loss and weight loss are found to be
4.51% and 4.78%, respectively.

The tests of resistance to acid (H2SO4) attacks are presented in Figure 13d. In Figure 13d,
it is observed that, when compared to the reference mix (TWFS0), the TWFS30 mix showed
better resistance (weight and strength loss). Similarly, it is also noticed that resistance to
acid (H2SO4) attacks is in the range of 20.78% to 26.79% from both the strength and weight
loss points of view. From the resistance to chemical attack test results, one can also notice
that the TWFS mixes indicated enhanced weight and strength loss when compared to mix
TWFS0.
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5.4. Ultrasonic Pulse Velocity (UPV) Test

Along with the fresh, mechanical, and durability properties tests, a UPV test was also
performed on all of the SCC test specimens prepared using TWFS as an alternative to FA
in varying proportions (0, 10, 20, 30, 40 and 50%). The UPV test was mainly performed to
measure the quality of the SCC at 28 and 90 days curing periods. The UPV test results of
all of the SCC mixes prepared using TWFS are presented in Figure 14. In Figure 14, it is
observed that there is an increase in the quality of the SCC as the curing period increases.
This indicates that better bonding, hydration, and strength gain are noticed as the TWFS
content and curing period increase. The TWFS10, TWFS20, and TWFS30 mixes showed an
increase in quality when compared to the reference mix, TWFS0. The UPV test also shows
that the TWFS30 mix achieved maximum UPV and was found to be optimum.
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5.5. Choice of Optimum Mix Design Based on Fresh, Mechanical, and Durability Properties

Based on the literature review and the experimental results regarding the fresh, me-
chanical, and durability properties, it can be observed that the presence of WFS is not
suitable for SCC test specimens. It significantly affects the compressive strength and dura-
bility properties of SCC. The presence of WFS, even in small amounts, can reduce the
compressive strength of the cement mortar, irrespective of the curing period. However, the
results show a significantly different trend for SCC test specimens using TWFS. Up until the
30% TWFS mixed specimens, there is an increase in compressive strength, after which the
compressive strength decreases subsequently. The TWFS–mixed SCC test specimens show
reduced water absorption, sorptivity, and chloride ingression compared to the non-mixed
control specimens (TWFS0) up until 30% (TWFS30), after which there is an increase in all
of these properties. Therefore, based on the above discussion, it is established that the
optimum choice in SCC was found to be 30% (TWFS30). Experimental data fitted with
linear surface equation based on mechanical properties are also found to be 0.9906 (R2) as
presented in Figure 15.
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6. Life Cycle Assessment (LCA)

After determining the optimum use of TWFS in SCC, LCA models were prepared to
study the potential environmental impact of the mixes prepared using TWFS as presented
in Table 5. For this LCA analysis, this study follows the cradle-to-gate stage using the guide-
lines specified in ISO:14040-2006. After determining the fresh, durability, and mechanical
properties of the SCC, the mixes prepared using TWFS were considered to generate the
primary data. The raw materials required for SCC preparation were considered using the
EcoInvent 3.2 database. Also, the electricity (E) and transportation (TP) required for 1 m3

of SCC preparation was also considered and adopted from the EcoInvent 3.2 database. The
process flow diagram followed for the LCA (cradle-to-gate stage) is presented Figure 8. For
the impact assessment of the SCC mixes prepared using TWFS, potential environmental in-
dicators like potential global warming (GWP), fine particulate material formation potential
(FPMF), potential depletion of stratospheric ozone layer (PDSO), potential freshwater eu-
trophication (PFE), potential freshwater ecotoxicity (PFEC), potential human carcinogenic
toxicity (PHCT), and potential human non-carcinogenic toxicity (PHNCT) were considered.
These categories were considered as common impact category studies associated with SCC
and its impact on the use of TWFS. For an interpretation of these categories, LCA models
were prepared for all of the mixes; as mentioned in Table 5, the ReCiPe 2016 (H) method
was followed. The influence of the mixes prepared using various concentrations of TWFS
is summarized in the form of a score (%) and highlighted in Figures 16–18.
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Figure 16A highlights the potential global warming (GWP) due to the use of OPC,
TWFS, and other raw materials in SCC. In Figure 16A, it is observed that the impact of
OPC is more dominant when compared to other raw materials. In the TWFS0 mix, the
impact of OPC on GWP is found to be 90.25%, while other materials’ impact is found to
be 9.5%. This indicates that the production and consumption of OPC in SCC is found to
be energy intensive and the main cause for GWP. In other mixes, as the TWFS content
increases, the possibility of GWP is in the trend of decreasing. It is understood that concrete
is the major source of embodied carbon emission. The manufacturing of cement and its
usage in concrete, mainly, is attributed to polluting the environment and causing GWP. By
incorporating waste industrial byproducts in concrete, we can lower the overall impact
of concrete on carbon footprint and GWP. It is also noticed that the use of TWFS in SCC
can be attempted to reduce the carbon footprint, overall energy required, and the potential
global warming.

The impact of SCC mixes prepared using TWFS on potential fine particulate material
formation (FPMF) is highlighted in Figure 16B. In Figure 16B it is shown that consump-
tion of OPC in SCC causes the generation of fine material in the environment during its
manufacturing and usage stage (63.25% in TWFS0). Similarly, WFS also has a stronger
impact, as it is mainly used in casting steel and iron products. To avoid the impact of FPMF,
TWFS can be used as an alternative to reduce the overall impact on the environment and
human health.

The potential environmental impact of SCC mixes prepared using TWFS on PDSO is
highlighted in Figure 16C. In Figure 16C, it is observed that the impact of OPC is greater
when compared to other raw constituents of SCC. The same trend of GWP and FPMF is
also seen in the case of PSOD. The consumption and usage of OPC mainly impacts the
depletion of the ozone layer. Similarly, the impact of TWFS is also found to increase as the
TWFS concentrations increase in other mixes (TWFS10, TWFS20, TWFS30, TWFS40 and
TWFS50). The consumption of waste TWFS generated can be used to mitigate the overall
impact of SCC and to attempt safe disposal to reduce the possible environmental impact.
Similarly, the impact of other raw ingredients on PSOD is found to be minimal.

Figure 17A,B highlight the potential environmental impact of SCC mixes on freshwater
eutrophication (PFE) and freshwater ecotoxicity (PFEC). In Figure 17A, it is noticed that, like
other impact categories, OPC is mainly impacting contamination and polluting freshwater.
The formation of fine particles during manufacturing and their usage is mainly causing the
PFE. Similarly, the waste generation of the iron- and steel-making process also generates
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large quantities of WFS. The presence of hazardous chemicals, carbon, and other impurities
may also contaminate freshwater. To avoid PFE and PFEC, WFS can be safely used to
reduce the environmental impact. Mitigating the contamination and pollution of small
quantities of freshwater will save thousands of human beings. Similarly, the impact of the
other raw ingredients like E, TP, CA, FA, GGBFS, and Alccofine is found to be marginal
when compared to OPC and WFS.

Figures 17C and 18 highlight the potential human carcinogenic toxicity (PHCT) and
non-carcinogenic toxicity (PHNCT). The impact on human health due to the consumption
of SCC and TWFS is also more important. The impact of OPC, Alccofine, and GGBFS on
PHCT is found to be maximum in TWFS0. Similarly, when compared to OPC, GGBFS, and
Alccofine, the impact of WFS was found to be greater in SCC mixes prepared using TWFS.
To reduce the possible human carcinogenic and non-carcinogenic toxicity, an attempt can
be made to use TWFS in SCC. As SCC is brittle and its strength and durability is found
to be greater when compared to TWFS0, TWFS can be safely used in SCC to reduce the
disposal challenges, landfill challenges, and to improve the health of human beings and
other life sources. Overall, based on the LCA, it is noticed that, to reduce the potential
environmental impact and from the health-of-human-beings point of view, the use of TWFS
can be attempted up to 50% (TWFS50). To save the earth, to avoid pollution, and to enhance
the strength and durability of SCC, 30% TWFS (TWFS30) can be used, from environmental
impact point of view.

7. Sustainable Benefits of Using Waste Foundry Sand (WFS) as an Alternative for Fine
Aggregate in SCC

As an alternative to fine aggregate in SCC, WFS can provide various sustainable and
environmental benefits. These include reduced ecological impact, resource conservation,
energy efficiency, and effective waste management. The waste from the metal casting sector,
such as foundry sand, is typically thrown away in landfills. The use of WFS in SCC can help
cut down on the environmental impact of landfills and extend their lifespan. Additionally,
natural river sand, which is a finite resource, can be conserved. River sand extraction
can result in severe environmental damage such as habitat destruction and riverbank
erosion. WFS can help protect river sand and lessen its negative impact on the environment.
The transportation and production of natural sand emit greenhouse gases and consume
energy. The carbon footprint of SCC production decreased with the utilization of WFS,
as it is already locally available and is a byproduct. Compared to the natural sand that
is extracted and processed, the energy required for the processing of WFS is lower. This
helps in reducing the overall energy consumption of concrete production. Based on the
outcomes of the strength, durability, and life cycle assessments, it is revealed that WFS can
enhance concrete’s resistance to chloride ion penetration and sulfate attacks. This material
can lead to long-lasting structures that can reduce the need for regular maintenance and
repairs, which can save energy and resources. Due to the uniform and fine particle size
of WFS, it can improve the workability of SCC. In some applications, it can even enhance
the tensile and compressive properties of SCC. By utilizing WFS instead of natural sand,
SCC production costs can be lowered. The waste disposal costs of the construction and
foundry sectors can be reduced, which results in mutually beneficial outcomes for everyone.
Foundry firms can turn waste into marketable products and foster sustainable practices by
creating a demand for WFS. Concrete made from this material can be certified under various
building standards. Due to the increasing number of regulations regarding the disposal
of waste, many regions are now requiring the use of sustainable and recycled materials
in construction. By implementing WFS in construction and infrastructure projects, they
can meet these new regulations and promote more eco-friendly practices. In an industrial
symbiosis, waste from one industry can be transformed into a raw material for another.
This concept supports the concept of the circular economy, which aims to minimize waste
and maximize available resources. SCC production incorporating WFS can align with
several United Nations goals, such as sustainable development goals 9 and 12, which focus
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on responsible consumption. The sustainable advantages of using waste foundry sand in
SCC are significant. Apart from conserving resources and addressing waste management
issues, this practice can also help decrease greenhouse gas emissions, boost the properties
of SCC, and follow environmental regulations.

8. Conclusions

This research mainly covers the fresh, durability, and strength properties and lifecycle
assessment (LCA) of M60 grade self-compacting concrete (SCC) with varying proportions
of treated foundry sand (TWFS) as an alternative for fine aggregate (FA) and FA and
Alccofine as a mineral admixture. Based on experimental investigation and the LCA of this
research, the following conclusions are made.

1. Tests conducted regarding the fresh properties of SCC prepared using TWFS exhibit
the enhanced flowability and passing ability properties of SCC as per Indian and
EFNARC guidelines. It is also noticed that, as the TWFS content increases, there is
an increase in workability up until TWFS30 compared to the reference mix, TWFS0.
Thereafter, a marginal decrease in flowability and passing ability property is noticed
for the TWFS40 and TWFS50 mixes.

2. Tests conducted regarding the mechanical properties of all of the mixes prepared
using TWFS as an alternative for FA in SCC show that, up until TWFS30, there is an
enhancement in mechanical properties when compared to the reference mix, TWFS0,
at each curing period of 7, 28, or 90 days. Based on the mechanical properties of SCC,
it is observed that a mixture of up to 30% TWFS can be used as an alternative for FA
without affecting the strength properties of the SCC much.

3. The durability properties of SCC, like water absorption, RCPT, sorptivity, and resis-
tance to chemical attacks indicate that the mixes prepared using varying proportions
of TWFS (10, 20, 30, 40 and 50%) display improved durability when compared to the
reference mix, TWFS0, at curing periods of 28 and 90 days. Based on the durability
properties of SCC, the optimum proportion of TWFS is found to be 30–40%.

4. LCA models were prepared for all of the mixes prepared using TWFS in M60 grade
SCC, based on the strength, fresh, and durability properties of SCC. Inventory analysis
test results based on the lifecycle assessment as per the ReCiPe-2016(H) method
indicate that the use of TWFS will not only enhance the fresh, strength, and durability
properties of SCC but also reduce the overall cost of concrete. The environmental
impact categories considered in this study, like GWP, PSOD, FPMF, PFE, PFEC, PHCT,
and PHNCT indicate that TWFS in SCC makes concrete eco-friendly.

5. Overall, based on the experimental investigation and LCA, the use of TWFS can be
attempted as an alternative for FA in SCC, without affecting the strength, fluidity,
flowability, and durability properties of SCC.
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